
[January, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1—4 (1981) 1 

The Reduction of Sulfuric Acid by Hydrogen on Activated 
Carbon Impregnated with Copper Sulfate 

Akira K A T A G I R I , * Kiyoshi WATANABE,^ and Shiro YOSHIZAWA** 

Department of Chemistry, College of Liberal Arts and Sciences, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
** Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 

(Received August 27, 1979) 

The reduction of sulfuric acid has been studied for the purpose of the regeneration of activated carbon, which 
is used as an acceptor of sulfur dioxide from exhaust gas. When activated carbon impregnated with sulfuric 
acid was heated in a hydrogen atmosphere, sulfuric acid was reduced to sulfur dioxide by carbon in the tempera­
ture range from 200 °G to 350 °G. When copper sulfate was added, the sulfuric acid was reduced to sulfur di­
oxide, mainly by hydrogen, in the temperature range from 190 °G to 270 °G. At 227 °G, for example, the rate 
of reduction by hydrogen was nine times greater than the rate of reduction by carbon. Copper sulfate was suf­
ficiently effective in an amount of one-fifth of the sulfuric acid in moles, indicating that copper in some form par­
ticipates in the catalytic reaction. 

Activated carbon can be used as an acceptor of 
sulfur dioxide from exhaust gas emitted by the combus­
tion of fossil fuels. When exhaust gas which contains 
sulfur dioxide, oxygen, and water vapor is passed 
through a column of activated carbon, the sulfur 
dioxide is catalytically oxidized on carbon, according 
to Eq. 1, to sulfuric acid, which is then accumulated 
in the micropores of carbon: 

S 0 2 + l /20 2 + H 2 0 > H 2 S0 4 . (1) 

The kinetics and mechanism of this reaction have 
been investigated by several groups of workers.1-10) 
Since the rate of the reaction decreases as the amount 
of sulfuric acid increases, the sulfuric acid must be 
removed periodically in order to recover the catalytic 
activity of carbon. Several methods have been pro­
posed for this purpose. One of them is to remove 
the sulfuric acid as sulfur dioxide by heating it in an 
inert gas, where the following reaction takes place:1»2) 

H 2S0 4 + 1/2G • S0 2 + l /2C02 + H 2 0 . (2) 

This method has the advantage that sulfur dioxide 
is obtained in a concentration high enough to be 
used directly for a sulfuric acid plant. However, it 
has the disadvantage of consuming the carbon. An­
other method is to reduce the sulfuric acid to elemental 
sulfur by the following two steps:11»12) 

H 2S0 4 + 3H2S • 4S + 4H 2 0 (3) 

3H2 + 3S • 3H2S. (4) 

Reactions 3 and 4 proceed at 150 °G and 540 °G 
respectively. In this method, 3 mol of hydrogen are 
needed per mol of sulfuric acid in the over-all reaction. 

Another process has also been investigated, in which 
a copper-alumina absorbent is used as an acceptor 
of sulfur dioxide and is regenerated by hydrogen.13»14) 
Reactions 5 and 6 occur in the absorption step at 
400 °G, and Reaction 7 occurs in the regeneration 
step at 400 °G. In this process, 2 mol of hydrogen 
are needed per mol of sulfur dioxide recovered. 

Gu + l /20 2 > GuO (5) 

GuO + S0 2 + l /20 2 > GuS04 (6) 

GuS04 + 2H2 • Gu + S0 2 + 2H 2 0 (7) 

t Present address: Research Laboratories of Osaka Soda 
Go., Ltd., 9 Otakasu-cho, Amagasaki 660. 

T h e reduction of sulfuric acid by hydrogen (Eq. 
8) is even more favorable, because only 1 mol of hy­
drogen is consumed per mol of sulfur dioxide recovered. 

H 3S0 4 + H2 • S 0 2 + 2H 2 0 (8) 

Although Reactions 2 and 8 are both thermody-
namically possible, the second one can be conducted 
preferentially if an appropriate catalyst is used. T h e 
aim of the present work is to test the catalytic effect 
of copper on this reaction. 

I t has previously been reported3»5) that, when Reac­
tion 1 takes place on activated carbon at temperatures 
from 50 °G to 140 °G, the concentration of sulfuric 
acid formed is the equilibrium one which depends 
upon the water-vapor concentration in the gas phase. 
For example, 73 w t % H 2 S 0 4 is formed at 100 °G 
at the water-vapor concentration of 6 vol %. In such 
an acidic medium and in the presence of oxygen, 
copper would exist in the form of sulfate. Thus, 
copper sulfate was used as the catalyst component 
in this work. 

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

Apparatus and Procedure. Granular activated carbon, 
which had been impregnated with sulfuric acid with or 
without copper sulfate, was heated in a stream of nitrogen 
or hydrogen at a constant or linearly increasing temperature, 
while the evolved gas was analyzed. 

The apparatus used is shown in Fig. 1. A Pyrex tube, 
23 mm in inner diameter, was used as a reactor; in it an 
activated carbon sample ( 13 g) was packed to a length of 
9 cm. The reactor was placed in an electric heater. The 
temperature of the catalyst was controlled so as to increase 
at the rate of 2 °G/min using a chromel-alumel thermocouple 
and a temperature-programming unit. In some experiments, 
the temperature was kept constant. The flow rate of the 
gas was kept constant at 100 cm3/min. 

Preparation of Samples. Commercially available acti­
vated carbon (4 mm0 X 6 mm, cylindrical, BET surface 
area 1170m3/g), made from coconut shell, was used for 
all the experiments. The activated carbon was impregnated 
under reduced pressure with an aqueous sulfuric acid con­
taining 20 g of H 2 S0 4 per 100 cm3, or with a solution con­
taining 20 g of H 2 S0 4 and 20 g of GuS0 4 -5H 2 0 per 100 cm3, 
and then dried at 100 °G for 2 h. These samples contained 
0.76 mmol of H 2 S 0 4 p e r g of carbon and, if added, 0.15 
mmol of GuS04 per g of carbon. Other samples containing 
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Fig. 1. Experimental apparatus. 
a: Reactor (Pyrex), b : activated-carbon, c: electric 
heater, d: thermocouple, e: temperature-programing 
unit, f: flow meter, g: buret (1 mol dm - 3 NaOH), 
h: magnetic stirrer, i: 6 wt% H 2 0 2 solution, j : 0.025 
mol dm - 3 Ba(OH)2 solution. 

different amounts of copper sulfate were also prepared. 
Analysis of Evolved Gas. The amount of sulfur dioxide 

evolved was measured as a function of the time, according 
to the method reported by Kamino et al.2) The outflow 
gas from the reactor was passed through a 6 wt% hydrogen 
peroxide solution, and the solution was titrated at appropriate 
intervals with a standard solution of sodium hydroxide, 
using a mixed solution of Methyl Red and Methylene Blue 
as an indicator.tt 

The total amount of carbon dioxide evolved was deter­
mined as follows: after the removal of the sulfur dioxide, 
the outflow gas was introduced into a 0.025 mol dm - 3 

barium hydroxide solution, in which carbon dioxide was 
absorbed. The solution was made free from barium carbon­
ate by filtration, and then it was titrated with 0.1 mol dm - 3 

hydrochloric acid. The amount of carbon dioxide absorbed 
was calculated from the decrease in the concentration of 
barium hydroxide during each run. 

The formation of hydrogen sulfide was checked qualita­
tively by introducing the outflow gas directly into a silver 
nitrate solution and looking for a black precipitate of Ag2S. 
The formation of elemental sufur was checked by visual 
inspection, because even a small amount of sulfur could be 
detected by means of a yellowish-white deposit at the outlet 
of the reactor. To confirm the results of the above tests, 
the gravimetric determination of hydrogen sulfide and ele­
mental sulfur was also done by a method described else­
where.15) 

Results and Discussion 

Activated carbon containing 0.76 mmol of H 2 S 0 4 

per g of carbon was heated in a stream of nitrogen 
or hydrogen under an increasing temperature, while 
the amount of sulfur dioxide evolved was measured. 
As is shown by Curves a and b in Fig. 2, which re­
present the cumulative amount of sulfur dioxide as 
a function of the increasing temperature, the evolu­
tion of sulfur dioxide occurred in the temperature 
range from 200 °G to 350 °G. This temperature range 

150 400 200 250 300 350 
Temperature/°G 

Fig. 2. Relationships between amount of S0 2 evolved 
and temperature under different conditions. 
Atmosphere; 0 , A : N2, # , A : H2, addition of 
CuS0 4 ; O , 0 : None, A ,A: 0.15 mmol/g-carbon, 
heating rate: 2 °G/min. 

TABLE 1. T H E AMOUNTS OF S0 2 AND C 0 2 EVOLVED 

Experimental conditions 

Atmosphere GuS04 

H2 Not added 
N2 Addeda> 
H2 Addeda> 

Evolved 

so2 
12.0 
11.6 
10.0 

gases/mmol 

co2 
5.03 
5.44 
1.20 

tt As the color of this indicator changes from purple to 
green at pH 5.4, neither carbon dioxide nor hydrogen sulfide, 
if present, affects the results of titration. 

Temperature range : Room temperature—400 °G. Heat­
ing rate: 2 °G/min. a) 0.15 mmol/g-carbon. 

is in good agreement with that reported for Reaction 
2 by other workers.1»2) Curves c and d show similar 
results for activated carbon containing 0.76 mmol of 
H 2 S 0 4 and 0.15 mmol of C u S 0 4 per g of carbon. 
In the case of the nitrogen atmosphere (Curve c), 
the evolution of sulfur dioxide took place in almost 
the same temperature range as above. In the case 
of the hydrogen atmosphere (Curve d) , the evolution 
of sulfur dioxide began at 190 °C and was completed 
at 270 °C. We supposed that Curves a, b , and c 
correspond to Eq. 2, and Curve d, to Eq. 8. T o 
verify this supposition, the amounts of sulfur dioxide 
and carbon dioxide evolved were determined in the 
same runs. The results are shown in Table 1. The 
mole ratio of C 0 2 / S 0 2 was about 0.5 in the cases 
in which an activated carbon sample not containing 
copper sulfate was heated in the hydrogen atmosphere, 
and in which a sample containing copper sulfate was 
heated in the nitrogen atmosphere. These results 
indicate that Reaction 2 took place almost exclusively. 
O n the contrary, the mole ratio of C 0 2 / S 0 2 was much 
smaller when the sample containing copper sulfate 
was heated in the hydrogen atmosphere, indicating 
that Reaction 8 took place predominantly. Hydrogen 
sulfide and elemental sulfur were not detected in 
any of the above cases. 

The amounts of carbon dioxide and sulfur dioxide 
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220 240 

Temperature/°C 

Fig. 3. Mole ratio G0 2 /S0 2 in the evolved gas at 
constant temperatures (The broken line shows the 
mole ratio expected from Eq. 2). 
Amount of GuS04 added: 0.15 mmol/g-carbon, 
atmosphere; A : N2, O : H2. 

Time/min 

Fig. 4. Relationships between amount of S0 2 evolved 
and time at constant temperatures. 
0 , A , D : Without addition of CuS04 , • , • , • : 
with addition of CuS04 (0.15 mmol/g-carbon), tem­
perature; O : 224 °G, A : 244 °G, • : 253 °G, # : 
221 °G, A : 244 °G, • : 250 °G. 

evolved were also measured at constant temperatures, 
using activated carbon samples which contained copper 
sulfate. Figure 3 shows the mole ratio of G 0 2 / S 0 2 

which was obtained when the sample was heated 
in the nitrogen or hydrogen atmosphere. In the 
case of the nitrogen atmosphere, the mole ratio was 
0.5, as would be expected from Eq. 2. T h e mole 
ratio was much smaller in the case of the hydrogen 
atmosphere, but increased slightly with an increase 
in the temperature. This indicates that the rate of 
Reaction 2 increases more rapidly with an increase 
in the temperature than that of Reaction 8. Since 
the reduction of sulfuric acid is considered to proceed 
only according to Eqs. 2 and 8, of the total amount 
of sulfuric acid the fraction which is reduced by carbon 

220 240 

Temperature/°G 

Fig. 5. Initial reaction rates with and without ad­
dition of CuS04 . 
A : Without addition of GuS04 , • : with addition 
of GuS04 . 

400 

Temperature/0 G 

Fig. 6. Relations between amount of S0 2 evolved and 
temperature for different amounts of GuS04 added. 
Amount of GuS04 added (mmol/g-carbon); O: 0, 
A : 0.015, # : 0.15, A : 0.52, heating rate: 2 °C/min. 

is simply twice the mole ratio of C 0 2 / S 0 2 . At 227 
°G, for example, the contribution of Reaction 2 to 
the total amount of sulfuric acid reduced was 10%, 
and that of Reaction 8 was 9 0 % . 

T h e rate of reduction of sulfuric acid was also studied 
at constant temperatures. Figure 4 shows the cu­
mulative amount of sulfur dioxide, which was evolved 
at constant temperatures, as a function of the time. 
Figure 5 shows the initial reaction rate, which was 
determined from the initial slope of the curve in Fig. 
4. T h e rate of the evolution of sulfur dioxide was 
much higher in the presence of copper sulfate than 
in its absence at the same temperatures. The 
Arrhenius plot of the initial reaction rate gives the 
apparent activation energies of 83 kj/mol in the absence 
of copper sulfate and 73 kj/mol in its presence. These 
values are regarded as approximately corresponding 
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to Reactions 2 and 8 respectively, and they indicate 
that the contribution of Reaction 2 should increase 
as the temperature increases. This conclusion is con­
sistent with the result that the mole ratio of C 0 2 / S 0 2 

increases with an increase in the temperature, as 
is shown by the solid line in Fig. 3. Judging from 
the values of the activation energy, the transport 
processes are not the rate-determining steps in either 
reaction. 

The effect of the amount of copper sulfate was 
also studied, using activated carbon impregnated with 
a constant amount of sulfuric acid, but with different 
amounts of copper sulfate. I t may be seen from Fig. 
6 that the addition of 0.15 mmol-CuS0 4 /g-carbon is 
sufficient for Reaction 8 to occur under these condi­
tions. This amount of copper sulfate is about one-
fifth that of the sulfuric acid in moles. Therefore, 
it is supported that copper in some state has a cataytic 
effect on Reaction 8. 

Concluding R e m a r k s 

I t was found that sulfuric acid is reduced by hy­
drogen on activated carbon with copper sulfate at 
temperatures from 190 °G to 270 °G. A succeeding 
paper will describe metals other than copper as cata­
lysts, and will discuss the catalytic mechanisms. 

References 

1) H. Dratwa, H. Jiintgen, and W. Peters, Chem. -Ing. 
-Tech., 39, 949 (1967). 

2) Y. Kamino, S. Onitsuka, and K. Yasuda, Bull. Jpn. 
Petrol. Inst., 14, 1 (1972). 

3) H. Kuronuma, K. Urano, and R. Kiyoura, Kögyö 
Kagaku Zasshi, 74, 1972 (1971). 

4) H. Kuronuma, K. Urano, and R. Kiyoura, Kögyö 
Kagaku Zasshi, 74, 1976 (1971). 

5) K. Yamamoto and M. Seki, Kögyö Kagaku Zasshi, 
74, 1576 (1971). 

6) K. Yamamoto, M. Seki, and K. Kawazoe, Nippon 
Kagaku Kaishi, 1972, 1046. 

7) I. Sugiyama, K. Kawazoe, K. Yamamoto, and M. 
Seki, Nippon Kagaku Kaishi, 1972, 1052. 

8) K. Yamamoto, M. Seki, and K. Kawazoe, Nippon 
Kagaku Kaishi, 1973, 1268. 

9) A. Katagiri, G. Inazumi, Z. Takehara, and S. 
Yoshizawa, Nippon Kagaku Kaishi, 1975, 1471. 

10) A. Katagiri, M. Kiyono, Z. Takehara, and S. 
Yoshizawa, Nippon Kagaku Kaishi, 1975, 1705. 

11) F. J . Ball, S. L. Torrence, and A. J . Repik, J. Air 
Pollution Control Assoc, 22, 20 (1972). 

12) G. N. Brown, S. L. Torrence, A. J . Repic, J . L. 
Stryker, and F. J . Ball, Chem. Eng. Prog., 68 [8], 55 (1972). 

13) D. H. McCrea, A. J . Forney, and J . G. Myers, J. 
Air Pollution Control Assoc, 20, 819 (1970). 

14) F. M. Dautzenberg, J . E. Nader, and A. J . J . van 
Ginneken, Chem. Eng. Prog., 67 [8], 86 (1971). 

15) A. Katagiri, K. Watanabe, and S. Yoshizawa, Bull. 
Chem. Soc. Jpn., 54, 5 (1981). 



January, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 5—7 (1981) 5 

The Reduction of Sulfuric Acid by Hydrogen on Various 
Metal-Carbon Catalysts 

Akira K A T A G I R I , * Kiyoshi WATANABE,1" and Shiro YOSHIZAWA** 

Department of Chemistry, College of Liberal Arts and Sciences, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 

** Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
(Received September 17, 1979) 

The reduction of sulfuric acid, which is formed on the activated carbon catalyst in the course of removing 
sulfur dioxide from exhaust gas, was investigated. The platinum, palladium, silver, and copper on activated 
carbon were found to be catalytically active in the reduction of sulfuric acid by hydrogen, while manganese, iron, 
cobalt, nickel, and zinc were found to be inactive. The copper-carbon catalyst is favorable, because sulfuric 
acid was reduced selectively to sulfur dioxide on it at temperatures from 190 °G to 270 °G. On the platinum-
carbon catalyst, the reduction occurred at a relatively low temperature (140 °G to 200 °G), but hydrogen sulfide 
and elemental sulfur were formed in addition to sulfur dioxide. It is concluded from thermodynamic calcula­
tions that catalytically active metals were in the metallic state on activated carbon under the present reaction 
conditions. An electrochemical mechanism is proposed for the reaction. 

In the course of removing sulfur dioxide from ex­
haust gas by using the activated carbon catalyst, 
sulfuric acid is formed and accumulated on the catalyst. 
As a method for removing the sulfuric acid and re­
generating the catalyst, Reaction 1 seems to be suitable, 

H2S04 + H2 > S 0 2 + 2H 2 0 (1) 

because the sulfur dioxide obtained can be used directly 
for sulfuric acid production. However, other side 
reactions such as Reactions 2, 3, and 4, may possibly 
occur. For example, the standard Gibbs energy 
change, AG°, for reactions 1, 2, 3, and 4 at 500 K 

H2S04 + 1/2G • S 0 2 + l/2G02 + H 2 0 (2) 

H2S04 + 3H2 > S + 4H 2 0 (3) 

H2S04 + 4H2 > H2S + 4H 2 0 (4) 

are - 1 3 3 . 0 kj/mol, - 1 1 0 . 8 kj/mol, - 2 7 1 . 5 kj/mol, 
and — 311.8 kj/mol respectively.1) I t was reported in 
a previous paper2) that, when copper sulfate was 
added, Reaction 1 took place on activated carbon, 
with only a small consumption of carbon due to Reac­
tion 2. I t was suggested that copper in a certain 
state exerts a catalytic effect on Reaction 1 selectively. 
In the present paper, experimental results on several 
metals other than copper as a catalyst component 
are described, and a possible mechanism of the cata­
lysis is discussed. 

Exper imenta l 

Apparatus and Procedure. Granular catalysts were heat­
ed in a stream of hydrogen under the condition of a linearly 
increasing temperature, and the gas thus evolved was an­
alyzed. The apparatus used was described in the previous 
paper.2) A Pyrex tube 23 mm^ in inner diameter was 
used as the reactor, in which catalyst was packed to a length 
of ca. 9 cm. The amount of catalyst packed in was ca. 13 g 
in the case of activated carbon and ca. 15 g or 20 g in the 
case of activated alumina. The catalyst temperature was 
controlled so that it increased at the rate of 2 °G/min. The 
flow rate of hydrogen was held constant at 100 cm3/min. 
Under these conditions it was easy to follow the amount of 

t Present address: Research Laboratories of Osaka Soda 
Co., Ltd., 9 Otakasu-cho, Amagasaki 660. 

su]fur dioxide evolved, and the linearity of the temperature 
with the time was relatively good. 

Preparation of Catalysts. Commercial activated carbon 
(4 mm^ X 6 mm cylindrical) made from coconut shell was 
used for these experiments. The activated carbon was 
impregnated with aqueous sulfuric acid, together with or 
after the addition of each metal component, and then dried 
at 100 °G for 2 h. Manganese, iron, cobalt, nickel, copper, 
and zinc were added to the carbon by impregnating it with 
a mixed solution of sulfuric acid and the respective sulfates. 
Platinum, palladium, and silver were added to the carbon 
in advance by impregnating it with aqueous solutions of 
hexachloroplatinic(IV) acid, palladium(II) chloride, and 
silver nitrate respectively, and by then heating it in a hy­
drogen atmosphere at 400 °G, where these salts were reduced 
to metals. The content of the metal or the metal ion was 
controlled so as to be ca. 9 mg/g carbon in all cases. In 
the case of the copper-carbon catalyst, this amount was 
sufficient as a catalyst component.2) The amount of sulfuric 
acid was ca. 0.8 mmol/g carbon. This amount was chosen 
on the basis of the practical data in a pilot-plant test per­
formed by Kamino et A/.,8) where 0.7—1.6Nm3 of sulfur 
dioxide was adsorbed by 57 kg of activated carbon per hour. 

Activated alumina (3 mm^ spherical) was also used in 
place of activated carbon. In this case, the metal content 
was ca. 8 mg/g alumina, and the amount of sulfuric acid 
impregnated was ca. 0.7 mmol/g alumina. 

Analysis of Gas Evolved. The amount of sulfur dioxide 
in the outflow gas from the reactor was determined by passing 
the gas through a hydrogen peroxide solution and by titrat­
ing the solution at appropriate intervals with a sodium hy­
droxide solution.2) The total amounts of hydrogen sulfide 
and of elemental sulfur evolved were determined gravim-
etrically in the other runs, as follows: the outflow gas from 
the reactor was introduced directly into an acidic solution 
of silver nitrate, in which silver sulfite, silver sulfide, and 
elemental sulfur were precipitated. After the filtration of 
these precipitates, the silver sulfite was removed by washing 
with an aqueous ammonia solution, and then the elemental 
sulfur was dissolved in carbon disulfide. The weight of 
the remaining silver sulfide was measured, from which the 
amount of hydrogen sulfide evolved was calculated. Since 
solid sulfur was also deposited at the outlet of the reactor, 
it was dissolved in carbon disulfide and the solution thus 
obtained was put together with the former one. After 
the evapolation of the solvent, the weight of the solid sulfur 
was measured. 
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R e s u l t s a n d D i s c u s s i o n 

Activated carbons containing sulfuric acid and var­
ious metals or metal sulfates were heated in a stream 
of hydrogen under the condition of an increasing 
temperature, while the amount of sulfur dioxide evolved 
was followed. The results are shown in Fig. 1. When 
plat inum, silver, palladium, or copper was added to 
activated carbon, the evolution of sulfur dioxide was 
observed in a lower temperature range than in the 
case of simple activated cabon. These metals are 
considered to catalyze Reaction 1. In the cases of 
p la t inum-, silver-, and pal ladium-carbon catalysts, 
the contribution of Reaction 2 must be smaller, if 
there is any at all, than in the case of the copper-
carbon catalyst, because the rate of this reaction de­
pends upon the temperature, but not upon the presence 
of metal.2) When manganese, iron, cobalt, nickel, or 
zinc was added, the evolution of sulfur dioxide was 
observed in the same temperature range as in the 
case of simple activated carbon. In these cases, it 
was likely that not Reaction 1, but Reaction 2 took 
place exclusively. A comparison of the total amount 
of sulfur dioxide evolved was rather difficult because 
of the poor reproducibility of the initial amount of 
sulfuric acid impregnated. However, the curve for 
the p la t inum-carbon catalyst in Fig. 1 differs ap­
parently from the others, indicating that sulfur dioxide 
was not the only product. In fact, a yellow deposit 
was observed at the outlet of the reactor in this case. 

In order to see whether carbon in itself plays any 
role in Reaction 1, similar experiments were carried 
out by using activated alumina in place of activated 
carbon. Figure 2 shows the results on copper-alumina 
and copper-carbon catalysts, as well as on simple 
activated alumina and activated carbon. The evolu-

400 

Temperature/°G 

Fig. 1. Relations between amount of sulfur dioxide 
evolved and temperature for various metal-carbon 
catalysts. 
Metal or metal sulfate added; V : MnS04 , • : FeS04) 

• : GoS04, O : NiS04 , O: CuS04 , • : ZnS04 , # : 
Ag, A : Pd, A : Pt. Weight of packed catalyst: 13 g. 

Temperature/°G 

Fig. 2. Relations between amount of sulfur dioxide 
evolved and temperature for copper-alumina (A), 
copper-carbon (A), simple alumina ( # ) , and simple 
carbon (O) catalysts. Weight of packed catalyst 
A , « : 20 g, A , 0 : 13 g. 

tion of sulfur dioxide took place on the copper-alumina 
catalyst in a temperature range ca. 100 °G higher 
than in the case of the copper-carbon catalyst. This 
fact indicates that carbon also participates in the 
catalysis in Reaction 1. A similar result was ob­
tained for the pla t inum-alumina catalyst, where the 
evolution of sulfur dioxide occurred mainly in the 
temperature range from 300 °G to 450° G. Incidental­
ly, the total amount of sulfur dioxide evolved was 
almost the same in Fig. 2, although the initial amount 
of sulfuric acid on the alumina catalysts was about 
1.3 times larger than that on the carbon catalysts. 

Since it is possible that sulfuric acid is reduced by 
hydrogen to elemental sulfur and further to hydrogen 
sulfide, the amounts of these products were determined 
in the cases of the pla t inum-, silver-, and copper-
carbon catalysts and the copper-alumina catalyst. 
As is shown in Table 1, a considerable amount of 
hydrogen sulfide was formed on the plat inum-carbon 
catalyst, together with a small amount of elemental 
sulfur. O n the silver-carbon catalyst, a small amount 
of hydrogen sulfide was formed. To the contrary, 
neither of these products was detected in the case 
of the copper-carbon catalyst. Considerable amounts 

TABLE 1. T H E AMOUNTS OF S0 2 , S, AND H2S EVOLVED 

Catalyst 
Weight of 

packed catalyst 
Evolved gases/mmol 

Platinum-carbona> 
Silver-carbona> 
Copper-carbona> 
Copper-aluminab> 

g 

13 
13 
13 
15 

so2 
8.5 

10.0 
10.5 
6.0 

S 

0.3 
0.0 
0.0 
0.8 

H2S 

3.5 
0.2 
0.0 
4.1 

Temperature range : a) Room temperature to 400 °G. 
b) Room temperature to 500 °G. Heating rate: 2 °G/ 
min. 
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of hydrogen sulfide and elemental sulfur were formed 
on the copper-alumina catalyst, which is used in 
commercial plants of the flue-gas desulfurization pro­
cess (Shell Process).4»5) This catalyst seems to be 
suitable for the purpose of recovering elemental sulfur 
in combination with the Glaus process. 

In order to infer the actual state of each metal 
component under the reaction conditions, the standard 
Gibbs energy change, AG°, for Reaction 5 was cal­
culated from the thermodynamic data.1) 

M 2 / n S0 4 + H2 > (2/n)M + H 2S0 4 (5) 

Here, ' V indicates the ionic valence of the metal, 
M. As is shown in Table 2, the values of AG° calcu­
lated for silver and copper have a negative sign. This 
suggests that these metals exist in the metallic state 
under the present reaction conditions. There is no 
doubt that plat inum and palladium are also in the 
metallic state, though the necessary data are not 
available. The other metals in Table 2 have positive 
values of AG°, indicating that these metals exist as 
sulfates. I t is probable that catalytically active metals 
are in the metallic state, while inactive metals are 
in the ionic state. 

TABLE 2. THE STANDARD GIBBS ENERGY CHANGE, 

AG° (kj/mol), FOR REACTION 5 

M 2 / n S0 4 

MnS0 4 

FeS04 

GoS04 

NiS04 

GuS04 

ZnS0 4 

Ag2S04 

300 

267.4 
135.1 
70.9 
87.4 

- 2 9 . 1 
182.7 

- 7 1 . 5 

Temperature/K 

400 

272.2 
141.3 
76.5 
91.4 

- 2 4 . 7 
188.3 

- 6 3 . 1 

500 

276.2 
146.6 
82.0 
95.2 

- 2 1 . 2 
193.2 

- 5 5 . 5 

600 

280.2 
152.0 
88.0 
99.5 

- 1 7 . 5 
198.3 

- 4 7 . 8 

I t may be noted in Fig. 1 that, when the added 
metal has a lower hydrogen overvoltage, the evolution 
of sulfur dioxide takes place in the lower temperature 
range. Thus, the sequence of hydrogen overvoltage 
at 25 °G,6> P t < P d < A g < G u , agrees substantially with 
the sequence of the temperature range in which the 
reaction occurs, P t < A g < P d < G u . ^ Considering that 
the hydrogen overvoltage is a measure of the elec-
trocatalytic activity of metal in the hydrogen-evolution 
reaction, and that sulfuric acid is a liquid electrolyte 
at temperatures below 337 °G, the following elec­
trochemical mechanism is proposed for Reaction 1 : 

H2 > 2H+ + 2e- (6) 
H2S04 + 2H+ + 2e- > S0 2 + 2 H 2 0 . (7) 

Thus, the anodic reaction Eq. 6, proceeds on metal, 
and the cathodic reaction, Eq. 7, on cabon. Reac­
tion 7 is the reverse of that proposed in the catalytic 
oxidation of sulfur dioxide on activated carbon.7»8) 
When the added metal has a low hydrogen overvoltage, 
Reaction 6 is catalyzed by the metal : therefore, the 
total reaction, Eq. 1, can occur at a relatively low 

tt Palladium seems to be out of order in these two se­
quences. This may be ascribed either to the specific tem­
perature dependency of its activity, or to the discrepancy 
of the mechanisms of hydrogen-electrode reaction on it 
at low and high temperatures. 

temperature. In contrast, alumina has no electric 
conductivity; therefore, Reaction 7 cannot proceed 
on alumina. Probably, then the catalytic reduction 
of sulfuric acid on the copper- or p la t inum-alumina 
catalyst occurs by another mechanism. 

The standard electromotive force of the hypothetical 
cell composed of Reactions 6 and 7 is calculated as 
0.689 V at 500 K. If the overvoltage for Reaction 
6 on the catalyst surface is greater than 0.689 V at 
500 K, it is impossible for these reactions to occur 
at this temperature. This is the case with the simple 
activated carbon. Thus , one of the present authors 
has previously investigated the kinetics of Reaction 
6 at various electrodes in the eutectic melt of lithium 
chloride and potassium chloride in relation to the 
hydrogen-chlorine fuel cell;9) he found that the over­
voltage at the carbon electrode was greater than 
0.84 V at 773 K. At the temperature of 500 K, the 
overvoltage must be much greater. This may be 
the reason why Reaction 1 does not take place on the 
simple activated carbon. 

I t has been reported that sulfur dioxide, hydrogen 
sulfide, and elemental sulfur were produced in the 
electrolysis of concentrated sulfuric acid at moderately 
high temperatures, and that the distribution of the 
products depended strongly on the temperature.10»11) 
Besides, the kinetics and mechanism of the electrode 
reaction are possibly dependent on the electrode 
potential. In the catalytic reduction of sulfuric acid 
in the present work, also, it is probable that the dis­
tribution of the products is determined by the reaction 
temperature and the local potential on the catalyst 
surface, both of which are dependent on the electro-
catalytic activity of the metal added. 

Conc lus ion 

I t is concluded that the copper-carbon catalyst 
is the best for the purpose of recovering sulfur dioxide 
from the reduction of sulfuric acid by hydrogen. This 
catalyst as not likely to be poisoned by sulfide forma­
tion, because copper on carbon may become ionic 
in the oxidizing atmosphere in the step of sulfuric-
acid formation, and then be reduced to metal in the 
reduction step, cyclically. 
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The polarization spectra of indole, 3-indolebutyric acid, and benzimidazole have been measured and an­
alyzed by means of MO theory taking S-II interaction into consideration. Induced transition moment due to 
S-II interaction can be assigned to each a -bond (both direction and magnitude) pictorially. The effect of hetero 
atom on the electronic absorption spectra can be interpreted reasonably. Agreement between experimental 
and calculated results is satisfactory. 

In previous papers1»2) the effects of S-II interaction 
on Ti-Ti* transition energy and on the transition moment 
in a conjugated system were formulated with use of 
the partitioning technique,3) S-II interaction being 
shown to have an important effect upon the excited 
singlet states. The effect can be neglected for the 
triplet states, since it arises from the exchange interac­
tion between a- and TZ-electrons. T h e calculated 
oscillator strength was reduced to almost one-half of 
the reference one evaluated by the conventional n-
electron approximation (P-P-P method) . T h e M O -
CI method based on the ^-electron approximation 
usually gives too large transition moments. 

O u r aim is to elucidate the effect of substituent 
or hetero atoms in a large conjugated system on the 
direction and magnitude of the transition moment 
in view of S-II interaction. The transition moment 
of Tt-Ti* transition is important in weak intermolecular 
interaction, exciton interaction in the solid state or 
in enzyme systems, and in optical properties of mole­
cules, such as optical activity, CD and M G D spectra. 

A photoabsorbed tryptophan in an enzyme which 
has indole residue as its functional group interacts 
with a distant t ryptophan in the same enzyme. The 
origin of such long distance interaction (ca. R=30 
Â) is thought to be an exciton interaction. Com­
prehensive studies4-6) have been made on electronic 
spectra of indole which is an active par t of tryptophan. 

We have determined the direction of transition 
moment of indole, 3-indolebutyric acid, and benz­
imidazole and compared the result with that of M O -
CI calculation taking S-II interaction into considera­
tion. By our method the induced transition moment 
caused by S-II interaction can be decomposed into 
individual o-bonds which are mostly localized. The 
decomposition of the induced moment will help to 
clarify the general feature of Z!-II interaction in a 
molecule. 

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

Materials. Indole, 3-indolebutyric acid, and benz­
imidazole (guaranteed, Tokyo Kasei Co., Ltd.) were puri­
fied by repeated recrystalization from ethanol or a mixed 
ethanol-water solution. PVA (polyvinyl alcohol) powder 
(Koso Chemical Co., Ltd., average polymerization degree 
1400) was used for preparation of the film. Preparation 
of the PVA film and details of dichroism were reported.7) 

Measurement. Dichroic spectra of indole and 3-indole­
butyric acid in the stretched PVA films were measured with 
a Simadzu QV-50 spectrophotometer equipped with a 
Glan-Thompson polarizer available for the region over 
220 nm. The dichroic spectra of benzimidazole, whose 
maximum corresponding to the intense band at 220 nm 
of indole is at 205 nm, were measured with a Simadzu UV-
200S automatic recording spectrophotometer available for 
the region over 190 nm. 

In the dichroism analysis, the stretched ratio Rs indi­
cates the degree of deformation of the PVA structure, the 
dichroic ratio Rd the ratio of optical densities (D\\/D±) at 
a given wavelength, and D n and .D_L are the densities for 
the incident polarized light the electric vector of which is 
parallel and perpendicular, respectively, to the stretching 
direction of the film. 

Rd can be expressed as a function of Rs and a parameter 
r, which is defined as the ratio of two components (ju* and 
juh) of a transition moment of an electronic transition. ju& 

and fih are the components parallel and perpendicular, 
respectively, to an orientation axis (OA) peculiar to the 
molecule.7) The angle of the transition moment against 
OA, which will be referred to as the orientation angle, can 
be obtained using the Rd and Rs values. The apparent 
orientation angles for the bands are indicated along the 
Rd curve in Figs. 1 and 2. 

Theoret ica l 

A report was given on an improvement of the P-
P-P method considering S-II interaction, which was 

"22Ö ' 260 ' 30Ö 220 260 300 

Wavelength/nm Wavelength / nm 

Fig. 1. Dichroic spectra of (a) indole and (b) 3-indole­
butyric acid in the stretched PVA film. 



January, 1981] Polarized Absorption Spectra of Indole and Benzimidazole 9 

200 220 240 260 280 

Wavelength / nm 

Fig. 2. Dichroic spectra of benzimidazole in the 
stretched PVA film. 

found to be satisfactory for the calculation of elec­
tronic spectra of conjugated systems, particularly for 
the calculation of transition moments .^ 

A physical picture is given of the effect of S-II in­
teraction on the transition moment. T h e transition 
moment, m, can be expressed by 

fh = m0 -f- A.in 

Am = S S Ciadi da S rABAByB , 
V 2 S ia fi * * AB 

(1) 

(2) 

where m0 is the transition moment obtained by the 
conventional P-P-P calculation, Am the correction 
term due to the S-II interaction, and e the energy 
parameter. In Eq. 2, Cia is the variation parameter 
associated with the configuration, | ? > , and di(1 the 
/*-th A O coefficient of the i-th M O . A m can be de­
composed into the individual A-B ff-bond polariza­
tion, AmAB , as follows. 

Am = S A«wAB 
A>B 

A"*AB = (rA—rB)BAB(XB—XA), 

where 

XB = _— mCiadi adafiyBfi 
V 2 e ia 

(3) 

(4) 

and rA is the position vector of the a tom A. Equa­
tion 4 can be rewritten as 

where Y' is defined by 

YP = S Ciadiftdaft> 

(5) 

(6) 

Y^ represents the component of the transition density 
(CTD) at fji-th atom. When JZ-JZ* transition takes 
place, Yp is produced at fji-th atom, creating an in­
duced charge, XB, on the atom B. In Eq. 3, the 
vector (rA—rB) indicates the A-B ff-bond given by 
the structural formula. {XB—XA) gives the difference 
between the induced charge of a tom A and that of 
atom B. BAB plays the role of projection operator 
whether a tf-bond exists or not between the atoms 

A and B. 
M O - G I calculations have been carried out for 

indole, 3-methylindole and benzimidazole. As re­
gards their geometry, it is assumed that all molecules 
consist of regular hexagons and pentagons, in which 
each C - C and G-N bond length is 1.40 Â. Values 
for the valence-state ionization potentials, / , and 
electron affinities, A, of the carbon and nitrogen atoms 
are taken as follows. 

/(G) = 11.16eV A(C) = 0.03 eV 

/(N+1) = 14.12 eV A(N+1) = 1.78 eV 

/(N+2) = 26.70 eV A(N+2) = 9.26 eV 

T h e two center core integrals ßfiv are calculated by 
the variable ß method:8) 

J M C - C ) = - 1 . 9 0 - 0 . 5 1 P , , eV 

^ V ( G - N ) = -2 .09 - 0.53 P^ eV. 

In the GI calculation, all possible singly excited con­
figurations are included. 

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

Determination of Orientation Axis. Indole and 3-
indolebutyric acid show very similar spectra (Figs. 
1(a) and 1(b)). From a comparison of the Rd curves, 
we see that the absorption in the range 240—300 
nm consists of two bands with different polarizations. 
Let us denote the bands for the long and short wave­
length side by bands (I) and ( I I ) . T h e apparent 
orientation angles are 49.5° (I) and 46.1° (II) for 
indole, and 52.7° (I) and 48.7° (II) for 3-indolebutyric 
acid, both orientation angles increasing with the 
substituent effect. O n the other hand, the apparent 
angle for a third band ( I I I ) at ca. 220 nm decreases 
from 42.2° to 41.5°. Such changes suggest that the 
orientation axis rotates and approaches the polariza­
tion direction of the third band away from those of 
the first and second transitions. Thus , the polariza­
tion direction of bands I and I I is on one side of the 
orientation axis of the molecule and that of band 
I I I on the opposite side. 

In dichroism analysis, when an absorption band 
is isolated from the others, the Rd value for the band 
should be constant in the band region. However, 
the value for band I I I (max. 224 nm) of 3-indole­
butyric acid, for example, is not constant but de­
creases from maximum at 230 nm toward the short 
wavelength for the band region observed. The de­
crease in Rd indicates that band I V penetrates into 
the band I I I region. The orientation angle for band 
I I I would become smaller than 41.5° if no penetration 
takes place. 

The same situation is considered for band I I I of 
indole; the true orientation angle should be less than 
42.2°. Since bands I and I I overlap each other, 
their specific orientation angles should be >49.5° 
and <46.1° for indole and >52.7° and <48.7° for 
3-indolebutyric acid, respectively. 

Figure 2 shows the dichroic spectra and Rd curve 
for benzimidazole. From a comparison of Fig. 2 
with Figs. 1(a) and 1(b), we see that bands, I and 
I I (Fig. 2) are isolated from each other and correspond 
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to bands I and I I of indole, respectively, and also 
band I I I of benzimidazole corresponds to that of 
indole. T h e apparent orientation angles for 1(45°) 
and 111(44.6°) of benzimidazole are nearly equal to 
each other and differ from that of 11(49.7°), suggesting 
that their transition moments are on one side of the 
orientation axis of the molecule while band I I is on 
the opposite side, in contrast to the case for indole. 
This indicates that the direction of the transition 
moment of band I of indole has been moved from 
one side to the other of the orientation axis by the 
substituent effect of aza-nitrogen at the 3-position of 
indole molecule. 

The orientation axis of molecule can be determined 
by a comparison of the experimental orientation 
angles of band polarizations and the calculated ab­
solute angles of corresponding transition moment. 

In the dichroism analysis, the induced orientation 
axis (OA) of molecule in the stretched PVA substrate 
is assumed to take a specific direction in the molecular 
plane. Let us denote the angle between OA and 
the molecular coordinate axis X by 0OA(X), where 
- 9 O ° < 0 O A ( X ) ^ 9 O ° (0O A(X) i s defined as positive 
for anticlockwise direction). If we denote the theo­
retically calculated angle of the moment of the n-th 
singlet transition ( S J against the X-axis by 0W(X), 
and the angle of SM against OA by 0 n(OA), we have 

0„(OA) = 90° ± (90° - |0„(X)-0O A(X) | ) , (7) 

where the signs + a n d — are taken for negative and 
positive values, respectively. 0W(OA) should be com­
pared with the experimental orientation angle 0^(OA) 
of the band number N corresponding to the n-th tran­
sition. 

We can now determine the absolute angle d0A(X.) 
of the orientation axis against the X axis of the mole­
cule in the stretched PVA substrate. T h e relation 
between 0W(OA) and d0A(X) for indole is shown 
in Fig. 3(a) where the lower limit 0!(OA)>49.5° 
and upper limits 0 n ( O A ) < 4 6 . 1 ° and 0 m ( O A ) < 4 2 . 2 ° 
are added. For 0OA(X) satisfactory conditions are as 
follows: 0 I (OA)>49.5° in the range -36 .2°—44.8° , 
0 n ( O A ) > 4 6 . 1 ° in the range from 43.5° to - 4 4 . 3 ° 
through 90°, and 0 m ( O A ) < 4 2 . 2 ° in the range - 3 8 . 6 ° 
<ô O A (X)<45 .8° . T h e orientation axis (OA) as­
sociated with the indole molecule should be restricted 
to a common direction for which the three condi­
tions are satisfied simultaneously. Such an angle 
0OA(X) (44°±1°) can be found in the range 43.5°— 
44.8° (Fig. 4(a)) . 

In the same way, the orientation axis of the 3-indole-
butyric acid molecule can be determined to be 
0 O A ( X ) = 3 9 ° ± 1 ° , making use of the calculated result 
for methyl derivative of indole instead of the 3-(3-
carboxypropyl) derivative. 

In the case of benzimidazole, the range of angle 
0OA(X) which satisfies the experimental conditions is 
5°—29° (Figs. 3(b) and 4(b)) . The range is de­
pendent on the experimental data for bands I and 
I V the orientation angles of which are 0!(OA)<45° 
and 0 I V (OA)>54.7° , respectively. However, band I V 
greatly overlaps band I I I of 0 i n ( O A ) < 4 4 . 6 ° (Fig. 2). 
If band I V is isolated from band I I I , it will have 

9OAW/° 

Fig. 3. The angle-relation between the moment of n-
th transition (Sw) and the orientation axis (OA) 
of molecule when the angle of OA to the molecular 
axis (X) varies in the range—90°—90°. 
The abscissa represents the angle of OA to X, 0OA(X), 
and the ordinate the angle of the moment of Sw 

to OA, 0W(OA). The horizontal lines indicate the 
experimental orientation angles (lower or upper limit) 
of the band number N, 6N(OA), which are compared 
with the theoretical values 0W(OA). The allowed 
angles of 0^(OA) are as follows, (a) indole: 0j(OA)> 
49.5°, 0„(OA)<46.1°, 0 i n(OA)<42.2°. (b) benz­
imidazole: 0i(OA)<45°, 0„(OA)>49.7°, 0 m ( O A ) < 
44.6°, 0IV(OA)>54.7°. 

0OA(x)/o 0OA(x)/o 

Fig. 4. Angle-relation of 6ri(OA) and 0 O A(X) of (a) 
indole and (b) benzimidazole. See the illustration 
of Fig. 3. 

an angle much larger than 54.7°. This will make 
the lower limit of 0OA(X) shift from 5° toward 29° 
(Fig. 4(b)) . Since the first peak of band I is con­
sidered to be pure electronic transition because of 
its isolation from band I I , the value 0! (OA)=45° 
would be reliable and the angle of 0OA(X) may be 
ca. 29°. 

T h e directions of OA of indole, 3-indolebutyric 
acid and benzimidazole determined experimentally 
are given in Table 1. 0OA(X) is the absolute angle 
of O A against the molecular X(long) axis. The 
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TABLE 1. EXPERIMENTAL ORIENTATION ANGLE Ö ^ ( O A ) 

OF BAND NY CALCULATED ORIENTATION ANGLE 0 W (OA) 

OF TT-TH TRANSITION AND DETERMINED DIRECTION 

60A(X.) OF ORIENTATION AXIS O A OF INDOLE, 

3-INDOLEBUTYRIC ACID AND BENZIMIDAZOLE 

M O A ) (0n(OA)) 

N 
T , t 3-Indolebutyric T, • -J I Indole -, J Benzimidazole acid 

I >49.5°(50.3°) 
II <46.1°(45.6°) 
III <42.2°(40.4°) 
IV >42.2° 

>52.7°(53.5°) 
<48.7°(47.3°) 
<41.5°(34.5°) 
>41.5° 

<45° (45°) 
>49.7°(71°) 
>44.6°(19°) 
>54.7°(79°) 

0OA(X)a) 4 4 ° ± l c 39°±1° ca. 29° 

a) The angle against the X-axis of the molecule. 
See Figs. 4 and 5. For determination of 60A(X.) for 
3-indolebutyric acid, the calculated results for 3-methyl­
indole were used. 

TABLE 2. EXCITATION ENERGIES AND OSCILLATOR 

STRENGTHS OF 71-71* SINGLET STATES OF INDOLE, 

BENZIMIDASOLE, AND 3-METHYLINDOLE 

Compound 
Calculations Experimental*1) 

E/eV f jB/eV log(e/l mol-1 cm-1) 

Indole 

3-Methyl-
indoleb> 

Benzimida­
zole6) 

'4.48 
4.78 
6.02 
6.33 
6.50 

'4.48 
4.81 
6.02 
6.40 
6.52 

4.58 
5.05 
6.15 
6.51 
6.72 

0.024 
0.061 
0.886 
0.114 
0.111 

0.024 
0.067 
0.922 
0.077 
0.124 

0.012 
0.086 
0.858 
0.249 
0.046 

4.1 
4.3 
5.5 

4.1 
4.3 
5.6 

4.5 
5.0 
6.0 

« 3 . 2 
3.7 
4.5 

« 3 . 0 
3.7 
4.5 

3.7 
3.7 
4.4 

a) In aqueous solution, 
for 3-indolebutyric acid. 
ca. 10. 

b) Experimental values are 
c) pH of aqueous solution 

geometrical relation of OA and the transition moments 
of Sn are shown in Fig. 5. Agreement between ex­
perimental and calculated results is satisfactory. In 
the case of indole the calculated angles of Sx and S2 

are 50.3° and 45.6°, respectively. However, the an­
gles observed are 49.5° and 46.1°, respectively, show­
ing that the partial overlapping of the two bands 
makes the respective transition directions (absolute 
angles) approach each other (apparent angles). Sim­
ilarly, the orientation angle of S3 transition turns 
toward that of S4 because of overlapping. T h e calcu­
lated and experimental results agree (Fig. 5). 

Substituent Effect on the Electronic Transition Moment. 
The calculated n-n* transition energies and oscillator 
strengths of indole, 3-methylindole, and benzimidazole 
are summarized in Table 2. Agreement between 
calculated and experimental results is satisfactory. The 
calculated transition moments, m0 and m, and oscil-

(a) 

?2 / 
^sQjo /0AU4°±1°) 

(b) 

(C) 

Fig. 5. Calculated transition moments (Sw) and ori­
entation axis (OA) of (a) indole, (b) 3-indolebutyric 
acid and (c) benzimidazole. X means the molecular 
long axis. 

* V\ 
K; 

H 

^ ^ 

Fig. 6. The divided induced a -polarization, ARAB'S, 
of indole. 

^ 

^ > " 

0 y 

? fl > 
V\ 

; 
• ^ N / 

Fig. 7. The divided induced a -polarization, ARAB'S, 
of benzimidazole. 

lator strengths, f0 and f9 of these molecules are sum­
marized in Table 3. The directions of m0 and A m 
are almost opposite each other, f being considerably 
reduced. I t is of interest to study the effect of the 
methyl group on the transition moment of the methyl 
substituted systems. The induced tf-polarization of 
indole and that of 3-methylindole are illustrated in 
Figs. 6 and 8, respectively. In the case of 3-methyl­
indole, a large induced tf-bond polarization is found 
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TABLE 3. CALCULATED TRANSITION MOMENTS AND OSCILLATOR STRENGTHS OF INDOLE, BENZIMIDAZOLE, 

AND 3-METHYLINDOLE 

States8-) 
k J l d l l s O ' 

S i 

s2 
s3 
s4 
s5 

S i 

s2 
s3 
s4 
s5 

S i 

s2 
s3 
s4 
s5 

m 

X 

- 0 . 0 2 9 
- 0 . 0 0 4 

1.697 
0.491 
0.071 

0.216 
- 0 . 0 9 6 

1.642 
- 0 . 5 6 0 
- 0 . 2 6 3 

- 0 . 0 2 6 
0.009 
1.727 

- 0 . 3 7 6 
0.048 

y 

0.392 
0.587 
0.113 

- 0 . 3 4 1 
0.704 

- 0 . 0 6 7 
0.682 
0.367 
0.726 
0.340 

0.383 
0.589 
0.094 
0.370 
0.722 

Transition momentsb) 

Am/eA ih/ej 

x y x 

0.010 
0.007 

- 0 . 4 0 3 
- 0 . 1 0 5 
- 0 . 0 1 8 

- 0 . 0 5 2 
0.024 

- 0 . 3 9 8 
0.133 
0.055 

0.016 
0.017 

- 0 . 4 0 8 
0.073 

- 0 . 0 0 6 

Indole 
- 0 . 1 4 4 - 0 . 0 1 9 
- 0 . 2 0 4 0.003 
- 0 . 0 3 1 1.294 

0.102 0.386 -
- 0 . 2 6 9 0.052 

Benzimidazole 
0.019 0.164 -

- 0 . 2 4 8 - 0 . 0 7 2 
- 0 . 1 5 0 1.244 
- 0 . 2 2 1 - 0 . 4 2 7 
- 0 . 1 5 4 - 0 . 2 0 8 

3-Methylindole 
- 0 . 1 3 4 - 0 . 0 1 1 
- 0 . 1 9 0 0.026 

0.010 1.319 
- 0 . 1 5 4 0.303 -
- 0 . 2 5 7 0.042 

\ 

y 

0.248 
0.383 
0.082 

-0.238 
0.434 

-0.048 
0.435 
0.217 
0.505 
0.185 

0.249 
0.399 
0.105 

-0.216 
0.465 

fo 

0.061 
0.144 
1.524 
0.198 
0.286 

0.020 
0.210 
1.523 
0.479 
0.108 

0.058 
0.146 
1.575 
0.156 
0.299 

Oscillator 

f 

0.024 
0.061 
0.886 
0.114 
0.111 

0.012 
0.086 
0.858 
0.249 
0.046 

0.024 
0.067 
0.922 
0.077 
0.124 

strengths6) 

flfo 

0.39 
0.42 
0.58 
0.58 
0.39 

0.60 
0.41 
0.56 
0.52 
0.43 

0.41 
0.46 
0.59 
0.49 
0.41 

0/°d) 

- 8 5 . 7 
89.6 

3.6 
- 3 1 . 7 

83.2 

- 1 6 . 4 
- 8 0 . 6 

9.9 
- 4 9 . 8 
- 4 1 . 7 

- 8 7 . 5 
86.3 
4.5 

35.6 
83.2 

a) Singlet states are placed in order of increasing the energy, b) x and y indicate 
moment, c) f0 and f are calculated by using m0 and m, respectively, d) Angles 
long axis shown in degrees are defined as positive for anticlockwise direction. 

components of the transition 
of m from the molecular 

'«aw** kJ 

Fig. 8. The divided induced a -polarization, ARAB'S , 
of 3-methylidole. 

a t C - C H 3 tf-bond, but its oscillator strength and 
the direction of transition moment of the n-n* ex­
citation are almost the same as those of indole. I t 
is thus concluded that in an alkyl derivative, the in­
duced tf-bond polarization appearing at C - C (alkyl) 
tf-bond differs at each excited state. However, it 
has no appreciable effect on the direction of the tran­
sition moment of the n-n* excitation. For deter­
mination of the direction of transition moment, the 
alkyl substituted molecule is often used instead of 
the parent molecule because of its larger orientation 

in the adsorption on the PVA film or in crystalliza­
tion. The theoretical results support the pertinence 
of such experimental prescription. T h e induced a-
polarization are shown in Figs. 6—8 where, for the 
sake of simplicity, the n-n* transition moments are 
omitted. The gross features of the induced tf-bond 
polarizations of each molecule considered resemble 
each other. 
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Catalytic Activity of Highly Dispersed Palladium. I. The Mechanism 
of Cyclohexene Hydrogénation and the Role of Zr02 Support 
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The hydrogénation of cyclohexene vapor on dispersed palladium was studied in the pressure range of 10— 
40 Torrî at temperatures between 283 and 323 K. Palladium was impregnated on Z r 0 2 and a-Al203 over the 
wide range of 0.03 to 2.1 wt%, and the percentage exposed was varied from 13 to 96% for Pd/ZrOa and from 
2 to 15% for Pd/<x-Al203. The hydrogénation activity, Vg, per unit of weight of the Pd dispersed on ZrOa, ex­
hibited a sharp maximum at 0.05 wt%, but the turn-over frequency, Vs, per exposed atom around this maximum 
remained almost constant, which shows the reaction to be structure-insensitive. The value of Vs for Pd/Zr02 

at 301 K was larger than those for Pd/a-Al203 and Pd bulk metal by one order of magnitude. The Zr0 2 carrier 
affected the catalytic behavior of palladium; the reaction orders with respect to the hydrogen and cyclohexene 
pressures changed to 0.73 + 0.04 and 0.64+0.04 respectively from the corresponding values, 0.97 + 0.03 and 0.07 + 
0.04 for Pd/a-Al203 and Pd metal. The deuterium distributions in the reactant and product molecules in the 
reaction with D2 suggested that the hydrogénation on Pd/Zr02 and Pd/a-Al203 proceeds via the associative mech­
anism; the slow step is assumed to be the reaction of the surface cyclohexyl radical with the adsorbed hydrogen 
atom. The poisoning due to preadsorbed CO decreased the catalytic activities of Pd/Zr02 and Pd/a-Al203 

almost linearly with the amounts of surface CO and caused a complete deactivation at about a half coverage of 
the surface Pd atoms, irrespective of the percentage exposed. On the basis of these results, the structure-insen-
sitivity of the cyclohexene hydrogénation on Pd and the carrier effect of ZrOa are discussed. 

In order to get a fundamental understanding of 
heterogeneous catalysis by metals, the effect of the 
surface structure on the activity has been extensively 
studied using metals dispersed on supports1) as well 
as their single crystals.2) I t appears that attention 
has been forcused on the shapes and size distributions 
of metal crystallites in connection with their activity, 
while supports have simply been regarded as inert 
matrices. Recently, however, it has been pointed out 
that the peculiar catalytic activity might be induced 
by the interactions between metal particles and sup­
port; this has been known as the "support effect."3) 
In this regard, the oxides of Group IV a metals have 
exerted noteworthy effects as supports or promotors 
of the catalytic hydrogénation. 

Maxted and Ali4) reported that palladium metal 
loaded on ZrO a , T h O a , and T i O a exhibited not only 
a higher activity for the liquid-phase hydrogénation 
of cyclohexene than that of the unsupported metal, 
but also its maximum in activity at a definite concen­
tration of Pd, depending on the respective supports. 
Recently, Fujimoto et a/.5) showed that the addition 
of T h O a to the silica-supported Pd catalyst markedly 
increased the activity for the hydrogénation of GO. 
These positive effects of the oxides are of particular 
interest, but they have not yet been analyzed in detail. 

Since the influence of the oxides on the catalytic 
behavior of Pd seems to become smaller as the size 
of metal crystallites increase, distinct evidence of the 
support effect can be obtained by the use of catalysts 
in a state of high dispersion or with a large percentage 
exposed. In the present study, the first one of this 
series, Z r 0 2 was taken as a potentially interesting 
support on which palladium metal was dispersed over 
a wide range of surface concentrations and the hy­
drogénation of cyclohexene was studied. The reac­
tion on a-Al203-supported and bulk metal palladium 
was also examined for comparison. Both supported 

t 1 Torr =133.322 Pa. 

catalysts were characterized by GO chemisorption and 
X-ray diffraction methods, and the percentage exposed 
was determined. Although most of the works on 
cyclohexene hydrogénation over Pd blacks6) and Pd/ 
A1203

7) have been carried out in the liquid phase, 
we studied the reaction in the gas phase because of 
easier kinetic analysis. The kinetics was supplemented 
by the results of an examination of the deuterium 
distributions in the product and reactants in the reac­
tion with D2 . 

The relationship between the percentage exposed 
and the turnover frequency enables us to inspect the 
effect of the surface structure upon the catalytic be­
havior, but it is not sufficient for us to evaluate the 
surface density of active sites. Accordingly, the poi­
soning due to preadsorbed C O was applied to the 
present catalyst system in order to evaluate the density 
and, further, to study the nature of the active sites, 
which may change through the interaction with car­
ries. 

Exper imenta l 

Catalysts. Palladium supported on zirconia or a-
alumina was prepared by the impregnation method at room 
temperature. Both supports were washed with 0.1 mol 
dm - 3 nitric acid and then rinsed thoroughly with ion-ex­
changed water. The surface area, as evaluated by the 
BET method using nitrogen, were 38.5 m2/g for ZrOa and 
3.8 m2/g for a-Al203. The impregnation of palladium was 
carried out by adding, drop by drop, an aqueous solution 
of palladium nitrate, in a concentration of about 13g/l, 
to a batch of the supports which were slowly being stirred. 
The addition was stopped at the incipient wetness of the 
support, and then the catalysts were dried in air at 393 K 
for 12 h. The concentration of Pd was thus widely changed, 
i.e., from 0.03 to 2.1 wt% for Pd/ZrOs and from 0.05 to 
2.1 wt% for Pd/a-Al203. Palladium metal powder was 
prepared by reducing PdCl2 with an aqueous solution of 
NaBH4. 

In order to determine the conditions which provide a 
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catalytic activity as stable and high as possible, the influence 
of the reduction temperature on the catalytic activity of 
Pd/Zr02 and Pd/a-Al203 was investigated up to 875 K; 
reduction at 523 K was found to be a suitable treatment. 
The catalyst activity was also examined at the same tem­
perature as a function of the reduction time for up to 5 h, 
but no significant difference was observed after 1 h. Thus, 
a fresh catalyst was subjected to pretreatment by oxidation 
with 20 Torr of oxygen at 523 K for 1 h, followed by re­
duction with 20 Torr of hydrogen at 523 K for 1 h and then 
evacuation for 1 h at the same temperature. This series 
of treatments was also employed prior to each kinetic run. 

Kinetics of Reaction. The gas-phase hydrogénation of 
cyclohexene was carried out by using a closed circulation 
system with a volume of 450 ml. The cyclohexene was 
degassed, subjected several times to a trap-to-trap distil­
lation, and then transferred to the reaction system. The 
pressure decrease during the course of the reaction was 
followed by means of a glass Bourdon gauge. A gas chro­
matographic analysis verified that cyclohexane was the 
only product under the present experimental conditions 
and that the rate of the pressure decrease corresponded 
exclusively to the rate of cyclohexane formation. The hy­
drogénation was studied in the pressure range of 10—40 
Torr at temperature between 283 and 323 K. The reaction 
with deutrium was carried out under exactly the same con­
ditions as those used in the hydrogénation. After the reduc­
tion, the cyclohexene and cyclohexane were separated gas 
chromatographically by the use of a 6 m column of Gelite-
545, with Dinonyl phthalate added, and then analysed by 
means of a mass-spectrometer, Hitachi RMU-7M, at an 
ionization voltage of 15 eV. The mass patterns including 
isotope peak (13G) and the isotope effect on the ionization 
were corrected.8) The hydrogen, hydrogen deuteride, and 
deuterium were analysed by means of gas Chromatograph.9) 
In order to determine the percentage exposed of palladium 
atoms, the adsorption of GO was employed at 301 K. in a 
static system with a volume of 150 ml after the catalysts 
had been treated in the same manner as that employed 
in the kinetic study. X-Ray diffraction was also applied 
to the catalysts. 

Material. Zirconia of an extra pure grade was ob­
tained from the Koso Chemical Co., and a-alumina, from 
the Shimadzu Seisakusho, Ltd. Cyclohexene of an extra 
pure grade, purchased from Yoneyama Chemical Indus­
tries, Ltd., was distilled in vacuo and found to be gas chro­
matographically pure. Hydrogen (99.99% pure) and deu­
terium (containing less than 0.5% HD) were obtained from 
Takachiho Kagaku Kogyo and were purified through a 
molecular-sieve trap cooled to 80 K. 

R e s u l t s 

Figure 1 shows the variation in the catalytic activity, 
Vg, (molecule m i n - 1 g Pd"1) of P d / Z r 0 2 and Pd/a-
A1 2 0 3 for the hydrogénation of cyclohexene with dif­
ferent Pd contents. T h e P d / Z r 0 2 catalyst was char­
acterized by a marked rise in the activity with an 
increase in the Pd content and by a maximum at 
0.05 w t % , whereas Pd /a -Al 2 0 3 shows only a slight 
increase around 0.2 w t % . A comparison between the 
highest activities showed that the activity per gram 
of Pd dispersed on Z r 0 2 was about 170 times greater 
than that of Pd on a-Al 2 0 3 . Kinetic studies were 
carried out for most of these catalysts; the results 
thus obtained are summarized in Tables 1 and 2. 

INOUE, and Iwao YASUMORI [Vol. 54, No. 1 

Pd Goncentration/wt% 

Fig. 1. Change in catalytic activity Vg with Pd con­
tent. 
Unless otherwise stated, the following conditions were 
used: P h = 4 0 Torr, P e =40 Torr, reaction temp=301 
K. 
O: Pd/Zr02 , # : Pd/a-Al203. 

I t should be noted that, for a series of each kind of 
catalyst, the reactions gave almost the same activation 
energy and pressure dependence, irrespective of the 
Pd concentration, but there were significant differences 
in these kinetic parameters between the reaction on 
P d / Z r 0 2 and Pd /a -Al 2 0 3 ; the activation energy for 
the reaction on P d / Z r 0 2 was, on the average, higher 
by about l S k J m o l - 1 than for Pd /a -Al 2 0 3 and Pd 
bulk metal. T h e reaction orders with respect to 
the partial pressures of hydrogen and cyclohexene 
were, respectively, 0.73 + 0.04 and 0.64±0.04 for Pd/ 
Z r 0 2 , whereas the corresponding values were 0.97± 
0.03 and 0.07±0.04 for Pd /a -Al 2 0 3 and Pd bulk metal. 

T h e detailed analysis of the reaction was performed 
by using deuterium as a tracer, and the deuterium 
distributions in gaseous cyclohexene, cyclohexane, and 
hydrogen were investigated. The results are sum­
marized in Table 3. Neither hydrogénation nor ex­
change reaction of cyclohexene with D 2 occurred on 
either of the supports, Z r 0 2 and a-Al203 , under the 
present experimental conditions. The reaction of cy­
clohexene with D 2 or with H 2 + D 2 on P d / Z r 0 2 and 
Pd / a -A l 2 0 3 demonstrated that considerable amounts 
of cyclohexene [ D J and [D2] were formed at a con­
version of from 8 to 10%. Equilibration among H 2 , 
H D , and D 2 in the gas phase proceeded completely 
in the case of Pd /a -Al 2 0 3 ; the values of K, defined 
as the PlD/PhPD radio, were 3.1—4.2(±0.4) in 
the G 6 H 1 0 + D 2 system and 3.5—3.7(±0.3) in the 
G 6 H 1 0 + H 2 + D 2 system. In the reaction using the 
P d / Z r 0 2 catalyst, however, although appreciable 
amounts of H D and H 2 were produced, the equilibrium 
among them did not hold; the K's were 0.6—0.8 
(±0 .2) in the G 6 H 1 0 + D 2 system and 1.2—1.3(±0.1) 
in the G 6 H 1 0 + H 2 + D 2 system. As for the product, 
cyclohexane, a distribution ranging from [D0] and 
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TABLE 1. KINETIC PARAMETERS OF CYCLOHEXENE HYDROGÉNATION AND GO ADSORPTION ON Pd/Zr02 

Pd 

wt% 

0.03 
0.05 
0.08 
0.1 
0.3 
0.5 
0.7 
1.0 
1.2 
1.5 
2.1 

Molecule 
min g-Pd 

6.8X1023 

11.0 
6.4 
5.3 
1.7 
1.4 
1.1 
0.7 
0.7 
0.6 
0.4 

C O ) 

Molecule 
g-Pd 

4.48X1021 

5.47 
3.77 
3.68 
1.33 
0.84 
0.78 
0.76 
— 
— 

0.57 

D(%)«> 

(79.2) 
(96.6) 
(66.6) 
(65.0) 
(23.5) 
(14.8) 
(13.8) 
(13.4) 

— 
— 

(10.1)f) 

v8 
S" 1 

2.5 
3.3 
2.8 
2.4 
2.1 
2.8 
2.4 
1.5 
— 
— 

1.2 

Reaction orderd) 

m 

0.75 
0.71 
0.71 
0.68 
0.75 
0.76 
0.78 
0.70 
0.75 
0.73 
0.70 

n 

0.60 
0.66 
0.60 
0.68 
0.62 
0.60 
0.60 
0.60 
0.60 
0.65 
0.60 

Activation 
energy6) 

Ea 
kj mol"1 

48. le> 
51.5 
46.1 
49.4 
47.7 
51.1 
49.8 
47.7 
50.2 
46.1 
46.1 

a) P h = 40Torr, Pe = 40Torr; reaction temperature = 301 K. b) Saturated adsorption at 301 K. c) Percentage 
exposed (%), evaluated on the assumption that a GO molecule adsorbs on a Pd atom, d) V—kP^Pl. e) Tem­
perature range = 283—323 K. f) X-Ray diffraction gave a value of 9.7%. g) ±1.5kJ/mol . 

TABLE 2. KINETIC PARAMETERS OF CYCLOHEXENE HYDROGÉNATION AND GO ADSORPTION 

ON Pd/a-Al203 AND Pd METAL 

Pd 

wt% 

0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.7 
1.0 
1.3 
2.1 

Pd Black 

Molecule 
min g-Pd 

3.9X1021 

4.4 
6.4 
4.0 
3.8 
2.1 
1.9 
0.7 
0.7 
0.8 

7.8X1019 

CO*» 

Molecule 

g-Pd 

— 
5.7X1020 

8.4 
— 
— 
— 

1.7 

— 
1.3 

1.4X1019 

D(%)c> 

— 
(10.1) 
(15.0) 

— 
— 
— 

(2.8) 

(2.2)f) 

— 

V8 

S"1 

— 
0.13 
0.12 
— 
— 
— 

0.19 

— 
0.10 

0.09 

Reaction orderd) 

m 

0.95 
0.97 
1.00 
1.00 
1.00 
1.00 
1.06 
1.00 
1.00 
1.00 

1.00 

n 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.0 
0.1 

0.0 

Activation 
energy6) 

E •*-'& kj mol"1 

35.2s) 
31.0 
33.5 
35.2 
38.5 
38.1 
33.9 
36.9 
33.5 
38.5 

32.7 

a), b), c), d), e): See Table 1. f) X-Ray diffraction gave a value of 2 .5%. g) ±1.5kJ/mol . 

[D5] was observed in the reactions using the respective 
catalysts, but there was a tendency for P d / Z r 0 2 to 
provide a higher concentration of cyclohexane [D 0 ] . 

Figure 2 shows the isotherms of C O adsorbed at 
301 K on 0.05 w t % P d / Z r 0 2 and Z r 0 2 . Carbon 
monoxide was introduced up to 60 Torr , and then, 
after the evacuation at the same temperature for 20 
min, the adsorption was repeated under the same 
conditions. As may be seen from Fig. 2, the 
amount of C O adsorbed on P d / Z r 0 2 in the second 
run was much the same as that on the Z r 0 2 surface, 
on which only the reversible adsorption took place. 
Thus, the difference between the first and second 
runs gave the amount of irreversible adsorption on 
the surface of metallic palladium. By assuming that 
an exposed Pd atom can accommodate one carbon 
monoxide molecule,10) the number of Pd atoms ex­
posed was evaluated. Tables 1 and 2 involve the 
percentage exposed and also the hydrogénation ac­
tivity per exposed atom, i.e., the turn-over frequency 
VB9 represented in terms of molecule s _ 1 exposed Pd 

a tom - 1 . I t should be noted that the change in Vs 

was rather small throughout the whole range of Pd 
loading. The VB at 0.05 w t % was only twice as large 
as that at 1.0 w t % . However, the V8 on P d / Z r 0 2 

was 20 to 30 times higher than those on Pd /a -Al 2 0 3 

and Pd bulk metal. 
T h e poisoning effect of C O was examined at 301 K. 

A known amount of C O was preadsorbed on a bare 
Pd surface after the pretreatment, after Which the 
catalyst was evacuated for 20 min and the reaction 
gas was introduced. Figure 3 shows the change in 
the activity with the increase in the fraction of C O 
coverage, which was defined as the ratio of the amount 
of C O adsorbed to that at saturation. In all cases 
of 0.05, 0.3, and 1.0 w t % P d / Z r 0 2 catalysts as well 
as of 0.2 w t % Pd /a -Al 2 0 3 studied, an almost linear 
decrease in the activity occurred with the increase 
in the fraction of the surface occupied by C O , and 
zero activity was attained at around 0 = 0 . 4 5 when 
the lines were extrapolated. 
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TABLE 3. DEUTERIUM DISTRIBUTIONS IN THE REACTIONS OF CYCLOHEXENE WITH 

D2 OR H2 + D2 ON Pd/Zr02 AND Pd/a-Al203 

Catalysts 

Conversion (c 

Cyclohexane 

Cyclohexene < 

H2(%) 
HD 
D2 

Vo) 

/ D0(%) 
Dx 
D2 

D3 

1 D4 
D5 

D6 

D7 
k D 8 -

< D0 

Dx 
D2 

D3 

D4 

D5 
k D 6 -

- D i 2 

-Dio 

0.05 wt0/ 

D2 + C6H10a) 
8 15 

28 
37 
23 
8 
3 
2 
0 
0 
0 

79 
10 
4 
3 
2 
1 
0 

8 
19 
73 

22 
34 
28 
8 
3 
2 
1 
0 
0 

69 
16 
11 
2 
1 
0 
0 

5 
17 
78 

'o Pd/ZrOa 

D2 + H2 + C6H10b) 
8 15 

32 
40 
21 

6 
1 
0 
0 
0 
0 

94 
3 
3 
0 
0 
0 
0 

27 
35 
38 

41 
44 
13 
2 
0 
0 
0 
0 
0 

81 
6 
6 
5 
2 
0 
0 

30 
36 
34 

0.2 wt% 

D2 + C6H10
a> 

10 17 

9 
19 
34 
16 
10 
6 
3 
2 
0 

79 
10 
5 
4 
2 
0 
0 

2 
25 
73 

17 
26 
31 
16 
10 
0 
0 
0 
0 

82 
8 
6 
2 
1 
0 
0 

2 
22 
76 

Pd/a-Al203 

D2 + H2+C6H17*) 
10 17 

19 
22 
35 
21 

1 
0 
0 
0 
0 

98 
1 
1 
0 
0 
0 
0 

13 
45 
42 

10 
24 
43 
19 
3 
0 
0 
0 
0 

80 
6 
6 
5 
3 
0 
0 

20 
48 
32 

Reaction temp = 301 K, a) P D = P e = 40 Torr, b) PH = PD = 20 Torr, Pe = 40Torr. 
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Fig. 2. Adsorption of CO on 0.05 wt% Pd/ZrOa and 
Zr0 2 . 
A : Total adsorption of CO, A : reversible adsorption 
of CO, O : adsorption on ZrOa, # : irreversible ad­
sorption of CO. 

D i s c u s s i o n 

I t is a feature of the cyclohexene hydrogénation 
on P d / Z r 0 2 that the high activity appears in a narrow 
range of Pd concentrations, as is shown in Fig. 1. 
Such a drastic change in the activity contrasts with 
the results on Pd /a -Al 2 0 3 . This maximum activity 
was also observed in the liquid-phase hydrogénation.4) 
The measurement of the CO-adsorption on P d / Z r 0 2 , 

however, revealed that the fraction of Pd exposed 
per unit weight of the metal varied with the amount 
of Pd loading in a manner parallel to the change 
in the activity. Accordingly, the turn-over frequency, 
Vs, was rather constant around the maximum of 
activity (V ) and then gradually decreased to about 
a half of the value with an increase in the Pd content. 
A similar relation between Vg and Vs was also ob­
served in the case of Pd/a-Al 2 0 3 , but the value of 
V8 for Pd /a -Al 2 0 3 was smaller by one order of mag­
nitude than that for P d / Z r 0 2 , irrespective of the Pd 
content. The small variation in Vs as well as the 
similarity in the kinetic parameters over the wide 
range of percentage exposed suggests that the hydro­
génation of cyclohexene is "structure-insensitive" in 
character and that the sharp maximum in Vs is at­
tributable to the highest density of active sites. The 
slight fall in Vs with the decrease in the percentage 
exposed may be due to the decrease in the virtual 
site density; the steric hindrance between adsorbed 
cyclohexene molecules may become more distinct on the 
smooth surfaces of larger particles, or the stoichiometry 
between the adsorbed C O and the Pd atom may 
vary with the percentage exposed. From the amount 
of GO chemisorbed on 0.05 w t % P d / Z r 0 2 , the aver­
age diameter of Pd particles was calculated to be 
about 17 Â, provided that the particles are spherical. 
This estimation indicates that, as a primary effect, 
the Z r 0 2 surface has a high capability of dispersing 
Pd metal as very fine particles or crystallites which 
possess a high density of active sites. 

Since the surface density of the active site varies 
in proportion to the percentage exposed of Pd atoms, 
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Fig. 3. Poisoning effect of adsorbed GO on cyclo-
hexene hydrogénation. 
O: 0.05 wt% Pd/ZrOa, • : 0.3 wt% Pd/Zr02 , • : 
1.0 wt% Pd/Zr02 , 3 : 0.2 wt% Pd/a-Al203. 

the poisoning due to preadsorbed GO permits us to 
evaluate the density. As may be seen from Fig. 3, 
a nearly linear relationship exist between the decline 
in the activity and 0CO, and the zero activity was 
brought about at 0CO=O.45 for all the P d / Z r O a and 
Pd/oc-Al203 catalysts examined. This coincidence of 
GO coverage where the activity vanishes suggests that 
the topography of the active sites is similar for Pd 
particles dispersed on both Z r O a and a-Al 2 0 3 . 

There are clear differences in the pressure depend­
ence and activation energy between the reactions on 
the Pd /ZrO a and Pd/a-Al2Ö3 catalysts, but the general 
features of wide distributions in the reactant and 
product were rather analogous in both cases and 
suggest that the hydrogénations proceed via the as­
sociative mechanism described by the following path­
way; 

H2(g) 2H(a) 

*2 

G6H10(g) ^ = ^ G6H10(a) 
k-2 

C6H10(a) + H(a) 1 G.Hu(a) 

C,Hu(a) + H(a) -> G6H12(g) 
* 4 

(1) 

(2) 

(3) 

(4) 

were kt and k_x denote, respectively, the rate constants 
of the forward and reverse reactions at the ith step. 
The changes in the fractions of the surface covered 
with hydrogen atoms, 0H, cyclohexene, 0e, and cy-
clohexyl radicals, 0y, as functions of the time are de­
scribed as: 

dt 

d0e 

d* 

= 2£xPh0° - 2£_10> - k36hde + £_30y0v - A;40h0j 

= £2Pe0v - £_20e - k36e6h + £_30y0v 

(5) 

(6) 

—TT' — *30e0h — ^-30v0y — kßyuh, (7) 

where 0V denotes the fraction of the vacant surface 
and is equivalent to (1— 0h—0e—0y). The wide deute­
r ium distributions in cyclohexane permit us to assume 
that Step 3 is in pseudo-equilibrium; thus, the 
following relationship ; 

K36e6h = 0y0v (8) 

is obtained, where Kz=kJk_B. The employment of 
the steady-state approximation on the adsorbed hy­
drogen atoms and cyclohexene molecules, i.e., d0h/ 
dt=ddeldt—0, and the insertion of Eq. 8 into Eqs. 
5 and 6 lead to; 

2k1Phdl - 2k-16l - £40y0h = 0 (9) 

k2Pe6Y - k-26e = 0. (10) 

Solving the set of Eqs. 8, 9, and 10, we can obtain 
these expressions for 0y and 0h in a steady state; 

6y = K2K3Pe6h (11) 

and ; 

ß V2EA = _ _ 
UiL [(1 + K2Pe)l/2k„1 + kiK2K3Pe + (l+K2K3Pe)V2k1Ph] ' 

(12) 

where Ki=kjk_i. Accordingly, the rate of cyclo­
hexene hydrogénation, Vg, is given by; 

vg = M A 
_ 2k1kiK2K3PhPe 

l(\+K2P&)V2k.1 + kiK2K3Pe+(l+K2K3Pe)V2k1PlY' 

(13) 

In order to examine the validity of the derived equa­
tion for the observed pressure dependences, Eq. 13 
is transformed into; 

+ (\+K2Pe)V2k^1 + kiK2K3Pe], (14) 

which provides a linear relationship between (PJ 
Fg)1/2 and PT under the condition of a constant 
P e . A similar transformation of Eq. 13 with respect 
to the cyclohexene pressure gives; 

y vg
 y (MW*)Ph L 

(1+K.KMVK^ 

+ ( l + / C 2 P e ) V l + i ^ P e ] , (15) 

which can not be used for the examination of the 
pressure dependence. Considering that the desorp-
tion of hydrogen is still much faster than the hydro­
génation, i.e., 2k_16l>kiK2KzPeBl, one can expand 
the second term in brackets in Eq. 15 as: 

#2pe)Vi ( i + # 2 p e ) V i + 2£_! 

-H*.+*gy.+*g* + (16) 

Accordingly, Eq. 15 is rewritten in an approximate 
form: 
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^ Vg
 y {k,KxK,Kz)P^ 

X ^ H / f Ä + ^ + ^ l / ^ Ä + ̂ V e ] . (17) 

I t follows, therefore, that a linear relationship of (PJ 
Fg)1/2 vs% p e exists under the condition of a constant 

Ph. As for the hydrogénation on Pd/a-Al 2 0 3 , in 
which gaseous hydrogen molecules are in equilibrium 
with the adsorbed hydrogen atoms, the rate equation 
was simplified to : 

kiK1K2K3PhPe 
g (l + VK1Ph+KJ>9 + KiK9pyK1Ph}* " ^ } 

I t is apparent that this equation provides relationships 
similar to those described above for the hydrogen-
and cyclohexene-pressure dependences. Figure 4 shows 
good linear plots of the observed values for the above-
mentioned relationships, which verifies the validity 
of Eqs. 13 and 18, and hence the mechanism proposed. 
The assumption that one of the reactions other than 
Step 4 is a slow process leads to an unsatisfactory 
conclusion in explaining the observed pressure de­
pendence and isotope distribution. When Gonzo and 
Boudart11) studied the hydrogénation of cyclohexene 
on y-alumina-supported Pd in the gas and liquid 
phases, they observed no appreciable difference in 
the mechanism of reaction between these systems. 
They showed that the rate-determining step is the 
addition of a hydrogen atom to the cyclohexyl species, 

Pe/Torr 
20 30 40 50 

VA/Torr1 /* 

Fig. 4. Plots of l / i y F g vs. VPh and VPe/Vg vs. Pe. 
O: VPh/Vg vs. VPh (Pe = 40Torr), # : VP^Tg vs. 
Pe (Pn=40 Torr), reaction temp=301 K. (a): 0.2 
wt% Pd/a-Al203, (b): 1.0 wt% Pd/Zr02 , (c) : 0.08 
wt% Pd/Zr02 . 

which accords with the present conclusion. The value 
of the turn-over frequency, 3.3 s"1 at 301 K (Ph = 
P e = 4 0 T o r r ) on 0.05 w t % P d / Z r 0 2 was close to the 
value, 3.4 s-?1, obtained by correcting their data11) to 
the present reaction conditions. 

These characteristic features of the hydrogénation 
by P d / Z r 0 2 , viz., the high V8 value and the different 
kinetics as compared to those on Pd /a -Al 2 0 3 and Pd 
bulk metals, are certainly associated with carrier ef­
fects caused by Z r 0 2 . If one assumes the dispersed 
state of metal to be a spherical particle, the percentages 
exposed of 9 6 % (0.05 w t % P d / Z r 0 2 ) and 1 3 % (2.1 
w t % P d / Z r 0 2 ) correspond to particle sizes of about 
17 and 140 Â in diameter respectively. As is shown 
in Table 2, there is evident lack of variation in the 
kinetic behavior through the whole range of the per­
centage exposed, while the GO-poisoning results clear­
ly show that almost all the surface atoms exposed 
are responsible for the catalytic hydrogénation. Thus, 
these facts lead to two plausible models: a long-range 
influence caused by the Z r 0 2 substrate strongly af­
fects the character of the dispersed metal particles, 
irrespective of their size, and, alternatively, Pd metal 
aggregates with a specific morphology are formed on 
the Z r 0 2 surface, thus increasing the fraction of active 
interface between the metal and the carrier. In a 
special case, a small fraction of Z r 0 2 might be em­
bedded in the crystallites of Pd metal. The latter 
situation appears to produce noteworthy interaction. 

As has been described, the general feature of the 
P d / Z r 0 2 catalyst was a homogeneous distribution of 
the active sites over almost the entire surface. How­
ever, it was found that the reaction orders with re­
spect to the hydrogen and cyclohexene pressures 
shifted to 1.0 and 0.1 respectively when the 0.05 w t % 
P d / Z r 0 2 catalyst was poisoned by adsorbed GO so 
severely that more than 9 3 % of the catalytic activity 
was lost. For the reaction on the 0.3 w t % P d / Z r 0 2 

catalyst poisoned to the same extent, however, the 
hydrogen order remained unchanged, though the cy­
clohexene order was attenuated to 0.35. Although a 
detailed study will be needed to confirm whether 
such reaction-order shifts occur gradually with an 
increase in the amount of adsorbed GO or only in 
the extreme case of an almost complete deactivation, 
the almost linear relationships observed in Fig. 3 in­
dicate that the latter is more plausible. The varia­
tions in the kinetic behavior are presumably caused 
by the electronic effect of preadsorbed GO upon the 
state of palladium-surface atoms rather than by the 
geometrical blocking of active sites by the GO, so 
as to put more restriction on the adsorption of hy­
drogen compared to that of cyclohexene. T h e finding 
that the change in the kinetic parameters of the hydro­
génation on the catalysts with higher percentages ex­
posed is more prominent gives support to this con­
sideration. It should be noted that the shifts in the 
kinetic parameters occurred in an opposite direction 
from those caused by the Z r 0 2 substrate. The ad­
sorption of GO on the Pd (111) surface was found 
to increase the work function by 1.02 eV,12) indicating 
an electron transfer from the Pd surface to GO. By 
taking the present results together with this face into 
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consideration, we can predict that Z r 0 2 works as 
an electron donor. 
In order to confirm this view, it is necessary to ex­
amine the effect of added Z r 0 2 to Pd upon the catalytic 
properties, and therefore the analysis of these sytems 
by X-ray photoelectron spectroscopy seems to be 
essential. These studies are now in progress by using 
P d + Z r 0 2 dispersed on inactive substrates such as 
a-Al203 . 
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The Gibbs Energies, Enthalpies, and Entropies of the Dilution 
of Aqueous Sodium Chondroitin-4-sulfate and -6-sulfate 
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The osmotic coefficients of a solvent, 0, in aqueous solutions of sodium chondroitin-4-sulfate (NaChS-A) 
with a relatively low molecular weight and -6-sulfate (NaChS-C) with various molecular weight were measured 
by means of vapor-pressure osmometry. The molar Gibbs energes of dilution, AdiiG, were determined from the 
thermodynamic analysis of the <f> values. The molar entropies of dilution, Adii^? were calculated through the 
substitution of the molar dilution enthalpies, A d i Ä which had been measured previously, into AdiiC- These 
thermodynamic quantities of dilution were discussed by taking Manning's limiting law into consideration. 
The concentration and temperature dependencies of the observed Adn# agreed well quantitatively with those 
of the electrostatic AmH calculated by Manning's limiting law, when the distance between the neighboring 
charges of the polyion, b, was assumed to be 4.8 Â, whereas the observed Adii£ and AdiiS values did not 
agree quantitatively with the theoretical ones based on electrostatic interactions. From a comparison of the 
experimental Adn^ values with the theoretical ones, the non-electrostatic dilution entropy was evaluated and 
discussed. 

Chondroitin-4-sulfate and -6-sulfate, whose repeating 
units are composed of JV-acetyl-D-galactosamine-4- and 
-6-sulfates, together with D-glucuronic acids, respec­
tively, are known to be important components of 
mammal ian connective tissues and are expected to 
interact specifically with the ions in biological en­
vironments according to their polyelectrolyte nature. 
To elucidate their behavior as biopolyelectrolytes, we 
have previously investigated their physicochemical prop­
erties in simple aqueous solutions with various coun­
ter-cations, such as osmotic coefficients,1) partial molar 
volumes,2) and the enthalpies of dilution.3) 

This paper concerns the Gibbs energies, enthalpies, 
and entropies of the dilution of sodium chondroitin-
4-sulfate (NaChS-A) with a relatively low molecular 
weight and -6-sulfate (NaChS-G) with various molecular 
weights. The Gibbs energies were determined from 
the thermodynamic analysis of the osmotic coefficients 
measured by vapor-pressure osmometry. Since the 
enthalpies had been measured in a preceding work,3) 
the entropies of dilution were calculated through the 
substitution of the enthalpies into the Gibbs energies. 
These thermodynamic quantities of dilution were dis­
cussed by taking Manning 's limiting law4) into con­
sideration. 

Exper imenta l 

Materials. Sodium chondroitin-4-sulfate (NaChS-A) 
was obtained commercially from the Seikagaku Kogyo Co., 
Ltd. (Tokyo, Japan); its average molecular weight M, 
was 2.0 Xl04 . Four kinds of sodium chondroitin-6-sulfate 
(NaChS-C) with different molecular weights were used, 
two of them being commercial ones from the Seikagaku 
Kogyo Co., Ltd. (M=6 .5x 104 and 7.3 x 104), and the others 
having been offered by the Kaken Yakukako Co., Ltd. 

(Tokyo. Japan) (M=5 .7x 10* and 1.1 X 104). Their molec­
ular weights were determined by viscosity measurements.5,6) 
Distilled and deionized water was used for the preparation 
of aqueous GhS salt solutions. 

Osmotic Coefficient. The osmotic coefficients were 
measured by means of vapor-pressure osmometry using an 
Hitachi-Perkin-Elmer Model 115 Molecular Weight Ap­
paratus.1) Aqueous sodium chloride solutions were used 

as reference solutions, and their osmotic coefficients, (f>', 
were obtained from the literature.7) When the solvent 
vapor pressure of a reference electrolyte solution is equal 
to that of a polyelectrolyte solution, the osmotic coefficient 
of the polyelectrolyte, 0, is given by 

* = ̂ . a) 
vvmv 

where v' and vp are the total numbers of cations and anions 
produced by the dissociation of NaCl and the polyelectrolyte, 
and where m' and mp are the molalities of NaCl and the 
polyelectrolyte respectively. The factors of the denominator, 
vp and mp, can be written as follows; 

vp = Z/Zg + 1 (2) 
and; 

mp = 2m/Z, (3) 

where Z, Zg , and m are the stoichiometric charge number 
per polymer, the charge number of a counter ion, and the 
molality of the polymer on a repeating unit basis (mol kg-1) 
respectively. Then, 

0 = V-™É1 . (4) 
9 (Z/Zg+l)(2m/Z) K } 

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

The Osmotic Coefficients of NaChS Salts. Figures 
1, 2, and 3 show the linear relationships between the 
^ values and polymer concentrations for various ChS 
samples at 298.15, 310.15, and 323.15 K respectively. 
They also show that the <f> values depend on the poly­
mer molecular weights; that is, higher-molecular-
weight samples have smaller 0 values. However, <j> 
seems to approach a definite value with the increase 
in the molecular weight. 

The Calculation of the Gibbs Energies, Enthalpies, and 
Entropies of Dilution. T h e molar Gibbs energy of 
dilution per repeating unit containing two ionized 
groups, AdUG, from the initial concentration, ml} to 
the final concentration mt, (m^m^, can be written 
as follows; 

AdiiG = 2(1/Z+ l/Ze)RThx (fl±ff/fl±,,) (5-a) 

= 2 ( l / Z + l / Z . ) Ä r i n ( ^ g . ) (5-b) 
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0 0-05 0-10 

m/mol kg - 1 

Fig. 1. Osmotic coefficients (0) vs. concentration of 
NaChS-A and -G at 298.15 K. 
3 : NaChS-A (M=2.0x l0 4 ) , • : NaChS-C (M= 
1.1 Xl04), O: NaGhS-G (M=5.7x l0 4 ) , A : NaChS-
G (M=6.5x l0 4 ) , ©: NaChS-C (M=7 .3x 104). 

m/mol kg - 1 

Fig. 2. Osmotic coefficients ($) vs. concentration of 
NaChS-A and -G at 310.15 K. 
Symbols are the same as in Fig. 1. 

0-05 0-10 

m/mol kg - 1 

Fig. 3. Osmotic coefficients {<j>) vs. concentration of 
NaChS-A and -G at 323.15 K. 
Symbols are the same as in Fig. 1. 

where a± and y± are the mean activity and the mean 
activity coefficient of a polyelectrolyte respectively. 
To obtain Ad i lG from the relation between m and 0, 
the mean activity coefficients in Eq. 5-b were calcu­
lated by means of the Gibbs-Duhem equation: 

in (r±,f/r±,i) = (0f-0O + 2 
Jmt V> 

tdVm. 

10 

rH 
SO 

<N 

rH 

/m
ol

" 

IS 5 

o' 

\ 

_ 

/ \ 

/ / / /Q)"̂  

/ / / / ^ 

/ \ / / 1 / / 1 

x>^_ I 

0.1 0.2 0.3 0-4 
l/"m/mol1/* kg-V* 

Fig. 4. Graphic integration of Eq. 3 at 310.15 K. 

Sample: NaChS-C ( M = l . l x l 0 4 ) . 

In calculating / — - ^ ^ d V m by graphic integration, 

the relations between <f> values and m were assumed 
to be linear for the extrapolation of 0 to the lower-m 
region. An example of the graph for integration is 
shown in Fig. 4. 

When the experimental results of the molar dilution 
enthalpies per repeating unit, A d i l / / , in the previous 
paper3) are used with the Ad i lG thus obtained, the 
molar^ entropies of dilution, A d l l 5, can be obtained 
from Eq. 7: 

AdiiS = ( -Adi iG+A d i i# ) / : r . (7) 

Table 1 shows Ad i lG, A d i l / / , and A d l lS values from 
^ = 0 . 1 0 and 0.08 mol kg" 1 to mf=3.85 X 10~3 mol 
kg - 1 . These quantities can be divided into non-
electrostatic and electrostatic terms, as expressed by 
Eq. 8.3 '8) The former is the contribution from the 
dilution of a polyelectrolyte solution in a hypothetical 
reference state in which all the ions are discharged 
and is indicated by the superscript " o , " while the 
latter is the contribution from the electrostatic in­
teraction of polyions with counterions and is indicated 
by the superscript "e l . " 

Adii^ = AdiiGel + AdiiG0 (8-a) 

Adii# = Adii#e l + Adii#°, (8-b) 

and 

AdiiS = AdiiSel + AduS0. (8-c) 

A Gel 

^ d i l ^ » 
According to Manning's limiting law, 
A d i l / / e l , and A ^ S 6 1 per mol of the repeating disac-
charide unit can be evaluated as follows in the case 
of f>1.0:3> 

AdiiGel = -(RT/S) In K/m f) (9-a) 

(6) 
iAS1H« = (RTl^(l+~^-)ln W % ) i (9-b) 

and 
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TABLE 

AdiiG/kJ mol-1 

Adii#/kJ mol"1 

Adi i^ /Jmol^K- 1 

Masakatsu YONESE, 

1. THE VALUES OF 

Sample 

NaChS-A 

NaChS-C 

NaChS-A 

NaChS-C 

NaChS-A 

NaChS-C 

Hideya TSUGE, and Hiroshi KISHIMOTO 

AdiiG, Adii^? AND AdiiS FOR NaGhS-A 

M 

2.0X104 

1.1 XlO4 

5.7x10* 

6.5x10* 

7.3x10* 

2.0x10* 

1.1x10* 

5.7x10* 

2.0x10* 

1.1x10* 

5.7x10* 

AND -G 

298.15 K 310.15 K 

- 8 . 2 5 
- 7 . 5 9 
- 8 . 6 5 
- 7 . 9 7 
- 7 . 6 9 
- 7 . 0 9 
- 8 . 0 6 
- 7 . 4 8 
- 7 . 9 7 
- 7 . 3 2 

- 1 . 6 9 
- 1 . 7 9 
- 1 . 5 8 
- 1 . 8 3 
- 1 . 8 4 
- 1 . 8 5 

22.0 
19.5 
23.7 
20.6 
19.6 
17.6 

- 8 . 8 0 
- 8 . 0 9 
- 9 . 2 5 
- 8 . 5 6 
- 8 . 3 0 
- 7 . 6 0 
- 8 . 6 3 
- 7 . 8 8 

— 

— 

- 2 . 5 9 
- 2 . 7 6 
- 2 . 5 9 

— 
- 2 . 8 6 

— 

20.0 
17.2 
21.5 

— 
17.5 

— 
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323.15 K 

- 8 . 8 6 
- 8 . 1 4 
- 9 . 3 7 
- 8 . 6 5 
- 8 . 5 9 
- 7 . 8 7 
- 8 . 6 7 
- 7 . 9 6 

— 

— 

- 3 . 0 0 
- 2 . 6 2 
- 2 . 5 7 
- 2 . 2 3 
- 2 . 8 7 
- 2 . 5 7 

18.1 
17.1 
21.0 
19.9 
17.7 
16.4 

The upper values for each sample: ml = 0.10 mol kg -1 . The lower values for each sample: mi = 0.08 mol kg -1. 
mf = 3.85 X 10-3 mol kg-1. 

A d i lS
e l = (2Ä/£)(l + - | ^ L ) In (mjmt), (9-c) 

where R is the gas constant, T is the absolute tem­
perature, e is the permittivity of the solvent (water), 
and £ is the charge density parameter, which is de­
fined by: 

£ = e*/4nekTb, (10) 

where e is the elementary charge, k is the Boltzmann 
constant, and b is the distance between the neighboring 
charges of a polyion. 

In a preceding paper,3) treating the dilution en­
thalpy of NaChS, we assumed implicitly that the 
non-electrostatic enthalpy of dilution, A d l l / / ° , is neg­
ligible; then, so as to fit the theoretical values ob­
tained from Eq. 9-b with the experimental AdilH 
values over as wide range of temperatures and con­
centrations as possible, we selected £ = 4 . 8 Â, which 
was in agreement with the value estimated from the 
X-ray diffraction measurement of NaChS film. The 
fit between the experimental AdilH and theoretical 
AdilH

Gl values at 298.15 K is illustrated in Fig. 5. In 
this paper, we continued to use 4.8 Â as b for the 
reason mentioned above and calculated the values 
of Ad l lG

e l and Adi l6'e l from the initial concentration, 
i.e., 0.10 and 0.08 mol kg - 1 , to the final concentra­
tion of 3.85 X 10~3 mol k g - 1 at various temperatures, 
using Eqs. 9-a and -c. The results are tabulated in 
Table 2, along with the AdllH

el values calculated in 
the preceding paper. 

The Evaluation of Non-electrostatic Terms. By 
substituting the above-mentioned electrostatic quan­

go 
J4 

< 
I 

u 
O 

< 
I 

1.5 1.0 0.5 

-logfmi/molkg-1] 

Fig. 5. Adii£ and Adii^ estimated from the Manning's 
limiting law for NaChS-C having two different 
molecular weights at 298.15 K. 

A : Observed AdiiG (M=5 .7x 104), A: observed 

AdiiG (M= 1.1 XlO4), O: observed A d i i # (Af= 5.7 

XlO4), • : observed AdllH (Af= 1.1 X 104), : 
AdiiGel calculated from Eq. 9-a, : A<m#Rl. 
calculated from Eq. 9-b. 

tides, which were evaluated according to Manning's 
law, and the experimental over-all quantities of dilu­
tion into Eqs. 8-a, -b, and -c, we obtained the non-
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electrostatic contributions of dilution, Ad l lG° and 
AdilS°, shown in the upper and middle sections of 
Table 3. Also, the values of AdilS° can be calculated 
from —AdilG°/T when AdilH° is considered to be zero. 
The values thus calculated, as tabulated in the lower 
section of Table 3, reflect only the difference in ex­
perimental 0 or Ad i lG values between samples of dif­
ferent molecular weights, while the values in the 
middle column involve additionally the differences in 
the experimental AdilH between different samples. 

Next, we will examine the effect of polymer-chain 

TABLE 2. THE VALUES OF AdnGel> Adn#el> AND Adii^61? 
AS CALCULATED FROM M A N N I N G ' S LIMITING LAW 

298.15 K 310.15 K 323.15 K 

AdiiGel/kJ mol-1 

Adii^VkJmol-1 

AdiiSe7J mol"1 K-1 

- 5 . 4 3 
- 5 . 0 6 

- 2 . 0 2 
- 1 . 9 0 

11.4 
10.6 

- 5 . 6 0 
- 5 . 1 8 

- 2 . 4 4 
- 2 . 2 7 

10.1 
9.4 

- 5 . 6 8 
- 5 . 2 9 

- 2 . 9 0 
- 2 . 7 0 

8.6 
8.0 

The distance between the neighboring charges of the 
polyion, b, is 4.8 A. The upper values: mi = 0.10mol 
kg -1. The lower values : m^ = 0.08 mol kg-1. mi = 3.85 
X 10-3 mol kg-1. 

O 

I 

<! 
I 

Fig. 6. Thermodynamic 
NaChS-A at 310.15 K. 
A : Observed AdiiG, O 
calculated from Eq. 7, 
Eqs. 7,8-c, and 9-c, — 
Eq. 9-a, : A d n # e l 

quantities dilution of 

observed A d n# , # : TAanS 
• : TA<m<S° calculated from 
— : AdiiG161 calculated from 

calculated from Eq. 9-b, 
-: T'Adii'S'61 calculated from Eq. 9-c. 

TABLE 3. T H E VALUES OF AdiiG0 AND AdiiS0 FOR NaChS-A and -C 

Sample M 298.15 K 310.15K 323.15 K 

AdiiG°/kJ mol- NaChS-A 

NaChS-C 

2.0x10* 

1.1x10* 

5.7x10* 

6.5x10* 

7.3x10* 

- 2 . 8 2 
- 2 . 5 3 
- 3 . 2 2 
- 2 . 9 1 
- 2 . 2 6 
- 2 . 0 3 
- 2 . 6 3 
- 2 . 4 2 
- 2 . 5 4 
- 2 . 2 7 

- 3 . 2 0 
- 2 . 9 1 
- 3 . 6 9 
- 3 . 3 8 
- 2 . 7 4 
- 2 . 4 2 
- 3 . 0 7 
- 2 . 7 1 

- 3 . 1 8 
- 2 . 8 4 
- 3 . 6 9 
- 3 . 3 6 
- 2 . 9 1 
- 2 . 5 8 
- 2 . 9 8 
- 2 . 6 7 

Adi i^ / Jmol^K- 1 *) NaChS-A 

NaChS-C 

2.0X104 

1.1X10* 

5.7X10* 

10.6 
8.9 

12.3 
10.0 
8.2 
7.0 

9.9 
7.8 

11.4 

7.4 

9.5 
9.1 

12.4 
11.9 
9.1 
8.4 

Adi i^ / Jmol^K- 1 *) NaChS-A 

NaChS-C 

2.0x10* 

1.1X10* 

5.7x10* 

6.5x10* 

7.3x10* 

9.5 
8.5 

10.8 
9.8 
7.6 
6.8 
8.8 
8.1 
8.5 
7.6 

10.4 
9.4 

11.9 
10.9 
8.8 
7.8 
9.9 
8.7 

9.8 
8.8 

11.4 
10.4 
9.0 
3.0 
9.2 
8.3 

The upper values for each sample: m-^ = 0.10 mol kg -1. The lower values for each sample: mL = 0.08 mol kg -1. 
mf = 3.85x 10-3 mol kg -1, a) Calculated from Eqs. 7 and 8-c. b) Calculated by assuming Adii#=Adii# e l or 
AdiiS°=-AdiiG°/:r. 
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length on these thermodynamic quantities. As may 
be seen in Table 1, the polymers with lower molec­
ular weights have larger values of —Ad i lG and A d l l 5 
than the higher-molecular-weight polymers. As com­
pared with the differences in —Adi lG and AdilS be­
tween samples of different molecular weights seems 
to be negligible. Therefore, the magnitudes of elec­
trostatic A d l l / / e l , Ad i lG

e l , and Adi l6'e l can be considered 
to be approximately invariant with the change in 
the chain length of the polymer. This situation ex­
plains the agreements between the corresponding 
values of Adil6

,° in the middle and lower sections of 
Table 3. After all, the effects of the chain length 
on various thermodynamic quantities can be con­
centrated in AdilS°. The discussion of Ad i lG° can, 
then, be reduced to that of Adi l6'0. The values of 
AdilS° increase significantly with the decrease in the 
chain length in Table 3. We cannot explain it clearly 
in this stage, but can only suggest that the effect of 
the chain length on Adi l6'0 is attr ibutable to the pro­
blem of the conformation of ChS. With respect to 
the value of AdilS° of a sufficiently long chain, the 
discussion is very important because of the compara­

tively large value of AdilS° in Ad i lG°. However, in 
order to elucidate the nature of AdilS° more clearly, 
the structural study of ChS in solution, including 
that of the solvent, is considered to be necessary. 
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Studies of the Generation of Excited Singlet Products in the 
Oxidation of the -CO-CH- Containing Molecules. 

The Chemiluminescence of Acylcarbazoles 
Isao K A M I Y A * and Takashi SUGIMOTO 

Department of Chemistry, College of General Education, Nagoya University, Chikusa-ku, Nagoya 464 
(Received February 19, 1980) 

Direct chemiluminescence emissions have been found from the air oxidation of 3-acyl-9-methyl- (1), 3,6-diacyl-
9-methyl- (2), and 9-acylcarbazoles (3) due to the generation of an excited singlet state of monocarboxylate ions 
(from 1 and 2) and the carbazole anion (from 3). The relative intensities vs. the reaction time for the luminescent 
reaction of 3-isobutyryl-9-methylcarbazole could be interpreted by a reaction scheme involving consecutive reac­
tions. Using this reaction scheme, the values of the decomposition rate of intermediates at 30, 40, and 50 °G 
were determined to be 0.19, 0.42, and 0.98 min - 1 respectively, which were comparable to the values reported 
for the decomposition rates of isolated dioxetanes giving excited singlet products. 

In the course of our studies, we have established 
the generation of excited triplet carbonyl products 
from the air oxidation of various simple ketones with 
a - G O - G H - group, such as 3-methyl-2-butanone and 
isopropyl phenyl ketone in alkaline aprotic solvents.1) 
We further succeeded in observing the direct chemi­
luminescence (GL) due to the generation of excited 
singlet products in the air oxidation of such - G O - C H -
containing molecules as 9,10-diisobutyrylanthracene 
and 9,10-dipropionylanthracene.2) For the lumines­
cent reaction of the - G O - G H - containing molecules 
(simple ketones and diacylanthracenes), a reaction 
pathway involving the cleavage of a dioxetane in­
termediate was discussed as a possible mechanism. 

Two different paths have been reported for the 
thermolysis of isolated dioxetanes. Simple dioxetanes 
decompose by homolytic cleavage to afford excited 
products, mainly in triplet states.3> O n the other 
hand, complex dioxetanes, which give high yields of 
excited singlet products, decompose by means of the 
intermolecular electron-transfer mechanism,4* which is 
conceptually similar to the GIEEL mechanism.5) 

Thus, it seems likely that the difference in the state 
of the excited products is due to the different decom­
position paths of the dioxetane intermediates: one 
(produced from simple ketones) gives an excited triplet 
product, and the other (from diacylanthracenes), an 
excited singlet product. 

In order to test the validity of, and to broaden the 
scope of, the luminescent reaction mechanism, we 
have further examined some acylcarbazoles which 
contain the - C O - C H - group and a fluorescence 
moiety for the direct GL by air oxidation under the 
same experimental conditions. In the present paper, 
we will report the CL emission features observed from 
the acylcarbazoles and the kinetic evidence for the 
reaction path involving a dioxetane intermediate in 
the luminescent reaction of 3-isobutyryl-9-methylcar-
bazole. 

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

3-Acyl-9-methylcarbazoles. When 0.2 cm3 of a 
solution of potassium f-butoxide (t-BuOK.) in if-butyl 
alcohol ( 2 x 1 0 _ 2 m o l d m - 3 ) was added to 2 cm3 of 
an aerated solution of 3-isobutyryl-9-methylcarbazole 
( la ) in JV,iV-dimethylformamide (DMF) or dimethyl 

sulfoxide (DMSO) (1.0 X 10~4 mol d m - 3 ) , there ap­
peared a CL emission in the U V region. The CL 
spectrum measured in a D M F solution had a peak 
at 370 n m ; thus, it was similar to the fluorescence spec­
t rum of the 9-methylcarbazole-3-carboxylate ion (4), 
one of the reaction products, measured in an alkaline 
D M F solution, as is shown in Fig. 1. Even when the 
concentration of l a was raised to 1.0 X 10~3 mol d m - 3 , 
no change in the spectral distribution was observed 
(cf, 3,6-diisobutyryl-9-methylcarbazole below). 

9-Methyl-3-propionylcarbazole ( l b ) and 3-acetyl-9-
methylcarbazole ( lc ) also exhibited similar CL emis­
sions. However, the carbazole l b showed a weaker 
emission with an intensity one 30th of that from l a , 
and l c the weakest (one 1000th). These results in­
dicate that the intensity of the CL emission is much 
affected by the nature of the C - H bond adjacent to 
the carbonyl group; it increases in the order of pri­
mary < secondary < tertiary. T h e order of the GL in­
tensity is consistent with those observed in simple 
ketones and diacylanthracenes. The following reac­
tion scheme, involving the cleavage of a dioxetane 
intermediate which is produced by the oxygenation 
of the anion formed by the loss of a proton from the 
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Fig. 1. Chemiluminescence spectrum of l a in DMF 
(solid curve), and fluorescence spectrum of 4 meas­
ured in an alkaline DMF solution (broken curve). 
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a-carbon atom, seems plausible in explaining the 
emission feature and the emitting product, 4. 

Recently, an intense GL emission arising from the 
base-induced oxidation of 3-(alkoxycarbonylamino)-
benzofuran-2(3//)-ones, which contain a - C O - C H -
group, has been reported by Lofthouse et al., who 
also proposed an analogous reaction scheme involving 
a dioxetane intermediate for the luminescent reac­
tion.6) 

The change in the concentrations of the reactant, 
l a , and the product, 4, with the reaction time at 30, 
40, and 50 °G in the luminescent D M F system [2 
cm3 of a l a solution in D M F (1.0 X 10~4 mol dm~3) + 
0.2 cm3 of a £-BuOK solution in £-butyl alcohol (2 X 
10~2 mol d m - 3 ) ] , as measured by high-performance 
liquid chromatography, are illustrated in Figs. 2a, 
2b, and 2c respectively.7) Each figure shows that the 
concentration of l a , [ l a ] , decreases rapidly to a certain 
value [ l a ] 00; thereafter, it is kept almost constant 
because of the extremely slow decrease, probably due 
to the consumption of £-BuOK and dissolved oxygen. 
In the rapid decay stage, the plots of log ( [ l a ] — 
[ l a ] 00) vs. the reaction time (t) being almost straight 
lines, the decomposition of l a was found to obey a 
pseudo-first-order reaction with respect to ( [ l a ] — 
[ l a ] 00), although a slight deviation arose at the final 
decay stage. From the slopes of the lines, the ap­
parent rate constants (k) at 30, 40, and 50 °G were 
determined to be 0.22, 0.26, and 0.43 m i n - 1 respec­
tively. 

The change in the relative intensities of the GL 
emission (7R) with the reaction time, measured under 
the same experimental conditions, are illustrated by 
a solid curve in each of figures (2a—2c), where the 
values of 7B are taken to be normal at the maximum 
intensity. T h e figure of the emission curve suggests 
very strongly that the luminescent reaction arises from 
the following kinetic scheme involving consecutive 
reactions : 

* i 

/-BuOK 
AH > A-

X 
* i ' 

-> P* 
x — 

p* 

(I) 

(II) 

( I I I ) 

(IV) 

P + hv 

S 

"o 

a 

0 
o 

Ö 

ä 
o 

Time/min 

Fig. 2a. Changes in the concentrations of l a ([la]) 
and 4 ([4]) with reaction time (0 in DMF at 30 °G, 
and relative intensities of GL emission (7R) vs. t: ob­
served IR, solid curve; calculated 7R, broken curve. 

5 10 15 20 

Time/min 

Fig. 2b. Changes in [la] and [4], and IR-t curves in 
DMF at 40 °C. 

P* 

0 5 10 
Time/min 

Fig. 2c. Changes in [la] and [4], and IR-t curves in 
DMF at 50 °C. 
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where A H = l a , X = d i o x e t a n e intermediate, Y = o t h e r 
product, and P = 4 . 

Assuming that competitive decomposing reactions 
( I I I and IV) obey the first-order reaction,8) and re­
calling the finding that the competitive reactions of 
I and I I also obeyed a pseudo-first-order reaction 
with respect to ([AH] —[AH]oo), we can write the 
GL intensity (/) at the initial stage as: 

/ = * M { ( [ A H ] f l - [ A H ] c . ) / ( * d - * ) } 

X {exp (— kt) — exp (—kdt)} 

= ocß0t([AH]o - [AH]co) {A*d/(*d - * ) } 

X{exp ( - f o ) - e x p {—kdt)}9 (1) 

where [AH] 0 is the initial concentration of l a , k±-\-
k\=k, k2+k'2=kd, oc=kJk, ß=k2/kd, and ®f=k{/ 
{kt+k^j. Putting tm as the time required to reach 
the maximum of I(Im), we can derive the following 
equations : 

kd exp (—*d*m) = k exp (-ktm), (2) 

and : 

Jm = ocß0t([AH]o-[AH]oo){kkJ(kd-k)} 

X {exp (-ktm) - e x p (-kdtm)}. 

Therefore, 

IR = IIIm = {exp ( - f a ) - e x p {-kdt)}l 

{exp (—fam)—exp {-kdtm)}. 

From the GL emission curves shown in Figs. 2a— 
2c, tm being found to be 5.0, 3.0, and 1.5 min at 30, 
40, and 50 °G respectively, the values of kd at these 
temperatures can be calculated from Eq. 2 to be 
0.19, 0.42, and 0.98 min - 1 using the values of k deter­
mined above. 

Taking the values of k, kd, and tm, we can calculate 
the values IR by means of the following numerical 
equations : 

30 °G; /R = {exp ( - 0 . 2 2 0 - e x p ( - 0 . 1 9 0 } / 

{exp ( - 0 . 2 2 x 5 ) - e x p ( - 0 . 1 9 x 5 ) } 

= { e x p ( - 0 . 2 2 0 - e x p ( - 0 . 1 9 0 } / ( - 0 . 0 5 4 ) 

40 °G; /R = {exp ( - 0 . 2 6 0 - e x p (-0.42*)}/0.174 

50 °G; IR = {exp ( - 0 . 4 3 0 - e x p (-0.98f)}/0.295. 

The dotted curves in Figs. 2a—2c illustrate the curves 
of IR vs. t calculated from the above equations. The 
curves of IR thus calculated are in fairly good agree­
ment with those of the observed IR values (solid 
curves) at these temperature except at the final stage, 
where the reactions of I and I I obey the first-order 
reaction no longer. 

I t should be noted that the values of kd (for ex­
ample, 0.42 min- 1 = 7.0 X 10~3 s"1 at 40 °C) are com­
parable to the values reported for the decomposition 
rates of isolated dioxetanes ( 6 . 5 x l 0 _ 3 s _ 1 for the 7 
dioxetane in D M F at 25 °G,9a) 7 . 6 x l 0 " 3 s - 1 for 8 
in benzene at 65 °G,9b> 4 . 6 x l 0 " 3 s - 1 for 9 in GH2C12 

at 25°G,9c) and 2 . 9 6 x l 0 " 3 s - 1 for 10 in decane at 
79 °C9d)).10> 

The activation energy for the decomposition of X 
(the competitive reactions of I I and IV) was estimated 
to be 68 k j m o l - 1 from the Arrhenius plot of kd. 

(CH3)2N* N(CH3)2 < n 

s~\ 

10 

Analogous values have been obtained for the decom­
position of dioxetanes (82.4 k j m o l - 1 for 7 and 87.9 
k j (21 kcal) mol" 1 for 89a>9b)). 

Using the value of 1.28 x l O - 2 proposed by Lee 
et al.11) for the efficiency of the GL emission from a 
standard luminol solution in D M S O (1.26 X 10 - 6 mol 
d m - 3 ) , the efficiencies of GL from the l a solution in 
D M F [ 0 C L = q u a n t i t y of total light (mol) emitted from 
1 dm 3 of the s o l u t i o n / ( [ A H ] 0 - [AH]«)] at 30, 40, 
and 50 °G were determined to be 3 . 5 x l 0 ~ 4 , 4.2 X 
10~4, and 5.7 x l O - 4 respectively from the ratio of 
the total light emitted from the luminol solution to 
the total measured light from the l a solution.12) From 
Eq. 1, 0cii can be written as: 

0CL = J7d*/([AH]0-[AH]oo) = ocß0{. 

The value of oc=k1l(k1-\-k'1) is given by [4]oo (the 
final concentration of 4)/([AH]0—[AH]oo) and was 
found to be almost unchanged in the temperature range 
between 30 °G and 50 °G, since the values of [4]«/ 
([la]0—[la]oo) were obtained to be 0.51, 0.58, and 
0.57 at 30, 40, and 50 °G respectively. As 0f is not 
so varied with the temperature, the effect of the tem­
perature on 0cii may be mainly at tr ibuted to the 
temperature dependence of ß (=^2/(^2+^2)5 which 
is itself presumably due to the difference in activa­
tion energy between the reaction of I I I (k2) and the 
reaction of IV (k2'),

ls) since there has been found a 
difference in activation energy between a higher-
energy path leading to an excited product and a lower-
energy path leading to a product in a grand state 
in the decomposition of dimethyldioxetane.14) 

3,6- Diacylcarbazoles. 3,6-Diisobutyryl-9-methyl-
carbazole (2a) also gave rise to GL emission with an 
intensity comparable to that from l a . Figures 3a 
and 3b illustrate the changes in the spectral distribu­
tion with the reaction time observed when 0.2 cm3 

of J-BuOK solution in *-butyl alcohol ( 2 x l 0 ~ 2 m o l 
d m - 3 ) was added to 2 cm3 of 2a solution in D M S O 
in two different concentrations (1.0 X 10~3 mol d m - 3 

and l .Ox 10 - 4 mol d m - 3 ) . The figures indicate that 
the spectrum of the GL emission from 2a varies during 
the course of the reaction. In a solution with a high 
2a concentration, the apparent emission was, at the 
initial stage, composed of one intense peak at 440 
n m with a spectral distribution similar to that of the 
fluorescence of 2a. During the course of the reaction, 
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Fig. 3a. Change of GL spectrum of 2a with reaction 
time in a D M S O solution of high 2a concentration 
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Fig. 3b. Change of GL spectrum of 2a with reaction 
time in a DMSO solution of low 2a concentration 
(1.0x10-* mol dm"3). l->2. 

the intensity of the peak gradually decreased with a 
blue shift, and simultaneously a new peak appeared 
at about 370 nm. In a solution with a low 2a con­
centration, the spectrum had two peaks at the initial 
stage; these peaks also varied with a blue shift until 
only one peak, at 370 nm, was observed. Thus, it 
seems likely that a portion of the excited product 
emits U V light (370 nm) , while the other portion of 
the excited product transfers energy to unoxidized 
2a, thereby exciting 2a to emit fluorescence (440 nm) . 

9-Methyl-3,6-dipropionylcarbazole, whose G - H bond 
adjacent to the carbonyl group is secondary, showed 
a much weaker emission than 2a, and 3,6-diacetyl-
9-methylcarbazole, which possesses a primary G - H 
bond, exhibited a very weak emission. From the 
finding that the emission from the exctied product 
showed a peak at 370 nm, it seems likely that excited 
singlet 3-acyl-9-methylcarbazole-6-carboxylate ions (5) 
are generated from the air oxidation by the same 
mechanism as that proposed for l a . In the reaction 
systems, 5 may be successively oxidized, since the 
final product was the 9-methylcarbazole-3,6-dicar-

boxylate ion, which showed a greenish fluorescence 
with a peak at 450 nm. However, it seems unlikely 
that the GL emission arises from the oxidation of 5, 
since no emission peak at 450 nm was observed in 
the luminescent reactions. 

3,6-Diisobutyrylcarbazole and the lower homologues 
gave an oxidation product which showed fluorescence 
with a peak at 470 nm, but an extremely weak emis­
sion was observed from its oxidation. This is prob­
ably because the luminescent reaction is debased by 
competitive processes brought about by the hydrogen 
atom at the 9-position of the carbazole. A similar 
debasement has been oberved in the oxidation of 9-
isobutyrylanthracene.2) 

9-Acylcarbazoles. 9-Isobutyrylcarbazole (3a) and 
9-propionylcarbazole (3b) exhibited GL emission 
with intensities one 50th of those from l a and 2a. 
An extremely weak emission was exhibited by 9-
acetylcarbazole (3c). The spectrum of the fluores­
cence from the spent reaction solution in D M S O , 
as measured with exciting at 340 nm, and the roughly 
estimated spectral distribution of the GL emission 
from 3a (because of low intensity) are illustrated in 
Fig. 4, together with the fluorescence spectrum of 

K 
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Fig. 4. Spectral distribution of GL emission from 3a 
(GL), fluorescence spectrum of the spent reaction 
solution (FL), and fluorescence spectrum of 6 meas­
ured in an alkaline DMSO solution (broken curve). 
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the carbazole anion (6) measured in an alkaline D M S O 
solution with exciting at 340 nm. The figure shows 
that the GL spectrum is analogous to the fluorescence 
of the product, which is very similar to the fluorescence 
of 6. Carbazole was isolated, and acetone was also 
obtained as 2,4-dinitrophenylhydrazone from the oxi­
dation products. These results are interpreted by the 
reaction scheme shown in the previous page, leading 
to the generation of an excited-singlet carbazole anion 
via a dioxetane intermediate. 

Summarizing the results of the present study, we 
conclude that excited-singlet products are surely gen­
erated in the air oxidation of molecules containing 
a - G O - G H - group and a fluorescence moiety in 
alkaline aprotic solvents. The emission features and 
emitting products generated by oxidation suggest that 
dioxetanes may be the critical intermediates in giving 
excited-singlet products. Work is now in progress to 
search for other - G O - G H - containing molecules which 
exhibit GL in high yields. 

Exper imenta l 

The elemental analyses were conducted at the Analytical 
Section, Meijo University, Nagoya. 

The Preparation of 3-Acyl-9-methylcarbazoles (la—c). Al­
uminium chloride (11.0 g) was added, in small portions, 
into a vigorously stirred solution of 9-methylcarbazole15) 
(15.0 g) and isobutyryl chloride (11.0 g) in benzene (300 
cm3) at 5—8 °G over a 30-min period. The mixture was 
stirred at that temperature for an additional 30 min and 
then at 25—30 °G for 24 h. Thereafter the mixture was 
poured onto crushed ice (400 g). The benzene layer, after 
being separated from the aqueous solution, was participated 
by water, aqueous sodium hydrogencarbonate, and water 
as usual. The benzene solution was concentrated to about 
50 cm3 and placed in a silica-gel column (Wako Gel G-100, 
5 X 45 cm). The column was eluted first by a 1:1 mixture 
of benzene and hexane (1.5 dm3) to remove the unchanged 
starting material. The column was then eluted by benzene. 
The subsequent evaporation of the eluate gave an oily resi­
due, which was crystallized from ethanol to give colorless 
needles (45% yield) of 3-isobutyryl-9-methylcarbazole (la) ; 
mp 64.5—66 °G (from ethanol) (Found: G, 81.56; H, 6.69; 
N, 5.43%. Galcd for G17H17NO: G, 81.24; H, 6.82; N, 
5.57%). 

Similar treatments of 9-methylcarbazole with propionyl 
chloride or acetyl chloride gave, respectively, 9-methyl-3-
propionylcarbazole (lb) [25% yield, mp 83.5—84.5 °G 
(from ethanol) (Found: G, 80.73; H, 6.17; N, 5.75%. Galcd 
for G16H15NO: G, 80.98; H, 6.37; N, 5.90%)] and 3-acetyl-
9-methylcarbazole (lc) [50% yield, mp 99—100 °G (from 
methanol) (Found: G, 80.86; H, 5.70; N, 6.09%. Galcd 
for G15H13NO: G, 80.69; H, 5.87; N, 6.27%)]. 

The Preparation of3,6-Diacyl-9-methylcarbazoles. 9-Meth-
ylcarbazole (20 g) was added, in small portions, to a vig­
orously stirred mixture of aluminium chloride (60 g) and 
isobutyryl chloride (40 g) in nitrobenzene (200 cm3) at 
0 °G. The resulting solution was stirred in an ice-bath 
for 6 h and then at 20—25 °G for 2 d. The solution was 
subsequently poured onto crushed ice (500 g), and the 
aqueous layer was discarded. The nitrobenzene solution, 
after being participated by water, was subjected to steam 
distillation to remove the solvent. The oily residue was 
extracted with benzene (2x200 cm3). The extract was 
concentrated to about 150 cm3 and fractionated on a silica-

gel column (5x50 cm), eluted by a mixture of ethyl acetate 
and benzene (1:9). The evaporation of the eluate and 
subsequent crystallization from acetone gave colorless nee­
dles (82% yield) of 3,6-diisobutyryl-9-methylcarbazole (2a); 
mp 128—129.5 °G (from ethanol) (Found: G, 78.60; H, 
7.18; N, 4.15%. Galcd for G21H23N02: G, 78.47; H, 7.21; 
N, 4.36%). 

The replacement of isobutyryl chloride by propionyl or 
acetyl chloride in the foregoing reaction gave 9-methyl-
3,6-dipropionylcarbazole [66% yield, mp 196—197 °G (from 
ethanol) (Found: G, 77.92; H, 6.52; N, 4.62%. Galcd 
for G19H19N02: G, 77.79; H, 6.53; N, 4.77%)] and 3,6-
diacetyl-9-methylcarbazole [59% yield, mp 198—199 °G 
(from ethanol) (Found: G, 75.70; H, 5.61; N, 5.21%. 
Galcd for G17H15N02: G, 75.87; H, 5.97; N, 5.53%)] re­
spectively. 

The Preparation of 3,6-Diacylcarbazoles. Carbazole (10 
g) was added, in small portions, into a vigorously stirred 
solution of isobutyric anhydride (10 g) and aluminium 
chloride (15 g) in nitrobenzene (150 cm3) at 0—5 °G. The 
resulting dark green solution was stirred at 4—5 °G for 12 
h and then added to ice-cold 0.5 mol dm - 3 hydrochloric 
acid (300 cm3). The nitrobenzene solution was separated 
from the aqueous layer and submitted to steam distillation 
to remove the solvent. The residual solid was dissolved 
in ethyl acetate and fractionated on a silica-gel column 
(4.5x50 cm), eluted by ethyl acetate-benzene (2:3). The 
evaporation of the eluate and subsequent crystallization 
from ethyl acetate gave yellow needles (26% yield) of 3,6-
diisobutyrylcarbazole; mp 203.5—204 °G (Found: G, 78.14; 
H, 6.82; N, 4.96%. Galcd for G20H21NO2: G, 78.14; H, 
6.89; N, 4.56%). 

3,6-Dipropionylcarbazole [36% yield, mp 238—240 °G 
(from ethyl acetate) (Found: G, 77.19; H, 5.98; N, 4.76%. 
Galcd for G18H17N02: G, 77.39; H, 6.13; N, 5.01%)] and 
3,6-diacetylcarbazole [11% yield, mp 236—237 °G, dec 
(from ethyl acetate) (Found: G, 76.57; H, 5.04; N, 5.35%. 
Galcd for G16H13N02: G, 76.47; H, 5.22; N, 5.57%)] were 
similarly synthesized from carbazole and the appropriate 
acid anhydride. 

The Preparation of 9-Acylcarbazoles (3a—c). A mixture 
of potassium carbazole (5.0 g), isobutyryl chloride (10 g), 
and sodium carbonate (5 g) was heated under reflux for 
2 h. The mixture was then added to water (50 cm3), and 
the product was extracted with ether (2x100 cm3). The 
extract, after washing with sodium hydrogencarbonate and 
water, was evaporated to give an oily residue, which was 
then fractionated on a silica-gel column (3.4x40 cm), eluated 
by a 1:1 mixture of hexane and benzene. The eluate was 
evaporated and subsequently crystallized from methanol 
to give colorless needles (80% yield) of 9-isobutyrylcarbazole 
(3a); mp 43—44.5 °G (Found: G, 81.01; H, 6.19; N, 6.01%. 
Galcd for G16H15NO: G, 80.98; H, 5.90; N, 6.37%). 

9-Propionylcarbazole (3b) [85% yield, mp 90.5—91 °G 
(from methanol) (Found: G, 80.69; H, 5.67; N, 6.27%. 
Galcd for G15H13NO: G, 80.69; H, 5.87; N, 6.27%)] and 
9-acetylcarbazole (3c) [60% yield, mp 67—68.5 °G (from 
methanol) (Found: G, 80.14; H, 5.09; N, 6.53%. Galcd 
for G 1 4H nNO: G, 80.36; H, 5.30; N, 6.69%)] were similarly 
obtained from potassium carbazole and propionyl or acetyl 
chloride respectively. 

The Isolation of 9-Methylcarbazole-3-carboxylic Acid and 9-
Methylcarbazole-3,6-dicarboxylic Acid from the Oxidation Products 
of the 3-Isobutyryl or 3,6-Diisobutyryl Precursor (la or 2a). 
3-Isobutyryl-9-methylcarbazole (500 mg) in DMF was added 
to *-BuOK (4.0 g) in DMF (250 cm3), after which the mixture 
was stirred under oxygen at 25 °G for 2 h. Water (100 
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cm3) was added to the mixture, and the resulting solution 
was evaporated to dryness under reduced pressure. The 
residue was dissolved in water (150 cm3) , and a small amount 
of an insoluble material was removed by extraction with 
benzene ( 2 x 5 0 cm 3 ) . T h e solution was brought to boil, 
adjusted to p H 2—3 with hydrochloric acid, and then chill­
ed. T h e colorless needles (385 mg, 8 6 % yield) of 9-methyl-
carbazole-3-carboxylic acid melted at 258—259 °G (from 
water) (Found: G, 74.59; H , 4.67; N , 6.09%. Galcd for 
C 1 4 H n N 0 2 : C, 74.65; H , 4.92; N , 6.22%). 

3,6-Diisobutyryl-9-methylcarbazole, on air oxidation in a 
way similar to that described above, yielded 9-methylcarba-
zole-3,6-dicarboxylic acid (95% yield), which did not melt 
below 300 °G (Found: C, 66.70; H , 4 .33; N , 5 .23%. Galcd 
for C 1 5 H 1 1 N 0 4 : G, 66.91; H , 4.12; N , 5.20%). 

Measurements of the CL Intensity and Fluorescence Spectra. 
A 2-cm3 aerated solution of the acylcarbazoles in D M F 
or D M S O was placed in a quartz cell, which was kept a t 
a constant temperature by means of a thermostatically con­
trolled cell holder. T h e GL intensity was measured im­
mediately after adding 0.2 cm3 of a solution of £-BuOK 
in J-butyl alcohol (2 X 10~2 mol c m - 3 ) into the solution of 
the reactant on a Hitachi MPF-2A fluorescence spectro­
photometer, with the exciting source turned off. T h e fluo­
rescence spectra were measured on the same apparatus . 

Measurements of the Changes in the Concentrations of Reactant 
and Product in CL Reaction of la by High-performance Liquid 
Chromatography. W e took 0.2-cm3 aliquots of the reac­
tion solution out a t regular intervals and immediately added 
them to a solution of phosphoric acid in methanol (2 X 10~3 

mol d m - 3 , 0.2 cm3) to stop the oxidation. A 25-mm3 aliquot 
of the solution was subjected to high-performance liquid 
chromatography using a J A S G O Tri rotar on a J A S G O 
SS-10-ODS-A reverse-phase column ( 4 . 6 x 2 5 0 m m ) , using 
methanol as the elution solvent (1.0 cm 3 /min) . T h e eluate 
containing the unchanged reactant ( l a ) and product (9-
methylcarbazole-3-carboxylic acid, 4) was detected on a 
J A S G O UVIDEC-100- I I U V spectrometer at 285 nm, and 
the retention times and the quantities of l a and 4 were de­
termined by calculating the areas of the peaks with a In­
telligent 5000 E integrator. 

T h e a u t h o r s w i sh to t h a n k M r . N o b u h i k o H o n d a 
for his t e c h n i c a l ass i s tance . T h e p r e s e n t w o r k w a s 
p a r t i a l l y s u p p o r t e d b y a G r a n t - i n - A i d for Scientif ic 
R e s e a r c h N o . 354136 f rom t h e M i n i s t r y of E d u c a t i o n , 
Sc ience a n d C u l t u r e . 
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Spectral Behavior of 3,6-Substituted Aminoacridine Dyes with Emphasis 
on the Perturbation of the Exonuclear Amino Groups 

Kiwamu YAMAOKA,* Sumihare N O J I , and M a m o r u YOSHIDA 

Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730 
(Received April 7, 1980) 

The optical absorption spectra of several derivatives of Proflavine (PF) and Goriphosphine O (GP) were 
measured in aqueous solutions at 25 °G. The effect of the perturbation of one or both of the exonuclear amino 
groups on the spectral behavior was studied in order to explore the relationship between the spectra and the chem­
ical structures of the symmetric 3,6-disubstituted acridine dyes which can bind to various polyelectrolytes, often 
showing metachromasy. The metachromatic spectra of the complexes between 3,6-diaminoacridine dyes and 
polyanions were reproduced reasonably well when one of the two amino groups of PF was converted to an acyl-
amino group. A similar result was observed when the amino group of GP was acetylated. In these cases, the 
spectra show two absorption bands of nearly equal intensity on both sides of the single peak of PF and GP in the 
visible region. These results are indicative of the close similarity in chemical structures between the monacylamino 
PF and the PF bound to the electron-rich sites of polyanions. 

The symmetric 3,6-diaminoacridine dyes and their 
derivatives, such as Proflavine (PF), Trypaflavine (TF) , 
and Acridine Orange (AO), show a deceptively simple 
absorption band in the visible wavelength region. 
Yet, a recent work has clearly shown that the spectral 
feature of this band is quite complex, actually con­
sisting of two orthogonally polarized component bands 
with vibrational structures.1) The visible spectra of 
those dyes are all metachromatic, exhibiting large 
hypo- and hypsochromic changes in solutions in the 
presence of various polyelectrolytes.2) Because of this 
striking metachromatic behavior, the bathochromic 
change of the spectra has long been ignored, in spite 
of an early mention of the importance of the long-
wavelength absorption component band associated 
with the dye-polymer complexes.3) The pure spectra 
of T F bound to various polymers have indeed shown 
a long-wavelength band in addition to the short-
wavelength band, their intensity being about equal.4) 

In contrast with the above cases, substitution on 
the 10- and/or 9-position of the acridine nucleus af­
fects the absorption spectrum of acridine itself only 
slightly.5) For example, 10-methylacridinium and 9-
aminoacridinium both show a visible spectrum in 
which the short-axis polarized transition (the 1 L a band) 
is well separated from the long-axis polarized tran­
sition (the xLb band).1»6»7) These two acridines also 
bind to some polymers,8-12) but they show no appre­
ciable metachromatic effect. The bound-dye spectra 
have revealed that both the short- and long-axis po­
larized bands shift toward the red slightly with a 
concomitant decrease in intensity.11»12) Thus , intro­
duction of amino groups into the 3- and 6-positions 
of acridine appears to be responsible for the large 
metachromatic spectra of dye-polymer complexes. 

In the course of the study of spin-labeled acridine 
dyes, at tachment of a nitroxide radical to one of the 
3,6-amino groups of PF altered the visible spectrum 
of PF in such a way that the original peak was split 
into two bands.13) Interestingly, the spectral profile 
of this monosubstituted-PF (slPF) resembled the spec­
tra of T F bound to various polyions.4) This remarkable 
change of slPF, however, disappeared and a PF-like 
simple spectrum was restored when both amino groups 
of PF were coupled with the radicals.14) These re­

sults are suggestive of three possibilities: (1) T h e 
nitroxide radical effects the spectral splitting of the 
mother compound PF. (2) Conjugation of the newly 
produced acylamino group with the acridine ring 
perturbs the ^-electron system. (3) Lowering of molec­
ular symmetry from a C2 v to a less symmetric C s 

group increases the separation between the short-
and long-axis polarized components of the visible band. 
T h e present work was undertaken for the purposes 
of (1) discriminating these points, and (2) exploring 
the relation between the spectra of 3,6-substituted 
diaminoacridine dyes, in which an amino group or 
groups are perturbed, and the bound-dye spectra of 
dye-polymer complexes. For this purpose, the ab­
sorption spectra of a number of closely related acridine 
dyes were determined and correlated. 

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

Materials. Proflavine (PF), 3,6-diaminoacridinium 
chloride la, was purified according to Albert.5) Mono-
acetylated Proflavine (AcPF), 3-acetamido-6-aminoacridi-
nium chloride lb,15) and diacetylated Proflavine (Ac2PF), 
3,6-diacetamidoacridinium chloride lc,16) were prepared by 
a standard acetylation procedure. Preparations of mono-
pyrrolidinylated Proflavine (slPF), 6-amino-3-(l-oxy-2,2,5,5-
tetramethyl - 3 - pyrrolidinyl - carbonylamino) acridinium chlo­
ride Id,13»17) and dipyrrolidinylated Proflavine (sl2PF), 3,6-
bis(l-oxy-2,2,5,5-tetramethyl-3-pyrrolidinyl-carbonylamino)-
acridinium chloride le,14»17) were described in detail else­
where. Goriphosphine O (GP), 3-amino-6-dimethylamino-
2-methylacridinium chloride 2a, was purchased from 
Chroma Gesellschaft, Schmid & Go. and was purified by 
the silica gel thin layer chromatography, with an eluent 
system of 1-butanol-acetic acid-water (4:1:5). Acetylated 
Goriphosphine O (AcGP), 3-acetamido-6-dimethylamino-2-
methylacridinium chloride 2b, was prepared by acetylating 
GP with an acetic acid-acetic anhydride mixture at 118 
°G. Grude AcGP was purified in a manner similar to GP. 
All chemical structures of dyes l a to 2b are shown in Fig. 1. 

Measurements. Absorption spectra were measured on 
a Hitachi model EPS-3T recording spectrophotometer at 
25 °G. Optical titration of each dye was carried out to 
determine the p^C-value, usually at the wavelength of max­
imum absorption in a concentration range of 5 x 10~6 M 
(1 M = l mol/1) in the presence of 1.0xlO-2M Tris buffer. 
The pH values were controlled by adding either 0.05 M 
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2b: Rj= H; R2=-Ç-CH3 (AcCP) 

Ö 
Fig. 1. Chemical formulas of acridine dyes utilized in 

this work. 

HCl or 0.05 M NaOH; no precipitate of dye occurred. 
The molar absorption coefficient e was expressed in M _ 1 

cm -1 . The pH was determined with a Hitachi-Horiba 
F-7 pH meter. 

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

Absorption Spectra of Acetylated Proflavines. The 
absorption spectra of mono- and diacetylated Pro­
flavines, AcPF and Ac2PF, are shown in Fig. 2, to­
gether with the spectrum of PF for comparison. In 
the upper half, the spectra of the protonated forms 
of these dyes are given. The spectrum of AcPF shows 
two absorption bands of nearly equal intensity in 
the visible wavelength region. Each band clearly con­
sists of some subbands, probably the vibrational struc­
ture, which are more pronounced in organic solvents. 
Close examination indicates that these two bands are 
separated unevenly with respect to the original single 
peak at 444 nm of PF, i.e., the longer-wavelength 
band is almost unshifted but the shorter-wavelength 
band is shifted by 50 nm toward the blue. I t is quite 
interesting to note that a further acetylation of the 
remaining amino group of AcPF results in a simple 
spectral profile in the visible wavelength. This spec­
t rum of Ac2PF rather resembles that of PF, although 
their intensity and peak position differ from each 
other greatly. The U V spectra of these protonated 
dyes also vary with the degree of acetylation in such 
a way that the major peak at 262 nm of PF moves 
toward the long wavelengths. 

In the lower h^lf of Fig. 2? the spectra of the de-

210 250 300 340 400 450 

Wavelength/nm 
500 

Fig. 2. Absorption spectra of AcPF and Ac2PF in 
aqueous solutions. 
The protonated forms in a pH range of 4—5 are 
shown in the upper half and the base forms in a pH 
range of 10—11 are in the lower half. AcPF ( ) 
and Ac2PF ( ). PF ( ) is also shown for 
comparison. 

protonated (neutral or base) forms are shown. Again 
the effect of the perturbation of the exonuclear amino 
groups on the spectra is quite remarkable. Just as 
the removal of the proton from the 10-position gives 
rise to the hypo- and hypsochromic changes for PF, 
a very similar effect appears for the base forms of 
AcPF and Ac2PF. The visible bands of the base 
forms are located in the 370—390 nm region regardless 
of the substituents at the 3- and 6-positions. The 
spectral behavior of the basic AcPF is most interesting, 
i.e., the longer-wavelength peak diminishes to be just 
a shoulder near 410—420 nm, while the shorter-wave­
length band remains. The visible and U V spectra 
of the base forms of PF and Ac2PF are again similar 
to each other. 

The results in Fig. 2 clearly show three points: 
T h e nonsymmetric substitution of either the 3- or 
6-position of PF by an acetyl group gives rise to a 
new spectral feature, i.e., the appearance of two ab­
sorption maxima. T h e symmetric substitution of both 
the 3- and 6-positions of PF reverts to the original 
feature of the single peak. Finally, the removal of 
a proton from the 10-position affects the spectral 
profiles hypso- and hypochromically. 

Absorption Spectra of Spin-labeled Proflavines. The 
absorption spectra of mono- and dipyrrolidinylated 
Proflavines, slPF and sl2PF, are shown in Fig. 3, 
together with the spectrum of PF for comparison. 
These protonated PF derivatives (upper half) behave 
surprisingly similarly to their acetylated counterparts. 
T h e visible spectrum of slPF shows two bands of about 
equal intensity, i.e., the longer-wavelength band is 
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210 250 300 340 

Wavelength/nm 

Fig. 3. Absorption spectra of slPF and sl2PF in aqueous 
solutions. 
The protonated forms in pH 4—5 are in the upper 
half and the base forms in pH 10—11 are in the lower 
half. slPF ( ) and sl2PF ( ). PF ( ) is 
also shown for comparison. 

at 450 nm, but the shorter-wavelength band is further 
apar t by 60 n m from the peak of PF. T h e spectrum 
of sl2PF, which is obtained by substitution of the re­
maining amino group of slPF, reverts to the simple 
spectrum of PF. The U V spectra of slPF and sl2PF 
behave just like those of AcPF and Ac2PF. I t should 
be noted that the free nitroxide radical absorbs light 
very weakly, showing the maximum absorption at 
398 nm (£=8.6 , absorbance=0.18 at 21 m M in aqueous 
solution). The results in Figs. 2 and 3 exclude the 
contribution of the radical to the observed spectra 
of slPF and sl2PF in the visible wavelength region. 

The spectra of the deprotonated forms of PF, slPF, 
and sl2PF are shown in the lower half of Fig. 3. The 
removal of a proton from the 10-position affects each 
spectrum in the very same way as in the case of the 
acetylated counterparts. Comparison of the data in 
Fig. 3 with those in Fig. 2 clearly indicates tha t the 
simultaneous substitution of two amino groups on 
the 3,6-positions by either acetamido or pyrrolidinyl 
radical groups results in the spectral feature closely 
related to that of PF itself. This is conceivable in 
the sense that the substitution at both positions retains 
the molecular G2v symmetry for all PF, Ac 2PF, and 
sl2PF. Yet, it is surprising to see that the conversion 
of each exonuclear amino group to an acylamino 
group restores the original band structure. 

Absorption Spectra of Coriphosphines. Now, a ques­
tion arises : Is the appearance of two bands of nearly 
equal intensity in the visible region due to the per­
turbation of one of the two exonuclear amino groups ? 
Alternatively, does the breakdown of molecular sym-

300 340 

Wavelength/nm 

Fig. 4. Absorption spectra of CP and AcGP in aqueous 
solutions. 
The protonated forms in the pH range of 4—5 are 
in the upper half and the base forms in the pH range 
of 10—11 are in the lower half. GP ( ) and 
AcGP ( ). PF ( ) is also shown for comparison. 

metry from the G2v to the Gs point group result in 
two bands instead of one ? The answer is given 
in Fig. 4, where the absorption spectra of GP and 
its acetylated derivative, AcGP, are shown. The 
structure of GP differs from PF in that a methyl group 
is at tached at the 2-position of the acridine nucleus 
and one of the amino groups is substituted by the 
dimethylamino group (Fig. 1). Hence, the molec­
ular symmetry of GP is lower than the G2v and may 
be considered to be Gs. Yet, the absorption spectrum 
of GP is close to that of PF, showing a single band 
at 465 n m in the visible region. 

T h e spectrum of AcGP clearly shows two absorp­
tion bands at 490 n m and 381 nm, just as the cases 
of AcPF (Fig. 2) and slPF (Fig. 3). Results in Fig. 4 
at once ascertain that the lowering of the symmetry 
of PF as such does not cause the splitting of the single 
peak into two peaks of nearly equal intensity. This 
view is further supported by the acetylation of the 
amino groups of GP. T h e base forms of GP and 
AcCP behave similarly to the deprotonated PF dyes, 
as is shown in the lower half of Fig. 4. A noticeable 
difference is that the longer-wavelength peak of AcGP 
remains as a distinct peak even when the proton is 
removed from the 10-position, In conclusion, it is 
most probably the acylation of one, but not both, 
of two amino groups on the 3,6-positions that results 
in the new spectral feature, i.e., the development of 
two bands. 

Comparison of Optical Properties of Dyes la—2b. 
Since systematic studies of the effect of the substitution 
of particular groups on the spectra of the 3,6-disub-
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TABLE 1. SPECTRAL PROPERTIES AND p^T-VALUES OF DYES la—2b 

sX lCM/mol-1 dm3 cm - 1 (Amax)
a) in water 

Dyes pK , ~ s. 
Gationic form Base form 

PF 9.11b) 4.15(444) 1.86(395) 
AcPF 8.20±0.09 1.75(446), 1.74(392) 0.65(420), 1.33(377) 
Ac2PF 6.25 + 0.03 2.67(405) 1.27(381), 0.99(365) 
slPF 7 .98±0.03 1.88(452), 1.64(389) 0.67(420), 1.13(375) 
sl2PF 5.88+0.04 3.23(406) 1.44(381), 1.14(365) 
CP 9.85 + 0.05 3.64(465) 1.76(405) 
AcGP 8.38+0.02 1.61(490), 0.99(381) 0.67(450), 0.65(362) 

a) The value in the parentheses is the peak or shoulder wavelength in nm. b) This value is taken from Ref. 19. 

stitùted acridine dyes are few, it is appropriate to 
compare their spectral properties. T h e data are sum­
marized in Table 1. In the concentration range 
covered in this work, the Beer-Lambert law holds 
for each dye in aqueous and ethanolic solutions. Thus, 
the possibility that the changes in all spectra result 
from dye-aggregation can be excluded. T h e pK-values 
were determined for dyes l a — 2 b by optical titration. 
I t is clear from Table 1 that conversion of amino 
groups to acylamino groups decreases the pÄ"-value 
in the order of unsubst i tu ted>monosubst i tu ted>di-
substituted. This is in conformity with other cases,5) 
and the electron-donating tendency of an amido group 
may be responsible for it. T h e p^T-value of 6.25 for 
AcPF is in good agreement with a previously reported 
value of 6.2.18> 

T h e symmetric 3,6-disubstituted Ac2PF and sl2PF 
should belong to the C2 v group as PF and, conse­
quently, their apparently simple visible band should 
contain the long- and short-axis polarized bands.1) 
I t would be helpful to identify the directions of the 
polarization of the two clearly visible absorption bands 
for AcPF and slPF. However, these transition mo­
ments are no longer polarized along the short- and 
long-axes in a molecular plane under symmetry con­
siderations. Individual transition moments may be 
determined by the film dichroism method.1) 

All dyes examined in this work bind to sodium 
polyphosphate, exhibiting the hypso- and hypochromic 
effects. I t is worth noting that the pure spectra of 
T F bound to various polyelectrolytes are very close 
to the spectra of AcPF and slPF, each of which con­
tains an exonuclear acylamino group. This apparent 
similarity suggests that one of the two amino groups 
of PF or T F in the dye-polymer complexes may be 
electronically affected by the electron-rich polymer 
sites such as - C O O - , - S 0 3 ~ , and - P 0 2 ~ - by still 
unclarified reasons. In this connection, the interac­
tion of AcPF and other dyes described in this work 
with polyions should be studied to obtain the pure 
spectra of the bound dyes.19) Molecular orbital calcu­
lations capable of taking into account the substitution 
effect on the exonuclear groups should also be carried 
out to elucidate these profound spectral changes on 
a more quantitative and systematic basis. 

Conc lus ion 

T h e absorption spectra of the symmetric 3,6-disub­

stituted acridine dyes show a single band in the visible 
wavelength region regardless of the bulkiness of the 
substituents (PF, Ac2PF, and sl2PF). Conversion of an 
amino group to an acylamino substituent gives rise 
to the spectrum which shows two bands of nearly 
equal intensity. This spectrum resembles the pure 
spectrum of a 3,6-diaminoacridine bound to various 
polyelectrolytes. T h e mere decrease of the molec­
ular symmetry from C2v to C s cannot result in such 
a drastic spectral change. The ^-electron system of 
the acylamino group at either the 3- or 6-position 
must interact with the 7r-electron system of the acridine 
nucleus by conjugation. 
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Various dinaphthylalkanes in which two naphthyl groups are separated by three carbon atoms were pre­
pared, and intramolecular excimer formation was investigated. All rate constants in Förster's kinetics were de­
termined by the steady state and time-resolved fluorescence measurements. A large difference in the association 
rate constant was observed with variation of molecular structure. The results suggest that intramolecular excimer 
formation is directly controlled by the rotational relaxation processes of the molecules from their neighboring 
conformations to the excimer conformation. A large formation rate (7 .9x l0 8 s _ 1 at 25 °G) was observed for 
m&yo-2,4-dinaphthylpentane, the rate for the racemo isomer being found to be one tenth of that for the meso isomer. 
This indicates that the isotactic sequence in vinyl aromatic polymers plays an important role in the intramolecular 
excimer formation. 

Excimer is an excited dimer existing only in the 
excited state by the attractive interaction between an 
excited chromophore and one in the ground state. 
I t turns unstable in the ground state due to the steric 
hindrance between chromophores. The formation of 
intermolecular excimers is thus expected to be con­
trolled by the mutual diffusion of chromophores. 
Verification of the diffusion controlled process has 
been carried out mainly using pyrene molecule as 
a chromophore.1»2) 

The formation of intramolecular excimers is con­
sidered to be governed by the micro-structures of 
molecules to which chromophores are attached. I t 
seems that there are two controlling factors for the 
intramolecular excimer formation: (a) conformational 
changes of the molecule which corresponds to the 
mutual diffusion process in the case of intermolecular 
excimer formation, and (b) the geometrical arrange­
ment of two chromophores in an excimer state which 
is determined by the micro-structure of the molecule. 
Concerning (b), Hirayama proposed the n=3 rule 
for the intramolecular excimer formation.3) The re­
sults indicate that the most favorable arrangement of 
chromophores is a symmetrical parallel sandwich ar­
rangement which can be formed specifically in a com­
pound having a molecular structure in which two 
aromatic groups along the alkane chain are separated 
by three carbon atoms. 

This paper deals with (a), the relationship between 
the micro-structures of molecules and their rotational 
relaxation processes within the lifetime of a chromo­
phore. A naphthalene chromophore seems to have 
fairly strict arrangements in the excimer state,4) its 
emission properties being favorable for detection in 
spectroscopic analyses. The photophysical character­
istics are useful for investigating the rotational relaxa­
tion processes. In order to clarify the problem (a), 
quantitative study on various model compounds by 
the time-resolved fluorescence method, is necessary. 
Advance in the time-resolved technique for photo-
luminescence measurements enables us to determine 
the rate constants of the kinetic scheme including 
the intramolecular excimer formation process.5-9) We 
have investigated various dinaphthylalkanes satisfying 
the n=3 rule,3) under photostationary and transient 
conditions. The individual rate constant of photo­
physical processes was determined. From the results, 
the relationship between the molecular structure and 

its conformational relaxation is discussed. T h e com­
pounds examined are regarded as the dimeric model 
compounds of vinyl polymers. Their photophysical 
behavior provides useful information on the intramo­
lecular excimers in polymer systems. 

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

Materials. l,3-Di(2-naphthyl)propane (1,3-DNPr) was 
synthesized by the procedure of Ghandross and Dempster.4) 
The other sample were prepared by as follows. 

l,3-Di(2-naphthyl)butane (1,3-DNBu) : l,3-Di(2-naph-
thyl)-l-propanone, obtained as an intermediate product in 
the synthesis of 1,3-DNPr, was reacted with methylmagnesium 
iodide in ether solution. The oily product was purified 
by a column chromatography on silica gel. 2,4-Di(2-naph-
thyl)-2-butanol thus obtained was reduced in acetic acid 
solution by addition of zinc dust and hydrochloric acid. 
The product was chromatographed on silica gel with hexane-
dichloromethane (4:1): mp 65—66 °G; IR (KBr) 3050, 
2950, 2930, 2850, 1630, 1600, 1510, 815, 740, and 475 cm"1; 
NMR (GSa) 6=1.35 (3H, d, 7 = 6.5 Hz), 1.90—2.16 (2H, 
m), 2.52—2.96 (3H, m), and 7.06—7.74 (14H, m). Found: 
G, 92.69; H, 7.18%. Galcd for G24H22: G, 92.86; H, 7.14%. 

l,3-Di(2-naphthyl)pentadecane (1,3-DNPd) and l,3-di(2-
naphthyl)-5-phenylpentane (l,3-DN-5-PhPe) were synthe­
sized by the same method as that for 1,3-DNBu, 1-bromo-
dodecane and l-bromo-2-pheny le thane being used for 1,3-
DNPd and l,3-DN-5-PhPe, respectively, instead of methyl 
iodide. 1,3-DNPd: IR (KBr) 3050, 2930, 2850, 1630, 1600, 
1510, 815, 740, and 475 cm"1; NMR (GS2) 6=0.75—0.95 
(3H, m), 1.17 (20H, s), 1.54—1.83 (2H, m), 1.92—2.18 
(2H, m), 2.50—2.80 (3H, m), and 7.05—7.76 (14H, m). 
Found: G, 90.67; H, 9.82%. Galcd for: G35H44; G, 90.46; 
H, 9.54%. l,3-DN-5-PhPe: IR (KBr) 3050, 2930, 2850, 
1630, 1600, 1510, 815, 740, 695, and 475 cm-1; NMR (GS2) 
(5=1.85—2.22 (4H, m), 2.30—2.82 (5H, m), and 6.85—7.80 
(19H, m). Found: G, 92.87; H, 6.99%0; M+, 400. Galcd 
for G31H28: G, 92.95; H, 7.05%; M, 400. 

2,4-Di(2-naphthyl)pentane (2,4-DNPe) : 1,3-Di(2-naph­
thyl) -2 -propen-1 -one, obtained in the course of the synthe­
sis of 1,3-DNPr, was reacted with methylmagnesium iodide 
in the presence of a trace amount of cuprous chloride, and 
the product was extracted with benzene. After benzene 
had been removed, the residue was recrystallized from 
carbon tetrachloride to give colorless crystalline l,3-di(2-
naphthyl)-l-butanone: mp 148—150 °G. The ketone was 
reacted again with methylmagnesium iodide in ether solu­
tion. The product, 2,4-dinaphthyl-2-pentanol, was reduced 
by the same method as that for 1,3-DNBu. The residual 
oil was purified by a column chromatography on silica gel. 



36 Shinzaburo ITO, Masahide YAMAMOTO, and Yasunori NISHIJIMA [Vol. 54, No. 1 

The oily product consists of meso and racemo isomers (ca. 
1:2). The isomers were separated by a recycle gel permea­
tion chromatography. After seventy cycles, fractionated 
samples were used for measurements. The purity of the 
isomers was found to be 85% for both isomers by the methyl 
proton resonance in NMR spectra. Emission intensity was 
corrected by this proportion of isomers. 2,4-DNPe: IR 
(KBr) 3050, 2950, 2920, 2860, 1630, 1600, 1505, 815, 740, 
and 475 cm-1; NMR (GS2) for meso isomer, 6=1.35 (3H, 
d, J = 7 H z ) , 1.7—2.3 (1H, m), 2.5—2.95 (1H, m), and 
7.16—7.80 (7H, m), NMR (GS2) for racemo isomer, 6=1.24 
(3H, d, J = 6 . 8 Hz), 1.96—2.18 (1H, m), 2.42—2.85 (1H, 
m), and 7.18—7.80 (7H, m). Found: G, 92.53; H, 7.48%; 
M+, 324. Galcd for G25H24: G, 92.54; H, 7.46%; M, 324. 

Measurements. Tetrahydrofuran (THF) was used as 
a solvent, which was purified by vacuum distillation after 
preliminary distillation over sodium metal. The concentra­
tion of samples was adjusted to ca. 10-4 mol dm - 3 at which 
the intermolecular excimer formation is negligible. The 
sample solutions were deaerated by freeze-thaw cycles at 
10~5 mmHg.i Absorption spectra were obtained with a 
Shimadzu UV-200S spectrophotometer, and fluorescence 
spectra with a Shimadzu spectrofluorophotometer model 
RF-502 in which the spectra were corrected for the instru­
mental response. The quantum yields of emission were 
determined relative to that of quinine sulfate in 1 mol dm - 3 

sulfuric acid, whose reported quantum yield is 0.51.7) The 
decay curves of fluorescence were directly measured using 
a pulse fluorometer, TRW instrument model 3IB or a single 
photon counting technique (Ortec Inc., 9200 nanosecond 
fluorescence spectrometer). The monomer and excimer 
fluorescence were separated by a suitable combination of 
filters. A quartz dewar equipped with a thermocouple 
was used for low temperature measurements. 

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

Structural formulas of dinaphthylalkanes are sum­
marized in Fig. 1. The alignment of aromatic groups 
favorable for intramolecular excimer formation can 
be achieved when two adjacent aromatic groups are 
separated by three carbon atoms of alkane chain. 
Hence, effective intramolecular excimer formation can 
be expected in these compounds. Absorption spectra 
for these samples are nearly the same and similar 
to those of 2-ethylnaphthalene (MNEt) corresponding 
to the monomeric unit. This indicates that there is 
no specific interaction between naphthyl groups in 
the ground state, each chromophore behaving like 
an isolated naphthalene unit. Figure 2 shows the 
fluorescence spectra of three typical compounds at 
—20 °C. They consist of two emission bands. The 
structured shorter wavelength band and the broad 
longer wavelength band are assigned to the monomer 
fluorescence and intramolecular excimer fluorescence, 
respectively. Relative fluorescence intensities of these 
bands differ considerably with sample. Although the 
molecular structures of these samples are very much 
alike as a common dimer unit, they show different 
efficiency in excimer formation. This can be attri­
buted to the conformational relaxation processes after 
excitation of chromophores, from identity of the ab­
sorption and emission bands on the spectra of these sam-

t 1 mmHg= 133.322 Pa. 
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U-DNPr 

ÇH2-CH2-CH-CH3 
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CH2-CH2-CH-CH2-CH2 

Ù u-, DN-5-PhPe 

CH3-CH-CH2-CH-CH3 

2,4-DNPe 

Fig. 1. Structures of dinaphthylalkanes studied in 
this work. 
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Fig. 2. Fluorescence spectra of the solutions of three 
typical compounds in THF at — 20 °G. 
(1): 2,4-DNPe (rac), (2): 1,3-DNPr, (3): 2,4-DNPe 
(meso). 

pies. 
The ratios of quan tum yield ($D) of excimer fluo­

rescence to that of monomer fluorescence (0M) for 
all samples at various temperatures are given in Table 
1. Figure 3 shows the temperature dependence of 
0U and 0 D for three typical samples. Below —100 °G, 
fluorescence spectra of all samples are almost the 
same as those of M N E t . There is no indication of 
interaction between the naphthalene groups in the 
excited state when the molecular motion is suppressed. 
With rise in temperature, the monomer fluorescence 
is quenched steadily with increase in the excimer 
fluorescence. This shows that intramolecular excimer 
formation is governed by the conformational changes 
of the molecules. Some remarks are given concerning 
Table 1. (1) The compounds having alkyl substitu-
ents at one side of the dimer unit such as 1,3-DNBu, 
1,3-DNPd, and l,3-DN-5-PhPe, show the same ef­
ficiency of excimer formation, the efficiency being 
independent of the kind of substituent. (2) 1,3-DNPr 
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TABLE 1. RATIOS OF THE QUANTUM YIELD OF EXCIMER FLUORESCENCE TO THAT OF MONOMER FLUORESCENCE 

Temp/°G 1,3-DNPr 1,3-DNBu 1,3-DNPd l,3-DN-5-PhPe 
2,4-DNPe 

(meso) (rac) 

0 
- 2 0 
- 4 0 
- 6 0 

2.6 
1.4 
0.61 
0.22 

3.2 
1.7 
0.83 
0.33 

3.6 
2.0 
0.89 
0.35 

3.6 
2.0 
0.98 
0.38 

5.2 
3.3 
1.9 
0.87 

0.59 
0.27 
0.10 
0.05 

0.4 
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Q 
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Fig. 3. Temperature dependence of quantum yields, 
0U and 0D . 
O: 2,4-DNPe (rac), A : 1,3-DNPr, # : 2,4-DNPe 
(meso). 

shows lower efficiency than that of 1,3-DNBu. (3) 
The highest efficiency of excimer formation is observed 
for 2,4-DNPe (meso), but its isomer 2,4-DNPe (rac) gives 
the lowest efficiency among the measured compounds. 
The effect of molecular configuration for intramolecular 
excimer formation appears typically in these isomers. 
This large difference in excimer formation for 2,4-
DNPe between (meso) and (rac) is similar to the result 
of the steady state observation for diphenylpentanes.10) 

The activation energy, E&, for the excimer formation 
process can be obtained in the low temperature region 
by the equation 

0B/0u = Kexp(-EJRT), 

where K is a constant. The plots are shown in Fig. 
4. In all samples except for 2,4-DNPe (rac), E& was 
found to be 4.8—5.3 kcal/mol.tt 2 ,4-DNPe(r^) gives 
a somewhat larger value of E&, 5.5 kcal/mol. The 
activation energy required for intermolecular excimer 
formation of M N E t in T H F was found to be 3.2— 
3.4 kcal/mol.11) The larger activation energies of in­
tramolecular excimers indicate methylene chain re­
striction in the conformational changes. Somewhat 
larger activation energy for 2,4-DNPe (rac) suggests 
that some other conformational restraints in the ex­
cimer formation process are imposed on this com­
pound. Although the activation energies for meso-

tt lcal=4.184J. 
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Fig. 4. Arrhenius plots of the ratio, 0D /0M . 
(1): 2,4-DNPe {rac), (2): 1,3-DNPr, (3): 2,4-DNPe 
(meso). 

k0 2(=ko2+kS2> 

®%® 
Fig. 5. Photophysical kinetic scheme of the energy dis­

sipation processes. 1M, XM*, and XD* represent the 
ground state of monomer, the excited singlet state 
of monomer, and the intramolecular excimer, respec­
tively. 

and m^-diphenylpentanes were reported by Bokobza 
et al.10) to be 2.0 and 4.6 kcal/mol, respectively, no 
such large difference was found for the two isomers 
of 2,4-DNPe in the present investigation. 

The scheme of photophysical kinetics including the 
intramolecular excimer formation process is given in 
Fig. 5. However, it is not clear which process causes 
the difference in the efficiency of excimer formation 
for these compounds. For the sake of clarification, 
all the rate constants in the kinetic scheme should be 
determined by the time-resolved measurements. Rise 
and decay curves of the excimer emission after excita­
tion by a pulse with a half-width of about 2.5 ns, are 
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TABLE 2. INTRAMOLECULAR EXCIMER FORMATION RATE CONSTANTS AND THEIR ACTIVATION ENERGIES 

Temp/°G 

50 
25 
0 

- 2 0 
- 4 0 
- 6 0 

1,3-DNPr 

21 
12 
4.8 
1.9 
0.7 

1,3-DNBu 

28 
17 
7.0 
2.6 
1.0 

£21/107s-

1,3-DNPd 

29 
17 
7.0 
2.8 
1.0 

l 

l,3-DN-5-PhPe 

29 
17 
7.1 
2.9 
1.0 

(meso) 

79 
41 
17 
7.8 
3.3 

2,4-DNPe 

(rac) 

17 
8.7 
3.6 

EJkcal mol" 5.1 5.2 5.3 5.3 4.8 5.5 

•Il i 
ill v 

it v 

// V 

- ^ ^ ^ ^ ^ - ^ 1 ) 

(3) 

10 ns 

TABLE 3. KINETIC RATE CONSTANTS AT 25 °G 

Time 
Fig. 6. Rise and decay curves of the intramolecular 

excimer fluorescence in THF at 25 °G. 
(1): 2,4-DNPe {rac), (2): 1,3-DNPr, (3): 2,4-DNPe 
(meso). The broken line is the excitation light pulse. 

shown in Fig. 6 for three typical samples at 25 °G. 
O n the assumption that the actual lifetime of the 
monomer emission in the absence of the excimer 
formation process is equal to the lifetime of M N E t 
under the same conditions, all the rate constants given 
in Fig. 5 can be determined by analysis of the transient 
curves and the quan tum yields, 0M and $ D . 

T h e theoretical response functions JTM(t) and 7D(t), 
for the monomer and excimer fluorescence, are derived 
by 

/M(t) =C K (e - ' i« + ife-'.«), 

/D(t) = C„(e-'i«-e-'«')> 
where CM, CD, A, A1; and A2 are given as functions of 
the rate constants,1) and 

^1,2 = [£oi + *2i + *o2 + *i2+{(*oi + *2i~ *o2~ kiz) 
+ 4*21A12}V2]/2, 

A = (*oi + * 2 1 - * l ) / ( * 2 - * 0 1 - * 2 l ) -

The value of A is too large to be estimated accurately 
from the monomer fluorescence decay curve in the 
intramolecular excimer systems. O n the assumption 
mentioned above, the rate constants, k*Q1 and k^x 

are determined by measurement of the quan tum yield 
and lifetime of M N E t . T h e other rate constants, 
^2D ^12) ô2> a n d £02 are then obtained from the 
observed values, Al5 A2, $M , and $D , by using the fol­
lowing relations, 

$M — ^M(^02 + ^ 1 2 ) M I ^ 2 J 

^ / 1 0 7 s-
AoVlO7 s-
£0yio7s-
£oyi07 s-
^12/107 s-

0.49 
1.3 
0.16—0.22 
0.8 —1.2 
2.6 —0.8 

/•l T A-2 — ^01 "T" ""21 "I" ""02 "I" ""123 

^1^2 = (":01~l""'2l)("'02 + ":12) k2iK12. 

T h e rate constant £21 values measured at various 
temperatures are given in Table 2, other rate constants 
at 25 °C for all the samples being summarized in 
Table 3. There is an appreciable difference in the 
pseudo-lst order rate constant k21 values of the as­
sociation process among these compounds, although 
little change is seen in the other rate constants. I t 
is apparent that the marked increase of the excimer 
formation efficiency observed in the steady state meas­
urements is due to the large values of the association 
rate constant k21. 

T h e observed compounds seem to have the same 
geometrical alignment of the naphthyl groups in the 
excimer state. We might conclude that the rate con­
stant k02 does not vary so much with sample. There 
is no considerable change in the dissociation rate 
constant k12, al though somewhat a larger value is 
obtained for 2,4-DNPe (meso). The value of k12 for 
the intermolecular excimers in concentrated solution 
of M N E t in T H F is given by 

klz = Acxp(-Eä/RT), 

where A, EA, and R are the Arrhenius factor, the 
activation energy of the dissociation process, and the 
gas constant, respectively. The values for A and E& 

were found to be 4 . 4 x l 0 1 5 s _ 1 and 7.7 kcal /mol, re­
spectively. A much smaller value is obtained for 
k12 in the case of the intramolecular excimer than in 
the case of the intermolecular excimer. This is due 
to the binding effect of the methylene chain. The 
binding energy of the excimer state seems to be the 
same in the compounds we studied because of a similar 
molecular structure in the dimer unit. Therefore, 
it is understandable that there is no appreciable dif­
ference in the value of k12. The methyl group of 2,4-
DNPe (rac) should be situated in an unstable gauche 
position in the excimer conformation. However, the 
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unstable energy is too small to affect the dissociation 
rate constant. 

For the association rate constant k21, the compounds 
1,3-DNBu, 1,3-DNPd, and l ,3-DN-5-PhPe show the 
same value. This indicates that the association rates 
are determined only by the configuration of the com­
mon dimer units, and the conformations in the dimer 
units are not much influenced by the substituent 
groups of the 3-position for these model compounds. 
This indicates that the rate of conformational relaxa­
tion in the terminal dimer units is not strongly affected 
by the increase of mass or chain length of these sub­
stituent groups. The effect of molecular weight on 
the rotational relaxation times was reported, e.g., by 
the measurement of fluorescence depolarization,12»13) 
1 3 CNMR, 1 4 ) and ESR.15) The results indicate that 
the relaxation time of molecular motions increases 
with increasing molecular weight. However, no such 
changes were observed in the case of intramolecular 
excimer systems. The observed rate constants of in­
tramolecular excimer formation reflect the local seg­
ment motions of the end group of the molecule with 
respect to the molecular coordinate system. I t seems 
that the molecular size of the alkane chain such as 
pentadecane, is too small to cause changes in the 
local segment motion and the local environment around 
the end groups. 

Large differences in the association rate constants 
for 1,3-DNPr, 1,3-DNBu, and 2,4-DNPe (m*™) and 
(rac) are observed (Table 2). First, let us discuss 
the results for 2,4-DNPe (ra^) which gives the smallest 
value of k21. The rate of intramolecular excimer for­
mation is controlled by the internal rotational motion 
of the molecule from the equilibrium conformation 
in the ground state to the excimer one. From the 
analysis of N M R spectra,16-18) we know that the 
preferred conformation for racemo dimers is situated 
at tt, indicating a planar conformation for the alkane 
chain. In order to reach the excimer conformation 
from the tt conformation, it is necessary to carry out 
an unfavorable conformational cange, g+^±g~ with 
respect to the naphthyl groups. This seems to be 
the cause of the small values of k21 and the somewhat 
larger value of 2£a for 2,4-DNPe (ra/). Secondly, there 
are considerable differences in 1,3-DNPr, 1,3-DNBu, 
and 2,4-DNPe(meso). These differences are due to 
the equilibrium distribution of conformations at the 
ground state, whose distribution determines the initial 
positions of the naphthalene chromophores immediately 
after their excitation. Particularly, the population of 
the neighboring conformation to the excimer conforma­
tion seems to play an important role in the excimer 
formation rate (Fig. 7). The results are interpreted 
as follows: In 1,3-DNPr where R 1 = R 2 = H , the planar 
conformation with respect to the naphthyl groups (a) 
is most stable, the fraction of the neighboring con­
formation such as (b) not being large. In 1,3-DNBu 
where R X = H and R 2 = C H 3 , the neighboring con­
formation (b) becomes favorable owing to the steric 
hindrance of the methyl group. In 2,4-DNPe (meso) 
where R 1 = R 2 = C H 3 , the conformational distribution 
seems to be predominantly in the neighboring con­
formation (b). According to the analysis of N M R 

ND \ / 

V - C \ / N P { a ) 
7 RI / \ 

' R2 

Np \ / 

V ^ ° \ ^R2 (b) 

Np 

Ri \ / 

\ ^ C \ ^ R 2 ( C ) 
/ \ y \ Excimer 

Nn / conformation 
1 Np 

Fig. 7. Stable conformations of (a) 1,3-DNPr, (b) 1,3-
DNBu and 2,4-DNPe (meso), and (c) the excimer 
conformation. Np: 2-naphthyl. 

spectra for m^o-diphenylpentane,1 6 - 1 8) all other con­
formations have no appreciable fractions. The ob­
served k21 values of the three compounds increase in 
this order. Thus, the association rate constants reflect 
the population of the neighboring conformation to 
the excimer state (c), and the rotational motion from 
this neighboring one to the excimer state. 

The compounds we studied can be regarded as 
model compounds of poly(2-vinylnaphthalene) (PVN), 
which shows efficient intramolecular excimer forma­
tion.7) 2,4-DNPe(m&yo) is considered to be a model 
compound of the isotactic sequence in PVN, the large 
value of k21 indicating the important role of isotactic 
sequence in the intramolecular excimer formation in 
vinyl aromatic polymers. 
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graphy. This work was supported by a Grant-in-Aid 
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Molecular Structures of the Reduced 1,2,4-Triazine Derivative and 
Its Reaction Product with Electron-deficient Acetylene 

Hiroshi A Y A T O , * Isao TANAKA, Takashi YAMANE, Tamaichi ASHIDA, Tadashi SASAKI, 
Katsumaro MINAMOTO, and Katsuhiko H A R A D A 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464 
(Received April 9, 1980) 

The molecular structures of 3-methylthio-2-methyl-5,6-diphenyl-2,5-dihydro-l,2,4-triazine (1) and its reac­
tion product with dimethyl acetylenedicarboxylate, 5,6-bis(methoxycarbonyl)-2-methyl-1-methylthio-4,8-di-
phenyl-2,3,7-triazabicyclo[3.3.0]octa-3,6-diene (2), were determined by the X-ray method. The former belongs 
to the triclinic system PÏ, with Z = 2 , 0=10.776(2), £=10.203(2), e=8.556(l) A, a = 105.44(2), 0=104.94(2), and 
7=60.31(2)°; the latter belongs to the orthorhombic system Pca2l5 with Z = 4 , a= 18.166(2), £ = 7.444(2), and 
c= 16.080(2) Â. Both structures were solved by the direct method. The final /^-factors are 0.075 for 1 and 0.048 
for 2. In Compound 1 the dihydrotriazine ring is in the boat form, while in Compound 2 both of the m-fused 
five-membered rings are in the envelope form. 

Unlike the well-studied oxidation reaction of 1,2,4-
triazines, the reduction chemistry here is still not 
completely established. Paudler has suggested that 
1,2,4-triazines undergo covalent hydration across the 
N(4)-C(5) bond,1) and Neuenhoeffer has shown that 
they can act as dienes in the Diels-Alder reaction.2) 
Therefore, the reduced compound of 3-methylthio-
5,6-diphenyl-l,2,4-triazine with NaBH 4 would be meth­
ylated by methyl iodide to give 1', and the reaction 
of 1' with dimethyl acetylenedicarboxylate (DMAD) 
would produce 2'.3) 

y 
y 

II DMAD , N^NJ 

S 

N 

Me 

( V ) 

N> 

H ^N 
I 
W 

( 2 ' ) 

Me 

DMAD . N 

s V 
4 

( 1 ) (2 ) 

The present X-ray study was at tempted in order 
to confirm the structures of those reaction products; 
it showed that they were 1 and 2 instead of 1' and 
2' . The detailed descriptions of their structures will 
be given in this paper. 

Exper imenta l 

Compound 1. The intensity data were collected on 
a Rigaku automated four-circle diffractometer at the Ultra 
High Intensity X-Ray Diffraction Laboratory of this uni­
versity, using graphite-monochromatized Mo Koc radiation. 
The eo-20 scan method with the scan speed of 8°/min (20) 
was applied. A total of 2749 independent reflections up 
to 50° (20) were collected. The crystal used for the ex­
periment had the dimensions of 0.3 X 0.3 X 0.2 mm3. 

Crystal Data: C17H17N3S, PÏ, a= 10.776(2), £=10.203(2), 
c=8.556(l) A, a = 105.44(2), 0=104.94(2), y=60.31(2)°, 
V= 778.76 A3, Z = 2 , </obBd=1.25, dctLieû= 1-260 g cm"3, 

/i(Motfa) = 2.042 cm"1. 
Compound 2. The intensity data were collected on 

a Hilger & Watts four-circle diffractometer at the Faculty 
of Science, Nagoya University, using Ni-filtered Gu Koc 
radiation. The co-scan method for 20<8O° and the co-20 
scan for 8O°^20<114° were applied, and 1528 independent 
reflections were obtained. The crystal dimensions were 
0.4x0.2x0.4 mm3. 

Crystal Data: C23H23N304S, Pca2l5 0=18.166(2), b = 
7.444(2), c= 16.080(2) A, F=2174.46Â3, Z = 4 , dobBÛ=1.33, 
^caicd= 1-336 g cm-3, ju(GuKoc) = 15.71 cm - 1 . 

Structure D e t e r m i n a t i o n a n d R e f i n e m e n t 

The intensity data of both compounds were corrected 
for Lorentz and polarization effects, but not for absorption. 
Both structures were solved by the MULT AN program4) 
and refined by the block-diagonal least-squares procedure 
with the HBLS V program.5) All the hydrogen atoms were 
located on the difference Fourier map. In the refinement, 
the function minimized was Sw>(|.F0| —- |FC | )2 , with w= 
(a%(F) + a\F0\+b\F0l*)-1 for \Fo\>0 and w=e for \Fo\=0, 
where o{F) is the standard deviation based on the counting 
statistics. The thermal parameters of three hydrogen atoms 
in the S-methyl group of 1 were fixed at 8.0 A2 throughout 
the refinement, but all the others were subjected to the re­
finement. The final /^-factors were 0.075 for 1 and 0.048 
for 2. The atomic scattering factors were taken from the 
International Tables for X-Ray Crystallography.6) All the 
calculations were carried out on a FAGOM 230-75 com­
puter at Nagoya University. The final atomic parameters 
are given in Tables 1 and 2.7) 

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

Compound 1. T h e bond lengths and angles are 
shown in Fig. 1, together with the a torn-numbering 
system. The estimated standard deviations are 0.003— 
0.005 Â for the bond lengths and 0.2—0.4° for the 
angles. T h e equations of the best planes are listed 
in Table 3. A stereoscopic view of the molecule, 
as drawn by the ORTEP II program,8) is shown in 
Fig. 2. 

The dihydrotriazine ring is folded at N(2) and 
G (2) to take a boat form, with the dihedral angle 
between Plane (I) (N(2), N ( l ) , C(3), C(2), and C(12)) 
and Plane (II) (N(2), C ( l ) , N(3) , C(2), and S) of 
146.5°. The phenyl ring bonded to G(2) is in an 
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TABLE 1. ATOMIC PARAMETERS AND ESTIMATED DEVIATIONS OF (1) 

( a ) Non-hydrogen atoms (XlO4 for the positional parameters and X 102 for the thermal parameters). 

Atom BeJÂ*V Atom Beq/A*V 

S 
N(l) 

N(2) 

N(3) 
G(l) 

G(2) 
G(3) 

G(4) 
G(5) 
G(6) 
G(7) 

5124(1) 
8921(1) 
7759(1) 

6061(1) 
6395 (2) 
7195(2) 
8658(2) 

8167(2) 
3523(2) 
7058(1) 
5882(2) 

2883(1) 
2101(1) 

2594(1) 
3778(1) 
3153(2) 
4056(2) 
2761(2) 
1725(3) 
3896(3) 
5605(2) 
6917(2) 

3810(1) 
3256(1) 

4067(1) 
1903(1) 
3150(2) 
1618(2) 
2037(2) 
5389(2) 
2470(3) 
2557(2) 
2055(2) 

543 
402 
426 
354 
378 
332 
345 
651 
707 
310 
412 

G(8) 
G(9) 
C(10) 
G(ll) 
C(12) 
G(13) 
G(14) 
G(15) 
G(16) 
G(17) 

5700(2) 
6687(2) 
7850(2) 
8037(2) 
9840(2) 
9797(2) 
10914(2) 
12043(2) 
12101(2) 
11018(2) 

8342(2) 
8478(2) 
7197(2) 
5754(2) 
2202(2) 
3085(2) 
2519(3) 
1100(3) 

225(2) 
758(2) 

2900(2) 
4233(2) 
4735(2) 
3899(2) 
1094(2) 
82(2) 

-833(3) 
-731(3) 
270(3) 

1180(2) 

493 
484 
495 
421 
377 
492 
654 
698 
600 
470 

a) The equivalent isotropic temperature factor as defined by W. G. Hamilton (Acta Crystallogr., 12, 609 (1959)). 

( b ) Hydrogen atoms (XlO3 for positional parameters and XlO for thermal ones). 

Atom Bonded to B/A* Atom Bonded to £/A2 

H(l) 
H(2) 
H(3) 
H(4) 

H(5) 
H(6) 
H(7) 
H(8) 

H(9) 

G(2) 
G(4) 
G(4) 
C(4) 
G(5) 
G(5) 
G(5) 
G(7) 
G(8) 

704(1) 

743(2) 
911(2) 
828(2) 
270(2) 
358(2) 
350(2) 
516(2) 
488(2) 

409(1) 
225(2) 

180(2) 
65(2) 
397(3) 
341 (3) 
488(3) 

680(2) 
924(2) 

46(1) 
605(2) 
610(3) 

488(2) 
284(3) 
145(3) 
260(3) 

109(2) 
250(2) 

10(3) 
51(6) 
68(7) 
59(6) 
80a> 
80a> 
80a> 
30(4) 
43(5) 

H(10) 

H(H) 
H(12) 
H(13) 
H(14) 
H(15) 
H(16) 
H(17) 

G(9) 
G(10) 
G(ll) 
G(13) 
G(14) 
G(I5) 
G(16) 
G(17) 

653(1) 

862(2) 

886(2) 
901(1) 

1074(2) 
1274(2) 
1286(2) 
1097(2) 

948(1) 

724(2) 

482(2) 
412(2) 
322(2) 
70(2) 

-81(2) 
17(2) 

481(2) 
573(2) 
423(2) 

0(2) 
-153(2) 
-138(2) 

28(2) 
193(2) 

30(4) 
41(5) 
36(5) 
25(4) 
50(6) 
53(6) 
50(5) 
30(4) 

a) These parameters were fixed. 

(a) 

(b) 

Fig. 1. Bond lengths and angles of 1. (a) Bond 
lengths (//A), and (b) bond angles (0/°). 

Fig. 2. A stereoscopic veiw of 1. The atoms are re­
presented by thermal ellipsoids drawn at the 50% 
probability level. 

axial position with the torsion angle (C(3) -C(2) -C(6) -
C ( l l ) ) of 14.1°, so that it can avoid close interaction 
with the G(3)-phenyl group. 

T h e N ( l ) - C ( 3 ) and C( l ) -N(3 ) double-bond lengths 
are 1.286 Â and 1.269 Â respectively. The N(3)-G(2) 
bond length is compatible with the single-bond dis­
tance, while the N ( 2 ) - C ( l ) bond length of 1.383 Â 
is significantly shorter and the N ( l ) - N ( 2 ) of 1.394 Â 
is shorter than the single-bond distance of 1.44 Â.9) 
These shortenings and the coplanarity of the C(3)-
phenyl group and Plane (I) are due to the derea l iza­
tion of the ^-electrons and lone-pair electrons of N(2) . 
The sp2 character of the N(2) atom is further evidenced 
by the planar arrangement of the bonded atoms, as 
is indicated by the sum of the bond angles, 351.6°. 
T h e C ( l ) - S bond, 1.769 Â, is shorter than the normal 
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( a ; 

T A B L E 2. ATOMIC PARAMETERS AND ESTIMATED STANDARD DEVIATIONS OF (2) 

Non-hydrogen atoms ( X l O 4 for the positional parameters and X 102 for the thermal parameters) . 

Atom BejA* Atom BejA* 

S 
O(l) 
0(2) 
0(3) 
0(4) 
N(l) 
N(2) 
N(3) 
G(l) 

G(2) 

G(3) 
G(4) 
G(5) 

G(6) 
G(7) 
G(8) 

3460(1) 
3913(1) 
4654(1) 

3573(2) 
4649(2) 
2299(2) 
2668(2) 
4113(2) 
3554(2) 
2752(2) 
3403(2) 
3959(2) 
3916(2) 
4045(2) 

5181(2) 
2484(3) 

6042(1) 
2685(4) 
3852(4) 
5346(9) 
6727(5) 
6055(5) 
7376(5) 

8199(5) 
5392(6) 
4885(6) 

6762(6) 
8315(6) 
6661(6) 
3812(5) 
2400(8) 
3300(6) 

4590(1) 

3520(2) 
2544(3) 
901(3) 
993(2) 
2839(3) 
3257(3) 

2446(2) 
2798(3) 
2554(3) 
3508(3) 
3339(3) 
2178(3) 
3014(3) 
2676(5) 
2089(3) 

374 
401 
405 
778 
468 
382 
401 
339 
272 
279 
309 
304 
279 
274 
528 
331 

G(9) 
C(10) 
G(ll) 
C(12) 
G(13) 
G(14) 
G(15) 

G(16) 
G(17) 
G(18) 
G(19) 
G (20) 

G(21) 
G (22) 
G (23) 

2932(2) 
2633(3) 
1896(3) 
1440(3) 
1724(2) 
2233(3) 
2709(3) 

4669(2) 
4691(3) 
5334(3) 
5973(3) 

5957(2) 
5308(2) 
4028(2) 
4801(3) 

1909(7) 
401(7) 
265(9) 
1686(10) 
3171(8) 
8586(9) 
4449(8) 

8306(6) 
9115(7) 
9098(7) 
8308(8) 

7576(9) 
7547(7) 
6170(6) 
6222(8) 

1833(3) 
1450(4) 
1303(4) 
1545(4) 
1939(4) 
3767(5) 
4669(4) 

3838(3) 
4620(4) 
5081(4) 
4762(3) 

3983(5) 
3509(3) 
1278(3) 
123(4) 

399 
453 
552 
520 
431 
593 
531 
337 
435 
482 
492 
520 
384 
333 
603 

( b ) Hydrogen atoms (XlO3 for positional parameters and X 10 for thermal ones) 

Atom Bonded to B/A2 Atom Bonded to £/Â2 

H(l) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 
H(10) 
H( l l ) 
H(12) 

G(4) 

G(7) 

G(7) 

G(7) 

G(9) 
G(10) 

C(l l ) 
G(12) 

G(13) 

G(14) 
G(14) 

G(14) 

368(2) 
564(4) 
495(3) 
531(3) 
349(2) 
300(3) 
165(3) 
86(3) 

137(3) 
175(3) 
253(5) 
209(3) 

940(6) 
260(11) 
112(11) 
233(11) 
179(8) 

-77 (8 ) 
-86(9 ) 

155(8) 
427(8) 
885(8) 
955(7) 
802(10) 

348(4) 
233(6) 
253(6) 
329(7) 
196(4) 
129(5) 
104(5) 
142(4) 
210(5) 
347(4) 
388(6) 
439(5) 

15(10) 
61 (20) 
58(21) 
60(21) 
24(12) 
36(15) 
44(16) 
32(14) 
37(15) 
36(15) 
57(19) 
46(17) 

H(13) 
H(14) 
H(15) 
H(16) 
H(17) 
H(18) 

H(19) 
H (20) 
H(21) 
H(22) 
H(23) 

G(15) 
G(15) 
G(15) 
G(17) 
G(18) 
G(19) 
G (20) 
G(21) 
G (23) 
G (23) 
G (23) 

268(4) 
279(3) 
221(3) 
418(3) 
529(3) 
646(2) 
641(2) 
531(2) 
533(2) 
439(3) 
477(3) 

395(8) 
337(10) 
516(7) 
980(7) 
969(7) 
838(7) 
704(9) 
690(9) 
673(8) 
677(10) 
478(7) 

530(5) 
425(5) 
453 (5) 
487(4) 
566(4) 
513(4) 
371(4) 
290(4) 

8(5) 
-21 (5 ) 

8(4) 

48(18) 
46(17) 
34(14) 
34(14) 
30(13) 
25(12) 
32(15) 
33(14) 
32(13) 
50(17) 
33(14) 

TABLE 3. BEST PLANES OF (1) 

( a ) Equations (X=ax+ 0 .4953^-0.2578cz, Y=0.S6S7by 
-0A595CZ, Z=0.9529cz) 

Plane (I): N(l) , N(2), G(2), G(3), G(12) 
0 .5504X+0.5556F+0.6232Z-7.8915-0 

Plane (II): S, N(2), N(3), C(l) , G(2) 
0.0230X+0.7858F+0.6180Z-3.6336 = 0 

Plane (III): G(2), G(6), G(7), G(8), G(9), C(10), G(ll) 
0 . 7 8 9 8 Z + 0 . 1 1 6 i y - 0 . 6 0 2 3 Z - 7 . 0 7 0 0 - 0 

Plane (IV): G(3), G(12), G(13), G(14), G(15), G(16), 
G(17) 
0.5904X+0.2788F+0.7574Z-7.9449 = 0 

( b ) Dihedral angles (<J>/°) between the planes 
(I)—(II) 146.5 (I)—(IV) 162.2 (II)—(III) 105.2 

( c ) Displacements ((5/10~3Â) of atoms from the planes 

(i) (ii) (m) (IV) 
N(l) 
N(2) 
G(2) 

• G(3) 
G(12) 
C(4)a> 

-32 
26 
-6 
-5 
18 
42 

S 
N(2) 
N(3) 
C(l) 
G(2) 
C(4)a> 
G(5)a> • 

-28 
11 
62 
8 

-52 
99 

-180 

G(2) 
G(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(ll) 

12 
-10 
-10 

6 
5 
1 

-4 

G(3) 
G(12) 
G(13) 
G(14) 
G(15) 
G(16) 
G(17) 

14 
-9 
-9 
1 
11 
1 

-9 

a) Atoms not included in the best-plane calculations. 

G-S single-bond length of 1.81 Â, with a small amount 
of double-bond character. Consequently, the G (5) 
a tom deviates from Plane (II) by only 0.18 Â, and 
a short contact, 2.893 Â, occurs between G(5) and 
N(3) . Such a shortening is also observed in 2- (meth­
yl thio)benzothiazole,10> in which the G-S bond length 
is 1.77 Â. 

Compound 2. T h e bond lengths and angles are 
shown in Fig. 3, together with the atom-numbering 
system. The estimated standard deviations are 0.006— 
0.012 Â for the bond lengths and 0.3—0.8° for the 
angles. The equations of the best planes are listed 
in Table 4. A stereoscopic view of the molecule is 
shown in Fig. 4. 

T h e molecule consists of two central w-fused five-
membered rings and six peripheral side groups directly 
bonded to them. Each of the five-membered rings 
is in the envelope form. In one five-membered ring, 
C ( l ) , C(2), N ( l ) , and N(2) are coplanar (Plane (I)) , 
including G (8) of the phenyl group, while in the other 
ring, C ( l ) , C(5), N(3) , and G(4) are coplanar (Plane 
(II)) with C(22) of the methoxycarbonyl group. These 
two planes form an angle of 107.7°. T h e G(3) atom 
is out of these planes by 0.47 Â and 0.39 Â respectively. 
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(a) 

(b) 

TABLE 4. BEST PLANES OF (2) 

S-C3-C1 119.8 
N2-C3-C4 108.1 
C3-C1-C6 116.3 
C2-C1-C5 113.0 

Fig. 3. Bond lengths and angles of 2. (a) Bond 
lengths (//Â), and (b) bond angles (ç&/°). 

Fig. 4. A stereoscopic view of 2. The atoms are 
represented by thermal ellipsoids drawn at the 50% 
probability level. 

Plane (I) and the G (2)-phenyl group are almost co-
planar (the dihedral angle is 174.9°), while the dihedral 
angle between Plane (II) and the G(5)-methoxycar-
bonyl group is 140.9°, the latter being also roughly 
planar. As is shown in Fig. 4, three groups, meth-
ylthio, C(l)-methoxycarbonyl and G(4)-phenyl, which 
protrude from the fused ring to the same side, take 
conformations so as to avoid close interactions among 
the six peripheral groups. 

I t may be worth noting the short bond lengths 
of G(2)-G(8) and N ( l ) - N ( 2 ) compared with the cor­
responding single ones.9) These observations and the 
coplanarity described above suggest that the d e r e a l i ­
zation of ^-electrons occurs between the C(2)-phenyl 
ring and N(2) via G(2) and N ( l ) . T h e sp2 character 
of the N(2) a tom is found in this compound as well 

( a ) Equations (X—ax, 7 = 
Plane (I): N(l) , N(2), 

Plane (II): 

Plane (III) 

Plane (IV): 

Plane (V) : 

Plane (VI): 

0.0858X+0 
N(3), C(l) , 
0 .8989X-0 
G(2), C(8), 
C(13) 
0.1263Z+0. 
G(4), C(16), 
G(21) 
0.2534X+0. 
O( l ) , 0(2) , 
0 .4590Z+0. 
0(3) , 0(4) , 
0 .4305X-0. 

by, Z—cz) 
C(l), G(2), C(8) 
,51747-0.8515Z+ 1.2001 = 0 
G(4), C(5), C(22) 
38037+0.2175Z-5.2673 = 0 
C(9), G(10), C( l l ) , G(12), 

44577-0.8862Z+1.3175 = 0 
C(17), G(18), C(19), G(20), 

87727-0.4078Z-5.0666=0 
G(l), G(6) 
55017+0.6977Z-8.3121=0 
G(5), G(22) 
85857+0.2785Z+0.2193 = 0 

( b ) Dihedral angles ((p/°) between the planes 
(I)—(II) 107.7 (I)—(III) 174.9 (I)—(V) 105.7 
(II) —(IV) 101.4 (II) —(V) 110.8 (II) —(VI) 140.9 

( c ) Displacements 

(I) 
N(l) 
N(2) 
G(l) 
G(2) -
G(8) 

(IV) 
C(4) 
G(16) 
G(17) -
G(18) 
C(19) 
G (20) -
G(21) 

4 
2 
0 

-14 
2 

5 
10 

-16 
1 

15 
-11 
- 4 

((5/10-3A) of atoms 
(H) 

N(3) 17 
G(l) 12 
G(4) - 1 1 
G(5) - 3 
G(22) - 1 1 

(V) 
O(l) 1 
0(2) 0 
G(l) 2 
G(6) - 3 
G(7)a) 8 

from the planes 
(III) 

G(2) 70 
G(8) - 6 
G (9) - 1 2 
C(10) 12 
G(ll) 16 
G(12) - 6 
G(13) - 2 

(VI) 
0(3) 1 
0(4) 1 
G(5) 1 
G (22) - 2 
C(23)a) 50 

a) Atoms not included in the best-plane calculations 

as in Compound 1, and the sum of the bond angles 
around the N(2) atom is 350.4°. 

T h e authors would like to express their thanks to 
Prof. J i ro Tanaka of Nagoya University for his very 
kind permission to use the diffractometer. 
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The isobaric gas sorption with (Na,Ca)-A and (K,Ca)-A zeolites was measured gravimetrically in tem­
perature ranges of —160 40 °G for 0 2 and N2, and of room temperature—200 °G for w-G4H10. The sorp­
tion hysteresis, i.e., the gas encapsulation was observed. The maximum point, in the temperature rising branch 
of the isobar, was located at about —90 °G for N2 and in the range 120—170 °G for w-C4H10, and shifted to the 
lower temperature side with the increasing content of calcium for w-G4H10. The observed results are explained 
in terms of an incomplete blocking action of cations on window sites. This incompleteness was amplified by 
bivalent cations introduced onto other sites than the window sites, and the sieving character of the ion-exchanged 
zeolite was delicately modified. 

The unit cell of zeolite A is a cube with a side-length 
of about 1.2 nm, at the center of which there exists 
a nearly spherical cavity accommodating sorbed mole­
cules. This cavity is surrounded by six 8-membered 
oxygen rings, which costitute windows to the cavity. 
In commercial molecular sieves 3A and 4A, all of 
these windows are blocked by K+ and Na+, respec­
tively.1) The molecular sieving characters of these 
zeolites are primarily determined by the size of the 
aperture of the partially-blocked windows. The effective 
size of the aperture, however, depends upon tem­
perature. At higher temperatures, a situation is re­
alized that larger molecules, which are not sorbed 
at lower temperatures, are able to be sorbed. If 
the temperature is lowered after such molecules being 
sorbed at higher temperatures, the windows are closed 
and the sorbed molecules are encapsulated.2) 

Usually the encapsulation process requires high tem­
perature and pressure, in order to ensure a reasonable 
rate and amount of sorption. However, the encap­
sulation may be realized at not so much high tem­
peratures and pressures as usual, if the rate of sorption 
is increased by some means. This is a problem of 
the present work. 

Exper imenta l 

The block diagram of measuring system used is shown 
in Fig. 1(a). A Gahn RG-type electro-balance was used 
which was drastically improved in the authors' laboratory 
to be bakable at 180 °G.3) The pressure of adsorbed gas 
was measured with a MKS Baratron type-210 diaphragm 
gauge, and controlled within ±0 .5% of the preset value 
with a Granville-Phillips type-216 automatic pressure con­
troller by adding some manual operations. A main pumping 
system consisted of a sorption-pump and an ion-spattering 
pump of a capacity of 50 / s_1. Apart from gas handling 
system, the apparatus was free from grease or oil, and a 
back-ground pressure of 10~5 Pa was easily attained in a 
few hours by a mild baking-out. 

The leg of the balance and cryostat are shown in Fig. 
1(b). Radiation heating from the upper part of the ap­
paratus and disturbance due to convection were reduced 
by a copper shield, S, which acted at the same time as a 
gasket for confiât flange. A sheath IG junction, J, was fixed 
on the lowest confiât flange by copper wire. 

The temperature of the sample was rised or lowered at 
approximately constant rates, in a similar manner to the 

gas source 
•\ ["pressure 

V | X H gauge 

electro Im­
balance h 

iff 
L[l 

X-Y 
recorder 

circuit 
for 
balance | / \ 

; j T , temp, 
programer 

^stainless 
vessel 

.copper 
Y\ vessel 

[-glass 

adsorbent 

J cold N2 gas 

(a) (b) 

Fig. 1. Apparatus for isobaric thermogravimetry of gas 
sorption. 
(a) Main system: V, Granville-Phillips type-216 
automatic pressure controller, (b) details of the leg 
of balance-chasis for sorbent: thick line, made of 
stainless steel; thin line, made of glass. 

usual thermo-gravimetry. Low temperatures were realized 
by cooling with cold nitrogen gas supplied from a liquid 
nitrogen reservoir by electric heating, and controlled within 
±0.5 °G of a preset value. Before the sorbate gas was 
introduced, 10 Pa of He gas was introduced to facilitate 
the rapid temperature equilibration. 

Powdery zeolites of given composition were prepared by 
a method described in the preceding papers.4»5) These 
zeolites were pressed in a form of disc, 13 mm in diameter 
and about 500 mg in weight. Prior to sorption experiments, 
zeolite samples were carefully dehydrated, at 390—400 °G 
for about 100 h, the residual pressure being 10~6 Pa or so. 
This dehydration condition was far better than that in con­
ventional sorption experiments. Sorbate gases, N2, 0 2 , and 
w-G4H10 (supplied from Takachiho Chemical Go.), had 
nominal purities better than 99.9, 99.8, and 99.7%, respec­
tively, according to mass-spectroscopic analyses and were 
used after further drying with 13 X zeolite. 

R e s u l t s 

(Na, Ca)-A Zeolites. The sorption isobar was 
measured for n-C4H1 0 and N 2 with (Na12.2a.Gaa.)-A 
zeolite, in which x = 1 . 9 3 . According to the preceding 
paper,5) this zeolite is classified as 4A in their 
molecular sieving characters. T h e temperature was 
rised or lowered at a constant rate from —155 to 
—50 °G for N 2 at a constant pressure of 9.3 X 103 Pa, 
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while for n-C4H1 0 from room temperature to 200 °C 
at 8.3 X 103 Pa. The temperature was not rised above 
200 °G for fear of cracking and polymerization of 
n-C4H10 . T h e form of sorption isobar depended upon 
the rate of temperature rise. Representative curves 
for (Na12_2jPCaJP)-A are shown in Fig. 2, which shows 
that the rate of sorption is so low that equilibrium 
is not attained a t 200 °G. 

T h e effect of the composition to the form of the 
isobar was studied, results being shown in Fig. 3. 
The peak, in the temperature rising branch, shift 
to the lower temperature side with the increasing 
content of calcium. The shift was remarkable for 
n-C4H10 , but not so for N2 . 

(K,Ca)-A Zeolites. The molecular sieving 

50 100 150 200 
Temperature/°G 

Fig. 2. Sorption isobar and the rate of temperature 
change. 
Zeolite: (Na8.14Ca1#93)-A, gas: w-C4H10 at constant 
pressure of 8 .3x l0 3 Pa ( = 62 Torr), O : maximum 
point in the temperature rising branch. 

LNa12'-A 30 

10 

3QL(Na9 62 Ca^gJ-A 

s 10 

I o 
> 50 

30 

10 
0 
0 50 100 150 200 

Temperature/°C 

Fig. 3. Effect of the zeolite composition to the sorp­
tion isobar of w-G4H10. 
Pressure: 8.3 X 103 Pa ( = 62 Torr), rate of temperature 
change : 68 °G h - 1 , O : maximum point in the tem­
perature rising branch. 

action of (K12.2xCa.x)-A zeolite drastically changes 
in the neighbourhood of #=4. 4 ) This tendency was 
further studied in detail by the present method. 
Sorption isobars for O a and N 2 are shown in Fig. 4. 
Large amounts of N 2 and O a were sorbed, virtually 
without an activation energy, into (K3>58Ca4 .2i)-A at 
—196 °C, so that this zeolite may be classified as 
5A. O n the other hand, (K4.30Ca3.85)-A sorbed very 
small amounts of these gases, being classified as 3A. 
A diagram in the lower par t of Fig. 4 shows that a 
small amount of sorption took place even at —196 °G 
without any activation energy, and that some of 
windows were in the state of "open" against to O a 

and N2 . In the terminology of percolation theory, 
however, the percolatable fraction of cell is less than 
0.03. 

As for n-C4H10, quite different features were ob­
served as shown in Fig. 5 ; namely, the peak appeared 
in the isobar with (K4 30Ca3 .85)-A. This means that 
n-C4H1 0 was allowed to pass through the window 
blocked by K+ at temperatures higher than 100 °G. 

N2into(K^3dCa3.85)-A 

-200 -40 -160 -120 -80 
Temperature/°C 

Fig. 4. Sorption isobar of N2 and 0 2 with (K,Ca)-A 
zeolites. 
The continuous temperature rise start from the point 
designated by arrows; O : measured by dipping 
in a liquid nitrogen bath, P(Oa) = 1.6X 104 Pa ( -120 
Torr), P(N2) = 9 .3x l0 3 Pa ( - 7 0 Torr), rate of tem­
perature change, 50 °G h"1 for 0 2 , 100 °G h"1 for N2. 

40 80 120 160 200 
Temperature/°C 

Fig. 5. Sorption isobar of w-G4H10 with (K,Ca)-A 
zeolites. 
Rate of temperature rise: 68 °C h_1, pressure: 8.3X 
103Pa ( - 6 2 Torr). 
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D i s c u s s i o n 

Let us outline, for a better understanding of the 
sieving action, the structure of dehydrated zeolite A 
and cation distribution in it. Figure 6 shows its 
framework and cation sites. Abbreviations are used 
as the a-site for the site near the plane of the 8-mem-
bered oxygen ring, the /?-site for the site near the 
center of the 6-membered oxygen ring, and the y-
site for the site near the center of the 4-membered 
oxygen ring. At the center of the unit cell, there 
exists a large cavity, named the a-cage, which is nearly 
spherical with a diameter of 1.14 nm and can accomo­
date visiting gas molecules. The 8-ring constitutes 
a window to the cavity, and the sieving character 
of zeolite A is determined by the state of the 8-ring, 
that is, whether the a-site is unoccupied or occupied 
by a cation and by what kind of cation. O n the 
other hand, the occupancy factor on the ß- and y-
sites does not directly influence the sieving character. 
The distribution of cations is determined by their 
affinities to these sites. The y-site has a very weak 
affinity for all cations. N a + and bi-valent cations 
like to reside on the /?-site than the a-site, while reverse 
is the case with K+, R b + , and Cs+ .4 - 1 0) Let us express 
the composition as (M\2.2xM

I^)~A, where M 1 and 
M11 are uni- and bi-valent cations, respectively. If 
M 1 is Na, one open window (unoccupied a-site) per 
unit cell is produced at x=2, while if M 1 is K, R b , 
or Gs, a t x=5. 

Fig. 6. Structure and cation sites of dehydrated zeolite 
A. 

According to the percolation theory, the sieving 
character drastically changes in a narrow range of 
the concentration of the open window arround a 
critical value say, one per unit cell. The applicability 
of the theory has quantitatively been proved with 
(Na,Ca)-A system. In the preceding paper, the per­
colation theory was applied to sorptions of N 2 a t 90 K 
and n-butane at 323 K with (K ,Ca) -A system.4) Then , 
it was concluded that there exists the third kind of 
window, named the conditionally-opened window, 
through which N 2 cannot pass at 90 K but n-butane, 
a larger molecule, can at 323 K. The 6th Ca 2 + in 
Ca 6 -A occupies the a-site and constitutes a condi­
tionally-opened window.4) Some fraction, not all, of 
windows blocked by K+ also constitute conditionally-
opened windows in (K,Ca) -A with a higher Ga-
content.4) This is further proved to be true by the 
present experiment with (K4 .30Ca3 .85)-A. 

Let us now present a model for the conditionally-
opened window, of which the effective aperture-size 

markedly increases in a temperature range, 90—400 K. 
This is done by using the form of the potential surface 
experienced by the window-blocking cation. Here are 
taken into consideration potentials due to the frame­
work and exchangeable cations but not that due to 
co-existing sorbed molecules. In K 1 2 -A, the potential 
0(0) is to have such a sharp valley as shown in Fig. 
7(a), the amplitude of thermal oscillation of the block­
ing K+ is very small. A large energy may be required 
to push K+ ion aside and make a way for a visiting 
molecule. Hence, the blocked window behaves as 
a perfectly closed one as far as the present temperature 
range concerns. In the conditionally-opened window 
in (Kjg.g^Ga^-A, the blocking cation is easily dis­
placed at a moderate temperature, and the potential 
@(x) is to have a very gentle curvature at its valley, 
as schematically shown in Fig. 7(b). In the figure, 
f denotes the distance of the shift of the potential 
min imum from the window plane, rj the decrease 
of the potential at its minimum point, and Ap the 
increase in the curvature of the potential surface at 
its valley. Values for £, ??, and Ap depend upon the 
distribution of cations, especially upon those in the 
neighborhood of the concerned K+. If $(x) has a 
higher symmetry, f may be very small or zero. This 
is the case with Ca 6 -A as shown by Firor and SefT.11) 
Such a high symmetry is realized only in limitted 
cases with favourable compositions. With an unfa­
vourable composition, the local configuration of cations 
arround a given a-site differs from site to site, so that 
£ is small for some K+ while large for others. T h e 
value of rj influences the stability of the crystal but 
does not its sieving character which is a main concern 
in the present work, and is not further discussed. 
T h e larger the values for £ and/or Ap, the smaller 
the activation energy for the passage of a visiting 
molecule, as can be seen from Fig. 7(b). 

A window with a too large £ behaves as a pseudo-
open window. Its concentration may increase with 
the increasing x, except at some special values of x 
where @(x) has a high symmetry. T h e critical point 
in the percolation theory must be located at such a 
composition that the sum of concentrations of the 
open and pseudo-open windows is 1 p.u.c. This is 
the reason why the critical point in (K ,Ca) -A system 
is located not a t 5 but at 4.2 or so.4) 

There is another conceivable model for the activated 
sorption process. Breck and Smith proposed the ac­
tivation of the vibration of breathing mode of the 
8-ring.2) This is unacceptable, since the framework 
is very rigid and one has never observed a high Debye-
Waller factor of the framework. The present model, 
on the other hand, is in harmony with the structural 
observation due to SefF and his coworkers; that is, 
there exist loosely bound and/or displaced M 1 cation 
on the a-site in (K,Zn)-A, and (Cs,Ca)-A.12>13) 

There might occur some fear that the residual 
water molecule influences both of the sieving char­
acter and structure. Comparing the present and 
previous results, one find some discrepancies in the 
amounts of sorption with samples of the same origine, 
especially with (K3 5 8Ca4 2 1)-A.4) This is attributed 
to the difference in the degree of dehydration. T h e 
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w w 

(a) (b) 

Fig. 7. Model for the conditionally-opened window, 
and the potential experienced by the cation. 
(a) Side view of the 8-ring window. Perfectly closed 
window, (b) Conditionally-opened window. The 
window aperture is increased with increasing £ 
and A/0. 0(x): The potential experienced by the 
window-blocking cation at composition (M^g-^M11^)-
A, f : the distance of the shift of the potential 
minimum from the window plane, y: the decrease 
of the potential at the minimum point, A/0 : the 
change in the curvature. 

critical point slightly shifts to the lower Ga-content 
side. O n the other hand , the main feature of the 
curve of composition vs. sorption capasity is not so 
much changed that the applicability of the present 
model is affected. However, the use of a clean vacuum 
system is essential to determine the exact value for 
the critical composition. 

Previously, the window size was controlled solely 
by the kind of cation blocking the window. Now, 
one can finely control it by changing the form of the 
potential experienced by the blocking cation, that 
is, by changing Ap and £ values. This indirect method 

may be named as the cation-loosening one, though 
this name has a drawback that it does not include 
the effect of £. The cation-loosening can be adopted 
as an effective mean in tailoring molecular sieve. 
An example of the success in the tailoring is a highly 
selective sorption of P H 3 from SiH4 with (K4Zn4)-A, 
though this was accomplished before the recognition 
of the method. Other examples of the tailoring are 
encapsulation of K r into ( K , M n ) - A and H 2 into 
(Cs ,M n ) -A . These will be reported in the succeeding 
papers.14»15) 

T h e present paper was in part supported by a Grant-
in-Aid for Research from the Ministry of Education 
of the Japanese Government, Contract No. 443001. 
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The molecular structure of grayanotoxin XVI, G22H3406, has been confirmed by means of an X-ray crystal 
analysis of its hemihydrate. The crystals are orthorhombic, with eight formula units in a unit cell with dimensions 
of a= 17.503, 6 = 37.933, and c=6.371 Â; the space group is P212121. 4180 unique intensity data were collected 
on a four-circle diffractometer with LiF-monochromated Gu Koc radiation. The structure was solved by the 
Monte Carlo direct method, using the 30 strongest reflections as the starting set, and was refined by the block-
diagonal least-squares method. The final R value was 5.5%. The present analysis has revealed that the crystal 
used comprises about four parts of grayanotoxin XVI (6-O-acetylgrayanotoxin II) and one part of 10,20-dihy-
drograyanotoxin XVI. The molecules of the major component exist in two different conformations: One has 
the chair B-ring, and the other the twist-chair B-ring. About two-fifths of the molecules of the latter type are 
replaced at random by the molecules of the minor component. 

Grayanotoxin (hereafter G) X V I is one of the 
physiologically-active diterpenes isolated from Leucothoe 
grayana Max.1) O n the basis of the chemical evidence, 
the 1 structure was proposed for this toxic substance. 
The main purposes of the present study were to confirm 
1 and to test the effectiveness of the Monte Carlo 
direct method, a new phase-determining procedure.2) 

OAc 
OH 

I: R = C H 2 2: CH3v 
H - ' 

Exper imenta l 

Single crystals of G XVI hemihydrate were obtained as 
colorless needles from an ethanol-water solution. A sample 
with dimensions of about 0.1 X 0.3x0.6 mm3 was used for 
the X-ray measurement. The crystal data are summarized 
in Table 1. The cell dimensions and reflection intensities 
were measured on a Rigaku four-circle diffractometer using 
Gu Koc radiation (A= 1.5418 Â) monochromatized with an 
LiF crystal. The intensity measurement was made by the 
6-26 continuous-scan technique at a 26 scan rate of 2° min - 1 ; 

TABLE 1. THE CRYSTAL DATA 

Formula 
Formula weight 
Crystal system 
Space group 
Cell dimensions 

Z 

£>x 
ju (Gu Koc) 

G2 2H3 4O6 .0.5H2O 
403.5 
Orthorhombic 
P212121 

a=17.503(6)Â 
6 = 37.933(11)Â 
c= 6.371(3)Â 
F -4230Â 3 

8 
1.267 g cm-3 

7.14 cm-1 

the background was measured for 30 s at each end of the 
scan range. The intensities were corrected for the Lorentz 
and polarization factors, but not for the absorption or ex­
tinction effect. In the range of 26 values up to 140°, 4180 
unique structure factor amplitudes above the o{F) level 
were selected for the structure determination. 

Structure D e t e r m i n a t i o n 

The present structure containing 57 independent 
non-hydrogen atoms was solved by means of the Monte 
Carlo direct method.2) T h e 30 strongest reflections 
were chosen as the starting set. In order to extend 
the tentative-phase set derived from successively-gen­
erated random numbers, 12 cycles of the tangent 
procedure were performed using 932 \E\ values above 
1.30; during the first 5 cycles, the phases of the starting 
reflections were kept constant. Since the 261st phase 
set showed a low RK value of 34 .4% (RK=J]\\E0\ — 
k\Ec\ I / 2 I . E J ) , * * 8 additional cycles of the tangent 
procedure were carried out ; the RK value was reduced 
to 27 .6%. An i£-map calculated with 864 phases 
clearly revealed the locations of all the non-hydrogen 
atoms except one. T h e computing time required for 
the phase determination was about 54 min on a 
F A C O M 230-75 computer. This shows that the 
Monte Carlo direct method is still effective even for 
structures composed of more than 50 independent 
non-hydrogen atoms. 

The 56 atomic positions obtained from the is-map 
were refined by the block-diagonal-matrix least-squares 
method with isotropic temperature factors. A differ­
ence Fourier m a p revealed that the remaining atom, 
C(A20), was distributed statistically between two po­
sitions in the ratio of about 3 to 2. Since close re­
examination of the N M R spectrum demonstrated the 
presence of the dihydrograyanoid 2, these two atomic 
positions, named C(A20a) and C(A20b) respectively, 
were assigned to the methylene carbon atom in 1 
and the methyl carbon a tom in 2 respectively. T h e 
whole structure thus obtained was refined by the 
least-squares method with anisotropic temperature fac­
tors; 0.6 and 0.4 times the atomic scattering factors 
of carbon were used for the C(A20a) and C(A20b) 

** The second lowest of the RK values for the 261 sets 
was 37.3%. 
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atoms respectively. After all hydrogen atoms, except 
those attached to the randomly-distributed carbon 
atom, had been located in a second difference Fourier 
map , further least-squares refinement was repeated 
including these hydrogen atoms with isotropic tem­
perature factors. The following weighting scheme was 
used: 

W=\/{(j(F)*exp(AX* + BY* + CXY+DX+EY)}, 

where X=\FQ\ and 7=sin0/A. The A, B, C, D , 
and E coefficients are constants which were determined 
from the (A/7)2 values. In this manner , the R value 
reached 5 .5%. The atomic parameters are listed in 
Table 2. T h e tables of the anisotropic temperature 
factors and of the observed and calculated structure 
factors are kept at the Chemical Society of J a p a n 
(Document No. 8038). 

All the calculations were performed on a F A C O M 
230-75 computer a t the Hokkaido University Com­
puting Center, using our own programs. Random 
numbers were generated by calling a function 
R A N D O M in the program library of the Computing 
Center. The atomic scattering factors were taken from 
the International Tables.3) 

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

Chemical Structure. The skeletons of the two 
independent G X V I molecules, A and B, are shown 
in Fig. 1, where each atom is represented as a thermal 
ellipsoid enclosing a 5 0 % probability. Table 3 gives 
the bond distances and angles, and Fig. 2 shows the 
torsion angles in the tetracyclic systems. The C(A10)-
C(A20a) and C(A10)-C(A20b) distances are almost 
equal, lying nearly midway between the accepted 
distances for C=C and C-C bonds. However, the 
projected angle of C(A9)-C(A10)-C(A20a) onto the 
plane normal to the C(A1)-C(A10) bond is signifi­
cantly different from that of C(A9)-C(A10)-C(A20b) 
(see Fig. 3). Although these projected angles, 160 
and 137°, deviate from their respective standard values 
of 180 and 120° by about 20°, they indicate that the 
C(A10)-C(A20a) and C(A10)-C(A20b) bonds are ori­
ented roughly in the directions of the sp2 and sp3 

hybrid orbitals on the C(A10) atom respectively, the 
C(A20b) atom being on the ß side of the molecule. 
Since the apparent thermal motion of the C(A10) 
atom is greater than that of any other atom in the 
B-ring, the unusual distances and directions of these 

TABLE 2. THE FINAL ATOMIC PARAMETERS AND ESTIMATED STANDARD DEVIATIONS 

(1) The non-hydrogen atoms. 

Atom 

O(Al) 

0(A2) 
0(A3) 
O (A4) 
0(A5) 
0(A6) 
G(A1) 
G(A2) 
G (A3) 
G (A4) 
G(A5) 
G(A6) 
C(A7) 
G(A8) 
G(A9) 
G(A10) 
G(A11) 
G(A12) 
G(A13) 
G(A14) 
G(A15) 
G(A16) 
G(A17) 
G(A18) 
G(A19) 
G(A20a) 
G(A20b) 
G(A21) 
G(A22) 

a) £ e q = 

*(X104) 

-143(2] 
- 4 9 1 (2) 

-1786(1) 
-2207 (2] 
-288(1) 

263(2) 
179(2) 
309(2) 

-347(2) 
-1017(2) 

-597(2) 
-1004(2) 
-674(2) 

143(2) 
768(2) 
840(2) 

1547(2) 
1713(2) 
1030(2) 
340(2) 
237(2) 
738(2) 

1340(3) 
-1663(2) 
-1318(2) 

1569(4) 
1303(6) 

-2332(2) 
-3104(2) 

= 87Ta(!/1
a + f/a 

j>(xl05) 

29412(7) 
22523(5) 
20713(6) 
19330(8) 
16382(5) -
9729(6) 

24642(8) 
28657 (8) 
29887(8) 
27449(7) 
23795(7) 
20946(7) 
17244(7) 
16505(7) 
18245(8) 
22288(10) 
16509(9) 
16345(10) 
14930(8) -
17331(7) -
12406(8) 
11322(8) 
8565(9) 

27731(10) 
28474(8) 
23878(19) 
23275(34) 
19915(9) 
19915(13) 

2 + w3
2)/3, where 

z(Xl04) 

5843(5) 
5107(4) 
2542(4) 

-651(5) 
-2494(4) 
-2350(5) 

1922(5) 
2318(7) 
3661(6) 
3078(5) 
3005(5) 
1741(5) 
1867(5) 
1148(5) 
2545(5) 
2496(8) 
2077(6) 

-300(7) 
-1558(5) 
-1177(5) 

1167(5) 
-733(6) 
-269(7) 
4657(7) 

910(6) 
2310(14) 
4211(32) 
1179(7) 
2213(9) 

u-y is t h e ] 

£eqa>/A2 

4.91 
3 A4 
3.20 
5.02 
3.31 
4.39 
3.03 
4.29 
3.73 
2.98 
2.53 
2.64 
2.81 
2.65 
3.12 
4.86 
3.96 
4.02 
3.35 
2.62 
3.45 
3.56 
4.79 
4.35 
3.85 
5.05 
8.07 
3.91 
5.39 

root-mean-

Atom 

Ô(BÏ) 
0(B2) 
0(B3) 
0(B4) 
0(B5) 
0(B6) 
C(B1) 
G(B2) 
G(B3) 
G(B4) 
G(B5) 
G(B6) 
G(B7) 
G(B8) 
C(B9) 
G(B10) 
G(B11) 
C(B12) 
G(B13) 
G(B14) 
G(B15) 
G(B16) 
G(B17) 
G(B18) 
G(B19) 
G(B20) 
G(B21) 
G(B22) 
O(W) 

-square deviation 

*(X104) 

-819(2) 
-395(2) 

-1105(1) 
-1342(2) 

800(2) 
1890(2) 
266(2) 

-27 (3 ) 
-823(2) 

-1136(2) 
-439(2) 
-415(2) 

240(2) 
1066(2) 
1383(2) 
966(2) 

2243(2) 
2477(2) 
2093(2) 
1232(2) 
1578(2) 
2173(2) 
2980(3) 

-1856(2) 
-1335(2) 

1185(3) 
-1485(2) 
-2098(2) 
-397(2) 

in the ith 

Xxiw) 
54556(6) 
49412(5) 
42765(5) 
37691(6) 
37245(6) 
34799(7) 
47926(8) 
50500(9) 
51553(8) 
48359(8) 
47260(7) 
43441(7) 
42433(8) 
42540(8) 
46378(9) 
49003 (9) 
46234(11) 
43381(12) 
39816(10) 
40453(8) 
40551(10) 
38412(10) 
38396(14) 
49235(10) 
45493(10) 
52349(11) 
39748(8) 
39270(11) 
35663(8) 

principal axis 

z(Xl04) 

250(4) 
3281 (3) 
3391(4) 
1713(5) 
688(5) 

3265(5) 
-48(5) 

-1736(6) 
-1110(5) 

91(5) 
1455(5) 
2167(5) 
3627(5) 
2827(5) 
2608(6) 
1196(6) 
2163(9) 

565(8) 
978(6) 
793(5) 

4452 (6) 
3234(6) 
4097 (9) 
1336(7) 

-1543(6) 
1261(10) 
3096(6) 
4662 (8) 

-2030(5) 

Beq/A* 

4.65 
3.41 
3.00 
5.01 
4.14 
4.33 
3.11 
3.87 
3.69 
3.24 
2.77 
2.75 
3.00 
3.05 
3.92 
3.80 
5.16 
5.12 
3.99 
3.12 
3.82 
3.92 
5.74 
4.59 
4.22 
5.82 
3.38 
4.98 
5.52 

of the thermal 
ellipsoid. 
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TABLE 2. ( 

(2) The hydrogen atoms. 
The atomic coordinates are multiplied by 103. 

Atoma> 

H(A1) 
H(A2a) 
H(A2b) 
H(A3) 
H(A6) 

H(A7a) 
H(A7b) 
H(A9) 
H(Alla) 
H(Allb) 
H(A12a) 
H(A12b) 
H(A13) 
H(A14) 
H(A15a) 
H(A15b) 
H(A17a) 
H(A17b) 

H(A17c) 
H (A 18a) 
H(A18b) 
H(A18c) 
H(A19a) 

H(A19b) 

H(A19c) 
H(A22a) 
H(A22b) 
H(A22c) 
H(OAl) 
H(OA2) 
H(OA5) 
H(OA6) 

H(B1) 
H(B2a) 

X 

4(2) 
27(3) 
77(3) 

-50(2) 
-102(2) 
-99(2) 
-73(2) 
63(2) 
197(3) 

153(2) 
186(3) 
219(3) 
117(3) 

46(2) 
-24(2) 
46(2) 
114(3) 
166(3) 

161(2) 
-206(3) 
-180(4) 
-151(4) 

-147(2) 
-174(3) 
-93(3) 
-325(3) 
-298(5) 
-343(4) 
-22(4) 
-43(3) 
-41 (3) 
-8(3) 

37(2) 
-3(2) 

y 
243(1) 
298(1) 
287(1) 
322(1) 
218(1) 
158(1) 
163(1) 
173(1) 
176(1) 
141(1) 
187(1) 
149(1) 
147(1) 
197(1) 
113(1) 
116(1) 

66(1) 
90(1) 
83(1) 
264(1) 

300(2) 
269(2) 
307(1) 
270(1) 
283(1) 

227(2) 
188(2) 
186(2) 
316(2) 
242(1) 
180(1) 
111(1) 
456(1) 

492(1) 

z 

45(6) 
87(8) 

329(10) 
347(6) 
34(6) 
86(6) 

330(7) 
409(7) 
282(8) 
256(7) 
-95(8) 
-71(8) 
-316(8) 
-141(6) 

86(7) 
252(6) 
11(8) 
84(8) 

-141(7) 
446(8) 

476(12) 
613(11) 
103(7) 
40(8) 

-23(8) 
241(10) 
346(14) 
140(11) 
643(13) 
576(8) 

-316(8) 
-254(10) 
-80(6) 
-297(7) 

5/A« 

2.9(7) 
5.0(9) 
6.3(11) 
3.1(7) 
2.7(6) 
2.5(6) 

4.4(8) 
4.2(8) 
5.0(9) 
3.8(8) 
4.8(9) 
4.9(9) 
5.3(10) 
2.9(6) 
4.0(8) 
3.1(6) 
4.8(9) 
5.5(10) 
4.2(8) 
5.2(10) 
8.2(15) 
8.1(15) 
3.9(8) 
4.8(9) 

4.7(9) 
7.5(13) 
10.0(19) 
7.6(14) 
9.2(17) 
5.1(9) 
5.1(9) 

6.5(12) 
3.1(7) 
3.9(8) 

a) The hydrogen atoms are denoted by the number of 
by a, b, or c where necessary. 

two bonds may be due partly to the disordering of 
the G(A10) atom. 

I t is thus concluded that, although about three-
fifths of the A molecules correspond to compound 
1, the remaining A molecules correspond to com­
pound 2 .*** Since the B molecules having no dis­
ordering correspond to 1, it follows that the present 
crystal as a whole contains about one-fifth of 2. This 
unexpected contaminant is the first 10,20-dihydrogra-
yanoid to be obtained from Leucothoe grayana Max. 

Molecular Geometry. As Table 3 shows, all the 
bond distances are normal except for the randomly-
distributed C(A20) atom. There is no great difference 
between the two crystallographically-independent mol­
ecules of G X V I . 

The five-membered A-rings in both of the molecules 

Grayanotoxin XVI 

Atom 

H(B2b) 
H(B3) 
H(B6) 
H(B7a) 
H(B7b) 
H(B9) 
H(Blla) 

H(Bllb) 
H(B12a) 
H(B12b) 
H(B13) 
H(B14) 
H(B15a) 

H(B15b) 
H(B17a) 

H(B17b) 
H(B17c) 
H(B18a) 
H(B18b) 
H(B18c) 
H(B19a) 
H(B19b) 
H(B19c) 
H(B20a) 
H(B20b) 
H(B22a) 
H(B22b) 
H(B22c) 
H(OBl) 

H(OB2) 
H(OB5) 
H(OB6) 
H(OWa) 
H(OWb) 

X 

26(2) 
-113(2) 
-46(3) 

14(2) 
18(3) 

133(2) 
242 (2) 
253(3) 
229(3) 
306(3) 

224(2) 
110(2) 
126(2) 
185(3) 
296(3) 
316(3) 
328(4) 

-210(3) 
-226(3) 

-173(2) 
-170(3) 
-162(3) 
-87(3) 

92(2) 
165(4) 

-247(3) 
-237(4) 
-185(6) 

-65(2) 
-47(3) 
105(3) 
220(3) 
-73(5) 

0(3) 

y 

522(1) 
520(1) 
420(1) 
400(1) 
440(1) 
473(1) 
485(1) 

458(2) 
445(1) 
431(1) 

382(1) 
416(1) 
390(1) 

422(2) 
373(1) 

407(1) 

363(2) 
474(1) 
503 (2) 
508(1) 

465(2) 
436(1) 
446(1) 

542(1) 
531(2) 
379(2) 
415(2) 
382(3) 
563(1) 
518(1) 
361(1) 
335(1) 

365 (2) 
360(1) 

z 

-196(7) 
-242(7) 

89(8) 
419(6) 
504(9) 
420(6) 
146(7) 
344(10) 
-63(8) 
57(8) 
-7(7) 
-50(6) 
537(6) 
536(10) 
559 (8) 
429(8) 
333(11) 
194(9) 
37(11) 
228(6) 

-252(11) 
-90(8) 
-219(8) 

57(7) 
213(11) 
427(10) 
499(13) 
590(16) 
-44(7) 
282 (8) 
155(8) 
285(10) 

-127(15) 
-133(8) 

B/A* 

4.0(8) 
3.9(8) 
4.8(9) 
2.9(6) 
5.4(10) 
3.3(7) 
4.6(9) 

6.6(12) 
4.7(9) 
5.5(10) 
3.8(8) 
2.6(6) 
3.4(7) 

6.9(12) 
5.3(10) 
5.1(9) 
7.9(14) 
6.3(11) 
7.5(14) 
3.5(7) 
7.3(13) 
5.3(10) 
4.6(9) 
3.9(8) 
7.4(13) 
7.3(13) 
9.2(17) 
11.5(23) 
4.7(9) 
5.4(10) 
4.7(9) 
6.3(11) 
10.5(20) 
5.0(9) 

the carbon atom to which they are attached, suffixed 

take similar envelope forms; the G(4) atom deviates 
remarkably from the mean plane for the other four 
atoms onto the a side of the molecule.t Although this 
conformation makes the 0 ( 1 ) H and 0 ( 2 ) H hydroxyl 
groups 1,3-diaxial, it is stabilized by the formation 
of the intramolecular hydrogen bond, 0 ( 2 ) H - - - 0 ( 1 ) 
(see Table 4). 

The difference between the A and B molecules 
can be most clearly seen for the conformations of 
their central seven-membered B-rings; the B-ring of 
the former has the twist-chair form with an approximate 
two-fold rotation axis through the G (A 10) atom, while 
that of the latter adopts the chair form with an ap­
proximate mirror plane through the C(B6) atom. 
According to Hendrickson's calculations,4) cycloheptane 
prefers the twist-chair conformation. In Hendrickson's 

*** Unless otherwise stated, "A molecules" will mean t The atomic name, G(f), is used when the description 
solely molecules of 1 in the description given below. is valid for both of the A and B molecules. 
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TABLE 3. THE BOND DISTANCES (//Â) AND ANGLES (0/°), WITH THEIR STANDARD DEVIATIONS 

The standard deviations given in parentheses refer to the last decimal position. 

(1) The bond distances. 

Mol. A Mol. B Mol. A Mol. B Mol. A Mol. B 

C(l)-C(2) 
C(l)-C(5) 
C(l)-C(10) 
G(2)-G(3) 
G(3)-G(4) 
G(3)-0(l) 
G(4)-G(5) 
C(4)-C(18) 
G(4)-C(19) 
G(5)-C(6) 
C(5)-0(2) 

1.560(4) 
1.557(4) 
1.507(5) 
1.506(6) 
1.539(5) 
1.447(5) 
1.570(4) 
1.517(5) 
1.529(5) 
1.524(4) 
1.435(4) 

1.541(5) 
1.582(5) 
1.515(5) 
1.503(6) 
1.534(5) 
1.432(4) 
1.554(5) 
1.526(6) 
1.545(5) 
1.519(4) 
1.424(4) 

G(6)-G(7) 
G(6)-0(3) 
C(7)-G(8) 
C(8)-G(9) 
C(8)-G(14) 
C(8)-C(15) 
C(9)-C(10) 
C(9)-C(ll) 
C(10)-G(20a) 
C(10)-G(20b) 
C(ll)-C(12) 

1.521(4) 
1.463(4) 
1.526(4) 
1.558(4) 
1.552(4) 
1.564(4) 
1.539(5) 
1.543(5) 
1.417(8) 
1.411(18) 
1.543(6) 

1.524(4) 
1.461(4) 
1.534(5) 
1.564(5) 
1.546(5) 
1.564(5) 
1.528(5) 
1.533(6) 
1.326(5) 

1.541(7) 

C(12)-G(13) 
G(13)-G(14) 
G(13)-G(16) 
C(14)-0(5) 
C(15)-G(16) 
G(16)-G(17) 
G(16)-0(6) 
C(21)-C(22) 
G(21)-0(3) 
C(21)-0(4) 

1.536(5) 
1.533(4) 
1.553(5) 
1.428(4) 
1.551(5) 
1.513(5) 
1.456(5) 
1.503(6) 
1.327(4) 
1.207(5) 

1.533(6) 
1.530(5) 
1.540(6) 
1.434(4) 
1.531(5) 
1.516(6) 
1.457(4) 
1.476(6) 
1.336(4) 
1.203(5) 

(2) The bond angles. 

Mol. A Mol. B Mol. A Mol. B 

C(2)-C(l)-C(5) 
C(2)-C(l)-C(10) 
C(5)-C(l)-C(10) 
C(l)-G(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-0(l) 
C(4)-C(3)-0(l) 
C(3)-C(4)-C(5) 
G(3)-C(4)-C(18) 
C(3)-G(4)-G(19) 
C(5)-G(4)-G(18) 
C(5)-C(4)-G(19) 
C(18)-G(4)-G(19) 
C(l)-C(5)-C(4) 
C(l)-G(5)-G(6) 
C(l)-C(5)-0(2) 
G(4)-G(5)-G(6) 
C(4)-C(5)-0(2) 
G(6)-G(5)-0(2) 
C(5)-C(6)-C(7) 
C(5)-G(6)-0(3) 
G(7)-G(6)-0(3) 
G(6)-G(7)-G(8) 
C(7)-C(8)-G(9) 
C(7)-C(8)-C(14) 
C(7)-G(8)-G(15) 
C(9)-C(8)-G(14) 
C(9)-G(8)-G(15) 

104.9(3) 
115.3(3) 
116.1(3) 
106.5(3) 
104.9(3) 
108.6(3) 
110.2(3) 
100.4(2) 
111.4(3) 
109.1(3) 
115.5(3) 
111.1(3) 
108.9(3) 
103.9(2) 
108.6(2) 
111.7(2) 
115.0(2) 
109.3(2) 
108.4(2) 
116.7(3) 
107.2(2) 
106.4(2) 
120.7(2) 
114.1(3) 
117.2(3) 
106.2(2) 
107.7(2) 
110.0(3) 

105.3(3) 
117.6(3) 
110.9(3) 
107.0(3) 
104.6(3) 
111.6(3) 
109.2(3) 
102.2(3) 
112.4(3) 
107.5(3) 
114.6(3) 
111.4(3) 
108.5(3) 
103.3(2) 
108.1(2) 
111.2(3) 
116.4(3) 
110.2(2) 
107.5(2) 
116.3(3) 
107.7(2) 
104.6(2) 
119.9(3) 
112.9(3) 
116.3(3) 
107.9(3) 
109.6(3) 
107.7(3) 

C(14)-G(8)-G(15) 
G(8)-G(9)-G(10) 
G(8)-C(9)-G(ll) 
G(10)-G(9)-G(ll) 
C(l)-C(10)-C(9) 
G(l)-C(10)-G(20a) 
G(l)-G(10)-G(20b) 
G(9)-G(10)-G(20a) 
G(9)-G(10)-C(20b) 
C(9)-G(ll)-C(12) 
G(ll)-G(12)-G(13) 
C(12)-G(13)-G(14) 
C(12)-G(13)-G(16) 
G(14)-G(13)-G(16) 
C(8)-G(14)-G(13) 
C(8)-C(14)-0(5) 
C(13)-G(14)-0(5) 
C(8)-C(15)-G(16) 
G(13)-G(16)-G(15) 
G(13)-G(16)-G(17) 
G(13)-C(16)-0(6) 
G(15)-G(16)-G(17) 
C(15)-C(16)-0(6) 
G(17)-G(16)-0(6) 
G(22)-G(21)-0(3) 
G(22)-C(21)-0(4) 
0(3)-G(21)-0(4) 
C(6)-0(3)-C(21) 

100.7(2) 
117.9(3) 
109.3(3) 
110.4(3) 
122.2(3) 
114.8(4) 
118.2(6) 
120.0(4) 
107.2(6) 
111.9(3) 
112.3(3) 
108.9(3) 
112.8(3) 
102.2(3) 
101.9(2) 
109.8(2) 
111.3(2) 
108.5(3) 
102.5(3) 
116.5(3) 
108.3(3) 
115.1(3) 
109.8(3) 
104.4(3) 
111.2(4) 
126.0(4) 
122.9(3) 
117.4(3) 

101.5(3) 
119.3(3) 
109.4(3) 
112.6(3) 
121.3(3) 
120.5(4) 

117.9(4) 

114.1(3) 
112.9(4) 
106.2(3) 
115.2(3) 
102.5(3) 
101.6(3) 
112.0(3) 
112.9(3) 
1D8.1(3) 
103.2(3) 
115.2(3) 
107.9(3) 
116.9(4) 
105.1(3) 
107.9(3) 
111.8(3) 
124.5(3) 
123.7(3) 
119.1(2) 

computed twist-chair form (hereafter H T C ) , substitu-
ents at the 2a, 2'a, 3a, and 3'a positions sustain strong 
steric repulsions (see Fig. 4(a)) . For the 0 ( A 2 ) H 
and C(A14)H groups situated at the 3a and 3'a posi­
tions, however, no unusually-close contacts are ob­
served: for example, 0 ( A 2 ) - H ( A 7 b ) , 2.66(4) Â ; 
0 ( A 2 ) - H ( A 9 ) , 2.87(4) À ; C ( A 1 4 ) - H ( A 1 ) , 2.89(3) 
Â ; G ( A 1 4 ) - H ( A 6 ) , 3.08(3) Ä; H ( A 1 4 ) - H ( A 1 ) , 2.23 
(5) Â. This relief of the steric hindrance may be 
explained from the remarkable flattening of the fi­
ring, due mainly to the conformational transmission5) 
at the trans A/B- and eis B/G-junctions. The mag­

nitudes of the C(A10)-C(A1)-C(A5)-C(A6) and 
C(A7)-C(A8)-C(A9)-C(A10) torsion angles, 85.0 and 
68.8°, are much smaller than the corresponding value 
for H T C , 97°; hence, the axial nature of the G(A5) -
0 ( A 2 ) and C(A8)-G(A14) bonds is remarkably de­
creased. 

T h e occurrence of the chair B-ring should be noted 
in two respects: (1) T h e chair cycloheptane is less 
stable than the twist-chair cycloheptane by 2.16 kcal/ 
mol;4) (2) the bulky G(B14)H group is placed at 
a very hindered position on the chair B-ring. In 
Hendrickson's computed chair form of cycloheptane 
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£(20) 

C(I7) 

C(I8) 

C(22) 

C(I7) 

C(I8) 

C(22) 

Fig. 1. Perspective views of the A and B molecules. 
For the sake of clarity, the C(A20b) atom was omitted. 

C(2) , C(IO) C(ll) 

C(3X 

C(I2) 

C(I3) 

C(I5) (11-2) C(I6) 

Fig. 2. The torsion angles (<f>/°) of the A-, B-, C-, and 
D-rings. Only the torsion angles relevant to atoms 
which form the same ring are given in the ring. The 
values for the B molecule are given in parentheses. 

kC(A5) 

,C(A9) 

Fig. 3. The projected angles (<j>j°) onto the plane 
normal to the C(A1)-C(A10) bond. 

(hereafter H C ) , the 3a-3'a interaction is the severest, 
and stronger than the 2a-3'a and 2'a-3a interactions 
in H T C (see Fig. 4(b)) . The 3a-3'a repulsion be­
tween the C(B14)H group and the H(B1) a tom is 
relieved mainly by the closing of the C(B6) -C(B7) -
C(B8)-G(B9) and C(B7)-C(B8)-C(B9)-C(B10) torsion 
angles. The magnitudes of these torsion angles are 

(a) (b) 
Fig. 4. Hendrickson's (a) twist-chair and (b) chair 

forms of cycloheptane. 

smaller than the corresponding values for H C , 92 
and 71°, by about 18 and 13° respectively. Since 
these torsion angles are opposite in sign, this shows 
a remarkable decrease in axiality of the C(B8)-C(B14) 
bond.6) In spite of such a relief of the 3a-3'a repulsion, 
the C(B14)H group is still hindered severely: C(B1)---
G(B14), 3.344(4) Â ; C ( B 1 ) - H ( B 1 4 ) , 2.82(3) A ; 
H ( B 1 ) - C ( B 1 4 ) , 2 .66(4)Â; H ( B 1 ) - H ( B 1 4 ) , 1.98(5)Â. 

The exocyclic methylene group in the B molecule, 
C(B20)H2 , sustains great steric repulsions from the 
two methylene groups, C(B2)H2 and C(B11)H 2 : 
H ( B 2 0 a ) - H ( B l l a ) , 2.24(7) A; H ( B 2 0 b ) - H ( B 2 b ) , 
2.12(6) A. As will be shown by the projected angle 
of C(B1)-C(B10)-C(B9) onto the plane normal to the 
C(B10)=C(B20) double bond, 173.1°, these steric re­
pulsions probably push the C(B20)H2 group away 
from the C(B1)-C(B10)-C(B9) plane to the ß side 
of the molecule. In the G I I molecule having the 
severe H ( 2 0 a ) - - H ( l l a ) interaction of 1.92(5) A,7> the 
C(9)-C(10)-C(20) bond angle is greater than the 
C( l ) -C(10 ) -C(20 ) . In the B molecule, the relation 
is reversed: C(B9)-C(B10)-C(B20), 117.9°; C(B1) -
C(B10)-C(B20), 120.5°. Further, the C(B2)-C(B1)-
G(B10) bond angle is expanded from the corresponding 
angle in G I I , 113.3°, to 117.6°, while the C(B5) -
C(B1)-C(B10) bond angle is reduced from 119.5° for 
G I I to 110.9°. These changes in bond angle can 
be explained on the basis of the strong H(B20b)---
H(B2b) repulsion. 

The six-membered C-rings in both of the A and 
B molecules take the chair conformation, but are 
much deformed by three main causes: (1) the three-
bond bridge, C(8) -C(15) -C(16) -C(13) ; (2) the con­
formational transmission at the eis B/C-junction; (3) 
the steric repulsion between the C(14)H group and 
the H ( l ) atom. 

In both the A and the B molecules, the form of 
the five-membered D-ring is intermediate between the 
envelope form characterized by the mirror plane 
through the C(14) atom and the half-chair form char­
acterized by the two-fold rotation axis through the 
C(15) atom. Although the D-ring is forced to take 
the envelope form by the existence of the chair C-
ring, it is probably deformed by the C(11)H2---C(17)H3 

repulsion and the 0 (5 ) - - -0 (6 ) hydrogen bonding. In 
the A molecule, the 0 ( 6 ) H group donates its proton 
to the 0 ( 5 ) H , while in the B molecule, the latter 
donates to the former (see Table 4). 

Crystal Structure. The crystal structure viewed 
along the c axis is shown in Fig. 5. There are six 
kinds of intermolecular hydrogen bonds; the details 
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1/4 

Fig. 5. The crystal structure viewed along the c axis. 

TABLE 4. THE HYDROGEN BONDS, X-H---Y 

X Y 

( 1 ) Intramolecular 
0(A2) 
0(A6) 
0(B2) 
0(B5) 

O(Al) 
0(A5) 
O(Bl) 
0(B6) 

(2) Intermolecular 
O(Al) 
0(A5) 
0(B1) 
0(B6) 
O(W) 
O(W) 

0(W)b> 
0(A2)C> 
0(A6)d> 
0(A4)e> 
0(B4)a> 
0(B5)a> 

X . . Y 
(//A) 

2.724(3) 
2.703(3) 
2.844(3) 
2.683(4) 

2.767(4) 
2.809(3) 
2.866(4) 
2.779(4) 
3.002(5) 
2.784(4) 

H . . Y 
(//A) 

2.04(4) 
2.05(5) 
2.05(5) 
1.89(5) 

1.85(7) 
2.04(5) 
2.03(5) 
2.04(6) 
2.23(9) 
1.96(5) 

X-H-..Y 
W°) 

148(5) 
139(5) 
141(4) 
159(4) 

172(7) 
168(5) 
166(4) 
156(6) 
158(8) 
168(5) 

The symmetry codes are as follows: a) x, y, z (given 
in Table 2); b) x, y, 1-fz; c) x, y, — 1+z ; d) — x, 
1/2 +j, - 1 / 2 - z ; e) 1/2 + *, 1/2-.* - z . 

of the hydrogen bonds are given in Table 4. Each 
water molecule donates its protons to the 0 (B4) car-

bonyl and 0 (B5) hydroxyl oxygen atoms of the same 
B molecule, and it accepts the proton from the 0 ( A 1 ) H 
hydroxyl group of the neighboring A molecule. The 
couples of the A and B molecules connected through 
such mediation of the water molecule are further 
held together by the remaining three hydrogen bonds, 
forming a three-dimensional hydrogen-bonded struc­
ture. 
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The Reactions of NH Radicals with Ethylene and Propene 
in the Liquid Phase 
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Department of Applied Physics, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 
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The photolysis of hydrogen azide was studied in liquid ethylene, propene, and the mixture with ethane at 
the temperature of Dry Ice-methanol. The products observed were aziridine (0.18), ammonia (0.16), and 
nitrogen (1.0) from the ethylene solution and 2-methylaziridine (0.33), allylamine (0.12), ammonia (0.17), and 
nitrogen (1.0) from the propene solution. The values in parentheses show the yields relative to that of nitrogen. 
The relative yields were independent of the concentration of hydrogen azide in the range of 0.8—8x 10~2 mol 
dm - 3 . The reaction of NH(axA) radicals with olefin consists of three processes: the addition to double bond, 
the insertion into the G-H bond, and the deactivation to the 3 2] - state. The branching ratios and the relative 
rate constants of the reactions of NH(a1A) radicals with ethylene, propene, and ethane were estimated. 

Since N H is isoelectronic with O and CH 2 , it is 
expected that the reactions of N H will be similar 
to those of O and CH 2 . In spite of many investiga­
tions, the reactions of N H are not understood well. 
The main reason is that most studies failed to detect 
the NH-containing products. Recently, we found the 
amine formation in the photolysis of hydrogen azide 
in liquid ethane, propane, and isobutane at the tem­
perature of Dry Ice-methanol by treating the products 
with NaOH.1»2) T h e amine formation was explained 
by the insertion reaction of the singlet NH(a x A) into 
the C - H bond of paraffin. If the singlet N H reacts 
with the olefin like the singlet O or C H 2 reacts with, 
then the formation of aziridine, the product of N H 
added to the double bond of ethylene, can be expected. 

Many investigations in the gas phase failed to detect 
the aziridine formation.3-6) Jacox and Milligan pho-
tolyzed a mixture of hydrogen azide and ethylene 
in the Ar matrix at 4 K and detected aziridine by 
infrared absorption spectroscopy. No kinetic study, 
however, was given.7) 

The photolysis of hydrogen azide was studied in 
liquid ethylene and propene at the temperature of 
Dry Ice-methanol in order to investigate the reactivity 
of N H radicals to olefin. 

Exper imenta l 

The experimental methods were essentially the same as 
those described in the previous papers.1»2) Hydrogen azide 
was prepared in vacuo by heating a mixture containing sodium 
azide and an excess amount of stearic acid; it was used after 
having been dried with phosphorus pentaoxide and degassed 
at —120 °C. Pure grade ethylene (Yokohama Chemicals 
Co.), ethane, and propene (Takachiho Shoji Go.) were 
used after the low temperature distillation. The mixture 
of hydrogen azide (8—80 (xmol) and hydrocarbon («10 
mmol) was prepared in a quartz^ tube of 8 mm o.d. and 
liquefied at the temperature of Dry Ice-methanol. The 
amount of the solution was about 1 cm3. The solution 
was irradiated with a medium pressure mercury lamp 
(Toshiba H-400P) through a filter (Toshiba UV 27) which 
cut off the light shorter than 250 nm. 

After the irradiation, non-condensable products at the 
temperature of liquid nitrogen were analyzed with a com­
bination of a Toepler pump, a gas burette, and a GuO furnace 
at 300 °G. The solvent hydrocarbon was evacuated at 
a temperature lower than — 80 °G. Less volatile products, 
including unreacted hydrogen azide, were passed through 

a trap packed with NaOH coated glass wool. The products 
thus obtained were analyzed with GLG, using a column 
packed with Amine 220 on NaOH coated Gelite 545 
(Gasukuro Kogyo Go., 5 m in length) at 40 °G. For the 
identification of the products, a mass spectrometer was used. 

R e s u l t s 

T h e products observed in the ethylene solution of 
hydrogen azide were nitrogen, ammonia, and aziridine. 
Beside these products, small peaks of unidentified prod­
ucts were observed on the gas chromatogram. These 
peaks were too small to be analyzed. Neither methane 
nor hydrogen formation was observed. T h e products 
observed in the propene solution were nitrogen, am­
monia, 2-methylaziridine, and allylamine. 

T o check the validity of the present analytical 
method, known amounts of ammonia and aziridine 
were added to the ethylene solution of hydrogen azide. 
After having been passed through the N a O H trap, 
less volatile parts were analyzed with G L C . Figure 
1 shows the amounts of aziridine and ammonia re­
covered as functions of those introduced in the solu­
tion. T h e recovery was almost 100%. 

Figures 2 and 3 show the relative yields of the prod­
ucts obtained in the ethylene and propene solutions, 
respectively, as functions of the concentration of hy­
drogen azide. T h e relative yields of the products 

0 1 2 3 

Initial amounts/10-6 mol 

Fig. 1. The amounts of aziridine and ammonia re­
covered from the ethylene solution of hydrogen azide 
against the amounts introduced in the solution. 
O: Aziridine, A : ammonia. 
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Fig. 2. Relative yields of the products as functions 
of the [HN3]/[G2H4] ratio obtained in the photolysis 
of the ethylene solution of hydrogen azide. 
O : Aziridine, A : ammonia. 
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Fig. 3. Relative yields of the products as functions of 
the [HN3]/[G3H6] ratio obtained in the photolysis 
of the propene solution of hydrogen azide. 
O : 2-Methylaziridine, G : allylamine, A : ammonia. 

were independent of the concentration of hydrogen 
azide. T h e yields of aziridine and ammonia were 
0.18±0.02 and 0.16±0.02 times that of nitrogen in 
the case of ethylene. I n the case of propene, the 
yields of 2-methylaziridine, allylamine, and ammonia 
were 0.33 + 0.02, 0 .12+0.01 , and 0.17+0.01 times 
that of nitrogen. 

When the mixture of ethylene and ethane were 
used as the solvent, the ethylamine formation competed 
with the aziridine formation. Figure 4 shows the 
relative yields of the products obtained in the mixture 
of ethane, ethylene, and hydrogen azide, as functions 
of the mole fraction of ethylene. In this case, the 
[HN 3 ] / ( [C 2 H 4 ] + [C2H6]) ratio was kept constant at 
2 .0X10- 3 . 

When ethylene was added to the propene solution 
of hydrogen azide, the aziridine formation competed 
with the formations of 2-methylaziridine and allyl 
amine, as is shown in Fig. 5. In this case, the [HN 3 ] / 
([C2H4] + [C3H6]) ratio was 2 . 5 x l 0 ~ 3 . 

0 0.2 0.4 0.6 0.8 

Mole fraction of G2H4 

Fig. 4. Effect of ethylene on the photolysis of the 
ethane solution of hydrogen azide as functions of 
the mole fraction of ethylene. 
O : Aziridine, A : ammonia, G : ethylamine. 
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Fig. 5. Effect of ethylene on the photolysis of the 
propene solution of hydrogen azide as functions of 
the mole fraction of ethylene. The [HN3]/([G2H4] + 
[G3H6]) ratio is 2.5 xlO"3 . 
O : Aziridine, # : 2-methylaziridine, G- allylamine, 
A : ammonia. 

D i s c u s s i o n 

Reaction Mechanism. In previous papers,1»2) the 
amine formation in the photolysis of hydrogen azide 
in liquid paraffin was explained by the insertion of 
NH(a x A) into the G - H bond of paraffin. As was 
shown in Fig. 4, when ethylene was added to the 
ethane solution of hydrogen azide, the ethylamine 
formation decreased and the aziridine formation in­
creased. In the case of propene, the allylamine/2-
methylaziridine ratio was independent of the concen­
tration of hydrogen azide, as is shown in Fig. 3. These 
results suggest that aziridine is formed by the addition 
of the singlet N H to the double bond of olefin. T o 
explain the results obtained, the following reaction 
mechanism was considered: 

HN3 + hv -

!NH + Ol 

-> XNH + N2 

—> aziridine 

(i) 

(2) 
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• amine k± (3) 

• 3NH + Ol kd (4) 
3NH + HN3 • NH2 + N3 (5) 

NH2 + HN3 > NH3 + N3 (6) 

N3 + Ol > OIN + N2 . (7) 

Here, XNH and 3 N H represent the N H radicals in the 
a*A and X 3 S ~ states respectively. Ol means olefin 
used. In the case of propene, allylamine is a possible 
insertion product. T h e insertion into the vinylic G - H 
bond will give vinylamine, which is known to be an 
unstable compound at room temperature; therefore, 
the vinylamine, even if formed, will not be detected. 

In the case of paraffin, Reaction 8 was assumed for 
the reaction of N3:1,2> 

N3 + N3 > 3 N 2 . (8) 

Since olefin is known as a radical scavenger, Reaction 
7 is assumed instead of Reaction 8. T h e product 
OIN will give a polymer.8) 

As shown in Figs. 2 and 3 and in the previous 
papers,1'2^ the relative yield of ammonia in the olefin 
solution was larger than that in the paraffin solution 
and was independent of the concentration of hydrogen 
azide. The following reactions might be considered 
for the ammonia formation: 

*NH + RH > NH2 + R (9) 
3NH + RH • NH2 + R (10) 

NH2 + RH • NH3 + R. (11) 

Here, R H denotes an hydrocarbon molecule. If these 
reactions are taken into the mechanism, it is necessary 
to assume that the rate of the abstraction by XNH or 
3 NH from ethylene is almost the same as that from 
propene and faster than that from paraffin including 
isobutane. This assumption is not acceptable, since 
olefin is known as a radical scavenger and the rate 
is faster than that of the hydrogen atom abstraction. 
The rate of the abstraction is known to depend on 
the strength of the G - H bond included. 

Another possible mechanism for the ammonia for­
mation is a molecular hydrogen abstraction from hy­
drocarbon : 

1NH + G2H4 • NH3 + G2H2, AH = - 2 0 0 kj mol"1. 

(12) 

Reaction 12 can successfully explain the concentration 
dependence of the ammonia formation. If Reaction 
12 occurred in the case of ethylene, we should also 
consider the similar reaction in the case of paraffin: 

1NH + G2H6 • NH3 + G2H4, AH = - 2 4 0 kj mol"1. 

(13) 

By the inclusion of Reaction 13 in the mechanism, 
the concentration dependence of the ammonia forma­
tion should have an intercept. This was not the 
case, as was shown in the previous paper.2) There 
is no reason to assume that Reaction 12 is important 
in the case of olefin while the similar reaction is not 
important in the case of paraffin. Thus it may be 
concluded that a reaction such as Reaction 12 is not 
important. 

The remaining sources of ammonia are Reactions 

5, 6, and 14: 

iNH + HN3 • NH2 + N3 . (14) 

In fact, Reaction 14 has been considered to be im­
portant in the case of paraffin to explain the result 
that the relative yield of amine decreased with an 
increase in the concentration of hydrogen azide.2) 
In the case of olefin, Reaction 14 should not be im­
portant , since the relative yield of aziridine or amine 
is constant for the change in the concentration of 
hydrogen azide. Thus, the remaining sources of am­
monia are Reactions 5 and 6. 

In the case of paraffin, Reaction 15 has been con­
sidered to explain the material balance and the con­
centration dependence of the ammonia formation: 

NH2 + NH2 • N2H4 . (15) 

If Reaction 15 is included in the mechanism, the 
relative yield of ammonia should linearly increase 
with an increase in the concentration of hydrogen 
azide. In the case of olefins, however, this is not 
the case, as is shown in Figs. 2 and 3. T h a t is, the 
rate of Reaction 15 is negligibly small in the olefin 
solution. 

As was discussed above, it was necessary to ignore 
Reactions 14 and 15 to explain the results obtained 
with the olefin solution. In the case of paraffin, 
the rate of Reaction 14 has been considered to depend 
on the solvent.2) Although the detailed interaction 
is unknown, the solvent effect seems to be the only 
way to explain the difference in the hydrogen azide 
concentration dependence of ammonia formation in 
paraffin and in olefin solutions. 

Cornell et al. assumed the reactions of triplet N H 
with ethylene to explain the formation of HGN, 
CH 3 CN, H 2 , and GH 4 in the photolysis of a mixture 
of hydrogen azide and ethylene in the gas phase at 
room temperature:4) 

3NH + G2H4 • GH3GN + H2 

• HGN + H + GH3 . (16) 

If Reaction 16 is included in the mechanism, the H 2 

and GH 3GN formations should be observed. However, 
these were not found, as shown in the Results section. 
An intermediate of Reaction 16 may be a vibrationally 
excited aziridine in the triplet state, which may be 
efficiently deactivated to the ground state under the 
present experimental conditions: 

3NH + G2H4 > aziridine. (17) 

A similar addition reaction to the double bond of 
olefin has been considered in the cases of triplet O 
and CH2 .9 - 1 2) If Reaction 17 is included in the 
mechanism, the relative yield of ammonia should in­
crease while that of aziridine should decrease with 
an increase in the concentration of hydrogen azide, 
because of the competition between Reactions 5 and 
17. This is not the case, as shown in Figs. 2 and 3. 
T h a t is, the addition reaction, if it occurred, should 
be negligible compared with Reaction 5. In the case 
of O atoms, the addition rate of the triplet oxygen 
has been measured to be about two orders of magnitude 
slower than that of the singlet O atoms at room 
temperature.10) In the case of N H radicals, Cornell 
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et al. estimated the rate of Reaction 16 to be about 
107 dm 3 m o l - 1 s_ 1 at room temperature.4) Recently, 
McDonald et al. have determined the rate constant 
for the reactions of the singlet N H with ethylene to 
be 2.3 X 1010 dm 3 m o l - 1 s - 1 at room temperature. 13> 
T h a t is, the rate of triplet N H is about three orders 
of magnitude smaller than that of the singlet N H . 
If Reaction 17 has some activation energy, the rate 
will become smaller under the present experimental 
conditions. 

Material Balance. From the above reaction 
mechanism, the following relations are expected to 
hold between the amounts of the products: 
for ethylene; 

N2 = aziridine -f 3 ammonia, (18) 

for propene; 

N2 = 2-methylaziridine + 

allylamine -\- 3 ammonia. (19) 

Using the values shown in Figs. 2 and 3, the (azirid­
ine + 3 ammonia) /N2 and the (2-methylaziridine + 
a l ly lamine+3 ammonia) /N 2 ratios can be estimated 
to be 0.67 ±0 .08 and 0.96 ±0 .04 respectively. In the 
case of propene, the ratio is close to unity, while the 
ratio in the case of ethylene is considerably smaller 
than unity. T h a t is, about 3 0 % of NH-containing 
products are missing in the case of ethylene. Similar 
results have been obtained in the case of paraffin, 
and hydrazine was assumed to be the missing product 
(Reaction 15). In the case of ethylene, however, 
the hydrazine formation was ignored, as was discussed 
in the previous section. I t is necessary to consider 
another mechanism for the missing products. This 
point will be discussed later. 

In the case of paraffin, hydrogen formation has 
been observed. This was explained by assuming that 
about 9 % of the photodissociation of hydrogen azide 
leads to the formation of hydrogen atom and N3:

2> 

HN3 + hv > H + N3 (20) 

H + HN3 > H 2 + N 3 . (21) 

In the presence of an excess amount of olefin, the 
scavenging of hydrogen atoms by olefin may be more 
important than Reaction 21 . This explains the ab­
sence of hydrogen formation in the olefin solution: 

H + Ol > R, (22) 

where R denotes a G 2H 5 or C 3H 7 radical. There is 
a possibility that the reaction of R affects the total 
yield of nitrogen. T h e following reactions can be 
considered for the reactions of alkyl radicals: 

R + N3 • RN3 (23) 

R -I- R > products (24) 

R + HN3 > R H + N3 . (25) 

If Reaction 23 is important , the nitrogen formation 
is not affected and Eqs. 18 and 19 still hold. If 
Reaction 24 is important , Reaction 20 has to be taken 
into account for the formation of nitrogen. T h e cor­
rection is about 9 % . If Reaction 25 is important, 
the correction of 1 8 % is necessary for the yield of 
nitrogen. Although it is difficult to decide which 
reaction is important under the present experimental 

conditions, the correction of 1 8 % is too large for the 
case of propene. 

Relative Rate Constant. Assuming the above 
reaction mechanism, the following rate constant ratios 
can be estimated by using the yields of products shown 
in Figs. 2 and 3. 

^ae/^de = aziridine/ammonia = 1.1 ± 0 . 2 (26) 

^ap/̂ dp = 2-methylaziridine/ammonia = 1.9 ± 0 . 1 (27) 

klp/kdp = allylamine/ammonia = 0.67 ±0 .04 (28) 

W * i P = 2-methylaziridine/allylamine = 2.9 ± 0 . 3 , (29) 

where subscripts a, i, and d stand for the addition, 
insertion, and deactivation reactions of the singlet 
N H with ethylene (e) or propene (p) respectively. 

From the results shown in Fig. 5, the relative rate 
constant of the reaction of the singlet N H with ethylene 
to that with propene can also be estimated. Using 
the steady-state treatment, Eqs. 30, 31, and 32 can 
be obtained for the relative yields of the products: 

aziridine/N2 = K6c/ke X (30) 

2-methylaziridine/N2 = &apc/£p (l-X) (31) 

allylamine/N2 = kipcjkp (l-X), (32) 

where X=ke[G&AI{ke[C&A+k9[C£lJ). The sym­
bol c means (N2—2 NH 3 ) /N 2 , which was almost in­
dependent of the fraction of ethylene, as is shown in 
Fig. 5. ke and kp are the sum of the rate constants 
for the addition, insertion, and deactivation of the 
singlet N H with ethylene and propene respectively. 

In order to estimate the kjkp ratio, a weighted mole 
fraction, X ' , is introduced, which is defined as follows: 

X' = / [G2H4] /( /[G2H4] + [G3H6]), (33) 

where f is a weighted factor. If f=kjkp, then X= 
X'. Assuming a value for f, the values of X' can be 
calculated for any mole fraction of ethylene. If the 

f factor is equal to kjkp, the plots of the left-hand-side 
of Eqs. 30, 31, and 32 against X' should give straight 
lines for each product. Such plots are made by vary­
ing the f factor until good linearities can be obtained 
for every product. When the f factor was assumed 
to be 1.6, good linearities could be obtained, as are 
shown in Fig. 6; that is, kjkp=l.6. 

A similar relative rate constant for the reaction of 
the singlet GH 2 with ethylene and propene has been 
estimated to be 0.77 in the gas phase.9) For the singlet 
O, 2 .2/6.0=0.37 has been reported.10) The trend in 
the reactivity of the singlet N H is in the opposite 
direction to those of the singlet O and GH 2 ; the ratio 
for N H is larger than unity, while those for O and 
C H 2 are smaller than unity. No proper interpretation 
can be found for this anomaly a t present. 

From the slopes of the straight lines in Fig. 6, the 
k&Jke, k&pjkp, and klp/kp ratios can be estimated to 
be about 0.30, 0.48, and 0.17 respectively. Combin­
ing these values with those estimated from Eqs. 26— 
29, the kdJke and kdp/kp ratios can be estimated to 
be 0.27 and 0.25 respectively. These values are listed 
in Table 1. Although the (k&p+klp+kdp)/kp

 r a t i o is 
close to unity, the {ka_e-\-kde)lke ratio is only 0.57. 
T h a t is, some reaction path is missing in the case of 
ethylene. The extent of the missing reaction cor-
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Weighted mole fraction of G2H4 

Fig. 6. Plots for Eqs. 30, 31, and 32 as functions of 
the weighted mole fraction of ethylene. 
O: Aziridine, # : 2-methylaziridine, • • allylamine. 

f=l.6 (see Text). 

TABLE 1. VALUES OF RELATIVE RATE CONSTANTS 

Addition 
Insertion 

Vinylc> 
Allyl 

Deactivation 

Total 

G2H4 

[1.00]a> 

1.43 
0 
0.90 

3.33 

(0.30) b> 

(0.43) 
0 

(0.27) 

(1.00) 

C3H6 

1.0 (0.48) 

0.21 (0.10) 
0.35 (0.17) 
0.52 (0.25) 

2.08 (1.00) 

a) The rate of aziridine formation in the ethylene 
solution is assumed to be unity, b) The values in 
parenthèse show the relative values for each olefin, 
assuming the total rate to be unity, c) Values estimated 
on the assumption that the missing reaction is the 
insertion into the vinylic C-H bond. 

responds to the amount of the missing NH-containing 
products, which was disscussed in the previous section. 
The missing product might be vinylamine, since this 
compound is known to be unstable at room temper­
ature. 

The following relations can also be obtained by 
using the steady-state t reatment : 

2-methylaziridine/aziridine = &ap[C3H6]/&ae[C2H4] (34) 

allylamine/aziridine = ^lp[G3H6]/A:ae[G2H4]. (35) 

The k&Jk&e and k{Jk&e ratios were estimated to be 
1.0±0.1 and 0.32±0.05 respectively, using the results 
shown in Fig. 5. T h e rate of the addition to the 
double bond of ethylene is almost equal to tha t of 
propene. The relative rate constants are summarized 
in Table 1. 

From the results shown in Fig. 4, it is possible to 
estimate the relative rate of the insertion into the 
C - H bond of ethane to the addition to the double 
bond of ethylene. 

iNH + G2H6 > G2H5NH2 (36) 

When competition between Reactions 36 and 2 is 
considered, the following relation can be obtained: 

ethylamine/aziridine = &36[C2H6]/&ae[C2H4]. (37) 

T h e ksJk&e ratio is estimated to be 0.82 ± 0 . 0 5 . Since 
ethane has 6 C - H bonds, the addition reaction is 
about 6/0.82 = 7.3 times faster than the insertion reac­
tion per C - H bond. This value can be compared 
with 3 k&Jklp=8.6, i.e., the addition reaction is 8.6 
times faster than the insertion into the allylic C - H 
bond of propene. In the case of the singlet O , DeMore 
estimated this ratio to be 0.37/0.071=5.2 in the Ar 
solution at 87 K.n> For the singlet CH 2 , this ratio 
was larger than 10, depending on the source of the 
CH2.12> The ratio obtained with the singlet N H is 
between the ratios obtained with the singlet O and 
CH 2 . 

Table 1 shows that the branching ratio for the 
deactivation (Reaction 4) by ethylene is almost the 
same as that by propene and slightly larger than that 
by paraffin.2) In this article, Reaction 4 followed 
by Reactions 5 and 6 is assumed to be responsible for 
the ammonia formation. However, Reaction 9, the 
hydrogen atom abstraction from hydrocarbon by the 
singlet N H , is indistinguishable from Reaction 4 only 
from the kinetics. If Reaction 9 should be considered 
instead of Reactions 4 and 5, the branching ratio 
for the deactivation would be that of Reaction 9. 
In this case, it is necessary to assume that the rate of 
the abstraction from ethylene is faster than those 
from propene and from paraffin, as was discussed 
already. 
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Lasing wavelengths and fluorescence spectra were measured for a mixed dye system containing various con­
centrations of Rhodamine 6G (Rh-6G) and 3,3'-diethylthiacarbocyanine iodide (DTG), which have very closely 
located Sj levels, in acetone at room temperature. A new way of confirming the occurrence of energy transfer 
is presented on the basis of the reabsorption effect. It was found that most of the pump power absorbed by Rh-
6G is transferred to DTG. A study of the fluorescence decay by ajDicosecond laser revealed that the energy 
transfer is essentially governed by the Förster mechanism. The observed fluorescence decay data agree fairly 
well with the RQ value of 73.2 Â calculated from the spectral overlap. 

Dye lasers have made a great progress over a wide 
wavelength region ranging from the ultraviolet (UV) 
to the infrared ( IR) . Hildebrand1) and Lin2) reported 
near- IR dye laser emission from several polymethine 
dyes directly pumped by U V nitrogen laser radiation 
( i = 337.1 nm) . However, it is difficult to obtain ef­
ficient laser emission in longer wavelength regions 
(e.g., near - IR) , from nitrogen-laser pumped dye solu­
tions, mainly because of very small absorption at 
337.1 nm. A means to overcome the difficulty is the 
excitation of a dye laser through energy transfer pro­
cesses for some dye mixture systems excited by 337.1-
nm radiation of a nitrogen laser.3-9) The energy 
transfer process with the use of a proper mixture of 
dyes can provide a means of extending the wavelength 
region in which lasing is achieved. 

In the dye mixture systems studied so far, the fluo­
rescent levels of donor and acceptor are widely sepa­
rated (over 1800 cm" 1 ) , 3 - 9 ' and thus there is little 
ambiguity in the lasing species. In a system of a 
donor and acceptor with closely located energy levels, 
however, it is difficult to identify the lasing species. 
Investigation of such a system seems to be important 
in connection with the intermolecular energy transfer 
in photosynthetic pigments, considering that several 
forms of chlorophyll with slightly different absorption 
maxima are operative in the primary energy-transfer 
process in photosynthesis.10) In this connection, we 
have studied the energy transfer mechanism. The in­
termolecular singlet-singlet electronic energy transfer 
was found to proceed by at least three mechanisms: 
the resonance, exchange, and trivial mechanisms.11) 
I n order to differentiate various mechanisms contri­
buting to energy transfer in dye laser systems, the 
study of fluorescence decay curve with a picosecond 
laser seems to be effective. 

In this paper, we report the lasing behavior and 
energy transfer mechanism of the system 3,3'-diethyl-
thiacarbocyanine iodide (DTC) as an acceptor and 
Rhodamine 6G (Rh-6G) as a donor in acetone at 
room temperature. The Sx levels of both dyes are 
closely located. Some results have been reported.12) 

Exper imenta l 

Rh-6G (laser-dye grade; Eastman Kodak Go.), DTG 
(laser-dye grade; Dojindo Lab.), and acetone (spectrograde 
or guaranteed grade) were used without further purification. 

The nitrogen and dye laser system and the spectrofluoro-
meter were constructed in our laboratory. The nitrogen 
laser was similar to the one described by Basting et al.is> 
and Maeda and Miyazoe.14) The dye solution in a quartz 
spectrofluorometer cell with a square section l x l cm2 was 
transversely pumped by 337.1-nm radiation from a pulsed 
nitrogen laser with an output peak power of ca. 500 kW 
at the nitrogen pressure ca. 60 Torr. No mirrors were em­
ployed, lasing being conducted between the side walls of 
the dye cell. 

The dye lasing wavelengths and fluorescence spectra 
were measured with a Nalumi RM-21 500-mm grating 
monochromator equipped with an EMI 6256S photomul-
tiplier. For the fluorescence spectra, the sample degassed 
in 9 mm diam. pyrex tubes was excited by an Ushio USH-
500D 500-W super-high-pressure mercury arc lamp, 
Toshiba V-V40 and UV-39 filters being used to select 436-
nm light.15) For the fluorescence decay curves, the sample 
in a quartz spectrofluorometer cell was pumped with the 
second harmonic (530 nm) of a Nd3+ : YAG laser, the decays 
being measured with a Hamamatsu G979 streak camera. 
The donor emission was selected with a Nihon-Shinkukogaku 
IF-W interference filter (Amax = 560 nm). The time-sale of 
the streak camera was fully calibrated. The width of the 
exciting pulse was ca. 26 ps. The results of three shots on 
the same sample were averaged. All measurements were 
made at room temperature. Other experimental details 
have been reported.9,16> 

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

Spectra. The absorption and fluorescence spec­
tra of Rh-6G and D T G are shown in Fig. 1. The 
good spectral overlap between the Rh-6G fluorescence 
and D T G absorption suggests the possibility of energy 
transfer from Rh-6G to DTG. Since the peak wave­
lengths of the fluorescence spectra are close to each 
other for these dyes, the emission in a mixture of the 
two dyes can not be concluded to originate from the 
acceptor (DTC) . 
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Confirmation of Energy Transfer by Reabsorption Effect. 
Since we observed no lasing for D T C by itself, it may 
follow that the excitation energy is effectively trans­
ferred from Rh-6G to D T G when the laser emission in 
the mixtures originates from D T C . T h e lasing wave­
lengths and fluoresence spectra of the Rh-6G-DTC 
dye mixture system were measured at various donor 
concentrations for a fixed acceptor concentration. The 
plot of peak wavelengths (Amax) in the laser emission 
(L) and fluorescence (F) versus donor concentration 
[D] is shown in Fig. 2, together with the concentra-

300 400 500 600 
Wavelength/nm 

Fig. 1. Absorption (Abs) and fluorescence (F) spectra 
for the Rh-6G and DTG dyes separately. 
Absorption path length: 1 mm. Concentration: Rh-
6G, 5x 10-5 M for Abs and 1 X 10"5 M for F; DTC, 
5 X 10~5 M for Abs and 1.5 X 10~5 M for F; in acetone. 
The arrow on the abscissa refers to the 337.1-nm 
excitation wavelength. 
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Fig. 2. Plots of the Amax-values in the laser emission 
(L) and fluorescence (F) versus the Rh-6G concen­
tration [D] for a fixed DTC concentration (1.5 X 10~4 

M). 
A and 0 : L and F of Rh-6G-DTC dye mixture sys­
tem, respectively ; <•> and H : L and F of Rh-6G alone, 
respectively. It was not possible to obtain laser 
action from Rh-6G alone as well as from the mixture 
in the low concentration range under our experi­
mental conditions. 

tion dependence of the Amax-values in L and F of 
Rh-6G alone in acetone. The Amax-values in L and 
F of the dye mixture are independent of concentration 
while those in the Rh-6G only system shift to longer 
wavelengths with increasing concentration because of 
the reabsorption effect. This indicates that the emis­
sion in the dye mixture originates essentially from 
D T C . 

We measured the Amax-values of L and F in the dye 
mixture system at various acceptor concentrations for 
a fixed donor concentration. The results are shown 
in Fig. 3 together with the concentration dependence 
of Amax in F of D T C in acetone. The Amax-values in 
F of both the dye mixture and the DTC-only system 
agree, showing a shift due to the reabsorption effect 
as in the case of the Rh-6G. T h e Amax-values in L 
of the dye mixture system show a concentration de­
pendence similar to those of F mentioned above. The 
results show that the laser emission in the dye mixture 
system originates essentially from D T C at least within 
the concentration range studied. Most of the ex­
citation energy absorbed by Rh-6G is transferred to 
D T C as a useful p u m p power, viz., pumping by ex­
citation transfer is efficient. 

We carried out an experiment with dye mixtures 
containing coumarin 2 as donor and coumarin 1 as 
acceptor in ethanol at room temperature and at 77 
K over a wide range of concentration. T h e Sx levels 
of both dyes are more closely located than the Rh-6G-
D T C system. We have confirmed on the basis of 
the reabsorption effect that in this system the energy 
transfer from coumarin 2 to coumarin 1 occurs at 
77 K.17> 

Fluorescence Decay Behavior. Rh-6G-only and 
DTC-only System: Fluorescence was monitored at 560 
nm and 580 nm for Rh-6G and D T C , respectively. 
An exponential decay was observed in each case with 

600 

TA]/M 
Fig. 3. Plots of the Amax-values in L and F versus the 

DTC concentration [A] for a fixed Rh-6G concentra­
tion (5x lO- 4 M). 
A and 0 : L and F of Rh-6G-DTC dye mixture 
system, respectively; @: F of DTC alone. 
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lifetime of 2.6 ns (Rh-6G 1.0 X10" 5 M)18>t and 130 
ps (DTG 2.0X 10-6 M ) . T h e latter is in good agree­
ment with the predicted value of Roth and Craig.19) 

Rh-6G Plus DTC System: Fluorescence was moni­
tored at 560 nm. T h e Amax-values in F of Rh-6G 
and D T C are 552 nm (10"5 M) and 590 nm (10~4 

M ) , respectively. T h e experimental decay curves indi­
cate that the initial par t (£<400ps) suffered from a 
serious overlap of the DTC-fluoresence. Since the 
initial par t (£<30ps) was influenced by the exciting 
pulse duration, only the later part of the decay was 
used for the analysis. T h e following holds for the 
Förster-type time-dependent fluorescence decay of the 
donor in the presence of a large number of acceptor 
molecules:20»21) 

/ Q ( 0 = /Q(0) exp { - « / T D - 2 ( [ A ] / C 0 ) ( * / T D ) V « } (1) 

where C 0 =(7 .65 /# 0 ) 3 . R0, critical transfer distance, 
is given by the formula 

9000(ln 1O)0DA;2 

* o 6 = mn5Nn* P / D M * A M < W * ' 4 - (2) 

In these formulas, TD is the fluorescence lifetime of 
the donor in the absence of energy transfer, 0D the 
fluorescence quan tum yield of the donor, N Abogadro's 
number, n reflactive index of the media, fB the spectral 
distribution of the donor fluorescence normalized to 
one (in units of quanta on a wavenumber scale), and 
sA the molar decadic extinction coefficient of the 
acceptor. T h e average value of A:2, an orientation 
factor, is 2/3 when the molecules are free to rotate 
at a rate much greater than that of transfer, and 
0.47522) when the orientation of the donor and acceptor 
is random but the rate of rotation is much smaller 
than that of transfer. From Eq. 1 and the fluorescence 
decay in the absence of the acceptor 

/ F ( 0 = / F ( 0 ) e x p ( - * / T D ) , (3) 

we have the linear relationship: 

In [7Q(0/7,(01 = In [ / Q ( 0 ) / / , ( 0 ) ] -2([A]/C0)rD-V«/V«. (4) 

T h e values of CQ and RQ can be calculated from the 
spectral overlap of fluorescence band of Rh-6G and 
absorption band of D T C to be 1 . 1 4 x l O - 3 M and 73.2 

, l / 2 / p s l / 2 

Fig. 4. In [ / Q ( 0 / 7 F ( 0 1 plotted as a function of t1/2. 
7Q(0: Rh-6G 1X 10~5 M, DTG 9 x l O " 5 M , IF(t): 
Rh-6G 1 X 10"5 M. The slope of the straight line 
was calculated with J?0=73.2Â. 

Â, respectively. T h e value of the orientation factor 
ic2 was assumed to be 2/3 in this calculation (vide infra). 
In Fig. 4, l n [ / Q ( 0 / / p ( 0 ] 1S plotted against t1'2, the 
number of data points being restricted for the sake 
of clarity. T h e straight line in the figure has the slope 
calculated with the values given above. The ex­
perimental points representing the later part of decay 
seem to fit the line although the data points are scat­
tered because of the small intensity of 7Q(£). This 
suggests that the energy transfer in the present dye 
laser system takes place essentially through the pro­
cess of nonradiative resonance transfer of the Förster 
type. A large R0 value is due to a large spectral 
overlap, which is in turn caused by the closely located 
Sx levels of the dyes. 

T h e Förster theory assumes that the rate of transla-
tional diffusion is small enough to preclude a signi­
ficant perturbation of the random distribution of dis­
tances between D and A during the course of meas­
urement.1 1 0 j l l e) O n the basis of picosecond-absorption 
spectroscopic studies R e h m and Eisenthal23) stated that 
the Förster theory gives a good description of singlet-
singlet energy transfer between Rh-6G (donor) and 
malachite green (acceptor) in glycerol even up to 
the earliest time (20 ps). Porter and Tredwell21) car­
ried out similar studies with a picosecond laser and 
streak camera system on the same pair in a low vis­
cosity solvent (ethanol), showing that the Förster 
theory is applicable up to a limiting time resolution 
of 10 ps. They showed that translational diffusion 
does not distort the kinetics of the energy transfer 
system at a viscosity of 1.2 cP.tt T h e significant 
changes in the intermolecular distances during energy 
transfer can be precluded because of the relationship110) 

Ro » [2(7>D + Z>A)rD]V2, (5) 

where DB and DA are the diffusion coefficients of 
the donor and acceptor, respectively. In our case, 
the viscosity of the solvent (0.32 cP) is ca. 4-fold smaller 
than in their case; the diffusion coefficient of Rh-6G 
would be ca. 4 times larger, assuming the Stokes-
Einstein relation D—kTj(C)7ir]b).llh) T h e coefficient for 
D T G is unknown. However, the size and charge of 
the molecule are comparable to those of Rh-6G indi­
cating that the value of the coefficient should be similar. 
Thus , [ 2 ( 7 ) D + . D A ) T D ] 1 / 2 would be ca. 45 Â, twice as 
large as in the case of Porter and Tredwell. O u r 
value of RQ, 73.2 Â is much larger. 

Gösele et al.2*) reported that an expression formally 
analogous to Eq. 1 can be obtained for the time-
dependent fluorescence intensity even when diffusion 
governs the fluorescence quenching effects. In the 
diffusion-governed kinetics, instead of R0

3, should be 
used r^jyD1/2^2 multiplied by a constant with a 
value close to 2, where rAD is a certain collision dis­
tance and D the sum of DA and DB (the quantity 
a in their formulas is replaced by RQITB). According 
to these authors, the quenching effects are controlled 
by diffusion and by long-range energy transfer when 
Z 0=Ä 3 / (2r 2

DZ) 1 / 2T 1 / 2 )<l or Z 0 > 1 , respectively. For 
the case where the long-range energy transfer is 

t 1 M = 1 mol dm - 3 in this paper, Tt 1 c P = 1 0 - 3 k g m - 1 s - 1 in SI units, 
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dominant, we have ^ O ^ A D a n d hence Ä§>21 /2r |D . 
When we multiply the left and right sides of the in­
equality 5 by Rl and 21/2r2

AD respectively, we obtain 
the relation Z 0 > 1 . Thus, the relation Z 0 > 1 is 
equivalent to inequality 5. 

Birks l lc) and Birks and Georghiou25) observed the 
donor fluorescence decay of phenanthrene in the ab­
sence and presence of acridine in six solvents of vis­
cosity 37=64.6 cP (cyclohexanol) to 0.4 cP (heptane). 
Their results were compared with the relations of 
Förster20), Yokota and Tanimoto2 6), and Voltz et al.,27) 
the last being developed from diffusion theory and 
extrapolates to Stern-Volmer kinetics.110) A mean 
value of RQ=25.5 Â was obtained from the spectro­
scopic data. At 37=64.6 cP, where V2DrB<RQ, the 
donor decay follows Förster kinetics. At >?<3.7cP 
where V2DrB>3R0, the decay was exponential, fol­
lowing S tern-Volmer kinetics. At intermediate vis­
cosities, where the decay was non-exponential but more 
rapid than predicted by the Förster relation, the 
decay agreed with the Yokota-Tanimoto relation within 
experimental error. T h e Voltz relation predicted a 
more rapid decay than that observed. 

In our case, R0 is much larger than V2DrB. In 
the Yokota-Tanimoto relation, the second term in the 
exponent of Eq. 1 is multiplied by 

B = [(l + 10.87*+15.50*2)/(l + 8.743*)]3/4 (6) 

with x=Doc-1/H2/*=DRö2r})
/*t2/*. T h e slope of the 

\n[Iq(t)IIF(t)] vs. t1/2 plot is not constant but dependent 
on t1/2 because of the presence of B. For our case with 
Z ) = l x l 0 - 5 c m 2 s - 1 , # 0 = 7 3 . 2 Â, and T D = 2 . 6 ns, the 
slope calculated by means of the Yokota-Tanimoto 
relation increases in absolute value with t1/2. The 
experimental points in Fig. 4 show no such tendency. 
The slope is constant and time-independent, indi­
cating that the Förster kinetics is applicable, although 
the viscosity of the solvent is very low. If we compare 
our results with those of Birks and Georghiou,25) we 
find the following: (1) a larger R{) value, R0=73.2 
Â instead of 25.5 Â, (2) a larger b value, large dye 
molecules instead of small molecules phenanthrene 
and acridine and (3) a smaller rD value, T D = 2 . 6 ns 
instead of T D « 6 0 ns. Each of the effects (1), (2), 
and (3) diminishes the boundary value of rj for dif­
fusion-dominated kinetics, i.e., a value of f} which 
satisfies V2DrJ)=3R0. The value becomes smaller by 
a factor of (73.2/25.5)2«8 than that of Birks and 
Georghiou if we take (1) into consideration. 

The energy transfer seems to follow the Förster 
mechanism, although some contribution of diffusion 
controlled process can not be entirely ruled out. 

Bojarski and Dudkiewicz28) proposed the concen­
tration effects on orientation factor K2 by considering 
the concentration-dependent ratio of rotation time 
(r r) and time of the excitation energy localization 
T 1 = [ S A D * D + S A D * A + Â : F + Â : J - 1 , where £D*D and kB*A 

D A 
denote the rate constant of long-range nonradiative 
electronic excitation energy transfer due to the dipole-
dipole interaction between an excited donor (D*) and 
an unexcited donor (D) and that between D * and 
an acceptor (A), respectively, and kT and kQ those 

for emission and internal conversion, respectively. 
They assumed the value of it2 to be a function of a = 
r r/TD and y = [ A ] / C 0 . T h e deviation of ic2 from the 
value of rapid rotation is important when y> 1 for 
a<0.\. For a larger a, it becomes prominent from 
a smaller y. They reexamined the data of Porter 
and Tredwell21) and concluded that the small sys­
tematic change in C0 can be caused by the change in 
K2. In the case (P. and T.) ( r r = 3 2 0 p s . r D = 4 2 0 0 p s , 
0=0.0762) the acceptor concentration is very high 
(10~2—10~3 M) , the values of y being in the range 
3.05—0.33. In our case, the value of rT should be 
smaller than that in more viscous ethanol (320 ps). 
With T D = 2 6 0 0 ps, the value of a would be ca. 0.1. 
Since y = 9 x 10- 5 /1 .14x 10" 3 =0.079, the deviation of 
the value of K2 from the value of rapid rotation can be 
neglected. The value A:2=2/3 seems to be reasonable. 

Concluding Remarks. A new method has been 
worked out for confirming the occurrence of energy 
transfer on the basis of the reabsorption effect. Rh-
6G, with a high fluorescence quan tum yield (0.83 
or 0.92)18) and a good spectral overlap character­
istics with D T C , can be used as an efficient donor 
for lasing of D T C even though D T C has a very low 
fluorescence quan tum yield (0.048), 19> T h e energy 
transfer occurs by a nonradiative process of the 
Förster-type. French et al.10) found that the absorp­
tion bands of chloroplasts can be considered as a 
superposition of bands associated with several chloro­
phyll forms. A very efficient energy transfer occurs 
among them, their Sx levels being very close. T h e 
dyes we used have very closely located Sx levels. A 
combination of these dyes can be considered as a 
model system of chloroplasts. Occurrence of reso­
nance energy transfer is possible for these dyes even 
in dilute solutions (below 10 - 3 M) mainly due to 
good spectral overlap characteristics, i.e., a large value 
of R0. Further experiments on the energy transfer 
of these dyes in micellar systems are in progress.29-30) 

This work was partly supported by a Grant-in-Aid 
for Special Project Research on Laser Spectroscopy 
No. 221626 from the Japanese Ministry of Education, 
Science and Culture. 

References 

1) O. Hildebrand, Opt. Commun., 10, 310 (1974). 
2) G. Lin, IEEE J. Quantum Electron., QE-11, 61 (1975). 
3) G. E. Moeller, G. W. Verber, and A. H. Adelman, 

Appl. Phys. Lett., 18, 278 (1971). 
4) F. B. Dunning and E. D. Stokes, Opt. Commun., 6, 

160 (1972). 
5) A. Dienes and M. Madden, J. Appl. Phys., 44, 4161 

(1973); G. Lin and A. Dienes, J. Appl. Phys., 44, 5050 (1973). 
6) L B . Berlman, M. Rokni, and G. R. Goldschmidt, 

Chem. Phys. Lett., 22, 458 (1973). 
7) S. A. Ahmed, J . G. Gergely, and D. Infante, J. Chem. 

Phys., 61, 1584 (1974). 
8) E. Weiss and S. Speiser, Chem. Phys. Lett., 40, 220 

(1976). 
9) Y. Kusumoto, H. Sato, and K. Maeno, Sei. Rept. 

Kagoshima Univ., 26, 151 (1977). 
10) G. S. French, Proc. Natl. Acad. Sei. U. S. A., 68, 2893 

(1971); G. S. French, J . S. Brown, and M. Q. Lawrence, 



64 Y. KUSUMOTO, H . SATO, K. M A E N O , S. Y A H I R O , and N . NAKASHIMA [Vol. 54, No. 1 

Plant Physiol, 49, 421 (1972). 
11) a) N . J . Tu r ro , "Molecular Photochemistry," 

Benjamin, New York (1967); b) A. A. Lamola, "Energy 
Transfer and Organic Photochemistry," ed by P. A. 
Leermakers, A. Weissberger, A. A. Lamola, and N . J . Tur ro , 
Interscience, New York, N . Y. (1969), p . 17; c) J . B. Birks, 
"Photophysics of Aromatic Molecules," J o h n Wiley, New 
York (1970), Chap . 11 ; d) R . G. Bennett, J. Chem. Phys., 
4 1 , 3037 (1964); e) R . G. Bennett and R . E. Kellogg, 
Photochem. Photobiol., 7, 571 (1968); f) N . J . Turro, Pure Appl. 
Chem., 49, 405 (1977). 

12) Y. Kusumoto, H . Sato, K. Maeno , and S. Yahiro, 
Chem. Phys. Lett., 53, 388 (1978). 

13) D . Basting, F . P. Schäfer, and B. Steyer, Opto-electron, 
4, 43 (1972). 

14) M . M a e d a and Y. Miyazoe, Jpn. J. Appl. Phys., 13, 
827, (1974). 

15) T h e Rh-6G and D T G dye samples studied were 
decomposed by continuous irradiation by 365-nm light 
selected with a Toshiba U V - D I A filter. 

16) M . Sumitani , N . Nakashima, K . Yoshihara, and 
5. Nagakura , Chem. Phys. Lett., 5 1 , 183 (1977). 

17) Y. Kusumoto and H . Sato, Unpubl ished results. 
18) K . A. Selanger, J . Faînes, and T . Sikkeland, J. Phys. 

Chem., 8 1 , 1960 (1977), and references therein. Da ta for 
fluorescence lifetime of Rh-6G in solution reported are di­
verse. 

19) N . J . L. Ro th and A. G. Craig, J. Phys. Chem., 78, 

1154 (1974). 
20) T h . Förster, Ann. Phys., 2, 55 (1948); T h . Förster, 

Z. Naturforsch., 4a, 321 (1949). 
21) G. Porter and G. J . Tredwell , Chem. Phys. Lett., 56, 

278 (1978). 
22) I . B. Berlman; "Energy Transfer Parameters of 

Aromatic Compounds , " Academic Press, New York (1973), 
p . 28. 

23) D. R e h m and K. B. Eisenthal, Chem. Phys. Lett., 9, 
387 (1971). 

24) U . Gösele, M . Hauser , U . K. A. Klein, and R. Frey, 
Chem. Phys. Lett., 34, 519 (1975). 

25) J . B. Birks and S. Georghiou, Chem. Phys. Lett., 1, 
355 (1967); J. Phys. B. (Proc. Phys. Soc.) Ser. 2, 1, 958 (1968). 

26) M . Yokota and O . Tanimoto, J. Phys. Soc. Jpn., 22, 
779 (1967). 

27) R. Voltz, G. Laustriat , and A. Coche, C. R. Acad. 
Sei. Paris, 257, 1473 (1963); J. Chim. Phys., 63, 1253 (1966); 
R . Voltz, J . Klein, F . Heisel, H . Lami, G. Laustriat, and 
A. Goche, J. Chim. Phys., 63, 1259 (1966). 

28) C. Bojarski and J . Dudkiewicz, Chem. Phys. Lett., 
67, 450 (1979). 

29) Y. Kusumoto and H . Sato, Chem. Phys. Lett., 68, 13 
(1979). 

30) H . Sato, Y. Kusumoto, N . Nakashima, and K. 
Yoshihara, Chem. Phys. Lett., 71 , 326 (1980); and references 
therein. 



January, 1981] ©1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 65—68 (1981) 65 

Thermodynamic Studies of Thallium Halide Formation in 
Nonaqueous Solvents 

Yukio SASAKI,* Masao TAKIZAWA, Kisaburo U M E M O T O , * * 

and Niro M A T S U U R A * * 

Tokyo Institute of Polytechnics, Iiyama, Atsugi, Kanagawa 243-02 
**Department of Pure and Applied Science, College of General Education, The University of Tokyo, 

Komaba, Meguro-ku, Tokyo 153 
(Received May 29, 1980) 

The differences in the order of stability among halide ions for metal halogeno-complexes in nonaqueous sol­
vents and water are examined by means of the thermodynamic constants for the formation of thallium halides 
of transfer from water to iV,iV-dimethylformamide (DMF) and propylene carbonate (PC). The thermodynamic 
constants for the formation of thallium halides were calculated from the solubility products of thallium halides. 
The differences in the order of stability for thallium halides were found to be dependent mainly on the enthalpy 
changes for the formation of thallium halides of transfer from water to DMF and PC, while the enthalpy changes 
of transfer for thallium halides are themselves largely influenced by the enthalpy changes for halide ions of transfer 
from water to DMF and PC. 

In previous papers,1 - 4) the formation of metal halo­
geno-complexes was investigated potentiometrically in 
dimethyl sulfoxide, iV,iV-dimethylformamide, and pro­
pylene carbonate. The order of stability for metal 
halogeno-complexes (halogeno-cadmium, -lead, -cop­
per and -zinc complexes5)) among halide ions in non­
aqueous solvents was found to be different from that 
in water. The classification of metals according to 
their complexation with halide ions is shown in Table 
1. The solid line indicates the classification by 
Ahrland6) in water, while the broken line indicates 
the classification obtained by our studies in nonaqueous 
solvents.7) The stability of the halogeno-complexes on 
outside metals of the triangle in Table 1 decreases 
in the order of G l ~ > B r ~ > I _ . However, the stability 
on inside metals is the reversed order; I ~ > B r ~ > C l ~ . 

The purpose of the present paper is to elucidate 
the reason for differences in the stability on metal 
halogeno-complexes in iV,iV-dimethylformamide, pro­
pylene carbonate, and water from the thermodynamic 
constants for the formation of thallium halides. 

Exper imenta l 

Materials. The purification of iV,iV-dimethylformam-
ide (DMF) and propylene carbonate (PC), the preparation 
and purification of tetraethylammonium Perchlorate, and 
the preparation of the saturated thallium amalgam have 
been described elsewhere.8'9) The tetraethylammonium hal­
ides and thallium(I)Perchlorate(T1G104) were obtained com­
mercially and were purified by recrystallization with water-
ethanol or ethanol-ethyl acetate mixtures. The electrolytes 
were dried in a vacuum oven for 2 d in the temperature 
range of 60—70 °G. 

Procedure. The solubilities of thallium (I) halides (T1X) 
were determined by means of Potentiometrie titration. A 
solution of 10~3 mol dm - 3 of T1G104 was titrated with a 
solution of 5x 10-2 mol dm - 3 of T1X. The indicator elec­
trode was a saturated thallium amalgam electrode, while 
the reference electrode was an aqueous saturated calomel 
electrode (SGE) equipped with a nonaqueous salt bridge.9) 
The experimental device is shown in Fig. 1. The potential 
of the cell was measured on a Hewlett-Packard Model 34703A 
ohm meter. Each temperature was controlled to an ac­
curacy of 0.1 °G. 

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

T h e titration curves for T1+ with Gl" in PC at 10, 
20, and 25 °C are shown in Fig. 2. One well-defined 
equivalent point at CC1-/CT1

+— 1 (mol ratio) was found 
in each titration curve (Fig. 2). T h e precipitation 

Fig. 1. Experimental device. 
A: SGE, B: salt bridge composed of DMF-water 
mixture containing 0.5 mol dm - 3 tetraethylammonium 
Perchlorate and aqueous solution containing 1 mol 
dm - 3 NaCl,5) G: thallium amalgam electrode. 

TABLE 1. CLASSIFICATION OF METALS ACCORDING TO THEIR COMPLEXATION WITH HALIDE IONS 

Cr 

Mo 

W 

Mn 

Tc 

Re 

Fe 

Ru 

Os 

Co 

Rh 

Ir 

Ni 

Pd 

Pt 

Cu 

Ag 

Au 

Zn 

Gd 

H g ; 

Ga 

In 

Tl 

Ge 

Sn 

Pb 

As 

Sb 

Bi 
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> 
ÜJ 

-0.2 

-0.1 

1 2 
Cci/CTi+(mole ratio) 

Fig. 2. Potentiometrie titration curves for T1+ with 
Gl- in PC at 10, 20, and 25 °G. 
AE: potential shift caused by addition of Cl~~, tetra-
ethylammonium Perchlorate: 0.1 mol dm - 3 . 

appeared in the range from 10 to 30 °G soon after 
halide ions were added. This fact shows that the 
precipitation of T1X occurred as is shown in Eq. 1. 
In previous papers,10) it was confirmed that the 

T1+ + X - = T1X. (1) 

Nernst equation was obeyed in D M F and PC con­
taining T1C104 in the range from 1 X 10~4 to 2 x l 0 " 3 

mol d m - 3 . The solubility products of T1X, assuming 
no complex formation of T1+ with G l - , and using the 
activity coefficients of T1X in D M F and PC,10) were 
calculated from the titration curves on the basis of 
the Nernst equation. The order of the solubility 
products of T1X in D M F and PC is; T i l > T l B r > 
TlGl. The enthalpy changes (A//°(T1X)) for the forma­
tion of T1X were obtained graphically from the slope 
of the log Ks0 vs. \jT plot (Vant Hoff plot, Eq. 2), 
where the Ks0 

log^ = 4 S i L ^ + const- (2) 

are solubility products. Figure 3 shows the plots of 
logKs0 vs. 1 \T in D M F , PC, and water. The solu­
bility products in water were obtained by means of 
the solubilities quoted from the literature.11»12) The 
order of the solubility products in water is the reverse 
of that D M F and PC, as is shown in Fig. 3. The 
values of log Ks0 for T1X in D M F and PC at 25 °G 
are given in Table 2. The values of log Ks0 in D M F 
are in fair agreement with those of the literature.10»13) 
However, the log Ks0 values in PC are not in agree­
ment with those of Salomon.14) I t is presumed that 
this disagreement arises from the use of the l i th ium-
lithium halides reference electrode, since lithium metal 
may react with PC.13) 

The free-energy changes (A6?°(T1X)) for the forma­
tion of T1X can be correlated to log Ks0 with the 
temperature in Eq. 3, and 

10 3 K/r 

Fig. 3. Plot of logÄ"s0 vs. l/T for thallium halides 
in DMF, PC, and water. 
( D U B ) : DMF, ( 0 3 # ) : PC, ( A A A ) : water. 

TABLE 2. LOGARITHMS OF SOLUBILITY PRODUCTS 

FOR T1X AT 25 °G 

Solvent T1X 

DMF -

PC 

( TlGl 
TlBr 

. Til 

t TlGl 

TlBr 
\ Til 

log Ks0 

- 8 . 5 8 -8.58a> -9 .0±0 .5 b > 
- 7 . 9 4 -8.13a> 
- 6 . 8 6 -7.06a> 

- 1 1 . 3 1 -11.30a> -12.39 e) -10.6d> 
-12 .4±0 .5 b > 
- 1 0 . 8 4 -10.96 a) -12.66°) -12.0d> 
- 9 . 9 9 -9 .84 a ) -12.22°) -11.4d> 

a) Ref. 10. b) Ref. 13. c) Ref. 14. d) F. G. K. 
Baucke and G. W. Tobias, J. Electrochem. Soc, 116, 
34 (1969). Approximate data obtained by emission 
spectroscopy. 

T A B L E 3 . T H E R M O D Y N A M I C C O N S T A N T S F O R F O R M A T I O N O F 

THALLIUM HALIDES IN D M F , P C , AND WATER AT 25 °G 

Solvent 

DMF • 

PC 

Water 

T1X 

r TlGl 
TlBr 

i Til 

r TlGl 
TlBr 

I Til 

r T1C1 
TlBr 

I Til 

kj mol"1 

- 4 8 . 9 8 
- 4 5 . 3 3 
- 3 9 . 1 4 

- 6 4 . 5 1 
- 6 1 . 8 5 
- 5 6 . 9 8 

- 2 1 . 3 4 
- 3 1 . 4 3 
- 4 1 . 3 6 

kj mol"1 

- 3 0 . 5 1 
- 2 9 . 3 8 
- 2 6 . 8 6 

- 7 7 . 3 3 
- 7 0 . 4 0 
- 4 6 . 6 2 

- 2 6 . 3 0 
- 3 4 . 5 7 
- 7 1 . 0 5 

T'AiS'o'ix) 

kj mol"1 

+ 18.46 
+ 15.95 
+ 12.28 

-12 .82 
- 8 . 5 5 

+ 10.36 

- 4 . 9 7 
- 3 . 1 3 

- 2 9 . 6 9 

AG°(Tix) = 2.303 JRriog^ s o (3) 
the entropy changes (TAS°(Tlx)) were calculated from 
the A//°(TJX) and AG°(T O). These thermodynamic 
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constants in D M F and PC were compared with those 
in water. The thermodynamic constants in D M F , 
PC, and water at 25 °C are given in Table 3. T h e 
thermodynamic constants in water, in the same manner 
as with D M F and PC, were obtained graphically. 
In Table 3, the order of the stability of T I X with 
A G ° ( T 1 X ) in D M F and PC is found to be T l G l > T l B r > 
T i l , while it is T l I > T l B r > T l G l in water. Accord­
ingly, the results in D M F and PC do not give support 
to the classification of the thallium ion obtained by 
Ahrland.6) The reason for difference in stability in 
nonaqueous solvents and water was investigated by 
means of the thermodynamic constants for the forma­
tion of T IX of the transfer from water to D M F and PC. 
These constants, AG° t r ( T l x ) , A/7° t r(T l x ) and TAS°tl(Tlx), 
are listed in Table 4. From the values of AG° t r(T l x), 
it is manifest that T1C1 becomes the most stable com­
pound among the T IX compounds. T h e differences 
in A / / ° t r ( T l x ) and r A S ° t r ( T l x ) between T1G1 and T i l 
are —48.40 and —18.54 k j m o l - 1 for transfer from 
water to D M F , and —75.46 and —47.90 k j mo l - 1 

for transfer from water to PC, respectively. Therefore, 
it was found that the enthalpy changes in transfer 
from water to D M F and PC contribute much to the 
free-energy changes of the transfer. 

The thermodynamic constants, AG° t r(T l x), A/ /° t r (T l x ) 
and 2r,AiS,°tr(Tlx), were compared with those of halide 
ions ( X - ) for transfer from water to D M F and PC. 
These constants, AG° t r , AH°tt, and TAS°tI, with 
crystal ionic radii of X - , are given in Table 5. T h e 
AG° t t were calculated by the use of the medium 
effects10-15) in Eq. 4. 

AG° t r = 2.303JRriogmn (4) 

T A B L E 4. THERMODYNAMIC CONSTANTS FOR FORMATION 

OF THALLIUM HALIDES OF TRANSFER FROM WATER 

TO D M F AND P C AT 25 °G 

Transfer TIX 
AG° (TIX) AH tr(TlX) TAS? 
kj mol - 1 kj mol - 1 kj mof 

From water 
to DMF 

From water 
to PC 

T1G1 
TIBr 
T1I 

T1G1 
TIBr 
T1I 

- 2 7 . 6 4 
- 1 3 . 8 9 
+ 2.22 

- 4 3 . 1 8 
- 3 0 . 4 1 
- 1 5 . 6 2 

- 4 . 2 1 
+ 5.19 

+ 44.19 
- 5 1 . 0 3 
- 3 5 . 8 3 
+ 24.43 

+ 23.43 
+ 19.08 
+ 41.97 

- 7 . 8 5 
- 5 . 4 2 

+ 40.05 

The AH°tI are available in the literature.16-17) The 
AG° t r shown in Table 5 is the greatest positive value 
for CI - , which has the smallest ionic radius and the 
most strongly solvated anion in water, D M F and 
PC18«19) among the X - compounds. The fact shows 
that C I - is the most unstable anion for transfer from 
water to D M F and PC. Therefore, it is considered 
that the free-energy changes for the formation of 
TIX, AG° t r(T l x), are greatly influenced by the free-
energy changes of X~, AG° t r , for transfer from water 
to D M F and PC. From a comaprison of AH°tI with 
TAS°tt among the X~, it can be seen that the values 
of AH°tI contribute much to those of AG° t r . Ac­
cordingly, it may be concluded that the differences 
shown in Table 1 in the order of stability for metal 
halogeno-complexes in D M F , PC, and water depend 
mainly on the enthalpy changes (A//° t r(T l x)) for the 
formation of TIX, and that the A//° t r(T l x) are greatly 
influenced by the enthalpy changes (AH°tI) of halide 
ions. 
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The Crystal Structure of [iV-(f-Pentyloxycarbonyl)-L-prolyl]-L-alanylglycine 
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The crystal structure of the title compound was determined by the X-ray method. The space group is P21? 

with 0=18.741(3), £=12.602(1), c = 9.553(1) A, 0=118.46(2)°, and Z = 4 . The structure was determined suc­
cessfully by the vector-space-search method, using a dimer structure of Boc-Pro-Val-Gly-OH as a rigid group. 
The final R value was 0.075 for 2025 non-zero reflections. Two independent molecules related by a pseudo two­
fold axis are linked by /?-sheet-type hydrogen bonds. This kind of dimerization commonly occurs in all the 
Boc-Pro-X-Gly-OH peptides except Boc-Pro-Leu-Gly-OH. The packing similarity of these peptides is dis­
cussed. 

A series of structure analyses of the [iV-(J-butoxycar-
bonyl)]-L-prolyl-X-glycine ( B o c - P r o - X - G l y - O H , X ; 
any amino acid residue) type oligopeptides have shown 
that these peptides take either one of two conforma­
tions, a folded or an extended one. The folded con­
formation of Boc-Pro-Leu-Gly-OH 1 ) is designated as 
the 0-turn structure2) because of the presence of a 
4-1-type intramolecular hydrogen bond. O n the 
other hand, the extended conformation of Boc -P ro -
I le-Gly-OH 3 ) and Boc-Pro-Val -Gly-OH, 4 ) both with 
a branched side chain at the Cß carbon, is charac-
terzied by the formation of ^-sheet-type intermolecular 
hydrogen bonds. These analyses, therefore, seem to 
illustrate the fact that a slight difference in the side 
chain results in the complete change of the main-
chain folding. 

The present study is concerned with the crystal 
analysis of peptides containing an alanyl residue at 
the X site. The alanyl residue having only a methyl 
group as a side chain seems to exert the least steric 
effect on the main-chain folding. We could expect, 
therefore, to get some clue as to whether or not the 
branched structure at the C^ atom has some definite 
effect on the main-chain folding. Crystals of [N-(t-
butoxycarbonyl)] alanyl peptide, Boc-Pro-Ala -Gly-
O H , however, contained four molecules in an asym­
metric unit, furthermore, they were twinned. There­
fore, we gave up trying to analyze it; as an alterna­
tive, [N- (^-pentyloxycarbonyl) -L-prolyl] -L-alanylglycine 
(Poe-Pro-Ala-Gly-OH) was studied. 

Exper imenta l 

The synthesis was performed by first preparing the [N-
(f-butoxycarbonyl) alanyl]glycine benzyl ester (Boc-Ala-Gly-
OBzl), followed by the conventional removal of the Boc 
group and the addition of N-protected proline Poc-Pro-OH, 

TABLE 1. CRYSTAL DATA 

Molecular formula C16H2706N3 

Molecular weight 357.40 
Space group P2i 
Cell constants a = 18.741 (3) A 

0=12.602(1) A 
c= 9.553(2) A 
0=118.46(2)° 

Density obsd 1.21 g/cm3 

calcd 1.20 g/cm3 (for Z = 4 ) 

leading to Poc-Pro-Ala-Gly-OBzl. After the removal of 
the benzyl group by catalytic reduction, the aimed peptide 
was crystallized from an ethylacetate solution. The crystal 
data are given in Table 1. 

A crystal with dimensions of 0.14 mm X 0.07 mm X 0.06 
mm was used for the X-ray experiment. A Hilger & 
Watts four-circle diffractometer equipped with Ni-filtered 
Gu Ka radiation was used for the data collection. The 
a>-26 step scanning mode was adopted. Data were collected 
up to 20=100° for total 2169 reflections, of which 2025 
were non-zero. Lorentz and polarization corrections were 
applied, but no absorption correction was made. 

Structure D e t e r m i n a t i o n 

The direct method was first applied, but did not 
give reasonable results. The vector-space-search pro­
gram R I C S was next applied on the assumption that 
the molecule has either a /?-turn or an extended con­
formation.4) T h e extended model, 20 atoms of Boc-
P r o - V a l - G l y - O H excluding the N-terminal and side-
chain carbons, seemed to be probable, but the partial 
structure tangent refinement based on these atomic 
coordinates did not converge properly. I t was further 
assumed that two independent molecules exist as a 
dimer, as is observed in Boc-Pro- I le -Gly-OH 3 ) and 
Boc-Pro-Val -Gly-OH. 4 ) This assumption was quite 
reasonable in view of the similar packing pattern of 
the two previously analyzed peptides. The phases 
calculated from the 40 atoms thus obtained easily 
led to the whole structure. All the H atoms were 
located on the difference Fourier map . 

The structure was refined by the block-diagonal 
least-squares program HBLS V.5) The function mini­
mized was Sco( | F01 — |F C | ) 2 , where the weights, a>, 
were unity for all the non-zero reflections and zero 
for the zero reflections. The final R value was 0.097 
for all the reflections and 0.075 for the non-zero re­
flections. The atomic scattering factors were taken 
from the International Tables for X-Ray Crystallog­
raphy.6) The final positional parameters are given 
in Tables 2 and 3 J The isotropic temperature factor, 
i ? = 4 . 4 Â 2 , was assigned to all the hydrogen atoms. 

D i s c u s s i o n 

The structure of P o c - P r o - A l a - G l y - O H is charac-

t The FQ and Fc tables and anisotropic temperature 
factor table are kept as Document No. 8109 at the Chemical 
Society of Japan. 
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T A B L E 2. T H E ATOMIC POSITIONAL PARAMETERS, W I T H 

THEIR e.S.d. 's IN PARENTHESES ( X l O 4 ) 

T A B L E 3. H Y D R O G E N POSITIONAL PARAMETERS, WITH 

THEIR e.s.d.'s IN PARENTHESES ( x l O 3 ) 

0(1)A 
0(2)A 
0(3)A 
0(4)A 
0(5)A 
0(6)A 
N(1)A 
N(2)A 
N(3)A 
G(1)A 
G(2)A 
G(3)A 
G(4)A 
G(5)A 
G (6) A 
G(7)A 
G(8)A 
G (9) A 
G(10)A 
G(11)A 
G(12)A 
G(13)A 
G(14)A 
G(15)A 
G(16)A 
0(1)B 
0(2)B 
0(3)B 
0(4)B 
0(5)B 
0(6)B 
N(1)B 
N(2)B 
N(3)B 
G(1)B 
G(2)B 
G(3)B 
G(4)B 
G(5)B 
G(6)B 
G(7)B 
G(8)B 
G(9)B 
G(10)B 
G(11)B 
G(12)B 
G(13)B 
G(14)B 
G(15)B 
G(16)B 

a) The 
defined 
(1959)). 

X 

4436(3) 
5758(3) 
4713(3) 
2378(4) 
1179(4) 
1294(4) 
5387(4) 
3618(4) 
2927(4) 
3912(10) 
4253 (9) 
4355(14) 
3185(8) 
4072 (7) 
5230(5) 
4760(5) 
5223(7) 
6097(7) 
6213(5) 
4382(5) 
3168(5) 
2524(7) 
2804(5) 
2492(6) 
1585(5) 

10520(3) 
11433(3) 
9628(3) 
6979(4) 
5514(4) 
6779(4) 

10103(4) 
8538(4) 
7371(4) 

11142(32) 
11696(12) 
11381(12) 
10459(13) 
11052(7) 
10727(5) 
9270(5) 
8776(6) 
9345(8) 

10166(6) 
9163(5) 
8406(5) 
8683(7) 
7510(6) 
6554(6) 
6322(6) 

equivalent \ 

Y 

6399(6) 
6571(6) 
4313(6) 
4363(5) 
2280(6) 
2200(8) 
6328(6) 
4989(6) 
2756(6) 
4800 (20) 
5850(20) 
7704(20) 
6767(14) 
6660(12) 
6428(8) 
6159(8) 
6277(11) 
6150(22) 
6381(9) 
5080(9) 
3990(8) 
4039(12) 
3750(7) 
2370(9) 
2298(7) 

-138(6) 
-333(6) 
1919(6) 
1899(6) 
3982(6) 
3979(7) 
-61 (6 ) 
1258(6) 
3540(7) 
1392(34) 
380(22) 

-1516(15) 
-496(18) 
-416(10) 
-204(8) 

101(8) 
64(10) 

154(23) 
-91(10) 
1142(8) 
2259(8) 
2128(13) 
2518(8) 
3955(9) 
3968(9) 

Z 

10922(7) 
12799(7) 
9165(7) 
3984(8) 
937(8) 

3367(9) 
10199(8) 
7085(8) 
4661(9) 

12500(25) 
13142(17) 
12720(32) 
10709(19) 
11932(14) 
11413(11) 
8534(10) 
7635(12) 
8851(15) 

10395(12) 
8322(10) 
6745(11) 
7237(15) 
5016(10) 
3041(12) 
2494(12) 
8990(7) 

11617(7) 
9377(8) 
4716(8) 
2162(8) 
2461 (8) 

10788(7) 
7260(8) 
5730(8) 
7461(70) 
8840(28) 
8874(21) 
6532(16) 
8314(14) 

10549(10) 
9515(11) 

10398(14) 
12046(16) 
12332(12) 
8730(11) 
6376(12) 
5161(15) 
5560(11) 
4755(11) 
2994(11) 

2?eq/A
2a> 

5.2 
5.6 
5.7 
6.3 
6.3 
8.1 
4.2 
4.6 
4.9 

13.9 
12.1 
16.6 
9.8 
7.2 
4.6 
4.1 
6.8 

13.5 
5.5 
4.6 
5.2 
7.5 
4.3 
5.5 
5.3 
5.0 
6.0 
6.4 
6.5 
6.3 
7.3 
4.1 
4.7 
5.5 

35.6 
16.1 
12.1 
15.2 
6.4 
4.6 
4.6 
6.4 

13.8 
5.5 
4.9 
5.1 
8.2 
4.9 
5.6 
5.6 

isotropic temperature factor as 
by W.G. Hamilton {Acta Crystaliogr., 12, 609 

H(1)A 
H(2)A 
H(3)A 
H(1)B 
H(2)B 
H(3)B 
H(4)A 
H(5)A 
H(4)B 
H(5)B 
H(6)A 
H(7)A 
H(8)A 
H(6)B 
H(7)B 
H(8)B 
H(9)A 
H(10)A 
H(11)A 
H(9)B 
H(10)B 
H(11)B 
H(12)A 
H(12)B 
H(13)A 
H(14)A 
H(13)B 
H(14)B 
H(15)A 
H(16)A 
H(15)B 
H(16)B 
H(17)A 
H(18)A 
H(17)B 
H(18)B 
H(19)A 
H(19)B 
H(20)A 
H(20)B 
H(21)A 
H(22)A 
H(23)A 
H(21)B 
H(22)B 
H(23)B 
H(24)A 
H(24)B 
H(25)A 
H(26)A 
H(25)B 

H(26)B 
H(27)A 
H(27)B 

X 

403(5) 
411(5) 
327(5) 

1149(5) 
1072(5) 
1104(5) 
483(5) 
395(5) 

1193(5) 
1224(5) 
407(5) 
429(5) 
491 (5) 

1161(6) 
1091(5) 
1169(5) 
282(5) 
298(5) 
312(5) 

1076(5) 
1019(5) 
994(5) 
436(5) 
907(5) 
522(5) 
512(5) 
853(5) 
832(5) 
649(5) 
632(5) 
915(5) 
934(6) 
652(5) 
666(5) 

1031(5) 
1060(5) 
340(5) 
824(6) 
354(6) 
874(5) 
274(5) 
221(5) 
208(5) 
922(5) 
862(5) 
837(5) 
329(5) 
770(6) 
271(5) 
257(5) 
646(5) 

616(6) 
58(5) 

526(5) 

y 

423(9) 
448(8) 
487(8) 
196(9) 
146(8) 
89(8) 

580(8) 
613(9) 
61(9) 

7(8) 
790(9) 
824(8) 
772(8) 

-166(8) 
-194(8) 
-152(8) 

677(8) 
604(8) 
736(8) 

-57(8) 
5(9) 

-118(8) 
671(8) 

-51(8) 
695(9) 
584(8) 

-56(8) 
55(8) 

657(8) 
541(8) 

-17(8) 
90(9) 

707(9) 
586(8) 

-75(9 ) 
44(8) 

562(8) 
61(8) 

343(8) 
286(8) 
408(8) 
329(8) 
471(8) 
182(8) 
269(8) 
146(8) 
228(8) 
383(8) 
162(8) 
290(8) 
471(8) 

348(8) 
214(9) 
413(9) 

z 

1341(11) 
1159(11) 
1182(11) 
739(11) 
782(11) 
635(11) 

1372(11) 
1387(11) 
1006(11) 
884(11) 

1330(11) 
1191(11) 
1346(11) 
823(11) 
850(11) 

1023(11) 
1142(11) 
1002(11) 
981(11) 
590(11) 
611(11) 
622(11) 
822(11) 
858(11) 
723(11) 
681(11) 

1035(11) 
1006(11) 
849(11) 
892(11) 

1288(11) 
1247(11) 
1074(11) 
1141(11) 
1288(11) 
1321(11) 
643(11) 
679(11) 
731(11) 
710(11) 
851(11) 
702(11) 
661(11) 
547(11) 
454(11) 
433(11) 
539(11) 
661(11) 
304(11) 
225(11) 
516(11) 

510(11) 
30(11) 
88(10) 

Bonded to 

G(1)A 
G(1)A 
G(1)A 
G(1)B 
G(1)B 
G(1)B 
G (2) A 
G(2)A 
G(2)B 
G(2)B 
G(3)A 
G(3)A 
G(3)A 
G(3)B 
G(3)B 
G(3)B 
G (4) A 
G (4) A 
G (4) A 
G(4)B 
G(4)B 
G(4)B 
G(7)A 
G(7)B 
G(8)A 
G (8) A 
G(8)B 
G(8)B 
G (9) A 
G (9) A 
G(9)B 
G(9)B 
G(10)A 
G(10)A 
G(10)B 
G(10)B 
N(2)A 
N(2)B 
G(12)A 
G(12)B 
G(13)A 
G(13)A 
G(13)A 
G(13)B 
G(13)B 
G(13)B 
N(3)A 
N(3)B 
G(15)A 
G(15)A 
G(15)B 
G(15)B 
0(5)A 
0(5)B 
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TABLE 4. THE HYDROGEN-BOND NETWORKS IN THE 

Boc(Poc)-Pro-X-Gly-OH SYSTEM 

Fig. 1. ORTEP drawing of the dimer structure of 
Poc-Pro-Ala-Gly-OH via /?-sheet type hydrogen 
bonds. 

terized by dimer formation with a pair of ^-sheet-
type hydrogen bonds. The O R T E P drawing7) of the 
dimer, viewed along a pseudo-twofold rotation axis, 
is given in Fig. 1. The bond lengths, bond angles, 
and torsion angles are shown in Fig. 2. Some ab­
normal bond lengths in the pentyloxy group may 
be ascribed to its extremely large thermal motion. 

Among the Boc (Poc ) -P ro -X-Gly -OH type pep­
tides, those which have Ala, Val, and He at the X 
position crystallize with a similar packing pattern. 
The crystal-lattice transformation of the alanyl peptide 
by a'=a-\-c, b' = b, and c'=c clearly shows the close 
relationship between the crystal packings of the alanyl 
and valyl peptides. Although the space group of the 
isoleucyl peptide, P21212, differs from those of the 
valyl and alanyl peptides, P2 l 5 the former crystal 
packing is still close to the latter. T h a t is to say, 
although the alanyl and valyl peptides are devoid 
of the twofold axis, there still remains a pseudo-twofold 
rotation symmetry. The packing similarity is illus­
trated in Fig. 3, in which dotted lines are drawn in 
the alanyl and valyl peptide crystals in order to coincide 
with the unit cell of the isoleucyl peptide. 

The similarity of the molecular packing is again 
obvious in Table 4, which shows the hydrogen-bond­
ing system. No significant difference in the hydrogen-

Donor 

(Boc-
Gly GOOH 
Ile NH 
Gly NH 
Water 

(Boc-
Gly(A) GOOH 
Val (A) NH 
Gly(A) NH 
Water 

Gly(B) GOOH 
Val(B) NH 
Gly(B) NH 
Water 

(Poc-
Gly(A) GOOH 
Ala (A) NH 
Gly(A) NH 

Gly(B) GOOH 
Ala(B) NH 
Gly(B) NH 

Acceptor 

-Pro-Ile-Gly-OH) 
Pro G=0 
He G=0 
Boc G=0 
Boc G=0 

-Pro-Val-Gly-OH) 
Pro(B) C=0 
Val(B) G=0 
Water 
Boc(B) G=0 

Pro (A) G=0 
Val(A) G=0 
Boc(B) G=0 
Boc(A) G=0 

-Pro-Ala-Gly-OH) 
Pro(B) G=0 
Ala(B) G=0 
Poc(A) G=0 

Pro(A) C=0 
Ala (A) G=0 
Poc(B) G=0 

Distance/A 

2.60(1) 
2.83(1) 
2.87(1) 
2.80(3) 

2.619(8) 
2.949(7) 
2.911(12) 
2.920(10) 

2.582(9) 
2.922(7) 
2.942(8) 
2.760(11) 

2.60(1) 
2.86(1) 
2.91(1) 

2.56(1) 
2.85(1) 
2.84(1) 

bonding pattern is observed for the two independent 
molecules (A) and (B) ; the patterns differ only in 
the point in which the C-terminal of the molecule 
interacts with water for the two independent molecules 
(A) and (B) of B o c - P r o - V a l - G l y - O H . Thus, the 
hydrogen-bonding patterns of three peptides, Boc-
P r o - I l e - G l y - O H , B o c - P r o - V a l - G l y - O H , and P o c -
P r o - A l a - G l y - O H , differ only in the interactions with 
wTater molecules, the /^-sheet-type hydrogen bonds being 
completely reserved. T h e lack of a strict twofold 
axis in the alanyl and valyl dimer should, therefore, 

CO) 

0(6) 

( a ) ( b ) ( c ) 

Fig. 2. (a) Bond lengths (Â), (b) bond angles (°), and (c) torsion angles (°) with atom numbering 
system. Upper figures are for (A) and lower for (B) molecule. 
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Fig. 3. The comparison of the crystal structures of 
Boc-Pro-Ile-Gly-OH (top), Boc-Pro-Val-Gly-OH 
(center), and Poc-Pro-Ala-Gly-OH (bottom). 
Dotted lines in valyl and alanyl peptide crystals are 
drawn in order to coincide with the unit cell of iso-
leucyl peptide. 

be attributed to inter-dimer interactions at the C-
terminal. 

B o c - P r o - L e u - G l y - O H is special in terms of its 
molecular interaction as well as its molecular con­
formation. In other words, all three substances be­
sides the leucyl peptide are stabilized by the inter-
molecular hydrogen bonds, whereas the leucyl peptide 
is stabilized by the intramolecular one. The dimer 
structure of the alanyl peptide implies that the C^ 
branched side-chain structure of the valyl and isoleucyl 
residues is not the only reason for them not to take 
a /?-turn structure, and that the intermolecular inter­
action emerges as the more important stabilization 
factor. 

No appropriate reason has been given for the 
uniqueness of the leucyl peptide, but on the basis of 
these crystal structure analyses, together with other 
examples, Z -Gly -Pro -Leu-Gly -Pro -OH 8 ) and Z(p-
Br) -Gly-Pro-Leu-Gly-OH, 9 ) we may conclude that 
there is a stronger tendency for the leucyl residue 
to be involved in the third site of the /?-turn. 
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A new type of chiral solid mesophase was obtained by evaporating the solvents from solutions or jellies of 
chiral 12-hydroxyoctadecanoic acid (12HOA). The mesomorphic solids exhibited some optical properties char­
acteristic of a helicoidal mesophase: (1) spherulitic or Schlieren texture under a polarizing microscope, (2) re­
flective circular dichroic band, and (3) induced circular dichroic spectra with a single sign due to achiral mole­
cules added to the solid. From the circular dichroic and X-ray studies, it was concluded that the helicoidal meso­
phase structure exists locally as small domains with a chiral smectic structure within the mesomorphic solids. 
Microscopic observation revealed that, upon heating, the transition of the mesomorphic solid to the crystalline 
solid occurred. This process was studied by differential scanning calorimetry. Formation of a variety of heli­
coidal systems from chiral molecules such as 12HOA and polypeptides was regarded as a phenomenon charac­
teristic of chiral assemblies of amphiphilic molecules. 

In the preceding paper,1) we described a chiral 
mesomorphic system which occurs in jellies of 12-
hydroxyoctadecanoic acid (12HOA) with a solvent such 
as benzene or carbon tetrachloride. The jellies were 
shown to be composed of a number of small ordered 
domains with a supramolecular helicoidal structure 
such as has been found in the chiral smectic phase. 
In the course of the investigation, we have found that 
solids prepared by evaporating the solvents from the 
jellies showed liquid crystalline textures under a po­
larizing microscope, and that they exhibited enan­
tiomeric circular dichroism (CD) similar to that ob­
served for the jellies.2) Further, the solids yielded 
almost the same X-ray diffraction patterns as those 
of the crystalline powder. These results indicate that 
much of the original structure of the jelly is retained 
in the mesomorphic solid: the solid also is composed 
of a number of small ordered domains with a chiral 
structure, which is probably a chiral smectic type. 

Mesomorphic solids with a chiral structure were 
first found for a synthetic polypeptide, poly (y-benzyl 
L-glutamate) (PBG), by Samulski and Tobolsky.3) 
They reported that it forms stable solid films with a 
liquid crystalline local structure when the films are 
made by casting from solutions. This was evidenced 
from the X-ray study and the swelling experiment. 
Tachibana and Oda4> found that solid films prepared 
from some samples of poly (y-methyl D(L)-glutamate) 
(PMG) exhibit iridescent colors due to the selective 
reflection of circularly polarized light of one sense. 
Hatano et al.5> observed an induced circular dichroism 
(ICD) for achiral molecules such as pyrene or acridine 
orange buried in solids of P M G . All these observa­
tions were attributed to the presence of the cholesteric 
(chiral nematic) phase in the solid films of PBG or 
PMG. The chiral solid mesophases have been hith­
erto known only for synthetic polypeptides and other 
biopolymers,6) and their mesomorphic behavior was 
associated with the structure of polymer molecules. 
However, the chiral solid mesophase of 12HOA is 
different from that of the above-mentioned polymers 
in that the former is made up of a low-molecular-
weight compound; it is probably a chiral smectic 
phase. The present paper will deal with the struc­
ture and properties of the newly found mesomorphic 

solid state. 

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

Materials. Crystalline samples of chiral 12HOA used 
were the same ones as in the preceding paper.1) The sol­
vents used were of reagent grade and further purified by 
standard methods. The samples of chiral 12HOA in the 
mesomorphic solid state were (1) apparently amorphous 
solids obtained by freeze-drying jellies or concentrated solu­
tions, and (2) translucent solid films cast from solutions 
on quartz plates at room temperature. For freeze-drying, 
jellies (cone, of 12HOA, 50—100 mmol 1_1) were previously 
frozen at —40 °C in a deep-freezer, and solutions (0.6 mol 
l-1) in 1-pentanol or 1-hexanol were frozen with liquid 
nitrogen. 

Methods. The apparatus and procedure were essen­
tially the same as those described in the preceding paper.1) 
The CD of 12HOA in the solids obtained from jellies and 
from solutions were measured by a Nujol mull method after 
the solids had been powdered. The Nujol mull was enclosed 
between two flat quartz plates in the form of a thin layer. 
The CD spectra were not modified by varying the content 
of samples in a Nujol mull. The CD of 12HOA in the 
solid film state was measured on films formed by evaporation 
of the solvent from the solution on a quartz plate. The 
linear dichroism contribution to the observed CD signal 
was eliminated by rotating the sample around the light 
beam.7) Thermal studies were made by the use of a DSC-2 
Perkin-Elmer differential scanning calorimeter. The tem­
perature scale was calibrated using the mp of indium sup­
plied by the Perkin-Elmer Corp. The heat of transition 
was calibrated using the area under the fusion peak of indium 
and its known enthalpy of fusion (3.26 kj mol -1). IR spec­
tral change with temperature was recorded on a JASCO 
IR-G infrared spectrophotometer with a controlled heating 
apparatus. 

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

Formation of Mesomorphic Solids. Chiral 12HOA 
dissolves readily in cyclohexane, aromatic solvents, and 
chlorinated solvents such as carbon tetrachloride, 
chloroform, dichloromethane, and chlorobenzene, and 
these solutions set into jellies above a certain con­
centration. T h e jellies exhibit the optical properties 
characteristic of the helicoidal mesophase.1 '2) Ap-
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Fig. 1. Typical textures under a polarizing microscope. 
(a) : Spherulitic texture of a GCl4-jelly (35.2 mmol l"1), 
(b) : spherulitic texture of a solid film made from 
GGl4-jelly (35.2 mmol I -1), (c) : schlieren texture of a 
CGl4-jelly (318 mmol l-1), (d) : schlieren texture of a 
solid film made from CCl4-jelly (318 mmol 1-1). 

parently amorphous solids were obtained by freeze-
drying the jellies, and solid films were made by casting 
from the jelly-forming solutions at room temperature. 
These solids dissolved readily in solvents for the crystal­
line solid. Visual observation by means of polarizing 
microscopy showed that these solids displayed, between 
crossed polarizers, the same spherulitic or Schlieren 
texture as did the original jellies, irrespective of sol­
vents used, of the supporting material such as quartz, 
glass, potassium bromide, or calcium fluoride, and 
of the surface-treatment. The texture was more strik­
ingly observed with the solid films. Figure 1 shows 
typical examples of the texture. The spherulitic do­
mains in the solid films showed negative birefringence, 
as did that in the original jellies. These observations 
demonstrate that the texture in the original jellies 
was retained, on drying, in the solids, suggesting that 
the solid formed from the jellies have the same meso­
morphic structure as was present in the original jellies. 

O n the other hand, solutions of chiral 12HOA in 
normal alcohols with the numbers of carbon atoms 
from two to seven did not form jellies; but another 
interesting phenomenon was observed. A drop of each 
hot concentrated solution of chiral 12HOA in alcohols 
was placed between two glass plates for microscopic 
use, allowed to come to room temperature, and con­
tinuously observed under a polarizing microscope. 
At first, there appeared a number of spherulites, but 
after a short period they were replaced by many needle­
like microcrystals. T h e change from the spherulites 
to the crystals was faster when the alcohol used was 

Fig. 2. Spherulites of (Ä)-12HOA in a suspension in 
1-hexanol under a polarizing microscope. 

shorter in hydrocarbon chain. Therefore, it was dif­
ficult to separate the spherulites from the solution by 
evaporation or filtration. However, it was possible 
to keep the spherulites stable for some time by mixing 
the thick suspension of the spherulites with Nujol im­
mediately after occurrence of the spherulites. Figure 
2 presents spherulites of (/?)-12HOA, which were pre­
cipitated from 1-hexanol. T h e spherulites showed bi­
refringence with an optically negative sign, as observed 
for spherulitic textures in jellies with other solvents 
such as benzene or carbon tetrachloride. Apparently 
amorphous solids from alcoholic solutions of chiral 
12HOA were obtained by freeze-drying a 1-pentanol 
or 1-hexanol solution of chiral 12HOA. As will be 
described later, this solid also is a mesomorphic state. 

Circular Dichroism in the Mesomorphic Solids. As 
described in the preceding paper, jellies of chiral 
12HOA with benzene or carbon tetrachloride exhibit 
a weak but definite CD band in a range of wavelengths 
in which they absorb no light; the sign is negative 
for the (A)-enantiomer and positive for the (iS)-enan-
tiomer. The observed CD has been ascribed to the 
preferential reflection of circularly polarized light of 
one sense by the jellies in which there are a number 
of ordered domains with a supramolecular helicoidal 
structure. Mesomorphic solids of 12HOA prepared by 
freeze-drying the jellies also were found to exhibit 
a definite, but broad CD band around 550 nm with 
negative sign for the (Ä)-enantiomer and positive sign 
for the (.S^-enantiomer, while the crystalline powder 
of chiral 12HOA in Nujol mull showed no CD peak 
except that due to the molecular absorption ( « 2 0 0 
nm) . Figure 3 shows a typical example of the CD 
spectra of the mesomorphic solids of both enantiomers. 
Jellies of chiral 12HOA with various solvents exhibited 
a CD band in a longer wavelength region with an 
increase in the refractive index of the solvent used. 
However, mesomorphic solids prepared from the jellies 
exhibited a CD band in almost the same region of 
wavelength, 520—580 nm, irrespective of the kind of 
the solvent used. These data are given in Table 1. 
From these CD results, it is reasonable to consider 
that the orginal supramolecular helicoidal structure 
in jellies (probably a chiral smectic structure) is es­
sentially retained in the mesomorphic solids. Thus, 
the solids can be regarded as a new type of chiral 
mesomorphic solid state. 

O n the other hand, the solid films of chiral 12HOA 
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Fig. 3. Enantiomeric CD spectra of the mesomophic 
solids in Nujol mulls for (R)- and (S)-12HOA, made 
from benzene-jellies. The shape of the curve and 
the location of the peak varied slightly for different 
samples. 

200 300 400 
a/nm 

Fig. 4. Changes of CD spectra from a jelly state (128 
mmol l -1, with GG14) to a solid film state, (a) 5 min, 
(b) 20 min, (c) 35 min, (d) 40 min, (e) 45 min, (f ) 50 
min, (g) 80 min after jelly formation. 

cast from solutions showed a definite CD band around 
250—270 nm with a negative sign for the (Ä)-enan-
tiomer and with a positive sign for the (6')-enantiomer, 
irrespective of the solvents used. Since this result 
required further investigations, the change of the CD 
spectrum with drying of the jelly was measured on 
the films of benzene solution on a quartz plate. The 
CD change occurred gradually with drying; as the 
solvent evaporated, the CD increased in its intensity 
after an initial small decrease and shifted its band 
maximum from 400 to 250 nm. Figure 4 shows various 
CD spectra intermediate between the jelly spectrum 
and the solid film spectrum. This result seemed to 
be related to a special ordering of the molecules due 
to some orientational effect at an interface with air or 
a wall effect of film-supporting plate, but not due to 
the change of the helical pitch in the supramolecular 
helicoidal structure, since the CD bands of the solids 
obtained by freeze-drying locate in a longer wave-

TABLE 1. THE MAXIMAL WAVELENGTHS OF CD OF 

HELICOÏDAL MESOPHASE FORMED FROM SOLUTIONS 

OF ( Ä ) - 1 2 H O A IN VARIOUS SOLVENTS 

Jellies Solids 

Freeze-dried Films 

Gyclohexane 
GG14 

Toluene 
Benzene 
Ghlorobenzene 

1.426 
1.460 
1.497 
1.501 
1.524 

370 
370 

490—530 
480 

530—580 

520—580 
520—580 

— 
520—550 
530—590 

250 
255 
255 
260 
250 

The signs of the CD bands were all negative. Jellies 
or solids were made with solutions ranging in concen­
tration of (Ä)-12HOA from 50 to 100 mmol l-1. Meas­
urements were all made at room temperature. 

200 300 400 
X/nm 

Fig. 5. GD spectra of a solid film for oblique incidence. 
Here, a denotes the angle between incident beam 
and normal to the film-supporting plate. Corrections 
were made for variation of the path length for oblique 
incidence. 

length region than those of the jellies, as shown in 
Table 1. In order to investigate this possibility, meas­
urements were made on the variation of the GD spectra 
with the angle, a, between the incident beam and 
the normal to the film supporting plate. As shown in 
Fig. 5, the GD spectrum was found to be remarkably 
dependent on the angle a; the GD intensity decreased 
and the GD maximum shifted to a longer wavelength 
side with increasing a. Such a tendency was not 
observed for the jellies. One can see a striking simi­
larity between the GD spectra in Fig. 4 and those 
in Fig. 5. This similarity suggests strongly that the 
GD change shown in Fig. 4 may be explained by 
the occurrence of an oriented local order in solid 
films. This deduction was confirmed by the fact that, 
when the solid films were detached from the quartz 
plate and crushed to powder, the GD maximum ap­
peared at a wavelength region near to that observed 
for the amorphous solids obtained by freeze-drying 
jellies. The details of the alignment in solid films 
should be examined by using other methods. 

Interestingly, both the jellies of (i?)-12HOA and 
the solids from them exhibited a GD band with a 
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negative sign, but suspensions of spherulites of (R)-
12HOA in alcohols were found to exhibit a positive 
CD band around 250 nm, regardless of the normal 
alcohols used. Suspension of (£)-12HOA exhibited a 
negative CD band. Mesomorphic solids from al­
cohols were obtained by freeze-drying 1-pentanol or 
1-hexanol solutions of (#) -12HOA, though it was dif­
ficult to prepare mesomorphic solid samples by freeze-
drying the other alcoholic solutions. The amorphous 
solids thus obtained exhibited a positive CD band 
around the same wavelength region as did the sus­
pensions. This C D result indicates that the spherulites 
in the alcoholic suspensions and the mesomorphic 
solids from the suspensions have both a supramolec­
ular helicoidal structure, the helical sense of which 
is opposite to that of a supramolecular helicoidal 
structure in the mesomorphic solids from the jellies. 
The chirality of the helicoidal mesophase can be de­
termined by the sign of the reflective CD band; a 
right-handed (left-handed) helicoidal mesophase re­
flects right (left) circularly polarized light and trans­
mits left (right) circularly polarized light at the re­
flective C D band.8-1 0) The mesomorphic solids from 
jellies of (R)-\2KOA exhibit a negative CD band, 
and those from alcoholic solutions of (Ä)-12HOA ex­
hibit a positive CD band. This indicates that the 
circularly polarized light reflected selectively by the 
solids from jellies is right-handed and that from al­
coholic solutions is left-handed. This result leads us 
to conclude tha t the screw sense of the supramolecular 
helicoidal structure in the mesomorphic solids from 
jellies of (Ä)-12HOA is right-handed and on contrary, 
that from alcoholic solutions of (£ ) -12HOA is left-
handed. Solvent dependence of the chirality of the 
helicoidal mesophase has already been reported11) for 
the cholesteric lyotropic mesophases of polypeptides. 
T h e present results show that chiral smectic mesophases 
of 12HOA also undergo a similar solvent effect. 

Induced circular dichroism could be detected for 
anthracene, which was incorporated into mesomorphic 
solids from jellies of (Ä)-12HOA. T h e I C D bands 
with single negative sign were obtained; these were 
superimposed on the CD curve of the mesomorphic 
solids, corresponding to the electronic spectra between 
300 and 400 nm. Such I C D characteristics have been 
reported for jellies of 12HOA,1*2) and for lyotropic 
cholesteric liquid crystals of poly (glutamate)12) and 
iV-acyl amino acids,13) and attr ibuted to a weak in­
teraction between anthracene and the helicoidal sys­
tems. The ICD results obtained here also support 
the assertion that there are helicoidal systems in the 
mesomorphic solids of 12HOA. 

Thermal Behavior. Microscopy with a controlled 
hot stage showed that, when the solid films were heated, 
the mesomorphic texture became obscure at about 
348 K, followed by the appearance of needle-like mi-
crocrystals. Finally the microcrystals melted at 353 
K. T h e microcrystals were stable at room tempera­
ture upon cooling and showed no reflective C D bands, 
indicating the absence of the supramolecular helicoidal 
structure. This optically observed kinetic behavior 
was investigated by differential scanning calorimetry 
(DSC). Figure 6 shows typical thermograms obtained 
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Fig. 6. DSC traces of the mesomorphic solids made 

from CGl4-jelly at the various heating rates, : 
0.31 K min-1, : 0.62 K min"1, : 1.25 K min, 

: 2.5 K min-1. 

by heating solid samples made from the carbon tet­
rachloride^" ellies from room temperature to 356 K at 
four different heating rates. Each DSC trace showed 
two endothermic peaks, designated as I and I I I , and 
one exothermic peak, designated as I I . The endo­
thermic peak I I I occurred at 353 K. The peak I I I 
corresponds to the fusion of the needle-like micro-
crystals observed under a microscope, and occurred 
very close to the melting point (353.6 K) of the crystal­
line solids precipitated from solution. T h e endother­
mic peak I, which began to appear at 348 K at the 
appropriate heating rate, indicates a phase transition 
from the mesomorphic solid to a more disordered solid 
state. This peak did not recur upon reheating a 
sample cooled to room temperature from the melt, 
and the second run showed only the peak at 353 K. 
This result indicated that the mesomorphic solid state 
is a monotropic modification which occurs only when 
it separates out from solution. 

I t is noticeable that the endothermic peak I was 
followed by an exothermic peak I I within an extremely 
narrow temperature range. The combination of the 
DSC result with the microscopic observations would 
suggest that, upon heating, the mesomorphic solid 
state transformed into a more disordered solid state 
at 348 K with an endothermic process (peak I) and 
that , immediately after the transformation, crystal 
formation from the disordered solid state occurred with 
the exothermic process (peak I I ) . 

T h e thermograms for the mesomorphic solids were 
greatly dependent upon the heating rate, as shown 
in Fig. 6; those for crystalline samples of 12HOA, 
however, did not show such dependence. Therefore, 
the heating rate dependence of DSC traces for the 
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Fig. 10 DSC traces of the mesomorphic solids at a 
heating rate of 0.31 K min -1. 

: Made from a cyclohexane-jelly, : made 
from a benzene-jelly, : made from a 1-pentanol 
suspension, : made from a chlorobenzene-jelly. 

vary with the solvents used for preparation of the 
solids. T h e DSC trace of the solid from the cyclo­
hexane-jelly was missing the endothermic peak I ob­
served for that from the carbon tetrachloride-jelly. 
T h e solid from the chlorobenzene-jelly gave a larger 
endothermic peak I and a smaller endothermic peak 
I I I , in comparison with the endothermic peaks I and 
I I I , observed for the solid from the carbon tetrachlo­
ride-jelly. The DSC curves with an intermediate shape 
were obtained for the solids from other jellies and 
alcoholic solutions. In every case, as the heating rate 
became faster, the endothermic peak I for the transi­
tion of the mesophase to a more disordered phase 
became higher and the endothermic peak I I I became 
lower. When the mesomorphic solids are formed by 
evaporating the solvents from the jellies or the solu­
tions of 12HOA, the degree of organization of the 
hydrocarbon chains in the smectic domains probably 
is different, depending on the solvent used. This may 
explain the difference in the DSC traces and in the 
C D spectra of the solids prepared by using various 
solvents. 

X-Ray Diffraction Studies. Figure 11 shows the 
X-ray diffraction patterns of a powdered sample of 
the mesomorphic solids and of the crystalline solids, 
together with that of the benzene-jelly. The meso­
morphic solids exhibit the patterns which are very 
similar to those of the powdered crystalline solids, 
although each peak in the former is broader than 
that in the latter. These patterns are composed of 
comparably sharp peaks corresponding to a long 
spacing of 4.67 nm (shorter than twice the extended 
length of 12HOA molecule)1) and peaks corresponding 
to short spacings (below 0.46 nm) associated with the 
interchain packing. This result indicates that there 

10 15 20 
2G/deg 

Fig. 11. X-Ray diffraction patterns of (a) powdered 
crystalline solids, (b) mesomorphic solids from a GG14-
jelly, (c) jelly (257 mmol 1_1, with benzene) (cited 
from Ref. 1). 

is little difference in short-range-order structure be­
tween the mesomorphic solid and the crystalline solid 
and that, consequently, the mesomorphic solids are 
composed of a number of small domains with a lamellar 
structure similar to that in the crystalline solid, though 
the organization of the alkyl chains in the lamellar 
structure in the former is less ordered than that in 
the crystalline solid. Since the lamellar mesophase is 
a separate phase from the crystalline phase, as evi­
denced by the thermal studies, it is concluded that 
the mesophase has a smectic structure, which often 
forms lyotropic liquid crystals of amphiphilic molecules. 

The X-ray examination was also done for the solid 
films formed by air-drying the benzene-jellies on a 
sample plate. The diffraction patterns were almost 
the same as those of the mesomorphic solids obtained 
by freeze-drying the jellies, except that the patterns 
from the solid films were missing the reflection peak 
corresponding to a short spacing of 0.46 nm. The 
0.46 nm peak was recovered for the powdered sample 
obtained by crushing the solid films which were de­
tached from the plate. Therefore, this effect is con­
sidered to be at tr ibutable to the same orientation 
effect as has been found in the CD study of the solid 
films. 

Concluding Remarks. Helicoidal Order in Micellar 
and Polymer Systems: In the present series of papers 
(I and I I ) , it was described that chiral 12HOA can 
form lyotropic helicoidal mesophase and solid ana­
logues. This acid and its salt have been found to 
form helically twisted microfibrils,17'18) Here it would 
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TABLE 2. SIMILARITY OF MODE IN MOLECULAR ASSOCIA­

TION BETWEEN PMDG AND (Ä)-12HOA 

Aggregated forms 
State , ^ s 

PMDG (£)-12HOA 

Dil soin a-Helix Chiral micelle 

Coned soin Helicoidal mesophase Helicoidal mesophase 
and (chiral nematic) (chiral smectic) 
amorphous 
solid 

Fibrous Helically twisted Helically twisted 
state fibrils fibrils 

(right-handed) (left-handed) 

be useful to call attention to the helicoidal association 
of polymer molecules of some polypeptides such as 
PBG or P M G . T h a t is, these polymer molecules can 
assemble into a variety of helicoidal forms,3) i.e. (1) 
helicoidal configuration3) of single molecule (a-helix), 
(2) helicoidal (chiral nematic) mesophase in solution 
above a critical concentration, (3) solid films with 
helicoidal (chiral nematic) local order, and (4) heli­
cally twisted microfibrils.19) Table 2 illustrates the 
similarities between 12HOA and P M G with regard 
to the mode of molecular association. Here a micelle 
of 12HOA corresponds to the a-helix of a P M G molec­
ule, since the former itself also constitutes a chiral 
system20) as does the a-helix. Polypeptides are con­
sidered to be amphiphilic in nature since they can 
form stable monomolecular films at an air-water or 
oil-water interface. Furthermore, it should be pointed 
out that both polypeptides and 12HOA are capable 
of forming the inter- or intramolecular hydrogen bonds. 
Undoubtedly these common properties of both chiral 
amphiphiles are responsible for the similarities in the 
formation of helicoidal assemblies. Ghiral 12HOA is 
a small molecule, but these molecules can link with 
each other to form "a chiral polymer" by intermolec-
ular hydrogen bonding between the hydroxyl groups; 
as a result, these "polymer molecules" behave like 
chiral amphiphilic macromolecules such as polypep­
tides. The polymer-like behavior of chiral 12HOA 
that forms jellies with solvents, spherulites or micro­
fibrils are well explained by the formation of the hy­
drogen-bonded polymers. 

The similarity between chiral 12HOA and polypep­
tides led us to infer that there are some other am­
phiphiles exhibiting a similar behavior. In fact, this 
has been shown in several reports. Sakamoto et <z/.13»21) 
found that optically active iV-acyl amino acids such 
as iV-lauroyl amino acid form cholesteric mesophase 
in apolar solvents and form chiral aggregates in polar 
solvents. They ascribed this result to chiral inter-
molecular hydrogen bonding. Sato and Hatano2 2) 
found that the nonionic surfactant, "Tween 80" (Atlas 
Powder Co.) induced CD spectra to an achiral dye 
solubilized into the micellar solutions. They ascribed 
this result to the formation of a helicoidal mesophase 
in concentrated aqueous solution of the surfactant. 
Kunitake et al.2*) observed I C D spectra of a hydro­
phobic azo dye added to synthetic bilayer membranes 
of chiral dialkylammonium amphiphiles derived from 

alanine and glutamic acid. This result seems to sug­
gest that the bilayer membranes constitute a chiral 
mesomorphic system. 

T h e association behavior of bile acids and their 
salts also is worthy of remark. Several workers24»25) 
have reported I C D results for achiral molecules dis­
solved in aqueous micellar solutions of sodium de-
oxycholate, suggesting the fomation of chiral micelles. 
R a m a n a t h a n et al.2*) observed that deoxycholic acid 
formed helical microfibrils when its water suspensions 
were dried on carbon films and that the helical twist 
was right-handed. The gelation of sodium deoxychol-
ate solutions also has been often investigated, and the 
role of hydrogen bonding in the molecular associa­
tion has been discussed.27»28) These results seem to 
suggest that the gels of the deoxycholate can form 
helicoidal mesophases under a suitable condition, but 
the evidence has not yet been obtained. All the 
results observed with these chiral amphiphiles indi­
cate that chiral amphiphiles constitute chiral or heli­
coidal micellar systems throughout the formation of 
sequences of intermolecular hydrogen bonds. 

In general, amphiphilic molecules exhibit a variety 
of modes of molecular association, such as micelle, 
mono- and multilayers, bilayer membrane (liposome), 
smectic phase, and nematic phase. In addition, when 
amphiphilic molecules have a chiral structure, they 
are able to take a preferred orientation in the molec­
ular assemblies, leading to occurrence of chiral as­
semblies. The resulting assemblies have a different 
structure from that of assemblies of achiral molecules 
or racemate molecules. This is reflected in the critical 
micelle concentration of solution29) or in the compres­
sion curve of monolayers at an air-water interface.30»31) 

In a macroscopic scale observable with a micro­
scope, amphiphiles form thin ribbons or microfibrils. 
This has been investigated most often with soaps and 
phospholipids. In some cases, these ribbons or fibrils 
twist helically regardless of whether the amphiphiles 
are chiral or not. Then , achiral amphiphiles produce 
both right-handed and left-handed helices in equal 
numbers, e.g. as have been observed for helical micro­
fibrils from calcium tallowate in grease or from alkali-
metal soaps. O n the other hand, chiral amphiphiles 
produce a one-handed helix depending on the chirality 
of the molecule, though the helical sense is influenced 
by solvent effects. 

T h e morphology of the assemblies of chiral amphi­
philic molecules is of biological interest, since helically 
twisted lamellae or microfibrils are often encountered 
in biological systems. The present study suggests that 
these biological materials form helicoidal mesophases. 
O n this connection, it is instructuve to cite a recent 
review by Bouligand,6) who collected examples il­
lustrating that biopolymers assemble into cholesteric 
liquid crystals or into more or less solid analogues, 
and that certain fibrous and regularly twisted materials 
can be considered as polymerized cholesterics. 

We wish to thank Miss Y. Onishi for her co-opera­
tion in the experimental work, Dr. K. Sakamoto of 
Central Research Laboratories, Ajinomoto Co., Inc. , 
for his valuable comments, Professor M. Ha tano of 
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The solid phase ultraviolet photoelectron spectra of water, carbon disulfide, benzene, iV-methylaniline, and 
pentane condensed on a gold substrate at 77 K were measured. The features of the spectra are similar to those 
of the corresponding gas phase spectra. The difference between the gas and solid phase IP's, the relaxation shift, 
is nearly constant for each compound studied except for the case of water, where the 3aa molecular orbital state 
in solid is affected by the hydrogen bonding. The values of the relaxation shift for water, benzene and carbon 
disulfide are 1.1—1.3 eV, while those for iV-methylaniline and pentane are 0.6 and 0.7 eV, respectively. The 
small values for the latter compounds are due to the fact that the molecules are loosely packed in the solids. The 
mechanisms of the band broadening for the molecular crystal are discussed in relation to the spectrum of solid 
carbon disulfide. For iV-methylaniline the spectra of the gas, liquid and solid phases were compared. To our 
knowledge, this is the first case in which the electronic structures of all the three phases are studied by ultraviolet 
photoelectron spectroscopy. 

The technique of photoelectron spectroscopy pro­
vides direct information about the electronic struc­
tures of materials in the gas and solid phases. There­
fore, it is of considerable interest to investigate the 
change in the electronic structure due to the phase 
change by means of photoelectron spectroscopy. 

In this work we measured the ultraviolet photo­
electron spectra of water, benzene, carbon disulfide, 
iV-methylaniline, and pentane in the solid phase and 
compared them with the corresponding spectra re­
ported for the gas phase. Since all the compounds 
are liquids at room temperature, they are condensed 
easily without contamination during exposure. Water , 
carbon disulfide, benzene, and pentane were chosen 
as typical organic or inorganic compounds. iV-meth-
ylaniline was studied, because its He I spectrum has 
been measured in the liquid state1* and we can com­
pare the electronic structures of all the three phases 
of gas, liquid, and solid. 

Exper imenta l 

The samples of benzene, carbon disulfide, JV-methylaniline, 
and pentane were distilled twice under vacuum. For the 
water sample, distilled water was used. 

The measurements of the spectra were carried out using 
an ultra-high vacuum photoelectron spectrometer, which 
has a preparation and an analyser chamber.2) The base 
pressure of the spectrometer was less than 3 x 1 0 - 1 0 Torr. 
The He I (21.22 eV), Ne I (16.85 and 16.67 eV) and Ar 
I (11.83 and 11.62 eV) resonance lines were used as the 
exciting sources. For the Ne or Ar doublet, the mean value 
of the energies was used to analyse the spectra. The resolu­
tion of the electron energy analyser was approximately 
0.15 eV FWHM (full width at half maximum) in the present 
experiment. 

In the preparation chamber the sample vapour was con­
densed onto a freshly deposited gold film held at 77 K. The 
vapour was let in the chamber at a point just above the 
substrate through a variable leak valve and a copper pipe. 
The pressure was less than 1X 10-8 Torr during the con­
densation. To prevent the sample charging effect the ex­
posure was stopped at intervals to monitor adsorbate peaks. 
The spectra shown in the following section are those which 
were measured just before the peak shift caused by the charg­

ing sets in. 

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

Water (H2OJ. Figure 1 illustrates the change 
in the He I spectra showing the condensation of water 
on a gold film at 77 K. T o obtain the ionization 
potential (IP), the kinetic energy, EK> of the electrons 
was determined by taking the zero of kinetic energy 
as the low energy cutoff of each spectrum1" and then 
the relation IP=hv—EK was used. This method gives 
the work function of gold to be 4.9 eV, which is in 
good agreement with the value, 4.9—5.1 eV, recom­
mended by Eastman.3) 

In Fig. 1 the features of the spectra at about 11, 

Fig. 1. He I spectra of water condensed on Au at 77 K. 
(1): Clean gold, (2): H aO on gold, exposure time, 
50 s at 5x lO- 9 Torr , (3): H 2 0 on gold, exposure 
time, 100 s at 5x10-» Torr. 

t To obtain the cutoff a small shoulder near 0 eV kinetic 
energy was taken out of consideration, because it is due to 
stray electrons. 
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15, and 17.5 eV correspond to the l b l 5 3a l5 and lb 2 

bands in the spectrum of gas phase water. The large 
peak between 18 and 21 eV is due to inelastically 
scattered electrons in the solid film. 

As can be seen in Fig. 1, the structures of the spectra 
between 5 and 10 eV originated from the gold sub­
strate little shift when water molecules are adsorbed. 
Similar results are observed for all the samples studied 
and are in contrast with the results observed by Yu 
et al. on a MoS 2 substrate,4) where the MoS 2 bands 
gradually shift as coverage increases. They attributed 
the shift to a dipole between the MoS 2 substrate and 
the adsorbed molecules. In the case of a metal sub­
strate, the thickness of the electron deficient layer 
due to the adsorbed gas is much less than the escape 
depth of photoelectrons. Therefore, the dipole effect 
may not cause the observable shift of the gold sub­
strate peaks. 

In Table 1 the gas phase vertical ZP's of water5) 
are compared with the solid phase ones. T h e dif­
ference between the gas and solid ZP's, the relaxation 
shift, R (=ZP(gas)—ZP (solid)), mostly corresponds to 
the polarization energy due to the molecular ion left 
in the solid after a photoelectron is removed. 

T A B L E 1. T H E VERTICAL IONIZATION POTENTIALS OF 

GAS AND SOLID WATER TOGETHER WITH THE 

RELAXATION SHIFTS 

Orbital 

lb , 
3aj 

lb2 

/P(gas)5) 
eV 

12.62 
14.78 
18.55 

ZP(solid) 
eV 

11.3 
15.0 
17.6 

R*) 

~eV~ 

1.3 
- 0 . 2 

1.0 

a) JR=/P(gas)-/P(solid). 

Atkinson et al. have also measured the H e I spectrum 
of water adsorbed on gold and found the structures 
at 6.3, 10.2 and 12.6 eV below the Fermi level of 
gold.6) Adding 4.9 eV for the work function of gold, 
we have 11.2, 15.1, and 17.5 eV for the ionization 
potentials of solid water, which are in good agreement 
with the values obtained in the present experiment 
(Table 1). 

In Table 1 the relaxation shift of the 3a2 state is 
negative. As was pointed out by Campbell et al.?) 
on solidification of water, the 3ax molecular orbital 
state is predominantly affected by the hydrogen bond­
ing because of its orbital geometry, and appears con­
siderably perturbed in the solid state spectrum. There­
fore, the negative value of the relaxation shift for 
the 3ax state may be due to the stabilization of the 
3ax orbital caused by the hydrogen bonding and also 
to the change in the band shape. 

Benzene (C6H6). Figure 2 shows the He I 
spectra of benzene condensed on the gold substrate. 
The characteristic features of the solid spectrum shown 
in the figure are summarized in Table 2 together 
with the corresponding features of the gas phase spec­
trum.8»9) Since the e2g and a2u(jr) bands are not 
well resolved in the gas phase spectrum, they are 
observed as a single band at 10,7 eV in the solid phase 

1 
5 

C 6 H 6 

i i i i 

©2g^ 
32uïï 

1 -
10 

b2u<r 

a1goy 

i i 
15 

e 2 go 

« i i i • 1 
20 

o 

IP/eV 

Fig. 2. He I spectrum of benzene condensed on Au 
at 77 K. 

T A B L E 2. T H E VERTICAL IONIZATION POTENTIALS OF 

GAS AND SOLID BENZENE TOGETHER WITH 

THE RELAXATION SHIFTS 

ZP(gas)8>9) /P(solid) R*) 

lelg7r 
3e2g 
la2u7r 
oe lu 

lb2 u 
2b l u 

3a lg 

2e2g 

eV 

9.24 
11.49 
12.3 
13.8 i 
14.7 
15.4 J 
16.85 
19.2 

• 11.8b> 

• 14.3b> 

eV 

8.1 

10.7 

13.1 

15.5 
— 

eV 

1.1 

1.1 

1.2 

1.35 

— 

a) R = IP(g2is)— ZP(solid). b) Centre of the bands. 

spectrum (Fig. 2). Similarly the band at 13.1 eV is 
correlated to the e l u , b 2 u , and b l u bands in the spec­
t rum of the gas. 

As shown in Table 2, the relaxation shift of solid 
benzene is 1.1—1.3 eV, which is in good agreement 
with the corresponding values obtained by Yu et al. 
(1.0 eV)4) and Grobman and Koch (1.15 eV).10) 

T h e observed relaxation energies for naphthalene,10) 
anthracene10) and naphthacene11) are 1.1, 1.2, and 
1.0—1.3 eV, respectively. Thus the relaxation energy 
is essentially constant for the aromatic molecules, 
benzene to naphthacene. This means that the value 
of the relaxation energy for polycyclic aromatic crystals 
depends on the molecular packing, irrespective of the 
size of the molecules. 

Carbon Disulfide (CS2). Figure 3 shows the He 
I, Ne I and Ar I spectra of carbon disulfide condensed 
on the gold substrate. The peak positions in the 
spectra are the same for the three different excitation 
sources. 

In Table 3 the vertical ZP's of solid carbon disulfide 
obtained from Fig. 3 are compared with those of the 
gas.8) T h e relaxation shift for each band is 1.2—1.3 
eV, being nearly constant as in the case of benzene. 

I t is worthwhile to note that the width of each band 
in the solid spectra is fairly constant and also does 
not depend on the excitation energy (Fig. 3). Sub­
tracting the background emission due to the secondary 
electrons, we obtained the F W H M ' s (full width at 
half maximum) of the ng, JTU, ffu, and tfg bands to be 
0.85, 0.95, 0.80, and 0.90 eV, respectively. O n the 
other hand, the corresponding F W H M ' s estimated 
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N-methyl aniline 
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Fig. 3. He I, Ne I, and Ar I spectra of carbon disulfide 
condensed on Au at 77 K. 

TABLE 3. THE VERTICAL IONIZATION POTENTIALS OF 

GAS AND SOLID CARBON DISULFIDE TOGETHER 

WITH THE RELAXATION SHIFTS 

Fig. 4. He I spectra of iV-methylaniline in the gas,8) 
liquid1) and solid phases. 

TABLE 4. THE VARTICAL IONIZATION POTENTIALS OF 

GAS, LIQUID, AND SOLID JV-METHYLANILINE TOGETHER 

Orbital 

7tg 

7lu 

a) Ä=/P(gas)-

ZP(gas)8) 
eV 

10.10 
12.84 
14.48 
16.20 

-IP(solid). 

JP(solid) 
eV 

8.8 
11.6 
13.2 
14.9 

"eV" 

1.3 
1.2 
1.3 
1.3 

Orbital 

7T4 

n 
a 

WITH 

/P(gas)13) 
eV 

7.65 
9.05 

10.20 
11.5 

THE RELAXATION SHIFTS 

ZP(liquid)1) 
eV 

7.1 
8.6 
9.8 

ZP(solid) 
eV 

7.0 
8.4 

_ ( H . 0 ) _ 

eV 

0.55 

0.45 

0.4 

Rh) 

eV 

0.65 

0.65 

(0.5)_ 

from the envelope of the vibrational structure of the 
gas phase spectrum are very different and are 0.10, 
0.27, 0.03, and 0.03 eV, respectively.8) The small 
F W H M values for the ou and tfg bands in the gas 
spectrum are due to the fact that each of these bands 
consists of the strong 0-0 peak with the very weak 
vibrational progression. 

In order to interpret the difference in the bandwidth 
between the solid and gas phase spectra, it is necessary 
to know the mechanisms of broadening of the solid 
state bands. Since, as described above, the band­
width in the solid spectra little depends on the ex­
citation energy, the width of the upper state in solid 
(conduction bandwidth) is considered not to make 
large contribution to the broadening of the bands 
in contrast to the cases of metals or ordinary semicon­
ductors. For the molecular crystal such as solid car­
bon disulfide, possible dominant mechanisms of the 
broadening are:12) (a) the polarization energy dis­
persion due to the lattice vibrations in the neutral 
state, (b) the energy loss of the photoelectrons during 
their transport to the surface as a result of the ex­
citations of the intramolecular vibrations of neutral 
molecules, and (c) the difference in the ionization 
potential between the surface and the bulk. The 
F W H M of the solid band expected from the mechanism 
(a) may be a few tenth of a relaxation energy R.tt 
Therefore, it is possible in the present case that the 

a) Ä1=/P(gas)-/P(Kquid). b) R=IP(gas) -IP(solid). 

mechanisms (b) and (c) also contribute to the band­
width ( « 0 . 9 eV) which amounts to about 7 0 % of 
the relaxation energy (1.2—1.3 eV). The fact that 
the F W H M ' s of the solid phase bands are nearly 
constatnt irrespective of those of the gas phase bands 
suggests that the mechanism (b) involving the energy 
loss due to the intramolecular vibrations makes con­
siderable contribution to the broadening of the solid 
bands. 

N-Methylanilme (C6HÖNHCHJ. Figure 4 shows 
the He I spectrum of 7V-methylaniline condensed on 
the gold substrate together with the spectra in the 
gas8) and liquid1) phases. To our knowledge, N-
methylaniline is the first compound whose ultraviolet 
photoelectron spectrum has been measured in all the 
three phases of gas, liquid, and solid. As is seen in 
Fig. 4, the bands are more diffuse in the order of 
gas, liquid and solid, the order of increasing inter-
molecular interaction. 

Table 4 gives the vertical IP's of 7V-methylaniline 
in the three phases together with the relaxation shifts, 
Rx and R for the liquid and solid phases. In the 
table we find that the value of R1 (0.4—0.5 eV) is 

tt For example, in the case of solid naphthacene, the 
estimated FWHM due to the machanism (a) is 0.3 eV, 
the relaxation energy being ca. 1.2 eV,12) 
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not much different from that of R ( « 0 . 6 eV). Since 
the relaxation shift is mostly due to the polarization 
energy of the neutral molecules surrounding a molec­
ular ion, the small difference between the two sets 
of values suggests that no large change in the inter-
molecular distance arises on going from liquid to 
solid. 

Pentane (C5H12). Figure 5 shows the He I 
spectrum of pentane condensed on the gold substrate. 
Since the gas phase spectrum of pentane is diffuse 
and its band assignment has not been well established, 
we compared the positions of prominent features of 
the gas phase spectrum14) with those of the solid phase 
one (Table 5). 

As is shown in Table 5, the relaxation shift of pen-

Fig. 5. He I spectrum of pentane condensed on Au 
at 77 K. 

TABLE 5. T H E PROMINENT FEATURES IN THE SPECTRA 

OF GAS AND SOLID PENTANE TOGETHER WITH 

THE RELAXATION SHIFTS 

.g(gas)14> 
eV 

£(solid) 
eV 

RV 
"eV" 

10.8 
11.4 
12.05 
15.1 

l l . P ) 10.4 

(14.4) 

0.7 

(0.7) 

a) R=E(gas)—E(solid), b) Centre of the overlapping 
features. 

tane is 0.7 eV, which is small compared with those 
of the other samples studied (1.1—1.3 eV), except for 
the case of N-methylaniline (0.6 eV). The molecule 
of pentane is chain-like and has freedom of rotation 
about its CC single bonds. When such molecules 
are solidified, especially at low temperature, they are 
expected to be loosely packed in solid. This may 
be the reason why pentane shows a small relaxation 
shift. In the case of 7V-methylaniline, its large sub­
stituent of the benzene ring may hinder a close packing 
of molecules in solid, also leading to a small relaxation 
shift. 

The authors are grateful to Kazuhiko Seki and 
Naoki Sato, The Institute for Molecular Science, for 
their helpful discussion. 
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The static and kinetic feature of the reaction of sodium cyanide with 1-bromoalkanes in the presence of 
various phase transfer catalysts was investigated in the oil/water system by using a layered scintillation method 
and the mechanism of catalytic action was discussed. From the measurement of equilibrium constants for both 
reactions of hexadecyltrimethylammonium cyanide with 1-bromooctane and of sodium cyanide with hexadecyl-
trimethylammonium bromide in organic phase, it was pointed out that the latter reaction was responsible for 
the advance of overall reaction. It was also found that majority of the phase transfer catalysts exist in the oil 
phase. It was suggested that an uptake reaction of cyanide ion from the aqueous phase at the interface is 
essential and that the reaction process does not follow a simple model proposed by Starks et al. 

It is well known that the presence of a small quanti ty 
of phase transfer catalyst such as hexadecyltrimethylam­
monium bromide remarkably promotes the reaction 
of 1-bromooctane in the organic phase with sodium 
cyanide in the aqueous solution, although the reaction 
does not take place even after two weeks boiling in 
the absence of the catalyst. The mechanism of this 
reaction has been considered by Starks et al. as follows:1) 

oil phase RGN + QBr ^ RBr + QCN 
! î__ 
4 I 

aqueous phase NaCN + QBr ^ NaBr + QCN 

where Q B r denotes quaternary ammonium bromide. 
I t has been postulated that the circulation of the 
catalyst between the two phases dominates. O n the 
other hand, a few papers against this simple model 
have also been presented.2~4) 

In the preceding papers,5 - 8) a new technique using 
liquid scintillation counter has been devised for the 
study of the interaction in the oil/water system. This 
method has been proved to be very useful for the 
direct measurement of the dynamic and static interac­
tion including the interfacial accumulation as well 
as the oil-water partitioning of radioactive species. 

In this paper, the application of this method to 
the reaction of various 1-bromoalkanes with sodium 
cyanide in the presence of the phase transfer catalysts 
is described from both views of kinetics and statics 
and the mechanisms of catalytic action is briefly dis­
cussed. 

Exper imenta l 

The procedure for measurement was described else­
where.5'6) The pH of the aqueous solution was adjusted 
at 9.0 with Menzel's buffer solution. The experiments 
were carried out at 20+1.5 °G except for the case otherwise 
described. 

Materials. In this study, 1-bromobutane, 1-bromo-
hexane, 1-bromooctane, 1-bromodecane, 1-bromododecane, 
1-bromohexadecane, bromobenzene, and 1-bromonaphtha-
lene were used as reagents in organic phase. In these, 1-
bromooctane was purified by fractional distillation. Qua­
ternary ammonium bromides used here as the phase transfer 
catalysts were tetramethylammonium bromide (Me4NBr), 
tetraethylammonium bromide (Et4NBr), tetraprorylam-
monium bromide (Pr4NBr), tetrabutylammonium bromide 

(Bu4NBr), trimethylvinylammonium bromide (Me3VNBr), 
benzyl triethylammonium bromide (BeEt3NBr), hexadecyl­
trimethylammonium bromide (CT AB), ethyldimethylhexa-
decylammonium bromide(GEtMe2NBr), and hexadecylpyri-
dinium bromide (GPydBr). Most of these reagents were 
commercial ones and were used without further purification 
unless otherwise stated. Radioactive sodium cyanide-wC 
obtained from New England Nuclear was used as a nucleo-
philic agent for the displacement reaction, and it was diluted 
to a suitable specific activity 9.16 Gi/mol with nonradioactive 
sodium cyanide of guaranteed grade. Radioactive and non­
radioactive hexadecyltrimethylammonium cyanide (GTAG N) 
were prepared from GTAB by using anion exchange resin 
in the GN form. Radioactive [methyl-14C] hexadecyltri­
methylammonium bromide(GTAB-UC) was purchased from 
The Radiochemical Center, England. 2,5-Diphenyloxazole 
(PPO) and l,4-bis-(5-phenyloxazolyl)benzene (POPOP) ob­
tained Packed Instrument Co., Ltd. were used as scintil­
lators. 

Procedure. Layered Scintillation Method: The scintil­
lator solution without a reactant (ST) was prepared by 
dissolving 2 g PPO and 0.125 g POPOP into 1000 cm3 of 
a toluene solution containing 10 vol% 1-butanol. The scin­
tillator solution with a reactant (ST (R)) was prepared by 
dissolving a given amount of bromoalkanes in ST. 

First, 10 cm3 of ST(R) or ST was layered on 10 cm3 of 
the aqueous solution of cyanide ion labeled with 14G, and 
the time course of increase in the amount of radioactive 
substance entering into the scintillator phase was measured 
by a liquid scintillation counter, Beckman LS-100. 

After the reaction reached equilibrium, 0.5 cm3 of the 
aqueous solution and 5 cm3 of the scintillator solution were 
taken from each phase. The concentration of the radio­
active substance in each phase was determined by the stan­
dardization procedure as follows; 0.5 cm3 of the radioactive 
aqueous solution was mixed with 5 cm3 of ST, 5 cm3 of 
ST(R) (or ST) and 10 cm3 of methanol. 5 cm3 of the scin­
tillator solution was mixed with 0.5 cm3 of nonradioactive 
solution of cyanide ion having the same composition as 
the radioactive one, 5 cm3 of ST and 10 cm3 of methanol. 
Since the quenching efficiencies are the same for these stan­
dardized solutions, we can determine the partition coefficient 
of the total radioactive cyanide from the ratio of the counts 
of the two standardized solutions. The partition coefficients 
measured in this study were as follows: 

n K [CN]0 = [NaCN]0 + [QCNJ0 
; CN [GN]W [NaCN]w + [QCN]w 

(Partition coefficient of cyanide ions in the absence of 
a 1-bromoalkane and in the presence of the catalyst) 
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2) K& = 
[GN]0 + [RCN]0 

[GN]W 

[NaGN]0 + [QCN]0 + [RGN]0 

[NaCN]w + [QCN]w 

(Partition coefficient of cyanide ions in the presence of 
a 1-bromoalkane and catalyst) 

_ [NaCN]» 
â) A N a C N ~ [NaGN]w 

(Partition coefficient of sodium cyanide in the absence 
of catalyst and in the presence of a 1-bromoalkane) 

_ [NaCNJp 
4 ) K™*~ [NaCN]w 

(Partition coefficient of sodium cyanide in the absence 
of both the catalyst and a 1-bromoalkane) 

=, K [QPN], 

(Partition coefficient of GTAGN in the absence of a 1-
bromoalkane when QCN is used in place of the mixture 
of NaCN and QBr) 

fi, r* _ [QCN]o + [RGN]0 
} Q C N _ ÏQGNI; 

(Partition coefficient of GN in the presence of a 1-bro­
moalkane when QGN is used in place of the mixture 
of NaCN and QBr) 

7) K [ Q ] Q [QCN]0 + [QBr]0 
Q [Q]w [QGN]w + [QBr]w 

(Partition coefficient of Q+-UC) 
In these equations the subscripts o and w, and superscript 
R refer to oil and aqueous phase and the reactant, respec­
tively. 

Potentiometrie Measurement: The concentrations of bromide 
and sodium ions in the aqueous phase were potentiometrically 
measured by Horiba N-7 Ion Meter with the aid of the 
specific ion electrode for bromide and sodium ions of Activion 
Halstead and Horiba Ltd., respectively. In some instances, 
the concentration of cyanide ion was also measured with 
the cyanide ion electrode of Orion Research Inc.. The 
experimental conditions were the same as those in the layered 
scintillation method. 

R e s u l t s 

Time Courses of Permeation of Hexadecyltrimethylammonium 
Ions and Cyanide Ions. T h e time course of the 
permeation of hexadecyltrimethylammonium ions from 
aqueous to organic phase without agitation is shown 
in Fig. 1. This figure indicates that the time courses 
of hexadecyltrimethylammonium entering into the or-

u 
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Fig. 1. Time courses of permeations of hexadecyl­
trimethylammonium ions into scintillator phase. 
O: In the absence of 1-bromooctane, # : in the 
presence of 115 mM 1-bromooctane. Initial concen­
tration of GTAB is 0.1 mM. 

ganic phase of the systems with and without 1-bromo­
octane are almost the same and reach equilibrium 
within 2 h. 

O n the other hand, the permeation of cyanide 
ions is much slower than that of hexadecyltrimethylam­
monium ions and it takes 20—30 h to reach equili­
brium. The time course of increasing counting rate 
can be expressed by 

/«, - / = /ooexp(-fa) (1) 

for the system without the displacement reaction of 
1-bromoalkane and cyanide ion in the organic phase, 
while it becomes 

Too — / = /10oexp(—k-yt) + I200exp(—k2t) (2) 

for the system with the displacement reaction, where 
/ denotes the counting rate at a time t, and 
I2oo, those at an infinite time and k, klt and k2, the 
rate constants. 

T h e estimated values of rate constants are sum­
marized in Table 1. In these rate constants, kx is 
thought to be the rate constant for the permeation 
of cyanide ion into the organic phase, since the value 
of kx is near to that of k for the system without the 
displacement reaction of 1-bromooctane and cyanide 
ion. Hence, k% may be refered to the rate constant 
for the displacement reaction in the organic phase. 
An agitation may cause the increase in kv 

Partition Coefficients for Various Systems. Table 1 
also shows the partition coefficients of cyanide ions 

T A B L E 1. PARTITION COEFFICIENTS OF CYANIDE IONS AND RATE CONSTANTS 

Aqueous phase 
Organic phase 
Partition 

coefficient 
Rate constant 

k or kjh-1 

^ / h - 1 

NaCN* a> 
— 

0.206 
(-^NaCN) 

0.360 
— 

NaCN* 
G8H17Br 
0.205 
( ^ N » C N ) 

0.350 
— 

NaCN* + GTAB 
— 

0.207 
( *CN) 

0.358 
— 

NaCN*+GTAB 
G8H17Br 
0.478 
(*?N) 

0.304 
0.162 

GTAGN* 
— 

0.196 
O^QCN) 

0.336 
— 

GTAGN* 
C8H17Br 
0.568 
C^QCN) 

0.308 
0.0240 

a) The asterisk denotes the labeled compound with 14G and initial concentrations of NaCN, GTAB, CTAGN, and 
G8H17Br are 0.1, 0.1, 0.11, and 115mM, respectively. 
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in various systems. The partition coefficients of cy­
anide ions are small and independent of counter ions 
since ^ C N —^ N a cN—^QCN- I* ls a ^ s o found that the 
direct displacement reaction of N a C N with 1-bromo­
octane does not take place in the absence of phase 
transfer catalyst since A 'g a C N =^ C N . The occurrence 
of displacement reaction is indicated by the result, 
K*N>KCN, when the phase transfer catalyst CTAB 
is present. The use of C T A C N in the place of the 
mixture of CTAB and N a C N in the aqueous phase 
leads to the advance of the displacement reaction in 
the organic phase to more extent ( ^ Q C N > ^ C N ) -

The partition coefficients of hexadecyltrimethylam-
monium ions, K^ are shown in Table 2. Since the 
partition coefficient of CTA+ is larger than that of 
C N _ , it is evident that most of CTA+ exist in the 
organic phase. The increase in the concentration of 
1-bromooctane leads to the slight decrease of the 
partition of CTA+, but in the lower concentration 
of 1-bromooctane the partition coefficients are the 
same as that in the absence of 1-bromooctane. 

Tables 3 and 4 show the partition coefficients in 
the systems other than that of 1-bromooctane and 
CTAB. From these tables, it is found that alkyl 
bromide with carbon number less than 6 or more 
than 8, and aryl bromides were not catalyzed by the 
phase transfer catalysts used in this experiment. Table 
3 also indicates that Me4NBr, Me3VNBr, BeEt3NBr, 
and Bu4NBr are not effective or almost noneffective 
in the catalytic action. As shown in Table 4, CTAB 
is effective only in the case of C8H17Br while 
CEtMe2NBr and CPydBr cause the displacement reac­
tion of cyanide with C6H13Br and C8H17Br and Et4NBr, 
with C6H13Br. The rate constants for these systems 
are summarized in Table 5. As shown in this table, 
the time course obey the Eq. 2 except the systems 
of C6H13Br with CEtMe 2NBr or Et4NBr which have 

T A B L E 2. PARTITION COEFFICIENT OF HEXADECYL-

TRIMETHYLAMMONIUM IONS 

[G8H17Br]/mM 

Partition 
coefficient 

0 

15.4 

57.5 

15.3 

115 

15.9 

287 

14.0 

574 

12.4 

smaller partition coefficients than other systems in 
this table. 

Formation Constant. The partition coefficient of 
cyanide ions increases with the increase in the initial 
concentration of 1-bromooctane as shown in Fig. 2. 
Let us define the formation constant of alkanenitrile 
in the organic phase as 

[QBr]0[RCN]0 (3) 
[QGN]0[RBr]0 

Rearranging Eq. 3 we have 
[RGN]0 = #f%CN)[RBr]0[QCN]0/[QBr]0 

= « ( .0H,([R]T-[RGN]o)[QGN]o/[QBr]o , (4) 

where [R] T is the total concentration of alkyl group. 
In the system using C T A C N in place of the mixture 

of N a C N and CTAB, the total concentration of Q,, 
[QJT , is given as follows: 

[ Q J T = [ Q G N ] 0 ( l + ^ H ) + [ Q B r ] 0 ( l + ^ i r ) . (5) 

Then, 

[QBr]0 = {[QJT - [ Q G N ] 0 ( 1 + ^ N ) } / ( 1 + A ^ r ) 

- {[GN]T - [QGN]0(1 + ^ N ) } / (1+A Q -L ) (6) 

Initial consentration of GTAB-1 4C is 0.1 m M . 

[G 8H 1 7Br]T /mM 

Fig. 2. Plot of part i t ion coefficient vs. concentration 
of 1-bromooctane in the presence of Q B r . 
O : CTAB, # : GEtMe 2NBr, 0 : CPydBr. Initial 
concentrations of N a C N and Q B r are all 0.1 m M . 

T A B L E 3. PARTITION COEFFICIENTS OF GN IN VARIOUS SYSTEMS (1) 

R 

G4H9 

G6H13 

G8H17 

G10H21 

G12H25 

G16H33 

G6H5 

G10H7 

[RBr]/mM 

0 
234 
236 
287 
242 
200 
218 
239 
238 

Pr4NBr 

0.164 
0.155 
0.128 
0.233 
0.127 
0.135 
0.150 
0.143 
0.129 

Bu4NBr 

0.172 
0.186 
0.189 
0.277 
0.153 
0.192 
0.278 
0.190 
0.196 

Partition coefficient 

Me4NBr 

0.190 
0.178 
0.190 
0.235 
0.167 
0.184 
0.181 
0.200 
0.182 

Me3VNBr 

0.180 
0.155 
0.177 
0.157 
0.177 
0.169 
0.209 
0.210 
0.208 

BeEt3NBr 

0.207 
0.172 
0.192 
0.174 
0.180 
0.184 
0.214 
0.204 
0.208 

Initial concentrations of N a C N and Q B r are all 0.1 m M . 
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TABLE 4. PARTITION COEFFICIENTS OF GN 

IN VARIOUS SYSTEMS (2) 

TABLE 5. THE RATE CONSTANTS FOR SYSTEMS 

WITH THE DISPLACEMENT REACTION 

RBr 

G6H13Br 
G8H17Br 
G6H13Br 
G8H17Br 
G6H13Br 

Catalyst 

GEtMe2NBr 
GEtMe2NBr 
GPydBr 
GpydBr 
Et4NBr 

^ i / h - 1 

0.116 
0.086 
0.120 
0.141 
0.128 

^ / h - 1 

— 
0.0082 
0.0104 
0.0097 

— 

The experimental conditions are the same as those of 
Table 4. 

where [CN] T is the total concentration of CN. In 
obtaining Eq. 6 the initial condition, [ C N ] T = [ Q J T , 
is used. O n the other hand, we derive from the equa­
tions for ^ Q C N and K%Cx 

[RGN]0 
- K Q C N - -KQCN 

K, QCN 
[QCN]0 = •*^QCN ^M QCN 

l+^?o N 
[CN], 

and hence, from Eqs. 6 and 7, we obtain 

(l+tf«-Br)[QBr]0 = [QCN]0(/qCN-.KQCN)//CQCN. 

Combining Eqs. 4, 7, and 8 gives 

[R] , 1+JC5OT 

(7) 

(8) 

[CN], -K. 
1 

^ Q O N — - ^ Q C N 

QCN K ° ( E C N ) - ^ Q C N ( 1 +-f(JBr) 

(9) 
Figure 3 shows the plots for the system of C T A C N 
and 1-bromooctane according to Eq. 9, from which 
the values of ^ ? ( R C N ) a r e found to be 9 . 3 4 x l 0 ~ 4 at 
20 °C and 1.46 x l O " 1 at 28 °C, and corresponding 
free energy, AG, 17.0 and 0.48 K J/mol , respectively. 

We also estimated an equilibrium constant for the 
formation of Q C N in the organic phase defined as 

[NaBr]0[QCN]0 
Ki (QCN) [NaCN]0[QBr]0 

(10) 

This value can be estimated with the aid of following 
equations by measuring the concentrations of cyanide, 
bromide and sodium ion in each phase for the system 
of N a C N and CTAB without RBr 

[CN]0 = [NaCN]0 + [QCN]0 

[Br]0 = [NaBr]0 + [QBr]0 

(H) 
(12) 

R 

G4H9 

CeH13 

G8H17 

G10H21 

G12H25 

^ i e H 3 3 

G6H5 

G10H7 

Initial 
mM. 

[RBr]/mM 

0 
234 
236 
287 
242 
200 
218 
239 
238 

/ GTAB 

0.207 
0.144 
0.166 
0.892 
0.138 
0.205 
0.240 
0.139 
0.139 

concentrations of 

Partition coefficient 
^̂  

GEtMe2NBr 

0.204 
0.196 
0.716 
0.870 
0.223 
0.201 
0.301 
0.214 
0.214 

NaCN and 

GPydBr 

0.293 
0.360 
0.872 
0.889 
0.357 
0.362 
0.396 
0.347 
0.347 

QBr are 

v. 

Et4NBr 

0.143 
0.153 
0.663 
0.153 
0.155 
0.143 
0.158 
0.233 
0.250 

all 0.1 

1 

T—1 

S3 
« a ? 

H 
r—1 

'z 
0 

1 
S3 
O 

* 
H 

Fig. 3. 

• K Q C N ( 1 H~-*^QBr) 

Fig. 3. Plot of Eq. 9 for the system of GTAGN and 1-
bromooctane. 
0 : 20 °G, • : 28 °G. Initial concentration of GTAGN 
is 0.1 mM at 20 °G and 1 mM at 28 °G. 

[Na]0 = [NaGN]0 + [NaBr]0 (13) 

and 

[NaGN]o(l+^Hi0H) = [ Q B r ] 0 ( l + ^ L ) . (14) 

From the results of Potentiometrie measurement, the 
value of K°f (QCN) for hexadecyltrimethylammonium cy­
anide was found to be 75 at 28 °C ( A G = — 1 0 . 8 K J / 
mol). 

D i s c u s s i o n 

Consider the displacement reaction of sodium cy­
anide with 1-bromooctane occurring in the presence 
of CTAB. There are four species in the aqueous 
phase, NaCN, NaBr, Q C N , and QBr , which permeate 
into the organic phase. Majority of CTA+ ions exists 
in the organic phase at the equilibrium (Table 3), 
while the partition coefficient of cyanide ions is small 
compared to Kq (Tables 1 and 2). Consequently 
it is thought that CTA+ in the aqueous phase permeate 
into the organic phase mainly in the form of CTAB. 
Furthermore, as shown in Fig. 1, the permeation rate 
of CTA+ into the organic phase is so large that the 
amount of CTA+ in the organic phase are saturated 
rapidly. The mode of permeation does not change even 
in the presence of 1-bromooctane in the organic phase. 
O n the other hand, the permeation of cyanide ions into 
the organic phase is much slower than that of CTA+ 
and hence we may consider the ionic exchange reaction 
of CN~ by Br~ at the interface as the counter ion of 
CTA+ as was suggested by Makosza et al.^ We have 
two rate constants for the system with the displacement 
reaction of 1-bromooctane and CN~ and they are at­
tributed to the permeation of CN~ into the organic 
phase and the displacement reaction in the organic 
phase respectively. From these facts, we may conclude 
that the catalytic action of CTA+ would proceed rather 
in the organic phase and not by the circulation be­
tween the aqueous and organic phase. 

The free energy change for the displacement reaction 
of 1-bromooctane and CTACN is positive, and hence 
it is thermodynamically impossible that this reaction 
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proceed independently. But this reaction may proceed 
by utilyzing the negative free energy for the displace­
ment reaction between N a C N and CTAB at normal 
temperature. The free energy change for the overall 
reaction of NaCN and 1-bromooctane in the presence 
of CTAB is estimated to be - 1 0 . 3 k J / m o l at 28 °C, 
which shows the possibility of the advance of the 
overall reaction. However, we may consider that the 
increase in temperature puts forward the displacement 
reaction of CTACN with 1-bromooctane from the 
fact that the value of K%(RCN) at 28 °C is larger than 
that at 20 °C. 

The direct reaction of N a C N and 1-bromooctane 
seems not to advance because of very small reaction 
rate (Table 1). According to Starks et al., the in­
crease in the ionic radius of cation lowers the activa­
tion energy for the displacement reaction.9) Changing 
N a + to CTA+ may be essential for the acceleration 
of displacement reaction. 

The authors wish to appreciate to Dr. M. Hayashi 

for his helpful discussion concerning the result in 
this work. 
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Gopper(II) complex containing L-alanine and L-histidine crystallizes from aqueous solution at pH 7.0. 
Crystals of (L-alaninato)aqua(L-histidinato)copper(II) trihydrate are monoclinic, space group P21? a= 10.980(4), 
£ = 7.362(3), £ = 9.700(2) Â, 0=101.45(3)°, and Z = 2 . There is some disorder for the location of three water 
molecules of crystallization. Four coordinating atoms in an approximately planar arrangement around copper 
are the a-amino nitrogen and imidazole <5-nitrogen of L-histidine, and a-amino nitrogen and a-carboxyl oxygen 
of L-alanine. They take a cis conformation with respect to the amino groups. The axial site is occupied with 
oxygen atom of water, so that the coordination geometry is square-pyramidal. Similarity and difference are 
discussed in comparison with the coordination mode in copper complexes containing L-histidine and L-asparagine. 

Histidine-containing ternary amino acid copper (II) 
complexes in serum have attracted wide attention in 
relation to the copper (I I) transport in biological sys­
tems, and the preferred second amino acids are as-
paragine, glutamine and threonine.1>2> In the pre­
vious paper,3) we have reported the crystal structure 
of (L-asparaginato)(L-hist idinato)copper(II) and its 
hydrate, in which the coordination mode is the same 
as that of aqua(L-histidinato)(L-threoninato)copper(II) 
hydrate.4) I t is interesting to examine the structures 
of the ternary copper complexes of which the second 
amino acid is thought less cooperative. We have 
prepared (L - alaninato) aqua (L - histidinato) copper (II) 
trihydrate and determined the three-dimensional struc­
ture by X-ray analysis. 

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

1 mmol of L-alanine (0.0891 g) and 1 mmol of L-histidine 
(0.1552 g) were dissolved with 10 ml of ion-exchanged water. 
The solution, into which 1 mmol of copper (I I) hydroxide 
(0.0976 g) prepared by the same manner as in the previous 
paper was added, turned blue by stirring. After removing 
the precipitate of copper (II) oxide, small amount of metha­
nol was poured. Blue plate crystals of (L-alaninato) aqua-
(L-histidinato)copper(II) trihydrate were grown by standing 
the solution for a few days at room temperatures. Ele­
mental analysis. Found: G, 28.95; H, 5.81; N, 15.28%. 
Galcd for G9H22N408Gu: G, 28.61; H, 5.87; N, 14.82%. 

Crystal data are: Monoclinic, a= 10.980(4), £=7.362(3), 
c = 9.700(3) Â, 0=101.45(3)°. Z>m=1.63 g cm-3 (by floata­
tion), Z)x=1.63 g cm -3 , Z = 2 . Systematic absence, 0A;0 for 
odd k. Space group, P2j or P21/m. 

Accurate unit cell dimensions were obtained from a least-
squares fit to 20 data of 18 reflexions measured on a Rigaku 
automated four-circle diffractometer. Intensity data were 
collected on the diffractometer with graphite monochromated 
Mo Koc radiation at room temperature. A 0-20 scan tech­
nique was employed, and reflexions for 20<55° were re­
corded. A total of 1746 non-zero reflexions out of 1897 
were obtained. Intensities were corrected for the Lorentz 
and polarization factors but not for absorption and secondary 
extinction. 

Structure D e t e r m i n a t i o n 

Since this crystal contains L-amino acid, the space 

group P21/m was certainly excluded. The x and z 
coordinates of a copper atom were obtained from the 
Harker section in the sharpened three-dimensional 
Patterson map . Itsjy coordinate was taken arbitrarily 
as 0.25. The Fourier m a p phased with the copper 
atom has shown a pseudo-symmetry due to a mirror 
plane at y=0.25. Most of atoms in the amino acids 
were near this plane. Four atoms coordinated to 
the central copper atom were selected to be in ac­
cordance with the stereochemistry of the remaining 
par t of the complex. All the non-hydrogen atoms 
except for three oxygen atoms of water of crystalliza­
tion were assigned by successive Fourier syntheses. 
When the R factor was 0.11, the difference Fourier 
m a p showed a disorder about these three water mole­
cules in the space along the two-fold screw axis at 

TABLE la. THE FRACTIONAL COORDINATES (XlO4) 

WITH Beq FOR THE COMPLEX 

Estimated standard deviations are in parentheses. 

Atom x y z Beq/A2 a> 

a) £eq = 87ra(£/1+tfa+£/8)/3 w h e r e U19 U2, and Uz are 
the principal components of U matrix. 

Gu 
G(l) 

G(2) 
G(3) 
G (4) 
G (5) 

G(6) 
N(l) 
N(2) 
N(3) 

O(l) 
0(2) 
G(ll) 
G(12) 
G(13) 
N(ll) 

O(ll) 
0(12) 

o(r) 

1951 ( 1) 
5075(13) 
4373(10) 

4776(12) 
4337(10) 
3132(10) 

4956(13) 
3033( 9) 
3218( 8) 
4159( 9) 
4387(10) 
6188 ( 9) 
-329(10) 
-634(11) 
-1825(11) 

462( 8) 
767 ( 7) 

— 1162 ( 8) 
2751( 9) 

2501( 4) 
3568(17) 
3155(15) 
4518(18) 
3984(16) 
2962(14) 
4233(17) 
3215(16) 
3175(12) 
3576(13) 
3763(16) 
3664(19) 
1507(16) 
1477(18) 
2461(35) 
2141(17) 
1829(13) 
1212(14) 
-664(13) 

1467 ( 1) 

4986(12) 
3414( 9) 
2409(10) 
885(10) 

-1016( 9) 
-204(10) 
3297( 8) 
391( 8) 

-1367( 8) 
5850( 7) 
5201( 9) 
-149(11) 
1351(10) 

1416(12) 
2345( 9) 
-256( 7) 

-1153( 8) 
2033( 8) 

2.98 
3.51 

2.83 
3.56 
2.80 
2.76 
3.29 
3.76 
2.60 

3.02 
5.29 
5.86 
3.08 

3.33 
4.88 
3.71 
3.77 
4.16 

4.42 
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TABLE lb. THE FRACTIONAL COORDINATE (xlO3), 

ISOTROPIC T H E R M A L FACTORS AND OCCUPANCIES 

FOR T H E DISORDERED W A T E R MOLECULES 

Estimated standard deviations are in parentheses. 

Atom 

0(2') 
0(3 ') 
0 (40 
0(50 
0(60 
0(70 
0(80 

X 

991(2) 
778(3) 
189(2) 
171(8) 

1008(7) 
856(4) 
790(9) 

y 

114( 4) 
102( 5) 
112( 4) 
407(15) 
293(17) 
480( 8) 
410(17) 

z 

648( 2) 
455 ( 3) 
533( 3) 
570( 9) 
641( 8) 
512( 5) 
459(10) 

£/A2 < 

10.2( 6) 
11.9( 9) 
10.3( 7) 
19.3(33) 
18.9(31) 
8.9(13) 

13.5(31) 

Dccupancy 

0.7 
0.6 
0.6 
0.3 
0.3 
0.3 
0.2 

0,jy,0.5. Seven sites with appropriate occupancies were 
given for three oxygen atoms. Later stage of refine­
ment was achieved by the full-matrix least-squares. 
Contributions from hydrogen atoms were not included. 
The R factor dropped to 0.078 for observed reflexions. 
Atomic scattering factors used were taken from 
"International Tables for X-Ray Crystallography."5) 
The final atomic parameters are listed in Table l.6) 

Descr ip t ion o f the Structure 
and D i s c u s s i o n 

Figure 1 shows the packing of the molecules in 
the crystal, the hydrogen bonds being indicated by 
broken lines. Each complex molecule is connected 
along b through the axial coordination of the carboxyl 
oxygen of alanine related by the two-fold screw, which 
is hydrogen-bonded to the coordinated water in the 
next complex. a-Carboxyl group of histidine forms 
two hydrogen bonds, 0 ( 2 ) with water O ( l ' ) of the 
complex at 1—*, 0.5+y, \—z and O ( l ) with N(3) 
of imidazole of the complex at x, y, \-\-z. Three-
dimensional network is constructed by the bridging 
coordination of alanine and these hydrogen bonds. 
The network leaves the cavities along Q,y, 0.5, in which 
three water molecules take randomly some of seven 
sites. These random water molecules form hydrogen 
bonds with the cavity wall and with each other, 

Fig. 1. Crystal structure of (L-alaninato) aqua (L-histi-
dinato)copper(II) trihydrate projected along b (upper) 
and a (lower). 

although details of the hydrogen bonds of this kind 
need not be discussed. T h e possible hydrogen bonds 
are listed in Table 2. Other than hydrogen bonds, 
all non-bonded intermolecular distances are normal. 

Figure 2 shows the stereo pair of the diagram of 
the complex. Bond lengths and angles are given in 
Fig. 3 and Table 3, respectively. L-Alanine molecule 
coordinates to the central copper through a-amino 
nitrogen N ( l l ) and a-carboxyl oxygen O ( l l ) , while 
L-histidine links through a-amino nitrogen N ( l ) and 
imidazole (5-nitrogen N(2). These four atoms occupy 

TABLE 2. DISTANCES OF HYDROGEN BONDS 

X at a 

N(l) 
N(3) 

0 (10 
0(10 
N(l) 
N(l l ) 
O(l) 
O(l) 
0(2) 
0(2) 

Code of 
a : 
b : 
c : 

Y at 

O(l) a 
O(l) c 
0(2) h 
0(12) f 
O(40 a 
O(70 h 
0(30 g 
0(50 a 
O(30 a 
O(40 g 

symmetry-related position 
x, y, 
1+x, 
x, y, 

z 
y> z 

- 1 4 - z 

d : -
e : -
f: -

Distance 
X - Y (//A) 

2.654(14) 
2.763(14) 
2.749(14) 
2.910(13) 
2.975(31) 
3.021(53) 
2.865(34) 
2.922(97) 
2.777(34) 
2.900(31) 

-14-*, y, z 
-l+x, y, - l + z 
-*, -0.54-j», - z 

X at a 

0(2) 
0(2) 
0(12) 
O(20 
O(20 
O(20 
O(20 
0 (30 
O(40 
O(60 

g : l-x, 0.5+y, 1 
h : l-x, -0.5+y, 
i : 2-x, -0.54-j>, 

Y 

O(70 
0 ( 8 0 
O(20 
0 (30 
0 (40 
0 (50 
O(70 
O(70 
0 (60 
0 (80 

- z 
\~z 
\-z 

at 

a 
a 
e 
a 
b 
h 
i 
a 
d 
a 

Distance 
X - Y (//A) 

2.755(53) 
2.108(108) 
2.781(26) 
2.687(41) 
2.634(38) 
2.908(100) 
2.690(58) 
2.934(62) 
2.768(103) 
2.805(146) 

file:///-/-z
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the corners of the planar coordination square, taking 
a cis conformation with respect to the amino groups. 
The coordination distances, 2.006(10), 1.966(8), 2.000 
(10), and 1.961(9) Â, are in agreement with those 
in the related complexes.3'7»8) The axial coordination 
sites are occupied with a water molecule and a carboxyl 

Fig. 2. Stereoview of the structure of (L-alaninato)-
aqua (L-histidinato) copper (II). 

Fig. 3. Bond lengths (//A) in (L-alaninato) aqua (L-histi­
dinato) copper (II). 
Estimated standard deviations in the last digits are 
in parentheses. 

oxygen of L-alanine in the neighbouring complex as 
mentioned above. These oxygen atoms, O ( l ' ) and 
0 ( 1 2 ) a where superscript a denotes the neighbouring 
alanine, are at 2.512(9) and 2.864(9) A from copper, 
respectively. I t has been reported that the in-plane 
covalent radius of copper is 1.30 A and the out-of-
plane radius is 1.90 A.9) If the covalent radius of 
oxygen is taken as 0.66 A, G u - O length should be 
2.56 A which is very close to the value of G u - O ( l ' ) 
in the present complex. O n the other hand, G u - O 
(12)a is considerably longer than the expected value. 
If the fact that the copper atom is 0.09 A out of the 
best plane for the equatorial coordinating atoms toward 
the axial water molecule is also taken into account, 
it seems that the present complex is five-coordinated 
square-pyramidal. 

The imidazole ring is planar within the experi­
mental errors, whose mean plane makes a dihedral 
angle of 4.1(0.4)° with the plane of N ( l ) - G u - N ( 2 ) . 

Common feature observed among Gu(ala his), Cu-
(asn his), its hydrate and Gu(his thr) is a cis conforma­
tion with respect to the amino groups. In terms of 
electrostatic repulsion of two carboxyl groups which 
coordinate to copper at the oblique axial and equa­
torial positions in the latter three complexes, the cis 
form may be more favourable. In fact, the 0 - - - 0 
distances between these carboxyl groups are over 4.0 
A in the observed cis form. If the trans form were 
constructed with the same molecular dimensions, short 
contacts between carboxyl oxygen atoms would be 
3.38, 3.25, and 3.15 A. In the Gu(ala his) complex, 
however, there is no approach between the carboxyl 
groups of histidine and alanine. Therefore, the steric 
hindrance between hydrogen atoms at imidazole moiety 
and equatorial amino group should be more important. 
The distances in question were calculated for a hy­
pothetical trans form, the smallest being 1.92 and 
1.65 A for Gu(asn his) and its hydrate, respectively. 

TABLE 3. BOND ANGLES (0/°) 

N(l)-Gu-N(2) 
N(l l ) -Gu-0(11) 
N( l ) -Gu-N(l l ) 
N(2)-Gu-0(11) 
N(l)-Gu-0(11) 
N(2)-Gu-N(ll) 
N( l ) -Cu-0(1 ' ) 
N(2)-Cu-0(1') 
N ( i i ) - C u - o ( r ) 
0(11)-Cu-0(1 ' ) 
N(l ) -Cu-0(12) a * 
N(2)-Gu-0(12) a 

N(l l ) -Gu-0(12) a 

0( l l ) -Gu-0 (12 ) a 

0( l ' ) -Cu-0 (12 ) a 

Gu-N(l)-G(2) 
N(l)-G(2)-G(l) 
G(2)-G(l)-0(1) 
G(2)-G(l)-0(2) 
0 ( l ) -G( l ) -0 (2 ) 

92.7 
82.6 
92.8 
91.7 

175.2 
169.6 
86.0 
95.6 
93 
95 
87 
86 
85 
90.8 

173.4 
118.3 
111.0 
115.0 
117.4 
127.6 13) 

G(l)-G(2)-G(3) 
N(l)-G(2)-G(3) 
G(2)-G(3)-G(4) 
G(3)-G(4)-N(2) 
Gu-N(2)-G(4) 
G(3)-G(4)-G(6) 
N(2)-G(4)-G(6) 
G(4)-G(6)-N(3) 
G(6)-N(3)-G(5) 
N(3)-G(5)-N(2) 
G(5)-N(2)-G(4) 
Gu-N(2)-G(5) 
Gu-N(ll)-G(12) 
N(ll)-G(12)-G(ll) 
G(12)-G(ll)-0(11) 
C(12)-C(ll)-0(12) 
0(11)-G(11)-0(12) 
G(ll)-G(12)-G(13) 
N(ll)-G(12)-G(13) 
Gu-0(11)-G(ll) 

109.8(9) 
110.4(9) 
112.1(10) 
123.2(10) 
127.4(7) 
127.2(10) 
109.6(10) 
104.6(10) 
110.3(9) 
109.1(9) 
106.4(9) 
126.2(7) 
113.3(7) 
108.0(9) 
118.0(10) 
118.6(10) 
123.4(11) 
112.4(11) 
114.7(11) 
117.5(7) 

a) 0(12) a denotes 0(12) in the complex at the symmetry-related position, — x, 0.5+jy, — z. 
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These are of course formidable values. In Cu(ala 
his), the closest approach is 2.06 Â, which may also 
enough to exclude the trans form. I t should be added 
that the eis form of the complexes of Cu(asn his) and 
Cu(his thr) would be further stabilized by the possible 
ligand-ligand interaction in the solution proposed by 
Nakahara et al.10'11) 

The principal difference between the present and 
previously reported mixed-ligand complexes is the co­
ordination mode of histidine. In Gu(asn his), its 
hydrate and Cu(his thr) , L-histidine coordinates to 
copper as a tridentate ligand, while in Cu(ala his) 
it behaves as a bidentate ligand, that is to say, a-
carboxyl group of L-histidine does not coordinate to 
copper but extends to form the hydrogen bonds with 
the neighbouring complexes. Neumann et al.1) has 
reported that mixed-ligand copper complexes, Cu(asn 
his), Cu(gln his), and Gu(his thr) , are preferably 
formed in serum. These observations can be related 
to the higher stability of the chelation of histidine as 
tridentate ligand. Difference in the coordination mode 
of histidine might be interpreted by p ^ a ' s of the second 
amino acids, which are 2.34, 2.02, 2.15 and 2.17 for 
L-alanine, L-asparagine, L-threonine, and L-glutamine, 
respectively.12) L-Alanine has distinctly higher pÄ"a 

than those of the remaining three amino acids. The 
high pX a means the large electron density of carboxyl 
oxygen. Therefore, it is suggested that amino acid 
with higher pK& donates more electron to copper 
ion, and the electrostatic interaction of copper with 
axial carboxyl group is not enough to hold the dis­
torted coordination of a-carboxyl group of histidine. 

T h e authors are grateful to Professor Akitsugu 
Nakahara and his collaborators of Osaka University 
for their kind advice and to Dr. Akio Takenaka in 

our laboratory for his assistance in the final refinement 
and in drawing the diagrams by the computer graphics. 
Par t of the present work was supported by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education, Science and Culture. 
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Study of Cationic Surfactant Ion Selective Polyvinyl chloride) 
Membrane Electrode Containing: Dibenzo-18-crown-6 
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Study was made of the Potentiometrie selectivities of poly (vinyl chloride) membrane with and without 
dibenzo-18-crown-6. It was found that these membrane electrodes were highly selective for cationic surfactant 
ions and showed a Nernstian response to surfactant ion such as 1-dodecylpyridinium ion even in the concentration 
range as low as 10~6 mol/dm3. The selectivity coefficients of inorganic cations, taken with respect to 1-dodecyl­
pyridinium ion, were of the order of 10-5 or less, while that of surfactant ion was found to depend not only on 
hydrophobic alkyl chain length but also on the type of hydrophilic head group. For cationic surfactants with 
the same hydrocarbon chain length, the membrane without crown ether exhibited the order of selectivity: 1-
alkylpyridinium ion > alkyltrimethylammonium ion > alkylammonium ion. In the case of the membrane with 
crown ether, the selectivity sequence became alkylammonium ion> 1-alkylpyridinium ion > alkyltrimethylam-
monium ion. For a homologous series of cationic surfactants, the selectivity coefficient increased regularly with 
increasing alkyl chain length. 

A recent study of a number of surfactant ion selective 
membrane electrodes1-18) has revealed the utility of 
such electrodes in the determination of critical micelle 
concentration2-4 '7 '8 '15 '17»18) as well as in Potentiometrie 
titration1 '2 '9 - 1 4 '1 6) of ionic surfactant solutions. In ad­
dition, the use of surfactant ion electrode made it 
possible to obtain information regarding the surfactant 
ion activity in solution of ionic surfactant with5»6) 
and without2-4 '7»17) interacting polymers. 

With the exception of ionic polymer membrane,17) 
all of the surfactant ion sensitive membrane electrodes 
so far studied are composed of either liquid1 - 1 3) or 
plastic14-18) membrane, into which is dissolved an ion 
exchanger made up of a surfactant ion and an op­
positely charged organic ion. An ion association com­
plex between cationic and anionic surfactant ions has 
widely been used as an ion exchanger.2-7 '14 '16»17) These 
electrodes are found to be highly selective for surfactant 
ion over inorganic ions.4'12»13) O n the other hand, 
the presence of an interfering surfactant ion is shown 
to affect appreciably the electrode response to a par­
ticular surfactant ion in such a way that the interference 
increases regularly with increasing hydrocarbon chain 
length of the interfèrent.4»12'13'17) 

So far as we know, however, little is known about 
the selective behavior of surfactant ion sensitive mem­
brane electrode containing electroneutral carriers. I t 
is well known tha t macrocyclic polyether such as 
dibenzo-18-crown-6 serves as an electroneutral carrier 
of membrane electrode sensitive to alkali metal cations, 
especially to potassium ion.19-22) Moreover, crown 
compounds have been found to form complexes with 
primary alkylammonium ions in aqueous23) and meth­
anol24»25) media. I t is thus interesting to study whether 
the crown compound-based membrane electrode re­
sponds selectively to cationic surfactant ions. In this 
paper is described the selective property of cationic 
surfactant ion sensitive poly (vinyl chloride) (PVG) 
membrane electrode with and without dibenzo-18-
crown-6. 

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

Materials. Dibenzo-18-crown-6 (Nakarai Chemicals 

Ltd.) was recrystallized twice from benzene and dried in 
vacuo. Alkylammonium chlorides with 10, 12 and 14 carbon 
atoms were prepared from the corresponding alkylamines 
(purity>99%, Nakarai Chemicals Ltd.) according to the 
method of Kolthoff and Strickes.26) Alkyl trimethylam-
monium chlorides with 10, 12, and 16 carbon atoms (Tokyo 
Kasei Kogyo Co. Ltd.) were recrystallized twice from ace­
tone. 1-dodecylpyridinium chloride (Wako Pure Chemical 
Industry Co. Ltd.) was purified by repeated recrystallization 
from acetone, then from isobutyl methyl ketone and finally 
by extraction with ether for 48 h. Tetraalkylammonium 
chlorides of guaranteed grade and other chemicals of reagent 
grade were used without further purifications. 

Membrane Potential Measurements. The measurements 
were made with the membranes consisting of 20% PVC and 
80% plasticizer, and of 1% dibenzo-18-crown-6, 20%o PVC 
and 79% plasticizer by weight, (abbreviated hereinafter 
as carrier-free membrane and crown ether membrane). 
PVC (reported degree of polymerization is 1100) and bis (2-
ethylhexyl) phthalate were dissolved into the least amount 
of tetrahydrofuran and mixed with a tetrahydrofuran solu­
tion of dibenzo-18-crown-6. The solution was poured onto 
a Petri's dish with a cover and allowed tetrahydrofuran to 
evaporate gradually at room temperature. A resulting mem­
brane of 0.15 mm thickness was fixed to one end of PVC 
tube of 10 mm diameter by using a tetrahydrofuran solution 
of PVC as an adhesive. The preparation of carrier-free 
membrane is the same as that described above, except that 
dibenzo-18-crown-6 is omitted. 

The electrode assembly is shown schematically in Fig. 1. 
In order to eliminate the leakage of ammonium ion from 
agar bridge, a double junction was constructed by inserting 
a small test tube with a pin-hole at the top into PVC electrode. 
The electrode was rinsed well with distilled water and stored 
in air when not in use. The selectivity coefficient was de­
termined with the following cell by using the mixed solution 
method.27) 

Reference electrode (Ag-AgCl) | 1 mol/dm3 NH 4 N0 3 

Agar bridge | Reference solution (DPC, 1 X 10-4 mol/dm3) 
| PVC membrane | Sample solution (DPC, Q ; Interfèrent, 
Cj) 11 mol/dm3 NH 4 N0 3 Agar bridge | Reference electrode 
(Ag-AgCl). 

Here, Ct denotes the varying concentrations of 1-dodecyl­
pyridinium chloride (DPC) and Cj the constant concentration 
of interfering ion, respectively. The electromotive force 
(EMF)(£) of the cell was measured with an accuracy of 
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W l/VyW^/VyVyVvJ u 
Fig. 1. Schematic diagram of PVG membrane elec­

trode. 
A: Reference electrode, B: agar bridge, G: small test 
tube, D: pin hole, E: PVG tube, F: PVG membrane, 
G: reference solution, H: sample solution, I : glass 
cell, J : saturated KG1 solution. 
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Fig. 2. Plots of EMF (E) of the cell vs. the logarithm 
of 1-dodecylpyridinium chloride concentration (C4) 
at 25 °G. 
(a) : In the absence of interfèrent, (b) : in the presence 
of 8.0 X 10-5 mol/dm3 dodecyltrimethylammonium 
chloride. Arrows indicate the ordinate to be applied. 

±0.1 mV, by using a Yokogawa Universal Digital Meter 
model 2502 connected to a voltage follower amplifier (input 
impedance «10 1 3 O). All measurements were conducted 
at 25 °G. The PVG membrane was renewed after a series 
of experiments for a given kind of interfèrent. 

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

It has already been found by Higuchi et al.28) that 
PVG membrane plasticized with A^,iV-dimethyloleamide 
or dioctyl phthalate shows a Nernstian response to 
tetraalkylammonium ions. One might, thus, expect 
that the carrier-free membrane would also response 
to cationic surfactant ions. Curve (a) in Fig. 2 shows 
the typical semilogarithmic plots of E M F of the carrier-
free membrane electrode vs. D P C concentration in 

the absence of interfèrent. In the concentration range 
below the critical micelle concentration (1.7 X 10~2 

mol/dm3) , a linear relation with a slope of 59.6 m V 
per decade change in D P C concentration was found 
to hold down to 3 X 10~7 mol/dm3 . The observed slope 
agrees well with an ideal Nernst slope (59.2 m V at 
25 °C), suggesting that the membrane is completely 
permselective to surfactant ion and 1-dodecylpyridinium 
ion behaves almost ideally in this concentration range. 
Similar Nernstian response was also obtained for the 
crown ether membrane , though a linear relation was 
confined to the range above 2 X 10 - 6 mol/dm3 . These 
electrodes are stable and permit the replicate meas­
urements with surfactant solutions. For example, with 
the crown ether membrane, the observed slope of 
59.3 mV/decade was reproducible to ±0 .1 m V over 
a period of 47 d. 

The presence of an interfering ion other than 1-
dodecylpyridinium ion, particularly of surfactant ion, 
affects appreciably the membrane potential. A typical 
example is given in Fig. 2 by curve (b), which shows 
the change in E M F of the carrier-free membrane 
electrode with DPC concentration under constant 
concentration of dodecyltrimethylammonium chloride. 
Below a certain D P C concentration, the E M F of the 
cell tends to deviate gradually from a straight line 
with a Nernst slope and eventually to level off. 

According to the common practice in describing 
the selectivity of membrane electrode, we calculated 
the selectivity coefficient, ^Fjot, from the following 
equation, 

RT a. + Kfr^ 
——- In 

F a°t 

(1) 

where subscript i refers to the primary ion to which 
the membrane is selective, j to the interfering ion and 
superscript ° to the reference solution, respectively. 
E& is the asymmetric potential of overall cell system 
and other symbols have their usual meanings. As 
is shown in Fig. 2, the measurements were made by 
applying the mixed solution method, i.e., E was followed 
as a function of the primary ion concentration under 
the conditions where the concentration of the inter­
fering ion was kept constant. For simplicity, the ac­
tivity coefficients in Eq. 1 were ignored in the following 
estimation of ^Fjot. In order to estimate the most 
reliable value of selectivity coefficient, we used a slight 
modification of graphical curve-fitting method devised 
by Sillén29) in the determination of equilibrium con­
stants. Denoting 2.303RT/F by S and introducing 
new variables, 

X 
Ci 

K?rcs 

and 

Y= -Slog(\+X), 

Eq. 1 may be written as 

KpotC 
E = E,+ Y - Slog ^J

o
 J =Y+D1. 

Furthermore, it follows from Eq. 2 that 

log d = log X + log KfTCt = log X + D2. 

(2) 

(3) 

(4) 

(5) 
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TABLE 1. THE SELECTIVITY COEFFICIENTS (ATfj0t) 

FOR VARIOUS INTERFERENTS AT 25 °G 
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Fig. 3. Determination of the selectivity coefficient by 
graphical curve-fitting method. 
Solid line : Normalizing curve, O : experimental plots 
of E vs. log Cx. Arrows indicate the coordinates to 
be applied. 

Interfèrent (j) 

GnH2n+1NH3
+Gl-

n=\0 
n=\2 
n=\4 

CnH2n+1N+(CH3)3Cl-
rc=10 
n=\2 
n=\6 

C16H33N+C5H5C1-

(GwH2n+1)4N+Gl-
n=\ 
n = 2 
n = 3 

Inorganic salts 
NaCl 
KCl 
NH4C1 
HCl 

Carrier-free 
membrane 

2.2X10-3 

2.2x10-2 
2.9X10-1 

2.0X10-2 

2.4X10-1 

4.2X10 

2.1X102 

<io-6 

9 x l 0 - 6 

8 x l 0 - 4 

<10- 6 

<io-6 

<io-6 

<io-6 

Grown ether 
membrane 

2.5X10-1 

3.3 
3 .6x10 

1.7x10-2 
2.3X10-1 

2.2X10 

1.7x102 

<io-6 

7 x l 0 - 6 

5 x l 0 - 4 

2X10-5 

l x i o - 5 

2X10-6 

<io-5 

Under our experimental conditions, both Dx and D2 

are constant. The comparison of Eq. 4 with Eq. 5 
leads immediately to the conclusion that the experi­
mental plot of E against log Q is shifted by constant 
D1 in the ordinate and by D2 in the abscissa from a 
plot of Y against log X. As is schematically shown in 
Fig. 3, therefore, the normalizing curve, in which 
Y is plotted as a function of log X for the given value 
of S, may easily be superimposable on the experi­
mental plot of E against log C. by sliding it both along 
ordinate and abscissa. The curve-fitting should be 
made so as to give the best fit of experimental data 
over the concentration range of C. studied. This 
can usually be attained without difficulty. Then one 
may read the value of log XQ which corresponds to 
Ci = Cy According to Eq. 5, the value of X0 thus 
determined is equal to the reciprocal of K*f\ 

The estimated values of selectivity coefficients for 
various interfering ions are summarized in Table 1, 
where 1-dodecylpyridinium ion is conventionally taken 
as the primary ion, i. In some cases in which Kff1 

defined above is much larger than unity, the deter­
mination of it suffers some experimental limitations, 
since the presence of even the trace amounts of inter­
fering ion affects significantly the electrode response 
to 1-dodecylpyridinium ion. For instance with 1-
hexadecylpyridinium ion and hexadecyltrimethylam-
monium ion, the presence of these ions as low as 10~6 

mol/dm 3 was sufficient to interfere the electrode re­
sponse to 1-dodecylpyridinium ion. In such cases, 
therefore, we determined K*?1 and converted it to 
Kïf" on the basis of the relationship, K!F'KT=1, 
which is confirmed to hold for surfactant solutions.17) 
I t should be noted that inorganic cations and tetra-
alkylammonium ions with shorter alkyl chain length 
do not affect appreciably the electrode response to 

1-dodecylpyridinium ion. An interesting feature of 
Table 1 is a marked difference in selectivity sequence 
for surfactant ions with the same alkyl chain length. 
The carrier-free membrane gives the selectivity se­
quence as 1-alkylpyridinium ion > alkyl trimethylam-
monium ion > alkylammonium ion. In the case of 
the crown ether membrane, however, the selectivity 
sequence becomes alkylammonium ion > 1-alkylpyri­
dinium ion > alkyltrimethylammonium ion. In fact, 
the selectivity coefficients of the crown ether membrane 
for alkylammonium ions are greater than those of 
the carrier-free membrane by a factor of about 100. 
This result may reasonably be interpreted in terms 
of the selective interaction of dibenzo-18-crown-6 with 
primary alkylammonium ion in membrane phase, since 
dibenzo-18-crown-6 has been found to form complex 
in methanol only with primary alkylammonium ion 
among various organic ammonium ions.24) 

Another important aspect of Table 1 is the regular 
increase in selectivity coefficient for a homologous 
series of interfering surfactant ions with respect to 
the hydrocarbon chain length. A similar trend was 
already noted both for liquid and plastic membrane 
electrodes containing an ion association com­
plex.4 '12 '13 '17) O n the basis of an assumption that 
the mobilities of ions of similar size in membrane 
phase are comparable with each other, Cutler et al.11) 
attr ibuted the regular change in selectivity coefficient 
for a homologous series of surfactant ions to the regular 
change in partition coefficient of surfactant ion between 
membrane and aqueous phases. 

In the presence of an excess plasticizer, which is 
the case for the present experiment, the selectivity 
characteristics of PVC membrane will presumably be 
described by the theory of liquid membrane electrode. 
Ciani et A/.30) derived the following expression for the 
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selectivity coefficient of liquid membrane with elec­
trically neutral ligand. 

If pot u%kfrKfr _ u£k}K% 
WisAixAix UiJCiK^ 

(6) 

In Eq. 6, u represents the mobility, k the partition 
coefficient and K the association constant. The as­
terisk refers to the membrane phase and subscript 
ix to the complexed cation formed between cation 
i and electrically neutral ligand x. 

For a homologous series of surfactant ions, it seems 
reasonable to assume that the association constant 
of the complexed cation is independent of hydrocarbon 
chain length. Moreover, the mobilities of complexed 
cations will probably be comparable with each other 
so long as the difference in hydrocarbon chain length 
remains small. In such cases, therefore, the selectivity 
coefficient will depend only on the partition coefficient 
of surfactant ion, and Eq. 6 reduces to 

(7) 

The same relationship has already been noted for 
PVC membrane containing an ion association com­
plex.17) Equation 7 provides a reasonable explana­
tion for the regular change in K\^ of the crown ether 
membrane shown in Table 1, since k is the increasing 
function of hydrocarbon chain length. In order to 
check the validity of Eq. 7, we made a tentative cal­
culation of the free energy change, w, for transferring 
one methylene group from an aqueous medium to 
the membrane phase. Denoting the number of meth­
ylene groups of surfactant ion by n, Eq. 7 can be re­
written as 

If pot 

jyi 
If pot 

• « M l 

exp 
w(Ui— Wj) 

KT (8) 

In Table 2 are given the values of w calculated from 
Eq. 8 with the data for the crown ether membrane. 
It is worth noting that the values of w are all similar 
in magnitude regardless of the type of ionic head 
group and are close to the free energy change of — 3400 
J m o l - 1 for transferring one methylene group from 
an aqueous medium to pure long chain aliphatic 
alcohols.31) This observation seems to support the 
validity of the foregoing treatment based on the 
theory of liquid membrane. 

Examination of Table 1 also shed light on factors 

TABLE 2. THE CALCULATED VALUES OF W FROM Eq. 8 

WITH THE DATA FOR THE CROWN ETHER MEMBRANE 

AT 25 °G 

Surfactant 

Alkylammonium ion 

ni 

12 
14 
14 

Alkyltrimethylammonium ion 12 

1-Alkylpyridinium ion 

16 
16 
16 

nx 

10 
12 
10 
10 
12 
10 
12 

— w/J mol - 1 

3200 
3000 
3100 
3200 
2800 
3000 
3200 

av. 3100 

which determine the selectivity coefficient of the carrier-
free membrane. It can immediately be seen that 
the quotients of the selectivity coefficients of the carrier-
free membrane for a homologous series of surfactant 
ions are comparable to those of the crown ether mem­
brane. This fact implies that Eq. 7 must also hold, 
at least experimentally, for the carrier-free membrane. 
Indeed, the substitution of the selectivity coefficients 
of the carrier-free membrane into Eq. 8 gives w of 
— (2900—3300) J m o l - 1 which is in good agreement 
with those in Table 2. So far as a homologous series 
of surfactant ions is concerned, therefore, the presence 
of the electroneutral ligand seems to play a minor 
role in determining the selectivity characteristics of 
PVG membrane electrode. 

These membrane electrodes provide a simple means 
of determining a cationic surfactant ion activity even 
in the presence of added salts. Under appropriate 
conditions, it is also possible to estimate the activity 
of a particular surfactant ion in mixed surfactant 
solution. Details of the determination of the surfac­
tant ion activity in micellar solution will be reported 
in a separate paper. 

References 

1) G. Gavach and P. Seta, Anal. Chim. Acta, 50, 407 
(1970). 

2) G. Gavach and G. Bertrand, Anal. Chim. Acta, 55, 
385 (1971). 

3) B. J . Birch and D. E. Clarke, Anal. Chim. Acta, 61, 
159 (1972). 

4) B. J . Birch and D. E. Clarke, Anal. Chim. Acta, 67, 
387 (1973). 

5) B. J . Birch, D. E. Clarke, R. S. Lee, and J. Oakes, 
Anal. Chim. Acta, 70, 417 (1974). 

6) I. Satake and J . T. Yang, Biopolymers, 15, 2263 (1976). 
7) A. Yamauchi, T. Kunisaki, T. Minematsu, Y. 

Tomokiyo, T. Yamaguchi, and H. Kimizuka, Bull. Chem. 
Soc. Jpn., 51, 2791 (1978). 

8) D. Anghel and N. Giocan, Colloid Polymer Sei., 254, 
114 (1976). 

9) N. Ciocan and D. Anghel, Tenside Detergents, 13, 
188 (1976). 

10) N. Giocan and D. Anghel, Anal. Lett., 9, 705 (1976). 
11) D. F. Anghel and N. Ciocan, Anal. Lett., 10, 423 

(1977). 
12) D. F. Anghel, G. Popescu, and N. Giocan, Mikrochim. 

Acta, 1977 H, 639. 
13) N. Ciocan and D. F. Anghel, Fresenius'Z. Anal. Chem., 

290, 237 (1978). 
14) A. S. Pathan, Proc. Soc. Anal. Chem., 11, 143 (1974). 
15) T. Fujinaga, S. Okazaki, and H. Freiser, Anal. Chem., 

46, 1842 (1974). 
16) A. G. Fogg, A. S. Pathan, and D. T. Burns, Anal. 

Chim. Acta., 69, 238 (1974). 
17) S. G. Cutler, P. Meares, and D. G. Hall, J. Electroanal. 

Chem., 85, 145 (1977). 
18) J . E. Newbery and V. Smith, Colloid Polymer Sei., 686, 

494 (1978). 
19) G. A. Rechnitz and E. Eyal, Anal. Chem., 44, 370 

(1972). 
20) O. Ryba, E. Knizakovâ, and J . Petrânek, Collect. 

Czech. Chem. Commun., 38, 497 (1973). 
21) J. Petrânek and O. Ryba, Anal. Chim. Acta., 72, 375 

(1974). 



98 T. M A E D A , M . IKEDA, M. SHIBAHARA, T . H A R U T A , and I. SATAKE [Vol. 54, No. 1 

22) M . Mascini and F. Pallazzi, Anal. Chim. Acta, 73, 
375 (1974). 

23) J . L. Roberts, R . E. McGlintock, Y. El -Omrani , 
and J . W. Larson, J. Chem. Eng. Data, 24, 79 (1979). 

24) G. J . Pedersen, J. Am. Chem. Soc, 89, 7017 (1967). 
25) R. M . Izatt , N . E. Izat t , B. E. Rossiter, and J . J . 

Ghristensen, Science, 199, 994 (1978). 
26) I . M . Kolthoff and W . Strickes, J. Phys. Colloid Chem., 

52, 915 (1948). 
27) N . Lakshminarayanaiah, " M e m b r a n e Electrodes," 

Academic Press, New York (1976), p . 124. 
28) T . Higuchi, G. R. Illian, and J . L. Tossounian, Anal. 

Chem., 42, 1674 (1970). 
29) L. G. Sillén, Acta Chem. Scand., 10, 186 (1956). 
30) S. Giani, G. Eisenman, and G. Szabo, J. Membr. 

Biol., 1, 1 (1969). 
31) G. Tanford, " T h e Hydrophobic Effect: Formation of 

Micelles and Biological Membranes , " J o h n Wiley & Sons, 
New York (1973), Ghap. 3. 



100 Masaru NAKAHARA, Yosuke YOSHIMURA, and Jiro OSUGI [Vol. 54, No. 1 

cm3. The capillary had a capacity of 0.1 cm3 and was 
graduated to 10~3 cm3. The dilatometer was calibrated 
by using water for which very accurate density data are 
available at various temperatures.23) The precision in rela­
tive volume change is in the order of 10-5, which is com­
parable with that in other precision dilatometric studies.1'7) 
The purified material was melted and transferred with a 
syringe to the cell of the dilatometer. The sample in the 
dilatometer was degassed by repeated melting under vacuum. 
The whole dilatometer except for the top of the capillary 
was immersed in a water bath made of glass, so that we 
could observe color changes accompanying mesomorphic 
transitions. The well-stirred bath was thermostatted to 
±0.01 °C at each temperature. The volume was at first 
read 15 min after a temperature rise of ca. 0.1 °G and every 
10 min until it reached a stationary value. 

R e s u l t s 

The volume(F/cm 3 g_1)-temperature(i(/0G) relations 
of C O C and C O in the Sm, Ch, and I phases are 
shown in Figs. 1 and 2, respectively. T h e volume 
varies linearly with temperature except in the ranges 
where transitions and pretransitions occur. The ther­
mal expansivities are 8.34, 8.31, and 7 .68x10-* K" 1 

in the Sm, Gh, and I phases of C O C , respectively 
and 10.32, 9.93, and y . ö ö x l O ^ K " 1 in the Sm, Ch, 
and I phases of C O , respectively. The trend that 
the lower-temperature phase has a larger expansivity 
is often found for liquid crystals. 

The volume changes in the vicinity of and at the 
Sm-Ch and Ch-I transitions are complicated by the 
pretransition anomalies below and above the transition 
points, as in other cholesteryl esters,2 - 4 '6 - 8) while if 
the nematic(Ne) phase is involved instead of the Ch 
phase they are usually much less complicated. These 
anomalies are relatively more pronounced on the side 

1.05 h 

1.04h 
cn 

1 

1.03 h 

1.02 h 

l I I I I I 
16 24 . . . 32 40 

Fig. 1. Volume-temperature relation of COC. 

of the Ch phase. A temperature width of 0.5 °C is 
required for the Sm-Ch transition to be completed 
and that of 3 to 4 °C for the Ch-I transition. The 
transition volume AV are defined here by the dif­
ference between the two straight lines of the related 
phases and the transition temperatures by a point 
where dVjdt has its maximum value. The transition 
parameters obtained thus are summarized in Table 
2. The transition which has a smaller change in 
the thermal expansivity, has a smaller change in 
volume in C O C , while such a correlation is not found 
in CO. T h e present value of AFS m_C h(COC)/cm3 

mol - 1 , 0.3424) is slightly smaller than that given by 
Lorenz and Stegemeyer,15) 0.411. The value of 
AFS m_C h(CO)/cm3 mol - 1 , 0.88 is comparable with that 
in the literature,8) 0.92. The value of A F ^ . ^ G O ) , 
0.88 cm3 mol" 1 is larger than that of A F ^ C O ) , 8 ) 
0.49 cm3 m o l - 1 because the cholesteric to "blue phase" 
(B) transition is not included in the latter transition 
volume.25) The B phase is regarded here as being 
included in the pretransition phenomena when the 
volume change for the Ch-I transition is obtained. 

When the volume of C O C began rising due to the 
Sm-Ch transition, the turbidity suddenly increased 
and was followed by a red or scarlet color. In CO, 
on the other hand, the change in turbidity was less 

1.074-

1.070hh 

1.066h 

1.062h 

Fig. 2. Volume-temperature relation of GO. 

TABLE 2. TRANSITION PARAMETERS FOR COG AND GO 

Material Transition t a) AVtIv 

GOG 

GO 

Sm-Ch 
Gh-I 

Sm-Ch 
Gh-I 

22.8 
37.5 

45.4 
50.7 

0.34 
0.66 

0.88 
0.88 

a) Transition temperature(°G). b) Transition volume 
(cm3 mol -1). 
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drastic and such a color change did not take place. 
When the volumes of C O C and GO began rising due 
to the Ch-I transition, a blue color appeared together 
with a sudden increase in transparency; the point is 
identified with the Ch-B transition and lower by a 
few °C than the Ch-I transition point. O n cooling, 
however, the blue color survived until 4 to 5 °C below 
the point found on heating. Thus, the color change 
had a hysteresis in contrast to the volume change. 
O n heating, the B phase was seen over the pretransition 
range below the Ch-I transition point. 

D i s c u s s i o n 

Sm-Ch Transition. Besides the reasons men­
tioned in the introduction, there are some theoretical 
reasons why great attention is paid to the order of 
the Sm-Ch transition. As well known, the thermo­
dynamic criterion for the first-order transition is simply 
that the first derivatives of the chemical potential 
with respect to pressure and temperature become dis­
continuous at a transition point. As seen in Figs. 
1 and 2, it is very difficult to find such a discontinuity 
in the non-linear portion of the V-t relation. The 
maximum value oïdVjdt is larger in C O than in C O C ; 
there is a tendency that the larger the transition volume 
AV the larger the maximum slope dVjdt. T h e fact 
that the maximum slope is not infinite but rather 
small seems to correspond to the finding by Lushington 
et alM) that the Sm-Ch peak in the heat capacity-
temperature curve is considerably broad and rounded. 
Thus, it is not easy to decide the transition order 
solely based on the experimental da ta ; the transition 
order will be discussed below in view of theory. 

Molecular theories based on the mean-field ap­
proximation26"29) indicate that the Sm-Ne transition 
is allowed to be second order instead of first order 
for certain values of the potential parameters. 
McMillan's theory27) predicts that a second-order tran­
sition occurs if the reduced temperature TT=TSm.^J 
rNe_! is smaller than TC

T=0.S7; TC
T=0.88 according 

to a more refined calculation.28) T h e present results 
in Table 2 give 0.953 and 0.984 as Tt=TSm^JTChml 

for C O C and C O , respectively; similarity in the phase 
behavior between the Ch and Ne phases is assumed 
here, as often it is. These values are considerably 
larger than the critical value of Tv. The difference 
between TT and TC

T is smaller in C O C than in 
CO, corresponding to the relation A F S m . C h ( G O C ) < 
AF S m . C h (CO). The order of the Sm-Ne transition 
in CBOOA30) has been investigated using several dif­
ferent experimental techniques,31-36) and most of the 
experimental results31-34) except some ones35'36) are 
in favor of the first-order transition. The reduced 
temperature for C O C , 0.953 is even larger than that 
for CBOOA, 0.935. Thus, the Sm-Ch transition in 
C O C is more difficult to become second order than 
at least that in CBOOA is. The comparison of Tv 

values supports the conclusion that the Sm-Ch transi­
tion in C O C is weakly first order at atmospheric pres­
sure. Indeed, there is a theory which predicts that 
the Sm-Ch(Ne) transition is always at least weakly 
first order.37) 

Ch-I Transition. I t is generally accepted that 
the Ch(Ne)-I transition is first order. The mean-
field theories26-29 '38) indicate that the Ne-I transition 
is always accompanied by a discontinuous change 
in the long-range orientational order parameter . Since 
the Ch phase is similar to the Ne phase as mentioned 
above, the Ch-I transition is also expected to have 
a discontinuous change in the order parameter . In 
practice, however, the V-t relations in Figs. 1 and 
2 show no clear discontinuity at the Ch-I transition 
due to the pretransition phenomena, as in the case 
of the Sm-Ch transition. The volume changes with 
temperature in the pretransition region of the Ch-I 
transition are expressed as follows; 

v = v«h + 8 .7x l0- 4 - 5.9 X 10-4 (37.56-01 /2 (1) 

V%h = 1.01548 + 8.69 X 10~4* (2) 

for C O C and 

V = VI* + 8.1 x 10-4 - 6.7 x 10-4 (50.53-0 1 / 2 (3) 

Vn
Ch = 1.01683 + 10.63 x 10-4* (4) 

for CO.39 '40) Here , F£h (cm3 g'1) denotes the normal 
volume without the pretransition anomalies, and the 
constants in Eqs. 1 and 3 are determined by the least-
squares fitting of (V— F c J 2 t o a function, a(b — t) 
{a and b, constants). Figure 3 illustrates how Eqs. 
1 and 3 fit the experimental data. The anomalous 
(nonlinear) dependence of the volume on temperature 
below the transition point can be explained in terms 
of the Landau-de Gennes theory for the first-order 
transition.41 '42) The Gibbs free energy G is assumed 
here to be expanded in powers of a scalar order param­
eter s as 

G = d + (1/2)As* - (l/3)Bs* + (1/4)CJ 4 , (5) 

where Gx is the free energy of the isotropic phase.43) 
Here, as A is often assumed to have the form Ax( T— 7"*) 
in order to discuss the transition thermodynamics, it 
is expanded here as 

A = A^T-T*) + A2(P-P*). (6) 

T h e coefficients Al9 A2, B, and C are constants, and 
7"* and P* are somewhat below the transition tem­
perature and pressure, respectively. The equilibrium 

(37.56-f)1/2/°C l /2 

0.8 1.6 

0.8 

(5Q53-^ / 2 /°C l j 

Fig. 3. Fitting of Eqs. 1 and 3 to the pretransition 
volume data below the Ch-I transition point. 
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va lues of s in t h e C h p h a s e a r e o b t a i n e d as t h e solu­
t ions of t h e e q u a t i o n dG/ds=0; s=0 for t h e I p h a s e 
a n d for t h e C h p h a s e 

A - Bs + Cs2 = 0. (7) 

D i f f e r en t i a t i ng E q . 5 w i t h r e spec t to p r e s su re a t con­
s t a n t t e m p e r a t u r e a n d t a k i n g a c c o u n t of E q s . 6 a n d 
7, w e g e t 

V=VI- A2B
2/4C2 + (A2

2/2C)(P-P*) 

+ (A1AJ2C)(T-T*) - {A2B/V'2A[/*C5/2) 

X il&HA^-iAJAJiP-P^-iT-T*)}!/*. (8) 

I f VY va r ies l i nea r ly w i t h t e m p e r a t u r e , t h e e q u a t i o n 
d e r i v e d a b o v e h a s t h e s a m e fo rm as E q s . 1 a n d 3 w i t h 
re spec t to t e m p e r a t u r e . I f t h e coefficient B is ze ro 
as in t h e case of t h e s e c o n d - o r d e r t r ans i t i on , t h e last 
t e r m o n t h e r i g h t - h a n d side of E q . 8 d r o p s , a n d V 
b e c o m e s a l i n e a r func t ion of T. T h i s is n o t t h e case, 
as s h o w n b y E q s . 1 a n d 3 . T h u s , t h e n o n l i n e a r be ­
h a v i o r of t h e v o l u m e in t h e p r e t r a n s i t i o n r eg ion is 
e x p l a i n e d b y t h e ex i s tence of t h e t h i r d t e r m i n E q . 
5 w h i c h is r e q u i r e d for t h e f i rs t -order t r ans i t i on . 
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Molecular Motion in Methylammonium Hexahalotellurates(IV) as 
Studied by Means of the Pulsed Nuclear Magnetic Resonance 
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Molecular motion in solid (CH3NH3)2TeX6 (X=G1, Br, and I) was studied by measuring the spin-lattice 
relaxation time, Tx, of XH and 35G1 nuclei in several crystalline phases appearing below room temperature. A 
deep minimum of the proton Tx was observed in the low-temperature phase of all the compounds, indicating 
that the methylammonium ion performs a rapid reorientation as a whole about its three-fold axis. The activa­
tion energies, E&, for the motion of cations are determined to be 7.0, 3.7, and 2.7 kj/mol for X=C1, Br, and I re­
spectively. In (CH3NH3)2TeI6, which has the lowest E& value, the relaxation process associated with the tun­
neling of the cation is apparent at low temperatures. For all the complexes studied, a shallow Tx minimum as-
cribable to the independent rotation of the GH3 and NH3 groups in the cation was observed on the high-tem­
perature side of each deep Tx minimum. The 35G1 Tx of (CH3NH3)2TeCl6 exhibited a distinct minimum at the 
lower phase-transition point at 139 K and a discontinuity at the higher one near 230 K. The hindered rotation 
of the [TeCl6]2- octahedron occurs in the room-temperature phase, with an Ea value of 48 kj/mol. 

It has been reported that many methylammonium 
hexahalometallates(IV), (MA) 2 MX 6 ( M A = C H 3 N H 3 , 
M = S n , Pt, Se5 Pd, and Pb, and X = C1, Br, and I ) , 
have a rhombohedrally distorted K2PtCl6-type struc­
ture with the space group R3m at room temperature1) 
and undergo a structural phase transition at low 
temperatures.2»3) Some of them have been studied 
by means of the halogen nuclear quadrupole resonance 
(NQR), 2 - 4 ) the XH nuclear magnetic resonance 
(NMR),5) and single-crystal X-ray diffraction in highl­
and low-temperature phases.6) I t was found that 
these compounds all have one phase transition similar 
to one another in nature at temperatures between 
103 and 163 K.3) 

O n the other hand, methylammonium hexahalotel-
lurates(IV), with crystal structures different from those 
of the above complexes, also show interesting phase 
transitions. Kume et al. have made halogen N Q R 
and differential thermal analysis (DTA) experiments 
on (MA) 2 TeX 6 and found a phase transition at 139 
K and an anomaly in the N Q R spectra near 230 K 
for (MA)2TeCl6 , while its hexabromo and hexaiodo 
analogs gave phase transitions at 158 and 289 K, and 
at 119 K, respectively.7) Ki tahama and Kiriyama 
reported the results of their X-ray diffraction study 
of (MA)2TeCl6 at various temperatures.8) According 
to them, the hexachlorotellurate(IV) has a hexagonal, 
layered, Cdl2-type structure at room temperature, 
with the space group P3 (or P3ml) ; the cell constants 
were 0=7.340 and c= 7.066 Â ; and Z = l . T h e crystal 
can be supercooled down to about 105 K without 
any structural change at both 230 and 139 K. Around 
105 K, the crystal is sluggishly transformed to the 
low-temperature phase (LTP) , with an accompanying 
change in crystal symmetry from P3 to R3m. When 
the temperature is increased from L T P , no struc­
tural change was detected by the X-ray study at 139 
K,8) where a clear anomaly was observed by the N Q R 
and DTA measurements.7) O n a further increase in 

** Present address: Department of Chemistry, Faculty 
of Science, Kobe University, 1-1 Rokkodai-cho, Nada-ku, 
Kobe 657. 

the temperature, the crystal reverts to the room-
temperature phase (RTP) near 230 K, even though 
the D T A study shows no anomaly around this tem­
perature. O n the other hand, at room temperature 
(MA)2TeBr6 and (MA) 2 TeI 6 form cubic crystals, pre­
sumably belonging to the space group Fm3m.7) In 
the present investigation, the proton 7 \ and the 35C1 
N Q R 7 \ were measured to reveal the nature of the 
molecular motions in the tellurium complexes. The 
results thus obtained were compared with those in 
a similar series of complexes with the rhombohedral 
structure of the space group R3m. 

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

The proton spin-lattice relaxation time, Tx, was measured 
at 20 and 60 MHz with a Bruker B-KR 322 s pulsed NMR 
spectrometer by employing the conventional 180°-£-90° 
pulse sequence. The recovery of nuclear magnetization 
after the 180° pulse was slightly non-exponential in the 
vicinity of the temperature of the Tx minimum. In this 
case, Tx value was evaluated from the initial part of the 
magnetization vs. t curve. The spin-locking pulse sequence 
was used for the determination of the rotating-frame spin-
lattice relaxation time, Tlp, for (MA)2TeI6. The NQR 
7"i of 35G1 in (MA)2TeCl6 was determined by the use of 
a \80°-t-90o-t'-180° pulse sequence, while its resonance 
frequency was read directly on a Schomandl ND 100 M 
frequency synthesizer. A NIG 1074 signal averager was, 
if necessary, employed in order to increase the signal-to-
noise ratio of the 35G1 NQR echo. 

The temperature above 77 K was controlled to within 
+ 0.5 K by using an Ohkura EG 61 temperature controller 
and measured with a copper vs. constantan thermocouple. 
Temperatures below 77 K were obtained by allowing the 
sample to warm (ca. 0.2 K/min) from the temperature of 
liquid helium and measured with a gold-cobalt vs. copper 
thermocouple. 

The samples used were prepared from tellurium dioxide, 
a methylamine solution, and the corresponding acid of 
hydrogen halide.7) 

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

Chlorine-35 NQR in (MA)2TeCl6. The tem­
perature dependence of the 35C1 N Q R frequencies, 
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Fig. 1. Temperature dependence of 35G1 NQR fre­

quencies in (CH3NH3)2TeCl6. 

as measured by the pulse method, is shown in Fig. 1. 
The results are in good agreement with those of an 
earlier work.7) At room temperature, only a single 
resonance line, a, is observed at 15.52 M H z . When 
the sample is cooled from room temperature, the a 
line fades out near 230 K. After further cooling 
down to about 100 K, another line, b , is detected, 
its frequency being 15.54 M H z at 80 K. When the 
sample is warmed from 80 K, the resonance frequency 
gradually decreases and gives rise to a small, cusp-
shaped anomaly, as in the case of rhombohedral (MA)2-
SnCl6, in the vicinity of 139 K.2 '3) O n further heating, 
the b line broadens and the a line again appears at 
about 230 K. The former line fades out at about 
260 K, while the latter increases in its intensity. 

Two additional resonance lines, c and d, are fre­
quently observed together with the main line, b . 
These extra lines show a temperature dependence 
similar to that of the b line. The intensity of these 
lines, however, is very weak and varies from sample 
to sample with the thermal history. Especially, these 
extra lines are liable to be observed when the sample 
is cooled from the transition region where both main 
lines, a and b , are seen simultaneously in the heating 
run. Ki tahama and Kir iyama observed heavy streaks 
in the X-ray photographs of L T P with the space group 
of R3m, indicating the development of several crystal 
domains arising from stacking faults in the layered 
lattice, as well as weak reflections originating from 

the P3 phase, which had not been transformed on 
cooling down to 92 K.8) The strong N Q R line b 
can be attr ibuted to the R 3 m phase, while the weak 
extra lines may be at tr ibuted to some crystal domains 
associated with the stacking faults and to the uncon­
verted P3 phase. A similar unusual N Q R feature 
was observed for polytypism found in some compounds 
with layered structures.9) 

The N Q R relaxation time of chlorine-35 in (MA)2-
TeCl 6 was measured above 80 K. In Fig. 2, the 
values of 7 \ measured on the a, b , and c resonances 
are identified by different symbols. The Tx of the 
d resonance could not be measured because of its 
poor signal intensity and also because of interference 
from the intense line b . The log 7 \ vs. \jT curve 
shows an anomalous minimum around the lower 
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lattice relaxation times in (GH3NH3)2TeGl6. 
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transition temperature ( 7 ^ = 1 3 9 K) and a discon­
tinuous change near 230 K (Tt2), where the crystal 
structure sluggishly changes from R3m to P3 in the 
heating run. 

One can expect the following three processes to 
interpret the observed relaxation: the usual lattice 
vibration at low temperatures, the hindered rotation 
of the [ T e C l 6 ] 2 - octahedron at high temperatures, 
and the phase transition around 139 K. The relaxa­
tion rate due to the lattice vibration is given by: 

(T1Uh-1 = aT* + b, (1) 

where a and b are constants.10) T h e temperature 
dependence predicted from this relation is shown in 
Fig. 2 by the dotted line, which was fitted on the 
experimental values at 82 and 100.5 K. O n the other 
hand, the Tx in R T P decreases exponentially with a 
decrease in the inverse temperature, indicating the 
occurrence of a hindered rotation of the complex 
anion. The relaxation due to such hindered rotation 
is given by T1 = CrG.11) The correlation time, rc, 
for the rotation is assumed to have this form: 

rc = T0 exp (EJRT). (2) 

The constant, C, is 2/3 for the rotation around the 
G3-axes of the octahedral anion, which lie on the 
crystal C3-axis.4) The straight line in Fig. 2 is calcu­
lated by taking £ a = 4 8 kj/mol, and T 0 = 1 . 3 X 10"13 s. 

The last relaxation process is characterized by the 
distinct 7 \ minimum at Ttl. This phenomenon is 
very similar to those of the halogen N Q R 7 \ of cubic 
A2PtBr6 ( A = K + and NH4+)12>13) and of rhombohedral 
(MA) 2MC1 6 (M = Sn and Pt).4) For the former com­
pounds, the 7 \ anomaly is interpreted in terms of 
a softening of the zone-center rotary-lattice mode of 
the octahedron, which causes a transition from the 
cubic to the tetragonal phase. A very similar type 
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of anomalous 7 \ change at the transition point was 
observed in the latter compounds. This anomaly was 
also explained in terms of a softening of the rotary 
mode of the complex ion,4) although no distinct struc­
tural change was disclosed on the phase transition.6) 
Accordingly, it may be that the 7 \ anomaly in the 
present tellurium complex ion also originates from a 
softening of the rotary mode of the complex. Quite 
similary to (MA)2SnCl6 , no structural change was 
detected at the transition point of the present com­
pound; that is, both L T P and M T P (the middle-
temperature phase between Ttl and Tt2) belong to 
the same space group, R3m.8) One may, therefore, 
presume that, in the crystals of rhombohedral (MA)2-
MC16, the rotation angle of the octahedral anion at 
the phase transition is too small to be detected by 
means of X-ray diffraction. 

Proton T x in (MA)2TeCl6. The temperature 
variation of the proton 7 \ in (MA) 2TeCl 6 gives two 
different results, depending on the direction of the 
change in the temperature. Figure 3 shows the results 
for 7 \ as the temperature increases from 4.2 or 77 K. 
No drastic change was recognized in the log 7 \ vs. 
\jT curves at either phase transition point, Ttl or 
Tt2, indicating that the motion of the MA+ ion is almost 
unaffected by these transitions. By analogy with 
(MA)2SnCl6,5) the deep minimum near k K / 7 " « 1 5 is 
assignable to the reorientation of the MA+ ion as a 
whole about its C3-axis, while the small depression 
near k K / 7 " « 1 0 is assignable to the independent re­
orientation of the C H 3 and N H 3 groups in the cation. 
In this system, the spin-lattice relaxation rate for the 
MA+ ion is written by: 

Tr1 = ^ [ T , / ( l + û > o V ) + 4 r i / ( l + 4 ^ o V ) ] 
+ £[r2 /(l + < V ) +4r2 / ( l + 4 < r 2 « ) ] , (3) 

where r^Ta . 5 ' 1 4 ) The motional constants, A and 
B, stand for the contributions to 7 \ - 1 from the dipolar 
interaction modulated via the G3 rotation of the MA+ 
ion as a whole, and via the independent rotation of 
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Fig. 3. The spin-lattice relaxation times of protons 
in (CH3NH3)2TeCl6 measured on heating run from 
4.2 or 77 K. 
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the C H 3 and N H 3 groups on the coordinates of the 
MA+ ion, respectively. These constants can be de­
termined theoretically from the dimensions of the 
MA+ ion5»14) or experimentally from the Tx minimum 
values. T h e rx symbol is the correlation time for 
the rotation of the cation as a whole, while r2 sym­
bolizes the uncorrelated rotation of the two groups. 
The preexponential factor, r0, and the activation 
energy, E&, in the usual Arrhenius relation are deter­
mined experimentally. 

The experimental points in L T P , however, cannot 
be fitted to Eq. 3 because the deep 7 \ minimum is 
broad and asymmetric, although all the MA+ ions 
are crystallographically equivalent.8) One possible ex­
planation is that the correlation time is widely dis­
tributed because of the stacking faults previously 
described. The rather long 7 \ min imum compared 
with the theoretical value is consistent with such 
breadth of the 7 \ minimum. Therefore, the activa­
tion parameters are evaluated separately from the 
slopes on the low- and high-temperature sides of the 
7 \ minimum (Table 1). The 7 \ curve simulated by 
the use of these activation parameters is represented 
in Fig. 3 by a solid line. The activation energy for 
the reorientation of the MA+ ion reflects the inter-
molecular potential barrier, which is determined partly 
by the NH---C1 hydrogen bonding and partly by the 
M A + - C 1 van der Waals force. T h e E& values in 
the Pt, Sn, and Te chloro complexes are 3.6, 4.2, 
and 6.0 (averaged value) kj/mol respectively.5) This 
order is the same as that of the chlorine ionicity, z, 
in these complexes, as deduced from 35G1 N Q R fre­
quencies, which give z = 0.43, 0.66, and 0.67 in that 
order.3) This suggests that the former interaction 
is more effective on the motion of M A + ions than 
the latter one in the present system. The small value 
of E& indicates that, in these compounds, the NH---C1 
hydrogen bonds are quite weak as compared with 
that in GH3NH3G1.15) 

When the crystal is cooled down from room tem­
perature, the 7 \ behavior is very different from that 
of the heating process described above. I t has been 
reported that the crystal structure remains unchanged 
until 105 K on cooling8) and that the D T A curve 
shows no heat anomaly in the temperature range 
of 260—230 K.7) As can be seen from Fig. 4, the 
7 \ value at 20 M H z is clearly shortened by about 
one quarter in the narrow temperature range of 230— 
222 K. This 7 \ anomaly indicates that the motional 
state of the MA+ ion abruptly changes at Tt2. The 
7 \ curve between kK/!T=4.5—7.5 shows the presence 
of a new relaxation process superimposed on the 
rapid reorientations of the C H 3 and N H 3 groups. The 
long 7 \ value of about 4 s observed in this tem­
perature range suggests that the predictable additional 
motion is, for example, a small-angle tilting of the 
G3 axis of the MA+ ion from its original orientation. 
This suggestion is supported by the fact that the 35C1 
N Q R line (a in Fig. 1 ) fades out at 230 K, because 
such a tilting motion introduces a large fluctuation 
of the electric-field gradient (EFG) at the chlorine 
site.7) 

Proton T-L in (MA)2TeBrG. The temperature 
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dependence of the proton 7 \ at 20 M H z is shown 
in Fig. 5. The two phase transitions found in the 
N Q R and D T A experiments7) are marked by dis-
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Fig. 5. Temperature dependence of the proton T2 at 
20 MHz in (GH3NH3)2TeBr6. 

continuity in the log 7 \ vs. IjT curve. It is interest­
ing to note that a shallow 7 \ minimum near 100 K 
is clearly observed, because the deep 7 \ minimum 
appears at 44 K, lower by 20 K than that of (MA)2-
TeCl6 . The 7 \ curve in L T P is apparently asym­
metric and broad. At the present stage, however, 
the proton relaxation below 70 K is ascribable to 
the reorientation of the whole MA+ ion. The re-
laxational parameters thus obtained are listed in 
Table 1. The observed asymmetric 7 \ minimum is 
probably due to the tunneling-assisted relaxation, 
because of the low rotational barrier of the G3 reori­
entation of the cation.16) As the crystal structures 
of both L T P and M T P are yet unknown, we cannot, 
though, rule out the possibility that the presence of 
two or more nonequivalent MA+ ions causes the asym­
metry of the 7 \ curve. 

By using Eq. 3 and assuming that COQX1 < 1 , the 
data between kK/7^=6 and 18 were analyzed for 
the motion specified by r2, yielding a 7 \ minimum 
of 430 ms at kK/7"=10.6 and an activation energy 
of 9.0 kj/mol. This process can be assigned to the 
intergroup dipolar interaction in the cation.5) The 
theoretical 7 \ minimum due to the independent reori­
entation is evaluated to be 460 ms, which is in good 
agreement with the observed value. The E& value 
of 9 kj/mol is reasonable as the internal rotation barrier 
in the MA+ ion.5) 

Proton T± and Tlp in (MA)2TeI6. The ex­
perimental relaxation times for (MA) 2TeI 6 are given 
in Fig. 6, where the log 7 \ and log Tlp are plotted 
against the inverse temperature, and in Fig. 7, where 
the log 7 \ below 70 K is shown against the tempera­
ture. The occurrence of a phase transition was con­
firmed at 1 1 9 K by the discontinuity in both the 7 \ 
and Tlp curves. There are three temperature re­
gions, characterized by different relaxation processes, 
for 7 \ : the linear region of the 7 \ curve in R T P , 
the shallow 7 \ minimum in the kK/7"=10 to 15 re­
gion, and the two 7 \ minima at very low tempera­
tures. In the series of (MA) 2 MX 6 (X = G1 and Br), 
each complex shows a single deep Tx minimum at­
tributed to the G3 reorientation of the whole MA+ 
ion. The 7 \ behavior of (MA)2TeI6 , however, is 
rather different from that of the foregoing complexes. 
This is because the 7 \ curve in the low temperature 
rigion yields two 7 \ minima, the values of which 

TABLE 1. MOTIONAL PARAMETERS FOR (MA)2TeX6 

Compound A or B^/s~2 £a*»/kJ mol- T0/S Motion 

(MA)2TeCl6 6.2X109 7.0 (5.0) lx io-1 4 

(MA)2TeBr6 

(MA)2TeI6 

— 
7.1X109 

2.1X108 

— 
2 .0x10 s 

— 

48 

3.7 
9.0 

2.7 
5.0 
6.1 

(3.3) 

1.3X10-13 

4 x l 0 - 1 3 

5 x l 0 - 1 4 

— 
3X10-12 

— 

G3-rotation of MA+ ion 
independent rot. of GH3 and NH3 groups 
hindered rot. of [TeCl6]~2 ion 

Gg-rotation of MA+ ion 
independent rot. of GH3 and NH3 groups 

Gg-rotation of MA+ ion 
independent rot. of GH3 and NH3 groups 
overall rot. of MA+ ion 

a) The calculated values are ^ - l O x l O 9 and B= 1.9x 108 s~2 for r(C-H) = 1.10, r(N-H) = 1.04, r(C-N) = 1.47 
Â, and all the tetrahedral angles.4) b) The value in parentheses is estimated from the slope on the low-tem­
perature side of the Tx minimum. 
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Fig. 6. The spin-lattice relaxation times of protons 
in (GH3NH3)2TeI6 against kK/7\ 
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Fig. 7. The spin-lattice relaxation times of protons 
in (GH3NH3)2TeI6 against T below 70 K. 
• : 20 MHz and A : 60 MHz. 

are much greater than that expected for the classical 
C 3 reorientation. The second moment, evaluated 
from the solid-echo envelope,17) was 9 .5±1 .5 G2 even 
at 4.2 K. This value is much smaller than the theo­
retical one of 29.8 G2 for the MA+ ion in its stationary 
state, but close to that for the rapidly reorienting 
MA+ ion about its C3-axis.5) Additionally, the linear 
portion of the high-temperature side of the deep 7 \ 
minima gives a very low E& value of 2.7 kj/mol. All 
of these results suggest the existence of tunneling-
assisted relaxation in the present system.18) Con­
sidering the transitions among tunneling sublevels in 
the torsional states of the C H 3 or N H 3 groups, Haup t 
proposed the following expression of the relaxation 
rate:19) 

TV 1 = AJ{(ot±no)0) = 
AT 

l + (a>t±nû>0)*T* ' 
(4) 

where A is a constant, cot is the tunnel-splitting fre­
quency, and « = 1 or 2. If cot>co0, the relaxation 
rate due to the intramolecular dipolar coupling as­
sociated with J(o)t±na)0) becomes frequency-independ­
ent, while the rate due to the intermolecular one 
is of the usual BPP type.20) Therefore, two 7 \ minima 
should be observed, one at co t r= l and the other at 
C O 0 T = 0 . 6 2 . The 7 \ minima in Fig. 7 are frequency-
dependent, but to a lesser extent than would be ex­
pected from the BPP theory; that is, the ratio, ( 7 \ 
min)60MHz/(^imin)20MHz

5 which is equal to 3 in the 
classical dipolar relaxation, is less than 2 in the present 
case. Although this 7 \ behavior can be explained 
qualitatively in terms of J(cot±na)0), it is difficult 
to deduce the tunneling frequency because two spin 
systems (CH 3 and NH 3) complicate the problem and 
because it has not been established that all the MA+ 
ions are equivalent in L T P . It is desirable to measure 
the 7 \ and Tlp of selectively deuterated C H 3 N D 3 

or C D 3 N H 3 salts as well as to determine the crystal 
structure of L T P . 

The activation energy, E&, for the M A reorienta­
tion changes greatly with X in (MA) 2 TeX 6 , as Table 
I shows. The order of the E& values is the same as 
that of the electronegativity of halogens in the complex 
ions. Quite a similar inclination of the E& value 
was discussed above for (MA)2MC16 with M = Pt, Sn, 
and Te. Therefore, the differences in the potential 
barrier among the present tellurium compounds may 
be determined mostly by the electrostatic interaction 
between N H 3 groups and halogens in complex ions. 

By fitting the experimental points between 110 and 
42 K to Eq. 3 ( c o ^ C l ) , the shallow 7 \ minimum for 
the motion specified by r2 is determined to be 490 ms 
at 20 M H z . This value is comparable to those of the 
other MA-compounds and also to the calculated one 
for the uncorrelated rotation of the MA+ ion.5) The 
E& value of 5.0 kj/mol, however, is significantly smaller 
than those (8—9 kj/mol) of the others. The difference 
in E& seems to be large in contrast with our estimate 
of a nearly constant energy.5) Therefore, it may be 
acceptable to consider that some other relaxation 
processes, for example, a tunneling or 180° flip of 
the MA+ ion, exist in this temperature range in ad­
dition to that of the foregoing two motional modes. 
I t may be also plausible to anticipate that the geome­
try of the MA+ ion in the present complex is not the 
same as that in the earlier complexes because of the 
difference in interionic interactions or packing of the 
ions in the crystal. 

In R T P , the log 7 \ value decreases linearly with 
II T from room temperature to Tt; the slope of the 
decrease gives the E& value of 6.1 kj/mol. Since the 
crystal structure is cubic and the proton second moment 
is only 0.5 G2 in this phase, this relaxation process 
is ascribable to the overall reorientation of the dumb­
bell-like cation. 

The observed values of the proton Tlp, on the 
other hand, behave unusually in R T P . Contrary to 
the Tlp expression based on the BPP theory, the Tlp 

minimum at the r.f. strength, Hl9 of 5 G appeared 
at a higher temperature than that of the Tlp at 10 G. 
Furthermore, on the high-temperature side of both 
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Tlp minima, the TlpocH^ relation holds for the 
six observed Tlp values in the Hx range of 2.5—15 G. 
Such anomalous behavior suggests an intermolecular 
dipolar relaxation of the second kind between the 
protons and iodine nuclei.21) The overall rotation of 
the MA+ ion may result in a large fluctuation of the 
E F G at the site of iodine, in contrast to its G3 reo­
rientation, which affects the E F G only slightly. This 
fluctuation shortens the iodine spin-lattice relaxation 
time 7 \ ( I ) . Thus, the dipole interaction between the 
protons and iodine nuclei affects the proton Tlp through 
the cross relaxation. This type of relaxation is ex­
pressed as follows:22) 

Tt-i - M 2(H-I)yH
2r 1(I) / [ l+ûi 1«r 1(I) ' ] , (5) 

where Af2(H-I) is the proton second moment due 
to the H - I dipole interaction and where co1=yH / /1 . 
The value of M 2 ( H - I ) was estimated to be 0.078 
G2 from the Tlp minimum. Then, the 7\(I) value 
was obtained by substituting the known parameters 
into Eq. 5. The results are also included in Fig. 6. 
It may be noted that the 7\(I) of 50 [is at room tem­
perature shortens with decreasing temperature, while 
retaining the same slope as that of the proton Tx above 
Tv This finding is strong evidence for the idea that 
the proton Tlp is governed by the proton-iodine 
interaction modulated via the overall reorientation of 
the MA+ ion. O n a lowering of the temperature, 
the 7 \ ( I ) - 1 becomes large beyond the order of the 
usual N Q R linewidth. This is a reason why the 
N Q R signal fades out below 156 K.7) 

The authors are grateful to Professor Emeritus 
Ryôiti Kiriyama of Osaka University and Professor 
Daiyu Nakamura of Nagoya University for their con­
tinued interest and encouragement. 
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Adsorption of iV-Dodecyl-/3-alanine to the Spread Monolayer 
of Lecithin or Dilaurin 
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The adsorption of JV-dodecyl-/?-alanine (NDA) was studied at the air-solution interface with the spread film 
of L-a,/?-dimyristoyllecithin (DML) or a,a'-dilaurin (DIL). The adsorbed amounts were measured by radi­
ometry using tritium-labelled NDA, combined with surface pressure measurements. Measurements of IR, 
DSC, and NMR were made in order to determine the bulk properties of amphoteric moieties in the mixture of 
DML and NDA. For the mixed monolayer of NDA and DML or DIL, the surface composition vs. 2LX£,2L curves 
were obtained at various surface pressures. The molecular interaction in monolayer was discussed on the basis 
of the excess free energy of mixing, which was calculated at various surface pressures and compositions. As a 
result, the mixing of DIL and NDA in monolayer was ideal at surface pressures less than 5 mN m - 1 , whereas the 
mixed monolayer of DML and NDA showed a remarkable condensation in surface molecular area. Such a large 
condensation at low surface pressure was concluded to be due to the formation of ion pairs between the choline 
and alanine moieties on the water surface, by referring to the findings obtained by studying the lipid properties 
in the bulk phase. It was also found that the DML-NDA monolayer near close packing exhibited various types 
of complicated behavior, depending on the surface compositions. The appreciable differences in the nature 
of the amphoteric moieties in DML and NDA molecules can explain these findings. 

Studies of the monolayer behavior of phospholipids 
on the surface of surfactant solution are very useful 
for understanding some of the actions of surfactant 
on the biomembrane. Nevertheless, few studies on 
the interaction of membrane lipids with surfactant have 
been performed, due to some experimental and theo­
retical restrictions. Studies of mixing in the insoluble 
lipid films1) or of binding properties of lipid and metallic 
ions2) are more numerous. The thermodynamic ap­
proach to analyzing the nature of penetrated films must 
be based on precise information about the monolayer 
composition, especially for the penetrated films with the 
ionic interactions between the polar groups of lipids.3) 
Recently, Hendrikx, and Ter-Minassian-Saraga,4) who 
studied the adsorption of a cationic surfactant to a 
lecithin monolayer, found that the mixed monolayer 
formed a stable two-dimensional micelle on the water 
surface. The use of ionic surfactant as penetrant, 
however, would not be convenient for the thermody­
namic analysis of the monolayers, because it is almost 
impossible to distinguish the hydrophobic interaction 
in the penetrated monolayer with the ionic interac­
tion caused by the surfactant (and/or spread) film 
ions and their gegen ions. 

In the present study, experiments are carried out 
on the spread monolayer of lecithin and dilaurin into 
which an ampholytic surfactant is penetrated. By de­
termining the adsorbed amounts by radiometry, at­
tempts are made to elucidate the behavior of the 
penetrated monolayers as a function of the surface 
composition or the surface pressure. Further, the work 
is discussed about the interaction between the polar 
groups of lecithin and surfactant in monolayer, com­
bined with the observations on their mixtures in the 
bulk phase. 

Exper imenta l 

Materials. After the usual purifications, L-a,/?-dimy-
ristoylphosphatidyl choline (DML), which had been pur­
chased from Fluka Co., showed a single spot in the TLG 
analysis. Dilaurin (DIL), i.e. glycerol a,a'-dilaurate? was 

purified by the recrystallization with hexane. iV-Dodecyl-
/?-alanine (NDA), i.e. 3-(dodecylammonio)propionate, was 
employed as an ampholytic surfactant. For the radiometry, 
the alkyl chain in NDA was labelled with tritium.5) The 
solution was prepared by using water which was distilled 
thrice after being refluxed with acidic permanganate solution 
overnight. Chloroform and hexane were used for the spread­
ing solvent. 

Measurements of Surface Properties. Adsorbed amounts 
of NDA were determined by the radiotracer method. The 
radioactivity of tritium /?-rays at the air-solution interface 
was detected by a plastic scintillation counter.6) Equi­
librium surface tension was measured by the Wilhelmy 
plate method. All measurements were made at 30 + 0.5 °G, 
above the gel-liquid transition temperature of DML on 
the water surface.7) The pH of the solution was at 5.8 + 0.2 
throughout the experiments: at this value NDA8) and DML9) 
in water possess an amphoteric structure. 

Preliminary experiments indicated that the surface pres­
sure vs. mean molecular area curves which were obtained 
by the compression method, coincided well with those ob­
tained by the successive additions of spread solution onto 
the water surface. All the spread monolayers used in present 
work, then, were formed by the addition method on the 
solution surfaces at which NDA had already been adsorbed. 

Measurements of Bulk Properties. In order to elucidate 
the polar interaction between DML and NDA in the bulk 
state, DSC, IR, and NMR measurements were carried 
out. In the DSC measurements (Rigaku Denki 8056), the 
lipids were mixed up well in an aluminium DSC pan with 
chloroform, allowed to stand overnight in vacuo to evaporate 
the solvent, and sealed in nitrogen gas. The measurements 
were made as a function of mole fraction of NDA. The 
specimen for the IR measurement (Hitachi EPI G-2) was 
prepared in the same manner as that used in the DSC 
analyses. The absorption spectra were taken as functions of 
the temperature and mole fraction by the Nujol method. 
The NMR spectra (JEOL FX-100) were also taken for 
the 0.1 mol dm - 3 deuteriochloroform solutions of DML, 
NDA, and their equimolar mixture at 25 °G. 

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

Figure 1 shows the relationship between the surface 
pressure, n, and spread amount , ri9 of D M L or D I L 
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monolayer formed on the solution surface of NDA 
at various concentrations. Figure 2 exhibits the plot 
of the surface excess, r2) of NDA against the spread 
amounts of D M L or D I L . The subscripts 1 and 2 

0.5 1.0 1.5 

Hr / j jmol m"2 

2.5 

0.5 1.0 1.5 2.0 

r7 / j jmol m'2 

2.5 3.0 

Fig. 1. n vs. ri curves for DIL-NDA (a) and DML-
NDA (b) at the following concentrations of NDA 
(105C2/moldm-3). 
x : 0, • : 0.10, V : 0.20, • : 0.30, <0>: 0.40, A : 0.50, 
• : 0.70, O: 1.0, A : 2.0, • : 3.0, € : 5.0, • : 10, 
©: 20 3 : 30, Q: 50. 

0.5 1.0 1.5 2X) 

r7 / u mol m"* 

Fig. 2. rx vs. r2 curves for DIL-NDA (a) and DML-
NDA (b) at various concentrations of NDA. Signs 
for each curve are identical with those of Fig. 1 in­
dependently of (a) and (b) curves, 

mean the film-forming substance and surfactant, re­
spectively. In Fig. 2-b, a little hump was observed 
on the desorption isotherms of NDA at the intermediate 
region of concentrations, upon spreading small amounts 
of D M L . This means that D M L strongly interacts 
with the adsorbed NDA on the water surface. O n 
the other hand, the isotherms of NDA for the DIL 
films simply decreased with increasing spread amounts 
for all concentrations studied. Thermodynamical dis­
cussion for these adsorption isotherms will be made 
elsewhere. 

Miscibility of Monolayers. Before studying the 
properties of the penetrated monolayers, the misci­
bility in monolayer was examined for the D M L - N D A 
and D I L - N D A systems. According to the two-di­
mensional phase rule,10) two degrees of freedom are 
available for one surface phase at constant tempera­
ture and pressure in the present systems. Thus the 
criterion of miscibility is easily made from the rela­
tionship in surface pressure and surface fraction at 
constant total amounts of the monolayers, whose frac­
tion may be chosen by variation in amounts of the 
spread films and bulk concentration. Here, the sur­
face fraction of NDA, X2, in the monolayer was ob­
tained by dividing T 2 by / \ , which was a sum of 7 \ 
and r2. The results are shown in Fig. 3. Con­
sequently, the monolayers of both systems were con­
firmed to be miscible in all surface fractions. In 
mixing of D M L and NDA, there was no indication 
of the occurrence of a phase separation such as has 
been observed in mixing of D M L and cholesterol 
on the water surface adsorbed from the dispersed 
solution.11) 

Area Condensation in Monolayer. The plot of 
mean molecular area, A, against X2 in the mixed 
monolayers of D M L - N D A or D I L - N D A is shown at 
various surface pressures in Fig. 4. The mixing of 
D I L and NDA in the monolayer was almost ideal 
at surface pressures lower than 5 m N m _ 1 , but al­
lowed a slight condensation in surface molecular area 
when surface pressure increased, and approached to 
the equilibrium spreading pressure of DIL (16.6 m N 

Fig. 3. n vs. X2 curves for DIL-NDA (a) and DML-
NDA (b) at the following constant surface excess 
(r t/txmolm-2). 
* : 1.5, • : 2.0, A : 2.5, O: 3,0, 
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L2 %2 

Fig. 4. A vs. X> curves for the DIL-NDA (a) and DML-
NDA (b) monolayers at various surface pressures 
(7r/mN m-1). 
O: 2, A : 5, D : 10, • : 15, • : 20, A : 30. 

m - 1 ) . Since the mixing of DIL and NDA does not 
include the process of interionic interaction, the area 
condensation observed can be considered to arise main­
ly from the van der Waals interaction in hydrocarbon 
chains. O n the other hand, the mixing in D M L 
and NDA monolayers is likely to depend in a com­
plicated way on the surface pressure and composi­
tions: for instance, there is the remarkable deviation 
from the additivity in molecular area at low surface 
pressure, and also a characteristic kink appears a t 
about 0.3 fraction of NDA, as may be seen in Fig. 
4-b. Such behavior in mixing cannot be explained 
without taking into account the interactions between 
polar groups as well as hydrocarbon chains in the 
monolayers. Because both the choline moiety in 
D M L and alanine moiety in NDA possess an ampho­
teric structure under the conditions of the present 
work, the ionic interaction can be supposed to occur 
directly between these moieties. I n order to confirm 
the occurrence of such a binding, some experiments 
were carried out on the mixture of D M L and NDA 
in the bulk phase. 

Confirmation of Ionic Binding of DML and NDA in 
the Bulk Phase. DSC Analysis: T h e endothermic 
peak at 63.5 °G was found independently of the mole 
fraction of the mixture. The plot of the heat of tran­
sition at 63.5 °G vs. the composition is shown in Fig. 
5. Since no peaks are observed at 63.5 °C for each 
single component, the endothermic peak observed 
seems to be due to the formation of intermolecular 
compounds in the D M L and NDA mixture. T h e 
heat of the corresponding transition was endother-
mically 20.1 k j m o l - 1 without any medium. 

IR Analysis: I R absorption for the ethyl group in 
the gauche structure of ^-alanine appears at 860 cm - 1 .1 2) 
Thus, the I R spectra for the mixture of D M L and NDA 
were measured at the various temperatures and com­
positions. The spectra from 780 to 940 c m - 1 are 
shown in Fig. 6. For the equimolar mixture the 
gauche structure almost disappears near the tem­
perature at which the endothermic peak has been 
found by the DSC measurement. O n 68 .4% NDA 

Fig. 5. Heat vs. NDA fraction, X2
b, curve relation to 

endothermic peaks at 63.5 °G by DSC analysis for 
DML-NDA mixture. 

Wave number/cm-1 

900 800 900 800 
" I I I I I I I 

"V 

50 68.4 100 

M <NDA) 

Fig. 6. IR spectra from 780 to 940 cm-1 for DML-
NDA mixture at various temperatures and compo­
sitions. 

mixture, however, the corresponding absorption was 
still observed at 73 °G. This signifies that NDA molec­
ules in more than equimolar quantities exist in the 
mixture as single molecules. The reason is that the 
absorption at 860 c m - 1 for pure N D A remains un­
changed while the temperature is increased up to 
the melting point of NDA, except for the negligible 
temperature dependence of absorption intensity for 
each group. I t may be concluded that the mixture 
of D M L and NDA converts into an intermolecular 
compound of 1:1 by heating. 

NMR Spectrum: In order to elucidate the con­
tribution of the polar groups to the formation of ionic 
binding, measurements were made on proton chemical 
shift for D M L , NDA, and their equimolar mixture 
in the deuteriochloroform solutions. Table 1 shows 
the proton chemical shift before and after mixing 
of the D M L and NDA solutions. By mixing, - N + H 2 -
spectrum of NDA shifted towards the low field, while 
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TABLE 1. PROTON CHEMICAL SHIFT FOR POLAR GROUPS 

OF DML, NDA, AND THE EQUIMOLAR MIXTURE IN 

CDC13 (PPm) (REFERENCE TMS, 25 °G, 100 MHz) 

Groups 

=N^H2 

-GH 2GOO-
ÊP"OGH2-

-N+(CH3)3 

DML 

- 4 . 1 1 8 
- 3 . 3 4 0 

NDA 

- 8 . 7 5 1 
- 2 . 5 7 7 

Mixture 

- 6 . 1 0 6 
- 2 . 5 8 7 
- 4 . 3 4 1 
- 3 . 3 3 3 

A<5a) 

+ 2.65 
- 0 . 0 1 
- 0 . 2 2 
+ 0.01 

a) A<5: Differences of proton chemical shift. 

= P ~ - 0 - C H 2 - spectrum of D M L was oppositely shifted 
towards the high field. However, no difference in 
chemical shifts was observed for other groups in these 
compounds within the experimental error (±0 .002 
ppm) . This indicates that the ionic interaction in 
solution takes place only between the = P ~ - 0 - G H 2 -
group of D M L and the - N + H 2 - group of NDA. 

From all these experiments, we may conclude that 
the molecules of D M L and NDA, whose polar groups 
possess both amphoteric structures, form stoichiomet-
rically an intermolecular salt when their mixture is 
dissolved in a polar solvent or heated up to about 
63.5 °C. This may imply the favorable formation of 
ionic binding with 1:1 of D M L and NDA in the pene­
trated monolayer, provided that the ionic properties 
of the lipids do not change essentially between the 
surface and the bulk phases. 

Effects of Polar Groups on "Condensing" The 
condensation at high surface pressure in Fig. 4-b cannot 
be explained by only the formation of the D M L ( l ) : 
N D A ( l ) complex as found in the bulk phase. In 
order to elucidate the unique mixing of D M L and 
NDA in monolayer, one must take into account the 
difference in the behavior of their polar groups, which 
depends on the surface pressure and the surface com­
position. Then the excess free energy of mixing Agv , 
defined by Goodrich,13) was calculated at 2 :1 , 1:1, 
and 1:2 surface compositions at various surface pres­
sures for the D M L - N D A and D I L - N D A monolayers. 
The results are shown in Table 2. A clear difference 
was found in the mixing behavior of these mono­
layers. For D M L and N D A monolayers, considerably 
large Agv values were appraised even at low surface 
pressure, compared to those for D I L and N D A mono­
layer. Since the behavior of hydrocarbon chains in 
the mixed monolayers is regarded as to be almost 

TABLE 2. SURFACE PRESSURE DEPENDENCE OF Agv 

( — J m o l - 1 ) AT CONSTANT SURFACE COMPOSITIONS 

71 

m N m - 1 

2 
5 
6 

10 
15 
20 
25 
30 

DML-NDA 

0.33 

134 
138 
159 
218 
244 
216 
135 

0 

0.50 

182 
159 
87 

148 
235 
325 
421 
543 

0.66 

169 
154 
86 

151 
235 
337 
550 
795 

DIL-NDA 

0.33 

0 
0 

11 
96 

307 

0.50 

0 
0 

12 
120 
372 

0.66 

0 
0 

11 
97 

307 

Fig. 7. Schematic representations for mixed monolayer 
of 2:1 of DML(O) and NDA(#) at low (a) and high 
(b) surface pressures. 

the same between D M L - N D A and D I L - N D A , such 
large values may be considered to be due to the oc­
currence of ionic binding between D M L and NDA 
in monolayer, as depicted in Fig. 7-a. This con­
sideration coincides with the conclusion obtained in 
the bulk experiments mentioned above. 

The properties of mixed monolayer at high surface 
pressure are discussed. In the equimolar mixed mono­
layer at 6 mN m _ 1 the AgY values attain a minimum. 
This is explained by two different origins for the in­
teractive energies caused in mixing: namely, one comes 
from the ionic binding between polar groups in mono­
layers and is seen in the low surface density, while 
the other arises from the condensation between hy­
drocarbon chains and increases with increasing mono­
layer density, as may be expected from the Agv values 
for the D I L - N D A system. The surface pressure de­
pendence of AgY in the 0.33 fraction monolayer is 
also interprétable in view of the interaction between 
the ampholytic moieties of D M L and NDA. With 
increasing film density, the mixed monolayer in all 
cases is considered to form an ionic network structure 
which would be more stable rather than remaining 
in the pair binding of D M L ( l ) :NDA(1). Structural 
formation in monolayer has been also found by Ter-
Minassian-Saraga for the mixed monolayer of D M L 
and hexadecyltrimethylammonium chloride.4) Such a 
phenomenon turns out to make a unique kink on the 
A vs. X2 curves in Fig. 4, because the structural mono­
layer is probably less compressible. A model of mix­
ing at DML(2) :NDA(1) composition at high surface 
pressure is depicted in Fig. 7-b. In D M L and 
cholesterol system, however, the formation of molec­
ular complex of DML(2) : C H O L ( l ) at the surface11) 
and bulk14) phases has been confirmed. Approaching 
the close packing at about 30 m N m _ 1 , the monolayer 
which makes a two-dimensional structure becomes so 
relatively tight and incompressible that the whole 
system apparently behaves as an ideal one. At 0.66 
fraction of NDA the mixed monolayer, however, still 
keeps the tendency to condense. This is probably 
because the ionic network structure is gradually broken 
down by the increases of NDA fraction in the mono­
layer: the monolayer finally consists of the mixture 
of DML(1) :NDA(1) binding and NDA. Because the 
dissociation constants of both ampholites at the water 
surface are pK&=3.5 and p X b = 3 . 1 1 for NDA8) and 
piC a=3.32 and p X b = 3 . 5 5 for DML9) at 30 °C, the 
/9-alanine moiety in NDA is considered scarcely to 
dissociate in water and then to make a hydrated ring 
structure, compared to the choline moiety in DML. 
Eventually, N D A molecules in mixed monolayer at 
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high fraction of NDA tend to be present with the 
nature like nonionic molecules. Therefore, the maxi­
m u m condensation occurs at about 0.66 fraction, cor­
responding to the equimolar mixture of D M L - N D A 
ion pair and NDA. The complicated bahavior in 
mixing at high surface pressure results from the dif­
ference characters in the ampholytic moieties of D M L 
and NDA. 

References 

1) F. Paltauf, H. Häuser, and M. G. Phillips, Biochim. 
Biophys. Acta, 249, 539 (1971); D. Ghosh and J . Tinoco, 
ibid., 266, 41 (1972). 

2) F. Vilallonga, M. Fernandez, G. Rotunno, and M. 
Gereijido, Biochim. Biophys. Acta, 183, 98 (1969); G, Golacico, 
Chem. Phys. Lipids, 10, 66 (1973). 

3) M. Muramatsu, "Surface and Colloid Science," ed 
by E. Matijevic, Wiley-Interscience, New York (1973), 
Vol. 6, p. 137. 

4) Y. Hendrikx and L. Ter-Minassian-Saraga, Adv. 
Chem. Ser., 144, 177 (1975). 

5) T. Okumura, A. Nakamura, K. Tajima, and T. 
Sasaki, Bull. Chem. Soc. Jpn., 47, 2996 (1974). 

6) K. Tajima, M. Muramatsu, and T. Sasaki, Bull. 
Chem. Soc. Jpn., 43, 1991 (1970). 

7) N. L. Gershfeld and K. Tajima, J. Colloid Interface 
Sei., 59, 597 (1977). 

8) A. Nakamura, K. Tajima, and T. Sasaki, Bull. Chem. 
Soc. Jpn., 48, 214 (1975). 

9) M. M. Standish and B. A. Pethica, Trans. Faraday 
Soc, 64, 1113 (1968). 

10) D. J . Crisp, "Surface Chemistry," Supplement to 
Research, Butterworths, London, (1949), pp. 17 and 23. 

11) K. Tajima and N. L. Gershfeld, Biophys. J., 22, 489 
(1978). 

12) M. Tsuboi and T. Takenishi, " IR Absorption Spectra," 
Nankoh-Do (1959), Vol. 7, p. 56. 

13) F. C. Goodrich, Pro, Intern. Gongr. Surface Activity, 
2nd, I, 85 (1957). 

14) N. L. Gershfeld, Biophys. J., 22, 469 (1978). 



114 ©1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 114—117 (1981) [Vol. 54, No. 1 
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The applicability of the Gibbs adsorption isotherm was examined for the adsorption of iV-dodecyl-/?-alanine 
(NDA) at the air-solution interface with the spread monolayer of lecithin (DML) or dilaurin (DIL). In order 
to derive adsorption isotherms, the spread monolayer was treated energetically as a part of the adsorbed mono­
layer. The isotherms were derived for the following cases: (a) a nonideal mixing of the spread and adsorbed 
molecules and (b) a nonideal adsorption associated with a conformational change due to the complex formation 
between monolayer molecules. The isotherm derived for case (a) coincided with the observed isotherm of NDA 
adsorbed into the DIL monolayer, but deviated from the observed isotherm of NDA adsorbed into the DML 
monolayer. The DML-NDA isotherm was regarded as to be explained by the isotherm derived for case (b). 
Further, the applicability of the Pethica's isotherm to the adsorption of NDA in both systems was examined. 

Some adsorption isotherms of iV-dodecyl-/?-alanine, 
which adsorbs at the solution surface with the spread 
monolayer of lecithin or dilaurin, have been reported 
in the previous paper.1) From the radiometrical de­
termination of the adsorbed amount, the properties 
of both mixed monolayers have been described in 
detail as a function of suface composition or surface 
pressure. I t was clear that the surfactant remarkably 
condensed with dilaurin or lecithin in monolayer. 
For such adsorption systems, however, the adsorbed 
amount of surfactant is expected to obey the Gibbs 
adsorption isotherm, such as for adsorption of sur­
factant at the air-solution interface.2) Pethica3) and 
McGregor and Barnes4) have derived adsorption iso­
therms by assuming the accessible area for the adsorb­
ing species in the monolayer. However, they are no 
unique isotherms applicable to every type of adsorp­
tion, because each set has been derived under the 
particular conditions of the highly condensed film of 
spread monolayer. 

In the present study, attempts are made to elucidate 
the applicability of the Gibbs adsorption isotherm to 
the adsorption of surfactant at the air-solution in­
terface with the insoluble film. The derivation of iso­
therms is achieved for the following cases: (a) a non-
ideal mixing of the spread and adsorbed molecules, 
and (b) a nonideal adsorption associated with a con­
formational change of the monolayer molecules. The 
interaction in the monolayer is introduced as the 
excess free energy instead of the partial molar surface 
area in the isotherm. The validity of the isotherms 
obtained are tested by comparison with the observed 
isotherms. 

T h e o r y 

The Gibbs adsorption isotherm for the air-solution 
interface with spread film (1) and surfactant (2), is 
given at a constant temperature, assuming that the 
water surface is taken as the dividing surface: 

-dy = T^jul + r2djuh
2f (1) 

where y denotes the surface tension and T.x and ju{ the 
relative surface excess per unit area and chemical 
potential for component i, respectively. Superscripts 
s and b mean the surface and bulk phases. Since 
the surface tension can be varied with the amount 

of spread film independently of the chemical potential 
of surfactant in the bulk phase, the adsorption of 
the surfactant is considered only for the solution sur­
face which is covered with a fixed amount of spread 
film. When the spread and adsorbed monolayers co­
exist on the solution surface At of the surfactant of 
concentration C2 at surface pressure n, the effective 
surface area A2 available for the adsorption decreases 
by the surface area A1 occupied by the spread mono­
layer. As long as the adsorbed monolayer is present 
in the same surface pressure, nl is equal to ji\, so 
that the spread and adsorbed monolayers may be 
related by : 

djul = -^dju\, (2) 
a2 

where a{ denotes the molar surface area of component 
i in each monolayer. Therefore, the contribution of 
spread film to the surface energy may be taken into 
account as a part of the adsorbed monolayer of the 
surfactant. Using Eq. 2, Eq. 1 is rewritten for the 
case of ideal penetration as follows: 

-dy = ^-(r1+r2)dM», (3) 

where aid=X1a1-{-X2a2, and Xi is the mole fraction of Tv 

If the adsorption is nonideal, the following two 
cases are taken into account: (a) nonideality in the 
simple mixing of spread and adsorbed molecules, and 
(b) nonideality in the case that the standard chemical 
potentials of the spread and/or adsorbed molecules 
alter due to the change in the conformation of their 
polar groups by complex formation, chemical reac­
tion, or denaturat ion in monolayer. 

In Case (a). The surface tension change is 
defined as follows: 

dy = dyid + dyv, (4) 

where dy i d is given by Eq. 3. The dyv term is the 
change of surface tension caused by the nonideal mixing 
of the spread and the adsorbed molecules. From 
Goodrich's convention for estimating the excess free 
energy of mixing,5) we obtain: 

dyv = - ^ - d y , (5) 

where Aa=a—ald, and a is real molar surface area 
measured by experiment. Substituting Eq. 5 into 4, 
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we obtain 

dy = (l-—\ 1dy" 

= ( , + J T > " 
(6) 

by neglecting higher terms in the expansion with re­
spect to Aa/a. For the nonideal adsorption, from 
Eqs. 3 and 6 we obtain: 

-dy = ^ - ( A + A X d ^ + d A ^ ) , (7) 

where dAfv=(Atf/tf)d//£. Hence, Afv means the excess 
free energy arising from the nonideal adsorption of 
a surfactant. Then dAfv may be equated with (a2j 
aid)RTd\nf* thermodynamically; h e r e / v is the surface 
activity coefficient at mixing. When A < z = 0 o r / v = l , 
Eq. 7 is reduced to Eq. 3. 

Consequently, when the activity coefficient of sur­
factant in the bulk phase is assumed to be unity,6) 
from Eq. 7 r2 is given by: 

-By 

r.= 
RTd In C, 

A + 
31n/v 
d l n C , 

/V (8) 

In Case (b). We define an equation similar 
to Eq. 4 as follows: 

ày = dyid + dyv + dyc, (9) 

where dyc denotes the surface tension change caused 
by an alteration in the molecular structure owing 
to the complex formation or chemical reaction in the 
monolayer. The dyc term can not be experimentally 
separated from the dyv term, because both are func­
tions of surface compositions of the film. We assume, 
in this case, that dyv defined by Eq. 5 refers only to 
the nonideal mixing of film-forming molecules, after 
the complex formation or chemical reaction has been 
completed. Eventually, we have the following equa­
tion, analogous to Eq. 7: 

-ày = —(r1+r2)(d,fi+dAf'+dAec), (10) 

where dAÇc( = (a2/a
id)RTd l n / c ) denotes the change 

of excess free energy resulting from the alteration in 
the molecular structure due to complex formation. 
Finally, the adsorbed amount is estimated by: 

— dy 
RTd In C2 

+ A 

d l n / v 

d\nC9 + A 

d l n / c 

d\nC9 

— A. (ii) 

The validity of Eqs. 8 and 11 is experimentally tested 
later. 

Exper imenta l 

The monolayer of L-a,/?-dimyristoyllecithin (DML) or 
a,a'-dilaurin (DIL) was formed by spreading on the aqueous 
solution surface of iV-dodecyl-/?-alanine (NDA), i.e. 3-(dodec-
ylammonio) propionate. The adsorbed amount was de­
termined by the radiotracer method, using tritiated NDA. 
Surface tension was registered by the Wilhelmy plate method. 

The experiments and procedures to measure the surface 
excess and surface tension have been reported in the preced­
ing paper.1) All measurements were made at 30 + 0.2 °G. 

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

Figure 1 shows the plots of surface pressure vs. bulk 
concentration of the surfactant solution at various 
spread amounts of D I L or D M L . Figure 2 exhibits 
the adsorption isotherms of NDA measured by the 

log (C2/mol dm-3) 

Fig. 1. n vs. C2 curves for DIL-NDA (a) and DML-
NDA (b) at various spread amounts (rjpmol m~2). 
T : 0, A : 0.5, O: 1.0, • : 1.5, • : 2.0. 

o 
B 

2 3 

105 C2/mol dm-

3 h 

2 h 

0 5 10 15 20 

105C2/moldm-3 

Fig. 2. Adsorption isotherms of NDA measured by 
the radiometry at various spread amounts (T^/jjimol 
m-2) of DIL (a) or DML(b). 
T : 0, A : 0.5? Q : 1.0, • : 1.5, # : 2-0, 
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radiometry at various spread amounts of D I L or 
D M L . Figure 3 shows the n vs. r curves for each 
spread film of D I L and D M L and for the adsorbed 
film of NDA. The validity of derived theoretical 
isotherms for the adsorption systems of D I L - N D A and 
D M L - N D A is tested with using the experimental data 
shown in Figs. 1, 2, and 3. 

DIL-NDA System. In the mixed monolayer 
composed of D I L and NDA, a contraction of surface 
area has been reported in Ref. 1 as a function of the 
surface pressure. The contribution of such a con­
traction to the surface energy is expressed by (d l n / v / 
d lnC 2 ) r ! in Eqs. 8 and 11, which may be estimated 
from the concentration dependence of the Goodrich's 
convention. The comparison of T 2 calculated by Eq. 
8 with the experimental values is shown in Fig. 4. 
I t was found that the calculated values (solid lines) 
were in good agreement with the observed ones. 
Since D I L and NDA molecules have been known 
to form a simple mixed monolayer without forming 
any complex,1) the result in Fig. 4 gives an experi­
mental confirmation of the validity of Eq. 8 or Eq. 
11 where f°=l. However, these equations are not 
valid for a mixed film in which the surface pressure 

Fig. 3. n vs. r curves for each spread film of DIL(G) 
and DML(A) and for the adsorbed film of NDA(O). 
The curve for the NDA film is calculated from the 
data in Figs. 1 and 2. 7resp: the equilibrium spread­
ing pressure of DIL film (16.6 mNm^1) . 

2 3 

105C2 /mol dm"3 

Fig. 4. Test of Eqs. 8 (solid lines) and 12 (dotted lines) 
at various amounts (T^/^mol m~2) of DIL. 
Curve A=0.5, curve B=1,0, Observed values are 
marked by signs, 

of single NDA solutions, nl, is lower than that of 
D I L film alone, n\ : for instance, in the case where 
/7

D I L is 1.5 [xmol m~2 n\ is l . O m N m - 1 and is equal 
to that of 7i ? at NDA concentration of about 8 [jimol 
d m - 3 , as may be found from Figs. 1 and 3. Hence, 
below this concentration (corresponding to the arrow 
in Fig. 6-a) the calculated value from Eq. 8 or 11 
gradually deviates from the observed values, because 
TT? in this region is higher than n\. 

Consequently, Eq. 8 or 11 is valid only in mixed 
films where n\ is lower than TZ°, according to the re­
quirement of Eq. 2. 

DML-NDA System. Figure 5 shows the com­
parison of the observed and the calculated values for 
NDA which adsorbs at the solution surface with various 
amounts of spread D M L . Here, the calculation was 
made according to Eq. 8, using (d l n / v / 5 In C2)ri values 
obtained for D M L system. The predicted isotherm of 
Eq. 8 does not coincide with the observed one, unlike 
the findings for D I L system. The reason for this 
deviation seems to be the following. When NDA 
molecules adsorb at the solution surface with presence 
of D M L molecules, the D M L - N D A ion pair is formed 
in monolayer,1) so that the standard chemical po­
tentials of these molecules shift because of the struc­
tural changes in their polar groups. Therefore, the 
adsorption of NDA in the present system is considered 
to obey Eq. 11, according to the arguments described 
above. Thus the difference between the observed 
(signs) and the calculated (solid lines) isotherms in 
Fig. 5 corresponds to the values of the ( d l n / c / d l n -
C2)r1 term in Eq. 11. From this reasoning, we can 
obtain thermodynamic information about the ion pair 
formed between the ampholytic moieties of D M L and 

10 15 

105C2/moldm" ; ? 

Fig. 5. Test of Eqs. 8 (soild lines) and 12 (dotted 
lines) at various amounts (rjy.mol m -2) of DML. 
a: 0.5, b: 1.0, c: 1.5, Observed values are marked 
by signs, 
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NDA in monolayer. Further discussion about this 
will be made elsewhere. 

Pethica's Isotherm. Pethica has derived Eq. 12 
for the penetration of sodium dodecyl sulfate at the 
air-solution interface with a fixed amount of 
cholesterol:3) 

an = 0RTr*d In C2 (12) 

where 0=^a1l(a1—a1), and Sx is the partial molar 
surface area of the monolayer. The r2 values, which 
have been calculated by Eq. 12 for the D I L - N D A 
and D M L - N D A systems, are shown by the respective 
lines in Figs. 4 and 5, and compared with the ob-

0.5 h 

'E o 
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1 ^/ 
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Fig. 6. Comparison of calculated isotherm by Eqs. 
8 (solid lines) and 12 (dotted lines) with experimental 
values (—O' j — # — ) at spread amount of D I L = 
1.5^molm-2 (a) or of D M L - 2 . 0 ^mol m~2 (b). 

served values. These dotted lines deviate greatly from 
the observed isotherms, except for the low concentrations 
of the surfactant. Since Eq. 12 should be applied 
to the adsorption of a surfactant into highly condensed 
monolayer, the adsorption isotherms in such a case 
are shown in Fig. 6. I t is clear that for D I L - N D A 
system (Fig. 6-a) the predicted isotherm by Eq. 12 
follows the observed one at C2 less than 3 pimol d m - 3 , 
whereas the isotherm given by Eq. 8 coincides above 
8 fjimol d m - 3 , as indicated by the arrow in Fig. 6-a : 
i.e., below this concentration the requirement for Eq. 
2 is not satisfied. Therefore, Eq. 12 seems to allow 
the calculation in the adsorption region unsuitable 
for Eq. 8. O n the other hand, in the D M L - N D A 
system the observed values deviate from the isotherm 
calculated by Eq. 12 as well as by Eq. 8, even though 
the solution surface is covered with D M L film of 2.0 
fjimol m - 2 . Hence, Eq. 12 appears not to be useful 
for the D M L - N D A system. 

In conclusion, Eq. 8, derived for the simple non-
ideal adsorption system, could sufficiently explain the 
observed isotherm for the D I L - N D A system, but 
could not be applied to the D M L - N D A system. Thus, 
Eq. 11, derived for the complex formation system, 
was the best one to use for predicting the adsorption 
of NDA in the D M L - N D A system. 
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The crystal structure and absolute configuration of the title compound, ( — )589-[Co(bpy)3][Fe(CN)6] -8H20, 
has been determined from single-crystal X-ray data. The yellow crystals are triclinic; unit-cell dimensions a= 
12.174(3), 0=16.742(7), c= 10.651 (3) A, oc= 103.25(3), 0=104.09(2), y=94.71(3)°, space group PI, Z = 2 . The 
structure was solved by the heavy-atom method and refined to £=0.076. The ( — )589-isomer of [Go(bpy)3]

3+ 
has A configuration. The [Go(bpy)3]

3+ and [Fe(CN)6]3- ions have an approximate D3 symmetry and nearly 
the same structure as those in other related complexes. All the N atoms in [Fe(CN)6]3~ and the water molecules 
participate in a three-dimensional hydrogen-bond network. 

T h e absolute configurations of [Co(bpy) 3 ] 3 + and 
tris (1,10-phenan throline) cobal t ( 111 ), [Go (phen) 3] 3+, 
have been controversial. Mason and co-workers1-4^ 
have applied the exciton theory, based on the CD 
active, long-axis polarized {n, n*) ligand transition. 
Hawkins and co-workers5-7) have proposed an al­
ternative procedure, involving an empirical analysis 
of both CD and isotropic absorption data of the (d, 
d*) ligand-field band. The absolute configurations 
derived by the two methods are not consistent; the 
former suggests (—)589-[Co(bpy)3]3+ to have a A con­
figuration, while the latter yields a A assignment. 
The validity of the isotropic absorption analysis has 
been questioned8) and the assignment for (+)5 89-[Co-
(phen) 3 ] 3 + has been proposed from the Pfeiffer phenom­
enon,9) but the controversy still remains unresolved. 

We intend to determine the absolute configuration 
directly by X-ray analysis, to judge which of the two 
methods predicts it correctly. Preliminary results of 
this work have been reported.10) The absolute con­
figuration thus determined will furnish the basis of 
the CD theory. 

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

The complex of ( — )589-[Go(bpy)3](G104)3 was prepared 
by the method reported,5) potassium ( + )589-bistartrato-
antimonate(III) being used instead of sodium (-{-) 589-tartrate. 

The crystals of (-)589-[Go(bpy)3][Fe(GN)6]-8H20 were 
grown by the diffusion method, as shown schematically 
in Fig. 1. A small glass vessel (A) filled with a solution 
°f ( — )589-[Co(bpy)3](C104)3 was placed in the center of 
a beaker (C). A bent glass pipe with a small opening (B) 
was filled with a solution of K3[Fe(CN)6]. Distilled water 
was poured very carefully down the wall of the beaker until 
the level was about 1 mm above the opening of the pipe 
and the vessel. To minimize thermal and photo-racemiza-
tion, the beaker was kept in the dark at 5 °G. After about 
24 h, yellow prismatic crystals were grown on the wall of 
the central vessel. Found: G, 49.22; H, 3.89; N, 19.28%. 
Galcd for [Go(C10H8N2)3][Fe(CN)6] -8H 20; G, 48.94; H, 
4.56; N, 19.02%. 

Figure 2 shows the absorption and circular-dichroism 
spectra in solution, which were recorded on a Simadzu 
Model MPS-50 spectrometer and JASGO Model ORD/ 
UV-5 spectrometer with GD attachment. These spectra 
exhibit essentially the same pattern as those of ( —)589- [Go-

Fig. 1. A schematic drawing of the diffusion method. 
A small opening of the bent glass pipe is as high as 
the central vessel. 

Wave number/103 cm - 1 

Fig. 2. The absorption (upper curve) and circular 
dichroism spectra (lower curve) of the ( — )589-[Go-
(bpy)3][Fe(CN)6] complex in aqueous solution. 

(bpy)3](C104)3.8> 
The symmetry and approximate cell dimensions of the 

crystal were determined from oscillation and Weissenberg 
photographs. The more accurate cell dimensions were 
obtained by least-squares analysis of 20 measured on a 
Rigaku automated four-circle diffractometer. The density 
was measured by the flotation method in a mixture of carbon 
tetrachloride and hexane. The crystal data are summarized 
in Table 1. 

Intensity data up to 20<55° were collected on the dif­
fractometer with M o l a radiation (A=0.71069 Â) mono-
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TABLE 1. CRYSTAL DATA 

Formula 
F. W. 
Space group 
a 
b 
c 
a. 

ß 
y 
V 

z 
Dm 

Dx 

ju (Mo Koc) 

[Co(C10H8N2)3][Fe(CN)6] -8H20 
883.6 
PI 
12.174(3)A 
16.742 (7) A 
10.651 (3)A 
103.25(3)° 
104.09(2)° 
94.71(3)° 
2027(1) A3 

2 
1.46g/cm3 

1.4477(7) g/cm3 

8.3 cm-1 

chromated by a graphite. An co-2 8 scan was employed 
with a scan rate of 4° (20) min -1. A total of 6348 in­
dependent reflections, ( |FQ |̂ >3<7( |FQ | )), was used for the 
structure determination. The intensities were corrected 
for Lorentz and polarization factors but absorption cor­
rection was not applied. 

Structure D e t e r m i n a t i o n 

The positions of the two cobalt and two iron atoms 
were obtained from the three-dimensional Patterson 
function. Since the arrangement of these four atoms 
exhibits a non-crystallographic center of symmetry, 
the two crystallographically independent complex ions 
were approximately related to each other by the 
pseudo inversion center on the first Fourier map . 

The positions of the atoms in four pyridine rings, 
which are not related by the pseudo inversion, were 
selected carefully on the successive Fourier maps. 

The structure was refined by the block-diagonal 
least-squares method. After several cycles of the re­
finement, sixteen oxygen atoms of the water molecules 
appeared on a difference map . Further refinement 
revealed that the eight of sixteen oxygen atoms had 
the decreased occupancy factors. 

The positions of the hydrogen atoms in the 2,2'-
bipyridine ligands were obtained from the difference 
map and refined with the isotropic temperature factors. 
T h e hydrogen atoms of water molecules could not 
be found. The weighting scheme in the final re­
finement, w=0.2 if | F J < 1 3 . 8 or | F J > 1 3 8 . 1 , w= 
( 0 . 0 0 0 9 5 6 F o

2 - 0 . 1 5 7 | F J + 7 . 5 8 ) - 1 if 1 3 . 8 < F J < 1 3 8 . 1 , 
was employed. T h e final R value became 0.076 
for 6348 observed reflections. At the final stage, 
no peaks higher than 0.58 e Â - 3 were found on the 
difference map . Atomic scattering factors including 
the anomalous terms for Mo Koc radiation were 
taken from the International Tables for X-Ray 
Crystallography.11) Final positional parameters and 
their standard deviations are given in Table 2. A 
list of the anisotropic thermal parameters and a table 
of the observed and calculated structure factors are 
kept in the office of the Chemical Society of J a p a n 
(Document No. 8104). The computation was done 
on a F A C O M - H I T A C system M-160 computer at 
this Institute. 

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

Absolute Configuration. T h e intensities of fifteen 

Fig. 3. The crystal structure viewed along the a axis. The hydrogen bonds are represented by dotted lines. 
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T A B L E 2. FRACTIONAL COORDINATES, WITH THEIR STANDARD DEVIATIONS, MULTIPLIED BY 104 

FOR THE NON-HYDROGEN ATOMS AND 1 0 3 FOR THE HYDROGEN ATOMS 

Atom 

~Go7I) 
N(A1) 
C(A2) 
G (A3) 
C (A4) 
G (A5) 
C(A6) 
C(A7) 
G(A8) 
C(A9) 
G(A10) 
C(A11) 
N(A12) 
N(B1) 
G(B2) 
G(B3) 
C (B4) 
G(B5) 
G(B6) 
G(B7) 
C(B8) 
G(B9) 
C (BIO) 
G (B 11) 
N(B12) 
N(C1) 
C(C2) 
C(G3) 
G(G4) 
G(G5) 
G(G6) 
G(C7) 
G(G8) 
G(C9) 
G (C10) 
G(C11) 
N(G12) 
Co (2) 
N(D1) 
C(D2) 
C (D3) 
C (D4) 
C(D5) 
C (D6) 

G(D7) 
G(D8) 
C(D9) 
C(D10) 
C(D11) 
N(D12) 
N(E1) 
C(E2) 
C(E3) 
C(E4) 
C(E5) 

G(E6) 

X 

7626( 1) 
8526 ( 7) 
8311(11) 
9045(13) 

10051(12) 
10276(10) 
9509( 9) 

9667( 9) 
10633(11) 
10717(12) 
9806(12) 
8897(12) 
8838 ( 7) 
6427( 7) 
6339( 9) 
5476(11) 

4646(12) 
4707(12) 
5598(10) 
5776( 9) 

5047(12) 
5272(12) 
6263(11) 
6917(10) 
6726 ( 7) 
8454( 8) 

9378(10) 

9947(12) 
9554(11) 
8613(11) 
8089( 9) 
7122(10) 
6609(14) 
5695(13) 
5390(13) 
5920(10) 
6790 ( 7) 
1700( 1) 
731 ( 7) 

-201(10) 
-827(10) 
-451(10) 
533(10) 
1089( 9) 

2111 ( 9) 
2601(11) 
3514(11) 
3940(10) 
3414(10) 
2504( 8) 
821 ( 7) 

-154(11) 
-830(13) 

-380(12) 
630(13) 
1227(10) 

y 

7003( 1) 
7771( 5) 
7902( 8) 
8428( 9) 
8839 ( 8) 
8731( 8) 
8181( 7) 
7977( 7) 
8307( 8) 
8049( 9) 
7490(10) 

7138( 8) 
7398 ( 5) 
6660( 5) 
5993( 6) 
5875( 8) 
6384( 8) 
7060( 8) 

7183( 7) 
7854( 7) 
8433( 8) 
9012 ( 9) 
9057(10) 
8466 ( 8) 
7858( 5) 
6099 ( 6) 

6115( 7) 

5444( 8) 
4714( 9) 
4671( 8) 
5387( 7) 
5450( 7) 
4813(10) 
4985(10) 

5744( 8) 
6354( 7) 
6211 ( 6) 
2261( 1) 
3089 ( 5) 
2988 ( 8) 
3634( 8) 
4405( 8) 
4504( 7) 
3839( 7) 

3863( 7) 
4557( 7) 
4487( 7) 
3719( 8) 
3061( 7) 
3118( 6) 
1823( 6) 
2085( 8) 
1705(10) 
1073(10) 

8I3( 9) 
1201 ( 7) 

z 

8280( 2) 
9925 ( 9) 

11143(12) 
12250(13) 
12147(13) 
10947(12) 
9833(11) 
8513(11) 
8200(14) 
6883(16) 
5963(14) 

6302(12) 
7576( 9) 
9014( 9) 
9528(11) 
10119(13) 
10125(15) 
9599(14) 
9037(11) 

8463(12) 
8321(15) 
7643(14) 
7213(15) 

7378(12) 
7963( 8) 
8522(10) 

9541(12) 
9592(14) 
8550(14) 
7497(14) 
7534(11) 

6459(12) 
5333(18) 
4388(17) 
4555(15) 

5682(12) 
6581( 9) 

2402( 2) 
2034( 9) 
1035(12) 
893(12) 
1823(13) 

2862(12) 
2969(11) 

4087(11) 

5112(12) 
6090(12) 
6050(12) 
4989(11) 
3957( 9) 
3394(10) 
3630(14) 
4386(16) 
4871(15) 

4643(13) 
3888(11) 

B or 5eq
a> 

25~Â2 

30 
42 
54 
48 
41 
31 
30 
46 
57 
57 
46 
29 
35 
33 
50 
49 
45 
32 
34 
65 
67 
54 
37 
31 
28 
30 
43 
49 
49 
32 
32 
51 
53 
56 
40 
25 
27 
30 
42 
43 
40 
35 
32 
32 
40 
42 
42 
37 
36 
34 
47 
59 
56 
51 
37 

Atom 

G(E7) 
G(E8) 
G(E9) 
G(E10) 

G(E11) 
N(E12) 
N(F1) 

C(F2) 
C(F3) 
G(F4) 

G(F5) 
C(F6) 
C(F7) 
G(F8) 
C (F9) 

C(F10) 
C(F11) 
N(F12) 
Fe(l) 
C(ll) 

G (12) 
C(13) 
G (14) 
G (15) 
G (16) 
N(ll) 

N(12) 
N(13) 
N(14) 
N(15) 
N(16) 
Fe (2) 

G (21) 
G (22) 
G (23) 
G (24) 
G (25) 
G (26) 
N(21) 

N(22) 
N(23) 
N(24) 
N(25) 
N(26) 
O(l) 

0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
0(10) 

O(ll) 
0(12) 

X 

2281(11) 
2819(13) 
3814(14) 
4268(12) 
3665(10) 
2680 ( 8) 
871 ( 8) 
-35(10) 

-572(12) 
-183(14) 
752(13) 
1276(10) 
2251(10) 
2801(13) 
3692(15) 

4037(12) 
3436(12) 
2597( 8) 
2500( 2) 
830(10) 
2271(10) 
2242(10) 
2685( 9) 
2845(11) 
4095(10) 
-104( 9) 
2171(11) 
2065(10) 

2810 ( 8) 
3019(12) 
5002(10) 
6727 ( 2) 
5096(11) 
6571(10) 
6399(11) 
6859(10) 
7082(11) 
8340(10) 
4168( 9) 
6482(10) 
6240(13) 

6931(10) 

7242(12) 
9321(10) 
6759 ( 8) 
2478( 8) 
1879( 9) 
7740( 9) 
1239( 9) 

8353(10) 
2801(11) 
7199(10) 
7357(21) 
6214(24) 
9536(29) 
2833(24) 

y 

978 ( 7) 
373 ( 9) 
215( 8) 
735 ( 9) 

1347( 8) 
1452( 5) 
1450( 5) 
887 ( 7) 
349 ( 9) 
391 ( 9) 
953(10) 
1499( 7) 

2152( 7) 
2308( 9) 
2933(10) 

3424 ( 9) 
3224( 8) 
2594( 5) 
7040( 1) 
6667( 7) 
8147( 8) 
7295 ( 7) 
5934( 6) 
6770( 8) 
7486 ( 7) 

6473( 7) 
8775 ( 7) 
7384( 8) 

5317( 6) 
6618( 8) 
7754( 9) 
2104( 1) 
1758( 8) 
3188( 8) 
2475 ( 7) 
1058 ( 7) 
1721(10) 
2434( 7) 
1529 ( 7) 
3850( 7) 
2672( 7) 
430( 6) 
1511(11) 
2626( 7) 
4431( 6) 
4696( 7) 
6158( 7) 

6012( 8) 
3263( 7) 
9083( 7) 
161( 7) 

7602( 7) 
3094(14) 

9229(17) 
3961(19) 

9980(15) 

z 

3593(11) 
3938(13) 
3611(15) 
2916(15) 

2584(12) 
2876( 9) 
739( 9) 
585(13) 

-606(15) 
-1666(15) 
-1566(15) 
-303(10) 

-1(12) 
-912(15) 
-519(15) 
754(15) 
1659(13) 
1270 ( 9) 
3367( 2) 
2996(11) 
4283(13) 
1641(11) 
2445(11) 
5070(13) 
3647(12) 
2762(12) 

4918(12) 
570(11) 
1834(10) 
6118(12) 
3802(14) 

7114( 2) 
6846(13) 
8130(11) 

5479(12) 
6054(13) 
8734(16) 

7413(12) 
6754(12) 
8727(11) 
4538(11) 
5359(13) 
9696(15) 

7598(12) 
1603(10) 
8839(10) 
7976(10) 
3137(12) 
6770(11) 
5386(10) 

7221(11) 
3616(14) 
2676(25) 

2439(23) 
5027 (29) 

9727(21) 

B or £eq
a> 

36 Â 2 

53 
60 
55 
39 
33 
32 
42 
54 
64 
61 
32 
36 
56 
66 
57 
46 
31 
30 
34 
40 
33 
30 
43 
39 
49 
54 
53 
41 
65 
71 
35 
43 
39 
38 
36 
60 
37 
56 
56 
66 
53 
89 
55 
58 
62 
67 
81 
75 
71 
80 
87 
83 
103 
129 
97 
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T A B L E 2. Continued. T A B L E 3. RELATION OF |F| IN FRIEDEL PAIRS 

Atom h k I \Fc(hkl)\ \Fc(hkl)\ \F0(hkl)\ \F0{hkl) 
0(13) 

0(14) 
0(15) 
0(16) 

H(A2) 
H(A3) 
H (A4) 
H(A5) 

H(A8) 
H(A9) 
H(A10) 
H(A11) 

H(B2) 
H(B3) 
H(B4) 
H(B5) 
H(B8) 
H(B9) 

H (BIO) 
H(B11) 

H(C2) 
H(C3) 
H(G4) 
H(C5) 
H(G8) 
H(G9) 
H (C10) 
H(G11) 
H(D2) 
H(D3) 
H(D4) 
H(D5) 
H(D8) 
H(D9) 
H(D10) 
H(D11) 

H(E2) 
H(E3) 
H(E4) 
H(E5) 
H(E8) 
H(E9) 
H(E10) 
H(E11) 
H(F2) 
H(F3) 
H(F4) 
H(F5) 
H(F8) 
H(F9) 
H(F10) 
H(F11) 

3706(18) 

7587(23) 
9971(24) 
5158(144) 
756 ( 8) 
900(12) 
1078( 9) 

1121 ( 9) 
1139( 7) 
1144(11) 
984(10) 
827(11) 
697( 9) 
558 ( 9) 

406(12) 
401 ( 9) 
427 ( 8) 
487( 8) 
639(10) 

740(10) 
950 ( 8) 
1062(10) 
987(11) 
828( 9) 
694(11) 
553(11) 
490( 9) 
549( 7) 
-48 ( 8) 

-145( 7) 

-83(10) 
79 ( 9) 
235( 8) 
376(11) 

454(10) 
365(10) 
-49 ( 7) 

-168(12) 
-85(10) 
102(10) 
263( 9) 
424( 9) 
487(10) 
395(12) 
-37(10) 
-127( 9) 
-57(11) 
117(11) 
235( 9) 

412(11) 
459 ( 9) 
355 ( 9) 

8813(10) 
9926(16) 
5518(18) 
883(87) 
752( 6) 
833( 9) 
914( 7) 
890( 7) 
885 ( 5) 
828 ( 8) 
730 ( 8) 
657( 8) 
563 ( 6) 
544 ( 6) 
633( 9) 
757 ( 6) 
833( 6) 
953( 6) 
943( 7) 
841( 8) 
661( 6) 
545( 8) 
430( 8) 
411( 7) 
428( 8) 
458 ( 8) 
595 ( 7) 
688 ( 5) 
247( 6) 

356 ( 5) 
477( 8) 
505 ( 6) 
509 ( 6) 
500( 8) 
368( 7) 
245 ( 8) 
268 ( 5) 
209 ( 9) 

69 ( 7) 
37 ( 7) 
9( 7) 

-15( 7) 
71 ( 7) 
179( 9) 
85 ( 7) 
-3( 7) 

12 ( 8) 
103( 8) 
206( 7) 
303( 8) 
395( 7) 
357 ( 6) 

665(20) 
902(24) 

5664(28) 
345(152) 

1107( 9) 
1280(14) 
1301(11) 
1089(11) 
902 ( 9) 
670(13) 
508(12) 
580(13) 
928(10) 

1049(11) 
1039(14) 
958(10) 
891 ( 9) 
774(10) 
694(12) 
712(12) 

1035( 9) 
1035(12) 
845(13) 
672(11) 
522(13) 
382(13) 
407(11) 
583( 8) 

49 ( 9) 
14 ( 9) 

180(13) 
348(10) 
509(10) 
650(13) 
653(11) 
512(12) 
318( 8) 
482(14) 
506(11) 
509(11) 
431(11) 
379(11) 
268(12) 
218(14) 
134(11) 

-46(11) 
-234(13) 
-227(13) 
-194(10) 
-112(13) 

107(11) 
274(10) 

59 A2 

93 
106 
106 
25(22) 
84(10) 
43(28) 
52(28) 
17(20) 
77(10) 
66(35) 
78(10) 
22(25) 
61(28) 
75(10) 
39(26) 
82(22) 
69(24) 
51(32) 
11(36) 
34(22) 
52(35) 
91(10) 
35(29) 
22(10) 
25(36) 
57(29) 
67(19) 
23(23) 
16(20) 
65(36) 
37(27) 
31(25) 
76(10) 
43(29) 
70(35) 
89(18) 
59(10) 
50(31) 
48(32) 
57 (29) 
53 (29) 
83(32) 
10(10) 
58(32) 
49(29) 
78(10) 
80(10) 
33(25) 
76(37) 
49(29) 
38(26) 

1 8 1 
1 5 1 

3 
3 
4 
5 
Ï 
1 
5 

7 Ï2 
1 1 
4 4 
2 7 
1 4 
1 4 

24.8 
46.0 
49.6 
22.0 
54.0 
34.0 
23.6 
20.0 
22.8 
21.2 
68.0 
21.2 
25.2 
20.0 
12.0 

> 
< 
> 
> 
< 
> 
> 
< 
> 
> 
> 
> 
> 
< 
< 

10.8 
64.0 
26.0 
10.8 
73.6 
23.2 
15.2 
46.8 
14.0 
11.2 
49.2 
12.8 
15.6 
30.0 
20.0 

19.6 
43.0 
59.4 
24.3 
51.5 
28.0 
23.7 
40.0 
25.8 
16.2 
58.3 
22.3 
19.2 
19.2 
9.1 

> 
< 
> 
> 
< 
> 
> 
< 
> 
> 
> 
> 
> 
< 
< 

8.8 
65.5 
30.6 
9.8 

75.1 
17.2 
15.5 
64.1 
16.8 
9.9 

43.3 
14.7 
9.1 

30.5 
17.0 

a) Beq means the equivalent isotropic temperature factor, 
defined by £ e q = 8^2(U1 + U2 + U3)/3 where U15 U2, and 
U3 are the principal components of U matrix. All 
the values of B and Beq are multiplied by 10. 

Friedel pairs (hkl and hkl), for which differences in 
intensities were the largest, were measured on the 
diffractometer using Ni-filtered Cu K<x radiation. The 
observed and calculated structure factors are com­
pared in Table 3, the anomalous scattering terms 
being taken from the International Tables.11) All the 
relations between \Fc(hkl)\ and \F0(hkl)\ are con­
sistent with those between | FQ (hkl) | and | FQ (hkl) I, 
indicating that ( — )589-[Co(bpy)3]3+ has the A con­
figuration.12) 

The Structure of [Co(bpy)3]
3+ and [Fe(CN)6]

3-. 
The crystal structure viewed along the a axis is shown 
in Fig. 3, in which the numbering of the atoms is 
also given. The two crystallographically independent 
complexes are approximately related by a non-crystal-
lographic inversion center except for the four pyridine 
rings including N(A12), N(B1), N(E1) , and N(F12) . 
The structures of the two crystallographically in­
dependent complexes are not significantly different. 
Both of the [Co(bpy)3]3+ and [Fe(CK)6] '3- ions, which 
are shown in Fig. 4(a) and (b), have approximate 
point-group symmetry D3 . 

Bond distances and angles in the coordination sphere 
of [Co(bpy) 3 ] 3 + are given in Table 4. The average 
Co—N distance and N—Co—N angle are 1.93 Â and 
83.3°, respectively. These value are in good agree­
ment with those found in [Co(bpy) 2 (N0 3 ) ] 2 + (1.929 
Â and 83.27°, respectively),13) and distinct from those 
in [Co(en)3]3+ (en: ethylenediamine), (1.978±0.004 
Â and 85.4+0.3°, respectively).14) 

For the [Co(en) 3] 3 + and other trisbidentate com­
plexes with five-membered rings, the following em­
pirical rule has been proposed; those complexes which 
show prominent positive circular dichroism in the 
first absorption region possess A absolute configura­
tion.16) The absolute configuration of the present 
( —)5 8 9-[Co(bpy)3]3 + complex conflicts with the em­
pirical rule because the prominent positive circular 
dichroism is found at 22 X 103 c m - 1 as shown in Fig. 
2. The octahedron around the cobalt a tom in the 
[Co(bpy) 3] 3 + is compared with that of [Co(en)3]3+ 15) 
in Fig. 5, in which the characteristic values are given. 



122 K. YANAGI, Y. OHASHI , Y. SASADA, Y. K A I Z U , and H . KOBAYASHI [Vol. 54, No. 1 

( a ) 

( b ) 

( a ) 

3*[5T 

N(B12) 

Co a x i s 

N(Al)-N(Cl) t r i ang le 

( b ) 2.06 
[2 .23] C 0 57 .8 

[ 5 5 . 4 ] 

(_)N('6l 

Fig. 4. T h e molecular structures of [Co(bpy) 3 ] 3 + , (a), 
and [ F e ( C N ) 6 ] 3 - , (b), viewed along the pseudo three­
fold axis. These structures are no t significantly dif­
ferent from those of the other crystallographically 
independent ions. 

N(Al2)-N(Cl2) t r i ang le 

Fig. 5. Comparison of the octahedrons in [Co(bpy) 3 ] 3 + 

and [Co(en) 3 ] 3 + (in brackets), (a) Projection down 
and (b) normal to the pseudo three-fold axis. The 
values are taken from the present complex including 
Co( l ) and [Co(en)3]3+ in [Go(en) 3 ] 3 +.G 4 H 4 0 6

2 - . 
C1--5H20.1 5> 

T A B L E 4. BOND DISTANCES(Z/Â) AND ANGLES(0/°) IN THE COORDINATION SPHERE OF [Co(bpy) 3 ] 3 + 

G o ( l ) - N ( A l ) 
Go( l ) -N(A12) 
G o ( l ) - N ( B l ) 
G o ( l ) - N ( B 1 2 ) 
G o ( l ) - N ( C l ) 
C o ( l ) - N ( C 1 2 ) 

N ( A l ) - C o ( l ) - N ( A 1 2 ) 
N ( A l ) - C o ( l ) - N ( B l ) 
N ( A l ) - C o ( l ) - N ( B 1 2 ) 
N ( A l ) - C o ( l ) - N ( C l ) 
N ( A l ) - C o ( l ) - N ( C 1 2 ) 
N ( A 1 2 ) - G o ( l ) - N ( B l ) 
N ( A 1 2 ) - G o ( l ) - N ( B 1 2 ) 
N ( A 1 2 ) - G o ( l ) - N ( C l ) 
N ( A 1 2 ) - G o ( l ) - N ( G 1 2 ) 
N ( B l ) - G o ( l ) - N ( B 1 2 ) 
N ( B l ) - G o ( l ) - N ( G l ) 
N ( B l ) - C o ( l ) - N ( C 1 2 ) 
N ( B 1 2 ) - C o ( l ) - N ( C l ) 
N ( B 1 2 ) - C o ( l ) - N ( C 1 2 ) 
N ( C l ) - C o ( l ) - N ( G 1 2 ) 

Distances 
1.93(1) 
1.95(1) 
1.92(1) 
1.96(1) 
1.92(1) 
1.91(1) 

Angl 
82.9(4) 
95.1(4) 

176.9(4) 
95.4(4) 
88.2(4) 
86.7(4) 
94.5(4) 

177.6(4) 
94.8(4) 
83.1(4) 
95.1(4) 

176.6(4) 
87.3(4) 
93.8(4) 
83.5(4) 

G o ( 2 ) - N ( D l ) 
Go(2)-N(D12) 
G o ( 2 ) - N ( E l ) 
Go(2) -N(E12) 
G o ( 2 ) - N ( F l ) 
Go(2 ) -N(F12) 

es 
N ( D l ) - C o ( 2 ) - N ( D 1 2 ) 
N ( D l ) - G o ( 2 ) - N ( E l ) 
N ( D l ) - C o ( 2 ) - N ( E 1 2 ) 
N ( D l ) - C o ( 2 ) - N ( F l ) 
N ( D l ) - G o ( 2 ) - N ( F 1 2 ) 
N ( D 1 2 ) - G o ( 2 ) - N ( E l ) 
N(D12) -Go(2 ) -N(E12) 
N ( D 1 2 ) - G o ( 2 ) - N ( F l ) 
N ( D 1 2 ) - G o ( 2 ) - N ( F 1 2 ) 
N ( E l ) - G o ( 2 ) - N ( E 1 2 ) 
N ( E l ) - G o ( 2 ) - N ( F l ) 
N ( E l ) - C o ( 2 ) - N ( F 1 2 ) 
N ( E 1 2 ) - C o ( 2 ) - N ( F l ) 
N ( E 1 2 ) - G o ( 2 ) - N ( F 1 2 ) 
N ( F l ) - G o ( 2 ) - N ( F 1 2 ) 

1.94(1) 
1.91(1) 
1.89(1) 
1.95(1) 
1.95(1) 
1.95(1) 

84.1(4) 
94.9(4) 

176.9(4) 
92.7(4) 
88.8(4) 
90.9(4) 
93.5(4) 

175.7(4) 
94.2(4) 
83.1(4) 
92.3(4) 

174.0(4) 
93.3(4) 
93.3(4) 
82.9(4) 
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These values are not so different between the two 
octahedrons. I t seems difficult to ascribe the op­
posite sign of the circular dichroism to the slight dif­
ference in geometries of the two octahedrons. A more 
rigorous study is necessary to explain the circular 
dichroism of the (d, d*) transition. 

Bond distances and angles in the bipyridine ligands 
are listed in Table 5. T h e average values are given 
in the final column. There is no significant difference 
between the corresponding values in the present com­
plex and in other related complexes, such as [Fe-

(bpy) 3 ] 3 V 7 ) [Co(bpy) 2 (N0 3 ) ] 2 V 3 > [Ni(bpy) 3 ] 3 V 8 ' 1 9 ) 

[Ni(bpy)(H2O)2]2+,20> and [Cu(bpy)3]2+.21> T h e aver­
age distances of C-N, G-C, and C - C (connecting 
two pyridine rings) in these complexes are 1.35, 1.40, 
and 1.48 Â, respectively. 

The geometries of the five-membered rings in the 
[Co(bpy)3]3+, [Fe(bpy)3]3+, and [Ni(bpy)3]2+ com-
plexes are compared in Table 6. The complex of 
[Cu(bpy) 3 ] 2 + is omitted because Jahn-Tel ler effect dis­
torts its octahedron. The N - M - N angle decreases 
with the increase of the M - N length. I t is noteworthy 

TABLE 5. BOND DISTANCES (//A) AND ANGLES(^/°) IN THE 2,2'-BIPYRIDINE LIGANDS 

Atoma) 

N(#1) -C(J2) 
N ( # l ) - C ( # 6 ) 
G(#2)-C(#3) 
C(#3)-C(«4) 
C(#4)-C(#5) 
C(#5)-C(#6) 
C( (6 ) -C(#7 ) 
C(#7)-G(#8) 
C(#7)-N(#12) 
C(#8)-C(#9) 
C ( P ) - C ( # 1 0 ) 
C(#10) -G(# l l ) 
C ( j l l ) - N ( f l l 2 ) 

C o ( n ) - N ( # l ) - C ( J 2 ) 
Co(n ) -N(# l ) -C(#6 ) 
C(f l2) -N(#l ) -C(#6) 
N(Jf l ) -C(#2)-G(#3) 
C(#2) -C(#3) -C(#4) 
C(#3) -C(#4) -C(#5) 
C(#4)-C(f l5)-C(#6) 
N(tf l )-C(fl6)-C(#5) 
N(#1 ) -G(J6 ) -G( J7 ) 
C(#5) -G(#6)-G(#7) 
G(J6) -G(#7) -G(#8) 
C(#6)-C(#7)-N(#12) 
C( (8) -G(«7) -N(#12) 
C(#7) -C(#8) -C(#9) 
C(#8) -G(J9) -G(J10) 
G(#9)-G(J10)-G(J11) 
C(J10)-G(#11)-N(#12) 
Co(n)-N(#12)-C(#7) 
Co(n ) -N(#12) -C(# l l ) 
C ( # 7 ) - N ( # 1 2 ) - G ( ( l l ) 

bpy A 

1.36(2) 
1.37(2) 
1.36(2) 
1.40(2) 
1.35(2) 
1.39(2) 
1.43(2) 
1.40(2) 
1.36(2) 
1.40(2) 
1.40(2) 
1.37(2) 
1.35(2) 

127(1) 
115(1) 
118(1) 
122(1) 
120(1) 
120(1) 
119(1) 
122(1) 
114(1) 
125(1) 
123(1) 
115(1) 
121(1) 
119(1) 
117(1) 
124(1) 
118(1) 
113(1) 
125(1) 
121(1) 

bpy B bpy C 

Distances 
1.35(2) 
1.35(2) 
1.37(2) 
1.41(2) 
1.38(2) 
1.40(2) 
1.46(2) 
1.38(2) 
1.36(2) 
1.40(2) 
1.34(2) 
1.36(2) 
1.32(2) 

Angles 
127(1) 
116(1) 
118(1) 
122(1) 
119(1) 
121(1) 
116(1) 
124(1) 
113(1) 
123(1) 
124(1) 
115(1) 
120(1) 
117(1) 
121(1) 
120(1) 
120(1) 
113(1) 
125(1) 
122(1) 

1.36(2) 
1.39(2) 
1.37(2) 
1.38(2) 
1.38(2) 
1.38(2) 
1.42(2) 
1.38(2) 
1.39(2) 
1.38(3) 
1.39(2) 
1.34(2) 
1.34(2) 

127(1) 
114(1) 
119(1) 
120(1) 
122(1) 
120(1) 
118(1) 
122(1) 
114(1) 
124(1) 
124(1) 
114(1) 
121(1) 
118(1) 
121(1) 
116(1) 
126(1) 
114(1) 
129(1) 
117(1) 

bpy D 

1.32(2) 
1.37(2) 
1.39(2) 
1.40(2) 
1.39(2) 
1.36(2) 
1.49(2) 
1.37(2) 
1.36(2) 
1.36(2) 
1.42(2) 
1.37(2) 
1.38(2) 

127(1) 
113(1) 
120(1) 
121(1) 
119(1) 
119(1) 
119(1) 
121(1) 
115(1) 
123(1) 
124(1) 
112(1) 
125(1) 
118(1) 
121(1) 
118(1) 
123(1) 
116(1) 
128(1) 
116(1) 

bpy E 

1.36(2) 
1.35(2) 
1.48(2) 
1.38(2) 
1.40(2) 
1.43(2) 
1.45(2) 
1.32(2) 
1.36(2) 
1.37(2) 
1.42(2) 
1.37(2) 
1.33(2) 

125(1) 
115(1) 
120(1) 
123(1) 
115(1) 
122(2) 
120(1) 
120(1) 
115(1) 
125(1) 
126(1) 
113(1) 
121(1) 
121(1) 
118(1) 
118(1) 
122(1) 
114(1) 
126(1) 
120(1) 

bpy F 

1.34(2 
1.34(2 
1.35(2 
1.34(2 
1.38(2 
1.40(2 
1.47(2 
1.37(2 
1.33(2 
1.36(2, 
1.36(2, 
1.42(2, 
1.32(2, 

126(1) 
114(1) 
120(1) 
122(1) 
118(1) 
122(2) 
117(1) 
120(1) 
115(1) 
126(1) 
125(1) 
115(1) 
121(1) 
119(1) 
122(1) 
116(1) 
121(1) 
114(1) 
125(1) 
121(1) 

Average 

) 1.35(2) 
) 1.36(2) 
) 1.39(2) 
) 1.39(2) 

1.38(2) 
1.39(2) 
1.45(2) 

) 1.37(2) 
1.36(2) 
1.38(2) 
1.39(2) 
1.37(2) 
1.34(2) 

127(1) 
115(1) 
119(1) 
122(1) 
119(1) 
121(1) 
118(1) 
122(1) 
114(1) 
124(1) 
124(1) 
114(1) 
122(1) 
119(1) 
120(1) 
119(1) 
122(1) 
114(1) 
126(1) 
120(1) 

i) " # " is A, B, C, D, E, or F and " n " is 1 or 2. 

TABLE 6. DISTANCES (1/Â) AND ANGLES (0/°) IN THE FIVE-MEMBERED RINGS 

OF TRIS 2,2'-BIPYRIDINE COMPLEXES 

M-Na> N-G C-C N-M-Na> M-N-C» N-C-G 

[Co(bPy)3]3+ 
[Fe(bpy)3]3+ 
[Ni(bpy)3]*+ 

1.932 
1.963 
2.089 

1.36 
1.36 
1.35 

1.45 
1.47 
1.48 

83.2 
82.3 
78.6 

115 
115 
115 

114 
114 
116 

a) M means Co, Fe, and Ni atoms. 
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that the M - N - G angles take a constant value. This 
indicates that the bipyridine ligand has not a planar 
conformation; otherwise the M - N - C angle should in­
crease with the increase of the M - N distance. The 
two rings of each bipyridine ligand in [Ni(bpy) 3] 2 + 

are twisted along the connecting C - C bond. T h e 
twist angles are reported as 5.8—10.9°.18> O n the 
other hand, the bipyridine ligands of [Co(bpy) 3 ] 3 + 

have more planar conformations. Two rings of the 
bipyridine ligand in [Co(bpy)3]3+ are not twisted but 
slightly bent at the connecting C - C bond. T h e an­
gles between the normals to the pyridine rings in 
the six bipyridine ligands are 2.3° to 4.7°. For the 
[Fe(bpy) 3] 3 + complex, those angles have intermediate 
values between those in [Ni(bpy) 3 ] 2 + and [Co(bpy) 3 ] 3 + . 

Bond distances and angles in [Fe(CN)6]3~ are given 
in Table 7. The average F e - C and C - N distances, 
1.94 Â and 1.14 Â, are in good agreement with those 
in other hexacyanoferrate(III) crystals.22-26) Although 
the deviation of each F e - C bond length from the 
average value is slightly large, similar distorted octa­
hedrons, characterized by widely varying M - C 
bond lengths, have been observed in other hexacyano-

metalate(III ) complexes.22> 
Hydrogen Bond. The hydrogen bonding scheme 

is shown in Fig. 3. All the N atoms of [Fe(CN) 6 ] 3 -
and the water molecules participate in the hydrogen 
bonds to form a three-dimensional network through 
the O - H - N and O - H - O hydrogen bonds. The 
distances of O - N and O - O and angles of 0 - - 0 - - N 
and O - O - O are given in Table 8. The [Co-
(bpy) 3 ] 3 + cations are packed in the network with the 
van der Waals contacts. 

The occupancy factors of 0 ( 9 ) , O(10), O ( l l ) , 
0 ( 1 2 ) , 0 ( 1 3 ) , 0 ( 1 4 ) , 0 ( 1 5 ) , and 0 (16 ) showed the 
decreased values from 0.5 to 0.2. The water mole­
cules may be partly lost from the crystal during the 
data collection, as judged by the fragility of the crystal 
after the experiment. 

Four water molecules, 0 ( 2 ) , 0 ( 3 ) , 0 ( 5 ) , and 0 ( 1 5 ) , 
are approximately related to O ( l ) , 0 ( 9 ) , 0 ( 4 ) , and 
O ( 11 ), respectively, by the pseudo inversion center. 
The other water molecules occupy the positions near 
the bipyridine ligands which are not related by the 
pseudo inversion. Preliminary experiments showed 
that the racemic crystal of this complex has the space 

TABLE 7. BOND DISTANCES (Z/Â) AND ANGLES (0/°) IN [Fe(CN)6]3-

F e ( l ) - G ( l l ) 
Fe( l ) -G(12) 
Fe( l ) -G(13) 
F e ( l ) - C (14) 
Fe( l ) -G(15) 
Fe( l ) -G(16) 
G ( l l ) - N ( l l ) 
G(12)-N(12) 
G (13)-N(13) 
G(14)-N(14) 
G(15)-N(15) 
G (16)-N (16) 

C ( l l ) - F e ( l ) - C (12) 
G ( l l ) - F e ( l ) - G ( 1 3 ) 
C ( l l ) - F e ( l ) - C (14) 
G ( l l ) - F e ( l ) - C (15) 
C ( l l ) - F e ( l ) - C (16) 
C(12) -Fe ( l ) -C(13) 
G(12) -Fe ( l ) -G (14) 
G(12) -Fe( l ) -G(15) 
G(12) -Fe( l ) -G(16) 
C(13) -Fe ( l ) -C(14) 
C(13) -Fe( l ) -G(15) 
C(13) -Fe( l ) -G(16) 
C(14) -Fe( l ) -G(15) 
G(14) -Fe( l ) -G(16) 
G (15)-Fe( l ) -C (16) 
F e ( l ) - G ( l l ) - N ( l l ) 
Fe ( l ) -G(12) -N(12) 
Fe ( l ) -G(13) -N(13) 
F e ( l ) - G (14)-N(14) 
F e ( l ) -C (15 ) -N(15 ) 
Fe ( l ) -N(16) -N(16) 

Distances 
1.99(1) 
1.96(1) 
1.94(1) 
1.95(1) 
1.93(1) 
1.95(1) 
1.11(2) 
1.15(2) 
1.16(2) 
1.13(2) 
1.15(2) 
1.12(2) 

Fe(2)-G (21) 
Fe(2)-C (22) 
Fe(2)-G (23) 
Fe(2)-G (24) 
Fe(2)-C (25) 
Fe(2)-C (26) 
C(21)-N(21) 
G (22)-N (22) 
G (23)-N (23) 
G (24)-N (24) 
G (25)-N (25) 
G (26)-N (26) 

Angles 
88.8(5) 
90.2(5) 
89.8(5) 
92.7(5) 

174.7(5) 
93.4(5) 

178.5(5) 
88.6(6) 
88.2(6) 
86.5(5) 

176.5(6) 
85.6(5) 
91.6(6) 
93.2(5) 
91.6(6) 

178(1) 
174(1) 
175(1) 
174(1) 
177(1) 
179(1) 

G (21)-Fe(2)-G (22) 
C (21)-Fe(2)-G (23) 
G (21)-Fe(2)-G (24) 
G(21)-Fe(2)-C(25) 
G (21)-Fe(2)-G (26) 
G (22)-Fe (2)-C (23) 
C (22)-Fe(2)-C (24) 
C (22)-Fe (2)-C (25) 
C (22)-Fe(2)-G (26) 
C (23)-Fe(2)-G (24) 
C (23)-Fe(2)-G (25) 
C (23)-Fe(2)-C (26) 
C (24)-Fe(2)-G (25) 
C (24)-Fe(2)-C (26) 
C (25)-Fe(2)-G (26) 
Fe(2)-G(21)-N(21) 
Fe (2) - G (22)-N (22) 
Fe(2) -C(23)-N(23) 
Fe(2)-G(24)-N(24) 
Fe(2)-G(25)-N(25) 
Fe(2)-G(26)-N(26) 

1.95(1) 
1.94(1) 
1.94(1) 
1.90(1) 
1.94(2) 
1.94(1) 
1.14(2) 
1.17(2) 
1.11(2) 
1.16(2) 
1.14(3) 
1.17(2) 

88.8(6) 
90.7(6) 
90.9(6) 
90.2(7) 

178.7(6) 
90.3(6) 

177.6(6) 
90.7(7) 
91.3(6) 
87.4(6) 

178.7(7) 
90.6(6) 
91.7(7) 
89.0(6) 
88.5(6) 

175(1) 
179(1) 
178(1) 
177(1) 
178(2) 
179(1) 



January, 1981] Crystal Structure and Absolute Configuration 

TABLE 8. 

0 ( 1 ) - N ( 2 2 ) 
0 ( l ) - 0 ( 4 ) 
0 ( l ) - 0 ( 9 ) 
0 ( 2 ) - N ( 1 4 ) 
0 ( 2 ) - 0 ( 3 ) 
0 ( 2 ) - 0 ( 5 ) 
0 ( 3 ) - N ( 1 3 ) 
0 ( 3 ) - N ( 1 5 ) 
0 ( 3 ) - 0 ( 1 5 ) 
0 ( 4 ) - N ( l l ) 
0 ( 4 ) - 0 ( 8 ) 
0 ( 5 ) - N ( 2 6 ) 
0 ( 5 ) - 0 ( l l ) 
0 ( 6 ) - N ( 2 4 ) 

0 ( 4 ) - 0 ( l ) - 0 ( 9 ) 
0 ( 4 ) - 0 ( l ) - N ( 2 2 ) 
0 ( 9 ) - 0 ( l ) - N ( 2 2 ) 
0 ( 3 ) - 0 ( 2 ) - 0 ( 5 ) 
0 ( 3 ) - 0 ( 2 ) - N ( 1 4 ) 
0 ( 5 ) - 0 ( 2 ) - N ( 1 4 ) 
N ( 1 3 ) - 0 ( 3 ) - N ( 1 5 ) 
N ( 1 3 ) - 0 ( 3 ) - 0 ( 2 ) 
0 ( 1 3 ) - 0 ( 3 ) - 0 ( 1 5 ) 
N ( 1 5 ) - 0 ( 3 ) - 0 ( 2 ) 
N ( 1 5 ) - 0 ( 3 ) - 0 ( 1 5 ) 
0 ( 2 ) - 0 ( 3 ) - 0 ( 1 5 ) 
N ( l l ) - 0 ( 4 ) - 0 ( l ) 
N ( l l ) - 0 ( 4 ) - 0 ( 8 ) 
0 ( l ) - 0 ( 4 ) - 0 ( 8 ) 
N ( 2 6 ) - 0 ( 5 ) - 0 ( 2 ) 
N ( 2 6 ) - 0 ( 5 ) - 0 ( l l ) 
0 ( 2 ) - 0 ( 5 ) - 0 ( l l ) 
N ( 2 4 ) - 0 ( 6 ) - 0 ( 8 ) 

DISTANCES (//Â) AND ANGLES 

Distances 
2.92(2) 
2.77(2) 
2.81(3) 
3.03(2) 
2.89(2) 
2.87(2) 
2.99(2) 
2.88(2) 
2.86(3) 
2.82(2) 
2.76(2) 
2.90(2) 
2.94(4) 
2.95(2) 

Angles 
117.7(7) 
124.5(5) 
105.9(7) 
108.2(5) 
100.6(5) 
135.9(5) 
119.3(5) 
102.1(5) 
130.8(8) 
116.3(5) 
84.8(7) 

103.5(7) 
111.8(6) 
94.8(6) 

139.3(6) 
107.9(5) 
85.3(8) 

103.2(8) 
111.8(6) 

of (-)589-[Co(bpy)3]3+ Complex 

( 0 / ° ) OF HYDROGEN BONDS 

0 ( 6 ) - 0 ( 8 ) 
0 ( 7 ) - N ( 1 2 ) 
0 ( 7 ) - N ( 2 1 ) 
0 ( 7 ) - 0 ( 1 2 ) 
0 ( 8 ) - N ( 1 6 ) 
0 ( 9 ) - N ( 2 3 ) 
0 ( 9 ) - 0 ( l l ) 
O(10)-O(13) 
O(10)-O(14) 
0 ( 1 1 ) - 0 ( I 5 ) 
0 ( 1 2 ) - 0 ( 1 3 ) 
0 ( 1 2 ) - 0 ( 1 6 ) 
0 ( 1 3 ) - N ( 1 3 ) 
0 ( 1 6 ) - N ( 2 5 ) 

N ( 1 2 ) - 0 ( 7 ) - N ( 2 1 ) 
N ( 1 2 ) - 0 ( 7 ) - 0 ( 1 2 ) 
N ( 2 1 ) - 0 ( 7 ) - 0 ( 1 2 ) 
N ( 1 6 ) - 0 ( 8 ) - 0 ( 4 ) 
N ( 1 6 ) - 0 ( 8 ) - 0 ( 6 ) 
0 ( 4 ) - 0 ( 8 ) - 0 ( 6 ) 
N ( 2 3 ) - 0 ( 9 ) - 0 ( l ) 
N ( 2 3 ) - 0 ( 9 ) - 0 ( l l ) 
0 ( l ) - 0 ( 9 ) - 0 ( l l ) 
O(13) -O(10) -O(14) 
0 ( 5 ) - 0 ( l l ) - 0 ( 1 5 ) 
0 ( 7 ) - 0 ( 1 2 ) - 0 ( 1 3 ) 
0 ( 7 ) - 0 ( 1 2 ) - 0 ( 1 6 ) 
0 ( 1 3 ) - 0 ( 1 2 ) - 0 ( 1 6 ) 
N ( 1 3 ) - 0 ( 1 3 ) - 0 ( 1 2 ) 
0 ( 3 ) - 0 ( 1 5 ) - 0 ( l l ) 
N ( 2 5 ) - 0 ( 1 6 ) - 0 ( 1 2 ) 
0 ( 3 ) - N ( 1 3 ) - 0 ( 1 3 ) 
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2.77(2) 
2.86(2) 
2.93(2) 
2.75(3) 
2.76(2) 
2.84(3) 
3.14(4) 
3.10(4) 
2.95(4) 
2.52(5) 
2.58(4) 
2.94(18) 
2.95(3) 
2.96(18) 

110.9(6) 
121.6(8) 
123.5(8) 
116.2(7) 
99.8(6) 

132.4(7) 
119.1(10) 
127.3(9) 
100.9(9) 
106.7(10) 
110.6(14) 
123.3(13) 
81.1(35) 
89.1(35) 

116.1(11) 
113.0(14) 
155.1(66) 
105.4(6) 

g r o u p P I a n d s imi la r un i t -ce l l d i m e n s i o n s to t h e p r e s e n t 

c rys t a l ; a = 12.374, 6 = 1 6 . 3 0 5 , c= 10.540 Â , a = 102.76, 

ß = 103.84, 7 = 95 .48° . T h e s e resul ts i n d i c a t e t h e t w o 

crystals to b e i sos t ruc tu ra l e x c e p t for t h e four p y r i d i n e 

r ings a n d e igh t w a t e r mo lecu le s . 
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Some Properties of Fluorine-adsorbed Active Carbon 
Nobuatsu W A T A N A B E * and Kazuo U E N O 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
(Received March 19, 1980) 

Properties of fluorine-adsorbed active carbon (FAAG), expected to be a new fluorinating agent, were in­
vestigated by means of TG, X-ray diffraction, and ESGA. The fluorine in FAAG was desorbed by heat treat­
ment in a vacuum at temperatures higher than 200 °G. The X-ray diffraction and ESGA measurements sug­
gest that fluorine is inserted between the carbon layer planes of the active carbon, and combines with carbon 
atoms weakly in comparison with the G-F covalent bond. The reactivity of FAAG against several organic 
compounds was studied. 1-Butanol, 1 -butanethiol, and cyclohexylamine were oxidized. Butyryl chloride was 
fluorinated to give butyryl fluoride. 

Direct fluorination of carbon at temperatures 350— 
600 °C gives two types of graphite fluoride, identified 
as polycarbon monofluoride, (GF)n , and polydicarbon 
monofluoride, (CgF)^.1) Some kinds of carbon adsorb 
a large amount of fluorine at room temperature.2 '3) 
Active carbon shows 30—50% weight increase when 
it is exposed to fluorine atmosphere at room tempera­
ture.2) While graphite fluoride is chemically and ther­
mally stable, this fluorine-adsorbed active carbon 
(FAAC) can oxidize other halogen ions at room tem­
perature, 

FAAG 4- X - in aq soin > 

of copper. 

G + F- + y X 2 (X = C1, Br, I) 

where C is the residual active carbon.2) Thus FAAG 
is expected to be a new fluorinating reagent. 

In this study, FAAC was prepared in a laboratory 
scale and studied by thermogravimetry (TG), X-ray 
diffraction, and X-ray photoelectron spectroscopy 
(ESCA). Fluorination of several organic compounds 
with FAAC was examined. 

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

Commercial granular active carbon (extra pure) and 
organic compounds (guaranteed grade) were used without 
further purification. TG study was carried out with a 
thermobalance specially designed for use in a fluorine atmos­
phere.2) 

A schematic diagram of the reactor for fluorination is 
shown in Fig. 1. The reaction vessel (5) is made of stainless 
steel, and can be used at desired temperatures with an electric 
furnace or appropriate coolant. The fluorocarbon oil 
(Daifluoil, Daikin Kogyo Go.) placed on the mercury column 
in the manometer (4) prevents fluorine from reacting with 
mercury. The gas reservoir (3) and all tubings were made 

JEr-**-x HXJ- i r - Ä - r - { X H 

T J 

(-DXH 

Fig. 1. Schematic diagram of reactor for fluorination. 
1 : F2 gas cylinder, 2 : HF absorber (NaF pellets heated 
at 100 °G), 3: gas reservour, 4: Hg manometer, 5: 
reaction vessel, 6: F2 absorber (soda-lime pellets), 
7: N2 gas, 8: to vacuum pump. 

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

Preparation of Fluorine-adsorbed Active Carbon. 
FAAC was prepared in the following manner using 
the apparatus shown in Fig. 1. About 100 g of gran­
ular active carbon4) was placed in the reaction vessel, 
and heated at ca. 150 °C for 2 h in a vacuum to remove 
water. The vessel was filled with purified nitrogen 
gas after the active carbon had cooled down to room 
temperature. Fluorine (0.5 atm) and nitrogen (0.5 
atm) were mixed in the gas reservoir. Diluted fluorine 
was then streamed slowly through the vessel at a flow 
rate oî ca. 30 ml/min. The FAAC containing 15— 
2 0 % fluorine by weight (calculated from the weight 
increase) was prepared by streaming the gas for 20— 
30 h. The sample thus obtained had to be washed 
with nitrogen gas before it was taken out from the 
reaction vessel. FAAC containing over 2 0 % fluorine 
would be prepared with further fluorination. 

Excessive flow rate of the diluted fluorine sometimes 
caused explosion in the reaction vessel, or auto-catalytic 
thermal decomposition of the sample accompanied by 
a large amount of heat evolution. In the latter case, 
the sample completely lost the adsorbed fluorine. The 
reaction vessel should be evacuated as soon as the 
thermal decomposition takes place, because the inner 
pressure increases rapidly. 

Desorption of Fluorine by Heating. The fluorine 
adsorbed by FAAC was scarcely desorbed at room 
temperature even in vacuo. This indicates that the 
fluorine is chemically adsorbed by the active carbon.2»3) 
T G was applied in order to study the desorption of 
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Fig. 2. TG curves for fluorine-adsorbed active carbon 
at various temperatures in a vacuum. 
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the fluorine by heating in vacuo (Fig. 2). T h e higher 
the temperature, the more desorption being observed. 
The final weight loss at 450 °G corresponds to the 
desorption of 95 % fluorine in FAAG, when no thermal 
decomposition took place. Various kinds of fluoro-
carbon were formed in the thermal decomposition of 
graphite fluoride.5'6) 

Each T G curve was a straight line at first, and 
then showed slight decrease in the desorption rate, 
indicating that fluorine is adsorbed heterogeneously. 
Supposing tha t the initial desorption rate follows the 
first order kinetic, the apparent activation energy was 
calculated to be 28 kj/mol from the Arrhenius plot 
of the rate constants. Takenaka7) found the activa­
tion energy for the adsorption of fluorine on graphite 
to be ca. 17kJ/mol. These values are smaller than 
that for the adsorption of oxygen on graphite.8) Fluo­
rine might not be combined with carbon covalently 
like oxides on graphite, but adsorbed weakly on carbon 
atoms. This was confirmed by ESGA spectra. 

Structural Change of Active Carbon by Fluorine Adsorption. 
T h e structural change of active carbon was studied 
by means of X-ray powder diffractometry (Fig. 3). 
Active carbon has poor regularity as regards carbon 
layer stacking. Its structure is called turbostratic.9) 
A diffused diffraction between 20 and 30° in 20 cor­
responds to three to four layers stacked with the same 
distance of 3.5—3.7 Â (Fig. 3-a). T h e broad peak 
disappeared completely when carbon adsorbed fluorine, 
as shown in Fig. 3-b. However, the regularity of 
layer packing was recovered by heat treatment at high 
temperatures such as 300 or 400 °G in vacuo because 
of the desorption of fluorine (Fig. 3-c, d ) . I n the 
case of graphite, the adsorbed fluorine strained the 
graphite structure in a direction vertical to the carbon 
layers, and the stress given to the crystal lattice of 
graphite was an elastic deformation.5) The results 
indicate that the fluorine is not only adsorbed on the 
surface of the active carbon, but also inserted between 
carbon layer planes. 

ESCA Measurement. In order to elucidate the 
bonding state of fluorine, FAAC was analyzed by 
ESGA. In Fig. 4 are shown the spectra for G l s 

20/° 

Fig. 3. Variation of X-ray diffraction patterns of 
fluorine-adsorbed active carbon (FAAG). 
a: Original active carbon, b : FAAG, c and d: FAAG 
after the heat-treatment in a vacuum at 300 and 
400 °G, respectively. 

_L_L -1 I 1 I L 

Binding energy/eV 

Fig. 4. Variation of ESGA spectra for G ls photoelectron 
of fluorine-adsorbed active carbon (FAAG). 
a: Original active carbon, b : FAAC, c: FAAG after 
the heat-treatment at 450 °G in a vacuum. 

photoelectron of (a) original active carbon, (b) FAAC 
containing 3 0 % fluorine by weight, and (c) FAAG 
which is heated at 450 °C for 3 h in a vacuum. The 
main peak at 284.6 eV corresponds to carbon atoms 
having no interaction with fluorine. 

A new peak appeared at 288.7 eV in the spectrum 
of FAAG (Fig. 4-b). Since the G-F covalent bond 
in graphite fluoride has a peak a t 290.4 eV,1) the 
new peak is due to the interaction between G and F 
which is weaker than their covalent bond. By heat-
treatment, fluorine was desorbed almost completely 
and a small hump appeared at ca. 290 eV, indicating 
the formation of G-F covalent bond (Fig. 4-c). 

A weaker G-F bond was also observed in ESGA 
spectra of carbon black3) and natural graphite15) fluo-
rinated at room temperature. These fluorinated sam­
ples have similar oxidizability as FAAC. It is not 
clear, however, whether the adsorbed fluorine is atom 
or molecule. 

Let us discuss the structure of FAAC and the mech­
anism of the fluorination of active carbon on the basis 
of the above results. The composition of FAAC con­
taining 30 w t % of fluorine can be expressed as C 3 7F. 
The situation thus differs from the simple adsorption 
of fluorine on active carbon. FAAG loses the charac­
teristic structure of active carbon. Thus, it is con­
cluded that FAAG is an amorphous solid with no 
crystallinity, holding fluorine with relatively weak bond­
ing on its layered structure like graphite intercalation 
compounds. FAAC is similar to the intercalation com­
pound since it permits the reversible insertion and 
withdrawal of fluorine. 

Fluorination of active carbon may be influenced by 
its structural features rather than surface properties, 
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TABLE 1. REACTION OF SEVERAL ORGANIC COMPOUNDS WITH FLUORINE-ADSORBED ACTIVE CARBON 

R u n 

Oxidation 

1 

2 

3 

Fluorination 

4 

5 

6 

7 

8 

No reaction 

9 

10 

11 

Substrate 

w-BuOH 

w-BuSH 

g t / o - G 6 H n N H 2 

GG12=GG12 

GG12=GG12 

C H 3 ( C H 2 ) 2 C O C l 

C H 3 ( C H 2 ) 2 C O C l 

C H 3 ( C H , ) 2 C O C l 

C 6 H 6 

n-Bu-X (X=C1, Br) 

C 6 H 5 -Br 

React ion conditions 

Solvent 

CC14 

GG14 

— a ) 

— b ) 

— a ) 

GG14 

GH 3 GN 

GH 3 GN 

— a ) 

GG14 

— a ) 

Temp/°G 

78 

78 

80 

250 

80 

75 

75 

75 

80 

78 

100 

Time/h 

24 

5 .5 

18 

12 

21 

21 

21 

120 

90 

45 

24 

Products (Yield/%) 

C H 3 ( C H 2 ) 2 C H O (33) 

Bu-S=S-Bu (10) 

O>£/0-G6HnNH3F (20) and 
oily material 

fluorochlorocarbons (50) c> 

no reaction 

C H 3 ( C H 2 ) 2 C O F (29) d> 

C H 3 ( C H 2 ) 2 C O F (62) d> 

G H 3 ( G H 2 ) 2 G O F (90) d> 

a) Solvent was the substrate itself, b) Gas phase reaction in a steel reactor (30 X 30 cm) heated by an electric 
furnace, c) Total yield of CF4, CF3C1, CF2C12, and CFC13. They were identified by using IR. d) Calculated 
from the absorption intensity of the G=0 band due to GOF group. 

since the amount of fluorine taken in far exceeds what 
is expected for the adsorption. The active carbon 
having looser structure would hold more fluorine than 
that having rigid structure. 

Reactions of Several Organic Compounds with F A AC. 
w-BuOH and ra-BuSH were oxidized to their cor­
responding aldehyde and disulfide, respectively (Table 
1 ). The oxidation of cyclohexylamine gave the adduct 
with hydrogen fluoride and oily material which could 
not be identified. When the amine was dropped di­
rectly to FAAC at room temperature, it burned vio­
lently with a red flame and white smoke. Thus , 
FAAC can oxidize the compound which easily sup­
plies proton. 

Hydrocarbons and alkyl halides were inert to FAAC 
below 100 °C (Runs 5, 9, 10, and 11), and can be 
used as an inert solvent. However, at a high tem­
perature such as 250 °C, tetrachloroethylene was fluo-
rinated violently with the rupture of C=C double 
bond, giving various fluorochlorocarbons. 

GG12=GG12 > GF4, CF3C1, GF2G12, GFG13 

The carbon-chlorine bonds were also ruptured, NiCl2 

being formed on a nickel sample holder in the reactor. 
Carbon tetrachloride also gave a small amount of 
fluorochlorocarbons at this high temperature. 

I t is interesting to know whether FAAC can be 
used for selective fluorination. As an example, the 
chlorine in butyryl chloride was substituted by fluorine 
with FAAC. The reactions in CC14 and in CH 3 CN 
were compared with each other. The yield of butyryl 
fluoride in CH 3 CN was about twice that in CC14 

under the same conditions. Aprotic polar solvent 
seems to be preferable for the fluorination of acyl 
chloride. Attempt to use dimethyl sulfoxide as solvent 
was unsuccessful because D M S O reacted with the 
acyl chloride. 

Such solvent effects can be explained in terms of 

the surface polarity of active carbon. Its polarity is 
nearly zero, and it adsorbs nonpolar molecules pre­
ferentially.10) In CH 3 CN, the acyl chloride may be 
attracted by the surface of FAAC on account of its 
longer alkyl chain than the solvent. O n the other 
hand, in CC14, FAAC may be surrounded by the 
inert solvent, and the reaction rate will slow down. 

Even in CH 3 CN, however, the reaction rate is re­
garded to be small (90% yield after 120 h) . This 
may be due to the slow diffusion of active fluorine 
from the inner part to the surface of FAAC. Thus, 
fluorination with FAAC is considered to occur on its 
surface or near it. The polarities of reactant and 
solvent should be taken into accout. Stirring of the 
reaction system is indispensable, and crushing of 
FAAC in dry atmosphere is effective for better yield. 
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Synthetic Inorganic Ion-exchange Materials. XXXI. Ion-exchange 
Behavior of Tervalent Metals and Rare Earth Elements on 

Crystalline Antimonic(V) Acid Cation Exchanger 
M i t s u o A B E , * M a s a m i c h i T s u j i , a n d M a s a t o K I M U R A * * 
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(Received March 26, 1980) 

T h e increasing order of ion-exchange selectivity for tervalent metal ions: A l 3 + < G a 3 + < Y b 3 + < F e 3 + < L a 3 + < 
In 3 + , was established in 1 mol d m - 3 nitric acid solution on a crystalline antimonic(V) acid (C-SbA) cation ex­
changer. Strong correlation was found between the selectivity and the effective ionic radii of these ions. Large 
separation factors for neighboring ions were obtained, as compared with the commercial ion exchange resin. An 
effective separation of a lumin ium(I I I ) - i ron( I I I ) ion pairs and a group separation of gar ium(I I I ) and ytterbium-
(II I ) ions from l an thanum(I I I ) ion were performed by using a relatively small G-SbA column (4 cm X 0.4 cm 
i.d.). 

V a r i o u s a n t i m o n i c ( V ) ac ids b e h a v e as c a t i on ex­
c h a n g e r s a n d c a n b e p r e p a r e d in t h r e e d i f ferent species : 
c rys ta l l ine , a m o r p h o u s , a n d glassy.a) A m o n g these a n -
t i m o n i c ( V ) ac ids , c rys ta l l ine a n t i m o n i c ( V ) ac id ( C -
S b A ) , SbaOr j - éHgO, h a s r ece ived m u c h a t t e n t i o n d u r ­
i n g t h e las t t w o d e c a d e s , o w i n g to its h i g h select ivi ty 
for c e r t a i n e lements . 2 ) T h e C - S b A exh ib i t s t h e in ­
c reas ing o r d e r of se lect ivi ty in m i c r o q u a n t i t i e s : L i + < 
K + < C s + < R b + < N a + f o r a lka l i meta l s , 3 ) M g 2 + < B a 2 + < 
C a 2 + < S r 2 + for a lka l i ne e a r t h meta l s , 4 ) a n d N i 2 + < 
M n 2 + < Z n 2 + < C o 2 + < C u 2 + < C d 2 + for b i v a l e n t t r ans i ­
t ion metals5»6) in n i t r i c a c id m e d i a . Effective s e p a r a ­
t ions c a n b e a c h i e v e d for a lka l i me ta l s , 3 ' 4 , 7 ) t h e p a i r s 
of M g 2 + - B a 2 + , B a 2 + - S r 2 + , Cs+-Sr 2 +, 8 ) a n d C d 2 + - ( Z n 2 + , 
Cu 2 + ) . 5 - 6 ) A d s o r p t i o n r e a c t i o n s for al l these ions o b e y 
t h e revers ib le i o n - e x c h a n g e r e a c t i o n s . 9 - 1 1 ) 

S l igh t ly di f ferent se lect ivi ty w a s obse rved o n po ly -
a n t i m o n i c ( V ) ac id (PAA) 1 2 ) a n d h y d r a t e d a n t i m o n y 
p e n t o x i d e ( H A P ) 1 3 ) : R b + < C s + < N a + , 1 2 ) C s + < R b + < 
N H 4 + < K + < N a + , 1 4 ) a n d R a 2 + < B a 2 + < C a 2 + < S r 2 + . 1 2 ) 

N o sys t ema t i c s t u d y h a s b e e n c a r r i e d o u t for t h e 
select ivi ty of t e r v a l e n t m e t a l s , i n c l u d i n g r a r e e a r t h 
m e t a l s , o n C - S b A . 

O n t h e o t h e r h a n d , t h e i o n - e x c h a n g e s e p a r a t i o n s 
of r a r e e a r t h m e t a l ions a r e ve ry difficult in n i t r i c 
ac id m e d i a , b e c a u s e of t h e e x t r e m e closeness of t h e 
c h e m i c a l p r o p e r t i e s of i n d i v i d u a l r a r e e a r t h e l e m e n t s . 
C h r o m a t o g r a p h i c s e p a r a t i o n s of r a r e e a r t h e l e m e n t s 
o n c a t i o n e x c h a n g e resins h a v e b e e n r e p o r t e d b y use 
of c o m p l e x i n g a g e n t s , s u c h as c i t r a t e , l a c t a t e , e d t a 
a n d a - h y d r o x y i s o b u t y r a t e . 1 5 ) I n r e c e n t yea r s , r a d i o -
a c t i v a t i o n ana lys i s is t h e on ly m e t h o d w h i c h a l lows 
t h e d e t e r m i n a t i o n of e a c h i n d i v i d u a l r a r e e a r t h e l e m e n t 
in h i g h p u r i t y m e t a l s o r rock s a m p l e s . E v e n h e r e , 
m o r e effective m u t u a l s e p a r a t i o n of r a r e e a r t h ele­
m e n t s m a y b e n e e d e d , as wel l as b e t t e r s e p a r a t i o n 
f rom t h e m a t r i x . 1 6 - 2 0 ) 

A n i m p r o v e d select ivi ty for t e r v a l e n t m e t a l ions 
h a s b e e n found o n s y n t h e t i c i n o r g a n i c ion e x c h a n g e r s 
s u c h as t i t a n i u m a rsena te , 2 1 ) z i r c o n i u m tungs ta te , 2 2 ) 
t i n ( I V ) a r sena te , 2 3 ) a n d t i t a n i u m tungs ta te . 2 4 ) 

T h i s p a p e r descr ibes t h e i o n - e x c h a n g e select ivi ty for 
m i c r o - a m o u n t s of s o m e t e r v a l e n t m e t a l ions a n d r a r e 

** Present address: Okamoto Riken Gomu Co., Ltd. , 
3-27-12 Hongo, Bunkyo-ku, Tokyo 113. 

e a r t h m e t a l ions o n C - S b A c a t i o n e x c h a n g e r in n i t r i c 
a c id m e d i a , a n d s o m e a p p l i c a t i o n s to t h e c h r o m a t o ­
g r a p h i c s e p a r a t i o n . 

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

Chemicals. Antimony pentachloride supplied by 
Yotsuhata Chemical Co., Ltd. , was employed without fur­
ther purification. Other chemicals (Wako Pure Chemical 
Industries, Ltd.) were of purity over 99 .5%. The water 
used was prepared by distilling water and then passing it 
through a mixed bed of anion and cation exchange resins. 
T h e water showed a conductivity lower than 3 x 10 - 5 s c m - 1 . 

Sample Solutions and Determinations. Stock solutions 
containing 0.1 M (1 M = 1 mol d m - 3 ) metal ion in 0.1 M 
nitric acid solution were prepared by dissolving weighed 
amounts of each metal, a luminium, indium, and lanthanum, 
and iron (III) ni trate nona-hydrate and ytterbium (III) 
oxide in moderately concentrated nitric acid solution in 
order to prevent any hydrolysis with warming. The con­
centration of iron ( I I I ) ion was determined gravimetrically 
as iron (III) oxide. 

For the measurement of equilibrated distribution coeffi­
cients of ga r ium( I I I ) , i nd ium( I I I ) , l an thanum( I I I ) , and 
yt terbium (I I I ) ions, aliquots of supernatant solutions were 
taken into polyethylene capsules and activated together 
with their s tandard metal ion solution in known amounts 
with the T R I G A I I reactor at Musashi Institute of 
Technology (thermal flux, 4 x 1011 n c m - 2 s - 1 ; fast flux, 
6.5 x 1010 n c m - 2 s - 1 ) . The irradiating time was selected 
by reference to the thermal cross section and the resonance 
integral of each nuclide.25) After a cooling time appropriate 
for each radionuclide, the y-spectra of the indicator nuclides 
were analysed with the " G A M A " system using Ge(Li) 
detector connected to 4096 channel analyser.26) The in­
dicator nuclide and y-energy used for determination were 
as follows: 7 2Ga, 833 kev; 1 1 6 m In , 1508 kev; 140La, 1595 
kev; 1 7 5Yb, 396 kev. Good linearity was obtained for the 
calibration curve of each metal ion. 

T h e determination of iron (III) or aluminium (III) ions 
in microamounts was carried out by a Varian-Techtron 
1100 atomic absorption spectrometer. For atomization of 
a luminium, a Var ian-Techt ron carbon rod atomizer equipp­
ed with an automatic sample dispenser was employed. 

T h e emf titration method was employed for the deter­
mination of hydrogen ions in sample solution by using 0.1 
mol d m - 3 sodium hydroxide solution. 

Preparation of C-SbA as an Ion Exchanger. The proce­
dure was described in an earlier paper.1) 
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Distribution Coefficients (Kd). C-SbA (0.250 g) was 
immersed in 25.0 cm3 of a solution containing metal ion 
of 1 X 10~4 M in a nitric acid solution adjusted to a desired 
concentration with intermittent shaking at (30 + 0.1) °G. 
The Kd values were determined by the following equation: 

KA = 
Amount of metal ions in exchanger 
Amount of metal ions in solution 

cm3 of solution , ol v 
X ; ; (cm3/g). 

g of exchanger 

The concentrations of the metal ions in solid and solution 
phases were deduced from the differences between the initial 
and the final concentrations in supernatant solution. 

Column Operation. One ^.mol of garium(III), 
lanthanum (I II), and ytterbium (I II) ions preactivated with 
reactor neutrons was loaded onto the C-SbA column of 
4 cm X 0.4 cm i.d. pretreated with 0.1 M nitric acid solu­
tion. Then, an appropriate eluant was passed through with 
a flow rate of 0.3 cm3/min. The effluent was collected 
in test tubes by using a photosensitive drop count-type frac­
tion collector (Ohtake Works, Ltd., Japan), followed by 
y-counting with a Ge(Li) detector connected to a Northern 
1705 1024 channel analyzer. 

Thermal Analysis and X-Ray Study. These were carried 
out in the manner described previously.11) 

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

The results of the DTA, TGA, and X-ray studies 
of C-SbA in hydrogen form showed a good agreement 
with the earlier results.1»27) 

Ion-exchange Selectivity. The time dependence of 
adsorption for different metal ions showed that the 
equilibrium was attained within about 20 d for in-
dium(II I ) and lan thanum(II I ) ions (Fig. 1). An ex­
tremely slow rate of adsorption for iron (111) ion was 
observed, about 100 d being required. The variety 
of time dependence from element to element may 
be considered to reflect the rigid structure of the G-
SbA cation exchanger, as described earlier.9) 

The plot of log Kd vs. log [ H N 0 3 ] showed a linear 
relationship with a slope of — 3 , indicating an " ideal" 
3:1 ion-exchange reaction (Fig. 2). 

The observed Kd values (logarithmic scale) in 1 M 
nitric acid solution were plotted against the atomic 
number (Fig. 3 top). The profile parallels the change 
in the effective ionic radii (EIR)28) (Fig. 3 bottom). 

100, 

40 60 80 
Immersing time/d 

100 

Fig. 1. Time dependence of adsorption of tervalent 
metal ions on C-SbA. 
Ions and concentrations of HNO s ; • : La (0.1 M), 

The maximum Kd value was found for ions having 
about 1 Â of the E I R . Such correlation has been 
also observed for alkali, alkaline earth, and bivalent 
transition metal ions, e.g., Na+ (1.02 Â), Ca2+ (1.00 
Â), Cd2+ (0.95 Â), and Hg2+ (1.02 Â). The low Kd 

values were observed for metal ions having an E I R 
of about 0.7 Â, e.g., Li+ (0.74 Â), Mg2+ (0.72 Â), 
and Ni2+ (0.700 A).5 '8"11 '29 '30) Thus , the ion-exchange 
reactions are favorable for the ions possessing an E I R 
of about 1 Â on the C-SbA, if there is a similar situa­
tion for the exchange reaction of tervalent metal ions 

Conen of H N 0 3 / M 

Fig. 2. Distribution coefficients of tervalent metal ions 
on C-SbA as a function of concentration of HNO s . 
Marks, • : In, # : La, • : Fe, A : Yb, O : AI, A : 
Ga. 
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Fig. 3. Relations between changes in Kd values in 1 M 
H N 0 3 and effective ionic radii with atomic number. 
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on the C-SbA. 
In aqueous solution, the cations such as Ni 2 + and 

Al 3 + have an octahedral primary solvation shell.31) 
If in the C-SbA the exchanging cations maintain a 
configuration similar to that in the aqueous solution, 
the electrostatic forces between ion-exchange sites and 
the hydrated cations may be less than in the case of 
partially hydrated or non hydrated cations. A ther­
modynamic treatment of the ion-exchange reactions 
reveals that the cations having the E I R of 1.0Â, such 
as N a + and Cd2 + , are exchanged as less hydrated 
cations in the C-SbA with rigid structure than those 
in aqueous solution.9»29) If the less hydrated cations 
are exchanged, the electrostatic force may be increased 
more than in the case in fully hydrated cations. When 
a large cation such as Cs + is exchanged in the C-SbA, 
the electrostatic force is less than small cations because 
of the low electron density for large cations.30) There­
fore we conclude that the C-SbA has an ion-exchange 
site energetically preferable for the ions with an E I R 
of about 1 Â. 

The C-SbA cation exchanger showed the following 
selectivity sequence for tervalent metal ions, in in­
creasing order: 

Al3+ < Ga3+ < Yb3+ < Fe3+ < La3+ < In3+. 

Larger separation factors, a(A/B)=Ä'd
A/Ä'd

B, were ob­
served on the C-SbA, as compared with those on 
strong acid-type cation exchange resin32) (Table 1). 
The selectivity order for tervalent metal ions on the 
H A P was found to be in the increasing order: F e 3 + < 
I n 3 + < S c 3 + < Y b 3 + < C e 3 + < E u 3 + in 1 M nitric acid 
solution.13) 

Separation of Aluminium (HI) and Iron(III) Ions. 
The separation factor for the pair is very small on 
organic ion-exchange resin in nitric acid media,32) and 
it is difficult to separate them without use of a com-
plexing agent such as ammonium tartrate and citrate. 
Vydra and Galba33) have achieved the separation of 
a luminium(III ) from iron(III) ions on hydrous silica 
by using their hydro lytic products. I t is evident from 
the study of the separation factor for this pair in nitric 
acid media that their effective separation will be much 
more favorable on the C-SbA. 

When 110 cm3 of 0.1 M nitric acid solution was 
used as an eluant, 6 6 % of a luminium(III ) ion loaded 
on the C-SbA was eluted, with a sharp peak followed 
by a long tail. This may be due to the very slow 
rate of ion-exchange. I t is known that addition of 

ammonium nitrate improves the elution characteristics 
for sodium ions.7) A similar effect was observed for 
ions studied in the present work, except for iron(III) 
ion. Therefore a mixed solution of nitric acid and 
ammonium nitrate was employed for more rapid separa­
tion. 

When a mixed solution of 0.1 M nitric acid and 
0.05 M ammonium nitrate was used as an eluant, 
a luminium(III ) ions were detected from the second 
fraction and eluted quantitatively with a elution 
volume of 65 cm3. More effective elution was achieved 
by the eluant of a mixed solution of 0.1 M nitric acid 
and 0.1 M ammonium nitrate: only about a half of 
the eluant volume was needed for the complete elution 
(Fig. 4) . 

I ron( I I I ) ions were not eluted with 70 cm3 of 0.5 
M nitric acid solution. When 6 M nitric acid solution 
was injected, the iron (III) ions were eluted with a 
sharp front edge, followed by a strong tailing effect. 
A mixed solution of 6 M nitric acid and 2 M ammo­
nium nitrate as an eluant showed a similar elution 
curve. This may be due to a slow rate of ion-exchange 
for i ron(I I I ) , as expected from Fig. 1. Thus, 6 M 
hydrochloric acid was more effective (Fig. 4), owing 
to the negatively charged chloride complex of the 
iron (111) ion. Thus, an effective separation was a-
chieved. 

Elution Behavior of Garium(III), Ytterbium (III), and 
Lanthanum (III) Ions. Since separation factors for 

1.6 
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-0.1MHN03 ^0.5MHNO3 -6MHCI 
H0.1MNH4NO3 
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Fraction No. 

Fig. 4. Separation of Al3+-Fe3+ with C-SbA column. 
One fraction = 5 cm3. Column size, 4x0 .4 cm i.d. 
Flow rate, 0.3 cm3 min -1. 

TABLE 1. Kd VALUES AND SEPARATION FACTORS (a)a) OF TERVALENT METAL IONS ON C-SbA 

Ion exchanger 

C-SbA 

Ion exchanger 

Bio-Radb> 
AG50W-X8 

Ions 

^ H g"1 

a 

Ions 

Kd/cm3 g - 1 

a 

IN 

Al 

6.39x10 

Fe 

74 

1 M H N 0 3 

Ga 

SOLUTION 

Yb Fe 

~2 3 .25x10 3.25x10 1.50X102 1 

509 1.00 4.62 8.93 

Al 

79 

1.07 

Ga 

94 

7X 

In 

118 

7^ ueT 

La In 

.34X103 1.80X103 

1.34 

Yb La 

193 267 

1.38 

a) Separation factor for neighboring ions, b) Ref. 32-
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[ - 1 M HN03 

5 10 15 
Fraction No. 

- ^ 0.1 M HNO3 
G a +1M NH4N03 

5 10 15 
Fraction No. 
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2 

\— 0.1 M HNO 3 
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Fraction No. 

Fig. 5. Elution curves of Ga3+, Yb3+, and La3+ with G-SbA column. One fraction=5 cm3. Column 
size, 4x0.4 cm i.d. Flow rate, 0.3 cm3 min -1. 

neighboring ions are very small on strong acid-type 
cation exchange resin in nitric acid media, mutual 
separations of these tervalent metal and rare earth 
metal ions can usually be achieved by using aqueous 
complexing agents or aqueous-organic solvent mix­
tures.34) However, even if such a technique is used, 
much eluant is required for these separations with a 
large column (e.g., 10 m m i.d. X 730 m m h).18> 

O n the C-SbA, no yt terbium(III) ions were eluted, 
but gar ium(III) ions were partly eluted with 95 
cm3 of a mixed solution of 0.1 M nitric acid and 0.05 
M ammonium nitrate. A mixed solution of 0.2 M 
nitric acid and 0.05 M ammonium nitrate as an eluant 
showed a similar elution curve for gar ium(II I ) ion. 
A more effective elution was observed for these cations 
by using a mixed solution containing ammonium nitrate 
at relatively high concentration (1 M ) , as in the case 
of a luminium(III) ions. 

Lan thanum(I I I ) ion was not eluted up to 40 cm3 

of 0.5 M nitric-acid solution, and incomplete elution 
was observed up to 200 cm3 of the eluant, with a 
yield of 4 5 % . 

Elution peaks with tailings were observed for all 
elements when 1 M nitric acid (Fig. 5a) and a mix­
ture of 0.1 M nitric acid an 1 M ammonium nitrate 
(Fig. 5b) were employed as the eluants. The elution 
order agreed with that of the batch equilibrium data. 

The yields up to 16 fractions with 1 M nitric acid 
solution as an eluant were 95, 89, and 7 5 % for yt-
terbium(III ) , gar ium(I I I ) , and lan thanum(I I I ) ions, 
respectively (Fig. 5a). When a mixed solution of 0.1 
M nitric acid and 1 M ammonium nitrate was used 
as an eluant, these metal ions were eluted with the 
yields of 70, 65, and 4 4 % for gar ium(I I I ) , ytterbium-
( I I I ) , and lan thanum(II I ) ions, respectively, up to 
13 fractions (Fig. 5b). 

The effective group separation was achieved for 
gar ium(III) and yt terbium(III) ions from lanthanum-
(III) ion by using a mixed solution of 0.1 M nitric 
acid and 0.1 M ammonium nitrate as an eluant (Fig. 
5c), while the lan thanum(II I ) ions adsorbed were 
completely eluted with a 2 M nitric acid solution. 
Thus, the C-SbA column can be used repeatedly. 
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Zn-bearing spinel ferrites were obtained by air oxidation of the iron(II) hydroxide suspension of the mole 
fraction Zn(II) to [Zn(II)+Fe t o t a l] , rZn, ranging from 0.029 to 0.33 (except for 0.057) at pH 10.0 and 65 °C, but 
at rZn=0.057 only a-FeOOH was formed. The Zn-bearing spinel ferrite obtained at rZ n=0.33 has the normal 
spinel structure. At pH 8.0, the Zn-bearing spinel ferrite is obtained at rZn = 0.057, but the spinel ferrite is slightly 
oxidized to y-Fe203. 

Recently, the conditions for the formation of spinel 
ferrite from aqueous iron(II) hydroxide suspensions 
containing other metal ions have been investigated 
in detail by several workers.1-4) Kiyama1) investi­
gated the formation of Mn- and Co-bearing spinel 
ferrites and reported that, in alkaline suspensions, all 
the metal ions were incorporated into the spinel 
ferrites. Katsura et al.2) reported that the oxidized 
F e 3 0 4 - F e 2 T i 0 4 solid solution with spinel structure was 
obtained from the suspension containing t i tanium(IV) 
ions. Kaneko et al. investigated the formation of Mg-3> 
and Cd-4> bearing spinel ferrites. When the mole 
fraction of Mg(I I ) to [ M g ( I I ) + F e t o t a l ] or Gd(II) to 
[Cd(II)-j-Fe t o t a l] in the suspension is below 0.091, 
almost all the metal ions are incorporated into the 
spinel ferrite by an oxidation reaction at p H 9.O. 
When the mole fraction is above 0.091, the excess 
magnesium(II) produces a basic magnesium(II) sul­
fate, and the crystalline phases formed from the sus­
pension containing cadmium(II) ion are changed in 
a complicated way. 

In this paper, the reaction conditions for the forma­
tion of Zn-bearing spinel ferrite from the suspension 
containing zinc(II) ion are investigated. 

Exper imenta l 

Reagents. Chemical reagents of analytical grade were 
used. A 2 mol/dm3 sodium hydroxide solution was pre­
pared by dissolving sodium hydroxide in distilled water 
free from carbon dioxide and oxygen. A sulfuric acid solu­
tion of 0.856 mol/dm3 zinc(II) sulfate (pH^3) was prepared 
from zinc(II) sulfate heptahydrate. 

Apparatus. The reaction vessel of the Dewar type 
used in this study was the same as that employed previously 
by Kaneko and Katsura.3> 

Procedure. After adding distilled water, zinc(II) sul­
fate solution, and sodium sulfate to the reaction vessel, nitro­
gen gas was bubbled into the solution while it was being 
stirred at 1000 min - 1 for 1 h to remove the dissolved gases 
of carbon dioxide and oxygen. Then 12 g of iron(II) sulfate 
heptahydrate was added to the solution. The resultant 
volume of the solution was set to 200 cm3, and the total 
concentration of the sulfate ion was fixed to 65 mmol/200 
cm3. pH values were adjusted by using 2 mol/dm3 sodium 
hydroxide solution and the suspension was let stand for 
1 h with stirring under nitrogen at 65 °G (we call this sus­
pension the "initial suspension"). The subsequent proce­
dures were the same as those described by Kaneko and 
Katsura.3) The precipitate in this paper means the product 
obtained by lowering the pH value of the suspension to 
pH 4.0 with 0.5 mol/dm3 sulfuric acid after the air oxidation. 
At this pH value, zinc(II) hydroxides and iron(II) hydroxides 

dissolve completely. 
Chemical Analysis. The zinc(II) content was de­

termined by atomic absorption spectrometry after the ex­
traction of an iron with diisopropyl ether. The amounts 
of iron(II) and iron(III) were determined by the method 
described by Kaneko and Katsura.3> 

The precipitates were examined by the X-ray powder 
diffraction method with Fe Ko. radiation, the electron mi­
croscopy, and the Mössbauer spectra measurement at room 
temperature. 

Titration curves were obtained as follows. A sulfuric 
acid solution containing zinc (I I) and/or iron (I I) sulfates 
was titrated with 2 mol/dm3 sodium hydroxide solution at 
65 °G. Nitrogen gas was bubbled into the solution during 
the titration and the values of pH were measured at each 
point 10 min after the addition of the sodium hydroxide 
solution. 

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

X-Ray Powder Diffraction Patterns, Electron Micrograph, 
Chemical Composition, and Mössbauer Spectra of the Pre­
cipitate obtained by Air Oxidation at pH 10.0. In 
the X-ray powder diffraction patterns of the precipi­
tate obtained from the suspension of the rZa values 
(the rZn value means the mole fraction of Zn( I I ) to 
[ Z n ( I I ) + F e t o t a l ] in the initial suspension) ranging 
from 0.029 to 0.33 (except for 0.057), only the peaks 
for spinel type structure were seen, while at rZn = 
0.057, only the peaks for a - F e O O H were observed. 
T h e electron micrographs of the precipitate showed 
the formation of a spherical or cubic particle of spinel 
ferrite, except for a needle-like crystal of a - F e O O H 
for rZn = 0.057. Lattice constants a0 of the spinel fer­
rites are plotted against the rZn values in Fig. 1 (curve 
A). The lattice constants of completely oxidized 
samples with spinel type structure are also plotted 
(curve B). The oxidation of the spinel ferrites was 
performed by heating at 180 °C in air for 6 h. In 
the X-ray powder diffraction patterns of the oxidized 
samples, only the peaks for the spinel type structure 
were seen. Chemical analyses showed that there was 
no detectable amount of iron (I I) in the oxidized sam­
ples. As seen from the curves A and B in Fig. 1, 
the lattice constants of the spinel ferrites and those 
of completely oxidized samples increase with increas­
ing the rZn values. This shows that Fe2+ in the spinel 
ferrite is replaced by Zn2+, and that the amount of 
Zn2+ on the lattice points increases with increasing 
the rZn values. Chemical analyses showed that, a t 
the rZa values ranging from 0.029 to 0.33 (except for 
0.057), almost all zinc(II) ions in the initial suspension 
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0-845 h 

0-840h 

0-840 h 

0-835 h 

0-0 0-1 0-2 0-3 
The Zn(II)/[Zn(II)+Fetota|] mole f ractionJrZn 

in the initial suspension 

Fig. 1. The relationship between the Zn(II)/[Zn(II) + 
Fe totai] mole fraction in the initial suspension and 
the lattice constants of the spinel ferrite obtained 
at pH 10.0 or those of the completely oxidized sample 
with spinel type structure. The curve A: the spinel 
ferrite, the curve B: the completely oxidized sample, 
a: the lattice constant. 

( > 9 2 % ) were taken into the precipitate. T h e mole 
fractions of [ Z n ( I I ) + F e ( I I ) ] to [ Z n ( I I ) + F e t o t a l ] in 
the precipitate were 0.30—0.35. These values are 
close to those of stoichiometric spinel ferrite F e 3 0 4 -
Z n F e 2 0 4 (0.333). T h e lattice constant of the Zn-
bearing spinel ferrite at r Z n = 0 . 3 3 (Fig. 1) is very 
close to that of zinc spinel ferrite Z n F e 2 0 4 synthesized 
by the solid state reaction (0.8441 nm). 5 ' 

The Mössbauer spectrum at room temperature of 
the precipitate obtained at r Z n = 0 . 3 3 showed a quad-
rupole-split pat tern. The isomer shift relative to me­
tallic iron estimated from the quadrupole-split spec­
trum (0.030 cm s_1) is in good agreement with that 
of zinc spinel ferrite synthesized by solid state reaction 
(0.0358 cm s_1)6> within our experimental errors 
(±0 .008 c m s - 1 as stand, dev.). Thus , the Zn-bear-
ing spinel ferrite obtained at rZn = 0.33 and p H 10.0 
is concluded to be the zinc spinel ferrite which has 
the normal spinel structure. 

p H Dependence on the Formation of the Precipitate for 
rZn = 0.091. In the X-ray powder diffraction pat­
terns of the precipitate obtained by air oxidation of 
the suspension of r Z n =0.091 at p H values ranging 
from 7.0 to 10.0, only the peaks for spinel type struc­
ture were seen, while at p H 11.0 only the peaks for 
a - F e O O H were observed. T h e electron micrographs 
of the precipitate showed the formation of a spherical 
or cubic particle of spinel ferrite, except for a needle­
like crystal of a - F e O O H at pFI 11.0. Figure 2 shows 
the lattice constants a0 of the spinel ferrites obtained 
at p H ranging from 7.0 to 10.0 (curve A) and those 
of the completely oxidized samples with spinel type 
structure (curve B). As seen from curve B, the lattice 
constants of the completely oxidized samples are con­
stant within our experimental errors. Chemical an-

0-835 h 

7 8 9 10 
The pH value in the initial suspension 

Fig. 2. The relationship between the pH value in the 
initial suspension and the lattice constants of the 
spinel ferrite obtained at the Zn(II)/[Zn(II)4-Fe to ta l] 
mole fraction of 0.091 in the initial suspension or those 
of the completely oxidized sample with spinel type 
structure. The curve A: the spinel ferrite, the curve 
B: the completely oxidized sample, a: the lattice 
constant. 

alyses showed that almost all zinc(II) ions in the initial 
suspension ( > 9 2 % ) were taken into the precipitate 
at the p H values ranging from 7.0 to 10.0, but at p H 
11.0, only about 4 0 % of zinc(II) ions were taken in. 
These results show that, at these p H values, Zn-bearing 
spinel ferrites which have a constant amount of Zn2+ 
on the lattice points are formed. The mole fractions 
of [ Z n ( I I ) + F e ( I I ) ] to [ Z n ( I I ) + F e t o t a l ] in the precip­
itate decreased from 0.31 to 0.26 upon decreasing 
the p H values from 10.0 to 7.0. The lattice constants 
of the Zn-bearing spinel ferrites obtained at lower 
p H values, as shown by curve A in Fig. 2, are smaller 
than those of the spinel ferrites obtained at a higher 
p H value. These suggest that a Zn-bearing spinel 
ferrite which is slightly oxidized to y -Fe 2 0 3 is formed 
at lower p H values. From the electron micrographs, 
it was shown that the particle size of the Zn-bearing 
spinel ferrites becomes small at a lower p H value 
(0.1 and 0.2 [im at p H 7.0 and 10.0, respectively), 
which seems to cause further oxidation of the spinel 
ferrites at this lower p H value. 

Depression of the Formation of Zn-bearing Spinel Ferrite. 
As mentioned in a previous section, at r Z n =0.057 
and p H 10.0 the formation of Zn-bearing spinel ferrite 
is depressed and a - F e O O H is formed. The depression 
of the Zn-bearing spinel ferrite was, however, restored, 
when the p H value in the initial suspension was lowered 
to p H 8.0, that is, only the peaks for the spinel type 
structure were seen in the X-ray powder diffraction 
pat tern of the precipitate. 

Figure 3 shows the titration curves of the solutions 
of i ron(II) sulfate (curve A), zinc(II) sulfate (curve 
B) and the mixed solution of zinc(II) and iron(II) 
sulfates (curve C). I ron(II ) sulfate is titrated at p H 
values around 6.7—8.0 (curve A). However, zinc(II) 
sulfate is titrated first at p H around 5.5—6.0 (region 
a—b in curve B), and then around 7.4 (region c—d in 
curve B). During the titration of zinc(II) sulfate, 
in the region a—c in curve B, a basic zinc(II) sulfate 
seems to precipitate, and then in the region c—d, the 
basic zinc(II) sulfate is converted into Zn(OH) 2 . The 
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Amount of the 2 mol/dm3 NaOH solution added (cm3) 

Fig. 3. The titration curves of Fe(II), Zn(II), and 
Zn(II) + Fe(II) sulfate solutions by 2 mol/dm3 NaOH. 
The curve A: 1.08xl0-2mol Fe(II), the curve B: 
8.56xl0-3mol Zn(II), the curve C: 8 .56xl0- 3mol 
Zn(II) + 8.53xlO-3mol Fe(II). The titration curves 
of Fe(II) and Zn(II) sulfate solutions are shown 
from titer of 4.10 cm3 and 6.00 cm3, respectively to 
compare with that of Zn(II) + Fe(II) sulfate solution. 
The initial volume of the solutions was fixed to 200 
cm3. 

point c in curve B represents the addition of 1.5 moles 
of sodium hydroxide per a tom of zinc. Therefore, 
we can estimate the chemical formula of the hydrolyzed 
species at this point to be Zn(OH)1#5(SO4)0#25

7) by 

assuming that the sulfate ion is coprecipitated. In 
the case of the mixed solution of zinc (I I) and iron (I I) 
sulfates, as seen by curve G (Fig. 3), the conversion 
reaction of the basic zinc (II) sulfate into Z n ( O H ) 2 

occurs also at p H around 8.3 (region c'—d' in curve G). 
Thus , a t p H 8.0 where the depression of the Zn-

bearing spinel ferrite formation is restored, the basic 
zinc (II) sulfate is precipitated in the suspension before 
air oxidation. 

T h e authors wish to express their thanks to Drs. 
Masanori Abe and Tadashi Sugihara of Tokyo Insti­
tute of Technology for the measurement of the 
Mössbauer spectra and for helpful discussions. 
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Oxidation-Reduction Properties of Mixed Oxides in the 
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The formation and the oxidation-reduction properties of mixed oxides in the Ge-U-O ternary system were 
examined by means of thermogravimetry and the X-ray diffraction technique. The mixed oxides were pre­
pared by the reactions of Ge02 with U 3 0 8 in air and in hydrogen. The composition of the products heated in 
air, followed by slow cooling to room temperature, was approximately expressed by this equation: j>Ce02+ 
(1—J>)U02.67. By X-ray diffraction, it was shown that the oxides formed at 1100 °G in air were mixtures of 
Ce0.6U0.4O2.3 and a-U308 in the j><0.6 range, while they were in single phases of solid solutions for j>>0.6. 
When the mixed oxides, M02+XJ where M indicates yCe-\-(l—y)\J, were re-heated in air, weight loss due to 
oxygen liberation was observed above 500 °G, and it was enhanced with a rise in the température. Thé hydro­
gen reduction of the oxides proceeded in two steps ; the first step was the reduction of M 0 2 + x to M 0 2 below 600 
°G, and the second one was the reduction of M 0 2 to M 0 2 - x above 600 °G. The composition of the oxides ob­
tained can be given by this equation: yCe01.nr\-(l—y)U02.oo. Two separate linear relationships for the lattice 
parameter of the fluorite-type structure as a function of the cerium content were obtained; one is applicable to 
the solid solutions with y< 0.6, where the lattice parameter is nearly that of U 0 2 , and the other to the solid solu­
tions with y> 0.4. The latter obeys Vegard's law between U 0 2 and Ge02 . The oxides with y=0.4—0.6 were 
in the two-phase region of the solid solutions. 

In the cerium-uranium-oxygen system, it has been 
shown that there exists a homogeneous region of the 
solid solution with a fluorite structure. Several work­
ers1-8) have investigated its composition range, lattice 
parameter, and thermodynamic properties. A phase 
diagram of the system at 900 °G was first drawn by Hoch 
and Furman4) from the data of Hund1) and the results 
of their own quenching experiments. Later, Markin 
et al.5) constructed a phase diagram between U 0 2 -
U 3 0 8 and CeOo-CeOi 81 for temperatures between 
room temperature and 600 °G using the results ob­
tained by the high temperature X-ray diffraction tech­
nique. In spite of their experiments, however, the 
literature data on the phase relations and the chemical 
properties seem still to be incomplete. 

Cerium is produced in nuclear fuels as one of the 
fission products of high yields. The knowledge of 
the G e - U - O ternary system is, therefore, of basic 
importance for investigating the irradiation behavior 
of uranium dioxide fuel in connection with the changes 
in the phase relations and in the thermodynamic 
properties caused by accumulated fission products. In 
addition, cerium is often used in simulation studies 
of plutonium, a promised fissile material in fast breeder 
reactor, because of their similar chemical and/or ther­
modynamic behavior. Therefore, the investigation of 
this ternary system would contribute to our knowledge 
of the phase behavior of the P u - U - O system, too. 
The physical and chemical properties as well as the 
phase relations of the G e - U - O system have, never­
theless, not been systematically studied. In the present 
experiment, we investigated the formation and the 
oxidation-reduction properties of the mixed oxide of 
the G e - U - O ternary system by means of thermo-
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and Technology, Yokohama National University, Tokiwadai, 
Hodogaya-ku, Yokohama 240. 

tt Department of Chemistry, Tokyo Gakugei University 
Nukuikita, Koganei, Tokyo 184. 

gravimetry and the X-ray diffraction technique. The 
literature data on the lattice parameter, which were 
rather scattered, were also re-examined. 

Exper imenta l 

Materials. Ge0 2 of a 99.99% purity was provided 
by the Shin-etsu Chemical Co. Ltd. The oxide was heated 
at 1000 °C in air for 3 h before use. U 3 0 8 was prepared 
by heating ammonium diuranate at 900 °C in air for 24 h. 
Both compounds were weighed so that the cerium contents 
were 0.10, 0.20, 0.27, 0.40, 0.50, 0.60, and 0.80 atom % 
in the respective mixtures. Mixing was done in an agate 
mortar, and the mixtures were compacted at 3 X 108 Pa 
into cylindrical pellets 10 mm in diameter and about 2 
mm thick. The weight of each pellet was about 800 mg. 

Apparatus and Procedures. The experiments were main­
ly carried out by the use of the thermogravimetric technique. 
The apparatus consists of a Cahn Model-RH electrobalance, 
a pressure-measurement system, a gas-supply system, and 
vacuum pumps. The balance was adjusted so as to have 
a maximum weight change of 500 mg and a sensitivity of 
0.01 mg. A fused quartz crucible, 20 mm in height and 
18 mm in outer diameter, was suspended from the balance. 
Then, a quartz reaction tube, 26 mm in outer diameter 
and 310 mm in length, was connected to the vessel contain­
ing the balance. After the reaction system had been evacu­
ated to 10_1Pa, the sample was weighed. The system 
was then filled with air (or hydrogen in the reduction ex­
periments) and the temperature was raised. Hydrogen 
from the cylinder was used after having been purified by 
passage through palladium asbestos heated at 300 °C and 
through a liquid-nitrogen trap. The weight change due 
to buoyancy and convection was corrected by using a plat­
inum wire. The sample was weighed again in a vacuum 
after the reaction. 

The temperature of the sample was measured with a 
Pt/Pt-f-13%Rh thermocouple placed close to the crucible 
inside the reaction tube. The furnace temperature was 
automatically controlled so as to be raised at a constant 
heating rate or to be held at a desired point. The experi­
ments were made at the heating rate of 2 °C/min. 
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X-Rqy Analysis. The samples were finely ground, 
loaded into capillaries, and then vacuum-sealed. The X-
ray photographs were obtained with a Norelco 114.6 mm 
camera using nickel-filtered Gu Koc radiation. The lattice 
parameters were obtained by least-squares calculations for 
the diffraction lines at higher angles. 

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

Formation of Mixed Oxides in Air. T h e reaction 
of C e 0 2 with U 3 0 8 was examined by heating mixture 
pellets with various cerium contents from room tem­
perature to 1100 °C in air. After the temperature had 
been raised to 1100°C, the sample was held at that 
temperature for 3 h ; then it was slowly cooled. When 
heated in air, U 3 0 8 began to lose oxygen at about 
890 °G, and the O / U ratio was lowered from 2.667 
to 2.653 at 1100°C. O n the other hand, the weight 
loss of C e 0 2 was not observed up to 1100 °G. For 
the mixtures of C e 0 2 and U 3 0 8 , it was found that 
the weight loss occurred at slightly lower temperatures 
than that of U 3 0 8 in any mixing ratio. The weight 
loss at high temperatures was augmented by y, which 
suggests a reaction between CeO a and U 3 0 8 , the 
mixed oxide thus formed being oxygen-deficient com­
pared with the initial bulk composition of the sum of 
j>Ce0 2 + ((1 —J>)/3)U308. While the sample was held at 
1100 °G for 3 h, the O / M ratio decreased slightly 
with t ime; here, M indicates yCe+(\—y)XJ. The X-
ray patterns of these oxides showed that the products 
were mixtures of a-U 3 O g and solid solution for y= 
0—0.5, and homogeneous solid solutions for jy>0.6. 

Formation of Mixed Oxides in Hydrogen. The re­
duction of U 3 0 8 with hydrogen began at about 330 °G 
and finished at 630 °G. The product was U 0 2 000. 
O n the other hand, the reduction of G e 0 2 with hy­
drogen began at 550 °G, and then the O/Ge atom 
ratio gradually decreased with an increase in the 
temperature. The O/Ce ratio was 1.815 at 1000 °G, 
and it was hardly changed even after the sample 
was kept at that temperature for 3 h. As for the 
mixtures of G e 0 2 and U 3 0 8 , the weight loss began 
at about 330 °G, the initiation temperature of the 
reduction of U 3 0 8 , for any mixing ratio. When the 
sample was heated further, a plateau appeared on 
the T G curve around the O / M ratio of 2.02 at tem­
peratures between 600 and 650 °G. Above 650 °G 
the O / M ratio was seen to decrease again with in­
creasing temperature. This reaction behavior of the 
G e 0 2 and U 3 0 8 mixtures in hydrogen atmosphere 
is very similar to that of the solid solution, as will 
be stated below. 

Hydrogen Reduction of the Mixed Oxides Prepared in 
Air. Typical T G curves for the reduction of 
U 3 0 8 , G e 0 2 , and the mixed oxides are shown in Fig. 
1. The mixed oxides were prepared by heating mix­
tures of 0 e O 2 and U 3 0 8 at 1100 °G for 3 h in air. 
As may be seen in the figure, the mixed oxides were 
reduced to an O / M ratio of nearly two by heating up 
to 600 °G. Then, the plateau appeared in the tem­
perature range between 600 and 650 °G, after which 
the specimens were again reduced, but at slower rates. 
From this fact, it is deduced that the oxides with O / M 

2.8 

200 400 600 800 

Temperature ,°C 

1000 1200 

Fig. 1. TG curves for reduction of the mixed oxides 
M0 2 + a ; in hydrogen atmosphere. 
Heating rate: 2 °G/min, y: Ce/(Ce+U) ratio. 

> 2 are reduced more easily than those with 0 / M < 2 . 
This is related to the thermodynamic properties of 
the solid solution. Thermodynamic studies of 
M 0 2 ± j 4 , 6 ) show that the curve of the partial molar 

Gibbs energy of oxygen, AGo2(M02±a;), against x for 
any y value changes from a large negative value at 
0 / M < 2 to a small negative value at 0 / M > 2 in a 

sigmoid shape. The large change in AGo2 occurs in 
the vicinity of the stoichiometric composition, O / M « 2 . 
As the Gibbs energy of formation of water, A G ° f ( H 2 0 ) , 

is close to A G ' O 2 ( M O Ä 2 ) at temperatures from 600 to 
1000 °G, it is reasonable to suppose that the solid solu­
tion is readily reduced with hydrogen to the com­
position with O / M « 2 . T h e reduction of the solid 
solution proceeds by removing the produced water 
vapor. 

T h e X-ray pat tern of the product showed that it 
was a two-phase mixture with the fluorite-type struc­
ture for 0 .4< j ;<0 .6 , and a single-phase product with 
the fluorite-type structure for j ; < 0 . 3 and j ; > 0 . 6 . The 
O / M ratio and the lattice parameter of the mixed 
oxide thus formed are shown in Table 1. 

Air Oxidation of the Mixed Oxides Prepared in Hydrogen. 
Figure 2 shows some typical T G curves for the oxida­
tion of the mixed oxides in air. The mixed oxides 
used here were prepared by reducing mixtures of 
G e 0 2 and U 3 0 8 with hydrogen in situ in a quartz 
crucible at 1000 °G for 3 h. In a series of experiments 
to check the completeness of mixing, the reduced 
pellets were crushed, intimately mixed, and then re-
compacted into pellets which were used for oxidation. 
When air was re-introduced into the reaction vessel 
after evacuation, the sample was slowly oxidized to 
the O / M ratio of nearly two even at room tempera­
ture. This oxidation reaction was accelerated by heat­
ing. For the oxidation of U 0 2 , the formation of 
U 3 0 7 as the intermediate phase was seen on the T G 
curve. This bend was observed in the oxides of j ; = 
0.1—0.4. Every T G curve for the oxidation of M 0 2 _ x 
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TABLE 1. COMPOSITIONS, PHASES, AND LATTICE PARAMETERS OF THE MIXED OXIDES 

y 

0 

0.10 
0.20 
0.27 
0.40 

0.50 

0.60 

0.80 
1 

Oxidized in air at 

O/M ratio 

2.667 

2.594 
2.533 
2.479 
2.379 

2.320 

2.24 

2.115 
2.000 

Phase 

a-U308 

a-U308-j-s.s. 
a-U308 +s.s. 
a-U308 +s.s. 
a-U308 + s.s. 

a-U308-fs.s. 

fee 

fee 
Ge02 

1100 e G 

Lattice 
parameter/Â 

a. 
b 
c 

-6.7313 
= 11.958 
= 4.1451 

5.433 
5.428 
5.424 
5.423 

5.423 

5.4269 

5.4192 
5.4111 

Reduced 

O/M ratio 

2.000 

1.981 
1.982 

1.945 

1.914 

1.899 

1.857 
1.815 

in hydrogen at 

Phase 

uo2 

fee 
fee 

fee 

fee 

fee 

fee 
G e O ^ 

1000 °G 

Lattice 
parameter/Â 

5.4700 

5.4701 
5.4696 

5.4675 (strong) 
5.44—5.45(weak) 
5.4683 (strong) 
5.4412 (weak) 
5.4646 (weak) 
5.4372 (strong) 
5.4237 

2.8 

2.6h 

2.4 h 

2,2 

2.0 

1.8 

Y 

h 

i 

w 
j 

Y=0 

/ . 0.2 

Ji-" ^- — _ 0.4 

fr~^—^~l 
J/y -s--8— -

] 1 ! Î ! 1 
0 200 4 0 0 6 0 0 800 

Temperature, °C 

1000 1200 

Fig. 2. TG curves for oxidation of the mixed oixdes 
M 0 2 _ x in air. 
Heating rate: 2 °G/min, y: Ce/(Ce + U) ratio. 

showed a maximum of the O / M ratio at temperatures 
between 450 and 500 °G. Above 500 °G, the oxides 
began to lose their oxygen. T h e decrease in the O / M 
ratio was enhanced with a rise in the temperature. 
When the oxides were cooled from higher tempera­
tures than the temperature giving the maximum O / M 
ratio, the O / M value increased on the line of the 
heating process up to the maximum O / M ratio, and 
the value was maintained unchanged on a further 
lowering of the temperature. 

The X-ray pattern of the product revealed that it 
was a mixture of a -U 3 O g and the solid solution for 
y<0.5, and was in the single phase of the solid solution 
for j ; > 0 . 6 . For the product of the y values between 
0.1 and 0.5, the X-ray intensity of the diffracted oc-
U 3 0 8 lines was weakened with the increase in the 
cerium content. Although the U 3 0 8 phase which was 
formed accompanying the solid solution has been re­
ported to be in the ß modification,7) it was identified 
as a - U 3 0 8 by the present analysis of the X-ray patterns. 
The O / M ratio, phase, and lattice parameter for the 
product slowly cooled from 1100°C in air are shown 

Ce/(Ce+U), atom ratio 

Fig. 3. Variation of the O/M atom ratio of the mixed 
oxides as a function of cerium concentration. 
# : Two-phase mixture below 500 °G in air, O : 
single phase below 500 °G in air, • : O/M ratio of 
the mixed oxides at 900 °G in air,' O : O/M ratio of 
the mixed oxides at 1100°G in air, A : single phase 
in hydrogen, A : two-phase mixture in hydrogen. 

in Table 1. I t may be seen that the lattice parameter 
of the cubic fluorite phase remains constant regardless 
of the cerium content between y=0.1 and 0.5. The 
products of y=0.6 and 0.8 were found to be in a single 
phase with the fluorite-type structure, and their lattice 
parameters were lowered with an increase in the 
cerium content. 

Valence State of Uranium and Cerium in the Mixed Oxides. 
Figure 3 shows the O / M ratio vs. Ge/M ratio for the 
samples prepared under various reaction conditions. 
The straight line connecting the circles represents the 
O / M ratio of the oxides heated in air at 1100 °G, fol­
lowed by annealing to room temperature. The open 
circles indicate a single phase, and the filled circles, 
a two-phase mixture. The other marks represent the 
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O / M ratio of the samples heated at 900 and 1100 °G 
in air. The figure shows that the mixed oxide pre­
pared in air is the single phase with a fluorite structure 
at least below the O / M ratio of 2.24. In the U - O 
system, the phase diagram shows that the composition 
range of the fluorite phase extends to O / U = 2 . 2 5 . 
The O / M ratios of the samples which were obtained 
by reducing the mixed oxides in a hydrogen atmosphere 
at 1000 °G for 3 h and then slowly cooling them to 
room temperature are indicated by A and A in the 
same figure, where open and filled marks indicate 
single-phase and two-phase, respectively. All the ox­
ides prepared in hydrogen had the fluorite structure. 
The oxides for y=0A—0.6 consisted of two phases 
with different lattice parameters. The O/Ge atom 
ratio of the cerium oxide reduced by hydrogen was 
1.815, the same as the ratio reported by Markin et al.5) 

For the mixed oxides prepared in air, the O / M 
ratios of the oxides below 500 °G decrease nearly 
linearly from 2.667 of U 3 0 8 at y=0 to 2.00 of G e 0 2 

at y=l. This shows that the mean valence state of 
uranium, + 5 . 3 3 , is not varied by the dissolution of 
cerium. O n the other hand, the O / M ratios of the 
oxides at 900 and 1100 °G in air are lower than those 
of the oxides cooled to room temperature. For ex­
ample, the O / M ratios of the mixed oxides at 900 °G 
are 2.18 for y=0.6 and 2.07 for y=0.S, the mean 
valence states of uranium being + 4 . 9 and + 4 . 7 
respectively, if cerium is regarded as in the + 4 state. 

The tendency for the valence state of uranium not 
to vary or, rather, to be diminished, by the addition 
or cerium is obviously different from the case of the 
S r - U - O system.9) In this system, the valence state 
of uranium was raised from + 5 . 3 3 of U 3 0 8 to + 6 . 0 0 
of S r 2 UO s with an increase in the content of strontium. 

For the mixed oxides prepared in hydrogen, MOa-^., 
the O / M ratio decreases nearly linearly from 2.00 
at y=0 to 1.815 at y=l. This fact shows that the 
valence state of uranium is + 4 and that of cerium 
is + 3 . 6 3 , neither of which is varied by the Ge/U atom 
ratio. 

Lattice Parameters of the Mixed Oxides. The lattice 
parameters of the mixed oxides prepared in air and 
in hydrogen are plotted as functions of the cerium 
content in Fig. 4, together with the data from the 
literature.1-5 '7) 

The oxide prepared at 1100 °G in air is two-phase 
mixture for j ; < 0 . 6 . The constant lattice parameter, 
5.426 Â, though scattered, indicates that the mixed 
oxide is in two phases, Ge0.6U0 4 0 2 3 + a - U 3 0 8 . The 
composition of Ge0 6U 0 4 0 2 . 3 was obtained from Fig. 
3 using the intersection between the lattice parameter 
in the two-phase region of j ; < 0 . 6 , 5.426 Â, and the 
straight line in the single-phase region of j ; > 0 . 6 . The 
lattice parameter of the mixed oxide with j ; > 0 . 6 de­
creases with an increase in the cerium content. 

The lattice parameter in the two-phase region of 
the mixed oxides prepared in air has been determined 
by many workers.1-5 '7) Although their results are not 
in complete agreement, it has been found that the 
lattice parameter has a tendency to increase with a 
decrease in the y value. O n the other hand, the y 
value at the phase limit of the fluorite solid solution, 

5.50i 

5.49 

5.48 

o < 
5.47 

£ 
E 
2 

Vegard's law (UOg-CeOj.e^] 
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0.2 0.4 0.6 0.8 
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Fig. 4. Lattice parameter of the mixed oxides. 
• : Hund et al,1) O: Rüdorff and Valet,2) X: 
Zuromsky and Chernock,3) V , T : Hoch and Furman,4> 
0 , 1 : Markin et al.,5) A : Paul,7) 0 , # : Present 
work. Open marks and X show the oxides heated 
in air and filled marks show the oxides heated in 
hydrogen. 

as seen in Paul's results,7) decreases with a rise in the 
firing temperature. T h e lattice parameter value is 
also varied by the cooling conditions; the value of 
a quenched sample is larger than that of an annealed 
one. The difference in the lattice parameters in the 
literature, therefore, may be caused by the heating 
and cooling conditions. 

The reported values1»3'7) of lattice parameters in 
the single-phase region are all in agreement. It is 
found that the lattice parameter varies linearly a-
gainst the cerium concentration, except for the results 
by H u n d et al.1) If the line of the lattice parameter 
vs. C e / ( C e + U ) atom ratio is extraporated to y=0, 
as Rüdorff and Valet2) have done, 5.451 Â is obtained 
as the lattice parameter of the cubic uranium oxide. 
This value is found in the nonstoichiometric region 
of U 4 0 9 the mother structure of which is the fluorite. 
If the relationship between the lattice parameter and 
the O / U ratio in U 4 0 9 obtained by Lynds et al.10) 
is applied, the O / U ratio of the extrapolated uranium 
oxide becomes 2.18. Markin et al.5) obtained oxides 
with the fluorite-type or U 4 0 9 - type cubic structure 
by the partial oxidation of hypostoichiometric oxides, 
M 0 2 _ Ä , to M 0 2 25 for y<0A; their lattice parameters 
are placed on the broken line. 

The variation in the lattice parameter of the solid 
solutions prepared in hydrogen can be shown by two 
separate lines. One is the line for j ; < 0 . 6 , with a 
lower gradient, while the other is the line for y>0A, 
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which follows Vegard's law connecting 5.4700 Â of 
U 0 2 and the 5.4111 Â of C e 0 2 . The oxides for y= 
0.4—0.6 are two-phase mixtures of fluorite structures 
with different lattice parameters. Markin et al.5) have 
reported that a two-phase mixture was formed by 
the phase separation during very slow cooling to room 
temperature. The lower lattice-parameter values obey 
Vegard's law. Therefore, it is considered that the 
oxides with these smaller values correspond to the 
hypostoichiometric oxides M 0 2 . x formed between U 0 2 

and Gz02_x', where 2—x' is probably much smaller 
than 1.815. 

The larger lattice-parameter values at j ; < 0 . 6 ob­
tained in the present work are in agreement with those 
by Hoch et al.*) These values are close to the lattice 
parameter of U 0 2 . O n the other hand, the X-ray 
pattern of CeC^ 815 showed the single phase of the 
fluorite structure with the lattice parameter of 5.4111 
Â. The phase diagram of the cerium-oxygen sys­
tem1 1 - 1 4) shows that there is a miscibility gap between 
C e 0 2 and Ge1 1O2 0(GeO1 8 1 8 ) . Although CeC^ 815 has 
a rhombohedral structure, the psudocubic lattice para­
meter calculated from the volume of the rhombohedral 
cell by Brauer and Gingerich12) and by Ray et al.1*) 
is 5.497 Â. The lattice parameters in the present work 
are lower than the line of Vegard's law connecting 
U 0 2 and Ce0 1 > 8 1 5 , while the data reported by Markin 
et al.5) are above that line. If our lattice parameters 
are extrapolated t o j ; = l , 5.467 Â is obtained, which 
corresponds to the Ge0 1 # 8 8 of Ray's data.14) 
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The extraction equilibria and the fundamental conditions were studied for extracting the tungsten (VI)-
Pyrocatechol Violet complex anion in a form of an ionic associate with tridodecylethylammonium salt in carbon 
tetrachloride. The ternary complex has an absorption maxima at 575 nm in the organic phase. The optimum 
pH range for the extraction is 4.8—5.6. The distribution ratio and the molar absorptivity are 3.3 X 102 and 4.7 X 
104 dm3 mol - 1 cm - 1 respectively. The composition of the ternary complex is estimated to be W02(PV)a(R3R /N)2 . 
The extraction constant would be: 

[WQ2(PV)2(R3R-N)2]0 
ex [W02(PV)2

2-][R3R'N+]2 " 
It is given by log Ke^= 13.56. Many foreign cations can be masked with GyDTA. 

The extraction of metal complex anions with qua­
ternary ammonium salts has been successively studied 
by many workers. Vanadium-4-(2-Pyridylazo)re-
sorcinol,1) cobalt-4-(2-thiazolylazo)resorcinol,2) i ron-
Pyrogallol Red,3) copper-2-nitroso-1 -naphthol-4-sul-
fonic acid,4) and magnesium-Xylidyl Blue I5) com­
plexes have been extracted in the form of the ionic 
associates with zephiramine. Plutonium-Xylenol 
Orange,6) cadmium-8-hydroxyquinoline-5-sulfonic 
acid,7) zinc-thiocyanate,8) and chlorides of many 
metals9) have also been extracted with Aliquat 336 
(trioctylmethylammonium chloride) in the last two 
years. Besides, the extraction of metal-pyrocatechol 
violet (PV) complexes with tridodecylethylammonium 
bromide (TDEABr) has. been studied for extracting 
copper,10) tin,11) aluminium,12) zirconium,13) niobium,14) 
and iron.15) Tungsten(VI) , as well, is known to react 
with PV to form a complex, and the absorbance is 
intensified in the presence of the 1-hexadecylpyridi-
nium cation.6) Kohara1 7) extracted the tungsten ( V I ) -
PV complex in a form of an ionic associate with zephira­
mine from a 0.6—0.9 mol d m - 3 hydrochloric acid solu­
tion, but the extraction equilibria have not been studied 
sufficiently. The tungsten (VI ) - P V complex has also 
been extracted with TDEABr in carbon tetrachloride 
at about p H 5 from a solution containing CyDTA. 
This extraction system is expected to be selective and 
sensitive for the spectrophotometric determination of 
tungsten. In this paper, the extraction equilibria and 
the fundamental conditions will be discussed for ex­
tracting the tungsten(VI)-PV complex with TDEABr. 

Exper imenta l 

Reagent. A 2.5 X 10~3 mol dm - 3 tungsten(VI) solu­
tion was prepared by dissolving a definite amount of sodium 
tungstate in a 0.1 mol dm - 3 . sodium hydroxide solution. 
The solution was diluted as required. A 1 X 10~3 mol dm - 3 

PV solution was prepared by dissolving the Dotite PV in 
de-ionized water without further purification. TDEABr 
was prepared by the method described in a,previous work.15) 
A 5 x 10~3 mol dm - 3 TDEABr solution was prepared by 
dissolving TDEABr in purified carbon tetrachloride. A 
2 mol dm - 3 sodium acetate solution was used as a buffer 
solution. All the other chemicals used were of a guaranteed 
reagent quality. 

Apparatus. A Hitachi 101 spectrophotometer, a 
Hitachi 200-20 UV-vis. recording spectrophotometer, and 
a Hitachi Horiba F-7 pH meter were employed. 

Standard Procedure. Up to 20 [Lg of tungsten(VI), a 
definite amount of 1 mol dm - 3 sulfuric acid, and 2 cm3 

of a 1 X 10~3 mol dm - 3 PV solution were mixed in a 100-
cm3 polypropylene beaker. The pH of the solution was 
adjusted to 5 by the addition of 2 cm3 of a 2 mol dm - 3 sodium 
acetate solution, after which the solution was diluted to 
20 cm3 with deionized water. The solution was transferred 
into a 35-cm3 test tube, and 5 cm3 of 5 X 10 -3 mol dm~3 

TDEABr in carbon tetrachloride were added. The ex­
traction was carried out for 5 min by turning the test tube 
upside down twice every 5 s. After the phase separation, 
the organic phase was taken out and centrifuged for 2 min 
at 3000 min -1. The absorbance of the extract at 575 nm 
was measured against the reagent blank. 

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

Absorption Spectra. T h e absorption spectra of the 
ternary complex extracted into carbon tetrachloride 
and of the tungsten ( V I ) - P V complex anion in an 
aqueous solution, and also the absorption spectra of 
the respective blank solutions, are shown in Fig. 1. 
The ternary complex and the tungsten (I V ) - P V com­
plex anion have absorption maxima at 575 nm and 
538 nm respectively. As compared with the corre­
sponding absorption maxima of the complex anion, 
that of the ternary complex is shifted toward wave­
lengths longer by 37 nm. 

Effect of pH. The aqueous solution containing 
tungsten(VI) and PV was adjusted to various p H 
values with the sodium acetate buffer solution, and 
the extraction was carried out by the above procedure. 
The results are shown in Fig. 2. The maximum ex­
traction of the ternary complex is reached in the p H 
range of 4.8 to 5.6. The extract was stable for at 
least 1 h. PV itself is readily extracted from an aque­
ous solution. 

Organic Solvents. Several kinds of organic sol­
vents were tested in order to achieve a quantitative 
extraction of the tungsten (VI ) - P V complex anion with 
TDEABr. The ternary complex is extracted in such 
solvents as carbon tetrachloride, xylene, butyl acetate, 
and chloroform. The absorbance of the extract was 
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Fig. 1. Absorption spectra of the W-PV-TDEA in 
carbon tetrachloride and the W-PV complexes in 
aqueous solution. 
pH=5.0 , Faq = 20cm3, V0 = 5 cm3, [TDEABr]0 = 
5 x l 0 - 3 m o l d m - 3 . (1): W-PV-TDEA in carbon 
tetrachloride [W]=2.5X 10-6moldm-3, (2): W-PV in 
aq. soin. [W] = 1 X 10~5 mol dm~3, (3): PV-TDEA 
in carbon tetrachloride [PV] = 5 X 10~6 mol dm"3, 
in carbon tetrachloride [PV] = 5 x 10~6 mol dm"3, (4): 
PV in aq soin. [PV] = 2 X 10~5 mol dm"3. 

Fig. 2. Effect of pH on the extraction of the W-PV-
TDEA complex. 
[W] = 2.5 X 10-6 mol dm-3, [PV]= 1.25 x 10~4 mol 
dm-3, [TDEABr]0 = 5 X 10~3 mol dm-3, 575 nm. (1) : 
W-PV-TDEA, (2): PV-TDEA. 

maximal when carbon tetrachloride was used. 
The Effect of the Reagent Concentration. T h e ex­

traction of tungsten (VI) from an aqueous solution con­
taining PV in various concentrations was examined. 
The opt imum concentration range of PV is from 
8 x l 0 - 5 m o l d m - 3 to 1.5 X 10~4 mol dm" 3 . T h e con­
centration of TDEABr in the organic phase was varied 
from 1 X 10"4 mol d m " 3 to 5 X 10"3 mol dm" 3 . T h e ab -
sorbance of the extract was found to be constant in 
the concentration range from 9 X 10~4 mol d m - 3 to 
5 x 10 _ 3 mol d m - 3 . 

Extractability and Molar Absorptivity. An aqueous 
solution of 20 cm3 containing 18.4 (xg of tungsten(VI) 
and PV was shaken with 5 cm3 of 5 X 10~3 mol d m - 3 

TDEABr in carbon tetrachloride under the opt imum 
conditions. Extraction was repeated for the remaining 
aqueous phase after the separation of the extract. 
The extractability of the tungsten (VI) was calculated 
from the absorbances of the extracts. I t was found 

0.2 0A 0.6 0.8 

(W]/([W)+[PVJ) 

1.0 

Fig. 3. Continuous variation method applied to the 
W-PV-TDEA and the W-PV complexes (W:PV). 
(1): W-PV-TDEA; [W] + [PV] = 5 x 10~5 mol dm~3, 
[TDEABr]0 = 5 X 10~3 mol dm"3 pH=5.0, 575 nm, 
(2): W-PV; [W]-f[PV] = 2x 10~4 mol-dm-3, p H = 
5.0, 540 nm 

0.4 0.6 0.8 

W/(W+TDEA) 

Fig. 4. Continuous variation method applied to the 
W-PV-TDEA complex (W:TDEA). 
W-PV+TDEA=1.5x lO- 6 mol , pH=5.0, (1): 575 
nm, (2): 610 nm, (3): 650 nm. 

that 98 .8% of the tungsten(VI) was extracted by a 
single extraction. The distribution ratio and the molar 
absorptivity were 3.3 X 102 and 4.7 x 104 dm 3 m o l - 1 

c m - 1 , respectively. A calibration curve for the de­
termination of the tungsten (VI) was made under the 
opt imum conditions. A good linear relationship was 
obtained over the concentration range from 1 \xg to 
20 (xg of tungsten (VI) per 5 cm3 of carbon tetrachloride. 
The coefficient of the variation in ten measurements 
was 2 .4%. 

The Composition of the Ternary Complex. Using 
the continuous-variation method, the mole ratio of 
tungsten : PV of the ternary complex and of the tung­
sten ( V I ) - P V complex anion were found to be 1:2 
and 1: 1 respectively, as is shown in Fig. 3. The 
mole ratio of tungsten: T D E A was found to be 1:2, 
as is shown in Fig. 4. Thus, the composition of the 
ternary complex was estimated to be W 0 2 ( P V ) 2 -
(R 3 R'N) 2 . 

Extraction Constant. When the ionic associate of 
the tungs ten(VI)-PV complex anion with the T D E A 
cation is extracted in the organic phase, the equation 
representing the extraction equilibria will be : 

W02(PV)2
2- + 2R3RrN+ = WO2(PV)2(R3R'N)2(0). (1) 
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The extraction constant, Kex, is given by: 

_ [W02(PV)2(R3R'N)2]0 
(2) 

TABLE 2. EFFECTS OF DIVERSE IONS ON THE 

DETERMINATION OF TUNGSTEN ( V I ) 

[W02(PV)22-][R3R'N+]2 ' 

where the subscript o denotes the organic phase. 
The direct determination of each of the component 

concentrations in Eq. 1 is a difficult problem, because 
the pure ternary complex can not easily be prepared. 
The extraction constant, Kex, can, however, be de­
termined by the indirect method, in which the ex­
traction equilibria of the tungsten (VI ) - P V complex 
anion with tridodecylethylammonium 2-naphthalene-
sulfonate is employed. T h e corresponding equilibria 
are written as follows: 

W02(PV)î- + 2R3R ,N.NS ( o ) 

= W02(PV)2(R3R'N)2 ( o ) + 2NS- . 

The equilibrium constant for Eq. 3 is: 

(3) 

Ions 

— 
Be2+ 
Mo (VI) 
Th4+ 
U(VI) 
V(V) 
I -
SCN-
cio4-
Gitrate 
EDTA 

Amount added 
mg 

— 
0.1 
0.1 
0.1 
0.1 
0.1 

10 
10 
10 
10 
10 

Tungsten (VI) 
found/pig 

9.2 
7.9 

18.9 
10.4 
10.5 
11.6 
3.8 
3.0 
0.6 
0.9 
1.0 

Error 
% 

0 
- 1 4 

+ 105 
+ 13 
+ 14 
+ 26 
- 5 9 
- 6 7 
- 9 3 
- 9 0 
- 8 9 

K = 
[W02(PV)2(R3R'N)2]0[NS-]2 

(4) 
[W02(PV)2

2-][R3R'N.NS]02 ' 

where NS denotes 2-naphthalenesulfonate. 
The extraction equilibria of tridodecylethylammonium 
2-naphthalenesulfonate may be represented as follows: 

NS- + R3R'N+ = R3R'N.NS ( o ) . (5) 

The extraction constant for Eq. 5 is: 

[R3R'N.NS]0 
K 'ex = (6) [NS-][R3R'N+] * 

Thus, Kex, is given by: 

Kn = Kx(K\J*. (7) 

The concentration of the W 0 2 ( P V ) 2 ( R 3 R ' N ) 2 ( o ) spe­
cies in Eq. 3 was determined spectrophotometrically 
as a function of [ N S - ] , and the value of K was calcu­
lated from Eq. 4. The extraction constant, K' ex, in References 

log J C „ = 13.56. 
Effect of Foreign Ions. The effect of foreign ions 

on the determination of 9.2 ptg tungsten(VI) was ex­
amined upon the addition of 2 cm 3 of 0.05 mol d m - 3 

CyDTA as a masking agent. Portions (0.1 mg) of 
aluminium, antimony, bismuth, cadmium, cobalt, chro­
mium, copper, gallium, indium, iron, lanthanum, lead, 
magnesium, manganese, mercury, nickel, tin, and zinc 
did not interfere, but beryllium, molybdenum, thorium, 
uranium, and vanadium interfered considerably with 
the determination of the tungsten(VI). Of the anions 
tested, 10-mg portions of iodide, thiocyanate, and Per­
chlorate interfered seriously, giving negative errors. 
Chelating agents, such as E D T A and citrate, also 
interfered. The main interfering ions are shown in 
Table 2. 

Eq. 6 was also determined by the analogous method 
from the extraction equilibria between R 3 R ' N - N S in 
CC14 and the PV anion, the extraction constant of 
which had already been known. Table 1 shows the 
value of log Kex calculated from Eq. 7. It is given by 

TABLE 1. EQUILIBRIUM EXTRACTION DATA FOR 

WOa(PV)J- WITH R3R'N+ IN CARBON 
TETRACHLORIDE AT 2 5 °G 

(7=0.005 in an acetate solution and Na2S04 solution) 
pH = 5.0 in an acetate buffer solution (2 .0x l0 _ 3 mol 
dm-3), [W] = 2.5 x 10-6 mol dm-3, [PV] = 1.25 X 10~4 

mol dm-3, [TDEABr]0 = 5 x 10-3 mol dm~3, Faq = 20 cm3, 
V0 = 5 cm3. 

[NS-]/10-3moldm-3 log # e x 

2.5 
5.0 
7.5 

10 
12.5 

13.50 
13.59 
13.56 
13.59 
13.54 

log/C e x= 13.56 

All the concentrations in Table 1 show the initial 
concentrations. 
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The Coordination of the Perchlorate Ion. I. The Crystal and Molecular 
Structure of Bis(perchlorato)bis(pyrazine-2,3-dicarboxamide)copper(II) 

Masao SEKIZAKI 

College of Liberal Arts, Kanazawa University, Marunouchi, Kanazawa 920 
(Received April 9, 1980) 

Bis(perchlorato)bis(pyrazine-2,3-dicarboxamide)copper(II) has been prepared, and its crystal and mo­
lecular structure has been determined by the X-ray diffraction and the infrared spectroscopic methods. The 
crystals are triclinic with a space group PÏ ; «=10.959(4), 6 = 6.970(3), £=7.666(3) A, a = 116.63(3), £=78.14(5), 
and y=97.27(5)°, and Z = l . The refinement of the crystal structure has been carried out by a block-diagonal 
least-squares method to give R— 0.054 for 1727 non-zero reflections. The complex is centrosymmetric, with the 
two bidentate ligand molecules chelating to the copper atom in trans positions through the amide oxygen and 
pyrazine nitrogen atoms to form a square-plane. The two Perchlorate ions coordinate weakly to the copper 
atom through the oxygen atoms from the top and bottom of this plane; thus, an elongated octahedron is formed. 
The complex molecules are connected to one another by N-O type hydrogen bonds to form a three-dimensional 
network. The infrared spectrum has been compared with that of the chloride complex. The KBr region clearly 
show the symmetry depression of the Perchlorate ion from Td to G3V on coordination. 

I t is well known that a perchlorate ion scarcely 
coordinates to the transition metal ions. However, 
it sometimes acts as a unidentate ligand in the presence 
of organic ligands.1-4) T h e present investigation has 
been carried out in order to ascertain the structure 
and properties of the coordinating perchlorate ion 
in the copper(II) complex of pyrazine-2,3-dicarbox-
amide (abbreviation, pyda) by the spectroscopic and 
crystallographic methods.* 

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

Preparation of the Complexes. Bis (perchlorato) bis (pyra­
zine - 2,3 - dicarboxamide) copper (II), [Cu (CIO J 2 (pyda) 2] : an 
ethanolic solution of 2.5 g of newly prepared Cu(C104)2-
6H 2 0 was added to a hot aqueous solution of 1 g of pyda 
(Aldrich Chem. Co.). The mixture was, then, cooled slowly. 
The deep blue crystals precipitated were washed with 
ethanol. Yield, 1.5 g. Found: Gu, 10.67; N, 18.63; G, 
24.23; H, 2.22%. Galcd for C12H12N8012CuCl2: Gu, 10.68; 
N, 18.84; G, 24.23; H, 2.03%. 

Pyrazine - 2,3 - dicarboxamidecopper(II) Chloride, Cu(pyda) Cl2 : 
Three grams of CuCl2-2H20, dissolved in 200 cm3 of ethanol, 
were quickly added to 50 cm3 of a hot aqueous solution of 
1 g of pyda. After the filtration of the precipitate instan­
taneously formed, the solution was slowly cooled to room 
temperature. The yellowish-green powder thus obtained 
was washed with ethanol. Yield, 1.2 g. Found: Gu, 21.18; 
N, 18.28; G, 23.67; H, 2.24%. Galcd for C6H6N402CuCl2: 
Gu, 21.14; N, 18.64; G, 23.97; H, 2.01%. 

Measurement of the Infrared Spectra. A JASGO DS-
402G spectrometer and a Hitachi EPI-L spectrometer 
were used in the 200—4000 cm - 1 region. The samples 
were suspended in Nujol and HGB mulls. 

Crystallographic Measurement. A crystal of 0.2x0.1x 
0.1 mm was selected. The intensities were measured on 
a Philips PW1100 automatic four-circle diffractometer with 
Gu KOL radiation (A= 1.5418 Â) monochromated by a graphite 
plate. The 6-26 scan technique was used at a scan rate 
of 0.0668°/s in 6, with a scan width of (l.O + O.3tan0)°. The 
intensities of the three reference reflections, monitored every 
2 h, remained constant within the limits of experimental 

* The author has noticed a report on the crystal 
structure of the same complex. Its conclusion is, however, 
different from the present one. The details will be discussed 
later in the present report. 

error during data collection. Of 1803 independent re­
flections measured up to 0=78°, 1727 with |F|>3ö* were 
used for the structure analysis. No corrections were made 
for absorption and extinction effects (jar=0.3). The cell 
dimensions were refined on the diffractometer by a least-
squares method using the 26 values of 25 reflections. 

Crystal Data: Gu(G104)2{G4N2H2(GONH2)2}2. F . W . -
594.73. Triclinic, «-10.959(4), 6 = 6.970(3), c-7.666(3) 
A, a=116.63(3), £=78.14(5), y=97.27(5)°. C/=511.9(3) 
A3. £>x=1.929gcm-3 . Z=\. Space group PI. / /=47 
cm - 1 (Cu Koc radiation, A= 1.5418 A). 

D e t e r m i n a t i o n and R e f i n e m e n t 
o f the Crysta l Structure 

T h e coordinates of the copper and the chlorine 
atoms were determined from a Patterson m a p ; suc­
cessive Fourier syntheses gave the approximate skeletal 
structure. The copper atom occupies the special posi­
tions of the triclinic cell. T h e block-diagonal least-
squares refinement was carried out based on 1727 
non-zero reflections. The atomic scattering factors 
were taken from the International Tables for X-Ray 
Crystallography.5) After several cycles of refinement 
with isotropic temperature factors, the Ä-value be­
came 0.15. Anisotropic temperature factors were, 
then, introduced for all the non-hydrogen atoms. 
The R-value was reduced to 0.058. The hydrogen 
atoms were obtained from the difference-Fourier syn­
thesis. Their positional parameters were refined with 
isotropic temperature factors of 4.0 Â2. The final R-
value was 0.054. 

The final atomic parameters are listed in Table 1. 
A list of the observed and calculated structure am­
plitudes has been deposited with the Chemical Society 
of J a p a n (Document No. 8108). 

T h e refinement of the structure and the drawing 
of thermal ellipsoids were carried out with HBLS-
IV6) and ORTEP 7 ) programs respectively. The other 
calculations were carried out with programs written 
by the author. A F A C O M 230-75 computer at the 
Computat ion Center of Nagoya University and a 
F A C O M M-160 computer at the Data Processing 
Center of Kanazawa University were used. 
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TABLE la. FINAL PARAMETERS OF NON-HYDROGEN ATOMS (xlO4) 

The thermal parameters are in the form : exp [ — (h2ßu -f k2ß22 + l2ßaz + hkß12 -f hlß13 -f klß2Z) ] • 
The estimated standard deviations are in parentheses in this table and the other subsequent tables. 

Atom 

Cu 
CI 
N(l) 
C(2) 
C(3) 
N(4) 

G(5) 
C(6) 
C(7) 
G(8) 
0(7) 
N(7) 
0(8) 
N(8) 
O(l) 
0(2) 
0(3) 
0(4) 

X 

0 
-1786(01) 
1738(03) 
2214(04) 
3425(04) 
4103(04) 
3605(05) 
2400 (05) 
1231(04) 
4117(05) 

167(03) 
1467(04) 
3791(04) 
5094(04) 
-659(05) 
-2497(04) 
-2530(05) 
-1466(05) 

y 

0 
4650 (02) 
1004(06) 
380(07) 
1086(08) 
2343(08) 

2884(10) 
2228(09) 
-979(08) 
653 (09) 

-1139(07) 
-1962(08) 
-816(08) 
1945(08) 
3484(10) 
3960(07) 

4306(08) 
6890(07) 

z 

0 
3544(02) 
341(06) 
1483(07) 
1845(07) 
1052(07) 

-91(09) 
-450(08) 
2198(08) 
3170(08) 
1769(06) 
3178(07) 
3639(07) 
3704(08) 
2847 (09) 
1964(07) 
5167(08) 
4239(07) 

/?n 

41(01) 
48(01) 
24(03) 
31(04) 
26(04) 
34(04) 
43(05) 
43(04) 
34(04) 
31(04) 
28(03) 
43(04) 
52(04) 
41(04) 
89(05) 
92(05) 
102(05) 
142(06) 

/?22 

274(04) 
133(03) 
136(11) 

106(12) 
157(13) 
239(14) 
263(18) 
186(15) 
155(13) 
225(16) 
338(14) 
228(14) 
379(16) 
286(16) 

477 (22) 
256(13) 
364(17) 

172(12) 

ßss 
231(03) 
147(03) 
131(10) 
99(11) 
120(12) 
190(12) 
234(17) 
169(14) 
124(12) 
177(14) 

268(12) 
227(13) 
384(15) 
240(14) 
357(17) 
197(11) 
299(14) 

201(12) 

ßl2 

-37(03) 
-8(03) 
-7(09) 
7(10) 

-4(10) 
-51(11) 

-66(14) 
-25(12) 
-22(11) 
-1(12) 
-76(09) 
-56(11) 

-109(12) 
-64(12) 
269(17) 

-8(12) 
-93(14) 
-124(13) 

ß\Z 

-80(03) 
-40(03) 
-37(09) 

-24(10) 
-40(10) 
-63(10) 
-61(13) 

-54(12) 
-46(11) 

-52(12) 
-95(09) 
-95(11) 

-181(12) 
-123(12) 
-114(15) 
-117(11) 

-91(13) 
-29(13) 

ßzs 
366(05) 
138(05) 
171(17) 
119(18) 
165(20) 
307 (22) 
392(29) 
273(23) 
180(20) 
266(25) 

516(22) 
374(23) 
641(27) 
304(25) 

-117(30) 
192(20) 
542(26) 
148(19) 

T A B L E l b . POSITIONAL PARAMETERS OF THE HYDROGEN 

ATOMS (XlO3) 

H-C(5) 
H-C(6) 
Ha-N(7) 
Hb-N(7) 
Ha-N(8) 
Hb-N(8) 

X 

417(07) 
200(07) 

86(07) 
222(07) 

502(07) 
585(07) 

y 

377(12) 
256(12) 

-290(13) 

-170(12) 
332(12) 
168(13) 

z 

-78(12) 
-131(12) 
346(12) 
356(12) 
492(12) 
300(12) 

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

Crystal Analysis. The molecular structure of the 
complex is shown in Fig. 1, with anisotropic thermal 
ellipsoids of the non-hydrogen atoms. The bond 
lengths are also shown in this figure. The bond angles 
are listed in Table 2. 

The complex is centrosymmetric, with two ligand 
molecules in trans positions. Each of the ligand mole­
cules acts as bidentate through one of the pyrazine 
nitrogen atoms and the oxygen atom of the ortho amide 
group, thus forming a five-membered chelate ring. 
The four coordinating atoms form a square-plane 
around the copper atom. The distances of the co­
ordination bonds are similar to those of the other 
copper amide complexes.2'8»9) 

The oxygen atom of the Perchlorate ion lies on 
the normal line of this plane passing through the 
copper atom. The distance between the copper and 
the oxygen atom is 2.495 Â. This value is larger 
than those of the usual coordination-bond lengths on 
the square-plane. However it is smaller than those 
of the other perchloratocopper(II) complexes (2.61 Â 
for [ C u t C l O ^ e n ^ ] 1 ) or 2.52 Â for [Cu(C104)2-
(paaH)2],2) where p a a H denotes 2-pyridylacetamide). 

0(2) 

Fig. 1. Structure of the asymmetric unit with the 
bond lengths (//Â) and the e.s.d.'s. 
Thermal ellipsoids are drawn at 50% probability 
level. Hydrogen atoms are drawn as spheres with 
a diameter of 0.2 Â. 

Thus, the complex forms a distorted octahedron elon­
gated to the Perchlorate oxygen atoms. 

The complex molecule is arranged as shown in 
Fig. 2, with the copper atom occupying the special 
position of the triclinic unit cell. The hydrogen bonds 
are listed in Table 3. 

The uncoordinated amide group is hydrogen-bonded 
to that of the neighboring molecule through 0(8)---
N(8)* to form a column in the [101] direction. The 
Perchlorate ions connect these columns by the hydrogen 
bonds through 0 ( 4 ) - N ( 7 ) i v , 0 ( 2 ) " - N ( 8 ) , and 
0(3) i i---N(8). T h e van der Waals interactions shorter 
than 3.2 Â are also observed around the anion. The 
[101] columns are thus combined with one another 
by these interactions through the Perchlorate ions, 
thus forming a three-dimensional network. 

T h e Perchlorate ion is almost a regular tetrahedron. 
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N(l ) -Cu-0(7) 
N(l ) -Cu-0(1) 
0 ( l ) -Gu-0 (7 ) 
Gu-N(l)-G(2) 
Cu-N(l)-C(6) 
Gu-0(1)-Gl 
Gu-0(7)-G(7) 
G(2)-N(l)-G(6) 
N(l)-G(2)-G(3) 
C(2)-C(3)-N(4) 

81.9(2) 
87.5(2) 
90.6(3) 

115.0(4) 
123.6(4) 
133.7(4) 
116.8(4) 
121.4(5) 
118.3(5) 
120.6(5) 

Masao SEKIZAKI 

TABLE 2. BOND 

C(3)-N(4)-C(5) 
N(4)-C(5)-C(6) 
G(5)-G(6)-N(l) 
G(3)-G(2)-G(7) 
N(l)-G(2)-G(7) 
G(2)-G(7)-0(7) 
G(2)-G(7)-N(7) 
0(7)-G(7)-N(7) 
G(2)-G(3)-G(8) 
N(4)-C(3)-C(8) 

ANGLES (<p/°) 

118.9(6) 
121.5(7) 
119.2(6) 
132.4(5) 
109.2(5) 
116.6(5) 
122.7(6) 
120.7(6) 
126.7(5) 
112.7(5) 

C(3)-C(8)-0(8) 
G(3)-G(8)-N(8) 
0(8)-C(8)-N(8) 
0 ( l ) -Gl -0 (2 ) 
0 ( l ) -Gl -0 (3 ) 
0 ( l ) -Gl -0 (4 ) 
0(2)-Gl-0(3) 
0(2)-Cl-0(4) 
0(3)-Gl-0(4) 
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121.8(6) 
114.7(6) 
123.5(7) 
110.0(4) 
110.4(4) 
108.9(4) 
109.4(4) 
110.0(3) 
108.1(4) 

Fig. 2. Crystal structure. Dashed lines exhibit hydrogen bonds. 

TABLE 3. HYDROGEN BONDS 

A- • H- -Da> A-D(//A) A-H(//A) 

0(8) 
0(8) 
0 ( 2 ) u 

0 ( 3 ) n 

0(3) 
0(4) 

Hb 
Ha 
Hb 
Ha 
Hb 
Ha 

N(7)*> 
N(8)* 
N(8) 
N(8) 
N(7) i J i 

N(7)^ 

2.618(8) 
2.993(8) 
3.164(8) 
3.034(8) 
2.930(8) 
3.239(7) 

1.76(9) 
2.98(9) 
2.50(9) 
2.71(9) 
2.50(9) 
2.49(9) 

a) A, Hydrogen acceptor; D, Hydrogen donor. 
b) Key to symmetry operation. 

No mark x y z 
i \—x —y \—z 
ii 1 -f x y z 
iii —x —y \—z 
iv x 1 -f y z 

The thermal vibrations of the oxygen atoms are larger 
than those of the other a toms; especially, the co­
ordinated oxygen a tom shows a large anisotropy normal 
to the coordination bond. 

Infrared Spectra. T h e spectrum in the 700—4000 
c m - 1 region has given only poor results because of 

too many unassignable bands. But that in the 200— 
700 c m - 1 region has given important information on 
the coordination of the Perchlorate ion. I t is shown 
in Fig. 3, together with some tentative assignments.10»11) 
Those of the free ligand and the chloride complex 
are also shown for the sake of comparison. 

Most of the bands of the free ligand are also ob­
served in both the complexes. O n coordination, some 
new peaks appear ; they are marked with e in Fig. 3. 
Furthermore, the perchlorato complex gives a broad 
doublet at ca. 580 c m - 1 and two weak bands at 462 
and 431 c m - 1 (marked with f). They must be due 
to the unidentately coordinating Perchlorate ion. Of 
the four normal vibrations of the free Perchlorate 
ion, two exist in this region [ca. 460 and 610 cm - 1 ) ;12>i3) 
the latter is infrared-active. If the symmetry is lowered 
to C3 v on coordination, the former becomes infrared-
active and the latter splits into two bands. The 580 
c m - 1 doublet is assigned a split band, and either of 
the two bands at 462 and 431 c m - 1 corresponds to 
the former. 
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T 1 1 r 

Fig. 3. Infrared spectra of free pyda(I), Cu(pyda)-
C12(II), and [Cu(C104)2(pyda)2] (III). 
a: C-O in-plane bending, b : C-O out-of-plane bend­
ing, c: pyrazine ring deformation ,d: pyrazine-amide 
torsion, e: skeletal vibrations due to octahedral co­
ordination, f : normal vibrations of the Perchlorate ion. 

C o m m e n t o n the Repor t b y 
M o n d a i a n d Ray14) 

In the course of this investigation, Mondai and Ray 
reported the crystal structure of the same complex 
by the photographic method. According to them, the 
crystal is triclinic with the space group of C Î and Z = 2 ; 
the structure is square-planar without any coordina­
tion of the C104~ ion. 

The space group CT can be converted to PI by means 
of the following formula on the unit-cell vectors: 

a = c r, 

b= (ar + 6r)/2, 

and 

c= (f t r-a r)/2, 

where a r , etc. are as defined by Mondai and Ray. 
The lattice constants thus converted a re : a= 11.06, 
6=6.80 , c=7.5S A, <x= 116.06, £ = 7 6 . 6 8 , and y=97 .33° , 
which are approximately coincident with the results 
of the present investigation. 

The C104~ ion indeed seems to be non-coordinated, 
because the atomic parameters given by them cer­
tainly show that the anion is far from the complex 
cation. However the contact between the cation 
(x,y,z) and the anion (x—1/2, y—1/2, z) is short so that 

one of the oxygen atoms of the latter approaches the 
copper atom with the distance of 2.46 Â, which un­
doubtedly indicates the weak coordination of the anion. 
Furthermore, although they have stated that there 
are no hydrogen bonds around the anion, some short 
contacts are observed between the anion and the 
neighboring complex molecules. Perhaps they might 
have forgotten the discussion of the intermolecular 
interaction in the unit cell of CÏ". A set of the XDC1 5) 
converts the positional parameters of the anion so 
that the anion is near the complex cation. The bond 
distances and angles less than 2.5 Â calculated by 
these parameters agree with the results of the present 
investigation within the limits of experimental error, 
including the C u - O weak coordination bond. I t is 
regrettable that, although Mondai and Ray obtained 
correct data by means of a troublesome photographic 
method, they gave an incorrect conclusion as to the 
molecular structure. 

The author is grateful to Professor Yoichi Iitaka 
of the University of Tokyo for the measurements of 
the intensities with the diffractometer. This work was 
supported in part by a Grant-in-Aid for Scientific 
Research No. 354215 from the Ministry of Education, 
Science and Culture. 
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The MnCl(/?-dik)a complexes, where /?-dik stands for an anion of acetylacetone, benzoylacetone, and di-
benzoylmethane, were confirmed to have the five-coordinate structure in dichloromethane and their adduct for­
mation constants with various donor solvents were measured. Equilibria and kinetics of substitution reactions 
of MnCl(/?-dik)2 with other /?-diketones were determined by the spectrophotometric method and the mechanism 
for these reaction is proposed. 

The bis(acetylacetonato)halogenomanganese(III) 
complexes, MnX(acac) 2 (X = C1, Br, and I ) , were 
prepared by the reactions of tris(acetylacetonato)-
manganese(III) with an equimolar amount of hydrogen 
halide in organic solvents.1) They were characterized 
by measurements of magnetic susceptibility, electronic 
and infrared spectra, molecular weight, and electric 
conductivity and were concluded to exist as five-
coordinate molecules in noncoordinating solvents but 
behave as a uni-uni valent electrolyte in methanol. 
An analogous i ron(III) complex, FeCl(acac)2 , was con­
firmed by X-ray analysis to have a square pyramid 
structure with the chloride anion at the apical posi­
tion.2) Although the pseudohalogenomanganese(III) 
complexes, MnX(acac ) 2 ( X = N 3 and NCS) , were re­
ported to have a polynuclear chain structure in crystals 
in which each manganese (III) ion assumes a tet-
ragonally elongated octahedron with the trans-co­
ordinated pseudohalides as the end-to-end bridging 
ligand,3 '4) they may be five coordinate in solutions 
of poorly coordinating solvents.3) 

Stults, et al.5) showed that the MnX(acac ) 2 com­
plexes are useful in preparing the biologically im­
portant Mn(III)-porphyrin 6 ) in high purity and yield, 
although the mechanism of the ligand substitution 
reaction has not been clarified. Kinetic studies on 
the ligand substitution reactions of five-coordinate com­
plexes have been rather few and to our knowledge, 
no reports on the reactions of five-coordinate man-
ganese(III) complexes have appeared as yet. This 
paper is concerned with the substitution reactions of 
chlorobis(dibenzoylmethanato and benzoylacetonato)-
mangangese(III) with acetylacetone, and kinetic and 
equilibrium data as well as mechanistic discussion are 
presented. 

Exper imenta l 

Materials. Acetylacetone (acacH) of the extra-pure 
grade was distilled twice before use. Benzoylacetone 
(bzacH) and dibenzoylmethane (dbmH) were recrystallized 
twice from methanol and dried over silica gel in an evac­
uated desiccator. Dichloromethane was washed with a 
10% aqueous solution of sodium carbonate followed by 
pure water, dried by means of Linde molecular sieves (Type 
3A), and was then distilled through a fractionating column 
filled with Widmer spirals. Dichloromethane was used 
immediately after distillation as the solvent for kinetic 

studies. Diethyl ether was treated with metallic sodium 
and distilled. Pyridine of the highest grade for spectroscopy 
was used without further treatment. Methanol was dried 
by Linde molecular sieves (Type 3A) and distilled. Other 
organic solvents such as N,JV-dimethylformamide (DMF), 
dimethylsulfoxide (DMSO), benzonitrile (PhCN), and 
acetonitrile (MeCN) were similarly dried and distilled under 
reduced pressure of nitrogen. Deuterium oxide of 99.75% 
purity (Merck) was used for the deuteration studies. 

Synthesis of Complexes. Bis (acetylacetonato) chloromanga-
nese(III) : The complex was prepared by Isobe's method1) 
and recrystallized twice from a mixture of dichloromethane 
and diethyl ether (1:1 by volume) in a dry box under dry 
nitrogen atmosphere. Found: G, 41.16; H, 4.84%. Galcd 
for MnCl(acac)2=C10H14O4ClMn: G, 41.16; H, 4.89%. 

Chlorobis(dibenzoylmethanato) manganese (HI), MnCl(dbm) 2 

and Bis (benzoylacetonato) chloromanganese( III), MnCl(bzac)2: 
Isobe's method was modified a little. Dibenzoylmethane 
(5.2 g, 23.2 mmol) was added to a solution of MnCl(acac)2 

(0.5 g, 1.7 mmol) in dichloromethane (20 cm3), and the 
mixture was allowed to stand for about 2 h to deposit the 
product (0.31 g) in a 33% yield. Recrystallization was 
performed in an atmosphere of dry nitrogen from an equi-
volume mixture of dichloromethane and diethyl ether con­
taining six times as many moles of dibenzoylmethane as 
compared with the complex. Found: C, 66.18; H, 4.15%. 
Galcd for MnCl(dbm)2=C30H22O4ClMn: C, 67.11; H, 
4.13%. Bis(benzoylacetonato)chloromanganese(III) was also 
prepared and recrystallized in a similar manner as above. 
The yield of a crude product was 0.20 g (28.0%). Found: 
C, 57.89; H, 4.41%. Calcd for MnCl(bzac)2=C20H18O4-
GlMn: G, 58.20; H, 4.40%. 

Acetylacetonato ( dibenzqylmethanato ) - and Acetylacetonato ( ben­
zoylacetonato )-chloromanganese( HI) : In an atmosphere of dry 
nitrogen MnCl(acac)2 (1.0 g, 3.7 mmol) was dissolved in 
dichloromethane (20 cm3), and to this solution was added 
slowly a dichloromethane solution (100 cm3) of dibenzoyl­
methane (1.7 g, 7.5 mmol) followed by diethyl ether (100 
cm3). After the reaction for 1 h, a precipitate was filtered 
and washed with diethyl ether. The yield was 0.60 g (42%). 
Found: C, 59.54; H, 3.96%. Calcd for MnCl(acac)(dbm) = 
G20H18O4GlMn: G, 58.20; H, 4.40%. Acetylacetonato-
(benzoylacetonato)chloromanganese(III) was also prepared 
in a similar manner as above to obtain a crude product in 
a 38% yield. Found: G, 52.38; H, 4.42%. Calcd for 
MnCl(acac)(bzac) = C15H1604ClMn: G, 51.38; H, 4.60%. 

Both of the mixed /?-diketonato complexes were not re­
crystallized, since they are not stable in solution, but undergo 
disproportionation reactions. Thus the results of elemental 
analysis are not satisfactory. 

Preparation of Acetylacetone-methylene-d2. A mixture of 
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acetylacetone (10 cm3, 0.0975 mol) and D 2 0 (30 cm3, 1.66 
mol) was heated under reflux for 4—5 h, and allowed to 
stand overnight at room temperature. The mixture was 
extracted three times with 20 cm3 portions of dichloro-
methane. The combined extract was subjected to distil­
lation under reduced pressure to leave the deuterated a-
cetylacetone. The 1H NMR assay of the neat liquid indi­
cates that the deuterium content of the methylene group 
is 90.2%. When potassium acetylacetonate was added 
to make the reaction medium basic, the methyl groups of 
acetylacetone were also deuterated. This product was not 
used in the following studies. 

Measurements. Water contents of organic solvents 
were determined by means of an MCI digital water micro-
analyzer GA-Ol. Absorption spectra were measured with 
a Hitachi EPS-3T recording spectrophotometer, and in­
frared spectra in Nujol with a JASGO DS 701G spectro­
photometer. A JEOL JNM MH-100 spectrometer was 
used to obtain *H NMR spectra in CD2C12 with tetramethyl-
silane as internal reference. 

The ligand substitution reactions were followed spectro-
photometrically by means of a Union Stopped-Flow Rapid 
Scan Spectrophotometer RA-1300. The solution reservoir 
was covered with a polyethylene bag equipped with gloves 
and filled with dry nitrogen in order to prevent the stock 
solution from contacting with air. 

R e s u l t s 

Addition Reactions of Donor Molecules to the Chloro-
bis ( ß-diketonato ) manganese (III) Complexes, MnCl (ß-dik) 2, 
in Solution. Based on the molecular-weight and 
other data, MnCl(acac) 2 has been considered to exist 
as five-coordinate molecules in noncoordinating sol­
vents. V Now the following spectroscopic studies as­
sure that the sixth coordination site of manganese(III ) 
is really left vacant. 

The complex is not so stable in dichloromethane 
solution, but some kind of decomposition proceeds 
as evidenced by the change of its spectrum with time. 
However the spectrum shows no change in the co­
existence of an excess (e.g. ten times molar) amount 
of free acacH. Under such circumstances, coordina­
tion of an acacH molecule to manganese (III) might 
happen. To a solution of MnCl(acac) 2 in dichloro­
methane (4.00 X 10"4 mol dm~3) containing water at 
a constant concentration (5.2 X 10~3 mol d m - 3 ) was 
added acacH to attain various concentrations in the 
range of (3.28—21.84) X 10~3 mol dm~3, but no change 
in spectrum was observed. Alternatively, the con­
centration of acacH was kept constant at 9.61 X 10~3 

mol d m - 3 and that of water was varied in the range 
of (4.87—49.8) X 10~3 mol dm~3. The spectrum show­
ed no change, either. These results may be ration­
alized if the sixth coordination site of MnCl(acac) 2 

is occupied preferentially by a molecule of either 
acacH or water at the given concentrations, or al­
ternatively if the complex retains the five-coordinate 
structure even in the presence of more than fifty times 
molar excess of acacH and water. In order to find 
out which of the three possibilities is the case, the 
following experiments have been performed. 

When an increasing amount of D M F was added 
to a dichloromethane solution of MnCl(acac) 2 con­
taining excess amounts of acacH and water, the ab-
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Fig. 1. Absorption spectra of MnCl(acac)2 in dichlo­
romethane at 25.0 °G containing 4.83 X 10~4 mol 
dm - 3 complex, 9.80 X 10 -3 mol dm - 3 acacH, and 
1.51 X 10-2 mol dm - 3 H 2 0 in the absence (curve 1) 
and presence of DMF at various concentrations: 
8.87x 10-3 (2), 1.77x10-* (3). 2.66x 10-2 (4), 5.32x 
10-2 (5), 7.10X10-2 (6), 8 .87xl0- 2 (7), and 1.33x 
10-1 (8) mol dm-3. 

sorption spectrum varied successively as is seen in 
Fig. 1, exhibiting a distinct isosbestic point. Thus the 
coordination of D M F to manganese as is expressed 
by Eq. 1 is conceivable. 

MnCl(acac)2X + D ; = ± MnCl(acac)2D + X, KKd' (1) 

The equilibrium quotient 7Cad' is defined by ^ a d ' = 
[ M D ] [ X ] / [ M X ] [ D ] , where M and D represent the 
MnCl(acac) 2 moiety and a molecule of donor solvent 
such as D M F , respectively, and X is either acacH, 
H 2 0 , or nil. The observed absorbance per unit pa th 
length, A, of the solution is related to the concentra­
tion of D by Eq. 2. 

1
 = \ + ra _̂_ (2) 

Here each s stands for the molar extinction coefficient 
of the species shown by a subscript, and £M for the 
total concentration of the complex. The concentra­
tions of uncoordinated X and D can be approximated 
by their total concentrations, c, since £acacH, cH 0 , £D> 
£M. The absorbance at 480 nm was used to calcu­
late the left-hand term of Eq. 2, which was plotted 
against 1/[D] to result in a good straight line. The 
slope and intercept of the straight line gave £MD = 
416 dm 3 mol - 1 c m - 1 at 480 nm and [X]/tfad ' =0 .0994 
mol d m - 3 . 

If a water molecule is coordinated to manganese ( I I I ) 
as X, tfad'(H20) will be 0.152 since <rH20=1.51 X 10~2 

mol d m - 3 . O n the other hand, ^Tad
/(acacH) is calcu­

lated to be 0.0986 from £ a c a c H =9 .80x 10~3 mol dm~3. 
By virtue of these values for the equilibrium quotient 
of Reaction 1, the absorbance A at various concen­
trations of X can be calculated from Eq. 3. 

A _ (gMx—£MD)CM / c n 
A ~ l+*a d ' [D] / [X] + £ M»'M (3) 

The curves in Fig. 2 display the expected change 
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not be rationalized by substitution of the H 2 0 or acacH 
ligand by D M F , but should be considered to cor­
respond to ligation of D M F at the sixth vacant co­
ordination site according to Eq. 4. Other ß-di-
ketonato complexes, MnCl(bzac) 2 and MnCl(dbm) 2 

showed similar behaviors in dichloromethane, in­
dicating that they also reserve the five-coordinate 
structure in solution. 

MnCl(£-dik)2 + D ^ = ± MnCl(£-dik)2D (4) 

K&d = [MnGl(^dik)2D]/[MnGl(^dik)2][D] (5) 

Other donor solvents such as pyridine (py), D M S O , 
methanol ( M e O H ) , MeCN, and PhCN also react 
with MnCl(/?-dik)2. The formation constants K&d of 
these adducts (Eq. 5) were determined in a similar 
manner as above and are collected in Table 1 together 
with the molar extinction coefficient of each adduct. 
T h e plots of log K&d against the donor number7) of 
each solvent gave straight lines (Fig. 3). 

When increasing amounts of donor solvents were 
added to solution of MnCl(acac) 2 in dichloromethane, 
isosbestic points were observed at 434 (py), 431 
(DMSO) , 432 (DMF) , 438 (MeOH) , 450 (MeCN), 
and 447 (PhCN) nm. The reactions of MnCl(bzac)2 

with M e O H (432 and 452 nm) and MeCN (426 and 
468 nm) also showed two isosbestic points, respectively, 
while the other donor solvents showed no isosbestic 
points in the 410—700 nm region. In the case of 
MnCl(dbm) 2 , no solvents except M e C N (483 nm) ex­
hibited isosbestic points. These adduct formation reac­
tions are very rapid and could not be followed by 
the stopped-flow method. 

As is exemplified by Fig. 1, a large excess of donor 
solvents were employed in these experiments, and it 
was supposed that /?-diketone itself might add to MnCl-
(/?-dik)2 if a large excess amount was used. Figure 
4 shows it is the case in fact. When an increasing 
amount of acacH was added to a solution of MnCl-
(acac)2 in dichloromethane, spectral change was ob­
served accompanying an isosbestic point at 443 nm. 
The resulting spectrum is different from that of Mn-
(acac)3 and seems to be ascribed to the adduct formed 
by Reaction 6, although it is not certain whether the 
acetylacetone molecule is added as a keto or an enol 

TABLE 1. FORMATION CONSTANTS (A âd) IN dm3 mol - 1 AND MOLAR EXTINCTION COEFFICIENTS 

(e a d ) OF ADDUCTS IN DICHLOROMETHANE AT 2 5 . 0 °G 

MnCl(£-dik)2 + D ^ = ± MnC10ft-dik)2D. 

MnCl (acac) 2D MnCl (bzac) 2D MnCl (dbm) 2D 
D DNa> , ~ . ^ . 

py 
DMSO 
DMF 
MeOH 
MeCN 
PhCN 
acacH 
bzacH 
dbmH 

33.1 
29.8 
26.6 
19.0 
14.1 
11.9 
15.6b> 
16-4b> 
17.4b> 

•^ad 

102+1 
28 .0+0 .6 
10 .0+0.1 
1.34±0.01 

0.2444+0.015 
0.258+0.020 
0.516+0.008 
0.648

c> 
0.864

c) 

ead (A/nm) 

460+13 (480) 
410+12 (480) 
416+5 (480) 

57.4+0.2(480) 
569+42 (480) 
594+51 (480) 
541 + 10 (480) 

^ a d 

310 + 2 
31 .4+0 .2 
11 .4+0.1 
1.12 + 0.01 

0.200+0.016 
0.276+0.066 
0.468

c> 
0.614+0.033 
0.844

c> 

£ a d 

374+1 
366+1 
426+5 
144+15 
220 + 24 
384+115 

262+18 

(A/nm) 

(500) 
(500) 
(500) 
(500) 
(520) 
(500) 

(540) 

-^ad 

374+1 
30 .4+0 .1 
11.4+0.1 
1.29+0.31 

0.234+0.005 
0.192+0.060 
0.446

c> 
0.584

c> 
0.822+0.010 

e a d 

459+1 
322 ± 2 
390 ± 2 

16+6 
316+8 
278+82 

164+3 

(A/nm) 

(530) 
(530) 
(530) 
(530) 
(540) 
(530) 

(550) 

a) Donor number as defined by Gutmann.7) b) Determined in this study, c) Calculated. See the text. 

of A at 480 nm with concentrations of H 2 0 and acacH 
as X at a fixed [ D M F ] . As shown by circles in Fig. 
2, the spectra in the 340—700 nm region showed no 
change under these circumstances, indicating that the 
coordinated D M F is not replaced at all by H 2 0 and 
acacH. 

Thus the spectral change depicted in Fig. 1 can 

S 
o 
00 

0.45 

0.40 

0 3 5 

0.45 

2.0 4 0 

10 C H Q / mol dm"' 

0 4 0 

0.35 

10 CacacH /moldm^ 

Fig. 2. Dependency of the absorbance at 480 nm of 
MnCl(acac)2 (4.84 x 10~4 mol dm"3) in GH2G12 con­
taining DMF (5.84 X 10~2 mol dm-3) on the concen­
tration of (a) water in the presence of acacH (9.62 X 
10 -3 mol dm - 3) and of (b) acacH in the presence 
of water ((1.65-2.22) X 10-2 mol dm-3). Curves 
represent the calculated values based on the equilibria 
(1), and circles the observed values. 
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Fig. 3. Formation constants of adducts MnCl(/?-dik)2D 
related to the donor number of addendum D, /?-dik 
being acac (line 1), bzac (2), and dbm (3). 
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Fig. 4. Absorption spectra of MnCl(acac)2 in dichloro-
methane at 25.0 °G containing 4.62 X 10~4 mol dm-3 

complex in the presence of acacH at various con­
centrations: 9.35X10-3 (curve 1), 9.35 x 10~2 (2), 
2.23 x 10-1 (3), 4.05 x 10-1 (4), 5.91 x 10-1 (5), 7.97 x 
10-1 (6), and 1.17 (7) mol dm-3. 

tautomer. 

MnCl(acac)2 -f acacH ^ * MnCl(acac)2(acacH) (6) 

The MnCl(bzac) 2-(bzacH) and M n C l ( d b m ) 2 -
(dbmH) systems were also studied in a similar manner . 
The formation constants of the three kinds of adduct 
MnCl(/?-dik)2(/?-dikH) were thus determined and listed 
in Table 1 together with their extinction coefficients 
at the given wavelengths. The donor number of each 
/?-diketone was estimated by interpolation of the log 
A"ad vs. D N plots in Fig. 3, and was in turn utilized 

to calculate the prospective formation constants of 
the adducts according to Eq. 7, which are included 
in Table 1. 

MnCl(/?-dik)2 4- ß-dik'H MnClQS-dik)2Qff-dik'H) 

(7) 

Equilibria for the ß-Diketone Substitution Reactions of 

MnCl(acac)2. Figure 5 shows the absorption 
spectra of the MnCl(/?-dik)2 complexes in dichloro-
methane. When an increasing amount of bzacH or 
d b m H is added to a MnCl(acac) 2 solution containing 
uncoordinated acetylacetone to stabilize the complex 
solution, the spectrum changes successively to approach 
that of MnCl(bzac) 2 or MnCl(dbm) 2 , respectively. 
The points plotted in Fig. 6 show the observed ab-
sorbances at 450 nm as a function of the d b m H con­
centration added to the solution of MnCl(acac) 2 in 
dichloromethane. These results conform with the fol­
lowing equilibria. 

30oor 

400 450 500 550 600 

Wavelength/nm 

Fig. 5. Absorption spectra of MnCl(acac) 2 (curve 1), 
MnCl(bzac) 2 (2), and M n C l ( d b m ) 2 (3) in dichloro­
methane. 

-1.0 

log([dbmH]/[acacH]) 

Fig. 6. The absorbance at 450 nm of MnCl(acac)2 

solution in dichloromethane at 25 °C as a function 
of log ([dbmH]/[acacH]), cu being 2.00x10-* (O) 
and 2.13x 10-* (0) mol dm-3, and cacacH 4.30X 10-3. 
The curve represents the calculated values based on 
^ = 0 . 8 4 7 , # a =0.401, and s for MnCl(acac) (dbm) = 
1980 cm-1 mol - 1 dm3 at 450 nm. 
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MnCl(acac)2 + ß-dikH ^ = ± MnCl(acac)(ß-dik) + acacH, Kx 

MnCl(acac)(£-dik) + £-dikH ^ = ± MnCl(£-dik)2 + acacH, K2 

(8) 

(9) 

The observed absorbance of the reaction mixture is expressed by Eq. 10, 

A = eMa2[Ma2] + eMab[Mab] + eMb2[Mb2] = ëcM, (10) 

where Ma2 , Mab , and M b 2 represent MnCl(acac)2 , MnCl(acac)(/?-dik), and MnCl(/?-dik)2, respectively. The 
mean molar absorptivity s can be calculated by 

£Ma2 +eMab^i([^dikH]/[acacH]) +£Mb2Ä'1ü:2([^dikH]/[acacH])2 
ecalcd 

1 +tf1( |>dikH]/[acacH]) + /C1/C2(|>dikH]/[acacH])2 (11) 

where Kx and K2 are the equilibrium constants for 
the stepwise substitution Reactions 8 and 9. 

[Mab][acacH] [Mb J [acacH] 
K1 = [Ma2][£-dikH] ' [Mab][0-dikH] ' 

(12) 

Since acacH and /?-dikH were used in more than twenty 
times molar excess than £M, [acacH] and [/?-dikH] 
may be approximated by the total concentrations 
âcacH a n d 8̂-dikHJ respectively. A generalized least 

squares method was applied in order to minimize 
the error square sum S(ë o b s d —ë c a l c d ) 2 for the set of 
constants Kl9 K2, and £Mab. The constants thus ob­
tained for both the MnCl(acac) 2 -bzacH and MnCl-
(acac) 2 -dbmH systems are listed in Table 2. The 
solid curve in Fig. 6 representing absorbance calcu­
lated for the MnCl (acac ) 2 -dbmH system conforms 
satisfactorily with the experimental data, supporting 
presumed participation of the mixed-ligand complex. 
In fact MnCl(acac)(bzac) and MnCl(acac)(dbm) were 
prepared and isolated as described in the Experi­
mental section. 

TABLE 2. THE EQUILIBRIUM CONSTANTS IN DICHLORO-

METHANE AT 2 5 . 0 ° G FOR THE SUBSTITUTION REACTIONS 

OF MnCl(acac)2 WITH BENZOYLACETONE AND DIBENZOYL-

METHANE ACCORDING TO E Q S . 8 AND 9 

/?-Diketone Ki K9 e(At A/nm)a> 

bzacH 1.09+0.01 0.43 + 0.02 1184+10 (434) 
dbmH 0.85 + 0.01 0.40 + 0.02 1980 + 20 (450) 

a) For the mixed ligand complex MnCl(acac)(/?-dik). 

Kinetics of the ß-Diketone Substitution Reactions of MnCl-
(ß-dik)2. As is shown in Table 2, the equilibria 
for the /9-diketone substitution reactions of MnCl-
(acac)2 are rather favorable to the acetylacetonato 
complex. Thus reactions (13) were studied under the 
pseudo first order conditions employing excess amounts 
of acacH. 

MnCl(£-dik)2 + 2acacH 

MnCl(acac)2 + 2jff-dikH (13) 

The spectral change during reactions was recorded 
over the 405—495 nm region by means of a rapid 
scan instrument. As was anticipated from the spectra 
in Fig. 5, no isosbestic point was observed, but the 
absorbance of the reaction mixture decreased mono­
tonously with time in either case. The progress of 
reaction was followed spectrophotometrically at an 
appropriate wavelength by the stopped-flow method. 

Figure 7(a) exemplifies a plot of \n(A—Aoo) against 
time for the reaction of MnCl (dbm) 2 with acacH 
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Fig. 7. (a) Pseudo first order plot for the reaction of 
MnCl(dbm)2 with acetylacetone in dichloromethane 
at 25.0 °G, cM} Cdbmn, âcacH and cH2o being 2.47 X 
10-4, 2.47 xlO-3 , 9.74X10-2, and 7.42 X lO-3 mol 
dm - 3 , respectively, (b) Linear plot for the earlier 
part of the above reaction. 

in dichloromethane at 25.0 °C which was followed at 
450 nm. The observed points in the later stage of 
reaction fall on a straight line, but those in the earlier 
stage deviate appreciably from it. This behavior may 
be rationalized on the assumption that the overall 
reaction is composed of two consecutive steps (14) 
and (15), since the existence of the metastable mixed 
ligand complex was revealed by the foregoing equi­
librium studies. 

MnCl(ß-dik)2 + acacH 

(14) MnCl(acac)(£-dik) + £-dikH, kx 

MnCl(acac)Oft-dik) + acacH • 

MnCl(acac)2 + ß-dikH, k2 (15) 

Under the pseudo first order conditions, the ab­
sorbance of a reaction mixture at time t is related to 
kx and k2 by 

A — Aoo = ax exp (— k-f) + a2 exp (— k2t)t (16) 

since A is expressed by Eq. 10 and Aoo=£Ma £M, al9 

a2 in Eq. 16 being given by 

_ (eMb2
 — e M a b ) ^ l + (eMa2 ~"eMb2)"'2 

and 

fo\ a2 
-*M 

(eMab~~ £Ma2)^l 

fC 1 fC2 

- £ M » 

(17) 

(18) 

The later linear par t of the In (A—A00) vs. t plot 
in Fig. 7(a) gives the slower one of the two rate con­
stants, ks=0.0573 s_1, and the ordinate intercept, In 
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ß s = l n ( ^ s - ^ 4 c o ) = l n (9 .85X10- 2 ) . T h e n the values 
A—As were calculated for the absorbance data in the 
earlier part of reaction and \n(A—As) was plotted 
against time to result in a straight line in Fig. 7(b). 
The slope and intercept of this straight line gave the 
faster rate constant kF = 0.293 s _ 1 and In ß F = l n ( ^ 0 — 
As)=\n (3 .83X10- 1) . The solid curve in Fig. 7(a) 
reproduces the calculated values of In(A-Aco) based 
on ks, kF, a s , and aF. 

Equation 19 was derived from Eqs. 17 and 18 and 
utilized to assign ks and kF correctly to kx and k2 in 
Eq. 16. 

^2 _ e Mab~ e Ma 2 / fll £ M b 2 ~ £ M a b \ , . Q V 

*1 eMa 2
— eMb2 V a2 e M a b — £ M a 2 / 

If it is assumed that ks=kx and kF=k2, the left-hand 
side of Eq. 19 becomes 5.1, whereas the right-hand 
side is —1.7. O n the other hand, the reverse assign­
ment that ks=k2 and kF=kx results in fair coincidence 
between the two values: the left-hand s ide=0.20 and 
the right-hand s ide=0.29. Therefore the latter as­
signment is reasonable and the pseudo first order rate 
constants thus obtained will be referred to ^ (obsd ) 
and k2(obsd) in the following discussion. 

The pseudo first order rate constants obtained in 
dichloromethane at 25.0 °C containing various con­
centrations of acetylacetone and water are listed in 
Table 3. When cacacH is maintained constant, kx-
(obsd) and £2(obsd) do not show appreciable change 
beyond the experimental error even if cn 0 is varried 
in the 5.87—16.83 X ÎO"3 mol d m - 3 region for MnCl-
(bzac)2 and in the 1.22—8.16 X 1 0 - 3 mol d m - 3 region 
for MnCl(dbm) 2 . O n the other hand both ^ (obsd ) 
and £2(obsd) increase with cacacH and the slopes of 
each two straight lines in Figs. 8(a) and (b) give the 
second order rate constants kx and k2 for the reactions 

T3 

O 

10 20 

lO^acacH/moldm-3 

30 

Fig. 8. Dependences on cacacH of £a(obsd) and £2(obsd) 
for the reactions of MnCl(bzac)2 (a) and MnCl(dbm)2 

(b) with acacH in dichloromethane at 25.0 °G. 

of MnCl(bzac) 2 and MnCl (dbm) 2 with acacH, re­
spectively. By combining these values with the equi­
librium constants listed in Table 2, the second order 
rate constants for the forward reactions of (8) and (9) 
were obtained. Table 4 summarizes these rate data. 

T h e plots of A;1(obsd) and £2(obsd) for the reaction 
of MnCl (dbm) 2 with acetylacetone-rf2 (Table 3) against 
cacacH resulted in straight lines passing through the 
origin, of which slopes gave kx(D) = 11.4+0.05 s_ 1 

and k2{D) =0 .281 ±0.031 s"1. Thus the apparent rate 
ratios are A1(H)/A;1(D)=2.96 and A2(H)/A:2(D)=2.16. 
Taking into account the fact that the isotopic purity 
of the acetylacetone-^ used is 90 .2%, the kinetic 
isotope effect is calculated as A;1(H)/A:1(D)=3.76 and 
£ 2 (H) /£ 2 (D)=2 .47 . The calculation is based on the 
assumption that the isotope exchange between acetyl-
acetone-</2 and water is so slow under the given con­
ditions that the deuterium content of the acetylacetone-
d2 is unaltered during the rate measurements. 

TABLE 3. PSEUDO FIRST ORDER RATE CONSTANTS IN 

DICHLOROMETHANE AT 2 5 . 0 ° C OF THE SUBSTITUTION 

REACTIONS OF M n C l Qff-dik) 2 WITH ACETYLACETONE 

ACCORDING TO E Q S . 14 AND 15 

102cacacH 103cH2o l O ^ o b s d ) 102£2(obsd) 

mol dm - 3 mol dm - 3 

MnCl(bzac)2
a> 

7.726 
9.657 

11.58 
14.48 
19.31 
24.14 

9.730 
9.730 
9.730 
9.730 
9.730 

7.795 
9.744 

11.69 
14.62 
19.48 
24.36 
9.952 
.952 
•952 
.952 
.952 
.952 
.820°) 

14.73«) 
19.64°) 

8.88 
9.52 
9.69 
9.46 
8.90 
8.60 
6.18 
5.87 
9.17 

12.74 
16.83 

45 .4+6 .7 
5 4 . 2 ± 4 . 8 
6 8 . 5 + 5 . 3 
77.9 + 9.0 
98.0 + 7.0 

120±23 
55 .4±8 .8 

65+12 
54+13 

50 .2±9 .3 
52 .6+1 .7 

MnCl(dbm)2
b> 

7.90 
7.42 
8.88 
8.14 
7.92 
7.94 
1.22 
1.48 
1.42 
1.47 
4.14 
8.16 
5.70 
5.43 
5.07 

30.0 + 2.6 
3 2 . 1 + 3 . 8 
39 .6+3 .4 
51.7 + 9.1 
60.6 + 6.1 
75.3 + 7.1 
4 5 . 7 + 0 . 4 
3 8 . 5 + 8 . 8 
45 .9+1 .6 
37 .6±3 .4 
39.2 + 2.3 
36.6 + 0.8 
11.6 + 2.9 
16.2+1.0 
2 2 . 2 ± 2 . 8 

4 .96±0.31 
5.87 + 0.21 
6.90±0.22 
8 .16+0.98 
10 .4+0 .5 
13 .1+0 .8 
6.19 + 0.13 
5.73 + 0.22 
5 .98±0.35 
6.38+0.50 
5.31±0.27 

4 .91+0.36 
6.19 + 0.50 
7.29+0.30 
8.60 + 0.23 

11.99+0.36 
13.64±0.53 
6.00 + 0.71 
5.85 + 0.14 
6 .26+0.73 
6.1 + 1 . 3 
6.28 + 0.19 
6.80±o-28 
3.01+0.72 
3.99+0.27 
5 .04±0.43 

a) cM = 2 .47xlO- 4 moldm- 3 and cbzacH = 3.067x IO-3 

mol dm - 3 for the former six experiments, and cM = 2.46 
Xl0 - 4 moldm- 3 and cbzacH = 3. HOx IO-3 mol dm-3 for 
the latter five experiments, b) £M = 2 .46x 10-4 mol dm - 3 

and cdbmH = 2.474x 10-3 mol dm - 3 , c) Acetylacetone-
d2 was used and cdbmH = 2.472x 10 -3 mol dm - 3 . 
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TABLE 4. SECOND ORDER RATE CONSTANTS (dm3 mol-1 

S - 1) IN DICHLOROMETHANE AT 2 5 . 0 °G FOR THE 

SUBSTITUTION REACTIONS OF M n C l (/?-dik) 2 

WITH OTHER /?-DIKETONE 

MnCI(£-dik)2 

ß-dik'H 

jff-dik'H 

MnCl(/Wik)(/?-dik') 

jS-dikH 

MnCl(/?-dik')2 

A-dikH 

MnC10?-dik), 
0-dik'H 

acacH bzacH dbmH 

MnCl(acac)2 

MnCl(bzac)2 

MnGl(dbm)2 

MnCl(acac) (bzac) 
MnCl(acac) (dbm) 

0.634*) 0.516a> 
5.47 + 0.40 
3 .38±0.28 

0.582 + 0.041 2.34a> 
0.608 + 0.029 1.36a> 

a) Calculated value (see text). 

D i s c u s s i o n 

Addition Equilibria of Donor Molecules to MnCl(ß-dik)2-
As is seen in Figs. 1 and 4, the reaction of MnCl(/?-
dik) 2 with a donor slovent in large excess is accompanied 
by an appreciable change in the absorption spectrum, 
which suggests some alteration in the coordination 
sphere. I t seems reasonable to suppose that a donor 
molecule added to MnCl(/?-dik)2 attains six coordina­
tion (Eq. 4). In fact adducts such as MnCl (acac) 2-
(pyridine JV-oxide),1) MnBr(acac)2(4-Me-py),1> Mn-
Br(acac)2(dioxane)-HaO,1) and MnNCS(acac)2(py)8) 
have been prepared and characterized, supporting the 
existence of addition equilibria represented by Eq. 4 
in solution. 

The formation constant of adducts, K&d, increases 
with the donor number of addendum (Table 1), and 
the log K&d vs. DN plots afford straight lines (Fig. 
3) which are reproduced by the following equations 
based on the least squares treatment, r giving the 
correlation coeffecient in each case. 

MnCl(acac)2: log/Cad = 0.125DN - 2.24 

(r=0.994) (20-1) 

MnCl(bzac)2: log# a d = 0.142DN - 2.54 

(r=0.981) (20-2) 

MnCl (dbm) 2: logitad = 0.146DN - 2.63 

(r=0.984) (20-3) 

Such a linear relationship between the adduct forma­
tion constant and the donor number of addendum 
has seldom been noted for five-coordinate complexes. 
Gutmann found that adduct formation constants of 
antimony(V) chloride with various donor solvents in­
crease with the donor number.7) The linear relation 
is expressed by log ^ D S bc i 5 =0- 5 8 0 D N - 5 . 4 4 ( r=0.984) . 
Carlin and Walker studied the adduct formation of 
VO(acac) 2 with a variety of N- and O-donors in nitro­
benzene by the calorimetric and spectroscopic methods, 
and determined the equilibrium constants as well as 
thermodynamic functions.9) Of their data, those for 

pyridine, piperidine, methanol, and hexamethylpho-
sphoric triamide of which D N values are available 
satisfy the linear relation: log ^ a d = 0 . 1 0 1 DN—1.94 
( r=0.979) . I t is very interesting that both of the 
slope and intercept show a close resemblance to those 
in the present system (Eqs. 20) in spite of the dif­
ference in the nature of complex and the solvent used. 
Both of these slopes are much gentle compared with 
that for DSbCl5 , revealing that VO(acac) 2 and MnCl-
(/?-dik)2 are less sensitive than SbCl5 as the indicator 
of relative base strength. 

Equations 20 were utilized to obtain the DN values 
of ß-diketones based on the observed A"ad for MnCl(/?-
dik)2(/?-dikH). The DN values were used in turn 
to calculate K&A for the MnCl (ß-dik)2 (ß-dik'H) adducts 
which can not be determined experimentally since 
the ligand substitution occurs. As is seen in Table 1, 
D N of /?-diketone increases in the sequence of a c a c H < 
b z a c H < d b m H and K&a for a given MnCl(/?-dik)2 

also shows the same sequence. The infrared study 
on Cu(/?-dik)2

10> and m N M R study on ß-diketones11) 
show the ability of the aromatic substitutents to supply 
electron density to the chelate or enolic ring by re­
sonance, and the piCa values determined in aqueous 
dioxane (50% by volume) at 25 °G increase in the 
sequence of acacH(10.28) < bzacH(10.43) < d b m H 
(11.26).12) The observed trend of 7Cad also reflects 
the electron relasing effect of the phenyl substitutent 
in bzacH and d b m H . O n the other hand, the K&d 

values for the three MnCl(ß-dik)2 complexes with a 
particular /9-dikH show a slight decrease in the sequence 
of MnCl (acac) 2 > MnCl (bzac) 2 > MnCl (dbm) 2. Bet­
ter /3-diketonate ligands seem to suppress the acidity 
of MnCl(|S-dik)2. 

Water exists as a discrete molecule in benzene,13) 
toluene,14) and cyclohexane14) solutions, but partially 
forms a dimer in chlorinated solvents such as chloro­
form,131) 1,2-dichloroethane, and 1,1,2,2-tetrachloro-
ethane.14) Although the behavior of water in di-
chloromethane has not yet been reported, the dimeriza-
tion constants determined in chloroform (0.47) and 
1,2-dichloroethane (0.54) at 25 °C13a) may be used 
to estimate the degree of dimerization of water in 
dichloromethane. I n the present investigation, the 
concentration of water has been kept around 10~3 

mol d m - 3 and was 5 X 10~2 mol d m - 3 at most. Under 
these conditions, the estimated fraction of dimer is 
less than 2 % , and most part of water molecules exist 
as monomer in dichloromethane. The DN value (18.0) 
of water was obtained by Gutmann in 1,2-dichloro­
ethane and refers to the monomeric species. Substi­
tuting this value into Eqs. 20, we can estimate the 
adduct formation constants of water with the MnCl(/5-
dik)2 complexes to be 1.02, 1.04, and 0.995 for ß-
d i k = a c a c , bzac, and dbm, respectively. These fig­
ures rationalize the failure of water in affecting the 
absorption spectrum of MnCl (acac) 2 in dichloro­
methane. 

Substitution Equilibria. Most of the equilibrium 
constants Kx and K2 for the substitution reactions of 
MnCl (acac) 2 with benzoylacetone and dibenzoylmeth-
ane according to Eqs. 8 and 9 are smaller than 1. 
This fact might look to contradict the above-mentioned 
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basicity sequence of the /?-diketonate anions: acac~< 
b z a c _ > d b m _ . However it should be noted that 
Equilibria 8 and 9 involve the /?-diketone molecules 
instead of the /?-diketonate anions. T h e equilibrium 
constant K± for the reaction 

MnCl(acac)2 + 0-dik- ^=^: 

MnCl(acac)Q5-dik) + acac- (21) 

will be certainly larger than 1 for / ? -d ik _ =bzac _ and 
d b m - , but Kx is related by Kx' by 

log J^ = logX/ - (pK& of ß-dikU-pK& of acacH). (22) 

Since the pK& values of bzacH and d b m H are larger 
than that of acacH, log Kx becomes smaller than 
log Kx by the pK& difference between the /3-diketones. 

Mechanism of the Substitution Reactions. Based on 
the information obtained from the equilibrium and 
kinetic studies described above, the scheme depicted 
in Fig. 9 is proposed as a mechanism of substitution 
reaction of MnCl(/?-dik)2 with another /5-diketone such 
as acacH. The first step, coordination of an acacH 
molecule to manganese at the sixth vacant site is 
evidenced by the equilibrium measurements. Although 
d b m H exists solely as enol molecules, bzacH and 
acacH are composed of two tautomers, neat liquids 
containing 98 and 7 9 % enol, respectively, at 38 °G.15) 
The enol content is further increased in inert solvents, 
and that of acacH was reported to be 8 7 % in chloro­
form and 9 6 % in carbon tetrachloride at 33 °C.16) 
In the present study, acacH and bzacH in dichloro-
methane at 23 °C were found to contain 83.4 and 
97.9% enol, respectively. 

The enol tautomer of acetylacetone reacts with the 
copper(II) ion much faster than the keto form in 
water and methanol.17) In the case of thenoyltri-
fluoroacetone only the enol tautomer was reported 
to react with nickel(II), cobal t(II) , copper(H) , and 
iron(II) in aqueous solution.18) Although the tauto-
merization rate is estimated as low as 10 - 5 s_ 1 in aprotic 
solvents by extrapolation from data in mixed aqueous 
media,19) it is difficult to distinguish the contribution 
of both tautomers in the present case. However 
mainly the enol tautomer seems to contribute to the 
overall rate because of its predominant abundance 
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Fig. 9. Proposed mechanism for the ligand substitu­
tion reaction of MnCl(/?-dik)2 with another /?-diketone 
molecule. 

and higher deprotonation rate20) as compared with 
the keto tautomer. In recent years many kinds of 
metal complexes containing ß-dicarbonyl compounds 
as a neutral ligand have been prepared.21) Most of 
them contain the keto tautomer,22) but U0 2 ( acac ) 2 -
(acacH),23) MnBr2(acacH)2 ,24) [ReCl(CO)3(bzacH)]2 ,2 5) 
and PtCl(acac)(acacH)2 6) involve the enol tautomer. 

As the second step of the reaction scheme, hydrogen-
bonding interaction between the coordinated acacH 
and a neighboring ß-diketonate ligand is presumed. 
Both XH N M R spectra16) and cryoscopic measure­
ments27) of acacH in cyclohexane were consistent with 
intermolecular association. Hydrogen-bonding inter­
action between the coordinated ß-diketonate ligand 
and various proton donors has also been evidenced 
by infrared28) and electronic29) absorption spectroscopy. 
X-Ray analysis of VO(acac)2Q&-N02C6H4OH) reveal­
ed that a jfr-nitrophenol molecule is linked with one 
oxygen atom of an acac ligand via hydrogen bonding 
with the O H - O distance of 2.68 Â.30) Thus the in-
terligand hydrogen bonding presumed in the scheme 
seems reasonable. 

Succeeding intramolecular dissociative interchange, 
that is, proton transfer from acacH to a leaving ß-
dik ligand, chelate-ring opening of the /?-dik ligand, 
and chelation of the acac ligand in a synchronous 
fashion is presumed as the rate-determining step. 
T h e observed deuterium isotope effect may be caused 
by the hydrogen-bonding preequilibrium (Klb) and 
proton transfer via this linkage (k). Thompson and 
Allred27) compared the keto-enol equilibria in acetyl­
acetone and acetylacetone-rf2 at various temperatures 
and concluded that protium forms a stronger hydrogen 
bond in this system than does deuterium, but the 
difference is not substantial at ambient temperature. 
Long and Watson31) measured the rates of bromina-
tion of y-methylacetylacetone and its y-deuterio an­
alogue in aqueous solution at 25 °C. The £H/Â;D ratios 
for the proton transfer from the keto molecule to water 
and acetate anion were 3.5 and 5.5, respectively, and 
those for the proton transfer from the enol molecule 
were also calculated to be 3.4 and 5, respectively. 
T h e observed values of £H/A:D, 3.76 and 2.47 for kx 

and k2, respectively, for the present system seem to 
accord with the proposed reaction scheme. 

Recently Nishizawa and Saito studied the ligand 
exchange reaction between VO(acac) 2 and acacH-1 4C 
in 1,2-dichloroethane.32) They estimated the donor 
number of acacH to be 20 by a spectroscopic method, 
which is a little larger than the value (15.6) obtained 
in the present study. They also proposed a mechanism 
which involves the unidentate coordination of acacH 
to VO(acac) 2 ( i f a d =0.14 dm 3 mol - 1 ) as the first step 
and its chelation associated with the proton transfer 
to a leaving acac ligand as the rate-determining step, 
since the observed AH/£D value of 1.3 is not so large 
as to rationalize the assumption of a proton-transfer 
step as an independent rate-determining step.32) 

Based on the proposed scheme in Fig. 9, the overall 
rate of reaction is given by Eq. 23. 

rate — 
kKKih[acacH.] 

l + (l + Kib)K[acacH] 
[MnCl(/?-dik)2] (23) 
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Here (\-\-Kih)K corresponds to K&d of which values 
are given in Table 1, and \^>(\-\-Kih)K[a.ca.clï] under 
most of the experimental conditions listed in Table 
3. Then Eq. 23 is reduced to 

*obsd=*^m[acacH] . (24) 

Thus the second order rate constants in Table 4 are 
composite in reality. The value of K will be large 
for an entering ligand whose D N is large, while Kih 

and k will be larger for a more acidic entering ligand. 
Table 4 indicates that the rate of reaction of MnCl-
(acac)2 with bzacH is larger than that with d b m H , 
although KKd for bzacH is smaller than that for d b m H 
(Table 1). More acidic bzacH seems to have large 
Kih and k overcompensating for disadvantage in K 
as compared with d b m H . 

O n the other hand, the rate of reaction of acacH 
with MnCl(bzac) 2 is a little faster than that with 
MnCl (dbm) 2 at 25.0 °C (Table 4). Since the K&d 

values are estimated to be comparable for the two 
systems (Table 1) and ^ l h seems favorable to more 
basic dbm ligand, lower rate for MnCl (dbm) 2 may 
stem from the k factor, cleavage of the M n - O ( d b m ) 
bond being a little more difficult as compared with 
the Mn-O(bzac ) bond. 

We wish to thank Mr. Junichi Gohda for the ele­
mental analysis and also the Ministry of Education, 
Science and Culture, for the Grant-in-Aid for 
Scientific Research (Grant No. 243014). 
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Preparation and Oxidation of Europium(II) Niobium Bronze EujcNb03-j/ 
Kenji ISHIKAWA, Gin-ya A D A C H I , * Midori TANIDA, and J i ro SHIOKAWA 
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Mixed oxides containing bivalent europium, EuxNb03_y (0.5<*<1.0), were synthesized by the solid state 
reaction of Eu203 , Nb2Os, and Nb powder. The structural change of EuxNb03_y from a tetragonal to cubic 
form takes place at #=0.65. The mechanism of oxidation for the bronzes was studied. Each bronze shows 
different behavior in oxidation, the cubic bronze giving an amorphous phase and the tetragonal bronze complex 
crystalline products. EuNb0 4 was crystallized from both the amorphous and crystalline phases at 950 K and 
1070 K, respectively. TG-DTA and magnetic studies indicated that the oxidized phases play an important role 
in the rate-determining step of oxidation for the bronzes. 

Europium (II) niobium bronzes are nonstoichiometric 
compounds. Fayolle et al.1) reported the preparation 
of the bronzes. They found a cubic form for a high 
Eu 2 + content region and a tetragonal form for a low 
Eu 2 + content region. Oxidation of the bronzes has 
attracted our attention because each phase undergoes 
changes in different ways. Krylov et al.2) reported 
on the oxidation of the bronze whose composition 
is E u N b 0 3 and concluded that E u N b 0 4 is an oxidized 
product of E u N b 0 3 . So far stoichiometry of oxygen 
of the bronzes has not been considered seriously. 
However, oxygen content is a very influential factor 
for understanding the physical and chemical properties 
of the bronzes, since the valence state of niobium is 
controlled by the amount of oxygen. We have de­
termined the oxygen content thermogravimetrically, 
and found that the bronze is described by a general 
formula, E u x N b 0 3 _ r Discussion is given on the oxi­
dation process of the bronze. 

Exper imenta l 

Reagents. Europium sesquioxide (Shin-etsu Chemical 
Corp., minimum purity 99.99%), diniobium pentaoxide 
and niobium metal (Wako Chemical Industries, Ltd., purity 
99.99%, and 99.9%, respectively). Europium sesquioxide 
and diniobium pentaoxide were calcinated at 1000 K for 
half an hour in the air before being weighed. 

Preparative. Mixtures of Eu203 , Nb205 , and Nb 
with various compositions were ground together in an agate 
mortar, pressed into pellets and heated in a vacuum (10~2 

Pa) at 1173 K for 2 h. After cooling, the pellets were ground­

ed and pressed into pellets again. They were packed into 
a Mo box, sealed in a vacuum (10~3 Pa) in a silica capsule 
and heated at 1473 K for 48 h. The reaction was assumed 
to occur according to the reaction 

5*Eu203 + a(6x-2)Nb + (5 + a -3a*)Nb a 0 6 

• lOEu^NbCVy. (1) 

Niobium metal was taken a times the amount needed to 
prepared Eu x Nb0 3 in order to compensate slight oxidation 
loss of the bronzes during the course of synthesis. Reac­
tion conditions and analytical values of the bronzes are 
summarized in Table 1. 

Analytical Method. The atomic ratios (Eu:Nb) in 
the compounds obtained were determined with a Rigaku 
Denki energy dispersion type X-ray fluorescent spectrograph 
unit, "Ultra trace system," having a tungsten target X-ray 
tube, a stannum second target, and a Si (Li) semiconductor 
detector. The oxygen content was determined by oxidation 
of the bronzes in the air. Assuming that the reaction is 

Eu^NbOg-. + zO y E u 2 0 3 + y N b 2 O s , (2) 

y can be determined by means of Eu content (x) and the 
increase in mass due to oxidation (z). The phase purity 
and structure type of materials were characterized by X-ray 
powder data, using a Rigaku Denki "Rotor-flex" diffracto-
meter (Table 2). 

Magnetic Measurements. The magnetic susceptibility 
data of the resulting materials were obtained with a Shimadzu 
"MB-11" magnetic balance (Table 2). 

Thermal Measurements. Differential thermal analysis 
(DTA) and thermogravimetric analysis (TGA) were carried 
out in the air at a heating rate of 10 K/min in the tempera-

Exp. 
No. 

24 
30 
25 
31 
26 
32 
27 
33 
28 
34 
29 

TABLE 

Reaction 

X 

0.50 
0.55 
0.60 
0.65 
0.70 
0.75 
0.80 
0.85 
0.90 
0.95 
1.00 

1. REACTION 

mix 

a3-) 

1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 

CONDITIONS AND ANALYSIS OF E u ^ N b O g - j , 

Condition 

Temp/K 

1473 
1473 
1473 
1473 
1473 
1473 
1473 
1473 
1473 
1473 
1473 

Time/h 

48 
48 
48 
48 
48 
48 
48 
48 
48 
48 
48 

Analytical 

X 

0.51 
0.56 
0.59 
0.65 
0.70 
0.72 
0.79 
0.85 
0.89 
0.91 
0.97 

composition 

y 

+ 0.02 
- 0 . 0 1 
- 0 . 0 1 

0.00 
- 0 . 1 0 
- 0 . 0 6 
+ 0.05 
+ 0.01 
- 0 . 0 2 
- 0 . 0 5 
- 0 . 1 3 

a) Niobium metal was taken a times the amount needed to prepare EuÄ?NbOa. 
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Exp. 
No. 

T A B L E 2. LATTICE CONSTANTS AND 

E u ^ N b C V j , 

x y (Cubic) 
a/A 

MAGNETIC PROPERTIES FOR E u x N b 0 3 _ y 

Lattice constants Magnetic moments 

(Tetragonal) Obsd/jLiB Calcd///B
a) 

a/A c/A 

24 
30 
25 
31 
26 
32 
27 
33 
28 
34 
29 

0.51 
0.56 
0.59 
0.65 
0.70 
0.72 
0.79 
0.85 
0.89 
0.91 
0.97 

+ 0.02 
-0.01 
-0.01 
0.00 

-0.10 
-0.06 
+ 0.05 
+ 0.01 
-0.02 
-0.05 
-0.13 

12.355 
12.363 
12.361 

3.901 
3.892 
3.885 

3.978 
3.980 
3.985 
4.002 
4.009 
4.012 
4.013 
4.016 

5.47 
5.89 
5.75 
6.24 
6.13 
6.46 
6.77 
7.10 
7.26 
7.43 
7.64 

5.69 
5.97 
6.14 
6.47 
6.69 
6.81 
7.20 
7.47 
7.64 
7.72 
7.95 

a) Magnetic moment (calcd) = Vxju2(Eu*+) + (Nb4+/Nb)/*2(Nb4+), ^(Eu2+) =7.94^B , /*(Nb4+) = 1.73juB. 

ture range 300—1173K. All thermal measurements were 
performed on a Rigaku Denki DTA "Thermoflex." 
Powder samples (30—60 mg) were used, alumina powder 
(99.9%) being employed as a reference. The heat of oxi­
dation for the bronzes was measured with a differential 
scanning calorimeter (DSC). Measurements were carried 
out in the air at a heating rate of 10 K/min in the tempera­
ture range 300—1173K. The heat of oxidation was deter­
mined from the area beneath a DSC peak. The heat of 
oxidation of NbOa to Nb2O s was used as a standard.8) 

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

X-Ray Data. X -Ray analysis revealed that the 
samples having europium concentration #=0 .5—0.65 
are of tetragonal symmetry, and those with # = 0 . 6 5 — 
1.0 cubic symmetry (Table 2). A small amount of 
E u 3 N b 0 6 confirmed by the X-ray technique was as­
signed to a second phase for the slightly oxidized 
bronzes of high europium concentration (#>0.9) . 
Oxidation tendency of the bronzes seemed to increase 
with x, 1.2 times excess of reducing agent being re­
quired for the preparat ion of single phase bronzes. 
The niobate E u 3 N b O e seems to be formed by the 
solid state reaction in the bronze of high x. A plot 

EuJMb03 aEu3Nb06 

+ (1 -a)Eux-3aNbO 3-y-6a (3) 
1-fl 1-fl 

of the lattice constant vs. the europium concentration 
of the cubic phase for # = 0 . 6 5 to 1.0 is given in Fig. 
1. Ridgley and Ward9) reported that the lattice con­
stant for an analogous bronze, Sr^NbOg, of cubic 
symmetry is proportional to x. However, our ob­
servation (Fig. 1) does not agree with theirs. The 
result of X-ray analysis supports the assumption that 
the solid state reaction (Eq. 3) takes place at high x. 

Magnetic Susceptibilities. The magnetic suscepti­
bilities Xm of the bronzes obey the Curie-Weiss law 
in the range 77—300 K. The observed and calculated 
values of effective magnetic moments for the bronzes 
are summarized in Table 2. The observed moments 
are close to the calculated values, small lowering of 
the observed magnetic moments exceeding experimen-

4.02 

4.01 h 

o< A.00 

3.99 h 

3.90h 
1 

0.7 0.8 

X = Eu/Nb 

Fig. 1. The variation of lattice constant with europium 
content in the cubic phase EuxNb03_y . 
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Fig. 2. TGA and DTA curves of Eu0.51NbO2.98 (tet­

ragonal) and Eu0.74MbO2.81 (cubic). 

tal errors being observed. Europium ions in the start­
ing material are considered to be substantially reduced 
to the Eu (II) state. However, the reduction power 
of niobium is not strong enough to reduce all of Eu 3 + 

to Eu2+,4> a small amount of Eu 3 + remaining with 
Eu 2 + . The lowering observed in our products would 
also be interpreted in terms of the reduction power 
of niobium. 

Thermal Analysis. Typical T G A and DTA 



January, 1981] Preparation and Oxidation of Eu^Nb03_y 161 

10 h 
o 

3 

o 5 

a 
Ni 

L 

L 

—
i—

i 
i 

|-

h 

-

-i 1 1 1 j 1 

Tetragonal 

• / 

i . : T V I . 

-I 1 1 — 1 - 1 

* 

3Y 

/ Cubic 

. i . 1 , 

i • • — • 

J 

J 
A 

H 
n 

500 1000 

r/K 
Fig. 3. Inverse magnetic susceptibility vs. temperature 
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curves for the tetragonal and the cubic phases are 
shown in Fig. 2. An abrupt weight gain is observed 
in the T G A curve for the tetragonal sample at 550— 
700 K, and a moderate weight gain at 550—900 K 
for the cubic one. We see that the oxidation proceeds 
in two steps for both the tetragonal and cubic phases. 
Magnetic susceptibility measurements were carried out 
for the same sample in the air in the temperature 
range 300—1173K, at a heating rate of 10 K/min 
(Fig. 3). The magnetic moments of Eu 2 + , Eu 3 + , Nb 4 + , 
and N b 5 + are 7.94, 3.4, 1.73, and 0 ßB, respectively. 
The decrease in the magnetic moment is much larger 
in the oxidation of Eu 2 + to Eu 3 + than in the oxidation 
of Nb4+ to Nb 5 + . From a comparison of the T G -
D T A curves (Fig. 2) with the %m

_1 vs. T curves (Fig. 
3), we see that the initial stage of the oxidation would 
be due to the oxidation of Eu 2 + , the second to the 
oxidation of Nb 4 + . Figure 3 also shows that the 
initiating temperature of the oxidation of Eu 2 + is 
550 K for both the tetragonal and cubic phases, the 
rate of oxidation of Eu 2 + being larger for the tetragonal 
phase than for the cubic phase. 

The stability of the bronze against oxidation mainly 
depends on that of Eu 2 + . The temperature at which 
oxidation of Eu 2 + starts is the same for both the tetrag­
onal and cubic phases. The stability of Eu 2 + to 
oxidation seems to be of the same order for both 
bronzes. The rate of oxidation of Eu 2 + is considered 
to determine the rate of oxidation of the bronzes. 
The thermal analyses (TGA and DTA) were carried 
out for E u O under the same conditions as those for 
the bronzes. E u O oxidized at 520—580 K, showing 
that the rate of oxidation of Eu 2 + in E u O is much 
greater than that in the bronzes. The oxidation of 
Eu 2 + proceeds from the surface to the bulk of the 
bronze grain. The rate of oxidation of Eu 2 + in the 
bulk should be determined by the probability of Eu 2 + 

encounter with oxygen. Thus the rate of diffusion 
of oxygen in the oxidized product layer should control 
the rate of oxidation of Eu 2 + . 

X-Ray analysis was carried out for the bronzes 
oxidized at various temperatures. Oxidation of the 
cubic bronze gave an amorphous phase crystallizing 
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at 950 K. O n the other hand, the tetragonal phase 
underwent oxidation giving complex crystalline prod­
ucts which recrystaUized at 1070 K. The difference 
in the rate of oxidation between the tetragonal and 
cubic phases can be attr ibuted to the difference in 
the rate of diffusion of oxygen in the layer of the oxi­
dized product. The diffusion coefficient of oxygen 
for the product obtained by the oxidation of the tet­
ragonal phase should be much larger than that for 
the amorphous phase resulting from the cubic phase. 

O n heating the bronzes in the air, E u N b 0 4 appeared 
at 1070 K for the tetragonal bronze and at 950 K 
for the cubic bronze. Exothermic peaks, 950 and 
1070 K, due to crystallization are seen in the D T A 
curves with no weight change (Figs. 2 and 4), sug­
gesting that the amorphous phases are less stable 
than the crystalline phases. The difference in the 
stability of the intermediate states affects the heats 
of oxidation for the bronzes. Figure 5 shows the 
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observed and calculated heats of oxidation for the 
bronzes of various Eu 2 + contents. Both the observed 
and calculated values show a minimum at # = 0 . 6 5 . 
For the evaluation of the heat of oxidation, the bronze 
is assumed to be a mixture of E u O , N b O a , and N b 2 O s , 

EuxNb03_y = *EuO + [ 2 ( * + l ) - l ] N b O a 

+ ( l - * - ^ ) N b 2 0 5 - W 

The oxidation reaction is assumed to proceed as follows : 

EuJNTbO,-, + ( | - * + f - | - ) 0 2 

> ~ E u 2 0 3 + y N b 2 0 5 . (5) 

The minimum of the heat of oxidation at # = 0 . 6 5 
corresponds to the phase transition. 

T h e heats of oxidation for the tetragonal phases 
are almost equal to the calculated values. The result 
indicates that the heat of formation for the crystalline 
phase is close to that for the mixture of E u 2 0 3 , and 
N b 2 O s represented by Eq. 4. The heat of transforma­
tion from an unknown crystalline phase to the final 
products, mainly E u N b 0 4 , as well as E u N b 3 0 9 and 
E u N b 5 0 1 4 , might be very small. Thermal analysis 
(TGA-DTA) supports the assumption. 

The heat of oxidation for the cubic phases is much 
lower than that for the calculated ones, a maximum 
being obtained at # = 0 . 8 5 . The result indicates that 
the heat of formation for the amorphous phase ob­
tained from oxidation of the cubic bronzes is consider­

ably larger than that for the mixture of E u 2 0 3 and 
N b 2 O s shown by Eq. 4. A second cubic phase, 
E u 3 N b 0 6 , appears at # > 0 . 9 . The heat of formation 
for the existing cubic bronzes, Eu^NbOg.^+EugNbOg, 
seems to be smaller as compared with that for single-
phased Eu^NbOg.y, the apparent heat of oxidation 
decreasing for #>0 .9 . The minimum of the heat 
of oxidation at # = 0 . 6 5 is due to the difference in 
stability of these two intermediate phases. 
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Transition-metal Complexes of Pyrrole Pigments. XVII. Preparation 
and Spectroscopic Properties of Corroie Complexes1 
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Yasuhiro TANAKA, and Yasuhiro AOYAMA 
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Nickel (I I), copper(II), and cobalt(III) complexes were prepared with corroies; 2,3,7,8,12,13,17,18-octaethyl-
corrole (OEG), 2,3,17,18-tetramethyl-7,8,12,13-tetraethylcorrole (MEG), and 8,12-bis [2-(ethoxycarbonyl) ethyl] -
2,3,7,13,17,18-hexamethylcorrole (PMC). For the coordination with nickel and copper ions, the corroies acted 
as dianionic ligands to yield electrically neutral complexes. These complexes exhibited metalloporphyrin-like 
electronic spectra, while they showed spectra which bear a much closer resemblance to those for metalloporphyrins 
as the anionic complexes were formed upon addition of alkali. The corroies coordinate to tervalent cobalt as 
trianionic ligands to form neutral complexes, which were reduced to the corresponding cobalt(II) complexes 
with sodium hydroborate. These reduced species gave a unique set of ^-values {g^g^gz) f° r the complexes 
of macrocyclic ligands with conjugated double bond system. The plausible coordination geometry as well as 
the structural properties of the corroie ligands has been discussed. 

Corroie (1) and tetradehydrocorrin (2) are unique 
macrocyclic tetrapyrroles, having a highly conjugated 
jr-electron system like porphyrin and phthalocyanine. 
However, the direct linkage between A and D pyrrole 
rings involved in the former two macrocycles acts 
to provide a deformation effect on the macrocyclic 
skeleton so that those rings can not take complete 
planar structure. A significant structural difference 
between corroie and tetradehydrocorrin is in orbital 
hybridization of carbon atoms at 1- and 19-positions. 
The particular atoms concerned are considered to 
possess sp2 hybrid orbitals for corroie while sp3 for 
tetradehydrocorrin. Thus, it is interesting to shed 
light on the unique electronic structure of corroie 
and the possible consequences of ring deformation 
in its coordination with transition-metal ions. The 
synthesis of corroie and its cobalt (111), nickel ( I I ) , 
and copper (I I) complexes was reported first by Johnson 
et al.1*2) However, they did not investigate the elec­
tronic structure of these complexes in any detail by 
spectroscopic means. 

Three corroies having different peripheral substit­
uants were employed in the present study; i.e., 2,3,17,18-
tetramethyl-7,8,12,13-tetraethylcorrole (MEG), 2,3,7,-
8,12,13,17,18-octaethylcorrole (OEG), and 8,12-bis[2-
(ethoxycarbonyl) ethyl] - 2,3,7,13,17,18 - hexamethylcor-
role (PMC). The corresponding linear tetrapyrroles, 
biladiene-ac dihydrobromides, underwent cyclization 
to afford the corroies under irradiation with visible 
light. The metal complexes were prepared directly 
from biladiene-ac's by template reaction as functioned 
by metal ions. Stereochemistry and electronic struc­
tures have been discussed for both ligands and com­
plexes. 

Exper imenta l 

Electronic absorption spectra were recorded on a Hitachi 
EPS-2 spectrophotometer at room temperature; chloroform 
was used as solvent unless otherwise stated. ESR spectra 
were obtained with a JEOL JES-ME-3 X-band spectro-

t Contribution No. 579 from this Department. 
tt Present address: Kyushu Institute of Technology, 

Tobata-ku, Kitakyushu 804, 

meter equipped with 100-kHz field modulation unit; a 
standard MgO/Mn(II) sample calibrated with a NMR 
magnetometer was employed for calibration of the magnetic 
field. NMR spectra were taken on a Varian A-60 spec­
trometer for chloroform-öf solutions; tetramethylsilane being 
used as an internal reference. 

1,l9-Dideoxy-2,3,l7,18-tetramethyl-7,8,12,13-tetraethylbiladiene-
ac dihydrobromide and 1,19-dideoxy-2,3,7,8,12,13,17,18-octaethyl-
biladiene-ac dihydrobromide were obtained as described 
previously.3) 

1,19- Dideoxy - 8,12-bis[2- (ethoxycarbonyl) ethyl]-2,3,7,13,17,18-
hexamethylbiladiene-ac Dihydrobromide. Aqueous ammonia 
(28%) was added dropwise to a suspension of 3,3'-
bis[2 - (ethoxycarbonyl)ethyl] -4,4'-dimethyl-5,5'-dicarboxydi-
pyrromethane4) (5.0 g) and 2-formyl-3,4-dimethylpyrrole5> 
(2.65 g) in methanol (200 ml) until a clear solution was 
obtained. Aqueous hydrobromic acid (47%, 25 ml) was 
added to the mixture in one portion at 120 °G. After being 
refluxed for 1 min, the dark red solution was allowed to 
stand in a freezer for 1 h. The product was recovered, 
washed with water, methanol, and ether, and then recrystal-
lized from chloroform to give red crystals with green luster; 
yield 6.9 g (86%), mp>300°G. UV m a x (GHG13): 370, 
427, 455, and 518 nm. IR (KBr) : 1608 (biladiene skeletal 
str.) and 1722 cm"1 (C=0 str.). NMR (GF3G02H) : Ô 
1.38 (6H, t, J= 7.0 Hz, -CH2CH2C02CH2CH3), 2.18, 2.43, 
and 2.46 (18H, s, -GH3 on pyrrole ring), 2.23—3.27 (8H, 
m, -GH2GH2G02G2H5), 4.35 (4H, q, 7 = 7 . 0 Hz, -GH2GH2-
G02GH2GH3), 4.75 (2H, s, -GH 2 - at 10-position), 7.66 
(2H, s, -GH=), 8.01 (2H, d, 7 = 4 . 0 Hz, 1- and 19-H), 11.39 
(2H, br s, NH), and 11.55 (2H, br s, N+H). 

2,3,17,18- Tetramethyl-7,8,12,13-tetraethylcorrole (MEC). 
A mixture of l,19-dideoxy-2,3,17,18-tetramethyl-7,8,12,13-
tetraethylbiladiene-ac dihydrobromide (200 mg) and meth­
anol ( 100 ml) was heated to obtain a homogeneous solution, 
to which 28% aqueous ammonia (4 ml) was added subse­
quently. The refluxing green solution was irradiated with 
a 200-W tungsten lamp for 1 h, and then allowed to stand 
in a freezer for 2 h. Dark fine crystals were recovered and 
recrystallized from chloroform-methanol to give purple 
needles; yield 90 mg (61%). IR (Nujol mull): 3350 cm"1 

(N-H str.). 
Found: G, 79.41; H, 8.15; N, 11.98%. Galcd for G31-

H38N4: G, 79.77; H, 8.22; N, 12.01%. 
The following two corroies were prepared by similar 

photocyclization of the corresponding biladiene-ac dihydro­
bromides. 
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2,3,7,8,72,73,77,18-0ctaethylcorrole (OEC): purple needles, 
yield 19%. IR (Nujol mull): 3345cm-1 (N-H str.). 
Found: G, 79.38; H, 8.68; N, 11.03%. Galcd for C35H46-
N4: G, 80.40; H, 8.89; N, 10.72%. 

8,12 - Bis[2 - (ethoxycarbonyl) ethyl] -2,3,7,73,77,78-hexamethylcor-
role (PMC): purple needles, yield 51%,. IR (KBr) : 3360 
cm-1 (N-H str.). Found: G, 71.90; H, 7.29; N, 9.65%. 
Calcd for C35H42N404: C, 72.14; H, 7.27; N, 9.61%. 

Pyridine(2,3,7 7,18-tetramethyl-7,8,12,7 3-tetraethylcorrolato)cobalt-
(III) [Co(MEC)Py] and (2,3,7,8,7 2,7 3,7 7,7 8-octaethylcorrolato)-
cobalt(IH) [Co(OEC)] were prepared as described previous­
ly.3) 

Pyridine{8,72-bis[2-(ethoxycarbonyl) ethyl] - 2,3,7,73,77,78 - hexa-
methylcorrolato)cobalt(III) [Co(PMC)Py] was prepared by es­
sentially the same procedure as employed for the prepara­
tion of Go(MEG)Py and obtained as purple prisms; yield 
43%. IR (Nujol mull): 1603 (pyridine skeletal str.) and 
1728 cm-1 (C=0 str.). Found: C, 67.71; H, 6.08; N, 10.68%. 
Calcd for C40H44N5O4Co: C, 66.94; H, 6.18; N, 9.76%. 

(2,3,77,78- Tetramethyl - 7,8,72,73-tetraethylcorrolato) cobalt (III) 
[Co(MEC)]. A solution of pyridine(2,3,17,18-tetra-
methyl-7,8,12,13-tetraethylcorrolato)cobalt(III) (100 mg) in 
chloroform (4 ml) was refluxed for 3 min. Hot methanol 
(12 ml) was added to the solution, which was subsequently 
allowed to stand in a freezer for 2 h. Dark precipitates 
were recovered and washed with methanol to give glitter­
ing black prisms; yield 80 mg (92%). 

Found: C, 71.43; H, 6.59; N, 11.37%. Galcd for C31-
H35N4Go: C, 71.24; H, 6.76; N, 10.72%. 

(2,3,77,78- Tetramethyl-7,8,72,73-tetraethylcorrolato) nickel(II) 
[Ni(MEC)]. A mixture of l,19-dideoxy-2,3,17,18-
tetramethyl-7,8,12,13-tetraethylbiladiene-ac dihydrobromide 
(300 mg), nickel(II) acetate tetrahydrate (300 mg), methanol 
(50 ml), and 28% aqueous ammonia (6 ml) was irradiated 
with a 200-W tungsten lamp for 20 min. The green solution 
turned to red and finally to dark brown. The reaction 
mixture was then allowed to stand at 0 °G overnight, and 
precipitates were recrystallized from chloroform-methanol 
(2:1 v/v) to give glittering dark green prisms; yield 100 
mg (40%), mp>250°C. 

Found: G, 70.83; H, 6.66; N, 10.66%. Galcd for C31-
H36N4Ni: C, 71.13; H, 6.95; N, 10.71%. 

{8,72-Bis\2-(ethoxycarbonyl)ethyï]-2,3,7,7 3,77,7 8-hexamethylcor-
rolato)nickel(II) [Ni(PMC)] was prepared in a manner 
similar to that employed for the preparation of Ni(MEC) : 
yield 57%, mje 638 (M+). 

('2,3,1'7,18 -Tetramethyl-7,8,72,73-tetraethylcorrolato) copper(II) 
[Cu(MEC)]. A mixture of l,19-dideoxy-2,3,17,18-
tetramethyl-7,8,12,13-tetraethylbiladiene-ac dihydrobromide 
(315 mg) and copper(II) acetate monohydrate (300 mg) 

in methanol (150 ml) was stirred at room temperature for 
10 min. Precipitates were washed with methanol and re-
crystallized from chloroform-methanol (2:1 v/v) to give 
reddish brown needles; yield 50 mg (19%), mp>250 °G. 

Found: G, 70.41; H, 6.60; N, 10.55%. Calcd for C31-
H36N4Gu: C, 70.48; H, 6.88; N, 10.61%. 

{8,7 2-Bis [2- (ethoxycarbonyl) ethyl] -2,3,7,73,77,7 8-hexamethylcor-
rolato)copper(II) [Cu(PMC)] was prepared by essentially 
the same procedure as employed for the preparation of Cu-
(MEC): yield 47%, mje 643 (M+). 

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

Electronic Spectra. Characteristic transition en­
ergies and the corresponding molar absorption coef­
ficients (e) are summarized in Table 1 for the three 
corroie ligands. The strong absorption bands in the 
region of 24000—26000 c m - 1 are presumably due to 
transitions similar to those observed for porphyrins 
as B-band. The nature of transitions for the bands 
in the region of 15000—19000 c m - 1 is presumably 
similar to that for Q^-bands of porphyrins. The elec­
tronic transitions, which result in B- and Q-bands, 
have not been characterized because multiple transi­
tions with similar energies were observed in these 
regions due to lower symmetry of the corroie skeleton 
relative to the porphyrin framework. 

The nickel (II) and copper (I I) complexes of M E C 
and P M C were obtained as electrically neutral mole­
cules without additional ligand or counter ion. This 
fact indicates that the corroies coordinate to nickel(II) 
and copper (I I) as dianionic ligands. The complexes 
exhibited metalloporphyrin-like spectra, but a number 
of absorption bands is larger for the corroie complexes 
than for the corresponding metalloporphyrins. Both 
nickel (I I) and copper (I I) complexes of corroie showed 
much sharper absorption bands upon addition of so­
dium hydroxide to their D M S O solutions. The char­
acteristic absorption bands are summarized in Table 
2 along with molar absorption coefficients for the 
neutral complexes. The absorption bands for each 
complex are obviously classified into the following 
groups: group A, weak bands with transition energy 
less than 10000 c m - 1 ; group B, bands with interme­
diate intensity in the region of 10000—20000 cm- 1 ; 
and group C, very intense bands with high transition 
energy (greater than 20000 cm - 1 ) . 

T A B L E 1. 

Corroie 

EIECTRONIC ABSORPTION BANDS FOR CORROLES IN CHLOROFORM AT ROOM TEMPERATURE 

M E C O E C P M C 

Absorption maxima/cm -1 (e) 

14700s* (1000) 

16800 (14840) 
18100 (13280) 
18600 (13840) 

20000s* (6700) 
20800s* (5040) 

24540 (94800) 
25100 (116600) 
30300s* (20800) 
36400s* (14900) 

14700s* (1220) 

16800 (19860) 
18200s* (17160) 
18600 (19020) 

20000s* (7720) 
21100s* (4780) 

24400 (103200) 
25100 (116200) 
30300s* (20600) 
36400s* (15040) 

16900 (18800) 
18200 (17300) 
18600 (17200) 

19500s* (8120) 
20000s* (7050) 
20900s* (4720) 

24600 (106000) 
25100 (129000) 
30700s* (18200) 
36000s* (14800) 
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TABLE 2. ELECTRONIC ABSORPTION BANDS FOR NICKEL(II) AND COPPER(II) COMPLEXES 

OF MEC AT ROOM TEMPERATURE 

Complex Ni(MEC)a> [Ni(MEC)]- b> Cu(MEC)a> [Cu(MEC)]- *> 

Absorption maxima/cm -1 (e) 

8330s* (574) 
11900 (1310) 

15200 (9870) 
16700 (3840) 

23500sh (35300) 
26000 (42200) 
27800 (58800) 

15600 
17000 
18000 
19000 

24900 

10600sh (590) 
11600 (661) 

14900sh (1060) 

18200 (10000) 
19800sh (7580) 

25100 (87700) 

35800 (26800) 

17600 
18800 

24000 

a) Measured in chloroform, b) Measured in iV,iV-dimethylformamide in the presence of NaOH. 

Wavelength/nm 

1000 700 500 400 300 

20 25 30 
Dx10"3/cm"1 

Fig. 1. Electronic absorption spectra of MEC and its 
metal complexes at room temperature. 

: Metal-free MEC in CHC13, : Nin(MEC) 
in CHC13, : Cun(MEC) in CHC13, : 
Co111 (MEC) in pyridine. 

The local structure about the central metal may 
be assumed to be square planar with slight distortion. 
For such cases, the d-d transitions of nickel(II) and 
copper (I I) are generally expected to appear in the 
region of 10000—20000 cm"1 . The absorption bands 
classified as group A are, therefore, not attr ibuted 
to d-d transitions, but rather to charge-transfer transi­
tions. The absorption bands of group B have molar 
absorption coefficients larger than 1000; they are too 
large to be assigned to d-d transitions. These bands 
may be attributed to n-n* transitions which have 
similar character as those for the Q-bands of metal-

loporphyrins. The absorption bands of group G are 
attributed to transitions from n- to higher ?r*-orbitals, 
corresponding to B-bands of metalloporphyrins. The 
neutral nickel(II) complex exhibited at least three 
absorption bands in the B-band region while the 
corresponding copper(II) complex showed only one 
band. However, this high energy band for the copper 
complex is very broad so that it must consist of two 
or more unresolved absorptions. The corresponding 
absorption band for the anionic complexes, [ N i ( M E C ) ] -

and [Cu(MEC)]~ , is remarkably sharp in a manner 
as observed for metalloporphyrins. 

Above observation indicates a large difference in 
7r-conjugation between anionic and neutral complexes. 
Nine double bonds of the corroie macrocycle ( l ) 
seem to be conjugated throughout the whole molecule 
for the anionic complex6) (3) while the protonated 
structure (the neutral complex) interferes with such 
a conjugation effect. Structures of the neutral com­
plexes are not established at present, but most plausibly 
shown by 4. 

Cobalt complexes with the corroie ligands were 
isolated only in the tervalent cobalt state as Go (corroie) 
and Co (corroie) Py. We reported previously the fol­
lowing equilibria in solution.3) 

«Co (corroie) [Co (corroie) ]n (1) 
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Go (corroie) 
Py 

Go (corroie) Py 
Py 

Go (corroie) (Py) 2 (2) 
Thus, an absorption spectra for the bis (pyridine) ad-
duct can be obtained directly in the presence of excess 
pyridine. Electronic spectral data for the cobalt (III) 
complexes in pyridine are summarized in Table 3. 
For both complexes, absorption bands in the region 
of 12000—15000 c m - 1 are attributed to charge-transfer 
transitions while higher energy bands are attr ibuted 
to Q,- and B-type transitions. 

NMR Spectra. Proton N M R chemical shifts for 
the selected absorptions of Go(MEG)Py and Go-
(PMG)Py are listed in Table 4 along with the cor­
responding data for dicyano(8,12-diethyl-l,2,3,7,13,17,-
18,19-oc tame thy 1 te tradehydrocorrina to) cobalt ( III) and 
dicyano (8,12 - diethyl -1 ,2,3,7,13,17,18,19 - octamethyl-
AD-bisdehydrocorrinato)cobalt(III) [abbreviated as 
Go(TDHG)(GN) 2 and Go(BDHG)(GN) 2 , respectively]. 
The meso-protons at 5-, 10-, and 15-positions and 
methyl-protons at 2-, 3-, 17-, and 18-positions provide 
an useful information: these signals shift to lower 
field in going from Go(BDHG)(CN) 2 to Go(TDHG)-
(CN)2 , Go(MEG)Py, and Go(PMG)Py; those protons 
involved in the corroie complexes resonate at the 
lowest field. The result indicates that the significant 
ring current effect is exercised undoubtedly by the 
corroie ring on the peripheral protons. The axial 
pyridine ligand in the corroie complexes is placed in 

TABLE 3. ELECTRONIC ABSORPTION BANDS FOR 

COBALT(III) COMPLEXES IN PYRIDINE 

AT ROOM TEMPERATURE 

Ligand MEG OEG 

Absorption 
maxima/cm -1 (e) 

13300s* (530) 

17300 (43800) 
18500 (8660) 
19900 (4520) 

23400 (79200) 

12500s* (377) 
15200 (1000) 

17200 (56500) 
18500 (10800) 
19800 (6080) 

23500 (11300) 

TABLE 4. PROTON NMR CHEMICAL SHIFTS FOR THE 

COBALT (III) COMPLEXES OF CORROLES AND DEHYDRO-

CORRINS AT ROOM TEMPERATUREa) 

Complex 

Go(MEG)Py 
Go(PMG)Py 

Co(TDHC)(CN)2
c> 

Co(BDHC)(CN)2
d> 

Medium 

GS2 

GS2 

GDGlg 
GDG13 

GH3 

(2,3,17,18) 

3.47, 4.30 
3.31, 3.48, 
3.92b> 
2.36, 2.48 
2.11, 2.29 

ô 

=CH-

(5,15) (10) 

8.43 8.08 
9.20 8.99 

6.99 6.95 
5.97 5.91 

a) Chemical shifts needed for discussion are given, b) 
One of the three values must be attributed to methyl 
protons at 7- and 13-positions. c) As for preparation, 
see: D. Dolphin, R. L. N. Harris, J . L. Huppatz, A. 
W. Johnson, I. T. Kay, J. Chem. Soc, C, 1966, 30. 
d) Cited from Ref. 7. 

a shielding zone of the ring current, and the pyridine 
protons resonate at a considerable higher field (<3 
5.06—6.30) relative to those in Co(NH3)5Py (<5 7.75— 
8.33 in D20).8> 

Table 5 summarizes chemical shifts for metal-
free O E G and 2,3,7,8,12,13,17,18-octaethylporphyrin 
(OEP) . O E C exhibits a deshielding effect on the 
imino-protons and a shielding effect on the meso-
protons, but such effects are more pronounced for 
O E P . This is most plausibly caused by the deviation 
of the corroie skeleton from ideal planar configuration, 
which results in reduction of the extent of jr-conjuga-
tion compared with porphyrins. 

Except for the case of OEG, the metal-free corroies 
showed only broad N M R signals, presumably caused 
by paramagnetic contamination. This was confirmed 
by the presence of a sharp ESR signal at g = 2 . 0 . The 
paramagnetic species responsible for the observation 
is presumably radical species of corroie itself generated 
during photo-cyclization of biladiene-ac's. I t is not 
clear at present whether the formation of such species 
is influenced by the nature of substituents or simply 
a mat ter of slight difference in experimental conditions. 
T h e paramagnetic species disappeared upon addition 
of thiophenol. 

ESR Spectra. Copper (I I) complexes of the cor­
roies exhibited ESR spectra typical of the planar 
coordination structure. The X-band ESR spectrum 
for neutral Gu(MEG) at 77 K is shown in Fig. 2. 

TABLE 5. PROTON NMR CHEMICAL SHIFTS FOR OEC 

AND O E P MEASURED IN CHLOROFORM-öf AT ROOM 

TEMPERATURE 

Compound 

OEC 
OEP 

NH 

- 2 . 4 7 
- 3 . 7 8 

ô 

=CH-

9.39, 9.22a> 
10.00 

CH3 

1.75 
1.89 

CH2 

3.82 
4.11 

a) For 5- and 15-positions, 9.39; for 10-position, 9.22. 

9. 9=2.0 

Fig. 2. ESR spectrum of Cun(MEC) in benzene-
xylene (4:6v/v) at 77 K. 
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TABLE 6. SPIN HAMILTONIAN PARAMETERS FOR THE COPPER(II) COMPLEXES OF MACROCYCLIC LIGANDS 

Complex 

Cu(MEC) 
Cu(MEC) 
Cu(PMC) 
Cu(PMC) 
Cu(TPP)a) 
Cu(PC)b) 

g,\ 

2.145 
2.152 
2.148 
2.146 
2.193 
2.160 

gi 

2.021 
2.030 
2.023 
2.030 
2.071 
2.045 

^ U X 1 0 4 

cm - 1 

208 
240 
207 
246 
202 
218 

cm - 1 

15.8 
17.3 
15.6 
16.9 
14.5 
18.6 

A±xl0* 
cm - 1 

14.2 
16.1 
13.0 
16.0 
16.1 
15.5 

Medium 

Metal-free MECC> 
Benzene-xylene (4 :6 v/v)d> 
Metal-free PMCC) 
Benzene-xylene (4 :6 v/v)d> 
Metal-free TPPC> 
Metal-free PCC> 

a) Cited from Ref. 9. b) Cited from Ref. 10. c) Measured at 293 K. d) Measured at 77 K. 

Spin Hamiltonian parameters for M E C and P M C 
complexes are summarized in Table 6 along with 
those for the copper complexes of 5,10,15,20-tetra-
phenylporphine (TPP) and phthalocyanine (PC). As 
mentioned earlier, the complexes would possess planar 
structure with slight rhombic distortion. Rhombic 
parameters (g1} g2, and g3), however, were not ob­
tained because of the complexity of the spectra in the 
perpendicular component range. The parameters were 
evaluated, in any event, for pseudo-tetragonal coor­
dination having C4 v local symmetry around the copper 
atom. Both gu and g± for the corroie complexes 
are significantly smaller than those for the T P P and 
PC complexes. This observation reflects the deforma­
tion of the corroie complexes from planar structure. 
As mentioned above, the extent of ^-conjugation in 
the neutral complex is much lower than that for metal-
loporphyrins. In addition, the direct linkage of A 
and D pyrrole rings stands in favor of such deforma­
tion. 

A remarkable medium effect on hyperfine splitting 
constants was observed: the complexes gave larger 
^4-values in frozen solution (benzene-xylene, 4:6 v/v) 
relative to those for the samples diluted with the cor­
responding metal-free corroies, while ^-values were 
not affected significantly by the nature of media. 
The complexes also gave larger JN-values in frozen 
solutions compared with those in the solid matrices. 
These facts suggest that both extent of mixing of 4s 
orbital with 3dx2-y

2
 a n c j covalent character of the 

coordinate bonds are more pronounced in solution 
state rather than in the matrix of metal-free ligand. 
Lack of d-d transition energies makes it difficult to 
evaluate the effect of host structure quantitatively. 
The neutral copper (II) complexes presumably have 
a molecular geometry different from those of the 
corresponding anionic complexes and metal-free li­
gands. Thus, the neutral complexes are subjected 
to deformation in the matrices of metal-free corroies 
which tends to raise the molecular symmetry, while 
their coordination geometry is less affected in organic 
solvents. Such deformation is responsible for reduc­
tion of the covalency of coordinate bonds and of the 
mixing of s-orbital with dx

2-y
2. Meanwhile, the ani­

onic copper(II) complexes, which have more extensive 
^-conjugation system relative to the neutral ones, may 
be stabilized upon protonation to yield the latter 
complexes because the internal strain provided by 
the direct A-D linkage is relaxed through such a 
process (refer to 4). 

Fig. 3. ESR spectrum of [Con(MEC)]- in DMF at 
77 K. 

The cobalt(II) complexes, generated by reduction 
of the corresponding cobal t(III) complexes with NaBH 4 

in JV,iV-dimethylformamide(DMF), showed intense 
ESR signals at 77 K as shown in Fig. 3. T h e samples 
did not give such E S R signals a t room temperature 
due to short spin-lattice relaxation time of the low 
spin d7 configuration. An ESR spectrum for the pyri­
dine adduct of a reduced cobalt complex was observed 
upon addition of pyridine to the D M F solution (Fig. 
4) ; except for the appearance of an additional super-
hyperfine splitting due to the nitrogen nucleus of 
pyridine, the spectra of both adduct and pyridine-
free complex are essentially identical. The spin 
Hamiltonian parameters for S = l / 2 and 1 = 7/2 were 
obtained as summarized in Table 7. The spectral 
feature suggests that the cobalt (I I) complexes assume 
a rhombic symmetry at the coordination site. Since 
the spectral features of both Figs. 3 and 4 bear a close 
resemblance to each other as stated above, the spatial 
arrangement of cobalt and four pyrrole-nitrogen atoms 
remains practically unchanged regardless of pyridine 
coordination. Since the superhyperfine splitting shown 
in Fig. 4 consists of three lines, the coordination of 
pyridine takes place only at the fifth coordination site; 
suggesting strongly a pyramidal structure for the origi­
nal corroie complex with the cobalt a tom placed at 
the top so that pyridine can approach to the metal 
from only one side of the molecular plane. The 
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Fig. 4. ESR spectrum of [Go11 (MEG)]" in DMF at 
77 K; pyridine was added. 

four nitrogen atoms involved in the corroie complexes 
can not occupy vertices of square even if they are 
placed on the same plane, because the A and D 
pyrrole rings are linked directly. T h e coordination site 
around the cobalt a tom assumes, therefore, Gs local 
symmetry, distorted from G4v. 

The cobalt (I I)-corroie complexes provide g-values 
°f gi^g2>gs a s s e e n m Table 7. Cobalt(II) com­
plexes other than the corroie complexes, given in 
Table 7, require g-values of g1=g2>g3; local symmetry 
of G4v. T h e coordination geometry around the cobalt 
a tom for G4v local symmetry is shown in Fig. 5. Four 
nitrogen atoms are placed in xy-plane on lines bisecting 
angles between x and y axes. Therefore, a d-orbital 
with the largest contribution to o coordinate bonds 
is dx y which occupies the highest energy level among 
d-orbitals. The hole formalism represents the ground 

Fig. 5. Coordination geometry around the cobalt atom 
for G4V local symmetry ; four nitrogen atoms are placed 
in xy-plane while the cobalt atom is displaced upward 
from xy-plane along z-axis. 

state for d7 configuration by one of the following 
four configurations: (diy, dx

2-y
2) , (d*y, dz

2), (dxy, dx z) , 
and (dly, dyz) ; the last two configurations are de­
generate in G4v while referred to different energy 
states in Gs. g-Values are represented as shown in 
Table 8 for the above hole configurations. A relation, 
g x x ~ g y y > g z z = 2 , is obtained for the ground state 
configuration of (diy, dz

2). Co(II)(TPP) in TPP 
matrix and Co(II)(PC) diluted with Zn(II)(PG) are 
included in this category (refer to Table 7). The 
ground-state configuration can not be established for 
the corroie complexes on the basis of ^-values alone. 
Nevertheless, either (d*y, dxz) or (d*y, dyz) is referred 
to the ground state judging from their coordination 
geometry. For either of the configurations, the rel­
ative magnitude of ^-values depends on the energies 
of excited configurations. Since (d*y, dxz) and (d*y, 
dyZ) are transformed into each other by interchange 
of x and y axes, we discuss the situation for the former 
as the ground state. 

Suppose the following correlations are satisfied. 

£(d x y , dx
2
z) > £(dx

2
y, dyz) (3) 

TABLE 7. SPIN HAMILTONIAN PARAMETERS FOR THE COBALT(II) COMPLEXES OF 

MACROCYCLIC LIGANDS AT 77 K 

Complex 

Go(MEG) 
Go(MEG)Py 
Go(PMG) 
Go(PMG)Py 
Co(TPP)a> 
Go(PG)b> 

g\ 

3.236 
3.223 
3.242 
3.225 

2 

£2 

2.263 
2.206 
2.214 
2.147 

505°) 
2.422c> 

£3 

1.847 
1.848 
1.841 
1.854 
2.034d> 
2.007d> 

ÄCOX104 A 
cm - 1 

181 
180 
181 
172 

115c> 
116c> 

I2
CoXl04 

cm - 1 

104 
113 
108 
97.9 

J3
CoXl04 

cm - 1 

9 2 d ) 

66d> 

J2
NX104 

cm - 1 

17.2 

17.4 

Medium 

DMF 
DMF 
DMF 
DMF 

metal-free TPP 
Zn(PG) 

a) Cited from Ref. 9. b) Cited from Ref. 11. c) Perpendicular component, d) Parallel component. 

TABLE 8. REPRESENTATION OF £-VALUES FOR THE GROUND STATE CONFIGURATIONS 

BASED ON HOLE FORMALISM*1) 

Hole configuration 
for the ground state A£x A£ y y A&s 

(d*y, dx*_y2) 

(di, <W 
(djy, dxz) 

-2X/AE(d^, dyz) 
-6A/A£(dJy, dyz) 

2A/A£(dxy) dja) 

-2A/A£(dI
2

y, dxz) 
-6A/A£(dJy, dxz) 
-2A/A£(dJy, dx!_y!) 

-6A/A£(d|y , dz.) 

8A/A£(dJy) d,«-,.) 
0 

-2A/A£(d i , dyz) 

a) AE denotes an energy difference between ground state and excited state configurations, the latter being given 
in parentheses after A £ ; Agü=gu—g0* 
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£(dx
2
y, dx3_y2) > £(dx

2
y, dyz) (4) 

£(dx
2
y, dz2) » £(dx

2
y, dyz) (5) 

g-Values are interrelated by Eq. 6. 

gzz > £yy > £xx (6) 

O n the other hand, a relationship among ^-values 
is provided by Eq. 8 for an energy correlation given 
by Eq. 7. 

£(dx
2
y, dyz) ~ £(dx

2
y, dz2) (7) 

£yy > gzz > £xx (8) 

If (dîy, dxz) is referred to the ground state, either 
of the above conditions [(3), (4), and (5); or (7)] 
must be satisfied in order to observe the g-value cor­
relation for the present corroie complexes: g x > g 2 > g 3 

(refer to Table 7) ; other ground-state configurations 
listed in Table 8 are not consistent with this relation. 

The cobalt atom is displaced most plausibly from 
the plane of the four pyrrole-nitrogen atoms to yield 
a pyramidal geometry as stated earlier. Under such 
circumstances, dxz and dyz orbitals contribute exten­
sively to the formation of tf-antibonding orbitals. 
Although strong out-of-plane pjr-djr interactions be­
tween cobalt and pyrrole-nitrogen atoms may be in 
favor of the present experimental sequence of ^-values, 
such interactions are expected for all the complexes 
cited in Table 7. Thus, the jr-bonding effect does 
not explain the difference in interrelation of ^-values 
among these complexes. 

Conc lus ion 

Corroie involves a significant internal strain in its 
macrocyclic skeleton due to the direct linkage between 
A and D pyrrole rings. This strain may cause devia­
tion of the skeleton from complete planar configuration 
and consequently results in reduction of the extent 
of jr-conjugation compared to porphyrin. Such an 
internal strain effect seems to be relaxed to some 
extent through formation of the bivalent metal com­
plexes, in which corroie acts as a dianionic ligand. 
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T h e jr-conjugation throughout the whole complex mol­
ecule is interfered with by the presence of a methylene 
group at 10-position. Such bivalent metal complexes 
of neutral charge were transformed into anionic com­
plexes upon losing a proton of 10-position with base. 

Corroie is coordinated to the tervalent cobalt as 
a trianionic ligand. T h e cobalt (II) complex, gener­
ated by reduction of the corresponding cobalt (111) 
complex with NaBH 4 , must assume C s local symmetry 
at the coordination site; the cobalt a tom is placed 
at the top of a pyramidal structure. Either (d2

y, 
dxz) or (diy, dyz) is referred to the ground state con­
figuration (hole) with extensive contribution of dxz 

and dyz to the formation of tf-antibonding orbitals. 
The interrelation of experimental g-values ( g i > £ 2 > 
g3) is consistent with such circumstances along with 
requirement given by (3), (4), and (5); or (7). 
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TABLE 1. ELEMENTAL ANALYSES 

171 

Found (Calcd) (%) 

MoO(tpp)OG2H5 

MoO(tpp)F 
MoO(tpp)Gl 
MoO(tpp)Br 
MoO(tpp)BF4 

MoO(tpp)N3 

MoO(tpp)NGO 
MoO(tpp)NGS 

i 

71.67 
70.06 
68.27 
65.98 
64.90 
69.02 
70.66 
68.96 

C 

(71.78) 
(71.07) 
(69.53) 
(65.69) 
(65.13) 
(68.93) 
(70.50) 
(69.05) 

] 

4.40 
3.91 
3.62 
3.28 
3.71 
3.74 
3.72 
3.92 

H 

(4.32) 
(3.80) 
(3.71) 
(3.51) 
(3.48) 
(3.68) 
(3.68) 
(3.61) 

7.15 
7.15 
7.24 
6.78 
6.90 

11.31 
8.93 
8.77 

N 

(7.28) 
(7.53) 
(7.37) 
(6.96) 
(6.90) 
(12.79) 
(9.14) 
(8.75) 

S 

4.02 (4.10) 

aratory funnel was used. Each complex was dried 
in vacuo at 100 °C. When the complex was dried 
in vacuo at room temperature, a mixture of MoO( tpp )F 
and M o O ( t p p ) F H F or a mixture of MoO( tpp)Cl 
and MoO( tpp)Cl -HCl was obtained. The synthesis 
of the complex, MoO(tpp)Cl , by different method was 
reported by Ledon et a/.6> The visible absorption 
spectra of the complex, MoO(tpp)Cl , was almost the 
same as that of Ledon's complex. 

The complexes, MoO( tpp )N 3 and M o O ( t p p ) N G O , 
were prepared in the same manner as described for 
the synthesis of the halo complexes. The aqueous 
solution of free acids, H N 3 or H O C N , was freshly 
prepared by passing the aqueous solution of N a N 3 

or K O C N through a column of a cation-exchange 
resin, Dowex 50W-X8, in the hydrogen-form. Purity 
of the complexes was confirmed by the elemental 
analyses (see Table 1). 

Trials for the Syntheses of Other TPP Complexes. 
The synthesis of the iodo complex, MoO( tpp ) I , was 
tried in the same manner as described in the prepara­
tion of other halo complexes; the bromo complex, 
MoO(tpp)Br, was used as a starting material. The 
I R spectra of the brown crystals thus obtained showed 
no evidence for the M o = 0 bond. The feature of the 
visible absorption spectrum was different from that 
of the spectra of other halo complexes. 

The synthesis of the perchlorato complex, M o O -
(tpp)C104 , was also tried. The visible absorption 
spectra in dichloromethane of the obtained compound 
show three peaks in the region of the a and the ß bands, 
suggesting the formation of a complex of a different 
formula or a mixture containing some other complexes. 

ESR Spectra. The ESR spectra of the complexes, 
MoO( tpp)X, always consisted of six weak lines due 
to 95>97Mo nuclei (7=5/2) (abundance ca. 2 5 % ) . The 
hyperfine structure revealed d1 Mo(V) state of the 
central molybdenum atom in all the complexes syn­
thesized. The ^-values were found to be 1.967±0.005 
for all complexes. A strong central line due to the 
molybdenum nucleus with 7 = 0 was split into nine 
lines. This superhyperfine structure was assigned to 
the interaction of the Mo nucleus (7=0) with four 
nitrogen nuclei {1=1) of the ligand, T P P . The ESR 
parameters for several complexes were already re­
ported.7) 

IR Spectra. An intense I R absorption band 
ascribed to the M o = 0 stretching was observed around 

TABLE 2. ABSORPTION PEAKS IN INFRARED REGION 

v(Mo=0)/cnr 

MoO(tpp)OG2H5 

MoO(tpp)F 
MoO(tpp)Cl 
MoO(tpp)Gla) 
MoO(tpp)Br 
MoO(tpp)BF4 

MoO(tpp)N3 

MoO(tpp)NGO 
MoO(tpp)NGS 

(Nujol mull) 

904 
938 
935 
937 
937 
940 
935 
940 
950 

a) Ref. 6. 

935—938 c m - 1 for each complex, suggesting that syn­
thesized complexes are all oxomolybdenum(V) com­
plexes. The values of j>(Mo=0) are not different 
among F, Cl, and Br complexes (see Table 2). The 
BF4 , N3 , and N C O complexes have the absorption 
peak for the M o = 0 stretching in the region of 940 
c m - 1 . The doublet I R bands ascribed to the CN 
stretching for the complex, M o O ( t p p ) N C O , were ob­
served at 2060 and 2080 c m - 1 . The band correspond­
ing to the CN stretching for the complex, MoO( tpp) -
NCS, was observed at 2075 c m - 1 . These results sug­
gest that the ligands, NCO~ and NCS~, in the com­
plexes are coordinated to the central molybdenum 
atom with N atoms. 

Visible Absorption Spectra. The values of / lm a x 

and £max for the electronic spectra of the complexes, 
MoO(tpp)Br and MoO( tpp)Cl -HCl , were previously 
reported by the present authors. 7> However, in the 
detailed characterization of the synthesized com­
plexes, we noticed that the visible absorption spectra 
of these complexes, especially of MoO(tpp)Br , are 
very sensitive to impurities in the organic solvents 
applied.8) Therefore, the absorption spectra of these 
complexes were remeasured and corrected. T h e values 
of / lm a x and em a x of the absorption spectra for the com­
plexes in pure dichloromethane are listed in Table 
3, suggesting that the complexes, M o O ( t p p ) X , belong 
to d-type hyperporphyrin.1) A typical absorption spec­
trum is given in Fig. 1. The most intense absorption 
peak in the visible region, the B or the Soret band, 
was observed around 460—500 nm, and the other in­
tense bands, the Q, or the ß and the a bands between 
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TABLE 3. ABSORPTION PEAKS IN UV AND VISIBLE REGIONS 

l m a s /nm (e/104mol-1dm8cm-1) in GH2G12 at 25 °G 
KJKJLÏ.Ï.j^l.^A. 

MoO(tpp)OG2H5 

MoO(tpp)F 
MoO(tpp)Gl 
MoO(tpp)Cla> 
MoO(tpp)Br 
MoO(tpp)BF4 

MoO(tpp)N3 

MoO(tpp)NGO 
MoO(tpp)NGS 

320(3.42) 
325(3.70) 
337(6.12) 

350(6.40) 
325(4.07) 
327(4.17) 
333(4.76) 
333(5.42) 

385 (sh) 
370 (sh) 
380 (sh) 

375, 390 (sh) 
370 (sh) 
369(4.00) 
360 (sh) 
370 (sh) 

390 (sh) 
417(2.90) 
402 (sh) 
421(2.63) 
390 (sh) 
412(3.37) 
413(2.87) 
410 (sh) 

Soret 

454(15.8) 
463(9.71) 
500(4.17) 
504(4.1) 
508(3.45) 
463(9.82) 
490(4.34) 
488(4.66) 
493(4.55) 

ß 
582(1.51) 
592(1.30) 
627(0.85) 
632(0.84) 
638(0.71) 
591(1.35) 
616(0.81) 
617(0.85) 
622(0.91) 

a 

622(1.04) 
635(1.04) 
674(0.96) 
678(0.92) 
686(0.86) 
634(1.09) 
662(0.83) 
664(0.86) 
667(0.93) 

a) Ref. 6. 

ö a 

rO 

< 

Soret band 

600 700 

Wavelength/nm 

Fig. 1. Absorption spectrum of the complex, MoO-
(tpp)F, in GH2G12 at 25 °G. [MoO(tpp)F] = 1.08 x 
10 -5 mol dm - 3 . 

550 and 700 nm, respectively. The Soret band would 
be assigned to charge-transfer (CT) transitions,1 '9) 
a l u (^) j a2u(jz;)—>eg(d,jz;), and/or the C T transition mixed 
with a 7i-*7i* transition as assigned for the manganese-
(III) etioporphyrin complex.10) The visible absorp­
tion spectra of the complexes, MoO( tpp )X , strongly 
depend on the anionic ligand X~. Change in the 
axial ligand X, caused a red shift of the absorption 
peaks in the visible region relative to those of M o O -
( tpp)OC 2 H 5 ; the red shift of the Soret band was ac­
companied with the red shift of the oc and the ß bands. 
The Soret band and the ß band, and the ß and the 
a bands were separated from each other by ca. 125 
and 40 nm, respectively. The values of the red shift 
are increased in the order: X = O C 2 H 5 < F ~ B F 4 < 
N C O < N 3 < N C S < C K B r . 

The red shifts of the visible absorption peaks are 
also accompanied with the change in the values of 
em a x of these three peaks; the values of £Soret5 ea, and 
ea decreased with increase in the red shift. A linear 

p 

relationship was observed between the ratio eajeß and 
the wave number of the Soret band (Fig. 2). This 

1.2 

1 0 

0 8 

0 6 

...., —, 
. vDBr complex 

NCS° o " 
N3 

•• i 

NCO 

^ \ ^ 

1 

O E T ^ 

Wave number/cm -1 (Soret band) 

Fig. 2. The correlation between the ratios ea/eß and 
the wavenumbers of the Soret bands in the visible 
absorption spectra of the complexes, MoO(tpp)X. 

strong correlation between the ratio ea/eß and the 
wavenumber of the Soret band suggests the contribu­
tion of the configurational interaction between the 
transitions for the Soret band and those for the a and 
the ß bands of the complexes, MoO( tpp )X , as sug­
gested for the metalloporphyrins by Gouterman based 
on his four-orbital model.11) 

Similar red shifts were reported for the complexes, 
SnIV (e tio) X 2 (et io=etioporphyrin) ,12) M n m (etio) X • 
H 20, 1 3 ' 1 4) and Zn n( tpp)X-. 2> The order of the red 
shifts is F < C K B r < I for the Soret bands of these 
complex series and also F < C 1 for the complexes, 
MoO(oep)X. 1) The intensity ratio ejeß also in­
creased in the same order for Zn( tpp)X~ and in the 
reversed order for Sn(etio)X2 . Similar reversed rela­
tionship between the ratio ea/eß and the red shift 
was previously observed for a series of metalloporphy­
rins;1 '11) ejeß decreases with increasing red shift of 
the Soret band for etioporphyrin, octaethylporphyrin, 
mesoporphyrin I X , and porphyrin I V complexes, but 
increases for T P P complexes.2) 

T h e orders of the red shift and of the ratio eajsß for 
the complexes, M o O ( t p p ) X , are the same as those 
for the complexes Zn( tpp)X~ (see Table 4). I t is 
interesting to note that no difference is observed in 
the spectral behavior between the closed-shell d10 

zinc(II) porphyrin complexes and the open-shell d1 
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TABLE 4. THE ORDERS OF THE RED SHIFT AND OF THE 

RATIO EAJEß IN THE VISIBLE ABSORPTION SPECTRA 

OF THE HALO COMPLEXES 

Complex Red shift £a/
eß 

Zn(tpp)X-a> F < C l < Br F < G l < Br 
Sn(etio)X2

b) F < C l < Br F > Gl > Br 
MoO(tpp)X F < C l < Br F < G l < Br 

a) Ref. 2. b) Ref. 12. 

oxomolybdenum(V) porphyrin complexes. The order 
of the red shift for closed-shell metalloporphyrin de­
pends largely on the electronegativity of the central 
metal atom12> and on that of the axial ligand X.2 '12) 
In the series of the halo complexes, M o O ( t p p ) X (X = 
F, CI, and Br), the I R band ascribed to the M o = 0 
stretching was observed at almost the same frequency 
935—938 c m - 1 and the g-values for the complexes 
were all observed at 1.967+0.005. These data suggest 
the slight differences in the electronic state of the 
central molybdenum(V) atom (d1) in the given com­
plexes. Thus, decreasing electronegativity of the axial 
halo ligands, X = F , CI, and Br, should primarily 
causes the increased electron density in the porphyrin 
ring via the central molybdenum (V) atom, resulting 
in the red shift and the increase in the ratio eajeß. 
For the NCS, N C O , and N 3 complexes, the correlation 
of the red shift and the electronegativity of the ligands 
could not be directly discussed, since the data on 
the electronegativity of the coordinated ligands, NCS, 
N C O , and N3 , are not estimated. However, from the 
order of the red shift, we deduce the order of the mag­
nitude for ligand X to donate electrons to the porphyrin 
ring through the central moiety 0 = M o - X as follows: 

0-Mo-OC 2H 5 < 0=Mo-BF4 ~ 0=Mo-F < 0=Mo-NCO < 
0=Mo-N3 < 0=Mo-NCS < 0=Mo-Cl < 0=Mo-Br. 

As in Table 3, the absorption spectra in U V and 
visible regions of the dichloromethane solutions of 
the complexes, MoO( tpp)NCS, M o O ( t p p ) N C O , and 
MoO(tpp)N 3 , give almost the same values of / lm a x 

and emax . This fact indicates that the thiocyanate 
are the cyanate anions coordinate to the central 
molybdenum(V) atom via N atom as suggested by 
the data of I R spectra of these complexes. Similar 
phenomenon was also observed for the complexes, 
MoO(tpp)BF 4 and M o O ( t p p ) F ; the values of ^ m a x 

and £max of the absorption spectra of these complexes 
are alomst the same (Table 3). These results in­
dicate that in the small ligand it is the donor a tom 
in the ligand coordinated to the central atom that 
is predominantly responsible for the absorption spectra 
of the complex, M o O ( t p p ) X ; the values of / lm a x and 
em a x in the U V and the visible absorption spectra 
are primarily determined by the donor a tom in the 
axial ligand X . 

Correlation of the Value of eSoret with the Integrated 
Intensity of the Sored Band. In connection with the 
correlation of the red shifts of / lm a x in the visible ab­
sorption spectra of the complex, M o O ( t p p ) X , with 
the values of £Soret, ea, and eß it was observed that 
the degree of the broadening of the Soret band is 

also in the same order as that of the red shift and that 
the values of £Soret and the integrated intensity of 
the Soret band decrease with the red shifts. These 
facts should be explained in terms of the decrease 
in the magnitude of transitions in the Soret band 
with increase in the order of the red shift, though 
the Soret band becomes broader and less intense with 
increasing red shift. Relative integrated intensities of 
the Soret bands of the complexes, M o O ( t p p ) X , are 
decreased in the order: F(285)^>BF 4 (280)>NCS~ 
N 3 ~ N C O ( 2 0 0 ) > C l ( 1 8 5 ) > B r ( 1 7 0 ) . 

UV Absorption Spectra. For all complexes, M o O -
(tpp)X, in dichloromethane a distinct intense absorp­
tion band was observed around 330 nm (see Table 
3). The order of the red shift of this band with re­
spect to the axial ligand X was found to be the same 
as that of the red shift of the Soret band, except for 
the absorption peak of the complex MoO(tpp)N 3 . 
The U V and the Soret bands for the complexes are 
separated from each other ca. 150 nm. The value 
of em a x of the band, £u v , increases with the red shifts 
of the U V band as well as the Soret band, which is 
in the reversed order of £Sore t; the values of £u v of 
the complex are increased in the following order: 
X = O C 2 H 5 ( e u v x 10- 4 =3.42) <F(3.70) < BF4(4.01) < N 3 

(4.17) < NCO(4.76) < NCS(5.42)<C1(6.12) <Br(6.40) . 
Thus the ratio £Soret/£uv decreases in the order: X = 
OC 2 H 5 (£ S o r e t / % v =4 .62 )>F(2 .62 )>BF 4 (2 .41 )>N 3 (1 .04 ) 
>NCO(0 .98) > NCS(0.84) > Cl(0.68) > Br(0.54). This 
tendency is very similar to that of the intensity ratio 
of the bands V and V I reported for the complexes, 
M n m ( e t i o ) X - H 2 0 , in chloroform,13 '14) and for the 
complexes, MoO(oep )X ( X = O C H 3 , F, and CI).1) 
The values of £u v for the complexes, MoO(tpp)Br , 
MoO(tpp)Cl , and M o O ( t p p ) N C S , are larger than 
those of £goret f ° r these complexes. Similar relation 
is observed for eaJEß (Fig. 2). These results suggest 
that the electronic transitions responsible for the three 
bands, the band around 330 nm, the B band, and 
the Q, band, for the complexes, M o O ( t p p ) X , are also 
conjugated with each other, though the assignments 
of these bands for the given complexes are not yet 
established. 

Comparison of the Visible Absorption Spectra with the IR 
Spectra. Based on the R a m a n spectral studies 
for the complex, Mo v O(mec) (mec=2,3,17,18-tetra-
methyl-7,8,12,13-tetraethylcorrole), it was reported that 
the strong absorption band observed at 455 nm is 
largely due to a ligand-metal charge-transfer tran­
sition;15) the intensity of the absorption peak observed 
at 950 c m - 1 ( M o = 0 stretching) in the R a m a n spectra 
of MoO(mec) was enhanced to a larger extent than 
that expected for the core vibrations when the ex­
citing frequency approaches the frequency of the strong 
band at 455 nm. The M o = 0 stretching frequency is 
also suggested to be a sensitive probe for the surround­
ing.3) Therefore it was expected that the peak ascribed 
to the M o = 0 stretching of the complex, M o O ( t p p ) X , 
was correlated with the ^ m a x and £max of the absorp­
tion spectra in dichloromethane. However no clear 
correlation was observed for the complexes, MoO( tpp ) -
X . The trans effect of an axial ligand X on the 
frequency of the M o = 0 stretching of the complexes, 
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M o O ( t p p ) X , must be small except for the complex, 
MoO( tpp )OC 2 H 5 . The M o = 0 stretching for the com­
plex, MoO( tpp )OC 2 H 5 , was observed at the low fre­
quency, 904 cm - 1 , as shown in Table 2. The M = 0 
stretching was also observed at low frequency for 
other complexes, M o O ( o e p ) O C H 3 (896 cm - 1 ) and W O -
(oep)OCH 3 (901 cm - 1) .3) These phenomena could be 
attributed to the strong jz-donor trans effect of alkoxo 
ligand.3) 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research No. 464190 from 
the Ministry of Education, Science and Culture. 
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Studies on Window Sweep Chronopotentiometry. I. 
Fundamental Concept, Methodology, and Analytical Application 
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Window sweep chronopotentiometry, a new galvanostatic method, has been worked out, the electronic cir­
cuit of a window sweep chronopotentiograph and digital simulation of the window sweep chronopotentiogram 
being presented. Analytical application demonstrating the increase in sensitivity of the galvanostatic method 
for quantitative analysis is presented. 

In the galvanostatic method graphical technique 
has been utilized for the measurement of transition 
time and the determination of potential-time relation­
ship in an effort to overcome or compensate the double-
layer charging.1-5) The method requires graphical 
extrapolation which is time-consuming, complicated 
and inaccurate. The analytical sensitivity of galva­
nostatic method was limited to 10—100 (JLM.6 - 8) 

Derivative chronopotentiometry, reported for tran­
sition time measurement,9 - 1 9) is a sensitive electro­
chemical method, but the frequency response of the 
derivative circuit has had to be sacrificed for the sake 
of noise reduction. 

Kato et al. studied the application of a differential 
(or subtraction) method to galvanostatic measurement, 
and developed a sensitive and noise-free method,20) 
as application of the differential method. T h e method, 
window sweep chronopotentiometry (w. s. chronopo­
tentiometry), is a kind of pseudo-derivative chrono­
potentiometry. 

In this report, the theoretical background, meth­
odology, instrumentation and computer simulation of 
the method are presented, its analytical application 
also being reported. 

Theoret ica l 

A simplified potential-differential time relationship 
of reversible and irreversible electrode processes is 
considered for the cathodic process when only the 
oxidant is present in the solution. 

Reversible Process. Consider the simple first order 
electrode reaction, 

Ox + ne ^=± Red, (1) 

where Ox and Red indicate the oxidized and the 
reduced forms, respectively, both being soluble in 
solution and in electrode. The potential-time relation 
at constant current can be given21) by 

t = < e x p | ^ ( £ - i v 2 ) [ + l ] - 2 , (2) 

with22) 

TV2 = 
nFnWD^cl 

2j 
(3) 

where E is electrode potential, Ex/2 Polarographie 
half-wave potential, r transition time, t time, Z)0 

t Present adress: Kaosekken Tochigi-kenkyusho Bunseki-
dainiken, 2606 Akabane, Ichikai-machi, Haga-gun, Tochigi, 
321-34. 

diffusion coefficient, c° concentration in the bulk of 
the solution, and j controlled current density, the 
other symbols having their usual meanings. 

T h e differential time At corresponding to the voltage 
window AE is given by 

i nF * 

— ( £ - £ l / 2 - A £ ) | + l ] - 2 

-[expj^^-^/^J + l]-2). (4) 

T h e peak potential Ep of differential-time potential 
curve, w. s. chronopotentiogram is obtained by dif­
ferentiation of Eq. 4 with E. 

RT 
Ep = Elh ~ ÜFy ( 5 a ) 

7 = l n [ e x p j ^ r ( - A £ ) J [ e x p j 1 ^ ( - A £ ) ) +1]] . 

(5b) 

Irreversible Process. T h e potential-time relation 
for irreversible electrode reaction is given by23* 

J=«*.'-.-\Mvk+vk)\jVT 

ks exp 
(l-oc)nF 

RT 
(E-Eo)}. 

Equation 6 can be wri t ten as 

From Eqs. 3 and 9 we get 

A = ( T V - V ^ / 2 ^ j 2 

\l + VD0k,/VDRkc\ 

I / np \ 
rV-V nDj2kcexp[—AEj 

(6) 

(7) 

(8) 

(9) 

I l+VD,kJ\/DRkcexp(-^A.Ej 
(10) 

Totally Irreversible Process. The potential-time-
current relationship at constant current for a simple 
first-order totally irreversible electrode reaction 1 can 
be expressed by1) 

2fiV* 
J~-k*(c» 2ßl/2 X™\"nFE} 
nF -k\C*-lŒW^r*\lVEV 

where Ac is the cathodic rate constant at E=0. This 
can be written, after introduction of r from Eq. 3, as 
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nV*D0V* 

'=r—sy-ex 

F r o m this w e g e t 

<&ï- ;i2) 

A* = tV - *V2ZV/2 U & 
4*î AT 

+ expj-

X 

RT 

4*i 

(£-A£)} 

r f a « F ) ( araF , . „ J 1 
[ e x p ^ j - e x p { _ ( £ - A £ ) } j 

T h e p e a k p o t e n t i a l c a n b e g iven b y 

RT . T 2 A ° V 2 T V 2 

£ p - ««F 4 TVa/)0Va{l + l/exp(ocnFAE/RT)} ] • 

(13) 

(14) 

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

All measurements were carried out with a three-electrode 
cell. A Yanagimoto Type-G dropping mercury electrode 
(DME) was used as the working electrode, synchronization 
of D M E being made with an electro-mechanical knocker 
(Horseman Solenoid). A saturated calomel electrode 
(Hitachi Hor iba 2410-05t) was used as the reference elec­
trode, a spiral p la t inum wire electrode of 9.43 cm2 in surface 
area being used as the counter electrode. T h e solution 
was deaerated with pure nitrogen and kept under nitrogen 
atmosphere. T h e temperature of the solution was kept at 
2 5 ± 0 . 1 °G. All solutions were prepared in twice distilled 
water, all chemicals being of analytical grade. 

Apparatus. A block diagram and the electronic cir­
cuit of the system are shown in Figs. 1 and 2, respectively. 
When a drop begins to grow, it is held at the potential set 
by the initial potential source (OA-10). T h e D M E can 
be also kept free from the potential source by opening the 
switch G-3 independent of the sequence controller. After 
the lapse of predetermined period tm(l—6 s), the sequence 
controller turns the switch G-3 off. T h e cell is then dis­
connected from the potential source (OA-10). Simultane­
ously switches G-2, G-4, and G-6 are opened, switches G-l 
and G-5 being closed. 

T h e balance between the electrode potential and the 
output of r a m p generator(OA-12) is supplied to the window 
comparator by a follower (OA-2), an adder (OA-3) and/or 
an inverter (OA-4). T h e window compara tor generates 
a pulse corresponding to the elapsed time for the change 
of electrode potential from EtoE — A-E. T h e output of the 
T V G , which corresponds to the differential time A*, is stored 

1 

G "SH A WC 

XY 

Fig. 1. T h e block diagram of w. s. chronopotentio-
graph. 
T : sequence controller, G : galvanostat, A : amplifier, 
W G : window comparator , T V G : time to voltage 

rter, S H : sample and hold circuit, R : r amp , sample and hold circuit, R : r amp 
generator, X Y : x-y recorder. 
converter, 

Fig. 2. T h e circuit diagram of w. s. chronopotentio-
graph. 
G : FET-gate , O A : operational amplifier, S: me­
chanical swith, M : meter. 

IFFERENTIAL TIME 

Fig. 3. T h e schematic diagram of the principle of w. s. 
chronopotentiometry. 

on a sample and hold circuit (OA-8). After the lapse of 
the desired time from tm the switches G-2, G-3, G-4, and 
G-6 are closed, switches G-l and G-5 are opened. Simul­
taneously the D M E knocker dislodges the mercury drop. 
T h e measurement cycle is completed and the sequence is 
repeated. T h e values of A* are displayed on an x-y recorder 
(Riken-denshi F-3EP) as a function of E. T h e w. s. chrono-
potentiograph and the x-y recorder were calibrated with 
a Digital Mult imeter (Takedariken TR-6854) and a Digital 
Counter (Iwasakitsushinki UG-6131) . 

T h e relation between a w. s. chronopotentiogram and 
the corresponding conventional chronopotentiogram is given 
in Fig. 3, the w. s. chronopotentiogram and corresponding 
conventional chronopotentiogram being shown in the first 
third quadrants , respectively. T h e vertical and horizontal 
axes show differential time and potential, respectively, in 
the first quadrant , and potential and time, respectively, 
in the third quadran t . Relations between these quantities 
are shown by dot-dash-lines. 

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

Digital Simulation. W . s. c h r o n o p o t e n t i o g r a m s 
w e r e c o m p u t e d o n revers ib le e l ec t rode reac t ions . 
C h a n g e of d i sp lay w i t h w i n d o w v o l t a g e is s h o w n in 
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various values of window voltage. 
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Fig. 5. The w. s. chronopotentiograms simulated with 
various numbers of electrons. The peak heights 
are normalized to the case of w=3. 
«=(1) 1, (2) 2, (3) 3, c 0 = l m M , Z>0=7.9xl0-6 

= -0.571 YDS. SGE, AE= 
= 6s. 

cm2 s_1, j= 1 mA cm -2, E0 

30 mV, temp=25°G, tm 

Fig. 4. The peak potential, peak height, and the 
half height width of these curves change with the 
window voltage. In quantitative analysis, a greater 
window voltage should improve the sensitivity, but, 
the separability would be reduced. 

Change of simulated curves with the number of 
electrons involved in the electrode reactions is shown 
in Fig. 5. The peak height and half-height width 
change markedly with the number of electrons, which 
can be determined from the peak height and the 
half-height width. 

System Evaluation. For evaluation of the com­
plete system, the reduction of cadmium (I I) in a solu­
tion of 1 M N a N 0 3 was studied. T h e data are shown 
in Fig. 6 with the corresponding simulated display. 
Simulation was carried out taking the expansion of 
mercury drop into consideration. T h e results are sat­
isfactory, comparable with simulated display. T h e 
small difference at the potential over —0.6 V vs. SCE 
is due to the effect of double layer charging. 

Effect of Window Voltage. Measurement of the 
change of w. s. chronopotentiograms with window 
voltage was carried out by use of 100 (JLM Cd (II) in 
1 M N a N 0 3 . The results are shown in Fig. 7. T h e 
dependence of peak potential, peak height, and peak 

0.0 
J V o o 

I O O O' -*° ~ 

-0.4 -0.7 -0.5 -0 .6 . 

E/V vs. SGE 

Fig. 6. Experimental data (circle) and the correspond­
ing digital simulation (solid-line) for 1 mM Gd(N03)2 

in 1 M NaN03 . 
w=2, c f l =lmM, i ) 0 = 7 . 9 x l 0 - 6 c m 2 s - 1 , j=730 [iA 
cm-2, Eo=-0.57lV vs. SGE, A £ = 3 0 m V , temp = 
25 °G, *m = 6s. 

-0.4 -0.6 
E/V vs. SGE 

Fig. 7. Effects of voltage window width on w. s. chro­
nopotentiograms of 100 txM Gd(N03)2 in 1 M NaN0 3 

at 25 °G. 
AE=(\) 10, (2) 20, (3) 30, (4) 40, (5) 50 m V, j = 1 2 4 
JJLA cm-2, tm=4 s. 

width on window voltage is in line with expectation. 
According to Eq. 5, y should be a linear function 

of potential E. Plots for Cd(I I ) /Cd(Hg) are shown 
in Fig. 8. The points appear to fall extremely close 
to the least-square line passing through them. The 
slope of the line is 13.5 m V and the potential at which 
y equals 0 is —0.570 V vs. SCE. The results agree 
with the expected values of slope and potential which 
are RTjnF and Polarographie half-wave potential, re­
spectively. 

Effect of the Number of Electrons Involved in Reaction. 
The w. s. chronopotentiograms of the T l ( I ) /T l (Hg) , 
Cd( I I ) /Cd(Hg) , and Sb(I I I ) /Sb(Hg) are shown in 
Figs. 9a, 9b, and 9c, respectively, as examples of the 
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-0.540 h 

Fig. 8. Plot of electrode potential versus values of 
y for IOOJJIM Cd(N03 ,2 

j=124ptAcm2 , *m = 4s . 
in 1 M NaN0 3 at 25 °G. 

electrode reactions involving one, two and three elec­
trons, respectively. 

Irreversible Process. T h e Zn( I I ) /Zn(Hg) system 
was evaluated as an irreversible process. The w. s. 
chronopotentiogram is shown in Fig. 10. The half-
height width of Zn( I I ) /Zn(Hg) system (112.8 mV) 
is twice as great as that of the Cd( I I ) /Cd(Hg) system, 
which is 59.9 m V and almost equal to the theoretical 
value 45.5 mV. The peak height of the w. s. chrono­
potentiogram of Zn( I I ) /Zn(Hg) system (57 ms) is half 
as much as that of the Cd( I I ) /Cd(Hg) system (138.5 
ms). The peak height and half height width of w. s. 
chronopotentiogram would be useful for examining 
the reversibility of electrode reaction. 

Correction of Double Layer Charging. A merit of 
w. s. chronopotentiometry is the simplicity of procedure 
for correction in double layer charging. The pro­
cedure is suitable for correcting the peak of differential 
times and the faradaic current for a very dilute solu­
tion. The principle of the correction (Fig. 11) is 
as follows: T h e charging current density j c at the 

potential where electrode reaction occurs is given by 

where j c is charging current density, Cdl differential 
capacity assumed to be a linear function of potential 
for the sake of simplicity, dEjdt the gradient of poten­
tial-time curve, and Atpt total peak height. In the 
absence of electroactive species, the w. s. chronopo­
tentiogram of the solution will be that connected with 
the solid line. Thus the differential capacity at that 
potential can be written as 

C« - J\-ÔË) - J\-ut) (16) 

where j t is controlled current density and Atpc charging 
time. Introducing Eq. 16 into Eq. 15 we get 

•<&} 
From this and the relation jt=jc-\-jt we get 

Jt 

!-<m 
(17) 

(18) 

where j { is the faradaic current density and Atpt the 
corrected differential time. 

Analytical Application. Analytical application, of 
w. s. chronopotentiometry, a direct method, and an 
indirect "enhancement" method, were studied. 

Direct Method. The method is based on Eq. 
4 which shows the linear relation between j t At t^

2 

and Co. A series of measurements were made using 
cadmium ion to verify the proportionality. The re­
sults are shown in Fig. 12. The effects of double 
layer charging were corrected as regards both current 
density and time. T h e corrected points lie very close 
to the least square line passing through them and 
origin. T h e sensitivity of the method seems to be 
2—5 fjiM. 

Indirect Method. T h e signal enhancement of 

120 

80 

40 h 

-0.1 -0.2 -0.3 
E/ V vs. SCE 

Fig. 9. W. s. chronopotentiograms of (a): 100 ^M T1N03 in 1 M NaN0 3 (j = 73.8 JAA cm-2), (b): 100 
JJLM Gd(N03)2 in 1 M NaN0 3 (j= 124 jtA cm-2), and (c) : 120 JAM SbCl3 in 1 M HCl (j=236 JAA 
cm - 2). The measurements were carried out at 25 °G, fm = 4s and AE=40 mV. 
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E/V vs. SGE 

Fig. 10. A w. s. chronopotentiogram of 100 JJLM 
Zn(N03)2 in 1 M NaN0 3 at 25 °G. 
j=148tJLAcm-2, *m = 4s, A £ = 4 0 mV. 

-0.6 

E/V vs. SGE 

Fig. 11. Correction of w. s. chronopotentiogram for 
double-layer charging effect. 
36 yM T1N03 in 1 M NaN0 3 at 25 °G, j= 114.6 ^A 
cm-2, * m = 2 s , A £ = 4 0 m V . 

post-electrolytic substances obtained in the presence 
of pre-electrolytic ones was utilized for precise deter­
mination of trace amount.24 ,25) Consider the following 
electrochemical reactions involving different substances. 

Oxj -f /Zje 

Ox2 + 7z2e 

Redj 

Red«, 

(19) 

(20) 

B 

< 
-3: 

20 40 60 80 100 

[Gd(N03)2]/^M 

Fig. 12. Plot of Jfl/A^pf and Jtl/A^pt versus concen­
tration of Gd(N03)2 in 1 M NaN0 3 at 25 °G. 
O for jfVÂÇf, • for i t l / Ä V 

[Cu(N03)2]/^M 

Fig. 13. Plot of if
2A*pf for Gd(N03) 2 versus concen-

tration Gu(N03)2 in 1 M KG1 at 25 °G. 
[Gd(NO,)J = (l)4, (2) 6, (3) 8, (4) 10 ̂ M, /m = 8s, 
A # = 4 0 mV. 

Pre-electrolytic substance (reactant Oxx) is reduced 
at less cathodic potential less than that of post-elec­
trolytic substance (reactant Ox2) . When Oxx and 
Ox 2 are reduced at sufficiently different potentials, 
the potential-time curve exhibits two steps, and the 
w. s. chronopotentiogram two peaks. Since the re-

[Cd(NO,)J/nM 

Fig. 14. Plot of the slope of least square line given 
in Fig. 13 versus the concentration of Gd(N03)2 in 
1 M KCl at 25 °G. 

duction of Oxx and Ox 2 takes place simultaneously 
after transition time for the reduction of Ox1? the 
current efficiency for the reduction of Ox 2 is less than 
100%. The transition time and the peak of w. s. 
chronopotentiogram for the reduction of Ox 2 are greater 
than would be the case where only the substance 
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Ox 2 is reduced. Thus the transition time and the 
peak of w. s. chronopotentiogram for the reduction 
of Ox 2 depend on the concentration of reactants Oxx 

and Ox2 . 
C u ( N 0 3 ) 2 was found to be an appropriate pre-

electrolytic substance (enhancement reagent), because 
its Polarographie half-wave potential is most positive 
(0.03 V vs. SCE) on mercury electrode. In the pres­
ence of C u ( N 0 3 ) 2 , the enhancement method can be 
utilized for substances which are reduced at more 
cathodic potentials than 0.03 V vs. SCE. 

W. s. chronopotentiograms of Cd(I I ) were obtained 
in the presence of various concentrations of C u ( N 0 3 ) 2 . 
Figure 13 shows the variation ofy f

2A*pf of C d ( N 0 3 ) 2 

with the concentration of Cu(NO s ) 2 . Figure 14 shows 
the plots of the slopes of least square lines shown in 
Fig. 13 as a function of the concentration of C d ( N 0 3 ) 2 . 
T h e curve obtained (Fig. 14) gave an excellent linear 
relation down to micro molar concentration. For the 
determination of trace amount , the utilization of en­
hancement effect improves the sensitivity and accuracy 
of w. s. chronopotentiometry. 

A part of the work was carried out with Grant-in-
Aid for Scientific Research No. 472570091668 from the 
Ministry of Education, Science and Culture. 
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The Isolation, Characterization, and Isomerization of eis- and 
£raras-Bis(benzonitrile)dichloroplatinum(II) 
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Toshio M I W A , and Shinichi KAWAGUGHI 
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The reaction of platinum(II) chloride with neat benzonitrile gave bis(benzonitrile)dichloroplatinum(II) 
as a mixture of eis and trans isomers in variable proportions, depending on the temperature. The geometry of 
the chromatographically separated isomers was identified on the basis of the dipole-moment and IR data. The 
13C NMR spectra in GDG13 also enabled us to discriminate between isomers in both chemical shift and coupling 
to the 195Pt of the cyanide carbon, the resonance peak of which was utilized to follow the isomerization. The 
rate constant (kc) for the cis-to-trans isomerization was found to be (3.8 + 0.3) X 10~6 s_1 in GDG13 at 25 °G, ten 
times larger than that [& t=(2.9±0.2) X 10~7 s-1] of the reverse reaction. The equilibrium between eis and trans 
strongly favored trans in GDG13 at 25 °G, whereas in benzonitrile the eis form was the dominant species at room 
temperature, while the trans form was dominant at higher temperatures. 

Bis (benzonitrile) dichloroplatinum ( I I ) , [PtCl2 (Ph-
CN) 2 ] , is frequently used as the starting material 
for the preparation of organoplat inum(II) complexes.1) 
The complex was first prepared by Hofmann and 
Bugge,2) followed by Ramberg,3) from potassium 
tetrachloroplatinate(II) and benzonitrile according to 
Reaction 1. This preparative method, however re-

K2[PtCl4] + 2C6H5CN > [PtCl2(C6H5CN)2] + 2KG1 

0) 
quires a long period of over two weeks to obtain the 
product and gives a poor yield. A more convenient 
method, starting from plat inum (I I) chlorides, as rep­
resented by Reaction 2, was proposed by Kharasch 
et Ö/.4) and recommended by Hartley in his review 
article1^ because of its almost quantitative yield. 

PtCl2 + 2G6H5GN > [PtCl2(C6H5CN)2] (2) 

While the palladium(II) analogue, [PdCl 2 (PhCN) 2 ] , 
has the trans structure,5) the stereochemistry of [PtCl2-
(PhCN) 2] , which was obtained from Reaction 1, was 
ascertained to be eis by Jensen's measurement of the 
dipole moment in benzene;6) I R studies in the solid 
state confirmed this structure.7) In the present study, 
we have carried out a detailed examination of the 
product from Reaction 2 and have found it to be 
a mixture of eis and trans isomers, the composi­
tion of which depends on the reaction temperature. 
Recently, we briefly reported8) on the separation of 
the product into the two isomers and on our isomeriza­
tion studies by 13G N M R spectroscopy. These results, 
together with the data on the measurement of the 
dipole moment, are presented in full below. 

Exper imenta l 

Commercially available platinum(II) chloride, potassium 
tetrachloroplatinate(II), and benzonitrile were used without 
further purification. Dichloromethane over a molecular 
sieve (type 3A) was decanted, dried further over calcium 
hydride, and then distilled. The benzene and chloroform 
which were used as solvents for the measurement of the 
dipole moment were purified by fractional distillation through 
a 100-cm column after the usual pretreatment.9) 

Synthesis of 13G-Enriched Benzonitrile. Benzoic-carboxy-

13C (99%) acid was converted into acid chloride by the 
usual method.10) The chloride in benzene was treated with 
an excess of concentrated aqueous ammonia at 0 °G to give 
benzamide in an 80% yield. The crude amide (1.76 g) 
was mixed with 1.6 g of diphosphorus pentaoxide and heated 
at 200 °G under slightly reduced pressure. The distillate 
(1.32 g ; 88% yield) was used in the preparation of the com­
plex without further purification. 

eis- and tra.ns-Bis( benzonitrile) dichloroplatinum (II). Syntheses 
and Separation by Column Chromatography. (1) 
KharascKs Method:1^ When a suspension of PtCl2 (0.255 g) 
in PhCN (20 cm3) was stirred at room temperature (26 °C), 
a clear solution resulted after 7 h. After filtration, a yellow 
precipitate (0.417 g) was obtained in a 92% yield on the 
addition of petroleum ether to the filtrate. The chroma­
tographic separation of the crude product through a column 
(20x^2 cm) of silica gel (Merck 60F254, 70—230 mesh), 
with GH2G12 as the eluent, gave trans- and m-[PtCl2(PhCN)2] 
in 26 and 58% yields, in this sequence. Found for the 
trans-isomer: G, 35.1; H, 2.14; N, 5.80%. Mol wt in 
GH2G12 at 37 °C, 497. Found for the cis-isomer: G, 35.5; 
H, 2.12; N, 5.85%. Mol wt, 501. Galcd for G14H10N2Gl2Pt: 
C, 35.6; H, 2.14; N, 5.93%. Mol wt, 472. The same 
procedure was also performed at different reaction tem­
peratures of 60, 100, and 180 °G; this gave increasing trans/ 
eis ratios in this order. 

(2) A Slight Modification of Hofmann"s Procedure:2*3) When 
an aqueous solution (20 cm3) of K2[PtCl4] (0.304 g) was 
mixed with PhCN (3 cm3) and then stirred for 4 d at room 
temperature, the organic layer turned yellow. The yellow 
precipitate which developed on the interface was collected, 
washed successively with methanol and ether, and then 
dried in vacuo; yield, 0.220 g ; 63%. The filtrate was ex­
tracted with GH2C12, and the extract was concentrated to 
obtain a yellow product on the addition of petroleum ether; 
yield, 0.064 g ; 18%. While the former product included 
the eis isomer exclusively, the latter was as a mixture of 
trans and eis, from which the two isomers were isolated 
separately by column chromatography as has been described 
above. The trans/cis ratio was 0.72. 

Synthesis of [CN-13C-Enriched]-bis(benzonitrile)dichloroplatinum 
(II). The PhCN-[CW-13C(99%)] (1.3 g) was diluted 
with unlabeled PhCN (1.3 g), and then PtCl2 (0.363 g) 
was suspended in the mixture. When the suspension was 
stirred for 15 h at room temperature, a yellow precipitate 
gradually increased as the mass of the PtCl2 decreased. 
The precipitate, with a further crop obtained on the addition 
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of petroleum ether to the mixture, was collected, washed 
successively with petroleum ether and ether, and dried in 
vacuo; yield, 0.567 g ; 88%. The crude product was sepa­
rated chromatographically into trans and eis isomers as 
has been described above. 

Rate Determination of cis-trans Isomerization. The cis-
[PtCl2(PhCN)2]-[CiV-13C] (60 mg) was suspended in GDG13 

(2 cm3) in an NMR tube (10 mm0) to initiate isomerization. 
As the reaction proceeded, the solid of the eis isomer gradu­
ally dissolved, disappearing completely after 127 h, while 
the relative concentration of trans to eis in the solution in­
creased slowly and attained an equilibrium of isomerization 
after ca. 70 d. The spectral change in the cyanide-carbon 
peaks {vide infra) of both isomers with time was followed 
by means of the 13G FT NMR at ca. 25 °G and recorded, 
at appropriate time-intervals, 12 times during the total 
reaction time of 1675 h. The trans/cis isomer ratio in each 
set of measurements was determined on the bases of their 
relative peak areas. The mid-time for the accumulation 
of spectral data was taken as the time at which a spectrum 
was measured. 

Measurements. The IR spectra (4000—200 cm"1) were 
measured in Nujol mull with a JASGO DS701G spectro­
photometer. The FT 13G NMR spectra were recorded at 
25.05 M Hz on a JEOL FX-100 spectrometer. The chemical 
shifts (ô) are quoted relative to the central peak of chloroform-
d (ô; IIA ppm). The molecular weight was determined 
with a vapor-pressure osmometer manufactured by Knauer, 
West Berlin, West Germany. 

The measurement of the dielectric constant, e, was carried 
out with an apparatus devised by Le Fevre and his collabo­
rators.11) The specific volume, v, and the refractive index, 
n, were measured by the usual methods. All the data nec­
essary to calculate the electric dipole moment, jz, were ob­
tained at 25.00±0.02 °G. Benzene and chloroform were 
used as the solvents. Measurements were made on solutions 
up to about 0.005 in the weight fraction, w, of solutes. 

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

Although [PtCl2(PhCN)2] has long been thought 
to be exclusively eis on the basis of the data of the 
dipole moment,6) the isomers of both eis and trans 
were first isolated separately by column chromato­
graphy, as has been shown in the Experimental Section. 
These isolated isomers are mononuclear in CH2C12 . 
The trans isomer is eluted from the column prior to 
the eis and is more soluble in the nonpolar solvents, 
such as C6H6 , CHC13 , CH2C12 , and (CH 3 ) 2 CO, than 
the eis, reflecting its geometry. T h e isomeric com­
position of the product obtained by Kharasch's method 
depends on the reaction temperature, the trans/cis 
ratios being 0.45, 0.69, 4.4, and 5.4 at 26, 60, 100, 
and 180 °C respectively. Thus, the approximate AH 
of the c i s - t r a n s isomerization in PhCN is 18kJ/mol 
if these values are presumed to give the equilibrium 
constants at given temperatures. 

Determination of eis and trans Configurations by Meas­
urements of the Dipole Moments. As a means of 
determining the eis and trans configurations of the 
square-planar metal complexes inert in solution, the 
measurement of the dipole moment is most useful. 
In order to confirm the structures of both isomers 
isolated in the present investigation, we have measured 
their electric-dipole moments in C 6H 6 and CHC13 

T A B L E 1. POLARIZATION DATAa> OF I AND I I ISOMERS 

OF [PtCl2(PhCN)2] 

Solvent I II 

e 
V 

P2 

P2 

ß 
E 

V 

P2 

P* 
ß 

2.2726+1.27w 
1.1462-0 .705^ 
0.3711cm3 

175.2 cm3 

0.82D 

4 . 8 7 8 0 - 2 . 8 0 ^ 
0 .6803 -0 .208^ 
0.1455 cm3 

68.7 cm3 

— 

— 
4.8880 + 85.5w 
0 .6807-0 .222^ 
2.1054 cm3 

1866.2 cm3 

9.13Db> 
11.63DC> 

a) The values of the square of the refractive index, 
n2 ; the specific refraction for the sodium D line, r, and 
the molar refraction, i?D, were determined by em­
ploying a GHGI3 solution of I and were then also 
used in the calculations for I I : n2, 2 .0858+1.64^; r, 
0.3260 cm3; RD, 153.9cm3. b) Value obtained by 
Halverstadt-Kumler's method.12) c) Value obtained 
by Onsager's method.13) 

at 25 °C. The symbols I and I I are used tentatively 
for the isomers eluted from the silica-gel column, in 
this sequence. 

The polarization data of I and I I in C6H6 and 
CHCI3 are summarized in Table 1. The data of 
I I in C 6H 6 are lacking, however, since the solubility 
was insufficient. The notations p2 and P2 in Table 
1 represent the specific and the molar polarizations 
respectively. The dielectric data were analyzed ac­
cording to the Halverstadt-Kumler method.12) The 
calculation of the dipole moments of both isomers 
was carried out on the following assumptions: 1) the 
distortion polarization of I is equal to 1.05/?D; 2) 
the distortion polarizations of I and I I are equal in 
magnitude, since these complexes have the same com­
position, PtCl 2(PhCN) 2 , and 3) chloroform is regarded 
as nonpolar; since it has a low dielectric constant 
(4.8 at 20 °C). 

T h e electric-dipole moment of the I isomer was 
found to be 0.82 D in C6H6 , but the moment of I 
in CHCI3 was not calculated since 1.05/?D exceeded 
the P2 value. O n the other hand, the electric-dipole 
moment of I I in CHC13 was calculated to be 9.13 
D. Either value (175.2 or 68.7 cm3) of the molar 
polarization of the I isomer in C 6H 6 and CHC13 in 
much smaller than that (1888.2 cm3) of the I I isomer 
in CHGI3, and either is close to the distortion polariza­
tion, 1.05i?D, of I. These results lead to the conclusion 
that the configurations of the I and I I isomers are 
trans and eis respectively, as is to be expected from 
the differences in their solubilities and in their elution 
rates in column chromatography. 

Further, we tried to estimate the more exact electric-
dipole moment for the eis isomer I I by the application 
of the dielectric theory of polar liquids proposed by 
Onsager.13) The value thus obtained, 11.63D, agrees 
very closely with the value of 12.5 D in C6H6 which 
was given by Jensen,6) although we have failed in our 
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attempt to measure it in the same solvent. 
Characterization of the Isomers trans- and cis-[PtCl2-

(PhCN)2]. IR Spectra: The I R spectra of the 
trans- and m-[PtCl 2 (PhCN) 2 ] isomers are very similar 
to each other except for the bands assignable to the 
vibrations of *>(C=N), TT(CH) of the phenyl groups, 
and y(Pt-Cl). These characteristic bands are shown 
in Table 2 in comparison with those for cis-[PtBr2-
(PhCN)2] and / ra^-[PdCl 2 (PhCN) 2 ] , whose configura­
tions were assigned by Walton7) on the basis of their 
I R data. As may be seen in Table 2, trans-[PtC\2-
(PhCN)2] exhibits a single *>(CEN) band at 2285 cm"1 , 
while the corresponding band at 2282 c m - 1 for eis 
is accompanied by a minor peak at 2290 c m - 1 . The 
most remarkable difference in the I R spectra in Nujol 
is observed in the 800—650 c m - 1 region. The trans 
isomer shows two very strong bands at 766 and 688 
cm - 1 , associated with the out-of-plane C H deformation 
vibrations of the phenyl groups. Each of these bands 
is split into two well-defined peaks in the spectrum 
of the eis complex, giving rise to four strong bands 
at 779, 758, 695, and 684 cm- 1 . A similar situation 
was observed in the I R spectra of <7Û-[PtBr2(PhCN)2] 
and / ra^-[PdCl 2(PhCN) 2] listed in Table 1. Thus, 
these bands are most diagnostic for the determination 
of the eis- and trans-geometries. In the square-planar 
complexes of M X 2 L 2 (X=ha l ide ) type, trans isomers 
generally exhibit a single *>(MX) band in the I R 

spectra, while eis isomers generally exhibit two bands. 
Therefore, the y (M-X) band has been effectively uti­
lized to identify the configuration of these complexes.14) 
In fact, <7Ù-[PtCl2(PhCN)2] exhibits two bands, at 
356 and 350 c m - 1 , in the region of y(Pt-Cl) , but trans 
exhibits three bands, at 356, 348, and 310 cm - 1 . We 
cannot immediately determine which of these bands 
is assignable to the y(Pt-Cl) vibration. Thus, the 
y(Pt-Cl) bands are not of diagnostic use in identifying 
the trans-cis geometry in the present case. 

13C NMR: The 13C N M R data for the trans- and 
m-[PtCl 2 (PhCN) 2 ] isomers in CDC13 at 25 °C are 
listed in Table 3 in comparison with those for free 
PhCN and / raw-[PdCl 2(PhCN) 2] . In order to detect 
the cyanide-carbon peaks of very weak intensities, 
a carbon-13 enriched compound, m-[P tCl 2 (PhCN) 2 ] -
[13C-CN], was prepared, and its spectrum was meas­
ured. 

Both the spectral pat tern and the chemical shifts 
for the isomers were similar to those for free P h C N ; 
this facilitated the assignment of each of the resonances 
as is shown in Table 3. No significant difference 
in the chemical shifts between the corresponding peaks 
of these isomers was observed; only the coupling 
2J(Pt-C7) of the cyanide carbon to 195Pt showed a 
serious difference between these isomers. These values 
for the trans and eis isomers are 289 and 234 Hz re­
spectively, much larger than the corresponding value 

TABLE 2. CHARACTERISTIC IR BANDS^ 

[PtCl2(PhCN)2] 

trans 

2285 s 

766 s 

688 s 

356 sh ! 
348 s 
310 m J 

c) 

eis 

2290 sh 
2282 s 

779 s 
758 s 
695 s 
684 s 

356 sh 
350 s 

trans-[PdC\2 (PhCN) J b> aV[PtBr2 (PhCN) J b> Assignments 

2287 s 

760 s 

678 s 

368 s 

2290 sh 

2285 s 

773 m-s 

754 m-s 

689 m-w 

680 s 

247 s 

238 s 

V(GEN) 

TT(G-H) 

v(M-X) 

Frequencies in cm -1, b) Ref. 7. c) Not assignable unequivocally. 

TABLE 3. 13G NMR DATAa> IN GDG13 AT 25 °G 
3 2 

4<f~ \ î -G 7 =N—Pt 
5 6 

G1 

G2, C3 

G3, G5 

G* 
G7 

Free PhCN 

ô 

112.4 
132.0 
129.1 
132.7 
118.8 

ô 

109.0 
133.7 
129.5 
135.4 
116.8 

[PtCl2(PhCN)2] 

trans 

y(pt-c) 

20 
8 

289 

ô 

109.1 
133.7 
129.6 
135.2 
115.3 

eis 

7(Pt-

3 
6 

234 

G) 

trfl!w[PdCla(PhCN)a] 

ô 

109.0 
133.3 
129.4 
135.3 
122.3 

a) Chemical shifts (ô) are quoted relative to the central peak of chloroform-öf (ô; 77.1ppm) and converted to 
values from TMS. Coupling constants (J) in Hz. 
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of 82 Hz for / r a^ - [MePt (^ -MeOC 6 H 4 CN)L 2 ]PF 6 (L = 
AsMe3 or PMe2Ph),15) which bears an analogous nitrile 
ligand. Thus, a rough " N M R trans-influence series"16) 
can be drawn as follows: C H 3 > G l > P h C N . Because 
of their long-range interactions, the coupling constants 
between other carbon atoms and 195Pt are too small 
for us to evaluate such a trans influence. Also, we 
could not detect 195Pt satellite bands on C 1 for the 
eis isomer because of the very weak intensity of the 
parent peak. 

In recent studies, we have found that [PdCl2(PhCN)2] 
reacted with acetylacetone in acetone at room tem­
perature to produce bis(73-l-acetyl-2-hydroxyallyl)di-
^-chloro-dipalladium(II) , liberating PhCN mole­
cules.17) O n the contrary, no reaction occurred be­
tween [PtCl2(PhCN)2] and acetylacetone, not even 
in refluxing acetone, but the complex did react with 
acetylacetonate carbanions ( C H 3 G O ) 2 G H - in GH2G12 

at room temperature, giving rise to a nucleophilic 
attack on the cyanide carbons.18) The C7-carbon of 
[PdCl2(PhCN)2] is deshielded, exhibiting LV-resonance 
at a field (122.3 ppm) lower by 5 to 7 p p m than those 
for the analogous Pt(II)-complexes, as is shown in 
Table 3. Therefore, it is unlikely that the above 
difference in reactivity between the Pd(I I ) and Pt(I I ) 
complexes was brought about by the difference in 
the shielding effects on the C7-carbon atoms. No 
appreciable difference in v(CN) was observed between 
the I R spectra of the /m^- [MCl 2 (PhCN) 2 ] , M = Pd(I I ) 
and P t ( I I ) , complexes. I t seems likely that the dif­
ference in the labilities of these two metal centers 
is mainly concerned with these reaction patterns. 

Cis-trans Isomerization Studies by 13C NMR Spectroscopy. 
In the presence of the eis isomer which remains undis­
solved, the solution is saturated with the eis isomer of 
a constant concentration during the reaction. At the 
initial stage of the reaction, during which the con­
tribution of the reverse reaction to the overall iso­
merization is regarded as negligible, therefore, the 
zeroth-order reaction is set up for the cis-to-trans 
isomerization. In fact, within ca. 30 h, the plot of 
the [trans]/[eis] ratio against the time, t, gave a straight 
line, as is shown in Fig. 1. The rate constant, kc, 
of the cis-to-trans isomerization expressed by Reaction 
3 was obtained as: 

tt'j-[PtCla(PhCN)a] —°-+ frfliw-[PtCla(PhCN)a] (3) 

( 3 . 8 ± 0 . 1 ) x l 0 - 6 s - 1 at 25 °C from the slope of the 
linear plot drawn by the least-squares method. 

After the complete dissolution of the eis isomer, 
the kinetics can be treated as a reversible first-order 
reaction as is expressed by Reaction 4. The concen­
tration of each of the eis and trans isomers was cal­
culated from the total amount (60 mg) of the complex 

a'j-[PtCla(PhCN)a] ^ = ± trfliM-[PtCla(PhCN)a] (4) 

used and the [trans]/[eis] ratio. The cis-trans equi­
librium was attained at 1516 h after the complete 
dissolution of the eis isomer. The equilibrium con­
stant, Ke, in Reaction 4 was found to be 13.0 from the 
data at that time. The ( [eis] É — [eis]oo) vs. t plot is 
given in Fig. 2. The (kc+kt) value was obtained as 

t/h 

Fig. 1. The [trans]/[eis] vs. t plot in the presence of 
undissolved oj-[PtCla(PhCN)J-[18C^CJV]. 

Fig. 2. The In([eis]É—[eis]«,) vs. t plot for the data 
obtained after complete dissolution of cw-[PtCl2-
(PhCN)2]-[

13C-CW]. 

( 4 . 1 ± 0 . 3 ) x l 0 - 6 s ~ 1 from the slope of the straight 
line drawn by the least-squares method. From this 
and the Ke values, the rate constants, ke and kv for 
the forward and the reverse isomerizations were cal­
culated to be ( 3 . 8 ± 0 . 3 ) x l 0 - 6 and (2.9±0.2) X 10~7 

s-1 respectively at 25 °C. The former value is in 
good agreement with the experimental value in the 
first step, in which the reverse reaction was ignored. 

Considerations of the cis-trans Isomerization Rates. 
Although /ram--[PtCl2(PhCN)2] has not been prepared, 
we can find some cases in the literature in which the 
products obtained from reactions between [PtCl2-
(PhCN)2] and substrates existed eventually in a trans 
form. For example, Lauhen and Ibers19) determined 
the crystal structure of an adduct [Pt(DISN)2][PtCl2-
(PhCN)2] which had been prepared by mixing stoi­
chiometric quantities of bis(diiminosuccinonitrilo)plat-
inum(I I ) and [PtCl2(PhCN)2] in a GHC13 solution 
at the ambient temperature; they found that the 
latter component has a trans geometry in crystals. 
Recently Braunstein et a/.20) obtained trans-(P,N)-

[Pt{P(Ph)2C(Y)=C(Ph)NH}2] ( Y = C 0 2 E t and CN) by 
the reactions of [PtCl2(PhCN)2] with the Ph 2 PCHY 
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carbanions in T H F at 0 °C. In each of these two 
cases, it is not convincing to argue that m-[PtCl 2 -
(PhCN)2] was isomerized to the trans form during 
the prompt reaction, which occurred under quite mild 
conditions. In fact, the kc value which was obtained 
in CDC13 at 25 °C in the present study is too small 
to justify the isomerization of m-[PtCl 2 (PhCN) 2 ] to 
trans in the course of the reactions described above, 
although kc is ten times larger than kt. 

The Ke value of 13.0 shows that the equilibrium 
strongly favors trans in CDC13 at 25 °C, whereas in 
PhCN it was found that the eis form is the dominant 
species at room temperature, but trans at higher 
temperatures. Therefore, we could prepare the trans 
isomer in good yields at temperatures above 100 °C 
by Kharasch's method, although eis was produced 
exclusively in the preparation at room temperature 
by Hofmann's method. Contrary to the case in CDC13, 
the preference of the eis form in PhCN to trans at 
room temperature appears probable as behavior in 
a polar solvent. Walton refers in his paper7) to the 
unexpected formation of the trans isomer during the 
preparation of m-[PtBr 2(PhCN) 2] by Hofmann's meth­
od. This might be related to our observation that 
£ra7w-[PtCl2(PhCN)2] was included in the filtrate after 
the isolation of the eis isomer in the preparation ac­
cording to Hofmann's method. 

The authors wish to express their thanks to Professor 
Yuho Tsuno of Kyushu University for his kindness 
in supplying the carbon-13 enriched benzoic acid. 
Thanks are also due to Mr . Junichi Gohda for the 
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TABLE 1. MELTING POINTS AND ANALYTICAL RESULTS FOR THE COMPLEXES*) 

187 

Complex 

[PdCl(damf)]2* 
[Pd(damf)(S-pro)] 
( + )-[Pd(damf)(en)]BF4c> 
(-)-[Pd(damf) (diphos)]PF6

d> 
( + )-[Pd(damf) (diars)]PF6

e> 
( + )-[Pd(damf)(Py)2]PF/) 
( + )-[Pd(damf)(acac)] 
[PdCl(damf)(py)] 
[PdBr(damf)(py)] 
( + )-(Ä)-[PdGl(6'-daef)]2** 
( - ^ ( ^ . [ P d G l ^ - d a e f ] ^ * 
( + )-(Ä)-[Pd(»S,-daef) (acac)]** 
(-)-(Ä)-[Pd(.S,-daef) (en)]BF4 

Mp/°Gb) 

172 (dec) 
151 (dec) 
165 (dec) 
169 
164 
137—141 
119—124 
148 (dec) 
147 
155 
146—148 
124—125 
160 (dec) 

y 

G 

40.42(40.67) 
46.50(46.73) 
36.22(36.37) 
52.77(52.52) 
47-95(47.81) 
41.93(42.33) 
48.15(48.30) 
46.32(46.59) 
42.54(42.51) 
41.92(42.25) 
42.29(42.25) 
49.59(49.43) 
37.58(37.72) 

Found(Galcd) (%) 

H 

4.12(4.20) 
5.43(5.23) 
5.01(4.88) 
4.45(4.52) 
3.74(4.12) 
4.19(4.17) 
5.21(5.18) 
4.37(4.78) 
4.19(4.36) 
4.65(4.56) 
4.56(4.56) 
5.72(5.45) 
5.20(5.14) 

—— N N 

3.56(3.65) 
6.18(6.05) 
8.52(8.48) 
1.85(1.57) 
1.42(1.43) 
6.43(6.44) 
3.22(3.13) 
6.06(6.04) 
5.54(5.51) 
3.89(3.52) 
3.44(3.52) 
3.37(3.04) 
8.45(8.25) 

a) Abbreviations used in this paper are as follows; Hdamf= (dimethylaminomethyl)ferrocene, Hdaef=[l-(dimethyl-
aminomethyl) ferrocene, S-Hpro= (S)-proline, en = ethylenediamine, diphos= l,2-bis(diphenylphosphino) ethane, 
diars=l,2-bis(diphenylarsino)ethane, Hacac = acetylacetone, and py = pyridine, b) dec = decomposition. Molar 
electric conductances of 10-3mol/dm3 methanol solutions at 25 °G, A/£l, cm2/mol. c) 98. d) 104. e) 63. f) 94. 
* and **: See Refs. 13 and 12, respectively. 

sino) ethane by a method similar to the above. Yield, 136 
m g (69%). [a] = +49° (c 0.10, GH3OH). 

(+)-[Pd(damf) (py)2]PF6. A mixture of 230 mg (0.50 
mmol) of ( + )-[Pd(damf)(S-pro)], 160 mg (2.0 mmol) of 
pyridine, and 250 mg (1.5 mmol) of sodium hexafluorophos-
phate in 20 cm3 of ethanol was heated with stirring for 2 :. 
and filtered. The filtrate was concentrated to ca. 2.5 cm3 

and stored in a refrigerator for a few days. Yellow precipi­
tate was collected, washed with ethanol, and dried in air. 
Yield, 150 mg (46%). [a] = + 194° (c 0.17, GH3OH). 

[Pd(X)(damf)(py)-\ (X=Cl and Br), A mixture of 
230 mg (0.30 mmol) of [PdCl(damf)]2 and 100 mg (1.3 
mmol) of pyridine in 30 cm3 of dichloromethane was stirred 
at room temperature for 30 min. The resulting solution 
was filtered and 10 cm3 of ethanol was added to the filtrate. 
Upon concentration yellow crystals (X=G1) were obtained, 
which were washed with a small amount of ethanol and 
dried in air. Yield, 190 mg (68%). 

The yellowish brown bromo complex was prepared by 
metathesis of the chloro complex with excess lithium bromide 
in hot ethanol. Yield, 73%. 

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

A pair of diastereomers of [Pd(damf)(6*-pro)] are 
efficiently separated by solubility difference (Fig. 1). 
In the XH N M R spectra, the less soluble isomer, ( + ) -
[Pd(damf)(5*-pro)], in a mixture of chloroform-acetone 
(1:4) shows sharp signals of the N - C H 3 at 2.87 (s) 
and 3.09 (s) ppm and that of the C 5 H 5 group at 4.23 
(s), while the other, (-)-[Pd(damf)(£*-pro)] , at 2.87 
(s) and 3.14 (s), and at 4.15 (s), respectively (Table 
2). The sharp signals are used as an indication of 
complete separation of the isomers. The electronic 
spectra of the two are very similar, while the CD 
spectra are nearly enantiomeric to each other (Fig. 
2). This suggests that the two are a pair of diaster­
eomers resulting from the planar chirality. The geo­
metrical isomer (trans-N,N) shown in Fig. 1 is assumed, 

(-Ml 

Fig. 1. Gyclo-palladated (dimethylaminomethyl) ferro­
cene and its derivatives. L-L in IV is en, diphos, 
diars, or 2py. 

since a similar ortho-palladated complex, (iV,iV-dime-
thylbenzylamine-2C,N) (iV-phenylsalicylideneaminato)-
palladium(II)1 4) has a trans-N,N structure. 

A reaction of ( + )-[Pd(damf)(6'-pro)] with dilute 
hydrochloric acid regenerates the original dimer, ( + ) -
[PdCl(damf)]2 . The absorption and CD spectra are 
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TABLE 2. REPRESENTATIVE SIGNALS OF 1H NMR SPECTRA 

OF SOME OF THE COMPLEXES IN G D G l g 

(Ô IN p p m FROM INTERNAL T M S ) a ) 

Complex N(GH3)2 Ferrocenyl-H 

[PdCl(damf)]2 

( + )-[Pd(damf)-
(S-pro)] 

(-)-[Pd(damf)-
(S-Pro)] 

( + )-[Pd(damf)-
(en)]BF4 

(-)-[Pd(damf)-
(diphos)]PF6 

( + )-[Pd(damf)-
(diars)]PF6 

( + )-[Pd(damf)-
(acac)]c) 

[PdGl(damf)(py)] 

[PdBr(damf)(py)] 

2.91s, 3.05s 4.31s (G5H5) 
4.36b> (3-H) 
4.00 m (4,5-H) 

2.87 s, 3.09 s 4.23 s (G5H5) 

2.87 s, 3.14 s 4.15 s (G5H5) 

2.68 s, 2.88 s 4.20 s (G5H5) 

2.46 b, 2 .81b 3.75s(G5H5) 

2.76 s, 3.09 s 3.79s(G5H5) 

2.82 s, 3.03 s 4.18s(G5H5) 

4.25b> (3-H) 
4 .01m (4,5-H) 

2.98s, 3.23 s 4.20 s (G5H5) 
4 .12d (3-H) 
3.93 t (4-H) 
3.24 d (5-H) 

3.01s, 3.29 s 4.19 s (G5H5) 
4.11 d (3-H) 
3.92 t (4-H) 
3.18d (5-H) 

a) s = singlet, d = doublet, t = triplet, m = multiplet, and 
b = broad, b) Overlapped by the signal of G5H5. c) 
GH3 of acac resonates at 1.95 s and 1.99 s ppm and 
methine-H of acac at 5.29 s. 

30 40 

iVlO3 cm-1 
50 

Fig. 2. Absorption (AB) and CD spectra of methanol 
solutions of a: (-f)-[Pd(damf)(»S-pro)] and b : ( — )-
[Pd(damf)(S-pro)]. 

v / W c m - 1 

Fig. 3. Absorption (AB) and CD spectra of dichloro-
methane solutions of a: (-f)-[PdCl(damf)]2 and b : 
(Ä)-[PdGl(6'-daef)]2. 

shown in Fig. 3 together with the C D spectrum of 
( + )-(#)-[PdCl(S-daef)]2 .12) The similarlity in CD 
spectra suggests that ( + )-[PdCl(damf)] 2 has the same 
absolute configuration R for the ferrocene moiety. 

From the separated isomer, ( + )-[Pd(damf)(£-pro)] , 
the optically active complexes, [Pd(damf)(L-L)] + are 
derived, where L-L are en, diphos, diars, and 2py 
(Table 1 and Fig. 1). The ( + )-[Pd(damf)(acac)] 
complex was obtained from (+) - [PdCl (damf) ] 2 . Some 
of the XH N M R spectral data are given in Table 2. 

The CD spectra of ( + )-[Pd(damf)(en)]BF4 and ( + )-
[Pd(damf)(acac)] are compared with those of (R)-
[Pd(S-daef)(en)]BF4 and (#)-[Pd(S-daef)(acac)], re­
spectively (Fig. 4) . T h e absolute configuration of the 
enantiomer (£)-[Pd(A-daef)(acac)] has been deter­
mined by the X-ray method.15) T h e results also show 
that the absolute configuration of the ferrocene moiety 
in ( + )-[Pd(damf)(en)]BF4 and ( + )-[Pd(damf)(acac)] 
is R. The CD spectra of the other complexes are 
shown in Fig. 5. 

The cyclo - palladated (dimethylaminomethyl) fer­
rocene complexes change the CD spectra remarkably 
depending on the kind of ligands (L-L) (Figs. 2—5) 
and there seems to be no regularity among the spectra. 
The diphos and diars complexes are a unique pair 
to give similar spectra. Nevertheless a shoulder ab­
sorption observed at ca. 22000 c m - 1 for all the complexes 
appears to arise mainly from d-d transitions of the 
iron(II) ion, since the free Hdamf ligand gives a band 
due to the d-d transitions at 22300 c m - 1 (e=107).16) 
The CD extremes corresponding to this shoulder (Figs. 
2—5) are always positive and the positive extremes 
seem to be a representative of a (R) -ferrocenyl group. 
A chiral ferrocenylphosphine, ( + )-(i?)-[2-(dimethyl-
aminomethyl) -1 - ferrocenyl] diphenylphosphine (VII) 
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P(C6H5)2 

20 30 40 50 

£/l03 cm"1 

Fig. 4. Absorption (AB) and CD spectra of methanol 
solution of a: (+)-[Pd(damf)(en)]BF4, b : (Ä)-[Pd-
(5'-daef)(en)]BF4, c: (+)-[Pd(damf)(acac)], and d: 
(Ä)-[Pd(5-daef)(acac)]. 

20 30 40 50 

2/103 crrr1 

Fig. 5. Absorption (AB) and CD spectra of methanol 
solutions of a: (+)-[pd(damf)(py)2]PF6, b : ( — )-
[Pd(damf) (diphos) ]PF6, and c: ( + )-[Pd(damf> 
(diars)]PF6. 

has recently been reported to show a positive CD 
extreme in this region;10 '11) À £ = + 0 . 5 2 at 21800 cm"1 . 

The protons of unsubstituted cyclopentadienyl rings 
of ( - ) - [Pd(damf) (d iphos ) ]PF 6 and ( + ) - [ P d ( d a m f > 
(diars)]PF6 resonate at a considerably higher field 
than those of the other complexes (Table 2). T h e 
properly oriented phenyl rings of diphos and diars 
are expected to bring about the shielding effect by 

CH2—N(CH3)2 

VII 

their magnetic anisotropy.17> In the 1H N M R spectra 
of [PdCl(damf)(py)] and [PdBr(damf)(py)] a doublet 
at a very high field (3.23 (CI) and 3.18 (Br) ppm) is 
observed in contrast to those of the other complexes. 
The doublet can be assigned to 5-H of the substituted 
cyclopentadienyl ring since this proton should be 
shielded by the ring current of the coordinated pyridine 
(Fig. 1, V I ) , when [PdX(damf)(py)] ( X = C 1 and 
Br) has a trans-N,N, trans-C,X arrangement like other 
ortho-palladated complexes, [PdX(C-N)(py) ] (C-N = 
ortho-palladated ligand).1 '18) The structure is sup­
ported by appearance of a low frequency r (Pd-Cl) 
band at 268 cm"1.19) 

The present work was supported by a Grant-in-
Aid for Scientific Research No. 243013 from the 
Ministry of Education, Science and Culture. 
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Preparation and Absorption and Circular Dichroism Spectra of Cobalt(III) 
Complexes with iV,A^,A^,A^-Tetrakis(2-aminoethyl)-l,2-ethanediamine^ 

-1,3-propanediamine, -1,4-butanediamine, and -(Ä,Ä)-
and ~(R9S)- 2,4-pentanediamine 
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Gobalt(III) complexes of new sexidentate ligands, JV,JV,JV,,JV,-tetrakis(2-aminoethyl)-1,3-propanediamine 
(ttn), -1,4-butanediamine (ttmd), and -(R,R)- and -(R,S)-2,4-pentanediamine (tptn) were prepared and resolved 
except the RR-tptn complex which formed the J-isomer stereoselectively. The monocyano complexes of 
JV,JV,JV/,JV,-tetrakis(2-aminoethyl)-l,2-ethanediamine (ten) and ttn, in which the ligands act as a quinquidentate, 
were also prepared. Absorption and CD spectra of these complexes and the known [Co(ten)]3+ complex were 
compared with one another. The first d-d absorption bands of the sexidentate complexes, [Go(A)]3+ are shifted 
to smaller wave numbers in the order, ttn > ten > ttmd for A, but those of [Co(CN)(HA)]3+ are in the reverse 
order, ten > ttn. The d-d absorption bands of [Go(i?»S'-tptn)]3+ which contains one axial methyl group show 
the remarkable red shift and the hyperchromic effect as compared with those of [Co(Äß-tptn)]3+ with two 
equatorial methyl groups. 

N, N, N'y JV'-Tetrakis (2-aminoethyl) -1,2-ethanediamine 
(ten) can act as a sexidentate ligand to give 
metal complexes structurally similar to those of ethyl-
enediaminetetraacetate (edta).1) Emmenegger and 
Schwarzenbach2) found that the first absorption band 
of [Co( ten)] 3 + shows a remarkable red shift (13 nm) 
as compared with that of [Co(NH 3 ) 6 ] 3 + , and attr ibuted 
it to the reduction of ligand field strength caused by 
a strained structure of the complex ion. M u t o et al.s) 
found by the X-ray structure analysis that the coor­
dination octahedron of this complex ion is largely 
distorted. Similar strain is involved in the structurally 
related [Co(edta)]~ ion.4) T h e strain or distortion 
in such sexidentate complexes might be diminished 
or enhanced by changing ring members of the central 
diamine chelate rings. T h e strain would also be re­
duced by opening one chelate ring to form a complex 
of the type, [Co(X)(Hten)] n+ ( X = u n i d e n t a t e l igand). 

This paper reports the preparation, resolution, and 
absorption and circular dichroism (CD) spectra of 
cobalt ( I I I ) complexes with sexidentate N,N,N',N'-
tetrakis (2-aminoethyl) -1,2-ethanediamine (ten), -1,3-
propanediamine (ttn), -1,4-butanediamine ( t tmd), and 
-2,4-pentanediamine (tptn) of (R,R) and (R,S) forms. 
When the last sexidentate (ÄS)-tptn ligand forms an 
octahedral complex, one methyl group of the ligand 
takes necessarily an axial disposition. The complexes 
of the type, [Co(CN)(HA)] 3+ ( H A = H t e n + and Httn+) 
in which the hexamine ligands act as a quinquidentate 
with a free aminoethyl branch are also described 
in this paper. 

Exper imenta l 

Preparation of Ligands. All the hexamine ligands were 
prepared according to a method similar to that for ten re­
ported by Moser and Schwarzenbach.1) 

JV-(Phenylsulfonyl)aziridine was prepared from aziridine5) 
and benzenesulfonyl chloride by the method of Moser and 
Schwarzenbach.1) (R,R)- and (/?,£)-2,4-Pentanediamine 
(ptn) were obtained by the method of Bosnich and 
Harrowfield.6> Other diamines, 1,2-ethanediamine (en), 1,3-
propanediamine (tn), and 1,4-butanediamine (tmd) were 
purchased (Tokyo Kasei) and used without further puri­
fication. 

Benzene solutions of JV-(phenylsulfonyl)aziridine (0.33 mol 
in 100 cm3) and a diamine (0.058 mol in 10 cm3) were dried 
with Na2S04 (4 °G) and molecular sieves 4A 1/16 (room 
temperature), respectively, for 1 d. To the former solution 
was carefully added the latter solution dropwise with stirring, 
the solution being kept at ca. 20 °G. The resulting solution 
was stirred at ca. 30 °G for 2 d to give the tetrakis(phenyl-
sulfonyl)derivative. The derivatives from en, tmd, and RR-
ptn were fine white crystalline products, which were filtered, 
washed three times with benzene, and dried in vacuo, but 
those from the other diamines were faintly brown colored 
oily products, and the benzene was removed by evaporating 
under reduced pressure. 

The tetrakis(phenylsulfonyl)derivatives (0.05 mol) were 
hydrolyzed by heating at 150 °G in a mixture of coned H2S04 

(60 g) and water (15 g) for 17 h. Each of the resulting 
brown solutions was cooled to room temperature, mixed 
with water (ca. 50 cm3), and adjusted the pH to ca. 8 with 
a coned aqueous KOH solution. After cooling, K 2S0 4 

H2N-CH2-CH2 V 

H2N-CH2-CH / 
>N-(CH2)n-N< 

CH2-CH2-NH2 

CH2-CH2-NH2 

w = 2(ten), 3(ttn), and 4(ttmd) 

H2N-CH2-CH2 V 

H2N-CH2-CH, / 
N-CH(CH3)-CH2-CH(CH3)-N< 

CH2-CH2-NH2 

CH2-CH2-NH2 

R,R- and R,S-tptn 

t On leave from the Department of Chemistry, Yeung Nam University, Korea, 1979. 
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and potassium benzenesulfonate precipitated were filtered 
off and the precipitate was washed well with ethanol. T h e 
filtrate and washings were combined and evaporated under 
reduced pressure. From the residue the free ligand was 
extracted with ethanol and the extract was evaporated. 
This procedure was repeated until the oily ligand was free 
from potassium benzenesulfonate. All the ligands thus pre­
pared were used for the preparat ion of complexes without 
distillation because of their high boiling points. However, 
all the ligands showed satisfactory 1 H N M R spectra in CDC13 

and their metal complexes gave good analytical results. 
Preparation of Complexes. [Co(ten)]Br3-2H20: Em-

menegger and Schwarzenbach2> first prepared this complex 
by heating a mixture of ten and [CoBr(NH3)5]Br2 over a 
flame. Yoshikawa et al.7) obtained the complex by stirring 
an aqueous solution containing the same reactants with 
active charcoal at room temperature . In the present study, 
the complex was prepared from tom.y-[CoCl2py4]Cl-6H20 
(py=pyridine) 8) and ten in methanol in the absence of 
active charcoal. 

A methanol solution (50 cm3) of ten (1 g, 4.3 mmol) was 
added to a methanol solution (200 cm3) of fom.y-[CoCl2py4]-
C 1 - 6 H 2 0 (3 g, 5.1 mmol) . T h e solution was stirred for 
several hours at room temperature and then the methanol 
was evaporated under reduced pressure. T h e residue was 
dissolved in 2 dm 3 of water and the p H of the solution was 
adjusted to ca. 3 with hydrochloric acid. This was poured 
on a column (05 cm X 40 cm) of SP-Sephadex C-25 resin 
and the product adsorbed was chromatographed with a 0.2 
mol/dm3 N a 2 S 0 4 solution. T o the main red orange eluate 
was added an aqueous solution of K 3 [Co(CN) 6 ] (ca. 2 g) . 
After 1 d, hardly soluble red orange crystals of [Co(ten)]-
[Co(CN)6] formed were filtered, washed with cold water, 
and then mixed with Dowex 1 x 8 resin in the bromide form 
in water in order to convert into bromide. T h e resin was 
filtered off and the filtrate was evaporated to ca. 3 cm3 under 
reduced pressure. T h e concentrate was mixed with ethanol 
and stored in a refrigerator for several days to give red orange 
crystals which were filtered, washed with ethanol and then 
ether, and air dried. 

[Co(ttn)]Br3-H209 [Co(KK-tptn)]Cl3'2H209 and [CofRS-
tptn)]Cl3-2H20: These complexes were obtained as 
orange, orange, and red crystals, respectively, by a method 
similar to that for the ten complex. T h e RR-tptn complex 
was crystallized by adding acetone instead of ethanol, since 
the complex is soluble in a mixture of ethanol and water. 

[Co(ttmd)]Brz-H20 : Since the complex contains a seven-
membered chelate ring, the reaction was carried out in a 
dilute solution in order to avoid the formation of polynuclear 
complexes.9) 

Methanol solutions of Jra7w-[CoCl2py4]Cl-6H20 (1 g in 
500 cm3) and t tmd (0.4 g in 500 cm3) were simultaneously 
added to 500 cm3 of methanol dropwise with stirring over 
a few hours at room temperature . T h e resulting solution 
was stirred for 1 d at room temperature . T h e methanol 
was evaporated to dryness under reduced pressure and the 
residue was dissolved in 2 d m 3 of water. T h e solution was 
adjusted to p H ca. 3 with hydrochloric acid and poured 
on a column (05 X 40 cm) of SP-Sephadex C-25 resin. By 
elution with 0.25 mol/dm 3 N a 2 S 0 4 , several bands were eluted 
from the column, a small amount of high charged species 
remaining on the top of the column. T h e red main eluate 
was rechromatographed by the same method after dilution 
with water. From the eluate, red crystals of [Co (ttmd) ] -
[Co(CN)6] were obtained and converted into bromide by 
the same method as tha t for the ten complex. 

[Co(CN) (Hten)]Brr2H20: To a cold (ca. 4 °C) aque­

ous solution (100 cm3) containing [Co( t en ) ]Br 3 -2H 2 0 (0.5 g) 
and K C N (0.07 g) was added a small amount of active 
charcoal and the mixture was allowed to stand at ca. 4 °C 
for 5 h with occasional shaking. T h e active charcoal was 
filtered off and the filtrate was diluted to 2 dm 3 with water. 
This was poured on a column (02.7 X 60 cm) of SP-Sephadex 
C-25 resin. T h e column was thoroughly washed with water 
and the product adsorbed was eluted with a 0.2 mol /dm 3 

N a 2 S 0 4 solution adjusted the p H to ca. 9 with N a 2 C 0 3 . 
Three bands, yellow, orange, and red orange were eluted 
in succession, the second orange band being the largest 
amount . T h e first yellow and the third red orange bands 
were presumed from the absorption spectra to involve a 
dicyano and the starting complexes, respectively. The sec­
ond orange eluate was diluted ten times with water and 
the solution was poured again on a small column (02.7 X 
5 cm) of SP-Sephadex C-25 resin. After the column had 
been washed with 0.01 mol /dm 3 hydrobromic acid in order 
to remove N a + ions, the complex was eluted with 2 mol/dm 3 

hydrobromic acid. T h e eluate was mixed with acetone 
and allowed to stand for several days at room temperature 
to give orange crystals of [ C o ( C N ) ( H t e n ) ] B r 3 - 2 H 2 0 . 

[Co(CN)(Httn)]Brz-nH20: An aqueous solution (150 
cm3) containing [Co( t t n ) ]Br 3 -H 2 0 (0.95 g) , K C N (0.13 g), 
arid a small amount of active charcoal was stored in a re­
frigerator (ca. 4 °C) for 3 d with occasional shaking. After 
filtering off the active charcoal, the filtrate was diluted with 
water to 3 dm 3 and the solution was poured on a column 
( 0 2 . 7 x 1 2 0 cm) of SP-Sephadex C-25 resin. T h e column 
was washed with water and the product adsorbed was then 
eluted with a 0.2 mol /dm 3 N a 2 S 0 4 solution adjusted the 
p H to ca. 3 with hydrochloric acid. Three orange bands, 
I , I I , and I I I were eluted in succession. Band I was found 
to be contaminated with a small amount of the starting 
complex, so tha t the eluate was rechromatographed by 
use of a 0.2 mol/dm 3 N a 2 S 0 4 solution adjusted the p H to 
ca. 9 with N a 2 C 0 3 as an eluent, the starting complex being 
eluted much slower. From bands I and I I I , orange crystals 
of [ C o ( C N ) ( H t t n ) ] B r 3 . H 2 0 (A) and [Co(CN)(Ht tn) ]Br 3 . 
2 H 2 0 (B) were obtained, respectively, by the same method 
as that for the corresponding ten complex. T h e amount 
of band I I was too small to isolate the complex. 

No reaction took place between [Co(i? i?- tptn)]Cl 3 -2H 20 
and K C N even at a higher temperature . Reactions of 
[ C o ( ^ - t p t n ) ] C l 3 . 2 H 2 0 or [ C o ( t t m d ) ] B r 3 . H 2 0 with K C N 
resulted in decomposition of the complexes to yield cobalt (I I) 
species and other unknown complexes, no mono cyano 
complexes being found in both reaction products. 

Optical Resolution. T h e [Co(ttn)]3+, [Co(ttmd)]3+, and 
[Co(i?»S'-tptn)]3+ complexes were resolved by the same SP-
Sephadex column chromatographic method as that for [Co-
( ten) ] 3 + reported by Yoshikawa et al.1) 

By elution with 0.2 mol /dm 3 sodium ( + )5 8 9-tartratoan-
t imona te ( I I I ) , each of [Co(ten)]3+, [Co(ttmd)]3+, and [Co-
(i?»S'-tptn)]3+ was completely resolved giving two well sepa­
rated bands of enantiomers. In the case of [Co(ttn)]3+, 
however, the separation of bands was poor, so tha t the eluate 
was fractionated into 10 cm3 and optical puri ty of each 
fraction was examined by taking a ratio of C D strength 
to optical density at 505 nm, the fractions with the ratio 
of a constant value being collected. T h e enantiomers eluted 
fas te ra re (-)589-[Co(ten)]3+, ( + )589-[Co(ttn)]3+, ( - ) 5 8 9 - [ C o -
(ttmd)]3+, and ( — )589-[Co(Ä»S'-tptn)]3+. For each complex, 
the optically pure fractions were collected, diluted about 
ten times with water, and poured on a small column of SP-
Sephadex C-25 resin. After washing the column with 0.01 
mol /dm 3 hydrochloric acid, the complex was eluted with 
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TABLE 1. ANALYTICAL DATA OF THE NEW COMPLEXES 

Complexes 

[Go(ttn)]Br3.H20 
[Co(ttmd)]Br3.H20 
[Co(Ä^tptn)]Cl3 .2H20 
[Co(itö-tptn)]Cl3.2H20 
[Go(GN)(Hten)]Br3 

[Go(GN)(Httn)]Br3 

[Go(GN)(Httn)]Br3. 

•2H20 
H20(A) 
2H20(B) 

G 

Found 

23.44 
24.91 
32.64 
33.13 
22.28 
24.51 
24.12 

Galcd 

23.46 
24.98 
32.82 
32.82 
22.24 
24.42 
23.70 

H 

Found 

5.64 
5.82 
7.85 
7.88 
5.81 
5.63 
5.83 

Galcd 

5.73 
5.94 
8.05 
8.05 
5.60 
5.64 
5.80 

N 

Found 

14.90 
14.36 
17.72 
17.85 
16.28 
16.66 
15.63 

Galcd 

14.93 
14.56 
17.66 
17.66 
16.50 
16.62 
16.12 

ten = C10H28N6, ttn = GnH30N6, ttmd = C12H32N6, tptn = G13H34N6. 

2 mol/dm3 hydrochloric acid and the eluate was used for 
the measurement of GD spectra. The optically active com­
plexes were not isolated because of small amounts. The 
Ae values were determined with the aid of e values of the 
racemates. 

Analytical data of the new complexes are given in Table 
1. 

Measurements. Absorption and GD spectra were re­
corded on a Hitachi 323 spectrophotometer and a JASGO 
J-40 GS spectropolarimeter, respectively. 1H NMR (D20, 
TMS) and 13G NMR (D20, dioxane) were obtained with 
a JEOL JNM-PMX 60 and a JEOL FX-100 spectrometer, 
respectively. 

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

Absorption Spectra. The ten, ttn, and ttmd Com­
plexes: The [Co(ten)]3+, [Co(ttn)]3+, and [Co(ttmd)]3+ 
complexes contain a five-, six-, and seven-membered 
chelate ring, respectively, for the central ditertiary 
diamine chelate ring. In general, the first absorption 
band of a tris(diamine)cobalt(III) complex is shifted 
to smaller wavenumbers as the number of ring members 
increases. For example, [Co(en)3]3+, [Co(tn) 3] 3 + , and 
[Co(tmd)3]3+ give the first absorption band at 21400, 
20400, and 19900 cm- 1 , respectively.10) However, 
those of the ten-type complexes are shifted to smaller 
wavenumbers in the order of [Co(t tn)] 3 + , [Co(ten)] 3 + , 
and [Co( t tmd)] 3 + , the order of the first two complexes 
being opposite to that expected from the tris (diamine) 
complexes (Table 2 and Fig. 1). Emmenegger and 
Schwarzenbach2) first found the red shift of the first 
absorption band for [Co(ten)] 3 + from a comparison 
with [Co(NH3)6]3+ (21000 cm-1) and attr ibuted it to 
a strained structure of the complex ion. The strained 
structure was confirmed by the X-ray structure analysis 
on (+)589-[Go(ten)][Go(GN)6]-2H20;3) the six nitro­
gen donor atoms forms a distorted octahedron, the 
N - G o - N angles (83.3—102.2°) largely deviating from 
that of the regular octahedron (90°), and the distortion 
of the two chelate rings linked meridionally with 
the central ethylenediamine chelate ring is particularly 
noticeable. Such a distortion might weaken the ligand 
field strength to cause the red shift of the first absorp­
tion band in [Co(ten)] 3 + . The strain or distortion 
in [Co( t tn) ] 3 + would be much reduced as compared 
with that in [Go(ten)]3 + , since [Co( t tn) ] 3 + containing 
a six-membered chelate ring gives the first absorption 
band a t a higher wavenumber than that of [Co(ten)] 3 + . 

TABLE 2. ABSORPTION AND GD SPECTRAL DATA 

Complex 

( -W[Co( ten) ]»+ 

( + )s8.-[Co(ttn)]»+ 

( - W [ C o ( t t m d ) : r 

(-)„.-[Co(ÄÄ-tptn)]»+ 

(-)5M-[Co(ÄS4ptn)]»+ 

[Co(CN)(Hten))]3+ 

[Co(GN)(Httn)]3+ (A) 

(B) 

Absorption 
v/103 cm - 1 (loge) 

20.5(2.35) 

29.2(2.25) 
43.7(4.30) 
21-0(1.96) 

29.0(1.95) 
ca 

44.0(4.27) 
20.0(2.23) 

28.3(2.11) ca 

46.0(4.16) 

20.8(2.07) 

28.7(1.98) 

43.0(4.25) 

20.0(2.32) 

28.1(2.20) 
ca 

42.0(4.26) 
22.2(2.13) 
30.5(2.09) 
43.9(3.85) 
21.9(1.98) 
30.2(1.96) 
43.7(4.03) 
21.6(2.10) 
29.7(2.13) 
43.5(4.03) 

GD 
f/lCPcm-^Ae) 

19.6(-3 .63) 
22.1 ( + 0.58) 
29 .8 ( -1 .04) 
44.0(4-11.0) 
19.8(4-1.62) 
22.1 ( -0 .59) 
27.8( + 0.50) 

.35 .5 («i. +0.3) 
4 3 . 3 ( - 7.0) 
19.2(—1.20) 
21.7(4-0.11) 
26 .0( -0 .25) 

.29 {ca. - 0 . 1 ) 

36.6(4-1.11) 
40 .5 ( -0 .67 ) 
46 .5 ( -4 .52) 
19-8( —2.14) 
22.1 ( + 0.56) 
27 .5 ( -0 .76) 
37 .9 ( -1 .55) 
42.2(41.55) 
44 .8 ( -0 .80) 
19 .3(-3 .38) 
22.0( + 0.25) 
26 .5 ( -0 .95) 

.29 (w. - 0 . 6 ) 
37 .3 ( -1 .00) 
44 .5 ( -3 .10) 

Dreiding molecular models clearly indicate that [Co-
( t tn ) ] 3 + is much less strained than [Co(ten)]3+. In 
the model of [Co(ten)] 3 + , considerable strains are 
involved in the three five-membered chelate rings 
fused in a plane with the cobalt ( I I I ) ion as confirmed 
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Fig. 1. Absorption and CD spectra of ( — )589-[Co-
(ten)]»+ ( ), (+).89-[Go(ttn)]»+ ( - - - ) , and ( - ) 5 8 9 -
[Co(ttmd)]3+ ( ). 

by the X-ray structure analysis. For [Co( t tn) ] 3 + , how­
ever, neither the corresponding five-six-five-membered 
chelate rings nor the other chelate rings appear to 
involve remarkable strain. Thus it is presumed that 
the reverse order in the first absorption maxima of 
the two complexes is caused by the strained structure 
of [Co(ten)]3+. O n the other hand, [Co(ttmd)]3+ 
shows the first absorption band at the smallest wave-
numbers among the three complexes. A molecular 
model indicates that this complex ion involves no 
remarkable strain for the skeleton of all the chelate 
rings, but forms a very crowded structure, some meth­
ylene protons coming very close to one another. A 
crowded complex would expand the molecular volume 
in order to reduce non-bonded interactions among 
atoms. The expansion might lengthen the metal-li-
gand distances to weaken the ligand field strength. 
In fact, the Go-N distances of [Co(en)3]3+,11) [Co-
(tn)3]3+,12) and [Co(tmd)3]3+13> are 1.959—1.979, 
1.966—1.999, and 1.986—2.000 Â, respectively, and 
with an increase in the Go-N distance the absorption 
maxima are shifted to smaller wavenumbers {vide infra). 

In contrast with the first absorption band, the 
second absorption bands are in the usual order of 
[Co(ten)]3+, [Co(ttn)]3+, and [Co(ttmd)]3+. Accord­
ingly, the energy difference between the first and the 
second bands becomes larger in [Co(ten)] 3 + (8700 
cm"1) than in [Co(ttn)]3+ (8000 cm- 1 ) . For a low-
spin, octahedral cobalt(III) complex, the energy dif­
ference between the first ( ^ ^ A ^ , lODq —G) and 
the second ( ^ ^ A ^ , 1 0 D q + 1 6 B - C ) absorption 
bands is expressed by 16B, where Dq is the parameter 
of ligand field strength and B and G those of Racah 
of interelectronic repulsion.14) The B value is known 
to be a measure for representing covalent character 
of the bond between a ligand and a metal ion, the 
smaller the value the more the covalent character.15) 

The B values for the ten and t tn complexes are 544 
and 500 cm"1 , respectively. Since the values for a 
series of complexes, [Go(en)x( tn)y( tmd) z]3 + 1°) are 
almost constant, 500—506 cm"1 , the value of 544 cm" 1 

for [Co(ten)]3+ appears to be fairly large and to have 
relations with the strained structure. Donor atoms 
in a strained complex would deviate from the regular 
octahedral coordination sites. T h e deviation might 
cause misalignment of the lone-pair orbital of the 
donor atom to orbitals of the metal ion to decrease 
the overlap of orbitals between them. The decrease 
in overlap, or the decrease in covalent character would 
correspond to an increase in the B value. The [Co-
( t tmd) ] 3 + complex shows the B value of 519 cm- 1 . 
This value indicates that the complex is not so strained 
as [Co(ten)] 3 + as the molecular model suggested. 

The strain in [Co(ten)] 3 + would be reduced by 
forming a quinquidentate complex, [Co(X) (Hten ) ] n + 

( X = u n i d e n t a t e ligand), liberating one chelate ring. 
Emmenegger and Schwarzenbach2) prepared such com­
plexes with various unidentate ligands. I n this study, 
[Co(CN)(Hten)]3+ was newly prepared, since the ttn 
ligand gave a quinquidentate complex only with a 
cyanide ion. Although quinquidentate complexes of 
ten and ttn have two and three possible geometrical 
isomers, respectively, the cyanide complexes obtained 
are one and two isomers for ten and ttn, respectively. 
T h e structures of the isomers could not be assigned. 
T h e structurally related [Go(X) (Hed ta ) ] n " complexes 
always give only one isomer in which the X ligand 
occupies the coordination site meridional to the nitrogen 
atoms of ethylenediamine.16 '17) No corresponding 1,3-
propanediaminetetraacetato complex is known, but 
similar triacetato complexes with H 2 0 or Cl~ give 
all of the possible three isomers.18) In the present 
quinquidentate complexes, the first absorption band 
of [Go(GN)(Hten)]3+ is observed at a higher wave-
number than those of either isomer of [Co(CN)(Ht tn ) ] 3 + 

(Table 2 and Fig. 2). T h e result supports that [Go­
t t en ) ] 3 + is strained and the strain is reduced to a great 
extent by releasing one chelate ring from the coordina­
tion sphere. T h e t tmd complex gave no monocyano 
complex. 

Reactivity of the sexidentate complexes toward strong 
bases such as O H ~ or GN~ seems to be related with 
the stability of these complexes expected from the 
maximum wavenumbers of the first absorption bands. 
T h e [Co(ten)]3+ complex readily reacts with O H " 2 ) 
or C N - to yield quinquidentate complexes, opening 

2 0 v/103cm-1 3 0 

Fig. 2. Absorption spectra of [Go(GN) (Hten)]3+ ( ), 
and the two isomers of [Co(CN)(Httn)]3+, (A) ( ) 
and (B) ( ). 
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one chelate ring. The [Co( t tn) ] 3 + complex also gives 
the mono cyano complex, but the reaction is rather 
slow as compared with the case of [Co(ten)]3+ (Ex­
perimental) . The ttn complex does not react with 
O H - . The [Co( t tmd)] 3 + complex affords no quin-
quidentate complex by the reaction with CN~ or 
O H - , but gives cobalt(II) species and a small amount 
of unknown cobal t(III) complexes. 

The R R - and RS-tptn Complexes: T h e two methyl 
groups in each RR(or SS)- and RS-ptn chelate ring 
become equatorial in a A (or <5)-skew and a chair con­
formation, respectively.19) T h e skeletons of RR- and 
RS-tptn ligands in sexidentate complexes should be 
similar to tha t of t tn in [Co(ttn)]3+, the conformation 
of the six-membered 1,3-diamine par t being in a 
skew form. When this par t forms a chair conforma­
tion, both RR- and RS-tptn ligands can not act as 
a sexidentate in an octahedral complex. Accordingly, 
one methyl group in the sexidentate [Go(Ä6'-tptn)]3+ 
complex adopts necessarily an axial disposition. The 
axial methyl group comes very close to one of the 
two five-membered chelate rings apical to the six-
membered ring and hence [Go(A^-tptn)]3+ would be 
less stable than [Co(Äß-tptn)]3+. The structurally re­
lated ligands, (R,R(or S,S))- and (Ä,S)-2,4-pentane-
diaminetetraacetate (ptnta) form stereoselective^ 
J (or A)-[Co(RR(or ÄS)-ptn ta) ] - and [Go(Gl)(AS-
H p t n t a ) ] - , respectively.20) T h e RS-ptnta in the lat­
ter complex functions as a quinquidentate, leaving a 
free acetate branch, and the six-membered chelate 
ring forms a chair conformation with two methyl 
groups disposed equatorially. This indicates that ptnta 
is not a so strong ligand as it forms a sexidentate com­
plex by overcoming the unstabilization caused by the 
axial methyl group. 

The orange [Co(Äft-tptn)]3+ and red [Go(ÄS*-tptn)]3+ 
complexes show the first absorption band at 20800 

20 7n$cm] 30 
- i 1 r 

20 wioW 30 

Fig. 3. Absorption and CD spectra of ( — )589-[Co-
(ÄÄ-tptn)]»+ ( ) and (-)589-[Co(itf-tptn)]3+ 

and 20000 cm- 1 , respectively (Table 2 and Fig. 3). 
While the maximum wavenumber of the former is 
nearly the same as that of [Go(ttn)]3+, the wavenumber 
of the latter is as small as that of the crowded [Go-
( t tmd) ] 3 + complex. Both tptn complexes lose the water 
of crystallization by heating in vacuo without the change 
of color. Absorption spectra of the complexes do 
not depend on p H of the solutions. 13G N M R spectra 
(100 MHz) of the RR- and AS-tptn complexes in D 2 0 
solutions exhibit seven and twelve (one strong peak 
due to accidental degeneracy) signals in accordance 
with the symmetry argument. All the facts lead to 
the conclusion that both RR- and RS-tptn ligands 
act as a sexidentate in the complexes. Thus the red 
shift of the first absorption band in [Go(Ä6'-tptn)]3+ 
can be attributed to the crowded structure due to 
the presence of the axial methyl group. O n the other 
hand, the B value (506 cm - 1 ) of this complex is nearly 
the same as those of [Co(RR-tptn)Y+ (493 cm"1) and 
[Go(ttn)]3+ (500 cm- 1 ) . This suggests that the red 
[Go(Ä^-tptn)]3+ complex is not distorted like [Go­
tten)] 3+ and the red shift of the first absorption band 
is caused by the crowded structure as described for 
[Go(t tmd)] 3 + . A complex which contains an axial 
methyl group is known for A-ß-[Co(ox)(R,R-293",2-
tet)]+ ( o x - o x a l a t e ion, £ ,#-2 ,3" ,2- te t=(4£,6£)-4 ,6-
dimethyl-3,7-diazanonane-l,9-diamine), in which the 
central six-membered chelate ring adopts a chair con­
formation with one methyl group axial and the other 
equatorial.21) This complex, however, shows the first 
absorption band (19800 cm"1) at a little smaller wave-
number than that of the corresponding R,S-2,3\2-tet 
complex (19920 cm- 1 ) , in which the six-membered 
chelate ring is also in a chair form, but both methyl 
groups are disposed equatorially.22) For the RR- and 
ÄS-tptn complexes which contain a skew six-membered 
chelate ring, the wavenumber difference in the first 
absorption bands amounts to 800 cm - 1 . 

Circular Dichroism Spectra. The GD spectra of 
( - W [ C o ( t e n ) ] 3 + , (+)5 8 9-[Co(t tn)]3+, and ( - ) 5 8 9 -
[Go(ttmd)]3+, all of which were enantiomers eluted 
faster by SP-Sephadex column chromatography, are 
compared in Fig. 1. The absolute configuration of 
( + ) 5 8 9 - [ G o ( t e n ) ] 3 + has been determined by the X-
ray method to be A.3) O n the basis of the GD pattern 
in the region of the first absorption band of (—)589-
J-[Go(ten)]3+, (+) 5 8 9 - [Co(t tn)] 3+ a n d ( - ) 5 8 9 - [Co-
( t tmd) ] 3 + can be assigned to the A and A configurations, 
respectively. T h e strengths of main GD bands in 
this region decrease with an increase in ring members 
of the central chelate ring. In the -4-[Go(en)x(tn) -
( tmd)J 3 + complexes, the positive GD bands reduce 
the strength remarkably with an increase in the ring 
members, the main GD band of A-[Go(tmd)3]

3+ show­
ing strong negative.10) The spectral changes in GD 
among the ten-type complexes appear to be the same 
case. The GD spectra in the other region are rather 
complicated and no discussion can be made. 

The GD spectra of (-)5 8 9-[Go(Äff-tptn)]3+ and 
(~)589-[Co(ÄS-tptn)]3+ are shown in Fig. 3. The 
[Go(Äft-tptn)]3 + complex should have the A configura­
tion stereoselective^ owing to the equatorial prefer­
ence of the methyl groups.20) The GD spectrum of 
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this complex is almost the mirror image of that of 
(+)589-[Co(ttn)]3 + in Fig. 1. The result supports the 
previous assignment for ^ - (+) 5 8 9- [Co( t tn ) ] 3 +. The 
(—)589-[Go(A6'-tptn)]3+ complex which was eluted faster 
in column chromatography shows a CD spectral pat­
tern similar to that of (—)589-z1-[Co(Äß-tptn)]3+, in­
dicating the same A configuration. T h e similarlity 
also supports that the RS-tptn ligand acts as a sexi­
dentate in the complex. In the first absorption band, 
both CD strength and absorption intensity of the 
RS-tptn complex are stronger than those of the RR-
tptn complex and the values of the dissymmetry factor 
g (Asje) are nearly the same (ca. 0.017). A similar, 
but smaller difference is seen in the CD and absorption 
spectra between A-ß-[Co(ox)(R,R-2,3",2-tet)] + and 
-[Co(ox) (£,S-2,3",2-tet)]+.22> The presence of an axial 
methyl group in a complex seems to cause the red 
shift and the hyperchromic effect on the absorption 
and C D spectra. 

The authors wish to thank Dr. T . I to of Institute 
for Molecular Science for obtaining 13G N M R spectra. 
This work was partially supported by Grant-in-Aid 
for Scientific Research No. 243013 from the Ministry 
of Education, Science and Culture. 
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It was found that the mixed chelates of nickel(II) with the general formula [Ni(diam)(/?-dik)2], where diam 
means an N,N- or iV,iV'-alkylated ethylenediamine and /?-dik a /?-diketonate anion, are highly volatile, fusible, 
and often amazingly soluble in nonpolar solvents like GG14, benzene, or heptane. Representative data on these 
properties are presented and their correlations with the structures of the ligands are discussed. 

I t is very well known that metallic acetylacetonates, 
and other /?-diketonates like hexafluoroacetylacetonates 
and dipivaloylmethanates, are remarkably volatile, and 
soluble in a number of organic solvents. These prop­
erties have often been applied to the separation of 
metals by means of gas chromatography and extraction 
techniques.1 - 4) 

Recently, Hoshino et al. found that a mixed chelate 
of nickel (I I) containing acetylacetonate anion, [Ni 
tmen (acac) 2] ,*** is highly volatile and can be sub­
limed at ca. 60 °C in a vacuum, when it is formed by 
the thermal disproportionation of the chelates Ni tmen 
acac X w H 2 0 ( X = h a l i d e ions).5»6) This interesting 
observation lead us to a comparative study of the 
volatilities, melting points, and solubilities of this and 
related chelates to be reported here. 

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

All the chelates studied were prepared according to the 
literatures,7-9) sometimes with certain modifications, and 
their identities were checked by elemental analyses. TG-
DTA measurements on them were performed with a Rigaku 
Denki M8075 instrument in static air (heating rate 5 °G/ 
min, sample weight ca. 9 mg, standard :A1203). Spectral 

TABLE 1. ABBREVIATIONS OF THE LIGANDS 

A: Diamines, R1R2N(GH2)2NR3R4 

R i 

GH3 

G2H5 

GH3 

C2H5 

GH3 

G2H5 

GH3 

C2H5 

R2 

GH3 

G2H5 

GH3 

C2H5 

H 
H 
GH3 

G2H5 

R3 

GH3 
G 2 H 5 

GH3 
G 2 H 5 

GH3 

C2H5 

H 
H 

R4 

GH3 

C2H5 

H 
H 
H 
H 
H 
H 

Abbreviation 

tmen 
teen 
Me3en 
Et3en 
.ym-dmen 
sym-deen 
unsym-dmen 
unsym-deen 

B: j?-Diketonate Anions, RiCOCHGOR^ 

R i 

CH3 

CH3 

CF3 

C(CH3)3 

R2 Abbreviation 

CH3 

CF3 

CF3 

C(CH3)3 

acac 
tfa 
hfa 
dpm 

***As to the abbreviations of ligands, cf. Table 1. 

measurements of their solutions in GG14, benzene, or heptane 
(all "Extra Pure") were made with a Hitachi 340 Recording 
Spectrophotometer from 7 to 25 kK (1 kK=1000 cm"1), 
using fern quartz cells at room temperature (ca. 20 °G). 

R e s u l t s 

The chelates prepared are shown in Table 2. As 
reported formerly,7-9) the mixed chelates I—XI are 
all blue to green crystals, and are typical 6-coordinate 
high-spin nickel (II) complexes. 

Melting Points and Volatilities. The TG-DTA 
data of the mixed chelates studied are classified into 
three patterns A,B, and C (cf. Fig. 1). In the case 
of A, a sharp endothermic peak is observed on the 
D T A curve. The fact that this peak corresponds to 
the melting point of the chelate can be confirmed by 
visual observation. The chelate then begins to eva­
porate at a somewhat higher t e m p e r a t u r e ^ ) , where 
a remarkable drop of the T G curve and a broad endo­
thermic peak on the D T A begins to appear. In some 
cases ti is lower than mp, that is, the evaporation 
begins to occur already in advance of melting. 

Nearly quantitative evaporation takes place with 
some chelates ; in such case, the ratio of the final weight 
(w{) to the initial weight (w.) of the chelate, wjw^ 
is nearly zero. In many cases, however, decomposi­
tion of the chelates seems to occur a t a later stage of 
evaporation and the sample remaining in the crucible 
is converted into a black nonvolatile residue, making 
the ratio wt/wi much higher. 

The pattern B is observed when the chelate has 
water of crystallization. Here two peaks appear on 
the D T A curve, one corresponding to the dehydration 
temperature (td), and the other to the mp. The 
T G curve also decreases in two steps, the first of which 
indicates the quantitative loss of water in the formula. 

The pattern C also show two D T A peaks, but here 
the chelate is anhydrous, and the first peak probably 
indicates some kind of solid phase transition, which 
takes place in advance of melting. This temperature 
is designated as tt. 

All these data are summarized in Table 2, together 
with those of the simple acetylacetonates of nickel 
(II) and copper(II ) . 

T h e volatilities of these chelates can now be studied 
by taking the temperature at which 2 5 % of the weight 
of a chelate is lost by evaporation (t1/é; cf. Table 2), 
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TABLE 2. TG-DTA DATA OF THE MIXED CHELATES, Ni(acac)2 AND Gu(acac)2 

As to the meaning of tx, tf etc., cf. text and Fig. 1. 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 
X 
XI 

Chelate 

Ni(teen)(acac)2 

Ni(Et3en) (acac)2 -H 2 0 
Ni(^vm-deen) (acac)2 -H 2 0 
Ni(msym-deen) (acac) 2 • H 2 0 
Ni(tmen)(acac)2 

Ni (Me3en) (acac) 2 • H 2 0 
Ni(^m-dmen) (acac)2 -H 2 0 
Ni(msym-dmen) (acac)2 

Ni(tmen)(hfa)2 

Ni(tmen)(tfa)2 

Ni(tmen)(dpm)2 

Ni (acac) 2 

Cu(acac)2 

Pattern 

A 
B 
B 
Ba> 
A 
B 
B 
A 
C 
A 
A 
b) 

b) 

Mp 

90 
59 
78 

151 
97 

100 
134 
187 
130 
81 

162 

h 

95 
112 
108 
137 
114 
104 
118 
135 
80 

114 
148 
224 
178 

ti 

322 
236 
216 
216 
208 
230 
255 
230 
185 
199 
264 
338 
260 

72, 

48, 
82, 

h 

45 
74 

119 

59c> 
104c> 

h Wf/Wi 

0.43 
0.38 
0.21 
0.65 
0.067 
0.17 
0.24 
0.37 

102 0.018 
0.013 
0.017 
0.72 
0.043 

hU 

180 
187 
184 
202 
170 
173 
186 
204 
153 
163 
221 
315 
228 

a) The DTA curve of this chelate was anomalous, and showed one more strong peak of unknown nature at 
157 °C, i.e., just above the mp. This may be related to the high value of wf/wi, i.e., the remarkable tendency 
for thermal decomposition of this chelate, b) Simple sublimation without melting; with Ni(acac)2, much decom­
position took place along with it. c) These double peaks may be an indication for stepwise dehydration, e.g. by 
way of hemihydrate formation. 

TG 
- ? 

V 

DTA 

\ 

Vi 

rv 

B 

> / T ] 
, Y.J 

t t 

Fig. 1. Typical patterns of the TG-DTA curves (schematic) 

and comparing it with those of other chelates.**** 
The following general trends can be deduced in this 
way. 

1) All the mixed chelates are readily fusible, with 
melting points which are sometimes much lower than 
100 °C. They are also highly volatile, even in static 
air of 1 a tm pressure. In contrast to these observa­
tions, the simple acetylacetonates Ni(acac)2 and Cu-
(acac)2 do not melt by heating, and they are much 
less volatile (in the case of Ni (acac) 2, much par t of 
it is thermally decomposed before sublimation) under 
the same conditions. 

2) Among the mixed chelates with acac and meth­
ylated diamines, the volatility increases in the following 
order of diamines: 

tmen >; Me3en > sym-dmen > unsym-dmen. (1) 

3) Among the mixed chelates with acac and eth-

****Nearly the same trends are observed when we take 
the temperature at which 5 or 10% of the weight is lost; 
at these earlier stages of evaporation, the effect of thermal 
decomposition thus seems to be negligible. The identity 
of the sublimed chelates with the original ones was also 
confirmed by their visible and IR spectra. 

ylated diamines, the volatility increases in the following 
order of diamines: 

teen > Et3en < sym-deen > msym-deen. (2) 

4) The volatilities of the unsym-dmen and unsym-
deen chelates are comparable, but among other mixed 
chelates with acac, those of methylated diamines are 
slightly more volatile than those of e thy la ted diamines. 

5) Among the mixed chelates containing tmen and 
various ß-diketonate anions, the volatility increases 
in the following order of /?-diketonates : 

hfa > tfa > acac > dpm. 

The plot of t1/4: in Fig. 2 illustrates these trends. 
Solubilities in Nonpolar Solvents. The high vol­

atilities and fusibilities of chelates clearly show that 
the intermolecular forces acting in their crystals are 
quite weak. Thus we can expect that they will be 
soluble in nonpolar solvents. The measurements of 
their solubilities in C6H6 , CC14, and heptane, which 
were carried out spectrophotometrically, confirmed this 
expectation. 

From the data in Table 3, we can deduce the fol­
lowing trends: 
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I II Ifl IV V VI VII VIIX X XI |Cu(acac)2 
Ni(acac)z 

Fig. 2. fj/4 values of the chelates. I—XI are those for 
the mixed chelates (cf. Table 2). 

TABLE 3. SOLUBILITIES (10~2 mol/dm3, 20 °G) OF THE 

MIXED CHELATES, Ni(acac)2 AND Gu(acac)2 

Chelate 

Ni(teen)(acac)2 

Ni(Et3en) (acac)2 -H 2 0 
Ni(^vm-deen) (acac)2 -H 2 0 
Ni(unsym-deen) (acac) 2 • H 2 0 

Ni(tmen)(acac)2 

Ni (Me3en) (acac) 2 • H 2 0 
Ni (sym-dmen) (acac) 2 • H 2 0 
Ni(unsym-dmen) (acac)2 

Ni(tmen)(hfa)2 

Ni(tmen)(tfa)2 

Ni(tmen)(dpm)2 

Ni (acac) 2 

Gu(acac)2
b> 

C6H6 

100 
46 
13 
16 

140 
130 
33 
14 

39 
130 
43 
0.97 
0.32 

GG14 

140 
65 

7.6 
7.3 

100 
77 
22 
14 

5.0 
64 
28 
a) 

— 

Heptane 

55 
16 
0.30 
0.30 

60 
13 
0.60 
0.23 

1.4 
13 
29 
a) 

0.025 

a) Too insoluble to measure, b) Taken from Ref. 10. 

crystal are very much weaker than those acting in 
the crystals of simple acetylacetonates of Ni(II) and 
Cu( I I ) . This is evidently the consequence of struc­
tural differences; it is known that the crystals of Ni-
(acac) 2 is composed of complicated trimeric molecules, 
and those of Gu(acac)2 contain planar monomeric 
molecules, in which Cu 2 + and polar ligand groups 
are exposed to outer influence.11»12) Thus we can 
imagine that a lot of energy is needed to sublime them, 
or to dissolve them in solvents with nearly no solvating 
power, because the intermolecular forces in them will 
be relatively high, and, in the case of Ni (acac) 2, energy 
will also be needed to dissociate the trimer into mono­
meric gaseous molecules.* 

O n the other hand, all the mixed chelates studied 
here are monomeric octahedral, and their polar groups 
are buried deep under a large number of protruding 
alkyl (or fluoroalkyl) groups, so that the intermolecular 
forces acting in them will be essentially weaker than 
those in Ni (acac) 2 or Cu(acac)2 . I t will be especially 
weak when the number of alkyl groups on the diamine 
is largest (cf. the order ( 1 ) and (2) mentioned above) ; 
however, when their size is too large, the increase of 
van der Waals force will make the chelate slightly 
less volatile (cf. the ^ / 4 values of the methylated and 
ethylated complexes). The same effect may be re­
sponsible for the lower volatility of the dpm chelate. 
The higher volatilities of the tfa and hfa chelates are 
probably due to the partial negative charge on their 
fluorine atoms, which act to decrease the intermolecular 
at tract ion; similar increase in volatility in going from 
acac to tfa and hfa is already well known among their 
simple chelates.1»2) 

O u r results thus clearly show that the volatility, 
fusibility, and solubility in nonpolar solvents of a chelate 
can be drastically augmented by mixed chelate forma­
tion with ligands containing bulky groups. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research No. 347033 from 
the Ministry of Education, Science and Culture. 
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Kinetic and equilibrium studies were made on the esterification of the ju-oxo dimeric vanadium (V) com­
plexes with monoanionic bidentate ligands(HL) such as 8-quinolinol, 5-chloro-8-quinolinol, 5,7-dibromo-8-
quinolinol, and 4-isopropyltropolone by butyl alcohols (ROH) in chlorobenzene. The stoichiometry and the 
rate equation are expressed as follows: 

V203L4 + 2ROH ; = ± 2VO(OR)L2 + H 2 0 : KBE; 
d[V203L4] 1 d[VO(OR)L2] 

~ at = TX d* = (^i + ^ [H 2 0] ) [V 2 0 3 L 4 ] [ROH] . 

The more basic the bound ligand L - , the lower the water-independent rate constant kx is. For less sterically 
crowded alcohols, kx is higher, giving the reactivity order: rc->/->*->£-. Water, presumably hydrogen bonded 
to the terminal oxo group of the complexes, accelerates the esterification(k2 path). The equilibrium constant 7CDE 

is linearly correlated with the rate constant kx. The esterification kinetics of the monomeric complex with 2-
methyl-8-quinolinol(HL/), which corresponds to the proposed reactive intermediate in the esterification of the 
/*-oxo dimeric complexes, is also investigated and found the rate equation to be expressed as 

_ d l V O ^ L - J _ d l V O ^ L - J _ i H i [ v o ( O H ) L . J [ R O H ] . 

kMtl is 5 times higher than the estimated for the corresponding dimeric complex. Large negative values of ASi* 
and ASM.I* point to an associative nucleophilic attack of alcohol to the vanadium center of both dimeric and 
monomeric complexes. The difference of the reactivity of complexes and alcohols and the detailed mechanism 
will be discussed. 

With 8-quinolinol (HQJ vanadium (V) forms a black 
water-insoluble complex in weakly acidic media.1 - 3) 
The black solution of this complex dissolved in organic 
solvents gives rise to a red coloration in the presence 
of alcohols ( R O H ) . This reaction, first ascribed to 
cis-trans isomerization of the complex,4) was found to 
be the esterification of the complex with alcohols to 
give their esters, VO(OR)Q, 2 , 5 ' 6) and has been utilized 
for the detection and photometric determination of 
alcohols.7-14) O n the other hand extensive studies 
on the black complex have given an erroneous com­
position of V O ( O H ) Q 2 . 1 5 - 1 8 ) Alcohols have been be­
lieved to react with this monomeric complex according 
to the following reaction : V O (OH) Q 2 + R O H ^ 
V O ( O R ) Q 2 + H 2 0. 6 ' 1 9 - 2 2 ) 

Recently we have revealed this black complex to be 
the oxo-bridged dimer, V O Q 2 - 0 - V O Q 2 . 2 3 - 2 5 ) T h e 
crystal structure of the ester has been established by 
X-ray crystallographic study.26) Thus the reaction of 
this dimeric complex with alcohols comes to the stage 
to be reexamined. In the present paper the esterifica­
tion of the oxo-bridged dimeric vanadium (V) com­
plexes with 8-quinolinol, 5-chloro-8-quinolinol(H5-Cl-
Q J , 5,7-dibromo-8-quinolinol (H5,7-Br2-Q), and 4-
isopropyltropolone(H4-Pr-T) by butyl alcohols is in­
vestigated from the kinetic and the thermodynamic 
points of view. The results are compared with the 
esterification of the yellow monomeric complex with 
2-methyl-8-quinolinol(H2-Me-QJ, V O ( O H ) (2-Me-Q,)2. 

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

Materials. All the butyl alcohols were refluxed over 
freshly ignited calcium oxide, and then with magnesium 
turnings, and finally distilled. 5-Chloro-8-quinolinol and 

5,7-dibromo-8-quinolinol were recrystallized twice from 
ethanol and acetone, respectively. Ghlorobenzene, 8-quin­
olinol, 4-isopropyltropolone, 2-methyl-8-quinolinol, and am­
monium metavanadate were purified as described previ­
ously.23-25) 

Vanadium(V) complexes with 8-quinolinol, V203Q,4,5 '6) 

with 4-isopropyltropolone, V203(4-Pr-T)4,25> and with 2-
methyl-8-quinolinol, VO(OH)(2-Me-QJ2-2H2015> were pre­
pared as described elsewhere. Other complexes with 5-
chloro-8-quinolinol, V203(5-C1-QJ4, and with 5,7-dibromo-
8-quinolinol, V203(5,7-Br2-QJ4 were prepared by mixing 
dioxovanadium(V) Perchlorate solution with the correspond­
ing ligand dissolved in perchloric acid solution and adjusting 
pH to 4 with ammonia. Found: G, 31.8; H, 1.1; N, 4.2%. 
Galcd for V2G36H16N407Br8: G, 31.85; H, 1.19; N, 4.13%. 
Found: G, 49.6; H, 2.4; N, 7.3%. Galcd for V2C36H20-

TABLE 1. SUMMARY OF THE PROPERTIES OF 

VANADIUM (V) COMPLEXES 

Amax
a) ?(V=Q)b> *(V-0-V)c) 

nm n m - 1 r m _ 1 nm 

550 
580 

570 

530 

340 

cm-1 

950 
959 
(971)d> 
970 
(945) d) 
950 

925 

cm-1 

715 
715 

720 

715 

a) Amax is the wavelength of the absorption maximum 
in the ultraviolet and visible spectrum. b,c) *>(V=0) 
and v(V-O-V) are the wavenumbers of infrared 
absorption of V=0 and V-O-V measured by pottasium 
bromide disc technique, respectively, d) These absorp­
tions are weak and not assignable. 
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N407C14: C, 50.03; H, 2.33; N, 6.48%. 
Infrared, visible, and ultraviolet spectral data for these 

complexes are summarized in Table 1. The presence of 
v(V-O-V) at near 715 cm"1 and absorption near 550 nm 
indicates the ju-oxo dimeric structure of these complexes. 
The complex with 2-methyl-8-quinolinol is monomeric be­
cause of steric hindrance of methyl group as described pre­
viously.24) 

Measurement. All the experiments were performed in 
a room thermostated at 25±0.5 °G. All the measurements 
were done using the circulating bath thermostated at each 
temperature within ±0.1 °G. The volume change of the 
solvent due to the temperature change was taken into con­
sideration.27) 

Ultraviolet and visible spectra were recorded on a UNION 
High Sens Spectrophotometer SM-401. A JASGO infrared 
spectrophotometer A-3 was used for the IR spectral study 
by potassium bromide disc technique. 

Equilibrium study was performed by measuring the ab-
sorbance at 480 nm with Zeiss spectrophotometer model 
1 P M Q II, after the complete equilibration of the reaction 
mixtures in stoppered tubes. The reaction was followed 
spectrophotometrically at 600 nm after the conventional 
mixing of the reactants. 

The water concentration was varied by mixing the de­
hydrated chlorobenzene (CH 2o=4x 10"3 mol dm"3) and the 
chlorobenzene saturated with water (CH 2 0=2 X10 - 2 mol 
dm-3) at different ratio. The water concentration was 
checked by the Karl-Fischer method with the coulometric 
generation of iodine. 

R e s u l t s 

Equilibrium. Jus t dissolved in wet chloroben­
zene, vanadium (V) complexes are partially hydrolyzed 
and give rise to lower species, VOaL.2 5) In the presence 
of alcohols, furthermore, substitution of the bound lig-
and by alcohols is also anticipated to yield vanadium-
(V) alkoxides.28-30) Actually in the absence of excess 
ligand, the addition of alcohol causes the color change 
from black via red to yellow, which is characteristic 
of trialkoxooxovanadium(V), V O ( O R ) 3 . T o avoid 
these side reactions an excess amount of ligand («0 .01 
mol d m - 3 ) was added in all experiments. T h e ad­
dition of excess ligand (up to 0.05 mol d m - 3 ) was 
confirmed to exert no effect on the esterifîcation. 

Visible spectra were recorded for complex solutions 
with different concentrations of alcohols. T h e time 
necessary for equilibration at 25 °G is as follows: 
V 2 0 3 (4 -Pr -T) 4 takes 12 h for n- and t-, 24 h for s-, 
and 48 h for *-BuOH; V203(5-C1-Q,)4 takes 96 h for 
n-BuOH; V 2 0 3 Q , 4 takes 120 h for n-BuOH. Two dis­
tinct isosbestic points near 430 and 530 nm observed 
for all systems point to the presence of only one equi­
librium, which is expressed by Eq. 1. 

V203L4 + 2ROH ^=r± 2VO(OR)L2 + H 2 0 : KDB (1) 

As the water concentration is large excess and may 
be regarded as constant, the conditional esterifîcation 
constant KVE' is given by Eq. 2. 

[VO(OR)L2]2 

(2 i -e D ) 2 

X 

Kv * D E [ H 2 0 ] - I - (2) 
[V203L4][ROH]2 

The apparent molar absorption coefficient, e=yr~ , is 

related with K^' by Eq. 3. 

eE — e 2eE—fD 

where [ R O H ] is given by 

2s—eD 

= 7CDE'[ROH]2, (3) 

[ROH] = CR0H - XC V , 
2CE — £D 

and £j> and eE are the molar absorption coefficients 
of the dimeric vanadium (V) complex and its ester, 
respectively, and CR 0 H and Cv are the total concentra­
tions of alcohol and vanadium (V) as a monomeric 
species, respectively. T h e logarithm of the left hand 
side of Eq. 3 being plotted against l o g [ R O H ] , the 
straight line with a slope of two and an intercept 
of log KDE' should be obtained. 

In Fig. 1 are shown the results on the systems of 
V 2 0 3 (4 -P r -T) 4 and V 2 0 3 Q , 4 at a fixed water concen­
tration. At different water concentrations the plots 
gave different straight lines with a slope of two. From 

-3 

i—— 

> 
(J 

> 

3 
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< < 
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< 
ICO 

<# 
3> 
0 

~4 
"4 
~4 
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Fig. 1. Determination of the conditional equilibrium 
constant for the esterifîcation of ju-oxo dimeric 
vanadium(V) complexes with butyl alcohols. Reac­
tion system: V203(4-Pr-T)4 (O) with rc-BuOH(l); 
Z-BuOH(7); 5-BuOH(ll); *-BuOH(14); V203Q4 ( • ) 
with TZ-BUOH(20). For experimental conditions the 
same number of Table 2 should be referred. 

Fig. 2. Determination of the equilibrium constant for 
the esterifîcation of ju-oxo dimeric vanadium (V) com­
plexes with butyl alcohols. Reaction system: V203(4-
Pr-T)4 (O) with 72-BuOH (1); z-BuOH(2); i-BuOH 
(3); *-BuOH(4); V ^ Q ^ ( • ) with n-BuOH. 
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TABLE 2. CONDITIONAL EQUILIBRIUM CONSTANTS FOR THE ESTERIFICATION OF THE JU-OXO DIMERIC 

COMPLEXES WITH BUTYL ALCOHOLS OBTAINED AT VARIOUS WATER CONCENTRATIONS AT 2 5 ° C 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Reaction system 

V203(4-Pr-T)4-rc-BuOH 

V203(4-Pr-T)4-/-BuOH 

V203(4-Pr-T)4-.y-BuOH 

V203(4-Pr-T)4-*-BuOH 

VsAQ^-rc-BuOH 

V203(5-Cl-QJ4-rc-BuOH 

Cv
 a> 

mol dm - 3 

7.17X10-5 

6.64X10-5 

4.73X10-5 

6.51 x lO- 5 

6.23X10-5 

7.06x10 5 

8.48X10-5 

6.13 XlO-5 

6.32 XlO-5 

6.28X10-5 

6.74 x lO- 5 

6.15 x lO- 5 

6.63 XlO-5 

6.55 x lO- 5 

5.99 x lO- 5 

5.30X10-5 

4.82 XlO-5 

5.93 x lO- 5 

5.60 XlO-5 

5.09 XlO-5 

5.41 XlO-5 

4.82 XlO-5 

C H L b > 

mol dm - 3 

9.80X10-3 

9.87X10-3 

2.83x10-3 
9.80x10-3 
9.95x10-3 
9.94x10-3 
1.01x10-2 
1.00x10-2 
9.99x10-3 
1.00x10-2 
9.98x10-3 
9.88x10-3 
9.83x10-3 
9.83x10-3 
9.88x10-3 
8.00x10-3 
8,00x10-3 
8.00x10-3 
8.00x10-3 
8.00X10-3 

8.00x10-3 
9.99x10-3 

log [H20] 

- 2 . 3 0 
- 2 . 0 4 
- 1 . 9 7 
- 1 . 9 4 
- 1 . 8 0 
- 2 . 2 3 
- 1 . 9 7 
- 1 . 8 8 
- 1 . 6 6 
- 2 . 2 9 
- 1 . 9 3 
- 1 . 7 2 
- 2 . 1 9 
- 2 . 0 5 
- 1 . 7 2 
- 2 . 2 6 
- 2 . 2 5 
- 2 . 1 4 
- 2 . 0 1 
- 1 . 9 7 
- 1 . 9 6 
- 2 . 3 1 

l o g / W 

4.27 
4.06 
4.00 
3.99 
3.83 
4.16 
3.90 
3.79 
3.67 
3.63 
3.33 
3.09 
1.76 
1.57 
1.27 
2.48 
2.48 
2.34 
2.28 
2.24 
2.24 
2.69 

a) Total concentration of vanadium (V) as a monomeric species, b) Total concentration of an excess ligand. 

TABLE 3. EQUILIBRIUM AND RATE CONSTANTS, AND ACTIVATION PARAMETERS FOR THE ESTERIFICATION 

OF V 2 0 3 ( 4 - P r - T ) 4 WITH BUTYL ALCOHOLS 

Alcohol rc-BuOH e-BuOH j-BuOH *-BuOH 

log#DE*> 

mol - 1 dm3 s - 1 

AHS 

25 °G 
30 °G 
35 °G 

2.03±0.02 
5.76x10-2 
8.38x10-2 
1.22x10-1 

1.92±0.02 
3.96x10-2 
5.87x10-2 
8.64x10-2 

1.37 + 0.03 
2.95X10-2 

4.43x10-2 
6.61X10-2 

- 0 . 4 5 ± 0 . 0 3 
2.91x10-3 
4.56x10-3 
6.89x10-3 

kj moi-1 

J mol-1 K- 1 

56±1 

-80±3 

57±2 

- 8 1 ± 5 

58±2 

- 7 9 ± 5 

63±2 

- 8 1 ± 5 

a) At 25 °G. b) All the values have errors of ± 1 — 3 % . 

these plots we obtained the conditional equilibrium 
constants summarized in Table 2. The resulted log 
KBE' value is plotted against log[H2OJ in Fig. 2. The 
plots fall along a straight line with a slope of — 1 (Eq. 
2). This confirms the validity of Eq. 1. The equi­
librium constants for the esterification at 25 °G ob­
tained from the intercepts of these plots are summarized 
in Tables 3 and 4. 

Kinetics of the Esterification of the Dimeric Complexes. 
Kinetics of the esterification was studied with large 
excess alcohol, so that the back reaction can be neg­
lected. T h e first-order plot gave a good straight line 
over 9 5 % conversion. 

The rate equation for the dimeric complexes is 
expressed by Eq. 4, 

d[V2Q3LJ = 1 d[VO(OR)L2] 
d* 2 d* 

= ^0(R0H,HL,H20)[V 2 O 3 L 4 ] , (4) 

where A:0(ROHHLtH 0) is the conditional esterification 
rate constant involving the concentrations of alcohol, 
excess ligand, and water. This rate constant was de­
termined from the slope of the first-order plot. 

T h e conditional rate constant was plotted against 
the alcohol concentration. The results for V 2 0 3 (4 -
Pr-T) 4 are given in Fig. 3. The plots show the first-
order alcohol dependence of A:0(ROH>HL>H 0>: 

^0(ROH,HL,H2O) — £ o ( H L , H 2 0 ) [ R O H ] . 

In each system the ligand was added in a sufficient 
excess to prevent the formation of the lower complex25) 
or alkoxide28-30) in equilibrium. Addition of the ex­
cess ligand was found to exert no effect on the rate. 
Then, 

^0(ROH,HL,H2O) = £ o ( H 2 0 ) [ R O H ] . 
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TABLE 4. EQUILIBRIUM AND RATE CONSTANTS, AND ACTIVATION PARAMETERS FOR THE ESTERIFICATION 

OF THE JU-OXO DIMERIC VANADIUM (V) COMPLEXES WITH 7L-BUOH 

Complex V . 0 , 0 , V203(5-C1-Q)4 V203(5,7-Br2-Q.)4 

log/:, DE 

*!b) 

moi - 1 dm3 s_1 

AHS 
kj mol-1 

ASS 
J mol-1 K- 1 

mol -2 dm6 s - 1 

kj mol-1 

ASS 
J m o l - i K -

25 °C 
30 °C 
35 °C 

0 .25+0.04 
5.90X10-3 

8.42x10-3 
1.19X10-2 

(25 °C 
30 °C 
35 °C 

52±2 

- 1 1 5 ± 4 

1.24X10-1 

1.54X10-1 

1.78X10-1 

24+2 

- 1 8 1 + 8 

0.38+0.04 
0.92X10-2 

1.37x10-2 
2.05x10-2 

59±1 

- 8 6 ± 3 

0.90X10-1 

1.05X10-1 

1.28X10-1 

25 + 2 

- 1 8 1 ± 8 

2.94X10-3 

4.72x10-3 
7.50x10-3 

69+1 

- 6 3 ± 3 

1.2X10-2 
2.0X10-2 

3.3x10-2 

73+4 

- 3 0 + 1 5 

a) At 25 °C. b), c) All the values have errors of +1—3 and +3—8%, respectively. 

w 
w 
o « 

m 
© 

102[ROH]/moldm-3 

Fig. 3. Plot of £0(ROH,HL,H2O) f o r V203(4-Pr-T)4 vs. 
[ROH]. Cv = 6.73x 10-5 mol dm-3 ; CH L=9.83x 10"3 

moldm-3; CH2o=0.007—0.020 mol dm"3. R O H : n-
BuOH(l); *-BuOH(2); J - B U O H ( 3 ) ; *-BuOH(4). 

In the absence of the excess ligand enough to prevent 
the formation of lower species, the esterification pro­
ceeds faster. This is attr ibutable to the faster reaction 
of monomeric V O a L with alcohol. 

Finally A:0(H2O) was plotted against [H2OJ. T h e re­
sults are shown for V 2 0 3 Q , 4 with w-BuOH in Fig. 4. 
According to this Figure, A:0(H 0) is rewritten as 

^O(H2O) = #i + £2[H20]. 

V203(5-C1-Q,)4 and V203(5,7-Br2-Q,)4 showed the simi­
lar behavior, whereas V 2 0 3 (4 -Pr -T) 4 had negligibly 
small A:2[H20] term as compared to kv 

Thus A:0(ROH,HL,H2O) i s expressed by Eq. 5. 

^ ( R O H . H L . H a O ) = (*1+*1[H10])[ROH] (5) 

Rate constants at 25, 30, and 35 °G, and activation 
parameters are summarized in Tables 3 and 4. 

Kinetics of the Esterification of the Monomeric Complex. 
The rate equation for the monomeric 2-methyl-8-
quinolinolate complex is expressed by Eq. 6. 

1 2 
KrtHpj/moldm'3 

Fig. 4. Plot of £0(H2O) f o r V 2 0 3 Q 4 with w-BuOH vs. 
[H 2 0] . Cv = 5.67xl0~5 moldm-3; CHL = 8.00x 10~3 

mol dm-3. At 25 °C(1) ; 30 °C(2) ; 35 °C(3). 

d[VO(OH) (2-Me-QJJ d[VO(OR) (2-Me-QJJ 

d* d* 

= ÄM,O(ROH,HL,H2O)[VO(OH) (2-Me-QJ2] (6) 

The kinetic data were analyzed by the treatment 
similar to that in the case of the dimeric complexes. 
Despite a very small contribution from the water-
dependent path ( 1 — 2 % accélération in chlorobenzene 
saturated with water) , the conditional rate constant 
£M,O(ROH,HL,H2O) i s reasonably expressed by Eq. 7 for 
n- and f-BuOH. 

£M,O(ROH,HL,H2O) = ^ M , I [ ^ O H ] (7) 

For s- and £-BuOH the esterification can not be suc­
cessfully analyzed because of the concurrent ligand 
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TABLE 5. RATE CONSTANTS AND ACTIVATION PARAMETERS 

FOR THE ESTERIFICATION OF VO(OH) (2-Me-QJ2 

W I T H BUTYL ALCOHOLS 

Alcohol H-BuOH Z-BuOH 

*M, i a > 

mol - 1 dm3 s_1 

kj mol-1 

àSu.l" 
J mol-1 K- 1 

[25 °G 
30 °G 

L35°C 

2.29x10-2 
3.13x10-2 
4.23x10-2 

44±1 

- 1 2 8 ± 4 

3.13X10-2 

4.29x10-2 
5.65x10-2 

42±1 

- 1 3 3 ± 4 

a) All the values have errors of + 1 — 3 % . 

dissociation reaction in the presence of these alcohols. 
Rate constants at 25, 30, and 35 °G, and activation 
parameters are summarized in Table 5. 

D i s c u s s i o n 

All but 2-methyl-8-quinolinolate complexes have the 
ju-oxo dimeric structure. No X-ray structural analysis 
being reported for the ju-oxo dimeric vanadium (V) 
complex, it was reasonably supposed to have the 
terminal oxo eis to the bridging oxo group from the 
analogy of many molybdenum (V) complexes31) and 
the mixed valence vanadium(IV,V) complex.32) The 
strong absorption near 550 nm, which is ascribed to 
a delocalized three-center pi bond, is characteristic 
of this tonfiguration.31) T h e two oxo groups attached 
to each vanadium atom in dimeric complexes have 
a possibility to be eis or trans to each other. Whereas 
according to the X-ray structural analysis the ester 
has the terminal oxo eis to the alkoxo group, and these 
groups are trans to the nitrogen atoms of quinoline 
rings.26) Thus it will be pertinent to conclude that 
the rupture of the bridging bond must occur during 
the esterification of the dimeric complexes and that 
the eis configuration of oxo groups is retained. Since 
the 2-methyl-8-quinolinolate complex is monomeric 
because of the steric hindrance of methyl group,24) 
the esterification of this complex is the simple nucleo-
philic substitution reaction of hydroxide by alkoxide 
group. 

Reaction Mechanism. The esterification of the 
^-oxo dimeric vanadium (V) complexes is first-order 
in the alcohol concentration. The reaction involves 
the water-independent p a t h ^ path) and the other 
path first-order in the water concentration (k2 pa th) . 
Since in kx path, only one molecule of alcohol is in­
volved in the rate equation, the reactive species V O -
(OH)L 2 must be formed in addition to the final product 
V O ( O R ) L 2 (Eq. 8). V O ( O H ) L 2 must react rapidly 
with one more alcohol to yield V O ( O R ) L 2 (Eq. 9). 

V203L4 + ROH - Y - > VO(OR)L2 + VO(OH)L2 (8) 

VO(OH)L2 + ROH 
fast 

VO(OR)L2 + H 2 0 (9) 

To estimate the bound ligand effect on the reaction 
rate, log kx value is plotted against S p ^ a 5 which is 
the sum of the logarithmic protonation constants of 
the two ligands coordinated to vanadium and is a 
measure of electron donation from the ligands to 

2pKa 

Fig. 5. Correlation of the rate constant for the esteri­
fication of vanadium (V) complexes by n-BuOH with 
SpAa of the bound ligand. Complex: 1, V203(4-
Pr-T)4 (Ref. 33); 2, V203(5-C1-QJ4 (Ref. 34); 3, 
V 2 0 3 Q 4 (Ref. 34); 4, V203(5,7-Br2-QJ4 (Ref. 35); 
5, VO(OH)(2-Me-QJ2 (Ref. 34). The pK& values 
are taken from the references cited in parentheses. 
The starting point of an arrow denotes the rate constant 
for the hypothetical dimeric vanadium (V) complex 
with 2-methyl-8-quinolinol. 

vanadium(V) (Fig. 5). Except the sterically crowded 
ligand (5,7-dibromo-8-quinolinol), fairly good linear 
relationship is observed. This implies that the more 
the coordinated ligand donates, the lower the positive 
charge on vanadium (V) becomes, resulting in slower 
esterification. Thus the reaction may be regarded 
as a nucleophilic attack of alcohol at the vanadium 
center. However for a given complex (see Table 
3) the reactivity of four butyl alcohols does not 
parallel to nucleophilicity (t->s->i->n-), but to sterical 
freedom (n->i->s->t-). Accordingly the difference 
in reactivity of alcohols mainly stems from the steric 
factor. 

The reactivity of the dimeric complexes is then 
compared with that of the 2-methyl-8-quinolinolate 
complex. This complex may be regarded as the pro­
posed reactive intermediate in the esterification of 
the dimeric complexes (Eq. 8). Although the cor­
responding dimeric complex with 2-methyl-8-quinolinol 
has also been synthesized, it is not stable and dis­
sociates to the monomeric complex in wet chloroben-
zene.24) Accordingly the rate constant for the esteri­
fication of this unstable dimeric complex is not directly 
obtained, but it is reasonably estimated by reading 
the log kx value for the S p ^ a °f t n^ s ligand (the origin 
of an arrow in Fig. 5). The experimental rate con­
stant of the monomeric complex (2.29 X 10~2 m o l - 1 

dm 3 s _ 1 at 25 °G) is at least 5 times as large as this 
expected value for the dimeric complex ( 4 x 10~ 3 mol - 1 

d m 3 s - 1 at 25 °C). Thus V O ( O H ) L 2 type complex 
should be more reactive than the corresponding dimeric 
complex (Eq. 9). In contrast to the dimeric com­
plexes, the reactivity of alcohols towards the mono­
meric complex parallels to nucleophilicity (n->i-). 

Exceptionally large negative values of AS" point 
to an associative mode of activation (£N2) in both 
monomeric and dimeric complexes. In the dimeric 
complexes, AH" is larger with increasing bulkiness 
of both attacking alcohol and bound ligand, and 
larger AH" values are always associated with smaller 
negative AS* values. These findings, taken together 
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with the reactivity order with alcohols, suggest that 
steric factor plays an important role in these systems. 
For the monomeric complex, the smallest AH* values 
are associated with the negatively largest AS* values. 

In the dimeric complexes, due to the other vanadium 
half-unit linked with the bridging oxo group, the 
nucleophilic attack of alcohol to vanadium center is 
sterically hindered and the extra bond-weakening en­
ergy is necessary to make alcohol close to vanadium 
center. The mechanism is explained by a concerted 
bimolecular reaction, in which a molecule of alcohol 
attacks associatively the vanadium center and at the 
same time the bond between vanadium and bridging 
oxo ligand is weakened. This makes AH* value con­
siderably larger for more sterically crowded system. 
For a given complex, AH* value increases in the order 
n-<i-<s-<t- and for a given alcohol V 2 0 3 Q , 4 < 
V 2 0 3 (5 -Cl -Q) 4 <V 2 0 3 (5 ,7 -Br 2 -QJ 4 . The small nega­
tive AS* value associated with large positive AH* 
value suggests that the bond-weakening contribution 
to the overall activation is more significant as com­
pared to the bond-making, thus the reaction between 
crowded alcohol and complex becomes less associative. 
O n the other hand in the monomeric complex, alcohol 
can easily approach to vanadium center without being 
suffered significant steric hindrance. This makes the 
reaction more associative. Furthermore since no extra 
bond-weakening energy is necessary for the activated 
state, the reactivity order is mainly governed by elec­
tronic factor. 

Water-dependent Path. The water-dependent rate 
constant in the esterification of the dimeric complexes, 
k2 was constant even in changing the concentration 
of the excess ligand. Accordingly water must not 
substitute the bound ligand of the dimeric complexes 
to yield a reactive lower complex, but it interacts 
with any site in the complexes such as terminal or 
bridging oxo group to yield a reactive intermediate. 
Since a small but definite water-dependent path is 
observed also in the case of the monomeric complex, 
the interaction with basic terminal oxo group seems 
plausible. Moreover, this postulation is supported by 
the fact that the esterification was much more ac­
celerated in the presence of more acidic substance 
such as phenol.36) 

As can be seen from the relative changes in k2 and 
AH2* in the presence of water, the acceleration by 
water becomes higher with increasing S p ^ a °f t n e 

bound ligand. Tha t is, the interaction of water is 
stronger with more basic oxo group in complexes 
having more basic ligand. The acceleration relative 
to kx (log k2\kx\ 1.32 for V 2 0 3 Q 4 ; 0.99 for V 2 0 3 ( 5 -
C1-QJ4; 0.61 for V203(5,7-Br2-Q)4 . ) is linearly cor­
related with S p ^ a . Judging from the extrapolated 
k2(0A) for V 2 0 3 (4-Pr -T) 4 , the negligibly small con­
tribution of water-dependent path in the reaction with 
n-BuOH as compared to the kx is anticipated and 
this agrees with our results. In the monomeric com­
plex the same type of acceleration will be anticipated. 
However the intramolecular hydrogen bonding be­
tween terminal oxo and hydroxo groups prevents the 
formation of a reactive intermediate and the reaction 
will not be accelerated 30 much as expected from the 

estimated k2 (5.8 X 10_ 1 mol" 1 dm 3 s_ 1). T h e k2 pa th 
reaction has an energy of activation (AH2*) less than 
for the corresponding reaction not involving such an 
intermediate (AHj*) by about the heat of formation 
of the hydrogen bond. Larger negative A£*2* value 
as compared to A ^ * is also attr ibutable to this pre-
equilibrium. 

Relationship between KD E and kx. T h e detailed 
reaction scheme is expressed as 

V203L4 + ROH 
* - i 

VO(OR)L2 + VO(OH)L2 

VO(OH)L2 + ROH ; F = ± VO(OR)L2 + H 2 0 . 

Then the overall esterification equilibrium constant 
is equated to 

^ D E = ~T ^ M E , 
K-l 

where ^ M E = ^ M E / ^ E M ' Using the dimerization constant 
given by 

2VO(OH)L2 ; = ± V203L4 + H 2 0 : #M D . 

ki is expressed by 

*i = *-i(tfWtfMD)V». 

k_! corresponds to the rate constant of the nucleophilic 
attack of the oxo group in the monomeric complex 
to the vanadium center of the ester. In this reaction, 
alcohol accommodated as alkoxide in the ester will 
not largely affect the rate k_x both electronically and 
sterically for the complexes with the same bound 
ligand. Furthermore KUD being constant for the com­
plex with the same ligand, in the reaction system 
of V 2 0 3 (4 -P r -T) 4 with butyl alcohols log kx should 
be linearly correlated with log KDE with a slope of 
1/2 as in Fig. 6. O n the other hand, the results ob­
tained in the systems of V 2 0 3 Q 4 and V 20 3 (5-C1-QJ 4 

with rc-BuOH are also well accommodated in the 
correlation given in Fig. 6. I t appears unlikely that 
A:_! and ^ M D are both constant irrespective of the 
bound ligand. Thus the linear correlation of log kx 

with log KDE may be resulted from the adequate com­
pensation of A:_! and ^TMD making (log k_x—1/2 log 

log KDE 

Fig. 6. Correlation of the rate constant for the esteri­
fication of the /*-oxo dimeric vanadium (V) complex 
with its equilibrium constant. Reaction system: 
V203(4-Pr-T)4 (O) with rc-BuOH(l); /-BuOH(2); 
5-BuOH(3); *-BuOH(4); V203Q,4 ( • ) with rc-BuOH; 
V203(5-C1-QJ4 (O) with H-BUOH. The solid line 
is the straight line with a slope of 1/2. 
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iTMD) constant. In any event, the lower the activa­
tion energy for the esterification, the stabler the re­
sulted ester is. 

The authors wish to thank the Grand-in-Aid for 
Scientific Research No. 347029 from the Ministry of 
Education, Science and Culture. 
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The Polarographic Behavior of Bis(acetylacetonato)nickel(II) and 
Bis(hexafluoroacetylacetonato)nickel(II) in Dimethyl Sulfoxide 
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The d.c. Polarographie reduction of Ni(acac)2 and Ni(hfac)2 was studied in detail in dimethyl sulfoxide. Two 
kinds of tetraalkylammonium Perchlorates and sodium Perchlorate were used as supporting electrolytes. Ni-
(acac)2 gave three waves in all the supporting electrolytes, while Ni(hfac)2 gave two waves in the presence of tetra­
alkylammonium Perchlorate. These waves were explained on the basis of the Polarographie properties, molec­
ular weights, and conductivities. The electrode reaction mechanism of Ni(acac)2 can be expressed by: 

Ni(acac) + „ N Ni(acac)2 „ N [Ni(acac)2]2 „ N „ N [Ni(acac)2]p 

1st wave 

2e 

2nd wave 

4e (2p)e 

3rd wave 

where the second wave includes a kinetic current. The first wave of Ni(hfac)2 is due to the reduction of Ni(hfac) + 
and Ni(hfac)2 themselves; the second wave corresponds to that of free hexafluoroacetylacetonate. 

The nonaqueous electrochemistry of bis(ß-diketonato)-
nickel(II) complexes has been reported by several 
investigators. Murray and Hiller1) gave preliminary 
data on bis(acetylacetonato)nickel(II) in acetonitrile 
from the standpoint of the supporting-electrolyte ef­
fect. The number of electrons participating in the 
electrode processes, n, is particularly interesting, for 
certain complexes may partly polymerize even in co­
ordinating solvents. According to the results of Dessy 
et al.?} the n value of bis(acetylacetonato)nickel(II) 
was equal to unity in 1,2-dimethoxyethane. Bond 
et al?) presumed a one-electron transfer step for the 
reduction wave observed in the d.c. polarography 
of bis(dipivaloylmethanato)nickel(II) in acetone. 
Recently, Gritzner et al.*) reported on the Polarographie 
and voltammetric behavior of various acetylacetonato 
and hexafluoroacetylacetonato complexes in acetoni­
trile. They determined the n value of two for bis-
(acetylacetonato)nickel(II) coulometrically. 

T h e present paper will report the results of a detailed 
investigation of the d.c. Polarographie reduction of 
bis (acetylacetonato) nickel (I I ) , Ni(acac)2 , and bis (hexa­
fluoroacetylacetonato) nickel (I I ) , Ni(hfac)2, in dimethyl 
sulfoxide (DMSO) . 

Exper imenta l 

Reagents. Merck analytical reagent-grade DMSO was 
used without further purification. The content of water 
was determined with a gas Chromatograph. The DMSO 
contained 0.02—0.06% water. 

Sodium Perchlorate was dried in vacuo for 24 h prior to 
use. The Nakarai Chemicals tetramethylammonium Per­
chlorate (TMAP) and tetrabutylammonium Perchlorate 
(TBAP) purified for polarography were dried in vacuo for 
12 h. The Kishida Chemicals nickel(II) Perchlorate hexa-
hydrate was brought to a constant weight in a desiccator 
over magnesium Perchlorate.5) Hexafluoroacetylacetone 
(Hhfac) from Nakarai Chemicals, Ltd., was used without 
further purification. 

Two extra-pure-reagents, Ni(acac)2 and Ni(hfac)2, were 
obtained from Nakarai Chemicals, Ltd. These compounds 
were identified as Ni(acac)2-2H20 and Ni(hfac)2-H20 by 
elemental analysis. 

Potassium acetylacetonate was prepared by the following 
procedure. Into a solution of 6 cm3 of acetylacetone (Hacac) 
in 30 cm3 of methanol-water (1:1), 2 mol dm - 3 potassium 
hydroxide in methanol-water (1:1) was drop wise added 
until a pH value of 9.0 was reached. The precipitated salt 
was filtered off and dried in vacuo. The analysis of potassium 
acetylacetonate gave the following results. Found: C, 38.20; 
H, 5.76%. Calcd for C5H903K: C, 38.44; H, 5.81%. 

Reagent-grade chemicals were used unless otherwise stated. 
Apparatus and Procedures. The current-potential curves 

were obtained with a Yanagimoto Polarograph PA-101 
and a Yanagimoto Potentiostat PT-P8. 

The Polarographie measurements were made at 25.0 ± 
0.2 °C except for the experiments of the temperature effect. 
An H-type electrolysis cell was used for the measurements. 
An aqueous SCE-KC1 was isolated from the test solution 
by the use of a compartment with a glass filter (G-4). All 
the solutions were deaerated with nitrogen gas. Two drop-
ping-mercury electrodes were used. The A electrode had 
an m value of 1.062 mg s - 1 and a drop time, Jd, of 6.18 s in 
a deaerated 0.05 mol dm~3 TMAP-DMSO solution at —1.0 
V and at a height of the mercury reservoir, h, of 47 cm. 
The B electrode had an m value of 1.248 mg s - 1 and a tâ 

value of 4.95 s in a deaerated 0.1 mol dm~3 TBAP-DMSO 
solution at — 1.0 V and h = 4 5 cm. 

In the following sections, i and i denote the maximum 
current and the average current respectively. 

The n values were determined on a Yanagimoto Controlled 
Potential Electrolyzer and a Nikko Keisoku Digital Cou-
lometer NDCM-2. 

The conductivities were measured with a Yanagimoto 
Conductivity Outfit MY-8. The absorption spectra in the 
visible and ultraviolet regions were obtained with a Spec-
tronic 88-UV Shimadzu-Bausch & Lomb Spectrophotome­
ter at room temperature. The molecular weights were 
measured in DMSO at 18 °C by cryoscopy, with tris (acetyl­
acetonato) cobalt (I II) as the standard material. 

t Present address: Chemical Laboratories, Yamagata 
Building Service Co., Ltd., Iizuka-machi, Yamagata 990. 

R e s u l t s 

Dissolved State of the Complexes in DMSO, Con-
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TABLE 1. MOLECULAR WEIGHTS OF Ni(acac)2 IN DMSO AT 18 °G 

[Vol. 54, No. 1 

m/mmol kg - 1 

2.0 
3.3 
6.6 

TABLE 2 

Complex 

Molecular formula 

Ni(acac)2.DMSO 
[Ni(acac)2.DMSO]2 

[Ni(acac)2-DMSO]3 

. POLAROGRAPHIG DATA OF 

Supporting electrolyte 

THE 

Galcd 

335.05 
670.10 

1005.2 

REDUCTION OF Ni(acac)2 

El/2/V vs. SCEa) 

Found 

430 + 50 
650 ±50 

1200+200 

AND Ni(hfac)2 

Slope/mVb> 

Found/Galcd 

1.3 
1.0 
1.2 

IN DMSO 

hlhc) 

Ni(acac) 

Ni(hfac)2 

0.05 mol dm-3 NaC104 

0.05 mol dm-3 TMAP 

0.05 mol dm-3 TBAP 

0.05 mol dm-3 NaC104 

0.05 mol dm-3 TMAP 

0.05 mol dm-3 TBAP 

0.1 mol dm-3 TBAP 

ca. 

- 1 . 1 2 
- 1 . 3 3 
- 1 . 6 4 
- 1 . 2 2 
- 1 . 4 4 
- 1 . 8 3 
- 1 . 2 5 
- 1 . 4 6 
- 2 . 0 0 
- 1 . 0 (Max.) 
- 1 . 0 (Max.) 

— (Max.) 
- 1 . 0 (Max.) 
- 2 . 5 8 
- 1 . 0 4 
- 2 . 5 2 

63 
48 

115 
48 
80 

124 
77 } 
62 J 

217 

52 
96 

0.15 
0.15 
0.70 
0.21 
0.41 
0.38 

0.49 

0.51 

a) The half-wave potentials for Ni(acac)2 were obtained at the concentration of 2 mmol dm -3 , b) The slopes of 
the log-plot analyses for Ni(acac)2 were obtained at the concentration of 5 mmol dm - 3 , c) The fj/ft ratios for 
Ni(acac)2 were obtained at the concentration of 1 mmol dm - 3 . The meanings of £j and ft are shown in Fig. 1. 

ductivity measurements at 25 °G indicate that Ni(acac)2 

is little dissociated into ionically-conducting species, 
while Ni(hfac)2 is dissociated into the 1:1 electrolyte. 

The apparent molecular weights of Ni(acac)2 in 
D M S O are given in Table 1. This complex was 
polymeric in the concentration range studied here. 
O n the other hand, the cryoscopic results of Ni(hfac)2 

were in conflict with the conductance data, showing 
the molecular weight of undissociated Ni(hfac)2-
2 D M S O . T h e cryoscopy of Ni(hfac)2 appears to af­
ford no true information; however, the reason for 
this is not known. 

The spectoscopic data indicate that the complexes 
are of a hexa-coordinate octahedral structure,6»7) though 
the cryoscopic data of Ni(acac)2 seem to suggest a 
penta-coordinate structure. 

Reduction of the Complexes in DMSO. Some typi­
cal polarograms and Polarographie data of the com­
plexes in D M S O are shown in Fig. 1 and Table 2. 
Sodium Perchlorate, te t ramethylammonium Perchlo­
rate, and te t rabutylammonium Perchlorate were used 
as supporting electrolytes. Ni(acac)2 gave three re­
duction waves, of which the one at the most negative 
potential was very irreversible, regardless of the kind 
of supporting electrolyte used. When TBAP was used 
as a supporting electrolyte, the first two waves at less 
negative potentials overlapped; hence, the polarogram 
of 1 mmol d m - 3 Ni(acac)2 appeared just like two steps. 

Ni(hfac)2 gave two reduction waves in the presence 
of tetraalkylammonium Perchlorate as the supporting 
electrolyte. When sodium Perchlorate was used as 
the supporting electrolyte^ the second wave, at a far 

IlHA 

IV-I J.^ 

L J » 

(b) 

J 

I t 

1 1 J 

1.0 1.5 2.0 
-£ /Vvs .SCE 

2.5 

Fig. 1. Polarograms of (a) 3.0 mmol dm - 3 Ni(acac)2 

and (b) 0.5 mmol dm"3 Ni(hfac)2 in 0.05 mol dm~3 

TMAP-DMSO. With the DME (A). 

negative potential, overlapped with the sodium-ion 
reduction. Interestingly, the first wave of Ni(hfac)2 

resembled the wave of nickel (I I) Perchlorate in its 
Polarographie properties. When 0.1 mol d m - 3 TBAP 
was chosen as the supporting electrolyte, the maximum 
at the first wave disappeared and the second wave 
was a well-defined one (see Fig. 2 and Table 2). The 
ratio of their heights was equal to 1:4 for the first 
and the second wave under the controlled drop time. 
T h e polarogram of Ni(hfac)2 is compared with that 
of hexafluoroacety lace tone in Fig. 2. Hexafluoroace-
tylacetone gave two waves: the first wave is considered 
to be a hydrogen reduction of the enol form, and the 
second wave, to be an enolate reduction,8) The second 



January, 1981] Polarography of Bis(/?-diketonato)nickel(II) Complexes 209 

IVA 

P 
1 1 1 

(a) ^J J 

(w . y 

. 1 1 
1.0 1.5 2.0 

- £ / V v s . S C E 

2.5 

Fig. 2. Polarograms of (a) 0.5 mmol dm - 3 Ni(hfac)2 

and (b) ca. 0.9 mmol dm - 3 Hhfac in 0.1 mol dm - 3 

TBAP-DMSO. With the DME (B). 

wave of Ni(hfac)2 appeared at the same potential 
as that of hexafluoroacetylacetone. 

The first limiting currents (i) of Ni(acac)2 and Ni-
(hfac)2 were proportional to A1/2 in all the supporting 
electrolytes used. The measurements of the current-
time (i-t) curve were made in the potential region 
giving each limiting current of three waves of Ni-
(acac)2 in 0.05 mol d m - 3 solution of each supporting 
electrolyte during the life of a mercury drop. In a 
T M A P or TBAP solution, the slopes of the plots for 
log i vs. log t were larger than those in a sodium-per-
chlorate solution. This finding is related to the sup­
porting-electrolyte effect on the total limiting current, 
iv of Ni(acac)2 to be described later. 

All the waves of Ni(acac)2 were not due to the 
reduction of the ligand, because acetylacetonate itself 
gave no wave in the potential range observed. The 
Polarographie waves of 1 mmol d m - 3 Ni(acac)2 were 
affected by the addition of a small amount of acetyl­
acetonate. The first wave disappeared after the ad­
dition of 0.5 mmol d m - 3 acetylacetonate. The it de­
creased as the concentration of acetylacetonate in­
creased. The dependence of the it on the acetyl­
acetonate concentration suggested the formation of 
electroinactive Ni(acac)3~. When 1 mmol d m - 3 nick­
el (II) Perchlorate was made to react with 1 mmol 
d m - 3 potassium acetylacetonate, the polarogram had 
two waves in the presence of each supporting elec­
trolyte of 0.05 mol d m - 3 : one was the wave of the 
nickel ion, and the other was that of Ni(acac)+ , which 
appeared at ca. —1.2V in the T M A P solution. Ac­
cordingly, the first wave of Ni(acac)2 corresponds to 
the reduction of Ni(acac)+ . 

In Fig. 3 the limiting currents of Ni(acac)2 and 
Ni(hfac)2 are plotted against their concentrations. In 
contrast to the linearity of plots for the first wave of 
Ni(hfac)2, that for the ft of Ni(acac)2 gave curves. 
The supporting-electrolyte effect on the it was observed 
after the correction for the drop t ime; that is, the 
it was low in the presence of tetraalkylammonium 
Perchlorate. This may be explained by the double-
layer effect on the reduction rate,9) judging from the 
i-t curve data mentioned above. 

The plots of the £, and it values of Ni(acac)2 vs. 

< 
\ 

20 

10 

0 

(b) y 

£L 1 L \ i 1 
2 A 6 8 

C/mmol dm"5 
10 

Fig. 3. Dependence of (a) the total limiting current 
of Ni(acac)2 and (b) the first limiting current of 
Ni(hfac)2 on the concentration of each complex in 
DMSO. Supporting electrolyte: (O) TMAP, (A) 
TBAP and (#) sodium Perchlorate. Each in 0.05 
mol dm-3. With the DME (A). 

Fig. 4. Effect of temperature on the limiting currents 
of 3.0 mmol dm - 3 Ni(acac)2 in 0.05 mol dm - 3 sodium 
perchlorate-DMSO. For ij ( j = 1—3), see Fig. 1. 
With the DME (A). 

the temperature gave the curves shown in Fig. 4. 
With an increase in the temperature, the {h+i2)lh 
ratio increased and the ijit ratio decreased: in a 3 
mmol d m - 3 Ni(acac)2-0.05 mol d m - 3 sodium Perchlo­
rate solution, these ratios were 0.34 and 0.66 respec­
tively at 25 °C, while they were 0.67 and 0.33 respec­
tively at 50 °C. 

The controlled potential coulometric experiments 
were carried out a t —1.70 V for 0.5 mmol d m - 3 Ni-
(hfac)2 and at —2.30 V for 0.5 mmol d m " 3 Ni(acac)2 
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in the presence of 0.05 mol d m - 3 T M A P . These cou-
lomertic data gave 2.0 and 1.9 respectively as the 
apparent numbers of electrons per nickel atom. 

The effect of water on the Polarographie waves 
was examined below 10%. When 0.05 mol d m - 3 

T M A P was used as the supporting electrolyte, there 
was no variation in Ni(acac)2 after the addition of 
10% water. When 0.05 mol d m - 3 sodium Perchlorate 
was used as the supporting electrolyte, though, the 
i2/it ratio increased and the ijit ratio decreased as 
the content of water increased in the range of 2—10%. 
The effect on Ni(hfac)2 was checked in the presence 
of 0.1 mol d m - 3 TBAP, for these conditions gave two 
well-defined waves. The addition of 5 % water led 
to more irreversible waves. Further, the first and 
second waves shifted a little to more negative and 
less negative potentials respectively. 

D i s c u s s i o n 

Many chemists have been interested in the structures 
of /?-diketone chelate compounds in various nonaque­
ous solvents. They have mainly investigated them 
by means of N M R , ESR, electronic-spectra, molecular-
weight measurements, etc. I t is well known that the 
anhydrous Ni(acac)2 exists as a trimer with an octa­
hedral coordination about the nickel (I I) in crystals 
and also in noncoordinating solvents.7) Yoshida et 
a/.10) have proposed a dimer, (NiL2 • H 2 0 ) 2, for each 
prevalent form of bis(l,5-dialkyl-2,4-pentanedionato)-
nickel(II) monohydrate complexes in noncoordinating 
solvents, where L represents a /?-diketonato anion. 
Using the rotating-disk-electrode method, Ritzier and 
Gross11) have proposed a dimer for the prevalent form 
of about 1 mmol d m - 3 Co(acac)2 in propylene car­
bonate. The present work affords useful information 
on the molecular association of Ni(acac)2 in D M S O 
with a great donor-number. 

Ni(acac)2 and Ni(hfac)2 in D M S O are involved in 
the following chemical equilibria: 

[Ni(acac)2]p ^± ••• ^± [Ni(acac)2]2 ^± Ni(acac)2 

^± Ni(acac) + -f acac -

Ni(hfac) Ni (hfac) + + hfac-, 

(1) 

(2) 

on the basis of the conductance and the molecular-
weight data. The degree of the dissociation of Ni-
(acac)2 to the ions is negligibly small in the absence 
of a supporting electrolyte, as has been mentioned 
in the preceeding section. 

The Polarographie behavior of Ni (hfac) 2 is very 
similar to that of the only species which is diffusion-
controlled, judging from the linearity of the limiting 
current on A1/2 and the complex concentration. Fur­
ther, the apparent diffusion-current constant of the 
first wave was approximately equal to that of the wave 
of the nickel(II) ion, which follows a two-electron 
reduction process to the metal.12) The n value, de­
termined coulometrically, is consistent with this find­
ing. Both Ni (hfac) + and Ni (hfac) 2 participate, pre­
sumably as electroactive species, in the first wave» 

A comparison between the polarograms of (a) and 
(b) in Fig. 2 indicates that the second wave of Ni (hfac) 2 

comes from free hexafluoroacetylacetonate. The com­
plex gave a nickel anodic stripping peak (spike pattern) 
at —0.1 V in cyclic voltammetry at a plat inum elec­
trode; such a peak was also found in nickel Perchlorate. 
This suggests that the ligand is liberated after the 
reduction of the complex itself at the first wave. Thus, 
the second wave does not mean the reduction of the 
only free ligand from the dissociation reaction in the 
bulk of the solution. 

T h e first wave of Ni(acac)2 does not include the 
kinetic current due to the preceding chemical reaction, 
judging from the dependence of the limiting current 
on A1/2. The first wave is due to the reduction of 
Ni(acac) + , judging from the disappearance of the wave 
after the addition of acetylacetonate and from the 
agreement between the half-wave potential of Ni(acac) + 
and that of the first wave of Ni(acac)2 . However, 
the il/it ratio is too large to explain the conductance 
data . I t is, therefore, reasonable to consider the dis­
sociation of Ni(acac)2 to Ni(acac) + in the bulk of the 
solution in the presence of a supporting electrolyte. 
T h e second and third waves come from the reduction 
of the monomeric Ni(acac)2 and the polymeric species 
respectively, judging from the dependence of the i2 

and z3 on the temperature and from that of the it on 
the complex concentration. Consequently, the elec­
trode reaction mechanism can be expressed by : 

Ni(acac) + ̂ ± Ni(acac)2 ^± [Ni(acac)2]2 [Ni(acac)2]p 

2e 2e (2p)e 

1st wave 2nd wave 3rd wave 

(3) 

where the N i ( a c a c ) 2 ^ N i ( a c a c ) + + a c a c ~ reaction is so 
slow that it practically does not proceed in the vicinity 
of the electrode surface during electrolysis. The f2/z3 

ratio was dependent on the drop t ime; the temperature 
effect on the i2 can not be interpreted merely by the 
chemical equilibria shift in the bulk of the solution, 
so that the second wave includes the kinetic current 
due to the preceding reaction, the polymeric species^ 
Ni(acac)2 , in Eq. 3. 

T h e dissolved state is apparently dependent on the 
nature of the ligands of the complexes. Such behavior 
of other bis(/?-diketonato)nickel(II) complexes will be 
discussed in the following paper. 
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Two /?-NAD-analogs were prepared utilizing a base-exchange reaction catalyzed by pig-brain NADase. 
These analogs were proved to contain a methyl 1,4-dihydro-4-iminonicotinate and a 1,4-dihydro-4-iminonicotin-
amide moiety. By successive hydrolytic degradations of these analogs, 1,4-dihydro-4-iminopyridine ^-ribosides 
with 3-carboxyl and 3-carbamoyl groups were prepared in good yields. The former compound was identical 
with clitidine, a toxic pyridine nucleoside recently isolated from a toadstool. The present synthesis confirmed 
the 1,4-dihydro-4-imino /^-riboside structure of clitidine. Preliminary biological tests showed that the 3-car­
bamoyl compound was more toxic than clitidine, suggesting that the amide derivative of clitidine is an essential 
toxic substance in the toadstool. 

Recently, Konno et alV have isolated a new pyridine 
nucleoside, clitidine, as a toxic substance from a toad­
stool, Clitocybe acromelalga. Although the structure, 1-
(/? - D -ribofuranosyl) -1,4-dihydro-4-iminonicotinic acid 
(1), was assigned to the nucleoside by synthesis, no 
clear evidence has been given for the 1,4-dihydro-
pyridine form and the ^-configuration of the glycosidic 
linkage. 

The pharmaceutical properties of clitidine were in­
vestigated in detail3) and it was pointed out that its 
toxicity was relatively weak for a toxic substance from 
a toadstool. We, therefore, had a doubt whether 
clitidine itself was a major component of the toxic 
substance or not. I t was assumed that the substance 
might be an amide form (2) in the toadstool. 

NH 
II 

COR 

OH OH 

1 R= OH 

2 R= NH2 

In order to clarify the ambiguous points, we tried 
to synthesize these pyridine nucleosides by enzyme-
catalyzed reactions. Compared with the chemical syn­
thesis by Konno et al.,2) which consists of six steps 
involving a laborious process, the enzymatic synthesis 
can be performed in three steps with high stereospeci-
ficity and good yield of product under mild conditions. 

Nicotinamide ribonucleoside4) has been prepared by 
successive enzymatic cleavages of /?-NAD. O n the 
other hand, many NAD-analogs5) have been prepared 
by utilizing pig-brain NADase which has /?-transgly-
cosidase action along with glycohydrolase activity. 
These methods were successfully applied to the case 
of the derivatives of 4-aminonicotinic acid. 

The present paper describes details of the prepara­
tion of the new NAD-analogs (4, 6), and the degra-
dative synthesis of clitidine (1) and its amide deriva­
tive (2) from the analogs. 

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

Preparation of NAD-analogs. When 4-aminonico­
tinic acid and ß-NAD were incubated with pig-brain 
NADase, only ADP-ribose was produced and no NAD-
analog could be detected in which a nicotinamide 
moiety was replaced by 4-aminonicotinic acid. O n 
the other hand, when methyl 4-aminonicotinate was 
used as a replacing base, the exchange reaction oc­
curred successfully and yielded the expected analog 
together with ADP-ribose. These two compounds 
could be separated and purified by chromatography 
on DEAE-Sephadex; they provided the ester analog 
(4) and ADP-ribose (7) in a ratio of about 2 : 1 . The 
I R spectrum of 4 showed an ester carbonyl band 
at 1715 c m - 1 in place of an amide carbonyl band. 
The 1 H - N M R spectrum also showed an ester methyl 
group at ô 3.95 (s, 3H) and three protons on the 3,4-
disubstituted pyridine ring, together with those of an 
ADP-ribosyl group (Table 2), indicative of the NAD-
analog containing a methyl 4-aminonicotinate moiety. 

NH 
II 

COR 

-^°>l Hor-°V6H NH 
NH 
II 

COR 

4 R = 0 C H 3 

5 R= OH 

6 R= NH 2 

10 R= 0CH 3 

11 R= OH 

12 R= NH 2 

The formation of a NAD-analog in this base-ex­
change reaction is considered to proceed in competi­
tion with water for an enzyme-ADP-ribose complex 
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NAD-ana log ( 4 , 6 ) + enzyme 

+ ba 

aCONH2 

+ enzyme 
N 

it 

ADP-ribose 

3 

• ̂ Z± enzyme—ADP-ribose + nicotinamide 
complex 

ADP-ribose(7) + enzyme 

Scheme 1. 

(Scheme l).6) According to this assumption, a base 
concentration would have a marked influence on the 
formation of the analog. In fact, the yield of 4 (based 
on NAD used) was apparently dependent on the base 
concentration (Table 1). When NAD was kept at 
a definite concentration, the yield increased with the 
concentration of methyl 4-aminonicotinate, becoming 
almost constant above 25 m M , where the reaction 
mixture attained a nearly saturated solution of the 
base. However, the yield was essentially unaffected 
by the NAD concentrations (Table 1). In the pre­
vious communication,1) the base/NAD in 4 : 1 ratio 
has been proved to be useful for this reaction. Ac­
cordingly, it was practical to perform the reaction 
around 7 m M ( 1 M = 1 mol d m - 3 ) NAD and at not 
less than 25 m M base. 

The amide analog (6) was also prepared from 4-
aminonicotinamide and NAD in a similar manner . 
In this case, the base concentration could be raised 
above 45 m M , resulting in a notably higher yield 
of 6 as compared with that of 4 (Table 1 ). T h e 1 H -
N M R spectrum of 6 showed essentially the same pat tern 
as that of 4 except for the absence of the signal at ô 
3.95. 

The demethylated analog (5) was obtained in 8 4 % 
yield by treating 4 with 0.2 M N H 4 O H at 40 °C for 
12 h. In this case, no cleavage of the glycosidic linkage 
between pyridine and ADP-ribose moieties was ob­
served during the reaction, although NAD was easily 
cleaved under the same conditions. 

The NAD-analogs prepared by Kaplan et al.5) were 

TABLE 1. EFFECT OF THE BASE CONCENTRATION 

ON THE YIELD OF THE ANALOGS 

Base 
concn/mM 

5 
10 
15 
20 
25 
30 
40 
50 

Yield (%)a> 

4 

4 mM 8 mM 
NAD NAD 

23 
31 
49 
55 
62 
63 
— 
— 

14 
40 
52 
57 
63 
65 
— 
— 

of ana 

4 m M 
NAD 

39 
52 
65 
70 
74 
76 
79 
79 

log 

6 

s 

8 m M 
NAD 

32 
54 
64 
73 
76 
77 
78 
80 

a) The yield was estimated on TLG using a thin 
layer scanner (see Experimental). 

all susceptible, more or less, to the hydrolase action 
of NADase. O n the other hand, the new analogs 
(4—6) were resistant to this action even if they were 
incubated with NADase for 24 h. These findings show 
the irreversible formation of the new analogs at the 
final step (Scheme 1), suggesting the difference in 
the character of glycosidic linkage between the two 
kinds of analogs. 

Degradation of NAD-analogs. Nucleosides were 
prepared via mononucleotides by hydrolytic cleavages 
of the analogs obtained above. 

By treatment with phosphodiesterase (PDE, opt imum 
p H 9), followed by chromatographic purification, com­
pounds 5 and 6 gave demethyl and amide mononu­
cleotides (11, 12) in quantitative yield, respectively, 
along with adenylic acid (13). 

Compound 4 was found to demethylate slowly during 
the incubation at p H 9, although methyl 4-amino­
nicotinate itself remained unchanged under the same 
conditions. Thus, treatment of 4 with PDE resulted 
in the formation of a mixture of ester mononucleotide 
(10) and 11 in a ratio of about 1:1. O n the other 
hand, treatment of 4 with pyrophosphatase (optimum 
p H 7) gave 10 predominantly in 8 5 % yield together 
with a small amount of 11. Accordingly, it is prefer­
able to use pyrophosphatase for the preparation of 
10, though the reaction rate is slower than for PDE 
because of the product inhibition7) by the adenylic 
acid formed. 

Incubation of 11 with 5'-nucleotidase at p H 9, 
followed by column chromatography, provided the 
desired nucleoside (1) quantitatively; on crystalliza­
tion from aqueous ethanol it gave white needles: 
m p 205—207 °C (dec), [ a ] * ° = - 5 3 . 4 ° ( H 2 0 ) , Amax 

271 nm (log e 4.32, H 2 0 ) . The mixed m p of 1 with 
authentic clitidine was undepressed, and the spectral 
properties and T L C mobility were also in good agree­
ment with those of the sample. 

In a similar manner, an amide nucleoside (2) was 
obtained in nearly quantitative yield by dephosphoryla-
tion of 12. However, unlike the case of 1, the purifica­
tion of 2 could not be achieved by the ion exchange 
chromatography alone owing to concomitance with 
inorganic salts. In order to remove the impurities, 
further repeated chromatography on Sephadex G-10 
was required and the nucleoside was purified to give 
a white crystalline mass: mp 145—147 °C (dec), 
[ a ] 2 o = - 6 2 . 8 ° ( H 2 0 ) , Amax 272 nm (log s 4.30, H 2 0 ) . 

Dephosphorylation of 10 was also at tempted at p H 
8, where the ester moiety remained unchanged. 
Although the reaction was observed to proceed suc­
cessfully on T L C , the ester nucleoside could not be 
obtained, contrary to our expectation, because the 
ester was readily hydrolyzed during the purification 
procedures (pH 7). 

Some Chemical Aspects of the Compounds Obtained. 
In the ^ - N M R spectra (Table 2), two anomeric 
protons of the new analogs (4, 6) appeared as two 
clear doublets around ô 5.6 (J=5.0 Hz) and ô 6.0 
Hz ( y = 5 . 5 H z ) , separately. Based on the spectral 
pat tern of the mononucleotides (10—12) and adenylic 
acid (13), the former doublet was assigned to the 
anomeric proton of the pyridine side. O n the other 
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TABLE 2. T H E 1H-NMR SPECTRA OF MAJOR PRODUCTS AND RELATED COMPOUNDS8-) 

Gompd 

py-H2 py-H5 

Chemical shifts/(5b) 

py-H6 py-G/H ad-Ha ad-H8 ad-C/H 

Coupling 
constants/Hzc'd) 

, 
J 2,6 J5,6 

3 
4 
6 
9 

11 
12 
13 
1 
2 

9.47 s 
8.75d 
8.55d 
8.71s 
8.73d 
8.80d 

8.70d 
8.75d 

8.35 dd 
6.90d 
6.85d 
7.75d 
7.03d 
7.10d 

6.92d 
6.97d 

9.33d 
8.13dd 
8.10dd 
8.63 d 
8.25 dd 
8.30 dd 

8.10dd 
8.18dd 

l b d 
64 d 
60 d 
Obd 
72 d 
65 d 

8.42 s 
8.08 s 
8.02 s 
8.02 s 

8.10 s 

8.59 s 
8.32 s 
8.35 s 
8.33 s 

8.50 s 

6. l b d 
6.00d 
6.00d 
6.0 bd 

6.05d 
5.67d 
5.65d 

0.0 
1.5 
1.5 
0.0 
1.5 
1.5 

1.5 
1.5 

6.0 
7.5 
7.5 
6.0 
7.5 
7.5 

7.5 
7.5 

a) The spectra were measured in D 2 0 at 60 MHz, and the abbreviations "py-H2 and ad-H2" refer to the protons 
at C2 of pyridine and adenine nuclei, respectively, b) The chemical shifts of the ribose protons fell within ô 
3.8—4.5 as a broad peak (4, 6) or two broad singlets (11, 12, 1, 2). c) The coupling constants were estimated 
by first-order approximation, d) JiVHz'^y) a n d /HyH2'(ad) were 5.0 and 5.5 Hz, respectively, for all compounds 
except for 3 and 9. 

hand, two anomeric protons of the analogs so far 
prepared including isonicotinic acid-, and 4-methyl-
nicotinamide analogs (8, 9)8-9) as well as N A D (3), 
which are known to take a pyridinium form, appeared 
at ca. ô 6.0 as a broad doublet. 

The coupling constant between H 5 and H 6 on the 
pyridine nucleus was estimated to be 7.5 Hz for the 
new compounds, whereas it was 6.0 Hz for the com­
pounds of the pyridinium form. According to Renaul t 
et al.,10) the coupling between H 2 and H 3 on the nu­
cleus of 4-aminoquinoline was 8 Hz for the imino 
form and 5 Hz for the amino form. 

In the U V spectra, compounds 4 and 6 showed 
a strong absorption maximum at 264 nm in spite of 
the fact that the pyridine bases and ADP-ribose had 
the maximum at 252 and 259 nm, respectively. As the 
analogs were cleaved in turn to the nucleoside, a fur­
ther bathochromic shift was observed from 264 nm 
to 271 nm or above. In addition, it was reported 
previously11^ that 4-aminopyridine exhibited the ab­
sorption peak at 242 nm in contrast to that of N-
methyl-1,4-dihydro-4-iminopyridine at 268 nm. 

These observations confirmed the l,4-dihydro-4-
imino /^-riboside structure of the compounds prepared 
here. 

Toxic Activity and Stability of Nucleosides. LD5 0-
values of clitidine (1) and its amide derivative (2) 
were estimated to be 100 and 16 mg/kg by preliminary 
tests (mice, intraperitoneal). 

The carbamoyl group of 2 proved to be quite sus­
ceptible to hydrolysis, based on the results from TLG. 
When treated with boiling water for 5 h, compound 
2 was completely hydrolyzed to yield 1, and with hot 
water (70 °G) about 7 0 % of 2 was converted to 1. 
O n the other hand, 4-aminonicotinamide was quite 
stable under these conditions. Additionally, compound 
2 was completely converted to 1 on standing in 0.1 
M N a O H at ambient temperature for 24 h, whereas 
it remained essentially unchanged on standing in water 
under the same conditions. 

These results suggest the possible existence of the 
amide nucleoside (2) in the toadstool and conversion 

of 2 into 1 during extraction procedures. 

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

All melting points were uncorrected. IR and UV spectra 
were recorded on a Shimadzu IR-27G and a Hitachi 200-20 
spectrophotometers, respectively. XH-NMR spectra were de­
termined on a Hitachi R-20B (60 MHz) spectrometer in 
deuterium oxide with sodium 2,2-dimethyl-2-silapentane-5-
sulfonate as an internal standard. The abbreviations "s, 
d, dd, br, bs, and bd" denote "singlet, doublet, double dou­
blet, broad, broad singlet, and broad doublet", respectively 
Optical rotations were measured with a Union PM 101 
Polarimeter. All the reactions were monitored by TLC 
on silica gel 60F254 plates (Merck, 10x10 cm) developed 
with 2-propanol-0.3% aqueous ammonia (7:3, v/v). The 
analyses of the chromatograms obtained were performed 
by a Shimadzu CS-910 scanner equipped with a chroma-
topack C-R1A. Column chromatographies12) were carried 
out on DEAE-Sephadex A-25 connected to LKB Uvicord 
II (254 nm), unless stated otherwise. /?-NAD (Grade III), 
phosphodiesterase (EC 3.1.4.1, snake venom, Type II), 
nucleotide pyrophosphatase (EC 3.6.1.9, snake venom, Type 
II), and 5'-nucleotidase (EC 3.1.3.5, snake venom, Grade 
IV) were purchased from Sigma Chemical Co. 

Pig-brain NADase. The crude enzyme was prepared 
by the method of Zatman et a/.5a) The colloidal supernatant 
fluid obtained containing about 0.4 U13> of NADase activity 
per ml was used without further purification. 

4-Aminonicotinic Acid. Prepared from 3-methylpyridine 
in four steps, and recrystallized from water: mp 31&—320 °C 
(dec) [lit,14) 330 °C (dec)]. 

Methyl 4-Aminonicotinate. Prepared by esterification of 
the above compound, and recrystallized from water: mp 
171—173 °C (lit,16) 174—176 °C). 

4-Aminonicotinamide. Prepared from 3-methylpyridine 
in six steps, and recrystallized from benzene: mp 227— 
229 °C (lit,16) 232—234 °C). 

Methyl 1,4-Dihydro-4-iminonicotinate Analog of NAD (4). 
Methyl 4-aminonicotinate (4.8 mmol, 730 mg) and NAD 
(1.2 mmol, 800 mg, neutralized with 2 M NaOH to pH 7) 
were incubated with pig-brain NADase (12 U, 30 ml) in 
0.1 M Tris-HCl (pH 7.4, 130 ml) at 37 °C for 8 h. After 
removal of denatured protein by addition of 70% trichloro­
acetic acid (2 ml), cold acetone (800 ml) was added to the 
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clear supernatant to give a yellowish hygroscopic powder 
(720 mg) . T h e crude product thus obtained was dissolved 
in water (20 ml) and applied to a column of DEAE-Sephadex 
(HC0 2~-form) (column size; 2.5 c m X 4 5 cm) . T h e column 
was eluted with 300 ml portions of 0.02, 0.2, and 0.5 M 
H G 0 2 N H 4 (pH 7), successively. T h e first major component 
was eluted with the 0.2 M solution. T h e eluate (70 ml) 
showing an UV-absorbing peak at 264 n m was collected 
and lyophilized repeatedly to give 4 (420 mg) as the am­
monium salt. An analytical sample of 4 was obtained by 
further chromatography and drying over P 2 O s in vacuo for 
12 h at 40 °G: [a] 2

D°=-26.7° (c 3.22, H 2 0 ) ; I R (KBr), 
3300—2800, 1715, 1655, 1200, 1100, 1065 cm" 1 ; U V ( H 2 0 ) , 
l m l ï 264 n m (loge 4.27); ^ - N M R (Table 2) . Found : 
G, 35.92; H , 5.13; N, 16.85%. Galcd for G 2 2 H 2 9 N 7 0 1 5 P 2 • 
2 N H 3 : G, 36.49; H, 4 .83; N, 17 .41%. 

The second major component was eluted with the 0.5 M 
solution. T h e eluate (80 ml) showing an UV-absorbing 
peak at 259 n m was treated in a similar manner to give 
the product ( 190 mg) , which was identical with authentic 
ADP-ribose on spectral comparisons. 

1,4-Dihydro-4-iminonicotinamide Analog of NAD (6). 4-
' Aminonicotinamide (9.3 mmol, 1270 mg) and N A D (2.2 
mmol, 1500 mg) were incubated with NADase (16 U , 40 
ml) in 0.1 M Tr is -HGl (160 ml) for 7 h. T h e reaction 
mixture was treated in a similar manner to tha t described 
above to give the crude product (1346 mg) , which was dis­
solved in water (30 ml) and applied to a column ( H G 0 3 ~ -
form). The column was eluted with aqueous N H 4 H G 0 3 

(pH 8) in a similar manner to tha t described above. T h e 
first major component was eluted with the 0.2 M solution. 
The eluate (80 ml) showing a U V max imum at 264 n m was 
collected and lyophilized repeatedly to give 6 (1035 mg) 
as the ammonium salt: [a] 2

D°=-32.6° (c 0.37, H 2 0 ) ; I R 
(nujol), 3400—2700, 1675, 1580, 1235 c m - 1 ; U V ( H 2 0 ) , 
Am a x 264 n m (loge 4.29); ^ - N M R (Table 2). Found : 
G, 34.25; H, 4 .71 ; N , 19.62%. Galcd for C 2 1 H 2 8 N 8 0 1 4 P 2 • 
2 N H 3 . H 2 0 : G, 34.52; H, 4 .93; N , 19.18%. 

Yield Determination of 4 and 6. A series of mixtures 
(1 ml), containing various amounts of methyl 4-aminonico-
tinate or 4-aminonicotinamide, 4 or 8 [imol of N A D , and 
NADase (0.12 U) was incubated for 6 h. T h e aliquots 
of the reaction mixture were analyzed by T L G using a thin 
layer scanner with a chromatopack. O n the basis of the 
chromatograms thus obtained, the ratios of the analogs 
(4, 6) to ADP-ribose (7) were evaluated. This method 
was based on the fact that 4 or 6 and 7 had nearly the same 
e-values at 262 nm. T h e da ta shown in Table 1 display 
the averages of three measurements. 

1,4-Dihydro-4-iminonicotinic Acid Analog of NAD (5). 
Compound 4 (300 mg) was treated with 0.2 M N H 4 O H 
(3 ml) for 12 h at 40 °G. T h e residue obtained on evapora­
tion of the resulting solution was purified as described for 
6 to give 5 (245 mg) as an ammonium salt: [a]2

D°=—31.5° 
(c 0.72, H 2 0 ) : U V ( H 2 0 ) , Am a x 263 n m (loge 4.30); W-
N M R (<5, D 2 0 ) , 4.2—4.6 (10H, br, riboses), 5.60 (1H, d, 
7 = 5 . 0 Hz, py-C;H), 6.05 (1H, d, 7 = 5 . 5 Hz, ad-GJH), 
6.80 (1H, d, 7 = 7 . 5 Hz, py-H 5 ) , 8.06 (1H, dd, 7 = 7 . 5 , 1.5 
Hz, py-H 6) , 8.17 (1H, s, ad-H 2 ) , 8.43 (1H, s, ad -H 8 ) , 8.50 
(1H, d, 7 = 1 . 5 Hz, py-H 2 ) . Found : G, 35.02; H , 4.96; 
N, 15.22%. Galcd for G 2 1 H 2 7 N 7 0 1 5 P 2 -2NH 3 : G, 35.34; H , 
4 .63; N , 15.17%. 

1,4-Dikydro-4-iminonicotinic Acid Mononucleotide (11). 
Compound 5 (539 mg) was incubated with P D E (20 U) 
in 0.2 M Tr is -HGl (pH 9.0, 5 ml) containing MgCl 2 (3 mg) 
at 37 °C for 12 h. In order to reduce the ionic strength, 
the reaction mixture was diluted with water (250 ml) and 

applied to a column (HG0 3 ~-form) , followed by successive 
elution with 200 ml portions of 0.02, 0.2, and 0.5 M N H 4 H C 0 3 

(pH 8). The first major component was eluted with the 
0.2 M solution. T h e eluate (70 ml) showing U V max imum 
at 268 n m were collected and lyophilized repeatedly to give 
11 (260 mg) as the ammonium salt: [a] 2

D°=-52.3° (c 
0.65, H 2 0 ) ; U V ( H 2 0 ) , Am a x 268 n m (loge 4.31); ^ - N M R 
(Table 2) . Found : G, 35.62; H, 5.07; N , 11.85%. Calcd 
for G n H 1 5 N 2 0 9 P . N H 3 ; C, 35.97; H , 4.90; N , 11.44%. 

Similar t reatment of the second major component eluted 
with the 0.5 M solution gave 13 (255 mg) , which was iden­
tical with authentic ammonium adenylate on spectral com­
parisons. 

Methyl 1,4-Dihydro-4-iminonicotinate Mononucleotide (10). 
Compound 4 (184 mg) was incubated with pyrophosphatase 
(15 U) in 0.2 M Tr i s -HCl (pH 7.4, 4 ml) containing MgCl 2 

(3 mg) for 22 h. T h e reaction mixture on dilution with 
water (80 ml) was applied to a column (HC0 2 ~-form) . 
T h e column was eluted with aqueous H G 0 2 N H 4 (pH 7) 
as described for 11, followed by lyophilization of the major 
components eluted with the 0.2 M solution, to give 10 (76 
mg) and small amounts of 11 (8 mg) . Analytical sample 
of 10 was obtained by further chromatography and drying 
over P 2 0 5 in vacuo for 12 h at 40 °G: [a] 2

D°=-50.8° (c 3.23, 
H 2 0 ) ; U V ( H 2 0 ) , Am a x 269 n m (loge 4.28); ^ - N M R 
(<5 D 2 0 ) , 4.00 (3H, s, C 0 2 G H 3 ) , 4.2 (2H, bs, ribose), 4.45 
(3H, bs, ribose), 5.76 (1H, d, 7 = 5 . 0 Hz, py-C^H), 7.20 
(1H, d, 7 = 7 . 5 Hz, py-H 5 ) , 8.47 (1H, dd, 7 = 7 . 5 , 1.5 Hz, 
py-H 6 ) , 9.03 (1H, d, 7 = 1.5 Hz , py-H 2 ) . Found : G, 37.47; 
H , 5.42; N , 10.88%. Calcd for G 1 2 H 1 7 N 2 0 9 P . N H 3 : C, 
37.80; H , 5.25; N , 11.02%. 

1,4-Dihydro-4-iminonicotinamide Mononucleotide (12). 
Compound 6 (750 mg) was incubated with P D E (20 U) 
in 0.2 M Tr i s -HCl (pH 9.0, 6 ml) containing MgCl 2 (4 
mg) for 16 h. T h e reaction mixture was treated as de­
scribed for 11 to give 12 (328 mg) as ammon ium salt: [a]2

D°= 
- 5 5 . 2 ° (c 0.85, H 2 0 ) ; U V ( H 2 0 ) , Am a x 269 n m (loge 4.30); 
^ - N M R (Table 2) . Found : C, 35.71; H , 5.40; N , 15.62%. 
Galcd for C n H 1 6 N 3 0 8 P . N H 3 : G, 36.07; H , 5.19; N , 15.30%. 

1,4-Dihydro-5-iminonicotinic Acid Ribonucleoside (1). 
Compound 11 (260 mg) was incubated with 5'-nucleotidase 
(40 U) in 0.2 M Tr i s -HGl (pH 9.2, 3.5 ml) containing 
MgCl 2 (8 mg) for 12 h. T h e mixture was maintained at 
p H 9 by occasional addition of 0.2 M N a O H . The pre­
cipitated phosphate salt was removed by filtration. T h e 
filtrate was then diluted with water (60 ml) and applied to 
a column (HC0 3 ~-form) , which was eluted with 0.02 M 
N H 4 H G 0 3 . T h e eluate (60 ml) having U V absorption was 
lyophilized to give 1 (192 mg) as a white crystalline mass, 
which on recrystallization from aqueous ethanol gave an 
analytical sample as white needles : m p 206—208 °C (dec) 
(lit,2) 189—191 °G); [a] 2

D°=-56.8° (c 0.75, H 2 0 ) ; I R 
(nujol), 3400—3000, 1665, 1580, 1190 c m - 1 ; U V ( H 2 0 ) , 
Am a x 271 n m (loge 4.31); i H - N M R (Table 2) . Found : 
C, 46.39; H , 5.35; N , 9 .55%. Galcd for C n H 1 4 N 2 0 6 • H 2 0 : 
C, 45.83; H, 5.60; N , 9 .72%. 

1,4-Dihydro-4-iminonicotinamide Ribonucleoside (2). 
Compound 12 (255 mg) was incubated with 5'-nucleotidase 
(40 U) in 0.2 M Tr i s -HCl (pH 9.2, 3.5 ml) containing MgCl 2 

(8 mg) for 10 h. T h e mixture was maintained at p H 9 
during the reaction by occasional addition of 0.2 M N a O H . 
T h e resulting mixture was treated as described for 1, followed 
by further repeated chromatography on Sephadex G-10 
(column size; 2 . 5 x 1 0 0 cm) to give 2 (188 mg) as a white 
crystalline mass: m p 145—147 °C (dec); [a] 2

D°=-62.8° 
(c 0.875, H 2 0 ) ; I R (nujol), 3350—2700, 1675, 1600, 1290 
c m - 1 ; U V ( H 2 0 ) , Am a x 272 n m (log e 4.30); ^ - N M R (Table 
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2). Found: G, 43.55; H, 6.13; N, 13.88%. Galcd for 
G n H 1 5 N 3 0 5 . 2H 2 0 : G, 43.27; H, 6.26; N, 13.76%. 

The authors wish to thank Prof. J . K. Seydel, 
Forschungsinstitut Borstel, West Germany, for his con­
tinuing interest and encouragement. They are also 
grateful to Prof. I. Azuma and Dr. I. Sekikawa for 
their helpful dicussions and suggestions during this 
work. 
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The reaction of 2//-1-benzopyran with several 1,3-dipoles gives cycloadducts in good yields. The orien­
tation of the cycloaddition is qualitatively interpreted in terms of FMO theory. These heteropolycyclic com­
pounds were also obtained from hydrazones of 3-aroyl-2//-1-benzopyrans, prepared from 3-cyano-2//-l-ben-
zopyran. 

Interest in the pharmacological activity1*1) and in­
dustrially useful chemical properties20) of a wide variety 
of heteropolycyclic compounds, for example, benzo-
pyranopyrazoles,2) -isoxazoles,3) and -pyrroles,4) has 
considerably increased in the past several years. These 
compounds have thus far prepared conveniently by 
intramolecular 1,3-dipolar cycloaddition reactions.5) 

Although the intermolecular reactions of various 
1,3-dipoles with polycyclic compounds, such as ben-
zofuran,6'7) 1-benzothiophene,6) indene,7) and 2H-\-
thiobenzopyran,8) have been investigated, the reaction 
with 2/ / - l -benzopyran(l) has not been reported. The 
present paper describes a new, direct synthesis of 
[l]benzopyrano[4,3-c]pyrazoles by the reaction of 2H-
1-benzopyran with several 1,3-dipoles and the structural 
determination of the cycloadducts. 

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

2//-1-Benzopyran (1) reacts readily with mesitonitrile 
oxide (MNO) in refluxing ether for over 4 h. The 
products are a mixture of the two regioisomers of a 
simple 1:1 cycloadduct (2a and 3a in 35 and 4 % 
yields respectively). Each regioisomer was isolated 
and characterized on a crystalline basis (see Table 
1). In 3a, the two benzene rings may lie on planes 
parallel to each other for steric reasons. Thus, the 
He proton in the benzopyran benzene ring is shielded 
and shifts upheld9) (<3 6.4). While the chemical shift 
of normal o-methyl in the mesityl group usually ap­
pears about ö 2.2 (in 2a, they appear at ô 2.33), one 

0-N 
Mes 

Mes-C=N-0 

(K 2 
+ O 

N* 

o^ 3 

R , 
R1-C=N-N-R2 

R-CHNo 

CO 

N—N ^2 
chlorani l _ 

7 
N=N 

11aR=H 

11bR=C6H5 

Scheme 1. 

of the o-methyl group of 3a does appear at ô 1.47. 
This upheld shift can also be ascribed to the shielding 
effect of the benzopyran benzene ring. One proton 
doublet at ô 5.6 is only compatible with the methine 
of benzyl ether (Ha in 2a) (Table 1). 

Benzonitrile oxide (BNO) failed to yield an isolable 
adduct with 1 under a variety of conditions, and 1,2,5-
oxadiazole iV-oxide (furoxan; a dimer of BNO) was 
the only isolable compound from the reaction mixture. 
The difference in the chemical reactivity between 
BNO and M N O and the regioselectivity of the cycload­
dition may be explained in terms of the frontier mo­
lecular orbital (FMO) interactions10) (Scheme 2). 
BNO has a much higher L U M O (2.19 eV) energy 
and a lower H O M O (—11.03 eV) energy10a) than 

TABLE 1. YIELDS, MELTING POINTS, AND ANALYTICAL DATA OF 2a AND 3a 

Yield Mp Found (Galcd) (%) 

C H N 
NMR (ô) GDClg 

2a 

3a 

35 140—142 

127—130 

77.6 6.39 4.68 
(77.8) (6.48) (4.78) 

77.5 6.46 4.76 

2.23 (s, 6H, 0-CH3), 2.27 (s, 3H, p-CU3), 3.7— 
4.2(m, 3H, Hb and He), 5.6(d, 1H, Ha, y a b = 
8 Hz), 6.9(s, 2H, Hd), 6.7—7.6(m, 4H) 
1.5(s, 3H, 0-GH3), 2.27(s, 3H, o-GH3), 2.37 (s, 
3H, />-CH3), 4.03(dd, 1H, He), 4.40(dd, 1H, 
He'), 4.67(d, 1H, Ha, y a b = l l H z ) , 5.27(dt, 
1H, Hb, yb c = 4Hz), 6.4(d, 1H, H e , y = 8 H z ) , 
6.73(s, 2H, Hd), 6.6—7.35(m, 3H) 



TABLE 2. YIELDS, MELTING POINTS, AND ANALYTICAL DATA OF 6, 7, AND 14 

COI ^ ~R' so^ ' He 

7 and 14 

•3 

CO 
00 

(75 

Yield Mpb> Found(Galcd) (%) 
Ri R2 Method*) _ - — — = £ - . . NMR ((5)c> 

% G G H N 
~6a G6H5 G6H5 Ä 41 129—130 81.0 5.32 8.67 3.6—4.6(m, 3H, Hb and He), 4.7(d, 1H, Ha, J&h = 7 

B 75 (80.9) (5.56) (8.58) Hz), 6.8—8.0(m, 14H) 
6b G6H5 C6H4N02-/> A 40 230—233 69.4 4.38 10.5 4.0—4.9(m, 3H, Hb and He), 6.17(d, 1H, Ha, J&h = 

B 50 (71.2) (4.61) (11.3) 10Hz), 6.8—8.0(m, 11H), 8.15(d, 2H, / = 9 H z ) 
6c C6H4N02-/> G6H5 A 51 187—189 71.0 4.48 11.2 3.6—4.9(m, 3H, Hb and He), 4.94(d, 1H, Ha, J&h= | 

(71.2) (4.61) (11.3) 8Hz), 6.7—7.6(m, 9H), 7.7—8.4(m, 4H) o 
6d C6H4CH3-/> C6H5 A 48 179—180 80.7 5.89 8.22 2.33(s, 3H, GH3), 3.5—4.5(m, 3H, Hb and He), 4.58 ^ 

B 58 (81.2) (5.92) (8.23) (d, 1H, Ha, J&h = 7 Hz), 6.67—7.37(m, 11H), 7.57(d, ^ 
2H, y = 8 H z ) 3 

6e C6H4CH3-/> C6H4N02-/> A 47 242—244 70.9 4.86 10.8 2.37(s, 3H, GH3), 3.9—4.85(m, 3H, Hb and He), 6.15 •§ 
(71.7) (4.97) (10.9) (d, 1H, Ha, / a b = 1 0 Hz), 6,66—7,83(m, 10H), 8.13(d, | 

2H, y = 9 H z ) g 
6f GH3 G6H4N02-/; B 40 209—210 65.5 4.80 13.5 2.15(s, 3H, GH3), 3.75—4.8(m, 3H, Hb and He), 5.97 £ 

(66.0) (4.89) (13.6) (d, 1H, Ha, y a b = 9Hz), 6.7—7.7(m, 6H), 8.13(d, 2H, T 
7=9Hz) 3 

7a G6H5 G6H5 — 45 140—142 80.1 5.03 8.50 5.5(s, 2H, He), 6.6—7.8(m, 14H) | 
(81.5) (4.97) (8.46) gr 

7b G6H5 G6H4N02 — 52 236—241 71.2 4.05 10.9 5.5(s, 2H, He), 6.6—7.7(m, 11H), 8.16(d, 2H, J=9 Hz) 
(71.5) (4.09) (11.4) 

7c G6H4N02 C6H5 — 50 220—224 70.8 4.01 11.2 5.5(s, 2H, He), 6.6—7.5(m, 9H), 7.6—8.4(m, 4H) 
(71.5) (4.09) (11.4) 

7d GH3 G6H5 — 38 148—149 77.6 5.45 10.1 2.2(s, 3H, GH3), 4.58(d, 1H, He, y c c = 1 0 Hz), 4.82(d, 
(77.8) (5.38) (10.7) 1H, He), 6.6—7.4(m, 9H) 

l ï i C Ä H B 72 230^) f) 
14b GH3 H B 63 190e) f> 

a) A; Prepared by the cycloaddition reaction, B; Prepared by the reaction of 4 with aryl(or tosyl)hydrazines, b) Recrystallized from ethanol. c) 6b, 6e, 6f, 
14a, and 14b were dissolved in DMSO-</6, the others were dissolved in GDG13. d) Lit,2d> mp 230—233 °G. e) Lit,2d> mp 197—202 °G. f) The IR and NMR 
spectra of these compounds were completely identical with authentic specimens.2d> 

NO 
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pared by the intramolecular 1,3-dipolar cycloaddition 
reaction of o-allyloxyphenyldiazomethane (10). This 
result suggests that the structure of the intramolecular 
cycloadduct of 10 and the intermolecular cycloadduct 
of 1 with diazomethane is the same one (11), incon­
sistent with the regioisomers (12 and 13 respectively). 

0# 
12 

The regioselectivity of this reaction may be explained 
in terms of a d ipo le -HOMO controlled 1,3-dipolar 
cycloaddition (see Scheme 2). The treatment of phen-
yldiazomethane with 1 under similar conditions also 
gave an oily product, which was found to be com­
patible with the assigned structure ( l i b , R = C 6 H 5 ) . 
Several attempts to isolate the cycloadducts in the 
crystalline state were unsuccessful, and it is known 
that the pyrazolines(l l) generally exhibit low melting 
points and are moderately sensitive to heating.20) 

1 failed to undergo cycloadditions with other 1,3-
dipoles, such as phenylazide or diphenylnitrone, under 
a variety of conditions. 

While the 1,3-dipolar cycloadditions reported here 
gave reasonable yields of polycyclic heterocycles, it 
is hoped to develop methods of preparing authentic 
specimens with an unequivocal regiochemistry. In 
our previous paper,2d) [l]benzopyrano[4,3-^]pyrazoles 
(14) were prepared from the reaction of 9 with Pb-
(OAc)4 and subsequent treatment with potassium hy-

Pb(0Ac)4 _ 
N - N ^ l b N - N ^ n 0 0 

14 15 
droxide. The structures of these pyrazoles were de­
termined by comparison with an authentic specimen, 
prepared by the reaction of 3-formyl-4-chromanone 
(15) with hydrazine hydrochloride.9) This latter meth­
od is rather cumbersome, however, because the syn­
thesis of 15 involves multistep reactions. We found 
that the synthesis of 14 from 3-cyano-2//-1 -benzopyran 
(8) shown in Scheme 3 gave more satisfactory results. 

a CHO 

OH 
CH9=CH-CN 00" 

T A B L E 3. YIELDS, MELTING AND BOILING POINTS, AND ANALYTICAL DATA OF 4, 16, AND 17 

N-NH-R0 

16 and H 

R l R« 
Yield Mp(Bp) 

% °G 

Found (Galcd) (% 

G H N 

IR 
(cm-1) 

NMR(<5) 
DMSO-</6(16dand 17b) 
GDG13 (Others) 

4b C6H4CH3-/> 

4c GH, 

16a G6H5 

16b G6H5 

16c GH, 

16d GH, 

17a G6H5 

17b GH, 

33 (171/4 mmHg) 81.2 5.17 0 
(81.3)(5.12)( 0 

22 104 81.4 5.60 0 
( 182/4 mmHg) (81.6) (5.64) ( 0 

41 (124/2 mmHg) 75.7 5.77 0 
(75.8)(5.79) ( 0 

CeH5 70 

C6H4N02-/> 65 

C6H5 77 

155—158 

189—192 

150—151 

C6H4N02-/> 88 202—204 

S02-Tol-/> 55 162—164 

S02-Tol-/> 79 184—186 

80.9 5.79 8.66 
(81.0)(5.56)(8.58) 
70.9 4.67 11.0 

(71.2)(4.61)(11.3) 

77.5 6.01 10.6 
(77.3)(6.10)(10.6) 

66.3 4.77 13.8 
(66.0)(4.89)(13.6) 

68.6 5.09 6.71 3220(NH) 
(68.3) (4.99) (6.93) 1164(S02) 

63.4 5.28 8.13 
(63.2)(5.30)(8.18) 

1640(C=O) 5.13(d, 2H, He, 7 = 2 Hz), 
6.67—7.83 (m, 10H) 

1640(C=O) 2.5(s, 3H, />-CH3), 5.2(s, 
2H, He), 6.8—7.9(m, 9H) 

1660(C=O) 2.25(s, 3H, GH3), 4.87(d, 
2H, He, 7 = 2 Hz), 6.6— 
7.3 (m, 5H) 

3320(NH) 5.33(s, 2H, He), 5.95(s, 
IH), 6.6—7.7(m, 15H) 

3300 (NH) 5,30 (d, 2H, He, J= 2 Hz), 
6.10(s, IH), 6.7—7.9(m, 
12H), 8.07 (d, 2H, 7 = 9 
Hz) 

3350 (NH) 1.97(s, 3H, GH3), 5.2 (d, 
2H, 7 = 1 Hz), 6.5(s, IH), 
6.6—7.4 (m, 10H) 

3320(NH) 2.1 (s, 3H, GH3), 5.1 (s, 2H, 
He), 6.67—7.4 (m, 7H), 
8.05(d, 2H, 7 = 9 Hz), 
10.1 (s, IH, NH) 
2.4(s, 3H, />-CH3), 5.1(d, 
2H, He, 7 = 2 Hz), 6.05(s, 
IH), 6.65—8.0(m, 14H) 

3220(NH) 2.0(s, 3H, GH3), 2.37(s, 
1150(SO2) 3H, />-CH3), 4.85(s, 2H, 

He), 6.67—8.0 (m, 9H), 
10.57(s, IH, NH) 
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W h i l e t h e synthesis of b e n z o p y r a n o de r iva t ives us ing 
t h e W i t t i g r e a c t i o n is v e r y useful,13) i t is g e n e r a l l y 
difficult to p r e p a r e 3 - s u b s t i t u t e d - 2 / / - l - b e n z o p y r a n b y 
this m e t h o d . 1 4 ) A c o n v e n i e n t one - s t ep synthesis1 6) of 
8 ( 2 0 % yield) is k n o w n , it is s h o w n b e l o w . A m o d i ­
fication of th is p r e p a r a t i v e m e t h o d w a s used , s ince, 
in o u r h a n d s , i t g a v e m o r e sa t is factory resul ts ( 4 0 — 
5 0 % yield) w h e n t h e r e a c t i o n m i x t u r e w a s dis t i l led . 
T h e 8 w a s t r e a t e d w i t h G r i g n a r d r e a g e n t s , a n d t h e 
s u b s e q u e n t hydrolys is of t h e a d d u c t s g a v e 3 -a roy l (or 
acetyl ) -2H-1 - b e n z o p y r a n s (4) . T h e t r e a t m e n t of 4 w i t h 
a r y l h y d r a z i n e s , jb- to ly lsul fonylhydrazine , o r h y d r o x y l -
a m i n e g a v e t h e c o r r e s p o n d i n g a r y l h y d r a z o n e s (16) , 
/>- tolylsulfonylhydrazone (17) , a n d o x i m e (18) r e spec ­
t ively. T h e yie lds , m e l t i n g po in t s , a n d a n a l y t i c a l d a t a 
for these c o m p o u n d s (4, 16—18) a r e g i v e n in T a b l e 
3 . T h e t r e a t m e n t of 16 w i t h ace t i c a c id a t 110 °C , 
o r t h e t r e a t m e n t of t h e m i x t u r e of 4 a n d a r y l h y d r a z i n e s 
w i t h ace t i c a c id a t t h e s a m e t e m p e r a t u r e , g a v e cycl ized 
c o m p o u n d s w h i c h s h o w e d t h e s a m e phys i ca l p r o p e r t i e s 
as t h e 6 p r e p a r e d b y t h e r e a c t i o n of 1 w i t h n i t r i l imines . 
T h e t r e a t m e n t of 17 w i t h p o t a s s i u m h y d r o x i d e g a v e 
cycl ized c o m p o u n d s w h i c h h a v e t h e s a m e phys i ca l 
p rope r t i e s as t h e spec imens p rev ious ly r e p o r t e d . 2 d ) Al l 
a t t e m p t s to cyclize 18 to 2 failed. 

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

Measurements. All the melting and boiling points are 
uncorrected. The I R spectra were recorded with a Hitachi 
215 Infrared Spectrophotometer. T h e N M R spectra were 
measured on a Var ian T-60A instrument, with T M S as 
an internal s tandard. 

Materials. 2H-1 -Benzopyran was prepared by the 
method of Ide et al.11) 

Preparation of 3-Cyano-2H-1'-benzopyran ('8). T h e reac­
tion of salicylaldehyde with acrylonitrile was carried out 
according to the literature.16) T h e reaction mixture was 
poured into water and extracted with ether several times. 
A modification of a work-up by distillation in vacuo gave 
8 (40—50% yield), which solidified in the condenser; bp 
105—110 °G/2 mmHg, m p 48—49 °G (from ethanol) (lit,16) 
48—49 °G). 

Preparation of 3-Aroyl(or AcetyI) -2H-1-benzopyrans(4). 
To an anhydrous ether solution of phenylmagnesium bromide 
(0.12 mol), we added, drop by drop, an anhydrous ether 
solution of 8 (0.1 mol) at 10—20 °G. After insoluble ma­
terials had thus been precipitated, the mixture was refluxed 
for 6 h. After cooling, 3 0 % sulfuric acid (100 ml) was 
added, drop by drop, at 5—10 °G, and then the mixture 
was refluxed for 2 h. T h e insoluble material was filtered 
off using a Gelite bed, and the ethereal layer was washed 
with a 5 % sodium carbonate solution and dried over anhy­
drous sodium sulfate. The subsequent evaporation of the 
solvent yielded an oily material, which was subsequently 
distilled in vacuo to give 4a in a 4 0 % yield; bp 171—173 °G/4 
m m H g . The spectral da ta are shown in Table 3. 

Reaction of 1 with Mesitonitrile Oxide. A mixture of 
1 (8 g, 60 mmol), mesitonitrile oxide (5 g, 31 mmol) , and 
ether (70 ml) was refluxed for 4 d. The subsequent evapo­
ration of the solvent yielded white crystals. Recrystallization 
from ethanol gave colorless needles of the cycloadduct (2a) 
(mp 140—142 °G, 3.2 g) and then 3a (mp 127—130 °G, 
350 mg) . The spectral da ta are shown in Table 1. 

Reaction of 1 with Nitrilimines. T o a mixture of 1 

(4 g, 30 mmol) , tr iethylamine (4 g, 40 mmol) , and benzene 
(50 ml) , we added a benzene solution of hydrazonoyl chlorides 
(30 mmol) , after which the mixture was refluxed for 20 h. 
T h e mixture was washed with water, and the subsequent 
evaporation of the solvent yielded pale yellow crystals. 
Recrystallization from ethanol gave the cycloadducts (6). 
T h e spectral da ta are shown in Table 2. 

Dehydration of 6. T h e dehydrat ion of 6 to 7 was 
carried out according to the literature.18) 

Reaction of 1 with Diazomethane. T o an ether solution 
of 1 (5 g, 38 mmol) , we introduced diazomethane gas (about 
0.1 mol) at —15 °G in the dark, after which the mixture 
was stirred for 4 h at tha t temperature . T h e n the mixture 
was further stirred for 4 d at room temperature . After 
the evaporation of the solvent, the unreacted 2H-1 -benzo­
pyran was distilled in vacuo (2 m m H g ) . T h e N M R spectrum 
of the residue is completely identical with a previously re­
ported one.2c) 

The Reaction of 4 with Aryl (or p - TolylsulfonyI) hydrazines. 
An ethanol solution of 4 (20 mmol) and aryl (or jfr-tolyl-
sulfonyl)hydrazines (20 mmol) was refluxed for 6 h. T h e 
subsequent evaporation of the solvent yielded a viscous oily 
material which solidified upon scratching with a glass rod. 
Recrystallization from ethanol gave colorless needles (16 
or 17). T h e spectral da ta are shown in Table 3. We may 
also carry out this reaction at room temperature in acetic 
acid. 

The Reaction of 4 with Hydroxy lamine. This reaction 
was carried out in the manner described above. 

The Treatment of 4 with Aryl (or p-Tolylsulfonyl) hydrazines 
in Acetic Acid. A mixture of 4 (20 mmol) and aryl 
(or />-tolylsulfonyl)hydrazines in acetic acid (100 ml) was 
refluxed for 4 h, poured into water, and extracted with ben­
zene. T h e organic layer was dried over anhydrous sodium 
sulfate. T h e subsequent evaporation of the solvent yielded 
pyrazolines (6) in good yields. 

The Treatment of 16 with Acetic Acid. A solution of 
16 in acetic acid was refluxed for 3 h. T h e t reatment of 
the reaction mixture in the manner described above yielded 
pyrazolines (6) in good yields. 

The Treatment of 17 with Potassium Hydroxide. T o a 
solution of potassium hydroxide (0.4 g, 3 mmol) in 9 5 % 
aqueous ethanol (50 ml) , we added 17 (2 mmol) , after which 
the mixture was stirred for 1 h under refluxing. After the 
subsequent removal of the solvent from the reaction mixture, 
the residue was treated with water (50 ml) and extracted 
with ether (50 ml) . T h e ethereal layer was then dried 
over anhydrous sodium sulfate. T h e evaporation of the 
solvent yielded 14 (about 70% yields). 

Reaction of 3-Benzoyl-2H-1-benzopyran with Benzonitrile Oxide 
(BNO). T o a benzene solution of 4a (4.7 g, 20 mmol) 
and a-chlorobenzaldoxime (4 g, 26 mmol) , we added a 
dilute solution of triethylamine (3 ml) in benzene (20 ml) 
at 5 °G and the mixture was further stirred at room tem­
perature overnight. T h e mixture was washed with water 
and the organic layer was dried over sodium sulfate. T h e 
evaporation of the solvent yielded 5 in a 3 0 % yield (2.1 g) ; 
m p 178—179 °G (from ethanol) . N M R (GDG13) Ô: 4.2 
(d, 1H, y = H H z ) , 4.95 (d, 1H, y = H H z ) , 6.0 (s, 1H), 
6.8—7.8 (m, 12H), and 7.8—8.1 (m, 2 H ) . I R (Nujol) : 
1680 c m - 1 ( G = 0 ) . Found : G, 77.0; H , 4 .85; N , 3 .88%. 
Galcd for G 2 3 H 1 7 0 3 N ; G, 77.7; H , 4.82; N , 3.94%. 
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Stereochemical Studies of the Hydrogénation with an Asymmetrically 
Modified Raney Nickel Catalyst. The Hydrogénation 

of Acetylacetone 
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The hydrogénation of acetylacetone (I) over asymmetrically modified Raney nickel (MRNi) proceeded, 
Step 1 Step 2 

step by step, as follows: acetylacetone (I) > 4-hydroxy-2-pentanone (II) > 2,4-pentanediol (III). It 
was demonstrated that the optical yield of Step 1 and the diastereomer excess of Step 2 are governed by the ratio 
of the stereo-differentiating reaction site to the non-stereo-differentiating reaction site on the catalyst. The stereo­
chemistry of each step was also discussed based on the mode of the intermolecular hydrogen bondings between 
the substrate and tartaric acid adsorbed on the catalyst. RNi modified with a mixture of tartaric acid and NaBr 
(TA-NaBr-MRNi) gave the best result with respect to both Step 1 and Step 2. 

In a previous communication, we have briefly re­
ported that the modification of Raney nickel (RNi) 
with an aqueous solution of tartaric acid (TA) and 
NaBr gave an excellent catalyst (TA-NaBr -MRNi ) 
for the stereo-differentiating (asymmetric) hydrogéna­
tion of acetylacetone (I) to 2,4-pentanediol (III).1) 

Although the hydrogénation of I over various MRNi ' s 
has been conducted by our research group2) and 
others,3) and although some important features of the 
reaction have been reported, the details of the mech­
anism of the stereo-differentiation have not yet been 
made clear. 

The stereochemical studies of this reaction with 
the use of the effective enantio-differentiating catalyst 
(TA-NaBr-MRNi) enable us to obtain clear-cut in­
formation for understanding the reaction mechanism 
of the modified catalyst. 

As has been reported,2) the hydrogénation of I 
over RNi proceeds by a successive two-step process, 
as is shown in Scheme 1 : 

H 2 

C1H3—G—GH2—G—GH3 * 

H 2 

CH3-C-CH2-CH-CH3 >CH3CH-CH2-GH-GH3 
ll I S t e p 2 I I 

O OH OH OH 
II III 

Scheme 1. 

In this report, the study of each step will be described 
first, and then the relation of the two steps will be 
discussed. 

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

Enantioface-differentiating Hydrogénation of I to II. 
The reaction of Step 1 with an asymmetrically modified 
catalyst is classified as an enantioface-differentiating 
reaction.4) When the hydrogénation of I was stopped 
at the stage when the consumption of hydrogen reached 
a 1.1 molar equivalent to I, a mixture of I, I I , and 
I I I was obtained. The results of the reactions carried 
out over three types of catalyst (RNi, T A - M R N i , and 
T A - N a B r - M R N i ) are summarized in Table 1. The 
use of T A - N a B r - M R N i gave a higher optical yield 
than that of T A - M R N i , A comparable result has been 

obtained in the hydrogénation of methyl acetoacetate 
(MAA) to methyl 3-hydroxybutyrate (MHB).5) 

O u r recent study6) has shown that the optical yield 
of the M A A to M H B reaction is closely related to the 
ratio of the stereo-differentiating reaction site (the 
site where the substrate is converted to an optically 
active product by the aid of TA) to the non-stereo-
differentiating reaction site (the site where a racemic 
product is produced) on the catalysts (hereafter, the 
abbreviations s.d. and non-s.d. will refer to the stereo-
differentiating and non-stereo-differentiating reaction 
sites respectively). Furthermore, it has also been made 
clear that the proportion of the s.d. on the catalyst 
increases in the following order: R N i < T A - M R N i < 
T A - N a B r - M R N i . The NaBr on T A - N a B r - M R N i is 
considered to be adsorbed on the non-s.d. and to 
block the activity of the non-s.d. From the resem­
blance of the present results to those of MAA to M H B , 
the s.d. for the hydrogénation of M A A may also be 
said to function as the s.d. for the hydrogénation of 
I to I I . 

As may be found in Table 1, the catalyst giving 
a higher optical yield gives I I in a larger proportion. 
This fact strongly suggests that both the optical purity 
and the proportion of I I are governed by the ratio 
of the s.d. to non-s.d. The predominant formation 
of I I in the case of T A - N a B r - M R N i indicates that 
the rate of Step 2 is appreciably slower than the rate 
of Step 1 at the s.d. From a comparison of the results 
with three catalysts (Table 1, Entries 1, 2, and 3), 
it is also evident that the rate of Step 2 at non-s.d. is 
higher than that at the s.d. T h a t is, the s.d. and non-
s.d. have different kinetics features. 

I and MAA give (R)-U and (R)-MHB respectively 
in the hydrogénations with the catalyst modified with 
(R,R) -TA. When the structural similarity of I to 
MAA is taken into account, the mode of enantioface-
differentiation of I with T A can be expected to be 
the same as that of MAA reported before.7) The 
mode of the interaction between I and (R,R) -TA on 
the s.d. of the catalyst is shown in Figs, l a and lb . 
As may be found in Fig. l b , one of the carbonyl groups 
in I to be hydrogenated comes close to the catalyst 
surface, with its si-face facing the catalyst, while the 
other, which remains unchanged, is located far from 
the catalyst. The considerable optical yield in the 
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TABLE 1. HYDROGÉNATION OF I TO II 

[Vol. 54, No. 1 

Products (molar %) 

1 
2 
3 
4 

Kjta.La.Lyzi. 

RNi 
(i?,i?)-TA-MRNi 
{R,R) -TA-NaBr-MRNi 
{S,S) -TA-NaBr-MRNi 

I 

22 
9 
0 
0 

II 

34 
60 
91 
90 

III 

44 
31 
9 

10 

Optical purity (%) 
and configuration of II 

35 (R) 

74 (Ä) 
73 {S) 

TABLE 2. HYDROGÉNATION OF II TO III 

1 
2 
3 
4 
5 

Catalyst 

RNi 
RNi 
(i?,i?)-TA-MRNi 
{R,R) -TA-NaBr-MRNi 
(S9S) -TA-NaBr-MRNi 

Substrate 

racemic-II 
(Ä)-II 
(Ä)-II 
(Ä)-II 
(Ä)-II 

Products 

(i?*,i?*)-III 

61 
49 
64 
90 
45 

(molar 

(R* 

' %) 

,S*)-

39 
51 
36 
10 
55 

III 
d.e. (%) 

21 
- 2 a ) 
28 
80 

-10a> 

a) The sign, (—) indicates excess (R*,S*)-III. 

(R, R)-TA Acetylacetone 

O 

H • 

Acetylacetone 

O 

H • 

Fig. 1. Schematic representation of the interaction 
between (R,R)-TA and acetylacetone (I) on the 
catalyst. 
a) Front view of coadsorbed species, b) side view 
of coadsorbed species. 

reaction of I to I I suggests that almost all of the I 
which has been adsorbed on the catalyst by interacting 
with (R,R)-TA is hydrogenated to (Ä)-II. 

Diastereoface-differentiating Hydrogénation of II to III. 
4-Hydroxy-2-pentanone, a substrate of Step 2, is a 
chiral compound. Therefore, the reaction of I I to 
I I I is classified as a "diastereoface-differentiating reac­
tion."4) The efficiency of the reaction is expressed 
by the diastereomer excess (d.e. = | (R*,R*) — (R*,S*) \ j 
i(R*,R*) + (R*,S*)}) of the product. 

The results of the hydrogénation of I I over various 
nickel catalysts are listed in Table 2. In the diastereo-

differentiating reaction, the use of either an optically 
pure substrate or a racemic substrate can be expected 
to give a product with the same d.e. in principle so 
long as an achiral reagent or catalyst is used.4) 

In the hydrogénation with an unmodified RNi 
(Entries 1 and 2, Table 2), however, racemic I I pro­
duces (R*,R*)-III in excess, while (R)-II gives (R*,R*)-
I I I and (R*,S*)-III in almost the same ratio. This 
unusual result indicates that at least two chiral mole­
cules, such as a substrate and a substrate, or a substrate 
and a product, are involved in the diastereo-differ-
entiation step of the reaction. From the results pre­
sented above, the estimation of the inherent dia­
stereoface-differentiating ability of RNi is found to 
be impossible. At any rate, a high d.e. is not expected 
in the reaction of I I over unmodified RNi. 

Entries 3 and 4, Table 2, show the results of the 
hydrogénation of (R)-II over (R,R)-TA-MRNi and 
(R,R) - T A - N a B r - M R N i . When (R,R) -TA-NaBr-
M R N i was used, (R)-U was converted to (R,R)-III 
with 8 0 % d.e. 

O n the other hand, the use of (R,R)-TA-MRNi 
resulted in the formation of (R,R)-III with a con­
siderably low d.e. (28%). This great decrease in 
the d.e. is attributed to two characteristics of the non-
s.d. remaining in the catalyst: 1) the d.e. at the non-
s.d. is almost zero, as is expected from the result for 
RNi (Entry 2, Table 2) and 2) the hydrogénation 
rate at the non-s.d. is higher than that at the s.d., 
as has been mentioned in the previous section, so that 
a large portion of the substrate is hydrogenated at the 
non-s.d. 

As is shown in Entries 4 and 5, Table 2, the hydro­
génation of (R)-II over (S,S)-TA-NaBr-MRNi gave 
an extremely low d.e., in contrast with the high d.e. 
of the reaction of (R)-II over (R,R)-TA-NaBr-MRNi. 
T h a t is, (R,R) - T A - N a B r - M R N i has a much higher 
diastereoface-differentiating ability than (S,S) - T A -
N a B r - M R N i toward (R)-II. The origin of the high 

Kjta.La.Lyzi


January, 1981] Stereochemical Studies of the Hydrogénation with Asymmetrically Modified Nickel 225 

TABLE 3. ENANTIOMER-DIFFERENTIATING HYDROGÉNATION OF RACEMIC-H 

Catalyst {R,R) -TA-NaBr-MRNi (S^)-TA-NaBr-MRNi 

Conversion of hydrogénation (%) 

Recovered-II , Optical puri ty (%) 

Configuration 

Hydrogénation products (molar % ) , 

{R,R)-m 
{R,S)-lll 

{R*,R*)-III, Optical puri ty (%) 

Configuration 

55 

30 

(S) 

80 

20 

48 

(R;R) 

43 
29 

(R) 

11 

23 
61 

(S,S) 

Step 1 
H 2 

(Ä,Ä)-TA-NaBr-MRNi 

Optical yield, 74% 

Molar ratio 
^ (P\ TT R70 / 
> [IX.) - 1 1 O / / 0 

^ (C\ TT 1 9 0 / 
> ^ o j - i i i O / o 

Scheme 

Step 2a 
H 2 

(Ä,Ä)-TA-NaBr-MRNi 

d.e. 8 0 % 

(R,R) in excess 

Step 2b 
H 2 

(Ä,Ä)-TA-NaBr-MRNi 

d.e. 10% 

{R,S) in excess 

2. 

Molar ratio 
(i?,i?)-Ill 78.3% 

(R,S)-lll 8.7% 

(S,i2)-III 7.0% 

( ^ ) - I I I 6.0% 

d.e. in the combination of (R)-II and (R,R)-TA-
NaBr -MRNi will be explained in the following section. 

Enantiomer-differentiating Hydrogénation of Racemic II over 
TA-NaBr-MRNi. Since I I is a chiral compound 
and T A - N a B r - M R N i is an optically active catalyst, 
an enantiomer-differentiating hydrogénation could be 
involved in the course of the reaction of Step 2 if I I 
is a mixture of (R)- and (S)-ll. 

As the enantiomer-differentiating reaction and the 
diastereoface-differentiating reaction are intimately 
related to each other from the stereochemical viewpoint, 
a comparison of these two reactions should provide 
useful information about the stereo-differentiation of 
the reaction, I I to I I I . In this regard, the partial 
hydrogénation of racemic I I was carried out over 
(R,R)- and (S,S) -TA-NaBr -MRNi . The optical pu­
rity of the II recovered and the d.e. of the I I I produced 
around 5 0 % conversion are listed in Table 3. 

As may be found in Table 3, (R9R)-TA-NaBr-
M R N i hydrogenated (R)-ll much faster than (S)-
I I . The reaction with ( ^ S J - T A - N a B r - M R N i gave 
the same results except for the reverse stereochemistry. 

The existence of a large enantiomer-differentiation 
is attributed to the selective adsorption of (R)-1I on 
(R,R) -TA-NaBr -MRNi , which is brought about by 
the preferential interaction between (R)-II and (R,R)-
TA. The results in Table 3 also indicate that, if 
the stereochemistry of I I and T A is compatible, thus 
making for interaction between them, (R*,R*)-III is 
obtained in a high d.e. 

From the fact that the hydrogénations of both I 
and (R)-II over (R,R) - T A - N a B r - M R N i produce 
chiral centers with an R configuration, the interaction 
between (R)-ll and (R,R)-TA is expected to be close 
to that between I and (R,R)-TA. 

The mode of interaction between (R)-II and (R,R)-
T A is shown in Fig. 2. In this case, two components 
are brought into a well-fitting interaction by making 
two hydrogen bondings between them. O n the other 
hand, (R)-II and (S,S)-TA could not interact well, 
as is the case of (R,R)-TA in any type of arrangemant. 
The lack of interaction with two hydrogen bondings 
between T A and I I should cause a loss not only of 
the rigorous stereo-differentiation, but also of the 
potency of the associative adsorption of I I on the 
catalyst. 

From the all discussion presented above, the ratio 
of diastereomers in the reaction of I I to I I I is governed 
by both the ratio of s.d. to non-s.d. on the catalyst 
and the stereochemical compatibility of I I and TA. 

The Participations of the Enantioface-, Diastereoface-, and 
Enantiomer-differentiating Reactions in the Process of the 
I to III Reaction. Based on the data of the separate 
reactions, I to I I and I I to I I I (Entry 3 in Table 1 
and Entries 4 and 5 in Table 2), the material balance 
of the I to I I I reaction over (R,R)-TA-NaBr-MRNi 
is estimated to be as is shown in Scheme 2. 
Table 4 shows the proportion of diastereomers and 
the optical purity of (R*,R*)-lll observed in the hy­
drogénation of I to I I I at a 100% conversion (Entry 
2) and those calculated from the figures in Scheme 2 
(Entry 3). The good agreement between the observed 
and calculated values clearly shows that the hydro­
génation of the first and second carbonyl group proceeds 
step by step. 

As may be found in Scheme 2, both the enantio-
differentiation in Step 1 and the diastereo-differentia-
tions in Steps 2a and 2b serve to give (R*,R*)-III 
with a high optical purity and a high d.e. In the 
hydrogénation of I I to I I I ? the reaction of Step 2a is. 
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(R, R)-TA (R)-n 

H O 

Fig. 2. Schematic representation of the interaction 
between (R,R)-TA and 4-hydroxy-2-pentanone (II). 

TABLE 4. HYDROGÉNATION OF I TO III OVER 

(R,R) -TA-NaBr-MRNi 

Conversion 

% 

Hydrogénation products 
(molar %) Optical 

purity of 

{R*,R*)-III {R*,S*)-III ( Ä * ^ * ) " n i 

1 70 92 
2 100 87 

3 Calculated values 84 
based on the data 
in Scheme 2 

8 
13 
16 

98 
86 

86 

expected to proceed predominantly at the early stage 
of the reaction for the sake of the enantiomer-dif­
ferentiating reaction with (R,R) - T A - N a B r - M R N i , as 
has been mentioned in the previous section. Therefore, 
the (R*,R*)-III produced at the early stage of the 
reaction should consist exclusively of (R,R)-III. 

As is shown in Entry 1, Table 4, the optical purity 
of (R*,R*)-III in the reaction product had reached 
9 8 % when the reaction was discontinued at conversion 
of 70%. 

It is evident that the hydrogénation of I to I I I 
over T A - N a B r - M R N i is the ideal stereo-differentiat­
ing reaction; that is, all three types of the stereo-
differentiating reactions, enantioface-differentiation in 
Step 1, and diastereoface- and enantiomer-differentia-
tions in Step 2, serve to increase the optical purity 
of (R*,R*)-III, the final hydrogénation product. 

Exper imenta l 

The analytical GLC was carried out with a Shimadzu 
GG-4A-PF gas Chromatograph using a 3 m-5 mm o.d. 
glass column packed with 15% Ucon 50-HB-2000 on Chro-
mosorb W. The 1H-NMR spectra were taken with a JEOL-
FX-100 instrument. The optical rotations were measured 
with a Perkin Elmer 241 Polarimeter. 

All the chemicals except for those listed below were ob­
tained from commercial sources and were used without 
further purification. 

The catalysts used in this study were prepared by the 
method reported before.5) The THF employed as a solvent 
of the hydrogénation was prepared as follows: commercial 
THF was dried over NaH overnight and was then distilled 
under a nitrogen atmosphere. {R,R)~ and (6',6')-2,4-pen-
tanediol (III) were prepared by the method previously 
reported,1) (R,R)-III, mp 50,5 °G, bp 111—113 °G/19 

mmHg, Found: C, 56.50; H, 11.77%. Galcd for C5H1202-
(0.1 H 2 0 ) : G, 56.67; H, 11.62%, [a]2D° -54.5° (c 10, etha-
nol), NMR (GDClg, TMS) ô, 1.30 (d, 7 = 6 . 3 Hz, 6H, two 
CH3-CH(OH)-), 1.65 (t, 7=6 .2 Hz, 2H, -GH(OH)-CH2-
CH(OH)-) 2.75 (broad signal, 2H, two OH), 4.23 (m, 
2H, two CH3-CH(OH)-). The IR spectra of the sample 
were almost identical to those listed in the literature.8) The 
analytical GLG (Ucon/80 °G) showed a single peak. (S,S)-
III, [a]2D° +54.2° {c 10, ethanol). All the other data of 
this compound were identical to those of (R,R)-III. (R,R)-
and f6',6'j-2,4-diacetoxypentane (V) were prepared by the 
treatment of acetic anhydride to III in the presence of pyri­
dine, followed by purification with the preparative GLG 
of the sample. (R,R)-V, [a]2D° -40.5° (c 10, ethanol). 
The analytical GLG (NPGS/80 °G) showed a single peak 
(retention time 79 min). The NMR spectra (TMS, CDG13) 
of V showed signals at Ô, 1.22 (d, 7 = 6 Hz, 6H, two CH3-
CHOAc-), 1.71 and 1.77 (two d, 7 = 7 Hz, 2H, -CH-CH 2 -

OAc 
GH-), 2.00 (s, 6H, two CH 3 C-0-) , and 4.98 (m, 2H, two 
1 11 

OAc O 
-CH- ) . The NMR spectra were also measured with a 

OAc 
solution of V (10 mg) and Eu(hfmc)3 (130 mg) in GDC13 

(0.4 ml). V derived from (R,R)-III showed no detectable 
signal of the antipode. The difference in the chemical 
shift for acetyl groups (singlet) of (R,R)- and (S,S)-V was 
4 Hz. (S,S)-V was obtained from (S,S)-III by the procedure 
described above. All the data were identical with those 
for (R,R)-V except for the value of [a]2D° +40.2° {c 10, 
ethanol). (R)- and (S)-4-hydroxy-2-pentanone (II) were 
prepared by the partial oxidation of optically pure (R,R)-
and (S,S)-III as follows: into a slurry of pyridinium chlo-
rocromate (86 g) in 500 ml of GH2C12, a 40-g portion of 
(R,R)- or (S,S)-III, dissolved in 100 ml of GH2C12, was 
added all at once, after which the mixture was kept for 2 h 
with stirring at room temperature. The reaction mixture 
was then added to dry ether (3 1), and the resulting slurry 
was kept for another hour under stirring. The slurry was 
then passed through a column packed with 400 ml of 
Florisil, and the elute was concentrated under reduced 
pressure at room temperature. The distillation of the con­
densate under reduced pressure gave II in a yield of 12 g. 
(R)-II, bp 59—60 °G/20 mmHg, [a]2D° -23.5° (neat), NMR 
(CDG13, TMS) ô 1.18 (d, 7=0 .6 Hz, 3H, CH3-GH(OH)-), 
2.17 (s, 3H, CH3-C-), 2.56, 2.58 (two d, 7=7 .1 and 4.70 

Ô 
-GCH2-GH(OH)-), 4.22 (m, -CH(OH)-) , IR (neat), 3300 

6 
(OH) and 1700 cm"1 (G=0). The GLG analysis showed 
a 99% purity. (S)-II, [a]2D° +23.4° (neat). All the data 
of this compound were the same as those of (R)-II. A 
small portion of the sample was treated with acetic anhydride 
in the presence of pyridine. The resulting 4-acetoxy-2-
pentanone (IV) was purified by preparative GLG (Ucon/ 
20min/100°C). The analytical GLG (Ucon/85 °G) of the 
purified sample showed a single peak (retention time, 44 
min). The purified IV showed NMR (TMS, GDC13), ô 
1.22 (d, 7 = 6 . 0 Hz, 3H, GH3-CH(OAc)-), 2.00 (s, 3H, 
GH 3 C-0- ) , 2.18 (s, 3H, GH3C-GH2-), 2.62 and 2.80 (two 

6 6 
d, 7 = 7 Hz each, 2H, -CH-GH 2 -CH-) , and 4.95 (m, 2H, 

OAc OAC 

-GH-) . Racemic II was prepared by the partial hydrogena-

6AC 
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tion of I over r acemic -TA-NaBr-MRNi , as will be described 
below, and the fractional distillation of the product (bp 
90—91 ° C / 3 8 m m H g ) . 

Partial Hydrogénation of I. In to an autoclave ( 100-ml 
capacity), 11.5 ml (0.112 mol) of I, 0.2 ml of acetic acid, 
and 1.2 g of a catalyst suspended in 23 ml of T H F were 
introduced. Thus, the volume to be occupied by hydrogen 
became ca. 65 ml. (The depression of 1 kg/cm2 of the hy­
drogen pressure corresponds to 0.0021 mol of the consump­
tion of H 2 at 100 °G.) After the evacuation of air from the 
autoclave, H 2 was charged to a pressure of 95 kg/cm2 a t 
room temperature (this value corresponded to 121 kg/cm2 

at 100 °G), and then heating was commenced. After the 
temperature of the reaction mixture had become 100 °G, 
this temperature was maintained until the hydrogen pressure 
became 58 kg/cm2 (the consumption of H 2 amounts to 0.135 
mol). 

The autoclave was quickly cooled in an ice-water bath, 
and the H 2 was evacuated. After the removal of the catalyst 
from the reaction mixture, the filtrate was concentrated 
under reduced pressure to give a crude product . T h e rel­
ative amounts of I, I I , and I I I in the crude product were 
determined by analytical GLG (Ucon/100 °G). T h e reten­
tion times of I, I I , and I I I (the (R*,R*) and (R*,S*) isomers 
were partially resolved into two peaks) were 8, 24, 79, 
and 84 min respectively. A major portion of the crude 
product was distilled through a short column (a 5 cm 
X 10 m m o.d. glass column packed with a small glass 
helix 3 m m in diameter) under reduced pressure and frac­
tionated into eight fractions. A fraction of pure I I (bp 
90—91 °G/38 mmHg) was found by the aid of the GLG analy­
sis of each fraction. From the optical rotation of the purified 
I I , the optical yield of the reaction, I to I I , was calculated 
based on the [a]2

D° —23.5° (neat) for optically pure (R)-
I I . 

Hydrogénation of I to HI. T h e hydrogénation of I 
was carried out under the same conditions as before until 
no more consumption of hydrogen was observed. After 
removing the catalyst from the reaction product by filtration, 
the filtrate was concentrated under reduced pressure to 
give a crude product . T h e ratio of (R*,R*)-III to (R*,S*)-
I I I in the crude product was determined by analytical GLG 
(Ucon/85°G) . T h e retention times of (R*,R*)-III and 
(R*,S*)-III were 174 and 189 min respectively. T h e 
attempted separation of (R*,R*)-III and (R*,S*)-III by 
the preparative GLG failed. However, when they were 
converted to diacetate (V), the separation by preparat ive 
GLG was possible. Thus , the optical purity of (R*,R*)-
I I I was evaluated from the optical purity of the (R*,R*)-V 
derived from the crude product . 

A 1-g portion of the crude product was converted to V 
by the method described before. T h e preparat ive GLG 

(NPGS/80 °G) of the crude V gave pure (R*,R*)-V. From 
the optical rotation of the purified (R*,R*)-V, the optical 
puri ty of (R*,R*)-V was calculated based on the [a]2

D° 
- 4 0 . 5 ° (c 10, ethanol) for optically pure (R,R)-W. 

Hydrogénation of II to III. T h e hydrogénation of I I 
was carried out under the conditions described before. After 
removing the catalyst by filtration, the filtrate was subjected 
to analytical GLG (Ucon/85 °G). T h e ratio of (R*,R*)-III 
to (R*,S*)-III was evaluated from the peak areas of the 
corresponding compounds. 

Partial Hydrogénation of Racemic II. T h e hydrogénation 
of racemic I I (0.112 mol) was carried out under the same 
conditions as above until the consumption of hydrogen 
became 0.062 mol. After the removal of the catalyst by 
filtration, the filtrate was concentrated under reduced pres­
sure to give a crude product . 

T h e relative amounts of I I , (R*,R*)-III, and (R*,S*)-III 
in the crude product were determined by analytical GLG 
(Ucon/85 °G). A major par t of the crude product was 
distilled through a short column, as mentioned before, under 
a vacuum, and then fractionated into five fractions. A 
fraction of pure I I (bp 59—60 °G/10 m m H g ) was picked 
out of each fraction by the aid of GLG analysis. T h e pure 
I I thus isolated from the reaction mixture was subjected to 
the determination of its optical purity by polarimetry. T h e 
optical puri ty of (R*,R*)-III was determined by the pro­
cedure previously described. 

T h e a u t h o r s wish to express t h e i r t h a n k s to Professor 
Y o s h i h a r u I z u m i for his he lpful sugges t ions . T h i s 
w o r k w a s s u p p o r t e d in p a r t b y a G r a n t - i n - A i d for 
Scient i f ic R e s e a r c h N o . 403531 f rom t h e M i n i s t r y of 
E d u c a t i o n , Sc ience a n d C u l t u r e . 
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Proton Equilibria of a 5-Dimethylamino-l-naphthalenesulfonyl 
Group Conjugated to Bovine Serum Albumin. I. Effects 

of The Conjugation on Structural Alternation 
Nobuo IKUTA, Joichi K O G A , * and Nobuhiko KUROKI 
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(Received May 16, 1980) 

The proton equilibria of an optical probe, the 5-dimethylamino-l-naphthalenesulfonyl group, conjugated 
to bovine serum albumin with various molar ratios to the protein in an acidic solution, were investigated by means 
of the change in the fluorescence intensity as well as that in the absorbance. Below the molar ratio of 1.7 the 
apparent pK values for the dimethylamino moiety of the optical probe decreased remarkably with a decrease 
in the pH of the solution, accompanying conformational changes of the protein caused by the proton binding to the 
protein. For molar ratios of more than 2.0, the alternation of the higher structure of the protein induced by the 
conjugation of the probe was detected by ORD measurements, while the pK values of those conjugated probes 
were lowered at pH's higher than 3.0. For comparison, the probe conjugated with glycine as its free state gave 
the pK value of 3.99 in an aqueous solution. The shifts of the apparent pK values of the conjugated probe in the 
protonated protein compared with those for the free probe were, particularly, too large to arise from the Debye-
Hückel electrostatic shielding effect. These results are, therefore, interpreted in terms of a change in the short-
range interaction in the neighboring residues surrounding the probe. 

The interpretation of the ionization of acid-base 
groups on a protein molecule is complicated in part 
by the fact that the measurements reflect the com­
posite behavior of a large number of groups. Even 
in an acidic solution the groups participating in the 
proton equilibria of acid-base groups on a protein 
include not only a large number of carboxyl groups, 
but also imidazole or tyrosine residues in an appreciable 
number. Their proton equilibria overlap one an­
other, so that a sharp separation cannot be made by 
means of the Potentiometrie titration technique. 

In order to avoid obscure titration curves, the spec­
tral titration curves are often obtained for tyrosine 
residues.1) A useful method for the same purpose is 
the at tachment of an optical probe which has a de­
sirable acidity constant to proteins by means of a 
covalent linkage.2-5) The ionization of the probe is 
usually accompanied by a significant change in both 
the absorption and emission spectra. I t is thus very 
easy to obtain the titration curve for this group alone. 
An optical probe of the kind which has been succes­
sively employed in protein studies is the 5-dimethyl-
amino-1 -naphthalenesulfonyl (DNS) group. Klotz and 
Fiess3) reported the proton equilibria of DNS attached 
chiefly to amino groups on bovine serum albumin 
(BSA) by means of absorption measurements. Their 
equilibria indicated a significant difference from those 
of DNS-amino acid conjugates and were independent 
of the p H values of the solution in which BSA un­
dergoes a conformational change by ionization. The 
DNS group conjugated to BSA (DNS-BSA) prepared 
by them contained 4 to 11 mol of DNS to 1 mol of 
the protein. There is, therefore, a fear of the al­
ternation of the secondary and tertiary structures of 
the conjugated protein in their results. 

The present investigation was undertaken to see if 
the proton equilibria of DNS-BSA followed the con­
formational change on the acid denaturation of the 
conjugated BSA, the fine structure of which was not 
grossly altered by the limited degree of conjugation. 
The degree of protonation of the DNS conjugate 
was determined from the fluorescent spectra, which 

have a better sensitivity, in order to measure the 
quenching by the protonation of the DNS group at 
a low degree of conjugation. 

Exper imenta l 

Materials. BSA (crystallized and lyophilized) from 
the Sigma Chemical Go. (Lot. 17G-8145) and 5-dimeth-
ylamino-1-naphthalenesulfonyl chloride (DNS-G1) from the 
Tokyo Chemical Go. (Tokyo) were used without further 
treatment. DNS-glycine conjugate (DNS-Gly) was pur­
chased from the Sigma Chemical Co. (Lot. D-0875). The 
DNS-L-phenylalanine conjugate (DNS-Phe) was prepared 
from DNS-G1 and L-phenylalanine according to the method 
of Gray and Hartley.6) The stock solution of these con­
jugates to amino acids were prepared by dissolving the con­
jugates in ethanol. All the acids, bases, and salts were 
reagent-grade. 

Preparation of DNS-BSA. A solution of BSA was 
prepared containing 320 mg of protein in 80 ml of 0.1 M 
Na 2HP0 4 ( 1 M = 1 mol dm - 3) . To this cooled solution was 
added 4 ml of a cold acetone solution containing 0.5—8 
mg of DNS-C1. The mixture was kept in a refrigerator 
and shaken sometimes for 24 h. The reaction by-products 
was then removed by dialysis in the cold for 24 h against 
three successive portions of 0.01 M acetic acid and thereafter 
for several days against distilled water. The dialysates were 
monitored for their gradual disappearance. The fluores­
cence intensity of the dialysate in the final dialysis could 
not be detected at the maximum sensitivity of the monitoring 
fluorescence spectrofluorometer. The protein solution was 
diluted in a volumetric flask and stored in a refrigerator. 
The stock solution was not used after one month from the 
time of preparation. The moles of the DNS conjugates 
to the protein were calculated from the measurement of 
the absorption at 340 nm using an extinction coefficient 
of 3.36xl0 6M- 1cm- 1 . 7) 

Fluorescence Titration of DNS Conjugate. In order to 
prevent concentration quenching, a portion of the stock 
solution of conjugates to BSA or amino acids was diluted 
with distilled water to give a solution with an optical density 
of less than 0.1 at 340 nm. To this diluted solution a meas­
ured quantity of hydrochloric acid was then added from a 
micropipet, after which the pH value and the fluorescence 
spectrum of the solution were measured. The procedure 
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was repeated with further samples of the solution and dif­
ferent quantities of the acid. Suitable corrections were 
made for the dilution of the solution by the added acid or 
base. The pH was measured at 25.0 °G with a Hitachi-
Horiba F-7AD pH meter and a 6326-05G combination 
electrode. The fluorescence emission spectra were measured 
at the same temperature with a Hitachi Perkin-Elmer MPF-
2A fluorescence spectrophotometer. The excitation wave­
length (Aexc) was taken at 340 nm. Both the excitation 

The emission spectra described in the results were corrected 
for variations in the detector system by using the known 
emission spectra of quinine sulfate. In the present experi­
ments, the a values calculated from uncorrected spectra 
were equal to those from corrected spectra. 

Results 

Proton Equilibria of Free Probe. The acidity con­
stant of a probe obtained from fluorometric analysis 
may be evaluated by means of the equilibria con­
taining the components an acid and/or base existing 
in the excited state. In order to investigate the proton 
equilibria of the probe conjugates in the ground state, 
it is necessary to take into account the contribution 
of the excited probe molecules to the acid dissociation 
in the ground state. The absorption method is usually 
employed to determine the proton equilibrium con­
stant in the ground state. 

The proton equilibria of DNS conjugated in the 
ground state may be represented by the following 
equation : 

HN(GH3)2 N(GH3)2 

J\/\ J\/\ 
I II | ?=± H+ +| || | 
\zy \^\f (2) 

S0 2 -R S0 2 -R 
(HB) (B) 

When R is replaced by a small molecule such as a 
glycine residue, - N H C H 2 C O O H , this dissociation can 
be described quantitatively by the familiar Henderson-
Hasselbalch expression : 

pH = piC. + l o g T ^ (3) 

where pK& is the apparent acidity constant of the di-
methylamino moiety in the DNS group, and ß, the 
fraction of the DNS group in the unprotonated ground 
state. The absorption spectra of 1.00 X l O - 4 M DNS-
Gly, as a model of free probes obtained at various p H 
values, are shown in Fig. 1, where the absorbance is 
given as a function of the wavelength, X. The results 
exhibited isosbestic points at 268 and 304 nm which 
were identical with those reported for the DNS group 
conjugated to diaminoethane.5) The curves corre­
sponding to the highest and lowest p H values in Fig. 
1 represent the spectra of the unprotonated (B) and 
protonated (HB) forms respectively; hence, the frac­
tion of the probe in the protonated ground state, ß, 
is commonly calculated from the amount of the ab-

and emission slits were to cover wavelength ranges of 10 
nm. Solutions of quinine sulfate in 0.1 M H 2S0 4 were 
used as the reference in the range of concentration of 10~7 

to 10"5M. 
The protonation of the dimethylamino moiety of the 

DNS group gave rise to a quenching of the fluorescence 
of DNS at Aexc = 340 nm, so that the fraction, a, of the DNS 
group in the basic form was calculated by means of the 
following equation: 

1 1 1 1 1 . , 1 1 1 r 

A/nm 
Fig. 1. Absorption spectra of 1.00x10-* M DNS-Gly 

in water at various pH. Curves are labeled with 
appropriate pH values. Cell length 1 cm. 

sorption change at each p H value. According to Eq. 
3, the plots of the p H values in solution versus log[/?/ 
(1— ß)] give a slope of one and a pATa value which is 
equal to a p H value at log[ßl(l—ß)]=0. For DNS-
Gly and DNS-Phe in water, the pKa values were 
given as 3.998> and 4.00 respectively. 

The emission spectra of 1.68 X 10~5 M DNS-Gly ex­
cited at 340 nm were measured at various p H in water, 
as is shown in Fig. 2. The spectra were characterized 
by one band near 590 nm at which the maximum 
intensity decreased with a decrease in the pH. As 
is shown in Fig. 1, the absorption at 340 nm was absent 
in the solution of a lower pH, where all of the dimethyl­
amino moiety of DNS group was protonated. This 
fact indicates that the DNS molecules are excited 
only in the unprotonated form when exposed to the 
light of the 340 nm wavelength. The emission band, 
therefore, corresponds to the fluorescence from the 
excited state of the DNS group with the dimethyl­
amino moiety in its unprotonated ground state. 

The unprotonated excited molecules, denoted by 
B*, are treated by the insertion of an additional com­
ponent in Eq. 2 to give:9) 

HB ^ = ^ B ^ = ^ B*. (4) 

The fraction of the unprotonated DNS group in both 
the excited and ground states make it difficult to 
estimate from the fluorescence in the above successive 
equilibrium. The intensity of the emission peak was, 

(maximum intensity of fluorescence at the pH value of the soin.) 
(maximum intensity of fluorescence in the basic soin.) 
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to the ß obtained by the absorption method and Eq. 
3 can be rewritten as follows: 

Fig. 2. Corrected emission spectra of 1.68 x l O - 5 M 
DNS-Gly in water at various pH. Curves are labeled 
with appropriate pH values. 

Fig. 3. Maximum intensity of corrected and uncor­
rected fluorescence spectra of DNS-Gly as a function 
of the fraction in unprotonated ground state (ß). 
Ordinate scale, Im8iX, 1S arbitrary intensity of peaks 
in the corrected (O) and uncorrected (0) spectra. 

however, proportional to the fraction of the DNS 
molecules in the unprotonated ground state (ß), as 
calculated from absorption, as is shown in Fig. 3. 
The linear relationship implies that the equilibrium 
between B and HB is scarcely shifted by the processes 
of excitation and emission between B and B*, which 
are much faster than those of protonation and un-
protonation. Consequently, the fraction of the un­
protonated form in the ground state can be calculated 
from the fluorescence intensity of the DNS group in 
the same way as from the absorption titration. From 
the p H value in solution and the a obtained by fluo­
rescence measurement, the pK& values were obtained 
as 3.99 and 4.00 for DNS-Gly and DNS-Phe respec­
tively. These values were, as expected, identical with 
those obtained by the absorption method. Hence, the 
fraction of the DNS group in the unprotonated form 
obtained from fluorescence measurements, oc, is equal 

pH = p # a + log 
1-

(5) 

Proton Equilibria of DNS-BS A Conjugates. The 
corrected emission spectra of DNS-BSA conjugates 
with the molar ratio of 1.7 mol of the probe to 1 
mol of protein obtained in water as a function of the 
p H are shown in Fig. 4. The spectra are different 
from those described before for the free probe. The 
580 nm peak of the free probe is remarkably blue-
shifted when the DNS group is conjugated to BS A, 
to 515 nm at high p H values and to 530 nm at low 
p H values. The large shift is attributable to the hy­
drophobic environment of the protein at which DNS 
group is attached. The small red-shift from a high 
to a low p H corresponds to an energy change of about 
0.55 X 103 cm - 1 , which is slightly larger than that of 
about 0 . 4 8 x l 0 3 c m _ 1 in the case of the free probe. 
This finding exhibits the effect of the structure change 
on the environment of the DNS group. The lowering 
of the quantum yield of the DNS conjugate in un­
protonated form with the red-shift may be neglected 
compared with the quenching by the protonation of 
the probe. Thus, the proportionality between the frac­
tion of the probe in the unprotonated form and the 
fluorescence intensity is maintained in DNS-BSA as 
well as in the free probe, as has been described before. 
The fraction of DNS conjugates in the unprotonated 
form can, therefore, be calculated by the same method 
as in the free probe. 

When the DNS group was conjugated to BS A with 
the molar ratios of 0.9, 2.0, and 2.7 mol of the probe 
to 1 mol of protein, Eq. 5 was no longer adequate 
to represent the dissociation over the p H range meas­
ured. As is shown in Fig. 5, Henderson-Hasselbalch 
plots of the DNS-BSA conjugates in aqueous solutions 
gave three successive straight lines, indicating the three 
dissociation characteristics, denoted by I, I I , and I I I , 

Fig. 4. Corrected emission spectra of 1.08 X10 - 5 M 
solutions of DNS-BSA conjugates with the molar 
ratio of 1.2 mol probe to 1 mo 1 protein in water at 
several pH. Curves are labeled with appropriate 
pH values. 
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-1 0 1 
log[a/(1-a)] 

Fig. 5. Henderson-Hasselbalch plots of DNS-BSA 
conjugates with the molar ratio of 0.9 (O), 2.0 (# ) , 
2.7 (A), and 7.2 (A) mol probe to 1 mol protein. 
Two dashed lines divide the plots into three regions 
denoted by I, II, and III . 

in the order of decreasing p H . The slopes were nearly 
one in I and I I I , but more than one in I I : hence, 
the apparent pK& values in both the I and I I I regions, 
as calculated from Eq. 5, were almost constant, but 
those in the I I region were not. In the I I region it 
is adjustable to a generalized Henderson-Hasselbalch 
expression with a parameter, denoted by n, of interac­
tion among dissociation groups in a polyelectrolyte 
as follows:10^ 

pH = ptfa + w l o g - ^ . (6) 
1 — a 

In this study, n may be attributed to the interaction 
between the DNS group and the other residues in 
the protein. We should note that the apparent pK& 

in the I I region obtained from Eq. 6 makes it difficult 
to discuss quantitatively the proton equilibria of DNS 
group conjugated to BSA, because the parameter , n, 
is physicochemically ambiguous in the process of the 
extension of the simple Maxwell-Porting ton equa­
tion,11) as described by Katchalsky and Spitnik.10) 
The apparent pKK value in the I I region is useless 
for comparison with the pK& values in other regions; 
hence, the value has not been determined. In the 
case of the DNS-BSA conjugate with the molar ratio 
of 7.2, Henderson-Hasselbalch plots gave one straight 
line, from which the constant pK& and a slope of 1.0 
were calculated over the p H range measured. The 
results of the pKK values and slopes in each region, 
summarized in Table 1, show the two following fea­
tures. Firstly, the pK& values in the I region are 
greater than those in the I I I region except in the 
case of the molar ratio of 7.4. Secondly, the pKK 

values in the I region come close to those in the I I I 
region and the slope in the I I region decreases to 
one with an increase in the molar ratio of the con­
jugates. The former may be attributed to the con­
formational change on acid denaturation, and the 
latter to the alternation of the protein by the con­
jugation of the probe, as was pointed out by Takagi 
et a/.12»13) 

The a-helix contents of the DNS-BSA conjugates 

Group in Serum Albumin 231 

TABLE 1. APPARENT pKK AND SLOPE n OF DNS-BSA 

CONJUGATES IN WATER 

Molar 

ratioa> 

0.9 
2.0 
2.7 
7.4b> 

Region I 

n 

1.0 
1.0 
1.0 

P*a 

3.05 
2.70 
2.18 

n — 

Region II 

n 

-1.0, 

3.5 
2.6 
1.5 

P * a = l .55 

Region III 

n pK& 

1.0 2.30 
1.0 2.05 
1.0 1.90 

a) Moles of dansyl group conjugated to 1 mol of BSA. 
b) The regions were indistinguishable in Fig. 5. 

were calculated from the O R D measurement with the 
Moffitt-Yang equation in order to elucidate the al­
ternation of the protein by the conjugation of the 
probes and the protonation of the ionizable groups 
in the protein. The a-helix contents of the conjugated 
proteins with the molar ratios of 0.7 and 5.2 were 
46 and 2 8 % in p H 5.0, and 28 and 2 3 % in p H 
2.0, respectively. In the unconjugated protein, the 
a-helix contents were 4 6 % in p H 5.0 and 2 7 % in 
p H 2.0. I t can be seen from the O R D data that both 
the conjugation of the probe and the binding of the 
proton to the protein cause a lowering of the a-helix 
content of the native protein in a neutral solution. 
Because of the similar a-helix content of the con­
jugated protein even with the molar ratio of 5.2 in 
p H 2.0 and 5.0, the constant pK& obtained for the 
conjugated protein with the molar ratio of 7.4 should 
be attributable to the impaired protein, which main­
tains its structure regardless of the protonation of the 
protein. 

In the case of DNS-BSA, with an average molar 
ratio below 1.7, it can be seen that the proton equilibria 
of the DNS group present the same hehavior, as is 
shown in Fig. 6. This finding implies that the BSA 
conjugated with DNS group with a small molar ratio 
consists of a conformation which is similar to that 
of unconjugated BSA, judging from the agreement in 
a-helix content between the unconjugated BSA and 
the conjugated BSA with the molar ratio of 0.7. 
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Fig. 6. Henderson-Hasselbalch plots of DNS-BSA con­
jugates with the molar ratio of 0.3 (O), 0.5 (# ) , 
0.9 (A), 1.6 (A), and 1.7 ( • ) . Two dashed lines 
are drawn at the same position of pH values in 
Fig. 5. 
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D i s c u s s i o n 

BSA undergoes a marked structure change in the 
region near p H 4, termed "N-F transition," from the 
normal state (N) to a form (F) having a faster rate 
of migration in electrophoresis.14) Futhermore, the 
protein structure of the F-form is changed into a struc­
ture with an expanded form (E) in the region below 
p H 3.5.15> 

As is shown in Fig. 6, the p H value of the boundary 
between the I and I I regions is 3.0, in agreement 
with the p H value beginning to occur upon the un­
folding by means of the acid expansion. A possible 
explanation for the agreement may be that, in the 
I and I I I regions, the conjugated DNS group exists 
in two different environments, in the protein of the 
N- or F-form and in that of the E-form respectively, 
and that in the I I region a transfer of the DNS group 
proceeds along with the expansion of the protein 
structure. As has been described in the Results sec­
tion, the protein conjugated with the molar ratio 
below 1.7 showed the same behavior on acid denatura-
tion as the unconjugated protein, so the variation in 
pK& values against the p H depends only on the effect 
on the conformational change upon acid denaturation. 

The fact that all of the pKK values obtained for 
DNS-BSA are smaller than that for DNS-Gly, denoted 
by pKQ, shows that the protein environment has a 
profound effect on the ionizing abilities of the dimethyl-
amino moiety. Such an effect can be expressed ther-
modynamically from the difference between pK& and 
pKQ values in the following equation: 

AC 
ptfa = p t f o - 0 . 4 3 4 ^ f (7) 

where AGp is the free-energy change resulting from 
the transfer of the probe from water to a inside of 
the protein in the solution of a p H value, and where 
pKQ is estimated for the free probe in the solution which 
consists of the same solute as in the determination 
for DNS-BSA; piT0 = 3.99 in the present case. The 
left-hand side in Eq. 7, pKK, can be calculated from 
the p H value of a solution and the fraction, a, in Eq. 
5 ; hence, AGp may be estimated. In Fig. 7 the ex­
perimental pK& values are plotted against the p H 
values in the case of those of DNS-BSA in Fig. 6; the 
AGp scale at 25.0 °C is indicated on the right-hand 
side. 

If AGp depends only upon the Debye-Hückel elec­
trostatic shielding effect, Eq. 7 can be expressed by 
the following equation containing Linderstrwn-Lang's 
parameter:1 8) 

pKK = pKQ 0.434-4^p, 
RT p' (8) 

where AGe l is the electrical free-energy change for 
charging an assumed-spherical protein molecule uni­
formly with a total unit charge and where Z p re­
presents the mean net charge of the protein molecule. 
Although the values of AGeJRT, usually represented 
by 2co, may be computed on the basis of the electro­
static theory,19»20) we shall obtain œ as an experimental 
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Fig. 7. Apparent pKK values of DNS-BSA conjugates 

as a function of pH in aqueous solutions. The pK& 

values in symbols and solid line were calculated from 
the data in Fig. 6 with Eq. 5. BSA conjugates have 
the molar ratio of below 1.7 mol probe to 1 mol 
protein. Symbols as in Fig. 6. Dashed line was 
estimated with Eq. 8 from data of Tanford, Swanson, 
and Shore.19) 

parameter and adopt the numerical values for it which 
have been found by Tanford, Swanson, and Shore 
to fit the Potentiometrie titration data.19) We must 

also choose values for Z p which are primarily due to 
a bound or dissociated proton, but which are also 
influenced by bound salt. In a rough approximation, 

however, it may be assumed that Z p is equal to the 
number of protons bound by BSA the values of which 
can be computed from the data of Tanford, Swanson, 
and Shore.19) 

The calculated results are also illustrated in Fig. 
7 for a solution with an ionic strength of 0.03. The 
experimental curves are shifted greatly from the curves 
computed on the basis of electrostatic considerations, 
especially in the lower-pH range. This feature sug­
gests that AGp is constituted not only of AGe l depending 
on long-range electrostatic force, but also of the free-
energy changes proceeding from several short-range 
interactions, such as the hydrophobic effect, the hy­
drogen-bonding, and the alternation of the solvent 
structure by the intensive electrical field around the 
protein. Such interactions, resulting from the dis­
placement between the experimental and computed 
curves, must be greatly changed with the conforma­
tional transition accompanying the acid expansion. 
As Klotz and Fiess have pointed out,3) the dimethyl-
amino group contributes its pair of electrons to a 
resonance with the aromatic r ing; hence, it cannot 
be a good acceptor of a hydrogen-bonding. Thus, 
the difference between AGp and AGel is unlikely to 
involve the contribution of any hydrogen-bonding, 
and the short-range interactions must arise from some 
other causes. 

Klotz and Fiess,3) in their study of DNS-BSA similar 
to this paper, have found that the pK of the dimethyl-
amino group is 1.67 when attached to BSA and 3.99 
when attached to glycine. The DNS-BSA conjugates 
prepared by them, however, have the molar ratio 
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of 5.9 at which the conjugation causes an alternation 
of the protein structure because of our results that, 
at molar ratios of more than 1.7, the normal protein 
structure no longer maintains its structure, even in 
a solution near the isoionic point in the I region. They 
have preferred to interpret their results in terms of 
a postulated ice-like character of the hydration water 
in the vicinity of the nonpolar portions of the protein, 
including the DNS group. Such an environment 
would tend to stabilize the uncharged form of the 
dimethylamino group, as the creation of a charged 
group in place of the uncharged one would require 
some breakdown of the ice lattice. Thus, the factor 
of ice lattice is unlikely to contribute to the shift of 

Strauss and Vesnaver,5) studying the acid-base equi­
libria of the DNS group conjugated to a copolymer 
of maleic acid and butyl vinyl ether, have found that 
the p K values of the dicarboxylate groups and of 
the dimethylamino group of the probe pass through a 
maximum as the macromolecule undergoes a transi­
tion from a compact to a random-coil conformation. 
These results have been interpreted in terms of changes 
in the local solvent surrounding the probe, taking 
into account both the electrostatic forces due to the 
negative carboxylate groups and the influence of the 
nonpolar or hydrophobic butyl groups. The former 
effect is acid-weakening, and the latter, acid-strength­
ening, with regard to the (CH3)2NH+ group. 

In the case of DNS-BSA, BSA can be regarded as 
a polycation instead of the polyanion studied by Strauss 
and Vesnaver,5) so the electrostatic and nonpolar en­
vironment effects would reinforce one another, both 
acting to increase the acid strength of the probe. 
The integrity of the albumin internal structure may 
be essential for both the effects, possibly as a con­
sequence of the environment of the DNS group in 
nonpolar or hydrophobic regions of the intact protein. 
Such a hydrophobicity would favor the neutral basic 
form of the dimethylamino group over the ionic acidic 

form. The cationic charges in Z p neighboring the 
hydrophobic environment have an intensive electric 
shielding effect in the inert protein involving the 
probe compared with that in bulk water. 

O n account of the hydrophobic residues in the 
protein, the charges formed by proton binding on 
the protein are considered to have interesting effects 
on the pK& values. The effects of the charges should 
be investigated further in the proton equilibria of 

DNS-BSA in aqueous solutions of electrolytes and/or 
dénaturants. 

The present work was partially supported by a 
Grant-in-Aid for Development Research from the 
Ministry of Education, Science and Culture. 
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Backbone rearrangements of 3a,4a- and 3/?,4/?-epoxy-D:^-friedo-18/M9a//-lupanes catalyzed by boron tri­
fluoride etherate gave 18/?,19a//-lup-12-en-3-ols, lup-18-en-3-ols, and lup-19-en-3-ols, besides known D :Z?-friedo-
18#19a//-lup-5-en-3-ols and -5(10)-en-3-ols. £:£-Friedo-18ßl9a//-lup-l(10)-en-3a-ol and 3ß,\0ß-epoxy-D :B-
friedo-18/?,19a//-lupane were also obtained from a- and /^-epoxides, respectively. Solvent effects on these reac­
tions were examined. 

Acid-catalyzed backbone rearrangements of unsat­
urated or epoxy triterpenes usually proceed in a reverse 
direction of their biogenesis,2) affording a number of 
migrated triterpenes derived from intermediate cations 
or their equivalent species corresponding to various 
biogenetic stages. In previous papers, reports were 
given on boron trifluoride etherate-catalyzed backbone 
rearrangement of 3/?,4/?-epoxyfriedelane (l)3) and 3a, 
4a- and 3/?,4/?-epoxyshionanes (2 and 3),4) migrated 
friedooleanane and friedobaccharane derivatives being 
obtained. 

So far only a few migrated lupane derivatives have 
been isolated from natural sources,5) investigations on 
these compounds6»7) not being as extensive as those 
on migrated oleanane, ursane, and hopane derivatives.8) 
In connection with the structural study of guimarenol, 
formation of D : /?-friedo-1 Sß, 19a//-1 up-5-en-3/?-ol from 
3ß,4ß-epoxy-D : ^4-friedo-1 Sß, 19a//-lupane by tratment 
with boron trifluoride etherate in benzene has been 
reported.9) Examination was carried out on the back­
bone rearrangement of 3a,4a- and 3/?,4/?-epoxy-Z> :A-
friedo-18/?,19a//-lupanes9) (4 and 5) in various solvents 
catalyzed by boron trifluoride etherate to give a series 
of migrated lupane derivatives. Solvent effects on the 
reaction were also examined. 

3a,4a-Epoxy-Z) : ^4-friedo-1 Sß, 19a//-lupane (4), de­
rived from friedelin (friedelan-3-one)7 '9) was treated 
with boron trifluoride etherate in tetrahydrofuran at 
room temperature until the epoxide (4) was consumed. 
The reaction give a complex mixture, which was 
separated by preparative thin-layer chromatography 
(TLG), followed by column chromatography on silica 
gel impregnated with silver nitrate to afford three 
compounds A, B, and C in 11, 60, and 5 % yields, 
respectively. 

The most polar compound A was found to be D : B-
friedo-18/?,19a//-lup-5-en-3a-ol (6) and the less polar 
compound B /):5-friedo-18^,19a//-lup-5(10)-en-3a-ol 
(7) by comparison with authentic specimens.9) 

Spectral da ta [ IR 3400 and 908 cm- 1 ; 1H N M R 
Ô 3.34 ( I H , m) and 5.22 ( IH , m)] showed the least 
polar compound C, G3 0H5 0O, m p 103—109 °G, to be 
a new alcohol with a trisubstituted double bond. A 
fragment ion peak at mje 205 in the mass spectrum10) 
indicates that the double bond should be located at 
ji(io) o r j 7 0 f a T>:^4-friedolupane framework (a) , 
ji(io)5 j 5 5 o r J7 0 f a D .J5-friedolupane framework 

(b), or A5, A7, or J 9 ( n ) of a D : C-friedolupane frame­
work (c). Among them, alcohols with the D:A-
friedo-type framework, Z):/?-friedo-Zl7-type framework, 
and Z):C-friedo-Zl5-type framework are not feasible on 
the basis of their formation mechanism. 5-En-3a-ol 
with the D : /?-friedo-type framework is compound (6). 
Thus compound C should be formulated as either 
D : £-friedo-1 Sß, 19a//-lup-1(10) -en-3a-ol (8), D : C-
friedo-18^,19a//-lup-7-en-3a-ol, or -9(1 l)-en-3a-ol. 

Oxidation of compound C with the Jones reagent 
gave an unsaturated ketone (9), G3 0H4 8O, I R 1710 
cm*1. In the XH N M R spectrum, allylic methylene 
protons resonate at ô 2.75 and 3.01 (each IH, dt, 
J=21 and J =3 Hz) and an olefinic proton at ô 5.43 
( I H , m) . Furthermore, another allylic proton reso­
nates at ô 2.35 ( I H , m) . These observations suggest 

O 
H 

the existence of a partial structure -G(3)-G(2)H2-
G ( 1)H=G ( 1 0 )-C(5)H- and Z>:£-friedo- 180,19a// - lup-
l(10)-en-3-one for the unsaturated ketone (9). O n 
irradiation at ô 5.43, the signal due to the methylene 
at G (2) turned into two pairs of double doublet signals 
(each IH , J =21 and J=3 Hz) , showing that the 
coupling constant values between the G Q) -proton 
and the G(2)-methylene protons are both 3 Hz, and 
the G (2)-protons coupled with the G(5)-methine proton 
with a coupling constant, J=3 Hz. Irradiation of a 
frequency around ô 2.9 due to the G(2)-methylene 
protons resulted in the change of the signal of G Q ) -
proton to a doublet signal ( IH , J =2 Hz) . This sug­
gests that the coupling constant between the olefinic 
proton and the G(5)-allylic methine proton is 2 Hz. 
When the signal around ô 2.35 was irradiated, the 
signal at ô 5.43 due to the C(X)-proton turned to a 
triplet ( IH , / = 3 Hz) . 

Trea tment of the ß,y-unsaturated ketone (9) with 
isopropenyl acetate in the presence of />-toluenesulfonic 
acid under reflux gave a conjugated dienol acetate 
(10) [UV 273 nm (e ca. 8000); G3 2H5 0O2] . Thus, 
the structure of /):J5-friedo-18^19a//-lup-l(10)-en-3a-
ol (8) is given for compound C. 

Reaction of the a-epoxide (4) with boron trifluoride 
etherate in benzene at room temperature gave D:B-
friedo-18^,19a//-lup-5(10)-en-3a-ol (7; yield 34%) , -5-
en-3a-ol (6; trace), and an alcohol mixture D . The 
mixture showed two peaks on GLG, but could not 
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be separated by T L G nor column chromatography. 
Oxidation of the mixture with the Jones reagent gave 
the corresponding ketone mixture, which was separable 
by high performance liquid chromatography (HPLG) 
to afford three compounds, D l 5 D 2 , and D 3 in 3, 
11, and 6 % yields, respectively. 

The compound D l 5 G3 0H4 8O, is a ketone with an 
isolated double bond, the XH N M R spectrum showing 
the presence of two olefinic methyls besides six tertiary 
methyls. No signal due to olefinic proton was ob­
served. From the fact that germanicol (11) was ob­
tained as an ultimate product in friedelane-oleanane 
rearrangement in benzene,3b) the compound D x should 
be formulated as lup-19-en-3-one (12) in accordance 
with the XH N M R spectral data. The original alcohol 
in the mixture D could be formulated as lup-19-en-
3a-ol (13). 

The compound D 2 showed a molecular ion peak 
at mje 424.3708 (C3 0H4 8O) and a prominent peak 
at mje 218.2004 corresponding to a fragment ion G16-
H 2 6

+ . Since Zl12-triterpenes such as /?-amyrin (14), 
a-amyrin, and bacchar-12-en-3-one show a prominent 
peak at mje 218 due to retro-Diels-Alder fragmenta­
tion,11) compound D 2 might be 18/?,19a//-lup-12-en-
3-one (15). The proposed structure is supported by 
its X H N M R spectrum; a signal due to an olefinic 
proton observed at ô 5.21 (t, y = 4 Hz) is nearly the 
same as that (ô 5.20, t, J=4 Hz) of /?-amyrin (14). 
The original alcohol should be represented as 18/?, 
19a//-lup-12-en-3a-ol (16). 

The third compound D 3 , G3 0H4 8O, m p 167—168 
°G, was found to be a tetrasubstituted olefinic ketone 
by its XH N M R spectrum which showed the absence 

of the olefinic proton and the presence of an allylic 
proton (ô 2.98, 1H, J== 6 Hz) . The signal resonating 
at ô 2.98 seems to be central three peaks of a heptet 
signal due to an isopropyl methine proton on the 
allylic position. Thus the structure of lup-18-en-3-one 
(17) is suggested for compound D 3 . 

We prepared a mixture of lup-18-en-3/?-yl acetate 
(18) and 18f,19f//-lupan-3ß-yl acetate (19) from 
lupeol (20) according to the method of Baddeley et al.12) 
The mixture was treated with lithium aluminium 
hydride to give an alcohol mixture, which was oxidized 
with the Jones reagent. The reaction mixture was 
subjected to separation by H P L G to afford the authentic 
lup-18-en-3-one (17), which was identical with com­
pound D 3 . Thus the original alcohol is formulated 
as lup-18-en-3a-ol (21). 

The reactions of 3^,4^-epoxy-Z) :^4-friedo-180,19a//-
lupane (5), derived from friedelin,7»9) with boron tri-
fluoride etherate were investigated under the same 
conditions as in the case of the a-epoxide (4). Treat­
ment of the /^-epoxide (5) in tetrahydrofuran gave a 
mixture which was separated into three compounds, 
E, F , and G in 7, 40, and 11 % yields, respectively. 
The most polar compound E and the less polar one 
F were identified as Z):£-friedo- 18ß,l 9a//-lup-5-en-30-
ol (22) and -5(10)-en-3ß-ol (23) by direct comparison 
with authentic samples,9) respectively. 

The least polar compound G, m p 171 °G, seems to 
be a fluorohydrin (24). Its 1H N M R spectrum showed 
a multiplet signal centered at ô 3.68 (1H, W1/2=13 Hz) 
due to a proton on a carbon atom bearing a hydroxyl 
group. A doublet signal appearing at ô 1.33 (J=24 
Hz) indicates the presence of a methyl group attached 
to a fluorine-bearing carbon atom. The coupling con­
stant value, y F > H = 2 4 Hz, is the same as that (JF>H= 
24 Hz) observed for 4a-fluoroshionan-3/?-ol (25) .4b) 
The mass spectrum showed a molecular ion peak at 
mje 446 (1%) and a characteristic peak at mje 426 
(8%) due to (M—HF)+ ion together with a base peak 
at mje 123. The results together with the fact that 
a fluorohydrin is often generated by treatment of an 
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in the XH N M R spectrum. Thus compound H was 
confirmed to be 3ß, 10ß-epoxy-Z>:^-friedo- 18ft 19a//-
lupane (31). The other four compounds were found 
to be Z):^-friedo-18ftl9a//-lupan-3-one (26; yield 2 % ) , 
a fluorohydrin (24; yield 20%) , D:B-&iedo-18ß,19ocH-
lup-5-en-3ftol (22; yield 11%), and -5(10)-en-3ftol 
(23; yield 27%) by spectral data and comparison with 
authentic specimens. 

epoxide with boron trifluoride etherate,3 '4b) lead to the 
conclusion that compound G can be formulated as 
4a-fluoro-Z> : ^-friedo-18ß, 19a//-lupan-3ß-ol (24). 

The reaction of /^-epoxide (5) in benzene gave three 
products, Z):^-friedo-18ftl9a//-lupan-3-one (26: yield 
1%),9) a fluorohydrin (24; yield 13%), and D:B-
friedo-18ftl9a//-lup-5-en-3ftol (22; yield 9%) , other 
than an alcohol mixture (27—29) as main products. 
The mixture, after oxidation with the Jones reagent, 
was separated by H P L G to afford D:B-friedo-\8ß,\9ocH-
lup-5(10)-en-3-one9) (30; yield 7%), lup-19-en-3-one 
(12; yield 7%), 18ftl9a//-lup-12-en-3-one (15; yield 
31%) , and lup-18-en-3-one (17; yield 13%). 

The reaction of /^-epoxide (5) in diethyl ether was 
carried out at 0 °G for 20 min. The reaction mixture 
was separated by preparative T L G into five compounds. 
The least polar compound H (31; yield 2 2 % ) , G3 0H5 0O, 
m p 136—138 °C, snowed no characteristic absorption 
bands in its I R spectrum. A doublet signal at ô 
3.72 (1H, y = 5 . 5 Hz) , resembling a characteristic 
signal due to G(3)-proton of dendropanoxide (32)3a> 
(Ô 3.75, 1H, d, 7 = 4 . 8 Hz) and of dihydrobaccharis 
oxide (33)4b> (<3 3.73, 1H, d, J=5 Hz) , was observed 

TABLE 1. RELATIVE AMOUNT RATIOS OF PRODUCTS IN THE REACTION OF 3a,4a-EpoxiDE (4) 

WITH B F 3 - O E t 2 AT ROOM TEMPERATURE*) 

Solvent 

Hexaneb) 
CH3CNb> 
Benzene 
GH2Gl2b) 
DMEb> 
Etherb> 
THF 

Time 
min 

30 
30 
60 
30 
30 
30 
45 

5-ene 
(6) 

8 
6 

trace0) 
3 

17 
15 
15°) 

5(10)-ene 
(7) 

18 
13 
63c> 
46 
67 
76 
78c> 

l(10)-ene 
(8) 

0 
0 
0 
0 

12 
3 
7C) 

12-ene 
(16) 

40 
34 
20d> 
29 

2 
2 
0 

18-ene 
(21) 

24 
13 
lld> 
16 

trace 
1 
0 

19-ene 
(13) 

10 
34 

6d> 
6 
2 
3 
0 

a) Room temperature, 20—28 °G. b) Determined by small-scale experiments, reaction products being subjected 
to Jones oxidation. Relative yields of 1(10)-, 12-, 18-, and 19-enes estimated from the peak area of the corre­
sponding ketones on HPLG under the conditions given in General. A mixture containing D:B-friedo-\8ß,19ocH-
lup-5-en-3-one (34) and -5(10)-en-3-one (30) was separated by HPLG and examined by GLG to determine 
relative yields of 5- and 5(10)-enes. c) Determined by isolation of the product, d) Determined by conversion 
of the product into the corresponding ketone, isolated by means of preparative HPLG. 

TABLE 2. RELATIVE AMOUNT RATIOS OF PRODUCTS IN THE REACTION OF 3/?,4/?-EPOXIDE (5) 

WITH B F 3 - O E T 2 AT ROOM TEMPERATUREA) 

Solvent 

Hexanec) 
CH3CNC> 
Benzene 
GH2G120 
DMEC> 
Ethers 
THF 

Time 
min 

60 
60 
60 
60 
60 
20 
45 

(26) b) 

trace 
0 
2d) 
0 
0 
3 d ) 

0 

(25) b> 

trace 
7 
4<i) 

3 
0 

25d> 

19d> 

5-ene 
(22) 

21 
11 
13d> 

25 
26 
13d) 

12d) 

5(10)-ene 
(23) 

22 
38 
10e) 

33 
67 
33d) 

69d) 

(31) 

0 
0 
0 
0 
2 

26d) 

0 

12-ene 
(27) 

23 
27 
43e,f) 

16 
2 
0 
0 

18-ene 
(28) 

10 
9 

18e.f) 

14 
1 
0 
0 

19-ene 
(29) 

24 
8 

10e) 

9 
2 
0 
0 

a) Room temperature, 20—28 °G. b) Determined by GLG before oxidation for small-scale experiments, c) 
Determined by small-scale experiments, reaction products being subjected to Jones oxidation. Relative yields of 
1(10)-, 12-, 18-, and 19-enes estimated from the peak area of the corresponding ketones on H P L G under the 
conditions given in General . A mixture containig D :Z?-friedo-18/?,19a//-lup-5-en-3-one (34) and -5(10)-en-3-one 
(30) was separated by H P L G and examined by GLG to determine relative yields of 5- and 5(10)-enes. d) 
Determined by isolation of the product , e) Determined by conversion of the product into the corresponding 
ketone, isolated by means of preparative HPLG. f) Correct data, inverse data in preliminary report (Ref. 1). 
g) Reaction carried out at 0 °G. 
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Small-scale experiments using the 3a,4a-epoxide (4) 
or the 3/?,4/?-epoxide (5) (each ca. 10 mg) and boron 
trifluoride etherate (0.1 ml) were carried out in solvents 
(5—10 ml) such as hexane, dichloromethane, acetoni-
trile, and 1,2-dimethoxyethane (DME). The results 
together with those obtained for the reactions in other 
solvents are summarized in Tables 1 and 2. 

Since the rearrangement of 4 and 5 in a solvent 
with low nucleophilicity proceeds up to the G, D, 
or E ring,3»4) highly rearranged products with 12-ene, 
18-ene, and 19-ene structures were obtained in the 
reaction in hexane, acetonitrile, benzene, and dichloro­
methane. On the other hand, the rearrangement in 
a solvent with high nucleophilicity, such as diethyl 
ether or tetrahydrofuran, was interrupted in an early 
stage to afford D :^4-friedolupane derivatives or D:B-
friedolup-5-ene and -5(10)-ene derivatives. Neither 
D : C-friedolup-7-ene nor -8-ene derivative was de­
tected in any solvent. These migratory aptitudes have 
a strong resemblance to those observed for 3ß,4ß-
epoxyfriedelane (l)3b) of a D : ^4-friedooleanane-type 
rather than those for 3a,4a- and 3/?,4/?-epoxyshionanes 
(2 and 3)4b) of a D :^4-friedobaccharane-type. The dif­
ference may be due to the existence of the E ring; 
the fact that the rearrangements of 1, 4, and 5 do not 
stop at the stages giving the D : C-friedo-type deriva­
tives, but proceed up to the D and E rings, may be 
explained by release of the intracyclic tension due to 
the às-fused D/E ring and partly due to 1,3-diaxial 
methyl groups. 

A series of migrated lupanes were thus derived from 
friedelin. Since the total synthesis of friedelin has 
been accomplished,13) the present work constitutes 
formally the total synthesis of these migrated lupanes. 

Experimental 

General Procedure. Melting points were measured on 
a Mel-temp capillary melting point apparatus (Laboratory 
Devices) and are uncorrected. IR spectra were measured 
in Nujol mull with a Hitachi EPI-G2 spectrometer or a 
Hitachi 260-30 spectrometer, UV spectra with a Hitachi 
340 spectrophotometer, mass spectra with a Hitachi RMU-
6-Tokugata mass spectrometer at 70 eV with a direct inlet 
system, high resolution mass spectra with a JMS-D300 (JEOL) 
mass spectrometer, the relative intensity being given in 
parentheses, and XH NMR spectra with a Hitachi R-20B 
(60 MHz) spectrometer, a Varian EM-390 (90 MHz) spec­
trometer or a JNM-FX-60 FT-NMR (60 MHz) spectrometer 
(JEOL). Chemical shifts are expressed in ô downfield from 
TMS as an internal standard and coupling constants in 
Hz. GLG analysis was carried out on a Shimadzu Gas 
Chromatograph GC-6A equipped with a hydrogen flame 
ionization detector (column: Dexsil 300GC, temperature 
270—290 °C). Analytical and preparative HPLC were car­
ried out on a Waters Liquid Chromatograph ALC/GPS 
202/401 at room temperature with an RI detector (column: 
jjL-Porasil 1/4 (inch) X 1 (foot); solvent system: 1.5% diethyl 
ether-hexane ; flow rate : 3 ml/min ; pressure : 700 psi). TLC 
was carried out on Kieselgel 60 GF254 (E. Merck) coated 
in 0.25 mm thickness (for analytical) and in 0.5 mm thickness 
(for preparative). Wakogel C-200 (Wako) was used for 
silica gel column chromatography. 

Boron Trifluoride Etherate-catalyzed Backbone Rearrangement of 
3oc,4oc-Epoxy-D:A-friedo-18ß,19ocH-lupane (4) in Tetrahydro­

furan. A solution of a-epoxide9) (4; 84.0 mg) in tetra­
hydrofuran (20 ml) was treated with freshly distilled boron 
trifluoride etherate (0.5 ml) at room temperature for 45 
min. A saturated aqueous sodium hydrogencarbonate solu­
tion (5 ml) was added, stirring being continued for 30 min. 
The usual work-up gave a mixture, which was separated 
by preparative TLC (developed with benzene-diethyl ether, 
19:1) to afford Z):Jß-friedo-18^,19a//-lup-5(10)-en-3a-ol9) (7; 
50.0 mg) and crude l(10)-en-3a-ol (8) and 5-en-3a-ol9> (6). 
The crude alcohol (8) was further purified by column chro­
matography on silica gel impregnated with 25% silver ni­
trate. Elution with benzene gave pure 8 (4.3 mg). The 
crude alcohol (6) was subjected to further separation by 
preparative TLC (developed with benzene-diethyl ether, 
19:1) to give pure 6 (9.6 mg). 8: mp 103—109 °C (crystal­
lized from methanol); IR 3400 and 908cm-1; XH NMR 
(CDC13) Ô 0.63, 0.82, 1.01, 1.10 (each 3H, s), 0.89 (6H, 
d, 7 = 6 Hz; (CH3)2CH-), 0.96 (6H, s), 3.34 (1H, m, Wl/2= 
7 Hz), and 5.22 (1H, m, Wl/2=8Hz); MS m\e (%) 426 
(M+; 41), 408 (100), and 205 (40); Found: m/e 426.3847. 
Calcd for C30H50O: M, 426.3860. 

D : B-Friedo-18ß, 19ocR-lup-1(10) -en-3-one (9). The 
Jones reagent (one drop) was added to a solution of 8 (7.0 
mg) in acetone (5 ml) at 0 °C, and the reaction mixture 
was stirred at 0 °C for 20 min. The usual work-up gave 
a residue (6.9 mg), which was purified by preparative TLC 
(developed with benzene) to afford D :Z?-friedo-18)5,19a//-
lup-l(10)-en-3-one (9; 4.1 mg), mp 215—218 °C (crystallized 
from acetone); IR 1710 cm"1; XH NMR (CDC13) ô 0.8— 
0.95 (9H, 3xCH3), 0.96, 0.99, 1.01, 1.08, 1.15 (each 3H, 
s), 2.35 (1H, m), 2.75 (1H, dt, / = 2 1 and 7 = 3 Hz), 3.01 
(1H, dt, 7=21 and 7 = 3 Hz), and 5.43 (1H, m, Wl/t= 
9 Hz); MS m/e (%) 424 (M+; 55), 205 (100), and 123 (86); 
Found: m/e 424.3710. Calcd for C30H48O: M, 424.3705. 

3-Acetoxy-D : B-friedo-18ß,19ocH-lupa-1 (10) ,2-diene (10). 
A mixture of 9 (0.7 mg), isopropenyl acetate (2 ml), and 
/>-toluenesulfonic acid (catalytic amount) was refluxed for 
10 h. The usual work-up gave a residue, which was purified 
by preparative TLC (developed with benzene) to give 
3-acetoxy-Z): £-friedo-18^,19a/Mupa-l (10),2-diene (10; 0.1 
mg), UVmax (dioxane) 273 nm (e ca. 8000); MS m/e (%) 
466 (M+; 4) and 123 (100); Found: m/e 466.3822. Calcd 
for C32H50O2: M, 466.3811. 

Boron Trifluoride Ether ate-cataly zed Backbone Rearrangement of 
3oc,4oc-Epoxy-T):A-friedo-78ß,79ocH.-lupane (4) in Benzene. 
A solution of a-epoxide (4; 30.1 mg) in benzene (15 ml) 
was treated with boron trifluoride etherate (0.3 ml) at room 
temperature for 1 h. A saturated aqueous sodium hydro­
gencarbonate solution ( 10 ml) was added, stirring being 
continued for 20 min. The usual work-up gave a mixture, 
which was subjected to separation by preparative TLC 
(developed with benzene-diethyl ether, 9:1) to afford D :B-
friedo-18^,19a//-lup-5(10)-en-3a-ol (7; 10.1 mg), -5-en-3a-ol 
(6; trace), and a mixture (9.7 mg) of alcohols. This mix­
ture, dissolved in acetone (5 ml), was oxidized with the 
Jones reagent (one drop) at 0 °C, and the solution was stirred 
at 0 °C for 1 h. After the usual work-up, the reaction mix­
ture was purified by preparative TLC (developed with 
benzene) to give a mixture (7.7 mg) of 3-oxo compounds. 
The mixture was separated by preparative HPLC into lup-
19-en-3-one (12; 1.0 mg), 18&19a//-lup-12-en-3-one (15; 3.2 
mg), and lup-18-en-3-one (17; 1.8 mg). 12: mp 174—177 
°C (crystallized from acetone); IR 1712 cm-1; *H NMR 
(GDGI3) ô 0.77, 0.91, 0.95, 1.06 (each 3H, s), 1.01 (6H, 
s; 2xCH3), 1.53 and 1.55 (each 3H, s; >C=C(CH3)2); MS 
m/e (%) 424 (M+; 65) and 257 (100); Found: m/e 424.3711. 
Calcd for C30H48O: M, 424.3705. HPLC /?t=28.8min. 
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15: m p 152.5—153 °G (crystallized from acetone); I R 1710 
c m - 1 ; * H N M R (GDG13) Ô 0.77, 0.87 (each 3H, d, J= 
6 Hz) , 0.94, 1.01 (each 3H, s), 1.07, 1.13 (each 6 H , s; 2 x 
GH 3 ) , and 5.21 (1H, t, J = 4 H z ) ; M S m/e (%) 424 (M+; 
100) and 218 (88); Found : m/e 424.3708. Galcd for 
G 3 0 H 4 8 O: M , 424.3705. H P L G Rt = 3l.3 min. 17: m p 
167—168 °G (crystallized from acetone); I R 1710 c m - 1 ; 
*H N M R (GDG13) Ô 0.82—1.05 (21H; 7 x G H 3 ) , and 1.07 
(3H, s ) ; M S m/e (%) 424 (M+; 100); Found : m/e 424.3691. 
Galcd for G 3 0 H 4 8 O: M , 424.3705. H P L G i? t = 32.2 min. 

Preparation of Lup-18-en-3-one (17). A mixture12) (32.4 
mg) of lup-18-en-3ß-yl acetate (18) and 18f, 19f/ /- lupan-
3/?-yl acetate (19) was dissolved in tetrahydrofuran (20 ml) , 
and treated with li thium aluminium hydride (51 mg) under 
reflux for 2 h. T h e usual work-up gave a mixture (34.0 
mg) of lup-18-en-3£-ol and 18f,19f/Mupan-3£-ol . A por­
tion (17 mg) of this mixture was dissolved in acetone, a 
drop of the Jones reagent being added at 0 °G. After the 
reaction mixture had been stirred for 50 min, the usual 
t reatment gave a residue, which was subjected to separation 
by preparat ive H P L G to afford lup-18-en-3-one (17; 8.9 
m g ) -

Boron Trifluoride Etherate-catalyzed Backbone Rearrangement of 
3ß,4ß-Epoxy-D:A-friedo-18ß,79ocii-lupane (5) in Tetrahydrofuran. 
A solution of /^-epoxide9) (5 ; 31.2 mg) in tetrahydrofuran 
(15 ml) was treated with freshly distilled boron trifluoride 
etherate (0.3 ml) at room temperature for 45 min. The 
same work-up as in the case of a-epoxide (4) gave a mixture, 
which was separated by preparat ive T L G (developed with 
benzene-diethyl ether, 9:1) to give D :£-friedo-18)5,19a//-
lup-5(10)-en-3/?-ol9> (23; 12.4 mg) and a mixture (7.3 mg) 
of 5-en-3ß-ol9> (22) and 4a-fluorohydrin (24). T h e mixture 
was subjected to separation by column chromatography 
on silica gel impregnated with 2 5 % silver ni trate. Elution 
with benzene gave 24 (3.3 mg) and 22 (2.2 mg) . 24 : m p 
171 °G (crystallized from methanol ) ; I R 3 4 7 0 c m - 1 ; XH 
N M R (GDG13) ô 0.84—0.93 (15H; 5 x G H 3 ) , 1.07, 1.25 
(each 3H, s), 1.33 (3H, d, 7 = 2 4 Hz) , and 3.68 (1H, m, 
P y i / 2 = 1 3 H z ) ; M S m/e (%) 446 (M+; 1), 426 (8), and 123 
(100); F o u n d : m/e 446.3935. Galcd for G 3 0 H 5 1 OF: M , 
446.3924. 

Boron Trifluoride Etherate-catalyzed Backbone Rearrangement of 
3ß,4ß-Epoxy-D:A-friedo-18ß,19ocH.-lupane (5) in Benzene. 
A solution of /^-epoxide (5 ; 47.0 mg) in benzene (25 ml) 
was treated with boron trifluoride etherate (0.3 ml) at room 
temperature for 1 h. T h e same work-up gave a mixture, 
which was subjected to separation by preparat ive T L G 
(developed with benzene) to afford Z).^4-friedo-18)5,19a//-
lupan-3-one9) (26; 0.5 mg) , 4a-fluoro-Z).^-friedo-18)5,19<xH-
lupan-3£-ol (24; 1.5 mg) , D:B-friedo-18)5,19a//-lup-5-en-3£-
ol (22; 4.4 mg) , and a mixture (37.2 mg) of alcohols (27— 
29). This mixture was dissolved in acetone (10 ml) , the 
Jones reagent (3 drops) being added at 0 °G. T h e solution 
was stirred at 0 °G for 15 min. After the usual t reatment , 
the residue was purified by preparat ive T L G (developed 
with benzene) to afford a mixture (31.9 mg) of 3-oxo com­
pounds, which was separated by preparat ive H P L G into 
Z):5-friedo-18)5,I9a//-lup-5(10)-en-3-one9) (30; 3.4 mg) , lup-
19-en-3-one (12; 3.5 mg) , 18£19a//-lup-12-en-3-one (15; 14.5 
mg) , and lup-18-en-3-one (17; 6.2 mg) . 

Boron Trifluoride Etherate-catalyzed Backbone Rearrangement of 
3ß,4ß-Epoxy-T>:A-friedo-18ß,l9aH-lupane (5) in Diethyl Ether. 
A solution of /^-epoxide (5 ; 41.8 mg) in diethyl ether (20 
ml) was treated with boron trifluoride etherate (0.4 ml) 
for 20 min at 0 °G. A saturated aqueous sodium hydro-
gencarbonate solution (10 ml) was added, stirring being 
continued for 20 min. T h e usual work-up gave a mixture, 

which was separated by preparative T L G (developed with 
benzene) to afford S^lO^-epoxy- .D^-f r iedo- lS^^a/Z- lupane 
(31 ; 9.0 mg) , Z):^-friedo-18)5,19ai/-lupan-3-one (26; 1.0 mg) , 
4a-fluoro-/):^-friedo-18^,19ai/-lupan-3^-ol (24; 8.7 mg), 
Z):5-friedo-18)5,19a//-lup-5-en-3)5-ol (22; 4.6 mg) , and -5(10)-
en-3£-ol (23; 11 .4mg) . 3 1 : m p 136—138 °G (crystallized 
from acetone); XH N M R (GDG13) ô 0.84—1.03 (18H; 6 x 
GH 3 ) , 1.67 (6H, s; 2 x G H 3 ) , and 3.72 (1H, d, 7 = 5 . 5 H z ) ; 
M S m/e (%) 426 (M+; 79) and 411 (100); Found: m/e 
426.3861. Galcd for G 3 0 H 5 0 O: M , 426.3860. 

Solvent Effects on the Backbone Rearrangement of 3a,4oc-Epoxy-
'D:A-friedo-18ß,19ocH-lupane (4). Five portions of a-
epoxide (4; each ca. 10 mg) were dissolved in hexane (5 
ml) , dichloromethane (5 ml) , acetonitrile (10 ml), diethyl 
ether (5 ml) , and 1,2-dimethoxyethane (5 ml) , respectively, 
each solution being treated with boron trifluoride etherate 
(0 .1ml) at room temperature for 30 min. A residue, ob­
tained after the usual work-up, was dissolved in acetone 
(5 ml) and treated with the Jones reagent (0.1 ml) at 0 °G 
for 1 h. After purification by preparat ive T L G (developed 
with benzene), a mixture of the 3-oxo compounds was ex­
amined by H P L G . Since Z>:£-friedo-18)5,19a//-lup-5-en-3-
one9) (34) and -5(10)-en-3-one (30) showed the same reten­
tion time ( /? t =27.3 min) under these conditions, a fraction 
with /? t = 27.3 min was separated by HPLG, the relative 
amounts of two compounds, 34 ( /? t =14.3 min) and 30 (Rt = 
12.3 min) being examined by GLG. 

Solvent Effects on the Backbone Rearrangement of 3ß,4ß-Epoxy-
T>:A-friedo-18ß,19ocH-lupane (5). Four portions of ß-
epoxide (5 ; each ca. 10 mg) were dissolved in hexane (5 
ml) , dichloromethane (5 ml) , acetonitrile (10 ml) , and 1,2-
dimethoxyethane (5 ml) , respectively, each solution being 
treated with boron trifluoride etherate (0.1 ml) at room 
temperature for 1 h . A par t of the residue, obtained by 
the usual t reatment , was examined by GLG to determine 
the relative amount ratios of 4a-fluoro-Z):^-friedo-18)5,19aZZ-
lupan-3)5-ol (24 ; Rt = 19.9 min) , 3)5,10ß-epoxy-D : £-friedo-
18)5,19aZMupane (31 ; Rt = 9.6 min) , and D: A-friedo-\8ß, 
19a//-lupan-3-one (26; Rt= 16.5 min) . T h e remaining par t 
of the residue was oxidized with the Jones reagent (0.1 ml) 
in acetone (5 ml) at 0 °G for 1 h, the oxidized product being 
purified by preparat ive T L G (developed with benzene). 
Relative amount ratios of the 3-oxo compounds were esti­
mated in the same way as in the case of a-epoxide (4). 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n t - i n - A i d for Scient if ic R e s e a r c h N o . 343008 f rom 
t h e M i n i s t r y of E d u c a t i o n , Sc ience a n d C u l t u r e . 
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The Reaction of Diazo Ketones in the Presence of Metal Chelates. VIII. 
The Stereochemistry of the 1,3-Dipolar Cycloaddition of 1-Methoxy-

2-benzopyrylium-4-olates to Ethylenic Dipolarophiles 
Toshikazu IBATA,* Kimiko JITSUHIRO, and Yoshie TSUBOKURA 

Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560 
(Received May 31, 1980) 

1,3-Dipolar cycloadducts were obtained in the reactions of l-methoxy-2-benzopyrylium-4-olate (3a) with 
ethylenic dipolarophiles, such as dimethyl fumarate, dimethyl maleate, maleic anhydride, frmy-l,2-dibenzoyl-
ethylene, iV-substituted maleimides, and acenaphthylene. The configuration of the adducts was determined 
on the basis of the NMR coupling pattern of the methine protons of the adducts in connection with a deuterium 
experiment. The previously reported structure of the adduct of 3a with dimethyl fumarate was corrected ac­
cording to the experimental results obtained using 3-deuterated 3a. The stereospecificity of the cycloaddition 
was confirmed in the reactions of dimethyl fumarate, dimethyl maleate, and /raw,y-l,2-dibenzoylethylene; this 
stereospecificity was explained by the concerted (,28+»4s) mechanism. The exolendo ratios of the adducts of 
iV-substituted maleimides may be explained by the combination of the steric repulsion and n-n interaction of the 
phenyl ring of 3 and the substituent on the JV-atom of maleimides. The cycloadditions of 1 -methoxy-3-methyl-
2-benzopyrylium-4-olate with iV-substituted maleimides were also explained in a similar manner. 

T h e 1,3-dipolar cycloaddition of pyridinium-3-olate 
has recently been studied extensively by Katritzky 
and his co-workers.1) However, only a few papers 
are to be found on the reaction of pyrylium-3-olates,2) 
which is isoelectronic with pyridinium-3-olate. In the 
previous papers of this series, we reported the transient 
formation of l-methoxy-2-benzopyrylium-4-olate (3a: 
R = H ) in the copper chela te-catalyzed decomposition 
of o-methoxycarbonyl-a-diazoacetophenone ( l a : R = 
H) via an intramolecular carbene-carbonyl reaction.3) 
The 2-benzopyrylium-4-olate was found to react as 
a 1,3-dipole of a type of carbonyl ylide with electron-
deficient olefins3) and acetylenes.4) In this paper, the 
stereochemistry of the cycloaddition of 3 will be dis­
cussed in detail, using various eis- and trans-ethylenic 
dipolarophiles, in order to investigate the mechanism 
of this reaction. 

0CH3 OCH3 OCH3 

^ V c = N 2 -N2 ^N>-C: ^ N ^ 
11 1 L 11 1 1 p 

OR O R 0 n 

( 1 ) ( 2 ) ( 3 ) 

a R = H J 
b R = D 
c R - CH3 OCH3 

cà 
" R 
0 " 

(3') 

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

The Cu(acac)2 catalyzed decomposition of o-meth-
oxycarbonyl-a-diazoacetophenone ( l a : R = H ) in the 
presence of dimethyl fumarate was reported to give 
a cycloadduct (4a), which was assigned erroneously 
to 4,7 - epoxy - 7 - methoxy - 5 - endo -6-exo- bis (methoxy-
carbonyl) - 1,2 - benzocyclohepten - 3 - one (4c) .3) The 

N M R spectrum of the adduct (4a) showed signals 
of three methine protons, at ô 3.50 (dd), 4.00 (d), 
and 5.00 (d), besides the three singlets of O C H 3 and 
a multiplet of aromatic protons (Table 3). The dou­
ble-doublet signal at ô 3.50 was readily assigned to 
H b by reason of its splitting pattern, attributable to 
the coupling with the adjacent methine protons, H a 
and He, on its sides. However, for the assignment 
of the two doublet at ô 4.00 and 5.00, the above data 
are not sufficient. In order to assign these signals,4) 
o-methoxycarbonyl-a-diazoacetophenone-a-^ ( l b : R = 
D) was treated similarly in the presence of dimethyl 
fumarate; a deuterated cycloadduct (4b) was thus 
obtained. The similarity of the structures, 4a and 
4b, is indicated by the fact that the mixed-melting-
point test with 4a and 4 b does not show any depression 
(110—111 °G). T h e I R spectrum of 4b exhibits a 
similar pattern almost identical with that of 4a. In 
the N M R spectrum of 4 b only two methine protons 
were observed, ô 4.03 and 3.50, as doublet signals 
which were coupled each other with y = 6 . 0 Hz. This 
means that the substitution causes the disappearance 
of the doublet of 4a at ô 5.00 and that the double-
doublet of 4a at ô 3.50 is decoupled to form a doublet. 
Therefore, the signals at 4.00 (d) and 5.00 (d) of 4a 
were assigned to H a and H e respectively. 

T h e steric relationship between H b and He is deter­
mined to be trans on the basis of the small value 
of the coupling constsnt, / b c = 1 . 7 H z , 6 ) which indi­
cates an endo configuration of H b . Although the 
coupling constant, / a b ( = 6 . 0 H z ) , has a medium value 
of eis and trans coupling constants, the steric relation­
ship between H a and H b is established as trans in 
comparison with the value of J&h ( = 9 . 6 Hz) of the 
adduct (4d) of dimethyl maleate, which has a eis 
configuration of H a and H b , as is shown below. The 
geometry of H b and He of 4d is confirmed to be trans 
( y b c = 2 . 6 H z ) ; hence, the configuration of H b is con­
cluded to be endo. 

O n a large-scale experiment on l a with dimethyl 
fumarate, the major adduct (4a) was obtained in 
a 7 0 % yield, along with a minor product, colorless 
crystals (mp 115—117 °C, 4 % yield). The minor 
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Ha 

COOCH3 

(4a) 

COOCH3 
Hb 3 

C^OCHs 

Ha 

COOCH3 

HCOOCH3 

(Ab) 

product was characterized as the adduct (4c) on the 
basis of its I R and N M R spectra. The similarity of 
the I R spectra of 4a and 4c, expect for a few differences 
in the finger-print region, indicates that these adducts 
are structural isomers different in configuration in the 
two methoxycarbonyl groups. In 4c, the geometry 
between H a and H b was deduced to be trans (y a b = 5.4 
Hz) , and that of H b and He, to be eis ( / b c = 9 . 0 H z ) . 
Therefore, the configurations of H b and H a are exo 
and endo respectively. The fact that the trans coupling 
constants, J&b (6.0 and 5.4 Hz) , of 4a and 4c are larger 
than the trans coupling constants, Jha (1.7 and 2.6 Hz) , 

of 4a and 4d is supported by the inspection of the 
dihedral angle of a Dreiding Model of the adducts 
{trans-Hzi-C-C-Hb, 140°; trans-Hb-C-C-Hc, 90°).7> 

When the reaction was carried out in the presence 
of dimethyl maleate, a 1,3-dipolar cycloadduct (4d) 
was obtained in a 5 1 % yield (mp 145—147 °G) ; this 
cycloadduct showed different spectral properties and 
melting point from the adducts, 4a and 4c, described 
above (Tables 1 and 3). The structure of 4d was 
confirmed by a comparison of its I R and N M R spectra 
with those of an authentic sample synthesized by the 
esterification of the corresponding dicarboxylic acid, 
which has been obtained by the hydrolysis of the 
cycloadduct of 2-benzopyrylium-4-olate (3a) with ma-
leic anhydride. 

T h e relation with frww-l,2-dibenzoylethylene gave 
two adducts (5a and 5c). The major adduct (5a) 
showed two doublets, at ô 5.32 and 5.03, and a double-
doublet at ô 4.68 (Table 3). These signals were as­
signed to Ha , He, and H b respectively by comparison 
with the deuterated adduct (5b) in a manner similar 
to that cited above. T h e relationships between the 
neighboring methine protons, H a - H b and Hb-Hc, are 
determined to be trans on the basis of the coupling 
constants C/ab = 5.6, y b c = 1 . 8 H z ) . The smaller coupl­
ing constant J&b ( = 5.5 Hz) and larger Jhc ( = 8.8 Hz) 
of the minor adduct (5c) show trans H a - H b and eis 

TABLE 1. YIELDS, MELTING POINTS, AND ANALYTICAL DATA OF CYCLOADDUCTS OF 3a 

Dipolarophile 

Dimethyl fumarate 

Dimethyl maleate 
1,2-Dibenzoylethylene 

Maleic anhydride 
iV-Phenylmaleimide 

JV-Ethylmaleimide 

iV-Methylmaleimide 

Acenaphthylene 

Adduct 

(t 
4ba> 

4db> 

• ( 5 a 

I 5c 
5ba> 
7 

/ 9 a 
110a 
/ 9 b 
Viob 
/ 9 c 
VlOc 
13e> 

14 

Yield 

% 

70 
4 

60 
51 
83 

6 
70 
48«) 
58 
29 
70 
25 
61 
33 
9 

13 

Mp/°G 

111—112 
115—117 
110—111 
145—147 
151—152 
236—239 
151—153 
215—216 
238—239 
206—207 
195—197 
d ) 
293—295 
208—210 
210—212 
178—179 

Found {% 

G 

59.89 
59.89 
59.66 
60.27 
75.89 
76.15 
76.28 
57.64 
68.84 
68.50 
64.01 

62.55 
62.44 
80.20 
80.54 

H 

5.07 
5.19 
4.81 
5.11 
4.67 
4.26 
4.25 
4.06 
4.27 
4.28 
5.10 

4.64 
4.52 
4.61 
4.93 

i) 

N 

z 
— 
— 

— 
— 

4.18 
4.00 
4.77 

4.90 
4.93 
— 
— 

Galcd (%) 

G 

60.00 

76.09 

57.54 
68.76 

63.78 

62.71 

80.47 

H 

5.04 

4.42 

4.14 
4.33 

5.02 

4.56 

4.91 

1 

N 

— 

— 

— 
4.01 

4.65 

4.88 

— 

Molecular 
formula 

Gi4H1607 

C"26£T1805 

G 1 4 H 1 2 0 7 

G 2 0H 1 5O 5N 

C 1 6 H 1 5 0 5 N 

G 1 5 H 1 3 0 5 N 

^- ,22^16^-'3 

a) An a-deuterated diazo ketone (lb) was used, b) Isochromandione (8) was obtained as a by-product (18%). 
c) As a by-product, 8 was obtained in a 14% yield, d) An attempt to purify the endo adduct (10b) was not 
successful, e) As a by-product, 8 was obtained in a 14% yield. 

TABLE 2. YIELDS, MELTING POINTS, AND ANALYTICAL DATA OF CYCLOADDUCTS OF 3C 

Dipolarophile 

JV-Phenylmaleimide 

JV-Ethylmaleimide 

JV-Methylmaleimide 

Adduct 

/11a 
\12a 
/ l i b 
\12b 
/ l i e 
V12c 

Yield 

57 
39 
66 
28 
54 
41 

Mp/°G 

215—217 
204—206 
184—186 
162—163 
229—230 
191—192 

Found (%) 

G H N 

69.14 
69.43 
64.62 
64.78 
63.56 
64.03 

4.74 
4.71 
5.46 
5.50 
5.07 
5.13 

3.66 
3.72 
4.22 
4.35 
4.44 
4.44 

Galcd (%; 

G 

69.41 

64.75 

63.78 

H 

4.73 

5.43 

5.02 

1 

3.86 

4.44 

4.65 

Molecular 
formula 

C21H1705N 

G17H1705N 

G16H1505N 
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T A B L E 3. SPECTRAL PROPERTIES OF CYCLOADDUCTS OF 3 WITH ETHYLENIC DIPOLAROPHILES 

Adduct 
N M R (ô, GDGlg) 

H a H b H e 7a J h < OGHg OGHg OCHg Othersa> 

I R (cm-1 , KBr) 

4a 

4b 

4c 

4d 

5a 

5b 

5c 

7b) 

9a 

9 b 

9c 

10a 

10b 

10c 

11a 

l i b 

l i e 

12a 

12b 

12c 

13 

14 

4 .00 
( d ) 
4 .03 
( d ) 
3 .43 
( d ) 
3 .57 
( d ) 
5 .32 
( d ) 
5 .34 
( d ) 
4 . 8 0 
( d ) 
3 .80 
( d ) 

3 .50 
(dd) 

3 .50 
( d ) 
4 .11 
(dd) 
3 .15 
(dd) 

4 . 6 8 
(dd) 

4 . 7 0 
( d ) 
5 .63 
(dd) 
3 .67 
(dd) 

3 .43 
( s ) 
3 .30 
( s ) 
3 .40 
( s ) 

3 .93 
( d ) 
3 .82 
( d ) 
3 .73 
( d ) 
3 .20 
( d ) 
3 .07 
( d ) 

3 .12 
( d ) 
3 .75 
( d ) 
3 .58 
( d ) 

3 .62 
( d ) 

4 . 3 0 
( t ) 
4 .22 
( t ) 
4 .17 
( t ) 
3 .52 
( d ) 
3 .38 
( d ) 

3 .43 
( d ) 
4 . 0 5 
( d ) 
3 .88 
( d ) 

3 .92 
( d ) 

4 . 2 
( s ) 

5 .00 
( d ) 

5.12 
( d ) 
5 .46 
( d ) 
5 .03 
( d ) 

5 .29 
( d ) 
5 .98 
( d ) 

5.22 
( s ) 

5.12 
( s ) 
5 .10 
( s ) 
5 .20 
( d ) 
5 .10 
( d ) 
5 .14 
( d ) 

4 . 9 0 
( s ) 

6 .0 
trans 

6 .0 
trans 

5 .4 
trans 

9 . 6 
eis 

5 .6 
trans 

5 .6 
trans 

5 .5 
trans 

9 .2 
eis 

4.3—5.2 

9 . 0 
eis 

9 .0 
eis 

9 . 0 
eis 

8 .0 
eis 

8 .0 
eis 

8 .0 
eis 

10.0 
eis 

10.0 
eis 

10.0 
eis 

c) 

1.7 
trans 

9 . 0 
eis 
2 . 6 
trans 

1.8 
trans 

8 .8 
eis 

2 . 3 
trans 

0 
trans 

0 
trans 

0 
trans 

9 . 0 
eis 

9 . 0 
eis 

9 .0 
eis 

0 
trans 

3.45 

3.45 

c) 

3 A4 

3.66 

3 .64 

3 .33 

3 .44 

3 .53 

3 .50 

3 .50 

3 .57 

3 .53 

3 .53 

3 .53 

3.51 

3.53 

3.58 

3.53 

3.55 

3.25 

3.53 

3.58 

3.60 

3.80 

3.82 

3.44 3.60 3.80 

3.74 3.80 

1.21 (t, GHg) 
3.63 (q, GH 2) 

3.08 (s, GH 3) 

0.27 (t, GH 3) 
3.07 (q, GH 2) 

2.37 (s, GH 3) 

1.73 (s, GHg) 

1.67 (s, GH 3) 
1.23 (t, GH 3) 
3.65 (q, GH 2) 

1.70 (s, GH 3) 
3.08 (s, GHg) 

1.87 (s, GH 3) 

1.80 (s, GHg) 
0.30 (t, GH 3) 
3.07 (q, G H 2) 

1.83 (s, GHg) 
2.37 (s, GHg) 

1710, 

1710, 

1708, 

1717, 

1685, 

1685, 

1675, 

1710, 

1720 

1710 

1708 

1720 

1705 

1715 

1710 

1702 

1705 

1720 

1702 

1708 

1734 

1735 

1737 

1753 

1700 

1700 

1705 

1740 

1703 

1708 

a) Signals of aromatic protons were omitted, b) T h e N M R spectrum was measured in a GDGl3-pyridine solution. 
c) T h e coupling constant was not determined. 

H b - H c r e l a t i onsh ips , w h i c h i n d i c a t e endo-Ha. a n d exo-
H b conf igu ra t ions . 

R e a c t i o n w i t h m a l e i c a n h y d r i d e g a v e on ly o n e a d ­
d u c t in a 4 8 % yie ld , a l o n g w i t h i s o c h r o m a n - 1 , 4 - d i o n e 
(8, 1 4 % ) . T h e I R s p e c t r u m a n d t h e resul ts of ele­
m e n t a l ana lys i s e x h i b i t t h a t t h e a d d u c t h a s a s t r u c t u r e 
(7) w i t h t w o c a r b o x y l g r o u p s w h i c h w e r e d e r i v e d 
f rom t h e hydro lys i s of t h e p r i m a r y a d d u c t (6) d u r i n g 
t h e s i l i ca -ge l -co lumn c h r o m a t o g r a p h y . T h e N M R 
s p e c t r u m of 7 shows d o u b l e t s a t ô 3 .80 a n d 5.98 a n d a 
d o u b l e - d o u b l e t a t ô 3 .67. T h e c o u p l i n g c o n s t a n t s 

i n d i c a t e t h a t t h e c a r b o x y l g r o u p s h a v e t h e exo con­
figuration. T h e es ter i f ica t ion of t h e a d d u c t (7) w i t h 
d i a z o m e t h a n e g a v e a d ies te r w h i c h ha s t h e s a m e s t ruc­
t u r e as t h e a d d u c t ( 4d ) o b t a i n e d b y t h e r e a c t i o n 
w i t h d i m e t h y l m a l e a t e a n d t h e 2 - b e n z o p y r y l i u m - 4 -
o l a t e ( 3 a ) . I n th is case , t h e a b s e n c e of a n a d d u c t 
w i t h endo c a r b o x y l g r o u p s m a y b e a t t r i b u t e d to t h e 
s ter ic r e p l u s i o n b e t w e e n t h e a n h y d r i d e g r o u p of t h e 
d i p o l a r o p h i l e a n d t h e c a r b o n y l g r o u p of 3 a . T h e 
l o w d i p o l a r o p h i l i c i t y of m a l e i c a n h y d r i d e caused t h e 
b y - p r o d u c t f o r m a t i o n of l a c t o n e (8) b y t h e a t t a c k 
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(5 a> (5b) 

0 
( 8 ) 

on 2-benzopyrylium-4-olate (3a) of water contained 
in a benzene solution as an impurity. 

7V-Phenylmaleimide gave two adducts in yields of 
58 and 2 9 % . The major adduct (9a) was estab­
lished to be the exo isomer on the basis of its N M R 
spectrum, which showed singlet signals of methine 
protons at ô 3 A3 and 5.22. From the lack of coupling 
between H b and He, the configuration of H b was 
confirmed to be endo. In other words, the exo con­
figuration of the adduct (9a) was established.8) There­
fore, a singlet at ô 3 A3 was assigned to both H a and 
H b , which happened to be equivalent to each other, 
while a singlet at ô 5.22 was assigned to He. The 
minor adduct (10a) shows methine-proton signals at 
ô 3.93 (d), 4.30 (t), and 5.20 (d), which were assigned 
to Ha , H b , and He respectively. The coupling pattern, 
especially the doublet signal ( y = 9 . 0 Hz) of He, indi­
cates the endo structure of the adduct (10a).8) The 
triplet signal of H b may be attr ibuted to the same 
value of the coupling constants, J&h and Jhc ( = 9 . 0 
Hz) . The endo structure (10a) of the minor product 
was also supported by the abnormal high-field shifts 
(6.27—6.47 ppm) of two ortho-protons of iV-phenyl 
group, which were caused by the shielding effect of 
the condensed benzene ring. A Dreiding-Model in­
spection of the endo adduct indicates the benzene ring 
and iV-phenyl group close to one another. 

iV-Ethyl- and A^-methylmaleimides also gave exo (9b, 
7 0 % ; 9c, 61%) and endo adducts (10b, 2 5 % ; 10c, 
33%) respectively. A similar pattern of methine sig­
nals was observed in the N M R spectrum of the ad­
ducts. The high-field shifts of the iV-ethyl (Ô 0.27, 
CH 3 ; 3.07, CH2) and iV-methyl signals (Ô 2.37) of 
10b and 10c are explained by the shielding effect of 
the benzene ring, located close to the iV-alkyl groups. 

Similar results were observed in the reaction of N-
substituted maleimides with 1-methoxy-3-methyl-2-ben-
zopyrylium-4-olate (3c, R = C H 3 ) , which was gener­
ated by the Cu(acac)2-catalyzed decomposition of 2-
methoxycarbonyl-a-diazopropiophenone ( l c ) , yielding 
exo (11) and endo (12) adducts (Table 2). The endo 

adducts show the shielding effect by the benzene ring 
on the P M R shift of the N-methyl, N-ethyl, and N-
phenyl groups (Table 3). 

When l a was decomposed in the presence of acenaph-
thylene, two adducts (13 and 14) were obtained ac­
companying lactone (8, 14%) in yields of 9 and 1 3 % 
respectively. T h e N M R spectrum of 13 has a singlet 
signal of He at ô 4.90 and a broad singlet of two methine 
protons, H a and H b , at ô 4.2. The lack of coupling 
between H b and He establishes the exo structure of 
the adduct (13).8) Although the multiplet signal of 
the methine protons of 14 is not sufficient for the deter­
mination of the configuration of 14, it may be identified 
as endo by comparison with the spectrum of 13. 

( 9 ) (10) R 

The stereospecificity of the cycloaddition of the 2-
benzopyrylium-4-olate (3a) to dimethyl fumarate, di­
methyl maleate, and ^^-1 ,2-d ibenzoyle thylene indi­
cates that the cycloaddition proceeds in a (ff28 + ff4s)-
type concerted mechanism.10) In the cycloaddition of 
trans dipolarophiles, such as dimethyl fumarate and 
/raw.y-l,2-dibenzoylethylene, the preferential formation 
of 5-endo-6-exo adducts (4a and 5a) to 5-exo-6-endo 
adducts (4c and 5c) was explained by the predominance 
of the transition state (15a) over the transition state 
(15b), which contained repulsion between a carbonyl 
group of dipolarophile and that of 2-benzopyrylium-
4-olate. The predominance of the exo adducts in the 
reactions of all the eis dipolarophiles except acenaph-
thylene is explained by the larger stability of the anti-
transition state (16a) than that of the syn-transition 
state (16b). O n the other hand, acenaphthylene show­
ed a reverse tendency to give more endo adduct (14) 
than the exo isomer (13). This might be caused by 
the 7i-7i interaction11) between the benzene ring of 
2-benzopyrylium-4-olate and the naphthalene moiety 
of acenaphthylene in the double-layer syn-transition 
state.9) 

The endo/exo ratios of the adducts of iV-substituted 
maleimides with 3a and 3c were found to decrease 
in the order of iV-methyl>iV-phenyl>iV-ethylmale-
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T A B L E 4. T H E endo/exo RATIOS OF THE ADDUCTS OF 

MALEIMIDES WITH 3 a AND 3 c 

2-Benzopyrylium-
4-olate 

3a (R' = H) 
3c (R' = CH3) 

R = Ph 

0.50 
0.68 

Maleimide 

R = C2H5 

0.36 
0.42 

R = CH3 

0.54 
0.76 

i m i d e ( T a b l e 4 ) . T h i s t e n d e n c y m a y b e e x p l a i n e d 
b y t h e c o m b i n a t i o n of t h e s ter ic r epu l s i on a n d n-n 
i n t e r a c t i o n b e t w e e n t h e b e n z e n e r i n g of 2 - p y r y l i u m -
4-o la te (3) a n d t h e s u b s t i t u e n t ( R ) o n t h e i m i d e n i ­
t r o g e n in t h e t r a n s i t i o n s t a t e . T h e s ter ic r ep lu s ion of 
N-K i n t h e tfflöfo-transition s t a t e (17b) m a y dec rea se 
t h e y ie ld of t h e endo a d d u c t . H o w e v e r , t h e endojexo 
r a t ios a r e n o t in t h e o r d e r of t h e bulk iness of t h e R 
g r o u p . T h e n-n i n t e r a c t i o n of t h e iV-phenyl g r o u p 
w i t h t h e b e n z e n e r i n g of 3 m a y inc rease t h e endo y ie ld 
a l i t t le m o r e t h a n t h e e x p e c t e d v a l u e b e c a u s e of its 
bulk iness a n d m a y t h u s g ive a v a l u e in b e t w e e n those 
of iV-methyl- a n d iV-e thy lmale imides . T h e l a r g e endo] 
exo r a t io s of 3 c a d d u c t s ( 12 /11 ) , i n c o n t r a s t to those 
of 3 a a d d u c t s , m a y b e a t t r i b u t e d to t h e r e p u l s i o n b e ­
t w e e n t h e R o n t h e i m i d e - n i t r o g e n a n d t h e R ' o n 
t h e C-3 of 3 c in t h e exo t r a n s i t i o n s t a t e ( 1 7 a ) , w h i c h 
decreases t h e yei ld of t h e exo a d d u c t s l ight ly ( T a b l e 4 ) . 

£ x p e r i m e n t a l 

All the melting points were measured on a Yanagimoto 
Melting Point Appara tus and were not corrected. T h e 
I R spectra were taken on a Hitachi Spectrometer, model 
EPI-S2. T h e 1 H - N M R spectra were recorded on a Var ian 
A-60 or EM-360 Spectrometer in a GDG13 solution; the 
chemical shifts were described in p p m downfield from T M S 

as the internal s tandard (à scale). 
Materials. o-Methoxycarbonyl-oc-diazoacetophenone (la) 

was prepared by the procedure described in the previous 
paper.3) 

o-Methoxycarbonyl-oc-diazoacetophenone-oc-d (lb) was synthe­
sized by the reaction of the DGG complex of methyl hydrogen 
phthala te with deuterated diazomethane, which had itself 
been prepared by the reaction of iV-methyl-iV-nitrosourea 
with potassium deuteroxide in D 2 0 . 1 2 ) Grude l b containing 
a trace amount of dimethyl phthalate was used without 
further purification. 

o-Methoxycarbonyl-oc-diazopropiophenone was synthesized by the 
DGG method using an excess of diazoethane and purified 
by column chromatography on A1 2 0 3 with an activity of 
4 ; viscous liquid, I R (liquid film): 2050 (diazo), 1700 (ester), 
1595 c m - 1 (diazocarbonyl), N M R : 2.57 (s, 3H, GH 3) , 3.87 
(s, 3H, OGH 3 ) , 7.4—8.1 p p m (aromatic protons). 

All the other reagents were purified by recrystallization 
or distillation before use. 

General Procedure of the Decomposition of 1 in the Presence of 
Dipolarophiles. T h e Gu(acac)2-catalyzed decomposition 
of 1 was performed according to the procedure described 
in the previous paper by refluxing a benzene solution of 
1 and a 1.2—1.5 molar equivalent of dipolarophile and a 
catalytic amount of Gu(acac)2 until no more N 2 was evolved.3) 
T h e reaction mixture was separated by silica gel column 
chromatography, using benzene as the eluent. 

Esterification of Dicarboxylic Acid (7). An ether solution 
of diazomethane was slowly added to a suspension of 0.10 g 
of 7 in ether until no more N 2 was evolved. The subsequent 
evaporation of the ether under reduced pressure yielded 
0.11 g of colorless crystals (mp 145—146 °G), later recrystal-
lized from benzene-heptane solution. T h e I R and N M R 
spectra were perfectly superimposable on those of 4 d obtained 
by the reaction of 3a with dimethyl maleate. 
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Applications of Homogeneous Water-gas-shift Reaction. I. 
Further Studies of the Hydroformylation of Propene 

with CO and H20 
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Polar ether solutions prepared in situ from Go2(GO)8 and 1,2-bis(diphenylphosphino)ethane (diphos) are 
active catalysts for the hydroformylation of propene with GO and H 2 0 . Under the hydroformylation conditions 
employed, butyl (G4) or isobutyl alcohols, butyric (G4) acids, and dipropyl ketones were found to be formed as 
by-products. A pronounced formation of G4 alcohols was observed as the reaction temperature was increased ; 
in fact, the catalyst solutions described above actively reduce butyraldehyde to butyl alcohol. The effects of the 
GO pressure and of the propene concentration on the formation of G4 aldehydes are also examined. It turns out 
that the water molecule as well as Go2(GO)8 and diphos are essential for the formation of catalytic intermediates, 
which are themselves responsible for the hydroformylation activity. 

Recently, we have reported the homogeneous cataly­
sis of hydroformylation with GO and H 2 0 , in which 
the Go2(GO)8-diphos system was used in such polar 
ether solvents as T H F , dioxane, and diglyme with no 
base.1) 

CH3CH=CH2 + 2GO + H 2 0 • (1) 

GH3GH2GH2GHO or GH3GHGHO + G0 2 

GH3 

The use of GO and H 2 0 in place of hydrogen is 
not a racent development. I t has been well known, 
for example, that hydrohydroxymethylat ion(r) is cat­
alyzed by the Fe(GO) 5-organic tertiary amine sys­
tem.2) (Reppe Reaction: The react ion(l ' ) is more 
stoichiometric than catalytic.) 

CH3CH=CH2 + 3GO + 2H 2 0 > 

GH3GH2GH2GH2OH or GH3GHGH2OH + 2G02 

GH3 

(10 

More recently, special attention has been paid to 
the possibility of using other transition-metal carbonyl 
complexes as active catalysts in these reactions, (1) 
and (1 ') ; a variety of Group 8 metal carbonyl clusters 
can serve as catalyst precursors in the presence of 
alkali or amine.3) 

Our catalyst system is considerably different from 
other ones in that : a) diphos is an essential component, 
and b) alkali or organic amines are absent. 

Also, Go2(GO)8 is a more conventional catalyst than 
other metal carbonyl clusters, such as Ru 3 (GO) 1 2 , 
Rh 6(GO) 1 6 . Therefore, there is the possibility of de­
veloping a novel industrial process. Thus, further 
studies of our catalyst system were undertaken under 
reaction conditions more catalytically active than those 
reported previously.1) 

Exper imenta l 

Materials. The propene (Research Grade), diphos, 
and dioxane used as solvent were obtained commercially 
and were used with no further purification. The Go2(GO)8 

was prepared by the conventional method. The H 2 0 was 
distilled under atmospheric pressure prior to use. 

Reaction Procedure. The hydroformylation reactions 
were carried out in a 100-ml stainless-steel autoclave, in 

which Go2(GO)8, diphos, H 2 0 , and dioxane had been placed. 
After the vessel was sealed, both propene and GO were 
introduced. The system was then brought to the desired 
reaction temperature and pressure by the additional charging 
of GO under heating. Stirring was then begun, and the 
reaction took place. The GO pressure was kept constant 
during the reaction by supplying the gas from a 400-ml 
pressure storage vessel through a pressure regulator. The 
reaction temperature was controlled within a range of ± 1 °G. 

The catalytic reductions of butyraldehyde to butyl al­
cohol were performed in an identical manner, except for 
the use of butyraldehyde (25 mmol) in place of propene 
(25 mmol). 

Analysis of Products. Gas analysis was performed at 
50 °G with a gas Chromatograph using a 6-m Garbowax 
column. The amount of G0 2 was determined by titration 
methods. The liquid products other than G4 acids were 
analyzed at 100°G by means of a gas Chromatograph equipped 
with FID using a 6-m column packed with polyethylene 
glycol adipate. G4 acid analysis was performed at 150 °G 
using a gas Chromatograph equipped with FID and using 
a 4-m squalane column. The infrared spectra of catalyst 
solutions were recorded on a Hitachi type 215 spectrometer. 

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

Preliminary Studies Involving the Effect of CO Pressure. 
The Go2(GO)8-catalyzed hydroformylation of propene 
with GO and H 2 0 was carried out in dioxane solvent, 
since it was greatly effective for this reaction; only a 
little hydrogen as a co-product was detected in the 
dioxane. This reaction can proceed catalytically only 
in the presence of phosphine; of all the phosphines used, 
diphos was the most effective. A diphos 1: Co 2 (CO) 8 

1 ratio was used in order to inhibit the partial de­
composition of the catalyst. 

In a previous report,1) the reaction was run at 135 
°G for 17 h under an initial pressure of 12 kg/cm2 ; 
G4 aldehydes (9.2 mmol, ca. 3 7 % conversion based 
on propene) were thus produced with 0.04 mmol of 
G4 alcohols, (2), (3). In addition, we have recently 
found that, under the conditions employed, butyric 
(G4) acids (1.0 mmol, (4)) and dipropyl ketones (0.8 
mmol, (5)) were formed as by-products in detectable 
amounts. 

G3H7-GHO + GO + H 2 0 • C3H7-CH2OH + G0 2 

(2) 
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CH3CH=CH2 + 3GO + 2H 2 0 • 

G3H7-GH2OH + 2G02 (3) 

CH3CH=CH2 + GO + H 2 0 > G3H7-GOOH (4) 

2CH3CH=CH2 + 2GO + H 2 0 > (G3H7)2GO + G0 2 

(5) 

Reaction 4 is a cobalt-catalyzed hydrocarboxylation, 
which is of little interest to us because it is a well-known 
example of a Reppe Reaction, which proceeds with 
no production of G 0 2 . At 165 °G, CO(50 kg/cm2), 
13.0 mmol of G4 aldehydes was obtained at a 5 h-
reaction and few G4 acids were formed, though a 
higher GO pressure favored the formation of the 
acids (Fig. 1). As is shown in Fig. 1, the total amounts 
of G4 aldehydes (abbreviated as [aldehydes]) decreased 
with the increase in the GO pressure, which is an­
alogous to observations in a normal Co2(CO)8-cat-
alyzed hydroformylation using GO/H2 .4) 

Effect of the Temperature. In normal Co 2(CO) 8-
catalyzed reactions, the G4 aldehydes which are formed 
during the hydroformylation are readily reduced to 
the corresponding G4 alcohols at a higher reaction 
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Fig. 1. Effect of GO pressure. 
Go2(GO)8 2 mmol, diphos 2 mmol, H 2 0 60 mmol, 
dioxane 50 ml, propene 25 mmol, temp 165 °G, time 
5h. 
—O—: G4-aldehydes, —A—: G4-alcohols, — D ~ : 
G4-acids, —V—: dipropyl ketones. 

temperature.5^ 
The temperature-dependence on the product yields 

is illustrated in Fig. 2 ; the reactions were performed 
using the Co 2(CO) 8-diphos system for 5 h under GO 
(50 kg/cm2, const). As one would expect, [aldehydes] 
rather decreased with the increase in the reaction tem­
perature and there was a pronounced formation of 
G4 alcohols. I t is not obvious from the data whether 
the G4 alcohols are formed step-by-step via hydro­
formylation (1) and then reduction (2), or directly 
from propene (3). Thus, the possibility of the re­
duction of butyraldehyde to butyl alcohol with GO 
and H 2 0 was tested under the same conditions as 
those employed in Fig. 2, except that butyraldehyde 
(25 mmol) was used in place of propene. The re­
duction (2) occurs, but more slowly than in the hydro­
formylation of propene; the higher the temperature, 
the larger the amount of butyl alcohol produced6) 
(Fig. 2 — , ) . 

Effect of the Propene Concentration. As is shown 
in Fig. 3, [aldehydes] increased with the initial in­
crease from 25 to 150 mmol of propene, but a further 
increase of propene resulted in a decrease in the yields. 
O n the other hand, the total amounts of dipropyl 
ketones ((5), [ketones]) drastically increased, and it 
turned out, as a result, that the ketones were obtained 
as the principal products in the reaction of propene 
with GO and H 2 0 . Under these conditions, the 
product molar ratio of 4-heptanone : 2-methyl-3-hexa-
non: 2,4-dimethyl-3-pentanone was ca 1:1.8:0.8; this 
ratio depends little on the propene concentration. 

Generally, dipropyl ketones can be produced under 
normal oxo conditions in the presence of Go2(GO)8 ; 
the formation of the ketones is favored not only by 
a high concentration of propene, but also by the use 
of such hydrogen donors as H 2 0 , alcohols instead 
of H2.7) Taking into account the fact that H 2 0 is 
used as a hydrogen donor in our Go2(GO)8-diphos 
system, the findings in Fig. 3 are analogous to those 
in the normal Go2(GO)8 system. In the normal sys­
tem, however, the formation of the ketones does not 
predominate over that of the aldehydes (or esters, 

130 1 9 0 150 170 

T/°C 

Fig. 2. Effect of temperature. 
Go2(GO)8 2 mmol, diphos 2 mmol, H 2 0 60 mmol, 
dioxane 50 ml, GO 50 kg/cm2, propene 25 mmol, time 
5h. 
Marks (0 ,A,V) : See footnote of Fig. 1, dotted line: 
reduction of butyraldehyde to butyl alcohol. 

200 300 400 

[Propene] /mmol 

Fig. 3. Effect of propene concentration. 
Go2(GO)8 2 mmol, diphos 2 mmol, H 2 0 60 mmol, 
dioxane 50 ml, GO 70 kg/cm2, temp 165 °G, time 5 h. 
Marks (0 ,V,D) : See footnote of Fig. 1. 
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acids). In this point, the catalytic behavior of Co2-
(GO)8 and that of Go2(GO)8-diphos was quite dif­
ferent. An obvious explanation cannot be obtained 
from the data shown in Fig. 3 ; further work is required. 

In recent reports on metal carbonyl (cluster)-cat­
alyzed hydroformylation with GO and H 2 0 , ketone 
formation has not been referred to at all.3) According 
to our additional experiments, an R h C l 3 - or R u G l 3 -
Et3N catalyst system can give dipropyl ketones only 
as minor product under the conditions shown in Fig. 
3. Thus, the Co2(CO)8-diphos system appears to be 
more desirable for the exclusive formation of dipropyl 
ketones from propene; the details will be described 
in the succeeding paper.8) 

Catalytic Behavior as a Function of Time. The 
hydroformylation of propene was repeated under the 
conditions where G4 aldehydes are predominantly form­
ed, and aliquots of the catalyst solutions were with­
drawn from the autoclave at several reaction times 
and analyzed. The results are illustrated in Fig. 4(0)> 
where an induction period of ca. 1 h was observed. 
In our catalyst system, under the conditions employed, 
aldol condensation, by which butyraldehyde is con­
verted to G8 aldehyde, occurs to only a slight extent 
with the progress of the reaction (see Fig. 4 ( 0 , # ) ) 5 

partly because alkali or organic amine is absent in 
the solution.9) 

The presence of an induction period is of interest 
in connection with the intermediates present in the 
catalyst solutions. The period disappears on the pre-
treatment of the solution (Go2(GO)8-diphos-dioxane) 
with both GO (50 kg/cm2) and H 2 0 (60 mmol) at 
165 °G for 1 h in the absence of propene (Fig. 4, D) 5

1 0 a ) 

whereas it does not disappear on the similar pretreat-
ment of the solution with only GO (Fig. 4, A) . 1 0 b ) 

These findings indicate that the H 2 0 molecule is 
required for the production of intermediates, which 
are themselves responsible for the hydroformylation 
with GO and H 2 0 . Considering that the catalytic 
behavior of Go2(GO)8-diphos system using G O - H 2 0 
is relatively similar to those of normal Go 2(GO) 8 using 
G O - H 2 (Figs. 1, 2, and 3), cobalt carbonyl hydride 
complexes (HGo(GO)m(diphos)n , (A))11) may be pro­
bable candidates as the key intermediates necessary 
for the catalysis of the reaction. Rhodium or ruth­
enium carbonyl hydrides have already been proposed 
as intermediates active in hydroformylation using G O -
H 2 0 . 3 b ) 

In the absence of propene, the Go2(GO)8-diphos 
system is active in the water-gas-shift reaction (WGSR), 
thoguh its catalytic activity is ca. ten times lower than 
that of the hydroformylation.1) Therefore, there is a pos­
sibility that the catalytic intermediates which catalyze 
the hydroformylation participate in the WGSR.1 2) 
In fact, the catalyst solutions derived from the Co2-
(GO)8-diphos system show the same absorptions in the 
metal carbonyl regions in both the presence and ab­
sence of propene.13) 

Unfortunately, attempts to isolate (A) were not suc­
cessful.14) Also, it is not obvious from our data that 
the catalytic intermediates, (A), which are necessary 
for the catalysis of the hydroformylation, are in fact 
involved in the catalysis of the W G S R . However, 
undoubtedly, intermediates active in the hydroformyla­
tion of propene, as well as in the W G S R , can be formed 
only from Go2(GO)8 , diphos, and H 2 0 (Fig. 4). 

1 
v 

.3 

U 

V 
C/3 

t/h 

Fig. 4. Cobalt-catalyzed hydroformylation as a func­
tion of time. 
Go2(GO)8 2 mmol, diphos 2 mmol, H 2 0 60 mmol, 
dioxane 50 ml, GO 50 kg/cm2, temp 165 °G, propene 
25 mmol. Products other than G4-aldehydes are 
omitted. 
—O— : Standard reaction, — • — : reaction after the 
pretreatment with GO and H 2 0 , —A—: reaction 
after the pretreatment with only GO, — #— : selectiv­
ity to linear aldehyde. 
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The hydrocarbonylation of propene with GO and H aO to give dipropyl ketones occurs predominantly over 
forming G4-aldehydes ; the catalyst solutions employed are prepared in situ from Co2(CO)8, various phosphines 
as ligands, and HaO, a high molar ratio of propene to Co2(CO)8 of 300/2 being required. Of the several phos­
phorus ligands examined, l,2-bis(diphenylphosphino)ethane (diphos) and bis(diphenylphosphino)acetylene 
are relatively effective for the formation of the ketones (abbreviated as [ketones]). The effects of the reaction 
variables (GO pressure, temperature, and H 2 0 concentration) on [ketones] are also examined using the Go2(GO)8-
diphos system; [ketones] increases with the initial increase in GO pressure, but reaches a maximum at ca. 100 kg/ 
cm2 and decreases thereafter. Pronounced decreases of [ketones] are observed when pyridine as well as hydro­
gen is added to the catalyst solutions. 

Hydrocarbonylation, by which dialkyl ketones are 
produced from olefins, can proceed under oxo condi­
tions by means of a transition-metal catalyst.1) How­
ever, the selectivity of the reaction is significantly low 
when olefins other than ethene are used;2) generally, 
a mixture of ketones, aldehydes, and other oxygenated 
products is formed. Accordingly, the hydrocarbonyla­
tion reaction, despite its potential synthetic value, has 
scarcely been investigated at all. 

We described in our previous papers that the pres­
ence of an excess amount of propene under the hydro­
carbonylation conditions using C O - H 2 0 leads to the 
formation of dipropyl ketones as primary products,3) 
and Co2(CO)8-phosphine system appeared to be much 
more effective for the ketone formation than other 
transition-metal catalysts, being especially active for 
the homogeneous water-gas-shift reaction (WGSR).4) 

In the present paper, further studies of this cobalt 
catalyzed-hydrocarbonylation will be described, and 
the catalytic behavior will be compared with that in 
hydroformylation. 

Exper imenta l 

The experimental methods are roughly analogous to those 
described in the preceding paper.3) The few differences 
will be outlined below. 

The phosphines and pyridine were obtained commercially. 
The hydrocarbonylation reactions were performed in a 

300 ml stainless-steel autoclave equipped with a vertical 
agitator. In all runs, the molar ratio of propene to Go2(GO)8 

was kept constant at 300 mmol/2 mmol. 
A certain amount of hydrogen was added to a catalyst 

solution as soon as the solution had been brought to the 
reaction temperature (Fig. 5). A small amount of pyridine 
was mixed with the catalyst solutions (Go2(GO)8-diphos-
dioxane-H20) before the reactor was sealed (Fig. 6). 

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

All of the hydrocarbonylation experiments were car­
ried out for a 5 h-reaction time5) with the propene/ 
Co 2 (CO) 8 molar ratio being held constant at 300/2, 
since the maximum yield of dipropylketones was 
achieved at this ratio (see Fig. 3 in the preceding 

paper3)). Co 2 (CO) 8 was also used as a catalyst pre­
cursor in the dioxane solvent. As is shown in Table 1, 
T H F (Run 1) and the cobalt carbonyl cluster (CH3-
CCo3(CO)9) (Run 2) lead to a reduction in the ketone 
formation. 

Effects of Several Phosphorus Ligand. The re­
sults are summarized in Table 1 (Runs 3,4,9—15). 
The effectiveness of phosphorus ligands in increasing 
the formation of the ketones ([ketones]) decrease in 
this order: d i p h o s > P h 2 P C = C P P h 2 > P P h 3 > P h 2 P C H 2 -
P P h 2 > PBu 3 > Ph 2 P(CH 2 ) 3 PPh 2 > ( P h O ) 3 P > Ph2P(CH2)4-
PPh 2 =Ph 2 As(CH 2 ) 2 PPh 2 . 

The effect of the diphos: Go2(GO)8 ratio on the 
[ketones] was also examined (Runs 4—8); the most 
active catalyst appears to be formed with a ca. 0.75:1 
ratio (Run 5). As we would expect, however, for 
the < 1:1 ratios, the catalyst partially decomposes 
during the reaction.6) In the absence of diphos, 6.5 
mmol of the ketones were obtained, with the Co2-
(GO) 8 being completely decomposed.6»7) (Run 8) 
Both the order of reactivity and the ratio effect re­
ported here are quite similar to those observed for 
the hydroformylation using C O - H 2 0 with a propene/ 
Co 2 (CO) 8 molar ratio of 25/2.8) Hereafter, diphos is 
here used as a ligand. 

Effect of CO Pressure. The [ketones] value is 
remarkably dependent on such reaction variables as 
GO pressure(P c o) , H 2 0 concentration, and the tem­
perature. Figure 1 illustrates the Pco dependence. 
T h e [ketones] value increased with the initial increase in 
Pco, but nearly reached a maximum as the Pco in­
creased to ca. 100 kg/cm2 decreased thereafter. The 
G4 aldehyde formation ([aldehydes]), on the other 
hand, smoothly decreased with the increase in Pco. 

Effect of Temperature. The temperature depen­
dence under 100 kg/cm2 of Pco is shown in Fig. 2. 
The [ketones] value increased with an increase in 
the temperature from 135 °G to 165 °G, but rather 
decreased at 180 °G, whereas [aldehydes] successively 
increased; as a result, the selectivity to the ketones 
drastically decreased ( ) at 180 °G. 

Effect of H20 Concentration. Figure 3 displays a 
plot of the product formation as a function of the 
H 2 0 added. The [ketones] value reached a maximum 
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TABLE 1. HYDROCARBONYLATION OF PROPENE USING C O - H 2 0 CATALYZED BY G O 2 ( G O ) 8 

WITH SEVERAL PHOSPHORUS LIGANDS 

Go2(GO)8, 2 mmol ; phosphine, 2 mmol ; dioxane (solvent), 50 ml; propene, 300 mmol; H 2 0 , 60 mmol; 
GO 100 kg/cm2 (const); time, 5 h ; temp, 165 °G. 

Run No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Added phosphine 

Ph2P(CH2)2PPh2t» 
Ph2P(CH2)2PPh20 
Ph2PGH2PPh2 

Ph2P(GH2)2PPh2 

Ph2P(GH2)2PPh2 (1.5 
Ph2P(GH2)2PPh2 (1.0 
Ph2P(GH2)2PPh2 (0.5 
none 
Ph2P(GH2)3PPh2 

Ph2P(GH2)4PPh2 

Ph2PG=GPPh2 

PPh3 

PBu3 

Ph2As(GH2)2PPh2 

(PhO)3P 

mmol) 
mmol) 
mmol) 

[ketones] 
mmol 

19.2 
14.1 
12.9 
27.0 
36.2 
32.2 
25.9 
6.5 

12.1 
3.9 

26.4 
21.6 
12.8 
3.9 
5.2 

Productsa> 

[aldehydes] 
mmol 

10.3 
8.1 
4.0 

11.0 
— 
— 
— 

2.4 
5.9 
2.2 

12.2 
7.0 
3.9 
0.3 
7.7 

[acids] 
mmol 

0.7 
0.6 
1.1 
0.5 
— 
— 
— 
— 
— 
— 

1.1 
0.5 
— 
— 
— 

a) [ketones]: 4-heptanone + 2-methyl-3-hexanone + 2,4-dimethyl-3-pentanone, [aldehydes]: butyraldehyde + isobutyr-
aldehyde, [acids] : butyric acid + isobutyric acid, b) Using THF (50 ml) as the solvent, c) Using GH3GGo3(GO)9 

as the precursor. 

3 

O 

100 150 200 

PCo/kg cm-2 

Fig. 1. Effect of GO pressure. 
Go2(GO)8 2 mmol, diphos 2 mmol, dioxane 50 ml, 
H 2 0 60 mmol, 165 °G, propene 300 mmol, time 5 h. 
-O—: Dipropyl 
- O - ~ : G4-acids. 

ketones, —A—: G4-aldehydes, 

as the amount of H 2 0 ( [ H 2 0 ] ) increased to ca. 120 
mmol, and leveled off thereafter. In contrast, [al­
dehydes] linearly increased with the increase in [ H 2 0 ] . 
Thus, the combined yield ( ) increased with [ H 2 0 ] . 

A plot of the product formation as a function of the 
Co 2 (CO) 8 concentration, where the diphos/Co2(CO)8 

ratio was kept constant at 1/1, gave results analogous 
to those shown in Fig. 3. 

Catalytic Intermediates. I t seems likely that 
catalytic intermediates (probably HCo(CO) m (diphos) n , 
(A)) which catalyze the hydroformylation of propene 
with GO and H 2 0 , as has already been described 

I 
f-? 20 

3 

O 
PL, 

•â 

c/s 

130 150 170 

77°C 

Fig. 2. Effect of temperature. 
Go2(GO)8 2 mmol, diphos 2 mmol, dioxane 50 ml, 
H 2 0 60 mmol, P c o 100 kg/cm2, propene 300 mmol, 
time 5 h. 
—A—: G4-alcohols, : the selectivity; [ketones]/ 
( [ketones] -f [aldehydes] -f [alcohols] -{- [acids] ), other 
marks: see footnote of Fig. 1. 

in the preceding paper,3) also participate in this hydro­
carbonylation. In fact, G4 aldehydes can be formed 
even during the reaction (Table 1, Figs. 1—3). The 
influence of phosphorus ligands on the [ketones] value 
(propene/Co 2 (CO) 8 =300/2 , Table 1) is fairly ana­
logous to that on the hydroformylation activity (the 
ra t io=25/2) . 8 ) A smooth increase in the combined 
yield results when [ H 2 0 ] is increased, since the con­
centration of (A) also increases (Fig. 3). The catalyst 
solutions active in the hydrocarbonylation have the 
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o 
S 
B 

[H20]/mmol 

Fig. 3. Effect of HaO concentration. 
Go2(GO)8 2 mmol, diphos 2 mmol, dioxane 50 ml, 
P c o 100 kg/cm2, propene 300 mmol, temp 165 °C, 
time 5 h. 

: A combined yield ([ketones] + [aldehydes]), 
other marks: see footnote of Fig. 1. 

Fig. 4. Cobalt-catalyzed hydrocarbonylation as a func­
tion of time. 
Go2(GO)8 2 mmol, diphos 2 mmol, dioxane 50 ml, 
Pco 100 kg/cm2, H 2 0 60 mmol, propene 300 mmol, 
temp 165 °G. 
(a) A standard reaction, (b) a reaction after the 
pretreatment with both GO (100 kg/cm2) and H 2 0 
(60 mmol) at 165 °G for 1 h, marks (0 ,A) : see foot­
note of Fig. 1. Other products omitted. 

same I R absorptions in the metal-carbonyl region as 
in hydroformylation. Also, there is an induction period 
for the ketone formation as well as in the case of al­
dehydes (Fig. 4a ) ; the period disappears on the pre­
treatment of the solution (Co2(CO)8-diphos-dioxane) 
with both GO (100 kg/cm2) and H 2 0 (60 mmol) at 
165 °G for 1 h in the absence of propene (Fig. 4b). 

Thus, if (A) is present, we can postulate the fol­
lowing reaction, which produces acyl complexes (B) 
as other key intermediates for the hydrocarbonylation 
as well as hydroformylation. This is analogous to a 
scheme proposed by Jonassen9) and Heck10) with regard 

[H2/(H2 + H20)]/(mmol/mmol) 

Fig. 5. Effect of added H2. 
Go2(GO)8 2 mmol, diphos 2 mmol, dioxane 50 ml, 
Pco 100 kg/cm2, propene 300 mmol, temp 165 °G, 
time 5 h. 
Marks (0 ,A) : See footnote of Fig. 1. Other prod­
ucts omitted. 
Total amounts of H 2 0 and H2 : 60 mmol. 

[Pyridine] /mmol 
Fig. 6. Effect of added pyridine. 

Conditions are the same as in Fig. 5. 
Marks (0 ,A,D) : See footnote of Fig. 1. 

to these two reactions using a normal Go 2(GO) 8 cat­
alyst with G O - H 2 . 

CO+CH3CH=CH2 

HGo(GO)m(diphos)tt > 
(A) 

O 
GH3GH2GH2-G-Go (GO) m (diphos) n 

(B) 
If (B) is rapidly consumed for the formation of G4 al­
dehydes (or acids) before the interaction with propene, 
then the [ketones] value will be diminished. For 
example, when hydrogen is added to a catalyst solu­
tion, a pronounced increase in [aldehydes] results, 
as is illustrated in Fig. 5, where the total amount of 
hydrogen donors ( H 2 0 or H2) was kept constant at 
60 mmol, whereas the [ketones] value decreases with 
an increase in the hydrogen concentration, even at 
a constant high molar ratio of propene/Go2(GO)8-
(=300 /2 ) . A further example was obtained from ex­
periments featuring the addition of a small amount of 
pyridine; the results are shown in Fig. 6. The rapid 
reaction of (B) with H 2 0 takes place, producing G4 

acids ( • ) ; as a result, both [ketones] (O) and [al­
dehydes] (A) decrease. T h e accelerating effects of 
pyridine have already been observed on the normal 
Co2(CO)8-catalyzed hydrocarboxylation of olefin.11) 
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Considering the data described above, it is probable 
that the intermediates (A) are present. However, 
because of the possible existence of cobalt carbonyl 
species different from (B), as is demonstrated by the 
variations in [ketones] and [aldehydes] with the C O 
pressure (Fig. 1), the above-mentioned acyl com­
plexes, (B), can be considered only as possible models 
of the reaction intermediates. 
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The ozonization of several aromatic compounds has been carried out at 30 °G in carbon tetrachloride. It 
was found that three processes proceeded simultaneously; that is, normal and anomalous ozonolyses to give re­
spectively a,/?-dicarbonyl and carboxylic compounds and polymerization. Garboxylic acids were the major 
products. Benzene and hexamethylbenzene gave formic acid and acetic acid respectively, while toluene and 
1,3,5-trimethylbenzene gave mixtures of these acids. As the ozonization proceeded, white gummy polymers 
precipitated, the molecular weight ranged from several hundreds to a few thousands. They contained high con­
centrations of oxygen which was incorporated into polymer as carbonyl, carboxylic acid, peroxide and/or ether. 
The polymers were thermally stable below 150 °G. 

The interactions of ozone with organic compounds, 
especially olefins, have been studied quite extensively1) 
and this reaction has been applied in preparation and 
identification of organic compounds. Recently the 
ozone chemistry has received much attention in the 
fields of atmospheric oxidation and purification of 
water. We have previously reported2) that poly­
propylene underwent cleavage by ozonization to give 
lower molecular weight carboxylic acids but that the 
ozonization of polystyrene brought about crosslinking 
as well as chain scission, giving rise to broadening 
of molecular weight distribution. 

The ozonization of aromatic ring has also been 
studied for long time. In 1904, Harries and Weiss3) 
found that the ozonization of neat benzene and subse­
quent hydrolysis gave about 2 equivalents of glyoxal 
and no hydrogen peroxide. They surmised that the 
third mole of equivalent of glyoxal reacted with hy­
drogen peroxide during homolysis to give carbon di­
oxide and water. Later, in addition to a,ß-dicarbonyls, 
peroxides, and carboxylic acids have been observed 
as ozonization products from aromatic compounds.4) 
Keaveney et al.b) at tempted to produce glyoxal from 
benzene in high yield and they obtained glyoxal in 
73 and 5 2 % yields based on ozone absorbed and 
benzene reacted, respectively. No by-products such 
as glyoxylic acid, oxalic acid, formic acid, and carbon 
monoxide were observed. The ozonization of aromatic 
compounds is not fully understood and much of the 
data so far obtained are only qualitative. 

We have undertaken the study of the ozonization 
of several aromatic compounds and found that three 
major processes proceeded simultaneously, that is, 
normal ozonolysis, anomalous ozonolysis, and polymer 
formation. 

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

Materials. Most of the organic compounds used in 
this study were those of the highest grade available com­
mercially. They were either used as received or purified 
when necessary. Ozone was produced in a standard ozone 
generator, Nippon Ozone Co., Ltd., Model 0-3-2, by 
charging pure oxygen dried beforehand by silica gel. 

Procedures. Ozonization was carried out in 100 ml 
vessel equipped with a condenser. It was started after 
thermal equilibrium at 30 °G had been reached by bubbling 
0 3 - 0 2 gas through the reaction mixture which was stirred 
with a magnetic stirrer. The gas was introduced at a speed 
of 100—120 ml/min, the rate of ozone supply being 0.12—0.20 

mmol/min. 
The amounts of substrate reacted and products formed 

were measured by gas liquid chromatography and high 
pressure liquid chromatography. Total amount of per­
oxides was determined by iodometric titration. Acids were 
measured by titration and identified by isotachophoretic 
analysis and liquid chromatography as described previously.2) 
Carbon dioxide was also analyzed as previously.6) 

Total yield of carbonyl groups was measured by treating 
the product solution with a 2 N aqueous hydrochloric acid 
and by following the consumption of hydrazine spectro-
metrically, Amax = 322 nm and e=1.10x 104 M"1 cm"1. 

Polymeric material precipitated from the solution was 
dissolved into methanol or acetone, dried under vacuum 
and analyzed. Elemental analysis was carried out at 
Shonan Analytical Center. Total carbonyl content in the 
polymer was determined as described above. Double bonds 
were determined by the Hanus' method.7) The molecular 
weight distribution was measured at 40 °C by gel permeation 
chromatography,2) Shimadzu-DuPont Model 830. Infrared, 
1H NMR, and 13C NMR spectra were recorded on JASCO 
spectrometer Model IR-G, Varian EM 360A, and Hitachi 
NMR Model R-40 respectively. 

Thermal decomposition of polymer was performed by 
dissolving 30 mg dried polymer into 2 ml acetic acid and 
heating at 150 °C for 2 h in a sealed ampoule under vacuum. 
The evolved gas was collected by Toepler pump and an­
alyzed by gas chromatography. The solution was analyzed 
by gas liquid chromatography and gel permeation chro­
matography. 

R e s u l t s 

Table 1 shows the results of ozonization of several 
aromatic compounds in carbon tetrachloride, a non-
participating solvent that does not intreact with car­
bonyl oxide intermediate. The results in Table 1 
show that the reactivities increase in the order of 
benzene< toluene < 1,3,5-trimethylbenzene<hexamethyl-
benzene in agreement with the previous reports,4»8-11) 
suggesting that the attack of ozone to aromatic ring 
is electrophilic in nature. Since, as shown later, the 
oxidation of benzylic hydrogens is not important, 
these reactivities can be taken as those of aromatic 
ring toward ozone. Runs 4 and 5 show that the 
rate of ozonization is determined not by concentration 
of substrate but by ozone dosage. As observed previ­
ously,6) phenols were quite reactive toward ozone and 
gave similar products as aromatic hydrocarbons. 

Runs 1, 2, and 3 show that the ozonization of ben­
zene in carbon tetrachloride gave formic acid as a 
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TABLE 1. OZONIZATION OF AROMATIC COMPOUNDS IN 50 ml CARBON TETRACHLORIDE AT 30 °G 

Run No. 

Substrate, R 
R0, mmol 
0 3 fed,mmol 
Time/min 
AR? mmol 

1 

Benzene 

A R / 0 3 fed, (mol/mol) 
Products in mmol 

Peroxide 
Carbonyla) 
Carbonylb> 
2,3-Butanedionec> 
Acidsd) 
Formic acide> 
Acetic acide> 
Other acide> 

co2 
Polymer, mg 

c,% 
H , % 
0 , % 

11.2 
2.6 

21.5 

0.08 

0.20 

1.2 
1.1 

2 

Benzene 
112 
15 

120 

0.11 

4.4 
3.6 

95 
34.26 
4.05 

61.69 

3 

Benzene 
225 
37 

307 

0.17 
0.17 

15.3 
16.0 

0.6*) 

333 
39.94 
4.53 

55.53 

4 

Toluene 
9.4 

15 
120 

2.4 
0.16 

0.34 

3.9 
4.1 
1.4 
0.4J) 

found 

5 

Toluene 
94 
15 

120 

0.34 

5.1 
3.9 
1.6 
0.5J) 

found 
44.07 

5.00 
50.93 

6 

TMBf) 
7.2 

15 
120 

3.4 
0.23 

0.67 
0.70 

5.1 
2.3 
4.3 
0.5J) 

found 

7 

HMBe) 
9.9 

15 
120 

4.6 
0.31 

2.3 
3.7 
3.9 
0.5 
2.4 
0.3 
2.3 

1.1 
1004 

8 

HMBe) 
10.0 
24 

120 
8.9 
0.37 

4.6 
9.3 
9.8 
1.6 
5.5 
0.5 
5.4 

found 

9 

Phenol 
10.6 
15 

120 
5.7 
0.38 

0.19 

2 
1.0 

0.1« 

found 

10 

BPh) 
5.43 

13 
65 
4.4 
0.34 

0.73 
1.1 

1.7 
0.5 

0.4k) 

found 

a) From disappearance of 2,4-dinitrophenylhydrazine determined by UV analysis at 322 nm. b) From weight of 
2,4-dinitrophenylhydrazone assuming glyoxal and 2,3-butanedione are formed from benzene and hexamethyl-
benzene respectively, c) By gas liquid chromatography, d) By titration, e) By isotachophoretic analysis, f) 
1,3,5-Trimethylbenzene. g) Hexamethylbenzene. h) /»-Benzylphenol. i) Glyoxylic acid, j) Not identified, k) 
Malonic acid. 

major product with minor amounts of peroxide and 
glyoxal. The peroxide must be mostly ozonide, 1,2,4-
trioxolane. Glyoxal is further oxidized to glyoxylic 
acid, but no oxalic acid was found under the present 
reaction conditions. One of the interesting features 
of this reaction is the formation of polymeric products. 
As the ozonization proceeded, white gummy material 
precipitated from the reaction mixture. The polymer 
will be discussed in some more detail later in this text. 

Similar results were observed with toluene, 1,3,5-
trimethylbenzene, hexamethylbenzene, and phenols. 
Carboxylic acids were obtained as major products, 
formic and acetic acids from both toluene and 1,3,5-
trimethylbenzene, and acetic acid from hexamethyl­
benzene. R u n 4 shows that 34 and 58 % of aromatic 
carbons of toluene yielded formic and acetic acids 
respectively. Selectivities for formic and acetic acids 
from 1,3,5-trimethylbenzene based on reacted aromatic 
carbons are 23 and 4 2 % respectively, and no 2,4,6-
trimethylphenol was observed. The higher yields of 
acetic acid than formic acid from toluene and 1,3,5-
trimethylbenzene may partly because of higher re­
activity of formic acid toward ozone than acetic acid.6) 
Hexamethylbenzene gave carboxylic acid in lower yield 
than benzene, toluene, and 1,3,5-trimethylbenzene. In­
terestingly, malonic acid was formed from />-benzyl-
phenol roughly as much as formic acid. 

The carbonyl compounds formed by the normal 
ozonolysis are glyoxal, methylglyoxal, and 2,3-but­
anedione from benzene, 1,3,5-trimethylbenzene, and 
hexamethylbenzene respectively. 2,3-Butanedione an­
alyzed by gas liquid chromatography was smaller than 
that estimated from the disappearance of 2,4-dinitro­

phenylhydrazine (Runs 7 and 8 in Table 1). I t is 
not clear at present if this discrepancy is due to ex­
perimental uncertainty or due to the formation of 
other carbonyl products. I t may be noteworthy, how­
ever, that the amounts of 2,3-butanedione estimated 
from 2,4-dinitrophenylhydrazone formed were in good 
agreement with those analyzed from the disappearance 
of 2,4-dinitrophenylhydrazine. 

Peroxides are one of the important products but 
their structure is not clear. Most of peroxides could 
be reduced by triphenylphosphine and dimethyl sulfide. 

Qui te a small amount of benzaldehyde was observed 
in the ozonization of toluene. However, little benzyl 
alcohol was observed even after the treatment with 
triphenylphosphine, suggesting that little benzyl hy­
droperoxide was present. Therefore, it may be con­
cluded that oxidation of benzylic hydrogens is not 
important under the present reaction conditions. Fur­
thermore, hexamethylbenzene was once oxidized in 
the presence of 2,6-di-£-butyl-4-methylphenol, a typical 
radical scavenger, and no decrease in rate of ozoniza­
tion of hexamethylbenzene was observed. This sug­
gests that oxidations by free radicals do not play an 
important role in this ozonization.12) 

I t has been reported10»u»18) that ozonization in­
termediates oxidize carboxylic acids to corresponding 
peroxy acids, but no direct evidence for the formation 
of peroxy acids could be found. 

One of the interesting features of the ozonization 
of aromatic compounds in carbon tetrachloride is the 
formation of polymeric materials. As mentioned 
above, white gummy material precipitated as the ozo­
nization proceeded. The ozonization of hexamethyl-
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TABLE 2. POLYMER FORMED IN THE OZONIZATION OF 

BENZENE IN CARBON TETRACHLORIDE (RUN 3 ) 

Molecular weight 200—4000 
Elemental analysis G 39.94, H 4.53, O 55.53% 

G3H4O3 

Oxygen 17% Garboxylic acid 
28% Garbonyl 
< 1 % Peroxide (IPA-KI) 
« 5 4 % Dialkyl peroxide, ether 

Double bond none 
IR 3250 cm-1 (H-bonded OH) 

1725 cm - 1 (carbonyl) 
950—110 cm - 1 (peroxide or ether) 

Aromatic hydrogen none 
Thermal decomposition at 150 °G, 2 h : small 

benzene did not give a precipitate, but the presence 
of polymeric materials was found by gel permeation 
chromatography. The precipitated polymer was in­
soluble in carbon tetrachloride and benzene, but partly 
soluble in chloroform and very soluble in methanol, 
acetone, tetrahydrofuran, and acetic acid. 

T h e example of gel permeation chromatogram is 
shown in Fig. 1. The molecular weight of the pre­
cipitated polymer ranges from 200 to 4000, while the 
product solution contained compounds with a molec­
ular weight of a few hundreds. Some data on the 
polymers are also included in Table 1. The polymer 
was pale-yellowish white and very deliquescent. In 
Runs 2 and 3, 95 and 333 mg of polymers precipitated 
respectively. The ratio of polymer to formic acid on 
carbon base in these experiments is 1/1.35 and 1/1.44 
respectively, suggesting that the polymers are one of 
the important major products. The analyses of the 
polymer obtained in R u n 3 are summarized in Table 2. 
I t shows that it contains quite a high ratio of oxygen 
and that 17 and 2 8 % of oxygen incorporated were found 
as carboxylic and carbonyl oxygen. The hydroper­
ox ide oxygen was very small. The remaining 5 5 % 
of oxygen must be peroxidic and/or ether oxygen. 
No double bond was observed. T h e X H N M R anal­
ysis showed the absence of aromatic and methyl 
hydrogens. The infrared spectrum also showed the 
absence of aromatic hydrogen but it showed strong 
absorption at 3250 and 1750 cm - 1 , which are ascribed 
to hydrogen-bonded hydroxyl and carbonyl groups 
respectively. A broad absorption was also observed 
between 950 and 1100 cm - 1 , which must be ascribed 
to peroxide and/or ether linkage in the polymer. 13G 
N M R analysis also showed the presence of ether, 
ester, and carboxylic acid. 

In order to examine the stability of the polymer, 
especially of the peroxidic bond possibly involved, 
thermal decomposition of the polymer was carried 
out at 150 °C in 2 h in acetic acid under vacuum. 
Carbon monoxide and carbon dioxide were found by 
gas analysis and two unknown volatile products were 
found by gas chromatography, but their formation 
was small. Little change was observed in the gel 
permeation chromatogram after thermal treatment, 
implying that this polymer is thermally stable. There­
fore, this polymer is not a dimeric peroxide of the 

Molecular weight 
3 2 

10° 1(T 
1 I • I I I I 

4 2 6 4 3 2 
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• * * • 2Û 3*0 41) 

Elution volume/ml 

Fig. 1. Gel permeation chromatogram of ozonization 
products from benzene at 30 °G. 

: Initial solution, : product solution, : 
precipitate. 

carbonyl oxides. 
I t should be noted on the safe handling of the poly­

meric material. We usually dissolved the precipitate 
in methanol or acetone and then the solvent was 
removed and dried under vacuum to obtain a stable 
polymeric solid. However, once the precipitate was 
taken out of the reaction mixture and dried directly 
at room temperature under vacuum, which brought 
about an explosion. At any time, this polymeric 
material should be handled with all precautions. 

D i s c u s s i o n 

As shown above, three processes proceeded com­
petitively in the ozonization of aromatic compounds; 
they are normal and anomalous ozonolyses and polymer 
formation. The normal ozonolysis gives a,ß-dicar-
bonyls, whereas the anomalous ozonolysis gives car­
boxylic acids. The plausible mechanisms are briefly 
discussed below. 

Scheme 1 summarizes the possible major steps in 
the ozonization of hexamethylbenzene. The primary 
step is an electrophilic attack of ozone to aromatic 
ring to yield primary ozonide 1. Thus the reactivities 
of polymethylbenzenes increase as observed with in­
creasing number of methyl groups. T h e primary 
ozonide 1 is unstable and readily decomposes to give 
carbonyl group and carbonyl oxide 2. 

The aliphatic double bonds are more reactive than 
aromatic ring toward ozone and hence 2 must react 
with ozone to give eventually 2,3-butanedione and 
carbonyl oxides 4 and 5. In non-participating sol­
vents, the carbonyl oxide intermediate undergoes either 
ozonide formation, rearrangement or dimerization and/ 
or polymerization. The latter reactions must become 
more important with increasing methyl substitution 
of the aromatic ring due to the decreased 1,3-dipo-
larophilic and electrophilic character of a ketone car­
bonyl in comparison to that of an aldehyde carbonyl.1) 
For example, Fliszar and coworkers14) found in the 
ozonolysis of tetraphenylethylene that no ozonide was 
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Scheme 1. Major reaction pathways in the ozonization of hexamethylbenzene. 

formed but 5 7 % of diphenylcarbonyl oxide dimerized 
and 4 3 % formed an peroxidic oligomer. The car­
bonyl oxide may react with itself, aldehyde, ketone, 
and also primary ozonide.15) 

The participating solvents such as water, alcohol, 
and carboxylic acid react with carbonyl oxide rapidly 
and convert it into hydroxy, alkoxy, or acyloxy alkyl 
hydroperoxides.1) 

T h e carboxylic acids are anomalous ozonolysis prod­
ucts and formed by the rearrangement of carbonyl 
oxide or ozonide.1 '16) T h e detailed machamism is not 
discussed here, but this anomalous ozonolysis is known 
to occur with special ease when there are carbonyl 
groups attached to the double bond as in 4 and when 
the temperature is relatively high.16»17) 

Thus benzene and hexamethylbenzene give formic 
and acetic acids respectively, while toluene and 1,3,5-
trimethylbenzene give mixtures of formic and acetic 
acids. 

As mentioned already, the polymer formation is 
one of the characteristic points in the present study. 
The formation of polymer or oligomers in the ozoniza­
tion of olefins has been observed in several instances 
from quite a long time ago1»18) and several mechanisms 
have been proposed.1»15) However, there are only a 
few cases which describe the polymers from aromatic 
compounds. Several structures have been proposed 
for polymeric substances1) such as open chain polymers 
of carbonyl oxide with some ether linkages,14'19»20) 
polyozonide,21) and cyclic peroxide.22) Greenwood and 
Rubinstein15) concluded that the alkene ozonization 
polymer does not have any specific structure and that 
both the dipolar ion fragment and the aldehyde frag­
ment are incorporated into the polymer in varying 
ratios. 

O u r data also show that the polymer contained a 
high ratio of oxygen as carboxylic, carbonyl, per­
oxidic, and ether oxygen. Although it is not clearly 
elucidated, the data in Table 2 imply that the most 
plausible structure of the polymer from benzene may 
be written as follows. 

4 CHO UCHO ) 
CH-0-oAcH-O/-

Some of the aldehyde group must be oxidized to car­
boxylic acid. 

Keaveney et alP^ surmised that glyoxal initially 
formed in the ozonization of benzene underwent con­
densation to give polymers, especially since such con­
densations are acid catalyzed.23) I t is difficult to esti­
mate the importance of this process relative to that 
involving carbonyl oxide. 

Finally, in connection with the ozonization of poly­
styrene,2) the above results and discussion show that 
the aromatic ring of polystyrene is cleaved to give 
carbonyl oxide such as 6 and 7, which react with 
other carbonyl oxide or carbonyl group to yield even­
tually crosslinked polymer. 

OO 

©CH-0-Oe 

0C-O-O0 

CHO 
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Facile Intramolecular Cyclization Reactions of Aromatic Ethers 
with Cationoids in Triptycene Systems 
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1,4-Dimethoxytriptycenes were found to give cyclic ethers with unusual ease when a substituent at the bridge­
head bears a cationoid center. The easy reaction is attributed to the extreme proximity between the methoxyl 
group and the cationic center. Mechanisms involving a cyclic oxonium ion and subsequent attack by an anion 
to produce the cyclic ether and a methyl derivative are discussed. 

During the course of other study we have encoun­
tered a surprisingly facile ring formation of 1,4-di-
methoxytriptycenes if a cationoid center is produced 
in the 2-position of a 9-substituent. This paper re­
ports such findings and discusses the probable mech­
anisms of the reaction. 

When oxidation of 9-(2-hydroxypropyl)-l,4-dimeth-
oxytriptycene (1) was at tempted with chromium (VI) 
oxide in the presence of sulfuric acid, a cyclic ether 
(2) was formed instead of the corresponding carbonyl 
compound. Expecting that the reaction was caused 
by the action of an acid which formed a cationoid 
center, we treated 1 with sulfuric acid and obtained 
2 as expected. 

OCH3 OCH3 

(-H20) 
(-CH3

+) 

T h e reaction is then regarded to proceed via an 
oxonium salt which is formed from the cationoid and 
the proximate methoxyl group in 1-position. The 
reaction occurs probably via both SN1 and SN2 mech­
anisms, because secondary alcohols undergo other sub­
stitution reactions in those fashions1) and an electron-
accepting group in the substituent at the bridgehead 
should interact strongly with the methoxyl group in 
the peri-position.2) If the consideration is valid, 9-
allyl-l,4-dimethoxytriptycene (3) should give the same 
product (2), when treated with an acid, since addition 
of a proton to the allyl moiety should produce a cation­
oid in the 2-position of the 9-substituent. In fact, 
treating 3 with trifluoroacetic acid gave 2. 

OCH3 
H+ OCH3 

(-CH3
+) 

Being encouraged by the extension, we then pro­
ceeded to cationoids which may be developed by a 
variety of methods. A variety of electrophilic ad­
ditions to olefins are known to proceed via cationoids. 
We have taken addition of bromine to an olefin 
as an example.3) 9-Allyl-1,4-dimethoxytriptycene (3) 
was treated with bromine and was found to give a 
cyclic ether (4). 

OCH3 
Br2 

OCH3 

The facile cyclization is not confined to the propyl 
derivatives carrying a cationoid in the 2-position. 
Treat ing 9 - (2 - hydroxyethyl) -1,4-dimethoxytriptycene 
(5) with thionyl chloride gave a cyclic ether (6). Since 
the reaction between alcohols and thionyl chloride 
is known to proceed via contact ion pairs,4) the result 
was not a great surprise. T o our surprise, however, 
a less cationic species, jfr-toluenesulfonate, cyclized as 
well: when 5 was treated with />-toluenesulfonyl chlo­
ride and pyridine a t room temperature, the product 
was 6. Thus weakly cationic species like sulfonates 
can react to form cyclic ethers. 

OCH3 
sock 

or TsCl, Py 

OCH3 

(6) 

In order to discuss the mechanism of the reaction, 
the fate of the methyl group which had been in the 
methoxyl group must be explored. We ran the re­
action of 5 with an excess of thionyl chloride in chlo­
roform-^ in a sealed tube, expecting that the product 
from the methyl group must be methyl chloride. The 
1 H N M R spectrum of the reaction mixture clearly 
showed the presence of a sharp signal a t ö 3.00 which 
is ascribable to methyl chloride. The formation of 
methyl chloride was further confirmed by addition 
of methanol to the mixture and observing the in­
crease in the intensity of the signal a t ô 3.00. 

OCH3 

CH3 
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The mechanism of the reaction may be described 
now as follows. In the first step a cationoid species 
(7) is formed in the 2-position of the 9-substituent 
by an electrophilic addition to the olefin or by en­
hancing the leaving group ability of the substituent. 
In the second step it cyclizes to an oxonium ion (8) 
which is then attacked by an anion at the least hindered 
methyl to give the cyclic ether (9) and a substituted 
methane. 

The reason for the facile cyclization must be proxi­
mate arrangement of the two groups. In other tri-
ptycene systems, the substituent in the 9-position and 
the peri-substituent are known to be well in the sum 
of the van der Waals radii5>6> and some very weak 
interactions were detected.2 '7 '8) Therefore, as soon as 
the cationic species is formed, it interacts very strongly 
with the methoxyl group in the peri-position, leading 
to the cyclic oxonium ion (8). This postulate is sub­
stantiated by the following facts. Although neigh­
boring participation of oxygen9) in bromination reac­
tions is known to be stronger than that of bromine,10) 
the yield of a cyclic ether is only 50—60% when 4-
penten-1-ol is treated with bromine and, if it is a 
6-membered ring, the yield of a cyclization product 
drops to 5—10%.9) Since the cyclic ether formed 
here is 6-membered, the participation of the oxygen 
is unusually strong relative to the open-chain com­
pounds, although the entropy factor may contribute 
to some extent. 

The 1 3 C N M R spectrum of 9-allyl-1,4-dimethoxy-
triptycene (3) revealed that there were two detectable 
conformers at a low temperature. Since it will not 
be possible to observe conformers about the C s p 3 -
Csp2 bond in the allyl group, it is natural to assume 
that the conformers are those involving the restricted 
rotation about the C 9 -C a l l y l bond: the number of 
carbon atoms detected by the 13C N M R conforms 
with this assignment. The competitive bromination 
of 3 with 9-allyltriptycene (10) revealed that a neg­
ligible amount of 10 reacted, while the color of bromine 
faded fast to give 4 as a sole product. This high re­
activity of 3 cannot be explained if it reacts in the 
ap conformation because its steric environment is the 
same as 10 and no strong electronic effect is expected, 
if any. Rather it will be explained by the neighboring 
participation of the methoxyl group which facilitates 
the electrophilic attack. 

We conclude that the unusually high reactivity of 
the methoxyl group toward cationoids is caused by 
the highly congested state in the triptycene system. 
The results suggest that the triptycene is a good sys­
tem to find weak interactions which otherwise are not 
detectable. 

Exper imenta l 

9-Allyl-l,4-dimethoxytriptycene (3). A solution of 2.2 
g (0.01 mol) of 9-allylanthracene11) and 1.1 g (0.01 mol) 
of /»-benzoquinone in 10 mL of toluene was refluxed for 
1 h. The reaction mixture was cooled. The resulting 
crystals were collected and washed with ether. The crystals 
in 20 mL of dioxane were treated with 1.0 g of sodium hy­
droxide in 10 mL of water and then with dimethyl sulfate 
under a nitrogen atmosphere. The process was repeated 

2—3 times until coloration due to the enolate was not ob­
servable on addition of the alkali. The resulting mixture 
was poured into 500 mL of water. The precipitate was 
collected, dried, and recrystallized from hexane, mp 235— 
236 °G. The yield was 80%. Found: C, 84.50; H, 6.06%. 
Galcd for G25H2202: G, 84.92; H, 6.24%. *HNMR 
(GDClg, <?): 3.68 (3H, s), 3.78 (3H, s), 3.9—4.3 (2H, m), 
5.0—5.7 (2H, m), 5.88 (1H, s), 5.9—6.4 (1H, m), 6.50 (2H, 
s), 6.8—7.7 (8H, m). 13G NMR (GDG13, ppm from TMS): 
32.9, 46.0, 54.3, 56.7, 57.1, 109.0, 109.7, 113.7, 122.6, 123.5, 
123.8, 133.6, 136.6, 138.1, 145.2, 145.5, 147.2, 148.9. 

The signals at 32.9 and 54.3 ppm and many at lower 
fields split into two peaks in a 13G NMR spectrum at —32 °G. 
From these, the population ratio was calculated as 0.7. 
Altough it is not possible to tell which isomer is favored in 
the equilibrium, the XH NMR data suggest that the ap isomer 
is favored: the signal at ô 6.50 splits into two peaks at low tem­
peratures and, if the peak at a higher field corresponds to 
the ±sc form as were other compounds of this series,2) then 
the ratio +sc jap is 0.7. 

2 - Methyl- 6 -methoxy-7', 11 b-o-benzeno-7,11 b-dihydronaphtho\1,2,-
3-de\chroman (2). a) : To a solution of 420 mg of 9-
(2-hydroxypropyl)-l,4-dimethoxytriptycene, which had been 
prepared by the Grignard reaction of the corresponding 
aldehyde,8) in 20 mL of acetone was added sulfuric acid 
(0.1 mL H 2 S0 4 and 0.2 mL H 2 0) and the mixture was 
stirred at 0 °G for 1 h. The solvent was removed in vacuo 
and the residue was washed with dilute alkali after addition 
of 30 mL of dichloromethane. The organic layer was evapo­
rated after drying. The product was identical with the 
substance produced by the action of hydrochloric acid on 
an adduct from 9-allylanthracene and jb-benzoquinone fol­
lowed by methylation (see below). 

b) : A solution of 1.5 g of an adduct from 9-allylanthracene 
and />-benzoquinone in 50 mL of acetic acid was mixed 
with 10 mL of cencentrated hydrochloric acid and stirred 
for 24 h at room temperature. The mixture was poured 
into 1 L of water and the solid was collected. The solid 
was treated with aqueous sodium hydroxide and dimethyl 
sulfate under a nitrogen atmosphere, as was for the pre­
paration of 3. The product was recrystallized from ben-
zene-hexane, mp 230.3—230.8 °G. Yield 82%. Found: 
G, 84.57; H, 5.95%. Calcd for G24H20O2: G, 84.68; H, 
5.92%. l H NMR (GDG13, «5): 1.65 (3H, d), 3.04 (2H, 
poorly resolved quartet), 3.73 (3H, s), ca. 4.3 (1H, m), 5.85 
(1H, s), 6.50 (2H, s) 6.9—7.6 (8H, m). 

c) : To a solution of 20 mg of 9-allyl-1,4-dimethoxy-
triptycene (3) in 1.5 mL of GDG13 was added a few drops 
of trifluoroacetic acid. After standing overnight, the mixture 
was treated with 10% aqueous sodium hydrogencarbonate. 
The solvent was evaporated from the organic layer and the 
product was separated by TLG. The main product was 
identical with the compound described above. 

A 1 H NMR spectrum of the mixture showed broadening 
of the signal due to dialkoxybenzo protons at <5 6.50, indicat­
ing rapid exchange between the aromatic protons and that 
of trifluoroacetic acid. Thus trifluoroacetic acid-*/ was used 
to see the exchange: the aromatic proton signal vanished 
during the reaction. After treatment with aqueous sodium 
hydrogencarbonate, the 1H NMR spectrum of the product 
showed the presence of a deuterium in the methyl in 2-posi­
tion (broad doublet at <5 1.64 in GDG13) and the signal due 
to the dialkoxybenzo protons had an intensity corresponding 
to one proton only. The position of the deuterium in the 
diakoxybenzo moiety is not known. 

6 - Methoxy -7,11 b-o-benzeno-7,11 b-dihydronaphtho [ 1,2,3-de] chro-
man (6). a): A solution of 0.30 g (8.0 mmol) of 
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9-(2-hydroxyethyl)-l,4-dimethoxytriptycene (5)2> in 30 mL 
of dichloromethane was stirred for 30 min with 0.3 mL 
(40 mmol) of thionyl chloride and then heated under reflux 
for 30 min. The mixture was treated with aqueous sodium 
hydroxide and the organic layer was evaporated. Chro­
matography followed by recrystallization, from benzene-
hexane, of the product afforded a pure sample, mp 289.5— 
290.5 °G, in 95% yield. Found : G, 84.90; H, 5.37%. Galcd 
for G23H1802: G, 84.64; H, 5.56%. J H NMR (GDG1,, 
a): 3.15—3.40 (2H, m), 3.78 (3H, s), 4.20—4.50 (2H, m), 
5.83 (1H, s), 6.50 (2H, s), 6.9—7.7 (8H, m). 

b) : A solution of 0.20 g (5.6 mmol) of the alcohol (5) 
in 10 mL of pyridine was mixed with 0.20 g (15 mmol) 
of />-toluenesulfonyl chloride and stirred for 24 h at room 
temperature. The mixture was mixed with 30 mL of di­
chloromethane and shaken with dilute hydrochloric acid. 
The product was identical with the above cyclic ether and 
was obtained in 92% yield after resrystallization from ben-
zene-hexane. If the reaction was stopped at an incomplete 
stage, a mixture of 6 and the starting material (5) was ob­
tained. The results indicate that the cyclization did not 
take place by the treatment of the alcohol with hydrochloric 
acid but it was the sulfonate ester which gave 6. 

2 - Bromomethyl- 6 -methoxy-7,11 b-o-benzeno-7, / 7 b-dihydronaphtho-
[1,2,3-de]chroman (4). To a solution of 35.4 mg (0.1 
mmol) of 3 in 10 mL of chloroform was slowly added a solu­
tion of 15 mg (0.096 mmol) of bromine in 20 mL of chloro­
form at 0 °G. The reaction proceeded instantaneously as 
fading of the color indicated. After 1 h, the solvent was 
evaporated and the residue was purified by chromatography 
on silica gel, using hexane as an eluent. The product was 
recrystallized from hexane, mp 195—196 °G. The purity 
was checked by a 1 H NMR spectrum and the molecular 
constitution by high resolution mass spectroscopy. Found: 
M+ 418.0545 and 420.0512. G24H1902Br requires M+ 
418.05698 for 79Br and 420.05501 for 81Br. The relative 
intensities of the peaks were in good agreement with those 
calculated from the natural abundance of the isotopes. XH 
NMR (GDG13, Ô): 2.7—3.6 (2H, m), 3.81 (2H, d), 3.79 
(3H, s), 5.84 (1H, s), 6.51 (2H, s), 6.9—7.6 (8H. m). 

Competitive Bromination of 9-Allyltriptycene and 9~Allyl~1,4-

dimethoxytriptlycene. A solution of 15.5 mg (53 jxmol) of 
9-allyltriptycene and 18.8 mg (53 (xmol) of 3 in 10 mL of 
chloroform containing 10.7 mg of hexachlorobenzene was 
treated with 8.4 mg (53 (xmol) of bromine in chloroform 
as above. The disappearance of the starting material was 
checked by taking the internal standard (G6G16) in the high 
pressure liquid chromatography. The decrease in the 
amount of 9-allyltriptycene could not be detected, whereas 
3 reacted completely as far as the detecting device could tell. 

We whish to acknowledge the receipt of a Grant-
in-Aid for Scientific Research from the Ministry of 
Education, Science and Culture which supported 
this work. 
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1,3-Dipolar Cycloaddition Reaction of Vinyl Azides with Enamines. 
Synthesis of Vinyltriazolines and Vinyltriazoles 
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Reaction of a- and /?-azidostyrene with enamines gave vinyltriazolines regioselectively in moderate yields. 
1-Pyrrolidinyl enamines reacted with a-azidostyrene more readily than piperidino or morpholino enamines. ß-
Azidostyrene was as reactive as azidobenzene while a-azidostyrene was much less reactive. Vinyltriazolines form­
ed from enamines of ketones were deaminated to yield the corresponding vinyltriazoles. 

Although considerable amount of studies on vinyl 
azides has been cumulated1) since Hassner and Fowler 
developed the general synthetic method for vinyl 
azides in 1968,2) only few examples have hitherto 
been reported with regard to their reaction as 1,3-
dipole: one with methyl propiolate or dimethyl acety-
lenedicarboxylate (DMAD)3) and the other with 2-
oxoalkylidenetriphenylphosphoranes.4) 

Extensive studies have been cumulated on 1,3-
dipolar cycloaddition reaction of aryl azides.5-1°) 
Sustman and Trill have reported the correlation of 
the rate of cycloaddition reaction between azidobenzene 
and various dipolarophiles with the first ionization 
potentials (IP) of dipolarophiles, rationalizing the dual 
property of azides,9) which are known to react readily 
with both electron-deficient dipolarophiles, such as 
D M A D , and electron-rich dipolarophiles, such as en­
amines. Munk and co-workers have examined the 
reaction of substituted azidobenzenes and enamines 
and demonstrated the electrophilic character of the 
azido group towards enamines.10) 

Previously we reported the thermal reaction of vinyl 
azides with electron-deficient olefins to give vinyl-
aziridines with evolution of nitrogen (Eq. I),11) but 

R \ / R 1 

G = G 
R 3 ' XN, 

R \ /R1 

+ GH2=GHX 

X = GN, G02GH3 

G = G (1) 

X 

1,3-dipolar adduct of azide was not isolated. In the 
course of our further study concerning the 1,3-dipolar 
reaction of vinyl azides, we have examined the reac­
tion with electron rich olefins, and here we wish to 
report their reaction with enamines. 

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

Reaction of Azidostyrenes with Enamines. Azi-
dostyrenes (1) and enamines (2) were caused to react 
at 0 °G without solvent until 1 was completely con­
sumed. The results are summarized in Table 1. 

The only product isolated proved to be a 1:1 ad­
duct of azidostyrene and enamine. The structure of 
the adduct was determined from the spectroscopic 
inspection. In the case of Entry 4, for example, the 
two singlet signals at à 4.85 and 5.36, together with 
the signals at à 7.1—7.5, in XH N M R indicated the 
existence of 1-phenylvinyl group, the multiplet signals 
at ô 1.5—1.8 and 2.2—2.6 corresponded to 1-pyr-
rolidinyl group, and other signals (see experimental) 

i i 
demonstrated the existence of CH 3 CHCH-moiety . 

R w R l RVN R 

/c=c\ + « 
H N, / c \ m 3 R* R5 

1 2 

1 Q : R ^ P h , R2 = H 

l b : R ] = H , R2 = Ph 2a 

2b 

2c 

2d 

2e 

2f 

2g 

2 

? 

R3 R4 

•KH2f4 

H C2H5 

v-W 
H CH3 

H CH3 

H C2H5 

H C2H5 

2hC 6 H 5 H 

R2 

X 
H 

R5 

H 

H 

H 

H 

CH3 

H 

H 

H 

R1 

M 

^ 1 

N | f 

R5 

3 

NR2 

"ô 
O 
NG 
NG 
NG 

NG 

o N O ° 

R3 

R* 

•VL* 
SR3 

(2) 

NR, 
3' 

These results suggested the formation of 1,2,3-tri-
azoline ring by the 1,3-dipolar cycloaddition between 
the azido group of l a and the carbon-carbon double 
bond of the enamine (2d). This was further supported 
by the 13G N M R spectra of the adducts (Table 2) : 
the two signals at ô 75.9 and 74.2 (both a doublet 
at off-resonance decoupling condition) corresponded to 
the two tertiary sp3 carbons of the triazoline ring 
neighboring with the nitrogen atom. 

The cycloadducts obtained are either 4-amino-Zl1-
1,2,3-triazolines (3) or their regioisomers, 5-amino 
derivatives (3 ;). The mass spectra of the triazolines 
3d and 3f are summarized in Table 3. Molecular 
ions (M+) were not detected in both cases. The 
peaks at m\e 228 and 242 corresponded to M-28 frag­
ments (loss of nitrogen) of 3d and 3f, respectively. 
T h e peaks at mje 199 corresponded to the further 
loss of G2H5 and G3H7 from 3d and 3f, respectively. 
This was rationalized from the ^-cleavage of 3 (Fig. 
1). T h e alternative structure 3' was excluded by the 
existence of mje 199 fragment becauce the cleavages 
expected from 3' would not give this fragment. 

/ 
Ph "!•• 

CH2=C 

N - / 

/ 
Ph 

N*vL 
3d R = CH3 

3f R=C£H5 

o-
-> 

CH2=C , 

/ 
m/e = 199/ C H R 

m/e = 228 

m/e = 242 

Fig. 1. ^-Cleavage to give m/e =199 fragment. 
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TABLE 1. REACTION OF VINYL AZIDES WITH ENAMINES 

[Vol. 54, No. 1 

Entry Azide Enamine Molar ratio Reaction 
(Enamine/Azide) time/da> 

Products Isolated 
yield/% 

1 GH2=G < V N ° 

10 

l a 

l a 

l a 

l a 

l a 

l a 

Ph 
CH=CH 

l b 

l b 

l b 

l b 

2a 

c2H5CH=crof 

2b 
o 

OKI 
2c 

GHoGH=GHN 
\ I 

2d 

(GH3)2G=GHN 
\ I 

2e 

C2H5CH=CHN 

2f 

G2H5GH=GHN 

2g 

2a 

Ph 
I / - \ 

GH2=GN O 
\ _ / 

2h 

2e 

\ _ J 

/—I 

1.5 

1.42 

1.06 

2.31 

1.0 

1.13 

1.03 

1.03 

1.02 

1.57 

90b> 

12 

8b> 

21 

2C) 

3a 

Ph/0 

vD 
> 

3b 

3c 

3d 

H2C = C ( ^ 

3e 

Q . 2 H 5 

H2C=C r \ 

P h
 C H 3 

" 2 C < .£> 
%4, CH< 

H2C=C 
Ph CH, 

N 

3f 

^ N ^ C 2 H 5 

PhCH=Cf 

3g 

3h 

3i 

PhCH=CH CNx> 

CO 
PhCH=CH ( N ) 

^N-JL-Ph 

N-

PhCH=CH 

V 
3j NC 

.-D 

CH, 
^CH«! 

40 

86 

66 

64 

95 

86 

54d> 

62 

63 

78 

a) React ion time until 1 was completely consumed, unless otherwise noted, b) Some of 1 still remained un­
changed, c) Carried out in diethyl ether to avoid uncontrolled reaction, d) Based on consumed l b . 

T h e formation of the 4-amino isomers (3) is reason- sumption of azides could be a measure of relative 
able since the 1,3-dipolar cycloaddition reaction of reactivity of azides and enamines qualitatively (Table 
azides and enamines unexceptionally gives 4-amino- 1). T h e reactivity of enamines towards azides de-
ZlM^S-tr iazolines.6 - 1 0) creased in the order of l-pyrrolidinyl>piperidino> 

The reaction time necessary for the complete con- morpholino (Entry 1—6), which was the same order 
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TABLE 2. 13G NMR SPECTRAL DATA OF VTNYLTRIAZOLINES (3)a> (ô) 

3a 
3b 
3c 
3d 
3e 
3f 

3g 
3h 
3i 

3j 

G-ß» 

97.5 t 
98.9 t 

100.5t 
100.2t 
99.7 t 
99.4 t 

107.9d 
109.3d 
110.3d 
108.3 d 

C-ab> 

144.8 s 
146.5 s 
145.6 s 
146.2 s 
146.8 s 
146.4 s 
125.9d 
123.9d 
125.2d 
125.8d 

C-4b> 

80.3 s 
79.Od 
79.8 s 
75.9d 
79.5d 
80. I d 
77.5d 
79.2 s 
84.1 s 
78.5d 

C-5b> 

73.4d 
78.7 d 
75.3d 
74.2 d 
77.4 s 
74. I d 
77.4d 
75.7d 
76.7 t 
78.2 s 

Others0) 

1 5 . 8 t , 1 8 . l t , 
10 .4q , 26.2 t 
17.7 t , 19.2 t , 
16.9q 
18 .7q , 24.8q 
10 .3q , 24.9 t 
9 . 6 q , 25.4 t 
1 5 . 4 t , 17.2 t , 

18 .5q , 25.3q 

2 1 . 0 t , 

25.2 t , 

23.5 t 

24.5 t 

25 .8 t 

a) Splitting patterns obtained by off-resonance decoupling, 
and amino groups were omitted. 

b) See Eq. 2. c) Signals corresponding to phenyl 

TABLE 3. FRAGMENTATION OF VINYLTRIAZOLINE BY ELECTRON IMPACT 

(mass spectral data of 3d and 3f ) 

m/e 

228 

213 
199 

159 

111 

98 

3d (R=GH3) 

Intensity/% 

13.6 

12.0 
10.3 

43.9 

81.4 

Base 

Fragment*) 

( M ) - N 2 

(228)-GH 3 

(228)-G2H5 

(228) - N * 1 

G3H5N 

G2Uj/ 
\—I 

m/e 

242 
227 
213 
199 

173 

125 

112 

3f (R=G2H5) 

Intensity/% 

5.6 
19.4 
7.9 

12.0 

35.2 

29.1 

Base 

Fragment21) 

( M ) - N 2 

(242)-CH 3 

(242)-C2H6 

(242)-C3H7 

(242) - N * 1 

C4H,N 
\ 

C^T/ 
\ 1 

a) See Fig. 1. 

as was found for the reaction of azidobenzene with 
enamines.8 '10) From Entries 1 and 8, it seems that 
/?-azidostyrene ( lb ) is much more reactive than the 
a-isomer ( l a ) ; indeed, the reactivity of l b towards 
enamines is comparable with that of azidobenzene.6) 

Frontier Molecular Orbital Treatment. Generally, 
in the case of 1,3-dipolar cycloaddition of electron-
rich olefins, the interaction between L U M O of a dipole 
and H O M O of a dipolarophile is important.9»12) The 
lower the energy of L U M O of azide is, and the higher 
the energy of H O M O of enamine is, the interaction 
between these orbitals would be greater so that the 
reaction should proceed faster. 

The order of reactivity of enamines towards a-
azidostyrene ( l a ) , as was described, corresponded to 
the energy of H O M O of enamines, which is lowered 
in the order of 1-pyrrolidinyl, piperidino, and mor-
pholino as was estimated by photoelectron spectra 
(Fig. 2). 

The difference in reactivity between the azides ( l a , 
b) would be rationalized by the difference in the 
energies of L U M O of l a and l b . /?-Azidostyrene 
( l b ) , of which the phenyl group is more extensively 
conjugated with the azido group, would have a lower 
energy of L U M O than a-azidostyrene ( l a ) . The 
energies of these orbitals estimated by GNDO/2 calcu­
lation supported the above trends (Fig. 2). T h e lower 
energy of L U M O of l b corresponds to its higher re-

First IP** 
(eV) 7.67 

Q Q Q 

7.50 7.10 

---..... 2-50 

-10.01 -9.71 

_ / P h PhN 

Fig. 2. Energies of frontier orbitals of azides* and 
enamines. 
* Orbital energies (eV) of organic azides were esti­
mated from GNDO/2 calculation.14) ** Obtained 
from photoelectron spectroscopy by Domelsmith and 
Houk.15> 

activity towards enamines. 
A possible steric effect, interaction between phenyl 

group and the amino group in the transition state 
of the reaction, can also be responsible for the lower 
reactivity of l a . 

I t is known that the reaction between azides and 
enamines is dipole-LUMO-controlled reaction, and the 
orientation should therefore be as shown in Table . 4, 

18.lt
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TABLE 4. COEFFICIENTS OF LU MO OF AZIDES 

ESTIMATED WITH G N D O / 2 CALCULATION14) 

R,N. 

N 
} - - ( N ) 

HOMO LUMO 

R = H13) Ph CH>=CH GH2=GPh PhCH=CH 

0.37 
0.76 

0.263 
0.495 

0.298 
0.557 

0.169 
0.425 

0.165 
0.462 

which is in fact the case.12) We attempted the calcu­
lation of the coefficients of L U M O of various vinyl 
azides ; it seems that the introduction of a vinyl group 
to the azide does not alter the relative magnitude of 
the coefficients of L U M O of simple azides such as 
hydrazoic acid. These results are consistent with the 
regioselective formation of the 4-aminotriazolines (3). 

G = G NR2 

/ \ 
N 
\ / 

N 
t 

R3 

/ H+ or Si02 

\ -R 2 NH 
R4 

I 

R \ •R 1 

G = C 
H / \ N R3 

rf Y 
N R4 

(3) 

Systhesis of Triazoles (4) by Deamination of the Ami­
notriazolines (3). I t is known that the 4-alkyl 
(or a ry l^ -amino-Z lM^S- t r i azo l ines are easily de-
aminated by treatment with acid to give the correspond­
ing l//-l,2,3-triazoles.6> When the aminotriazolines 
(3a,c,li,i) formed from the enamines of ketones were 
treated with acetic acid at room temperature or eluted 
through silica-gel column, deamination readily occur­
red, giving the corresponding triazoles (4) in 40— 
6 2 % yields (Table 5). 

Thus, a simple and useful method for the synthesis 
of vinyltriazoles from vinyl azides, under mild con­
ditions, with high regioselectivity, and in moderate 
yields, was achieved. T h e vinyltriazoles like 4 were 
otherwise difficult to prepare. A known method with 
a-azidostyrene and 2-oxoalkylidinetriphenylphospho-
ranes requires much longer time (about a month) 
and affords the vinyltriazoles in no more than 5 4 % 
yields.4) 

Exper imenta l 

General. Spectroscopic data were obtained with fol­
lowing apparatus: JEOL JNM-MH100 NMR Spectrometer, 
VARIAN FT-80A FT-NMR System, JEOL JNM-FX90Q, 
FT-NMR System, JASGO DS-403G Grating Infrared Spec­
trophotometer, HITACHI EPS-3T Recording Spectropho­
tometer, and HITACHI RMU-6MG Mass Spectrometer. 

a- and /?-Azidostyrenes were prepared according to 
Hassner's method.2* Enamines of ketones were prepared 
according to the method described in Organic Syntheses.16) 
Enamines of aldehydes were prepared according to Mannich's 
method.17) 

Melting points were determined with microscopic ap­
paratus and uncorrected. 

Reaction of Azidostyrenes with Enamines. The azide (1) 
and the enamine (2) were mixed and allowed to stand at 
0 °G without solvent until the azide was completely con­
sumed, unless otherwise described. The products were 
purified with alumina column chromatography (eluting 
with hexane-dichloromethane (1:1)) and/or with recrystal-
lization from an appropriate solvent.18) 

3a,4,5,6,7,7a-Hexahydro-7a-morpholino- 1 - (1 -phenylvinyl) - 7H-
1,2,3-benzotriazole (3a) : The mixture of 4.4 g (30 mmol) 
of a-azidostyrene (la) and 7.5 g (45 mmol) of 4-(l-cyclo-
hexenyl)morpholine (2a) was allowed to stand at 0 °G for 
90 d. Hexane (10 ml) was added and the precipitates 
formed were collected and recrystallized from ethanol to 
give 3.4 g of 3a as colorless crystals (40% yield); mp 110— 
111.5 °G (dec); IR (KBr) 1615 cm"1 (G=G); XHNMR 
(GDClg) Ô 1.1—2.3 (8H, m), 2.43 (4H, m), 4.61 (1H, t, 
7 = 5 . 5 Hz), 4.72 (1H, s), 5.58 (1H, s), and 7.44 (5H, m); 
UV m a x (methanol) 246 nm (e 7700). Found: G, 69.19; 
H, 8.01; N, 18.13%. Calcd for C18H24N40: C, 69.20; H, 
7.74; N, 17.93%. 

5-Ethyl-3- ( 1 -phenylvinyl) -4-piperidino-à}- 1,2,3-triazoline (3b) : 
The mixture of 2.0 g (14 mmol) of la and 2.8 g (20 mmol) 
of l-(l-butenyl)piperidine (2b) was allowed to stand at 
0 °G for 12 d. Then the mixture was eluted through 
alumina column to give 3.9 g of 3b as faint yellow oil (86% 
yield): IR (neat) 1615 cm"1 (G=G); 1H NMR (GDC13) 
Ô 1.06 (3H, t, J=l Hz), 1.4—1.6 (6H, m), 1.7 (2H, q, J=l 
Hz), 2.2—2.6 (4H, m), 4.2—4.4 (2H, m), 4.86 (1H, s), 5.42 
(1H, s), and 7.5 (5H, m); UV m a x (methanol) 240 nm (e 
13000). 

3a,4,5,6,7\7a-Hexahydro-l-(11-phenylvinyl)-7ra- (1 -pyrrolidinyl)-
1U-1,2,3-benzotriazole (3c): The mixture of 1.0 g (6.9 
mmol) of l a and 1.1 g (7.3 mmol) of l-(l-cyclohexenyl)-
pyrrolidine (2c) was allowed to stand at 0 °G for 2d . Then 
the product was eluted through alumina column to give 
1.35 g of 3c as yellowish viscous oil (66% yield): IR (neat) 

TABLE 5. DEAMINATION OF AMINOTRIAZOLINES (3) TO TRIAZOLES (4) 

Reactant 

3a 

3c 

3h 

3i 

R1 

Ph 

Ph 

H 

H 

R2 

H 

H 

Ph 

Ph 

R3 R4 

<GH2>4 

<GH2>4 

<GH2>4 

Ph H 

NR2 

N / ~ ~ X 0 

N / ~ 1 

N / ~ ~ X 0 

N / ^ X 0 

Products 

4a 

4a 

4b 

4c 

Methoda> 

B 

A 

B 

A 

A 

Yield/% 

40 

46 

40 

54 

62 

a) A: Treatment with acetic acid. B: Elution through silica-gel column. 
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mp 144.5—145.5 °G; IR (KBr) 1650 cm"1 (G=G); XH NMR 
(GDGlg) ô 7.3—7.9 (m) and 7.85 (s) ; UV m a x (methanol) 
281 nm (e 20000). Found: G, 77.97; H, 5.25; N, 17.16%. 
Galcd for G16H13N3: G, 77.91; H, 5.30; N, 16.99%. 
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Dealkylation Reaction of Acetals, Phosphonate, and Phosphate Esters 
with Chlorotrimethylsilane/Metal Halide Reagent in Acetonitrile, 

and Its Application to the Synthesis of Phosphonic 
Acids and Vinyl Phosphates^ 

Tsuyoshi M O R I T A , * Yoshiki OKAMOTO, and Hiroshi SAKURAI 

The Institute of Scientific and Industrial Research, Osaka University, Yamada-kami, Suita, Osaka 565 
(Received July 4, 1980) 

A mild and efficient method has been developed for carbon-oxygen bond cleavage using chlorotrimethyl-
silane/sodium iodide in acetonitrile. It was applied to synthetic transformation under nonaqueous and neutral 
conditions, such as acetal deprotection and the synthesis of phosphonic acids from the corresponding dialkyl phos-
phonates via methanolysis of their silyl esters. Effectiveness of various kinds of metal or ammonium iodides for 
this type of dealkylation was examined in the acetonitrile solution by 1H NMR. Satisfactory results were also 
obtained with lithium or potassium iodide in place of sodium iodide. However, copper (I) or quarternary am­
monium iodide was ineffective. Chlorotrimethylsilane/lithium bromide in acetonitrile is effective for selective 
dealkylation of multifunctional phosphonic esters or dialkyl vinyl phosphates. 

Organosilicon compounds have been extensively de­
veloped and applied to organic synthesis as reagents, 
reactive intermediates, and protective groups.2) At­
tention was drawn to a new and efficient method 
for carbon-oxygen bond cleavage using organosilicon 
compounds under nonaqueous and neutral conditions, 
bromotrimethylsilane and iodotrimethylsilane in par­
ticular being versatile reagents for synthetic trans­
formation of many functional groups. The chemistry 
of iodotrimethylsilane has been developed by Olah 
et al.z) and J u n g et al.*) with regard to the reactions of 
carboxylic esters, ethers, acetals, alcohols, carbamates, 
and sulfoxides. Mckenna et al. and Rudinskas et al. 
reported the usefulness of bromotrimethylsilane for the 
conversion of dialkyl phosphonates into the silyl esters,5) 
sulfoxides into sulfides, 3b> alcohols into bromides and 
orthoesters into the corresponding esters.6) However, 
bromotrimethylsilane is of little use for the cleavage 
of carboxylic esters, ethers, and acetals. 

The preparation of bromotrimethylsilane7) or iodotri­
methylsilane8) requires two steps via hexamethyldi-
siloxane from chlorotrimethylsilane, these fuming com­
pounds being easily hydrolyzed in the atmospheric 
moisture. To overcome the disadvantages inherent in 
the use of iodotrimethylsilane, two improve methods 
have been worked out for the preparation of the re­
agent in situ using phenyltrimethylsilane/iodine9) or al-
lyltrimethylsilane/iodine10) in the presence of carboxylic 
esters or ethers. The high reactivity of these reagents 
can be rationalized by the hard and soft acids and 
base principle,11) since they contain both hard acid 
and soft bases in their molecules. Chlorotrimethyl­
silane itself is essentially ineffective,12) al though it is 
the most easily available reagent and frequently em­
ployed as a starting material for many reactive or­
ganosilicon compounds in organic synthesis. 

In the course of studies on synthesis and biological 
properties of various phosphonic acids, we have sought 
a new and mild method for carbon-oxygen bond 
cleavage in the phosphonic esters with use of the 
most inexpensive chlorotrimethylsilane itself. I n a 
preliminary communication, we demonstrated that 
chlorotrimethylsilane/sodium iodide in acetonitrile is 
an extremely effective reagent for dealkylation of 
esters, ethers etc.13'1*) Olah et al. independently re­

ported a similar use of the reagent in the same reac­
tions.15) 

In order to avoid an overlap of results, this paper 
describes the scope and limitation of dealkylation of 
dialkyl phosphonates and acetals with chlorotrimethyl­
silane/sodium iodide and the effectiveness of various 
iodides for this type of reaction. A novel reaction 
of chlorotrimethylsilane/lithium bromide as a selective 
dealkylating agent of phsophonic esters having other 
labile functional groups, and dialkyl vinyl phosphates 
is also described. 

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

Dealkylation of Acetal with Chlorotrimethylsilane I Sodium 
Iodide. Dealkylation of acetals (1) with chloro­
trimethylsilane/sodium iodide in acetonitrile was per­
formed under mild and nonaqueous conditions. In 
most cases, the reaction was virtually complete at 
45 °C within 0.5—2.5 h, affording the parent carbonyl 
compounds (2) in one step quantitatively (Eq. 1). 
T h e results are summarized in Table 1. 

R \ / O R 3 

G + Me3SiCl + Nal > 

R 2 / \ O R 3 CH3CN 

1 

R \ 
G=0 + R3I + Me3SiOR3 + NaCl (1) 

R 2 /
2 

T h e present method is applicable to both dimethyl 
and diethyl acetals. However, the case of the ethylene 
acetal ( lc) results in relatively poor yield, a similar 
result being reported on ethylene acetal cleavage with 
iodotrimethylsilane by J u n g et al.*0) I t was found 
that the acetal cleavage is significantly influenced by 
the ratio of the reagent to the substrate used. For 
example, treatment of benzaldehyde dimethyl acetal 
( l a ) with 1.5 equiv. of chlorotrimethylsilane/sodium 
iodide gave a mixture of the acetal ( l a ) and benzal­
dehyde (2a) (14:86) at 45 °G for 0.5 h, in spite of 
the complete disappearance of the chlorotrimethylsilane 
signal. The complete conversion of l a into 2a could 
be achieved by using 2.0 equiv. of the reagent at 45 
°G for 0.5 h, the formation ratio of methyl iodide: 
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TABLE 1. ACETAL DEALKYLATION WITH CHLOROTRIMETHYLSILANE/SODIUM IODIDE 

Compound 

l a 
l b 
l c 
Id 
l e 
If 

l g 

R1 

Ph 
Ph 
Ph 
Me(GH2)5 

/>-MeOC6H4 

-
Ph 

(CH2)5-

R2 

H 
H 
H 
H 
H 

Me 

R3 

Me 
Et 

-CH 2 -
Me 
Me 
Me 
Me 

Temp 

45 
45 
45 
45 
45 
45 
45 

Time 
ïi 

0.5 
1.5 
2.5 
0.5 
2.5 
0.5 
0.5 

Yielda> of 2 

% 

88 
85 
30 
91 
95 
84 
82 

a) Isolated yield. The products were characterized by comparison with authentic samples. 

methyl trimethylsilyl ether being 6 :1 . T h e results in­
dicate that further dealkylation of the initially formed 
methyl trimethylsilyl ether occurs competitively. 

Me3SiOMe + Me3SiCl + Nal > 
CH3CN 

Mel + (Me3Si)20 + NaCl (2) 

A report was given on the useful application of chloro­
trimethylsilane/sodium iodide to the conversion of al­
cohols into iodides via their trimethylsilyl ethers.16) 

Effect of Other Iodide. In order to elucidate the 
effectiveness of various iodides for the dealkylating 
method using chlorotrimethylsilane, the effect of the 
salts on the yield was examined, l a being selected 
as a typical substrate and acetonitrile as solvent. T h e 
results are summarized in Table 2. 

PhCH(OMe)2 + Me3SiCl + MI 

l a 
CH3CN 

PhCHO + Mel + Me3SiOMe + MCI 

2a 
(3) 

We see that the reaction yield is greatly influenced 
by the kind of salt used, lithium, sodium, and potas­
sium iodide being very effective and giving an excellent 
yield of 2a at 45 °G for 0.5 h. However, other salts 
such as copper (I) or quarternary ammonium iodides 
are unsatisfactory, the yields of 2a being invariably 
lower than 4 0 % , even for the prolonged reaction. 
This can be explained by the difference in solubility 

TABLE 2. ACETAL DEALKYLATION WITH CHLORO­

TRIMETHYLSILANE IN THE PRESENCE OF VARIOUS 

IODIDE SALTS 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

MI 

Lil 
Nal 
KI 
Gul 
Me4NI 
Bu4NI 
PhNMe3I 
PhNMe3I 
PhNMe3I

b> 

Temp 
°G 

45 
45 
45 
45 
45 
45 
45 
45 
45 

Time 

0.5 
0.5 
0.5 
3.0 
3.0 
3.0 
3.0 
5.0 
3.0 

Yield») of 2a 

% 

100 
100 
100 
25 
11 
36 
33 
38 
6 

a) Determined by XH NMR. b) Control experiment: 
l a (7 mmol), Me3SiCl (14 mmol), PhNMe3I (14 mmol), 
and PhNMe3Gl (7 mmol) in GH3GN (5 ml). 

of the chloride (MCI) produced as a by-product in 
acetonitrile. With the progress of reaction, lithium, 
sodium, and potassium chloride immediately precipi­
tate, but the ammonium chlorides are highly soluble 
in the solvent. For the sake of confirmation, we car­
ried out a control experiment in which acetonitrile-
soluble phenyltr imethylammonium chloride was added 
to the acetonitrile solution of chlorotrimethylsilane/ 
phenyltr imethylammonium iodide (entry 9, Table 2). 
The chloride added prevented the formation of 2a.17) 
T h e effect of various solvents (carbon tetrachloride, 
chloroform, or iV,iV-dimethylformamide) on acetal de­
alkylation using chlorotrimethylsilane/sodium iodide 
was also examined. Acetonitrile was found to be the 
most suitable, the reaction in other solvents being 
slightly slower than that in acetonitrile. 

Dealkylation of Phosphonic Esters with Chlorotrimethyl­
silaneJ'Sodium or Potassium Iodide. Phosphonic acids 
were prepared from the corresponding dialkyl esters 
by acid-catalyzed hydrolytic dealkylation, by refluxing 
them with 6 mol d m - 3 hydrochloric acid for several 
hours. Many multifunctional phosphonic esters are 
frequently subjected to undesirable reactions under 
these acidic conditions.18) 

T h e exothermic reaction of dimethyl phosphonates 
(3) with chlorotrimethylsilane/sodium iodide occurred 
rapidly at room temperature to give the corresponding 
bis (trimethylsilyl) phosphonates (4) and methyl iodide 
quantitatively.19) The dealkylation monitored by 1H 
N M R spectroscopy proceeded to completion within 
15 min. The rate of dealkylation of dialkyl phospho­
nates with the reagent decreases according to the 
bulkiness of the alkyl group in the order: R 2 = M e > 
Et>/-Pr . 2 0) Trea tment of the silyl esters (4) with 
methanol at room temperature gave the corresponding 

O 

R1P(OR2)2 + 2 Me3SiCl + 2 Nal 
CH3CN 

O 

R1P(OSiMe3)2 + 2 R2I + 2 NaCl 

4 
MeOH 

o 
R1P(OH)2 

5 
(4) 
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O 

R1P(OR2)2 + 2 Me3SiCl + 2 LiBr 
CH3CN 

3 

O 

R1P(OSiMe3)2 + 2 R2Br + 2 LiGl (7) 

4 
The results for several phosphonates are given in 
Table 4. 

Other salts such as KBr, MgBr2, NEt4Br, and 
PhNMe 3Br are ineffective. The rate of dealkylation by 
the present method is slightly smaller than that with 
bromotrimethylsilane. The dealkylation of phosphonic 
ester moiety with chlorotrimethylsilane/lithium bromide 
proceeds with higher functional group selectivity than 
that with chlorotrimethylsilane/sodium iodide, indi­
cating no cleavage of other functional groups even 
when a large excess of the reagent is used. Benzyl 
acetate hardly reacted at all with this reagent at 75 
°G for 9 h. 

Dealkylation of Dialkyl Vinyl Phosphate with Chloro-
trimethylsilane I Lithium Bromide. From our studies 
on dealkylation of phosphonic and phosphoric ester 
using bromotrimethylsilane, we find that no G=GOP 
bond cleavage occurs in dialkyl vinyl or dialkyl phenyl 
phosphates.25) The G=GOP bond cleavage in the hy­
drolysis of dialkyl vinyl phosphate under acidic or 
basic conditions occurs predominantly to yield dialkyl 
phosphate and carbonyl compounds.26) H â t a et al. 
as well as our group have prepared many kinds of 
unesterified enolphosphates of biologically interest from 
the corresponding dialkyl esters by means of bromo­
trimethylsilane.27) In order to extend our meth­
odology, the reaction of dialkyl vinyl phosphates with 
chlorotrimethylsilane/lithium bromide in acetonitrile 
solution was undertaken. 

When dialkyl vinyl phosphates (6) reacted with 
chlorotrimethylsilane/lithium bromide in acetontrile, 
the corresponding bis(trimethylsilyl) vinyl phosphates 
(7) were obtained in high yields. 

O 

RK)P(OR")8 + 2 Me3SiCl + 2 LiBr > 
CH3CN 

6 

O 

R1OP(OSiMe3)2 + 2 R2Br + 2 LiGl (8) 

7 

T h e silyl esters (7), treated with methanol at room 
temperature, were immediately converted into the cor­
responding phosphates (8) which were isolated as 
anilinium salts. T h e results are given in Table 5. 

O 
MeOH n 

7 > RiOP(OH)a 

8 

(9) 

Alcoholysis of the silyl ester (7a) was unsuccessful. 
No desirable anilinium salt of 8a could be isolated, 
resulting in the G=GOP bond cleavage. 

W e have developed a mild and versatile method 
for carbon-oxygen bond cleavage using easily ac­
cessible and inexpensive chlorotrimethylsilane/metal 
halides, and have demonstrated the applicability of 
this method to synthetic transformation. 

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

Boiling points are uncorrected. Melting points were de­
termined on a Yanagimoto micromelting apparatus and 
are uncorrected. 1H NMR spectra were obtained with a 
J N M FX 100 using TMS or DSS as an internal standard, 
and IR spectra with a Shimadzu IR-400. GLG analyses 
were performed on a Shimadzu GG-3AF using stainless steel 

TABLE 4. PHOSPHONIC ESTER DEALKYLATION WITH CHLOROTRIMETHYLSILANE/LITHIUM BROMIDE 

Compound R1 R2 Temp 
~ ^ G 

Time Yield») of 4 

% 

3a PhCH2 Me 
3b PhCH2 Et 
3g MeOGOGH2 Et 
3i *-BuOCOCH2 Me 
3j PhCH2OCOCH2 Et 
3p MeOGH2 Et 
3r (MeO)2GH Me 

45—55 
70—75 
70—75 
45—50 
70—75 
70—75 
45—50 

1.5 
3.0 
4.5 
1.5 
4.5 
4.0 
1.5 

89 
90 
87 
83 
85 
88 
92 

a) Isolated yield. 

Compound 

TABLE 5. PHOSPHORIC ESTER DEALKYLATION WITH CHLOROTRIMETHYLSILANE/LITHIUM BROMIDE 

Dealkylation conditions 

R1 R2 
Temp 

°C 
Time 

Yielda> of 7 

% 

Yield*) of 
salt of 8 

6a 
6b 
6c 

H2C=CMe 
Me2C=CPh 
C12C=CH 

Et 
Et 
Me 

70—75 
70—75 
45—50 

3.0 
3.5 
1.5 

84 
81 
86 

— 
93 
95 

a) Isolated yield, 
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columns packed with 2 5 % Silicone DG 550 on Shimalite. 
Materials. Commercial chlorotrimethylsilane was 

dried over GaH 2 and distilled. Acetonitrile and other 
solvents were dried and distilled by the usual method. Com­
mercial anhydrous inorganic halides were stored in a de­
siccator. Hygroscopic lithium bromide was dried in vacuo 
at 100 °G just use. All substrates (phosphonic esters, acetals, 
and phosphoric esters) were prepared by the usual method. 
All the dialkyl phosphonates (3a—3q, except 3 n and 3r ) 
were prepared by the Arbuzov reaction of the corresponding 
halides with trialkyl phosphite.18) T h e phosphonate (3m) 
was prepared from 2-chloro-4,6-dimethoxy-l,3,5-triazine28> 
and trimethyl phosphite: yield 8 0 % ; viscous oily product ; 
N M R (CG14): Ô 3.93 (6H, d, J= 10.6 Hz , C H 3 O P ) , 4.02 
(6H, s, G H 3 0 ) ; Found : P, 12 .31%. Calcd for G 7 H 1 2 N 3 0 5 P : 
P, 12.43%. T h e phosphonate (3n) was prepared by the 
reaction of benzaldehyde with dimethyl phosphonate, follow­
ed by acetylation with acetyl chloride in the presence of 
triethylamine.18) T h e phosphonate (3r) was prepared from 
PClg and trimethyl orthoformate.29) All the phosphates 
(6a—6c) were prepared by the Perkow reaction of the 
corresponding a-halogenocarbonyl compounds with trialkyl 
phosphite.26) 

General Procedure for Dealkylation of Acetal with Chlorotri­
methylsilane/Sodium Iodide. A mixture of acetal (30 mmol) , 
chlorotrimethylsilane (60 mmol) , and anhydrous sodium 
iodide (60 mmol) in dry acetonitrile (15 ml) was heated at 
45 °G with stirring, the reaction being monitored by XH 
N M R . When the reaction was completed, the mixture 
was poured into 5 % aqueous solution of N a H G 0 3 (50 ml) , 
followed by deiodinization with sodium thiosulfate. T h e 
resulting organic layer was extracted with ether (50 m i x 3), 
the combined extract being dried over N a 2 S 0 4 . After the 
removal of low-boiling materials on an evaporator (below 
50 °C), the residue was distilled in vacuo to afford the pure 
product. 

Effect of Iodide Salts on Dealkylation of Acetal. 1 H N M R 
analysis was carried out according to the same procedure 
as that described above. A mixture of benzaldehyde di­
methyl acetal (7 mmol) , chlorotrimethylsilane (14 mmol) , 
and anhydrous iodide salt (14 mmol) was stirred at 45 °G 
in dry acetonitrile (5 ml) . Conversion of the dimethyl 
acetal into benzaldehyde was determined by measurement 
of X H N M R spectra of the reaction mixture. 

General Procedure for Dealkylation of Dialkyl Phosphonate with 
Chlorotrimethylsilane/Sodium or Potassium Iodide. Chloro­
trimethylsilane (60 mmol) was added dropwise to a mixture 
of phosphonate (30 mmol) and anhydrous sodium or potas­
sium iodide (60 mmol) in dry acetonitrile (30 ml) . T h e 
mixture was stirred at 25—35 °C for 15—30 min, the pro­
gress of reaction being monitored by 1H N M R spectroscopy. 
After complete disappearance of the chlorotrimethylsilane 
signal, the resulting sodium or potassium chloride was filtered 
off rapidly and washed with dry ether (20 m i x 2 ) . O n 
removing low-boiling materials from the ni trate with an 
evaporator (below 50 °C), the corresponding silyl esters 
were obtained as oily residue. T h e residue was dissolved 
in methanol (30 ml) containing aniline or cyclohexylamine 
(60 mmol) and the mixture was concentrated to dryness 
under reduced pressure to give a white solid, amine salt 
of phosphonic acid. T h e crude salts were purified by re-
crystallization. Some known products were identified by 
comparison with authenitic samples prepared from dialkyl 
phosphonates and bromotrimethylsilane.22) T h e structures 
of new compounds were identified by 1H N M R spectra and 
elemental analysis. 

Anilinium (Ethoxycarbonylmethyl)phosphonate (Salt of 5h). 

T h e salt was recrystallized from acetone: yield 8 5 % ; m p 
134—136 ° C ; N M R ( D 2 0 ) : ô 1.27 (3H, t, CH 3 C) , 4.14 
(2H, q, C H a O ) , 2.84 (2H, d, J= 20.9 Hz , CH 2 P) , 7.4— 
7.6 (5H, m, C 6 H 5 N ) ; Found : C, 46.05; H , 6.29; N , 5.44; 
P, 11.72%. Calcd for C 1 0 H 1 6 NO 5 P: C, 45.98; H , 6.17; 
N , 5.36; P, 11.86%. 

Anilinium (t-Butoxycarbonylmethyl)phosphonate (Salt of 5i). 
T h e salt was recrystallized from acetone: yield 7 7 % ; m p 
115—117 °C ; N M R ( D 2 0 ) : ô 1.46 (9H, s, C 4 H 9 O C O ) , 
2.74 (2H, d, 7 = 2 0 . 8 Hz , CH 2 P) , 7.4—7.6 (5H, m, C 6 H 5 N ) ; 
Found : C, 49.56; H , 6.65; N , 4 .95; P, 11.77%. Calcd 
for C 1 2 H 2 0 NO 5 P: C, 49.83 H , 6.97; N , 4.84; P, 10 .71%. 

Anilinium (Benzyloxycarbonylmethyl)phosphonate (Salt of 5j). 
T h e salt was recrystallized from acetone: yield 8 4 % ; m p 
123—125 °C ; N M R ( D 2 0 ) : ô 2.89 (2H, d, J= 20.8 Hz , 
CH 2 P) , 5.18 (2H, s, P h C H 2 0 ) , 7.3—7.6 (10H, m, C 6 H 5 C, 
C 6 H 5 N ) ; Found : C, 55.87; H , 5.50; N , 4.46; P, 8.89%. 
Calcd for C 1 5 H 1 8 N 0 5 P : C, 55 .73; H , 5.61 ; N , 4 .33 ; P , 9 .58%. 

Anilinium (Ethoxycarbonyl)phosphonate (Salt of 5k). T h e 

salt was recrystallized from ethanol : yield 8 5 % ; m p 143— 
145 °C ; N M R ( D 2 0 ) : ô 1.28 (3H, t, C H 3 C ) , 4.19 (2H, q, 
C H 2 0 ) , 7.3—7.6 (5H, m, C 6 H 5 N ) ; F o u n d : C, 44.23; H , 
5.89, N , 5.73; P, 12.70%. Calcd for C 9 H 1 4 N 0 5 P : C, 43.73; 
H , 5 .71; N , 5.67; P, 12.53%. 

Anilinium (DiethylcarbamoyI)phosphonate (Salt of 51). 
T h e salt was recrystallized from acetone-ethanol (5/1): 
yield 8 8 % ; m p 142—144 ° C ; N M R ( D 2 0 ) : ô 1.10 (3H, 
t, C H 3 C ) , 1.19 (3H, t, C H 3 C ) , 3.31 (2H, q, CH 2 N) , 3.69 
(2H, q, C H 2 N ) , 7.4—7.7 (5H, m, C 6 H 5 N ) ; Found : C, 48.32; 
H , 7.44; N , 10.05; P, 10.95%. Calcd for C n H 1 9 N 2 0 4 P : 
C, 48.18; H , 6.99; N , 10.21; P, 11.29%. 

Anilinium (4,6-Dimethoxy-1,3,5-triazine-2-yl)phosphonate (Salt 
of 5m). T h e salt was recrystallized from ethanol : 
yield 9 1 % ; dec. 153—155 ° C ; N M R ( D 2 0 ) : ô 4.02 (6H, 
s, CH3O), 7.3—7.6 (5H, m, C 6 H 5 N ) ; F o u n d : C, 42.24; 
H , 4.82; N , 17.82; P, 9 . 6 3 % . Calcd for C n H 1 5 N 4 0 5 P : 
C, 42.02; H , 4 .81 ; N , 17.83; P, 9 .86%. 

Anilinium (oc-Acetoxybenzyl)phosphonate (Salt of 5n). 
T h e salt was recrystallized from methanol : yield 9 0 % ; m p 
159—161 ° C ; N M R ( D 2 0 ) : ô 2.81 (3H, s, CH 3 C) , 5.82 
(1H, d, J= 13.0 Hz , C H P ) , 7.3—7.6 (10H, m, C 6 H 5 C, 
C 6 H 5 N ) ; Found : C, 55.79; H , 5 .71; N , 4.24; P, 8 .93%. 
Calcd for C 1 5 H 1 8 N 0 5 P : C, 55.73; H , 5.61 ; N , 4 .33; P, 9 .58%. 

Anilinium (Benzoylmethyl)phosphonate (Salt of 5o). T h e 
salt was recrystallized from acetone-methanol (10/1): yield 
8 9 % ; m p 103—104 °C ; N M R ( D 2 0 ) : ô 3.57 (2H, d, J= 
21.3 Hz , CH 2 P) , 7.3—8.1 (10H, m, C 6 H 5 C, C 6 H 5 N ) ; Found : 
C, 57 .31 ; H , 5 .51; N , 4 .81 ; P, 10.49%. Calcd for C1 4H1 6-
N 0 4 P : C, 57.34; H , 5.50; N , 4 .78; P , 10.56%. 

Anilinium (Methoxymethyl)phosphonate (Salt of 5p). T h e 
salt was recrystallized from acetone: yield 7 6 % ; m p 114— 
116 °C ; N M R ( D 2 0 ) : ô 3.43 (3H, s, C H 3 0 ) , 3.59 (2H, d, 
J = 8 . 5 Hz , CH 2 P) , 7.3—7.6 (5H, m, C 6 H 5 N ) ; Found : C, 
43.56; H , 6.33; N , 6.37; P, 14.23%. Calcd for C 8 H 1 4 N 0 4 P : 
C, 43.84; H , 6.44; N , 6.39; P, 14.13%. 

Anilinium ('2,2-Dimethoxyethyl)phosphonate (Salt of 5q). 
T h e salt was recrystallized from acetone-methanol (10/1): 
yield 8 2 % ; mp 86—88 °C; N M R ( D 2 0 ) : ô 2.03 (2H, dd, 
J = 1 8 . 1 Hz , CH 2 P , 7 = 5 . 9 Hz , C H C H 2 ) , 3.36 (6H, s, C H 3 0 ) , 
7.3—7.6 (5H, m, C 6 H 5 N ) ; Found : C, 45.28; H , 6.32; N , 
5.65; P, 11.52%. Calcd for C 1 0 H 1 8 NO 5 P: C, 45.63; H , 
6.89; N , 5.32; P, 11.77%. 

General Procedure for Dealkylation of Dialkyl Phosphonate with 
Chlorotrimethylsilane /Lithium Bromide. A mixture of phos­
phonate (20 mmol) , chlorotrimethylsilane (44 mmol for 
R 2 = M e , 56 mmol for R 2 = E t ) and anhydrous lithium bro­
mide (44 mmol for R 2 = M e , 56 mmol for R 2 = E t ) in dry 
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acetontrile (15 ml) was vigorously stirred at 45—75 °G for 
several hours, the reaction being monitored by 1 H N M R . 
When the reaction was completed, the reaction mixture 
was cooled to room temperature and resulting li thium chlo­
ride and the excess of l i thium bromide were filtered off. 
After the removal of low-boiling materials on an evaporator, 
the residue was distilled under reduced pressure to give 
the pure trimethylsilyl ester. T h e products were identified 
by comparison with authentic samples prepared by use 
of bromotrimethylsilane.22) 

Bis (trimethylsilyl) Benzylphosphonate (4a). Yield 8 9 % ; 
bp 95—97 °C/0.1 m m H g t (lit,23) 88—90 °C/0.04 m m H g ) ; I R 
(neat ) : 1245cm" 1 ( P = 0 ) ; N M R (GG14): ô 3.00 (2H, d, 
J = 2 2 . 2 Hz, GH 2 P) , 7.22 (5H, m, G6H5G), 0.15 (18H, s, 
OSiMe 3 ) . 

Bis (trimethylsilyl) (t-Butoxycarbonylmethyl) phosphonate (4i). 
Yield 8 3 % ; b p 82—84 °G/0.01 m m H g ; I R (neat ) : 1725 
(G=0) and 1250 c m - 1 ( P = 0 ) ; N M R (GG14): Ô 1.46 (9H, 
s, G 4 H 9 0 ) , 2.72 (2H, d, 7 = 2 2 . 5 Hz, GH 2 P) , 0.28 (18H, 
s, OS iMe 3 ) ; Found : P, 9 . 3 1 % . Galcd for G 1 2 H 2 9 0 5 PSi 2 : 
P, 9 .10%. 

Bis (trimethylsilyl) (Benzyloxycarbonylmethyl)phosphonate (4j). 
Yield 8 5 % ; b p 123—125 °G/0.002 m m H g ; I R (nea t ) : 1730 
(G=0) and 1260 cm" 1 ( P = 0 ) ; N M R (GG14) : Ô 2.87 (2H, 
d, / = 2 2 . 5 Hz, GH 2 P) , 5.11 (2H, s, P h C H 2 0 ) , 7.31 (5H, 
m, C 6 H 5 C), 0.26 (18H, s, OSiMe 3 ) ; Found : P , 7.69%. Galcd 
for G 1 5 H 2 7 0 5 PSi 2 : P, 8.27%. 

Bis (trimethylsilyl) (Methoxymethyl)phosphonate (4p). 
Yield 8 8 % ; b p 123—124 °G/8 m m H g (lit,23) 73—75 °G/ 
0.02 m m H g ) ; I R (neat ) : 1250 c m - 1 ( P = 0 ) ; N M R (GG14) : 
ô 3.55 (2H, d, 7 = 8 . 5 Hz , GH 2 P) , 3.43 (3H, s, G H 3 0 ) , 0.29 
(18H, s, OSiMe 3 ) . 

General Procedure for Dealkylation of Dialkyl Vinyl Phosphate 
with Chlorotrimethylsilane I Lithium Bromide. Dealkylation of 
the phosphoric esters (20 mmol) was carried out by the 
same procedure as that in the case of dialkyl phosphonate. 
T h e silyl ester was isolated by distillation in vacuo. When 
the silyl ester ( 10 mmol) was added to a methanol solution 
(30 ml) of aniline (20 mmol) and the solution was concen­
trated to dryness on an evaporator (below 50 °G), anilinium 
salt was obtained as a white crystalline solid. After re-
crystallization the structures of the products were charac­
terized by 1 H N M R , I R spectra, and elemental analysis. 

Bis (trimethylsilyl) 1 -Methylethenyl Phosphate (7a). Yield 
8 4 % ; bp 90—92 °G/8 m m H g (lit,27) 75—77 °G/1.25 m m H g ) . 

Bis (trimethylsilyl) 2-Methyl-1-phenyl-1-propenyl Phosphate (7b). 
Yield 8 1 % ; bp 110—111 °G/0.01 m m H g ; I R (neat ) : 1680 
(C=G) and 1245 c m - 1 ( P = 0 ) ; N M R (GG14) : ô 1.70 (3H, d, 
7 = 3 . 0 Hz, GH 3 G=GOP), 1.88 (3H, d, 7 = 2 . 4 Hz , GH3G= 
GOP) , 7.2—7.4 (5H, m, G 6H 5G), 0.11 (18H, s, OS iMe 3 ) ; 
Found : P , 8.56%. Galcd for G 1 6 H 2 9 0 4 PSi 2 : P , 8 . 3 1 % . 

Bis (trimethylsilyl) 2,2-Dichloroethenyl Phosphate (7c). 
Yield 8 6 % ; bp 79—81 °G/1 m m H g ; I R (neat ) : 1630 (C=G) 
and 1245 c m - 1 ( P = 0 ) ; N M R (GG14): ô 6.84 (1H, d, J= 
5.9 Hz , G=GHOP) , 0.30 (18H, s, OSiMe 3 ) ; Found : P , 9.41. 
Galcd for G 8H 1 90 4PSi 2Gl 2 : P, 9 .18%. 

Anilinium 2-Methyl-1 -phenyl-1 -propenyl Phosphate (Salt of 8b). 
T h e salt was recrystallized from acetone: yield 9 3 % ; m p 
142—143 °G; N M R ( D 2 0 ) : ô 1.71 (3H, d, 7 = 3 . 1 Hz, 
GH 3 G=GOP) , 1.75 (3H, d, 7 = 2 . 2 Hz, GH 3 G=GOP) , 7 .3— 
7.6 (10H, m, G6H5G, G 6 H 5 N) ; Found : G, 60.16; H , 6.75; 
N , 4 .83 ; P, 9 .85%. Galcd for G 1 6 H 2 0 NO 4 P: G, 59 .81 ; 
H , 6.27; N , 4 .83; P, 9 .64%. 

Dianilinium 2,2-Dichloroethenyl Phosphate (Salt of 8c). 
T h e salt was recrystallized from water : yield 9 5 % ; dec. 

î 1 m m H g = 133.3 Pa . 

143—147 °G; N M R ( G D 3 O D ) : ô 6.9—7.4 (11H, m, G= 
C H O P , G 6 H 5 N); Found : G, 44.22; H , 4.58 N, 7.24 P, 
8.02; Gl, 18.80%. Galcd for G 1 4H 1 7N 20 4PG1 2 : G, 44.34; 
H , 4.52; N , 7.39; P, 8.17; Gl, 18.70%. 

W e w o u l d l ike to t h a n k M r . S y u i c h i Y o s h i d a for 
his ass is tance w i t h d e a l k y l a t i o n of ace t a l . C h l o r o ­
t r i m e t h y l s i l a n e w a s s u p p l i e d t h r o u g h t h e k indness of 
S h i n - E t s u C h e m i c a l I n d u s t r y L t d . 
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Aldol Reaction of Aluminium Enolate Resulting from 1,4-Addition 
of R2A1X to a,/3-Unsaturated Carbonyl Compound. 

A 1-Acylethenyl Anion Equivalent^ 
Akira I T O H , Shuji O Z A W A , Koichiro OSHIMA,* and Hitosi NOZAKI 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto Univesity, Yoshida, Sakyo-ku, Kyoto 606 
(Received July 16, 1980) 

Organoaluminium reagents R2A1X (X=SPh, SeMe) easily add to a,/?-unsaturated carbonyl compounds 
in 1,4-fashion. The resulting aluminium enolates react with aldehydes to give aldol adducts in fair to good yields. 
Formal elimination of HX from the adducts provides a-substituted a,/?-unsaturated carbonyl compounds. The 
overall transformation is an addition of aldehydes to 1-acylethenyl anion equivalent. Diethylaluminium iodide 
also is found to be an efficient reagent for the same type transformation. 

The aldol condensation is one of the most versatile 
synthetic methods in organic chemistry. Recently, 
organoaluminium enolates as produced via several 
routes have been utilized as a vast potential agent of 
the reaction.2 - 5) Conjugate addition of organoalumi­
nium reagents R2A1X to a,/?-unsaturated carbonyl com­
pounds provides another route to aluminium enolates 
(Scheme 1).6> T h e aldol reaction with an aldehyde 
component followed by elimination of H X gives a-
substituted a,/?-unsaturated carbonyl compound 4. 
The overall transformation therefore provides an a-
carbanion equivalent of the substrate 5 adding to 
the aldehyde component to form 4. The sequence 
gives a solution to the recurring synthetic problem 
to introduce a-substituent directly to a5/?-unsaturated 
carbonyl compounds.7) 

)c=c( 
H R2AIX H R W ° H 

c=o 

u RCHO 4 V 

X 
C-OA!R2 
I 
Y 

c=o 
I 
Y 

xc=c0 

c=o 
I 
Y 

RN /OH 

) C = < C N H 
' sc=o 

I 
4 Y 

Scheme 1. 

Among many candidates for R2A1X, dimethylalu-
minium benzenethiolate8) (reagent A) and dimethyl-
aluminium methaneselenolate9) (reagent B) have been 
found to be effective (Table 1). Dimethylaluminium 
benzenethiolate was prepared from trimethylaluminium 
and thiophenol in dichloromethane and dimethylalu­
minium methaneselenolate from trimethylaluminium 
and selenium metal in toluene. These reagents were 
used directly without isolation. In an at tempt to 
find the suitable solvent for the aldol reaction, the 
reaction between 2-cyclohexenone and acetaldehyde 
mediated by Me2AlSPh was examined in various 
solvents (solvent, isolated yield of 3) : hexane, 42 % ; 
GH2G12, 4 3 % ; toluene, 4 5 % ; tetrahydrofuran (THF) , 
9 4 % . After completion of 1,4-addition of R2A1X 
( X = S P h , SeMe) to a,/?-unsaturated carbonyl com­
pounds, the reaction mixture was diluted with T H F 
which was found to be the best solvent. 

Unfortunately dimethylaluminium benzenethiolate 

was not effective in the reaction of a,ß-unsaturated 
esters because of sluggishly proceeding 1,4-addition, 
where a quanti ty of the corresponding thiocarboxylic 
£-ester was formed11) T h e use of a new ate complex 
Me 3 Al _ SPhLi + (reagent G) has been found to be much 
more advantageous possibly due to the increased re­
activity of thiolate ion itself as well as of the resulting 
enolate anion corresponding to 2. 

Erythro and threo ratios of the aldol product 3 
have been examined. The aldol product 2-(l-hy-
droxyethy 1)-3-phenylthiocyclohexanone was desulfuriz-
ed with Raney Ni in ethanol. Analysis of the N M R 
spectra12) revealed that the product was a 1:1 mixture 
of erythro and threo isomers. Similarly, the aldol 
products between acetaldehyde and methyl vinyl ketone 
(run 7) or ethyl acrylate (run 11) were found to be 
1:1 and 1:2 mixture of isomers by N M R analysis.13) 

Spontaneous elimination of phenylthio group in the 
reaction mixture was observed in run 6. More easily 
the conversion of 3 to 4 was achieved by the oxidation 
(sodium periodate for SPh and hydrogen peroxide for 
SeMe), which facilitates successive elimination14) as 
given in Table 1. Moreover, the overall transforma­
tion could be performed in one pot, for instance, the 
addition of copper(II) chloride and sodium acetate 
directly to the product in the run 1 without workup 
afforded the desired compound 4 in 5 2 % yield. 

Diethylaluminium iodide15) was found to be more 
effective for the same type transformation. Addition 
of diethylaluminium iodide to a mixture of aldehyde 
and a,ß-unsaturated ketone in dichloromethane gave 
a-substituted a,ß-unsaturated ketone 4 directly. The 
whole sequence involving conjugate addition of the 
iodide, aldol condensation of the resulting aluminium 
enolate, and elimination of H I element proceeded in 
one pot. The results are summarized in Table 2. 

Tetrahydrofuran was not a suitable solvent for the 
reaction of Et2AlI because of the ring cleavage 
producing 4-iodo-l-butanol. Reaction between ethyl 
acrylate and acetaldehyde gave the adduct 3 ( X = I ) . 
Elimination of H I did not proceed spontaneously in 
this case and treatment with l,8-diazabicyclo[5.4.0]-
undec-5-ene was necessary in order to obtain the 
product 4. 

Although aldehydes successfully trapped the al­
uminium enolates in high yields, ketones and other 
electrophiles such as allyl bromide, acetyl chloride, 
2-phenyl-l,3-dioxolane, and cyclohexene oxide failed 
to react. 
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R u n 

T A B L E 1. REACTION BETWEEN a, ^-UNSATURATED CARBONYL COMPOUNDS AND ALDEHYDES 

BY MEANS OF Me 2 AlSPh OR Me 2AlSeMe 

a,/?-Unsaturated 
carbonyl 
compound 

Reagent a) Aldehyde 
3 

Yield 
4 

Yield 
x v ^ n w 

GH3(GH2)7GHO 
GH3GHO 
GH3GHO 
methacrolein 

GH3GHO 

% 

90 
94 
77 
97 

75 

%b> 
71 
92 
77 
84 

1 
2 
3 
4 

5 

6 

7 
8 
9 

10 
11 
12 

2-Gyclohexenone 
2-Gyclohexenone 
2-Gyclohexenone 
2-Gyclohexenone 

O 
11 

/ \ / 
1 II I 11 
\y 

0 
n 

/ \ 
1 11 

GH2=GHGOGH3 

GH2=GHGOGH3 

2-Gyclopentenone 
2-Gyclopentenone 
GH2=GHGOOG2H5 

r°Vo 

A 
A 
B 
A 

A 

A 

A 
B 
A 
A 
G 
G 

I ! 

GH3GHO 

GH3GHO 
GH3GHO 
HGHO 
GH3(GH2)7GHO 
GH3GHO 
PhCHO 

— 

60 
55 
56 
76 
73 
77 

50°) 

57 

50 

80d> 

60 

87 

74 

a) A : Me2AlSPh, B : Me 2AlSeMe, G: Me 3Al-SPhLi+. b) 
spontaneously eliminated in this case, d) See Ref. 10. 

Yields were based on 3 . c) Phenylthio group has been 

T A B L E 2. REACTION BETWEEN ( ^ - U N S A T U R A T E D CARBONYL 

COMPOUNDS AND ALDEHYDES BY MEANS OF E t o A l I 

T̂  a , /MJusaturated Aldehyde 
carbonyl compound R G H O 

4 
Yield/% 

1 2-Gyclohexenone 

2 2-Gyclohexenone 

3 G H 2 = G H G O G H 3 

4 G H 2 = G H G O O G 2 H 5 

GH3GHO 81 

G H 3 ( G H 2 ) 7 G H O 88 

GH3GHO 61 

C H , C H O 62a> 

a) Fur ther t reatment with D B U was necessary, 
experimental par t . 

See 

o 9 o 9H o OH 

ÔHC Me2AISPh^ A À 1) NalQ4 A x k 

k j 60% k x j v J 2)silica gel^ v A J 

à^> 

SPh 

Me2AISPh 

94% 

ica gel 
67% 

O fPh 

OH 

Scheme 2. 

T r e a t m e n t of t h e a ^ - u n s a t u r a t e d c a r b o n y l c o m ­
p o u n d s 616) o r 8 w i t h d i m e t h y l a l u m i n i u m b e n z e n e t h i o -
l a t e p r o v i d e d a n efficient m e t h o d for t h e cyc l i za t ion 
af ford ing 7 o r 9 . 

F ina l ly , fu r the r syn the t i c a p p l i c a t i o n s of t h e a d d u c t 
10 h a v e b e e n e x a m i n e d ( S c h e m e 3 ) . T r e a t m e n t of 
t h e a c e t a t e of 10 w i t h l i t h i u m d i m e t h y l c u p r a t e ( I ) 1 7 ) 

O O OH O 
r V s 1 ) A c 2 O P y r \ ^ CH3C(OEt)3̂  { A f ^S. 

11 
2)Me2CuLi 

59% 
10 70% 1 2 

E:Z = 2:1 

Scheme 3. 

a f forded 11 in 5 9 % yie ld . N o r e g i o - a n d s tereoiso­
m e r s w e r e d e t e c t e d . O r t h o e s t e r Gla i sen r e a r r a n g e ­
m e n t 1 8 ) of 10 g a v e a s t e reo i somer ic m i x t u r e of 12 
in 7 0 % yie ld . T h e s e t r a n s f o r m a t i o n s e n a b l e us to 
i n t r o d u c e a v a r i e t y of g r o u p s o n a a n d ß pos i t ions 
of a , / ? -unsa tu ra ted c a r b o n y l c o m p o u n d s . 

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

T h e infrared spectra were determined on a Shimadzu 
IR-27-G spectrometer; the mass spectra on a Hitachi R M U -
6L machine ; the GLPG analyses on a Yanagimoto GGG-
550F; and the N M R spectra on a J E O L G-60H or Var ian 
EM-390H spectrometer. T h e chemical shifts are given in 
ô in p p m with T M S as the internal s tandard. Splitting 
pat terns are designated as s, singlet; d, doublet ; t, triplet; 
q, quar te t ; m, multiplet. T h e microanalyses were carried 
out by the staffs at the Elemental Analyses Center of Kyoto 
University. All experiments were carried out under an 
atmosphere of dry argon. Tetrahydrofuran was dried by 
distillation from sodium-benzophenone. Th in layer or thick 
layer plates were made of E. Merck PF-254, and preparative 
columns silica gel E. Merck Art . 7734. 

2- (1 -Hydroxynonyl) -2-cyclohexenone. A solution of 
thiophenol (0.26 g, 2.4 mmol) in dichloromethane (2.0 ml) 
was added to a solution of t r imethylaluminium in hexane 
(1.0 M , 2.4 ml, 2.4 mmol) at 0 °G and the mixture was 
stirred for 20 min. A solution of 2-cyclohexenone (0.19 g, 
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2.0 mmol) in dichloromethane (2.0 ml) was added at —78 
°G and, after 15 min, the resulting white suspension was 
diluted with T H F (10 ml) to give a colorless solution. After 
additional 5 min, a solution of nonanal (0.34 g, 2.4 mmol) 
in T H F (2.0 ml) was added and stirring was continued for 
20 min at — 78 °G. T h e reaction mixture was poured into 
ice-water and the organic phase was washed with 1 M HCl 
twice. T h e aqueous phase was extracted twice with ethyl 
acetate and the combined organic layers were washed with 
brine, dried, and freed of the solvent. Purification by column 
chromatography on silica gel ( h e x a n e : e t h e r = 2 : l ) gave 2-
( 1 -hydroxynonyl) -3 - (phenylthio) cyclohexanone (0.64 g, 9 0 % 
yield): I R (neat) 3450, 1700cm" 1 ; N M R (GG14) Ô 0.88 
(t, 7 = 4 . 5 Hz , 3H) , 1.20—2.40 (m, 22H) , 3.46 (m, I H ) , 
4.00 (m, I H ) , 7.20—7.48 (m, 5 H ) ; M S m/e (%) 238 (2), 
220 (7), 206 (24), 140 (13), 135 (16), 125 (100), 110 (98). 

T h e sulfide (0.28 g, 0.72 mmol) was dissolved in 5 0 % 
aqueous methanol (5.0 ml) and treated with sodium periodate 
(0.23 g, 1.1 mmol) at 25 °G for 3 d . After purification by 
column chromatography on silica gel, the obtained sulfoxide 
was dissolved in toluene (3.0 ml) and heated at reflux for 
30 min to give the title compound (0.12 g, 7 1 % yield based 
on the hydroxy sulfide): bp 185 °G (bath temp, 2 Torr , 
l T o r r = 133.322 P a ) ; I R (neat) 3445, 1665, 1653 cm-*; 
N M R (GG14) ô 0.87 (t, 7 = 4 . 8 Hz , 3H) , 1.28 (m, 14H), 
1.82—2.07 (m, 2H) , 2.24—2.44 (m, 5H) , 4.15 (m, 1H), 
6.74 (t, 7 = 3 . 9 Hz, I H ) ; M S m/e (%) 238 (M+, 3), 221 (3), 
220 (11), 141 (13), 136 (18), 126 (100). Microanalysis was 
performed after trimethylsilylation of the hydroxyl group.19) 
Found : C, 69.56; H , 11 .01%. Galcd for G 1 8 H 3 4 0 2 Si : G, 
69.62; H , 11.04%. 

2-(1-Hydroxyethyl)-2-cyclohexenone 10. Bp 130 °G (bath 
temp, 2 T o r r ) ; I R (neat) 3440, 1665, 1655 c m - 1 ; N M R 
(GG1J ô 1.23 (d, 7 = 6 . 5 Hz , 3H) , 1.96 (m, 2 H ) , 2.36 (m, 
4H) , 2.69 (bs, I H ) , 4.42 (qd, 7 = 6 . 5 and 1.2 Hz, I H ) , 6.80 
(td, 7 = 4 . 1 and 1.2 Hz, I H ) ; M S m/e (%) 141 (9), 140 (M+, 
38), 139 (9), 125 (100), 97 (54). Found : G, 62.07; H , 9 .40%. 
Galcd for G n H 2 0 O 2 S i : G, 62 .21 ; H , 9.49%.19> 

Joining Reaction of 2-Cyclohexenone and Acetaldehyde Mediated 
by Me2AlSeMe. A mixture of selenium (0.23 g, 2.9 
mg-atom), t r imethylaluminium (1.0 M hexane solution, 3.0 
ml, 3.0 mmol) , and toluene (3.0 ml) was refluxed for 2.5 
h.9) T h e resulting homogeneous solution was diluted with 
T H F (10 ml) and treated with 2-cyclohexenone (0.11 g, 
1.1 mmol) at — 78 °G. After 70 min, acetaldehyde (0.1 
ml, 1.8 mmol) was added and the mixture was stirred for 
30 min at - 7 8 °G and for 5 min at 0 °G. Purification 
by preparat ive T L G (hexane : ether = 1:2) afforded 2- ( l -
hydroxyethyl) - 3 - (methylseleno) cyclohexanone (0.20 g, 0.85 
mmol) in 7 7 % yield. T h e selenide (0.20 g, 0.85 mmol) 
was dissolved in a mixture of dichloromethane (10 ml) and 
pyridine (0.35 ml, 4.3 mmol) and treated with 3 0 % H 2 0 2 

(0.55 g, 4.8 mmol) at 25 °G for 30 min to give 10 (91 mg, 
7 7 % yield). 

2- ( 1 -Hydroxy-2-methyl-2-propenyl) -2-cyclohexenone. I R 
(neat) 3430, 1664, 1655, 893 c m - 1 ; N M R (GG1J ô 1.65 
(s, 3H) , 2.01 (m, 2H) , 2.38 (m, 4H) , 2.85 (bs, 1H), 4.75 
(s, 1H), 4.82 (s, 1H), 4.95 (s, 1H), 6.78 (t, 7 = 4 . 2 Hz, 1H) ; 
M S m/e (%) 166 (M+, 47), 165 (18), 151 (27), 149 (12), 
148 (16), 147 (20), 137 (100); bp 95 °G (bath temp, 2 Torr).20) 
F o u n d : G, 65 .21 ; H , 9 .08%. Galcd for G 1 3 H 2 2 0 2 Si : G, 
65.50; H , 9 .30%. 19> 

2-(1 - Hydroxy ethyl) - 2-methyl -3- (phenylthio) cyclohexanone. 
I R (neat) 3460, 1703 cm" 1 ; N M R (GG14) ô 1.16 (s, 3H) , 
1.35 (d, 7 = 6 . 3 Hz, 3H) , 1.63—2.55 (m, 7H) , 3.66—4.29 
(m, 2H) , 7.13—7.50 (m, 5 H ) ; M S m/e (%) 220 (5), 154 (1), 
139 (1), 111 (15), 110 (100), 109 (19), 82 (56); bp 140 °G 

(bath temp, 2 Torr) .20> Found : G, 64.16 ; H , 8.44%. Galcd 
for G 1 8 H 2 8 0 2 SSi : G, 64.23; H , 8.39%. 19> 

2-(1 -Hydroxyethyl)-3-methyl-2-cyclohexenone. I R (neat) 
3470, 1643, 1625 c m - 1 ; N M R (GG14) ô 1.26 (d, 7 = 6 - 3 
Hz, 3H) , 1.95 (s, 3H) , 1.75—2.05 (m, 2H) , 2.25—2.50 (m, 
4 H ) , 4.27 (bs, 1H), 4.52 (q, 7 = 6 . 3 Hz, I H ) ; M S m/e (%) 
154 (M+, 7), 140 (12), 139 (100), 136 (13), 121 (11), 111 
(15); bp 94 °G (bath temp, 2 Torr).20) Found : G, 63.20; 
H , 9 . 9 1 % . Galcd for G 1 2 H 2 2 0 2 Si : G, 63.66; H , 9.79%. 19> 

4-Hydroxy-3-methylene-2-pentanone. I R (neat) 3415, 
1665, 1635, 1088 c m - 1 ; N M R (GG14) ô 1.23 (d, 7 = 6 . 6 Hz , 
3H) , 2.30 (s, 3H) , 2.65 (bs, 1H), 4.53 (q, 7 = 6 . 6 Hz, 1H), 
5.98 (s, 2 H ) ; M S m/e (%) 114 (M+, 1), 113 (1), 100 (7), 
99 (100), 81 (12), 71 (16); bp 45 °G (bath temp, 2 Torr).20) 
F o u n d : G, 57.78; H , 9 .67%. Galcd for G 9 H 1 8 0 2 Si : G, 58.02; 
H , 9 .74%. 19> 

2-Hydroxymethyl-2-cyclopontenone. N M R and I R spectra 
and m p agreed with published data.7 b ) 

2-{1-Hydroxynonyl)-2-cyclopentenone. I R (neat) 3432, 
1686, 1631 c m - 1 ; N M R (GG14) ô 0.86 (t, 7 = 5 . 4 Hz, 3H) , 
1.29 (m, 14H), 2.33 (m, 2H) , 2.56 (m, 2H) , 2.87 (bs, 1H), 
4.26 (bt, 7 = 5 . 1 Hz , 1H), 7.32 (bs, I H ) ; M S m/e (%) 224 
(M+, 0.3), 207 (2), 206 (9), 149 (3), 145 (3), 135 (5), 111 
(100); bp 124 °G (bath temp, 2 Torr).20) Found : G, 68.84; 
H , 10.84%. Galcd for G 1 7 H 3 2 0 2 Si : G, 68.86; H , 10.88%.19) 

Ethyl 3-Hydroxy-2-methylenebutyrate. A solution of tri­
methylaluminium in hexane ( 1.0 M , 1.2 ml, 1.2 mmol) was 
added to a solution of li thium benzenethiolate (1.2 mmol, 
prepared in situ from thiophenol and butylli thium at 0 °G) 
in T H F (5.0 ml) at 0 °G. After 1 h, the mixture was cooled 
to —78 °G and treated with a solution of ethyl acrylate 
(0.11 g, 1.1 mmol) in T H F (1.0 ml) and kept there for 15 
min. Acetaldehyde (0.1 ml, 1.8 mmol) was added and the 
mixture was stirred for 10 min at —78 °G and for 5 min at 
0 °G. T h e crude product was submitted to preparative 
T L G (hexane : e t h e r= 1:1) to afford ethyl 3-hydroxy-2-
(phenylthiomethyl)butyrate (0.21 g, 0.81 mmol) in 7 3 % 
yield. Following the previously described procedure, this 
hydroxy ester (0.15 g, 0.6 mmol) was subsequently trans­
formed to the title compound (75 mg, 8 7 % yield) : I R (neat) 
3440, 1713, 1630 c m - 1 ; N M R (GG14) ô 1.29 (d, 7 = 6 - 4 
Hz , 3H) , 1.32 (t, 7 = 7 . 2 Hz, 3H) , 2.90 (bs, I H ) , 4.17 (q, 
7 = 7 . 2 Hz , 2H) , 4.50 (q, 7 = 6 . 4 Hz, I H ) , 5.76 (s, 1H), 
6.10 (s, 1H) ; M S m/e (%) 129 (51), 101 (75), 99 (44), 98 
(34), 97 (21), 83 (100), 73 (37); bp 54 °G (bath temp, 2 
Torr).2 0) Found : G, 55 .61; H , 9.57%. Galcd for G10H20-
0 3 S i : G, 55.52; H , 9.32%.19) 

2-(1-Hydroxybenzyl)-2-buten-4-olide. N M R , I R , and 
mass spectra were found to be in accord with published 
data.6) 

Desulfurization of 2-(1-Hydroxyethyl)-3-(penylthio) cyclohexanone 
with Raney Ni. Stirring the hydroxy sulfide (0.11 g) 
in ethanol (3.0 ml) with Raney Ni W-2 (0.3 g) under hy­
drogen atmosphere at 25 °G for 14 h followed by preparative 
T L G isolation (benzene : ethyl a c e t a t e = 3 : l , two develop­
ments) gave 2-(1-hydroxyethyl)cyclohexanone (31 mg) in 
5 1 % yield. T h e N M R spectrum (GG14) indicated this 
being a 1:1 mixture of erythro and threo isomers by exhibiting 
a pair of multiplets at ô 3.82 and 4.13 in a 1:1 ratio as well 
as a pair of doublets of equal intensities at ô 1.07 ( 7 = 6 . 6 
Hz) and 1.09 ( 7 = 6 . 6 Hz).12) 

One Pot Synthesis of 10. After successive treatment of 
2-cyclohexenone (92 mg, 1.0 mmol) with Me2AlSPh (1.2 
mmol) and acetaldehyde (0.1 ml, 1.8 mmol) in hexane (3.0 
ml) and T H F (7.0 ml) , the reaction mixture was allowed 
to react with copper (I I) chloride (0.68 g, 5.1 mmol) and 
sodium acetate (0.44 g, 5.3 mmol) . T h e mixture was re-
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fluxed for 2 h, poured into water, and filtered through a 
pad of Gelite 545. T h e organic phase was washed with 
brine, dried, and freed of the solvent. T h e residue was 
submitted to preparative T L G (hexane : ethyl a c e t a t e = l : l , 
two developments) to give 10 (70 mg, 0.50 mmol) in 5 2 % 
yield. 

Joining Reaction of 2-Cyclohexenone and Acetaldehyde Mediated 
by Et2AU. A solution of diethylaluminium iodide in 
toluene (1.15 M , 1.6 ml, 1.8 mmol) was added to a solution 
of 2-cyclohexenone (0.12 g, 1.2 mmol) and acetaldehyde 
(0.10 ml, 1.8 mmol) in dichloromethane (7.0 ml) at 0 °G. 
After stirring for 20 min at 0 °G, the mixture was diluted 
with ether and washed with 1 M HCl and brine. Purifica­
tion by column chromatography on silica gel (hexane : ethyl 
a c e t a t e = 3 : l ) afforded 10 (0.14 g) in 8 1 % yield. 

Joining Reaction of Ethyl Acrylate and Acetaldehyde by Means 
of Et2AU. Similar t reatment of a solution of ethyl 
acrylate (0.15 g, 1.5 mmol) and acetaldehyde (0.13 ml, 2.3 
mmol) in dichloromethane (7.0 ml) followed by silica gel 
column chromatography gave ethyl 3-hydroxy-2-(iodometh-
yl)butyrate (0.44 g, 7 2 % yield): I R (neat) 3470, 1730 c m - 1 ; 
N M R (GG14) Ô 1.05 (d, 7 = 6 . 0 Hz, 3H) , 1.33 (t, 7 = 6 . 9 
Hz, 3H) , 2.17 (bs, 1H), 2.66 (m, 1H), 3.36 (d, 7 = 6 . 6 Hz, 
2H) , 3.90 (m, 1H), 4.18 (q, 7 = 6 . 9 Hz, 2 H ) ; M S m/e (%) 
272 (M+, 3), 227 (5), 145 (6), 101 (100), 73 (70), 55 (80). 
T h e iodide (0.44 g, 1.1 mmol) was dissolved in benzene 
(15 ml) and treated with l,8-diazabicyclo[5.4.0]-5-undecene 
(0.66 g, 4.3 mmol) at 25 °G for 1 h to give ethyl 3-hydroxy-
2-methylenebutyrate (0.12 g, 0.93 mmol) in 8 6 % yield. 

I0-Hydroxybicyclo\4.4.0\dec-1' (6)-en-2-one 7. A solution 
of 616> (0.17 g, 1.0 mmol) in T H F (2.0 ml) was added to a 
solution of Me2AlSPh (3.0 mmol) in hexane (3.0 ml) and 
T H F (9.0 ml) at 0 °G over a period of 40 min. After stirring 
for additional 20 min, the mixture was poured into ice-
water and extracted with ethyl acetate. T h e cyclized product 
(0.17 g, 6 0 % yield) was treated with sodium periodate (0.20 
g) in 5 0 % aqueous methanol (6.0 ml) at 25 °G for 1 h. The 
crude sulfoxide was dissolved in ethyl acetate (6.0 ml) and 
stirred at 25 °G for 9 h in the presence of silica gel (Merck, 
PF-254, 1.0 g). T h e reaction mixture was filtered and the 
filtrate was concentrated. Purification by preparative T L G 
(ethyl acetate) gave the title compound 7 (67 mg, 4 0 % 
yield based on the keto aldehyde 6 ) : I R (neat) 3480, 1655, 
1630 cm- 1 ; N M R (GG14) ô 1.60—2.40 (m, 11H), 2.99 (m, 
2H) , 4.42 (bs, 1H) ; M S m/e (%) 166 (M+, 32), 148 (6), 
138 (41), 123 (14), 120 (15), 110 (100). Found : m/e 166.0980. 
Galcd for G 1 0H 1 4O 2 : M , 166.0992. 

5-(2-Oxocyclohexylidene)pentanal 8. Following the 
Corey's procedure,21) 2-[l-hydroxy-5-(2-tetrahydropyranyl-
oxy)pentyl]cyclohexanone was obtained in 5 4 % yield based 
on cyclohexanone dimethyldrazone. This hydroxy ketone 
(5.8 g, 20 mmol) was mesylated at 0 °G and the crude mes­
ylate was treated with sodium methoxide (28% solution in 
methanol, 42 mmol) in methanol at — 78 °G. After 12 
min at 0 °C, the mixture was diluted with brine and ex­
tracted with ethyl acetate. T h e product was purified by 
column chromatography on silica gel to give 2-[5-(2-tetra-
hydropyranyloxy)pentylidene]cyclohexanone (3.7 g) in 6 8 % 
yield. T h e tetrahydropyranyl group was removed by treat­
ment with pyridinium /?-toluenesulfonate (1.5 g) in methanol 
(45 ml) at 25 °G for 4 h and the product was oxidized with 
Gr0 3 *2py in dichloromethane to give the title compound 
8 in 3 4 % yield: I R (neat) 1724, 1685, 1616 cm" 1 ; N M R 
(CG14) ô 1.59—2.49 (m, 14H), 6.39 (m, 1H), 9.70 (t, 7 = 1 . 5 
Hz, 1H) ; M S m/e (%) 180 (M+, 21), 162 (13), 152 (12), 
124 (70), 93 (63), 81 (54), 79 (63), 67 (100). Found : m/e 
180.1162. Calcd for G n H 1 6 0 2 : M , 180.1151. 

Cyclization of 8 by Means of Me2AlSPh. T h e keto 
aldehyde 8 (94 mg, 0.5 mmol) was treated with Me2AlSPh 
(1.5 mmol) as described above to afford 9 (0.14 g, 9 4 % 
yield): bp 152 °G (bath temp, 3 Torr) ; I R (neat) 3440, 
1702 c m - 1 ; N M R (CG14) ô 1.47—2.09 (m, 12H), 2.28—2.47 
(m, 2 H ) , 2.93 (bs, 1H), 3.81 (m, 2H) , 7.13—7.48 (m, 5 H ) ; 
M S m/e (%) 180 (14), 162 (8), 137 (17), 135 (14), 124 (32), 
110 (100). Found : m/e 290.1329. Calcd for G 1 7 H 2 2 0 2 S : 
M , 290.1339. 

CE)-2-Ethylidene-3-methylcyclohexanone 11: A solution of the 
acetate of the keto alcohol 10 (0.13 g, 0.7 mmol) in ether 
( 1.0 ml) was added to a solution of li thium dimethylcuparte 
(0.9 mmol) in ether (3.0 ml) at - 2 3 °G. After 17 min at 
— 23 °G and 5 min at 0 °G, saturated NH4G1 solution was 
added and the mixture was filtered. T h e filtrate wras washed 
with water and brine, dried, and freed of the solvent. Puri­
fication by column chromatography on silica gel afforded 
11 (57 mg) in 5 9 % yield. T h e absence of Z-isomer was 
confirmed by the examination of its N M R spectrum.22) 

Ethyl (2-Ethylidene-3-oxocyclohexyl) acetate 12: A mixture of 
10 (0.13 g, 0.9 mmol) triethyl orthoacetate (1.7 ml, 9.2 
mmol) , and propionic acid (catalytic amount) was heated 
at 130 °G for 20 min. T h e mixture was diluted with ethyl 
acetate and washed with saturated aqueous solution of sodium 
hydrogencarbonate. T h e aqueous phase was extracted with 
ethyl acetate and the combined organic layer was washed 
with brine, dried, and freed of the solvent. T h e crude 
product was submitted to preparat ive T L C (hexane : e t he r= 
1:1, two developments) to give the title compound 12 (E-
isomer, 89 m g ; Z-isomer, 45 mg) in 70% yield. T h e stereo­
chemical assignment was based on the examination of the 
N M R spectrum.23) 

^ - I somer : Bp 105 °G (bath temp, 0.5 Torr) ; I R (neat) 
1740, 1695, 1620 c m - 1 ; N M R (GG14) ô 1.26 (t, 7 = 7 . 0 Hz, 
3H) , 1.79 (d, 7 = 7 . 5 Hz , 3H) , 1.70—1.90 (m, 4H) , 2.28 
(m, 4H) , 3.43 (m, 1H), 4.06 (q, 7 = 7 . 0 Hz, 2 H ) , 6.45 (qd, 
7 = 7 . 5 and 1.2 Hz, 1H) ; M S m/e (%) 211 (5), 210 (M+, 
10), 165 (17), 153 (11), 123 (100), 122 (79), 95 (56). Found : 
G, 68.50; H , 8 .69%. Calcd for G 1 2 H 1 8 0 3 : C, 68.55; H , 
8 . 6 3 e / . 

Z-Isomer: I R (neat) 1740, 1695, 1635 cm" 1 ; N M R (GC14) 
ô 1.24 (t, 7 = 7 . 0 Hz, 3H) , 1.80 (d, 7 = 7 . 5 Hz , 3H) , 1.70— 
1.94 (m, 4H) , 2.30 (m, 4 H ) , 2.69 (m, 1H), 4.05 (q, 7 = 7 . 0 
Hz, 2H) , 5.65 (qd, 7 = 7 . 5 and 1.4 Hz, 1H) ; M S m/e (%) 
211 (3), 210 (M+, 8), 165 (16), 153 (11), 123 (100), 122 
(77), 95 (55). Found : G, 68.49; H , 8 .68%. Calcd for 
G 1 2 H 1 8 0 3 : C, 68.55; H , 8 .63%. 

T h e a u t h o r s w i s h to t h a n k t h e M i n i s t r y of E d u c a ­

t ion , Sc ience a n d C u l t u r e , J a p a n , for t h e G r a n t - i n -

A i d (403022) . 
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The fluorination of 9,10-dihydroanthracene and triptycene with xenon difluoride in the presence of hydrogen 
fluoride occurred at a and ß position with ß attack predominating over a attack, while the reaction with 
acenaphthene resulted in the formation of 2- and 4-fluorosubstituted products, regioselectivity being very little 
affected by the nature of the catalyst: hydrogen fluoride, boron trifluoride and pentafluorothiophenol. The 
fluorination of l,2,3,4-tetrahydro-l,4-methanonaphthalene resulted in the formation of 6-fluoro-l,2,3,4-tetra-
hydro-l,4-methanonaphthalene, 6,7-difluoro-l,2,3,4-tetrahydro-l,4-methanonaphthalene and rearranged product 
1-(2,2-difluoroethyl)indan. 

It has been demonstrated that xenon difluoride is a 
mild fluorinating agent for the fluorination of alkenes, 
acetylenes, aromatic and heteroaromatic molecules, 
which has been recently reviewed.1) I t is known that 
the mechanism of the fluorination of organic molecules 
with xenon difluoride depends on the following factors: 
the structure of the molecules, the catalyst used, solvent 
polarity and temperature, and the formation of free 
radical intermediates, ion radical intermediates and 
fluorocarbonium ions has been suggested. I t has been 
demonstrated that the following substrates are con­
venient catalyst: hydrogen fluoride, hydrogen fluoride-
pyridine, trifluoroacetic acid, boron trifluoride etherate, 
boron trifluoride, pentafluorothiophenol, and bromine. 

The electrophilic substitution reactions of ortho 
substituted aromatic molecules received considerable 
attention from different points of view.2) There are 
three possible attacks of electrophilic agent which leads 
to a, ß, or ipso substituted products. The regioselectivity 
of the substitution depends on the nature of the sub-
stituents on the ortho position. We have recently found3) 
that the regioselectivity in fluorination of indan, tetralin, 
and o-xylene with XeF 2 has been explained by differences 
in the stabilization of carbonium ions A and B (Scheme 
1 ) formed after a and ß attack of electrophile. We now 
report results of further investigations on the effect of 
the structure of orthosubstituted aromatic molecules on 
regioselectivity in fluorination reactions with xenon 
difluoride. 

V «^ * U 

Scheme 1. 

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

Under conditions usually used for the fluorination 
of organic molecules (1 mmol of organic substrate in 
2—5 ml of dichloromethane, 1 mmol of xenon difluoride 
and hydrogen fluoride as catalyst), polymeric materials 
resulted in the case of 9,10-dihydroanthracene (1), 
triptycene (4), and acenaphthene (7). We have found 
that a much higher dilution (50 ml of solvent for 1 
mmol of substrate) must be used. The reaction with 
9,10-dihydroanthracene (1, Scheme 2) was completed 

in 20 min and the reaction mixture was isolated by 
the usual work-up procedure. The crude reaction 
mixture shows in its 19F N M R two signals: —126 
ppm (dd, 39%) and - 1 3 7 . 7 ppm (m, 6 1 % ) . The 
products were separated by preparative T L G : 2-fluoro-
9,10-dihydroanthracene (2), and 1-fluoro-9,10-dihydro-
anthracene (3) were isolated. The fluorination of 
triptycene (4) resulted also in the formation of two 
products: 2-fluorotriptycene (5) and 1-fluorotriptycene 
(6), separated by preparative TLG. I t can be seen 
(Scheme 2) that the regioselectivity of the fluorine 
attack on triptycene is very similar to that in tetralin,3) 
while in the case of 9,10-dihydroanthracene a lower 
regioselectivity was observed. In both cases, the yields 
of isolated products (2, 3 , 5, and 6) were considerably 
lower than those reported for the fluorination of indan 
or tetralin,3) which can be ascribed to a significant 
amount of polymeric materials formed. 
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Scheme 2. 

The fluorination of acenaphthene (7, Scheme 3) must 
be also carried out in a higher dilution than usual and 
this resulted in the formation of two products. The 
structures of the products 3-fluoroacenaphthene (9) and 
5-fluoroacenaphthene (8) were established on the basis 
of the spectroscopic data, which are in agreement with 
those in the literature.5) We have also studied the effect 
of catalyst (Scheme 3, relative yields) on the regioselec-
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reaction mixture shows three signals: — 116ppm (dt, 
26%) , - 1 1 8 ppm (m, 63%) , and - 1 4 2 . 5 ppm (t, 11%). 
The products were isolated by preparative GLC, and 
on the basis of spectroscopic data we have established 
that the lowest signal in 19F N M R corresponds to 1-
(2,2-difluoroethyl)indan (13); the next signal to 6-
fluoro-1,2,3,4-tetrahydro-1,4-methanonaphthalene (11), 
and the last signal to 6,7-difluoro-l,2,3,4-tetrahydro-l,4-
methanonaphthalene (12). 

The mechanism of the fluorination with xenon 
difluoride is very similar to those already suggested.3) 
However, on Scheme 5, three possible pathways which 
can explain the formation of rearranged l-(2,2-difluoro-
ethyl)indan (13) formed by the fluorination of 10, are 
presented. The rearranged product could result from 
three different intermediates, formed after a, ß, or ipso 
attack, followed by a two-step rearrangement. 

Exper imenta l 

IR spectra were recorded by using a Perkin-Elmer 727 B 
spectrometer and 1H and 19F NMR spectra by JEOL-JNM-
PS 100 from CC14 or CDC13 solutions with Me4Si or CC13F as 
internal reference. Mass spectra and high resolution measure­
ments were taken on a CEC 21-110 spectrometer. Gas liquid 
partition chromatography was carried out on Varian 
Aerograph Model 1800 and TLC on Merck PSC Fertigplatten 
Silica gel F 254 (activated for 3 h at 120 °C before use). 

Materials. 9,10-Dihydroanthracene and acenaphthene 
are commercially available and were crystallized before use. 
Triptycene6) and l,2,3,4-tetrahydro-l,4-methanonaphthalene7> 
were synthesized. Hydrogen fluoride and boron trifluoride of 
Fluka Purum quality were used without further purification. 
Dichloromethane was purified8) and stored over molecular 
sieves. Xenon difluoride was prepared by a photosynthetic 
method9) and its purity was higher than 99.5%. 

l-Fluoro-9,10-dihydroanthracene (3) and 3-Fluoro-9,10-dihydro-
anthracene (2). To a solution of 1 mmol of 1 in dichloro­
methane (50 ml), 1 mmol of xenon difluoride was added at 

Scheme 5. 
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Scheme 3. 

tivity of the substitution and found that it is very little 
influenced. However, it reflected on the yields of 
products formed. The reaction in the presence of 
hydrogen fluoride resulted in 5 0 % formation of products 
8 and 9, while the reaction catalyzed by boron trifluoride 
resulted in only 2 0 % formation of 8 and 9 and was 
accompanied by a higher amount of polymeric material. 
The reaction in 50 ml of dichloromethane and in the 
presence of pentafluorothiophenol was very slow, while 
the reaction in 10 ml of dichloromethane gave results 
comparable to those found by HF-catalyzed reaction 
in a higher dilution (50 ml of dichloromethane). 

The fluorination of l ,2,3,4-tetrahydro-l,4-methano-
naphthalene (10, Scheme 4) resulted in the formation 
of three products. 19F N M R spectrum of the crude 
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Scheme 4. 
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25 °C and, under stirring, a catalytic amount of HF was 
introduced into the reaction mixture. After a few seconds, the 
colorless solution turned dark blue and xenon gas slowly 
evolved. After 20 min the gas evolution ceased and the 
reaction appeared to be complete. The reaction mixture was 
washed with 10 ml of 5% NaHC0 3 aq solution and water, 
and dried over anhydrous sodium sulfate. The solvent was 
evaporated in vacuo. The crude reaction mixture was separated 
by preparative TLC (cyclohexane : chloroform=9: 1). 2-
Fluoro-9,10-dihydroanthracene (2): 42 mg (21%), mp 112— 
114 °C, NMR spectra: (5F=-137.7 ppm, (5H=3.2 ppm 
(broad s, 4H), 7.0—8.1 ppm (m, 7H) ; mass spectrum: m/e 198 
(M+, 100%), 197 (23), 196 (18), 184 (24), 183 (17), 165 (28), 
163 (17), 135 (33), 133 (28), 122 (89), 119 (22), 117 (22), 96 
(10). Found: C, 84.64; H, 5.29%. Calcd for C 1 4 H n F: C, 
84.82; H, 5.59%. l-Fluoro-9,10-dihydroanthracene (3): 18 
mg (9%), mp 76—78 °C, NMR spectra: 6 F = - 1 2 6 p p m , 
(5H=3.14ppm (broad s, 4H), 7.1—8.3 ppm (m, 7H); mass 
spectrum: m/e 198 (M+, 100%), 197 (23), 184 (21), 183 (24), 
135 (35), 133 (22), 123 (25), 122 (64), 109 (72), 96 (25). 
Found: C, 84.62; H, 5.28%. Calcd for C 1 4 H n F: C, 84.82; H, 
5.59%. 

1-Fluorotriptycene (6) and 2-Fluorotriptycene (5). The 
fluorination and work-up procedure were essentially the same 
as described for 2 and 3. The products were separated by 
preparative TLC (petroleum ether: CHC13=19: 1). 1-
Fluorotriptycene (6): 34mg(12%), mp 243—245 °C, (lit,10) 
mp 246—247 °C), NMR spectra: 6 F = - 1 2 0 ppm (m), ÔH= 
5.4 ppm (d, 7 = 1 . 5 Hz, 1H), 5.75 ppm (broad s, 1H), 6.6— 
7.5 ppm (m, 11H); mass spectrum: m/e 272 (M+, 100%), 271 
(35), 196 (77), 195 (45), 180 (37), 179 (45), 135 (38), 123 
(18), 122 (42), 120 (58), 102 (32), 77 (42), 76 (35). 2-Fluoro-
triptycene (5): 64 mg (23%), mp 228—230 °C (lit,11) mp 
232—234 °C), NMR spectra: ÔF=-122.25 ppm (m), ÔH= 
5.3 ppm (broad s, 2H), 6.6—7.6 ppm (m, 11H); mass 
spectrum: m/e 272 (M+, 100%), 271 (42), 197 (25), 196 (87), 
195 (43), 180 (16), 179 (33), 135 (29), 122 (21), 120 (79), 119 
(26), 117 (26), 102 (39), 77 (17), 76 (46). 

3-Fluoroacenaphthene (9) and 5-Fluoroacenaphthene (8). 
To a solution of 1 mmol of 7 in dichloromethane (50 ml in the 
case of HF, BF3, and C6F5SH catalyzed reaction, and 10 ml 
in the second experiment catalyzed by C6F5SH), 1 mmol of 
xenon difluoride was added at 25 °C and, under stirring, a 
trace amount of catalyst (HF or BF3, and 1 mmol in the case 
of C6F5SH) was introduced into the reaction mixture. After 
the work-up procedure, the crude reaction mixture was 
analyzed by 19F NMR, and the relative yields of products 8 
and 9 are presented in Scheme 3. We were unable to separate 
the two isomers, although many different stationary phases in 
GLC and various solvent systems in TLC were examined. 
Both isomers were purified by preparative GLC (FFAP-10%, 
Crom AW, 7 = 120 °C) and the following percentages of the 
mixture of 8 and 9 were isolated: 50% in the case of HF-
catalyzed reaction, 20% in the case of BF3, and 45% in the 
case of C6F6SH. The reaction mixture shows in its 19F NMR 
spectrum two signals: <5F= 126.75 ppm (6F l i t= —123.58 ppm 
for 3-fluoroacenaphthene (9)5) and —134.25 ppm (F l i t= 

— 131.44 ppm for 5-fluoroacenaphthene (8)5)). 
Fluorination of l,2,3,4-Tetrahydro-l,4-methanonaphthalene (10), 

The fluorination and work-up procedure were essentially the 
same as described for 2 or 3. Products were separated by 
preparative GLC (FFAP-10%, Crom AW, r = 1 3 0 ° C ) . 6-
Fluoro-l,2,3,4-tetrahydro-l,4-methanonaphthalene (11): 52 
mg (32%) of volatile liquid product, NMR spectra: ôF= 
—118 ppm (m, J= 10.5 Hz and 6 Hz), 6H= 1.2 ppm (m, 2H), 
1.75 ppm (m, 4H), 3.3 ppm (broad s, 2H) and 6.8 ppm (m, 
3H); mass spectrum, Calcd for C n H n F m/e 162.0844, Found 
162.0849, m/e: 162 (M+, 47%), 150 (13), 147 (31), 146 (21), 
135 (20), 134 (100), 133 (74), 121 (12), 119 (36), 117 (54), 
116 (34), 115 (32), 84 (14), 63 (12), 57 (14). 6,7-Difluoro-
l,2,3,4-tetrahydro-l,4-methanonaphthalene (12): 13 mg (7%) 
of volatile liquid product, NMR spectra: #F= —142.5 ppm 
(t, 7 = 9 Hz), (5H=1.2ppm (m, 2H), 1.75 ppm (m, 4H), 3.3 
ppm (broad s, 2H), 6.9 ppm (m, 2H) ; mass spectrum, Calcd 
for CnH1 0F2 m/e 180.0767, Found: 180.0774, m/e 180 (M+, 
26%), 165 (16), 162 (42), 152 (75), 151 (30), 147 (18), 146 
(14), 134 (63), 133 (32), 116 (100), 115 (44), 56 (30). l-(2,2-
Difluoroethyl)indan (13): 18 mg (10%) of volatile liquid 
product, NMR spectra: ÔF= —116.25 ppm (dt, 7 = 6 0 Hz 
and 15 Hz), 6H=1.8 (m, 2H), 2.31 ppm (tdd, 7 = 15 Hz, 6 
Hz and 6 Hz, 2H), 2.85 ppm (t, 7 = 6 Hz, 2H), 3.27 ppm (m, 
1H), 5.82 ppm (tt, 7 = 6 0 Hz and 6 Hz, 1H), 7.05 ppm (m, 
4H); mass spectrum: Calcd for CnH1 2F2 m/e 182.0907, 
Found 182.0896, m/e: 182 (M+, 16%), 117 (100), 116 (16), 
115 (36), 91 (16), 51 (15). 

We thank Prof. J . Slivnik for the xenon difluoride. 
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The excess volumes VE, excess heat capacities Cf and excess isothermal compressibilities ß% of cyclohexane+ 
isomeric xylenes have been determined at 25, 40, and 50 °G. The results are discussed in the light of Flory's 
theory. 

Studies on the excess thermodynamic functions of 
binary liquid mixtures throw considerable light in 
understanding the nature of molecular interactions. In 
these laboratories we have taken up a systematic study 
of the thermodynamic behaviour of a large number 
of binary mixtures containing reasonably simple 
molecules and test of the applicability of Flory's 
theory.1»2) The present paper deals with the studies on 
the thermodynamic behaviour of the binary mixtures 
of o-xylene, m-xylene, and /»-xylene with cyclohexane 
which form an interesting series of systems involving 
similar molecular structures which interact very weakly. 
The excess volumes VE, excess heat capacities CE, and 
the excess isothermal compressibilities ßE of the above 
binary systems have been studied and the results are 
analysed on the basis of Flory's theory.3) 

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

Analytical reagent grade cyclohexane, o-xylene, m-xylene, 
and /»-xylene were purified according to the standard proce­
dures.4) The densities of the purified samples determined at 
25 °G using bicapillary type pycnometer with an accuracy of 
2 in 105 are 0.77383, 0.87593, 0.85987, and 0.85673 g cm"3 

respectively for cyclohexane, o-xylene, m-xylene, and /»-xylene. 
These values are in good agreement with those reported in the 
literature.5»6) 

The excess volumes were measured directly using a mixing 
cell with an accuracy of ±0.002 cm3 mol -1. The molar heat 
capacities at constant pressure were measured using an adi-
abatic calorimeter with an accuracy of ± 0 . 3 % . Ultrasonic 
velocity in pure liquids and in binary mixtures was deter­
mined using a single crystal variable path interferometer 
working at 3MHz with an accuracy of ±0 .01%. The details 
of the above experimental techniques were discussed in our 
earlier communications.1 »2) The coefficient of thermal ex­
pansion (a) of pure liquids and their mixtures were deter­
mined from the experimentally determined density data at 
an interval of 5 °G in the range 20 to 60 °G. 

R e s u l t s 

The experimental results of pure liquids are given 
in Table 1, along with literature values for com­
parison. The agreement between the two sets of values 
is quite good. The experimentally determined excess 
volume data (as many as a 15 sets of VE values 
are obtained at each temperature covering the entire 
concentration range) of the binary mixtures of o-xylene, 

T A B L E 1. PURE LIQUID PARAMETERS 

Temp 
°G 

25 

40 
50 

25 

40 
50 

25 

40 
50 

25 

40 
50 

w/ms-1 

1249.5 
(1252.7)c) 

1177.5 
1129.2 

1349.8 
(1348.7)b> 
1290.4 
1250.8 

1321.1 
(1323. l)b) 

1258.3 
1216.7 

1309.7 
(1309.8)b) 

1248.3 
1207.4 

103a/K-i 

1.215 

1.264 
1.294 

0.961 
(0.963)a) 

0.975 
0.985 

1.009 
(1.004)a> 
1.025 
1.036 

1.015 
(1.017)a) 

1.037 
1.045 

V 
cm3 mol - 1 

CP 

J K - i m o l - 1 

Cyclohexane 
108.762 

110.796 
112.185 

o-Xylene 
121.200 

122.981 
124.191 

m-Xylene 
123.470 

125.403 
126.693 

/»-Xylene 
123.930 

125.851 
127.167 

159.6 
(156.5)c) 

163.6 
166.0 

181.3 
(180.7)d) 

186.2 
189.5 

178.3 
(176.2)d) 

182.7 
185.6 

181.3 
(181.3)d) 

185.9 
189.0 

£Txl06 

bar - 1 

112.8 

129.0 
141.1 

81.1 

89.2 
95.3 

87.7 

97.2 
104.3 

89.1 

98.9 
105.9 

v* 
cm3 mol - 1 

84.30 

84.47 
84.66 

97.77 

98.18 
98.46 

98.81 

99.26 
99.58 

99.08 

99.43 
99.80 

T7* 

K 

4723.9 

4754.6 
4783.8 

5348.4 

5423.3 
5472.6 

5204.4 

5278.7 
5329.7 

5188.5 

5247.1 
5305.4 

P* 
J cm - 3 

534.88 

527.67 
520.09 

543.12 

536.95 
531.30 

536.03 

527.10 
519.64 

531.59 

526.18 
517.74 

a) Ref. 6. b) Extropolated value of Ref. 11. c) Ref. 12. d) Ref. 13. 
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TABLE 2. PARAMETERS OF Eq. 1 AND STANDARD 

DEVIATION OF EXCESS VOLUMES 

Temp 
°G 

25 
40 
50 

25 
40 
50 

25 
40 
50 

ao 

2.0555 
2.1928 
2.2831 

2.5566 
2.7426 
2.8206 

2.2809 
2.3667 
2.4536 

cm mol"1 

Cyclohexane-fo-Xy lene 
-0.5161 -0 .0359 0.003 
-0.8033 0.2606 0.004 
-0.8085 0.4509 0.003 

Cyclohexane-fm-Xylene 
-0.5251 0.4050 0.003 
-0.5216 0.0951 0.002 
-0.5563 0.1571 0.003 

Cyclohexane -f/^-Xylene 
-0.6584 0.5129 0.002 
-0.7375 0.4499 0.004 
-0.7146 0.4356 0.001 

m-xylene, and /»-xylene with cyclohexane were fitted 
to the equation of the form 

VE /*!*2 = [a0 + ax (*2 - *0 + a2 (x2 - xj 2 ] , ( 1 ) 

where xL and x2 are the mole fractions of cyclohexane 
and xylenes respectively. Values of the coefficients 
determined using the method of least squares are listed 
in Table 2. The last column of the table contains values 
of <r, the standard deviation of the fit in each case. The 
excess volumes of these systems were studied previously 
by Reddy et al.8) and J a in et al.7) The accuracy of the 
experimental excess volumes reported by Reddy et al.8) 
is ± 0 . 0 5 cm3 mol - 1 . Further they have studied the 
/»-xylene system at 32.5 °G, m-xylene system at 34 °G, 
and o-xylene system at 35 °G. In view of this, a direct 
comparison with the values of the present investigation 
has not been attempted. The excess volumes of J a in 
et al.1) are slightly higher than the present ones. However 
no importance has been given to this discrepancy since 
Ja in et al.1) have not stated the errors involved in their 
measurements. The results of measurement of u, C p , 
a, and ßT of binary mixtures of cyclohexane with 
isomeric xylenes are presented in Table 3. 

D i s c u s s i o n 

The experimental excess functions are examined in 
this section for the binary mixtures in the light of 
Flory's theory. The excess functions VE, / / E , and /?? 
are related to the properties of pure components via 
the relations 

HE = XlVl*PlJi _ 4_] + X%D%^J±_±\ 

ßE= 3g»(gV»-l) 
i&*[l —3(z?V3__i)] v 

p* = <f>lPl* + $2p2* _ ^ A 

Tu*/* f<ßlPl* <ß2p2*^\ 

J-[^lßTt + 02*>2#rJ 

(2) 

(3) 

(4) 

where 

v = 0 ^ + $2u2 + VEl(Xlv^ + x2v^)t (5) 

where vx and v2 are the reduced volumes, vx* and v2* are 
the characteristic volumes, j&x* and p2* are the charac­
teristic pressures, and ßT1 and ßT2 are the isothermal 
compressibilities of the pure components, v, p*, and 
62 X12 are the reduced volume, characteristic pressure 
and the interaction energy parameter respectively of the 
mixture. 

The interaction energy parameter of the mixture X12 

which is a measure of the difference of interaction 
energy between the unlike pairs and the mean of like 
pairs, can be evaluated using any experimental excess 
function. This value of X12 can be used to evaluate 
theoretically the other excess functions. The interaction 
energy term involves implicitly in the expression for 
VE and explicitly in that for HE. Hence it may appear 
logical to evaluate X12 using HE rather than VE data. 
However in view of the higher accuracy of the experi­
mental VE data and its availability over comparatively 
wide temperature and concentration range X12 has been 
evaluated via VE in the present work. 

According to Flory's theory at any given temperature 
X12 should be a constant independent of the composition 
of the mixture. An examination of the data presented 
in Table 4 indicates that X12 is reasonably constant at 

TABLE 3. PROPERTIES OF BINARY SOLUTIONS 

x2 

0.2502 
0.4978 
0.7497 

0.2480 
0.4989 
0.7505 

0.2585 
0.4973 
0.7463 

25°G~ 

1265.5 
1284.8 
1296.4 

1258.9 
1274.4 
1295.4 

1256.2 
1268.7 
1273.5 

w/rns-1 

40 °G 

1197.3 
1219.1 
1240.5 

1189.2 
1207.5 
1231.0 

1188.6 
1201.5 
1212.4 

50 °G 

1151.8 
1175.2 
1194.6 

1142.7 
1162.7 
1187.2 

1143.8 
1156.4 
1165.4 

Wa/K- 1 C 

25 °G 40 °G 50 °G 25 °C 

Cyclohexane -f o-Xylene 
1.163 1.098 1.038 164.1 
1.185 1.117 1.054 169.3 
1.198 1.129 1.066 175.3 

Cyclohexane-f m-Xylene 
1.167 1.128 1.064 163.0 
1.190 1.148 1.082 167.2 
1.213 1.162 1,103 172.8 

Cyclohexane+/>-Xy lene 
1.168 1.117 1.064 164.2 
1.188 1.140 1.082 169.2 
1.203 1.154 1.099 175.1 

T/J
 m°l" 

40 °C 

168.2 
174.1 
180.0 

167.5 
172.1 
177.2 

168.3 
175.9 
179.6 

-i 

~50 °C 

171.5 
177.2 
183.3 

170.1 
174.9 
180.3 

171.5 
176.8 
182.9 

10%/bar 

25 °C 40 °C 

105.9 
98.8 
91.5 

107.7 
102.0 
94.7 

107.9 
102.1 
97.1 

118.8 
109.3 
100.7 

121.2 
114.1 
105.4 

121.1 
114.4 
107.8 

U 

50 °C 

129.5 
118.0 
106.9 

132.0 
123.4 
116.1 

131.1 
123.7 
117.1 
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TABLE 4. COMPARISON OF /?? WITH FLORY'S THEORY 

T 
°G 

25 

40 

50 

25 

40 

50 

25 

40 

50 

*2 " 

0.2502 
0.4978 
0.7497 

0.2502 
0.4978 
0.7497 

0.2502 
0.4978 
0.7497 

0.2480 
0.4989 
0.7505 

0.2480 
0.4989 
0.7505 

0.2480 
0.4989 
0.7505 

0.2585 
0.4973 
0.7463 

0.2585 
0.4973 
0.7463 

0.2585 
0.4973 
0.7463 

^ 1 2 

J cm-3 
X12 

mean 

ß* x lO^bar-1 

r . .„__.A_ 

Exptl Galcd 

Gyclohexane+ o-Xylene 
36.59 
36.28 
33.85 

38.54 
36.30 
35.11 

39.62 
36.88 
36.57 

35.57 

36.65 

37.69 

5.3 
5.4 
2.4 

5.8 
5.8 
2.6 

6.3 
6.2 
1.3 

Gyclohexane+m-Xyl( 
41.03 
38.78 
40.75 

38.09 
38.22 
38.07 

38.82 
38.31 
38.23 

40.19 

38.13 

38.45 

1.5 
3.1 
1.6 

1.0 
3.7 
1.3 

1.7 
2.5 
2.0 

3.9 
4.2 
2.3 

4.7 
4.6 
2.5 

4.2 
4.9 
2.7 

sne 
4.5 
5.9 
3.8 

4.7 
7.7 
4.0 

6.7 
7.3 
3.6 

Gyclohexane -f/>-Xylene 
36.77 
34.53 
34.28 

36.58 
33.04 
32.45 

35.62 
33.01 
33.75 

35.19 

34.02 

34.13 

2.0 
2.3 
2.8 

3.2 
1.6 
2.3 

0.5 
1.9 
3.4 

3.3 
3.4 
3.4 

5.8 
5.8 
3.5 

6.0 
6.2 
3.9 

C\ 
J K - i m o l - 1 

1.1 
1.1 
1.4 

1.0 
0.7 
0.5 

0.3 
0.5 
0.3 

- 1 . 2 
- 1 . 7 
- 0 . 8 

- 0 . 8 
- 1 . 0 
- 0 . 7 

- 0 . 7 
- 0 . 8 
- 0 . 4 

- 1 . 0 
- 1 . 2 
- 0 . 8 

- 1 . 0 
- 0 . 6 
- 0 . 6 

- 0 . 4 
- 0 . 7 
- 0 . 3 

any particular temperature. Hence the mean value 
of X12 is used to evaluate the excess functions at any 
given temperature. 

The theoretically evaluated excess isothermal com­
pressibilities /?? using Eq. 3 are compared with the 
experimental /?f in Table 4. The agreement between 
the two sets of data is not satisfactory. This disagreement 
may be attr ibuted to the slight polarity of xylenes. 
Similar disagreement was also noticed between 
theoretical and experimental excess parameters of 
benzene+isomeric xylenes9) and toluene-(-isomeric 
xylenes.10) 

In view of non availability of experimental HE data 

TABLE 5. COMPARISON OF EXPERIMENTAL AND THEORETICAL 

EXCESS HEATS FOR EQUIMOLAR SOLUTIONS AT 2 5 ° G 

System 

Gyclohexane+o-Xylene 
Gyclohexane+//z-Xylene 
Gy cloh exane +/>-Xylene 

HE 

Galcd Exptl 

814 523a) 

912 576b) 

809 487a) 

T A B L E 6 . C O M P A R I S O N O F E X P E R I M E N T A L A N D T H E O ­

R E T I C A L EXCESS HEAT CAPACITIES FOR EQUIMOLAR 

MIXTURES (#2 ~ 0 . 5 ) AT 37 . 5 °G 

System 
Cf/JK-imol-

Exptl Calcd 

Gyclohexane + o-Xylene 
Gyclohexane+m-Xylene 
Cyclohexane +/>-Xylene 

0 . 7 ± 0 . 5 1.7±0.8 
- 1 . 0 ± 0 . 5 - 1 . 7 ± 0 . 8 
- 1 . 3 ± 0 . 8 - 0 . 9 ± 0 . 5 

for the systems under study at all temperatures and 
concentrations an at tempt is made however to compare 
the data at 25 °G for equimolar concentrations as can 
be seen from Table 5. The agreement is not quite good 
reflecting the inadequacy of Flory's theory in predicting 
excess functions for these systems under study. 

Flory's theory is also useful in predicting the excess 
heat capacities. The excess heat capacities are related 
to excess enthalpies via the relation 

a - ( • 

dHE 

dT (6) 

a) Evaluated from X12 values of Ref. 7. b) Data of 
Ref. 14. 

using Eq. 2 excess enthalpies have been evaluated at 
25, 40, and 50 °G. (3HE/dT)F has been evaluated using 
HE data at 25 and 50 °G which gives the value of C? 
at 37.5 °G. The value of C? so evaluated at 37.5 °G 
for the equimolar solutions are compared in Table 6, 
with CE values obtained by intrapolating the experi­
mental Cp data which are given in Table 4. The 
agreement between experimental and theoretical Cp 
values is quite good. 
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A modified method has been proposed for the determination of stoichiometry and formation constant of molecu­
lar complexes by Job method using differential refractometry. A more adequate model has been presented and 
has been verified on some strong, moderate, and weak systems in different solvents at 35 °C. The formation con­
stants obtained by this method are in good agreement with the literature values. 

Recently we have applied the differential refractom-
etric method1»2) in Yoshida and Ösawa's equation3»4) 
to determine the stoichiometry and formation constant 
of molecular complexes which has yielded better results. 
In Yoshida and Ösawa's method5) two experimental sets 
are essential to calculate the equilibrium constant of a 
molecular complex. In this communication an at tempt 
has been made to calculate the equilibrium constant 
of these complexes by using only one experimental set. 
For this purpose differential refractometry has been 
applied in J o b method and a model has been developed 
which has been verified on strong as well as on weak 
molecular complexes. 

We realize that in molecular complexes from acceptor, 
A, and donor, D, when 1 : n complex is formed, it 
usually is accompanied by the formation of 1: 1, 1: 2,—, 
1 :n— 1 complexes. At this we have, 

A + nD 
Kn 

and 
ADn (n> l ) (1) 

K = C^JC^n = CADJ(CA
0-CADn)(CD°-nCADn)\ (2) 

Let us assume, VA and VD are the volumes of A and D 
respectively, and V=VA+VD. Then the total concen­
tration CT is given by 

C T = llV(VACA
l+VDCD

l) = llVKV-VJCj+VvCJl, (3) 

where CA and CD1 represent the concentration of the 
stock solution of A and D, respectively. From Eq. 2 
we have 

= * • [ ( ! - ^ / F X C V - C ^ J ] X [VD/VCD
l-nCADnY. (4) 

Let Vj>IV=v and CD
lICA

l=r. Then 

CAD» = Kn[(\-v)(CA}-CAI)n)]^CA
ir-nCAJ)nr- (5) 

To find the maximum value of CADn by varying v, we 
calculate 

1 dCÀ ADn _ 
vrCA

l-nCAVn + n- (6) 
CAD dv (l-v)CA

l-CAD„ 

Setting dCAI)Jdv=0, we obtain 

CJgr» = rCA
llv-n{l-v)-]. (7) 

We chose r = l , then 

v = n/(l+n); CT = Cj = CA
l. (8) 

In refractometric measurements, we assumed that the 
refraction per cm3 of solution is due to the complexed 
and free acceptor refractions which may be expressed as, 

^ = ( C A ° ~ ^ D " ) ^ O D + - ^ A (9) 

where 0 C D = 0 — 0 D ? and solving Eq. 9 we get, 

CA D n /CA°=^D / (^A D-^cD). (10) 

Now assuming 0 A D ~ 0 C D = A 0 A D ; the maximum refrac­
tion per cm3 of complex which may be calculated from 
the plot of AQCDA versus molar ratio of solutes.1" Thus 
Eq. 10 becomes, 

CADn = çWA^ADCA°. (11) 

Therefore, if CADn is a maximum, then 0D/A0ADCA° 
would also be maximum at v=nj{\+n). Thus by 
plotting <f>DCA° (or 0D/A0ADCA°) against XD (mole 
fraction of donor), the maximum will occur at XD = 
n / ( l + n ) (Fig. 1). At this point we have, 

TABLE 1. EQUILIBRIUM CONSTANT (KJ) DATA FOR SOME STRONG, MODERATE AND 

WEAK MOLECULAR COMPLEXES AT 3 5 ° C 

Complex 

Ethanol-naphthalene 
Phenol-naphthalene 
Ph3N-I2 

Tryptophan-chloranil 
Dimethyl sulfide-I2 

Pyridine-I2 

Ph3As-I2 

a) Number in parentheses 

Solvent 

Cyclohexane 
Cyclohexane 
Cyclohexane 
50% aq ethanol 
Heptane 
Heptane 
CC14 

indicates the reference number. 

From Eq. 12 

2 . 7 ± 0 . 2 
4 . 0 ± 0 . 2 
9 . 2 ± 1 . 0 

149.0±10.0 
178.0±10.0 
257.0=1=15.0 
714.0±25.0 

Xi/dm3 mol-1 

Spectrophotometric 

* i 

12.5 (9)a> 
176.0 (10)a) 

200.0 (9)a) 

290.0 (9)a> 
790.0(l l) a ) 

method 

77°C 

26 
25 
25 
25 
30 

t The values of <f>, 0D, <fiA, and AQCDA have been calculated as reported earlier.6-8) 
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Fig. 1. A plot of Xjy versus 0D/A0 A D CA indicating 1 : 1 
stoichiometry of phenol-naphthalene complex. 

Kn = (çVA^A D) /(CDT (1 - ?VA^ADr+1 (12) 

where C D ° = X D C T = n / ( l + w C T ) . Equation 12 has been 
used to calculate equilibrium constant (Kn) after 
determining n. Thus the K values calculated for some 
strong and weak 1: 1 complexes are listed in Table 1. 
From this Table it is evident that the K values calculated 
from Eq. 12 are in good agreement with the spectro-
photometric values. The present method involves an 
experimental simplicity because for one system only one 

experimental set is sufficient to calculate K but in 
Yoshida and Ösawa's and differential refrac tome trie 
methods, two experimental sets are necessary to get K 
values. 

One of us (VS) is thankful to Kanpu r University, 
K a n p u r for providing U . G. G. fellowship. Authors 
are also thankful to Prof. P. G. Nigam (I. I . T. , Kanpur) 
for providing some experimental facilities. 
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Determination of the Difference in Hard-sphere Volume 
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Synopsis. The difference in hard-sphere volume of 
conformational isomers AV/V was determined from sound 
velocity data by a method proposed on the basis of the 
Lebowitz theory of solutions. The AV/V values between 
conformers were found to be 6, 9, 12, 7, and 12% for 1,1,2,2-
tetrachloroethane, 1,1,2,2-tetrabromoethane, 1-chloropropane, 
1-bromopropane, and ethylcyclohexane, respectively. 

We proposed an ultrasonic method suitable for the 
determination of the difference in hard-sphere volume 
of conformational isomers (AV/V) from sound velocity 
data,1) based on the Lebowitz theory,2) and applied 
the method to halogenoethanes and cyclohexane de­
rivatives1^ as typical compounds with conformational 
isomerism.3-6) 

In order to obtain further information on AV/V 
of conformational isomers, 1,1,2,2-tetrachloroethane 
(GHG12GHG12), 1,1,2,2-tetrabromoethane (GHBr2-
CHBr2), 1-chloropropane (CH3CH2CH2C1), 1-bromo­
propane (CH 3GH 2CH 2Br), and ethylcyclohexane (c-
C 6 H n G 2 H 5 ) have been investigated. 

An equilibrium mixture of conformational isomers 
we studied is considered to be a binary mixture of 
hard spheres. The formula for isothermal compress­
ibility (KT) of the equilibrium mixture was derived 
from the equation of state for the binary mixture of 
hard spheres.2) Details of the procedure for analysis 

were described in the preceding paper, l b) notations 
used here being identical with those in it. 

For the case of £-C 6 H n C 2 H 5 , the relaxation frequency 
fT is smaller than the frequency f used for the meas­
urement of sound velocity.7) In this case, icT is ex­
pressed by 

/Tj» — 
* H l + 2g)2 2 , A „ 

L v(i-t)* - y ^ -
RT) (1) 

For C H X 2 C H X 2 and CH3CH2CH2X5»8»9) ( / r > / ) , 
KT is given by 

' RT (1+2Ç)2 

Kj> '• 

V(l- f)< -y^^-RT) 

+ 
V(AV/V)2 

2 Jßr{l + cosh (AG/RT)} 

AV/V is expressed by 

AV NA . 

(2) 

(3) 

where £ is packing fraction ( = pv&), v& average hard-
sphere volume, and vi hard-sphere volume of the 
z'-th component. Putting the experimental values of 
KT into Eq. 1 or Eq. 2, we determine the magnitudes 
of v&, v.y, and AV/V. The temperature coefficient a t 

of the effective hard-sphere volume was calculated 
in a similar manner to that reported. l b) 

T A B L E 1. 

15 

RESULTS FOR d, v, 

20 25 

ics, AND ICT 

Temp/°C 

30 35 40 45 

103kgm~3 

m s _ 

Kß 

lO-^Pa- 1 

KJI 

10-11 Pa-1 

> GHG12GHG12 

; GHBr2GHBr2 

I Gri3GH2GH2Gl 
GH3GH2GH2Br 
£-G6HnC2H5 

, GHG12GHG12 

GHBr2GHBr2 

Gri3Gri2Gri2Gl 
GH3GH2GH2Br 
£-G6HnC2H5 

GHBr2GHBr2 

I Gri3Gri2Gri2Gl 
GH3GH2GH2Br 

k c-G6HnG2H5 

r GHG12GHG12 

l GHBr2GHBr2 

I Gri3Gri2Gri2Gl 
GH3GH2GH2Br 

i c-C6HnC2H5 

1.60490 

2.97618 

0.89845 

1.36189 

0.79138 

1182.5 
1051.3 
1109.8 
988.3 

1312.0 

44.56 
30.40 
90.37 
75.18 
73.41 

60.25 
42.48 

131.25 
105.60 
94.78 

1.59690 

2.96498 

0.89218 

1.35347 

0.78736 

1166.1 
1039.5 
1087.3 
970.8 

1290.4 

46.05 
31.21 
94.81 
78.40 
76.27 

62.01 
43.42 

136.27 
109.23 
97.88 

1.58914 

2.95377 

0.88583 

1.34508 

0.78329 

1149.9 
1029.1 
1066.6 
954.3 

1269.1 

47.59 
31.97 
99.23 
81.64 
79.27 

63.80 
44.30 
141.28 
112.89 
101.10 

1.58133 

2.94245 

0.87954 

1.33676 

0.77930 

1134.1 
1018.4 
1043.8 
937.3 

1248.2 

49.17 
32.77 

104.35 
85.15 
82.36 

65.63 
45.22 

147.00 
116.82 
104.43 

1.5734! 
2.93115 

0.87298 

1.32818 

0.77520 

1118 
1007 
1024 
920 
1227 

50.84 
33.60 
109.22 
88.92 
85.64 

67.55 
46.18 
152.47 
121.01 
107.93 

1.56585 

2.91996 

O.86683 
1.31966 

O.77II3 

1102.3 

997.2 
1002.0 
904.1 
1206.3 

52.56 
34.44 
114.90 
92.71 
89.12 

69.52 
47.13 
158.74 

125.22 
111.62 

1.55798 

2.90870 

0.86016 

1.3110« 
0.76706 

1086.5 
986.7 
980.5 
887.7 

1185.6 

54.37 

35.31 
120.93 
96.79 
92.75 

71.56 
48.13 
165.38 
129.74 
115.46 
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TABLE 2. AV/V AND V& AND THERMODYNAMIC PARAMETERS AT 25 °G 

GHG12GHG12 

GHBr2GHBr2 

CtH3C(H2C»rT2C»l 

GH3GH2GH2Br 
c-G6HnG2H5 

-AV/V 

0.06 
0.09 
0.12 
0.07 
0.12 

v& 

1 0 - 3 0 m 3 

95.75 

114.96 

69.35 

74.23 

126.30 

aa> 

10-3K-1 

0.9874 
0.7649 
1.4494 
1.2668 
1.0406 

cP 
J K-1 mol-1 

189.4b'c> 
165.6b> 
132. lb> 
140.0b> 
211.80 

A#v 
kj mol-1 

45.78d> 
70.00b> 
28.49b> 
31.92b'd> 
40.48b> 

AH 
kj mol"1 

-4 .60 e ) 
-3.45«) 
-1 .26 e ) 
-1 .97 e ) 

7.53s) 

a) Observed values, b) J . A. Riddick and W. B. Bunger, Techniques of Chemistry, Vol. 2, "Organic Solvents," 
3rd ed, Wiley Interscience, New York (1970). c) E. W. McGovern, Ind. Eng. Chem., 35, 1230 (1943). d) J. 
Laynez and I. Wadsö, Acta Chem. Scand., 26, 3148 (1972); I. Wadsö, ibid., 22, 2438 (1968). e) Ref. 3. f) H. 
M. Huffman, S. S. Todd, and G. D. Oliver, J. Am. Chem. Soc, 71, 584 (1949). g) Ref. 4. 

Exper imenta l 

Sound velocity v was measured with an interferometer 
working at 3 MHz and density d with a pycnometer. The 
temperature was controlled within ±0.05 °G. Samples 
were carefully purified before measurements. The accuracy 
of v is ±0 .3 m/s. Adiabatic and isothermal compressibilities 
(KS and icT) were estimated from density, sound velocity, 
and other thermodynamic quantities. 

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

Values of d, v, tcs, and KT determined for C H X 2 C H X 2 , 
C H 3 C H 2 C H 2 X ( X = C 1 and Br), and <>C6H1]LC2H5 are 
summarized in Table 1. T h e results for v& and AV/V 
are given in Table 2, together with values of a, Cp, 
AHV, and AH required for the determination of u& 

and AV/V. Values of oct were estimated to be —1.6, 
- 1 . 3 , - 2 . 0 , - 1 . 9 , and - U x l O ^ K " 1 for CHC12-
CHC12 , CHBr2CHBr2 , CH3CH2CH2C1, CH 3 CH 2 CH 2 Br, 
and £-C 6 H n C 2 H 5 , respectively. 

I t was found from the negative value of AV/V (Table 
2) that the value of vx is larger than that of v2. For 
C H X 2 C H X 2 and C H 3 C H 2 C H 2 X , v1 corresponds to 
the and form, and to the equatorial form for c-
C 6 H n C 2 H 5 . Wyn-Jones et al.*> and Christian et al.10> 
also reported similar results for CHC12CH2C1 by means 
of the ultrasonic absorption method and the pressure 
effect of infrared spectroscopy. In the case of CHX 2 -
CHX 2 , the value of \AV/V \ for chloro compound 
is smaller than that for bromo compound, while it 
is reversed for CH„CH 9 CH 9 X and CH 9 XCH 9 X. l b ) 

For . - C 6 H n C 2 H 5 , the magnitude of AV/V (12%) 

is nearly equal to that of £ -C 6 H n CH 3 ( l l % ) . l b ) I t 
agrees with the results of £-C 6H nCH 3

l b ) and £ -C 6 H n X 
reported by Christian et al.10) that the equatorial 
form was found to be larger than the axial one. 

O u r method is convenient and accurate for the 
determination of AV/V in conformational isomerism, 
as compared with the ultrasonic absorption method6) 
used so far. 
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Fig. 1. Elution patterns for the reaction products of 
P4 m with L-valine at room temperature and pH 12. 
(a) after 14 d, (b) after 91 d. 
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Synopsis. ç^/o-Tetraphosphate (P4m) reacted with 
L-valine at pH 12 to form a certain phosphorus-containing 
compound (Compound X). Compound X was obtained 
in amounts so small as about 3.2% at room temperature 
after 91 d and about 0.3% at 70 °C after 1 d. Based on the 
results of paper chromatography, anion-exchange chroma­
tography, and IR spectroscopy, Compound X was proved 
to be the same orthophosphate derivative of valine, an anion 
of iV-(l-carboxy-2-methylpropyl)phosphoramidic acid, as that 
formed by the reaction of ç^/o-triphosphate (P3m) with L-
valine. The mechanism of the reaction of P4 m with L-valine 
was discussed. 

Quimby and Flautt1) first reported that cyclic phos­
phates, such as P 3 m , could be subjected to ring opening 
with ammonia to form amidophosphates. Since then, 
the reactions of P 3 m with alkylamines,2»3) sodium flu­
oride,4) alcohols,5) and glycine6) have been actively 
studied by Feldmann and Rabinowitz. The present 
authors have already reported that, by the reaction 
of P 3 m with L-valine one of the a-amino acids, a P j -
derivative of valine, was produced in the p H range 
from 10 to 12.7) Thus, in the present study, the reac­
tion of P 4 m , one of cyclic phosphates, with L-valine 
was investigated. 

E x p e r i m ental 

Chemicals. Sodium <ytf/0-tetraphosphate tetrahy-
drate,8) Na4P401 2-4H20, was prepared in the following 
manner : 50 g of diphosphorus pentaoxide was gradually 
hydrolyzed in 300 cm3 of cold water, after which the hy-
drolyzate was neutralized to pH 7 with a cold, concentrated 
sodium hydroxide solution. Then, by repeating the recrys-
tallization 5 times from water and drying at 40 °C, Na4P4012 • 
4H 2 0 was obtained. Reagent-grade L-valine was used with­
out purification. 

Reaction between cyclo- Tetraphosphate and L- Valine. Aque­
ous solutions of 0.2 mol dm~3 of sodium <ytf/0-tetraphosphate 
tetrahydrate and 0.2 mol dm - 3 of L-valine were mixed in 
a volume ratio of 1:1. The pH of the mixture was about 
5.97. The solution was adjusted with 6 mol dm - 3 of a 
sodium hydroxide solution to pH 12 and then allowed to 
stand at room temperature and at 70 °C. With the progress 
of the reaction the pH of the solution was gradually lowered, 
after which the sodium hydroxide solution was added to 
maintain the pH 12. 

Anion-exchange chromatography, paper chromatography, 
and IR spectroscopy were carried out by the methods de­
scribed in a previous paper.7) 

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

Figure 1 shows the anion-exchange chromatograms 
obtained for the reaction mixtures of P 4 m with L-
valine in a molar ratio of 1:1 after 14 and 91 d at 
room temperature and at p H 12. In addition to 
the peaks of o r t h o - ^ ) , pyro-(P2), tri-(P3), and tetra-

Fig. 2. Change of the amounts of phosphorus com­
pounds in the reaction of P4 m with L-valine at room 
temperature and pH 12. 
- • -
Mm« 

PrCNJVal, - D - -O-

phosphate(P4) , the peak of Compound X appeared 
between those of F± and P2 . Though the formation 
of Compound X was small, it tended to increase grad­
ually with the reaction time. Figure 2 shows the 
change in the amounts of Compound X , P3 , and P4 , 
as well as the amount of remaining P 4 m J determined 
by means of anion-exchange chromatography. T h e 
amounts of F± and P2 formed are omitted here because 
their amounts were very small (about 0.4 and 0 . 1 % 
respectively), even after 91 d. The starting material, 
P 4 m , decreased gradually with the time, but still about 
7 3 % of it remained after 91 d. O n the other hand, 
the yields of P4 , P3 , and Compound X were about 
12.5, 11.0, and 3 .2% respectively. 

Based on the position of the elution peak in the 
anion-exchange chromatography, and on the results 
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of paper chromatography, ninhydrin reaction, and 
I R spectroscopy, Compound X was proved to be 
identical with the orthophosphate derivative of valine 
formed by the reaction of P 3 m and L-valine, i.e., an 
anion of N-(l-carboxy-2-methylpropyl)phosphoramidic 

acid ( P r ( N ) V a l ) , - O - P - N H - C H - C H ' \ Com-

O - G O O - utis 
paring the reaction of P 4 m and L-valine with that of 
P 3 m and L-valine, it was found that, though the same 
type of phosphate was obtained in both reactions, 
there were great differences in the yields of the phos­
phates formed and in the reaction rates. 

In the reaction of P 4 m with L-valine at 70 °G, we 
obtained the same products as those obtained by the 
reaction at room temperature, namely P l 5 P2, P3, P4, 
and P1-(N)Val. Their amounts formed at 70 °G were, 
however, different from those formed at room tem­
perature. P 3 was predominantly formed at the early 
stage of the reaction (3—14 d) , while Px and P2 were 
predominant at the later stage (more than 20 d) . 
The formation of P1-(N)Val was observed immediately 
after the start of the reaction, but its yield was as low 
as about 0 . 3 % after 1 d and about 0 . 1 % after 3 d . 
After 6 d and thereafter, it could not be observed a t 
all. O n the other hand, the residual amount of P 4 m 

decreased very rapidly, becoming almost zero after 
20 d. The fact that, at 70 °G, in spite of the rapid 
decrease of P 4 m , P r ( N ) V a l was formed in only a very 
small amount , suggests that the hydrolysis of P 4 m 

itself may proceed in preference to the reaction of 
P 4 m with L-valine. 

I t was found that, a t room temperature, the reaction 
of P 4 m with L-valine is slower than the reaction of 
P 3 m with L-valine. This can be understood by analogy 
with the fact that, in an alkaline solution, the hydrolysis 
of P 4 m is slower than that of P 3 m . 

The mechanism of the reaction of P 4 m with L-valine 
at p H 12 is summarized in Fig. 3. A phosphorus 
of P 4 m may be attacked by the lone pair of the nitrogen 
of L-valine; consequently, the ring-opening reaction 

• o - p ' N P = O + H2O 

o_ o 

. 9 9 .9 9 
-> O-P-O-P-O-P-O-P-O" 

CL 6_ Q. Q. 
(BO 

(P4m) 

. H2NN /CH3 

+ -OOC/CFK:HX:H3 
(Va!.) 

9 9 9 9 /CH3 
"O-P-0-P-O-P-O-P-NH-C H-ChC™ 

0_ O. COO" 3 

(P4-(N)Val.) 

I + H2O 

0_ 0_ 

4-H9O _ n V V V 
~ r i ^ w ». (^_D_r>_D_^_D_r> _p_ > "O-P-O-P-O-P-O-P-O" - f Val. 

CL 6_ Ô_ Ô_ 
(P4) 

* 
o o 9 

"O-P-O-P-O-P-O" 

6_ 6_ 6_ 
(R3) 

- O | N H - Ç H - C H ^ - ± ^ 
6_ coo- CH3 

(Pr(N)Val.) 

O 
> " 0 - P - 0 " - f Val. 

Ô_ 
(Pi) 

Fig. 3. Mechanism of the reaction of P4 m 

valine. 
with L-

of P 4 m may proceed to form a tetraphosphate derivative 
of valine (P4-(N)Val), but this compound is very 
unstable and is immediately hydrolyzed to produce 
a P1-(N)Val and P3 . P2 , which is a minor component 
in the reaction products, may be produced by the 
hydrolysis of P 3 and P4 . 
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The Determination of Antimony in Water by Atomic-absorption 
Spectrophotometry Following Flotation Separation 
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Synopsis. A flotation method which utilizes an 
iron (III) hydroxide-surfactant-air system at pH 4 is de­
scribed for the separation of sub-microgram levels of antimony-
(HI,V) in water. The antimony content is determined by 
the generation of stibine, followed by atomic-absorption 
spectrophotometry with a long absorption cell (60 cm X 
1.2cmi.d.). 

From the viewpoints of environmental science and 
geochemistry, there is an increasing need for a rapid 
and accurate method for determining low parts per 
billion (ppb) of antimony in water. At a less than 
1 (xg d m - 3 level of antimony in water, a precise direct 
determination is difficult even by the atomic-absorption 
spectrophotometry of stibine, which has a high sen­
sitivity.1"4) Accordingly, the antimony must be con­
centrated from the water prior to determination. 

In previous papers,5"8) a flotation technique,9 '10) 
one in which the precipitate of i ron(III) hydroxide 
is floated with the aid of a surfactant and small air 
bubbles, was used for the pre-concentration of arsenic-
(III,V)5 '6) selenium(IV),7) and t in(II ,IV)8) in water. 

The present paper will describe the application of 
the separation technique mentioned above to the pre-
concentration of antimony ( I I I , V) , in water and the 
determination of antimony by atomic-absorption spec­
trophotometry, following stibine generation. 

Exper imenta l 

Apparatus. The apparatus employed in this work 
has all been previously described5-8) except for the light 
source, a Hamamatsu TV antimony hollow-cathode lamp. 

Reagents. The reagents were the same as those de­
scribed previously7»8) except for those mentioned below. 
The antimony standard solutions were freshly prepared by 
diluting stock solutions before use. An antimony(III) stock 
solution (1 mg Sb cm~3) was prepared by dissolving 1.371 
g of potassium antimony tartrate hemihydrate in water 
and then diluting the mixture to 500 cm3 with water. An 
antimony(V) stock solution (0.1 mg Sb cm~3) was prepared 
from the antimony (I II) solution by oxidation with a mini­
mum amount of potassium permanganate. A mixed sur­
factant solution (0.5 mg cm~3 for each surfactant) was pre­
pared by dissolving sodium dodecyl sulfate and sodium 
oleate in 99.5% (v/v) ethanol, with magnetic stirring for 
sodium oleate. A potassium iodide solution (20% w/v) was 
prepared by dissolving in water. 

Procedure for the Flotation Step. One thousand cm3 of 
acidified water is placed in a 1000-cm3 beaker, and 2 cm3 

of an iron(III) solution (5 mg cm-3) is added. The pH of 
the solution is adjusted to 4.0 ±0.2 with an aqueous ammonia 
solution to precipitate iron(III) hydroxide, and the mixture 
is stirred for 15 min. After adding 2 cm3 of the surfactant 
solution to the beaker, the contents of the beaker are trans­
ferred to a flotation cell. Air is passed through at a flow 
rate of 50 cm3 min - 1 from the lower end of the cell for about 
2 min to obtain a complete mixing and flotation of the pre­
cipitate. Most of the mother liquor is drained from the 

side arm by opening the cock of the drain pipe. After closing 
the cock, the residual mother liquor is sucked off through 
the sintered-glass disk, and the precipitate is washed with 
30 cm3 of water. Four cm3 of 6 mol dm - 3 hydrochloric 
acid is added to the cell to dissolve the precipitate, the filtrate 
is collected by suction in a 10-cm3 calibrated flask, the sin­
tered-glass disk is washed with water, the washings are added 
to the flask, and the mixture is diluted to 9 cm3 with water. 
The potassium iodide solution (0.5 cm3) is added to the 
flask prior to analysis, and the mixture is diluted to 10 cm3 

with water. 
Procedure for the Determination of Antimony. The pro­

cedure is similar to that for the determination of tin.8) A 
calibration curve is constructed using 2.4 mol dm - 3 hydro­
chloric acid solutions containing LOmgcm - 3 of iron(III), 
1.0% of potassium iodide, and 0—0.10 [Lg cm - 3 of antimony-
(III) ; this curve is linear within the above range of antimony. 
The detection limit of antimony was found to be 0.4 ng 
cm - 3 . 

The atomic-absorption apparatus was operated under the 
following conditions: wavelength, 217.6 nm; lamp current, 
12mA; gas-flow rates, nitrogen 1.0, hydrogen 1.0, and 
auxiliary nitrogen 6 dm3 min - 1 ; spectral bandwidth, 1 nm. 

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

T h e effect of the p H of a 1000-cm3 solution con­
taining 0.8 (xg of ant imony(II I ,V) on the coprecipita-
tion of antimony was investigated. As Fig. 1 shows, 
satisfactory recoveries of ant imony(II I ,V) were ob­
tained in the p H range of 3.4—7.0. At p H values 
above 7.5, the efficiency of coprecipitation decreased 
considerably. When the mixed surfactant solution was 
used, the surface-foam layer supporting the precipitate 
of iron (III) hydroxide was stable within the p H range 
of 3.4—10.1; the p H of 4 .0±0.2 was, therefore, used 
throughout the work. 

The presence of up to at least 2.5 mg cm" 3 of iron-
(I I I ) added as a collector did not affect the stibine 
generation in the presence of potassium iodide. 

Table 1 shows the permissible amounts of foreign 

T3 

100f-

80h 

60 

40f-

20f-

V- -fro-»o Q u o i • o—•°L^. 

I • 

6 

PH 

10 

Fig. 1. Coprecipitation of antimony with iron (III) 
hydroxide as a function of pH. 
Solution containing 0.8 [xg of Sb and 10 mg of Fe (III), 
sample volume: 1000 cm3, # : Sb(III), Q: Sb(V). 
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TABLE 1. PERMISSIBLE AMOUNTS OF FOREIGN IONS FOR THE DETERMINATION OF ANTIMONY11) 

Ion 

Na+ 
K+ 
Ca2+ 
Mg2+ 
ci-
N 0 3 -

s o 4
2 -

sicy-
Sr2+ 
Ba2+ 
Cd2+ 

a) Solution 
centrations 

T A B L E 2. 

Sample 

Limit 
[Ion]/[Sb] 

10000 < 
10000 
10000 
10000 
10000 
10000 
10000 
10000 

1000 
1000 
1000 J 

b) 

Ion 

Zn2+ 
Mn2+ 
A13+ 
Cr3+ 
Cr«+ 
Mo6+ 
Pb2+ 
Hg2+ 
Co2+ 
V5+ 
Cu2+ 

Limit 
[Ion]/[Sb] 

1000 > 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 J 

b) 

containing 1.0 {xg of Sb(III) and 10 mg of Fe(III); sample 
tested. ( + ) : the amounts which give a 10% positive error. 

RECOVERY OF ANTIMONY ADDED TO 

Tap waterc> 

River waterd> 

Antimony 
added 

Kg 

None 
0.300 
0.600 

None 
0.300 
0.600 

Antimonyb> 
found 

Kg 

0 .046±0 .004 
0 .343±0.007 
0 .635±0 .012 

0 .028± 0.003 
0 .309± 0.008 
0 .592±0 .013 

Ion 

Se*+ 
Se«+ 
P 0 4 3 -
Ni2+ 
Te*+ 
Bi3+ 

( + ) As3+ 
(+) As5+ 
(+) Sn«+ 

volume, 1000 cm3. 

Limit 
[Ion]/[SbJ 

1000 i 
1000 
1000 t 

800 
200 
100 
30 
30 
10 

' *>) 

b) Maximum con-

NATURAL SURFACE-WATER SAMPLES*) 

Antimony 
recovered 

Kg ' 

0.297 
0.589 

0.281 
0.564 

rec 
ean 
overy 

Vo 

99 
98 

94 
94 

a) Volume of sample, 1000 cm3, b) The mean value of four measurements, 
sample was taken from the Takahashi River, Okayama Prefecture. 

c) Laboratory tap water, d) This 

ions within a 10% negative or positive error for the 
determination of 1.0 fxg of antimony (III) in 1000-cm3 

solutions. As can be seen in Table 1, most foreign 
ions hardly interfere at all with the determination of 
an t imony(I I I ) . In the procedure described here, the 
addition of potassium iodide overcame suppressive ef­
fects by copper (II) and selenium (IV), but did not 
show much effect on the negative interference by 
nickel(II). However, when coprecipitation at p H 4 
was used, the depressive effect by nickel(II) was found 
to be largely eliminated in comparison with that which 
occurs when antimony is directly determined. T h a t 
is, when the proposed method was used, the value 
of the permissible amount of nickel(II) increased from 
4 to 800 (Ni/Sb in weight) compared with the value 
permissible in a direct determination. Hydride-form­
ing elements, such as t in(IV) , arsenic(III ,V), bismuth-
( I I I ) , and tel lurium(IV), are coprecipitated with iron-
(III) hydroxide in the same way as antimony and 
exert a relatively great effect on the generation of 
stibine. 

The solutions (1000 cm3) containing 0.2—20.0 (xg 
of ant imony(III ) were analyzed by the procedure 
described above. The recoveries of the antimony that 
had been added were greater than 9 4 % in all in­
stances. No blank value was detected throughout 
the analytical process. The proposed conditions, there­
fore, appear to be optimal for 1000-cm3 volumes of 
a solution containing up to 20 [xg of antimony ( I I I ) . 
The relative standard deviations of ten-times-repeated 
analyses of the solutions containing 0.4 and 0.8 [xg 
of ant imony(II I ) per 1000 cm3 were 2.7 and 2 .4% 
respectively. 

In order to investigate the applicability of this 
method to surface water, the recoveries of known 

amounts of antimony (III) added to natural surface 
water samples were examined by the above procedure. 
The analyses were carried out on 1000-cm3 aliquots 
of clear, uncontaminated tap and river waters which 
had been filtered through 0.45 (xm Millipore filters 
after the addition of hydrochloric acid immediately 
after sampling. Table 2 indicates that the analytical 
process gave a satisfactory recovery of antimony from 
surface waters. T h e antimony concentrations in the 
tap and river water samples were low: 0.046 and 
0.028 (xg dm~3 respectively. 

The author wishes to thank Professor Atsushi 
Mizuike and Dr. Masataka Hiraide of Nagoya Uni­
versity for their helpful advice on the flotation tech­
nique, and Professor Fuji Morii of Okayama University 
for her helpful discussions. 
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Thermal Behavior of a New Type Molybdenum Oxide Obtained by 
Oxidation of Molybdenum Powder or Molydenum Trioxide with 

Hydrogen Peroxide 
Yasuhiko KURUSU 

Department of Chemistry, Faculty of Science and Technology, Sophia University, 
7-1 Kioicho, Chiyoda-ku, Tokyo 102 

(Received June 7, 1980) 

Synopsis. New molybdenum oxides, Mo-y (yellow) 
and Mo-b (blue), were obtained by the reaction between 
molybdenum powder or molybdenum trioxide and hydrogen 
peroxide. Their reactivity and structure were examined 
by iodometry, IR, X-ray, and thermal analyses. Mo-y is 
an acidic oxidant but Mo-b is acidic. 

A new type of molybdenum oxide (Mo-y) was ob­
tained by oxidation of molybdenum powder or mo­
lybdenum trioxide with 3 0 % hydrogen peroxide. A 
blue molybdenum compound (Mo-b) was produced by 
the reaction of molybdenum powder with an inade­
quate amount of 3 0 % hydrogen peroxide. O n the 
other hand, an excess 30 % hydrogen peroxide produced 
yellow powder (Mo-y). Mo-y and Mo-b have catalytic 
activity for the dehydration of alcohols, Mo-y being 
more reactive than Mo-b. Mo-y oxidizes iodide ion, 
the content of which was determined by iodometry. 
The result shows that Mo-y has a reactive oxygen. 
Mo-b does not oxidize iodide ion. In order to in­
vestigate the reactivity, the thermal behavior of the 
active sites of Mo-y was studied. The structural change 
of Mo-y caused by heating was investigated by means 
of IR, T G , DTA, and X-ray. 

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

Reaction with Hydrogen Peroxide. The reaction 
scheme is shown in Fig. 1. 

Mo-powder or Molybdenum trioxide 

H2O2 

s\ Soin with H 2 0 2 

i 
Soin without H 2 0 2 

i 
evaporated soin 

i 
Mo-y 

i 
Mo-b 

Fig. 1. Reaction path of molybdenum powder or 
molybdenum trioxide and hydrogen peroxide. 

The analysis shows that there is one active oxygen 
to one atom of molybdenum in Mo-y, indicating the 
possibility of the existence of a O O H group, while 
Mo-b has no active oxygen. It seems that Mo-b 
has O H groups but not a O O H group. Mo-b is 
synthesized from molybdenum powder but not from 
molybdenum trioxide. Mo-y, however, is obtained 
from molybdenum powder or molybdenum trioxide. 
Glemser and Lutz1) reported that the structure of 
molybdenum oxide hydroxide is Mo03_ : c(OH) : i . (0.5 < 
x<2). Wilhelmi2) investigated the M o 0 3 and M o 0 2 

prepared from M o 0 3 by reduction with hydrogen 

at 500 °G and proposed the structure Mo 4 O 1 0 (OH) 2 . 
In this paper, Mo-b is indicated by M o 0 2 ( O H ) 2 

and Mo-y by M o 0 2 ( O H ) ( O O H ) . 
Differential Thermal Analysis (DTA) and Thermal Gravi­

metric Analysis (TG). T h e sample was dried at 
30 °G for 72 h under reduced pressure before meas­
urement. D T A and T G curves are shown in Fig. 
2. Mo-y showed a gradual decrease in weight up 
to 200 °G. Above 200 °G, endothermic change takes 
place with an abrupt decrease in weight, the active 
oxygen disappearing and Mo-y being transformed into 
molybdenum trioxide. The weight decrease at 200 °G 
is calculated from the T G curve to be one mole of 
water and one gram atom of active oxygen, an endo­
thermic peak was observed and later an exothermic 
peak, molybdenum trioxide being transformed from 
amorphous into crystalline form. The weight decrease 
observed for Mo-b up to 200 °G is calculated to be 
due to the disappearance of water. The final product 
was shown to be molybdenum trioxide by I R and 
X-ray analyses. The D T A curve shows an exothermic 
peak, the amorphous compound becoming crystalline 
molybdenum trioxide. 

Temperature/°G 

Fig. 2. DTA-TG curves of Mo-y and Mo-b. 
a: Mo-y (18.3 mg), b : Mo-b (18.3 mg), 

: TG, : DTA, 5 °G/min. 

IR Spectrum. For Mo-y, O H stretching fre­
quency and O H deformation vibration were observed 
at 3450 and 1620 c m - 1 respectively. T h e symme­
trical terminal M o - O stretch occurs around 930 
c m - 1 and the antisymmetrical terminal M o - O stretch 
at 950 cm - 1 . The absorption bands are the same as 
those reported by Mimoun et A/.3) and Sotani et al.^ 
for molybdenum compounds. Absorptions at 980 c m - 1 

are derived from the active oxygen in Mo-y, since 
the amounts of active oxygen determined by iodometry 
are associated with the absorbance at 980 c m - 1 (Fig. 
3(A)). The band is assigned to the M o - O - O stretching 
vibration. In the case of Mo-b, the region of O H 
absorption band is the same as that for Mo-y (3400 
and 1610 c m - 1 ) . The absorption peaks are observed 
at 970 and 910 cm- 1 . Probably the band at 930 
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Ö 

1000 800 800 1000 800 1000 

Wave number/cm -1 

Fig. 3. IR spectra and amount of active oxygen of 
the molybdenum compound oxidized with hydrogen 
peroxide (A). Amount of active oxygen (mmol/g) ; 
1: 0.11, 2: 0.13, 3: 3.23, 4: 4.04. 
IR spectra of Mo-b(B) and Mo-y(G) at various 
temperatures of calcination. 
a: 30 °G, b : 100 °G, c: 130 °G, d: 160 °G, e: 185 
°G, f: 200 °G, g: 220 °G, h: 240 °G, i: 260 °G. 

c m - 1 shifted to the lower wave number region 
(910 cm - 1 ) owing to the hydrogen bond from absorbed 
water and the M o - O bond. The absorption band 
of the deformation vibration (rocking) mode of the 
water molecule coordinated with metal was observed 
at 750 c m - 1 . Mo-y and Mo-b were dried under re­
duced pressure in an oven at 30 °G for 72 h. Mo-y 
treated in the manner described above was calcined 
under reduced pressure for 1 h at 100, 130, 160, 185, 
200, and 220 °G, and Mo-b at 100, 130, 160, 185, 
200, 240, and 260 °G. The I R spectra were observed 
with a KBr tablet. Figure 3(B), (C) show the change of 
range 1000—800 c m - 1 . Both compounds turn into 
molybdenum trioxide above 200—240 °G. The ab­
sorption bands of Mo-y at 980, 950 and 930 c m - 1 

assigned to M o - O gradually decrease by heating up 
to 200 °G, followed by the disappearance of active 
oxygen and the appearance of the absorbance of mo­
lybdenum trioxide. Upon heating Mo-y, a band was 
observed at 920 c m - 1 . I t can be assumed that the 
band at M o - O shifts to lower wave numbers owing 
to the increase of polarization of the M o - O bond. 
In the case of Mo-b, the M o - O stretching frequency 
at 970 c m - 1 shifts to 990 c m - 1 . The absorption band 
at 910 c m - 1 arising from the M o - O bond, shifts to 

870 cm - 1 , the band being characteristic of the M o -
O - M o bond. 

X-Ray Analysis. Krebs5) and Sotani6) reported 
on the X-ray analysis of molybdenum oxide, but no 
report seems to have appeared on the X-ray diffrac­
tion analysis of molybdenum oxidized with hydrogen 
peroxide. The measurement was carried out by the 
powder method. Mo-b is amorphous, a weak broad 
diffraction band being observed at 0.307—0.263 nm 
spacing (d). Mo-y has a high crystallinity and the 
diffractive band of the spacing at 0.169 nm is very 
strong. I t shows a sheet type structure with 0.619 nm 
spacing. Molybdenum oxide and molybdenum have 
0.53 and 0.567 nm spacing, respectively.5»6) This 
difference might arise from the active oxygen in view 
of the insertion of oxygen between the sheet type 
structure. 

Exper imenta l 

Materials. Molybdenum powder (Tokyo Tangusten 
K.K. Toyama factory: purity 99.985%, diam. 4.2 (j.m) and 
hydrogen peroxide (guaranteed reagent 30% Mitsubishi 
Gas Chemical Co., Ltd.) were used. All other chemicals 
(Wako Chemicals Co.) were of first grade. 

Analysis. Thermal analysis was carried out with a 
differential thermal gravimetric microbalance (Rigaku TG-
DTA), a heating rate of 5 °C/min and static air atmosphere 
being employed with 18 mg samples in each run. The 
infrared spectra were obtained with a Hitachi Infrared 
Spectrophotometer Model 125 on a KBr disk. X-Ray powder 
patterns were obtained with nickel filtered Cu K radiation. 
Active oxygen was determined by iodometry. EDTA ti­
tration7) was used to measure the content of molybdenum. 

Synthesis of Mo-y and Mo-b. Molybdenum powder 
was added to 30% hydrogen peroxide at 60 °C, a yellow 
solution being obtained. When the solution became yellow, 
addition of molybdenum powder was stopped; hydrogen 
peroxide was then added in order to oxidize the Mo-y satis­
factorily. After filtration of unreacted molybdenum powder, 
the solution was evaporated to give Mo-y as a yellow pow­
der8). When molybdenum powder was added to the yellow 
solution, the color of the solution turned blue. The blue 
solution was filtered to remove unreacted molybdenum 
powder, a blue powder being obtained on evaporation of 
the solution. 

This article is gratefully dedicated to Professor Georg 
Manecke on the occasion of his sixty-fifth birthday. 
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Synopsis. The solvent extraction of iron(III) in 
nitric acid (1 to 13.2 mol dm-3) with seven /?-diketones 
into carbon tetrachloride was studied. The extraction curve 
has a pronounced minimum at from 6 to 7 mol dm - 3 acid, 
and the extracted iron(III) species were assumed to be 
represented by FeAa(N03)3_a(HA)M (where a and n are 
from 0 to 3). 

The solvent extraction of metal ions with weakly 
acid chelating extractants(HA) is dependent on the 
concentration of its dissociated form (A - ) , and the 
distribution ratio increases when the hydrogen-ion con­
centration is decreased. The extraction of i ron(III ) 
with ß-diketones such as 2-thenoyltrifluoroacetone 
(TTA) also shows the above tendency.*> However, 
the extractions of metal ions in concentrated acid 
solutions with weakly acid chelating extractants have 
also been reported by some authors.2) For example, 
t i tanium(IV) in concentrated hydrochloric acid was 
extracted with ß-diketones.3) T h e extractions of zir-
conium(IV) and hafnium(IV) from concentrated nitric, 
hydrochloric, and perchloric acid with T T A and 
JV-benzoyl-iV-phenylhydroxylamine are other exam­
ples.4 - 6 ' I t was also reported that i ron(III ) was ex-
tractable even from concentrated nitric acid with T T A 
in xylene and that the distribution ratio increased 
upon an increase in the acid concentration.7) This 
extraction was further studied;8) it was reported that 
iron (III) was extractable with T T A in xylene both 
from 10 mol d m - 3 nitric acid and 10 mol d m - 3 am­
monium nitrate, and that the rate of extraction was 
higher from the former than the latter. An increase 
in the rate of the extraction of i ron(III) with T T A 
by the addition of nitrate was also reported and the 
extraction of the F e A 2 + N 0 3

_ species was assumed 
in addition to the FeA3, al though no further details 
were given.9) 

Exper imenta l 

The experiments were carried out at 25 ±0.3 °C. All 
the reagents were of an analytical grade. An iron (I II) 
solution prepared by dissolving metallic iron in nitric acid 
(in some cases, in an acid sodium nitrate solution) and a 
carbon tetrachloride solution of a /?-diketone were placed 
in a stoppered glass tube, agitated, and centrifuged. Some 
extractions with TTA was also made by using chloroform 
as the diluent. In some cases, the iron(III) extracted into 
the organic phase was agitated with a fresh nitric acid solu­
tion and centrifuged. The iron(III) in the organic phase 
was stripped by a 6 mol dm - 3 portion of hydrochloric acid. 
This back-extracted iron (III) and the iron (111) in the equi­
librated aqueous phase was determined by atomic absorption, 
and the distribution ratio was calculated as; 

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

T h e ß-diketones used were as follows: acetylacetone 
(AA), benzoy lace tone (BZA), dibenzoylmethane (DBM), 
trifluoroacetylacetone (TFA), 2-thenoyltrifluoroacetone 
(TTA), benzoyl trifluoroace tone (BFA), and hexafluoro-
acetylacetone(HFA). When the acid concentration 
was high, the rate of extraction was high; agitation 
for 1 min was enough to achieve the equiribrium. 
However, when the acid concentration was lower than 
6 mol d m - 3 , it was low; the extraction of i ron(II I ) 
in 1 mol d m - 3 of nitric acid with 0.2 mol d m - 3 of 
T T A in chloroform did not reach equilibrium for at 
least 3 h. In such cases, the distribution ratio at 
equiribrium was estimated from the extrapolation of 
the data of the forward extraction from the aqueous 
phase and of the backward extraction from the organic 
phase, which had extracted the iron (I II) with that 
/S-diketone. 

Figure 1 gives the dependence of D on the nitric 
acid concentration. The extraction with AA was too 
poor to be determined, and that with H F A was not 
reproducible for unknown reasons, al though its mag­
nitude was between that with T F A and DBM. Judg ­
ing from these facts, the order of extractability with 
these ß-diketones is: T T A > BFA > T F A > (HFA) > 
D B M > B Z A > A A . As may be seen from Fig. 1, each 

Z>=[Fe(III)]orB/[Fe(III)]. (1) 

0 1 
log lHN0 3 ] 

Fig. 1. Distribution ratio of Fe (III) as a function of 
nitric acid concentration. 
Org. phase: GC14 initially containing 0.2 mol dm - 3 

of each /?-diketone, aq. phase: nitric acid initially 
containing 5x l0~ 4 to 1 X 10~3 mol dm~3 Fe (III). 
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/ / / / 

/ 
/ 

0.8 0.9 1.0 
log LH+3 

Fig. 2. Dependence of the distribution ratio on H + 

concentration when the aqueous phase was 9.1 mol 
dm-3 (H, Na)NOs. 
Org. phase: GG14 containing 0.2 mol dm~3 TTA. 
The broken line gives the extraction curve when the 
aqueous phase contains only nitric acid {cf. Fig. 1). 

extraction curve has a pronounced minimum at about 
6 to 7 mol d m - 3 of the acid. The dependence of the 
extraction on the ß-diketone was determined when 
the aqueous phase was 13.2 mol d m - 3 of nitric acid. 
The slope of the log D vs. log [HA] o r g plot was + 3 
with T T A , BFA, TFA, and HFA, while it was + 2 
with DBM and BZA. Figure 2 shows that the ex­
traction with T T A is independent of the hydrogen-ion 
concentration when the nitrate concentration was 9.1 
mol d m - 3 . The extraction with T T A was also studied 
by using chloroform as the diluent. I t was found 
that the shape of the curve was rather similar, but 
the distribution ratio was three to five times higher 
when the diluent was carbon tetrachloride. 

The color of the organic phase which extracted 
iron (111) from concentrated nitric acid with these 
ß-diketones was similar to that which extracted iron-
(III) from 1 mol d m - 3 of nitric acid, except in the 
case of BZA. The aqueous phase at equiribrium was 
nearly colorless when the acid concentration was 1 
mol d m - 3 but it was green (TTA and DBM), violet 
(AA and BZA), pink (BFA and TFA) , or colorless 
(HFA) when the acid was above 6 mol d m - 3 ; the 
higher the acid concentration, the deeper the color. 

Since the ionic concentration in the aqueous phase 
in Fig. 1 changes with the acid concentration, a quan­
titative discussion covering all the acid concentration 
region is difficult. However, since the distribution 
ratio in Fig. 2 is independent of the hydrogen-ion 
concentration, the ß-diketone in its undissociated form, 
HA, is assumed to combine with iron (III) nitrate 
complexes when the nitrate concentration is high. 
The finding that two molecules of BZA or D B M were 
enough to extract i ron(III ) from concentrated nitric 
acid also seems to support this assumption. 

I t has been pointed out that the rate of the extraction 

of iron (III) from acid solutions with the ß-diketones 
as their tris-complexes was low.10»11) The rate of ex­
traction at low acid concentrations in the present 
study agrees with this previous finding. The rapid 
extraction in the concentrated acid region also sug­
gests that type of extraction in this region is different. 
The observation that an increase in the nitric acid 
concentration increased the distribution ratio in Fig. 
1 may be explained by an increase in the concentra­
tion of the i ron(III) nitrate complexes (a "salting-
out" effect may also contribute). The better extrac­
tion when the diluent was carbon tetrachloride than 
when it was chloroform is similar to the general tend­
ency when solva ting-type ex tractants such as tribu tyl 
phosphate are used;2) this also supports the extraction 
of the F e ( N 0 3 ) 3 complex with two or three molecules 
of undissociated form ß-diketones. Thus, the species 
extracted from dilute acid solutions should be in the 
FeA3 form, but the extracted species should be in 
the F e ( N 0 8 ) 8 ( H A ) n (where n is 2 or 3) form from 
concentrated acid solutions. The extracted species in 
the intermediate region should be, consequently, mix­
tures of these two species and the mixed complexes 
in the form of FeA a (N0 3 ) 3 _ a (HA) w (where a is 1 
or 2 and n is smaller than 3). However, an accurate 
estimation of the composition in the organic phase in 
this region seems to be difficult because the shape of 
the absorption curves of the organic phase is not very 
much affected by the acid concentration, and also 
because the determination of the molar ratio of Fe 3 + 

and N 0 3 ~ in the organic phase by chemical analysis 
is difficult due to the large amount of nitric acid co-
extracted. 

We are grateful to Dr. Yoshinori Fujiki of the 
National Institute for Researches in Inorganic 
Materials, who encouraged us during this work. 
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Synopsis. Amide and ethyl ester of N2-acetyl-iV3-
glycyl-L-2,3-diaminopropionic acid replacing an ethylene 
group in the side chain of lysine by a peptide bond were 
synthesized. The susceptibility of each derivative to trypsin 
was compared with that of the corresponding JV2-acetyl-
L-lysine derivative. Each derivative was hydrolyzed by 
trypsin, but was less susceptible than the corresponding L-
lysine derivative. 

The specificity of trypsin is restricted. T h e enzyme 
hydrolyzes selectively the amide and ester bonds con­
taining a carboxyl group of L-lysine or L-arginine. 
Several lysine-like derivatives such as L-4-thialysine1) 
or L-4-oxalysine2) are susceptible to trypsin; a meth­
ylene group in the side chain of lysine is replaced by 
a sulfur or oxygen atom. In order to examine the 
influence of replacement of an ethylene group in 
the side chain of lysine by a peptide bond, we undertook 
to synthesize an amide (1) and an ethyl ester (2) of 
iV^-acetyl-i\f3-glycyl-L-2,3-diaminopropionic acid (Ac-
L-A2pr(Gly)-OH3)) and to subject them to the action 
of trypsin. Ac-L-Lys-NH2 (3) and Ac-L-Lys-OEt (4) 
were used for references. 

We attempted to synthesize a key intermediate, 
Ac-L-A 2 pr(Z-Gly)-NH 2 (12), by the action of meth-
anolic N H 3 on Ac-L-A 2 pr(Z-Gly)-OEt (5). A crystal­
line compound (mp 209 °C) was isolated, but the 
result of elemental analysis was not in line with the 
calculated value 12. The structure of the compound 
with mp 209 °C was determined to be L-2-acetamido-
3-[i\ r ' -(carbamoylmethyl)ureido]propionamide (7) by 

GH2 —NH 
I I 

GO GO-OGH2C6H5 
\ NH3 

NH > 
GH2 

AcNH-CH-COOEt 

(5) 
GH2 —NH 

I I 
GO GO 

\ / NH3 

N » 

GH2 

AcNH-GH-CONHa 

(6) 

CH2 —NH 
I I 

NH2GO GO 
/ 

NH 
GH2 

AcNH-GH-GONH2 

(7) 

means of nuclear magnetic resonance and infrared 
spectroscopy. The result of elemental analysis also 
agreed with the calculated value as 7. We assume 
that the starting compound 5 could be converted into 
an intermediate hydantoin 6 which is subsequently 
converted into 7. 

The key intermediate 12 was synthesized as follows. 
Ac-L-A 2pr(Z)-NH 2 (10) was prepared from A C - L -

A 2 pr (Z) -OEt (9) by the action of methanolic NH 3 , 
10 being transformed into Ac-L-A 2 pr-NH 2 (11) by 
hydrogenolysis. Z - G l y - O H was coupled with /9-amino 
group in 11 by the carbodiimide method, the inter­
mediate 12 being obtained in a good yield. Finally, 
the desired Ac-L-A 2pr(Gly)-NH 2 (1) was prepared 
by hydrogenolysis of 12. The ester substrate, A c -
L-A2pr(Gly)-OEt (2) was easily prepared from com­
pound 5 by hydrogenolysis. 

TABLE 1. OPTIMUM pH AND C m a s VALUES OF 

SUBSTRATES BY TRYPSIN AT 3 0 °G 

Substrate 

1 
3 
2 
4 

Optimum 
pH 

8.0 
7.8 
8.2 
8.0 

c m a x
a > 

0.0049 
0.37 

12.7 
246 

a) C m a i values were estimated from Cm a x=£ 3 /2 .3 K^ 
where KT 

stant.4) 
is a Michaelis constant and Ar, a rate con-

In order to determine the hydrolytic rates of the 
amide 1 and the ester 2 by trypsin, the effect of p H 
was measured for the four substrates. The opt imum 
p H values are given in Table 1. For a comparison 
of the hydrolytic rates, maximum proteolytic coef­
ficients (Cm8X)4) were determined at the opt imum pH. 
Ac-L-A 2pr(Gly)-NH 2 (1) is hydrolyzed a t ca. 1.3/100 
times the rate for Ac-L-Lys-NH 2 (3), and A C - L -
A 2 pr(Gly) -OEt (2) at ca. 5.2/100 times that of A c -
L-Lys-OEt (4). The lysine-like 'derivative B Z - L - 4 -
thialysinamide is hydrolyzed a t 16/100 times B Z - L -
Lys-NH2.1> Replacement of a methylene group in 
L-lysine by an atom such as sulfur and that of an eth­
ylene group by a C O N H lead to a decrease in the 
susceptibility for trypsin. 

Exper imenta l 

All melting points are uncorrected. Homogeneity of each 
compound was confirmed by TLG carried out on silica gel 
G (Merck) with various solvent systems, only the Rt value 
with tt-BuOH-AcOH-pyridine-H20 (4:1:1:2, v/v) being 
presented. Hydrolytic rates were determined by means of 
a Hitachi amino acid analyzer KLA-5 under the following 
conditions : flow rate, 30 ml/h ; jacket temperature, 55 °G. 
Trypsin was salt free, crystalline sample from Nutritional 
Biochemicals Corporation, Ohio, U.S.A. *H-NMR spectra 
were measured in DMSO-rf6 with a Hitachi R-20B spec­
trometer (60 MHz) using tetramethylsilane as an internal 
standard. 

H--L-A2pr(Z)-OEt-HCl (8-HCl). JV-Carboxy anhy­
dride (NGA) of H-L-A2pr(Z)-OH was synthesized according 
to the method of Takagi et alV The NGA (0.26 g, 1 mmol) 
was dissolved in ethanolic 1 M HCl (1.7 ml), and the solution 
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was left to stand at 50 °G for a few min and at room tem­
perature for 2 d. The solvent was evaporated in vacuo, 
and the residue was recrystallized from hot acetone; yield, 
0.27 g (89%); mp 165—166 °G; [a]2D° +5.7° (c 2, EtOH); 
R{ 0.77. Found: G, 51.39; H, 6.30; N, 9.24%. Galcd 
for G13H1904N2G1: G, 51.57; H, 6.33; N, 9.25%. 

Ac-L-A2pr(Z)-OEt (9). Acetic anhydride (0.51 ml, 
5 mmol) was added with stirring to a chilled solution of 
8 HCl (0.30 g, 1 mmol) in pyridine (1.6 ml). After being 
stirred at 0 °G for 30 min and at room temperature for 3 h, 
the solvent was evaporated. After the residue had been 
dissolved in EtOAc, the solution was washed with water, 
dried (Na2S04), and evaporated. The residue was recrys­
tallized from EtOAc-ether; yield, 0.28 g (91%); mp 115— 
116 °G; [a]2D° +24.2° (c 2, GHG13); Rf 0.90. Found: 
G, 58.32; H, 6.51; N, 9.09%. Galcd for G15H20O5N2: 
G, 58.43; H, 6.54; N, 9.09%. 

Ac-L-A2pr(Z)-NH2 (IQ). Compound 9 (1 mmol) was 
dissolved in methanol (6 ml) saturated with NH3 at 0 °G, 
and the solution was left to stand at room temperature for 
3 d. The solvent was evaporated, and the residue was 
recrystallized from EtOH-ether; yield, 97%; mp 187— 
188 °G; [a]S -11.7° (c 2, DMF); Rf 0.73. Found: G, 
55.82; H, 6.07; N, 14.99%. Galcd for G13H1704N3: G, 
55.90; H, 6.14; N, 15.05%. 

Ac-L-A2pr-NH2. HCl (11 • HCl). Compound 10 (0.28 
g, 1 mmol) dissolved in ethanolic 0.2 M HCl (5.5 ml) was 
treated with hydrogen in the presence of Pd black. After 
the completion of hydrogenolysis, the filtrate from the cata­
lyst was evaporated to dryness : yield of hygroscopic powder 
(11-HCl), 0.18 g (ca. 100%); Rf 0.43. 

Ac-L-A2pr(Z-Gly)-NH2 (12). Compound 11-HCl 
(0.18 g, ca. 1 mmol) and Z-Gly-OH (0.31g, 1.5 mmol) 
were dissolved in DMF (8 ml). To the solution were added 
at 0°G Et3N (0.14 ml, 1.0 mmol) and l-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide HCl salt (0.29 g, 1.5 mmol). 
After being stirred at 0 °G for 3 h and at room temperature 
overnight, the solvent was evaporated. The residue was 
dissolved in a mixture of H aO-MeOH (1:1). The solution 
was put on a column (0.8 X 3.5 cm) of Dowex 50X8 (H+ 

form) and eluted with the same solvent. The eluate was 
evaporated, and the residue was recrystallized from EtOH-
EtOAc; yield, 0.26 g (74%); mp 144—146 °G; [a]aD° -6 .4° 
(c 1, EtOH); Rf 0.71. Found: G, 51.40; H, 5.86; N, 16.17%. 
Calcdfor C15H20O5N4-3/4H2O: G, 51.50; H, 6.19; N, 16.01%. 

Ac-i.-A2pr(Gly)-NH2.HCl (1-HCl). This was pre­
pared from 12 (0.35 g, 1 mmol) in the same way as for 11 • 
HCl; yield of hygroscopic powder, 0.24 g (ca. 100%); Rf 

0.31. 
Ac-\.-A2pr-OEt-HCl (13-HCl). Compound 9 (2 

mmol) was hydrogenated in the same way as for 11-HCl. 
The residue was recrystallized from DMF-ether; yield, 85%; 
mp 176—178 °G (dec); [a]5 -41.8° (c 2, EtOH); Rt 

0.76. Found: G, 39.90; H, 7.18; N, 13.32%. Calcd for 
G7H1503N2C1: G, 39.90; H, 7.18; N, 13.30%. 

Ac-\.-A2pr(Z-Gly)-OEt (5). Z-Gly-OH (1.5 mmol) 
was coupled with 13-HCl (1 mmol) in the same way as 
fbr 12. The solvent was evaporated, and the residue was 
dissolved in EtOAc. The solution was washed successively 
with 4% NaHC0 3 , 2% HCl, and water, dried, and evap­
orated. The residue was recrystallized from EtOH-ether; 
yield, 7 1 % ; mp 116—118 °G; [a]2D° -6 .1 ° (c 2, EtOH); 
Rt 0.77. Found: C, 55.78; H, 6.34; N, 11.44%. Galcd 
for C17H2306N3: G, 55.88; H, 6.35; N, 11.50%. 

Ac-\.-A2pr(Gly) -OEt • HCl (2 • HCl). Compound 5 was 
hydrogenated in the same way as for 11-HCl. The residue 
was recrystallized from 2-propanol-ether; yield, 77%; mp 

194—196 °G (dec); [a]2D° -20.2° (c 2, EtOH); Rt 0.58. 
Found: G, 39.89; H, 6.71; N, 15.53%. Galcd for 
G9H1804N3C1.1/4H20: G, 39.71; H, 6.85; N, 15.44%. 

Ac-i.-A2pr(Gly)-OH (14). 1 M NaOH (0.22 ml) was 
added to a solution of 2-HCl (27 mg, 0.1 mmol) in water 
(0.2 ml). The solution was left to stand at room temperature 
for 15 min. It was then put on a column of Dowex 50X8 
(H+ form), and the resin was washed with water and eluted 
with 2 M NH4OH. The eluate was evaporated; yield of 
powder, 18 mg (ca. 90%); Rt 0.15. 

L-2-Acetamido-3- [N'- (carbamoylmethyl) ureidd]propionamide (7J. 
Compound 5 (1 mmol) was treated with methanolic NH3 

(6 ml) in the same way as for 10. The solvent was evap­
orated, and the residue was recrystallized from DMF-ether; 
yield, 94%; mp 208—209 °C; [a]'D° -2 .4° (c 2, H 2 0) ; 
R{ 0.76. IR (KBr) 3370, 3210 (NH2), 3300 (NH), 1610— 
1670, 1570, 1300 (amide), 1660 (substituted urea CO), 
1360 (GH3) and 1420 cm"1 (CH2); *H-NMR (DMSO-</6) 

0=7.90 (1H, d, 7 = 7 . 5 Hz, -GONHCH-), 7.35 (2H, brd s, 
-GONH2), 7.04 (2H, brd s, -CONH2), 6.29 (1H, t, J= 
6 Hz, -GONHCH2-) , 6.19 (1H, t, 7 = 6 Hz, -GONHCH2-), 

4.20 (1H, m, -NHGHCH2-) , 3.63 (2H, d, 7 = 6 Hz, 

-NHGH2CO-), 3.28 (2H, m, -NHGH2CH-) and 1.90 (3H, 
s, GH3CO-). Found: G, 38.97; H, 6.14; N, 28.32%. Calcd 
for G8H1504N5: C, 39.18; H, 6.17; N, 28.56%. 

Ac-^Lys-NH2. HCl (3. HCl), Ac-^-Lys-OEt • HCl (4. HCl), 
and Ac-iu-Lys-OH (15). These reference compounds 
were synthesized according to the methods reported.6-8) 
Rf values for the 3 compounds were found to be 0.35, 0.76, 
and 0.28, respectively. 

Determination of Hydrolytic Rates. An aliquot (0.2 ml)9) 
of trypsin solution in 0.001 M HCl and 0.5 ml of Tris buffer 
with a certain pH were placed in a 2-ml assay flask con­
taining either an amide or ester substrate in a certain con­
centration. The solution was made up to 2.0 ml with water, 
the final concentration of the buffer being 0.1 M. An 
aliquot sample (0.2 ml) was withdrawn at certain intervals 
and placed in a flask containing 0.2 M citrate buffer (0.8 
ml) at pH 2.2. A portion of the solution was subjected to 
assay by means of an amino acid analyzer with a 0.6 X 10 
cm column using 0.35 M citrate buffer at pH 5.28.10> The 
extent of % hydrolysis at certain intervals was calculated 
by the amount of either 14 or 15. The enzymic hydrolysis 
of the substrates at various intervals followed the first-order 
kinetics within experimental error. 
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Synopsis. In the reaction of cw-1,2-dichloroethylene 
with borane in THF at 20 °C for 2 h, about 94% of borane 
was converted to monochloroborane. The resulting solution 
was stable at 0 °C for several hours. 

Monochloroborane (H2BC1), which has a strongly 
electronegative chlorine atom, can be expected to show 
some different properties from borane. For example, 
the boron atom of H2BC1 adds more selectively to 
the terminal carbon atom of 1-alkene than does bo­
rane.1»2) The method for the preparation of H2BC1 
in a T H F solution includes the reaction of hydrogen 
chloride with BH 3 in THF 3 ) and the reaction of boron 
trichloride with BH 3 in THF.4) 

In the course of our study of the reaction using 
substituted boranes, we needed a less expensive, ready 
method for the preparation of H2BC1 in a T H F solu­
tion. It has been reported that, in the hydroboration 
of alkenyl chloride with BH3 , the boron a tom which 
was once introduced on to a vicinal position of chlorine 
atom was eliminated rapidly with the chlorine atom 
to form an olefinic double-bond and H2BC1. Thus, 
we tried to prepare H2BC1 in a T H F solution utilizing 
the above elimination reaction. 

Polychloroethylenes, bearing chlorine atoms on both 
doubly bonded carbon atoms, were subjected to the 
reaction with BH 3 in T H F in order to achieve an ef­
fective formation of H2BC1 by a ^-elimination reaction 
(1) and to avoid an a-transfer reaction, which would 
prevent the formation of H2BC1 (T) . 

H \ / 

/ \ci 

BH3 

- G - C - H 
/ H 2 B/ \C1 

^-elimination 

H 

\ 
-G-C-Cl 

H / NBHo 

a-transfer 

X C=C / + H2BG1 
7 X H (i) 

- C - C - H (1') 

Polychloroethylene (4 mmol) was added to BH 3 (2 
mmol) in T H F at 0 °C, and the solution was stirred 
at 20 °C. After the reaction, the solution was hy-
drolyzed. The amounts of residual hydride and chlo-
roborane were estimated by measuring the volume of 
hydrogen gas evolved and by titrating the hydrochloric 
acid in the solution with a standardized aqueous 0.1 
mol d m - 3 N a H C 0 3 solution, using Methyl Orange as 
the indicator. The results are shown in Table 1. 

Tetrachloroethylene and trichloroethylene did not 
show signs of reaction having occured. However, in 
the cases of aV-1,2-dichloroethylene (oDCE) and trans-
1,2-dichloroethylene (J-DCE), the reaction did proceed. 
In these cases, it was observed that the hydrogen 
atom on the boron atom (hydride) was consumed in 
the reaction, and that nearly an equal amount of 
hydrochloric acid was formed on the hydrolysis of 
the reaction mixture. O n the other hand, an ap­
preciable amount of vinyl chloride was collected in 

4 r 

Fig. 1. The amount of hydrogen evolved and hydro­
chloric acid formed by the hydrolysis in the reac-
tiona> of eis- 1,2-dichloroethylene and BH3 in THF. 
# : Hydrogen, O: hydrochloric acid. 
a) 4 mmol of cis-\,2-DCE was added to 2 mmol of 
BH3 in THF. 

TABLE 1. THE REACTION OF POLYCHLOROETHYLENES OR VINYL CHLORIDE WITH BH3 OR H2BG1 

IN THF AT 20 °C 

Borane 
2 mmol 

BH3 

BH3 

BH3 

BH3 

BH3 

BH3 

H2BC1 
H2BC1 

Chloroethylene 
4 mmol 

Tetrachloroethylene 
Trichloroethylene 
f-DCE 
c-DCE 
c-T>CE 
c-BCE 
c-DCE 
Vinyl chloride 

Reaction time 
h 

12 
12 
2 
2 
6 
6a> 
2 
2 

Hydrogen 
mmol 

6.00 
6.00 
4.05 
4.01 
3.44 
3.94 
4.00 
3.99 

Hydrochloric acid 
mmol 

0 
0 
2.02 
2.01 
2.52 
2.19 
1.98 
1.99 

a) After a reaction at 20 °C for 2 h, the reaction temperature was maintained at 0 °C. 
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a cold t rap. As t-DCE had the disadvantage in this 
operation owing to its low boiling property, £-DCE 
was employed for further examinations. 

As is shown in Fig. 1, the reaction of the first of 
the three hydrogen atoms of BH 3 reacted rapidly, 
but the second and the third did so slowly. When 
the solution was cooled to 0 °C after a reaction at 
20 °C for 2 h, a t which point the first hydrogen 
atom of BH 3 seemed just to have been consumed, 
the reaction was virtually stopped, as is shown by 
the dotted line. 

The possible reactions which occur upon the ad­
dition of o D C E to BH 3 in T H F are thought to be 
as below. However, as is shown in Table 1, H2BC1 

H x / H H x / H 
C=C H- BH 3 ->H-C-C-C1 

CK \G1 CK NBH2 

H 

^-elimination 

C=C + H2BC1 (2) 
H / \C1 

C=C + H2BC1-*H-C-C-C1 
CK NBC1 

H / 

H \ / H 

CK \C1 
(3) 

H \ / H H \ / H H \ / H 
C=C + H2BC1-*H-C-C-C1 + H-C-C-Cl 

H / \G1 H B / \ H H / NBC H B / \ H 
X21 

H / NBC1 
H / 

(4) 

H \ / H 
C=C 

H / M21 + 

BH3 

H 

H \ / H 
^-elimination H \ / H 

H - C - C - H > C=C + H2BC1 
/ H2B/ \C1 H / \ H 
\ H x / H 

H-C-C-Cl 
H / \BH2 

a-transfer H \ / H 

• H - C - C - H 
H / MIBC1 

,H / ^ c ' + HB 
H / \ H \ 

H \ / H 
H - C - C - H 
H ' NB-

(5) 

(50 

(6) 

in a T H F solution, prepared from boron tri-
chrolide and BH 3 in THF, 4 ) hardly reacted with c-
DCE or vinyl chloride under the same reaction condi­
tions (20 °C, 2 h ) . Accordingly, the contributions of 
Reactions 3 and 4 must be negligible. Thus, the 
source of the hydrochloric acid in the hydrolysed 
solution is regarded as H2BC1 formed in Reaction 2 
and/or 5 and chloroethylborane formed in Reaction 
5' . Further, in the reaction of c-DCE with BH 3 in 
T H F at 20 °C for 2 h, 0.12 mmol of ethanol was 
formed by an alkaline-hydrogen peroxide oxida­
tion. This amount corresponds to a 3 % loss of the 
hydride, probably caused by the a-transfer reaction 
and/or by the hydroboration of ethylene, as is shown 
in Reactions 5 ' and 6. O n the other hand, by careful 

examinations of the reaction mixture and its oxidation 
product, no compounds were found other than vinyl 
chloride and ethanol. 

These results show that about 9 4 % of BH 3 is con­
verted to H2BC1 in the present reaction. The resulting 
H2BC1 solution showed nearly the same properties as 
the H2BC1 solution (THF) obtained by the other 
established method.4) For example, the n B N M R 
spectrum of the solution showed a triplet at —4.58 
ppm (relative to boron trifluoride etherate), with J= 
129 Hz (lit,4) —4.59 ppm, 7 = 1 3 1 Hz) , and no other 
signals which should result from BH 3 and H2BC14) 
were observed. In addition, quite similar results were 
obtained, both in the yield and in the isomer distribu­
tion, on the hydroboration of 1-alkene using such a 
solution, prepared by a reaction at 20 °C for 2 h. 

Exper imenta l 

Materials. Commercial tetrachloroethylene, trichlo-
roethylene, £-DCE, and £-DCE were dried over molecular 
sieve-5A and distilled before use. BH3 in a THF solution 
was prepared as has been described in the literature.6) 

Procedure. A dry, 25-ml flask equipped with a mag­
netic stirring bar, a septum inlet and an outlet, connected 
to a cold trap ( —70 °C), was flushed with argon. In the 
flask, 2 mmol of BH3 in THF was then placed, after which 
4 mmol of c-DCE was introduced at 0 °C. Then the solution 
was hydrolyzed with 2 ml of water, and hydrogen evolved 
was measured by means of a gas meter, connected to an 
end of the cold trap. On the other hand, hydrogen chloride 
in the solution was titrated by the use of 0.1 mol dm - 3 aqueous 
NaHCOg solution, using Methyl Orange as the indicator. 
The solution was then oxidized with alkaline hydrogen 
peroxide, and the organic layer was analyzed by GLC. 

The reaction of vinyl chloride with H2BC1 was examined 
in a similar manner. In this reaction, a THF solution 
(5 ml) of vinyl chloride (6 mmol) was added to a THF solu­
tion (1.5 ml) of H2BC1 (2 mmol) prepared by the method 
in Ref. 4. 

The 11B NMR spectrum was recorded by means of a 
Hitachi R-20A spectrometer. 
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Synopsis. Triazinylnitrene generated photochemi-
cally from 2-azido-4,6-dimethoxy-l,3,5-triazine adds to the 
aromatic ring of alkylbenzenes and halobenzenes to give 
iV-triazinylazepines. 

Nitrene Chemistry has been extensively studied and 
is well established.1) We have reported tha t the pho­
tolyses of azidotriazines in ketones2»3) and nitriles2'4) 
give 1:1 cycloaddition products of the triazinylnitrene 
and solvent molecule. In this paper we wish to de­
scribe the reactions of triazinylnitrene with several 
aromatic substrates to give iV-triazinylazepines. 

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

During the course of studies on photocycloadditions 
of triazinylnitrene to nitriles, we have found that 
irradiation of 2-azido-4,6-dimethoxy-l,3,5-triazine ( l a ) 
in phenylacetonitrile (2d) with a low-pressure mercury 
lamp resulted in the formation of i\f-(4,6-dimethoxy-
l,3,5-triazin-2-yl)azepine (3d) in a 3 0 % yield (Eq. 
1). The structure of 3d was indicated by its elemental 

3Ch + O —- 3CH3~Y w 
CH3Ö™ CH30 

la 2 3 

a: Y=C2H5 , b : Y = CH3, c: Y = H , d: Y=CH 2CN, 
e: Y=G1, f: Y = F , g=CF 3 . 

composition and spectral properties. Similar photoly­
ses of azidotriazine ( l a ) in several aromatic substrates 
also gave iV-triazinylazepines (3); the details are listed 
in Table 1. Although various azepines have been 
isolated from the reactions of aromatic substrates 

with carboxynitrenes,5-8) sulfonylnitrene,9> and cyano-
nitrene,10) JV-triazinylazepine is a novel type of the 
isolable JV-arylazepine. 

Although attempts to determine the isomer distribu­
tion were unsuccessful, it is apparent that the N-
triazinylazepines which were obtained are isomeric 
mixtures on the basis of the following. For example, 
the 1 H - N M R spectrum of crude triazinylazepine (3b) 
obtained from the reaction with toluene showed sin­
glets at ô 1.85 and 4.00, ascribable to methyl and 
methoxyl protons respectively. T h e addition of XH-
N M R shift reagent, however, caused splitting of each 
peak into two peaks, indicating that at least two iso­
meric azepines are involved in the crude product. 
In addition, thermal isomerization of 3 b in acidic 
solution gave 0- and />-toluidino-l,3,5-triazines in a 
molar ratio of ca. 1:1 (Eq. 2) : the ratio was determined 
by a direct comparison of its 1 H - N M R spectrum with, 
those of authentic samples, which were prepared from 
the reactions of 2-chloro-4,6-dimethoxy-l,3,5-triazine 
with 0- and ^-toluidines. 

MeO MeO 

O n the other hand, in the photoreactions of l a 
in anisole, JV,JV-dimethylaniline, and acetophenone, no 
azepine could be isolated as are shown in Scheme 
1 : the structures of (4), (5) and (6) were determined 
by spectral properties and mixed-melting-point tests 
with an authentic sample.11) 

In order to get an insight into a nature of triazinyl­
nitrene, competitive reactions between benzene and 
monosubstituted benzene were performed (Table 2) . 

TABLE 1. JV-TRIAZINYLAZEPINES (3) 

Azepine 

3a 

3b 

3c 

3d 

3e 

3f 

3g 

Yield 

% 

40(78)a> 

24(72) 

40(55) 

30(35) 

20(25) 

21(33) 

15(23) 

Mp/°C (Solvent 
for recrystal-

lization) 

87—88 
(C.H.-P.E.*)) 

101—102 
(P.E.) 

105—106 
(CH.-P.E.) 

107—108 
(C6H6) 

159—160 
(C8H6-P.E.) 

117—118 
(P.E.) 

109—110 
(P.E.) 

UV 

^ m a x / n m 

277 
235 

276 
236 
277 
234 
277 
209 
275 
240 
271 
232 
277 
231 

eXlO-4 

0.89 
0.94 

0.95 
0.90 
1.29 
1.07 
1.47 
1.92 
1.12 
1.49 
0.84 
0.93 
1.27 
1.36 

MS 
m/*(M+) 

260 

246 

232 

271 

266 

250 

300 

Ï H - N M R , <5C> 

1.10(t,3H), 2.15(q,2H), 
3.98(s,6H), 
5.50—6.50 (m,5H). 
1.85(s,3H), 4.00(s,6H), 
5.55—6.40 (m,5H). 
3.98(s,6H), 
5.50—6.32(m, 5H). 
3.20(s,2H), 4.03(s,6H), 
5.40—6.50 (m,5H). 
3.95(s,6H), 
5.70—6.50 (m,5H).d) 
4.02(s,6H), 
5.50—6.67(m, 5H). 
4.01(s,6H), 
5.40—7.00 (m,5H). 

Found (Galcd; 

G 

60.30 
(59.99 

58.63 
(58.53 
56.59 

(56.88 
57.38 

(57.56 
49.69 

(49.53 
52.41 

(52.80 
48.30 

(48.01 

H 

6.49 
6.20 

5.71 
5.73 
5.15 
5.21 
4.80 
4.83 
4.19 
4.16 
4.47 
4.43 
3.75 
3.69 

), (%) 

N 

21.83 
21.52) 

22.86 
22.75) 
24.02 
24.13) 
25.56 
25.81) 
21.46 
21.03) 
22.10 
22.39) 
18.79 
18.66) 

a) Yields in parentheses were determined spectrophotometrically (see Experimental), b) P.E.: Petroleum ether. 
c) Unless otherwise noted, measurements were performed in CDC13. d) In DMSO-rf6. 
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1a-

MeO MeO 
4a(25%) 4b(14%) 

MeO. , 

; ,JU«H-P C6H5N(CH3)2Me0Vl<]H ' ö t f 

5(35%) 
Me0>=N 

C6H5COC«, J ^ * 2 
6(30%) 

Scheme 1. 

TABLE 2. RELATIVE RATES FOR THE REACTIONS OF 

4,6-DIMETHOXY-1,3,5-TRIAZINYLNITRENE WITH BENZENES 

Aromatic 

Ethylbenzene 
Toluene 
Benzene 
Phenylacetonitrile 
Ghlorobenzene 
Fluorobenzene 
(Trifluoromethyl) benzene 

Relative rate 

1.31 
1.96 
1.00 
0.98 
0.78 
1.10 
0.55 

The H a m m e t t plots using tfp-values shows a satis­
factory correlation: a least-squares treatment12) gives 
an equation, log kx=— 0.67 ap+0.07 with the cor­
relation coefficient (r) of 0.94. The p value found 
is relatively low compared with that in the reaction 
of ethoxylcarbonylnitrene (p = —1.32),13) indicating 
that the selectivity of triazinylnitrene toward substrate 
is relatively low. I t has been well established1) that 
azepines are obtained via singlet electrophilic nitrene. 
Thus, the lower selectivity of triazinylnitrene may be 
attr ibuted to the electron-withdrawing nature of the 
triazine nucleus, which enhances the electrophilic reac­
tivity of the nitrene. 

O n the other hand, the photolysis of 2-azido-4,6-
bis(dimethylamino)-l,3,5-triazine ( lb ) in toluene yield­
ed 2-amino-4,6-bis(dimethylamino)-l,3,5-triazine (40% 
yield), resulting from the hydrogen abstraction by triplet 
triazinylnitrene.2) This is easily explained by assum­
ing2) that, in the photolysis of l b bearing highly elec­
tron donating dimethylamino groups, the intersystem 
crossing 1N-» 3N becomes predominant pa th instead 
of the reaction of singlet nitrene. 

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

Materials. The azidotriazines (1) were prepared ac­
cording to the procedure given in a previous paper.14) 

Irradiation. Let us take as example the photolysis 
of l a in toluene: A solution containing l a (2.00 g, 11.0 
mmol) in toluene (20 ml) was irradiated for 48 h. After 

removal of the solvent, the residue was chromatographed 
on a silica-gel column using benzene-acetone mixture (10:1, 
v/v) as an eluent to yield crude azepine (3b). Recrystal-
lization of crude 3b from petroleum ether gave 0.65 g of 
white needles 3b listed in Table 1. 

Irradiations of l a in anisole, JV,iV-dimethylaniline, and 
acetophenone solutions were carried out in the same way 
to yield 4, 5, and 6, respectively. 
4a: mp 135—137 °G; MS m/e 262(M+) ; ^ - N M R (DMSO-
dß) Ô 3.97 (s, 3H), 4.03(s, 6H), 7.00—8.20(m, 4H), 8.85 
(s, 1H). Found: G, 55.01; H, 5.36; N, 21.46%. 
4b: mp 138—139 °G; MS m/e 262(M+); 1H-NMR(GDG13), 
Ô 3.80(s, 3H), 3.98(s, 6H), 6.80—7.68(m, 4H), 8.35(s, 1H). 
Found: G, 55.48; H, 5.37; N, 21.56%. Galcd for G12-
H1 4N403 : G, 54.95; H, 5.38; N, 21.36%. 
5: mp 118—119 °G; MS m/e 275(M+); 1H-NMR(GDG13), 
ô 3.04(s, 3H), 3.98(s, 6H), 5.15(d, 2H), 6.55(t, 1H), 6.70— 
7.46(m, 5H). Found: G, 56.59; H, 5.92; N, 25.20%. Galcd 
for G13H17N502: G, 56.71; H, 6.18; N, 25.44%. 

Competitive Reactions. After irradiation in a mixed 
solvent of benzene and monosubstituted benzene (1:1 in 
volume), known amounts of azobenzene were added into 
the solution as an internal standard. The products were 
separated by silica gel TLG using benzene-acetone mixture 
(20:1, in a typical run) as the developing solvent. From 
the chromatogram, each product was extracted and diluted 
with methanol to a fixed volume; then the extinction was 
measured spectrophotometrically. 
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Synopsis. Alkyl 3-alkoxy-2-bromopropanoate react­
ed with triethyl phosphite to give alkyl 2,3-bis(diethoxy-
phosphinyl)propanoate as the major product. 

I t is well known that alkyl 2-haloalkanoates react 
with trialkyl phosphite to give alkyl 2-(dialkoxyphos-
phinyl)alkanoates by means of an Arbuzov reaction.1) 
However, when ethyl 2-bromo-3-ethoxypropanoate(l) 
was treated with triethyl phosphite, the expected prod­
uct, ethyl 3-ethoxy-2-(diethoxyphosphinyl)propanoate 
(2), was not obtained at all; rather, ethyl 2,3-bis(di-
ethoxyphosphinyl)propanoate(3) was obtained as the 
major product. We now wish to report on these 
unusual results. 

ROCH2CHBrCOOR' -f 2P(OR / /)3 > 

(R , ,0)2OPCH2CH[PO(OR , ,)2]COOR / + R"B r + ROR" 

(1) 
The reaction of 1 with three molar equivalents of 

triethyl phosphite began at 120 °G with the evolution 
of ethyl bromide, diethyl ether, and ethanol. From 
the residual mixture, 3, triethyl phosphate, and ethyl 
3-(diethoxyphosphinyl)propanoate(4) were obtained by 
distillation under reduced pressure. T h e reactions of 
other alkyl 3-alkoxy-2-bromopropanoates gave similar 
results, as is summarized in the table. 

The yields of 3 were slightly decreased with an 
increase in the bulkiness of the alkyl group of R and/or 
R' . Even if an excess amount of triethyl phosphite 
was used, the yield of 3 did not increase. With an 
equimolar amount of triethyl phosphite, the yield of 
3 was only 12%. In the reaction of 1 with trimethyl 
phosphite, none of the analogous product could be 
detected. From this mixture, dimethyl methylphos-
phonate was isolated almost quantitatively, and 1 
was recovered, indicating that the rapid isomeriza-
tion of trimethyl phosphite to dimethyl methylphos-
phonate by means of methyl bromide produced from 
the Arbuzov reaction occurred. 

TABLE 1. YIELDS OF ALKYL 2,3-BIS(DIALKOXYPHOSPHINYL)-

PROPANOATES FROM ALKYL 3-ALKOXY-2-BROMOPRO-

PANOATES(L) WITH TRIALKYL PHOSPHITES 

R 

GH3 

CH3 

GH3 

C2H5 

T Z - C 3 H 7 

/-G3H7 

n-G4H9 

R' 

CH3 

C2H5 

CH3 

C2H5 

GH3 

CH3 

GH3 

R" 

GH3 

GH3 

C2H5 

C2H5 

G2H5 

C2H5 

G2H5 

Bp/10-2mmHg 

— 
— 

130—140 
138—145 
130—140 
131—139 
130—141 

Yield/% 

0a> 
0a> 

61b> 
56b> 
50b> 
46b> 
36b> 

a) Methyl or ethyl 2-bromo-3-methoxypropanoate re­
spectively was almost entirely recovered, b) These 
were contaminated by products from the ester exchange. 

The reaction may proceed as is shown in Scheme 
1; the unstable intermediate, 2, which may be formed 
by the Arbuzov reaction of 1 with triethyl phosphite, 
immediately eliminates the ethanol to give ethyl 2-
(diethoxyphosphinyl)propenoate(5), which reacts sub­
sequently with triethyl phosphite to give 3. 

Br 
EtOCH2CHCOOEt 

1 ^P(0Et)3 

f , "°;C0Et Ï 
, (EtO)3PCH2Cs

/ 

P0(0Et)2 

\ 
EtOH 

(EtO)2OPCH2CHCOOEt 
P0(0Et)2 

3 

P(0Et)3 

EtOCH2ÇHCOOEt -f EtBr 
^ P0(0Et)2J 

2 

Y 

CH2=CC00Et + EtOH 
P0(0Et)2 

5 

+ EtOEt 

Scheme 1. 

A facile elimination of ethanol has been found in the 
transformation of diethyl 2-(ethoxymethyl)propane-
dioate into diethyl 2-methylenepropanedioate.2) When 
5 prepared by another method3) was treated with 
triethyl phosphite in the presence of ethanol at 110 °G 
for 0.5 h, 3 was given in a 6 2 % yield.5) 

The formation of ethyl acrylate and 4 may be in­
terpreted as in Scheme 2. The nucleophilic attack 
of triethyl phosphite may occur at the bromine center 
to give ethyl acrylate and tetraethoxyphosphonium 
bromide.4) The former reacts with triethyl phosphite 
to give 4,5) and the latter decomposes to ethyl bromide 
and triethyl phosphate. T h e nucleophilic attack of 
triethyl phosphite might occur competitively at the 
carbon adjacent to the ethoxycarbonyl group and 
at the bromine, giving 3 and 4 respectively. T h e 
more nucleophilic diethyl phosphonate anion attacks 
preferentially at the bromine center to reduce 1 to 

^:P(0Et)3 

EtOCH2CHCOOEt CH2=CHC00Et + BrP(OEtk 

P(0Et)3 

(EtO)3PCH2C 

\ 

;coEt 

H 

EtOH 

0P(0Et)3 4- EtBr 

(EtO)2OPCH2CH2COOEt + EtOEt 

Scheme 2. 
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ethyl 3-ethoxypropanoate in a high yield at room 
temperature. 

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

The Reaction of Ethyl 2-Bromo-3-ethoxypropanoate (1) with 
Triethyl Phosphite. Ethyl 2-bromo-3-ethoxypropanoate 
(1, 15.0 g, 0.067 mol) and triethyl phosphite (33.2 g, 0.21 
mol) were placed in a three-necked flask with a gas-inlet 
tube and a reflux condenser fitted with a tube connected 
to a trap cooled with Dry Ice-acetone. The mixture was 
heated at 120—130 °G for 5 h with the bubbling of nitrogen 
gas, until the evolution of volatile material ceased. The 
trapped volatile material (6.9 g) was identified as a mixture 
of ethyl bromide, diethyl ether, ethanol, and a trace amount 
of ethyl acrylate with GLPG (Shimadzu GG-3AF, a 3 m X 
3 mm0 column packed with 15% PEG 9000 on Uniport 
B, at 50 °G), but their relative ratio could not be defined 
with reproducibility. The residual mixture was distilled 
fractionally to give 1.0 g of a mixture of triethyl phosphate, 
a trace amount of diethyl ethylphosphonate, 2.1 g of 4 (bp 
151—152 °G/1 mmHg,t identified with an authentic sam­
ple6)), and 14.0 g of 3 ; bp 138—145 °C/10-2 mmHgt. M+ 
374. iH-NMR (GG14) <5=2.40 (2H, m, CH2), 3.28 (1H, 
m GH); 13G-NMR (CDC13-TMS) <5=23.3 (d-d, yCp=140 
Hz y C C P = 3 H z , GH2P), 40.0 (d-d, y C P =127Hz , y C C P = 
3 Hz, GHP); 31P-NMR (GDGl3-85% H3P04) «5=-21.1 
(d, y P P = 6 9 H z , PGH), -27 .6 (d, PGH2). 

The Reaction of Ethyl 2-(Diethoxyphosphinyl)propenoate (5) 
with Triethyl Phosphite. A mixture of 5 (11.8g, 0.05 
mol), triethyl phosphite (8.3 g, 0.05 mol), and ethanol (9.2 g, 
0.2 mol) was heated at 100—110 °G for 2 h in a nitrogen 
atmosphere. After the reaction, a fraction ( 11.6 g, bp 139— 
145 °G/10-2 mmHg ) was obtained by distillation under 
reduced pressure. It was found to be identical with 3 by 
a comparison of the NMR and GLPG data (an 1 x 3 mm0 
column packed with 10% Silicone SE-30 on Uniport B, 

at 200 °G). 
The Reaction of Ethyl 2-Bromo-3-ethoxypropanoate (1) with 

Sodium Diethyl Phosphonate. Stripts of sodium (2.3 g, 
0.1 atm) was added, portion by portion, into diethyl phos­
phonate (52 g, 0.4 mol). After the disappearance of the 
metal, the reaction mixture was cooled with ice water, and 
then 1 (11.3g, 0.05 mol) was added, drop by drop. The 
resulting mixture was stirred at room temperature for 5 h 
and then poured into 5% sulfuric acid-ice water. The 
reaction product was extracted with ether, and the ethereal 
solution was washed with water and dried over sodium sulfate. 
After the removal of the ether, ethyl ethoxypropanoate 
was obtained by distillation (bp 66—68 °G/17 mmHgt,7) 
5.3 g, 72% yield). 
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Synthesis of o-(2-Indolyl)benzoic Acids from Indole 
Toshio ITAHARA 
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Synopsis. Treatment of 6if-isoindolo[2,l-a]indol-6-
ones with potassium £-butoxide/£-butyl alcohol containing 
a small amount of water at 82° afforded o-(2-indolyl)benzoic 
acids in good yields. 

Some 2-arylindoles often have potent physiological 
activities. However, little attention has been paid to 
the preparation of some 2-(o-substituted phenyl) indoles, 
such as o-(2-indolyl) benzoic acids (3), although Pailer 
et al.V reported that the reduction of 2-nitrodeoxy-
benzoin-2'-carboxylic acid afforded o-(2-indolyl) benzoic 
acid (3a). O n the other hand, we reported the syn­
thesis of 6//-isoindole[2,1 -a]indol-6-ones (2) by the oxi­
dation of 1-aroylindoles (1) with palladium acetate,2) 
although 2 was also prepared by the irradiation of 
l-(o-iodobenzoyl) indole3) or of iV-(o-methylphenyl)-
phthalimides.4) As a study of the synthetic application 
of the reaction, we were interested in the synthesis of 3 
by hydrolysis of 2. The results will provide a new 
route to prepare 2-arylindoles from indole (Scheme 1). 

Attempted hydrolysis of 6//-isoindolo[2,l-tf]indol-6-
one (2a) in the usual conditions ( H C l / M e O H + H 2 0 
and N a O H / M e O H + H 2 0 ) was unsuccessful. O n the 
other hand, Gassman et A/.5) previously reported the 
£-BuOK-promoted hydrolysis of amides in diethyl ether 
containing H 2 0 . We attempted the hydrolysis of 2 
by an application of their method. Trea tment of 2a 
with £-BuOK in t-BuOH containing a small amount 
of H 2 0 at 82 °C under nitrogen afforded 3a in 7 5 % 
yield. Under similar conditions the treatment of 2 b 
and 2c with *-BuOK gave 3b (74%) and 3c (70%), 
respectively. The structure of 3 was independently 
confirmed by the elemental analysis, the molecular 
weight (mass specroscopy), and N M R and I R data. 
The physiological activities of 3 b and 3c were ex-

Scheme 1. 

amined. The compounds 3 b and 3c exhibit antifungal 
activities at concentration of 0 . 1 % . T h e results are 
listed in Table 1. 

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

All the melting points are uncorrected. Elemental anal­
yses were performed by the Analytical Center of Kyoto 
University. Infrared spectra were recorded with a JASGO 
IRA-1 spectrometer. Proton magnetic resonance spectra 
were recorded with a JEOL JNM-60 spectrometer using 
TMS as the internal reference. 

Treatment of 2 with Potassium t-Butoxide. The solution 
of 2 (1.0 mmol) in *-BuOH (50 ml) and H 2 0 (5 ml) con­
taining £-BuOK (10.0 mmol) was heated at 82° under nitrogen 
for 12 h. The reaction mixture was evaporated, diluted 
with a large amount of water, carefully neutralized with 
diluted HCl, and extracted with ether. The ether extract 
was dried with sodium sulfate and evaporated to give a 
brown semicrystalline residue which was triturated with 
ether/hexane to give 3, light brown needles from ether/ 
hexane. 

o-(2-Indolyl)benzoic Acid (3a): Mp 155—157°, partially 
decomposed at 128—132° (lit.1) 159°); IR (Nujol): 3430 
(NH), 3200—2250 (GOOH), 1680 (GOOH) cm-*; NMR 
(GDGlg): Ô 6.84 (1H, s), 7.12—8.30 (8H, m), 8.60 (1H, 
broad), 9.42 (1H, broad); Mass (relative intensity, % ) : 
237 (M+, 47), 219 ( M + - H 2 0 , 100). Found: G, 75.95; 
H, 4.62; N, 5.74%. Galcd for C 1 5 H n N0 2 : G, 75.93; H, 
4.67; N, 5.90%. 

2-(2-Indolyl)-4-methylbenzoic Acid (3b) : Mp 143—144°, IR 
(Nujol): 3430 (NH), 3180—2200 (GOOH), 1680 (GOOH) 
cm-1; NMR (GDG13): Ô 2.46 (3H, s), 6.86 (1H, s), 7.21— 
8.25 (6H, m), 8.12 (1H, d, / = 9 . 0 Hz), 8.50 (1H, broad), 
9.50 (1H, broad); Mass (relative intensity, % ) : 251 (M+, 
42), 233 ( M + - H 2 0 , 100). Found: G, 76.49; H, 5.11; 
N, 5.40%. Galcd for G16H13N02: G, 76.47; H, 5.22; N, 
5.57%. 

2-(2-Indolyl)-4-chlorobenzoic Acid (3c): Mp 167—168°; IR 
(Nujol): 3460 (NH), 3200—2400 (GOOH), 1690 (GOOH) 
cm-1; NMR (GDG13): ô 6.80 (1H, s), 7.13—8.60 (8H, m), 
9.30 (1H, broad); Mass (relative intensity, % ) : 271 (M+, 
52), 273 (M++2, 18), 253 ( M + - H 2 0 , 100), 255 ( M + + 2 -
H 2 0 , 34). Found: G, 66.12; H, 3.58; N, 5.07%. Galcd 
for G15H10NO2Gl: G, 66.31; H, 3.71; N, 5.16%. 

T h e author wishes to thank Professor Tsunao Hase 
and Mr . Tetsuo Iwagawa of Kagoshima University 
(Faculty of Science) for mass spectrometric analyses 
and Dr. Masaaki Takami of Kuraray Co., Ltd., for 
biological assays. 

TABLE 1. ANTIFUNGAL ACTIVITIES OF O-(2-INDOLYL) BENZOIC ACIDS 3b AND 3C 

Sphaerotheca Fuliginca 
(Cucumber powdery mildew) 

(% Inhibition) 

Colletotrichum lagenarium 
(Cucumber anthraenose) 

(% Inhibition) 

Pyricularia oryzoe 
(Rice blast) 

(% Inhibition) 

3b 0 0 94 
3c 7 66 100 
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The Mechanism of the Reaction of (Aryloxy)trimethylstannane 
with Benzyl Bromide giving Aryl Benzyl Ether 
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Synopsis. A kinetic study has been performed for 
the reaction of (aryloxy)trimethylstannane with benzyl bro­
mide giving aryl benzyl ether and bromotrimethylstannane. 
Bimolecular nucleophilic attack of the aryloxy-oxygen on 
the benzyl-carbon has been suggested for the reaction based 
on the substituent effect. 

Recently, we have reported kinetic and stereo­
chemical results of the reactions of (alkylthio and 
arylthio) trimethylstannanes with haloalkanes.1) A bi­
molecular nucleophilic attack of the sulfur atom on 

Me3SnSR + R'X -^ [Me3SnS*+...R'...X*-] 

R 

-^ Me3SnX + RSR' 

the alkyl-carbon has been suggested for the reaction. 
A similar reaction has been known for the alkoxy an­
alogue of the (alkylthio)stannane i.e., the reaction of 
alkoxystannane with haloalkane.2) 

Bu3SnOMe + Bui -^ Bu3SnI + BuOMe 

Since the nucleophilicity of oxygen atom is much 
weaker than that of sulfur, it is doubtful whether 
the mechanism suggested for the reactions of (alkylthio 
and arylthio) stannanes is also applicable for that of 
alkoxystannane. We have extended our mechanistic 
study to the reaction of alkoxystannane with haloalkane. 

The reaction of trimethyl(phenoxy) stannane with 
benzyl bromide was examined in the present study 
and found that the reaction gave bromotrimethyl­
stannane and benzyl phenyl ether. The bromostan-
nane was detected by GLC analysis of the reaction 
solution and the ethereal product was isolated and 
characterized. 

Me,SnOPh + PhCH,Br 
120°C, 24 h 

Me3SnBr 

+ PhCELOPh 

The reaction, however, was found to proceed much 
slower than that of the (arylthio) stannane with benzyl 
bromide.1) Almost no reaction was found under the 
same reaction conditions used for the reaction of the 
(arylthio) stannane. Accordingly, the rate of the reac­
tion was measured in a polar solvent at higher tem­
perature with high concentration of the substrate in 
order to increase the observed rate. A good pseudo-
first-order plot was obtained. The results are given 
in Table 1. Hammet t plot of the rates given in 
Table 1 gave apparently negative p value [p(a) = 
—0.78] with fair linearity (7=0.982) . This would 
reveal that the nucleophilicity of aryloxy-oxygen played 
an important role during the reaction although the 
magnitude of the value appeared somewhat smaller 
than that obtained for the analogous reaction of 
(arylthio)stannane.1) A charge separated 4-center 
mechanism could not be ruled out by the rather small 

TABLE 1. PSEUDO-FIRST-ORDER RATE CONSTANTS FOR 

THE REACTION OF Me3SnOC6H4X-/>+ G6H5GH2Br 
IN PhCN AT 120 °G 

X ^ohRri/S -

OGH3 

CH3 

H 
Gl 
NO, 

2.70x10-* 
1.63x10-* 
1.15x10-* 
9.05X10-5 

3.47X10-5 

p value alone but is unlikely considering the lower 
reactivity of the (aryloxy) stannane. T h e relative re­
activity of (aryloxy) stannane toward (arylthio) stannane 
is consistent with relative nucleophilicities of oxygen 
and sulfur atoms.3) Furthermore, the four-center 
mechanism has recently been ruled out for the bi­
molecular reaction of this type.4) Thus , the most 
plausible mechanism is the nucleophilic attack of the 

Me3SnOPh + PhCH2Br -* [Me3Sn-0*+--.CH2..-Br*-] 
i i 

Ph Ph 

—> Products 

oxygen atom similar to that suggested for the reactions 
of analogous (alkylthio and arylthio) stannanes with 
haloalkane.1^ The reaction of alkoxystannane with 
haloalkane2) would proceed via the same process, that 
is nucleophilic attack of oxygen atom, since this mech­
anism has been suggested in the present study even 
for the less nucleophilic (aryloxy)stannane. 

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

(AryloxyJtrimethylstannane. The compounds were pre­
pared either by die reaction of sodium aryl oxide with bro-
motrimetiiylstannane in liquid ammonia5) or by a modified 
alkoxyl exchange reaction6) of metiaoxytrimetiiylstannane 
witia appropriate phenol. The latter mathod gave better 
yields with simple procedure. Substituent X of Me3Sn-
OC6H4X-/>, yield, physical properties, and elemental 
analysis were as follows: H, 36%, 109 °G/8 mmHg (1 mmHg= 
133.322 Pa), <5CDCI3 0.53 ppm (Me3); GH3, 2 1 % , mp 87— 
88 °G (from hexane-chloroform), <5CDCl3 2.22 (/>-Me), 
0.50 ppm (Me3). Found: G, 44.06, H, 5.68%. Calcd 
for C10H16OSn: G, 44.33; H, 5.95; OGH3, 34%. Mp 
65—66 °C, bp 137 °G/3 mmHg, <5CDCl8 3.70 (OGH3), 
0.49 ppm (Me,). Found G, 41.91; H, 5.25%. Calcd for 
G10H16O2Sn: G, 41.86; H, 5.62; Gl, 65% (by exchange). 
Bp 137 °G/3 mmHg, <5CDCl3 0.53 ppm (Me3). Found C, 
36.60; H, 4.34%. Calcd for G9H13C10Sn: C, 37.10; H, 
4.50; N0 2 , «100% (by exchange). Mp 83.5—84 °C (from 
hexane-benzene), <5CDCls 0.67 ppm (Me3). Found C, 36.16; 
H, 4.33%. Calcd for C9H13NOaSn: C, 35.81, H, 4.34%. 

Product Analysis. Trimethylphenoxystannane (1.2 g, 
4.5 mmol) and benzyl bromide (3.8 g, 9.0 mmol) were dis­
solved in benzonitrile (5 cm3) and the solution was heated 
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at 120 °G for 24 h in a sealed tube. The solvent and volatile 
product were evapolated under reduced press. Bromotrimeth-
ylstannane was detected in the volatile components by GLG 
analysis and benzyl phenyl ether was isolated from the residue 
by recrystallization, mp 40 °G (from hexane), 68% yield. 

Kinetics. In a polar solvent, both the trimethyl signals 
of trimethylphenoxystannane (<5 0.53 ppm) and bromotrimeth-
ylstannane (ô 0.77 ppm) are submerged into one signal 
due to exchange reaction and the rate could not be measured 
by integration of those two signals. Accordingly, (aryloxy) -
trimethylstannane (1.8 X 10 -3 mol) and benzyl bromide (1.8 X 
10~2 mol) were dissolved in benzonitrile (total 5 cm3) with 
the addition of dichloromethane (5.4 x 10~4 mol) as the 
internal standard. The solution was devided into ten por­
tions and sealed in glass tubes. The tubes were dipped in 
a constant temperature bath (120 ±0.1 °G). The tubes were 
picked up at time intervals and the amount of benzyl phenyl 
ether at the time was measured by integration of the benzyl 
proton signal (ô 4.98 ppm) relative to the internal standard 
(GH2G12, ô 5.21 ppm). Rate constant was obtained by 

least square calculation. The reaction of the (aryloxy) -
stannane with dichloromethane was found to be negligible 
under the reaction conditions used. 
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Synopsis. Grosslinked poly(4-vinylpyridine) hydro­
chloride was found to be an effective catalyst for acetalization 
of carbonyl compounds and esterification of carboxylic acids. 
The polymeric catalyst was inert to some acid sensitive 
functional groups which cannot tolerate under the influence 
of a strong acid cation exchange resin. 

One of the advantages provided by insoluble poly­
meric catalyst1) is their easy recovery from the reaction 
system which prevents the leakage of toxic chemicals. 
The use of them may be valuable from environmental 
point of view. Although cation exchange resins2) are 
historically one of the earliest examples of the polymeric 
catalysts, there have been few works available in the 
literature on milder and more selective polymeric acid 
catalysts. We have now found that crosslinked poly-
(4-vinylpyridine) hydrochloride (1) was a mild and 
effective catalyst for acetalization of carbonyl com­
pounds and esterification of carboxylic acids. 

The experimental results of the acetalization of 
carbonyl compounds are given in Table 1. T h e reac­
tion of cyclohexanone with ethylene glycol proceeded 
smoothly in the presence of 1 at room temperature 
to give the corresponding acetal in 9 6 % yield. The 
spent catalyst was easily rejuvenated by washing with 

T A B L E 1. ACETALIZATION OF CARBONYL COMPOUNDS 

WITH ETHYLENE GLYCOL CATALIZED BY POLYMERIC 

ACID CATALYSTSa> 

Carbonyl 
compound Catalyst Products Yield 

%b> 

o 
Ie) 

IR-120Bd> 
IRC-50e> 

C7H16CHO 

I 
/ V C H O 
I 
\ 

oO 

C7H15CH I 

CH | 

96 

98 
95 

0 

90 

62 
\ 

II 

a) Reactions were carried out with 2.0 mmol of carbonyl 
compound, 10.0 mmol of ethylene glycol, and 50 mg 
of polymeric acid catalyst at room temperature for 
1 h. b) Determined by GLC analysis of the reaction 
mixture, and were based on the carbonyl compound. 
c) Fifth use. d) A strong acid cation exchange resin 
in die H form, e) A weak acid cation exchange 
resin in the H form. 

small amounts of organic solvents, and was reused 
several times with little loss of activity. Acetalization 
of octanal and citronellal with ethylene glycol also 
proceeded smoothly in the presence of 1. 

The polymeric catalyst (1) was also effective for 
the esterification of acetic acid with 1-butanol, and 
the reaction a t 80 °G gave butyl acetate in a quanti­
tative yield. In the corresponding esterification of 
acetic acid with 2-butanol, however, yield of the ester 
was low. Results are given in Table 2. 

Although pyridine hydrochloride has been known 
as a good catalyst for acetalization of carbonyl com­
pounds,3) it is very hygroscopic and must be protected 
from moisture.4^ This disadvantage can be overcome 
by the use of the polymeric catalyst (1) which is non-
hygroscopic and very easy to handle in comparison 
with the monomeric analogue. 

A strong acid cation exchange resin containing sul­
fonic acid group was also an efficient catalyst for the 
acetalization and the esterification. O n the other 
hand, a weak acid cation exchange resin containing 
carboxyl group was almost inactive as a catalyst for 
the reactions. I t should be noted, however, that the 
use of 1 as a catalyst has an advantage over the use 
of strong acid cation exchange resins, because the 
use of 1 allowed the application of reactions to the 
reactants having some acid sensitive functional groups 
which cannot tolerate the strong acid cation exchange 
resins. I n order to demonstrate this advantage of the 
use of 1, esterification of acetic acid with 1-butanol 
was carried out in the presence of a polymeric catalyst 
and an additive which contained some acid sensitive 
functional groups. Results are given in Table 3. For 
example, 1-phenylethanol used as an additive was 
recovered quantitatively in the reaction of acetic acid 

TABLE 2. ESTERIFICATION OF ACETIC ACID WITH 

ALCOHOLS CATALYZED BY POLYMERIC 

ACID CATALYSTS4) 

Alcohol Catalyst Products Yield 

n-C4H9OH 1 CH3COOC4H9-« 100 
IR-120BC> 100 
IRC-50d) 3 

j-C4H9OH 1 C H 3 C O O C 4 H 9 - J 27 

IR-120BC) 74 

a) Reactions were carried out with 5.0 mmol of acetic 
acid, 10.0 mmol of alcohol, and 125 mg of polymeric 
acid catalyst at 80 °C for 1 h. b) Determined by GLC 
analysis of the reaction mixture, and was based on 
acetic acid, c) See footnote (d) in Table 1. d) See 
footnote (e) in Table I. 
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TABLE 3. ESTERIFICATION OF ACETIC ACID WITH 

1-BUTANOL IN THE PRESENCE OF SOME ACID 

SENSITIVE ADDITIVES21) 

Additive 

OH 

I 
P h / \ 

- i b 

/ \ 
1 !> 
\y 

Catalyst 

1 

IR-120BC> 

1 

IR-120BC> 

1 

IR-120B«) 

Yield of 
the ester/%b> 

93 

98 

2 

85 

88 

89 

Recovered 
additive/%b> 

100 

21d> 

20 

0 

100 

45 

a) The reactions were carried out with 5.0 mmol of 
acetic acid, 10.0 mmol of 1-butanol and 2.5 mmol of 
additive at 80 °G for 1 h. b) Determined by GLG 
analysis of the reaction mixture, c) See footnote (d) 
in Table 1. d) Significant amounts of styrene and 
other unidentified products were formed. 

and 1-butanol catalyzed by 1. On the contrary, in 
the corresponding reaction catalyzed by the strong 
acid cation exchange resin, only 2 1 % of 1-phenyl-
ethanol was recovered and significant amounts of 
styrene and other unidentified products were formed. 
Norcarane contains an acid sensitive cyclopropane ring, 
but was not affected under the influence of 1. In 
contrast, only 4 5 % of norcarane was recovered in 
the presence of the strong acid cation exchange resin. 
(Epoxyethyl) benzene was unable to tolerate both of 
the catalysts. 

The results obtained here may suggest the synthetic 
utility of 1 as a mild and efficient polymeric acid 
catalyst which provides an attractive alternate to the 
commercially available cation exchange resins. 

Experimental 

General. XH NMR spectra were recorded on a Varian 
T-60A spectrometer in carbon tetrachloride using tetrameth-
ylsilane as internal standard. IR spectra were recorded 
on a Hitachi 215 grating spectrometer. GLG analyses were 
performed on a Shimadzu GG-4B or GG-4G gas Chroma­
tograph. 

Materials. 4-Vinylpyridine provided by Koei Ghem. 
Go. Ltd., Osaka and commercial ethanol were purified by 
distillation before polymerization. A commercial product 
of divinylbenzene (ca. 55%) was washed with 5% aqueous 
sodium hydroxide and with deionized water, dried over 
potassium carbonate, and distilled. Dry hydrogen chloride 
was prepared by dropping concentrated sulfuric acid on 
dry lumps of ammonium chloride, and dried by passing 
through concentrated sulfuric acid. Other chemicals and 
nitrogen were used as obtained commercially. 

Preparation of Crosslinked Poly (4-vinylpyridineJ Hydrochloride 
(1). Crosslinked poly(4-vinylpyridine) containing 75 
mol% 4-vinylpyridine was prepared by a copolymerization 
of 4-vinylpyridine with divinylbenzene followed by grinding 
and sifting to 60—80 mesh as was described elsewhere.5) 
The dry copolymer (1.500 g) was placed in a glass tube 

(5.0 mm diamX 180 mm) and excess dry hydrogen chloride 
was passed through the tube. To remove excess hydrogen 
chloride in the resin layer, nitrogen was passed through the 
tube until no hydrogen chloride was detected at the other 
end of the tube. After drying in vacuo, 1.845 g of 1 was 
obtained. Elemental analysis of the polymer showed the 
content of 6.82% of N and 17.98% of Gl, suggesting that 
the pyridyl group in the resin was quantitatively converted 
to the hydrochloride form (5.1 mequiv of HGl/dryg). 

Resins. For comparison, two commercial resins were 
used in this work. Amberlite IR-120B and Amberlite IRC-
50 supplied by Rohm & Haas Go., Philadelphia, Pa., U.S.A., 
were used as a strong acid cation exchange resin and a weak 
acid cation exchange resin, respectively. They were pre­
conditioned and transferred to the H form in usual manners, 
and were dried in vacuo before use. The ion exchange ca­
pacity of IR-120B was 4.76 mequiv/dry g, which was de­
termined by titration with standard 0.1 mol/1 aqueous NaOH 
using Phenolphthalein as indicator in 1 mol/1 aqueous NaCl. 
The ion exchange capacity of IRG-50 was 10.0 mequiv/ 
dry g, which was determined by back titration with standard 
0.1 mol/1 aqueous HG1 using Phenolphthalein as indicator 
after treatment with a large excess of 0.1 mol/1 aqueous 
NaOH overnight at room temperature. 

Acetalization of Carbonyl Compounds. A mixture of car-
bonyl compound (2.0 mmol), ethylene glycol (10.0 mmol), 
and a polymeric catalyst (50 mg) was stirred at room tem­
perature for 1 h. After the reaction, the mixture was ana­
lyzed by GLG. After removal of the polymeric catalyst 
by filtration, the products were isolated and identified by 
comparison of their spectral data with those of authentic 
materials. 

Crosslinked poly (4-vinylpyridine) (1) can be reused several 
times with little loss of activity. In this case, the spent 
polymeric catalyst was recovered by filtration, and was 
washed with benzene, methanol, and ether. After dried 
in vacuo, the recovered polymeric catalyst was reused for 
the acetalization. 

Esterification of Carboxylic Acids. A mixture of car-
boxylic acid (5.0 mmol), an alcohol (10.0 mmol) and a 
polymeric catalyst (125 mg) was stirred at 80 °G for 1 h, 
and the mixture was analyzed by GLG. After removal 
of the catalyst by filtration, the products were isolated and 
identified by comparison of their spectral data with those 
of authentic materials. 

The esterification reactions of acetic acid with 1-butanol 
in the presence of an additive were carried out in a similar 
manner. 
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The Synthesis of Thermally Stable Oils by the Benzylation of Biphenyl 
with Benzyl Chloride Catalyzed by Iron(III) Oxide 
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Hakodate Technical College, Tokura-cho, Hakodate 042 
t Hokkaido University of Education, Hachiman-cho, Hakodate, 040 

(Received June 5, 1980) 

Synopsis. The benzylation of biphenyl with various 
amounts of benzyl chloride was performed at 80 °G or at 
room temperature in the presence of iron (I II) oxide prepared 
by calcining, at 300 °G, iron(III) hydroxide which has been 
precipitated by hydrolyzing FeCl3 with ammonia. The 
products with various viscosities were thermally stable up 
to 200—300 °G, and no chlorine was detected in the products. 

Several works concerning the decomposition of PCB 
by methods using pyrolysis,1) radiolysis,2) photolysis3) 
and plasma4) have been reported. O n the other hand, 
some workers have investigated the alkylations of bi­
phenyl in the presence of Friedel-Grafts catalysts in 
order to use the products as liquid heat stabilizers.5»6) 
Biphenyl is also used as a high-boiling heating medium 
by mixing it with diphenyl ether as a liquid at room 
temperature.7) Previously, we reported that the iron-
(III) oxide thus prepared is an exceedingly effective 
catalyst for the polycondensation of benzyl chloride, 
and that the product is pory(/>-phenylenemethylene) 
and stable up to 400 °G.8) In this work, we wish 
to report that thermally stable oils with various vis­
cosities can be synthesized with ease by the benzylation 
of biphenyl with benzyl chloride in the presence of 
the iron(III) oxide catalyst. 

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

The iron (III) oxide catalyst was prepared by calcining 
iron(III) hydroxide in a glass tube in air at 300 °G for 3 h; 
it was then stored in a glass ampoule until use. The iron(III) 
hydroxide was precipitated by hydrolyzing FeCl3 with aque­
ous ammonia. The hydroxide was washed, dried at 100 °G, 
and finally powdered below 100 mesh. The benzyl chloride 
(guaranteed reagent of Wako Pure Chemical Go.) and 
biphenyl (Wako Pure Chemical Go.) were used without 
further purification. 

Benzylation was carried out in bulk following two methods : 
(A) : 10—60 ml of benzyl chloride were stirred, in 2-ml 

portion, into a mixture of 20 g of biphenyl (mp, 70 °G) 
and 0.1 g of the catalyst at 80 °G. Each reaction occurred 
immediately, with a violent evolution of HCl. Benzyl chlo­
ride was added at intervals of 10—30 s for the first 20 ml, 
and afterwards at 1—2 min intervals, without any additional 
catalyst. (B) : 10—50 g of biphenyl were dissolved in 50 
ml of benzyl chloride at room temperature, after which the 
benzylation was performed by stirring with 0.2 g of the 
catalyst. The reaction started immediately, with an evolu­
tion of HCl gas, and was completed within 7—10 min in 
every reaction. After the reactions by both methods, the 
reaction mixture was diluted with benzene, separated from 
the catalyst by filtration, washed with water several times, 
and dried; finally, the benzene was removed by vacuum 
evaporation. 

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

Table 1 shows the yields and viscosities of the prod­
ucts. Brownish oils with various viscosities were ob­
tained in high yields depending on the amount ratios 
of benzyl chloride and biphenyl reacted. In the 
cases of excess amounts of benzyl chloride (Runs 3—6), 
the products are considered to also contain polyQ&-
phenylenemethylene), judging from the high activity 
of the catalyst for the polycondensation of benzyl 
chloride to poly(/?-phenylenemethylene).8) Elemental 
analysis showed no chlorine in any of the products 
in the table. N M R spectroscopy showed a singlet 
peak at 3.85 p p m (CH2) and a multiplet at 6.7—7.5 
p p m (phenylene H) in the ratio 1:7 for the samples 
in Runs 2 and 8. 

The T G analyses of the products were done in ni­
trogen ; some of the results are shown in Fig. 1, togeth­
er with that of biphenyl. The products were ther­
mally stable up to 200—300 °G, above which decom­
position occurs, and they decomposed completely at 
550 °G. The weight decrease in biphenyl was 100% 

TABLE 1. BENZYLATION OF BIPHENYL WITH BENZYL CHLORIDE 

Run 

1 
2 
3 
4 
5 
6 
7 
8°) 

Amount of benzyl chloride 
rnl 

10 
20 
40 
60 
50 
50 
50 
50 

Amount of biphenyl 
inl 

20 
20 
20 
20 
10 
20 
30 
50 

Reaction temperature 

80 
80 
80 
80 
RTb) 
RT 
RT 
35 

Yield 

g 

25 
34 
47 
60 
43 
53 
65 
82 

Viscositya) 

2.76 
3.37 
4.74 
5.97 
8.95 
5.58 
3.88 
3.31 

a) Relative viscosity of a 50 wt% benzene solution to benzene determined at 25 °G in a Gannon-Fenske viscosity. 
b) Room temperature, c) Since the biphenyl was not all soluble in benzyl chloride at room temperature, the 
reaction was carried out at 35 °C. 
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below 200 °G. 
The molecular-weight distribution of the sample in 

R u n 3 was determined by gel-permeation chromatog­
raphy, as is shown in Fig. 2. The main products 

100 

100 200 300 400 500 600 

Temperature/°G 

Fig. 1. TG curves of products. 
a, b, c, and d refer to the products given by Runs 
2, 3, 6, and 4, respectively, e: Biphenyl, heating 
rate: 5 °C/min. 

130 220 380 2140 

Molecular weight 

Fig. 2. GPG curve of the sample produced by Run 3. 
Concentration: 0.4 g in 100 ml of THF, flow rate: 
1 ml/min. 

have a molecular weight of 220—380; this indicates 
that the degree of the benzylation of biphenyl is pre­
dominantly 1—3. 

T h e present synthesis was carried out with A1C13 

and FeCl3 , typical Lewis acid catalysts, under the 
same conditions. The reaction was complete when 
28 ml of benzyl chloride was added, in 2-ml portions, 
to a mixture of 20 g of biphenyl and 0.1 g of A1G13 

at 80 °G. However, further reactions did not occur 
with additional benzyl chloride, in spite of another 
addition of the catalyst. I t is considered that the 
oily product poisoned the acidic sites of the catalyst 
surface. Another run was performed at room tem­
perature with 30 g of biphenyl dissolved in 50 ml of 
benzyl chloride and 0.2 g of FeCl3, but the reaction 
was extremely slow; 1.38% chlorine was detected in 
the product after a reaction of 45 min. 

The product obtained by the present easy method 
of synthesis with the conventional and active iron (111) 
oxide catalyst can replace PCB, whose synthesizing 
method is to liquidize biphenyl by chlorination. The 
present method could also be applicable to naphthalene 
as well as biphenyl, both of which are produced in 
great quantities in petroleum industries. 

The authors are grateful to the Toyota Foundation 
for its finantial support of the present work. 
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The Effect of ^-Irradiation on the Biodegradability of Landfill Leachate 
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Synopsis. A preliminary examination of the en­
hancement of biodegradability for landfill leachate, humic 
acid, and fulvic acid solutions, and aqueous solutions of 
polyethylene glycol-6000 by irradiation by 60Go y-rays under 
aeration was performed. In all cases, the BOD5/TOG and 
BOD5/GOD ratios increased with the dose. This suggests 
that the y-irradiation modified these refractory materials 
to more biodegradable compounds. 

The object of the treatment of landfill leachate is 
to remove organic substances and nitrogen contained 
in large amounts in the leachate. I t is not easy to 
remove the organic substances by microbial- and 
physical-chemical treatment processes, because most of 
these substances consist of high-molecular-weight fulvic-
like and humic-like materials.1) In the determinations 
of the biodegradability for many kinds of waste water, 
Murakami et al. recently showed that landfill leachate 
was an especially refractory waste and was hardly 
treated by a present biological process.2) 

There has been much interest in the possible ap­
plication of ionizing radiation to the treatment of 
waste water. The principal effects that can be turned 
to advantage are related to disinfection, the degrada­
tion of organic compounds, modifications in the bio­
degradability, and changes in the colloidal properties.3) 

The authors have examined the radiation-induced 
degradation of organic substances in the leachate gen­
erated from the landfill in Tokyo Bay by the irradia­
tion of 60Go y-rays under aeration at room temperature. 
I t was found that these substances were dégrada ted 
by oxidation reaction, leading to a decrease in the 
chemical oxygen demand(COD) and the total organic 
carbon(TOC), and the conversion to lower-molec­
ular-weight compounds, while oxygen-containing com­
pounds, such as organic acids and carbon dioxide, 
were also produced.4) 

These results suggest that the irradiation is capable 
of enhancing the biodegradability for the leachate, 
since the biodegradability is dependent upon the 
chemical composition5) and the molecular-weight dis­
tribution.6) In some experiments carried out by 
Alexander, the irradiation produced a slight decrease 
in the biodegradability of the primary effluent.7) 
Thus, preliminary experiments for the modification of 
the biodegradability of the landfill leachate by ir­
radiation by ionizing radiation were undertaken. 

Exper imenta l 

The leachate (GOD, about 2000 ppm), solutions of humic 
acid and fulvic acid separated from the leachate, and dilute 
aqueous solutions of polyethylene glycol-6000** were used 
as the samples. These solutions were put into a glass vessel 
about 30 mm in diameter and irradiated under aeration 
with y-rays from a 185 TBq (5 kCi) 60Go source at room 
temperature. Almost all the irradiations were performed 

at the dose rate of 95 Gy«s -1 (0.57 Mrad-h - 1) , as determined 
by means of a ferrous sulfate solution. After irradiation, 
the GOD (permanganate method at 100 °G), TOG (Toshiba-
Beckman Type Model 102 Total Organic Carbon Analyzer), 
and biochemical oxygen demand(BOD5) were measured. 
For the determination of BOD5, the return sludge from a 
sewage-treatment process was cultured with skim milk, and 
the filtrate was used for seeding. 

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

There are several methods for determining the bio­
degradability, but a general method has not yet been 
established. I t is known that, simply, the biodeg­
radability can be estimated from the ratio of the BOD 
to the theoretical oxygen demand (ThOD) and that 
it becomes higher with an increase in the ratio. How­
ever, the T h O D can not be estimated for such com­
plicated components as the leachate and the samples 
denatured by irradiation. In such cases, the T O C 
or C O D can be used instead of the ThOD. 8 ) 

The BOD 5 , C O D , T O C , and p H values in the 
leachate and in solutions of humic acid, fulvic acid, 
and polyethylene glycol-6000 are summarized in Table 
1 as a function of the dose. As can be seen in Table 
1, the C O D and T O C in the leachate, humic acid, 
and fulvic acid decreased monotonously; on the con­
trary, the B O D 5 increased with an increase in the 
dose except for the BOD 5 in humic acid at 86 kGy 
( 8 . 6 M r a d ) . Then, the B O D 5 / C O D and B O D 5 / T O C 
ratios increased with the dose from almost zero in 
unirradiated solutions. The B O D 5 / T O C ratios in 
these solutions are shown in Fig. 1 as a function of 

TABLE 1. CHANGES IN GOD, TOG, AND BOD5 

BY y-IRRADIATION 

Leachate 

Humic 
acid 

Fulvic 
acid 

PEG-6000 H 

Dose 
104Gy(Mrad) 

f 0 
1.71 
3.36 

[ 5.34a> 

r o 
0.86 
1.71 
3.42 

^ 8.55 

f 0 
1.80 
3.42 

f 0 
0.57 
1.71 
3.42 

^ 9.69 

PH 

8.6 
8.5 

8.5 

10.6 
7.2 
6.7 
4.5 
3.6 

7.2 
6.0 
4.9 

5.8 
3.7 
3.3 
3.2 

GOD 

375 
292 
223 
169 

607 
598 
529 
390 
182 

370 
309 
239 

403 
400 
409 
395 
339 

TOG 
ppm 

262 
222 
200 
166 

540 
516 
480 
352 
260 

360 
318 
265 

532 
530 
520 
528 
300 

BOD5 

'-»wO 

81 
100 
102 

30 
61 
76 

104 
57 

20 
101 
122 

—3 
97 

181 
332 
273 

**The mean molecular weight is about 6000. 
Dose rate: gôGy-s"1 (0.57 M rad-h"1) 
a) HSGy-s- 1 (0.89 Mrad-h"1) 
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2 4 6 
104Gy/Mrad 

Fig. 1. Enhancement of BOD5/TOG as a function of 
dose. 
O : Leachate, # : humic acid, A ; fulvic acid, • : 
PEG-6000. 
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Fig. 2. Effect of irradiation on molecular weight di­
stribution of humic acid solution. 
1: Unirradiation, 2: 20 kGy (2.0Mrad). 

the dose. The p H lowered with dose except in the 
leachate. I t is because of the p H value's dependence 
on the buffer-capacity that there was little change in 
the p H of the leachate. These facts indicate that 
the irradiation modified the properties of those organic 
substances, so that they became more biodegradable 
compounds. 

The same experiments were undertaken for the aque­
ous solutions of polyethylene glycol-6000, which is a 
refractory material for a biological-treatment pro­
cess. 6) In this case, no marked change was seen in 

the C O D and T O C up to a t least 34 kGy (3.4 Mrad) , 
while the B O D 5 increased markedly with the dose. 
Therefore, the ratios of BOD 5 to C O D and of BOD 5 

to T O C increased with the dose; moreover, these 
values were higher than those of the leachate (Fig. 
1). The polyethylene glycol molecule seems to be 
easily modified to more biodegradable compounds. 

The one reason for the enhancement of the bio-
degradability of these refractory materials by y-irradia­
tion may be the formation of lower-molecular-weight 
substances and of organic acids, such as acetic acid.4) 
A typical finding regarding the molecular-weight dis­
tribution by gel-permeation chromatography of the 
humic acid solutions is shown in Fig. 2. From Fig. 
2, one can find that the higher-molecular-weight com­
ponents were degradated to lower ones by irradiation. 
T h e drops in the B O D 5 / T O C and BOD 5 /COD ratios 
of the humic acid solution at the dose of 86 kGy (8.6 
Mrad) may be dependent upon the formation of less 
biodegradable materials by the high-dose irradiation. 

These results show that the irradiation of ionizing 
radiation might increase the efficiency of the biological 
t reatment process; however, more detailed experiments 
will be required. 

T h e authors wish to thank Mr. Tomiji Tsuji, Tokyo 
Metropolitan Cleansing Laboratory, for his many 
helpful discussions and suggestions and Mr. Makoto 
Nonomura , Tokyo Metropolitan Industrial Technology 
Center, for the use of the T O C analyzer. 
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The Electronic Spectra of Psoralens in Their Ground and Triplet Excited States 
Pill-Soon SONG,* SangChul SHIM,* and William W. MANTULIN 
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Synopsis. The first absorption band in psoralens 
arises from the coumarin moiety, and its location, intensity 
and polarization are strongly dependent on 5- and 8-substitu-
tion. The first two absorption bands in psoralen, angelicin, 
and methylpsoralens are polarized nearly parallel (angle 
between them A0<;2O°), while methoxy psoralens display 
wider polarization angles. 

Psoralens are photobiologically reactive agents which 
undergo photocycloaddition to nucleic acids upon 
irradiation with near U V light.1) The U V spectra of 
psoralen and coumarin have already been analyzed by 
linear dichroism and fluorescence polarization.2»3) We 
now extend the spectral analysis to other psoralens. 

The T -T absorption spectra of psoralens have been 
measured.4»5) In this paper, we at tempt to assign the 
broad absorption bands of psoralen in terms of M O 
predictions. 

Exper imenta l 

Absorption spectra were recorded on a Gary 118G spectro­
photometer, using a specially built adaptor for the liquid N2 

dewars. Concentrations of all compounds were kept at 
approximately 50 JXM (1 M = 1 mol/dm3). The polarized 
luminescence excitation spectra were recorded on a single 
photon counting spectrofluorometer (at a spectral resolution 
of Ä^I nm) by using a pair of Glan-Thompson polarizers 
under photoselection conditions.6»7) 

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

From the low temperature spectra shown in Figs. 1 
and 2, it can be seen that the first absorption band (331 
nm for psoralen ; Ps) is the most sensitive to perturbation 
of the furocoumarin system by substitution. 5- and 
8-Methoxy substituents exert the strongest perturbation, 
as the three resolved band system of Ps (Fig. 1 ) nearly 
converges into a two band system for 8 -MOP and 
5-MOP (Fig. 2). While other psoralens show relatively 
small variations in polarization degree over the first and 
second absorption bands, 8- and 5-MOP's display 
polarization differences of ca. 0.4 and 0.3, respectively 
(Fig. 2). This suggests that the angle (AÖ) between 
the two transition moments for the first and second 
absorption bands is greater (40—50°) than that in 
other psoralens. 

The above noted difference in polarization arises 
from the fact that the methoxy substitution at position 
5 or 8 realigns the transition vector for the first absorp­
tion band from the C3-C5 axis orientation in Ps to the 
C5-C8 axis orientation in the methoxypsoralens. The 
polarization of the first band in iPs remains along the 
long molecular axis (Fig. 1), and is nearly parallel 
to the polarization direction of the second band, con­
sistent with relatively small difference in polarization 
values over the two bands (yielding A0=2O° = t lO°) .** 

t Permanent address: Department of Chemistry, The 
Korea Advanced Institute of Science, Ghongyangni, P. O. 
Box 150, Seoul, Korea. 

250 300 350 250 300 350 400 

A/nm 
Fig. 1. The absorption spectra of psoralen (left panel) 

and isopsoralen (right panel) in ethanol at 77 K. 
Fluorescence excitation polarization (open circle) for 
psoralen was monitored with respect to emission at 
410 nm. Phosphorescence excitation polarization 
(solid circle) for psoralen and angelicin monitored 
with respect to the 0-0 phosphorescence at 455 nm. 
The inset (right panel) shows transition moment di­
rections for the three bands (a, b, c). 

In coumarin, the first band is polarized along the 
long axis, while the second is polarized along the C2-C6 

axis, with A0=1O°±5°.2> M O calculations are in 
agreement with the nearly parallel, long axis polariza­
tion for the first two bands. For example, M O calcula­
tions predict that the first two bands of 7-hydroxy-
coumarin {X calculated at 317 and 290 nm) are 
polarized along the long molecular axis. 

Since psoralen is isoelectronic with anthracene, it is 
reasonable to assign the first and second bands as L b 

and L a origin. The third band in psoralens, which likely 
contains contribution from a fourth transition,2) can 
then be assigned as B a and/or B b . I t is clear that the 
first band arises from the coumarin moiety, since the 
hydrogénation at the pyrone 3,4-C=C bond results in a 
benzofuran-like spectrum (Fig. 3). The spectral 
genealogy of psoralens with coumarins is predictable 
in view of the fact that the first absorption band in 
both Ps and coumarin is long-axis polarized.2) In this 
regard, it is significant that o-coumaric acid [3-(2-
hydroxyphenyl)propionic acid] (Amax^«336 nm) displays 
an absorption spectrum closely resembling that of 
coumarin or Ps (Fig. 3), although the two bands 

** Fluorescence polarization data (not shown) 
angelicin (iPs) are similar to those for Ps shown in Fig. 1. 

for 
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225 300 
A/nm 

375 250 300 350 
A/nm 

400 225 300 
A/nm 

375 

225 300 375 

Fig. 2. The absorption spectra of (a) 4,5/,8-trimethylpsoralen, (b) 8-MOP, and (c) 5-MOP in 
ethanol at 77 K. Fluorescence (open circle) and phosphorescence (solid circle) excitation polari­
zations were monitored with respect to fluorescence at 415, 435, and 435 nm, respectively, and 
phosphorescence at 478, 458, and 466 nm, respectively. 

couplings)6) are stronger in these molecules than in the 
others. This may be attributed to the close proximity 
of the first n, n* and n, n states in the former. 

From M O data calculated (not shown), we tentatively 
assign the observed T - T absorption maximum at 428 
nm to either the Tx—>T9 or T 8 . We further predict that 
a strong absorption occurs in the near U V region, as 
suggested by the M O calculation (i.e., T1-^T10 transition 
at 324 nm with f= 0.7274). In coumarin, the intense 
T - T band is predicted at 283 nm with / = 0 . 7 1 5 4 . 
However, the reported spectrum covers from 300—500 
nm, with a broad maximum at 400—460 nm,8»9) 
extending to 600 nm.10) The most intense transitions 
predicted in this region from M O calculations are at 
370 and 319 nm, corresponding to Tx—>T7 ( /=0 .0355) 
and Tx—>T8 (f— 0.0626), respectively. 

This work was supported by the Robert A. Welch 
Foundation (D-182) and the U.S.P.H.S. grant CA 
13598 (to PSS) and CA 21729 (to SCS). 
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A/nm 
Fig. 3. The absorption spectrum of o-coumaric acid in 

ethanol at 77 K. Fluorescence excitation polarization 
(open circle) was monitored with respect to fluorescence 
at 375 nm. 

collapse into one overlapping band in j^-coumaric acid 
[3- (4-hydroxyphenyl)propionic acid] (A m a x ^318 nm) . 
Polarization directions for the two bands in o-coumaric 
acid are also nearly parallel, as the fluorescence polariza­
tion values differ by only ca. 0.1 (Fig. 3). 

The phosphorescence of coumarins and psoralens is 
substantially out-of-plane polarized, particularly 0-0 
phosphorescence.6) This is confirmed by the polarized 
phosphorescence excitation spectra in Figs. 1 and 2, 
further suggesting that the first absorption band is 
largely due to an in-plane polarized n-^»n* transition 
in psoralens and coumarins. However, the phosphores­
cence polarization over the first absorption band of Ps 
and trimethyl Ps is not negative (Fig. 1), suggesting 
that n, n* perturbations (e.g., vibronic and spin-orbit 
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Uncatalyzed Chemical Oscillatory Behavior in the Oxidation of 
Catechol with Acidic Bromate Solution 
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Synopsis. A temporal oscillatory behavior of the 
redox potential in the oxidation of catechol with potassium 
bromate in sulfuric acid medium is reported. 

Uncatalyzed temporal oscillations in bromide ion 
concentration and redox potential in the oxidation of 
phenols and anilines with acidic bromate solution have 
recently been reported by M. Orban and E. Koros, who 
claim that chemical oscillations do not take place in the 
oxidation of catechol.1-"3) O u r observation shows that 
catechol is a better substrate to exhibit oscillations in 
their oxidation with acidic bromate at appropriate 
concentrations of the reactants. The effect of different 
catalysts on the system was also observed. 

Exper imenta l 

Catechol (BDH) was purified by sublimation, KBrOs 

(Reidel), H 2S0 4 (BDH) and 1,10-phenanthroline iron(II) 
sulfate complex (ferroin, BDH) were used. All the solutions 
were prepared in conductivity water. 

Freshly prepared catechol solution (0.25 Mt) and H 2S0 4 

(18 M) were mixed in a reaction cell thermostated at room 
temperature (30^0.5 °G) and the reaction was initiated by 
addition of the required amount of potassium bromate solution 
(0.4 M). Total volume was kept 25 ml in all cases by addition 
of the required amount of conductivity water. The reaction 
was monitored by noting the potential changes from a 
Systronics (India) pH meter, type 322-1 using Pt-Pt elec­
trodes.4) In the case of catalysed systems the catalysts were 
added just before the addition of bromate. Observation was 
made without stirring, since stirring was found to interfere 
with the reaction. The boundary concentrations for each 
reactant to exhibit oscillations were determined by altering 
the concentration of one of the reactants and keeping that of 
the rest unaltered. The results are reproducible within the 
limits of experimental error. 

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

Chemical oscillation takes place over narrow ranges 
of concentration of the reactants, i.e. catechol (0.015— 
0.080 M ) , bromate (0.048—0.128 M ) , and acid (0.36— 
2.88 M ) . The opt imum concentrations for maximum 
number of oscillations: catechol (0.05 M ) , bromate 
(0.096 M ) , and acid (1.8 M ) . The oscillations were 
observed for more than 4 h with decreasing amplitudes 
as the reaction proceeds (Fig. 1A). Increase in concen­
tration of catechol, bromate or acid, within the boundary 
conditions, diminished the induction period. Though 
the reaction starts after the addition of bromate, the 
oscillatory behavior starts only after an induction 
(preoscillatory) period of ca. 70 min. However, a dark 
colored species appearing in the system after the addition 

t 1 M = 1 mol dm-3. 

of bromate vanishes quickly, with a definite potential 
change. 

According to Orban and Koros2»3) oxidation of 
catechol with acidic bromate results in the formation 
of a stable quinone and bromine and thus oscillations 
do not take place. Though a dark colored species, 
probably quinone, is formed in the system after bromate 
addition, it disappears quickly, indicated by the sudden 
disappearance of the dark color with simultaneous 
potential change, in the concentration ranges in which 
reactants exhibit oscillatory behavior. However, the 
quinone turns into a black or brown precipitate on 
either side of the boundary conditions of the reactants 
showing oscillatory behavior. Though bromine is 
produced in the system, it is consumed probably by 
brominating the substrate, as evidenced by the gradual 
disappearance of the brown color from the system before 
oscillatory behavior appears. 

T h e oscillatory behavior is strongly inhibited by 
stirring of the reaction mixture ; an insignificant number 
of oscillations could be observed even with slower 
stirring rate. Inhibitory role of stirring on oscillatory 
behavior in B r C H ( C O O H ) 2 / B r 0 3 - / H 2 S O J C e system 
was also reported by Sorensen.5) 

Effect of Catalysts. Belousov-Zhabotiniskii (BZ) 
catalysts, (Ce(IV), M n ( I I ) , and ferroin) can catalyse 
the system, ferroin being found to be the most effective 
one. Introduction of a catalyst decreases the preoscil­
latory period, while the frequency, number of oscilla­
tions and total time for exhibiting oscillations (life time) 
increase with a slight increase in the ampli tude of 
oscillations (Fig. IB). Revival of oscillations take place 
by the introduction of catalyst ( 2 x l O ~ 4 M ferroin) 
when the oscillations become insignificant in both 
uncatalyzed and catalyzed systems. However, no 
regeneration of oscillations of this type was observed 
when the catalyst was added at a later stage. 

Effect of Halide Ions: Addition of Gl~, Br~, or I " 
inhibits the reaction. Above 10~4 M all the ions inhibit 
the number and shape of the oscillatory cycles. The 
inhibitory effect of Cl~ is most prominent . 

Effect of Silver Ion: Removal of bromide ions from the 
system by precipitation of AgBr with Ag+ (AgN0 3 ) has a 
pronounced effect on the reaction. By partial removal 
of bromide ions the oscillations continue, while complete 
removal inhibits the reaction strongly. 

Effect of Radical Scavenger: Addition of acrylonitrile 
after addition of bromate or in between oscillations 
suppresses the behavior. 

Similar to BZ reaction the uncatalysed bromate 
oxidation of catechol is controlled by bromide ion and 
inhibited by chloride ion. The reaction can be explained 
by means of the Field, Koros and Noyes mechanism,6) 
by considering the fact that catechol plays the role of 
substrate as well as catalyst. The reaction might consist 
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Fig. 1. Oscillatory behavior of the redox potential in the oxidation of catechol with acidic bromate solution. 
A. Uncatalyzed system: catechol (0.05 M), bromate (0.096 M), and acid (1.8 M). 
B. Catalyzed system: catechol (0.05 M), bromate (0.096 M), acid (1.8 M), and ferroin (2x 10~4 M). 

of two steps of kinetics, the oxidation of catechol by 
bromate with the subsequent reduction of the latter 
to bromide ions and bromination of the aromatics. The 
source of bromide ions for the continuance of the 
reaction is the brominated products of the aromatics. 
Brominated products of catechol, o-benzoquinone, and 
3-bromo-o-benzoquinone have been separated from the 
butanol extract of the reaction mixture by chromatog­
raphy. So far no bromine has been observed in the 
BZ reaction.7»8) However, bromine has been observed 
in the oscillatory oxidation of catechol. 

The authors, P. K. R. and A. M. , are grateful to 
G. S. I. R . (India) for financial assistance and to Prof. 
M . M . Bokadia, Head of the School, for providing 
necessary facilities. 
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Synopsis. a, p, and ß bands in the electronic spectra 
of polynuclear aromatic hydrocarbons have been found to 
converge to a limiting value. This has been ascribed to pair 
correlation effect arising from interaction of jr-electrons with 
tf-framework and with molecular vibrations of appropriate 
symmetry. 

Pair correlation effect plays an extremely important 
role in systems consisting of a large number of Fermi 
particles. This effect is caused by the presence of 
attractive force between Fermi particles and are mani­
fested in diverse fields. Thus pair correlation in metals 
and degenerate semiconductors leads to the develop­
ment of superconductivity. T h e pair correlation 
between nucléons in atomic nucleus explains the 
regularities observed in the nuclear moment of inertia. 
The problem of pair correlation of ^-electrons in 
aromatic hydrocarbon has been theoretically analysed 
by Kresin.1) Kresin2) has also shown that such pair 
correlation is responsible for the characteristic difference 
in the electronic spectra of perylene and its mono- and 
dianions.2) The pair correlation between ^-electrons in 
linear polyene chains has been shown to give rise to 
convergence in the longest wavelength electron transi­
tion with the length of the conjugated chain, i.e., 
number of 77>electrons.3) This means that pair correla­
tion in 7r-electron systems may be demonstrated optical-

C H , 
M z 

CH 

O Ô CO OCO 

ly. The object of the present note is to analyse if pair 
correlation could be detected optically in polynuclear 
aromatic compounds. Clar4) has prepared hundreds 
of polynuclear aromatic hydrocarbons where the 
number or ^-electrons ranges from 6 to over 50. Clar 
has also documented the electronic spectra, which have 
been divided into a, p , and ß regions, for most of these 
compounds. Since the attraction between electrons is 
maximum when they have opposite projection quan tum 
numbers, we have selected molecules which have at 
least one symmetry axis. The frequency of spectral 
transition (v) for the a, p , and ß bands as well as the 
number of ^-electrons present in the molecules (n) 
selected are summarised in Table 1. The plot of^(cm_ 1) 
vs. n is given in Fig. 1, where the curves have been 
drawn by a method of curve fitting. 

I t may be observed that all the three bands a, p , and 
ß converge to a limiting value. The convergence is 
faster for the ß and a bands but much slower for the p 
band. In presence of pair correlation, the single particle 
excitation spectrum is given as1) 

E = V¥+^, (i) 

T A B L E 1. ABSORPTION BANDS IN POLYNUCLEAR 

AROMATIC HYDROCARBONS 

Com­
pound 

Î 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

na> 

_ 
8 
10 
14 
16 
20 
22 
24 
24 
24 
24 
28 
28 
28 
28 
28 
30 
32 
32 
34 
34 
38 
40 
44 
36 

a band 

38000 
34000 
32000 
26400 
26900 

29629 
24000 
23094 
23364 
26881 

24539 
— 

23923 
21691 

23419 
23584 
17857 
22522 
22988 

21459 
25510 
23529 
20243 

— 
21551 

v/crn-1 

p band 

48050 
38000 
34000 

— 
29985 

23045 
25806 
25188 
29283 
30487 

28985 
22624 
25974 
25445 

16474 
15094 

— 
23640 
24937 

23980 
15540 
13559 
16339 
17331 
24570 

" v 

jffband 

54500 
46500 
45400 
39000 
36765 

39840 
33003 
33670 
32787 
34722 

31153 
28169 
33727 
29629 

33112 
32051 
37037 

— 
30303 

27932 
33557 
31250 
25000 
29069 
28248 

a) n denotes the number of ^-electrons. 
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Fig. 1. Longest wavelength transition peaks of the a, p, 
and ß bands in the absorption spectra of poly nuclear 
aromatic hydrocarbons. The numbers in the figure 
refer to the serial number in Table 1. Unprimed 
numbers refer to a, singly primed to p and doubly 
primed to ß transitions. 

where £ = e b — e a , eh and ea being H F energy of an 
unoccupied and an occupied orbital respectively in 
absence of pair correlation and A is a gap parameter 
which gives the minimum excitation energy which 
separates the first excited state from the ground level 
and it is related to pair correlation energy between 
electrons having projection quan tum numbers of 
opposite sign. As the number of electrons goes to 
infinity, £ goes to zero, and the excitation energy goes 
to A, i.e., A gives the convergence limit of the excitation 
spectrum. From Fig. 1 we get the convergence limit for 
ß, a, and p transitions as 22666, 17333, and 10166 cm" 1 

respectively. T h e pair correlation energy is largest 
for a ^-transition and smallest for a p-transition, with 
an a-transition in between. Before searching for a 
cause for this difference let us first analyse how pair 
correlation arises in 7r-electron system. 

The major factor which determines the appearance 
of correlation effect and the energy gap is the presence 
of attractive force between jr-electrons. T h e primary 
cause is the polarization of 6-framework, in the field 
of which the yr-electrons move. Due to Coulombic 
interaction ^-electrons cause transition of a ^-electron 
to a virtual orbital. O n return of the «r-electron to the 
original orbital the energy liberated is transmitted to the 

^-electrons, which can surmount the repulsive force 
between similarly charged particles to some extent and 
the net result is effective attraction between jr-electrons. 
This mechanism will be most effective for allowed n-
transitions which have large oscillator strength and can 
polarise ff-framework. The second mechanism is the 
interaction of electronic energy with the molecular 
vibrational quanta . Virtual vibration will be excited 
and when the oscillator returns to the ground state, 
the energy transferred to the ^-electron will lead to 
effective attraction. I t is obvious that the vibrational 
quanta is of much lower energy than the electronic 
quanta , so the first effect will cause stronger correlation 
than the second. 

The various bands observed in the hydrocarbons 
listed in Table 1 have not been assigned completely. 
Only for lower members the assignment is agreed upon. 
If we assume that assignment for the lower members 
also holds for higher members, then we may propose 
the following tentative explanation for pair correlation 
energy. 

The presently accepted explanation5) of the a-band is 
that they are symmetry forbidden transitions. They 
are made allowed by simultaneous excitation of some 
vibrational mode of the molecule so that the product 
function has proper symmetry to make the transition 
allowed. I t may be suggested that pair correlation in 
the a-band arises from the interaction of electron with 
vibrational quanta . The /3-bands are orbitally allowed 
transitions and have high oscillator strength. The 
polarization of «r-framework therefore may be respon­
sible for pair correlation observed. The p-band is also 
orbitally forbidden singlet transition made allowed by 
combination with excited vibrational state. This band 
is rather diffuse. The pair correlation effect in this 
band also arises from the interaction of electrons with 
vibrational quanta , but because of the lower probability 
of interaction of ground electronic state with excited 
vibrational state, the correlation energy is low. This 
phenomenological analysis of the convergence in the 
absorption bands of various polynuclear aromatic 
hydrocarbons appears to indicate that a detailed 
theoretical analysis of the problem must be taken up 
to establish if the convergence is really due to pair 
correlation effect as suggested. 
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Synopsis. The present work provides the first 
application of the powerful X-ray microanalysis technique 
in the study of "Zhabotinskii-type" oscillatory reactions. The 
modified H N 0 3 : KBr0 3 : [Fe(phen)3]2+: rnalonic acid system 
is quantitatively described. Systematic variation, spatially 
correlated with the dissipative structures, was found in the Fe 
concentration. 

The very occurrence of concentration oscillations and 
temporal periodicity in initially homogeneous chemical 
systems was a mat ter of scientific controversy until 
recent years. His unusual insight into biological mor­
phogenesis led Turing1) to propose the feasibility of the 
formation of spatial concentration patterns in an 
initially uniform chemical medium as early as 1952. 
Such were the ramifications of the ideas raised by 
Turing's paper that a new area of thermodynamics, the 
"far from equil ibrium" or "dissipative" branch was 
born.2 '3) Related research stands out in a unique way: 
while science is experiencing day to day fragmentation 
due to the sheer bulk of new results and new techniques, 
while researchers often fit into the order of things by 
adopting a mosaic vision, the theories on dissipative 
structures cut across diverse fields such as biology, 
chemistry, ecology, mathematics, physics, population 
dynamics and sociology, once again giving impetus to 
the quest for fundamental principles and inter-relation­
ships.3) The topic has claimed the interest of several 
major research groups, as can be gauged from some 
excellent review articles.4) Particularly relevant is 
the conclusion of Procaccia and Ross,5) that experimental 
efforts lag behind theoretical advances in this area. 

The present work provides the first application of the 
powerful X-ray microanalysis technique in the study of 
' 'Zhabotinskii-type, ' ' dissipative oscillatory chemical 
reactions. Upon cursory examination, the match 
between the system of interest and the chosen instru­
mental technique appears distressing: the oscillatory 
reactions commonly occur in aqueous solution, whereas 
no water is admissible to the analytical electron micro­
scope. In devising a suitable procedure, as a first step 
we found in agreement with Winfree6) that the oscil­
latory reactions proceed quite well in membrane filters 
also. Next it is an easy matter to quench the reaction 
by immersing the filter bearing the characteristic 
bands of spatial periodicity into liquid N 2 . Subsequent 
drying of the fixed reaction by vacuum under a tempera­
ture gradient is not feasible with the typical mixtures 
containing H 2 S 0 4 or HC10 4 , due to non-volatility of 
these acids. Nitric acid was found to be an acceptable 

tt U. S. National Academy of Sciences-Hungarian 
Academy of Sciences exchange professor; permanent address: 
Louisiana Academy of Science, University Station # 22315, 
Baton Rouge, Louisiana 70893, U. S. A. 

substituent for H 2 S 0 4 as reported by Winfree;6) the 
modified system is described in conjunction with Fig. 1 
as follows. The solutions used to prepare the reaction 
mixture: A. 5 g K B r O s + 6 7 ml H 2 0 + 3 m l coned 
H N 0 3 ; B. 10% aq KBr; C. 10% aq rnalonic acid; D . 
25 m M aq [Fe(phen)3]2+. Reagent D needs to be 
prepared under rigorously chloride free conditions, in 
agreement with Winfree's comment. The reagents were 
mixed in the sequence: 3 ml A + 0 . 5 ml B, followed by 
the addition of 0.5 ml C. At this stage bromination of 
the rnalonic acid occurs within 3—4 min at room 
temperature. Addition of 0.3—0.5 ml D initiates the 
characteristic temporal oscillations which can be 
visually followed by observing the red-blue color change 
of the catalyst. Spatial patterns emerge subsequently, 
either spontaneously or facilitated.6) 
We measured oscillation period parameters at 27 °C in 
the standard manner at 550 nm, using a U N I C A M 
SP 1800 spectrophotometer with 5 m m cuvettes. 
Determined from the data depicted in Fig. 1 by the 
method of least squares, we obtained with better than 
0.99 correlation coefficient: 

induction period(s) = 394 X 0.0227C, ( 1 ) 

first oscillation period(s) = 181.7x2.90C, (2) 

where C is the concentration (mol/dm3) of H N 0 3 . 
With the modified system it was possible to produce 

membrane filters (Sartorius SM 11306) on which the 
original dissipative structures were preserved intact after 
drying. Working with ferroin as catalyst had the 
great advantage of constantly being able to see the 
status and quality of the samples, and correlate 
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Fig. 1. Temporal oscillatory characteristics of the 
H N 0 3 : [Fe(phen)3]2+: KBr0 3 : rnalonic acid system. 
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instrumental readings with visual observations. 
From properly prepared filters selected portions ca. 

3 m m wide and over 1 cm long were introduced to the 
analytical electron microscope, J E O L J E M 100B. 
Analysis was performed in the SEI mode, using 20, 40, 
and 80 kV nominal excitation voltage. Areas of 0.1 X 0.1 
mm 2 were subjected to X-ray microanalysis in steps of 
0.25 mm. Utilizing an E D A X 707B X-ray analyser, a 
typical result is shown in Fig. 2. In the energy dispersive 
X-ray spectrum covering the 0—lOkeV range, Br La, 
K Ka, and Fe Ka peaks are readily identifiable (Cu 
lines are indigenous to the measuring technique). Over 
100 linearly correlated points were individually subjected 
to microanalysis, and weight ratios were calculated with 
the 7. EP program of E D A X , Inc. Major fluctuations 
spatially correlated with the dissipative structures were 

Fig. 2. Typical energy dispersive X-ray spectrum of the 
Zhabotinskii-type reaction described in Fig. 1. The 
spectrum shows Br La line at 1.48 keV, K Ka line at 
3.30 keV, and Fe Ka line at 6.40 keV. Additional 
peaks at 8.04 and 8.90 keV represent the Gu Ka and 
Kß lines, and stem from microscope hardware outside 
the analyzed area excited by scattered electrons and 
X-rays. 
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Fig. 3. Weight ratios of Fe/K show fluctuation pattern 
characteristic of dissipative structures if displayed as a 
function of distance (here in steps of 0.25 mm). For 
comparison, Br/K weight ratios show only "andom 
variation within limits of accuracy. 

found in the Fe/K and Fe/Br, but not in the Br/K ratios 
(Fig. 3). The fact that we did not pick up the small 
changes in bromide concentration superimposed on a 
high bromine background was anticipated. The 
unmistakable correlation between the dissipative struc­
tures and total Fe (ferroin-f ferriin) based on Fe/K and 
Fe/Br, on the other hand, indicates that the catalyst 
participates in the oscillatory reaction dynamics in a 
more profound manner than commonly envisaged. 
Although direct measurements of this kind have not 
been reported, nor are there model calculations which 
could be called closely relevant, the results on 
secondary participation in dissipative processes are in 
qualitative agreement with some recent theoretical 
advances.7»8) 

In closing we should like to make a few brief remarks 
about the experimental aspects, deemed so essential by 
Procaccia and Ross.5) We have invariably noted, even 
on the satisfactory samples, a slight broadening of the 
dissipative structures during the drying process. Such 
limitation of spatio-featural resolution could be circum­
vented by using an electron microscope equipped with a 
cryogenic stage. Additional advantages to consider in 
this respect a re : (1) the cumbersome drying procedure 
would be bypassed; (2) the frozen samples would be 
completely free of possible complications arising from 
different solubility of the oxidized and reduced form 
of the catalyst. With experimental methodology that 
does not depend on visual confirmation to the extent 
afforded by the ferroin-ferriin pair, the investigation of 
secondary participation effect could be extended to 
cerium and manganese catalysed reactions, for example, 
thereby allowing comparison, and promoting fuller 
theoretical explanation. 

Presented at the First Chemical Congress of the 
Pacific, co-sponsored by the American Chemical Society 
and the Chemical Society of J a p a n , held in Honolulu, 
Hawaii , April 1—6, 1979. Financial support was 
received from the U . S. National Academy of Sciences/ 
National Science Foundation. 
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Titanium electrode surface was chemically modified with an aminosilane. The potential of the electrode 
was shifted to the negative direction by a reaction of fluorescein isothiocyanate in solution with the amine on the 
electrode surface. The absorption and emission spectra were measured for the fluorescein isothiocyanate, fixed by 
the reaction with the aminosilane which was chemically bound on the surfaces of tin oxide, titanium oxide and 
quartz, in solutions and in air. In an alkaline solution, the absorption and emission spectra showed the band 
ascribable to the dianion of the fluorescein. A peak, attributable to the monoanion, was observed in both absorp­
tion and emission spectra measured for the samples kept in air. The surface coverage of the dye was estimated from 
the absorbances to be about 10~6 mol m - 2 for both tin oxide and quartz. The bound dye fluoresced under exposure 
to ultraviolet light, due probably to the energy transfer from tin oxide to the dye. 

Recently, immobilization techniques of organic 
molecules on inorganic substrates have been extensively 
developed by several groups in relation to electro­
chemical studies.1-4) 

In previous papers, we have described the electrode 
potential changes arising from antigen-antibody and 
enzyme-enzyme inhibitor reactions which take place on 
the electrode surface and proposed an electrical double 
layer model for the interpretation of these potential 
changes.5-7) The applicability of such a Potentiometrie 
method to the analysis of very small quantities of 
biological substances in solutions has also been pointed 
out. 

Numerous studies on surface potentials have so far 
been made for liquid-gas and solid-gas interfaces, but 
few Potentiometrie investigations have been made for 
solid-liquid interface.8) The adsorptions of ions and 
molecules on the electrode surface are known to influence 
the electrode potential in solution. In cases where the 
solid surface has an active site interacting only with a 
particular substance, as in the case of antigen-antibody 
reactions mentioned above, the surface potential of the 
solid may change specifically by the interaction. In 
order to elucidate the relationship between the molecular 
interaction at an electrode surface and the resultant 
potential change, the surface reaction of an amine 
chemically bonded on inorganic substrates with 
fluorescein isothiocyanate was studied by both Potentio­
metrie and spectroscopic methods. The related physico-
chemical properties of solid surfaces have also been 
investigated. 

Exper imenta l 

Materials. (3-Aminopropyl)triethoxysilane (KBE903) 
and methyltrimethoxysilane (KBM13) from Shinetsu Chemi­
cal Go. were used without further purification. Special 
grade toluene was shaken with concentrated sulfuric acid, 
dried over anhydrous calcium chloride for 1 d, and distilled. 
Fluorescein isothiocyanate (isothiocyanatofluorescein) isomer 
1, abbreviated as FITG, from Sigma Chemical Go. and 

fluorescein from Wako Pure Chemical Industries Ltd. were 
used without further purification. 

Preparation of Modified Titanium Electrode. The tip of a 
titanium wire was heated at about 1000 °G so as to produce 
thin oxide film on the surface. Silanization of the heat-treated 
tip was carried out by a method based on Murray's9»10) as 
follows. The titanium wire was allowed to stand in an 
oven at 200 °G for 1 h, the tip was immersed into a 10% 
toluene solution of (3-aminopropyl)triethoxysilane and the 
solution was refluxed for 17 h. The tip thus aminosilanized 
was washed successively with toluene, acetone and distilled 
water, and attached to a glass tube with epoxy resin as il­
lustrated in Fig. la. The electrode thus formed was heated 
at 80 °G for 1 h to harden the epoxy resin. 

Ti02 wire 

Aminosilanized 
electrode 

Glasstube 
Epoxy resin 

Amine 

/ Magnetic \ 
stirrer 

(a) (b) 

** Present address: Toray Research Center, 
Industries Inc., Sonoyama, 3, Otsu 520. 

Toray 

Fig. 1. Aminosilanized titanium electrode (a), and the 
apparatus for measuring the electrode potential (b). 

The reference electrode was similarly prepared by treating 
the heat-treated wire with a 10% toluene solution of methyl­
trimethoxysilane for 17 h at 20 °G. 

Silanization and FITC Modification of Tin Oxide Film, Quartz 
and Titanium Oxide Powder. Glass slides coated with tin 
oxide film were obtained from Hiraoka Glass Go. The tin 
oxide surface was wiped with a piece of soft cloth damped 
with commercially available anionic detergent. The glass 
was then successively washed in an ultrasonic cleaning bath 
with the washing agent solution for 30 min, distilled water 
for 10 min, isopropyl alcohol for 10 min and distilled water 
for 30 min, and soaked in 10 M ( 1 M = 1 mol dm - 3) sodium 
hydroxide solution for 17 h following the method used by 
Kuwana et al.11) Washed with distilled water in the ultrasonic 
bath, the glass was dried in an oven for 1 h at 150 °G. Ghemi-
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cal modification of the tin oxide film was performed by the 
same method as that used for the preparation of titanium 
electrode. 

In order to prepare the FITG bound tin oxide for the 
spectroscopic measurements, the tin oxide film modified with 
the aminosilane was allowed to react with 4 . 4 x l O - 4 M 
FITG solution of 0.05 M carbonate-hydrogencarbonate 
buffer, pH 10.4, at 5 °G overnight. An ES grade quartz 
plate from Japan Quartz Go. was modified according to the 
same method as that for the tin oxide film described above. 

The coupling reaction of (3-aminopropyl)triethoxysilane to 
titanium oxide (rutile) powder, purchased from Merck Go., 
was performed in the same manner. The aminosilanized 
powder and ca. 2 mg of FITG were added at once to 30 ml of 
a 0.05 M carbonate-hydrogencarbonate buffer solution, 
pH 10.4, cooled at 4 °G to prevent the degradation of FITG 
and allowed to stand overnight. The modified powder was 
then washed with distilled water in an ultrasonic bath for 
10 min and spread on a piece of filter paper and dried for 4 d. 

Measurement of the Electrode Potential. The electrical 
potential between the modified and the reference electrodes 
was measured in a 30 ml reaction vessel at 20 °G by using a 
Takedariken TR 84M vibrating reed electrometer in the 
same manner as described elsewhere (Fig. lb).5»6) 

Spectroscopic Measurement. The absorption spectra of 
the modified tin oxide film and quartz plate in air were 
measured by use of a single beam UV-visible spectrophoto­
meter equipped with a photon counting system.12) A 
Shimadzu MPS-50L UV-visible spectrophotometer was used 
to measure the spectra of the powder and the samples in 
solution. 

The emission spectra were measured by using two Nippon 
Jarrell-Ash JE 25 monochromators having a focal length of 25 
cm, a Hamamatsu R136 photomultiplier and an NF LI 573 
lock-in amplifier together with a PAR 125A light chopper. 
The samples were excited with light of 465 nm in wavelength 
incident at an angle of 75° with the line normal to the sample 
face. The emission spectra were not corrected for the response 
of the monitring system. 

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

Reaction with FITC. Figure 2 shows the change 
of potential with t ime in the aminosilanized t i tanium 
electrode by reaction with F ITG. When the solution 
was replaced with a simple buffer solution (containing 
no F I T C ) at a t ime designated by X in curve a in Fig. 2, 
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bo 
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FITC 
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[• \ . 
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a ^ — 

1 L_ 

X 

1 _j 
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30 40 

Fig. 2. The change of potential of the aminosilanized 
titanium electrode caused by the addition of FITG solu­
tion. The concentrations of the FITG were 2.1 X 10~4 

M for curve a and 7.0xlO~5M for curve b. The 
arrow X indicates the replacement of the solution with 
a buffer solution. 

the potential held the same value as that before the 
replacement. The magnitude of change in potential was 
roughly exponential suggesting the first order kinetics 
of the reaction between the electrode and FITG. This 
kinetic result is reasonable because the number of 
F I T G molecules in the solution is remarkably larger 
than that of the amino groups on the electrode surface. 
T h e concentration of F I T G in the vessel was 2.1 X 10 - 4 

M for curve a and 7.0 X 10~5 M for curve b in Fig. 2. 
T h e rate of potential change was nearly proportional 
to the F I T G concentration. Zanker and Peter have 
shown that fluorescein exists as a dianion in an alkaline 
solution of pH>7.1 3> The negative potential change 
observed can be explained by the at tachment of dianion 
on the electrode surface. 

T h e vibrating reed electrometer used has the time 
response less than 0.1 s and the input impedance of 

or more. The observed change in potential as 
shown in Fig. 2 is too slow to be explained by the change 
in the redox level of the solution by the addition of 
F I T G . In addition, the potential induced by the 
reactant is unchanged by replacement of the solution 
with a simple buffer solution and remained the same 
for a long time (Fig. 2a), indicating that the observed 
potential change is caused by the irreversible reaction 
on the surface, not by the electrochemical properties 
of the bulk solution. T h e impedance yielding the 
potential for the immuno-electrode was measured to be 
the order of 109fî,5> suggesting an existence of highly 
insulating layer at the interface between electrode and 
solution. The potential observed is, therefore, under­
stood by taking into account a surface potential formed 
by the F ITG, and other ions bound on the electrode 
surface. 

2 3 
x 

§ ? 

< l h 

400 450 500 
Wavelength/nm 

Fig. 3. The absorption spectra of FITG bound on a 
tin oxide film measured in air (a) and of fluorescein in 
aqueous solution of pH 5.7 (b) and pH 10.4 (c). The 
absorption intensities for (b) and (c) are in arbitrary 
unit. 

T h e absorption spectrum of the aminosilanized tin 
oxide film that reacted with F I T G was studied for a 
sample immersed in the F I T G solution for 90 min 
followed by washing in the ultrasonic cleaning bath and 
drying (curve a of Fig. 3). Curves b and c in Fig. 3 
show the absorption spectra of fluorescein in aqueous 
solutions of p H 5.7 and 10.4, respectively. Since the 
F I T G bound on the surface maintains the jr-electron 
network of fluorescein, the absorption spectrum of the 
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bound FITG must be similar to those of fluorescein. 
Fluorescein in aqueous solutions is in various protolytic 
equilibria as shown below: 

cation neutral dianion 

The pH dependence of the absorption and emission 
spectra of fluorescein in aqueous solution was studied 
by several investigators.14-16) Martin and Lindqvist16) 
reported that a strong absorption at 491 nm (e=8.8x 
104) in the case of an alkaline solution can be identified 
to the dianion of fluorescein, and that the monoanion 
existing in a weak acid solution has bands at 475 nm 
(e=3.1 X 104) and at 437 nm. From these assignments 
the 465 and 500 nm bands of the FITC bound on SnOa 

can be reasonably assigned to the monoanion and the 
dianion of the fluorescein fragment bound on the solid. 

These electrical and spectroscopical results indicate 
that FITG has certainly reacted with the amino group 
on the modified solid surfaces as follows. 

-0;Si(CH2)3NH2 + FITC 

•0-Si(CHJ,NH-C-NH 

-0 s H00C 

Assuming that the molar extinction coefficient of the 
dianion peak of bound FITC is 8.8 X 104, equal to that 
of fluorescein dianion in alkaline solution, and that of 
the monoanion of bound FITC is 3.1 xlO4 at the 
absorption peak,16) the surface coverage of immobilized 
FITG on the tin oxide and the ratio of the monoanion 
to dianion can be roughly evaluated from the result 
in Fig. 3. The resultant coverage is 9.7 x 10-7 mol m~2 

and the ratio of monoanion to dianion is 1.2: 1, taking 
account of the fact that the absorbance at 465 nm is 
expressed by a superposition of the monoanion peak 
and the dianion tail. Similarly, the coverage on the 
quartz was estimated to be 6.7 x 10-7 mol m - 2 , very 
close to the result on tin oxide. Murray et a/.10) estimated 
from ESCA measurement that organosilanes are bound 
on the surface to a density of 1 to 2 X 10-6 mol m-2 on 
tin oxide and titanium oxide. Our coverages obtained 
are in good agreement with their values. 

In order to evaluate the reaction rate from absorption 
spectral measurements, the aminosilanized tin oxide 
film was immersed into a 4 . 4 x l 0 - 4 M FITG solution 
for various periods of time, and the absorption spectrum 
was measured in air. The optical density at the absorp­
tion maximum, 500 nm, of the bound FITC was 
1.07 X 10-3, 4.43 X 10-3, and 4.71 x 10~3 for the period of 
30, 90, and 1440 min, respectively, indicating that 
the reaction is completed mostly in 90 min, in agreement 
with the rate of change in electrode potential observed. 
It was confirmed spectrophotometrically that the FITC 
thus attached was not removed by washing with water 

Wavelength/nm 
Fig. 4. Absorption and emission spectra of FITC bound 

on a tin oxide film mesaured in alkaline solution of pH 
10.4 : (a) and (a'), and in air : (b) and (b'). 

or acetone in the ultrasonic bath for 10 min. In contrast, 
the tin oxide film which was not modified with organo-
silane did not show any sign of the absorption spectrum 
of FITC, indicating that the physical adsorption of 
FITC onto the tin oxide surface was negligible. 

Emission Spectra of the Bound Dye. Figure 4 shows 
the absorption and emission spectra of FITC bound on 
tin oxide film measured in air and in a carbonate-
hydrogencarbonate buffer solution of pH 10.4. In an 
alkaline solution of fluorescein, both the absorption 
peak at 493 nm and the emission peak at 515 nm were 
assigned to the monomeric dianion by Leonhardt et al.15> 
and Martin and Lindqvist.16) The equilibrium constant, 
pK, between the monoanion and the dianion was 
reported, from absorption measurement, to be 6.7.15'16) 
Therefore, the bound FITC is thought to exist mostly 
in the dianion form when in contact with the alkaline 
solution, so that the absorption and the emission bands 
observed in the alkaline solution (Fig. 4 curve a and a') 
are attributed to the dianion. As the emission band 
measured in air (Fig. 4, b') is considerably different 
from that measured in the alkaline solution, it is most 
reasonably assigned to the monoanion. In the case of 
titanium oxide powder or quartz used as the substrate, 
the bound TITC was found to have essentially the same 
absorption and emission spectra as those in the case 
of tinoxide film described above. 

In the case of FITC bound on a tin oxide film, an 
emission was observed by excitation with light of 313 nm 
from a mercury arc lamp. The emission peak was 
found at 517 nm in water and at 537 nm in air, 
ascribable to the dye dianion and monoanion, respec­
tively. As the absorption of the dye is very weak at 
around 313 nm, and the photon energy at 313 nm is 
much higher than the band gap, 3.2 eV, of tin oxide, 
the ocurrence of the emission from the bound FITC 
can only be explained by the excitation of the tin oxide 
from the valence band to the conduction band followed 
by the energy transfer from tin oxide to the dye. A 
similar energy transfer process was pointed out for the 
system of fluorescein adsorbed on zinc sulfide and zinc 
oxide crystals by Lendvay.17) 
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Theoretical Treatment of Solvent Effects on the Frequency 
Shifts of Electronic Spectra of Anions 
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A theoretical expression for the spectral solvent shifts of an anion has been presented by assuming the system 
to consist of a large anion, its counter cations, and numerous solvent molecules. In the zeroth-order all the com­
ponent particles in the system do not interact with one another. The interaction energy among the particles for the 
zth-excited state of the system, in which only the anion is in the /th-excited state, is calculated by the second-order 
perturbation treatment as the sum of electrostatic interaction energies between pairs of particles. The expression 
derived from the difference between the interaction energies of the ground and excited states of the system contains 
the dipole-dipole and dipole-induced dipole interaction terms and the dispersion force terms and is somewhat 
different from the previous results for neutral solutes [Bull. Chem. Soc. Jpn., 38, 1314 (1965)). Effects of the counter 
cations are discussed. This expression is applied to the spectral shifts of an Eosin-Y2~ anion, a Meisenheimer 
complex, and Janovsky complexes. 

Many theories have hitherto been proposed for 
spectral solvent shifts of neutral organic molecules.1) 
There are, however, only a few theories relating to 

V 

anions.2»3) Miertus and Kysel2) have calculated frequen­
cies of some anion radicals in solvents by incorporating 
the solvent effects into the Hamil tonian operator for 
the radicals in the restricted SCF M O method. Hirano3) 
has extended McRae 's theory4) for neutral molecules to 
organic anions by considering the effects of their 
counter cations. Hirano has obtained a general expres­
sion involving no dipole-dipole and dipole-induced 
dipole interaction terms but only the dispersion force 
contribution. According to his theory, the effects of the 
counter cations can be ignored. 

In order to compare results with Hirano's expression, 
the author has at tempted to derive an expression for 
the spectral solvent shifts of anions on the basis of the 
previous theory5»6) for neutral molecules. The previous 
expressions5»6) will be somewhat improved. Moreover, 
an attempt has been made to clarify the similaritities 
and differences between McRae 's theory4) and the 
author's.5»6) 

Theoret ica l 

Model. Electronic spectra of solutions are 
generally measured at very low concentrations of 
solutes. Let us, therefore, consider a system consisting 
of a large anion ( AM~), its n counter cations (M+), and 
N identical neutral solvent molecules. The anion is 
not an anion radical or a small anion solvated by 
coordination of solvent molecules. The cations are 
monatomic. In the zeroth-order, all the component 
particles in the system do not interact with one another. 
Let us consider the ion-pair formation between the 
anion and the n monovalent cations, because such 
formation is well-known. The solvent molecules are 
assumed to form no hydrogen bonds and no complexes 
with the anion and to have small enough dipole moments 
that they are not tightly oriented with respect to each 
other. For convenience, let the origin of the coordinates 
be the center of mass of the anion. In the spectral 
measurements of solutes in solutions, one usually 
chooses solvents that absorb light at much shorter 

wavelengths than the solutes do. The monovalent 
cations such as Na+ and K+ require transition energies 
considerably higher than those of the anion and the 
solvent molecule. One therefore assumes that the 
solvent molecules and the cations remain in their 
ground states when a transition from the ground state 
to the ith excited state occurs in the anion. 

The Wave Functions and Energies of the System. Let 
us write the ith. electronic state of the system in the 
zeroth-order as follows : 

0?=^n0§n0s- (i) 
c=l *=l 

Here the zeroth-order wave functions of <j>i, <j>%, and 05 
denote the ith state of the anion, the ground state of 
the cth counter cation, and the ground state of the 
j th solvent molecule, respectively. In the present paper, 
the suffices and shoulders of A, c and s denote the 
anion, the cth cation, and the sth solvent molecule, 
respectively. The ground state of the system is obtained 
by replacing i by 0 in Eq. 1. Let us assume orthonor-
mality for all the zeroth-order wave functions. 

The energy of the ith state of the system in which 
all the particles interact with one another can be 
written by the second-order perturbation theory as 

Et = E°+ W*\H'\0i) 

, v,(C*l^j(P?)(C*l^lC) m 

where E? is the unperturbed energy corresponding to 
0°, E£ is an unperturbed energy of the mth excited 
state of the system, and H' is the perturbation due to the 
interactions among the particles in the system. It may 
be sufficient to consider transitions only in the anion 
and the solvent molecules for the mth excited states of 
the system, because the cation requires much high 
transition energies, as mentioned above. 

A General Expression for the Spectral Solvent Shift. 
The transition energies from the ground state to the zth 
excited state of the anion in the vapor and in the 
solution are denoted by the frequencies of v°0 and vi0, 
respectively. The total interaction energy among the 
particles in the system of the ith state is obtained by 
(Et—Et) according to Eq. 1. The difference between 
(Ei—E°) and (E0—E%) is equal to that between 
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stabilization energies of the zth-excited and ground 
states of the anion in the solution, because all the 
counter cations and the solvent molecules are in their 
ground states in both the ground and fth-excited states 
of the system. The spectral solvent shift (vi0—-vtQ) of 
the anion is due to the difference between the stabiliza­
tion energies of the zth-excited and ground states of the 
anion. Accordingly, the spectral solvent shift is given 
by (\lh){(Ei-E?)-(E0-E°o)}, where h is the Planck 
constant. 

The Frank-Wen model7) has been accepted for 
hydration in aqueous solutions. However, solvation 
numbers of the large picrate anion in organic solvents 
such as methanol, acetone, acetonitrile, and 1,2-
dichloroethane are zero at 25 °C.8) As described above, 
the solvent molecules are assumed not to be oriented 
with respect to each other. The value of (Ei—E°) for 
the large anion may, therefore, be averaged over all 
orientations of all the solvent molecules. Thus , one 
obtains the following expression for the spectral solvent 
shift: 

V|. " "Ï0 = X « E i ~ E°i > a v - <£<> - £o° > a v } , (3) 

where < > a v denotes the average over all orientations 
of all the solvent molecules. 

An Expression for the Perturbation ofH'. According 
to Böttcher et a/.,9> the general expression for the electro­
static interaction energy W12 between two unpolarizable 
particles denoted by 1 and 2 is written as 

W„ = 
1 

^ - ( ß i A - O o » ! ) - ^ -Ane0 [ R 

- (0.102 - P1P2 + O20i):ri2 (4) 

where e0 is the permittivity of vacuum, 0.i>Pi> a n c* #i are 
the electric charge, permanent dipole moment , and 
quadrupole moment of particle 1, respectively, and R1Z 

is the distance between the centers of masses of the two 
particles. Here T12 is the charge-quadrupole and 
dipole-dipole interaction tensor of R~il(I— 3R~ilRnRii) 
where / is a unit tensor and Ä12, the position vector 
from 1 to 2. The dipole and quadrupole moments of the 
monatomic cation are zero. 

O n the assumption of the two-body interaction 
among the particles in the system, one can write H' as 

H> = H'k% + H'M + H'ss + H'QS + H'c (5) 

Here HAS> H'kc, H'%%, / / ' c s , and H'cc are perturbations 
due to the anion-solvent, anion-cation, solvent-solvent, 
cation-solvent, and cation-cation interactions, respec­
tively. From Eq. 4, these perturbations can be 
written as follows : 

m, = ^^J^XPs-Rs+neâg:TAs+PA.TAg.P>) (6) 

1 A 

AS 47ie0^{{Rr 

H' = 
4rnet 

S{-f + i 3 X * A - * c - ^ : T A c } (7) 

H*-iLm*''T«'*< (8) 

"»-^SSt m. 
1 

XPsRct- ed°:Tc 

one0 c=i d=iJicd 

(9) 

(10) 

Here e is the elementary charge, a ripple mark denotes 
an operator, Rs and Rc are the distances from the anion 
to the sth solvent molecule and the ctb. cation, respective­
ly, Rst is the distance from the sth solvent molecule 
to the tth solvent one, and Rcd, the distance from the 
cth cation to the dth. cation. 

Average Values of the Second and Third Terms in Eq. 2. 
Using Eqs. 5—10, one can calculate average values of 
the second and third terms on the right hand side of 
Eq. 2 as below. Here the suffix of double zeros, such 
as pQ0 and 0OO, denotes the moment of the ground state, 
and pa and 0„ denote the dipole and quadrupole 
moments of the zth state. All the dipole moments of 
the solvent molecules are the same as pl0. 

In the calculation of <CEi—E°^>av, one may always 
neglect terms containing powers higher than the sixth 
power of 1 jRy because contributions of these terms to the 
whole are probably negligible. Moreover, for con­
venience one writes only terms contributing to the 
frequency shift. The terms are restricted to those 
surviving through the calculation of <CEi—Ei^>av — 
<CE0—E^>AW. Common terms appearing in both 
^Eo—Eo^^y and <C£i — i ? °> a v will vanish through 
the calculation and may be omitted in the expression of 
<Et—EÏ>av. In the calculation of <Ei—E°i>av, the 
Boltzmann factor for the ground state of the system 
is applied even to the distribution of orientations of 
solvent molecules for the zth-excited state of the system, 
because the electronic transition in the anion is much 
faster than reorientations of the solvent molecules 
according to the Franck-Gondon principle. 

Paying attention to the assumption of orthonormality 
for all the zeroth-order wave functions, one obtains 

WW) 
= it0M ( i x **'*•+ ^ : T - + * * • * • " • * . } 

+ ̂ M-i + ikXPti'Rc-eâtilT-} 
o7ie0 «=i t=i 

1 n JV 

4?ren 

îlîll-é-X Ploies+ e0'oo:Tj 

1 n n pi 

+ —— Y\ JL] 87te0 c=i d=i Rcd 
(n; 

Then one obtains 

<(0?* | / / ' |0?)>av 

= < ( ( P ? * | ^ s | C ) exp{-(C*| / / / | (PS)/A:r}> a v 

+ (0?*l-^c|0?) 

+ <(0?*|"ss|<Z>?) exp{-((P2*|//'|(5S)/A:r}>av 

+ < ( 0 ? * | ^ s | C ) exp{-((PS*| / / ' | ( po ) / Â . r } > a v 

+ (0?*|//£clC)> (12) 



February, 1981] Theory of Spectral Solvent Shifts of Anions 329 

where k is the Boltzmann constant and T is the thermo­
dynamic temperature. For example, calculation of the 
first term on the right hand side of Eq. 12 is performed 
first by expanding the exponential part in a Taylor 
series and then by averaging all the resulting terms over 
all orientations of the solvent molecules. Thus one 
obtains 

< (0?* | / / ' | 0 ? )> a 

1 
(47ze0)

2kTs=i 
S < (jtf0 • TAs .pj0) (J,A . TAS.PS0) > a , 

+iâf£x^-*-^:r-} 
3(47ze°)2kT &R* 

+ 4ne( •à { ^ - « * - } • (13) 

In view of the mode of transition from the fth 
state to the mth-excited state, the average value of 
/ = < 2 ( « ; * | f l r / | « ) ( « * | / / / | ^ ) / ( £ ? - £ i ) > a v is calcu-

lated as the sum of three values, i.e., 7 = / 1 + / 2 + / 3 . 
Each value results from a different mode of transition 
and is calculated individually in the manner described 
below. 

The first case is a transition mode in which the anion 
is excited from the ith-excited state to the j th-excited 
state and all the other particles remain in their ground 
states: Let us denote the average of all values of 
(Ej—EA) by AEA, where EA is the energy of the 7th 
state (0j) of the anion except for j=i. In this case one 
obtains EÏ-E°m=E\-EA and 

(C*l# ' |0?) 

=ia*' *»•*+-ÛTÂ B? -^ r4(14) 

where ph={<t>\*\pk\i>j) and 6}j =tfA
t\9

A\W). Here 
one denotes an isotropic electric polarizability of the 
anion in the ith state by a ft = (2/3) 2 flpft> |2/4:w-0A£4) 

in the units of m3. Then one obtains 

h = - < 2 
s** 

— (C*l# ' |0?) 2 exp { - W*\H'\®l)lkT}>„ 

-£(4^Ws<(p«-r^)2>* 

47re0 e l ÄJ 

' i j • •* Ac 

(4««é)»A£f F S l à ( ^ - • * = ' - ) } " • <i5> 
The second case is a transition mode in which the 

anion remains in the ith state and one of the N solvent 
molecules is excited to the /th-excited state: Let us 
write the average of all values of (Ef—El) as AEl, 
where El and Ef are energies of the ground and /th-
excited states, respectively, of the solvent molecule. 

One obtains E°i-E°m=El-Es
l and 

1 N ine 1 

l N N 

+ 0— -miP l i -Tn-P io 
OTISQ * = l t = l 

-iàM^+^î- (16) 

Then one obtains 

1 " 
= ~ (4ne0fAEl M S < ( P " ' T**-*ß«*t>« 

_ _ IP»; aoo vn J_ 
47re0 AiAJ' 

(17) 

where a %0 is the isotropic electric polarizability of the 
solvent molecule in the ground state. 

When any two of the N solvent molecules are simul­
taneously excited, no terms contributing to the frequency 

shift appear, because ( C * l ^ / | ^ ? ) = ( l / 8 7 r e 0 ) 2 2 Por 

Tst'Poi in this case. When more than two of the 
solvent molecules are simultaneously excited, 
( d * | / / ' | 0 ? ) is always zero according to Eqs. 5—10. 

The third case is a transition mode in which the anion 
in the ith state and one of the N solvent molecules in the 
ground states are simultaneously excited: Since 
EÏ-E^EÎ-EÏ+EÎ-E? and 

(0»\H'\0i) = J-^p^T^.p^ (18) 

in this case, one obtains 

13 ~ (4ne0)*(AEl+AEt) 

<%&(&*•*»'*>)'>* 

2(AEl+AEf) S Ä ; - (19) 

Simultaneous excitations of more than two of the N 
solvent molecules together with the excitation of the 
anion lead to ( C * I # ' | 0 ? ) = O . 

An Expression for vi0. From Eqs. 3, 13, 15, 17, 
and 19, one obtains 

h(vi0 — vto) 

- 4̂ c?x vrw u Ac/ " \ W âoo'TAc)] 

+ (4** ̂ «&a{W-*='-)}* 
AEîhxkrw^ ffij- A 

, 2(/>g0)H(/>.A,)a-(P,A,-P^)>f, 1 
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, (/>g„)2K,-«A
t)ff 1 , «§,(&-#,) f, 1 

4^re0 «iiÄJ 4jte0 stiÄJ 

3 f A£0
sA£0

A«g,«,A0 

^ 2 1 A£§+A£0
A A£5+A£; H Si?- (20) 

Both the first and second terms on the right hand side 
of Eq. 20 are due to the anion-cation interactions and 
are independent of the solvent. The second term is 
probably much smaller than the first, because the 
former contains coefficients of the sixth power of 1 jRc, 
while coefficients of the latter are of the third power. 
The second term may therefore be ignored. The third, 
fourth, fifth and sixth terms are due to the anion dipole­
solvent dipole interactions, the solvent dipole-anion 
induced dipole ones, the anion dipole-solvent induced 
dipole ones, and the anion-solvent dispersion forces, 
respectively. All these terms relating to the solvent 
contain coefficients of Rj*. Therefore, the solvent 
molecules mainly contributing to the frequency shift 
are attributed to those around the anion. Here one 
may approximately consider only the closely neighboring 
solvent molecules. According to the previous 
treatment,5»6) this approximation leads to 

N 

I] i * ! 
« x (^VfH-V (21) 

where JVA is Avogadro's number , rA and ra are radii 
of the anion and the solvent molecule, respectively, 
and ds and Aff, the relative density and molecular 
weight, respectively, of the solvent. For example, rs is 
given by 

_( 3M? y I* 
rs-\4nNAd*) • 

Thus, Eq. 20 is reduced to 

(22) 

»„ = »„ +Ax K + r g ) 4 +Bx ( fA+rg)4 , 

(23) 

where 

+ ( » Ä . - t f f t ) : ( / - ^ Ä . Ä , (24) 

A= — 
— T*£ 3(4ne0)*kT 

(«ob—«ft)1 
4ne0 y 

(25) 

and 

B 
h \ 3 / L 4^o 

3 / A£oAa0
Ao__ AEMi _\^\ ( m 

~*~ 2 * \1 + AESIAEl 1 + AEtlAEl))' K } 

Although AEt varies with the solvent, AEt is for 
convenience replaced by the average AEl of values of 
AEo in Eq. 26. Then, A and B may be approximately 
characteristic of the anion. Equation 24 indicates that 
vio is independent of the solvent. According to Eq. 23, 
therefore, values of vio, A, and B can be estimated by 
the least-squares method from experimental frequencies 
of the anion in several solutions. From Eq. 24, effects 

of the ion pairings between the anion and its cations 
are shown by the second term in Eq. 24 and can be 
regarded as being involved at a constant magnitude 
in the experimental frequency (vi0). 

D i s c u s s i o n 

As shown by Eq. 20, the solvent shift is due to the 
dipole-dipole interactions, the induced dipole-dipole 
ones, and the dispersion forces between the anion and 
the solvent molecules, because the first and second terms 
are independent of the solvent. O n the other hand, 
Hirano's expression for the same shift involves only 
the dispersion force terms.3) The essential difference 
between the present treatment and Hirano's seems to 
arise from the different results of calculations of the 
first- and second-order terms of Eq. 2. Moreover, 
according to Hirano, the effects of the counter cations 
on the frequency shift can be approximately ignored, 
while in the present treatment the effects are included 
approximately at a constant magnitude in the experi­
mental frequency. The difference may be attributed 
to the operation of averaging over all orientations of the 
counter cations. Hirano has performed this operation; 
it is not done in the present treatment. 

Equation 23 can be applied not only to the large 
anions but also to neutral molecules, because the 
effects of charge of the anion are not involved in Eqs. 25 
and 26 and vio is equal to v°i0 in the absence of the 
counter cations. The previous expressions5»6) have been 
derived from assuming van der Waals ' equation at the 
beginning for interactions between the neutral solute 
molecule in the zth state and the solvent molecules. 
The present t reatment is the theoretical basis of the 
previous theory:5»6) If the first and second terms are 
omitted and (poo'Pu) is replaced by (pu)2 in Eq. 20, 
Eq. 20 is essentially the same as the previous expressions. 
Accordingly, the previous expressions can be derived 
in the same way as in the present treatment, if the 
Boltzmann factor of exp {— (0?*|// ' |0?)/A;:r} is used 
instead of that of exp {-(Qo

0*\H'\QÏ)lkT} for the ith-
excited state of the system. This leads to the conclusion 
that the Franck-Condon principle has not been con­
sidered in the previous expressions. When the principle 
is considered in the previous expressions,5»6) the value 
of (pu)2 appearing in the solute dipole-solvent dipole 
interaction terms should be replaced by (poo'Pu)-

In McRae 's theory4) the Hamiltonian operator in 
Eq. 2 consists of instantaneous dipole-dipole interactions 
between two neutral molecules in the system. In the 
case of the neutral solute molecule (U), H' is written 
from Eq. 4 as 

/ / ' = X J p u . 7 V p * . (27) 

Equation 27 is the dipole-dipole interaction operator. 
Accordingly, the previous treatment5»6) is fundamentally 
similar to that of McRae , as also described by Amos 
and Burrows.13) An essential difference between 
McRae ' s theory4) and that of the present author lies 
in the following point: In McRae 's theory the second 
and third terms in Eq. 2 have been concretely calculated 
by using reaction fields of the Onsager type,10) while 
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in the present treatment these terms have been con­
sistently obtained in terms of the two-body interactions 
among the particles of the system. Although the value 
of local relative permittivity in the neighborhood of the 
solute differs from that of the bulk relative permittivity 
of the solvent, the local permittivity is not considered 
at all in deriving the Onsager reaction field. In order 
to consider the local permittivity, the Block-Walker 
reaction field11) should be used instead of the Onsager 
one in McRae 's theory for the neutral molecule. For 
the description of experimental results for solvent effects 
on several phenomena, the Block-Walker reaction field 
is much superior to the Onsager one.12) In McRae 's 
theory,4) another problem arises due to the following 
assumption: A time average of a square field at the 
solute dipole owing to the presence of permanent 
dipoles of surrounding solvent molecules is arbitrarily 
assumed to be equal to three times the squared value 
of the reaction field. O n the other hand, the present 
treatment is not accompanied by such problems, 
because the relative permittivity and the reaction field 
are not used. 

Hirano3) has extended McRae 's theory for the 
neutral molecule to the anion, using the Onsager 
reaction field. Both the Onsager reaction field and the 
Block-Walker one are derived from the assumption that 
the solute molecule has no excess charge and from solving 
Laplace equations. These reaction fields can not be 
applied to the anion, because a reaction field for the 
anion must be derived by solving a Poisson equation. 
Instead of the Onsager reaction field, the Kirkwood 
reaction field13»14) consisting of the Born charging 
energy15) and the Onsager reaction field should be used 
for the anion, but this field is also derived after neglecting 
the local relative permittivity. Beveridge and 
Schnuelle14) have theoretically treated the polarization 
energy of a charged solute and have presented a general 
expression definitely containing the local relative 
permittivity. One, however, finds difficulty in applying 
the expression, because it is hard to determine values of 
the local relative permittivity and thickness of a local 
solvent shell. These values are necessary for applying 
the expression. Thus, the solvent shift of the anion has 
been studied by the present treatment. 

In the present calculation of the interaction energies 
between the solute and the solvent molecules, a serious 
problem arises from the evaluation of the " average 
energies" such as AEo, AE$, and AEl I t is found that 
AEQ and AEl are approximately equal to ionization 
potentials (/<> and II) of the solute and solvent mole­
cules, respectively, in their ground states.16) The 
replacement of the average energy by the ionization 
potential has not been justified theoretically. la»17) At 
the present stage, however, there is no approach to this 
problem other than the replacement. The value of 
AEi may be replaced by Ii=Io—hcv?0 as in the 
previous papers,5»6) where c is the speed of light in vacuo 
and It, an ionization potential of the anion in the zth 
state. Amos and Burrows13»17) have stated that approxi­
mately the same average energies should be taken for 
both the ground and excited states. So far as the 
average energy is assumed to be approximated by the 

ionization potential, the assumption of Ii=Io — hcvïo is 
valid for a low-lying excited state : The energy of the 
ground state of the solute molecule is denoted by E(W0). 
The energy of the fth-excited state (MPi0) resulting from 
a transition of an electron from the highest occupied 
M O (0O) to the ith vacant M O (<pt) is written as 

E(Wi0) = E(W0) + hcv°i0. (28) 

According to Roothaan,18) a singly ionized state (2W0) 
obtained by removing either of the two electrons 
occupying <fi0 has an energy given by 

E(W0) = E?¥0) - e0(¥o) = £(HF0) + 'o, (29) 
where e0(^o) l s t n e energy of ^0 , and I0 is the ionization 
potential of the ground state of the molecule. From 
Eqs. 28 and 29, one can write the ionization potential of 
MFio as 

/ , = E(W0) - E(Wi0) = /0 - hcv°i0. (30) 

If the anion is small and is solvated by coordination 
of the solvent molecules, the second and third terms in 
Eq. 2 must be calculated without the operation of 
averaging over all the orientations of all the solvent 
molecules. Of course, Eq. 23 can not be applied to 
such a small anion. In the case of a small solvated 
anion, one may calculate the second and third terms by 
considering only the solvating solvent molecules 
surrounding the anion. 

Since a molecule generally has a dipole moment 
larger than its quadrupole moment, Eq. 24 may be 
approximated by 

p{o = »io+ Avc> (31) 
where 

Here Avc is a frequency shift due to the ion pairings 
between the anion and its counter cations. Equation 32 
shows that Avc becomes smaller with increasing values 
of Rc, i.e., with an increasing radius of the cation. As 
described above, Ai>0 is contained in the experimental 
frequency (*>i0). Consequently, as the radius of cation 
increases in the same solvent, a wavelength correspond­
ing to Vio will shift to the red if (pu — pèo) - Ä c > 0 , 
because AvG decreases in this case. If (pu — Poo ) • Ä c < 05 

the shift of the wavelength will be toward the blue, 
because Ar c increases. Because of the negative charge, 
the dipole moment of the anion varies with the way of 
setting the origin of the coordinates,19) and often takes 
a minus sign, as exemplified below. Accordingly, the 
minus sign as well as a plus one must be considered 
for values of poo and pu which satisfy an inequality of 
(ph —Poo )'RC^0. Such red shifts seem to be seen 
in the cases of xanthene and thioxanthene in 2-methyl-
tetrahydrofuran.20) For example, xanthene shows 
absorption maxima at 413, 436, 470, and 482 nm owing 
to the ion pairings with Li+, Na+, K+, and Cs+, respec­
tively.20) 

The ion pairings of 4,4-dimethoxy-l,3,5-trinitro-2,5-
cyclohexadienide anion with (n-C4H9)4N+, Na+, Ca2+, 
and Ba2+ in methanol show the first bands at 480, 490, 
490, and 500 nm, respectively, and the second bands at 
418, 412, 404, and 405 nm, respectively.21) The first 
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and second bands tend to shift to the red and to the 
blue, respectively, with an increasing radius of the 
cation. In the solution the counter cation is probably 
held by the four oxygen atoms of two methoxyl groups 
and two nitro groups on the 3,5-positions.21) Moreover, 
a symmetrical structure of crystalline potassium salt 
of the anion has been determined by the X-ray 
method.22) In view of the symmetrical structure of the 
ion pair between the anion and its cation, all poo, Pu, 
and Rc probably lie along the same axis of the C2v-
symmetry. In the anion, the position vector of the center 
of negative-charge distribution is much greater in 
magnitude than that of the positive-charge distribution, 
though the former magnitude depends on the way of 
setting the origin. The dipole moment of the anion may, 
therefore, be in the direction opposite to that of the 
neutral molecule. One may, therefore, assume that 
pèo and pu are in the opposite direction of Rc in this 
case. Consequently, one obtains inequalities of Pèo^>Pti 
and Pu>Poo from the red and blue shifts, respectively. 
Thus, the dipole moment of the ground state of the 
anion may be larger than that of the first-excited state 
but may be smaller than that of the second-excited state. 

Equation 32 also shows that, in the case of the same 
solvent, the shift does not vary with the cation if Poo—0 
and Ph-0 or if P£0~Pu. Such behavior seems to 
appear in the case of the triiodide anion.23) The first 
arid second excited states of the triiodide anion as well 
as its ground state are likely to be nonpolar since their 
structures consist of three identical iodine atoms. For 
example, the triiodide anion in diethyl ether shows the 
first absorption bands at 366.5, 366.7, and 366.4 n m 
owing to the ion pairings with (C2H5)4N+, (C2H5)3AsI+, 
and Cs+, respectively.23) 

In applying Eq. 23, it is convenient to use a wave 
number ai0 instead of vi0, because the former is calcu­
lated with somewhat greater ease than the latter from 
the Xio wavelength observed. Then, vU and v°i0 are 
replaced by tf-0 and o°i0. The value of Xi0 measured 
with a spectrophotometer is not a wavelength in the 
solution but is approximately converted into a wave­
length in vacuo. In Eq. 23, therefore, vi0 can be replaced 
by cai0. If Aio is a value in the solution, vi0 should be 
replaced by {cjn^)ai0, where ns is the refractive index 
of the solvent. 

Appl icat ions 

All the dipole moments and polarizabilities of the 
anion and the solvent molecule in Eqs. 23—26 are 
values measured in vapors, because in the zeroth-order 
approximation all the particles in the system are 
assumed not to interact with one another. In applying 
Eq. 23, the temperature was always assumed to be 
20 °C and the dipole moments (pl0) of the solvent 
molecules in vapors were taken from Refs. 24 and 25. 
Dipole moments of iV,7V-dimethylformamide, N,N-
dimethylacetamide, dimethyl sulfoxide, 1,2-dimethoxy-
ethane and diethyloxalate were values measured in 
benzene,26) since their moments in vapors were not 
found. Values of ocoo were calculated from sums of bond 
refractions. Unfortunately, few systematic experi-
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Fig. 1. Correlation of <ri0f calcd 

band of Eosin-Y2- anion. 
with ai0t ob8d for the first 

mental studies have been reported on the spectral 
solvent shifts of anions. 

Eosin-Y2- Anion. Values used for ai0 of Eosin-
Y2~ were those measured by Hirano.3) He did not 
report the kind of counter cation used. The value of rA 

was assumed to be 0.56 nm from the molecular volume 
(0.7—0.8 nm3) estimated in footnote 25 in Ref. 3. These 
results were obtained: o'i0= 18990 cm"1 , .4=5 .60X 1012 

J - 1 m2 , and B= —5.75 X 10 - 6 m2. The frequencies 
(aio.caicd) calculated by using these values are plotted 
in Fig. 1 against the îo.obsd observed. The correlation 
of Scaled with ffio.obsd is as good as that in the applica­
tion of Hirano.3) The value of o'iQ is smaller than 
that of o°l0 (19300 cm - 1 ) obtained by Hirano, though 
o'i0 is interpreted to involve a constant shift due to the 
ion pairings with cations. 

The Meisenheimer Complex of 1,3,5- Trinitrobenzene with 
Cyanide Ion. An application was made to spectral 
solvent shifts of the first and second absorption bands 
of the te trabütylammonium salt of 4-cyano-1,3,5-
trinitro-2,5-cyclohexadienide (l).27) The value of rA 

was assumed to be 0.44 n m from crystal data22) of the 
potassium salt of 4,4-dimethoxy-l,3,5-trinitro-2,5-cyclo-

Fig. 2. Correlations of <ri0t calcd with ai0 ob8d for the first 
(O) and second ( 0 ) bands of 1. 



February, 1981] Theory of Spectral Solvent Shifts of Anions 333 

hexadienide. These results were obtained: ^ „ = 1 8 2 0 0 
cm- 1 , 4 = - 9 . 3 2 x1t) 1 1 J " 1 ma , and £ = - 2 . 2 7 1 X 10"« 
m2 for the first band, and a'i0 =23260 cm"1 , A = 
- 1 . 1 5 3 X 1013 J " 1 m2, and £ = - 2 . 5 7 1 X 10~6 m2 for the 
second band. The frequencies calculated by using 
these values of (j'i0, A, and B are roughly correlated with 
these observed, as shown in Fig. 2. 

Putting the above values of A and B for the first 
band into Eqs. 25 and 26, respectively, one obtains 
the following equations : 

W o ) 2 - (POVPA<)> + 6.17x 10-" J x « - o f t ) 

= - 0 . 2 0 x 1 0 - * » J m3 (33) 

St* ) 2 _ U A ) n 1 5 x / A£0
A«0

A
0 _ AEMt \ 

iiPoo) ^ + L 5 ^ I + A £ A / A £ S 1 + AEÎIAËl) 

= - 7 7 . 4 9 x 1 0 - 4 9 J m3. (34) 

Generally, upon an electronic excitation from a ground 
state to an excited one, an increase in polarizability 
might be expected, because an orbital of the excited 
state is larger and more diffuse than that of the ground 
state. Actually, such increases in polarizabilities have 
been confirmed experimentally for several neutral 
molecules.28) An inequality of a A i>a A

0 may also be 
expected for the anion under consideration. Since 
(1 D e b y e ) 2 = 1 . 0 0 0 x l O - 4 9 J m 3 , - 7 7 . 4 9 x 10~49J m 3 in 
Eq. 34 is rather large. This large negative value is 
probably due not only to a A

f >a A
0 but also to \pu\^> 

\poo\, because AE% is larger than A£ A , according to 
Eq. 30, and the second term on the left hand side of 
Eq. 34 is probably not so large that the value can be 
attributed to it alone. O n the other hand, the absolute 
value of - 0 . 2 0 x l O - 4 9 J m 3 in Eq. 33 is relatively 
very small. This small negative value should be due to 
cancellation between the first and second terms on the 
left hand side of Eq. 33. This leads to the inequality of 
i(poo)2—(Poo'Pii)}>0, since a A

f >a A
0 . Changes in 

dipole moments between the ground and excited states 
of the anion are probably due to those of the ^-electron 
system of l,3,5-trinitro-2,4-pentadien-l-ide. I n view 
of the symmetric structure of the ^-electron system, 
both />Ao and pu are approximately in the same direc­
tion. Therefore, the inequality of {(poo ) 2 — (.Poo • Pu )} > 
0 comes probably from the relation of />A

0>0 and 0 > 
piU since | pu | > | /$„ | . Thus, the positive dipole 
moment of the ground state of 1 is larger than the 
negative dipole moment of the first-excited state, while 
the absolute value of the latter is larger than the former. 
In a similar way the relative large values of both A and 
B for the second band lead to the opposite conclusion, 
that the dipole moment of the second-excited state is 
larger than that of the ground state. 

These conclusions are supported by the results 
(poo^>pu (the first-excited state) and poo<Cpu (the 
second-excited state)) obtained above from the red and 
blue shifts due to the ion pairings of 4,4-dimethoxy-1,3,5-
trinitro-2,5-cyclohexadienide anion, because the changes 
in the dipole moments between the ground and excited 
states of both the anions can be attr ibuted approxi­
mately to those of the same 7r-electron system of 1,3,5-
trinitro-2,4-pentadien-1 -ide. 

The conclusions obtained above from the spectral 
solvent shifts of 1 are also supported by calculating the 

dipole moments of the ^-electron system. Hosoya et al.29) 
have reported the SGF M O ' s and atomic coordinates 
for the ^-electron system of l,3,5-trinitro-2,4-pentadien-
1-ide anion. Using their MO' s and coordinates, one 
obtains the dipole moments of —7.2, —12.2, and —0.8 
Debyes for the ground, first-excited, and second-excited 
states, respectively, of the ^-electron system in the same 
direction of the y axis (the axis of C2 v symmetry). 
W h e n the values of these dipole moments are divided 
by — e, centers of negative-charge distributions may be 
approximately obtained, because the magnitude of the 
position vector of the center of the negative-charge 
distribution is much greater than that of the positive-
charge distribution in the anion, as described above. 
Even if the origin is shifted by y0, the positions of these 
centers of the negative-charge distributions do not 
change and their coordinates only change byjv0. The 
center of mass of 1 is apparently located above the 
origin set by Hosoya et al. at the position of 1-carbon. 
When their origin is shifted upward by 0.16 nm along 
the y axis, one obtains the dipole moments of 0.5, —4.5 
and 6.9 Debyes for the ground, first-excited, and 
second-excited states, respectively. These dipole 
moments of the ^-electron system can explain the 
conclusions obtained from the spectral solvent shifts of 1. 
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Fig. 3. Correlations of ai0> calcd with ai0 obsd for the first 
bands of 2 (O) and 3 ( 0 ) . 

Janovsky Complexes. Applications were tried 
to the first absorption bands of the Janovsky complexes 
of the potassium salts of 4-acetonyl-l,3-dinitro-2,5-
cyclohexadienide (2) and 4-acetonylidene-l,3-dinitro-
2,5-cyclohexadienide (3). As in the case of 1, rA was 
assumed to be 0.44 nm. The values of fff0=18170 c m - 1 , 
A= - 2 . 4 3 4 x 1013 J " 1 m2 and B= - 2 . 6 3 6 X 10"6 m2 

were obtained for 2 and those of a'i0 = 20560 c m - 1 , A = 
ô ^ x l O U J - i m 2 and £ = - 2 . 4 5 3 X 10~6 m2 were ob­
tained for 3. T h e correlation of ^o.caicd with <ri0_obBä is 
fairly good, as shown in Fig. 3. The magnitudes of A 
for 3 and 2 correspond to those of the first and second 
bands of 1, respectively. Accordingly, in a similar way 
as in the case of 1, one will arrive at the conclusions 
that in the case of 3 the dipole moment of the ground 
state may be larger than that of the first-excited state, 
while in the case of 2 the latter is larger than the former. 
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The hydrolytic reactions of lead(II) ions were calorimetrically studied at 25 °C in an aqueous solution and 
dioxane-water mixtures (dioxane contents: 0.1 and 0.2 mole fractions, which correspond to 35.21 and 55.01 % 
w/w, respectively) both containing 3 mol dm - 3 (Li)C104 as a constant ionic medium. A fully automatic on-line 
system was used for the calorimetric titrations. Values of enthalpies and entropies for the formation of the Pb3-
(OH)3

3+, Pb4(OH)4
4+, Pb3(OH)4

2+ and Pb6(OH)8
4+ complexes in the aqueous solution, 0.1 and 0.2 mole fraction 

dioxane solutions were given. For the reaction ?Pb2++/>H20 = Pb9(OH)/2«-^++/>H+, the values of A/Z^/kJ 
mol"1 and TAS^/kJ mol"1 were determined as follows: Pb3(OH)3

3+: 66.6, —20.7 (in aqueous solution); 72.1, 
— 13.4 (in 0.1 mole fraction dioxane solution); 66.9, —17.7 (in 0.2 mole fraction dioxane solution); Pb4(OH)4

4+: 
81.4, - 2 9 . 5 ; 84.1, - 2 2 . 1 ; 94.7, - 1 4 . 7 ; Pb3(OH)4

2+: 61.6, - 6 8 . 4 ; 83.4, - 41 .0 , 99.8, - 2 4 . 3 ; Pb6(OH)8
4+: 242.8, 

1.3, 243.2, 10.6; 236.7, 2.0. The solvent effects on AH^ were discussed in terms of a function of the formal charge 
per metal ion of the complex, z'= (2q—p)jq. The thermodynamic parameters obtained for the Pb6(OH)8

4+ complex 
were better explained by assuming the reaction, 2Pb3(OH)4

2+=Pb60(OH)6
4++H20, than the reaction, 2Pb3-

(OH)4
2 +=Pb6(OH)8

4 + , and thus the Pb6(OH)8
4+ complex formally written from the result of the Potentiometrie 

measurements will be described as Pb60(OH)6
4 + which has previously been proposed by X-ray diffraction. 

In a previous paper,1) we have discussed the Gibbs 
energy AGpq of the hydrolytic reaction, qMz++pOH~ 
= M ç ( O H ) / z r î ' ) +

) of divalent metal ions such as 
beryllium, copper, nickel, cadmium and lead in aqueous 
solutions and dioxane-water mixtures containing 3 
mol dm~ 3 (Li) C10 4 as an ionic medium. The Gibbs 
energy of transfer"divided by p, AG^/p [ = { A G ^ ( m i x ) 
—AG M(aq) }//>], was found tö be approximately 
independent of the composition of the complexes and 
the kind of the metal ions, and furthermore, the following 
relation was obtained: 

TABLE 1. DETERMINATION OF HEAT EVOLVED PER 

ADDITION OF THE TITRANT 

spq' Aglt + kiz-z'), 

where Agx
pq and A^M denote the partial molar Gibbs 

energies of transfer of M ? ( O H ) / ^ ) + and M*+, res­
pectively, and z' indicates the formal charge per metal 
ion of Mq(OH)p

Cz«-p>+[z! = (zq-p)lq], k being a 
constant. In the preceding work, on the other hand, 
we found that the enthalpies and entropies of transfer 
of the hydroxo complexes of beryllium ion strongly 
depend on the composition of the complexes.2) In 
order to throw more light for elucidating solvent effects 
on thermodynamic parameters of hydrolytic reactions 
of metal ions, we examined a calorimetric study on 
hydrolytic reactions of lead (I I) ion in an aqueous 
solution and dioxane-water mixtures. 

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

The calorimetric measurements were carried out in a room 
thermostated at 25 °G.2) All the cells used were Dewar 
vessels, which were immersed in a water bath at (25.00±0.05) 
°C. Fluctuation of the temperature of the bath during one 
course of the measurement was within ±0.007 °G. About 
150 cm3 of a test solution which contained hydrolyzed lead (II) 
ions was placed in a titration vessel, then it was titrated with 
a standard perchloric acid solution. Initial concentrations 
of total lead ions in the test solution were changed from 0.005 

t/s 

10 
20 
30 

40 
50 
60 

70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 

190 
200 
210 

220 
230 
240 

250 
260 
270 
280 
290 
300 

dev(0/J 

1.533 
3.922 
6.279 
8.514 
9.013 
9.049 

9.045 
9.041 
8.987 
9.041 
9.037 
8.983 
9.038 
9.023 
8.999 
8.984 
9.019 
8.994 

8.979 
9.023 
8.998 

8.973 
9.017 
9.002 
8.987 
9.011 
9.015 
8.999 
9.003 
8.988 

cpv{6(t)-e0}ß 

1.532 
3.913 
6.254 

8.467 
8.942 
8.951 

8.922 
8.892 
8.813 
8.843 
8.813 
8.734 
8.764 
8.724 
8.675 
8.635 
8.645 
8.596 

8.556 
8.576 
8.527 

8.477 
8.497 
8.457 

8.418 
8.418 
8.398 
8.359 
8.339 
8.299 

g=(9.000±0.015) Ja> 

&L(0/J 
0.002 
0.010 
0.025 

0.046 
0.072 
0.098 

0.123 
0.149 
0.174 
0.199 
0.224 
0.249 
0.274 
0.299 
0.324 

0.349 
0.374 
0.398 

0.423 
0.447 
0.472 

0.496 
0.520 
0.545 

0.569 
0.593 
0.617 
0.641 
0.665 
0.688 

a) q is estimated by averaging Qev{t) values from 201 
to 300 s (100 points). 
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to 0.2 mol dm -3. Both the test solution and the titrant 
contained 3.0 mol dm - 3 Perchlorate ion as a constant ionic 
medium. The test solutions were prepared by mixing stock 
solutions of lead Perchlorate and lithium hydroxide. 

The cell arrangement used was essentially the same as that 
described in the previous paper.2) All the procedures for the 
calorimetric titrations were carried out by using a fully au­
tomatic on-line system reported in the previous paper2) with 
a slight modification. In the present study, the titrant was 
automatically added from an automatic piston buret (Dosimat 
E535, Metrohm, Switzerland) controlled by an electronic 
computer. Other devices were the same as those used 
previously. The titrant was added stepwise and the volume 
of the titrant added in one step was about 0.5—1 cm3 with 
an accuracy ±0.001 cm3. 

We previously described the method of calorimetric de­
terminations of heat evolved.2) However, the estimation of 
the heat escaping from the titration vessel was simple in the 

previous treatment, so that the method was applicable only 
to systems involving fast reactions which reached equilibria 
within a few minutes. In the present procedure, a more 
generalized treatment is adopted to evaluate the heat escaping 
during the measurement. The total heat which has escaped 
from the titration vessel until t seconds after the start of the 
addition of the titrant, Q,L(0> is expressed by 

Q.L(O = CpKaf'{0(r)-eo}dr ) 
J 0 

(1) 

where Cp, V, and a stand for the heat capacity per unit volume 
of the test solution, the total volume of the solution in the 
vessel and the rate of heat escaping from the titration vessel, 
respectively. Cp and a were obtained by the same method 
as that used previously.2) 0O represents the temperature of 
the test solution at the initial stage where the solution is 
at the thermal equilibrium with the thermostated bath and 
0(T) is the temperature of the test solution at time T after 

f START ) 

L Input of parameters which / 
control the system, e, V T, / 
NS,NH,NL,NRMAX etc. i j 

Repeating 
cycle 
every 10 
seconds 

Repeating 
cycle 
every 
second 

Sampling of temperature-
difference (0) and 
determination of D (= do/dt) 
and 0 O 

Start the addition of the 
titrant and set N=0 

IRead volume added, V 

Stop the addition of the 
titrant 

Sampling of temperature-
difference (0), which is 
immediately stored in an 
external memory 
N = N + 1 

Cooling of the titration 
vessel until the level of 

6 

Repeating 
cycle 
every 
second 

Repeating 
cycle 
every 5 
seconds 

L 

GH 

Determination of o 
Final value of the 
heat evolved and its 
standard deviation 
are estimated using 
q(t) of 100 points 
where the evolution 
of heat due to 
reaction is neglected 

1 
NR = NR + 1 

Standard heater ON 
and set N = 0 

Sampling of temperature-
difference (0) and 
N = N + 1 

^N > NH 

[YES 

Standard heater OFF 

Determination of R 

Wait 100 seconds and 
set N = 0 

Sampling of temperature-
difference (0), N « N + 1 

Determination of a and 
cooling of the titration 
vessel 

LNR>NRMAX 

YES 

Determination of cell 
parameters, R, a and C 
(averaged values) p 

Estimation of q(t) 

Fig. 1. The flow chart for determination of heat evolved per addition of the titrant. 
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the start of the addition of the titrant. The temperature 
change was measured at every second. Then, the heat 
evolved Q6v(t) until a time t after the start was determined 
by the following equation: 

dev(0 = kiCPv{d(t) - e0y + £L(0 + K (2) 

where kx and k2 denote empirical constants (kt is close to 
unity and k2 is nearly zero joule) which had been determined 
by separate experiments by using a standard heater. Qev(t) 
approaches a constant value q when the evolution of heat 
due to the reactions becomes negligible. A typical set of 
(£eT(0 and Q„L(0 as functions of time is shown in Table 1. 
The heat evolved g was finally estimated by averaging Q.ev(0 
values of the last 100 points (data from 201 to 300 s in Table 1). 
The standard deviation was usually within J- 0-03 J. 

The flow chart for determination of heat evolved per addi­
tion of the titrant is presented in Fig. 1. A least-squares 
method was employed for the analysis of the set of the data 
obtained. 

Reagents. Stock solutions were prepared by similar 
ways described in the previous paper.1) 

R e s u l t s 

The total heat evolved Q, by complex formation 
involving several species is expressed as follows: 

Q=^Qj = ^AHi.ôni, (3) 

where AHt and <5nf stand for the enthalpy of formation 
of the complex species i and the amount of the complex 
species decomposed by the addition of the standard acid 
solution at each step of titration, respectively, j repre­

sents the number of portions of the ti trant added in one 
course of the titation. 

We have previously reported that four hydroxo 
complexes of lead(II) ions, Pb3(OH)3

3+, Pb4(OH)4
4+, 

Pb3(OH)4
2+, and Pb6(OH)8

4+ are formed in both an 
aqueous solution and dioxane-water mixtures,1) and 
thus, the total heat evolved in the solvent systems is 
represented in terms of the enthalpy AH*q of the 
reaction, ^Pb2 + +pK20 = P b g ( O H ) p

C 2 ' - ^ + + />H + , as 
follows : 

d= AH*3.ôn33 + AH&.ônu + AH*3.ôni3 + AH*9.ôn66. 

(4) 
ônpq is calculated on the basis of the formation constants 
previously determined.1) Since only Pb 3 (OH) 3

3 + and 
Pb 4 (OH) 4

4 + complexes are predominant in solutions of 
p H < 6 , the total heat evolved in the solutions is approxi­
mately written as follows : 

d = AH*3.ôn33 + AH*4.<5«44, (5) 

and hence 

dlôn33 = A//3*3 + AHUônJôn^). (6) 

Therefore, plots of Q,/<5«33 against ônàJônzs should be a 
straight line with the slope of AH& and the intercept 
AH&. As is seen from Fig. 2, the plots are straight for 
all the solvent systems examined. The values of A//3Ü 
and AH*i are then inserted into Eq. 7 in order to 
determine the values of AH& and AH& by assuming 
that the four complexes coexist in the region of p H > 6 . 

( & - A//3*3 • ànZ3- AH*,. ônu)lôni3=AH%+AH& (ônjôni3) 

(7) 

•300 

-250 

5 -200k 

-150 h 

Of 

•N250 

H 00 

Fig. 2. Determination of the enthalpies, A//,*, and AH* for the hydrolytic reactions 
of lead (II) ions in the aqueous solution and dioxane-water mixtures containing 
3 mol dm - 3 (Li)C104 as an ionic medium. X denotes the mole fraction of dioxane 
in the mixtures. Initial concentrations (mol dm -3) of the total lead (II) ions are as 
follows: Aqueous; #0 .2040 , O 0-1503, A 0.1005, Q 0.07913, A 0.04149, • 
0.02151: 0.1 mole fraction dioxane; O 0.07990, # 0.05690, • 0.03756: 0.2 mole 
fraction dioxane; #0 .1585 , Q 0.07941, Q 0.04218. 
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0.5 1.0 1.5 2.0 25 

Fig. 3. Determination of the enthalpies, AH % and AH& for the hydrolytic reactions 
of lead (II) ion in the aqueous solution and dioxane-water mixtures containing 3 
mol dm - 3 (Li)C104 as an ionic medium. X denotes the mole fraction of dioxane in 
the mixtures. Initial concentrations (mol dm-3) of the total lead (II) ions are as 
follows: Aqueous; O 0.04149, A 0.02151, • 0.01234, % 0.01039, Q 0.00564: 
0.1 mole fraction dioxane: O 0.03756, • 0.02028: 0.2 mole fraction dioxane; # 
0.04218, O 0.02061, A 0.01042. 

TABLE 2. THE FORMATION CONSTANTS {*ßpq) AND THE ENTHALPIES (AH^/kJ mol-1) AND ENTROPIES 
(TAS*qlkJ m o l - 1 ) OF THE HYDROLYTIC REACTIONS OF L E A D ( I I ) ION IN THE 

AQUEOUS SOLUTION AND DIOXANE-WATER MIXTURES 

?Pb2++/>H20=Pb9 (OH) p
(2«-*>++/>H+ 

Pb3(OH)3
3+ 

Pb4(OH)4*+ 

Pb3(OH)4*+ 

Pb6(OH)8*+ 

f -log*ft3 
AH*Z 

[ TAS*Z 

( - l o g * Ä 4 

Am, 
1 TAS& 

( - l o g * & 3 

AH% 
1 TAS% 
( -log*ßB6 

AH*6 

{ TAS& 

0.0 

-15.29(0.01) a ) 

66.6 (1.8) 
- 2 0 . 7 (1.9) 

- 1 9 . 4 2 (0.01)a) 

81.4 (0.4) 
- 2 9 . 5 (0.5) 

-22.78(0.02) a ) 

61.6 (2.0) 
- 6 8 . 4 (2.1) 
-42.33(0.01)a> 
242.8 (1.1) 

1.3 (1.2) 

Mole fraction of dioxane 

0.1 

-14.98(0.01) a ) 

72.1 (2.9) 
- 1 3 . 4 (3.0) 

-18.60(0.01)a> 
84.1 (1.0) 

- 2 2 . 1 (1.1) 

-21.79(0.02) a ) 

83.4 (2.5) 
- 4 1 . 0 (2.6) 
-40.75(0.01)a> 
243.2 (2.3) 

10.6 (2.4) 

0.2 

-14.81(0.01) a ) 

66.9 (1.3) 
- 1 7 . 7 (1.4) 
-19.17(0.01)a> 

94.7 (1.6) 
- 1 4 . 7 (1.7) 
-21.74(0.02) a ) 

99.8 (2.0) 
- 2 4 . 3 (2.1) 
-41.12(0.01)a> 
236.7 (3.6) 

2.0 (3.7) 

Uncertaities are given in parentheses as the standard deviation, a) Ref. 1. 

The plot of (££— AH&*dnzz—AHté'onu)jôn^ against 
(5tt86/(5tt43 was a straight line in each solvent as shown in 
Fig. 3, from which the values of AH^ and AH& were 
determined. 

The enthalpies were finally evaluated by the least-
squares method by minimizing U=5}(Q— Q,Caicd)2 

over the whole points measured in a system. The 
results obtained are summarized in Table 2. Typical 
calorimetric data obtained for the hydrolytic reactions 
of lead (I I) ion in aqueous solution and the differences 
between the measured heats and the calculated ones 
are shown in Table 3. 
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T A B L E 3. T Y P I C A L HEAT DATA OBTAINED FOR THE HYDROLYTIC REACTIONS OF L E A D ( I I ) IONS 

IN AN AQUEOUS SOLUTION CONTAINING 3 mol d m " 3 (Li)C10 4 AT 25 °C 

^add/cm3 QJJ 
1) C p b = 0 2040 mol d m - 3 

c H = —0.06259 mol d m - 3 

0.801 16.45 
1.604 33.02 
2 .407 49 .01 
3.210 66 .20 
4.012 82.81 
4 .814 99.52 
5.616 116.15 
6.418 132.18 
7.221 149.54 
8.023 166.40 
8.827 183.39 

2) c P b = 0 . 1 5 0 2 m o l d m - 3 

c„ = - 0.04793 mol d m -* 

3) 

4) c P b = 0 . 0 4 I 4 8 m o l d m - 3 

c„ = - 0.04452 mol d m ~3 

( d - d c a . c d ) / J 

- 0 . 0 1 
0 .04 
0 .10 
0 .34 
0 .25 
0 . 4 3 
0.52 
0 .66 
0 .68 
0.92 
1.19 

0.604 
1.210 
1.816 

2.421 
3.025 
3.629 
4.234 

4.840 
5.445 
6.050 
6.657 
7.264 

12.31 
24.79 

37.23 
49.75 
62.18 
74.71 
87.27 

99.80 

112.32 
124.89 

137.62 
150.80 

cP b=0.07912moldm-3 

c H =-0 .07056 mol dm-3 

0.817 
1.634 

2.435 
3.235 

4.036 
4.837 

5.638 

6.437 
7.239 
8.041 

8.842 
9.643 

10.444 

18.78 
36.35 
53.24 
69.81 

86.34 
102.78 
119.17 
135.59 

151.98 
168.48 
184.96 

201.52 
218.24 

- 0 . 1 1 
- 0 . 1 1 

- 0 . 1 6 

- 0 . 1 1 
- 0 . 1 3 
- 0 . 0 7 

- 0 . 0 0 
0.00 

- 0 . 0 5 
- 0 . 0 3 

0.08 

0.62 

- 0 . 3 4 
- 0 . 1 9 
- 0 . 1 0 
- 0 . 1 1 

- 0 . 1 2 
- 0 . 1 8 
- 0 . 2 9 

- 0 . 3 6 

- 0 . 5 6 
- 0 . 6 3 
- 0 . 7 3 
- 0 . 7 9 

- 0 . 7 8 

0.164 
1.227 

1.843 
2.455 
3.067 

3.672 

9.00 
17.80 

26.16 
33.67 

40.36 
46.34 

- 0 . 9 0 
- 1 . 1 5 
- 0 . 9 7 

- 0 . 6 5 

- 0 . 3 6 
- 0 . 1 4 

^add/cm3 QJJ 
.283 
.894 
.499 

111 
.716 
.321 
.927 

8 .539 
9.151 
9.756 

10.361 
10.966 
11.572 
12.183 
12.795 
13.405 
14.018 
14.629 
15.234 
15.846 
16.451 
17.061 

51 .94 

57.32 
62 .45 
67 .55 
72.56 
77.50 
82 .44 
87 .40 

92 .37 
97.27 

102.19 
107.05 
111.94 
116.87 
121.81 
126.75 
131.67 

136.61 
141.55 

146.53 
151.47 
156.54 

5) c P b = 0 . 0 2 1 5 0 m o l d m - 3 

c„= - 0 . 0 2 2 2 4 mol dm-* 

6) C p b ^ O . O ^ S S m o l d m - 3 

c „ = - 0 . 0 1 4 7 9 mol d m - 3 

(d- Scaled)/J 

- 0 .00 
0.14 
0.19 
0 .24 
0 .28 
0 .29 
0 .29 
0 . 2 8 
0 .28 
0 .27 
0 .27 

0.22 
0.18 
0 .15 
0 .11 
0 .08 
0 .01 

- 0 . 0 3 
- 0 . 0 5 
- 0 . 0 8 
- 0 . 1 1 
- 0 . 0 8 

0.740 
1.345 

1.951 
2.563 
3.175 
3.784 

4.395 
5.006 
5.610 

6.221 
6.830 
7.440 
8.044 
8.654 

9.54 
16.22 
22.04 

27.37 

32.45 

37.42 
42.37 
47.27 
52.09 
57.04 

61.90 
66.80 
71.67 

75.93 

- 0 . 1 4 

0.08 

0.30 
0.44 
0.44 

0.42 
0.40 

0.33 
0.34 
0.19 

0.08 
- 0 . 0 0 
- 0 . 0 9 

- 0 . 2 6 

0.512 

1.021 
1.534 
2.044 

2.558 

3.072 
3.585 
4.100 
4.614 

5.128 
5.639 

7.67 
14.60 
20.53 
25.46 

29.47 

33.56 
37.71 
41.80 

45.87 
49.97 

54.12 

- 0 . 3 4 

- 0 . 3 0 
0.00 
0.27 

- 0 . 0 3 
- 0 . 1 5 

- 0 . 1 8 
- 0 . 2 7 

- 0 . 3 9 

- 0 . 4 9 
- 0 . 5 6 

cPb denotes the total concentration of lead(I I ) ion in a test solution. cFb decreases by dilution by adding the 
t i trant in the course of titration. cH represents the concentration of analytical excess of hydrogen ion in the 
test solution. T h e negative values show that the solutions contain the corresponding excess amounts of 
hydroxide ions. The initial volume of the test solution is 149.83 cm3 . Concentrations of hydrogen ions in 
the t i trant are 0.9887 mol d m " 3 for runs 1—3 and 0.3887 mol d m - 3 for runs 4—6. Q.Caicd i s calculated by 
using the enthalpies listed in Tab le 2. F a d d stands for the total volume of the t i trant added. 
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D i s c u s s i o n 

The enthalpies and entropies for the hydrolytic 
reactions of lead(II) ions in the aqueous solution 
containing 3 mol d m - 3 (Li) C10 4 listed in Table 2 may 
be compared with those obtained by Carell and Olin3) 
in an aqueous solution containing 3 mol d m - 3 (Na) C104 . 
They have reported the enthalpies, AH&, AH&, and 
AHS% which are 83.97 110.9 and 206.9 k j mol"1 , 
respectively. Their AH& value coincides well with our 
result, whilst their AH?2 and AH& are appreciably 
different from ours. 

The enthalpy AHD of the reaction 

2Pb3(OH)4
2+ = Pb6(OH)8*+ (8) 

was estimated as AHD—AH^—2AH^, and the values 
in various solvents are shown in Table 4 together with 
the corresponding Gibbs energies and entropies. The 
enthalpies and entropies of the reaction were all largely 
positive. These results are in contrast to those obtained 
by Carell and Olin,3) who reported that the enthalpy 
of reaction (8) was negative. 

TABLE 4. THE GIBBS ENERGY (AGD/kJ mol-1), ENTHALPY 

(AHD/kJ m o l - 1 ) AND ENTROPY ( TASD/kJ m o l " 1 ) OF THE 

R E A C T I O N , 2 P b 3 ( O H ) 4
2 + = P b 6 ( O H ) 8

4 + , I N T H E A Q U E ­

OUS SOLUTION AND DIOXANE-WATER MIXTURES 

AND THE THERMODYNAMIC PARAMETERS 

OF TRANSFER FROM THE AQUEOUS 

SOLUTION TO DIOXANE-WATER 

MIXTURES (INDICATED BY 

A SUPERSCRIPT t) 

Mole 
fraction 

of 
dioxane 

0.0 
0.1 
0.2 

AGD 

- 1 8 . 4 7 
- 1 6 . 1 3 
- 1 3 . 4 4 

A//D 

119.6 
76.4 
37.1 

TAS„ 

138.1 
92.6 
50.6 

AGI 

— 
2.34 
5.03 

AHl 

— 
- 4 3 . 2 
- 8 2 . 5 

TASl 

— 
- 4 5 . 5 
- 8 7 . 5 

In recent years, structural information of the hydroxo 
complexes of lead(II) ions in aqueous solutions has been 
obtained by means of X-ray diffraction.4-7) According 
to Olin and Söderquist,6»7) in the Pb 6 (OH) 8

4 + complex 
one oxygen atom is located at the center of four lead 
atoms which are tetrahedrally arranged and the other 
two lead atoms are located outside the tetrahedral unit. 

If the complex formally written as Pb 6 (OH) 8
4 + exists 

in the form of P b e O ( O H ) 6
4 + in solution, the dimeriza-

tion reaction given in Eq. 8 should be written as Eq. 9: 

2Pb3(OH)4
2+ = Pb60(OH)6

4+ + H 2 0 . (9) 

The reaction involves a heterolysis of an O - H bond 
which may be largely endothermic. Thus, reaction (9) 
can appropriately account for our result that the 
enthalpy is largely positive. The positive enthalpies 
of transfer from an aqueous solution to dioxane-water 
mixtures for reaction (9) can be expected as we will 
discuss in the following section. 

The Solvent Effects on the Thermodynamic Parameters of the 
Hydrolytic Reactions of Lead(II) Ion. The hydrolytic 
reaction of lead (II) ions may be expressed as follows: 

?Pb2+ + />H20 = Pb„(OH)J>««-*>+ + pH\ (10) 

or 

çPb2++ (p+r)H20=PbqOr(OH)p^-r-*r>++ (p+2r)H+. 

(H) 

Combination of the thermodynamic parameters for 
reaction ( 10) given in Table 2 with those for the reaction, 
H 2 0 = H + + O H - , 1 ' 2 ) leads to Gibbs energies, enthalpies 
and entropies, AGpq, AHpg and ASpq, respectively, 
for the following reaction: 

?Pb2+ + pOU- = Pb,(OH)p<
2«-*>+. (12) 

The enthalpy of transfer for reaction (12), AHpq, from 
an aqueous solution to a dioxane-water mixture is 
represented as follows : 

AH\p = AffM(mix) - Af f^aq) 

= A/^-<7AA tpb-/>A^H> (13) 

where Ah\ denotes the partial molar enthalpy of 
transfer of species i. The Gibbs energies, enthalpies and 
entropies of transfer for the hydrolytic reactions of 
lead(II) ions from an aqueous solution to dioxane-water 
mixtures examined are summarized in Table 5, together 
with those quantities divided by the number of hydroxide 
ions, AGpqlp, AHpgjp, and TAS'Jp. In this table, 
P b 6 0 ( O H ) 6

4 + is formally written as Pb6(OH)8
4+ 

according to reaction (10). 
A question whether a complex is a hydroxo or an 

oxo-hydroxo complex always arises when we discuss 
the composition of M , ( O H ) P

( " " ? ) + type complexes. 
For lead(II)-hydroxo complexes, all of the complexes 
found, except the Pb 6 (OH) 8

4 + complex, are believed to 
have only hydroxide ions as the ligands. Therefore, 

TABLE 5. THE THERMODYNAMIC PARAMETERS OF TRANSFER (AG^/kJ mol -1, AHpg/kJ mol -1, AND 
TASpg/kJ mol-1) FOR THE HYDROLYTIC REACTIONS OF LEAD(II) IONS FROM THE AQUEOUS 

SOLUTION TO DIOXANE-WATER MIXTURES: gPb2++/>OH-=Pbg(OH)pC2Q"*p)+ 

0.1 mole fraction of dioxane 0.2 mole fraction of dioxane 

AG^ &*U TAS^ AG*« &*U TASU 
Pb 3(OHy+ 
Pb4(OH)4*+ 
Pb3(OH)4

2+ 
Pb6(OH)8*+ 

- 1 4 . 4 0 ( - 4 . 8 3 ) 
—21.63( —5.41) 
- 2 2 . 6 0 ( - 5 . 6 5 ) 
- 4 2 . 9 2 ( -5 .37) 

1.0( 0.3) 15.5(5.2) 
- 3 . 3 ( - 0 . 8 ) 18.3(4.6) 

15.8( 4.0) 38.4(9.6) 
—11.6(—1.5) 31.3(3.9) 

-28 .59(-9 .53) 
-35.84(-8 .96) 
-40 .35(-10 .1) 
-75.85 ( -9 .48) 

- 1 3 . 5 ( - 4 . 5 ) 15.1( 5.0) 
- 5 . 0 ( - 1 . 2 ) 30.8( 7.7) 

19.8( 5.0) 60.2(15.0) 
- 4 2 . 9 ( - 5 . 4 ) 33.0( 4.1) 

1 1 T 
Values in parentheses give thermodynamic parameters per hydroxide ion, — AGJ^, —AHpq, and— ASpq. 
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the discussion about the composition of the complexes 
on the basis of the thermodynamic quantities will be 
focused on the Pb6(OH)8

4 + complex in the following 
section. 

As we have already described in the previous paper,1) 
the AGlglp values of various metal ions such as 
beryllium (I I), copper (II), nickel(II), cadmium(II), 
and lead (II) have been found to be approximately 
independent of not only the composition but also the 
kind of metal ions of the hydroxo complexes.1) However, 
the AHl

pq values are strongly dependent on the composi­
tion of the hydroxo complexes. The solvent effects on 
the enthalpies of the hydrolytic reactions of beryllium 
ion from an aqueous solution to dioxane-water mixtures 
have been previously discussed in terms of the solvent 
structure of the bulk, the structure of the solvated ions 
involved in the reactions and the charge distribution 
within the hydroxo complexes.2) A similar consideration 
can be made for interpreting the enthalpies of transfer 
from an aqueous solution to dioxane-water mixtures 
for the reactions of lead (I I) ions. 

As seen from Table 5, the Ai/4 4 /4 value becomes more 
negative with the increase in the content of dioxane 
in the mixtures. However, the reverse is found for 
Ai/]3 /4, which is positive. Therefore, the relation 
A / / 4 4 / 4 < A / / 4 3 / 4 holds in the solvent systems examined. 
By using Eq. 13, the relation is rewritten in terms, of 
the partial molar enthalpies of transfer of the relevant 
species involved in the reactions as follows: 

i - AAÎ4 - AA'Pb <^(j Ah\z - A ^ b ) . (14) 

As seen in Table 2, the enthalpies of transfer for the 
reaction, qFb2+ + / > H 2 0 = P b , ( O H ) / 2 ^ ) + +/>H+, are 
zero or positive [ A / / $ = A//P*(mix) — A/f£(aq) = 
Afrpq + pAiïk — qAh\b — pAhhn ] . The partial molar 
enthalpy of transfer of a neutral water molecule will 
be less than those of the ions involved in reaction (10), 
and thus the value qAh?h will be more negative than 
the values Ah],q and pAh^. Therefore, both sides of 
Eq. 14 will be positive, thus: 

^ A A i 4 < i - A A i 3 < 0 . (15) 

The formal charge per metal ion of the Pb4(OH)4
4 + 

and Pb3(OH)4
2 + complexes are + 1 and +0 .67 , respec­

tively. Therefore, the result obtained in Eq. 15 is 
consistent with what is expected from the consideration 
based on the formal charge per metal ion of the 
complexes, which has been discussed in the previous 
paper.2) 

Since the formal charge per metal ion z' of the 
Pb3(OH)3

3+ and Pb4(OH)4
4+ complexes are both + 1 , 

the relation AA33/3 ^AA44/4 will approximately hold, 
if we assume as the first approximation that the local 
charges per metal ion within the complexes are the 
same. The values of AH\Z\Z were + 0 . 3 and —4.5 kj 
mol - 1 for the dioxane systems containing 0.1 and 0.2 
mole fraction of dioxane, respectively. If we take into 
account the uncertainties in AH%3 listed in Table 2, it 
appears that AH\Z tends to monotonously decrease as 
the dioxane content increases (see Table 5). The same 
trend is also seen in A/ / 4 4 . Although the value A//*3/3 

is more negative than that of Ai / 4 4 /4 in the 0.2 mole 
fraction dioxane system, the difference is not significant, 
and we can assume AH^J3 ^ A i / 4 4 / 4 . The values 
Ai/^3/3 of the Be3(OH)3

3+ complex are —2.3 and —5.5 
kj mol - 1 for 0.1 and 0.2 mole fraction dioxane systems, 
respectively,2) which are more negative than the 
corresponding values of the Pb4(OH)4

4+ or Pb3(OH)3
3+ 

complex. This seems to be attributed to stronger 
solvation of beryllium (I I) ions than that of lead (I I) 
ions. 

As is discussed above, at least at the first step of 
approach, the formal charge per metal ion of a hydroxo 
complex is an important factor which controls solvent 
effects on hydrolytic reactions of metal ions. The 
formal charge per metal ion of the Pb6(OH)8

4 + complex 
is +0 .67 , which is the same as that of the Pb3(OH)4

2+ 
complex. Therefore, if the approach so far examined 
for the estimation of the partial molar enthalpy of 
transfer of a hydroxo complex is applicable to the case 
of the Pb6(OH)8

4+ complex, the value AH^JS would 
be similar to Ai/] 3 /4 , that is, it would be positive. In 
fact, the values AH^JS obtained are —1.5 and —5.4 
kj mol - 1 for the 0.1 and 0.2 mole fraction dioxane 
systems, respectively. Thus, the value AH^JS becomes 
more negative with an increase in the dioxane content 
in the mixtures in contradiction to that of AH\zjA. This 
fact can be explained by assuming the formation of the 
PbeO(OH)6

4+ complex instead of the Pb6(OH)8
4+ 

complex. 
The hydrolytic reaction of formation of the PbeO-

(OH) 6
4 + complex is represented as follows: 

6Pb2+ + 7 0 H - = Pb60(OH)6
4+ + H+. (16) 

The enthalpy of transfer for the reaction (16) is written 
as follows : 

A//J le = AA£16 - 8A/&H - 6A#Pb + (AA& +AA&H), (17) 
which may be compared with that for the reaction, 
6 P b 2 + + 8 0 H - = 2 P b 3 ( O H ) 4

2 + , 

2AH\s = 2AAÎ3 - 8AÄSH - SAh\b. (18) 

Here Ai/J16 and AAJ16 represent the quantities defined 
by Eq. 13 for the PbeO(OH)6

4+ complex. 
The formal charge per metal ion of the Pb 60(OH) 6

4+ 
complex is +0 .67 , and thus, the value AA^16 will be 
similar to that of 2AA43. The term M | , + AA&H in Eq. 17 
is negative.2) Therefore, even if the value Ah\u— 
8AASH — 6AA£b is as largely positive as that 2AH\Zi the 
value Ai/Jie will remain negative owing to the term 
AAk+AA&H which is more negative than Ah\u — 8AAoH— 
6AAJb. 

The enthalpy of transfer for reaction (9), AHl, is 
expressed as follows: 

AHl = Aht16 + AAU ~ 2Ah\3. (19) 

If we assume that 

i - A A U ~ y A A i 3 , (20) 

we obtain the following equation: 
AHl ~ AAW (21) 

The values AH£ were found to be —43.2 and —82.5 
kj mol - 1 for the systems of the dioxane contents of 0.1 
and 0.2 mole fractions, respectively (Table 4). Although 
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the values of AAH.O estimated by using Eq. 21 may be 
too largely negative because of the oversimplified 
assumption given as Eq. 20, we can conclude that the 
partial molar enthalpies of transfer of water AAHI0 

from an aqueous solution to dioxane-water mixtures 
will be negative. This result is consistent with that 
derived in the previous paper.2) The hydrogen bonded 
structure of water in an aqueous solution is broken 
down by the addition of dioxane,8»9) and thus, the 
value of AAH.O will be negative by enhancement of the 
intramolecular O - H bonds within water molecules in 
dioxane-water mixtures. 

The work has been partially supported by a Grant-
in-Aid for Scientific Research No. 343011 from the 
Ministry of Education, Science and Culture. 
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Catalytic Activity of V-Sn Oxides for Oxidation Reactions 
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The rate of oxidation of C3H6, C2H4, C3H8, and CO has been investigated over V-Sn oxides of various compositions. 
The rate shows two maxima at V-Sn (V/Sn=2/1) and (1/8) oxides. Comparison between the rate of reduction 
of the oxides with C3H6 and that of the corresponding catalytic oxidation suggests that the oxygen species respon­
sible for oxidation differs for V-Sn(2/1) and V-Sn (1/8) oxides. The amount of oxygen desorbed in the temperature 
range 400—530 °C varies with the composition of the V-Sn oxides, showing a maximum at V-Sn(2/1) oxide. 
With V-Sn(1/8) oxide, little or no oxygen desorption is observed. On the basis of these results together with 
those of structural studies, it is concluded that the rate maximum with V-Sn (2/1) oxide arises from formation 
of an amorphous material from which lattice oxygen is easily released, while the rate maximum with V-Sn (1/8) 
oxide is associated with the presence of V4+ ions dissolved in Sn0 2 . 

I t has been shown by many workers that catalytic 
oxidation over V 2 0 6 proceeds via lattice oxygen,1) its 
activity being promoted by addition of the second 
component such as M o O s , SnO a , etc. As regards the 
V 2 0 6 - S n 0 2 system, several explanations have been 
proposed for the effect of promoters.2 - 5) Sachtler et a/.2) 
reported that the promoter action of SnO a in V - S n 
oxides is due to the lowering of AG for oxygen release 
from the oxide which arises from the dissolution of V 
ions in the S n 0 2 lattice. 

In the present work, the rate of C3H6 , C2H4 , C3H6 , 
and C O oxidation has been measured over V - S n oxides 
of various compositions. Oxygen desorption experi­
ments as well as measurements of the rate of reduction 
of the oxides with C 3H 6 have been carried out. O n the 
basis of these results together with those of structural 
studies such as X-ray diffraction, IR , and ESR, the 
nature of the promoter effect has been discussed. 

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

Materials. V-Sn oxide catalysts were prepared as 
follows. The precipitate obtained from solutions of tin(II) 
chloride and ammonia was added to a solution containing 
the required quantity of ammonium metavanadate. The 
resulting precipitate was washed, dried, and heated in the air 
at 450 °C. The atomic ratio V/Sn of the catalysts and their 
surface area determined by the BET method are as follows. 
(V/Sn=l/0), 2.1; (4/1), 12.3; (2/1), 14.7; (1/2), 26.1; (1/8), 
43.2; and (0/1), 6.8 m2/g. 

Apparatus and Procedure. Catalytic oxidation and 
reduction of the oxides were carried out in a closed circula­
tion system (290 cm3). In order to obtain the initial rates, 
the conversions were kept below «s*5%. The reaction prod­
ucts such as acryladehyde, C0 2 , and CO were analyzed by 
gas chromatography. Carbonaceous deposits formed during 
the course of reduction were converted into COa by oxidization 
with oxygen at 450 °C. The amount was then determined. 

X-Ray diffraction patterns of the catalysts were obtained on 
a Rigaku Denki D-3F X-ray diffractometer using Cu Ka 
radiation with a Ni filter. IR spectra were recorded on a 
Hitachi G2 spectrometer, the samples being prepared by the 
KBr pellet technique, and ESR spectra on a JES-ME-1X 
spectrometer. Oxygen desorption from V-Sn oxides was 
investigated by means of a Töpler pump. It was confirmed 
by gas chromatography that desorbed gas consists entirely of 
oxygen. 

R e s u l t s 

Catalytic Oxidation of C3He over V-Sn Oxides and Their 
Reduction with C3//6 . T h e rate of G3H6 oxidation 
on various V - S n oxides at 320 °C (Fig. 1) shows two 
maxima at V-Sn(2/1) and (1/8) oxides. Similar 
maxima are observed in low oxygen pressure experi­
ments. Selectivity toward acrylaldehyde formation was 
determined for all the V - S n oxides at similar conversion 
values, which were obtained by adjusting the catalyst 
weight as well as the reaction time (Fig. 2). T h e 

~0.15 P I 

i <v/s;^> (i/8) 
f"0.10h / ^ ° " " ^ ^ \ . ^ ° \ 

° n! i I i 1 1 1 1 1 1—ar 
0 0.5 t.O 

S n / ( V * S n ) 

Fig. 1. Rates of C3H6 oxidation at 320 °C. 
^ C , H . = 3 5 T o r r (1 Torr =133.3 Nm-2) ; P 0 l ; — A—, 
8; —O—> 40 Torr; X, rates of reduction of the oxides 
with C3H6. 

100, 1 

Fig. 2. Selectivities of C3H6 oxidation. 
Experimental conditions are the same as in Fig. 1. 
— # — , Acrylaldehyde; — Q—, C 0 2 ; —A—, CO. 
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selectivity toward acrylaldehyde formation is ^ 2 0 % 
for V 2 0 5 , ^ 1 5 % for V-Sn(2/1) oxide and ^ 3 0 % for 
V - S n (1/8) oxide. As regards CO and C 0 2 formation, 
with V 2 0 5 , V-Sn(4/1) and (2/1) oxides the ratio of the 
amount of GO to that of C 0 2 in the products is ca. 2, 
being essentially the same, while with S n 0 2 and V-Sn-
(1/8) oxide, C 0 2 formation is larger than GO formation. 
This indicates that the same mechanism is involved in 
GO and C 0 2 formation for the former group of oxides. 
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Reduction of V-Sn oxides with G3H6 at 320 °G. 
= 35 Torr; — Q—, V-Sn (2/1) oxide; — • — 

V 2 0 6 ; —A—, V-Sn (1/8) oxide. 

Figure 3a shows the rate of reduction of various 
oxides with C3H6. The initial rates of reduction obtained 
from the plots are 0.06—0.05 for V 2 0 5 , 0.08 for V-Sn-
(2/1) oxide and 0.01 c m > 2 min for V-Sn( l /8 ) oxide. 
The initial rate values are also given in Fig. 1. 
Carbonaceous deposits were formed during the course 
of reduction. The amount formed for one minute was 
found to ca. 0.03 for V 2 0 5 , 0.05 for V-Sn(2/1) oxide 
and 0.04cm 3 /m 2 for V-Sn( l /8 ) oxide. No significant 
difference among the three catalysts suggests that the 
extent of inhibition by carbonaceous deposits is essential­
ly the same for all the catalysts. 

Comparison of catalytic oxidation at two different 
oxygen pressures (Fig. 1) yields the reaction order 
0.3—0.5 in oxygen for all the V-Sn oxides investigated. 
The difference between the rate of reduction of the 
oxides with C3H6 and that of the corresponding catalytic 
oxidation is considerably larger for V - S n (1/8) oxide 
than for V 2 0 5 and V-Sn(2/1) oxides. It seems that 
the oxygen species responsible for oxidation differs for 
both groups of oxides. 

In the initial stage of the reaction acrylaldehyde 
formation is larger over V-Sn(2/1) oxide than over 
V 2 0 5 (Fig. 3b). In fact, the initial selectivity toward 
acrylaldehyde formation obtained with V - S n (2/1) 
oxide is 30%, being higher than the selectivity with 
V 2 O 5 ( ^ 2 0 % ) . As regards the selectivity in the later 
stage, the situation is reversed. V 2 0 5 is more selective 
than V-Sn(2/1) oxide, indicating that further oxidation 
of acrylaldehyde to CO and C 0 2 occurs more efficiently 
over V-Sn(2/1) oxide. 

Fig. 4. 
P 

0.5 

S n / ( V * S n ) 

Rates of oxidation of G2H4 and G3H8 at 320 °G. 
= 40 Torr; POt = *0 Torr; — 0 — , G2H4; C i . c , -

—A—> G3H8. 

Catalytic Oxidation of C2H^ C3H8, and CO. The 
rates of oxidation of C2H4 and C3H8 are shown in 
Fig. 4. With the V-Sn(2/1) and (1/8) oxides, two 
maximum rates of oxidation similar to those with C3H6 

oxidation are observed. No partial oxidation products 
were formed. Rate enhancement by the addition of 
SnOa is more significant for C2H4 and C3H8 oxidation 
than for the C3H6 oxidation. 
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Rates of GO oxidation at 320 °G. 
= 40 Torr, POt=40 Torr. 

The rate of CO oxidation over S n 0 2 , shown in Fig. 5, 
is about 140 times higher than that over V 2 0 5 . If the 
V - S n oxide is a mixture of V 2 0 5 and S n 0 2 , its catalytic 
activity would increase monotonously with increasing 
S n 0 2 content, in disagreement with the result shown. 
The rate of CO oxidation passes through a maximum at 
V-Sn(2/1) oxide. Another maximum seems to be 
masked by a high rate of oxidation of CO over S n 0 2 . 
Thus, the existence of two different types of maximum 
rate of oxidation has been established. 

Oxygen Desorption from V-Sn Oxides. Oxygen 
easily desorbs from V - S n oxides at 350—500 °C.2> It 
was found that the dissociation pressure of oxygen over 
V - S n oxides depends upon the amount of sample, 
decreasing with increase in the amount of oxygen 
removed from the oxides.2) Accordingly, dissociation 
pressure measurements appear to be inadequate for 
comparison of the ability to release oxygen from various 
oxides. 
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0.5 
Sn / ( V* Sn) 

Fig. 6. Oxygen desorption from V-Sn oxides. 
— O — 450 °C; — • — 500 °C; —A— 530 °G; 
— £ — , amount desorbed up to 530 °C; desorption 
time, 1 h at each temperature. 

After the catalyst had been treated with oxygen at 
400 °G followed by evacuation at 150 °C for 10 h, the 
temperature of the catalyst was raised stepwise up to 
530 °C, the amount of oxygen desorbed being deter­
mined. During the course of experiments the pressure 
over the catalyst was kept below 10 - 2Torr . As seen in 
Fig. 6, the amount of oxygen desorbed changes with 
the composition of V - S n oxide, showing a max imum 
at V-Sn(2/1) oxide, in a similar manner to that observed 
with the rate of oxidation. With V-Sn( l / 8 ) oxide, little 
or no oxygen desorption is observed. The oxygen 
desorption begins around 400 °C, being predominant 
in the temperature range 450—530 °C. This suggests 
that the oxygen desorbed originates from lattice oxygen 
and not from adsorbed oxygen. The interaction of 
vanadium oxide with tin oxide would lead to formation 
of some active part, from which oxygen release takes 
place easily. 

Structure of V-Sn Oxides. X-Ray Diffraction-. X-
Ray diffraction studies of the V - S n oxides showed only 
diffraction lines due to V 2 0 6 and S n 0 2 . No lines 
indicating formation of a new compound between V 2 O s 

and S n 0 2 appeared, in agreement with the results of 
previous workers.2 '6) I t appears that the active part 
described above exhibits no definite diffraction lines. 
As a result of the interaction of vanadium oxide and 
tin oxide an amorphous material might be formed. 
In fact, with V-Sn(4/1) , (2/1), and (1/2) oxides, the 
intensities of the lines due to V 2 0 5 were found to be 
much smaller than what are expected from the composi­
tion of V - S n oxides. V - S n (4/1) oxide showed lines 
due to V 2 0 5 alone. With V-Sn( l / 8 ) oxide only lines 
which are attributed to S n 0 2 appeared, the observed 
lattice constants being somewhat smaller than those of 
the crystalline S n 0 2 . The sizes of V 2 0 5 and S n O a 

crystals in various V - S n oxides, determined from the 
broadening of the diffraction lines,7) were > 2 0 0 n m 
and 10—20 nm, respectively. 

IR: I R spectra of V-Sn(2/1) oxide (Fig. 7a) show 
bands at 1020 c m - 1 (V=0 stretching vibration) and 
818 c m - 1 ( V - O - V stretching vibration). Similar 
spectra were obtained with V-Sn(4/1) and (1/2) oxides. 

1000 800 600 

Fig. 7. IR spectra of V-Sn (2/1) oxide before and after 
the reduction by C3H6 and GO. 
Before reduction (a), after reduction with C3H6 at 
320—350 °G; 1.1 atom% (b) or 6.3% (c) of lattice 
oxygen was removed: After reduction with CO at 
450—500 °G; 2.0% (d) or 3.8% (e). 1 wt% of V-Sn 
oxide in KBr (;=»50 mg). 

V-Sn( l / 8 ) oxide exhibited no I R absorption due to 
V 2 0 5 . I R spectra of S n O a showed a broad band at 
£«620 c m - 1 . In order to examine the amorphous part 
in the V - S n oxides, the intensity of the band at 1020 
c m - 1 observed with the V - S n oxides has been deter­
mined as a function of the concentration of vanadium 
ions in the KBr pellets. Similar experiments have been 
carried out for V 2 O s with the result that Lambert-
Beer's law is applicable (Fig. 8). The intensity of the 
band at 1020 cm" 1 with the V - S n oxides is about 30% 
of the intensity observed with V 2 0 5 , suggesting that a 
considerable fraction of vanadium oxide in V - S n 
oxides exhibits no I R absorption. Figure 7a shows that 
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Fig. 8. Estimation of V 2 0 5 concentration in V-Sn 
oxides. 
X, V 2 0 5 ; O, V-Sn (1/8) oxide; A , (1/2); • , (2/1); 
• , (4/1); A , D> 3> A f ter calcination at 600 °C; 2 
wt% of V-Sn oxide in KBr. 
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no alternative new bands appear. So far no explanation 
can be offered. T h e new bands might be masked by the 
bands due to V 2 O s or S n 0 2 . It appears that the part 
which exists in the amorphous state corresponds to the 
part which exhibits no I R absorption. 

It seems necessary to consider the effect of crystal 
size of the sample upon the intensity of the I R band. 
Since only V = 0 groups in the surface layer are respon­
sible for I R absorption, the intensity of the band at 
1020 c m - 1 would increase with increase in the surface 
area of V 2 O s crystals, i.e., with decrease in particle 
size. From the extent of broadening of diffraction lines, 
it was concluded that the size of V 2 O s crystals in V - S n 
oxides is somewhat smaller than that in V 2 0 5 specimen. 
The fraction of the amorphous state to the total amount 
of V 2 0 5 in the V - S n oxides seems to be larger than that 
shown in Fig. 8. 

When the V - S n oxides are calcined at 600 °C, the 
intensity of the band at 1020 c m - 1 increase from ^ 3 0 % 
to ^ 6 0 % of those expected from the composition 
of the V - S n oxides. This suggests that the amorphous 
part in the V - S n oxides is decomposed to form V 2 0 5 

and S n 0 2 . 

Fig. 9. ESR spectrum of V-Sn (1/8) oxide at 77 K after 
reduction with G3H6. 

ESR: ESR measurements have been carried out 
with V-Sn(2/1) and (1/8) oxides, which exhibited the 
maximum oxidation activities. With V-Sn(2/1) oxide, 
only a broad signal appeared at g=\.96. After 
reduction with C 3H 6 there was no hyperfine structure 
at 77 K. O n the other hand, after reduction with C 3H 6 

V - S n (1/8) oxide showed a signal having a hyperfine 
structure (Fig. 9) with £ = 1 . 9 4 and ^ 1 5 5 G at 77 K, 
in agreement with the results of Kasai,8) who reported 
a signal with gz= 1.942 and ^4 Z =155G for V4+ ions 
dissolved in the S n 0 2 crystalline. O n the basis of these 
results together with a slight contraction of S n 0 2 

lattice in V - S n (1/8) oxide described above, it is con­
cluded that with V - S n (1/8) oxide some fraction of 
vanadium ions are dissolved in the S n 0 2 lattice as V 4 + 

ions. 

D i s c u s s i o n 

Two maxima are observed at V-Sn(2/1) and (1/8) 
oxides for the rate of oxidation of various reactants 

such as C3H6 , C2H4 , C3H8 , and GO, although in the 
case of GO one maximum is masked by a high activity 
of pure S n 0 2 . Considering the marked difference 
between the rate of reduction of the oxides with C 3H 6 

and that of the corresponding catalytic oxidation 
observed with V-Sn(1/8) oxide, it is concluded that the 
oxygen species responsible for oxidation differs for 
V-Sn(2/1) and (1/8) oxides. 

The rate of catalytic oxidation as well as of oxygen 
desorption shows a maximum at the same composition 
of V - S n oxide ( V / S n = 2 / 1 ) . From the results together 
with those of structural studies such as X-ray diffraction 
and I R absorption, it is concluded that the maximum 
rate of oxidation observed with V-Sn(2/1) oxide can 
be attributed to formation of amorphous material from 
which lattice oxygen is easily released. The fraction of 
vanadium ions in the amorphous state is roughly 
constant with V-Sn(4/1) , (2/1), and (1/2) oxides, being 
somewhat in contradiction with the maximum activity 
observed with V - S n oxide (Fig. 8). When tin oxide is 
added to vanadium oxide, both enhancement of the 
activity due to formation of the amorphous part and 
decrease in the number of vanadium ions present in 
unit mass occurs simultaneously. Such a decrease in 
the number of vanadium ions would cause decrease 
in the activity of V - S n oxides resulting from the presence 
of vanadium ions. Thus, the maximum activity with 
V=Sn(2/l) oxide is explicable. 

The following results suggest that the reactivity of the 
amorphous material differs from that of the crystalline 
V 2 0 5 and S n 0 2 . With the reduction of V-Sn(2 / l ) 
oxide by GO (Fig. 7), the intensity of the band due to 
V = 0 scarcely changes (Figs. 7d, e), while it decreases 
markedly in the case of the reduction by C3H6(b, c). 
New bands appear in the region 920—980 cm - 1 . 
Similar spectra have been reported by Vadelievre et al.9) 
and Inomata et al.10) There is no marked difference 
between the amount of oxygen removed by the reduction 
in both cases. This suggests that the reduction by C3H6 

proceeds on V 2 0 5 crystals as well as on the part which 
exhibits no I R absorption, i.e., the amorphous part, 
while the reduction by GO is limited to such an amor­
phous part alone, thus cofirming the above conclusion. 

Another maximum, i.e., the maximum rate observed 
with V-Sn(1/8) oxide is not associated with the oxygen 
release. From the results of ESR and X-ray diffraction 
studies, it appears that the maximum rate observed 
with V - S n (1/8) is associated with the presence of V 4 + 

ions in S n 0 2 lattice. According to the work of Kon 
et al.,11) Yoshida et al.,12) and Takita et al.,13) the presence 
of V4+ ions appear to facilitate the formation of adsorbed 
oxygen species which play a significant role in the 
oxidation reaction. A similar situation would be 
expected for V - S n oxides. A marked enhancement 
in the rate of oxidation of C3H6 by the presence of 
gaseous oxygen observed with V - S n (1/8) oxide might 
support this conclusion. However, the reactivity of 
adsorbed oxygen appears to be similar to that of lattice 
oxygen, since there is little or no difference between 
the product distributions for the C 3H 6 oxidation over 
V-Sn(2/1) and (1/8) oxides. It seems very diffcult to 
distinguish adsorbed oxygen from surface lattice oxygen, 
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i.e., adsorbed oxygen can be regarded as a special 
type of surface lattice oxygen. 

Considering the fact that two max imum activities 
are observed with the V - S n oxides, it seems unlikely 
that the lowering of AG for oxygen release from the 
oxide is closely associated with dissolution of V ions 
in the SnO a lattice as suggested by Sachler et al.2) The 
maximum activity observed with V - S n oxides contain­
ing a small amount of V ions as described above has 
not been found by Sachtler et al.2) and other workers.3»4> 
They used silica or pumice supported V - S n oxides, 
in contrast to the present work which deals with unsup­
ported V - S n oxides. Lack of the maximum rate of 
oxidation of GO over V - S n oxides reported by T a r a m a 
et al.5) appears to be attr ibuted to the preparat ion of 
their catalyst by fusion of mixture of V 2 0 6 and S n 0 2 , 
where formation of the amorphous material is 
unexpected. 

The authors wish to thank Mr. Shinji Doi for carrying 
out part of the experiments. 
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carried out, were directly determined by X-ray diffraction 
using the methods of Wissenberg and/or precession photo­
graphs. 

In order to obtain the absorption spectrum from the observed 
reflection spectrum, we used the dispersion analysis method 
(the curve-fitting method) by using Helmholtz-Kettler type 
dispersion functions. The details of this analysis method were 
described in our previous paper.12) 

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

(NEP) ( TCNQ) 2. The crystal of (NEP)-
( T C N Q ) 2 is triclinic with the space group P I , the 
lattice constants being a = 7 . 0 7 0 Â , £ = 14.993 Â, c= 
8.006 Â, <x=84.3°, ^=111 .9° , and y=99.8°.14> The unit 
cell contains one molecular unit of (NEP) ( T C N Q ) 2. 
The arrangement of T C N Q molecules (or ions) in this 
crystal is illustrated in Fig. 1. The infinite zigzag chain 
of T C N Q along the a-axis can be considered to be 
composed of T C N Q dimers, each of which consists 
of a pair of crystallographically equivalent T C N Q 
molecules, having one excess electron delocalized over 
them. We will express this dimer as ( T C N Q ) 2 ~ . The 
average intermolecular separation within the dimer is 
3.17 Â, which is appreciably smaller than the average 
intermolecular separation between the dimers, 3.46 Â. 

Figure 2 shows the polarized reflection spectra 
meausred at room temperature on the well-developed 

Fig. 1. (a) Projection of the T C N Q molecules onto the 
(100) plane in the crystal of (NEP) (TCNQ)2 . T C N Q 
molecules drawn by solid line shows the relative orient­
ation of TCNQ molecules in the (TGNQ)2- dimer, 
TCNQ molecules drawn by dashed line shows the 
relative orientation of TCNQ molecules between the 
(TCNQ)2- dimer. 
(b) Projection of the T C N Q molecules onto the (Oil) 
plane. The arrows means the directions of the 
polarization of incident light used to measure the 
reflection spectra shown in Fig. 2. 

O L L 1 1 1 i_J 
5 10 15 20 25 

Wave Number / 1 0 3 c m _ 1 

Fig. 2. Reflection spectra on the (100) and (011) 
crystal faces of (NEP) (TCNQ)2. The number of each 
spectrum corresponds to that drawn in Figs. 1 (a) and 1 
(b). 

(100) and (011) crystal faces. Since (NEP)+ ion has no 
allowed electronic transition in the observed spectral 
range, the dispersions observed here are entirely due 
to the transitions associated with the T C N Q columns. 
The spectra show that there exist four dispersions in the 
observed spectral range: The first is located below 
5 X 103 c m - 1 , the second which has a sharp structure, 
is at about 1 0 x l 0 3 c m - 1 , the third at about 1 6 x l 0 3 

c m - 1 and the fourth above 2 5 x l 0 3 c m - 1 . These 
dispersions must correspond to the four absorption 
bands which have been reported to be characteristic 
of the absorption spectra of semiconductive T C N Q 
complex salts. Thus we will denote them as A, B, C, 
and D, respectively, as indicated in Fig. 2. 

The polarization directions employed to measure 
these spectra are indicated with arrows in Fig. 1. The 
number given for each spectrum refers the number of 
the polarization direction with which the spectrum was 
obtained. The variation of the amplitude of a dispersion 
with the change of polarization direction reflects the 
direction of the transition moment of the electronic 
transition concerned. Thus one can conclude from the 
spectra shown in Fig. 2 that the electronic transition 
concerned with the dispersion A is strongly polarized 
in the direction of T C N Q column, while the transition 
concerned with the dispersion D is polarized parallel 
to the long molecular axis of T C N Q . According to 
the widely accepted interpretation of the absorption 
spectra of T C N Q complex salt, the dispersion A is 
due to the charge transfer form ( T C N Q ) ~ to ( T C N Q ) 0 

which we will express as CT1 (A—>N), and the dispersion 
D is due to the lowest n-n* transition of ( T C N Q ) 0 which 
we will express as LE1(N) . The observed polarizations 
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of these two dispersions are consistent with the assign­
ments mentioned above. 

As we have mentioned before, the band B (at about 
1 0 x l 0 3 c m - 1 ) in the spectra of TCNQ, complex salts 
has been assigned to the charge transfer between 
(TCNQJ- ions.6) But the corresponding dispersion 
(the dispersion B) clearly exhibits a sharp structure in 
the reflection spectra observed in the present study. 
We note also that the dispersion B is polarized not in 
the direction of the TCNQ, stacking axis. To know the 
polarization direction that gives the maximum disper­
sion amplitude, we observed the variation of the am­
plitude by rotating the polarization direction within 
(Oil) plane. We took the difference between the 
reflectance values at 9 . 8 x l 0 3 c m _ 1 (maximum) and 
10.5 X 103 cm- 1 (minimum), R(9800)—R(10500), as the 
measure of the amplitude around the first peak, and 
the difference between the reflectance values at 11.1 X 103 

c m - 1 (maximum) and 11.9 x 103 c m - 1 (minimum), 
R( l 1100)—R(l 1900), as that around the second peak. 
The result is shown in Fig. 3, where the observed 
amplitudes are plotted against the angle of polarization 
direction 0 measured from the direction of the a-axis. 
We can see that the 0 dependence of amplitude is 
exactly the same between the two peaks of the dispersion 
B, showing a maximum at 0^60° which is the direction 
bisecting the angle between the direction of the long 
molecular axis of T C N Q and that connecting the 
centers of two T C N Q molecules within the dimer. 
The fact that the amplitudes of the two peaks exhibit 
the same angular dependence implies that they are 
associated with the same electronic transition. 

The reflection spectra which were measured at 27 
and 298 K on the ( 100) crystal face for the polarization 
(1), are shown in Fig. 4. The structure in the region 
of the dispersion B becomes markedly sharper at 27 K 
as compared with the spectrum at 298 K, while the 
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Fig. 3. The crystal shape of (NEP)(TCNQ,)8 single 
crystal used in this study and the angular dependency 
of the difference of the reflectivity between the crystal 
axis and polarization direction of incident light. 
R(9,800) means the reflectivity at 9.8 x 103 cm"1. 

10 15 20 
Wave Number / 103 cm"1 

25 

Fig. 4. Low temperature reflection spectrum polarized 
to the [Oil] direction on the (100) face of (NEP)-
(TCNQJ2. Room temperature reflection spectrum is 
drawn by dashed line for the purpose of comparison. 

dispersion C remains broad and structureless even at 
27 K. In order to see more details of the structure of the 
dispersion B, we carefully measured at 27 K the reflec­
tion spectrum of the concerned region with the resolu­
tion of 40 cm - 1 . The reflectance data thus obtained 
are shown by points in Fig. 5 where the solid line is the 
best-fitted curve obtained in the final stage of the curve 
fitting procédure employing seven Helmholtz-Kettler 
oscillator functions for the region from 5 x l 0 3 c m _ 1 to 
25 X 103 cm - 1 , three oscillator functions being used for 
the region of the dispersion B. 

In Fig. 6, the broken line shows the imaginary part of 
the complex dielectric function obtained by the curve 

10 11 12 
Wave Number / 103cm~1 

13 14 

Fig. 5. The low-temperature reflection spectrum of 
(NEP)(TCNQ,)2 single crystal in the range from 9x 
103cm_1 to 14xl03cm"1 . The dots means the ex­
perimental data and the solid line is the best-fitted curve 
obtained by the Helmholtz-Kettler model functions. 
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Fig. 6. Comparison between the absorption spectrum of 
TCNQ- in acetonitrile solution and the imaginary 
part of the complex dielectric function obtained by the 
dispersion analysis of the reflection spectrum at low 
temperature. 

fitting mentioned above, and the solid line is the lowest 
Ti-Ti* band of ( T C N Q ) - ion in the absorption spectrum 
of the acetonitrile solution of T l ( T C N Q ) . The both 
spectra agree quite well with each other. Such a good 
agreement can be expected only when the dispersion B 
is mainly due to the lowest TZ-TZ* transition of ( T C N Q ) ~ 
ion. Thus we assign the dispersion B to LEI (A) not to 
the charge transfer between ( T C N Q ) " ions. Naturally, 
there must be a mixing with other excited configurations, 
in particular with G T configurations such as GT1 (A—>N) 
as it is suggested from the observed polarization direc­
tion of the dispersion B. 

Other interesting aspects which we note in the low-
temperature spectrum, is a blue shift of the dispersion C 
and the appearance of a shoulder at about 22 X 103 c m - 1 

which we have denoted as C in Fig. 4. The dispersion C 
is polarized parallel to the long molecular axis of T C N Q . 
As we have mentioned before, the corresponding 
absorption band in the absorption spectra of T C N Q 
complex salts has been considered to be attr ibutable to 
LE 1(A). We can not accept this assignment since we 
have already shown that it is the dispersion B that 
should be attr ibuted to LE 1(A). Therefore, we have to 
find out a new interpretation for the dispersion C. 

I n the ground state of ( T C N Q ) 0 , sixteen n electrons 
are occupying up to the 8th n orbital from the lowest 
one, and the lowest allowed TZ-TZ* transition which gives 
a strong absorption band at 2 4 . 9 x l 0 3 c m - 1 in the 
absorption spectrum of the chloroform solution of 
TCNQ, 1 5 ) is associated with the transition to the 
singlet excited state which can be mainly expressed 
by the configuration where an electron has been excited 
from the 8th M O to the 9th M O . There must be a 

triplet excited state corresponding to the singlet excited 
state mentioned above. This lowest triplet excited state 
of ( T C N Q ) 0 was determined to be located at 2 .0±0-2 
eV ( 1 6 x l 0 3 c m r 1 ) above the ground state by the 
electron energy loss experiment.16) In the ground state 
of ( T C N Q , ) - , n electrons are doubly occupying up to the 
8th M O and singly occupying the 9th M O . The lowest 
Ti-Ti* transition is associated with the excitation of an 
electron from the 8th M O to the 9th M O . 

Let us consider the situation in the dimer (TCNQ) 2 ~ , 
since the structural characteristics of ( N E P ) ( T C N Q ) 2 

suggest that the intermolecular C T interaction is very 
muth stronger within the dimer than between the 
dimers, so that the essential features of the observed 
reflection spectrum are expected to be understandable 
from the considerations on the electronic states of the 
dimer. The lowest C T configuration of the dimer must 
be the one where an electron has been transfered from 
the 9th M O of ( T C N Q ) - to the 9th M O of ( T C N Q ) 0 . 
However this is not a proper expression of the C T 
excited state of the dimer which is composed of a pair 
of strictly equivalent molecules. The ground electronic 
configuration of such a dimer must be expressed by the 
two doublet configurations which are mutual ly different 
as regards the molecular site which has one unpaired 
electron on its 9th M O . By taking up only the 8th and 
9th M O ' s of the two molecules, we can schematically 
represent the configuration as follows ; 

c £ ^ ) * c ̂  £ ) <» 
where the plus sign gives the gerade state and the 
minus sign gives the ungerade state. The gerade state 
must be energetically lower than the ungerade state, 
hence the former corresponds to the ground state of the 
dimer and the latter corresponds to the C T excited 
state. The lowest C T transition CT1(A-*N) is to be 
considered as the transition between these two states. 
We will at tr ibute the dispersion A of ( N E P ) ( T C N Q ) 2 

to this C T transition. 
Next we will consider the charge transfer from the 

8th M O of ( T C N Q ) - to the 9th M O of ( T C N Q ) 0 , 
which can be expressed as CT2(A->N). When the total 
spin of the dimer is considered, there will be doublet 
and quartet states. Since the optical transition from 
the ground state (doublet) is possible only to the doublet 
excited states, we will take up here only the doublet 
states. T h e wave function of these state can be schema­
tically represented as follows; 

and 

( 
4 *-
4- 4+ 

( 

) ± C 

4- 4-
4+ -+ 

4+ 

) 

) 

(2) 

(3) 

The configurations represented by Eqs. 2 and 3 can mix 
with each other and also with the configurations 
expressed by Eq. 1 since all of them are doublet states 
of the dimer. When we look at the electronic configura­
tions 2 and 3 from another side, we note that they are 
equivalent to the expressions of the following LE 
configurations of the d imer : The expression given by 
Eq. 2 corresponds to the state where ( T C N Q ) 0 is in 
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the lowest singlet excited state, and ( T C N Q ) - is in 
the ground state, and the expression given by Eq. 3 
correspond to the state where (TCNQ) 0 is in the 
lowest triplet excited state and ( T C N Q ) - is in the 
ground state. Thus one could denote these configura­
tions as LE1(N, singlet) and LE1(N, triplet) states of 
the dimer, respectively. It should be noted that both 
of them are, in reality, the doublet excited states of the 
dimer and, therefore, they can mix with each other as 
we have already mensioned (Refer the appendix for 
the theoretical background of the explanation mentioned 
here). 

From these considerations, we can conclude that 
there will be two kinds of doublet-doublet transition 
associated with CT2(A—>N), one of which has the 
character of LE1(N, triplet) and the other has the 
character of LE1(N, singlet), and that the former 
transition will gain its intensity by borrowing intensity 
from the latter which is expected to be very strong, 
provided that an intermolecular CT interaction is 
strongly taking place in the dimer. 

The doublet-doublet transition which has the charac­
ter of LEI (N, triplet) is expected to appear at the wave 
number approximately equal to the energy of the lowest 
triplet state of TCNQ 0 (16 X 103 cm"1).16) The position 
of the dispersion C of (NEP) (TCNQ) 2 is in good 
agreement with this value. Thus, we attribute the 
dispersion C to the transition mentioned above, and will 
denote it as LE1(N, triplet)[CT2(A->N)]. There must 
by a strong dispersion associated with LE1(N, singlet)-
[CT2(A—>N)]. We can safely assign the dispersion D 
to this transition. 

The low-temperature spectrum of (NEP) (TCNQ) 2 

exhibits a shoulder at 22 X 103 cm - 1 . This shoulder is 

« — i . (2) 

i 

(A) 

(a) 

^ a 

Fig. 7. Projection of the TCNQ molecules onto (a) the 
(001) and (b) the (Oil) plane in the crystal of (MTPP) 
(TCNQ)2. 

separated by (11—12) X 103 c m - 1 from the dispersion B 
which we have attributed to LE 1(A) transition. This 
separation agrees with the separation between the first 
and second TZ-TZ* transitions of (TCNQ) - . 1 7 ) Thus we 
attribute the shoulder to the dispersion mainly associated 
with LE2(A). 

(MTPP)(TCN(l)2. The crystal of (MTPP)-
(TCNQ) 2 is triclinic with the space group PT, the 
lattice constants being a=9 .01 Â, * = 1 2 . 8 9 Â , £=18.18 
Â, a = 121.80°, 0 = 9 0 . 5 8 ° and y=97.30°.18> The unit 
cell contains one molecular unit of (MTPP) (TCNQ) 2. 
In this crystal T C N Q molecules (or ions) are forming 
tetramers, and a zigzag T C N Q column is formed by the 
stacking of these tetramers along the b-axis. The 
molecular arrangement within a tetramer is shown in 
Fig. 7. This salt exhibits a phase transition at 315 K 
between the low-temperature (low spin) phase and the 
high-temperature (high-spin) phase.19) According to 
the results of crystal structure analysis, the molecular 
arrangement within the T C N Q tetramer remains the 
same between the two phases, but the separation of 
T C N Q molecules between tetramers changes from 
3.57 Â in the low-temperature phase to 3.55 Â in the 
high-temperature phase.20) As compared with the 
intermolecular separation between tetramers, the molec­
ular separations within a tetramer are appreciably small, 
which are reported to be 3.24, 3.22, and 3.26 Â. Thus 
the main feature of the spectrum will be determined 
by the intermolecular interaction wihtin the tetramer. 

The absorption spectrum of the single crystal of 
(MTPP) (TCNQ,)a was observed by Tanaka et a/.,5) 
and the reflection spectrum was observed by Oohashi 
and Sakata,4) both the groups made the measurements 
only on the (001) crystal face at room temperature. 
These authors reported that (MTPP) (TCNQ) 2 exhibits 
the four absorption bands which are characteristic of 
the absorption spectra of T C N Q complex salts. 

In the present study, we measured the reflection 
spectrum of this salts not only on the (001) crystal face, 
but also on the (OlT) crystal face. The polarization 
directions employed in those measurements are shown 
in Fig. 7. 

Figure 8 shows the reflection spectra obtained at room 
temperature. From the comparison of these spectra, 
we can see that the dispersions denoted as B, C and D 
are polarized almost in the direction of the long molec­
ular axis of T C N Q , while the dispersion A is polarized 
in the direction of the T C N Q column. The general 
features of these spectra are quite similar to the reflection 
spectrum of (NEP) (TCNQ) 2 , except that the vibrational 
structure of the dispersion B less sharply appears in the 
spectra of. (MTPP)(TCNQ) 2 than in the spectra of 
(NEP)(TCNQ) 2 . 

However, as we cool down (MTPP) (TCNQ) 2, there 
appears a new dispersion at about 8 X 103 cm - 1 , while 
no corresponding dispersion was found in the case of 
(NEP) (TCNQ) 2. We will denote this new dispersion as 
A' (see Fig. 9). It should be noted also that the disper­
sion B is blue shifted on lowering the temperature while 
such an appreciable temperature-dependent shift was 
not found in the case of (NEP) (TCNQ) 2. In other 
respects, the temperature dependence of the reflection 
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Fig. 8. Reflection spectra on the (100) and the (OlT) 
crystal faces of (MTPP) (TCNQ.),. The number of 
each spectrum corresponds to that drawn in Figs. 7 (a) 
and 7(b). 
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Fig. 9. Temperature dependency of the reflection spectra 
of (MTPP) (TCNQ.)2 single crystal polarized parallel 
to the [111] direction (solid line) and perpendicular 
to the a-axis (dashed line). 

spectrum of (MTPP) ( T C N Q ) 2 very resembles that of 
( N E P ) ( T C N Q ) 2 . 

The experimental results described above can be 
interpreted if we assume a model that the T C N Q 

tetramer in (MTPP) (TCNQ,) 2 is essentially composed 
of two T C N Q dimers, between which a C T interaction 
can take place. According to this model, the electronic 
transitions of the T C N Q tetramer can be classified into 
those mainly associated with the electronic transitions 
within each dimer and those associated with the charge 
transfer between the dimers. Let us consider the 
temperature dependence of the latter transition. Since 
each dimer ( T C N Q ) 2 ~ has one unpaired electron, there 
will be singlet and triplet state for the ground electronic 
configuration of the tetramer when the spin state is 
taken into account. O n the other hand, the C T configu­
ration where an electron is transfered from a singly 
occupied orbital of a dimer to the corresponding orbital 
of another dimer, is necessarily a singlet state. 
Consequently, the singlet ground configuration can be 
stabilized by the mixing with this C T configuration, 
but not in the case of the triplet ground configuration. 
T h e optical transition to the C T singlet state is allowed 
only from the singlet ground state, so that the intensity 
of the C T band associated with this transition should 
increase on lowering the temperature accompanying 
the increase of the population of the tetramers which 
are in the singlet ground state. This situation is 
analogous to the singlet-triplet model proposed for a 
radical ion dimer. 

The ESR signal due to the triplet exciton in (MTPP) -
( T C N Q ) 2 was actually observed by Chesnut and 
Phillip.19) The temperature dependence of the para­
magnetic susceptibility of this salt was approximately 

(a) 

— * ^ 
I- (3) 
(A) (d) 

(1) 

(b) 

C2013 

(2) 

C201J 

\f ( 0 
b 

Fig. 10. Projection of the T C N Q molecules onto the 
crystal faces of (a) (001), (b) (102), and (c) (102). (d) 
Crystal morphology for Cs2TCNQ3 single crystal. 
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explained in terms of the singlet-triplet model with the 
energy separation of 0.065 eV.21) This singlet-triplet 
separation is significantly smaller than the value 
(0.2—0.4 eV) usually obtained for T C N Q simple 
salts.22) This is also understandable from the model 
described above, since the stabilization of the singlet 
ground state caused by the CT interaction between 
dimers must be much smaller than that caused by the 
CT interaction between closely contacting ( T C N Q ) -

ions within a ( T C N Q ) - dimer. 
According to the consideration mentioned above, we 

will attribute the dispersion A' which exhibits a marked 
increase of amplitude at lower temperature, to the 
charge transfer between dimers, and the remaining 
dispersions, A, B, C, C , and D, to the transitions 
within a dimer, thus attributable to the transitions 
which we have discussed in the cases of the corresponding 
dispersions of the spectrum of (NEP)(TCNQ) 2 . 

Cs2(TCNQ)3. The crystal of Cs 2 (TCNQ) 3 is 
monoclinic with the space group P2j/c, the lattice 
constants being A = 7 . 3 4 Â , 6=10 .40 Ä, £=21.98 Â and 
/?=97.18°.23) The unit cell contains two molecular 
units of Cs2(TCNQ)3 . The observed molecular geome­
tries of T C N Q in this crystal indicate that the charges 
in the T C N Q column are rather localized, so that 
( T C N Q ) 0 sites and ( T C N Q ) - sites are regularly 
arranged along the column by the repetition of 
( T C N Q ) - ( T C N Q ) ° ( T C N Q ) - (see Fig. 10). But we 
should not consider that the T C N Q column is composed 
of discrete T C N Q trimers since the intermolecular 
separation is 3.22 Â between ( T C N Q ) 0 and ( T C N Q ) -

within a trimeric repeating unit and 3.26 Â between 
( T C N Q ) - ions of the neighboring units. 

Cs 2 (TCNQ) 3 crystallizes as a needle-like crystal, the 
shape of which is illustrated in Fig. 10(d). The jjb 
and J_ b absorption spectra were previously observed in 
our laboratory on the (001) face of a single crystal at 
room temperature, by using a microspectrophotometer 
for transmission method.2) The absorption spectra 
obtained by a similar measurement were reported later 
by Tanaka et al.5) These two results showed a good 
agreement with each other. However, no observation 
of absorption spectrum has been done so far on the 
crystal faces other than the (001) face. This left some 
ambiguities as regards interpretation of the spectrum. 

Figure 11 shows the reflection spectra measured on 
the (001), (102), and (102) faces of a single crystal of 
Cs 2 (TCNQ) 3 at room temperature. The polarization 
directions employed to obtain these spectra are 
illustrated in Fig. 10 which shows the projection of the 
crystal structure onto each crystal face, Cs ions having 
been omitted in the projections shown there. The 
number of each spectrum corresponds to the number 
of the polarization direction by which it was measured. 

The spectra (3) and (4) correspond quite well to the 
reported absorption spectra measured on the same 
crystal face, (001), with the Lb and jjb polarizations, 
respectively.2»6) However, the spectra (1) and (2) 
reveal the features which have never been found from 
the measurements on the (001) face only. First, the 
spectrum (1) shows a strong maximum at 11.3 X 103 

cm - 1 , which is clearly different from the position of 

Photon Energy / eV 

Wave Number / 103cm_1 

Fig. 11. Reflection spectra on the (001), the (102) and 
the (102) crystal faces of Gs2TGNQ3 single crystal. The 
number of each spectrum corresponds to that drawn 
in Figs. 10(a), 10(b), and 10(c). The Hb spectra 
measured on the (102) and (102) faces were exactly 
the same as the //b spectrum measured on the (001) 
face, hence they are not shown here. 

the maximum found in the spectrum (1). Second, the 
maximum at 1 5 . 6 x l 0 3 c m - 1 strongly appears in the 
spectrum (1) as compared with the spectra obtained 
with other polarizations, indicating that it is associated 
with the transition polarized in the direction of the 
long molecular axis of T C N Q . 

The reflection spectra obtained at 27 K for the 
polarization directions (1) and (4) are shown in Fig. 12, 
where the broken lines are the corresponding room-
temperature spectra. Note that the peak at 1 1 . 4 x l 0 3 

c m - 1 becomes sharp and a new small peak does appear 
at 12.8 X 103 c m - 1 in the spectrum (1) measured at 27 K. 
On the other hand, the spectrum (4) at 27 K shows a 
broad maximum at 1 0 . 2 x l 0 3 c m - 1 which is accom­
panied by small sharp peaks at 11.6 X 103 and 13.0 X 103 

cm - 1 . Probably the small sharp peaks observed in the 
spectrum (4) at 27 K are corresponding to the 11.4 X 103 

and 1 2 . 8 x l 0 3 c m - 1 peaks of the spectrum (1). This 
fact implies that the broad maximum (at 10.2 X103 

cm - 1 ) of the spectrum (4) is of an origin entirely different 
from that of the sharp peaks which strongly appear 
in the spectrum (1). We note that the spectrum (1) at 
27 K closely resembles the spectrum of (NEP)(TCNQ) 2 , 
although the T C N Q column of Cs 2 (TCNQ) 3 has not 
any discrete dimeric unit corresponding to the dimer 
(TCNQ) 2 ~ which has been discussed in the case of 
(NEP)(TCNQ) 2 . Seemingly the similarity between the 



February, 1981] Low-temperature Reflection Spectra 355 

Photon Energy / eV 
1.5 2.0 2.5 

T 

10 15 20 
Wave Number / lO^cm"' 

25 

Fig. 12. Low-temperature reflection spectra of ps2-
TCNQ.3 single crystal polarized parallel to the [201] 
and the fOlO] directions. 

spectrum of C s 2 ( T C N Q ) 3 and that of (NEP) ( T C N Q ) 2 

arises because the main feature of the former is also 
determined by the interaction between ( T C N Q ) 0 and 
( T C N Q ) - . Thus, from the analogy with the assignments 
given for the dispersions of the spectrum of (NEP)-
( T C N Q ) 2 , we assign the dispersion B with a relatively 
sharp peaks at 11.4 x 103 and 12.8 X 103 cm" 1 to LEI (A) 
and the dispersion C which appear as a shoulder at 
the low-temperature spectrum (1) to LE2(A), and the 
dispersion C at 1 6 . 4 x l 0 3 c m _ 1 to the transition 
associated with the charge transfer from the second 
highest occupied orbital (8th M O ) of T C N Q - to the 
lowest unoccupied orbital (9th M O ) of T C N Q 0 , thus 
to CT2(A-»N). This CT2(A->N) transition must have a 
character of LE1(N, triplet) as we have pointed out 
in the case of (NEP) ( T C N Q ) 2. As a matter of fact, the 
dispersion C is completely polarized in the direction of 
the long molecular axis of T C N Q . The strong dispersion 
D which is located above 2 5 x l 0 3 c m - 1 can be safely 
assigned to LE1(N, singlet) [CT2(A-»N)] . 

The dispersion A ' which appears as a max imum at 
1 0 . 2 x l 0 3 c m _ 1 in the spectrum (4), can be assigned 
to the charge transfer between ( T C N Q ) - ions, C T 1 -
(A—>A). In the case of T C N Q simple salts, there exists 
a strong mixing between CT1(A~»A) and LE 1(A). 
This makes the absorption band associated with LE 1(A) 
broad and structureless, and, gives at the same time 
an increase of the separation between CT1(A—*A) 
band and the band which is mainly associated with 
LE 1(A), their separation being usually (5—6) X 103 

c m - 1 in the absorption spectra of T C N Q , simple salts. 

In the case of Cs 2 (TCNQ) 3 , the overlap of mutually 
interacting ( T C N Q , ) - ions is of the short-axis-shifted 
mode where one of the ions is shifted against the other 
along the short molecular axis from the position of the 
direct overlap. Wi th this mode of molecular overlap, 
the CT1(A-+A) state cannot mix with the LE 1(A) 
state. Probably this might be the reason why the 
separation between the dispersion A'(CT1(A—+A)) and 
the dispersion B (LEI (A)) is small, and the latter 
clearly shows a vibrational structure, although there 
must be a strong C T interaction between ( T C N Q ) -

ions. 

Conc lus ion and S u m m a r y 

In this study, we measured the polarized reflection 
spectra on the single crystals of the three different types 
of T C N Q complex salt, (NEP) (TCNQ,) a, (MTPP) -
( T C N Q ) 2 , and Cs 2 (TCNQ) 3 , not only at room tempera­
ture but also at low temperatures down to 27 K. We 
have revealed that the dispersion B which appears at 
about ( 1 0 — l l ) x l 0 3 c m - 1 shows a sharp structure 
corresponding to the vibrational structure of the lowest 
7C-7Z* band of the solution spectrum of ( T C N Q ) - ion, 
and is polarized in the direction rather close to the 
direction of the long molecular axis of T C N Q . We 
have also found that a new dispersion appears at 
(7—8) X 103 c m - 1 in the low-temperature spectrum of 
( M T P P ) ( T C N Q ) 2 and its amplitude increases on 
lowering the temperature. The low-temperature 
spectrum of C s 2 ( T C N Q ) 3 showed that there is a broad 
dispersion at 10.2 X 103 cm- 1 , polarized parallel to the 
T C N Q column, besides a sharp dispersion at 11.4x 103 

c m - 1 polarized in the direction of the long-molecular 
axis of ( T C N Q ) " . 

These new results cannot be explained by the inter­
pretations which have been hitherto proposed for the 
absorption bands of the spectra of semiconductive T C N Q 
complex salts. 

O n the bases of those experimental results, we have 
proposed a new interpretation, particularly for the 
origin of the dispersion B which appears at about 
1 0 x l 0 3 c m - 1 with a vibrational structure and the 
dispersion C which appears at about 1 6 x l 0 3 c m - 1 . 

Finally we wish to point out that, as we have revealed 
in this study, it is extremely important to observe the 
reflection (or absorption) spectra on various crystal 
faces with different polarizations, not only at room 
temperature but also at low temperatures in order to 
know the true characteristics of the spectra of highly 
anisotropic organic solids such as T C N Q salts, and to 
establish the interpretations of the spectra. 

The authors wish to thank Mr. Nobuhiro Kosugi for 
helpful discussion. 

Appendix 

We will consider the ground and excited states of the dimer 
(TCNQ,)2- by using a simple configuration interaction method, 
in order to reveal the mechanism of the mixing of the states 
of the doublet-singlet pair and the doublet-triplet pair. To 
simplify the model we take account only of the 8th and 9th 
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molecular orbitals of TCNQ, . Let us express the wave 
functions of various configurations of the dimer as follows 
denoting the molecules in the dimer as A and B, respectively; 

(i) « & = C £ ^ ) = |8A8A9A8B8B | 

* " B = C ^ £ ) = I 8 A S A 8 B 8 B 9 B | 

(») * & = ( £ 4 ^ ) = I 8 A 9 A 9 A 8 B 8 B | 

* & = ( ^ ^ ) = | 8 A 8 A 8 B 9 B 9 B | 

(iii) $ ? A = 

>ct ;p - c ^ ' - c 4 + )> 

^ g = { 2 | 8 A 9 A 8 B 8 B 9 B | - |8A9A8B8B9B | 

- |8A9A8B8B9B |} 

7o~{2t 4+ ) - c i r * : ) - c 4+ 4+ )> 

7T {2|8A8A9A8B9B| - |8A8A9A8B9B| 

- |8A8A9A8B9B|} 

(iv) *ft = ^ { C 4- 4-
—t- +* 

) - <2£» 
= ^={|8 A9 A8 B8 B9 B| - |8A9A8B8B9B|} 

• * - 7 ^ C ^ ^ ) - ( £ ^ ) > 

= ^ y {|8A8A9A8B9B| - |8A8A9A8B§B |} 

where a represents the spin state of the doublet system, 8A 

and 8B mean the 8th molecular orbital of the molecule A 
with a spin and that of the molecule B with ß spin, and 
|8A8A9A8B8B | means the Slater determinant . 

When we neglect the intermolecular interaction, (i), (ii), 
(iii), and (iv) correspond, respectively, to the ground con­
figuration, the L E configurations associated with the first 
excited state of T C N Q - , the ones associated with the first 
triplet and singlet excited states of TCNQ,0 . When the inter­
molecular interaction H A B is introduced, the electronic 
states of the dimer can be described by the linear combination 
of these states. As the first approximation, we will take 
account of the following transfer integrals : 

<o = < « & ! # |<B&> ^ <|8A9A9A8B8B | / / |8A9A8B9B8B |> 

= <|8A8A8B9B9B | / / |8A8A9A8B9B |> 

- -<|8A9A9A8B8B|//|8A9A8B8B9B|> 

= -<|8A8A8B9B9B|//|8A8A9A8B9B|> 

' i = -< |8 A 8 A 9 A 8 B 8 B | / / |8 A 9 A 8 B 8 B 9 B |> 

= - < | 8 A 8 A 8 B 8 B 9 B | / / | 8 A 8 A 9 A 8 B 9 B | > 

- < | 8 A 8 A 9 A 8 B 8 B | " | 8 A 9 A 8 B 8 B 9 B I > 

= < | 8 A 8 A 8 B 8 B 9 B | " | 8 A 8 A 9 A 8 B 9 B | > 

h = <|8A9A8B8B9B | / / |8A8A9A8B9B |> 

= <|8A9A8B8B9B | tf |8A8A9A8B9B|> 

- <|8A9A8B8B9B | / / |8A8A9A8B9B |>, 

where, H=H0+HkR. The origin of the energy is chosen so 
that < ( Ï > G A | ^ I ^ ) G A > i s e q u a l t o z e r o - T h e matrix of the 
secular equation will be given by (1) for the gerade states, 

<S>D+ 

0 ~7Th 7T<* 

E, 

3 t l t 

TT'0 TT'0 
(1) 

and by (2) for the ungerade states, 

$ G 

En TT*0 

£T+y'2 

^s+y'a 

Et-jtt 

(2) 

where, 

$1 = 
1 

•(4Si±4&) TT' 

^ = ( * ? A ± ^ ? B ) 

T h e integrals, t0, tv and t%, have negative values because 
of the symmetry of the molecular orbitals24) and the geometri­
cal configuration of T C N Q molecules in the dimer. There­
fore, the ground state of this system will be <&£, and the 
optical transition from this state is allowed only to 3>J, <££, 
3>T> and <|>g. T h e wave function of the ground state and 
those of the ungerade states can be expressed as follows when 
they are calculated by the first order perturbation method. 

<ï>o = 3>G" + 

<3>CT = $G + 

3>D = 3>D — 

<3>T = <I>T — 

7T k 

ET 2~t2—t0 

3 t 

• * î 
TT'' 

Ea+Ytz~ *° 
$8

+ 

1 

* i 
7T h 

Eu—jti+to 
l_ 
2 

— = — * n 

•<DS-

- E T + - 2 " ' 2 + - E E 
1 

*2* 

* i 

$G + 

-^8—2" f2 — ^D 

<S>i 

3 t 

^T + y ' l —-̂ D 
$D 

E9-t2-Er **' 
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TT'1 7T'° ^ 
#8 = 3>S + J $0 + J $0 

The transitions to <ï>0T, <ï>D, <Ï>T, and <ï>s from <ï>G correspond to 
CT1(A~>N), LE1(A), LE1(N, triplet) and LE1(N, singlet), 
respectively, and the last two transitions have, at the same 
time, the nature of CT2(A—>N). Thus, the transition <£G—> 
<Ï>T can borrow its intensity from the very strong transition 
of the type <££—*£>s, provided that t2 is not zero. Although 
the present formulation has been carried out by taking up 
only the 8th and 9th MO, the conclusion will not change 
qualitatively even if we carried out a more elaborate calcula­
tion. 
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The Rate Constants of the Reactions of Hydrogen and Oxygen 
Atoms with Fluoroethylenes 
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The pulse-radiolysis technique combined with the atomic resonance absorption method was used for the 
measurement of the room-temperature rate constants of the reactions of hydrogen and oxygen atoms with fluoro­
ethylenes. The rate constants obtained at 298±2 K are as follows, in units of 10-12 cm3 molecule"1 s - 1 (1 cm3 

molecule-1 s - 1 = 6.022 X 1017 m3 mol - 1 s -1). The standard deviation is within 10%. 
Atoms C2H4 C2H3F CH2CF2 C2HF3 C2F4 

H 1.1 0.52 0.36 0.090 0.082 
O 1.0 0.52 0.20 0.63 0.81 

The correlation between the rate constants and the reactivity index calculated by the INDO method is discussed. 

The determination of the absolute rate constants 
for the addition of hydrogen and oxygen atoms to 
monoolefins in the gas phase has been the subject of a 
number of investigations.1-6) Although some discre­
pancies still remain in the temperature dependence, the 
rate constants at room temperature now appear to be 
established. 

Recently we used the pulse-radiolysis technique for 
the determination of these rate constants and obtained 
results consistent with previous measurements.7 - 9) 

Using the product analysis, Jennings and his col­
laborators determined the relative rate constants for 
the addition of hydrogen and oxygen atoms to many 
fluorinated olefins.10»11) Moss used a similar technique 
to measure the relative rate constants of the reactions 
of oxygen atoms with all the fluoroethylenes.12) The 
relative rate constants they reported have an interesting 
dependence on the number of the substitution of 
fluorine atoms. In the reactions of hydrogen atoms 
with fluoroethylenes, the increase in the number of 
substituted fluorine atoms reduces the relative rate 
constants, while in the case of oxygen atoms, difluoro-
ethylenes have the lowest reactivity. These results are 
still open to theoretical interpretation. 

We, therefore, a t tempted the measurement of the 
absolute rate constants of the reactions of hydrogen 
and oxygen atoms with some fluoroethylenes, and tried 
to explain the results theoretically by using the reactivity 
index calculated by the I N D O method. 

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

The apparatus used for the measurement of the rate con­
stants has been described previously.9) The time resolved 
measurements of hydrogen and oxygen atoms are the same as 
those described in previous papers.7»9) 

Fluoroethylenes were the products of Daikin Co. After a 
few freeze-pump-thaw cycles at liquid nitrogen temperature, 
the middle third was retained. The gas chromatographic 
analysis using a 2-m Porapak N column at room temperature 
showed that all compounds contain no detectable impurities. 

R e s u l t s 

For the reactions of hydrogen atoms, the H 2 pressure 
ranging from 180 to 900 Tor r (1 T o r r = 133.3 Pa) was 

PRESSURE / TORR 

Fig. 1. Plots of the decay rates of hydrogen atoms 
against reactant pressures. 
• : C2H4, A : C2H3F, fl: CH2CF2, 0 = C2HF3, A : 
C2F4. 

used. No H2-pressure dependence of the rate constant 
could be observed. All the decay curves obtained on 
the oscillograms were of the first-order. Figure 1 
summarizes the decay rates obtained as functions of 
the initial pressure of four kinds of fluoroethylenes. 
For comparison, the decay rates previously obtained 
with ethylene are plotted.7) 

As the source of oxygen atoms, the mixtures of 0 2 

(4—10 Torr) and He (100—900 Torr) were used. All 
the decay curves obtained on the oscillograms were 
of the first-order. The procedure for the determination 
of the rate constants of the reactions of oxygen atoms 
with olefins is the same as that described in the previous 
paper.9) Figure 2 summarizes the decay rates obtained 
as functions of the initial pressure of fluoroethylenes. 
For comparison, the decay rates previously obtained 
with ethylene are also plotted. 

From the linear plots shown in Figs. 1 and 2, we can 
calculate the rate constants of the reactions of hydrogen 
and oxygen atoms with fluoroethylenes. The results 
are summarized in Fig. 3 as functions of the number of 
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0,2 0.4 

PRESSURE / TORR 

Fig. 2. Plots of the decay rates of oxygen atoms against 
reactant pressure. 
# : C2H4, A : C2H3F, | : CH2CF2, 0 = C2HF3, A : 
G2F4. 
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C2H/, C2H3F CH2CF2 C2HF3 C2F/, 

Fig. 3. Comparison of the rate constants of the reactions 
of H and O atoms with fluoroethylenes. 

According to the recent ab initio calculations, when 
an H atom adds to ethylene, the atom approaches the 
C atom attached to the double bond from the direction 
perpendicular to the plane of the ethylene molecule. 14> 
A similar reaction pa th has been derived for the addition 
reaction of 0 ( 3 P ) a tom to ethylene,16-16) al though this 
mechanism seems to be somewhat contradictory to that 
proposed by Cvetanovic.17) In the present t reatment, we 
assumed that no deformation of the geometry of fluoro-
ethylene molecule occurs during the approach of the 
attacking atom, and calculated the total energy change 
as a function of the distance between the attacking a tom 
and the ethylene molecule. T h e geometry of the 
calculated model is shown in Fig. 4. 

H* / 
H 

• " * - - . 1 I - - - . ( b ) ^ - - U ~ 

Fig. 4. The geometry used for the INDO calculation. 

Among the three calculated reaction paths, the one 
leading the attacking a tom to the G atom which is less 
substituted by fluorine atoms was found to be the 
lowest energy path , irrespective of the kind of the 
attacking atoms. This is consistent with the observations 
that hydrogen atoms add almost exclusively to the GH 2 

group in G H 2 G H F and CH2CF2,18> and that oxygen 
atoms add mainly to the GH 2 group in CH 2CHF. 1 9) 
The calculated energy differences, ÔE, between the 
total energy change of fluoroethylene, A£'(fluoro-
ethylene), and that of ethylene, Ais (ethylene) as 
functions of the distance, x, between attacking atom and 
ethylene are shown in Fig. 5. T h e smaller the value 
ofôE, the more easily can the attacking atoms approach 

substituted fluorine atoms. 

I N D O Calculat ion 

The calculation by the approximate M O theory on 
fluoroethylenes has already been made by Pople and his 
colleagues, and the interesting effects of the substitution 
of fluorine atoms on the charge distribution in the 
molecules have been discussed.13) The electron density 
of the <r-part in the C=G double bond is reduced by the 
inductive effect of fluorine atoms, while the ^-electron 
density is increased by the so-called mesomeric effect. 
By performing the I N D O calculation, we carefully 
studied these effects to find if any correlations exist 
between these electron densities and the rate constants 
we obtained above, but no clear correlations could be 
found. The calculation without considering attacking 
atoms seems to be useless for the discussion on the rate-
constants. We, therefore, performed the calculation 
on a model which included the attacking atoms. 

' 1 
H 

4 

3 \ \ 

^v 1 
l ^ ^ ^ ^ - J 

1 1 
2 » 

3 . \ 

; \ \ 

'xVV 
1. 7 - ^ 

0 . 2 0 . 3 0 . 2 

X / nm X / nm 

1 

0 

0 

Fig. 5. The energy differences, ÔE, between the total 
energy change of fluoroethylene, A-E(fluoroethylene), 
and that of ethylene, AE (ethylene) in units of hartree 
(1 hartree=62 7.51 kcal/mol) as functions of the 
distance, x, between attacking atom and fluoroethylene, 
A £ = £ ( a t x)-E(x-*oo).«> 
1: C2H3F, 2: CH2CF2, 2 ' : trans-CHFCHF, 2": cis-
CHFCHF, 3: CaHF3, 4: C2F4. 
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the fluoroethylene. This property may be called 
approachabili ty. As Fig. 5 shows, the approachabili ty 
obtained with H atoms decreases with the increase in 
the number of substituted fluorine atoms, while that 
obtained with O atoms has a min imum with C H 2 C F 2 

molecule. 
We can find some correlations between the calculated 

approachabilities and the rate constants obtained in the 
previous section. The other obtained with H atoms is 
in agreement with that of the rate constants. In the 
case of O atoms, the approachabil i ty calculated for 
G2H8F seems to be too large. In spite of the discrepancy, 
the general t rend of the order of the rate constants 
may be said to be explicable by the calculated 
approachability. 

D i s c u s s i o n 

Comparison with Other Investigations. In Table 1, 
the relative rate constants of the reactions of hydrogen 
atoms with fluoroethylenes obtained by previous 
investigations are compared with those calculated from 
the present data . T h e results obtained by Kilcoyne 
and Jennings are in good agreement with our data, 
although our da ta are not complete because of the 
difficulty of obtaining trans- and £w-l,2-difluoroethylenes. 
The results of Penzhorn and Sandoval are quite different 
from those of the others.20) Since possible reasons for 
this discrepancy have already been discussed by Kilcoyne 
and Jennings, it is unnecessary to restate them. 

Table 2 compares the absolute rate constants of the 

TABLE 1. COMPARISON OF THE RELATIVE RATE CONSTANTS OF 

THE REACTIONS OF H ATOMS WITH FLUOROETHYLENES 

Compound 

CH2=CH2 

CH2=CHF 
CH2=CF2 

trans-CHF=CHF 
m-CHF=CHF 
CHF=CF2 

CF2=CF2 

PS*> 

1.00 
0.79 
1.45 
1.15 
0.70 
1.65 
1.70 

KJ» 
1.00 
0.44 
0.36 
0.09 
0.06 
0.05 
0.08 

This work 

1.00 
0.47 
0.33 

0.082 
0.075 

a) PS: Penzhorn and Sandoval, Ref. 20. b) KJ: 
Kilcoyne and Jennings, Ref. 11. 

TABLE 2. COMPARISON OF THE RATE CONSTANTS OF THE 

REACTIONS OF O ATOMS WITH FLUOROETHYLENES 

(in units of 10-12 cm3 molecule-1 s_1) 

Compound 

CH2=CH2 

CH2=CHF 
CH2=CF2 

*ra>u-CHF=CHF 
m-CHF=CHF 
CHF=CF2 

CF2=CF2 

HHD 

0.436 

0.448'5 

0.363 

SGG 

0.41 
0.31 
0.58 
0.37 
0.83 

This 
work 

1.0 
0.52 
0.20 

0.63 
0.81 

Moss 
(Relative) 

(1.00)w 

(0.38) 
(0.22) 
(0.54) 
(0.32) 
(0.57) 
(1.60) 

HHD: Huie, Herron, and Davis, Ref. 21; SGG: 
Slagle, Gutman, and Gilbert, Refs. 19 and 22. 
a) Mixture of trans and eis. b) Ref. 12. 

reactions of oxygen atoms obtained by Huie et al.*1) 
and Gilbert et a/.19) with ours and the relative rate 
constants reported by Moss.12) Serious disagreement 
is observed in the case of C2F4 . For the reaction of 
0 + C 2 H 3 F , Atkinson and Pitts reported 0 .27±0.03 in 
units of 10 - 1 2 cm 3 molecule - 1 s-1.23) O u r result seems 
to be too large. More extensive investigations on this 
reaction are now in progress. Recently, Koda discussed 
the absolute rate constant of the reaction of 0-fC 2 F 4 . 2 4 ) 
T h e rate constants he estimated are 0.83 and 1.30 in 
units of 10 - 1 2 cm8 molecu le - 1 s - 1 . O u r result agrees 
with the smaller value. Further investigations are 
obviously desirable. 

Reactivity Index. When Sato and Cvetanovic 
carried out the simple Hückel M O calculation on a 
series of monoolefins,26) they anticipated that the 
calculated parameters such as charge density, bond-
order, free valence, or atom localization energy might 
correlate with the relative rate constants of the reactions 
of various active species with monoolefins. Actually, 
the relative rate constants of the reactions of oxygen 
atoms with monoolefins were found to be well correlated 
with the excitation energies and bond-orders calculated. 
When Jennings and Cvetanovic determined the relative 
rate constants of the reactions of hydrogen atoms with 
a series of monoolefins, they found that these relative 
rate constants are well correlated with the atom localiza­
tion energies of the monoolefins.26) However, when 
Jennings and his colleagues applied these correlations 
to the relative rate constants obtained with fluoro­
ethylenes, they failed to find clear correlations.11) The 
substitution of fluorine atoms seems to induce an 
exceptional effect on the molecule. 

In the above treatment, the parameters were 
calculated only on the olefins, one component of the 
reactants, and the attacking atoms were not included. 
So, we tried to include the attacking atoms in the 
calculation, and found some success. We believe that 
this success is somewhat fortuitous; more extensive 
investigations are necessary before definite conclusions 
are drawn from such calculations. 

T h e authors wish to express their thanks to Professor 
Nobuo Ishikawa of this Institute for the supply of 
fluoroethylenes, and also to Dr. Kazuo Shimokoshi of 
this Insti tute for allowing the use of the program for 
I N D O calculation. 
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The Precursors of Phenols Produced in the y-Radiolysis of Aromatic 
Hydrocarbons in Liquid Carbon Dioxide 
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The y-ray-induced oxidation of toluene in liquid carbon dioxide has been reinvestigated. In order to discuss 
the precursors of the main products: three kinds of cresols and benzyl alcohol, 1-butène was used as the scavenger 
of oxygen atoms. The formation of cresols and benzyl alcohol was well explained by the participation of two 
precursors : one is oxygen atoms and the other is ionic species, O - or/and G 0 3

_ ions. The ratio of the G-value 
of oxygen atoms to that of the sum of O - and G 0 3 - ions initially formed was estimated to be 4 : 1 for pure liquid 
carbon dioxide. The spur model previously proposed was applied to explain the formation of O" and G03~ ions. 

The y-ray induced oxidation of hydrocarbons in 
liquid carbon dioxide has been extensively investigated 
by two research groups. Sakurai and his collaborators 
used a stainless steel autoclave for y-irradiation. In this 
a small amount of hydrocarbon was packed with a large 
amount of carbon dioxide, with a mole fraction larger 
than O.9.1-6) Using a series of methyl-substituted 
benzene as the substrate, they estimated the relative 
rate constants for the formation of the corresponding 
phenols and benzyl alcohols.3) O n the basis of these 
relative rate constants, they concluded that the precur­
sors of these products are oxygen atoms. 

O n the other hand, our group used a small glass tube 
for y-irradiation at low temperatures, usually 
—18 °C.7-10> The mixing ratio of carbon dioxide to 
hydrocarbon was changed from 0 to 1, and the G-values 
of noncondensable products, mainly carbon monoxide, 
were measured, as well as those of condensable ones. 
In a previous paper,10) we used a series of monoolefins 
as the substrate and measured the relative rate constants 
of the reactions of oxygen atoms with seven monoolefins. 
This estimate was made by measuring the G-values of 
the reaction products : epoxides, aldehydes, and ketones. 
I n these experiments, the formation of several alcohols 
was also observed. We tentatively assigned these 
alcohols as the products in the reaction of ionic species 
with hydrocarbons. 

Five years ago, we reported the formation of cresols 
and benzyl alcohol in the y-radiolysis of toluene in 
liquid carbon dioxide, and suggested that the precursors 
of these products are O " or /and C 0 3

_ ions, because the 
formation of these products was considerably suppressed 
by the addit ion of a small amount of sulfur hexafluoride, 
a well-known electron scavenger.8) This suggestion is 
obviously contradictory to the conclusion reached by 
Sakurai et al. This paper will discuss this discrepancy 
and will estimate what percentage of the oxygen-
containing products are formed from oxygen atoms and 
what percentage from ionic species. 

In a previous paper,11) we reported the y-ray-induced 
oxidation of aromatic hydrocarbons in liquid dinitrogen 
oxide, and showed that the corresponding phenols and 
benzyl alcohols are produced through two processes: 
one is the reactions of oxygen atoms and the other is 
the reactions of ionic species, probably N 2 0 ~ ions, 
followed by the neutralization reactions with aromatic 
hydrocarbon cations. A similar technique may be 
applied to discriminate the precursors in the reactions 

in carbon dioxide. 
Carbon dioxide is known to be an electron scavenger, 

al though the efficiency is much less than that of di­
nitrogen oxide;12) however, C 0 2 ~ ions cannot be the 
precursor for cresols. When this compound is used as 
the electron scavenger in the y-radiolysis of cyclohexane, 
the formation of hydrogen is effectively suppressed, but 
the formation of carbon monoxide is not balanced by 
the decrease in the hydrogen yield, suggesting that the 
neutralization reaction between C 0 2 ~ ions and hydro­
carbon cations does not produce carbon monoxide and 
oxygen atom-added products. 

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

The experimental procedures were the same as those 
described in previous papers.10»11) 

R e s u l t s 

The G-values of carbon monoxide from the C 0 2 -
toluene system are shown in Fig. 1 as a function of the 
electron fraction of C 0 2 ; the values of oxygen-containing 
products are given in Fig. 2. T h e fractional yields of 
three kinds of cresols and of benzyl alcohol are plotted 

0 0.2 0.4 0.6 0.8 L 0 

ELECTRON FRACTION OF C02 

Fig. 1. The G-values of carbon monoxide from the 
toluene-C02 system. 
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0.2 0.4 0.6 0.8 

ELECTRON FRACTION OF CO2 

Fig. 2. The G-values of o-cresol (Q), /»-cresol (A)> m-
cresol (Q), benzyl alcohol (V)> anc* phenol (%) from 
the toluene-C02 system. 
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Fig. 4. The G-values of 1,2-epoxybutane ( # ) , butanal 
(M)> o-cresol ( O ) J /»-cresol (/\,), m-cresol ( • ) , and 
benzyl alcohol (V) from the toluene (0.9)-1-butène 
(0.1)-CO2 system. The numbers in parentheses are 
the mole fractions of each hydrocarbon in the mixture. 

0 0.2 Q.H 0.6 0.8 1.0 

ELECTRON FRACTION OF CO2 

Fig. 3. The fractional yields of o-cresol (0)> ^-cresol (/\J, 
m-cresol ( • ) , and benzyl alcohol (V) against the sum 
of three cresols. 

0 0.2 0.4 0.6 0.8 1.0 

ELECTRON FRACTION OF CO2 

Fig. 5. The ratio of A/B as a function of the electron 
fraction of C0 2 . A is the sum of the G-values of three 
cresols and benzyl alcohol, and B, the sum of the G-
values of 1,2-epoxybutane and butanal. The dotted 
line shows 0.18. For this value, see the Text. 

TABLE 1. THE EFFECT OF SULFUR HEXAFLUORIDE ON THE ^-RADIOLYSIS OF THE TOLUENE-C0 2 SYSTEM 

The electron fraction of CO- is 0.48. 

Sulfur 
hexafluoride 

mdP% 

0 
0.71 
2.29 
3.99 
4.46 
8.17 
9.10 

CO 

1.20 
1.07 

0.79 
0.68 

H2 

0.13 
0.12 

0.12 
0.11 

o-Cresol 

0.38 

0.08 
0.06 

0.03 

G-value 
^ 

/»-Cresol 

0.14 

0.02 
0.02 

0.01 

m-Cresol 

0.14 

0.06 
0.06 

0.03 

Benzyl alcohol 

0.06 

0.06 
0.07 

0.07 

Bibenzyl 

0.14 

0.36 
0.40 

0.50 
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co2 —> co + o (i) 
> G02+ + e- (2) 

[e~ + C02] -> C 0 2 - (4) 

[C02+ + C0 2 - ] - • CO + O + G0 2 (5) 

[O + C0 2 - ] -» C 0 3 - . (13) 

The O and C 0 3 ~ thus produced react with aromatic 
hydrocarbons to produce phenol. 

In isolated spurs, the ratio of the amount of oxygen 
atoms, [O] , initially produced, to that of ionic oxidizing 
species, [ 0 ~ ] + [ C 0 3 ~ ] , must be independent of the 
electron fraction of carbon dioxide since no reactions 
between active species are expected to occur; but in 
condensed spurs, this ratio should increase with the 
increase in the electron fraction, since Reaction 5 
becomes important for the formation of oxygen atoms. 

ELECTRON FRACTION OF CO2 

Fig. 6. The fractions of G0 as a function of the electron 
fraction of C0 2 . G0 is the fraction of oxygen-contain­
ing products produced through the reactions of oxygen 
atoms with toluene, and Gu the fraction of oxygen-
containing products produced through ionic reactions. 

Estimate of the Ratio of the G-value of Oxygen Atoms to 
That of the Sum of 0~ and C03~ Ions. As has been 
discussed in a previous paper,11) the fraction of 1,2-
epoxybutane to the total consumption of oxygen atoms 
in the reaction with 1-butène is 0.42, while the fraction 
of oxygen-containing products to the total consumption 
of oxygen atoms in the reaction with toluene is 0.36. 
Moreover, we know that the ratio of A;(O-fl-butène)/ 
A: (O-f-toluene) is about 50, and that 1,2-epoxybutane 
is produced only in the reaction of oxygen atoms with 
1-butène. From this knowledge, we can estimate the 
G-value of cresols (G0) produced in the reaction of 
oxygen atoms with toluene in the C0 2 - t o luene system. 
Figure 6 shows the fraction of Go in the total G-value 
of oxygen-containing products observed, as a function 
of the electron fraction of carbon dioxide. This result 
suggests that more than 4 0 % of cresols are produced 
by the ionic process in the entire range of the electron 
fraction of carbon dioxide. 

O n the other hand, the rate constant ratio of 
A:(N20~H-l-butene)/A;(N20"+toluene) was estimated to 
be 2.5,11) and the fraction of oxygen-containing products 
in the total consumption of N 2 0 ~ ions in the reaction 
with toluene was estimated to be 0.74. These values 
may be applicable to the reactions of 0 ~ and C 0 3 ~ ions 
in the present system. Then, we can calculate the ratio 
of the G-value of oxygen atoms to that of the sum of O -

and C 0 3 ~ ions initially produced, by using the da ta 
shown in Fig. 4. The results are shown in Fig. 7; i.e., 

2 

ELECTRON FRACTION OF CO2 

Fig. 7. The fractions of oxygen atoms in the total oxidiz­
ing species, O, O - , and C 0 3

_ , initially produced in 
the y-radiolysis of the toluene-COa system. 

G(O) : G ( 0 - + C 0 3 - ) = 4 : 1 for the pure liquid carbon 
dioxide. Wi th the decrease in the electron fraction 
of carbon dioxide, this ratio decreases and approaches 
3 : 2 at the lower limit of the electron fraction of carbon 
dioxide. 

Effect of Sulfur Hexafluoride. As Table 1 shows, 
the formation of cresols was considerably suppressed 
by the addition of a small amount of sulfur hexafluoride, 
which is known to be an effective electron scavenger. 
According to Fig. 6, even if all ionic processes should 
be inhibited, about 5 0 % of cresols should remain as 
the product ; however, this is not the case. We have 
no proper interpretation for this discrepancy, but we 
feel that sulfur hexafluoride is not simply an electron 
scavenger in the systems studied. 

In the previous paper,8) we suggested tha t cresols are 
formed only from the reactions of ionic species with 
toluene. This seems to be the result of a simplified 
interpretation of the electron scavenging effect of sulfur 
hexafluoride. 

With the increase in the mole fraction of sulfur 
hexafluoride, the formation of bibenzyl became 
important . This increase may be due to the reactions 
of F atoms, which come from the electron scavenging 
of sulfur hexafluoride, with toluene to produce benzyl 
radicals. 

T h e formation of bibenzyl is always observed in the 
radiolysis of toluene; however, the quanti tat ive measure­
ment for this product has not been made in the present 
experiments since no significant dependence of the 
G-value on the electron fraction of carbon dioxide has 
been observed in the absence of sulfur hexafluoride. 
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Ultraviolet chemiluminescence caused by a reaction of metastable He and CF2C12 was observed. Laser-
excited single-vibronic-level fluorescence of the CF2 £adical thus produced was also examined. The main feature 
in the 250—400 nm region was explained as the CF2 A

1B1-X
1A1 transition. The observed vibrational-level popula­

tion of CF2 (A1!^) resulting from this reaction exhibits a maximum near v'2 = 5. This fact implies that the product 
has a FGF angle of about 104°, which is nearly equal to the FGF angle (105.4°) of the reactant (CF2C12) molecule, 
rather than to the equilibrium FGF angle (122°) of the CF2 ( Ä ^ ) itself. 

The difluorocarbene radical, CF2 , an important 
transient intermediate in fluorocarbon reactions, has 
been examined by a great number of reseachers.2) I n 
1950 Venkateswarlu first observed an emission spectrum 
between 239.9 and 342.9 nm which was at t r ibuted to 
the CF 2 radical.3) Its absorption spectrum in the 260 nm 
region was measured with high dispersion by Mathews 
in 1967.4) According to his rotational analysis, the 
upper and lower electronic states corresponding to this 
band system are 1 B 1 and 1A 1 respectively, and the 
molecule is bent with r0(CF) = 1.32Â and ZFCF = 
122.3° in the ( % ) excited state and with r0(CF) = 1.300 
À and Z F C F = 104.94° in the ground state. The 
absorption and emission spectra gave vibrational 
frequencies i>2=496 c m - 1 and v'i=668 c m - 1 . 

Since then, a debate arose as to the location of the 
CF 2 triplet state, a3!^. Recently, Quach-Ta t -Trung 
et al.5) noted that an emission band system, 340—450 
nm, found in the microwave discharge of CF 2 X 2 ( X = C 1 , 
Br), probably belonged to the CF 2 äzB1-X

1A1 transition. 
Shortly thereafter, however, Koda6) observed a struc­
tured emission spectrum in the region 470—720 nm 
resulting from the reaction with 0 ( 3 P ) and CF2=CF2 , 
and tentatively assigned this emission to the CF 2 

ä ^ - X M ^ phosphorescence transition. Unfortunately, 
their discussions are based upon a lower dispersion 
spectra, and the subject does not yet seem to be fully 
fixed. 

We have observed, with a higher dispersion, an 
ultraviolet emission spectrum resulting from a reaction 
of a metastable helium atom and dichlorodifluoro-
methane CF2C12 ("freon 12") in a discharge flow 
system. A laser excited single-vibronic-level fluorescence 
of the CF 2 radical thus produced was also examined. 
From the results, a number of new pieces of information 
have been obtained on the reaction as well as on the 
CF 2 molecule itself. These will be reported below. 

O u r special attention has been focused on the FCF 
angle of the CF2(Ä1B1) molecule in the initial stage of 
the reaction, because its equilibrium F C F angle (122.3°) 
is dramatically different from the F C F angle (105.4°) of 
the reactant CF2C12 molecule.21) A discussion on this 
point will be given, in the present paper, in more detail 
than those on other points. 

** Present address: Todd Wehr Chemistry Building, 
Marquette University, Milwaukee, Wisconsin 53233, U.S.A. 

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

The arrangement of the experimental apparatus is shown 
in Fig. 1. Active species of helium were produced by micro­
wave discharge with a magnetron (2450 MHz, 500 W). The 
discharge portion was made of a 15 mm i.d. (inside diameter) 
quartz tube, and the product was admitted into a reaction 
chamber made of a 40 mm i. d. pyrex tube. The reactant 
gas, that is CF2C12, was injected into the reaction chamber 
through a 0.5 mm i. d. pyrex tube at 15 cm downstream from 
the discharge portion. The reaction chamber was evacuated 
with a 500-liter/min mechanical pump. 

The pressure in the reaction chamber was measured with 
a Pirani gauge. The pressure of CF2C12 was about 0.4 Torr 
(1 Torr=133Pa) , and the total pressure in the reaction 
chamber was about 1.0 torr. The helium gas was purified by 

(a) 

ator I . . - - ' A 

J 

2.45 GHz 
M W Discharge 

To Pirani 
• Gauge 

ï m 
CF2CI2 

I 
To Pump 

In Magnet 

(b) 
Block Diagram of Experimental Apparatus 

Reaction Cell He 

To Pump 

Fig. 1. Experimental set-up (a) for the observation of 
the CF2C12+He* chemiluminescence and (b) for the 
single-vibronic-level fluorescence measurement of CF2. 
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passing it through a trap at 77 K before it was introduced into 
the discharge portion. The CF2G12 gas was purified by the 
trap to trap distillation method before use. 

Emission spectra were observed through a quartz window 
by a 3.4 m (f ) Jarrell-Ash spectrograph. The emission were 
photographically recorded with exposure times ranging from 
8h to 15h on Kodak SA-1 film. The measurements of the 
spectra were also made by means of a photomukiplier (HTV 
R106 UH) with the aid of a lock-in amplifier (Princeton 
Applied Research Model-5203). In case of using the lst-
order diffraction of a 590 grooves/mm (300 nm blaze) grating, 
the reciprocal dispersion was 0.52 nm/mm. The higher 
dispersion spectra were also examined with the 2nd and 3rd 
order diffractions of other gratings. 

In Fig. 1, the arrangement of the apparatus for a laser-
excited single-vibronic-level (SVL) fluorescence is also shown. 
The flow of the He*+CF2C12 reaction products was irradiated 
downstream from the mixing portion with a pulse laser beam, 
which was generated by a Molectron UV-14 dye laser system 
with a Li-formate frequency doubler. The SVL fluorescence 

was observed through a Jobin-Yvon H-20 monochromator 
with a HTV R106UH photomukiplier. By detecting the 
signal synchronized to the laser pulses, only the emission due 
to the laser excitation was selectively detected. 

Results and Discussion 

1. General Feature of the Chemiluminescence. The 
observed spectrum is shown in Fig. 2. Here vibrational 
bands are arranged in a long progression with the 
spacing 150 c m - 1 . As will be detailed below, these 
bands are assignable to the A1B1->X1A1 transition of 
the CF 2 molecule. Besides these, the 0-0 transition 
of the CF Ä2I3+->X2II system7) was observed in the 
vicinity of 247.6 nm (see also Fig. 3). T h e A » = 0 and 
Az>=l transitions of the C2 Deslandres-d'Azambuja 
system8) were also observed near 385.2 and 360.7 nm, 
respectively (Fig. 4) . The strong atomic line at 388.9 
n m (Fig. 4) was at tr ibutable to the He 3P—>3S transi-

Wavelength/nm 

300 

U 
(OV'O) 

o -

3 -4-
4 

IAAAMMM 

i1 " " r " • i ' ' ° ' ' i> • ' • i ' • ' i 
i n I- i H i i ! i r o i. « i « ' i T^r^r 

X? 
±fer 

i t 

Fig. 2. Chemiluminescence spectrum of the CF2C12+He* system. Photo-trace of a spectrogram with a 
dispersion 0.52 nm/mm (the 1st order diffraction from a 300 nm blaze 590 grooves/mm grating), with a 
slitwidth 20 fxm, and with 8 h exposure. The arrows indicate bands for which K-subband structure 
were observed. 

A - B 

(050) - (000) 

39697.7±0.3 (CM_, ) 

(060)-(000) 

PL 40I93.6±0.2 

4.94+0.02 
0.0018*0.0001 

A-B 4.99 ±0.02 
0.00 26 ±0.0005 

(070M000) 

\?0 40688.0&I .0 
A - l 5-10 ±0.1 

Lv^J 

Fig. 3. Chemiluminescence spectrum of the CF2C12+He* system. Photo-trace of a spectrogram with a 
dispersion 0.17 nm/mm (the 3rd order diffraction from a 1000 nm blaze 590 grooves/mm grating) and 
slitwidth 100 um. 
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2ÏÏ7Î f | Ö1I5 

AV»II 

AV-12 •|2 r i « i — r 
ÛV-I4 7|20 

5JÏ9 | 3 
AV-15 

AiAy^^ywWJ 

C2 Deslandres-
d'Azambuja 

(.|70,(2-i, b a n d 

" [ (3-2) 

4 15 

12 

3 7 0 3 6 0 3 5 0 340 /nm 

v;lv: AV -16 

He 3p£3s C 2 Deslandres- A V * 1 5 

10D oe/iD d'Azambuja band 

2JÎ8 J 0]I6 

20 18 

4 0 0 3 9 0 3 8 0 

Fig. 4. Chemiluminescence spectrum of the CF2C12+He* system. Photo-trace of a spectrogram with a 
dispersion 0.24 nm/mm (the 2nd order diffraction from a 750 nm blaze 590 grooves/mm grating), with 
a slitwidth 20 frni, and with 13 h exposure. 

tion.9) It is certain that there is the metastable 3S species 
involved in the reaction, which has by 19.8 eV higher 
energy than its ground state, and whose lifetime is a 
few second at 1 Torr . 

2. Rotational Structures of the 21, 2%, and 21 Bands. 
O n the basis of a comparison with the absorption 
spectrum Ä ^ t - X ^ of CF 2 repor ted by Mathews,4) 
the vibrational bands in the spectral region 240—270 
nm, are all assignable to GF2 . In a higher dispersion 
(0.17 nm/mm) spectrogram (Fig. 3), a K-subband 
structure for AK= + l was found in each of the 2*, 
2*, 21, and 2* bands. Here 2 means the v2 (bending) 
vibration and the super- and subscripts mean the 
vibrational quan tum numbers of the upper and lower 
electronic states, respectively, in the transition. T h e 
peak positions ?>oub are fitted with the equation for a 
perpendicular-type transitions, 

C b = ô + {A'-B') + 2(A'-B')K+ {{A'-B') 

- (A"-B")]K* - £>£(#+1)* + D'±K\ (1) 

and the band center v0, the rotational constant A'—B', 
and the centrifugal distortion constant D'y. of the upper 
state have been determined as given in the upper par t of 
Fig. 3. The A"—B" value for v'i=0 was fixed at what 
Mathews determined4) (2.5564 cm- 1 ) . The A'-B' 
value (4.94 ± 0 . 0 4 cm - 1 ) thus determined for v'2=5 is 
in agreement with what was given by Mathews4) 
(4 .879±0.003 cm - 1 ) within our experimental error. 
T h e A'—B' values for y 2 = 6 and 7 are now newly 
obtained. It has been found that A'—B' becomes 

greater with y2. 
3. Vibrational Structure in the 270—360 nm Region. 

T h e vibrational bands in this spectral region are all 
explained as progression of the bending mode (v2) 
belonging to the same electronic transition Ä1B1-X1A1. 
The assignments are given in Fig. 2. By assuming that 
observed frequencies (v) are given as 

v = v00 + vV2 - i/*V2
2 - v"v'i + v"x"v'l\ (2) 

and by the use of the observed 81 transitions, the values 
of parameters, v' (bending frequency in Ä), v'x' 
(anharmonicity constant in Ä), v" (bending frequency 
in X ) , and v"x" (anharmonicity constant in X) were 
determined. T h e results are given in Table 1, where 
the deviations of the frequencies calculated on these 
parameters from the observed ones are also shown. 
These values explain the total of 135 vibrational transi­
tions with quan tum numbers y2 = 0—10, y 2 = 0 — 1 7 in a 
whole region we observed. 

4. Vibrational Structure in the 360—400 nm Region. 
The spectrum observed with a higher dispersion in this 
spectral region is illustrated in Fig. 4. The structure 
appears at first sight to be of different type from that 
in the 270—360 nm region. Actually, however, all the 
bands are explained by taking the v2 vibration in the 
A ^ ! state of GF2 into account ; the observed frequencies 
here also fit with Eq. 2, as those in the 270—360 n m 
region. The apparent difference is found to be caused 
by the fact that the spectral region 360—400 nm involves 
greater Az>(=ll—16) transitions whereas the 270—360 
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TABLE 1. VIBRATIONAL BANDS IN THE 270—360 nm REGION OF THE CHEMILUMINESCENCE 

Observed 
frequency 

v/cm -1 

41680.4 
41500.6 
41168.1 
41002.5 
40674.2 
40451.2 
40174.6 
39950.5 
39676.8 
39473.3 
39323.1 
39177.9 
39011.2 
38844.1 
38690.9 
38522.0 
38319.7 
38178.0 
38019.4 
37680.4 
37526.9 
37357.7 
37189.2 
37010.4 
36892.1 
36528.2 
36673.5 
36362.4 
36204.8 
35696.8 
35539.2 
35509.6 
35369.6 
35205.5 
35040.3 
34878.9 
34719.2 
34547.7 
34384.1 
34220.0 
34062.8 
33886.6 
33719.9 
33558.7 
33397.4 
33243.2 

v' 

9 ~ 
10 
8 
9 
7 
8 
6 
7 
5 
6 
7 
4 
5 
3 
3 
4 
5 
2 
3 
1 
2 
3 
4 
1 
2 
0 
3 
1 
2 
1 
6 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 

v" 

0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
0 
1 
2 
3 
1 
2 
1 
3 
2 
3 
3 
7 
4 
5 
3 
4 
5 
6 
4 
5 
6 
7 
5 
6 
7 
8 
6 

O b s d -
Calcda> 

18.4 
- 0 . 1 

6.4 
3.1 

11.7 
- 4 7 . 9 

10.3 
- 4 9 . 4 

9.6 
- 2 8 . 4 
- 1 5 . 2 

6.8 
6.7 
4.0 

20.9 
13.6 

- 2 3 . 2 
4.0 
6.0 

- 8 . 6 
7.5 
5.9 
3.0 

- 1 6 . 0 
34.3 

- 6 . 3 
- 1 7 . 7 

- 2 . 4 
7.7 

- 7 . 4 
- 7 . 8 

- 2 7 . 9 
- 3 . 3 
- 6 . 8 
- 4 . 3 

0.0 
3.9 

- 4 . 9 
- 1 . 8 
- 1 . 3 

4.1 
- 7 . 4 
- 8 . 4 
- 6 . 0 
- 5 . 7 

6.8 

v' 

8 
9 

7 
8 

6 
7 

6 
7 
0 
5 

10 
4 

5 
6 
5 

6 
7 
8 

6 

4 
5 
6 
7 
4 
5 
6 
7 
4 

v" 

3 
4 

3 
4 

3 
4 

4 
5 
0 
4 
8 
4 

5 
6 
6 

7 
8 
9 

8 

7 
8 
9 

10 
8 
9 

10 
11 
9 

O b s d -
calcda> 

1.0 
- 6 . 3 

13.3 
4.7 

- 1 . 5 
1.4 

7.1 
- 1 . 7 
- 7 . 9 

- 1 2 . 3 
1.7 
1.6 

- 1 . 7 
1.2 

- 9 . 7 

- 3 7 . 4 
- 2 0 . 0 

- 1 2 . 5 

- 6 . 1 
- 1 0 . 1 
- 1 6 . 8 
- 1 8 . 5 
- 1 1 . 5 
- 1 9 . 7 

24.4 
- 3 1 . 3 
- 0 . 3 

Observed 
frequency 

v / cm 4 

33078.2 
32908.6 
32752.1 
32587.6 
32422.2 
32250.6 
32103.7 
31911.7 
31816.2 

31591.0 
31566.8 
31451.6 
31427.9 
31293.6 
31264.8 
31147.6 
31100.8 
30953.5 
30745.3 
30657.0 
30617.0 
30509.1 
30460.4 
30311.9 
30160.6 
30118.3 
29960.4 
29806.9 
29789.8 
29659.9 
29626.8 
29514.8 
29471.4 
29317.6 
29177.9 
29131.7 
28999.4 
28972.8 
28823.1 
28670.7 
28531.1 
28389.9 
28328.1 
28175.2 
28022.7 

v' 

r~ 
2 
3 
0 
1 
2 
3 
0 
1 
9 
6 
2 
7 
3 
4 
0 
5 
1 
2 
3 
8 
0 
5 
1 
2 
7 
3 
0 
5 
1 
6 
2 
7 
3 
0 
5 
1 
6 
2 
3 
0 
1 
6 
2 
3 
0 

v" 

7~ 
8 
9 
7 
8 
9 

10 
8 
9 

15 
13 
10 
14 
11 
12 
9 

13 
10 
11 
12 
16 
10 
14 
11 
12 
16 
13 
11 
15 
12 
16 
13 
17 
14 
12 
16 
13 
17 
14 
15 
13 
14 
18 
15 
16 
14 

O b s d -
Galcda> 

6.4 
- 0 . 5 

3.6 
7.8 
6.1 

- 3 . 9 
8.9 

- 1 2 . 5 
54.7 

- 1 1 . 5 
- 3 7 . 3 
- 3 4 . 0 
- 2 5 . 2 
- 1 4 . 3 

7.9 
- 4 . 8 

16.5 
- 7 . 1 

5.3 
- 4 5 . 3 
- 2 2 . 8 

1.1 
27.6 

5.2 
15.3 

- 2 0 . 0 
- 2 1 . 7 
- 3 . 9 

- 2 6 . 0 
- 1 3 . 8 
- 2 2 . 5 
- 1 9 . 2 
- 1 9 . 2 
- 1 9 . 0 

5.9 
- 7 . 4 

- 2 1 . 3 
- 3 5 . 4 
- 2 3 . 5 
- 1 8 . 6 

9.6 
27.7 

- 0 . 3 
- 1 9 . 6 
- 1 8 . 9 

11.2 

v' 

5~ 
6 
7 
4 
5 
6 
7 
4 
5 

6 

6 
3 

4 
1 

10 

4 

v" 

10 
11 
12 
10 
11 
12 
13 
11 
12 

14 

15 
13 

14 
12 
19 

17 

O b s d -
Calcda> 

- 7 . 8 
- 2 1 . 9 
- 2 5 . 0 
- 2 . 3 

- 1 1 . 2 
- 2 8 . 3 
- 2 2 . 8 
- 2 5 . 6 
- 3 4 . 4 

- 2 5 . 2 

- 1 8 . 1 
20.6 

- 2 5 . 0 
3.3 

45.2 

- 1 9 . 8 

a) Deviations of the frequencies calculated on Eq. 2, with v0 0=37197.1(±3.8) cm-1, y '=491.4(±1.4) cnv 
V V = - 0 . 5 2 ( ± 0 . 1 6 ) cm-1, i / '=663 .1(±0 .9) cm-1, and v"x"=0.50(±0.06) cm-1. 

nm region only smaller Av(^11) transitions. T h e 
observed frequencies are given in Table 2, with those 
calculated on the same set of parameters as what was 
used for the 270—360 nm region. 

5 . SVL Fluorescence of CF2. This experiment 
was at tempted to confirm the assignments so far made 
to the vibrational bands in the chemiluminescence 
spectrum. T h e H e * + CF2C12 reaction system was 

irradiated with a laser beam of 255.10 nm or 251.92 nm. 
T h e 255.10 nm beam is now known to correspond to 
the 2* transition of CF2 , and therefore should re-
populate the o«=4 level of the A1B1 state of CF2 . 
Because the radiative lifetime of this level is 61 ± 3 
ns,10> which is much shorter than the vibrational 
relaxation time (at 1 Tor r ) , a fluorescence only from 
this level (SVL fluorescence) should now be observed. 
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TABLE 2. VIBRATIONAL BANDS IN THE 340—380 nm 

REGION OF THE CHEMILUMINESCENCE ( C F 2 ) 

Observed 
frequency, 

y/cm-1 

29303.7 
29164.6 
29120.8 
28972.9 
28830.1 
28687.3 
28553.4 
28499.5 
28416.5 
28296.0 
28224.1 
28159.2 
28008.9 
27680.2 
27611.7 
27537.0 
27385.4 
27334.7 
27244.6 
27203.7 
27089.3 
27036.4 
26953.5 
26891.5 
26745.6 
26702.6 
26609.5 
26569.6 
26477.7 
26421.4 

Assignment 

v' 

4 
5 
1 
2 
3 
4 
5 
1 
6 
2 
7 
3 
4 
2 
7 
3 
4 
0 
5 
1 
6 
2 
7 
3 
4 
0 
5 
1 
6 
2 

v" 

15 
16 
13 
14 
15 
16 
17 
14 
18 
15 
19 
16 
17 
16 
20 
17 
18 
15 
19 
16 
20 
17 
21 
18 
19 
16 
20 
17 

21 
18 

Obsd-Calcda) 

cm - 1 

- 3 3 . 1 
- 2 0 . 7 
- 3 2 . 3 
- 2 3 . 5 
- 1 1 . 6 
- 1 . 8 

14.8 
- 3 . 9 
26.3 

- 5 1 . 7 
- 1 9 . 7 
- 3 4 . 9 
- 3 3 . 7 
- 2 0 . 0 

11.6 
- 1 0 . 5 
- 1 1 . 5 
- 2 8 . 1 
- 3 . 8 
- 3 . 4 

- 1 2 . 6 
- 1 7 . 1 
- 4 . 0 

- 1 0 . 3 
- 6 . 7 

- 1 2 . 6 
4.7 
9.1 

18.4 
13.6 

a) Deviations of the frequencies calculated on Eq. 2, 
with the same values of the parameters: v00, i/, yV, 
v" 
region (Table 1). 

250 

250 

Wavelength/nm 

Fig. 5. A single-vibronic-level (SVL) fluorescence spec­
trum of CF2, produced by the CF2C12+He* reaction. 
The ground state CF2 molecule was excited to the z>2'=4 
level of the electronic Ä1B1 state by a 255.10 nm laser 
beam, and the fluorescence spectrum was observed. 

This is shown in Fig. 5. As is seen here, a long progres­
sion assignable to 2%» (where v" = 0, 1, 2, —, 20) is 
found to cover the 240—400 nm region. Likewise, a 
long progression 2%» was found on the 251.92 nm 

irradiation, which corresponds to the 2\ excitation of 
this electronic system. These results support the idea 
that the He* + CF2C12 chemiluminescence is solely 
caused by the Ä1B1-X1A1 transition, not only in the 
240—360 nm region but also in the 360—400 nm region. 

After we have completed this SVL fluorescence 
experiment, a similar SVL work on CF2 independently 
made by King et A/.10) was published. They prepared 
CF2 in a different method from ours, but their SVL 
fluorescence spectra are in agreement with ours. 

6. Effect of Magnetic Field. If there is any 
triplet-state contribution of CF2 involved in the chemi­
luminescence spectrum, this would be detected by 
examining it in a magnetic field. With this expectation 
in mind, we have observed the chemiluminescence from 
the He* + CF2C12 system placed in a 5.3 kG magnetic 
field (see upper-right corner of Fig. 1). In the 
vibronic and ro-vibronic bands of CF2, so far mentioned, 
however, detectable broadening or intensity shift, as 
was seen in the case of S 0 2 and CS2,22) was not observed 
with our optical resolution of about 0.5 c m - 1 . Thus, 
the assignments of these bands to the singlet-singlet 
transition (Ä1B1-X1A1) of CF2 are again supported 
here. An appreciable effect has been found, on the 
other hand, in the relative amounts of the reaction 
products. In the magnetic field, all of the Az;=l (1-0, 
2-1, 3-2, and 4-3) C2 systems appear as very strong series 
of lines, while in the spectrum without magnetic field 
many of these lines are buried in the CF2 bands. As is 
shown in Fig. 6, the 247.6 nm band of CF becomes 
much stronger in the magnet ; the intensity ratio of the 
CF(0-2) over CF2(6-0) is doubled by the 5.3 kG field. 

7. Intensity Distribution among the Vibrational Bands. 
Having established the assignments of practically all 
of the vibrational bands in the chemiluminescence 

Fig. 6. Chemiluminescence spectrum of the CF2C12+ 
He* system, with (5.3 kG) and without a magnetic 
field. Photo-trace of spectrograms with a dispersion 
0.52 nm/mm and with a slitwidth 20 (xm. 
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Fig. 7. Observed and calculated intensity distributions 

among the vibrational bands in the chemiluminescence 
spectrum of the CF2C12+He* system. Top: observed 
with a 3.4 m Jarrel-Ash spectrometer, a 300 nm blaze 
590 grooves/mm grating (1st order), 100 [xm (entrance) 
and 150 (xm (exit) slitwidths, an HTV R106 UH 
photomultiplier, and a PAR 5203 lock-in amplifier. 
The broken line indicates the relative spectral sensitivity 
of the monochromator and photomultiplier system 
used in the measurement. Lower three: calculated 
on the assumptions that the population of the CF2* 
molecules in each vibrational level in the excited 
electronic state A1!^ is given by a) the Boltzmann 
distribution at 2100 K, b) the Boltzmann distribution 
at 3000 K, and c) the distribution shown by the white 
circles in Fig. 8, which was reached by the least squares 
fit (that is detailed in the text). The arrows indicate 
the vibrational bands 2°„ (»" = 3, 4, 5, 6, 7, and 8), 
whose intensities are too great on the assumption a) or 
b). 

spectrum, we now proceed to an examination of their 
intensities. The relative intensities were determined by 
the use of photoelectronic detection system described 
above, and the results are shown in Fig. 7 (top). 
Theoretically, on the other hand, the intensity J (vi, t/{) 
of the band corresponding to the Ä1B1, v^XlA^ vi' 
transition is given as 

W, *i0 oc S(v)N(vi)v*\(i/2\v'^\\ (3) 

where S(v) is the spectral response of the monochromator 
and detector system, N(vi) is the population in the 
vibrational (OviO) level of the electronic Ä1B1 state of 
CF2, v is the transition frequency, and <^|^2 / > is the 
Franck-Condon overlap integral. 

For S(v), the efficiency-wavelength curve of the 
grating and spectral response of the photomultiplier 
(given by the manufacturer) were taken into account. 
The ultimate S(v) value assumed here is given in Fig. 7, 

(top) with broken line. The <z4|z^> values were 
obtained primarily from the SVL fluorescence experi­
ments of ourselves (Section 6) as well as of King et A/.10) 
Where the experimental values are not available 
(fl'^7), however, the Franck-Condon overlap integrals 
were estimated by a calculation on the basis of the 
geometry and vibrational frequencies of the CF2 

molecule both in Ä ^ and X ^ states.4) In the calcula­
tion, the effect of anharmonicity (detectable in the 
observed frequencies) was first taken into account. The 
effect, however, has been found to be very small on the 
Franck-Condon integrals; each perturbed eigenfunction 
was found to be practically equal to the corresponding 
unperturbed eigenfunction, the amount of contribution 
from other unperturbed eigenfunctions being less than 
0.1%. Therefore, the effect has finally been ignored. 
The calculation was made in the two-dimensional space 
involving the symmetric stretching as well as the 
bending modes, in order to take a probable Duschinsky 
effect into acount.11»12) The calculation was made by 
the method of Sharp and Rosenstock.13) A computer 
program prepared by Professor A. J. Merer (University 
of British Columbia) was used after some modifications. 
To reach a proper set of vibrational modes we need_a 
proper set of force constants. In the ground state X, 
this can be fixed by the use of the centrifugal distortion 
constants obtained by a microwave spectral study.14) 
For the excited state Ä, the values of inertial defects4) 
in the (000) and (010) states, A(000) =0 .138 amu-Â2, 
and A(010) = 0 . 3 1 4 amu«Â2, were used to fix the force 
constants, in combination with Oka-Morino equation15) 
and Meal-Polo equation.16) 

Only the N(vi) values are now left unknown in Eq. 3. 
As a first trial, a Boltzmann distribution was assumed for 
N(vi). As may be seen in Figs. 7(a) and (b), however, 
this causes a serious disagreement between the observed 
intensity distribution and what is calculated on Eq. 3. 
The observed chemiluminescence spectrum indicates 
that relative value of N(vi=0) is greatly lower than 
what is expected from a Boltzmann distribution. 

g. Population Distribution N(vi) among Vibrational 
Levels of a Nascent CF2*. The relative values of 
N(vi) were next determined so as to reach the best fit 
between the observed intensity distribution among 
the vibrational bands (Fig. 7, top) and what is calculated 
on Eq. 3. What are obtained by a least squares method 
are shown in Fig. 8 with white circles. In this procedure, 
the values of N(5), N(6), N(7), N(S) are well fixed, 
because 2f bands with » i = 5 , 6, 7, and 8 are all well 
isolated from other bands. While, the uncertainties 
for the values of N(0), N(l)9 N(2)9 and N(4) are great 
(see the error bars in Fig. 8), because every 2%> band 
overlaps with 2V

V'»XÎ band in the 280—323 nm region. 
Especially, the fixing of the N(3) value was not found 
to be practical, because every 2?- band overlaps with 
2J"+3 band; here no experimental values are available 
of the Franck-Condon overlap integrals < 7 | v" + 3 > , 
and very reliable calculations for the Franck-Condon 
overlap integrals with higher v' and v" are not practical. 

In spite of such an ambiguity, however, it is now 
quite certain that the initial-state (Ä1!^) population 
N(v') in the chemiluminescence, now in question, is 
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Fig. 8. The population of the CFJ molecules, produced 
by the CF2G12+He* reaction, in each vibrational level 
(j^=0, 1, , or 8) in the excited electronic state 
ÄxB r White circle: determined by a least squares 
fit with the observed intensities of the vibrational 
bands in the 240—330 nm region of the CF2C12+He* 
chemiluminescence spectrum. Broken line: calculated 
on an assumption that the change from the CF2 moiety 
of CF2C12 into CF£ (caused by a collision with He* 
and by throwing Cl2 away) takes place according to 
the Franck-Godon priniciple, i.e., vertically upward 
in the potential energy diagram with the FGF angle 
along the abscissa. 

distributed among the vibrational levels with a great 
deviation from a Boltzmann distribution. Instead, it 
shows a maximum at vi=5. Since the radiative lifetime 
of the vibronic levels of the Ä ^ state of CF 2 is 61 ± 3 
ns,10> and since this is much shorter than the vibrational 
relaxation time ^ ( 5 [xs) at 1 Torr , the population 
distribution N(u') just found is considered to be exactly 
what is produced by the CF 2 C1 2 +He* reaction. 

9. On the CF2Cl2+He* Reaction Mechanism. The 
observed N(v') versus v' relation (Fig. 7) is concerned 
with the mechanism of the CF* production. The 
result suggests that the scission of the CF2C12 molecule 
into CF 2 * + C12* (caused by a collision with the meta-
stable He*) takes place so rapidly that no vibration of 
the CF 2 moiety occurs during this process. T h e FCF 
angle of the ground-state CF2C12 molecule is 105.4± 1.0° 
determined by microwave study21) and this would tend 
to be retained in the product when the reaction is 
sufficiently rapid. This means that the product tends 
to have a greater population in a higher level of the 
bending vibration, because the equilibrium F C F angle 
of the product CF2*(122°) is greatly different from 
105.4°. Let us tentatively assume that the CF2C12—> 
CF 2 * change takes place according to the Franck-
Condon principle.17) By assuming that the CF 2 bending 
is a harmonic oscillation both in the reactant (ground 
state CF2C12 molecule) and the product (excited Ä1B1 

CF 2 radical), and that their frequencies are 45818) and 
491 c m - 1 (our value), respectively, one-dimensional 
Franck-Condon overlap (reactant-product) integrals 
were calculated. The squares of these integrals are to be 

compared with the observed populations N(v'). W h a t 
were calculated (given in Fig. 8 by broken line) agree 
with the observed populations, if AQ,2 is assumed to be 
0.88 Â amu 1 / 2 . Here A(£2 is the shift of the potential 
min imum in the bending normal coordinate Q,2 in the 
reactant (CF2C12) from that in the product (CF 2*). 
This AQ,2 value corresponds to a shift of about 18° in 
the FCF angle {i.e., Z F C F = 1 2 2 - 1 8 = 1 0 4 ° ) ; this is 
fairly close to what is expected in the simple model 
(the CF 2 * and CF2C12 difference in ZlFCF is 1 2 2 . 3 ° -
105.4°= 16.9°). 

Lastly, let us take a look at the energy balance in 
the reaction. O n the basis of a thermochemical data,19) 
approximately 8.8 eV is considered to be required to 
dissociate the CF2C12 molecule into CF 2 and Cl2 and 
then to excite C F 2 up to CF2*(Ä1B1) . Because He*(3S0) 
has 19.8 eV, an excess energy of 2.6 eV is available, 
even if the Cl2 molecule takes 8.4 eV to excite itself to 
ß 3 I I l g . 2 0 ) The excess energy would be converted into 
the translational energy of the products (CF 2* + C12* + 
He) , so that Cl2* would be rapidly removed from the 
CF 2 * moiety after the reaction. 

We wish to express our sincere thanks to Professor 
Saburo Nagakura , the University of Tokyo, for his 
kindness extended in our use of Jarrel-Ash spectrograph 
as well as for his valuable discussions. O u r thanks are 
also due to Professor A . J . Merer, the University of 
British Columbia, for the computer program used in 
our calculation of two-dimensional Franck-Condon 
overlap integrals. This work was supported partly 
by a Grant-in-Aid for Scientific Research No. 354153 
from the Ministry of Education, Science and Culture. 
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Binding of Sodium Decyl Sulfate to a Cationic Polymer 
Keishiro SHIRAHAMA,* Hidefumi YUASA, and Shinji SUGIMOTO 
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Interaction between sodium decyl sulfate and a cationic copolymer of dimethyldiallylammonium chloride 
and sulfur dioxide was studied by a Potentiometrie method utilizing a surfactant-selective electrode. Binding 
occurs suddenly and is completed in a very narrow range of equilibrium concentration, indicating the strongly 
cooperative nature of the binding process. The characteristic concentration at which binding starts is about 
two orders of magnitude smaller than the critical micelle concentration. The cooperativeness parameters as 
estimated by a nearest neighbor interaction model remains almost constant on increasing sodium chloride concen­
tration, affinity for an isolated binding site decreasing. 

Surfactants are bound not only to two-dimentional 
interfaces, but also to linear polymers, viz., synthetic 
nonelectrolytes such as poly(iV-vinylpyrrolidone),1) and 
poly (ethylene oxide),2»3) and biological polyelectrolytes 
such as polypeptides,4»5) and nucleic acid.6) The 
binding process is characterized on a binding isotherm 
by remarkable cooperativeness: sudden occurrence and 
completion of binding in a very narrow range of equilib­
r ium concentration. 

The present study deals with the binding of an anionic 
surfactant, sodium decyl sulfate (SDeS), to a synthetic 
polycation as measured by potentiometry. The poly-
electrolyte used is a copolymer of dimethyldiallyl­
ammonium chloride and sulfur dioxide with the follow­
ing structure.7) The polymer has proportionate hydro-

(CH' 2XH-CH2-SO2| 

\CH, 
' X 

XH 2 
2 CI CH3 CH3 

phobic character in addition to positive charge, being 
very stable around neutral p H . This polycation is 
considered to be a good model compound for examining 
the effect of electric charge and hydrophobicity in 
surfactant-polymer interactions. A surfactant-selective 
electrode was used for potentiometry.5 '8 '9) 

The results obtained were analyzed in the framework 
of one-dimentional nearest neighbor interaction 
model.4»10) 

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

Materials. The polycation (Nittö Böseki Co., Ltd., 
PAS-250, degree of polymerization=800) was purified by 
dialysis against water for 3 days, the concentration being de­
termined by colloid titration using poly (vinyl potassium 
sulfate) as a titrant and Toluidine Blue as an indicator.11) 
Sodium decyl sulfate was synthesized by esterification of 
fractionally distilled 1-decanol with concentrated sulfuric 
acid followed by neutralization with sodium hydroxide. The 
crude surfactant was recrystallized once from acetone and 
twice from ethanol. The recrystallized sample was extracted 
with diethyl ether in a Soxhlet extractor for 40 h in order to 
remove trace of residual decanol. The critical micelle 
concentration (cmc) determined by an electric conductivity 
method was 32 mol m"3 in water at 25 °C.12> 

Potentiometry. The carrier used in the surfactant-
selective electrode was prepared by suspending equivalent 

amounts of SDeS and dioctadecyldimethylammonium chloride 
(Kaö Soap Co., Ltd.,) in water. The resulting white pre­
cipitate (dioctadecyldimethylammonium decyl sulfate) was 
collected by centrifugation (3000 rpm for 30 min) and re-
suspended in distilled water. Décantation was repeated 
three times followed by recrystallization from acetone. A 
mixture of poly (vinyl chloride) (0.6 g) and tritolyl phosphate 
(2.4 g) was added to a tetrahydrofuran solution (15 cm3) 
containing an appropriate amount of the carrier (0.25 mmol 
kg - 1 membrane). The resulting mixture was heated (80 °G) 
to give a clear viscous solution which was then cast on a flat 
glass plate. The solvent was gradually evaporated in a 
desiccator for 2 d. The poly (vinyl chloride) gel membrane, 
ca. 0.3 mm thick, was put on one end of a poly (vinyl chloride) 
tube (i.d. 9 mm, length 11 cm), tetrahydrofuran being found 
to be a good adhesive. The electrode was annealed in a 
vacuum at 40 °G for 2 d. The electrode forms a concentration 
cell, 

Calomel 1 mol dm - 3 

NH 4 N0 3 

0.5 mol m-3 SDeS 

20 mol m-3 NaCl 

C8 SDeS 

Ca NaCl 
lmol dm-3 NH 4 N0 3 

PVC gel 
membrane 

Calomel 

The electrode was treated in 1 mol m - 3 SDeS solution for ca. 
30 min before each run. Potentiometrie titration was carried 
out in a small cocylindrical cell (25 cm3) thermostated at 25 °C. 
The electromotive force was measured with an electrometer 
(Takeda Riken TR-8651) equipped with a paper recorder. 

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

The surfactant-selective electrode shows the Nernstian 
response above 0.2 mol m - 3 SDeS, slightly deviating 
from it at lower concentration. The reproducibility is 
so good that an emf vs. log Cs (C s: SDeS concentration) 
plot can be used as a calibration curve. A Potentiometrie 
curve deviates from the calibration curve when the 
polymer exists in a solution (Fig. 1) where AC is the 
amount of SDeS bound to the polymer, Cf the corre­
sponding equilibrium concentration. The binding 
isotherms thus constructed in three NaCl concentrations 
at 25 °C are shown in Fig. 2, where X (number of bound 
SDeS/number of cationic groups on polymer) is the 
degree of binding. The tendency that X becomes unity 
with increase in equilibrium concentration indicates 
that binding sites are primarily the cationic groups. 
Binding occurs all of sudden and concludes within a 
narrow range of Cf indicating cooperative effect. The 
isotherm shifts to a higher Cf with increase in the added 
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Fig. 1. Emf. vs. SDeS concentration plot. 

NaCl concentration : 20 mmol dm -3, the polymer con­
centration: 0.3 mmol dm~3 as cationic groups, tempera­
ture: 25 °G. 
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Fig. 2. Binding isotherms of SDeS-PAS systems at 25 °G. 
X: degree of binding, C{ : free SDeS concentration, NaCl 
concentration: A; 20, B; 50, G; 100 mmol dm -3. 

electrolyte, Ca, the surfactant becomes less affinitive. 
This can be analyzed in terms of the Ising model with 
the nearest neighbor interaction.4»10) 

Let us consider a system where a polymer molecule 
binding surfactant molecules is in equilibrium with the 
surfactant whose equilibrium concentration is Cf. 
The partition function Z, for the system is 

'-<••"(; m o) 
where s (=KuCf) is a sort of binding "pressure" K being 
a binding constant of a surfactant molecule bound to an 
isolated binding site on a polymer molecule, u a param­
eter of interaction between adjacently bound surfac­
tants, or a cooperativeness parameter, and n the number 
of binding sites on a polymer molecule.10) Equation 1 
furnishes various useful quantities such as4) 

tf=l/[aCf(0.5)], (2) 
and 

(dX/dlnCf)x.0. i = ^/tt/4. (3) 

In Eq. 2, Cf(0.5) is an equilibrium concentration at 
^ = 0 . 5 . The parameters derived from Eqs. 2 and 3 
are given in Table 1. 

TABLE 1. 

Ca/mol dm-3 

u 
ÜT/mol^dm3 

#7mol- 2 dm«xl0 3 

BINDING 

0.02 

25.6 
601 

30.1 

PARAMETERS 

0.05 

26.3 
271 

5.42 

0.10 

26.1 
180 

1.80 

1 

0.5 

n 

• 

- ^ • ... 

Cf/C/0.5) 

Fig. 3. X vs. Ct/Ct (0.5) plot. 
NaCl concentration: Q 20, 
w=26. 

50, A 100 mmol dm~ 

We see how the parameters fit the experimental data 
in Fig. 3, where ^ i s plotted against Cf/Cf(0.5) (cf. Eq. 
15 in Ref. 4). The value of K decreases with increase 
in sodium chloride concentration, u remaining nearly 
constant. The decrease in the binding affinity should 
be even steeper, since contribution from the counterions 
should be taken into account in the binding process 
of an electrolyte. Ionic product QC a in place of Q 
in s=KuC{ and therefore in Eq. 2 should be used. A 
new equilibrium constant is defined by K'=KjC^ 
(Table 1). The steeper decrease in K' than K reflects a 
substantial shielding effect of electrostatic potential of 
the polymer which overwhelms the effect by the increase 
in sodium chloride concentration. It is enlightening 
to compare the characteristic concentration, Ct, at 
which binding starts, of a nonelectrolytic polymer, 
poly(ethylene oxide)-SDeS system with that of the 
present system. Ct was deduced to be about 13 mol m - 3 

for the former3) and 0.16 mol m - 3 for the latter, both in 
0.1 mol d m - 3 NaCl. By consideration of free energy we 
find that the polycation binds SDeS more strongly than 
polyethylene oxide) does by A G e = — *:Tln(13/0.16) = 
—4.4A;T'. If the free energy is entirely ascribed to an 
electrostatic term, we have AGe=ze$ with 0 = 1 3 3 mV. 
This potential difference might be high, but not unrealis­
tic for ordinary polyelectrolytes.13) Hydrophobic 
interaction should be included since the hydrophobicity 
of the polycation is larger than that of poly (ethylene 
oxide). 

The parameter u changes little in contrast with the 
drastic change in K'. Once bound onto the polycation, 
surfactants are scarcely influenced by electrostatic 
potential, and interact one another through short-range 
interaction. The parameter u is defined by 

n=(ll)(00)/(01)(01), (4) 

where (01) denotes the number of bound surfactants 
on isolated binding sites, (11) that of surfactants bound 
side by side, and (00) the number of unoccupied sites 
(cf. Eq. 10 in Ref. 4). u is an equilibrium constant for 
an aggregation process of surfactants on the polymer. 
The corresponding free energy is 
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AG° = -kT\n(u) = - 3 . 3 kT. (5) 

AG° is divided by the free energy of transfer of a 
methylene group (1.32 kT),1*) to give m = 3 . 3 / 1 . 3 2 = 2 . 5 . 
I t is presumed that the strong cooperativeness is brought 
about by mutual contact of certain 2—3 methylene 
groups of adjacently bound surfactants. Takagishi et al. 
reported that anionic dye, Methyl Orange and its 
homologs are bound to the same polycation in such a 
way as to give Klotz plots which are quite straight.15) 
This indicates that there is no interaction amoung 
bound dye molecules. Shorter and stiff molecular 
structures of these dyes are not susceptible to mutual 
contact on the polycation, longer and flexible decyl 
chain being ready to interact. 

In conclusion, electrostatic force enhances binding 
and surfactans are anckored on charged groups on the 
polycation with subsequent interaction between alkyl 
chains giving rise to marked cooperativeness. 

The samples were kindly supplied by Nittö Böseki Co. 
Ltd., and Kaö Soap Co., Ltd. 
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Near and vacuum UV absorption spectra have been measured with benzoylacetone (BA), dibenzoylmethane 
(DBM), and 3-phenyl-2,4-pentanedione (PPD) in heptane, in acetonitrile, and in ethanol at room temperature. 
Theoretical analysis of the spectra with the aid of the composite molecule method clearly shows that the 7r-electron 
interaction between the enol ring and the benzene ring is rather strong in BA and DBM, but is weak in PPD. The 
charge-transfer (GT) bands from the benzene ring to the enol ring are observed at 44000 cm - 1 in BA, at 40000 
and 44000 cm-1 in DBM, and at 41500 and 43800 cm"1 in PPD. The electronic structure of the enol form of 
malonaldehyde has been elucidated by a modified CNDO-GI method; the result indicates the first and second a-a* 
excited states predicted at 8.76 and 9.35 eV being the CT band pertinent to the intramolecular hydrogen-bonding. 

Keto-enol tautomerism of /?-diketones (1,3-propane-
diones)1'2* has been studied by IR 3 - 9 ) and NMR 1 0 - 1 2 ) 
spectroscopies, special attention being paid to solvent 
and substituent effects on intramolecular hydrogen-
bonding (H-bonding) and on chelating ability to a 
transition-metal a tom in forming coordination com­
pounds.12"15) From the I R and N M R studies6-10-12) 
benzoylacetone (BA), dibenzoylmethane (DBM), 3-
phenyl-2,4-pentanedione (PPD), and malonaldehyde 
(MA) (Fig. 1) are shown to exist predominant ly (90— 
100%) as m-enol form (which has strong intramolecular 
H-bonding) in pure liquid and in nonpolar solvents. 

C6H5 

Fig. 1. Molecular structure and parameters for (a) BA 
and DBM, and (b) PPD. The structure of the enol 
ring is taken to be the same to the one of MA. 

Although the electronic absorption spectra of ß-
diketones16-20) and of their chelate compounds13»17 '19 '21) 
have been measured extensively in the visible and near 
U V regions, the interpretation of the absorption spectra 
is rather qualitative. As for the simplest /?-diketone, i.e., 
MA, many theoretical calculations22-25) have been done 
to investigate molecular geometry and electronic 
structure in the ground state, special attention being 
paid to the strong intramolecular H-bonding. Combined 
with the experimental value of R(0---0)=2.55 Â 
determined by microwave spectroscopy,26) theoretical 
results support the molecular geometry of C s symmetry 
(asymmetrical H-bond) ra ther than of C2 v symmetry 
(symmetrical H-bond) in the ground state. Theoretical 
and experimental investigations of excited states of M A 
are few.27'28) Excited states of M A are of part icular 
interest in respect to charge-transfer (GT) character 

t Present address: Toshiba Research and Development 
Center, 1, Toshiba-cho, Komukai, Saiwai-ku, Kawasaki 210. 

pertinent to H-bond as in the case of acetylacetone 
(acac) and its fluoro derivatives.29 '30) T h e elucidation 
of the C T character in the excited states is the first 
purpose of the present paper. 

Phenyl-substituted /?-diketones such as BA, DBM, and 
PPD are expected to have Tr-electron interaction between 
the enol ring and the benzene ring.6»11'18) To interprète 
electronic structure of such large molecules, near and 
vacuum U V absorption spectra have been measured, 
and 7c-electron structure has been investigated by the 
method of composite molecule.31»32) 

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

BA, DBM, and PPD (Tokyo Kasei G. R. grade) were 
purified by repeated recrystallizations from ethanol and 
finally by vacuum sublimation. Acetonitrile and heptane 
(Dotite spectrograde), and ethanol (Wako S. S. grade) were 
used as solvents without further purification. 

Near UV absorption spectra were measured with a Cary 
recording spectrophotometer model 14, and with a Hitachi 
recording spectrophotometer model 556, a cell of 1.05 mm 
light path length being used. Vacuum UV absorption 
spectra were measured with a spectrophotometer constructed 
in our laboratory,30»33) a cell of 0.134 mm light path length 
being used. 

Theoret i ca l 

T h e electronic structure of M A was calculated by a 
modified C N D O - C I method.34) The semiempirical 
parameters of H , C, and O atoms were taken to be the 
same as reported previously.30»34) The electronic 
structures of the ^-electron systems for the enol form of 
BA, DBM, and PPD were calculated by the method of 
composite molecule31»32) by considering the configura­
tion interaction (CI) among the ground, locally excited 
(LE), and C T configurations constructed from n-MO's 
of benzene32) and M A (corresponding to the enol ring) 
calculated above. T h e four LE configurations (1B2u, 
1 B l u , and xE l u ) of the benzene r ing and the lower two 
LE configurations (denoted as <px and 02) of the enol 
ring were taken into account. The energies of the LE 
configurations were evaluated from the observed 
transition energies of benzene (4.86 and 6.08 eV in 
heptane,35) 6.98 eV in the vapor phase32)), of acac 
(4.56 and 7.04 eV in perfluorohexane29)), and of MA 
(5.08 eV in ethanol,28) 7.87 eV calculated in the present 
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paper (Table 4)) combined with the electrostatic 
interaction energies between excited configuration of 
the benzene ring and the ground configuration of the 
enol ring. 

Concerning the combination of each of the benzene 
rings with the enol ring, four GT (from benzene to the 
enol ring) and four back G T (from the enol r ing to 
benzene) (BGT) configurations were considered. Their 
energies were evaluated by the usual formula;31»32) 
I—A — Q, where / i s the ionization potential of electron 
donor, A, the electron affinity of electron acceptor, and 
Q,, the electrostatic energy between electron donat ing 
and electron accepting M O ' s including electrostatic 
interaction energy between the ground configuration 
of the enol ring and the vacant M O ' s of the benzene 
ring. Ionization potentials were taken from the study 
by photoelectron spectroscopy of benzene,36) acac,37»38) 
and MA.38) The electron affinity was taken to be — 1.0 
eV for the benzene ring,32) and assumed for the lower 
two vacant rc-orbitals of the enol ring to be 0 eV and 
—2.4 eV in both BA and DBM, and to be 0.5 eV and 
— 1.9 eV in PPD. Two-center Coulomb repulsion 
integrals necessary for the evaluation of Q, were calcu­
lated by the use of Klopman's equation.34»39) 

The resonance integral, ß, in the off-diagonal matr ix 
elements31»40) of the total electronic Hamil tonian was 
considered only to the G-C bond between the benzene 
ring and the enol ring by the formula, ß=9.73xS, 
where S is the overlap integral between the 2p:rc AO's 
of bonded G atoms. 

The full matrices (15 x 15 for BA and PPD, 2 7 x 2 7 
for DBM) of the total electronic Hamil tonian were 
solved to obtain energy levels and wave functions of the 
whole molecules. Oscillator strength for each absorption 
band was calculated by taking transition dipole moments 
between all pairs of the configurations into account. 
Each transition moment was evaluated including all 

the terms up to the first order in overlap, S. 
T h e bond lengths and bond angles of M A were 

taken from the ab initio calculations by Karlström, et al.2*) 
and by Del Bene and Kochenour,25) respectively. The 
O - O distance was taken to be 2.55 Â from the analysis 
of microwave spectrum,26) and the position of the 
hydrogen-bonded hydrogen atom, from the X-ray 
crystal analysis of DBM.41) 

I n BA, DBM, and PPD, the benzene ring(s)41) with 
r (C-G) = 1.389 Â is(are) bonded to the enol ring through 
the C-G bond(s) of 1.48 Â in BA and DBM,41) and of 
1.55 Â in PPD. T h e angle, 0, between the planes of the 
enol ring and the benzene ring was treated as a variable 
in the actual calculations. As is shown in Fig. 1, BA 
is enolized toward the phenyl group.6) 

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

Near and Vacuum UV Absorption Spectra of BA, DBM, 
and PPD. Near and vacuum U V absorption 
spectra observed with the heptane solutions of BA, 
DBM, and PPD are shown in Fig. 2. T h e spectra 
measured in ethanol and acetonitrile show only a slight 
shift of the bands, and are essentially the same as the 
spectra of the corresponding molecules in heptane. The 
observed band positions and intensities are tabulated in 
Tables 1—3. As pointed out by the NMR10»12) and IR6> 
spectroscopic studies, the ^-diketones under considera­
tions predominantly exist as the «.y-enol form at room 
temperature . The spectra shown in Fig. 2 and Tables 
1—3 a r e due to the enol form. Compared to the 
spectrum of acetylacetone reported previously,29) the 
first allowed band at ^ 3 0 0 nm shifts to longer wave­
lengths with increasing intensity in the order of acac 
: £ P P D < B A < D B M . 

Electronic Structure of MA. Preliminary calcula­
tions of M A have been done on the basis of different 

Wavelength/nm 

400 

50 54 36 42 46 

Wave number/103 cm - 1 

Fig. 2. Near and vacuum UV absorption spectra measured with the heptane 
solution of (a) BA, (b) DBM, and (c) PPD at room temperature. Absorption 
intensity of DBM is plotted as one half of the observed one. 
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TABLE 1. TRANSITION ENERGIES ( X A £ (eV or cm -1)) AND OSCILLATOR STRENGTHS ( / ) 

OBSERVED AND CALCULATED FOR BENZOYLACETONE (BA) 
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*A£ 
cm - 1 

32700 

40500 
43000 
44500 
46100c> 
47400c) 

50800 

56500 

In heptane 
Ä 

*AE 
eV 

4.06 

5.02 
5.331 
5.52] 
5.711 
5.88/ 
6.29 

7.00 

/° 
0.38 

0.10 

0.06 

0.11 

0.24 

0.63 

In 
acetonitrile 

*A£ 
eV 

4.04 

5.04 
5.371 
5.56/ 
5.71 

6.28 

In 
ethanol 

lAE 
eV 

4.03 

5.01 
5.371 
5.56/ 
5.71 

6.23 

r 

*A£ 
eV 

4.52 
4.80 
5.60 

6.02 

6.60 
7.00 
7.18 

(7.55 
J7.60 
18.00 

Calcd 

/ 

0.877 
0.017 
0.094 

0.152 

0.242 
0.080 
0.233 
0.536 
0.495 
0.626 

Main config.b) 

0i 
B2 u 

1 5 < _ 2 + 0 1 + B 1 U 

15<—3 

B l u 

14_>5+^ 2 

14->4 

Ei u +Ei u 

Eiu+E l u 

Assignment 

LE 
LE 
L E + G T 

CT 

LE 
LE(+BGT) 
BCT 
LE 
LE 
LE 

a) Oscillator strength was estimated by resolving the spectrum into overlapped bands tentatively. b) Main 
configurations of respective excited states are shown. In the i—j GT or BCT configuration, i denotes the 
vacant {i.e., 15th and 16th) or occupied (14th) n-MO's of MA (corresponding to the enol ring), respectively, 
and j denotes the occupied (2nd and 3rd) or vacant (4th and 5th) n-MO's of the benzene ring, respectively. 
c) Shoulder. 

TABLE 2. TRANSITION ENERGIES (}AE (eV or cm -1)) AND OSCILLATOR STRENGTHS ( / ) 

OBSERVED AND CALCULATED FOR DIBENZOYLMETHANE (DBM) 

*A£ 
cm - 1 

29800 
33800« 

(35200)« 

40000 

43300 
44600 

46500« 
49000« 

54100 

In heptane 

iAE 
eV 

3.69 
4.19 1 

(4.36)/ 

4.96 

5.371 
5.53/ 

5.76 
6.08 

6.71 

f° 
0.51 

0.05 

0.23 

0.08 

0.061 
0.23/ 

1.38 

In 
acetonitrile 

*AE 
eV 

3.64 

4.17 

4.96 

5.371 
5.51/ 

6.14 

6.65 

In 
ethanol 

iAE 
eV 

3.63 

4.19 

4.93 

5.371 
5.52/ 

6.05 

I 

*AE 
eV 

4.88 
J5.09 
15.15 
J5.66 
15.92 
J6.31 
16.38 
(6.85 
6.94 

17.17 
/7 .58 

7.62 
7.70 
7.84 
8.04 

,8.11 

/ 

1.193 
0.026 
0.012 
0.300 

0.152 
0.152 
0.151 
0.248 
0.172 
0.253 
0.958 
0.462 
0.689 
0.589 
0.420 
0.004 

Calcd 

Main config.w 

<Pi 
B2U 

B2u 

15«-2 + B l u 

1 5 < - 2 + ^ + B l u 
15<-3 
15<-3 

B l u 

B l u 

E i u + E l u + 1 4 - 4 
E l u+E' l u 

Eiu 

Ein 

14->4 
14-»4 

Assignment05 

LE 
ISEX 

LE« 
CT„ 

L E I +C T I 
CTX 

C T n 

L E n + L E ! 
L E , + L E n 

BCT n +BCT r 

LE!+LE n 

LE„ 
LE n 

LEX 

BCTX 

BCTn 

a) See footnote (a) in Table 1. b) See footnote (b) in Table 1. c) LE, CT, or BCT configuration I and II 
are related to the benzene ring I and II , respectively, d) Shoulder. 

molecular geometries predicted by several investiga­
tions ;24-26,4i,42) t h e r esul ts showed that the electronic 
structure of M A is sensitive to the change of molecular 
geometry, especially to the position of intramolecularly 
H-bonded O and H atoms. From the comparison with 
the observed spectra28) and by referring to the experi­
mental results of microwave spectrum26) and of X-ray 
crystal analysis of DBM,41) we have chosen the non­
linear asymmetrical H-bond with i ? ( 0 - 0 ) = 2 . 5 5 A 
and r ( 0 - H ) = 1.18Â as one of the plausible structure 
of MA. 

T h e electronic structure of M A calculated by the 
modified G N D O - C I method is tabulated in Table 4, 
together with the observed values.28) T h e agreement 
between the theoretical and observed values is satis­
factory for the lower excited states. It is noteworthy 
that the first and the second 0-0* bands predicted at 
8.76 and 9.35 eV, respectively, is the GT band pertinent 
to the H-bond in the sense that the C T configurations, 
13—17 and 13—18 in the H-bond (corresponding to the 
transition from 0 - H - - - 0 structure to 0 - - H - 0 struc­
ture in the valence-bond scheme29)) mainly contribute 
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TABLE 3. TRANSITION ENERGIES (1A£" (eV or cm 4 ) ) AND OSCILLATOR STRENGTHS ( / ) 

OBSERVED AND CALCULATED FOR 3-PHENYL-2,4-PENTANEDIONE ( P P D ) 

y 

lAE 
cm - 1 

35200 

41500 
43800 
46900c> 
49000c> 

52500 

55400 

In heptane 

XAE 
eV 

4.37 

5.14 
5.43 
5.82 
6.08 

6.51 

6.87 

/ a > 

0.19 

0.04 
0.04 
0.06 
0.10 

0.39 

0.70 

In 
acetonitrile 

lAE 
eV 

4.34 

5.12 
5.39 

6.05 

6.63 

In 
ethanol 

lAE 
eV 

4.33 

5.12 
5.39 

6.05 

/ 
lAE 
eV 

4.48 
4.86 
5.29 
5.45 
5.91 
6.31 

J6.54 
16.68 
J7.06 
17.37 
7.55 

Galcd 

I 
0.314 
0 
0.040 
0.002 
0.196 
0.280 
0.143 
0.643 
0.996 
0.203 
0.043 

[ 

Main config.b) 

0i 
B 2 u 

15<-2 
154-3 
B l u+14->5 
B l u+14->5 
14-*4 
^2+E lu+14~->5 

E'lu 

16<-2 + E l u 

Assignment 

LE 
LE 
CT 
GT 
LE 
LE 
BCT 
LE 
LE 
G T + L E 
LE 

a) See footnote (a) in Table 1. b) See footnote (b) in Table 1. c) Shoulder. 

TABLE 4. SINGLET AND TRIPLET TRANSITION ENERGIES i}AE AND ZAE (eV)) AND OSCILLATOR 

STRENGTHS (/) OBSERVED AND CALCULATED FOR MALONALDEHYDE (MA) 

Assignment 

n-n* 
71-71* 

n-7T* 

n-a* 
a-n* 
n-n* 
n-a* 
a-n* 
a(n)-a* 
n-a* 
a(n)-a* 
a-a* 
n-n* 
n-a* 
a-n* 
n-a* 
a-a* 
a-n* 

l 

3 
4 

> 6 

AE 

.51 

.711 

.3 

Obsdft) 

^ 

[5.08)di 

/ 

0.3 

> 0 . 2 

,— 
!A£ 

5.18 

7.87 

8.76 

9.35 
9.46 
9.81 

11.03 

3.33 

6.29 
7.44 
7.51 

8.18 
8.72 

9.15 

9.83 
10.40 
11.03 

11.04 

Galcd 
^ 
*AE 

3.92 

5.85 

8.40 

7.35 
9.25 
8.44 

10.74 

/ M 

0.000 (z) 
0.114 (x) 
0.0003(z) 
0.008 (z) 
0.003 (z) 
0.239 (y) 
0.019 (z) 
0.015 (z) 
0.012 (xy)e> 
0.026 (z) 
0.372 (x) 
0.014 (xy)e> 
0.203 (xy)e> 
0.019 (z) 
0.0003(z) 
0.003 (z) 
0.058 (x) 
0.002 (z) 

Main config.c> 

13—15 
14—15 
13—16 
14—17 
12—15 
14—16 
14—18 
12—16, 
13—18, 
14—19 
13—17, 
13—19, 
11—15 
14—20 
10—15 
14—21, 
13—20 
7—15 

9—15 
13—17, 13—19 

13—18 
13—18 

14—22, 11—19 

a) Observed value in the vapor phase taken from Ref. 28. b) Oscillator strength is calculated for the singlet 
manifold. The direction of transition moment is shown in parentheses, x-, y-, and z-axes being taken as in 
Fig. 1. c) Singly excited configuration, i—j, denotes one-electron excitation from the i-th occupied MO to 
thej-th vacant MO. The 14th MO is the highest occupied one. d) Observed value in ethanol. e) x- and 
y-components of transition moment contribute equally with opposite signs. 

to the first (55.8%) and to the second (53.5%) a-a* 
excited states. The GT configurations also contribute 
considerably (11.6%) to the first n-n* excited state of 
M A as in the case of the corresponding band of the 
enol form of acac and its fluoro derivatives.29 '30) 

Electronic Structures of BA, DBM, and PPD. The 
electronic structures of the Tf-electron systems of BA, 
DBM, and PPD were calculated by the method of 
composite molecule31 '32) in which the /?-diketone is 
divided into the enol ring and the benzene ring(s). 
The rotating angle, 0, between the enol ring and the 

benzene ring (Fig. 1) was treated as a variable. Figure 
3 shows the 0-dependence of energy levels calculated 
for BA, DBM, and PPD.43) By referring to the absorp­
tion spectra in Fig. 2, and also by referring to the 
observed 0-value of DBM (16.90)41) and tetraacetyl-
ethane (89°)42) in crystalline state, theoretical results 
with 0 = 2 0 ° are taken to BA and DBM, and the result 
with 0 = 7 0 ° , to PPD, as tabulated in Tables 1—3. 
T h e theoretical energy diagrams of BA and D B M are 
illustrated in Fig. 4 and the one of PPD, in Fig. 5. 

As is shown in Table 1 and in Fig. 4, the first allowed 
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Fig. 3. 0-dependence of energy levels calculated for (a) BA, (b) DBM, and (c) PPD. 

(a) (b) 

eV 
9 1 
8-i 

7 

6 1 
5 1 

3J 
OH 

- H 

— 16-3 
— 16e2 

^2 *>,„,,«-.-.-.= 
Elu— '— U - 4 " - ^ : 

— U - 5 * 1 

G" 
— G 

with CI with CI 

Fig. 4. Energy levels calculated with and without CI treatment for (a) BA and (b) DBM. 
In DBM, the configurations related to the benzene ring I and the LE configurations of 
the enol ring are shown on the left column and the configurations related to the 
benzene ring II, on the right column. For the CT or BCT configuration, i—j, see the 
footnote (b) in Table 1. 

band of BA observed at 32700 c m - 1 in heptane can 
safely be assigned to the LE state of the enol ring, <px 

(60.3%) mixed with the G T (from the benzene ring 
to the enol ring) (18.5%) and B C T (from the enol 
ring to the benzene ring) (9.6%) configurations. T h e 
second excited state of BA which is mainly (73.2%) 
composed of B2 u state of the benzene ring and the 
absorption intensity of which is predicted to be weak 
may be covered with the first n-n* band. The assign­
ment may be supported from the fact that the corre­

sponding band of D B M is observed near 33800 c m - 1 as a 
shoulder. The 40500 c m - 1 band of BA can be assigned 
to the third excited state which is mainly composed 
of the 15<—2 G T (42.4%), and <px (26.7%) and B l u 

(19.6%) L E configurations. T h e 44000 c m - 1 band has 
two peaks at 43000 and 44500 c m - 1 in heptane and 
can be assigned to the fourth excited state which is 
mainly composed of the 15<—3 C T (55.8%) and B2 u 

LE (22.7%) configurations. The 44000 c m - 1 band 
is the G T band between the benzene and enol rings. 
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From the comparison with the theoretical result, we 
can expect three bands in the 45000—53000 c m - 1 

region. The shoulder at «»46100 c m - 1 is assigned to 
the fifth excited state which is mainly composed of the 
B l u LE (61.8%) and 15<-2 C T (20.1%) configurations. 
To the 6th and 7th excited states, BCT configurations 
contribute significantly. T h e 6th excited state is mainly 
composed of the 14->5 BCT (41.9%), and <p2 (24.1%), 
<PX (9.4%), E l u (11.1%), and B l u (9.2%) L E configura­
tions, and is tentatively assigned to the weak shoulder 
near 47400 c m - 1 . T h e 7th excited state which is safely 
assigned to the 50800 c m - 1 band is the B C T band to 
which the 14->4 BCT (64.8%) and Ei t t LE (19.4%) 
configurations mainly contribute. 

The very strong 56500 c m - 1 band is predicted to be 
composed of three bands, i.e., 8th—10th excited states. 
The 8th and 9th excited states are mainly composed 
of the E l u and E ' l u LE configurations (47.4% and 
18.6%, respectively, for the 8th, and 26 .2% and 31 .6%, 
respectively, for the 9th excited state) mixed with B C T 
and C T configurations. T h e 10th excited state is 
mainly composed of the <p2 LE (51.9%) and 14-»5BCT 
(20.8%) configurations. 

The electronic structure of D B M is illustrated in 
Fig. 4, compared with the one of BA. Because two 
benzene rings, I and I I interact with the enol ring, the 
2nd and 3rd, 4th and 5th, 6th and 7th, and 8th and 9th 
excited states of DBM appear in pairs with the corre­
sponding character related to each benzene ring. As 
is shown in Table 2, the observed bands at 29800, 
33800, 40000, and 44000 c m - 1 in heptane can be 
assigned to the first, 2nd and 3rd, 4th and 5th, and 6th 
and 7th excited states, respectively. T h e character of 
the bands is semiquantitatively the same to the corre­
sponding first four bands of BA. T h e 44000 c m - 1 band 
has two peaks at 43300 and 44600 c m - 1 as in the case 
of BA. In the 46000—50500 c m - 1 region, three bands, 
i.e., 8th—10th excited states are predicted to overlap. 
The character of the pair {i.e., the 8th and 9th) and 
the 10th excited states corresponds to the one of the 
5th and 6th excited states of BA, respectively. In the 
very strong 54100 c m - 1 region, six bands corresponding 
to the 11th—16th excited states are expected to locate. 
The 11th—14th states are mainly composed of the E l u 

and Eiu LE configurations of two benzene rings, and 
the 15th and 16th excited states, of the 14->4 B C T 
configuration from the enol ring to each benzene ring. 

In conclusion, theoretical investigation of the spectra 
clearly shows strong ^-electron interaction between the 
enol and benzene rings in BA and DBM. 

Contrary to BA and DBM, the spectrum of P P D is 
well reproduced when 0 value around 70° is employed, 
indicating tha t ^-electron interaction between the enol 
and benzene rings is weak. T h e theoretical result of 
PPD with 0 = 7 0 ° is shown in Table 3 and in Fig. 5. 
Because the P P D molecule is of approximate C2 

symmetry and because the Tr-electron interaction be­
tween the rings is rather weak, configuration interaction 
in PPD is more limited than in BA. As is shown in 
Table 3, qualitative assignment for each band is similar 
to the one of BA. The 35200 c m - 1 band assigned to the 
first excited state is the LE state, <px (87.3%), and the 

with CI 

Fig. 5. Energy levels calculated with and without CI 
treatment for PPD. For the CT or BCT configuration, 
i—j, see the footnote (b) in Table 1. 

second excited state is B2 u state of the benzene ring 
(97.4%). T h e latter band is again too weak to be 
observed. T h e 41500 c m - 1 band assigned to the third 
excited state is the 15<-2 C T state (86.3%), and the 
43800 c m - 1 band assigned to the 4th excited state is 
the 15<-3 C T state (97.8%). 

T h e B l u L E and 14—»-5 B C T configurations 
contribute predominantly to the 5th (50.9% and 
34.7%, respectively) and to the 6th (47 .1% and 3 9 . 3 % , 
respectively) excited states, which are tentatively 
assigned to the shoulders at 46900 c m - 1 and 49000 
c m - 1 , respectively. To the strong 52500 c m - 1 region, 
the 7th (14->4 BCT (85.8%)) and the 8th (^2 (32.4%) + 
E l u (32.1%) + 14->5 B C T (24.7%)) excited states can 
be assigned. To the very strong 55400 c m - 1 region, 
the strong 9th (Eiu (82.6%)) and 10th (E l u (39.4%) 
+ 16"«—2 C T (51.3%)) excited states mainly contribute. 

Theoretical oscillator strength of the first band 
predicts well the increase of the observed transition 
intensity in the order of P P D < B A < D B M . Table 5 
shows coefficients of several main configurations in the 
ground and the first excited states. T h e wave functions 
clearly show that the increase of the interaction of the 
15<—2 C T configuration with the ground and <px LE 
configurations is mainly responsible for the increase of 
the transition intensity. 

UV Absorption Spectra in KOH Aqueous Solution. 
Near U V absorption spectra measured with the K O H 
aqueous solutions of BA, DBM, PPD, and acac are 
shown in Fig. 6. T h e strong bands at 320.5 n m of BA, 
at 347 nm of DBM, and at 304.5 n m of PPD can be 
assigned to the first n-n* band of the anion with planar 
chelate r ing as in the case of the 292.5 nm band of the 
acac anion.29) As is shown in Fig. 6, the spectra of the 
K O H aqueous solutions were found to change with 
time, and the strong bands at 300—350 n m finally 
disappear. I n Fig. 7, t ime dependence of the absorbance, 
AA(=A(t) -A(t=oo)), for the 320.5 n m band of the 
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TABLE 5. W A V E FUNCTIONS (COEFFICIENTS OF MAIN CONFIGURATIONS) OF THE GROUND 

AND THE FIRST 7T-7T* EXCITED STATES OF B A , D B M , AND P P D 

Configuration10 

G° 
^ L E 
B lu LE I 
E l u LE I 

II 
15<-2 GT I 

II 
16<-2 GT I 

II 
14->5 BGT I 

II 

Jcalcd 
J tobsd 

BA 
r 

Ground 
state 

0.9728 
0.0051 

-0 .0177 
0.0157 

-0 .1909 

0.1044 

-0 .0696 

1 s t 7T-7T* 

state 

-0 .0835 
0.7767 

-0 .2151 
0.2228 

- 0 . 4 1 3 4 

0.1194 

0.3104 

0.877 
0.38 

DBM 

Ground 
state 

- 0 . 9 5 5 4 
- 0 . 0 0 3 9 

0.0159 
-0 .0139 
-0 .0130 

0.1779 
-0 .1475 
-0 .0983 
-0 .1244 

0.0631 
0.0004 

1 s t 7T-7T* 

state 

0.0620 
-0 .7202 

0.2331 
-0 .2333 

0.1115 
0.4667 
0.1389 

-0 .1362 
0.0600 

-0 .2589 
0.1292 

1.193 
0.51 

PPD 

Ground 
state 

0.9973 
-0 .0003 

0.0006 
-0 .0005 

0.0241 

-0 .0385 

-0 .0571 

— v 
1 s t 7T-7T* 

state 

0.0062 
0.9341 
0.0488 

-0 .0705 

-0 .3370 

0.0391 

-0 .0629 

0.314 
0.19 

a) Configuration I or II is related to the benzene ring I or II, respectively. 
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Fig. 6A. Near UV absorption spectra measured with the 
KOH aqueous solution of BA at (a) *=0.8 h, (b) *=8.7 
h, (c) *=15.5 h, (d) *=27.0 h, (e) *=43.4 h, (f) *=75.9 
h, and (g) t= 163.8 h. 
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Fig. 6B. Near UV absorption spectra measured with 
the KOH aqueous solution of DBM at (a) *=1.0h, 
(b) *=6.1 h, (c) f=10.1 h, (d) *=25.0 h, (e) *=50.8 h, 
and (f)*= 151.4 h. 
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Fig. 6G. Near UV absorption spectra measured with 
the KOH aqueous solution of PPD at (a) ^=24 min, 
(b) ^=29 min, (c) ^=35 min, (d) ^=42 min, (e) *=49 
min, (f) f=57 min, (g) *=76 min, and (h) *= 194 min. 
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Fig. 6D. Near UV absorption spectra measured with 
the KOH aqueous solution of acac at (a) *=0.8 h, 
(b) *=9.1 h, (c) *=22.3 h, (d) *=49.6 h, (e) *=94.6 h, 
(f) t= 145.0 h, and (g) *=239.2 h. 

BA anion is shown as an example; the absorbance 
(AA) decreases exponentially with time. The 
exponential decay of the absorbance was also observed 
for the first TZ-TI* bands of the DBM, PPD, and acac 
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TABLE 6. RATE CONSTANT (A(S-X)), INITIAL ABSORBANCE (AA0), AND INITIAL MOLAR EXTINCTION COEFFICIENT0 

(e0) FOR THE FIRST BAND OF THE KOH AQUEOUS SOLUTION OF BA, DBM, PPD, AND acac 

|>diketone] X 104/M 
[KOH] x 10/M 

Axioms-1 

AA0 

e0 

Average 

8.53 
9.52 

10.2 
1.67 
18700 

1 

BA 

7.78 
0.894 

0.904 
1.49 
18300 

8500 

DBM 

6.21 
9.52 

14.3 
1.35 
20700 

5.76 
0.894 

1.39 
1.20 
19800 

20300 

19.55 
0.248 

116 
3.65 
17800 

PPD 

12.03 
0.119 

102 
2.23 
17700 

17700 

14.50 
0.0594 

113 
2.70 
17700 

4.2 
9.52 

13.8 
1.01 
23000 

acac 

5.76 
0.991 

0.846 
1.29 
21300 

22200 

a) Estimated at the band maximum. 

3 

0.0H 
20 40 60 80 

Time/h 

Fig. 7. Time dependence of the absorption intensity 
(AA) measured with the first n-n* band of the BA 
anion at (a) 320.5 nm and (b) 340 nm. 

anions, indicating that the spectral change is due to the 
unimolecular reaction, A—»A', of the anions. T h e 
rate constants (k) under several experimental conditions 
are listed in Table 6. In the BA, DBM, and acac 
anions, the rate constant is roughly proportional to the 
concentration of K O H , strongly suggesting that the 
planar structure of the chelate ring is broken by the 
action of the K O H molecules. Under the fixed concen­
tration of K O H , the rate constant increases in the 
order of the B A < a c a c < D B M < P P D anions. T h e 
true absorption intensity of the 300—350 n m band of 
the anion can be evaluated from the extrapolated 
absorbance at t=0 (AA0) with the correction of the 
final absorbance (A(t= co)). The results are tabulated 
in Table 6. T h e absorption intensities are rather equal 
for the PPD, BA, and D B M anions in contrast to the 
ones of the corresponding bands in neutral species. 

The authors wish to express their sincere thanks to 
Professor Saburo Nagakura, the University of Tokyo, 
for valuable discussions and for reading manuscript 
carefully. 
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The Photoelectrochemical Reaction of the Chlorophyll-Irisquinone Electrode 
Fujio TAKAHASHI,* Katsura SEKI, Ryohei KANEKO, Kenji SATO, and Yasushi KUSUMOTO 

Faculty of Engineering, Utsunomiya University, Utsunomiya 321 
(Received May 30, 1980) 

The role of irisquinone (IQ) in the chlorophyll-IQ electrode was studied by measuring the photoresponse 
under illumination and the photocurrent at the controlled potential. It was concluded that the hydrophobic 
property of I Q was necessary for the photoresponse to occur at the chlorophyll electrode, and that the photoexcited 
chlorophyll was likely to eject electrons to a counter electrode via an outer circuit and to pull electrons from the 
reduced I Q , which had been produced by the oxidation of a reducing compound in the electrolyte on the chloro­
phyll-IQ electrode. 

Recently many photoelectrochemical studies of 
chlorophyll lined on the electrode have been reported.1»2) 
We have already contributed to this field: We found 
that the potential shifts to a less noble value under 
illumination on the plat inum electrode coated with a 
mixture of chlorophyll and quinone, such as 1,4-
naphthoquinone or chloranil.3) The conductive adhesive 
was used as the binder of quinone with an electrode to 
prevent the quinone spread on the chlorophyll layer 
from dissolving into the electrolyte. However, the 
existence of the conductive adhesive made it difficult 
to speculate on the role of quinone in producing a 
photocurrent from the electrode in the light. I t was, 
therefore, thought to be necessary to investigate the 
photoelectrochemical reaction on the chlorophyll 
quinone electrode without the conductive adhesive. 

Two of the present authors isolated a new quinone 
from the seed oil of Iris pseudacorus L.4> The structure 
of the quinone has been identified as 2-(m-10-heptade-
cenyl)-6-methoxy-/>-benzoquinone,** which is insoluble 
in water, miscible with chlorophyll, and adhesive to the 
electrode. These properties were thought to be suitable 
for the study of the chlorophyll-quinone electrode. 

This paper will present the results of photoelectro­
chemical studies of the chlorophyl l - IQ electrode 
undertaken in order to clarify the role of quinone. 

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

Materials. The chlorophyll was purchased from Nihon 
Chlorophyll Kogyo Co., Ltd., and was purified to separate it 
from an oily material by elution through the talc column 
with 80% acetone. The chlorophyll used was a mixture of 
chlorophyll a and b. The chlorophyll was determined by 
the spectrophotometric method.5) The I Q used was isolated 
by the method described in a previous paper.4) All the other 
chemicals were of a reagent grade or were the best com­
mercially available. 

Electrodes and Electrolytes. A chlorophyll or I Q solution 
in hexane or acetone and a cholesteryl oleate solution in 
hexane were prepared. The requisite amounts of the chloro­
phyll solution or the mixture of these stock solutions were 
spread onto the platinum electrode ( l x l cm) and then dried 
to produce a homogeneous chlorophyll layer. The chloro­
phyll-coated electrode was then immersed in a M/40 phos­
phate-buffer (pH 6.9) or carbonate-buffer electrolyte adjusted 
at each pH; various redox compounds had been dissolved in 
the electrolytes. All the experiments were carried out at 

35 °C by using 50-ml dual beaker containing the electrolyte, 
with nitrogen gas being passed through. 

Equipment. The potential was measured by means of a 
Kikusui Denshi volt-ammeter model 116 connected to the 
recorder, with a calomel electrode as the reference electrode. 
A Hokuto Denko potentiostat HA 101 and a linear scanner 
were used for the measurement of the photocurrent at each 
.controlled potential. A platinum plate was used as a counter 
electrode. The potential-current curves were obtained by 
using a Yokogawa Denki Type 3036 X-Y recorder, with the 
scanning set at a rate of 100 m V/s. The projector lamp (100 
V, 150 W) was used as the source of light. The light of 
wavelengths shorter than 460 nm was cut off by a color 
filter (V-Y46) to avoid the complication arising from the 
simultaneous photochemical reaction of I Q , which exhibited 
its Amax at 363 nm.4) 

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

Photoresponse of the Chlorophyll-1Q Electrode. To 
investigate the effect of I Q on the electrode with 
respect to the photoresponse, the electrode was prepared 
by covering 0.01 (xmol/cm2 of a layer containing 
chlorophyll and I Q mixed in various molar ratios. 
Same typical results of the potential-time curve are 
shown in Fig. 1. In Fig. 2 the values of photovoltage 
(the potential under illumination subtracted that in the 
dark) of all the electrodes are plotted against the molar 
ratio of I Q to the total amount of chlorophyll and I Q . 
T h e photovoltage of the chlorophyll electrode was 
found to shift to a positive value under illumination. 
O n the other hand , the photovoltage turned into a 
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Fig. 1. Photoresponse of chlorophyll-IQ electrode. 
pH 6.9, 35 °G, 6 x 104lx, [Chi] + [IQ] =0.01 ^mol/cm2, 
[Chi] : [ I Q ] = 1 : 3 . 
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Fig. 2. Influence of the molar ratio to the photo voltage 
of chlorophyll-IQ electrode. 

pH 6.9, 35 °G, 6xlOMx, [Chi]+ [IQ]=0.01 ̂ mol/ 
cm2. 

negative value as the I Q content in the layer of the 
electrode increased. The maximum photoresponse was 
obtained at the molar ratio of I Q t o chlorophyll of 1 : 1. 
The magnitude of the photovoltage became smaller 
at higher molar ratios of I Q , caused by the decrease 
in the amount of chlorophyll, which exhibited a photo-
conductive property. The values of the photovoltage 
were measured at various thicknesses of the chlorophyll-
I Q layer (with the molar ratio of 1 : 1). The results 
are shown in Fig. 3a. The photovoltage was nearly 
constant at layer thicknesses thicker than 0.01 
[jimol/cm2. 

-100 h 

[Chl ]+ [ IQ]=1:1 [Chi] (pmol/cm2) 

r̂ / 

0 . 0 1 0.02 0 

Ghlorophyll/jxmol/cm2 [Cholesteryl oleate] 
[Chi] 

Fig. 3. Influence of the thickness of chlorophyll layer 
and the ratio of cholesteryl oleate to chlorophyll to 
the photovoltage. 
pH 6.9, 35 °C, 6 x l 0 4 lx. 

It is very plausible that chlorophyll molecules are 
located in the hydrophobic region as a result of the 
existence of excess I Q , which is hydrophobic itself, 
and that, in turn, the chlorophyll-IQ electrode generates 
the photovoltage due to the photoexcitation of chloro­
phyll in the hydrophobic region. The chlorophyll-1Q-
cholestery oleate electrode was prepared and illuminated 
in order to verify the influence of hydrophobicity on the 

photo volt age. Cholesteryl oleate is hydrophobic, 
miscible to chlorophyll and I Q , and exhibits the 
property of a liquid crystal. It is known that not only 
the molecules of a liquid crystal, but also guest molecules 
will be oriented in the electric field.6) It was expected 
that the photovoltage might increase by the orientation 
of the photo-conductive chlorophyll molecules in the 
layer. The results of the photo voltage of the chlorophyll-
IQ-cholesteryl oleate electrode are shown in Fig. 3b. 
The molar ratio of chlorophyll and I Q i s 1 : 1 , and the 
total amounts of chlorophyll and I Q in the layer were 
kept constant when the amount of cholesteryl, oleate 
was varied. The photo volt age was found to increase 
up to the molar ratio of chlorophyll, I Q , and cholesteryl 
oleate of 1 : 1 : 2, and then decrease as more cholesteryl 
oleate was added. It is said that the following reaction 
may occur in the hydrophobic region:7) 

Chi* + Q • Chl+ + Q-, (1) 

where Chi*, Chl+, and Q - are a photoexcited chloro­
phyll, a cation of chlorophyll, and an anion of quinone, 
respectively. In a nonaqueous solvent, one-electron-
reduced ubiquinone is known to be stable and to 
exhibit a remarkably negative (less noble) reduction 
potential.8) Judging from the fact that the photore­
sponse of the chlorophyll-IQ electrode was observed 
in a negative direction, like an n-type semiconductor, 
an anion of I Q seems to exist inside the chlorophyll-IQ 
layer, apart from the interface of the electrode and the 
electrolyte. 

The Redox Compounds in the Electrolyte. The 
electrolyte should contain an equi-molar concentration 
of the oxidized and reduced forms of the redox compound 
in order to keep the composition of the electrolyte 
constant during the photoelectrochemical reaction, so 
that the oxidized form of the redox compound might be 
reduced at the cathode and the reduced form might 
be oxidized at the anode. Therefore, the redox com­
pounds were surveyed for a photocell producing as 
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Redox potential/V 
Fig. 4. Relation between the redox potential and the 

photovoltage. Total concentration of redox compound 
2 mM. Molar ratio of oxidized and reduced form= 1:1. 
1: Quinone hydroquinone ( +0.80V), 2: Fe3+EDTA/ 
Fe2+EDTA (+0.12 V), 3: 1/2 GSSG/GSH (-0 .24 V), 
4: NAD+/NADH (-0.32 V), pH 6.9, 35 °C, 5 x 104 lx, 
chlorophyll-IQ electrode: [Chi] : [ IQ]= 1 : 5, thickness 
of chlorophyll: 0.02 jxmol/cm2. 
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high a photovohage and photocurrent as possible. The 
photovoltage was measured on the system of a chloro-
phyll-IQ, (the molar ratio : 1 : 5) electrode immersed 
into an electrolyte containing a different redox com­
pound. The concentrations of the oxidized and reduced 
forms of the redox compound were 1 m M each. The 
results are shown in Fig. 4. The photovohage was 
found to shift to a more negative value as the oxidation-
reduction potential of the redox compound became 
less noble. The highest photovohage was obtained 
when the mixture of glutathione-oxidized (GSSG) and 
-reduced (GSH) was used. The photovoltage in the 
system of the chlorophyll-1Q, electrode connected with 
GSSG or GSH alone in the electrolyte was —58 or —45 
mV, while that in the system of the chlorophyll electrode 
connected with GSSG or GSH alone was + 5 3 or + 3 9 
mV respectively. 

The Photocurrent at the Controlled Potential. In order 
to clarify the role of IQ,on the chlorophyll-1Q electrode, 
the photocurrent was measured at the controlled 
potential on the various electrodes immersed into the 
electrolyte. The molar ratio of chlorophyll to IQ, or 
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Fig. 5. Photocurrent at controlled potential. 
pH 6.9, 35 °G, 5xlOMx, chlorophyll-IQ, electrode : 
[Chi] : [IQJ=1 :5, thickness of chlorophyll: 0.02 
jimol/cm2, electrolyte : 1 mM GSH, controlled poten­
tial at +0.22 V vs. SCE. 
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Fig. 6. Anode photocurrent at controlled potential. 
pH 6.9, 35 °G, 5 x 104 lx, 0.02 ^mol/cm2 chlorophyll, 
molar ration of C h l : I Q = l : 5, 1: E(none)/buffer, 
2: E(Chl)/buffer, 3: E(Ghl, IQ)/buffer, 4: E(Chl, IQ)/ 
1 mM GSH, 5: E(Chl, IQH2)/buffer. 

that of chlorophyll to reduced IQ, (IQH2) in the layer 
of the electrode was 1 : 5 . A typical anodic photo-
current-time curve is shown in Fig. 5, while the curves 
of the photocurrent at various controlled potentials 
are shown in Fig. 6. The maximum photocurrent was 
obtained around + 0 . 2 V vs. SCE in every case. The 
same reaction may occur by the photoexcitation of 
chlorophyll in all cases. It is known that the half-wave 
oxidation potential of the chlorophyll a appears at 
+ 0 . 5 2 V (SCE) in acetonitril.9) This is not a photo-
electrochemical reaction. Judging from these facts, the 
photocurrent may be produced by the following 

reaction : 
Chi + hv Chi* •Chl+ + e. (2) 

^ +0 .15 

3 
o 

Pu, 

> 

SP 
•M 

> 
2 o 

+0 .10 

-80 

-100 

Fig. 7. 
rent. 

Influence of pH to photovohage and photocur-
35 °C, 5xlOMx, 0.02 ixmol/cm2 chlorophyll, 

molar ratio of Chi : IQ,= 1:5 . 

The anodic photocurrent at + 0 . 2 V on the 
chlorophyll-1Q electrode was found to increase at 
higher pH values, in other words, at higher concentra­
tions of OH", as is shown in Fig. 7. O H - is as the only 
anode-active substance in the electrolyte. It may, 
therefore, be assumed that the I Q on the electrode is 
reduced in the process of the anodic reaction of O H _ 

and, in turn, that reduced IQ, reacts with Chl+ to 
reproduce I Q a n d chlorophyll. The assumptions can be 
expressed as follows : 

OH-
I Q • IQH2 (3) 

2 Chl+ + IQH2 • 2 Chi + I Q + 2 H+. (4) 

This is plausible, because the photocurrent in the 
case of the chlorophyll-1Q, electrode is larger than that 
in the case of the chlorophyll electrode, and because 
the photocurrent produced by the chlorophyll-1QH2 

electrode is 2.8 times as large as that of the chlorophyll-
I Q electrode, as is shown in Fig. 6. 

The photocurrent and the dark current of the system 
of the GSH-containing electrolyte were twice and 1.4 
times as large as these of the system omitting GSH. It 
is very possible that the IQ, on the electrode is reduced 
to form IQH 2 in the dark as follows: 

IQ,+ 2GSH • IQH2 + GSSG. (5) 
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Fig. 8. Potential-current curve of IQ, on Pt electrode. 
pH 6.9, 35 °G, 0.05 jzmol of I Q on Pt (1 x 1 cm2), The 

potential was scanned at a rate of 100 mV/s. 

Then, the photocurrent can be obtained in the same 
way as with the chlorophyl l -IQH 2 electrode. 

The I Q layer was spread onto the plat inum electrode 
to determine the reduction potential, because the 
redox potential of IQ, was not yet known. The reduction 
wave of I Q appeared around —0.5 V (SGE), as is 
shown in Fig. 8. This fact suggests that I Q 7 tends to 
release electrons. The electrons could transfer from 
I Q 7 to plat inum at + 0 . 2 V. Then, the chlorophyl l - IQ 
electrode produced the anodic photocurrent by means 
of Eqs. 1 and 2 at + 0 . 2 V. No matter ho w Eq. 1 might 

participate, the maximum photocurrent was produced 
at the same potential in every system in Fig. 6. There­
fore, the reaction of Eq. 2 appears to occur predo­
minantly rather than the reaction of Eq. 1. It is con­
cluded that the I Q , o n the electrode plays a role in the 
accelaration of the anodic reaction. 
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14N Nuclear Quadrupole Resonance of the Molecular Complexes of Urea 
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The 14N nuclear quadrupole resonance (NQR) was studied in four kinds of molecular complexes of urea, such 
as urea-nitric acid, urea-phosphoric acid, urea-oxalic acid, and urea-ammonium chloride. The 14N quadrupole 
coupling constants and asymmetry parameters at liquid nitrogen temperature are as follows: |*2Q,g/A| = 3.157 MHz 
and 37 = 0.475 for the H N 0 3 complex; \e2dq/h\ = 3.277 MHz and 37 = 0.414 for the H 3 P0 4 complex; \e2Qqjh\ = 3.456 
MHz and 3? = 0.363 for the (COOH)2 complex; and \e2Qq/h\ = 3.544 MHz and r) = 0.298 for the NH4C1 complex. 
From the temperature dependence of the resonance lines in these complexes, the strength of hydrogen bonds are 
discussed. The differences of the electron densities at the nitrogen atoms between urea and its complexes were 
derived from the corresponding NQR parameters, and the bond characters in these complexes are discussed. 

I t is well known that urea forms molecular complexes 
with a number of compounds, being held together by 
hydrogen bonding. These hydrogen bonds have been 
investigated by various spectroscopic methods.1»2) I t is 
interesting to study the hydrogen bonds in these com­
plexes by means of the nuclear quadrupole resonance 
(NQR) of nitrogen-14. T h e molecular complexes of 
urea examined are urea-ni t r ic acid ( 1 : 1 ) ( H N 0 3 

complex), urea-phosphoric acid (1 : 1) ( H 3 P 0 4 com­
plex), urea-oxalic acid ( 2 : 1 ) ( ( C O O H ) 2 complex), 
and u rea -ammonium chloride ( 1 : 1 ) (NH4C1 com­
plex). O n the basis of the 14N N Q R results, the strength 
of the hydrogen bonds and the charge distributions at 
nitrogen atoms were compared with those in urea 
itself. 

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

1 4NNQR measurements were carried out using a pulse 
spectrometer described previously.3) The resonance lines 
were observed by the spin-echo signals using a 90—180° 
pulse sequence series. The pulse width of a 90° pulse was 
about 50 [is. The spin-echo signal was averaged in a Nicolet 
Instrument Model 527 signal averager. The temperature 
was controlled by the method of Abe.4) The temperature 
was measured by the use of a copper-constantan thermocouple 
and stabilized within ±0.1 K. The frequency was checked 
by means of a frequency counter, TR-5104, from Takeda 
Riken Go. 

The sample of the H N 0 3 complex was prepared by crystal­
lization at 0 °C from an aqueous solution containing an 
equimolar amount of urea and nitric acid, and was purified 
by recrystallization from methanol.5) Found: G, 9.95; H, 
4.13; N, 34.42%. Galcd for GH5N304 : G, 9.76; H, 4.10; 
N, 34.14%. The sample of the H 3 P0 4 complex was obtained 
by slowly evaporating an equimolar solution of urea and 
phosphoric acid.6) Found: G, 7.60; H, 4.54; N, 17.63%. 
Calcd for GH7N206P: G, 7.60; H, 4.46; N, 17.72%. The 
sample of the (COOH)2 complex was obtained from an 
aqueous solution of urea and oxalic acid in the stoichiometric 
ratio.7) Found: C, 22.91; H, 4.84; N, 26.51%. Galcd for 
G3H6N205: G, 22.86; H, 4.80; N, 26.66%. The sample of 
the NH4G1 complex was prepared by slowly evaporating a 
solution containing urea and ammonium chloride in a molar 
ratio of 1 : 1.8> Found: G, 10.69; H, 7.17; N, 36.78; CI, 
30.8%. Galcd for CH8C1N30: G, 10.58; H, 7.10; N, 37.01; 
Gl, 31.2%. All the samples were ground into powder after 
drying, and about 20 g of the samples were used for the meas­
urements. 

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

For the case of nitrogen-14 one observes in general a 
spectrum consisting of two N Q R absorption lines i>_ 
and v+ : 

v±=mi{3±v)> (i) 

where \e2Qjqjh\ and r\ are the quadrupole coupling 
constant and asymmetry parameter , respectively. In 
the cases of the H N 0 3 complex, the H 3 P 0 4 complex, 
and the ( C O O H ) 2 complex, two pairs of resonance 
lines were observed at liquid nitrogen temperature . O n 
the other hand, three closely spaced pairs of resonance 
lines were observed in the NH4C1 complex. These 
lines could not be paired because the third possible 
resonance line vâ=v+—V- could not be observed on 
account of its very low frequency. Accordingly, the 
quadrupole coupling constants and the asymmetry 
parameters in these complexes were derived from the 
average values of i>_ and v+ ; they are listed in Table 1. 

T h e average temperature coefficient <Co£> was 
calculated by the following equation : 

<a> = 2(v1-v2)l[(v1+v2)(T1- T2)], (2) 

where v1 and v2 are the resonance frequencies of the v+ 
lines at liquid nitrogen temperature ( 7 \ ) and about 
275 K (T2), respectively. These coefficients in the 
complexes are calculated as listed in Table 1, and 
decrease in the order of the ( G O O H ) 2 complex, the 
HNO3 complex, and the H 3 P 0 4 complex. Every 
coefficient is smaller than the value in urea, which is 
calculated from the reference9) to be 13.43 x 10 - 5 

deg - 1 . This fact suggests that the vibrations of the 
nitrogen atoms in the urea molecules are suppressed 
in the order of urea, the ( C O O H ) 2 complex, the H N 0 3 

complex, and the H 3 P 0 4 complex, that is, the strength 
of the hydrogen bonds, N - H - O , increases in this 
order. O n the other hand, in the NH4C1 complex, the 
temperature dependence of three v+ lines was nearly 
equal, and the resonance line (i>=2.9318 M H z ) , the 
intensity of which was largest among in these lines, 
could be observed at about 200 K, whereas the other 
two lines were able to be observed at about 190 K. 
Therefore, the average temperature coefficient was 
calculated between liquid nitrogen temperature and 
about 200 K for the line (i>=2.9318 M H z ) ; the value 
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TABLE 1. NQR PARAMETERS AND THE AVERAGE TEMPERATURE COEFFICIENTS IN UREA COMPLEXES 

Complex 

OC(NH 2) 2 .HN0 3 

OG(NH2)2 .H3P04 

OG(NH2)2 .(COOH)2 

OC(NH2)2.NH4Cl 

v_ 
MHz 

2.0505 
1.9347 
2.1476 
2.0901 
2.3701 
2.1863 
2.4335 
2.4006 

y + 
MHz 

2.7828 
2.7015 
2.8159 
2.7783 
2.9634 
2.8484 
2.9488 
2.9318 

\e*Q.qlh\ 
MHz 

3.157 

3.277 

3.456 

3.544 

V 

0.475 

0.414 

0.363 

0.298 

< * > 
deg-i 

8.37x10-« 

4.95x10-« 

11.24x10-« 

14.97x10-« 
2.3473 2.8853 

is listed in Table 1. T h e temperature coefficient in the 
NH4C1 complex is larger than that in urea. This 
suggests that the hydrogen bond in this complex, 
N - H - - C 1 , is weaker than the bond in urea, N - H -O. 
This may be explained by the difference of the electro­
negativities between a chlorine a tom and an oxygen 
atom. 

According to the results of the neutral diffraction 
study of the H N 0 3 complex5) and the X-ray diffraction 
studies of the H 3 P 0 4 complex and the ( C O O H ) 2 

complex,6 '7) the geometry of the N H 2 groups in these 
complexes is nearly equal to that in urea ; we thus 
assumed the nitrogen tr-bond orbitals to be sp2-hybrids. 
In the case of the NH4C1 complex, there are three 
crystallographically nonequivalent nitrogen atoms, and 
each nitrogen atom forms two weak hydrogen bonds 
with a chlorine ion of ammonium chloride, the length 
of which is in the range from 3.14 to 3.40 A.8) Therefore, 
the electronic state of nitrogen atom in the N H 2 group 
may be considered not to be largely different from that 
in urea ; we thus assumed that the nitrogen ff-bond 
orbitals are sp2-hybrids. 

T h e electron densities at the nitrogen atoms in these 
complexes can be calculated by means of the following 
equations:10) 

a = |*2a«7/e2Q?p|= n - ( 2 / 3 K „ - (l/3)<xNC, 
(3) 

a2? = ^NH — <7NC> 

where n is the electron density in the lone-pair orbi ta l ; 
trNH and ffNc are the ^-electron densities in the N - H 
and N - G bonds, respectively; and \e2Qqplh\ is the 
quadrupole coupling constant due to one 2p-electron 
of a nitrogen atom. T h e a and acq values in urea and 
its complexes are denoted by au , (OCT))U, ac , and (co])c. 
Defining the differences in the a and <XT) values between 
urea and its complexes by Aa=ocu—a c and A(OCJ?) = 
( a ? ) u - ( a ? ) c , 

Aa = (n u-n c) - (2/3)(aSH-^N„) - (1/3) (« j f e -«^ 

A(co?) = (^SH-^&H) - « c - * S c ) ( 4 ) 

are obtained. Letting 

A n = n u - n c , Aa^=aln-a%}i,
 a n d A<TNC=<TSC-^NC (5) 

then 
Aa = An-(2/3)A<;NH-(l/3)A<TNC, 

A(<X5?) = A<7NH-AffNC-

Assuming that in these complexes 

(6) 

A < T N C = 0 

values 
and 

can be \e2dqplh\=9MHz, the A<rNH and An 
calculated from Eq. 6; the values are listed in Table 2. 

TABLE 2. THE AffNH AND An VALUES IN THE 

MOLECULAR COMPLEXES OF UREA 

Complex A<r* An 

O C ( N H 2 ) 2 . H N 0 3 

O C ( N H 2 ) 2 . H 3 P 0 4 

O C ( N H 2 ) 2 . ( C O O H ) 2 

O C ( N H 2 ) 2 . N H 4 C l 

- 0 . 0 4 
- 0 . 0 3 
- 0 . 0 1 
+0 .01 

- 0 . 0 1 
- 0 . 0 1 

0 
0 

T h e A<7NH values in the H N 0 3 complex, the H 3 P 0 4 

complex, and the ( G O O H ) 2 complex are negative. 
This indicates that the hydrogen bonds in these complex 
are stronger than that in urea. O n the contrary, in 
the case of the NH4G1 complex, the A<rNH value is 
positive so that the hydrogen bond in this complex is 
weaker than the bond in urea. 

O n the other hand, the An values in the H N 0 3 

complex and the H 3 P 0 4 complex are positive, that is, 
the electron populations in the lone-pair orbitals of the 
nitrogen atoms in the urea molecules are smaller in 
these complexes than in urea. This may be explained 
by the decrease of the lone-pair electron population 
due to the formation of the hydrogen bond such as 
N-- -H-N, in which the lone-pair orbital of a nitrogen 
a tom is used, or to the increase of the contribution of 
the following resonance structures I I and I I I . However, 

H2NT X N H 2 H2NT N N H 2 H 2 N ^ ^ N H 2 

II III 

the hydrogen bond such as N---H-N is absent in these 
complexes5 '6) and urea.10) Therefore, the decrease of 
the lone-pair electron is at tr ibuted to the latter reason. 
T h e resonance structures bring about the increase of 
the double-bond character in the N - C bond in the urea 
molecule, resulting in the shortening of this bond. The 
average N - G bond lengths are 1.314 Â in the H N O a 

complex and 1.322 Â in the H 3 P 0 4 complex, whereas 
the value in urea is 1.352 Â.11) Furthermore, it is 
considered that the negative charge on the oxygen 
atom of the urea molecule increases and the C - O 
bond becomes longer because of the contribution of the 
structures I I and I I I in these complexes. From these 
combined effects, the strong hydrogen bond, 0 - - - H - 0 , 
is formed. In fact, the C - O distances in urea, the 
H N 0 3 complex, and the H 3 P 0 4 complex, are 1.260, 
1.298, and 1.281 Â, respectively. T h e O - H - O dis-
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tances in the H N 0 3 complex and the H 3 P 0 4 complex 
are 2.596 and 2.424 Â respectively, and the acidic 
protons are at tached to the carbonyl oxygen a tom of 
urea. 
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Electron spin resonance spectra of nitroxyl radicals bearing two asymmetric carbons were observed. The 
radicals were produced by the abstraction of a hydrogen atom from ethers and amines by photoexcited benzo­
phenone, followed by spin trapping with phenyl-iV-f-butylnitrone. The spectra showed the presence of two radical 
species assignable to diastereomers in most cases. The presence of isomers was seen more clearly in ESR spectra 
of radicals produced from ethers than those from amines. The origin of the different ESR parameters of the isomer 
was discussed in detail and it was concluded that the functional group on ^-carbon acts as a group of proximity 
to nitroxyl function. The difference of the electronegativity of the atom in each functional group causes the differ­
ence of the extent of the separation of isomers. The effects of proximity groups on observed ESR parameters are 
concluded to be the same as the solvent effect. 

Diastereomers have chemically different properties. 
Different spectroscopic properties are also found, which 
are caused by the difference in the interaction of 
substituents. 

As for free radicals having two chiral centers, it is 
possible to identify each diastereomer by ESR spectro­
scopy. J o n k m a n et al. detected the difference of hyperfine 
structure (hfs) in nitroxyl radicals having two asym­
metric carbons on both sides of the nitroxyl function.1* 
Also, Laroff et al. observed the difference of hfs in 
anion radicals from both ascorbic and araboascorbic 
acid.2) However, the difference has not been discussed 
in relation to the structure of the radical because of 
the difficulty in systematic production of radicals. 

Recently, it was pointed out that the spin t rapping 
reaction using phenyl-iV-J-butylnitrone (PBN, N-
benzylidene-J-butylamine iV-oxide) is an effective way 
of producing nitroxyl radicals having two asymmetric 
carbons on one side of the nitroxyl function.3) In the 
case of spin adducts produced from alcohol, a clear 
separation of hfs of the isomer was detected in an 
aprotic solvent; this was attr ibuted to the formation of 
an intramolecular hydrogen bond. In the present study 
the difference of ESR parameters was also observed in 
open chain diastereomeric nitroxyls. 

The condition which should be fulfilled for the 
detection of the difference in ESR parameters in an 
open chain diastereomeric nitroxyl radical is that the 
substituents at tached to the asymmetric carbons should 
be bulky. The nitroxyl radicals produced by the 
addition of the radical formed by the abstraction of a 
hydrogen atom from an etherial compound have an 
alkoxyl group on /5-carbon. Also, those from amines 
have amino or alkylamino group on ^-carbon. In these 
radicals most of the substituents on ß-carbon are bulky. 
In addition, there is no functional group to form tight 
hydrogen bonding. 

T h e notable experimental result shown in this report 
is that the separations of isomers in spin adducts from 
ethers were much larger than those from amines. 
Moreover, the reproduction of the spectrum by the 
spectrum simulation showed that the difference of the 
£-value and hfs of 14N(-4N) play a dominant role in 
giving the characteristic overlapped spectrum pat tern. 
T h e hfs of ß-H (AßV) depends on the magni tude of the 

dihedral angle, which is directly derived from the 
steric conformation. The g-value and Av depend on the 
electronic and steric structure of nitroxyl group. Thus, 
the result was interpreted by the difference of the 
dipole moment of C O bond and CN bond when they 
act as a group of proximity to the nitroxyl group. 
This leads to the conclusion that the difference of g-
and ^4N-value in stereoisomer of spin adducts from ether 
is based on the difference in the distance between 
oxygen atom and nitroxyl group. The effect of a 
proximity group is shown to be the same as the solvent 
effect on nitroxyl radicals. 

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

Approximately 10~4 mol PBN and 10-4 mol benzophenone 
was dissolved in 1 cm3 ether and amine. The solution was 
packed into a pyrex ampoule having an ESR sample tube as a 
side arm and was degassed by the freeze-pump-thaw method. 
Radicals are produced by the irradiation of UV light from an 
1 kW mercury arc.3«4) The period of irradiation was 5 to 
10 min, depending on the yield of radicals. 

The PBN used was purified by the sublimation technique. 
Benzophenone was recrystallized twice from a petroleum 
ether solution. Guaranteed grade ethers were treated with 
potassium hydroxide to remove peroxy derivatives and were 
dried over Na-K alloy. Amines were distilled and stored 
over potassium hydroxide. The ampoule were charged with 
ether or amine by vacuum distillation. 

The solvent effect on the spectral pattern was examined in 
some cases with the use of same technique as described else­
where.3) 

The hfs and £-value were determined by use of aqueous 
solution of potassium peroxylamine disulfonate buffered with 
0.2 M K a C 0 3 solution. The solution was packed in a capil­
lary tube and attached on the sample tube, ESR spectra being 
recorded simultaneously. The g-value and 14N hfs have 
been reported to be 2.005560 ±0.0000046> and 13.091 ± 
0.004,6) respectively. Computer spectrum simulation was 
applied to analyze the overlapped spectra. 

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

Ether. It is well known that photoexcited 
benzophenone abstracts hydrogen on the carbon 
adjacent to the etherial oxygen.4-10) When one applies 
the spin t rapping reaction with PBN, the assignment 
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of the resulting radical is sometimes ambiguous because 
of the absence of the hfs from the trapped group. 
However there have been some examples in which the 
hfs from the trapped group appears.11) Also, the 
ENDOR study of spin adducts has clearly shown the 
presence of the hfs from trapped groups.12) In the 
present experiment, the spin adducts from anisole 
showed the hfs of methylene proton in phenoxymethyl 
group. Therefore, it is reasonable to assign the nitroxyl 
radicals as spin adducts of a radical hydrogen abstracted 
from the carbon adjacent to the etherial oxygen. 

The ethers chosen as radical sources are symmetric 
to avoid a system which would produce two different 
radicals to be trapped. The reaction scheme for the 
production of the nitroxyl radical is as follows : 

(RCH2)20 • RCHOCHaR 

RGHOCHaR + Ph-CH=N -> Ph-GH 
i 

O 

O 

-N+. 

à (1) 
The formed radical should have an open chain 

structure because there is no donative hydrogen which 
is capable of forming an appreciable intramolecular 
hydrogen bond. The fact that the hfs of /?-hydrogen 
was very insensitive to the change of solvent from 
aprotic to protic shows the absence of intramolecular 
hydrogen bonds. 

Figure 1A shows a typical ESR spectra observed in 
the etherial system. In tetrahydrofuran, the spectrum 
shows an asymmetric pattern due to the presence of 
two radical species. These are reproducible by means 
of spectrum simulation by overlapping two ESR 
spectra which have four different parameters, namely 
AßH, -̂ NJ g-value, and linewidth. The stick spectrum in 
Fig. 1A shows the position of the ESR lines from each 

Fig. 1. ESR spectra of nitroxyl radicals produced by spin 
trapping with PBN. 
A : From tetrahydrofuran, B : from /i-hexylamine. Stick 
spectrum shows the line position of spectrum A. 

radical. Almost all ethers tried in this experiment 
gave ESR spectra which showed the presence of two 
radical species which have different hfs and g-value. 
The result of the analysis for several etherial spin 
adducts are listed in Table 1. 

In order to confirm that the overlapped spectrum is 
due to two asymmetric carbons, some radical sources 
which cannot produce the spin adducts with two 
asymmetric carbons by reaction (1) were examined. 
Diisopropylether, anisole (Fig. 2A), and 1,3,5-trioxane 
were chosen for this purpose. All of the resulting spin 
adducts showed a symmetric line shape and can be 
assignable to single radical species. 

Table 1 shows that the radical with larger AßK has 
smaller Av and larger g-value. Therefore the resolution 

TABLE 1. HYPERFINE SPLITTING CONSTANTS OF NITROXYLS PRODUCED FROM ETHERS 

Parent pthpr 

Ethyl ether 

Propyl ether 

Butyl ether 

Tetrahydrofuran 

Tetrahydopyran 

Dioxane 

Phenylethyl ether 

Isopropyl ether 
Trioxane 
Anisole 

a), b), c) Substituents in 

R a> 

H 

H 

H 

H 

H 

H 

H 

CH3 

H 
H 

the structure 

R'b> 

CH3 

C2H5 

C3H7 

CH2-

CH2-

CH2-

CH3 

CH3 

CH 2 0 
H 

shown as 

R"c> 

C2H6 

C3H7 

C4H9 

CH2-

CHa-

C H 2 0 -

Ph 

CH(CH3)2 

CH 20 
Ph 

Ph-GH N—f-

R-C-OR" 6 

R' 

Aßn 
10-^T 

2.5 
1.7 
2.4 
1.7 
2.6 
1.8 
2.5 
1.7 
2.5 
1.7 
2.4 
1.6 
2.4 
1.5 
2.3 
2.1 
2.5f> 

A„ 
10-4T 

14.6 
15.0 
14.2 
14.6 
14.5 
15.0 
14.3 
14.7 
14.3 
14.8 
14.6 
15.0 
14.2 
14.5 
14.5 
14.7 
14.7 

-. d) First set minus 

Ag» 
10-4T 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

second set. 

A//msI
e> 

10-4T 

1.1 
1.0 
1.3 
1.0 
1.0 
0.8 
1.0 
0.8 
1.3 
1.0 
1.3 
1.0 
1.3 
1.0 

10-4T 

corresponds to the g difference of 0.0007 at the observed external field, e) Maximum slope line width of 
Gaussian line shape used for spectrum simulation, f ) -4 r H=0.4x 10 -4 T (2H). 



396 Yashige KOTAKE and Keiji KUWATA [Vol. 54, No. 2 

of lines from each radical is the best for the high field 
doublet, as is noticed in the spectra of Fig. 1A. It is 
also noted that the ESR parameters do not largely 
depend on the difference of R ' and R". 

Amine. Photoexcited benzophenone also abstracts 
hydrogen on the carbon adjacent to each amino 
group.1 3 - 1 5) To avoid the formation of spin adducts of 
different substituents from a single amine source, 
chosen secondary and tertiary amines have a symmetric 
structure in which alkyl groups are the same. The 
reaction scheme of the formation of the radical in a 
primary amine is as follows : 

RCH2NH2 • RCHNH2 

RCHNH2 + Ph-CH=N 
i 

O 

Ph-CH 

R - C - N H 2 

H 

,N+. 
O 

(2) 

Figure IB shows the typical recorder trace for the 
adduct from hexylamine. The difference in the ESR 
spectral pat tern in diastereomer is small compared to the 
radical from ether. T h e results of the analysis using 
spectrum simulation are listed in Table 2. The difference 
of the ESR parameters of isomers is mainly charac-

Ph-CH N — | -

<CH3)2C-NH2 Ô-

Fig. 2. ESR spectra of nitroxyl radicals produced by 
spin trapping with PBN. 
A : From anisole, B : from isopropylamine. 

terized by the magnitude of AßH. However, the differ­
ence within an isomer is very small when R and R ' are 
small substituents. Isopropylamine was chosen as a 
source of radical which cannot produce diastereomers. 
The ESR spectrum shows the presence of a single 
radical (Fig. 2B). 

T h e solvent effect on the spectral pat tern was also 
very poor in both protic and aprotic solvents, which 
showed that the structure of the alkylamino adduct 
is open chain. 

Interpretation of the Difference of ESR Parameters in 
Isomer. By the inspection of the ESR parameters 
summarized in Tables 1 and 2, one can find some 

Ph-CH-
CA-C-X-CHr 6 X-O.NH 

H 

Fig. 3. ESR spectra of nitroxyl radicals produced by 
spin trapping with PBN. 
A : From butyl ether, B : from dibutylamine. 

TABLE 2. HYPERFINE SPLITTING CONSTANTS OF NITROXYLS PRODUCED FROM AMINES 

Parent amine 

Propylamine 
Butylamine 

Hexylamine 

Diethylamine 
Dibutylamine 

Triethylamine 

Phenethylamine 

Isopropylamine 

R a > 

H 
H 

H 

H 
H 

H 

GH3 

CH3 

R'b> 

C2H6 

C3H7 

C 6
H u 

CH3 

C3H7 

GH3 

Ph 

GH3 

R" c ) 

NH2 

NH2 

NH2 

NHC2H6 

NHC4H9 

N(C2H6)2 

NH2 

NH2 

AßH 
10-* T 

2.8 
2.7 
2.7 
3.0 
2.9 
2.6 
1.9 
2.3 
2.5 
2.9 
2.8 

A« 
10-*T 

15.1 
14.7 
14.8 
15.0 
14.8 
14.8 
15.1 
15.3 
14.6 
14.8 
14.7 

Ag» 
10-* T 

0 

0.1 

0 

a), b), c) Substituents in the structure shown as Ph-GH N— 

R-C-R" 6 

corresponds to the g difference of 0.0007 at the observed external field. 

d) First set minus second set. 10_*T 
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contrast due to the difference of radical sources. T h e 
difference within each diastereomer is larger for the 
spin adducts from ether than those from amines. This 
is illustrated in Fig. 3 as the comparison of the ESR 
spectra of the adducts produced from dibutyl ether 
and dibutylamine. In spite of the similarity of the 
structure of the radical, the extent of the separation 
of the isomer in ESR spectra is very different. In 
particular, the difference of A^ and £-value can be 
noted from Table 1. I t is also noted that the dependence 
of ESR parameters on the bulkiness of R, R ' , and R" 
is poor. The origin of the difference is discussed in 
connection with the steric structure of radicals. 

Conformation of Radical: Though the radical has an 
open chain structure, the most probable conformation 
of the molecule can be specified because of the bulkiness 
of the substituents. Based on the fact that the magnitude 
of the AßH is 0.2 to 0.3 m T , the dihedral angle between 
C-Hp and the unpaired electron orbital is estimated 
to be around 70° to 80° by McConnell 's cos20 rule.16.17) 

RSQTXR R X - K V R ' 

H O H O 

Fig. 4. Steric conformation of diastereomeric nitroxyls. 
Note the distance between X and N. 

The most probable conformation around C a and Cß 

is trans with respect to two hydrogens considering the 
smallest possible interaction between substituents.18) 
Then the difference of the configuration in diastereomer 
produces the difference of the conformational structure, 
as illustrated in Fig. 4. I t is noted tha t in one stereo­
isomer (Fig. 4A) the distance between X R and N O 
is closer than in the other. In the structure shown in 
Fig. 4, the dominant steric interactions between sub­
stituents are (R'-Ph) and (XR-NO) for Fig. 4A and 
(R' -NO) and (XR-Ph) for Fig. 4B. T h e repulsive 
interactions among (XR-Ph) and (R'-Ph) are effective 
for the determination of the equilibrium conformations 
which cause the characteristic AßH for each radical. 
In contrast, the interactions shows (XR-NO) and 
(R'-NO) should be effective not only in determining the 
conformation but in changing the electronic structure 
of the nitroxyl group. The change of the electronic 
state of nitroxyl group reflected on the g- value and A^. 

By taking into account the fact that the bond angles 
of C - O - C and G - N - C are around 110°, the total 
structures of the spin adducts from dialkyl ether 
and dialkylamine are very similar. In spite of such 
similarities of the structure, the extents of the separation 
of the ESR parameters are very different. 

I t is now almost clear that the difference is caused by 
the presence of oxygen and nitrogen atoms in the side 
chain of each radical. T h e difference of the magni tude 
of the perturbation from oxygen and nitrogen decides 
the difference of the spectral pat tern. 

Proximity Effect on Nitroxyl Group: As has been 
discussed by many investigators, the solvent effects on 

the ESR parameters of nitroxyl radicals can be explained 
qualitatively by the amount of contribution from each 
resonance structure shown below: 

N - O . +=± N+-CT. 
I II 

The effect of increasing the dipole moment of the 
solvent results in the increase of the contribution from 
structure I I . This also explains the result of the present 
experiment : If one replaces the dipole moment of the 
solvent by the bond moment19) of the proximity group, 
the larger bond moment of C - O bond explains that the 
separation of the isomer in the spin adducts from ether 
is larger than in those from amines which are perturbed 
by the bond moment of G-N. 

The present experimental result of the solvent effect 
on As and £-value also supports the interpretation. The 
shifts of Av and £-value are almost the same for the 
isomer in various solvents. Also, AßH did not change 
appreciably by the solvent. As a result the manner 
of the overlap of the two spectra of isomer did not 
change. This shows that the interaction which deter­
mines the spectral pat tern is an intramolecular one 
which acts in a way additive to the solvent effect. 

T h e solvent effect on the ESR parameters of the 
nitroxyl radicals has been analyzed on a molecular 
orbital basis. Kawamura et al. thoroughly described 
the solvent effect on g-value and A* of di-^-butyl nitroxyl 
radical on the basis of a molecular orbital treatment.20) 
As regards the Av of the present system the effect of the 
neighboring group on each nitroxyl function can be 
explained by a simple M O scheme. T h e inspection of 
Dreiding model tells us that the hetero atom (X) in 
Fig. 4B is very close to the p orbital of nitrogen atom. 
The simplest M O feature of nitroxyl group is that the 
three electrons are in orbitals derived from linear 
combinations of the nitrogen and oxygen 2p orbitals. 
T h e bonding orbital is occupied by two electrons and 
the antibonding orbital is occupied by the unpaired 
electron. T h e effect of the nearby electronegative 
group on the 2p atomic orbital of the nitrogen atom 
is identical to the decrease of the absolute value of the 
Coulomb integral of the nitrogen. Consequently, the 
nitrogen character of n* orbital increased, resulting in 
the increase of the A^. The extent of the increase 
depends on the electronegativity of the hetero atom in 
the neighboring group. Therefore, the larger separa­
tions of the isomer in the adducts from ether than in 
those from amines can be explained. 

Moreover the discussion above makes the assignment 
of the isomer possible. The isomer which has larger 
An value is assignable to the structure shown in Fig. 4B. 

In alkylamino adduct the presence of diastereomer 
was detected clearly when the higher alkylamine was 
chosen as the radical source. The inspection of Table 2 
tells us that the difference of g-value was small and the 
spectrum pat tern was characterized mainly by the 
difference of /Miydrogen hfs. I t is concluded that 
steric hindrance is the main cause of the separation 
in alkylamino adduct . 
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Liposomal Membranes. IX. Fluorescence Depolarization Studies on 
iV-Dansylhexadecylamine in Liposomal Bilayers 
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A fluorescent probe, A^dansylhexadecylamine (DSHA), was found to aggregate in aqueous media by monitor­
ing the emission maximum, relative intensity, and polarization of fluorescence as functions of solvent polarity 
and probe concentration. In aqueous methanol, the critical solvent polarity for DSHA at a given concentration to 
form self-aggregates corresponded to 57% (v/v) aqueous methanol, while the critical aggregate concentration for the 
probe was 2.3 x 10-6 M in 50% aqueous methanol. In liposomal bilayers, the dansyl moiety seemed to be localized 
in a polar region close to the surface of membranes. Fluorescence characteristics of DSHA in liposomes as a func­
tion of incubation temperature revealed the phase transition of liposomal bilayers, which was almost consistent 
with those previously estimated by other methods. As the salt concentration was increased up to about 1.5 M, 
DSHA in liposomes underwent the phase separation and formed self-aggregates even in liposomal bilayers. 

In recent years fluorescence techniques have been 
extensively applied to study on the dynamic and static 
nature of biological membranes,1) liposomes,2) and 
aqueous3) or reversed micelles.4) Since the rotation 
rate of fluorescent probes closely relates to the resistance 
offered by the microenvironment against the mobility 
of the probes,5) fluorescence depolarization provides 
useful information about the apparent "microviscosity" 
in terms of the environmental resistance. Shinitzky and 
Barenholz have recently studied on the fluidity and phase 
transition characteristics of single-walled and multi­
lamellar liposomes of synthetic phospholipids using 1,6-
diphenyl-l,3,5-hexatriene (DPH) as a probe to know 
the nature of hydrophobic domain of liposomal 
bilayers.6-7) O n the other hand, to obtain the informa­
tion about the surface of membranes 8-anilino-l-
naphthalenesulfonate (ANS) has been employed.8) 
Romero etal. adopted A r-dansyloctadecylamine(DSOA) 
to obtain a knowledge about the less polar region of 
phospholipid bilayers,9) since the fluorophore is localized 
in the vicinity of the phospholipid ester moiety.10) The 
present studies have been undertaken using JV-dansyl-
hexadecylamine (DSHA) to measure the fluidity and 
microenvironment of the region close to the hydrophilic 
surface of bilayers as a function of incubation tempera­
ture or ionic strength. Besides these problems, in 
conjunction with Nagaraj and Balaram's postulate 
that the dansylated hydrophobic peptides aggregate 
in water,11) we have studied also on the self-aggregation 
of DSHA by measuring fluorescence spectra and 
depolarization at very low concentrations in aqueous 
media and in bilayers as well. 

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

Materials. Egg yolk lecithin (egg L) was isolated and 
purified from fresh egg yolk as described before.12'13) Dipal-
mitoyl-DL-a-phosphatidylcholine (DPPC) was purchased from 
Sigma Chemical Co., St. Louis, Mo. Phospholipids employed 
were found to be pure on TLC (a precoated silica gel plate, 
Spotfilm, Tokyo Kasei, Tokyo) as developed with chloroform/ 
methanol/water (65 : 25 : 4, by vol).12'13> iV-Dansylhexadec-
ylamine was prepared according to the method described in 
literature9'14) with minor modification. A mixture of hexadec-
ylamine (482 mg, 2.0 mmol) and dansyl chloride (593 mg, 
2.1 mmol) was refluxed for 14 h in 20 ml of chloroform con­

taining 3.0 ml of trie thy lamine. The resulting reaction 
mixture was washed six times with 50 ml of 10% aqueous 
citric acid and then twice with 50 ml of water, and the chloro­
form layer was dried over anhydrous magnesium sulfate. 
Removing off the solvent in vacuo gave a pale yellow crystal­
line mass, which was recrystallized from ether ; yield, 540 mg 
(57%); mp 59—61 °C. Found: C, 70.16; H, 9.88; N, 5.77%. 
Calcd for C28H46N202S: C, 70.85; H, 9.77; N, 5.90%. IR 
(KBr):vNH, 3290; vc_H, 2930, 2860, 1592; vs_0, 1320 and 
1150 cm -1 . Other organic and inorganic reagents were 
commercially available as analytical grade and used without 
further purification. 

Preparation of Liposomes. Single-walled liposomes of 
egg L and DPPC were formed and isolated by the same method 
as that described previously.12'15) Gel-filtration was carried 
out on a Sepharose 4B column ( 1.8 x 38 cm) equilibrated in 
water containing a given amount of sodium chloride. The 
concentration of liposomal suspension was determined as 
inorganic phosphate according to Allen's procedure.16) The 
molar ratio of phospholipid to DSHA was in a range of 250— 
300. 

Fluorescence and Depolarized Fluorescence Measurements. 
Fluorescence spectra and depolarization were measured by the 
essentially same procedures as those described before.17»18) All 
the spectral measurements were run on a Hitachi 650-1 OS 
fluorospectrophotometer equipped with a thermoregulated cell 
compartment connecting to a Toyo Thermo Electric TE-104S. 

The fluorescence polarization/» is calculated by Eq. 1 : 

A _ •*VV~~Q-*VH / 1 \ 
V T -LT T ' ^ ' 

•*VV T ° f J V H 
where / is the fluorescence intensity and subscripts V and H 
refer to the vertical and horizontal orientations of the excita­
tion (first) and analyzer (second) polarizers, respectively. Ct 

( — ^HV/AIH) 1S t n e grating correction factor.19) Depolariza­
tion measurements were run on a Union Giken fluorescence 
polarization spectrophotometer FS-501S using a sharp cut-
filter Y-46 (Hoya Glass Works, Tokyo), of which cell com­
partment was connected to a Komatsu-Yamato Coolnics 
Model CTR-120. A Sord Microcomputer M 200 Mark II 
system was adopted to control the measurement conditions 
and to collect all the data. 

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

Fluorescence Characteristics of DSHA in Homogeneous 
System. Both the emission max imum and intensity 
of D S H A were highly sensitive to solvents adopted as 
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Fig. 1. Emission maximum (a) and relative intensity (b) 
of fluorescence from DSHA (8.6 x 10~6 M (1M=1 mol 
dm -3)) as a function of solvent polarity at 25.0 °C. 

shown in Fig. 1. In apolar solvents, increasing the 
solvent polarity brings about a red shift of the max imum 
and a hypsochromic effect on the intensity. Interestingly, 
on the other hand, in polar protic solvents such as 
alcohols and water further increasing the solvent 
polarity causes a decrease in the intensity. In any 
event, the fluorescence characteristics of DSHA in 
water is rather different from those in organic solvents 
(Fig. 1).«) 

520 

~îfl 500r 

h 

o 

X 

0 50 
Water content/vol % 

Fig. 2. Emission maximum (a), relative intensity (b), 
and polarization (c) of fluorescence from DSHA (8.6 X 
10-6 M) in methanol as a function of water content at 
25.0 °C. 

When DSHA is excited at 340 n m in water, it emits 
the fluorescence at 487 nm. At first glance, this suggests 
tha t the microenvironment around the dansyl moiety 
of D S H A is close to that wi th the polari ty of chloroform 
(Fig. 1 ). This is very interesting but unlikely. Figure 2 
shows the maxima of fluorescence from DSHA in 
methanol as a function of water content. U p to 4 0 % of 
water, the emission maximum first shifts toward a 
longer wavelength with an increase in the solvent 
polarity and further increasing the water content 
drastically shifts the max imum toward a shorter wave­
length. Above 8 0 % of water, it becomes almost constant 
(Fig. 2). T h e blue shift of the maximum means the 
translocation of the dansyl fluorophore from a polar 
environment to a less polar one, which means that 
D S H A may entangle by itself or form aggregates in 
aqueous media. O n the basis of an evidence that a 
fluorophore-labeled peptide shows a blue shift of the 
emission maxima in an aqueous solution, Nagarj and 
Balaram have previously postulated an idea that 
peptides form micelles in water.11) In order to confirm 
the self-aggregation of DSHA in aqueous media, 
hence, the fluorescence polarization p in methanol as a 
function of water content was measured (Fig. 3-c). The 
change of the /»-value as a function of water content in 
methanol closely correlates with that of the emission 
max imum (Fig. 2-a). This suggests that DSHA mole­
cules start to aggregate in methanol containing 4 3 % 
(v/v) of water, giving rise to a decrease in the mobility. 
This point may be called the critical solvent polarity 
for the self-aggregation of DSHA at a given concentra­
tion. T h e relative intensity of fluorescence emission 
as a function of water content also reveals evidence 
for the aggregate formation of D S H A (Fig. 2-b). The 
self-aggregation is effected also by the DSHA concen­
trat ion itself: for example, in 50% aqueous methanol 
the critical aggregate concentration for DSHA was found 
to be about 2.3 X 10~6 M by measuring the fluorescence 
spectra and depolarization. T h e critical aggregate 
concentration in methanol decreases with an increase 
in the water content. 

Microenvironment around DSHA in Liposomal Bilayers. 
Various techniques such as NMR,2 0 '2 1) ESR,22) and 
fluorescence spectroscopies1»23) have been utilized so far 
to obta in information about the dynamic nature of 
lipid membranes. O n the basis of the above results 
in homogeneous system where DSHA is sensitive enough 
to know the microscopic polarity and viscosity around 
the probe, in this work the fluorescence characteristics 
of D S H A in the liposomal bilayers were investigated. 
T h e emission max imum of DSHA in single-walled 
liposomes of egg L was 518 nm, while that in DPPG 
liposomes was 512 n m at 25.0 °G as seen in Fig. 3. The 
slight difference between the two liposomes must come 
from the difference in the state of bilayers at the tempera­
ture adopted ; that is, single-walled liposomes of egg L 
are in a liquid-crystalline state,24) while DPPG liposomes 
are in a gel state at 25.0 °G. In any event, using the 
ruler established for the microenvironmental polarity 
(Fig. 1), for both liposomes the fluorescent moiety of 
DSHA seems to be located in an environment with a 
polarity close to tha t of methanol . This means that the 

file:///EtOH
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30 40 
Temperature/°C 

Fig. 3. Emission maximum (a), relative intensity (b), 
and polarization (c) of fluorescence from DSHA (4.0 X 
10"6 M) as a function of incubation temperature in 
DPPG single-walled liposomes (8.0 X 10"4 M) dispersed 
in 0.1 M aqueous sodium chloride solution. 

dansyl moiety is in a region close to the surface of 
liposomal bilayers.9) At 55.0 °C the emission maximum 
of DSHA in DPPG single-walled liposomes shifts to 
518.5 nm. At the temperature, DPPG liposomes are 
in a liquid crystalline state.25) 

Figures 3-a and -b show the maximum and relative 
intensity of fluorescence from DSHA in DPPG single-
walled liposomes as a function of incubation tempera­
ture. Raising the incubation temperature of liposome 
suspension causes a red shift of the emission maximum 
and a simultaneous decrease in the quantum yield. 
Especially at temperatures between 35 and 45 °G, an 
abrupt change in the fluorescence characteristics was 
observed. The temperature-emission maximum profile 
reveals the phase transition between the gel and liquid 
crystalline states of bilayers (Fig. 3-a). Table 1 gives 
the phase transition temperatures determined by 
different techniques for DPPG liposomes, which indicates 

TABLE 1. PHASE TRANSITION TEMPERATURE OF DPPG 

SINGLE-WALLED LIPOSOME ESTIMATED 

BY VARIOUS TECHNIQUES 

Method 
Phase 

transition 
temp/°G 

Ref­
erence 

(1) DSHA fluorescence polarization 
(2) DSHA fluorescence spectrum 
(3) Dilatometry 
(4) DPH fluorescence polarization 
(5) DPDL excimer formation 
(6) Differential scanning calorimetry 

38.4±0.5 
39.0±0.5 

39 
36.4±0.5 
36.7±0.5 
36.9±0.9 

this work 
this work 

26 
7 

17 
25 

that the phase transition temperature estimated in this 
work is in good agreement with those by other methods. 
As expected,32) although the fluorescent moiety of the 
probe is located in the vicinity of the membrane surface, 
it is considerably sensitive to the phase transition of the 
hydrophobic domain. Table 1 also reveals that there 
may exist a temperature lag in the phase transition 
between hydrophilic and hydrophobic parts of bilayers : 
Methods 1—3 may reflect mostly the phase transition 
at the surface of bilayers, while Methods 4—6 at the 
deep hydrophobic domain. The most acceptable model 
for the conformation of phospholipid headgroups is 
that the headgroups lie parallel to the surface of bilayers 
and engage to the intermolecular electrostatic interaction 
with neighboring phospholipids.27) It is well known 
that the motion and conformation of lecithin headgroup 
also change with the phase transition.28»29) Above the 
phase transition temperature, the inter-headgroup 
interaction of lecithins is weakened and the distance 
between phosphorous atom and choline methyl group 
is far apart,30»31) resulting in an increase in the hydration 
of the membrane surface.27»32) Therefore, the red shift 
of emission maximum of DSHA is interpreted in terms 
of the increase in the polarity of the microenvironment 
around the probe. The correlation between the 
incubation temperature and the relative intensity of 
fluorescence was consistent with that between the 
temperature and the emission maximum (Fig. 3-b). 

In order to monitor the mobility of the probe in egg 
L and DPPG single-walled liposomes, the fluorescence 
polarization p was measured (Figs. 3-c and 4). The 
increase in the fluidity of lipid membrane with raising 
the incubation temperature is reflected on the increase 
in the mobility of DSHA in bilayers. The fluorescence 
polarization-temperature profile also revealed the 
exsistence of a phase transition in the DPPG liposomes 
(Table 1 and Fig. 3-c). For the egg L liposomes, on 
the other hand, no abrupt change in the profile is 
observed (Fig. 4), since the egg L liposomes are in a 
liquid crystalline state over the temperature range 
adopted.24) 

The effect of ionic strength in the bulk aqueous phase 
on the fluorescence characteristics of DSHA in liposomal 
bilayers is of much interest. Above and below 1.5 M 

30 40 
Temperature/°G 

Fig. 4. Fluorescence polarization of DSHA (3.5 x 10"6 

M) in egg L single-walled liposomes (8.0xlO_ 4M) 
dispersed in 0.1 M aqueous sodium chloride solution 
as a function of incubation temperature. 
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Photoelectrochemical Properties of CdSn03 and LaRh03 Electrodes 
in Aqueous Solutions 

Hiroshi YONEYAMA,* Toshikazu OHKUBO, and Hideo TAMURA 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received August 21, 1980) 

CdSn0 3 sinter electrodes work as n-type photoanodes with a high electrochemical stability in alkaline solutions. 
A thin film LaRh0 3 electrode prepared on a substrate platinum plate shows p-type photoresponse in aqueous 
solutions, giving rise to the hydrogen evolution with a fair stability. The threshold wavelength beyond which no 
photoresponse appears is ca. 700 nm for the former and 950 nm for the latter electrode. 

The photovoltaic effect that appears on il lumination 
of semiconductor electrodes immersed in electrolytes 
can be utilized to convert solar energy into either 
electricity or chemical substances, or the both in photo-
electrochemical cells or heterogeneous chemical reaction 
systems.1-8) The stability of semiconductors is essential 
in these applications, but most of semiconductor 
materials are unstable in aqueous solutions, suffering 
either anodic decomposition or the cathodic decomposi­
tion or the both.9) Although a principle for stabilizing 
unstable semiconductor electrodes has been pro­
posed,10»11) semiconductors of high electrochemical 
stability are still desirable for elimination of any corro­
sion problem of photoelectrodes. 

Unti l now several n-type semiconducting oxides have 
been found to possess high stabilities under anodic 
bias,3»4) but searches for another stable materials are 
still important in the following two respects. ( 1 ) Through 
such investigations, a material of high electrochemical 
stability and negative flat-band potentials, which are 
essential for photoanodes in water photolysis cell,1) may 
be found. (2) Besides photoelectrodes in photoelectro­
chemical cells, semiconductors are useful as photo-
catalysts. Studies in this area are steadily growing. In 
order to find an efficient heterogeneous reaction system 
using photocatalysts, investigations on the activity of 
photocatalysts for an objective reaction are desirable 
to be done for as many photocatalysts as possible, 
because the prediction of the activity of photocatalysts 
is impossible to be done in the present status. The kind 
of stable semiconductors is quite limited and not much 
enough to satisfy such requirements. By these reasons, 
we have been investigating photoelectrochemical pro­
perties of a variety of oxides. This paper describes our 
findings obtained by the investigations with such 
purposes. 

We have found that CdSnOg having the n-type 
conductivity shows a high electrochemical stability with 
a large photoresponse which is comparable to <x-Fe203, 
al though a result showing the photoresponse has 
recently been reported.12) Besides this material , we 
have observed that a L a R h 0 3 thin film prepared on a 
substrate pla t inum plate shows a fairly stable p-type 
photoresponse in aqueous solutions. I t has already 
been reported from studies in solid states that both 
CdSnOg13) and LaRh0 3

1 4 ) possess semiconductivity, but 
no conductivity type has been reported. As for the 
former material , however, the n-type conductivity is 
suggested from the finding12) that it shows the photo­
response under anodic bias. T o our knowledges, no 

optical properties of C d S n 0 3 and L a R h 0 3 have been 
investigated to date. 

Electrochemical stabilities of these materials cannot 
be predicted in advance. In order to do this, we need 
knowledges on flat-band potentials and energy gaps of 
these materials.10»11) The flat-band potentials can in 
principle be estimated by combining the energy gap 
value and the bulk electronegativity of the material15 '16) 
which is calculated by employing the Nethercot's 
hypothesis.17) The lack of knowledge on the energy 
gap of C d S n 0 3 and L a R h 0 3 , however, makes it 
impossible to take such an approach. In the present 
study, therefore, basic properties has been obtained. 

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

The preparation of CdSnOg was made in a manner similar to 
that reported by Smith.18) Reagent grade GdO and Sn0 2 

powders in a molar ratio 1 : 1 were mixed in an agate mortar, 
and pressed into 13 mm diameter and 1 mm thickness. The 
pressed disc was then fired at 1000 °G for 6 h in air. Ac­
cording to X-ray diffraction patterns of the prepared oxide, 
it consisted of a CdSnOg single phase. The prepared oxide 
sinter was then subjected to water proofing in the following 
manner. The sinter was immersed in 1% polystyrene in 
benzene, and evacuation was made until no gas bubble was 
evolved from the sinter surface, followed by heating up to 100 
°G to evaporate benzene. After repeating such water-proofing 
procedures several times, the surface of the sinter was gently 
polished with #2000 emery papers to remove off surface-
covered polystyrene. Indium was then evaporated onto the 
one end face and an electrical lead wire was attached there. 
Finally, the sinter was mounted in a glass tube with epoxy 
resin to serve as an electrode. 

LaRhOg was prepared on a substrate Pt plate. The Pt 
plate was polished with #1500 emery papers, followed by 
immersion in aqua regia. After boiling in a mixed solution 
of NaOH and Na 2C0 3 as a defatting procedure, it was washed 
with de-ionized water. 0.1 mol «dm-3 solutions of LaCl3« 
7H 20 and RhCl3«3H20 were mixed with the same volume, 
and the mixed solution was applied to one side of the Pt plate 
in five successive coatings to give 1.2xl0~6mol of metal/ 
cm2. After each coating, the solution was dried at ca. 100 °G 
in a drying oven. The sample was then pre-heated at 480 °G 
for 1 h to decompose the chlorides, followed by firing at 1100 
°C for 34 h in air. X-Ray diffraction peaks of the prepared 
sample were composed of reported diffraction peaks of Pt 
and LaRhOg.19) The back face and edge portions of the 
substrate Pt were coated with silicone adhesive (Silicone 
Sealant, Shinetsu Chemicals) to serve as an electrode. 

Polarization measurements were carried out by using a 
Nikko Keisoku model DPGS-1 potentiogalvanostat. A 500 
W super high pressure mercury arc lamp was used as a liçht 
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source except where measurements of action spectra of pho-
tocurrents were carried out. The action spectra were obtained 
with monochromatic light which was obtained by using a 
500 W xenon lamp as a light source and a grating monochro-
meter (JASGO, model CT-25), and were not corrected for the 
intensity variation of the lamp-monochrometer output. 
Electrode capacitance vs. potential relations were obtained 
by using the bridge method as described previously.20) 

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

Photoelectrochemical Properties of CdSnOz Electrodes. 
The resistivity of the prepared samples was in a range 
between 1 and l O f î c m , as determined by the four 
probe method. Figure 1 shows steady state current-
potential curves of the prepared electrode in 1 mol «dm - 3 

N a O H and 0.5 mol «dm - 3 H 2 S 0 4 . Also given in this 
figure are current-potential curves obtained with 
illumination of chopped light at 2 Hz in a mixed 
solution of 0.5 mol «dm - 3 acetic acid and 0.5 mol «dm - 3 

sodium acetate. It is seen in this figure that the onset 
potential of the anodic photocurrents shifts towards 
the negative direction with a decrease in acidity, as 
usually observed at other oxide semiconductor electrodes. 

Shottky-Mott plots of electrode capacitance vs. 
potential relations are given in Fig. 2. Although a 
large frequency dispersion is observed in the plots, 
the potentials which are obtained by extrapolating 1 /C2 

to the potential axis are in good agreements with each . 
other between 1 and 5 kHz. Therefore, the flat-band 
potential determined by such plots, which is ca. 0.3 
V vs. SCE in 0.5 m o l - d m - 8 H 2 S 0 4 and ca. —0.4 V vs. 

O 0.5 1.0 
(Potential vs. SCE)/V 

1.5 

Fig. 1. Current-potential curves of CdSnOg electrode in 
(a) 1 mol.dm-3 NaOH and (b) 0.5mol.dm-3 H 2 S0 4 

under steady state conditions, and (c) 0.5 mol «dm-3 

acetic acid+0.5 mol «dm-3 sodium acetate with illumin­
ation of chopped light at 2 Hz. 
O : Under illumination, Q : in the dark. 

(Potential vs. SCE)/V 

Fig. 2. Schottky-Mott plots of electrode capacitance vs. 
potential relations in (a) 0.5 mol • dm - 3 H 2 S0 4 and (b) 
1 mol-dm-3 NaOH. 
Frequency chosen; 0 : 1 kHz, 0 : 5 kHz. 

SCE in 1 mol «dm - 3 N a O H , is of significance. The 
onset potential of the anodic photocurrents, given in 
Fig. 1, is in rough accord with the determined flat-band 
potentials. 

By anodic polarization in 0.5 mol «dm - 3 H 2 S 0 4 , the 
electrode surface was gradually changed from yellow 
to white, suggesting that the electrode is unstable in 
acidic solutions. X-Ray diffraction patterns of the 
color-changed surface showed the existence of S n 0 2 . 
Similar observations have recently been reported for 
C d 2 S n 0 4 electrodes.21»22) In alkaline solutions, however, 

400 500 600 
Wavelength/nm 

Fig. 3. Action spectrum of anodic photocurrents at 
CdSnC 
N a O H 
CdSnOg electrode at 0.5 V vs. SCE in 1 m o l - d m " 3 
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the electrode was found to be fairly stable. The anodic 
polarization to give the total charge of 9.86 C in 0.2 
m o l - d m - 3 N a O H caused anodic dissolution of the 
electrode less than 0 . 1 % of the current efficiency, as 
determined by atomic absorption analysis of dissolved 
cadmium. T h e rest of the charge was believed to be 
consumed in the evolution of oxygen. 

An anodic photocurrent spectrum obtained in 1 
m o l - d m - 3 N a O H at 0.5 V vs. SCE is shown in Fig. 3, 
from which the response to light of wavelengths shorter 
than 700 nm is appreciable. A hollow in the action 
spectrum, observed in wavelengths between 400 and 
440 nm, is believed to be due to the intensity variation 
in monochromatic light which is characteristics of the 
xenon lamp. If the assumption is made that the photo-
response is due to band-band transitions, the bandgap 
of CdSnOg is then obtained to be 1.77 eV. 

< 
-3: 
-M 
Ö 

o 

-1 -05 0 0.5 

(Potential vs. SGE)/V 

Fig. 4. Steady state current-potential curves of LaRh0 3 

electrode in (a) 1 mol-dm-3 NaOH and (b) 0.5 mol« 
dm-3 H2S04 . 
0 : In the dark, O : Under illumination. 

Photoelectrochemical Properties of LaRhOz Prepared on the 
Substrate Pt Plate. Figure 4 shows current-potential 
curves of the prepared electrode in 1 m o l * d m - 3 N a O H 
and 0.5 mol «dm - 3 H 2 S 0 4 . As this figure shows, 
noticeable photoresponses appear in the cathodic 
branch. A result obtained for a stability test is given 
in Fig. 5. As shown in this figure, the photocurrent 
usually showed a spike at the instant of the on- and 
off-time of illumination. The appearance of the spike 
seems to be due to charging currents in capacitive 
components of the electrode which is not well known at 
present. It is seen in Fig. 5 that the cathodic photocur­
rent is so stable as to give almost the constant photocur­
rent with polarization for as long as 30 min. 

Among a variety of oxides, C u 2 0 is known to show 
p-type photoresponse.10-23) However, this material is 

0 Mi h Yi" 5 15 25 35 

Illumination time/min 

Fig. 5. Stability test of cathodic photocurrent at LaRh0 3 

electrode at 0 V vs. SCE in 0.5 mol-dm"3 H2S04 . 

qui te easily decomposed by both anodic and cathodic 
polarizations. Compared to this material, L a R h 0 3 

showed no such a serious instability. Judging from the 
stability of photocurrents shown in Fig. 5, a large part 
of the cathodic charge consumed during the electrolysis 
for 30 min must concerned with the evolution of 
hydrogen. There will be of no doubt, however, that the 
hydrogen evolution on oxide surfaces must be accom­
panied with their reduction more or less. A slight 
decrease in the photocurrent in Fig. 5, observed after 
the electrolysis for 15 min, may be connected to such 
an electrode reduction, but still L a R h O a will be useful 
as a photocathode at least in aqueous solutions contain­
ing another electroactive species besides proton and 
water if the redox potential of the species is more positive 
than the hydrogen electrode potential. 

An action spectrum of the cathodic photocurrent 
is shown in Fig. 6. Effects of the intensity variation of 
monochromatic light are again reflected in the action 
spectrum in the wavelengths between 400 and 440 nm 
and between 800 and 950 nm. If the threshold wave­
length of the electrode, 950 nm, is assumed to be 

$00 400 500 600 700 800 900 

Wavelength/nm 

Fig. 6. Action spectrum of cathodic photocurrent at 
L a R h 0 3 electrode at 0 V vs. SCE in 0.5 mol-dm"3 

H2S04 . 
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Fig. 7. Energetic correlation between electrodes and 
1 mol.dm-3 NaOH. 
CB, VB, and EF denote the conduction band, the 
valence band and the Fermi level of the electrode. 

determined by the bandgap of the material , it will 
then be 1.35 eV. 

Energetic Correlation of the Electrode and Electrolytes. 
Figure 7 shows energetic correlations of CdSnOg and 
L a R h 0 3 electrodes to the hydrogen and oxygen elec­
trodes in 1 m o l - d m - 3 N a O H ( p H = 1 3 . 8 ) . For illustra­
tion of this figure, the followings are assumed. (1) 
The Fermi level of the electrodes locates at 0.1 eV below 
the conduction band edge for CdSnOg and above the 
valence band edge for L a R h 0 3 . (2) The flat-band 
potential of L a R h 0 3 electrodes is equal to the onset 
potential of the cathodic photocurrents, 

As shown in this figure, these materials do not 
efficiently work as photoelectrodes in water photolysis 
cells, because the efficient photoelectrodes must have 
both of the energy levels of the hydrogen and oxygen 
evolution reactions within their bandgaps.1) In this 
respect, photoelectrochemical properties of these 
materials are unsatisfactory. However, these semicon­
ductors may find application fields as photocatalysts 
in aqueous solutions. An important point lies in that 

these are superior to other stable semiconductor materials 
in the point of spectral response to solar energy. 

The present work was supported by Grant-in-Aid 
for Scientific Research No. 543021 from the Ministry 
of Education, Science and Culture. 
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Experimental processes recently developed to determine differential and partial photoionization cross sections 
of molecules are described in detail, based on photoelectron intensity measurements using a gaseous binary mixture 
of a sample with a standard gas. The quantities obtained here in these processes are 1 ) relative photoelectron 
peak heights, 2) normalized photoelectron spectra, 3) relative photoelectron band areas, and 4) differential and 
partial photoionization cross sections. Corrections are made for electron collecting efficiency. In connection 
with the photoelectron intensity determination, we propose here a method of obtaining the mole ratio of the com­
ponents of a binary mixture entered into the ionization chamber of a photoelectron spectrometer. Satisfactory 
results on partial photoionization cross sections have been obtained for several testing samples. 

In molecular photoelectron spectroscopy, much 
attention has been devoted to studies of ionization 
energies ra ther than photoelectron intensities, so that 
its quanti ta t ive character is still very poor. I t seems 
quite important to study relative photoelectron inten­
sities from molecule to molecule not only analytical 
points of view but also theoretical points of view. If 
intensity-normalized spectra for a number of molecules 
are obtained with respect to a certain peak of a standard 
molecule, photoelectron spectroscopy will strengthen its 
ability as an analytical tool. O n the other hand, the 
band intensity for each photoelectron band is closely 
associated with the partial photoionization cross section 
or the branching ratio which is the probabili ty of 
producing a specific ionic state, so that experimental 
intensity da ta are important for testing theoretical 
models of photoionization processes. 

Previously we have reported an essence of our photo­
electron intensity determination, together with some 
preliminary results of its application to simple 
molecules.1) Since then we have been developing the 
system using a mini-computer based data-processing 
system. 

T h e purpose of the present paper is to describe our 
detailed processes of intensity determination which 
were not reported in our previous paper. 

Most of photoelectron intensity works published so 
far have been limited to relative band intensities within 
molecule for various molecules.2-4) Concerning relative 
band intensities among different compounds, only 
several works have been published in which rare gas 
atoms and several simple molecules are treated.5 - 9) 

This may be partly due to serious requirement for 
the knowledge of various instrumental parameters in 
comparing photoelectron intensities among different 
molecules. 

Partial photoionization cross section of a molecule 
can be determined by combining the total photoioniza­
tion cross section and branching ratios. The total 
photoionization cross section has traditionally been 
obtained from optical absorption measurements,10-11) 
while the branching ratio can be obtained from photo­
electron intensity measurements. Combining optical 
absorption da ta with photoelectron intensity data , Blake 

and Carver12-13) earlier obtained part ial photoionization 
cross sections (as a function of the incident photon 
energy) for several simple compounds. Samson10) has 
proposed a method of using a double ionization chamber 
to obtain total photoionization cross sections, and they 
have determined part ial photoionization cross sections 
for several simple molecules at various photon energies. 
This is probably the most orthodox method of deter­
mining the part ial photoionization cross section. 

Kemeny et a/.8'9) have first shown the use of photo­
electron intensities of binary mixtures to determine 
part ial photoionization cross sections of the rare gas 
atoms (Ar, Kr , and Xe) , using a relation of the inverse 
square root of mass to determine mole fractions of the 
binary mixture. However, such correction may not be 
always valid for molecules, especially for large molecules. 
I t seems to be important to determine experimentally 
the real mole fractions of each binary mixture entered 
into the ionization chamber of a spectrometer. 

In order to obtain partial photoionization cross 
sections for various molecules, we have recently deve­
loped our own experimental system applicable to a wide 
range of molecules, which is somewhat similar to that 
of Kemeny.8-9) In the present work we have established 
an experimental procedure of determining mole 
fractions of a binary mixture entered into the ionization 
chamber . 

Princ ip le o f the M e t h o d 

The differential photoionization cross section 7j(0) = 
dffj/dn for producing the J th ionic state in the solid 
angle d l l at the angle 0 for unpolarized light is related 
to the corresponding partial photoionization cross 
section a^ by10) 

1,(6) = (<rj/4:*){l-(/y4)(3 cos '0-1)}, (1) 

where 0 is the angle between the incident photon, beam 
and the direction of photoelectron detection and ßj 
is the asymmetry parameter . 

When photoelectron measurements are carried out 
wi th a pulse counting technique under conditions that 
the gas pressure is kept constant in the ionization 
chamber and electron scattering by the gas is not 
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significant, the number of counts per unit t ime at the 
jth photoelectron band may be expressed by 

JVj cc I.nSI^CiE,), (2) 

where I0 is the incident photon flux, n is the density of 
molecules in the effective ionization volume, S is the 
sample factor, and C(Ej) is the spectrometer collecting 
efficiency for electrons with kinetic energy E. The 
relation (2) is the same as represented by Gardner and 
Samson14) except for S which should be taken into 
account since sensitivity of a channeltron depends more 
or less on gaseous samples. 

For a binary mixture of A (standard) and B (sample), 
the following formula can be obtained from the relation 

iiB/j(0)BC(2gj)B 

n%(d)kC(E^ (3) 

(2) under the same apparatus conditions. Using this 
relationship we can obtain the relative intensity of the 

j\h band of B with respect to the first band of A. The 
advantage of this method is that the both instrumental 
factors I0 and S are excluded in Eq. 3. If the mole 
fraction of the binary mixture and the electron collecting 
efficiencies are known, then differential photoionization 
cross sections //* can be obtained relatively with 
respect to Ix

k. Furthermore, part ial photoionization 
cross sections may also be evaluated relatively with 
respect to ax

k, if assymmetry parameter ß? are known. 
Therefore, differential and part ial photoionization cross 
sections of molecules may be determined in absolute 
values on the basis of those of the s tandard molecule. 

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

Apparatus. A block diagram of the whole experimental 
apparatus is shown in Fig. 1. All of the gas inlet system, the 
data-processing system, and data-recording system have been 
constructed for the present purposes. A Hel photoelectron 
spectrometer with a hemispherical electrostatic analyzer is 
essentially the same as used previously.15) 

Sample 
reservoir 

& ^5 Mb Hard disk 
[flexible disk 

kjisptay Lrecor lisptây L recorder 

Fig. 1. A block diagram of the photoelectron spectro­
meter and the data-processing system. 

The sample reservoir system is attached to the ionization 
chamber across a variable leak valve, consisting of three 2-1 
glass bulbs in which binary gaseous mixtures of the sample and 
the standard (mainly, N2) were filled with different mole 
ratios at total pressures of about 50 Torr. The ionization 
chamber (20 X 20 X 30 mm) has a rectangular slit (0.4 m m X 10 

mm) through which photoelectrons are emitted. The sample 
gas introduced into the ionization chamber is evacuated also 
through this slit. The sample pressure in the ionization 
chamber was monitored with two kinds of different pressure 
gauges, one of which is an MKS Baratron pressure gauge 
(Model 220) and the other is an Edwards Pirani gauge (Model 
11). Outputs of the two pressure gauges were fed into the 
data processing system. 

Photoelectron measurements were carried out by varying 
accelerating/retarding voltages on the analyzer entrance slit 
in synchronization with the channel-advance clock of the 
multichannel analyzer. Pulse signals detected by a chan­
neltron electron multiplier were preamplified and shaped, 
and then counted by a multichannel analyzer with 16 bit-4K 
words. Intensity data stored in the multichannel analyzer 
were then transferred to a minicomputer (Model YHP 2105A) 
through input-output interfaces (I/O) for further data process­
ing. Numerical data of normalized photoelectron spectra 
were stored in a floppy disk through an online-multiterminal 
computer system (Model YHP 9600) of the Institute of Ap­
plied Electricity, Hokkaido University.16) In this computer 
system, the programming is allowed in only FORTRAN 
language by using some PROMs for code conversions. 

Determination of Mole Fraction. In the present gas inlet 
and outlet systems, it is considered that the mole fraction of the 
binary mixture in the ionization area differs from that in the 
gas reservoir. This is probably true for commonly used 
photoelectron spectrometers. (In such a gas flowing system 
there may be some deviation in the mole fraction from the 
law of the inverse square root of the mass.) 

10 20 30 40 
P2» Pirani gauge output (arbitrary) 

Fig. 2. Plots of the Baratron and Pirani outputs meas­
ured for Xe, N2, and Xe-N2 mixture, indicating that 
the mole ratio in the ionization chamber is given by 
a : b. (The initial mole ratio of Xe to N2 in the mixture 
in the gas reservoir was 1 : 3 in the present case.) 

An example of the mole fraction determination is illustrated 
in Fig. 2, in which various output data of the Baratron gauge 
are plotted against those of the Pirani gauge in the case of a 
binary mixture of N2 and Xe. The three kinds of plots in 
Fig. 2 show approximately linear lines with different slopes 
in the pressure range studied. The partial prassures of Xe 
and N2 should be proportional to a and b in Fig. 2, respectively. 

Electron Collecting Efficiency Curve. Since the electron 
collecting efficiency C(E) depends on the photoelectron energy, 
it is necessary to construct a curve of C(E) as a function of E 
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Fig. 3. The electron collecting efficiency curve of the 
photoelectron spectrometer used here. The solid curve 
was obtained by a least squares fitting. 

in order to obtain real photoelectron intensities. In the 
present work a curve of C(E) was constructed by correlating 
our photoelectron peak intensities of N2, 0 2 , and G0 2 with 
the corresponding data of Gardner and Samson.17) Many 
typical data thus obtained for electron collecting efficiency are 
plotted in Fig. 3, the solid curve being obtained by a least-
squares fitting with a fifth-order polynominal. The standard 
error involved is about 4% below 19 eV, while it is 15% above 
19 eV. 

Data Processing. All the processes included in the 
determination of differential and partial photoionization cross 
sections are shown by a flowchart in Fig. 4. Experimental 
data obtained from Hel spectrum in this scheme are : 1) 
relative peak heights with respect to the nitrogen first peak, 

Fig. 4. A flowchart for the determination of differential 
and partial photoionization cross sections. 

2) normalized spectra, 3) relative band areas with respect to 
the nitrogen first band, 4) differential photoionization cross 
sections, and 5) partial photoionization cross sections. During 
these processes, corrections are made for 1) the mole fraction 
of the binary mixture in the ionization area, 2) the electron 
collecting efficiency of the spectrometer, and 3) the photoelec­
tron angular distribution. In the evaluation of differential 
and partial photoionization cross sections of molecules, a 
value of ^(90) = 0.78±0.05 Mb of the nitrogen first band 
was used as a reference, that is derived from Eq. 1 with ox — 
8.4±0.3 Mb and &=0.68±0.05 reported by Samson et al.16) 

Normalized Photoelectron Spectra. Hel 'normalized' pho­
toelectron spectra were obtained with respect to the first photo­
electron peak of Na. Some examples of the normalized spectra 
are shown in Fig. 5. Photoelectron intensity measurements 
were carried out several times repeatedly for each photoelec­
tron band with a reproducibility within 3%. Background 

16 18 
Ionization Energy^eV 

12 
11 13 15 17 19 

13 H 15 16 Ionization Energy/eV ) 
Ionization Energy/eV 

Fig. 5. Hel normalized photoelectron spectra obtained here for N2, Xe, 0 2 , and NH3. The first peak of 
N2 is taken as unity. (The spectra were obtained at 90° with respect to the unpolarized light.) 
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signals were subtracted prior to the normalization process of 
Hel spectra. 

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

Separation factors obtained here for several b inary 
mixtures with an original mole ratio of 1 : 1 are sum­
marized in Table 1, compared with those estimated from 
the law of the inverse square root of the mass. I t is 
seen from Table 1 that there is a large discrepancy only 
in the case of benzene, while good agreements are 
obtained in the other cases, even in rather extreme 
cases of H 2 and Xe which largely differ from N 2 in the 
masses. For large molecules such as benzene, such mole 
fraction determinations are especially important . 
Probably a more or less similar situation occurs for 
other conventional spectrometers. I t is desirable to 
construct a new apparatus with a molecular-beam gas 
inlet system for photoelectron intensity measurements, 
since the mole fraction separation of binary mixture 
completely obeys the law of the inverse square root 
of the mass of its component. 

TABLE 1. RATIOS OF PARTIAL PRESSURES OF BINARY 

MIXTURES IN THE IONIZATION CHAMBER (THE 

INITIAL MOLE RATIO IN THE GAS 

RESERVOIR IS 1 : 1) 

Mixture 
(A+B) 

N 2 +Ar 
N 2 + K r 
N 2 +Xe 
N a + H 2 

N 2 +CH 4 

N 2 +NH 3 

N2+benzene 

(PBIPJP 

1.2 
1.6 
2.1 
0.27 
0.81 
0.78 
1.0 

U/roB/roA)b) 

1.2 
1.7 
2.2 
0.27 
0.76 
0.78 
1.6 

a) pA and pB are the partial pressures of A (N2) and 
B (sample), respectively, in the ionization chamber. 
b) mA and mB are the masses of A (N2) and B 
(sample), respectively. 

TABLE 2. PARTIAL PHOTOIONIZATION CROSS SECTIONS 

(<r,/Mb) OF THE RARE GAS ATOMS (AT, 

Kr, AND Xe) AT 58.4 nm 

Atom This 
work 

Samson 
and 

Cairns19' 

West 
and 

Marr20) 

Kemeny 
et a/.8-»5 

Ar 
Kr 
Xe 

37.1 
39.2 
32.0 

36.4 
36.5 
29.5 

36.5 
35.7 

36.4 
42.6 
33.3 

It should be mentioned that there are some gases 
such as C O which is very similar in the Baratron-Pirani 
curve to N2 . In such cases another gas instead of N 2 

should be selected as a s tandard. 
Partial photoionization cross sections obtained here 

at 58.4 nm are summarized in Table 2, together with 
available data.8,19>20> T h e purpose of studying the rare 
gas atoms in the present work is only to test the validity 
of the whole procedure proposed here. As can be seen 

from Table 2, satisfactory results have been obtained. 
Only the H e l resonance line has been used in the 

present work. The purpose of this was to establish the 
whole system at first. Samson et al.18> have recently 
studied energy dependence of part ial photoionization 
cross sections for several simple compounds by a com­
bination of photoelectron spectroscopy and ion current 
measurements, using a variety of resonance lines 
through a monochromator . Brion et Ä/.21> have also 
studied the energy dependence for several simple 
molecules, using an electron impact ionization technique. 
Synchrotron radiat ion is of course a very useful source 
to carry out such studies in wide energy range. T h e 
present method proposed here may be applicable to 
any light sources, and its future application to various 
molecules with synchrotron radiat ion seems to be very 
interesting. 

The advantage of the present method is that the 
part ial photoionization cross sections of molecules can 
be obtained from only photoelectron intensity measure­
ments with a conventional photoelectron spectrometer. 
I t is also desirable to carry out photoelectron measure­
ments at the magic angle ra ther than at right angle 
as already pointed out by Samson.10) 

T h e authors wish to thank Mr . Y. Shindo of Hokkaido 
University for his expert advice on the construction 
of the whole da ta processing system. They also wish to 
thank Dr. S. Katsumata for many useful discussion and 
Mr . S. Mitani and Mr. M. Morishita for their contribu­
tions to the initial stages of the photoelectron intensity 
measurements. 
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Redox Reaction of the Central Metal Ions Coordinated to Tetra-
(Jp-sulfophenyl)porphine(TPPS). I. Photoreduction of 

Co(III)TPPS by Methanol and 2-Propanol 

Keiichiro HATANO,* Kiyoko Usui, and Yoshitaka ISHIDA 

Department of Pharmaceutical Sciences, Nagoya City University, Mizuho-ku, Nagoya 467 
(Received March 19, 1980) 

Trivalent cobalt ion coordinated to 5,10,15,20-tetra(/>-sulfophenyl)porphine (TPPS) in deaerated solution was 
reduced to the divalent ion on illumination of light with simultaneous oxidation of alcohols. The resulting divalent 
ion in the porphyrin was reoxidized by admission of dioxygen or air into the solution. It was found that the metal-
loporphyrin played a photocataly tic role in the autoxidation of alcohols. The kinetic study on the photoreduction 
revealed that the reduction rate of Go (I II) followed the pseudo-first-order rate expression at 20 °C and pH 6.5 to 11.5 
in the presence of excess methanol or 2-propanol. The observed rate constants were dependent on [alcohol] and/or 
pH. Possible mechanism for the photoreduction of Co(III)TPPS in the aqueous solution was discussed in terms 
of preequilibrium reactions of the axial ligation of substrates to the metalloporphyrin. 

Very few papers have been published on the photo­
reduction reactions involving changes only in oxidation 
state of the central metal of metalloporphyrins,1) 
although a number of papers have dealt with photo-
hydrogenation of the peripheral porphyrin ring.2) This 
paper describes a light-induced redox reaction of cobalt 
ion coordinated to 5,10,15,20-tetra(/>-sulfophenyl)por-
phine (abbreviated as TPPS3)) with the concomitant 
catalytic oxidation of alcohols, i.e., photoreduction of 
Co (III) T P P S by alcohols and the subsequent oxidation 
of Co(II) T P P S by 0 2 without the degradation of the 
porphyrin ring. A closely related "respiratory" reaction 
of manganese phthalocyanine and etioporphyrin was 
reported by Engelsma et al.*) in relation to the photo­
synthesis reactions. Moreover, clarifying the oxidation 
state of metal ions, axial ligands, and reducing reagents 
involved in the photochemical reactions of metallopor­
phyrins in view of recent advances in the spectral and 
structural characterization of metalloporphyrins5) 
seemed appropriate. 

The present work was initiated with the aim of 
understanding the function-structure relationship of 
metalloporphyrin enzymes. When we observed the 
spectral changes induced by light in stock solutions 
of metalloporphyrins, we were intersted in the photo-
catalytic activity of them and the possibility of inter-
conversion of photonic energy into chemical energy. 
Since metalloporphyrins, beside being the analogy of 
chlorophylls, have intense absorption bands in the 
visible and near ultraviolet region, they are expected 
to be good photosensitizers. Furthermore, the redox 
reaction of metalloporphyrins is of interest with respect 
to understanding the function of the biologically 
important hemeproteins such as electron transfer 
reactions in the photosynthesis. Meta l -TPPS, which 
are easily soluble in water, appear to offer more infor­
mation with respect to quanti tat ive kinetic studies of the 
photochemical reactions. 

In this paper we show that the cobalt ion in CoTPPS 
is a photo-catalytic active center in the autoxidation 
of alcohols. The kinetic results suggest tha t the manner 
of the axial coordination of alcohols is crucial to the 
photoreaction leading to the exclusive metal ion 
reduction. 

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

Materials. Sodium salt of TPPS (TPPSNa4) was 
prepared as described by Fleischer et al.6) Since Co(II)TPPS 
is oxidized slowly in aerobic aqueous solution, all the synthetic 
processes were carried out in nitrogen stream. TPPS was 
metallized in water using reagent grade Co(CH3COO)2* 
4H 2 0, and the water was removed by rotary evaporation 
from the reaction mixtures. The resulting solid was extracted 
with methanol. Co(II)TPPS was purified as a sodium salt by 
treatment of crude product in methanol with sodium 
methoxide several times. 

Found: C, 43.28; H, 3.61; N, 4.25; S, 11.07%. Calcd for 
CoTPPSNa4.8HaO, C44H40N4S4O20CoNa4 : C, 43.18; H, 
3.29; N, 4.58; S, 10.48%. UV-Visible spectra in pH 5.0 
phosphate buffer; Aœax, nm(e, M"1 cm"1) :7a> 526 (1.2 xlO4), 
413 (2.1 XlO5). 

Co(III)TPPS formed in aqueous solution by autoxidation 
was found to be diamagnetic by electron paramagnetic 
resonance (EPR) at 77 K, but was not isolated. Spectral 
data of Co(III)TPPS; Amax (e), 538 (1.3 x 104), 424 nm (2.7 x 
10® M _ 1 cm -1) were observed in pH 5.0 phosphate buffer. 
The molar extinction coefficient at 424 nm diminished to 
2.4 x 105 M- 1 cm-1 in the pH 8.0 to 10.0. 

Water was deionized through ion exchange resins and 
doubly distilled. 2-Propanol (spectroscopic grade, Katayama 
Chem. Go.) was used. Methanol of reagent grade was 
doubly distilled. Phosphate-borate (pH 6.0 to 9.2), borate-
carbonate (pH 9.2 to 11.0), and borate-Hydroxide ( > p H 
11.0) buffers were prepared according to the reported meth­
ods71') with the ionic strength maintained at ^ = 0 . 1 . pH was 
adjusted with a pH meter (TOA, HM-7B model). 

Instrumentation. Light irradiation was carried out with 
light source of (a) tungsten projection lamp (either unfiltered 
or filtered by Toshiba glass filters), or (b) four 700 W medium-
pressure mercury lamps equipped with a plant growing 
apparatus 'phytotron'. 

UV-visible absorption spectra and EPR spectra were 
recorded on a Shimadzu Model 200S spectrophotometer and 
a JEOL-PE1X X-band spectrometer with 100 kHz field 
modulation, respectively. 

Procedures. A solution of Co(III)TPPS in an ap­
propriate buffer was degassed by three cycles of freeze-pump-
thaw in a pyrex tube (i.d. 19 mm) with two side arms: a quartz 
cell (10 mm light pass) for spectral measurements and a 
container with a deaerated buffer solution of alcohols. The 
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alcohol solution was poured into the pyrex tube in the dark 
in vacuo, then irradiated by light. The irradiation was 
carried out at 20 ° G in a water bath or an air bath of the 
phytotron. The intensity of the incident light in the phytotron 
measured by means of the trioxalatoferrate (III) actinometer8) 
using the quantum yield 1.10 in the region 430—300 nm 
corresponding to the major absorption of the metalloporphyrin, 
was of the order of 7x 1016 quanta/ml min. The quantum 
yield for the present reactions was obtained by one of two 
methods ; (a) spectrometric method using the ratio of absorbed 
quanta to the incident light intensity (derived by comparison 
of the actinometer irradiated by the light passed through a 
dilute Co(III)TPPS solution with that through water using a 
coaxial photolysis cell9)), (b) measurement of the quantity of 
formaldehyde produced in the methanolic solution of about 
10~2M GoTPPS which was considered to absorb the full 
incident light. 

Formaldehyde was detected by the chromotropic acid 
method10) on a sample condensed from the photolyzed solution 
by vacuodistillation. Acetone was tested qualitatively by the 
nitroprusside method. 

The kinetic studies on the photoreduction and oxidation 
reactions were carried out by monitoring the changes in the 
absorption spectra during the light illumination and after 
0 2 introduction. 

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

Photoreduction of Co (III) TPPS. In aqueous solu­
tion, the electronic absorption spectra of Co (III) T P P S 
change slightly with the p H variation and addition of 
alcohols. However, the fact tha t the Lambert-Beer 
law holds for the solution over wide range of concentra­
tion (10~6 to 10~ 3M) eliminates the possibility of the 
participation of oligomeric species in a dilute Co( I I I ) -
T P P S solution.11) Although it is probable tha t there 
are several equilibrating reactions involving five- and 
six-coordination of various solvents and solutes to 
Co (III) T P P S , the magni tude of the spectral changes 
is too small and complicated to determine these species 
definitely. 

The typical spectral changes during photolysis of the 
deaerated Co (III) T P P S solution in the presence of 
0.67 M methanol (Fig. 1(a)) have distinct isosbestic 
points at 360, 419, 454, 534, and 615 nm. The new 
spectrum appearing on prolonged irradiation is identical 
with that of Co ( I I )TPPS prepared and measured in the 
absence of air. 

In order to obtain more information on the nature 
of species in this photo-reaction, the process was followed 
by EPR. No signals were detected in the original 
solution of CoTPPS at 77 K (Fig. 2(a)) . As the photo­
lysis proceeds, a new spectrum, having approximate 
parameters of g±=2A, g//=2.02, ^ = 5 5 x 10~4 cm- 1 , 
and A//=\05x 10 - 4 c m - 1 , increases its intensity (Fig. 
2(b)) . By the addition of imidazole to the solution, the 
spectrum altered into a prototype spectrum of the five-
coordinate Co(II)porphyrins with a nitrogen base at the 
fifth position12) (Fig. 2(c)). T h e results show tha t the 
photoreduction of CoTPPS occurs at the metal ion 
of the metalloporphyrin and that the original solution 
contains the diamagnetic Co (I II) species13) and no 
paramagnet ic species such as C o - 0 2 . The product 
can be assigned to a five-coordinate C o ( I I ) T P P S in 
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Fif. 1. Spectral changes of Co(III)TPPS during pho­
tolysis as a function of reaction times in the order 
shown by arrows; (a) 0, 20, 40, 60, 80, 100, 120, and 
180 min in the 0.67 M methanol solution; (b) 0, 20, 
40, 60, and 120 min in the 0.54 M 2-propanol solution. 
Both runs were carried out at pH 8.7 and 20 °C. 
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Fig. 2. The EPR spectra of CoTPPS species appearing 
in the photolysed solution (see text and note). 
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which the fifth position is occupied weakly by water 
(or methanol) consistent with the spectra reported by 
Walker.14) O u r E P R parameters of the product most 
resemble those of CoTTP(or CoTAP)-acr id ine system 
in her paper. The steric constraint of acridine (hindered 
base) is considered to prevent the metal ion from 
strong bonding to the base. Thus the E P R parameters 
should be similar to weakly bonded complexes. 

The dependence of the photoreduction on the 
wavelength of the incident light was examined by 
setting glass filters in the light pa th from the projection 
lamp. The reaction rate resulting from light of 430 
n m > A > 3 3 0 nm was compared with that of A>450 nm 
and it was suggested that the light absorbed in the Soret 
region was more effective in driving the reaction than 
light in the visible region. However, an accurate 
determination of the quan tum yields in the two regions 
has not been achieved. 

The apparent quan tum yield of the formaldehyde 
formation in degassed solution of ca. 10 - 2 M CoTPPS 
and 0.67 M methanol at p H 8.7 by 30 h irradiat ion 
was 0.9 x l O - 3 . No gaseous products were detected 
manometrically in tha t run. The quan tum yield of 
Co( I I )TPPS determined by the spectrometric procedure 
was 2.2 X 10-3 in solutions of 10"6—5 x 10"5 M CoTPPS 
and 0.67 M methanol at p H 8.7. The results are 
consistent with the following stoichiometric reaction 
within experimental errors. The lack of the evolution 

ÂV 

2 Go(III)TPPS + GH3OH • 

2 Co(II)TPPS + H2CO + 2H+ (1) 

of molecular hydrogen also supports one electron 
photoreduction of Co(II I ) in this equation. 

The pr imary and secondary alcohols, e.g., methanol, 
ethanol, and 2-propanol, were found to be effective 
reducing reagents. However, t-butyl alcohol did not 
bring about the photoreduction. This suggests that 
the photooxidation of alcohols occurs with a proton 
elimination at a-carbon position. 

Autoxidation of Co (II) TPPS. Wi th 0 2 or air 
introduction into the solution photolyzed, the spectrum 
of Co( I I )TPPS returns to the initial C o ( I I I ) T P P S 
spectrum via the exact reverse course of the spectral 
changes in the photoreduction. The ult imate spectrum 
of Co(II I ) T P P S is restored with more than 9 5 % of its 
initial intensity. The reaction must be the following 
autoxidation of Co(II)TPPS:15> 

2 Go(II)TPPS + l /20 2 + 2H+ • 

2 Go(III)TPPS + H 2 0 . (2) 

Therefore, the overall photochemical reaction is found 
to be the autoxidation of alcohols catalyzed by CoTPPS : 

CH,OH \ / CO (ill) TPPS rç * H20 

CH5O / \ Co (IÏ) TPPS + H+ / \ 02 

The kinetic study of the oxidation of Co( I I )TPPS 
by 0 2 reveals the following rate expression which is 

substantially identical to the analogous study reported 
by Stynes et al.1*) 

-d[Co(II)TPPS]/d* = *'[Co(II)TPPS][OJ, 

where k' is the observed rate constant. A value of 1.8 X 
10 - 4 m i n - 1 T o r r - 1 for k' was obtained in the aqueous 
2-propanol ( l .Ox 10"2 M) solution at 25 °C without 
buffer. This is comparable with 4.2 X 10 - 4 m i n - 1 T o r r - 1 

which is extrapolated from the reported result of the 
oxidation of C o T T P in toluene with 0.002 M imidazole 
at 23 °C.16> It is surprising to obtain such apparently 
consistent data despite the vastly different properties 
of the solution and substances. 

Other Photochemical Reactions of CoTPPS. In the 
absence of alcohols and/or organic amines such as 
piperidine, C o ( I I I ) T P P S in aqueous solution is con­
siderably stable against light irradiation. In the case 
of methanol or ethanol as reducing agent, the photo­
reduction of Co (III) ion of the metalloporphyrin is 
predominant over wide range of p H and alcohol 
concentration [A]. The recovery of C o ( I I I ) T P P S , even 
after several cycles of the photoreduction-autoxidation, 
usually exceeds 70% of the initial amount . A drastic 
change in spectral aspects for the photoreaction is 
observed in solution containing relatively high concen­
trations of 2-propanol (10 _ 1 M ) . The spectral changes 
shown in Fig. 1(b) also have some isosbestic points. 
However, the spectrum of the product shows no recovery 
to the spectrum of C o ( I I I ) T P P S by the admission of 
air into the cell. The monotonie decrease of the Soret 
band may be related to the degradation of peripheral 
porphyrin ring of C o T P P S ; although the chemical 
characterization of the product has not yet been done. 
Meanwhile the Co( I I )TPPS generated by photoreduc­
tion in the presence of 2-propanol was found to be 
stable against long irradiat ion of light. This rules out 
the stepwise photodegradation reaction via the formation 
of Co( I I )TPPS . The degradation reaction seems to 
occur via a direct process from a Co (I I I ) species formed 
in the high [2-propanol] solution. The formation of 
such a species in methanolic or ethanolic solution may be 
restricted by its stability constant. 

Formaldehyde, acetaldehyde, and acetone in water 
did not function as the reducing reagents for the reaction. 

Kinetic Experiments of the Photoreduction of Co (HI) TPPS. 
The reaction rates of the photoreduction at 20 °C were 
determined by monitoring changes in the optical 
density at 424 nm (decrease) and 413 nm (increase) 
with complementary measurements in the visible 
region for high [Co( I I I )TPPS] . The different original 
intensity at 424 nm depending on the nature of solution 
did not affect the present kinetic t reatment , since, 
during most kinetic runs, satisfactory isosbestic points 
were obtained. This is expected for a fixed distribution 
of various coordination states of Co (111) T P P S being 
reduced to one five coordinate Co(II) species. Two 
different kinds of photoreaction took place in certain 
ranges of [2-propanol]. The determination of the 
photoreduction rate in such cases has been done at the 
initial stage of the reaction where the conversion of 
C o ( I I I ) T P P S was less than 4 0 % and the recovery by 
the autoxidation exceeded 8 5 % of the initial intensity. 

Plots of ln ( [Co( I I I )TPPS] t / [Co( I I I )TPPS] 0 ) vs. t ime, 
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20 30 

Time/min 

Fig. 3. The first-order rate dependence on Co(III)-
TPPS for various methanol concentrations; ( £ j 1.67 
M, (+ ) 3.21 M, (O) 4.29 M, ( # ) 6.25 M; in the 
solution of [Co(III)TPPS]0=6.6x 10"6 M and pH 9.7. 

rate constants, kobsd, were obtained from the slope 
of the plots, and found to be dependent on the concen­
trat ion of alcohols and/or pH. The profile of &obsd to 
[methanol] (Fig. 4) shows a first-order relationship to 
the methanol concentration. However, the dependence 
of 

^obsd o n [2-propanol] is unusual (Fig. 5). At low 
[2-propanol] (2 X 10 - 2 M) , the dependence seems to be 
of first-order, decreasing toward zero to minus with 
increasing concentration. There is an obvious maximum 
in the kohsd vs. [2-propanol] curve ca. 3—4x 10~2 M 2-
propanol at p H 8.7. The photo-degradation reaction 
is appreciable at higher [2-propanol] than tha t corre­
sponding to the maximum. However, the increase of the 
degradation rate (estimated from the data at high 
[2-propanol] by assuming the first-order dependence 
on the alcohol concentration) is not responsible for the 
decrease of photoreduction rate. The anomaly in the 
curve demonstrates that there are at least two coordina­
tion states formed by stepwise at tachment of 2-propanol 
to C o ( I I I ) T P P S . 

1 0.05-̂  

2 3 4 

[Methanol]/M 

Fig. 4. The kobeA vs. [methanol] plots. Conditions are 
the same as Fig. 3. 

0.5^ 

[2-propanol] x 102/M 

Fig. 5. The kohsd vs. [2-propanol] plots, [Co(III)-
TPPS] 0=3.3x 10-6 M, pH 8.7. The ( # ) and dashed 
line denote experimental and estimated rate constants, 
respectively, for the degradation reaction. 

where the subscripts denote t ime t and zero, are shown 
in Fig. 3. T h e linear relationship indicates a first-order 
rate dependence on Co( I I I )TPPS . Pseudo-first-order 

pH 

Fig. 6. The pH profile of kobBA, [Co(III)TPPS]0=6.6x 
10~6 M, [methanol] = 1.67 M, ionic strength=0.1. 

T h e £o b s d are also dependent on p H (Fig. 6). The 
profile of £ o b s d is volcano-shaped in the solution of 
constant [methanol] , having a peak around p H 9.5 to 
10.0. Studies of the rate dependence on p H in 2-
propanol solution were not carried out since the rates 
are very slow at low [2-propanol] where the first-order 
rate on the alcohol can be expected. 

T h e kinetic studies imply that various coordination 
states of C o ( I I I ) T P P S presented in the aqueous solution 
behave differently toward light irradiation. 

Preequilibrium Reactions in the Aqueous Solution. 
Both water and alcohol molecules are known to associate 
with some metalloporphyrins by the definitive X-ray 
structure determination.17) However, the stability 
constants are seldom clear for such weakly bonded 
molecules owing to the difficulty of spectroscopic 
characterization of the complexes in solution. Let us 
assume that C o ( I I I ) T P P S has two axial sites to 
bind ligands, solvents and solutes. Participation of 
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dimeric metalloporphyrin species such as C o T P P S - 0 2 -
C0TPPS13) can be ruled out in dilute solution, since the 
first-order rate laws in cobalt metal are confirmed in 
both photoreduction and autoxidation processes in 
conjunction with the E P R evidence of Co( I I )TPPS 
monomer. The observed rate dependence of the 
photoreduction on p H and [A] can be interpreted by a 
mechanism in which competitive ligation of alcohols, 
water, and hydroxide ion to the two axial sites occurs 
prior to the photoreaction. Accounting for these, we 
can classify coordination states of C o ( I I I ) T P P S in 
aqueous solution into at least four groups: (i) light-
insensitive species formed predominantly in acidic 
solution and/or in the absence of alcohol, (ii) species 
to be photoreduced at the central metal ion, (iii) 
species to be degradated by light, which is appreciable 
at high [A], especially, [2-propanol], (iv) species which 
appear at high p H region and depress photoreactions. 

Since a limited number of structural determinations18) 
and reliable stability constants for Co (I II) porphyrins 
ligated by weakly bonded molecules are available, we 
can only speculate about the coordination states of 
each species and the mechanism involving them. The 
key species for the photoreduction belongs to group (ii) 
and can be assigned to Co( I I I )TPPS(A) (OH) where 
A denotes a general alcohol. The substance is formed by 
coordination (or substitution) of alcohol and/or 
hydroxide ion to species (i) which are represented by 
C o ( I I I ) T P P S ( H 2 0 ) 2 and C o ( I H ) T P P S ( H . 2 0 ) ( O H ) . 
Co( I I I )TPPS(A) 2 and C o ( I I I ) T P P S ( O H ) 2 may re­
present species (iii) and (iv), respectively. Beside the 
four representative species, there may be many other 
states and reactions in the actual solution, so that it 
seems neither feasible nor significant to analyse the 
kinetic data quantitatively. The following scheme may 
help elucidate the parts of kinetic data , i.e., the presence 
of maxima (Figs. 5 and 6). The photoreduction is 

Co(III)TPPS(HtO), ; = i Co(III)TPPS(HtO)(OH) ; = s Co(III)TPPS(OH), 

A I A ^ j ^ O H -

Cottll)TPPS(A) (OH) 

Go(III)TPPS(A), \ . 
(iii) S \vCk)(II)TPPS(H20) 

The degradation products aldehyde or ketone 

considered to occur via formation of Co( I I I )TPPS(A) -
(OH) located in the middle of the scheme. The 
rate constants, A:0bSd, are dependent solely on the 
concentration of this part icular species as a function 
of [A] and p H inasmuch as a constant quan tum 
efficiency is imposed on the photoreduction of the 

.species. Thus, the efficient photoreduction requires 
optimal control of p H and [A], In methanolic solution, 
the equilibrium constant for the second step of methanol 
coordination is very small as compared with that of 
2-propanol. This is rationalized by the photo-degrada­
tion reaction which occur via formation of bis-alcohol 
species. The degradation of CoTPPS in methanolic 
solution was almost negligible under the usual experi­
mental conditions. 

It is intriguing to note that the proposed mechanism 
involving two binding sites for substrates in the catalyst 

provides similar kinetic aspects to those of certain 
enzymatic reactions, e.g., fumarase reaction although 
its active site is not metal ion19a) and nitric oxide 
reductase reaction with N0 . 1 9 b ) 

The relative broad curve observed in the A;ODSd vs. p H 
plot (Fig. 6) suggests that the mono-hydroxy at tachment 
to Co(III)porphyrins is favorable in the p H region 
8—11 which corresponds to hydroxide concentration 
10~6—10~3 M. Isolation of such a species may be 
possible in analogous system. The occupation of two 
O H ions on the axial sites is possible, since two CN 
anion ligands have been confirmed in the X-ray struc­
ture of FeTPP(CN) 2 anion.20) 

Mechanistic Consideration of the Photoreduction. The 
observed max imum value of the quan tum yield of 
Co(II) is ca. 0.025 under the conditions [methanol] = 
6.25 M at p H 9.7. The quan tum efficiency21) could be 
enhanced by increasing methanol concentration and we 
could predict the best efficiency to reach the order of 
10-1 if the solubility of CoTPPS and other solutes 
allowed the conditions. The relatively high quan tum 
yield observed or predicted suggests that the photo­
reduction conjugates with the most efficient deactivation 
of the metalloporphyrin via an allowed electronic 
transition state induced by light absorption in the 
Soret region. However, very low yield and short life, 
if any, of the luminescent excited state of Co (I I I ) -
porphyrins are known even in rigid media at low 
temperatures.22) Consequently, the pr imary photo­
chemical process of C o ( I I I ) T P P S can be attr ibuted 
to the radiationless and direct chemical reaction from 
the excited Franck-Condon state of the coordinated 
complexes. An immediate assignment to this process 
is at tained by the photodissociation of a proton at the 
a-carbon position of the coordinated alcohol molecule. 
However, such a dissociation reaction is considered 
to proceed fast with a fast reverse reaction. Thus 
the pr imary process can be treated as an additional 
preequilibrium reaction induced by light irradiation. 
In order to adjust the additional reaction and keeping 
consistency with kinetic data , especially, p H dependence, 
we could rewrite the process as an innersphere proton 
transfer of C o ( I I I ) T P P S ( A ) ( O H ) . 

The determining step of the quan tum yield, which 
we assign to an intramolecular electron transfer from 
ligand to metal ion of the metalloporphyrin, can be 
placed after the pr imary processes. The speculations 
are summarized by formulation in the case of methanol 
as follows: 

Av 

Co(III)TPPS(CH3OH)(OH) ; = ± 

Co(III)TPPS(CH2OH-)(H20) 

Go(III)TPPS(CH2OH-)(H20) • 

Co(II)TPPS(CH2OH) + H 2 0 . 
A following fast reaction is required to complete the 
stoichiometry of the photoreduction. 

Co(II)TPPS(qH2OH) + Co(III)TPPS(H20)(OH) 

(or any Co(III)TPPS) 

• 2 Co(II)TPPS(H20) + CH 2 0 

To estimate the difference of free energies in the 
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photoreduction processes is of interest in relation to the 
possibility of photonic energy utilization. The free 
energy difference of overall reaction, i.e., autoxidation 
of methanol to formaldehyde, is exothermic. The 
value is obtained from the thermodynamic standard 
data by ignoring solvation energy and estimating 
coordination energy of methanol as 10 kj/mol. Based 

GHgOH + 1/2 0 2 ^ = ± GH 20 + H 2 0 

AG=-150kJ /mol 

on the standardization, AG=0 for H 2 = 2 H + + 2 e " o n 
a plat inum electrode (SHE), the energy level of a 
hypothetical system, C H 2 0 + 2 H + + 2 e " or C H 2 0 + H2 , 
can be put at 237 kj/mol above the product level or 
87 kj/mol above the reactants level (Fig. 7). Since the 
electrochemical redox properties of CoTPPS have not 
yet been determined, the free energy difference in the 
Eq. 1 is estimated by the voltametric data of analogous 
complexes. The reported value of 0.32 V vs. the 
saturated calomel electrode (SCE) (0.59 V vs. SHE was 
presumed) for the anodic half-wave potential of CoTPP 
in butyronitrile was used.23) Therefore, the energy 
level of the r ight-hand term of Eq. 1 is calculated as 
the difference between the hypothetical level by assum­
ing 0.59 V for C o ( I I I ) T P P S + e - = Co( I I )TPPS and 
using the relationship, AG= -nFU={-2) (96500) (0.59) 
= — 114 kj/mol. Thus we have the free energy diagram 
shown in Fig. 7. The free energy difference of Eq. 1 
is ca. —27 kj/mol. 

o 

a 
200 

fP 
V 
Ö 
V 

100' 

* 

Excited state 
—7f r-

rf % CH20* 
2Co"'TPPS*2e-2H* H2 »V2P2 

hV\ 

CH3OH • \CH20*2H4-

2Co"TPPS 'v2Co"TPPS 

Co'"TPPS 
^CH20«H20 

Fig. 7. Energy level diagram for photoreduction of Co-
(III)TPPS by methanol. 

The semi-quantitative treatment leads to the conclu­
sion that the present photoreduction of Co (III) T P P S 
may not acquire photonic energy in chemical forms, 
but merely the activation energy by light absorption. 
However, if there are other metal-TPPSes whose redox 
potentials are comparable to SHE, it may be possible 
to interconvert photonic energy into chemical one. 
We have observed that iron and manganese T P P S 
undergo similar photoreduction-oxidation reactions 
in alcoholic solution. 
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A new series of mixed chelates of nickel(II), Ni(diam) (/S-dik)X«nH20 (X=halide or pseudohalide anion, n= 
0—2), was prepared, and their structures in solid state and in various organic solvents were studied. Most of the 
chelates were octahedral, many of them being obtained as mono- or dihydrates. When the solid chelates were 
heated at reduced pressure, the main reactions were dimerization (X=pseudohalide), dehydration ( X = I ) , and 
disproportionation (X=Br or CI). On the other hand, the chelates showed complicated structural changes in 
organic solvents, some of which were not observed in solids, depending upon the nature of X and the polar charac­
teristics of the solvent. 

We previously reported that the mixed nickel (I I) 
chelate, Ni (tmen) (acac) N C S - n H 2 O ( n = 0 or l ) t shows 
interesting structural changes in various organic solu­
tions.2) In a solvent of poor coordination ability (1,2-
dichloroethane = DCE) , it exists as a square pyramidal 
5-coordinate complex [Ni( tmen)(acac)NCS] in a very 
dilute solution. However, with increase in concentration 
it forms a 6-coordinate species, probably a dimer 

/NCS X 
formulated as r (tmen) (acac) Ni /Ni ( tmen) (acac)l . 

^SCN 
In ni tromethane, ( = N M ) , ionic dissociation of these 
species leads to the formation of a small amount of 
square p lanar species [Ni( tmen)(acac)] + . In more 
polar solvents, 6-coordinate solvated complexes such as 
[Ni(tmen) (acac) (Solv.)2]+ or [Ni (tmen) (acac)NCS-
(Solv.)] predominate. 

A report was given on two related chelates, Ni (tmen) -
(acac) X - 2 H 2 0 ( X = B r - or I").1) In this same study, 
we found that the bromide is thermally unstable, 
easily undergoing disproportionation by slight heating 
into [Ni(tmen)Br2] and [Ni (tmen) (acac) 2 ] , i.e. a 
tetrahedral 4-coordinate complex and an octahedral 
one. With the iodide, however, such disproportionation 
occurs only slightly, its main par t being converted into 
[Ni(tmen) (acac)]I with the square planar cation by 
heating. When dissolved in DCE, both the bromide 
and iodide undergo disproportionation remarkably even 
at room t e m p e r a t u r e , n but here again the ionization 
into [Ni( tmen)(acac) ] + and X is favored in nitro­
methane. 

We also prepared related complexes with other 
halide (CI") and pseudohalide (NGO", NCSe- , and 
N3~) ions. A comparative study of all these complexes 
is given in this paper. 

t Abbreviations: diam=iV-alkylated ethylenediamine 
such as iV,iV,iV/,iV/-tetramethylethylenediamine(tmen) or N,-
JV,JV'-triethylethylenediamine(Et3en); /?-dik=/?-diketonate ion 
such as acetylacetonate(acac), benzoylacetonate(bza), or 
dipivaloylmethanate (dpm); X=halide or pseudohalide ions 
such as CI", Br-, I-, NCS-, NCSe-, NCO-, or N,- . 

tt This view is different from that reported;1) for detail, 
see text. 

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

Preparation of the New Complexes. The general method 
of preparation adopted is shown in Scheme 1. 

i) NCS-complexes: In addition to the complex Ni (tmen)-
(acac)NCS««H2O(n=0 or 1) reported,2) three new com­
plexes Ni (tmen) (bza) NCS-H 20, Ni(tmen)(dpm)NCS, and 
Ni(Et3en)(acac)NCS'H20 were prepared. In the course of 
preparation, crystals of [Ni(diam)(/5-dik)2] and [Ni (tmen)-
(NCS)2] sometimes appeared first, obstructing isolation of the 
desired product. In general, the best yield could be obtained 
when the solution was concentrated at a relatively high 
temperature and quickly filtered after being cooled down to 
room temperature. 

ii) NCSe-complex : Only Ni (tmen) (acac)NCSe • HaO could 
be obtained. All operations had to be carried out under 
cooling: even at 25 °C, NCSe~ ion tends to decompose, 
separating out red selenium. The decomposition also occurs 
when the isolated complex is heated gently in solid state or in 
solution, so that it must be kept in a freezer. 

Hi) NCO- and N^complexes : These complexes, both with 
tmen and acac, were hard to obtain in pure state; the products 
obtained by the general method were always impure, con­
taining much C104

_. Very small amounts of reasonably 
pure complexes were obtained when the filtrates of these 
trials were kept in a refrigerator for several months. 

iv) Halide Complexes: In addition to the complexes Ni-
(tmen)(acac)X.2H20(X=Br- or I-),1) Ni (tmen) (acac) Cl-
H 2 0 , Ni (tmen) (bza) I . « H 2 0 ( H = 1 or 2), and Ni (tmen) (dpm) -
I • 2H 2 0 were obtained. The two hydrates of the bza complex 
were obtained depending on the solvent for recrystallization, 
i.e. the dihydrate from methanol and monohydrate from an 
acetone-DCE mixture. The dpm complex loses its water 
easily in a desiccator or in dry open air, yielding a reddish 
orange, diamagnetic anhydrous chelate. 

Chemicals. "Extra Pure" reagents and solvents were 
used. Nitromethane, DCE, acetone, and DMSO were distilled 
after being dried with Wako synthetic zeolite A-3. 

Physical Measurements. Electronic spectra of solutions 
were obtained with Shimadzu MP-5000 and Hitachi 340 
spectrophotometers, using quartz cells of 5 mm to 5 cm. Solid 
reflectance spectra were recorded with the latter instrument 
with a visible and near IR integrating sphere attachment, 
using BaS04 as a reference. Other instruments used in IR 
spectral, magnetic, and conductmetric studies were the same 
as those reported.2) 
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10 mM of [Ni(diam)0ff-dik)(OH2)n]ClO4 (»=0 or 2)3> 

i I in methanol (30 cm3) 

I l O m M o f K X (as solid) 

filtration (to remove KC104) 

allowing to stand in open air 

in acetone (50 cm3) 

I 10 mM of KX (in acetone) 

filtration (to remove KC104) 
•ir 

evaporation to dryness (under reduced pressure) 
• 4 ' 

dissolving into DCE 
• * 

evaporation at low temperature 
•*• 

crude crystals crude crystals 

• •*• 

recrystallization from DCEaî recrystallization from methanol 
(A) Pseudohalide complexes (B) Halide complexes10 

Scheme 1. Preparation of the complexes, Ni(diam) (/?-dik)X««H20 (n=0, 1, or 2) 

a) When X=NCS~ and diam=Et3en, acetone or methanol should be used instead 
of DCE, and the solution must be kept in a refrigerator, b) When X = C 1 - , this 
method was found to be inadequate, so that the complex was obtained by direct 
reaction of NiCl2 • 6HaO, tmen and acac in methanol. 

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

The analytical da ta of the new mixed complexes 
together with those reported are summarized in Table 1, 
and their magnetic moments and î w values of their 
reflectance spectra in Table 2. All the complexes are 
blue to green and in high spin state (fJeffi 3.0—3.2 
BM) except X I I which is reddish orange and dia-

TABLE 1. ANALYTICAL DATA OF COMPLEXES'15 

No.-n b) Complex G/% H/% N/% 

1-1 Ni(tmen)(acac)(NCS)(H20) 

II-l Ni(tmen)(acac)(NCSe)(H20) 

III Ni (tmen) (acac) (NCO) 

IV Ni (tmen) (acac) (N3) 

V-1 Ni(tmen)(bza)(NCS)(H20) 

VI Ni(tmen)(dpm)(NCS) 

V I M Ni(Et3en)(acac)(NCS)(HaO) 

VII1-2 Ni(tmen)(acac)(I)(H20)2 

IX-2 Ni (tmen) (acac) (Br) (HaO) 2 

X-l Ni(tmen)(acac)(Cl)(HaO) 

XI-2 Ni(tmen)(bza)(I)(H20)2 

XI-1 Ni(tmen)(bza)(I)(H20) 

XII-2 Ni(tmen)(dpm)(I)(H20)2 

XII Ni(tmen)(dpm)(I) 

40.48 7 
(41.16) (7 
36.25 6 

(36.30) (6 
44.91 7 

(45 61) (7 
41.05 7 

(41.81)(7 
48.95 6 

(49.54)(6. 
51.23 8. 

(51.94)(8. 
45.29 7. 

(44.47)(7. 
30.24 6. 

(30.24)(6. 
33.92 6. 

(33.88)(6. 
39.94 7. 

(40.34)(7. 
38.50 5. 

(38.51)(5. 
39.82 5. 

(39.95) (5. 
40.77 7. 

(39.18)(7. 
41.03 7. 

(42 09) (7 

.35) 

.24 
34) 

.23 

.06 12.11 

.21) (12.00) 

.31 10.64 
10.58) 
13.01 
13 30) 
22.11 

.34)(22.16) 

.54 10.09 

.60) (10.19) 

.42 10 08 
10.09) 
11.43 
11. 
6. 

47) 
74 
73) 
20 
23) ( 
90 
98) ( 
61 
69) ( 
95 
86) ( 
66 
66) ( 
84 
54) ( 
16 
22) ( 

11) 
48 

6.41) 
7.16 
7.18) 
8.55 
8.56) 

57 
61) 
88 
82) 
22 
38) 
73 
77) 

magnetic (cf. Experimental) . These results and the 
spectral evidence given below lead to the formulation 
of the complexes as shown in Table 2. 

(A) Pseudohalide Complexes. (i) Solid Structures : 
All the pseudohalide complexes (Table 2, 1-1 to VII-1) 
show two d-d bands in their reflectance spectra which 
can be ascribed to S, (3T2g<-3A2g) and y2(3Tig*-3A2g) of 
octahedral complexes of Ni ( I I ) . 

As in the case of 1-1 formulated formerly as [Ni(tmen)-
( a c a c ) ( H 2 0 ) N C S ] , the complexes I I - l , V - 1 , and VII -1 
can be formulated as [Ni(tmen) (ß-dik) ( H 2 0 ) N C X ] ; the 
I R data (Table 3) which indicate the N-coordination of 
N C S - or N C S e - in the complexes also support these 
formulas. The water molecules are only loosely held, 
and driven off by slight heating or mere dissolution in 

1001 
T e m p / ' C 

1 5 0 2 0 0 

a) Calculated values are in parentheses, b) Number 
of water molecules. 0 is omitted for n—0. 

Fig. 1. TG and DTA data of three monohydrated com­
plexes; 1-1, V-1, and II- l . Numbers (%) on TG 
curves show the observed mass losses; the theoretical 
values are 5.1%, 4.4%, and 4.5%, respectively. 
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TABLE 2. MAGNETIC MOMENTS AND REFLECTANCE SPECTRA OF SOLID COMPLEXES 

No.-« Complex ^eff/BM Dmax/103cm-i 

I-l 
I 
II-l 
III 
IV 
V-1 
VI 
VII-1 
VIII-2 
IX-2 
X-1 
XI-2 
XI-1 
XII-2 
XII 

[Ni(tmen) (acac) (H20) (NCS)] 
[Ni(tmen)(acac)(NCS)]2 

[Ni(tmen) (acac) (H20) (NCSe)] 
[Ni(tmen)(acac)(NCO)]2 

[Ni(tmen) (acac) (N3)]2 

[Ni(tmen) (bza) (H20) (NCS)] 
[Ni(tmen)(dpm)(NCS)]2 

[Ni(Et3en) (acac) (H20) (NCS)] 
[Ni(tmen) (acac) (HaO)2]I 
[Ni(tmen) (acac) (H20)2]Br 
[Ni(tmen) (acac) (H20)C1] 
[Ni(tmen)(bza)(HaO)2]I 
[Ni(tmen)(bza)(H20)I] 
[Ni(tmen)(dpm)(H20)2]I 
[Ni(tmen)(dpm)]I 

3.16(19 °C) 
3.14(18 °C) 
3.20(18 °C) 
3.20(18 °G) 
3.02(18 °C) 
3.21(21 °C) 
3.09(17 °C) 
3.14(17 °G) 
3.21(23 °G) 
3.21(22 °G) 
3.29(18 °C) 
3.18(18 °C) 
3.18(18 °C) 
3.08(19 °C) 
diamagnetic 

9.64 
9.15 
9.70 

— 
— 

9.42 
8.77 
9.63 
9.30 
9.27 
8.90 
9.60 
8.45 
9.53 

15.80 
16.05 
15.85 

— 
— 

16.18 
16.05 
16.00 
15.87 
15.92 
15.40 
16.03 
15.55 
15.85 

20.50 

TABLE 3. IR SPECTRA OF COMPLEXES (y, 5/cm-1) 

No.-n Complex 
y(C=C) 

y(O-H) Ö (OH) y(CN)a> y(CS)b> y(C=0) 

I-l 
I 
II-l 
III 

IV 
V-1 
VI 
VII-1 
VIII-2 
IX-2 
X-1 
XI-2 
XI-1 
XII-2 

a) ya(NCO 

[Ni(tmen) (acac) (HaO) (NCS)] 
[Ni(tmen) (acac) (NCS) ] 2 

[Ni(tmen) (acac) (H20) (NCSe)] 
[Ni(tmen)(acac)(NCO)]2 

[Ni(tmen) (acac) (N3)]2 

[Ni(tmen) (bza) (HaO) (NCS)] 
[Ni(tmen)(dpm)(NCS)]2 

[Ni(Et3en) (acac) (H20) (NCS)] 
[Ni (tmen) (acac) (H20) 2] I 
[Ni(tmen) (acac) (HaO)2]Br 
[Ni (tmen) (acac) (HaO) CI] 
[Ni(tmen)(bza)(H20)2]I 
[Ni (tmen) (bza) (H20) I] 
[Ni(tmen)(dpm)(HaO)2]I 

3475—3200 
— 

3475—3200 
— 

— 
3140 
— 

3390—3240 
3370 
3350 

3401, 3225 
3240 
3240 
3260 

0 and ya(NNN) for III and IV. b) ys(NCO) and yB( 

1655 
— 

1652 
— 

— 
1660 

— 
1660 
1665 
1670 
1680 
1650 
1650 

d ) 

2100c) 

2150 
2105 
2230 
2200 
2120 
2090 
2140 
2100 

— 
— 
— 
— 
— 

772 
760 
625 

1305 

1292 
760 

d> 

760 
— 
— 
— 
— 
— 

NNN) for III and IV. c) 

1595 
1600 
1593 
1610 

1605 
d) 

d> 

1595 
1595 
1593 
1600 

d) 

d) 

d ) 

1523 
1518 
1520 
1515 

1518 
d> 

d) 

1513 
1518 
1518 
1515 

d) 

d) 

d ) 

The value in the 
former report (2170 e r a 4 ) 2 ' was a misprint, d) This band could not be assigned clearly. 

nonpolar solvents; T G measurements in static air 
(heating ra te : l°/min) show that I - l , I I - l , and V-1 lose 
their water quantitatively at 58—76, 78—100, and 
75—100 °C, respectively (Fig. 1). The anhydrous 
complexes of I and V could be easily prepared in this 
way, but decomposition of N C S e - ion hindered the 
preparat ion of anhydrous I I . O n the other hand, no 
monohydrate could be obtained in the system t m e n -
d p m - N C S , only the anhydrous complex V I being 
isolated. Since the anhydrous complexes V and V I 
are also of high spin and show octahedral spectra 
(Table 2, V I ) , they are probably dimeric chelates with 
bridging pseudohalide ions, such as [(tmen) (acac)-

/ N C S X 
Ni / N i ( tmen) (acac)].2) Similar dimeric struc-

^SCN 
tures can be tentatively assigned to the complexes of 
N C O - and N 3

- ( I I I and IV) which are also anhydrous, 
of high spin and similar in color, although other types 
of bridging and polymerization can not be ruled out.5,6) 

A few interesting trends may be pointed out as to 
the ease of dehydration of these complexes. In the 
series [Ni(tmen)(/3-dik)(H20)NCS], the water beoomes 
more tightly held in the order: 

dpm (no hydrate isolated) <^ acac < bza 

and in the series [Ni (tmen) (acac) ( H 2 0 ) X ] : 

N C O - ^ N 3 - (no hydrate isolated) < N C S < N C S e -

The order seems to indicate that the bonding of water is 
strengthened by the weakening of the ligand field 
strength (l.f.s.) produced by other ligands.3-7) 

Another interesting complex prepared was [Ni-
(Et3en) (acac) ( H 2 0 ) N C S ] (VII-1) , containing a diamine 
with very bulky alkyl groups. The spectral feature is 
essentially similar to that of ( I - l ) , showing that H 2 0 
can still be coordinated in this complex. No correspond­
ing complex with Et4en(teen),8) [Ni (teen) (acac) ( H 2 0 ) -
NCS] , could be isolated, but the formation of a 5-
coordinate complex (probably [Ni(teen) (acac)NCS]) in 
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Fig. 2. Electronic spectra of VII-1 in various organic 
solvents (1 = DCE; 2 = N M ; 3=acetone). Strong 
noises observed at ca. 6 X 103 cm - 1 in the spectra of 1 and 
3 were due to the absorption bands of the solvents. 

an acetone solution of its components could be confirmed 
by its electronic spectrum. Coordination of solvent 
molecule is thus strongly hindered by the increase of the 
number of ethyl groups in the diamine (see below). 

(ii) Structures in Organic Solutions: The structural 
changes of the complexes I-l and I in various organic 
solvents were described in detail.2) The spectral curves 
of VII -1 (Fig. 2) are most interesting in this connection; 
the curve in DCE is typically square pyramidal,9) 
showing four bands assigned as follows : 

3E(F) <- 8Bi(F), 5750 cm-1; 3A2(F) <- »B^F), 11550 

cm-1; 3B2(F) <- »B^F), 12470 cm"1; 3E(F) <- »B^F), 
15900 cm-1. 

Two other spin allowed bands ( ^ ( P J ^ B ^ F ) and 
3E(P)<-3B l(F)) are probably under the strong C T band 
observed in the ultraviolet. Thus the water molecule 
escapes easily on dissolution, causing a structural 
change from 6- to 5-coordination. The 5-coordinate 
structure is also retained fairly well in more polar 
solvents (nitromethane or acetone), but the decrease 
in band intensity suggests that it is partially converted 
into other forms, such as planar [Ni(Et3en)(acac)]+ 
(in nitromethane) or [Ni(Et3en)(acac)(solv.)NCS] (in 
acetone), as in the case of I. However, it can be seen 
that the dimerization observed with I in D C E or 
nitromethane is hindered by the bulky substituents in 
Et3en, and the 5-coordinate structure is notably stabilized 
in comparison with the case of I. 

The case of V I (Fig. 3) is in strong contrast with that 
of V I I - 1 . Here the spectrum depends much more (and 
seemingly more than I) on the solvent, and the 5-
coordinate species in D C E (which coexists with some 
[Ni(tmen)(dpm)]+, as indicated by a notable h u m p 
at about 20000 cm"1) is converted easily into [Ni( tmen)-
(dpm)]+ in nitromethane, and solvated 6-coordinate 
species (probably [Ni(tmen)(dpm)(Solv.)NCS]) in 
acetone. The bulky substituents in dpm are somewhat 
apart from the central metal ion, so that the 5th and 
6th coordination sites around it are not so sterically 

,t , . i 

Fig. 3. Electronic spectra of VI in various solvents. For 
the numbering of curves, cf. Fig. 2. 

hindered as in the case of V I I - 1 . The N C S " can be 
dissociated away in ni tromethane of relatively high 
dielectric constant (35.9), while a polar solvent molecule 
can enter into the coordination sphere. The effect of 
dimerization on the spectra is not so apparent as with 
I, probably owing to the stronger ligand field of dpm 
and larger interligand repulsion in the dimer. 

As regards the complex with N C S e - (II-1), its 
spectrum in D C E is generally similar to spectra of I-l 
and V - 1 , indicating an equil ibrium between 5- and 
6-coordinate species. Not much could be done with this 
complex, however, owing to its thermal instability. 

T h e complexes with N C O " (IV) and N3~ (VI) could 
not be studied in sufficient detail owing to their poor 
yield, but they show typically octahedral spectra in 
DCE. This fact, and the non-conductivity of their 
solutions, indicate that their 6-coordinate dimeric (or 
polymeric) structure is retained also in solution, probably 
owing to the higher coordination and bridge formation 
ability of the N C O ~ and N 3 " ions than NCS~ and 
N C S e - ions.5»6) The £ w and é w values of the solution 
spectra are summarized in Table 4. 

(B) Halide Complexes. (i) Solid Structures: 
Unlike the pseudohalide complexes, almost all the 
complexes obtained (Table 1) are dihydrates. Their 
appearance and solid spectra are very similar to those of 
[Ni( tmen)(acac)(H 20) 2]C10 4 , 3) suggesting their formu­
lation as [Ni(diam)(/?-dik)(H 20) 2]X. 

When /?-dik=bza and X = I ~ , both the mono- and 
dihydrate can be obtained, the latter being partially 
transformed into the former in a desiccator {cf. 
Experimental) . Careful observation of the dehydration 
process of IX-2 by heating also shows that it is first 
converted into a yellowish green mass, apparently very 
similar to the complex [ N i ( t m e n ) ( b z a ) ( H 2 0 ) I ] . Thus 
the number (n) in the hydrates Ni(tmen)(/?-dik)X-wH20 
varies as follows: 

a) £-dik=acac X = I Br Gl 

[2 2 — 
W = i - (1) 1 

b) X = I /?-dik=dpm acac bza 
f 2 2 2 
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1-1 

I 

I M 

III 

IV 

V-1 

VI 

VII-1 

Naomi HOSHINO, Yutaka FUKUDA, and Kozo SONE 

TABLE 4. SPECTRAL DATA OF SOLUTIONS OF PSEUDOHALIDE COMPLEXES, S 

[Ni(tmen) (acac) (H20) (NCS)] 
1,2-dichloroethane 
nitromethane 
acetonitrile 
acetone 
DMSO 
[Ni(tmen)(acac)(NCS)]2 

1,2-dichloroethane 6.67(12.5) 
nitromethane 6.67(10.1) 
acetonitrile 
acetone 
DMSO 
[Ni(tmen) (acac) (H20) (NCSe)] 
1,2-dichloroethane 
[Ni(tmen)(acac)(NCO)]2 

1,2-dichloroethane 
[Ni(tmen) (acac) (N3)]2 

1,2-dichloroethane 
[Ni(tmen) (bza) (H20) (NCS)] 
1,2-dichloroethane 
[Ni(tmen)(dpm)(NCS)]2 

1,2-dichloroethane 6.17(12.8) 
nitromethane 6.17 ( 9.0) 
acetone 
[Ni(Et,en) (acac) (H20) (NCS)] 
1,2-dichloroethane 5.75 (30) 
nitromethane 5.80 (24) 
acetone 5.60(16.8) 

6.0—9.5(8.4—11.0) 
6.0—9.5(7.3—8.5) 
9.76(11.3) 
9.35(11.0) 
9.48(10.0) 

9.80(9.3sh) 
9.76(9.8sh) 
9.73(11.1) 
9.22(10.8) 
9.43( 9.9) 

6.0—9.5(9.3—7.6) 

9.20( 9.2) 

9.28(13.8) 

6.0—9.5(8.7—11.0) 

10.20( 8.0) 
10.05( 6.8) 
9.47( 9.6) 

10.4(14sh) 11.55(1 
10.4(9.2sh) 11.60(1 
10.4(9.0) 11.50 ( 

[Vol. 

max/103 cm-1 (emax IN PARENTHESIS) 

15.67(16.9) 
15.60(15.5) 
16.21(10.4) 
15.80(11.7) 
15.77( 7.6) 

15.46(20.4) 
15.55(18.6) 
16.21(10.8) 
15.75(13.0) 
15.70( 7.6) 

15.87(16.6) 

15.15( 8.3) 

15.27(12.2) 

15.63(20.2) 

15.63(20.2) 
15.60(16.5) 
15.80(12.2) 

20.92(16.7) 

20.83(20.7) 

20.6 (17sh) 
20.70(40.8) 
20.6 (5.2sh) 

7.0) 12.47(17.0) 15.90(34.8) 
1.7) 12.50(11 
9.4) 12.50( 8 

.0) 15.85(27.1) 

.8) 15.80(21.6) 

54, No. 2 

c* 
c* 
c* 
c* 
c* 

c* 
c* 
c* 
c* 
c* 

c 

b 

b 

b 

b 
d 
b 

b 
a 
b 

Concentration: a ca, 1 .0xlO- 2 M, b ca. 2.0—2.9x 10-2 M, c ca. 5 . 1 x l O - 2 M , d ca. 5 . 0 x l O - 3 M (1 M = l 
mol dm - 3) . Temperature: *=25 °C; otherwise, room temperature (17—21 °C). sh=shoulder. 

TABLE 5. SPECTRAL DATA OF SOLUTIONS OF HALIDE COMPLEXES, Pmax/103 cm-1 

( e max I N PARENTHESIS, s h = SHOULDER) 

VIII-2 

IX-2 

X-l 

XI-1 

XII 

IX ' 

XIII 

[Ni(tmen)(acac)(H20)2]I 
1,2-dichloroethane 
nitromethane 
acetone 
methanol 
DMSO 
[Ni(tmen) (acac) (HaO)2]Br 
1,2-dichloroethane 
nitromethane 
acetone 
methanol 
[Ni (tmen) (acac) (H20) CI] 
1,2-dichloroethane 
nitromethane 
acetone 

[Ni (tmen) (bza) (H20) I] 
1,2-dichloroethane 
[Ni(tmen)(dpm)]I 
1,2-dichloroethane 
[Ni(tmen)Br2]

a> 
1,2-dichloroethane 
[Ni(tmen) (acac)2]

a:> 

1,2-dichloroethane 

9.43(16.6) 
20.60(154) 

9.45(16.2) 
9.52( 8.1) 
9.44( 8.7) 

9.80(22.5) 
9.90(11.1) 
9.85(29.4) 
9.55( 7.5) 

9.80(10.4) 
10.00(11.6) 
10.00(18.9) 
19.74(32.1) 

9.52(21.1) 

14.40( 9.7) 

9.85(65.0) 

9.43(10.3) 

14.49(21.2) 

14.50(12.5) 
15.90( 6.4) 
15.73( 6.4) 

14.60(17.8) 
14.70( 8.0) 
15.74(13.6) 
15.95( 5.8) 

14.40(12.0) 
14.60(11.0) 
14.15(8sh) 
24.6 (35sh) 

14.60(26.6) 

20.83(133) 

15.6 (26sh) 

16.23( 8.3) 

17.80(51.2) 

17.82(40.1) 

19.05(50.1) 
20.10(91.6) 
19.05(65.7) 

19.87(12.9) 
19.90(24.4) 
16.13( 9.0) 

17.80(58.4) 

19.00(108) 

21.72(342) 

21.96(264) 

24.75(86.8) 

24.2 (46.7sh) 

24.6 (54sh) 
24.6 (52sh) 
18.18(18sh) 

21.85(418) 

24.2 (29sh) 

b 
b 
b 
e 
e 

b 
d 
d 
d 

d 
d 
d 

b 

b 

c 

c 

Concentration: b ca. 5.0—5.9x 10-3 M, c ca. 2 . 5 x l O - 3 M , d ca. 1 .0x lO- 2 M, e ca. 2 . 7 x l 0 - 2 M . 
Temperature: room temperature (13—20 °C). a) The data on these complexes3'4' are given for 
comparison. 
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We see that there is a competition between the water 
molecules and halide ions in the coordination sphere, 
and the nature of the /?-diketonate (probably its steric 
requirement) also affects this competition. The water 
molecules are combined only weakly,3) and easily lost 
on dissolution in relatively nonpolar solvents. 

[Ni( tmen)(dpm)]I , a reddish orange diamagnetic 
solid with a typically square planar reflectance spectrum 
(a band at 20500 c m - 1 ) , is obtained easily from the 
hydrate (cf. Experimental) . O n the other hand, the 
complexes VI I I -2 and XI-1 dehydrate with more 
difficulty, losing their water at 80—120 and 100—145 
°C, respectively, under the same conditions as in the 
case of pseudohalide complexes.ttt Their anhydrous 
complexes are both reddish orange but slightly para­
magnetic (% g =3.4x 10~6 and 4 . 3 x l 0 ~ 7 , respectively) 
and show weak bands (9300, 11000(sh), and 12150 cm" 1 

in X I , and 9550 c m - 1 in V I I I ) together with a strong 
square planar band (20500—21000 cm" 1 ) . V I I I is 
remarkably hygroscopic ; its paramagnet ism may be due 
to the formation of its hydrate during storage. However, 
X I is apparently not very hygroscopic and a very small 
amount of blue crystals were observed to deposit at the 
top of the vessel during the course of dehydration in a 
vacuum (50—60 °C, 2 d) . Thus the paramagnet ism of 
X I , and at least a par t of that of V I I I , seem to be 
due to the product of decomposition which, to a small 
extent, accompanies their dehydration. 

The nature of decomposition is understandable, if we 
compare the results with those of IX-2 and X-1.1) Wi th 
IX-2, the water is lost between 70 and 100 °C, but the 
weight decreases steadily on further heating, and when 
it is heated at under 60 °C for 17 d, it separates into a 
violet powder and a pale blue sublimate. The analysis 
of the latter (Found: C, 51.49; H, 8.08; N, 7 .61%. 
Calcd: C, 51.50; H , 8.10; N, 7.51%) confirms its 
formulation as [Ni( tmen)(acac) 2] , while that of the 
former indicates that it is chiefly composed of [Ni( tmen)-
Br2] (Found: C, 23.29; H , 4.82; N, 7.77%. Calcd for: 
C, 21.53; H, 4.82; N, 8.37%). The deviations from the 
calculated values can be ascribed to a small amount 
of red crystals contained in the former (probably 
[Ni(tmen)(acac)]Br) which can be discerned by careful 
observation. Thus the decomposition of this complex 
can be formulated as : 

[Ni(tmen) (acac)(H20)2]Br • 

f [Ni(tmen)Br2] + [Ni(tmen) (acac)J (A) 

J Disproportionationtttt 

([Ni(tmen) (acac)]Br (B) Dehydration. 

(A) is the main reaction. With X - 1 , this reaction seems 
to occur nearly exclusively; after being heated at 90 °C 
for 7 d it decomposed perfectly into [Ni(tmen)(acac)2] 

ttt The ease of dehydration is in the order dpm ^>acac^> 
bza, i.e. the same as in the case of pseudohalide complexes. 
XI-1 and XI-2 both melt between 98 and 104 °G, seemingly 
leading to the same product. 

tttt This reaction can be reversed, i.e., when we mix the 
violet powder and blue sublimate in a 1 :1 molar ratio in 
DCE, concentrate, and add some acetone, the crystals of [Ni-
(tmen)(acac)(H20)2]Br appear again. 

(subliming away from the vessel) and green [Ni(tmen)-
Cl2] with no trace of red complex. 

Thus we can summarize the thermal decompositions 
of XI I -2 , VI I I -2 , X I - 1 , IX-2 (or IX-1) , and X-1 as 
follows : 

VIII-2, -(B) 
XII-2 - • (B) (no(A)) \< 

XI-1 J ^(A) 

,*(B) 
IX-2< X-1 - • (A) (no (B)) 

\A) 

if we assume that the reaction (A) occurs to a small 
extent with V I I I - 2 and X I - 1 , producing the blue 
sublimate observed with VI I I -2 , and paramagnet ic 
impuri ty (presumably [Ni(tmen)I2]) in the dehydration 
products. 
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Fig. 4. Electronic spectra of VIII-2 in various solvents 
(1 = DCE; 2 = N M ; 3=acetone; 4 = D M S O (ex5 as 
ordinate)). 

Fig. 5. Electronic spectra of IX-2 in various solvents. 
For the numbering of curves, cf. Fig. 4. 
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Fig. 6. Electronic spectra of X-l in various solvents. 
For the numbering of curves, cf. Fig 2. 

(it) Structures in Organic Solutions. Figures 4, 5, 
and 6 show the spectra of VI I I -2 , IX-2, and X- l in 
various organic solvents. Their t W and £max values 
are summarized in Table 5. 

In general, in highly polar and coordinating solvents 
like D M S O or methanol , the spectra show that the 
complexes tend to form 6-coordinate species ( [Ni (tmen)-
(acac)(Solv.)2]+ or [Ni(tmen)(acac)(Solv.)X]), as in the 
case of the pseudohalide complexes. However, the 
situation is quite different in solvents of low polarity 
and/or coordination ability (DCE, nitromethane, or 
acetone). 

As to IX-2 (Fig. 5), the curve in D C E indicates the 
occurrence of reaction (A),1) since it is very similar 
to that of 1 : 1 mixture of the products, [Ni(tmen)Br2] 
and [Ni( tmen)(acac) 2 ] . The similarity is still more 
pronounced in acetone, and the band at 14600 c m - 1 , 
which should be ascribed to some unidentified by­
product formed in DCE, apparently disappears. Thus 
it is clear that reaction (A) occurs quite easily by mere 
dissolution of this complex in these solvents. 

In ni t romethane, however, a strong band at ca. 20000 
c m - 1 appears, showing a remarkable dissociation into 
[Ni(tmen)(acac)]+ and B r - (ca. 6 0 % , if the true Sn^ 
of this band is assumed to be ca. 150) .3> O n the other 
hand, the bands of products of reaction (A) are corre­
spondingly weakened. This indicates that the higher 
polarity of ni tromethane as an ionizing medium as 
compared with those of D C E and acetone (cf. their 
dielectric constants and ET values,11) and note that the 
latter decreases as n i t r o m e t h a n e ^ D C E ^ a c e t o n e ) favors 
the formation of charged species (i.e. ionization) in com­
parison with that of non-charged species (i.e. reaction 
(A)). 

The da ta on X- l (Fig. 6) can be understood on the 
same basis. Here the curve for acetone is similar to that 
of IX-2, indicating that reaction (A) occurs remarkably. 
The curves in ni tromethane and D C E are essentially 
similar to that in acetone, although a band of some 
unidentified byproduct appears again at 14400—14600 
cm- 1 , and the band at ca. 10000 c m - 1 and 19900 cm" 1 

are weakened. The band at 19900 c m - 1 in nitro-

1-1 
I 
III 
VI 
VIII-2 
IX-2 
X-l 
XII 

[Ni(tmen) (acac) (HaO)(NGS)] 
[Ni(tmen)(acac)(NCS)]2 

[Ni(tmen)(acac)(NCO)]2 

[Ni(tmen)(dpm)(NCS)]2 

[Ni(tmen)(acac)(H20)2]I 
[Ni(tmen) (acac) (H20)2]Br 
[Ni (tmen) (acac) (H20) CI] 
[Ni(tmen)(dpm)]I 

Standard 1 : 1 electrolytes 

DCE 

^ 0 
^0 
1.1 
2.5 

19.0b> 
2.1 
0.7 

24.3 
10—24 

NM 

16.6 
18.8 

— 
— 

85.0 
67.1 
21.0 

— 
75—95 

a) Care must be taken in comparing these data with 
the spectral ones, since the latter were mostly ob­
tained with much more concentrated solutions, b) At 
5 X 10-3 M, Au d r ° P s t o 12 I I - 1 cm2 mol-1. 

methane is much higher than that in D C E ; this is 
probably due to the partial ionization (ca. 10%) into 
[Ni (tmen) (acac)]+ and C I - which takes place in 
nitromethane (Table 6), and the overlap of the band 
of [Ni(tmen)(acac)]+ on that of [Ni(tmen)Cl2] which 
is in the same region. 

The da ta on VI I I -2 (Fig. 4) are more complicated. 
However, it is clear that, in nitromethane, there is 
almost perfect ionization into [Ni(tmen)(acac)]+ and I - , 
since the spectrum is very similar to those of [Ni (tmen) -
(acac)]X(X = C 1 0 4 - or B(C 6 H 5 ) 4 - ) in highly non-coordi­
nating media.3) Comparing the data of the three com­
plexes in nitromethane, we can conclude that : (i) the 
coordinated water is easily lost on dissolution, (ii) the 
complex then either ionizes into [Ni (tmen) (acac)]+ and 
X, or undergoes disproportionation into [Ni (tmen) X2] 
and [Ni (tmen) (acac) 2 ] . The ionization is nearly 
complete when X = I " , and occurs strongly when X = 
Br - , but only weakly when X = C 1 " . T h e anions tend to 
remain coordinated in the order I -<CBr _ <Cl - , as can 
be expected from their l.f.s. 

The spectra of VI I I -2 in DCE and acetone present 
some questions. Since their general appearance is 
similar to the spectrum of the trigonal bipyramidal 
[Ni(tren-Me)Cl]Cl reported by Ciampolini et al.,10) we 
mistakenly ascribed the curves to the complex [Ni-
(tmen)(acac)I].1> We have found, however, that they 
are very similar to the spectrum of [Ni(tmen)I2]4) in 
D C E . The bands in the former spectra are much weaker, 
and it can be estimated that only 10—15% of VI I I -2 
dissolved in D C E are converted into [Ni(tmen) I 2 ] , i.e. 
20—30% undergo disproportionation into [Ni (tmen)-
I2] and [Ni (tmen) (acac) 2] (the bands of [Ni (tmen) -
(acac)2] are much weaker than those of [Ni (tmen) I 2 ] , 
and will be completely covered by them, if the two 
species coexist in equimolar amounts) . 

O n the other hand, the An values (Table 6) show 
that a large part of VI I I -2 (50% or more in a 5 x 10~2 M 
solution) is converted into ionic species in DCE. A 
similar situation is also expected in acetone. There is 
no spectral indication for these ionic species, but this 
may be due to the fact that the bands of the expected 
ionic species ( [Ni (tmen) (acac) ]+, [Ni (tmen) (acac)-
(acetone)2]+, and possibly [Ni(tmen) ( H 2 0 ) 4 ] 2 + produced 
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by the hydrolysis of [Ni(tmen)I2]) are considerably 
weaker than those of [Ni( tmen)I 2 ] . They would thus 
be nearly buried under the strong bands of [Ni( tmen)I 2 ] , 
even if a considerable amount of the ionic species is 
present in solution. 

Comparing the data in D C E and acetone, we see 
that reaction (A) takes place wi th IX-2 or X- l but 
VI11-2 mainly ionizes, showing that I - is held more 
weakly to the metal ion than B r - and C I - . 

Spectral data were also obtained in D C E with 
complexes XI-1 and X I I , containing bza and dpm 
instead of acac. XI-1 shows nearly the same spectrum 
as V I I I - 2 ; the curve of X I I , however, is similar to that 
of V I I I in nitromethane, and together with the high An 
value of its solution (Table 6), shows that most of it is 
dissociated into [Ni(tmen)(dpm)]+ and I - in DCE, 
although a weak band at 14400 c m - 1 might indicate a 
slight occurrence of reaction (A). This is evidently 
due to the bulkiness and strong l.f.s. of dpm, which 
stabilizes the square planar cation. 

Concluding Remarks. Although only limited 
information could be obtained with complexes contain­
ing N C O - , N C S e - , and N 3

_ , there are clear-cut differ­
ences between the behavior of the pseudohalide com­
plexes and that of the halide complexes. The most 
characteristic feature of the latter is the peculiar dispro-
portionation reaction (A), which occurs both in solid 
state and in non-polar solvents, with ease which increases 
with the l.f.s. of the halide anion. The behavior of all 
these complexes in solution is governed not only by the 
donor number of the solvent, but also by other polarity 
parameters, such as dielectric constant and ET value, 
especially when the polarity is relatively low. 

Some of these solutions are notably thermochromic ; 
for example, when an acetone solution of IX-2 was 
frozen in liquid nitrogen, and the spectral change of its 
melt with the rise of temperature was followed up to 

room temperature, the band ca. 19000 c m - 1 was found 
to increase several times, indicating strong shift of the 
disproportionation equil ibrium. 

Cordial thanks are due to Dr. Kenzo Nagase, Tohoku 
University, who kindly carried out the T G - D T A 
measurements of the new complexes. This work was 
supported in par t by a Grant-in-Aid for Scientific 
Research No. 347033 from the Ministry of Education, 
Science and Culture. 
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The visible absorption spectra of three new mixed chelates of copper(II), Cu(tmen) (acac)X (tmen=N,N,N',N'-
tetramethylethylenediamine, acac=acetylacetonate ion, X = N C S , N3, or NCO) were studied in various organic 
solvents. It was found that the pm a x values of their d-d bands depend strongly on the nature of the solvent, and 
shift in the opposite direction as compared with the case of [Cu(tmen)(acac)]C104 studied before, where Dmax 

shifted to red with the increase of the donor number (DN) of the solvent. Here the magnitude of the red shift is 
affected not only by the DN, but also by other parameters of the solvent polarity, such as Kosower's Z or Reichardt's 
2sT. The obtained data can reasonably be explained, if an equilibrium 

[Cu(tmen) (acac)X] -t » [Cu(tmen)(acac)]+ + X" 
(5-coordinated) (4-coordinated) 

(with axial solvation) 
is assumed to exist in such solutions. 

I t was pointed out by Fukuda et a/.2> that the visible 
absorption spectra of the mixed copper(II) chelates 
[Cu( tmen)(acac) ]X ( X = C 1 0 4 , or N 0 3 ) in organic 
solvents are strongly influenced by the nature of the 
solvent used. In general, it was observed that the d-d 
band is shifted to the red with the increase of the donor 
number (Gutmann's DN) of the solvent. The effect 
was explained as the result of the strengthening of the 
axial solvation, which decreases the apparent ligand 
field strength observed as î w . 

Recently we prepared three new complexes with the 
general formula Cu( tmen)(acac)X ( X = N C S , N3 , or 
N C O ) , and studied their spectra in organic solvents. A 
number of fundamentally different behaviors were 
found out, as compared with the case of perchlorate 
or nitrate chelate. These results and their probable 
explanations will be presented in this paper. 

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

Preparation of the New Complexes. i) Cu(tmen)(acac)-
(NCS) : A large excess of KNCS(ca. 50 mmol) was added to 
a solution of [Cu(tmen)(acac)]C104

2> in 1,2-dichloroethane 
( = DCE, 10 mmol in ca. 50 cm3). A few drops of methanol 
were added to the mixture, and it was heated at ca. 40 °C for 
several hours under constant stirring. The color of the solution 
changed from reddish violet to indigo, and then finally to deep 
green. Stirring was continued for a while after completion 
of this color change, and then the solution was cooled 
thoroughly by keeping it in a freezer for several hours. After 
filtering off the white precipitate formed (KNCS+KC104), 
the filtrate was evaporated to dryness, and further dried in 
vacuum. Since the green product obtained was seemingly 
quite raw, it was dissolved in DGE, and the solution was 
filtered and concentrated until it became noticeably viscous, 
and kept in the freezer again. The crystalline product obtain­
ed was further recrystallized from DGE. Deep green pris­
matic crystals were thus obtained. 

ii) Cu(tmen)(acac)NCO: This complex could be obtained 
in the same way as i), using KNGO instead of KNCS. Deep 
green prismatic crystals were obtained. 

Hi) Cu(tmen)(acac)N3: This complex could not be 
obtained in the same way as i). For its preparation, an 

excess of NaN3 (15 mmol) was added to a solution of [Cu-
(tmen)(acac)]N03 in methanol (MeOH) (10 mmol in ca. 50 
cm3), and the mixture was stirred for some time. The color 
of the solution changed gradually from indigo to olive green ; 
this solution was filtered to remove the white precipitate 
formed (NaN3+NaN03) , and transferred into a flask (A), 
which was connected with an inverted U-tube with another 
flask (B). The content of A was frozen with liquid nitrogen, 
and the whole system was evacuated and closed. The liquid 
N2 around A was then removed, and B was cooled with it 
instead. Nearly all of the solvent in A was thus distilled into 
B, leaving the raw complex which crystallized out. The 
complex was separated from the mother liquor by filtration, 
dissolved in dichloromethane and filtered again. Similar 
procedures (i.e. dissolution in dichloromethane, filtration, and 
distillation of the solvent at low temperature) were repeated 
until a product of sufficient analytical purity was obtained. 
It was a bluish green powder, which had to be kept in a 
vacuum in a refrigerator, since spontaneous decomposition 
seemed to take place. 

iv) Cu(tmen)(acac)NCSe: Deep green crystals which were 
very similar in appearance to Gu(tmen)(acac)NGS were 
obtained by the method i), using KNGSe instead of KNCS, 
but they were very unstable and decomposed in the course 
of recrystallization. Their identification with Cu(tmen)-
(acac)(NCSe) was, however, also supported by the close 
resemblance of its IR spectrum to that of the NCS-complex. 

Physical Measurements. The electronic spectra of the 
solutions (350—850 nm) were measured with a Hitachi 340 
Recording Spectrophotometer at room temperature (20— 
25 °C), using 10 mm quartz cells. The reflection spectra of 
the solid samples (300—800 nm) were measured with the 
same instrument, using BaS04 as the reference. IR spectra 
(600—5000 cm -1) were measured in nujol mulls with a JASCO 
IR-A3 Grating IR Spectrophotometer. Magnetic suscepti­
bility measurements were performed with a Shimadzu Tortion 
Magnetometer MB-100 (NCS- and NCO-complexes at 31 °C, 
N3-complex at 17 °C). Electric conductivities of the solutions 
were measured with a Yanagimoto Conductivity Outfit Model 
MY-7 at 25 °C. 

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

Properties of the Solid Chelates. Table 1 summarizes 
the analytical data, colors and magnetic moments of the 
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TABLE 1. ELEMENTARY ANALYSES, COLORS, AND MAGNETIC MOMENTS OF THE CHELATES OBTAINED 

Formula C(%)*> H(%r N(%)8 Color Äff/BM 

Cu(tmen)(acac)NCS 
Cu(tmen) (acac)N3 

Cu(tmen)(acac)NCO 

42.62(42.78) 
40.62(41.17) 
44.98(44.92) 

7.71(6.88) 
7.13(7.23) 
8.01(7.23) 

12.52(12.47) 
20.89(21.83) 
13.05(13.10) 

bluish green 
bluish green 

green 

1.89 
1.85 
1.92 

a) Calculated values are in parentheses. 

TABLE 2. ASSIGNMENT OF IR BANDS OF THE PSEUDOHALIDE 

IONS(X) IN THE COMPLEXES, Cu(tmen)(acac)X (cm 4 ) 

X=NCS- X=N,- X=NCO-

2070 
yes 
770 

y*(NNN) ys(NNN) " 

2060 1330 
2030 1305 

CNNN) 

640 
y»(NCO) ys(NCOJ d(NCO) 

2200 1305 620 

three new chelates. All of them show normal magnetic 
moments expected for monomeric copper(II) chelates, 
but their colors are notably different from that of 
[Cu(tmen)(acac)]C10 4 (reddish violet). T h e I R 
spectra of these chelates show sharp bands of the 
pseudohalide ions, and their positions shown in Table 2 
indicate that all of these ions are coordinated to Cu(I I ) 
with their N atoms.4) 

Electronic Spectra of the Chelates. As expected 
from the colors, the visible reflection spectra of these 
solid chelates are all quite different from that of [Gu-
(tmen)(acac)]C104 . These chelates are all readily 
soluble in various organic solvents, but the visible 
absorption spectra observed in them are also remarkably 
different from those of [Cu( tmen)(acac)]C10 4 in the 
same solvents. As an example, the spectra of Cu( tmen)-
(acac)NCS in four solvents are given in Fig. 1. The 
observed values of S w and £„»* for all three chelates 
are summarized in Table 3 and the shifts of £ w of 
each chelate are shown in Fig. 2, in comparison with 
the data of [Cu(tmen)(acac)]C104 .2> 

As stated in the introduction, the Vn^ value of the 
Perchlorate shifts to the red approximately in the 
order of the donor number of the solvent. However, 
the data shown above clearly show that the E W of the 
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Fig. 1. Absorption spectra of [Cu(tmen)(acac)NCS] in 
various organic solvents. As to the symbols on the 

curves, cf. Fig. 2. Concentration: 5.5x 10~3 M. 
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Fig. 2. Diagrammatic representation of the Pmax values of 
[Cu(tmen)(acac)]C104 (I), [Cu(tmen)(acac)NCS](II), 
[Gu(tmen)(acac)NCO](III) and [Cu(tmen)(acac)N3]-
(IV) in various organic solvents. The symbols a to h 
correspond to the following solvents: a = H 2 0 b = 
MeOH, c=EtOH, d = D M S O , e = N M , f=AN, g = 
DCE, h=acetone. The vmax of the solid reflection 
spectra are shown by S. 

TABLE 3. ymax AND emax VALUES OF Cu(tmen)(acac)X 

IN SOLID STATE AND IN VARIOUS SOLVENTS a,b) 

Solid 
H 2 0 
CH3OH(MeOH) 
C2H5OH(EtOH) 
(CH3)2SO(DMSO) 
(CH3)2NCHO(DMF) 
CH3N02(NM) 
CH3CN(AN) 
C2H4C12(DCE) 
(CH3)2CO 

X - N C S 

14.79 
16.86(99) 
16.84(121) 
16.29(123) 
16.21(125) 
16.21(111) 
15.48(118) 
15.67(115) 
14.71(153) 
14.79(138) 

X = N 3 

15.24 
16.86(111) 
16.78(113) 
16.29(126) 
15.85(136) 
15.34(137) 
14.93(136) 
14.84(138) 
14.12(159) 
14.12(157) 

X = N C O 

13.77 
16.89(105) 
16.89(118) 
15.92(108) 
14.79(101) 
13.97(98) 
13.81(111) 
13.74(109) 
13.32(118) 
13.30(107) 

a) £Wx m 103 cm-1, emax in parentheses, b) Con­
centrations: 5.18—5.28x 10-3 M in organic solutions 
of the NCS- complex, and 5 . 9 2 x l 0 ~ 3 M in its 
aqueous solution; 5.06—5.51 X 10-* M in solutions 
of the N 3 - complex, and 7.23—7.50X 10-* M in 
those of the NCO~ complex, respectively (1 M = l 
mol dm - 3) . 

pseudohalide complexes shift to the red with the decrease 
of solvent polarity, i.e. in apparently opposite direction 
as compared with the case of the Perchlorate. The 
order of £ w in various solvents is, nearly in all three 
cases, expressed as: 
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H 2 0 > MeOH > EtOH > DMSO > DMF > 

NM > AN > DCE^Acetone. (i) 

Now it can be noted that this order (i) is not the 
order of DN of the solvents, but can better be correlated 
with the order of Kosower's Z values,5) or Reichardt 's 
ET values,6) which are other parameters of solvent 
polarity. Table 4 shows these correlations. 

TABLE 4. DN, Z, AND E7 VALUES OF THE SOLVENTS'1-

Solvent 

H 2 0 
MeOH 
EtOH 
DMSO 
DMF 
NM 
AN 
DCE 
(CH3)2CO 

DN 

18.0 
23.5 
30.0 
29.8 
26.6 
2.7 

14.1 
0.0 

17.0 

Z 

94.6 
83.6 
79.6 
71.1 
68.5 

— 
71.3 

— 
65.7 

ET 

63.1 
55.5 
51.9 
45.0 
43.8 
46.3 
46.0 
41.9 
42.2 

a) See Refs. 5—7. The DN values of MeOH and 
EtOH are those of De Witte and Popov,133 and'may 
not be strictly comparable with those of the other 
solvents proposed by Gutmann. 

Thus we can understand that the order (i) is the 
order of the increase of Z or ET) except a few small 
discrepancies. Since Z and Ej are linear functions of 
each other,5) and more ET values are available for the 
present study, we shall use isT in our following discus­
sions. 

Before going further, it may be of interest to compare 
the meanings of these polarity parameters. The DN 
is a measure of the donor ability of the solvent or its 
Lewis basicity, i.e. its tendency to donate an electron 
pair to a positive solute particle. O n the other hand, ET 

is a measure of the polar influence of the solvent on the 
interactions between charged particles (or between 
charged parts inside of a large molecule) dissolved in it. 

Now the pseudohalide ions ( N C S - , N 3
_ , and N C O - ) 

are all good ligands, and their coordination ability is 
generally expected to be much higher than that of 
common organic solvents. Therefore, it will be possible 
to explain our spectral results of the NCS-complex in 
the following way: 

(i) In a highly polar solvent like H 2 0 or M e O H , 
where the ET values are highest among the solvents 
tried, the C u - N G S bond is remarkably weakened, and 
remarkable dissociation of the complex into [Cu(tmen)-
(acac)] + and N C S - takes place. The [Cu(tmen)(acac)]+ 
planar cation formed has vacant coordination sites above 
and below it, and they are immediately occupied (i.e. 
solvated) by the solvent molecules. This is the reason 
why the î w of the complex in these solvents are nearly 
the same as those of the Perchlorate in the same solvents, 
where similar nearly complete dissociation of the anion 
is expected to occur. 

I t is interesting to note that the very important step 
involved in these changes is the dissociation of the 
strongly coordinated N C S - ion from the complex, 
since the surrounding solvent molecules will spontaneous­

ly occupy the coordination sites which are open to them. 
In other words, the effect of ET (polar influence of the 
solvent to weaken the polar bond (Cu-NCS) in the 
solute) is seemingly more important than that of DN 
(the ease of coordination of the solvent molecules to the 
vacant coordination sites produced around Cu2+) in 
these changes. Further supports of this view will be 
found in the following examples. 

(ii) In a highly non-polar solvent like DCE, where 
both the ET and D N values are the lowest, the solvent 
can neither drive out the N C S - ion from the complex, 
nor occupy its coordination site. Thus the complex is 
dissolved in the form of the 5-coordinated molecule, 
[Cu( tmen)(acac)(NCS)] , which shows a d-d band of 
much lower EW and somewhat higher e ^ than those 
of the solvated tetragonal ions formed in highly polar 
solvents. 

(iii) In a solvent of intermediate polarity such as 
E t O H , D M S O , D M F , N M , or AN, the situations are 
more complicated. In the first three solvents, the D N 
values are even much higher than those of H 2 0 and 
M e O H , but the ET values are noticeably lower. So it 
is more difficult to drive off the NCS~ ion in these 
solvents. In N M and AN, on the other hand, the DN 
values are much lower, but the ET values are comparable 
to those of D M S O or D M F . These solvents will be 
able to drive out NCS~ ions from the complex to some 
extent, i.e. more or less like D M S O and D M F , but 
will not be able to occupy the vacant sites produced 
so readily. At any rate, in these solvents, there will 
be incomplete dissociation of NCS~ from the complex, 
leading to an equilibrium 

[Cu(tmen) (acac) (NCS)] <z=± [Cu(tmen) (acac)]++NCS-
(5-coordinated) (4-coordinated) 

(with axial solvation), 

(1) 
which shifts to the right hand side with the increase of 
D N and E^. As the d-d bands of the complexes on both 
sides of (1) are broad and of comparable intensity, they 
will mutually overlap, and lead to the formation of an 
apparent spectral maximum, which will shift to the 
red with the increase of [Cu(tmen) (acac) (NCS)] in 
the equil ibrium mixture, i.e. with the decrease of DN 
and Er. The fact that the observed shift is more closely 
related to ET than to DN indicates that the main 
driving force of the forward reaction of ( 1 ) is the weaken­
ing of C u - N C S bond, and not the strength of solvation. 
T h e most striking evidence for this view is the case of 
acetone, which has a D N much higher than those of 
N M or AN, but a ET which is very low and comparable 
with that of DCE. The observed ï w in acetone is in 
the vicinity o f tha t in DCE, showing that no coordina­
tion of the solvent can occur unless it can drive out the 
N C S - by its polar influence. 

The results of the N3- and NCO-complexes can be 
explained in the same way, but the comparison of the 
three pseudohalide complexes shows that the ease of 
5-coordinate complex formation increases in the order: 

N G S - < N 3 - < N C O - (ii) 

This can most clearly be seen by comparing the 
da ta of the NCS-complex with those of the N C Q -
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complex. In the latter case, all the î w values shift 
to the red, and flock together at the left end of Fig. 2, 
leaving only the values in very polar solvents ( H 2 0 and 
M e O H ) which remain nearly unchanged from those of 
the perchlorate. This means that N C O ~ is bound 
strongly to Cu( I I ) , so that even solvents like D M S O or 
E t O H can ionize it only partially. It is also clear that 
N3~ comes just between N C S - and N C O - in its coor­
dination power. 

This order of the coordination ability of pseudohalide 
ions may be related to the values of their "optical 
electronegativities," proposed by j0rgensen.8) The 
values for the a- and rc-optical electronegativities of 
halide and pseudohalide ions are : 

Ligand a n Ligand a n 

O F 3~4 3TÖ NCO- — 37Ö 
Br- 3.3 2.8 NNN- — 2.8 
I - 3.0 2.5 NCS- — 2.6 

Although the ^-values for the pseudohalide ions are 
lacking, we can see that the n-values of C I - , B r - , and I " 
are comparable to those of N G O - , N 3

_ , and N C S - , 
respectively. It is well known that the coordination 
tendencies of the halide ions toward 3d transition metal 
cations are, in general, in the order G l ~ > B r _ > I _ , so 
we can suppose that the order of the pseudohalide ions 
should be N C O - > N 3 - > N C S - , as is observed in Fig. 2. 
One can also imagine that the "hardness" of these ions 
increases just in the order (ii), i.e. from N C S - with the 
soft S to N3~ with highly delocalized jz-system and then 
to N C O - with much more rigid electronic structure, 
and that the coordination of an anion onto [Cu( tmen)-
(acac)]+ is favored when it is hard, since the interaction 
may be weak and chiefly electrostatic in nature . 

TABLE 5. MOLAR CONDUCTIVITIES OF THE CHELATES (Q - ] 

cm2 mol -1, 25 °C) AND APPROXIMATE DEGREES 

OF DISSOCIATION (%, IN PARENTHESES)b) 

x-
NCS-
N 3-
NCO-

DCE 

1.1(6) 
1.0(5) 
0.5(3) 

NM 

56.6(65) 
27.0(32) 
21.7(26) 

DMSO 

39.8(100) 
32.0(92) 
14.8(42) 

a) Concentration of the solutions: s^lO-3 M. 
b) Calculated on the assumption that the An values 
of a typical 1 : 1 electrolyte in these three solvents 
are 20, 85, and 35 Q,-1 cm2 mol -1, respectively (see 
Ref. 9). 

To confirm all these points of view, further spectral 
and conductometric measurements were carried out. 
Some data of them are shown in Table 5 ; it can clearly 
be seen that all the three chelates are nearly non-
electrolytes in DCE, and the NCS- and N3-chelates are 
nearly 1 : 1 electrolytes in D M S O , while in all other 
cases there is an ionization equilibrium, and the degree 
of ionization increases, in every case, in the order of 
D G E < N M < D M S O and N C S - < N 3 - < N C O - just as 
expected from the above discussions. 

As to the spectral measurements, a number of observa­
tions were made with the NCS-chelate which is the 
easiest to prepare. It was found first that the spectrum 

v/103 cm-1 

Fig. 3. Concentration dependence of the absorption 
spectra of [Cu(tmen)(acac)NCS] in NM, curves 1, 2, 
and 3 are those for 5.24x 10"3, 2.52X 10"3 and 1.27x 
10 -3 M solutions, respectively. Curve 4 is that of 
[Cu(tmen)(acac)]C104 in the same solvent. 

of this chelate in N M is remarkably dependent on 
concentration (cf. Fig. 3) ; its £ w shifts to the red with 
increasing concentration and its Smax increases, just as 
observed with the decrease of solvent polarity. 
Furthermore, the addit ion of K N C S to such a solution 
causes similar spectral changes, while the substitution 
of a par t of N C S - with G10 4

_ (this can conveniently 
be done by mixing the ni tromethane solutions of 
[Cu( tmen)(acac)]C10 4 and [Cu(tmen)(acac)(NCS)]) 
shifts the band in the opposite way. In all cases, a 
clear-cut isosbestic point appears on the curves, showing 
the existence of an equil ibrium between two distinct 
species (cf. Fig. 4 ) .** All these evidences indicate the 
existence of the equil ibrium of the type (1) in these 
solutions. Very similar spectral changes were also 
observed in AN. The spectra of the same complex in 
H 2 0 or D C E are, on the other hand, not remarkably 
dependent on concentration, showing that they are 
either perfectly ionized or unionized, and that in 
acetone (which is very much like that in DCE) is 
affected only slightly by the addition of K N C S . All 
these facts are in line with the viewpoints proposed 
above. I t may be added that the curve 6 of Fig. 4, i.e., 
that of a N M solution of [Cu( tmen)(acac) ] + with a 
large excess of NCS ( £ w : 15.15 x 103 c m - 1 , e ^ : 126), 
is very similar to those of the complex [Cu(tmen)(acac)-
NCS] in D C E or acetone, indicating again the formation 
of the 5-coordinated species in N M , and also the fact 
that its spectrum is influenced only little by the solvent, 
i.e., the 5-coordinated complex is only weakly solvated 

** Strangely, the curve of [Cu(tmen)(acac)]C104 itself 
slightly deviates from the isosbestic point, and its UV absorp­
tion is remarkably weaker than that of all other systems in 
Figs. 3 and 4. The reason for such deviations is not clear as 
yet, but may be due to the effect of ion-pair formation,10) 
or the coexistence of a small amount of another species with 
strong ultraviolet absorption in the NCS--containing solutions. 
These and other problems (e.g. solubility relationship) are 
hindering the estimation of K values of (1) from these data at 
present. 
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500 700 
A/nm 

Fig. 4. The effect of NCS - ions on the spectrum of 
[Gu(tmen)(acac)]+(concentration: 6 x 10~3 M) in NM. 
The curve 1 is that of [Gu(tmen)(acac)]G104 and 
curves 2 to 6 correspond to solutions in which the ratios 
[Cu(tmen)(acac)]+: NGS~ are 1 : 0, 1 : 0.5, 1 : 0.75, 
1 : 1, 1 : 1.5, and 1 : 2 respectively. 

in solution.t 
Finally, mention may be made of the structure of 

these three chelates in solid state. The comparison of 
the £ w values of the solids (cf. Table 3) with those of 
the solutions indicates that the NCS-complex is typically 
5-coordinate in its solid and to be formulated as [Cu-
( tmen)(acac)X] . The same can probably be said as 
to the NCO-complex. In the case of N3-complex, the 
£max value is noticeably higher to be purely 5-coordinate : 
here the N3-ions may be forming bridges between the 
[Cu( tmen)(acac) ] + cations, making the Cu2 + in it to 
some extent 6-coordinate.11) Some such bridge formation 
may also be present in the NCO-complex, in which the 

t The viewpoints stated here are supported further by the 
comparison of these data with those of the corresponding 
halide complexes,14) which will be reported in another paper. 

Smax is slightly higher than that in D C E and comparable 
with those in N M or AN.12) 

Thus it is evident that these three new chelates are 
interesting examples of the stereochemistry of copper(II) , 
wi th which one can easily observe the competition of 
pseudohalide ions and solvents for the coordination 
sites above or below the chelate plane with the aid of 
their visible spectra. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research No. 347033 from 
the Ministry of Education, Science and Culture. 

References 

1) Part X I : N. Hoshino, Y. Fukuda, and K. Sone, Bull. 
Chem. Soc. Jpn., 54, 420 (1981). 

2) Y. Fukuda and K. Sone, Bull. Chem. Soc. Jpn., 45, 465 
(1972); Y. Fukuda, A. Shimura, M. Mukaida, E. Fujita and 
K. Sone, J. Inorg. Nucl. Chem., 36, 1265 (1974). 

3) V. Gutmann, "Coordination Chemistry in Non-
Aqueous Solutions," Springer, Wien (1968). 

4) K. Nakamoto, "Infrared and Raman Spectra of 
Inorganic and Coordination Compounds," 3d ed, John-
Wiley, New York (1978). 

5) E. M. Kosower, "An Introduction to Physical Organic 
Chemistry," Wiley Internat. Ed., Toppan, Tokyo (1968). 

6) K. Dimroth, C. Reichardt, T. Spiepmann, and F. 
Bohlmann, Ann., 661, 1 (1963). 

7) J. Burgess, "Metal ions in Solutions," Ellis Horwood, 
Chichester (1978). 

8) C. K. Jorgensen, "Oxidation Numbers and Oxidation 
States," Springer, Berlin (1969). 

9) W. J. Geary, Coord. Chem. Rev., 7, 81 (1971). 
10) H. Yoneda, Bull. Chem. Soc. Jpn., 29, 68 (1956). 
11) U. Müller, "Structure and Bonding," ed by J. D. 

Dunitz et al., Springer, Berlin (1973). 
12) J. Kohout, M. Hvastijova, and J. Gazo, Coord. Chem. 

Rev., 27, 141 (1978). 
13) W. J. DeWitte and A. I. Popov, J. Solution Chem., 5, 

231 (1976). 
14) H. Kimura, Y. Fukuda, and K. Sone, unpublished data 

(1979). 



February, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 433—435 (1981) 433 

Bridges in Polynuclear Complexes. Il.t An X-Ray Investigation of 
the Coordination of Silver Ion to the //-Peroxo Bridge 

of a Dinuclear Cobalt(III) Complex 
Takashi SHIBAHARA,*'** Masayasu MORI, Keiji MATSUMOTO, and Shun'ichiro Ooi 

Department of Chemistry, Faculty of Science, Osaka City University, Sugimoto-cho, Sumiyoshi-ku, Osaka 558 
(Received May 15, 1980) 

The crystal structure of [(en)2Co(NH2)(02)Co(en)2](N03)3. 15/8(AgN03) -H 2 0 has been determined from 
X-ray diffraction data collected by the counter method. The crystal is monoclinic with the space group C2/c and 
with a=8.710(3), b= 16.413(5), c=20.024(8) Â, £=90.30(4)°, and Z = 4 . The structure was refined by the block-
diagonal least-squares method to R= 0.107 for 2157 independent reflections. It has been elucidated that the Ag 
atom is bound to each of the two peroxo oxygen atoms with the Ag-O bond length of 2.27(1) Â. Each Ag atom 
is also surrounded by two more oxygen atoms belonging to the nitrate anions and these Ag-O bond lengths are 
2.45(2) and 2.50(2) Â. The central five-membered ring has a symmetric envelope conformation, with the peroxo 
O atom deviating from the Co, N, Go plane, by 0.38 Â. The crystals contain an equal amounts of the enantiomeric 

forms (-A<5Ac) and (,AAA,). The formation constant of Ag+ and [(en)2Co(NH2)(02)Co(en)2]3+ in aqueous 

solution was found to be less than 0.5. 

The peroxo moiety of //-amido-//-peroxo dicobalt 
complex can be regarded as a Lewis base. The protona­
tion to the peroxo moiety of the /j-amido-^-peroxo 
dicobalt complex and subsequent isomerization was 
suggested by Mori and Weil from the analysis of kinetic 
data1) and was confirmed by Thewalt by the X-ray 
structure analysis.2) 

Werner3) reported the preparat ion of an addition 
compound, [ (en) 2 Co(NH 2 ) (0 2 )Co(en) 2 ] (N0 3 ) 3 -5 /3 -
(AgN0 3 ) . As the peroxo bridge of the complex is a 
Lewis base and the silver ion a Lewis acid, it seemed of 
interest to know whether a coordinate bond between 
the silver ion and the peroxo moiety is realized in this 
compound, and, ifso, to determine the mode of coordina­
tion of the peroxo bridge to the cobalt atoms in connec­
tion with the isomerization scheme stated previously. 

In the course of the study to elucidate this kind of 
problem, the addition compound obtained after 
Werner's description was shown by elemental analysis 
to have the composition [ (en) 2 Co(NH 2 ) (0 2 )Co(en) 2 ] -
( N 0 8 ) , - 15/8(AgNO s) - H 2 0 . The present paper reports 
the result of the X-ray structure analysis of this addition 
compound. 

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

Preparation of the Complex [(en)2Co(NH2)(02)Co(en)2]-
(NOJ 3 • 15l8(AgN03) • H20. The addition compound of 
the above formula was prepared by Werner's method.3) 
Recrystallization from water containing a large excess of 
silver nitrate gave deep red crystals suitable for the X-ray 
structure analysis. 

Found: C/ 10.38; H, 3.92; N, 21.27; N 0 3 - , 32.58; Co, 
12.53; Ag, 21.47; loss in wt over P206 , in a vacuum, 1.71%. 
Calcd for [Go2C8H34N902](N03)3 .15/8(AgN03).H20: C, 
10.34; H, 3.91; N, 20.92; N 0 3 - , 32.54; Co, 12.69; Ag, 21.77; 
H 2 0 , 1.94%. The above composition appears to be mainta­
ined even when the amount of the silver nitrate was varied 

t Part I : S. Kubo, T. Shibahara, and M.Mori, Bull. 
Chem. Soc. Jpn., 52, 101 (1979). 

** Present address: Department of Chemistry, Okayama 
University of Science, 1-1 Ridai-cho, Okayama 700. 

to some extent. 
For comparison, the calculated values for two other dif­

ferent formulae are given. Calculated for [Co2C8H34N902]-
(N03)3 .2(AgN03): C, 10.31; H, 3.68; N, 21.04; Co, 12.65; 
Ag, 23.15; N 0 3 - , 33.06%. Calcd for [Co2C8H34N902]-
(N03)3.5/3(AgN03) (Werner's formula); C, 10.89; H, 3.91; 
N, 21.87; Co, 13.46; Ag, 20.54; N0 3 " , 33.06%. 

X-Ray Data Collection. The specimen employed for 
data collection had a shape of an approximate sphere and 
its diameter was 0.23 mm. The Laue symmetry, space group, 
and approximate unit-cell dimensions were determined from 
oscillation and Weissenberg photographs taken with Cu Ka 
radiation. Crystal Data: [Co2C8H34N902](N03)3.15/8-
(AgN0 3 ) .H 2 0, M=929.12, monoclinic, a=8.710(3), b= 
16.413(5), c=20.024(8) Â, £=90.30(4)°, V= 2862.6(15) A3, 
Z = 4 , £>m=2.15, £>c=2.16g.cm-3, space group C2/c, A-
(Mo #<x) = 0.7101 Â, //(Mo tfa)=25.2 cm-1. Both the struc­
ture refinement and piezoelectric test suggest that the centro-
symmetric space group C2/c is the correct choice. The unit-
cell dimensions were refined by the least-squares analysis of 
the 360 values measured on a Philips PW1100 automated 
diffractometer. The intensity data with 20_Ç55° were col­
lected at room temperature by the use of graphite-monochro-
mated Mo Ka. radiation. The to-20 scan technique was 
employed. The scan range was (0.9+0.2 tan0)°, and the 
scan speed, l°/min in œ: the background was counted for 
half of the scan time at each end of the scan. The three 
standard reflections, 200, 080, and 006, monitored every 180 
min, showed no appreciable decay. A total of 2159 intensities 
with F2^3a(F2) were observed and used for the structure 
analysis. A spherical absorption correction was applied.*) 

Structure Determination and Refinement. The structure was 
solved by the heavy-atom technique. The parameters were 
refined by the block-diagonal least-squares method using 
isotropic temperature factor for each atom. The R factor 
was 0.16. Further refinement, based on the anisotropic 
temperature factores for the Co and Ag atoms, resulted in 
/?=0.107 and the refinement was terminated at this point. 
When the anisotropic temperature factors were applied to 
all non-hydrogen atoms, the Ä-factor decreased to 0.085. 
There is some doubt, however, as to the meaning of this value, 
since all the nitrate anions and water of crystallization were 
found to be disordered. The minimized function was ^}w-
( F 0 - | F C | ) 2 and weighting scheme, ZÜ=(24 .7 /F 0 ) 2 for F 0 > 
24.7, w=\ for 2 4 . 7 ^ ^ 1 6 . 5 , w=0.9 for F0<16.5 was used. 
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Full occupation of the general position in the C2/c system 
suggests the formula [(en)2Co(NH2)(02)Co(en)2](N03)3-
2AgN03»H20, but the actual composition was [(en)2Co-
(NH2)(02)(Co(en)2](N03)3.15/8(AgN03) -H 2 0 . In order to 
accomodate this descrepancy, the occupation factor of 0.938 
(15/16) was used for the Ag ions. For the nitrate ions, the 
occupation factor of 0.975 based on an equal partition of the 
nitrate shortage (0.125) over all the five nitrate positions 
was adopted, because it has been difficult to determine the 
extent of lattice defect to each nitrate position. Application 
of the occupation factors different from unity as above, 
however, did not produce any significant difference of stru­
ctural parameters. In the final cycle of the refinement, all the 
parameter shifts were less than their standard deviations. 
The large peaks in the final difference synthesis were 3.5 and 
2.2 eÂ~3 in the vicinity of the Ag atom and H 2 0 molecules, 
respectively. No attempt was made to locate the hydrogen 
atoms. The atomic scattering factors of the Ag, Co, O, N, 
and C atoms were taken from Ref. 5. The real part of the 
anormalous dispersion correction were applied for the Co 
and Ag atoms.5> A complete list of the F0 and Fc tables is 
preserved by the Chemical Society of Japan (Document No. 
8112). All the computation were carried out by the FACOM 
230-60 computer at Osaka City University. The programs 
used included a local version of the UNICS.6* 

Measurement of Ag+ activity in the Aqueous Solution. The 
activity of Ag+ in the presence of Co complexes was measured 
by using a Horiba CN~ ion electrode 8001 and a Horiba ion 
meter N-7 <ION>. 

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

Figure 1 gives two projections of the complex ion 
which show the coordination mode of the Ag atom to 
the peroxo oxygen atom. Figure 2 shows the crystal 
structure viewed down the a axis. The nearest neighbor 
to the Ag atom is the oxygen atom of the peroxo moiety 
of the complexion (Fig. 2). The A g - O ( l ) bond distance 
of 2.27(1) Â, indicating the presence of a coordinate 
bond between the Ag and 0 ( l ) ( l / 2 — x, —1/2+j>, 
1/2 — z) atoms, is somewhat longer than the strongest 
A g - O bond length (2.17 Â) in Ag2C204.7> The OA(2) 

Ö* Ö 

Fig. 2. The crystal structure viewed down the a axis. 
The dotted lines indicate possible Silver-Oxygen bonds. 

and OA(4) atoms of the nitrate anions lies at a slightly 
greater distance than that between Ag and O ( l ) . The 
Ag-OA(2) and Ag-OA(4) bond distances are 2.47(2) 

Fig. 1. Perspective drawing of complex ion. 

TABLE 1. POSITIONAL AND THERMAL PARAMETERS 

Atom 

~Cto 
Ag 
N(l) 
N(2) 
N(3) 
N(4) 
N(5) 
C(l) 
C(2) 
C(3) 
G(4) 
O(l) 
NA(1) 
NA(2) 
NA(3) 
OA(l) 
OA(2) 
OA(3) 
OA(4) 
OA(5) 
OA(6) 
OA(7) 
OA(8) 

103xx 

498.6(0.27 
152.1(0.2) 
482(2) 
275(2) 
470(2) 
719(2) 
500(0) 
334(2) 
212(2) 
626(2) 
742(2) 
544(1) 
106(1) 

0(0) 
139(4) 
35(2) 

152(2) 
100(3) 
120(2) 

0(0) 
127(6) 
179(4) 
43(4) 

0(H 2 0) 500(0) 

103xjy 

351.3(0.1) 
67.0(0.1) 

426(1) 
369(1) 
252(1) 
337(1) 
287(1) 
471(1) 
412(1) 
210(1) 
281(1) 
444(0.5) 
171(1) 
231(1) 
493(2) 
113(1) 
188(1) 
217(2) 
193(1) 
301(1) 
432(3) 
481(2) 
552(2) 
46(2) 

103X£ 

167.9(0.1) 
201.4(0.1) 

90(0.5) 
177(0.5) 
112(0.5) 
151(0.5) 
250(0) 

95(1) 
117(1) 
100(1) 
92(1) 

220(0.5) 
74(0.5) 

250(0) 
441(2) 
57(1) 

128(1) 
31(1) 

269(1) 
250(0) 
462(3) 
409(2) 
460(2) 
250(0) 

a) Anisotropic temperature factores ( X 105) 
forms 

exp[ 

Atom B^ 

Cto 671 

1 0 x 5 

~*) 
a) 
31(2) 
32(2) 
34(2) 
32(2) 
26(2) 
49(3) 
50(3) 
45(3) 
43(3) 
25(1) 
34(2) 
32(3) 

113(8) 
76(4) 
64(3) 

119(7) 
59(3) 
44(3) 

230(19) 
136(9) 
148(10) 
70(5) 

in the 

-{B^+B^+BJ^+B^hk+B^hl+B^kl)-] 

LI ^ 2 2 

(17) 248(6) 
Ag 1896(25) 267(5) 

£ 3 3 

98(3) 

512 Bt 

-2(16) - 1 6 
3 -°23 

H) 9(9) 
496(6) -251(16) 47(20) 60(8) 
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The Character of Acid Sites on the Gypsum Surface 
Susumu OKAZAKI* and Mituo YAMAZAKI 

Department of Industrial Chemistry, Faculty of Engineering, Ibaraki University, Hitachi, Ibaraki 316 
(Received January 21, 1980) 

The maximum value in the number of acid sites per unit of surface area of the gypsum formed in the reaction 
between Ca(N03)2 and H 2 S0 4 was observed at the heat-treatment temperature of 200 °C, corresponding to the 
dehydration temperature for the change from its hemihydrate form to soluble anhydrite. The IR-absorption 
spectra of the gypsum showed no bands assignable to isolated OH groups or Ga-OH species. The IR spectra of the 
pyridine adsorbed on the gypsum showed only the bands due to Lewis-acid sites. The gypsum heat-treated at 
temperatures lower than 500 °G showed catalytic activities for the double-bond isomerization of 1-butène. The 
cis-jtrans- ratio of 2-butene was 2—2.5, showing that the catalytic activity was due to Lewis acid, not to Brönsted 
acid. The isomerization of cyclopropane to propene was scarcely promoted by the gypsum at 250 °G. This fact 
is another indication of the absence of Brönsted acid sites on the heat-treated gypsum. Most of the weak Lewis 
acid sites ( / / 0 ^ + 4.8) were ascribable to exposed Ca2+ ions surrounded by monodentate sulfate ions on the surface 
of metastable anhydrite III-CaS04 . 

In recent years, gypsum has been obtained in great 
quantities as a by-product in the S02-recovery process 
from exhaust gases. Accordingly, the development of a 
new method of utilizing the recovered gypsum is 
desirable. Use as a filler or a reinforcement agent in 
composite materials seems to be promising. Because of 
the polar nature of the gypsum surface, however, 
surface modification or an increase of lipophilicity is 
necessary for the two uses mentioned above. As has 
been shown in the previous study1) dealing with the 
increase in lipophilicity of the gypsum surface upon 
interaction with butylamine, acid sites on the surface 
may be used for the surface modification. 

The presence of acid sites on the calcium-sulfate 
surface was first reported about thirty years ago.2) The 
surface acidity of gypsum has been investigated by 
subsequent workers.3-6) Although the acid sites have 
been assumed to be the Lewis type,7) the Lewis acidity 
has not beed substantiated. T h e absence of Brönsted 
sites has not yet been examined. Furthermore, the 
relation between the surface acidity and the catalytic 
activities for the acid-catalyzed reaction has scarcely 
been investigated. 

In the present work, the character of acid sites on the 
surface of precipitated gypsum was investigated mainly 
by means of IR-spectroscopic measurements and by the 
determination of catalytic activities for the isomerization 
of 1-butène and the conversion of cyclopropane to 
propene. 

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

Materials. The precipitated gypsum used was prepared 
by the addition of concentrated sulfuric acid to an aqueous 
solution of Ca(N03)2 , followed by aging and completely 
washing with deionized water. The nitrate ions remaining 
in the precipitate could be removed with ease by the heat-
treatment of the product, as evidenced by the trace amounts 
of N 0 2 gas evolved during the heat-treatment. The carbonate 
content was determined to be 0.09 wt% by the gas-chroma to-
graphic analysis of the gas evolved during the heat-treatment 
of the sample up to 900 °C. 

IR Spectra. Except for the study relating to the co­
ordinations of S 0 4

2 - ions, which was carried out by using KBr 
pellets, the IR spectra were measured using a self-supporting 

disc in an in situ cell. The samples were compressed into thin 
discs and were evacuated at different temperatures. 

X-Ray Diffraction and Surface Area. The X-ray powder 
diffraction patterns were recorded using Cu K«. as the radia­
tion source. The specific surface area was determined by 
applying the BET method to the adsorption of N2 at —196 °C. 

Acid Properties. The acid properties of samples were 
examined by titrating with butylamine in benzene according to 
Johnson's method.8) The Brönsted and Lewis acidities were 
determined by observing the IR spectra of pyridine adsorbed 
on the samples. 

1-Butene Isomerization. The 1-butène isomerization was 
carried out in a closed gas-circulation reactor having a volume 
of 0.43 1. Above 0.7 g of the sample was placed in the reactor 
and degassed for 2 h at various temperatures. After the 
sample has then been cooled to room temperature, 1-butène 
of 110 Torr was introduced and circulated for 0.5 h at 200 °C. 
The products were analyzed by gas chromatography using a 
7-m column packed with VZ-7. 

The catalytic activity was expressed by the mole percentage 
of the product per unit of weight of the catalyst (g-1) per unit 
of time (min-1) determined at the reaction time of 30 min. As 
an indication of the acid character, the mole ratio of cis-2-
butene to fra/u-2-butene (abbreviated as cis-(trans-) at zero 
conversion in the isomerization was determined by extrapola­
tion. 

Conversion of Cyclopropane to Propene. The conversion 
was carried out in a glass reactor containing 0.05 g of gypsum 
which had been heat-treated at various temperatures. Pulses 
of cyclopropane were injected into the helium-carrier stream 
from a calibrated, 1.09-ml doser and were passed through the 
gypsum at a total pressure of 1 atm. The product gas was 
analyzed by gas chromatography using a 3-m column packed 
with Porapack N. The conversion of cyclopropane to propene 
in the first pulse was taken as a measure of the catalytic activity. 

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

Changes in Structures and Surface Areas of Gypsum with 
Increase in Treatment Temperature. As is shown in 
Table 1, the results of the X-ray diffraction analysis 
for the sample show that the monoclinic structure of the 
dihydrate changed into the hexagonal structure of the 
hemihydrated gypsum (/?-CaS04 l /2H20) or soluble 
anhydri te ( I I I -CaS0 4 ) at about 100 °G, and then into 
the orthorhombic structure of the insoluble anhydrite 
( I l - C a S O J at about 400 °C. The changes in the 



February, 1981] Surface Acidity of Gypsum 437 

T A B L E 1. CRYSTAL STRUCTURE AND SPECIFIC SURFACE AREA 

OF GYPSUM HEAT-TREATED AT DIFFERENT TEMPERATURES 

Treatment 
°C~ 

temp 

Room temperature 

100 

200 

300 

400 
500 
600 
700 

Crystal 
structure 

CaS0 42H 20 
CaS04 l /2H20 

or 
III-CaS04 

CaS04 l /2H20 
or 

III-CaS04 

CaS04 l /2H20 
or 

III-CaS04 

II-CaS04 

II-CaS04 

— 
— 

Specific 
surface 

area/m2 g - 1 

3.3 

13.5 

7.3 

21.8 

26.8 
26.7 
21.3 
4.3 

crystal structure of the sample with the increase in the 
temperature almost coincided with that reported for 
gypsum (GaS0 42H 20). 9> However, the change of 
£ - C a S 0 4 l / 2 H 2 0 into I I I - C a S 0 4 at 190—210 °C9> 
could not be observed, since these two forms are very 
similar or the almost isomorphous with each other.10»11) 

Table 1 also shows the effect on the surface area of 
heating up to 700 °G. The specific surface area of the 
sample depends largely on the heat-treatment tem­
perature. Two maxima are observed at about 100 °C 
and 400—500 °G. These temperatures are nearly equal 
to the transition points of the dihydrate to the hemi-
hydrate, and of the soluble anhydrite to the insoluble 
anhydrite, respectively. These facts suggest that the 
change in crystal structure may increase the surface 
area. Because of the similarity in crystal form, the 
transformation of ß - C a S 0 4 l / 2 H 2 0 to I I I - C a S 0 4 may 
not cause the increase in the surface area. 

Surface Acidity Determined by Amine Titration. 
Figure 1 shows the surface acidities of the sample heat-
treated at different temperatures. The sample has no 

0.02h 

12 
< 

0.01 h 

100 200 300 400 500 600 
Heat-treatment temperature/°C 

Fig. 1. Effect of treatment temperature on acid amount 
and acid site concentration. 
A : H o ^3.0 , O : H 0 ^4 .8 , # : H 0 ^6 .8 . 

acid sites stronger than those corresponding to an HQ 

value (indicator, p7Ca) of 3.0, but it does display some 
weak acidity in the range of HQ from 4.8 to 3.0. T h e 
acid amount per unit of weight showed a max imum 
value at a heat-treatment temperature of 300 °G. 

To discuss the acid-site concentration on the surface, 
the acid amounts per .unit of surface were calculated, 
as is shown by the dotted line in Fig. 1. A maximum 
in the acid-site concentration is shown at about 200 °C. 
From a structural point of view, the temperature at 
which the maximum acid concentration was obtained 
(200 °C) corresponds to the transition temperature of 
the hemihydrated gypsum to the soluble anhydrite 
form.9) The soluble anhydri te has a crystal structure 
almost isomorphous with that of hemihydrated gypsum 
and has an active cleavage plane, on which Ga2 + and 
S 0 4

2 ~ ions are unevenly distributed.7) It is well known 
that the soluble anhydri te is metastable and tends to 
be converted to the hemihydrated gypsum with the 
absorption of water. I t is probable that the acid sites 
are formed on the metastable, or soluble, anhydrite. 

Infrared Spectroscopy. The Ca 2 + ions on the plane 
of the hemihydrated gypsum may be the sites of Lewis 
acidity (in a general sense). However, it is also possible 
that the ions may polarize adjacent O H groups or the 
O - H bonds in H 2 0 molecules adsorbed on the surface 
and produce Brönsted acid sites. Hence, the elucidation 
of the characteristics and behavior of O H groups 
and H 2 0 molecules on/in gypsum was attempted by 
means of I R spectroscopy. 

Previously, the presence of a small amount of water 
in the so-called soluble anhydrite gypsum has been 
detected in the I R studies using the KBr12) or Nujol13) 
method. However, since the anhydrous form is very 
hygroscopic, these methods are inadequate for the 
confirmation of the presence and behavior of H 2 0 and 
related O H groups in the course of heat- treatment. 
Accordingly, the I R absorption analysis was carried 
out using a self-supporting disc in an in situ cell. As is 
shown in Fig. 2, the broad bands due to O H stretching 

4000 3600 3200 1700 1600 1500 1400 
Wave number/cm -1 

Fig. 2. Infrared spectra for precipitated gypsum evacu­
ated at various temperatures. 
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and H 2 0 bending were observed at 3200—3600 c m ' 1 

and 1600—1700 c m - 1 respectively for the evacuation at 
room temperature. The band at 1600—1700 c m - 1 was 
converted into a sharp 1627 c m - 1 band at 100 °C, and 
this band still remained at higher temperatures such as 
500 °C. Even though this band is ascribable to H 2 0 
bending vibrations, the band assignable to O H stretching 
disappeared above 300 °C, as is shown in Fig. 2. 
Therefore, the absorption band which survived above 
300 °C may be assigned not to H 2 0 but to bidentate 
carbonate, which gives the absorption at 1630 cm - 1 .1 4) 
Thus , the band at about 1620 c m - 1 in the spectra 
observed for the gypsum heat-treated below 300 °C is 
probably due to both H 2 0 and carbonate. The bands 
at 1396 and 1405 c m - 1 might be due to the asymmetric 
stretching vibration of the N - O bond belonging to the 
N 0 3 ~ ion,15) which could not be completely removed 
during the preparat ion. Other bands at 1430—1500 
c m - 1 might be assigned to carbonate or hydrogen 
carbonate ions.16) 

In general, the bands at 3600—3700 c m - 1 due to 
isolated O H groups are observed for many heat-treated 
metal oxides. As has been shown in the discussion with 
respect to the surface acidities of A1 2 0 3 and S i O a -
A1203,17) the isolated O H groups may be acidic, for 
they are surrounded by three metal atoms, and so 
would be affected by the greatest induction due to metal 
atoms. In the case of gypsum, there are no distinct 
bands due to isolated O H groups in the region of 
3600—3700 c m - 1 . Thus , the existence of Brönsted acid 
sites due to the isolated O H groups on the gypsum 
surface seems impossible. 

Infrared Spectra of Pyridine on the Surface of Gypsum. 
Infrared spectroscopic studies of pyridine adsorbed on a 

ö 
o 

Ö 
ci 

1700 1400 1600 1500 
Wave number/cm -1 

Fig. 3. Infrared spectra for pyridine adsorbed on pre­
cipitated gypsum. 
B.G. : Background; Precipitated gypsum treated in the 
air at 200 °G for 3 h and evacuated for 2 h. R.T., 
100 and 200 denote the evacuation temperature of 
samples treated with 10 Torr of pyridine for 10 min. 

solid surface have made it possible to distinguish 
between Brönsted and Lewis acids.18) The I R spectra 
of pyridine on gypsum evacuated at different tempera­
tures were measured in order to elucidate the character 
of the acid sites. As is shown in Fig. 3, a strong absorp­
tion band at 1445 c m - 1 was observed in the case of 
gypsum which had been dried in the air at 200 °C for 
2 h and then evacuated in a cell at 200 °C for 2 h. As 
the evacuation temperature was raised, the band at 
1445 c m - 1 became weaker. This band is attributable 
to hydrogen-bonded (at 1440—1447 c m - 1 1 9 ) ) . The 
band at about 1445 c m - 1 is not so sharp, as is shown 
in Fig. 3, the bands due to hydrogen bonding and to 
coordinative bonding are close to each other. Therefore, 
it is difficult to determine the character of the active 
sites merely by the inspection of the I R spectrum of 
pyridine on the surface. However, the shoulder at 
1605 c m - 1 is more readily attributable to the coor-
dinatively bonded pyridine (at 1600—1663 cm"1 1 9)) 
than to the hydrogen-bonded pyridine (at 1580—1600 
c m - 1 19)). The finding that the absorption band at 
1445 c m - 1 remained after evacuation at 200 °C also 
supports the presence of Lewis acid sites rather than 
that of hydrogen-bonding sites, which may be weak 
with respect to retaining the pyridine molecules. 

The absorption bands at 1540 c m - 1 and about 1640 
c m - 1 are characteristic of pyridinium ions and are 
generally used for finding of Brönsted-acid sites.19) The 
band at about 1540 c m - 1 is indistinguishable from the 
bands of gypsum (as shown in the spectrum (B. G.) in 
Fig. 3). However, the absence of the band at 1640 c m - 1 

suggests that there are no Brönsted-acid sites on gypsum. 

T A B L E 2. CONVERSION OF CYCLOPROPANE TO PROPENE*0 

Catalyst 

Gypsum 

Si02-Al203 

T i 0 2 

None 

Heat-treatment 
temperature10 

^C 

300 
400 
500 
600 
500 
500 

Conversion 

% 

0.7 
0.8 
0.3 
0.4 

100 
100 

0.4 

a) The reaction condition were as follows; tempera­
ture: 250 °C, catalyst weight: 50 mg, carrier and 
its velocity: He, 10 ml/min. b) All the catalysts 
had been heat-treated for 3 h. 

Catalytic Activities for Conversion of Cyclopropane and 
for the Double-bond Isomerization of 1-Butene. The 
catalytic activity of heat-treated gypsum in the conver­
sion of cyclopropane was examined at 250 °C. As is 
shown in Table 2, the conversion of cyclopropane to 
propene, which should be catalyzed by Brönsted 
acids,20) were all less than 1%, irrespective of the heat-
treatment temperature, and were close to those obtained 
in the absence of the gypsum. The conversion of the 
reaction catalyzed by the commercial S i 0 2 - A l 2 0 3 

catalyst, named N 631 (Nikki Chem. Co.), which is a 
typical Brönsted-acid catalyst, was 6 5 % at such a low 
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Fig. 4. Catalytic activity and selectivity vs. treatment 
temperature. 
Reaction temperature : 200 °C, Pressure of 1-butène : 
110 Torr. 
Evacuation was carried out for 2 h at each tretment 
temperature. 

temperature as 150 °C for the same contact t ime. In 
addition, the conversion of the reaction at 250 °C 
catalyzed by T i O a , which had been prepared from 
T i O S 0 4 and which had a considerable quanti ty of 
Brönsted-acid sites,21> was nearly 100%. These con­
trasted results indicate that there are no Brönsted-acid 
sites on the gypsum surface. 

In order to further investigate the acid character of 
the gypsum, the isomerization of 1-butène was carried 
out at 200 °G in the presence of the heat-treated gypsum. 
The catalytic activity and cis-jtrans- ratio at zero 
conversion are plotted as functions of the evacuation 
temperature in Fig. 4. When the gypsum was evacuated 
at 200 °C, its catalytic activity was relatively high. 
The activity decreased with an increase in the evacua­
tion temperature, and almost disappeared when the 
gypsum was treated at 500 °C under evacuation. For 
lower evacuation temperatures, such as 200 °C and 
300 °C, the initial cis-jtrans- ratio was 2 ; this was 
elevated to 2.5 as the evacuation temperature was raised 
to 400 °C. It is already known that the cis-jtrans- ratio 
in the products of the reaction of 2-butenes is deter­
mined by the nature of the active site ; that is, if the 
active site is the Brönsted type, the ratio should be 
about 1, while if the active site is the Lewis type, the 
ratio should be about 2.22> Since the value in Fig. 4 is 
2 2.5 throughout the evacuation-temperature range, 
the acid must be the Lewis type. 

Coordination of Sulfate Ions to Calcium Ions. In 
order to discuss the coordinations of S 0 4

2 ~ ions to Ca 2 + 

ions, the I R spectra due to S 0 4
2 _ ions were observed 

in the wave-number region of about 400 to 1400 cm- 1 . 
The I R spectra showed the absorption band (v3) due 
to the stretching vibration of S -O, S = 0 at 1100—1200 
cm- 1 and that (v4) due to the bending vibration of 
_ 0 - S - 0 - in the region of 580—680 c m - 1 . In a previous 
report,12) the splitting of v3 and v4 has already been 

700 600 700 600 700 600 700 600 700 600 700 600 

Wave number/cm -1 

Fig. 5. Infrared spectra for sulfate ions on precipitated 
gypsum heat-treated at different temperatures 

observed for gypsum heat-treated at 337—390 °C and 
358—375 °C respectively; it was there ascribed to the 
transition from I I I - C a S 0 4 to I I - C a S 0 4 . 

T h e splitting of v3 could also be found in this study. 
However, the details of the splitting could not be made 
clear, because the bands are essentially broad. There­
fore, the splitting of the sharp band due to - O - S - O -
bending was examined. Fig. 5 shows the I R absorption 
spectra of gypsum heat-treated at different temperatures 
in the 550—700 region. As is shown in this figure, the 
spectra gave bands at 594 c m - 1 and near 653 c m - 1 

which were specific to the monodentate S 0 4
2 ~ ions.23) 

With increases in the heat-treatment temperature, these 
bands gradually disappeared, while bands appeared 
at 588, 606, and 669 c m - 1 when the sample was heat-
treated at a temperature higher than 300 °C. According 
to the study of Nakamoto et al., these bands are ascribable 
to bidentate S 0 4

2 ~ ions.23) Since the X-ray diffraction 
analysis (shown in Table 1 ) of the sample showed that 
soluble anhydrite ( I I I -CaS0 4 ) was transformed into 
insoluble anhydrite ( I I -CaS0 4 ) between 300 °G and 
400 °C, the monodentate and bidentate ions are con­
sidered to be present in soluble and insoluble anhydri te 
respectively. 

Thus , when gypsum was heat-treated at temperatures 
higher than 300 °C, the metastable anhydrite ( I I I -
C a S 0 4 ) was converted into stable anhydrous form (II-
or I -CaS0 4 ) and Ca 2 + ions on the surface became 
closely surrounded by bidentate sulfate ions. In such a 
configuration, the Ca 2 + ions on the surface cannot 
interact with other molecules as electron acceptors. 
This is possibly the reason why the Ca 2 + ions on the 
insoluble, or stable, anhydrite do not function as Lewis-
acid sites. O n the other hand, the Ca 2 + ions on the 
soluble anhydrite, which are less closely surrounded by 
monodentate sulfate ions, are able to accept electron 
pairs of other molecules. Thus , the Lewis-acid center 
may be formed by an empty orbital of the Ca 2 + ions on 
the surface of I I I - C a S 0 4 . A similar phenomenon has 
also been observed in the dehydration of N i S 0 4 x H 2 0 , 
in which strong acid sites {H0^ —3.0) have been 
found.24) However, the electronegativity of the Ga2 + 

ion is smaller than that of the N i 2 + ion;25) hence, the 
Lewis acidity due to the Ca 2 + ion should not be so 
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strong. In fact, the acid function (H0) was determined 
to be mostly 3.0—4.8, as has been described previously. 

The maximum acid-site concentration of heat-treated 
gypsum (shown in Fig. 1) is about twice that reported 
for alumina, which is a typical Lewis acid, heat-treated 
at 500 °C (0.0008 mmol /m 2 at H0<+1.5).26> However, 
the amount is considerably less than that for heat-
treated nickel sulfate (0.011 mmol/m 2 at H0<+4.8 and 
0.005 mmol/m 2 at i / o ^ - 3 . 0 ) . 2 4 > The concentration of 
Ca 2 + ions on the surface is much more than that of acid 
sites. For example, the former concentration on the 
(001) plane is calculated to be 0.0034 mmol/m 2 on the 
basis of the lattice constant (a,b = 6.99 Â, £=6 .34Â) . n > 
As suggested by the comparison between the concen­
tration of the acid sites and Ca 2 + ions, not all the Ca2 + 

ions on the I I I - C a S 0 4 surface can be Lewis-acid sites. 
The details of the active-site formation must be studied 
further. 

Even if a small amount of water should be occluded 
in the I I I - C a S 0 4 formed at temperatures lower than 
300 °C, as has been shown in previous studies,12»13) 
the polarization of the surface O H groups and/or H a O 
molecules by Ca2 + ions must be impossible because 
Ca 2 + ions have only a low electrostatic potential (ion 
valency/radius). Therefore, the weak solid acidity 
should be of the Lewis type ascribable to the Ca 2 + ions 
on the unstable crystal surface. 
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The Aluminium(III) Ion-assisted Aquation of the Pentaammine-
fluorochromium(III) Ion 

Masayasu IIDA* and Hideo YAMATERA** 

Department of Chemistry, Faculty of Science, Nara Women's University, Nara 630 
^Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464 

(Received February 12, 1980) 

The aquation of the pentaamminefluorochromium(III) complex was found to be assisted by the aluminium 
ion. The observed pseudo-first-order rate constant, koh8d, can be written approximately as: *ob8d=A;A1[Al3+] 
(^ —7.5 x 10"4 dm3 mol"1 s"1 at 35 °C, pH 3.0, 7=2.0 mol dm"3). The rate constant decreased with an increase 
in the hydrogen-ion concentration, and this hydrogen-ion dependence was explained by assuming that the attack 
of aluminium ions on CrF(NH3)5

2+ was blocked by the protonation of the fluoro ligand. The analysis of the 
experimental results gave 3.0±0.1 for the logarithm of the protonation constant. The effects of C104- and Go-
(GN)6

3- on the reaction rate were explained by considering the formation of ion-pairs between the anions and the 
reacting cations. 

Among the reactions of transition-metal complexes, 
metal ion-induced aquation, or metal ion-assisted 
aquation, is particularly interesting as a model ionic 
reaction. In order to understand this kind of reaction 
in more detail, it is significant to extend the study to 
the reactions of types that have not yet been studied. 
The greater part of the studies of the metal ion-assisted 
aquation have been concerned with the reactions of 
chloro, bromo, and iodo complexes with soft acids, 
such as Ag+, Hg2+, and Tl3+. There have been no 
detailed studies of the aquation of fluoro complexes 
induced by hard metal ions.1»2) 

The present paper is concerned with a rarely studied 
type of reaction, i.e., the dissociation of hard basic 
anions induced by hard metal ions. The investigation 
of such a type of reaction is expected to disclose some 
characteristic behavior which has not appeared in the 
aquations assisted by soft metal ions. Another purpose 
of this study is to see how the reaction is influenced by 
the hexacyanocobaltate(III) ion. This ion tends to 
form a precipitate with soft metal ions; therefore, its 
effect on the metal ion-assisted aquations cannot be 
investigated when the metal ion is soft, as is usually 
the case; however, it can be examined in the present 
study where a hard metal ion is used to induce the 
aquation. 

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

Materials. Pentaamminefluorochromium(III) Perchlo­
rate was prepared from pentaammineaquachromium(III) 
ammonium nitrate by the method of Zinato et Ö/.3> The 
purity of the crystals was confirmed spectrophotometrically 
and by means of SP-sephadex ion-exchange chromatography; 
the complex was sorbed on the top of the column and was 
eluted with a 0.1 mol dm - 3 sodium sulfate solution. The 
appearance of a well-formed single band indicated the absence 
of impurities. 

Aluminium Perchlorate was prepared by dissolving A1C13-
6H 2 0 in an aqueous solution containing perchloric acid in 
excess. The salt was then precipitated in a rotating evapo­
rator and recrystallized twice from water. The érystals were 
dissolved in an aqueous solution of perchloric acid for the 
preparation of a stock solution. The aluminium-ion concentra­
tion was determined to be A1203 by precipitating aluminium 
hydroxide and igniting it at about 1100 °G. 

Sodium hexacyanocobaltate(III) dihydrate was prepared 

by the conventional method,4) in which potassium cyanide 
was replaced by sodium cyanide. Anhydrous sodium Perchlo­
rate was prepared from a saturated sodium hydroxide solution 
and perchloric acid. Heavy-metal impurities in the sodium 
Perchlorate solution were precipitated at pH 9. After the 
evaporation of the solution, crystals of sodium Perchlorate 
were obtained by cooling (above 60 °G). 

The other reagents used were of a guaranteed reagent grade 
from Wako Pure Chemicals Industries, Ltd. 

Kinetic Procedure. The kinetic measurements were made 
with a Hitachi 200-10 spectrophotometer. The concentration 
of [GrF(NH3)5](C104)2 was controlled at 5.0 X 10"3 mol dm"3 

in all the experiments unless otherwise stated. The change 
in the absorbance was followed at 510 nm. As the rates were 
of first-order in the presence of excess aluminium ions (more 
than five times the amount of the chromium(III) complexes), 
they were determined by plotting \n(Dt—D00) against the 
time, where Dt and Dœ are the absorbances at the time t and 
at an infinite time respectively. The pseudo-first-order rate 
constant, kohBd, was thus obtained as the slope of this plot. 

pH Measurements. The pH value of the sample solution 
containing a 0.1 mol dm - 3 portion of A1(G104)3 was controlled 
by the addition of Na 2 C0 3 crystals. The solution was used 
one day after the preparation.5) The (pH)obsd values of the 
sample solutions were determined by means of a Beckman 
Century SS-1 pH meter, using a Beckman 39301 glass electrode 
and a 39402 calomel reference electrode. As the internal 
solution of the reference electrode, a saturated NaCl solution 
was used to avoid the precipitation of KC104. The pH 
meter was calibrated in terms of the H + concentration; i.e., 
the pH was defined as — log[H+] instead of (pH)ob8d.

6> As 
the pH dependency of the reaction rate was studied in a 0.1 
mol dm~3 A1(C104)3 solution, the calibration of — log[H+] 
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-log([H+]/mol dm-3) 

Fig. 1. Deviations of (pH)obsd from-log[H+] in a 0.10 
mol dm - 3 A1(C104)3 aqueous solution. 
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vs. (pH)obsd was carried out for this solution in the pH range 
where the hydrolysis of aluminium ions could be neglected 
(-log[H+]<3.2). The results are shown in Fig. 1. The 
liquid-junction error is independent of the pH above —log[H+] 
= 1.7; below that it increases with a decrease in the pH. 
Therefore, this equation: 

(pH)obBd+log[H+] = - 0 . 2 1 

is used above pH 1.7. 

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

Spontaneous Aquation. Spontaneous and proton-
catalyzed aquations of the pentaamminefluorochro-
mium(I I I ) ion were studied polarographically by Jones 
and Phillips.7) 

CrF(NH3)5*+ + H 2 0 - ^ Cr(OH2)(NH3)B
3+ + F -

CrF(NH3)5
2+ + H30+ —^ 

T A B L E 1. DEPENDENCE OF THE RATE CONSTANT ON THE 

CONCENTRATION OF THE ALUMINIUM ION (35 °C) 

[Al3+]/moldm- *obsd/ s 

Cr(OH2)(NH3)5
3+ + HF 

These reactions were found to be very slow, and the 
rate constants obtained were £ 0 = 1 . 4 x 10~5 s - 1 (pH 
range, 1—10.5) and *H = 3.5 x 10~5 mol" 1 s"1 dm 3 (pH 
< 1 ) at 65 °C. (The ionic strength was maintained at 
1.0 by the addition of sodium perchlorate.) In fact, 
the mechanism of aquat ion is complex.7-8) Fluoro, aqua, 
and ammine mixed-ligand complexes were formed as 
the by-products, indicating that the aquation was 
accompanied by the dissociation of the ammine ligands. 
To confirm the stoichiometry, we carried out sponta­
neous aquat ion at 35 °C in the dark. The CrF(NH 3 ) 5

2 + 

and H+ concentrations were both controlled to 10 - 2 

mol dm- 3 . The reaction was followed for 10 d with a 
fluoride-ion electrode and by means of the SP-sephadex 
chromatographic technique. The former detects the 
fluoride ion released from the complex, and the latter, 
the complexes produced by the reaction with the aid of 
spectrophotometric measurements. Although the 
analysis hardly led to a quantitative conclusion, the 
following facts were proved: 1) In the early stage of the 
reaction, m-[CrF(OH 2 ) (NH 3 ) 4 ] 2 + ( ^ = 5 1 2 and 375 
nm9>) is formed. 2) No [Cr(OH 2 ) (NH 3 ) 5 ] 3+ can be 
detected throughout the measurement. 3) The release 
of fluoride ion is much slower than that of ammonia , 
and less than 5 % of the fluoride ions in the complex are 
released in about 10 d. These results are similar to 
those obtained by Linhard and Weigel8) and to those 
described by Wong and Kirk for the photoaquat ion of 
this complex,10) but they are different from those 
reported by Jones and Phillips.7) 

No further investigation of the spontaneous aquat ion 
has been made, as it is not our present purpose. 

Aluminium (III) -assisted Aquation. The hard aqua­
tion, CrF(NH 3 ) 5

2 +^Cr(OH 2 ) (NH 3 ) 5
3 +, easily proceeds 

in the presence of aluminium ions. The spectrum of the 
complex changes with isosbestic points at 382, 415, 
and 480 nm, which shows the absence of by-products. 
In 0.1 mol d m - 3 of A1(C104)3, the reaction proceeds 
to completion after about 1 d (pH 3.3, 35 °C). The 
pseudo-first-order rate constants, kohsd) obtained 
depend on the concentration of the aluminium ion. 
The results summarized in Table 1 show that kohsd 

((pH)obsd=2.0, 7 = 3 . 0 mol dm-3) 
0.50 1.5x10-* 
0.20 6 . 4 x l 0 - 6 

0.10 3 . 5 x l 0 - 6 

( (pH) o b s d =2.8 ,7=2.0moldm- 3 ) 
0.30 2.1x10-* 
0.20 1.4x10-* 
0.12 9.5X10-6 

0.10 8 . 2 x l 0 - 6 

(pH)obsd 

Fig. 2. pH dependence of the pseudo-first-order rate 
constant (0.10 mol dm"3 A1(C104)3 at 35 °C). 

can be expressed approximately as £A1[A13+] if p H is 
kept constant. An additional term, kQ) for the sponta­
neous aquat ion can be neglected under our present 
experimental conditions. 

Figure 2 shows the p H dependency of the reaction 
rate in the presence of 0.1 mol d m - 3 of A1(C104)3. The 
observed rate constant increases with an increase in the 
p H value and becomes approximately constant at a 
( p H ) o b s d value of about 3.2. This p H dependency of 
the reaction rate has not been observed for the metal 
ion-assisted aquations hitherto studied. As the reaction 
proceeds between CrF(NH3)5

a+ and Al3+, the p H 
dependency is at tr ibuted to the pH-dependent pro­
perties of the reactants. One of these properties is the 
hydrolysis of Al3+ , which is known to begin around 
pH(—log[H + ] ) 3. Gradual hydrolysis proceeds up to 
a p H of about 3.5, where an abrupt change takes 
place.11-13) Only A 1 0 H 2 + is formed in the experimental 
p H range, and so polynuclear cationic species need 
not be considered. Figure 2 shows only a slight change 
in the rate in the p H range where a marked hydrolysis 
of Al3 + occurs. Therefore, the hydrolysis product, 
A10H 2 + , appears to have no appreciable effect on the 
reaction. 

Another possibility is that the p H dependence of the 
rate is due to the protonation of the fluoro ligand of 
CrF(NH3)5

2+. Such protonation will block the attack 
of a luminium ions upon the fluoro ligand. Including 
the protonated complex, the reaction scheme can be 
formulated as follows : 
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CrF(NH3)5
2+ + Al3+ • Cr(OH2)(NH3)5

3+ + A1F2+ 

CrFH(NH3)5
3+ + Al3+ • Gr(OH2)(NH3)5

3+ + A1F2+ + H+. 

In this scheme, k2 can be assumed to be negligibly small 
in comparison with kv Then, the pseudo-first-order rate 
constant, A:obsd, can be rewritten as: 

^obsd=(l + ^H[H+])-1A:1[A13+], 

where KK is the concentration equil ibrium constant for 
the protonation of pentaamminefluorochromium(III) 
ions. Beginning with this equation, we can carry out a 
curve fitting such as is shown in Fig. 2 and obtain 
log(*i[Al3+]) = - 4 . 0 0 ± 0 . 0 5 and log KK=3.0±0A. The 
failure of fitting in the lowest p H region may be 
attributed to such side reactions as the dissociation of 
the ammine ligands, which may not be ignored at such 
low kobsd values. The value of log KH seems to be too 
large considering the equilibrium constant for H + + F ~ — 
H F ( l o g t f = 3 . 2 ± 0 . 2 at 35 °C.14>), because the loga­
rithms of the protonation constants of oxoanions are 
lowered by 2—3 units by their coordination to the 
pentaamminecobal t ( III) cations.15) This suggests that 
the C r - F bond is considerably ionic and that the F 
ligand is more easily protonated than expected. 

TABLE 2. FIRST-ORDER RATE CONSTANTS AT 

VARYING TEMPERATURES 

((pH)ob8d=3.2, [Al(GlO4)3] = 0.10 mol dm-3) 

TABLE 3. EFFECT OF ANIONS ON THE REACTION 

*obsd/ s 

25 °G 
30 °G 
35 °G 
40 °G 
45 °G 

3 .2x l0 - 5 

6.5X10-5 

8.3X10-5 

1.6X10-4 

2 .7x l0 - 4 

From the rate constants measured at various tempera­
tures (Table 2), the activation enthalpy, AH"", and the 
activation entropy, AS*, can be estimated: AH*= 
8 3 ± 5 k j mol" 1 and A S * = - 6 2 ± 1 7 J K " 1 mol"1 . The 
activation entropy for a Cr2+-assisted reduction of this 
complex ( - 1 2 6 J K - 1 mol"1)16) is about 60 J K " 1 mol" 1 

smaller than that for this reaction; this relationship 
holds also between the CrCl(NH 3 ) 5

2 + -Hg 2+ system and 
the CrCl(NH3)5

2+-Cr2+ system.17»18) The minus sign 
of the activation entropies reflects the formation of 
halide-bridged binuclear complexes in the transition 
states. If the electron transfer proceeds adiabatically 
in the reduction process, the change in the entropy 
will be nearly zero in this step and the activation 
entropy can mostly be ascribed to the formation of 
the bridged complex. In view of this, the difference 
in the activation entropy between the reduction and the 
aquation can be said to be due mainly to the difference 
in the structure of the activated complex.19) A more 
stringent geometrical condition may have to be satisfied 
in the reduction. 

Effects of Anions. Table 3 summarizes the effects 
of the anions. As five-coordinated intermediates are 
formed in the metal ion-assisted aquation,20) such 
anions as S 0 4

2 ~ and H 2 P 2 0 7
2 ~ may react with the 

Anions 

G104-
S04

2-(pH 3) 

H2P207
2-(pH2) 

Go(GN)6
3-

Small accelerating effect. 
Formation of sulfato complex, fol­

lowed by the dissociation of ammine 
ligands. 

Formation of some polynuclear com­
plex.80 

Large accelerating effect. 

a) After the absorbance change had almost terminated 
(for 0.1 mol dm-3 Na2H2P207 at 35 °G, one day after the 
reaction had started), the reaction solution was poured 
onto a column of SP-sephadex. Then, most of the 
complex was adsorbed at the top of the column. Elution 
with one molar sodium sulfate solution did not develop 
the band. The complex formed is likely to be a highly-
charged cation. 

[Na3Go(GN)6]/mol dm"3 

bo 
O 

[NaClOJ/mol dm"3 

Fig. 3. Effects of anions on the reaction rate ([Al3+] = 
0.10 mol dm-3, (pH)ob8d=3.1±0.1). 

intermediate to form inner-sphere complexes. The 
instability of the oxoanionopentaamminechromium(III) 
complexes makes the reactions complicated, however.21) 

The role of anions such as C 1 0 4
_ and Co(CN) 6

3 _ , 
which are reluctant to coordinate, is to assist the reactant 
cations in their approaching each other and to increase 
the chances of the reaction between them. Figure 3 
shows the effects of Perchlorate and hexacyanocobaltate-
( I I I ) ions in accelerating the a luminium ion-assisted 
aquation. The reactions were carried out in the presence 
of the respective anions at ( pH) o b s d = 3 . 1 ± 0 . 1 , where 
the reacting species can be considered to be CrF(NH 3 ) 5

2 + 

and Al3 + . A rough analysis was carried out for the 
relative magnitudes of the effects of Co(CN)6

3~ and 
C104~ with the following assumptions. Firstly, the 
effects of anions on the reaction rate are assumed to 
be mainly determined by the charge and the radius 
of the anion. Secondly, the effect of added neutral 
salts is considered to be the formation of ion^pairs 
between the reacting cations and the mediat ing anions. 
The formation of the ion-pairs with N a + is neglected, 
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however. The third is that the activity coefficients of 
ion-pairs change according to the Davies equat ion: 

log*- -0.521 ^{^T - 0 . 3 / 
)• (1) 

where z* is the effective charge number of the ion-pairs, 
and / , the ionic strength. O n the basis of the above 
assumptions, we can express the rate constant of the 
reaction between A and B ions at saturation as follows : 

* A R ^AI 
K, 

rvAB 
AB u» 
Ö K° 
AB 

Kk 
-exp \ kTea ) ' (2) 

where the superscript 0 indicates the value at an infinite 
dilution and where the symbols have the following 
meanings : 

^AB : Equilibrium constant between the activated com­
plex and the reactants. 

k% : Hypothetical rate constant for uncharged ions. 
2*e> £*e : Effective charges of A and B ions respectively, 

decreased by the approach of ions of the op­
posite sign. 

k : Boltzmann constant. 
T : Absolute temperature. 
e : Dielectric constant of the solvent. 
a : Closest distance of the approach of the A and B ions. 

For the present system containing sodium Perchlorate, 
the rate constant at the saturation is: 

"12 — kQ e x p 
( -

2e2 \ 
kTea) 

ko y±y* e x p 

y™ [ kTea)9 (3) 

where the subscript 12 indicates z*=\ and z*=2. 
Using Eq. 1, Eq. 3 is transformed to : 

log*12 = log*S - 0 . 5 2 1 (1 + 4 - 9 ) ( : ^ ^ - 0 . 3 / ) - 0 . 8 6 , 

where T= 308 K and a=0.1 nm are used. 
T h e ionic strength at the saturation (Fig. 3) is 1.1 ± 

0 2?22) w n i c h is substituted to give this result: 

log*12 ( / = 1.1 ± 0.2) = log A:? - (0.47 ± 0.08). 

O n the other hand, ion-pair formation between the 
reactants and [Co(CN) 6 ] 3 _ makes z*= — \ and z*=0; 
therefore, the pseudo-first-order rate constant, k10, at 
saturation with [Co(CN) 6 ] 3 _ will not depend appre­
ciably on the ionic strength. Thus , one obtains this 
approximate equality: 

log k10 ^ log k% ^ log k0
o. 

From the above argument , the saturation rate 
constant for the Al3+-assisted aquat ion of [CrF(NH3)5]2+ 
can be expected to be greater in the sodium hexacyano-
cobal ta te(III) solution than in the sodium Perchlorate 
solution : 

log k10 = logk12 ( / = 1.1 ± 0.2) + (0.47 ± 0.08). 

This calculated difference in the saturation rate constant 
is in good agreement with the experimental results 
(Fig. 3 ) : 

log*10 (exp.) = log*12 (exp.) + (0.39 ± 0.02). 
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Amorphous BaSi03 or a mixture of this and BaSi03 «H20 was formed by the simultaneous hydrolysis of barium 
and silicon alkoxides. The temperature of hydrolysis and the time of aging influence the crystallization of amor­
phous BaSi03 into BaSi03«H20. The decomposition of BaSi03«H20 into crystalline BaSi03 was analyzed by 
isothermal thermogravimetry. Decomposition isotherms were constructed by the equation — ln(l— a)=kt and 
the activation energy was determined as 143.5 kj/mol. The kinetics of crystallization of amorphous into crystalline 
BaSi03 was interpreted by the equation 1 — (1— <x)1/3=kt. Activation energies were 276 kj/mol and 204 kj/mol 
for the initial and final stages, respectively. 

Barium metasilicate (BaSiOg) can be prepared by 
two methods : (a) solid state reaction of an equimolar 
mixture of bar ium carbonate and silica;1-4) (b) decom­
position of bar ium metasilicate hydrates. Barium 
metasilicate hydrates, such as B a S i 0 3 « H 2 0 , BaSi0 3 -
1.5HaO, and B a S i 0 3 - 6 H 2 0 , are formed by the reaction 
of sodium silicate solutions and either bar ium chloride 
or bar ium hydroxide solutions.6-6) Krüger and Wieker6) 
reported that amorphous bar ium silicates are pre­
cipitated by addition of bar ium chloride solutions to 
sodium silicate solutions, and their crystallization into 
various bar ium silicate hydrates is dependent on the 
Na : Si ratio, the concentration of sodium silicate 
solutions, the Ba : Si ratio and the temperature dur ing 
precipitation. The hydrothermal reaction using bar ium 
silicate hydrates of various compositions was studied.5) 
However, no kinetic study on the formation of crystalline 
B a S i 0 3 from amorphous B a S i 0 3 and bar ium metasilicate 
hydrates has been carried out. 

In the present study, it was found that amorphous 
B a S i 0 3 or mixtures of this amorphous compound and 
B a S i 0 3 « H 2 0 are formed by the simultaneous hydrolysis 
of bar ium and silicon alkoxides. Conditions for the 
crystallization of amorphous BaSiOg into B a S i 0 3 « H 2 0 
during hydrolysis were examined, and kinetic studies 
made on the decomposition of B a S i 0 3 « H 2 0 and the 
crystallization of amorphous into crystalline BaSiO s . 
The kinetic data were analyzed with use of available 
solid state models. 

Exper imenta l 

Materials and Procedure. Silicon ethoxide of guaranteed 
purity was used. Barium isopropoxide was synthesized by 
heating barium metal (purity 99.9%) in an excess amount of 
dehydrated 2-propanol at 82 °C for 5 h in a nitrogen atmos­
phere. An alcoholic solution containing 12 wt% mixed 
alkoxides prepared in the mole ratio, Ba2+/Si4+ 1 : 1 , was 
refluxed under the same conditions. Hydrolysis was carried 
out as follows. A five-necked flask equipped with a refluxed 
condenser, a dropping funnel, a strirring rod, a thermometer 
and a thermo-controller was used. 400 ml of water was 
introduced into the flask, and then heated to the desired 
temperature. 100 ml of the mixed alkoxide solution was 
added dropwise from the dropping funnel to the stirred water 
in the flask. The resulting suspension was stirred. The 
product was separated from the suspension by filtration and 
dried at 60 °C under reduced pressure. 

Measurement. Differential thermal analysis (DTA) was 
performed in the air at a 10 °C/min rate. Alpha-alumina of 
high purity was used as a reference substance. The products 
and the heated specimens were identified by means of DTA 
data and X-ray diffraction using nickel filtered copper Ka. 
The weight change was recorded as function of time with a 
thermobalance. 

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

Hydrolysis Product. Results obtained under 
various conditions are given in Table 1. T h e products 
at 30 °C were amorphous. Barium silicates other than 
BaSiOg and free species were not observed during the 
course of heating. Thus , the products might be con­
sidered to be a compound corresponding to amorphous 
BaSiO s . The peaks of BaS i0 3 «H 2 0 7 ) were recognized 
when subjected to hydrolysis at 45 °G for 30 min. 
Their intensity increased gradually with increase in 
hydrolysis temperature and t ime. Judg ing from this 
and the amount of crystalline BaSiOg formed by the 
decomposition of B a S i 0 3 « H 2 0 , the temperatures of 
hydrolysis and the aging t ime were found to be impor-

TABLE 1. HYDROLYSIS PRODUCT AND THE AMOUNT OF BaSi03 

FORMED BY THE DECOMPOSITION OF B a S i 0 3 • H a O AND 

BY THE CRYSTALIZATION OF AMORPHOUS B a S i O , 

Run 

~ 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Temp 
°C 

30 
30 
30 
45 
45 
45 
60 
60 
60 
70 
70 
70 
80 
80 
80 

Time 
min 

15 
30 
60 
15 
30 
60 
15 
30 
60 
15 
30 
60 
15 
30 
60 

Identified 
phase 

Amorphous 
Amorphous 
Amorphous 
Amorphous 
BaSi03-HaO 
BaSi0 3 -H 20 
BaSi0 3 -H 20 
BaSi0 3 -H 20 
BaSi0 3 -H 2 0 
BaSi0 3 -H 2 0 
BaSi0 3 -H 2 0 
BaSi0 3 -H 2 0 
BaSi0 3 -H 20 
BaSi0 3 -H 20 
BaSi0 3 -H 2 0 

Fraction/% 

A*> " 

Ö 
0 
0 
0 
5.6 
7.2 

18.7 
21.6 
23.5 
26.5 
28.8 
30.2 
36.3 
38.8 
40.4 

B b ) 

100 
100 
100 
100 
94.4 
92.8 
81.3 
78.4 
76.5 
73.5 
71.2 
69.8 
63.7 
61.2 
59.6 

a) Amount of BaSi03 formed by decomposition of 
BaSi0 3-H 20. b) Amount of BaSiOa formed by 
crystallization of amorphous BaSi03. 
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4 6 8 10(X100) 

Temp/°C 

Fig. 1. DTA curves of the products hydrolyzed for 15 
min at 30 °G (A) and for 1 h at 80 °G (B). 
Sample weight : 60 mg. 

10 20 

t/min 

Fig. 2. Decomposition of BaSi03«H20 as a function 
of time at different temperatures. 
O : 290 °G, # : 320 °G, © : 250 °G, &: 380 °G. 

tant factors for the crystallization of amorphous BaSiOg 
into B a S i 0 3 - H 2 0 . 

Formation Process of Crystalline BaSiOs. The D T A 
curves of the products (Table 1, runs 1 and 15) are 
shown in Fig. 1. An exothermic reaction (run 1) was 
observed at 700—820 °C. X-Ray diffraction analysis 
confirmed that the reaction is due to the crystallization 
of amorphous BaSiOg. O n the other hand, a large 
endothermic peak (run 15) corresponding to the 
decomposition of B a S i 0 3 « H 2 0 was observed at 280— 
410 °C. The compound B a S i 0 3 « H 2 0 turned into 
crystalline BaSiOg after the completion of decomposi­
tion. The small exothermic peak (700—820 °C) is 
due to the crystallization of amorphous BaSiOg as in 
the case of run 1. This suggests that BaSiOg is formed 
via two stages: (a) decomposition of B a S i 0 3 « H 2 0 , (b) 
crystallization of amorphous BaSiOg. 

All the products were heated at 450 °C and 900 °C 
for 1 h, respectively, and the amount of crystalline 
BaSiOg formed at each stage was determined from the 
height of the peak of d=3A3 Â which is the strongest 
of the BaSiOg spectrum.8) The fractions of crystalline 
B a S i 0 3 formed by the decomposition of B a S i 0 3 « H 2 0 
and the crystallization of amorphous BaSiOg are 
dependent on the starting products which is strongly 
affected by hydrolysis temperature (Table 1). 

Kinetics of the Decomposition of BaSiOg • H20. The 
decomposition of B a S i 0 3 « H 2 0 (run 15) was analyzed 
by isothermal thermogravimetric measurement. The 
product (average particle size ca. 800 Â) was heated 
at 200 °G for 30 min. Figure 2 shows cn-t curves obtained 
at various temperatures, where a is the fractional 
decomposition and t t ime. Attempts were made to fit 
the results to kinetic laws. As shown in Fig. 3, decom­
position isotherms are represented by the following 
equation over the whole range of fraction : 

- l n ( l - a) = kt. (1) 

The rate constants were determined from the slopes 
of the straight lines. The activation energy calculated 
from the Arrhenius plot is 143.5 kj/mol. This might 
represent the activation energy consumed for establishing 

10 20 30 

//min 

Fig. 3. Plots of — ln(l—a) vs. time t of the data shown 
in Fig. 2. 
O : 290 °G, # : 320 °G, © : 350 °G, &: 380 °G. 

20 25 5 10 15 
//min 

Fig. 4. Crystallization of amorphous BaSi03 as a func­
tion of time at different temperatures. 
O : 680 °G, # : 700 °G, © : 720 °G, &: 750 °G, 0 : 
780 °G. 
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active nucleation centers.9) 
Kinetics of the Crystallization of Amorphous BaSiOs. 

Figure 4 shows the fraction of the crystallized B a S i 0 3 

at different temperatures. The product of run 1 was 
heated at 550 °G for 1 h. The fractional crystallization 
of each specimen was determined from the height of 
the main characteristic peak (d=3A3 A). A well-
crystallized specimen was obtained by heating the 
starting product at 900 °C for 1 h. Magnesium oxide 
was used as an internal s tandard. The data can be 

interpreted by means of the equation 
1 - (1 - a ) V 3 = to, (2) 

where a is the fractional crystallization and t time 
(Fig. 5).10> This indicates that crystallization is con­
trolled by the rate of advance of the reaction interface. 
Two different linear portions, except at 680 °C, can be 
recognized in each of the plots. The rate constants 
were determined from the slopes of the straight lines. 
Activation energies were 276 kj/mol and 204 kj/mol 
for the initial and final stages, respectively. 
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Metal Complexes of Amino Acids. XIII.1 The Relationships 
between the 13C Chemical Shifts and Ligand Field in 

the *raiis(0)-[Co(0)2(N)4] Type Complexes 
Tomoharu AMA,* Hiroshi KAWAGUCHI, and Takaji YASUI 

Department of Chemistry, Faculty of Science, Kochi University, Akebono-cho, Kochi 780 
(Received July 10, 1980) 

The relationship between the ligand field of the carboxyl groups and the chemical shift of carboxyl carbon or 
a-carbon has been investigated on the basis of the absorption and 13C-NMR spectral data of the trans(0)-[Co-
(OCO-R)2(en)2]Xn type complexes (OGO-R denotes amino acid or fatty acid coordinating unidentately with 
the carboxyl group to cobalt (III)). The linear correlations were observed between the vmKX (1Eg component of 
the first absorption band) and the chemical shifts of carboxyl- and a-carbons. 

A number of reports containing an application of 
1 3 C-NMR to metal complexes have been published, and 
the technique has proved to be a very powerful tool 
for the structural investigation of the complexes. For 
the metal complexes, the 1 3 G-NMR studies have been 
concentrated on the cobal t ( I I I ) complexes, because most 
of the cobal t ( I I I ) complexes are inert and dia-
magnetic.2 - 2 4) 

Only few papers have been reported on the relation 
between the d-d absorption spectra and 13C chemical 
shifts of the metal complexes.23-25) However, it can be 
expected that some interesting informations concerning 
the ligand field will be obtained from the 13G chemical 
shift data , because both the ligand field and 13G chemical 
shift are related to the electron density on the 
ligand.26"28) 

Previously, we reported the 1 3 G-NMR of the trans(0)-
[Co(OCO-R) 2 (en) 2 ]M+ type complexes,30) where O G O -
R denotes amino acid or fatty acid which coordinates 
to cobal t ( I I I ) as a unidentate ligand through its carboxyl 
group. I t has been clarified by the report that such 
unidentate coordinations of the carboxylic acids to 
cobal t ( I I I ) ( R - C a - C o x y - O O H - > R - C a - C o x y - C O O C o ) 
show the different chemical shift changes, ^ u n i ( C o x y ) 
(<5Uni(Coxy) -à(Goxy)) and Zl u n i (G„) ( < 5 u n i ( C a ) -
<3(C«)), and these shift changes can be also correlated 
to the chemical shifts of the free acids, <5(Coxy) and 
«5 (C«), where <5uni(Coxy) and <5uni(C«) represent the 
chemical shifts of G o x y and G« of the unidentate 
ligands in the *ranj(0)-[Co(OCO-R)2(en)2]*+ type 
complexes, and <5(Coxy) and <5(C«) represent those of 
the free acids in acidic D a O solutions. The trans(0)-
[Co(OCO-R) 2 (en) 2 ] M + type complexes are very suitable 
for the study of the ligand field of the coordinated 
carboxylic acids, because the 1 E g component in the 
first absorption band of the complex is well apar t from 
another component.31) In the present paper we will 
describe the relation between the chemical shifts and 
the first absorption bands of the trans (O)-[Co (OCO-R) 2-
(en)2]M+ type complexes. 

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

Prépara Hon of Complexes. trans (O) -Bis (N-propylglycine) -
bis (ethylenediamine) cobalt (HI) Perchlorate(trans(0)-[Co(Hpgly) 2-
(en)^\(ClOi)3): To an aqueous solution containing 5 g of 
[Co(OH2)2(en)2](C104)3 in 50 cm3 of water, 2.5 g of N-
propylglycine (Hpgly) was added. The mixture was then 

evaporated almost to dryness on a water bath at about 80 °C. 
After cooling, the crude product obtained was dissolved in a 
small amount of hot water. A few drops of 60% perchloric 
acid were added to the solution and then cooled in an ice bath. 
The violet-red crystals obtained were washed with cold water 
and dried in air. Found: C, 23.55; H, 5.44; N, 11.90%. 
Calcd for [Co(Hpgly)2(en)2](C104)3.H20: C, 23.49; H, 5.35; 
N, 11.74%. 

trans ( O ) - Bis ( N-ethylglycine ) bis (ethylenediamine) cobalt (III) 
Perchlorate (trans(0)-[Co(Hegly)2(en)i](ClOl)J: JV-Ethylgly-
cine hydrochloride (Hegly«HCl, 3 g) was dissolved in 10 cm3 

of water and the pH of the solution was adjusted to ca. 7 by 
adding 1 M NaOH aqueous solution. The neutralized solu­
tion was evaporated to dryness using a vacuum evaporator, 
and the Hegly in the residue was extracted with 30 cm3 of 
methanol. The methanolic solution of Hegly was evaporated 
to dryness. The resulted residue was dissolved in 10 cm3 of 
water, and then the solution was added to a solution containing 
5 g of [Co(OH2)2(en)2](C104)3 in 10 cm3 of water. The 
mixed solution was evaporated to a few milliliters on a water 
bath at about 80 °C. After cooling, the complex deposited 
was filtered. The crude product was recrystallized from hot 
water. Found: C, 20.34; H, 5.19; N, 11.96%. Calcd for 
[Co(Hegly)2(en)2](C104)3: C, 20.54; H, 5.17; N, 11.98%. 

trans ( O) - (Acetato) (glycine) bis (ethylenediamine) cobalt (III) 
Perchlorate (tra.ns(0)-[Co(ac)(Hgly)(en)2](ClOJ2) : To an 
aqueous solution containing 3 g of frww(0)-[Co(ac)2(en)2]-
(C104) (ac=acetate anion) in 30 cm3 of water was added 1 g 
of glycine (Hgly). The mixture was then evaporated to a few 
milliliters on a steam bath. The residual solution was diluted 
to about 500 cm3 and then poured into a SP-Sephadex column 
(C-25, Na+ form, 4.5 cm x 50 cm). The adsorbed band was 
separated into three bands by developing with 0.2 M aqueous 
solution of sodium perchlorate. The solution of the second 
eluted band was concentrared to a few milliliters in a vacuum 
evaporator at 30—40 °C. Ethanol was added to the con­
centrated solution in order to deposit crude complex. The 
complex was recrystallized from aqueous solution by adding 
ethanol. Found: C, 18.32; H, 4.99; N, 13.12%. Calcd for 
[Co(ac)(Hgly)(en)2](C104)2.H20: C, 18.12; H, 4.94; N, 
13.21%. 

trans (0)-( Acetato) (ß-alanine) bis (ethylenediamine) cobalt (HI) 
Perchlorate (trans(O)-[Co(ac)(ß-Hala)(en)2~\(ClOJ J : The 
mixed ligand complex with acetate and /S-alanine (/S-Hala) 
was prepared by a procedure similar to that described for the 
toz;w(0)-[Co(ac)(Hgly)(en)2](ClO4)2. Found: C, 20.51; H, 
5.07; N, 13.22%. Calcd for [Co(ac)Q5-Hala)(en)2](C104)2: 
C, 20.54; H, 4.98; N, 13.31%. 

Other complexes, trans (0)- [Co (Haa)2 (en) 2]
3+ (Haa=L-

alanine, /9-alanine, y-aminobutyric acid, hydroxyl-L-proline, 
glycine, L-leucine, L-proline, and L-serine)32> and trans(O)-
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[Co(a) 2 (en) 2 ] + (a=acetate, propionate, and butyrate 
anions),30) examined in this study, were prepared by the 
methods described in the references. 

Measurements. The electronic absorption spectra of 
the complexes were measured with Hitachi 557 spectrophotom­
eter in aqueous solution. The "G-NMR spectra were 
measured on a JEOL Model MFT-100 spectrometer in pulsed 
Fourier transform/proton noise decoupled mode at 25.15 MHz 
in deuterium oxide solution. The 13G chemical shifts were 
measured relative to benzene (capillary) and converted into 
chemical shifts from TMS by the relation 

<5TMS=<5benzene-128.5 (ppm).»> 

*C-R 

(7 * /> 
N N - . W ^ 

0 

znf / Co 
N 1 N 

C-R-NKj 

N 

<? co O 
o" 

(A ) 

*C-R 
T 

( B ) 

^ C - R - N H J 

Fig. 1. Structures of the ftww(0)-[Go(O)l(N)J type 
complexes. 
(A): fr«w(0)-[Go(OGO-R)1(en)1]+ (OGO-R= fatty 
acid), (B): ^ ^ ( 0 ) - [ G o ( O G O - R - N H 3

+ ) 2 ( e n ) 2 ] 3 + 
(OCO-R-NH3

+ = amino acid). 

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

At least three factors are important in determining 
carbon chemical shifts. These are the diamagnetic 
term (tfd), the paramagnet ic term (tfp), and the 
anisotropy of neiboring atoms (^others)-29) Of these 
terms, tfp makes major contribution to carbon chemical 
shifts.26) The <rp was related to the charge density, 
bond order of the carbon, and other factors (the averaged 
excitation energy (Ais), the mean inverse cube radius 
for the carbon 2p orbitals (</~3>2p)> and so on) by 
Karplus et al.2*) The 13C chemical shifts are mainly 
influenced by the electron density of the carbons in a 
series of related compounds, if the differences in the 
<rd, #0thers> a n d Ais among the carbons under consider­
ation are small. This was experimentally demon­
strated by Horsley et al.21) and Miyajima et al.28) who 
plotted the 13C chemical shifts against the charge 
density changes of the carbons in the substituted 
compounds relative to the parent compound. 

The change of the substituent at a-carbon of carboxylic 
acid is attended with the change in the electron density 
at the carboxyl group, which is one of the reasons of the 
chemical shift change of the carboxyl carbon in the 
acid. It is expected that the change in the electron 
density at the carboxyl group also brings about the 
band shift in the first absorption band region of the 
cobalt(III) complex. The complex of the type trans(O)-
[Co(OCO-R)2(en)2]M+ is suitable to study this effect, 
because the 1 E g component in the first absorption band 
is sufficiently apart from another component30»31) (1A2g) 
in the same band (Fig. 2). 

The plots of Pmax (1Eg component of the first absorp­
tion band) vs. (5un i(Coxy) and i w vs. ôunï(Ca) are 
shown in Fig. 3. The data provided here reveal that 

iVio^m"1 

Fig. 2. Absorption spectra of the trans (0)-[Co (0)2(N) J 
type complexes. 
(A): *r0/w(O)-[Co(Hgly)2(en)2]

3+, (B) : trans(0)-[Co-
(bu)2(en)2]+ (bu=butyrate anion). 
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Fig. 3. Plots of first absorption maxima (1Eg) of trans (0)-
[Go(0)2(N)4] type complexes vs. 13G chemical shifts. 
(A) : For carboxyl carbon (Goxy), (B) : for a-carbon (Ca). 
1 : Acetic acid, 2 : butyric acid, 3 : propionic acid, 4 : 
glycine, 5: L-alanine, 6: L-leucine, 7: L-proline, 8: 
hydroxy-L-proline, 9: L-serine, 10: iV^-ethylglycine, 11: 
iV-propylglycine, 12: /^-alanine, 13: y-aminobutyric 
acid. 

the linear correlations are present between » w and 
(5uni(Coxy) and between v^ and 5 u n i ( G a ) . T h a t is 
to say, both the (5u n i(Co x y) and ôuni(Ca) values are 
closely related to the ligand field of the carboxylic acid. 
T h e sign of the slope of Fig. 3(A) is opposite to that 
of the slope of Fig. 3(B). If we assume that the chemical 
shift of the carbon is related to the electron density as 
mentioned above, the following consideration is possible. 
The substituent at a-carbon which causes a decrease 
of the electron density on the a-carbon will cause an 
increase of the ^-electron density on the carboxyl carbon 
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neighboring to the a-carbon and cause a decrease of the 
electron density on the oxygen atom of the carboxyl 
group. These processes are shown in the following 
scheme. A decrease of the electron density on the 

X- -CH2—C< 
O 

O—H 
(as compared with CH3COOH) 

coordinated oxygen atom weakens the ligand field of 
the carboxylic acid, and increases of the electron 
densities on the a- and carboxyl carbon cause the 
shift changes of their 1 3 C-NMR to higher field side. 
Accordingly, the / W value becomes larger as the 
(5uni(Coxy) value becomes larger (to lower field) and 
the <5uni(Ca) becomes smaller (to higher field). 

The consideration mentioned above is based on the 
effect from the substituent at a-carbon. Another effect 
to be taken into account is that from the cobalt ( III) 
chromophore. Making a rough estimation, the sub­
stituent effect at a-carbon nearly equals in both trans (0)-
[Co(OCO-R) 2 (en) 2 ] M + and free carboxylic acid. There­
fore, the effect from the substituent at a-carbon may 
be cancelled for the Aun[(Ca). The Aunï(Ca) value 
should be related rather to the residual effect which 
will originate from the cobalt ( I I I ) . Accordingly, the 
relation between Aun{(Ca) and i w may be more 
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Fig. 4. Plots of 13G chemical shift changes vs. first 
absorption maxima of the trans(0)-[Go(0)2(N)4] type 
complexes. 
(A) : For carboxyl carbon (Goxy), (B) : for a-carbon (Ga). 
Numbers making the data plots correspond to the 
ordinal numbers of the complexes in Fig. 3. 

intimate than that between ôuni(Ca) and 9ma. Similar­
ly, the relation between ^ u n i ( C o x y ) and *W may be 
more intimate than that between (5uni(Coxy) and *W. 
Figure 4 shows the plots of ^uni(^oxy) vs- ' W and 
^uni(Ca) vs- ''max. There are linear relations between 
them. These relations can be represented by the 
following equations. Where r and N are correlation 

^uni (Goxy)/pPm = 12.37smax/103cm-i - 216.62 

( r = 0 . 9 6 , N= 13) 

^um (C«)/ppm = 13.79*mftx/103cm-i - 248.22 

( r = 0 . 9 5 , N= 13) 

coefficient and number of measurements, respectively. 
The slopes for the two equations are nearly equal to 
each other with the same sign. Though one might 
think that the Auni value results from the magnetic 
anisotropy arising from the cobalt(III) chromophore,33) 
the calculated chemical shift changes based on the 
anisotropy are much smaller than the observed ones. 

In the present study, we prepared the mixed ligand 
complexes of the type frawj(0)-[Co(OCO-R)(OCO-
R' ) (en) 2 ] w + . The Â W values of the mixed type com­
plexes are nearly equal to the mean value of the two 
Pm of *rawj-(0)-[Co(OCO-R)2(en)2]*+ a n d - [ G o ( O G O -
R') 2 (en) 2 ]M + . Tha t is, the v^ of trans (0)-[Co (ac)-
(Hgly)(en)2]2+ (18.21 X l O ^ m " 1 ) is nearly equal to the 
mean value (18.21 X10 3 cm - 1 ) of the two vmax of 
franj(0)-[Co(ac)2(en)2]+ (18.30 x 103 cm-1) and trans-
(0)-[Go(Hgly)2(en)2]3+ (18.12 X 103 cm" 1 ) . Similar 
relation was observed for tr ans (0)-[Co (a.c)(ß-Hala)-
(en)2]2+, - [Co(ac) a (en)J+, and -[Co(£-Hala)2(en)2]3+ 
(Table 1 ). These results suggest that the 1 E g component 
of the mixed type complex can be expressed by the 
two ligand fields of trans-position. O n the other hand, 
the ^ U n i ( C o x y ) and ^ u n i ( G a ) values of the mixed 

TABLE 1. ABSORPTION MAXIMA OF THE trans(O)-

[Co(OCO-R)2(en)2]M+ TYPE COMPLEXES 

trans (0) type complexes *m a x /103Cm-i 

[Co(Hglv)2(en)2P+ 
[Co03-Hala)2(en)2]

3+ 
[Co(ac)2(en)2] + 

[Go(ac)(Hgly)(cn)J»+ 
[Co(ac)(£-Hala)(en)2]2+ 

18.12 
18.20 
18.30 
18.21 
18.26 

TABLE 2. CHEMICAL SHIFT CHANGES OF THE trans(0)-

[Co(OCO-R)2(en)2]n+ TYPE COMPLEXES 

Carboxylic 
acida) 

ac 
Hgly 
£-Hala 
ac 
Hgly 
ac 
£-Hala 

trans(0) type 
complexes 

[Co(ac)2(en)2] + 
[Co(Hgly)2(en)2]3+ 
[CoO?-Hala)2(en)2]

3+ 
[Go(ac)(Hgly)(cn)J«+ 

[Co(ac)0?-Hala)(en)2]
2+ 

^ u n i ( C o x y ) 
ppm 

+ 9.7 
+ 6.8 
+ 8.2 
+ 9.7 
+ 6.7 
+ 9.9 
+ 8.2 

^uni(C«) 
ppm 

+ 4 . 5 
+ 0.9 
+ 2 . 9 
+ 4 . 5 
+ 1.0 
+ 3.8 
+ 2 . 4 

a) ac=CH 3 COO-, Hgly-CH2(NH3
+) COO-, and 

£-Hala=CH2 (NH3
+) CH^COO -. 
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type complex are nearly equal to those of the corre­
sponding ligands in the trans(O)-[Go(OCO-R)2(en)2]

M+ 

and - [Co(OCO-R ' ) 2 (en) 2 ] M + complexes but not to the 
mean value (Table 2). 

Gelap et a/.23»24) and Stewrat et al.11) pointed out 
that the 13C chemical shift of a ligand is affected by 
another ligand at fozTW-position to it. However, no 
distinctive difference of the trans-effect was observable 
for the complexes examined in the present study. Tha t 
is to say, the 13G resonance peaks of a carboxylate 
ligand in the mixed complex appears independently 
of another carboxylate ligand at /nzw-r-position. These 
results suggest that the trans-effect is not necessarily 
to be connected directly with the linearities in Figs. 
4(A) and 4(B). Therefore, one should consider the 
effects (the through-space and through-bond effects of 
cobalt(III) ion, etc.) other than the trans-effect, which 
is responsible for the difference of the Zluni values, 
relating to the electron density. W h a t effect is most 
responsible to the zl u n i values is very interesting 
problem. However, there are some uncertain points 
remaining at present stage, although some of them 
were clarified by this study. 

It has been clarified by this study that the chemical 
shifts of the coordinated carboxylic acids are closely 
related to the ligand fields of the acids and demonstrated 
that the 13G chemical shifts are useful to estimate the 
ligand fields of the carboxylic acids. 

The authers wish to thank Professor Yoichi Simura 
of Osaka University for his valuable suggestion and 
discussion. 
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Transition-metal Complexes of Pyrrole Pigments. XIX. Electrochemical 
and Coordination Behaviors of (5,10,15,20-Tetraphenyl-
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The redox chemistry of acetato(5,10,15,20-tetraphenylporphinato)oxoniobium(V) (1) was investigated in 
dichloromethane by means of cyclic voltammetry and controlled potential electrolysis. One-electron reduction 
potentials were observed at —0.89, —1.05, and — 1.41 V vs. SCE for the range from 0 to —2.0 V; the reduction 
of niobium (V) to niobium (III) occurred prior to ligand-reduction. The potential separation between first and 
second metal-reductions (A£i/2) for 1 is 0.16 V, while AEx/2 between reductions of the MoVI and Mov species 
for the corresponding molybdenum complex is 1.24 V. In order to elucidate the origin of such potential difference 
between the niobium and molybdenum complexes, the change of coordination structures which takes place in the 
course of redox reactions was examined. The coordination reaction of 1 with pyridine was also studied. 

As a step toward preparat ion of one-dimensional 
electric conductors by stacking planar complexes with 
the formation of metal-metal bonds, molybdenum and 
niobium complexes of macrocyclic tetrapyrroles are 
plausible ones for this purpose since the metal ions 
have a strong tendency to form metal to metal bonds 
in their low oxidation states. The redox behaviors 
of these metal complexes needs to be investigated in 
order to establish chemical conditions for the formation 
of complexes involving low valency metals. We have 
previously studied the redox properties of several 
molybdenum (V) complexes of macrocyclic tetrapyr­
roles.1) Acetato (5,10,15,20-tetraphenylporphinato)oxo-
niobium(V) [ N b v ( 0 ) ( T P P ) ( A c O ) , 1]2> and tri-//-oxo-
bis [ (5,10,15,20 - tetraphenylporphinato) niobium ( V ) ] 
[ N b v

2 ( 0 ) 3 ( T P P ) 2 , 2]3'4> have been prepared and their 
crystallographic structures determined. However, the 
redox chemistry of these niobium complexes has not 
been examined so far. 

We have investigated in the present work the redox 
properties of N b v ( 0 ) (TPP) (AcO) by cyclic voltam­
metry and controlled potential electrolysis in reference 
to the behavior of the corresponding molybdenum (V) 
complex, M o v ( 0 ) ( T P P ) ( A c O ) , and the n iobium(II I ) 
species was produced electrochemically for the first 
t ime. Since N b v ( 0 ) ( T P P ) ( A c O ) and N b v

2 ( 0 ) 3 ( T P P ) 2 

assume a unique hepta-coordination geometry around 
the niobium (V) atom, the coordination interactions 
of both complexes with pyridine as well as the interac­
tion of the latter complex with acetic acid have also 
been studied. 

Ph 

Nb(0)(TPP)(AcO) 

t Contribution No. 596 from this Department. 

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

Materials. Acetato (5,10,15,20-tetraphenylporphinato) -
oxoniobium (V) [Nb v (0) (TPP) (AcO), 1] and tri-//-oxo-
bis[(5,10,15,20-tetraphenylporphinato) niobium (V)] [Nbv

2-
(O)3(TPP)2, 2] were prepared by the methods of Lecomte 
and Protas.2> Dichloromethane was treated with concen­
trated sulfuric acid, neutralized with aqueous sodium 
hydroxide, washed with distilled water, and refluxed over 
anhydrous calcium chloride for 2 d. After being fractionally 
distilled, dichloromethane thus purified and dried was stored 
over molecular sieve (3A, 1/16; Ishizu Pharmaceutical 
Co.). Pyridine was refluxed over potassium hydroxide and 
fractionally distilled. Tetrabutylammonium Perchlorate 
(TB AP) of Polarographie grade (Nakarai Chemicals) was used 
without further purification. 

Spectroscopic Measurements. A Bruker WH-90 FT and a 
Hitachi R-24B spectrometer were used to obtain 1H NMR 
spectra in chloroform-*/ (>99.5%; E. Merck, Darmstadt) at 
room temperature. Chemical shifts are given in ppm from 
internal TMS and calibrated with a chloroform signal as the 
secondary external reference. ESR spectra were recorded 
on a JEOL JES-ME-3 X-band spectrometer equipped with 
a 100 kHz field modulation unit; a standard MgO/Mn(II) 
sample calibrated with a NMR magnetometer was employed 
for calibration of the magnetic field. Electronic spectra were 
taken on a Union Giken SM-401 high sensitive spectrophotom­
eter at 25 °C. 

Electrochemical Measurements. Cyclic voltammetry was 
carried out on a YANACO P-8 polarograph equipped with 
platinum wire of 0.5 mm diameter as working and auxiliary 
electrodes; the surface area of the former electrode being 
about 30 times smaller than that of the latter. A saturated 
calomel electrode (SCE) was served as a reference which 
was separated from a bulk electrolyte solution by a salt bridge 
prepared with benzyliden-D-glucitols6) and a dichloromethane 
solution of TBAP. A dichloromethane solution containing 
a niobium complex (5.0 X 10"4 mol dm"3) and TBAP (5.0 x 
10~2 mol dm -3) was deaerated prior to each measurement and 
the inside of the cell was maintained under argon atmosphere 
throughout each measurement. All the measurements were 
carried out at 25 ± 2 °C. The scan rate was varied in a range 
from 5 to 500 mV s_1. Half-wave potentials (£,

1/2) and 
anodic (ip&) and cathodic (ipc) currents were evaluated by 
referring to the literature methods.6* 

Controlled potential electrolysis was carried out in a three-
electrode cell, modified for ESR and electronic spectral 
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measurements, with platinum wire of 0.5 mm diameter as 
working and auxiliary electrodes. The reference electrode 
was the same as used for cyclic voltammetry. An applied 
potential between the working and auxiliary electrodes was 
maintained constant with a conventional potentiostat and 
monitored with a Takeda Riken TR-6656 digital multimeter. 

R e s u l t s 

Coordination Behavior of Nb(0)(TPP) (AcO). In 
order to examine the further coordination ability of 1, 
the interaction between 1 and pyridine was investigated 
by electronic and N M R spectroscopy. The electronic 
spectrum of 1 was measured by changing the concentra­
tion of pyridine in a range of 0 to 3.09 mol d m - 3 while 
the concentration of 1 was maintained constant (3.7 X 
10~6 mol d m - 3 ) . The results are shown in Fig. 1, where 

A/nm 

Fig. 1. Electronic spectra of Nb(O) (TPP) (AcO) (3.7 x 
10-6 mol dm - 3) at 25.2 °C in the presence of pyridine 
at various concentrations (0—3.09 mol dm - 3 ) : A, 0; 
B, 3.09x 10-a; C, 1.55x 10-1; D, 6.18x 10"1; E, 3.09 
mol dm - 3 . Trends of spectral change with increase 
in pyridine concentration are shown by arrows 
( Î and J). 

isosbestic points are observed at 420, 437, ^ 5 1 0 , 538, 
550, 575, and 593 nm. The spectral behavior shows the 
formation of a single pyridine adduct of 1. The N M R 
spectra clearly indicate the coordination of pyridine to 
1. A methyl signal of the coordinated acetate for 1 
was observed at 1.27 ppm as shown in Fig. 2; appeared 
in a upper field range relative to the signal of acetic 
acid (2.20 ppm) . This is at tr ibuted to a magnetic 
anisotropy effect provided by the macrocyclic ligand 
on the coordinated acetate group. This signal was, 
however, drastically shifted to a lower field range 
(5.28 ppm) in chloroform-pyridine ( 7 : 3 v/v) as shown 
in Fig. 2. This indicates that the methyl protons are 
displaced from a shielding to a deshielding zone of the 
porphyrin skeleton. Furthermore, signals due to the 
coordinated pyridine were observed in a range of 6 to 
7 ppm, which are separated from those of the coordina­
tion-free pyridine appeared in the lower field range. 
By referring to the signal intensity of methyl protons 

T 1 1 1 1 — 

(a) 
CH3CO2 

J 1 L J 1 L 
FREE PY (b) 

(c) 

' V 
CH3CO2H 

I 
A. 

«5 

Fig. 2. NMR spectra of Nb(0)(TPP)(AcO) and acetic 
acid at room temperature: (a), Nb(O)(TPP)(AcO) 
in chloroform-*/ (a signal due to dichloromethane 
used as solvent for recrystallization appeared at 
5.31 ppm); (b), Nb(0)(TPP)(AcO) in pyridine-
chloroform-rf (3 : 7 v/v); (c), acetic acid in pyridine-
chloroform-rf ( 3 : 7 v/v). 

of the coordinated acetate, a number of pyridine 
molecules coordinated to 1 was evaluated to be one. 
Other signals observed in a low-field region below 7 
ppm are : 7.78 (12H, m, m- and /^-phenyl H's) , 8.22 
(8H, m, o-phenyl H's) , and 9.04 (8H, s, pyrrole H's) . 
The effect of pyridine coordination on the electronic 
and N M R spectra is consistent with the following 
solution equilibrium, where Py stands for pyridine. 

Nb(0)(TPP)(AcO) + Py JLt 

Nb(0)(TPP)(AcO)(Py) (1) 

The equilibrium constant (K) was obtained from the 
intensity change at 427 nm by the aid of Benesi-
Hi ldebrand equation7) (Eq. 2), where [Nb]T and [Py]T 

stand for the total concentrations of 1 and pyridine, 
respectively; As is for the difference in molar absorption 
coefficient between 1 and its pyridine adduct , and AA 
represents the extent of absorbance change upon 

[Py] T xl0/moldm- 3 

Fig. 3. Benesi-Hildebrand plot for the complex-forming 
equilibrium between Nb(0)(TPP)(AcO) and pyridine. 
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(E vs. SCE)/V 

Fig. 4. Cyclic voltammograms of Nb(0)(TPP)(AcO) 
(5.0 X 10-4 mol dm - 3) in dichloromethane containing 
TBAP (5.0 x 10-2 mol dm-3) at 25.2 °G in the presence 
of pyridine at various concentrations: (a), 0; (b), 0.8; 
(c), 3.5 mol dm - 3 ; scan rate 50 mV s-1. 

addition of pyridine. A good linear correlation based 

1 • [PyJT [Nb] T [Py] T _ 
AA Ae-K + Ae 

(2) 

on Eq. 2 is observed as shown in Fig. 3 : K—9.6 m o l - 1 

dm 3 ; and A e = 3 . 4 8 x l 0 5 . The Ae-value is in good 
agreement with that observed in the presence of a 
large excess of pyridine (3.44 x 105). The coordination 
of pyridine to 1 was also confirmed by cyclic voltam-
metry as shown in Fig. 4. Addition of pyridine to 1 
resulted in marked cathodic shifts of reduction peaks I 
and I I , from ca. —1 to —1.3V vs. SCE, and the 
corresponding oxidation peaks appeared at —1.2 and 
—1.0 V vs. SCE. Redox peaks I I I , however, remained 
almost unchanged even in the presence of a large 
excess of pyridine. 

Interaction of Nb2(0)3(TPP)2 with Acetic Acid. 
The cyclic vol tammogram of 2 for the range of 0 to 
—2.0 V vs. SCE in dichloromethane is shown in 
Fig. 5. The distinct cathodic peaks at —1.30, —1.56, 
and —1.80 V are coupled with anodic peaks at —1.23, 
— 1.44, and —1.66 V, respectively, each being referred 
to one-electron transfer process. Redox peaks due to 1 
appeared upon addition of acetic acid to a solution of 
2, and the cyclic vol tammogram was completely 
converted to that of 1 in the presence of a 2-fold excess 
amount of acetic acid as shown in Fig. 5. Such conver­
sion of 2 into 1 through reaction with acetic acid was 
also confirmed by electronic spectroscopy. The spectral 
change upon addit ion of acetic acid to 2 is shown in 
Fig. 6, where isosbestic points are observed at 421, 441, 
^ 5 0 0 , 540, and 551 nm. Since the reaction was 
accelerated under anaerobic conditions, oxygen must 
participate in the reverse reaction as shown by Eq. 3. 

Nb2(0)3(TPP)2 + 2AcOH ? = * 
o3 

2 Nb(O) (TPP) (AcO) + H 2 0 (3) 

-0.5 -1.0 -1.5 

(E vs. SCE)/V 

Fig. 5. Cylic voltammograms of Nb2(0)3(TPP)2 (2.4x 
10~4 mol dm - 3) in dichloromethane containing TBAP 
(5 .0xl0- 2 mol dm-3) at 24 °C in the presence of 
acetic acid at various concentrations: (a), 0; (b), 1.24x 
10-4; (c), 4 .7xlO- 4 ; (d), 9 .7xl0- 4 mol dm"3; scan 
rate 100 mV s"1. 
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Fig. 6. Electronic spectral change during the reaction 
of Nb2(0)3(TPP)2 (2 .3xl0- 6 mol dm~3) with acetic 
acid (7 .1xl0- 5 mol dm -3) in dichloromethane at 
25 °C: A, 0; B, 0.5; C, 1.5; D, 3.0; E, 7.5 h. Trends 
of spectral change with time are shown by arrows ( | 
and | ) . 

Electrochemical Behavior of Nb(0)(TPP)(AcO). 
A typical cyclic vol tammogram of 1 for the range of 0 
to — 1 . 6 V vs. SCE in dichloromethane is shown in 
Fig. 4. No other peak was observed in a cathodic range 
up to —2.0 V at any scan rate in a range from 10 to 
200 m V s_1. Two distinct cathodic peaks at — 1.09 
and —1.47 V are coupled with anodic peaks at —0.98 
and —1.36 V, respectively. Although the anodic wave 
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coupled with the first cathodic peak at —0.97 V vs. 
SCE was obscure for faster scan rates, it became 
apparent by reducing the rate below 20 m V s - 1 . We, 
therefore, evaluated three half-wave potentials for one-
electron reduction steps, indicated by I, I I , and I I I 
in Fig. 4(a), as - 0 . 8 9 , - 1 . 0 5 , and - 1 . 4 1 V vs. SCE 
(within an accuracy of ± 0 . 0 2 V) , respectively. I t has 
been generally realized that redox potentials of the 
central metal atom, incorporated into planar complexes 
formed with macrocyclic ligands, are quite sensitive 
to the nature of axial ligands, while those of the macro-
cyclic ligands are hardly affected by the variation of 
such ligands.8) In the light of the coordination effect 
provided by pyridine on redox potentials, as described 
in a foregoing section, peaks I and I I in Fig. 4(a) are 
attributed to the reductions of niobium, Nb v /Nb I V and 
Nb I V /Nb m , respectively, and peak I I I is due to that 
of the porphyrin ligand. 

(b) WV^^W^^--

I 
9=2.00 

Fig. 7. ESR spectral change during the electrochemical 
reduction of Nb(0)(TPP)(AcO) at room temperature 
in dichloromethane containing TBAP (0.30 mol dm - 3) 
at potentials: (a), - 0 . 9 2 ; (b), —1.1; (c), - 1 .46 V vs. 
SCE 

We carried out the controlled potential reduction 
of 1 at - 0 . 9 2 , - 1 . 1 , and - 1 . 4 6 V vs. SCE in dichloro­
methane in the presence of TBAP ; potentials sufficient 
for respective one-electron reductions of 1 as confirmed 
by voltammetric measurements. The parent complex 
is diamagnetic itself, so that no ESR signal was observed. 
When 1 was reduced at —0.92 V vs. SCE, ten intense 
lines caused through interaction with 9 3Nb (7=9/2) 
nucleus were observed over a wide range of magnetic 
field as shown in Fig. 7(a) ; this indicates the formation 
of a paramagnetic niobium(IV) species. These lines, 
however, decreased their intensities to a large extent 
upon electrolysis at —1.1 V vs. SCE as shown in 
Fig. 7(b). This implies that the two-electron reduced 
species is either a diamagnetic n iobium(II I ) complex 
or a paramagnetic spin-triplet species involving unpaired 

electrons in both metal and ligand sites, such as :rc-cation 
radical of copper (I I)-porphyrin.9) A considerable 
cathodic shift of peak I I upon addition of pyridine to 1 
as demonstrated by cyclic voltammetry as well as the 
ESR pattern for a species obtained by the following 
electrolysis at peak I I I range excludes the latter pos­
sibility. The controlled potential reduction at — 1.46 V 
vs. SCE provided a new signal due to a radical species 
with concomitant disappearance of the lines due to 
9 3Nb nucleus as shown in Fig. 7(c). The third reduction 
step undoubtedly corresponds to reduction of the 
porphyrin ligand. Reversible oxidation reactions were 
observed after ceasing the respective electrolytic reduc­
tions. As a result, complete redox behavior of 1 is 
illustrated as in Scheme 1. 

â& + e N 

(^NbvO T ^ C 
N^ - N 6/2-089V N 

1 

Scheme 1. 

D i s c u s s i o n 

The tri-//-oxo dimer (2) does not undergo coordina­
tion interaction with pyridine as confirmed by cyclic 
voltammetry. An overall feature as well as cathodic 
and anodic peak potentials of the vol tammogram was 
not influenced by the presence of pyridine for its concen­
tration range from 0 to 3.5 mol d m - 3 under otherwise 
identical conditions as stated in Fig. 5. According to 
the X-ray crystallographic analysis of 2,3»4) each niobium 
atom is hepta-coordinate and displaced from the mean 
ligand plane toward the tri-//-oxo group by 1.01 Â 
as shown in 3. Thus , an additional ligand can not 
attack at the axial site trans to the tri-//-oxo group due 
to geometrical reasons, and must approach from the 
site sandwiched in between the two porphyrin ligands. 
As a result, pyridine fails to interact with niobium (V) 
likely due to steric hindrance while acetic acid undergoes 
substitution reaction with 2 to yield 1. The coordination 
geometry around niobium(V) for 1 bears a close 

Nb 

- N b 

/ \ 
•N NHMH 

„CH3 

/ \ 
•N NMHI 

1.35 A 

10 A 
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TABLE 1. REDUCTION AND OXIDATION POTENTIALS FOR H2TPP AND ITS NIOBIUM 

AND MOLYBDENUM COMPLEXES IN DICHLOROMETHANE AT 2 5 ° C IN 

THE PRESENCE OF TBAP (5.0 X 10"2 mol dm-3)115 

Metal Ligand 
Compound , -- ^ , ~ - Reference 

B£k E\f2(l) gg*(2) JEgg(l) E\%{2) 

H2TPP - 1 . 2 3 - 1 . 5 6 I 
- 1 . 2 1 13 

Nb(0)(TPP)(AcO) - 0 . 8 9 - 1 . 0 5 - 1 . 4 1 c> This work 
Mo(0)(TPP)(AcO)b) 1.2 - 0 . 0 4 - 1 . 1 1 - 1 . 5 1 1 

a) Ei/% values are given in V vs. SCE; within an accuracy of ±0 .02 V. b) Acetic acid (1.0 mol dm-3) 
added, c) No peak was detected in a cathodic range up to —2.0 V. 

TABLE 2. PHYSICAL PARAMETERS FOR NIOBIUM(IV) AND MOLYBDENUM(V) COMPLEXES 

Spin Hamiltonian parameters10 

Complex yM = 0 /cm- l a ) , , |^,|c> pxlO4"* 
g ;4m e t a lxl0Vcm-i ^ x l O V c m - 1 

Nb I V(0)(TPP)e ) (905)° T % Ï75 — 6ÏÏ7 127.8 
Mov(0)(TPP)(AcO)B) 942, 919 1.961 48.5 2.4 0.92 131.8 

a) Nujol mull, b) Measured in dichloromethane. c) fiv nuclear magnetic moment; cited from Ref. 14. 
d) p=AmetJ(/i1II). e) One-electron reduced species of the Nb v complex (1). f) Measured with 1. g) ESR 
parameters cited from Ref. 1. 

resemblance to that for 2 as depicted in 4 by referring 
to the X-ray crystallographic analysis of 1.2> O n the 
basis of the same reasoning as mentioned for 2, pyridine 
undergoes coordination with 1 at the same site that 
the oxo and acetato groups are placed even though the 
site becomes further sterically crowded. Such a profound 
effect and a strong affinity of niobium(V) for oxygen 
in par t seem to be responsible for a weak coordination 
tendency of 1 toward pyridine, compared with other 
metalloporphyrins.10) 

Reduct ion and oxidation potentials for H 2 T P P , 1, 
and the corresponding molybdenum (V) complex, Mo-
( 0 ) ( T P P ) ( A c O ) (7), are listed in Table 1. Table 2 
summarizes the M = 0 stretching frequency for 1 and 7, 
and spin Hamil tonian parameters for 7 and the one-
electron reduced species of 1. The one-electron reduced 
species of 1 shows ten intense lines over a wide range 
of magnetic field (1500—2000 G) due to hyperfine 
interaction with niobium nucleus (7=9 /2) . However, 
the superhyperfine structure due to four nitrogen 
nuclei was not detected for the present complex. Since 
both 7 and the one-electron reduced species of 1 provide 
ESR signals with remarkable intensity at room tempera­
ture, there is no excited d-orbital level placed close to 
the d-orbital of lowest energy for both species. 
Consequently, the second electron donated to the 
central metal atoms during the reductions, NbIV—>Nbm 

and Mov-+Mo I V , must also be placed in the ground 
state orbital, which is then occupied with two electrons. 
The potential separation between first and second 
metal-reductions (AE1/2) for 1 is 0.16 V, while A i i ^ 
for 7 is 1.24 V since the corresponding processes for 7 
are reductions of the MoV I and M o v species with 
reference to the number of d-electrons. 

The acetato group seems to be released from the 
niobium(II I ) and molybdenum(IV) sites, as,shown by 
structures 6 (Scheme 1) and 9 (Scheme 2) due to the 
reasons stated later, and both complexes may assume 

/ o \* o o 

k M I^ITV
 fNdx^ ^uiv- ( N C ^ 

°\/° °\/b 

\ tW VCH3 9 

8 7 

Scheme 2. 

a similar coordination geometry consequently. O n this 
basis, Racah ' s interelectronic repulsion parameters (B) 
for d2 configuration11) are cited for comparison; 682 
and 602 c m - 1 for Mo I V and N b m , respectively. Such 
a small difference in Racah parameter , however, does 
not explain the large difference in A £ 1 / 8 stated above. 
T h e odd electron density at the metal nucleus is strictly 
reflected on hyperfine splitting constant ^4m e t a l for the 
same metal species. A p-value, which is proportional 
in general to the odd electron density at a metal nucleus, 
is given by ^ m e t a i / W ^ ) where fit and I stand for 
nuclear magnetic moment and nuclear spin, respectively. 
iO-Values for the molybdenum(V) and niobium(IV) 
complexes of d1 configuration listed in Table 2 are 
comparable to each other, and again do not explain 
the large difference in A£'1/2. 

In order to elucidate the origin of such potential 
difference, the change of coordination structures in the 
course of redox reactions needs to be taken into consider­
ation as shown in Schemes 1 and 2. We reported 
previously the plausible structures at various metal 
oxidat ion states for 7; 7, 8, and 9 in Scheme 2 for the 
M o v , MoV I , and Mo I V species, respectively.1) The 
molybdenum species in d° and d1 configurations retain 
the acetato group while it seems liberated in d2 configu­
ration. The marked structural change assigned to 9 
is reflected in its redox reaction rate. When the Mo IV 
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species was electrolytic ally re-oxidized at 0 V vs. SCE 
under anaerobic conditions, it took about 12 h to return 
to the M o v state. O n the other hand, when the Nb111 

species in d2 configuration was re-oxidized under 
anaerobic conditions, the ESR signal due to the Nb I V 

species appeared in 1—2 min. However, even the Nb I V 

species underwent electrolytic re-oxidation to the N b v 

state at 0 V vs. SCE under anaerobic conditions, the 
ESR signal due to the Nb I V species still remained even 
after ca. 12 h of oxidation. O n the basis of these kinetic 
results, structures 5 and 6 are reasonably assigned to 
the Nb I V and Nb111 complexes, respectively. 

By referring to equil ibrium data for substitution 
reaction of M o ( 0 ) ( T P P ) ( M e O ) with acetate and 
chloride ions1) as well as the X-ray crystallographic 
analysis of Mo(0)(TPP)Cl, 1 2> the acetato group 
involved in 7 is coordinated to the molybdenum atom 
with some ionic character. Such an ionic character of 
the axial bond tends to stabilize the lowest d-orbital 
due to the effective positive charge localized on the 
molybdenum atom. An additional energy is required 
to cleave the axial bond in reduction process from 7 to 
9. Such a bond-cleavage effect is more pronounced for 
the reduction of M o ( 0 ) ( T P P ) ( M e O ) . Since the M o -
O M e bond has a significant covalent character as 
reported previously,1) the lowest d-orbital would not 
be so much stabilized as in the case of 7. Nevertheless, 
the reduction potential for Mo v /Mo I V was shifted 
toward cathodic direction by 0.7 V relative to the same 
potential for 7.1) Consequently, the axial bond cleavage 
seems predominantly to control the reduction potential 
for Mo v /Mo I v . A large AEl/2 value (1.24 V) for 7 is 
presumably due to such a bond cleavage effect, while 
a small AEx/2 value (0.16 V) confirms the 5—>6 process 
which does not require the axial bond cleavage. 

Both H 2 T P P and 7 have comparable values of first 
and second potentials for the ligand reduction, the 
separation between the potentials being 0.33—0.4 V. 
This is consistent with the situation that the lowest d-
orbital of 7 undergoes little interaction with ligand 
orbitals. O n the other hand, not only the first ligand 
reduction potential for 1 is a little shifted toward 
cathodic direction, but also the separation between 
first and second reduction potentials is much larger 
than those for H 2 T P P and the molybdenum complex. 
We conclude, therefore, that a considerable cathodic 
shift of the second ligand reduction potential in par­

ticular is at tr ibuted to an increase in ^-electron density 
provided by delocalization of added two electrons in 
the ground state d-orbital of niobium through d-7r 
interactions. 

This work provides the first example for the two-
electron reduction of the central metal atom to occur 
prior to the two-electron reduction of the macrocyclic 
ligand among metalloporphyrins involving second and 
third transition metals. Now, we are at the gate of 
research toward developments of stacked complex 
polymers by using a novel n iobium(II I ) complex 
obtained in this work. 

This work was supported in par t by the Asahi Glass 
Foundation for Industrial Technology. 
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New Application of Crown Ether. V.1} The Effect of Crown Ethers on 
the Acid-Base Interaction between 2,4,4,6-Tetranitrodiphenyl-

amine and Primary Amines in Benzene 
Fumio W A D A , * Yoshiko W A D A , Kiyoshi KIKUKAWA, and Tsutomu MATSUDA 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812 
(Received April 22, 1980) 

The effect of crown ethers on the acid-base interaction of 2,4,4',6-tetranitrodiphenylamine (HA, Amax 380 nm, 
p/: a=8.88 in water) with primary amines (RNH2) in benzene was investigated spectrophotometrically. Crown 

ethers assisted strongly the formation of association complexes, RNH3-crown ether-A-, which existed as a single 
chemical species (Amax 478 nm) assignable to "crown ether-separated ion pair." The effect of the steric factors 
of various primary amines on the equilibrium to form the association complex was discussed on the basis of the 
equilibrium constants and thermodynamic parameters of the systems involving 18-crown-6 and benzo-18-crown-6. 

Macrocyclic polyethers (crown ethers) form stable 
complexes with mono-alkylammonium salts as well as 
alkali and alkaline earth metal salts. Structural effect of 
crown ethers on the ion-association extraction of an 
alkylammonium salt as crown ether complexes was 
investigated in detail by Cram and his collaborators2) 

for *-BuNH3-SCN, but structural effect of alkylamine 
moiety has not yet been studied. I t is known that the 
formation of the crown ether complexes is dependent 
not only on the structure of crown ether itself, but also 
on the nature of the anion involved in the association 
complexes extracted in a non-polar solvent. In the 
case of the alkylammonium complexes, steric interac­
tions between the substituent on the alkylamines and 
the crown ethers are presumed to be an important 
factor to affect the extent of the formation of the associa­
tion complexes. 

We recently showed that alkylamine-water-crown 
ether systems could be used as an effective hydroxide 
ion source in the reduction of unsaturated carbonyl 
compounds by hydridocarbonylferrate in a two-phase 
system (benzene-water).3) The efficiency of the reduc­
tion was dependent not only on the nature of the crown 
ether added but also on the structure of the alkylamines. 

The circumstances prompted us to study the associa­
tion equil ibrium between a weak acid and pr imary 
amines in a non-polar solvent (benzene) in the presence 
of crown ethers. Variat ion of the extent of the equilib­
r ium (Eq. 1) with the structure of the amines and crown 
ethers (18-crown-6 and benzo-18-crown-6) is discussed 
in a quanti tat ive manner in this paper. 
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UV spectra of BuNH2-HA-18C6 system. 
A-(mol %) 

18C6=1 
18C6=1 
18C6=1 
18C6=1 
18C6=1 

HA=3.3X 10-5 mol/dm3, BuNH2=8.25 X 10~4 mol/ 
dm3, temp 26.6 °C. 

HA 
HA 
HA 
HA 
HA 

0 
6.5 
13 
19 
26 

0 
28 
44 
53 
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HA + RNH2 + CR 
1 

CR : crown ether 

K 
RNH, .CR-A- (1) 

HA: 

OaN 

N 0 2 
i H 

O V N -
NO, 

<2> -NO, 

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

Structure of the Association Complexes. Among 
several weak acids examined, 2,4,4',6-tetranitrodiphenyl-
amine (1 ; pÜTa=8.88, Ama*(Na+-A-) 465 nm, £max 23800 

in water4)) was proved to be a suitable probe for spectro­
scopic study of the equilibrium. The acid (1) showed a 
strong absorption maximum at 380 nm in benzene. The 

+ 

reaction of 1 with R N H 2 to form R N H 3 « A - lies so far 
to the start ing materials in a non-polar solvent such as 
benzene. Thus, the absorption spectra did not change 
even in the presence of excess amount of rc-BuNH2 

(n-BuNH2 / l = 10—500). When 18-crown-6 (18C6) 
was added to the benzene solution of 1 and n-BuNH2 a 
strong bathochromic shift of the absorption maximum 
from 380 to 478 nm was observed (Fig. 1). The presence 
of an isosbestic point at 412.5 nm indicated that a 
single chemical species was formed by the addition 
of the crown ether. T h e increase in the intensity of the 
band at 478 nm ceased when the ratio of the crown 
ether to 1 reached around 1500 at 26.6 °C (150 at 6 °G) 
as shown in Fig. 1. Addition of an equimolar amount 
of DBU (l,8-diazabicyclo[5.4.0]undec-7-ene, a strong 
organic base) to a benzene solution of 1 produced a 
bathochromic shift of the absorption (380 nm) to 455 
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T A B L E 1. E F F I C I E N C Y O F C R O W N E T H E R S F O R T H E F O R M A ­

T I O N OF THE AMMONIUM ION COMPLEXES 

400 500 600 

Wavelength/nm 

Fig. 2. UV spectra of crown ether complexes. 

I : HA, I I : Na+A" -B15G5, I I I : RNH3-A--18C6. 

nm in the absence of the crown ether, and the absorption 
maximum moved up to 478 nm by further addit ion of 
DBU ( ^ 1 0 0 fold excess). The latter bathochromic shift 
can be accounted for on the basis of the change in the 
structure of the resulting acid-base association complex, 
i.e. the change from a contact ion pai r to a solvent-
separated ion pair. I t is to be noted that in n - B u N H 2 - l -
18C6 system, the position of the absorption max imum 
did not materially change with the variation of amine/1 
ratio from 10 to 500. The behavior of the crown ether 
complex of the alkylamine as well as that of the DBU-
complex are noticeably compared with the observation 
that the absorption of Na+«A~-benzo-15-crown-5 com­
plex in benzene at 445 nm (Fig. 2) showed very little 
shift on further addition of B15C5 (*»50 fold excess). 
From these observations, it could be reasonably 
concluded that the ionic species with the absorption 
at 445 nm (and 455 nm for the D B U - 1 system) and the 
one absorbing at 478 nm are assigned to the contact 
ion pair and the crown ether-separated ion pai r (or 
solvent-separated ion pair) , respectively. Other crown 

Grown 
etherw 

18G6 
DC18C6 
(cis-syn-cis) 
DC18G6 
(cis-anti-cis) 
B15C5 
B18C6 

Grown ether/HA' 

n-BuNH2 

4 

15 

105 

4800c) 

170 

j-BuNH2 

13 

105 

635 

10000c) 

306 

o 

É-BuNH2 

18 

450 

1400 

14000c> 

194 

a) The amount of crown ether (in molar ratio to 
HA) necessary to reach equal concentration of HA 
(380 nm) and A~ (478 nm). H A = 1.09x 10-4 mol/ 
dm3, RNH 2 =5.5X10- 3 mol/dm3, Temp 27.3 °C. 
b) C: crown, DC: perhydrodibenzo, B: benzo. 
c) Those to reach [A]/[HA] = l/9. 

ethers included in Table 1 as well as a bis(benzocrown 
ether) , 1,7-bis[3,4- ( 1,4,7,10,13-pentaoxatridecane-1,13-
diyl) phenyl]-1,4,7-trioxaheptane,5> showed the behavior 
same as 18C6 forming complexes with an absorption 
max imum at 478 nm. It is to be added incidentally 
tha t in the absence of a crown ether the addition of a 
large amount of alkylamine (RNH 2 / 1^1000) to the 
benzene solution of 1 caused a slow displacement of 
/»-nitroanilino group in 1 by the amine giving iV-alkyl-
picrylamine, which was characterized by the appearance 
of new absorptions at 338 and 417 nm. 

Effect of the Structures of Alky lamines and Crown Ethers. 
Table 1 shows a qualitative comparison of the extent 
of the formation of the butylammonium ion complexes 
(2), where the values represent the amounts of a crown 
ether (molar basis) being necessary to reach to [2] / [ l ] = 
1 (for B15G5 see footnote in the Table) . In line with 
the previous results,2) 18C6 entered into the formation 
of the association complexes to a large extent, and 
B15C5 was much less efficient. With most of the crown 
ethers the increase in steric bulk of the alkyl group of 

TABLE 2. EQUILIBRIUM CONSTANTS IN R N H 2 - H A - C R O W N ETHER SYSTEM IN BENZENE 

Temp 
°C 

6.0 

26.6 

35.0 

RNH2 

R-

n-Bu 
s-Bu 
t-Bu 
n-Pr 
f-Pr 
n-Bu 
s-Bu 
t-Bu 
Pentyl 
1-Methylbutyl 
1-Ethylpropyl 
*-Pentyl 
n-Bu 
s-Bu 
t-Bu 

18C6 

(5 .66±0 .09)x l0 7 

(1 .50±0 .02)x l0 7 

(9 .47±0 .10)x l0 6 

(2 .29±0 .07)x l0 6 

(1 .64±0 .05)x l0 6 

(2 .31±0 .10)x l0 6 

(7 .01±0 .13)x l0 5 

(4 .59±0 .14)x l0 5 

(2 .30±0 .06)x l0 8 

(8 .09±0 .19)x l0 5 

(8 .44±0 .07)x l0 4 

(2 .22±0 .20)x l0 5 

(9 .76±0 .08)x l0 5 

(3 .06±0 .04)x l0 5 

(1 .99±0 .04)x l0 5 

^(mol - 2 dm 6 ) 

B18C6 

(2 .28±0 .09)x l0 6 

(1 .28±0.01)xl0« 
(1 .92±0 .02)x l0 6 

(1 .22±0 .01)x l0 6 

(1 .44±0 .03)x l0 6 

(1 .52±0 .03)x l0 6 

(7 .56±0 .14)x l0 4 

(9 .99±0 .30)x l0 4 

(1 .75±0 .01)x l0 5 

(8 .36±0 .22)x l0 4 

(9 .65±0 .60)x l0 3 

(4 .54±0 .61)x l0 4 

(5 .98±0 .22)x l0 4 

(3 .13±0 .01)x l0 4 

(4 .18±0 .05)x l0 4 

AB18C6a) 

(6 .16±0 .20)x l0 4 

(3 .56±0 .07)x l0 4 

(4 .74±0 .25)x l0 4 

a) 4'-Acetylbenzo-18-crown-6. 
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TABLE 3. COMPARISON OF EQUILIBRIUM CONSTANTS (K(K0) 

ON THE BASIS OF FRAMEWORK OF AMINES 

TABLE 4. THERMODYNAMIC PROPERTIES OF BUTYLAMINE-

H A - C R O W N SYSTEM a) 

Amine 
R -

G-C-C-
C-G-G-G-
C-C-C-C-C-
C-C-C-
C-C-C-

C 
G 

C-C-G-
i 

G 
G-G-G-

i 
C 

i 

c c-c-c-
c-c-

1 

G 
C 

C-C-
i 

G 

K/K0 

18G6 

0.99 t 

1.00 
0.996 

0.99x 

0.303 

0.096! 

0.0365 

0.99x 

0.710 

0.199 

O 

B18C6 

0.0528 

0.0658 

0.0758 

0.0528 

0.0327 

0.0197 

0.0042 

0.0528 

0.0623 

0.0432 

a) KQ is the equilibrium constant of 18C6- n-BuNH2 

system at 26.6 °C. 

the amines depressed the formation of the complex, 
but benzo-18-crown-6 (B18G6) showed an irregular 
order of the efficacy as 7z-BuNH2>*-BuNH2>f-BuNH2 . 
In order to inquire the factors which are related to the 
discrepancy, equilibrium constants for Eq. 1 were 
determined for various alkylamines with the use of 
18C6 and B18C6, and the results are summarized in 
Table 2. Table 3 shows the relative ratios of the equilib­
r ium constants at 26.6 °C which are derived by taking 
the 18C6-n-BuNH2 system as a reference. The values 
for normal alkylamine-18 C6 system were almost 
invariant with the chain length of the amines, while 
those in the B18C6 system showed some increase with 
the increase of the alkyl chain. A noticeable difference 
between the two systems was observed in the effect of 
a-alkyl substitution of the amines. The decrease of the 
ratio by the introduction of methyl group (s) was clearly 
smaller in the B18G6 system than in that of 18C6 as 
seen in the set involving n-PrNH2 , z-PrNH2, and t-
BuNH 2 . The presence of a-ethyl group, however, 
caused larger steric effect in both systems, as is observed 
in the case of 3-aminopentane. 

Thermodynamic parameters of the equilibrium in 
18C6- and B18C6-n-BuNH2 systems in benzene at 
26.6 °G are shown in Table 4. The entropy change in 
the 18C6 system are almost constant (AS= — 2.12— 
— 2.16 X 1 0 2 J / K mol), and the enthalpy term seems 
to mainly determine the extent of the complex formation 
decreasing in the order : n-BuNH2>,y-BuNH2>/-
BuNH 2 . In the system of B18C6, however, the change 
of the two terms occurs in an opposite manner with the 
increase of the steric bulk of the amines to yield the 
orders, / -BuNH 2 >.r-BuNH 2 >n-BuNH 2 for the enthalpy 
term and n-BuNH2>.r-BuNH2>*-BuNH2 for the entropy 

Grown - A G -AH -AS 

18C6 

B18G6 

U U 1 2 

n-
s-
t-
n-
s-
t-

kj/mol 

36.5 
33.5 
32.5 
29.7 
28.0 
28.7 

kj/mol 

102 
97.5 
96.7 
90.2 
92.4 
95.6 

kj/mol 

216 
213 
212 
201 
213 
222 

a) AG, AH, and AS at 26.6 °G. 

term, respectively. Thus , a subtle balance of the two 
terms would lead to the unexpected order of the stability 
among the alkylammonium complexes of B18G6 and 
also of 4'-acetylbenzo-18-crown-6, though the origin 
for the specificity of the B18G6 systems is not clear at 
present. 

Thermodynamic parameters for the complex-forming 
equilibria between crown ethers and various metal 
or ammonium salts have been reported mainly in a 
protic or a dipolar medium such as D M F . The entropy 
terms obtained6) vary widely depending on the nature 
of the salts and crown ethers as well as the medium, but 
scarcely exceed —20 e.u. for the systems utilizing the 
crown ethers bearing 15- or 18-ring. The large loss 
of entropy (around —2.1 X 102 J / K mol or —50 e.u.) in 
the present equil ibrium system suggests that several 
molecules of the medium, excess alkylamine (and/or 
benzene), are interacting with the alkylammonium 
complexes, in view of the result7) that in the equilibrium 
of Eq. 2 in chloroform the entropy term much decreases 
from —23 to —40 e.u. by replacement of the crown 
ether with diglyme. 

HBr + Br2 + di-Br-DBG <=> H+• (di-Br-DBC) • Br3- (2) 

di-Br-DBC : 4,4/-dibromodibenzo-18-crown-6 

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

Materials. All crown ethers used were prepared ac­
cording to the conventional methods;8) 18G6: mp 39.9— 
40.2 °G, B18G6: mp 44.1—44.5 °C, 4'-acetylbenzo-18-crown-
6: mp 77.9—78.2 °C,5> and B15C5: mp 80.8—81.7 °C. 

2,4,4',6-Tetranitrodiphenylamine (HA, 1) was prepared by 
the reaction of picryl chloride and /»-nitroaniline in ethanol 
in the presence of sodium carbonate, and then recrystallized 
from ethanol (three times) ; yellow needles, mp 222.8—224.2 
°C (uncorrected) (lit, 219 °C,9) 220—220.6 °C10>), Found: G, 
41.20; H, 2.03; N, 19.98%. Calcd for C12H7N5Os: C, 41.27; 
H, 2.02; N, 20.06%. 1-Methylbutylamine and 1-ethyl-
propylamine were prepared by the methods described in the 
literature,11) and other alkylamines (RNH2) were of reagent 
grade. These amines were distilled over KOH and stored 
under nitrogen atmosphere prior to use. Benzene was dried 
over sodium metal and distilled under nitrogen atmosphere 
before use. 

The complex of B15G5 with Na+« A - was prepared by the 
addition of a methanol solution of the crown ether to Na+«A_ 

in methanol. 
Absorption Spectra. The electronic spectra of the solu­

tions were recorded on a Shimadzu UV-200 spectrophotom­
eter over a temperature range from 6.0 to 35.0 °C (±0.1 °C). 
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(b-x)(c-x)l\0-1 mol2 dm-6 

Fig. 3. Determination of formation constant according 
to Eq. 4. 
O : [n-BuNH2]/[HA] = 25, [HA] = 3x 10"5 M ( M = 
mol-dm-3), [18C6]/[HA]= 11—75 at 35.0 °C. 
A : [18C6]/[HA]=1.8, [HA] = 5x 10~5 M, [>-BuNH2]/ 
[HA] = 33—266 at 35.0 °G. 
Both systems gave the same formation constant (K= 
(0.976±0.08) X 104 M-2) within the experimental error. 

A quartz cell with a silicone rubber stopper was used in all 
determinations. A constant temperature of ±0.1 °G was 
maintained by circulating water from a thermostated bath. 
The temperature inside the cell compartment was monitored 
with a thermocouple. In benzene solution, the absorption 
maxima and absorption coefficients of 1 and Na+.A --B15C5 
were 380 nm (emax: 1.64 x 104) and 445 nm (emax: 1.72 X 
104), respectively. The absorption maxima and absorption 

+ 
coefficient of crown separated ion pair, RNH3«CR«A -, in 
benzene were obtained from the RNH2-1-18G6 system con­
taining such amount of the crown ether that the absorbance 
of the system did not increase by its further addition. Con­
centration change of 1 was corrected. The resulting absorp­
tion coefficient for n-BuNH2- and n-pentylamine-l-18C6 
(and B18G6) systems was the same value (A,^: 478 nm, Sm^: 
3.41 x 104). The conductance of these solutions was negli­
gible. 

Calculations. The formation constants of the com­
plexes were calculated from the measured concentration of 

+ 
RNH3«GR«A- by considering the following equilibrium. 

K + 

HA + GR ± RNH2 <==> RNH 3 .CR.A- (3) 
(a—x) (b—x) (c—x) x 

CR : A crown ether 
a, b, and c : Initial concentrations of 1, GR, and RNH2, 

respectively. 
K : Formation constant 

The constant K may be represented by 

JC= */(*-*) (b-x)(c-x) = i—*f> 
dA-d 

(b-d-dHAuc_d-dSAy 
(4) 

where the symbols have the following significance, x : the frac­
tion of ionized HA, eHA, and eA: the absorption coefficients 

+ 
of HA and RNH3«CR«A~ at 478 nm, respectively; </HA=a. 
eHA and dA=a»eA. On the basis of the absorbance at 478 nm 

+ 
( = d) concentrations of HA and RNH3«CR«A_ are given by 
x=(rf-rfH A)(eA-eH A)-1and (a-x) = {d-dA)(eUA-eA)-1. Sub­
stitution of the values of x and (a—x) into Eq. 4 leads to 
Eq. 5. 

d-
d 

~^HA =K.(b_ inAMà) . / c _
 d ~ ^HA\ 

k-d \ e A - e H A / \ e A - W 
(5) 

A plot of (d-d^^-d)-1 vs. [b-id-dnJist-enJ-^x 
[c— (d— dHA)x (eA—eHA)-1] gives a straight line, and hence 
K can be obtained from its slope. Figure 3 shows the validity 
of this method. Initial concentrations of HA and RNH2 

used were 3x 10-5 and 7.5 x 10-4 mol/dm3, respectively. 
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Intramolecular rearrangement was induced by light as well as base in a homologous series of l-(/>-nitrophenoxy)-
co-anilinoalkanes, />-02NC6H40(CH2)nNHPh(/i=2—5), yielding iV-(/>-nitrophenyl)-co-anilino-l-alkanols, p-
02NC6H4N(Ph)(CH2)nOH. The reaction rate in acetonitrile showed abnormal order, / i = 4 > 5 > 3 > 2 , which 
was reversed by the addition of triethylamine. The mechanism of this photorearrangement through a radical 
ion pair and a spiro type Meisenheimer complex was proposed. The anomaly in the reaction rate order was 
discussed on the basis of this mechanism. 

The intramolecular nucleophilic aromatic substitution 
is generally called the Smiles rearrangement,2) which 
is in most cases induced by base. T h e reaction of the 
same type induced by light may be called the photo-
Smiles rearrangement . A homologous series of 1-
(jfr-nitrophenoxy)-co-anilinoalkane (1) gave N-(/>-nitro-
phenyl)-co-anilino-l-alkanol (2) on irradiation of light 
( > 3 0 0 nm) . The product 2 was also obtained by the 
reaction with strong base such as sodium hydride or 
sodium ethoxide, undoubtedly through nucleophilic 
attack of the corresponding anilide type anion at the 
ring carbon atom attached to the ether oxygen, followed 
by formation of a Meisenheimer type complex. Thus the 
photorearrangement of 1 to 2 is a photo-Smiles rear­
rangement . 

0 2 N - / S -0(CH 2 ) n NHPh 

1, n = 2 -

02N-

ÄV or 

base 

\ N < 
(CH2)nOH 

= / Ph 

There is only one precedent3) for this type of photo­
rearrangement so far as we know. We report here the 
effects of the chain length in 1 on reaction kinetics and 
some mechanistic aspects of this photoreaction. 

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

Photorearrangement. Solutions of a homologous 
series of 1 are almost colorless, but become yellow when 
irradiated with a high-pressure H g lamp. As an example, 
the change of the ultraviolet-visible region of the 
spectrum of /> -ON 2 C 6 H 4 0(CH 2 ) 4 NHPh (1, n=4) in 
acetonitrile is shown in Fig. 1. The spectral max imum 
at ca. 305 nm, characteristic of jfr-nitrophenoxyl group, 
disappears with t ime and a new peak appears at ca. 
395 nm. This photoreaction was observed in polar 
solvents such as acetonitrile, alcohols, and tetrahydro-
furan, but not in cyclohexane or hexane. 

The structure of the products (2) was confirmed by 
spectral and elemental analysis. Their spectral features 
agreed well with those of the rearranged products 
obtained by base-induced reaction.4) One of the most 
striking characteristics is the absorption peak at ca. 
395 nm suggesting the presence of nitroaniline type 
chromophore. As seen in Fig. 1, the increase of the 
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Fig. 1. 

Wavelength/nm 

Absorption spectra of/>-02NC6H40(CH2)4NHPh 
in acetonitrile (0.8 X 10~4 mol/dm3), irradiated with 
a high-pressure Hg lamp. Numerals attached to the 
curves denote time of irradiation in min. The curve 
in broken line is the absorption spectrum of the product. 

product (2, n = 4 ) can be easily followed with ultraviolet 
spectroscopy. I t also shows isosbestic points, suggesting 
one-to-one correspondent conversion of 1 to 2. Since 
the starting materials showed no appreciable absorption 
at visible region, the reaction rate was determined 
simply by the measurement of the t ime dependence of 
the intensity at ca. 395 nm. Close examination of the 
Fig. 1 shows that the absorption curves irradiated for a 
long t ime deviate slightly from the isosbestic points. 
This phenomenon is due to the formation of polymeric 
substances probably produced by the photodecomposi-
tion of 2. 

In order to avoid the further reaction of 2 which 
absorbs mainly at longer wavelength region (>330 nm), 
a filter of an aqueous N i S 0 4 solution as well as Pyrex 
was used as the s tandard conditions for the determina­
tion of the rate constants.5) Employing acetonitrile as 
representing aprotic solvent, the photoreaction rates 
were determined and the relative rate constants (first 
order reaction) are summarized in Table 1. These are 
relative values because they are variable with photolysis 
conditions such as concentration of the solution, intensity 
of the light, form of the reaction vessel, etc. 
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TABLE 1. RELATIVE INITIAL RATE CONSTANTS (£rel) FOR 

THE PHOTOREARRANGEMENT OF 1 IN G H 3 C N 
_ - - -

LO a ) 1.0 2.0 
710 400 
710 200 

420 
110 

0.25 

120 
8.6 
0.072 *?eEiA/*?ei 7 1 0 2 0 0 0.25 0.072 

a) *?ei(w=2) = l .0. b) Values in the presence of 
triethylamine (2.84x 10~2 mol/dm3). 

A notable fact in Table 1 is low reactivity of the 
lower homologs (n=2 and 3) in comparison with the 
higher ones. I t is generally accepted that lower homologs 
are favored (i.e., react faster or give products in higher 
yields) in intramolecular reaction. I n fact, the Smiles 
rearrangement of 1 in the presence of sodium hydride 
in D M F showed the rate order, n = 2 > 3 > 4 > 5 . 4 > T h e 
anomaly in the photoreaction is closely connected with 
the reaction mechanism and will be discussed in the 
later par t of this paper. 

Addition of triethylamine or pyridine to the solution 
accelerated the reaction remarkably. The amines are 
weak bases unable to catalyze the rearrangement of 1 
in the dark. The results for triethylamine are sum­
marized in Table 1. The resulting reactivity order 
with regard to n is the same as that observed in the 
base-catalyzed reaction. In the third row of Table 1, 
the ratios of the rate constants in the presence vs. in the 
absence of the amine are shown. The rate increase in 
the lower homologs is in the order of 102, but the higher 
homologs showed a slight decrease. This rather unex­
pected behavior of the higher homologs is a result of a 
concomitant photoreaction of 1 with the added amine. 
The electronic spectrum of the solution containing 
triethylamine showed a new peak at ca. 290 nm in 
addition to those of 2 on irradiation. This side reaction, 
which apparently retarded the rate, was also observed 
in the lower homologs but to a far less extent. Since 
irradiation under the same conditions of an acetonitrile 
solution of jô-nitrophenetole containing the amine 
induced a similar spectroscopic behavior, the side 
reaction observed in 1 is probably due to a reaction 
between /»-nitrophenoxyl moiety and triethylamine 
whose photoreductive capability is well known.6) 

In order to see the effect of protic solvent, the rate 
constants in methanol were determined and sum­
marized in Table 2. 

of the absolute values of A;0 in methanol with those in 
acetonitrile shows acceleration by a factor of 10 and 2 in 
methanol for rc=2 and 3, respectively, and reduction 
by 0.02 for n=4. T h e observed rate acceleration may 
be due to the destruction of intramolecular N - H - - 0 
hydrogen bond which is present in these lower 
homologs7) and arranges the molecule in conformation 
with two 7r-electron systems far apart , unfavorable 
situation for exciplex formation (3). Different solvating 

02N 
\ / 
(CH2)n 

manner of methanol from acetonitrile for 1 in the 
ground and excited states and for reaction intermediates 
is also an important factor, though the details are yet 
unknown. 

In the presence of triethylamine, the absolute A;TEA's 
of the n=2 homolog in these two solvents are nearly 
the same, implying the upper limit of the reaction rate 
of this homolog. The smaller accelerating effect of the 
base in n = 3 (one order less than in acetonitrile) may 
be due to lower activity of triethylamine in this protic 
solvent. I t is notable that a small but definite rate 
acceleration by the amine is observed for the n=4 
homolog. In contrast to the reaction in acetonitrile, 
no reaction of 1 with the amine was observed in 
methanol. 

Some Mechanistic Aspects. The effect of the amine 
suggests ionic character of the photoreaction. The most 
probable ionic process is abstraction of the N - H proton 
by the amine, thus producing an anilide type anion, 

e 
j&-0 2NC 6H 40(CH 2 )MNPh, which then takes the same 
course as in the Smiles rearrangement . The same 
reactivity order with regard to n in both cases supports 
this possibility. T h e key step in this mechanism is the 
increase of the acidity of the N - H group on absorption 
of ultraviolet light. There are two possibilities : (i) The 
acidity of the anilino moiety increases on excitation1) 
as is the case in naphthylamine8) and phenols;9) (ii) 
Intramolecular exciplex or excited state of intramolecu­
lar charge-transfer interaction may facilitate proton 
release from the N - H group. Of these, the mechanism 
(ii) has been proved to be valid by Yokoyama et Û/.10) 
They confirmed the presence of a radical ion pair (4) 

Ärel 

*25**'M 

*rel /*rel 

1.0 
75 
75 

0.5 
30 
60 

TABLE 2. RELATIVE INITIAL RATE CONSTANTS (A;rel) FOR 

THE PHOTOREARRANGEMENT OF 1 IN C H 3 O H 
_ - -

_ 

4.0 
4.0 

a) A:rel(n=2) = 1.0. b) Values in the presence of 
triethylamine (2.84x 10~2 mol/dm3). 

I t is interesting that there is little difference in the 
rate of three homologs studied, though considering the 
distance of the two reacting centers, the rate of rc=4 
should be regarded still as unusually large. Comparison 

[p-^NCg^of (n)-NHPh —^[Exciplex] 

HI 
p-C^NCgH^CMrO-NHPh 

It ' 
P-9zNCpH40 

PhNH 

Fig. 2. Photolysis mechanism of 1, where (n) denotes 
(GHa)n group. 
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and a spiro type Meisenheimer complex (5) by means 
of t ime dependent transient absorption spectral measure­
ment of solutions irradiated with N2-laser pulse. There­
fore a probable photorearrangement mechanism is as 
depicted in Fig. 2. 

One of the possible processes which lead to the ion 
pair may start with the excitation of the /»-nitrophenoxyl 
chromophore absorbing at ca. 305 nm, followed by 
formation of an intramolecular exciplex. Another one 
leading to a similar exciplex may be the excitation of the 
molecule in the state of intramolecular charge-transfer 
interaction.11) Since the charge-transfer interaction in 
the ground state is very weak, the ionic character of the 
exciplex is large and the electron transfer to form the 
radical ion-pair (4) is probably a smooth process. I n 
the step following the exciplex formation, an electron 
from the anilino group in 1 is transferred to the nitro-
phenoxyl group, and the resulting radical cation moiety 
has an N - H group with sufficiently strong acidity to 
release its proton. Here, the role of tr iethylamine is 
evident, because the basicity of the amine is far stronger 
than acetonitrile. The failure of the photo-Smiles 
rearrangement in cyclohexane or hexane is also 
apparent , as these solvents are poor acceptors of proton 
and have meager solvating power for ions. In fact, the 
formation of the ion pair (4) has not been detected in 
these solvents.10) 

There remains a question why the reactivity of the 
lower homologs in acetonitrile is abnormally low in the 
absence of bases. The anomaly is in the lower homologs 
( n = 2 and 3), and not in the higher ones (n—4 and 5). 
Since the process subsequent to the release of the N - H 
proton should be the same as the Smiles rearrangement, 
the step where the reaction rates in question are mainly 
determined is after the excitation of 1 and before the 
proton release. Therefore, the factors governing the 
reactivity may be concerned with the fate of excited 
chromophores and/or of the radical ion pair. 

I t should be mentioned here that the lifetimes of the 
ion pair, 4, for n—2, 3, and 4 are 65, 73, and 98 ns, 
respectively.10) Similar effect of chain length on the 
process of intramolecular fluorescence quenching has 
been reported.12) Since the electron return process 
and conformational change to form a sandwich type 
form is far faster than proton transfer,13) the reason of 
the low reactivity in the absence of the amine is probably 
due to the presence of effective quenching routes for 
the ion pairs of the homologs with short chain length. 

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

Reaction Kinetics of Photolysis. A 200-cm3 solution was 
irradiated with a 100 W high-pressure Hg lamp equipped 
with a Pyrex cooling jacket, through which a solution of nickel 
sulfate (500 g NiS04/dm3 aqueous solution) was passed. 
The lamp was immersed in a vessel containing the solution 
of 0.8—0.9 X 10-4mol/dm3. For the determination of the 
reaction rate, the solution was circulated through a flow-
cell set in a Hitachi 100-50 spectrophotometer. Time depen­
dence of the increase of the characteristic absorbance of the 
product at ca. 395 nm was recorded and the initial rate constant 
calculated, assuming first-order reaction. 

Solvents. Acetonitrile (Wako, G. R. grade) was distill­

ed from the mixture with phosphorus pentaoxide (5 g/dm3 

CH3CN). Methanol (Wako, G. R. grade) was used after 
distillation. 

Preparation of 2. General Procedure: A 250-cm3 aceto­
nitrile solution containing ca. 50 mg of 110> is irradiated with a 
100 W high-pressure Hg lamp through Pyrex and aqueous 
NiS04 filters. For the solutions of n—2 and 3 homologs of 1, 
2 cm3 of triethylamine was added. After removing the 
solvent, the residue was dissolved in dichloromethane, and 
the solution was passed through a column packed with silica 
gel using benzene-dichloromethane ( 1 :1 ) and dichloro­
methane as eluents. 

N-(p-Nitrophenyl)-2-anilinoethanol (2, n=2): This com­
pound was obtained in 87% isolated yield as dark red liquid; 
3,5-dinitrobenzoate, mp 172—173 °C; U V , ^ (95% EtOH), 
392 nm (e 19200); NMR (CDC13) (5=2.72 (IH s, OH), 3.8 
(4H, m, CH2CH2), 6.57 and 7.82 (4H, two d, 7 = 9 Hz, p-
02NC6H4), and 7.2 (5H, m, C6H5); MS (70 eV), m/e 258 
(M+), 227 (02NC6H4(Ph)NCH2+), and 181 (227-N0 2 ) . 

Found: C, 64.97; H, 5.43; N, 10.68%. Calcd for C14H14-
N 2 0 3 : C, 65.10; H, 5.46; N, 10.85%. 

N-(p-Nitrophenjil)-3-anilino-l-propanol (2, n=3): This com­
pound was obtained in 74% isolated vield as red liquid, 3,5-
dinitrobenzoate, mp 124—125 °C; U V ^ (95% EtOH), 391 
nm (e 18900); NMR (CDC13)<5=1.94 (2H, m, C-CH2-C), 
2.91 (IH, s, OH), 3.71 and 3.88 (4H, two t, NCH2 and OGH2), 
6.57 and 7.87 (4H, two d, 7 = 9 Hz, />-02NC6H4), and 7.2 
(5H, m, C6H6); MS (70 eV), m/e, 272 (M+), 227, and 181. 

Found: C, 66.27; H, 5.84; N, 10.37%. Calcd for C16H16-
N 2 0 3 : C, 66.15; H, 5.92; N, 10.29%. 

N-(p-Nitrophenyl)-4-anilino-l-butanol (2, n=4): This com­
pound was obtained in 82% isolated yield as yellow needles: 
mp 75—76 °C; U V ^ (95% EtOH), 391 nm (e 19400) ; NMR 
(GDC13) (5=1.7 (5H, m, C-CH2-CH2-C and OH), 3.7 (4H, 
m, NCH2 and OGH2), 6.50 and 7.87 (4H, two d, 7 = 9 Hz, 
/>-02NC6H4), and 7.2 (5H, m, C6H5); MS (70 eV), mje, 286 
(M+), 227, and 181. 

Found: C, 67.27; H, 6.43; N, 9.59%. Calcd for C16H18-
N 2 0 3 : C, 67.11; H, 6.34; N, 9.78%. 

N-(p-Nitrophenyl)-5-anilino-l-pentanol (2, n=5): This com­
pound was obtained in 61% isolated yield as dark red liquid; 
U V ^ (95% EtOH), 389 nm (e 19400); NMR (CDC13) 0= 
1.55 (7H, m, C-CH2-CH2-CH2-C and OH), 3.8 (4H, m, 
NCH2 and OCH2), 6.79 and 8.28 (4H, two d, 7 = 1 0 Hz, p-
02NC6H4), and 7.5 (5H, m, C6H6); MS (70 eV), m/e, 300 
(M+), 227, and 181. 

Found: C, 67.74; H, 6.93; N, 9.42%. Calcd for C17H20-
N 2 0 3 : C, 67.98; H, 6.71; N, 9.33%. 
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The equilibrium constants for the hydration reaction of 4-pyridinecarbaldehyde were determined in several 
solvents by ^ - N M R spectroscopic measurements. The hydration reactions were sensitive to the nature of the 
solvents. In strong donor solvents such as hexamethylphosphoric triamide, pyridine, and dimethyl sulfoxide, 
formation of the hydrate is far more favorable than in water or other poor donor solvents. Thus the stabilization 
of the product by hydrogen bond formation is assumed to favor the reaction. Polarity of the solvent alone does 
not explain the solvent effect, even if it is supposed to affect the equilibria secondarily. 

The hydration reaction to form geminal diols is 
known on several aliphatic aldehydes carrying electro­
negative groups.1"5) T h e present authors have reported 
in a previous paper6) that the corresponding geminal 
diols were produced when the six-membered aza-
aromatic aldehydes carrying a formyl group at 2 or 
4-position were submitted to the reaction with water. 
The enthalpies of hydrat ion were determined from the 
temperature dependence of their 1 H - N M R spectra. In 
this report, equil ibrium constants (K) of the hydrat ion 
of 4-pyridinecarbaldehyde (given by Eq. 1) were 
determined in several organic solvents by means of 
^ • N M R spectroscopy.7) The advantage of N M R 

H .OH 
K V^OH 

+ H20 + n S + nS (1) 

spectroscopy in the determination of free and hydrated 
species of aldehydes in mixtures has been described by 
several authors.8-12) In the case of 4-pyridinecarbal­
dehyde, it is possible to observe two sets of resonance 
lines assigned to the hydrated and the free species in 
its ^ - N M R spectrum.6) T h e methine proton signal 
of the hydrated species appears at ca. 4 p p m upfield 
relative to the formyl proton signal of the unhydrated 
species. Similarly, ring proton signals of the hydrated 
species shift ca. 0.5 ppm upfield relative to those of 
the unhydrated species. 

The hydration of aza-aromatic aldehydes is an 
addition reaction initiated by the nucleophilic attack 
of water molecule on the positively-charged carbonyl 
carbon atom. In an aldehyde-water-solvent ternary 
system, the hydration reaction is supposed to be affected 
considerably by the nature of solvent because of the 
difference in polarity and in hydrogen-acceptability, or 
electron-donability, in hydrogen bond formation. Thus 
the equilibrium constants were determined in various 
solvents and with various proportions of reactant system 
in order to study the specific interaction between the 
solvent and the solute molecules, and to elucidate how 
the solvent participates in the reaction mechanism. 

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

Preparation of Materials. 4-Pyridinecarbaldehyde was 
distilled prior to use. Deuterium oxide was used as the 
nucleophilic reagent in place of H 2 0 in most runs. No 

remarkable difference in equilibrium constant was observed 
in comparison with the results using H20.13> Deuterated 
solvents were used without further purification. Other 
solvents were purified by the usual procedures. 

Measurement of XH-NMR Spectra. 1H-NMR experi­
ments were performed with a JEOL JNM C-60H NMR 
spectrometer. In cases of very dilute solutions, the spectra 
were measured with a JEOL JNM FX-60 or an FX-100 NMR 
spectrometer, accumulations carried out hereby in order to 
get a high signal-to-noise ratios. Equilibrium constants of 
the hydration in various solvents were determined from the 
ratios of integrated intensities of the free and the hydrated 
species of the aldehyde. The relative integrated intensity 
was obtained as a mean of the observed values by several (at 
least 3) times of scans in the integration mode. Chemical 
shifts are given in terms of part per million (ppm) downfield 
from TMS. The probe temperature was kept at 34.5 °C 
in all measurements except otherwise stated. 

TABLE 1. THE ENTHALPY OF HYDROGEN BOND FORMATION 

BETWEEN 4-(HYDROXYMETHYL) PYRIDINE AND 

DIMETHYL SULFOXIDE 

C=4.42 X 10-3 mol/1 H=2\. 1 KJ/mol 

r/K etj\ mol_1 cm -1 ejl mol_1 cm -

292.5 
297.7 
303.7 
309.3 
316.2 

39.5 
40.6 
42.5 
44.8 
46.1 

58.5 
52.7 
46.5 
41.4 
35.1 

2 
J 

r-vkK-1 

Fig. 1. The log (eje{) vs. \/T of 4-(hydroxymethyl)-
pyridine-dimethyl sulfoxide hydrogen bond system. 
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Determination of AvOT) and the Enthalpy of Hydrogen Bond 
Formation by Infrared Spectroscopic Measurements. Infrared 
O-D stretching absorptions of methanol-«/ were measured 
with a Hitachi Model 225 grating infrared spectrometer. The 
reference O-D absorption in benzene was also measured under 
the same conditions. 

The enthalpy of hydrogen bond formation of 4-(hydroxy-
methyl) pyridine was obtained by measuring the O-H absorp­
tion intensities of free and hydrogen-bonded species (ef and 
eb, respectively) at several temperatures. The slope and the 
abscissa of the (ejef) vs. 1/Tplot gave the enthalpy and the 
entropy, respectively. The results are given in Table 1 and 
Fig. 1. 

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

Formation Constants of the Hydrate in Several Organic 
Solvents. Equil ibrium constants of the hydration 
in various solvents are given together with some indices 
for the solvent polarity and the hydrogen acceptability 
in Table 2. The AvD value is defined as the solvent 
induced shift (in cm - 1 ) of the O - D stretching band of 
methanol-^ (CH 3 OD) in a solvent with reference to 
that in benzene (2688 cm - 1 ) and used as a measure 
for the electron donating power of solvent. Most AvD 

values were cited from reference,14) some of them being 
determined in the present investigation. From the 
above definition, the Av^ value increases with the 
increasing order of the electron donating power in the 
hydrogen bond formation. The log K vs. AvD plot gives 
a straight line with r=0 .982 representing a very good 
linear relation. A good correlation is also observed 
between In K and the donor number (Dn) defined by 
Gutaman (r=0.984).1 5) From the results, it is supposed 
that strong donor solvents facilitate hydrogen bond 
formation of the produced geminal diol with water, 
playing an important role in the hydration reaction. 

In the reactant system (consisting of the aldehyde, 
water, and solvent), water molecules form hydrogen 
bonds with solvent molecules preferably when the 
solvent is a stronger donor than water. This is estimated 
from the hydrogen bond energies obtained by N M R 
and infrared spectroscopic measurements.16»17) Thus 
the energy of formation of water-dimethyl sulfoxide 
hydrogen bond (4.6 kcal/mol) is shown to be larger 

than that for the self-association of water (4.4 kcal/mol). 
The water-solvent hydrogen bond stabilizes the 
aldehyde, disfavoring the formation of geminal diol in 
the equilibrium. The strong hydrogen bond between 
the solvent and water molecules tends to destroy the 
cluster structure of liquid water by breaking the O - H -
O hydrogen bond constructing the structure. The 
destruction of the cluster is especially remarkable in 
the range of larger mole fractions of the strongly donable 
solvents, being proved by the measurement of neutron 
inelastic scattering and X-ray diffraction studies.18) 
Hydrogen bond formation between the carbonyl 
oxygen atom and water is also possible in the reactant 
system. However the hydrogen bond of this type is 
supposed to be a little weaker than the O - H - -O 
hydrogen bond in water-donable solvent and the 
O - H - N hydrogen bond in water-aza-aromatic 
aldehyde pairs, the difference in the enthaplies of 
hydrogen bond formations being very small in these 
two cases. Hence this interaction might affect less 
remarkably the equil ibrium of the hydration reaction. 

Similar stabilization may occur in the product system 
consisting of the geminal diol, water, and the solvent. 
Contrary to the case of reactant system, the stabilization 
by forming hydrogen bonds will favor the hydrat ion 
reaction. As the geminal diol has two O - H functions, 
it can at tain considerably large stabilization in strong 
donor solvents. In order to estimate the energies of 
hydrogen bond formation in the product system, 4-
(hydroxymethyl) pyridine was used as a model compound 
and the enthalpy of association with dimethyl sulfoxide 
was determined by the infrared spectroscopic method. 
Ternary 4-(hydroxymethyl)pyridine-dimethyl sulfoxide-
carbon tetrachloride system shows two O - H absorptions 
at 3637 and 3380 c m - 1 , which are assigned to the free 
and the hydrogen-bonded species, respectively. Then 
the temperature dependence measurement of their 
intensities gives the enthalpy of hydrogen bond forma­
tion to be 5.03 kcal/mol. As 4-(hydroxymethyl)-
pyridine has a similar structure to the geminal diol 
and the additional a-hydroxyl group is expected to favor 
the hydrogen bond by its electronic effect, the hydrogen 
bond in the geminal diol is assumed to be stronger than 
that in the reactant. T h e geminal diol can exist as the 
two types of associated species given by (A) and (B). 

TABLE 2. THERMODYNAMIC QUANTITIES FOR THE HYDRATION OF 4-PYRIDINECARBALDEHYDE 

IN SEVERAL ORGANIC SOLVENTS 

Qnlvent 

HMPA 

Pyridine-rf6 

DMSO-</6 

DMF 

Dioxane 
Acetone-rf6 

D 2 0 
Acetonitrile-rf3 

#(34.5 °C) 

4.26X10-2 

3.76X10-2 

3.16X10-2 

2 . 2 7 x l 0 - 2 

2.04X10-2 

1.75x10-2 
1.62x10-2 
1.32x10-2 

5:ppm 
(formyl proton) 

aldehyde gem-d\o\ 

10.25 

10.21 
10.18 
10.21 

10.22 
10.08 

10.20 

5.98 
6.41 

6.03 
6.03 
5.95 
6.05 

5.96 

AH 
K J m o l - 1 

- 2 3 . 1 

- 2 4 . 3 
- 2 1 . 7 
- 2 2 . 6 

- 1 4 . 7 
- 2 5 . 8 
- 1 0 . 2 

AS 
J mol-1 K-1 

- 1 0 2 
- 1 0 7 

- 9 9 
- 1 0 4 

- 8 2 
- 1 1 8 
- 6 9 

e 

30.0 

12.1 
45.0 
36.1 

2.2 
20.7 
81.0 
38.0 

AvD 

cm-1 

177 

168 
141 
107 
77 

64 

49 

A. 

38.8 
33.1 
29.8 
26.6 

17.0 
18.0 
14.1 

HMPA: Hexamethylphosphoric triamide, DMSO: Dimethyl sulfoxide, DMF: iV,iV-Dimethylformamide. 
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H ^O-H-D 

^O-H-D 

H /O-H-D 
" C - 0 - H < H 

(A) (B) 

T h e second hydrogen bonds in these species might be a 
little weaker. Thus, the stabilization caused by the 
hydrogen bond in the 1 : 2 associated species, (A) or 
(B), is expected to overcome that in the reactant 
system. 

The solvent polarity can be another factor which 
controls the hydration reaction. If a polar molecule 
(dipole moment //, radius r) is transferred from the 
vaccum (e=\) to a medium of which dielectric constant 
is e, the energy change (AAG) is given by the Kirkwood 
Eq. 2. 

AAG = - -*V ß* 1 
r3 2e + 1 

(2) 

Therefore, the contribution of the solvent polarity to 
AG° (hydration) should be proportional to (e— 1)/ 
( 2 e + l ) . In practice, no definite correlation is observed 
between log K and (e— l ) / ( 2 £ + l ) , implying that the 
polar effect of solvent is not a predominant factor to 
affect the equil ibrium of hydration. However, by 
comparison of the results in deuterium oxide with those 
in acetoni t r i le-^ and acetone-â?6 it is probable that the 
polarity of solvent favors the hydration secondarily. 
Since acetone and acetonitrile are less donable than 
water, effect of the polarity which is masked by the 
effect of hydrogen bonding in cases of more strongly 
donable solvents becomes apparent in cases of acetone 
and acetonitrile solutions. 

Influence of the Composition of Reaction Medium on the 
Equilibrium Constant. In the experiments discussed 
above, the mole fractions (x) of the solvents were kept 
approximately 0.30, which is the most convenient 

-2.0 

-3.0 

-4.0 

js 
X 

r% ^ O * © 

0.1 0.2 0.3 QA 0.5 Û6 0.7 0.8 0.9 

X 

Fig. 2. The dependence of equilibrium constant K values 
on the mole fraction (X) of solvent molecule. 
— 0 — : Hexamethylphosphoric triamide, —A— : pyri­
dine-^, — O — : dimethyl-^ sulfoxide, — O — : N,N-
dimethylformamide, — • — : dioxane, — • — : acetone-
d6) — A — : acetonitrile-^g. 

concentration to observe N M R signals of the hydrated 
and the unhydrated species accurately. However, the 
eqil ibrium constant (K) is dependent upon the composi­
tion of the reaction medium, i.e. the mole fractions of 
the components. Thus the equilibrium constants were 
determined as a function of the mole fraction of solvent 
in the ternary aldehyde-water-solvent mixture. Results 
are given in Table 3 and Fig. 2. The solvents can be 
classified into two groups from the shape of their 
concentration vs. log K plots. The first group consists 
of strongly donable solvents such as hexamethylphos­
phoric t r iamide, pyridine, and dimethyl sulfoxide. The 
other consists of less donable solvents such as acetone 
and acetonitrile. In a solvent more donable than water, 
K increases almost linearly with the mole fraction of 
solvent in the region of x<Lca. 0.5. This phenomenon 
is explained by the formation of stronger hydrogen 

TABLE 3. EQUILIBRIUM CONSTANTS (K) IN SEVERAL SOLVENTS WITH VARIOUS MOLE FRACTIONS (X) OF SOLVENTS 

HMPA 

X 

0.060 
0.085 
0.090 
0.115 
0.155 
0.172 
0.199 
0.278 
0.299 
0.358 
0.365 
0.378 
0.416 
0.452 

Of 

InK 

- 3 . 4 2 0 
- 3 . 1 7 0 
- 3 . 2 1 2 
- 3 . 0 8 0 
- 2 . 9 4 6 
- 2 . 8 2 1 
- 2 . 8 1 1 
- 2 . 3 7 3 
- 2 . 3 6 0 
- 2 . 2 7 6 
- 1 . 9 9 3 
- 1 . 9 9 9 
- 1 . 7 2 5 
- 1 . 7 2 1 

Pyridine 

X InK 

0.084 
0.137 
0.229 
0.262 
0.374 
0.477 
0.508 
0.581 
0.600 
0.641 
0.691 
0.829 
0.869 

. in DoO, In K= — 

- 3 . 8 6 0 
- 3 . 6 3 7 
- 3 . 4 3 1 
- 3 . 2 3 2 
- 3 . 1 5 0 
- 2 . 6 2 3 
- 2 . 7 2 7 
- 2 . 3 7 6 
- 2 . 4 9 8 
- 2 . 5 6 7 
- 2 . 4 3 1 
- 2 . 2 3 8 
- 2 . 0 5 6 

3.984. 

DMSO 

X 

0.038 
0.097 
0.126 
0.204 
0.217 
0.257 
0.279 
0.388 
0.413 
0.489 
0.632 
0.794 
0.848 

ln# 

- 3 . 8 6 9 
- 3 . 5 9 2 
- 3 . 4 3 9 
- 3 . 3 2 9 
- 3 . 2 0 1 
- 3 . 2 7 2 
- 3 . 1 0 4 
- 3 . 0 2 3 
- 3 . 1 7 0 
- 2 . 6 9 0 
- 2 . 7 0 1 
- 2 . 7 7 8 
- 2 . 4 9 2 

DMF 

X 

0.131 
0.274 
0.354 
0.474 
0.534 
0.618 
0.625 
0.634 
0.694 

ln# 

- 3 . 7 8 5 
- 3 . 3 7 8 
- 3 . 0 6 9 
- 3 . 0 8 0 
- 3 . 1 2 0 
- 3 . 0 7 4 
- 3 . 4 3 4 
- 3 . 3 2 2 
- 3 . 1 8 7 

Dioxane 

X 

0.213 
0.272 
0.284 
0.347 
0.357 
0.427 
0.553 

InK 

- 3 . 8 9 3 
- 3 . 7 1 9 
- 3 . 5 9 8 
- 3 . 5 1 6 
- 3 . 5 6 2 
- 3 . 5 6 0 
- 3 . 3 8 3 

Acetone 

X 

0.141 
0.255 
0.270 
0.402 
0.512 
0.521 
0.525 
0.632 
0.681 
0.819 
0.865 

\nK 

- 4 . 0 4 5 
- 3 . 9 7 6 
- 3 . 9 1 3 
- 4 . 0 4 9 
- 3 . 9 0 4 
- 3 . 9 8 7 
- 3 . 8 0 6 
- 4 . 1 9 5 
- 4 . 0 9 4 
- 4 . 5 5 3 
- 4 . 3 3 4 

Acetonitrile 

X 

0.074 
0.127 
0.202 
0.294 
0.309 
0.343 
0.427 
0.443 
0.463 
0.591 

ln# 

- 4 . 1 9 5 
- 3 . 9 8 3 
- 4 . 3 1 0 
-4 .442 
- 4 . 3 4 3 
- 4 . 2 3 6 
- 4 . 2 9 4 
- 4 . 2 0 4 
- 4 . 5 6 6 
-4 .422 
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bond between geminal diol and solvent in the product 
system than those in the reactant system. As the 
hydrogen bonded species of the geminal diol is supposed 
to increase in proportion to x, K becomes larger than 
that in water. The increase in log K becomes gradually 
less when the mole fraction of donable solvent is larger 
than 0.5. In some instances, the log K vs. x plots become 
flat or turn to decrease in a higher mole fraction range 
of the solvent. In this range of mole fraction, polarity 
of the medium seems to be decreased in comparison 
with that of water, since all solvents employed in the 
experiments have dielectric constants lower than water 
(Table 2). Therefore the equil ibrium of the hydration 
reaction is not so favorable as expected from the solvent 
donicity alone. 

Another factor suspected to affect the equilibrium 
constants is the decrease of the number of the 0 - H - - - N 
hydrogen bonds between water and 4-pyridinecarbal-
dehyde molecules during the process of hydration, since 
one molecule of water is consumed in this process. The 
produced geminal diol molecule can form two hydrogen 
bonds alternatively. If the solvent is a stronger donor 
than pyridine, the effect is less predominant because 
O - H - D (where D refers to a donable solvent molecule) 
hydrogen bond might be more favorable than 0 - H - - - N 
hydrogen bond both in the reactant and the product 
systems. In case when the solvent is less donable than 
pyridine, the 0 - H ( i n water)---N hydrogen bond in 
the reactant is replaced by the 0 - H ( i n the geminal diol) 
•••D hydrogen bond during the hydration, disfavoring 
the equilibrium to a certain extent. Another 0 - H - - - N 
hydrogen bond can be formed by the self-association 
of the aza-aromatic geminal diol. However, the concen­
tration of the aldehyde is kept to be relatively low, 
preventing the produced geminal diol from self-associat­
ing to a measurable extent. The former case is the 
reaction in hexamethylphosphoric tr iamide, the typical 
examples of the latter case being those in dimethyl 
sulfoxide and in iV^,iV-dimethylformamide. 

In contrast to the results in strongly donable solvents, 
the dependence of the equil ibrium constants on x was 
not remarkable in several less donable solvents which 
does not perturb the hydrogen-bonded structure of 
water considerably. As shown in Fig. 2, the equil ibrium 
constants in acetone and acetonitrile tend to decrease 
monotonously in the wide range of X. The lowering 
of K values in these solvents are due to the decrease 
in polarity of the solvent, because the molecules of such 
solvents are unable to interact strongly with water and 
geminal diol molecules. I t is deduced from the results 
in these less donable solvents that the effect of polarity 
which is masked by the effect of hydrogen bonding in 

cases of strongly donable solvents will also contribute 
to the hydration reaction apparently. 

The authors are grateful to Prof. M. Öki , the Univer­
sity of Tokyo, for his generously allowing us to use the 
F T - N M R spectrometer. They are also grateful to Mr . 
M. Ohuchi , J a p a n Electron Optics Laboratories Ltd., 
for his technical assistance in the measurement of N M R 
spectra with a J N M - F X 100 spectrometer. This 
research was partly supported by a Grant-in-Aid for 
Special Project Research from the Ministry of Education, 
Science and Culture. 
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Synthesis of Four Stereoisomers of f-Hydroxyarginine via the 
Corresponding Isomers of f-Hydroxyornithine 
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Diastereomeric y-hydroxy-L- and D-ornithines were prepared by reduction of the corresponding y-oxoornithines 
synthesized from L- and D-histidines with sodium borohydride. The isomeric composition of the product obtained 
from L-histidine was estimated to be 68% erythro and 32% threo isomers and that of the product from D-histidine 
65% erythro and 35% threo isomers by automatic amino acid analysis after conversion of the basic amino acids into 
neutral 7Va-acetyl derivatives. The diastereoisomers of each y-hydroxyornithine were separated by chromatography 
on a Dowex 50 column, four optically active isomers being isolated as their hydrochlorides in crystalline state. 
Guanidination of these isomers with l-amidino-3,5-dimethylpyrazole nitrate (ADPN) gave the corresponding 
optically active isomers of y-hydroxyarginine which were isolated as crystalline hydrochlorides. Erythro-y-hydroxy-
L-arginine hydrochloride shows a specific rotation which agrees very closely with that of natural product of y-
hy droxy arginine. 

y-Hydroxyarginine was first isolated from the sea 
cucumber Polycheira rufescens by Fujita1) and subsequently 
from the sea anemone Anthopleura japonica Verrill by 
Makisumi.2) In plants, this amino acid has been 
detected in the seeds of many species of Vicia3) and 
isolated as its lactone from the seeds of Vicia sativa by 
Bell and Tir imanna. 4) Although little is known con­
cerning the significance of the presence of this amino 
acid in animals and plants, the compound is known to 
participate in several enzymatic reactions.1>2 '5-7) An 
assumption that this amino acid exists as an intermediate 
in the metabolic pathway of L-arginine to 2-nitro-
imidazole in Streptomyces eurocidicus has been proposed by 
Nakane et a/.8) 

y-Hydroxyarginine contains two asymmetric carbon 
atoms (a and y) and should thus exist theoretically in 
four stereoisomeric forms. The whole configuration of 
the natural y-hydroxyarginine was confirmed to be 
er^Aro-y-hydroxy-L-arginine by Fujita.9) Synthetic 
attempts leading to an epimeric mixture of y-hydroxy-
arginine have been reported.1 '10) However, none of 
the optically active isomers, other than the natural 
product, has hitherto been isolated and characterized. 

In the present study the four stereoisomers of y-
hydroxyarginine were prepared by guanidination of the 
corresponding isomers of y-hydroxyornithine synthesized 
from optically active histidines (Scheme 1). 

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

y-Oxoornithine (5) was synthesized from optically 
active histidine by the method of Heath et al.12) Histidine 
(1) was first converted into the methyl ester (2) dihydro-
chloride by the conventional method and then trans­
formed into methyl 2,4,5-tribenzamido-4-pentenoate (3) 
by Bamberger cleavage.13) a,d-Dibenzoyl-y-oxoornithine 
methyl ester (4) was formed on heating the tribenzoyl 
compound (3) in methanolic hydrogen chloride. Acid 
hydrolysis of the ester 4 with 2 0 % hydrochloric acid 
afforded the keto amino acid (5) dihydrochloride as 
oily residues. Owing to the instability of the acid 
hydrochloride, the oily product was used for further 
reduction without crystallization. Trea tment of the 
aqueous solution of 5 dihydrochloride with sodium 

Histidine 

1 (L or D) 

I CHjOH, HCl 

CH=CCH2CHCOOCH3 

N NH NH2 

H 
2 (L or D) 

| CHjCOCl 

C6H5CONHCH=CCH2CHCOOCH3 

C6H5CONH NHCOC6H5 

3 (L or D) 

CHJOH, HCl 

C6H5CONHCH2CGH2GHGOOCH3 

Ö NHCOC8H6 

4 (L or D) 

20% HCl 

H2NCH2CCH2CHCOOH 
ii i 

O NH2 

5 (L or D) 
NaBH* 

H2NCH2CH(OH)CH2CHCOOH 

NH2 

6ab (L or D) 

Dowex 50 

erythro isomer 
6a (L or D) 

ADPN 

COOH 

H 2 N - C - H 

CH2 

H O - C - H 

CH2 

N H - C - N H 2 
II 

NH 
7a (L or D) 

i 
threo isomer 

6b (L or D) 

I ADPN 

COOH 

H 2 N - C - H 

CH2 

H - C - O H 

CH2 

NH-C-NH 2 
II 

NH 
7b (L or D) 

Scheme 1. Synthesis of stereoisomers of y-hydroxy-
ornithine (6) and y-hydroxyarginine (7). 
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borohydride gave diastereoisomeric y-hydroxyornithine 
(6ab) , which was isolated as a crystalline hydrochloride. 
The diastereoisomeric composition of 6 a b thus obtained 
was estimated by amino acid analysis of its JV^-acetylated 
derivative.11) The amino acid L-6ab was composed of 
6 8 % erythro and 3 2 % threo, the D-enantiomorph (D-6ab) 
of 6 5 % erythro and 3 5 % threo isomers. 

Witkop and Beiler14) pointed out the significance of 
their failure to esterify or reduce with sodium boro­
hydride y-oxo-L-ornithine and its derivatives. However, 
the keto amino acid 5 was hydrogenated smoothly to 
the hydroxy amino acid 6 a b with the same reducing 
agent in the present study. With regard to the racemiza-
tion of a-carbon atom of 5, no racemization took place 
during the course of synthesis of mercaptohistidine via 
L-5 from L-histidine.12>15'16) The optical purity of L - 5 
obtained in this study was ascertained by the conversion 
of y-hydroxy-L-ornithine (L-6ab) prepared from the 
compound L-5 into y-hydroxy-L-arginine and the 
digestion of the resulting arginine derivative with the 
L-directed arginase. The approach described abov 
seems to be useful for the synthesis of y-hydroxyor-
nithine which retains the configuration of a-carbon 
atom, starting from readily available histidine through 
simple and relatively high-yield operations. 

Diastereoisomeric y-hydroxyornithines (L-6ab and 
D-6ab) were separated into the two diastereoisomers by 
chromatography using a column (3 .8x275 cm) of 
Dowex 50 (Na+ form).11) The separated diastereo­
isomers of y-hydroxyornithine were isolated as their 
crystalline hydrochlorides, their stereochemical purities 
being ascertained by assay using an amino acid 
analyzer.11) The specific rotations of natural y-hydroxy-
ornithine obtained enzymatically from natura l y-
hydroxyarginine and the four stereoisomers obtained 
are given in Table 1. The value for erythro L-isomer 
attained by synthesis is close to that of natural y-
hydroxyornithine. This suggests that surprisingly little 
racemization or epimerization occurred during the 
series of reactions and, consequently, the synthetic 
isomers of y-hydroxy-L-ornithine were almost optically 
pure. 

The four stereoisomers of y-hydroxyornithine were 
separately guanidinated with l-amidino-3,5-dimethyl-
pyrazole nitrate (ADPN) and the products, the corre-

TABLE 1. SPECIFIC ROTATIONS OF 7-HYDROXYORNITHINE 

AND Y-HYDROXYARGININE HYDROCHLORIDES 

y-Hdyroxyornithine y-Hydroxyarginine 
Isomer hydrochloride hydrochloride 

[a]2,0 (c 2, H 20) [a]2,0 (c 1, 0.5 M NaOH) 

Natural 
erythro L +10 .5°° - 8.5° 

Synthetic 
erythro L + 9.4ob) - 8.4° 

D - 9.8° + 8.5° 

threo L - 6.3o c ) +11.0° 
D + 6.4° - 1 1 . 0 ° 

a)Ref. 9, [<x]20+10.6° (c 5, H 2 0) . b) Ref. 11, [a]20 

+ 10.5° (c 2, H 2 0) . c) Réf. I l , [a]20 - 7 . 0 ° (c 2, 
H 2 0) . 

sponding y-hydroxyarginines, were isolated as their 
hydrochlorides.11) The da ta of specific rotation for 
natura l and synthetic preparat ion of y-hydroxyarginine 
measured in alkaline medium are given in Table 1. 
The value for erythro L-isomer agrees very closely with 
that for natural y-hydroxyarginine. The specific rota­
tions of D-antipodes are expected to be equal but 
opposite to those of L-antipodes. The value for erythro 
D-isomer is also in good agreement with the value 
expected. I t is evident that the synthetic erythro L- and 
D-isomers are optically pure. O n the other hand, threo 
isomers seem to be optically pure. 

Two different values measured in 5 M ( 1 M = 1 
mol dm- 3 ) hydrochloric acid were reported with 
regard to the specific rotation of natural preparations of 
y-hydroxyarginine. We also measured the specific 
rotation of natural y-hydroxyarginine in 5 M hydro­
chloric acid, but obtained no such values as reported.1 '2) 
We found that the solution had at first [<x]D +17 .6° 
which dropped to + 7 . 5 ° in 10 min, to —5.6° in 3 h, 
and then remained constant. Partial transformation of 
y-hydroxyarginine into a compound more basic than 
the original amino acid was ascertained by paper 
electrophoresis. The mutarotat ion may be ascribed 
to the formation of the lactone4) of y-hydroxyarginine. 
The above-cited authors1-2) overlooked this mutarotative 
nature of y-hydroxyarginine. 

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

All melting points are uncorrected. Amino acid analyses 
were carried out using a JEOL-6AS amino acid analyzer. The 
optical rotations were measured with a Union high sensitivity 
Polarimeter PM-71. Paper chromatography was carried out 
by the ascending technique on Toyo Roshi No. 52 paper with 
1-butanol-acetic acid-pyridine-water(4 : 1 : 1 : 2,v/v). Paper 
electrophoresis was carried out at 300 V for 2.5 h on Toyo 
Roshi No. 52 paper in a buffer solution of pyridine-acetic 
acid-water (20 : 10 : 970, v/v). Spots were made visible with 
ninhydrin and Sakaguchi reagents. 

Methyl 2,4,5-Tribenzamido-4-pentenoate (3). Compound 
3 was prepared from the ester 2-2HC1 by Bamberger 
cleavage13) according to the procedure of Heath et a/.12) The 
product was recrystallized from Methyl Cellosolve. The 
yield of L-3 from L-2-2HC1 (24.1 g, 0.1 mol) was 34.3 g (73%) ; 
mp 215—216 °G. 

Compound D-3 was obtained from D-2-2HC1 (14.5 g, 60 
mmol); yield, 21.8 g (77%); mp 214—215 °C. 

Found (L-3 ) : C, 68.59; H, 5.33; N, 9.00%. Found (D-3 ) : 
C, 68.54; H, 5.28; N, 8.70%. Calcd for C27H2505N3: C, 
68.73; H, 5.34; N, 8.91%. 

<x,d-Dibenzoyl-y-oxoornithine Methyl Ester (4). Compound 
4 was obtained from the parent tribenzoyl compound 3 by 
boiling for 30 min with 10% methanolic hydrogen chloride.12) 
Recrystallization of the crude product was performed from 
hot ethanol. The yield of L-4 from L-3 (22 g, 47 mmol) was 
7.1 g (42%); mp 168—170 °C. 

The yield of D-4 from D-3 (21.2 g, 45 mmol) was 6.5 g 
(40%); mp 168—170 °C. 

Found (L-4) : C, 65.01 ; H, 5.45; N, 7.55%. Found (D-4) : 
C, 65.11; H, 5.43; N, 7.50%. Calcd for C20H20O6N2: C, 
65.20; H, 5.47; N, 7.61%. 

y-Oxoornithine (5) Dihydrochloride. Compound 5»2HC1 
was prepared from the dibenzoyl ester 4 (5.5 g, 15 mmol) by 
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refluxing with 20% hydrochloric acid (54 ml) for 7 h. The 
oily product could not be crystallized by treatment with 
ethanol. Paper electrophoretic analysis showed that it was 
almost pure. Owing to the instability of the acid dihydro-
chloride the oily product was used directly. 

Diastereoisomeric y-Hydroxyornithine (6ab) Hydrochloride. 
y-Oxoornithine (5) dihydrochloride obtained as above was 
dissolved in water (30 ml) and cooled in an ice-water bath. 
To the solution was added 2 equivalents of sodium borohydride 
(0.57 g, 15 mmol) in small portions with continuous stirring 
over a period of 30 min. The cold mixture was stirred for 
2 h and neutralized with 2 M hydrochloric acid. The 
progress of the reaction was checked by paper electrophoresis. 
The solution containing y-hydroxyornithine was applied to 
a column (3.6x9 cm) of Dowex 50 (H+ form). After the 
column had been washed with water and 2.5 M pyridine 
(300ml), the amino acid was eluted with 2 M aqueous ammonia 
(350 ml) and the pooled eluate was evaporated to dryness in 
vacuo. The residue, taken up in water, was adjusted to pH 5 with 
1 M hydrochloric acid, decolorized with charcoal and con­
centrated to a syrup in vacuo. The syrup was dissolved in a 
small amount of 50% ethanol, y-hydroxyornithine being 
crystallized as its hydrochloride with the addition of absolute 
ethanol. Yield of L-6ab.HCl, 2.5 g (90%); mp 167—168 
°C (dec). Yield of D-6ab.HCl, 2.4 g (88%); mp 169 °C 
(dec). 

Found (L-6ab.HCl): C, 32.21; H, 7.01; N, 14.83%. 
Found (D-6ab.HCl): C, 31.92; H, 7.16; 14.93%. Calcd 
for C6H1203N2 .HC1: C, 32.53; H, 7.10; N, 15.17%. 

Separation of the Diastereoisomers of y-Hydroxyornithine (6ab). 
A diastereoisomeric compound 6ab • HCl (600 mg) was 
separated into its two diastereoisomers by chromatography 
using a column (3.8x275 cm) of Dowex 50 (Na+ form).11) 
Two ninhydrin positive peaks were obtained. The com­
ponent of the forepeak was confirmed to be threo isomer and 
that of the afterpeak erythro isomer by the assay using an 
amino acid analyzer. 

erythro-y-Hydroxy-L-ornithine (i,-6a) Hydrochloride. The 
diastereoisomers of y-hydroxy-L-ornithine were separated 
chromatographically as described above. The combined 
eluate containing erythro L-isomer was treated as described 
for L-6ab. The erythro isomer was obtained as its hydro­
chloride. It was recrystallized from water-ethanol ; yield, 
272 mg (67%); mp 176—177 °C (dec); [a]2D° +9.4° (c 2, 
H 2 0) . [lit,») [a]2D° +10.6° (c 5, H 2 0) , lit,11) [a]£ +10.5° 
(<2 ,H 2 0) ] . 

threo-y-Hydroxy-L-ornithine (h-6b) Hydrochloride. From 
the pooled forepeak fractions of the eluate, the threo isomer 
was obtained as its hydrochloride. It was recrystallized 
from water-ethanol; yield, 146 mg (76%); mp 193—194 °C 
(dec) ; [a]2D° -6 .3° (c 2, H 2 0) . [lit,11) [a]2D° -7 .0° (c 2, H 2 0) ] . 

eryihro-y-Hydroxy-v-ornithine (v>-6a) Hydrochloride. The 
diastereoisomers of y-hydroxy-D-ornithine were separated as 
described above. From the combined afterpeak fractions of 
the eluate, the erythro isomer was obtained as its hydrochloride. 
It was recrystallized from water-ethanol ; yield, 260 mg 
(67%); mp 174—175 °C (dec); [oft0 -9 .8° (c 2, H 2 0) . 

threo-y-Hydroxy-n-ornithine (n-6b) Hydrochloride. From 
the pooled forepeak fractions of the eluate, the threo isomer 
was obtained as its hydrochloride. It was recrystallized 
from water-ethanol; yield, 132 mg (63%,); mp 189—190 °C 
(dec); [a]*0+6.4° (c 2, H 2 0) . 

Found (L-6a.HCl) : C, 32.05; H, 7.12; N, 14.81%. Found 
(L-6b.HCl): C, 32.44; H, 7.12; N, 14.91%. Found (D-6a-
HCl): C, 31.97; H, 7.11; N, 14.87%. Found (D-6b-HCl): 
C, 32.32; H, 7.10; N, 14.71%. Calcd for C5H1 303N2 .HC1: 

C, 32.53; H, 7.10; N, 15.17%. 
Guanidination of Four Stereoisomers of y-Hydroxyornithine. 

Each isomer of y-hydroxyornithine (184.5 mg) was converted 
into the corresponding y-hydroxyarginine by treatment with 
l-amidino-3,5-dimethylpyrazole nitrate (ADPN), the un­
changed material and the product being separated by chro­
matography using a column (1.6x16 cm) of Dowex 50 
(pyridinium form).11' 

erythro-y-Hydroxy-L-arginine (v.-7a) Hydrochloride. Com­
pound L-6a-HCl was guanidinated with ADPN and the 
reaction mixture subjected to column chromatography, as 
described above. From the pooled afterpeak fractions of the 
eluate, erythro L-isomer (L-7a) was crystallized as its hydro­
chloride. It was recrystallized from water-ethanol; yield, 
95 mg (42%); mp 188—189 °C (dec); [a]sD° -8 .4° (c 1, 0.5 M 
NaOH). 

erythro-y-Hydroxy-v-arginine (-D-7a) Hydrochloride. Com­
pound D-7a-HCl was obtained from D-6a-HCl in the same 
manner as described above. It was recrystallized from 
water-ethanol; yield, 115 mg (51%); mp 188—189 °C (dec); 
[a]2D° +8.5° (c 1, 0.5 M NaOH). 

threo-y-Hydroxy-L-arginine (~L-7b) Hydrochloride. Com­
pound L-6b«HCl was treated in the same manner as above. 
threo L-Isomer L-7b was obtained as a hygroscopic crystalline 
hydrochloride; yield, 90 mg (40%); [a]2,0 +11.0° (c 1, 0.5 M 
NaOH). 

threo-y-Hydroxy-D-arginine (n-7b) Hydrochloride. Com­
pound D-7b-HCl was obtained from D-6b«HCl in the same 
manner as described above. It was obtained as a hygroscopic 
crystalline hydrochloride; yield, 105 mg (46%); [a]|>0 —11.0° 
(c 1, 0.5 M NaOH). 

Found (L-7a-HCl) : C, 31.76; H, 6.75; N, 24.65%. Found 
(D-7a.HCl): C, 31.86; H. 6.69; N, 24.77%. Found (L-7b-
HCl): C, 31.70; H, 6.72; N, 24.20%. Found (D-7b-HCl): 
C, 31.39; H, 6.85; N, 24.40%. Calcd for C6H1403N4 • HCl : 
C, 31.79; H, 6.67; N, 24.72%. 

References 

1 ) Y. Fujita, Bull. Chem. Soc. Jpn., 32, 439 ( 1959). 
2) S. Makisumi, J. Biochem. ( Tokyo), 49, 284 (1961). 
3) E. A. Bell and A. S. L. Tirimanna, Nature (London), 197, 

901 (1963). 
4) E. A. Bell and A. S. L. Tirimanna, Biochem. J., 91, 356 

(1964). 
5) S. Makisumi, J. Biochem. (Tokyo), 49, 292 (1961). 
6) Y. Fujita, J. Biochem. (Tokyo), 49, 468 (1961). 
7) S. Makisumi, Mem. Fac. Sei. Kyushu Univ. Ser. C. Chem., 

5, 107 (1964). 
8) A. Nakane, T. Nakamura, and Y. Eguchi, J. Biol. 

Chem., 252, 5267 (1977). 
9) Y. Fujita, Bull. Chem. Soc. Jpn., 33, 1379 (1960). 

10) B. A. Santa Rossa and T. Viswanatha, Can. J. Biochem., 
46, 725 (1968). 

11) K. Mizusaki, H. Yamamoto, and S. Makisumi, Bull 
Chem. Soc. Jpn., 53, 2605 (1980). 

12) H. Heath, A. Lawson, and C. Rimington, J. Chem. 
Soc. 1951, 2215. 

13) E. Bamberger and B. Berlé, Justus Liebigs Ann. Chem., 
273, 342 (1893). 

14) B. Witkop and T. Beiler, J. Am. Chem. Soc, 78, 2882 
(1956). 

15) J. N. Ashley and C. R. Harington, J. Chem. Soc, 1930, 
2586. 

16) C. Tesar and D. Rittenberg, J. Biol. Chem., 170, 35 
(1947). 



February, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 473—480 (1981) 473 

Restricted Rotation Involving the Tetrahedral Carbon. XXXV.1} 
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Stereodynamics of a variety of 9-(3,5-dimethylbenzyl)triptycene derivatives was studied. Atropisomerism 
about the bridgehead-to-methylene bond was realized in a triply />m-substituted derivative, 8,13-dichloro-1,4-
dimethyl-9-(3,5-dimethylbenzy])triptycene: the activation enthalpy for the ap~*±sc conversion was 26.4 kcal/mol. 
Barriers to rotation about the bridgehead-to-methylene bond in a variety of triply, doubly, and singly />m-suhstituted 
derivatives were obtained by DNMR method. DNMR behavior of the diastereotopic nz-methyl groups in the 
benzyl moiety revealed the dual mechanisms of the methyl exchange process : rotation about the methylene-to-aryl 
bond by 180° without rotation about the bridgehead-to-methylene bond ("isolated rotation (IR)") and rotation 
about the methylene-to-aryl bond by 180° synchronous with rotation about the bridgehead-to-methylene bond by 
120° ("gear motion (GM)"). The GM process predominates in /»m-unsubstituted derivatives, while the IR 
process predominates in triply />m-substituted ones. 

Ample examples of restricted rotation about the 
bridgehead-to-substituent bond in 9-substituted tripty-
cene derivatives have been reported.2) Among them, 
9-benzyltriptycenes have drawn much attention because 
of several interesting aspects in their conformational 
behavior. One is the apparently anomalous conforma­
tional preference for the ±sc rotamers on the basis of 
the steric consideration, especially when the peri-
substituent X is a methoxyl (Scheme 1).3>4> This 

ap —sc -{-sc 

Scheme 1. 

phenomenon suggests the existence of some kind of 
attractive interaction between the methoxyl and the 
phenyl groups.3) Another interesting aspect is about 
the energy barriers to the conformational interconver­
sion among these rotamers. In case of singly peri-
substituted derivatives, the barrier to interconversion 
between ap and ±sc rotamers is dependent on the 
nature of the />m-substituent X . Interconversion 
between the +sc and — sc rotamers may occur either 
directly by passing of the aryl group over the peri-
substituent or stepwise by way of the ap rotamer. 
D N M R studies on this aspect have been made revealing 
that the stepwise process is energetically more favored.4) 
In addition, the rotational barriers are highly dependent 

on the number of/>m-substituents. For instance, the 
AG* for the ap—>±sc process in compound 1 with one 
/?m-substituent was 11.9 kcal/mol at —15 °C,5) while 
that for the -\-sc^—sc interconversion in 2 with two 
/>m-substituents rose up to 18.1 kcal/mol at 100 °G.3c) 
These da ta make one expect that the triply peri-sub-
stituted derivatives might have an even higher barrier, 
which is possibly so high that atropisomerism can be 
realized. We found this was actually the case in one 
of the derivatives and the detail is described in this 
paper.6) Thi rd aspect of interest is the conformational 
behavior of the benzylic phenyl group. Several lines 
of evidence suggest that the stable conformation with 
respect to the phenyl group is the one in which the 
benzene ring is coplanar with the bridgehead-to-
methylene bond as shown in Scheme 1.8> Molecular 
model consideration indicated that the rotation of the 
phenyl group might be considerably hindered, but 
hithertofore N M R studies have given no definite 
information on this point because the benzylic aromatic 
signals are overshadowed by the triptycyl aromatic 
signals. We therefore planned to introduce two m-
methyl groups into the benzylic benzene ring as an 
N M R probe in order to have a deeper insight into the 
conformational behavior of the aryl group. 

If conformation 3 has a sufficiently long lifetime on 
the N M R time scale, two methyl groups should be 
diastereotopic and anisochronous. Two processes that 
exchange the magnetic environments of the two methyl 
groups can be a priori deduced. One is a simple rotation 
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of the aryl group by 180°, without rotation about the 
bridgehead-to-methylene bond, by way of the transition 
state shown by 4. We call this process "isolated rotation 
( I R ) . " Another process is a correlated rotation of the 
aryl and the triptycyl groups in which rotation about 
the methylene-to-aryl bond by 180° occurs synchronous­
ly with rotation about the bridgehead-to-methylene 
bond by 120° by way of the transition state shown by 5. 

<SU0> 

We refer to this process as "gear motion ( G M ) . " 
Strictly speaking, exchange of the methyl groups by 
this process occurs only when the rotamers before and 
after the process are homomeric or enantiomeric to each 
other, namely X = Y = Z or at least Y = Z. We report 
here the stereodynamics of the aryl groups as revealed 
by D N M R behavior of the m-methyl groups in some 
detail.7) 

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

Atropisomerism. In order to investigate the pos­
sibility of atropisomerism, several triply />m-substituted 
9-(3,5-dimethylbenzyl)triptycenes (6—9) were syn­
thesized. 

CHi^~CH3 

6 : X = C 1 , Y = C H 3 

7 : X = C l , Y = O C H 3 

8 : X = F , Y = C H 3 

9: X = F , Y = O C H 3 

10a: X = C 1 
10b: X = F 

Reactions.of 3,6-dimethylbenzyne, generated in situ 
from the corresponding anthranil ic acid, with 10a and 
with 10b gave the triptycene skeletons of 6 and 8, while 
Diels-Alder reactions of jfr-benzoquinone with 10a and 
with 10b followed by treatment with dimethyl sulfate 
and potassium hydroxide gave the skeletons of 7 and 9. 
Among the compounds obtained only 6 afforded 
atropisomers. 

Anthracene 10a reacted with 3,6-dimethylbenzyne 
to give a mixture of ap and ±sc rotamers of the triptycene 
6. N M R spectral investigation of the mixture revealed 
that the interconversion between the rotamers was 
considerably slow at room temperature in the classical 
sense, and that the formation ratio of the two rotamers 
was dependent on the reaction temperature. The 
reaction in boiling dichloromethane at ca. 40 °C gave 
the highest apj^sc ratio oï ca. 9 and the higher reaction 

CI* 

cm 

^CH3 

CH3 

+ sc 

temperature caused the decrease of the rotamer ratio 
because of the probable decrease in the stereoselectivity 
and the part ial isomerization of the ap to the ±sc 
rotamer at the reaction temperature. The high stereo­
selectivity shown in the reaction is consistent with our 
previous finding that the Diels-Alder addition of a 
dienophile to a 9-substituted anthracene preferentially 
gives an atropisomer in which the bulkiest a-group in 
the 9-substituent ocuppies the antiperiplanar position 
to the entering dienophile.8-9) 

Recrystallization from chloroform-ethanol of the 
rotamer mixture thus obtained gave the pure ap-6. 
±sc-6 was isolated in a pure state by column chromato­
graphy of the equilibrated mixture of the two rotamers 
(vide infra) followed by recrystallization from chloroform-
ethanol. Rotamer assignment was clearly made from 
the *£! N M R spectral pat tern of the methylene protons : 
a singlet for the ap and an AB-quartet for the ±sc 
rotamer. Although these rotamers are quite stable at 
room temperature both in solution and in the crystalline 
state, elevation of the temperature caused the isomeriza­
tion of the rotamers in solution. Detailed kinetic study 
was made by following the change of the relative 
intensities of the 1-methyl signals in XH N M R spectra 
at 48—69 °G with chloroform-^ solution. The data 
agreed with the rate law for a first order reversible 
reaction, and the first order rate constants were obtained 
at four temperatures, and the activation parameters 
were calculated as shown in Table 1. The equilibrium 
constant ±sclap for 6 was 2.0 throughout the tempera­
ture range examined and this value may reflect the 
same degree of interaction of the methyl and the chloro 
groups as exerted to the flanking aryl group. 

DNMR Study on Rotation about the Bridgehead-to-
Methylene Bond. The other triply jten-substituted 
derivatives 7—9 carrying the smaller />m-groups than 
those of 6 were shown to be too labile to give rise to 
atropisomers and their stereodynamics was studied by 
D N M R . 

TABLE 1. KINETIC DATA OF THE ap^±±WINTER-

CONVERSION OF 6 IN CDCL 

ap-6 
2*i 

T7 
±sc-6 K=2k1/k_1 

Temperature * i AG 
10-6 s-l kcal/mol 

K 

69 55.5 2 5 . 2 i i 0 . 0 5 2 .0±0 .1 
61 21.2 25.24±0.05 2 .0±0 .1 
54 8.55 25.2 9±0.05 2 . 0 ± 0 . 1 
48 4.17 25.27±0.05 2 .0±0 .1 

A/ /* = 26 .4±0 .7 kcal/mol, AS# = 3 .5±2 .1 eu. 

25.2ii0.05
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TABLE 2. ROTATIONAL BARRIERS AROUND THE BRIDGEHEAD-TO-METHYLENE BOND 

IN 9-(3,5-DIMETHYLBENZYL)TRIPTYCENESA) 

Compound 

6 b ) 

7 
8 

9 

11 
12 

14 

X 

Gl 
OCH3 

F 

F 

H 
H 

H 

Y 

Cl 
Cl 
F 

F 

Cl 
H 

H 

Z 

CH3 

Cl 
CH3 

OGH3 

Cl 
OGH3 

H 

Solvent 

GDGI3 
C4C16 

C6H6C1 

C6H6C1 

GDGI3 
GDGI3 

GS2 

±sc/ap 

2.0 
0 0 

0.5 

3.0 

0 0 

3.3 

1.3 

Obsd 
process 

ap^±±sc 
-\-sc^±—sc 

ap^±±sc 

ap^±±sc 

-{-sc^±—se 
ap^±±sc 

ap^±±sc 

Obsd 
protons 

CH2 

4-GH3 

I-OCH3 

CH2 

I-OCH3 

2-OGH3 

T 
x c 

°G 

167 
100 

92 

51 
- 2 8 

- 6 4 

* c c ) 

S"1 

102 
2.7 

10.9 
47 
31 

184 
45 
28 
14 
21 

AGC* d) 

kcal/mol 

25.2 
22.1 
21.3 (ap-+±sc) 
20.2 (±s*-+ap) 
18.7 (ap-^±sc) 
19.0 (±sc-+ap) 
15.7 
12.4 (ap->±sc) 
12.6 (±sc->ap) 
11.0 (ap-+±sc) 
10.8 (±s*-+ap) 

a) Obtained by DNMR method except for 6. b) Obtained by classical kinetics. See Table 1. c) See Experi­
mental, d) With errors of ± 0 . 1 kcal/mol due mainly to the errors in Te of ± 2 °G. 

*H N M R spectrum of the thermodynamically 
equilibrated sample of 7 showed the sole existence of the 
±sc rotamer at room temperature, as indicated by an 
AB-quartet signal for the methylene protons and only 
one pair of the methoxyl signals. Smaller bulkiness of 
the methoxyl group compared with that of the chloro 
group should be responsible for this phenomenon, as the . 
oxygen atom with the van der Waals radius of 1.40 Â 
mainly interacts with the aryl group. Attractive 
interaction between the aryl and the methoxyl groups 
may contribute to the ro tamer equilibrium.3) The AB-
quartet signal due to the methylene protons coalesced 
into a singlet on elevation of the temperature and this 
D N M R behavior gave the +sc^±—sc interconversion 
barrier shown in Table 2. In fluorinated compounds 
8 and 9, both the ap and the ±sc rotamers were present 
at equilibrium. D N M R of the 4-methyl signals of 8 
and the 1 -methoxyl signals of 9 afforded the ap^± ±sc 
interconversion barrier as shown in Table 2. Interesting 
is the large rotamer ratio (zLsc/ap) of 3.0 shown by 9. 
As the fluoro group is thought to be smaller than the 
methoxyl group, the ratio smaller than the statistical 
value of 2.0 would be expected on the steric ground. 
This result suggests that the methoxyl group exerts 
some attractive interaction with the aryl group as 

1 2 : X = O C H 3 , Y = H 
13: X = Y = H 
1 4 : X = H , Y = O C H 3 

16 

suggested before,3) while the fluoro group does not 
exert such an interact ion. 

Although stereodynamics of some doubly and singly 
jöm'-substituted 9-benzyl triptycenes has been studied,3 - 5) 
several additional compounds 11—15 carrying two m-
methyl groups in the benzyl moiety were now syn­
thesized and their D N M R behaviors were examined. 
Energy barriers to the -j-sc^—sc process for 11 and to 
the ap^±±sc processes for 12 and 14 were obtained as 
shown in Table 2 

Table 2 indicates -the significant dependence of the 
barr ier upon the .number and the size of the peri-
substituents. The transition state for these processes 
must be best represented by 5, and the nature of the 
peri-group X over which the aryl group passes should 
have the largest effect on the barrier , but the peri-
groups Y and Z which eclipse the benzylic hydrogens 
also exert a large effect (8 vs. 9 and 11 vs. 12). 

1,8-Dichloro-9-benzyltriptycene (16) was synthesized 
in order to check the effect of the m-methyl groups on 
the energy barrier by comparing the D N M R data with 
those of 11. Compound 16 existed solely in the ±sc 
rotamer and the AB-quartet signal due to the methylene 
protons coalesced into a singlet at 60 °C corresponding 
to the +sc^±—sc barr ier of 16.1 kcal/mol. This barr ier 
has a small but significant difference from that in 11. 
The difference might be at tr ibuted to the buttressing 
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effect of the m-methyl groups against the ortho protons, 
which operates to destabilize the ground state resulting 
in the decrease of the barrier. 

Stereodynamics of the Aryl Group. Low temperature 
1 H N M R spectra of the above mentioned compounds 
6—9 and 11—15 showed equally intense singlets for 
the m-methyl groups, indicating the freezing of the 
conformation 3 on the N M R time scale. The higher 
field singlet may be assigned to the inner methyl group 
(CHs1) and the lower field one to the outer methyl 
(CHj°), if one considers the ring current effect of the 
triptycyl benzene rings. Similarly, the signal ascribed 
to the proton at the inner ortho position appeared at 
the higher field of the aromatic region (ô 6.0—6.4), 
while the outer o-proton appeared around ô 7.2 although 
it could not be definitely assigned as it was overshadowed 
by the other aromatic signals. 

Two m-methyl singlets coalesced into a singlet at 
higher temperatures to indicate the presence of rate 
process (es) exchanging the magnetic environments of 
the two methyl groups. The rate constants for the 
methyl exchange process at the coalescence temperatures 
were calculated and are shown in Table 3 together with 
the free energies of activation therefrom. 

As for ±sc-69 the D N M R study was made on the 
equil ibrium mixture of ap- and ±sc-69 because the 
isomerization of the ±sc rotamer to the ap occurred 
with considerable rates at around the coalescence 
temperature of the methyl signals of ±sc-6. In com­
pounds 8 and 9 which existed as a mixture of ap and 
±sc rotamers, low temperature chemical shifts of the 
m-methyl groups of the two rotamers coincided, but 
the coalescence temperatures could be separately 
determined for each rotamer ; the overlap of the signals 
somewhat decreased the accuracy of Ad and Tc deter­
mination affording the errors of ca. ± 0 . 2 kcal/mol for 
AG* values. In 12 and 14, the coalescence temperatures 
could not be separately determined for each ro tamer ; 

this would cause rather large errors in AC values. 
As discussed in the introductory section, magnetic 

exchange of the two m-methyl groups can occur by two 
processes : I R and G M . Rotat ion about the bridgehead-
to-methylene bond can be naturally assumed to occur 
exclusively by the G M process, and therefore the 
barrier data in Table 2 correspond to the G M barriers 
of these compounds. Thus we can discuss on the 
contribution of these two mechanisms on the methyl 
exchange process for each compound. 

Judg ing from the observation that the G M barrier 
sharply dropped as the number of jöm'-substituents 
decreased, while the methyl exchange barrier was not 
so sensitive to the j&m-groups, we expect that the G M 
process can be a main contributor to the methyl 
exchange in />m-unsubstituted derivatives. The I R 
barrier in the jbrn-unsubstituted derivatives was 
estimated as follows. Compound 15 with a methyl 
group in the benzyl methylene position showed broaden­
ing of the signals in the aromatic region at 80—100 °C 
reflecting that the rotation about the bridgehead-to-
methylene bond became fast on the N M R time scale 
at this temperature region. The barrier to rotation was 
roughly estimated to be about 18—20 kcal/mol, which 
may be reasonable if one takes it into account that 2,4-
dimethyl-9-isopropyltriptycene has the ap^±sc barrier 
of 19.9 kcal/mol.10> D N M R behavior of the m-methyl 
groups in this compound suggests that the methyl 
exchange with AG? of 13.3 kcal/mol occurs by the I R 
process. I t can be assumed that the introduction of a 
methyl group into the benzylic position does not 
significantly affect the I R barrier, and therefore com­
pounds 13 and 14 which do not carry peri-groups have 
similar I R barr ier to 15. One may argue that the 
presence of a methyl group in the benzylic position 
considerably modifies the potential curve of the I R 
process. But the methyl group cannot significantly 
affect the rate determining transition state (4) in which 

TABLE 3. DNMR DATA FOR THE METHYL EXCHANGE 

Compound 
and rotamer 

±sc 
ap-6 
7 
8 

9 

11 
12 

13 
14 

15 

-6 

ap 
±sc 

ap 
±sc 

ap 

ap 
±sc 

Solvpnt 

CDC13 

GDGI3 
GDGI3 
GDGI3 

GDGI3 

GDGI3 

cs2 

GS, 

cs2 

GDGIg 

&u a > 

"CH» 

1.84 
1.87 
1.88 
1.92c) 

1.93c) 

1.89 
1.80 
1.91 
1.93 
1.93c) 

1.98 

Ö9u a ) 
"CH» 

2.39 
2.38 
2.39 
2.39c ) 

2.38c ) 

2.41 
2.37c) 

2.40 
2.41 c ) 

2.49 

A<5b> 

Hz 

33 
31 
31 
29 

27 

31 
34 
28 
28 
29 

29 

•* c 

°G 

58 
35 
38 

- 3 
80 
18 
43 
30 

- 2 0 e ) 

- 6 7 
-71e> 

- 8 

AG? ° 
kcal/mol 

16.6 
15.5 
15.6 
13.5*> 
17.9*> 
14.5*> 
16.0*> 
15.2 
12.6h> 

10.2 
10.0h) 

13.3 

a) Obtained at the lowest temperature examined (ca. —35 °G for 6—9, 11, and 15, and ca. —90 °G for 12—14). 
b) Independent of the temperature within the experimental errors, c) Coincident between the ap and ±sc 
rotamers. d) With errors of ± 2 °G unless otherwise stated. e) With uncertainty of ca. ± 5 °G because of the 
impossibility of determining Te'& separately for each rotamer. f) With errors of ± 0 . 1 kcal/mol unless otherwise 
stated, g) With uncertainty of ± 0 . 2 kcal/mol. h) With uncertainty of ca. ± 0 . 5 kcal/mol. 
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the largest steric interaction occurs between the o-
hydrogens of the aryl group and the /><?n-substituents, 
as is suggested by inspection of molecular models. Nor 
can the methyl group significantly affect the ground 
state (3) of the molecule. Therefore we believe that 
the assumption is reasonable. Then it is the G M 
process that showed the barrier of ca. 10 kcal/mol for 
the methyl exchange. The G M barrier obtained from 
the D N M R of 2-methoxyl signals in 14, 11.0 kcal/mol, 
agrees well, if one takes the probable large error into 
account. Thus , the G M barrier is lower than that of 
the I R in jten-unsubstituted compounds and the 
exchange of the m-methyl groups is concluded to occur 
preferentially by the G M process. 

In the lH N M R spectrum at —90 °C of compound 
12, the signal assigned to the inner m-methyl group 
appeared as two slightly shifted singlets of the relative 
intensity of 3.3 : 1 corresponding to the ±sc and the 
ap rotamers, respectively, while only one singlet was 
observed for the outer methyl group. These peaks 
coalesced into a singlet at —20 °C and the analysis 
using the approximate method for coalescing two 
equally intense peaks gave a rough estimate of the 
methyl exchange barrier of 12.6 kcal/mol. The G M 
barrier obtained from the D N M R of the 1-methoxyl 
peaks was 12.4 kcal/mol for the ap-+±sc conversion at 
- 2 8 °G (Table 2). The I R barrier in the ap rotamer of 
this compound should also be similar to that in 15, 
around 13 kcal/mol. It can therefore be deduced that 
both the I R and the G M processes contribute to the 
methyl exchange in this singly />m'-substituted derivative. 

Compound 11, a sole doubly/»m-substituted derivative 
examined, showed the barrier of 15.7 kcal/mol for the 
G M process and 15.2 kcal/mol for the methyl exchange 
process. The I R barrier in this compound should not 
exceed 15.6 kcal/mol, the I R barrier in 7, because the 
latter compound has a chloro and a methyl groups 
as the /»en'-substituents flanking the aryl group while 
the former has a hydrogen and a chloro groups. Thus 

the I R and the G M processes in this compound should 
have almost the same barrier and comparably contribute 
to the methyl exchange. 

From the above discussion it has been demonstrated 
that the actual mechanism of the methyl exchange 
detected by D N M R vary on successive substitution in 
the />m-positions, from the G M process in /?m'-unsub-
stituted compounds to the I R process in the triply peri-
substituted ones. This must come from the fact that 
the G M barrier sharply increased on substitution in the 
j&m-positions, from 11.0 kcal/mol of/>m'-unsubstituted 
compound 14 to 25.2 kcal/mol of the triply peri-suh-
stituted one 6, while the change in the I R barr ier was 
relatively small, from 13.3 kcal/mol in 15 to 17.9 kcal/ 
mol in i . rc-8. 

Table 4 lists the energy barriers definitely assigned to 
the I R process. The I R barrier increases with the 
increasing size of the jc-substituents X and Y if the ap-
substituent Z is the same ( ± ^ - 8 vs. ±sc-9, ±sc-6 vs. 
±sc-7, and ap-6 vs. ap-S), indicating the destabilization 
of the transition state 4 to a greater extent than the 
ground state 3. Interesting is the effect of the ap-
substituent Z ; the larger the «/»-group is, the lower 
the I R barrier becomes if the jc-substituents are 
unaltered (ap-S vs. ap-9). This clearly suggests that the 
buttressing effect of the «/»-substituent causes the 
destabilization of the ground state rather than the 
transition state of the I R process. Similar barriers of 
ap-S and 15 can be ascribed to the compensating effects 
of the ap- and the jr-substituents : destabilization of the 
transition state by the sc-ftuoro groups and that of the 
ground state by the «/»-methyl group of ap-S relative 
to the hydrogens of 15. Another similarity in the I R 
barriers of ap-6 and ±sc-7 may be ascribed to the effect 
of the jc-substituents, the transition-state-destabilizing 
chloro group in ap-6 and the ground-state-stabilizing 
methoxyl group in z^sc-7, if one takes the similar size 
of the «/»-groups into account. 

TABLE 4. ENERGY BARRIERS TO THE IR PROCESS10 

Compound 
and rotamer 

±sc-8 
±sc-6 
±sc-9 
±sc-7 

ap-6 
ap-9 
ap-8 

15 

R 

H 
H 
H 
H 
H 
H 
H 
CH, 

X 

CH3 

CH3 

OCH3 

OCH3 
Cl 
F 
F 
H 

Y 

F 
Cl 
F 
Cl 
Cl 
F 
F 
H 

Z 

F 
Cl 
F 
Cl 
CH3 

OCH3 
CH3 

H 

°C 

80 
58 
43 
38 
35 
18 

- 3 
- 8 

Aô 
Hz 

29 
33 
27 
31 
31 
27 
29 
29 

AGe* 
kcal/mol 

17.9 
16.6 
16.0 
15.6 
15.5 
14.5 
13.5 
13.3 

a) Extracted from Table 3. 
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Experimental 

Melting points are not corrected. 1H NMR spectra at 
ambient temperature (ca. 35 °G) were recorded on either a 
Hitachi R-20B (60 MHz) or a Varian EM-390 (90 MHz) 
spectrometer with tetramethylsilane as an internal standard. 
19F NMR spectra were obtained on a Varian EM-390 spec­
trometer operating at 84.67 MHz with ca. 10% (w/v) solutions 
in CDC13 containing 2% of hexafluorobenzene. Chemical 
shifts were read with a Hewlett-Packard 5381A frequency 
counter relative to C6F6 as an internal lock signal and expressed 
in ppm downfield from it. 

DNMR Studies. Sample solutions were prepared by 
dissolving ca. 10% (w/v) of the compounds in appropriate 
solvents containing 0.5% of tetramethylsilane (in case of 
GDGI3 and CS2) or hexamethyldisiloxane (in case of hexa-
chloro-l,3-butadiene and chlorobenzene) as an internal 
standard. Variable temperature 1H NMR spectra were 
obtained on a Hitachi R-20B spectrometer at 60 MHz and 
the temperatures were calibrated using methanol or ethylene 
glycol.U) Because the unreliability of the enthalpies and 
entropies of activation obtained from DNMR analysis of 
relatively simple patterns (AB^±A2 with or without mutual 
coupling) is often questioned in detailed discussions, we 
have not attempted the computer-assisted total lineshape 
analysis: only the first order rate constants at the coalescence 
temperatures and the free energies of activation therefrom 
were calculated and used in discussion. Rate constants at 
Tc were obtained from Eq. 1 in case of two singlets of equal 
intensity and Eq. 2 in case of an AB-quartet,12) and the 
graphical method by Shanan-Atidi and Bar-Eli in case of 
two singlets of unequal intensity. 13> Validity of the use of 
Eqs. 1 and 2 was discussed by Kost et 0/.14) 

*° = 7 T A < 5 (1) 

ke = -^ViAôy + 6/s (2) 

1,8-Difluoroanthraquinone. A mixture of 10 g of thor­
oughly dried 1,8-dichloroanthraquinone and 20 g of com­
pletely anhydrous caesium fluoride in 50 mL of anhydrous 
dimethyl sulfoxide was heated with efficient stirring at 130— 
135 °G for 8 h. The mixture was cooled and poured into 
300 mL of water. The solid mass was collected by filtration, 
dried in air, and submitted to column chromatography on 
alumina with hexane-dichloromethane (4 :1 ) as an eluent, 
1,8-Dichloro-, l-chloro-8-fluoro-, and 1,8-difluoroanthra-
quinones were eluted successively in this order. 1,8-Difluoro­
anthraquinone was recrystallized from tetrahydrofuran-
ethanol to give 3.0 g (34%) of yellow crystals, mp 227—228 
°G. Found: G. 69.07; H, 2.19%. Galcd for C14H6F202: 
G, 68.86; H, 2.48%. 19F NMR (CDC13) : 50.5 ppm. 

1,8-Difiuoroanthrone. To a solution of 3.47 g (14.2 
mmol) of 1,8-difluoroanthraquinone in 35 mL of concentrated 
sulfuric acid was added portion wise 1.0 g of aluminium powder 
and the mixture was stirred for 15 h at room temperature. 
The reaction mixture was poured onto ice. The solid formed 
was filtered, washed with water and dried in air. 19F NMR 
of the crude reaction products revealed the presence of ca. 
10% of 4,5-difluoroanthrone (44.3 ppm) as well as the desired 
1,8-difluoroanthrone (49.1 ppm), which was purely isolated 
upon recrystallization of the mixture from benzene-hexane 
in the yield of 2.06 g (63%), mp 167—168 °G (dec). Found: 
G, 73.34; H, 3.24%. Galcd for C u H 8 F 2 0 : C, 73.04; H, 

3.50%. ! H N M R (GDGI3, Ô): 4.27 (2H, s), 6.8—7.7 (6H, 
m). 19F NMR (GDGI3) : 49.1 ppm. 

4-Methoxyanthrone. Simple and high-yield synthesis 
of the compound was developed. A mixture of 24.3 g (0.1 
mol) of 1-chloroanthraquinone in 500 mL of sodium methoxide 
solution prepared from 6.0 g of sodium metal was heated 
under reflux for 40 h. The mixture was evaporated and 
diluted with water. The residual solid was filtered, washed 
with water, dried in air and recrystallized from tetrahydro-
furan-hexane to give 20.5 g (86%) of 1-methoxyanthra-
quinone, mp 164—165 °G (lit,15) 169.5 °G). The mixture 
of 7.14 g (30 mmol) of 1-methoxyanthraquinone and 18 g 
of sodium dithionite in 200 mL of 1 mol/L aqueous sodium 
hydroxide was heated under reflux for 3 h. The solid formed 
was filtered, washed with water, dried in air, and recrystal­
lized from tetrahydrofuran-hexane to give 5.54 g (82%) of 
4-methoxyanthrone, mp 134—135 °G (lit,16) 142—143 °G). 

General Procedure for the Synthesis of Anthracene Derivatives by 
Grignard Reaction. To an ethereal solution of two-fold 
excess of a Grignard reagent prepared from benzyl chloride, 
3,5-dimethylbenzyl chloride,17) or l-(3,5-dimethylphenyl)ethyl 
chloride, which was prepared from the corresponding alcohol18) 
and thionyl chloride, was added portionwise an appropriate 
anthrone in a powdery form and the mixture was stirred at 
room temperature for 1 h and then heated under reflux for 
1 h. The reaction mixture was decomposed with aqueous 
ammonium chloride to give a 9-benzyl-9,10-dihydro-9-anthrol 
derivative, which, without further purification, was dissolved 
in benzene and treated with thionyl chloride and pyridine 
at 50 °G for 1 h. Column chromatography on alumina of 
the reaction products followed by recrystallization from 
tetrahydrofuran-hexane gave the desired anthracene. 

9-( 3,5-Dimethylbenzy I) anthracene, mp 134—135 °G, was pre­
pared from 3,5-dimethylbenzyl magnesium chloride and 
anthrone in 97% yield. Found: C, 93.43; H, 6.58%. Galcd 
for C23H20: G, 93.20; H, 6.80%. XH NMR (CDC13, Ô): 2.14 
(6H, s), 4.91 (2H, s), 6.73 (3H, s), 7.1—7.6 (4H, m), 7.8—8.4 
(4H, m), 8.39 (IH, s). 

l,8-Dichloro-9-(3,5-dimethylbenzyl)anthracene, mp 196—197 °G, 
was prepared from 3,5-dimethylbenzylmagnesium chloride 
and 1,8-dichloroanthrone19) in 88% yield. Found: G, 75.55; 
H, 4.88; Gl, 19.40%. Galcd for C23H18C12: G, 75.62; H, 
4.97; Gl, 19.41%. ^ N M R (CDC13, Ô): 2.08 (6H, s), 5.61 
(2H, s), 6.23 (2H, s), 6.63 (IH, s), 7.1—8.0 (6H, m), 8.33 
(IH, s). 

l,8-Difluoro-9-(3,5-dimethylbenzyl)anthracene, mp 189—190 °G, 
was prepared from 3,5-dimethylbenzylmagnesium chloride 
and 1,8-difluroanthrone in 53% yield. Found: G, 83.24; H, 
5.36%- Calcd for C23H18F2: C, 83.11 ; H, 5.46%. m NMR 
(CDC13, ô): 2.18 (6H, s), 5.13 (2H, br s), 6.70 (3H, s), 6.8— 
7.9 (6H, m), 8.32 (1H, br t, y H F =1 .8Hz) . 19F NMR 
(GDGI3) : 54.2 ppm. 

2-Methoxy-9-( 3,5-dimethylbenzyl)anthracene, mp 87—89 °G, 
was prepared from 3,5-dimethylbenzylmagnesium chloride 
and 2-methoxyanthrone20) in 59% yield. Found: G, 88.53; 
H, 6.60%. Galcd for C2 4H2 20: G, 88.31; H, 6.79%. m 
NMR (CDC13, ô) : 2.03 (6H, s), 3.64 (3H, s), 4.68 (2H, s), 6.72 
(3H, s), 6.9—8.2 (5H, m), 8.10 (1H, s). 

9-[l-(3,5-Dimethylphenyl)ethyl]anthracene, mp 153—155 °G, 
was prepared from l-(3,5-dimethylphenyl)ethylmagnesium 
chloride and anthrone in 34% yield. Found: G, 93.07; H, 
6.99%. Galcd for C24H22: G, 92.86; H, 7.14%. ^ N M R 
(CDC13, Ô): 1.96 (3H, d, 7=7 .2 Hz), 2.20 (6H, s), 5.70 (IH, 
q, / = 7 . 2 Hz), 6.81 (IH, s), 6.89 (2H, s), 7.2—7.6 (4H, m), 
7.8—8.4 (4H, m), 8.38 (IH, s). 

4-Methoxy-10-(3,5-dimethylbenzyl)anthrone. To a mix­
ture of 1.7 mL (ca. 11 mmol) of 3,5-dimethylbenzyl chloride 
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and 2.24 g (10 mmol) of 4-methoxyanthrone in 60 mL of 
methanol was added dropwise under nitrogen a solution of 
0.6 g of potassium hydroxide in 15 mL of methanol in the 
course of 1 h. The mixture was stirred at room temperature 
for 2 h, evaporated, diluted with water and extracted with 
benzene. The benzene solution was washed with water, 
dried over magnesium sulfate, and evaporated. The residue 
was recrystallized from benzene-hexane to give 4-methoxy-10-
(3,5-dimethylbenzyl)anthrone in the yield of 1.72 g (50%), 
mp 108—109 °C. Found: G, 83.97; H, 6.29%. Calcd for 
C24H2202: C, 84.17; H, 6.47%. *H NMR (CDC13, Ô): 2.05 
(6H, s), 2.87 (1H, dd, 7=12.7 and 6.4 Hz), 3.13 (1H, dd, 
7=12.7 and 4.4 Hz), 3.97 (3H, s), 4.78 (1H, dd, 7 = 6 . 4 and 
4.4 Hz), 5.99 (2H, s), 6.72 (1H, s), 7.0—7.6 (5H, m), 7.78 
(1H, dd), 8.13 (1H, s). 

l-Methoxy-9-(3,5-dimethylbenzyl)anthracene. To a boiling 
solution of 685 mg (2.0 mmol) of 4-methoxy-10-(3,5-dimethyl­
benzyl )anthr one in 20 mL of ethanol was added dropwise a 
solution of 756 mg (20 mmol) of sodium borohydride in 20 mL 
of 10% aqueous ethanol. The mixture was heated under reflux 
for 1 h, evaporated, poured into water, and extracted with 
chloroform. Evaporation of the solvent gave 4-methoxy-9,10-
dihydro-l0-(3,5-dimethylbenzyl)-9-anthrol as a pale yellow 
solid, which was shown to be of a single isomer by XH NMR. 
The alcohol was immediately treated with 10 g of phosphorus 
pentaoxide in 50 mL of carbon tetrachloride under reflux 
for 2 h. Removal of the solid and evaporation of the solvent 
gave 506 mg of a yellow oil, which was shown to be a 5 : 1 
mixture of the desired anthracene and a by-product which was 
spectrally assigned to a homotriptycene derivative 17 [*H 
NMR (CG14, Ô) : 2.00 (3H, s), 2.54 (3H, s), 3.08 (2H, d, 7 = 
4 Hz), 3.72 (3H, s), 4.63 (1H, t, 7 = 4 Hz), 5.17 (1H, s).] 
Recrystallization of the mixture from hexane gave a pure 
sample of the anthracene, mp 112—113 °C. Found: C, 
88.38; H, 6.79%. Calcd for C2 4H2 20: C, 88.31; H, 6.79%. 
m NMR (CDC13, ô): 2.17 (6H, s), 3.72 (3H, s), 5.20 (2H, s), 
6.65 (1H, m), 6.72 (3H, s), 7.1—8.3 (6H, m), 8.30 (1H, s). 

l,8-Dichloro-9-benzylanthracene, mp 110—112°C, was pre­
pared from 1,8-dichloroan throne and benzylmagnesium 
chloride in 67% yield. Found: C, 74.92; H, 3.91; CI, 
21.35%. Calcd for C21H14C12: C, 74.79; H, 4.18; CI, 21.03%. 
i H N M R (CDCI3, Ô): 5.63 (2H, s), 6.4—7.9 (11H, m), 8.28 
(1H, s). 

General Procedure for the Synthesis of Triptycenes by Benzyne 
Reaction. To a boiling solution of 1 mmol of an anthra­
cene and 1 mL of isopentyl nitrite in 30 mL of dichloro-
methane was added a solution of 2—3 mmol of an anthranilic 
acid in 10 mL of tetrahydrofuran in the course of 1 h and 
the mixture was heated under reflux for further 1 h. The 
desired triptycene was obtained after evaporation of the 
solvent, column chromatography of the residue on alumina 
with dichloromethane-hexane as an eluent, and recrystalli­
zation of the elute from dichloromethane-hexane. 

ap-5,13-Dichloro-l,4-dimethyl-9-(3,5-dimethylbenzyl) triptycene 
(ap-6,). Reaction of 578 mg ( 1.58 mmol) of 1,8-dichloro-
9-(3,5-dimethylbenzyl)anthracene with the benzyne from 
3,6-dimethylanthranilic acid21) gave 355 mg (48%) of a 

rotameric mixture of the triptycene (apj±sc=9) upon column 
chromatography on alumina. Recrystallization from chloro-
form-ethanol gave 242 mg (33%) of the pure ap rotamer: 
mp 305—307 °C. Found: C, 79.30; H, 5.42; CI ,15.02%. 
Calcd for C31H26C12: C, 79.31; H, 5.58; CI, 15.11%. *H 
NMR (CDCI3, ô) : 1.6—2.5 (6H, br d), 2.40 (3H, s), 2.84 (3H, 
s), 5.44 (2H, s), 5.58 (1H, s), 6.68 (2H, s), 6.7—7.5 (9H, m). 

± sc-8, 13-Dichloro-1,4-dimethyl-9- ( 3,5-dimethyIbenzyi) triptycene 
(±sc-6). The equilibrated mixture of ap- and ^cSC-6 
was chromatographed through an alumina column with 
benzene-hexane (15 : 85) as an eluent. The ±sc rotamer 
eluted slightly faster than the ap. Fractions consisting of more 
than 85% of the ±sc rotamer were collected and recrystallized 
from chloroform-ethanol to give the pure ±sc-6, mp 305— 
306 °C. Found: C, 79.10; H, 5.30%. Calcd for C31H26C12: 
C, 79.31; H 5.58%. W NMR (CDG1„ Ô): 1.82 (3H, br s), 
2.16 (3H, s), 2.37 (3H, br s), 2.56 (3H, s), 5.20 and 5.67 (2H, 
AB-q, 7 = 18 Hz), 5.56 (1H, s), 6.04 (1H, br s), 6.4—7.5 
(10H, m). 

8,13-Difluoro- 1, 4-dimethyl-9- ( 3,5-dimethylbenzyl) triptycene (8), 
mp 252—253 °C, was prepared from l,8-difluoro-9-(3,5-
dimethylbenzyl) anthracene and 3,6-dimethylanthranilic acid 
in 70% yield. Found: C, 85.58; H, 6.05%. Calcd for 
C31H26F2: C, 85.29; H, 6.00%. NMR spectra showed that 
the compound existed as a 7 : 3 mixture of the ap and ±sc 
rotamers. ^ N M R (CDC13, Ô): 1.90 and 2.37 (br s, ±sc), 
2.13 (br s, ap), ca. 2.1 (s, ±sc), 2.42 (s, ap), 2.53 (s, ±sc), 
2.79 (s, ap), 4.88 (br s, ap/±sc), 5.66 (t, JHF = 2.0 Hz, ap/ 
±sc), 6.3—7A (m, apf±sc). 19F NMR (CDC13): 44.8 and 
54.2 ppm (±sc), and 50.9 ppm (ap). 

l,8-Dichloro-9-(3,5-dimethylbenzyl)triptycene (11), mp 270— 
271 °C, was prepared from l,8-dichloro-9-(3,5-dimethyl­
benzyl) anthracene and anthranilic acid in 47% yield. Found : 
C, 78.96; H, 4.90; CI, 16.09%. Calcd for C29H22C12: C, 
78.91 ; H, 5.02; CI, 16.06%. *H NMR (CDC13, ô) : 1.7—2.6 
(6H, br s), 4.75 and 5.90 (2H, AB-q, 7 = 18 Hz), 5.35 (1H, 
s), 6.7—7.6 (13H, m). 

l-Methoxy-9-(3,5-dimethylbenzyl)triptycene (12), mp 239—240 
°C, was prepared from 1-methoxy-9-(3,5-dimethylbenzyl)-
anthracene and anthranilic acid in 29% yield. Found: 
C, 89.60; H, 6.49%. Calcd for C30H26O: C, 89.51; H, 
6.51%. *HNMR (CDCI3, Ô): 2.18 (6H, s), 3.27 (3H, s), 
4.62 (2H, s), 5.38 (1H, s), 6.4—7.6 (14H, m). 

9-(3,5-Dimethylbenzyl) triptycene (13), mp 215—217 °C, was 
prepared from 9-(3,5-dimethylbenzyl)anthracene and anthra­
nilic acid in 46% yield. Found: C, 93.81 ; H, 6.37%. Calcd 
for C29H24: C, 93.51 ; H, 6.49%. *H NMR (CDC13, 0) : 2.19 
(6H, s), 4.41 (2H, s), 5.42 (1H, s), 6.7—7.6 (15H, m). 

2-Methoxy-9-(3,5-dimethylbenzyl)triptycene (14), mp 196— 
197 °C, was prepared from 2-methoxy-9-(3,5-dimethylbenzyl)-
anthracene and anthranilic acid in 19% yield. Found: C, 
89.59; H, 6.39%. Calcd for C30H26O: C, 89.52; H, 6.51%. 
*H NMR (CDClg ô) : 2.19 (6H, s), 3.56 (3H, s), 4.37 (2H, s), 
5.34 (1H, s), 6.48 (1H, dd, 7 = 8 and 3 Hz), 6.7—7.5 (13H, 
m). 

9-[l-(3,5-Dimethylphenyl)ethyl]triptycene (15), mp 179—180 
°C, was prepared from 9-[l-(3,5-dimethylphenyl)ethyl]-
anthracene and anthranilic acid in 62% yield. Found: C, 
93.00; H, 6.81%. Calcd for C30H26: C, 93.22; H, 6.78%. 
iH NMR (CDC13, <5) : 2.07 (3H, d, 7 = 7 . 2 Hz), 2.19 (6H, s), 
4.71 (1H, q, 7 = 7 . 2 Hz), 5.37 (1H, s), 6.5—7.9 (15H, m). 

l,8-Dichloro-9-benzyltriptycene (16), mp 239—241 °C, was 
prepared from l,8-dichloro-9-benzylanthracene and an­
thranilic acid in 52% yield. Found: C, 78.42; H, 4.18; CI, 
17.07%. Calcd for C27H18C12: C, 78.46; H, 4.39; CI, 17.15%. 
iH NMR (CDC13, Ô) : 4.80 and 5.98 (2H, AB-q, 7 = 1 8 Hz), 
5.33 (1H, s), 6.5—7.6 (15H, m). 
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General Procedure for the Synthesis of Triptycenes by p-Ben-
zoquinone Addition. A mixture of 2 mmol of an anthracene 
and 10 mmol of jb-benzoquinone in 30 mL of acetonitrile was 
heated under reflux for 40 h. After evaporation of the solvent 
and removal of most of the unreacted />-benzoquinone by 
sublimation, the residue was dissolved in 20 mL of 1,4-dioxane 
and stirred with an aqueous solution of 0.5 g of potassium 
hydroxide and 1 mL of dimethyl sulfate overnight at room 
temperature and then at 90 °G for 1 h. The reaction mixture 
was extracted with diethyl ether, and the ether layer was 
washed with water and dried over magnesium sulfate. Evapo­
ration and column chromatography on alumina followed by 
recrystallization from dichloromethane-hexane gave the 
desired triptycene. 

8,13-Dichloro- l,4-dimethoxy-9- ( 3,5-dimethylbenzyl) triptycene (7), 
mp 277—278 °C, was prepared from l,8-dichloro-9-(3,5-
dimethylbenzyl) anthracene in 52% yield. Found: G, 74.38; 
H, 5.11; Gl, 14.02%. Galcd for C31H26C1202: G, 74.25; 
H, 5.23; Gl, 14.14%. ^H NMR (CDC13, Ô): 1.5—2.5 (6H, 
br d), 2.89 (3H, s), 3.85 (3H, s), 5.29 and 5.54 (2H, AB-q, 
7 = 18 Hz), 6.38 and 6.62 (2H, AB-q, 7 = 9 Hz), 6.6—7.5 
(9H, m). 

8,13-Difluoro-1,4-dimethoxy-9- ( 3,5-dimethylbenzyl) triptycene (9), 
mp 265—266 °C, was prepared from l,8-difluoro-9-(3,5-
dimethylbenzyl) anthracene in 25% yield. Found: G, 79.36; 
H, 5.54%. Galcd for C31H26F202: G, 79.47; H, 5.59%. 
NMR spectra showed the existence of the ap and ±sc rotamers 
in the ratio of 1 : 3. ^ N M R (CDC13, Ô): 1.93 and 2.34 
(br s, ±sc), 2.13 (br s, ap), 2.90 (s, ±sc), 3.75 (s, ap), 3.78 
(s, ap), 3.82 (s, ±sc), 4.6—5.1 (br m, ap/±sc), 5.91 (t, 7 H F = 
2 Hz, ap/±sc), 6.2-7A (m, ap/±sc). 19F NMR (CDC13) : 
45.7 and 52.6 ppm (±sc), and 51.4 ppm (ap). 

Kinetics of Isomerization of ap-£. A solution of ap-6 in 
CDC13 (ca. 10%(w/v)) in an NMR sample tube was inserted 
to the NMR probe heated at constant temperature which 
was calibrated using ethylene glycol, and the change in the 
relative intensity of the singlets at ô 2.84 (ap) and 2.54 (±sc) 
was followed. The rate law for a first order reversible reaction 
is given by Eq. 3, 

where a is the initial quantity of the ap-6, x the quantity of 
±sc-6 at time t and K the equilibrium constant [±sc]/[ap]. 
The left side of the Equation was obtained from the NMR 
measurement and plotted against / to afford a good straight 
line, the slope of which gave the rate constant k19 from which 

AG* was calculated. Determination of the rate constants 
was made at four temperatures between 48 and 69 °G and 
the Eyring plot gave AH* and AS* values. 
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Restricted Rotation Involving the Tetrahedral Carbon. XXXVI.1} 

Stereodynamics of 9-(2-Methylbenzyl)triptycene Derivatives 
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DNMR study of a series of singly/>m-substituted 9-(2-methylbenzyl)triptycene derivatives showed that the 
interconversion among the ap and ±sc rotamers with the o-methyl group pointing outside the triptycyl skeleton 
occurs by two consecutive gear motion steps by way of the unstable rotamers with the o-methyl group pointing inside. 
The -\-sc^±—sc interconversion barriers (13.2—14.1 kcal/mol) are lower than the ap^±±sc ones (17.7—20.8 kcal/ 
mol). The aryl group passes over a/>m-hydrogen at the transition state of the former process and over the peri-
substituent in the latter. 

O u r recent D N M R study on 9-(3,5-dimethylbenzyl)-
triptycene derivatives2) has revealed the freezing of the 
conformation 1 at low temperatures rendering the two 
m-methyl groups in the benzyl moiety diastereotopic 
and anisochronous. The coalescence of the two m-methyl 

groups caused by the temperature rise indicates the 
occurence of rate processes which exchange the magnetic 
environments of the two methyl groups. In order to 
understand the stereodynamic behavior, two degrees 
of freedom of internal rotation should be considered : 
rotation about the bridgehead-to-methylene bond and 
that about the methylene-to-aryl bond. Rotat ion about 
the bridgehead-to-methylene bond by 120° is assumed 
to occur by way of the transition state shown by 2, 
being always accompanied by the rotation about the 
methylene-to-aryl bond by 180°, thus exchanging the 
magnetic environments of the two methyl groups if the 
conformations before and after the process are homo-
meric ( X = Y = Z ) or enantiomeric ( Y = Z ) to each 
other. We refer to this process as "gear motion ( G M ) . " 
Exchange of the methyl groups can occur not only by 
G M but also by a process in which the methylene-to-aryl 
bond rotates by 180° without rotating the bridgehead-to-
methylene bond, by way of the transition state 3 . We 
refer to this process as "isolated rotation ( I R ) . " It was 
shown2) that the two processes actually part icipate in 
the methyl exchange in compounds 1 as detected by 

«GU^ 

D N M R and the relative contribution of the processes 
is dependent on the number and size of the peri-sub-
stituents; I R is the main process in triply/>m-substituted 
derivatives, G M predominat ing in the />m'-unsubstituted 
ones. This comes from the fact that the G M barrier 
sharply drops with decrease in the number of the peri-
substituents while the I R barrier is less sensitive to the 
/»m-substitution. 

The structural modification which raises the I R 
barrier is expected to make G M the sole process render­
ing the rotations about the bridgehead-to-methylene 
and the methylene-to-aryl bonds completely correlated. 
In order to at tain this situation we planned to introduce 
a methyl group in one of the ortho positions of the 
benzylic phenyl group. We have synthesized a series 
of singly />m'-substituted 9-(2-methylbenzyl)triptycene 
derivatives (4—8) and examined their D N M R behavior 
to find that the observed process can best be explained 
in terms of correlated motion of the bonds under 
consideration.3) 

4: X = O C H 3 , Y = Z = H 
5: X = Y = C H 3 , Z = H 
6: X = C H 3 , Y = Z = H 
7 : X = C 1 , Y = Z = H 
8 : X = Y = Z = C 1 

Ample examples have been reported on correlated 
rotation of two or more sp3-sp2 or sp2-sp2 bonds in 
triarylmethanes,4) tetraarylethanes,5) triarylboranes,4) 
and triarylamines6) and other systems. The present 
results constitute the first example of correlated rotation 
of an sp3-sp2 and an sp3-sp3 bonds. 

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

Syntheses. Triptycenes 4—8 were synthesized 
by the reaction of 9-(2-methylbenzyl) anthracene deriva­
tives 9a—d with benzynes 10a—c generated in situ 
from the corresponding anthranilic acids (9c+10a->4 , 
9 a + 1 0 b - > 5 , 9 d + 1 0 a - » 6 , 9 b + 1 0 a - > 7 , and 9 a + 1 0 c - > 
8). Anthracenes 9a and 9b were prepared by the 
Grignard reaction of 2-methylbenzyl chloride with 1-
substituted anthrones 11, followed by dehydrat ion with 
thionyl chloride-pyridine. Synthesis of anthracene 9c 
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^VCH3 

c& £ 
9a: X = H 
9b: X=C1 
9c: X = O C H 3 

9d: X = C H 3 

10a: Y = Z = H 
10b: Y=CH 3 , Z = H 
10c: Y = Z = C 1 

by the Grignard reaction of 1-methoxyanthrone (11 : 
X = O C H 3 ) was abandoned because preliminary exami­
nation of the anthrone suggested that it existed not as a 
keto form but as an enol form. 4-Methoxyanthrone 
(13a) was condensed with 2-methylbenzyl chloride to 
give 4-methoxy-10-(2-methylbenzyl) anthrone (14a). 

Reduction with sodium borohydride followed by 
dehydration with either phosphorus pentaoxide or 
thionyl chloride-pyridine gave 9c. Anthracene 9d 
was also prepared by 2-methylbenzylation of 4-methyl-
anthrone (13b) followed by reduction and dehydration 
because of the easier availability of the anthrone 13b as 
compared with 1 -methylanthrone (11 : X = CH 3 ) . 

Rotamer Equilibrium. XH N M R data at low 
temperatures (ca. — 30 °C) are given in Tables 1 and 2. 
Both of the ap and ±sc rotamers with respect to the 
bridgehead-to-methylene bond were present in each 
compound. Methylene protons of the ap rotamer 
appeared as a singlet, while those of the ±sc rotamer 
did as an AB-quartet . o-Methyl protons appeared as 
two singlets of the relative intensity corresponding to 
the apj±sc ratio with the exception of 4 in CDC13 

TABLE 1. Low TEMPERATURE CHEMICAL SHIFTS IN CDCLa) 

Compound 
Temp i sc jap Rotamer CH, o-GH, 1-X 10-H 

- 3 2 

- 3 3 

- 2 2 

- 2 5 

- 3 5 

2.9 

1.0 

1.0 

0.67 

0.67 

ap 

±sc 

ap 
±sc 

ap 
±sc 

ap 
±sc 

ap 
±sc 

4.73 

4.00d,4.65d 
(7=17 Hz) 

4.57 
4.14d,4.54d 
(7=18 .5 Hz) 

4.53 
4.09d,4.47d 
(7=18 .5 Hz) 

4.79 
4.08d,4.85d 

( 7 = 18 Hz) 
4.79 

4.08d,4.91d 
( 7 = 18 Hz) 

2.66b> 

r 2.47c> 
2.58 
2.63 

I 2 .67 
f 2.60« 

2.63 

2.68 
2.62 

2.70 
2.64 

3.82 

2.92 

2.81 

1.98 

2.80 
1.97 

— 
— 

— 
— 

5.50b) 

5.76" 

5.41b ) 

5.48b) 

6.18 
6.13 

a) Chemical shifts are shown in 3 relative to internal tetramethylsilane. Singlet unless otherwise stated. 
Aromatic protons are omitted, b) Coincident between the rotamers. c) Definite rotamer and position assign­
ment could not be made, d) Definite rotamer assignment could not be made. 

TABLE 2. Low TEMPERATURE CHEMICAL SHIFT DATA10 

Compound Temp 
°C 

Solvent ±sc/ap Rotamer CH, o-CH, 1-X 10-Hb) 

- 3 2 C7D8 

- 2 0 C7D8 

2.9 

1.0 

- 2 2 C6H5C1 1.0 

- 2 5 C6H5C1 0.67 

- 2 5 C6H5C1 0.67 

ap 
±sc 

ap 
±sc 

ap 
±sc 

ap 
±sc 

ap 
±sc 

4.73 
3.85d, 4.60d 
( 7 = 17.5 Hz) 

4.34 
3.95d, 4.35d 
( 7 = 18.5 Hz) 

4.40 
3.97d, 4.35d 
( 7 = 18.5 Hz) 

4.78 
3.96d, 4.80d 

( 7 = 18 Hz) 
4.67 

3.91d, 4.77d 
( 7 = 18 Hz) 

2.51 
2.31 

2.26c) 

2.24c) 

2.39 
2.30 

2.52 
2.37 

2.54 
2.37 

2.98 
2.43 

2.37 
1.85 

2.47 
1.80 

— 
— 

— 
— 

5.08 

5.48 

5.23 

5.23 

5.92 

a) Chemical shifts are relative to internal hexamethyldisiloxane. Singlet unless otherwise stated. Aromatic 
protons are omitted, b) Coincident between the rotamers. c) Assignment is tentative. Two other peaks 
due to 4-methyl appeared at ô 2.12 and 2.17. 
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O X 
ü X \ / G H 3 

+ 1 II 
N / N / N Z X / N G H 2 M g C l 

11a: X = H 
l i b : X=C1 

/ \ 

CH3 

H2G OH x x 
12a: X = H 
12b: X=C1 

SOCla 

pyridine 
9a, 9b 

/ V 
x 
i 

6 

X \ / C H 3 KOH 

\CH2C1 CHsOH 

1 3 a : X = O C H 3 

13b: X = C H , 

C H / 

H2G H v 

X A NaBH4 P 2 O 5 

QjH5OH or SOCl2-
pyridine 

9c, 9d 

11 
O 

14a: X = O C H 3 

14b: X = C H , 

where coincidence of the chemical shifts occurred. 1-
Methoxyl protons in 4, 1- and 4-methyls in 5, and 1-
methyl in 6 also appeared as two singlets reflecting the 
presence of two rot amers. 

It is assumed that the benzylic moiety adopts a 
conformation in which the benzene ring is coplanar 
with the bridgehead-to-methylene bond as decuced 
for 9-benzyl-7) and 9-(3,5-dimethylbenzyl) triptycenes,2) 
and that the ö-methyl group points toward outside the 
triptycyl skeleton as shown in Scheme 1. This is 
supported by XH N M R spectra. The ö-methyl signal 
resonated at ô 2.6—2.7 (Table 1), considerably lower 
field than the methyl signal of toluene (ô 2.32) or 0-
xylene (<$ 2.25),8> suggesting that the methyl group is 
located in the deshielding region of the ring current 
effect of the triptycyl benzene rings in line with the 
conformations. A multiplet signal assigned to the 
6-proton of the 2-methylbenzyl group appeared at 
higher field of the aromatic region of ô 6.2—6.4 which 
is also consistent with the suggested conformations. 
Molecular model consideration indicates that the 
conformers with the o-methyl group pointing inside 
(apr and ±sc' in Scheme 1) would be highly unstable 
because of the severe steric interaction between the 
methyl group and the triptycyl moiety. If these rotamers 
could exist in a detectable amount , the ö-methyl group 
would show a definite signal at a considerably higher 
field, since the rotamers should have lifetimes long 
enough for detection on the N M R time scale at these 
low temperatures. No such signals were detected at 
à 0—2 region, and these rotamers were concluded to be 
at least 2.0 kcal/mol (1 kca l /mol=4 .18 kj/mol) less 
stable than the rotamers with ö-methyl group outside. 

No significant temperature dependence of the equilib­
r ium constants (±sc/ap) was detected except for 5 and 
6, which showed a slight increase of the ±sc rotamers 
at higher temperatures. The equil ibrium constants of 
4—8 were similar to those of the corresponding 9-
benzyltriptycenes,7 '9* suggesting that the interaction 
between the aryl and the triptycyl moieties do not 
largely differ in these two systems. 

DNMR Behavior. Upon gradual elevation of the 
temperature the AB-quartet signal due to the methylene 
protons of the ±sc rotamer broadened and then 
coalesced into a singlet in the range of — 1 to 17 °G 
depending on the compound, while the other part of 
the spectrum except for the aromatic region showed no 
noticiable change. This indicates that the interconver­
sion between the -\-sc and — sc rotamers becomes fast 
on the N M R time scale in the temperature range. The 
rate constants and the free energies of activation at the 
coalescence temperatures for the -\-sc^—sc interconver­
sion were calculated; the results are given in Table 3. 

The ±^-methylene signal sharpened on further 
elevation of temperature until the half-width of the 
signal became ca. 2.5 Hz, almost the same as that of 

TABLE 3. DNMR DATA FOR -\-SC ^± —se INTERCONVERSION 

Com­
pound 

4 
5 
6 
7 
8 

Solvent 

C7D8 

C7D8 

G6H6G1 
G6H6G1 
G6H5G1 

A<5 

Hz 

45 
24 
23 
51 
52 

JAB 
Hz 

17.5 
18.5 
18.5 
18.0 
18.0 

°C 

- 1 
14 
10 
7 

17 

K 
S" 1 

138 
114 
113 
150 
151 

AGC* 
kcal/mol 

13.2 
14.1 
13.9 
13.6 
14.1 
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Compound 

4 

5 
6 

7 

8 

Solvent 

C7D8 

C7D8 

C6H6C1 

G6H6C1 

G6H6C1 

TABLE 4. 

ap 

Obsd 
protons 

CH2 

l-OCH3 

CH2 

CH2 

I-GH3 

0-GH3 

CH2 

0-GH3 

CH2 

0-GH3 

D N M R DATA FOR dp 

2£i 

T7~ 
±sc 

AÔ 
Hz 

26 
41 
13 
13 
42 

3.1 
22 
6.4 

20 
5.2 

: 

T 
M c 

°C 
66 
72 
98 
90 

111 
71 
98 
79 

112 
94 

;F± ±SC INTERCONVERSION 

ap-

S" 1 

27 
42 
12 
12 
42 

2.4 
14 
3.8 

13 
3.1 

_ [±sc] 

» ±sc 

AGC* 
kcal/mol 

17.7 
17.7 
20.0 
19.6 
19.8 
19.6 
19.9 
19.8 
20.8 
20.8 

±sc 

* - l c 

S"1 

18 
29 
20 
20 
71 
3.9 

40 

1 1 . 3 
38 
8.9 

-+ap 
AGC* 

kcal/mol 

18.0 
18.0 
19.7 
19.3 
19.4 
19.3 
19.1 
19.0 
20.0 
20.0 

K* 

2.9 

1.2 
1.2 

0.67 

0.67 

a) Extrapolated to Tc. 

the a/>-methylene singlet, and then began to broaden 
together with the a/>-methylene signal. Finally these two 
signals coalesced into a singlet in the temperature 
region 66—112 °C. 

These coalescence phenomena of the singlets of 
unequal intensity were analyzed according to the 
method of Jaeschke et a/.,10) affording the rate data for 
the ap?±±sc interconversion. The rate constants thus 
obtained and the free energies of activation at the 
coalescence temperatures are given in Table 4. 

The other pairs of signals due to the two rot amers, i.e., 
0-methyls of 4—8, l-methoxyl of 4, 1-methyls of 5 and 6, 
and 4-methyl of 5 also showed similar coalescence 
phenomena. D N M R data from some of these signals 
are also included in Table 4. Free energies of activation 
obtained from the analysis of different signals agree 
with each other to support the validity of the approxima­
tion in deriving these values if we consider that the 
entropies of activation would be small for internal 
rotation. 

The observation that, while the signals due to the 
ap rotamer remained completely intact, the coalescence 
of the AB-quartet signal due to the i ^ - m e t h y l e n e 
protons occurred suggests that the -\-sc^—sc inter-
conversion takes place without intervention of the ap 
rotamer. An explanation for this is that the inter-
conversion occurs by two consecutive gear motion steps 
by way of the unstable ap' rotamer with the ö-methyl 
group pointing inside. The two transition states lying 
between the ap' and ±sc rotamers, where the aryl 
group passes over a jbm-hydrogen, are enantiomeric 
to each other. The energy barriers to this process 
can be compared with those to the ap?±±sc process of 
the corresponding non-ö-methylated analogs since the 

16a: X = O C H 3 , Y = H 
1 6 b : X = G H 4 , Y = H 
16c: X = Y = C 1 

two processes have similar transition states. Thus the 
free energies of activation for the ±sc-+ap process of 
16a to 16c are 12.2,9a> 13.6,7b> and 13.5 kcal/mol,9b> 
respectively, calculated for 0 °C from the available 
data . They are 0.6—1.1 kcal/mol lower than those of 
the corresponding 0-methylated analogs. This is 
understandable if we consider that the presence of the 
ö-methyl group should raise the transition state to some 
extent. 

The I R process of ap'^ap should have a higher 
barr ier than the ap'^±±sc step, otherwise the coalescence 
of the fljb-methylene signal with those of the ±sc-
methylene should have occurred at the same time as 
the coalescence of the AB-quartet signal of the ±sc-
methylene. 

Interconversion between the ap and ±sc rotamers can 
occur by two types of pathways. One consisting of two 
consecutive gear motion steps (ap^^Fsc'^^sc) and the 
other consisting of a gear motion (GM) step and an 
isolated rotation (IR) step (ap?±±sc'?±±sc with I R in 
the ±sc sites or ap^±ap'^±±sc with I R in the ap site). 
Of these two possible pathways, the former (2GM) 
seems more reasonable than the latter (GM-IR) as a 
process actually occurring. The feasibility is discussed 
from the jbm-substituent effects on the barrier in the 
following sections. 

If the ap^±sc interconversion takes place by the 
G M - I R pathways, the rate determining step should be 
I R since the barrier to the G M steps should be ca. 
14 kcal/mol as was actually observed for the ±sc?±ap' 
step (Table 3), while the barriers observed for the 
process in question are much higher (Table 4). Studies 
on 9-(3,5-dimethylbenzyl)triptycenes revealed that the 
bulkier jten-substituent flanking the aryl group raises 
the I R barrier as a result of destabilization of the 
transition state to a greater extent than the ground 
state.2) Considering that the presence of the ö-methyl 
group in the present case would increase the dependence 
of the I R barrier on the flanking jbm-groups, we can 
reasonably assume that the ±sc^±±sc' barrier should 
be larger than the ap^ap' barrier . Even though we 
may have to take the difference of the ^-subst i tuent 
into account (vide infra), the effect of the ajb-substituent 
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is not large enough to revert the circumstance. T h e 
G M - I R process should occur by the ap^±ap'^±sc 
pathway rather than the ap^±sc'^±±sc pathway, if 
at all. 

T h e energy barr ier to the I R process in 9-(3,5-
dimethylbenzyl)triptycene derivatives was found to 
decrease with a larger />m-substituent at the «/»-position 
to the aryl group,2) e.g., the I R barrier in the ap ro tamer 
of compound 17a (13.5 kcal/mol) is lower by 1.0 kcal/ 

17a:R=CH 3 

17b: R = O C H 3 

mol than that in the ap rotamer of compound 17b 
(14.5 kcal/mol). This was explained by assuming that 
the ground state was destabilized due to the buttressing 
effect of a bulky «/»-substituent pushing the aryl moiety 
into the triptycyl skeleton, while the transition state 
for the I R was not appreciably affected. In 9-(2-
methylbenzyl)triptycenes, the steric situation of the 
ground state is similar to that of 9-(3,5-dimethylbenzyl)-
triptycenes, destabilization of the ground state by the 
bulkier «/»-substituent being expected. Although it is 
difficult to estimate the effect of the «/»-substituent on 
the transition state of the I R process, molecular model 
consideration suggests that the effects should be small 
if any. Thus replacement of the «/»-substituent with a 
bulkier one is expected to lower the ap^ap' I R barr ier 
to a small extent, and to lower the ap^±±sc barr ier 
observed by D N M R . 

As Table 4 shows, the contrary to the above discussion 
is true : the ap^±±sc barr ier increases with the increasing 
bulkiness of the /»m-substituent. Thus the G M - I R 
process is not the lowest energy pathway of the ap^±±sc 
interconversion. 

In the 2 G M process, the ±sc^±Tsc' step should be 
rate-determining because the aryl group passes over the 
/»m'-substituent. The energy barrier to this process is 
naturally expected to increase with the bulkier peri-
substituent, this being actually observed (Table 4). I t 
is thus reasonable to consider that the ap^±±sc inter-
conversion occurs by the 2 G M process. 

T h e process with two consecutive gear motion steps 
is concluded to be responsible not only for the -\-sc^±—sc 
interconversion but also for the ap^±±sc interconversion 
in this 9-(2-methylbenzyl)triptycene system (Scheme 2). 

The energy diagram for rotation about the 
bridgehead-to-methylene bond can be drawn as in 
Fig. 1. Rotat ion by 720° about the bridgehead-to-
methylene bond is required to complete the rotat ional 
circuit. Neither the depth of the wells corresponding 
to the unstable ap' and ±sc' rotamers is known, nor 
the height of the enantiomeric saddle points between 
the ap and ±sc' rotamers, which are presumably of 
almost the same relative height from the nearest min ima 
as those between the ap' and ±sc rotamers. 

Total line shape analysis of the D N M R spectra of 

ap' 
Scheme 2. 

0 60 120 180 240 300 360 420 480 540 600 660 720* 

-sc ap' +sc -sc' ap •sc' 

Fig. 1. Energy diagram for rotation about the bridge­
head-to-methylene bond. 

l ,4-dimethoxy-9-(4-chlorobenzyl)triptycene (18) sug­
gests that the + . « ^ — s c process in which the aryl group 
passes over the />m-methoxyl group has an energy 
barr ier ca. 1 kcal/mol higher than that to the ap^±±sc 
process in which the aryl group passes over a /»en-
hydrogen. 9a> The energy barrier difference between 
the ±sc^±ap' and ^sc^^Fsc' steps in compound 4 is 
4.8 kcal/mol from Tables 3 and 4, which is considerably 
larger than that of the above case. T h e reason for the 

/ C H 3 

CH3" 

19a: R = H 
19b: R = O C H , 
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difference is unknown at the moment al though the 
o-methyl group must affect the transition states of these 
two steps. 

Energy barriers to the -f-sc^—se interconversion in 
compounds 19a and 19b were determined to be 15.7 
and 22.1 kcal/mol, respectively.2) The difference of 
6.4 kcal/mol can be compared with the da ta for 4. 
The buttressing effect of the peri-chloro groups in the 
transition state may be responsible for the larger 
difference for compounds 19, if we neglect the energy 
difference in the ground states. 

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

Melting points are not corrected. 1H NMR spectra at 
ambient temperature (ca. 35 °C) were recorded on either a 
Hitachi R-20B (60 MHz) or a Varian EM-390 (90 MHz) 
spectrometer with tetramethylsilane as an internal standard. 

DNMR Spectra. Sample solutions were prepared by 
dissolving the compounds in an appropriate solvent containing 
0.5% of tetramethylsilane (in case of CDC13) or hexamethyl-
disiloxane (in case of toluene-rf8 and chlorobenzene). The 
concentration was ca. 10% (w/v) for compounds 4—6 and 
ca. 6% for 7 and 8 because of the poor solubility. Variable 
temperature XH NMR spectra were obtained on a Hitachi 
R-20B spectrometer. Temperature was calibrated with ethyl­
ene glycol or methanol.11) Rate constants at the coalescence 
temperatures from coalescing AB-quartet signals were calcu­
lated by12) 

*c = ^ j V ( ^ ) » + 6yAB«. 

Rate constants from two coalescing singlets cf unequal intensity 
were obtained by the graphical method of Jaeschke et a/.10) 
which takes the line widths of the signals without exchange 
into account. Graphical method of Shanan-Atidi and Bar-
Eli13) which neglects the line widths gave similar results only 
when the chemical shift differences of the two singlets were 
sufficiently large (^>20Hz), the inconsistency between the 
two methods becoming large when the chemical shift dif­
ferences were small. 

9-( 2-Methylbenzyl) anthracene (9a). To the Grignard 
reagent in 60 mL of diethyl ether prepared from 5.62 g (40 
mmol) of 2-methylbenzyl chloride14) was added portionwise 
3.38 g (20 mmol) of anthrone powder. The mixture was 
stirred at room temperature for 2 h and decomposed with 
saturated aqueous ammonium chloride. After evaporation 
of the solvent, the crude 9-(2-methylbenzyl)-9,10-dihydro-9-
anthrol ( ^ N M R (CC14, Ô): 1.40 (3H, s), 2.25 (IH, s), 2.88 
(2H, s), 2.91 and 3.41 (2H, AB-q, 7 = 1 9 Hz), 6.1—7.8 (12H, 
m) was dissolved in 50 mL of benzene and treated with 
3 mL of thionyl chloride and 6 mL of pyridine at 50 °G for 1 h. 
The reaction mixture was cooled, washed with water and 
dried over sodium sulfate. The crude product was recrystal-
lized from tetrahydrofuran-hexane to give 4.02 g (71%) of 
yellow granules, mp 165—167 °G. Found: C, 93.61; H, 
6.22%. Calcd for C22H18: C, 93.57; H, 6.43%. JH NMR 
(CDC13, ô) : 2.62 (3H, s), 4.81 (2H, s), 6.2—8.2 (12H, m), 8.42 
(1H, s). 

l-Chloro-9-( 2-methylbenzyl) anthracene (9b). To the Gri­
gnard reagent in 50 mL of diethyl ether prepared from 2.11 g 
(15 mmol) of 2-methylbenzyl chloride14) was added portion-
wise 2.29 g (10 mmol) of 1-chloroanthrone15) and the mixture 
was stirred at room temperature for 2 h and decomposed 
with saturated aqueous ammonium chloride. Evaporation 
of the solvent gave 2.55 g of the crude l-chloro-9-(2-methyl­

benzyl)-9,10-dihydro-9-anthrol; »HNMR (CDCI3, Ô): 1.47 
(3H, s), 2.65 and 3.45 (2H, AB-q, 7 = 2 0 Hz), 3.16 and 3.51 
(2H, AB-q, 7 = 12.6 Hz), 3.75 (IH, s), 6.17 (IH, d, 7 = 7 Hz), 
6.5—7.9 (10H, m). Treatment of the alcohol with 2 mL 
of thionyl chloride and 4 mL of pyridine at 50 °C for 1 h 
followed by column chromatography on alumina with benzene-
hexane (1 : 4) as an eluent gave 1.86 g (59%) of 9b, mp 134— 
135 °C (from tetrahydrofuran-hexane). Found: C, 83.62; 
H, 5.23; CI, 11.15%. Calcd for C22H17C1: C, 83.40; H, 
5.41; CI, 11.19%. ' H N M R (CDC13, Ô): 2.53 (3H, s), 5.13 
(2H, s), 6.5—8.1 (11H, m), 8.40 (IH, s). 

1-Methoxyanthrone (11: X=OCHs). A mixture of 715 
mg (3 mmol) of 1-methoxyanthraquinone2) and 0.8 g of copper 
powder in 10 mL of concentrated sulfuric acid was stirred at 
40—45 °C for 3 h, poured onto ice-water, and extracted with 
benzene. The benzene layer was washed with aqueous 
sodium hydrogencarbonate and then with water, dried over 
magnesium sulfate, and evaporated to give 265 mg (39%) 
of orange crystals upon recrystallization from dichlorometh-
ane-hexane, mp 86—88 °C. The compound was too 
unstable to give satisfactory elemental analysis. Spectral data 
were consistent with the enol form, 1-methoxy-9-anthrol ; 1H 
NMR (CDCI3, ô): 3.96 (3H, s), 6.52 (IH, dd), 7.0—7.6 (4H, 
m), 7.76 (IH, s), 7.85 (IH, m), 8.40 (IH, m), 10.12 (IH, s). 
IR (Nujol) : 3340 cm -1, no carbonyl stretching. 

4-Methoxy-10-(2-methylbenzyl)anthrone (14a). To a mix­
ture of 1.12 g (5 mmol) of 4-methoxyanthrone (13a)a) and 0.75 
mL of 2-methylbenzyl chloride14) in 40 mL of methanol under 
nitrogen atmosphere was added dropwise 0.4 g of potassium 
hydroxide in 15 mL of methanol in the course of 2 h and the 
mixture was stirred at room temperature for further 2h. Yellow 
solid formed was collected by filtration, washed with methanol 
and recrystallized from tetrahydrofuran-methanol to give 
1.38 g (84%) of 14a: mp 151—152 °C. Found: C, 84.26; H, 
5.97%. Calcd for C23H20O2: C, 84.12; H, 6.14%. *H NMR 
(CDC135 Ô): 1.84 (3H, s), 2.67 (IH, ^BX-dd, 7=13.0 and 
8.7 Hz), 3.25 (IH, ABX-dd, 7=13.0 and 4.7 Hz), 3.91 (3H, 
s), 4.70 (IH, ABZ-dd, 7 - 8 . 7 and 4.7 Hz), 6.4—8.3 (11H, m). 

l-Methoxy-9-(2-methylbenzyl)anthracene (9c). To a boil­
ing solution of 1.68 g (5.12 mmol) of 4-methoxy-10-(2-methyl­
benzyl) anthrone (14a) in 50 mL of ethanol was added dropwise 
a solution of 1.5 g of sodium borohydride in 20 mL of 90% 
aqueous ethanol and the mixture was heated under reflux 
for 2 h. After evaporation of the solvent, the mixture was 
poured into water and extracted with chloroform. The 
chloroform solution was washed with water, dried over magne­
sium sulfate, and evaporated to give crude 4-methoxy-10-(2-
methylbenzyl)-9,10-dihydro-9-anthrol (single isomer of unde­
cided stereochemistry; JH NMR (CDC13, Ô): 1.88 (3H, s), 
2.18 (IH, d, 7 = 1 1 Hz), 2.79 (IH, ^BX-dd, 7=12.8 and 7.5 
Hz), 2.95 (IH, ABX-dd, 7=12.8 and 5.7 Hz), 3.76 (3H, s), 
4.65 (IH, ABZ-dd, 7 = 7 . 5 and 5.7 Hz), 5.19 (IH, d , 7 = l l 
Hz), 6.3—7.9 (11H, m)). The alcohol was dissolved in 50 
mL of carbon tetrachloride and heated under reflux with 
20 g of phosphorus pentaoxide for 1.5 h. The solid mass was 
filtered off and washed with carbon tetrachloride. The 
combined organic solution was evaporated affording 0.87 g 
(54%) of 9c upon recrystallization from benzene-hexane 
(1 : 9 ) : mp 145—146 °C. Found: C, 88.66; H, 6.37%. 
Calcd for C23H20O: C, 88.42; H, 6.45%. iH NMR (CDC13, 
(5): 2.57 (3H, s), 3.57 (3H, s), 5.08 (2H, s), 6.3—8.2 (11H, m), 
8.33 (IH, s). 

4-Methyl-10-(2-methylbenzyl)anthrone (14b). To a stirred 
mixture of 2.08 g (10 mmol) of 4-methylanthrone16) and 1.4 
mL of 2-methylbenzyl chloride14) in 80 mL of methanol was 
added dropwise a solution of 0.6 g of potassium hydroxide in 
30 mL of methanol in the course of 2 h under nitrogen atmos-
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phere and the mixture was stirred at room temperature for 
further 2 h. After evaporation of the solvent, the residue 
was extracted with diethyl ether. The ether layer was washed 
with water, dried over sodium sulfate and evaporated to 
afford 1.67 g (53%) of 14b after recrystallization from di-
chloromethane-hexane: mp 135—136 °C. Found: C, 88.50; 
H, 6.15%. Calcd for C23H20O: C, 88.42; H, 6.45%. *H 
NMR (CDC13, Ô): 1.60 (3H, s), 2.52 (3H, s), 2.78 (IH, ABX-
dd, 7=13.8 and 8.1 Hz), 3.10 (IH, ABX-dd, 7=13 .8 and 
5.4 Hz), 4.54 (IH, AB^-dd, 7=8 .1 and 5.4 Hz), 6.5—7.6 
(9H, m), 8.0—8.3 (2H, m). 

l-Methyl-9-(2-methylbenzyl)anthracene (9d). To a boiling 
solution of 1.26 g (4.0 mmol) of 4-methyl-10- (2-methylbenzyl) -
anthrone (14b) in 50 mL of ethanol was added a solution of 
1.3 g of sodium borohydride in 20 mL of 90% aqueous ethanol 
and the mixture was heated under reflux for 2 h. Evapora­
tion of the solvent and extraction with diethyl ether gave 
1.09 g (87%) of 4-methyl-10-(2-methylbenzyl)-9,10-dihydro-
9-anthrol (single isomer of undecided stereochemistry); 1H 
NMR (CDC13, Ô) : 1.74 (3H, s), 2.24 (3H, s), 2.50 (IH, d, J= 
10 Hz), 2.79 (2H, d, 7 = 6 . 9 Hz), 4.33 (1H, t, 7 = 6 . 9 Hz), 5.27 
(1H, d, 7 = 10 Hz), 6.5—7.9 (11H, m). The alcohol in 50 
mL of benzene was treated with 1 mL of thionyl chloride 
and 2 mL of pyridine at 70 °C for 5 h to give 9d in 76% 
yield: mp 150—151 °C. Found: C, 93.19; H, 6.68%. Calcd 
for C23H20: C, 93.20; H, 6.80%. 1H NMR (CDC13 Ô) : 2.56 
(3H s), 2.75 (3H, s), 4.94 (2H, s), 6.5—7.6 (8H, m), 7.8—8.2 
(3H, m), 8.48 (IH, s). 

General Procedure of Benzyne Addition to Anthracenes. A 
solution of 2.0—3.0 mmol of an anthranilic acid in 20 mL of 
tetrahydrofuran was added dropwise to a boiling solution 
of 1.5 mmol of an anthracene and 1 mL of isopentyl nitrite in 
30 mL of dichloromethane in the course of 1 h and the mixture 
was heated under reflux for further 1 h. After evaporation 
of the solvent, the residue was chromatographed through an 
alumina column using benzene-hexane mixture as an eluent. 
Recrystallization from tetrahydrofuran-ethanol gave a trip-
tycene derivative as colorless crystals. 

l-Methoxy-9-(2-methylbenzyl)triptycene (4), mp 258—259 °C, 
was prepared from l-methoxy-9-(2-methylbenzyl) anthra­
cene (9c) and anthranilic acid in 69% yield. Found: C, 
89.77; H, 6.46%. Calcd for C2 9H2 40: C, 89.65; H, 6.23%. 
*H NMR (CDC13, ô) showed the presence of the ap and ±sc 
rotamers in the ratio of 1 : 3.6 : 2.64 (s, apj±sc), 2.94 (s, ±sc), 
3.83 (s, ap), 4.34 (br s, ±sc), 4.74 (br s, ap), 5.40 (s, apj±sc), 
6.3—7.6 (m, ap/±sc). 

l,4-Dimethyl-9-(2-methylbenzyl)triptycene (5), mp 208—209 
°C, was prepared from 9-(2-methylbenzyl)anthracene (9a) 
and 3,6-dimethylanthranilic acid17) in 76% yield. Found: C, 
93.23; H, 6.79%. Calcd for C30H26: C, 93.22; H, 6.78%. 
*HNMR (CDC13, ô) showed the presence of the ap and ±sc 
rotamers in the ratio of 1 : 1: 1.97 (s, ±sc), 2.44 (s), 2.54 (s), 
2.61 (s), 2.64 (s), 2.78 (s, ap), 4.33 (br s, ±sc), 4.57 (s, ap), 
5.72 (s, apl±sc), 6.3—7.6 (m, ap/±sc). 

l-Methyl-9-(2-methylbenzyl)triptycene (6), mp 235—237 °C, 
was prepared from l-methyl-9-(2-methylbenzyl)anthracene 
(9d) and anthranilic acid in 28% yield. Found: C, 93.60; H, 

6.24%. Calcd for C29H24: C, 93.51; H,6.49%. *H NMR 
(CDC13, ô) showed the presence of the ap and ±sc rotamers 
in the ratio of 1 : 1: 1.97 (s, ±sc), 2.59 (s), 2.63 (s), 2.78 (s, 
ap), 4.29 (br s, ±sc), 4.53 (s, ap), 5.33 (s, ap/±sc), 6.3—7.6 (m, 
ap/±sc). 

l-Chloro-9-(2-methylbenzyl)triptycene (7), mp 265—266 °C, 
was prepared from l-chloro-9-(2-methylbenzyl) anthracene 
(9b) and anthranilic acid in 51% yield. Found: C, 85.64; 
H, 5.53; CI, 9.04%. Calcd for C28H21C1: C, 85.59; H, 5.39; 
CI, 9.02%. 1H NMR (CDC13, Ô) showed the presence of the 
ap and ±sc rotamers in the ratio of 3 : 2: 2.61 (s, ±sc), 2.67 
(s, ap), 4.46 (br s, ±sc), 4.79 (s, ap), 5.40 (s, ap/±sc), 6.2—7.6 
(m, ap/±sc). 

l,2,3,4-Tetrachloro-9-(2-methylbenzyl)triptycene (8), mp 286— 
288 °C, was prepared from 9-(2-methylbenzyl)anthracene 
(9a) and tetrachloroanthranilic acid18) in 22% yield. Found: 
C, 67.82; H, 3.96; CI, 28.07%. Calcd for C28H18C14: C, 
67.77; H, 3.66; CI, 28.57%. »HNMR (CDC13, Ô) showed 
the presence of the ap and ± sc rotamers in the ratio of 3 : 2 : 
2.63 (s, ±sc), 2.68 (s, ap), ca. 4.5 (br, ±sc), 4.81 (s, ap), 6.12 
(s, ±sc), 6.16 (s, ap), 6.1—7.7 (m, ap/±sc). 
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L-Serine was transformed in 8 steps into (4Ä,55)-2,2-dimethyl-4-[(Z)-3-pentadecenyl]-l,3-dioxan-5-amine. This 
chiral e,Ç-unsaturated amine was subjected to intramolecular aminomercuration and then acid hydrolysis to give 
( _ ) -deoxoprosopinine and ( — ) -deoxoprosophylline. 

Seven piperidine alkaloids have been isolated from 
Prosopis africana T A U B , and their structures have been 
determined, ( + )-(2Ä,3S',6Ä)-prosopinine (1) and ( ± ) -
prosophylline (2) being two representatives of these 
Prosopis alkaloids.3) Although some approaches to the 
synthesis of Prosopis alkaloids have been reported,4) no 
chiral synthesis has yet been accomplished. Recently, 
an intramolecular aminomercuration5) was successfully 
applied to the synthesis of (±)-solenopsin A and ( ± ) -
isosolenopsin A, piperidine derivatives related to fire 
ant venom.6) This paper deals with a chiral and stereo­
selective total synthesis of ( — )-deoxoprosopinine (3) 
[an enantiomer of ( + ) -deoxoprosopinine derived from 
natural 1] and ( — )-deoxoprosophylline (4) starting from 
L-serine (5) by a route involving the intramolecular 
aminomercurat ion of an e,C-unsaturated amine (6). 

(2S)-3-Acetoxy-2-phthalimidopropanal (7) was pre­
pared from L-serine (5) via (2£)-3-acetoxy-2-
phthal imidopropanoic acid (8) by the known 
procedure.7) The carbon chain of the aldehyde (7) 
was elongated by C16-unit by the Grignard reaction. A 
C1 5-bromide (9) was prepared as follows. Hydrogéna­
tion of 3-pentadecyn-l-ol8) in ethanol in the presence 
of a pa l lad ium-bar ium sulfate catalyst deactivated with 
quinoline9) gave (Z)-3-pentadecen-l-ol (10) in a 
quanti tat ive yield. The alcohol (10) was brominated 
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with dibromotriphenylphosphine in dichloromethane to 
afford (Z)-3-pentadecenyl bromide (9) in 8 9 % yield. 

The chiral aldehyde (7) in a mixture of tetrahydro-
furan and ether was treated with the Grignard reagent 
prepared from 9 at —70 °C and then at —45 °G to give 
a mixture of diol monoacetates (11 and 12), the separa­
tion of which by column and thin-layer chromatog­
raphies was unsuccessful. Acid hydrolysis of this 
mixture afforded, after separation by silica gel column 
chromatography, (2£,3Ä,6Z)-2-phthalimido-6-octa-
decene-l,3-diol (13) and (2S,3S56Z)-2-phthalimido-6-
octadecene-l,3-diol (14) in 16.5 and 2 .4% yields from 
8, respectively. O n treatment with 2,2-dimethoxy-
propane in the presence of/»-toluenesulfonic acid, the 
diols 13 and 14 gave their acetonides 15 and 16 in 9 7 % 
and 70% yields, respectively. The coupling constant 
between a G-4 proton and a C-5 proton was determined 
by 1 H - N M R measurements to be 10 and 5 Hz for 
15 and 16, respectively; this led to the erythro and threo 
configurations for 13 and 14, respectively. The forma­
tion of 13 and 14 from 7 in a ca. 7 : 1 ratio showed that 
a stereoselective attack7) of the Grignard reagent to the 
aldehyde (7) was effected preferentially from the less 
hindered side of 7 to give predominantly the desired 
erythro derivative (11). 

Hydrazinolysis of the JV-protective phthaloyl group 
of 15 gave (4Ä,5S>2,2-dimethyl-4-[(Z)-3-pentadecenyl]-
l ,3-dioxan-5-amine (6) in a quanti tat ive yield. The e,C-
unsaturated amine (6) was subjected to aminomercura­
tion with mercury(I I ) acetate in methanol at room 
temperature and then demercuration with sodium 
borohydride to afford two piperidine acetonides, 
(\R,6S,SS) -8-dodecyl-3,3-dimethyl-2,4-dioxa-7-azabi-
cyclo[4.4.0]decane (17) and its (li?,6S,8/?)-diastereomer 
(18), in 3.3 and 76% yields, respectively; this shows 
that the reaction proceeded stereoselective^. The 8S 
and 8R stereochemistry was shown for 17 and 18 by 
their conversion into 3 and 4, respectively, as described 
below. In the *H-NMR spectrum (270 MHz) of 17 
in deuteriochloroform the proton on C-8 resonated at 
ô 2.99 as a broad signal with a half-band width {W1/2) 21 
Hz, while in the spectrum of 18 in deuteriobenzene the 
C-8 proton signal appeared at ô 2.33 as a broad signal 
with W1/2=25 Hz. These 14^/2 values are in line with 
those ( W 1 / 8 = 1 8 Hz3b> and W1/2=24 Hz3c>) observed 
for the corresponding proton signals of 0,0 ' -benzylidene 
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derivatives of deoxoprosopinine3b) and deoxoprosophyl-
line,3c) respectively. A peak at m/e 170 (19) due to a 
loss of the side chain was observed as a base peak in 
the mass spectra of both 17 and 18. 

Finally, the acetonides 17 and 18 were hydrolyzed to 
afford ( — )-deoxoprosopinine (3) and (—)-deoxopro-
sophylline (4) in 58 and 8 6 % yields, respectively. 
The two synthetic piperidines 3 and 4 were found to 
be identical, except for optical property, with authentic 
( + ) -deoxoprosopinine33 *b) and ( ^ ) -deoxoprosophyl-
line3c) derived from natura l ( + )-prosopinine (l)3a»b) 
and (= |=)-prosophylline (2),3c> respectively. Since the 
absolute value of optical rotation ([<x]D —14.7°) of the 
synthetic deoxoprosopinine (3) is almost the same as 
that ([OC]D +12° ) of deoxoprosopinine derived from 
natural 1, no racemization occurred during the course 
of synthesis. 

Thus, (—)-deoxoprosopinine (3) and ( - ) - d e o x o p r o -
sophylline (4) were synthesized from L-serine (5) in 
overall yields of 0.12 and 4 . 3 % , respectively. This 
constitutes the first example of stereoselective total 
synthesis of optically active Prosopis alkaloids, presenting 
a useful synthetic route applicable to the other piperidine 
alkaloids. 

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

Melting points were measured on a Mel-temp capillary 
melting point apparatus (Laboratory Devices) and are uncor­
rected. IR spectra were measured with a Hitachi EPI-G2, 
a Hitachi 260-30, or a JEOL JIR-03F (FT) spectrometer, 
*H-NMR spectra with a Hitachi R-20B (60 MHz), a Varian 
EM-390 (90 MHz), a JEOL PS-100 (100 MHz), or a Brucker 
WH 270 (270 MHz, FT) spectrometer in deuteriochloroform 
solution containing tetramethylsilane as an internal standard, 
low resolution mass spectra with a Hitachi RMU-6-Tokugata 
mass spectrometer with a direct inlet system operating at 
70 eV, high resolution mass spectra and chemical ionization 
mass spectra (GI-MS) with a JEOL JMS-D300 mass spectrom­
eter. Measurenents of optical rotation were carried out 
with JASGO DIP-SL and DIP-4 Polarimeters. Vaper-phase 
chromatographic (VPG) analyses were performed on Shi-

madzu gas chromatographs GG-4A PF and GG-6A PF. 
Thin-layer chromatography (TLG) was carried out on 
Kieselgel GF254 (E. Merck, Darmstadt) and Alumina B-10F 
(Wako Pure Chemical Industries) in 0.25 mm thickness for 
analytical use and in 1 mm thickness for preparative use. 
Wakogel C-200 and Aluminiumoxid Woelm (neutral; M. 
Woelm, Eschwege) were used for column chromatography. 

(Z)-3-Pentadecen-l-ol (10). 3-Pentadecyn-l-ol8> (20 g) 
in methanol (150 ml) was hydrogenated in the presence of a 
5% palladium-barium sulfate catalyst (400 mg) deactivated 
with quinoline9) at room temperature for 3 h. The reaction 
was monitored by VPG examination. After filtration of the 
catalyst, the solvent was removed to give a residue, which 
was dissolved in hexane (200 ml). The hexane solution was 
washed with 1.5 M (1 M = l mol dm - 3) hydrochloric acid, 
saturated aqueous sodium hydrogencarbonate solution, and 
brine, dried, and evaporated. The residue was chromato-
graphed on a column of silica gel (150 g ; elution with benzene) 
to give 10 (20.4 g) in a quantitative yield. (Z)-3-Pentadecen-
l-ol (10): mp 12—13 °G, bp 105 °C/0.1 kPa; IR (neat) 3350, 
3000, 2950, 2850, 1660, 1470, 1380, 1050, 1020, and 720 cm"1; 
absence of absorption around 965 cm - 1 ; XH-NMR (CDC13) 
Ô 0.89 (3H, t, 7 = 5 Hz, -CH2CH3), 1.27 (18H, s, 9xCH 2 ) , 
2.00 (3H, m, -CH2CH=CH- and OH), 2.38 (2H, m, -CH= 
CH-CH2-CH2OH), 3.62 (2H, t, / = 6 . 5 H z , -CH2OH), and 
5.45 (2H, m, -CH2-CH=CH-CH2-) ; MS m/e 208 [relative 
intensity (%): 15; (M-18)+] , 186 (100), and 141 (95). Found: 
G, 79.32; H, 13.41%. Galcd for C15H30O: G, 79.57; H, 
13.36%. On VPG examination (DEGS; 2 m; 205 °G; N2 

50 ml/min), the retention time (Rt) of 10 was found to be 8.8 
min; a peak (Ä t=7.2 min) due to pentadecan-1-ol was absent. 

(Z)-3-Pentadecenyl Bromide (9). A solution of (Z)-3-
pentadecen-1-ol (10; 14.4 g) in dichloromethane (50 ml) was 
added to a solution of dibromotriphenylphosphine in dichloro-
methane (380 ml) prepared from triphenylphosphine (52 g) 
and bromine (26.15 g), and the mixture was stirred at room 
temperature for 1.5 h. The organic solution was washed with 
water and brine, and concentrated to 100 ml. Hexane (700 
ml) was added to this concentrated solution with vigorous 
stirring to produce a precipitated mass of triphenylphosphine 
oxide, which was separated by filtration and washed with 
hexane (total 200 ml). The filtrate and the washings were 
combined, and the solvents were removed to give a residue, 
which was subjected to dry column chromatography (silica 
gel, 150 g ; elution with hexane) and then distillation under 
reduced pressure, giving 9 (16.3 g) in 89% yield. (Z)-3-
Pentadecenyl bromide (9): a colorless oil, bp 156—156.5 °G/ 
0.4 kPa; IR (neat) 3000, 2950, 2900, 2860, 1660, 1460, 1380, 
1310, 1280, 1210, 720, 675, and 640 cm"1; absence of absorp­
tion around 965 cm"1; *H-NMR (CDC13) Ô 0.89 (3H, t, / = 
6 Hz, -CH2-CH3) , 1.27 (18H, s, 9xCH 2 ) , 2.03 (2H, m, 
-CH2CH=CH-), 2.67 (2H, m, -CH=CH-CH2-CH2Br), 3.35 
(2H, t, 7 = 6 . 5 Hz, -CH2Br), and 5.44 (2H, m, -CH 2-CH=CH-
CH 2 - ; a coupling constant between the two olefinic protons 
was determined to be 10.5 Hz by decoupling experiments, 
indicating a (Z)-olefin stereochemistry) ; MS m/e 290 and 288 
(each 6.5; M+), 186 (88), and 149 (100). Found: G, 62.09; 
H, 10.07%. Galcd for C15H29Br: C, 62.28; H, 10.10%. 

When a part of 9 was left at room temperature for 6 months, 
9 isomerized into (i£)-3-pentadecenyl bromide: a colorless 
oil; IR (neat) 3000, 2950, 2920, 2850, 1660, 1460, 1380, 1260, 
1200, 1070, 965, 800, 720, 665, and 640 cm"1; *H-NMR 
(CDC13) ô 0.90 (3H, t-like, -CH2CH3), 1.27 (18H, s, 9 x 
CH2), 2.00 (2H, m, -CH2CH=CH-), 2.59 (2H, m, -CH=CH-
CH2-CH2Br), 3.37 (2H, t, / = 7 Hz, -CH2Br), and 5.44 (2H, 
m, -CH2CH=CH-CH2- ; decoupling experiments showed a 



490 Y. SAITOH, Y. MORIYAMA, H . H I R O T A , T . TAKAHASHI, and Q,. K H U O N G - H U U [Vol. 54, No. 2 

coupling constant between the two olefinic protons to be 15 
Hz , indicating an (E)-olefin structure). 

(2S)-3-Acetoxy-2-phthalimidopropanal (7). According to 
the procedure described by Newman,7) L-serine (5) was 
converted into (2£)-3-acetoxy-2-phthalimidopropanoic acid 
(8) in 41 % yield, which was then transformed into the aldehyde 
(7) in 9 5 % yield. Because of an unstability of the aldehyde 
(7), 7 was used immediately for the following Grignard reac­
tion. 

Grignard Reaction of (2S)-3-Acetoxy-2-phthalimidopropanal (7) 
with (Z)-3-Pentadecenylmagnesium Bromide. A solution 
of (Z)-3-pentadecenylmagnesium bromide (4.96 mmol) in 
ether (62 ml) [prepared from the bromide (9) and magnesium 
in ether by the usual procedure] was added dropwise to a 
solution of the aldehyde (7; 1.298 g ; 4.97 mmol) in a mixture 
of tetrahydrofuran (10 ml) and ether (5 ml) with stirring 
under an argon atmosphere at a temperature between —72 
and — 70 °C. After the mixture had been stirred at this 
temperature for 1 h and then at —45 °G for 1 h, a saturated 
aqueous solution (50 ml) of ammonium chloride was added 
at — 45 °C. T h e reaction mixture was treated in the usual 
way to give a residue (2.75 g) which was chromatographed 
on a column of silica gel (100 g). Elution with hexane-ethyl 
acetate (17 : 3) gave a mixture (760 m g ; 32% yield from 7 ; 
30% yield from 8) of diol monoacetate (11 and 12). However, 
separation of each of two diastereomers (11 and 12) by column 
and thin-layer chromatographies was unsuccessful. Mixture 
of 11 and 12: an oil; I R (neat) 3450, 2900, 1770, 1740, 1705, 
1380, 1230, 1040, 720, and 675 c m - 1 ; *H-NMR (CDC18) «5 
0.89 (3H, t-like, - C H 2 C H 3 ) , 1.24 (18H, broad s, 9 x C H 2 ) , 
1.60 (2H, m, - C H ( O H ) - C H 2 C H 2 - ) , 1.95 (3H, s, C H 3 C O - ) , 
2.10 (4H, broad m, allylic H 's ) , ca. 3.5 ( I H , broad signal, 
O H ) , 4.15 ( I H , m, H O - C H - ) , 4.55 (3H, m, A c O - C H 2 -

C H - N - ) , 5.36 (2H, m, - C H 2 - C H = C H - C H 2 - ) , and 7.83 
(4H, m, aromatic H 's ) . 

Acid Hydrolysis of the Mixture of Diol Monoacetates (11 and 12). 
T h e mixture of diol monoacetates (11 and 12; 838 mg) was 
added to a solution (20 ml) prepared from 1 M hydrochloric 
acid and methanol (1 : 9 v/v), and the whole mixture was 
refluxed for 4 h. After the solvent had been removed under 
reduced pressure, the mixture was extracted with ether. T h e 
ethereal solution was washed with saturated aqueous sodium 
hydrogencarbonate solution and brine, dried ( N a 2 S 0 4 ) , and 
evaporated to give an oil, which was chromatographed on a 
column of silica gel (15 g). Elution with hexane-ethyl 
acetate ( 7 : 3 ) gave a mixture of 13 and 14, and then pure 
13 (306 mg). This mixture was subjected to separation by 
T L C to afford 13 (116 mg) and 14 (59 m g ; 2 .6% yield from 
7 ; 2 .4% yield from 8) . T h e erythro-diol (13; total 422 mg) 
was obtained in 17.6% yield from 7 (16.5% yield from 8) . 
(2S, 3Ä, 6Z)-éT>Aro-2-Phthalimido-6-octadecene-l,3-diol (13): 
m p 32.5—34.5 °C [purified by molecular distillation: 110— 
130 °C (bath temperature)/13 Pa ] , [ a ß 9 - 15° (c 0.20; CHC13) ; 
I R (Nujol) 3450, 1780, and 1705 c m - 1 ; absence of absorption 
around 965 c m - 1 ; i H - N M R (CDC13) Ô 0.89 (3H, t-like, 
- C H 2 C H 3 ) , 1.26 (18H, broad s, 9 x C H 2 ) , 1.55 (2H, m, 

H O - C H - C H 2 C H 2 - ) , 2.10 (4H, broad m, allylic H's) , ca. 
3.1—3.8 (2H, broad signals, 2 x O H ) , 4.17 [4H, m, H O -
C H 2 - C H ( N P h t h ) - C H ( O H ) - ] , 5.35 (2H, m, - C H 2 - C H = C H -
C H 2 - ) , and 7.82 (4H, m, aromatic H 's ) . Found : C, 72.74; 
H , 9.17; N, 3 .45%. Galcd for C 2 6 H 3 9 N 0 4 : C, 72.69; H , 
9.15; N, 3.26%. (2S, 35, 6Z)-*Ara>-2-Phthalimido-6-octade-
cene-l,3-diol (14): an oil [purified by molecular distillation: 
110—130 °C (bath temperature) /13 P a ] , [a]1,9 + 5 ° (c 0 .23; 
CHC1 3) ; I R (Nujol) 3450, 1770, and 1700 c m - 1 ; absence of 
absorption a round 965 c m - 1 ; *H-NMR (CDG13) ô 0.89 (3H, 

t-like, - C H 2 C H 3 ) , 1.27 (18H, broad s, 9 x C H 2 ) , 1.50 (2H, 

m, H O - C H - C H 2 - C H 2 - ) , 2.05 (4H, broad m, allylic H's) , 
ca. 3.2—3.8 (2H, broad signals, 2 x O H ; disappeared on 

addition of D 2 0 ) , 4.16 (3H, m, H O - C H 2 - C H - N - and H O ­

C H - ) , 4.40 ( I H , t-like, J=ca. 6 Hz, H O - C H 2 - C H - N - ) , 5.37 

(2H, m, - C H 2 - C H = C H - C H 2 - ) , and 7.88 (4H, m, aromatic 

H 's ) . Found : m/e 429.2883. Calcd for C 2 6 H 3 9 N 0 4 : M, 

429.2878. 
Acetalization of the erythro-Dfo/ (13). The erythro-diol 

(13; 176 mg) was dissolved in 2,2-dimethoxypropane (10 ml) 
containing a trace of /»-toluenesulfonic acid, and the solution 
was stirred at room temperature for 12 h. The reaction 
mixture was treated in the usual way to give a residue, which 
was purified by chromatography on a column of silica gel 
[3 g; elution with hexane-ethyl acetate (19 : 1)] giving an 
acetonide (15; 119mg) in 6 2 % yield. When the reaction 
was carried out for 10 d, 15 was obtained in 9 7 % yield. 
(4Ä, 5S)-2,2-Dimethyl-4-[ (Z)-3-pentadecenyl]-5-phthalimido-
1,3-dioxane (15): m p 47—48 °C (crystallized from ethanol), 
[a] 1 9 - 6 ° (c 0.23, CHC13) ; I R (Nujol) 1780, 1720, 1705, 1110, 
and 1070 c m - 1 ; absence of absorption around 965 c m - 1 ; 
i H - N M R (CDC13) ô 0.88 (3H, t-like, - C H 2 C H 3 ) , 1.24 (18H, 

broad s, 9 x CH 2 ) , 1.45 and 1.64 [each 3H, s, (CH 3 ) 2 C-] 5 1.48 

(2H, m, - 0 - C H - C H 2 - C H 2 - ) , 2.00 (4H, broad m, allylic 
H's) , 3.70 ( I H , dd, 7 = 1 0 and 7 = 5 Hz, C ( 6 a ) - H ) , 4.20 ( I H , 
td, / = 1 0 and / = 5 Hz, C ( 5 a ) - H ) , 4.51 ( I H , t, 7 = 10 Hz , 
C ( 6 / ) ) -H) , 4.65 ( I H , m, C ( 4 / ) ) -H) , 5.26 (2H, m, - C H 2 - C H = 
C H - G H 2 - ) , and 7.80 (4H, m, aromatic H's) . Found : C, 
74.37; H , 9.20; N , 3 .23%. Calcd for C 2 9 H 4 3 N 0 4 : C, 74.16; 
H , 9.23; N, 2 .98%. 

Acetalization of the ihreo-Diol (14). A soltuion of the 
threo-diol (14; 34 mg) in 2,2-dimethoxypropane (1 ml) contain­
ing a trace of /»-toluenesulfonic acid was stirred at room 
temperature for 10 d. The reaction mixture was treated 
in the usual way to give a residue, which was chromatographed 
on a column of silica gel [elution with hexane-ethyl acetate 
(2 : 1)] giving the corresponding acetonide (16; 26.2 mg) in 
70% yield, besides unchanged 14 (8.5 mg) . (4S, 5S)-2,2-
Dimethyl-4-[(Z)-3-pentadecenyl]-5-phthalimido-1,3-dioxane 
(16): m p 56—56.5 °C, [a] 1 9 + 2 ° (c 0 .43; CHC13); I R (Nujol) 
1775, 1720, 1705, 1260, 1110, and 1060 c m - 1 ; absence of 
absorption around 965 c m - 1 ; X H-NMR (CDC13) ô 0.89 (3H, 
t-like, - C H 2 C H 3 ) , 1.26 (18H, broad s, 9 x C H 2 ) , 1.44 and 

1.61 [each 3H, s, ( C H 3 ) 2 C - ] , 1.46 (2H, m, - 0 - C H - C H a -
C H 2 - ) , 2.05 (4H, broad m, allylic H 's ) , 3.95 ( I H , dd, y = 11 
and / = 7 Hz, C c 6 ) - H ) , 4.15 ( I H , dt, 7 = 9 and 7 = 5 Hz, 
C ( 4 a ) - H ) , 4.38 ( I H , dd, J = l l and 7 = 7 Hz, C ( 6 ) - H ) , 4.67 
( I H , td, 7 = 7 and 7 = 5 Hz, C ( 5 a ) - H ) , 5.26 (2H, m , - C H 2 -
C H = C H - C H 2 - ) , and 7.81 (4H, m, aromatic H's) . Found: 
m/e 469.3205. Calcd for C 2 9 H 4 3 N 0 4 : M , 469.3192. 

Hydra zinolysis of the Acetonide (15) Derived from erythro-
Diol Phthalimide (13). Hydrazine hydrate (100%; 40.9 
m g ; 0.82 mmol ; ca. 3 equivalent moles) was added to a 
solution of the acetonide (15; 132 mg; 0.28 mmol) in ethanol 
(5 ml) , and the mixture was refluxed under an argon atmos­
phere for 2.5 h. T h e reaction mixture was extracted with 
dichloromethane (total 30 ml) after addition of water (3 ml) 
and potassium hydroxide {ca. 0.2 g) . T h e organic layer was 
treated in the usual way to give an erythro-amine (6; 99 m g ; 
0.29 mmol) in a quanti tat ive yield. (AR, 5S)-2,2-Dimethyl-
4-[(Z)-3-pentadecenyl]-l ,3-dioxan-5-amine (6) : an oil; I R 
(neat) 3350, 2930, 1660, 1460, 1380, 1270, 1200, 1160, 1070, 
860, 720, and 660 c m - 1 ; absence of absorption around 965 
c m - 1 ; X H - N M R (CDC13) ô 0.88 (3H, t-like, - C H 2 C H 3 ) , 1.27 
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(18H, broad s, 9x CH2), 1.38 and 1.40 [each 3H, s, (CH3)2C-], 

1.70 (2H, m, -0 -CH-CH 2 -CH 2 - ) , 2.00 (4H, m, allylic H's), 
2.60 (IH, m, C (5a )-H), ca. 3.0—3.9 (3H, m, C(4/l)-H, Gc6^-H, 
and Cc6a)-H), and 5.34 (2H, m, -CH2-CH=CH-CH2-) ; MS 
mje 339 (27; M+), 324 (81), 281 (38), 267 (40), 264 (32), 250 
(34), 170 (98), 101 (100), and 100 (92); peaks at mje 341 and 
326 due to its dihydro derivative (20) were not observed 
(vide infra). Found: mje 339.3134. Calcd for C21H41N02: 
M, 339.3135. 

When the hydrazinolysis of 15 was carried out with 8 
equivalent moles of hydrazine hydrate under reflux for 2 h, a 
mixture of 6 and its dihydro derivative (20) was obtained. 
Although separation of these products by means of various 
techniques including VPC was unsuccessful, the mass spectrum 
showed that the mixture consisted of 6 [mje 339 (M+) and 324 
(M-15)+] and 20 [mje 341 (M+) and 326 (M-15)+] in a 
ratio of ca. 7 : 6. The formation of 20 could be explained by 
reduction of 6 with diimide, which may be produced from 
hydrazine by oxidation with oxygen present in the system, 
even when the reaction was carried out under an argon 
atmosphere. 

Aminomercuration of the e,£-Unsaturated Amine (6). A 
solution of mercury (II) acetate (486 mg) in methanol (20 ml) 
was added to a solution of the e,£-unsaturated amine (6; 266 
mg) in methanol (15 ml), the whole solution being stirred at 
room temperature for 2 weeks. After addition of a solution 
of sodium borohydride (72 mg) in 2 M aqueous sodium 
hydroxide solution (5 ml), the aqueous methanol solution 
was separated from a white precipitate of mercury by 
décantation. This aqueous methanol solution was evapo­
rated under reduced pressure, and extracted with dichloro-
methane (total 30 ml) after addition of water (10 ml). The 
organic layer was washed with brine, dried (MgS04), and 
evaporated, giving an oil, which was chromatographed on a 
column of alumina (5g). Elution with hexane-ether ( 6 : 1 ) 
afforded an (8Ä)-acetonide (18; 202 mg) in 76% yield. 
Successive elution with ether gave an (8S)-acetonide (17; 8.9 
mg) in 3.3% yield. (IR, 6S, 8S)-8-Dodecyl-3,3-dimethyl-2,4-
dioxa-7-azabicyclo[4.4.0]decane (17): an oil, [aß9 +2° (c 
0.10; CHC13); IR (neat) 3300, 2920, 1460, 1380, 1270, 1200, 
1160, 1095, 1060, 960, and 855 cm-1; XH-NMR (270 MHz; 
CDCI3) Ô 0.89 (3H, t, 7 = 7 Hz, -CH2CH3), 1.42 and 1.51 

[each 3H, s, (CH3)2C-], 2.80 (IH, m, C ( 6 a )-H), 2.99 (IH, 
broad signal, WJ/2=21 Hz, C(m-U), 3.58 (IH, td, 7 = 1 0 
and 7 = 4 Hz, C a / ! )-H), 3.68 (IH, dd, 7 = 12.6 and J= 10 Hz, 
C(5>-H), and 3.70 (IH, dd, 7 = 1 0 and 7 = 2 . 5 Hz, C ( 5 )-H); 
MS m/e 339 (0.3; M+), 324 (6), 264 (8), 224 (23), and 170 
(100). Found: m/e 339.3090. Calcd for C21H41N02: M, 
339.3135. The fragment ion peak due to 19 was observed 
at mje 170.1200. Calcd for C9H1 6N02: M-C 1 2 H 2 5 , 170.1180. 
(IR, 6S, 8Ä)-8-Dodecyl-3,3-dimethyl-2,4-dioxa-7-azabicyclo-
[4.4.0]decane (18) : mp 45—47.5 °C (crystallized from hexane-
ether), [a]£> +9° (c0.27; CHC13); IR (Nujol) 3550, 3300, 
1270, 1200, 1090, 1060, 855, and 760 cm-1; W -NMR (270 
MHz; C6D6) Ô 0.92 (3H, t, 7 = 6 . 5 Hz, -CH2CH3), 1.40 

and 1.56 [each 3H, s, (CH3)2C-], 2.33 (IH, broad signal, 
Wl/2=25 Hz, C ( 8 a )-H); 2.56 (IH, td, 7 = 1 0 and 7 = 4 . 9 Hz, 
Cc6a)-H), 3.47 (IH, ddd, 7=10.5 . 7 = 1 0 , and 7 = 4 Hz, 
C c l^-H), 3.59 (IH, dd, 7=10.7 and 7 = 10 Hz, C W ) - H ) , 
and 3.64 (IH, dd, 7=10.7 and 7 = 4 . 9 Hz, C ( 5 a )-H); MS 
mje 339 (8; M+), 324 (35), 224 (49), and 170 (100). Found: 
mje 339.3114. Calcd for C21H41N02: M, 339.3135. The 
fragment ion peak due to 19 was observed at mje 170.1193. 
Calcd for C9H16NOa: M-C 1 2 H 2 5 , 170.1180. 

When a mixture (ca. 7 : 6) of 6 and 20 (vide supra) was 

subjected to aminomercuration and then separation by 
column chromatography as described above, 17, 18, and 
unchanged 20 [elution with ether-methanol (9 : 1)] were 
obtained in 2, 41, and 46% yields, respectively. The 
saturated amine (20) was found to be identical with an 
authentic specimen (20) described below. 

Preparation of the Saturated Amine (20) from its Phthalimide 
Derivative (21). The known (4Ä, 5S)-2,2-dimethyl-4-
pentadecyl-5-phthalimido-1,3-dioxane10) (21 ; JV-phthaloyldi-
hydrosphingosine acetonide; 25.8 mg) was added to a solution 
(0.4 ml) prepared from hydrazine hydrate (80%) and ethanol 
( 1 : 7 v/v), and the mixture was refluxed under an argon 
atmosphere for 1.5 h. The reaction mixture was treated 
as described for the hydrazinolysis of 15, giving the saturated 
amine (20; 16.8 mg) in 87% yield. (4Ä, 55)-2,2-Dimethyls-
pen tadecyl-l,3-dioxan-5-amine (20): an oil; IR (neat) 3350, 
2920, 1265, 1200, 1165, 1090, 860, and 660 cm-1; iH-NMR 
(CDC13) ô 0.88 (3H, t-like, -CH2CH3), 1.27 (s, methylene 
protons in the side chain), 1.38 and 1.43 [each 3H, s, 

(CH3)2C-]5 ca. 2.4 (IH, m, C ( 5 a )-H), 3.44 (2H, m, C ( 6^-H and 
C ( 4^-H), and 3.85 (IH, dd-like, C ( 6 a )-H); MS mje 341 (7; 
M+), 326 (100), and 266 (89). Found: m/e 341.3282. Calcd 
for C21H43NOa: M, 341.3292. 

Acid Hydrolysis of the (8S)-Acetonide (17). The (8S)-
acetonide (17; 5.1 mg) was added to a solution (2 ml) prepared 
from 8 M hydrochloric acid and methanol ( 1 : 9 v/v), and the 
mixture was refluxed for 2 h. The reaction mixture was 
treated in the usual way to give a residue, which crystallized 
from acetone to afford pure 3. The mother liquor was 
evaporated, giving a residue which was subjected to purifica­
tion by preparative TLC to afford additional 3. The diol 
(3; total 2.6 mg) was obtained in 58% yield. ( —)-Deoxo-
prosopinine (3): mp 89.5 °C, [a]*0 -14.7° (c 0.30; CHC13); 
MS mje 299 (0.2; M+), 268 (100), and 250 (55). Found: 
mje 299.2780. Calcd for C18H37N02: M, 299.2822. The 
IR (FT-IR; Nujol) and the iH-NMR (270 MHz; CDC13) 
spectra of 3 were found to be identical with those of ( + ) -
deoxoprosopinine3b> [an enantiomer of 3; mp 90.7—91 °C 
(lit,3b> 85.5 °C); [a]18 +13° (c 0.31; CHC13) (lit,3b> +12°); 
IR (FT-IR; Nujol) 3370, 3310, 3120, 1153, 1095, 1076, 1061, 
1053, 1032, 953, and 864 cm"1; XH-NMR (270 MHz; CDC13) 
ô 0.88 (3H, t, 7 = 6 Hz, -CH2CH3), 1.27 (24H, s, 12xCH2) , 
ca. 1.6 (2H, m, C ( 4 a )-H and C ( 4^-H), 2.55 (2H, broad signal, 
2 x O H ) , 2.77 (IH, broad signal, C(6a;)-H), 2.85 (IH, m, 
Ccm-H), 3.53 (IH, td, 7 = 6 . 5 and 7 = 4 Hz, C ( 3 a )-H), 3.62 
(IH, dd, 7=10.6 and 7 = 4 . 8 Hz; A part of ABX-system: 

HO-CH 2 -CH-) , and 3.66 (IH, dd, 7=10.6 and 7 = 8 Hz; 
1 

B part of ABX-system: HO-CH 2 -CH-)] , prepared from 
natural (+)-prosopinine (l).3b> 

Acid Hydrolysis of the (8R) -Acetonide (18). The same 
acid hydrolysis of the (8R)-acetonide (18; 31 mg) gave a 
product which crystallized from acetone, affording a diol 
(4; 23.5 mg) in 86% yield. ( —)-Deoxoprosophylline (4): 
mp 90.5 °C, [a]*1 - 1 4 ° (c 0.24; CHC13); IR (Nujol) 3400, 
3200, 1260, 1120, 1100, 1070, 1060, 1020, 1000, 935, 910, 
890, 865, and 830 cm-1; JH-NMR (270 MHz; CDC13) ô 
0.88 (3H, t, 7 = 6 Hz, -CH2CH3), 1.26 (24H, s, 12xCH2) , 
1.75 and 2.05 (each IH, m, C ( 4 a )-H and C ( 4^-H), ca. 2.3 (2H, 
broad signal, 2 x O H ) , 2.50 (IH, broad signal, C (6o)-H), 2.56 
(IH, m, C (2a )-H), 3.44 (IH, td, 7 = 6 . 5 and 7 = 4 Hz, C ( 3^-H), 
3.71 (IH, dd, 7 = 10.8 and 7 = 5 . 3 Hz; A part of ABX-system : 

HO-CH 2 -CH-) , and 3.83 (IH, dd, 7=10 .8 and 7 = 4 . 6 Hz; 
B part of ABX-system: HO-CH 2 -CH-) ; VPC: Rt= 13.0 min 
(SP-1000; 1.5 m; 175 °C; N2 37 ml/min), i? t=12.7 min(OV-l; 
1 m; 175 °C; N2 38 ml/min), and Ä t=14.8min (OV-17; 1.5 
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m; 220 °G; N2 32 ml/min); MS mje 299 (4; M+), 250 (90), 
and 130 ( 100). Found : mje 299.2800. Galcd for C18H37N02 : 
M, 299.2822. The ^ - N M R (270 MHz; CDC13) spectrum 
and retention times (under the three conditions described 
above) observed for 4 were found to be identical with those for 
(±)-deoxoprosophylline3c> [ (±)-4 ; mp 83—83.5 °G (lit,3c> 
83 °G)] derived from natural (±)-prosophylline8c> [(±)-2]. 

The authors wish to thank Prof. Tatsuo Miyazawa, 
The University of Tokyo, for the measurements of 
i H - N M R spectra at 270 M H z , and Dr. Maki Kawai 
and Miss Setsuko Kagami , The University of Tokyo, 
for the F T - I R measurements. 
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Effect of Cationic Micelles on the püfa Values of Disulfones 
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The acid dissociation constants of carbon acids activated by two sulfonyl groups were determined spectro-
photometrically in aqueous solution with and without GTAB micelles. The results indicate that a cationic micelle 
causes larger pKA decrease for more hydrophobic disulfones. Hydrophobic properties of cyclic and acyclic disulfones 
are discussed. 

Cationic micelles stabilize carbanions,1) this becoming 
more pronounced for more delocalized carbanions. In 
the H-D exchange reaction of micelle-forming sulfonium 
salts, micellar rate enhancement for the allyl-methylene 
group is much larger than that for the methyl group.2) 
Similar phenomena were observed in the micellar 
effects on the acid dissociation constants of a-substituted 
j&-nitrophenylacetonitrile,3) the mechanism of hydrolysis 
of some activated carboxylic acid esters,4) and the 
transition state of E2 elimination reaction of phenethyl 
bromide.5) The carbanions are delocalized through 
conjugation with carbon-carbon or carbon-oxygen 
double bond. It is of interest to alter the behavior of 
carbanions by attaching other conjugative groups such 
as sulfonyl group. 

We have examined the micellar effect on pKa values 
of cyclic and acyclic disulfones, 1—3 and 4—7, respec­
tively, and also of ß-diketone, 8. The compounds were 
chosen because (a) their carbanions except for those of 4, 
are stable, (b) the carbanions show suitable absorption 
for pK& determination in U V region, and (c) possible 
variation of micellar effects with respect to cyclic and 
acyclic structures can be examined. 

/S0 2 R 
Ph-CH 

\S0 2 R 
1 :R=C 2 H 5 

2: R = C 4 H 9 

3: R=C 6 H 1 3 

/ S 0 2 -
Ph-GH 

x s o 2 -
4 : H = 2 
5:n=3 
6:n=4 
7:n=5 

i 
(CH. 

1 
2^7» Ph-GH 

/COCHg 

\GOCH 3 

8 

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

Stability of Carbanions. The carbanions of all the 
compounds except 4 were confirmed to be stable in 
alkaline solution (2 M N a O H ) under a nitrogen 
atmosphere. While the five-membered disulfone (4) 
decomposes in an alkaline solution,6) the spectra of 
sulfonyl carbanions (Amax 270—286 nm) can be re­
produced quantitatively by neutralization followed by 
addition of excess alkali. In a 0.01 M N a O H solution, 
4 shows absorption at Amax 253 nm (e=6000 M _ 1 c m - 1 ) , 
unchanged by acidification, the original spectrum of 
undissociated disulfone (Amax 265 nm, e = 510 M _ 1 cm - 1 ) 
not being restored (1 M = l mol d m - 3 ) . 

Determination of Acid Dissociation Constants (pKa). 
Acid dissociation constants were determined spectro-
photometrically by means of the following equations.7) 

OD 8 - - ODobsd 

OD" 

K e 
KJOH-] 

"ÏT" (Ä-eapp)> 

(2) 

(3) 

where O D s ' , OD S H , and O D o b s d denote optical 
densities of carbanion, undissociated disulfone and 
observed optical density, respectively, e a p p and es-
apparent extinction coefficient and extinction coefficient 
of a carbanion, respectively, and h- denotes acidity 
function in concentrated N a O H solutions. Equat ion 1 
is applicable when the carbanion is generated in buffer 
solutions, at a given p H and a Amax. Equat ion 2 is 
applicable when the carbanion is generated in a solution 
of concentration below 0.1 M N a O H . I t is necessary 
to use h- instead of [ O H - ] (Eq. 3) when the concentra­
tion of N a O H is 0.1—4 M.8> 

Optical densities at 290 n m except for 8 (310 nm) 
were recorded at various alkaline concentrations. The 
spectra of 2 and the plots of £ a p p vs. e a p p / [ O H - ] are 
shown in Figs. 1 and 2, respectively. The Ka values 
were then calculated from the slopes by the least squares 
method. 

Effect of a Cationic Micelle. The concentrations of 
hexadecyltr imethylammonium bromide (CTAB) were 

Q 
O 

0.6 

04 i 

0.2 

1\A 
LA\ tv/\\\ 
\\^v\ 
^\^L 

pK% = pH + log 
ODob6d - OD, (1) 

-'obsd SH 

250 300 350 
A/nm 

Fig. 1. Change of UV spectra of 2 as the function of base 
concentration. 
1: ([NaOH]=0), 2: (0.005), 3: (0.01), 4: (0.025), 5: 
(0.05), 6: (0.1). 
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TABLE 2. pK& AND ^ m a x OF CARBANIONS WITH AND 

WITHOUT GTAB (8x 10-3 M) 

Fig. 2. 
Fig. i; 
12.33. 

,/[OH-] 

Plots of eapp vs. eapp/[OH~] for 2 (see Eq. 2 and 
.: KJK&=2.Ux\0-\ * a = 4 . 7 4 x l 0 - 1 3 , pK&= 

TABLE 1. EFFECT OF GTAB CONCENTRATION ON pÄ"a 

P ^ 
i u " A I\J> AZ-VDJ 

0 
0.4 
0.6 
1.0 
2.0 
4.0 
8.0 

12.0 
20.0 

/1VX , 

1 

12.09b) 

— 
11.86b) 

11.26c) 

l l . l l c ) 

11.06c) 

11.12c) 

— 
— 

2 

12.33b) 

11.90b) 

— 
10.63d) 

10.47d) 

10.41d) 

10.57d) 

— 
— 

8a ) 

9.08 
9.08 
— 
— 

8.94 
8.61 
8.62 
8.61 
8.61 

a) Eq. 1 used (pH 6.62—10.2, 8 or 9 points), b) Eq. 
2 used (0.004—0.L M NaOH, 6 points). c) Eq. 1 
used (pH 10.00—11.92, 7 points), d) Eq. 1 used (pH 
10.00—11.60, 8 points). 

2h 

X 
3 1 

I 

! 

A ^ — • 

rV 
• 

• -

# 

2 

I 

• 

8 

#~ 

-ft ' l 

5 10 20 
103x[GTAB]/M 

Fig. 3. Plots of ApK& [p# a (H 2 0) -p# a (CTAB)] 
GTAB concentration (see Table 1). 

vs. 

varied as usual for 1, 2, and 8. The results are given 
in Table 1. The plots of ApKa[pKa(H20) -
piCa(CTAB)] against CTAB concentration gave satura­
tion curves (Fig. 3), indicating the incorporation of 
substrates into the micelle. Larger ApKa values were 
observed for more hydrophobic substrates ( 2 > 1 > 8 ) . 

The pKa and Amax of carbanions in the micellar 

Compd 

1 
2 
3 
5 
6 
7 
8 

CTAB^Ö 

12.09a)(274) 
12.33 (274) 
12.37b) (274) 
14.24d) (270) 
14.24d)(274) 
12.24b)(274) 
9.08 (305) 

(^max/nm) 

C T A B = 8 x l O - 3 M 

11.12 (284) 
10.48 (286) 
10.14c)(286) 
13.35d)(280) 
11.17c) (283) 
10.69c)(284) 
8.61 (305) 

A P ^ a 

0.97 
1.85 
2.23 
0.89 
1.12 
1.55 
0.47 

AA/nm 

10 
12 
12 
10 
9 

10 
0 

a) Reported value 12.12. b) Eq. 2 used for NaOH 
in the range 0.004—0.1 M. c) Eq. 1 used in the 
pH range 10.36—11.61. d) Eq. 3 used for NaOH 
in the range 0.1—2 M. 

phase and in the absence of CTAB are summarized in 
Table 2. The absorption spectra (Amax) of the carbanions 
of disulfones shift to longer wave length (AA=9—12 nm) 
in the presence of GTAB ( 8 x l O " 3 M ) , the Amax of 
diketone (8) remaining unchanged irrespective of the 
presence of GTAB. The ApKa of 8 is also small. In the 
case of disulfone, both equil ibrium (Ap^Ta) and de rea l i ­
zation (AAmax) of carbanion are favored to a greater 
extent in a cationic micellar phase than in aqueous 
phase. In the case of diketone, the carbanion might 
assume the enolate form preferentially which is stablized 
by hydration. No change i n /max and the small ApKa 

value in 8 suggest that such hydration is little affected 
by incorporation into a cationic micelle. 

Hydrophobic Nature of Carbanion. A certain rela­
tion holds between pKa and the hydrophobic nature 
of substrates. The plots of ApiCa against the number 
of methylene group of the disulfones are shown in 
Fig. 4. If a single least squares line is drawn for the 
six points, the slope gives 200 cal/mol as the standard 
free energy change associated with pKa decrease per 
methylene group. However, if two lines are drawn 
separately for the acyclic and cyclic derivatives, they 
give 210 and 450 cal/mol, respectively. The choice of 

/ O 

< iL ßc 

5 10 
n in - [ C H J -

Fig. 4. Plots of ApK& vs. methylene number of alkyl 
chains : 
O - Acylic disulfones, 0 : cyclic disulfones (see Table 2). 
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value is difficult due to insufficiency of data . The 
value of 450 cal/mol for cyclic disulfones seems to be 
normal as compared to the values (350—900 cal/mol) 
suggested for hydrophobic interactions.9) A micellar 
effect associated with the change of methylene number 
might be larger for more rigid molecules than for 
flexible ones, since conformational changes such as 
curling up of long alkyl chain in aqueous phase are 
much more easy for acyclic than for cyclic compounds 
which reduce the free energy change (micellar effect) 
between aqueous and micellar phase. 

The unusually high pK& of six membered disulfone 5, 
is puzzling although ApÜTa is normal. 

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

Melting points are uncorrected. NMR spectra were 
recorded on a Varian A-60 spectrometer, the chemical shifts 
being given downfield from tetramethylsilane, and UV spectra 
on a Shimadzu UV 200 spectrophotometer. pH was measured 
with a Hitachi-Horiba F-7DE pH meter. Water used for p/fa 

measurement was purified by distillation of deionized water. 
Materials. Commercial 3-phenyl-2,4-pentanedione (8) 

was used after recrystallization from benzene-hexane, mp 
57—58 °C (lit,10) 58—60 °G). 

Disulfones were prepared by oxidation of the corresponding 
thioacetals with 30% hydrogen peroxide in acetic acid contain­
ing acetic anhydride.11),. 

1: Yield 56%, mp 133 °C (EtOH-HaO) (lit,11) mp 133— 
134 °G). NMR (DMSO-</6): Ô 1.22 (6H, t), 3.31 (4H, q), 
6.56 (1H, s), 7.37—7.84 (5H, m). 

2: Yield 56%,mp 90—91 °C (EtOH-HaO) (lit,12) mp 86 °C). 
Found: C, 54.36; H, 7.10; S, 19.5%. Calcd for C15H2404S2: 
C, 54.18; H, 7.29; S, 19.28%. 

3: Yield 47%. 78.5—80.5 °C (MeOH). NMR (DMSO-
de): Ô 0.84 (6H, t), 1.10—1.40 (16H, br. s), 3.25 (4H, t), 6.53 
(1H, s), 7.35—7.75 (5H, m). Found: G, 59.00; H, 8.34; S 
17.0%. Calcd for C19H3204S2: C, 58.72; H, 8.32; S, 16.50%. 

4: Yield 43%, mp 243—245 °C (benzene). NMR (DMSO-
d6) : ô 4.20 (4H, s), 6.27 (1H, s), 7.50—7.70 (5H, m). Found: 
C, 43.90; H, 4.13; S, 26.2%. Calcd for C9H10O4S2: C, 
43.88, H, 4.10; S, 26.03%. 

5: Yield 49%, mp 259—262 °C (EtOH) (lit,13) 264—265 °C). 
NMR (DNSO-4,): ô 2.30—2.60 (2H, m), 3.45—3.77 (4H, 
m), 6.53 (1H, s), 7.45—7.75 (5H, m). Found: C, 46.13; H, 
4.51 ; S, 24.1%. Calcd for C10H12O4S2: C, 46.13; H, 4.66; S, 
24.63°/. 

6: Yield 55%, mp 249—251 °C (EtOH). NMR (DMSO-
d6): â 2.00—2.33 (6H, m), 3.60—3.97 (4H, m), 6.63 (1H, 
s), 7.45—7.62 (5H, m). Found: C, 48.47; H, 5.23; S, 23.4%. 
Calcd for C u H 1 4 0 4 S 2 : C, 48.16; H, 5.14; S, 23.37%. 

7: Yield 40%, mp 258—260 °C (EtOH). NMR (DMSO-
d6)\ ô 1.42—2.08 (6H, m), 3.14—3.62 (4H, m), 6.35 (1H, s) 

7.38—7.78 (5H, m). Found: C, 49.89; H, 5.51; S, 22.3%. 
Calcd for C12H1604S2: C, 50.00; H, 5.59; S, 22.20%. 

p/fa Measurement. The pÜTa values were determined 
by the spectrophotometric method.7) The stock solutions 
(4x 10-2 M) were prepared in EtOH for 1, 2, 3, and 8, and 
in CH3CN for 4, 5, 6, and 7. Aqueous alkaline solution in 
a septum-rubber capped volumetric flask (5 ml) was bubbled 
with nitrogen for 15 min. The CT AB solution was added 
with a microsyringe, the solution being equilibrated at 25 °C. 
The substrate solution (25 [xl) was added with a microsyringe, 
ca. 3 ml of the solution being put into the rubber-capped 
UV cell with a syringe. Optical densities at 290 nm except 
for 8 (310 nm) were recorded at various alkaline concentra­
tions with a Shimadzu 200 UV instrument. Typical spectra 
are shown in Fig. 1. The pÜCa of 3 in water (CTAB=0) 
could not be determined because of solubility. Thus, p/fa 

in H 2 0 was estimated from the pK& values in 40, 60, and 80% 
EtOH. The pKA values in these solvents (12.29, 12.14, and 
11.81) were plotted against reciprocal of H 2 0 %, giving a 
straight line and allowing extrapolation to give pK&— 12.37 
(Table 2). 
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Branched-chain Sugars. XXI. Synthesis of New Branched-chain Cyclitols 
Having neo-, myo-9 and c/wro-Configurations from 3-O-Benzyl-

5,6-dideoxy-5-C-(l,3-dithian-2-yl)-6-nitro-D-galactofuranose 
and -L-altrofuranose1} 

Masaharu IWAKAWA,* Juji YOSHIMURA, and Masuo FUNABASH^ 

Laboratory of Chemistry for Natural Products, Faculty of Science, Tokyo Institute of Technology, 
Nagatsuta, Midori-ku, Yokohama 227 

(Received July 17, 1980) 

The Michael addition of 2-lithio-l,3-dithiane to 3-0-benzyl-5,6-dideoxy-l,2-0-isopropylidene-6-nitro-/?-L-
örö£mo-hex-5-enofuranose afforded a 1 : 1.8 mixture of 3-0-benzyl-5,6-dideoxy-5-C-(l,3-dithian-2-yl)-l,2-O-
isopropylidene-6-nitro-a-D-galactofuranose and -/?-L-altrofuranose. Removal of the isopropylidene group and intra­
molecular cyclization under weakly basic conditions afforded a mixture of branched-chain cyclitols having neo-, 
myo-, and c^Vo-configuration. A similar cyclization of the 0-deisopropylidenated product of 3-0-benzyl-5,6-
dideoxy-l,2-0-isopropylidene-6-nitro-5-C-(nitromethyl)-^-L-öröZ>mo-hexofuranose also afforded a mixture of cyclitols 
having neo-, myo-, and ^/wro-configuration. The results confirm the importance of two bulky groups such as benzyl-
oxy at C-3 and 1,3-dithiane residue at G-5 in determining the stereodirection of cyclization. 

In previous papers2 - 4) it was reported that the 
1ntramolecular cyclization of 3-0-benzyl-5,6-dideoxy-5-
C- ( 1,3-dithian-2- yl) - 6 - nitrohexoses gives stereoselec-
tively a few nitro cyclitols in which bulky substituents at 
C-5 and C-6 exclusively occupy /ra/w-orientation and the 
newly formed hydroxyl group substantially occupies 
equatorial orientation when 3-O-benzyl group takes an 
axial orientation. Thus , the corresponding D-gluco 
derivatives2»4) gave muco-nitro cyclitols exclusively, and 
L-ido derivative2) scyllo- and mjyo-nitroinositols in a 1 : 1 
ratio. The validity of this hypothesis was confirmed by 
the fact that the corresponding -L-talo derivative gave 
only myo-nitroinositol, and the D-allo derivative gave 
epi- and tf/Zo-nitroinositols in a 1 : 1 ratio.3) We have 
examined our hypothesis by the intramolecular cycliza­
tion of D-galacto- and L-tf/fro-derivatives (4a and 4b). 

Results and Discussion 

3-0-Benzyl-5,6-dideoxy - 5 - C- ( 1,3 - di thian - 2 - yl) - 6 -
nitro-D-galactofuranose (4a) and -L-altrofuranose (4b) 
were prepared in the same manner as reported.2 - 4) 3-0-
Benzyl-1,2- O-isopropylidene-a- D-galactofuranose ( 1)5) 
was at first oxidized with sodium periodate in aqueous 
methanol , and the resulting aldehyde was treated with 
ni tromethane in methanol in the presence of sodium 
methoxide to give C-5 epimeric nitro alcohols (2)6) in a 
good yield. Direct dehydration of the compound 2 with 
acetic anhydride-sodium acetate7) afforded 3-0-benzyl-
5,6-dideoxy-1,2- O-isopropylidene- 6 - nitro - /? - L - arabino -
hex-5-enofuranose (3) in 9 5 % yield. Addit ion of 2-
lithio-1,3-dithiane to 3 in dry tetrahydrofuran at —45 to 
— 50 °C gave a syrupy mixture of 4a and 4 b in 5 0 % 
yield after being subjected to silica gel column chromato­
graphy. The ratio of 4a to 4 b was estimated to be 
1 : 1.8 by comparison of intensities of H- l protons. 
Addition of ni t romethane to 3 also gave 3-0-benzyl-5,6-
dideoxy-1,2-0-isopropylidene-6-nitro-5-C-nitromethyl-ß 
L-ûrafoVzo-hexofuranose (5) in 6 5 % yield. 

t Present address : Ghiba University, College of Arts and 
Sciences, Yayoicho, Ghiba 260. 
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Scheme 1. 

From a theoretical point of view, D-galacto isomer 
4a should give branched-chain chiro- and/or myo­
inositol derivatives, whereas L-altro isomer 4 b should 
give myo- and mw-inositol derivatives. However, stereo-
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TABLE 1. NMR PARAMETERS OF BRANCHED-CHAIN NITRO CYCLITOLS1 

7 
(neo) 

9 
(myo) 

11 
(neo) 

13 
(myo) 

15 
(chiro) 

17 
(chiro) 

(7i.2) 

5.98t 
(3.5) 

5.53t 
(9.5) 

6.06t 
(3.7) 

5.59t 
(10.0) 

5.81dd 
(3.0) 

5.79dd 
(3.0) 

H2 

(72 > 3) 
5.16dd 
(10.0) 

5.30t 
(9.5) 

5.17dd 
(10.5) 

5.25t 
(9.5) 

5.55dd 
(5.0) 

5.59t 
(4.0) 

H3 

USA) 

3.78dd 
(3.0) 

3.56dd 
(3.0) 

3.88dd 
(3.5) 

3.70dd 
(2.5) 

3.84dd 
(3.5) 

3.97dd 
(3.0) 

H4 

(74.5) 

6.02t 
(3.0) 

5.95t 
(3.0) 

5.83t 
(2.5) 

5.73t 
(2.5) 

5.24dd 
(11.0) 

5.08dd 
(12.0) 

H6 

(7i.f) 
3.14oct 
(12.0) 

2.8m 
(11.0) 

3,53m 
(11.5) 

3.21m 
(12.0) 

3.30dt 
(10.5) 

3.44tt 
(12.0) 

H6 

C/e.i) 
5.28dd 
(3-0) 

5.24dd 
(9.5) 

4.98dd 
(3.5) 

4.84dd 
(10.0) 

5.16t 
(10.0) 

5.08dd 
(11.0) 

Ut.v) 
4.24d 
(5.0) 

4.12d 
(4.0) 

4.50d 
(6.0) 

4.32dd 4.48dd, 
(5.0) (8.0) 

4.08d 
(2.5) 

4.52d 
(3.5) 

Acetyl 

2.00 
2.06 
2.16 

1.97 
2.03 
2.10 

2.00 
2.07 
2 10 

1.98 
2.02 
2.20 

2.00 
2.06 
2 12 

1.96 
2.00 
2.15 

a) d=doublet, m=multiplet, oct=octet, t=triplet, dd=double doublet, dt=double triplet, tt=triple triplet. 
b ) 7 r a . r b = 1 4 . 0 . 

derivative (6) was obtained in 2 7 % yield as white 
needles. Acetylation of 6 with acetic anhydride in 
the presence of/>-toluenesulfonic acid gave a crystalline 
triacetate (7) in 8 8 % yield. Its configuration was 
demonstrated by N M R spectrum data (Table 1). 
However, recrystallization (from ethanol-hexane) or 
purification with preparative T L G caused a part ial 
degradation of 7 to the corresponding nitro olefin (18). 
Such a transformation is usually observed in the cases 
of similar nitro cyclitols in which the nitro group and 
the newly formed, vicinal hydroxyl group occupy the 
m-orientation.2) 

A mixture of other inositol derivatives (other than 
ntfo-configuration) was obtained from a more polar 
component in 54% yield as a syrup, from which chiro-
isomer (14) crystallized out as prisms in 20% yield. 
T h e structure of 14 is supported by the N M R spectrum 
of its triacetate (15). The mother liquor of 14 was 
evaporated and the residue was treated with acetone 
in the presence of anhydrous copper (I I) sulfate and 
a few drops of concentrated sulfuric acid to remove 
trace of 14 from the mixture. 

After separation of 14 by means of preparative TLC 5 

compound (8) (myo-configuration) was isolated, its 
structure being confirmed by means of the N M R 
parameters of its crystalline tri-O-acetate (9). 

Similar cyclization of 5 was achieved by treating 5 
with 70% acetic acid and sodium hydrogencarbonate 
in aqueous methanol successively, three isomers of 
nitro cyclitols having neo- (10), myo- (13), and chiro- (16) 
configuration being isolated in 18, 10, and 10% 
yields, respectively. Each structure was confirmed by 
the analysis of N M R spectra of their acetates. O-acetyl 
derivatives of these nitro cyclitols were also very labile 
and could not be obtained in the pure state except 
for wyo-isomer. In the case of neo-isomer 10, its tri-O-
acetate 11 was readily transformed into the correspond-

BnO 

BnO 

HO 

D-galacto epimer 

BnO 

L-altro epimer 

Scheme 2. 

direction of the cyclization is rather limited,2,3) since it 
depends on whether or not the benzyloxy group at 
C-3 can occupy an axial orientation. The failure to 
form a mttco-isomer would be anticipated since it would 
generate a 1,3-diaxial non-bonded interaction. This 
would destabilize the system. 

Since the separation of 4a and 4 b was unsuccessful, 
the mixture was refluxed in 7 5 % acetic acid for 2 h to 
remove the 1,2-0-isopropylidene group. The free 
sugars obtained were treated with 2 equivalent sodium 
hydrogen-carbonate in aqueous methanol for 20 h 
to give a mixture of cyclitols, showing two main spots 
having R{ values of 0.43 and 0.32 on T L C (solvent C). 
The two components were separated by preparative 
T L C . From the less polar component n^o-inositol 
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ing nitro olefin (19) during the course of recrystalliza-
tion. The formation of three isomeric nitro cyclitols 
is of interest as compared with the results in which only 
two out of four possible isomers were formed in the 
case of 3-0-benzyl-5,6-dideoxy-l,2-0-isopropylidene-5-
C-(nitromethyl)-6-nitro-a-D-n'ôo-hexofuranose.3) 

Such bulky groups as benzyloxy group, l ,3-dithian-2-
yl group and nitromethyl group have decisive influence 
on the stereodirection of the intramolecular cyclization 
of 4 and 5 to afford branched-chain nitro cyclitols. 

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

Melting points were determined with a YANAGO micro 
melting-point apparatus and are uncorrected. IR spectra 
were recorded on a Hitachi 260-10 spectrophotometer. Proton 
magnetic resonance (100 MHz) were recorded on a JNM-
PS-100 spectrometer in chloroform-«/ with tetramethylsilane 
as an internal standard. Chemical shifts and coupling 
constants were recorded in Ô and Hz units, respectively, and 
IR frequencies in cm -1 . Optical rotations were determined 
on a JASCO DIP-4 digital Polarimeter or a Karl Zeiss LEP 
AI Polarimeter. TLC and preparative TLC were performed 
with silica gel (E. Merck type 60) as an adsorbent in the 
following solvent systems (v/v) : A, hexane-ethyl acetate, 
3 : 1 ; B, 2 : 1 ; C, 1 : 1, D, 1 : 2. Solvents were evaporated 
under reduced pressure below 40 °C. 

A Mixture (2) of 3-0-Benzyl-6-deoxy-l,2-0-isopropylidene-6-
nitro-a.-T>-galactofuranose and -ß-L-altrofuranose. Sodium 
periodate (1.90g, 8.9 mmol) was added to an ice-cooled 
solution of 3-0-benzyl-l,2-0-isopropylidene-oe-D-galactofura-
nose (1)5> (2.54 g, 8.2 mmol) in aqueous methanol (methanol: 
water =70 : 35 v/v). The reaction mixture was stirred at 
the same temperature for 30 min, and then at room tempera­
ture for 1.5 h. The mixture was filtered and the solid washed 
with methanol. The filtrate and washings were combined, 
concentrated to remove as much methanol as possible, and 
extracted several times with dichloromethane (ca. 150 ml). 
The organic layer was washed with brine, dried over anhydrous 
magnesium sulfate, and concentrated to afford aldehyde as a 
clear syrup. 

To an ice-cooled solution of the aldehyde obtained above 
and nitromethane (35 ml) in absolute methanol (70 ml) 
was added 1 M sodium methoxide in methanol (8.2 ml), and 
the mixture was kept at room temperature for 15 h. Acetic 
acid (1.5ml) was added to the light brown solution thus 
obtained, the solvent being removed by evaporation. The 
residue was partitioned between dichloromethane (100 ml) 
and water (50 ml), and the water layer further extracted 
with dichloromethane (20 mix2) . Combined dichloro­
methane layer was washed with brine, dried over anhydrous 
magnesium sulfate, and concentrated to dryness to afford an 
epimeric mixture of nitro aclohols as a thick syrup. One of 
the epimers crystallized from ethanol-hexane (1.38 g, 50%): 
mp 94°; [a]£7 5 - 8 .7° (c 0.74, CH2C12). Purification of the 
mother liquor on a silica gel column (solvent A) afforded 
a mixture of epimers as a syrup (1.35 g, 37%) : IR 3450 (OH), 
1550, 1575 (-N0 2 ) ; NMR (after the addition of D 2 0) , 1.31, 
1.51 (s, 3H each), 3.95—4.48 (m, 7H), 4.66 (d, H-2), 5.92 
(d, 1H, Jx 2=4.0, H-l), 7.33 (s, 5H, Ph). Found: C, 56.59; 
H, 7.25; N, 4.28%. Calcd for C16H21N07: C, 56.63; H, 
6.24; N, 4.13%. 

3-O-Benzyl-5,6-dideoxy- 1, 2-O-isopropylidene-6-nitro-ß-i.-
arabino-hex-5-enofuranose (3). A mixture of 2 (1.23 g, 3.63 
mmol) and anhydrous sodium acetate (2.20 g) in acetic 
anhydride (7.1 ml) was stirred at room temperature for 48 h 

and poured into aqueous sodium hydrogencarbonate (50 ml). 
The oil precipitated was extracted with dichloromethane 
(50 mix 3), washed with aqueous sodium hydrogencarbonate 
and brine and dried with anhydrous sodium sulfate. The 
solvent was evaporated to afford 3 as a light yellow syrup 
(1.12 g, 95%), sufficiently pure for further preparation; 
purification on a silica gel column and/or preparative TLC 
was not successful: IR 1530, 1350 (C=C-N02). 

3-0-Benzyl-5,6-dideoxy-5-C- ( 1,3-dithian-2-yl) -1,2-0 - isopropyl-
idene-6-nitro-ß-i.-altrofuranose and -a-D-galactofuranose (4). 
To a cooled ( - 4 5 50 °C) solution of 3 (2.22 g, 6.9 mmol) 
in dry tetrahydrofuran (THF, 10 ml) was added all at once 
a solution of 2-lithio-l,3-dithiane prepared at —45 °C from 
1,3-dithiane (1.22 g, 10.2 mmol) and butyllithium (15% 
hexane solution, 6.2 ml, 9.68 mmol) in dry THF (14 ml). 
The reaction mixture was stirred at the same temperature 
for 45 min, then at room temperature for 30 min, and acidified 
with acetic acid (1 ml). The light brown solution was 
concentrated to a residue which was partitioned between 
water (50 ml) and dichloromethane (50 ml). The water 
layer was extracted with dichloromethane (25 mix2) . The 
dichloromethane layers were combined, washed with brine, 
dried (MgS04), and concentrated to a syrup (3.32 g); TLC 
(solvent A) revealed the presence of a major component 
having the Rt value 0.40. Isolation of the major component 
by means of silica gel column chromatography afforded a 
mixture of 5-C-epimers 4 as a syrup (1.51 g, 50%). In a 
NMR spectrum of 4 taken in benzene-a^ in the presence of 
tris (1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionato)-
praseodymium were observed two anomeric protons with 
a coupling constant of 3.75 at 5.36 and 5.48. Since neo-(6) 
and myo-nkro cyclitol (9) were isolated to a greater extent 
(the sum of 44%) than chiro-isomer (14) (20%), the peak 
at 5.36 was assigned to Hi of D-galacto-isomer (4a) and the 
one at 5.48 to H-l of L-a/fro-isomer (4b). The ratio D-
galacto: 1,-altro was estimeted to be 1 : 1.8. Found: C, 54.70; 
H, 6.08; N, 2.91; S, 14.43%. Calcd for C20H27NO6S2: C, 
54.40; H, 6.16; N, 3.17; S, 14.52%. 

3-0- Benzyl-5,6- dideoxy -1,2-0- isopropylidene- 6- nitro -5-C-nitro-
methyl-ß-\.-arabino-hexofuranose (5). A solution of nitro 
olefin 3 (642 mg, 2 mmol) in methanol (6 ml) was added 
to an ice-cooled solution of nitromethane (3 ml, 55 mmol) 
in dry methanol (15 ml) containing 1.6 ml of 1 M sodium 
methoxide in absolute methanol. The reaction mixture was 
kept at room temperature for 1 h, acidified with acetic acid 
(1 ml), and concentrated to dryness. The residue was 
partitioned between dichloromethane (70 ml) and water (20 
ml). The dichloromethane layer was washed with brine, 
dried (MgS04), and concentrated to a syrup. TLC (solvent 
A) showed a presence of a major component having the Rf 

value 0.45. Isolation ol the major component by means of 
preparative TLC afforded 5 as a syrup (501 mg, 66%): 
[a]*6 -34.4° (c 0.72 chloroform); IR 1560, 1380 (-NOa); 
NMR 1.36, 1.52 (3Hs each, C-CH3), 3.26 (m, 1H, J5 6=5.9, 
J 5 6 ' = 4 . 3 , H-5), 3.94 (d, 1H, y3.4=3.8, H-3), 4.06 (dd, 1H, 
y4 '5 = 9.7, H-4), 4.4—4.8 (6H, - C H 2 N 0 2 x 2 , -CH2-Ph), 
4.68 (d, 1H, J12=3.75, H-2), 5.86 (d, 1H, H-l), 7.36 (s, 5H, 
Ph), Found: c/53.82; H, 5.65; N, 7.10%. Calcd for C17H22-
N 2 0 8 : C, 53.40; H, 5.80; N, 7.33%. 

Hydrolysis of 4 and Intramolecular Cyclization. A solution 
of 4 (0.6815 g) in 75% acetic acid (35 ml) was heated to 
reflux for 2 h. The light brown solution was concentrated 
to dryness. A trace of acetic acid was codistilled with toluene. 
The residue was then dissolved in methanol (30 ml) and 
treated with sodium hydrogencarbonate (260 mg) in water 
(15 ml) at room temperature for 20 h. The solution was 
neutralized by the addition of ion exchange resin (Dowex 
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50 W X 8, H+ form, 4 ml). Evaporation of the solvent afforded 
a crude mixture of nitrocyclitols as light brown foam (567 
mg, 94.2%). TLG (solvent G) indicated the presence of 
two components having the Rt values 0.43 and 0.32, respec­
tively. Preparative TLG (solvent C) afforded a less polar 
component having the Rt value 0.43 (168.5 mg, 27%), and 
a more polar component having the R{ value 0.32 (334.4 mg, 
54%). 

1D-(1,2,6/3,4,5)-3-0-Benzyl-5- (1, 3-dithian-2-yl) -6-nitro-
1,2,3,4-cyclohexanetetrol (6).8> Recrystallization of the 
component having the Rf value 0.43 from ethanol afforded 
6 as needles: mp 166—169 °C; [a]J8 —5.7° (c2.1, methanol); 
IR 3420 (OH), 1545, 1370 (-N02). Found: G, 50.80; H, 
6.10; N, 3.13%. Galcd for G17H2306NS2: G, 50.86; H, 
5.77; N, 3.49%. 

ID- ( 1,2,6j 3) - 7,3-Di-O-acetyl- 2-0-benzyl-6- ( 1,3-dithian- 2-yl) -
5-nitrocyclohex-4-ene-l,2,3-triol (18). Acetylation of 6 in 
acetic anhydride in the presence of catalytic amount of p-
toluenesulfonic acid gave crude tri-O-acetate 7, in 88% yield, 
which gradually decomposed into nitro olefin (18) which 
was isolated with preparative TLG as yellow syrup: [a]J7 

+ 129.7° (c 3.38, methanol-dichloromethane: 1 : 3 v/v); 
NMR 2.07, 2.10 (s, 3H each, OAG), 2.91 (m, 4H), 3.79 (m, 
1H, H-6), 4.15 (dd, 1H, J2 3=8.0, / 1 § 1 =2.5 , H-2), 4.36 (d, 
1H, Jv,6=7.5, H-l'), 4.56 and 4.72 (ABq, 2H, 7 ^ = 1 2 . 0 , 
-GH2-), 5.65 (ddd, 1H, y3 .6=l-5, 73.4=3.5, H-3), 6.03 (t, 
1H, Jx 6=2.5), 7.10 (d, 1H, H-4), 7.35 (m, 5H, Ph). Found: 
G, 54.56; H, 5.64; N, 2.82%. Galcd for G21H2507NS2: G, 
53.95; H, 5.39; N, 3.00%. 

ID- ( 1,2,5 j 3,4,6)-3-0-Benzyl-5- ( 1,3-dithian-2-yl) -6-nitro-1,2,-
3,4-cyclohexanetetrol (14). The more polar component 
obtained above was tri tula ted and recrystallized from ethanol-
hexane to afford 14 as prisms (20%): mp 191.5—193.5° 
(dec); [a]*»-5 4.5.7° (c 1.06, methanol); IR 3550, 3400, 3330 
(OH), 1550 (-N02). Found: G, 50.59; H, 5.71; N, 3.31%. 
Galcd for G17H23N06S2: G, 50.86; H, 5.77; N, 3.49%,. Tri-
O-acetate 15 was prepared by treatment 14 with acetic 
anhydride-/*-toluenesulfonic acid. 

1L-( 1,3,4,5/2,6)-l,2,4-Tri-0-acetyl-3-0-benzyl-5-( 1,3-dithian-
2-yl)-6-nitro-1,2,3,4-cyclohexanetetrol (9). The mother liquor 
left from the isolation of 14 was concentrated to dryness 
and treated with acetone and anhydrous copper(II) sulfate 
in the presence of a catalytic amount of sulfuric acid for one 
week. The réaction mixture was then passed through a 
short column of silica gel and concentrated to dryness. 

TLG of the mixture (solvent G) indicated the presence of 
two components, which were separated by means of 
preparative TLG. 

The more polar component was treated with acetic an­
hydride in the presence of />-toluenesulfonic acid to afford 
crystalline 9 in 17% yield (from 4): mp 215—217°; [cc]£8 

+48.6° (c 0.5, dichloromethane) ; IR 1755 (-OGGH3), 1560, 
1370 (-N02). Found: G, 52.58; H, 5.72; N, 2.62%. Galcd 
for G23H29N09S2: G, 52.36; H, 5.54; N, 2.65%. 

The less polar component was treated with boiling 75% 
acetic acid for 2 h and acetylated with acetic anhydride-
/>-toluenesulfonic acid to give 15. 

Hydrolysis of 5 and Intramolecular Cyclization. A solution 
of 5 (1.15 g) in 70% acetic acid (50 ml) was heated to reflux 
for 2 h. The dark brown solution was concentrated to 
dryness and a trace of acetic acid was removed by codistillation 
with toluene. The residue was dissolved in methanol (50 ml) 
and treated with sodium hydrogencarbonate (427 mg) in 
water (25 ml) at room temperature for 16 h. The light 
brown solution was neutralized with Dowex 50 W X 8 (H+) 
(5 ml) and concentrated to dryness to afford a half crystalline 
residue (0.9825 g, 95%). TLG indicated the presence of 

two major components having Rf values 0.29 and 0.22 (solvent 
C). 

7D- ( 1,2,6J 3,4,5) - 3-0-Benzyl-6-nitro-5-nitromethyl-1,2,3,4-cyclo-
hexanetetrol (10). To the residue obtained above 
(983 mg) was added ethanol (ca. 20 ml) and the mixture 
was kept in a refrigerator overnight. Crystals precipitated 
were collected (194 mg, 18.8% from 5) and recrystallized 
from ethanol to afford 10 as prisms: mp 225—228° (dec); 
R{ 0.29 (solvent G); [a]*7-5 -46.1° (c 0.77, acetone); IR 3540, 
3350, 3300 (OH), 1555, 1570, 1340, 1380 (-N02) . Found: 
G, 48.89; H, 5.21; N, 8.19%. Galcd for G14H18N208: G, 
49.12; H, 5.30; N, 8.18%. 

ID- ( 1,2,6J 3) -1,3-Di-0-acetyl-2-0-benzyl-5-nitro - 6- nitromethyl-
cyclohex-4-ene-l,2,3-triol (19). A solution of 10 (26.2 
mg) in acetic anhydride containing a catalytic amount of 
/>-toluenesulfonic acid was kept overnight at room temperature. 
The solution was poured into ice water, extracted with di­
chloromethane, washed with water, dried (Na2S04), and 
concentrated to afford crude tri-O-acetate 11 (29.6 mg, 82.5%) 
sufficiently pure for NMR analysis. Purification of crude 
tri-O-acetate 11 was performed on preparative TLG (solvent 
system A). The major fraction was isolated and recrystal­
lized from ethanol-hexane to afford cyclohexene derivative 
19 as prisms (20.1 mg, 78% from 11): mp 138—139°; [a]J7 

+ 57.9° (c 0.88, methanol: dichloromethane=5 : 1 v/v); IR 
1755, 1740 (esters), 1575, 1370 (aliph-N02), 1535, 1340 
(vinyl-N02); NMR 1.96, 2.10 (s, 3H each -OAc), 3.83 (dt, 
1H, y2 ,4=1.0, y l ,2=y2 ,3=2.5, H-2), 4.34 (m, 1H, H-6), 
4.46 (dd, 1H, Jv r , = 14.0, Jv 6=3.0, H-l'), 4.66 and 4.73 
(ABq, 2H, 7=12.5, -GH2-), 5.22 (dd, 1H, / / . . » 7 . 0 , H-l"), 
5.32 (dd, 1H, 71,6=6.5, H-l), 5.62 (dd, 1H, , / , . .= 1.0, 73 ,4= 
4.0, H-3), 7.30 (dd, 1H, H-4), 7.37 (m, 5H, Ph). Found: 
G, 52.43; H, 4.98; N, 6.91%. Galcd for G18H20N2O9: G, 
52.94; H, 4.94; N, 6.86%. 

7L- ( 1,3,4,5\ 2,6) -1,2,4- Tri-0-acetyl-3-0-benzyl-6-nitro - 5- nitro-
methyI- 1,2,3,4-cyclohexanetetrol (13). To a suspension 
of an intramolecular cyclization mixture of 5 (315 mg) in 
dry acetone (3 ml) and 2,2-dimethoxypropane (6 ml) was 
added a catalytic amount />-toluenesulfonic acid monohydrate, 
and the clear solution obtained immediately was kept at 
room temperature overnight. The mixture was then diluted 
with dichloromethane (100 ml) and washed twice with 
aqueous sodium hydrogenecarbonate (10 ml). The water 
layer was extracted with dichloromethane (20 ml). Di­
chloromethane layers were combined, washed with brine, 
and dried (anhydrous sodium sulfate). Evaporation of the 
solvent afforded a syrupy mixture. TLG indicated the 
presence of two major components having Rf values 0.73 
and 0.63 (solvent G). 

The component having the Rf value 0.73 was isolated 
by preparative TLG as syrup (76.0 mg, 22%) dissolved in 
80% acetic acid and heated to reflux 1.5 h. The reaction 
mixture was concentrated to a solid residue. The residue 
was acetylated with acetic anhydride (1 ml) containing a 
catalytic amount of />-toluenesulfonic acid, and the usual 
work-up of the acetylation mixture afforded a solid mass 
which recrystallized from ethanol to give 13 as prisms (44.7 
mg, 10.3% from 5): mp 141—143°; [a]*0 +111.2° (c 1.0, 
dichloromethane); IR 1750 (ester), 1575, 1560, and 1375 
(aliph-N02). Found: G, 51.20; H, 5.30; N, 6.14%. Galcd 
for G20H24N2On: G, 51.28; H, 5.16; N, 5.98%. 

1D-( l,2,5/3,4,6-)-3-0-Benzyl-6-nitro- 5-nitromethyl-1, 2, 3,4-
cyclohexanetetrol (16). The component having the Rf 

value 0.63 was isolated with preparative TLG as a syrup 
(62.4 mg, 18%), dissolved in 80% acetic acid (10 ml) and 
heated to reflux for 1.5 h. The reaction mixture was con­
centrated to a solid mass, and recrystallized from ethanol-
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hexane to afford 16 as needles (38.9 mg, 10.2% from 5) : 
mp 187—189°; [a]^ -36.8° (c 1.0, methanol); IR 3500, 
3400 (OH), 1560, 1550, 1380, 1360 (N02). Found: G, 49.10; 
H, 5.26; N, 8.17%. Galcd for G14H18N208: G, 49.12; H, 
5.30; N, 8.18%. 

1,2,4-Tri-O-acetyl derivative 7 was prepared by the treat­
ment of 16 with acetic anhydride and />-toluenesulfonic acid. 
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The d.c.-polarogram of ninhydrin (I) in DMF containing 0.1 M TEAP shows three cathodic waves whose Et/2 

are —0.38, —0.65, and —1.23 V {vs. SCE), respectively. The first wave with a large maximum is attributed to 
one-electron reduction of 1,2,3-indantrione (II), the hydrated form of I, the second to one-electron reduction 
of I, and the third to one-electron reduction of the preceding electrochemical product from both I and II . CV 
Curves of I show three cathodic peaks, pc l5 pc2, and pc3, and two anodic peaks, pa l5 and pa2, showing reversible 
character of pcx and pc3 but not of pc2. Different equilibria seem to take place between I and II in the bulk of 
the solution and at electrode surface. Hydration of II and dehydration of I in DMF were observed at 550 nm 
spectroscopically. A scheme is proposed for the electrolytic reduction of I in DMF. 

The electrochemical behavior of carbonyl compounds 
is of interest as regards the electron transfer in biological 
systems. Aldehydes,1-2) ketones,3) a-keto acids,4«5) di-
and tricarbonyl compounds6 '7) and many other carbonyl 
compounds have been studied. However, ambiguities 
with origins mostly at tr ibuted to the hydrat ion of 
carbonyl groups in aqueous systems remain and studies 
in nonaqueous systems are expected to clarify them. 

Ninhydrin (I) is available as a stable monohydrated 
form of the corresponding tricarbonyl compound 1,2,3-
indantrione ( I I ) . Its Polarographie behavior in 
aqueous8 - 1 2) and nonaqueous13) solutions was reported. 
The effect of hydrat ion and dehydrat ion in nonaqueous 
solvents should be examined more in detail for the 
clarification of its electrochemical characteristics. We 
are interested in this study in relation to its part ial 
structural similarity to dehydro-L-ascorbic acid14 '15) of 
biological importance. 

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

Chemicals. Ninhydrin (I) (analytical grade, Ishizu 
Pharmaceutical Co., Ltd., Osaka) was used without further 
purification. 1,2,3-indantrione (II) was prepared as a 
purple powder by heating I under reduced pressure at 125— 
130 °C.13> 

Tetraethylammonium Perchlorate (TEAP) (prepared for 
polarography, Nakarai Chemical Co., Ltd., Kyoto) was used 
after cautious drying under reduced pressure with appropriate 
heating. 

Nonaqueous Solvent. A^,7V-Dimethylformamide (DMF) 
(analytical grade, Wako Pure Chemical Co., Ltd., Osaka) was 
dried as described by Mann.16) For Polarographie measure­
ments, DMF containing 0.1 M (1 M = l mol dm~3) TEAP 
was deoxygenated by bubbling nitrogen gas dried with silica 
gel and phosphorus pentaoxide. 

Apparatus. Polarographic measurements were carried 
out with a Yanagimoto Voltammetric Analyzer Type P-
1000, characteristics of the capillary being m=1.52mg/s, 
/=4.00 s-1 in DMF containing 0.1 M TEAP, when Hg level 
was 51.5 cm and —1.0 V was applied. Cyclic voltammetry 
was carried out with the Analyzer Type P-1000 with a function 
generator (NF Circuit Design Block Co., Ltd., Osaka). The 
working electrode was a hanging mercury electrode or a Pt 
electrode, a saturated calomel electrode (SCE), with a salt 
bridge6) constructed of three gel layers, and an Ag/AgCl 
electrode being used as reference electrodes. 

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

Polarographic Behavior of Ninhydrin (I). Polaro-
grams of I were examined in dried and deoxygenated 
D M F , containing 0.1 M T E A P . A polarogram recorded 
immediately after direct dissolution of a necessary 
amount of crystalline I in the electrolyte solution (Fig. 
1-a) showed an anomalous first wave with a large 
max imum and two other successive waves. The height 
of the first wave decreased with t ime, polarogram (a) 
changing into d via b and c. At the state of d, the first 
wave became stable, the shape of the wave not being 
anomalous. The half-wave potentials (2v 2 ) of the 
three reduction waves were —0.38, —0.65, and —1.23V, 
respectively. At a very early period, the sum of the 
first and the second wave heights was a little higher 
than the height of the third wave, but decreased gradual­
ly with time and finally became equal to it. The 
slopes of logarithmic analysis for the three waves 
dEjd log 0'd/(*d—01 are 61 , 38, and 85 mV, respectively. 

When a very small amount of water (below 0.25%) 
was added to the electrolyte solution after recording 

< 
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1 / . • \ 
1 . r ' s— 

-i-Zo f ' /^ 
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JL-ZO / ' / ^ 
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-0,5 -2.0 -1,0 -1.5 
{E vs. SCE)/V 

Fig. 1. Polarograms of ninhydrin. 
Conen: 1 x 10"3 M, temp: 22 °C, a: Immediately after 
dissolving ninhydrin, b : 30 min, c: 60 min, d: 90 min. 
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(Fig. 1-a), a similar polarogram to d was obtained much 
more quickly than without addition of water. 

The decrease in the first wave height seems to be 
related to the water content in the system. However, 
it is difficult to attribute the maximum observed in a 
to the water content. An equilibrium between the 
dehydrated form (II) and the hydrated form (I) in 
DMF should be considered, not only in the bulk of the 
solution but also at the electrode surface. 

i 

2JUA 

I 

a J 

l b , 

f 1 
-o ^y 

-0 

— i i i i 1 

-0.5 -1.0 -1.5 -2.0 
(E vs. SGE)/V 

Fig. 2. Polarograms of 1,2,3-indantrione. 
Conen: 1 x 10"3 M, temp: 19 °C, H 2 0 : a-0%, b-0.11%. 

A polarogram of 1,2,3-indantrione (II), a dehydrated 
form of I, was also examined (Fig. 2-a). It showed two 
successive waves (E1/2=— 0.38 and —1.23 V) . 
Kalinowski and Lasia reported that they observed two 
successive waves of II in absolute D M F containing 
0.2 M N a N 0 3 ( £ 1 / 2 = - 0 . 3 9 and - 0 . 8 6 V us. SCE),13> 
each of which was ascribed by the authors to one-
electron reduction. 

When a small amount of water (0.11%) was added 
to the electrolyte solution after recording the polarogram 
(Fig. 2-a), a new wave ( £ 1 / 2 = — 0.67 V) appeared 
between the two waves at the expense of the first wave, 
i.e. in total, three waves were observed (Fig. 2-b). The 
first wave showed no maximum during the course of 
current decrease, the three waves corresponding to the 
three in Fig. 1-d, respectively. The newly appearing 
wave in Fig. 2-b may thus be attributed to I which is 
the hydration product of II in Eq. 1. 

-H2O ^ 
N0H ^ H 2 0 °r 

u 

(1) 

It is suggested that the first wave in Fig. 1 is attributed 
to II, since it has the same Ex/2 value as that of the first 
wave in Fig. 2. Polarogram a in Fig. 3 was observed 
when the necessary amount of I was added in dried 
DMF containing TEAP which had been exposed to 
atmosphere in crystalline form, the exposure time not 
exceeding 1 h. Polarograms b and c showed a very 
small but more positive wave with time (Fig. 3). 

The results can be interpreted as follows. The 

-1.0 -1.5 
(E vs. SGE)/V 

Fig. 3. Polarograms of ninhydrin taken with TEAP 
exposed to the atmosphere for about 1 h. 
Conen: l . lx lO" 3 M, temp: 22 °G, a: immediately 
after dissolving ninhydrin, b : 20 min, c : 60 min. 

0.3 
iJyA 

Fig. 4. Relation between ix and ijh1/2. 
Conen: 1.1 X 10"3 M, A: 30—70 cm. 

500 600 
Wavelength/nm 

Fig. 5. Absorption spectra of ninhydrin and 1,2,3-in­
dantrione in DMF. 
a: Ninhydrin 1 X 10~2 M, b: 1,2,3-indantrione 1 X 10"2 

M, c: DMF only. 
Spectra were taken immediately after dissolving the 
specimen. 

chemically bound H 2 0 in I, i.e. in ^m-diol structure, 
can be slowly removed even in an electrolyte solution 
dried insufficiently; equilibrium between I and II in 
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D M F can be at tained with t ime. 
However, as shown in Fig. 4, the plot of i\ of the first 

wave in Fig. 1-d against ijh1/2 (z'j: limiting current, h: 
the level of the Hg reservoir) exhibited no kinetic 
character, suggesting a diffusion accompanied with 
adsorption of the electroactive chemical species for the 
corresponding electrode reaction.17) I t is difficult to 
demonstrate the direct participation of the dehydrat ion 
reaction at the electrode. 

O n the other hand, the absorption spectra taken 
with I and I I (Fig. 5), qualitatively supported an 
equilibrium between the two species in D M F . A 
relatively small absorption peak at 550 nm was obtained 
with I and a larger one with I I . Prevention of the 
intrusion of atmospheric moisture into D M F medium 
was not satisfactory as compared with Polarographie 
conditions, and the observed purple color due to the 
absorption at 550 nm faded with time for both I and I I . 

TABLE 1. 13C-NMR CHEMICAL SHIFTS FOR 

NINHYDRIN IN D M F - r f , 

Compound Carbon ö 13C [ppm] 

Q Û3 197.6 

0 5,6 88.4 

(Reference: TMS) 

The predominance of the hydrated form (I) in D M F 
was also observed by 1 3 C-NMR spectroscopy (Table 1), 
where no signal due to C-2 carbonyl group of I I was 
detected, when each signal was assigned to the possible 
structure. 

Let us discuss the first wave of reduction current with 
a large max imum in the polarogram (Fig. 1;. I t is 
evidently due to the reduction of dehydrated form (II) 
at the electrode. If the current is due to species I I in 
equilibrium, it would be difficult to interpret the 
presence of the maximum. 

We might assume a different equil ibrium between I 
and I I , accompanied by adsorption at the electrode 
or a relatively fast dehydration from I to I I , the equilib­
r ium or rate of which may be largely dependent on the 
applied potential in a limited range. I t is interesting 
to consider this characteristic phenomenon of ninhydrin 
in nonaqueous solution, in comparison with the observa­
tion made by Holleck and Lehman1 0) that ninhydrin 
in aqueous buffer solutions also shows the reduction 
wave due to I I , whose shape is very similar to the 
present one in D M F , though intensity and potential , 
etc. largely differ from each other. 

The electrocapillary curve of the present system was 
also studied, an abnormal change of drop time being 
observed with applied potential corresponding to the 
maximum of curve a in Fig. 1. However, the drop time 
gave fairly scattered values for repeated measurements 
at the potential. This may suggest possible adsorption of 
I or I I at the electrode. 

Cyclic Voltammetry of Ninhydrin. Cyclic voltam-
metry of I was studied with use of the hanging mercury 

(E vs. SCE)/V 

Fig. 6. Cyclic voltammograms of ninhydrin in DMF. 
Conen: 2 . 1 x l 0 " 3 M , temp: 26 °C, sweep: 50 mV/s, 
electrode : HME, a : single sweep, b : multiple sweep. 

electrode ( H M E ) . The cyclic vol tammogram (CV) 
is shown in Fig. 6, curve (a) being recorded by a single 
sweep and curve (b) by a multiple sweep. In both cases 
three cathodic peaks (pcx, pc2 , and pc3) , corresponding 
to the Polarographie three waves, respectively, and 
two anodic peaks (paa and pa2) corresponding to pc 3 

and pc l 5 respectively, were observed. Peak potential 
differences, \Epcl—EpZ2\ and \Epc3—EpgLl\, were found 
to be 60 m V for both cases, suggesting one-electron 
reversible redox system.18) 

I n b , the peak current of pc2 was smaller, while that 
of pcj became larger as compared with those in a. 
Irregulari ty of pa2 in b was observed, suggesting an 
abrupt change in surface conditions. 

A similar CV was observed with use of the Pt electrode, 
\Epc3—Zspai| being approximately 70 mV. These 
cyclic voltammograms are similar to those of I I observed 
by Kalinowski and Lasia13) except for peak height of 
pc2 . 

Mechanism of the Electrode Reaction. From the 
results of d.c.-polarography, C V and the proposed 
mechanism13) of D M E reaction of I I , the electrode 
reaction mechanism of I in D M F can be discussed. 
Kalinowski and Lasia simplified the problem of nin­
hydrin (I) only in its dehydrated form ( I I ) , as proposed 
in Eq. 2.13) However, the equil ibrium between I and I I 
in the bulk of the solution and also at the electrode 

II 

surface should be taken into consideration. The rever­
sibility of the electrode reaction for three steps of reduc­
tion is more clearly visualized by C V than by d.c.-
polarography. The first and third waves in d.c.-
polarography can be described each as reversible one-
electron transfer on the basis of logarithmic analysis 
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and the peak potential differences \Epci — Ep3i2\ and 
| Epc3 —£Pai I • The second wave is typically irreversible, 
since peak pc2 does not exhibit its corresponding anodic 
peak. 

The following scheme is proposed for the principal 
process of electrolytic reduction of ninhydrin in D M F . 

In bulk of 

the solution 

On the electrode 

-H20 
Interphase j Interphase 

layer -H20 layer Slow step 

I 

(Predominant) 

Scheme 1. 

The hydrated form can be reduced at the electrode as 
the second wave, but the reduction product easily 
liberates H 2 0 and is converted into the dehydrated 
form identical with the direct reduction product from 
I I . In nonaqueous solvents the dehydrat ion is under­
stood as an irreversible process. 
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Jasmonoids with a'j-2-pentenyl side chain such as cw-jasmone, methyl jasmonate, and jasmolone were easily 
synthesized from «j-4-heptenoic acid obtained by the ring opening reaction of /?-propiolactone with di-a'j-butenyl-
cuprate. 

Recently there have been a large amount of researches 
developing synthetic routes to 2-(«.y-2-alkenyl)-2-cyclo-
pentenones.la> This has been due in large part to 
interest in several biologically active natural products 
which have this moiety as a major structural feature. 
In the synthesis of these compounds, stereoselective 
introduction of a'j-2-alkenyl side chain has been one 
of the major subjects. For example, as for the synthesis 
of jasmonoids,10) the «.y-2-pentenyl group has been 
formed by elaborate routes, e.g., the partial hydrogéna­
tion of carbon-carbon triple bond with the Lindlar 
catalyst,2«3) the Wittig reaction of a formylmethyl group 
with propylidenetriphenylphosphorane under salt free 
conditions,4) and the reductive desulfurization of 5,6-
dihydro-2i/-thiopyran derivative.5) Recently cisA-
alkenoic acids were found to be synthesized in one-pot 
operation from dialkylcuprates, acetylene, and ß-
propiolactone.6) Among them, m-4-heptenoic acid 
would be a useful precursor of these jasmonoids, because 
it has a structure corresponding to a skeleton from the 
side chain to the carbonyl carbon of the cyclopentenone 
in the jasmonoids with m-2-pentenyl moiety such as 
aV-jasmone, methyl jasmonate and jasmolone. Thus, 
the synthetic route to the jasmonoids from m-4-heptenoic 
acid as a key intermediate was investigated via well 
documented cyclization of 1,4-diketones. 

«.y-4-Heptenoic acid (1) was easily synthesized in a 
high yield by utilizing two reactions, i.e., the syn addition 
of dialkylcuprates to acetylene for the formation of 
di-cw-l-alkenylcuprates7) and the regioselective ring 
opening reaction of /?-propiolactone with diorgano-
cuprates.8) Thus, acetylene was introduced at —78 °G 
into bromomagnesium diethylcuprate, which was 
prepared from copper(I) iodide and ethylmagnesium 
bromide in THF-Me 2 S ( 9 : 1 ) at - 3 0 °G. After the 
reaction mixture was allowed rapidly to warm to 
—30 °G and stirred for 30 min, the reaction of ß-
propiolactone with the cuprate was performed at 
—30 °C for 2 h. By quenching the reaction with 3 
M (1 M = l mol dm - 3 ) HCl solution, the desired acid 
1 was isolated by distillation in a yield of 81%. 

3,3-ethylenedioxybutyl group was chosen. Treatment 
of 1 with thionyl chloride and pyridine in ether gave 
m-4-heptenoyl chloride (2) in a yield of 74%. Condensa­
tion of 2 with the Grignard reagent 39) prepared from 
magnesium metal and 3,3-ethylenedioxybutyl bromide, 
which was derived from methyl vinyl ketone, ethylene 
glycol, and hydrogen bromide, in T H F at —78 °G and 
then warming to room temperature, afforded cis-
2,2-ethylenedioxy-8-undecen-5-one (4) quantitatively. 
Deacetalization of the keto acetal 4 with dilute hydro­
chloric acid solution afforded the dione 5, which was 
then cyclized with dilute aqueous base in the usual 
manner10) to give «j-jasmone (6) in 68% yield from 3. 

Scheme 2. 

Methyl jasmonate (11) can also be synthesized from 
a;j-4-heptenoic acid via 2- (a'j-2-pentenyl) -2-cyclopen-
tenone (10). In this case, 3,3-trimethylenedioxypropyl 
group was chosen for the stability of the Grignard 
reagent as functional group for the three carbon elonga­
tion. Condensation of 2 with the Grignard reagent 
711) of 3,3-trimethylenedioxypropyl bromide, prepared 
from acrylaldehyde, hydrogen bromide, and 1,3-
propanediol, furnished eis-1,1 -trime thy lenedioxy- 7-
decen-4-one (8). Deacetalization of 8 with aqueous 
oxalic acid gave m-4-oxo-7-undecenal (9) in 68% yield 
from 2. Gyclization of aldehyde 9 with 1 % sodium 

(°y^MgBr 

Et2CuMgBr • 2HCsCH 

Scheme 1. 

The precursor of «j-jasmone, m-8-undecene-2,5-
dione (5) was easily derived from «j-4-heptenoic acid 
and 3-oxo-butyl equivalent. As a latter compound, 

^JL... -^ ûr*^- '"""""", 

ùc~ 
CH(C02Me)2 

10 

1)NaOH 
3. 

2) H*, A 
3)MeOH, H* 

Scheme 3. 

C02Me 

11 
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hydroxide in water-dioxane ( 1 : 1 ) afforded the cyclo-
pentenone 10 in 6 9 % yield. According to the s tandard 
procedure2-12) 10 was converted into methyl jasmonate 
(11), i.e., the Michael addit ion of dimethyl malonate 
to 10, followed by hydrolysis, decarboxylation, and 
esterification furnished 11 in a yield of 6 6 % . 

Jasmolone, an ester component of jasmoline, was also 
prepared from «j-4-heptenoic acid via cyclization of 
1,4-diketone. T h e dianion 1213> of ethyl hydrogen 
malonate reacted with 2 in T H F at —65 °C for 1 h to 
afford ethyl «>-3-oxo-6-nonenoate (13) in a yield of 
76%. Then , according to the procedure by LaForge 
et a/.,14) 13 was hydrolyzed with dilute potassium 
hydroxide solution, followed by condensation with 
methylglyoxal and successive decarboxylation to give 
m-3-hydroxy-8-undecene-2,5-dione (14), which was 
cyclized by the t reatment with 2 % sodium hydroxide 
aqueous solution to give jasmolone (15) in 2 3 % yield 
from 13. 

LiO 0 
EtO-^OLi 

12 

0 0 
^ = ^ A A D E t 

13 

1) OH" 

0 2,V 

As mentioned above, m-4-heptenoic acid, easily 
prepared from ß-propiolactone and di-m-1-butenyl-
cuprate , was proved to be a very useful precursor for 
the synthesis of the jasmonoids with m-pentenyl moiety. 
Further , by the use of various m-alkenylcuprates, the 
regioselective r ing opening of /?-propiolactone should 
provide a promising method for the synthesis of a wide 
variety of natura l products possessing eis carbon-carbon 
double bond. 

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

The IR spectra were recorded on a Hitachi EPI-G2 
spectrometer. The NMR spectra were taken with a Varian 
A-60 spectrometer using TMS as an internal standard. 
Grignard reagents and butyllithium were titrated by 
Eastham's method.15) All boiling points are uncorrected. 

cis-4-Heptenoic Acid (1). To a solution of copper(I) 
iodide (5.713 g, 30 mmol) in THF (90 ml) and dimethyl 
sulfide (10 ml) was added an ethereal solution of ethylmagne-
sium bromide (1.85 M, 32.5 ml, 60 mmol) at - 3 0 °C. Then, 
acetylene (2160 ml, 90 mmol) was introduced using a gas 
buret through a drying tube (CaCl2) into a suspension of the 
cuprate at — 78 °C at an approximate rate of 20 ml/min. 
After introduction of acetylene, the temperature was allowed 
to warm rapidly to — 30 °C and the mixture was stirred for 
30 min. /S-Propiolactone (1.081 g, 15 mmol) in THF (2 ml) 
was added dropwise and stirring was continued at — 30 °G 
for additional 2 h. The reaction was quenched with 3 M 
hydrochloric acid solution (20 ml) and extracted with ether. 
The separated organic layer was extracted with 3 M sodium 
hydroxide solution. The alkaline solution was washed with 
ether, acidified with 6 M hydrochloric acid solution, and then 

extracted with ether. The ether extracts were washed with 
brine (10 ml) and dried over anhydrous MgS04 . Distillation 
gave 1 (1.56 g, 81%): bp 97—99 °C/5 mmHg (lit,16) bp 
97—99 °G/4 mmHg) ; IR (neat) 1710 (C=0) and 720 cm"1 

(m-CH=CH); NMR (CCLJ Ô 0.95 (3H, t, 7 = 7 Hz), 1.90— 
2.40 (6H, m), 5.10—5.60 (2H, m), and 11.90 (1H, s). 

cis-4-Heptenoyl Chloride (2). A mixture of 1 (4.35 g, 
34.0 mmol) and pyridine (3.06 g, 40.8 mmol) in ether (20 
ml) was added to a solution of thionyl chloride (4.45 g, 
37.4 mmol) in ether (50 ml) at —15 °C. The reaction 
mixture was stirred at room temperature for 2 h. The 
precipitate formed was filtered off. Distillation of the filtrate 
gave 2 (3.66 g, 74%): bp 63—64 °C/13 mmHg (lit,17) bp 
72—76 °C/35 mmHg) ; IR (neat) 1800 (C=0) and 720 cm-1 

(cis-GH=CH); NMR (GC14) ô 0.98 (3H, t, 7 = 7 Hz), 1.72— 
2.63 (4H, m), 2.63—3.07 (2H, m), 4.83—5.61 (2H, m). 

3,3-Ethylenedioxybutyl Bromide. To a solution of hydro­
gen bromide (12.0 g, 133 mmol) in ethylene glycol (20.0 
g, 327 mmol) was added dropwise methyl vinyl ketone (7.00 g, 
100 mmol) at 0 °G. The reaction mixture was stirred at room 
temperature for 1 h and extracted with hexane. The extracts 
were washed with 5% sodium hydrogencarbonate solution 
and dried over anhydrous MgS04 . Distillation gave 3,3-
ethylenedioxybutyl bromide (9.26 g, 48%) : bp 88—94 °C/27 
mmHg; (lit,18) bp 58—60 °C/12 mmHg); IR (neat) 1120 
(C=0) and 540 cm-1 (CBr); NMR (GG14) <5 1.31 (3H, s), 
2.20 (2H, t, 7 = 9 Hz), 3.45 (2H, t, 7 = 9 Hz), and 3.95 (4H, s). 

c\s-2,2-Ethylenedioxy-8-undecen-5-one (4). To a solution 
of 2 (0.784 g, 5.28 mmol) in THF (5 ml) was added the 
Grignard reagent 3 (0.61 M, 7.87 ml, 4.80 mmol), prepared 
from 3,3-ethylenedioxybutyl bromide and magnesium in THF 
at room temperature,9) at — 78 °C. The mixture was allowed 
to warm to room temperature for 1.5 h. It was poured into a 
saturated sodium hydrogencarbonate solution (10 ml), extract­
ed with ether, and dried over anhydrous MgS04 . The crude 
product was purified by TLC on silica gel (Rt 0.6, benzene) 
to afford 4 quantitatively (1.087 g) : IR (neat) 1710 (C=0), 
1150, 1050 (G-O), and 720 cm"1 (m-CH=GH); NMR (GG14) 
ô 0.95 (3H, t, 7 = 7 Hz), 1.30 (3H, s), 1.66—2.67 (10H, m), 
4.01 (4H, s), and 5.23—5.67 (2H, m). 

ch-8-Undecene-2,5-dione (5). A solution of 4 (0.279 
g, 1.23 mmol) and two drops of 3 M hydrochloric acid solu­
tion in acetone (5 ml) and water (5 ml) was refluxed for 4 h. 
After evaporation of the acetone, the residue was extracted 
with ether. The ether extracts were washed with brine and 
dried over anhydrous MgS04 . Removal of the solvent gave 
5 (0.187 g, 84%): IR (neat) 1720 (C=0), and 720 cm"1 (cis-
GH=GH); NMR (CCLJ Ö 0.97 (3H, t, 7 = 7 Hz), 2.00—2.57 
(9H, m), 2.67 (4H, s), and 5.20—5.59 (2H, m). The spectral 
data of 5 were in agreement with the literature.10) 

eis-Jasmone (6). According to the procedure of 
Biichi et al.,10) a solution of the diketone 5 in 0.5 M sodium 
hydroxide solution and ethanol was refluxed for 6 h to give 
6 (82%): IR (neat) 1720 (G=0) and 720 cm"1 (cw-CH=CH); 
NMR (CC14) ô 1.00 (3H, t, 7 = 7 Hz), 2.00—3.00 (11H, m), 
and 5.20—5.70 (2H, m). The spectral data of 6 were in 
agreement with the literature.10) 

3,3-Trimethylenedioxypropyl Bromide. To a solution of 
hydrogen bromide (21.6 g, 0.27 mol) in 1,3-propanediol 
(43.6 g, 0.57 mol) was slowly added acrylaldehyde (11.0 g, 0.18 
mol, 90% purity) at room temperature. The reaction 
mixture was stirred at room temperature for 1 h and extracted 
with hexane. The extracts were washed with 5% sodium 
hydrogencarbonate solution and dried over anhydrous MgS04 . 
Distillation gave 3,3-trimethylenedioxypropyl bromide (25.3 g, 

t l m m H g = 133.322 Pa. 
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74%): bp 89—91 °C/10mmHgt (lit,11) bp 67—70 °C/2.8 
mmHg); NMR (CGI*) <5 1.00—1.50 (1H, m), 1.50—2.47 
(3H, m), 3.36 (2H, t, 7 = 8 Hz), 3.75—4.25 (4H, m), and 4.57 
( l H , t , y = 5 H z ) . 

c\s-l,l-Trimethylenedioxy-7-decen-4-one (8). To a solu­
tion of cw-4-heptenoyl chloride (2) (3.64 g, 24.8 mmol) in 
THF (20 ml) was added dropwise the Grignard reagent 7 
(0.72 M, 31.3 ml, 22.5 mmol), prepared from 3,3-trimethyl-
enedioxypropyl bromide and magnesium in THF,U> at —78 
°C. The mixture was allowed to warm to room temperature 
for 2 h and the THF was removed. The residue was extracted 
with ether and the organic layer was washed with water, and 
then dilute sodium carbonate solution, dried over anhydrous 
K2C03 . Removal of the solvent afforded 8 (5.77 g), which 
was used in the next reaction without purification. IR 
(neat) 1720 (C=0), 1150, 1050 (C-O), and 720 cm"1 (cis-
CH=CH); NMR (CC14) <5 0.97 (3H, t, 7 = 7 Hz), 1.25—2.67 
(13H, m), 3.32—4.25 (4H, m), 4.40 (1H, t, 7 = 5 Hz), and 
5.10—5.43 (2H, m). 

cis-4-Oxo-7-undecenal (9). A mixture of crude 8 
(2.53 g), oxalic acid (1 g), and water (20 ml) was refluxed 
for 3 h, during which time the product was continuously 
steam-distilled into a Dean Stark trap. The distillate was 
extracted with ether. The ether extracts were dried over 
anhydrous Na2S04 . Distillation under reduced pressure gave 
9 (1.26 g, 68% from 7): bp 104—105 °C/1.7 mmHg; IR 
(neat) 1725 (C=0), 1715 (GHO), and 730 cm"1 («;-CH=CH); 
NMR (CC14) Ô 0.95 (3H, t, J=7Hz), 1.77—2.50 (6H, m), 
2.62 (4H, s), 5.20—5.63 (2H, m), and 9.60 (1H, s). The 
spectral data of 9 were in agreement with the literature.12) 
2-( eis-2-Pentenyl)-2-cyclopentenone (10). To a refluxing 
solution of water (45 ml), dioxane (45 ml) and 10% 

sodium hydroxide solution (10 ml) was added dropwise a 
dioxane solution of 9 (0.922 g, 5.49 mmol) for 1.5 h. The 
mixture was refluxed for 10 min. After neutralization with 
1 M hydrochloric acid solution, it was extracted with chloro­
form. The extracts were dried over anhydrous Na2S04 . 
Distillation afforded 10 (0.565 g, 69%): bp 90 °C (bath)/0.6 
mmHg (lit,2) bp 70 °C/0.05 mmHg) ; IR (neat) 1700 (C=0), 
1625 (CH=CH, ring), and 730 cm"1 (w-CH=GH); NMR 
(GC14) Ô 0.97 (3H, t, J = 7 Hz), 1.60—3.08 (8H, m), 5.16— 
5.70 (2H, m), and 7.25 (1H, m). The spectral data of 10 
were in agreement with the literature.2) 

Methyl Jasmonate (11). Sodium hydride (0.02 g, 0.46 
mmol, 55% in mineral oil) was washed with dry hexane, and 
dry methanol (0.7 ml) was added. To the mixture was 
added dropwise dimethyl malonate (0.258 g, 1.95 mmol) and 
then cyclopentenone (10) (0.187 g, 1.25 mmol) in dry metha­
nol (1 ml) at — 5 °C for 40 min. The resulting mixture was 
stirred at —10 5 °G for 3 h. After the reaction was 
quenched with acetic acid (2 ml), the methanol was evapo­
rated. The residue was dissolved in ether, washed with 
water and dried over anhydrous Na2S04 . Distillation gave 
3-[bis(methoxycarbonyl)methyl]-2- (eis-2 -pentenyl) cyclopen­
tenone (0.325 g, 92%): bp 200 °C (bath)\2 mmHg; IR 
(neat) 1740 (COOCH3), 1700 (C=0), and 735 cm"1 (cis-
CH=CH); NMR (CC14) Ô 0.95 (3H, t, 7 = 7 Hz), 1.75—2.50 
(10H, m), 3.47 (1H, s), 3.70 (6H, s), and 5.00—5.50 (2H, m). 

To 0.269 g (1.05 mmol) of the cyclopentenone was added 
dropwise 10% sodium hydroxide aqueous solution (0.9 ml) 
for 4 h and the mixture was allowed to stand overnight. Then 
3% sulfuric acid solution (0.35 ml) was added and the resulting 
mixture was refluxed for 5 h. The cooled reaction mixture 
was extracted with ether and washed with water. The ether 
extract were then extracted with 3 M sodium hydroxide 
solution. The alkaline solution was washed with ether, 
acidified with 6 M hydrochloric acid solution, and then 

extracted with ether. The extracts were dried over an­
hydrous Na2S04 and evaporated to afford jasmonic acid (0.172 
g, 78%): IR (neat) 3150 (OH), 1740 (C=0), 1750 (COOH) 
and 720 cm"1 (m-CH=CH) ; NMR (CC14) ô 0.97 (3H, t, J= 
7 Hz), 1.65—3.08 (12H, m), 5.15—5.67 (2H, m), and 11.0 
(1H, s). 

A solution of jasmonic acid (0.142 g, 0.68 mmol) in methanol 
(5 ml) was stirred at 40 °C for 3 h with a catalytic amount of 
coned H2S04 . The reaction mixture was cooled, and a 
small amount of NaHCOa and water (5 ml) was added. The 
mixture was extracted with ether and the extracts were dried 
over anhydrous Na2S04 . Removal of the solvent gave 11 
(0.138 g, 92%): IR (neat) 1740 (C=0), 720 cm"1 (cis-CH= 
CH); NMR (CC14) ô 0.95 (3H, t, J =7 Hz), 1.55—3.05 (12H, 
m), 3.65 (3H, s), and 4.82—5.55 (2H, m). The spectral data 
of 11 were identical with the literature.2) 

Ethyl eis-3-Oxo-6-nonenoate (13). To a solution of 
ethyl hydrogen malonate (0.231 g, 1.75 mmol) and 2,2'-
bipyridyl (3 mg) in THF (4 ml) was added a hexane solution 
of butyllithium (1.52 M, 2.30 ml, 3.5 mmol) at - 7 0 °C, 
during which time the temperature was raised from —70 to 
— 5 °C.13> To a solution of the dianion 12 was added 2 
(0.147 g, 1.00 mmol) in THF (1 ml) at - 6 5 °G. After 1 h 
ether (7 ml) and 1 M hydrochloric acid solution (3 ml) were 
added. The organic layer was washed with saturated sodium 
hydrogencarbonate solution and then water, and dried over 
anhydrous Na2S04 . Removal of the ether gave the crude 
product, which was purified by TLG on silica gel (Rt 0.5, 
hexane : ether=2 : 1) to give 13 (0.151 g, 76%): IR (neat) 
1750 (GOO), 1730 (C=0), and 730 cm"1 (m-GH=CH) ; NMR 
(CC14) ô 0.95 (3H, t, 7 = 7 Hz), 1.20 (3H, t, 7 = 7 Hz), 1.70— 
2.60 (6H, m), 3.22 (3H, s), 4.12 (2H, q, 7 = 7 Hz), and 4.85— 
5.55 (2H, m). 

eis-3-Hydroxy-8-undecene-2,5-dione (14). To 13 (0.135 g, 
0.70 mmol) was added dropwise 10% potassium hydroxide 
solution (0.46 ml) and the mixture was allowed to stand at 
— 3 2 °C for 3d . After washed with ether, the reaction 
mixture was acidified with 0.5 M hydrochloric acid solution 
to pH 3—4, extracted with ether, and dried over anhydrous 
Na2S04 . Evaporation of the solvent gave m-3-oxo-6-nonenoic 
acid (0.086 g, 73%): IR (KBr) 3150 (OH), 1710 (C=0), and 
720 cm"1 ( « J - C H = C H ) ; NMR (CC14) ô 1.00 (3H, t), 1.78— 
2.80 (6H, m), 4.80—5.50 (2H, m), and 10.88 (1H, s). 

cw-3-Oxo-6-nonenoic acid (0.816 g, 1.86 mmol) in water 
(1 ml) was neutralized with 10% sodium hydroxide solution 
using Phenolphthalein as an indicator at 0 °C. To the solu­
tion was added methylglyoxal (0.156 g, 2.20 mmol, 40% 
aqueous soin) and then 10% sodium hydroxide solution to 
make the mixture basic (pH 8). The resulting mixture was 
allowed to stand at room temperature for 2.5 d and extracted 
with ether. The extracts were dried over anhydrous Na2S04 , 
and evaporated. Purification by TLC on silica gel (Rt 0.4, 
ether : hexane=2 : 1) gave 14 (0.220 g, 60%): IR (neat) 
3450 (OH), 1720 (C=0), and 720 cm"1 (cis-CH=CH) ; NMR 
(CC14) ô 0.95 (3H, t, 7 = 7 Hz), 1.80—2.90 (11H, m), 4.00— 
4.40 (2H, m), and 4.80—5.50 (2H, m). The spectral data 
of 14 were in agreement with the literature.19) 

Jasmolone (\5). To 14 (0.148 g, 0.75 mmol) was 
added dropwise 2% potassium hydroxide solution (0.6 ml) and 
the mixture was allowed to stand at room temperature for 
overnight. The reaction mixture was extracted with ether, 
washed with brine, and dried over anhydrous Na2S04 . 
Purification by TLC on silica gel (Rf 0.4, ether : hexane= 
3 : 1 , developed twice) gave 15 (0.069 g, 52%): IR (neat) 
3400 (OH), 1710 (C=0), 710 cm"1 (m-CH=CH); NMR 
(CC14) ô 0.95 (3H, t, 7 = 7 Hz), 1.60—3.00 (9H, m), 4.10 (1H, 
broad), 4.45 (1H, m), and 4.80—5.50 (2H, m). The spectral 
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data were in agreement with the literature.19) 
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The Determination of the "Flat-band" Potential of Nitrogen-
stabilized n-Ti02 Photoanode 

Taketsugu HIRAI,* Isao TARI, and Tsutomu OHZUKU 
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(Received March 28, 1980) 

The differential capacitance (C) and the photocurrent onset voltage (Ep) of nitrogen-stabilized n-Ti0 2 semicon­
ductor electrodes were measured in buffered Na 3 P0 4 solutions. The C"2 vs. E plots did not show the Mott-Schottky 
(MS) behavior. In order to explain the nonlinearity in MS plots, the distribution in donor density (Nd) at the 
solid side and the contribution of the electrical double layer at the solution side to the total capacitance were con­
sidered. The characterized flat-band potential (Efb) and the zero-charge potential (Ezc) were defined from the 
derived equations. The roles of the defined Eth and Ezc in the photocurrent onset voltage (Ep) were also considered, 
and the reason why Ep differed from Efb was explained using the "Gate" model. 

In semiconductor electrochemistry, the determina­
tions of both the flat-band potential and the charge 
carrier density are important , for they are the basic 
parameters of semiconductor electrodes. These quan­
tities can be determined by the Mott-Schottky relation­
ship from the measurement of the differential capaci­
tance. However, the experimental results which have 
been reported for single and polycrystalline semi­
conductor electrodes usually show some deviations from 
ideality.1"6) The possible sources of such deviation 
from ideality have been discussed by several 
authors.1»4»7-9) One of these treatments, that by De 
Gryse et al.,1) is a quanti tat ive one. They derived 
another expression by considering the effect of the 
Helmholtz layer at the semiconductor/electrolyte inter­
face. However, the C"2 vs. E plots do not allow the 
E{h values to be determined unless the Helmholtz 
layer capacitance is known, even when the experimental 

vs. E plot is a straight line. 
O u r differential capacitance da ta for nitrogen-

stabilized n - T i 0 2 semiconductor electrodes, to be 
reported here, do not show the Mott-Schottky behavior. 
The objective of this report is to understand the capaci­
tance data , together with the photoelectrochemical 
property, and to discuss the uncertainty in the determi­
nation of the flat-band potential. 

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

The nitrogen-stabilized n-type semiconductor (TiN0 01Ox#93) 
electrode, which had been proved to be highly resistive to 
photocorrosions, was the same as that described in a previous 
paper.12) 

The cell impedance between the TiNo^C^#93 electrode and 
a far larger platinum electrode was measured by means of an 
impedance bridge, type DRZ-1 (Ando Electric Corp.), with an 
audio oscillator, type 4200-A (Yokogawa-Hewlett-Packard), 
and a tuned null detector, type 4403-A (Yokogawa-Hewlett-
Packard). The absolute values of the impedance |z| and the 
phase angle, 0, as functions of the bias voltage (vs. SGE) were 
measured at 0.3—10 kHz. The electrolytes used were 0.1 M 
Na3P04 aqueous solutions, adjusted their pHs with a coned 
NaOH or H 3 P0 4 solution. 

The anodic photocurrent was measured in the usual manner 
under full illumination by a 500-W xenon arc lamp at room 
temperature. 

R e s u l t s 

Differential Capacitance Measurements. Figure 1 
shows the differential capacitance at 500 Hz as a 
function of the electrode potential for the T iN 0 0 7O1 # 9 3 

electrode in several buffered N a 3 P 0 4 solutions. All the 
C vs. E curves showed their peaks in the cathodic 
region. Although the capacitance values varied some­
what , thus showing the frequency dispersion, a similar 
t rend was usually observed in the frequency range of 
0.3—10 kHz. 

o 

-1.0 +1.0 0.0 
(E vs. SGE)/V 

Fig. 1. Cvs. E curves for TiNo^Oj#93 electrode in 0.1 M 
Na 3P0 4 solutions. 
pH; (a) : 1.0, (b) : 5.0, (c) : 7.0, (d) : 10.0, (e) : 12.0. 

In order to determine the basic parameters for this 
electrode, the C~2 vs. E plots were applied. According 
to the Mott-Schottky relationship, the C~2 vs. E plots 
should give a straight line over a wide range of potentials. 
However, the experimental results in Fig. 2 do not 
show an ideal MS-behavior, so the Eih and Nd values 
could not be determined. 

Photocurrent Onset Voltage. The anodic photo-
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-0.5 0.0 
(E vs. SCE)/V 

Fig. 2. C-2 vs. E plots of TiN0>07O1>93 electrode in 0.1 M 
Na3P04 buffered solutions. 
pH; (a): 12.0, (b): 10.0, (c): 7.0, (d): 5.0, (e): 1.0. 

1 2 3 A 5 6 7 8 9 10 11 12 13 
P H / -

Fig. 3. The pH dependence of the anodic photocurrent 
onset voltage Ep. 

current onset voltage (Ep) against the solution p H is 
plotted in Fig. 3. The anodic photocurrent onset 
voltage showed a linear dependence on p H , which 
can be represented by: 

Ep = - 0 . 0 4 - 0.06 pH (vs. SGE). 

Discussion 

Differential Capacitance at the Semiconductor/Electrolyte 
Interface. In order to elucidate the nonlinearity 
in C~2 vs. E plots, we considered the possible sources of 
effects on the total capacitance. The whole differential 
capacity (C) across the semiconductor/electrolyte inter­
face is represented by: 

1 / C = l / C s c + 1 / C d + 1 / C c , (1) 

where Csc, Cd, and Cc indicate the capacitance of the 
space charge layer, the diffused double layer, and the 
compact double layer respectively. Some investigators 
omit the 1/Cd and/or 1/Q terms in Eq. 1 when the 

ionic strength is fairly large. The 1/Cd + 1/Cc term, 
however, cannot be omitted, especially when the 
potential drop across the space charge layer is nearly 
equal to zero, because the condition of 1/C s c>l/Cd + 
1/CC does not hold. 

The Csc as a function of the potential is usually 
represented by MS's equation. However, the practical 
experimental conditions seem to be far from the given 
conditions of M S assumptions. Among them, the 
assumptions concerning donor density, which is inde­
pendent of the distance from the semiconductor surface 
and the absence of an interfacial layer, such as an 
insulating layer, are not fulfilled in many real cases for 
semiconductors exposed to an electrolyte. The semi­
conductor surface in contact with an electrolyte has, 
more or less, interfacial layers, which may be formed 
by a chemical reoxidation or an ion-exchange reaction, 
because one is a solid electric conductor, and another 
is a liquid ionic conductor. Therefore, the donor 
density at the semiconductor surface must be zero, and 
the distribution in the donor density is developed in the 
direction perpendicular to the surface. Such situations 
seem to be readily formed in the case of heavily doped 
semiconductors,1-2) as in our case, and the ideal linearity 
in C - 2 vs. E plots is not to be expected. 

As has been stated above, we presume the distribution 
in donor density, Nd, to be : 

Nd = ax, (2) 

where « is a distribution coefficient in c m - 4 and where 
A; is a distance in cm. 

The corresponding boundary conditions are : 

<f> = A0SC at x = 0 , 

_É£_ = o, <j> = 0 at x = d, 

(3) 

(4) 

in which kTje indicates the volts of the equivalent 
thermal energy. By solving Poisson's equation under 
the given boundary conditions, we obta in: 

c-j = A^ s c - ^ (5) 

where e and e0 are the dielectric constants of the semi­
conductor and the vacuum respectively and where e 
is an electron charge. The A0SC is related to an electrode 
potential by : 

A0SC = E- Etb. (6) 

Efh is the flat-band potential at which the electric 
field is reversed in the depletion layer. 

From Eq. 1, we define the capacity, Ce, as : 

1/C. = 1/Q + 1/Ca. (7) 

The dependence of Ce on the potential is represented 
by : 

Co = C0 + b(E-E2C)*. (8) 

C0 is a min imum capacity, and Exc is the zero-charge 
potential where the charge in the diffused double 
layer is reduced to zero. Equation 8 is a phenomelogical 
equation analogous to the electrical double-layer theory 
for mercury electrodes.10) 

Equations 5, 7, and 8 give the whole representation 
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-1.5 0.5 1.0 -1.0 -0.5 0.0 

(E vs. SGE)/V 

Fig. 4. C-3 vs. E plots of TiN007O1#93electrode in 0.1 M 
Na3P04 buffered solutions. 
pH; (a) 12.0 (b) 10.0 (c) 7.0 (d) 5.0 (e) 1.0. 

-1.0 0.0 -0.5 
{E vs. SGE)/V 

Fig. 5. Ce vs. E plots of TiN0#07O1-t, electrode in 0.1 M 
Na3P04 buffered solutions. 
pH; (a): 12.0, (b): 10.0, (c) 7.0, (d): 5.0, (e): 1.0. 

of the differential capacity across the semiconductor/ 
electrolyte interface as function of the electrode potential. 

In order to check the validity of the above treatment , 
the original experimental results in Fig. 1 are replotted 
as Fig. 4. As predicted by Eq. 5, straight lines over 
adequate range of applied potentials are obtained in 
the C~3 vs. E plots when C e > C s c . I n the region of 
Ct<CKi a distinct deviation from the straight line 

is observed. From Eq. 1, such a deviation can be said 
to be caused by the C e component. The C e values 
calculated from Eq. 1 are shown in Fig. 5. The Ce vs. 
E plots obey the parabolic relationship of Eq. 8. 
Gonsequentry, the presumptions of Eqs. 2 and 8 are 
valid in this case. 

From the above considerations, we can determine 
the Efh) Ezci and a values in Eq. 5 as basic parameters 
of the semiconductor electrode in contact with an 
electrolyte. 

Photocurrent Onset Voltage. I t is said that the 
anodic photocurrent begins to flow at the "f la t -band" 
potential in the case of an n-type semiconductor 
system.11) This is the reason why the "f la t -band" 
potential can be determined by measuring the Ep 

values, even when the capacitance measurement is not 
at tainable. However, it is questionable whether the 
true Efb values are thus obtained. In order to illustrate 
this, we compared the characterized Efh and Ezc 

values with the Ep values in Table 1. Efhi as defined 
by Eq. 5, is obtained by extrapolating to C~ 3 =0 in 
Fig. 4, while Ezc, as defined by Eq. 8, is obtained from 
the min imum of the C vs. E plots in Fig. 5. 

TABLE 1. COMPARISON OF Etb, E2C, AND EP VALUES 
FOR SEVERAL p H ' s OF SOLUTIONS 

pH 

1.0 
5.0 
7.0 

10.0 
12.0 

Etb vs. SGE 
V 

- 0 . 4 1 ± 0 . 0 2 
- 0 . 5 7 
- 0 . 7 6 
- 1 . 0 7 
- 1 . 1 4 

Ezc vs. SCE 
V 

- 0 . 0 2 ± 0 . 0 3 -
- 0 . 2 8 
- 0 . 4 4 
- 0 . 6 5 
- 0 . 7 5 

Ep vs. SCE 
V 

- 0 . 0 8 ± 0 . 0 2 
- 0 . 3 2 
- 0 . 4 6 
- 0 . 6 5 
- 0 . 7 3 

As is shown in Table 1, the Efb values do not agree 
with the Ep values, which are usually more anodic 
than the Efb values. However, the Ep values agree 
with the Ezc values within the limits of experimental 
error. This indicates that the anodic photocurrent 
begins to flow not at the flat-band potential, but at 
the zero-charge potential. In order to understand how 
the anodic photocurrent is allowed to pass across the 
semiconductor/electrolyte interface, and to find the 
reason why the photocurrent onset voltage differs from 
the flat-band potential, the following " G a t e " model is 
proposed. 

| Semiconductor! 

Space charge layer 

( characterized by Efb) 

Electrolyte 
Double layer 

(characterized by Ezc ) 

SW1 SW2 

Condition 
E f b < E 

E f b > E 

SW1 

on 

off 

Condition 
E z c < E 

E z c > E 

SW2 
on 

off 

Fig. 6. "Gate" model for an explanation of the photocur­
rent onset voltage related to Etb and Eze in the case of 
N-type semiconductor electrode in contact with an elec­
trolyte solution. 
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S W l and SW2 in Fig. 6 behave like " G a t e " because 
of its field effect, connected with holes and related ions 
for an n-type semiconductor electrode in contact with 
an electrolyte solution. If the condition of Efb<^Ezc 

holds, the Ep value should be equal to the Ezc value. 
This is because the hole is permited to migrate to the 
semiconductor surface, i.e., SWl is closed, in the 
potential range of Eib<C^E, but the mass transfer of the 
related ions is forbidden until E is more positive than 
Ezc, i.e., SW2 is opened. Conversely, the Ep value 
should be equal to the Eib value when Efb^>Ezc. By 
considering the " G a t e " model, we could explain why 
the Ep value differed from the Eih value. 

We feel tha t all the semiconductors in contact with an 
electrolyte solution have the basic parameters of Eib 

and Ezc. Such behavior was also observed for the 
reduced rutile single crystal and the G V D - T i 0 2 semi­
conductor electrode. Recently, the existence of the 
surface state has been reported. 13_17> However, the 
argument of the surface state is not dealt with in this 
study. We think its capacitance probably contains the 
measured Ce value. From the above considerations, it 
can be emphasized that the determination of Eib by Ep 

measurements has the possibility of being misleading 
as to the Eib value. 

C o n c l u s i o n 

We could give an explanation of the possible sources 
of deviation from the Mott-Schottky behavior of the 
nitrogen-stabilized T i O a semiconducting electrode, and 
point out some problems in the determination of the 
"f la t -band" potential. The distribution of the donor 
density, Nd, in the direction perpendicular to the 
semiconductor surface and the contribution of the 
double layer to the total capacity caused the non-
linearity in C~2 vs. E plots. When the distributed donor 
density is represented by Nd=ax, the C - 3 vs. E plots 
are linear instead of the C - 2 vs. E plots. The remaining 
capacitive component , Ce, in C~z vs. E is proved to be 
an effect of the double-layer capacity by showing the 
Ce vs. E plots, which are characterized by their Ezc 

values. 

In order to understand the roles of Eib and Ezc in 
photoelectrochemical effect, the " G a t e " model was 
proposed. By using the " G a t e " model, which was 
characterized by both the Eib and Ezc values for an 

n-type semiconductor electrode in contact with an 
electrolyte solution, we explained why the photocurrent 
onset, Ep, differed from Eib. Moreover, a warning 
on the determination of the flat-band potential from 
the photocurrent onset voltage measurement was given. 

Although the essential problems concerned with the 
semiconductor/electrolyte interface remain, we could 
part ly elucidate the complicated behavior of a semi­
conductor electrode in contact with an electrolyte 
solution. 

The present work was supported by a Grant-in-Aid 
for Energy Research No. 505035 from the Ministry of 
Educat ion, Science and Culture. 
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Induced Circular Dichroism of ^-Cyclodextrin Complexes with 
o-, m-9 and /»-Disubstituted Benzenes 
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The induced circular dichroism (ICD) spectra of /?-cyclodextrin (ß-CT>x) complexes with o-, m-, and/>-disub-
stituted benzenes were observed. The comparison of the observed rotational strengths with the ones calculated by 
using the Kirkwood-Tinoco expression is examined; the possible orientations of the guest molecules which are 
included in the cavity of /5-CDx are presented. These results suggest that the orientation of the guest molecule is 
confined about the axis of the 0-CDx torus. 

The cyclodextrins (CDx's) are a-1,4 linked oligomers 
of D-glucose formed during the degradation of starch 
by an amylase of Bacillus macerans, and have 6, 7, or 8 
glucose residues per molecule.1) I t is known that CDX 

can include aromatic compounds, alkyl halides, and 
gases, as guest molecules in its cavity, resulting in the 
formation of inclusion complexes.2) This characteristic 
has led to their utilization as enzyme models.3 - 6) In 
recent years, many extensive investigations on the 
suitability of modified CDX or capped CDX as a enzyme 
model have been carried out .7 - 9) 

The orientation of the guest molecule which is 
included in the cavity of GDX plays an important role 
in the inclusion phenomenon. More information on the 
structure of the GDX complex with mono- or di-
substituted benzene will be very significant, since 
substituted benzenes are sometimes used as substrates 
of the reactions catalyzed by GDx's. 

The circular dichroism (CD) study is one of the most 
useful physico-chemical methods for elucidating the 
orientation of the guest molecule included by CDX in 
solution. Tha t is to say, the CD is expected to be 
induced at the absorption bands of the achiral guest 
molecules which are included in the cavity of the chiral 
CDX host molecule, since CDX is composed of ch i ra l 
glucose units. 

Hara ta and Uedaira1 0) have recently measured the 
I C D spectra of /?-CDx complexes with naphthalene 
derivatives and determined the structure of the /?-CDx 

complexes on the basis of the calculation of the rota­
tional strengths by the Kirkwood-Tinoco equation.11) 
Yamaguchi et al. have studied the I C D spectra of /?-CDx 

complexes with 2-hydroxytropone12) and azulene,13) and 
have discussed the direction of the electronic transition 
moment of the guest molecules. 

In the previous paper,14) we have reported the I C D 
spectra of ß-CDx inclusion complexes with mono-
substituted and para-disubstituted benzenes in aqueous 
solution, and have shown that these /?-CDx complexes 
favor the axial inclusion in which the long axis of the 
substituted benzenes is parallel to the axis of the /?-CDx 

cavity. We can estimate the orientation of the guest 
molecule from the comparison between the observed 
and calculated rotational strengths, when the direction 
of the electric transition dipole moment is known. 

In the present article we report the I C D spectra of the 

t Present address: Research Institute for Polymers and 
Textiles, 1-1-4, Yatabe-Higashi, Tsukuba, Ibaraki 305. 

ß-CDx complexes with o-, m-, and /»-disubstituted 
benzenes in aqueous solution, and predict the orienta­
tion direction of the guest molecules in these inclusion 
complexes by the comparison between the observed 
rotational strengths of each I C D band and the values 
calculated by using the Kirkwood-Tinoco equation. 
I n the manner of inclusion, /?-CDx complexes with o-
and m-disubstituted benzenes cannot be classified into 
either the so-called axial or the equatorial inclusion, 
since the long- and/or short-axis of these molecules 
cannot be defined unequivocally. 

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

/S-CDX and homo- and hetero-disubstituted benzenes were 
obtained commercially. /?-CDx, o-nitroaniline, and o-, p-
phenylenediamines were purified by the recrystallization from 
aqueous solutions. Pyrocatechol and hydroquinone were 
recrystallized from benzene. w-Nitroaniline, /»-nitroaniline, 
resorcinol, and m-phenylenediamine were recrystallized from 
ethanol, methanol, chloroform, and ether, respectively. 

An inclusion complex was prepared by mixing /5-CDx 

and the corresponding disubstituted benzene using the follow­
ing solvents: an aqueous solution for nitroanilines, 0.1 Mtt 
aqueous HCl for benzenediols, 1.0 X 10~3 M or 1.0 x 10"6 M 
aqueous KOH for phenylenediamines. 

The circular dichroism and absorption spectra were meas­
ured at room temperature using a JASCO J-500 circular 
dichrograph with a J-DP 500 data-processor and a Hitachi 
EPS-3T recording spectrophotometer, respectively. 

In particular, an appropriate amount of nitrogen was bub­
bled through each solution of the /?-CDx-phenylenediamine 
systems before the measurements, since phenylenediamines 
were easily oxidized by dissolved oxygen. 

The experimental values of the dipole strengths, D, and the 
rotational strengths, R, of disubstituted benzenes were esti­
mated in the same way as was used in the previous work.14) 

In the present paper, molar ellipticity was normalized by 
the concentration of the guest molecule. 

Theore t i ca l 

The theoretical rotational strength of the transition 
from the ground state 0 to the excited state a in benzene 
derivative (i), i? i o a , was calculated by the following 
expression developed by Kirkwood and Tinoco: 

D _ _r; „2 x i g b j ( a 3 3 — « n ) j ( G F ) i j m 

J y b j ~ ^M 

tt l M = l m o l / d m 3 . 
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(GF) _ l f ; ; 3(êrr1J)(êr irJ)^| 
u = j " ci*cJ 7* H x jriJ* W 

Here e^ is the unit vector in the direction of the sym­
metry axis of the bond (j) in ß-CDx; e>x is the unit 
vector in the direction of the electric transition dipole 
moment, ^ i o a , of the transition from the ground state 
0 to the excited state a in the disubstituted benzene, 
and £ai is its wave number; a33 and a n are bond polari-

zabilities at zero frequency parallel and perpendicular, 
respectively, to the symmetry axis of the bond in /?-CDx; 
rjj is the vector pointing from the center of benzene 
derivatives to each bond in /?-CDx; and vhi is the 
averaged wave number of the electronic transitions of 
the bond in ß-CDx. 

In this calculation, £>bj is approximated by a wave 
number midway between the first absorption band in 
the bond of ß-CDx and its ionization potential. We 

TABLE 1. OBSERVED AND CALCULATED ENERGY AND DIPOLE STRENGTH (D) OF THE ELECTRONIC 
TRANSITIONS OF DISUBSTITUTED BENZENES 

Disubstituted 
benzenes 

Experiment 
vxlO- 3 D 

Calculation 
PXIO-3 D 

Assignment and <î> 

cm- Debye2 
cm- Debye2 

Pyrocatechol 

Resorcinol 

Hydroquinone 

o-Phenylenediamine 

m-Phenylenediamine 

/»-Phenylenediamine 

o-Nitroaniline 

w-Nitroaniline 

/»-Nitroaniline 

36.3 
46.5 

36.6 
46.5 

34.6 
45.3 

34.6 
43.1 

34.6 
42.0 

32.8 
41.5 

a) 

a) 

a) 

b) 

b) 

c) 

d) 

1.84 
6.39 

1.34 

2.35 
4.35 

3.35 
8.53 

2.04 
7.53e) 

2.59 
13.61 

f) 
45.2 

f) 

1.75 

24.3 
35.3 

44.7 

27.9 
35.7 
40.2 e ) 

44.3 

26.3 

44.1 

d) 

d) 

9.48 
7.64 

27.09 

3.34e) 

4 44e) 
6.95e) 

19.66e) 

27.51 

14.52 

27.6 
38.5 
42.5 
44.6 

27.7 
38.1 
41.4 
44.8 

32.6 
34.7 
43.1 
48.7 

f) 

0 

19.15 
5.83 
8.27 

28.69 

8.29 
6.64 

30.82 
22.10 

18.90 
0.24 
4.10 
0.15 

B2 

B2 

Ax 

A7 

A' 
A7 

A7 

A7 

A7 

A7 

A7 

(-38.9°) 
( - 3 . 6 ° ) 
( 20.8°) 
( 29.3°) 

( 48.0°) 
( 36.6°) 
( -19.3°) 
( -44.1°) 

a) In 0.1 M aqueous HCl. b) In 1 .Ox 10~5 M aqueous KOH. c) In 1 .Ox 10~3 M aqueous KOH. d) In 
aqueous solution. e) Obtained by a curve fitting method. f ) Obtained by the PPP SGF-MO calculation. 
A. Kaito, A. Tajiri, and M. Hatano, Bull. Chem. Soc. Jpn., 49, 2207 (1976). 
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Fig. 1. CD (upper) and UV absorption (lower) spectra of the /?-CDx complexes with o-, 
m-, and /»-nitroanilines in aqueous solution at room temperature. 
Broken line: 0-CDx (1.11 X 10~2 M) +o-nitroaniline (3.24X 10~4 M), dotted broken 
line: £-CDx (1.29x 10"2 M) + m-nitroaniline (1.12 X 10"3 M), solid line: £-CDx (1.47x 
10-2 M)+/>-nitroaniline (8.41 x 10"5 M). 

used the values of (a 3 3 —a u ) and £bj for each bond as 
listed in our previous paper.14) 

Table 1 shows the observed and calculated wave 
number, ?, and the dipole strength, D, of the electronic 
transitions of disubstituted benzenes, along with the 
assignment of each electronic transition.15) The calcu­
lated values in this table were obtained by the Pariser-
Parr-Pople (PPP) S C F - M O method. The directions 
of the electric transition moment in homo-disubstituted 
benzenes were available easily from the results of the 
perturbation theory formulas by Petruska.16) The 
experimental values in Table 1 were used for the 
calculation of rotational strength except in the case 
of the 1A1^-1A1 transition of resorcinol, the third 
n**-n transition of o-nitroaniline, and the 1B2<—1A1 

and 1A1<—1A1 transitions of jö-nitroaniline. 
In the present calculation, the determination of the 

coordinates of /?-CDx was carried out in the manner 
used in our previous paper.14) 

Results and Discussion 

Figures 1—3 show the CD (upper) and U V (lower) 
spectra of the ß-CDx complexes with o-, m-, and p-
disubstituted benzenes. I C D bands were observed at 
absorption frequencies of achiral benzene derivatives. 

As shown in Fig. 1, the /?-CDx complex with o-
nitroaniline showed two positive and one negative I C D 
bands at 427, 286, and 222 nm, respectively. These 
I C D bands were assigned to the first TT*<—TZ, the second 
71*4-^, and the fourth 7r*<—jr transitions, respectively, 
on the basis of the results calculated by the P P P SCF-
M O method in Table 1. 

The /S-CDx-m-nitroaniline complex exhibited positive 

320 

Fig. 2. CD (upper) and UV absorption (lower) spectra 
of the /?-CDx complexes with o-, m-, and /»-benzenediols 
in 0.1 M aqueous HCl at room temperature. 
Broken line : 0-CDx ( 1.17 x 10~2 M) + pyrocatechol 
(5.10xlO"4M), dotted broken line: 0-CDx (1.43X 
10-2 M) + resorcinol (5.90X 10"4 M), solid line: £-CDx 

(1.11 X 10-2 M) + hydroquinone (2.77x 10"4 M). 
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200 220 240 300 320 340 260 280 

A/nm 

Fig. 3. GD (upper) and UV absorption (lower) spectra of the /?-CDx complexes 
with o-, m-, and /?-phenylenediamines in aqueous KOH at room temperature. 
Broken line: £-CDx (1.44X 10"2 M) + o-phenylenediamine (1.83xlO"4M) (pH 
7.5), dotted broken line; ß-CDx (1.43 X 10"2 M) + m-phenylenediamine (1.44x 
10"4M) (pH 7.2), solid line; £-CDx (1.45xl0"2 M) +/>-phenylenediamine 
(6.23X10-4 M) (pH 11.0). 

ICD bands at 358, 281, and 249 nm, which are attrib­
uted to the first TT*<—TT, the second TT*<—n, and the third 
TT*<—n transitions, respectively. The lowest positive 
ICD band of the /?-CDx-/>-nitroaniline complex ob­
served at 390 nm was assigned to the ^«t—XAX transition, 
and the two negative ICD bands found at 296 and 230 
nm were attributed to the 1B2<—xAj transitions. 

On the other hand, as seen in Fig. 2, the /?-CDx 

complex with pyrocatechol showed only a positive ICD 
band at 279 nm, originating from the 1A1<—XAX transi­
tion. But the ICD band derived from the 1B2<—xAt 

transition was not observed in the shorter wavelength 
region. The /?-CDx-resorcinol complex exhibited 
positive and negative ICD bands at 276 and 229 nm. 
These ICD bands were assigned to the 1B2<—1A1 and 
1A1<—1A1 transitions, respectively. The /?-CDx-hydro-
quinone complex showed a negative ICD band attri­
buted to the 1B2U<—xAg at 294 nm and exhibited a 
positive ICD band derived from the 1B1U<—xAg transition 
at 230 nm. 

As shown in Fig. 3, each sign of the ICD spectra of 
the ß-CDx complexes with o-, m-, and jö-phenylenedi-
amines is in agreement with that of the ß-CDx complexes 
with o-, m-, and />-benzenediols (Fig. 2). 

In our previous work,14) we discussed the orientation 
of the guest molecule which is included in the cavity 
of the ß-CDx by the comparison of observed and 
calculated rotational strengths. One might conclude 
from the results of the investigation that the favorable 
orientation of the guest molecule about the axis of /?-CDx 

cavity (the Z-axis) can be estimated when the direction 
of the electric transition dipole moment is known. It 
was shown that the calculated rotational strengths were 
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Fig. 4. The dependence of the calculated rotational 
strengths of the /?-CDx-nitroanilines complexes on the 
rotation angle in the X-Z plane. 
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Fig. 5. The dependence of the calculated rotational 
strengths of /?-CDx-benzenediols complexes on the rota­
tion angle in the X-Z plane. 

-90° - 6 0 ° - 30 ° 0° 30° 60° 90° 

Rotation angle 

Fig. 6. The dependence of the calculated rotational 
strengths of /?-CDx-phenylenediamines complexes on 
the rotation angle in the X-Z plane. 

very sensitive to the electric transition moment of the 
guest molecule and the orientation of the guest molecule 
in the /?-CDx cavity. So, in the present work, we studied 
how to fit the calculated rotational strengths with the 
observed values obtained from ICD spectra by changing 
the direction of the guest molecule in the X-Z plane. 

Figures 4—6 show the dependence of the calculated 
rotational strengths of the /?-CDx complexes with 
disubstituted benzenes on the orientation of the guest 
molecule in the X-Z plane. In Fig. 4 the rotation 
angle on the abscissa indicates the inclined angle of 
the vector pointing from the center of nitroanilines to 
the nitro group with respect to the Z-axis (the axis of 
/S-CDX torus). Similarly, in Figs. 5 and 6 the abscissa 
represents the inclined angle of the vector pointing 
from the center of homo-disubstituted benzenes to one 
of the substituents with respect to the Z-axis. 

The comparison of the observed rotational strengths 
obtained from ICD spectra with the values calculated 
for the favorable orientation is listed in Table 2. 

As shown at the top of Fig. 4, the calculated rotational 
strengths of the /?-CDx-o-nitroaniline complex in which 
the nitro group of o-nitroaniline inclines to the Z-axis 
by about 32° to 33° are in good agreement with the 
experimental values. On the other hand, in the case of 
m-nitroaniline the calculated values with an inclined 
angle of about —10° to —11° are compatible with the 
observed values. The calculated values of the ß-CDx-p-

nitroaniline complex agree well with the experimental 
data when the nitro group of jö-nitroaniline has an 
inclination with respect to the Z-axis in the range of 
about 0° to ± 2 0 ° (bottom of Fig. 4). The experimental 
rotational strengths of the /?-CDx complex with pyro­
catechol are well reproduced by the calculation when the 
rotation angle is about 5° (top of Fig. 5). The calculated 
results of the /S-CDx-resorcinol complex are in accord 
with the observed values in the range of rotation angle 
from 0° to 30° (middle of Fig. 5). In this case, the 
orientation with roration angle 0° is equivalent to that 
with rotation angle 60°. The theoretical values of the 
/?-CDx-hydroquinone complex in which one of hydroxyl 
groups is inclined in the range of about 0° to ± 2 0 ° 
with respect to the Z-axis are consistent with the 
experimental data (bottom of Fig. 5). 

The same rotation angle for the /?-CDx complexes 
with o-, m-, and /?-phenylenediamines as that for the 
corresponding complexes with o-, m-, and/>-benzenediols, 
respectively, gives the theoretical results in agreement 
with the experimental data, as demonstrated in Fig. 6 
and/or in Table 2. This suggests that o-, m-, and p-
phenylenediamines are included in the /?-CDx cavity 
in a same way that o-, m-, and jö-benzenediols, respec­
tively, are included. 

The results discussed above are summarized in Figs. 7 
and 8. These figures illustrate the orientation directions 
of disubstituted benzenes included as guest molecules 
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TABLE 2. COMPARISON OF THE OBSERVED AND 

THE ß-CDx COMPLEXES WITH 0-, m-

CALCULATED ROTATIONAL STRENGTH (i? i0&) 

, AND /»-DISUBSTITUTED BENZENES 

OF 

Benzene derivative 

o-Nitroaniline 

m-Nitroaniline 

/»-Nitroaniline 

Pyrocatechol 

Resorcinol 

Hydroquinone 

o-Phenylenediamine 

m-Phenylenediamine 

/»-Phenylenediamine 

*max 

nm 

427 
286 

[235] &) 

222 

358 
281 
249 

(226)b) 

390 
[296]° 
230 

[205] *> 

279 
(215) b> 

276 
229 

294 
230 

297 

(232)b) 

293 
243 

313.5 
245 

A7 

A7 

A7 

A7 

A7 

A7 

A7 

A7 

Ax 
B2 

B2 

Ax 

Ax 
B2 

B2 

Ax 

B2u 

B lu 

Ax 
B2 

B2 

Ax 

B2u 

B lu 

1.00 
1.25 
— 

- 1 . 0 1 

0.23c) 

0.56c) 

3.42c) 

— 

9.14 
- 0 . 5 2 
- 5 . 3 7 

— 

0.08 

" 

0.25 
- 0 . 1 8 

- 0 . 7 2 
0.52 

0.04 

0.12 
- 0 . 1 4 

- 1 . 4 6 

0.86 

/?10axlQ40/cgs 
Experiment Calculation 

(32°) 
3.98 
3.62 
0.40 

- 4 . 6 0 

(-11°) 
0.78 
2.33 
3.83 
0.19 

(0°) 
13.05 

- 0 . 0 8 
- 7 . 7 8 

0.20 

(5°) 
0.70 

- 0 . 0 5 

(0°) 
0.64 

- 0 . 2 5 

(0°) 

- 0 . 8 2 
4.94 

(5°) 
1.18 

- 0 . 0 6 

(0°) 

0.89 
- 0 . 9 1 

(0°) 
- 0 . 8 3 

12.89 

(20°) 
10.75 

- 0 . 0 6 
- 5 . 0 5 

0.17 

(30°) 
1.02 

- 0 . 9 9 

(20°) 

- 0 . 5 3 
1.72 

(30°) 

1.42 
- 3 . 6 5 

(20°) 
- 0 . 5 4 

10.63 

a) Value calculated by the PPP SCF-MO method. 
c) Obtained by a curve fitting method. 

b) UV absorption peak in the presence of ß-CDx, 

in the cavity of /S-CDX. The ß-CBx cavity, in both 
figures, was represented schematically by a pair of 
rectangles with oblique lines. Each dotted line in Fig. 7 
indicates the direction of the transition dipole moment 
obtained from the PPP SCF-MO calculation, and the 
numbers, 1, 2, 3, and 4 designate the first n*<—TZ, the 
second TT*<—TZ, the third TZ*<—TZ, and the fourth TZ*<—TZ 
transitions of o- and m-nitroanilines, respectively. 
Similarly, each dotted line in Fig. 8 indicates the 
directions of the electric transition moments of homo-
disubstituted benzenes derived from the perturbation 
theory formulas by Petruska.16) In addition, the 
symbols ( + ) and ( —) give the signs of the CD spectra 
induced by the electronic transitions of the correspond­
ing disubstituted benzenes. 

We could make no reference to the discrimination 
of the top side from the bottom side of ß-CDX7 because 

the coulombic interaction between CDX and the guest 
molecule was approximated by the interaction between 
the distributed bond dipole of CDX and the point 
dipole of the guest molecule in the present calculation. 

On the other hand, it seems likely from Figs. 7 and 8 
that some of the substituents of the guest molecules are 
linked by the hydrogen bond to the hydroxyl group of 
ß-CDx, or are in van der Waals contact with the 
interior of the /?-CDx torus. However, it appears that 
the conformational change in one or two of the C(5) -
0 ( 6 ) bonds is required for the guest-host linkage by a 
hydrogen bond with the primary hydroxyl group.17) 

In conclusion, the orientation of the guest molecule 
which is included in the /?-CDx cavity seems to be 
confined about the axis of the /?-CDx torus. 
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Fig. 7. The schematic drawing of the orientation of o-, 
m-, and /»-nitroanilines included in the cavity of /?-CDx. 
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Mechanochemical Reactions at High Pressures. I. The Design and 
Construction of the Apparatus and Preliminary Experiments 
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An apparatus for investigating mechanochemical reactions at high pressures of up to 50 kbar and preliminary 
experiments on acrylamide are described. The essentials of the apparatus are a rotating platen inserted in a 
Bridgman-type opposed-anvil press. The central platen is rotated by the force of an electric motor or by manual 
strokes under high pressure. The pressure distribution on the anvil surface was evaluated from the changes in the 
electric resistances of GdSe and GdTe as calibrants. The pressure observed at the center was 4.5 times the nominal 
load pressure. The phase-transition pressure of naphthalene was identified as about 25 kbar from the measurement 
of the pressure effect on the shearing strength. The mechanochemical behavior of acrylamide was investigated at 
room temperature and at static pressures of up to 15 kbar. The determinations of the IR spectrum, the ESR signal, 
the X-ray diffraction pattern, and the molecular weight confirmed that the reaction products were amorphous 
Polyacrylamides and that the mechanical shear stress on the conversion of acrylamide to a polymer was exceedingly 
effective in comparison with static pressure. 

The terms "mechanochemist ry" and "mechano­
chemical react ion" have recently been used to designate 
chemical behavior caused by mechanical energy. 
Although mechanochemistry is an ambiguous research 
field at present, the knowledge of mechanochemistry 
has been widely extended and rapidly advanced in 
connection with the structure, chemical properties, and 
reactivity of a solid, etc. Thus , the interest in mechano­
chemistry extends over a wide range of scientific and 
technical disciplines. 

Mechanochemical reactions at high pressures are 
significant in two important ways. 

First, we consider that a strong mechanochemical 
force on substances, especially on organic materials, 
can be easily applied at high pressures. Mechano­
chemical reactions are generally not so appreciable 
as thermochemical or photochemical reactions. There­
fore, a very sensitive detector is required to follow the 
reaction. The application of pressures makes detection 
by usual instruments possible. 

Second, some shear stress is unavoidable when solid 
materials are compressed. In other words, solid-phase 
reactions under high pressures are somewhat or mostly 
mechanochemical changes. 

These experiments were initiated to study the 
mechanochemical reactions of organic compounds from 
the above two points of view by means of a self-made 
high-pressure apparatus which is capable of loading 
the mechanical force simultaneously. 

This unique technique was discovered by Bridgman. 
However, previous investigations by using this technique 
have dealt almost exclusively with phase-transitions, 
except for the group in communist countries. Recently 
investigations of the organic reaction under high 
pressures with mechanochemical shear force have been 
mainly done by Russian scientists, and it seems likely 
that they each belong to one of two groups. The first 
is Enikolopyan's group in the Chemical Physics Institute 
of Academy Sciences USSR. The mechanochemical 

** Present address: Daido Chemicals Co. Ltd., 28-4-4, 
Takeshima, Nishiyodogawa-ku, Osaka 555. 

behavior of many organic compounds has been inves­
tigated under high pressure by his group.1 - 1 0) The 
second, Gonikberg-Zhulin's group in the Zelinskii 
Organic Chemistry Institute of Academy Sciences 
USSR, was also studied the organic reactions11-18) from 
the same standpoint. 

O u r series of studies was initiated in order to synthe­
size new materials by means of solid-phase organic 
reactions under extreme conditions and in order to 
investigate the mechanochemical effect, which is 
unavoidable in solid-phase reactions under high pres­
sures. The present paper will describe the design and 
the technique of the apparatus for the mechanochemical 
reactions and will present some preliminary experi­
mental results on the reaction of acrylamide. 

D e s i g n a n d Cons truc t ion 
o f t h e A p p a r a t u s 

Despite the great interest in high-pressure studies, 
very little fundamental work has been reported on the 
design of high-pressure units (anvils). The development 
of this apparatus has, therefore, been based mainly on 
empirical experience gained through use. In the 
selection of an op t imum design for the apparatus, 
questions regarding the ratio of the diameter of the 
sample face to that of the body of the anvil, or of the 
angle of the cone, could not be answered by recourse to 
the results of systematic studies. I t should be emphasized, 
however, that economical considerations are among 
the most important factors. The diameter of the anvil 
surface of 12-mm determined the min imum sample 
quant i ty (^10-mg) required to follow the mechano­
chemical reaction. (A 5-mm anvil was used in a special 
case). 

The essentials of the apparatus are a flat metal plate 
(central platen), inserted between Bridgman-type 
opposed-anvils for pressuring and shearing, and a copper 
jacket for controlling the temperature. Enlarged views 
of the anvils, central platen, and sample assemblies are 
shown in Fig. 1. Two powdered or crystal samples, 1, 
between the mat ing surface of three cobalt-cemented 
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Fig. 1. Schematic diagram of anvil assembly. 

tungsten carbides are compressed up to the desired 
pressure. The tungsten carbide conical cylinders of the 
opposed-anvils are 20-mm and 17-mm in diameter by 
30-mm long and are supported by steel jacket shrunk 
around them. Both anvils, 2, are ground as t runcated 
cones with 12-mm-diameter flats and a cone half-angle 
of 85°. The central platen, 3, is pinned into the hub 
of a 165-mm diameter spur gear. Two flat disks, 4, 
are attached to the top and bottom of the opposed-anvils. 
All the parts are surrounded by a pair of copper jackets, 
5, through which thermostated water is circulated to 
keep the temperature constant throughout the experi­
mental period. In order to fît a thermometer for the 
measurement of the temperature, a narrow hole, 6, is 
made in the copper jacket. A surface-type thermister 
thermometer is used to measure the temperature of the 
anvil surface near the sample region. 

The load is applied to these anvils by means of a 50-t 
hydraulic-ram as the load unit. A pressure of up to 
50 kbar (1 k b a r = 1 0 8 Pa) can be generated between 
them. During the compression, some of the sample 
extrudes from between the anvil faces until an equilib­
r ium thickness is at tained. Torque was applied to the 
gear holding the central platen by means of a mechanical 
drive forcing it to rotate about the common axis at 
various speeds with respect to the opposed-anvils. A 
torque can be generated by two different methods. 
One is the use of a continuous slow rotation in one 
direction of the central platen against the other by 
using an electric motor and various gear combinations. 
In our apparatus , shearing stresses are applied to the 
sample by rotating the central platen about its vertical 
axis through a maximum of 2.5° in 60 s. The other 
method is the use of a manual stroke. Mechanical 
driving is also given by the movement of the rack 
connected with the spur gear by means of another 10-t 
hydraulic-ram, serving as the shear unit instead of an 
electric motor. In this case, we can calculate the shear 
stress, r , by the use of the following equations by assum­
ing a constant value of shear stress across the radius, r: 

M = \ Tr27ir-drorT = 3MI27i(r')* = 3PSRI27i(r')*, (1) 

where M represents the torque ; r', the effective radius 
of the anvils; P, the pressure produced in the 10-t 
hydraulic-ram to rotate the central p la ten; S, the 

surface area of the piston in the hydraulic-ram used 
as the shear unit, and R, the radius of the spur gear. 

Under the conditions of our experiments, heating due 
to friction is negligible. 

P r e s s u r e D i s t r i b u t i o n 

Since the pressure at the center of the sample area in 
the opposed-anvil press is not equal to the applied 
pressure or to some predictable function of the applied 
pressure, it is necessary to use various internal standards 
(fixed points) for determining the actual pressure. We 
tried to measure the internal (true) pressure on the 
anvil surface without mechanical shear force by using 
acrylamide tablet as a model organic sample and 
cadmium selenide (CdSe) and cadmium telluride 
(CdTe) as the pressure-standard substances. CdSe 
and CdTe sharply change in their electrical resistances 
at 25 and 33 kbar respectively.19) 

QD 25 SO 7.5 10.0 
Average load pressure/kbar 

Fig. 2. Generated pressure at the center of anvil by 
measuring phase transitions of CdSe and CdTe. 

Figure 2 shows the pressure at the center of the 
sample at various load pressures, which are detected 
by means of the changes in the electrical resistances of 
CdSe and CdTe. The internal pressure at the center is 
about 4.5 times larger than the average load pressure, 
and the two pressures are correlated by a single straight 
line through the original point. I t has been concluded 
that the "pressure-multiplication effect" is independent 
of the press force in our pressure range. 

Figure 3 shows the pressure distribution on the anvil 
surface. In this experiment, the semi-conducting 
materials used were placed in a certain position in the 
acrylamide tablet. 

I t can be readily shown that the press force on the 
anvil surface is expressed by the following formulas: 

The force on the sample side, FBB, is: 

l2rcr.i>(r).dr. (2) 

The force on the hydraulic-ram side, Fr8 is: 

*Vs = ^ o b s d , (3) 

where r represents the radius of the anvil surface on the 
sample side; S1(=7tr2)9 S2, the surface areas of the 
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anvils on the sample side and the hydraulic-ram side 
respectively; and Pobsd* t n e pressure as measured by 
means of a pressure gauge installed at the hydraulic-ram 
as the load unit. Moreover, one function, P(r), is the 
pressure distribution on the anvil surface. 

Theoretically 

=F"=S 2jtr-P(r).dr=S2Poh8d. W 

Instead of Pob8, the average load pressure on the anvil 
surface, Pa v , as defined by Eq. 4, we obtain: 

^ a v obsd (•skto) 

{^r.PW.dr/P^S^l. 

(5) 

(6) 

Since SJS1 = 62.7 and r = 6 - m m in our apparatus, the 
calculation of Eq. 6 gives 1.294/1.131 = 1.1 4^=T1, where 
it has been assumed that the pressure distribution, P(r), 
is a linear function in the three divided regions, as is 
shown on the right-hand side of Eq. 3. Therefore, 
the value of PKV defined by Eq. 5 has been used as a 
pressure parameter in the foregoing discussion unless 
otherwise stated. 

The distribution of pressure in the compressed 
material is evidently complicated when the mechanical 
shearing stress is loaded (that is, the central platen is 
rotated). At present, it is impossible to measure directly 
the distribution of pressure in that case. Although there 
is, therefore, no definite evidence, it seems reasonable 
to assume from the following considerations that the 
pressure distribution becomes uniform as a result of 
the plastic flow. 

In general, the mechanical strengths of the organic 
substances are dependent on their modifications, which, 
of course, have different crystal structures; therefore, 
the curve of the shearing strength should change on 
passing from one modification to the other. 

We have also tried to investigate the effect of the 
pressure on the shearing strength of naphthalene ; some 
typical shearing curves are shown in Figs. 4 and 5. In 
this experiment we undertook to squeeze a purified 
single crystal of naphthalene in the direction of the 
c-axis and to rotate the central platen by 1 rad/h 
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Fig. 4. Shearing curve for naphthalene by using anvil 
of 5 mm diameter. 

Average load pressure/kbar 

Fig. 5. Shearing curve for naphthalene by using anvil of 
12 mm diameter. 

TABLE 1. TRANSITION PRESSURE AND SHEAR 

FORCE OF NAPHTHALENE 

Anvil diameter Pressure 
mm 

Experimental values 12 
12 
5 
5 

Literature values 
Bridgman20) 5 

5 
Gonikberg10) 4.8 
Enikolopyan4) 4, 5, 10 

kbar 

25*> 
30 

23—27° 
30 

25—30° 
50 

25—27° 
30 

Shear force 
kg cm -2 

1.1—1.2 XlO3 

1.5X103 

0.9—1.1 xlO3 

1.35 xlO3 

4.2 XlO3 

2.0—2.3x10 s 

1 .3x l0 3 

a) Transition pressure. 

( 1 °/min) at room temperature by means of a manual 
stroke. The shear stress applied to the sample was 
calculated from Eq. 1 by assuming r'=r. 

The curves exhibited a characteristic variation at 
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about 25 kbar, which corresponds to the phase-transition 
of naphthalene. The results of such measurements are 
summarized in Table 1, together with the li terature 

values. 
Under ideal conditions such a transition should be 

accompanied by a sharp discontinuity in the shearing 
force itself, but because the pressure is not perfectly 
uniform over the anvil surface, the transition is spread 
over the interval of the mean pressure. Wi th simul­
taneous mechanical deformation, the pressure distribu­
tion on the anvil surface would not be so sharp as in 
Fig. 3. I t can be seen that the mechanical shear force 
induces a flattening of the distribution curve and that 
the distribution approaches a uniform state by its 
plastic flow if the rotation of the central platen is 
appropriate. Considering that our finding agree with 
the literature value, regardless of the anvil size, it 
seems reasonable to conclude that the pressure distribu­
tion in the organic sample on the anvil surface is almost 
uniform when mechanical shear force is applied. 
Therefore, nominal load pressures, as evaluated from 
Eq. 5, are defined as the operative and the effective 

pressures. 
The above discussions are based on the results for 

acrylamide and naphthalene. However, it is probable 
that many organic compounds show the same behavior. 

React ion of A c r y l a m i d e 

Experimental Acrylamides were allowed to react 
at a high pressure (HP) combined with simultaneous 
shear deformation (SSD). The apparatus described 
in the preceding chapter will be abbreviated below as 
H P + S S D . In this experiment, the reactions proceeded 
at the constant shearing velocity (the rotat ion speed 
of the central platen) of 2.51 rad/h (2.4°/min) at room 
temperature unless otherwise stated. Therefore, 1 h of 
reaction time corresponds to a rotat ion angle of the 
central platen of 300°. 

A commercial sample of acrylamide was purified by 
repeated crystallizations from a benzene solution and 
was finally vacuum-dried at room temperature for over 
24 h. The purity of this acrylamide was proved by its 
melting point to be 84.5—85.0 °G. 

A sample tablet was obtained from the purified 
acrylamide powder by preforming in a N 2 s tream. T h e 
preforming pressure was about 5 kbar. The sample 
tablet was placed into the H P + S S D apparatus , and 
the experiment was carried out at the desired pressure. 

The ESR data were obtained by rapidly inserting the 
sample into the ESR cavity immediately after the 
H P + S S D experiment. The concentrations of free-
radicals were determined by integrations of the spectra 
and by subsequent comparison with those of 1,3,5-
triphenylverdazyl as references. 

A sample sheared at a high pressure was extracted 
from a large amount of methanol for separating into 
soluble and insoluble fractions. The insoluble fraction 
was dried in vacuo at room temperature to a constant 
weight, and the conversion was determined. The 
identification of the product took place by means of 
measurements of the melting point, the I R spectrum, 

the X-ray diffraction pat tern, and the intrinsic viscosity. 
T h e molecular weight of the product (Polyacrylamide, 

as will be described below) was determined, by means 
of the following relations, from the viscosity da ta 
obtained from the Ubbelohde viscometer at 25 °C:21> 

[?]&° = 3 .73xlO-W°- 6 6 

[ ? ] & o = 4 . 6 5 X 1 0 - W r 4 . 

Results and Discussion. Judg ing from the following 
experimental evidence, acrylamide was clearly poly­
merized under conditions of H P + S S D . First of all, 
the product did not show a definite melting point. 
Secondly, the I R spectra of the product were the same 
as those of commercial Polyacrylamide, while the I R 
spectra of the dissolved fraction in methanol were 
identical with those of the acrylamide monomer. 
Thirdly, when the X-ray diffraction patterns of the 
acrylamide monomer were compared with those of the 
product , the product was shown to be in an amorphous 
state. Therefore, we concluded that the product of this 
reaction was amorphous Polyacrylamide. 

Fig. 6. Time dependence of radical concentrations at 
room temperature. 
0 5 kbar, 4.54 rad; O 1 0 k b a r> 2 - 2 7 r a d -

The curve of the ESR signal yields a resolved three-
peak system, about 64 G wide, with the central peak 
twice the height of the outer ones. No other signals 
could be identified under our experimental conditions. 
Such a signal corresponded well to that of the growing 
Polyacrylamide radical reported by Alder and his 
collaborators.22) Evidently, therefore, the reaction of 
acrylamide under the conditions of H P + S S D is a 
free-radical polymerization or depolymerization ; in 
other words, the mechanochemical reaction of acryl­
amide proceeds via a free-radical mechanism. Figure 6 
shows its t ime-dependence at room temperature . The 
resulting radicals are fairly stable for a long period. 
Morawetz and Fadner23) have reported that the radical 
concentration obtained by y-ray irradiat ion in the solid 
state was reduced to 6 7 % after 60 h at 25 °C. We 
concluded, from our similar results shown in Fig. 6, 
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that the strain in the sheared sample disappears for 
periods up to several hours after the mechanical stress 
or static pressure is removed. 

It is instructive to compare the experimental data 
with the time-dependence of the expected radical decay. 
If bimolecular radical termination is assumed, 

- d [ R . ] / d * = * 2 [ R . p . (7) 

This leads to a radical decay of the form : 

k2t=\/[R.]- 1/[R.]0, (8) 

and if unimolecular spontaneous termination is assumed, 

-d[R.] /d^ = ^ [ R . ] . (9) 

This leads to a radical decay of the other form : 

* x *=ln[R. ] 0 / [R. ] . (10) 

The experimental data obtained are plotted in Figs. 7 
and 8 as suggested by Eqs. 8 and 10. The initial parts 
of the time-dependence curves were satisfactorily 
expressed by Eq. 8, and the rate constants, k2, were 
evaluated from the slopes of the straight line as 2.97 x 
10 - 2 0 g sp in - 1 h _ 1 for the radicals generated at 10 kbar 
and as 1.47 x 10 - 2 0 g sp in - 1 h _ 1 for those generated at 
5 kbar. 

However, the hypothesis of chain termination by 
mutual recombination can be ruled out over the whole 
experimental range. Equation 10 is apparently verified 
in the range, as is shown in Fig. 8. Therefore, the 
hypothesis of a first-order termination of the chains, 
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Fig. 7. Reciprocal of free radical concentration as a 
function of time. 
% 5 kbar, 4.54 rad; Q 10 kbar, 2.27 rad. 
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deactivated by steric hindrance or by the fact that the 
free-radical site is "bogged down" in the mass of the 
polymer formed, is generally applicable. 

The conversion of acrylamide to polymer was 
negligible without the application of mechanical shear 
force. 

Figure 9 shows the relation between the conversion 
and the shearing degree at 5, 10, and 15 kbar pressures. 
The relation between the shearing degree and the 

0 T\ 2ÏÏ 

Shearing degree/rad 

Fig. 9. Relation between conversion and shearing degree 
at various static pressures. 
% 5 kbar; O kbar; 3 15 kbar; Q at different (twice) 
shearing speed. 

TABLE 2. MOLECULAR WEIGHT OF THE PRODUCT POLYMER AND THE NUMBER OF POLYMER 

MOLECULES AND FREE RADICALS IN A GRAM OF THE SHEARED SAMPLE 

Pressure 
kbar 

5 
5 
5 

10 
10 
15 

Shearing 
rad 

2.27 
4.54 
6.81 
2.27 
4.54 
2.27 

Degree 
o 

130 
260 
390 
130 
260 
130 

Mv 

viscosity-average 

175000 
59000 
61000 

132000 
68000 
67000 

Mn 

number-average 

180000 
59000 
61000 

135000 
68000 
62000 

Polyacrylamine 
molecule g_1 

7.62X1017 

7.64X1018 

2 .77x10" 
7.50X1018 

Free radical 
spin g_1 

2.66X1017 

2 .56x10" 

1.29x10" 
4 .25x10" 
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conversion showed a £-type curve and was somewhat 
analogous to a typical solid-phase reaction. Further­
more, the shearing velocities were independent of the 
conversion in our experimental region. 

Table 2 shows the molecular weight of Polyacrylamide 
as obtained by H P + S S D , together with the concentra­
tions of the polymer and of the radical in sample layer, 
as evaluated from the Mn and ESR data . The molecular 
weight of the polymer obtained by H P + S S D was 
considerably lower than those of the Polyacrylamides 
obtained commercially and by radiation-induced solid-
phase polymerization.21) The order of concentration 
of the polymer was, however, the same as that of the 
radicals in the sample layer. These facts suggest that 
the radicals identified by ESR are almost all reacting 
polymer radicals, as in the preceding discussions. This 
table also suggests that Polyacrylamide degrades at a 
later stage of the H P + S S D reaction, judging from the 
facts that the molecular weight becomes much lower 
with the increase in the shearing degree. It can be 
roughly concluded from this table that the mechano-
chemical degradation of Polyacrylamide affects this 
type of reaction in the range of large shear deformations. 

The authors wish to thank Dr. Akifumi Onodera of 
Osaka University for helpful advice on the measurement 
of the pressure distribution and Dr. Yozo Miu ra of 
Osaka City University for the ESR studies. 
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Synergistic Solvent Extraction of Alkali Metal Picrates by Crown Ethers 
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The solvent extraction of rubidium and caesium picrates has been studied between benzene and water at 25 °G 
in the presence of tri butyl phosphate (B), 12-crown-4 (12G4), 15-crown-5 (15G5), or both B and 15G5, and the 
complex-formation constants for the synergistic reactions in the benzene solution have been calculated. For both 
rubidium and caesium, the sequences of the complex-formation constants for these ligands are B<12C4<15C5, 
indicating that the complex-formation constant increases with an increase in the number of the donor oxygen 
atoms of the ligand. The complex-formation constant of rubidium is greater than that of caesium in every system. 

For the rigid crown ethers such as 12-crown-4 (12C4), 
15-crown-5 (15C5), and 18-crown-6, in a crown ether 
complex with a metal ion whose size is larger than the 
cavity size of the crown ether, the metal ion is located 
part ly outside the plane of the crown ether ring. Thus, 
the exposed par t of the metal ion can interact strongly 
with another crown ether or a neutral donor solvent 
in a solution; e.g., benzo-15-crown-5 and dibenzo-18-
crown-6 (DB18C6) form 2 : 1 complexes with rubidium 
and caesium ions.1) 

The solvent extraction of alkali and alkaline earth 
metal ions with crown ethers has been widely inves­
tigated in terms of thermodynamics10»2) and analytical 
chemistry.3) However, few synergistic effects for alkali 
and alkaline ear th metal ions in the crown ether-
neutral donor extractant system have been reported. 

In the present study, the solvent extraction of rubid­
ium and caesium picrates has been studied between 
benzene and water in the presence of 12G4, 15G5, or 
both tributyl phosphate (B) and 15C5, and the complex-
formation constants for the synergistic reactions in the 
benzene solution have been calculated in order to 
compare the synergistic effects due to the crown ethers 
with those due to B. 

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

Materials. 12G4 and analytical-grade B were obtained 
from Wako-Pure Chemicals, Ltd., and 15G5 from Nisso Co., 
Ltd. They were used without further purification. The 
concentrations of the alkali metal hydroxides and picric acid 
solutions were determined by means of acid and basic titrations 
respectively. Benzene (analytical-grade) was washed twice 
with distilled water. 

Apparatus and Procedure. An aqueous phase contained 
the alkali metal hydroxide (4.4x 10"3—2.Ox 10"2 M; 1 M = 
1 mol dm-3) and the picric acid (2.0X 10"3—l.Ox 10~2 M). 
An organic phase contained one of the extractants (B : 9.4 x 
10-2—9.9x1 O ^ M , crown ether: 4.9X 10"2—7.5 x ÎO"1 M), 
or both B (6.8 X 10"2—8.0 X 10"1 M) and the crown ether 
(4.8X 10"3—5.8 X 10"2M). The two phases in stoppered 
glass tubes (30 ml) were shaken in a thermostated water 
bath for approx. 30 min at 25 ±0.2 °G and then centrifuged. 
The initial volume of each phase was 10 ml in all cases. A 
portion of the aqueous phase (8 ml) was transferred into a 
10-ml beaker, and the hydrogen ion concentration was 
determined by a Hitachi-Horiba F-5 pH meter. The extrac­
tions were conducted at pH 8.2—11.8. The picrate in the 
organic phase was back-extracted into 8 ml of a 0.01 M 
NaOH aqueous solution, and the picrate concentration was 
determined at 356 nm by means of a Shimadzu UV-200 

spectrophotometer (e= 1.45 X 104 cm - 1 M_ 1). 

R e s u l t s 

When equilibrium occurs between an aqueous 
solution of a univalent metal ion (M+) and a picrate 
ion ( A - ) , and a benzene solution of B, a crown ether 
(L), or both B and L, the equilibrium constants may 
be defined by the following equations : 

A'ex(MB3A) = [MB3A]0[H+]/[M+][B]3[HA]0 (1) 

#ex(ML2A) = [ML2A]0[H+]/[M+][L]?[HA]0 (2) 

#ex(MLBA) = [MLBA]0[H+]/[M+][L]0[B]0[HA]0 (3) 

* D , L = [L]0/[L] (4) 

# M L = [ M L + ] / [ M + ] [ L ] (5) 

# e x(HA) = [HA]0/[H+][A~], (6) 

where the subscript " o " means organic and the lack 
of a subscript refers to the aqueous phase. The value 
of ^eX(HA) was spectrophotometrically determined 
to be 247. For the B system the distribution ratio 
of the metal may be represented by 

D = [MB3A]0/[M+]. (7) 

The substitution of Eqs. 1 and 6 into Eq. 7 gives 
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Fig. 1. Plots of log(Z>/[A-]) vs. log[B]0 for the B system. 
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D = iTex(MB3A)/Cex(HA) [B] »[A-]. (8) 

The log (£>/[A-]) vs. log [B]0 plot in Fig. 1 shows a 
straight line with a slope of 3 in each case, indicating 
that the üfex(MB3A) in the present study can be de­
scribed by Eq. 1. The value of [B]Q in Eq. 8 was 
considered to be approximately equal to that of [B] t 

under the present experimental conditions and that of 
[A - ] calculated from Eq. 9 : 

[A-] = [HA], - [MB3A]0, (9) 

where the subscript " t " denotes the total concentration. 

Fig. 2. Plots of log(D/[A-]) vs. log[L]0 for the 12C4 
system. 

For the 12G4 system D may be represented by 

D = [ML2A]0/([M+] + [ML+] + [ML,+]). (10) 

In the case of [M+]>[ML+] + [ML2+], Eq. 10 becomes 

D = J C „ ( M L , A ) J : „ ( H A ) [ L ] ; [ A - ] . (i i) 

T h e log (Z)/[A-]) VS. log [L] 0 plot in Fig. 2 shows a 
linear relationship with a slope of 2 in each case, indicat­
ing that 12C4 forms a 2 : 1 complex with the mono­
valent metal ion. The values of [L] 0 and [A - ] in Eq. 11 
were calculated from Eqs. 12 and 13 respectively: 

[L]0 = ([L] t - 2[ML2A]0)/(1 + JTD>L-i) (12) 

(*D,L = 0 - 1 5 f o r 12C44>) 

[A-] = [HA] t - [ML2A]0. (13) 

For the 15C5 system D may be described by Eq. 10. 
In the case of [M+] + [ML+]>[ML 2 +] , Eq. 10 becomes 

D = * „ ( M I ^ ) t f „ ( H A ) [ L ] ; [ A - ] / 

(1 + / W C D . I T T O O ) . (14) 

The log {Z)(l+iC1IJ«:D.L-1[L]o)/[A-]>itf. log [L] 0 plots 
of both R b and Gs in Fig. 3 fall on the straight lines 
with a 2 slope. Thus, the extraction equil ibrium can 
be represented by Eq. 2. The values of [L] 0 and [A - ] 
in Eq. 14 were calculated from Eqs. 15 and 16 respec­
tively : 

-1.5 -1.3 
log [L]0 

Fig. 3. Plots of l o g ^ O + J T M ^ ^ t l J J / t A - ] } vs. 
log[L]0 for the 15C5 system. 

[L]0 = ([L] t - 2[ML2A]0)/ 

(1 + Z W 1 + ^ I O A D . L - 1 [ M + ] ) , (15) 

( ^ D , L = 0 - 1 5 6 for 15C5;2b> tfML=4.2 and 6.3 for R b 
and Cs respectively5)) 

[A-] = ([HA] t - [ML2A]0)/ 

{l + (*HA+*ex(HA))[H+]}, (16) 

where Kn/L is the association constant of picric acid 

(*HA=1.9.6>). 
When both 15C5 and B exist in the extraction 

system, D may be represented by 
D = [MLBA]0/([M+] + [ML+]). (17) 

The substitution of Eqs. 3, 4, 5, and 6 into Eq. 17 gives 

D = tfex(MLBA)/Cex(HA)[L]0[B]0[A-]/ 

(i + JC K I / :D.L- 1 [L]O) . (is) 

The log • C Z ) ( 1 + - Ä : 1 I L ^ D . L - 1 [ L ] O ) / [ A - ] } VS. log [L] 0 and 

log [B]0 plots are illustrated in Figs. 4 and 5 respectively. 
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-1.0 -0.5 0 

log[B]0 

Fig. 5. Plots of log{D(l+KULKD>h-i[L]0)l[A-]} vs. 
log[B]0 for the 15C5-B system. 

It may be noted from Figs. 4 and 5 that, in each case, 
the plots of both R b and Cs have a slope of 1. Thus, the 
.ÄTex(MLBA) in the present study can be described by 
Eq. 3. The value of [B]0 in Eq. 18 was considered to 
be nearly equal to that of [B] t under these experimental 
conditions, and those of [L] 0 and [A~] were calculated 
from Eqs. 19 and 20 respectively: 

[L]0 = ([L] t - [MLBA]0)/ 

(l+ifD(L-i+XMLiCD>L-1[M+]), (19) 

[A-] = [HA] t - [MLBA]0. (20) 

The extraction equil ibrium constants obtained from 
these da ta are summarized in Table 1, together with 
those from the literature. 

TABLE 1. EXTRACTION EQUILIBRIUM CONSTANTS AT 25 °C 

log/<:ex(MB3A) 
logtfex(MLBA) 
log#ex(ML2A) 

logü:ex(MLA) 

15C5 
12G4 
15C5 
DB18C61C> 
12C44> 
15C52C> 

DB18C61C> 

Rb+ 

- 2 . 2 6 
0.56 

- 0 . 2 9 
2.15 
4.11 

- 2 . 1 0 
- 0 . 2 5 

1.36 

Cs+ 

- 2 . 1 4 
0.19 

- 0 . 6 4 
1.48 
3.21 

- 2 . 1 8 
- 0 . 4 9 

0.68 

Discussion 

As can be seen from Table 1, the log A"ex(MB3A) 
value of R b + , which is more strongly hydrated than 
Cs+, is smaller than that of Gs+. O n the contrary, for 
the MLA, MLBA, and ML 2 A systems, Rb+ is more 
extractable than Cs+. In the cases of 12C4 and DB18C6, 
the extractabilities and the difference in the extract-
abilities of Rb+ and Gs+ are enhanced in going from 
the M L A system to the ML 2 A one, and, in the case of 
15G5, those increase in the system order M L A < 
M L B A < M L 2 A . 

When M L A forms MLBA and ML 2 A with B and L 

in the organic phase, the equilibria can be written as 

Eqs. 21 and 22 respectively: 

MLA0 + B0 <=z MLBA0 

*MLBA,O = *ex(MLBA)/tfex(MLA) 

= [MLBA]0/[MLA]0[B]0 (21) 

MLA0 + L0 <==> ML2A0 

*ML,A.O = *ex(ML2A)/tfex(MLA) 

= [ML2A]0/[MLA]0[L]0, (22) 

where A"MLBA,O and A^ML.A.O are the formation constants 

for the MLBA and the ML 2 A complexes in a benzene 
solution respectively; they are given in Table 2. 

T A B L E 2 . C O M P L E X - F O R M A T I O N C O N S T A N T S F O R S Y N E R ­

G I S T I C REACTIONS IN A BENZENE SOLUTION AT 2 5 ° C 

Rb+ Cs+ 

log^MLBA,o 

iog^ML.A.o 

15C5 
12C4 
15C5 
DB18C61«0 

0.81 
1.81 
2.40 
2.7 

0.68 
1.54 
1.97 
2.5 

I t has been reported that in the benzene-water 
system at 2 0 ± 2 °C the extraction of Cs+ is enhanced 
by a factor of 60 with a mixture of 2-thenoyltrifluoro-
acetone (HTTA) and B compared with that by H T T A 
alone, and that the formula for the extracted species is 
Cs(TTA)B2;7> in the present study, the extraction is 
enhanced by a factor of only 4.8 with a mixture of 
15G5 and B compared with that by 15G5 alone (Table 
2). The large difference in the synergistic effects of 
the H T T A and the 15G5 systems may chiefly depend 
on the fact that the H T T A complex has more B than 
the 15G5 complex. There were no appreciable syn­
ergistic effects for the Na+ and the K+-15C5-B systems. 
Since a cation whose size exceeds the cavity size of the 
crown ether cannot get into the plane of the oxygen 
atoms of the crown ether, for the 15G5 complex, Rb+ 
(crystal ionic radius: 1.48 Â8>) and Cs+ (crystal ionic 
radius : 1.69 Â8>) may protrude from the plane of 15C5 
(cavity radius : 0.85—1.1 Â9>) much more than Na+ 
(crystal ionic radius : 0.95 Â8>) and K+ (crystal ionic 
radius: 1.33 Â8)). Consequently, the 15C5 complexes 
with RbA and CsA may easily accept a B molecule, 
while, it may be very difficult for those with NaA and 
KA. 

I t may be noted from Table 2 that the complex-
formation constant of Rb+ is greater than that of Cs+ 
in every system. For the MLBA system, this may be 
at tr ibuted to the higher charge density of Rb+ compared 
with that of Gs+. For the ML 2 A system, this may be 
due to the fact tha t Rb+ has higher charge density 
than Cs+, and moreover that Rb+ has a more opt imum 
size for each of the cavities of these crown ethers (cavity 
radius: 12C4 (0.5—0.65 A»)), 18C6 (1.3—1.6 Â9>)) than 
Cs+. 

The sequences of the number of the donor oxygen 
atoms for these ligands are B < 1 2 C 4 < 1 5 C 5 < D B 1 8 C 6 . 
The small number of the donor oxygen atoms of B 
may be the reason why, in each case of Rb+ and Cs+, 
the complex-formation constant value of MLBA is the 
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smallest of all the complexes (Table 2). For the crown 
ethers, in each case of Rb+ and Cs+, the accommodation 
of the metal ion into the crown ether cavity and the 
complex-formation constant value increase in the 
crown ether order 12C4<15C5<DB18C6 (Table 2). 
These results indicate that, for the same alkali metal 
ion, the larger the number of the donor oxygen atoms 
of the crown ether and the more closely the metal 
ion fits into the crown ether cavity, the greater is the 
complex-formation constant value. 

The author thanks Mr . Yasumasa Hirasawa of this 
laboratory for his experimental assistance. 
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Shock Tube Studies of the Acetylene and Ethylene Pyrolysis 
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Absorption measurements at 216 and 230 nm of shock heated C2H2, C 2H 2+H 2 , and C2H4 diluted in Ar were 
made over the temperature range 1800 K to 2600 K at half of atmospheric pressure. Absorptivities were evaluated 
for C4H2, which is the main product of C2H2 pyrolysis, as well as for C2H2 and C2H4. The relative value of C4H2 

absorption was confirmed to decrease with the presence of H2 in accordance with a computer modeling result 
using a 25-reaction mechanism. The time profile of C4H2 absorption could be modeled well with k= 1012-4 cm3 

mol-1 s-1 for the reaction H 2 + C 2 H = C 2 H 2 + H . 

The pyrolysis of C 2H 2 in shock waves has been 
studied by many workers and has become explainable 
through computer modeling with a rather definite 
reaction mechanism. 

Recently, two groups studied the C 2H 2 pyrolysis 
using real-time kinetic absorption spectroscopy and the 
laser schlieren method. Frank and Just1) measured the 
[H] profile in the C 2H 2 pyrolysis by atomic resonance 
absorption spectroscopy (ARAS) in mixtures of C 2H 2 

highly diluted in Ar to p p m order and evaluated the 
initiation reaction rate constant in the low pressure 
region. Tanzawa and Gardiner2) did laser schlieren 
experiments on the C 2H 2 pyrolysis. They proposed 
a reaction mechanism, in which the experimental 
results obtained by T O F mass spectroscopy3-4) and 
single pulse shock tube5) as well as their laser schlieren 
results were analyzed by computer modeling studies. 
Their later efforts6) led them to a final mechanism 
which accords with almost all of the experimental 
results from 625 to 3400 K. 

The new mechanism of the C 2H 2 pyrolysis so derived 
is expected to improve the C 2 H 4 pyrolysis mechanism, 
because C 2H 4 decomposes to C 2H 2 and H 2 by a molecu­
lar reaction very rapidly in the high temperature 
region.7) 

Cundall et al.8> studied the C 2H 2 and G2H4 pyrolysis 
in shock waves by absorption spectroscopies with Xe-
lamp and H e - N e laser. T h e reaction mechanism used 
by them was rather primitive and the values of heat 
of formation for C 2H and polyacetylene radicals are 
subject to correction,1-2>9) though they could obtain 
qualitative information about soot formation. 

The present paper is concerned with the C 2H 2 and 
C 2H 4 pyrolysis behind incident shock waves. The 
reaction features were examined by U V absorption at 
216 and 230 n m and were interpreted more quanti tat ive­
ly by the computer modeling with a refined mechanism.6) 

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

The shock tube used in this study has been described in 
detail already.10) 

The light from a D2-lamp (Hamamatsu-TV, L544) or 
Xe-lamp (Ushio, UXL500D), made parallel with a quartz 
lens, was measured using a photomultiplier (Hamamatsu-TV, 
R208) with a monochrometer (Jarrell-Ash, JE25) after passing 
through two shock tube windows. The output from the 
photomultiplier was displayed on an oscilloscope (Tektronix, 
7603). 

The signal from piezo-gauges mounted on the shock tube 
every 10 cm was detected by a universal counter (Takeda-
Riken, TR5002). Shock temperature was calculated from 
the measured shock velocity assuming full relaxation and no 
chemical reaction. 

Gases used were 99.7% pure G2H2 and 99.6% pure C2H4 

purchased from Takachiho and 99.999% pure Ar from Nippon 
Sanso. All gases were used without further purification. The 
test gas was prepared in a 20 1 glass bulb manometrically and 
used after more than 48 h mixing time. The test gas com­
positions are shown in Table 1. 

TABLE 1. MEASURED A AND MODELED [C4H2] AND 

[C6H2] AT 2000 K IN EACH TEST GAS MIXTURE 

(cm and mol units) 

No. 

1 
2 
3 

Gas composition in Ar 

3.2% G2H2 

2 .0%C 2 H 2 / 2 .3% 
4.0% C2H4 

H2 

A 

1.11 
0.26 
0.94 

[C4H2]/10-» 

15 
4.3 

10 

[C6 HJ/10-™ 

11 
1.1 
2.0 

The test section of the shock tube was evacuated to less than 
10 -4 Torr before each run. Neither emission from C2H2 or 
C2H4 in Ar mixtures nor absorption by Ar was observed 
under the present experimental conditions. (1 Torr= 133.322 
Pa) 

Computer modeling was done using the program mentioned 
previously.10) The flow model used for reflected shock waves 
was modified and a constant density calculation was adopted.11) 
Thermochemical properties of the species which appear in 
the reaction mechanism were taken from the JANAF 
thermochemical table 12> or other available sources.9'13»14) 

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

A sample oscillogram of the U V absorption (216 nm, 
3.2% G2H2 in Ar, and P 2 = 0 . 3 5 atm) is shown in 
Fig. 1. We evaluated absorptivities of C2H2 and C 2H 4 

from the absorption at the shock front for two wave­
lengths, 216 and 230 nm, by using the following defini­
t ion: 

a = ln(/0//)/[C]0A/, 

where I0=incident light intensity, 7 = transmitted inten­
sity at the shock front, [ C ] 0 = G 2 H 2 or C2H4 concentra­
tion at the shock front, and </= optical path length 
(7.2 cm) . T h e obtained a values of C 2H 2 and C2H4 

are shown in Figs. 2a and 2b. 
Acetylene shows an absorption due to the electronic 

transition X-»A in the wavelength region 210—237 
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Fig. 1. A representative profile of transmitted D2-lamp 
intensity for 3.2% C2H2 in Ar mixture, :T2=2084K, 
and P2=0.35 atm. 

4.0 5.5 A.5 5.0 
io4 r-VK-1 

Fig. 2a. Temperature dependence of C2H2 absorptivity 
at 216 and 230 nm with D2-lamp. The symbols are as 
follows. 
O : for 3.2/96.8=G2H2/Ar at 216 nm, 0 : for 2.0/2.2/ 
95.8=C2H2/H2/Ar at 216 nm, © : for 3.2/96.8=G2H2/ 
Ar at 230 nm. 
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Fig. 2b. Temperature 
at 216 and 230 nm. 
3 : for 4.0% G2H4 

® : for 4.0% G2H4 

A : for 4.5% G2H4 

A : for 4.5% G2H4 

Data taken with Xe 
order wavelengths 

dependence of G2H4 absorptivity 
The symbols are as follows, 
in Ar with D2-lamp at 216 nm, 
in Ar with D2-lamp at 230 nm, 
in Ar with Xe-lamp at 216 nm, 
in Ar with Xe-lamp at 230 nm. 
-lamp were corrected for higher-

nm.15) In comparison with C2H2 C 2H 4 has greater 
absorptivity in this region, though no absorption which 
can be attributed to an electronic transition is reported 
for C2H4.15) Figures 2a and 2b show that the absorp-
tivities of C 2H 2 and C 2H 4 at 216 nm are larger than 
those at 230 nm in the temperature range measured. 

This may imply that the absorption of C 2 H 4 at 216 nm 
is at t r ibuted to an extended transition of X—»A. Since 
the wavelength 230 nm is too far from the wavelength 
region of the X—>A transition, the absorption at 230 nm 
may not be the extended transition. No clear explana­
tions of the C 2 H 4 absorption at 230 nm at these high 
temperatures can be given only on the basis of the 
present experimental results. 

The a values of C 2H 2 and C 2 H 4 increase slightly 
with increasing temperature, in contrast with the 
reported a values of GH 3 which have the opposite 
behavior.16»17) Similar observations are reported 
recently for 3.39 a m H e - N e laser absorption of small 
hydrocarbons, i.e., the infrared a values of C 2H 2 and 
C 2 H 4 increase with increasing temperature, while those 
of the alkanes decrease with increasing temperature.18»19) 

The absorption measurement at 216 n m was employed 
to study ethane decomposition and C H 3 recombination 
in shock waves.16»17) The results shown above imply 
that the absorption at 216 n m is not only due to C H 3 

but also to C 2H 2 and C2H4 . For alkane pyrolysis 
measured at high temperatures, C H 3 is usually formed 
at an early stage of the reaction and C 2H 2 and C 2H 4 

gradually accumulate afterwards. The absorption at 
216 nm at the early stage of alkane pyrolysis represents 
the features of C H 3 alone ; the later absorption begins 
to show aggregate features of CH 3 , C2H2 , and C2H4 . 
O u r trial runs for the C 2 H 6 pyrolysis measured by 
230 nm absorption, on the other hand, showed neglibible 
absorptivity for C H 3 at the 1st stage of the pyrolysis. 
This result and the above may explain why we selected 
216 and 230 nm absorptions to study the C 2H 2 and 
C 2 H 4 pyrolysis. T h e computer program, which incor­
porates these absorptivities for C 2H 2 and C 2 H 4 at 216 
and 230 nm and the absorptivity for C H 3 at 216 nm, 
may solve the alkane pyrolysis measured at the two 
wavelengths by a procedure similar to that adopted 
in the C 2 H 6 and C 3 H 8 pyrolysis studies monitored by a 
3.39 a m H e - N e laser.14»20) 

The oscillogram of Fig. 1 shows that the absorption 
increases almost linearly after the absorption at the 
shock front and finally reaches a high plateau value. 
The plateau absorption A was defined by A=ln(I0IIt)9 

where If is the transmitted light intensity at the plateau 
and I0 the incident light intensity. In Fig. 3, the relative 
A value or the value of A divided by the shock front 
concentration of [C 2 H 2 ] 0 or [C 2 H 4 ] 0 are shown vs. IO4/ T. 

H 5 .0 

*o 
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B 
^ 1 .0 

^ 0 . 5 

4.0 4 . 5 5.0 5 . 5 
104 r - V K - 1 

Fig. 3. Temperature dependence of relative steady 
absorption at 216 and 230 nm. The symbols are as 
in Figs. 2a and 2b. 
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In this case, the relative values are free from the choice 
between the two wavelengths, 216 and 230 nm, but the 
values show distinct mixture dependence, splitting into 
two groups as shown in Fig. 3. Searches for the chemical 
species which are responsible for the plateau absorption 
were made by the computer modeling, adopting the 
reaction mechanism shown in Table 2. 

T A B L E 2. REACTION MECHANISM AND RATE CONSTANTS 

k=A exp(—E/RT) (mol, cm, s, and kcal units) 

Reaction 

1) C 2 H 4 + M = C 2 H 2 + H 2 + M 
2) C 2 H 4 + M = C 2 H 3 + H + M 
3) C 2 H 4 +C 2 H 4 =C 2 H 3 +C 2 H 5 

4) C 2 H 4 + H = C 2 H 3 + H 2 

5) C 2H 3+C 2H 4=C 4H 6 + H 
6) C 2 H 3 + H = C 2 H 2 + H 2 

7) C 2 H 6 + M = G 2 H 4 + H + M 
8) C 2 H 2 + M = C 2 H + H + M 
9) C 2 H 2 +C 2 H 2 =C 4 H 3 +H 

10) C 2 H 3 + M = C 2 H 2 + H + M 
11) C 2 H 2 +C 2 H 3 =G 4 H 4 +H 
12) C 4 H 4 +C 2 H=C 4 H 3 +C 2 H 2 

13) C 2 H + H 2 = C 2 H 2 + H 
14) C 2 H 2 + C 2 H = C 4 H 2 + H 
15) C 4 H 3 + M = C 4 H 2 + H + M 
16) C 4 H 2 + M = C 4 H + H + M 
17) C 6 H 2 + M = C 6 H + H + M 
18) C 8 H 2 + M = C 8 H + H + M 
19) H 2 + M = 2 H + M 

log il 

17.4 
17.6 
14.8 
15.7 
12.0 
13.0 
15.3 
16.6 
12.3 
14.9 
13.2 
13.6 
12.4 
13.6 
16.0 
17.5 
16.7 
16.7 
12.4 

+ 0.5 log T 
20) C4H3-f H + M = C 4 H 4 + M 
21) C 2 H 2 + C 4 H = C 6 H 2 + H 
22) C 4 H 2 + C 2 H = C 6 H 2 + H 
23) C 2 H 2 + C 6 H = C 8 H 2 + H 
24) C 6 H 2 + C 2 H = C 8 H 2 + H 
25) C 4 H 2 + C 4 H = C 8 H 2 + H 

15.0 
13.6 
13.6 
12.0 
12.0 
12.0 

E 

79.3 
98.2 
64.0 
22.9 

7.3 
0. 

30.1 
106.5 
45.0 
31.0 
25.0 
0. 
0. 
0. 

60.0 
80.0 
80.0 
80.0 
92.6 

0. 
0. 
0. 
0. 
0. 
0. 

Ref. No. 

7 
7 

24 
7 

25 
14 
14 
1 
6 

25 
6 
6 

This work 
2 
2 
2 
2 
2 

26 

2 
2 
2 
2 
2 
2 

Acetylene radical and polyacetylene radicals can not 
be the absorbers; if they were, they must have large, 
temperature-dependent absorptivities. For example, the 
steady concentration of C2H at 2500 K is about 20 
times larger than that at 2000 K in 3.2% C2H2 in Ar 
mixtures. This means that the absorptivity of G2H 
decreases by a similar factor between the two tempera­
tures, because the A values are almost constant over 
the temperature range measured. We are unaware 
of any species having such large, temperature-dependent 
absorptivity. 

Table 1 shows the A values, obtained by a least 
squares fitting for the Aj[C]0 and 104/ T relation shown 
in Fig. 3, and the steady [G4H2] and [C6H2], obtained 
by the computer modeling, at 2000 K in different 
three mixtures. The ratios of the A values, Am/An, 
are not in accord with the [G']m/[C']n values, where 
subscripts m and n denote the mixture number shown 
in Table 1 and C is G4H2 or C6H2. Although these 
modeled [C4H2] and [G6H2] are subject to the values 
of heat of formation adopted, no clear-cut explanation 
with appropriate thermochemical data could be given. 

There is an electronic transition designated as X—»B 
over the wavelength range 200 to 265 nm for C4H2.

15> 
The reported C4H2 profiles in the C2H2 pyrolysis 
measured by TOF mass spectroscopy4) are similar to 
the absorption profile of Fig. 1. These results strongly 
support the conjecture that the steady absorption is 
mainly due to C4H2. The absorptivity of C4H2 was 
evaluated as: A (cm2 mol-1) = (1.1 ±0.3) X 107 at 2000 K 
and (1 .4±0 .2 )x l0 7 a t2500K. 

The plateau absorption shown in Fig. 1 indicates 
that the overall reaction of the C2H2 and C2H4 pyrolysis 
reaches an equilibrium under the present experimental 
conditions; this was confirmed also by the computer 
modeling. The primary reactions of the C2H2 pyrolysis 
in these temperature ranges are:6) 

H + G2H2 = H2 + G2H (-13) 

C2H + G2H2 = C4H2 + H. (14) 

Ethynyl, G2H, and H play roles as chain carriers in the 
reactions. An equilibrium between these species leads 
to an equilibrium for [G4H2] : 

[C4H2] = *_13/C14[C2H2MH2], 

where K_13 and K14 are the equilibrium constants of 
the reactions, ( — 13) and (14). The above equation 
is in accordance with the result shown in Fig. 3 that 
the presence of H2 inhibits the formation of C4H2, which 
is one of the precursors to soot.8) Relative A values in 
the C2H4/Ar mixture are smaller than those in the 
C2H2/Ar mixture. This result also can be explained in 
the same way. Ethylene decomposes by a molecular 
reaction fairly rapidly in this temperature range7) and 
forms C2H2 and H2 in equal amounts. Therefore, in 
the C2H4/Ar mixture, C4H2 is produced by the pyrolysis 
of C2H2 so formed in the presence of H2. The fact that 
the measured relative A values in the C2H4/Ar and 
C2H2/H2/Ar mixtures are similar to each other may 
support the above explanation. 

Figure 1 provides us with time parameters whose 
value can be used as a measure to estimate the overall 
rate of the C2H2 and C2H4 pyrolysis. In the conven­
tional manner, the induction time can be defined as: 
the time between the shock arrival and the foot of the 
linear absorption rise. If the absorptivity of C4H2 is 
exactly known, the threshold value of [C4H2] at the 
foot can be estimated and compared with the modeled 
[C4H2]. But there are still uncertainties in the C4H2 

absorptivity obtained above. Instead, we defined a 
parameter, tm: time between the shock arrival and the 
crossing point where the linear absorption rise and the 
steady absorption are extrapolated to each other. The 
parameter, tm, so defined is independent of the C4H2 

absorptivity. The modeled tm was evaluated from the 
C4H2 profile. First of all, we compared the measured 
tm with the modeled one using the mechanism and the 
rate constants in Table 2 except for the klz value in the 
C2H2/Ar mixture. As for the kls value, 1013-54 in Ref. 6 
was used. Figure 4 shows the relation between *m[C2H2]0 

or *m[C2H4]0 and 104/!Tfor the measured and modeled 
results. As is shown by the broken line, the modeled 
tm was found to be smaller than that measured by a 
similar factor over the temperature range measured. 
To confirm the correctness of the interpretations for thç 
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TABLE 3. SENSITIVITY SPECTRUM WITH PS VALUES*5 

4.0 5.0 5.5 4 .5 
io4 r-VK-1 

Fig. 4. /m[C2H2]0ortm[C2H4]ow. 10*/r. The symbols 
are the same as in Figs. 2a and 2b. The solid lines show 
modeled value using Table 2 mechanism and rate 
constants. The upper one is for G2H4/Ar mixture and 
the lower one is for both of G2H2/Ar and C2H2/H2/Ar 
mixtures. The broken line shows modeled value for 
3.2% C2H2 in Ar mixture using Table 2 mechanism 
and rate constants except for the k13 value: k13= 1013-63 

was used.6) 

Fig. 5. Comparison measured [H] profile1) with modeled 
ones. The circles are data points of measured [H] 
profile in reflected shock wave for 20 ppm in Ar mixture 
at r 6 =2450 K and [Ar]B=8.2x 10~6. The solid and 
broken lines are modeled values as are in Fig. 4. 

present experiment and modeling, another C 2H 2 

pyrolysis result was adopted for the modeling. 
Gas sampling problems due to boundary layer 

growth are present in the results obtained by the single 
pulse shock tube technique.21) Since T O F mass spectros­
copy may also have the same problems, we selected 
the results obtained by ARAS1) for the modeling. 
Figure 5 shows both the measured and the modeled 
[H] profiles. I t is clear that the modeled [H] increasing 
rate shown by the broken line is larger than the measured 
one, which is in accordance with the result obtained 
from Fig. 4, i.e., the modeled overall reaction rate is 
faster than the measured one. 

The first mechanism proposed by Tanzawa and 
Gardiner,2) which was derived to explain the high 
temperature pyrolysis of C 2H 2 in shock waves, could 
model the results of T O F mass spectroscopy3»4) and 
single pulse shock tube5) fairly well, whereas the new 
mechanism in Ref. 6 gave rather poor modeling results. 
The new mechanism in Ref. 6 seems to have an improper 

Reaction 

C 2 H 2 + M = C 2 H + H + M 
G 2 H 2 +C 2 H 2 =C 4 H 3 +H 
C 2 H + H 2 = C 2 H 2 + H 
(J2rl2 -|- G 2 H = C4H5J -)- H 

C 4 H 2 + M = C 4 H + H + M 

*m 

- 8 / - 5 d ) 

- 8 / - 5 
- 2 9 / - 4 2 

- 3 / - 1 8 
- 2 1 / - 2 7 

[HJIOOA«S 

87/97 
— 

30/47 
11/3 
— 

[H]400psC 

54/87 
— 

29/57 
25/15 
— 

a) PS=log (parameter'/parameter)/log (multiplier) X 
100. Details are shown in Ref. 22. b) For 3.2% C2H2 

in Ar mixture, P 2 =0.37 atm, and T"2=2200 K. c) 
For 50 ppm C2H2 in Ar mixture, Pb= 1.77 atm, and 
r 5 =2420 K. d) The first entry is obtained by mul­
tiplying each rate constant by 5 ; the second entry, by 
0.2. 

value for some rate constant. To find which reaction 
is responsible to the disageement shown in Figs. 4 and 
5, a sensitivity calculation with PS values22) was tried 
for our experiment and for the ARAS measurement.1) 

Table 3 shows the reactions having large PS values 
and the obtained PS values for the parameters. The 
reaction which has the largest PS values is different 
in our experiment and in the ARAS experiment. The 
effect of secondary reactions on the [H] profile is 
surpressed in the latter case, in which highly diluted 
test gas mixtures were used, and the measured and 
modeled [H] profiles reflect the initiation reaction, 
C 2 H 2 + M = C 2 H + H + M , especially at the early stages 
of the reaction. The PS values of reaction 14 becomes 
large as the reaction proceeds, in contrast to those of 
the initiation reaction, while reaction 13 has an almost 
constant PS values. T h e t ime dependent variations 
of PS values imply that the chain carrier concentrations 
such as H and C 2H increase and the chain reactions 
dominate. These effects of the chain reactions on the 
parameters adopted are very distinct in our experiment. 

Reaction 16, C 4 H 2 + M = C 4 H + H + M , has the 
second largest PS values for tm in our experiment. 
Frank and Just1) measured the k16 value in the high 
pressure limit directly by monitoring the [H] profile 
produced by the C 4 H 2 pyrolysis using the ARAS. 
Although it is possible to derive the k16 value suitable for 
the modeling of our experiment from the reported k16 

value by making a reduced fall-off curve,23) we left 
the kle value used in this study at the value determined 
indirectly by Tanzawa and Gardiner,2) through the 
computer modeling for the laser schlieren experiment 
because the experimental conditions selected by them 
are similar to the present ones except for the tempera­
ture range. 

Since the C 2H 2 pyrolysis is almost equilibrated at the 
reaction t ime when the parameter tm is measured, it is 
to be expected tha t reaction 13 has the largest PS 
values. So only the k13 value was changed so as to fit 
the modeled tm to the measured over the temperature 
range measured. An excellent agreement between 
the experiment and the modeling for the [H] profiles, as 
well as for the tm values, was obtained by adopting the 
following k13 value : 

kn= 1012.4(cm3mol-1s-1). 

This is shown in Figs. 4 and 5. In our computer 
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program,10) reverse rate constant of a given elementary 
reaction is calculated using an equil ibrium constant; 
an assembly of first order differential equations of both 
forward and reverse reactions is numerically integrated. 
Then, when either k13 or £_13, where K_lz=k^lz/k13, is 
incorporated into the reaction mechanism with reason­
able thermochemical data, the same modeling results 
can be obtained. Tanzawa and Gardiner2) proposed a 
non-Arrhenius temperature-dependent £_13 value in the 
first mechanism. The kiz value so evaluated from the 
A:-!3 value was found to have exactly the same value at 
2200 K as the present £13 value. Then, it is not surprising 
that the k13 value obtained in this study is about 10 
times smaller than that in Ref. 6. 

We note that the modeling result of the C 2 H 2 and 
C 2H 4 pyrolysis is affected by the A//?0 value adopted 
for acetylene and polyacetylene radicals. Two recent 
papers about the C 2H 2 pyrolysis study1»2) demonstrated 
the correctness of the new A//?0 for C2H.9) As has been 
shown already, this new value of A//?0 for C 2 H will be 
a help to improve the A//?0 values for polyacetylene 
radicals using the additivity rule.27) The A//?0 value 
for C 4 H so derived is 180 kcal^mol,1) which is 26kcal/mol 
larger than the old value.13) If the old value for C 4 H is 
adopted, unusual profiles of C 4H 2 and C 4H can be 
obtained, e.g., steady [C 4H] is larger than steady 
[C«HJ . 

We have little to say about the C 2H 4 pyrolysis during 
the early reaction period on the basis of the present 
experimental results. The computer modeling for the 
C2H4 /Ar mixture showed that almost all of C 2H 4 is 
pyrolyzed to C 2H 2 and H 2 already at the reaction time 
when the linear absorption starts. 
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The adsorption of D-, L-, and DL-phenylalanines at the mercury-aqueous sodium fluoride solution interface 
has been studied by measuring differential capacities, potentials of zero charge, pzc, and surface tensions at the pzc. 
The racemate of phenylalanine showed higher surface activity than the enantiomers. This difference has been 
interpreted in terms of the intermolecular interactions, orientation and re-orientation of adsorbed molecules at the 
interface. 

In a previous paper1) we described the adsorption 
properties of a series of aliphatic a-amino acids at the 
mercury-aqueous solution interface with reference to 
two factors, i.e., the contribution of the zwitterion group 
and that of the hydrocarbon group. This paper reports 
adsorption behavior of D-, L-, and DL-phenylalanines 
at the mercury-aqueous solution interface. O u r major 
interest in this study is to investigate a possible difference 
in the adsorption properties between either of the 
enantiomers and the racemate. Although in liquid 
state and in solution a racemate is usually considered 
to have very similar physicochemical properties to those 
of the pure enantiomers,2) the difference between them 
may become appreciable in the processes involving 
interfacial phenomena, since the contribution of molecu­
lar interaction between chiral adsorbate molecules at 
the interface is generally much more significant owing 
to higher concentration and the preferential orientation 
of adsorbed molecules. 

Inesi et a/.3) reported on the difference between 
two adsorption properties of the racemate and the 
enantiomer at the mercury-aqueous solution interface. 
They found that DL-dibenzoyltartaric acid is more 
surface active than the enantiomers. They interpreted 
this difference by the analogy of surface sate to crystal 
state. I n this paper we describe the difference between 
the adsorption properties of DL-phenylalanine and D-, 
or L-phenylalanine at the mercury-aqueous solution 
interface, interpretation being given in terms of the 
intermolecular interaction, orientation and re-orienta­
tion of adsorbed molecules. 

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

The differential capacities of the interface were measured 
as functions of the phenylalanine concentration and electrode 
potential with the a.c. bridge method.1) The bridge was 
adjusted to balance at the moment when a mercury drop 
spontaneously fell from the dropping mercury electrode. The 
drop time was measured as follows. The sudden unbalanced 
signal from the bridge due to the detachment of the drop 
from the capillary tip was transformed by a lock-in amplifier 
into an electric pulse, which was then fed to an electronic 
counter for pulse interval measurement. Drop times of the 
capillary used were between 13 and 15 s at the potential of 
zero charge, pzc, in 0.5 mol 1_1 sodium fluoride. The a.c. 
signal superimposed to the electrode was of 1 kHz and 5 mV 
peak to peak. 

The potentials of zero charge were determined by a stream­
ing mercury method.4) The surface tensions at the pzc 

were measured by the drop time method. Glass tubes, outer 
diam 4 mm and inner diam 0.1 mm, were drawn to get 
fine capillaries having ca. 0.5 mm and 0.025 mm outer and 
inner diameters, respectively. The capillaries were dewetted 
with a silicone coating reagent (Fuji Systems, Japan) and cut 
to expose clean orifice and give a suitable drop time. Typical 
characteristics of the capillaries thus prepared were t = 14 s 
and m=0.3 mg s - 1 when the height of mercury was 110 cm 
and at the pzc in 0.5 mol l - 1 sodium fluoride. The drop 
times recorded 30 times for each solution were reproducible 
within ±0.05% as relative standard deviation. The drop 
times tended to become shorter over several sets of measure­
ments probably due to deterioration of the capillary glass 
wall by chemical attack of sodium fluoride solution.5) Thus, 
it was necessary to calibrate the capillary before and after each 
measurement. For the calibration we used 0.05 mol 1_1 

sodium sulfate for which the surface tension of mercury is 
426.2 mN m _ 1 at the pzc.6> For conversion of drop time into 
surface tension we used the approximate relation ln(y/yr) = 
K\n(t/tr), where y and yr are surface tensions for the test and 
a reference solutions, respectively, proposed by Verdier et al.7> 
Parameter K is a function of the height of mercury, inner 
diameter of the capillary and surface tension. However, it 
can be taken as a constant over a fairly wide range of surface 
tension when the height of mercury is sufficiently large.7) 
For a particular capillary of inner diameter 0.002 cm, the 
value of K was calculated to be 0.976 over a 390—427 mN 
m - 1 range of surface tension when the height of mercury was 
110 cm. The average standard deviation of the surface 
tensions we obtained was 0.15 mN m - 1 . 

A test solution was deaerated by bubbling nitrogen gas 
through the solution for 30 min before measurement and was 
kept under nitrogen atmosphere during the course of measure­
ment. The electrode potentials were measured with respect 
to a saturated calomel electrode, SCE. All the measure­
ments were at 25 ±0.2 °C. 

Reagent grade D-, L-, and DL-phenylalanines (Nakarai 
Chem. Co., Japan) were recrystallized twice from triple 
distilled water. Recrystallized D-, and L-phenylalanines 
showed 95 and 93% optical purity, respectively, in optical 
rotation measurements. Sodium fluoride, a standard reagent 
for quantitative analysis of 99.95% purity (Hashimoto Chem. 
Co., Japan), was used without further purification. An 
ultra pure grade sodium sulfate (E. Merk, Germany) was 
used for a standard solution in surface tension measurements. 

R e s u l t s 

T h e potentials of zero charge and the surface tensions 
at the pzc for seventeen concentrations of L-phenyl­
alanine (0.003—0.120 m o l l - 1 ) , twelve concentrations 
of D-phenylalanine (0.010—0.120 mol l - 1 ) , and twelve 
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TABLE 1. POTENTIALS OF ZERO CHARGE, Epze, AND SURFACE 

TENSIONS OF MERCURY AT THE pZC, y p z c , IN CONTACT 

WITH 0 . 5 m o l 1 _ 1 AQUEOUS SODIUM FLUORIDE 

SOLUTION CONTAINING D-, L-, OR DL-

PHENYLALANINE AT 2 5 °G 

c/mol \~ 
( - £ p z c vs. SGE)/V ypzc/mN m-1 

DL DL 

0.003 
0.004 
0.005 
0.006 
0.008 
0.010 
0.012 
0.015 
0.020 
0.025 
0.030 
0.040 
0.050 
0.060 
0.080 
0.100 
0.120 

— 
— 
— 
— 
— 

0.469 
0.467 
0.469 
0.467 
0.467 
0.466 
0.462 
0.459 
0.454 
0.447 
0.441 
0.432 

0.458 
0.460 
0.462 
0.464 
0.464 
0.467 
0.466 
0.467 
0.467 
0.467 
0.465 
0.462 
0.457 
0.452 
0.444 
0.437 
0.432 

— 
— 

0.459 
0.463 
0.466 
0.465 
0.467 
0.464 
0.463 
0.464 
0.463 
0.460 
0.456 
0.453 

— 
— 
— 

— 
— 
— 
— 
— 

413.7 
412.5 
411.3 
409.8 
408.5 
407.3 
405.7 
404.1 
402.9 
400.7 
399.2 
397.6 

419.1 
417.7 
417.0 
416.2 
414.8 
413.7 
412.6 
411.6 
409.8 
408.6 
407.7 
405.8 
404.1 
402.8 
400.9 
399.2 
397.7 

— 
— 

419.6 
416.3 
414.7 
413.7 
412.7 
411.5 
410.0 
408.7 
407.5 
405.4 
403.8 
402.5 

— 
— 
— 

420 

415 
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Fig. 1. Potentials of zero charge and surface tensions 
at the pzc for L - ( X ) , D- (O)? and D L - ( ^ ) 

phenylalanines as a function of the logarithm of the 
phenylalanine concentration in the adsorption on 
mercury from aqueous 0.5 mol 1_1 sodium fluoride 
solutions. 

concentrations of DL-phenylalanine (0.005—0.060 mol 
1_1) in 0.500 mol 1_1 sodium fluoride are given in Table 
1. Due to the limited solubility no data were available 
beyond 0.06 mol 1_1 for DL-phenylalanine. Surface 
tension is plotted in Fig. 1 as a function of the logarithm 
of phenylalanine concentration. The curves for D-, and 

L-phenylalanines show excellent agreement over the 
whole concentration range. At concentration lower than 
0.030 mol 1_1 the curve for DL-phenylalanine is in­
distinguishable from the curve for both enantiomers. 
However, with increasing concentration of phenyl­
alanine, it starts to split away from the curve for the 
enantiomers and lies below them in higher concentration 
region. This indicates that the racemate is more 
surface active than the enantiomers. 

0.05 aiO 
c/möll"1 

Fig. 2. Adsorption isotherms for L - ( O ) a n d 
phenylalanines at the potential of zero charge. 

DL-(#) 

The surface excesses of L- and DL-phenylalanines, 
which may be regarded as the actual amount of adsorbed 
phenylalanines under the present experimental condi­
tions,8) are plotted in Fig. 2 as a function of the molarity 
of phenylalanines. As expected, the surface excesses 
of the racemate are greater than those of the enantiomer. 
Both these isomers have a kink around 0.02 mol 1_1 

which is characteristic of the change of orientation of 
adsorbed species at the interface.9) We have calculated 
these relative surface excesses from the curves in Fig. 1 
using the electrocapillary equation for ideally polarized 
interfaces.10) A moving second order least square 
method11) with five data points as one set was employed 
in the numerical differentiation of the curves. Constancy 
of the activity coefficients of phenylalanines was assumed 
over the experimental concentration range. The activity 
of sodium fluoride was also assumed to remain 
unchanged when the concentration of phenylalanine 
was varied, though no information is available for the 
present ternary system to confirm these assumptions. 
The possible error due to these assumptions12) is of minor 
importance in our case since our primary concern here 
is the difference in the surface excesses between D- or 
L-phenylalanine and DL-phenylalanine rather than 
their absolute magnitude. 

No significant difference was detected in the potentials 
of zero charge between the enantiomer and the racemate 
(Table 1 ). The potentials of zero charge are plotted 
against the logarithm of the phenylalanine molarity 
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{-E vs. SGE)/V 
Fig. 3 Comparison of the differential capacity curves 

for L - ( X ) , D - ( 0 ) > anc* D L " (#) phenylalanines in 
aqueous solution of 0.5 mol 1_1 sodium fluoride contain­
ing 0.05 mol 1_1 phenylalanine at 25 °C. 

in Fig. 1, in which the slopes of the curves change sign 
with increase in phenylalanine concentration. This 
suggests the re-orientation of adsorbed phenylalanine 
molecules with the increase of the surface coverage, as 
has often been observed in the adsorption of aromatic 
compounds at electrified interfaces.13»14) 

Differential capacities were measured as functions of 
the electrode potential and the phenylalanine concentra­
tion covering the same range as the surface tension 
measurements. Comparison is made of the differential 
capacity curves obtained for D-, L-, and DL-phenyl-
alanines at 0.05 mol 1_ 1 in Fig. 3. The curves for D-
and L-phenylalanines agree with each other throughout 
the potential range studied. O n the other hand, the 
curve for the racemate shows appreciable deviation 
from those curves and lies below them around the pzc. 
This also indicates the stronger adsorption of the 
racemate around the pzc than the enantiomers. 

In order to estimate the surface excess of phenyl­
alanines at different electrical states of the interface 
other than the pzc, the differential capacity curves for 
L- and DL-phenylalanines were twice integrated 
numerically with respect to the electrode potential. 
The potentials of zero charge and surface tensitions 
at the pzc (Table 1 ) were used as the two independent 
integration constants. From the electrocapillary curves 
thus obtained the surface excesses of phenylalanines 
were calculated as a function of the electrode potential 
at each phenylalanine concentration. The surface 
excess vs. electrode potential curves for L- and DL-
phenylalanines are compared in Fig. 4 at 0.04 mol 1 - 1 . 
The difference between the surface excesses of the 
racemate and the enantiomer exists not only at the pzc 

(-E vs. SCE)/V 

Fig. 4. Comparison of surface excesses of L-phenylalanine 
with those of DL-phenylalanine at 0.04 mol 1_1 at various 
electrode potentials. 

but throughout the positive branch, whereas it vanishes 
at the negative extreme of the potential. 

D i s c u s s i o n 

Figures 2 and 4 indicate that the racemate of phenyl­
alanine has the higher surface activity than its enan­
tiomers at the mercury-aqueous solution interface in 
the sense that DL-phenylalanine gives greater surface 
excess than L- or D-phenylalanine at a given bulk 
concentration and electrode potential except the 
cathodic extreme. In Fig. 2 the two isotherms signifi­
cantly deviate from each other at increased bulk 
concentrations of phenylalanine, while they merge 
together with increasing concentration of phenylalanine 
giving the same limiting slope of the adsorption isotherms 
at infinite dilution. Similar behavior of adsorption 
isotherms has been reported by Inesi et Ö/.3) for the 
adsorption of DL- and D-(and L-)dibenzoyltartaric acids 
from aqueous solution onto the mercury electrode. 

The difference in surface activity should be inter­
preted in terms of the difference between the adsorption 
free energy of the racemate and the enantiomers. If 
we choose the infinite dilution as a reference state of the 
chemical potentials of phenylalanines in both the 
adsorption phase and solution phase, the s tandard 
adsorption free energy of the racemate should be the 
same as that of the enantiomers. The difference in 
surface activity is then ascribed to the difference in the 
non-ideality due to the intermolecular interactions 
between the adsorbed phenylalanine molecules. The 
difference in the interaction energy in the solution phase 
between racemates and the corresponding enantiomers 
has been studied theoretically2»15) and experimental­
ly 16-18) These works show that the difference in 
solution phase is negligible in dilute solutions as in our 
case. Therefore, the observed difference in the adsor-
bability of phenylalanines should arise from the different 
molecular interaction in the adsorption phase where 
the surface concentration of phenylalanine is much 
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higher than in the solution phase. For example, the 
surface excess of 3 X 10 - 1 0 mol c m - 2 corresponds to the 
surface coverage of 0.71 if the max imum surface concen­
trat ion is assumed to be 4.2 X 10 - 1 0 mol c m - 2 , a value 
based on C P K model19) of phenylalanine adsorbed with 
its aromatic ring plane oriented perpendicular to the 
mercury surface. 

At the lower surface coverage and at the potential 
around the pzc phenylalanine probably adsorbs with its 
aromatic r ing plane parallel to the electrode surface, 
as commonly observed in the adsorption of simple 
aromatic compounds on mercury.13) This orientation 
brings the pzc to more negative potential (see Fig. 1) 
due to the part ial charge transfer of Tz-electron of the 
aromatic r ing to the electrode,20) while the zwitterion 
group of phenylalanine may be oriented with its dipole 
axis parallel to the electrode surface. With increasing 
surface coverage phenylalanine molecules adsorb with 
their aromatic ring plane oriented perpendicular to the 
electrode surface, so that the closer packing of the 
adsorbed molecules is attained. Since the vertical 
orientation is unfavorable to the interaction between 
the ^-electron and the electrode, the pzc then shifts 
to the positive direction20) with increasing surface 
excess at the higher surface coverage (Fig. 1). 

As an isotherm in which the re-orientation is taken 
into account, Parry and Parsons13) and Damaskin21) 
have proposed a couple of isotherms assuming that the 
adsorbate can take two different orientations at the 
interface ; 

0i B* = ni{i-dl-e2r> «PC-a-AA 2 w l f l 1 2 0 2 ) 

B*- n^l-d] *,) 
-exp(-2/z2a2 202 - 2/z2a2101), 

where B{ is the adsorption coefficient, 0j the surface 
coverage, Wj the rat io of the area occupied by an 
adsorbate molecule to that of a water molecule and ai} 

the parameter of intermolecular interactions between 
adsorbed molecules; indices 1 and 2 are referred to 
the verical and flat orientations of adsorbed molecules. 
These isotherms have seven adjustable parameters apart 
from two maximum surface concentrations, -Tm(1) for 
vertically oriented species and r m ( 2 ) for flatly oriented 
one and it seems impract ical in our case to determine 
these parameters by fitting experimental da ta to the 
theoretical isotherms. Instead, we shall show by 
invoking these isotherms that the basic features of the 
experimental adsorption isotherms can be reproduced 
by choosing probable values for the parameters. Because 
of the specific interaction between the aromatic n-
electron and the mercury surface, the adsorption 
coefficient of the flatly oriented phenylalanine should 
be larger than that of the vertically oriented one.20) 
We chose the values ^ = 2 0 and Z?2 = 50 1 m o l - 1 and 
estimated that nJn^lA ( r m ( 1 ) = 4 . 3 x 10~10 a n d r m ( 2 ) 

= 3.1 X 10-1 0 mol cm- 2) on the basis of the C P K model. 
The intermolecular interaction would be stronger for 
the vertical position than the flat position because of the 
hydrophobic interaction between the adjacent aromatic 
rings.20) Hence, we assumed a22=0.2 and calculated the 
isotherms with a11=l.59 1.3, and 1.1 for curves 1, 2, 3 

c/molf 
Fig. 5. Calculated curves for reduced adsorption iso­

therms according to equations in the text with Ö 2 2 = 0 . 2 , 
tfi2=021=O, " i=1.0, rc2=1.4, # i = 2 0 , £ 2 =50, for a n = 
1.5(1), 1.3 (2), and 1.1 (3). 

in Fig. 5, in which we further assumed that n x = l and 
ö i2 = = ö 2i = = 0. The relative surface excesses are plotted 
against concentration in Fig. 5, from which it is seen 
that the features of the isotherms are very sensitive 
to the choice of the interaction parameters. A com­
parison of Fig. 5 with the experimental isotherms in 
Fig. 2 suggests that the attractive interaction between 
the adsorbed phenylalanine molecules is larger for the 
racemate than for the enantiomers. 

There are two possible modes in the vertical orienta­
tion ; one with the axis of the zwitterion group oriented 
parallel to the electrode and the other with its dipole 
axis oriented vertical. T h e former orientation mode 
should be predominant around the pzc, whereas the 
latter with the positive end of the dipole facing toward 
the electrode surface should prevail in the extremely 
negative branch. In this orientation the dipole would 
exert repulsive interaction between adsorbed molecules, 
leading to a smaller value of an parameter which would 
give rise to monotonie, Langmuir-type isotherms 
without kink (curve 3, in Fig. 5). This actually corre­
sponds to the fact that the difference between the 
surface excess of DL- and D-(or L-) phenylalanines 
disappears in the cathodic branch away from the pzc 
(Fig. 4) and also the fact22) that the adsorption isotherms 
for L-phenylalanine in the negative extreme have no 
kink and are well described by Langmuir isotherms 
which lack the interaction parameter . 
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Triphenylmethane and 9,10-dihydroanthracene were found to produce colored complexes when placed in 
contact with molten zinc chloride or with solid zinc chloride pulverized or supported on porous Vycor glass. The 
triphenylmethane complex gave the same electronic absorption spectrum as that of the triphenylmethyl cation 
generated by contact with silica-alumina and BF3 on silica. The 9,10-dihydroanthracene complex exhibited 
the same electronic absorption band as that of the 9-anthracenium ion produced by the reaction of anthracene 
with coned H 2S0 4 . The reaction of the triphenylmethane complex with deuterium gas provided HD gas and 
(G6H5)3GD. Similarly, the 9,10-dihydroanthracene complex and deuterium gas produced HD gas and 9,10-
dihydroanthracene- 9-d. Furthermore, their colored complexes on the supported zinc chloride gave a very weak IR 
absorption band at about 1720 cm - 1 , which is interpreted as corresponding to the formation of a Zn-H bond. 
These observations led us to conclude that triphenylmethane and 9,10-dihydroanthracene dissociate into ions 
upon contact with zinc chloride : 

(G6H5)3CH + nZnCl2 <=± (G6H6)3G+(ZnCl2)-H 

HH 

ÔOO + nZnCl2 - 0 @ D ( Z n C 1 2 ' n H 

As has previously been reported,1 '2) zinc chloride 
reacts with aromatic hydrocarbons to form (Ar+)-
(ZnCl2)n electron-donor acceptor-complexes (Ar: ar­
omatics). I t has been suggested that these (Ar+)-
( Z n d 2 ) n EDA-complexes act as reaction intermediates 
in the hydrogénation and hydrocracking of aromatic 
hydrocarbons over a zinc chloride catalyst; their 
conversions are correlated positively to the ionization 
potentials of the corresponding aromatic hydrocarbons.3) 

As a par t of a systematic study to elucidate the 
behavior of the zinc chloride catalyst in the hydro-
cracking of aromatic hydrocarbons, which would be 
helpful for this reaction,4-5) the mechanism of the 
ionization of t r iphenylmethane and 9,10-dihydro­
anthracene was investigated by measurements of the 
electronic and I R absorption spectra of the colored 
complexes formed in molten zinc chloride or on solid 
zinc chloride, which was powdered or supported on 
porous Vycor glass, by means of exchange reactions 
with deuter ium gas and by the analyses of their reaction 
products. 

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

Materials. Triphenylmethane and 9,10-dihydroanthra-
cene of a G. R. grade were used without further purification. 
Porous Vycor glass plate and powder were used as supports 
of the zinc chloride for measuring the IR and electronic 
absorption spectra. The other chemicals were the same as 
those mentioned in our previous work.2) 

Apparatus and Procedure. Anhydrous zinc chloride was 
prepared and attached onto a porous Vycor glass support 
as described in the previous paper.2) Triphenylmethane or 
9,10-dihydroanthracene was allowed to react with zinc chloride 
under various conditions, and changes in the transmittance 
or in the reflectance of visible light by the colored complexes 
were measured with a Hitachi 624 spectrophotometer equipped 
with an integrating sphere. 

For the measurements of the IR absorption spectra, a cell 

device designed by Angel et A/.8) and Hino7) was used. A rod 
of porous Vycor glass was sliced into a plate with 0.3 mm 
thick, and then it was cut to fit the cell windows. After zinc 
chloride and a plate purified by the method described pre­
viously2) has been introduced into the cell device, the device 
was evacuated to below 10-4 Torr at about 500 °G until 
10—20 wt % of the zinc chloride had evaporated onto the 
plate. The cell was then cooled to room temperature, and a 
hydrocarbon was introduced from the top of the cell under 
a vacuum and brought to full contact with the supported zinc 
chloride at the reaction temperature until colored products 
formed on the catalyst. The IR absorption spectra were 
measured with a JAS CO IRA-2 spectrophotometer. 

For the D2-exchange reaction, a glass vessel 17 ml in size was 
used as a reactor. About 3 g of dehydrated zinc chloride or 
500 mg of supported zinc chloride and about 5 mg of a reactant 
were charged into the vessel under a vacuum, and then 
deuterium gas was introduced at 600 Torr. The vessel was 
heated at a given temperature for a given time. 

Analysis. After the measurements of the electronic 
absorption spectra of the colored products, water was intro­
duced into the quartz cell and the mixture was extracted 
with a large amount of tetrahydrofuran and dichloromethane. 
The extracts were analyzed by gas chromatography. The 
details were described in a previous paper.8) 

The unexchanged products were identified by the use of a 
Finnigan 3000 mass spectrometer. The formation of HD 
gas was confirmed by the method reported by Sato et a/.9) 

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

Electronic Absorption Spectra. Triphenylmethane 
produced a colored complex upon contact with de­
hydrated solid zinc chloride, anhydrous zinc chloride 
supported on porous Vycor glass, and porous Vycor 
glass alone pretreated at 550 °C. The complex exhibited 
a characteristic double-peaked absorption band in the 
415—450 nm region of the spectrum, as is shown in 
Figs. 1(a)—(d). The (a) spectrum was obtained by 
measuring the reflectance of the triphenylmethane 
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Fig. 1. Electronic spectra of triphenylmethane on zinc 
chloride, supported zinc chloride, and a support. 
(a) : On solid zinc chloride which was dehydrated by 
melting under a vacuum, at room temperature for 7d, 
(b) : on powdered zinc chloride which was dehydrated 
at 250 °G for 3 h under a vacuum, at 220 °G for 10 min, 
(c) : on porous Vycor glass pre treated at 550° G, at 70°C 
for 180 min, (d) : on anhydrous zinc chloride supported 
on porous Vycor glass, at room temperature for 20 h. 

yellow intermediate formed on the solid zinc chloride 
dehydrated by melting under a vacuum in a quartz cell. 
The spectra from (b) to (d) were measured for the 
transmittance of the yellow complex developed on the 
powdered zinc chloride, the pulverized porous Vycor 
glass, and the supported zinc chloride. This double-
peaked absorption band disappeared when the complex 
was treated with water vapor. 

9,10-Dihydroanthracene also gave a yellow inter­
mediate upon contact with anhydrous zinc chloride 
supported on porous Vycor glass or with molten zinc 
chloride. It exhibited a strong absorption band at 
420 nm and a weak absorption band at about 725 nm, 
as is shown in Fig. 2(a) and in Fig. 3(a), when reacted 
with supported zinc chloride at 60 °G for 10 min and 
with molten zinc chloride at about 300 °G for 5 min. 
The further reaction over supported zinc chloride at 
temperatures higher than 60 °G decreased the reflectance 
of the samples and altered the spectrum from that 
shown in Fig. 2(a) to that of Fig. 2(c). It is noteworthy 
in these spectra that the band at 420 nm was common, 
but the weak band at 725 nm disappeared with the 
progress of the reaction. 

The treatment of porous Vycor glass alone, pretreated 
at 550 °G, with 9,10-dihydroanthracene at temperatures 
higher than 200 °G also gave a colored product. Its 
absorption spectrum is shown in Fig. 3(b). 

The common band at 420 nm (Fig. 2(a) to (b) and 
Fig. 3(a)) disappeared when the products were de­
composed with water. However, when the colored 
products obtained at higher temperatures, whose 
electronic absorption spectra are shown in Fig. 2(c) 
and Fig. 3(b), were decomposed with water, other, new 
colored products were recovered. The electronic 
absorption spectrum of the products in dichloromethane 
solution is shown in Fig. 3(c). 

IR Absorption Spectra. Figures 4(a) and (b) are 
the IR absorption spectra of colored complexes of 
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Fig. 2. Change in electronic spectra of colored products 
of 9,10-dihydroanthracene and anthracene on sup­
ported zinc chloride. 
9,10-Dihydroanthracene; (a) at 60 °G for 10min, (b) at 
80 °G for 20 min, (c) at 100 °C for 30 min, anthracene; 
(d) at 60 °C for 10 min. 
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Fig. 3. Electronic spectra of 9,10-dihydroanthracene in 
molten zinc chloride (a) and on porous Vycor glass (b), 
and of polycondensed products of 9,10-dihydroanthra-
cene formed on the supported zinc chloride and on the 
support (c) (in dichloromethane solution). 

triphenylmethane and 9,10-dihydroanthracene absorbed 
on zinc chloride supported on porous Vycor glass 
platelets. 

In these spectra, the intensity of the stretching 
vibration band of the aliphatic G-H relative to that 
of the aromatic G-H of the colored complexes seemed 
to be slightly smaller than that of the original molecule 
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Fig. 4(a). Change in IR spectra of colored products of 
triphenylmethane on supported zinc chloride. 
(a) Triphenylmethane on KBr, (b) : zinc chloride on 
porous Vycor glass, (c) : colored products on the cata­
lyst after the reaction, (d) after decomposition of the 
colored products with water vapor. 

on KBr, and the intensity of the O H groups on the 
silica surface increased more than that of the original. 
Furthermore, a very weak new absorption band 
appeared at about 1720 c m - 1 for each complex. This 
band disappeared when the intermediates came in 
contact with water vapor, whereas none of the other 
bands, except those at 3600 c m - 1 and 1620 c m - 1 , 
changed (these two bands increased upon this water-
contact) . 

Reaction Products. Tr iphenylmethane was the 
only identifiable product from the decomposition of its 
colored intermediate with water. This observation 
indicates that no reaction other than colored-complex 
formation took place on the catalyst under the present 
conditions. 

Table 1 summarizes the analyses of the products 
obtained after the decomposition of 9,10-dihydro-
anthracene-zinc chloride colored complexes with water ; 
these complexes had been produced by the reaction 
of 5 mg of the compound with 500 mg of the supported 
zinc chloride at various reaction temperatures for 
varying periods. 
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Fig. 4(b). Change in IR spectra of colored products of 
9,10-dihydroanthracene on supported zinc chloride. 
(a) : 9,10-dihydroanthracene on KBr, (b) : zinc chloride 
supported on porous Vycor glass, (c) : colored products 
on the catalyst after the reaction, (d) : after decomposi­
tion of the colored products with water vapor. 

The electronic absorption spectra of the 9,10-dihydro-
anthracene-zinc chloride complexes were similar to 
those shown in Fig. 2(a) to (c). The products obtained 
below 100 °G were identified as anthracene and 1,2,3,4-
tetrahydroanthracene, in nearly a 1 : 1 mol ratio. 
This observation indicates that the main reaction at 

TABLE 1. RESULTS OF THE DECOMPOSITION OF 9,10-DIHYDROANTHRACENE OVER ZINC CHLORIDE 

SUPPORTED ON POROUS VYCOR GLASS 

Reaction conditions: Sample/Catalyst=5mg/500 mg, Pressure 10~4 Torr. 

Catalyst 
Temp 

°G 
Time 

min 

9,10-Dihydro-
anthracene 

Product distribution (wt%) 
1,2,3,4-Tetrahydroanthracene 

+ 1,2,3,4-Tetrahydrophenan threne 
Anthracene 

Zinc chloride on 
Vycor glass 

Vycor glass 

150 
100 
80 
60 

200 

10 
30 
90 
90 

5 

39.1 
59.5 
65.9 
86.7 
39.6 

34.4 
19.9 
16.2 
6.2 
2.9 

26.5 
20.6 
17.9 
7.1 

57.5 

(Hydrogen gas and condensed compounds of 9,10-dihydroanthracene or of anthracene were confirmed as the 
other products at reaction temperatures higher than 100 °G. Although the analytical results fluctuate some­
what, they are enough to suggest the formation of some active species of 9,10-dihydroanthracene in the course 
of the reaction.) 
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temperatures lower than 100 °C is the disproportiona­
tion of 9,10-dihydroanthracene. When this substrate 
was treated at temperatures higher than 100 °C, 
hydrogen gas, anthracene dimers, and other poly-
condensed products, including anthracene and 1,2,3,4-
tetrahydroanthracene (together with an unnegligible 
amount of 1,2,3,4-tetrahydrophenanthrene), were iden­
tified by gas and liquid chromatography, and by 
mass spectrometry. That is, at higher temperatures, 
the dehydrogenation of 9,10-dihydroanthracene and the 
condensation of 9,10-dihydroanthracene and anthracene 
occurred in addition to the disproportionation. The 
electronic spectrum of Fig. 3(c) can be attributed to 
some condensed polymers of 9,10-dihydroanthracene or 
anthracene. 

The electronic-absorption spectrum of 9,10-dihydro-
anthracene in molten zinc chloride is reproduced in 
Fig. 3(a). This complex gave hydrogen gas and 
anthracene as the major products, in addition to 1,2,3,4-
tetrahydroanthracene as a minor product. In this 
instance, the main reaction is the dehydrogenation of 
9,10-dihydroanthracene. 

9,10-Dihydroanthracene over porous Vycor glass 
alone pretreated at 550 °C was converted mainly to 
hydrogen gas and anthracene (Table 1). The main 
reaction is dehydrogenation. 

D^-exchanged Products. About 5 mg of triphenyl­
methane was treated with 600 Torr of deuterium gas 
at 280 °C for 3 h in the presence of 3 g of dehydrated 
zinc chloride. The products were (G6H5)3GD (15%) 
and HD. Similarly, 9,10-dihydroanthracene gave 13% 
of 9,10-dihydroanthracene-9-</, 8% of 1,2,3,4-tetra-
hydroanthracene (including deuterated derivatives), and 
57% of anthracene (including deuterated derivatives). 
HD was also formed. 

The treatment of 9,10-dihydroanthracene with 600 
Torr of deuterium gas at 120 °C for 3 h over the sup­
ported zinc chloride also produced about 8% of 9,10-
dihydroanthracene-9-t/, 43% of 1,2,3,4-tetrahydroan-
thracene (including deuterated derivatives), 21% of 
anthracene (including deuterated derivatives), HD, and 
polycondensed products. 

A glass wall or porous Vycor glass alone did not 
promote this D2-exchange reaction under the same 
conditions. 

Dissociation into Jons. The double-peaked absorp­
tion band at about 450 nm of a colored product from 
triphenylmethane is also present in the spectrum of the 
triphenylmethyl cation produced by the reaction of 
triphenylmethane with silica-alumina and BF3 on 
silica.10) We confirmed that HD and triphenylmethane-
\-d were the products in the reaction of triphenylmethane 
with D2 gas on the zinc chloride. These results lead 
us to the conclusion that the triphenylmethane absorbed 
on zinc chloride dissociates into ions as follows: 

(C6H6)3CH (C6HB)3C+ + H-. 

Portions of the hydride ions formed by this reaction 
may be supposed to be chemisorbed on the Lewis-acid 
centers of the zinc chloride catalyst, judging from a 
new, weak absorption band at 1720 cm - 1 which is 
interpreted as arising from the Zn-H bond (Fig. 4(a)).11) 

It was also found that the IR spectrum of triphenyl­
methane absorbed on zinc chloride/porous Vycor 
glass showed a marked absorption at about 3600 cm - 1 

of the OH groups on the silica surface ; this is known 
to be depend on hydrogen bonding between the surface 
hydroxyl groups and the adsorbate,12) but H~ ions 
might contribute to the formation of the OH groups 
on the silica surface. This should further be investigated. 
However, triphenylmethane on zinc chloride, even if 
it is not supported on porous Vycor glass, substantially 
dissociates into ions. Therefore, the ionization of 
triphenylmethane on zinc chloride can be represented 
as follows: 

(C6H6)3CH + nZnCla <=> (C6H5)3G
+(ZnCl2);H. 

9,10-Dihydroanthracene absorbs strongly at 420 nm 
and weakly at about 725 nm on the supported zinc 
chloride upon their first contact (Fig. 2(a)). Similarly, 
it gives the same absorption bands in molten zinc 
chloride (Fig. 3(a)). 

Anthracene-zinc chloride complexes may be supposed 
to be formed, for anthracene was confirmed as an 
impurity of the sample and a reaction product. There­
fore, the present band at 725 nm corresponds to that 
of the anthracene cation radical, for the anthracene-
zinc chloride complexes absorb at 430 nm and at 730 
nm (Fig. 2(d)), the absorption bands of which are 
assigned to the anthracene-zinc chloride EDA-complex 
and the anthracene cation radical respectively.2) 
However, the band at 725 nm disappeared with increases 
in the contact time and the temperature, whereas the 
position of the band at 420 nm almost did not change. 
On the other hand, anthracene in coned H 2 S0 4 im­
pregnated with porous Vycor glass gave electronic 
absorption bands at 420 nm and at 725 nm, as is shown 
in Fig. 5. They are assigned to the 9-anthracenium ion 
and the anthracene cation radical respectively.13-14) We 
may note here that the absorption band at 420 nm of 
the present complex is strikingly similar to that of the 
9-anthracenium ion. Moreover, this band is distinctly 
different from the characteristic absorption band of the 
anthracene-zinc chloride EDA complex with regard 
to the strength of the absorption and the position of 
the peak. As has been mentioned above, it was found 
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Fig. 5. Electronic spectrum of anthracene in coned 
H2S04 impregnated with porous Vycor glass. 
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that aliphatic hydrogen of 9,10-dihydroanthracene is 
so mobile on zinc chloride that it can be exchanged with 
D 2 gas, that 9,10-dihydroanthracene decomposes into 
anthracene and 1,2,3,4-tetrahydroanthracene, and that 
zinc chloride abstracts the hydride ion from 9,10-
dihydroanthracene. A colored 9,10-dihydroanthra-
cene-zinc chloride complex formed on porous Vycor 
glass platelets also gave a weak absorption band at 
1720 c m - 1 . This can also be interpreted as an H~ ion 
from 9,10-dihydroanthracene being chemisorbed on 
Lewis acid centers of zinc chloride. 

The results presented above lead us to the conclusion 
that 9,10-dihydroanthracene dissociates on zinc chloride 
as follows: 

nZnCl- S (ZnCl2)^H 

The disappearance of the anthracene cation radical 
at the early stage of the reaction can be explained if 
one assumes the following reaction : 

H,(ZnCl0) 2'n 

+ nZnCl- =» 
(ZnCl 2 ) -

The yellow complexes of triphenylmethane and 9,10-
dihydroanthracene, which were formed at higher 
temperatures on porous Vycor glass pretreated at 
550°G under a vacuum, are also supposed to be triphenyl-

methyl cations and 9-anthracenium ions respectively, 
but further investigation should be carried out before 
an assignment can be made certainly. 
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The Solubility Curves of Water in Normal Alkane Derivatives 
with a Polar Group 
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Measurements were made of the solubility vs. temperature curves of water in normal alkane derivatives: 
alkanols, alkylamines, and alkanoic acids. The solubility of water increases monotonically with an increase in the 
temperature in alkanols and alkanoic acids, while it decreases in alkylamines. The solubility is so great that it 
often exceeds 1/2 in the mole fraction scale. Phase diagrams were constructed by combining such solubility curves 
with the solubility curves of these substances in water. The heat of solution at an infinite dilution vs. the tempera­
ture for 1-butanol in water is obtained by taking account of the activity coefficient of 1-butanol in its own phase. 

When an organic substance containing a hydrophobic 
group, such as an alkyl group, is introduced to water, 
the water is considered to change in structure and to 
form an iceberg around the molecule, which breaks 
down gradually with a rise in the temperature.1) As a 
result, such an aqueous solution shows various com­
plicated phenomena.2) The present authors have found 
that a min imum commonly exists on the solubility vs. 
temperature curve for normal alkane derivatives in 
water, such as alkanols, alkylamines, and alkanoic 
acids.3) The heat of solution at an infinite dilution, 
which is the difference between the part ial molar 
enthalpy of a solute at an infinite dilution and the 
molar enthalpy in its pure state, serves to elucidate the 
dissolution state of the solute molecule energetically.4) 
The heat of solution at an infinite dilution should be 
obtained thermodynamically from the phase diagram 
of the solute and solvent if both phases at equil ibrium 
are ideal. I n order to construct the phase d iagram for 
the binary system of water and an organic substance, it is 
necessary to know the mutual solubility vs. temperature 
curves, i.e., the solubility curves, of the organic com­
pound in water as well as of water in the organic phase. 
Measurements have not been made of the solubility of 
water in most normal alkane derivatives, whose solubility 
curves in water have been measured in a previous 
paper.3) 

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

The materials used were the same as those described in a 
previous paper.3) Twenty to thirty glass ampoules containing 
various compositions around the solubility of water at room 
temperature were immersed in a water thermostat. The 
distinction between clear and turbid ampoules was made 
after a time long enough for equilibrium to be established, say, 
ca. 2 h, at each temperature. 

The behavior of the binary system of 1-pentanol and water 
is presented as an example in Fig. 1; here an open circle 
shows the most water-rich composition among the clear 
ampoules at each temperature and a solid one, the most 1-
pentanol-rich among the turbid ones. The solubility curve 
is drawn smoothly between open and solid circles. The 
solubility curves for other compounds are similarly precise. 

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

The solubility curves of water in the organic phases 
measured are expressed as the mole fraction of water, 

350H 

tf 
P 

300F 

0.10 0.12 Ö14" 

Weight fraction of water 

Fig. 1. Solubility behavior of water in 1-pentanol. 
O : The most water-rich composition in clear ampoules, 
0 : the most 1-pentanol-rich composition in turbid 
ampoules. 

x°x, vs. the temperature, T, in Figs. 2 and 3. The 
solubility of water in either hexylamine or heptylamine 
could not be determined below 293 or 307 K, because 
these mixtures were in jelly-like states at the lower 
temperatures. A large amount of water dissolves in 
each organic phase, and xf exceeds often 1/2; this 
is natural , as it has been expected that the solubility 
of water in an organic liquid is more than that of the 
organic compound in water, because the molar volume 
of water is generally less than that of an organic liquid.5) 
Particularly, hexylamine can decrease to as low as 0.10 
in the mole-fraction scale in its own phase at 300 K. 
As expected, the greater solubility of water is seen in 
the compound wi th the smaller number of carbon atoms 
in a homologous series at a given temperature . 

The solubility of water increases monotonically with 
a rise in the temperature in alkanols and alkanoic acids, 
while it decreases in alkylamines. The increase is 
steeper in alkanoic acids than in alkanols. Such behavior 
is significantly different from that of these substances in 
water.3) When In xf is plotted against T'1, the curve 
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Fig. 2. Solubility curve of water in alkanols. 
Ax: 1-Butanol, A2: 1-pentanol, A3: 1-hexanol, Bx: 2-
pentanol, B2 : 2-hexanol, B3 : 2-heptanol, Cx : 3-pentanol, 
G2: 3-hexanol. 

300 350 

T/K 

Fig. 3. Solubility curve of water in alkylamines and 
alkanoic acids. 
Dj : Hexylamine, D2: heptylamine, Ex: pentanoic acid, 
E2: hexanoic acid. 

does not deviate very much from a straight line for any 
compound. This fact reveals that the structure in an 
organic phase does not change with the temperature 
so remarkably as in an aqueous phase. 

The phase diagrams of the binary systems of water 
and one of these substances are shown in Figs. 4, 5, 

In #2 

Fig. 4. Phase diagram of the binary system of water and 
1-alkanol expressed as temperature vs. the natural 
logarithm of mole fraction of organic substance. 
Superscripts aq and or denote aqueous and organic 
phases, respectively. 

350 

300 

Fig. 5. Phase diagram of the binary system of water 
and 2- or 3-alkanol expressed as temperature vs. the 
natural logarithm of mole fraction of organic substance. 

30O-

Fig. 6. Phase diagram of the binary system of water and 
alkylamine or alkanoic acid expressed as temperature 
vs. the natural logarithm of mole fraction of organic 
substance. 
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and 6, which were constructed by combining the 
solubility curves of water in Figs. 2 and 3 with the 
solubility curves of the substances in water reported 
in a previous paper.3) The abscissa expresses the 
natural logarithm of the mole fraction of an organic 
compound. The region between two solubility curves 
corresponds to the turbid two-phase region; outside 
of this region there are clear one-phase regions. 

In order to know the states of an organic substance 
in water, it is useful to estimate the heat of solution at an 
infinite dilution of the organic substance in water, 
AsAf .4> If the system consists of water and an organic 
substance, the chemical potential of the organic sub­
stance, either in the aqueous phase, /4S or in the 
organic one, /4T, may be generally expressed by:6) 

/4q = H%^{T,p) + RT\n xpyp 
and: 

M? = Ml(T,p) + RTln xfyf. 

When both phases are mutual ly saturated (nF=/#*) , 
Asht can be expressed generally as : 

where nf&<i{T,p) and Afaq are the chemical potential 
and the part ial molar enthalpy of the organic substance 
in the aqueous phase at an infinite dilution at a certain 
temperature, T, and pressure, p, where n%{T,p) and h% 
are the molar Gibbs free energy and enthalpy in its 
pure state, where xP and x? ( = 1 — * f ) are the mole 
fractions of the organic substance in aqueous and 
organic phases at mutua l saturation, where yf1 and 
yiT are the activity coefficients of the substance in 
aqueous and organic phases, with reference to the 
infinite dilution and to the pure state respectively, and 
where R is the gas constant. When the aqueous 
phase is dilute enough to be an ideal solution ( y | q = l ) , 
Eq. 1 is reduced to : 

A*-*[a hff i fW]> M- (2) 
When the organic phase is also ideal ( y § r = l ) , Eq. 2 
gives: 

A * = * [ J J |&ß5eL]^ . (3) 

If, further, the amount of water in the organic phase in 
equilibrium with the aqueous phase is either zero or 
independent of the temperature, Eq. 3 is reduced to : 

Equation 4 has frequently been used to obtain the 
heat of solution from the solubility curve of a solid 
substance.7) Such a value is almost entirely correct, 
because the solvent is rarely dissolved in a solid substance 
and ln*§ r may be regarded as zero. O n the other 
hand, AsAf has been evaluated from the solubility 
curve in water for several substances which are in the 
liquid state under the conditions measured.8 - 1 1) Such 
a solubility curve corresponds to the curve with the 

superscript aq on the left-hand side in Figs. 4, 5, and 6. 
The conditions for Eq. 4, however, would fail for most 
liquid organic substances, since the solubilities of water 
in them must exceed their solubilities in water.5) Equa­
tion 4 cannot be used, of course, for the substances 
studied here, because neither In xf nor its derivative 
with respect to T is zero, as is shown by the r ight-hand 
side curves with the superscript or in Figs. 4, 5, and 6. 
If the mutua l solubility is small and both aqueous and 
organic phases are ideal, AsAf can be obtained by 
means of Eq. 3 from the phase diagrams shown in 
Figs. 4, 5, and 6. In the present cases, however, the 
organic phases cannot be assumed to be ideal, because 
the solubilities of water x\T are as high as between 0.15 
and 0.90 as is shown in Figs. 2 and 3, while the aqueous 
phases are dilute enough to be assumed to be ideal.3) 
Unfortunately, AsAf cannot be evaluated from the 
phase diagram only, but it can with the use of Eq. 2. 
The activity coefficient, yf, however, is not available 
from the literature for most of the substances investigated 
in the present paper. For 1-butanol, though, the values 
of y%* at 298 K have been found over a wide range of 
compositions.12) If y\* is assumed to be independent 
of the temperature at an equal composition,13) AsAf 
for 1 -butanol can be estimated from the phase diagram 
in Fig. 4 by applying Eq. 2. Thus , the difference in 
Ash% according to the respective assumption can be 
checked here for the 1-butanol-water system. The 
relation between the AsAf estimated from Eq. 2 and 
the T f o r 1-butanol is shown as Curve 2 in Fig. 7. I t is 
expected that the value for AsAf obtained by Eq. 1 is 
not so very different from that on Curve 2, since the 
solubilities of the organic substances are small enough 
to be ideal. The most likely values of AsAf shown by 
Curve 2 increase with an increase in the temperature. 
The increment of Curve 2 corresponds to the increase 
in the part ia l molar enthalpy of 1-butanol in water at 
an infinite dilution with the rise in the temperature , 
because the heat of evaporation is almost independent 
of the temperature.3) The values for AsAf which are 

L_i 1 1 1 1 1 1 1 

300 350 
T/K 

Fig. 7. Heat of solution at infinite dilution vs. tempera­
ture curves for 1-butanol in water estimated by three 
different methods. 
2 :Eq. 2, 3: Eq. 3, 4: Eq. 4. 
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ob ta ined by the use of Eqs. 3 and 4 are also shown as 
Curves 3 and 4 respectively in Fig. 7 for the purposes 
of comparison. I t is very impressive that Curve 3 is 
distant from Curve 2 as a result of our neglecting the 
deviation of yf from unity and that Curve 4 again 
approaches Curve 2 as a result of our further neglecting 
the solubility of water in the organic phase. This suggests 
that the Asht value obtained by the simplest method 
using Eq. 4 may be close to the real value because of the 
compensation of the two effects of xf and ylT. 
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The absorption spectra of the transient species produced through the one-electron reduction of ferrocene 
and biferrocene were determined by applying a radiation-chemical method in frozen glass matrices. The spectral 
shapes were assigned to ferrocene- and biferrocene-anionic species on the basis of the experimental results. In the 
biferrocene anion, the "intervalence transfer" band was observed at about 2050 nm. 

Oxidized ferrocene and biferrocene have been 
extensively studied by the measurement of their optical-
absorption, EPR, and Mössbauer spectra, and much 
information about their physical and chemical properties 
has been accumulated.1 - 8) O n the contrary, nothing is 
known about the reduced forms of ferrocene and 
biferrocene, because their syntheses have not yet been 
completed. The failure of efforts thus far undertaken 
for the syntheses suggests that the reduced forms are 
too unstable to be isolated by the usual chemical 
processes. In the present work, we wish to report on the 
optical-absorption spectra of the transient species which 
are observed after a one-electron reduction of ferrocene 
and biferrocene by applying radiation-chemical reac­
tions to frozen glass solution. The spectra were assigned 
to the ferrocene and biferrocene anions. 

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

All the chemicals used were of the purest grade com­
mercially available. The biferrocene was synthesized by the 
ordinary method.9) The 2-methyltetrahydrofuran (MTHF) 
was purified by distillation over metallic sodium. The distillate 
was stored in vacuo over a sodium-potassium alloy. The 
ferrocene was recrystallized before use. 

Each ferrocene solution (15 mM) and biferrocene solution 
(9 mM) in MTHF was sealed in an optical cell with an optical 
path of 1.5 mm or in an EPR sample tube, and irradiated at 
77 K with y-rays from 60Co ; the total doses for the ferrocene 
and biferrocene MTHF-glass matrix were 215 krad and 420 
krad, respectively, for H 2 0 . 

The absorption spectra were measured on a Gary 14 RI, 
while the EPR measurement was carried out by using a 
JEOL PF 3AX at 77 K. 

Radia t ion-chemica l M e t h o d for 
Preparat ion o f Ion R a d i c a l s 

Although there seems to be an inveterate prejudice 
that says radiation-chemical processes are too com­
plicated, it has been demonstrated that the irradiat ion 
of a frozen solution in a selected solvent with ionizing 
rays provides us with an excellent method for the 
selective preparat ion of solute cation or anion 
species.10»11) The scheme has also been well examined 
as will be briefly illustrated below. 

For the selective preparat ion of solute anion species 

e~ + S • S-

RH+ + RH • RH2+ + R. , 

in an alcoholic or ethereal glass solution, the processes 
may be described as follows: 

(i) 

(2) 

where S and R H denote the solute and a solvent species ; 
e~ and RH+, the electrons and holes induced by ionizing 
radiations and S~ and RH2+, the solute anion species 
and protonated holes, respectively. The protonated 
holes are stable species such as hydronium ions produced 
in the irradiated water. The reaction of RH+ with the 
surrounding solvent molecules (Reaction 2) proceeds so 
fast that solutes added in a small amount cannot 
scavenge the holes. The absorption bands of the 
t rapped electrons, which are observed in y-irradiated 
glass solutions in the absence of solutes, are replaced 
by the bands of solute anions when a sufficient amount 
of solute is added to the glass solution. No absorption 
band is observed for RH2+ and R* in the visible and 
near-infrared regions. 

The selective production of solute cations is also 
proved by the use of organic halides, R X , such as 
Fréons as solvents: 

RX+ + S 

e- + RX 
S+ 

R. + X-
(3) 

(4) 

In React ion 4, R X works to prevent the solute species 
from forming a solute-anion species, removing electrons 
in the system. Those methods described above, which 
will hereafter be referred to as ' 'matr ix protection 
method ," have been successfully applied to the study of 
radical ions of many organic compounds1 0 - 1 3) and to 
the study of the one-electron reduction of several 
organometallic compounds.14»15) We have also carefully 
applied this method to ferrocene and biferrocene in 
order to prepare their anions. 

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

Prior to applying the method for the one-electron 
reduction of ferrocene and biferrocene, the absorption 
spectra of the cationic species produced in y-ray irra­
diated frozen solutions of ferrocene and biferrocene in a 
freon mixture (CFC13 1: CF2BrCF2Br 1) were deter­
mined. Figures 1-a and 1-b show the spectra taken after 
i rradiat ing frozen freon mixture glass solutions contain-
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X/nm 

Fig. 1. Absorption spectra of ferrocenium (a) and bifer-
rocene (b) cation obtained by a radiation-chemical 
method ; the total dose for ferrocence (50 mM) and 
biferrocene (2 mM) Freon-mixture glass solution was 
430 krad and 215 krad for H 2 0 , respectively. 

ing ferrocene and biferrocene respectively. The spectral 
shapes agree well with those of the ferrocenium ions and 
biferrocene mono-cations prepared by chemical 
methods.3»7»8) The dark blue precipitates obtained by 
warming the solutions to room temperature were deter­
mined to be cationic salts. 

Fig. 2. Absorption spectrum of ferrocene anion taken 
after photobleaching of residual trapped electrons. 

The spectrum taken after the photobleaching of the 
residual t rapped electrons with a filtered light (A>520 
nm) for the y-ray irradiated M T H F glass solution 
containing ferrocene is shown in Fig. 2. The two 
characteristic bands with peaks at 340 and 550 nm in 
the spectrum can not be found when the solution 
includes biphenyl (30 m M ) as an additional solute 
before the irradiation, while the bands of biphenyl 
anions appear clearly. This suggests that the 340- and 
500-nm bands are associated with a species resulting 
from a reaction which competes with the biphenyl-anion 
formation; i.e., a kind of one-electron reduction process. 
The results also suggest that the electron affinity of 
ferrocene should be lower than that of biphenyl previ­
ously reported by us.16) Another experimental result 
obtained in methanol glass containing ferrocene showed 
that t rapped electrons are not scavenged by ferrocene. 
In the process of React ion 1, it is obvious that solutes, 
S, which a lower electron affinity than the solvent 

cannot be reduced. 
The possibility of the protonation of the anions may 

be excluded, because the spectrum shown in Fig. 2 is 
not in accordance with that of the cyclopentadiene 
anions observed by Shida,17) although cyclopentadiene 
anions, C 5 H 6

_ , would be formed if protonation occurred. 
A dissociative electron at tachment, like Reaction 4, 
was observed for solutes of certain organic halides.10) 
Recent studies have revealed that cobal t ( I I I ) coordina­
tion compounds can undergo a one-electron reduction 
in the y-ray irradiat ion of a M T H F glass solution at 
77 K to form their anions, which they decompose on 
warming.14»15) E P R studies of y-ray irradiated tetra-
phenylporphyrinatocobalt(III) chloride in M T H F at 
77 K indicate that the cobalt ions and chloride ions 
remain at a distance close enough to interact with 
each other in a transient species.15) This suggests that 
M T H F glass is very effective for protecting the dissocia­
tion of any fragments at 77 K. In conclusion, therefore, 
the spectrum shown in Fig. 2 may be safely assigned to 
ferrocene anions. The disappearance of the spectra 
on warming the glass solution indicates that ferrocene 
anions are too unstable to be isolated at higher tempera­
tures. The assignment is also verified by the resemblance 
of the observed spectrum of cobaltocene,18) an iso-
electronic analogue to the ferrocene anion. The band 
around 550 n m is at tr ibutable to the transition of an 
electron from a doubly occupied e2g or a l g orbital to 
the half-occupied e l g orbital, by analogy to cobaltocene. 
E P R measurements taken for the same species with the 
absorption bands at 340 and 550 nm showed the g-
values, gx and gz, to be 1.52 and 1.66 respectively. 
These values are close to those (1 .65<£ x <1 .85 and 
£ z = 1.685) reported for cobaltocene doped in ferrocene 
at 4.2 K.18> 

Fig. 3. Absorption spectrum of biferrocene anion taken 
after photobleaching of residual trapped electrons. 

Figure 3 demonstrates the spectrum of a y-ray-
irradiated M T H F glass solution containing biferrocene, 
measured after photobleaching the residual trapped 
electrons with a filtered light (A>520nm) . The 
spectrum consists of the visible bands (500—800 nm) 
and a near-infrared band with a peak at ca. 2050 nm. 
All those bands decay when the solution is warmed, and 
may be at t r ibuted to a single species. The spectrum can 
be assigned to biferrocene mono-anions, on the basis 
of the radiation-chemical studies described in the 
consideration of the ferrocene anions. 

T h e visible bands are attr ibutable to the ferrocene-
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anion moiety in the biferrocene mono-anion because 
of its similarity to the 550-nm broad band in Fig. 2. 
(No transition occurs above 550 n m for ferrocene and 
biferrocene.3»8)) The near-infrared band at 2050 nm 
that was not observed in the ferrocene anion is quite 
similar to the 1900-nm band of the biferrocene mono-
cation found in Fig. 1-b, which has been known as the 
"intervalence transfer" band.7»8) I t seems, therefore, 
reasonable to ascribe the 2050-nm band to the 
"intervalence transfer" between [Fc(I)Fc(II)]_—> 
[Fc( I I )Fc( I ) ] - , where Fc(I) and Fc(I I ) denote the 
ferrocene anion and the ferrocene moiety respectively. 
The near-infrared band has a shoulder at about 1700 
nm, as is found in Fig. 3. 

The results of the work on the ferrocene and biferro­
cene anions show that the reduced organometallic 
compounds can be prepared by applying the matrix-
protection method in a M T H F glass solution. The 
observation of the absorption spectra on the reduced 
species will provide us with valuable information about 
the physical and chemical properties of the species too 
unstable to be isolated, such as the intriguing character 
of mixed-valence species. 
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Light scattering from solutions of dodecyltrimethylammonium chloride in water and 4.00 M (1 M = 1 mol 
dm - 3) NaCl has been measured at 25 °G, and the critical micelle concentrations and the micellar molecular weights 
have been determined. The critical micelle concentration, when combined with the previous data, follows the linear 
Gorrin-Harkins equation over the whole range of NaCl concentrations. The micellar molecular weight remains 
low, i.e., about 20000 even in the presence of 4.00 M NaCl, and the double-logarithmic relation between the 
micellar molecular weight and the ionic strength is represented by a straight line over the whole range of NaCl 
concentrations, when plotted together with the previous data. These results indicate that only spherical micelles 
are formed by dodecyltrimethylammonium chloride in the presence of added NaCl. The stability of the spherical 
micelle is attributed to the low degree of binding of Cl~ on the cationic micelles. 

In a recent work on light scattering1) we have shown 
that the micelle of dodecyldimethylammonium chloride 
is subject to a transition of its shape from spheres to 
rods when the concentration of added NaCl is increased 
across 0.80 M (1 M = l mol dm"3) and when the sur­
factant concentration considerably exceeds the critical 
micelle concentration ( c m . a ) . By measurements of 
the viscosity of the micellar solutions,2) we have con­
firmed such a transition of micelle shape induced by 
the change in ionic strength. 

In another work3) we have also demonstrated that 
even sodium dodecyl sulfate can form rodlike micelles 
in concentrated NaCl solutions beyond 0.45 M. The 
formation of large micelles of sodium dodecyl sulfate 
in 0.6 M NaCl was observed by Mazer and his 
coworkers4»5) and by Corti and Degiorgio,6»7) using 
both quasi-elastic and elastic light scattering, al though 
the latter workers reserved to draw a conclusion for the 
formation of rodlike micelles and considered other 
possibilities as well. 

Kushner and his co-workers8) measured both the 
light scattering and intrinsic viscosity of micellar 
solutions of dodecylammonium chloride in different 
concentrations of added NaCl . Their da ta on micellar 
molecular weight can be interpreted as indicating the 
formation of rodlike micelles in NaCl solutions more 
concentrated than 0.07 M.1) The observed intrinsic 
viscosity of the micellar solutions also suggests the 
formation of rodlike micelles.2»9) 

In the previous paper1) we have pointed out that 
the NaCl concentration or the ionic strength where the 
sphere-rod transition of an ionic micelle occurs is closely 
related to the preference of a surfactant molecule to a 
spherical micelle over a rodlike micelle. This preference 
is determined by the geometrical ease of packing of 
surfactant ions in a micelle and by the magni tude of 
repulsion among polar head groups on a micelle surface. 
From the geometry of a surfactant molecule we can 
see that dodecylammonium chloride is more adequately 
incorporated into a rodlike micelle than dodecyldi­
methylammonium chloride, and thus, dodecyltrimethyl­
ammonium chloride remains to form spherical micelles 
even in the presence of 0.5 mol k g - 1 NaCl.10) 

In order to investigate the nature of the sphere-rod 
transition of ionic micelles, it is worth observing the 

light scattering of dodecyltrimethylammonium chloride 
micelles in more concentrated NaCl solutions and 
determining the micellar molecular weight as well as 
the micelle shape. This cationic surfactant has already 
been studied by Kushner and his co-workers8) and by 
Emerson and Holtzer,10) using the light-scattering 
method ; they found it to associate into spherical micelles 
in the presence of NaCl less concentrated than 0.5 
mol kg - 1 . 

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

The sample of dodecyltrimethylammonium chloride was 
purchased from the Tokyo Kasei Kogyo Co., Inc., and was 
recrystallized from acetone three times. Thermal-decomposi­
tion gas chromatography was applied to this sample at the 
injection temperature of 300 °G and with the column tempera­
ture of 240 °G; the results showed that the sample contained 
88.2% C12, 9.5% Cu, 0.90% G10, 0.86% C16, and 0.55% 
G8. The contaminating higher alkyl homologs would not 
influence the conclusion derived in this work. 

NaCl was a special-grade reagent and was used after having 
been roasted. Water was redistilled from alkaline KMn0 4 

in a glass still. 
The light scattering and the refractive index increment 

were measured on Shimadzu apparatuses, PG-21 and DR-3, 
using the unpolarized light of 436 nm of mercury lamps. A 
cylindrical cell for light scattering was put in a thermostat 
jacket. The temperature for measurements was kept at 
25 ±0.05 °G by circulating water of a constant temperature 
through the cell jackets. The procedure for the optical 
cleaning of the solutions and the methods of measurement and 
calibration were described previously.1»3) 

Measurements were carried out on solutions of dodecyl­
trimethylammonium chloride in water and in 4.00 M NaCl. 
The reduced intensity of light scattered in the 90° direction, 
R90, was recorded, and the angular dissymmetry in the 45° 
direction, zi5, was examined. The value of dissymmetry was 
less than 1.02 above the c.m.c, but it was sometimes higher at 
lower concentrations. Data showing dissymmetries higher 
than 1.03 were discarded. 

R e s u l t s 

Figure 1 shows the reduced intensity, R90, of the 
surfactant solutions as a function of the concentration, 
c (g c m - 3 ) . The reduced intensity increases with an 
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Fig. 1. Reduced intensity of scattered light plotted 
against surfactant concentration at 25 °C. 
O : In water, £ : in 4.00 M NaCl. 

TABLE 1. REFRACTIVE INDEX INCREMENT 

AND LIGHT SCATTERING 

c. 
M 

0 
4 00 

(dn/de)c, C0 

cm3 g-1 10-3 M 

0.158 19.3 
0.123 0.68±0.07 

co ^90 

lO-ägcm-3 lO^cm- 1 

0.51 3.34 
0.018±0.002 4.18 

0.5 1 1.5 

( * -O/10- 2 gcm- 3 

Fig. 2. The Debye plots for dodecyltrimethylammonium 
chloride micelles at 25 °C. 
O : In water, # : in 4.00 M NaCl. 

increase in the concentration above the c.m.c. The val­
ues of c .m .c , c0 (g cm - 3 ) or CQ (M) , and of the reduced 
intensity there, J?g0, are given in Table 1, together with 
the refractive index increment, (dn/dc)CB, where Cs is 
the molar concentration of added NaCl. 

Figure 2 shows that the Debye plots both in water and 
in 4.00 M NaCl are straight lines expressed by 

£ f £ - £ + «*-«•>• (i) 

where M is the micellar molecular weight and B is the 
second virial coefficient. The optical constant is 

K=2n*hl{dhldcYJNàV, (2) 

where n0 is the refractive index of the solvent; A the 
wavelength of light, and Nk the Avogadro number . 

TABLE 2. CHARACTERISTICS OF THE SPHERICAL MICELLES 

M 

0 
4.00 

M 

11 500 ±500 
20 000± 1 500 

B 
10-3cm3g-

43.6 7.50 
75.8 0.05 

3 M™ m -fr 
x m 13 900 52.8 0.18 
21500 81.4 0.2 

Table 2 lists the values of the micellar molecular 
weight, the micellar aggregation number, m'=Af/264, 
and the second virial coefficient. The value of the 
aggregation number indicates that the micelle of 
dodecyltr imethylammonium chloride is spherical even 
in 4.00 M NaCl solutions. The positive value of the 
second virial coefficient also supports the formation of 
spherical micelles alone, because it has been previously 
established that rodlike micelles are formed only when 
the surfactant concentration exceeds the c.m.c.1»3,6) We 
have also observed a negative second virial coefficient 
for a rodlike micelle of N,iV-dimethyldodecylamine 
oxide half-neutralized by HCl in 0.2 M NaCl.11) 
Debye and Anacker12) reported positive second virial 
coefficients for the rodlike micelles of hexadecyltrimeth-
y lammonium bromide in 0.178 and 0.233 M KBr, 
but it proves that even for these solutions negative 
coefficients can be assigned at low micelle concentra­
tions if lower values of c.m.c. are chosen. 

To confirm the formation of spherical micelles only 
and the absence of rodlike micelles for dodecyltrimethyl­
ammonium chloride over the whole range of NaCl 
concentrations, we have performed an experiment to 
observe the light scattering from a solution of the 
cationic surfactant in saturated NaCl . To a 0.75 X 10~2 

g c m - 3 solution of the cationic in 4.00 M NaCl, solid 
NaCl was added in such a way as to give a 5.9 M NaCl 
solution if it dissolved completely. The supernatant 
was sufficiently clean to permit reliable light-scattering 
measurements and gave a value of reduced intensity 
slightly lower than that for the 4.00 M NaCl solution. 

D i s c u s s i o n 

The Double-logarithmic Relations of the c.m.c. and the 
Micellar Molecular Weight to the Ionic Strength. 
Figure 3 shows the Corrin-Harkins plot for dodecyl­
t r imethylammonium chloride in the presence of NaCl . 
The da ta of previous workers8«10) are also plotted. I t 
is seen that the Corrin-Harkins equation 

l o g C 0 = - 0 . 6 3 1 log(C0+Cs) - 2.794 (3) 

proposed by Emerson and Holtzer10) can be extended 
up to 4.00 M NaCl. In previous papers1-13) we have 

- 1 0 1 

log (C0+Cs) 

Fig. 3. The Corrin-Harkins plot for the micelles in 
NaCl solutions. 
O : Present results, /\: Kushner and his coworkers,8) 
• : Emerson and Holtzer.10) 
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- 1 0 

log (C0+Cs) 

Fig. 4. The double-logarithmic relation of micellar 
molecular weight with ionic strength in NaCl solutions. 
O : Present results, A : Kushner and his coworkers,8) 
• : Emerson and Holtzer.10) 

pointed out that the linear Corrin-Harkins relation 
holds only when spherical micelles are formed; now 
we have confirmed that proposition. For the stabiliza­
tion of spherical micelles, the added salt simply serves 
to shield the electrostatic effect of a charged micelle. 

Figure 4 shows the double-logarithmic relation of the 
micellar molecular weight to the ionic strength. 
Together with the da ta of other workers,8»10) it is 
represented by a linear relation: 

log M = 0.105 log(C0 + Cs) + 4.26. (4) 

The low value of the coefficient of Eq. 4 is consistent 
with the spherical micelles. 

The scatter of the points in Fig. 4 could be partly 
at t r ibuted to different values of the refractive index 
increment: e.g., the value of Kushner and his co­
workers8) is 0.155 in water, but the value of Emerson 
and Holtzer,10) obtained by an extrapolation, is 0.160 
in water ; while our value is 0.158. But the deviation 
seems to occur mostly in the opposite direction. 

The Factors Determining the Sphere-rod Transition. 
In the previous paper1) we proposed a postulate that 
the salt-induced transition of the micelle shape is 
controlled by the ratio of the size of the polar head 
group to the hydrocarbon par t of a surfactant molecule 
and by the degree of counterion binding on the micelle 
surface. The first factor is related to the geometrical 
packing of surfactant molecules in a micelle. The 
ionic strength where the transition occurs should be 
higher when the head group is more bulky; this was 
confirmed for the head-group homologs of dodecyl-
ammonium chloride in NaCl solutions. T h a t is, the 
transition occurs at 0.07 M NaCl for dodecylammonium 
chloride and at 0.80 M NaCl for dodecyldimethyl-
ammonium chloride. We can now add an example of 
dodecyltr imethylammonium chloride, for which the 
transition NaCl concentration is higher than the 
saturated NaCl concentration. 

The second factor is related to the electrostatic 
repulsion among polar head groups. The counterion 
binding on the micelle surface may be examined by 
changing either the counterion species or the concentra­
tion of added salt. The effect of counterion species on 
the size of dodecyltr imethylammonium micelles in 
water was investigated by means of light scattering; it 
was found that only spherical micelles are formed, as sug­
gested by the observed low aggregation numbers.1 4 - 1 7) 
The effect of the concentration of added KBr or NaBr 
on the micelle size of dodecyltr imethylammonium 

bromide was also investigated by light scattering; it 
was demonstrated that only spherical micelles are for­
med in the presence of salt less than 0.5 mol kg-1.10»15»17) 

Anacker and Ghose18) measured the micellar molecu­
lar weight of dodecyltr imethylammonium bromide in 
0.500 mol k g - 1 sodium salt solutions and found that a 
large micelle with an aggregation number as high as 
10 000 is formed in 0.500 mol k g - W a S C N . The large 
micelle must be rodlike, and its formation may be 
at t r ibuted to the reduced electrostatic repulsion among 
surfactant ions caused by the high degree of binding of 
SCN~ on the cationic. Tha t is, only a strongly hydro­
phobic ion, S C N - , can bind with the cationic micelle 
to an amount large enough to stabilize a rodlike micelle. 

Consequently, we may conclude that the sphere-rod 
transition of dodecyltr imethylammonium micelles 
cannot be induced by the addition of NaCl, because 
C I - does not bind with the surfactant micelle sufficiently. 

I t is known that the Prins-Hermans-Princen-Mysels 
theory19»20) can derive the apparent degree of ionization, 
p/m, of an ionic micelle, together with its " t r u e " molecu­
lar weight, Mm9 and its " t r u e " aggregation number, m, 
based on the assumption of an ideal polyelectrolyte 
solution. Table 2 also includes these values of the 
micelles. The low degree of binding of C I - would be 
revealed in the rather large values of the apparent degree 
of ionization of the micelle, as given in Table 2. 

If the hydrocarbon part of alkyltrimethylammonium 
is longer, the cationic is adapted to a rodlike micelle 
better than to a spherical micelle. Thus, hexadecyl-
t r imethylammonium bromide can form the rodlike 
micelles in 0.178 and 0.233 M KBr,12) while it forms 
spherical micelles in water and in 0.0130 M KBr.14»15) 

Small-angle X-ray scattering measurements demon­
strated that the radius of gyration of an ionic micelle 
in water suddenly increases with an increase in the 
surfactant concentration beyond a certain value, and 
this change was at tr ibuted to the transition of the 
micelle shape from a sphere to a rod.21»22) We can 
interpret such a transition as also being caused by the 
increase in ionic strength given by the surfactant itself. 

In this concentration-induced transition of micelle 
shape, we can still see evidence for the counterion 
binding. Reiss-Husson and Luzzati21) determined the 
surfactant concentration for the sphere-rod transition 
and tabulated its approximate values as 4 0 x l 0 ~ 2 g 
c m - 3 for hexadecyltr imethylammonium chloride and 
as 5 X 10 - 2 g c m - 3 for hexadecyltrimethylammonium 
bromide. This difference in concentration for the 
transition could be considered to stand for the stronger 
binding of B r - than C I - to the cationic micelle. 

The authors are deeply indebted to Mrs. Keiko 
Kotani of the Aichi-ken Kogyo Shido-sho for her 
skilful gas-chromatographic analysis. 
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evolution Reaction at the Mercury-coated Platinum Electrode 
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The thermal evaporation of mercury is investigated in order to ascertain the structure of mercury electro-
deposited on platinum. At first, Pt2Hg is formed on platinum, and a hydrogen(H)-overpotential at the surface is 
identical with that at the mercury-free platinum. With the increase in the amount of mercury to more than the 
amount corresponding to PtHg, the H-overpotential increases. When a large amount of mercury is deposited, the 
layer is composed of three mercury compounds (Pt2Hg, Pt2Hg2, and PtHg4), metallic mercury, and adatom mercury. 
Even when a sufficiently large amount of mercury is deposited, e.g., several thousand atomic layers, the H-over­
potential is much less than that at a hanging mercury drop electrode (HMDE). From the general relationship 
between the hydrogen evolution at a metal electrode and the work function of the metal, the change in the H-
overpotential with the increase in the amount of mercury is attributable to the work-function change. 

In spite of the importance of hydrogen-evolution 
reaction at the surface of thin metal film deposited on a 
foreign metal from the viewpoints of corrosion and 
electrocatalytic reactions1 >2> at the surface and the 
utility of thin film electrodes, there have been only a 
few quanti tat ive investigations of hydrogen evolution at 
thin metal film. Furuya et al. investigated hydrogen-
evolution reaction at platinum3) or palladium4) deposited 
on gold and copper,5) gold,3) or arsenic6) deposited on 
plat inum. Through these studies they concluded that, 
when a monolayer metal was deposited, the hydrogen 
evolution at the surface was identical with that at the 
bulk metal to be deposited. O n the other hand, at the 
surface of thin mercury film deposited on platinum7) or 
silver,8) the hydrogen evolution was far from that at 
pure mercury itself, even when the amount of mercury 
was sufficiently large. This phenomenon has been well 
known, because plat inum- or silver-based thin mercury 
film electrodes (TMFE) have been widely used7-14) as 
indicator electrodes in electroanalytical chemistry. Like 
mercury, silver on platinum15) also behaved similarly. 
Many authors have empirically discussed the prepara­
tion and stability of the T M F E with regard to hydrogen 
evolution. Bruckenstein et Û/.16) investigated the adsorp­
tion behavior of the hydrogen atom at less than a 
monolayer amount of mercury-coated plat inum surface 
with regard to the structure of deposited mercury. In 
general, hydrogen-evolution reaction at a metal surface 
can be correlated to the work function of the electrode 
as well as the potential of zero charge and the strength 
of hydrogen adsorption.1 7 - 2 2) 

In this report, hydrogen-evolution reactions at the 
mercury layer, from less than a monolayer to several 
thousand atomic layers, deposited on plat inum are 
described with regard to the structure of mercury. The 
structure of the deposited mercury was investigated by 
means of the thermal evaporation of the mercury, 
followed by the determination of the mercury atoms 
using flameless atomic absorption spectrophotometry 
(AAS).23-24) Using this procedure, the quanti tat ive 
determination of a trace amount of mercury as well 
as the characterization of the deposited mercury layer 
from the evaporation temperature are possible. 

Exper imenta l 

The electrolysis and the determination of the mercury were 
carried out with the same electrolytic cell, potentiostat, and 
flameless AAS mercury analyzer as those reported previous-
ly>23,24) A Hokuto Denko Co., Model HB-107A, wave-
function generator was used for the linear-potential sweep. 

The mercuric Perchlorate solution was prepared by dis­
solving mercuric oxide in 2 . 5 x l 0 - 1 M ( 1 M = 1 mol dm -3) 
perchloric acid, and the concentration of mercury (II) was 
determined by EDTA titration. Triple-recrystallized potas­
sium Perchlorate was used as the electrolyte, and the other 
chemicals used were of a reagent grade. The water used was 
distilled over 3% potassium permanganate in the presence of 
0.1 M sulfuric acid, and then distilled twice. Argon (99.99% 
or more) was purified by passing it through a titanium sponge 
(700 °C). All the electrolytic measurements were carried 
out at 25 ±0.2 °G, and the potentials were referred to a 
saturated calomel electrode (SCE). The electrode surface 
area was 1.13 cm2. 

Pretreatment of Platinum.™) The platinum plate (15 X 
20x0.3t in mm) used as an electrode had a purity above 
99.99%. It was electropolished anodically at 4—4.5 V vs. 
the platinum cathode for 10 s in a mixture of potassium 
chloride and sodium chloride ( 1 + 1 ) fused at 650 °G. Then 
it was kept in ( 1 + 1 ) perchloric acid for a few min and washed 
with water. 

Deposition of Mercury. Mercury was deposited on the 
platinum by means of controlled-potential electrolysis at 
+ 0.55 V (underpotential region) or +0.20 V (more negative 
than the reversible potential for mercury (II)/(0)), unless 
otherwise mentioned. Electrolysis was carried out for 15 
min in a deaerated electrolyte solution (1 X 10_1 M in potas­
sium Perchlorate and 1 X 10-3 M in perchloric acid) contain­
ing 10~6—10-4 M of mercury (II). 

Investigation of Hydrogen-evolution Reaction. Cylic Voltam-
metry : After the deposition of mercury, the solution contain­
ing mercury (II) was drained off and the cell was washed with 
an electrolyte solution (1 x 10_1 M potassium Perchlorate and 
1 x 10 -3 M perchloric acid) five times. A voltammogram 
was run cathodically and then anodically at a rate of 2 mV 
s_1 in 10 ml of an electrolyte deaerated for 15 min by passing 
argon through. 

Tafel Plot: The relation between the electrode potential 
and the current density (10 -7—10 -3 A cm -2) was galvanosta-
tically investigated in 1 x 10_1 M of potassium Perchlorate 
and 1 X 10_1 M of perchloric acid. 
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Thermal Evaporation. Immediately after the com­
pletion of the electrolysis, the mercury-coated platinum was 
washed with water and then ethanol; it was thereafter heated 
in a quartz tube while the temperature was raised at a rate 
of 20 °G min"1. The evaporated mercury was introduced 
into the mercury analyzer by means of an argon stream (2 
lmin"1). The absorption intensity of mercury was recorded 
against the temperature {T-Hg curve).23) 

R e s u l t s 

Structure of Mercury Layer Deposited on Platinum. 
The T-Hg curves of mercury (0.12—4.1 fjig cm"2) 
deposited on plat inum are illustrated in Fig. 1. With 
the increase in the amount of mercury deposited, one 
to five peaks are observed. The development of each 
peak with the increase in the total mercury deposited 
is shown in Fig. 2. With a small amount of mercury 
(less than 0.29 (ig cm" 2 ) , only Peak I at 300 °C is 
observed (Region A in Fig. 2). After the saturation 
of Peak I at 0.29 fjig cm"2 , Peak II at 160 °C and Peak 
III at 110 °C start to be observed (Region B). Peak I I 
is also saturated; the saturated amount under Peak I I 
is 0.29 (jig cm"2 . With more mercury, Peak III develops, 
and Peak I V at around 20 °C and Peak V at 190 °C 
appear (Regions C and C ) . While the ratio of the 
amount of mercury under Peak III to that under Peak V 

— 2 0 — 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 
Temperature/qC 

Fig. 1. T-Hg curves of mercury deposited on platinum. 
Amounts of mercury deposited (fig cm"2): (a) 0.12, (b) 
0.20, (c) 0.35, (d) 0.87, (e) 1.7, (f) 2.4, (g) 3.2, (h) 4.1. 

0.01 0.1 1 10 100 

Total amount of mercury deposited/[xg cm"2 

Fig. 2. Developments of various peaks in T-Hg curve 
with the increase of the amount of mercury deposited. 

nearly equals unity in Region C, the rat io increases 
with the increase of mercury in Region C . 

The character of each peak is as follows ; 
Peak I. When mercury is deposited at + 0 . 5 5 V 

(underpotential region), even in a rather concentrated 
mercury (II) solution (10 - 4 M ) , the amount of mercury 
under this peak, I, is also saturated at 0.29 jxg cm- 2 . 
Similarly to the determination of the underpotential 
shift, AU, for mercury deposition on gold,23) the AU 
value for mercury deposition on pla t inum was deter­
mined to be 0.45 V from the relation between the 
electrode potential of controlled-potential electrolysis 
and the amount of mercury deposited (E-Hg plot). 
Moreover, the first wave in the E-Hg plot is saturated 
at 0.29 (jig c m - 2 of mercury, which agrees well with the 
saturation of Peak I in the T-Hg curve. In this connec­
tion, the relation between the amount of mercury 
deposited and the amount of hydrogen adsorbed at the 
plat inum surface, Q,H-Hg, was investigated according to 
the procedure proposed by Bruckenstein et al.1*) The 
quanti ty of adsorbed hydrogen, QH, decreases linearly 
with the increase of mercury, and with 0.29 [ig c m - 2 of 
mercury Q,H comes to be zero. This indicates that the 
deposition of the first mercury layer proceeds via a site 
mechanism16) showing a combinat ion of two pla t inum 
surface atoms with one mercury atom deposited. 
According to the results obtained by the E-Hg and 
Q^H-Hg measurements, it is evident that Peak I in the 
T-Hg curve corresponds to the evaporation of mercury 
from the stable mercury layer, Pt2Hg, which is deposited 
at the underpotential . Actually, the saturated value, 
0.29 (jig c m - 2 , is about one-half of the amount of mercury 
calculated by assuming that each pla t inum surface atom 
is associated with one mercury atom and that a roughness 
factor of the electrode is unity. 

Peak II. Because Peak II is saturated with the 
same amount of mercury as Peak I (0.29 [ig cm" 2 ) , 
this peak corresponds to the evaporation of one mercury 
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(-Evs. SCE)/V 

Fig. 3. Voltammograms for hydrogen evolution at 
platinum electrode with and without mercury. 
Electrolyte: 1 x 10 -1 M potassium Perchlorate and 1 X 
10~3 M perchloric acid. Rate of potential scanning: 
2 mV s_1. Amounts of mercury deposited ([ig cm -2) : 
(a) 0—0.29, (b) 8, (c) 22, (d) 60, (e) more than 200. 

atom from Pt 2Hg 2 (or 2PtHg) , thus forming Pt2Hg. 
Peaks III and IV. Peaks I I I and I V were 

previously reported to be due to the evaporation of 
metallic mercury and adatom mercury,respectively.23 '24) 

Peak V. Peak V is identical with that of the 
evaporation of mercury from the PtHg 4 alloy produced 
by the procedure reported by Barlow et #/.26) and 
identified by X-ray diffraction. 

Hydrogen-evolution Reaction at the Mercury-coated Platinum 
Electrode. Vol tammograms for hydrogen-evolution 
reaction at the pla t inum electrode with and without 
mercury are illustrated in Fig. 3. Although the reduction 
potential of the hydrogen ion should be determined 
using a constant and small current density, the hydrogen-
reduction peak potential, Ep, in the vol tammogram is 
employed for convenience for the study of the H-
overpotential in the present study. The peak potential, 
Ep, in the second cathodic potential scan is adopted 
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Fig. 4. Hydrogen evolution reaction at mercury-
coated platinum electrode with various amount of 
mercury. 
(a) : Peak potential in cyclic voltammogram, Ep, (b) : 
Tafel slope b. 

because Ep in the second scan is more negative than 
that in the first scan as a result of the structural change 
of mercury film during the first cathodic polarization.7) 
Ep at the mercury-free plat inum electrode is —0.50 V. 
The relation between Ep at the mercury-coated platinum 
electrode and the amount of mercury deposited is 
shown by Curve (a) in Fig. 4. With less than 0.29 
(jig c m - 2 of mercury, Ep is identical with that at 
p la t inum. With more than 0.29 (jig cm"2 , Ep shifts to a 
negative value with the increase in the amount of 
mercury. With more than 200 u.g cm"2 , Ep is constant 
at — 1.05 V, Ep. Even when 20 mg c m - 2 of mercury 
is deposited, Ep halts at El. 

As may be seen in Fig. 3, the slope of the voltammo­
gram in the range of low current density decreases when 
an electrode with a larger amount of mercury is used. 
To study the polarization characteristics more quan­
titatively, a galvanostatical investigation of the Tafel 
plot was carried out. The b slope in the Tafel equation, 
r] = a+b log i, where a and b are constants and rj is 
the overpotential, for a hydrogen-evolution reaction 
is changed with the amount of mercury deposited, as 
is illustrated by Curve (b) in Fig. 4. With less than 1 
[jig cm" 2 of mercury, b is about 0.030 V, which is 
identical with the value observed at mercury-free 
plat inum. With the mercury is between 1 and 40 
(jig cm"2 , the slope changes from 0.030 to 0.085 V, and 
with more than 40 (jig cm~2 of mercury, the slope is 
from 0.085 to 0.120. The b slope, 0.120 V, is identical 
with that at a hanging mercury drop electrode (HMDE) . 
The amount of mercury, 40 (jig cm~2, corresponds to the 
boundary amount of mercurv between C and C in 
Fig. 2. 

Stability of Mercury Layer Deposited on Platinum. 
The stability of the mercury layer was investigated by 
measuring the ÜH-Hg and the hydrogen-evolution 
reaction after lefting it stand at 25 °C in a deaerated 
supporting electrolyte for a definite period of time. 
The relation between the amount of mercury and Ep, or 
the b value obtained at the electrode on which mercury 
had been deposited for 15 min in 10~4—10~6 M mercury 
(II) and which was left standing for 30 min (Fig. 4), 
was identical with that obtained at the electrode on 
which mercury had been deposited for 30 s in 10 -3—10~5 

M mercury (II) and which left standing for 2—5 min. 
Therefore, it is concluded that a standing time within 
30 min exerts no significant effect on hydrogen evolution 
at the surface, regardless of the amount of mercury 
deposited. When the amount of mercury deposited was 
less than 10 \xg c m - 2 , no discrepancy was found in 
ÜP-Hg and hydrogen evolution between those obtained 
after standing for 30 h and those obtained after only 
30 min. When pla t inum coated with more than 10 
(jig cm~2 of mercury was allowed to stand for more 
than 3 h, the ÜH-Hg curve changed from that obtained 
after 30 min standing; i.e., Peak I I I decreased and Peak 
V increased. Also, after more than 20 h's standing, 
ÜP-Hg showed only Peak V. Hydrogen evolution also 
changed with the standing time, much as with the T-Hg 
curve. After 2 h's standing, Ep began to shift to a 
more positive value; after 3, 5, and 12 h's standings, 
Ep were —0.95, —0.82, and —0.65 V, respectively. 
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T A B L E 1. STRUCTURE OF MERCURY DEPOSITED ON PLATINUM AND 

HYDROGEN-EVOLUTION REACTION AT THE SURFACE 

Region 

A 
B 
C 

C 

Amount of mercury 
deposited 
(jig c m - 2 

0—0.29 
0.29—1 
1—40 

More than 40 

Structure of 
mercury layer 

Pt2Hg 
Pt2Hg2+Hg 
Pt 2 Hg 2 +Hg+ 
PtHg4+Hga d a t o m 

As region C but 
Hg>PtHg 4 

Ep vs. SCE 
V 

- 0 . 5 0 
- 0 . 5 0 - ^ - 0 . 5 3 
- 0 . 5 3 - ^ - 0 . 8 0 

- 0 . 8 0 - ^ - 1 . 0 5 

b 
V 

0.030 
0.030-^0.035 
0.035->0.085 

0.085-^0.118 

With more than 20 h's standing, Ep reached —0.60 V, 
which was only 100 m V more negative than that at 
platinum. 

The plat inum contents in a mercury layer at various 
standing times were determined colorimetrically by 
means of a modified t in(II) chloride method27) after 
dissolving the deposited mercury layer in nitric acid 
(60 °C) and treating it with aqua regia. T h e plat inum 
content increased with the standing t ime ; after standing 
for 3, 5, 12, and more than 20 h, the plat inum contents 
were 10.5, 12.8, 16.0, and 19.2 at. % . The final 
platinum content. 19.2%, agrees well with the finding 
that Peak V in the T-Hg curve is PtHg 4 . 

D i s c u s s i o n 

The structure of the mercury layer deposited on 
platinum and the hydrogen-evolution reaction at the 
surface are summarized in Table I as a function of the 
amount of mercury deposited. Although many 
pla t inum-mercury alloys, such as PtHg 4 , PtHg2 , P tHg, 
Pt2Hg, and Pt3Hg, have been identified,28) PtHg 4 , 
PtHg, and Pt 2Hg are the main components in the 
mercury layer deposited on plat inum. Particularly in 
the underpotential region, Pt 2 Hg is preferentially 
formed (Region A in Fig. 2). 

Bruckenstein et a/.,16) on the basis of the results of 
Q^H-Hg measurement, suggested the formation of P t 2 Hg 
in the initial step of the deposition. They deposited 
mercury at a more negative potential than the reversible 
potential for mercury (II)/(0) and reported that Qu 

was not equal to be zero even when the plat inum 
surface was covered with mercury in an amount large 
enough to saturate the Pt 2Hg layer. In the present 
study, if mercury is deposited on plat inum in the 
underpotential region, Q.H comes to be zero at the 
electrode with mercury corresponding to the completion 
of the Pt2Hg layer; this indicates that Pt 2Hg is preferen­
tially formed at the underpotential. The reoxidation 
current peak, from which Pt2Hg can be identified, was 
not observed in the anodic stripping voltammograms 
reported by Bruckenstein et al. Two evaporation peaks, 
Peak I and Peak I I in the T-Hg curve in Region B, of 
mercury from Pt 2Hg 2 (or 2PtHg) indicates that the 
evaporation of one mercury atom from Pt 2Hg 2 requires 
less energy than that required for the evaporation of 
mercury from Pt2Hg. This evaporation behavior 
obviously supports the preferential formation of P t 2 Hg 
at the initial step of the deposition. Bruckenstein et al. 

also described the development of PtHg4 . The anodic 
stripping peak of mercury from PtHg4 , however, was 
too broad to be distinguished from such other layers 
as Pt2Hg. A well-defined peak, V, which corresponds 
to the evaporation of mercury from PtHg 4 , is observed 
in the T-Hg curve in the present work. Although 
Bruckenstein et al. reported that P tHg 2 was formed on 
PtHg, P tHg 2 was not observed in the T-Hg curve. 

The rate-determining step of the hydrogen-evolution 
reaction has been widely recognized1) to be one of the 
following three reaction steps : (i) the discharge of the 
hydrogen ion, («) the chemical desorption of the 
hydrogen molecule, or (in) electrochemical desorption. 
Because the Tafel slopes, b, for hydrogen evolution 
at Pt 2 Hg and mercury-free pla t inum are 0.030 V, it is 
considered that the rate-determining step at their 
surfaces is (ii) ,29) In the C region, the b value is 0.110— 
0.120 V, which is identical with that at the H M D E . 
The rate-determining step at their surfaces is (z),30) 
which agrees with the dominant formation of metallic 
mercury in the C region, Peak III in the T"-Hg curve. 
Although Peak III is observed in the T-Hg curves 
whenever more than 0.29 u,g c m - 2 of mercury is de­
posited (Regions B, C, and C ) , the electrode property 
of the surface is far from that of mercury in Regions B 
and C. In the C and C regions, Ep is shifted in the 
negative direction with the increase in mercury. The 
relation between Ep and the amount of mercury, given 
as Curve (a) in Fig. 4, can be expressed empirically 
by the following equation : 

Ep = E? + *W(E\ - £J*)/(1 + aW), :o 
where Ell and W are Ep at mercury-free pla t inum and 
the amount of mercury in [ig c m - 2 , respectively. 
Comparing the experimental results illustrated as 
Curve (a) in Fig. 4 with Eq. 1, the constant, a, is 
determined to be 0.026. 

Even at a freshly prepared electrode with a large 
amount of mercury, the hydrogen-evolution peak was 
at — 1.05 V, far positive than that at the H M D E . The 
plat inum content in the mercury layer on such an 
electrode was confirmed by chemical analysis to be 
less than 0.01 w t % . Butler et a/.31> discovered, by using 
a dropping mercury electrode, that the presence of 
0.027 w t % plat inum did not affect the hydrogen-
evolution reaction. The present study also confirmed 
the absence of any effect when a hanging mercury drop 
containing 0—0.^5 wt% plat inum was used. Therefore, 
the lower H-overpotential at the mercury-coated 
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pla t inum with a large amount of mercury is not at­
tr ibuted to the trace amount of pla t inum dissolved in 
the mercury layer. 

Furuya et al.15) reported that the exchange-current 
density for hydrogen evolution at twenty atomic 
layers of silver deposited on plat inum was far from that 
at pure silver metal . O n the other hand, in such systems 
as copper on platinum,5) gold on platinum,3) plat inum 
on gold,3) and palladium on gold,4) with the deposition 
of a monolayer metal , hydrogen evolution changed 
from that at the base metal to that at the deposited 
metal. Considering the hydrogen-evolution reaction 
at the deposited thin metal film, the combinations of 
deposited metal and base metal can be classified into 
two groups as follows: (i) Deposited metal forms 
stable intermetallic compounds with the base metal. 
T h e chemical interaction is too strong, and the property 
of the surface of the deposited metal is affected by an 
underlying layer, such as the base metal itself and/or a 
stable-compound layer formed. This group includes 
P t /Hg and Pt/Ag, which show intermetallic compounds, 
PtHg, PtHg 2 , and PtHg 4 , and Pt3Ag, PtAg, and PtAg3, 
in the phase diagrams.28) (it) Deposited metal forms a 
solid solution with the base metal at any ratio instead 
of the formation of the stable intermetallic compounds. 
The property of the deposited metal atom is rather 
independent of the property of the base metal, and the 
electrochemical property of the deposited metal surface 
is hardly affected by the base metal when the base 
metal surface is completely covered with the deposited 
metal film. This group includes Pt /Cu, Pt/Au, and 
Pd/Au. 

The remarkable standing-time effect on mercury-
coated pla t inum is explained by the growth of stable 
intermetallic compounds because of the large interaction 
between mercury and plat inum. In addition, it is 
also considered that the diffusion coefficient of base-
metal atoms in metallic (liquid) mercury is much 
larger than that in other solid metals. In connection 
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4.0 4.5 5.0 
Work function of metal, <£>M,/eV 

Fig. 5. Relation between Tafel slope b and work function 
of metal. 
Tafel slopes b are cited from Ref. 35. Work function 
of metals are cited from Refs. 17 and 18. 

with the work function of the thin metal film surface, 
it has been reported that metal monolayers deposited 
on foreign substrates, such as alkali metals deposited 
on nickel or tungsten,32-34) show the same work-function 
value as that of bulk alkali metal. In these systems, no 
intermetallic compounds have been reported, and the 
diffusion coefficient of nickel or tungsten in an alkali 
solid metal is smaller than that in liquid metal. 

Generally, hydrogen evolution at the metal surface is 
related to the work function of the metal.19 '20) Trasatt i 
suggested a linear relationship between the H-
overpotential at a metal surface and the work function 
of the metal (see Fig. 1 in Ref. 19). The relation between 
the Tafel slope, b, previously reported and the work 
function of the metal is shown in Fig. 5. I t is evident 
that the b slopes are constant at 0.030 and 0.120 V, 
when the work-function values are more than 4.9 eV 
and less than 4.7 eV, respectively. When the work 
function of the metal is between 4.7 and 4.9 eV, the b 
slope shows an intermediate value of 0.030—0.120 V. 

Because Ep and the b slope at the surface of monolayer 
mercury deposited on plat inum is identical with those 
at the plat inum surface, the work function of monolayer 
mercury film can be said to be close to that of platinum, 
but not to that of mercury. I t is also estimated, from 
the difference between El and Ep at the H M D E , 
that the work function at the electrode surface with a 
large amount of mercury deposited is still different 
from that of pure mercury. The experimental relation 
(Curve (b) in Fig. 4) shows a remarkable change in 
the b slope when 40 [xg c m - 3 of mercury is deposited. 
Therefore, it is considered that the work function of the 
surface is a round 4.8 eV. This is supported by the facts 
that the Ep values observed at gold, nickel, and copper, 
the work-function values of which are 4.78, 4.73, and 
4.70 eV, are - 0 . 7 4 , —0.68, and - 0 . 8 4 V, respectively, 
and that the Ep value at the mercury-coated plat inum 
with 40 [xg c m - 2 of mercury is —0.8 V. 

Through the present study it is clear that the 
hydrogen-evolution reaction at the mercury-coated 
plat inum is characterized by the structure of the 
mercury layer, which affects the work function of the 
electrode surface. 

Because the platinum-based T M F E is found to be 
troublesome with respect to the stability, the property 
of thin mercury film deposited on various metals will 
be discussed in a subsequent paper in preparation for 
developing an ideal T M F E . 

The author would like to thank Dr. Sorin Kihara, 
professor Taichiro Fujinaga and his coworkers, and Dr. 
Kenji Motojima for their helpful discussions and useful 
suggestions. 
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Preparation of an Ideal Thin Mercury Film Electrode and 
Its Electrochemical Property 
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In order to get an ideal thin mercury film electrode, the structure of mercury film electrodeposited on foreign 
metals was investigated with the aid of the thermal-evaporation behavior of mercury and correlated to the electrode 
properties of the mercury-deposited surfaces. A mercury layer deposited on gold, copper, nickel, or platinum 
consists of stable mercury compounds with the base metal at their interface and a uniform metallic mercury layer on 
them. The hydrogen(H)-overpotential at the mercury-coated surface increases with the increase in the amount 
of mercury deposited. Mercury on molybdenum or stainless steel forms island-like metallic mercury droplets by 
electrodeposition. The H-overpotential at the surface is identical with that at molybdenum or stainless steel 
without mercury. Mercury deposited on lead or zinc easily forms a stable amalgam with the base metal, and no 
metallic mercury is present. The H-overpotential at the surface is slightly less than that at a base metal without 
mercury. A nickel-based thin mercury film electrode is recommended for such electroanalytical uses as anodic 
stripping voltammetry. 

Th in mercury film electrodes (TMFE) are widely 
used1-6) in such electroanalytical fields as stripping 
analysis. Plat inum and silver are usually used as base 
metals of such T M F E . It has been well known1-4) that 
the hydrogen(H)-overpotential at the T M F E is less 
than that at pure mercury, even when a fairly large 
amount of mercury is deposited, and that the H-
overpotential decreases with the standing time. These 
disadvantages of the T M F E restrict the electrochemical 
and analytical use of the T M F E . Generally, the reason 
for the lowering of the H-overpotential has been em­
pirically understood1 '4) as the diffusion of base metal 
atoms into the mercury layer or the droplet formation 
of deposited mercury. However, few reports have 
discussed the H-overpotential at the mercury-coated 
electrode theoretically and systematically. 

Regarding with the hydrogen-evolution reaction or 
other electrode properties at thin metal film electrodes, 
combinations of deposited metals and base metals are 
divided into two groups.7) In one group, the monolayer 
metal deposited shows an electrode property identical 
with that at the pure metal to be deposited,8-10) while 
in the other the electrode property at the thin metal film 
electrode is different from that at the pure metal, 
even when the amount of metal deposited is fairly 
large.7-11) As a typical example of the latter, the 
mercury-coated plat inum electrode was investigated in 
the preceding report.7) The cause of the gradual change 
in electrode properties wi th the increase in the amount 
of mercury was explained by the development of the 
stable plat inum-mercury intermetallic compounds, 
which affect the electrode property of the surface of 
mercury deposited. Moreover the decrease in the H-
overpotential with the standing time was at tr ibuted to 
the formation of PtHg 4 . 

From the analytical point of view, a stable indicator 
electrode with a large H-overpotential is required. 
Mercury is indispensable because of its large H-over­
potential. O n the other hand, a suitable base metal for 
the T M F E should make the stable mercury layer both 
mechanically and chemically and should not lower the 
H-overpotential of mercury. 

In the present report, the structure of the mercury 

layer deposited and the hydrogen-evolution reaction 
at the deposited mercury surface are studied employing 
gold, copper, nickel, molybdenum, lead, zinc, and 
stainless steel as base metals. O n the basis of these 
results, a criterion for selecting the most preferable 
metal as the base metal of the T M F E is suggested. 

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

The metals used were of purities more than 99.9%. Mercury 
(II) and supporting electrolyte solutions were prepared using 
specially purified water as has been reported previously.7) The 
electrolytic measurement and determination of mercury vapor 
by flameless atomic absorption spectrophotometry (AAS) were 
carried out by means of the apparatus described in the previous 
paper.7) The electrolytic measurements were carried out at 
25±0.5 °C, and the potentials were referred to a saturated 
calomel electrode (SCE) unless otherwise mentioned. The 
surface area of the electrode was 1.13 cm2. 

Pretreatments of the Metals.12') The gold, copper, nickel, 
molybdenum, lead, zinc, and stainless steel used as base metals 
were electropolished anodically by using a stainless steel 
cathode at applied potentials of 6 V in a cyanide bath,13) at 
5 V in 60% phosphoric acid in water, at 5 V in 60% sulfuric 
acid in water, at 5 V in 12.5% sulfuric acid in methanol, at 
6 V in 60% nitric acid in methanol, at 2.5 V in 20% nitric 
acid in methanol, and at 8 V in 64% phosphoric acid+ 15% 
sulfuric acid in water, respectively. Then the polished 
metals were washed with water. 

Deposition of Mercury. Mercury was electrodeposited on 
metals, except on copper, by controlled-potential electrolysis 
for 15 min in a deaerated electrolyte solution which contained 
various concentrations of mercury (II), 1 x 1 0 _ 1 M (1 M = 
1 mol dm - 3) in potassium Perchlorate, and 1 X 10~3 M in 
perchloric acid. The electrodeposition potentials of mercury 
on gold, nickel, molybdenum, lead, zinc, and stainless steel 
were at +0.20, - 0 . 4 5 , -0 .10 , -0 .50 , -1 .30 , and 0.0 V, 
respectively. Mercury was deposited on copper spontaneously 
when the copper plate was dipped in a solution containing 
mercury (II). 

H-overpotential Measurements. The hydrogen-reduction 
peak potential, Ep, in a cyclic voltammogram which was 
obtained in 1 X 10_1 M potassium perchlorate and 1 X 10~3 M 
perchloric acid at a potential scanning rate of 2 mV s_1 was 
employed for convenience in studying the H-overpotential.7) 
The cathodic potential scan was started at potentials about 
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50 mV more negative than the dissolution potential of the 
electrode. The galvanostatic measurements were carried 
out by the procedures described previously.7) 

Thermal Evaporation of Mercury (T-Hg curve). In order to 
ascertain the structure of the mercury layer deposited, the 
thermal-evaporation behavior of mercury was investigated by 
means of the procedure and apparatus reported previously.7»13) 

R e s u l t s 

Mercury-coated Gold, Copper, or Nickel. Structure of 
Mercury Deposited: A mercury-coated electrode was 
heated in an argon stream (2 1 min"1) at a raising rate 
of temperature of 20 °C min"1 , and the evaporated 
mercury was detected by means of flameless AAS 
(T-Hg curve).13) Wi th the increase in the amount of 
mercury, one to four peaks were observed. 

300 400 

Temperature/0 C 

Fig. 1. T-Hg curves of mercury deposited on gold. 
Amounts of mercury deposited (jxg cm -2) : (a) 0.07, (b) 
0.20, (c) 0.50, (d) 0.97, (e) 1.28, (f) 2.32. 

The T-Hg curves of mercury, 0.07—2.3 (xg cm- 2 , 
deposited on gold are illustrated in Fig. 1. Peaks I, I I , 
I I I , and I V are observed at 243, 100, 20, and 160 °C, 
respectively. These T-Hg curves are analogous to those 
of mercury deposited on platinum.7) By comparing 
them with the results of the detailed investigations of 
mercury on platinum7) or gold13) in the previous papers, 
Peaks I, I I , I I I , and I V in Fig. 1 are identified as the 
mercury evaporations from a stable first mercury layer, 
metallic mercury, adatom mercury, and alloy between 
gold and mercury, respectively. With a small amount 
of mercury (less than 0.20 fig c m - 2 ) , only Peak I is 
observed, and this peak is saturated at 0.20 fig c m - 2 . 
In the previous study,7) the structure of the first mercury 
layer on plat inum was confirmed to be Pt 2Hg. Assuming 
that each mercury atom deposited is combined with 
one plat inum or gold atom of the electrode surface, 
with a roughness factor of unity, the amount of mercury 

which makes the complete monolayer should be about 
0.5 (xg c m - 2 , because the lattice constants of plat inum 
or gold are nearly equal to 4 Â. In view of the saturated 
amount of the first mercury layer on gold (0.20 (xg 
cm- 2 ) , and the generally accepted structure of stable 
mercury-gold intermetallic compounds,14) the first 
mercury layer on gold is considered to be Au^Hg, where 
x is 2 or 3. 
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Fig. 2. T-Hg curves of mercury deposited on copper and 
nickel. 
Amounts of mercury deposited (jxg cm -2) : (a) 0.06, 
(b) 0.16, (c) 0.64, (d) 0.25, (e) 0.95. Based metal: 
(a)—(c) copper, (d), (e) nickel. 

The mercury layer deposited on copper or nickel 
shows a different T-Hg behavior from those on plat inum 
and gold, as is shown in Fig. 2. Even when less than 
0.20 (xg c m - 2 of mercury is deposited, three peaks are 
observed in the T-Hg curves, i.e., Peak I at about 160 
°C, Peak I I at 100 °C, and Peak I I I at about 20 °C. 
With the increase in mercury, these peaks develop and 
Peak I is not saturated. The mercury evaporates from 
the stable layer at a lower temperature (Peak I at 
160 °G) than that of mercury on pla t inum or gold, 
indicating that the interaction between mercury and 
copper or nickel is less than that between mercury and 
plat inum or gold. The idea of a small interaction is 
also supported by the large adatom layer on copper or 
nickel, shown in Fig. 2, because a large amount of the 
adatom layer was formed on the glassy carbon (GC) 
electrode,15) which has very weak interaction with 
mercury. The absence of any preferential saturation 
of the stable mercury layer on copper or nickel can 
also be explained by the small interaction with mercury. 

The large amount of mercury (100—250 (xg cm - 2 ) 
deposited on gold, copper, or nickel shows the T-Hg 
curves shown in Fig. 3. The T-Hg curves of mercury 
deposited on platinum7) or GC15) previously investigated 
are also illustrated in this figure. The mercury deposited 
on GC is purely metallic and is unstable from the 
mechanical point of view, for no stable mercury layer 
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Fig. 3. T-Hg curves of mercury deposited on gold, 
copper, nickel, platinum, and glassy carbon. 
Amounts of mercury deposited (jxg cm"2) : (a) 230, (b) 
172, (c) 138, (d) 190, (e) 97. Based metal: (a) gold, 
(b) copper, (c) nickel, (d) platinum, (e) glassy carbon. 

is formed at the GC-mercury interface. The mercury 
layer deposited on pla t inum or gold consists of the stable 
mercury and metallic mercury layer, and the stable 
mercury occupies quite a large portion of the total 
deposited mercury, while a small amount of the stable 
mercury is formed in the mercury layer deposited on 
copper or nickel. The mercury layer on copper or nickel 
is mechanically stable because of the interaction between 
mercury and the base-metal surfaces, though the 

(-Eus. SCE)/V 
Fig. 4. Cyclic voltammograms for hydrogen evolution at 

gold, Copper, and nickel electrodes with and without 
mercury. 
Electrolyte: 1 X 10"1 M potassium Perchlorate and 1 X 
10~3 M perchloric acid. Rate of potential scanning: 
2 m V s-1. Based metal: (a) gold, (b) copper, (c) 
nickel. Amounts of mercury deposited (jxg cm~2) : 
(a0) 0, ( a j 0.40, (a2) 0.85, (a3) more than 1.0, (b0) 0, 
(bi) 1.1, (b2) more than 80, (c0) 0, (cx) more than 100. 

interaction is rather small. 
Hydrogen-evolution Reaction at Mercury-coated Gold,Copper, 

or Nickel. T h e cathodic parts of cyclic voltammo­
grams for hydrogen evolution in an electrolyte solution 
containing 1 X 10 _ 1 M in potassium Perchlorate and 
1 x 10"3 M in perchloric acid, obtained at the gold, 
copper, or nickel electrode with and without mercury, 
are shown in Fig. 4. The cyclic voltammograms in the 
second potential scan are adopted in order to determine 
the H-overpotential at mercury-coated metals for the 
same reason as in the previous paper.7) Two waves are 
frequently observed in voltammograms when the 
amount of mercury is small. The first peak corresponds 
to the hydrogen evolution at the base-metal surface 
which is not covered with mercury. The peak potential 
of this wave is identical with that at a base metal 
without mercury, and the peak current of this wave 
decreases with the increase in mercury. The second 
peak potential is employed as the H-overpotential at a 
mercury-coated electrode. 

10 100 

Amount of mercury deposited/(xg cm - 2 

Fig. 5. Hydrogen overpotential, Ep, and Tafel slope, b, 
at mercury-coated gold, copper, and nickel with various 
amounts of mercury. 
Based metal: (a) gold, (b) copper, (c) nickel, and (d) 
platinum ( ). 

The relation between the amount of mercury deposited 
and the second peak potential, Ep, observed is illustrated 
in Fig. 5. The value in parentheses indicates the Tafel 
slope, b7) (in V) , for the hydrogen-evolution reaction 
at the electrode which corresponds to the plot indicated 
with an arrow. When two waves are observed in a cyclic 
vol tammogram, the Tafel slope for the second wave is 
employed. The dashed curve (d) shows the relation 
for mercury deposited on plat inum, which was reported 
in the previous paper.7) Wi th the increase in the 
amount of mercury deposited, the b slope increases and 
Ep shifts to a more negative value. As has been described 
in the preceding section, the coverage of the surface 
of a gold or p la t inum electrode is complete with the 
deposition of a monolayer amount of mercury because 
of the large interaction between gold or plat inum and 
mercury. Ep does not change from that at mercury-free 
gold or p la t inum when less than a monolayer amount 
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of mercury is deposited. With a larger amount of 
mercury than the monolayer, the coverage with the 
mercury deposited is considered not to be uniform 
because of the small interaction between the first 
mercury layer and the subsequent mercury layer to be 
deposited. Moreover, it is obvious from the T-Hg 
curve that compounds are formed between a base metal 
and mercury. O n the other hand, the preferential 
monolayer formation is not observed when mercury is 
deposited on copper or nickel, because the interaction 
between these base metals and mercury is small. Also, 
the coverage of the surface increases slowly with the 
increase in the amount of mercury. Therefore, the 
gradual change in Ep wi th the increase in the amount 
of mercury, as shown in Fig. 5, is at tr ibutable both 
to the change in the coverage of the electrode surface 
and to the formation of the stable compounds. 

When more than 1, 80, and 100 pLg cm" 2 of mercury 
are deposited on gold, copper, and nickel, the Ep values 
show limiting values, Ep, at —1.10, —1.38, and —1.40 
V, respectively. These Ep values are more positive 
than that at the H M D E . 

Stability of Mercury Layer Deposited on Gold, Copper, or 
Nickel. When the mercury (200 u.g cm"2) -coated 
copper was allowed to stand at 25 °C for 70 h in a 
deaerated supporting-electrolyte solution, Peak I I at 
110 °C in the T-Hg curve (b) in Fig. 3 decreased to 
one-half of the initial peak height ; instead, a peak at 
164 °G and an additional peak at 175 °G develop. With 
the same standing time (70 h) , Ep for hydrogen evolu­
tion shifted from —1.38 to —1.10 V. In view of the 
results of the previous study of the mercury-coated 
platinum,7) the effect of the standing time on the T-Hg 
curve and H-overpotential may be at tr ibuted to the 
structural change in the deposited mercury layer due 
to the alloy formation of mercury with copper which 
has diffused into the mercury layer. In this connection, 
the peak height at 110 °G in the T-Hg curve for the 
mercury (200 fig cm - 2 ) -coated plat inum decreased to 
one-half within the standing time of only 3 h, as has 
been reported previously,7) and Ep shifted from — 1.05 
to —0.95 V during the standing. 

The mercury (200 pig cm - 2)-coated gold and nickel 
are chemically stable, and no change in the T-Hg 
curve or H-overpotential is observed with a standing 
time of up to 70 h. 

Mercury-coated Molybdenum or Stainless Steel. Only 
the peak at 110 °G was observed in the T-Hg curves for 
mercury (0—500 (j.g cm - 2 ) deposited on these metals. 
No peak at a higher temperature in the T-Hg curve 
was observed, even when the amount of mercury was 
increased up to 2—3 mg c m - 2 and when the mercury-
coated electrode was allowed to stand for 70 h. By 
considering the analogous T-Hg curve of mercury 
deposited on the GG electrode,16) it is clear that the 
chemical interaction between mercury and molybdenum 
or stainless steel is negligibly small. In addition, the 
amount of mercury deposited on these metals decreased 
with the standing time. 

Cyclic voltammograms at mercury (0—500 (jig c m - 2 ) -
coated molybdenum or stainless steel were identical 
with those at mercury-free molybdenum or stainless 

steel; i.e., the Ep values were —0.78 or —0.81 V, 
respectively. 

These results indicate that mercury deposited on 
these metals forms an island-like deposit instead of a 
stable mercury layer and that the coverage of the 
surface of these metals by mercury is incomplete. 

Mercury-coated Lead or Zinc. Mercury deposited 
on lead or zinc formed stable compounds with the 
base metal and no metallic mercury layer existed at 
the electrode surface, even when the amount of mercury 
was 1 mg c m - 2 ; this is apparent in the T-Hg curves in 
Fig. 6. 

100 200 300 
Temperature/ °C 

Fig. 6. T-Hg curves of mercury deposited on lead and 
zinc. 
Amounts of mercury deposited: more than 1 mg cm - 2 . 
Based metal: (a) lead, (b) zinc. 

The hydrogen-evolution potentials, Ep, at a large 
amount of mercury (about 1 mg cm - 2 ) -coated lead or 
zinc were at —1.43 or —1.32 V, about 100 m V more 
positive than those at mercury-free lead (at —1.50 V) 
or zinc (at — 1.43 V) . 

D i s c u s s i o n 

Considering the structure of the mercury layer 
deposited on metals and the hydrogen-evolution 
reactions at their surfaces described in the Results, 
base metals can be classified into three groups. 

The metals in Group I have fairly large interactions with 
mercury, and stable mercury layers are formed at the 
mercury-base metal interfaces. With more than 0.3 
(ig c m - 2 of mercury, a metallic mercury surface appears. 
The H-overpotentials at mercury-coated surfaces in­
crease with the increase in mercury until the limiting 
potentials, Ev, are reached. 

The metals in Group / / h a v e negligibly small interactions 
with mercury, and the mercury deposited on these 
metals forms island-like metallic mercury deposits. The 
mercury is mechanically unstable. The H-overpotentials 
at the surfaces on which mercury is deposited are 
identical with those at mercury-free surfaces. 
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The metals in Group HI form very stable amalgams with 
mercury, and metallic mercury does not coexist, even 
when 1 mg c m - 2 of mercury is deposited. The H-
overpotentials at their surfaces are slightly less than 
those at mercury-free surfaces. 

Gold, copper, nickel, and plat inum belong to Group I, 
molybdenum and stainless steel, (and GC) to Group I I , 
and lead and zinc, to Group I I I . 

An ideal thin mercury film electrode (TMFE) should 
be stable both mechanically and chemically, and it 
should have a large H-overpotential. In view of these 
requirements for the T M F E , the metals in Group I 
are most suitable as the base metals. 

The strength of the interaction between mercury and 
the base metal determines the mechanical stability of 
mercury film; this strength is semi-quantitatively given 
by the peak-temperature difference between the evapo­
rat ion of mercury from the stable mercury layer and the 
metallic mercury layer, AT", in the T"-Hg curve. A 
large A T value certifies a stable mercury layer. O n the 
other hand, too large AT" value reduces the chemical 
stability and decreases the H-overpotential because of 
the structural change in the mercury layer during 
standing (alloy formation). For example, the H-
overpotential at the mercury-coated plat inum, the AT" 
value of which was 190 °C, was remarkably changed 
with standing.7) Among the metals studied in the 
present work, the best base metal for the T M F E was 
nickel, the AT" value of which was about 50 °C. 

Although AT" was conventionally used to ascertain 
the qualitative evaporation behavior of mercury, the 
activation free energy of thermal evaporation, AG*, 
was also investigated for a more quanti tat ive treatment. 
The activation free energy was determined using a 
procedure similar to that described previously.13) The 
differences between the AG* value for the evaporation 
of the stable mercury and that for metallic mercury, 
A(AG*), here obtained were 0.98, 0.42, 0.16, and 0.16 
eV for mercury deposited on plat inum, gold, copper, 
and nickel, respectively. 

The interaction between the deposited metal and the 
base metal has been electrochemically recognized as an 
underpotential16) for the metal deposition. Kolb et al.11) 
expressed the underpotential shift, AU, correlating to 
the work function difference between the deposited 
metal and the base metal, A</>, by using an empirical 
equation ( 1 ) : 

AU=0.5A<f>/e, (1) 

where Af /was the difference in peak potentials between 
the anodic oxidation of the stable layer and the bulk 
layer, as determined from an anodic stripping voltammo-
gram (ASV). Employing the work function values of 
5.40 and 4.50 eV for pla t inum and mercury reported in 
Ref. 19, AU is calculated to be 0.45 V for mercury 
deposition on plat inum by using Eq. 1. O n the other 
hand, if the rate-determining step in both the thermal 
evaporation and anodic oxidation reactions is assumed 
to be the same and is a breaking of the metal bond, 
producing an atom to be evaporated or oxidized, AU 
can be expressed by using AG*, as in Eq. 2 : 

AU= A(AG*)/ne, (2) 

where n is the number of electrons involved in the 
anodic oxidation reaction. By using the experimentally 
obtained value as A (AG*), 0.98 eV for mercury on 
pla t inum, and Eq. 2, AU is found to be 0.49 V. The 
underpotential , AU, for mercury deposition on platinum 
has been reported as 0.47 V by Bruckenstein et al.18) 
and Kolb et al.17) using the ASV curve. In the previous 
report,7) AU was determined to be 0.45 V from the 
relation between the electrolysis potential and the 
amount of mercury deposited (E-Hg plot). For mercury 
deposition on gold, AU was determined as 0.20 V 
using the E-Hg plot, as has been reported previously.13) 
AU is calculated as 0.14 V using Eq. 1 or as 0.21 V 
using Eq. 2. Here, as a work-function value of gold, 
the value of 4.78 eV which was recommended by 
Trasatti19) is employed, although the reported values 
are distributed from 4.78 to 5.32 eV.20) The good 
agreement between the A U values calculated from both 
Eqs. 1 and 2 and the experimental values indicates 
that AU can be correlated to A(AG*) and A0, and 
that the relation between A0 and A(AG*) can be 
expressed by Eq. 3 : 

A(AG*) = O .5nA0 . (3) 

Although AU cannot be experimentally determined 
for mercury deposition on copper or nickel using the 
electrochemical method because of the anodic dissolu­
tion of the electrode, AU can be predicted from the 
T-Hg curve by using Eq. 2 to be 0.08 V for the mercury 
deposition on these metals. The AU values are also 
calculated using Eq. 1 to be 0.03—0.10 and 0.12 V by 
using the work-function values of copper, 4.55— 
4.70,19'21) and nickel, 4.73 eV,19) respectively. 

Because interaction between deposited and base 
metals is a function of A0, as has been mentioned 
above, the general criterion for selecting a suitable 
T M F E and other metal-film electrodes can be expressed 
using the work function, which is a general physico-
chemical parameter and which has been determined 
for a number of metals. For the ideal T M F E , A0 should 
be large enough to form a stable mercury layer with 
respect to the mechanical stability and should be 
small with respect to the chemical stability and E}. 
The reason has not yet been explained, but El is more 
negative with a small value of A<j>. A<f> and E} for the 
mercury-coated plat inum, gold, copper, and nickel are 
0.90, 0.28, 0.05—0.20, and 0.23 eV, and - 1 . 0 5 , - 1 . 1 0 , 
— 1.38, and —1.40 V, respectively. By considering 
that the nickel-based T M F E is the best, a A<f> value of 
about 0.2 eV is considered to be most suitable for an 
ideal T M F E . In this connection, the cobalt-based 
T M F E (the work function of cobalt equals 4.7 eV,19) 
A 0 = O . 2 e V ) was stable and showed a large H-over­
potential ; i.e., E} was —1.38 V at the mercury (120 
\xg c m - 2 ) -coated cobalt electrode, and E} did not 
change upon standing for 70 h. 

In the present work, the hydrogen-evolution reaction 
at the electrode surface was employed in order to 
investigate the electrode property because of its simpli­
city and reproducibility of the measurements, though 
other electrochemical measurements such as pzc, which 
may be closely correlated to the work function of the 
electrode surface, can be employed for this purpose. 
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The T-Hg curve is considered to be most available 
and the simplest for studying the structure of the 
deposited mercury film directly. 

Appl icat ion o f N icke l -based TMFE 

The nickel-based T M F E recommended in this work 
was applied to the anodicstripping voltammetric (ASV) 
determinations of copper(I I ) , b i smuth( I I I ) , lead(I I ) , 
thal l ium(I) , and cadmium(I I ) in an electrolyte which 
consisted of 0.5 M of ammonium acetate and 0.1 M 
of tartaric acid, and the results were compared with 
the results obtained using the platinum-based T M F E 
and the H M D E . The mercury layer of the T M F E 
was 200 fig c m - 2 [ca. 0.15 (xm thick). After electrolysis 
at —0.90 V for 2 min in a stirred solution containing 
1 x 10"7 M of metal ions, the vol tammogram was 
recorded anodically from —0.90 to 0 V at a rate of 
50 m V s-1. 

(-E vs. SCE)/V 
0 CU 0.8 <X9 

j i i i u 

Fig. 7. ASV curves of copper (II), bismuth (III), lead 
(II), thallium (I), and cadmium (II) using nickel-or 
platinum-based TMFE and HMDE. 
Electrodes; mercury (200 (xg cm-2)-coated nickel, 
— •— mercury (200 jxg cm-2)-coated platinum, 
HMDE. Electrolyte solution; 0.5 M ammonium ace­
tate and 0.1 M tartaric acid containing 1 X 10-7 M of 
metal ions. Pre-electrolysis ; at —0.9 V for 2 min with 
stirring. ASV; from —0.9 to 0 V at a rate of 50 mV 
s-1. 

As is shown in Fig. 7, the ASV curves obtained by the 
use of the nickel-based T M F E are more quanti tat ive 
than those obtained using the H M D E . 

When lead and cadmium were simultaneously 
determined using the nickel-based T M F E , the peak 
heights in ASV were nearly proportional to the concen­
trations of the metal ions of 5 x 10~9—2 X 10"7 M . The 
standard deviations for the determinations of 5 X 10 - 9 M 
of lead and cadmium obtained from five repeated runs 

were within 5 % . The T M F E which had been left 
standing for 5 d after preparat ion gave reproducible 
ASV curves. 

When the platinum-based T M F E was used instead 
of the nickel-based T M F E , the peak height in ASV 
for lead was proportional to the concentration of 
lead(II) of 2 X 10"8—2 X 10"7 M , and 2 X 10"8 M of 
lead(II) was determined with a s tandard deviation of 
about 10%. No ASV peak of cadmium was obtained 
when the concentration was less than 1 X 1 0 - 7 M . 
The platinum-based T M F E was unstable and could 
not be used in the ASV determination of cadmium, 
because hydrogen evolution at the electrode started at 
about —0.65 V and Ep was at —0.8 V when the 
electrode had been left standing for 5 h after preparat ion. 

Thus , the nickel-based T M F E is superior to the 
H M D E and the platinum-based T M F E which have 
usually been used for the determination of trace metal 
ions by ASV. 

The author would like to thank Dr. Sorin Kihara , 
Professor Taichiro Fujinaga and his coworkers, and Dr. 
Kenji Mo tourna for their helpful discussions and useful 
suggestions. 
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Metal-semiconductor Transition with Anomalous Thermal Hysteresis 
Observed in Hexagonal (Nii-*Fe*)i-Ä (0<JC<0.30, 0<y<0.035) 

Tsukio OHTANI,*' 1 Koji KOSUGE, and Sukeji KACHI 
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The phase relation of (Ni^^Fe«^. .^ system was determined by the X-ray powder diffraction method. Fe^yS 
can be dissolved in N i ^ S in ca. 30 at.%. Transition temperature ( Tt) was measured mainly by the DSC method. 
Tt increases with increase in Fe contents. Tt in the forward direction, however, shows a significant increase as high 
as 50 degrees, when specimens are aged at a temperature below Tt. The reverse transformation is'not affected 
by thermal hystory at all. This is explained by the relaxation process in which the strain energy stored in the low 
temperature phase is relieved by aging. 

NiS (NiAs structure) can be obtained by quenching 
from high temperature (above 600 K).1) The first 
detailed investigations of NiS were performed by 
Sparks and Komoto 2 - 4 ) who found that NiS shows a 
first-order phase transition at 7 ^ = 2 6 5 K, the high 
temperature phase (H-phase) being a Pauli paramag­
netic metal and the low temperature phase (L-phase) 
an antiferromagnetic semiconductor. They also found 
that the cell volume expands by ca. 2 .0% through Tt 

with fall in temperature.3) T r a h a n et al. performed 
powder X-ray diffraction measurements and found a 
crystal symmetry change at 7\.5) O n the other hand 
M a c W h a n et al. found no crystal symmetry change by 
X-ray study of single crystals.6) Various electrical 
measurements revealed that the H-phase is a normal 
metal with n-type conduction and the L-phase a p-type 
semiconductor.7 - 1 2) One of us (T. O.) found that the 
L-phase is a degenerate semiconductor in which carriers 
are substantially produced from Ni vacancies.9) O n 
the basis of magnetic measurements, the H-phase is 
considered to be a weakly-correlated Pauli paramagnet 
and the L-phase an antiferromagnet with the it inerant 
nature.13»14) Tt is lowered by the deviation from 
stoichiometry4) and by external pressure.15»16) Tt is 
also sensitive to the impuri ty ions.17-20) Thermal 
hysteresis at Tt was reported by many authors. The 
hysteresis width is several degrees.9»21) T r a h a n and 
Goodrich, however, reported that an extremely long 
time is required for the equil ibrium near the transition, 
the thermal hysteresis width being about ten degrees.22) 

There are less complete da ta and discussions on the 
origin of the transition. I t was found that the enthalpy 
change at Tt is about 5.0 J m o l - 1 d e g - 1 for stoichio­
metric NiS.21»22) Some authors assumed that the large 
par t of entropy change at the transition is due to lattice 
contribution, suggesting the importance of electron-
lattice interaction.9»23) Strong electron-correlation 
effect would also play an impor tant role in this transi­
tion, as in the case of some transition metal oxides such 
as V 2 0 3 and related vanad ium oxides.24) White and 
Mot t first discussed this transition on the basis of 
correlation effects.25) So far, we have few data on NiS 
which suggest the effect. 

The pseudo-binary NiS-FeS system was investigated 

t Present address: Okayama University of Science, 
Laboratory for Solid State Chemistry, I-1 Ridaicho, 
Okayama 700. 

by Misra and Fleet.26) They found that the solubility 
of Fe^yS into N i ^ S * * increases with increasing y 
(metal deficiency). Continuous solid solution of this 
system was found to be in metal-poor region above 500 
°C. Tt of NiS, Ni being substituted by Fe, has been 
observed.17'19»20) We reported that Tt is raised by 
substitution of Fe ions ( Tt increases by about 20 K for 
2 .0% of Fe substitution), suggesting that the increase 
in Tt is significantly related to the increase of cell 
volume.17) Recently Coey et al.23) and Barthélémy 
et al.19) investigated the system ( N i ^ F e ^ . y S . The 
former proposed the phase diagram in the region with 
*<0 .10 , y^0 .04 , which is classified into three distinct 
regions according to their magnetic behavior. The 
latter observed two phases: the region with 0<;#<;0.05 
and that with 0.10<;*<;0.20 where c-parameter is 
greater than that in the first region. So far, no system­
atic investigation on this system seems to have been 
performed. No detailed report has appeared on the 
thermal hysteresis of this transition. We have inves­
tigated (Ni1_JCFeJC)1_>,S solid solution and the effects 
of Fe substitution on the phase transition of NiS in the 
wide composition range and the anomalous thermal 
hysteresis of the transition.27) In this paper, we will 
report the results of investigations. 

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

Starting samples of N i ^ S and F e ^ S were prepared 
separately from the pure elements. The method is the same 
as that reported.9) Nix-yS and F e ^ S obtained were mixed 
in an appropriate ratio and heated at 1000 °C in evacuated 
silica tubes for a week, and then quenched into cold water after 
being annealed at 800 °C for 3 d. Reground samples were 
heated at 1000 °C and then annealed at temperatures 150— 
800 °C for a month. Annealed samples were quenched into 
cold water. Several kinds of measurements were performed 
for powder and ingot specimens. X-Ray powder diffraction 
measurements were made on annealed samples. The tempera­
ture dependence of the lattice constants was measured in the 
temperature range 270—360 K for (Ni0.8Fe02)0#966S. DSC 
measurements were carried out with a Rigaku Thermoflex 
DSC at 110—373 K using A1203 as a reference, measurements 
being made on polycrystals ground in an agate motor. Aging 
effects on Tt were measured by the DSC method. Electrical 
resistivity measurements were performed by an oridnary four 

** Suffix, 1 —y, means that nonstoichiometric specimens 
contain only the defficient metals. 
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probes method on ingot samples, and aging effects on resistivity 
were examined at 290 K. Magnetic susceptibility was 
measured with a Faraday type torsion balance from liquid N2 

temperature to 373 K. Mössbauer effect measurements were 
carried out on (Ni08Fe0>2)0985S with a conventional spectro­
meter in a transmission setting at liquid N2 temperature and 
at 373 K for samples of both immediately after quenching 
and after aging for 20 days. 

R e s u l t s 

Phase Identification. Phase determination of the 
pseudo-binary N i ^ S - F e ^ S system was made on the 
identification of X-ray powder pat tern for quenched 
samples. Figure 1(a) shows the phase relation of 
N i ^ S - F e ^ S system at 800 °C. The closed square 
indicates hexagonal NiAs phase and the open square 
two-phase region consisting of NiAs phase and cubic 
pentlandite phase, (Fe,Ni)9S8 . Stoichiometric NiS takes 
only less than 30 at . % FeS into solid solution. A 
continuous solid solution was found to exist in the 
metal-poor region (j><;0.035). No extra line due to 

Ni0.93S> 

tfeag2S 

NiSJL 

800 C 

\ 
• • a D • • X«% 

• a D a • • • 

a • . ^.FeS 

• NiAs Type 

• Two Phases ( NiAs •Pentlandite) 

Fig. 1(a). Phase relations of pseudo-binary Nix_vS-
F e ^ S system obtained by quenching from 800 °C. 
The closed square indicates the hexagonal solid solution 
(NiAs-type), and the open square the two phase region 
consisting of hexagonal NiAs and cubic pentlandite 
phase. 
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Fig. 1 (b). Lattice spacings measured at room tempera­
ture of (Nix«x Fe,.),, 965S quenched from 800 °C. a-
axis is shown by circles and c-axis triangles. Fe contents 
is taken as abscissa. 

superstructure development as reported by Misra and 
Fleet was observed in all samples within experimental 
errors. At lower temperatures, the two phase region 
spreads out towards metal-poor compositions; for 
example at 150 °C the two phase region on NiS-FeS 
line extends from 20 to 8 0 % of FeS concentration, 
while on a Ni0 > 9 MS-Fe0 .W 6S line only up to 2 0 % of 
Feo.95s s c a n b e dissolved into Ni0 9 6 5S. Figure 1(b) 
shows the lattice spacings of the continuous solid 
solution of (Ni,Fe)0.966S at 800 °G. T h e a-parameter 
curve as a function of composition has a min imum at 
50 at. % of Fe, while c-parameter changes smoothly 
with Fe contents. 

0.1 0.2 0.3 "0 .4 
x in ( N i ^ F e J j ^ S 

Fig. 2. Transition temperatures (Tt) of (Ni1_;cFea.)1_yS 
obtained by DSC measurements. Measurements were 
carried out on specimens immediately after quenching. 
x in (Ni1_xFex)1_yS is taken as abscissa and Tt as ordi­
nate. The short vertical lines indicate the width of 
thermal hysteresis. The upper end of vertical lines 
corresponds to Tt in heating run, and the lower end Tt 

in cooling run. The inset shows the aging effects on 
T^F) (Tt in the forward direction) for (Ni0#8Fe0.2)i-„S. 
The vertical lines indicate the increase of Tt'(F) for 
various " 1 — y compositions. Aging temperature is 
290 K. Detail is described in the text. 

Phase Transition. Transit ion temperatures were 
determined mainly by the DSC method. T h e method 
of determinat ion of Tt is shown in Fig. 3(b) . Tt is 
very sensitive to thermal history. Results of unaged 
specimens are as follows. Varia t ion of Tt with Fe 
contents is given in Fig. 2, where x in (Ni1_xFea;)1_vS is 
taken as abscissa and Tt as ordinate. Tt was measured 
on heating-cooling cycles on specimens immediately 
after quenching from 800 °C. Endothermic and 
exothermic peaks were observed for heating and 
cooling, respectively. T h e value of Tt remained 
unchanged with heating-cooling rate. When " 1 — y is 
fixed, Tt increases smoothly with increasing x. All 
curves of constant " 1 — y seem to cross at x = 0 . 3 0 (ca. 
360 K ) . At x = 0 . 3 0 , DSC peaks are somewhat 
broadened after the first heating run, and for x>0 .30 , 
no DSC peaks could be detected in any " 1 — y composi-
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Fig. 3(a). Tt as a function of aging time for (Ni0 8-
Fe0 2)0 965S. Aging temperature is 290 K. The time 
elapsed from immediately after quenching is taken as 
abscissa. The upper end of vertical lines corresponds 
to Tt in the forward direction in the first heating run. 
Two horizontal lines in the lower end of vertical lines 
show the hysteresis width in the subsequent heating-
cooling runs. 

330 

r/K 
Fig. 3(b). The variation of DSC curves in the first heat­

ing runs with time elapsed for (Ni0#8Fe0 2)0 B85S. Aging 
temperature is 290 K. Transition is endothermic. 

tion. The short vertical lines in Fig. 2 indicate the 
width of thermal hysteresis observed in heating-cooling 
runs. The width of thermal hysteresis is within several 
degrees, and seems to be independent of composition. 
Hereafter, Tt in the heating run (forward direction) 
is referred to as T t (F ) , and Tt in the cooling run 
(reverse direction) 7 \ ( R ) . 

T h e results on aged specimens are as follows. T h e 
forward transformation shows an anomalous thermal 
hysteresis in aged specimens. When samples are aged 
at temperatures below Tt(R), Tt(F) gradually increases 
with the lapse of time and after sufficiently long time 

(about 20 days), reaches the final Tt(F) (the final 
r t ( F ) is referred to as Tt(F)f), which is about 50 
degrees higher than the initial Tt(F) (the initial T't(F) 
is referred to as Tt(F)[). Tt as a function of the time 
elapsed in the case of (Ni0 8Fe0 2 ) 0 9P5S aged at 290 K 
is shown in Fig. 3(a). The vertical lines show the width 
of increase of T"t(F). Endothermic DSC peaks of 
(Ni0 - 8Fe0 2 ) 0 985S in the first heating run are shown for 
various aging times, the aging temperature being 290 K 
(Fig. 3(b)) . No evidence of extra peaks can be detected 
throughout aging. The shape of DSC peaks is very 
sharp at all aging times, the height of peaks increasing 
with increasing Tt(F). The inset in Fig. 2 illustrates 
the "1 — y dependence of the width of increase of Tt(F) 
for # = 0 . 2 0 . The upper end of the vertical line corre­
sponds to T t (F ) f . T h e width of increase of Tt(F) 
seems to decrease with increasing "1 — y . The tendency, 
however, is somewhat ambiguous since the width of 
increase of Tt(F) is sensitive to experimental conditions. 
x dependence of Tt(F) is shown in Fig. 4 for 

AOOh 

X 
3 0 0 h 

200 

Fig. 4. x dependence of Tt(F) (Tt in the forward direc­
tion) for (Ni1_xFea.)0985S. Aging temperature is 290 K. 
Arrows show the increase of Tt(F) by aging. The 
closed triangles show the final Tt(F) (Tt(F){). The 
closed squares show the initial Tt (F) (Tt(F)1). 

Fig. 5. Aging time dependence of transition tempera­
tures in the first heating run of (Ni0#8Fe0 2)0-985S for 
various aging temperatures (290, 273, and 251 K). 
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r/K 
Fig. 6. Entropy change at Tt (AS) as a function of Tt for 

(Nii^Fej.Jx.yS system. Open circles show AS for 
unaged specimens. Open square is AS for sufficiently 
aged specimens. Open triangles are those obtained 
by Goey and Brussetti.21) 

(Ni^^Fe^QggjjS which was aged at 290 K. The lower 
curve shows the x dependence of Tt(F)'1 and the upper 
curve that of Tt(F)f. The width of increase of Tt(F) 
seems to be independent of x. In specimens of #<I0.10, 
the increase could not be observed since Tt(R) is 
lower than 290 K. Figure 5 shows the variation of 
7\(F) with aging temperature for (Ni0#8Fe0 2 ) 0 9S5S. 
Samples were aged at 290 K, 273 K (in ice water) and 
251 K (in a mixture of ice, water, and NaCl). Increase 
in rate is more rapid at the higher aging temperatures. 
We tried to carry out aging at temperature immediately 
below Tt(F)f after aging for a sufficiently long time 
at 290 K. We could observe no more increase of 7 \ (F) . 
Increase of Tt(F), however, was also observed in the 
case of aging at slightly higher temperatures (less than 
5 degrees higher) than Tt(F)K Figure 6 shows the 
variation of entropy change ( AS) at the transition with 
Tt. AS was determined from the endo thermic peaks. 
Open circles show the entropy changes of unaged 
specimens, and open squares those of specimens aged 
for a sufficiently long time. We see that entropy change 
at the transition increases almost linearly with increasing 
Tt. We can recognize no significant difference of 
entropy change between unaged and aged specimens. 
For example, AS of (Ni0#8Fe0#2)°#985S is 4.26 and 6.01 
J mol - 1 deg - 1 for unaged and aged speciments, respec­
tively: both values fit the curve in Fig. 6. Our results 
are almost the same as those of Goey and Brussetti21) 
shown by open triangles. 

The increase of Tt(F) was observed only in the first 
heating run. When aged samples are once passed 
through Tt(F) Ç>Tt(F)'1), transition temperatures in 
the subsequent cooling and heating runs return to the 
initial 7\(R) and Tt(F) (Fig. 7(a)). When the samples 
are again aged at temperatures below Tt(R), Tt(F) 
increases asymptotically approaching Tt(F)f, as in the 
previous aging process. 

Aging effects on other physical properties were 
examined. X-ray powder diffraction measurements 
were performed on specimens aged for a sufficiently 
long time. No extra diffraction peak or shift of diffrac­
tion peaks was found. The temperature dependence 
of lattice spacings of (Ni0#8Fe0#2)0 965S aged at 290 K 
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Fig. 7. Typical behaviors of the transition in the first 

heating run and subsequent cooling-heating runs for 
(Ni0#8Fe0 2)0 965S aged for a long time at 290 K. 
(a) : DSC curves, (b) : magnetic susceptibility, (c) : 
electrical resistivity. 
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Fig. 8. Lattice spacings of (Ni0#8Fe0#2)o.965S as a function 
of temperature. X-Ray measurements were done 
firstly on heating run for a sufficiently long time aged 
specimens, and subsequently on cooling run. Procedure 
of measurements is shown by arrows. 

for sufficiently long time is shown in Fig. 8. The 
order of X-ray diffraction measurements is indicated 
by arrows. Both a- and c-parameters decrease slightly 
with temperature in the first heating run. Abrupt 
shrinkage was observed at Tt(F)f, and abrupt expan­
sion at T"t(R) in the cooling run. In the second heating 
run, the transition was observed at Tt(F)[. The 
results are in line with those of DSC measurements. 
Typical electrical resistivity (p) as a function of tempera­
ture is shown in Fig. 7(c) for (Ni0#8Fe0#2)0#965S aged 
for a long time. In Fig. 9, the electrical resistivity (p) 
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(Ni0.8Fe0.2^0.9655 

j _ 

100 200 300 

Time/h 
400 500 

Fig. 9. Aging time dependence of electrical resistivity of 
(Nio.8Fe0.2)o.965S. Aging temperature is 290 K. 

at 290 K is plotted against the lapse of time for 
(Ni0 8Feo.2)o.965S which was quenched from 800 °C. 
Since ^ ( F ) 1 is slightly above 290 K, Tt(F) increases 
with t ime elapsed. Resistivity increases with time 
elapsed and seems to be saturated after aging for ca. 
400 h. Magnet ic susceptibility (x) of (Nii-*Fe,)0#085S 
(#<;0.30) aged for sufficiently long t ime is given in 
Fig. 10 as a function of temperature. Heat ing and 
cooling rate is 10 °C/min. Heat ing and cooling cycles 
are shown by arrows. Typical behavior of x is shown 
in Fig. 7(b) for (Ni0#8Fe0>2)0.965S aged for a long time. 
The kinks in x curves correspond to the transition. 
The difference of x between aged and unaged samples 
is very small except for near transition. There is a 
broad max imum in x curves in samples of #>0 .250 at 
about 140 K, while x of the other samples is almost 
constant with temperature. The results of Mössbauer 
measurements are shown in Fig. 11. Measurements 
were carried out for both aged (for 20 d) and unaged 
specimens of (Ni0#8Fe0 2)0#985S. An absorption spectrum 
with quadrupole splitting was observed at 373 K 

3 
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X 

(Nh-xFexfo.gssS 

X = 0.30 
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0.15 

100 200 300 400 
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Fig. 10. Magnetic susceptibility of sufficiently long time 

aged (Nix-j-Fe^o 96BS (*<[0.30) as a function of tem­
perature. Heating-cooling cycles are shown by arrows. 
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Fig. 11. Mössbauer spectra for (Ni0#8Fe0 2)0 986S. 
(a): Spectra at 393 K (above 7;(F)f), (b): spectra at 
78 K for a long time aged specimen, (c) spectra at 78 K 
for unaged specimen. 

(Fig. 11(a)), the isomer shift and quadrupole splitting 
being 0.57 and 0.154 mm/s, respectively. Magnetic 
sextets were observed at 78 K. Figures 11 (b) and (c) 
show the results obtained at 78 K for (Ni0#8Fe0 2 ) 0 985S 
aged for a long time and unaged, respectively. Internal 
magnetic field is 2.68 X 107 and 2.59 x 107 A m " 1 for 
aged and unaged specimen, respectively. Isomer shift 
is 0.80 and 0.88 mm/s for aged and unaged specimen, 
respectively. 

T h e results of anomalous thermal hysteresis are 
summarized as follows. 

a) Tt(F) increases with time, when the specimens 
are aged at temperature below 7 \ ( R ) . Tt(F)f is ca. 50 
degrees higher than Tt(F)\ Tt(F) is unchanged when 
specimens are aged at temperatures above T ^ F ) . 
7 \ (R) is not affected by heat treatment. 

b) When aged specimens are once passed through 
T t (F) ( > r t ( F ) 1 ) , T t(F) in the subsequent heating 
runs return to Tt(F)'1. When samples are again 
aged at temperatures below T ^ R ) , the same aging 
effects are also observed. 

c) Two phase mixture of the initial and the final 
state is not observed in the course of aging in both 
DSC curves and X-ray powder diffraction patterns. 
No new phase was observed during the course of aging. 

d) Increase in the rate of T ^ F ) increases with rise 
in aging temperature. 

e) The width of increase of Tt(F) seems to be 
almost independent of x composition. 

f ) The nature of phase transition, i.e. metal-semi­
conductor transition accompanied by magnetic change, 
is essentially unchanged by aging treatment. Physical 
properties of both aged and unaged specimens are 
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compared as follows. 
1 ) No crystallographycal difference is found in X-ray 

diffraction patterns. 
2) Electrical resistivity of aged specimens is higher 

than that of unaged one. 
3) Difference of magnetic susceptibility is very 

small. 
4) Internal magnetic field of aged specimen is 

higher than that of aged one. 

D i s c u s s i o n 

In the course of studies on the phase transition of 
(Nij .xFex),«^ system, we found anomalous aging 
effects on the transition temperature. First let us 
consider the phase relation of this system. Misra and 
Fleet26) have reported the monosulfide solid solution 
in the temperature range 230—600 °C. They found 
extra peaks such as super lines in powder patterns of all 
of monosulfide-bearing products. However, we found 
no extra peak in X-ray diffraction patterns, confirming 
the distinct region of solid solution of this system. Solid 
solution was also confirmed by DSC measurements 
which show smooth increase of the transition tempera­
ture with Fe contents up to 30 at. % . Barthélémy et Ö/.19> 
found two phases in Ni!_xFexS with small amount of 
Fe at 550 °C, one with 0 ^ * ^ 0 . 0 5 , the other with 
0 . 1 0 ^ x ^ 0 . 2 0 and a mixture of two phases with 0 . 0 5 < 
x<0.10 . c-parameter of the second phase is greater 
than that of the first one. This can be explained by 
our results of aging effects. Tt in the composition range 
of 0 . 0 5 < x < 0 . 1 0 lies near room temperature . Thus , 
in the range 0<[x<[0.05, X-ray diffraction patterns 
at room temperature show a pat tern of the H-phase ; in 
the range 0 . 1 0 ^ x ^ 0 . 2 0 they show one of the L-phase 
which has a greater c-parameter than the H-phase. 
Two phase mixture in the region 0 . 0 5 < * < 0 . 1 0 can be 
explained by the following results. In specimens which 
have Tt slightly below room temperature, Tt gradually 
increases with the lapse of t ime at room temperature. 
X - R a y diffraction patterns at room temperature show 
the two phase mixture of the H- and L-phases, both 
phases having the NiAs type structure while lattice 
spacings differ from each other. Two phase mixture 
has been observed for 48 h in X-ray charts; this feature 
is remarkable especially in (102) reflection. No lattice 
modification was found in the ( N ^ ^ F e * ) ^ ^ system. 

The phase transition of this system is accompanied 
by the drastic changes of electrical and magnetic 
properties, this being metal-semiconductor transition 
similar to that of pure NiS. (Ni1_xFex)1 - yS with Ni-rich 
composition has substantially the same characteristics 
of phase transition as that of pure NiS. 

Let us consider the aging effects on the phase transi­
tion. It is important to examine whether this is charac­
teristic of only Fe substituted N i ^ S . T r a h a n and 
Goodrich22) found in their calorimetric measurements 
that it takes a long time for stoichiometric NiS to at tain 
equilibrium near the transition, exhibiting a considéra 
ble- hysteresis. Tt was observed to be 276 K in heating 
run, and 269 K in cooling run, while in cooling run 
the samples supercooled approximately by 2.5 K. All 

previous publications except that of T r a h a n and Good­
rich reported that Tt of NiS lies in the neighbourhood 
of 265 K. T h e anomalous high transition temperature 
in heating runs of T r a h a n and Goodrich is presumably 
due to the aging effects. For the sake of confirmation we 
performed DSC measurements for undoped NiS. We 
observed the increase of Tt(F) : Tt(F) increases by 
about 1 degree by annealing at 250 K for 24 h, in 
line with the da ta of Fig. 5. Thus the increase of Tt(F) 
by aging is considered to be characteristic phenomenon 
in NiS as well as in (Nii_xFex)1_yS. 

The phenomenon can be regarded as thermal 
hysteresis, a common feature of the first order transition. 
I n the reversible transformation of the first order, the 
hysteresis width is closely related to the volume change 
at the transition, AF.28>29> For example, for the transi­
tion of NH4C1 (P m 3 m -*F m 3 m ) the width of hysteresis is 
35 K, and A F + 7 . 1 4 cm 3 /mol ; for CsCl (Pm 3 m ->Fm 3 m ) 
hysteresis width is 33 K, AV+10.28 cm3 /mol. I n the 
case of (Nii_xFex) i-yS, the reversible thermal hysteresis 
is observed in unaged specimens, where the hysteresis 
width is several degrees. This seems to be reasonable 
since AV is relatively small, ca. — 0.3cm3 /mol . T h e 
increase of 7\(F) by aging, as high as 50 degrees, seems 
to be enormously large. 

Gradual increase of r t ( F ) with aging indicates that 
the initial unaged state is in thermally non-equilibrium, 
passing gradually into equil ibrium. This has been 
reported, e.g. anatase-rutile or brookite-rutile in TiO2

30> 
or hexagonal-tetragonal transformation in Ge02.31> 
The transformation is a function of t ime and tempera­
ture. I n the transient state from metastable to stable 
one, two phases usually coexist. Transformation 
kinetics has been investigated by using the Avrami 
equation. T h e present case differs a great deal from 
above cases. DSC measurements show continuous shift 
of 7 \ (F ) , but X-ray diffraction measurements show 
no two phase mixture. Thus, the present case can not 

3b 

F \ ^'0.8^0.2^965S 

2 

I 

"? 1 

0k 

0 100 200 300 

Time/h 

Fig. 12. The logarithm of (Re—R) as a function of 
elapsed time. (Re—R) is the difference between the 
resistivity at t— oo and time t. 
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be interpreted in a similar manner to the above 
substance. 

As shown in Fig. 9, the electrical resistivity (p) 
increases very gradually with elapsed time if samples are 
aged at 290 K (below Tt(R)). After a sufficiently long 
time, p attained the value of thermal equilibrium state, 
Re. In Fig. 12, the logarithm of the difference between 
the resistivity at time t—oo and time t, (Re—R) is 
plotted against t (data are the same as in Fig. 9). For 
an exponential change the graph should be a straight 
line, and this is the case. Thus, it is presumed that 
the time dependence of p has the form 

R« R = Ae~ll\ 

where A is a constant and r the relaxation time. From 
the slope, we estimated r to be 118 h. A similar treat­
ment was performed by Trahan and Goodrich,22) who 
measured the electrical resistivity near the transition 
temperature of stoichiometric NiS, and estimated r 
to be 48 h. They did not, however, specify the aging 
temperature. From analogy with the present case, we 
suppose their measurements were taken at temperature 
below 7 \ (R) . Thus, we can conclude that the aging 
effect is the relaxation process from thermally non-
equilibrium state to equilibrium one. 

Generally, phase transition is described in terms of 
nucleation and growth. At the start of transition, the 
nuclei of a new phase are first formed in the parent 
phase, followed by development of the new phase. If 
specific volumes differ from each other, the product 
phase in the parent phase produces strain. If the 
parent phase is not sufficiently soft, the elastic strain 
energy might be stored in the crystal. The interfacial 
energy formed between the product and the parent 
phase should also be considered. Ubbelohde32) suggested 
that extra terms for the strain energy and the interfacial 
energy should be added to the usual independent 
variables that determine the free-energy; the strain 
energy is a main factor controlling thermal hysteresis. 

We should consider the following characteristics of 
the transition. The transition is accompanied by 
drastic volume expansion with fall in temperature 
(about 2.0%). The material becomes brittle below 
Tt; i.e. specimens cracked through transition with 
lowering temperature. The mechanism of phase transi­
tion differs for the case of the forward and reverse 
directions. In the forward direction (a), the relatively 
soft phase grows in the brittle phase associated with 
volume contraction, while in the reverse direction (b) a 
brittle phase grows in soft matrix associated with volume 
expansion. In (a) the product phase is strained under 
tension, and in (b) it is strained under compression. 
The large difference in the sensitivity of the transition 
temperature between (a) and (b) may be due to such 
different transition mechanism. Since the L-phase is 
brittle, it has a larger contribution to the strain energy 
than the H-phase. Thus, (a) would be more sensitive 
to the thermal treatments than (b). 

Considering the L-phase which is in a state im­
mediately after reverse transition (non-equilibrium 
state), excess energy such as strain energy would be 
expected to be stored in the crystal. Such a state would 
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Fig. 13. Tentative Gibbs free-energy diagram for (Ni1_x-
Fe*)i-yS system. Curve I, II, IF, and 11* are Gibbs 
free-energy curves of the H-phase, equilibrium state of 
L-phase, non-equilbrium state of L-phase and the 
transient state from non-equilibrium to equilibrium 
state of L-phase, respectively. Free-energy curve of 
nonequilibrium state is in a higher energy state than 
the equilibrium state due to the stored strain energy 
in the L-phase. Curve I is assumed to be invariant 
to thermal treatments. The upper side of the figure 
indicates DSC curves corresponding to each state. 

be in a higher energy state than the equilibrium state 
stabilized by aging for long time below Tt(R). Thus, 
free energy-temperature curve for the non-equilibrium 
state is expected to lie slightly above that of the equilib­
rium one. Such a relation is schematically illustrated 
in Fig. 13, where curves I, II, II', and II" are Gibbs 
free-energy curves, corresponding to the H-phase, the 
equilibrium state of L-phase, the nonequilibrium state 
of L-phase and the transient state from non-equilibrium 
to equilibrium state of L-phase, respectively. Curve I 
is assumed to be independent of thermal history of the 
specimens. Curve II', II", and II intersect with curve I 
at points A, B, and C, respectively. DSC curves are 
shown for each state. Relaxation phenomenon would be 
considered to be the process where the stored strain 
energy is relieved by aging, corresponding to the 
lowering in free energy curve from II' to II, accompanied 
by the increase of transition temperature. 

The relaxation phenomenon would be also considered 
as an order-disorder process, where non-equilibrium 
disordered state is transformed to the equilibrium 
ordered state with aging. The disordered state would 
be expected to have higher energy than the ordered one. 
In Fig. 13, the disordered state corresponds to curve IF, 
and the ordered state curve II. The order-disorder 
transition is considered to occur at the same tempera­
ture as Tt(F). If this is not the case, aging effect should 
be observed also in the H-phase. This mechanism, 
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however, does not seem to be applicable to the present 
case. If the ordering is due to metal vacancies, superlines 
due to ordering should be observed in X-ray charts. 
This could not be confirmed. If the ordering process 
occurred between Ni and Fe atoms, no aging effects 
should be observed in pure NiS. According to T r a h a n 
and Goodrich,22) and our present measurements, aging 
effects were observed also in NiS. The difference of 
entropy change at Tt between aged and unaged state 
could not be detected by DSC measurements. 

So far, aging effects similar to the present case have 
been observed in a few materials. Mur ray and Allison33) 
observed the aging effects in Z r 0 2 , where the tetragonal 
to monoclinic phase transition (reverse transition) is 
slightly affected by heat t reatments; i.e. the transition 
temperature of the reverse direction is drastically 
raised by either heating-cooling cycles through the 
transition or aging at tetragonal phase (above the 
transition temperature) . They interpreted this phenom­
enon as the ordering process in the tetragonal phase. 
O n the other hand, Mai t i et al.3*) a t t r ibuted this to the 
superplastic nature of the tetragonal phase. Another 
example was reported by Murakami et a/.,35) who 
found a very similar phenomenon to the present case 
in A u - C u - Z n alloys. Martensite reverse transition 
temperature of Au2 6Cu3 0Zn4 4 alloy increases by about 
20 K, when it is aged at 290 K (below the transition 
temperature). They assumed that the aging effect is 
due to the stabilization and pinning of the martensite 
plate boundaries, which give rise to an increase in the 
driving force for the transition. 

In conclusion, we have observed a new type of 
thermal hysteresis in (Ni^^Fe x) x_yS system. I t is 
considered to be a relaxation process where the strain 
energy stored in the L-phase is relieved by aging. 

The author wish to express their sincere thanks to 
Prof. T . Takada and Dr. T . Shinjo for enabling them to 
carry out the Mössbauer measurements. 
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The Stereoselective Deacylation of Long-chain Amino Acid Esters 
by Comicelles of JV-Acyl-L-histidine and Various 
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The stereoselective deacylation of H-(CH2)^CONHCH(R)C02-C6H4N02-j& (R=CH 3 , CH(CH3)2, CH2CH-
(CH3)2, and C6H6CH2; n=2—16) with iV-acyl-L-histidine (acyl = octanoyl, dodecanoyl, and hexadecanoyl) and 

cationic surfactants (CmH2m+1N(CH3)2R X; (R,X,m) = (CH3,Br,16), (C2H5,Br,16), (C6H6GH2,C1,16), and (CH-
(CH3)C6H6,Br, 14—18) was examined with particular reference to the structural effects of surfactants, nucleophiles, 

+ 
and substrates on both the deacylation rates and the stereoselectivity. The cationic surfactant, R-( + )-C16H33N-

* 
(CH3)2CH(CH3)C6H5 Br, which possesses the hydrophobic and chiral groups near the polar head, formed the 
stereoselectively most effective comicelles with JV-dodecanoyl-L-histidine. The order of stereoselectivity observed 
in the deacylation of the amino acid esters including the identical acyl chain length (n), phenylalanine >leucine> 
alanine -^valine, suggested steric effects of the substituent bound to the asymmetric carbon atom of the substrate 
on the stereoselectivity. The highest stereoselectivity (enantiomer rate ratio=4.4 at 25 °C under pH 7.61) was 
observed in the deacylation of the JV-decanoylphenylalanine/>-nitrophenyl ester, involving an appropriately long acyl 
chain. 

The stereoselective micelle-catalyzed deacylation of 
amino acid esters has recently received considerable 
attention in the field of enzyme model reactions, and 
the deacylation of TV-protected amino acid esters 
including # - C H 3 C O , # - C H 3 O C O , or # - C 6 H 5 C H 2 O C O 
by the amino acid-functionalized surfactants1-5) or by 
the mixed micelles of iV-acyl-L(or D)-histidine ( acy l= 
C H 3 C O , C 6 H 5 CO, C 7 H 1 5 CO, C n H 2 3 C O ; o r C1 7H3 5CO) 
and hexadecyltr imethylammonium bromide (CT AB)6 - 8) 
has hitherto been documented at enant iomer rate 
ratios below or around 3.0. However, the stereoselective 
catalysis of mixed micelles composed of structurally 
different nucleophiles and surfactants in the deacylation 
of amino acid esters including long JV-acyl chains has 
not yet been investigated systematically. Therefore, 
we have examined the stereoselective deacylation of 
amino acid esters possessing a series of iV^-acyl chain 
lengths by chiral micelles of iV^-acyl-L-histidine and 
various cationic surfactants at 25 °C (pH 7.61). 

In this paper, we wish to report the structural effects 
of surfactants, nucleophiles, and substrates on the 
deacylation rate and stereoselectivity when the follow­
ing compounds were used : 

Substrate 

H-(CH2)^CONHCHC02C6H4N02-/> 
1 

R 

Phe-Sn (R=GH2C6H5 ; «=2,6,10,12,14, and 16) 
Ala-Sn (R=CH 3 ; rc=10) 
Val-Sn (R=CH(GH3)2 ; n=\0) 
Leu-Sn (R=GH2CH(CH3)2 ; n=\0) 

Nucleophile 

S OctHis (R=C7H15) 
RCONHCH(C0 2 H)CH 2 - / > LauHis (R=C n H 2 3 ) 

^ - N PalHis (R=C16H31) 

Oct His (R = C7H16) 
Lau His (R = CnH2 3) 
Pal His (R = C15H31) 

Surfactant 

CmH2m+1N(CH3)2R X 

CTAB (R=CH 3 ; X = B r ; m=16) 
CEAB (R=C 2 H 6 ; X = B r ; m= 16) 
CBzAC (R=CH 2C 6H 6 ; X = C 1 ; m=16) 

R-( + )-SURM (R = C6H6CH(CH3); X = Br; m = 14) 

R-(+)-SUR16 (R = C6H5CH(CH3); X = Br; m = 16) 

R-( + )-SUR18 (R = C6H5CH(CH3); X = Br; m = 18) 

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

ISl-Acylphenylalanine p-Nitrophenyl Esters (Phe-Sn). Phe-
Sn (n=2—16) esters were prepared from i^-benzyloxycarbonyl-
D(or L)-phenylalanine by the esterification of the G0 2H 
group, the hydrobromination of the NH2 group, and then the 
acylation of the NH2HBr group in a way similar to the previous 
method.9) Satisfactory results of elemental analyses were 
obtained for Phe-Sn («=2—16). L-Phe-S2: mp 137.5—138 
°C (lit,9) mp 140.0—140.5 °C). [a]*5 -17.57° {c 2, CHC13) 
(lit,9) [a]*0 -18.6° {c Z, CHC13)). Found: C, 61.96; H, 5.00; 
N, 8.66%. Calcd for C17H16N206: G, 62.19; H, 4.91; N, 8.53 
%. D-Phe-S2: mp 133.5—134.0 °G (lit,9) 135—137 °C). [a]*5 

+18.15° (c 2, GHC13) (lit,9) [a]g> + 17.4° {c 2, GHC13)). Found: 
C, 62.06; H, 4.84; N, 8.66%. Calcd for C17H16N205: C, 
62.19; H, 4.91; N, 8.53%. L-Phe-S6: mp 113.7—114.5 °C. 
[a]*5 -14.71° (c 2, CHC13). Found: C, 65.98; H, 6.28: N, 
7.35%. Calcd for C21H2405N2: C, 65.61 ; H, 6.29; N, 7.29%. 
D-Phe-S6: mp 113.5—114.0 °C. [a]J5 +15.02° (c 2, CHC13). 
Found : C, 65.83 ; H, 6.24 ; N, 7.25%. Calcd for C21H24N206 : 
C, 65.61 ; H, 6.29; N, 7.29%. L-Phe-S10: mp 100.0—100.5 °C 
[a]*5 -13.01° (c 2, CHC13). Found: C, 68.29; H, 7.42; N, 
6.23%. Calcd for C25H32N206: C, 68.16; H, 7.32; N, 6.36%. 
D-Phe-S10: mp 99.5—100.0 °C, [a]J5 +12.28° (c 2, CHC13). 
Found: C, 68.36; H, 7.50; N, 6.18%. Calcd for C25H32N206: 
C, 68.16; H, 7.32; N, 6.36%. L-Phe-Si2: mp 107.0—107.5 
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°C. [a]»5 -11.44° (c 2, GHG13). Found: C, 69.17; H, 7.74; 
N, 6.01%. Calcd for C27H36N206: C, 69.21; H, 7.74; N, 
5.98%. D-Phe-S12: mp 107.5—108.0 °C. [0c]25 +11.91° (c 
2, CHCI3). Found: C, 69.27; H, 7.85; N, 5.89%. Calcd 
for C27H36N206: C, 69.21; H, 7.74; N, 5.98%. L-Phe-S14: 
mp 100.5—101.0 °C. [a]*5 -11.23° (c 2, CHC13). Found: 
C, 70.18; H, 8.28; N, 5.66%. Calcd for C29H40N2O6: C, 
70.13; H, 8.12; N, 5.64%. D-Phe-S14: mp 100.5—101.0 °C. 
[a]*5 +10.95° (c 2, CHCI3). Found: C, 69.81; H, 8.29; N, 
5.36%. Calcd for C29H40N2O5: C, 70.13; H, 8.12; N, 5.64%. 
L-Phe-S16: mp 101.0—101.5 °C. [a]25 -9 .97° (c 2, CHC13). 
Found : C, 70.83 ; H, 8.47 ; N, 5.37%. Calcd for C31H44N205 : 
C, 70.96; H, 8.45; N, 5.34%. D-Phe-S16: mp 100.5—101.0 
°C. [oc]£8 +11.62° (c2, CHC13). Found: C, 70.36; H, 8.41; 
N, 5.23%. Calcd for C31H44N206: C, 70.96; H, 8.45; N, 
5.34%. 

N-Decanqylamino Acid p-Nitropkenyl Esters (Ala-S10, Val-S10, 
and Leu-S10). These substrates were prepared by the 
method used for the Phe-Sn formation. L-Ala-S10: mp 100.5 
—101.0 °C. Found: C, 62.57; H, 7.73; N, 7.57%. Calcd for 
C19H28N206: C, 62.62; H, 7.74; N, 7.69%. D-Ala-S10: mp 
101.5—102.0 
Calcd for G 
Val-S10: mp 70.5—71.0 °C. 
6.69%. Calcd for Ca lH32N206 

D-Val-S10: mp 71.0—71.5 °C. 
7.09%. Calcd for C21H32N206 

L-Leu-S10: mp 67.5—68.0 °C. 
6.91 %. Calcd for C22H34N205 

mp 68.0—68.5 °C. 

C. Found: C, 63.07; H, 7.26; N, 7.66%. 
1 9H2 8N205 : C, 62.62; H, 7.74; N, 7.69%. L-

Found: C, 63.99; H, 8.46; N, 
: C, 64.26; H, 8.22; N, 7.14%. 
Found: C, 64.04; H, 8.15; N, 
: C, 64.26; H, 8.22; N, 7.14%. 
Found: C, 65.10; H, 8.41; N, 
: C, 65.00; H, 8.43; N, 6.89%. 

Found: C, 65.01; H, 8.54; 
Calcd for C22H34N206: C, 65.00; H, 8.43; N, 

D-Leu-S10 : 
N, 6.90%. 
6.89%. 

N-Acß-L-histidine (OctHis, LauHis, andPalHis). These 
nucleophiles were prepared by the reaction of L-histidine and 
the corresponding acid chlorides.10) Satisfactory results of 
elemental analyses were also obtained for these compounds. 
OctHis: mp 179—181 °C. Found: C, 52.97; H, 7.36; N, 
13.29%. Calcd for C14H23N303 .HC1: C, 52.90; H, 7.61; 
N, 13.22%. LauHis: mp 161—162 °C (lit,») 160—161 °C). 
Found: C, 64.03; H, 9.27; N, 12.11%. Calcd for C18H31-
N 3 0 3 : C, 64.06; H, 9.27; N, 12.45%. PalHis: mp 153— 
155 °C. Found: C, 67.13; H, 10.18; N, 10.37%. Calcd for 
C22H39N303: C, 67.14; H, 9.99; N, 10.68%. 

Surfactants (CTAB, CEAB, CBzAC, R-(+)-SURm (m= 14, 
16, and 18)). Commercially available CTAB, CEAB, 
and CBzAC were used after recrystallization with absolute 
ethanol and diethyl ether. The chiral surfactants were 
prepared by the reaction of R-(+)-iV,iV,a-trimethylbenzyl-
amine and the corresponding alkyl bromide in accordance 
with the previous method.12) R-( + )-SUR14: mp 109.0— 
110.0 °C. Found: C, 68.02; H, 10.55; N, 3.30%. Calcd 
for C24H44NBr: C, 67.57; H, 10.42; N, 3.28%. R- (+ ) -
SUR16: mp 110.5—112.5 °C (lit,12) 111.5—113.0 °C). [a]1,8 

+20.44° (c 4, CH3OH) (lit,") [a]*1 +19.82° (c 45, CH3OH)). 
Found: C, 67.38; H, 10.87; N, 2.98%. Calcd for C26H48-
NBr: C, 68.70; H, 10.64; N, 3.22%. R-(+)-SUR1 8 ; mp 
112.0°—113.5 °C. Found: C, 68.76; H, 10.99; N, 2.84%. 
Calcd for C28H62NBr: C, 69.67; H, 10.88; N, 2.90%. 

Deacylation. The stereoselective micelle-promoted 
deacylation of L or D-substrates (5x W~s mo/ dm'3) with and 
without the nucleophile (9xl0~ 5mol dm -3) in the presence 
of the cationic surfactant ((4.5—55) x 10~4 mol dm~3) was 
carried out at 25 °C (pH 7.61) in a Tris buffer (0.083 mol 
dm-3) containing KCl (0.083 mol dm"3) in 10% (v/v) CH3-
CN-H2Q. The above concentrations of the surfactants were 
higher than their critical micelle concentrations (CMC); 
for example, the CMC values of CTAB, CBzAC, and R- (+ ) -

SUR16 are 1 X 10~3, «) 2.7 x 10~Va> and 2.08xl0-*mol 
dm - 3 12> respectively. The deacylation rate was followed by 
the spectrophotometric determination of /»-nitrophenolate 
(400 nm). In the present experiments, the substrate deacyl­
ation by the nucleophile was not performed in the absence of 
the cationic surfactant because the precipitation of the sub­
strates during the reaction was observed in the absence of the 
surfactant under the present conditions. 

Determination of Rate Constants. The rate constants for 
the present reaction with and without the nucleophile (k$ 
and A;surfact respectively) were obtained from good pseudo-
first-order deacylation rates, while the apparent catalytic rate 
constant (A:cat) was evaluated in the usual way (A c a t=(^ — 
*surfact)/[nucleophilel). 

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

Structural Effects of Surfactants and Nucleophiles. 
The structural effects of the polar head groups of the 
cationic surfactants (CTAB, CEAB, CBzAC, and 
R-( + )-SUR1 6) involving the same alkyl chain length 
on both the deacylation rate and the stereoselectivity 
were first examined in the deacylation of Phe -S n (n = 
2, 10, and 16) with LauHis ; the results of a series of 
experiments are shown in Table 1. In the deacylation 

T A B L E 1. STRUCTURAL EFFECTS OF SURFACTANTS ON 

DEACYLATION RATE AND STEREOSELECTIVITY0 

Surfactant Phe-S„ 
£cat/mol_1 dm3 s-1 

CTAB 

CEAB 

CBzAC 

R-(+)-SUR16 

n=2 
= 10 
= 16 

n=2 
= 10 
= 16 

n = 2 
= 10 
= 16 

n = 2 
= 10 
= 16 

57 
304 

50 
73 

302 
54 
64 

281 
326 

86 
380 
362 

35 
108 
31 
40 

100 
33 
37 
97 

152 
47 
86 

114 

1.8 
4.4 
3.2 

a) Tris buffer (0.083 mol dm-3) containing KCl (0.083 
mol dm-3) at 25 °C, pH 7.61, in 10% (v/v) CH3CN-
H 2 0 ; [LauHis] = 9 X 10-5 mol dm-3, [Phe-Sn] = 5x 10"6 

mol dm-3, and [Surfactant] = 2.5 X 10"3 mol dm-3. 

of the short-chain substrate (Phe-S 2 ) , neither the 
deacylation rate nor the stereoselectivity (defined by 
£cat/Ä?.it) was affected remarkably by the surfactant 
structure. The increase in the acyl chain length of 
Phe-S„ from n = 2 to n=\0, however, increased both 
the rate and the selectivity in all the cases by intensifying 
the stereoselective micellar catalysis through the sub­
strate incorporation by the comicelles of LauHis and 
the surfactant. The rate increase was about 4—5 fold 
for the L-enantiomer, while it was about 2—3 fold for 
the D-enantiomer. Therefore, the nucleophilic attack 
of the imidazolyl group of LauHis on the susceptible 
carbonyl group of the substrate incorporated into the 
comicelles occurred more favorably in the L-Phe-S1 0 
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TABLE 2. CONCENTRATION EFFECTS OF SURFACTANTS ON DEACYLATION RATE AND STEREOSELECTIVITY0 

LauHis+R- ( + ) -SUR14 

104[Surfactant] Acat/mol -1 dm3 s -1 

^cat/^cat 

LauHis+R-( + )-SUR16 

^cat/^cat 

LauHis+R-t + J-SURi 

£cat/mol_1 dm3 s -1 

^cat/^cat 

4.5 
8.3 
9.0 

15 

520 

509 

253 

170 

2.1 

3.0 

1227 

890 
596 

561 

303 
189 

2.2 

2.9 
3.2 

1095 

788 
548 

375 

261 
177 

2.9 

3.0 
3.1 

18 
25 
35 
45 
55 

351 
271 
223 
179 

113 
86 
62 
52 

3.1 
3.2 
3.6 
3.4 

500 
380 
300 
267 

161 
86 
80 
73 

3.1 
4.4 
3.8 
3.7 

461 
355 
300 
228 

144 
128 
108 
77 

3.2 
2.8 
2.8 
3.0 

a) The reaction conditions are the same as in Table 1 except for the surfactant concentration. Substrate=Phe-S10. 

deacylation than in the D-Phe-S1 0 deacylation. In this 
respect, the comicelles of LauHis and R-( + )-SUR1 6 

resulted in the highest deacylation rate of L-Phe-S1 0 

(and a slightly lower rate of D-Phe-S10) as compared 
with the other comicellar systems. Since the stereo­
selective efficiency of R-( + )-SUR1 6 per se was negligibly 
small (^surfact/^urfact =1 .00—1.08) , the hydrophobic and 
chiral a-methylbenzyl group at the polar head of 
R-( + )-SUR1 6 might facilitate the interaction of LauHis 
with L-Phe-S1 0 . In the deacylation of Phe-S 1 6 , the 
structural effects of C T AB and CEAB on the deacylation 
rate and the stereoselectivity were appreciably different 
from those of CBzAC and R-( + )-SUR 1 6 ; that is, 
CTAB and CEAB decreased both the rate and the 
stereoselectivity of Phe-S 1 6 remarkably as compared 
with those of Phe-S 1 0 , while CBzAC and R - ( + ) - S U R 1 6 

did not reduce the rate of L-Phe-S1 6 , but increased the 
rate of D-Phe-S1 6 considerably. The rates of L and 
D-Phe-S1 6 in the LauHis + CBzAC (or R-( + )-SUR1 6) 
system were about 6—7 fold and about 3.5—5 fold 
with respect to those in the L a u H i s + C T A B (and 
+ CEAB) systems respectively. Therefore, the hydro-
phobicity of the benzyl (or a-methylbenzyl) group of 
CBzAC (or R-( + )-SUR1 6) contributes to the rate 
enhancement of the long-chain substrates (Phe-S 1 0 

and Phe-S 1 6 ) . I t is noteworthy, with respect to the 
stereoselectivity, that the enantiomer-rate ratio of 4.4 
for Phe-S 1 0 (or that of 3.2 for Phe-S1 6) in the case of 

the L a u H i s + R - ( + )-SUR1 6 system is 1.5 times as high 
as the rate rat io of 2.9 for Phe-S 1 0 (or that of 2.1 for 
Phe-S1 6) in the case of the LauHis + CBzAC system. 
This might be due not to the hydrophobicity difference 
in the polar-head groups of the surfactants, but to the 
chirality of the hydrophobic a-methylbenzyl group of 
R-( + )-SUR1G. I t is deduced, therefore, that the 
comicelles consisting of chiral nucleophiles and chiral 
surfactants tend to enhance the stereoselectivity of the 
long-chain substrates, especially such substrates as 
Phe-S 1 0 which possess an appropriately long acyl chain. 

T h e concentration effects of surfactants on the 
stereoselective comicellar catalysis were, then, examined 
in the deacylation of Phe-S 1 0 with LauHis and R - ( + ) -
SUR m (m=14 , 16, and 18); the experimental results 
are shown in Table 2. In all the comicellar systems of 
L a u H i s + R - ( + )-SURm (m=14—18) , the increase in 
the surfactant concentration in the range of 4.5 x 10~4— 
5.5 x 10 _ 3 mol d m - 3 with respect to 9 x 10~5 mol dm~3 

of LauHis decreased the deacylation rate of Phe-S 1 0 

monotonously. The stereoselectivity in the deacylation 
of Phe-S 1 0 ( 5 x l 0 - 5 m o l d m - 3 ) with LauHis ( 9 x l 0 ~ 5 

mol dm- 3 ) and R-( + )-SURm (m= 14—18) was also 
affected by the surfactant concentration; the highest 
enantiomer-rate ratios (££at/£?at=3.6, 4.4, and 3.2) were 
obtained under the conditions of [ R - ( + ) - S U R 1 4 ] = 
4.5 x 10- 3 mol dm- 3 , [R-( + ) - S U R 1 J = 2 . 5 x 10"3 mol 
dm- 3 , and [R-( + )-SUR1 8] = 1.8x 10~3 mol dm" 3 

TABLE 3. STRUCTURAL EFFECTS OF NUCLEOPHILES ON DEACYLATION RATE AND STEREOSELECTIVITY*0 

System 

OctHis+R-( + )-SUR16 

LauHis+R-( + )-SUR16 

LauHis+R-( + )-SUR18 

PalHis+R-( + )-SUR14 

PalHis+R-(+)-SUR1 6 

PalHis+R-( + )-SUR18 

£cat/mol-
/ • 

L 

17 
86 
93 
66 

111 
111 

Phe-S2 

i d m ^ - 1 

» v 

D 

14 
47 
59 
44 
69 
60 

\ 
£L llcD 

^cat/^cat 

1.2 
1.8 
1.6 
1.5 
1.6 
1.9 

£cat/mol-
, 
L 

41 
380 
461 
253 
469 
636 

Phe-S10 

• ^ » s - 1 

• , 

D 

38 
86 

144 
72 

116 
174 

\ 

^catMcat 

1.1 
4.4 
3.2 
3.5 
4.0 
3.7 

kcJmol-
> 
L 

59 
362 
429 
304 
511 
483 

Phe-S16 

• » d m ' s - 1 

D 

59 
114 
129 
98 

169 
181 

\ 

^cat/^cat 

1.0 
3.2 
3.3 
3.1 
3.0 
2.7 

a) Tris buffer (0.083 mol dm-3) containing KCl (0.083 mol dm-3) at 25 °C, pH 7.61, in 10% (v/v) CH3CN-
H 2 0 ; [OctHis] = [LauHis] = [PalHis] = 9x lO- 6 moldm- 3 , [Substrate] = 5 X 10~6 mol dm-3, [R-( + )-SUR14] = 
4 .5x 10-3 mol dm-3, [R-( + )-SUR l6] = 2 .5x 10-3 mol dm-3, and [R-( + )-SURw] = 1.8x 10-3moldm-3 . 
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respectively. Therefore, the stereoselective efficiency 
of the comicelles of the Phe—S10 deacylation followed 
the order of L a u H i s + R - ( + ) - S U R 1 6 > L a u H i s + R - ( + )-
S U R 1 4 > L a u H i s + R - ( + ) - S U R 1 8 . This fact might 
imply that the hydrophobic chain length of the nucleo­
phile requires an appropriately long (not too short and 
not too long) hydrophobic chain length of the surfactant 
for the formation of stereoselectively effective comicelles. 
T h e effects of the hydrophobic chain length of the 
surfactant on the stereoselective comicellar catalysis 
were also recognized in the deacylation of Phe-S„ 
( n = 2 , 10, and 16) with PalHis and R-(+)-SUR O T (m = 
14, 16, and 18) (see Table 3 ) ; the comicellar system of 
P a l H i s + R - ( + ) - S U R 1 6 was rather more efficient for 
the stereoselective deacylation of the long-chain sub­
strate (Phe-S10) than that of P a l H i s + R - ( + )-SURm 

( w = 1 4 a n d 18). 
The experimental results shown in Table 3 also 

indicate the effects of the hydrophobic chain length 
of nucleophiles on the stereoselective comicellar catalysis. 
In the deacylation of Phe-S„ (n=2, 10, and 16) with 
the nucleophile (OctHis, LauHis , or PalHis) and 
R-(4- ) -SUR l e , the lengthening of the alkyl chain of 
the nucleophile increased the deacylation rate of 
Phe-Sn (n = 2—16) monotonously, and the enantiomer-
rate ratios in the deacylation of the identical substrate 
followed the order of L a u H i s + R - ( + ) - S U R 1 6 > P a l H i s + 
R - ( + ) - S U R 1 6 > O c t H i s + R - ( + ) - S U R 1 6 . At any rate, 
among the present comicellar systems, the L a u H i s + R -
( + ) - S U R 1 6 system was found to contain the most 
efficient comicelles for the stereoselective deacylation 
of Phe-S n (n=2—16) . Therefore, stereoselectively 
efficient comicellar systems do not require too long 
hydrophobic chains for the nucleophile or the surfactant. 
Table 3 also indicates that the comicelles of L a u H i s + R -
( + ) - S U R m ( m = 1 6 and 18) or P a l H i s + R - ( + )-SUROT 

(m= 14,16, and 18) resulted in a high stereoselectivity 

(*cLat/*?at=3.2-4.4) in the deacylation of Phe-S 1 0 

rather than in the deacylation of Phe-S 1 6 or Phe-S 2 . 
Structural Effects of Substrates. Although the 

effects of the iV-acyl chain length of the amino acid 
esters on the stereoselectivity have already been briefly 
discussed, a more detailed explanation of the structural 
effects of the substrates will be developed in this section. 
With regard to the dependence of the rates and stereo­
selectivity on the N-acyl chain length of a substrate 
in the deacylation of Phe -S n (n=2—16) by the LauHis 
+ R - ( + )-SUR1 6 system (Fig. 1), the rate increases 
upon a change in the chain length (n) from n=2 to 
« = 6 were 2.7 and 2.3 fold for the L and D-enantiomer 
respectively, while the stereoselectivity enhancement 
was very slight. However, the rate increase upon a 
change in the chain length from n=2 to n = 1 0 — 1 6 was 
remarkable for the h-enantiomer (4.2—4.4 fold), but 
slight for the D-enantiomer (1.8—2.4 fold). Therefore, 
the stereoselectivity enhancement became larger with 
the increase in the chain length from rc=6 to w= 10—16, 
and the highest stereoselectivity was found in the 
Phe-S 1 0 deacylation; that is, Phe-S 1 0 incorporated into 
the comicelles ( L a u H i s + R - ( + )-SUR1 6) might be 
exposed to the asymmetric environment of the comicelles 
more directly than with the other Phe-S„ substrates. 

T A B L E 4. STRUCTURAL EFFECTS OF SUBSTRATES ON 

DEACYLATION RATE AND STEREOSELECTIVITY10 

Substrate 

Ala-S10 

Val-S10 

Leu-S10 

Phe-S10 

*cat/mol-
, 

L 

89 
19 

221 
380 

1 dm 3 s-1 

* > 
D 

73 
16 
70 
86 

*cat/*cat 

1.1 
1.2 
3.2 
4.4 

a) The deacylation reactions were carried out by the 
use of the comicelles of LauHis and R-( + )-SUR16 

under the same conditions as are shown in Table 1. 

«(in Phe-Sn) 

Fig. 1. Dependence of deacylation rate and stereo­
selectivity on the acyl chain length of Phe-S„ (The 
deacylation was carried out with LauHis and R-( + )-
SUR16 under the same conditions as shown in Table 1). 

The structural effects of amino-acid esters on the 
stereoselectivity were also observed in the deacylation 
of Ala-S 1 0 , Val -S 1 0 , Leu-S 1 0 , and Phe-S 1 0 by the 
comicelles of L a u H i s + R - ( + ) - S U R 1 6 (Table 4). The 
deacylation rates followed the order of L-Phe-S1 0>L-
Leu-S 1 0 >L-Ala-S 1 0 >L-Val -S 1 0 for the L-enantiomers 
or of D-Phe-S 1 0 >D-Leu-S 1 0 ~D-Ala-S 1 0 >D-Val-S 1 0 for 
the D-enantiomers. The very low rates of L- and D-
Val -S 1 0 might be due to the steric hindrance of the 
isopropyl group, which is adjacent to the susceptible 
carbonyl group in the substrate, toward the nucleophilic 
attack of LauHis . I n this regard, the very low rate of the 
iV-benzyloxycarbonylvaline /»-nitrophenyl ester was ob­
served in the deacylation of JV-(benzyloxycarbonyl)-
amino acid esters by the L (or D) - L a u H i s + C T A B 
system.8) Such a steric hindrance might be reduced 
in the other substrates, R C H 2 C H ( N H C O ( C H 2 ) 8 C H 3 ) -
C0 2 C 6 H 4 N0 2 - /> ( R - H , (CH 3 ) 2 CH, and C„H 5 ) ; the 
deacylation rate increases with the increase in the 
bulkiness (and/or hydrophobicity) of the R group in 
the substrate. Table 4 also indicates that the order 
of the stereoselectivity. P h e - S 1 0 > L e u - S 1 0 > V a l - S 1 0 ~ 
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Ala-S 1 0 , is parallel with the bulkiness (and/or hydro­
phobicity) of the substituent in the ester. Presumably, 
the bulkiness (and/or hydrophobicity) of the substrate 
plays an important role in the increase in the energy 
difference between the interaction of L-S10-LauHis and 
D-S10-LauHis in the transition state of the present 
deacylation. 
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Synthesis of ( + )-Hinokiol, ( + )-Hinokione, ( + )-Salviol, and 
(+)-2-Oxof erruginol 
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Reduction of abieta-5,8,11,13-tetraen-3-one with lithium aluminium hydride afforded the corresponding 
alcohol, which was submitted to catalytic hydrogénation to yield abieta-8,11,13-trien-3/?-ol (7) together with its 
5ßH-isomer. Acetylation of 7, followed by the Friedel-Crafts acylation, afforded 3ß-acetoxy-12-acetylabieta-
8,11,13-triene. This compound was converted into 3ß, 12-diacetoxyabieta-8,11,13-triene (11) by the Baeyer-
Villiger oxidation. Treatment of 11 with lithium aluminium hydride yielded hinokiol, which was oxidized to 
hinokione. Subsequently, hinokiol was methylated and the resulting 12-methyl ether was dehydrated to afford 
12-methoxyabieta-2,85ll5l3-tetraene. The tetraene was then submitted to hydroboration-oxidation to give 12-
methoxyabieta-8,ll,13-trien-2a-ol (15) which, on demethylation with ethanethiol and anhydrous aluminium 
chloride, afforded salviol. Oxidation of 15 with pyridinium chlorochromate, followed by demethylation, gave 
2-oxoferruginolr 

Hinokiol (1) and hinokione (2) have been isolated 
from the heartwood of Chamaecyparis obtusa, Sieb. et. 
Zucc.,1) Cupressus torulosa Don,2) and Tetraclinis articulata 
(Vahl) Masters,3) and from the leaf of Torreya nucifera 
Sieb. et. Zucc.4) T h e similar diterpenes, salviol (3) and 
2-oxoferruginol (4), have also been isolated from the 
roots of Salvia miltiorrhiza Bunge5) and from the bark of 
Podocarpus ferrugineus D. Don,6) respectively. All these 
natural diterpenes possess the oxygen functions in both 
the rings A and C of the abietane skeleton. As a part 
of our synthetic studies on the naturally-occurring 
terpenes, we have at tempted the syntheses of these 
tricyclic diterpenes. This paper will describe the 
syntheses of ( + )-hmokiol (1), ( + )-hinokione (2),7) 
(+)-salviol (3), and ( + )-2-oxoferruginol (4), starting 
from the optically active abieta-5,8,11,13-tetraen-3-one 
(5) which was prepared from ( + )-dehydroabietic acid 
by the known procedure.8) 

1 R=0(-H.f3-0H 3 R=<X-0H./3-H 
2 R=0 4 R = 0 

Reduction of 5 with l i thium aluminium hydride in 
ether afforded abieta-5,8,11,13-tetraen-3ß-ol (6). The 
/^-configuration of the hydroxy 1 group at the C-3 
position was supported by its N M R spectrum, which 
showed a triplet at ô 2.80 ppm with a half-height width 
of 16 Hz, suggesting the presence of an axial a hydrogen. 
Catalytic hydrogénation of 6 in methanol over Pd -C, 
followed by chromatographic purification, gave abieta-
8,11,13-trien-3/?-ol (7) as a major product and its 
5/?H-isomer (8) as a minor one. The N M R spectrum 
of 7 showed signals at ô 0.89 and 1.06 p p m due to the 
^m-dimethyl groups at the C-4 position, while that of 
8 showed the corresponding signals at ô 0.39 and 0.99 
ppm. The ^-conf igurat ion of the A/B ring junct ion in 
8 was supported by the appearance of the signal due to 
one of the ^m-dimethyl groups in very high field (ô 

0.39 ppm),9) owing to the shielding effect of the C ring 
The trans-isomer (7) was acetyiated with acetic an­
hydride in pyridine to give 3/?-acetoxyabieta-8,11,13-
triene (9). The Friedel-Crafts acylation of 9 with acetyl 
chloride in dichloromethane in the presence of an­
hydrous aluminium chloride afforded 3/?-acetoxy-12-
acetylabieta-8,11,13-triene (10), whose I R spectrum 
showed carbonyl bands at 1725 and 1675 cm- 1 . The 
N M R spectrum of 10 showed two singlets at ô 6.98 
and 7.32 ppm due to the two aromatic protons. These 
spectral data of 10 supported the presence of an acetyl 
group at the C-12 position. The Baeyer-Villiger 
oxidation of 10 with m-chloroperbenzoic acid in dichloro­
methane afforded 3/5,12-diacetoxyabieta-8,11,13-triene 
(hinokiol diacetate) (ll).1»4) Trea tment of 11 with 
l i thium aluminium hydride in ether yielded abieta-
8,ll,13-triene-3ß,12-diol (hinokiol) ( l )1-4) which, on 
methylation with methyl iodide and anhydrous potas­
sium carbonate in refluxing ethyl methyl ketone, 
afforded 12-methoxyabieta-8,11,13-trien-3#-ol (hinokiol 
12-methyl ether) (12).^ The synthetic 1 was then 
oxidized with Jones reagent to give 12-hydroxyabieta-
8,l l ,13-trien-3-one (hinokione) (2).1"3) 

O u r next effort was directed toward the syntheses 
of salviol (3) and 2-oxoferruginol (4). The methyl 
ether (12) was dehydrated with phosphoryl chloride 
in refluxing pyridine to yield 12-methoxyabieta-2,8,l 1,-
13-tetraene (13). Hydroborat ion of 13, followed by 
oxidation with alkaline hydrogen peroxide, afforded a 
mixture of alcohols. This was separated by column 
chromatography on silica gel to give 12-methoxyabieta-
8,ll ,13-trien-3a-ol (14), 12, and 12-methoxyabieta-
8,ll,13-trien-2of-ol (15). Oxidat ion of 14 with pyridi­
n ium chlorochromate10) in dichloromethane afforded 
12-methoxyabieta-8,l 1,13-trien-3-one (hinokione methyl 
ether) (16).1'11) The alcohol (14) was also converted 
into 13 by dehydration with phosphoryl chloride in 
refluxing pyridine. The stereochemistry of the hydroxy 1 
group at the C-2 position in 15 was assigned to be a-
configuration by its N M R spectrum, which showed a 
signal due to the C-2 proton at ô 4.08 p p m with a half-
height width of 22 Hz, suggesting the presence of an 
axial ß hydrogen. Demethylat ion of 15 with anhydrous 
aluminium chloride and ethanethiol12) in dichloro-
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5 R=0 
6 R=«-H./3-0H 

7 R = <X-H 
8 R=/3-H 

9 R = H 
10 R=Ac 
11 R=0Ac 

12 R=<X-H,f3-0H 
14 R=o(-OH,(S-H 
16 R=0 

methane afforded abieta-8,l l ,13-triene-2a,12-diol 
(salviol) (3).5> Subsequently, the alcohol (15) was 
oxidized with pyridinium chlorochromate in dichloro-
methane to give 12-methoxyabieta-8,ll ,13-trien-2-one 
(17) which, on demethylation with boron tribromide in 
dichloromethane, afforded 12-hydroxyabieta-8,11,13-
trien-2-one (2-oxoferruginol) (4).6> 

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

All melting points are uncorrected. The IR spectra and 
optical rotations were measured in chloroform, and the NMR 
spectra in carbon tetrachloride at 60 MHz, with tetramethyl-
silane as an internal standard, unless otherwise stated. The 
chemical shifts are presented in terms of <5 values ; s : singlet, 
bs: broad singlet, d: doublet, bd: broad doublet, t: triplet, 
m : multiplet. Column chromatography was performed using 
Merck silica gel (0.063 mm). 

Abieta-5,8,ll,13-tetraen-3-one (5). According to the 
known procedure,8) ( + )-dehydroabietic acid was converted 
into 5, [a]D +32.9°, IR: 1705 cm-1, NMR: 1.17, 1.23, and 
1.32 (each 3H and s, -C(CH3)2 and C10-CH3), 1.22 (6H, d, 
7 = 7 Hz, -CH(CH3)2), 3.37 (2H, d, 7 = 4 Hz, =CH-CH2-), 
5.90 (1H, t, 7 = 4 Hz, G6-H). Found: C, 84.76; H, 9.38%. 
Galcd for C20H26O: C, 85.05; H, 9.28%. 

Abieta-5,8,11,13-tetraen-3ß-ol (6). A mixture of 5 ( 1.159 
g) and lithium aluminium hydride (156 mg) in dry ether (25 
ml) was stirred at room temperature for 90 min. The mixture 
was poured into ice-dilute hydrochloric acid and extracted 
with ether. The ether extract was washed with brine, 
dried over sodium sulfate, and evaporated. The residue was 
purified by column chromatography on silica gel (30 g), 
using ether-benzene (2 : 98) as the eluent, to give 6 (1.107 g : 
94.8%), [a]D - 6 9 . 7 ° ; IR: 3615, 3450 cm-1; NMR: 1.15, 
1.20, and 1.27 (each 3H and s, -C(CH3)2 and C10-CH3), 1.21 
(6H, d, 7 = 6 . 5 Hz, -CHtCH,),), 2.80 (1H, t, 7 = 7 Hz, Wl/2 = 
16 Hz, C3-H), 3.31 (2H, bd, 7 = 4 Hz, =CH-CH2-), 5.95 
(1H, t, 7 = 4 Hz, C6-H). Found: C, 84.36; H, 10.04%. 
Calcd for C20H28O: C, 84.45; H, 9.92%. 

Catalytic Hydrogénation of 6. A mixture of 6 ( 1.007 g) 
and 5% Pd-C (500 mg) in methanol (15 ml) was subjected to 
catalytic hydrogénation at room temperature for ca. 20 h. 
After the usual work-up, the crude product was purified by 
column chromatography on silica gel (60 g), using ether-
benzene (0.5 : 99.5) as the eluent, to give 5/5H-abieta-8,11,13-

13 15 R=0<-OH,|3-H 
17 R= 0 

trien-30-ol (8) (104 mg: 10.3%), [a]D +22.4°; IR: 3628, 
3463 cm-1; NMR: 0.39, 0.99, and 1.18 (each 3H and s, 
-C(CH3)2 and C10-CH3), 1.22 (6H, d, 7 = 6 . 5 Hz, -CH-
(GH,),), 1.87 (1H, s, -OH), 3.25 (1H, m, Wlh = 7 Hz, C3-H). 
Found: G, 83.76; H, 10.73%. Calcd for C20H30O: C, 83.86; 
H, 10.56%. 

Further elution with ether-benzene (5 : 95) afforded abieta-
8,ll,13-trien-3/S-ol (7) (683 mg: 67.3%), which was recrystal-
lized from hexane; mp 136.5—138 °C; [<x]D +50.4°; IR: 
3617, 3453 cm-1; NMR (CDC13): 0.89, 1.06, and 1.18 (each 
3H and s, -C(CH3)2 and C10-CH3), 1.22 (6H, d, 7=6 .5 Hz, 
-CH(CH3)2), 1.68 (1H, s, -OH) , 3.30 (1H, m, W l / 2 =17Hz, 
C3-H). Found: C, 84.03; H, 10.75%. Calcd for C80H30O: 
C, 83.86; H, 10.56%. 

3ß-Acetoxyabieta-8,11,13-triene (9). A solution of 7 (679 
mg) and acetic anhydride (2.5 ml) in pyridine (7.0 ml) was 
heated at 74—77 °C for 1.5 h. After the usual work-up, the 
crude product was purified by column chromatography on 
silica gel (30 g), using hexane-benzene (35 : 65) as the eluent, 
to give 9 (750 mg: 96.3%), which was recrystallized from 
hexane; mp 112—114 °C; [a]D +58.9°; IR: 1720 cm-1; 
NMR: 0.94 (6H, s, -C(CH3)2), 1.19 (3H, s, C10-CH3), 1.20 
(6H, d, 7 = 7 Hz, -CH(CH3)2), 2.00 (3H, s, -OCOCH3), 
4.5 (1H, m, C3-H), 6.79 (bs), 6.87 (bd, 7 = 8 Hz), and 7.07 
(bd, 7 = 8 Hz) (each 1H, aromatic protons). Found: C, 
80.71 ; H, 9.99%. Calcd for C22H32Oa: C,80.44; H, 9.83%. 

3ß-Acetoxy-12-acetylabieta-8,11,13-triene (10). Anhydrous 
aluminium chloride (850 mg) was added at 0—5 °C to a 
stirred solution of 9 (696 mg) and acetyl chloride (500 mg) in 
dichloromethane (10ml). The mixture was stirred at this 
temperature for 30 min and then at room temperature for 
24 h, poured into ice-dilute hydrochloric acid, and extracted 
with ether. The ether extract was washed successively with 
water, aqueous sodium hydrogencarbonate, and water. The 
dried extract was evaporated in vacuo to give a crude product, 
which was purified by column chromatography on silica gel 
(15 g), using ether-benzene (1 : 99) as the eluent, to afford 
10 (748 mg: 95.3%). This was recrystallized from a mixture 
of acetone and hexane; mp 163.5—165.5 °C; [a]D +62.6°; 
IR: 1725, 1675 cm-1; NMR: 0.95 (6H, s, -C(CH3)2), 1.16 
and 1.20 (each 3H, d, and 7 = 7 Hz, -CH(CH3)2), 1.21 
(3H, s, C10-CH3), 2.00 (3H, s, -OCOCH3), 2.46 (3H, s, 
-COCH3) , 3.46 (1H, m, -CH(CH3)2), 4.45 (1H, m, C3-H), 
6.98 (1H, s, C14-H), 7.32 (1H, s, C u - H ) . Found: C, 77.85; 
H, 9.45%. Calcd for C24H3403: C, 77.80; H, 9.25%. 
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3ß,12-Diacetoxyabieta-8,ll,13-triene (Hinokiol Diacetate) (11). 
A mixture of 10 (739 mg), m-chloroperbenzoic acid (85%: 

610 mg), and/»-toluenesulfonic acid (40 mg) in 1,2-dichloro-
ethane (10 ml) was refluxed for 3.5 h. The mixture was then 
cooled, diluted with ether, and washed successively with 
aqueous potassium iodide, aqueous sodium thiosulfate, aqueous 
sodium hydrogencarbonate, and water. The dried ether 
solution was evaporated in vacuo and the residue was purified 
by column chromatography on silica gel (25 g), using ether-
benzene (1 : 99) as the eluent, to give 11 (647 mg: 83.9%), 
which was recrystallized from ethanol; mp 145—146 °C; [a]D 

+ 69.8° (EtOH) (lit,1) mp 143 °C, [a]D +70.39° (EtOH)); 
IR: 1750, 1725 cm-1; NMR: 0.94 (6H, s, -C(CH3)2), 1.16 
(6H, d, J =6.5 Hz, -CH(CH3)2), 1.22 (3H, s, C10-CH3), 2.00 
(3H, s, G3-OCOCH3), 2.22 (3H, s, C12-OCOGH3), 4.48 (1H, 
m, C3-H), 6.76 and 6.89 (each 1H and s, C u - H and C14-H). 
Found: C, 74.27; H, 8.92%. Calcd for C24H3404: G, 74.57; 
H, 8.87%. 

Further elution gave the recovered 10 (58 mg: 7.9%). 
Abieta-8,1 l,13-triene-3ß,12-diol (Hinokiol) (1). A mix­

ture of 11 (575 mg) and lithium aluminium hydride (140 mg) 
in dry ether (10 ml) was stirred at 0—5 °G for 45 min and 
then at room temperature for 30 min. The mixture was 
poured into ice-dilute hydrochloric acid and extracted with 
ether. The ether extract was washed with brine, dried over 
sodium sulfate, and evaporated. The residue was purified 
by column chromatography on silica gel (30 g), using acetone-
benzene (3 : 7) as the eluent, to give hinokiol (1) (401 mg: 
89.1%), which was recrystallized from ethanol; mp 240— 
242 °C; [a]D +66.2° (EtOH) (lit, mp 240—242 °C,3> [a]D 

+ 67.3° (EtOH)*)); IR (KBr): 3540, 3280cm-1; NMR 
(pyridine-^): 1.09, 1.23, and 1.25 (each 3H and s, -C(CH3)2 

and C10-CH3), 1.39 (6H, d, 7 = 7 Hz, -CH(CH3)2), 7.15 and 
7.18 (each IH and s, G u - H and C14-H). Found: C, 79.19; 
H, 10.11%. Calcd for C20H30O2: C, 79.42; H, 10.00%. 
The identity of the synthetic 1 with natural hinokiol provided 
by Professor T. Hirose was confirmed by mixed melting point 
determination and by IR spectral comparison. 

12-Hydroxyabieta-8,ll,13-trien-3-one (Hinokione) (2). A 
solution of 1 (69 mg) in acetone (6.0 ml) was oxidized with 
Jones reagent (1 Mt : 0.2 ml) at 5 °C for 3 min. The mixture 
was diluted with ether, washed with water, and dried over 
sodium sulfate. The ether solution was evaporated and the 
residue was purified by column chromatography on silica 
gel (10 g), using ether-benzene (3 : 97) as the eluent, to give 
2 (49.2 mg: 71.8%), which was recrystallized from a mixture 
of ether and hexane; mp 192—193 °C; [a]D + 115.6° (EtOH) 
(lit,3) mp 191—192 °C, [a]D +111.9° (EtOH)); IR: 3605, 
3380, 1696 cm-1; NMR (CDC13): 1.14, 1.18, and 1.30 (each 
3H and s, -C(CH3)2 and C10-CH3), 1.22 (6H, d, 7 = 7 Hz, 
-CH(CH3)2), 6.66 and 6.89 (each IH and s, C n - H and 
C14-H). Found: C, 79.71; H, 9.53%. Calcd for C20H28O2: 
C, 79.95; H, 9.39%. 

12-Methoxyabieta-8,ll,13-trien~3ß-ol (12). A mixture of 
1 (99 mg), methyl iodide (0.5 ml), anhydrous potassium 
carbonate (1.0 g), and ethyl methyl ketone (5.0 ml) was 
stirred and refluxed for 8 h. The mixture was cooled, diluted 
with ether, and water was added. The organic layer was 
separated, washed first with aqueous sodium thiosulfate and 
then with water, and then dried over sodium sulfate. After 
the solvent had been evaporated in vacuo, the residue was 
purified by column chromatography on silica gel (10 g), 
using ether-benzene (1 : 99) as the eluent, to give 12 (75.8 mg: 
72.8%), which was recrystallized from hexane; mp 105.5— 
107.5 °C (softened at ca. 94 °C); [a]D +61.0° (EtOH) (lit,1) 

t 1M = 1 mol dm"3. 

mp 95—96 °C, [a]D +59.46° (EtOH)); IR: 3625, 3455 cm-1; 
NMR: 0.86, 1.04, and 1.19 (each 3H and s, -C(CH3)2 and 
C10-CH3), 1.15 (6H, d, 7 = 7 Hz, -CH(QH8)2), 1.61 (IH, s, 
-OH) , 3.75 (3H, s, -OCH3) , 6.58 and 6.72 (each IH and s, 
C n - H and C14-H). Found: C, 79.46; H, 10.35%. Calcd 
for C21H3202: C, 79.70; H, 10.19%. 

12-Methoxyabieta-2,8,11,13-tetraene (13). a): A mix­
ture of 12 (938 mg), phosphoryl chloride (1.4 ml), and pyridine 
(10 ml) was refluxed for 1 h, cooled, and then poured into 
ice-dilute hydrochloric acid. The mixture was extracted 
with ether. The ether extract was washed with brine, dried 
over sodium sulfate, and evaporated in vacuo. The crude 
product was purified by column chromatography on silica 
gel (40 g), using hexane-benzene (7 : 3) as the eluent, to give 
13 as an oil (764 mg: 86.3%); [a]D +163°; IR: 1655 cm-1; 
NMR: 0.98, 1.03, and 1.23 (each 3H and s, -C(CH3)2 and 
C10-CH3), 1.17 (6H, d, 7 = 7 Hz, -CH(CH3)2), 3.21 (IH, m, 
-CH(CH3)a), 3.75 (3H, s, -OCH3) , 5.49 (2H, s, C2-H and 
C3-H), 6.58 and 6.71 (each IH and s, C n - H and C14-H). 
Found: C, 84.49; H, 10.32%. Calcd for C21H30O: C, 84.51 ; 
H, 10.13%. 

b): A mixture of 12-methoxyabieta-8,l 1,13-trien-3a-ol 
(14) (56.4 mg), phosphoryl chloride (0.09 ml), and pyridine 
(2.0 ml) was refluxed for 1 h. After the work-up described 
in a), the crude product was chromatographed on silica gel 
(5 g) to give the tetraene derivative (46.2 mg: 86.9%), whose 
IR and NMR spectra were identical with those of 13. 

Hydroboraticn-oxidation of 13. Boron trifluoride etherate 
(1.16 ml) was added dropwise at 0—5 °C to a stirred mixture 
of 13 (759 mg) and sodium borohydride (260 mg) in dry 
tetrahydrofuran (12 ml) in a stream of nitrogen. After the 
mixture had been stirred at this temperature for 2 h, there 
was added successively aqueous tetrahydrofuran (50%: 1.0 
ml), aqueous sodium hydroxide (12% : 3.0 ml), and hydrogen 
peroxide (30%: 3.0 ml) at - 5 — 0 °C. The mixture was 
stirred at —5—0 °C for 30 min and then at room temperature 
for 1 h, poured into dilute hydrochloric acid, and extracted 
with ether. The ether extract was washed with brine, 
dried over sodium sulfate, and evaporated in vacuo. The 
crude product was purified by column chromatography on 
silica gel (70 g), using ether-benzene (2 : 98) as the eluent, to 
give 12-methoxyabieta-8,11,13-trien-3a-ol (14) ( 305 mg : 
37.9%), which was recrystallized from hexane; mp 114— 
114.5 °C; [a]D +49.1° (EtOH) (lit,1) mp 117—118 °C, [a]D 

+45.25° (EtOH)); IR: 3630, 3455cm-1; NMR: 0.90, 0.96, 
and 1.16 (each 3H and s, -C(CH3)2 and C10-CH3), 1.15 
(6H, d, 7 = 7 Hz, -CH(CH3)2), 1.72 (IH, s, -OH) , 3.20 (IH, 
m, -CH(CH3)2), 3.36 (IH, m, W l / 2 =7 Hz, C3-H), 3.75 (3H, 
s, -OCH3) , 6.59 and 6.71 (each IH and s, C n - H and C14-H). 
Found: C, 79.70; H, 10.48%. Calcd for C21H3202: C, 79.70; 
H, 10.19%. 

Further elution gave 12 (102 mg: 12.7%). Elution with 
ether-benzene (5 :95) gave 12-methoxyabieta-8,ll,13-trien-
2a-ol (15) (141 mg: 17%), which was recrystallized from 
hexane; mp 130—131.5 °C; [ajD +64.3°; IR 3611, 3430 cm-1; 
NMR (CDC13) : 0.98, 1.01, and 1.24 (each 3H and s, -C(CH3)2 

and C10-CH3), 1.19 (6H, d, 7 = 7 Hz, -CH(CH3)2), 3.25 (IH, 
m, -CH(CH3)2), 3.80 (3H, s, -OCH3) , 4.08 (IH, m, Wxt%= 
22 Hz, -C2-H), 6.76 and 6.88 (each IH and s, C n - H and 
C14-H). Found: C, 79.99; H, 10.40%. Calcd for C21H3202: 
C, 79.70; H, 10.19%. 

12-Methoxyabieta-8,ll,13-trien-3-one (16). Pyridinium 
chlorochromate (220 mg) was added at 0—5 °C to a stirred 
solution of 14 (193 mg) in dichloromethane (4.5 ml). The 
mixture was stirred at room temperature for an additional 
1.5 h and then diluted with ether. After the addition of 
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water, the mixture was extracted with ether. The ether 
extract was washed with brine, dried over sodium sulfate, 
and evaporated in vacuo. The residue was purified by column 
chromatography on silica gel (10 g), using ether-benzene 
(1 : 99) as the eluent, to give 16 (132 mg: 68.4%), which was 
recrystallized from ethanol; mp 123.5—124.5 °C; [a]D +132° 
(EtOH) (lit,1) mp 126 °C, [a]D +122.2° (EtOH)); IR: 1700 
cm-1; NMR: 1.10 (6H, s, -C(CH3)2), 1.16 (6H, d, J=l Hz, 
-CH(CH3)2), 1.28 (3H, s, G10-GH8), 3.20 (1H, m, -CH-
(CH3)2), 3.77 (3H, s, -OCH3) , 6.58 and 6.75 (each 1H and s, 
G n - H and C14-H). Found: C, 80.03; H, 9.86%. Galcd 
for C21H30O2: C, 80.21; H, 9.62%. 

Abieta-8,11,13-triene-2a, 12-diol (Salviol) (3). A mixture 
of 15 (51.5 mg), ethanethiol (0.5 ml), anhydrous aluminium 
chloride (150 mg), and dichloromethane (1.5 ml) was stirred 
at room temperature for 1 h, poured into ice-dilute hydrochlo­
ric acid, and extracted with ether. The ether extract was 
washed with brine, dried over sodium sulfate, and then 
evaporated in vacuo. The crude product was purified by 
column chromatography on silica gel (5 g), using ether-
benzene (4 : 6) as the eluent, to give salviol (3) (47.3 mg: 
96.1%), which was recrystallized from benzene; mp 106— 
107 °G (softened at ca. 103 °C); [a]D +55.7° (EtOH) (lit,6) 
mp 108 °G) ; IR (KBr) : 3395 cm-1; NMR (CDC13, 90 MHz) : 
0.96, 1.00, and 1.23 (each 3H and s, -C(CH,) , and C10-CH3), 
1.23 (6H, d, J=7 Hz, -CH(CH3)2). 3.15 ( 1H, m, -CH(CH3)2) 
4.09 (1H, m, W/

1/2 = 22 Hz, C2-H), 6.06 (1H, s, =C-OH), 6.68 
and 6.83 (each 1H and s, G n - H and C14-H). Found: C, 
79.15; H, 10.13%. Calcd for G20H30O2: C, 79.42; H, 10.00%. 
The IR and NMR spectra of the synthetic 3 were identical 
with those of natural salviol provided by Professor H. Kakisawa. 

12-Methoxyabieta- 8,11,13-trien- 2-one (17). Pyridinium 
chlorochromate (148 mg) was added at 0—5 °G to a stirred 
solution of 15 (140 mg) in dichloromethane (2.5 ml) and the 
mixture was stirred at room temperature for 1.5 h. After 
the work-up described for the preparation of 16, the crude 
product was purified by column chromatography on silica 
gel (10 g), using ether-benzene (3 : 97) as the eluent, to give 
17 (109 mg: 78.1%). This was recrystallized from ethanol; 
mp 152.5—153.5 °C; [a]D +48.6°; IR: 1703 cm-1; NMR: 
0.98, 1.13, and 1.21 (each 3H and s, -C(CH3)2 and C10-CH3), 
1.15 (6H, d, 7 = 7 Hz, -CH(CH3)2), 3.20 (1H, m, -CH-
(GH3)2), 3.77 (3H, s, -OGH3) , 6.51 and 6.76 (each 1H and 
s, G u - H and C14-H). Found: C, 79.93; H, 9.83%. Calcd 
for G21H30O2: C, 80.21; H, 9.62%. 

12-Hydroxyabieta-8,11,13-trien-2-one (2-Oxqferruginol) (4). 
A mixture of 17 (76.9 mg) and boron tribromide (0.07 ml) 

in dichloromethane ( 1.5 ml) was stirred at 0—5 °C for 30 min. 
The reaction mixture was poured into ice-water and extracted 

with ether. The ether extract was washed successively with 
aqueous sodium thiosulfate and brine, dried over sodium 
sulfate, and then evaporated in vacuo. The crude product 
was purified by column chromatography on silica gel (7 g) 
using chloroform as the eluent, to give 2-oxoferruginol (4) 
(61.8 mg: 84.1%), which was recrystallized from methanol; 
mp 237—239 °G; [a]D +48.3° (MeOH) (lit,6) mp 232—234 
°C, [a]D +50° (MeOH)); IR (KBr): 3450, 1706cm-1; NMR 
(GDC13, 90 MHz): 0.99, 1.15, and 1.21 (each 3H and s, -C-
(CH3)2 and C10-CH3), 1.23 (6H, d, J = 7 H z , -CH(CH,)8), 
3.14 (1H, m, -GH(CH3)2), 5.48 (1H, s, -OH), 6.55 and 6.85 
(each 1H and s, C n - H and C14-H). Found: G, 80.08; H, 
9.56%. Calcd for C20H28O2: C, 79.95; H, 9.39%. 

The authors are grateful to Arakawa Chemical Co. 
Ltd. for a generous gift of rosin. Thanks are also due to 
Professor H . Kakisawa, Tsukuba University, and to 
Professor T . Hirose, Science University of Tokyo, for 
kindly supplying the spectral data and natural hinokiol. 
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Studies on the Uptake of Some Complex Cations of Copper by 
Molecular Sieves 4A and 5A 
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Studies on the uptake of Cu2+ and a few of its complex cations (i.e., [Cu(NH3)4]2+, [Cu(en)]2+, [Gu(en)2]2+, 
[Cu(pn)]2+, [Cu(pn)2]2+, and [Cu(tea)]2+, where en, pn, and tea represent ethylenediamine, propylenediamine, 
and triethanolamine respectively) by molecular sieves 4A and 5A were undertaken using batch equilibration 
procedure. [Cu(pn)]2+, [Cu(en)2]

2+, [Cu(pn)2]2+, and [Cu(tea)]2+ showed very little affinity for the zeolite phases, 
while the uptake of Gu2+ and [Gu(en)]2+ was comparatively higher. [Cu(NH3)4]2+ occupied a position in be­
tween these two sets. During the equilibration of [Cu(en)]2+ and [Cu(pn)]2+ some side reactions could be ob­
served leading to the conclusion that the 1:1 complex species underwent disproportionation, generating Cu2+ 
and an equivalent amount of [Gu(en)2]2+ or [Gu(pn)2]2+. These conclusions drawn from the batch equilibra­
tion studies were confirmed by appropriate column experiments. 

Ion exchange studies using zeolite exchangers of 
various types have been reviewed from time to time 
by different workers.1-9) Scores of publications have 
appeared in the literature dealing with the studies 
on the uptake of simple cations by molecular sieves 
4A(MS4). Similar studies on molecular sieves 5A-
(MS5) are comparatively fewer in number. Recently 
Schoonheydt and coworkers10) prepared complexes of 
ammonia and ethylenediamine with Cu2+ on zeolite 
A and conducted E P R and reflectance spectral studies 
of the various complexes. T h e existing literature does 
not appear to contain any other information on the 
uptake of complex cations by MS4 and MS5 . I t 
was, therefore, decided to undertake a systematic 
study of the uptake of a few complex cations** of 
Cu2+ (i.e., [Cu(NH3)4]2+, [Cu(en)]2+, [Cu(pn)]2+, [Cu-
(en)2]2+, [Cu(tea)]2+, and [Cu(pn)2]2+) by MS4 and 
MS5. Studies were also carried out with Cu 2 + for 
comparison. 

Exper imenta l 

Chemical analyses of Anasorb MS4 and MS5 samples 
(40—60 mesh, supplied by Analabs Inc., U.S.A.) were carried 
out, following procedures given in standard books. Loading 
studies were carried out by the batch equilibration pro­
cedure. All reagents/chemicals used were of Analytical rea­
gent or G.P. grade. 

For studying the uptake as a function of time, 20 ml of 
solutions of Cu2+ (0.1 M), [Cu(en)]2+ (0.05 M), [Cu(en)2]2+ 
(0.1 M), [Gu(pn)]2+ (0.01 M), [Cu(pn)2]2+ (0.05 M), [Gu-
(tea)]2+ (0.1 M), and [Cu(NH3)4]2+ (0.1 M) were equili­
brated with 0.5 g of the sieve at 30 °G for the prescribed 
period. The ligand to metal ratio maintained in the last 
6 cases were 1, 2, 1, 2, 6, and 60 respectively. The pH 
values of the solutions of the first six cations used for equi­
libration were 2.0, 5.0, 7.0, 5.5, 7.0, and 8.0 in that order. 

The quantitative and exclusive formation of the complex 
cation of interest, under the conditions specified above, 
was confirmed by comparing the spectra of their solutions 
with those reported in the literature. 

To arrive at the 'K9 values (mmol of Mn+ per g of the 
sieve/mmol of Mn+ per ml of the solution, at any contact 
time 'f'), the concentrations of the cation of interest in the 
original solution and in the external solution left out after 

** In the subsequent sections, the symbols 'en', 'pn', 
and 'tea' will be used to represent ethylenediamine, propyl­
enediamine, and triethanolamine respectively. 

equilibration were estimated spectrophotometrically. Gu2+ 

was estimated after converting it to [Cu(NH3)4]2+ by adding 
aqueous ammonia in excess (6 M) and measuring the ab-
sorbance(is) at 600 nm(Amax). In the case of the other 
complex cationic species (i.e., [Cu(en)]2+, [Cu(pn)]2+ etc.) 
the 'is' values were measured at the corresponding Amax 

(after appropriate dilution to bring the concentration within 
the range of the corresponding calibration graph). The 
concentrations were then computed. In a few cases the 
amount of Na+(or Ga2+) displaced from the molecular sieve 
was also estimated to understand the extent of uptake by 
ion exchange. These estimations were carried out after 
removing the copper from the solutions by electrolysis in 
the Fischer Electroanalyser. 

Equilibration studies were also carried out to understand 
the influence of concentration on the uptake. In these 
cases, solutions containing different concentrations of the 
cation of interest were equilibrated for 24 h. The 'iC' values 
were then calculated as described in the earlier paragraph. 

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

Chemical Analysis of the MS4 and MS5 Specimens. 
The number of A10 2 , Na, and H 2 0 species per unit 
cell of the MS4 (computed from the results of chemical 
analysis, on the assumption that the S i 0 2 content 
corresponds exactly to 12 S i 0 2 groups) worked out to 
11.60, 11.00, and 20.80 respectively. T h e correspond­
ing figures for MS5 were 12.82, 1.66, and 21.52. In 
this case, the number for Ga was 4.34. 

T h e results of chemical analysis speak against the 
possible presence of occluded NaA10 2 in the MS4. 
The Na, H 2 0 , and A10 2 figures are all smaller than 
those expected from the generally accepted unit cell 
formula (Na 1 2 (A10 2 ) 1 2 (S i0 2 ) 1 2 -27H 2 0) . In the MS5 
specimen, there is (i) a marginal decrease in the number 
of Ga atoms and (ii) a significant decrease and in­
crease in the Na and A10 2 contents respectively (in 
comparison to the unit cell formula of MS4 in which 
7 5 % Na+ has been replaced by Ca2+). T h e results 
provide a measure of free A1 2 0 3 and S i 0 2 in the zeolite 
samples. 

Equilibration Studies. The p H of the equilibrated 
Cu2+ solution increased from 2.0 to around 4.0 during 
equilibration.*** The uptake of Cu2+ was so slow 

*** In this case, an undesirable but unavoidable side-
effect of the comparatively higher acidity maintained (to 
keep the Cu2+ in solution) is the structural breakdown of 
a small fraction of the zeolite matrix. 
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Fig. 1. Spectra of [Cu(en)]2+, [Cu(en)2]
2+, and the 

equilibrated solutions of [Cu(en)]2+—MS4. 
Concentration of [Cu(en)]2+ before equilibration = 
0.02, 0.03, 0.04, and 0.05 M for a—d. 
Dilution: 2 times for d. 

that final equilibrium was attained only after about 
48 h. The 'K' values observed in the case of MS4 
and MS5, after this time interval, were 42 and 27 
respectively (when the initial concentration of Gu2+ 

solution employed was 0.1 M). 
Analysis of Na+ released during equilibration re­

vealed that the uptake of Cu2+ by MS4 was predom­
inantly by ion exchange. In the case of MS5, how­
ever, the Ca2+ released was only around 30% of the 
amount equivalent to the total Cu2+ taken up. 

When 20 ml of water at pH 2.0 were equilibrated 
with 0.5 g of the sieves, the N a + and Ga2+ released 
were found to be 4 mg and 0.8 mg respectively in 
the two cases. 

Spectral studies of Cu2+-aqueous ammonia mixtures 
revealed that the formation of [Cu(NH 3 ) 4 ] 2 + was 
complete only when CNH3/Ccu>40(when Ccu=0.1 M). 
'K' values for this cation were lower ( « 5 for a solution 
of concentration of 0.1 M) than those found for Gu2+. 
Only marginal increases in 'K' were observed beyond 
2 h. The much faster kinetics suggest that the uptake 
is probably restricted to the external surfaces which 
are in direct contact with the solution. 

Increase in the concentration of aqueous ammonia 
(to 60 and 80 times the concentration of Cu2+) produced 
only a marginal change in the uptake of [Cu(NH3)4]2+ 
species. The uptake of N H 4

+ by ion exchange was 
then investigated in each case by equilibrating aqueous 
ammonia solution of the same concentration, but in 
the absence of Cu2 + . While 8 M aqueous ammonia 
released about 15 mg of Na+ from MS4, the release 
of Ca2+ from MS5 was insignificant(«0.2%). 

The 'K' values found for [Cu(en)2]2+, [Cu(pn)2]2+, 
and [Cu(tea)]2+ were extremely s m a l l ( « l ) . The up­
take was also very quick, suggesting thereby, that 
the process involved was probably pure physical ad-

&J 

A/nm 

Fig. 2. Spectra of i) Equilibrated solutions, ii) [Gu-
(en)]2+, and iii) [Cu(en)2]

2+—MS5. 
a = 0.01M, 6^0.03 M, ^ = 0.05 M, </=effluent from 
column experiment. 
Dilution b: 3, c: 5, d: 10. 

sorption. It appears that the sizes of these ions are 
unfavourable for entry into the pores of the zeolites. 
On this basis it can be qualitatively concluded that 
the size of each of these three complex cations (in 
the hydrated form) may be greater than 5Â, the pore 
dimension of MS5. 

The pH of [Cu(en)]2+ solution used for equilibration 
was adjusted to 5.0 as the complex forms quantitatively 
when the reactants are mixed in stoichiometric amounts 
at this acidity. The pH of the external solution rose 
to around 6.0 after equilibration. In this case the 
exchange was slow(as in the case of Cu2 +). 0.01 M 
solution, when equilibrated with MS4 for 24 h became 
practically colourless, indicating a nearly quantitative 
uptake in this concentration range. The uptake was, 
however, not quantitative when more concentrated 
solutions(«0.02 M and above) were employed for 
equilibration. Moreover, the post-equilibration spectra 
of these concentrated solutions were not superimpos­
able on that of the 1:1 complex. The Amax shifted 
from 650 nm (expected for the 1:1 complex) to a 
lower value. The extent of shift depended on the 
time of equilibration as well as the concentration of 
the solution used. Some typical spectra are shown 
in Fig. 1. The results obtained with MS5 were of 
the same nature except for the fact that the uptake 
was not quantitative at low concentrations (i.e., «0.01 
M). Some typical spectra obtained in the case of 
MS5 are shown in Fig. 2. 

A careful scrutiny of the spectra of the external 
solutions indicated the possibility of the presence of 
varying amounts of the higher complex(l:2, with 
2 m a x at 550 nm) in them. As both 1:1 and 1:2 
complexes are known to be very stable under the 
experimental conditions employed, and Gu2+ cannot 
remain in/solution in the weakly acidic conditions 
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TABLE 1. CONCENTRATIONS OF CATIONS IN THE ADSORBENT AND EXTERNAL SOLUTION 

Solution used for equilibration: 20ml of [Cu(en)]2+ at pH 5.0 
A values chosen for spectrophotometric analyses of binary mixtures : 550 and 650 nm 
(«1)550= 16; (e2)66o = 64; (€0650 = 32; (e2)660 = 24 

S. No. 

A. MS4 
1 
2 
3 
4 
5 

B. MS5 
6 
7 
8 
9 

10 

Concentration of 
[Cu(en)]2+ used 
for equilibration 

XlOVM 

10.0 
20.0 
30.0 
40.0 
50.0 

10.0 
20.0 
30.0 
40.0 
50.0 

Concentration in the external 
solution at equilibrium X 103/M 

[Cu(en)]2+ [Cu(en)J2+ 

N.D.a> 
4.25 
7.1 

11.7 
17.7 

2.1 
8.0 

13.8 
21.7 
29.1 

N.D.a> 
1.4 
3.3 
4.9 
5.9 

2.45 
3.55 
5.2 
5.65 
6.0 

Millimoles of cation taken up 
by 0.5 g of the sieve X 102 

Cu2+ 

N.D.*> 
2.8 
6.6 
9.8 

11.8 

4.9 
7.1 

10.4 
11.3 
12.0 

[Cu(en)]2+ 

20.0 
25.9 
32.6 
37.0 
41.0 

6.0 
9.8 

11.6 
14.0 
18.0 

a) N.D. means not detectable. 

maintained, the possibility of the presence of free 
Cu2+ in the external solutions was ruled out. Taking 
the external solutions (equilibrated for 24 h) as mix­
tures of 1:1 and 1:2 complexes, the individual con­
centrations (Gx and G2)/of the two complexes were 
calculated by solving simultaneous equations. The 
results obtained are given in Table 1. 

The above-mentioned observations may be in­
terpreted as shown below: It appears that the MS4 
phase induces the dissociation of [Cu(en)]2+ and takes 
up the Gu2+ generated in situ (along with [Cu(en)]2+, 
for which also MS4, shows comparable affinity). 
The 'en' generated by the above process combines 
with [Gu(en)]2 + present in the external solution, 
giving rise to an equivalent amount of [Gu(en)2]2 + . 
When dilute solutions(«0.01 M) are employed, the 
uptake of all the three cationic species occurs practi­
cally quantitatively, making the external solution 
practically colourless. However, with increase in 
concentration of the external solution, a comparatively 
larger concentration of the 1:2 complex is formed. 
As it is a strong complex and it has very little affinity 
for the zeolite phase, the post-equilibration solution 
phase gradually becomes a mixture of [Cu(en)]2+ 
and [Cu(en)2]2 + . The side equilibria represented by 
Eqs. 1—3 summarise the above-mentioned points. 

[Cu(en)]2+ ^=± Cu2+ + en (1) 

Cu2+ + 2NaZ ^=± CuZ2 + 2Na+ (2) 

[Cu(en)]2+ + en • [Cu(en)2]
2+ (3) 

In Eq. 2, Z stands for the zeolite anion. 
In the case of ^1S5, the results (Table 1) were 

qualitatively of the same type(z.£., as described above 
in the case of MS4). The notable differences were: 
(i) The uptake was not quantitative in low concentra­
tions, (ii) The quantity of [Cu(en)]2+ taken up was 
smaller and the uptake of Gu2+ was greater than 
those found in the case of MS4. (iii) The total uptake 
(as Cu2+ and [Cu(en)]2+) was, however, much lower. 

Equation 2 takes the following form in this case, while 
(1) and (3) continue to remain applicable. 

0.5Cu2+ + Ca0.5Z Cu0.5Z + 0.5Ca2+ (4) 

In this context it is worth mentioning that a significant 
part(>60%) of Cu2+ and [Cu(en)]2+ going to the 
MS5 phase is by physical adsorption. Irrespective 
of whether the uptake is by ion exchange or by 
physical adsorption, the arguments presented earlier 
concerning the apparent disproportionation of [Gu-
(en)]2+ (giving Cu2+ and an equivalent amount of 
[Cu(en)2]2+) will hold good. 

To understand the nature of the results obtained 
in a column experiment, a MS4 column(5 g packed 
in a column of i.d. 1.2 cm) was fed with 100 ml of 
[Cu(en)]2+ solution of concentration 0.05 M ( p H = 
5.0). The flow rate was 0.5 ml per min. The ef­
fluent solution was colourless. When 50 ml of 0.05 
M [Cu(en)]2+ solution were passed through a column 
containing 2 g of MS4, the effluent contained about 
5 % of the total copper as the 1:2 complex, while 
the effluent was colourless when 25 ml of 0.01 M 
solution were passed through the same column. All 
these observations point out that the disproportionation 
reaction does take place in the column experiment 
as well. When dilute solutions are employed, copper 
is not found in the effluent as [Cu(en)]2+, as well 
as the small amount of Cu2+ and [Cu(en)2]2+, formed 
by the disproportionation reaction, are all retained 
by the column. On increasing the concentration, 
a small amount of the 1:2 complex leaks out as its 
affinity for the adsorbent is low. 

In the case of MS5, the effluent contained around 
50% of the copper as a mixture of 1:1 and 1:2 com­
plexes (in approximately equal concentrations) when 
20 ml of 0.05 M [Gu(en)]2+ solution at pH 5.0 were 
passed through a column containing 2 g of the sieve. 
The higher extent of disproportionation and the 
comparatively lower affinities for the cations seem 
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TABLE 2. CONCENTRATIONS OF CATIONS IN THE ADSORBENT AND EXTERNAL SOLUTION 

Solution used for equilibration: 20ml of [Cu(pn)]2+ at pH 5.5 

A values chosen for spectrophotometric analyses of binary mixtures : 550 and 650 nm 

(ei)55o=16; (e2)55o = 6 6 ; (ei)e5o = 3 3 ; («2)650 = 2 8 

Concentration of Concentration in the external Millimoles of 
« M [Cu(pn)]2+ used solution at equilibrium X 103/M Cu2+ taken up 
b# INo* for equilibration , ~ . by 0.5 g of 

X 103/M [Cu(pn)]2+ [Cu(pn)J2+ the sieve x 102 

A. MS4 
1 5.0 N.D.a> 1.95 3.90 
2 10.0 0.66 4.25 8.50 
3 15.0 1.55 6.37 12.74 
4 20.0 3.17 8.02 16.04 

B. MS5 
5 5.0 0.4 2.3 4.6 
6 10.0 1.3 4.3 8.6 
7 15.0 2.8 6.0 12.0 
8 20.0 6.5 6.7 13.4 

a) N.D. means not detectable. The calculations reveal that 0.022, 0.017, 0.014, and 0.016 millimoles of Cu-pn 
complex species go to the MS4 phase in the four cases respectively. The uptake is negligible in the case of MS5. 

to be responsible for this situation. 
In view of the above-mentioned side reactions, 

'K9 values, as defined earlier, cannot be given for 
[Cu(en)]2+ uptake by MS4 and MS5. One can, 
however, arrive at '^a v ' and 'K*' values, defined 
as shown below: 

mmol of Cu2+ in all forms per g of sieve 
av mmol of Cu2+ in all forms per ml of the solution 

mmol of [Cu(en)]2+ per g of sieve 
K = . 

mmol of [Cu(en)]a+ per ml of the solution 

These values are tabulated in Table 3. 
From the earlier sections it becomes obvious that 

Cu2+ and [Cu(en)]2+ exhibit good affinity for the 
zeolite phase. Uptake of these preferred cationic 
species, with the consequential breakdown of the 
less favoured [Cu(en)2]2+, is not observed because 
of the very high stability of the 1:2 complex. 

In this context it is worth pointing out that 
Schoonheydt et al.10) recently reported the prepara­
tion of the following complexes (by gas phase adsorp­
tion) on the A type zeolite surface: 

(i) [Cu(NH3)4]2+ and a small amount of tetrahed-
rally coordinated Cu 2 + ions by adsorption of N H 3 

on a dehydrated CuA zeolite, 
(ii) [Cu(en)]2+ by the adsorption of 'en' on a 

dehydrated CuA zeolite and 
(iii) [Cu(en)2]2+ and [Cu(en)3]2+ by adsorption of 

'en' on CuA in the presence of water. 
They also found that [Cu(en)]2+ could be loaded 
on NaA by ion exchange from aqueous solution, but 
the bis-complex could not be loaded in this way. 
The impossibility of loading the bis-complex has been 
attributed by them to the fact that its dimensions 
(0 .47x0.77 nm) exceed the free diameter of the 8-
membered windows ( « 0 . 4 4 nm). Another factor was 
the instability of the bis-complex in the supercage 
of zeolite A. They found that the bis-complex could 
be synthesised in situ by equilibrating either the Cu 2 + 

or the mono-complex loaded zeolite with excess of 
'en'. They also observed the uptake of both Gu2+ 

and [Cu(en)]2+ by the zeolite when the solution of 
the latter was equilibrated with NaA at pH 6. The 
above-mentioned conclusions were drawn by them from 
EPR and reflectance spectral studies of the various 
complex loaded zeolites. Our findings reported in 
the earlier paragraphs have been obtained by the 
spectrophotometric investigations of the solutions prior 
to and after equilibration with the zeolite. They are 
thus complementary to those reported by Schoonheydt 
et al.10) 

Results of equilibration studies using [Cu(pn)]2 + 

were somewhat similar to those described in the case 
of [Cu(en)]2+. In this case also computations were 
made to arrive at the distribution of the different 
cationic species between the aqueous and zeolite 
phases. The results are tabulated in Table 2. As 
discussed in the case of [Cu(en)]2+ the affinity of 
Cu2+ for the zeolite phase stimulates the dissociation 
of [Cu(pn)]2+ also. Essentially, the zeolite phase 
gets loaded with Cu2+, leaving behind a mixture 
of [Cu(pn)]2+ and [Gu(pn)2]2+ (formed by the 
combination of [Cu(pn)]2+ and free 'pn' released 
during the migration of Gu2+ to the zeolite phase) 
in the external solution. In other words, the side 
equilibria of the type represented by Eqs. 1—4 apply 
for the case of [Gu(pn)]2 + as well. The low uptake 
of [Cu(pn)]2+ compared to [Cu(en)]2+ is to be at­
tributed to the larger size of the former (>0 .5 nm). 
Moreover, even this small uptake may be due to 
physical adsorption. 

The conclusions concerning the disproportionation 
reaction were confirmed further by carrying out column 
experiments. The spectrum of the effluent was that 
of the 1:2 complex. The copper content was found 
to be slightly less than 50% of that present in the 
initial solution. These results indicate that the dis­
proportionation reaction is practically complete in 
this case (i.e., 1 mol of the 1:1 complex gives 0.5 mol 
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TABLE 3. VARIATION OF eK', 'K^', AND K* AS A FUNCTION OF CONCENTRATION 

S. No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Concen­
tration 
XA/M 

0.03 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.40 
0.50 
1.00 

Cu2+ 

I 

— 
103 
38 
— 
— 
— 
10 
6 
5 

— 

II 

80 
45 
19 
— 
10 
— 
6 

— 
— 
— 

[Cu(NH3)4]2+ 

I 

— 
— 
— 
— 
— 
69 
— 
— 
24 

5 

II 

— 
— 
— 
— 
— 
— 
31 
— 
16 
6 

I 

— 
— 

a ) 
— 

102 
— 
75 
56 
45 
— 

/ 
[Cu 

~ïï 
— 
— 
48 
— 
29 
— 
23 
19 
17 
— 

i(en)]2+ 

I 

— 
— 

a ) 
— 

120 
— 

92 
63 
46 
— 

~K* 

II 

— 
— 
57 
— 
25 
— 
17 
13 
12 
— 

[Cu(pn) 

-Kav 

I 

— 

40 
35 
32 
29 
— 
— 
— 
— 

— 

] 2 + 

II 

— 

34 
31 
27 
20 
— 
— 
— 
— 

— 

,4 = 1 . 0 for Cu2+; 10.0 for all other cations, a) The values are very high (as the solution left out after equilibra­
tion was practically colourless and did not show any measurable E value at 550 and 650 nm). I and II are 
data for MS4 and MS5 respectively. 

of Cu 2 + and 0.5 mol of the 1:2 complex). As a 
small amount of the 1:2 complex is retained on the 
sieves, besides Cu 2 + , the concentration of copper in 
the effluent turns out to be slightly less than 5 0 % 
of the total amount taken. 

Because of the above-mentioned disproportionation 
reactions, lK' values for [Gu(pn)] 2 + also cannot be 
calculated. In view of the low uptake of [Cu(pn) ] 2 + 

by the sieves, K* values were not computed. The 
' Ä ^ ' values were, therefore, the only set computed 
in this case. These are included in Table 3. These 
*K„' values can be considered as an indirect measure 
of the influence of 'pn ' on the uptake of Cu 2 + . 

Interestingly enough, 20 ml of a solution of 'pn ' 
(0.22 M) , when equilibrated for 3 h with 0.5 g of 
7 5 % Gu2+ substituted MS4, eluted about two thirds 
of Gu2 + as [Cu(pn)2]2+. The MS4 phase ceased to 
have the green colour characteristic of Gu 2 + form, 
but attained the blue colour characteristic of [Gu-
(pn)] 2 + . From this experiment it was qualitatively 
concluded that 'pn ' , taken up by the MS4 phase, 
complexed Gu2

+ present there (to give 1:1 complex 
in situ), even though [Cu(pn)]2+ itself was not taken 
up (inside the pores) by MS4 because of its larger size. 

I t would be quite fruitful to refer here once again 
to the earlier work of Schoonheydt et al.10) According 
to them [Cu(en) 2] 2 + is unstable in the supercage of 
zeolite A. The bis-complex can be synthesized in 
aqueous suspensions by first exchanging Cu 2 + or the 
monocomplex and then adding large excess of 'en' 
to the suspensions ( p H ^ l l ) . The instability of the 
bis-complex was further substantiated by the observa­
tion of Schoonheydt and others that Cu 2 + moved 
o u t of the zeolite phase into the 'en' solution upon 
standing overnight. 

From considerations of electroneutrality, reactions 
of the type discussed above (in which about two-
thirds of Gu2 + is eluted out by the amine) cannot 
be classified as regular ion exchange processes. As 
the loss of Gu2+ from the solid phase occurs without 
the uptake of an equivalent amount of another cation, 
4 change in the nature of the solid phase becomes 

an inevitable consequence. I t would then be logical 
to conclude that structural alterations may have to 
occur to satisfy electroneutrality conditions in the 
solid phase left out after equilibration. 

Table 3 includes the following parameters obtained 
as a function of concentration: (i) 'A-' values of Cu 2 + 

and [Cu(NH3)4]2+, (ii) <KJ values of [Gu(en)]2+ 
and [Gu(pn)]2+ and (iii) K* values of [Gu(en)]2+. 
T h e data for the other cations are not being included 
as they are too small to deserve any consideration. 

A scrutiny of the data included in Table 3 reveals 
that the lK\ K*, and lK&y' values decrease with in­
crease in concentration of the cation equilibrated. 
This is to be attributed to the fact that the uptake 
tends to reach a saturation value with increase in 
concentration of the equilibrated solution. 

From a comparison of the data given in Table 
3 one can understand the relative affinities of the 
different cationic species for the two sieves. T h e 
'K\ K*, or 'K&v' (as the case may be) for the same 
ion on MS4 and MS5 reveal that the uptake on the 
latter sieve is considerably less in the case of all the 
cations included in the Table. One possible reason 
for this may be the fact that the Ca2+ ions preferen­
tially occupy a more stable site in the A type zeolites. 
(The difficulty encountered in displacing the Ca 2 + 

is further illustrated by equilibration experiments 
with water at p H 2.0 and 8 M aqueous ammonia 
discussed earlier). In addition to this, the influence 
of cation valency on the ion exchange process cannot 
be ignored. The cation to be displaced in the case 
of MS5 has the same charge ( + 2 ) as the displacing 
(simple or complex) one, while the displacement of 
a univalent ion (Na+) by bivalent ones is involved 
in the case of MS4. Though the larger pore di­
mension of MS5 is a favourable factor for migration 
of ions into the zeolite phase, the occupation of 
preferential sites by Ca 2 + and its higher charge turn 
out to be unfavourable factors (from the point of 
view of ion exchange). 

As already stated, dilute solutions of [Cu(en)] 2 + 

give colourless effluents when passed through a MS4 
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column. Solutions of [Cu(pn)]2+, however, give around 
50% of the total copper in the effluent (as the 1:2 
complex). These differences can be fruitfully used 
to estimate (with some limitations) the amounts of 
'en' and 'pn' in their mixture. In principle, this 
type of estimation can be extended further to cover 
mixtures of 'en' and other higher homologues of 'pn' 
as well. Experimental data substantiating this ex­
pectation have been obtained by the authors. 

The authors are grateful to Dr. M. Sankar Das, 
Head, Analytical Chemistry Division and Dr. Gh. 
Venkateswarlu for their constructive suggestions. 
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Exchange Kinetics of Rubidium and Caesium Ions on Pyridinium 
Tungstoarsenate Exchanger 
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The Kinetics of exchange of Rb+ and Cs+ has been investigated on pyridinium tungstoarsenate ion exchanger 
using limited bath technique. The exchange rate was studied as a function of concentration, temperature and 
particle size of exchanger to determine the slowest step. It was found that Rb+ exchange is particle diffusion 
controlled whereas Cs+ exchange shows dual behaviour at low concentration level. However, at higher con­
centrations, particle diffusion controls Cs+ exchange but the rate is concentration dependent. This anomalous 
behaviour has been explained by assuming that Gs+ exchange approaches closely to a chemical reaction. Ther­
modynamic parameters of exchange such as effective diffusion coefficient (D), activation energy (E&) and en­
tropy of activation {AS*) were calculated. The D and E& values were found in the same order as that of 
ionic size, AS* value being positive for Cs+ exchange and negative for Rb+ exchange. A negative AS* value 
is usual but a positive value for Cs+ exchange might be due to dehydration of the cation while passing through 
the channels of the exchanger. This explanation is in line with that of interaction energy for the exchange of Cs+ 
on pyridinium tungstoarsenate. 

The study of the kinetics of ion exchange process 
is important since it provides information on the 
mechanism of the rate controlling process, reactions 
accompanying the ion exchange, as well as internal 
physical structure of the exchanger and the extent 
of hydration of exchanging ion. 

Systematic kinetic studies on ion exchangers were 
started by Nachod and Wood,1»2* the earliest theory 
being developed by Boyd et a/.3> The kinetics of 
cation exchange in organic resins4_6> and synthetic 
zeolites7"9) has been studied in length. However, 
little information is available on other inorganic ion 
exchangers. Of synthetic inorganic ion exchangers, 
kinetic studies on hydrated oxides of thorium,10* 
titanium11* and zirconium,12) zirconium phosphate,13) 
hydrated alumina,14) tantalum arsenate15) and zirco­
nium antimonate16) have been reported. 

Heteropolyacid salts form well defined crystalline 
inorganic ion exchangers.17) They show high af­
finity for T1+, Cs+, and Rb+ and are used for 137Cs 
separation in nuclear waste. However, no kinetic 
studies, necessary for ion exchange mechanism, seem 
to have been carried out on these exchangers. 

Malik and coworkers18) reported on the ion exchange 
properties of pyridinium tungstoarsenate, a new hetero­
polyacid salt, showing its selectivity for Rb+ and Cs+ 
amongst alkali metal ions. In order to explain their 
results they assumed the dehydration of Cs+ during 
the course of exchange. In the present communi­
cation, we report on the kinetic studies of exchange 
of Rb+ and Cs+ on pyridinium tungstoarsenate (PWA). 
Effective diffusion coefficient, activation energy, and 
entropy of activation have been calculated, the results 
confirming the assumption that Cs+ becomes dehy­
drated before undergoing exchange. 

Exper imenta l 

Reagents and Materials. All the reagents used were 
of AR grade. The exchanger, pyridinium tungstoarsenate 
((G5H5NH)3Wi2AsO40) was prepared by the method re­
ported.18) 

Apparatus. A unicam SP 500 spectrophotometer was 
used for the estimation of pyridine. A Leitz Wetzler micro­

scope, Germany, model 12.5 X was used for the determina­
tion of the particle size of exchanger. 

Kinetic Measurements. Limited bath technique19) was 
used to study the exchange rate. PWA was ground and 
sieved to the desired mesh size ( — 50 to +100, —100 to 
+ 200). Solutions of Rb+ and Cs+ were thermostated at 
the required temperature in stoppered pyrex boiling tubes 
containing pyridinium nitrate and nitric acid,18) the total 
volume in each tube being made 10 cm3. The final con­
centrations of pyridinium nitrate and nitric acid were 0.001 
mol dm - 3 and 0.01 mol dm - 3 , respectively, while that of 
the cation were varied from 0.05—0.2 mol dm - 3 (for Rb+) 
and 0.05—0.3 mol dm-3 (for Cs+). 

A weighed amount (0.1 g) of the exchanger of desired 
mesh size was added to these tubes which were thoroughly 
shaken, mechanically. After appropriate intervals of time 
the contents of the tubes were filtered with Whatman No. 1 
filter paper, the extent of exchange being measured by de­
termining pyridinium cations released spectrophotometrically 
at 256 nm. The exchange between Rb+/Cs+ and pyridinium 
cation is stoichiometric.18) Experiments were conducted at 
300.5, 305.5, 310.5, 315.5, and 320.5±0.1 K. 

Particle Size. The average particle radius of each 
sieved fraction was determined by measuring the diameter 
of about 100 beads on a micrometer microscope. Meas­
urements were carried out on dry particles as well as on 
particles which had been immersed for 24 hours in an ap­
propriate electrolyte solution (concentration 0.1 mol dm - 3) . 
There was no significant difference between the size of dry 
and immersed particles. 

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

According to the theory developed by Boyd et Ä/.,8> 
the following equation holds in particle diffusion 
controlled exchange: 

6 ^ exp(-»»lft) 

where F is the extent of exchange at time t, B=n2Dj 
r2, r is the average radius of the exchanger particle 
and D the effective diffusion coefficient. Thus the 
rate of particle diffusion controlled exchange should 
be dependent on r but independent of the concentra­
tion of exchanging ion; a plot of Bt vs. t (Reichenberg's 
test20)) should be a straight line passing through origin. 
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Fig. 1. Plots of Bt vs. t for Rb+ exchange at different 
temperatures (r=0.0160 cm, concentration=0.1 mol 
dm"3). 

Fig. 2. Plots of Bt vs. t for Cs+ exchange at different 
temperatures (r=0.0160 cm, concentration=0.1 mol 
dm"3). 

The kinetics of exchange of R b + and Cs+ on PWA 
was studied in the light of these considerations. 

Figures 1 and 2 show the plots, Bt vs. t, for the ex­
change of R b + and Cs+ at different temperatures. 
These plots are linear, passing through origin, showing 
that the exchange is particle diffusion controlled. 
The plots of - l o g (l-F) vs. t (Mc Kay plots21)) are 
nonlinear, supporting the above result. The effect 
of particle size of the exchanger shows that in both 
cases rate increases with decrease in particle radius. 
The rate of exchange of Rb+ was found to be inde­
pendent of concentration (Fig. 3), but not for Cs+ 
exchange. Figure 4 shows Bt vs. t plots for Cs+ ex­
change at four different concentrations. At concen­
tration 0.05 mol d m - 3 , the nonlinear behavior and 
fast uptake of Cs+ shows that film diffusion also con­
tributes to exchange.3»22) At concentrations 0.1, 0.2, 
and 0.3 mol dm - 3 , though the plots are linear (for 0.2 
and 0.3 mol d m - 3 , only initially) the rate is concen­
tration dependent. Such an anomalous behavior was 
also reported.23-25) Helfferich26) showed theoretically 
that particle diffusion controlled exchange accom­
panied by ionic reactions (association, neutralization 
or complex formation) would exhibit such a behavior. 

In the present case, it seems that the Cs+ is dehy-

Fig. 3. Plots of Bt vs. t for Rb+ exchange at different 
concentrations (r=0.0160 cm, T= 310.5 K). 

Fig. 4. Plots of Bt vs. t for Cs+ exchange at different 
concentrations (r=0.0160 cm, T=310.5 K). 

drated18) during the course of exchange, getting chem­
ically associated to tungstoarsenate ion. The result­
ing compound forms a shell around the exchanger 
particle which prevents further entry of Cs+ into 
the core. This would eliminate Donnan exclusion 
of the co-ions. If a sufficient number of counter 
ions pass through the shell, they should carry with 
them co-ions so as not to disturb electroneutrality.26) 
The invasion of counter and co-ions should be con­
centration dependent. This may also be the reason 
why the Bt vs. t plots (Fig. 4) are a bit nonlinear 
towards the end. The assumption of Cs+ becoming 
dehydrated while exchanging with pyridinium cation 
is further supported by the entropy data. 

The exchange data at different temperatures (Figs. 
1 and 2) have been used to calculate the values of 
effective diffusion coefficient (D), activation energy 
(E&) and entropy of activation (AS*). The D values 
computed from the B values are given in Table 1. 
They are in the order Cs+>Rb+, in line with the 
order reported for alkali metal ions exchange on other 
exchangers.12»27) The values are much lower than 
those reported on organic resins.27»28) Nancollas and 
Paterson10) inferred that crystallinity of the exchanger 
affects the D values such that more crystalline the 
exchanger, the lower the values. For PWA, a crystal­
line heteropolyacid salt, the D values of Rb+ and 
Cs+ exchange on it are very low. 
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TABLE 1. B VALUES AND EFFECTIVE DIFFUSION COEFFICIENT D AS A FUNCTION OF TEMPERATURE 

(average particle radius of the exchanger=0.0160cm, concentration of Rb + 

and Cs+ = 0.1 mol dm-3) 

Rb+-exchange Cs+-exchange 
o . xvv. 

1 
2 
3 
4 
5 

x c i i ip/ xv. 

300.5 
305-5 
310.5 
315.5 
320.5 

5/s-i 

0.75x10-6 
0.97x10-6 
1.11x10-6 
1.53x10-6 
2.22x10-6 

£>/m2 s-i 

1.95x10-1* 
2.52x10-1* 
2.88x10-1* 
3.96x10-1* 
5.76x10-1* 

U/s-i 

1.81x10-6 
2.64x10-6 
2.92x10-6 
6.67x10-6 

13.19x10-6 

Z)/m2 s-i 

4.68x10-1* 
6.85x10-1* 
1.07X10-13 

1.73X10-13 

3.42X10-13 

-8.4 

-8-8 

-9-Or-

• M 

-9-6 

-9.8 

- I O . O H -

C»*«xchong« 

3.1 3.2 3.3 3.4 

- ^ r X lO« 

Fig. 5. Plots of log D vs. l/T. 

The linearity of log D vs. \jT plots (Fig. 5) in­
dicates the validity of the Arrhenius equation 

D = D0exp(-EJRT), 

which is used to calculate £ a values. The activation 
energy of a cation diffusion process reflects the ease 
with which cations can pass through exchanger par­
ticles. Freeman and Stamirs29) observed an increase 
in 2?a with increase in ion size of the alkaline earth 
metal ions. The increase is explained in terms of 
an increase in the strength of bonding to two crystal-
lographically separated sites for the large, more polar-
izable cations. Similar findings were also observed 
for monovalent cations on analcite30) and for alkaline 
earth metal ions on tantalum arsenate.15) O u r results 
(Table 2) which show that 2ia for Cs+ exchange is 
higher as compared to that of R b + are in agreement 
with the increasing ion size.15'29'30) In the present 
case the E& values are higher as compared to the 
values 20—40 k j m o l - 1 obtained for the exchange 
of hydrogen by monovalent ions on strong cation 
exchangers.4-5) This may be due to low swelling of 
the exchanger. Similar findings were obtained by 
Heitner-Wirguin and Markovits.19) 

TABLE 2. D0 VALUES AND THERMODYNAMIC PARAMETERS 

FOR Rb+/Py+ AND Cs+/Py+ EXCHANGE 
ON PWA EXCHANGER 

S. No. System Z>0/m
2 s-1 EJkJ mol-i AS*/J mol"i K-1 

1 Rb+/py+ 3.1x10-« 35.7 - 4 0 . 2 
2 Cs+/Py+ 3.4X10-2 68.4 +75.7 

Py+ = pyridinium ion 

T h e Arrhenius equation was also used to calculate 
DQ which in turn is used to obtain AS* by means 
of the following equation proposed by Barrer et a/.31) 

D0 = 2.72 d% T/h exp (AS*/R) 

where k is Boltzmann constant, h Planck constant, 
d the distance between adjacent exchanging sites in 
the exchanger, and T is 273 K. For the calculation 
of AS*, the value of d has usually been assumed to 
be equal to 5 X 10~8 cm.15 '16 '32) We have also used 
the same value for AS* calculation (Table 2). The 
entropy change normally depends on the extent of 
hydration of the exchangeable and exchanging ions 
along with any change in water structure around 
ions that may occur when they pass through the chan­
nels of exchanger particles. In general, negative 
values of AS* have been reported.15 '16-29) AS* for 
R b + exchange in our case is negative whereas a posi­
tive value is obtained for Gs+ exchange. 

The positive value for Cs+ exchange is unusual 
but not exceptional, being accounted for on the basis 
of disordering of water structure32) around exchang­
ing cations or their dehydration33) during exchange. 
In our case, it appears that hydra ted Cs + cation be­
comes dehydrated before exchanging with pyridinium 
ions of the exchanger. T h e explanation is in line 
with the one given by Malik, Srivastava and Satish18) 
to explain higher interaction energy value for Cs + 

exchange on PWA which we utilized to explain the 
dependence of Cs + exchange rate on concentration. 

Two of the authors (RPS and SA) are grateful for 
financial assistance from the Council from Scientific 
and Industrial Research (New Delhi). 
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Photopolymerization of Methyl Methacrylate Using iV,iV-Dimethyl-
formamide-Sulfur Dioxide Complex as the Photoinitiator 
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Plastics and Rubber Technology Division, Department of Applied Chemistry, Calcutta University, 
92, A. P. C. Road, Calcutta-700 009, India 
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Photopolymerization of MMA in visible light was studied at 40 °C using DMF-S0 2 complex as the pho-
toinitiator. Initiator exponent was found to be 0.41 and monomer exponent varied between 1.12 to 1.50 de­
pending on the nature of the solvent. Analysis of data revealed that the photopolymerization was induced by 
a free radical mechanism. Nonideality of the kinetics was explained on the basis of (a) monomer-dependent 
chain initiation and (b) initiator-dependent chain termination via degradative initiator transfer. 

In recent years the role of S 0 2 in catalytic con­
centrations in vinyl polymerization has been studied 
in detail. I t is now well established that S 0 2 can 
act both as an initiator and as a comonomer in vinyl 
polymerization.1) S 0 2 , being a good acceptor, also 
forms charge transfer complexes with many donor 
compounds. S 0 2 complexes of pyridine and quinoline 
are reported2 - 4) to effectively induce polymerization 
of methyl methacrylate (MMA) . In the polymeriza­
tion of M M A initiated by py r id ine -S0 2 complex, 
it was found that the presence of such additives as 
JVjiV-dimethylformamide (DMF) greatly accelerated 
the rate of polymerization5) probably through par­
ticipation of D M F in the initiation step. This idea 
led us to the preparation of the G.T. complex of S 0 2 

with D M F with the objective of examining its suit­
ability as an independent initiator of vinyl polymeriza­
tion using M M A as the monomer. Related results 
and the kinetics of polymerization under photoac-
tivation are reported in the present paper. 

Exper imenta l 

Materials. Methyl methacrylate (MMA) monomer 
was purified by usual procedures.6) i\f,JV-Dimethylformamide 
(DMF) obtained from E. Merck and stored over KOH 
pellets, was purified by distillation. All solvents used were 
of reagent grade and were distilled once before use in poly­
merization reaction. 

Preparation of N,N-dimethylformamide-sulfur dioxide Complex. 
DMF (5 ml) was taken in a test tube which was then cooled 
to about — 5 °C in crushed ice/salt mixture. Pruified sulfur 
dioxide gas was bubbled through the cold DMF. S 0 2 

gas generated by heating fresh copper turnings with reagent 
grade concentrated sulfuric acid was passed through a scrub­
ber of concentrated sulfuric acid before its final passage 
in DMF. Bubbling was stopped when the liquid appeared 
supersaturated with S0 2 . Excess S0 2 was allowed to bubble 
out at room temperature, occasionally aided by slow stirring 
with a glass rod. The theoretical S02-content of 1:1 D M F -
S 0 2 complex is 46.7%. Analysis by iodimetry showed that 
the SOa content of the prepared complex was 46.92%. 

UV absorption spectra of dilute solutions of S 0 2 (0.002 
mol l-1) and of DMF-S0 2 complex (0.002 mol l"1) in CG14 

are given in Fig. 1, A, curves 1 and 4 respectively. Amax 

for each spectrum is 290 nm. DMF itself has no absorption 
in the wavelength range studied. For a fixed S02-content 
(0.002 mol l-1) in CC14, the absorbance at Amax increased 
progressively with increasing proportion of DMF till the 
latter was used in equimolar proportion (0.002 mol 1_1), 
Fig. 1, A, and with further increase in DMF content, no 

further change in the absorbance of the mixture was visible. 
The absorbance values at Amax (290 nm) for solutions of 

S 0 2 and of DMF-S0 2 complex in CC14 at several concen­
trations were measured and the data were plotted as in 
Fig. 1, B. In each case the plot, passing through the origin, 
is linear, DMF-S0 2 plot giving a higher slope than the 
S 0 2 plot. The overall absorbance at Amax (290 nm) for 
each of the various mixtures of DMF and S0 2 , Fig. 1, A, 
is equal to the summation of the absorbance corresponding 
to the calculated amount of 1:1 DMF-S0 2 complex formed 
in situ in the system and that of S 0 2 present in excess of DMF. 

240 280 320 0 2 4 
A/nm Concentration X 103/mol l"1 

Fig. 1. A) UV absorption spectra of S0 2 , (DMF-
S0 2) , complex and different mixtures of SOz and 
DMF in GC14 solution using CG14 in the reference cell 
in each case: 
1) S02=0.002 moll-1 ; 2) S02=0.002 mol l"1 

DMF=0.0005 moll-1 ; 3) S02=0.002 mol l"1 

DMF=0.001 mol l"1; 4) SO2=0.002 mol l"1 

DMF=0.002 mol 1~\ 0.003 mol \~\ 0.005 mol 1"1 

DMF-S0 2 complex=0.002 moll-1 . 
B) Plot of absorbance at 290 nm vs. concentration 
for S0 2 and DMF-S0 2 complex, each in CC14 solu­
tion (GC14 in the reference cell). 
G) UV absorption spectra of DMF-S0 2 complex, 
0.002 moll-1 , in MMA (MMA in the reference cell). 

and 
and 
and 
and 
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TABLE 1. PHOTOPOLYMERIZATION OF MMA AT 40 °C USING DMF-SO, COMPLEX AS THE PHOTOINITIATOR 

[DMF-SO2]Xl04 ÄpXlO5 Ä p / [M] 2xl0 7 

m 
mol l-1 

2.051 

2.56 

4.85 

5.82 
7.25 

9.70 

12.16 

20.00 

mol l-1 s-1 

5.400 

6.010 

7.515 

8.350 
8.810 

9.6025 

10.850 

9.6129 

1 mol-1 

6.379 

7.097 

8.875 

9.861 
10.400 

11.340 

12.810 
— 

dig"1 

2.900 

2.690 

2.300 

2.22 
2.125 

1.880 

1.500 

— 

l / i^XlO 4 Initiator exponent (*;/*oxio' 
1 mol - 1 s - 1 

1.120 

1.230 

1.460 

1.590 

1.680 

1.980 

2.66 

0.41 1.42 

Time/min 

Fig. 2. Photopolymerization of MMA using DMF-S0 2 complex as initiator at 40 °G, for each curve 
[DMF-S02] in mol h 1 is, 

20.00 x 10-* mol l-1 [DMF-S02] , 
12.16 X 10-* mol l-1 [DMF-S02] , 
9.70 X 10-4 mol l-1 [DMF-S02] , 
7.25 x 10-4 mol l-1 [DMF-S0 2] . 

3 : 5.82 x lO- 4 mol l-1 [DMF-S02] , 
0 : 4.85 XlO-4 mol l-1 [DMF-S02] , 
0 : 2.56 x lO- 4 mol l-1 [EMF-SOJ, 

Excess DMF wherever present has little influence on the 
overall absorbance. It is, thus, clearly indicated that com-
plexation between DMF and S 0 2 takes place almost in­
stantaneously and that the complex is of the 1:1 kind. 

When taken in MMA solution, the peak absorption of 
DMF-S0 2 complex shifts slightly to higher wave length 
(Amax = 295nm, MMA in reference cell), Fig. 1, G, indicat­
ing further complexation of DMF-S0 2 complex with MMA. 

Polymerization. The polymerization of MMA in bulk 
or in solution was studied dilatometrically in visible light 
at 40 ±0.05 °C using DMF-S0 2 complex initiator following 
usual procedures.7-9) Polymers formed at low conversions 
(<10%) in the dilatometers were removed and isolated 
by precipitation with petroleum ether and drying at 50 °C 
under vacuum. 

Intrinsic Viscosity. Intrinsic viscosity, [rj] in dl/g of 
polymers taken in benzene solution were obtained from 
measurements of solution viscosity at 30 ±0.05 °G using a 

Ubbelohde viscometer. Molecular weights (Mn) of poly-
(methyl methacrylate) (PMMA) were calculated from the 
viscosity data using the following equation:10) 

[?] = 8.69X10-5 Afn
0-76. (1) 

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

In presence of D M F - S 0 2 complex, no polymeriza­
tion of M M A was observed within 2 h at 40 °C in 
the dark. Polymerization was, however, readily in­
duced in presence of light after inhibition periods 
(IP) of the order of 5—30 min, lower [ D M F - S 0 2 ] 
giving higher I P in general. I P is considered to 
arise due to adventitious impurities (such as, last 
traces of oxygen) in the polymerization system. 

Initiator Exponent. Data on bulk photopolymer­
ization of M M A at 40 °C using different [ D M F - S 0 2 ] 
(0.000256—0.002 mol I"1) are presented in Table 1. 
Rates of polymerization, Rp, were calculated from 
the initial linear zones of % conversion vs. time plots, 
Fig. 2. Initiator exponent determined from the slope 
of the plot of log Rp vs. log [ D M F - S 0 2 ] , is 0.41, Fig. 
3. Photopolymerization in open dilatometers (in con­
tact with air) produced slightly enhanced inhibition 
but in presence of dissolved hydroquinone (0.001 mol 
1_1) there was much pronounced inhibition of poly­
merization. T h e polymers gave positive response to 
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0*2 0-6 1-0 1*2 

Fig. 3. Photopolymerization of MMA (bulk) using 
DMF-S02 complex as initiator at 40 °G. 

Fig. 4. Photopolymerization of MMA (bulk) using 
DMF-S02 complex as initiator. 

dye partition test11) for (anionic) sulfoxy end groups. 
kp

2/kt Value. The kinetic parameter kp
2/kt dit 

40 °G was evaluated from the slope of the plot of 
l / ? n vs. £ P / [M] 2 , Fig. 4 (Table 1), in accordance 
with the Mayo equation: 

\/Pn= 1.85 An 

[MP • + 23- (2) 

where the last term in the right hand side was included 
to account for chain transfer effects, assuming this 
would not affect the slope of the plot over low range 
of initiator concentration. The apparent k2\k% value, 
calculated from the slope of the initial linear zone 
of the plot, is 1.42 X 10~2 1 mol - 1 ; it was assumed in 
the calculation that any perturbation of the termina­
tion process from the usual bimolecular mechanism 
(85% disproportionation, 15% combination)10»12) will 
not measurably affect the initial slope of the plot in 
Fig. 4. 

Monomer Exponent. With a fixed [ D M F - S 0 2 ] , 
(0.000205 mol 1_1), photopolymerization of M M A was 
further studied in presence of different concentrations 
of several solvents such as benzene, toluene, DMF, 
carbon tetrachloride, pyridine, and tetrahydrofuran 
(THF). Monomer exponents calculated from the slope 

1-2 

10 

— - • x l .fih L 
PYRIDINE 

Fig. 5. Photopolymerization of MMA (solution) using 
DMF-S0 2 complex as initiator. 
[DMF-SO 2 ]=2.05xl0- 4 moll- 1 (fixed); data given 
for each curve are, solvent and slope (monomer ex­
ponent) . 
O: Benzene, 1.50, # : toluene, 1.50, 0 : THF, 1.12, 
Q: GG14, 1.20, ©: pyridine, 1.20, ©: DMF, 1.30. 

of the respective plots of log Rp vs. log [M] , Fig. 5, 
range between 1.12—1.50, depending on the nature 
of the solvent used. 

Mechanism. Kinetic data, the inhibitory effect 
of hydroquinone and the results of end group analysis 
indicate a radical mechanism. The radical genera­
tion process may be considered to follow an initial 
complexation reaction between monomer and initiator 
molecules : 

DMF-S0 2 + M ;= 

Initiating Complex (I) 
hv 

Pair of radicals (R*)-

(3) 

(4) 

Initial concentration of the initiating complex (I) 
is then equal to # [ D M F - S 0 2 ] [ M ] , where K is the 
equilibrium constant of the initiator monomer com­
plexation reaction envisaged. 

Initiator Transfer. Equation 2 may be used in 
the following form to determine the initiator transfer 
parameter (CjÄ"), where Cx is the initiator transfer 
constant, in the photopolymerization of M M A in bulk : 

- 4 - - 1.85-Jv • T ^ - = CM + CtK [DMF-S02] . (5) 
Pn k 2 [M] 

Here, [ D M F - S 0 2 ] is the initial concentration of N,N-
dimethylformamide-sulfur dioxide complex and CM is 
the monomer transfer constant. A plot of left hand 
side of Eq. 5 vs. [ D M F - S 0 2 ] is given in Fig. 6, and 
initial slope of the plot, giving the value of CjK, is 
8 x 10~31 mol - 1 . A deviation from linearity of this 
plot, prominent at high [ D M F - S 0 2 ] , indicates that 
the transfer process apparently of the normal kind 
at low [ D M F - S 0 2 ] , becomes largely degradative in 
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l-50f 

Q I g 
[DMF-S02] X10+ 

Fig. 6. Photopolymerization of MMA using DMF-
S 0 2 complex as initiator. 

nature a t high [ D M F - S O J . 
Termination. T h e observed initiator exponent 

of 0.41 indicates that some initiator dependent ter­
mination process is significant along with the usual 
bimolecular termination. 

The initiator dependent termination process may 
be of two different kinds: 
1) Primary radical termination 

M' + R' > Polymer product 

and 
2) Terminat ion via degradative initiator transfer, 
which may be considered to proceed by two distinctive 
mechanisms : 
a) With reinitiation effect, such as: 

* t r l 

M' + I * Polymer product + I' (Initiator transfer) 

r + M-

r + M 

* r . 
Polymer product (Chain termination) 

M' (reinitiation) 

or, 
b) With little reinitiation effect, such as: 

V 
M + I • Polymer product (Chain termination 

giving non radical or inactive radical 
by product). 

1) Analysis of Primary Radical Termination Effect. 
The equation of Deb and Meyerhoff13) which would 

assume the following form for present polymerization, 
may be used to evaluate primary radical termination 
effect (in absence of degradative initiator transfer pro­
cess) 

log 
Rl 

[DMF-S02][M]3 = log 

- 0.8686- >-prt Ar 
*i*p [M]* 

(6) 

Negative slope for the plot of left hand side of Eq. 6 
vs. Ä p / [M] 2 , Fig. 7, indicating measurable pr imary 
radical termination effect, was obtained for photo-
polymerization of M M A in bulk at 40 °C. The value 
of k^Jkikp calculated from the slope of this plot is 
3 . 1 3 5 x 1 0 s mol s i " 1 . 

Ä* x l°7 

Fig. 7. Photopolymerization of MMA using DMF-
S 0 2 complex as initiator. Analysis of primary radical 
termination effect. 

2) Analysis of Degradative Chain (Initiator) Transfer 
Effect. a) Degradative Initiator Transfer with reini­
tiation Effect: An equation derived by Deb14) to an­
alyse degradative chain (initiator) transfer with re­
initiation effect was simplified by Ghosh et al.15) to 
the following form: 

In 
R> 

[I][MP 
= In 

fkakl "v # "rti ç [I] 
[ M ] ' 

In the present case [l]=K [ D M F - S 0 2 ] [ M ] and hence 
we have 

log 
Rl 

[DMF-S02][M]3 

_ 0.434-^- . 

= logtf/fcd-r
ÎL 

»t 

£«£p 
.CiJqpMF-SOJ . (7) 

Here, Cx is the initiator transfer constant. A plot of 
left hand side of Eq. 7 vs. [ D M F - S 0 2 ] , is shown in 
Fig. 8. T h e plot gives a straight line with a negative 
slope, thereby clearly indicating the existence of deg­
radative initiator transfer process. The value of kItl/ 
(knkp) obtained from the slope of the plot is 5.486 X 
K V m o l s l - 1 . 

b) Degradative Initiator Transfer with Little Reinitia­
tion Effect: This aspect may be analysed according 
to the following approach: 

Under steady state condition, we have 

* i = * » = 2kt[M-Y + kqi][M] 
Rp Rp Rp 

2*t[M-]2 + * t '#[DMF-SOa][M][M-] 

* p 

or, 

Ri = 
2kt 

k 2 [ M ? + 
kt'K 

ÄP[DMF-S02] 

= 20e/o/:[DMF-SO2][M] 

or, 

2A Rl 
[M]3[DMF-S02] 

= 2^1^ - h'K Rr, 
[M] 

(8) 
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2 4 6 
[0MF-S02] xlO4 

10 

Fig. 8. Photopolymerization of MMA using DMF-
SOa as initiator. Analysis of degradative initiator 
transfer (with reinitiation effect). 

equivalent to K<peIQ for photopolymerization (where 
<f> is the quan tum yield for chain initiation, e is the 
molar absorptivity for the active radiation and I0 

is the incident light intensity) obtained from the three 
plots, Figs. 7—9, are in reasonably close agreement, 
the mean value being 1.80 X 10~6 1 m o l - 1 s - 1 . 

Although, primary radical termination may be con­
sidered as a possible cause for non-ideality, considera­
tion of dependence of Rp on [M] predicts it to be of 
much less consequence. If the present photopolymer­
ization followed the normal kinetics (bimolecular ter­
mination) one would expect a value of 1.5 for monomer 
exponent on the basis of initiation mechanism en­
visaged; for significant primary radical termination, 
the expected monomer exponent would be > 1 . 5 , the 
limiting value being 2.0 and for some kind of signifi­
cant degradative initiator transfer, the expected value 
of monomer exponent would be < 1.5, the limiting 
value being 1.0. With observed monomer exponent 
in the range of 1.12—1.50 the non-ideality in the 
present polymerization appears to be largely due to 
degradative initiator transfer effect. 

J N A 

Fig. 9. Photopolymerization of MMA using D M F -
S0 2 complex as initiator. Analysis of degradative 
initiator transfer (no reinitiation effect). 

T h e left hand side of Eq. 8 is plotted vs. Rp/[M], Fig. 
9. The plot gives a straight line with a negative 
slope indicating that degradative initiator transfer with 
no reinitiation effect is significant. The value of kt'Kj 
kp obtained from the slope of the plot is 0.23 1 mo l - 1 . 

I t is interesting to note that this value is reasonably 
close to the value of the final slope of the plot in Fig. 
6, corresponding to high [ D M F - S 0 2 ] , indicating deg­
radative nature of the initiator transfer process at 
high initiator concentration. Thus, the degradative 
effect is detectable from analysis of both Pn and Rp 

data and from each analysis degradative effects of 
comparable order are more or less indicated, par­
ticularly for high [ D M F - S 0 2 ] . The value of Kfk^ 

Thanks are due to the Council of Scientific and 
Industrial Research and University Grants Commis­
sion, India for supporting this research through 
Fellowship Grants to S. J . and S. B. respectively. 

References 

1) P. Ghosh and S. Chakraborty, Eur. Polym. J., 15, 137 
(1979). 

2) M. Matsuda, Y. Ishioroshi, and T. Hirayama, J. 
Polym. Sic., B-4, 815 (1966). 

3) Y. Ishioroshi and M. Matsuda, Presented at the 
19th Symposium on Polymer Chemistry, Kyoto 1970, Preprint 
p. 315. 

4) P. Ghosh, S. Chakraborty, and S. Biswas, Makromol. 
Chem., 181, 1331 (1980). 

5) Y. Ishioroshi, T. Hirayama, and M. Matsuda, 
Kobunshi Ronbunshu, 34, 347 (1977). 

6) P. Ghosh, P. S. Mitra, and A. N. Banerjee, J. Polym. 
Sei., Polym. Chem. Ed., 11, 2021 (1973). 

7) P. Ghosh and A. N. Banerjee, J. Polym. Sei., Polym. 
Chem. Ed., 12, 375 (1974). 

8) P. Ghosh and P. S. Mitra, J. Polym. Sei., Polym. 
Chem. Ed., 13, 921 (1973). 

9) P. Ghosh and S. Chakraborty, J. Polym. Sei., Polym. 
Chem. Ed., 13, 1531 (1975). 

10) T. G. Fox, J . B. Kinsinger, H. F. Mason, and E. M. 
Shuele, Polymer, 3, 71 (1962). 

11) P. Ghosh, S. C. Chandha, A. R. Mukherjee, and 
S. R. Palit, Indian J. Polym. Sei., A-2, 4433 (1964). 

12) J. C. Bevington, H. W. Melville, and R. P. Taylor, 
J. Polym. Sei., 14, 463 (1954). 

13) P. C. Deb and G Meyerhoff, Eur. Polym. J., 10, 
709 (1974). 

14) P. C. Deb, Eur. Polym. J., 11, 31 (1975). 
15) P. Ghosh and P. S. Mitra, J. Polym. Sei., Polym. Chem. 

Ed., 15, 1743 (1977). 



600 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 600—603 (1981) [Vol. 54, No. 2 

Liquid-Liquid Extraction and Separation of Lanthanum (III) 
A. D. LANGADE and V. M. SHINDE* 

Analytical Laboratory, Department of Chemistry, Shivqji University, Kolhapur 416 004, India 
(Received May 19, 1980) 

Separation of lanthanum (I II) from iron (III), molybdenum (VI), vanadium (V), chromium (VI), titanium 
(IV), bismuth(III), zirconium (IV), scandium (I II), uranium(VI), and beryllium is achieved by solvent extrac­
tion with mesityl oxide from sodium salicylate solution (0.1 M adjusted to pH 7). Lanthanum from the organic 
phase is stripped with water and determined photometrically as its arsenazo complex at 570 nm. The extracted 
species is trisolvated i.e. La(HOG6H4GOO)3-3MeO. The results of separation are reported. 

Mesityl oxide has been used in this laboratory for 
the solvent extraction of uranium from salicylate 
media.1) In this communication we propose a simple 
and rapid method for the selective extraction of lan­
thanum from 0.1 M sodium salicylate solution (adjusted 
to p H 7) into mesityl oxide. The lan thanum (III) 
from the organic phase is stripped with water and 
determined photometrically with arsenazo2) at 570 
nm. The method affords separation of lan thanum 
from iron ( I I I ) , molybdenum (VI) , vanadium(V) , 
chromium(VI) , t i tanium(IV), b ismuth(I I I ) , zirconium 
(IV) , scandium(II I ) , u ran ium(VI) , and beryllium. 

Extraction of lan thanum with various chelating agents 
have been reviewed by Stary in his monograph.3) 
The extraction of l an thanum from nitric acid, per­
chloric acid or thiocyanate media with oxygen con­
taining solvents, organophosphorus acids, esters and 
oxides have been earlier reported.4 - 1 7) Extraction with 
high molecular weight amines and carboxylic acids 
have also been reported,1 8 - 2 0) but systematic separation 
studies of lan thanum is lacking. This communication 
describes a simple and rapid method for the solvent 
extraction of l an thanum(I I I ) from sodium salicylate 
solution (pH 7) using mesityl oxide as an extractant. 
The method permits selective separation of lan thanum 
from metal ions such as iron, molybdenum, vanadium, 
chromium, ti tanium, zirconium, bismuth, scandium, 
uranium, and beryllium. 

Exper imenta l 

Apparatus and Reagents. Absorbances were measured 
with a Zeiss Spectrophotometer (Jena) employing 1 cm 
quartz cells and pH values were measured with Philips 
pH meter (Precision type). 

The stock solution of lanthanum was prepared by dis­
solving 0.587 g of lanthanum(III) oxide (BDH, England) 
in 4 ml of concentrated hydrochloric acid and diluting to 
100 ml with distilled water. The solution was standardized 
by known method21) and further diluted as required for 
working solutions. 

Mesityl oxide, bp 125—128 °C (BDH) was used after 
double distillation. 

Arsenazo I, 0.05% aqueous solution was used. 
All other chemicals used in this work were of guaranteed 

grade. 
General Extraction Procedure. Take an aliquot solution 

containing 40 [xg of lanthanum, add sodium salicylate (0.4 
g) to give the final concentration of 0.1 M in a total volume 
of 25 ml. Adjust the pH of the solution to 7 by diluted 
NaOH/HGl solutions and transfer into a 100 ml separatory 
funnel. Equilibrate the mixture for 30 s with 10 ml of 
neat mesityl oxide. Allow the layers to settle and strip 

lanthanum from organic phase with two 10 ml portions 
of water (containing a few drops of HCl to avoid emulsion) 
and determine it photometrically with arsenazo I at 570 nm. 

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

Effect of pH, Salicylate Concentration and Mesityl Oxide 
Concentration. The extraction of lanthanum was 
studied at various p H . The extraction commences 
at p H 3, becomes quantitative at p H 7 and then de­
creases (Fig. 1). The p H was adjusted with diluted 
N a O H / H G l solutions. The optimum p H for quan­
titative extraction of lanthanum is 7. The concentra­
tion of mesityl oxide was varied from 35 to 100% 
with benzene as diluent and the sodium salicylate 
concentration was varied from 0.01 to 0.1 M. The 
results show that lanthanum extracts quantitatively 
from 0.1 M sodium salicylate solution with neat mesityl 
oxide. The percentage extraction of the metal ions 
was computed by stripping the metal ion from the 
organic phase and subsequent photometric determina­
tion with arsenazo I. The distribution ratio was cal­
culated by using relationship. 

%E-
100D 

D(VW/V0) 

where Vw and V0 are the volumes of aqueous and 
organic phase respectively. A log-log plot of dis­
tribution ratio vs. mesityl oxide concentration at fixed 

Fig. 1. Extraction behaviour of lanthanum-salicylate 
into mesityl oxide as function of pH and sodium 
salicylate concentration. 
A=0.1 M; B=0.075M; G = 0.05 M; D=0.025 M; 
E=0.01 M sodium salicylate. 
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TABLE 1. DISTRIBUTION RATIO OF SALICYLIC ACID (A) 

AND SODIUM SALICYLATE (B) BETWEEN MESITYL 

OXIDE AND AQUEOUS SOLUTION 

// = 0.1 M sodium perchlorate 

1 3-0 5-0 10 

Concentration of mesityl oxide (log scale) 

Fig. 2. Distribution ratio of lanthanum as a function 
of mesityl oxide concentration at 0.05 M sodium 
salicylate concentration and pH 7. 

100.0 

g 
•M 

i 
'S 
S 

10.0h 

0-01 0.025 0.05 0-1 

Concentration of mesityl oxide (log scale) 

Fig. 3. Distribution ratio of lanthanum as a function 
of sodium salicylate concentration at pH 6.5 

p H (7.0) and salicylate concentration (0.05 M) gave 
a slope of 2.7 (Fig. 2) indicating the presence of three 
solvent molecules in the extracted species. Similarly 
the log-log plot (Fig. 3) of distribution ratio vs. salic­
ylate concentration at fixed p H (6.5) and mesityl 
oxide concentration gave a slope of 2.6 indicating 
a molar ratio of 1:3 for the reaction of lan thanum 
and salicylate ion. The extraction equilibria for lan­
thanum (III) extraction (from salicylate media) into 
mesityl oxide could be written as: 

La3+ + 3(HOC9H4COO)- ^ = ± La(HOC6H4COO)3 (1) 

La(HOC6H4COO)3-3H20 + 3MeO ^ ^ 

La(HOC6H4COO)3-3 MeO + 3 H aO. (2) 

M e O stands for mesityl oxide. 
The extractable species is thus trisolvated. 

Distribution of Salicylic Acid and Sodium Salicylate. 

(A) 

(B) 

pHa> 

4.5 
5.5 
6.5 

5 
6 
7 

Asal 
(Exptl) 

2.86 
2.33 
2.16 

0.31 
0.19 
0.11 

°*(1+Tm) 
115.7 
177.4 
768.1 

129.5 
311.4 

2122.0 

(Calcd) 

2.03 
0.30 
0.13 

0.72 
0.17 
0.12 

a) Before extraction. 

T h e distribution of salicylic acid and sodium salicylate 
between mesityl oxide and aqueous solution of dif­
ferent p H values (adjusted with diluted perchloric 
acid and sodium hydroxide solution) at constant ionic 
strength (0.1 M sodium perchlorate) was studied by 
equilibrating known concentration of salicylic acid or 
sodium salicylate for more than 16 hours at room 
temperature. T h e volume of aqueous phase and or­
ganic phase was kept equal (10 ml). After equilibra­
tion the layers were allowed to settle and separate 
and concentration of unextracted salicylic acid or 
salicylate ions in the aqueous phase is determined 
colorimetrically. The experimental distribution ratio 
and the calculated one are obtained by equations 
given by Irwing and Sinha22) and reported in Table 
1. Both salicylic acid and sodium salicylate show 
extraction into mesityl oxide but the probability of 
dimerization of salicylic acid in mesityl oxide which 
is a ketone is negligible. 

The period of equilibration was varied and for 
quantitative extraction of lanthanum, single extraction 
for 30 s with neat mesityl oxide is adequate . Pro­
longed shaking has no adverse effect on the extrac­
tion. 

An interference study showed that for the extraction 
of 40 \ig of l an thanum by the recommended procedure, 
2500 [xg each of Ag, Ca, Ba, Zn, Hg, Ni, Bi, As( I I I ) , 
A u ( I I I ) , T i ( IV) , Z r ( IV) , G a ( I I I ) , M o ( V I ) , tartrate, 
ascorbate, nitrate, thiocyanate, sulfate, thiourea, phos­
phate and carbonate do not interfere. Similarly no 
interference is observed for 2000 [Ag each of Co, M n , 
F e ( I I I ) ; 1000 ng each of Pd, Cd, Pb, V(V) , Cr (VI ) , 
fluoride; 500 \ig each of Sn( I I ) , AI, R h , Ru, W ( V I ) , 
and 100 (xg of C r ( I I I ) . However, cerium ( I I I and 
IV) and Nd( I I I ) interfere severely. 

Separation of Lanthanum (III) from Iron(III), Molyb­
denum (VI), Vanadium(V), Chromium(VI), Titanium(IV), 
and Beryllium. Ions such as iron, molybdenum, 
vanadium (V), chromium (VI) , beryllium, and titani­
um (IV) do not extract into mesityl oxide. Hence 
their separation (from binary mixtures) is achieved 
by extraction of lan thanum by the recommended pro­
cedure. Lan thanum from the organic phase is stripped 
and determined as described above and the added 
ions, are estimated in the aqueous phase by standard 
procedure. The recovery of l an thanum and added 
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TABLE 2. ANALYSIS OF SYNTHETIC MIXTURES 

Sample 
No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Composition of 
synthetic mixture and 
amount taken in mg 

La, 

La, 

La, 

La, 

La, 

La, 

La, 

La, 

La, 

La, 

0.04; 

0.04; 

0.04; 

0.04; 

0.04; 

0.04; 

0.04; 

0.04; 

0.04; 

0.04; 

Fe, 1.0 

Mo, 2.5 

V, 0.5 

Gr, 1.5 

Ti, 1.0 

Zr, 2.5 

Bi, 1.0 

Sc, 0.025 

U, 0.5 

Be, 1.0 

Recovery of 
Lanthanum from 
duplicate analysis 

% 

99.8 

99.8 

99.6 

99.4 

99.6 

99.2 

99.4 

99.0 

99.2 

99.2 

Relative 
error 

% 

0.2 

0.2 

0.4 

0.6 

0.4 

0.8 

0.6 

1.0 

0.8 

0.8 

Recovery of 
added ion 

% 

99.6 

99.6 

99.2 

99.4 

99.0 

99.0 

99.2 

99.0 

99.2 

99.0 

Relative 
error 
% 

0.4 

0.4 

0.8 

0.6 

1.0 

1.0 

0.8 

1.0 

0.8 

1.0 

Estimation procedure 
for added ions and 
references 

Gôlorimetry with 
thiocyanate (23) 
Golorimetry with 
thiocyanate (23) 
Golorimetry with 
PAR (24) 
Golorimetry with 
diphenylcarbazide (23) 
Golorimetry with 
H 2 0 2 (23) 
Gomplexometry with 
EDTA (25) 
Golorimetry with 
thiourea (23) 
Golorimetry with 
arsenazo I (26) 
Golorimetry with 
PAR (27) 
Golorimetry with 
aluminon (28) 

Note: (1) Lanthanum is estimated photometrically with arsenazo I. (2) Aqueous solution containing titanium, 
scandium, or beryllium is evaporated to dryness, treated with H N 0 3 and HC104 to decompose salicylate and 
residue is dissolved in water and then used for titanium or scandium or beryllium estimation. 

ions is > 9 9 . 0 % . The results of the analysis of syn­
thetic mixtures are reported in Table 2. 

Separation of Lanthanum from Zirconium (IV) and Bis­
muth (III) Both zirconium and bismuth show co-
extraction with lanthanum, but do not back extract 
with water. Separation of lan thanum from binary 
mixture is achieved by first stripping lan thanum with 
water and subsequent scrubbing of zirconium with 
two 10 ml portions of 1 M HCl solution and bismuth 
with two 10 ml portions of 1 M N a O H solution. The 
results of the separation are reported in Table 2. 

Separation of Lanthanum (III) from Scandium (III) and 
Uranium(VI). Lan thanum (from 0.1 M sodium 
salicylate solution adjusted to p H 7) also extracts 
into 4-methyl-2-pentanol but scandium and uranium 
do not. This facilitates separation of lan thanum from 
scandium and uranium. Binary mixture containing 
lanthanum-scandium or l an thanum-uran ium in 0.1 
M sodium salicylate solution adjusted to p H 7, is 
extracted for 30 sec with 10 ml of undiluted 4-methyl-
2-pentanol. Lan thanum transfers into organic phase 
keeping scandium and uranium in the aqueous phase. 
Lan thanum is stripped with two 10 ml portions of 
water containing few drops of HCl and then deter­
mined as described above. Scandium and uranium 
in the aqueous extract are estimated by known meth­
ods. Separation results are reported in Table 2. 

T h e reproducibility of results was satisfactory and 
results were found to be accurate within ± 0 . 5 % with 
the standard deviation of ± 0 . 8 % . T h e total opera­
tion requires only 15 min. The wide applicability 
of the method is shown by the satisfactory analysis 
of a variety of samples. 

Thanks are due to Council of Scientific and In­

dustrial Research, New Delhi, for awarding fellowship 
to one of us (ADL) and University grants commission, 
New Delhi for financing the project. 
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Reaction between Azibenzil and Diarylmethanimine 
Kailash Nath MEHROTRA* and Girija PRASAD 

Department of Chemistry, Banaras Hindu University, Varanasi-221005, India 
(Received March 24, 1980) 

The thermal reaction of azibenzil with diarylmethanimine (1) leads to iV-(diarylmethylene)diphenylacetamide 
(2) which from methanol or ethanol yields iV-(a-alkoxydiarylmethyl)diphenylacetamide (4). The reduction of 
2 with sodium borohydride gives JV-(diarylmethyl)diphenylacetamide. The photochemical reaction of azibenzil 
and 1 results in the formation of cyano ethers besides the amido ethers 4. A mechanism of formation of products 
is discussed. 

Azibenzil (2-diazo-l,2-diphenylethanone) has been 
known to form 1,3-oxathiole1) in the reaction with 
thiobenzophenone and oxazoles2) with benzonitrile. I t 
has been observed that ketocarbenes undergo cycloaddi­
tion with olefins leading to cyclopropanes.3) The 
benzoylphenylcarbene, formed from the thermal or 
photochemical decomposition of azibenzil, may add on 
carbon-nitrogen double bond of diarylmethanimine (1) 
giving rise to substituted aziridines. The interest in the 
at tempted synthesis of aziridines4) prompted us to carry 
out the above reaction. We now report the formation 
of iV-(diarylmethylene)diphenylacetamide (2) on treat­
ment of a benzene solution of 2-diazo-1,2-diphenyl-
ethanone with diarylmethanimine (1) at refluxing 
temperature. The products 2 lead to amido ethers (4) 
with alcohols. O n irradiation of the reaction mixture 
with U V light, cyano ethers (5) are obtained besides 
the amido ethers (4). 

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

The product mixture, obtained by refluxing 2-diazo-

1,2-diphenylethanone and diphenylmethanimine ( l a , 
A r = A r ' = C 6 H 6 ) in benzene, was crystallized from 2-
propanol; it gave JV-(diphenylmethylene)diphenylace-
tamide (2a, 90%) . The structure was assigned on the 
basis of analytical and spectral data (Table 1). The 
product 2a resulting from an intermediate A presumably 
can be formed as an adduct of diphenylketene, generated 
from the decomposition of 2-diazo-1,2-diphenyl­
ethanone,5) and diphenylmethanimine ( l a ) (Scheme 1). 
A similar zwitterionic intermediate has been proposed6) 
in the formation of 2-azetidinones from the reaction of 
iV-benzylideneaniline with diphenylketene. The migra­
tion of hydrogen appears to be more feasible than the 
cyclization of the intermediate A to the /7-lactam B due 
to steric factors (presence of four bulky aryl groups on 
the terminal carbon atoms in A). The reaction of 2a 
with sodium borohydride in 2-propanol at room 
temperature yields the reduction product 3a (Table 1). 

T h e crystallization of the above reaction products 
obtained from 2-diazo-1,2-diphenylethanone and l a 
from methanol afforded JV-(a-methoxydiphenylmethyl)-
diphenylacetamide (4a). Crystallization of 2a from 

Com­
pound Ar 

TABLE 1. ANALYTICAL AND SPECTRAL DATA OF 2a, 2b, 2c, 3a, 3b, AND 3C 

Ar' ^ - ¥§- «'/cm-' NMR->W " £ « * Found 
(%) 

Calcd 
(%) 

2a 
1685 (C-OÏ CDCl 3 :7 .28(m,20H, 

G6H6 C6H6 90 110—111 S o P I N arom.), 4.88 (S, 1H, GH, C27H, 
i b * u ^ - r s ) b e n z h y d r y l i c ) 

,NO 

CCl 4 :7 .25(m, 19H, 

2b C.H, X3H..O.H. 86 118-119 Jg* [%°] E S & Ä » ' ^ C»H»N O 

(s, 3H, Me) 
GG14: 7.21 (m, 18H, 

2 c ^ C H 3 . C , H 4 , . C H , C , H l 89 108-109 J g » ( g ^ £ £ & £ & . ' # ^ C Ä N ° 
(s, 6H, 2Me) 
CDGl 3 :7 .28(m, 20H, 

, P H r H Q7 oni on? 3260 (N-H) arom.), 6.25—6.45 (bs, r H M n 

3a G6H6 C6H6 87 201-202 1 6 5 0 ( G = 0 ) ' 2 H , NH, CHArAr'), 5.05 ^ H a s N O 
(s, 1H, GH benzhydrylic) 
CDC13: 7.24 (m, 19H, 

3260 fN-H\ a r o m-)> 6-10—6.27 (bs, 
3b G6H6 />-CH3-C6H4 82 185—187 f ™ )£ "> 2H, NH, CHArAr'), 5.05 C28H25NO 

Ib*D (O-uj (Sj 1 H j C H benzhydrylic), 
2.35 (s, 3H, Me) 
CDC1Z: 7.25 (m, 18H, 

3270 (N-H) a r o m 0> 6 • 2 ° — 6 • 3 5 (bs> 
3c />-CH3.C6H4 />-CH3.C6H4 96 206—207 " J 1 ^ 2H, NH, CHArAr'), 5.05 C29H27NO 

J W U ( U _ U / (s, IH, CH benzhydrylic) 
2.35 (s, 6H, 2Me) 

a) Signals are abbreviated as: s=singlet; m=multiplet; bs=broad singlet. 

C:86.51 86.40 
H : 5.68 5.60 
N : 3.80 3.73 

C:86.28 86.37 
H : 6.12 5.91 
N : 3.56 3.60 

C:86.42 86.35 
H : 6.25 6.20 
N : 3.51 3.47 

C:86.01 85.94 
H : 6.15 6.10 
N : 3.90 3.71 

C:86.17 85.93 
H : 6.45 6.39 
N : 3.48 3.58 

C:86.07 85.98 
H : 6.72 6.67 
N : 3.41 3.45 
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TABLE 2. ANALYTICAL AND SPECTRAL DATA OF AMIDO ETHERS 4a, 4b , 4c, AND 4d 

Com­
pound Ar Ar' 

•n Yield M p „ . . , , 

% 
^ « / c m - NMR- (*, GDGI3) ^ C l a r 

Found 
(Galcd) 

(%) 

4b 

4c 

G6H6 

G6H6 

C6H5 

G6H6 

G6H6 

7.33 (m, 20H, arom.), 
3300(N-H) 6.71 (b, 1H, NH), 

CH3 89 199—201 1660 (C=0) 5.10 (s, 1H, GH 
1080 (C-O-C) benzhydrylic), 3.18 

(s, 3H, OMe) 

7.25 (m, 20H, arom.), 
6.68 (b , lH,NH), 5.08 
(s, 1H, GH benzhy­
drylic), 3.28 (q, 2H, 

3320 (N-H) 
C2H5 82 166—167 1675 (G=0) 

/>-GH3 • G6H4 CH3 83 

4d />-GH3.G6H4 />-CH3.G6H4 GH3 82 

io80(c-o-c) 0^:7=7k4z);v:2o 
(t, 3H, Me, 7=7 Hz) 
7.31 (m, 19H, arom.), 

3300 (N-H) H Q 1 \ W ' ™ ) 5 

177—178 1665 C=0) u A r'P* 1080 rc-o-cï benzhydryhc), IUÖU(C 0 L.) 3 1 7 ( S j 3 H j O M e ) j 

2.26 (s, 3H, Me) 
7.32 (m, 18H, arom.), 

3330 (NH) H n É b , i 1 w ' ^ ) ' 
179—180 1668 (G=0) ? c \ ,.' T 

1080!c-Ô C) S h {Sf 6 M e ) ) 
2.25 (s, 6H, 2Me) 

G28H25N02 

G29H27N02 

G29H27N02 

G30H29NO2 

N 

G:82.85 
(82.54) 

H: 6.03 
(6.14) 
3.40 

(3.44) 
G:82.52 

(82.66) 
H: 6.39 

(6.41) 
N : 3.29 

(3.33) 
G.-82.43 

(82.66) 
H: 6.38 

(6.41) 
3.30 

(3.33) 
G.-82.51 

(82.76) 
H: 6.72 

(6.67) 
N : 3.10 

(3.22) 

N 

a) Signals are abbreviated as: s=singlet; b=broad; m=multiplet; q=quartet; t=triplet. 

methanol also gave 4a. The structure assignment of 
product 4a has been made on the basis of analytical 
and spectral data (Table 2). On treatment with 0.1 
mol d m - 3 HCl the amido ethers (4) gave diphenyl-
acetamide, mp 166—167 °C and the IR spectrum shows 
bands at 3400 (I>NH.) and 1660 c m - 1 (i>c=o). The amido 
ether 4a on heating at 225 °C for 15 min gave 2a 
presumably with the loss of alcohol. The formation of 
products can be explained as shown in Scheme 1. 

Similar treatment of imines l b — c gave the N-
acylimines 2b—c and amido ethers 4b—d. The 
reduction of 2b—c in 2-propanol gave 3b—c. These 
products (2a—c and 4a—d) were also obtained in the 
reaction of diphenylketene with diarylmethanimines 
( l a - c ) . 

Irradiation of a solution of 2-diazo-l,2-diphenyl-

Ph-C-C-Ph 

& A. 

heat PlK 
G=G=0 

-N, Ph/ 

o 

,Ar' 
HN=C 

lNAr 

ROH 

Phx Y /Ar' 
CH-C-NH-C 

Ph/ R ^ A r 

ROH 

R=CH 3 , G2H6 

HCl(HtO) 

Ph-C-C-Ph hv Ph-G=0 

6 H 

N2 
-N, Ph-G: 

P h - C / CX ,Ar' 

P h \ /Ax Rearrangement 
C-O-CH < 

P h / C 5 N X A r 

P h - C X N / ^Ar 

H 

P h - C / 0 \ ,Ar' 
II C 

Ph-Cxj^j ^Ar 

Scheme 2. 

ethanone and diphenylmethanimine ( la) in dry benzene 
with U V light gave a-(diphenylmethoxy)diphenylaceto-
nitrile (5a) and amido ether (4a). The cyano ether (5a) 

Phx _ ° + /Ar' 
C-C-NH=C 

Ph/ Wr 
A 

•PhN 

Ph/ 

Ar/ 

I H-

c—c=o 

C—NH 

B 
transfer 

o 

heat, 225 °C 
-ROH 

Phx Y /Ar' 
C H - C - N = C 

Ph/ \Ar 

NaBH, 

Phv o 
GH 

Ph/ 
:-C-NH2 

Phx ° /Ar' 
CH-C-NH-CH 

Ph/ xAr 

Scheme 1. 
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TABLE 3. ANALYTICAL AND SPECTRAL DATA OF CYANO ETHERS 5a, 5b, AND 5C 

[Vol. 54, No. 2 

Com­
pound Ar 

, Yield Mp 
A r " ^ ^ 0 

C ' / c m - 1 ff/nm NMR (Ô, GDG13) 
Molecular 

formula 
Found Galcd 

(%) (%) 

5a G6H5 G6H5 37 178—179 fnftn^ o ^ 2 6 4 5.10 (s, 1H, GH G27H21NO 
1UÖU (C-U-C) benzhydrylic) 
997̂  (r-K\ 7 * 1 8 (m> 1 9 H > a r o m - )> 

5b G6H5 /»-GHg.Ge^ 34 141—142 f ^ p ^ ^ 2 6 4 5.10 (s, 1H, GHArAr'), G28H23NO 
iuyu (L,-u-L,j 2 2 5 (S) 3 H j M e ) 
9 9 7 0 ^ - ™ 7 * 1 5 (m> 1 8 H ' a r o m 0> 

5c />-CH3.C6H4 />-GH3.G6H4 38 157—158 fnon n rV ^ 268 5.16 (s, 1H, CHArAr' , G29H25NO 
iuyu (c-o-c) 2 2 5 ( 6 H 2 M e ) 

G: 
H: 
N: 
G: 
H : 
N : 
G: 
H : 
N : 

:86.51 
: 5.82 
: 3.42 
:86.59 
: 6.16 
: 3.67 
:86.67 
: 6.10 
: 3.32 

86.40 
5.60 
3.73 

85.38 
5.91 
3.60 

86.35 
6.20 
3.47 

did not lead to amido ether (4a) on treatment with 
methanol. The probable reaction sequence is shown in 
Scheme 2. 

The loss of nitrogen from 2-diazo-l,2-diphenyl-
ethanone would lead to ketocarbene, which would 
condense with diphenylmethanimine ( l a ) in situ to form 
1,3-oxazole in an analogous manner as observed in the 
case of the reaction of 2-diazo-l,2-diphenylethanone and 
thiobenzophenone.1) The oxazole may further rearrange 
to cyano ether (5a) (Scheme 2) as observed in the ring 
opening of 2-thiazolines.7) 

Similar irradiation of imines l b — c gave cyano ethers 
(5b—c) besides amido ethers (4b—d) . The amido 
ethers (4b—d) are presumably formed from diphenyl-
ketene and 1 through zwitterionic intermediate A as 
shown in Scheme 1. 

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

Melting points have been determined in capillaries on Büchi 
apparatus and are uncorrected. The NMR spectra were 
recorded with a Varian A-60 D spectrometer, with tetra-
methylsilane as an internal standard. The IR spectra were 
measured on a Perkin-Elmer 720 spectrophotometer and the 
UV spectra on a Beckman DB-G spectrophotometer. 

Preparation o/N-(DiaryImethylene) diphenylacetamide (2) and Amido 
Ethers (4). General Procedure From 2-Diazo-1,2-diphenylethanone :. 
A solution containing 3.0 g (13.5 mmol) of 2-diazo-l,2-di­
phenylethanone8) (freshly prepared by the oxidation of benzil 
monohydrazone with yellow mercury (II) oxide) and diaryl-
methanimine (1)9) (14.0 mmol) in 60 ml of dry benzene was 
heated under reflux for 6 h and kept overnight at room 
temperature. The solvent was removed under reduced 
pressure and the residue on recrystallization from 2-propanol 
afforded JV-(diarylmethylene)diphenylacetamide (2). The 
analytical and spectral data are shown in Table 1. 

Crystallization of the products from methanol or ethanol 
yielded the amido ethers (4). The analytical and spectral data 
are given in Table 2. 

From Diphenylketene: A solution containing 1.94 g (10 mmol) 
of diphenylketene10) in 5 ml of dry benzene and 10 mmol of 
diarylmethanimine (1) in 5 ml of dry benzene were mixed at 
room temperature. The vessel became hot at once and the 
contents were kept overnight at room temperature. Crystal­
lization of the reaction mixture from alcohol afforded the 
same amido ethers (4a—d) as obtained from 2-diazo-l,2-

dipheny lethanone. 
Preparation of Cyano Ethers 5. General Procedure: A 

solution containing 4.9 g (22.0 mmol) of 2-diazo-l,2-diphenyl­
ethanone and 24.0 mmol of diarylmethanimine (1) in 330 ml 
of dry benzene was irradiated by UV light from a 200 W 
Hanovia mercury arc lamp under a continuous slow stream of 
nitrogen for 6 h and kept overnight at room temperature. 
The solvent was removed under reduced pressure and the 
residual material was fractionally crystallized from benzene-
methanol mixture to afford the cyano ethers (5, 34—38%) 
(Table 3) and amido ethers (4, 45—50%) (Table 2). 

Conversion of 4a to 2a: 1.0 g of the amido ether (4a) was 
allowed to melt at 225 °C in an oil bath and was kept for 
15 min at 225 °C. The flask was cooled and the residual 
material was recrystallized from 2-propanol to give 0.9 g 
(90%) of 2a. Similarly 4b and 4c were converted to 2b and 
2c, respectively. 

Reduction of 2a to 3a: To a solution of 1.0 g of 2a in 20 ml of 
2-propanol was added 30 mg of sodium borohydride and was 
allowed to stand at room temperature (40 °C) for 30 min. 
The solvent was evaporated and the residual matter recrystal­
lized from ethanol to give 0.87 g (87%) of 3a. Similar reduc­
tion of 2b and 2c gave 3b and 3c, respectively (Table 1). 
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Chemistry at Hydrocarbon-Water Phase Boundaries. 
Biphase Hydrolysis of Organic Halides1* 
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The kinetics of the biphase hydrolysis of 1-bromoadamantane and 1-phenylethyl chloride in toluene-water 
and decane-water systems have been investigated. Evidence has been obtained for the first examples of rate-
limiting SNI reactions occurring at a hydrocarbon-water phase boundary, based on (1) the influence of temper­
ature, mild stirring, interfacial area, reaction volume, and pH on the observed first-order rate constants, (2) com­
parison of absolute rates and activation energies with analogous homogeneous hydrolysis reactions, (3) the tem­
perature dependence of the initial rate of diffusion of tritiated 1-methoxyadamantane from toluene into water, 
and (4) the initial rate of diffusion of 3 H 2 0 into toluene. 

Hydrocarbon-water interfaces are found in many 
important bioorganic and synthetic organic systems.3_6) 

Despite this fact, their precise structure and overall 
chemical significance have not been well character­
ized.7-9) Several years ago, Menger reported a de­
tailed study of the biphase hydrolysis of />-nitrophenyl 
laurate catalyzed by imidazole in a heptane-water 
system.3-10) Compelling evidence was presented which 
supported an interfacial reaction. Based on a very 
low apparent activation energy, it was also concluded 
that mass transport of the reactants to the interface 
makes a significant contribution to the observed ki­
netics. Remarkably few studies have since appeared 
which consider organic reactions a t liquid-liquid in­
terfaces.11»12) 

In the present paper we report the results of a ki­
netic study of the biphase hydrolysis of 1 -bromoadam­
antane and 1-phenylethyl chloride carried out in tol­
uene-water and decane-water systems.13) O u r data 
provide strong evidence for what we believe are the 
first examples of rate-limiting 6*N 1 reactions at a hydro­
carbon-water liquid-liquid phase boundary. As such, 
they represent the simplest interfacial organic reactions 
investigated to date. 

R e s u l t s 

Kinetics of the Hydrolysis. Biphase hydrolysis of 
1-bromoadamantane and 1-phenylethyl chloride were 
carried out using culture tubes as reaction vessels. 
Rates were monitored by following the disappearance 
of the organic halide from the organic phase. For 
1-bromoadamantane, hydrolysis rates were identical 
to those determined by following the appearance of 
1-hydroxyadamantane in the organic phase (material 
balance was > 9 5 % ) . Partitioning of 1-phenylethyl 
alcohol into water was too high to permit the simul­
taneous analysis of reactant and product. In all cases, 
clean first-order kinetics was maintained over at least 
three half-lives. A typical first-order plot is shown 
in Fig. 1. 

Table 1 shows the influence of mild stirring on 
observed first-order rate constants, koh8d. For both 
organic halides, stirred reactions were similar in rate 
to unstirred processes. 1-Phenylethyl chloride hydro-
lized more than one order of magniti tude faster than 
1-bromoadamantane, and was carried out under mild 
stirring conditions in all subsequent experiments. 

In order to evaluate the dependence of koh8d on the 
hydrocarbon-water interfacial area, S, as well as the 
volumes of the aqueous (Faq) and organic (VOTg) 
phases used, biphase hydrolyses were carried out in 
culture tubes of varying dimensions. Results for 1-
phenylethyl chloride, reported in Table 2, show that 
a normalized rate constant, k0 (where k0=koh8d VOTg/ 
S), is constant over a wide range of experimental 

PH 

Time/h 

Fig. 1. Plot of percent of 1-phenylethyl chloride in 
the organic phase as a function of time for reaction 
of 4 ml of 0.01 M 1-phenylethyl chloride in toluene 
with 10 ml of 0.1 M aqueous sodium hydroxide at 
90 °G, carried out as a mildly stirred process (S «4.16 
cm2). 

TABLE 1. EFFECT OF STIRRING ON Kobsd
a) 

Stirring 
Organic halides speed 

rpm 

1-Phenylethyl chloride 0 
70 

1-Bromoadamantane 0 
70 

Interfacial 
area 
cm2 

4.16 
« 4 . 1 6 

4.16 
« 4 . 1 6 

105J:obsd 

s_1 

1.50 
1.90 

0.10 
0.16 

a) Reaction of 4.0 ml of 0.01 M organic halide in 
toluene with 10 ml of 0.1 M aqueous sodium hydroxide 
in a 50 ml culture tube at 90 °C. 
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conditions and is independent of the volume of the 
aqueous phase.14) Exactly analogous results have been 
obtained for 1-bromoadamantane.13) 

Data presented in Table 3 show the influence of 
temperature, hydroxide ion concentration, added so­
dium bromide and the nature of the hydrocarbon 
solvent on the biphase hydrolysis of 1-bromoadam-
antane. T h e apparent activation energy EK for tol­
uene-water and decane-water systems was 23.1 and 
19.2 kcal m o l - 1 respectively. These values lie in the 
range found for comparable homogeneous hydrolysis 
(Table 4).15> Values of k0 a t 100 °G using pure water, 
0.1 M N a O H , or 1.0 M NaBr as the aqueous phase 
were very similar. When decane was used as the 
organic solvent in place of toluene, higher rates were 
observed. Similar results have been obtained for 1-
phenylethyl chloride (Tables 4 and 5). 

Diffusion of 3H20 into Toluene. The initial rate 
of diffusion of tritiated water from 0.1 M aqueous 
sodium hydroxide into dry toluene was measured at 
70 °G and found to be 1.3 X 10~6 M s"1; VOTg and S 
used in this experiment were 4 ml and 1.26 cm2, 
respectively. 

TABLE 2. INFLUENCE OF VOTg, Faq, AND S ON k0 

FOR 1-PHENYLETHYL CHLORIDE*) 

"org 

cm3 

1 
2 
4b) 

10 

v&q 
cm3 

2 
5 

10 
40 

S 
cm2 

1.26 
2.83 
4.16 
9.08 

lO3*,, 

min - 1 cm 

1.1 
1.2 
1.1 
1.2 

a) Reaction of 0.05 M 1-phenylethyl chloride in toluene 
with 0.1 M aqueous sodium hydroxide at 90°C, using 
mild stirring; k0=koh8dVOTg/S. b) Organic halide con­
centration used was 0.01 M. 

D i s c u s s i o n 

Two fundamental questions which are central to 
this investigation are (1) what is the rate-controlling 
process and (2) where does reaction occur. In prin­
ciple the rate-limiting step could be (a) diffusion of 
the organic halide through the bulk organic phase 
or through the aqueous-organic phase boundary, (b) 
diffusion of water into the bulk organic phase, (c) 
chemical reaction, or (d) a combination of (a)—(c). 
Based on the hydrolysis data, several lines of evidence 
point to chemical reaction as being the rate-deter­
mining step. First, the apparent activation energy 
observed for both organic halides is high and is similar 
to that measured for comparable homogeneous reac­
tions. These values contrast sharply with activation 
energies found for diffusion in most liquids (3—5 
kcal mol - 1).1 6) Furthermore, the rate of diffusion of 
tritiated 1-methoxyadamantane from toluene into 0.1 
M aqueous sodium hydroxide has previously been 
shown to be only slightly sensitive to temperature 
( £ a < 3 . 5 kcal mol"1).13) This shows that the diffusio-
nal resistance for organic substrates, similar to those 
investigated in the present work, through the interface 
is low, as expected. Second, mild stirring has a rel­
atively small effect on the biphase hydrolysis rates. 
This result further argues against diffusion as being 
an important contributor to the observed kinetics. 
Third , if water transport were rate limiting, the ob­
served hydrolyses should obey zero order kinetics; 
also the rate for both organic halides would be equal 
to the diffusion rate of water into toluene. Exper­
imentally, however, clean first-order kinetics are fol­
lowed and the initial diffusion rate of water into tol­
uene (70 °G) and the initial reaction velocity for 1-
phenylethyl chloride (70 °C) and 1-bromoadamantane 

TABLE 3. BIPHASE HYDROLYSIS OF 1-BROMOADAMANTANE 

Organic 
solvent 

Aqueous 
solution 

VM 

cm8 cm3 cm2 

Temp 
°C 

107*0
b> 

s _ 1 c m 
£a 

kcal m o l - 1 

Toluene 

Toluene 
Toluene 
Decane 

0 .1 M N a O H ] 

pure water 
1.0 M NaBr 1 
0.1 M NaOH 1 

I 1 
I 1 
I 1 
I 2 
I 1 
I 2 
I 1 
I 1 
I 2 

2 
i 2 
I 10 
I 10 
I 10 
I 1 
I 1 
I 1 

1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
1.26 
4.16 
4.16 
4.16 
1.26 
1.26 
1.26 

75 
80 
85 
90 
95 

100 
105 
110 
120 
100 
100 
70 
80 
90 

100 
110 
120 

2.03 
3.08 
6.42 
8.25 
9.76 

22.78 
26.98 
36.75 

106.03 
21.27 
18.89 
4.18c> 
9.09c> 

18.12c> 
42.06 
77.06 

144.70 

23.07 

19.24 

a) When the volume of the aqueous phase was > 1 ml, material balance was > 9 5 % . 
Mild stirring was used. 

b) *,= •kobsdVoTs/S- C) 
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TABLE 4. RATE CONSTANTS AND ACTIVATION ENERGY FOR 

HYDROLYSIS OF ORGANIC HALIDES IN AQUEOUS DIOXANE 

Organic 
halide 

1-Phenylethyl*) 
chloride 

1-Bromo-
adamantane 

Solvent, 
Dioxane in 
water (V/V) 

90 

80 

70 

92b> 

88b> 

80c> 

Temp 

°c 

70 
80 
90 
70 
75 
80 
65 
75 
80 

100 
110 
120 
100 
no 
120 
25 
75 

100 

105£obsd 

s-1 

0.31 
0.81 
1.54 
4.57 
7.72 

13.00 
20.44 
55.47 
86.05 

0.128 
0.292 
0.635 
0.96 
2.24 
4.54 
0.007 
1.22 
9.75 

E& 

kcal mol - 1 

19.94 

25.32 

22.94 

23.39 

22.72 

21.28 

a) Reactions were carried out in 8-ml culture tubes 
using 4 ml of 0.01 M 1-phenylethyl chloride in aqueous 
dioxane. b) Taken from Ref. 13. c) Taken from 
D. J. Raber, R. C Bingham, J. L. Fry, and P. v. R. 
Schleyer, J. Am. Chem. Soc, 92, 5977 (1970). 

TABLE 5. BIPHASE HYDROLYSIS OF 1-PHENYLETHYL 

CHLORIDE») 

Organic 
solvent 

Aqueous 
solution 

Temp 106£ob8d 

>C kcal mol - 1 

Toluene pure water 70 1.39 17.60 
80 2.74 
90 5.74 

O . l M N a O H 70 1.56 17.26 
80 3.43 
90 6.26 

0 . 5 M N a O H 70 1,24 17.20 
80 2.40 
90 4.96 

Decane O . l M N a O H 70 6.83 13.33 
80 12.78 
90 19.94 yu l y . y * 

a) Reaction of 1.0 ml of 0.01 M 1-phenylethyl chloride 
with 10ml of 0.1 M aqueous sodium hydroxide using 
mild stirring (<S«4.16 cm2). 

(75 °G) are 1.3 x l O " 6 , 1.6 X 10"7, and 6 . 9 x l O ~ 9 M 
s - 1 , respectively (5=4 .16 cm 2 ; V0Tg=\ ml ; [organic 
halide] =0 .01 M ) . Taken together, these data pro­
vide very strong evidence that diffusion plays a minor 
role in the apparent kinetics and that chemical reaction 
dominates. 

For a rate-limiting chemical reaction, the constancy 
of k0 over a wide range of V0Tgi F a q , and 5 can be 
rationalized only in terms of an interfacial process. 
If reaction were occurring in the bulk water phase, 
the rate should increase with increasing F a q , due to 
an increase in the molar amount of water soluble 
organic halide. Experimentally, the observed rate was 
independent of V&(1. T h a t reaction is not occurring 
in the bulk organic phase is further demonstrated by 

a comparison of observed first-order rate constants 
for hydrolysis in toluene-water (two phase) vs. di-
oxane-water (one phase) systems. At 100 °G, £ob8d 

found for reaction of 1 ml of 0.01 M 1-bromoadam-
antane with 2 ml of 0.1 M aqueous sodium hydroxide 
( 5 = 1 . 2 6 cm2) was 2.87 x 10"6 s"1. In contrast, *ob8d 

for the hydrolysis of 2.0 ml of 0.01 M 1-bromoadam-
antane in homogeneous 9 2 % (v/v) dioxane-water was 
l ^ x l O ^ s - 1 . Similarly, at 90 °G, *ob8d for the bi­
phase hydrolysis of 1.0 ml of 0.01 M 1-phenylethyl 
chloride with 10 ml of 0.1 M aqueous sodium hy­
droxide (5=4 .16 cm2) was 6.26 X 10"5 s"1. T h e *ob8d 

for homogeneous hydrolysis of 4 ml of 0.01 M 1-
phenylethyl chloride in 9 0 % (v/v) dioxane-water was 
1 . 5 4 x l 0 - 5 s - 1 . Thus, the observed first-order rate 
constants for homogeneous reactions which contained 
substantial amounts of water were lower than those 
found for comparable biphase reactions. Finally, the 
higher biphase hydrolysis rates observed with decane-
water vs. toluene-water, while difficult to rationalize 
in terms of chemical reaction occurring in the organic 
phase (water is more soluble in toluene than in dec­
ane), is easily accounted for as an interfacial process; 
i.e., partitioning of the relatively polar organic halide 
into the phase boundary should be greater when a 
less polar solvent (decane) is used. 

The results presented in this paper provide strong 
evidence that chemistry at hydrocarbon-water phase 
boundaries can play an important role in l iquid-
liquid biphase Tactions.3,11'12) Further studies aimed 
at establishing the generality and chemical significance 
of interfacial organic chemistry are in progress. 

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

General Methods. 1-Bromo- and 1-hydroxyadamantane 
(Aldrich Ghem. Go.) were purified by sublimation at 
90 °C (1mm), and 120 °G (1mm) respectively. 1-Phenyl­
ethyl chloride was prepared from 1-phenylethyl alcohol 
using established procedures. Toluene and decane (Aldrich 
Ghem. Co., spectrophotometric grade) were used as ob­
tained. Deionized water was purified by distillation from 
KMn04/Ba(OH)2 . The temperature of the oil bath used 
for the kinetic experiments was controlled (±0.5 °C) with 
the aid of a "Therm-O-Watch" electronic controller Model 
L6-1000 (PR Co., Cheltenhan, Pa), attached to a ther­
mometer. All kinetic experiments were conducted in culture 
tubes equipped with a Teflon-lined screw cap. Reaction 
mixtures were analyzed by GLG on a Hewlett-Packard 
Model 5830A flame ionization instrument (2 ft. X 0.125 in 
UCW-982 on Ghromosorb W column). Culture tubes (in­
terfacial area) used were the following: Corning No. 9826, 
13x 100 mm (1.26 cm2); Corning No. 9825, 20x125 mm 
(2.83 cm2); Corning No. 9825, 25x150 mm (4.16cma); 
Kimax No. 45066, 38x200 mm (9.08cma). Radioactivity 
was measured using a Packard Tri-Garb Model 3330 scintil­
lation spectrometer. 

Kinetic Methods. All biphase hydrolysis reactions were 
studied between 70 and 120 °C. In a typical experiment, 
1 ml of a solution of 1-phenylethyl chloride (0.01 M) in 
toluene containing a known quantity of undecane (internal 
standard) and 10 ml of (0.1 M) sodium hydroxide were 
introduced via pipet into a 50-ml culture tube (Corning 
No. 9826, 25 X 150 mm) containing a Teflon-coated magnetic 
stirring bar (1/2x5/16 in octagonal bar with pivot ring). 
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The tube was sealed with a Teflon-lined screw cap and 
was placed in an oil bath maintained at the desired tem­
perature. The reaction was followed by withdrawing l-\d 
samples of the organic phase at different times (no less than 
30 min intervals) and monitoring the disappearance of the 
reactant by GLG. For sampling, the tube was removed 
from the oil bath, quickly cooled to nearly room temperature, 
opened, resealed, and returned to the bath (the overall process 
took less than 1 min). In all cases, clean first-order kinetics 
was observed over at least 3 half-lives. First-order rate 
constants were calculated with a least-squares program. 
The reproducibility of the observed rate constants was good 
(±10%) . For biphase hydrolysis of 1-bromoadamantane, 
reactions were conducted in 8-ml culture tubes as unstirred 
processes using procedures previously described.13) Apparent 
activation energies were derived from Arrhenius plots made 
by plotting kQ as a function of \jT. 

Diffusion of 3H20 into Toluene. An 8-ml culture tube 
was charged with 4.0 ml of dry toluene (distilled from 
sodium benzophenone ketyl) and sealed with a Teflon-lined 
screw cap. The tube was placed in an oil bath maintained 
at 70 °C. After thermal equilibration (15 min), 0.5 ml of 
0.1 M NaOH in 3 H 2 0 (preequilibrated at 70 °C) was injected 
into the bottom of the toluene phase. The appearance of 
tritium in the organic layer was then monitored as a function 
of time by withdrawing 10 [d aliquots. The aliquots were 
blended with 2 ml of a scintillation liquid (dioxane solution 
of Omnifluor (New England Nuclear)) and the concentration 
of 3 H 2 0 in toluene computed using a standard curve. 
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The Crystal Structure of Bis(acetylacetonato)platinum(II) Benzene Solvate 
Mitsunori KATOH, Kunio MIKI, Yasushi KAI, Nobuo TANAKA, and Nobutami KASAI* 
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Synopsis. The crystal structure of bis(acetylaceto-
nato)platinum(II) benzene solvate has been determined by 
means of X-ray diffraction. The geometry around the 
platinum atom is square-planar. Acetylacetonato ligands are 
bonded to the Pt atom by the 0,0'-chelation, the P t -O bond 
lengths being 2.008 (15) and 1.979 (14) A. 

The transition metal complexes containing acetyl­
acetonato (abbreviated as acac hereafter) ligands have 
been widely studied, and some of their structures have 
been reported hitherto. In the case of group V I I I 
transition metal complexes, especially the nickel group 
transition metal complexes, molecular structures of 
[NKacac).,],1'2) [Ni(acac)2]3)

3> and [Pd(acac)2]4>5> have 
been determined by means of diffraction methods. This 
paper will deal with the crystal structure analysis of 
bis (ace tylacetonato) plat inum (II) benzene solvate. 

The yellow, prismatic crystals were obtained by 
recrystallization from a benzene solution. A well-shaped 
crystal with approximate dimensions of 0.40 x 0.43 x 0.25 
m m was sealed in a glass capillary tube with a small 
amount of benzene in order to prevent its decomposi­
tion. 

Crystal Data. C 1 0 H 1 4 O 4 Pt .C 6 H 6 , F . W . = 4 7 1 . 4 , 
F ( 0 0 0 ) = 4 5 2 , monoclinic, space group P21(/c, a= 
7.165(2), £=12.836(2) , *=9.240(1) Â, 0=92 .17 (2 ) ° , 
F=849 .1 (2) Â3, Dm= 1.84 g cm" 3 (by flotation in ZnBr2 

aqueous solution), Z>c=1.85 g c m - 3 for Z = 2 , 
/*(Mo#<x)=87.0cm- 1 . 

Intensity data were collected on a Rigaku automated 
four-circle diffractometer with graphite monochro-
matized Mo KOL radiation employing the 6-26 scan 
technique. The scan rate was 4° m i n - 1 . A total of 1959 
reflections were obtained, of which 1460 reflections were 
J F 0 > 3 G ( F 0 ) . Lorentz and polarization corrections were 
made, but no absorption nor extinction correction was 
applied, which might limit the accuracy of the present 
structure determination. 

TABLE 1. ATOMIC COORDINATES 

Atom 

Pt 
O(l) 
0(2) 
G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
C(B1) 
G(B2) 
G(B3) 

X 

0. 
0.2460(17) 

-0.0879(17) 
0.290(3) 
0.188(3) 
0.006(3) 
0.478(4) 

-0.095(4) 
0.373(11) 
0.540(10) 
0.675(9) 

y 

0. 
-0.0703(11) 
-0.1072(11) 
-0.1558(16) 
-0.2141(17) 
-0.1897(17) 
-0.195(3) 
-0.260(3) 
-0.007(3) 
-0.010(4) 
-0.005(3) 

z 
0. 

-0.0305(16) 
0.1349(15) 
0.027(3) 
0.118(3) 
0.167(3) 

-0 .018(4) 
0.266(4) 
0.392(7) 
0.361(6) 
0.451(10) 

t Complete F0-Fc data and Tables of anisotropic thermal 
parameters are kept at the Chemical Society of Japan, 
Document No. 8113. 

Fig. 1. An ORTEP drawing9) of a [Pt(acac)J molecule 
together with the atomic numbering system and 
selected bond lengths (//A) and angles (ç>/°). The 
thermal ellipsoids correspond to 20% probability level. 

T h e structure was solved by the heavy atom method, 
and refined anisotropic ally by the block-diagonal least-
squares procedure using HBLS-V program.6) The 
weighting scheme of Hughes,7) w = ( 5 0 . 0 / | F o | ) " 2 for 
| F o | > 5 0 . 0 and w=\ for |Fo |<^50.0, was employed. 
Atomic scattering factors used were taken from Inter­
national Tables for X - R a y Crystallography.8) The final 
R value is 0.086 for 1460 reflections.1" Atomic coor­
dinates are listed in Table 1. 

Figure 1 represents an ORTEP drawing9) of the 
[Pt(acac)2] molecule together with the atomic number­
ing system and selected bond lengths and bond angles. 

Similar to [Pd(acac)2],4»5) the [Pt(acac)2] molecule is 
centrosymmetric. The Pt atom is located on a crystal-
lographic center of symmetry, and surrounded by four 
oxygen atoms of acac ligands. T h e geometry around 
the Pt a tom is square-planar. Two P t - O bond lengths 
are 2.008(15) and 1.979(14) A, which are approximately 

Fig. 2. Crystal structure {ORTEP9)) projected along 
the c axis. Atoms in [Pt(acac)2] complex are drawn 
as thermal ellipsoids with 20% probability , while those 
in benzene molecule as spheres with 2?=5.0 A2. 



612 N O T E S [Vol. 54, No. 2 

equal to the sum of the single bond radius of O atom 
(0.74 Â)10> and the covalent bond radius of Pt(1.295 
Â).11) 

The acac ligand is planar, the max imum atomic 
deviation from the least-squares plane being 0.02 Â. 
The dihedral angle between the acac plane and the 
plane defined by the Pt, O ( l ) , and 0 ( 2 ) a tom is 176.9°. 
Bond lengths and bond angles in the acac ligand are 
nearly equal to the values found for [Pd(acac)2].5) 

Very recently, O n u m a et al. reported the crystal 
structure analysis of the triclinic crystal of [Pt(acac)2] 
which contains no crystalline benzene molecule.12) The 
molecular structure of [Pt(acac)2] in the present crystal 
is essentially identical with that obtained by O n u m a 
et al. 

Figure 2 shows an OR TEP drawing9) of the crystal 
structure. The [Pt(acac)2] molecules are piled up to 
form columns along the a axis. The crystalline benzene 
molecules lie, approximately parallel to the ac plane, 
in channels formed by piles of [Pt(acac)2] molecules 
and are linked loosely with adjacent [Pt(acac)2] and 
benzene molecules, which may explain the instability 
of the crystal. 

All computations were carried out on an A C O S 700 
computer at Crystallographic Research Center,Insti tute 
for Protein Research, Osaka University. 

T h e authors wish to express their thanks to Professor 
Seichi Okeya, Wakayama University for crystals. 
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Synopsis. The adsorption of methyl acetoacetate and 
the coordination of tartaric acid, aspartic acid, and alanine 
on the nickel surface were studied by means of X-ray photoelec­
tron spectroscopy. The adsorbed methyl acetoacetate was 
partly in the enol-form, and the amino acids were coordinated 
with the surface through COO- and NH2 groups in a manner 
similar to the corresponding nickel chelate complexes, whereas 
the interaction of OH groups of tartaric acid with the surface 
was rather weak. 

In the study of asymmetric hydrogénation catalyzed 
by metals modified with optically active molecules, it is 
of part icular importance to ascertain not only the 
surface conditions of metals, but also the adsorbed 
states of the modifiers and reacting molecules. Few 
attempts have so far been made to analyze the surfaces 
from a physicochemical point of view. By using X- ray 
photoelectron spectroscopy (XPS) , we previously studied 
nickel metals coordinated with tar tar ic acid and 
characterized the surface states of nickel responsible 
for the enantioface-differentiating hydrogénation.1) In 
this work, we extended the X P S study to reveal the 
structures of the tar tar ic acid, aspartic acid, and alanine 
modifiers adsorbed on the Ni surface and to investigate 
the effect upon their stability of heat t reatments in a 
hydrogen atmosphere. The adsorbed state of the 
reactant , methyl acetoacetate, was also studied. 

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

The X-ray photoelectron spectra were recorded at room 
temperature on a Hewlett-Packard 5950A ESCA spectrom­
eter using monochromatized Al Ko. exciting radiation. The 
nickel powder catalyst was prepared by decomposing nickel 
formate of an extra pure grade in vacuo and by then reducing 
with H2 at 573 K. The modifications of the catalysts with 
(2Ä,3Ä)-tartaric acid, (S)-aspartic acid or (S)-alanine were 
performed in a manner analogous to those used in the previous 
studies.1-2) The unmodified Ni catalyst used as a reference 
was also prepared similarly except for the absence of these 
optically-active modifiers. The catalysts were subjected to the 
in situ treatment in the preparation chamber of the spectrom­
eter. The G Is peak due to contaminant carbons, 285.0 eV, 
was taken as standard. For the experiments on the adsorption 
of methyl acetoacetate, a nickel foil of a 99.99% purity, 
obtained from the Material Research Co., was employed after 
being cleaned by an argon-ion bombardment following oxida­
tion-reduction treatments. 

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

Figure 1 (a) compares the G Is photoelectron spectrum 
of tar tar ic acid adsorbed on Ni wi th the spectra of 
nickel tar t rate , sodium tar t ra te , and tar tar ic acid. Two 
peaks with almost the same intensity appeared apar t 
from Peak I due to contaminant carbons; Peak I I at 

— i 1 1 1 1 1 1 1 i_ 
291 289 287 285 283 

(b) 0 Is 
0 is 

I I I I I I I I l _ 

537 535 533 531 529 

Binding energy/eV 

Fig. 1. X-Ray photoelectron spectra in the C Is (a) and 
0 Is (b) regions. 
1 : Difference spectrum between unmodified nickel and 
tartaric acid-modified nickel (pH== 5), 2 : nickel tartrate, 
3: sodium tartrate, 4: tartaric acid. 

286.8 eV is assigned to the carbon atom combining 
with a hydroxyl group, whereas Peak I I I , 288.8 eV, is 
assigned to the carbon atom in the carboxyl group. 
These binding energy values were closer to those from 
nickel tar t ra te (286.7 and 288.7 eV) and sodium tar t ra te 
(286.6 and 288.6 eV) than to those for tar tar ic acid 
(287.3 and 289.7 eV) . Figure 1(b) shows the O Is 
spectra. T h e peak of the adsorbed tar tar ic acid appeared 
at the higher binding-energy side of a broad peak of 
nickel ta r t ra te and was lower by 0.6 eV than that 
of tar tar ic acid. T h e broad O Is peak of nickel tar t ra te 
is due to the characteristic structure of the complex; 
oxygen atoms in the carboxyl and hydroxyl groups 
undergo strong interactions with central nickel ions.3) 
T h e close similarity on the G Is level, while there is a 
difference in the O Is level between the complex and 
the adsorbate, suggests that the adsorbed tar tar ic acid is 
linked to a surface Ni a tom through a carboxyl group by 
dissociating hydrogen atoms, whereas the hydroxyl 
groups have little interaction wi th the surface atoms. 
Such a description of the adsorbed structure agreed 
substantially with the model proposed previously.1) 

The doublet peaks in the C Is region, due to the 
adsorbed tar tar ic acid, remained almost unchanged 
wi th heat t reatments in a H a -a tmosphere u p to 353 K , 
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indicating that the adsorbed modifier retains its original 
structure. By a t reatment at 383 K, the peak intensity 
was considerably at tenuated bu t the doublet structure 
still existed. Fur ther heating at 603 K changed the dou­
blets to a single peak appear ing at 284.4 eV, indicating 
that the adsorbed tar tar ic acid underwent decomposi­
tion to produce a carbonaceous deposit by this t reatment , 
corresponding to a complete loss of the enantioselective 
capacity of this surface. The O Is and Ni 2pg/2 spectra 
showed that the modification of Ni catalysts in air, 
as an ordinary procedure, gave rise to the oxygen peaks 
associated with N i O and N i 2 0 3 oxides, but the subse­
quent H 2 - t reatment at 353 K resulted in an almost 
complete removal of both oxides. T h e corresponding 
oxygen species with binding energies of 529.3 and 531.5 
eV were reproduced by exposing to a 0 2 -a tmosphere 
at room temperature and were then again reacted off 
with H 2 at 353 K. Such high reactivity suggests tha t the 
catalyst surfaces, even though they were modified in 
air, were readily changed to be oxide-free under the 
conditions of hydrogénation at 323—373 K. 

_J 1 I I I 1 1 I L. 
W3 401 399 397 395 

Binding energy/eV 

Fig. 2. Nitrogen Is photoelectron spectra of adsorbed 
amino acids. 
1 : Aspartic acid, evacuated at room temperature, 
2 : aspartic acid, exposed to 6 Torr of H2 at 363 K, 
3: alanine, exposed to 10 Torr of H2 at 373 K, 4: as­
partic acid, exposed to 6 Torr of H2 at 553 K. 

Figure 2 shows the N Is spectra of the adsorbed 
amino-acids. A single peak appeared at 400.1 eV by the 
coordination of aspartic acid; the binding-energy value 
was lower by 0.8 eV than that of aspartic acid (which 
is in the form of a zwitter ion, NH 3

+ and G O O - ) and 
was close to that of the nickel ammine complex, e.g., 
400.0 eV for N atom in [Ni(NH3)6]Cl2 . The G Is peak 
in the carboxyl group, 288.7 eV, was virtually identical 
with Peak I I I for the adsorbed tar tar ic acid. A 
similar correspondence was observed between the 
adsorbed alanine and the nickel-alanine complex. These 
spectral coincidences confirm a model4) in which the 
amino acid is linked to a surface Ni a tom through both 
amino and carboxyl groups. T h e heat t reatment at 
373 K gave rise to an additional N Is peak at 397.5 eV 
(Spectra 2 and 3). Since such a low binding energy is 

characteristic of a nitride-like species,5) it is evident 
that a par t of the adsorbed amino acids was decomposed 
to produce nitrogen atoms. 

291 289 287 285 283 

Binding energy/eV 

Fig. 3. Carbon Is photoelectron spectrum of methyl 
acetoacetate adsorbed at room temperature on nickel 
surface. 

As is shown in Fig. 3, the adsorption of methyl 
acetoacetate on a clean Ni surface provided three peaks 
in the C Is region; they appeared at 285.0 (Peak I ) , 
286.6 (Peak I I ) and 288.6 (Peak III) with an intensity 
rat io of 2.7 : 1 : 1. Peak III can apparently be assigned 
to G atoms in the carbonyl groups, whereas Peak I is 
associated with G atoms of hydrocarbons. Peak II is 
due to the carbon a tom in the methoxy group, and its 
binding energy is close to that of a carbon atom combin­
ing with a hydroxy 1 group.6) The appreciably higher 
intensity of Peak I, relative to the other two peaks, 
is part ly due to contaminant carbons accumulated 
during prolonged evacuation following the adsorption. 
As for Peaks I I and III, the original keto-form of 
methyl acetoacetate should provide the intensity ratio 
of 1 : 2, and it is to be noted that the observed equal 
intensity is derived on the basis of the assumption that 
about a half of the adsorbed species is in the enol-
form. This finding is in line with the conclusion 
obtained from the tracer and I R spectroscopic studies.15 

The authors are indebted to Professor Yoshiharu 
Izumi , Associate Professor Akira Tha i and Dr. Tadao 
H a r a d a of the Institute for Protein Research, Osaka 
University, for their helpful discussions. The present 
work was supported by a Grant-in-Aid for Scientific 
Research No. 464139 from the Ministry of Education, 
Science and Culture. 
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tricyanoquinodimethanes 
Jun-ichi AIHARA,* Kotaro ARAYA, and Yoshio MATSUNAGA 
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Synopsis. For the title compounds, the energy of the 
first electronic transition is linearly related to the vertical 
ionization potential of the aromatic nucleus (e.g., benzene 
in the case of 1-phenyl-1,2,2-tricyanoethylene). This rela­
tionship gives a definite experimental support to the charge-
transfer character of the electronic transitions concerned. 

An intramolecular charge-transfer (GT) compound is 
an organic compound in which an electron-attracting 
group is attached to an electron-donor molecule, forming 
a single conjugated system as one whole.1) In previous 
papers,2-5) we have identified various types of com­
pounds as such species by analyzing electronic spectra 
of the solutions and the condensed phases carefully. We 
found that, for a series of 2-(arylmethylene)-l ,3-
indandiones (A), the first intramclecular GT transition 
energy, hvicT, can be expressed in the form:4) 

hvlCT = aIp — b, (1) 

where a and b are constants which are substantially 
characteristic of the acceptor par t (i.e., 2-methylene-l ,3-
indandione), and where Ip is the vertical ionization 
potential of the donor part (e.g., anthracene in the case 
of 2-(9-anthrylmethylene)-l ,3-indandione). The same 
relationship was found to hold for the first absorption 
bands of l-aryl-2,2-dicyanoethylenes (B).5) 

In this connection, we can fully anticipate the 
existence of such a linear relationship for the first 
absorption bands of l-aryl-l,2,2-tricyanoethylenes (G) 
and for those of 7-aryl-7,8,8-tricyanoquinodimethanes 
(D) alike, because both tricyanoethylene and 7,8,8-
tricyanoquinodimethane are supposedly good electron 
acceptors. If so, it would constitute the most conclusive 
evidence for a GT character of the electronic transitions 
concerned.6) 

Ar 

H 

NCv /Ar 

C 

NCv /Ar 

NC' Vl 

NC 

NC XX 
Ar 

CN 

In order to see this, the spectroscopic data available 
on l-aryl-l,2,2-tricyanoethylenes were first collected in 
Table l.7-13) The first absorption maxima of the seven 
l-aryl-l,2,2-tricyanoethylenes in chloroform were then 
found to correlate well with the ionization potentials 

of the donor parts. As has been anticipated, a linear 
relationship between the two quantities was deduced 
thereform with a correlation coefficient of 0.989. By 
the least-squares analysis, we obtain 

( k W e V ) = 0.614 (/p/eV) - 2 . 1 4 . (2) 

I t is now quite natural to at tr ibute the first absorption 
band of every compound in Table 1 to the intramolecular 
G T transition from the highest occupied molecular 
orbital ( H O M O ) , localized largely in the aryl group, 
to the lowest unoccupied molecular orbital ( L U M O ) , 
localized largely in the tricyanoethylene part . 

Next, Bespalov et al. prepared many 7-aryl-7,8,8-
tricyanoquinodimethanes, and measured their electronic 
absorption spectra in acetonitrile.14) They suggested 
that the first electronic transition might be of the GT 
type. This is exactly true from the present viewpoint. 
By the least-squares analysis, we again see with certainty 
the existence of a linear relationship between the first 
absorption maxima of these compounds15) and the 
best vertical ionization potentials of the donor parts, 
namely, 

(ÄPIOT/CV) = 0.619 (/p/eV) - 2.78. (3) 

The correlation coefficient is 0.969. We can, hence, 
at tr ibute the first absorption band of every such com­
pound to the intramolecular GT transition from the 
H O M O , localized largely in the aryl group, to the 
L U M O , localized largely in the tricyanoquinodi-
methane part . 

TABLE 1. INTRAMOLECULAR GT ABSORPTION BANDS OF 

l-ARYL-l,2,2-TRICYANOETHYLENES (G) IN CHLOROFORM 

Ar 

Phenyl 
2-Furyl 
/>-Methoxyphenyl 
2-Pyrrolyl 
3-Indolyl 
/>-Dimethylaminophenyl 
3-Indolizinyl 

^ I C T 

103 cm-1 

29.15b> 
26.11b ) 

24.57b> 
23.74c> 
21.86e5 

19.46c) 

18.76d) 

e^/mol-1 

dm3 cm-1 

16600b) 

25200b> 
25400b> 
24300c> 
20700b»e) 

53100c) 

33200d) 

/p/eV 

9.24f> 
8.89*> 
8.54° 
8.20h) 

7.79° 
7.51f> 
7.24» 

a) Molar absorptivity, b) Ref. 7. c) Present work. 
d) Ref. 8. e) Value measured in acetone solvent. 
f) Ref. 9. g) Ref. 10. h) Ref. 11. i) Ref. 12. j) 
Ref. 13. 

Here, it is noteworthy that, as in the case of 2-
(arylmethylene)-l,3-indandiones4) and l-aryl-2,2-
dicyanoethylenes,5) the a value is relatively small for 
both l-aryl-l,2,2-tricyanoethylenes and 7-aryl-7,8,8-
tr icyanoquinodimethanes. Considering that the a value 
for binary GT complexes usually lies in the 0.82—0.97 
range,16) the 0 = 0 . 6 1 4 value for l-aryl-l ,2,2-tricyano-
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TABLE 2. T H E RELATIONSHIP hvlCT= alp-b FOR 
INTRAMOLECULAR G T TRANSITIONS 

S o u n d s Solvent a */eV 

Aft> Chloroform 0.592 1.84 
Bb) Chloroform 0.675 2.23 
Cc) Chloroform 0.614 2.14 
D c ) Acetonitrile 0.619 2.78 

a) Ref. 4. b) Ref. 5. c) Present work. 

ethylenes and the 0 = 0 . 6 1 9 value for 7-aryl-7,8,8-
tricyanoquinodimethanes are obviously small. The a 
values determined for the four types of intramolecular 
GT bands are summarized in Table 2. I t has now been 
established that the a value is close to 0.6 in the case of 
typical intramolecular GT bands measured in solution. 
According to Flurry's molecular orbital description of 
GT transitions,17) the Û ^ 0 . 6 value indicates that about 
1.6 of the two frontier electrons, on the average, reside 
in the donor ring in the ground state. Therefore, all 
these intramolecular GT compounds can assuredly be 
regarded as undissociable GT complexes. 

O n the other hand, the b value reflects the acceptor 
electron affinity and some other effects including 
structural factors, so it is quite difficult to analyze the 
b value in detail. However, the smallest b value for 2-
(arylmethylene)-l ,3-indandiones may be an indication 
of the smallest electron affinity of the common acceptor 
par t (i.e., 2-methylene-l ,3-indandione). 

In 1953, the study of intramolecular GT spectra 
was initiated with monosubstituted benzenes, such as 
aniline and benzaldehyde.1) We have now a number 
of colorful intramolecular GT compounds, which are 
quite similar in many respects to binary GT com­
plexes.4) Most of them indeed show GT absorption 
bands isolated in the visible region. These compounds 
can, hence, be viewed as model compounds of binary GT 
complexes, each with a fairly fixed molecular geometry. 
As suggested in previous papers,4»5) they will be of 
great help in obtaining insight into various electronic 
processes related to the GT transition in binary GT 
complexes. 

One of us (J.A.) is grateful to the Ministry of Educa­
tion, Science and Culture, J apan , for a Scientific 
Research Grant-in-Aid (No. 164116). 
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Synopsis. The intermolecular interactions in crystal­
line anion radical salts of K+ />-Chloranir, K+ 2,5-Dibromo-
3,6-dichloro-/>-benzoquinoneT, and K+ />-BromanilT were 
examined in terms of one-dimensional half-occupied Hubbard 
model. Effect of substituents of the anion radicals on the 
crystal electronic states was discussed with the parameter 
values estimated by the Hubbard model. 

Many papers have been written on the prominent 
magnetic, electrical and optical properties of a number 
of crystalline ion radical salts.1-4) In such ion radical 
salts, the planar ion radical molecules are known to 
form, in themselves, a segregated stacking into one-
dimensional columns so as to make a large overlap 
between their half-occupied molecular orbitals. In this 
case, since any individual radical molecule interacts 
through charge transfer most strongly with two adjacent 
radicals, the electronic and magnetic properties of the 
solid salt differ distinctly from those of the ion radical 
monomer.1) In a previous paper,3) we examined 
crystalline anion radical salts derived from halogen-
substituted />-benzoquinones, and explained their optical 
and magnetic properties by applying half-occupied 
Hubbard model to the segregated stacks of those p-
benzoquinone anion radicals. In the present paper, we 
take K+ />-ChloranilT, K+ 2,5-Dibromo-3,6-dichloro-/>-
benzoquinoneT , and K+ j&-BromanilT, and compare the 
magnitudes of the Hubard-model parameters together 
with the ground-state stabilization energies of those 
anion radical salts.5) Since the counter K+ cation is 
common, we shall discuss the effect of halogen sub­
stituents of the anion radicals on the electronic states 
of those anion radical salts. 

First, we consider the electronic state of solid K+ 
/>-Chloranir salt. At room temperature, although there 
are several polymorphs, in the structure of the ortho-

K* 

0 

Xi^V^x2 

(a) ; X, = X2 = CI 
(b);X, = X2=Br 
(c);X,=Br. X2 = Cl 

Fig. 1. Halogen-substituted />-benzoquinone anion 
radical salts with potassium cation; (a) />-chloranil 
anion radical salt, (b) />-bromanil anion radical salt, and 
(c) 2,5-dibromo-3,6-dichloro-/>-benzoquinone (/>-QBr2-
Gla) anion radical salt. 

rhombic a-form, the />-chloranil anion radicals are 
stacked in themselves with equal intervals, forming 
non-alternant one-dimensional columns parallel to the 
c-axis, the interplanar spacing being 3.47 Â.6) T h e 
K+ ion lies at a center of a rectangle formed by four 
oxygen atoms of the j&-chloranil anion radicals related 
by the c translation. In order to understand the optical 
and magnetic properties of this salt, we applied non-
alternant one-dimensional half-occupied H u b b a r d model 
to the segregated stack of the/>-chloranil anion radicals.3) 
This model is a simplification of the real crystal and is 
described by two parameters , / a n d T'.7) Here , T i s the 
transfer matr ix element of an unpaired electron which 
describes hopping between adjacent molecular sites, 
while I is the Coulomb repulsion between two electrons 
with up and down spins on the same site. Then, T 
favors electron derea l iza t ion through band formation, 
whereas I favors localization due to electron-electron 
repulsions. O n the basis of this model, we can well 
understand the reasons why the intermolecular charge-
transfer absorption appears in the solid-state spectrum 
of K+ />-Chloranir at 11800 cm" 1 and why the antiferro-
magnet ic spin exchange interaction, J= 113 c m - 1 , acts 
between adjacent />-chloranil anion radicals.2 - 4) The 
values of 7=11800 c m - 1 and T=— 820 cm" 1 explain 
well those observed optical and magnet ic da ta of K+ 
/>-Chloranir. Once the I and T values are obtained 
experimentally, it is easy to determine the magnitude 
of ground-state energy stabilization, E, due to charge-
transfer interaction between ion radicals in non-
alternant one-dimensional system of the ion radicals. 
In previous papers,4) we obtained in a limit of Ij\ T\ = oo 
the expression of E= — (4iVT2//) In 2, where N is the 
number of ion radicals. In the case of the one-dimen­
sional system of />-chloranil anion radicals, where 7 = 
11800 cm" 1 and T=— 820 cm"1 , the magni tude of 
/ / | 7 ' | = 14.39--- is found to be much larger than unity. 
Therefore, the condition of Ij\T\ = oo is approximately 
fulfilled in our case, and the value of E is estimated to be 
- 1 . 8 7 k j mol"1 . 

I n a similar way, the electronic state of solid K+ 
/>-BromanilT salt was analyzed in terms of a segregated 
stack of />-bromanil anion radicals. T h e non-alternant 
one-dimensional half-occupied H u b b a r d model was 
then applied to this segregated stack, and the values 
of 7=10900 c m - 1 and T= — 730 cm" 1 were obtained.3) 
Since the magni tude of Ij\ 7"| = 14.93--- is also much 
larger than unity, the ground-state stabilization energy, 
E, in the one-dimensional system of />-bromanil anion 
radicals is calculated, in a way similar to the case of 
/>-chloranil anion radicals, to be —1.61 k j mo l - 1 . 

As for the electronic state of solid K+/>-QBr2Cl2
T salt, 
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two models were previously proposed to explain its 
optical and magnetic properties ; one is a dimer model of 
/>-QBr2Cl2 anion radicals and the other, non-alternant 
one-dimensional model of />-QBr2Cl2 anion radicals.3) 
However, because of the reason given in Ref. 8, the 
latter model is more probable in K+/^QBr 2 Cl 2

T than the 
former model, and our approach of non-alternant one-
dimensional half-occupied H u b b a r d model is still 
applicable to that system. T h e values of 7 = 11500 c m - 1 

and T= — 750 c m - 1 were thus estimated for the one-
dimensional system of />-QBr2Cl2 anion radicals. When 
we note that 7/| T\ = ]5.33-~ is also much greater than 
unity, the ground-state stabilization energy, E, of this 
system is calculated to be —1.61 k j m o l - 1 by using the 
estimated I and T values. 

In the following, we compare the magnitudes of the 
parameters in the H u b b a r d model, that is, on-site 
Coulomb repulsion (7), transfer matr ix element (T) and 
ground-state stabilization energy (E) estimated for K + 

/>-ChloranilT, K+/>-QBr2Cl2
T, and K+ />-Bromanir salts. 

Since the counter K + cation is common to these salts, 
and since all the anion radicals are closely related 
chloro- and bromo-substituted jfr-benzoquinone anion 
radicals, the difference in the values of those physical 
parameters should come from the difference in the 
substituents of the anion radicals. As for the on-site 
Coulomb repulsion, I, the order of its magnitude is 
found to be 11800 cm" 1 ( />-Chlorani r )> l 1500 cm" 1 

(/>-QBr2Cl2
T)> 10900 cm" 1 (/>-Bromanir). The magni­

tude of Coulomb repulsion between two electrons with 
up and down spins on the same site will be decreased 
if the molecular size of ion radical is extended and if 
polarizable substituents are introduced into ion radical. 
In this respect, we can understand the successive 
decrease of on-site Coulomb repulsion in going from 
/>-chloranil anion radical to />-QBr2Cl2 and />-bromanil 
anion radicals, because the replacement of chloro-
substituents of the anion radical by bromo-substituents 
leads to the expansion of the size of the molecule and 
also to the introduction of more polarizable substituents 
into the anion radical. 

T h e transfer matr ix element, T, between adjacent 
anion radical molecules is closely related to the overlap 
integral between the half-occupied molecular orbitals 
of the anion radicals. T h e absolute values of | T\ are 
found to range as 820 c m - 1 (/>-Chlor a n i l ' ) > 750 c m - 1 

( j&-QBr2Cl2
T)>730cm-1 Qft-Bromanir). This result 

is also reasonable, because the replacement of the 
chloro-substituents in the anion radical by the bulky 
bromo-substituents increases the intermolecular spacing 
between adjacent anion radicals, and thus, decreases 
definitely the overlap between their half-occupied 
molecular orbitals. 

As for the ground-state stabilization energy due to 

charge-transfer interaction between anion radicals, E, 
the absolute value of 1.87 k j m o l - 1 of />-chloranil anion 
radical salt is greatest. The value of 1.61 k j m o l - 1 of 
/>-QBr2Cl2 anion radical salt coincides with that of 
1.61 k j m o l - 1 of />-bromanil anion radical salt, and 
these two values are smaller than the 1.87 k j m o l - 1 

value of />-chloranil anion radical salt. As has been 
mentioned, the ground-state stabilization energy, E, 
is given by — (4JVT2//) In 2, and both I and | T\ values 
decrease progressively in going from />-chloranil anion 
radical salt to />-QBr2Cl2 and />-bromanil anion radical 
salts. However, the value of T2jI is found to be greatest 
in />-chloranil anion radical salt. For />-QBr2Cl2 and p-
bromanil anion radical salts, although both I and | T\ 
values of the former salt are larger than those of the 
latter salt, the quantities of T2/I are of the same magni­
tudes. 
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Synopsis. A Potentiometrie and spectrophotometric 
study of aluminium(III) complexes with S^'-bisfiVjiV'-bis-
(carboxymethyl)aminomethyl]-o-cresolsulfonphthalein has be­
en performed. Evidence was found for the formations of 1 : 1 
and 2 : 1 (metal : ligand) complexes and it was assumed that 
protonated and hydroxo complexes are formed in addition 
to the simple complexes. The formation constants for these 
complexes were determined and suggestions are made con­
cerning the probable structures of the complexes. 

Xylenol Orange (abbreviated as X O or H6xo) has 
been widely used as an indicator in chelatometric and 
spectrophotometric determinations of numerous metal 
ions.1»2) These are also many findings concerning the 
solution chemistry of its metal complexes. However, 
most of these reports have treated bivalent metal 
ions,3-6) but not trivalent ones. In a previous work,7) 
the Fe (III) complexes of X O were investigated and it 
was found that hydroxo complexes are formed in neutral 
and alkaline media. With regard to Al ( I I I ) , Otomo8* 
pointed out that its complex formation equilibria are 
complicated, when he studied the spectrophotometric 
determination of aluminium with X O . The complexes 
for the Al(I I I ) system are expected to be similar to 
those found in the Fe ( I I I ) . This paper reports the 
results of a Potentiometrie and spectrophotometric study 
on the Al(III) complexes with X O . 

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

XO was synthesized and purified as described in reference 9. 
The other reagents and procedures were the same as described 
previously.10»11) All the measurements were performed at 
25 ±0.1 °G; the ionic strength of the solutions was maintained 
at 0.1 with sodium Perchlorate. 

The formation constants of the complexes were calculated 
in the manner described previously.10»11) The acid formation 
constants of XO used in the calculations were those deter­
mined previously9) (log kt: 12.23, 10.56, 6.74, 2.85, 2.32, and 
1.5 for t = 1 to 6, respectively). 

R e s u l t s 

Potentiometrie titrations of X O solutions containing 
1 : 1 , 2 : 1 , and 3 : 1 molar ratios of Al(III) to X O were 

Fig. 1. Potentimetric titration curves of Al(III) and XO 
solutions, a=number of moles of base added per 
mole of XO. 
1-XO, 2, 3 and 4-1/1, 2/1 and 3/1 solutions, respec­
tively. [XO]=about 1 x 10-3 mol/1, and [Al(III)] is 
varied. 

ö 

1.0 

0.5 

n J 

A | 

— I I I ! 
6 

pH 
10 

Fig. 2. Variations in the absorbances of Al(III) and XO 
solutions at a given wavelength as a function of pH. 
1-1/1 and 2-2/1 solutions, respectively. Wavelength: 
1-554 and 2-555 nm. 

performed (the molar ratios of Al( I I I ) to X O , herein­
after, are referred to as " 1 / 1 " , " 2 / 1 " , and " 3 / 1 " ) . The 
results are shown in Fig. 1. The visible absorption 
spectra of the 1/1 and 2/1 solutions at various p H 

TABLE 1. FORMATION CONSTANTS, WAVELENGTHS, AND ABSORPTIVTTIES OF A 

COMPLEXES WITH X O AT 25 °G AND fl = 0. 1 (NaC104) 

Reaction log K ^ s . 
nm 

,1 (III) 

e X 10-4 

c m - 1 m o l - 1 1 

Al3++Hxo5-^= 
2Al 3 ++xo 6 -^= 

H++*Al(OH)Hxo3-^ 
2H++*[Al(OH)]2xo2-

± *AlHxo2-
: *Al2xo 
^ ^ A l H x o 2 - + H 2 0 

iAl 2 xo+2H 2 0 

16.3 
27.0 
5.8 5.6&) 

13.4 13.1° 

554 
555 
502 
510 

3.67 
8.29 
3.51 
3.45 

*The complexes corresponding to the Xn 

potentiometrically). 
and e values, a) Determined spectrophotometrically (the others 
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values (pH 1—13) were measured between 350 and 
700 nm. Figure 2 shows the variations in the absorb-
ances at a given wavelength as a function of p H . T h e 
formation constant, absorptivity, and wavelength of each 
complex species are listed in Table 1. 

D i s c u s s i o n 

Complex Formation Equilibria. Both 1/1 and 2/1 
t i tration curves have two inflections: at a=5 and 6, 
and at Ö = 6 and 8, respectively. The 3/1 t i tration curve 
is quite the same as the 2/1 curve up to 0 = 6 , but 
beyond this a value up to 9 there is another buffer region 
in which aluminium (I I I ) hydroxide was precipitated. 
The extent of this buffer region over three units of a 
indicates that there exists one mole of free Al( I I I ) ion 
per mole of X O , and that not more than two Al( I I I ) 
ions can combine with one X O molecule.11) One 
proton in a X O molecule remains undissociated at 0 = 
5 for the 1/1 solution, and all available protons dissociate 
at a=6 for the 2/1 solution, indicating the formations 
of the complexes, A l H x o 2 - and Al2xo, at the respective 
a values. T h e extent of the buffer region from 0 = 6 to 8 
for the 2/1 solution is just double that from a=5 to 6 
for the 1/1 solution. These facts suggest that each 
Al( I I I ) ion in the 1 : 1 and 2 : 1 complexes is hydrolyzed 
to liberate one proton from a water molecule in its 
inner coordination sphere.12) Thus , the hydroxo 
complexes, A l ( O H ) H x o 3 " and [Al(OH)] 2 xo 2 - , are 
assumed to be formed as found in the Fe( I I I ) and X O 
system.7) 

Both 1/1 and 2/1 ti tration curves show a long buffer 
region beyond 0 = 6 and 0 = 8 , respectively. The change 
in the absorbance is observed in Fig. 2 between p H 7 and 
10 for the 1/1 solution and between p H 8 and 10 for the 
2/1 solution. With increase in p H from 7 and from 8, 
each spectrum shifted to longer wavelengths (502 to 
578 nm for the 1/1 solution and 510 to 578 nm for the 
2/1 solution). Both 1/1 and 2/1 spectra above p H 10 
were exactly the same as those of the free X O solutions. 
These facts suggest that the complexes, Al (OH)Hxo 3 ~ 
and [Al(OH)] 2xo 2- ? are further hydrolyzed to dissociate 
into A l ( O H ) I and X O in such alkaline media. In acidic 
media, the 1/1 and 2/1 ti tration curves have a long 
buffer region. The change in the absorbance is observed 
in Fig. 2 from p H 4 down to 1 for the 1/1 solution and 
from p H 5 to 1 for the 2/1 solution. With decrease in p H 
from 4 and from 5, the 1/1 and 2/1 spectrum bands at 
554 and at 555 n m respectively disappeared and a new 
band appeared at 435 nm for both 1/1 and 2/1 solutions. 
Both 1/1 and 2/1 spectra around p H 1 were just the 
same as those of the free X O solutions. These facts 
suggest that the complexes, A l H x o 2 - and Al2xo, dis­
sociate into Al( I I I ) aquo ion and X O in such acidic 
media. 

Summarizing the foregoing discussion, the equilibria 
of complex formations for the Al( I I I ) and X O system 
are as indicated in the following scheme. 

The 1/1 solution: 

P H < 1 P H 4 
Al3+ + H6xo <=± AlHxo2" «=± 

pH 7 pH > 10 

Al(OH)Hxo3" <==± Al(OH)4- + H2xo2-. 

The 2/1 solution: 

P H < 1 P H 5 
2A13+ + H6xo <=± Al2xo ?=± 

P H 8 P H > 1 0 
[Al(OH)]2xo2" ^ ^ 2Al(OH)4 + H2xo4", 

where each p H value indicates that the corresponding 
species is predominant in the solution around this p H 
value. 

Complex Structures. The X O molecule has two 
chelating groups on each side of its large sulfonphthalein 
nucleus; each chelating group reacts with metal ion 
independently of each other.2) Thus , the proton of the 
1 : 1 complexes, A l H x o 2 - and Al(OH)Hxo 3 " , may be 
the one which attaches to the amino nitrogen of another 
bis(carboxymethyl)aminomethyl group which is not 
coordinating to an Al( I I I ) ion, because the amino 
nitrogen may dissociate the proton in more alkaline 
media.9) 

Wi th regard to the 1 : 1 hydroxo complex, Al (OH)-
H x o 3 - , there is some possibility of a dimerized structure 

/ O H \ 
with hydroxo bridges, [Hxo«Al<^ )>Al«Hxo]6_, as 

x O H K 
discussed for Al(OH)sxo 2 " 12> and Fe(OH)Hxo3".7> A 
polynuclear complex13»14) is possible for the 2 : 1 
hydroxo complex, [Al(OH)]2xo2", as a result of hydro­
lysis of two Al (HI) ions attached to either side of the 

sulfonphthalein nucleus, [ >Al«XO«Al<f ] 2 n ~ 
H O 

(rc>2), as discussed for [Fe(OH)]2xo2 - .7) However, a 
complete discussion of the structures for these hydroxo 
complexes must await further investigation. 
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Synopsis. Chlorozotocin1-4) and GANU5_7> are 
nitrosoureido derivatives of D-glucose, exhibiting remarkable 
antitumor activities against leukemia L1210 in mice. We 
wish to report a synthesis of the derivatives of gentiobioside. 

Tritylation of methyl 2-(benzyloxycarbonylamino)-2-
deoxy-a-D-glucopyranoside,8) followed by acetylation, 
afforded methyl 3,4-di-0-acetyl-2-(benzyloxycarbonyl­
amino)-2-deoxy-6-0-trityl-a-D-grucopyranoside. Detrit-
ylation of the compound gave methyl 3,4-di-0-acetyl-2-
(benzyloxycarbonylamino) -2 - deoxy- a - D- glucopyrano-
side. Condensation of the compound with 2,3,4,6-tetra-
O-acetyl-a-D-glucopyranosyl bromide9) yielded methyl 
hexa-O-acetyl- 2 - (benzyloxycarbonylamino) -2 - deoxy-tf-
gentiobioside, which was further converted into methyl 
2- (benzyloxycarbonylamino) -2-deoxy-a-gentiobioside 
(1). Catalytic hydrogenolysis of 1, followed by addition 
with 2-chloroethyl isocyanate, gave the 2-[N'-(2-
chloroethyl)ureido] compound (2). Nitrosation of 2 
with N 2 0 3 gave the N'-nitroso compound (3). 

Starting from methyl hexa-O-acetyl-2'- (benzyloxy­
carbonylamino) -2'-deoxy-#-gentiobioside (4), methyl 

1 , R*= H . R*= Cbz 4 , 

2 , Rf= H . R^CONHCHZCHJJCI 5 , 

3, R*=H , R*= CON(NO)CH2CH2CI 6 , 

7 , 

Scheme 1. 

R!=Ac,R2= Cbz 

Rl= H , R i Cbz 

R*= H ,R2= CONHCH2CH2CI 

R!= H , R i CON(NO)CH2CH2CI 

TABLE 1. ANTITUMOR EFFECT OF 3 AND 7 

ON LEUKEMIA L 1 2 K ) a ) 

Dose 
mg/kg 

56 
48 
40 
32 
16 
8 
4 

Compound 3 
/— 

ILSb) 

(%) 
25.7 
42.9 

226.3 
118.4 
84.2 
39.5 
28.9 

A ^ 

60-d 
survivors 

0/5 
0/5 
1/5 
0/5 
0/5 
0/5 
0/5 

Compound 7 

ILSb ) 

(%) 
28.2 
30.8 

202.6 
466.7 
241.7 

94.4 
61.1 

60-d 
survivors 

0/5 
0/5 
1/5 
3/5 
1/5 
0/5 
0/5 

a) Male BDFt hybrid mice were inoculated intraperito-
neally with 106 cells of lymphoid leukemia L1210. In­
traperitoneal injection of a compound was begun 24 h 
after the inoculation and performed once a day for 3 d. 
b) Percentage increase in life span of treated animals 
compared with control tumor bearers [100(T/C-1)]. 

2'- [Nf- (2 - chloroethyl)- N'- nitrosoureido] - 2'- deoxy - a -
gentiobioside (7) was obtained by analogous reactions. 
T h e position of the nitroso group was demonstrated 
by ammonia-induced degradation10) of 3 and 7. 

Compounds 3 and 7 were subjected to determination 
of ant i tumor activity against leukemia L1210 in mice 
by the established protocol11) (Table 1). Both com­
pounds are highly active, 7 seeming to be more effective 
than 3. 

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

Methyl 3,4-Di-O-acetyl-2-( benzyloxycarbonylamino )-2-deoxy-6-
O-trityl-a-D-glucopyranoside. Trityl chloride (20.0 g) was 
added to a stirred solution of methyl 2-(benzyloxycarbonyl-
amino)-2-deoxy-a-D-glucopyranoside8) (10.0 g) in pyridine 
(120 ml), acetic anhydride (50 ml) being added after 24 h. 
After 16 h, the mixture was poured into ice cold water. The 
product precipitated was collected and recrystallized from 
ethanol, giving 8.7 g (44%) of the product, mp 90—91 °C, 
[a] 1° +85° (c 1.2, chloroform). 

Found: C, 69.67; H, 6.18; N, 2.30%. Calcd for C38H39-
N 0 9 : C, 69.82; H, 6.01; N, 2.14%. 

Methyl 3,4- Di- O -acetyl- 2- (benzyloxycarbonylamino) - 2-deoxy- a-
n-glucopyranoside. Acetic acid (0.3 ml) containing HBr 
was added under ice cooling with agitation to a solution 
of the trityl derivative (1.0 g) in glacial acetic acid (4 ml). 
After 1 min, the mixture was quenched in ice cold water and 
extracted with CHC13. The organic layer was washed with 
NaHC0 3 solution and water, and concentrated. Recry-
stallization of the residue from ether-petroleum ether gave 
294 mg (37%) of the product, mp 112—113 °C, [a]20 4.110° (c 
0.8, chloroform). *H NMR (60 MHz, CDC13) : Ô 1.88 (s, 3, 
OAc), 2.03 (s, 3, OAc), 3.37 (s, 3, OCH3), 4.76 (d, 1, y = 4 
Hz, H-l) . 

Found: C, 55.59; H, 6.14; N, 3.62%. Calcd for C19H26-
N 0 9 ; C, 55.47; H, 6.13; N, 3.41%. 

Methyl 2-(Benzyloxycarbonylamino)-2-deoxy-a-gentiobioside (1). 
A solution of the 3,4-di-O-acetyl derivative (995 mg) and 
2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl bromide9) (2.0 g) in 
benzene (40 ml) was heated under reflux in the presence of 
Hg(CN)2 (1.6 g) and Drierite (2.0 g) for 20 h. The mixture 
was diluted with CHC13 (60 ml) and filtered. The filtrate 
was washed with brine and water, and concentrated. The 
residue was purified on a silica gel column using 2 : 5 (v/v) 
acetone-benzene. Fractions (R{ 0.56 on TLC) were con­
centrated. The residue was deacetylated in methanolic 
ammonia and recrystallized from methanol to give 303 mg 
(42%) of 1, mp 235—236 °C, [a]*> +50.9° (c 1.0, water). 

Found: C, 51.78; H, 6.41; N, 2.75%. Calcd for C21H31-
N0 1 2 : C, 51.53; H, 6.38; N, 2.86%. 

Methyl 2- [N'- ( 2-Chloroethyl) ureido] - 2-deoxy-a-gentiobioside (2). 
Compound 1 (850 mg) was hydrogenated in methanol (25 ml) 
with Pd black under H2 (2.7 kg/cm2) for 2.5 h. The product 
was treated with 2-chloroethyl isocyanate (0.2 ml) in methanol 
(15 ml) overnight and the mixture was concetnrated. The 
residue was triturated in ethanol-ethyl acetate to give 620 mg 
(72%) of 2, mp 151—152 °C (dec), [a]2,0 +54.2° (c 1.0, water). 

Found: C, 41.74; H, 6.21 ; N, 5.88; CI, 7.49%. Calcd for 
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G 1 6 H 2 9 N 2 G 1 0 n : G, 41.70; H , 6.34; N , 6.08; Gl, 7 .69%. 
Methyl 2-[N'- ( 2-Chloroethyl) -N'-nitrosoureid]-2-deoxy-a-gentio-

bioside (3). N 2 0 3 was bubbled into a suspension of 2 
(200 mg) in acetone (5 ml) at 0 °G for 3 min. The solution 
was concentrated and the residue was washed with hexane-di-
isopropyl ether to give 153 mg (73%) of 3, m p 67—68 °G 
(dec), [ a ] 2 2 +39 .4° (c 1.0, water) . 

Found : G, 39.21; H , 5.99; N , 8.58; Gl, 7 .24%. Galcd for 
C 1 6 H 2 8 N 3 C10 1 2 : G, 38.97; H , 5.77; N , 8.92; Gl, 6 .92%. 

Degradat ion of 3 in methanolic ammonia gave methyl 2-
deoxy-2-ureido-tf-gentiobioside, which was identified by T L G 
and by comparison of its I R spectrum [(KBr) 1650, 1610, 
1565 c m - 1 ] with that of an authentic sample prepared by a 
definite route. 

Methyl 2,3,3', 4,4'\6'-Hexa-O-acetyU 2'- ( benzyloxycarbonylami-
no)-2'-deoxy-a-gentiobioside (4). A mixture of methyl 
2,3,4-tri-O-acetyl-a-D-glucopyranoside12) (1.7 g) and 3,4,6-
tri-O-acetyl-2 -(benzyloxycarbonylamino)-2-deoxy-a-D -gluco-
pyranosyl bromide13> (2.9 g) in benzene (35 ml) was heated 
under reflux for 2 h in the presence of Hg(GN) 2 (2.7 g) and 
Drierite (3.5 g) . T h e mixture was diluted with GHG13 and 
filtered. T h e filtrate was washed with brine and water, 
and concentrated. Recrystallization of the residue from 
ethanol gave 943 mg (26%) of 4, m p 162—163 °G, [a] 2 5 +68 .7° 
(c 1.0, chloroform). 

Found : G, 53.29; H , 5.96; N , 1.99%. Galcd for C33H43-
N 0 1 8 : G, 53.43; H , 5.84; N , 1.89%. 

Methyl 2'-(Benzyloxycarbonylamino)-2'-deoxy-a-gentiobioside(5) 
A solution of 4 ( 195 mg) in methanolic ammonia was settled 
overnight and concentrated. Recrystallization of the residue 
from methanol afforded 91 mg (72%) of 5, m p 212—214 °G, 
M D ° + 3 7 . 6 ° (c 1.0, water) 

Found : G, 51.32; H , 6.30; N , 2 . 8 3 % . Galcd for G21H31-
N 0 1 2 : G, 51.53; H , 6.38; N , 2 .86%. 

Methyl 2'-[N'- ( 2-Chloroethyl) ureido] - 2'-deoxy-a-gentiobioside 
(6). Compound 5 (393 mg) was hydrogenated in a 
similar way to that described above, and the product was 
treated with 2-chloroethyl isocyanate to give 172 mg (47%) 

of 6, m p 189—190 °G (dec), [a] 2 0 +29 .9° (c 0.6, water) . 
Found : G, 41.74; H , 6 .21; N, 5.88, Gl, 7.49%. Galcd for 

C 1 6 H 2 9 N 2 C 1 0 n : G, 41.70; H , 6.34; N, 6.08; Gl, 7.69%. 
Methyl 2'- [N'- ( 2-Chloroethyl) -N'-nitrosoureido] - 2'-deoxy-a-

gentiobioside (7). Compound 6 (200 mg) was nitrosated 
in a similar way to that described above to give 198 mg (97%) 
of 7, m p 116 °G (dec), [a ] 2 0 +27 .1° (c 1.0, water) . 

Found : C, 39.53; H , 5.99; N, 8.24; Gl, 7 .28%. Calcd for 
C 1 6 H 2 8 N 3 C10 1 2 : C, 39.21 ; H , 5.76; N , 8.58; Gl, 7.24%. 

Degradation of 7 in methanolic ammonia gave the 2 '-
ureido derivative as described above. 
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Synopsis. The 13G NMR spectra of the sodium 
enolates of ethyl (/^-substituted phenyl) acetates are presented. 
The polar interactions between the substituents and the 
anionic moiety in the sodium enolates are estimated by means 
of their 13G chemical shifts. 

In previous papers,1) the 13C N M R data of sodium 
enolate from diethyl malonates were reported and the 
substituent effects on the structures of the enolate 
anions from ethyl phenylacetates and diethyl malonates 
in D M S O were investigated by means of their U V -
visible, IR, and XH N M R spectra. The *H chemical 
shifts of the residual methine protons of the sodium 
enolates from ethyl phenylacetates were correlated to the 
a~ constant as well as the carbonyl-stretching vibrations 
of the enolates. The substituent effects seem mainly 
to depend on the variation in the electron density of the 
delocalized-anion moiety. The studies of the I R and 
1 H N M R spectra of sodium enolates prepared from 
ethyl phenylacetates found the existence of extremely 
different p values for meta-line and para-line against a 
and a~, and suggested two different modes of explanation 
of the substituent-transmission mechanism. Many 
workers have reported on the correlations between the 

13C substituent chemical shifts (13C SCS) and the 
relative electron densities on the carbon atoms of 
interest.2) 

Table 1 shows the 13G chemical shifts of the parent 
ester (A) and their sodium enolates (B) and the chemical-
shift differences (A3), which are given by <5A—<5B- These 
13C chemical shifts were assigned according to the 
additivity rule.3) In the case of the N O derivative, all 
benzene-ring 13C signals of the enolate were distinguished 
because of the fixation of the part ial double bond 
between the benzene ring and the enolate-anion moiety 
on the N M R time scale, as supported by 1 H N M R . l b ) 
The nonequivalence of the two signals of C-m and C-m' 
in the enolates with the CN and M e C O substituents is 
also supported by such a part ial double-bond character. 

T h e A<5 values at C-a and C-p were observed as 
downfield shifts, while those at C-y and C-ipso were 
observed as upfield shifts, despite the kinds of sub­
stituents. The A<5 values at C-m and C-o are very 
small. The signs of the A<5 values at C-ß are plus (down-
field shifts) with electron-releasing substituents and 
minus (upfield shifts) with electron-attracting sub­
stituents. An analogous trend has also been found in 

TABLE 1. THE 13C NMR CHEMICAL SHIFTS (Ô FROM TMS) OF ETHYL (/»-SUBSTITUTED PHENYL) -

ACETATES AND THEIR SODIUM ENOLATES IN D M S O - ^ 6 

X 

ipso 

p a ß r à 
CH2-COO-CH2-CH3 

V 
X 

NC^ 

CN 

MeCO 

COOEt 

Gl 

H 

Me 

MeO 

A) 
B) 
C) 
A) 
B) 
G) 
A) 
B) 
C) 
A) 
B) 
G) 
A) 
B) 
G) 
A) 
B) 
G) 
A) 
B) 
G) 
A) 
B) 
G) 

C-<5 
a) 14.5 

16.0 
+ 1.5 

14.5 
16.6 

+ 2 . 1 
14.5 
16.5 

+ 2 . 1 
14.4 
16.6 

+ 2 . 2 
14.8 
19.5 

+ 4 . 7 
14.3 
19.5 

+ 5.2 
14.5 
19.1 

+ 4 . 6 
14.4 
19.3 

+ 4 . 9 

G-r 
60.7 
57.5 

- 3 . 2 
61.6 
56.3 

- 5 . 3 
61.5 
56.3 

- 5 . 2 
61.6 
56.1 

- 5 . 5 
61.7 
56.9 

- 4 . 8 
61.4 
56.9 

- 4 . 5 
61.2 
57.3 

- 3 . 9 
61.2 
57.4 

- 3 . 8 

c-ß 
172.8 
168.4 
- 4 . 4 
172.9 
167.8 
- 5 . 1 
173.1 
167.9 
- 5 . 2 
172.9 
167.6 
- 5 . 3 
173.4 
178.2 
+ 4 . 8 
173.6 
176.4 
+ 2 . 8 
173.7 
179.4 
+ 5 . 7 
173.7 
180.0 
+ 6 . 3 

C-a 

40.9 
88.4 

+47 .5 
41.1 
74.9 

+ 33.8 
41.1 
76.6 

+ 35.5 
41.2 
74.7 

+ 33.5 
41.0 
45.8 

+ 4 . 8 
41.3 
46.9 

+ 5.6 
41.1 
46.0 

+ 4 . 9 
40.5 
46.0 

+ 5.5 

G-p 

144.6 
152.1 
+ 7.5 
142.4 
152.3 
+ 9.9 
142.1 
153.3 

+ 11.2 
141.9 
153.2 

+ 11.3 
135.8 
139.6 
+ 3.8 
136.6 
140.7 
+ 4 . 1 
133.6 
138.8 
+ 5.2 
128.4 
133.9 
+ 5.5 

G-m 

132.8 
J117.4 
1125.6 

132.6 
133.2 
+ 0.6 
131.6 
130.5 
+ 1.1 

J131.5 
1130.1 

133.3 
132.1 
- 1 . 2 
131.3 
130.2 
- 1 . 1 
130.1 
131.1 
+ 0.1 
115.5 
115.3 
- 0 . 2 

C-m' 

b) 

124.5 
- 8 . 1 

128.8 
- 2 . 8 

b) 

G-o 

125.3 
121.11 
126.4/ 
134.2 
131.7 
- 2 . 5 
130.2 
130.0 
- 0 . 2 
131.11 
130.2J 

130.6 
128.5 
- 2 . 1 
130.3 
128.6 
- 1 . 7 
130.1 
129.8 
- 1 . 2 
132.2 
132.5 
+ 0.3 

G-ipso 

149.0 
117.3 

- 3 1 . 7 
111.6 
89.9 

- 2 1 . 7 
137.7 
121.9 

- 1 5 . 8 
130.8 
111.7 

- 1 9 . 1 
134.3 
127.7 
- 6 . 6 
128.7 
126.0 
- 2 . 7 
138.1 
136.0 
- 2 . 1 
160.8 
160.0 
- 0 . 8 

X-part 

120.6 
103.6 

- 1 7 . 0 
200.3 
192.7 
- 7 . 6 
168.0 
167.4 
- 0 . 6 

21.1 
21.3 

+ 0.2 
55.9 
56.2 

+ 0.3 

27.2 
26.1 

- 1 . 1 
61.6 14.4 
59.4 16.5 

- 2 . 2 + 2 . 1 

a) A; Ethyl phenylacetates. B; Enolate anions. G; 
b) These chemical shifts could not be assigned to any 

Ad = ôA — ôB. A plus sign denotes a downfield shift, 
carbons in the benzene ring. 
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the Aô values of the residual methine protons. l b) The 
Aô values at C-y and C-<5 are affected by the negative 
moiety of the enolate anions in the same pat tern as 
those of the malonate system.13) 

In the case of benzyl methyl ketone, the Aô value at 
benzyl carbon has been reported to be + 4 2 . 5 p p m (a 
downfield shift), and the chemical-shift difference of the 
sodium enolate from the enol acetate, to be —23.2 ppm 
(an upfield shift).4) By anion formation, the hybridiza­
tion of the benzyl carbon changes from sp3 to sp2, 
accompanied by a large downfield shift of the 13G 
chemical shift; e.g., ethylene carbon resonates at a 
point downfield by more 117 ppm than that of ethane 
carbon; simultaneously, the increase in the pi-electron 
density on the carbon atom is forced to shift the chemical 
shift upfield.5) These two opposing effects seem to 
cancel each other out and to give an apparent A<5 
value to such an anionic carbon. The Aô value at C-a 
of ethyl phenylacetate was + 5 . 6 ppm. This small 
value appears to be at tr ibutable to the above-mentioned 
cancelling. Consequently, the small downfield shift at 
C-a seems to be associated with the increase in the 
electron density on the carbon rather than with the 
decrease based on sp2 hybridization. The sign of the 
Aô value at C-ß in ethyl phenylacetate shows a downfield 
shift, while those at C-p and C-ipso show downfield 
and upfield shifts respectively. The Aô values indicate 
the existence of pi-interaction between the benzene ring 
and the anion moiety (C—C^O~), even in a nonsub-
stituted case.6) 

Several studies of 13C SCS have been reported.7) The 
purpose of this 13C SCS study is to clarify the direction 
of the 13C SCS on the carbons in the enolates against o~ 
and o. Such an anion system at tached directly to a 
benzene ring is very rare in 13C SCS studies.8) 

In Fig. 1, the 13C chemical shifts at C-a, C-ß, C-p. and 
C-ipso of sodium enolates are plotted against a- ; those 
at the other carbons are scarcely affected at all by any 

a, a~ 

Fig. 1. Plots of the 13C chemical shifts at C-a, C-ß, C-p, 
and C-ipso of the sodium enolates derived from ethyl 
phenylacetates in DMSO-</6 against a~ and a constants. 

substituents. The effect by the electron-attracting 
groups is quite different from that by the electron-
releasing groups, as has been suggested by other physical 
data.1) The electron-releasing groups act much like 
an H substituent, without any strong interaction be­
tween the substituents and the anion moiety, while the 
electron-attracting groups conjugate strongly with the 
anionic moiety through the benzene ring. 

In the case of the electron-attracting groups, large 
downfield shifts were observed at C-a: the electron 
densities on the carbons decrease, while large upfield 
shifts were observed at C-ipso that is, the electron 
densities on the carbons increase. The 13C SCS at C-
ipso show a little irregularity which is directly affected 
by the inductive effect of the attached substituents. 
Small downfield shifts at C-p by electron-attracting 
groups are observed. At the /?-carbonyl carbon atoms, 
the electron-attracting groups in the enolate cause 
small, but definite, upfield shifts. The above explana­
tions for the 13C SCS must be verified using the perturba­
tion molecular-orbital theory. 

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

The proton-decoupled 13C FT NMR spectra were measured 
at 25.15 MHz on a JEOL MH-lOO/PFT-100 spectrometer 
(pulse width, 31 JJLS; spectral width, 6250 Hz; data points, 
4096; aquisition time, 327.8 ms). The spectra were observed 
on 0.5 M solutions in DMSO-</6 in 5-mm tubes at 35—45 °C. 
The chemical shifts were obtained using the signal of DMSO 
in a 99% d-enriched solvent as the internal standard (<5 40.5 
ppm), and were then converted to the TMS scale. 

The sodium enolates of ethyl (/^-substituted phenyl) acetates 
were prepared in a manner similar to that described in a 
previous report.lb) 
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Synopsis. The oxidation of steroidal jr-allyl pal­
ladium chloride complexes with the mild oxidizing agent 
composed of chromium (VI) oxide in JV,JV-dimethylformamide 
containing ether to dissolve the complex and a trace of sulfuric 
acid, afforded efficiently the corresponding a,/5-unsaturated 
ketones. 

It has been reported1) that the oxidation of rc-allyl 
palladium complexes in the presence of pal ladium(II) 
chloride and sodium acetate in aqueous acetic acid gave 
unsaturated aldehyde or ketone. However, the more 
heavily substituted rc-allyl complexes such as the yr-allyl 
complex of 3-methyl-2-pentene did not react with 
pal ladium(II) chloride. The oxidation of 7r-allyl 
complexes of the chain compounds1) and complexes of 
l-/>-menthene2) with, respectively, sodium dichromate 
containing sulfuric acid in ether and manganese dioxide 
containing sulfuric acid in 2 5 % aqueous acetic acid has 
also been investigated. However, the yields of the 
a,/?-unsaturated ketones were quite low. We have 
previously reported3) that the reaction of the cholestene 
derivatives with pal ladium(II) chloride in the presence 
of potassium acetate in acetic acid afforded the corre­
sponding steroidal palladium complexes. Hence, we 
attempted the oxidation of steroidal 7r-allyl complexes 
according to the procedures described by R. Hüttel and 
H. Christ,1) G. A. Gray et al.,2> and Jones reagent;4) 
but we found that they gave the corresponding <x.,ß-
unsaturated ketone and considerable quantities of by-

fsH17 

H 
R=H 1 

Ph 6 
Me 7 

•JCtJr ""tu 
R=H H 

OAc 5 

PdCl/2 

Ri=H, R2«a-H 10 1 Ph 2 a-H 17 
Me | a-H 18 

0J& 
R2 

R,=a-H 11 
2 ß-H 19 

R,-H 15 
1 OAC 16 

12 13 1* 

t A preliminary report of this work was presented at the 
38th National Meeting of the Chemical Society of Japan, 
Yokohama, April 1978. 

products, namely, carboxylic acids. In the present 
paper, we would like to report that the oxidation of the 
steroidal complexes with the mild oxidizing agent5) 
composed of chromium(VI) oxide in JV,iV-dimethyl-
formamide containing ether to dissolve the complex and 
a trace of sulfuric acid, gave the corresponding cn.,ß-
unsaturated ketones. 

Results and Discussion 

The oxidation of the steroidal jr-aHyl pal ladium 
complexes with chromium (VI) oxide in JV,N-dimethyl-
formamide and ether, containing a trace of sulfuric 
acid yielded in all cases the a,jÖ-unsaturated ketones. 
These ketones were isolated by preparative T L C on 
silica gel, and identified by comparison with the I R 
and U V spectral data , and with the melting points of 
authentic samples. The reaction of di-//-chloro-bis-
[(l-337-alkyl-5a-cholesten-2a-yl)palladium(II)] (6, 7) 
gave the 3-alkyl-a,/?-unsaturated ketone (17, 18), which 
showed I R absorptions at 1660 and 1615 c m - 1 (for 
R = p h e n y l ) ; 1673 and 1644 c m - 1 (for R = m e t h y l ) . 
This <x,/ft-unsaturated ketone was determined to be 3-
alkyl-5a-cholest-2-en-l-one by means of its N M R 
spectrum, which showed a singlet at ô 6.10 p p m (GG14) 
(for R = p h e n y l ) and at Ô 5.63 ppm (GDG18) (for R = 
methyl) due to the olefinic proton. 

The results of the oxidation of the steroidal yr-allyl 
complexes are given in Table 1. O n the basis of these 
results, it can be concluded that the mild oxidizing agent 

TABLE 1. PRODUCTS AND ISOLATED YIELDS (%) IN OXIDATION 

OF STEROIDAL 7T-ALLYL PALLADIUM COMPLEXES ( 1 9 ) 

Materials 

Ï 

2 
3 

4 
5 
6 
7 
8 

9 

Time 

5 

5 
5 

5 
5 

20 
20 
5 

5 

Products 

ÏÔ 
11 
12 
13 
14 
15 
16 
1 7 a ) 

18b) 

12 
19 
12 

Isolated 
yield/% 

28 
38 
54 
6 

14 
62 
96 
52 
64 
31 
25 
83 

Mp 
°C 

55—566) 

83—85« 
78—818) 

108—1109) 

100—1029) 

129—13110) 

139—145"> 
213—215 
114—117 
79—81 
96—9912) 

78—81 

a) IR(KBr): 1660 and 1615 cm-1; ^ (nm) : 219 
(e 8,500) and 281 (e 15,900); NMR (CG14) : (5 6.10 
ppm (s, 1H) and ca. 5 7.2—7.6 ppm (m, 5H). 
Found: G, 85.94; H, 10.42%. Galcd for C3 3H4 80: 
C, 86.03; H, 10.50%. b) IR (KBr): 1673 and 1644 
cm-1; ^ (nm) : 234 (e 11,400), NMR (GDC1,) : ö 
5.63 ppm (s, 1H). Found: mje 398.3516. Calcd for 
C2 8H4 eO:M, 398.3553. 
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used in this work is efficient in comparison to the 
various methods reported in the literature for the 
oxidation of the steroidal 7r-allyl complexes. In the 
case of the a-l-3j?-type complex of 5a-cholestene, an 
oxo group was introduced in the direction of the Cx 

and G3 positions. In the case of the /M-3j?-type complex 
of 5^-cholestene, the oxidation occurred in the direction 
of the less hindered C 3 position rather than in the 
direction of the Cx position, and formed A1- and zl4-3-oxo 
derivative. In the reaction of the a-l-3^-type complex 
with a functional group at the G3 position, the product 
was zIM-oxo derivative, and the oxidation occurred 
more slowly than in the case of a complex possessing 
no functional group. The a- and /?-3-5j?-type complex 
yielded cholest-4-en-3-one, and the a-5-7^-type complex 
gave the zl5-7-oxo derivative, quantitatively. 

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

All the melting points are uncorrected. The IR, UV, and 
NMR spectra were measured using a Hitachi model 215 
grating infrared spectrometer, a Hitachi recording spectro­
photometer model 323, and a nuclear magnetic resonance 
spectrometer, Hitachi-Perkin Elmer R-20A, in carbon 
tetrachloride and in deuteriochloroform with TMS as the 
internal standard. 

General Procedure. A mixture of steroidal rc-allyl pal­
ladium complex (6.0 X 10 -1 mmol), chromium(VI) oxide 
(3.96 mmol), and JVjJV-dimethylformamide-ether (1 : 1) (50 
ml) containing a trace of sulfuric acid was stirred at 25 °C 
for 5—20 h. After the usual work-up, the resultant oil was 
purified by preparative TLC coated with silica gel (2 mm 
thick) (E. Merck). Elution with benzene-ether (10 : 1) gave 

the «^-unsaturated ketone from ethanol. 
Materials. The steroidal rc-allyl palladium complexes 

were synthesized by the methods described in the previous 
paper.3) 

The authors are indebted to Mr. Takayuki Sugiyama 
for his collaboration in the experimental work. This 
research was supported in par t by a Matsunaga Research 
Grant from the Matsunaga Science Foundation. 
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Synopsis. The hitherto unknown JV-acylindigo has 
been selectively prepared by heating the corresponding known 
iV^N'-diacylindigo in aqueous pyridine. The data of N-
acetyl, JV-benzoyl, JV-(/>-toluoyl), 7V-(/>-chlorobenzoyl), N-(p-
nitrobenzoyl), and iV-(3,5-dinitrobenzoyl) indigo are sum­
marized. 

Indigo is a trans compound; it is stable and cannot 
be converted to the cis-isomer, not even by irradiation, 
while iV^'-diacetyl1) and #,iV'-dimethyl2> derivatives 
have been known to show phototropic behavior. 
Recently we reported the cis-to-trans isomerization of 
JVjiV'-diacylindigo (1).3> Therefore, it is of interest to 
see if N-acylindigo (2) can isomerize photochemicaliy 
just like NjiV'-diacylindigo. 

O R O H 

x \ / / \ _ / N x / x H.O-CH.N yx /x^Nx/x 
X / X N 

R 

V X N 
R 

N X 
O 

R 

a: CH3CO, b : C6H5CO, c:/>-CH3C6H4CO, d:/>-ClC6H4CO, 
e:/>-N02C6H4CO, f: 3,5-(NOa)2C6H3GO. 

To our surprise, we cannot find any JV-acylindigo in 
the literature, although several iV,JV'-diacylindigo have 
been known. In order to obtain 7V-acylindigo, we 
attempted to modify the partial acylation of indigo as 
well as the partial hydrolysis of ./VjN'-diacylindigo, and 
finally found a facile method of selectively prepar ing 2 
from 1. 

The first trial at the acylation of indigo was as follows. 
Indigo and an equivalent amount of acetyl chloride were 
heated in acetic anhydride under reflux. The conditions 
were similar to those in the preparat ion of N,N'-
diacetylindigo ( l a ) 4 ) except that excess molar acetyl 
chloride was used in the latter method. T h e products 
were found to be indigo and l a . The part ial hydrolysis 
of l a was then examined. When l a was partially 
hydrolyzed by potassium hydroxide, the products were 
found to be indigo and l a . In neither case could we 
obtain an economical amount of l a . In the next trial, 
indigo was treated with sodium hydride in hexamethyl-
phosphoric tr iamide, and then an excess amount of 
acetyl chloride was added. The product was a mixture 
of 2a and l a ; however, it seemed difficult to regulate 
the reaction, in which the formation of 2a was predom­
inant. 

Finally, the partial hydrolysis of l a which had been 
heated in aqueous pyridine was found to be successful 
in giving 2a. The reaction products were analyzed at 
time intervals by liquid chromatography and by 
means of the visible-absorption spectrum. The suitable 
conditions for the formation of 2a were established to be 

TABLE 1. PROPERTIES OF N-ACYLINDIGO (2) 

R Mp 
°C 

yC=0 yN-H *max 

cm" 

GH3GO 185—186 

G6H5CO 268 

1700 
1650 
1690 
1655 

/>-CH3C6H4CO 276—277 j ^ 

/>-ClC6H4CO 290—291 1690 
1660 

/>-N02C6H4CO > 290 j™j 

3,5-(NOa)2-
C6H3CO > 290 1 6 9 0 

> / y U 1655 

3320 

3300 

3310 

3310 

3320 

3350 

568 

575 

575 

574 

574 

572 

12000 

14000 

15000 

13000 

12000 

9000 

as will be shown in the Experimental section. 
The infrared and visible spectra of N-acylindigo are 

summarized in Table 1. The data support the structure 
of monoacylindigo. Furthermore, the preliminary 
experiment shows that these examples of 7V-acylindigo 
do not show any phototropic behavior. 

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

N-Acetylindigo (2a). a): Sodium hydride (227 mg) 
was washed with petroleum ether and dispersed in HMPA 
(15 ml); indigo (500 mg) was then added, and the solution 
was stirred for 4 h at 0 °C under an argon atmosphere. Then 
acetyl chloride (725 mg) was added, and the solution was 
stirred for 15 h. The products were extracted with dichloro-
methane, dried over anhydrous magnesium sulfate, and 
chromatographed over silica gel with chloroform-acetone 
(60 : 1) to give reddish-purple needles (89 mg). Mp 185— 
186 °C. Found: C, 71.41; H, 4.04; N, 8.91%. Calcd for 
G18H12N203: C, 71.04; H, 3.97; N, 9.20%. 

b) : A solution of la (20 mg) in a pyridine-water mixture 
(80 : 20 v/v, 100 ml) was heated at 88 °C for 120 min. After 
the pyridine had been removed under reduced pressure, the 
product was recrystallized from ethyl acetate-hexane. The 
yield was 37%. Mp 185—186 °G (dec). 

N-Benzoylindigo (2b). A solution of l b (273 mg) in a 
pyridine-water mixture (60 : 40 v/v, 100 ml) was heated at 
88 °C for 80 min. After the pyridine had been evaporated 
the product was precipitated and recrystallized from chloro­
form—hexane and then acetone-hexane to give purple needles. 
Mp 268 °C (dec). 85%. Found: C, 75.35; H, 3.77; N, 7.48%. 
Galcd for C23H14N203: C, 75.40; H, 3.85; N, 7.64%. 

N-(p-Toluoyl)indigo (2c). N,N'-Bis(p-toluoy\)indigo 
(4.0 mg) (lc) was dissolved in aqueous pyridine (50 : 50 v/v, 
10 ml), and the solution was heated at 70 °C for 4 h. After 
having been treated with 6 M hydrochloric acid, the reaction 
mixture was extracted with chloroform, washed with water, 
and dried over magnesium sulfate. The product was purified 
by silica gel chromatography using ethyl acetate-benzene. 
The residue was recrystallized from acetone-hexane, as purple 
needles. Found: C, 75.42; H, 4.06; N, 7.15%. Calcd for 
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G24H16N203: G, 75.77; H, 4.23; N, 7.36%. 
N-(p-Chlorobenzqyl)indigo (2d)- Fine purple needles. 

Found: G, 68.78; H, 3.20; N, 6.83%. Galcd for C23H13-
N203G1: G, 68.92; H, 3.26; N, 6.98%. 

N-(p-Nitrobenzqyl) indigo (2e). Fine purple needles. 
Found: G, 66.94; H, 3.10; N, 9.86%. Galcd for G23H13N305: 
G, 67.15; H, 3.18; N, 10.21%. 

N-(3,5-Dinitrobenzoyl)indigo (2f). A solution of If (377 
mg) in a pyridine-water mixture (90 : 10 v/v, 100 ml) was 
heated at 60 °G for 80 min. After the pyridine had been 
evaporated under reduced pressure, the residue was added to 
boiling water. The precipitates were collected, dried, and 
recrystallized from ethyl acetate-hexane and then benzene, 
as purple plates. Found: G, 60.01; H, 2.68; N, 11.96%. 
Galcd for G23H12N407: G, 60.53; H, 2.65; N, 12.27%. 
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Synopsis. The title phosphates were found to react 
with a variety of soft bases to give nucleophilic substitution 
products in high yields. The reaction proceeded regiospe-
cifically under mild reaction conditions with preservation of 
the double bond geometry. 

It was first reported in 1958 that soft nucleophiles 
attack the alkyl group of trialkyl phosphates while hard 
bases attack the hard phosphorus atom.1) However, the 
reaction of allylic phosphates with various nucleophiles 
has received relatively little attention. In 1968, Miller 
and Wood synthesized a series of allyl diphenyl phos­
phates (1) and examined their reactions with phenols2) 
and j8-diketones3) as a model for the biosynthesis of 
phenolic isoprenoids. Ki tagawa et al. reported the 
regio- and stereospecific substitution of allylic phosphates 
using organoaluminum reagents.4) In the present paper, 
we describe the reaction of 1 with a variety of soft 
nucleophiles which involves the regio- and stereospecific 
substitutions of the diphenoxyphosphinyloxy group 
leading to good yields of allylic products (2). 

ß ° 
R \ ^ N / O P ( O P h ) 2 + B- — • 

y\ a 

R2 

1A:R1 = R2 = H 
B: R1 = Me2G=GH(GH2)2, R2 = Me 
C: R1 = Me, R2 = Me2G=GH(GH2)2 

R1 

R2 

B + 
O 

-OP(OPh)2 

The reactions were carried out as follows. T h e 
phosphates 1 were stirred with a slight excess (1.0—1.5 
eq) of nucleophiles in iV,iV-dimethylformamide at room 

temperature for 3 h. The reaction mixtures were 
poured into water, and the products were extracted 
with ether or collected by filtration. Analytically pure 
materials were obtained after distillation, column 
chromatography on silica gel, or recrystallization. 
Products were identified by their analytical and spectral 
properties and, in the case of known materials, by 
comparison of these physical constants with those of 
the reported ones.5) Trea tment of 1 with soft bases such 
as iodide, cyanide, benzenethiolate and sulfide anions 
resulted in smooth displacement of the diphenoxy­
phosphinyloxy group to yield the corresponding allylated 
products in high yields. T h e results are given in Table 1. 
The phosphates I B and I C reacted with thiourea to 
give £-geranyl- and £-nerylisothiuronium salts (2f and 
2 j ) , respectively, as colorless crystals. The reaction cf 
I B with sodium thiocyanate gave an equil ibrium 
mixture (2g) of linalyl isothiocyanate and geranyl 
thiocyanate. The ratio (81/19) estimated by ^ - N M R 
analvsis (in CC14 at 31.5 °C) is in good agreement with 
the reported one6) (80.56/19.44, in CC14 at 36 °C). The 
reaction of 1 with carbanionic reagents such as Grignard 
reagents and organoli thium reagents is of special 
interest in view of a carbon-carbon bond formation.7) 
In fact, it has been demonstrated that the treatment of 
allyl diphenyl phosphates 1 with aryl Grignard reagents 
gives allylbenzenes in high yields.8) In contrast, we have 
found that excess (5 eq) phenylli thium, a carbanion 
harder than aryl Grignard reagents, attacked the 
phosphorus atom of I B to produce triphenylphosphine 
oxide (80% yield) together with geraniol (92%) and 
phenol (86%). The reaction of I B with sodium ethoxide, 
a representative of hard bases, in ethanol at room 
temperature gave a complex product mixture. 

It has been shown that the reaction of 1 with soft 

TABLE 1. REACTION OF ALLYL DIPHENYL PHOSPHATES (1A—IC) WITH SOFT NUCLEOPHILES 

Entry Phosphate (1) Nucleophile (B-)a) Products (2)b) Isolated 
yield/% 

a 
b 
c 
d 
e 
f 

g 
h 
i 

j 

1A 
1A 
IB 
IB 
IB 
IB 
IB 
IC 
IC 
IC 

I -
PhS-
N E G -

PhS-
S2-

(H2N)2C=S 
N=GS-
N=G-
PhS-

(H2N)2C=S 

Allyl-I (2a) 
Allyl-SPh (2b) 

Geranyl-C=N (2c) 
Geranyl-SPh (2d) 

(Geranyl)2S (2e) 
Geranyl-SG+(NH2)2 .0-P(0) (OPh)2 (2f) 
Linalyl--N=G=S ±^ Geranyl-SG=N (2g) 

Neryl-G=N (2h) 
Neryl-SPh (2i) 

Neryl-SG+(NH2)2.0-P(0)(OPh)2 (2j) 

47 
78 
85 
83 
74 
56 
82 
84 
94 
63 

Counter cation: Na+. b) Allyl: / / \ y Geranyl: V ^ X / N X X / N e r y l : \ / X / \ X Linalyl: 
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bases proceeds with complete preservation of the double 
bond geometry as evidenced by the fact that geranyl 
diphenyl phosphate I B gave geranyl derivatives (2c—2f ) 
and the corresponding oj-isomer 1C yielded neryl 
ones (2h—2j) . All the reactions (except entry g) are 
regiospecific, exclusively leading to the a-substituted 
products. No evidence for the allylic rearrangement 
(y-substitution) was detected. 

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

Melting points are uncorrected. The elemental analyses 
were performed at the Elemental Analysis Center of Kyoto 
University. IR spectra were measured with a JASGO IRA-1 
spectrometer. 1H- and 13G-NMR were obtained on a Hitachi 
R-24A spectrometer and a JEOL JNM-FX100 spectrometer, 
respectively, in deuteriochloroform using tetramethylsilane 
as an internal standard. Phosphates 1A—1C were prepared 
according to the method of Miller and Wood.2) The following 
preparation of 2f is representative of the reactions between 
1 and soft nucleophiles. 

Reaction of Geranyl Diphenyl Phosphate (IB) with Thiourea. 
A mixture of IB (386 mg, 1 mmol) and thiourea (76 mg, 
1 mmol) in 2 ml of iV,iV-dimethylformamide was stirred at 
room temperature for 3 h. The reaction mixture was poured 
into water and the resulting white precipitate was collected by 
filtration, and washed with water. The crude product was 
recrystallized from ethanol to afford colorless needles of S-
geranylisothiuronium diphenyl phosphate (2f ) (253 mg, 56% 
yield), mp 134.5—135.5 °G. IR (KBr): 3280, 3068, 1676, 
1500, 1240, 1218, 1094, and 922 cm"1. ^ - N M R : Ô 9.81 
(2H, br, NH), 8.03 (2H, br, NH), 7.04 (10H, m, Ph), 4.90 
(2H, m, olefin), 3.37 (2H, d, J=l Hz, SGH2), 1.91 (4H, m, 
GH2), 1.61, 1.52, 1.46 (each 3H, s, GH3). 13G-NMR: 171.7 
(SC+(NH2)2), 153.3 (P-O-G), 144.9 (=G-), 132.7 (=G-), 
129.9 (=GH-), 124.2 (=GH-), 121.1 (=GH-), 120.9 (=GH-), 
115.5 (=GH-), 40.1 (GH2), 30.1 (GH2), 26.9 (GH2), 26.4 
(GH3), 18.4 (GH3), 17.0 (GH3). Found: G, 59.75; H, 6.87%. 
Galcd for G23H31N204PS: G, 59.73; H, 6.76%. 

In a similar way, .S-nerylisothiuronium diphenyl phosphate 

(2j) was obtained in 63% yield, mp 128.5—130.0 °C. IR 
(KBr): 3250, 3000, 1678, 1500, 1240, 1218, 1096, and 926 
cm-1. *H-NMR: Ô 9.90 (2H, br, NH), 8.00 (2H, br, NH), 
7.10 (10H, m, Ph), 4.96 (2H, m, olefin), 3.42 (2H, d, J=l 
Hz, SGH2), 1.92 (4H, m, GH2), 1.62 (6H, m, GH3), 1.50 (3H, 
s, GH3). 13C-NMR: 171.4 (SG+(NH2)2), 153.3 (P-O-G), 
144.5 (=G-), 132.8 (=G-), 129.8 (=GH-), 124.1 (=GH-), 121.0 
(=GH-), 120.8 (=GH-), 116.5 (=GH-), 32.5 (GH2), 29.8 (GH2), 
27.0 (GH2), 26.3 (GH3), 24.0 (GH3), 18.3 (GH3). Found: 
G, 59.21; H, 6.72%. Galcd for G23H31N204PS: G, 59.73; 
H, 6.76%. 

We wish to thank the Instrument Center, the Institute 
for Molecular Science, for assistance in obtaining the 
1 3 C-NMR spectra. 
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Synopsis. Polystyrene beads which covalently link a 
dimethylaminopyridine unit act as a catalyst for ester synthesis 
by the DGG method. The polystyrene beads are reusable 
and the synthetic method is very simplified. 

The dicyclohexylcarbodiimide (DCC) method has 
been widely adopted for the synthesis of some sugar 
and amino acid derivatives. Recently, it was com­
municated that the method is applicable to the esterifica-
tion of carboxylic acids in the presence of catalytic 
amounts of 4-dimethylaminopyridine (DMAP).1»2) 
Klotz et al.3) reported that the catalytic activity is due to 
both the increased electron-donating ability of the ring 
nitrogen and the augmented stability of the 7V-acyl-
pyridinium species. Although this is an excellent, mild 
one-pot esterification method, there are two defects: 
(i) in the conventional D C C method in the amide 
synthesis the product is directly recovered by filtration 
owing to the precipitating nature of 7V,7V'-dicyclohex-
ylurea, whereas in the presence of D M A P one has to 
isolate the product ester from D M A P , and (ii) D M A P 
is relatively expensive. I t occurred to us that two 
defects would be improved by immobilizing the D M A P 
unit in polymer beads. Here, we wish to report the 
method of the immobilization and the catalytic activity 
of the immobilized D M A P unit. 

/»-Chlormethylated polystyrene (1) (4% crosslinked, 
4.0 mequiv Cl/g) was kindly supplied from Mitsubishi 
Kasei Co. Ltd. The polystyrene beads were treated 
according to the following reaction sequence. 1—>2 : 1 
was swelled in N, TV-dime thy lformamide and dry 
methylamine gas was introduced into the solution. The 
reaction was continued for 12 h at 60—70 °C. 2->3 : 2 
was swelled in an ampule containing water and ethanol 
(3 : 1 in vol), and 4-chloropyridine and triethylamine 
(excess) were added. After sealing the ampule, the 
reaction mixture was heated at 150 °C for 4 d. 3—>4 : 3 
in dichloromethane was treated with acetic anhydride 
(excess). The reaction was continued for 3 h at room 
temperature. All the reactions were performed under 
efficient stirring. We also prepared the catalytic beads 
which have a spacer between the polymer surface and 
the D M A P unit. 5 was prepared according to the 

0-CH2Cl -^Hatü. 0-CH2NHCH3 

CH3 

^CH 2 NCOCH 3 

d:H3 

ÇH3 

C K ty W C H 2 N - f j J 

^^CH2NHCH3 

3 

method of Molinari et Û/.4) The reaction methods from 
5 to 8 were similar to those from 1 to 4. The D M A P 
contents determined by acid-base ti tration were: 1.6 
mequiv DMAP/g for 4 and 0.60 mequiv DMAP/g 
for 8. 

0 _ C H 2 C l Molinari et a l . " 0-CH2(NHCO(CH2),(32-Br 

C H 3 N H 2 > (p)-CH2(NHCO(CH2)1Q)2NHCH3 

a-Q. 

CH3 

^CH 2 (NHCO(CH 2 ) 1 0 ) 2 N-^N ^ Q ^ ^ C H 2 [ N H C 0 ( C H 2 ) 1 0 ) 2 N - O 

\ :H 2 [NHCO(CH 2 ) J2NHCH3 CH2[NHCO(CH2)K32NCOCH3 

CH3 

20 40 60 

Reaction time/min 

Fig. 1. Yield of methyl benzoate vs. reaction time. The 
yield was determined by GLC method (interanal 
standard, anisole). 20 °C, 10 ml of dichloromethane, 
10 mmol of benzoic acid, 100 mmol of methanol, 12 
mol of DCC, and 1.0 mmol of DMAP or DMAP unit 
in 4. 

Figure 1 shows the plots of the yield of methyl 
benzoate versus reaction time. The reaction conditions 
are recorded in the caption for Fig. 1. The homogeneous 
reaction catalyzed by D M A P was completed within 
10 min, and the conversion was almost quantitative.5) 
O n the other hand, the reaction catalyzed by 4 was 
relatively slow, the half-life being about 30 min. After 
one day, the precipitate (7V,7V'~dicyclohexylurea) and 4 
were removed by filtration and the filtrate was analyzed 
by GLC. The dichloromethane solution contained only 
methyl benzoate and methanol, so that the concentra­
tion in vacuo readily gave " p u r e " methyl benzoate. The 
yield of methyl benzoate was 6 5 % , but unreacted 
benzoic acid was not detected in the filtrate. The loss 
may be caused by the adsorption to the polystyrene 
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Catalyst 

DMAP 
4 
4 reused 
4 b ) 

8 
4 
4 

4 

4 c ) 

TABLE 1. 

Acid 

G6H6G02H 
C6H6C02H 
G6H6G02H 
G6H6G02H 
G6H6G02H 
G6H6C02H 
GH2(C02H)2 

GH5GH= 
GHG02H 
GH3G02H 

YIELD OF ESTERS0 

MeOH 
MeOH 
MeOH 
MeOH 
MeOH 
*-BuOH 
MeOH 

MeOH 

G6H6GH2OH 

Yield (%) after 

l h 

100d) 

61 

A 
3 h I d 

59 65 
65 
51 e ) 

41 53 
0 0 

84 98 

61 

40 47 

a) The reaction solution (10 ml of dichloromethane) 
contains 1.0 mmol of catalyst, 10 mmol of acid, 100 
mmol of alcohol, and 12 mmol of DGG. The yields 
were calculated on the basis of acid, b) 20 mmol of 
DGG were added, c) The reaction solution (10 ml 
of dichloromethane) contains 1.0 mmol of catalyst, 
20 mmol of acetic acid, 10 mmol of benzyl alcohol, 
and 20 mmol of DGC. The yield was calculated on 
the basis of benzyl alcohol, d) 30 min. e) 4 h. 

the present two phase system are somewhat lower than 
those in the homogeneous system.2) In particular, the 
yield of f-butyl benzoate was extremely low. Also in 
the homogeneous system catalyzed by DMAP,2> the 
low yield (40%) resulted for this ester due to the steric 
hindrance. The steric term may be further amplified 
in the solid catalyst system. O n the contrary, dimethyl 
malonate was produced quantitatively. We cannot 
explain readily the difference in the yield between 
methyl benzoate and dimethyl malonate. One possible 
explanation is that benzoic acid which is more apolar 
than malonic acid is adsorbed to the resin surface in a 
non-productive manner in preference to malonic acid. 

In conclusion, the catalytic activity of the D M A P 
unit bound to polystyrene beads is somewhat lower 
than that of D M A P in the homogeneous system. 
However, there are two merits in the immobilized 
D M A P catalysis: (i) the product esters are directly 
recovered by filtration, and (ii) the catalytic resin is 
reusable by simply washing with 7V?iV-dimethylform-
amide. 
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The Copyrolysis of 1,2,3-Trichloropropane and Methanol on Activated Alumina 
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Toyama Technical College', Hongo, Toyama 930-11 
(Received July 21, 1980) 

Synopsis. The copyrolysis of 1,2,3-trichloropropane 
and methanol gave 1,2-dichloro-3-methoxypropane as well as 
dichloropropenes and their derivatives. The formation of 
l,2-dichloro-3-methoxypropane is also described. 

Significant amounts of methoxy compounds are 
obtained by the copyrolyses of such allylic compounds as 
3,4-dichloro-1 -butène and l,4-dichloro-2-butenes with 
methanol on activated alumina.1»2) Allylic halides have 
been reported to undergo bimolecular nucleophilic 
replacement reactions in solutions.3-6) O n the other 
hand, the reaction of 1,2,3-trichloropropane (TCP) 
with methanolic sodium hydroxide affords only 2,3-
dichloropropene (2,3-DGP), and scarcely no formation 
of 1,2-dichloro-3-methoxypropane (DGM) is observed.6) 
The formation of D G M , which is formed by substituting 
a methoxyl group for a a-chlorine of T G P , characterizes 
the copyrolysis of T G P and methanol on activated 
almina. I t is a great difference in comparison with the 
previous works that T G P is substituted by a methoxyl 
group at the a-position. The copyrolysis of T G P and 
methanol on activated alumina was carried out under 
various conditions in order to understand the formation 
of D G M . 

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

Time Factor (W/F). The t ime factor was varied 
by adjusting the feed rate of T G P (F : g-mol/h), the 
weight of catalyst (W : g) being kept at 20 g. T h e T G P 
was mixed with methanol at the mole ratio of 1.00 : 12.7. 
The product distributions in the copyrolysis with various 
time factors at 250 °G are shown in Table 1. 2,3-
Dichloropropene and 1,3-dichloropropene are abbre­
viated as 2,3-DGP and 1,3-DGP respectively. As the 
time factor increased, the conversion of T G P and the 
formation of such methoxy compounds as D G M were 
conclusively increased. 

Mole Ratio(MeOH\ TCP). A 20 g portion of the 
catalyst was placed in the middle of the reactor, the 
reaction temperature being kept at 300 °G. Mixtures 
of T G P and methanol were prepared at various mole 
ratios, while the time factor was kept constant at 416.3 
(g of catalyst/g-mol of TGP/h) . Figure 1 shows the 
effect of the mole ratio on the product composition. 

8 16 24 32 
Mole ratio (MeOH/TGP) 

Fig. 1. The effect of the mole ratio on the product 
composition. 
Reaction temperature: 300 °G, W/F=4\6.3 (g-h/g-
mol). 0 : TCP, © : CH2=CC1CH2C1+CH2=CC1-
CH2OMe, 3 : CHC1==CHCH2C1+CHC1=CHCH2-
OMe, # : DCM. 

With a mole ratio of more than 7.0, the conversion of 
T G P remained constant, regardless of the mole ratio. 

Reaction Temperature. TCP was mixed with 
methanol at the mole rat io of 1.0 : 12.7. T h e mixture 
was fed in over 20 g of activated alumina at a constant 
temperature with various feed rates. As the reaction 
temperature increased, the conversion of T G P increased. 
The effect of the reaction temperature on the conversion 
of T G P into D G M is shown in Fig. 2. Because of the 
decomposition of D G M on the alumina surface at 
higher temperatures, the yield of D G M showed a 
max imum value at 270 °G. D G M might catalytically 
dehydrochlorinate to the chloro(methoxy)propenes. 

The methoxide anion generated on the basic sites 
of alumina7) might play an important role, much as 
in the copyrolyses of allylic chlorides and chloroethanes 
with methanol.1»2»8) However, it has been suggested 
that a ^-chlorine of T G P was abstracted on the acidic 
sites of alumina, while a carbonium ion was formed 
and converted into 1,3-DGP ( E l ) . E2 and £N2 reactions 
were predominant in the copyrolysis of T G P and 
methanol on activated alumina, as is shown in Fig. 1. 
2,3-DGP and 1,3-DGP were substituted for a chlorine 
in the allyl position with methanol to form chloro-

TABLE 1. PRODUCT DISTRIBUTION (mol %) IN THE COPYROLYSIS OF TCP AND 
METHANOL ON ACTIVATED ALUMINA AT 2 5 0 ° C 

Products 

CH2=CClCH2OCH3 

m-CHCl=CHCH2OCH3 

2,3-DGP 
cw-1,3-DGP 
trans- 1,3-DGP 
DGM 
TGP 

208.1 

0.87 
1.07 
2.71 
0.17 
0.05 
3.35 

91.78 

312.5 

1.22 
1.46 
4.72 
0.15 
0.04 
3.11 

89.30 

M7^(g-h/g 
,v 

416.2 
2.19 
1.49 
3.06 
0.12 
0.22 
3.91 

89.01 

r-mol) 

614.3 

2.79 
2.37 
2.51 
0.10 
0.21 
4.92 

87.10 

832.4 

5.41 
3.19 
5.14 
0.17 
0.04 
5.63 

80.42 

1248.6 

8.92 
4.95 
5.05 
0.14 
0.03 
6.02 

74.89 
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400 800 1200 

W\F (g-h/g-mol) 

Fig. 2. The effect of the reaction temperature on the 

formation of DCM. 
Mole ratio (MeOH/TGP) : 12.7, reaction temperature 
(CG); © : 200, Q: 230, # : 250, O 270, © : 300, 3 : 
330. 

(methoxy)propenes, according to the reaction mecha­
nisms described in a previous paper.2) 

Therefore, the reaction scheme can be given by the 
following equations : 

CH2C1CHC1CH2C1 
TCP 

E2 

CH2=CC1CH2C1 
2,3-DCP 

CH2C1CHC1CH2C1 
TCP 

CHC1=CHCH2C1 -
1,3-DGP 

-I 
GH2C1GHG1CH2G1 

TCP 

CH2=CClCH2OCH3 

5N2 
GH2GlCHClGH2OGH3 

DGM 

CHCl=CHCH2OCH3 

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

Catalyst. The activated alumina (KHO-24) was 
obtained from the Sumitomo Chemical Co.; the particle 
diameter was in the range of 2—4 mm. 

Reagents. The methanol was purchased from the 
Nakarai Chemicals as guaranteed-reagent-grade. TCP of a 
guaranteed-reagent-grade was obtained from the Tokyo 
Kasei Co. 2,3-DCP, eis- and trans-l,3-DCF were purchased 
from the Tokyo Kasei Co. as extra-pure-grade. These 
reagents were used without further purification. 

Equipment and Procedure. The experiments were con­
ducted a continuous-flow type reactor, the details of which 
were reported in a previous paper.8> 

Analytical Methods. The IR, NMR, and mass spectra 
were recorded on a Hitachi 125 spectrophotometer, a JMN-
MH 100 spectrometer using TMS as the internal standard, 
and a Hitachi RMU-6MG spectrometer respectively. Gas-
chromatographic analyses were performed on a Shimadzu 
GC-5A apparatus using a 2 m x 3 m m column with 10% 
PEG 6000 operating at 100 °G with a helium flow. 

Syntheses of Authentic Samples. DCM: Allyl methyl 
ether, generated by the action of allyl chloride with sodium 
hydroxide in methanol, was chlorinated in carbon tetra­
chloride. The DCM thus obtained was distilled at atmos­
pheric pressure; bp 169.5 °G. 

Chloro (methoxy)propenes : Chloro (methoxy) propenes were 
prepared from 2,3-DCP and 1,3-DCP by modifying the method 
of Henne and Haeckl.6> 

Identification of Products. The crude solution obtained 
by the copyrolysis was poured into water. The organic layer 
was taken up and washed with water, dried (CaCl2), and 
distilled. Each component of the products was separated by 
means of VPG. The identification was carried out by a 
comparison of their IR, NMR, and MS spectra with those of 
authentic samples. The spectroscopic data are as follows: 

2-Chloro-3-methoxypropene. IR (cm"1) : 720 (C-Cl), 900 

(C=C< ), 1110 (C-O-C), 2830 (-OMe), 2940 (-CH2-), 
Nrl 

NMR (CC14) Ô (ppm): 3.17 (3H, s) [-OCH3], 3.75 (2H, s, t) 
H Cl 

[-CH2OMe], 5.09 (H, s, m)[ \ c = C / / ] , 5.17 (H, s. m) 
C = C 

[ H / \ c H 2 O M e ] , MS (m/e) (%): P + 2 = 1 0 8 (2.5), 
P + l = 107 (5.0), P=106 (6.0), P - 1 = 105 (5.4), 71 (100), 
45 (81), 41 (100). 

eis-l-Chloro-3-methoxypropene. IR (cm"1): 750 (C-Cl), 
H H 

1110 (C-O-C), 1630 ( \ c = c / ), 2820 (-OMe), 2920 
(-CH2-)NMR (CC14) ô (ppm): 3.16 (3H, s) [-OCH3], 3.91 

xCH2OMe 
(2H, d, d) [-CH2OMe], 5.63 (H, d, t) [=C<" ],5.83 

^H 
.Cl 

(H, d, t) [=C< ], MS (m/e) (%): P + 2 = 1 0 8 (3.2), P + l = 

107 (12.4), P=106 (3.6), P - 1 = 105 (20.6), 75 (100), 71 
(100), 45 (100), 41 (100). 

trans-1-Chloro-3-methoxypropene. IR (cm"1) : 800 (C-Cl), 
H \ 

930 ( \ C = C X ), 1110 (C-O-C), 2820 (-OMe), 2920 
\ H 

(-CH2-), NMR (CC14) ô (ppm): 3.15 (3H, s) [-OCH3], 3.70 
/CH 2 OMe 

(2H, d, d) [-CH2OMe], 5.70 (H, d, t) [=C / ],5.84 
^H 

(H, d, t) [=C< ], MS (m/e) (%): P + 2 = 1 0 8 (0.3), P + l = 
\C1 

107 (3.4), P=106 (2.4), P - 1 = 105 (6.4), 71 (100), 41 (59). 
DCM. IR (cm-1): 740 (C-Cl), 1130 (C-O-C), 2830 

(-OMe), 2940 (-CH2-), NMR (CC14) ô (ppm): 3.40 (3H, s) 
[-OCH3], 3.62 (2H, q) [-CH2OMe], 3.72 (2H, q) [-CH2C1], 
4.00 (H, m) [-CHC1-], MS (m/e) (%) : P + 4 = 146 (1.4), P + 2 = 
144(5.6), P = 142 (7.6), 45 (100). 
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The Reduction of 2-Benzylidene-3(2/jF)-benzofuranones with Lithium 
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Synopsis. The reduction of various 2-benzylidene-
3(2f/)-benzofuranones with lithium aluminium hydride-
aluminium chloride in ether gave the corresponding 2-benzyl-
benzofurans in moderate yields. The reduction of 6-methoxy-
2-(4-methoxybenzoyl)benzofuran also yielded 6-methoxy-2-
(4-methoxybenzyl) benzofuran. 

Although the syntheses of 2-benzylidene-3(2/7)-
benzofuranones (1) (aurones) were investigated in 
detail,1) the synthesis of 2-benzylbenzofurans (2) which 
have the same carbon skeleton has not been reported. 
Our interest in the preparat ion of new C 6 - C 3 - C 6 type 
compounds2 '3) led us to examine the reduction of 1 
with lithium aluminium hydride-aluminium chloride. 
I t has often been observed that the reduction of <x,/?-
unsaturated carbonyl compounds with l i thium alumi­
nium hydride-aluminium chloride proceeds with a 
double bond migration.4 - 1 0) Therefore, it could be 
expected that the reduction of 1 with these reagents 
gives stable 2-benzylbenzofuran (2) rather than 2-
benzylidene-2,3-dihydrobenzofuran (3) (Fig. 1). 

2-Benzylidene-3(2//)-benzofuranones ( l a—h) were 
prepared from 2'-hydroxychalcones by the procedures 
reported by Donnelly et al.11) and by one of the 
authors.12) When 6-methoxy-2-(4-methoxybenzylidene)-
3(2//)-benzofuranone ( Id) was treated with li thium 
aluminium hydride in ether, followed by the addition 
of aluminium chloride, a single product was obtained. 
Its N M R showed the presence of two methoxyl groups 
[0=3.72 (3H, s) and 6 = 3 . 7 5 (3H, s)] , a methylene 
group [0=3 .93 (2H, s)] , a vinylic proton [0=6 .11 ( I H , 
broad s)] , and aromatic protons [6 = 6.5—6.9 (4H, m) 
and 6=6.95—7.3 (3H, m) ] . The I R spectrum showed 
absorptions at 1625, 1615, and 1590 c m - 1 . The reduc­
tion of 6-methoxy-2-(4-methoxybenzoyl) benzofuran13) 
(4) with li thium aluminium hydride-aluminium chloride 
yielded identical 2d. These results indicate that the 
product is not 6-methoxy-2-(4-methoxybenzylidene)-2,3-
dihydrobenzofuran (3, R = O C H 3 ) , but 6-methoxy-2-
(4-methoxybenzyl)benzofuran (2d). T h e oxidation of 
2d with manganese(IV) oxide gave 4. 

Seven other 2-benzylidene-3(2//)-benzofuranones 
( l a—c and l e—h) were also subjected to the reduction, 
which gave the corresponding 2-benzylbenzofurans 
(2a—c and 2e—h) in moderate yields. The results 
are shown in Table 1. The reduction of l b with l i thium 
aluminium hydride without the addition of aluminium 
chloride gave an intractable mixture of products. This 
may be due to the instability of the allylic alcohol formed 
by the reduction of l b . I n the reduction of l a , 3-(2-
hydroxyphenyl)-l-phenyl-1-propene (5) was obtained 
together with 2-benzylbenzofuran (2a), which was the 
major product. There were a number of minor products 
which could not be purified. 

Thus it can be concluded that the reduction of 2-
benzylidene-3(2//)-benzofuranones (1) with l i thium 

TABLE 1. T H E REDUCTION OF 2-BENZYLIDENE-3(2//)-BEN-

ZOFURANONES (LA H) WITH LITHIUM ALUMINIUM HYDRIDE-

ALUMINIUM CHLORIDE IN ETHER AT ROOM TEMPERATURE 

Entry Substrate 

1 la14 ) 

2 lb*2> 
3 lc15) 

4 ld12) 

5 le12) 

6 lf12) 

7 l g 12) 

8 lh12> 

Reaction conditions 

Molar ratio 
of substrate : 

LiAlH4 :A1C13 

1 
1 
1 
1 
1 
1 
1 
1 

2 :2 
2 :2 
2 :2 
2 :2 
2 :2 
2 :2 
4 : 4 
2 :2 

Time/n 

Aa) 

60 
60 
60 
60 
60 
60 

240 
60 

lin 

1 T W 

60 
105 
90 

120 
90 
60 
90 
60 

2-Benzyl-
benzofuran(2) 

(yield/%)c) 

36« 
78 
57 
59 
41 
64 
48e> 
40 

a) Time before addition of A1C13. b) Time after addition 
of A1C13. c) The yields are based on the amount of the 
substrate used, d) 5 was obtained as a minor product in 
a 16% yield, e) l g (4%) was recovered. 

gr>cH^v, R'@0o*gK 
R, R 

2a-h 

CH-

R,=R2=R3=R4=H b 

R2=R3=R4=H, R^OCH, d 

R^R-^H, R2=R4=OCH3 f 

R2=H, R,=R3=R4-OCH3 h 

Ri=R2=R3=H, R4=OCH3 

R2=R3=H, R1=R4=OCH3 

R3=H, R^R^R^OCH, 

R,rR2=R3 = R4=oCH3 

Fig. 1. 

a luminium hydr ide-a luminium chloride can be used for 
a preparat ion of 2-benzylbenzofuran derivatives (2). 

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

All the XH NMR spectra were recorded for the carbon 
tetrachloride solution with a Hitachi-Perkin-Elmer R-24 
spectrometer, with tetramethylsilane as the internal standard. 
The IR spectra were taken for the chloroform solution on a 
JASCO grating spectrometer, while the UV spectra were 
recorded for the methanol solution, unless otherwise stated, 
with a Hitachi EPS-3T spectrophotometer. The high-resolu­
tion mass spectra were recorded on JMS-OlSG-2 instrument 
with direct inlet at 75 eV. The melting points were deter­
mined with a Yanagimoto micro-melting point apparatus 
and were not corrected. 

2-Benzylidene-3(2H)-benzofuranones (la—A), la—e and lg 
were prepared by the procedure described by Donnelly 
et al.,11) and If and l h were obtained by the oxidation12) of the 
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corresponding 2'-hydroxychalcones with manganese (I II) ace­
tate. 

Reduction of 2-Benzylidene-3( 2H)-benzqfuranones (la—h) with 
Lithium Aluminium Hydride-Aluminium Chloride. The gen­
eral procedure for the reduction of 1 was as follows. To a 
stirred solution of lithium aluminium hydride (2 mmol) in 
anhydrous ether (30 ml), a 2-benzylidene-3(2i/)-benzofura-
none (1) (1 mmol) was added and the reaction mixture was 
stirred at room temperature for the time shown in Table 1. 
Then aluminium chloride (2 mmol) was added and the 
mixture was again stirred for the time shown in Table 1. The 
reaction mixture was passed through a silica gel column, 
eluting with ether, and the ether was evaporated. The 
crude product was chromatographed on TLC and crystalline 
products were recrystallized from ethanol. In the case of la , 
the reaction mixture was treated with 1 M sulfuric acid (30 
ml) and extracted with ether. The ethereal solution was 
washed with a saturated sodium chloride solution and then 
evaporated. The resulting liquid was chromatographed on 
TLC with benzene as the developing solvent. 

2-Benzylbenzofuran (2a): Colorless liquid (lit,16> bp15 180— 
185 °C); IR 1600 and 1618 cm-1; UV Amax (e) 251 (17000), 
280 (4770), and 287 nm (4690) ; NMR (5=3.97 (2H, s, -CH 2 - ) , 
6.17 (1H, s, =CH-), and 6.9—7.5 (9H, m, aromatic). 

3-(2-Hydroxyphenyl)-l-phenyl-l-propene (5): Colorless liquid 
(lit,*) mp 67—68 °C); IR 975, 3340, and 3600 cm-1; UV 
(EtOH)«> Amax (e) 254 (18100), 2778h (6260), 284sh (4950), 
293sh (2180), and 304 nm (1240); NMR (5=3.58 (2H, m, 
-CH 2 - ) , 5.0 (1H, broad s, OH), 6.32 (2H, m, -CH=CH-), 
and 6.5—7.4 (9H, m, aromatic). When the methylene group 
at ö=3.58 was irradiated, the vinyl protons became singlet. 

2-(4-Methoxybenzyl)benzofuran (2b): MP 60—62 °C; IR 
1590 and 1615 cm"1; UV Amax (e) 253 (17000), 280 (6310), and 
287 nm (6170); NMR (5=3.73 (3H, s, OCH3), 4.00 (2H, s, 
-CH 2 - ) , 6.28 (1H, broad s, =CH-), 6.6—7.4 (8H, m, aromatic) 
(Found : C, 80.78; H, 5.61%. Calcd for C16H1402 : C, 80.64; 
H, 5.92%). 

2-Benzyl-6-methoxybenzqfuran (2c) : Colorless liquid; IR 
1580 and 1625 cm"1; UV Amax (e) 252 (17000) and 292 nm 
(6780); NMR (5=3.69 (3H, s, OCH3), 3.97 (2H, s, -CH2-) , 
6.11 (1H, broad s, =CH-), 6.5—6.85 (2H, m, H (6 ) and H<7)), 
7.11 (1H, d, / = 8 . 5 Hz, H ( 4 )), and 7.13 (5H, s, Ph); MS m/e 
238.0989 (100%, M+) (Calcd for C16H1402, MW 238.0994), 
223 (49%, M+-15) , and 161 (26%, C10H9O2). 

6-Methoxy-2-(4-methoxybenzyl) benzofuran (2d): Mp 90—91 
°C; UV Amax (e) 255 (18600) and 291 nm (8320) (Found: C, 
76.44; H, 5.81%. Calcd for C17H1603: C, 76.10; H, 6.01%). 

2-(2,4-Dimethoxybenzyl)benzofuran (2e) : Colorless liquid; IR 
1585 and 1610 cm-1; UV Amax (e) 251 (16200), 280 (7550), and 
287 nm (7650); NMR (5=3.62 (3H, s, OCH3), 3.64 (3H, s, 
OCH3), 3.90 (2H, s, -CH 2 - ) , 6.10 (1H, broad s, =CH-), 6.0— 
6.4 (2H, m, aromatic), and 6.9—7.4 (5H, m, aromatic); MS 
OT/* 268.1144 (100%, M+) (Calcd for C17H1603, MW 268.1099) 
253 (78%, M+ - 1 5 ) , 237 (62%, M+ - 3 1 ) , and 131 (90%, 
C9H70). 

2-(2,4-Dimethoxybenzyl)-6-methxybenzo/uran (2f) : Colorless 
liquid; IR 1585 and 1615 cm-1; UV Amax (e) 253 (19400) and 
289 nm (8780); NMR (5=3.69 (3H, s, OCH3), 3.71 (3H, s, 
OCH3), 3.72 (3H, s, OCH3), 3.90 (2H, s, -CH 2 - ) , 6.03 (1H, 
broad s, =CH-), 6.2—7.3 (6H, m, aromatic) ; MS m/e 298.1161 
(43.8%, M+) (Calcd for C18H1804, MW 298.1205), 283 (16%, 
M+-15) , 267 (14%, M+-31) , and 161 (13%, C10H9O2). 

2-(3,4-Dimethoxybenzyl)-6-methoxybenzqfuran (2g): Mp 63— 
64 °C; IR 1595 and 1625 cm-1; UV Amax (e) 253 (20000) and 

290 nm (10100); NMR (5=3.68 (9H, s, 3xOCH 3 ) , 3.87 (2H, 
s, -CH 2 - ) , 6.09 (1H, broad, s, =CH-), 6.55—7.3 (6H, m, 
aromatic) (Found: C, 72.41 ; H, 6.22%. Calcd for C18H1804: 
C, 72.46; H, 6.08%). 

6-Methoxy-2-( 2,3,4-trimethoxybenzyl)benzofuran (2h): Col­
orless liquid; IR 1580, 1590, and 1620 cm-1; UV Amax (e) 253 
(17300) and 292 nm (6900); NMR (5=3.71 (3H, s, OCH3), 
3.75 (3H, s, OCH3), 3.78 (6H, s, 2xOCH 3 ) , 3.93 (2H, s, 
-CH 2 - ) , 6.11 (1H, broad s, =CH-), 6.45 (1H, d, 7 = 9 . 0 Hz, 
H c i 0 ) , 6.5-6.9 (3H, m, Hc6), H ( f ,„ and H ( 7 )), and 7.19 (1H, 
m, H ( 4 ) ) ; MS m/e 328.1316 (100%, M+) (Calcd for C19H20O5, 
MW 328.1311), 313 (55%, M+-15) , 297 (25%, M+-31) , 
and 161 (49%, C10H9O2). 

Reduction of 6-Methoxy- 2-( 4-methoxybenzoyl) benzofuran (4). 
To a stirred solution of lithium aluminium hydride (43.4 mg) 
in anhydrous ether (20 ml), 4 (140.8 mg) was added at room 
temperature and the reaction mixture was stirred for 50 min. 
Aluminium chloride (141.7 mg) was added and the reaction 
mixture was further stirred for 96 min. After working-up 
in a manner similar to the above experiments, 2d, mp 90—91 
°C (111 mg, 83%), was obtained. 

Oxidation of 6-Methoxy-2-(4-methoxybenzyl)benzofuran (2d). 
A mixture of 2d (134 mg), freshly prepared manganese(IV) 
oxide (1 g), and anhydrous ether (30 ml) was heated under 
reflux for 8 h. After manganese (IV) oxide was removed by 
nitration, the ether was distilled off and the resulting solid was 
recrystallized from ethanol to give 4 (93.4 mg, 66%), mp 149 
°C (lit,13) mp 149 °G). 

The authors wish to thank Professor Hitoshi Takeshita 
and Assistant Professor Akira Mori of Research Institute 
of Industrial Science, Kyushu University, for their kind 
arrangements for the mass spectra measurements. 
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Synopsis. Palladium complex catalyzed carbonyla­
tion of aromatic and heteroaromatic iodides in the presence of 
potassium cyanide gave aroyl cyanides in fair to excellent 
yields, offering the first example of cyanocarbonylation. 

Palladium complex catalyzed carbonylation of organic 
halides has been successfully performed, but limited to 
synthesis of car boxy lie acids and their derivatives such 
as esters, aldehydes, and amides.1) We have recently 
found that ketones are formed in excellent yield when 
the reaction was run with organotin compounds.2) In 
the catalytic cycle of this reaction, an electrophilic attack 
of an acyl-palladium intermediate on an organotin 
compound is postulated. As a continuation of halide 
carbonylation with carbon nucleophiles, we tried the 
reaction with potassium cyanide. This paper describes 
the results of this entirely new carbonylation, namely, 
cyanocarbonylation of halides. 

R-X + CO + KCN • R-CO-GN + KX 

The cyanocarbonylation was effected using a 
palladium complex, C 6 H 5 PdI[P(C 6 H 5 ) 3 ] 2 , as a catalyst 
precursor. This complex is believed to be an inter­
mediate in other carbonylation reactions of organic 
halides by palladium complex catalysts.3) Aromatic 
and heteroaromatic iodides were smoothly carbonylated 
in the presence of potassium cyanide to give aroyl 
cyanide in fair to excellent yields. Nitriles were generally 
formed as by-products, but the amount was negligible 
except the iodothiophene reaction. The catalysis of 
this reaction was quite sensitive to the ratio of potassium 
cyanide to the pal ladium complex. At a much higher 
ratio than that specified in Table 1 for each halide, the 
reaction did not work well. This may be connected 
with poisoning effect of cyanide ion4) which makes 
the palladium catalyst inactive. The extent of poisoning 
seemed to be very dependent on the structure of halides. 
Thus, the yield of aroyl or acyl cyanide from ethyl 
/>-iodobenzoate, />-dibromobenzene, />-bromoaceto-
phenone, /?-bromostyrene5 and benzyl chloride was some 
10% at best or even below under the analogous reaction 
conditions. This may be because of diminishing catalytic 
activity due to poisoning which eventually led to the 
cease of catalysis.5) Hopefully, the poisoning problem 
will be solved by a slow addition of potassium cyanide 

KCN + CO KCN 

R P d X ( P P h 3 ) 2 

Scheme 1. 

to the reaction system as Cassar and co-workers did for 
nickel-catalyzed cyanation of aromatic halides.6) 

The cyanocarbonylation can be accounted for by the 
mechanism outlined in scheme 1.3) Oxidative addition 
of an iodide to the palladium(0) complex affords an 
aryl-palladium intermediate which is then transformed 
into an aroyl-palladium species through C O insertion. 
Electrophilic attack of potassium cyanide on the aroyl 
moiety of the latter species would give aroyl cyanide, 
regenerating the pal ladium (0) species. Another 
possibility would be displacement of iodide from the 
aroyl-palladium-iodide complex by cyanide. The 
aroyl-palladium-cyanide complex thus formed would 
undergo reductive elimination to give aroyl cyanide and 
the palladium(0) catalyst. 

In summary, a novel aroyl cyanide synthesis occurs by 
carbonylation of aryl iodides with potassium cyanide. 
This paper offers another useful variat ion of halide 
carbonylation. 

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

Melting points were determined using a Yanagimoto hot-
stage apparatus and are uncorrected. PMR and IR spectra 
were recorded on a Hitachi R-40 and JASGO A-302 spectrom­
eters, respectively. Tetrahydrofuran was dried and purified 
by the standard techniques. Iodophenylbis(triphenylphos-
phine) palladium8) and 2-iodothiophene9) were prepared by 
the published methods. Other halides were purchased and 
purified before use. 

Carbonylation of Iodobenzene. General Procedures': A 21 
ml stainless steel autoclave was charged with iodophenylbis-
(triphenylphosphine)palladium (20.9 mg, 2.5 X 10-2 mmol), 

TABLE 1. CYANOCARBONYLATION OF ORGANIC HALIDES10 

RX 
mmol 

G6H5I(7.5) 
G6H5I(3.75) 
/>-CH3OC6H4I (7.5) 
/>-CH3C6H4I(5.63) 
2-G4H3SI(2.82) 

KGN 
mmol 

3.75 
3.98 
3.75 
1.88 
0.94 

Amount of 
solvent/ml 

1.5 
1.5 
1.5 
0.75 
0.5 

* CO 
atm 

20 
20 
20 
8 
8 

Time 
~~h 

20 
19 
15 
18 
24 

RCOCNb> 
(%) 

91 (83) 
48 
92 (88) 
69 (64) 
45 

RCNb> 
(%) 

1.4 
1.7 
1.1 
2.5 

22.0 

a) 100 °C, PhPdI(PPh3)2=2.5x 10~2 mmol, tetrahydrofuran solvent, b) Estimated by GLG analysis using 
internal standard. Yields for isolated samples are shown in parentheses, c) 2-Thienyl iodide. 
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dry potassium cyanide powder (245 mg, 3.75 mmol), iodo-
benzene (0.84 ml, 7.5 mmol), and 1.5 ml of tetrahydrofuran. 
Carbon monoxide was introduced at 20 atm. The mixture 
was stirred at 100 °G overnight, diluted with ether, and was 
filtered. The solvent was evaporated. The residue was 
subjected to chromatography through a short silica gel column, 
iodobenzene being first eluted by hexane followed by benzoyl 
cyanide eluted by benzene, 410 mg, 83.2%. A short-path 
distillation gave an analytical sample, mp 33.0—34.0 °G. 
PMR (GDGlg) ô 7.45—8.30 (aromatic). IR (melt) 2220 
(vCN) and 1677 cm-1 (vco). Found: G, 73.24; H, 3.91%. 
Galcd for C8H5NO: G, 73.27; H, 3.91%. 

Melting points, spectral, and analytical data for other aroyl 
cyanides were as follows. 

p-Methoxybenzoyl Cyanide: Mp 58.1—59.0 °G. PMR 
(GDGlg) Ô 3.99 (3H, s, GH3), 7.10 (2H, d, 7 = 9 Hz, meta 
protons), and 8.16 (2H, d, ortho protons). IR (nujol) 2220 
(vCN) and 1675 cm-1 (vco). Found: G, 67.06; H, 4.37%. 
Galcd for C9H7N02 : C, 67.08; H, 4.38%. 

p-Methylbenzoyl Cyanide: Mp 49.5—50.0 °G. PMR 
(GDGI3) ô 2.53 (3H, s, GH3), 7.45 (2H, d, 7 = 8 Hz, meta 
protons), and 8.11 (2H, d, ortho protons). IR (melt) 2225 
(vCN) and 1670 cm-1 (vco). Found: G, 74.31; H, 4.84%. 
Galcd for G9H7NO: G, 74.47; H, 4.86%. 

2-Thenoyl Cyanide: Mp 53.1—54.6 °G. PMR (GDG13) ô 
7.25—7.43 (1H, m, 4-position) and 7.93—8.22 (2H, m, 3- and 
5-positions). IR (melt) 2220 (vCN) and 1648 cm"1 (vco). 
Found: G, 52.55; H, 2.31%. Galcd for G6H3NOS: G, 52.54; 
H, 2.20%. 

References 

1) A. Schoenberg and R. F. Heck, J. Am. Chem. Soc, 96, 
7761 (1974); A. Schoenberg, I. Bartoletti, and R. F. Heck, 
7 Org. Chem., 39, 3318 (1974); A. Schoenberg and R. F. 
Heck, ibid., 39, 3327 (1974) ; J . K. Stille and P. K. Wong, ibid., 
40, 532 (1975); M. Hidai, T. Hikita, Y. Wada, Y. Fujikura, 
and Y. Uchida, Bull. Chem. Soc. Jpn., 48, 2075 (1975); L. 
Gassar, M. Foà, and A. Gardano, J. Organometal. Chem., 121, 
G55 (1976). 

2) M. Tanaka, Tetrahedron Lett., 1979, 2601. 
3) For the mechanism of halide carbonylation reactions 

in the presence of palladium complex catalysts, see P. E. 
Garrou and R. F. Heck, J. Am. Chem. Soc, 98, 4115 (1976). 

4) A similar effect of cyanide ion on the nickel or palladium 
complex catalyzed cyanation of aromatic halides has been 
reported. See the Refs. 6 and 7. 

5) From a /?-bromostyrene reaction where the catalytic 
activity had completely lost at the early stage, a palladium 
complex which exhibited a vCN band at 2140 cm - 1 could be 
recovered. Its structure has not been studied in detail. 

6) L. Gassar, S. Ferrara, and M. Foà, Adv. Chem. Ser., 132, 
252 (1974). 

7) K. Takagi, T. Okamoto, Y. Sakakibara, A. Ohno, S. 
Oka, and N. Hayama, Bull. Chem. Soc. Jpn., 49, 3177 (1976). 

8) P. Fitton and E. A. Rick, J. Organometal. Chem., 28, 
287 (1971). 

9) Org. Synth., Coll. Vol. II, 357 (1943). 

T h e author is grateful to Dr. Ikuei Oga ta for a 
fruitful discussion. 



February, 1981] © 1981 The Chemical Society of Japan N O T E S Bull Chem. Soc. Jpn., 54, 639—640 (1981) 639 

A Method for Independent Determination of Equilibrium Constant 
and Molar Absorptivity of Molecular Complexes 

from Spectrophotometry Data1 

Bejoy K u m a r S E A L , * Har ideb SIL, Manas BANERJEE, and Dulal Chandra M U K H E R J E E * * * * * * 
Department of Chemistry, Burdwan University, W. Bengal, India 

** Department of Chemistry, University of Calcutta, 92, Acharya Prafulla Chandra Road, Calcutta-700009, India 
(Received May 30, 1980) 

Synopsis. Two separate equations, one cubic in 
K and the other quadratic in e, have been developed for 
calculating K and e of molecular complexes independently 
of each other. The equations on testing with various spec-
trophotometric data yielded values of K and e which agree 
with those obtained by others using well known procedures. 

After the important observation of Benesi and 
Hildebrand1) and subsequently the interpretation of 
the phenomenon by Mulliken,2) several equations1 »3~6) 
have been derived and tested for the evaluation of 
equilibrium constants of molecular complexes. The 
applicability of these equations are, for some obvious 
reasons,7) specific. The reported values of K and 
s while showing fair constancy among the values 
obtained by different investigators for strong complexes 
deviate widely for weak complexes. Various expla­
nations have been suggested8-19) to account for the 
observed discrepancies. However, Person8) has men­
tioned about some criteria for the reliable determina­
tion of equilibrium constant in the case of weak molec­
ular complexes. But this requires a previous knowl­
edge of an approximate value of the equilibrium 
constant and, due to solubility restriction of the com­
ponents, it is difficult to fulfil the criteria in all cases. 
Briegleb20) and Person8) indicated that one difficulty 
in obtaining reliable values of K and e for weak 
molecular complexes may be due to the difficulty in 
the independent determination of K and e using 
spectral method, although it is easy to determine 
the product Ke. 

In the present communication we have developed 
single parameter equations for independent evaluation 
of K and e from spectral data, and these equations 
have been tested for different systems, including strong 
and weak C T complexes, using the experimental data 
of various workers from literature. 

Principle and Der ivat ion o f the Equat ions 

Equation for K Independent of e. Considering the 
following equilibrium 

A + D ^=± AD (1) 
the equilibrium concentration, Cc, in terms of the 
equilibrium constant K, is given by 

l + ^ ( C l + C £ ) - [ W C £ - C l ) } 2 + 2 / C ( C l + C£) + l]V2 

2K Cc = 

(2) 
where CA° and CD° denote the initial concentrations 
of the acceptor and donor respectively. Substituting 
Cc=d/el in Eq. 2, we obtain 

t An abstract of this work was presented at the 14th 
European Congress on Molecular Spectroscopy held in 
Frankfurt in September (3—7), 1979. 

*** Present address: Eye Research Institute of Retina 
Foundation, 20 Stamford St., Boston, MA 02114, U.S.A. 

\+Kx-(yK2 + 2xK+l)1/2 , 
d = ^-^ el 

2K 
(3) 

eA — eD, / is the where d=dohsd—dA°—dI)
0, e=ec 

optical path length, d's are the optical densities and 
e's the molar absorptivities and # = C A ° + C D

0 and 

Now, the ratio of the optical densities of the i t h 
and j th solution 

1 +xjK- (yjK* + 2xjK+ I)1/2 (4) 

which on rearrangement gives 
z + (diXj-djxJK = di(jjK*+2xJK+ 1)V» 

-dJ(jiF + 2xifC+l)1/* (5) 
where z=di—dj. Equation 5, on squaring and rear­
rangement, yields 
pK2 + qK+ r = r{{yjK

2 + 2XjK+ 1 ) 0 ^ + 2*,*+ 1)}V« (6) 
where 

p= (dtxj-djxt)* - dljj - d)xt 

q = 2{{dixj-djxi)Z - d\xj - d)xt} 
and 

r = -2didj = z2 -d] -d). 
Equation 6 on squaring, rearranging and using the 
following substitutions 

a =p2 - r2yiyp b = 2(pq-r2xiyj-r
2yixj), 

g = q2 + 2pr - r2yt - r2yj - 4:r2XiXj, 
and h = 2(qr-r2xt-r

2x3), 
yields 

aK* + bK* + gK2 + hK = 0 
or, 

aK* + bK2 + gK + h = 0 (7) 

Since K*0 
This cubic equation in K is independent of e. 
Equation 7 has been solved numerically by a general 
method of root determination for real polynomials. 
The Burroughs system program Library subroutine 
R L P O L Y has been employed for this part , which 
uses a three-stage variable-shift iteration method de­
veloped by Jenkins and Traub.2 1) Equat ion 7 is m.ore 
general than that developed and used by Nagakura7) 
in connection with his studies on amine-iodine systems. 

Equation for e Independent of K. Considering 
a pair, i th and j th of solutions, we get from the 
equation 

K/Cc = (C1-CC)(C0
D-CC) 

an equation 
_dj_ = SjeV + d}-djXjel 
di SisW + dï-diXisl W 

where S=CICD. Equat ion 8, after suitable rearrange­
ment and substitution yields 

me'P - nel'-f / ' = 0 (9) 
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where 
m = djSi — diSj, n = didj(xi — Xj), and f=didj(di — dj). 

Equation 9 is quadrat ic in el and yields 
e = [n± (n2-4m/)V2]/2 ml (10) 

which is independent of K. Only one value of e is 
accepted, neglecting the physically inadmissible one. 

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

Equations 7 and 10 have been solved by Burroughs 
6700 systems using our program for calculating the 
values of K and e, independent of one another, of 
a large number of wide variety of molecular com­
plexes, using the experimental data of different in­
vestigators from existing literature. These include the 
data on strong and weak complexes, wavelength de­
pendence of K and e and also the effects of solvents. 
Some representative results are shown in Table 1. 
The noted differences in many cases may be due to 
the different approach of the two types of methods. 
While our procedure evaluates K and e independent 
of each other, the reported ones require the separation 
of K and e, through the intercept and slope of linear 
plots, from the product Ke occurring in the derived 
equations. 

The accuracy of the proposed method like any 
pairwise evaluation procedure depends on the pre­
cision of the experimental data. With precise data 
our equations yield values of K and e whose standard 
deviations lie within 1 to 12%. 

Sincere thanks are due to Prof. S. K. Siddhanta, 
Head of the Depar tment of Chemistry, Burdwan 
University for constant encouragement received during 
progress of the work. 

TABLE 1. 

' À/mol H- «/l mol-1 cm-1 

meJhod R e P ° r t c d mSiod R ( * o r t e d 

a) TCPA: tetrachlorophthalic anhydride, TBPA: tetrabromophthalic anhydride, 
DDQ,: 2,3-dichloro-5,frdicyano->benzoquinone, TMPD: JV,iW,iV'-tetramethyl-,£-
phenylenediamine, DMA: dimethyl acetamide. b) For Pyrene-iodine system the 
iterative value of K obtained by processing the data in Ref. 32 is 43 mol I-1. The 
recalculated value of molar absorptivity is 1401 mol-1 cnr J . 
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TCPA*> -Phenanthrene22) 
TCPA-Biphenyl22) 
TCPA-Quinoline83) 
TCPA-2-Methylquinoline83) 
TBPA*)-Phenanthrene (CHC13)

M> 
TBPA-Phenanthrene (C,H,)2*) 
TBPA-Acenaphthene (CHCI3)"> 
TBPA-Acenaphthene (C,H6)

t4> 
DDQ,»)-Toluene») 
DDQ,-Biphenyl25) 
DDQ,-Phenanthrene25> 
DDQ,-Huorene25> 
Chloranil-Indole2«) 
1,3,5-Tricyanobenzene-TMPD27) a> 
l,3y5-Trinitrobenzene-DiphenyIamine28) 
ICl-Dioxane (335 nm)2») 
ICl-Dioxane (345 nm) 
ICl-Dioxane (355 nm) 
ICl-Dioxane (365 nm) 
Bra-Naphthalene31) 
Ia-DMA*> (CH2CIa)30) 
la-Naphthalene31) 
VPyrene".*«) *> 
Ia-oc-Picoline33> 
I2-Isoquinolihe33) 
I2-Pyridine33) 

7.5 
2.6 
30.75 
14.6 
0.8 
3.49 
2.97 
1.29 
0.94 
0.95 
14.15 
15.22 
2.83 
4.07 
0.5 

22.94 
21.97 
22.47 
22.77 
0.235 
1.32 
0.25 
40 
50.52 
40.1 
47.29 

7.3 
2.9 
26 
15 
0.9 
3.41 
2.8 
1.46 
0.92 
0.96 
14.54 
14.60 
2.86 
4.0 
0.4 

23.86 
23.12 
23.07 
23.03 
0.23 
1.4 
0»26 
43 
50 
39.4 
43.74 

712 
552 
130 
228 
612 
470 
878 
1084 
2214 
1212 
2041 
1612 
1557 
369 
1410 
814 
1123 
1338 
1357 
5608 
661 
7479 
143 

1032 
1607 
947 

714 
500 
132 
226 
513 
455 
909 
769 

2332 
1366 
2000 
1666 
1510 
354 
1390 
830 
1146 
1391 
1509 
5660 
624 
7250 
161 
1000 
1538 
952 
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Mass Spectral Dehydration and Decarboxylation in Cyclic 
a-Hydroxy Acids, Alcohols, and Carboxylic Acids 

Khalid H. AKKARI , Michael S. M A T T A , and Timothy B. PATRICK* 

Department of Chemistry, Southern Illinois University, Edwardsville, Illinois 62026, U.S.A. 
(Received June 30, 1980) 

Synopsis. The relative ease of mass spectral de­
carboxylation is greater than the ease of mass spectral dehy­
dration as determined from a comparison of the alcohols 
la—4a with acids lb—4b. However, the relative ease is 
reversed in a-hydroxy acids 2c—4c; and dehydration pre­
dominates over decarboxylation. 

The dehydration of alcohols and the decarboxyla­
tion of acids are both well known mass spectrometric 
processes.1) Alcohol dehydration in the mass spec­
trometer usually occurs by a 1,4 or 1,3 elimination 
pathway as opposed to the 1,2 elimination found 
in solution chemistry. Mass spectrometric decarboxy­
lation of aliphatic acids often occurs by simple a-
fragmentation similar to reactions observed in solution. 
a-Hydroxy acids, although little studied, prefer a frag­
mentation pathway that favors decarboxylation over 
dehydration.2) 

A problem of considerable importance is the analy­
sis of hydroxy and carboxy metabolites occurring in 
natural processes.3'4) In connection with this problem 
we have conducted a study designed to determine 
the preferred mass spectrometric fragmentation path­
way, decarboxylation or dehydration, in a series of 
acyclic and cyclic alcohols, acids, and a-hydroxy acids. 
The substances studied, shown below, also permit an 
evaluation of ring size effects on the fragmentation 
process. 

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

The results are summarized in Tables 1 and 2. 
Dehydration in alcohols l a — 4 a occurs with less 

facility than does decarboxylation in acids l b — 4 b . 
Only 2-hydroxytetralin (3a) can dehydrate by a fa­
vorable 1,3 elimination pathway whereas a 1,2 elimi­
nation is required in l a and 2a. Decarboxylation 
appears as a very favorable process in the cyclic acids 

l a 
l b 

3a 
3b 
3c 

R i 

OH 
GOOH 

IOI 

R i 

OH 
GOOH 

OH 

- R i 

2̂ 

R2 

H 
H 

V R i 
lxR2 

R2 

H 
H 

GOOH 

2a 
2b 
2c 

4a 
4b 
4c 

@x 
R l R 2 

OH H 
GOOH H 

OH GOOH 

A A / R i 
IOI 1 
\y R2 R l R 2 

OH H 
GOOH H 

OH GOOH 

TABLE 1. RELATIVE ION INTENSITIES FOR THE LOSS 

OF H 2 0 AND GOOH IN la—4ca> 

Gompd 

l a 
2a 
3a 
4a 
l b 
2b 
3b 
4b 
2c 
3c 
4c 

[M- -ÏJ 20]+- *» 

0 
23 

100 
4 

— 
— 
— 
— 
68 
46 
11 

[M- - G 0 2 H ] 

— 
— 
— 
— 
67 

100 
100 
18 
26 
26 
0 

+ Base peakc> 

[T]+ 
[CH3T]+ 
[ M - H 2 0 ] + -
[T]+ 
[M]+-
[ M - G O O H ] + 

[M-GOOHJ+ 

[T]+ 
[ M - G 0 2 H , H20]+ 
[ M - G 0 2 H , H20]+ 
[T]+ 

a) Intensities are related to the base peak (100%) in 
each spectrum, b) [T]+ means tropylium ion. c) M 
means molecular ion. 

l b , 2b , and 3b , and is responsible for formation of 
the base peak in 2 b and 3b . Decarboxylation can 
occur by either a thermal reaction or a-fission process. 
T h e high abundance of the M — G O O H peak is mod­
erately independent of ring size. Both acyclic anal­
ogies 4a and 4 b prefer fragmentation to form the 
tropylium ion, but the trend of decarboxylation favored 
over dehydration is still evident in these compounds. 

Interestingly fragmentation of a-hydroxy acids 2c— 
4c shows that dehydration is preferred over decar­
boxylation in contrast to the monosubstituted ana­
logues previously discussed. This phenomenon can 
be explained by using either a 1,2 thermal elimination 
process which produces a conjugated acid or a 1,3 
elimination which produces a saturated carboxy cation 
radical as shown below.5) 

1,2 

OH+-

GOOH 1,3 

\—GOOH+-

Vcoo+ 

Fig. 1. 

T h e base peak in the cyclic hydroxy acids 2c and 
3c arises through loss of both G O O H and H 2 0 . T h e 
acyclic hydroxy acid shows preference for a-fission 
to form the tropylium ion, similar to the acyclic com­
pounds 4a and 4b . 

In conclusion, decarboxylation is preferred over de­
hydration in the monosubstituted compounds, but the 
trend reverses in a-hydroxy acids with dehydration 
preferred over decarboxylation. Furthermore, dehy­
dration and decarboxylation occur in the hydroxy 
acids, perhaps synergystically, to produce the base 
peak. 
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TABLE 2. MASS SPECTRA (80 eV) OF COMPOUNDS la—4ca> 

l a 120 (62, [M]+-), 119 (88, [ M - H ] + ) , 106 (4, [ M -
CHJ+-), 91 (100, [tropylium]+), 77 (4, [ M -
C2H30]+), 65 (25), 51 (8), 39 (16). 

2a 134 (35, [M+-), 116 (23, [M-H20]+-)> 117 (28, 
[ M - H 3 0 ] + ) , 105 (100, [CH3-tropylium]+), 91 
(28, [tropylium]+), 79 (39), 77 (40), 65 (19), 63 
(25), 51 (40). 

3a 148 (8, [M]+-), 130 (100, [M-H20]+-)> H5 (32), 
104 (75, [ M - C H 3 C H O ] + ) , 91 (20, [tropylium]+), 
79 (25), 51 (15). 

4a 122 (22, [M]+-), 104 (4, [ M - H 2 0 ] + ) , 92 (62, 
[ M - C H 2 0 ] + ) , 91 (100, [tropylium]+), 77 (7, 
[M-C 2 H 5 0]+ ) , 65 (29), 51 (4), 39 (16). 

l b 148 (100, [M]+-), 147 (50, [ M - H ] + ) , 131 (49, 
[ M - O H ] + ) , 120 (60, [ M - C O ] + 0 , 103 (67, [ M -
GOOH]+), 91 (51, [tropylium]+), 77 (51), 51 (32). 

2b 162 (76, [M]+-)> 118(81, [ M - C O J + - ) , 119(100, 
[M-COOHJ+) , 116 (61, [ M - C O O H J + ) . 

3b 176 (1, [M]+-), 159 (30, [M-OH]+) , 148 (18, 
[ M - G O ] + 0 , 131 (100, [ M - G 0 2 H ] + ) , 104 (10, 
[M-CH 2 =CHCOOH]+) , 91 (25, [tropylium]+), 
77 (8). 

4b 150 (56, [M]+-), 132 (15, [ M - H 2 0 ] + ) , 106 (11, 
[ M - G O J + 0 , 105 (18, [ M - d O O H ] + ) , 91 (100, 
[tropylium]+), 77 (15), 65 (10), 51 (14). 

2c 178 (7, [M]+0, 160 (68, [ M - H 2 0 ] + ) , 134 (22, 
[ M - C O J + 0 , 135 (26, [M-COJrI]+) , 116 (98, 
[ M - G 0 2 , H 2 0 ] + ) , 115 (100, [ M - C 0 2 H , H 2 0 ] + ) , 
105 (58, [M-HOCC0 2 ]+ ) , 104 (60, [ M -
HOCCOOH]+), 91 (13, [tropylium]+), 77 (50), 
65 (30). 

3c 192 (3, [M]+-)> 174 (46, [M-H20]+-)> 148 (12, 
[ M - C O J + 0 , 147 (26, [M-G0 2 H]+) , 129 (100, 
[ M - H 2 0 , G0 2 H]+) , 105 (10, [ M - H O C G O J + ) , 
104 (54, [M-HOCC02H]+-)> 77 (12). 

4c 166 (12, [M]+0, 148 (11, [M-H 2 0]+- ) , 91 (100, 
[tropylium]+), 77 (12), 65 (19), 51 (11). 

a) mje (relative abundance [probable genesis]), 
tions. 

The genesis is based on standard mass spectrometric fragmenta-

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

The compounds used in this study have been previously 
described.6»7> Mass spectra were recorded on a low-resolu­
tion Varian MAT-111 magnetic sector instrument at 80 
eV. All samples were introduced into the ionization chamber 
by the use of a direct probe at ambient temperature. The 
mass spectra are reported in Table 2. 

This research was supported by the African-American 
Institute, through the Republic of Sierra Leone, in 
the form of a fellowship to K.H.A. , and by the National 
Institutes of Heal th Gran t G M 18652 (M.S.M). 
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The Concentration Dependence of the Apparent Molal Adiabatic 
Compressibility of Electrolytes in Water 
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The apparent molal adiabatic compressibilities of NaCl, KCl, NaBr, and KBr in water have been measured 
in the concentration range from 0.01 to 1 mol kg - 1 at 5, 25, and 45 °C. The results have been fitted to a Redlich-
type equation: 0KS = 0K8+'S'KSC1/2+-#KSC- The limiting slope, S^&, was found experimentally as 5.6X 10 -4 at 
an ordinary temperature. Convenient equations for the conversion of adiabatic to isothermal compressibilities 
have been derived; the limiting slope for isothermal compressibility, ISKT, should be larger than SKs at all the tem­
peratures studied. The value of SKs determined experimentally has been compared with that predicted from 
the 5KT values calculated by Mathieson and Conway, by Millero, and by Bradley and Pitzer. 

In earlier papers,1* we have shown that the ef­
fects of polar groups on the hydrophobic hydration 
play an important role in the volumetric behavior 
of aqueous organic electrolyte solutions. Compres­
sibility study is of great use in obtaining further in­
formation concerning the structural effects. For dilute 
nonelectrolyte solutions, the limiting partial molal 
adiabatic compressibility, iC?( = 0£a), can readily be 
determined from a linear plot of the apparent 
molal adiabatic compressibility, 0K s , against the molal 
concentration;2* on the contrary, the reliable esti­
mation of K°a of electrolytes may be difficult for reasons 
to be described below. 

In dilute solutions, the apparent molal quantities 
of electrolytes are usually fitted to a Redlich-type 
equation in terms of molarity, c: 

0x = $1 + SxcW + Bxc, (1) 

where <j>l is the limiting apparent (partial) molal 
quantity, Sx is the theoretical slope given by the limit­
ing Debye-Hückel law, and Bx is a deviation constant. 
The values of (pi and Bx can be determined from 
a linear plot of (0 X —^x^ 2 ) against c. For the ap­
parent molal adiabatic compressibility, unfortunately 
such a linear plot cannot be obtained because the 
limiting slope, SKs, has not yet been calculated. 
Mathieson and Conway3) measured the 0K s values of 
various electrolytes in a very low concentration range 
and represented its concentration dependence by this 
simple limiting-law equation: 

0KS = 0S. + SKsmV\ (2) 

This extrapolation procedure, however, may be dis­
advantageous, since Eq. 2 holds only in highly dilute 
solutions (where the BKsc term in Eq. 1 should be 
negligible) and the error in çJKs is progressively in­
creased with a decrease in the concentration. 

In our opinion, a more reliable evaluation of $%a 

would be based on Eq. 1 ; therefore, it is necessary 
to estimate the limiting slope, SKs. I n a preliminary 
study,4) we derived a simple relation for the conver­
sion of the limiting slope for isothermal compressi­
bility, SKT, to SKs and showed that SKT is larger by 
about 10% than 5"Kg at 25 °C. I n the present paper, 
we wish to report on our measurements of the adiabatic 
compressibility of NaCl, KCl , NaBr, and KBr solu­
tions at 5, 25, and 45 °C and compare the experi­
mental with the theoretical SKs values in order to 
obtain a reasonable value of the limiting slope. 

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

All the salts used were of a "Merck Ultra Pure" grade 
and were dried at 50 °C in vacuo. All the solutions were 
prepared in molalities with doubly distilled water. 

The ultrasonic velocities, v cm s-1, in solutions were meas­
ured at 5, 25, and 45 °C using a "sing-around" velocimeter 
which is capable of a precision of 1 cm s -1. The details 
of the apparatus and procedure have been reported else­
where.2) The densities, i g ml-1, of the solutions were 
determined at 5 and 45 °C with a float densimeter described 
previously.5'6) 

The adiabatic compressibility, ßs bar -1 , and the apparent 
molal adiabatic compressibility, <fiKs ml mol - 1 bar -1 , are given 
by: 

ßs = 106/flV, (3) 

0 K S = mßs-ßso)lc + ßso<f>v, (4) 

where çiT ml mol - 1 is the apparent molal volume related 
to the solution density and the solute molecular weight, 
M2, by 

ç>v= \0*(d0-d)Jd0c + Mjd0. (5) 

Here, the subscript zero refers to pure water. The density 
and sound-velocity data for water were taken from Kell7) 
and from Del Grosso and Mader8> respectively. 

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

The sound velocities in aqueous NaCl, KCl , NaBr, 
and KBr solutions were measured relative to pure 
water at 5, 25, and 45 °C from 0.01 to 1 mol kg-1 . 
The results are given in Table l,9) along with the 
calculated fiKs values. 

In dilute solutions, the concentration dependence 
of 0V is represented by the Redlich-type equation 
1 .10) 

<f>v = 0° + SycV* + Bvc. (6) 

T h e values of (j>% and Bv obtained at 5 and 45 °C 
are summarized in Table 2, along with the values 
derived by Desnoyers et a/.11) at 25 °C. The <f>% 
values obtained here were in good agreement with 
the literature values, and the accuracy of the data 
was confirmed by the additivity principle.10) The 
additivity was within ± 0 . 0 5 ml m o l - 1 units. O n the 
other hand, the agreement between the Bv values 
obtained here and the literature values was less sat­
isfactory, especially a t 45 °C. 
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TABLE 2. LIMITING APPARENT MOLAL VOLUMES AND 

DEVIATION CONSTANTS OF ALKALI HALIDES 

IN WATER AT 5, 2 5 , AND 4 5 °G 

NaCl 
KCl 
NaBr 
KBr 

a) Ref. 

ç5?/ml mol-1 

5°C 25°Ca> 45 °C 

14.09 16.62 17.64 
24.67 26.87 27.59 
20.58 23.48 24.83 
31.07 33.73 34.72 

11. 

Byfl ml mol-2 

5 °C 25 °Ca> 45 °C 

0.76 - 0 . 0 3 - 0 . 7 4 
0.82 0.10 - 0 . 6 1 
0.64 - 0 . 2 6 - 1 . 6 4 
0.74 - 0 . 1 6 - 1 . 3 4 

Error in $Ks. T h e accuracy of $Ks depends 
on the precision of the determination of the density, 
the sound velocity, and the concentration. In this 
study, the apparent molal volume, and hence the 
density, of each solution used for the sound-velocity 
measurement were evaluated from Eqs. 5 and 6, 
where a succesive approximation method was applied 
to the conversion of the molality to molarity. In 
view of the accuracies of the 0? and BY data men­
tioned above, it seems that the uncertainty in d or 
<J>TJ may be small, but it increases as the concentration 
is increased. 

Now, neglecting the density errors and differentiat­
ing Eqs. 3 and 4, the uncertainty in <frKs caused by 
uncertainties in the sound velocity and concentration, 
ôv and ôc, is given by: 

2 X Ï 0 3 £ s / ôv \ , I03(ßa0-ßs) / ôc i~) + (7) 

T h e absolute error in determining the sound velocity 
is ôv=±\ c m s - 1 ; hence, the relative error is (ßvjv) = 
± 6 . 6 X l 0 - 6 . T h e uncertainty due to the sound-
velocity error rapidly decreases with an increase in 
the concentration, whereas the uncertainty due to the 
concentration error is approximately constant. T h e 
scatter of <j>Ka values at higher concentrations observed 
in Fig. 1 is, therefore, mainly due to the concentra­
tion error. We estimated the uncertainty in the con­
centration determination to be within 0 . 1 % , i.e., 
{ècjc) = 10 - 3 . Thus, the total error in 0K s is: 

j K s = _ { i . 33xlO-2As+ (&o-&)}-
c (8) 

Experimental Estimation of SKa. A typical ex­
ample of the plot of <pKs against c1/2 is shown in Fig. 
1, from which it is apparent that the simple limiting-
law equation 2 does not hold in the concentration 
range studied. Alternatively, our 0Ka data should be 
represented by Eq. 1. Thus, 

^KS = 0KS + SKBcV* 4- BKsc. (9) 

Taking into account the large error in 0K s at lower 
concentrations, the estimation of three parameters was 
based on the relationship between ßs and c instead 
of on the 0K s vs. c1/2 plot. T h e combination of Eqs. 
4, 6, and 9 leads to an expression with this form: 

W(ßs-ßs0) = (fa-ßB0W)c 
+ (SKs-ßs0SY)c^+ (BKs-ßSQBY)c*. (10) 

The parameters, <f>la, SKa, and BKa, were calculated 
by the least-squares method and are given in Table 
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Fig. 1. 0K s as a function of c1/2 for KCl in water at 
5, 25, and 45 °C. 

TABLE 3. PARAMETERS OF Eq. 9 DETERMINED BY 

USING E q . 10 FOR SALT CONCENTRATIONS LESS 

THAN 0.5 mol dm - 3 

NaCl 
KCl 
NaBr 
KBr 
av. 

NaCl 
KCl 
NaBr 
KBr 
av. 

NaCl 
KCl 
NaBr 
KBr 
av. 

-lovs. 

67.67 (67.91)a) 
60.25(60.45) 
59.00(59.24) 
51.30(51.36) 

50.63(50.59) 
43.74(43.82) 
42.91(42.81) 
35.87(35.79) 

42.71(42.74) 
37.10(37.14) 
35.53(35.46) 
29.63(29.52) 

lO^Ks 

5°C 
5.12(6.10)a> 
6.72(7.66) 
4.15(5.05) 
5.75(6.01) 
5.43(6.20) 

25 °C 
5.75(5.53) 
6.16(6.50) 
4.96(4.54) 
5.85(5.53) 
5.68(5.52) 

45 °C 
5.16(5.29) 
6.30(6.50) 
5.08(4.78) 
6.11(5.61) 
5.66(5.54) 

10*5KB 

6.28(5.33)a> 
6.34(5.34) 
4.78(3.99) 
4.73(4.49) 

2.50(2.77) 
3.00(2.64) 
1.65(2.06) 
1.52(1.85) 

1.67(1.54) 
1.31(1.11) 
0.01(0.29) 

-0 .20(0.28) 

a) The values in parentheses are those calculated by 
using Eq. 10 over the entire concentration range. 

3. Since SKs corresponds to the limiting Debye-
Hückel slope for adiabatic compressibility, it depends 
only on the temperature and solvent properties for 
electrolytes of a fixed valency. As is shown in Table 
3, however, we could not obtain a constant SKs value 
for four alkali halides ; furthermore, we found no simple 
relationship between SKs and the temperature. These 
empirical SKs values for various salts and temperatures 
ranged between 4.2 X l O - 4 and 6.7 X lO - 4 , with the 
mean value being (5.6±0.7) X 10~4 ml mol-3 /2 IVa bar"1 . 
This mean value is in fair agreement with that 
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Fig. 2. ^KS-SKSC1 /2 as a function of c for NaCl, KCl, NaBr, and KBr in water at 5, 25, and 45 °C, 
where ^Ks was taken as 5.6 X 10~4 ml mol -3/2 l1/2 bar-1. 

estimated by Mathieson and Conway3> using Eq. 
2 at very low concentrations for most 1:1 electrolytes 
at 25 °G. 

Gucker and his co-workers12> studied the concen­
tration dependence of 0K s for some alkali halides at 
25 °C. They also calculated the empirical SKs value 
by using Eq. 10; their mean SKs value is (10.5± 
1.6) X10 - 4 , which is considerably higher than that 
estimated in this study. This disagreement seems to 
be ascribable to the fact that their work was performed 
at higher concentrations (up to 2—6 mol kg - 1 ) than 
those used here. Millero and his coworkers13) have 
recently reported on their sound-velocity measure­
ments of 28 electrolyte solutions at 25 °G and fitted 
the fiKs data to Eq. 9. The SKs values thus deter­
mined ranged between 1 . 7 4 x l 0 - 4 and 7.79 x l O - 4 . 
They have regarded SKs as an adjustable parameter 
for the purpose of the estimation of the çS£g values. 
However, we believe that the SKs should be the limiting 
slope, which is independent of the electrolyte species 
except for the valency. 

Figure 2 shows the plot of (<fiKs— SKs c1/2) vs. c, where 
SKs was taken as 5.6 X 10 - 4 , irrespective of the tem­
perature. As may be anticipated from Table 3, good 
linearities were obtained over the concentration range 

TABLE 4. LIMITING APPARENT MOLAL ADIABATIC 

COMPRESSIBILITIES AND DEVIATION CONSTANTS OF 

ALKALI HALIDES DETERMINED USING 

SKs = 5.6X 10-4 ml mol-»/» 11/2 bar-1 

NaCl 
KCl 
NaBr 
KBr 

- 1 0 V S . 
ml mol - 1 bar-1 

5 °C 25 °C 45 °C 

67.8 50.6 42.8 
59.9 43.6 36.9 
59.3 43.0 35.6 
51.3 35.8 29.6 

10*BKs 

ml mol - 2 1 bar - 1 

5°C 

5.9 
7.2 
3.4 
4.9 

25°C 45°C 

2.7 1.3 
3.5 1.9 
1.0 - 0 . 6 
1.8 0.3 

Literature values of - I O ^ K S at 25 °C: NaCl 50.5,3) 
52.88,12) 50.5,13> 52.79,21> 50.822>; KCl 43.5,3> 46.34,12> 
44.1,13> 45.58,21> 42.622>; NaBr 42.8,3> 46.47,12) 
41.813>; KBr 36.0,3> 35.0.13> 

studied, except for KCl and NaBr solutions at higher 
concentrations. The values of 0K„ and BKs, estimated 
graphically from Fig. 2, are given in Table 4. The 
CiL values at 25 °G agree very well with those ob­
tained from Eq. 2 by Mathieson and Conway.3> This 
means that the absolute values of BKs are small for 
alkali halides at 25 °C (see Table 4) and that the 
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T A B L E 5. L I M I T I N G A P P A R E N T M O L A L A D I A B A T I C C O M P R E S S I B I L I T I E S O F E L E C T R O L Y T E S O B T A I N E D F R O M T H E 

ORIGINAL SOUND VELOCITY AND DENSITY DATA OF MlLLERO et Cil1*) USING SKs = 5 . 6 X 10~ 4 a t 2 5 °G 

Na 

A 
K 

NH4 

F 
74.8 

(75.4) a> 
10.9 
63.9 

(64.5) 

Gl 
50.5 

(50.5) 
7.1 

43.4 
(44.1) 
20.6 

(21.2) 

- lO 4 0£ 8 /mlmol-

Â 

7.7 

7.8 

7.6 

1 bar-1 

Br 
42.8 

(41.8) 
7.2 

35.6 
(35.0) 
13.0 

(13.7) 

I 
32.5 

(31.9) 
7.2 

25.3 
(23.9) 

N 0 3 

40.4 
(39.9) 

7.4 
33.0 

(33.0) 

a) The values in parentheses are the results of Millero et al.lz) 

accuracy of their <j>K& determination is very excellent 
in spite of the measurements having been done at 
very low concentrations. The self-consistency of our 
data can be confirmed by the additivity principle; 
the differences in <j>%& between chlorides and bromides, 
or between sodium and potassium salts, show that 
the 0K8 values are additive to a precision of 0.2 ml 
m o l - 1 b a r - 1 at all the temperatures studied. 

I t is evident from Fig. 1 and Table 4 that the 
deviation constant, BKs, is increased with a decrease 
in the temperature and varies with the electrolytes. 
Particularly large deviations are anticipated for organic 
salts or polyvalent electrolytes considering that the 
0V data show large deviations from the limiting law 
for these salts.10) These facts suggest that the ex­
trapolation procedure based on Eq. 2 is, even in a 
very low concentration range, not convincingly ap­
plicable to solutions of any electolyte or at any tem­
perature. Furthermore, as has been described in the 
previous section, the error in the measurement of 
0KS becomes significantly larger as the concentration 
is decreased. Therefore, despite the limitations in the 
experimental determination of SKs, the linear ex­
trapolation method based on Eq. 9, as shown in Fig. 
2, appears to be more reliable than that based on 
Eq. 2 for the evaluation of ^£8. Based on our linear 
extrapolation method, we recalculated the ^K8 values 
of several 1:1 electrolytes from the sound velocity 
and density data recently reported by Millero and 
his co-workers.13) The results are summarized in 
Table 5, which gives the differences in the ^ L of 
the cations (K + -Na+) and anions (Br _ -C l _ ) . Com­
pared with the results of Millero and his co-workers,13) 
given in parentheses, the recalculated <j>%* values 
agree more closely with our results and the results 
reported by Mathieson and Conway.3) Furthermore, 
it may be pointed out that the accuracy of the re­
calculated values was checked from the additivity 
of the 0K8, except in the case of fluorides: ^ L (K+) — 
0o8(Na+) = ( 7 . 2 ± O . l ) x l O - 4 and 0 S . ( B r - ) - 0 5 . ( C l - ) = 
(7.7+0.1) X 10 - 4 . These results are in fair agreement 
with our results (Table 4). 

Relation between SKa and SKT. The difference 
between 0K s and the apparent molal isothermal com­
pressibility, 0KT, is also given by Eq. 1 as a function 
of the concentration. Thus, 

0KT-0KS = (0KT-0Ks) + ( S K T - S K S ) * 1 / 2 + (BKT-BKB)C 

(11) 

The difference, 0KT—<f>Ks, is related to the volume, 
the expansivity, and the heat capacity by: 

0KT - 0KS = W(ô-ô0)/c + ô0<f>Y, (12) 
Ô = ßT-ßs = «a7710ff, (13) 

where a is the thermal expansivity and a is the vol­
umetric specific heat.14) Here, a and a can be con­
verted to the apparent molal expansibility, <f>E, a n d 
heat capacity, ^ c , using these relations: 

<f>E = 103( a -a 0 ) /^+ ao0v , (14) 

0C = 103(<7-<70)/<;-f a0$Y. (15) 

The combination of these equations with Eqs. 12 and 
13 leads to : 

0KT-0KS 
lOsô0a0{lQ-*(<f>E-<x0<f>Y)c+ocoy 

o / , 1 0 3 \ (16) 

Since, as in the case of ̂ Y , the concentration depend­
ence of <f>E or 0C is also given by Eq. 1, Eq. 16 can 
be expressed in terms of <f>l, Sx, and Bx ( X = V , 
E, and C). Now, expanding this equation with re­
spect to c1/2, and neglecting the terms higher than 
c3/2, we may rewrite it in the same form as in Eq. 11. 
Thus, we obtain the following simple relations:4) 

<f>Z? - 0£. = <5o(202/«o-0S/"o), (17) 

SKT ~ SKs = ô0(2SE/oc0-Scl<r0), (18) 

BKT-BKS = S0{2BE/cc0-Bc/a0+lO-^^0
Eloc0-^

0
c/(T0^}. 

(19) 

Equat ion 17 is the same as that derived by Desnoyers 
and Philip.15) We note that, for the conversion of 
0KS t o 0KT5 Harned and Owen14) have derived al­
ternative formulas, which can be reduced to much 
simpler expressions, 17 and 18. 

Since the expansivity7) and heat capactity16) of pure 
water are known, and since the limiting slopes, £E,17) 
Sc,

18> and .S^T, 3 ' 1 9 ' 2 0 ) have been calculated, we can 
estimate the value of SKs from Eq. 18. The results 
a t 5, 25, and 45 °C are given in Table 6. Unfor­
tunately, the SKT values reported in the references 
are inconsistent with one another; nevertheless, the 
calculated SKs (even SKT) values are, in any event, 
smaller than the experimental SKs value obtained in 
the previous section. Mathieson and Conway3) have 
stated that SKs appears experimentally to be about 
twice the isothermal »S^jvalue at 25 °C. The dif­
ference ( ^ K T ~ ^ K S ) i n Table 6, however, clearly shows 
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T A B L E 6. THEORETICAL ESTIMATION OF SKS FROM SKT FOR 1: 1 ELECTROLYTES IN WATER AT 5, 25, AND 45 °Ca) 

5°C 25 °C 45 °C 

102SE
b> 

Scc) 

107<50 

104(SKT 

I O ^ K T 

JK S ; 

1.674 

22.52 
0.1598 
4.2017 
0.0169 
0.035 

0.776f) 
0.741 

1 
1, 
.9s) 
.9 

2 
1. 
.550f) 
.951 

1.717 
28.99 
2.5705 
4.1669 
4.728 
0.599 

3.8s) 

3.2 
3.25*> 
2.65 

3, 
2. 

1.892 
35.74 
4.2260 
4.1383 
13.73 

1.142 

.913f) 5.3s) 

.771 4.2 

a) Units: SE, ml mol"3/* IV« deg~*; Sc, J mol"3/2 p/2 deg"1 ; SKT and SKs, ml mol"3/2 IV» bar-1 ; a0, deg"1; 
*o> Jdeg - i cm- 3 ; <50, bar"1, b) Ref. 17; c) Ref. 18; d) Ref. 7; e) Ref. 16; f) Ref. 3; g) Ref. 19; h) Ref. 20. 

that the isothermal SKT value should be larger than 
the adiabatic SKs value at all the temperatures studied. 
I t seems to us that the SKT values in Table 6 are too 
small; this may originate from difficulties in the es­
timation of the second derivatives of the dielectric 
constant and the density of water with respect to 
the pressure at one atmosphere used for the calculation 
of SKT. I t appears that a reliable SKT or SKs value 
cannot yet be definitely determined theoretically, al­
though SKT values over a wide range of temperatures 
and pressures have very recently been tabulated by 
Bradley and Pitzer.20) Attempts to linearize the plot 
o f ^ K S - ^ K S ^1/2 against c by using 6 ^ = 2 . 6 5 X 10~4 

at 25 °G were unsuccessful, even in a very low con­
centration range. 

In conclusion, it seems to us at present that the 
concentration dependence of <f>Ka of the 1:1 electrolytes 
in dilute aqueous solutions is reasonably represented 
by Eq. 9, with S K s = 5 . 6 x 10"4 ml mol"3 /2 11/2 bar" 1 at 
an ordinary temperature, although there still remains 
some uncertainty as to the absolute accuracy of the 
SKs value. 
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A Solid-state Electrochemical Study on the Phenothiazine-Iodine 
and Related Complexes 

Toshiyuki MATSUMOTO and Yoshio MATSUNAGA* 
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The electromotive force (emf) of a solid-state galvanic cell, Ag| Agi | PT-I„, where PT-ITO is the phenothiazine-
iodine complex, was examined as functions of the composition, n, and also of the temperature. Below w=2.5, 
a value of 616 mV was obtained at 25 °C. The emf increases stepwise to 620 mV at w=2.5 in conformity with 
the formation of a complex cation radical pentaiodide, as established by our earlier work. A continuous in­
crease up to 649 mV was found before n = 3 , indicating the appearance of a nonstoichiometric phase covering the 
range from n=2.8 to 3. The upper limit of the existence region exactly corresponds with the minimum in the 
resistivity-composition isotherm. Similar studies with benzofa]- and benzo[c]phenothiazines revealed the forma­
tion of three or four distinct nonstoichiometric complexes in each system. The Gibbs energy, enthalpy, and en­
tropy of cell reactions and complex formation reactions are presented. The stability of the iodine complexes 
was found in the following order: benzo[a]phenothiazine>benzo[c]phenothiazine>phenothiazine. 

The phenothiazine-iodine complex ( P T - I J has been 
known as a semiconducting material with a relatively 
low electrical resistivity.1) The vibrational spectrum 
of the complex at n=3, where the minimum resistivity 
is obtainable, has been shown to be distinctly dif­
ferent from that of the parent organic compound but 
nearly identical with that of the cation radical bromide 
prepared by the method of Kehrmann and Diserens.2) 
O u r subsequent studies have distinguished two vibra­
tional patterns for the bromide samples,3) and es­
tablished the existence of both the simple and complex 
bromides.4) T h e spectrum of the iodine complex is 
in accordance with that of the complex bromide where 
the two thiazine molecules share a unit positive charge 
and are equivalent in the time scale of infrared spec­
troscopy. This conclusion is in conflict with the fact 
that six atoms of iodine per (phenothiazine)2+ ion 
do not fit to the composition of any polyiodide. We 
have also examined the electrical properties as a func­
tion of the composition.5) Such a study has showed 
that the resistivity-composition isotherm measured with 
polycrystalline compactions consists of three portions 
of smooth curves. A sharp edge is located at n— 
2.5, the value at room temperature being about 800 
£L cm. At the same composition, a decrease in the 
activation energy for semiconduction by a factor of 
a half and a change in the sign of the Seebeck coef­
ficient from negative to positive have been noted. 
These results clearly indicate the formation of a com­
plex cation radical salt, (phenothiazine) 2 +I 5

- , and 
resolve, at least in part , the above-mentioned conflict. 
By further addition of iodine, the resistivity reaches 
a minimum of about 20 O cm at n = 3 and then in­
creases rapidly. T h e drastic decrease between n—2.5 
and 3 was attr ibuted to the charge carriers generated 
by the incorporation of extra iodine into the complex 
cation radical pentaiodide. However, the exact form 
of the incorporated iodine remains to be clarified. 

Undoubtedly the careful examination of the elec­
trical properties as functions of the composition could 
have served as a powerful tool available for elucidat­
ing the constitution of semiconducting phenothiazine-
iodine complex. Nevertheless, we are not certain 
that the observed edge is indicative of the formation 
of a stoichiometric complex or of the ideal composi­

tion of a nonstoichiometric one. As to the resistivity 
minimum, it may represent the composition of a 
stoichiometric complex or the limit of the deviation 
from n = 2 . 5 or some other stoichiometry. Moreover, 
the formation of other complexes which do not show 
significant anomalies in the isotherm cannot be ruled 
out. Consequently, it seemed desirable to examine 
the other physical quantity which depends on the 
composition quite differently from the electronic prop­
erties studied before. Of particular interest for this 
purpose are experiments on solid-state galvanic cells, 
as two-phase mixtures should be identified by constant 
electromotive force (emf), a stoichiometric complex 
by a discontinuous increase and a nonstoichiometric 
single-phase region by a continuous increase in emf 
with n. 

Gutmann et al. were the first to explore solid-state 
galvanic cells using the electronically-conducting iodine 
complexes as cathodes.6) The development of similar 
cells consisting of Agl-based solid electrolyte and the 
perylene-iodine complex has been described by Louzos 
et al?) Furthermore, Pampallona et al. have shown 
that iodine electrodes based on phenothiazine and 
its JV-methyl derivative offer excellent prospects as 
practical cathodes.8) Aside from such applied research 
results, attempts to determine the thermodynamic 
formation values for some solid iodine complexes have 
been made by measuring the emf of solid-state cells 
by Aronson et al. and also by McKechnie et A/.9 , 1 0) 
The complexes studied by the latter group include 
the phenothiazine-iodine ( n = 3 ) . 

Exper imenta l 

Materials. The phenothiazine was commercially ob­
tained and purified by recrystallization and then by sub­
limation in a vacuum. The benzo[a]- and benzo[c]pheno-
thiazines were prepared by the reaction of sulfur on JV-
phenyl-1- and -2-naphthylamines respectively, using a small 
amount of iodine as the catalyst.11) The former thiazine 
was purified by recrystallization from ligroine, mp 135— 
136 °C. The melting point of the latter after recrystal­
lization was found to be 177 °G, in agreement with the value 
reported by Knoevenagel, 176 °G;11) however, this value 
was raised to 185 °C by sublimation in a vacuum. The com­
plexes were obtained by careful grinding of the weighed 
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thiazine and iodine in an agate mortar in the presence of 
a small amount of benzene. The samples thus prepared 
were heated to 80 °C in a short time to complete the reaction 
and also to remove all traces of the solvent. The iodine 
contents were determined by microanalysis. 

Measurements. The galvanic cell, Ag | Agi | thiazine-
iodine complex (T-In) , was assembled in the following 
way. A cylindrical block of Teflon with a 1-cm-diameter 
hole was placed on a piece of platinum plate fixed on a brass 
block. Silver powder and then silver iodide powder were 
pressed inside the Teflon cylinder. An 8-mm-diameter com­
paction of the iodine complex was made and was placed on 
the flat surface of the silver iodide. The upper surface 
of the compaction accommodated in the Teflon cylinder 
was covered with another piece of platinum plate fixed 
on a 1-cm-diameter brass rod with a rim, which was fitted 
into the hole of the second cylindrical block of Teflon. 
The cell placed between the two platinum electrodes was 
tightened employing three pairs of bolts and nuts applied 
to the brass block and the second block of Teflon, so that 
the iodine complex compaction made good contact with 
the silver iodide layer. Platinum leads provided electrical 
contact to the electrodes. The whole assembly, with a 
diameter of 3 cm and a height of less than 4 cm, was placed 
in a glass tube and dipped into an oil-bath. The tem­
perature was regulated between room temperature and 80 °G 
with an accuracy better than +0.25 °G. The emf was 
measured by means of a high-impedance (Ä; 1010 O) uni­
versal digital meter, Yokogawa 2502. For the readings of 
emf, the cell was kept at each temperature for about one 
hour. The measurements were made only while the tem­
perature was increased and were repeated until steady, 
reproducible emf data could be attained. The emf was a 
linear function of the temperature in most of the examined 
temperature range. When the emf near room temperature 
deviated from the expected linear relationship, the value 
at 25 °G was estimated by the extrapolation of the high-
temperature data. 
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Fig. 1. Electromotive force of the solid-state cells, 
Ag | Agi | phenothiazine-iodine (PT-In) . 
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R e s u l t s and D i s c u s s i o n 

Phenothiazine-iodine. The emf increases linearly 
by raising the temperature. For example, the data 
at n=1 .10 and 3.01 are presented in Fig. 1. The 
open and shaded circles indicate the values measured 
by different runs on the same cell. They are ex­
pressed by £ / m V = 6 1 6 + 0 . 3 0 0 ( * - 2 5 ) , and by £ / m V = 
6 4 9 + 0 . 2 3 0 0 - 2 5 ) respectively. 

The compositional variation of the emf at 25 °G 
is shown in Fig. 2. Below « = 2 . 5 , the cell maintains 
an emf of 616 mV. Attempts to obtain steady, re­
producible emf with the complexes below « = 0 . 5 were 
unsuccessful, probably because of the high electrical 
resistivity of the complex.5) As the vibrational spec­
trum of a sample at « = 0 . 6 5 clearly shows the co­
existence of free phenothiazine, the samples below 
« = 2 . 5 may be mixtures of the parent organic com­
pound and its iodine complex («=2 .5) . I n our previ­
ous work, we tried to prepare "monoiodide" by the 
reaction of hydroiodic acid with an equimolar mixture 
of phenothiazine and its £-oxide and obtained a prod­
uct which is approximately expressed by P T - I j 35.5) 
I t now seems probable that the "monoiodide" does 
not exist in this system. 

The emf increases stepwise at « = 2 . 5 , indicating 

Fig. 2. Electromotive force of the solid-state cell, 
Ag | Agi | phenothiazine-iodine (PT-In) versus n at 
25 °C. 

that the complex is stoichiometric. This composition 
corresponds exactly to the edge appearing in the 
resistivity-composition isotherm. The two solid phases 
are involved in the composition range from « = 2 . 5 
to 2.8. Then, a continuous increase observed between 
« = 2 . 8 and 3.0 implies that the complex is homogeneous 
over this range. In other words, a nonstoichiometric 
complex is formed. Although the lower limit of the 
region of existence was not detected by the resistivity-
composition isotherm, the upper limit is in accordance 
with the composition of a deep minimum. Pampallona 
et al. have reported an emf of 630 m V for the cell 
Ag, RbAg 4 I b |RbAg 4 I 5 | PT- I 3 , 8 ) and also McKechnie 
et al. have obtained 646 m V with the cell, Ag | Agi | 
PT-I3 .1 0) These values are lower than ours at « = 3 ; 
however, small deviations of n from 3 may easily give 
rise the observed differences. Both the reported values 
fit into the emf range of the nonstoichiometric complex. 

A plateau indicative of a two-phase region appears 
above « = 3 , giving an emf of 649 mV. As this value 
is markedly lower than 688.3 m V reported by 
McKechnie et al. for the cell reaction, Ag(s)-j-l /2I2(s)-* 
Agl(s) , another complex with « > 4 . 3 must exist in 
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the present system. We noted before that the vibra­
tional spectrum of phenothiazine mixed with a large 
amount of iodine is different from that of the complex 
at n=3, but essentially identical with that of the simple 
cation radical bromide;5) therefore, the expected com­
plex may be some kind of simple polyiodide. No 
at tempt was made to determine its composition by 
the present technique, because of the high vapor 
pressure of iodine and also of the high electrical re­
sistivity. 

Since only silver ions migrate in Agi , the emf values 
observed in the two-phase regions below n=2.5 and 
between n=2.5 and 2.8 are determined by the fol­
lowing virtual cell reactions: 

Ag + 1/2.5 PT-I2 .5 • Agi + 1/2.5 PT 

and 

Ag + 1/0.3 PT-I2 .8 Agi + 1/0.3 PT-I2 .5 

If the Gibbs energies are calculated in terms of the 
reactions, 

2.5 Ag + PT-I2 .5 > 2.5 Agi + PT (1) 

and 

0.3 Ag + PT-I2 .8 > 0.3 Agi + PT-I2 .5 , (2) 

they are —148.5 and —17.9 k j m o l - 1 (of the complex). 
These values represent the area under the emf com­
position curve between the upper and lower limits 
of n defined in each cell reaction.12) Consequently, 
the Gibbs energy for the cell reaction to which the 
nonstoichiometric complexes with n=2.S and 3 par-

0.2 Ag + PT-I 3 > 0.2 Agi + PT-I2 .8 (3) 

ticipate, may be estimated by a graphic method to 
be —12.3 k j m o l - 1 (of the complex). Combining with 
AG f°(AgI) = —66.4 k j mol-1,10) the Gibbs energies in 
terms of the complex formation reactions, 

PT + 2.5/2 I2 • PT-I2 .5 , 

PT + 2.8/2 I2 > PT-I2 .8 , 

and 

PT + 3/2 I2 PT-L, 

are determined to be —17.5, —19.5, and —20.5 k j 
m o l - 1 respectively. McKechnie et al. have assumed 
that the reaction occurring in their cell is 

Ag + 1/3 PT-I3 • Agi + 1/3 PT, 

and computed the AG value of — 62.3 k j m o l - 1 (of 
Ag). As the assumed reaction is not correct, their 
Gibbs energy of the complex formation, —12.3 k j 
m o l - 1 (of the complex), is appreciable smaller than 
ours. 

The slope of the emf versus the temperature graph 
shows considerable scatter and differs up to 1 5 % 
from the mean value; this is shown in Fig. 3. The 
entropy changes for the cell reactions (1), (2), and 
(3) are estimated to be 73 .5±1.3 , 8 .8±0.2, and 4 .4±0.1 
J K - 1 mo l - 1 . The application of Gibbs-Helmholtz 
equation yields enthalpies of —126.6 + 0.4, —15.3± 
0.04, and —11.0 + 0.03 k j mol" 1 for these cell reac­
tions. With the aid of A£ f°(AgI) = 13.4±0.1 J K - 1 

mol - 1 ,1 0) the entropy changes in terms of the complex 
formation reactions can be computed to be — 40 .0± 
1.5, - 4 4 . 8 ± 1 . 7 , and - 4 6 . 5 ± 1 . 8 J K " 1 mol"1 , and 

S 0.2 h 

Fig. 3. Temperature coefficient of electromotive force 
of the solid-state cell, Ag | Agi | phenothiazine-iodine 
(PT-In) versus n. 
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Ü 580 

540 
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n 

Fig. 4. Electromotive force of the solid-state cell, 
Ag I Agi I benzo[fl] phenothiazine-iodine (B[a] PT-In) 
versus n at 25 °G. 

with A# f ° (AgI ) = - 6 2 . 4 k j mol- 1 , the enthalpy 
changes are found to be —29.4±0.5, - 3 2 . 8 ± 0 . 5 , 
and — 34.3±0.5 k j mol"1 . I t must be added that the 
temperature coefficient of the emf at and above n=3 
is twice as large as that reported by McKechnie et 
al., 0.114 m V K - 1 , for unknown reasons. Since their 
coefficient is less than that for the cell reaction, Ag(s) + 
1/2 I2(s)—>AgI(s), the entropy change for the complex 
formation reported by them is positive and the mag­
nitude is smaller by a factor of one-tenth. 

Benzo[a.]phenothiazine-Iodine. The results present­
ed in Fig. 4 clearly indicate the formation of four 
distinct complexes, B[a ]PT- I n , in the examined com­
position range. The interesting feature of this sys­
tem is the nonstoichiometry in all the phases. The 
first phase appears at and below n=l, the second, 
between n=l.5 and 1.7, the third, between n=2.5 
and 2.7, and the fourth, between n=3A and 3.6. 
The two-phase region appearing between n=\ and 
1.5 exhibits an emf of 563 m V ; the region between 



March, 1981] Electrochemical Study on the Thiazine-Iodine Complexes 651 

TABLE 1. THERMODYNAMIC DATA FOR THE CELL REACTION, ArcAg + T- I n >An Agl + T-I n _ An 

Eq. An E/mV AG/kJ mol-1 A///kJ mol-1 AS/J K-1 mol-1 

Phenothiazine-Iodine complexes 
1 
2 
3 

4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 

aT 

2.5 
2.8 
3.0 

0.5 
1.0 
1.5 
1.7 
2.5 
2.7 
3.4 
3.6 

0.5 
1.0 
2.3 
2.5 
3.0 
3.5 

One-phase region. 

2.5 
0.3 
0.2 

616 
620 

a) 
Benzo [à] pheno thiazine-

0.5 
0.5 
0.5 
0.2 
0.8 
0.2 
0.7 
0.2 

527 

a) 
563 

a) 
595 

a) 
601 

a) 
Benzo [c] pheno thiazine-

0.5 
0.5 
1.3 
0.2 
0.5 
0.5 

550 

a) 
614 

a) 
616 

a) 

- 1 4 8 . 5 
- 1 7 . 9 
- 1 2 . 3 

-Iodine complexes 
- 2 5 . 4 
- 2 6 . 2 
- 2 7 . 2 
- 1 1 . 2 
- 4 5 . 9 
- 1 1 . 6 
- 4 0 . 6 
- 1 2 . 0 

-Iodine complexes 
- 2 6 . 5 
- 2 7 . 0 
- 7 7 . 0 
- 1 1 . 9 
- 2 9 . 7 
- 3 0 . 4 

- 1 2 6 . 6 ± 0 . 4 
- 1 5 . 3 + 0 . 0 4 
- 1 1 . 0 ± 0 . 0 3 

- 1 3 . 9 ± 0 . 7 
- 1 8 . 3 + 0 . 7 
- 2 2 . 6 + 0 . 3 

- 9 . 4 ± 0 . 2 
- 3 8 . 5 + 0.4 
- 1 0 . 0 ± 0 . 0 4 
- 3 5 . 9 ± 0 . 1 

— 

- 2 3 . 3 + 0.2 
- 2 3 . 8 + 0 . 2 
- 6 8 . 8 + 0 . 4 
- 1 0 . 6 + 0 . 1 
- 2 6 . 5 ± 0 . 2 

— 

73 .5+1 .3 
8 .8+0 .2 
4 . 4 + 0 . 1 

38.6 + 2.4 
26.5 + 2.4 
15 .4+1.0 
6 . 2 ± 0 . 4 

24 .7+1 .6 
5 .3±0 .2 

15 .8+0.2 
— 

10 .6±0 .5 
10 .6±0 .5 
27 .6±1 .3 
4.2 + 0.2 

10 .6±0 .5 
— 

n=\.7 and 2.5, 595 m V ; the region between n=2.7 
and 3.4, 601 m V ; and the region above n=3.6, 635 
mV. Earlier, one of the present authors at tempted 
the preparation of "monoiodide" and succeeded in 
isolating a product whose composition almost agrees 
with the ideal one.13) Now it is certain that the mono-
iodide is formed in this system at the higher extreme 
of the existence region of a nonstoichiometric complex. 
O n the other hand, the existence of the complex with 
n=3 studied earlier is not supported by the present 
work.14) The resistivity-composition isotherm exhibits 
a sharp maximum at n=2.5 and broad minima which 
may be located anywhere near n=2 and 3. T h e 
composition at the resistivity maximum is the lower 
extreme of the third phase, possibly representing the 
ideal composition. The resistivity min imum located 
below n=2.5 is now identified as the upper limit of 
the existence region of the second phase (n=1.7) and 
that located above n=2.5 must be the lower limit 
of the existence region of the fourth phase (n=3A). 
The complex at the former minimum may be regarded 
as (B[a]PT)2

+I3~ containing an excess of iodine, and 
the complex at the latter as (B[<z]PT)2

+I7
_ containing 

an excess of the thiazine. 
The Gibbs energies are to be determined for the 

following eight cell reactions: 

0.5Ag + B|>]PT-I0.5 

0.5 Ag + B[fl]PT-I 

O.SAg + BMPT-Ii.g 

O^Ag + B M P T - I ^ 

0.8Ag + B|>]PT-I2.5 

0.2Ag + B[fl]PT-I2.7 

0.7Ag + B[fl]PT-I8.4 

0.2Ag + B[a]PT-I3.6 

-* 0.5 Agi + B[fl]PT (4) 

-* 0.5AgI + B[fl]PT-I0.5 (5) 

-* 0.5 Agi + B[fl]PT-I (6) 

- O ^ A g l + B M P T - I ^ (7) 

-* 0.8 Agi + B M P T - I ^ (8) 

-* 0.2AgI + B|>]PT-I2.5 (9) 

-> 0.7AgI + B|>]PT-I2.7 (10) 

- 0.2AgI + B[fl]PT-I8.4. (11) 

We failed to obtain steady reproducible emf values 
for the cell reaction (4). As none of the known ex­
istence regions of the nonstoichiometric complexes is 
wider than 0.5 in the present system, we tentatively 
assumed the appearance of a two-phase region below 
n=0.5 where one of the phases is the parent organic 
compound. T h e computed Gibbs energies are sum­
marized in Table 1. The Gibbs energy of complex 
formation and the value per iodine atom are given 
in Table 2. T h e latter value becomes less negative 
as more iodine is combined with benzo [a] phenothiazine. 
I t must be emphasized that the benzo [a] pheno thiazine 
complexes are far more stable than the phenothiazine 
complexes are. For example, the Gibbs energy divided 
by the number of iodine atoms at n=2.5 is —12.0 
k j m o l - 1 for the former complex, while the correspond­
ing value is — 7.0 k j m o l - 1 for the latter. 

As there are so many phases in this system, our 
data are insufficient to assign a temperature coef­
ficient to each one. T h e coefficient decreases from 
about 0.8 m V K - 1 at n=0.5 to 0.3 m V K " 1 at n=\, 
and then maintains roughly the latter value (0.32 + 
0.02 m V K - 1 ) up to n = 2 . 5 . Between n=2.7 and 
3.4, the cells show a steady value of 0.234+0.005 
m V K - 1 . Because of the lack of data for the cell 
reaction (4) and also the inaccurate data for the other 
reactions, the probable errors of AH and AS values of 
the complex formation reactions are, much larger 
than those for the phenothiazine-iodine complexes (see 
Table 2).-

Benzo[c\phenothiazine-Iodine. The emf versus the 
composition graph indicates the formation of three 
nonstoichiometric complexes, B|V]PT-In , in the studied 
range (see Fig. 5). The first complex covers the 
range from rc=0.5 to 1, the second, n=2.3 to 2.5, and 
the third, n=3.0 to 3.5. T h e emf is 614 m V in the 
two-phase region between n=\ and 2.3, 616 m V be-
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TABLE 2. THERMODYNAMIC DATA FOR THE COMPLEX FORMATION REACTION, T+rc/2 I2 • T- I n 

AG/kJ mol- AH/kJ mol- AS/J K-1 mol-1 AG+n/kJ mol-1 

2.5 
2.8 
3.0 

0.5 
1.0 
2.3 
2.5 
3.0 
3.5 

- 1 7 . 5 
-19 .2 
-20 .5 

- 7 . 8 
-14 .8 
-20 .8 
-22.9 
-30.1 
-31.8 
-37.7 
-38.9 

- 6 . 7 
-12.9 
-22.2 
-23.6 
-27.1 
-29.9 

Phenothiazine-Iodine complexes 
- 2 9 . 4 + 0 . 5 - 4 0 . 0 ± 1 . 5 
- 3 2 . 8 ± 0 . 5 - 4 4 . 8 ± 1 . 7 
- 3 4 . 3 ± 0 . 5 - 4 6 . 5 ± 1 . 8 

Benzo [ß]phenothiazine-Iodine complexes 
- 1 7 . 3 ± 0 . 7 - 3 1 . 9 ± 2 . 4 
- 2 5 . 8 ± 1 . 4 
- 3 4 . 4 ± 1 . 7 
- 3 7 . 5 + 1 . 9 
- 4 8 . 9 ± 2 . 3 
- 5 1 . 4 ± 2 . 3 
- 5 9 . 2 ± 2 . 4 

~c] phenothiazine 
- 7 . 9 ± 0 . 2 

- 1 5 . 3 ± 0 . 3 
- 2 7 . 6 ± 0 . 7 
- 2 9 . 5 ± 0 . 8 
- 3 4 . 2 ± 1 . 0 

-Iodine 

0.5 

0.5 

- 5 1 . 7 ± 4 . 8 
- 6 0 . 4 + 5 . 8 
- 6 3 . 9 ± 6 . 2 
- 7 7 . 9 ± 7 . 8 
- 8 0 . 5 ± 8 . 0 
- 8 6 . 9 ± 8 . 2 

complexes 
- 3 . 9 + 0.5 
- 7 . 8 + 1 . 0 

- 1 8 . 0 ± 2 . 3 
- 1 9 . 5 ± 2 . 5 
- 2 3 . 4 + 3 . 0 

Ag + B|>]PT-l3 > 

Ag + BMPT-l3. 5 > 

- 7 . 0 
- 6 . 9 
- 6 . 8 

- 1 5 . 6 
- 1 4 . 8 
- 1 3 . 9 
- 1 3 . 5 
- 1 2 . 0 
- 1 1 . 8 
- 1 1 . 1 
- 1 0 . 8 

- 1 3 . 4 
- 1 2 . 9 
- 9 . 7 
- 9 . 4 
- 9 . 0 
- 8 . 5 

> 

640 

600 

560 

— 

ruo 

J 
1 

oé** 

1 

a.... .0 r 
>a_S6 

1 I,. J 

Fig. 5. Electromotive force of the solid-state cell, 
Ag | Agi | benzo |V]phenothiazine-iodine (B|V]PT-In) 
versus n at 25 °G. 

tween n=2.5 and 3.0, and 637 m V above n=3. The 
"monoiodide" isolated in our previous work does exist 
in this system at the upper limit of a single phase 
region. Furthermore, the existence of the complex 
with n=3 is also firmly established by the emf data. 
The resistivity-composition isotherm shows an edge at 
n=2.5 and a broad minimum around n=2. The 
emf data strongly suggest that the min imum is located 
at n=2.3. The complex at this composition is the 
lower limit of a nonstoichiometric complex, the ideal 
composition of which is (B[^]PT)2

+I5
_ . 

The following six cell reactions are conceivable: 

0.5 Ag + B|>]PT-I0.5 > 0.5 Agi + B[*]PT (12) 

0.5Ag + Bj>]PT-I > 0.5AgI + Bj>]PT-J0., (13) 

1.3 Ag + B[>]PT-I2.3 • 1.3 Agi + B|>]PT-I (14) 

0.2 Ag + B|>]PT-I2.5 • 0.2 Agi + B^]PT-I 2 . 3 (15) 

0.5AgI + B|>]PT-Ia.B (16) 

0.5 Agi + B M P T - I 3 . (17) 

In this system too, we assumed that the samples with 
n<0.5 contain the free parent organic compound. 
The Gibbs energies computed for the cell reactions 
and the complex formation reactions are presented 
in Tables 1 and 2 respectively. The stabilities of 
these complexes are intermediate between those of 
the respective benzo [a] phenothiazine and phenothiazine 
complexes, the Gibbs energy divided by the number 
of iodine atoms at n=2.5 being —9.4 k j mol - 1 . 

The temperature coefficients of the emf for Eqs. 
12—16 are not distinguishable from each other; there­
fore, the average value of 0.22±0.01 m V K" 1 was 
employed in the whole composition range below n=3. 
Above this limit, the coefficient decreases by a factor 
of a half by n=3.5. I t must be noted that the AS 
values of the complex formation reactions for these 
three thiazines are so different that the value at n=2.5 
in the benzo[c] phenothiazine complex is about a half 
of that in the phenothiazine complex, which in turn 
is about a half of that in the benzo [a] phenothiazine 
complex. As mentioned above, the AG values of the 
complex formation reactions for benzo[c]phenothiazine 
are considerably larger than those for phenothiazine; 
nevertheless, the AH values for these two thiazines 
are almost identical. In conclusion, the solid-state 
electrochemical study on these thiazine-iodine com­
plexes has been able to determine clearly a number 
of phases which are often nonstoichiometric. We 
believe that the present technique deserves more at­
tention in the investigation of electronically-conducting 
iodine complexes. 

This work was partly supported by two Grants-
in-Aid for Scientific Research Nos. 234028 and 434023 
from the Ministry of Education, Science and Culture. 
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The Activities of Sodium Salts of l-Amino-4-alkylaminoanthraquinone-
2-sulfonic Acid in Aqueous Solutions 
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The mean activity coefficients of sodium salts of l-amino-4-alkylaminoanthraquinone-2-sulfonic acid (alk= 
Me (MAS), Et, H-Pr, or ra-Bu (n-BAS)) in aqueous solutions ranging in concentration from 10~3 to 10~2 mol kg - 1 

have been determined by means of isopiestic measurements at 50 and 60 °G respectively. It has been found that 
the mean activity coefficients of these dyes are much smaller than unity, the coefficients of MAS being the largest, 
and those of «-BAS, the smallest. The coefficients have been found to decrease with an increase in the dye con­
centration. An examination of the results obtained by Milicéivic treatment suggests that the MAS exists as dimer 
or trimers, and the other dyes, as tetramers, at 60 °G. 

In a previous paper,1) we have reported on the 
mean activity coefficients of such azo-acid dyes as 
Methyl Orange and its homologs in aqueous solutions, 
and on the effects of the hydrophobic groups on the 
activity coefficients. T h e derivatives of sodium salts 
of 1-aminoanthraquinone-2-sulfonic acid also belong 
to the acid dye class. T h e behavior of aminoan-
thraquinone acid dyes in aqueous solutions is known 
to be different from that of azo-acid dyes; e.g., the 
aqueous solutions of sodium salts of l-amino-4-alkyl-
aminoanthraquinone-2-sulfonic acid ( a l k = M e , Et, n-Pr, 
or n-Bu) have been found to have their critical con­
centration for dimer formation at from 1 to 4 x l 0 - 3 

mol kg - 1 , and the critical concentrations have been 
found to decrease wi th an increase in the alkyl groups 
in the dye molecules.2) T h e mean activities of these 
dyes are supposed to be influenced strongly by di-
merization; however, there have been few reports on 
the mean activities of sodium salts of l-amino-4-alkyl-
aminoanthraquinone-2-sulfonic acid. Therefore, it 
would seem valuable to examine the mean activities 
of these dyes. 

I n this paper, the mean activity coefficients of sodium 
salts of 1 -amino-4-alkylaminoanthraquinone-2-sulfonic 
acid ( a l k = M e , Et, n-Pr, or n-Bu) in aqueous solutions 
will be determined by means of isopiestic measurements, 
and the results will be examined by means of a 
Milicéivic t reatment in order to obtain information 
on the association of these dyes. 

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

Materials. The sodium salts of l-amino-4-alkylamino-
anthraquinone-2-sulfonic acid (AAS) used in this experiment 
were as follows; 

O NH2 

A À A / S 0 3 N a 

II I 

O NHR 

R: GH3 (MAS) 
R: G2H5 (EAS) 
R: 77-C3H7 (n-PAS) 
R: n-G4H9 (ra-BAS) 

These dyes were prepared as follows. l-Amino-4-bromo-
anthraquinone-2-sulfonic acid (50 g) was refluxed with the 
corresponding alkylamine (10 g) for 8 h in the presence 
of copper (I I) sulfate and sodium carbonate. The product 
was isolated by column chromatography on activated alu­
mina, and then purified by recrystallization from ethanol. 

Vapor-pressure Osmotic Measurements. The vapor-pres­
sure osmotic measurements were carried out by the proce­

dures described in the previous paper1) at 50 and 60 °G. 
The measured resistance difference, AR, is dependent upon 
the osmotic concentration of the dye solution according 
to Eq. 1:») 

ARk = - I n (/>/&) = v^mjtn13 (1) 

where k is the constant4) dependent on the temperature of 
the solution and the instrumental characteristics; p and p0 

are the partial pressures of the solvent over the solution 
and over the solvent; v is the number of the particles into 
which the dye dissociates; (f> is the osmotic coefficients, and 
m2 and mx are the solute and solvent molalities respectively. 

The evaluation of the mean activity coefficients (y±) of 
the dye from the <$> values can be made by means of Eq. 2 : 

lny± = ( 0 - 1 ) + l>-l)dlnm2. (2) 

The integration can be carried out graphically from the 
plot of (1 — 0) m2

-1 vs. m2. 

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

Measured Resistance Differences. The measured 
resistance differences, AR, of MAS, EAS, n-PAS, and 
n-BAS solutions at 50 and 60 °C are plotted against 
m2 in Figs. 1 and 2 respectively. From Figs. 1 and 
2, it may be seen that the plots of urea solutions are 
almost linear, while the plots of the dye solutions 
display slight downward curvatures. I t is noteworthy 
that the AR values of MAS solutions are the largest, 
while those of n-BAS are the smallest. All of the 
AR values of the dye solutions are smaller than twice 
the AR values of urea solutions. 

Osmotic Coefficients. The osmotic coefficients, 0, 
of MAS, EAS, n-PAS, and n-BAS solutions ragning 
in concentration from 10~3 to 1 0 - a m o l k g - 1 were ob­
tained from AR values in Figs. 1 and 2 by means 
of Eq. 1; they are given in Table 1. The 0 values 
of all four kinds of dyes may be seen to be much smaller 
than unity. The 0 values of the MAS solutions are 
the largest, while those of the n-BAS solutions are 
the smallest. In Fig. 3, the <j> values of the MAS 
and n-BAS solutions at 50 °G are plotted against m2. 
Since the 0 values of these dye solutions were found 
to decrease monotonically with an increase in m2, 
no evidence for the presence of Iyer's critical con­
centrations of the dimerization of these dyes was found. 
T h e 0 values given in Table 1 strongly suggest that 
the aqueous solutions of the AAS deviate from the 
ideal. 
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TABLE 1. OSMOTIC COEFFICIENTS OF SODIUM SALTS OF I-AMINO-4-ALKYLAMINOANTHRAQUINONE-

2-SULFONIC ACID AT 5 0 AND 6 0 °G 

103 m9 
MAS EAS PAS 

mol kg - 1 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

50° G 

0.818 
0.748 
0.705 
0.684 
0.671 
0.662 
0.653 
0.649 
0.643 

60 °G 

0.941 
0.820 
0.779 
0.746 
0.736 
0.717 
0.710 
0.705 
0.696 

50 °G 60 °G 50 °G 60 °G 

BAS 

50 °G 60 °G 

0.798 
0.709 
0.679 
0.659 
0.643 
0.635 
0.630 
0.624 
0.621 

0.833 
0.739 
0.717 
0.692 
0.693 
0.681 

0.672 
0.669 
0.663 

0.833 
0.729 
0.672 
0.654 
0.639 
0.629 
0.622 
0.616 
0.612 

0.833 
0.739 
0.717 
0.692 
0.688 
0.685 
0.672 
0.672 
0.666 

0.719 
0.659 
0.632 
0.619 
0.611 
0.605 
0.602 
0.592 
0.594 

0.877 
0.766 
0.735 
0.699 
0.688 
0.681 
0.668 
0.662 
0.654 

G 

5-0 10-0 
l O ^ / m o l k g - 1 

Fig. 1. Measured resistance differences of solutions of 
sodium salts of l-amino-4-alkylaminoanthraquinone-2-
sulfonic acid at 50 °G. 
O: MAS, A : EAS, • : w-PAS, # : w-BAS, : urea. 

'0 10-0 5-0 
103 m2/molkg_1 

Fig. 2. Measured resistance differences of solutions of 
sodium salts of l-amino-4-alkylaminoanthraquinone-
2-sulfonic acid at 60 °G. 
O: MAS, A : EAS, • : w-PAS, • : ra-BAS, : urea. 

Determinations of Mean Activity Coefficients. The 
determinations of the mean activity coeeficients, y±, 
was done as follows. The (1 — ̂ )m2-

1 value at 50 °G 
was plotted against m2, as shown in Fig. 4. After 
the plots had been extrapolated to zero concentra­
tion, the area under the curve was measured and 
the y± values were calculated according to Eq. 2. 
The y± values of MAS, EAS, rc-PAS, and rc-BAS 
at 50 and 60 °G are shown in Table 2. In Table 2 
it can be seen that the y± values are much smaller 
than unity and that they decrease with an increase 
in the chain length of the alkyl groups in the dye 

2 4 6 8 
103 m2/molkg_1 

Fig. 3. Osmotic coefficients of solutions of MAS and 
w-BAS at 50 °G. 
O : MAS, A : w-BAS. 

300" 

8 
o 

a 

20O-

-!. 1001-

'0 100 5-0 
103 m2/mol kg - 1 

Fig. 4. Plots of (1 — 0) m^T1 against m2. 
O : MAS, A : EAS, • : w-PAS, • : w-BAS. 

molecules. 
Generally, the y± values of the AAS dyes seem 

to be less than those of Methyl Orange and its homologs 
reported in the previous paper.1) These y± values 
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TABLE 2. MEAN ACTIVITY COEFFICIENTS OF SODIUM SALTS OF 1-AMINO-4-ALKYLAMINOANTHRAQUINONE-

2-SULFONIC ACID AT 5 0 AND 6 0 °G 

103 m2 
MAS EAS PAS BAS 

mol kg - 1 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

50 °G 

0.676 
0.593 
0.508 
0.478 
0.462 
0.451 
0.434 
0.433 
0.416 

60 °G 

0.839 
0.677 
0.607 
0.553 
0.542 
0.526 
0.502 
0.523 
0.484 

50 °G 

0.647 
0.532 
0.477 
0.452 
0.429 
0.418 
0.420 
0.403 
0.372 

60 °G 

0.703 
0.551 
0.525 
0.477 
0.488 
0.472 
0.453 
0.454 
0.448 

50 °G 

0.646 
0.550 
0.470 
0.447 
0.427 
0.414 
0.405 
0.397 
0.349 

60 °G 

0.703 
0.551 
0.525 
0.480 
0.473 
0.481 
0.449 
0.458 
0.445 

50 °G 

0.540 
0.459 
0.422 
0.406 
0.395 
0.387 
0.386 
0.375 
0.369 

60 °G 

0.760 
0.598 
0.532 
0.494 
0.473 
0.476 
0.454 
0.449 
0.436 

25 
- l o g m 2 

Fig. 5. Mean activities of sodium salts of 1-amino-
4-alkylaminoanthraquinone-2-sulfonic acid at 50 °G. 
O : MAS, A : EAS, • : w-PAS, # : w-BAS. 

strongly suggest that the y± values of the AAS dyes 
are also dependent on the hydrophobic parts of the 
dye molecules; i.e., the differences in the y± values 
among these dyes are due to the association of the dye 
anions. 

Examination of Results Obtained by Milicêivic Treatment. 
Since these dyes are known to dissociate completely, 
and since the ionic strengths of these solutions are 
small, the Debye-Hückel limiting law can also hold. 

The relation between the mean activity, a±, and 
the mean association number of the dye anions, n, 
was given by Milicêivic as:5) 

log a± = log m2 -
1 

n+ j log n - A n m^l^L, (3) 

where A is the constant and where the numerical values 
at 50 and 60 °G are 0.5320 and 0.5425 respectively. 

The mean activities of MAS, EAS, rc-PAS, and 
n-BAS at 50 and 60 °G are plotted against log m2 

in Figs. 5 and 6 respectively. The solid lines in 
Figs. 5 and 6 are Milicêivic lines drawn according 
to Eq. 3. 

In Fig. 5 the plots of MAS, EAS, and rc-PAS are 
seen to be close to the trimer ( n = 3 ) and te t ramer 
(n=4) curves. The plots of n-BAS are close to the 

-H 

O 

I — H 

I 

2-5 
- logm 2 

Fig. 6. Mean activities of sodium salts of l-amino-4-
alkylaminoanthraquinone-2-sulfonic acid at 60 °G. 
O : MAS, A : EAS, • : w-PAS, # : n-BAS. 

pentamer (n=5) curves. The results suggest that 
MAS, EAS, tt-PAS dye anions are present as trimers 
or tetramers, and n-BAS dye anions, as tetramers, 
on the average usually, a t 50 °G. From Fig. 6, MAS 
dye anions are seen to exist as dimers or trimers, and 
EAS, rc-PAS, and n-BAS, as tetramers, at 60 °G. These 
results also suggest that there is no evidence for the 
presence of Iyer's critical concentration of the di-
merization of these dyes. The quantities of the dye 
association become larger with an increase in the 
number of alkyl groups in the dye molecules. 
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The molecular structure of grayanotoxin XVIII C20H28O4, has been determined by means of X-ray crystal 
analysis. The crystals are monoclinic, with two molecules in a unit cell with dimensions of 0=9.592, £=11.414, 
£=8.180 A, and 0=93.21°; the space group is P2i. 1484 unique intensity data were collected on a four-circle 
diffractometer with Ni-filtered Gu Koc radiation. The structure was solved by the Monte Carlo direct method, 
using the 20 strongest reflections as the starting set; the 25th random-phase set led to the correct solution. The 
R value reached 4.6% by block-diagonal least-squares refinements. The structure thus obtained corresponds 
to 3-dehydrograyanotoxin VII. The G-ring takes a boat conformation. The force-field calculations suggest 
that this energy loss is probably compensated for by the stabilization of the B-ring conformation. The crystal 
consists of hydrogen-bonded molecular layers parallel to the (100) plane. 

A number of grayanane diterpenoids have been 
isolated from Leucothoe grayana Max., Pieris japonica D . 
Don, Rhododendron japonicum Suringer, etc., and their 
structures have been extensively investigated.1-4) In 
this paper, we wish to report on the X-ray structure 
determination and molecular geometry of grayanotoxin 
(hereafter G) X V I I I , a new constituent from Leucothoe 
grayana Max. 

Exper imenta l 

Isolation of G XVIII. Grayathol A5) was crystallized 
and removed from a diethyl ether solution of the unknown-
compound-containing fraction (81 mg)6> obtained from the 
crude extract of Leucothoe grayana Max. The chromatography 
of the filtrate on silica gel (1 g) afforded G XVIII (15 mg) 
in a 4 x l 0 " 7 % yield from dried leaves; mp 204—210 °G 
(recrystallized from methanol), [a]D —102° (c 1, MeOH); 
IR (Nujiol) 3400, 1725, 1655, 1628 cm"1; *H-NMR (C5D5N) 
1.35, 1.58 (each 3H, s), 1.70 (3H, d, J = 2 Hz), 3.37 (1H, 
q, 7 A X + B X = 6 + 1 0 H Z ) , 4.70 (1H, s), 5.04, 5.11 (each 1H, 
s), 5.25 (1H, bs); MS m/e 332 (M+). Found: G, 72.58; 
H, 8.98%. Calcd for G20H28O4: G, 72.26; H, 8.49%. The 
PMR spectrum was recorded on a Hitachi R-20B spec­
trometer by the use of TMS as the internal reference. The 
chemical shifts are given on the ô scale (s=singlet, d = doublet, 
q=quartet, bs=broad singlet). The IR spectrum was ob­
tained on a JASCO Model IR-S spectrophotometer. 

X-Ray Measurement. A colorless single crystal with 

TABLE 1. THE CRYSTAL DATA 

Molecular formula 
Molecular weight 
Crystal system 
Space group 
Cell dimensions 

V 
Z 

Ac 
MCutfa) 

^'2oH28^-'4 
332.4 
Monoclinic 
P2X 

a= 9.592(1)A 
£ = 11.414(1)A 
c= 8.180(1)A 
0 = 93.21(1)° 
894.2 A3 

2 
1.235 gem- 3 

6.43 cm-1 

dimensions of about 0.4x0.5x0.6 mm3 was used. The 
crystal data are summarized in Table 1. The cell dimen­
sions and reflection intensities were measured on a Rigaku 
four-circle diffractometer using Ni-filtered Cu K<x radiation 
(40 kV, 60 mA, X= 1.5418 A). The 0-20 continuous-scan 
technique was applied at a 0 scan rate of 8° min"1; the back­
ground was measured for 5 s at each end of the scan range. 
Three standard reflections, measured at intervals of every 
60 reflections, showed no significant decrease in intensity 
during the course of data collection. The intensities were 
corrected for the Lorentz and polarization factors, but not 
for the absorption or the extinction effect. In the range 
of 20 values up to 125°, 1484 unique structure-factor mag­
nitudes above the a(F) level were selected for the structure 
determination. 

Structure D e t e r m i n a t i o n 

The structure was solved by the Monte Carlo direct 
method.7> The 20 strongest reflections were chosen 
as the starting set. Tentative phase values for the 
starting reflections were derived from successively-
generated random numbers. In order to extend this 
tentative phase set, 10 cycles of the tangent procedure 
were performed using 300 \E\ values above 1.30. 
Since the 25th phase set showed a low RK value of 
26 .6% (RK=X\\E0\-k\Ee\\l^\E0\), 6 additional 
cycles of the tangent procedure were carried out using 
386 \E\ values above 1.20; the RK value thereupon 
dropped to 22 .2%. An i i -map calculated with 375 
phases clearly revealed the locations of all the 24 
non-hydrogen atoms. 

The structure thus obtained was refined by the 
block-diagonal-matrix least-squares method, first with 
isotropic and then with anisotropic temperature factors. 
After all the 28 hydrogen atoms had been located in 
a difference Fourier m a p , further least-squares re­
finement was repeated including these hydrogen atoms 
with isotropic temperature factors. For this refine­
ment , the following weighting scheme was used: 

W= l/{<r(.F)2exp {AX2+BY*+CXY+DX+EY)}, 

where X=\F0\ and 7=sin0/A. T h e A, B, C, D, and 
E coefficients are constants which were determined 
from the (AF) 2 values. T h e final value of # = S | 
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TABLE 2. THE FINAL ATOMIC PARAMETERS AND ESTIMATED STANDARD DEVIATIONS 

The coordinates of the non-hydrogen and hydrogen atoms are multiplied by 104 and 103 respectively. 
(1) The non-hydrogen atoms 

Atom 

O(l) 
0(2) 
0(3) 
0(4) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 

X 

6455(3) 
4746(2) 
6055(2) 
3681 (2) 
3737 (3) 
4186(4) 
5726(4) 
6269(3) 
4915(3) 
4900(3) 
3548(3) 
2329(3) 

y 

1476(4) 
120(2) 

1108(2) 
3619(2) 
2012(3) 
1878(4) 
1645(4) 
1662(3) 
1358(3) 
1703(3) 
1408(3) 
2272(3) 

z 

2110(3) 
1490(3) 
4342(3) 
5731 (3) 
655(3) 

-1116(4) 
-975(4) 

828(4) 
1700(3) 
3508(3) 
4307 (3) 
4021(3) 

B^jk2 

4.95 
2.50 
2.77 
2.92 
2.12 
3.22 
3.00 
2.47 
1.95 
1.99 
2.17 
2.03 

Atom 

G(9) 
C(10) 
G(l l) 
G(12) 
G(13) 
G(14) 
G(15) 
G(16) 
G(17) 
G(18) 
G(19) 
G (20) 

X 

1512(3) 
2292(3) 
961 (3) 
471(4) 

1293(4) 
2725(3) 
1233(4) 
648 (4) 

-523(5) 
7485(4) 
6768(4) 
1664(4) 

y 

2168(3) 
1578(3) 
3370(3) 
4237(4) 
4092(3) 
3570(3) 
2120(3) 
3129(4) 
3365(6) 

828 (4) 
2917(4) 

714(4) 

z 

2308(4) 
969(3) 

1679(4) 
2975(4) 
4638(4) 
4335(4) 
5287(4) 
5630(4) 
6715(6) 
1129(5) 
1194(5) 

102(4) 

Beq^/A2 

2.22 
2.12 
2.90 
3.14 
2.83 
2.25 
2.87 
3.26 
5.97 
3.76 
3.49 
3.29 

a) Beq = 8n2(u1
2-\-u2

2-\-u3
2)/3, where ui is the root-mean-square deviation in the zth principal axis of the thermal 

ellipsoid. 

(2) The hydrogen atoms 

Atoma> 

H(l) 
H(2a) 
H(2b) 
H(6) 
H(7a) 
H(7b) 
H(9) 
H( l la ) 
H( l lb ) 
H(12a) 
H(12b) 
H(13) 
H(14) 
H(15) 

X 

383 (3) 
390(3) 
370(4) 
496(3) 
386(3) 
326(3) 

67(3) 
169(4) 
28(4) 
59(3) 

-52(4 ) 
139(4) 
307 (3) 
101 (4) 

y 

284(4) 
257 (3) 
117(4) 
259(3) 
137(3) 
60(3) 

173(3) 
369(3) 
326(4) 
504(3) 
411(3) 
496(4) 
394(3) 
139(4) 

z 

98(4) 
-190(4) 
-175(5) 

353 (4) 
546(3) 
401(4) 
251(4) 
119(4) 
93(4) 

258(4) 
316(4) 
516(4) 
339(4) 
574(5) 

B\k2 

2.6(7) 
2.6(7) 
4.3(9) 
2.8(7) 
1.0(5) 
2.6(7) 
2.3(7) 
3.2(8) 
3.2(8) 
2.8(7) 
2.7(7) 
4.0(9) 
1.7(6) 
4.4(9) 

Atom8-) 

H(17a) 
H(17b) 
H(17c) 
H(18a) 
H(18b) 
H(18c) 
H(19a) 
H(19b) 
H(19c) 
H(20a) 
H(20b) 
H(02) 
H(03) 
H(04) 

X 

-60(5 ) 
-132(5) 
-31 (6 ) 
799(4) 
822(4) 
722(6) 
740 (4) 
708(4) 
611(5) 

80(3) 
201 (4) 
408 (4) 
606(3) 
377(4) 

y 

261(5) 
358(5) 
415(6) 
108(4) 
100(4) 
15(6) 

324(4) 
299(4) 
347(5) 

46(3) 
29(4) 

- 4 ( 5 ) 
132(3) 
416(4) 

z 

716(6) 
611(6) 
763(7) 
230(5) 
41(5) 
98(7) 
57(5) 

234(5) 
91(5) 
35(4) 

-74(5) 
182(5) 
525(4) 
597 (5) 

B/A2 

6.5(13) 
7.2(13) 
8.9(16) 
4.5(9) 
5.0(10) 
8.6(16) 
5.1(10) 
4.9(10) 
6.1(12) 
2.5(7) 
4.4(9) 
5.4(10) 
2.5(7) 
4.0(9) 

a) The hydrogen atoms are denoted by the 
by a, b, or c where necessary. 

number of the carbon atom to which they are attached, suffixed 

l ^ o l — ^ l ^ c l l / S l F o l w a s 4 - 6 % - T h e atomic param­
eters are listed in Table 2. The tables of the aniso­
tropic thermal parameters and of the observed and 
calculated structure factors are kept at the Chemical 
Society of J a p a n (Document No. 8102). 

The calculations were performed on an AGOS 700 
computer at the Institute for Protein Research, Osaka 
University, and on a F A G O M 230-75 computer 
at the Hokkaido University Computing Center. The 
atomic scattering factors were taken from the Inter­
national Tables.8) 

2 : R = H 3 : R = Ac 

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

Molecular Structure. The molecular structure of 
G X V I I I is illustrated in Fig. 1, where each atom 
is represented as a thermal ellipsoid enclosing a 5 0 % 
probability. As can be seen in Fig. 1, the molecular 
framework obtained corresponds to 1. The bond dis­
tances and angles are listed in Table 3 ; all these 
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TABLE 3. T H E BOND DISTANCES (//Â) AND 

The standard deviations given in pai 

C(l)-C(2) 
C(l)-C(5) 
C(l)-C(10) 
C(l)-C(3) 
G(3)-G(4) 
G(3)-0(l) 
C(4)-C(5) 
G(4)-G(18) 
G(4)-G(19) 
C(5)-C(6) 
C(5)-0(2) 
G(6)-G(7) 
C(6)-0(3) 
G(7)-G(8) 
G(8)-G(9) 
G(8)-G(14) 
G(8)-G(15) 
G(9)-G(10) 
G(9)-G(ll) 
C(10)-C(20) 
G(ll)-G(12) 
C(12)-C(13) 
G(13)-G(14) 
G(13)-G(16) 
G(14)-0(4) 

1.542(4) 
1.567(4) 
1.508(4) 
1.499(5) 
1.536(4) 
1.209(4) 
1.556(4) 
1.515(5) 
1.535(5) 
1.531(4) 
1.432(4) 
1.522(4) 
1.438(4) 
1.538(4) 
1.572(4) 
1.548(4) 
1.526(4) 
1.519(4) 
1.548(5) 
1.338(5) 
1.543(5) 
1.543(5) 
1.530(5) 
1.518(5) 
1.425(4) 

C(15)-C(16) 
G(16)-G(17) 
C(2)-C(l)-C(5) 
G(2)-G(l)-G(10) 
G(5)-G(l)-G(10) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
G(2)-G(3)-0(l) 
C(4)-C(3)-0(l) 
C(3)-C(4)-C(5) 
G(3)-G(4)-G(18) 
G(3)-G(4)-G(19) 
G(5)-G(4)-G(18) 
G(5)-G(4)-G(19) 
C(18)-C(4)-C(19) 
C(l)-C(5)-C(4) 
C(l)-C(5)-C(6) 
C(l)-C(5)-0(2) 
C(4)-C(5)-C(6) 
C(4)-C(5)-0(2) 
C(6)-C(5)-0(2) 
C(5)-C(6)-C(7) 
G(5)-G(6)-0(3) 
C(7)-C(6)-0(3) 
G(6)-G(7)-G(8) 

Fig. 1. A perspective view of the G XVIII molecule. 

values are normal. The torsion angles for the tetra­
cyclic system are given in Fig. 2. 

The five-membered A-ring takes an envelope form 
different from those of the A-rings in G I I (2)9> and 
G X V I (3) :10> In the former an approximate mirror 
plane runs through the G (5) atom, while in the latter 
two it goes through the G(4) atom. The conforma­
tion of the latter type is probably unfavorable to the 
present A-ring, because it makes the O ( l ) carbonyl 
oxygen atom almost eclipse the G(18)H 3 methyl group 
around the G(3)-C(4) bond. 

The C(5)-C(4)-C(18) and C(5)-C(4)-C(19) bond 
angles, 116.1 and 112.2°, are somewhat larger than 
the C(3)-C(4)-C(18) and C(3)-C(4)-C(19) angles, 
111.4 and 106.5°, respectively. This distortion of the 
C(4)-C(18) and C(4)-C(19) bonds may be caused 
by the steric repulsions between the G(18)H 3 and 
0 ( 2 ) H groups and between the C(19)H 8 and C(6)H 
groups; G ( 1 8 ) - 0 ( 2 ) , 2.780(4) A;. G ( 1 9 ) - G ( 6 ) , 3.016-
(5) Â. As is found also in 2 and 3, these steric re-

LES ( 0 / ° ) , WITH THEIR STANDARD DEVIATIONS 

Leses refer to the last decimal position. 

1.318(5) 
1.494(6) 
103.6(2) 
115.8(2) 
113.1(3) 
105.7(2) 
110.6(3) 
125.4(3) 
124.0(3) 
101.0(2) 
111.4(3) 
106.5(3) 
116.1(3) 
112.2(3) 
109.0(3) 
103.8(2) 
111.0(2) 
109.4(2) 
116.1(2) 
104.9(2) 
111.2(2) 
114.4(2) 
106.7(2) 
110.1(2) 
116.8(3) 

G(7)-G(8)-G(9) 
G(7)-G(8)-G(14) 
G(7)-G(8)-G(15) 
G(9)-G(8)-G(14) 
G(9)-G(8)-G(15) 
G(14)-G(8)-G(15) 
C(8)-C(9)-C(10) 
G(8)-G(9)-G(ll) 
G(10)-G(9)-G(ll) 
G(l)-G(10)-G(9) 
G(l)-G(10)-G(20) 
C(9)-G(10)-G(20) 
G(9)-G(ll)-G(12) 
G(ll)-G(12)-G(13) 
G(12)-G(13)-G(14) 
G(12)-G(13)-G(16) 
G(14)-G(13)-G(16) 
G(8)-G(14)-G(13) 
G(8)-G(14)-0(4) 
G(13)-G(14)-0(4) 
C(8)-C(15)-C(16) 
C(13)-C(16)-C(15) 
G(13)-G(16)-G(17) 
G(15)-G(16)-G(17) 

115.1(2) 
114.3(2) 
111.8(3) 
109.1(2) 
105.6(2) 
99.7(3) 

115.8(2) 
111.9(3) 
109.0(3) 
118.2(3) 
122.9(3) 
118.9(3) 
116.9(3) 
112.2(3) 
108.5(3) 
110.2(3) 
101.6(3) 
100.7(3) 
108.1(2) 
113.4(3) 
111.3(3) 
109.1(3) 
122.0(4) 
128.8(4) 

Fig. 2. The torsion angles (0/°) of the A-, B-, G-, and 
D-rings. Only the torsion angles relevant to atoms 
which form the same ring are given in the ring. 

pulsions further result in a small lengthening of the 
C(4)-C(5) bond. 

The conformation adopted by the seven-membered 
B-ring is intermediate between the chair form with 
the mirror plane through the G(5) a tom and the 
twist-chair form with the two-fold rotation axis through 
the C(9) atom. In this conformation, the severe 
3a-3'a or 2a-3'a repulsion characteristic of the chair 
and twist-chair cycloheptane rings11) is much relieved, 
since the exocyclic methylene group, G(20)H2 , oc­
cupies exactly the 3a or 2a position. This suggests 
that the present B-ring conformation may contain less 
strain than the twist-chair form in 2 and the twist-
chair and chair forms** in 3. This tentative con­
clusion is supported by a comparison of the values of 

**The G XVI hemihydrate crystal contains two conformers 
with regard to the B-ring conformation: (a) the twist-chair 
form and (b) the chair form. 
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Fig. 3. The crystal structure viewed along the c axis. 

EB=(Oi-0°i)
2, where the 0,'s ( i = l , 2, - , 7) are 

the observed bond angles in the B-ring and where 
the 0Ys are 109.5 and 116.6° for the sp3 and sp2 bond 
angles respectively. T h e calculated values of EB 
are as follows: G I I , 438; G X V I (a), 345; G X V I 
(b), 288; G X V I I I , 166 (°)2. 

The possibility exists that the 0 ( 2 ) H hydroxyl group 
may form an intramolecular hydrogen bond of the 
O-H-TT type:12) O ( 2 ) - C ( 1 0 ) , 2.895(4) Â ; H ( 0 2 ) -
C(10), 2.59(5) Â ; H ( O 2 ) - C ( 2 0 ) , 2.78(4) Â. This 
weak interaction may also contribute to the stability 
of the present B-ring conformation. 

I t should be noted that the six-membered G-ring 
adopts the unstable boat conformation, while it takes 
the chair conformation in both 2 and 3. In order 
to clarify the cause of this boat conformation, we 
performed force-field calculations for 4—7, using the 
M M I program.13) The calculated heats of formation 
are as follows: 4, —28.8; 5, - 2 2 . 4 ; 6, - 4 . 7 ; 7, —0.1 
kcal/mol. These results show that the transformation 
of the G(15)-G(16) single bond into the double bond 
reduces the chair-boat enthalpy difference of the G-
ring from 6.4 to 4.6 kcal/mol. Therefore, if one as­
sumes that the present B-ring conformation is more 
stable than those in 2 and 3 by more than 4.6 kcal/ 
mol and by less than 6.4 kcal/mol, the conformational 
behavior of the G-ring can be easily understood. 

Crystal Structure. The crystal structure viewed 
along the c axis is shown in Fig. 3. There are two 
kinds of intermolecular hydrogen bonds, 0 (3 ) -H- - -
O ( l ' ) and 0 ( 4 ) - H " - 0 ( 3 " ) ; their 0 - - 0 distances are 
2.937(3) and 2.854(4) A respectively. Through these 
hydrogen bonds, the molecules form a molecular layer 
parallel to the (100) plane. These molecular layers 
are further held together mainly by the van der Waals 
interactions. 

We wish to thank Dr. Eiji Osawa of Hokkaido 
University for allowing the free use of the M M I pro­
gram. We are also grateful to Dr. Hiroshi Yoshioka 
of Kwansei Gakuin University for his valuable dis­
cussion of hydrogen bonds. 
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Electrode Kinetics of Eu(III) Ion in the Presence 
of 1,4-Benzenedimethanol 
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In order to know the role of aromatic ring on the electrode kinetics, d. c. polarogram of Eu(III) ion was meas­
ured in the presence of 1,4-benzenedimethanol (1,4-BDM). The effect of the adsorption has been discussed by 
correlating the kinetic data to the adsorption behaviors of 1,4-BDM estimated from the electrocapillary curves. 
At the standard potential of Eu(III)/Eu(II) (—0.600 V vs. SGE), 1.4-BDM on the electrode changed its orienta­
tion from horizontal to vertical with an increase in the coverage. Both orientations showed an inhibition effect 
for the electroreduction of Eu(III) ion. When the coverage due to the horizontal orientation is less than 0.8, 
the inhibition was interpreted by an additional energy to deform the surface layer. On the other hand, the in­
hibition at full coverage due to both the horizontal and the vertical orientations was interpreted by the tunneling 
probability through the adsorbed layer differed in the thickness. 

Electroinactive organic compounds adsorbed on the 
electrode influence the reduction rate of metal cations. 
I t has been proposed that various factors influence 
the reduction rate, for example blocking effect,1-6) 
interaction between the activated complex and the 
adsorbed ions or molecules,7) additional energy to 
bring the discharging ion to the pre-electrode state,8) 
electrostatic potential9) and dipole,10) and so on. T h e 
above factors have been reviewed by Lipkowski and 
Galus,11) and Damaskin and Afanas'ev.12) 

Organic compounds adsorbed on the electrode usu­
ally inhibit the reduction rate of metal cations. How­
ever, Loshkarev et a/.13) observed that 1-naphthol in­
hibited the reduction rate of Bi(III) when its aromatic 
ring was vertical to the electrode surface, but it did 
not prevent the electron transfer to the discharging 
ion when the ring was horizontal. They explained 
these results on the basis lof the idea proposed by 
Dyatkina and Damaskin14) that aromatic compounds, 
adsorbed horizontally on the electrode, extend the 
metal surface toward the solution. Dutkiewicz and 
Paucz15) have also discussed the electrode reaction of 
Cd(II) ion in the presence of benzenesulfonate ion 
on the same explanation as Loshkarev et a/.13) How­
ever, such an effect of aromatic compounds is observed 
only for the electroreduction of deposition type such 
as Bi(III)/Bi(0) and Cd(I I ) /Cd(0) . I t is of interest 
to study their effect on the electroreduction of simple 
charge transfer type, namely E u ( I I I ) / E u ( I I ) . 

In this study, 1,4-benzenedimethanol (1,4-BDM) was 
chosen as the aromatic compound, because it has 
a good solubility in water and it is a neutral compound 
which does not form a complex with Eu (I I I ) ion. 
The initial study was the adsorption behaviors of 
1,4-BDM at the mercury /water interface, and then 
the effect of the adsorption on the electrode kinetics 
of Eu ( I I I ) /Eu ( I I ) . 

Exper imenta l 

All chemicals were analytical grade materials. 1,4-Ben­
zenedimethanol (1,4-BDM) was recrystallized twice from 
distilled water. Aqueous 1 M NaC104t prepared from triply 
distilled water was used as the supporting electrolyte, and 
was treated with purified active charcoal before use. Mer­

cury was purified by treatment with dilute nitric acid, then 
distilled triply in a vacuum. Nitrogen gas, after passing 
through a purification line, was used for deaeration. 

Adsorption behaviors of 1,4-BDM were estimated from 
the analysis of the electrocapillary curves, which were meas­
ured with the maximum bubble pressure method.16'17) 
Twelve different concentrations of 1,4-BDM solutions were 
prepared to cover between 0.2 mA and 15 mA. The in­
terfacial tension was measured at 50 mV intervals, except 
for positive and negative extremes where 25 mV intervals 
were chosen. The error of the measurement was ±0.1 
mN m - 1 near the electrocapillary maximum, and +0.3 
mN m - 1 at positive and negative extremes. Most of the 
parameters essential to adsorption were derived by analyzing 
the electrocapillary curves with a computer programme. 
At the analysis, no corrections were taken into consideration 
for the medium effect on the activity coefficient of the sup­
porting electrolyte,18»19) and the activity coefficient of the 
adsorbate.20) 

Differential capacity was measured with a cell and a 
bridge similar to those described by Hills and Payne.21) 
The measurement was carried out at a frequency of 850 Hz 
with an amplitude of 5 mV, and at 7.0 s after the birth of 
a mercury drop whose total life was about 12 s in 1.0 M 
NaC104. 

The capillaries used in the above two measurements were 
siliconed on the internal wall by passing a vapor of dimeth-
yldichlorosilane for several seconds. 

Polarographic measurement, in which an instantaneous 
current at the end of the drop life was recorded, were carried 
out with a three-electrode system consisting of a Yanagimoto 
Voltammetric Analyzer (Model P-1000). The drop time 
was adjusted to 3.5 s, and the flow rate of mercury was de­
termined by weighing mercury recovered during a given 
time, and it was 1.781 m g s - 1 at a mercury height of 60 
cm. The concentration of Eu(III) ion was 0.98 mM. Cur­
rents were corrected for the residual current which was 
measured independently. The true standard rate constant 
was obtained following the method due to Asada et al.22) 
The apparent heat of activation of the electrode reaction 
at the standard potential was determined from the depend­
ence of the apparent standard rate constant on temperature. 

All the measurements except for the apparent heat of 
activation were carried out in a water bath thermostated 
at 25 + 0.1 °G, and potentials were measured against a satu­
rated calomel electrode (SGE). 

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

t l M = l m o l d m - 3 . Electrocapillary and Differential Capacity-potential Curves. 
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- 0 . 5 - 1 . 0 

(E vs. SGE)/V 

Fig. 1. Electrocapillary curves for aqueous 1.0 M 
NaC104 solutions containing 1,4-benzenedimethanol in 
various concentrations at 25 °C. 
The concentrations (mM) : (1) 0 (base solution, 1.0 
M NaC104), (2) 0.5, (3) 2.0, (4) 4.0, (5) 7.0, (6) 
10.0, and (7) 15.0. 
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Fig. 2. Typical differential capacity-potential curves 
of the mercury electrode in aqueous 1.0 M NaC104 

solutions with and without 1,4-benzenedimethanol 
at 25 °G. 
The concentrations of 1,4-benzenedimethanol (mM) : 
0 (base solution, 1.0M NaC104), (2) 3.0, and (3) 15.0. 

Figure 1 shows the electrocapillary curves obtained 
for the 1.0 M NaC10 4 containing 1,4-BDM in various 
concentrations. T h e drop in the interfacial tension, 
y, due to an increase in the concentration is most 
remarkable at —0.5 V, which approximately corre­
sponds to the electrocapillary maximum, Eecm. This 
suggests that 1,4-BDM adsorbed on the electrode does 
not take an orientation with a large dipole moment 
in the direction normal to the electrode surface. 

Figure 2 shows the typical differential capacity-
potential curves obtained for the 1.0 M NaC10 4 con­
taining 1,4-BDM. T h e adsorption-desorption peak at 
more positive potentials was not observed clearly, in 
contrast to that a t more negative potential. This 
indicates that ^-electrons in 1,4-BDM interact with 
the positive charge on the electrode, as have been 

X 

0 -0 .4 -0 .8 -1 .0 

(E vs. SCE)/V 

Fig. 3. Surface excess of 1,4-benzenedimethanol as a 
function of potential. 
The concentrations of 1,4-benzenedimethanol (mM) : 
(1) 0.2, (2) 0.5, (3) 1.0, (4) 1.4, (5) 2.0, (6) 3.0, (7) 
4.0, (8) 5.0, (9) 7.0, and (10) 15.0. 
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Fig. 4. Variation of surface excess at saturation, rs, 
with the electrode potential. 

accounted for in organic compounds with jr-elec-
trons.23-25) 

T h e curve for the base 1.0 M NaC10 4 showed a 
large peak due to specific adsorption of Perchlorate 
anion.26) However, the peak was diminished with 
an increase in the concentration of 1,4-BDM, and 
completely disappeared at more concentrated solutions 
than 1.0 m M . I t was thought that the specific ad­
sorption of Perchlorate anion becomes unimportant 
at higher concentrations of 1,4-BDM. 

Adsorption Behaviors. Surface excess, T"7, of 1,4-
B D M was obtained using Eq. 1, 

(dy/dhi C0Xg)E,P,T= -RTr, (1) 

where C0Tg is the concentration of 1,4-BDM, and the 
others have usual meaning. T h e surface excess at 
various concentrations is shown in Fig. 3 as a function 
of potential. Figure 4 shows a relation between the 
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T A B L E 1. INTERACTION PARAMETER AT VARIOUS 

POTENTIALS 

(Potential 
vs. SGE)/V 
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Fig. 5. Test of the Frumkin isotherm at different 
potentials. Potential and /% used for the estimation 
of coverage: (a) —0.5 V and 3.5 X ÎO"10 mol cm"2, 
(b) - 0 . 6 V and 3.9 x 10-10 mol cm"2, and (c) - 0 . 7 
V and 4 .0xl0- 1 0 molcm- 2 . 

potential and the surface excess at saturation, JPS, 
which are obtained by extrapolating the plots of l/T 
vs. l /Co r g at a given potential to 1/C o r g=0. The 
value of r8 obtained in this way reflects the orienta­
tion at higher surface excess from the nature of the 
plots. Two limiting values of rB were observed de­
pending on the potential. One was 3 . 0 x l 0 ~ 1 0 m o l 
c m - 2 and the other was 4.0 X 10~10 mol cm~2. Since 
the center of the change in rB was —0.5 V which 
nearly corresponded to Eecm, this change was thought 
to result from an interaction between ^-electrons in 
the adsorbed 1,4-BDM molecules and the surface 
charge on the electrode. Then, it was considered 
that the lower value of rB corresponds to a horizontal 
orientation and the higher one to a vertical orientation 
with a smaller projected area. 

As the adsorption behavior of 1,4-BDM was expected 
to be complicated, it was somewhat closely examined 
by fitting to a Frumkin isotherm with two parameters, 
r& and the interaction parameter. Equation 2 shows 
the Frumkin isotherm, 

fix = 6/(1-6) exp(-2fl0), (2) 
where ß is the adsorption coefficient being a function 
of the standard free energy of adsorption, x and 6 
are the molar fraction and the coverage defined as 
r/rB9 respectively, and 2a is the interaction parameter 
whose positive (negative) value means that an at­
tractive (repulsive) force acts among adsorbed mole­
cules. The Frumkin isotherm plot at various poten­
tials is shown in Fig. 5. The value of 6 necessary 
for this plot was evaluated using the value of rs cor­
responding to each potential in Fig. 4. In this treat­
ment, it is assumed that the orientation of 1,4-BDM 
around Eecm is intermediate between the horizontal 
and the vertical orientation, regardless of coverage. 
However, a linear relation over the whole coverage, 
which was actually observed for —0.2 and —0.9 V 
far from Eecm, was not obtained for the potentials 
around Eecm. A change in the orientation owing to 
coverage seems to be the cause, because the plots of Eecm by 30 mV27> or 70 mV,28> which has been 

in Fig. 5 change the slope at higher coverage. I t 
has already been described that aromatic compounds 
have a tendency to change the orientation with the 
surface charge on the electrode, namely a horizontal 
orientation at positive charge owing to attractive in­
teraction with ^-electrons and a vertical orientation 
at negative charge owing to repulsive interaction with 
^-electrons. Except for this electrostatic effect, at po­
tentials around Eecm where the surface charge density 
is low, the hydrophobic interaction between the ad-
sorbate and the electrode with a structured water, 
and the need for an increased packing seem to control 
the orientation. From this point of view, 1,4-BDM 
around Eeem was considered to take a horizontal ori­
entation with higher hydrophobicity at lower surface 
excess and a vertical one with a smaller projected 
area at higher surface excess. Then, the Frumkin 
isotherm in Fig. 5 was replotted using J T s = 3 . 0 x 10~10 

mol c m - 2 for 6<:0.7. In this case, the plot showed 
an inflection at 0~O.8—0.9. The values of 2a obtained 
from the above treatment are summarized in Table 
1. They were positive, and it was found that the 
attractive interaction acts among the adsorbed 1,4-
B D M molecules in the horizontal orientation. I t was 
also observed that the interaction parameter changes 
with potential. Although the cause is not clear, a 
change in the configuration of the hydroxyl groups 
due to the electric field seems to be a cause. 

There remains a problem how to interpret the in­
termediate values of rB around Eecm. I t can be in­
terpreted in connection with the consideration of the 
orientation state of 1,4-BDM at higher surface excess. 
Thus , 1,4-BDM begins to take the vertical orienta­
tion, as the coverage evaluated with respect to the 
horizontal orientation exceeds 0.8—0.9. Then , the 
electrode surface is thought to be completely covered 
with 1,4-BDM molecules which consist of the two 
orientations. The fraction of the vertical orientation 
in the mixed two orientations increases with an in­
crease in the surface excess, but the maximum fraction 
which is associated with the value of rB changes with 
the potential or the surface charge on the electrode. 
Above consideration seems to be more natural than 
that of the intermediate orientation corresponding to 
each Fg, and was actually verified in the following 
discussion with respect to adsorption effect of 1,4-
B D M on the electrode kinetics of E u ( I I I ) . 

Orientation Model. Figure 6 shows the varia­
tion of Eecm with the surface excess. Eecm showed 
a slight cathodic shift with an increase in the surface 
excess, but at higher surface excess it showed a slight 
anodic shift oppsitely. This result was thought to 
be another proof for the change in the orientation 
due to coverage. When 1,4-BDM is adsorbed without 
net dipole moment , one can expect a positive shift 
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Fig. 6. Variation of the electrocapillary maximum, 
Eecm, due to adsorption of 1,4-benzenedimethanol. 
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Fig. 7. Scale drawings of a 1,4-benzenedimethanol 
molecule adsorbed on the electrode through the 
horizontal orientation (a) and (b), and the vertical 
orientation (c) and (d). (a) and (c) show the top 
view, and (b) and (d) the side view. At the de­
termination of the molecular configuration, the CPK 
precision molecular model was used. 

estimated for the potential drop due to water dipoles 
at Eecm. Therefore, the result in Fig. 6 can be in­
terpreted as follows: the horizontal orientation at lower 
surface excess has a small dipole moment and at the 
interface the negative end of the dipole directs to 
the electrode, but the normal component of this dipole 
becomes unimportant with the change in the orienta­
tion from horizontal to vertical. 

O n the basis of the above consideration and the 
two different values of rgi such orientation models 
as shown in Fig. 7 were considered for the horizontal 
and the vertical orientations at the potentials around 
Eecm. T h e area of the rectangles enclosing the mole­
cule in Figs. 7-a and 7-c are 55.3 Â2 or 3.0 XlO" 1 0 

mol c m - 2 and 41.5 Â2 or 4.0 X 10 - 1 0 mol c m - 2 , respec­
tively. Moreover, the height of the molecule estimated 
from Figs. 7-b and 7-d were about 4.2 Â and 6.3 Â, 
respectively. When these molecules form a monolayer 
on the electrode, the difference in the thickness of 
the layer can be expected to be about 2.1 Â. 

Kinetic Data for the Reduction of Eu (III) in the Presence 
of 1,4-BDM. In order to know the effect of 
jT-electrons in 1,4-BDM on the reduction rate of Eu-
(III) ion, d.c. polarogram was measured with the 
aqueous 1.0 M N a C 1 0 4 solution containing 0.98 m M 
Eu( I I I ) ion and 1,4-BDM in various concentrations. 
Figure 8 shows the polarograms. I t is obvious that 

-0.5 -0.9 -1.0 -0.6 -0.7 -0.8 

(E vs. SGE)/V 

Fig. 8. D.c. polarograms of 0.98 mM Eu(III) ion in 
aqueous 1.0 M NaC104 solutions containing 1,4-ben­
zenedimethanol at 25 °G. 
The concentrations of 1,4-benzenedimethanol (mM) : 
(1) 0 (base solution, 1.0 M NaC104), (2) 1.0, (3) 4.0, 
and (4) 15.0. 

the presence of 1,4-BDM in the solution inhibits the 
reduction of Eu( I I I ) ion. 

T h e true standard rate constant was determined 
from the analysis of the i-E curve at the foot of the 
wave (z<0.05 zd). Equation 3 represents the current 
for the reduction of Eu( I I I ) to Eu( I I ) , 

i9 = FAkiC^nilll)cxp{(a-z)F^2IRT}cM-«FV/RT), 

(3) 

where A is the electrode area, CEU(III) is t n e bulk 
concentration of Eu (I II) ion, oc is the true transfer 
coefficient, z is the ionic valence of Eu (III) ion, <f>2 

is the inner potential at the outer Helmholtz plane 
which was determined using the Gouy-Chapman the­
ory,29) f} is the overpotential, hi is the true standard 
rate constant, and the others have usual meaning. 
As a first approximation, Eu (I I I ) ion was assumed 
to take an electron at the outer Helmholtz plane 
with its hydration shell.30) Various kinetic data are 
summarized in Table 2 with the adsorption data 
of 1,4-BDM at the standard potential of Eu ( I I I ) / 
Eu( I I ) ( - 0 . 6 0 0 V vs. SCE31>). For lower surface ex­
cess, the coverage 0 was evaluated as E/rs) where 
. T s = 3 . 0 x 10 _ 1 0 mol cm - 2 . However, for surface excess 
higher than 3.0 X 10 - 1 0 mol cm - 2 , the fraction of the 
vertical orientation in the mixture which consists of 
the vertical and the horizontal orientations, 0V was 
estimated on the basis of the previous consideration 
of the full coverage. T h e diffusion constant of Eu-
( I I I ) , D, was constant throughout the solutions in 
an experimental error. O n the other hand, the ap­
parent heat of activation at the standard potential, 
AH8*, was increased with an increase in the coverage, 
but it came to constant near and at full coverage. 

Inhibition Effect at Intermediate Coverage. The rate 

constant in the presence of organic adsorbates is gen­
erally a function of coverage, and it has been expressed 
in theoretical equations by considering various factors. 
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TABLE 2. ADSORPTION AND KINETIC DATA 

665 

Conen of 
1,4-BDM 

mM 

0 
(base soin 
0.5 
0.7 
1.0 
1.4 
2.0 
2.5 
3.0 
4.0 
5.0 
7.0 

10.0 
15.0 
20.0 

rxioioa> 
mol cm~2 

— 
) 

0.48 
0.62 
0.83 
1.22 
1.78 
2.20 
2.53 
2.96 
3.20 
3.50 
3.66 
3.79 
— 

0b) 

0.16 
0.21 
0.28 
0.41 
0.59 
0.73 
0.84 
0.99 
1.00 
1.00 
1.00 
1.00 

(1.00)d> 

0V
C> 

0.20 
0.50 
0.66 
0.79 

(0.90) d> 

Ex/z vs. SGE 
V 

- 0 . 6 7 2 

- 0 . 7 0 9 
- 0 . 7 1 7 
- 0 . 7 3 4 
- 0 . 7 4 3 
- 0 . 7 5 7 
- 0 . 7 6 7 
- 0 . 7 7 3 
- 0 . 7 9 1 
- 0 . 7 9 9 
- 0 . 8 1 2 
- 0 . 8 2 4 
- 0 . 8 3 7 
- 0 . 8 4 8 

klxW 
cm s - 1 

— 

25.8 
19.3 
13.0 
9.24 
6.61 
5.44 
4.59 
3.50 
2.65 
1.64 
1.15 
0.797 
0.773 

a 

— 

0.39 
0.39 
0.40 
0.39 
0.36 
0.38 
0.40 
0.39 
0.44 
0.50 
0.56 
0.55 
0.59 

Z>X106 

cm2 s - 1 

8.1 

8.2 
8.2 
8.1 
8.0 
8.2 
8.2 
8.3 
8.2 
8.2 
8.1 
8.2 
8.1 
8.1 

Am 
kj moi-1 

79.1 

89.9 

95.4 

94.1 

95.8 

a) The values at the standard potential of Eu (III) /Eu (II), — 0.600 V vs. SGE. b) For the solutions up to 4 mM, 
the coverage 0 was evaluated with the horizontal orientation, but in the solutions beyond 4mM, the electrode 
surface was considered to be completely covered with a mixture consisting of the horizontal and the vertical 
orientations, c) The 0V is the fraction of the vertical orientation in the mixture, d) Speculated values. 

- 1 0 

-12 

-10 

- / 

\ 

t>-~ 

lnk^-12 .5 

—i 1 1 1 
0 -1 -2 -3 -4 

In (1-0) 

Fig. 9. Plot of Ink* against In ( 1 - 0 ) . 

The most simple form is the following equation,1 - 3) 

k{ = « = • ( 1 - 0 ) +k'=\ (4) 

where ki=0 and ki=1 are the standard rate constants 
at zero and full coverage, respectively. Equation 4 
is the sole equation that predicts a linear relation 
between ki and 6. When ki=0>ki=1, it changes to 
Eq. 5, 

« = « = • ( 1 - 0 ) , (5) 

which describes a simple blocking effect. However, 
Lipkowski and Galus32) have recently pointed out 
that the interpretation of Eq. 5 is different depending 
on the thermodynamics of the interface. 

Figure 9 shows the plot of In ki against In (1—0). 
In contrast to the prediction of Eq. 5, this plot showed 
a curvature. Further the plot based on Eq. 4 also 
showed a curvature, thus it was concluded that the 
electroreduction of Eu (III) ion in the presence of 
1,4-BDM could not be described by Eqs. 4 and 5. 

Afanas'ev and Ternovskoi8) have presented the next 
equation which is one of the equations predicting 

-10 
0 0.2 0.4 0.6 0.8 1.0 

0 

Fig. 10. Plot of Ink* against 0. 

a non-linear relation between ki and 0, 

ki =k°=°exp{-2ard), (6) 
where 2a is the interaction parameter of the Frumkin 
isotherm for adsorbate in the absence of discharging 
ion, r is a coefficient taking into consideration the 
decrease in the attractive interaction between the ad­
sorbed molecules when the discharging ion is transferred 
into the adsorbed layer. This equation is based on 
the consideration that the concentration of the dis­
charging ion in the surface layer is determined by 
the additional energy (2arORT) required to transfer 
the discharging ions from the bulk of the solution 
into the structured surface layer consisting of water 
and the adsorbed molecules. 

Figure 10 shows the plot based on Eq. 6 in the 
region of 0<O.8. A linear relation was observed in 
the region of O.2<0<O.8. T h e deviation of the plot 
from the linear relation in 0<O.2 seems to result from 
a specific adsorption of Perchlorate anion which acts 
as an accelerator. The slope was 2.0 and it agreed 
well with the value of 2ar a t r = l , 2.0 which was esti­
mated from the fit to the Frumkin isotherm. 
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(*a-*2 ) /2 T 
( * l - * 2 ) 

0 -1 -2 

l n ( l - 0 v ) 

Fig. 11. Plot of In A:? against In (1 —0y). 

I t was pointed out in Ref. 8 that Eq. 6 is set up 
when the transfer of the discharging ion into the sur­
face layer is reversible, while the electrode reaction 
rate is limited by the electron transfer step. Such 
a surface layer also does not influence the diffusion 
limiting current.32) The constancy of D in Table 2 
satisfies the requirement. Further, the increase in 
AH * due to adsorption of 1,4-BDM is thought to 
support the above inhibition effect, although the change 
is somewhat larger than that expected from the ad­
ditional energy. 

Inhibition Effect at Full Coverage. Figure 11 shows 
the plot of In ki against ln ( l— 0V). T h e standard 
rate constant was diminished with an increase in 
0V, and showed a limiting value of —14.1. A similar 
limiting value of —12.5 has also been observed in 
Fig. 9. Taking into consideration the adsorption be­
havior of 1,4-BDM, the former can be assigned to 
the rate constant relating to the vertical orientation 
In kiw, indeed the vertical orientation at this time is 
not so perfect as in E< — 0.7 V, and the latter to that 
relating to the horizontal one In k!^. The difference 
between above two values was 1.6, and the inhibition 
effect due to the vertical orientation was larger than 
that due to the horizontal one. 

I t is also considerable for this result that the de­
formation of the structured surface layer is a factor 
for the inhibition of the electroreduction of Eu( I I I ) 
ion at full coverage. 

However, the process that Eu (I II) ion penetrates 
into the adsorbed monolayer by surmounting only 
the deformation energy seems to be improbable a t 
full coverage, because the penetration at full coverage 
needs another additional energy due to the displace­
ment of 1,4-BDM adsorbed on the electrode, which 
is larger than the deformation energy and nearly 
the same as the adsorption energy, about 23 k j mo l - 1 . 
As can be seen from Table 2, the values of A / / s * near 
and at full coverage were approximately constant, 
regardless of the structure of the adsorbed monolayer. 
This result can not be explained by the penetration 
process based on the deformation or the displacement. 
As the another factor for the inhibition effect at full 
coverage, the electron tunneling process through the 
adsorbed monolayer was considered. This process ex­
plains the constancy of A/ / 8*. Thus , the reactant 
which accepts an electron at the tunneling transition 
is not Eu (III) ion at the ground state, but the ion 
at the activated state. Eu (III) ion is thought to be 

/ / / / / / / / / / | 
Electrode Electrolyte 

Fig. 12. Idealized rectangular barrier model for the 
electron tunneling from the mercury electrode to 
Eu (I II) ion through the adsorbed 1,4-benzenedimeth-
anol monolayer. Here, &x and 02 are the electronic 
energy of the electrode and the electrolyte, respec­
tively, K and AE are the electron affinity of the 
monolayer and the mean height of the barrier, re­
spectively, E8 is the standard potential of Eu(III)/ 
Eu(II) in the absolute potential scale, and d is the 
thickness of the monolayer. 

activated through the thermal and the electrostatic 
interactions of the ion with the sorrounding water 
molecules, the so-called solvent rearrangement,33) and 
the energy necessary for such an activation can be 
expected to be independent of the surface layer struc­
ture, if a specific interaction between the reactant 
and the adsorbed molecules is not present. 

Furthermore, appearance of the limiting value of 
In ki as shown in Fig. 9 has been attributed to a pos­
sibility of the electron tunneling through the adsorbed 
organic layer.34) Therefore, such a possibility was 
examined using the theory of elastic tunneling. Ap­
plication of such a tunneling theory to the electrode 
kinetics has been carried out by Gurney35) and 
Gerisher,36) and has been verified by the experiment 
at the oxide covered electrodes.37-40) T h e electron 
tunneling through organic monolayer between metals 
has also been verified with respect to various fatty 
acid salts.41»42) 

If the current at the electroreduction of Eu (III) 
ion is governed by the electron tunneling through 
the adsorbed organic monolayer, it is represented by 
Eq. 7, 

*e=i = *< u(E)Nb(E)Dox(E)dE, (7) 

where e0 is the charge of an electron, Nh(E) and Dox(E) 
are the density of occupied electron states in the elec­
trode and that of unoccupied states in the electrolyte, 
respectively, and u(E) is the electronic frequency factor 
involving the tunneling probability. This tunneling 
probability is a function of the thickness of the ad­
sorbed layer, d, and the mean height of the potential 
barrier, AE. O n the basis of the idealized rectan­
gular barrier model shown in Fig. 12, u(E) is rep­
resented by the following equation, 

u (E) oc exp{ - [\nd\h) l /2m eAE}, (8) 

where h and me are Planck's constant and the mass 
of an electron, respectively. The frequency factor can 
be assumed to be independent of the energy, E. Fur­
ther, assuming that AE does not change with the 

file:///nd/h
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rf/A 

Fig. 13. Plot of lnke
B against d. 

orientation of 1,4-BDM, one obtains the next relation 
for the ratio of the true standard rate constant at 
full coverage with the horizontal and the vertical 
orientations, 

\n{ki^\kl^} = -(47tAd/h)V2meAË, (9) 

where Ad is the difference in the thickness of the 
adsorbed organic layer. The possibility of the elec­
tron tunneling process can be proved by using Eq. 
9. 

In general, AE=(01+02)I2—K, where 0± and 02 

are the electronic energy of the mercury used as the 
electrode and of the electrolyte, respectively, and K 
is the electron affinity of the adsorbed organic mono­
layer. One can use the work function of mercury 
and the standard potential of Eu ( I I I ) /Eu (II) in the 
absolute potential scale as 0± and @2> respectively. 
One obtains 4.5 eV43) for Ql9 and 4.1 eV for @2 using 
the value of 4.43 V44) as the absolute potential of the 
standard hydrogen electrode. Further , K is defined 
as (/p—-Eg), where 7p and Eg are the ionization po­
tential and the band gap of the adsorbed 1,4-BDM 
monolayer, respectively. These values must be actu­
ally for the monolayer, but those for the molecule 
were used. The value of E was evaluated from 
the ultraviolet spectrum measured in the 1.0 M NaC10 4 

solution dissolved 1,4-BDM, and it was 5.69 eV for 
A m a x =218 nm. Since the value of 7p was not found 
in the literature, instead, that of benzenemethanol 
9.14 eV45) was used. 

Finally, one obtains 1.7 A for Ad by introducing 
In {kî^fkî^} — —1.6 and the others into Eq. 9. 
Taking into consideration the imperfection of the ad­
sorbed monolayer and rough approximations used, 
this calculated value of 1.7 A seems to agree well 
with 1.9 A, which was estimated by applying the 
arithmetic mean to rs of 3.9 X 10~10 mol c m - 2 at 
—0.600 V on the basis of the consideration of the 
mixed orientation and the orientation model in Fig. 
7. 

Figure 13 shows the plot of In ki against the ari th­
metic mean thickness of the adsorbed layer saturated 
with the two orientations, d. A linear relation ob­
served in this Figure is considered to support the 
previous consideration of the full coverage at higher 
surface excess, and also the electron tunneling process 
through the adsorbed organic monolayer. 

Concluding Remarks. In the results and the dis­
cussions so far mentioned, it was clarified that the 

horizontal orientation of the benzene ring inhibited 
the electroreduction rate of Eu ( I I I ) ion, which is 
known as the reaction of simple charge transfer type. 
This result was distinct from that obtained by Loshkarev 
et fl/.13) with respect to the reaction of deposition type. 
In considering that Eu ( I I I ) ion takes an electron 
with its hydration shell, the reduction intermediates 
of Bi(III) and Cd (I I ) , which seem to be partially 
dehydrated, may have such an interaction with n-
electrons that does not lead to the inhibition of charge 
transfer rate. However, the idea14) that aromatic com­
pounds adsorbed horizontally extend the electrode sur­
face toward the solution side through the aromatic 
rings was not applicable to the system in this study. 
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On Behaviors of a New Chemical Reaction Model Showing 
Hard Oscillations 
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The behavior of a new chemical reaction model was studied and the existence of hard oscillations was con­
firmed. This chemical reaction model is useful because it is easy to apply to investigations of the behavior of a 
chemically oscillating system surrounded by membranes or in a well-stirred continuous flow reactor. The latter 
was discussed relating to the chaotic oscillations due to the Belousov-Zhabotinskii reaction in a well-stirred con­
tinuous flow reactor reported by Schmitz et al. 

Until now many papers about behaviors of chemical 
systems far from equilibrium states have been pres­
ented. 1-2°) A system far from an equilibrium state 
occasionally shows a characteristic phenomenon like 
chemical oscillations.1-6) The representative exempli­
fied phenomenon is observed on the Belousov-
Zhabotinskii reaction.1) This chemical system has been 
investigated by many investigators and especially Noyes 
et al. of Oregon University studied in detail11) and 
proposed a well-known chemical reaction model called 
"Oregonator."4) The fundamental theory of nonequi-
librium thermodynamics has been developed mainly 
by Prigogine and his school.2) According to them, 
the steady state of the system far from an equilibrium 
state is not always stable and transits to formation 
of a new type of structures when the system changes 
beyond a critical point of instability. These structures, 
which are occasionally heterogeneous and oscillatory 
states, are called the dissipative structures. I t is quite 
remarkable that some of the most spectacular aspect 
of biological activities, such as control of cellular 
division, cellular differentiation and morphogenesis, 
can be modeled in terms of dissipative structures.2»12) 

We have studied a model chemical system having 
multiple steady states in order to investigate the chemi­
cally oscillatory phenomena,13) and these studies were 
applied to the problem of absolutely asymmetric syn­
thesis.14) In this paper, a new chemical reaction model, 
which is derived from our model of chemical oscil­
lations,13) is proposed and studied in detail. This 
chemical system shows stable oscillations around a 
stable steady state and pulse generations around the 
sustained oscillatory state with a small amplitude. 

The present chemical reaction model can be applied 
to investigate the behavior of a chemical oscillatory 
system which is enclosed by a membrane or in a well-
stirred continuous flow reactor. I t seems that the 
application to the latter system is useful for interpreting 
the chaotic oscillations of the Belousov-Zhabotinskii 
reaction in a well-stirred continuous flow reactor ob­
served by Schmitz et Ö/.15) 

Behaviors o f C h e m i c a l 
React ion M o d e l 

Chemical Reaction Model. 
lowing reaction system ; 

P > E, 

E + X —*-> X + R, 

We consider the fol-

(R-l) 

(R-2) 

B + X 

E 

X 

k7 

> 

* 8 

> 

* 5 

T 

* 6 

s, 
T. 

A + 2X+ E ==± 3X + E, (R-3) 

(R-4) 

(R-5) 

(R-6) 

These reaction steps proceed homogeneously at con­
stant temperature and pressure. The concentrations 
of P, A, B, and C are kept constant by means of an 
external control in order to sustain the system far 
from equilibrium. E and X are the reaction inter­
mediates and the rates of changes in the concentrations 
of E and X are expressed respectively by 

dE 
—-— — k^P — knEX — k7Ef at 

dX 
dt 

= kBAEX2 - k±EX* - k5BX + kfi - k8X. 

(1) 

(2) 

In order to study the behavior of this chemical 
system at the steady state, the conditions dE/dt=0 
and d ^ 7 d / = 0 are applied to Eqs. 1 and 2 to obtain 

kxP - k2EX - k7E = 0, (3) 

kzAEX* - kAEX3 - k5BX + kfi - k8X = 0. (4) 

We put £ 7 = £ 8 = a hereafter for simplicity. The steady 
state values of X and E were obtained by solving 
these equations and plotted in Fig. 1 as a function 
of a for various values of P. The solid and dotted 
portions indicate stable and unstable steady states, 
respectively. Parameter values used are as follows; 

,4=1.332, 5 = 5.02, C=5.35 , ^ = 0 .1 , £2 = 0.476, 

k3= 100.0, A;4=48.64, #5=10.0, k6 = 1.0, 

P = 1.50(a), 2.0(b), 2.5(c), 2.9(d), and 3.2(e). 

These parameter values were also used for study of 
a chemical oscillation model in the preceding paper.13) 
In the case (e), the steady state is stable in a range 
of adequately small a values and changes into unstable 
when a increases beyond a critical point near oc= 
0.014 and again returns stable in a range beyond a 
critical point near a = 0 . 2 2 4 ; that is, it is expected 
that a sustained oscillatory state is realized in the 
dotted line region. To confirm this expectation, Eqs. 
1 and 2 were solved for P = 3 . 2 by the Runge-Kut ta 
method with a digital computer. Three of calculated 
results are shown in Fig. 2. In the case (a), the am­
plitude of oscillations is small, but in the cases (b) 
and (c), the amplitudes are equally large. I n Fig. 
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Fig. 1. Plots of steady state concentration of X ob­
tained from Eqs. 3 and 4 against a. Solid lines 
represent stable steady states and dotted lines rep­
resent unstable ones. Parameter values used are; 
A= 1.332, 5=5.02, C=5.35, ^ = 0 . 1 , *2=0.476, ks= 
100.0, *4=48.64, ifcB= 10.0, * ,= 1.0, (a) i»=1.50, (b) 
P=2.0 , (c) P=2 .5 , (d) i>=2.9, and (e) P=3.2 . 
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Fig. 2. Results of numerical solution of Eqs. 1 and 
2 for P=3.2 , (a) a=0.015, (b) a=0.14, and (c) a = 
0.222. Other paremeter values used are the same 
with those of Fig. 1. The steady states are unstable 
for these parameter values and oscillations occur. 

3, the ampli tude of oscillation is plotted against a. 
The upper and lower thin dotted lines show the width 
of oscillations. The thick solid and dotted line in­
dicates stable and unstable steady state, respectively. 
The amplitude of oscillation decreases drastically at 
the critical point of a = 0.2238, and this suggests co­
existence of stable oscillatory and stable non-oscillatory 
states, where the oscillatory states are not self-induced 
but are initiated by a finite perturbation at the stable 
non-oscillatory states. This phenomenon is called hard 
oscillations.16) Actually, it was confirmed from cal-

Fig. 3. Plot of amplitude of oscillations against a 
value determined from Eqs. 1 and 2. All the pa­
rameter values are the same with those of Fig. 1. 
Two types of transition points are shown. At the 
transition point near a=0.014, the amplitude increases 
continuously with an increasing value of a, while a 
hard oscillation occurs at the transition point near 
about a=0.2238. See Fig. 5. 

* 

0,24 

0.23h 

0.22 

0.21 

0,960 0,965 0,970 
E 

Fig. 4. Behaviors of the chemical system around the 
stable steady state. X indicates the stable steady 
state. When a calculation is started from the initial 
state of A^=0.215 and £=0.969, the chemical system 
falls into the stable steady state and it is started from 
the initial state of *f=0.214 and £=0.969, the system 
falls into the stable oscillatory state. a=0.2237. 
X (X= 0.224, £=0.9689). 

culations of Eqs. 1 and 2 at a=0 .2237 that a sustained 
oscillatory state encloses a stable steady state. The 
enlarged picture of a region around the stable steady 
state is shown in Fig. 4. When a calculation is started 
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Fig. 5. Amplitude behavior of oscillations at the tran­
sition point. ccc=0.2238. 

o.oi 

Fig. 6. Amplitude behavior of oscillations near oc= 
0.0077 for ^ = 0.5, £2=2.38, and P=1.05. Other 
parameter values are the same with those of Fig. 1. 
ac=0.0077. 

from the initial state of Z = 0 . 2 1 5 and £"=0.969, the 
chemical system falls into the stable steady state and 
when it is started from the initial state of ^ = 0 . 2 1 4 
and £"=0.969, the system falls into the stable oscil­
latory state. In this case, both the oscillatory and 
non-oscillatory states coexist, and the transition from 
(or to) sustained oscillatory state to (or from) non-
oscillatory state has a threshold.16) 

The diagram relating the amplitude of hard oscil­
lations to a is depicted in Fig. 5. Hysteresis behavior 
would be observed for the transition between the 
sustained oscillatory state and the stable steady state. 
When a decreases from 0.224 to lower values, the 
steady non-oscillatory state would result until a be­
comes to 0.22366; at this point the transition from 
the non-oscillatory to the oscillatory states would occur. 
When a is lower than 0.22366, only the oscillatory 
state appears. Reversely, the oscillations would per­
sist until a increases beyond 0.2238. This situation 

Fig. 7. Behaviors of the chemical system starting from 
two different initial states. When it starts from (X= 
0.33, £"=0.95), the chemical system goes on a long 
excursion before falling into the stable oscillatory 
state displayed with a thick closed line. While, 
when it start from (Z=0.30, £=0.95) , it falls into 
the stable oscillatory state accompanying damped 
oscillations, a=0.0072. 

results in a hysteresis phenomenon. 
Excitation Around a Sustained Oscillatory State. The 

solution of Eqs. 1 and 2 are shown in Fig. 6 for kx= 
0.5, £ 2 =2 .38 , and P = 1 . 0 5 . The amplitude of oscil­
lation changes drastically at about a=0 .0064 , and 
the amplitude decreases gradually with increasing a 
and eventually disappears when the stability of steady 
state becomes stable. When a=0 .0072 , this chemical 
system has an oscillatory state with a small amplitude. 
This oscillatory state is shown with a closed cycle 
drawn by thick line in Fig. 7. T h e chemical system 
falls into this stable oscillatory state from any initial 
states, although the routes to the oscillatory state 
depend greatly on the initial states. When it starts 
from the state ( Z = 0 . 3 3 , £ = 0 . 9 5 ) , the chemical system 
goes on a long excursion before falling into the sus­
tained oscillatory state, and when it starts from the 
state ( Z = 0 . 3 0 , £ = 0 . 9 5 ) , it falls into the stable oscil­
latory state accompanying a damped oscillatory be­
havior. Only pulse generation is observed when the 
system is brought by a certain distance from the oscil­
latory state. This system shows therefore the phe­
nomenon of pulse generation with a threshold.5'13'17»18) 

Appl icat ion to a M e m b r a n e -
c h e m i c a l S y s t e m 

Now let us consider a membrane-chemical system 
which consists of the chemically oscillatory model 
(R-1)—(R-4) surrounded by a membrane . This model 
was used in our preceding paper13) to investigate the 
chemically oscillatory behaviors. In this system, the 
concentrations of A, B, C, and P inside the membrane 
are kept constant by means of an external control, 
and the concentrations of £ and X outside the mem­
brane are maintained to be zero. All of the chemical 
species are homogeneously distributed inside the mem-
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brane. Then, the rates of permeation of E and X 
through the membrane are expressed as; 

JE = hEE, (5) 

Jx = hxX, (6) 

where hB and hx are the permeation coefficients of 
E and X, respectively. Then, the rate equations of 
E and X inside the membrane are written as ; 

dE 
— - = kjP - k2EX - hEES/V, 

dt 
(7) 

dX 
"dT 

kzAEX* - k^EX* - kbBX + kfi - hxXS/V, (8) 

where S and V are the surface area and the volume 
of the reaction region surrounded by the membrane, 
respectively. If we put hBSIV=hxS/V=oc, Eqs. 7 and 
8 become the same type equations with Eqs. 1 and 
2, respectively. Therefore, we can discuss the be­
haviors of the chemical system surrounded by a mem­
brane with the completely same method described 
in the preceding section. 

Every living system is constructed of cells and every 
cell is surrounded by a lipid bilayer membrane which 
transports substances necessary for living process, and, 
therefore, it is important to explain behaviors of the 
chemically oscillatory system surrounded by mem-
brane.3'6»10) 

Behav iors o f the Chemica l ly 
Osc i l la tory M o d e l in a Wel l - s t irred 

Cont inuous F low Reac tor 

In this section, let us study behaviors of the chemi­
cally oscillatory model (R- l )—(R-4) in a well-stirred 
continuous flow reactor. Schmitz et al. studied the 
behaviors of the Belousov-Zhabotinskii reaction in a 
well-stirred continuous flow reactor and observed cha­
otic oscillations in a certain region of flow rate.15) 
They explained this behavior based on the idea of 
Rösseler;19) that is, a phase point moves on a folded 
surface with an unstable steady state in a phase space 
of three variables, and hysteresis transition across a 
fold generates chaotic behaviors. 

Noyes et Ö/.20) reported that chaotic oscillations of 
the Oregonator can be explained by some modifica­
tions of their chemical model. They used a model 
containing seven intermediates and analyzed the sta­
bility of steady states by introducing a new variable 
P, which represents the concentration of the inter­
mediate HOBr. There exists a certain value of P 
where the stability of steady state reverses, and the 
linkage of P with other chemical species results in 
random oscillations of large and small amplitudes 
under suitable conditions. 

The present investigation shows that the chaotic 
behaviors can be explained without any modification 
of the reaction steps of the original model and, there­
fore, the chaotic oscillations of the Oregonator ob­
served by Schmitz et Ö/.15) can be also explained by 
the present method, which is quite different from the 
method by Noyes et Ö/.20) 

Now let us consider a well-stirred continuous flow 
reactor, in which a series of reactions (R- l )—(R-4) 

is taking place with a constant feed of a fresh raw 
solution and a continuous removal of a reacted solu­
tion. The feed solution is composed of chemical species 
A9 B, C, and P and the reacted solution is composed 
of A, B, C, E, P, R, and X. The total flow rate of 
the solution into the reactor is J and the volume of 
the flow reactor is V. We put J IV as ß for abbrevia­
tion. 

The material balance of these chemical species in 
the reactor is expressed as 

dP 

"dT 

dA 
dt 

- ^ - = ß(BQ-B) - h'BX + k.'C, 

= ß(Po-P)-k1'P, 

= ß(AQ -A) - kz'AEX* + kt'EX*, 

= ß(CQ-C) + ks'BX - k9'C, 
dC 

"dT 

^ - - k{P - k2'EX - ßEy 
dt 

dX 
k3'AEX2 - kt'EX* - k5'BX + k6'C - ßX. 

(9) 

(10) 

(H) 

(12) 

(13) 

(14) 

Here AQ, B0, CQ, and P0 are concentrations in the 
feed solution and A, B, C, and P are uniform con­
centrations in the reactor. The terms including ß 
represent flow terms. 

Equation 9 is solved to give the solution 

P = ßP< 
ß+k. 7" + (iy"w)e^<w,l• (15) 

where P' is an initial value of P. When t is ade­
quately large, P becomes to ßPQl(ß+kl)9 independ­
ently of P' value. Here we adopt the following values; 
£ = 0 . 5 x l 0 - 5 , £ = 2 . 3 8 , £ = 1 . 0 x l 0 - 8 , £ = 4 8 . 6 4 , £ = 
1.0 X 10-4, and £ = 1 . 0 X 10~5. Then, P is nearly equal 
to P0 when ß is sufficiently larger than £ . The 
values of A, B, and C are similarly discussed and it 
was shown that their final concentrations are nearly 
equal to AQ, BQ, and CoJ respectively.21) When 
we put P o = 1 .05x l0 5 , ^O = 1 .332xl0 5 , £ o = 5 . 0 2 x 
105, and Co = 5 . 3 5 x l 0 5 , the values of £ P o J &4 0 , 
kWo9 and £ C 0 are equal to those of ktP, k3A, k5B, 
and k6C, which were used in the preceding sections. 
Then , we can discuss the behaviors of the chemical 
system (R- l )—(R-4) in a well-stirred continuous flow 
reactor by the aid of the results shown in Figs. 6 and 
7, where a is exactly equivalent to ß. In this situation 
there is an abrupt change in amplitude at about ß= 
0.0064 and a small deviation causes pulse generation 
around the sustained oscillatory state, as shown al­
ready. Therefore, small random deviations of flow 
rate cause randomly large or small amplitude oscil­
lations. Moreover, any actual system is under in­
fluences of fluctuation. Then, we have to use the 
rate equations including fluctuation terms in order 
to investigate the behaviors of the chemical system 
at a critical point.13) 

dE 
dt 

= *i'P0 - KEX - \ß+ß'F(t)}E+yG(t), (16) 
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dX 
dt 

= kB'A0EX* - k^'EX* - k5'BQX 

+ k.'C0-[ß+ß'F(t)}X+OH(t), (17) 

where F(t), G(t), and H(t) are the fluctuation terms 
of Gaussian type.13) The average values <F(%)>, 
(G(t)y, and (Hft)) are zero and the standard 
deviations are set to be 0.1. The coefficients £', y, 
and ô represent the strengths of fluctuations, and 
ß'F(t) corresponds to the fluctuation of flow rate and 
yG(t) and 6H(t) correspond to the concentration fluc­
tuations of E and X, respectively. Figure 8 illustrates 
behaviors of the chemical reaction model in a well-
stirred continuous flow reactor for various values of 
ß. At lower values of flow rate J, only large am­
plitude oscillations appear and in some range of flow 
rate, shown by (c) and (d), both large and small am­
plitude oscillations appear randomly. When the flow 
rate increases much more, only small amplitude oscil­
lations occur and fade out, as shown by the cases of 
(e) and (f). These results agree essentially well with 
that of Schmitz et a/.15) 
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The system of calcium oxide and water vapor was studied using the transpiration method. Under the con­
ditions of a temperature range from 1678 to 2016 K and PUiQ values from 1.2 X 10~2 to 4.7 X 10"1 atm, the pre­
dominant reaction in this system was found to be CaO(s) + H20(g) = Ca(OH)2(g). The standard Gibbs free 
energy of the reaction is given by this equation: AG? = (61300±820) — (12.8±0.48)T (cal/mol) in the present 
temperature range. From the thermochemical cycle, the dissociation energy, DS(Ca-(OH)2), was estimated 
to be 206.4 kcal/mol. 

T h e volatility of alkaline-earth oxides is greatly 
increased by the presence of water vapor as a result 
of the formation of volatile hydroxide vapors by the 
following reactions: 

MO(s) + H20(g) = M(OH)2(g), (1) 

a n d : 

MO(s) + y H 2 0 ( g ) = MOH(g) + l o 2 , (2) 

where M is a Group H a element. This has been 
shown to be true for BeO,1"3) MgO,4*5) and Ba0.6>7> 

Although calcium oxide is one of the most im­
portant components in the ceramic industry, no sys­
tematic investigation of its vaporization behavior under 
various atmospheres had been made . Only a few 
investgators8-11) have measured the dissociation energy, 
D°u, for the C a ( O H ) 2 ( g ) = C a ( g ) + 2 0 H ( g ) reaction 
using flamespectral measurements. 

In the present study, the reaction of water vapor 
with solid calcium oxide was investigated by means 
of the transpiration method as par t of a series of 
studies5'7^ of the effects of water vapor upon the vapor­
ization of alkaline earth oxides. The vapor pressures 
of the gaseous C a ( O H ) 2 formed according to Reaction 
1 and the related thermodynamic properties were 
evaluated. 

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

Transpiration Apparatus. Figure 1 shows a schematic 
drawing of the reaction zone in the apparatus used in this 
study. The sample was placed in a reaction chamber, N 
(12 mm i .d .x30mm long), made of Pt/20% Rh alloy. 
The reaction chamber had a capillary, L (1mm i.d. X 10 
mm long), to prevent the vapor species formed in the chamber 
from back-diffusing and had a bottom with holes below 
which a Pt/Rh 20—40 themocouple, calibrated at the melting 
points of Pd and Pt (IPTS-68) and placed in a protective 
alumina tube was located. 

The vaporized species were collected in a condenser, J, 
made of Pt/20% Rh alloy (3.4 mm i.d. X 300 mm long). 
The capillary, L, had a thorium oxide sleeve, M, in order 
to minimize the leakage of vapor species through the space 
between the condenser and the capillary and to prevent 
sticking with the condenser at high temperatures. The 
temperature of the reaction chamber was raised by the use 
of 6 rods of a LaCrOj heater up to 2016 K and then regulated 
with ± 3 °G. 

A wet gas mixture, 0 2 -H 2 0-Ar , was obtained by bubbling 

Fig. 1. Gross section of reaction zone in transpiration 
apparatus. A: cooling water, B: brass, G: alumina 
insulator, D: LaCr0 3 heater, E: Pt/Rh 2 0 - ^ 0 ther­
mocouple, F : alumina protective tube, G: Viton 
stopper, H : silicone seal, I : silicone stopper, J : 
condenser (Pt/20% Rh), K: alumina tube, L: capil­
lary, M: thoria sleeve, N : reaction chamber and 
charge, O: reaction tube (Pt/20%Rh), P: brass, 
and Q_: stainless steel. 

a dry 0 2 -Ar gas in water controlled about 10 degrees higher 
than desired temperature; it was then passed through a 
scerwed glass coil around which precisely thermostatted water 
was passed continuously to condense the oversaturated water 
vapor in the wet gas. This method has already been de­
scribed in a preceding paper.5) The partial pressure of 
the water vapor was determined from the weight increase 
in the P 2 0 5 powder placed in a stream of the wet gas. The 
vapor pressure thus determined agreed with the saturated 
water vapor pressure at the temperature of the coil within 
± 2 % . The water vapor pressure in the range from 1.2 X 
10 -2 to 4 . 7 x l 0 _ 1 a t m was used in the experiments. 

Sample. Powder of GaO from CaC0 3 with a 99.9% 
purity (supplied by Merck), fired at 1200 °G, was pressed 
and sintered at 2400 °G by means of H2/Oa flames and then 
crushed to particles of 15—30 mesh. The particles of GaO 
were used to fill about 80% of the reaction chamber, and 
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TABLE 1. IMPURITY CONTENT OF CaO USED 

IN THIS EXPERIMENT 

Element 

Na 
Mg 
Al 
Si 
P 
S 
K 
Ti 

Content 
ppm 

9 
116 
25 
38 

< 1 
23 
5 

< 1 

Element 

V 
Cr 
Fe 
Mn 
Co 
Cu 
Zn 

Content 
ppm 

< 1 
144 
11 

< 1 
< 1 

1 
2 

E 

Q. 
Q. 

Q. 
in 

O 

These values were measured by means of a spark-
source mass spectrograph. 

a rid with the capillary was welded. 
The impurities in the CaO specimens were analyzed by 

means of spark-ion-source mass spectrometry; the results 
are given in Table 1. 

Procedure. The wet carrier gas, with a constant 
partial pressure of water vapor, was allowed to flow in a 
pipe leading the reaction tube. The pipe was heated to 
about 100 °C by means of a ribbon heater around it in order 
to keep the water vapor from condensing. The water vapor 
reacted with CaO in the reaction chamber at a constant 
temperature to form Ca-bearing hydroxide vapors. The 
carrier gas was saturated with vapors formed at an appro­
priate flow rate, and the vapors were transported into the 
condenser. The condenser was washed with a hot nitric-
acid solution, and calcium in the solution was analyzed 
quantitatively using an atomic-absorption spectrophoto­
meter. 

The partial pressure of the volatile calcium hydroxide 
has been calculated from the amount of collected calcium. 
Assuming that each molecule of the volatile species con­
tains one atom of calcium, and that the vapor is approximated 
to an ideal gas, the partial pressure at equilibrium is given by : 

/>(Ca(OH)2*) = nvP/(ne + nv), (3) 

where ne is the number of moles for the carrier gas; nv, that 
for the sample vapor, and P, the total pressure, assumed 
here to be 1 atm. 

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

Effect of Flow Rate on Vapor Pressure. Figure 
2 shows the apparent vapor pressure of the assumed 
molecule, Ca(OH)2 a ; , as a function of the flow rate 
at 1926 K and p(H20) of 1.52 X 10"1 a tm. A "pla teau 
region" is seen in the range from 1.0 to 2.0 cm3/s. 
The decrease in the vapor pressure at the flow r a t e < 
1.0 cm3/s is thought to be due to vapor escaping from 
the space between the condenser and the capillary. 

The "plateau region" for other temperatures and 
^ ( H 2 0 ) were obtained in a similar flow-rate region. 

The output gas from the condenser was passed 
into a nitric solution, and the solution was subjected 
to the atomic-absorption analysis. Since no calcium 
was detected in the solution, the amount of Ga un-
condensed in the condenser was considered negligible 
under the present experimental conditions. 

Water-vapor Dependence. In addition to Eqs. 1 
and 2, the following reactions must be considered 

T=1926K 

p(H2O)=0.15atm 

Vc/cm3s-' 

Fig. 2. Apparent vapor pressure, />(app.), vs. flow rate 
of carrier gas at T=1926K and />(H20) = 0.15 atm. 

CaO(s) = Cafe) + y 0 2 , 

under these conditions: 

(4) 

CaO(s) = CaO(g). (5) 

Using the J A N A F data,12-14-15) the partial pressures 
of Ca(g) and GaO(g) at p{02) of 0.5 a tm are 2.8 x 
10-16 and 4 . 8 x l 0 - 1 4 a t m at 1600 K, and 4.1 x l O " 1 1 

and 9 . 2 x l 0 - 1 0 a t m at 2000 K, respectively. O n the 
other hand, the apparent vapor pressure is 1.1 X 
1 0 _ 5 a t m at 1926 K, judging from Fig. 2. Hence, 
no correction was made for Reactions 4 and 5. 

A logarithmic plot of the equilibrium pressure of 
the volatile complex as a function of the partial pres­
sure of water at a constant temperature and partial 
pressure of oxygen will indicate whether Reaction 1 
or 2 occures. 

Combining Reaction 1 with 2 yields the following 
equation for the C a O - H 2 0 - 0 2 system: 

CaO(s) + *H2Ofe) = Ca(OH)2a;(g) + - ^ — - O , . (6) 

The equilibrium constant, kp for the above reaction 
is written as: 

J ( C a ( O H ) w M O , ) (*->/« 
p <z(CaO)/>(H20)* ' ^ ' 

Assuming a(CaO) = l , and taking the logarithms of 
both sides, we obtain: 

(1 -* ) log/,(Ca(OH)2x) = x\ogp(H20) -

+ log kp. 

-log/>(02) 

(8) 

T h e value of x in Eq. 8 can be determined to ascer­
tain the contribution of Reaction 1 or 2. 

A series of measurements were made at 1678 to 
2016 K and />(O 2 )=0.5 a tm with a varied water vapor 
pressure a t atmospheric pressure; the results are shown 
in Fig. 3. T h e values of x were obtained from the 
slopes of a log />(Ca(OH)2x) versus log />(H20) plot. 
T h e average value of x was 1.04±0.04, which was 
very close to unity. Considering the experimental 
errors, the value of x has been determined as unity. 
Therefore, the predominant reaction of water vapor 
with calcium oxide under these experimental condi­
tions is: 

CaO(s) + H20(g) = Ca(OH)2(g). (9) 
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TABLE 2. EQUILIBRIUM CONSTANT, kp, FOR THE CaO(s)+H 20(g)=Ca(OH) 2(g) REACTION 

T 
K 

No. of 
points 

Time 
h 

Flow rate 
cm3 s-x(STP) 

/>(H2Q) 
atm 

kp 
-Afef 

cal mol-1 K-1 
A#?(298K) 

kcal mol - 1 

7 

7 

11 

8 

8 

6 

1.00—12.5 

2.00—13.0 

2.00—37.8 

3.00—45.3 

3.00—44.7 

5.00—89.2 

1.50—1.62 

1.49—1.63 

1.03—1.97 

1.51—1.57 

1.46—1.61 

1.46—1.61 

5.87X10-2— 
4.33X10-1 

5.83xl0 2 — 
4.00X10-1 

5.64X10-2— 
4.07XI0- 1 

2.59X10-2— 
3.65X10-1 

2.66X10-2— 
4.03X10-1 

2.66x10-2— 
3.90X10-1 

(1.39±0.10) 
xio- 4 

(1.05±0.07) 
xio- 4 

(6.87±0.85) 
xio- 5 

(3.21±0.23) 
x io- 5 

(1.58±0.12) 
x io - 5 

(6.50±0.90) 
x io- 6 

13.549 

13.566 

13.587 

13.627 

13.653 

13.687 

62.90±0.30 

62.78±0.26 

62.88±0.46 

62.53±0.27 

62.77±0.28 

62.94±0.32 

47 Av. 62.79±0.37 

p(O2)=0.5atm 
t/'C 

2 1 0 

-log(p(H2OVatm) 

Fig. 3. Variation of log (vapor pressure of calcium 
bearing species) vs. log (partial pressure of water). 

T h e high partial pressure of oxygen in the carrier 
gas would suppress the formation of gaseous G a O H 
and lead to a value of x close to unity. 

Vapor Pressure of Ca(OH)2(g) and Related Thermo­
dynamic Values. The vapor pressures of gaseous 
C a ( O H ) 2 and the equilibrium constant, kp, have been 
calculated from the amount of calcium collected; the 
results are given in Table 2 and illustrated graphically 
in Fig. 4. T h e values of kp for Reaction 9, obtained 
from the J A N A F data1 2 - 1 5) are also shown in Fig. 4. 
The results of this work differ from those of the J A N A F 
data by 2 0 % . 

The solid line in Fig. 4, obtained from a least-square 
treatment for the data of 47 points, corresponds to 
the expression: 

l o g * p = (2.80±0.10) - (13400±180)/r (1678-2016 K). 

(10) 

Hence, the standard Gibbs energy for Reaction 9 
is given by: 

AG? = (61300±820) - (12.8±0.48)7\ (11) 

Fig. 4. Plot of equilibrium constant kp for the reaction 
CaO(s)+H20(g) = Ca(OH)2(g) vs. reciprocal tem­
perature. 

: This work, : JANAF data. 

This gives: 

A#?(1850 K) = 61.3±0.8 kcal/mol, (12) 

a n d : 

AS?(1850K) = 12.8±0.5cal/molK, (13) 

Using the changes of heat capacity, AC p , for Reaction 
9 obtained from the J A N A F data , Eqs. 12 and 13 
lead to : 

A#?(298 K) = 62.6+0.8 kcal/mol, (14) 

a n d : 

AS?(298K) = 13.9±0.5cal/molK. (15) 

This entropy change at 298 K coincides with the 
value, 1 4 . 0 ± 2 . 0 c a l / m o l K , obtained from the J A N A F 
data. 

From the free-energy functions, fef, of CaO(s),14> 
H 2 0(g) , 1 2 ) and Ca(OH)2(g)15> and the following rela-
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tionship : TABLE 3. DISSOCIATION ENERGY OF Ga(OH)2(g) 

AH°r (298 K) = 

the AH? (298 K) 

= -RT\nkp-TAfef (16) 

was calculated for each kp; the 
results are given in the last column of Table 2. The 
average value of the AH? (298 K) values obtained 
by a third-law treatment, 62 .8+0.4 kcal/mol, agrees 
well with the second-law treated value (Eq. 14); 
this indicates the high reliability of this work. 

Using the J A N A F data, the AH? (298 K) obtained 
by the 3rd-law treatment leads to : 

AHÎ (0 K) = 63.1 ±0.4 kcal/mol. (17) 

Dissociation Energy of Ca(OH)2(g). The disso­
ciation energy of Ca(OH) 2 (g) into 2 0 H ( g ) and Ga(g), 
Do (Ca- (OH) 2 ) , has been estimated using the following 
thermochemical cycle: 

Ga(OH)2(g) Ga(g) + 20H(g) 

}àH% Afl* A//°f 

Atf* 
GaO(s) + H20(g) < • Ga(s) + -02 + HaO(g) 

(18) 

whereby : 

D?(Ca-(OH)2) = -Ai/r°,o(Ga(OH)2) - A«, . (GaO) 

+ A#8°,o(Ga) + 2Ai/f,o(OH), (19) 

where Ai/r°,o(Ca(OH)2) represents the heat of reac­
tion for Reaction 9; A i / ° 0 (CaO) , the heat of forma­
tion for CaO(s) ; Ai/B°0(Ca), the heat of sublimation 
for Ca(s), and AH?,0(OH), the heat of formation 
for OH(g) from H 2 0 ( g ) and 0 2 . The values re­
quired were 63.12+0.4 (Eq. 17), -150 .99+0 .21 , 1 4 ) 
42.74±0.3,12> and 37.90+0.0412) kcal/mol a t 0 K, re­
spectively. The substitution of these values into Eq. 
19 gives the value of Z>2(Ca —(OH) 2 ) . This result 
is shown in Table 3, along with the literature val­
ues.8"11) 

This value is in very good agreement with the 
J A N A F table's recommended value (No. 1 in Table 
3). From the Dt thus obtained, we calculated 
Ai/f°,o(Ca(OH)2, g) = - 1 4 5 . 0 + 1 . 0 kcal/mol. 

No. 

1 
2 
3 
4 
5 

Method 

Flame photometry 
Flame photometry 
Flame photometry 
Flame photometry 
Transpiration 

Pg(Ca-(OH)a) 
kcal mol - 1 

205.6a>»b>'c> 
207.6a>'b> 
210.4b> 
207.8 
206.4 

Ref. 

8 
9 

10 
11 
This work 

a) Recalculated from Refs. 8 and 9 by Cotton and 
Jenkins, b) Treated with current JANAF data, c) 
JANAF table's recommended value. 
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The reaction of metastable Ar atoms with propylene was studied in a discharge flow system. The major 
product is ethylene, although ethane, propane and butadiene are also identified as minor products. Within a 
limited range of propylene concentration the yield of ethylene is proportional to the concentration of propylene. 
Competitive quenching methods using mixtures of propylene and N 2 0 or COa provided a rate constant of (8.4 ± 
0.3) X 10-10 cm3 molecule-1 s - 1 for the reaction of metastable Ar atom with propylene to yield ethylene. The 
assumption of a radical mechanism for the main reaction is consistent with the results of competitive quenching, 
radical scavenger and spin trapping experiments. Measurements of ion current in the reaction mixtures allow 
an estimation that ionic species contribute less than 2% to the reaction path leading to the formation of ethylene. 
The metastable Ar atom reaction was also compared to the direct and mercury-sensitized photolysis of propylene. 

Reactions of metastable rare gas atoms have been 
studied by many workers interested in both the physical 
and chemical aspects of the reaction.1 - 5) Various 
types of ionizations (Penning, associative and dis­
sociative) and the chemiluminescence of atoms and 
molecules on collision with metastable rare gas atoms 
have been studied.6 - 8) Quenching rate constants of 
the metastables by various atoms and molecules also 
have been determined in discharge flow systems or 
pulsed radiolysis systems. However, in contrast to the 
many studies on mercury-sensitized photolysis of in­
organic and organic compounds, studies on the reac­
tion mechanism of excited rare gas atoms by product 
analysis are quite few in number apar t from several 
papers on the rare gas sensitized photolysis of simple 
alkanes.9 '10) In the rare gas sensitized photolysis, the 
wavelength for the exciting light is in the far ultra­
violet region, and it is usually difficult to differentiate 
the direct photolysis and the sensitized photolysis, 
unless the reactant is transparent or has only a weak 
absorption at the wavelength corresponding to the 
atomic resonance line of the rare gas atom. 

The comparison between direct photolysis, rare gas 
sensitized photolysis and the metastable rare gas atom 
reaction would be interesting in order to help to elu­
cidate the reaction modes of molecules electronically 
excited to high energy states near or above their ioniza­
tion levels. Here we will report on the reaction of 
metastable Ar atoms with propylene. Electron im­
pact methods including discharge and radiolysis are 
required for the generation of metastable rare gas 
atoms. The discharge flow method may be preferable 
to the radiolysis method for the product analysis, 
since the metastable atom source can be separated 
from the reaction region, and the metastables can be 
brought together with the reactant downstream from 
the source of the metastable atom. One difficulty 
in working with flow methods, in particular if the 
reactants are volatile compounds, is how to achieve 
quantitative recovery of the volatile products in the 
flow system. We succeeded in carrying out the quan­
titative determination of the product yield by working 
at a conveniently selected flow rate. 

Exper imenta l 

Apparatus and Procedures. A schematic diagram of the 
apparatus is shown in Fig. 1. Metastable Ar atoms are 
produced by cold discharge in a hollow cathode. A mixture 
of Ar(3P2) and Ar(3P0) is produced by the discharge, but 
their differentiation is not possible in the system, and here­
after we will describe the mixture as Ar*. In order to avoid 
exposing the reactant to UV light from discharge source, 
the discharge tube is equipped with a rightangle bend and 
a light trap between the reaction zone and the discharge 
region. The flow rate is monitored by a rotar meter 
(Ueshima Brooks tube). Since the rotar meter was calibrated 
with Ar at 1 atm of pressure, the flow rate at reduced pres­
sure was determined by measuring the decrease in the amount 
of Ar in a container, keeping the flow conditions same as 
in the actual discharge experiment. Discharge current was 
kept at 10—11 mA. Reactant propylene and quenching 
materials (N20, C0 2 , and NO) were introduced through 
a sintered glass disk into the Ar flow. The reaction part 
of the tube is 20 mm in diameter and 300 mm in length. 
Pressure in the tube was measured by an oil manometer. 
Two pairs of electrodes (Pj and P2) are furnished in the 
reaction tube upstream and downstream from the reactant 
mixing position. 

Condensable amounts of product and propylene were 
collected in a helical trap, D, cooled by liquid nitrogen. 
Quantitative recovery of products of high vapor pressure 
in the flow system was carefully checked by measuring the 

Ar + CsHe 

PUMP 

Ar 

molecular sieve 

flow meter 

** Present address: International Christian University, 
10-2, 3-Chome, Osawa, Mitaka, Tokyo 181. 

l iq .N 2 

Fig. 1. The schematic diagram of the apparatus. 



March, 1981] Reaction of Metastable Ar Atoms with Propylene 679 

amounts of ethylene, ethane and propane contained in the 
original propylene at three different flow rates from 4.5 
to 20.8 ^mol s_1 of Ar. The quantitative recovery of the 
impurity hydrocarbons was achieved when the flow rate 
of Ar was 4.5 junol s-1 (0.2 Torr (1 Tor r« 133.3 Pa) and 
1.3 m s - 1 linear flow velocity). With larger flow rates, the 
recovery of the impurity hydrocarbons was not sufficient. 
We could not determine the recovery efficiency for the propy­
lene reactant because of its large amount, but we may as­
sume that it is nearly quantitative, considering its low vapor 
pressure compared with those of ethylene and ethane. All 
experimental runs described hereafter were carried out with 
a flow rate of 4.5 ^mol s_1 at 0.2 Torr. 

Product identification and yield determination were per­
formed by GC with a TCD and a FID in train with He 
carrier. For ethylene, ethane and propane analysis, an 
activated alumina TR column of 3.75 m was used. The 
retention times of these compounds at 90 °C are 3 min 30 
s for ethane, 6 min 50 s for ethylene, 9 min for propane 
and 20 min 42 s for propylene. A 3 m long activated charcoal 
column was used for the analysis of acetylene, propyne, 
and aliène. The retention times for authentic compounds 
at 190 °C are 3 min 30 s for acetylene, 19 min 20 s for aliène, 
19 min 40 s for propyne and 27 min 50 s for propylene. 

Before each reaction run, the system was cleaned by passing 
Ar for 30 to 60 min with discharge. Several minutes after 
the propylene was introduced, the helical trap D was cooled 
with liquid nitrogen. We assumed that the starting time 
of the reaction corresponds to the time when the trap was 
first cooled. The run time for each reaction was usually 
10 min. No appreciable change in flow rate was noticed 
when the trap was cooled with liquid nitrogen. The col­
lected condensates were transferred to a gas sampler and 
analyzed by GC. 

The formation of Ar* in the system was confirmed by 
observing the well known emission of N2 (G377u-^B3i7g) at 
337 nm, introducing N2 into the Ar flow. Since the linear 
flow velocity was small (1.3 m s-1), the intensity of the emis­
sion was very weak, and a photon counting technique was 
necessary to take the spectrum. A determination of the 
Ar* concentration was not attempted. When a mixture 
of N2 and propylene was introduced into the Ar flow, the 
emission disappeared. 

Materials. Ar was obtained from a cylinder with a 
stated purity of 99.999% and was used after passage through 
a molecular sieve column cooled with liquid nitrogen. 
Propylene, NaO, G0 2 , and NO were obtained from Takachiho 
Go. The propylene contained 2 .1x l0 - 3 % ethane, 2.2 X 
10~3% propane, and 2.3 X 10~4% ethylene, but these amounts 
were much smaller than those produced by the reaction, 
so the propylene was used without further purification. 
For the competitive experiments with propylene and other 
quenchers, mixtures of propylene and N 2 0 or C 0 2 of three 
different concentration ratios were prepared, and their 
exact concentration ratios were determined by GC. 

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

Product Identification, and the Relationship between Prod­
uct Yields and Propylene Concentration. The major 
product was ethylene, with ethane and propane as 
minor products. Although usually H 2 and GH 4 were 
not collected in the present sampling method using a 
liquid nitrogen trap, occasionally some amount of GH 4 

was detected. Butadiene was identified by a M S anal­
ysis of the products, but a quantitative determination of 

A \ 

2 

8 

1 2 3 

C3H6/1014 molecule cm-3 

Fig. 2. Product yields vs. propylene concentration. 

C3H6/1016 molecules-1 

Fig. 3. Dependence of ion current on propylene con­
centration. 

its amount was not at tempted. Acetylene, propyne, and 
aliène were carefully searched for, but not found in 
the product. Figure 2 shows the relationship between 
the yields of ethylene, ethane and propane and the 
propylene concentration. The concentration of the 
products is defined as the final concentration a t the 
end of the reaction path, and it is calculated from 
the yield of the product per unit time and the linear 
flow velocity (1.3 m s - 1 ) . I t is the yield of the prod­
uct integrated over a given residence time (0.3 s) in 
the flow system (see Eqs. 12 and 13). Over a limited 
range the yield of ethylene is proportional to the con­
centration of propylene; however, the yield decreases 
at higher concentrations of propylene. The yields of 
ethane and propane also appear to increase with an 
increase of propylene concentration, but their pro­
portionalities are not conclusive due to their low yields. 
T h e plot of ethylene yield vs. propylene concentra­
tion appears not to pass through origin, but we con­
sider this to be due to the experimental error. Al­
though we could not determine the initial concentra­
tion of Ar*, the yield of ethylene, ca. 3 X 1010 molecule 
c m - 3 , may indicate a lower limit for the Ar* con-
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TABLE 1. RATIO OF ION YIELD TO ETHYLENE YIELD 

[Vol. 54, No. 3 

Flow rate of 
propylene 

molecule s_1 

1.2X1017 

2.5xlO i7 

Ion yield per 
unit time 
ion s_i 

1.6X10H 
2.5x1011 

Ethylene yield 
per unit time 
molecule s_1 

8.5x1012 

1.3X1013 

Ratio of ion yield 
to ethylene yield 

1.9x10-2 

1.9x10-2 

centration, if we assume one atom of Ar* produces 
one molecule of ethylene. 

Ion Current Measurement. Ion current was meas­
ured at electrodes Px and P2 . Ion current upstream 
from the reactant inlet position is less than 1.0 x l O - 1 1 

A ( 6 x l 0 7 ion s - 1 ) , indicating that the participation 
of charged particles (possibly Ar+) as reactants is 
negligible compared with Ar* ( « 3 X 1010 a tom s - 1 ) . 
In Fig. 3 the relationship between ion current at 
P2 and propylene concentration is shown. The ion 
current increases with increasing propylene concentra­
tion, but not exactly linear. Since the measured ion 
current corresponds approximately to the amount of 
ions produced in the volume defined by the two 
electrodes P2, we would need parallel electrodes 300 
m m long in order to know the total ion yield in the 
flow system. Here we calculated an upper limit of 
the yield in the total volume of the reaction region 
by multiplying the measured ion current a factor of 
100 (the ratio of the total volume of the reaction 
region to the volume defined by the two electrodes). 
Table 1 gives the ion yield (calculated upper limit), 
ethylene yield under the same conditions, and ratio 
of ion yield to ethylene yield. From these results we 
may conclude that the formation of ionic species is 
less than 2 % of the ethylene yield. 

In the present experimental setup the identification 
of ionic products was not possible, but we may as­
sume that the measured ions are propylene parent 
ions or associated ions11) (possibly Ar(G3H6)+) and 
not fragment ions. Since the ionization potential of 
propylene is 9.73 eV, and the energy of Ar* is 11.5 
eV for Ar(3P2) and 11 .7eV for Ar(3P0) , the forma­
tion of propylene parent ion is possible. However, 
the formation of fragment ions is less likely, since the 
appearance potentials for allyl and vinyl ions from 
propylene are 12.1 eV and 13.8 eV respectively.12) 

The competitive quenching method for determining the rate 
constant for the Ar*-{-propylene reaction. If we as­
sume ethylene is formed through the propylene quench­
ing of Ar*, the following two processes compete when 
a mixture of propylene and another quencher is mixed 
with Ar* : 

Ar* + G3H6 • Ar + G3H6* • 

ethylene and other product (s), 

Ar* -f- Q (another quencher) > 

(i) 

(2) Ar -f- Q,*(or product (s) from Q,*). 

According to the conventional t reatment of com 
petitive reactions, we may obtain the following equa­
tion: 

[G2H4]0/[G2H4]q = 1 + (kJQllkJCJId), (3) 

1 2 3 

G3H6/10i4 molecule cm~3 

Fig. 4. Ethylene yields vs. propylene concentration in 
the absence and in the presence of G0 2 . 

where [G 2H 4 ] 0 and [G2H4]q are the yields of ethylene 
in the absence and in the presence of another quencher 
Q, but with the same concentration of propylene. 
In the present flow system we need a more detailed 
consideration to derive Eq. 3 which is different from 
the case of batch photolysis. This will be given later. 
If Eq. 3 holds, we may expect that a plot of ([G2H4]0 / 
[G2H4]q) vs. concentration ratio of Q, to propylene 
should give an intercept of unity and a slope of kjkv 

This seems to be the case for this system as is shown 
in Fig. 4, which presents ethylene yield as a func­
tion of propylene to G 0 2 ratio for three different 
concentration ratios. I t is seen that the slope decreases 
with an increase in the [C0 2 ] / [C 3 H 6 ] ratio, indicating 
the decrease of ethylene yield with increase of G 0 2 

concentration. In order to see if Eq. 3 holds or not, 
we plot the value of [G2H4]0 / [G2H4]q against [ C O J / 
[G3H6] and [N 2 0] / [G 3 H 6 ] at a normalized propylene 
concentration as Fig. 5 shows. The intercepts of the 
plots for G 0 2 and N 2 0 are both 1.1+0.1, and the 
slope is 0 .67±0.04 for G 0 2 and 0.51 ±0 .03 for N 2 0 . 
Combining these values with the quenching rate con­
stants determined by Setser et al.12) for Ar(3P2) (5.3 X 
10 - 1 0 cm3 molecule - 1 s - 1 for kCo2 and 4 . 4 x l 0 - 1 0 c m 3 

molecule - 1 s - 1 for £N2O) we obtain (7.9±0.5) X 10 - 1 0 

cm3 molecule - 1 s - 1 from the G 0 2 experiment and 
(8.6±0.5) X 10 - 1 0 cm3 molecule - 1 s - 1 from the N 2 0 ex­
periment for the value of kx. We consider these 
two values of kx determined from two different series 
of experiments to be identical within the range of 
experimental error. Unfortunately the rate constant 
for propylene quenching of Ar* as determined by 
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[C3H6] ' [C3H6] 

Fig. 5. Plots of [C2H4]0/[C2H4]q vs. [C02]/[C3H6] and 
[N20]/[G3H6] 

200h 

100 

this work 
C3H6 He A~ rC6H6 

L C H 4 H 

C 2H 4 #3-C z H 6 

• nit"02"2 

10 

«/Â3 

Fig. 6. Ar* quenching cross section by propylene and 
its polarizability in Bourène's plot. 

the atomic absorption method has not been reported 
yet, and we cannot compare our value with what 
may be called a physical quenching rate constant 
or the total quenching rate constant including all 
quenching processes of Ar*. 

Several authors have claimed a good correlation 
between the quenching cross sections of Ar* and 
several physical parameters such as polarizability,13) 
van der Waals dispersion parameter,14) and molecular 
diameter.15) We would not judge which parameter 
is the best, but we tentatively plot our value for pro­
pylene against polarizability according to Bourène and 
Le Calvé in Fig. 6. I t is seen that our value fits 
Bourène's plot. 

When we used a mixture of propylene and N O 
for the reaction with Ar*, we observed a more re­
markable decrease of ethylene yield than would be 
expected from a simple competing quenching of Ar* 
by N O which has an observed quenching rate constant 
for Ar(3P2) of 2.2 X lO"10 cm3 molecule"1 s"1.12) This 

10G 

Fig. 7. ESR spectrum of a spin adduct of BPN pro­
duced in the reaction of Ar* with propylene. 

decrease may be ascribed to N O scavenging of the 
intermediate vinyl radical. 

Spin Trapping Experiment. Presuming that the 
reaction proceeds through a radical mechanism, we 
applied spin trapping technique to the present system 
to identify the intermediate radical(s), (vinyl, methyl, 
allyl radicals, and H atom might be considered 
possible). iV-/-Butyl-a-phenylnitrone (iV-benzylidene-^-
butylamine iV-oxide, BPN),16) 2-methyl-2-nitrosopro-
pane and nitrosobenzene were tested as spin trapping 
materials. BPN was used by sprinkling powder BPN 
over glass fibers and placing it in a straight t rap instead 
of the helical t rap D. After passing the reaction 
mixture for several hours with discharge under reac­
tion conditions similar to those in the usual experiment, 
the powder was dissolved in cyclohexane. The ESR 
spectrum of the deaerated cyclohexane solution ( J R S -
PF-3X ESR spectrometer) is shown in Fig. 7. The 
coupling constants of the spin adduct are 14.5 G (1 G = 
1 0 - 4 T ) for ÖN and 3.1 G for aH. O n comparing the 
spin coupling constants with the reported values of 
several spin adducts,17) this spectrum is interpreted 
as that of an alkyl radical. Since the coupling con­
stant of the BPN spin adducts is not very sensitive 
to the structure of the alkyl radical, we are not able 
to identify its structure uniquely, but methyl radical 
adduct may be the most probable. 

We could not find any evidence of a vinyl radical 
adduct in the spectrum. Although the values of the 
spin coupling constants of vinyl radical adduct have 
not been reported in the literature, we would expect 
the value of aH for vinyl radical adduct to be much 
smaller than those of an alkyl radical, considering 
that the aH value of phenyl radical adduct is 2.08— 
2.14 G. I t is, however, to be noted that the absence 
of ESR signals from a vinyl radical adduct in the 
spectrum does not necessarily mean that vinyl radical 
is not formed as a reaction intermediate, since the 
lifetime of some spin adducts is too short to be de­
tected. Generally spin adducts of 2-methyl-2-nitroso-
propane and nitrosobenzene show E S R spectra more 
sensitive to the radical structure. Although we ob­
tained spin adduct E S R spectra with 2-methyl-2-
nitrosopropane as the spin trap, we could not obtain 
an ESR spectrum of the adduct , when nitrosobenzene 
was used as the spin t rap. The 2-methyl-2-nitroso-
propane was too volatile to use as a powder, so the 
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Ar and propylene mixture was bubbled through a 
dibutyl phthalate solution of the trapping compound. 
Although the spin adduct spectrum could be observed, 
the adduct concentration was so low, and we could 
determine only aN (14.5 G) but not au. 

Reaction Mechanism and Rate Equations. The ex­
perimental results may be summarized as follows: 
(1) Ethylene is the major product, with ethane, 
propane and butadiene identified as minor products. 
Hydrogen and methane may be products also, but 
they could not be confirmed due to sampling dif­
ficulties. Acetylene, propyne, and aliène were not 
found in the product. 
(2) Within a limited range of propylene concentra­
tion, the ethylene yield is proportional to the con­
centration of propylene. 
(3) The remarkable decrease of ethylene yield from 
a mixture of propylene and N O suggests that ethylene 
is formed through a radical mechanism. 
(4) T h e spin trapping experiments indicate the forma­
tion of an alkyl radical as an intermediate. 
(5) The competitive quenching experiments with C 0 2 

and N 2 0 show that ethylene formation is directly 
related to the quenching of Ar* by propylene, and 
allow the determination of a reasonable rate con­
stant for the propylene quenching of Ar*. 
(6) The yield of ionic species as primary product 
is estimated to be less than 2 % of the ethylene yield. 

In consideration of these results, the following reac­
tion mechanism is proposed: 

Ar* >• Ar (including quenching by wall collision, 

two and three body collisions with Ar) (4) 

Ar* + C3H6 - ^ Ar + C3H6* (1) 

Ar* + Q, > Ar + Q * (or products from Q,*) (2) 

G3H6* > G2H3 (vinyl radical) + GH3 

C3H6* + G3H6 —^> 2G3H6 

2C2H3 > C4H6 (butadiene) 

(5) 

(6) 

G2H3 + G3H6 — U G2H4 + C3H5 (allyl radical) (7) 

(8) 

2G2H3 - ^ U C2H4 + C2H2. (9) 

In order to assess accurately the contribution of 
these elementary processes, we would need a more 
complete product analysis and determination of in­
termediate radical. Here, however, we concentrate 
our concern on the mechanism of ethylene formation. 
We consider Reaction 1, 2, and 7 as essentially im­
portant in the ethylene formation, but we will briefly 
discuss the contribution of Reactions 6 and 9. Deactiva­
tion of Ar* by wall collision, two and three body 
quenching with Ar have been studied and discussed 
by several workers. Wall collision is in the diffusion 
regime, and the values for two body and three body 
quenching rate constants are not consistent but de­
pending on the authors. Here in order to estimate 
the magnitude of these quenching processes under 
the present conditions, we calculated the sum of the 
rates of these three terms at 0.2 Torr of Ar (expressed 

as K), 

K = (DJA2P) + A'[Ar] + A"[Ar]* = 1.5x 103 s~\ (10) 

where D is the diffusion rate of Ar at 1 Torr of Ar 
(54 Torr cm2 s - 1 ) , P is the pressure of Ar in Torr, 
A is the characteristic diffusion length given as IjA2— 
( T T / / ) 2 4 - ( 2 . 4 / J R ) 2 (/: length of the reaction tube, R: 
radius of the reaction tube, both in mm).18) For the 
values of k' and k", we used the large ones from the 
reported values, that is, 6 X 10 - 1 5 cm3 molecule - 1 s_ 1 

for £'19) and 8.6 X 10"31 cm6 molecule"2 s"1 for k".20> 
The concentration of Ar* decreases exponentially with 
travel time or travel length along the reaction tube: 

[Ar*] = [Ar*]oexp(-(JC+*1[C,He] + *q[QJ)0 J (H) 

where [Ar*] 0 is the concentration of [Ar*] at t=0. 
Ionization processes of propylene and molecular 

formation of ethylene from propylene are disregarded. 
The reaction of propylene with Ar excimer is also 
neglected considering the excimer concentration is sup­
posed to be much smaller than the Ar* concentra­
tion. Although the electronic state of the G3H6* formed 
through excitation transfer is not known, it may be 
a superexcited state locating above the first ionization 
level of propylene. T h e excited propylene may de­
compose either through a direct process or through a 
vibrationally excited ground state. Since the con­
centration of propylene is low, the rate of the deac­
tivation process 6 may be slower than Reaction 5 
and can be neglected. The disproportionation Reac­
tion 9 is also neglected in consideration of the small 
magni tude of k9 (5 X 10 - 1 2 cm3 molecule - 1 s_1) at room 
temperature.21^ O u r experimental finding that acety­
lene is not found as a product is consistent with this 
assumption. 

According to the proposed reaction mechanism the 
derivation of the rate equations for G3H6*, C2H3 , and 
G2H4 are straight-forward, assuming the local steady 
states for the concentrations of the intermediates. 
In order to solve the rate equations, the additional 
approximation of discarding the term Â J 8 [ C 2 H 3 ] 2 is also 
introduced for mathematical convenience. Although 
ks must be larger than k9, we believe that neglecting 
this term does not lead to any serious change in the 
present analysis of the kinetics. 

In the flow system we need an expression for the 
integrated yield of ethylene as a function of residence 
time ( T = / / O ) which can be expressed as follows: 

[C.H,], = J\[C2H3][C3H6]df 

*i[Ar*]0[C3H6] 

- ( ^ [ c 3 H 6 ] + , q [ a ] ^ ) ( 1 - e x p ( - ^ C 3 H 6 ] T ) ) - (12) 

When we take a value of x as 0.3 s, [G3H6] as 1014 

molecule cm - 3 , and 10 - 1 4 cm3 molecule - 1 s _ 1 for the 
tentative value of k-j, the following approximation is 
possible : 

*i[Ar*]0[C3H6] 
[C2H4]q -^ -&7[C3H6]T. (13) 

(*1[G,H6] + *q[Q] + ^ ) 
This is consistent with our finding that the ethylene 
yield is nearly proportional to the propylene con­
centration in a limited low concentration range. 

Bearing in mind that X ( ~ 1 0 3 s - 1 ) is much smaller 
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TABLE 2. PRODUCT DISTRIBUTION IN THE REACTION OF Ar* WITH PROPYLENE, THE DIRECT 

PHOTOLYSIS, AND THE MERCURY-SENSITIZED PHOTOLYSIS OF PROPYLENE 

Products 

Hydrogen 
Methane 
Acetylene 
Ethylene 
Ethane 
Propyne+aliène 
Propane 
Butadiene 
Butènes 
Isobutane 

Present work 

Ar(3P2) + Ar(3P0) 
(11.5eV) (11.7 eV) 

not det. 
not det. 
not found 

(1.0) 
0.3 

not found 
0.1 

found 
not found 
not found 

Direct photolysis 

123.6 nma> 
(10.0 eV) 

0.8 
0.2 
1.9 

(1.0) 
0.2 
0.4 

0.5 
0.5 

147.0 nm») 
(8.4 eV) 

0.6 
0.3 
3.1 

(1.0) 
0.6 
1.2 
0.6 
0.3 
1.0 
1.0 

184.9 nmc> 
(6.7 eV) 

0.8 
0.7 
1.1 

(1.0) 
0.6 
0.6 
1.1 

1.4 
0.8 

Hg-sensitized 
photolysis 
HgpP0d> 
(4.9 eV) 

66.5 
3.4 
9.2 

(1.0) 
1.1 

54.8 
2.1 
0.3 
5.2 
0.4 

a) Ref. 22, b) Ref. 22, c) Ref. 24, d) Réf. 27. 

than ^ [ G g H J +kq[Çl], when we take the ratio [C 2H 4 ] 0 / 
[C 2H 4 ] q for a given propylene concentration, we ob­
tain Eq. 3 as presented before. 

Finally we have to admit that the proposed reac­
tion mechanism does not cover all the reaction prod­
ucts. Ethane may be formed through the recombina­
tion of two methyl radicals, but the mechanism for 
propane formation is not certain. In the proposed 
mechanism the formation of allyl radical is assumed 
to take place by the abstraction of H atom from propy­
lene, but we do not know the final destiny of the allyl 
radical. Further, we discarded the addition reaction 
of vinyl radical to propylene, al though usually radical 
addition is faster than abstraction. I n order to elu­
cidate answers to these still unresolved problems we 
will need a more thorough product analysis in the 
future. 

Reaction of Ar* with Propylene in Comparison with the 
Direct and Mercury-sensitized Photolysis. T h e com­
parison between the reaction of Ar* with propylene 
and the direct photolysis22-25) and mercury-sensitized 
photolysis26-28) would be interesting in order to see 
how the exciting energy and the exciting mode affect 
the reaction behavior of the excited molecule. In 
order to compare the reactions in detail we would 
need to know the electronic state of the excited molecule 
and the quan tum yields of the pr imary processes or 
branching ratios. O u r experimental results for the 
product analysis itself is incomplete, and most works 
on the far ultraviolet photolysis of propylene lack 
any estimation of the quan tum yields of the pr imary 
processes. Furthermore, the results reported by the 
authors in two laboratories are not completely con­
sistent. Bearing these points in mind, we give in 
Table 2 the relative yields of the final products nor­
malizing the yields to ethylene yield, and discuss the 
reaction characteristics qualitatively. In the mercury-
sensitized photolysis the yield of aliène is distinct. 
Aliène is probably formed through H a tom abstraction 
by a Hg(3P0) atom. The photolysis of propylene with 
184.9 nm radiation was reported by Arai et al.2i) 
Acetylene, propane, aliène, propyne and various C4-
and C5- hydrocarbons are identified in addition to 
ethylene. Borrel et al.25) also investigated the same 

photolysis. Their results are not completely consistent 
with the previous results, and they estimated the 
quan tum yields of the pr imary processes as follows : 

G3H6* + hv > CH2=CHCH2 + H ci =0 .41 

>C 2H 3 + CH3 ç>=0.36. 

They found that the quan tum yields of the products 
decrease with the addition of an inert gases and as­
cribed this pressure effect to the participation of a 
Rydberg state as well as the valence bond excited 
state. 

Becker et A/.22) studied the photolysis of propylene 
with 147.0 nm and 123.6 n m radiations and deter­
mined the relative yields of the products. Tsuikow-
Roux23) reinvestigated the photolysis a t 147.0 nm and 
compared his results with the previous ones. In all 
these photolysis the formation of acetylene is confirmed, 
and with 147.0 and 123.6 nm radiations its yields 
exceed those of ethylene. Some portions of acetylene 
may be formed through a disproportionation reaction 
between two vinyl radicals. However, in order to 
explain acetylene yields that are twice or three times 
larger than ethylene yield in the direct photolysis 
at 147.0 and 123.6 nm, we must call for the direct 
formation of acetylene from excited propylene or of 
the decomposition of vibrationally excited ethylene as 
is assumed in the various reaction systems.29) In view 
of the high excitation energy available in Ar*, it is 
rather unexpected that acetylene is not found in the 
products of Ar* reaction. 

As a whole, the complete reaction system of Ar* 
with propylene appears to be simpler than that in 
the direct photolysis in spite of the comparable amounts 
of energy. O n e possible explanation for this simple 
reaction features may be due to the flow technique 
used in these experiments and the suppression of suc­
cessive radical reactions by the rapid cooling of the 
reactant mixture to liquid nitrogen temperature. How­
ever, we would like to suggest that in the energy transfer 
reaction between metastable atoms and acceptor mole­
cules only electron in the outer valence orbital may 
be subject to excitation,30) while in the direct pho­
tolysis electrons both in outer and inner shells may 
be excited resulting in more violent or complicated 
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reaction pathways even if the amounts of the excita­
tion energies are comparable. However, at present 
this suggestion remains speculative one and requires 
theoretical and experimental evidence. 
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The mechanism of photodissociation of [2.2]paracyclophane in glassy solvent at 77 K was studied. It is 
concluded that the dissociation of the CH2-CH2 bridge occurs from higher triplet states (Tn) via the lowest triplet 
state as an intermediate. The efficiency of the reaction depends on the characters of T n states ; high from the 
locally excited state, and low from the charge-transfer state. 

The electronic structure of [2.2]paracyclophane (PC) 
has been studied both experimentally and theoretical­
ly.1) The most predominant character of the molecule 
is the transannular interaction. In PC, there exist 
two different kinds of excited states, the locally excited 
(LE) state within the constituent moieties, the benzene 
rings of PC, and the charge-transfer (CT) state. T h e 
LE and C T bands were observed in the Sa<-S0 and 
T^tr-T^ absorption spectra.1) When PC is excited 
to different kinds of electronic states, photoreactions 
characteristic of respective states are expected to occur. 

Helgeson and Cram studied photochemistry of PC 
in the alcoholic solution at room temperature.2) From 
the analysis of photoproducts a t various exciting wave­
lengths, they proposed an interpretation that the ex­
citation to different singlet electronic states of PC 
produces different reaction intermediates.2) In a pre­
vious paper,3) we found that photodissociation oc­
curred on the C H 2 - C H 2 bridge of PC in glassy solvents 
at 77 K, and that a species with two benzyl radicals 

linked together ( H 2 C - < ^ ^ C H 2 - C H 2 - < Ç ^ > - C H 2 

was produced. The reaction rate was found to be 
proportional to the square of the exciting light in­
tensity. 

In this paper, the relation between the reactivity 
and the nature of excited states of PC was investigated. 

Exper imenta l 

PC and the solvents, 2-methylpentane (2-MP) and 2-
methyltetrahydrofuran (MTHF), were purified by the same 
methods as described previously.3) The samples with the 
concentration of 10 -3 mol dm - 3 in each solvent were de­
gassed by freeze-pump-thaw cycles. 

For photolysis of PC, the following exciting sources were 
used; a 1 kW super high-pressure mercury lamp (Pyrex 
and NiS04 solution filters for 313 nm light, and Toshiba 
UV-D33 S and UV 35 filters for 365 nm), a 500 W super 
high-pressure mercury lamp with a Jarrell-Ash 1/4 m mono-
chromator, and a nitrogen laser (Molectron UV 24) pumped 
dye laser (DL 14). Dyes used are 2-(4-biphenylyl)-5-phenyl-
1,3,4-oxadiazole (365—380 nm), 4,4///-bis(2-butyloctyloxy)-
/»-quarterphenyl (380—395 nm), 2-(4-biphenylyl)-6-phenyl-
benzoxazole (395—405 nm), 4,4'-diphenylstilbene (405—415 
nm), l,4-bis(2-methylstyryl)benzene (415—425 nm), cou-
marin 120 (425—445 nm), and 7-diethylamino-4-methyl-
coumarin (445—450 nm). The intensity of the dye laser 
was monitored by the use of a power meter (Laser Preci­
sion RKP 312). 

The optical alignment used for pursuing radical produc­
tion from PC is of the parallel beam typelb) (Fig. 1). An 

U-Wtamp S e c t o r 

322nm / 

— Vf 

365~450nm 

(jÜJHMC 

3 l 3 , 3 6 5 n m 
iFnier 

fPMl 
MC 

3Q3nm Sector 

1 kW Hg lamp 

Fig. 1. Optical alignment used for the measurement 
of the reaction rate of PC. 

exciting light (1 kW mercury lamp or dye laser) and a 
monitoring light were set to pass the same part of a sample. 
The wavelength of the monitoring light is 322 nm which 
corresponds to the absorption peak of the radical produced 
from PG.3> 

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

In the present study, experiments were made by 
using two different exciting light beams; a weak mono­
chromatic light beam at 303 nm from a 500 W mercury 
lamp (first beam) and a strong light beam at 365 nm 
from a 1 kW mercury lamp (second beam). T h e 
second beam alone caused no reaction because PC 
has no absorption a t 365 nm. With the use of the 
first beam only, the reaction occurs very slowly. 
With the simultaneous use of both beams, the re­
action proceeds faster by an order of magnitude than 
with the use of the first beam alone. The reaction 

product is known to be H 2 C- ' 

o-
GHo-LH»-

>-CH2.3) Since the produced radical is stable 

at 77 K, the relative reaction rate, R, can be defined 
by the absorbance change, A^4, at an appropriate 
wavelength. Actually we measured AA at 322 nm 
corresponding to one of the peak wavelengths of the 
product. The reaction rate is proportional to the 
intensity of the second beam. This experimental re­
sult confirms that the reaction proceeds through an 
intermediate state. 

I n rigid media at 77 K, the most appropriate state 
for this intermediate is the lowest triplet state, T l 9 

which has a sufficiently long lifetime (a few seconds). 
This is supported by the facts that the reaction 

occurs by the irradiations of the first and second beams 
with intervals of several seconds as well as by their 
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Fig. 2. (a) Dependence of reaction rate, R (AA (322 
nm) s_1), upon the wavelength of second exciting 
light, (b) Tw<—Tj absorption spectrum of PC along 
with its polarization, P. 

simultaneous irradiations and also that the reaction 
does not occur a t room temperature at which the 
lifetime of T x is very short. From this veiw, the higher 
triplet states which are populated by Tn<r-Tx absorp­
tion are considered to be the reactive state of PC. 

Several reactions show the biphotonic nature in the 
rigid media a t low temperature ; photoionization,4) 
decomposition of solvent sensitized by solute,40) photo-
isomerization,5) /?-bond fission of substituted aromat-
ics6) and hydrogen abstraction from solvent.7) The 
intermediate states of these reactions were found to 
be T\ . 

In the next experiment, a weak 313 n m light (first 
beam) by which the reaction occurs to a negligibly 
small extent and a dye laser (second beam) were 
used for excitation. The dye laser beam is suitable 
for the present experiment since it is highly mono­
chromatic (line-width is less than 0.01 nm) and the 
intensity per unit wavelength is high. Figure 2(a) 
shows the relative reaction rate (normalized to the 
second beam intensity) with 365—450 n m light as 
the second beam. The Tn<—T± absorption spectrum 
of PC and its polarization are also shown in Fig. 2(b). 

In the present case where the first beam is weak, 
the concentration of the molecules populated in the 
T x state is small. Under these conditions, the reac­
tion rate, R, is proportional to the second beam in­
tensity, /(A), the molar extinction coefficient of Tw<— 
T x absorption, e(X), and the reaction efficiency of 
the Tw state, 0„(A). Here A is the wavelength of 
the second beam. 

i2oc/(A)s(A)0w(A).8> 

A plot of R versus A in Fig. 2(a) shows the A dependence 
of e(A)0n(A), since the R values are normalized to 
the second beam intensity. We can see from this 
figure that the rate of radical production around 380 
n m which corresponds to the maximum of the T n<-
T x absorption is smaller compared with the rate at 
the shorter and longer wavelengths. This means that 
<l> is much smaller for the upper triplet state of the 
380 nm band than for the neighboring triplet states. 

The Tn*-T1 absorption spectrum of PC was an­
alyzed previously. lb) According to the analysis, the 
upper state of the 380 nm band is the C T state and 
the LE states exist at the higher and lower energy 
sides. Therefore, it is reasonable to consider that 
the radical production occurs effectively from the 
LE state but ineffectively from the C T state. This 
indicates that the photoreactivity is sensitive to the 
electronic structure of the excited state from which 
the reaction occurs. 
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Pressure-induced Phase Transition and Compressive Behavior 
of Substituted Adamantanes 

Kimihiko H A R A , * Yoshikazu K A T O U , and J i ro OSUGI 

Department of Chemistry, Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606 
(Received September 11, 1980) 

The compressive behavior of adamantane and its secondary monosubstituted derivatives; adamantanone, 2-
methyladamantane, and 2-bromoadamantane was measured at various temperatures in a piston-cylinder ap­
paratus. A first-order solid-solid phase transition was found under pressure in each system. The transition 
pressures, the equilibrium pressures, the volume changes, and the entropy changes for the transition were deter­
mined. The compression data for the low pressure phases were fitted to an equation of the form — AV/V0=a.0-{-
ajP+aaP2. The effects of substituent groups on the entropy changes of the transitions of these molecular crystals 
were discussed. 

The first-order phase transitions undergone by crys­
tals containing globular (or cage-like) molecules that 
form plastic crystals have been studied from various 
viewpoints. Adamantane is one of the few compounds 
whose phase transition is fully characterized at at­
mospheric pressure. This compound is known to un­
dergo a phase transition under pressure from a dis­
ordered face-centered cubic (fee) structure to an or­
dered body centered tetragonal structure,1) which is 
the same as the temperature-induced transition at 
208.62 K.2 '3) The transition pressure was determined 
as 4.8 kbar at 20 °G by X-ray measurement. T h e 
volume change for the transition A F is reported to 
be —1.8 cm3 mo l - 1 at 4.1 kbar and 20 °G by Pistorius 
and Resing4) and — AV/VQ is 1.4% at 4.1 kbar and 
25 °G by Breitling, Jones, and Boyd.5) For adamanta­
none and 2-methyladamantane, as reported in our 
previous papers,6 - 8) the analogous phase transitions 
from fee to tetragonal structure were found at high 
pressures. For 2-bromoadamantane the high pres­
sure phase was not determined, although the atmos­
pheric phase was fee. 

Such a simple crystal structure in the low pressure 
phase is not only due to the high symmetrical globular, 
cage-like molecular structure, but also due to the 
disordered phase, where the molecules are able to 
rotate rather freely9) or to assume different and hence 
random orientation on the lattice sites. By the ap­
plication of pressure the transition from the disor­
dered phase to the ordered phase is expected. 

We report here the pressure-induced phase tran­
sitions of adamantane, or tricyclo[3.3.1.13»7]decane (1) 
and its secondary monosubstituted derivatives, i.e. ad­
amantanone (2), 2-methyladamantane (3), and 2-
bromoadamantane (4). 

1 2 3 4 
Precise measurements were made of the pressures 

of the transitions and the volume changes of the tran­
sitions at various temperatures. The entropy changes 
were calculated. Such thermodynamic data charac­
terize phase transitions and are particularly useful in 
interpreting solid-solid transformations in which order-
disorder effects are predominant. 

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

Materials. Guaranteed-grade adamantane (1) 
(Nakarai Chem. Go.) was repeatedly recrystallized from 
light petroleum and dried in vacuo. Adamantanone (2) 
(Aldrich Ghem. Go.) and 2-bromoadamantane (4) (Aldrich 
Chem. Go.) were recrystallized from ethanol. 2-Methyl-
adamantane (3) was prepared from adamantanone by pub­
lished procedures10) and purified by recrystallization from 
ethanol. No impurity was detectable in gas-chromatog-
raphic analysis of the purified samples. 

Measurements. The phase transitions and compression 
data were obtained in a piston-cylinder device, using a 
tungsten carbide piston and a 12 mm i.d., 50 mm o.d. cylinder 
of hardened maraging steel supported by Ni-Cr-Mo steel. 
The pressure was generated by a 60 t hydraulic press. Ex­
trusion was prevented by the gasket rings which are made 
from hardened maraging steel. The oil pressure in the 
press was measured to about 0.1 bar by a 250 bar Heise 
bourdon gauge. A thin coat of Moly-Kote which was 
lubricated on the piston and inside of the cylinder as friction 
reducer has little effect on the transition pressures. The 
same sample length with a mass of about 1.54 g was used 
throughout. The transition pressure was affected by the 
sample length within ca. 9% for (2). 

Each sample was precompressed to the maximum pressure 
before each run. The displacement of piston was measured 
by a dial micrometer accurate to ±0.001 mm. It should 

50 100 150 200 250 

Oil pressure/105 Pa 

Fig. 1. Piston displacement against pressure for NH4F 
used as the fixed points of pressure calibration. 
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Fig. 2. (a) Compressive behavior of 1 at 22.4 °G. 
O : Compression cycle, & - decompression cycle. 

0.15 

0.10h 

0.05 

I / 
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1 1 1 1 

4 6 

P/kbar 
10 12 

Fig. 2. (b) Compressive behavior of 2 at 21.5 °C. 
O : Compression cycle, % : decompression cycle. 

be mentioned that the correction was made for the com­
pression of piston as a function of pressure. The effective 
area was taken as that of cylinder. The effect of elastic 
distortion of the cylinder on the volume is less than 0.7% 
at 10 kbar. The internal pressure was calibrated with I-
II and II-III transitions of NH4F, which is shown in Fig. 
1. The transition pressures at 25 °C are 3.605 kbar and 
11.531 kbar,t respectively.11) The friction of this apparatus 
was symmetrical between compression and decompression 
cycles. 

The sample temperature could be maintained to within 
better than ±0.1 °C by circulating the water of constant 
temperature into the outer jacket of the cylinder. The 
temperature was measured with a calibrated chromel-alumel 
thermocouple inserted in the cylinder. 

t l b a r = 1 0 5 P a . 

"0 2 4 6 8 10 12 

P/kbar 

Fig. 2. (c) Compressive behavior of 3 at 20.5 °C. 
O : Compression cycle, 9 : decompression cycle. 

Û.5 1.0 1.5 2.0 2.5 3.0 3.5 

P/kbar 

Fig. 2 (d). Compressive behavior of 4 at 20.0 °C. 
O : Compression cycle, Q : decompression cycle. 

R e s u l t s 

Every compound exhibits a discontinuous volume 
change at high pressure below 20 kbar, which in­
dicates a first-order phase transition. The relative 
volume change —AV/VQ against pressure are shown 
in Fig. 2 (a), (b), (c), and (d) for (1), (2), (3), and 
(4), respectively. They are the results after correct­
ing the friction of apparatus. The curves represent 
the best fit passing through the experimental points. 
The inflection point was used to characterize the 
transition pressure P t , and the equilibrium pressure 
P for transition was taken as the average between 
the transition pressures for the compression and de­
compression cycles. The volume change at the tran­
sition AVt was obtained by extrapolating the com­
pression curve to the inflection pressure and measuring 
the difference of displacement. The volume change 
for the transition AV was determined as the average 
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T A B L E 

Compound 

1. TRANSITION PARAMETERS FOR PRESSURE-INDUCED TRANSITIONS OF SUBSTITUTED ADAMANTANES 

T Pt P AP -AV -AV/V0 -AS -AH 
°C kbar kbar kbar cm3 mol-1 % J K"1 mol"1 kj mol-1 

0.0 
22.4 
32.2 
41.5 
54.5 

0.0 
21.5 
32.5 
44.5 
55.5 

0.0 
20.5 
32.5 
42.3 
51.5 

14.0 
20.0 
40.0 
59.0 
78.8 

4.00 
5.35 
5.85 
6.45 
7.30 

6.80 
8.65 
9.30 

10.30 
11.10 

6.00 
7.45 
8.30 
8.80 
9.40 

0.55 
1.35 
2.14 
3.05 

80 
28 
75 
30 
23 

4.93 
6.68 
7.30 
8.18 
9.00 

6.00 
7.45 
8.30 
8.80 
9.40 

'1 bar)*) 
' 0.49 

1.29 
2.10 
3.00 

0.2 

4.0 

0.10—0.13 

2. 
2. 
2. 
2. 
2. 

4. 
4. 
3. 
3. 

2.9, 
2.8, 
2.4, 
2.3, 
2.1» 

.2, 

.2, 
•19 
19 

. 1 . 
64 

37 

97 

97 

11.7, 
10.60 
9.90 
9.55 

1.78 
1.73 
1.70 
1.70 
1.65 

3.5 
3.3 
3.0 
3.0 

2.00 
1.93 
1.68 
1.60 
1.48 

7.82 
7.05 
6.58 
6.35 

14.2 
14.1 
13.6 
13.6 
13.1 

33.7 
31.7 
28.8 
28.8 

19.4 
18.7 
16.3 
15.5 
14.4 

51.3 
46.2 
43.2 
41.6 

3.9 
4.2 
4.2 
4.3 
4.3 

9.2 
9.4 
9.1 
9.5 

15.0 
14.5 
14.3 
14.6 

a) DSC data at atmospheric pressure. 

4 6 

P/kbar 

Fig. 3. Phase diagrams of 1, 2, 3, and 4. 

between the volume changes at the transition pressure 
in compression cycle Pt and that in decompression 
cycle Pt', i.e. l / 2 ( A F t + A F t ' ) , which is shown in 
Fig. 2 (b). The volume changes of the transition 
were determined to an accuracy of 0.2 cm3 mo l - 1 . 
The transition pressures, the equilibrium pressures, 
and the volume changes for the transitions at various 
temperatures are summarized in Table 1. T h e tran­
sition pressure for (1), which has been determined 
previously from X-ray measurements as 4.8 kbar a t 
20 °C,1> is in reasonable agreement with the present 
equilibrium pressure of 5.1 kbar at 20 °C. But the 
values of the transition pressure and the volume change 
reported by Pistorius et al.*) and by Breitling et al.5) 
are a little lower than those of the present work. Hys­
teresis, the reproducible difference in the transition 
pressure between compression and decompression cycles, 
AP is quite large for (2), as compared with other 
compounds. Its temperature dependence was not be­
yond the experimental errors. 

4 6 

P/kbar 

Fig. 4. Entropies of transitions against pressure. 

T h e obtained phase diagrams are shown in Fig. 
3. T h e slopes (dP /dT) of the equilibrium lines were 
obtained by means of least square fit. They were 
used in conjunction with A F to determine the en­
tropies and enthalpies of transitions by the Glausius-
Clapeyron equation. 

T h e transition temperature of 14.0 °C for (4) at 
atmospheric pressure was determined by the dif­
ferential scanning calorimetry (dsc). 

T h e entropy changes AS and enthalpy changes 
AH of the transitions are listed in Table 1. T h e 
values of AS are plotted against the pressure in Fig. 
4. T h e value of AS for (1) obtained from the dsc 
at atmospheric pressure by Chang et al. ( 1 6 . 2 J K - 1 

mol - 1)1 2) is just on the extrapolated line of the present 
data. As for (3) the value from the dsc by Clark 
et al.13) is smaller than the extrapolated value. 
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D i s c u s s i o n 

I t is interesting to note that by the application of 
pressure all of the secondary monosubstituted ad-
amantanes examined here, which have disordered fee 
structure a t atmospheric pressure, undergo the phase 
transitions to ordered body centered tetragonal struc­
ture. The structural results were reported previ­
ously.7'8) We found that (4) underwent the cor­
responding phase transition at atmospheric pressure 
and that the phase diagram could be determined to 
atmospheric pressure. Presumably, for both (2) and 
(3) the temperature-induced transition with the same 
structural change will appear at low temperature on 
the extrapolated line of the phase diagram just in 
the similar way as (4). 

Figure 4 indicates that AS increases with pressure, 
i.e. 

dAS _ dS(h) _ 3S{\) 
dp ~~~dp dp~> ' 

where 6*(h) and S(Y) refer to the entropy of high pres­
sure phase and that of low pressure phase, respectively. 
This means a normal phenomenon that the pressure 
dependence of entropy is higher in the low pressure 
phase than in the high pressure phase, since (dS/dP) < 0 
for the most substances. O n the other hand, we can 
see in Table 1 that the temperature dependence of 
AH, which indicates ACp) is too small to find a com­
prehensive trend. 

Compressibility and Crystal Density of Low Pressure Phase. 
T h e compression data of the low pressure phases a t 
around 20 °G shown in Fig. 2 were fitted to the fol­
lowing equation by using the method of least squares. 

1: -~^f- = 1.94x10-3 + 2 .26xlO- 5 P 

- 1.22X10-9P2, 

AV 
2: --=— = 5 . 8 0 x l 0 - 3 + 1.93xlO~5P 

- 0.83xlO-9P2 , 

3 : - ~ ^ - = 1.85x10-3 + 2.80X10~5P 

- 1.51xlO"9P2, 

where V0 is the volume of the crystal under atmos­
pheric pressure and the unit of P is bar. For (4) 
the transition pressure was too low to get the reliable 
compression data of low pressure phase. The initial 
compressibility ß0) which is given by 

and the crystal density that was obtained from the 
measurement of the sample size are listed in Table 
2. The size of the unit cell and the crystal desity 
calculated from X-ray data are also included in 
Table 2. T h e agreement between both data of the 
crystal density is satisfactory. We can find a correla­
tion that the higher compressibility corresponds to the 
structure with the larger unit cell parameter, or the 
loose structure. This correlation may confirm an 
evidence that in molecular crystals hydrostatic com-

TABLE 2. INITIAL COMPRESSIBILITY AND CRYSTAL DENSITY 

Compound 

1 
2 
3 
4 

Initial com­
pressibility 

A> 
10-« bar-1 

22.7 
19.3 
28.0 
— 

Crystal density 

9 
g e m - 3 

Aa> Bb> 

1.06 1.08 
1.13 1.14 
1.03 0.99 
1.43 1.40 

a) Determined in the present work, b) Calculated 
from the X-ray data. 

pression causes the contraction of intermolecular free 
volume in the crystal especially in an early stage of 
compression and that the contraction of molecules 
themselves (or electron clouds) is negligible in the 
first approximation. 

Entropy of Transition. Much information has 
been obtained about the disordered phases of mo­
lecular crystals from the entropies of transition.14) 
There has been an at tempt to interpret the entropy 
of transition of caged hydrocarbon crystals in terms 
of the Guthrie-McCullough method15) which is treated 
for simple tetrahedral molecules and is based on sets 
of equivalent, distinguishable molecular orientations 
obtained by combining the symmetry elements of the 
crystal lattice with the symmetry elements of the 
molecule. In this method the orientational disorder 
is assumed to account for the entropy of transition 
entirely, all other effect being negligible. This treat­
ment, however, includes some oversimplifications and 
is invariance with various experimental results except 
for some typical examples. Clark et a/.,13»16) on the 
other hand, proposed that the lattice slackening and 
other effects contribute a significant proportion of the 
entropy of transition and separated this contribution 
as excess entropy A£ e x c e s s from the orientational 
entropy. 

A S = Ä l n (Nj/Nu) + A c c e s s , 

where Nz is the number of molecular orientational 
states statistically occupied in the low pressure dis­
ordered phase, Nn is the corresponding number in 
the high pressure ordered phase which is usually unity, 
and R is the gas constant. 

Adamantane is a simple polycyclic saturated hydro­
carbon with carbon atoms arranged in a cage-like 
skelton and has tetrahedral symmetry. Its orienta­
tional entropy change based on the Guthrie-McCul­
lough method is R In 2 = 5.8 J K _ 1 mol - 1 , since two 
distinguishable orientations are allowed in the dis­
ordered phase. By comparing with the observed en­
tropy of transition (14.1 J K " 1 mol" 1 at 22.4 °C), 8.3 
J K _ 1 m o l - 1 is the excess entropy of transition. 

By the analogous application of this method, the 
orientational entropy change of adamantanone should 
be R\n 12=20 .7 J K _ 1 mol - 1 , since there are six 
orientations in each one of adamantane . Thus, the 
excess entropy of 11 J K _ 1 m o l - 1 is obtained by com­
paring with the observed entropy of transition (31.7 
J K " 1 mol" 1 a t 21.5 °C). This is in accord with the 
result of Clark et a/,16) that the excess entropy is 10—-
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15 J K - 1 mol - 1 . Namely, the most par t of the dif­
ference between the transition entropies of adamantane 
and adamantanone is originated from the difference 
in the orientational entropy change. 

In the case of (3) and (4), on the other hand, there 
are two further distinguishable orientations in each 
one of (2), so that the orientational entropy change 
should be R In 2 4 = 2 6 . 4 J K - 1 mo l - 1 . If we compare 
the orientational entropy of (4) with the observed 
entropy of transition (51.3 J K - 1 m o l - 1 at 20.0 °G), 
the excess entropy becomes 25 J K - 1 mo l - 1 . This value 
is beyond the range proposed by Clark et al., although 
the larger value is expected for the compounds having 
the larger substituents. By the application of the 
semiempirical equation of Clark et al., since the tem­
perature range for the orientational disordered phase, 
Tm—T=\29 °C is obtained at atmospheric pressure, 
we get a little lower excess entropy of 16.6 J K - 1 mo l - 1 . 
As for (3), the value of the observed entropy is much 
lower than that would be expected. This abnormality 
may come from the fact that has been pointed out 
by Clark et al. Thus, the obtained order of A6*excess 

is ( 4 ) < ( 1 ) < ( 2 ) < ( 3 ) . 
The values of A6*excess can be explained if we take 

the effects of intermolecular ordering and intermo-
lecular forces into account. The value of A6*excess 

of (2) is greater than that of (1), although they have 
almost the same molecular size, and hence must have 
similar intermolecular ordering. The same is the case 
for the larger value in (4), as compared with (3). 
Thus, we can propose that the dipolar interactions 
in the ordered crystal are considerably more favorable 
than those in the disordered phase, increasing A6*excess. 
The intermolecular ordering effect is another striking 
effect that must be considered. Large substituent 
groups loosen the ordered crystal lattice. This would 
be the reason why the values of A6*excess of (1) and 
(3) are smaller than (2) and (4), respectively. W e 
can say conclusively that the molecules with the more 
sphericity and the higher dipole moment can give 

more stable ordered crystal. 

We wish to thank Dr. Yoshihiro Taniguchi of 
Ritsumeikan University for measuring dsc of (4) and 
Mr . Fujitsugu Amita of this university for his technical 
assistance. 
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The work function of silver oxide (AgaO) decreased by as much as 0.8 eV on exposure to 2-propanethiol 
[(GH3)2GHSH]. The change in work function was irreversible at room temperature, and proportional to the 
amount of thiol in case where the partial pressure is low, but reversible at 200 °G. The conductivity of the AgaO 
disk showed no substantial change by exposure to thiol. From the infrared absorption spectral studies, it was 
found that the thiol reacted with the silver oxide forming a (CH3)2CH-S-Ag group on the surface. The rela­
tionship between the work function and the chemical processes occurirng at the solid surface is discussed. 

Recently, the employment of semiconductors for 
specific detection of gases taking advantage of the 
change in electric conductivity has been at tempted 
by many authors.1 - 5) Concerning the mechanism in 
such systems, it is essentially important to clarify how 
the electrical properties of the semiconductors are 
correlated with chemical processes occurring at the 
solid-gas interface. From this point of view, we have 
studied the influence of gases on the surface potentials 
and other electrical properties of metals and metal-
semiconductor assemblies.6) The surface potentials 
have also been studied for electrodes chemically modi­
fied with antibodies or enzymes. T h e change in 
electrode potentials by specific reactions between bio­
logical substances at the electrode-solution interface7»8) 
has been found to be capable of serving as a sensitive 
device for analysis of these substances. 

In this work, the effect of thiol gas on the electrical 
properties of silver oxide in the form of compaction 
(compressed powder) or thin film has been investi­
gated. I t has been found that the conductivity is 
insensitive, but the surface potential is very sensitive 
to the gas. T h e results are discussed in relation with 
informations obtained on the chemical processes on 
the solid surface from infrared absorption measure­
ments. 

Exper imenta l 

Materials. Copper plate, 99.9% pure, 1 mm thick, 
was used as the reference electrode, or the substrate for 
evaporated metal films. The purities of Ag, Fe, Ni, Pd, 
and Al used were higher than 99.9%. 2-Propanethiol gas 
used was evolved from the liquid 98% pure 2-propanethiol, 
obtained from Tokyo Kasei Kogyo Co. The silver oxide 
powder 99.9% pure, having the grain size of about 0.5 yon, 
was obtained from Kishida Chemical Co. 

Procedure. The contact potential of the silver oxide 
samples against copper was measured by use of a vibrating 
capacitor method.9) The experimental setup is schemati­
cally shown in Fig. 1. The metal to be studied, Ag, Fe, 
Ni, Pd, or Al, was evaporated on a Gu plate at 2 x l 0 ~ 5 

Torr (1 Torr =133.322 Pa). Silver oxide powder, 1.0 g in 
weight, was compressed at 150 kg/cm2 into a disk form and 
the disk was attached onto a Gu plate with silver paste. 

The reference electrode, a semicircular Cu plate 15 mm 
in radius, was rotated with a speed of 30 Hz by use of a 
synchronous motor. The space between both electrodes 
was adjusted with a micrometer to ca. 0.2 mm. The ac 
current arising from the capacity change between the elec-

micrometer 

Cu-plate 

(0 
Fig. 1. Schematic representation of the experimental 

setup for contact potential measurements: (a) a front 
view and (b) a bird's-eye view, (c) The electric 
circuit. 

gold electrode 

Ag20 disk 

Fig. 2. The AgaO disk used for measuring its electric 
conductivity. 

trodes was measured by use of a Teledyne Philbrick 1702 
parametric amplifier and an NF LI-573 lock-in-amplifier. 
The contact potential between these electrodes was de­
termined by employing the null current method with the 
aid of a potentiometer. The electrodes were kept in a box, 
71 in capacity. For electric conductivity measurements, 
gold was vacuum-evaporated onto the silver oxide disk as 
shown in Fig. 2. 

Infrared spectra were measured by use of a JEOL J IR 
10 Fourier transform infrared spectrometer. Silver film to 
be measured was prepared by vacuum-deposition onto a 
NaCl disk, the transmittance of the film being 40% at 600 
nm. 

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

Surface Potential of Ag20. The average contact 
potential difference between an Ag aO disk and a 
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Fig. 3. The response in the contact potential of the 
Ag20 disk to 2-propanethiol at room temperature. 

copper reference electrode was found to be —0.40 V, 
when measured in air, indicating that the work func­
tion of A g 2 0 is 0.40 eV larger than that of the copper 
electrode. The copper electrode is presumably cov­
ered with a thin copper oxide film in air and the ab­
solute value of its work function cannot be determined 
directly by the capacitor method. 

Figure 3 shows the change in the contact potential 
caused by admission of 5.0 x l O 1 7 molecules of 2-
propanethiol, into the box. The potential increased 
from —0.40 V to + 0 . 4 0 V and became constant after 
about 10 min. No change in potential was observed 
by dissipating the gas into open air. When a disk 
previously exposed to thiol was heated at 200 °G in 
air, the potential decreased and returned to the value 
of unexposed A g 2 0 , —0.40 V. These changes in po­
tential are obviously due to chemisorption of the 
thiol on the A g 2 0 surface. 

I t was confirmed from the following experiment 
that the work function of the copper reference did 
not change by the introduction of 2-propanethiol: 
First, the thiol gas was introduced into the box. The 
contact potential of the Ag a O disk against the copper 
electrode changed as shown above. After that, the 
gas was removed from the box and only the A g 2 0 
disk was replaced by a new A g 2 0 disk. T h e contact 
potential between the new disk and the copper 
electrode exposed to the gas showed the same value 
as that obtained between fresh A g 2 0 and Gu electrodes 
in air. O n replacement of the disk by a new copper 
plate, the contact potential was almost zero between 
the new and the gas exposed copper electrode. These 
experimental results indicate that the change in surface 
potential of Gu plate by exposure to thiol is negligible. 

The induced potential is plotted against the amount 
of 2-propanethiol admitted into the box (Fig. 4). In 
the low partial pressure region, it is proportional to 
the amount of thiol introduced, but gradually satu­
rated at higher pressure region. 

The work function, 0, of A g 2 0 , corresponding to 
the energy required to transfer an electron from its 
Fermi level to vacuum, is determined from our ex­
periment in air as 5.6 eV, taking the work function 
of copper to be 5.2 eV that was obtained in the pres­
ence of oxygen.10»11) Before chemisorption, the po-

0 1.0 2.0 3.0 4.0 5.0 X1017 

Number of thiol molecules admitted 

Fig. 4. The induced change of potential of the AgaO 
disk against the amount of 2-propanethiol introduced. 

Vac. level 

A g2°i 
(A) before 

Fig. 5. Schematic energy diagrams of the AgaO disk 
near the surface before and after the introduction of 
2-propanethiol gas. 

tential for an electron near the disk surface may be 
described as shown in Fig. 5(A)12) by taking account 
of the image force. The chemisorbed thiol will form 
an electric dipole on the A g 2 0 surface (Fig. 5(B)). 
The potential can, then, be expressed by the superpo­
sition of the image force and electric double layer 
potentials as illustrated, lowering the vacuum level 
outside the A g 2 0 surface by A 0 = O . 8 e V at its maxi­
m u m . 

The electrical behavior of a silver film against the 
gas introduction was almost similar to that of A g 2 0 
disk. The contact potential difference of the evap­
orated silver film was —0.25 eV against a copper 
reference electrode in air. The magnitude of surface 
potential change was 0.45 eV by admission of 5.0 X 
1017 molecules of 2-propanethiol. The surface of the 
Ag film is presumably covered with a thin film of 
the oxide in air, and therefore the chemisorption 
mechanism on the film is essentially the same as on 
the A g 2 0 disk. 

As described earlier the changes in surface potential 
resulting from the reaction of 2-propanethiol can be 
explained by taking account of the induced dipole 
moment, A//, by the chemisorption. The electrical po­
tential, A 0 , owing to the double layer formation is 
expressed by the following equation. 

A0 = -AjU'N/e0 (1) 

Where N is surface density of the chemisorbed thiol 
and e0 is permittivity of vacuum. An 2-propanethiol 
molecule has a cross section of about 26 Â2. Then, 
taking A 0 = O . 8 V , the highest value obtained, and 
N=3.7x 1018 m~2, calculated from the closest array 
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TABLE 1. THE ASSIGNMENT OF IR ABSORPTION BANDS (in cm -1) OBTAINED FOR 2-PROPANETHIOL 

ADSORBED ON THE A g FILM AND THE A g a O DISK 

(GH3)2GHSH 

Ads. on AgaO Ads. on Ag 
(GH3)2GHSAg (GH3)2GHSH 

Vapora) 
Assignment 

1037 
1145 
1226 
1240 

1041 
1146 

1236 

1377 

1456 

2850 

2923 

2952 

1045 
1150 

1232 

1380 
1440 
1456 

2860 

2920 

2050 

1063 
1161 
1244 
1266 
1389 

1448 

2572 
2867 
2909 
2927 
2967 

GH3 rock 
GH3 rock 

GH wag 

GH3 bend(sym) 

GH3 bend(unsym) 

SH stretch 

GH3 stretch (sym) 

GH stretch 

GH3 stretch (unsym) 
a) Taken from Ref. 14. 

of thiol molecular layer on the surface, A// is calcu­
lated to be 0.57 D, which seems to be a reasonable 
value in view of the dipole moment of 2-propanethiol 
molecule, 1.64 D, in liquid state.13) 

Crystalline A g 2 0 has a body centered cubic struc­
ture, where four silver atoms exist in a unit cell and 
its lattice constant is 4.72 Â. If the unit cells are 
assumed to align regularly at the surface, the cros-
sectional area of 2-propanethiol is comparable to that 
of a unit cell of A g 2 0 , so that approximately one 
of the four silver atoms in the cell can react with the 
thiol. 

As up to ca. 4.0 X 1017 molecules of 2-propanethiol 
is capable of changing the disk surface potential, the 
actual area of the disk surface is estimated to be 0.1 
m 2 under the assumption of monomolecular chemisorp-
tion. The radius of the grain of A g 2 0 powder is 
ca. 0.25 pirn, so that the total surface area of the powder 
of 1 g is calculated to be ca. 1.7 m 2 before making 
the disk. Such a decrease in the surface area seems 
reasonable as a result of compression in the process 
of disk formation. 

The Pd electrode shows very high response to hy­
drogen gas as described in a previous paper.6) The 
A g 2 0 electrode was, however, insensitive to hydrogen 
or carbon monoxide, but showed a small response 
to water and carbon dioxide. The electrode of Ni 
or Al had no response to the thiol up to the concen­
tration of 2.5 ppm. The potential of the electrode 
of Fe changed by 23 m V with 0.3 p p m thiol. 

Electrical Resistance of Ag20. The electrical re­
sistance of an A g 2 0 disk in a 1.0 m m gap between 
gold electrodes (Fig. 2) was ca. 6.5 MI2 in air at room 
temperature. No change in electrical resistance was 
observed as 1.0 X 1018 molecules of 2-propanethiol was 
introduced into the box. This fact indicates that 
the conductivity is mostly through the bulk of A g 2 0 
disk, and is not affected by the chemical processes 
occurring at the solid surface. 

Infrared Spectra of 2-Propanethiol Adsorbed on Ag and 
Ag20. Infrared absorption spectrum was meas­
ured for the thiol adsorbed on an A g 2 0 disk, 0.1 m m 
thick, and the band positions observed are shown in 
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Fig. 6. Infrared absorption spectrum of Ag film ex­
posed to the thiol gas. 

column 1 of Table 1. The I R spectrum measured 
for thiol adsorbed on a silver film evaporated on a 
sodium chloride disk (Fig. 6) gives more clear bands 
than on the A g 2 0 disk. The spectrum was taken 
from fifty sweeps of transmittance measurements at 
room temperature. The negative absorption at around 
2349 c m - 1 is due to carbon dioxide present in air. 
Even after allowing to stand for 8 d in contact with 
air, the film showed almost the same spectrum as 
that in Fig. 6. The absorption peak positions are 
also listed in column 2 of Table 1. These assignments 
given in the last column in Table 1 were based on 
the spectral data obtained for gaseous 2-propanethiol 
by Smith and Devlin.14) 

The adsorbed thiol on the silver film shows several 
bands ascribable to C H 3 symmetric and unsymmetric 
stretchings at 2850 and 2952 cm - 1 , G H wagging at 
1236 cm" 1 and G H stretching at 2923 cm"1 , but does 
not show any absorption at 2572 c m - 1 where gaseous 
2-propanethiol shows a band assigned to the S-H 
stretching. I t was also confirmed that the infrared 
spectrum of silver 2-propanethiolate powders syn­
thesized by the reaction of 2-propanethiol and AgNO a 

in solution is essentially the same as that shown in 
Fig. 6 (column 3 of Table 1 ). These results indicate 
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that most of the chemisorbed molecules are disso-
ciatively adsorbed as follows, 

RSH > RS.-.Ag + (H). 
i 

I t can thus be concluded that the Potentiometrie 
response of the silver oxide disk arises predominantly 
from the surface potential change due to the chem-
isorption, and that the electric property of bulk is 
little affected by the change of the surface structure. 
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Vanadium (V) can be quantitatively extracted from an aqueous solution into carbon tetrachloride as the 
ion-association system formed between its Pyrocatechol Violet complex anion and tridodecylethylammonium 
salt. The optimum pH range for the extraction is around 5. The ternary complex has an absorption maximum 
at 570 nm in the organic layer. The distribution ratio and the molar absorptivity are 1.78 X 102 and 4.0 X 104 

1 mol"1 cm"1 respectively. Omitting the other adducts which may be combined with vanadium, the composi­
tion of the ternary complex is estimated to be V(PV)2(R3R ,N)2. The extraction constant is given by log Kex= 
12.58. The interference of foreign ions is discussed, too. 

The extraction of the ionic associates formed be­
tween metal-complex anions with bulky organic cations 
offers bright prospects of the separation of many metals, 
because the extraction of the ionic associates usually 
proceeds rapidly and the miscellaneous metal-complex 
anions are widely extracted under various conditions. 
Vanad ium can be extracted with 8-hydroxy-5-quin-
olinesulfonic acid-zephiramine,1) t iron-diphenylguani-
dine,2) o-mercaptobenzoic acid-pyridine,3) Bromopyro-
gallol red-diphenylguanidine,4) 3-methylcatechol-dode-
cyltrimethylammonium,5) 4- (2-thiazolylazo) resorcinol-
trioctylamine,6) 4-(2-pyridylazo)resorcinol(PAR)-ni-
tron,7) ascorbic acid-methyltrioctylammonium,8) thio-
cyanate-pyridine,9) ferron-tribenzylamine,10) Pyro­
catechol Viole t (PV)- l ,10-phenanthrol ine , n ) PV-d i -
phenylguanidine,12) pyrocatechol-aniline,13) thiocy-
anate-diantipyrylmethane,14> thiocyanate-iV2-hydroxy-
JV'jJV'-diarylbenzamidines,15) and PAR-zephiramine16> 
systems. In the process of investigating the extrac­
tion of the me ta l -PV complex anions with tridode­
cylethylammonium bromide (TDEABr), we ourselves 
previously reported on the extraction systems for cop­
per,17) tin,18) aluminium,19) zirconium,20) niobium,21) 
and iron.22) T h e vanad ium(V) -PV complex also can 
be extracted with TDEABr in carbon tetrachloride 
around p H 5. I n this paper, the extraction equili­
br ium and the fundamental conditions will be dis­
cussed for extracting the vanadium ( V ) - P V complex 
with TDEABr. 

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

Reagent. A 2.5 X 10 -3 mol/1 vanadium(V) solution was 
prepared by dissolving a definite amount of ammonium 
vanadate(V) in a 0.25 mol/1 surfuric acid solution. The 
solution was then diluted as required. A 5 x l 0 - 4 mol/1 
PV solution was prepared by dissolving the Dotite PV in 
de-ionized water without further purification. TDEABr was 
prepared by the method described in a previous work.22) 
A 5 x l 0 - 3 mol/1 TDEABr solution was prepared by dis­
solving TDEABr in purified carbon tetrachloride. A 2 
mol/1 sodium acetate solution was used as the buffer solu­
tion. All the other chemicals used were of a guaranteed 
reagent quality. 

Apparatus. A Hitachi 101 spectrophotometer, a 
Hitachi 200-20 UV-VIS recording spectrophotometer, and 
a Hitachi Horiba F-7 pH meter were employed. 

Standard Procedure. Up to 5 [xg of vanadium (V), a 

definite amount of 1 mol/1 sulfuric acid, and 3 ml of a 5 X 
10-4 mol/1 PV solution were mixed in a 100-ml polypropylene 
beaker. The pH of the solution was adjusted to 5 by the 
addition of 2 ml of a 2 mol/1 sodium acetate solution, and 
then the solution was diluted to 20 ml with de-ionized water. 
The solution was transferred into a 35-ml test tube, and 
5 ml of 5 x 10-3 mol/1 TDEABr in carbon tetrachloride was 
added. The extraction was carried out for 5 min by turning 
the test tube upside down twice every 5 s. After the phase 
separation, the organic layer was taken out and centrifuged 
for 2 min at 3000 rpm. The extract was then transferred 
into an absorption cell, and the absorbance at 570 nm was 
measured against the reagent blank obtained in the same 
way. 

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

Absorption Spectra. Figure 1 shows the absorp­
tion spectra of the ternary complex extracted into 
carbon tetrachloride, of the vanadium (V) -PV com­
plex anion in an aqueous solution, and also of the 
respective blank solutions. As is evident from Fig. 
1, the ternary complex and the vanadium (V)-PV 
complex anion have their absorption maxima at 570 

ö 

o 
Xi 

550 600 650 
Wavelength/nm 

Fig. 1. Absorption spectra of the V-PV-TDEA in 
carbon tetrachloride and the V-PV complexes in 
aqueous solution. 
pH=5.0, [TDEABr]0 = 5 x 10~3 mol/1, F a q=20 ml, 
F0 = 5ml. 
1: V-PV-TDEA in carbon tetrachloride [V]=2.5x 
10-6 mol/1, 2: V-PV in aq soin [V]= l X 10~5 mol/1, 
3: PV-TDEA in carbon tetrachloride [PV] = 7.5x 
10-5 mol/1, 4: PV in aq soin [PV] = 3x 10"4 mol/1. 
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Fig. 2. Effect of pH on the extraction of the V-PV-
TDEA complex. 
[V]=2.5 X 10-6 mol/1, [PV] = 7.5 X 10"5 mol/1, 
[TDEABr]0 = 5 X 10"3 mol/1, 570 nm. 
1: V-PV-TDEA, 2: PV-TDEA. 

nm and 550 nm respectively. As compared with the 
corresponding absorption maximum of the complex 
anion, that of the ternary complex is shifted toward 
wavelengths longer by 20 nm. T h e increase in the 
absorbance at the absorption maximum in the case 
of the ternary complex over the absorbance of the 
binary complex is considerable. PV itself is readily 
extracted from an aqueous solution by TDEABr in 
carbon tetrachloride. 

Effect of pH . Figure 2 shows that the extrac­
tion of the ternary complex starts about p H 3, reaches 
a maximum around p H 5, and thereafter decreases 
gradually. The extract is stable for at least 30 min. 

Organic Solvents. Of the solvents examined, car­
bon tetrachloride, butyl acetate, chloroform, and ben­
zene are suitable for the quantitative extraction of 
the ternary complex. T h e absorbance of the extract 
is maximal when the carbon tetrachloride is used. 

Effect of the Reagent Concentration. The variation 
in the absorbance was investigated as a function of 
the PV concentration in an aqueous solution and 
as a function of the TDEABr concentration in carbon 
tetrachloride for extracting the ternary complex. The 
optimum concentration range or PV is from 6 x l 0 ~ 5 

mol/1 to 1.25 X 10~4 mol/1. Besides, the concentra­
tion range of TDEABr for the quantitative extraction 
is from 4 x l 0 ~ 4 mol/1 to 5 x l 0 - 3 m o l / l . 

Extractability and Molar Absorptivity. An aqueous 
solution of 20 ml containing 6.37 pig of vanadium(V) 
and 3 ml of 5 x l 0 ~ 4 m o l / l PV was shaken with 5 
ml of 5 x l 0 ~ 3 m o l / l TDEABr in carbon tetrachloride 
under optimum conditions. Extraction was repeated 
for the remaining aqueous phase after the separation 
of the extract. The extractability of vanadium(V) 
was calculated from the absorbances of the extracts. 
I t was found that 97 .8% of the vanadium(V) was 
extracted by one extraction. The distribution ratio 
and the molar absorptivity were 1.78 X 102 and 4.0 X 
104 1 m o l - 1 c m - 1 respectively. A calibration curve for 
the determination of vanadium (V) was made under 
optimum conditions. A good linear relationship is 
obtained over the concentration range from 0.25 pig 
to 5 [ig of vanadium (V) per 5 ml of carbon tetra­
chloride. The coefficient of variation of ten measure-
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[V]/([V] + [PV]) 

Fig. 3. Continuous variation method applied to the 
V-PV-TDEA and the V-PV complexes (V:PV). 
1: V-PV-TDEA; [V] + [PV] = 1 X 10~4 mol/1, 
[TDEABr]0 = 5 X 10"3 mol/1 pH=5.0 , 570 nm. 2 : 
V-PV; [V] + [PV] = l x l O - 4 mol/1, pH=5.0, 550 nm. 
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Fig. 4. Continuous variation method applied to the 
V-PV-TDEA complex (V:TDEA). 
V-PV+TDEA=1.5x lO- 6 mol , pH=5.0, 570 nm. 

ments was 3 .9%. 
The Composition of the Ternary Complex. The 

estimate of the composition of the complexes was at­
tempted by means of the continious-variation method. 
Figure 3 shows that the mole ratios of vanadium (V) : 
PV in the ternary complex and in the vanadium ( V ) -
PV complex anion were found to be 1:2 and 1:1 re-
spectivery. Figure 4 shows the mole ratio of vanadium-
(V) : T D E A to be 1:2. Thus , the composition of 
the ternary complex is estimated to be V(PV) 2 (R 3 R' -

Extraction Constant. When the ionic associate of 
the vanad ium(V) -PV complex anion with the T D E A 
cation is extracted in the organic layer, the extrac­
tion equilibrium may be expressed by the following 
equation : 

V(FV)J- + 2R3R ,N+ = V(PV)2(R3R'N)2(o), (1) 

where we omit the other adducts which may be com­
bined with vanadium. The extraction constant, Kex, 
is given by: 

[V(PV)2(R3R'N)2]0 
K&1r — 

[V tPVjn tRgR 'N+F 
(2) 

where the subscript o denotes the organic layer. An 
attempted direct determination of each concentra­
tion of the components in Eq. 1 was unsuccessful, 
for the pure ternary complex can not be prepared 
easily. The equilibrium in Eq. 1 can be represented 
by the following two steps: 
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V(FV)J- + 2R3R ,N-NS (o ) = V(PV)2(R3R'N)2(o) + 2NS" 

(3) 

= [V(PV)2(R3R /N)2]0[NS-]^ 
[V(PV)r][R3R ,N-NS]? ' W 

where NS denotes 2-naphthalenesulfonic acid. 

NS- + R3R'N+ = R3R'N-NS ( o ) (5) 

[R3R'N-NS]0 

[NS-][R3R'N+] ' W 

Thus, Kex is given by 

Kex=Kx(K'ex)*. (7) 

The concentration of the V(PV) 2 (R 3R /N) 2 ( 0 ) species 
in Eq. 3 was determined spectrophotometrically as a 
function of [NS~], and the value of K was calculated 
from Eq. 4. The extraction constant, K'ex, of R 3 R ' N • 
NS in Eq. 6 was also determined from the extrac­
tion equilibrium between R 3 R ' N - N S in CC14 and the 
PV anion. Table 1 shows the value of log Kex as 
calculated from Eq. 7. I t is given by log Kex—12.58. 

Effect of Foreign Ions. T h e effect of foreign ions 
on the determination of 2.55 pig vanadium(V) was 
examined under opt imum conditions. Cadmium, co­
balt, chromium, lan thanum, lead, magnesium, man­
ganese, mercury, nickel, and zinc do not interfere 
when present separately 0.1-mg amounts, but alumi­
nium, beryllium, bismuth, iron, molybdenum, tin, 
thorium, uranium, and tungsten interfere seriously. 
Of the anions tested, 10 mg of iodide, thiocyanate, 
and Perchlorate interfere seriously, giving a negative 
error. Chelating agents such as E D T A and citrate 
also interfere. Table 2 shows the main interfering 
ions. 
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TABLE 1. EQUILIBRIUM EXTRACTION DATA FOR V(PV)a~ 

WITH R 3 R ' N + IN CARBON TETRACHLORIDE AT 2 5 °G 

(1 = 0.005 in NaOAc and Na2S04 solutions) pH=5.0 
in an acetate buffer solution (2X 10-3 mol/1), [V] = 
2.5xl0-6mol/l , [PV]=7.5xlO- 5 mol/1, [TDEABr]0 = 
5 X 10"3 mol/1, Vaq = 20 ml, V0 = 5 ml 

103 [NS-]/mol l-i logKex 

(L5 12.54 
1.0 12.56 
1.5 12.62 
2.0 12.58 
2.5 12.59 

logiCex = 12.58 

All the concentrations in Table 1 show the initial con­
centrations. 

T A B L E 2. EFFECTS OF DIVERSE IONS ON THE 

DETERMINATION OF VANADIUM (V) 

Ions 

— 
Al3+ 
Be2+ 
Bi3+ 
Fe3+ 
Mo (VI) 
Sn4+ 
T h 4 + 

U(VI) 
W(VI) 
I -
SCN-

cio4-
Gitrate 
EDTA 

Amount added 
mg 

— 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

10 
10 
10 
10 
10 

Vanadium (V) 
found/(jig 

2.55 
1.51a> 
3.03a> 
2.27a> 
2.86a> 
3.74a> 

10.4a> 
1.47a> 
2.83a> 
4.20a> 
0.59 
0.40 
0.07 
1.57 
0.09 

Error 

0 
- 4 1 
+ 19 
- 1 1 
+ 12 
+46 

+ 309 
- 4 2 
+ 11 
+ 65 
- 7 7 
- 8 4 
- 9 7 
- 3 8 
- 9 6 

a) KH 2 P0 4 and Na2S203 solutions were added as 
masking agents. 
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Negative Ions Formed by Vacuum Spark Discharge. II .1} Relative 
Sensitivity Coefficients for Negative Ions of the Elements 
Contained in Compressed Aluminium Powder Electrodes 

for Spark Source Mass Spectroscopy 
Hiroshi KISHI* 

Department of Chemistry, Faculty of Science, Kyoto University, Kitashirakawa, Sakyo-ku, Kyoto 606 
(Received May 13, 1980) 

The relative sensitivity coefficients for negative ions of 15 elements contained in compressed aluminium pow­
der electrodes were measured by spark source mass spectroscopy. The relative sensitivity coefficients for the 
halogens and group VIB elements were found to be the largest, the difference of relative sensitivity coefficients 
between the elements being larger than in the case of positive ion relative sensitivity coefficients. The logarithm 
of the relative sensitivity coefficients of negative ions are linearly correlated to the electron affinities of the ele­
ments. 

A study on negative ion spark source mass spec­
troscopy has been carried out with a Mattauch-Herzog 
type double focusing mass spectrograph. The forma­
tion of atomic negative ions of 48 elements was re­
ported.1) Formation of negative ions with a spark 
discharge type ion source is more difficult than that 
of positive ions. No negative ion formation took place 
in rare gas elements, alkaline earth elements, Zn, Gd, 
Hg, Mn, Re, and rare earth elements. O n the other 
hand, negative ion formation is easy for halogen ele­
ments and the group VIB elements. Qualitative in­
vestigation was made on the relation between the 
formation of atomic negative ions by spark discharge 
and the polarity of the electron affinities of the ele­
ments.1) In the present study, the relative intensities 
of the negative ions formed by the spark discharge 
ion source were measured and the results compared 
with the reported electron affinities of the elements. 

The relative sensitivity coefficients of positive ions 
in spark source mass spectroscopy reported by various 
authors2-5^ are correlated to the square root of the 
ionization potentials of the elements and to the heats 
of sublimation and dissociation energies of the com­
pounds contained in the electrodes. Various empirical 
formulas6'7) have been applied to the chemical analysis 
of solids.8-10) However, except for the work of Schuy 
et a/.,11) Hintenberger et a/.,12) Kishi et a/.,13) and 
Kodera et a/.,14) few mass spectroscopic studies have 
been made on negative ions formed by a spark dis­
charge ion source. The relative sensitivity coefficients 
of negative ions seem to have hardly been examined 
at all. This might be due to the difficult formation 
of negative ions by spark discharge as compared with 
positive ions.15) 

The results of this study can be applied to the chemi­
cal analysis of solids. The relative sensitivity coef­
ficients for negative ions are necessary for applying 
spark source nagative ion mass spectroscopy to chemi­
cal analysis. The present study deals with the rel­
ative sensitivity coefficients of negative ions formed 
by the spark discharge of the elements contained in 
compressed aluminium powder electrodes, the results 
being correlated to the electron affinities of the ele­
ments. 

* Present address: Oyama Technical College, Nakakuki, 
Oyama, Tochigi 323. 

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

Apparatus. A Mattauch-Herzog type double focusing 
mass spectrograph equipped with an r. f. spark discharge 
ion source was used. Details of the instrument were re­
ported.16-18) Operational conditions: spark voltage 20 kV; 
pulse width, 200 \xs; repetition rate 100 s - 1 ; ion accelerating 
potential, 15 kV for both positive and negative ions. 

Materials. Powdered samples containing an equal 
weight (1.28% for each element) of 49 common elements 
(SPEX MIX 1000; SPEX MIX INDUSTRIES INC.), 
and powdered samples containing 10 noble metal elements 
(SPEX MIX 1041) were used. Various metal alloy samples 
were also used (Table 6). Compounds and gravity factors 
for SPEX MIX 1000 are given in Table 1. SPEX 
MIX 1041 contains 9.32% Au, Ga, Hf, In, Ir, Pd, Pt, 
Re, Rh, and Ru by weight, some of them being solutions 
and the others salts or powdered metals. The powdered 
samples were ground down to 325 mesh with a ball-mill 
for a few hours. In order to compress them, the samples 
were mixed thoroughly with pure aluminium powder in 
1:1 ratio by weight (Mitsuwa-Kagaku Co. Ltd., purity 
99.999%; impurities Cu, As, B (each 1 ppm), Mg, Si (each 
0.5 ppm)). In negative ion spark source mass spectra, 
background peaks of hydrocarbon ions are usually very 
intense. Thus graphite powder is not suitable as com­
pressing material, since Gn~, C n H - , and CnH2- ion peaks 
are very intense in the spark discharge of a graphite elec­
trode, the peaks interfering with the mass spectral peaks 
of the sample elements. The powders were compressed19) 
into pellets, 1 2 m m x 3 m m x l m m with an 8 t/cm2 press. 
Aluminium powder only was also compressed in order to 
measure background peak spectra. 

Procedure for Calculating RSC. Positive ion mass spectra 
and negative ion mass spectra were both recorded on an 
Ilford OJ2, 30 X 150 mm2 photographic plate. Characteristic 
curves of the emulsions were constructed from positive ion 
spectra using the isotope peaks of Pt+ and Zn+ ions from the 
spectra obtained by the spark discharges of different exposure 
times. In a characteristic curve, the abscissa represents 
the logarithm of (monitor ion current) X (isotopic abundance 
ratio), and the ordinate the values D=log(/„//) or A = 
log((/0—/)//). In order to estimate weak line intensity, 
A (Seidel function20)) in which the curve is linear in the 
region of low ion intensity, was used. A characteristic 
curve obtained by means of positive ion mass spectra was 
used to calculate negative ion peak intensity. It was as­
sumed that the response of the photographic emulsion is 
the same for positive and negative ions. 
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Element 

Aluminium 

Antimony 

Arsenic 

Barium 

Beryllium 

Bismuth 

Boron 

Bromine 

Cadmium 

Calcium 

Cerium 

Cesium 

Chlorine 

Chromium 

Cobalt 

Copper 

Fluorine 

Gall ium 

German ium 

Iodine 

Ind ium 

Iron 

Lead 

Li th ium 

Magnesium 

T A B L E 1. 

Compound 

A1 2 0 3 

Sb a O 

A s 2 0 3 

B a C 0 3 

BeO 

B i 2 0 3 

H 3 B 0 3 

NH 4 Br 

C d O 

CaF 2 

C e 0 2 

C s N 0 3 

NH4C1 

C r 2 0 3 

C o 0 2 

C u O 

CaF 2 

G a 2 0 3 

G e 0 2 

N H 4 I 

l n 2 0 3 

F e 2 0 3 

P b O 

L i 2 C 0 3 

M g O 

Hiroshi K I S H I 

COMPOUNDS AND GRAVITY FACTORS FOR S P E X M I X 

Grav. factor 

1.89 

1.26 

1.32 
1.44 

2 .77 

1.11 

5.72 
1.23 

1.14 

1.95 

1.23 

1.47 

1.51 

1.46 

1.41 

1.25 

2 .05 

1.34 

1.44 

1.14 

1.21 

1.43 

1.08 

5.32 

1.66 

Element 

Manganese 

Mercury 

Molybdenum 

Nickel 

Niobium 

Phosphorus 

Potassium 

Rubid ium 

Selenium 

Silicon 

Silver 

Sodium 

Stront ium 

Tan t a lum 

Tel lur ium 

Thal l ium 

Thor ium 

T in 

T i tan ium 

Tungsten 

U r a n i u m 

Vanad ium 

Zinc 

Zirconium 

1000 

Compound 

M n C O s 

H g O 

M o 0 3 

N i O 

N b 2 O s 

( N H 4 ) 2 H P 0 4 

K 2 C 0 3 

R b C l 

S e 0 2 

Si 

A g 2 0 

N a 2 C 0 3 

S r C 0 3 

T a 2 O s 

T e 0 2 

T 1 2 0 3 

T h 0 2 

S n 0 2 

T i 0 2 

wo3 
uo2 
v2o5 
Z n O 

Z r 0 2 

[Vol. 54, No. 3 

Grav. factor 

2 .09 

1.08 

1.50 

1.27 

1.43 

4 .26 

1.77 

1.41 

1.41 

1.00 

1.07 

2 .30 

1.68 

1.22 
1.25 

1.12 

1.14 

1.27 

1.67 

1.26 

1.18 

1.79 

1.24 

1.35 

In order to compare the results with those reported and 
to confirm the method, the relative sensitivity coefficients 
of positive ions were first measured and then those of negative 
ions. T h e procedure for calculation is essentially the same 
for positive and negative ion mass spectra. In the latter, 
however, the background hydrocarbon peaks are very intense 
and seem to originate from the diffusion p u m p oil. For 
the purpose of reducing the background peak intensity, 
the cryopumping system21) was considered, but the discharge 
between the cryopumping plate (earth potential) and the 
ion accelerating plate (—15 kV from earth) prevented this 
a t tempt . I t was thus necessary to make background sub­
traction in the spectra. In the negative ion spark spectra, 
the mass spectral peaks were broadened by discharge be­
tween the accelerating electrode and the earth (defining) 
electrode. Line width correction was also necessary. 

T h e procedure for calculating the relative sensitivity coef­
ficients is as follows. (1) T h e relative ion intensities of 
the isotope peaks are obtained from the characteristic curve, 
and correction for isotopic abundance ratio is made . (2) 
T h e da ta are further corrected for peak width at half maxi­
m u m , and the emulsion sensitivity is corrected by means of 
the ( m ) - 1 / 2 law.22> (3) Background subtraction is made . 
For the positive ion mass spectra, multicharged peak intensity 
is subtracted by estimation from the non-integral isotopic 
ion intensities. Background peak intensities, e.g., hydro­
carbon ions and Alw+ ions, are subtracted from the Al/Al 
blank spark spectra by means of the monitor ion current . 

In the negative ion mass spectra, no mult icharged negative 
ion peaks were detected,1) bu t background hydrocarbon 
peaks were very intense. Because of the electron current, 
the monitor ion current was unreliable and could not be 
used to estimate the background ion peak intensity. In 
the negative ion spectra, the m/z 34 peak was not a sample 

ion peak but a background ion peak. The background 
peak intensities of the mass spectra of the Al/Al spark spectra 
were normalized (m/z 34 peak intensity = 1), and subtracted 
from those of the sample/sample spark spectra, in which 
peak intensities were also normalized (m/z 34 peak intensi ty= 
1). When the background peak intensity exceeded 5 0 % 
of the sample peak intensity, no peak intensity was estimated. 
In A/B spark spectra, A and B indicate the substances in 
the vacuum spark discharge electrodes. 

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

Positive Ion Relative Sensitivity Coefficients. T h e 

r e l a t ive sensi t ivi ty coefficients of pos i t ive ions for 49 
c o m m o n e l e m e n t s a r e g iven in T a b l e 2, a n d those of 
10 n o b l e m e t a l e l e m e n t s in T a b l e 3 . 

T h e r e l a t ive sensi t ivi ty v a l u e s a r e l a r g e r t h a n those 
r ep o r t ed , 6 ) e x c e p t for those for t h e e l e m e n t s F e , C o , 
Si, V , a n d C u . T h e di f ference b e t w e e n t h e two 
v a l u e s for a lka l i m e t a l e l e m e n t s is v e r y l a r g e . F o r 
t h e h a l o g e n e l e m e n t s , t h e r e l a t ive sensi t ivi ty va lues 
a r e l a r g e r t h a n t h e r e p o r t e d va lues , t h e d i s c r epancy 
b e t w e e n t h e t w o v a l u e s b e i n g l a r g e r t h a n t h a t for 
t h e o t h e r e l e m e n t s . T h e a lka l i m e t a l e l e m e n t s a n d 
h a l o g e n e l e m e n t s a r e p r e s e n t as c a r b o n a t e a n d a m ­
m o n i u m sal t , respec t ive ly , a n d a r e p r o b a b l y m o r e 
easi ly vo la t i l i zed t h a n o t h e r c o m p o u n d s in t h e spark 
d i s c h a r g e . T h e d i s c r e p a n c y in t h e re la t ive sensit ivity 
coefficients c a n t h u s b e e x p l a i n e d b y t h e a s s u m p t i o n 
t h a t t h e s p a r k d i s c h a r g e c o n d i t i o n in this e x p e r i m e n t 
is m o r e d i s c r i m i n a t i v e for vo la t i l i z a t ion of t h e c o m ­
p o u n d s c o n t a i n e d in t h e s p a r k e lec t rodes . A l u m i n i u m 
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TABLE 2. RELATIVE SENSITIVITY COEFFICIENTS FOR POSITIVE IONS OF 49 COMMON ELEMENTS 

(Li, Be, B, Al, AND Hg NOT INCLUDED) 

Element RSO> Run tfb) Ref. 6«) Element RSO> Run ffb) Ref. 6«) 

Na 
Rb 
Gs 
K 
Tl 
Ba 
Bi 
Pb 
I 
Te 
Br 
In 
Zn 
Ta 
Mg 
Sr 
Se 
Ga 
Cd 
Sb 
Ca 
Th 

22.1 
17.6 
17.3 
13.6 
7.5 
4.8 
4.1 
3.9 
3.7 
3.6 
3.2 
3.2 
2.9 
2.8 
2.7 
2.6 
2.5 
2.5 
2.3 
2.2 
2.2 
2.1 

2 
4 
4 
4 
4 
4 
3 
3 
4 
4 
4 
4 
4 
2 
4 
4 
4 
4 
4 
4 
3 
1 

0.70 
5.3 
5.2 
5.0 
2.4 
3.3 
0.92 
0.69 
0.94 
0.90 
1.3 
0.79 
0.68 
1.9 
0.61 
0.56 
0.73 
0.43 
0.81 
0.40 
0.40 
— 

3.5 
3.4 
5.0 
3.8 
2.4 
1.7 
1.2 
1.6 
0.78 
0.75 
0.45 
1.8 
0.98 
0.56 
2.0 
1.5 
0.64 
1.8 
0.81 
0.89 
1.8 
0.53 

Cl 
Ag 
Ce 
Sn 
U 
Mn 
As 
P 
Cr 
Ge 
Ti 
Fe 
Co 
Zr 
Nb 
Si 
V 
Cu 
Ni 
F 
W 
Mo 

2.1 
2.0 
1.9 
1.6 
1.4 
1.4 
1.2 
1.2 
1.1 
1.1 
1.1 
1.0 
0.86 
0.84 
0.80 
0.79 
0.79 
0.77 
0.73 
0.69 
0.67 
0.66 

3 
4 
4 
4 
2 
4 
4 
4 
4 
4 
4 
4 
4 
3 
4 
1 
4 
3 
4 
4 
1 
4 

1.1 
0.44 
0.67 
0.29 
0.41 
0.066 
0.22 
0.47 
0.43 
0.18 
0.32 
— 

0.11 
0.24 
0.30 
— 

0.24 
0.19 
0.22 
0.22 
— 

0.33 

0.45 
1.3 
1.1 
1.2 
0.73 
1.2 
0.99 
0.83 
1.0 
0.85 
0.85 

1.0 
1.0 
0.51 
0.65 
0.98 
0.80 
0.79 
0.63 
0.18 
0.55 
0.75 

a) Mean of each run. b) Standard deviation of each value, c) SPEX MIX 1000, compressing material graphite. 

TABLE 3. RELATIVE SENSITIVITY COEFFICIENTS FOR POSITIVE IONS OF 10 NOBLE METAL ELEMENTS 

Element RSCa> Run ab> Element RSCa> Run 

In 
Ga 
Hf 
Au 
Re 

1.41 
1.00 
0.577 
0.361 
0.352 

4 
4 
4 
4 
4 

0.18 

— 
0.11 
0.11 
0.064 

Rh 
Pt 
Pd 
Ru 
Ir 

0.335 
0.320 
0.320 
0.305 
0.305 

4 
4 
4 
4 
4 

0.048 
0.10 
0.057 
0.043 
0.083 

a) Mean of each run. b) Standard deviation of each value. 

powder was used as compressing material, and the 
spark voltage was 20 kV; Konishi used graphite, the 
spark voltage being 40 kV.6) 

The standard deviation a is large for the elements 
Ba, Ta , and CI, but less than 4 0 % for the other ele­
ments (Table 2). This value is usually given23) on 
spark source mass spectroscopy. 

Indium and Ga have the largest relative sensitivity 
values, and Ru and Ir the smallest values (Table 3). 
The standard deviation of each relative sensitivity value 
is less than 3 0 % . This might be due to the fact that 
the relative sensitivity values do not differ a great 
deal between these elements as in the case of 49 com­
mon elements (SPEX M I X 1000). Nearly the same 
parts and the linear portion of the emulsion charac­
teristic curve could be used for estimating the peak 
intensity. 

Both SPEX M I X 1000 and SPEX M I X 1041 
contain Ga. T h e relative sensitivity values of the 
noble metal elements can be normalized to F e = l 
by multiplying all values by 2.47. These relative 
sensitivity values of 54 elements are plotted against 
the (LP.)2 in Fig. 1. We see that the relative sensiti­

vity coefficients are inversely correlated with the (LP.)2 , 
by a gradient of ca. —1.0. T h e result is in line with 
other results reported.6 '7) Na, Te , Zn, and the halogen 
elements deviate upward, and the transition metal 
elements and the noble metal elements deviate down­
ward from the straight line. This might be due to 
the fact that the heats of evaporation of the transition 
metal elements are large as compared with those of 
the other typical elements.6) 

Negative Ion Relative Sensitivity Coefficients. The 
relative sensitivity coefficient values for negative ions 
were obtained for 15 of the 49 common elements, 
and for 8 of the 10 noble metal elements. No relative 
sensitivity coefficients were obtained for the other 
elements, since no negative ion peaks for these elements 
were detected or the peak intensities were too low to 
estimate the relative sensitivity coefficients. The re­
sults are given in Table 4 for the 15 common elements, 
and in Table 5 for the 8 noble metal elements, with 
the published values of electron affinities.24-34) N and 
a indicate run number and standard deviation as 
in Tables 2 and 3. 

In Table 4, a large standard deviation is observed 
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TABLE 4. RELATIVE SENSITIVITY COEFFICIENTS FOR NEGATIVE IONS OF 15 COMMON ELEMENTS 

Element 

Gl 

I 

Br 

Te 

Se 

Ag 

Sb 

Gu 

RSCa> 

1.5 

1.00 

9 . 2 x 1 0 - 1 

2 . 0 x 1 0 - 1 

1 . 3 x 1 0 - 1 

2 . 0 X 1 0 - 2 

9 . 8 X 1 0 - 3 

5 . 3 X 1 0 - 3 

R u n 

2 

4 

3 

4 

4 

3 

3 

2 

<7b> 

0.16 

— 

4 . 4 x 1 0 - 2 

6 . 7 x 1 0 - 2 

3 . 4 x 1 0 - 2 

1 . 0 x 1 0 - 2 

5 . 0 X 1 0 - 3 

1 . 3 X 1 0 - 3 

E.A./eV 

3.628 

3.076 

3 .363 

1.96 

2 .1 

1.303 

0 .94 

1.226 

Element 

As 

Ni 

P 

Ge 

Si 

Gr 

N a 

RSCa> 

4 . 9 x 1 0 - 3 

4 . 6 x 1 0 - 3 

4 . 2 X 1 0 - 3 

3 . 6 x 1 0 - 3 

2 . 8 x 1 0 - 3 

1 . 2 x 1 0 - 3 

9 . 0 x l 0 - 4 

R u n 

4 

3 

3 

3 

4 

2 

4 

<7b> 

3 . 7 x 1 0 - 3 

1 . 8 x 1 0 - 3 

4 . 4 X 1 0 - 4 

3 . 0 x 1 0 - 3 

2 . 0 x 1 0 - 3 

7 . 2 X 1 0 - 4 

2 . 5 x 1 0 - * 

E.A./eV 

1.1 

1.28 

0 .78 

1.4 

1.39 

0 .98 

0.41 

a) M e a n of each run. b) S tandard deviation of each value. 

T A B L E 5. RELATIVE SENSITIVITY COEFFIENTS FOR NEGATIVE IONS OF 8 NOBLE METAL ELEMENTS 

Element RSCa> 

Au MX) 

Pt 3 . 0 x 1 0 - 1 

G a 2 . 9 x 1 0 - 1 

Pd 1 . 6 x 1 0 - 1 

R u n 

2 

4 

2 

4 

a») 

6 . 4 x 1 0 - 2 

6 . 4 x 1 0 - 2 

2 . 8 x 1 0 - 2 

E.A./eV 

2 .128 

2.3086 

0 . 3 

1.03 

Element RSCa> 

R u 1 . 4 x 1 0 - 1 

R h 1 . 4 x 1 0 - 1 

I r 1 . 4 x 1 0 - 1 

In 7 . 0 x 1 0 - 2 

R u n 

2 

2 

2 

2 

<r»>> 

1 . 6 x 1 0 - 2 

5 . 0 x 1 0 - 3 

3 . 0 x 1 0 - 2 

3 . 5 x 1 0 - 3 

E.A./eV 

1.49 

1.68 

1.97 

0 . 2 

a) Mean of each run. b) Standard deviation of each value. 

(Table 5), the standard deviation for each relative 
sensitivity coefficient value is smaller than 20%. This 
might be due to the fact that the relative sensitivity 
coefficient values for the negative ions of these elements 
do not diverge so widely as in the common elements. 
T h e values cover the range only 1—10_1. Thus the 
linear portion of the emulsion characteristic curve can 
be used for estimating the peak intensity. Of noble 
metal elements, no Hf~ and R e - ions were detected. 
Au~ and Pt~ were the most intense, and Ir~ and I n -

were the least intense. 

I t is desirable to estimate the relative sensitivity 
coefficients of negative ions with use of samples which 
contain elements with near values of the relative 
sensitivity coefficients. Various metal alloy samples 
were also examined (Table 6). In these samples, the 
concentration of each element was not certain. T h e 
positive ion intensity ratio of the elements was measured 
first, the ratio being considered to be the concentra­
tion ratio of the elements in samples. The negative 
ion intensity ratio was then estimated, and the ratio 
was divided by the positive ion intensity ratio. This 
quotient was considered to be the relative sensitivity 
coefficient for the negative ions of these elements. 
T h e results are given with the published values of 
the electron affinity of the elements (Table 6). The 
run number is 1 for all the elements, no standard 
deviation being given. 

From the results of the experiment with the P t -
A u - A g - P d - C u - Z n alloy we see that the relative sensi­
tivity coefficients of the elements Pt and Au are 1:0.4 
(0.3:1 in the results from SPEX M I X 1041). The 
discrepancy might be due to the difference in the 
state of the compounds contained in samples. For 
the other elements, the values of the relative sensitivity 
coefficients are in the same order between the two 
samples, though the absolute values hardly change. 
For example, Ni~:Gu~ is 1:1.3 for Ni -Gu alloy, and 
1:1.2 for the SPEX M I X 1000. Ni~ :Cr - is 1:0.20 
for the N i -Cr alloy, and 1:0.26 for the SPEX M I X 

-r-j 1 1 1 1 i I i i j 1 1 r 

j j . . t I • • i • I , . _ J 
10 50 100 500 

(I.P.)2 

Fig. 1. Relation between the relative sensitivity coef­
ficients for positive ions versus (I.P.)2. 

for the elements of low relative sensitivity coefficient 
values except Cu and Na. For the elements of high 
relative sensitivity coefficient values, such as CI, I, 
and Br, the standard deviation is small. There are 
two possible reasons: (1) In the calculation of the 
relative sensitivity coefficients of negative ions, a back­
ground subtraction procedure is involved, the back­
ground peak intensity becoming relatively larger for 
a negative ion peak of weak intensity than for one 
of strong intensity. (2) The absolute values of the 
relative sensitivity coefficients for negative ions are 
diverse covering the range 1—10~3. I t is necessary 
to use the non-linear portion of the emulsion char­
acteristic curve for estimating the peak intensity. 

O n the other hand, for the noble metal elements 
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TABLE 6. RELATIVE SENSITIVITY COEFFICIENTS FOR 

NEGATIVE IONS OF THE ELEMENTS CONTAINED 

IN VARIOUS METAL ALLOYS 

Positive 

Element . +
ion .+ intensity 

ratio 

(1) Nichrom-1 
Fe 1.0 
Ni 1.13 

(2) Nichrom-2 
Ni 1.0 
Cr 0.42 

(3) Meteorite 
Fe 1.0 
Ni 0.081 

(4) Ni-Gu Alloy 
Ni 1.0 
Gu 0.12 

(5) Ni-Go Alloy 
Ni 1.0 
Go 0.091 

(6) Pt-Rh Alloy 
Pt 1.0 
Rh 1.17 

Negative 
ion 

intensity 
ratio 

1.0 
10.1 

1.0 
0.087 

1.0 
0.76 

1.0 
0.17 

1.0 
0.080 

1.0 
0.28 

(7) Pt-Au-Ag-Pd-Gu-Zn Alloy 
Pt 1.0 
Au 1.00 
Ag 54.4 
Pd 34.0 
Gu 25.8 
Zn 4.4 

1.0 
0.41 
2.5 
1.3 
2.3 
— 

RSG 

1.0 
9.7 

1.0 
0.20 

1.0 
9.5 

1.0 
1.3 

1.0 
0.88 

1.0 
0.24 

1.0 
0.4 
0.050 
0.040 
0.10 
— 

E.A./eV 

0.58 
1.28 

1.28 
0.98 

0,58 
1.28 

1.28 
1.226 

1.28 
0.94 

2.3086 
1.68 

2.3086 
2.128 
1.303 
1.03 
1.226 

- 0 . 6 7 

1000. P t" : Rh~ is 1:0.24 for the P t - R h alloy, and 
1:0.48 for the SPEX M I X 1041. 

We see that the relative sensitivity coefficient values 
for the elements of large electron affinity values are 
large, and small for the elements of small electron 
affinity values (Tables 4, 5, and 6). The logarithm 
of the relative sensitivity coefficients of negative ions 
versus the published values of the electron affinities 
of the elements are plotted. The results are given 
for the samples of SPEX M I X 1000 and SPEX M I X 
1041, respectively (Figs. 2 and 3). The logarithms 
of the relative sensitivity coefficients has a rough linear 
correlation to the electron affinities of the elements. 
Se and Te deviate upward from the linear line, but 
the reported values of the electron affinities of Se 
and Te diverge from 2.2 eV23) to 3.7 eV,35> and from 
2.1 eV36'37) to 3.6 eV,35) respectively (Fig. 2). Corre­
lation seems to exist between the logarithm of the 
relative sensitivity coefficient and the electron affinity 
of the element. Ga having low melting point shows 
upward deviation. 

The author would like to express his hearty thanks 
to Dr. K. Kodera and Dr. T. Maki ta , Kyoto Uni­
versity, for their encouragement and helpful sugges­
tions throughout this work, and to Dr. F. Konishi, 
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the Central Research Laboratory of Matsushita Elec­
tric Co. Ltd., for his technical help in preparing the 
compressed aluminium powder electrodes. 

A part of this study was reported at the International 
Conference on Mass Spectroscopy held in Kyoto.38»39) 
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An X-Ray Photoelectron Spectroscopic Study of Several Hydroxy 
Azo Metal Complexes 
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The X-ray photoelectron spectra of the copper (I I) and nickel (I I) complexes of five o-hydroxy azo compounds 
were measured. The N(ls) electron spectra of the complexes of 1-phenylazo- and l-(l-naphthylazo)-2-
naphthols showed the presence of only one kind of nitrogen atom, suggesting an equalization in the electron 
densities on the two nitrogen atoms of an azo group. Such equalization was observed also in the complexes of 
l-(8-quinolylazo)-2-naphthol. The N(ls) spectra of the complexes of l-(2-pyridylazo)- and l-(2-thiazolylazo)-
2-naphthols, on the other hand, showed the presence of three kinds of nitrogen atoms, suggesting the non-
equalization of the two nitrogen atoms of an azo group. These results were explained mainly on the basis of 
the mode of ligand coordination and the resonance structure of the sodium salt of the ligand. Furthermore, the 
relation between the structures of the complexes and the O(ls) chemical shifts was discussed. 

o-Hydroxy azo dyes are very important in analytical 
chemistry, particularly in the spectrophotomeric and 
titrimetric determination of metal ions.1) Furthermore, 
it is interesting to know whether the azo group is 
coordinated to the metal ion as a whole or through 
one of the component nitrogen atoms, since the N=N 
system is isoelectronic with the CH=CH group, which 
is capable of coordinating through the jr-systems to 
transition metals, as in Zeise's salt.2) Therefore, there 
have been several studies of the structures of their 
metal complexes by means of some physicochemical 
techniques.3) I t has been found by X-ray structural 
analysis that, in the complexes of o-hydroxy azo com­
pounds with transition metal ions, one of the com­
ponent nitrogen atoms of an azo group is coordinated 
to a metal ion.3c_3g) 

X-Ray photoelectron spectroscopy (XPS), which is 
sensitive to the charge distribution,4) is suitable for 
the examination of the mode of ligand coordination 
in coordination compounds. The examination is based 
primarily upon the concept that the coordination of 
a ligand to a metal ion causes a decrease in the electron 
density on the coordination atom,, giving rise to an 
increase in the core-electron binding energy of the 
atom. The X P S study of several hydroxy azo com­
pounds has been reported.5) The purpose of the 
present study is to examine the chemical structures 
of the copper(II) and nickel(II) Complexes of several 
o-hydroxy azo compounds by means of XPS . 

Exper imenta l 

The X-ray photoelectron spectra were measured on an 
AEI ES200 spectrometer. Al Koc (1486.6 eV) X-ray radia­
tion was used as the excitation source. The samples were 
ground to a powder and dusted onto double-backed adhesive 
tape. The measurements were conducted at room tem­
perature under a vacuum of about 10~7 Torr. The binding 
energy of the C(l s) electron peak was used as the energy 
standard throughout the present work; it has been taken 
to be 285.0 eV. The reproducibilities of the values thus 
obtained were within ±0.1 eV. No appreciable X-ray dam­
age was observed throughout the experiments. All the 
compounds used and their binding energies measured are 
given in Table 1. 1-Phenylazo-, l-(l-naphthylazo)-, l-(2-
pyridylazo)-, l-(2^thiazolylazo)-, and l-(8-quinolylazo)-2-
naphthols (abbreviated as LAH, LBH, LCH, LDH, and LEH 
respectively) were used as ligands. 1, l'-Azonaphthalene (ab­

breviated as L) was used as the reference compound. l-(2-
Thiazolylazo)-2-naphthol was obtained commercially and 
was used after recrystallization from an ethanol-water mix­
ture. The sodium salt of l-(2-pyridylazo)-2-naphthol (ab­
breviated as LcNa) was obtained by treating the naphthol 
with NaOH in a mixture of ethanol and water. This salt 
was fairly stable compared with the sodium salt of 1-phen-
ylazo-2-naphthol (abbreviated as LANa), which was subject 
to hydrolysis by water.5) Attempts to prepare the sodium 
salts of LBH and LEH were unsuccessful. The other free 
azo compounds in Table 1 were obtained in the way indicated 
in the literature.5) All the complexes were prepared based 
upon the literature.311) However, in the preparation of the 
complexes in a 1:1 ratio of an azo ligand to a metal ion, 
the chlorides were used instead of the acetates as metal salts. 
Furthermore, in the preparation of the complexes of LBH 
and LEH, an JV,iV-dimethylformamide-ethanol mixture was 
used as the solvent because of the insuffcient solubility of 
LBH and LEH in ethanol only. When we attempted to 
prepare Ni(Lc)Cl and Ni(LD)Gl, these complexes were not 
obtained at all, but Ni(Lc)2 and Ni(LD)2 were obtained. 
All the compounds used were dried in an air oven at 95 °G 
and were checked by elemental analysis. 

R e s u l t s 

The N(ls) electron spectra of L A H, L C H, and their 
sodium salts are shown in Figs. 1 and 2. Eb in the 
figures indicates the binding energy. The peaks in­
dicated by the broken lines in the spectra, as well 
as those in the other N(ls) spectra, were obtained 
by graphical resolution on the basis of the symmetrical 
peak with almost the same full-width at half-maximum 
height ( F W H M ) as that (1.6 eV) of L containing 
one type of nitrogen atom. T h e spectrum of L A H 
as well as that of L B H showed a single peak with an 
F W H M value of about 1.6 eV, while the spectrum 
of LANa showed two comparable peaks. The spec­
t rum of L C H as well as those of L D H and L E H showed 
two peaks with an intensity ratio of approximately 
2 : 1 , while the one of L c Na showed peaks with a ratio 
of 1:2. 

The N(ls) spectra of Cu(LA)2 , Gu(L c ) 2 , and Gu-
(LE)2 are shown in Fig. 3. The spectrum of Cu-
(LA)2, like those of Ni(LA)2 , Cu(LB)2 , and Ni(LB)2 , 
was almost the same as that of L A H in shape. The 
spectrum of Gu(L c ) 2 , like those of Ni(L c ) 2 , Gu(LD)2 , 
Ni(L p ) 2 , Gu(Lç)Gl? and Cu(L p )Cl , showed a broad 
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Compounds 

' Cu(LA)2 

Ni(LA)2 

Gu(LB)2 

Ni(LB)2 

Gu(Lc)2 

Ni(Lc)2 

Gu(LD)2 

Ni(LD)2 

Gu(LE)2 

Ni(LE)2 

Gu(Lc)Gl 
Gu(LD)Cl 
Cu(LE)Cl 
Ni(LE)Gl 
LAH 
LBH 
LCH 
LDH 
LEH 
LANa 
L cNa 
L 

TABLE 1. 

N(Ls) 

400.1 
400.2 
400.1 
400.2 

400.6; 399.7; 399.0 
400.6; 399.7; 399.0 
400.6; 399.6; 398.9 
400.5; 399.6; 399.0 

400.0; 399.1 
400.0; 399.2 

400.8; 399.8; 399.1 
400.7; 399.8; 399.1 

400.2; 399.4 
400.1; 399.4 
400.5 
400.5 
400.5; 399.0 
400.5; 399.0 
400.3; 398.9 
400.5; 399.0 
400.4; 399.1 
400.2 

Tooru YOSHIDA 

MEASURED BINDING ENERGIES 

Binding energy/eV 

O(ls) 

531.5 
531.6 
531.6 
531.8 
531.0 
531.0 
531.1 
531.0 
530.9 
531.0 
531.3 
531.4 
531.5 
531.7 

533.1; 531.1 
533.0; 531.0 
533.0; 530.9 
533.1; 531.1 
533.0; 530.8 

531.0 
530.9 

S(2p3/2) 

164.8 
164.8 

164.8 

164.8 

[Vol. 54, No. 3 

Metal(2p3/2) 

934.5 
855.2 
934.6 
855.3 
934.2 
855.6 
934.3 
855.7 
934.2 
855.4 
934.6 
934.7 
934.4 
855.4 

a) L, LAH, LBH, LCH, LDH, and LEH indicate 1, 1'-azonaphthalene, 1-phenylazo-, l-(l-naphthylazo)-, l-(2-
pyridylazo)-, l-(2-thiazolylazo)-, and l-(8-quinolylazo)-2-naphthols respectively. LANa and LcNa indicate the 
sodium salts of LAH and LCH. 
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Fig. 1. N(ls) electron spectra of a: LAH and b : LANa. 

peak with an F W H M value of about 2.4 eV com­
prising three peaks with similar intensities. T h e spec­
t rum of Cu(LE) 2 , like those of Ni(LE)2 , Cu(LE)Gl, 
and Ni(LE)Cl, showed two peaks with an intensity 
ratio of approximately 2 :1 . 

Satellite signals on the higher-energy side of the 
primary peak, as are seen in Figs. 1—3, were ob­
served in the N(ls) spectra of all the compounds in 
Table 1. 

The O( l s ) spectra of L A H and Gu(LA)2 are shown 
in Fig. 4. T h e spectrum of L A H as well as those 

•a 

398 404 402 400 

£b/eV 

Fig. 2. N(ls) electron spectra of a: LCH and b : LcNa. 

of L B H, LCH, L D H, and L E H showed two peaks with 
comparable intensities, while the spectrum of Gu-
(LA)2 as well as those of the other complexes showed 
one primary peak. 

D i s c u s s i o n 

All the N(ls) spectra of five free ligands indicated 
that the electron densities on the two nitrogen atoms 
of an azo group are almost the same. Here, the peak 
with the lower binding energy in Fig. 2a was easily 
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404 402 400 402 400 398 402 400 398 
Eb/eV 

Fig. 3. N(ls) electron spectra of a: Gu(LA)2, b : 
Cu(Lc)2, and c: Cu(LE)2. 

assigned to the nitrogen atom of a hetero ring by 
comparing with Fig. la . 

The presence of two kinds of peaks in Fig. l b was 
due to the following resonance structures:5) 

_ © C \ _ _ O v _ 

o = <:> 
This resonance suggests that the electron density on 
the nitrogen atom of an azo group farthest from a 
naphthalene ring is higher than that on the other 
nitrogen. Therefore, the peak with the lower binding 
energy in Fig. l b can be assigned to the former ni­
trogen atom, and the other peak to the latter nitrogen. 

The peak with the higher energy in Fig. 2b may 
be assigned to the nitrogen atom of an azo group 
nearest to a naphthalene ring, and the lower-energy 
peak, to the other nitrogen of the azo group in ad­
dition to the nitrogen of a pyridine ring, by consider­
ing the resonance structure of L c N a to be similar 
to that of LANa. Such resonance structures as those 
in LANa may be expected also in the sodium salts 
of the other o-hydroxy azo compounds in this study. 

The spectra of the complexes may be explained 
in the following way, based upon the structure of 
the sodium salt estimated above. 

In the complexes of LAH, the hydroxyl group and 
the nitrogen atom of an azo group farthest from a 
naphthalene ring are involved in chelate formation.30>3d) 
Therefore, such complex formation may be considered 
to act to equalize the electron densities on the two 
nitrogen atoms of an azo group due to the electron 
transfer from a coordinating a tom to a metal ion. 

The N(ls) binding energies of an azo group (400.1— 
400.2 eV) of the complexes of L A H were slightly lower 
than the value (400.5 eV) of the nitrogen atom nearest 
to a naphthalene ring in LANa, which does not par­
ticipate in bond formation. This may be due to the 
dereal izat ion of ^-electrons in the chelate ring sug­
gested by the I R study of the metal complexes of 
2-hydroxyazobenzene.3a) Such derea l iza t ion may be 

Metal Complexes 711 

536 534 532 530 534 532 530 
£b/eV 

Fig. 4. O(ls) electron spectra of a: LAH and b : 
Cu(LA)2. 

supported also by the results of X-ray structural anal­
ysis that the N - N distances in Gu(LA)2 and Ni(LA)2 

are 1.32 Â3c) and 1.28 Â,3d> while that of azobenzene 
is 1.23—1.24Â.6) T h a t is, the distances for the com­
plexes are slightly longer than that for azobenzene. 

The mode of ligand coordination in the complexes 
of L B H is considered to be almost the same as that 
in the complexes of L A H, because the N( ls ) spectra 
of the former complexes are very close to those of 
the latter. 

In the complexes of L C H and L D H, each of the 
ligands acts as a terdentate ligand, the hydroxyl group, 
the nitrogen a tom of an azo group nearest to a naph­
thalene ring, and the heterocyclic nitrogen atom, to 
give two five-membered chelate rings.3e~3g> T h e ni­
trogen atom farthest from a naphthalene ring, which 
is expected to be rich in electron density, cannot be 
coordinated to a metal a tom because of steric hin­
drance. This suggests that the electron densities on 
the two nitrogen atoms of an azo group cannot become 
equal on complex formation, unlike in the case of 
the complexes of L A H and L B H. 

Therefore, it seems reasonable to assign the three 
peaks in the N(ls) spectra of the complexes of LCH 
and L D H to the nitrogen atom of an azo group nearest 
to a naphthalene ring, the nitrogen of a hetero ring, 
and the remaining nitrogen of the azo group, suc­
cessively from the higher-energy side. 

T h e N(ls) chemical shifts (0.6—0.8 eV) of the ni­
trogen a tom of a hetero ring of the complexes of L C H 
and L D H, i.e. the difference between the N( ls ) binding 
energies of the complex and the free ligand, were 
comparable with those (0.5—0.9 eV) of the copper 
and nickel complexes of 8-quinolinol and 2-pyridine-
carboxylic acid.7) This may support the above as­
signment of the three peaks in the N(ls) spectra. 
T h e N(ls) chemical shifts ( < 0 . 3 eV) of the nitrogen 
atom of an azo group which participates in bond 
formation were smaller than those of the nitrogen 
of a hetero ring. This seems to be associated with 
the coordination ability of the donor atoms. 

I n the complexes of L E H, it is not known which 
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nitrogen atom of an azo group is coordinated to a 
metal ion because of the absence of the data of the 
X-ray structural analysis. In this study, it may be 
easily expected from the following facts that the ni­
trogen atom farthest from a naphthalene ring parti­
cipates in the bond formation, as in the complexes 
of L A H and L B H. 

The spectra of the complexes of L E H showed the 
presence of two kinds of nitrogen atoms in the propor­
tion of 2 : 1 , unlike the spectra of the complexes of 
L C H and L D H, which show three kinds of peaks. Fur­
thermore, the binding energy (400.0—400.2 eV) of the 
peak with the larger intensity was very close to those 
(400.1—400.2 eV) of the nitrogen atoms of an azo 
group of the complexes of L A H and L B H. Therefore, 
it seems reasonable to assign the peak with the larger 
intensity to the two nitrogen atoms of an azo group, 
and the other peak, to that of a quinoline ring. Here, 
the equalization in the electron densities on the two 
nitrogen atoms of an azo group can be explained 
much as in the case of the complexes of L A H and 
LBH. 

The N(ls) chemical shifts (0.2—0.5 eV) of a hetero 
ring in the complexes of L E H were slightly smaller 
than those in the complexes of L C H and L D H. This 
may be due to the difference of the mode of the co­
ordination of an azo group in the two groups of com­
plexes. 

In hydroxy azo compounds, two kinds of oxygen 
atoms, keto and enol forms, usually coexist as a result 
of tautomerism. T h e peak with the higher binding 
energy in the O( l s ) spectra of L A H, L B H, LCH, L D H, 
and L E H corresponds to the protonated oxygen atom, 
and the other to the deprotonated oxygen.5) 

The O( l s ) binding energies of Cu(LA)2 , Ni(LA)2 , 
Cu(L B ) „ Ni(LB)2 , Gu(L c )Cl , Cu(LD)Cl, Cu(LE)Cl , 
and Ni(LE)Cl , all of which are four coordinate species, 
were 0.3—0.9 eV higher than those of the deprotonated 
oxygen atom of the corresponding free ligands, while 
in the other complexes, which are all six-coordinate 
species, there were no appreciable chemical shifts of 
the O( l s ) binding energies. Such a result suggests 
that the interaction between the metal and the oxygen 
atoms in the complexes of the former group is stronger 
than that of the latter group. This is consistent with 
the fact that the nickel-oxygen distance (1.85 Â)3d> 
in Ni(LA)2 , one of the complexes of the former group, 
is slightly shorter than that (1.98 Â)3f) in Ni(LD)2 , 
one of the complexes of the latter. 

The differences of the metal (2p3/2) binding energies 
of the complexes were small throughout the present 
experiment; the values for all the copper complexes 
were 934.2—934.7 eV, and those for all the nickel 
complexes were 855.2—855.7 eV. Therefore, no no­
table information concerning the structures of the 
complexes could be obtained from the metal binding 
energies. 

In the complexes of LDH, the thiazole sulfer atom 
was not considered to participate in the chelate-ring 
formation, because there was no appreciable chemical 
shift in the S(2p3/2) binding energy. This agrees with 
the results of X-ray analysis.3fj3g) 

The satellites at « 4 eV on the higher-binding energy 
side of the primary peak in the N(ls) spectra in this study 
may be partly assigned to the shake-up satellite, which 
is mainly due to the co-excitations of valence elec­
trons, n-jr*, n-n*, on the ejection of the inner elec­
trons, on the basis of the following facts. These satel­
lites are observed in the spectra of both free ligands 
and their metal complexes. Such satellites have pre­
viously been observed in the N(ls) spectra only of 
compounds containing the unsaturated bonds with a 
hetero-atom.8) Furthermore, the electron spectra of 
the aromatic azo compounds generally show the ab­
sorption bands due to n-n*, n-n* transitions in a 
region of about (17—40) X 103 cm - 1 , which approxi­
mately corresponds to 2—5 eV.la>9> 

The author wishes to thank Drs. Kiyoshi Yamasaki 
and Shigemasa Sawada for their helpful discussions 
and suggestions during this work, Dr. Masakazu Miyagi 
for his help in performing this experiment, and Mr. 
Taichiro Hirohara for the elemental analysis. 
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Six-membered platinum(II) complexes of 2-(aminomethyl)cyclohexylamine ( = amcha), whose four iso­
mers are (\R,2R)-, (\S,2S)-, {\R,2S)-, and (15,2Ä)-amcha, were synthesized. The conformations of [Pt(en)( 15,2/2-
amcha)]Gl2, [Pt(NH3)2(15,2JR-amcha)]Gl2, [Pt(en)(lÄ,2Ä-amcha)]Cla, and [Pt(NH3)2(JJR,2JR-amcha)]Gl2 were 
determined by XH-NMR, 13G-NMR, and CD spectra. It is proposed that [Pt(en)(15,2i?-amcha)]Gl2 and 
[Pt(NH3)2(lS,2Ä-amcha)]Cl2 take a fixed chair form with a dihedral angle (Pt-N-G(l)-G(6)) of 180°, while 
[Pt(en)(li?,2Ä-amcha)]Gl2 and [Pt(NH3)2(lA,2i?-amcha)]Cl2 are interconverting between two chair forms. 

2-(Aminomethyl)cyclohexylamine ( = a m c h a ) has 
four isomers, which are represented as IR,2S (trans-l), 
IS,2R (trans-d), \R>2R (cis-l) and \S,2S (cis-d) isomers 
(Fig. 1). Various plat inum(II) complexes containing 
these amcha isomers were synthesized and their an­
titumor activities were tested against leukemia P388.1* 
Some differences were found among their activities. 
Therefore, it would be meaningful to study the con­
formations of six-membered pla t inum(II) complexes 
of amcha isomers. 

In general, a six-membered chelate ring is more 
flexible than a five-membered one and the possible 
conformations of the former are chair, skew, or boat 
forms. The chair conformation has been considered to 
be the most stable form, and ^ - N M R and 1 3 C-NMR 
spectral data supporting this view have been reported 
by Hall2) and Yano et a/.3> But few CD spectral 
studies of plat inum(II) complexes containing optically 
active diamine forming six-membered chelate have 
been done. In order to determine the conformations 
of amcha we prepared the following types of com­
plexes for the first t ime: [Pt(en)(amcha)]C12 and 
[Pt(NH3)2(amcha)]Cl2 ( a m c h a = ( 1 5 , 2 A ) - and (1Ä, 
2Ä)-2-(aminomethyl)cyclohexylamine). In the present 
paper, we will discuss the conformations of these 
platinum (I I) complexes from N M R and CD spectral 
data. 

^ ^ " -CH2-NH2 ^ \ f / - C H 2 ' N H 2 ^ * s v T x ' C H 2 ' N H 2 / ^ \ L / C H 2 - N H 2 

(1R.2S) (1S.2R) (1R.2R) (1S,2S) 

Fig. 1. Absolute configurations of 2-(aminomethyl)-
cy clohexylamine. 

Exper imenta l 

Ligands. 1) Synthesis of eis- and tra.ns-2-(Aminomethyl)-
cyclohexylamine : They were prepared from the correspond­
ing eis- and trans-1,2-cyclohexanedicarboxylic acid according 
to the method reported by Armarego et a/.4) 

2) Resolution of trans-2-( AminomethyI) cyclohexylamine'. A 
hot filtered solution of (2i?,3JR)-di-0-benzoyltartaric acid 
monohydrate (46.7 g) in ethanol (307 cm3) was added to 
a solution of freshly distilled trans-dl-amcha. (15.9 g) in water 
(307 cm3). After the solution was kept standing overnight 
at 0 °G, fibrous crystals and a few plate crystals were de­
posited. When the solution was kept standing for several 
hours at room temperature, only the plate crystals were 

dissolved again. The fibrous crystals were collected by 
filtration and were recrystallized from an aqueous ethanol 
(1:1 V/V) solution, giving 6.9 g of (IR,2S)-amcha (2R,3R)-
di-O-benzoyltartrate with [ a ] D = - 1 0 6 ° (1% H 2 0 : E t O H = 
1:1 V/V). Found: G, 59.50; H, 6.30; N, 5.55%. Galcd 
for G25H30N2O8-H2O: G, 59.50; H, 6.41; N, 5.55%. 

The filtrate of (\R,2S)-amcha (2Ä,3Ä)-di-C>-benzoyltartrate 
was evaporated to dryness and the residue was recrystallized 
from an aqueous ethanol (1:1 V/V) solution. The plate 
crystals of (\S,2R)-a.mcha (2Ä,3Ä)-di-0-benzoyltartrate ob­
tained showed [ a ] D = - 7 5 ° (1% H 2 0 : E t O H = 1:1 V/V). 

The free amine from the (2Z?,3Z?)-di-0-benzoyltartrate was 
regenerated by the method of Bosnich.5) The free (IR,2S)-
amcha (1.5 g) and (15,2/2)-amcha (2.5 g) gave specific rota­
tions of [ a ] D = - 3 9 ° and +40° (1% EtOH), respectively. 

3) Resolution of c\s>-2-(Aminomethyl)cy clohexylamine: A hot 
solution of (2Ä,3i?)-di-0-benzoyltartaric acid monohydrate 
(44 g) in ethanol (395 cm3) was added to a solution of freshly 
distilled cis-dl-aracha (15 g) in water (80 cm3). When the 
resultant solution was kept standing overnight at 0 °G, prism 
crystals were deposited. They were collected by filtration, 
washed with ethanol, and dried in air, yielding 26 g of (IR, 
2i?)-amcha (2Z?,3i?)-di-0-benzoyltartrate with a specific rota­
tion of [ a ] D = - 8 7 ° (1% H 2 0 : E t O H = 1:1 V/V). Ac­
cording to the method of Bosnien,5) 3.6 g of free (IR,2R)-
amcha were obtained with a specific rotation of [a]D = 
- 1 5 ° (1% EtOH). 

The filtrate was allowed to stand overnight at 0 °G to 
precipitate fibrous crystals. Alkalization and extraction5) 
with ether gave 0.2 g of free (1 S,2S)-amcha with a specific 
rotation of [a]D = + 14° (1% EtOH). 

Among the four resolved optical isomers, (IS,2R)- and 
(IR,2R)-amcha were used as the ligands in this work be­
cause of their better specific rotations. 

Preparation of 2-(AminomethyI)cy'clohexylamine Platinum(II) 
Complexes. [Pt(en)(15,2Ä-amcha)]Gl2, [Pt(NH8)a(15,2Ä-
amcha)]Gl2, [Pt(en)(lÄ,2Ä-amcha)]GIa, and [Pt(NH3)a(lÄ, 
2Z?-amcha)]Cl2 were synthesized according to the method 
reported by Appleton and Hall,6) and their analytical data 
are tabulated in Table 1. 

Measurements. XH-NMR spectra were recorded at 100 
MHz (JEOL JNM-MH-100). DSS was used as an internal 
reference. 

FT 13G-NMR spectra were obtained at 25 MHz with 
broad-band proton decoupling on a JEOL JNM-FX-100 
spectrometer employing the solvent deuterium signal as an 
internal lock. A total of 1000—21200 FID's (8192 points) 
was averaged to provide the desired signal to noise ratio 
in the 2.5-kHz frequency spectra. Pulse angles of 45° were 
employed with no pulse delay. The ambient temperature 
was room temperature. TMS sealed in a capillary was 
used as an external reference. All NMR spectra were 
measured in D 2 0 solutions. 
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TABLE 1. ANALYTICAL DATA OF THE AMCHA Pt(II) COMPLEXES 

[Vol. 54, No. 3 

Complexes 

[Pt(en) (l»S'J2i2-amcha)]Gl2 

[Pt(NH3)2(16'52Ä-amcha)]Gl2 • 1/2H20 
[Pt(en) (li2,2Ä-amcha)]Cl2 

[Pt(NH3)2(li232i2-amcha)]Gl2.3/2H20 

Found 

23.71 
19.21 
23.55 
18.70 

G% 

Galcd 

23.79 
19.22 
23.79 
18.46 

Found 

5.18 
5.07 
5.32 
5.27 

H % 

Galcd 

5.33 
5.31 
5.33 
5.55 

N % 

Found Galcd 

12.61 12.33 
12.06 12.81 
12.49 12.33 
11.65 12.31 

Absorption spectra were obtained in H 2 0 with a Shimadzu 
UV 200 Recording Spectrometer. 

GD spectra were measured in H 2 0 with a JASGO J-40 
Spectropolarimeter. All measurements were performed at 
room temperature. 

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

1H-NHR Spectra. As shown in Fig. 2, two 
multiplet peaks around 1.20 and 1.78 p p m can be 
assigned to the axial and equatorial methylene protons 
in the cyclohexane ring of (\S,2R)-amcha. From the 
integrated intensities, a peak of the methine proton 
( )GH-G) in the cyclohexane ring seems to be over­
lapping with these equatorial methylene protons. 
Two multiplet peaks around 2.48 and 2.88 ppm are 
attr ibutable to the resonance of aminomethyl protons 
( -CH 2 -N) and the methine proton (>CH-N) . For 
(\S,2R)-amcha, two chair forms with diequatorial or 
diaxial orientation of amino and aminomethyl groups 
can be expected. But the behavior of the methylene 
protons in the cyclohexane ring indicates a fixed chair 
form with preferential diequatorial orientation. 

The multiplet peak around 1.50 p p m (Fig. 2(b)) 
can be assigned to eight methylene protons and a 
methine proton ( )GH-G) in the cyclohexane ring of 
(IR,2R)-amcha. Two multiplet peaks around 2.56 
and 3.08 p p m can be assigned to aminomethyl protons 
( -GH 2 -N) and a methine proton (>GH-N) by the 
integrated intensities. For (IR,2R)-amcha, two chair 
forms with axial and equatorial orientations of the 
amino and aminomethyl groups are possible, but the 
multiplet peak of the methylene protons in the cy­
clohexane ring indicates an averaging of axial and 
equatorial protons by rapid interconversion between 
two chair forms on the N M R time scale. 

Figure 3 shows ^ - N M R spectra of [Pt(en) (amcha)]-
Gl2 and [Pt(NH3)2(amcha)]G12 (amcha=(16' ,2Ä)- and 
(\R,2R)-amcha) in D 2 0 . In the spectrum of [Pt-
(en)(16',2Ä-amcha)]Gl2, multiplets due to axial and 
equatorial methylene protons in the cyclohexane ring 
were observed at 1.26 and 1.70 ppm, respectively. 
This behavior of the methylene protons suggests that 
the cyclohexane ring takes a fixed chair form pre­
ferentially. In the spectrum of [Pt(en)(lA,2A-
amcha)]Gl2 , a multiplet due to methylene protons in the 
cyclohexane ring was observed at 1.30 ppm, suggest­
ing the averaging of axial and equatorial protons by 
rapid interconversion between two chair forms. 1 H -
N M R spectra of [Pt(NH3)2(16',2Ä-amcha)]Cl2 and 
[Pt(NH3)2( lÄ,2Ä-amcha)]Gl2 are almost similar to 
those of [Pt(en)(16',2Ä-amcha)]Gl2 and [Pt(en)(lÄ,2Ä-
amcha)]Gl2 , respectively, except for peaks of ethyl-

eq-CH2 ax-CH2 

Fig. 2. iH-NMR spectra of (a) (1S92R)-amcha and 
(b) (lÄ,2Ä)-amcha. 

enediamine. 
Recent studies2»7) suggest that the dihedral angle 

dependence of the vicinal coupling constant Vpt-H 
in P t - N - C - H fragments would parallel the Karplus 
equation for the V H - H i n H - G - G - H fragments. The 
Vpt-H value has offered very important information 
for determining the conformation of 1,2-diamine and 
1,3-diamine plat inum(II) complexes. [Ft(en)(\S,2R-
amcha)]Gl2 and [Pt(en) (lÄ,2Ä-amcha)]Cl2 gave a single 
sharp peak, together with satellite peaks due to the 
coupling with 195Pt (7=1/2 , 3 4 % abundance) at 2.73 
ppm. The single sharp peak and the satellite peaks 
are overlapping with the aminomethyl protons ( - C H 2 -
N) and the methine proton Ç G H - N ) , but by com­
paring [Pt(en)(16',2Ä-amcha)]Gl2 and [Pt(en)(lÄ,2Ä-
amcha)]Gl2 with [Pt(NH3)2(16',2Ä-amcha)]Gl2 and [Pt-
(NH 3 ) 2 ( l£ ,2#-amcha)]Cl 2 , the single sharp peak can 
be assigned to methylene protons of ethylenediamine. 
T h e observed Vpt-H values of [Pt(en)(16',2Ä-amcha)]-
Gl2 and [Pt(en)(lÄ,2Ä-amcha)]Gl2 were 41.0 Hz. This 
Vpt-H value is in good harmony with Vpt-H values 
previously reported for [Pt(en)2]Gl2 (41.0 Hz) and 
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TABLE 2. 13G-NMR CHEMICAL SHIFTS^ AND COUPLING CONSTANTS15) 

715 

Complexes C(l) C(2) C(3) C(4) 0(5) C(6) N-CH, 

[Pt(en) (15,2Ä-amcha)]Cl2 

[Pt(NH3)2(15,,2Ä-amcha)Cl2 

[Pt(en) (lÄ,2Ä-amcha)]Cl2 

[Pt(NH3)2(lÄ,2Ä-amcha)]Cl2 

57.75 
(23.8) 

57.94 
(22.6) 

53.53 
(26.3) 

53.63 
(25.0) 

41.40 
(17.7) 

41.44 
(18.9) 

37.13 
(21.4) 

37.23 
(22.0) 

29.73 

29.92 

27.51 

27.48 

25.02 

25.17 

22.88 

22.90 

24.24 

24.41 

21.03 

21.37 

33.53 
(43.3) 

33.65 
(43.9) 

28.75 
(20.2) 

28.97 
(22.0) 

48.97 
(28.7) 

49.22 
(26.9) 

44.03 
(28.1) 

44.42 
(27.5) 

a) 13C shifts in ppm from external TMS. b) The values in parentheses are the coupling constants (195Pt-13C). 

Fig. 3. !H-NMR spectra of (a) [Pt(en)(1552i2-amcha)]-
Cl2, (b) [Pt(en)(l£,2Ä-amcha)]Cl2, (c) [Pt(NH3)2-
(lS52Ä-amcha)]Cl25 and (d) [Pt(NH3)2(lÄ,2Ä-
amcha)]Cl2. 

[Pt(en)(NH3)2]Cl2 (41.5 Hz),2) indicating that the 
chelate ring of ethylenediamine shows a rapid con­
formational interconversion. 

Unfortunately, other satellite peaks could not be as­
signed, and information on six-membered chelate ring 
could not be obtained from the Vp t _ H value. 

1SC-NMR Spectra. Figure 4 shows 1 3 G-NMR 
spectra of [Pt(en)(16',2Ä-amcha)]Gl2 and [P t (en ) ( l# , 
2Ä-amcha)]Cl2 in D 2 0 . In both complexes, assign­
ments of G( l ) , G(2), G(6), aminomethyl carbons, and 
methylene carbons of ethylenediamine were facilitated 
on the basis of the spectrum with off-resonance proton 
decoupling. Three peaks on the upfield side are at­
tributable to the resonance of G(3), G(4), and G (5) 
carbons, but assignments of these three peaks may 
be difficult because of complicated steric factors. 

(a) x2 C(2) 

C(3) C(H) C(5) 

AJ 1 

C(3) C(H) C(5 ) 

( b ) 

N-CH 0 C ( 2 ) C ( 6 ) 

I I I I I I I I ™ S 

50 HO 30 

Ô 

20 10 

Fig. 4. 13C-NMR spectra of (a) [Pt(en) ( lS^Ä-amcha)]-
Cl2 and (b) [Pt(en)(lÄ,2Ä-amcha)]Cl2. 

Table 2 shows chemical shifts and coupling con­
stants (195Pt-13G) of these pla t inum(II) complexes. 
By comparing the coupling constants of these com­
plexes, a significant difference in 3ypt_C(6) values was 
detected. [Pt(en)(16',2Ä-amcha)]Gl2 and [Pt (NH 8 ) a 

(16 ,,2Ä-amcha)]Gl2 gave 43.3 and 43.9 Hz, respectively, 
while [Pt(en)(lÄ,2Ä-amcha)]Gl2 and [Pt(NH 3) 2( l /? , 
2Ä-amcha)]Gl2 gave 20.2 and 22.0 Hz. Recently, 
Bagger8) and Erickson et al.9) have demonstrated that 
in five-membered plat inum (I I) complexes the coupling 
constant Vpt-N-c-c shows a Karplus-type angle de­
pendence on the dihedral angle between the planes 
P t - N - G and N - G - G . I t turns out that the significant 
difference in sJPt-C found would be explained if the 
relationship sJFt_N_c_c=acos"<f> is also valid in six-
membered plat inum(II) complexes, 0 being the di­
hedral angle between the planes P t - N - G and N - G - G , 
and a being a constant. The molecular models sug­
gest that [Pt(en)(16',2Ä-amcha)]Gl2 and [Pt(NH 3 ) 2 (IS, 
2i?-amcha)]Gl2 may take either a chair form or a 
<5-skew form. Whichever form these plat inum (I I) com­
plexes take, the dihedral angle of P t -N-G(1) -C(6) 
is about 180° (Fig. 5). The Vpt-c(6) values for 
[Pt(en) (16 ,,2Ä-amcha)]Gl2 and [Pt(NH3)2(lS;2Ä-
amcha)]Gl2 were 43.3 and 43.9 Hz, respectively. A 
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X/nra 

1100 350 300 250 

Fig. 5. The chelate ring viewed down an N-G bond. 
(a) and (b) for [PtX(16,,2Ä-amcha)]Gl2; (c), (d), 
and (e) for [PtX(lÄ,2Ä-amcha)]Cla (X=en, (NH3)2). 

similar value has been reported for (/?,£*)-1,3-diphenyl-
1,3-propanediamine pla t inum(II) complexes in which 
both phenyl groups are equatorial.10) The a values 
in the equation 3JFt_N_c_c=acos2<f> seem to be 4 3 — 
44 Hz. [Pt(en)(lÄ,2Ä-amcha)]Cla and [Pt(NH 8 ) 2 ( lÄ, 
2Ä-amcha)]Cl2 may take two chair forms or a A-skew 
form, but may not take a <5-skew form because of the 
steric hindrance. As shown in Fig. 5, an angle of 
180° may be expected for one chair form or the X-
skew form and about 60° for the other chair form. 
The 1 H - N M R data show that the cyclohexane ring 
of (l/?,2/?)-amcha pla t inum(II) complexes is intercon-
verting between two chair forms, and hence that 
the chelate ring will interconvert. When two chair 
forms interconvert with each other rapidly on a N M R 
time scale, the averaged coupling constant due to a 
rapid ring interconversion would be 3yp t_ c ( 6) = l/2 
(acos2180° + acos260°) (a—43—44 Hz) , that is 
Vp t - c (6 ) = 27.0—27.5 Hz. If the population of a X-
skew intermediate which appears in interconverting 
between two chair forms cannot be neglected, the 
3Vpt-c(6) value is expected to be larger than 27.0—27.5 
Hz. According to the conformational analysis of the 
planar ML 2 ( tn) type complex ( L = a monodentate 
ligand, tn= l ,3 -p ropaned iamine) , the interconversion 
occurred via a skew intermediate,3»11) but the popula­
tion of the intermediate conformer was small at room 
temperature.3»11) Experimental values of Vpt-c(6) f ° r 

[Pt(en) (lÄ,2Ä-amcha)]Gl2 and [Pt(NH8)2( lÄ,2Ä-
amcha)]Gl2 were 20.2 and 22.0 Hz, respectively. Thus 
the A-skew may be neglected because the experimental 
values are smaller than the values calculated from 
the 1:1 abundance ratio of the two chair forms. As­
suming the equatorial and axial G-G(6) chair form 
exactly take the angles of 180° and 60°, respectively, 

+0.15 

+0.10 

+0.05 

a o 

-0.05 

T 1 r— 1 

/ 1 

Jk 

/h 
A M 

\\ / i 

x l / 2 

-j 

J 1 L .. 1 1 

H 3 

30 35 45 50 
v/10^cm~ 

Fig. 6. Absorption and CD spectra of : [Pt(en)-
(lS,2Ä-amcha)]Gl2 and : [Pt(NH3)2(lS,2Ä-
amcha)]Cl2. 

the population of the former conformer may be smaller 
than the latter. 

Absorption and CD Spectra. In aqueous solution, 
[Pt(en)(16',2i?-amcha)]Gl2 exhibited five absorption 
bands in the ultraviolet region, as shown in Fig. 6. 
The band at 37000 cm - 1 , on the basis of D 4 h symmetry, 
can be assigned to *A3 -

3E g (band I I ) , and those at 
41700 (shoulder), 44400, and 47000 cm" 1 to *AXg-
*A2g (band I I I ) , ^ - ^ (band IV) , and charge 
transfer transitions, respectively. The shoulder at 
31300 c m - 1 may be assigned to the 1A l g-3A2 g (band I) 
transition.12) Similarly, [Pt (NH3) 2 ( 1 S^Ä-amcha) ] Gl2 

exhibited four bands. The band at 35700 c m - 1 can 
be assigned to band I I and the bands at 41700 (shoul­
der) , 44400, and 48100 cm" 1 to band I I I , band IV, 
and charge transfer transitions, respectively. As 
shown in Fig. 7, [Pt(en)(lÄ,2Ä-amcha)]Gl2 and [Pt-
(NH3)2(l/?,2i?-amcha)]Gl2 exhibited four absorption 
bands. The bands at 35700, 41700 (shoulder), 44400, 
and 48100 c m - 1 may be assigned to band I I , band 
I I I , band IV, and charge transfer transitions, re­
spectively.12) 

Figure 6 also shows the GD spectra of [Pt(en)(16*,2Ä-
amcha)]Gl2 and [Pt(NH3)2(16',2Ä-amcha)]Gl2 in 
water. [Pt(en)(16',2Ä-amcha)]Gl2 exhibited three GD 
bands at 32700, 37000, and 42600 cm" 1 with signs 
of positive, negative, and positive, respectively. These 
GD bands correspond to bands I, I I ,and I I I in the 
absorption spectrum. [Pt(NH3)2(16 ,,2/?-amcha)]Gl2 

exhibited two GD bands, corresponding to bands I I 
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and I I I in the absorption spectrum. Although the 
peak of band I V in both complexes could not be de­
tected in the CD spectra, its sign can be estimated 
to be negative, as shown in Fig. 6. The CD spectral 
data of the platinum (II) complexes are presented in 
Table 3. The absolute CD strength ( = | A e | ) of 
[Pt (en)( l£2Ä-amcha)]Cl 2 and [Pt(NH8)2( 15,2/2-
amcha)]Gl2 is lower than that of the five-membered 
plat inum(II) complexes containing (/?)-l,2-propanedi-
amine and (R,R) -1,2-cyclohexanediamine.12) The op­
tical activity due to the chelate ring of amcha may 
be expected to arise from (i) the conformational ef-

400 350 
A/nm 

300 250 

+0.05 h 

35 40 iJ5% 

[Pt(en) Fig. 7. Absorption and CD spectra of — 
(l/2,2Ä-amcha)]Cla and : [Pt(NH3)2(lÄ,2/2-
amcha)]Gl2. 

feet of the chelate ring and (ii) the vicinal effect of 
the asymmetric carbon. However, only the vicinal 
effect of the asymmetric carbon seems to contribute 
to the |Ae | values of [Pt(en)(16 ,,2/?-amcha)]Gl2 and 
[Pt(NH3)2(16 ,,2/?-amcha)]Gl2. Namely, the observed 
low | Ae | values of these complexes can be explained 
by considering as preferential the chair form which 
does not make any conformational contribution to 
the CD spectra. The chair and the A-skew form 
could not be distinguished by 1 3 G-NMR analyses, but 
the GD spectral data indicate a fixed chair form with 
a dihedral angle of 180° (Fig. 8). As shown in Fig. 
7, the GD spectra of [Pt(en)(lÄ,2Ä-anicha)]Gl2 and 

TABLE 3. ABSORPTION AND GD SPECTRAL DATA 

Complexes 
Absorption 
v/\03 cm - 1 

(log e) 

GD 
v/103 cm - 1 

(A*) 

[Pt(en) (lS,2/2-amcha)]Cl2 

[Pt(NH3)2(l£,2Ä-amcha)]Cl2 

[Pt(en) (l/2,2/2-amcha)]Gla 

[Pt(NH3)2(li2,2/2-amcha)]Gl2 

31.3(1.15) 
37.0(1.82) 
41.7sh 
44.4(2.78) 
47.0(3.23) 

35.7(1.75) 
41.7 sh 
44.4(2.74) 
48.1(3.57) 

35.7(1.77) 
41.7 sh 
44.4(2.75) 
48.1(3.63) 

35.7(1.66) 
41.7 sh 
44.4(2.66) 
48.1(3.47) 

32.7( + 0.019) 
37 .0( -0 .036) 
42.6( + 0.160) 

35 .7( -0 .061) 
41.7(4-0.099) 

34.5(4-0.060) 

44.4(4-0.358) 

34.5(4-0.060) 

43.7(4-0.203) 

(a) V'"' 
•><c<„ \ 

(b) 

Ss 

i ^ - ; \ 

\ \ 

"vV" / 

Fig. 8. Proposed conformations of (a) [PtX(lS,2Ä-amcha)]Cl2 and (b) [PtX(lÄ,2Ä-amcha)]Gl2 

(X=en, (NH3)2). 
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[Pt(NH3)2(l /2,2/?-amcha)]Cl2 showed positive bands at 
34500 and ca. 44000 c m - 1 , corresponding to bands 
I I and I V in their absorption spectra. As shown 
in Table 3, the |Ae | values of [Pt(en)(l/2,2/2-amcha)]-
Gl2 and [Pt(NH3)2(l/2,2/2-amcha)]Gl2 indicate that 
these complexes take a chair form, which has no con­
formational effect. Although two chair forms may 
be interconverting with each other via a A-skew in­
termediate, the population of the A-skew form can 
be neglected, according to the 1 3 C-NMR and CD 
spectral data. I t is concluded that [Pt(en)(l/2,2/2-
amcha)]Cl 2 and [Pt(NH3)2(l/2,2/2-amcha)]Gl2 are ap­
parently interconverting between two chair forms 
(Fig. 8). 

T h e authors are sincerely grateful to Dr. J o h n G. 
Bailar, J r . , University of Illiois, for his helpful advice 
and suggestions in reviewing this paper. This work 
was supported in par t by a Grant-in-Aid for Scientific 
Research from the Ministry of Education, Science and 
Culture of J a p a n . 
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A Kinetic Study of the Base Hydrolysis of (2-Aminoethanol)bis-
(ethylenediamine)halogenocobalt(III) Complexes 

Kazuko O G I N O * and Hitoshi S E K I * * 

College of Medical Sciences, Tohoku University, Seiryo-machi, Sendai 980 
(Received July 1, 1980) 

The base hydrolysis of w-[CoX(etaH)(en)2]2+(X=Cl or Br, etaH=2-aminoethanol, en=ethylenediamine) 
has been studied. The hydrolysis results in the formation of [Co(eta)(en)2]2+ («35%) and [Co(OH)(etaH)~ 
(en)2]2+ («65%) at 7=1.0 (KN03), 25 °C, the product ratio being independent of the pH. The base hydrolysis 
has also been studied in the presence of sodium azide. 

The base hydrolysis of cw-[CoX(etaH)(en)2]2 + has 
been studied by several workers. Chan and Leh,1) 
H a y and Cropp2) and Udovenko et a/.3) reported 
that the hydrolysis product of the chloro complex 
was the hydroxo complex [Go(OH)(e taH)(en) 2 ] 2 + in 
which the e taH is unidentate. O n the other hand, 
the synthesis of [Go(etaH)(en) 2 ] 3 + complexes contain­
ing the chelated e taH via the base hydrolysis of cis-
[GoBr(etaH)(en)2]2+ was reported by Buckingham et 
al.*) Similarly, several complexes of the [Co(amOH)-
(diamine)2]3 + type (amOH=2-amino- l -a lkanol ) were 
synthesized through the base hydrolysis of [CoX-
(amOH) (diamine)2]2+.5«6> T h e present investigation 
has been undertaken in order to clarify the products 
of the hydrolysis of «>-[CoX(etaH)(en) 2 ] 2 + and to 
elucidate the mechanism of the reaction. 

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

Materials. The m-[CoX(amine)(en)2]X2(amine= 
G2HBNH2 or etaH) and [Co(etaH)(en)2]Br3 were prepared 
according to the literature method.4«7) All the other re­
agents were of a reagent grade. 

Kinetic Measurements. The base hydrolysis of cis-
[CoX (amine) (en) 2 ] 2 + was followed by the pH stat method 
using a Metrohm Combi 6-1 titrator under a nitrogen 
atmosphere at 25 °G and 7=1.0 (KNOa). Product anal­
yses were performed pH-metrically. The titrant was 0.05 
M NaOH (1 M = l mol dm-3). 

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

Equivalent amounts of the base are consumed during 
the course of base hydrolyses of [GoX(amine)(en)2]2+.8> 
T h e rate of hydrolysis was measured by the p H stat 
method at p H 9—10. T h e data fit the rate law of 
*ob8d=£[°H~]> the values of A: being 51 and 31 M " 1 

(en)2Go 
/Br 

\NH2CH2GH2OH 

s"1 for oy-[CoBr(etaH)(en)2]2+ and m-[CoBr-
(G2H5NH2)(en)2]2+ respectively a t 7 = 1 . 0 ( K N O 3 ) and 
25 °C. T h e values for the former is somewhat smaller 
than that a t 7=0.-1 reported by Buckingham et al.*) 

After the base hydrolyses had been completed, the 
solutions were acidified with appropriate amounts of 
0.1 M H C l and were then titrated with 0.05 M N a O H . 
T h e titration curve remained unchanged after the 
solution had been left standing at p H 10 at 25 °G 
for 1 h. T h e base hydrolysis of m-[GoBr(C 2 H 5 NH 2 ) -
(en) 2 ] 2 + resulted in the formation of a product with 
a pK& value of 6.25 at 7 = 1 . 0 ( K N O 8 ) and 25 °C; 
this indicates that the product should be [ C o ( H 2 0 ) -
(C2H5NH2)(en)2]3+. The titration curve of the hy­
drolysis products of «>-[CoBr(etaH)(en)2]2 + shows two 
inflection points, as is shown in Fig. 1, indicating 
that two species, 1 and 2, are produced during the 
base hydrolysis of [GoBr(etaH)(en)2]2 + . T h e abun­
dance ratio and pK& values of these two species were 
determined by analyzing the titration curves in the 
manner described in the Appendix. T h e results are 
given in Table 1. Species 1 with a pK& value of 6.2, 
is considered to be [Go(H 2 0)(e taH)(en) 2 ] 3 + by a com­
parison of the pX a value with those of several cobalt-
( I I I ) complexes with a coordinated water.9) Species 
2 with a pJTa value of 4.0, is considered to be [Go-
(etaH)(en) 2 ] 3 + , because the titration of the solution 
of [Co(etaH)(en)2]Br3 showed its pK& to be 4.0 a t 
7 = 1 . 0 , 25 °C. These values are somewhat larger than 
those at lower ionic strengths reported in previous 
papers.4»5) 

T h e conjugate-base mechanism has been established 
for the base hydrolyses of cobal t ( I I I ) aniono amine 
complexes. According to the SN\ GB mechanism, 
the base hydrolysis of [GoX(etaH)(en)2]2+ can be 
expressed by the following scheme. 

+ OH-

-OH-

,Br 
(en)(en-H)Co 

\NH2CH2CH2OH 
Conjugate base 

-Br-

[(en) (en-H)Co(NH2CH2CH2OH)]2+ 
VH20 

+ H 2 0 

/ (en)2Go 
OH 

\ 

\NH2GH2GH2OH 

1 
\ 

/ O — C H 2 
(en)2Go | 

\NH 2 -CH 2 J 

(la) 

(lb) 

** Present address: Osaka Research Laboratory, Rasa Industries, Ltd., 9-134, 1-Chôme, Takami, Konohana-kuj 
Osaka 554. 
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TABLE 1. PRODUCTS OF THE BASE HYDROLYSIS OF m-[CoX(etaH)(en)2]2+ AS DETERMINED 

BY THE ANALYSIS OF THE TITRATION CURVES. 7 = 1 . 0 ( K N O 3 ) , 2 5 °G 

Gomplex-hydrolyzed Species 1 [i] 
^v 

Br 
Brd> 
Br 
Gl 

p x i / 

9.3 
10.0 
10.6 
10.0 

mmolb> 

0.0229 
0.0304 
0.0241 
0.0354 

mmolc> 

0.0142 
0.0190 
0.0151 
0.0232 

F * v l 

6.22 
6.16 
6.27 
6.22 

[Gomplex-hydrolyzed] 

0.62 
0.63 
0.62 
0.65 

a) The pH at which base hydrolysis was performed, b) The volume of the solution was 4 cm3. c) The devia­
tion is ±0 .005 mmol, d) In this run, the amount of Species 2 formed and the pK2 were obtained as 0.0109 
mmol and 3.98 respectively. 

a The product ratio study was also performed in the 
presence of sodium azide. I n this case, the procedure 
described in the Appendix could not be used because 
of the interference due to the HN 3 -N 3 ~ equilibrium 
(pK& « 4 . 7 ) . I n the presence of azide, the base hy­
drolysis is assumed to proceed by Path lc in addition 
to Paths l a and l b , by analogy with the base hydroly­
ses of various pentaaminehalogenocobalt(III) com­
plexes.12-15) 

6 

7 

6 

5 

U 

3 

0 
i 

—I I_ 

0.25 
i 

1 

0.50 
i 

! 1 

075 
i 

» 

1.0 

/ -j 

t 

[(en) (en-H)Co(NH2CH2CH2OH)]2+ 
*N 3 -

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

(en)2Go 
/N, 

+ N3-, +H* 
"12 + 

Fig. 1. 

F0H/cm3 

Titration curve of products formed by the base 

\NH2GH2GH2OH 

3 

(lc) 

hydrolysis of 0.0304 mmol cw-[CoBr(etaH)(en)JBra at 
pH 10.0, followed by the addition of 0.038 mmol of 
HG1. 7=1.0 (KN03) , 25 °G. The abscissa V0n is 
the volume of 0.05 M NaOH added during the titra­
tion and a is the ratio: [Moles of NaOH consumed 
for the dissociation of the complex]/[Moles of total 
complex]. 

The results in Table 1 show that the product ratio 
[Species 1]/[Total amount of complex-hydrolyzed] 
is independent of the p H within the limit of experi­
mental error. This means that both Vn2o and v0 are 
independent of the p H . Table 1 shows also that 
Species 2, which contains an amino alcohol chelate 
ring, is the minor product of the base hydrolysis. The 
reaction paths by which Species 1 is converted into 
Species 2 will be described elsewhere. 

Buckingham et al.10~12) disclosed that the base hy­
drolyses of complexes of the «V-[CoBr(NO)(en)2]m + 

type ( N Ö = N H 2 C H 2 C O O - , N H 2 C H 2 C O O C 3 H 7 , 
N H 2 C H 2 C O N H 2 , etc. ; the underlining denotes the coor­
dinating atom) result in the formation of two types 

of products, [Co(OH)(NÖ)(en)2]™+ and [Co(NO)-
(en) 2 ] m + . The relative amounts of these two products 
were also reported ; the formation ratio of the chelated 

species is 3 5 — 4 5 % for various N O ligands.10-12) The 
similarity of the product ratios, including ours given 
in Table 1, indicates that the lifetime of the five-coor­
dinate intermediate is not long enough to be able to 
distinguish various entering moieties, - C H 2 C O O ~ , 
- C O N H 2 , - C H 2 O H , etc., with differing nucleophili-
çities. 

The formation of the azido complex was confirmed 
spectrophotometrically by the appearence of an intense 
absorption at 516 nm. Since the azido complex is 
formed from the bromo complex without consuming 
the base, the amount of base consumed during the 
base hydrolysis should correspond to the amount of 
Species 1 and 2 formed :8> 

___ Moles of base consumed _ [1] + [2] 
Moles of complex hydrolyzed [1] -f [2] -f [3] 

(2) 

According to the SN1 CB mechanism, the product 
ratio should be related to the relative magnitudes of 
the rates of Paths l a — l c : 

y0 + ^H2O 

Vo + V^o + Vm 

Equation 3 

1-

can be transformed to : 

-a um-

(3) 

(4) 
a »o + flHiO 

The plots of the left-hand side of Eq. 4 against the 
azide concentration are given in Fig. 2 for [CoBr-
(etaH)(en)2]2+ and [CoBr(NH2C2H5)(en)2]2+. They 
are almost straight lines, implying that v^3 is propor­
tional to [N3~] within the limits of experimental error. 
Such first-order dependence of product ratios has been 
reported and discussed for the base hydrolyses of several 
anionopentaaminecobalt(III) complexes.13»14) At the 
same azide concentration (1 M ) , the ratio of the amount 
of the azido complex in the products is 10% for [GoBr-
(NH3)5]2+,13>14) 2 0 % for [CoBr(NH 2 CH 2 COO)-
(en)2]+,12> 2 4 % for [CoBr(NH3)(en)2]2+,13> 3 0 % for 
[CoBr(etaH)(en)2]2+, and 4 0 % for [CoBr(NH2C2H5)-
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0.7 5 h 

0.50 \-

0.2 5 h 

[AM*,-*,) = [ C l i __ [ H + ] _ [CO]T _ JfovVo» 
tH+] + * i 

0.4 0.6 

[N3-]/M 

Fig. 2. The dependence of the product ratio of base 
hydrolysis on azide concentration, 7=1.0 (KN03), 
25 °C. 
[CoBr(NH2C2H5)(en)2p+: pH 9.0 (O), pH 9.3 (©), 
pH 9.6 ( • ) [CoBr(etaH)(en)2]2+: pH 9.3 (A), pH 
9.6 (A), pH 10.6 (A). 

(en)2]2 + . The rather large variation in these com­
petition ratios is in contrast with the similarity of 

the [Co(NO) (en) 2]/[Total amount of complex hydro-
lyzed] ratio. I t may at least partly be attr ibuted 
to the ion-pair effect between the cobalt ( I I I ) complex 
and azide ions; the [CoBr(NH 2 CH 2 GOO)(en) 2 ]+ ions 
show a smaller value than the NH 2 G 2 H 5 or the e t aH 
complex with a + 2 charge. The importance of the 
ion-pair effect in the product ratio has been pointed 
out by Buckingham et al.12>16) The smaller value for 
the e taH complex than that for the N H 2 C 2 H 5 complex 
may be partly due to the presence of Path l b in the 
hydrolysis of the former. 

Appendix 

The titration curves of mixtures of [Co(H20) (etaH) (en)2]
3+ 

(abbreviated as AH) and [Co(etaH)(en)2]3+ (BH) are an­
alyzed in the following manner in order to determine the 
ratio of the amounts of these species as well as their pK& 

values. The abbreviations given by Eqs. 5—8 are used: 

[A]T = [AH] + [A-] = [AH](l+K1/[H+]), (5) 

[B]T = [BH] + [B-] = [BH](1+/C2/[H+]), (6) 

where Kx and K2 are the acid-dissociation constants of AH 
and BH respectively; 

[Go]T = [A]T + [B]T, (7) 

[C1-] = (Moles of HCl added after base hydrolysis) /V, 
(S)«) 

where V is the volume of the solution under titration. When 
the balance of the positive and negative charges is taken 
into account, the following equation is obtained: 

[AH] + [BH] + [H+] = [C1-] - N°^on , (9) 

where Non is the concentration of sodium hydroxide used 
for the titration and V0n is the volume of the hydroxide 
solution added during the titration. The substitution of 
Eqs. 5—8 into Eq. 9 gives: 

IBU^-K,) = [ H + ] + [ C O ] T _ [ C 1 ] + JVOHFOH_ 

[H+]+* 2 

* i 

[H+] 
( [ G l - ] - ^ f ^ - [ H + ] ) , ( 1 0 ) 

+ 
K9 

[ H + ] - ( ^ - J ^ - ^ ) ' (») 
When K^Ki and [H+]€K2, Eq. 11 can be simplified as: 

Plotting the left-hand side of Eq. 12 against [H+]-1, one 
should obtain a straight line; from its slope and intercept, 
the values of Kt and [A]T can be calculated. The [B]T 

value can be obtained by the use of Eq. 7 if [A]T is known. 
The right-hand side of Eq. 10 can be calculated provided 

the A\ value is known. The condition /C2>7C1 being as­
sumed, the following equation is obtained: 

(The right-hand side of Eq. 10)-1 

[H+] 
= 1 + K„ 7 [B]T ' 

(13) 

The plot of the left-hand side of Eq. 13 against [H+] gives 
a straight line; from its slope and intercept, the values of 
K2 and [B]T can be calculated. 

We wish to acknowledge a Grant-in-Aid for Scientific 
Research No. 25419 from the Ministry of Education, 
Science and Culture. 
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The Polarized Spectra and Thermal Diffusivity of Brown Tourmaline 
as Studied by Photoacoustic Spectroscopy 
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The strong pleochroic band of brown tourmaline at around 24000 cm"1 in the E J_ c photoacoustic spectra was 
assigned to d-d(6A1->

4A1,
 4E) transition of Fe and to charge transfer of Ti, that in the E//c spectra being entirely 

assigned to charge transfer of Ti. The analysis of the photoacoustic signal intensity vs. chopping frequency gave 
the thermal diffusivity constant of tourmaline as a=0.15cm2 /s. 

Tourmaline is a complex solid-solution mineral rep­
resented by Na(Mg,Fe)3Al6(B03)3(Si601 8)(OH)4 . i '2) 
The color is usually black bu t varies a great deal 
with composition, being brown, blue, green, colorless 
(iron-free varieties) and pink (lithium-bearing varie­
ties). Some varieties with intermediate coloration of 
brown or bluish green show strong pleochroism. The 
origin of the colors and the pleochroism of silicate 
minerals including tourmaline have been extensively 
studied mainly by means of polarized absorption spec­
tra. M a n y of the bands or peaks observed are ex­
plained in terms of the d-d transitions and/or charge 
transfer electron hopping within transition metal ions 
contained.3> However, the strong pleochroic band of 
brown tourmaline observed around 22000—24000 c m - 1 , 
has not yet been clarified. Two contradicting ex­
planations have been given,4»5) ascribing the band to 
(a) the d-d transition of Fe and (b) the electron hopping 
(charge transfer) of T i 3 + -»Ti 4 + type. 

Polarized photoacoustic spectra of a brown tour­
maline we observed in both the in-phase and out-
of-phase modes will help clarify the nature of the 
relaxed thermal energy and make assignment of the 
band. T h e dependence of the photoacoustic intensity 
on the chopping frequency of the irradiating light 
gives information on the thermal diffusivity of the 
sample. 

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

Sample. A single crystal of brown tourmaline was 
used (locality unknown). IGP analysis gave the metal con­
tents of Mg:0 .64wt% Ti :0 .32% Mn:0.28%, Fe:5 .74% 
and Li:0.54%, showing that the sample has the intermediate 
composition of typical endmembers of dravite NaMg3Al6B3-
Si6027 (OH,F)4, schorl Na(Fe,Mn)3Al6B3Si6027(OH,F)4, and 
elbaite Na(Li,Al)3Al6B3Si6027(OH,F)4.1) 

The structure of dravite has been determined by Donnay 
and Buerger.6) Each magnesium ion is surrounded by four 
oxygen and two OH ions forming a fairly regular octahedron. 
Three of these octahedra are combined in an arrangement 
similar to the "trigonal brucite units", where each octahedron 
shares two of its octahedral edges with its neighbors in the 
001 plane. Aluminium ion is centered in distorted (0,OH) 
octahedra. Each shares two of its edges with another two 
Al-octahedra diagonally above and below the 001 plane, 
resulting in spiral chains of Al-octahedra parallel to the 
c-axis. The ratios Fe2+:Fe3+ and Ti3+:Ti4+ are not known. 
However, small amounts of Fe3+ and Ti4+ are considered 
to occupy the Al sites. 

Apparatus. The apparatus for measuring photoacous­
tic spectra consists of a 300 W xenon lamp, mechanical 
light chopper, spectrometer (25 cm, QT-25N, JASCO), 

photoacoustic cell with a microphone, lock-in amplifier (NF 
Circuit Design Block, LI-574) and a recorder. The block 
diagram and a brief account of the setup was reported.7'8) 
In order to normalize the power spectrum of the xenon 
lamp, a part of the incident light was reflected by a mirror 
and led to another photoacoustic cell with a carbon black 
reference, the output of which was also lock-in amplified 
and compared with the signal from the main cell at the 
dividing unit (Rika-Denki, XB-20). 

For the measurement of polarized spectra, the spectra 
of the tourmaline and the carbon black sample were recorded 
in separate runs, the comparison (division) of the results 
being manually conducted. This is because the intensity 
of the exciting light gets down to 1/4—1/5 of that just before 
the polarizer, resulting in an unstable work of the dividing 
unit. Separate measurement is also appropriate for avoid­
ing the polarizing characteristics of the reflecting mirror. 

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

Figure 1 shows the photoacoustic spectra of the 
tourmaline crystal for the case of Ej_c, i.e., when the 
electric vector is vibrating in the plane perpendicular 
to the c-axis, and for the case of E//c. The solid 
lines indicate the in-phase spectra and the dashed 
lines the out-of-phase spectra which show the 90° 
phase-delayed signal (slow heat) with respect to the 
in-phase signal. The in-phase spectral patterns are 
very similar to those of the optical absorption spectra 

jjj out-of-phase 
.E x 

J 1 1 L 

700 600 500 400 
Wavelength /nm 

Fig. 1. In-phase and out-of-phase photoacoustic spectra 
of brown tourmaline at 80 Hz for polarized irradia­
tion of E_[_c (A), and E//c (B). Unpolarized spectrum 
is also shown in (A). 
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of a Brazilian dravite4) or a Gouverneur dravite,5> 
suggesting that the origin of the color and the strong 
pleochroism is attributed to a similar mechanism in 
these tourmalines. The pleochroism is considered to 
arise from the band at 24000 c m - 1 , which is larger 
in the E ± c spectrum than in the E//c spectrum. The 
14500 c m - 1 band has little influence on the color 
of the crystal, since the spectrum is strongly dominated 
by the pleochroic band at 24000 c m - 1 . 

Wilkins et al.V assigned the 24000 c m - 1 band to 
the d-d transition of Fe 3 + (6A1->4A1, 4E) which might 
be present in the aluminium position of dravite from 
Brazil containing 1.38% total Fe. O n the other hand, 
Manning5) assigned the band to the charge transfer 
of ti tanium ions located at Mg and Al site in a dravite 
sample containing T i 1.15% and Fe 1.01% (the ratio 
T i 3 + :T i 4 + not known). According to his discussion 
lobes of t2g orbitals of a cation located in the trigonal 
units are directed towards neighboring cations in the 
same trigonal units and in the spiral chains, making 
t2g-t2g orbital overlap in the 001 plane. Thus the 
charge transfer is most likely to occur in the trigonal 
cation plane, as represented by the Ej_c spectra. A 
small fraction of the T i 3 + is located in the spiral chains 
which run parallel to the c-axis. Metal-metal orbital 
overlap also takes place. The transition t2g-eg would 
have appreciable intensity in E//c spectra. 

The key to the assignment of the 24000 c m - 1 band 
should be found in the out-of-phase spectra, where 
an appreciable band intensity is observed in the E ± c 
spectra and none in the E//c spectra. This shows 
that the band at 24000 c m - 1 in the in-phase E ± c 
spectra consists of thermally delayed signal (slow heat) 
with a certain contribution from fast heat component, 
while that in the in-phase E//c spectra entirely consists 
of the fast heat component. Assuming that the tran­
sition occurs only between the two energy levels con­
cerned, a rough estimation of the characteristic life­
time of the slow heat is made by means of the relation 

tan 6 = 2nvr, 

where 6 is the phase delay angle and v the chopping 
frequency. With the data of v = 8 0 Hz and 0=10 .0° , 
lifetime T is obtained as slow as 3 — 4 x l 0 ~ 4 s . This 
suggests that the transition responsible for the slow 
heat is due to the forbidden d-d type transition. The 
fast heat should be attributed to the allowed charge 
transfer type transition and order of magnitude greater 
than the d-d transition. Consequently the 24000 c m - 1 

band in the in-phase E ± c spectra should be assigned 
to the d-d (6Ai—4A l5

 4E) transition of Fe 3 + as proposed 
by Wilkins et al., as well as to the charge transfer of 
Ti 3 + ->Ti 4 + as proposed by Manning. The band in 
the in-phase E//c spectra should be assigned entirely 
to the charge transfer of Ti located in the spiral chains 
of Al-centered octahedra as explained by Manning. 
Although the ratio of the contributions from the d-d 
transition of Fe and the charge transfer of Ti is not 
known in the in-phase E ± c spectra, the latter con­
tribution should not be completely neglected, since 
the tourmaline sample contains 0 .32% Ti which ex­
ceeds the detectable amount for the charge transfer 
band as in the in-phase E//c spectra, 

Chopping frequency/Hz 

Fig. 2. A log-log plot of the photoacoustic intensity 
versus chopping frequency for brown tourmaline at 
588 nm. 

Thermal Diffusivity of Tourmaline. By photo­
acoustic study we can measure the thermal diffusivity 
of materials, since the intensity of photoacoustic signal 
depends on the thermal characteristics of the specimen 
as well as on the extent of the optical absorption. 
Adams and Kirkbright9) estimated the thermal dif­
fusivity of macromolecular film by measurement of 
phase delay as a function of the chopping frequency. 
An alternative way of measuring the thermal dif­
fusivity of materials is presented here by way of the 
analysis of the photoacoustic signal intensity as a 
function of the chopping frequency. 

Rosencwaig and Gersho10) solved a heat flow equa­
tion for the treatment of the photoacoustic effect, 
and showed six cases depending on the relative mag­
nitude of the optical absorption length pß and the 
thermal diffusion length juB with respect to the thickness 
/ of the material . The juß is defined as an inverse 
of the optical absorption coefficient ß, fiB being defined 
by jus=V2oc/co, where a is thermal diffusivity of the 
material . The photoacoustic signal would show a>-1 

dependence for the case ps>l corresponding to the 
cases l a and l b , and a>~3/2 dependence for the case 
P&<1 corresponding to the case lc.10 'n> 

The experiment on the tourmaline sample with 
thickness of /=0 .044 cm belongs to the pß>l case 
(case 1), since the juß value is obtained as 0.08 cm at 
the wavelength 588 nm. 

Figure 2 shows the plots of the photoacoustic intensity 
of the toumaline sample as a function of the chopping 
frequency. With the increase of co it moves at around 
(OI2TZ=25 H Z from a region where the dependence is 
primarily a>-1 to another region where it is a>-3/2. 
T h e moving point corresponds to the state of jua=l, 
giving the thermal diffusivity a as 

A = / = 0.044 = V = | = 

a « 0.15 cm2 s_1. 

A similar procedure was applied to a synthetic 
ruby sample with /=0 .025 cm, giving the value of 
a = 0 . 1 2 cm2 s - 1 , very close to that of tourmaline, 
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Absorption, Circular Dichroism, and Nuclear Magnetic Resonance Studies 
of Bis(acetylacetonato)cobalt(III) Complexes Containing 2-Aminoalkyl-

phosphine Chelates with Phosphorus and Nitrogen Donor Atoms 
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Bis (acetylacetonato) cobalt (III) complexes containing a variety of 2-aminoalkylphosphines, NH2CHaCH2P-
(G6H5)2, (CH3)2NCHaCHaP(C6H5)a, (S)-NH2CH(CH3)CH2P(C6H5)2, ™>NH2CH2CH2P(CH3) (G6H5), (R)-
NH2GH2GH2P(G4H9)(G6H5), and NH2GHaGHaP(GH3)a, and a diphosphine, (G6H5)2PCH2CH2P(G6H5)2 were 
prepared and resolved (or separated) into optical isomers by SP-Sephadex column chromatography. Absorp­
tion, circular dichroism, and XH and 13C NMR spectra of the new complexes were measured and the results com­
pared with those of the related complexes. Positions of the 2-aminoalkylphosphine and the related ligands in 
the spectrochemical series were as follows; GN->NH2GHaGH2P(GH3)2>(G6H5)2PGH2GH2P(G6H5)2>NH2GH2-
GH2P(GH3)(C6H5) ^NH2CH2CH2P(C4H9) (G6H5) > NH2GH(GH3)GH2P(G6H5)2 ^ NH2GH2GH2P(G6H5)2 ^ NH2-
GH2CHaNH2>(CH3)aNCH2GH2P(G6H5)2. For the 13G NMR spectra, all the signals including those due to 
two diastereotopic phenyl groups on a phosphorus atom were assigned, and the chemical shifts and the coupling 
constants were determined. The methyl and carbonyl carbons which are trans to a phosphorus atom give a dou­
blet signal due to four-bond (iJ(G,'P) = 6—7 Hz) and three-bond (3,/(C,P)=2—3 Hz) couplings, respectively, 
through a cobalt(III) ion. 

A 2-aminoalkylphosphine can act as a bidentate 
ligand with phosphorus and nitrogen donor atoms, 
forming a five-membered chelate ring. Issleib and 
his coworkers prepared 2-aminoethyldiphenylphos-
phine1) and its derivatives including those with a 
chiral phosphorus atom.2) However, little metal com­
plexes with such ligands have been prepared3) and no 
cobalt(III) complex seems to be reported. A cobalt-
(III) ion which belongs to a hard acid would prefer 
a hard base such as a nitrogen or oxygen donor a tom 
rather than a phosphorus donor a tom which belongs 
to a soft base,4) and a few cobalt (I I I ) -phosphine com­
plexes have been known.5) Since 2-aminoalkylphos­
phines have an amino group which can strongly coor­
dinate to a cobalt(III) ion, they might form stable 
chelate complexes facilitating the bond-formation be­
tween cobalt(III) and phosphorus. In this paper, 
we have prepared bis(acetylacetonato)cobalt(III) com­
plexes of various 2-aminoalkylphosphines, resolved or 
separated them into optically active forms, and char­
acterized the complexes by absorption, circular di­
chroism (CD), and 1 H and 13G N M R spectroscopy. 
The results would be useful for studying detailed 
stereochemistry of other chiral metal phosphine com­
plexes which recently attract much attention as com­
plex catalysts in asymmetric hydrogénation of some 
organic compounds.6) 

Exper imenta l 

Free aminophosphines were handled under nitrogen at­
mosphere until they formed air-stable cobalt(III) complexes. 
Solvents were dried in the usual way and degassed by dis­
tillation in a stream of pure nitrogen. Absorption, CD, 
and XH and 13G NMR spectra were recorded on a Hitachi 
323 spectrophotometer, a JASGO J-40 spectropolarimeter, 
and JEOL JNM-PMX 60 and JNM-FX 100 spectrometers, 
respectively. Low-temperature absorption and CD meas-

t Present address: Department of Chemistry, Faculty 
of Science, Osaka City University, Sumiyoshi-ku, Osaka 558, 

urements were made using a Union Giken SM 404 spectro­
photometer and a JASGO J-40 spectropolarimeter, respec­
tively, equipped with a Oxford Cryostat GF 204 and a 
DTC-2-GLOl controller. 

Preparation of Aminophosphines. 2-Aminoethyldiphenyl-
phosphine : The method of Issleib and Haferburg1) was mod­
ified. Small pieces of lithium metal (1.7 g, 240 mmol) 
were added to a refluxing tetrahydrofuran (THF) solution 
(300 cm3) of triphenylphosphine (32.5 g, 120 mmol). The 
mixture was refluxed for 6 h with stirring to give a deep 
red solution. MJutyl chloride (11.5 g, 114 mmol) was added 
dropwise to the solution with stirring under cooling in an 
ice-salt bath. After 1 h, aziridine (7.0 g, 160 mmol) was 
added dropwise to the solution at 60 °G, which was then 
refluxed for 8 h and filtered. To the filtrate was added 
water (5 cm3) dropwise and then anhydrous magnesium 
sulfate (ca. 10 g) to remove excess water. The mixture 
was stirred for 5 h and permitted to stand for a while. The 
desicant was filtered and the residue was washed with diethyl 
ether. The filtrate and washings were combined and the 
solvents were evaporated under reduced pressure. The res­
idue was distilled to give viscous liquid at ca. 150 °G and 
ca. 60 Pa. Yield: 6.5 g (60%). 

(S)-2-Aminopropyldiphenylphosphine: Hydrogen chloride gas 
was bubbled into a chloroform solution (50 cm3) of (S)-
2-amino-l-propanol7) (5 g, 65 mmol), yielding a red oily 
product. SOCl2 (7 cm3, 100 mmol) was added to the solu­
tion dropwise with stirring. The resulting solution was 
gradually warmed, refluxed for 4 h, and allowed to stand 
overnight at room temperature. Needle crystals of (S)-
l-chloro-2-aminopropane hydrochloride (3.3 g) thus formed 
were filtered. They were then added to sodium diphenyl-
phosphide which was prepared from 1.8 g of sodium metal 
and 5.6 g of chlorodiphenylphosphine in liquid ammonia 
(70 cm3). The solution was stirred for 3 h and mixed with 
THF (100 cm3). Liquid ammonia was evaporated at room 
temperature, and the solution was filtered. The filtrate 
was concentrated under reduced pressure and an oily product 
remained was distilled to give colorless liquid at ca. 130 °G 
and ca. 10 Pa. Yield: 1.5 g. 

2-Aminoethylmethylphenylphosphine: This was prepared from 
lithium methylphenylphosphide8) and aziridine by a method 
similar to that for 2-aminoethyldiphenylphosphine. The 
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TABLE 1. ANALYTICAL DATA OF THE NEW COMPLEXES 

Complex 

[Co(acac)2{NHaCH2CH2P(C6H5)2}]PF6 

[Co (acac) 2{ (CH3) 2NCH2CH2P (C6H5) 2>] PF6 

[Co(acac)2{NH2CH(CH3)CH2P(C6H5)2}]PF6-H20(F-I) 
[Co(acac)2{NH2CH(CH3)CH2P(C6H5)2}]PF6-H20(F-II) 
[Co(acac)2{NH2CH2CH2P(CH3)(C6H5)}]B(C6H5)4(F-I) 
[Co(acac)2{NH2CH2CH2P(CH3)(C6H5)}]B(C6H5)4(F-II) 
[Co(acac)2{NH2CH2CH2P(CH3) (C6H5)}]PF6 • 1/2H20(F-II) 
[Co(acac)2{NH2CH2CH2P(C4H9)(C6H5)}]B(C6H5)4(F-I) 
[Co(acac)2{NH2CH2CH2P(C4H9)(C6H5)}]B(C6H5)4(F-II) 
[Co(acac)2{NH2CH2CH2P(CH3)2}]Br • H 2 0 
[Co(acac)2{(C6H5)2PCH2CH2P(C6H5)2}]PF6 

1 
2 
3a 
3b 
4a 
4b 
4c 
5a 
5b 
6 
7 

G% 
Found (Galcd) 

45.50(45.65) 

47.35(47.36) 
45.32(45.25) 
45.11(45.25) 
69.05(69.46) 
69.99(69.46) 
39.99(39.73) 
70.28(70.32) 
70.27(70.32) 
36.27(36.54) 
54.10(54.01) 

H % 
Found (Galcd) 

4.84(4.79) 
5.04(5.20) 
5.02(5.17) 
5.31(5.17) 
6.37(6.51) 
6.56(6.51) 
4.88(4.38) 
7.10(6.93) 
7.20(6.93) 
6.06(6.13) 
4.91(4.78) 

N % 
Found (Galcd) 

2.17(2.22) 
2.20(2.12) 
2.25(2.11) 
2.25(2.11) 
1.67(1.88) 
2.33(1.88) 
2.40(2.40) 
2.06(1.78) 
2.10(1.78) 
3.04(3.04) 

acac = C5H702 

optical resolution was unsuccessful with ( + )589-di-//-chlo-
ro-bis[(S)-JV, JV"-dimethyl-a-methylbenzylamine - 2C,iV]dipalla-
dium(II).9) Yield: 25%. 

Other 2-aminoalkylphosphines: (i?)-2-Aminoethylbutylphenyl-
phosphine,10) 2- (dimethylamino) ethyldiphenylphosphine,u> 
and 2-aminoethyldimethylphosphine12> were prepared 
according to the methods reported. 

Preparation of \Co(acac)2(L)~\+ Complexes. L=achiral 
phosphines; NH2CH2CH2P(C6H5)2, (CHJ2NCH2CH2P(C(iHJ2, 
and NH2CH2CH2P(CH3)2: A methanol solution containing 
[Go (acac) 3] and an achiral phosphine (1:1) was stirred 
with active charcoal overnight at room temperature. The 
resulting dark red solution was filtered, adjusted the pH 
to ca. 7 with hydrochloric acid, and diluted ten times with 
water. This was passed through a column (03x120 cm) 
of an SP-Sephadex G-25 ion exchanger. The product ad­
sorbed was eluted with a 0.02 mol/dm3 aqueous solution 
of Na2S04 . A main red violet eluate was saturated with 
NaCl and the complex was extracted with chloroform except 
for the case of 2-aminoethyldimethylphosphine complex. 
The chloroform was removed under reduced pressure and 
the residue was dissolved in water. The complex was pre­
cipitated by the addition of excess NaPF6. The 2-amino­
ethyldimethylphosphine complex was isolated as tetraphenyl-
borate by the addition of NaB(G6H5)4 to the main red violet 
eluate which had been concentrated under reduced pres­
sure. The tetraphenylborate was converted to bromide 
with a Dowex 1 x 8 ion exchanger in methanol. 

L=chiral phosphines; (S)-NH2CH(CHJCH2P(C^Hb)2, rac-
NH2CH2CH2P(CHJ (C6H5), and (K) -NH2CH2CH2P(C4H9) -
(C$H5) : The complexes were prepared by a method similar 
to that for 1). By elution with a 0.02 mol/dm3 aqueous 
sodium (-j-)589-tartratoantimonate(III) solution, two red 
violet bands, F-I and F-II were obtained, F-I being eluted 
faster than F-II. From the eluates, a pair of diastereomers, 
A(S) (F-I) and A(S) (F-II) for the optically active amino-
phosphines,13) and A(R)-A(S) (F-I) and A(S)-A(R) (F-II) 
for the racemic aminophosphine, were isolated as hexafluoro-
phosphate or tetraphenylborate by a method similar to that 
described for 1) (Table 1). A and A represent the absolute 
configuration of a cobalt (III) ion, and R and S that of a 
phosphorus and carbon atom. 

Bis(acetylacetonato) [7,2-bis(diphenylphosphino) ethane] cobalt(III) 
hexaßuorophosphate: This was prepared from [Go (acac) 3] 
and l,2-bis(diphenylphosphino)ethane (Strem. Ghem. Inc.) 
by a method similar to that for the aminophosphine com­
plexes. 

Optical Resolution: Resolutions of the NHgGH2GH3P-

Fig. 1. 
4 c ( -
( 

40 j7/io3cnrfl 

Absorption spectra of complexes, 1( ), 
)9 6( ), and [Go(acac)2(en)]G104 

• •) in ethanol. 

(G6H5)2 and (G6H5)2PGH2GH2P(C6H5)2 complexes were 
attempted by SP-Sephadex column chromatography using 
a 0.02 mol/dm3 aqueous sodium (+)589-tartratoantimonate-
(III) solution as an eluent. However, the bands of enan-
tiomers were separated incompletely, so that the chromatog­
raphy was repeated until no further increase in As/s values 
for the first and the last fractions was observed. From the 
eluates, the optical isomers were isolated by a method similar 
to that for the racemates. Resolutions of the methylphenyl-
and dimethyl-phosphine complexes were poor in similar 
SP-Sephadex column chromatography. 

Analytical data of the new complexes are given in Table 1. 

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

Absorption Spectra. Reports have been given on 
the spectrochemical series of various unidentate14»15) 
and bidentate16) phosphine ligands, although there 
are some discordances among the reports. The 
bis(acetylacetonato)aminophosphine-cobalt(III) com­
plexes prepared in this study show the first absorption 
bands around 20000 c m - 1 with fairly strong intensity. 
Figure 1 shows absorption spectra of the NH 2 CH 2 -
GH 2 P(CH 3 ) n (C 6 H 5 ) 2 _ w (n=0,1,2) complexes along 
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TABLE 2. ABSORPTION (AB) AND CD SPECTRAL DATA 

IN THE REGION OF THE FIRST ABSORPTION BAND 

Complex vAB/103 cm-1 (log e) J>CD/103 cm-^Ae) 

2 

3a 

3b 

4a 

4b, 4c 

5a 

5b 

6 

7 

8a) 

9b> 

18.83(2.67) 

18.05(2.56) 

18.92(2.62) 

18.97(2.61) 

19.65(2.40) 

19.51(2.62) 

19.51(2.51) 

19.49(2.63) 

20.35(2.43) 

20.16(2.99) 

18.58(2.20) 

19.0 (1.97) 
ca. 23.3 (2.45) 

16.56( —1.83) 
18.18(4-1.74) 
20 .24( -7 .05) 

16.64(4-2.26) 
18.35(-2 .14) 
20.37(4-6.97) 

16 .75(-2 .46) 
18.25(4-1.31) 
20 .28( -8 .54) 

16.65(4-3.25) 
18.59(-3 .68) 
20.66(4-5.17) 

16.58(—1.82) 
18.43(4-2.99) 
20 .58( -8 .00) 

16.26(—1.22) 
18.38(4-8.76) 
20 .70( -16 .8) 

16.67(—1.11) 
19.70(-4 .46) 

a) 8: [Co(acac)2(NHaCH2CH2NH2)]C104, R. D. Archer 
and B. P. Cotsoradis, Inorg. Chem., 4, 1584 (1965). b) 
9: K[Co(CN)2(acac)2].

18> 

with that of the corresponding ethylenediamine com­
plex for comparison. Spectral data of all the amino-
phosphine and the related complexes are summarized 
in Table 2. When a phenyl group on a phosphorus 
atom is replaced by a methyl group, the absorption 
peaks shift to higher energy. T h e spectrochemical 
series of the ligands is determined as C N ~ > N H 2 C H 2 -
CH 2 P(CH 3 ) 2 > (G 6 H 5 ) 2 PCH 2 CH 2 P(C 6 H 5 ) 2 > NH 2 CH 2 -
CH2P(GH3)(G6H5) £ NH 2 CH 2 CH 2 P(C 4 H 9 ) (C 6 H 5 ) > 
NH 2 GH(GH 3 )CH 2 P(C 6 H 5 ) 2 £ N H 2 C H 2 C H 2 P ( C 6 H 5 ) 2 ^ 
NH 2 GH 2 CH 2 NH 2 > (CH 3 ) 2 NCH 2 CH 2 P(G 6 H 5 ) 2 , and 
that of the donor groups as CN~ > - P ( G H 3 ) 2 > 
- P ( C H 3 ) ( C 6 H 5 ) ^ - P ( C 4 H 9 ) ( C 6 H 5 ) > - P ( C 6 H 5 ) 2 ^ - N H 2 

> - N ( C H 3 ) 2 . Since a phosphorus donor group occupies 
a fairly higher position than an acetylacetonate ion 
in the spectrochemical series, it is expected that the 
first absorption band of a bis (acetylacetonato) phos-
phine-cobal t (III) complex splits into two com­
ponents1^ as observed for analogous complexes, m- [Co-
(GN)2(acac)2]- (19000 and ca. 23300 cm"1)18) and 
m-[Go(GN) 2 (G 2 0 4 ) 2 ] 3 - (18000 and 23400 cm-1).19) 
The l,2-bis(diphenylphosphino)ethane complex (7) 

1000 
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-
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Fig. 2. Absorption spectra of complexes, 7(a) and 
1(b) at 304 K ( ), 223 K( ), and 173 K 
( ) in ethanol. 

gives only a single broad band at 20160 c m - 1 at 
304 K. However, the band clearly exhibits two 
components at ca. 19400 and 20600 c m - 1 at 173 K 
(Fig. 2). The 2-aminoethyldiphenylphosphine com­
plex (1) shows no indication of such a splitting even 
at 173 K. 

The intensities of the first absorption bands increase 
with an increase in the number of phenyl groups 
on a phosphorus atom. Two diastereomers 4a and 
4b show fairly different intensities from each other 
(£(4b)/£(4a) = 1.7). However, the average intensity 
(2.51) of these isomers is nearly the same as that (2.55) 
of the diphenylphosphine (1) and the dimethylphos-
phine (6) complexes. The difference in intensity be­
tween diastereomers 4a and 4b might be related 
with the relative location of a phenyl group to an 
acetylacetonate ring, since the intensities of 4a and 
4b are similar to those of the dimethylphosphine 
(6) and the diphenylphosphine (1) complexes, respec­
tively. Complexes 4a and 6, and 4b and 1 have 
a methyl and a phenyl group, respectively, over one 
acetylacetonate ring (vide post, Fig. 7). A similar 
difference in intensity is seen between diastereomers 
of the butylphenylphosphine complex, 5a and 5b . 

The second absorption bands of the present com­
plexes are hidden by intense absorptions due to charge 
transfer transitions between the ligands and the cobalt-
( I I I ) ion or internal transitions of the ligands. The 
absorptions around 30500 and 33000 c m - 1 could be 
assigned to those due to the acetylacetonate and phen-
ylphosphine moieties, respectively. 

Circular Dichroism Spectra. Absorption and CD 
spectra of complexes 1, 7, and [Co(acac)2-
(NH 2 CH 2 CH 2 NH 2 ) ] + (8) are shown in Fig. 3, and 
the spectral data in Table 2 with those of the related 
complexes. In the region of the first absorption band, 
the CD intensities increase remarkably with an in­
crease in absorption intensity. T h e phosphine com­
plexes 1 and 7 show three C D bands with minus, 
plus, and minus signs from the low energy side, while 
the ethylenediamine complex (8) two negative CD 
bands. However, the CD spectrum of complex 8 
shows remarkable temperature dependence in the re­
gion of the first absorption band and exhibits three. 
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CD bands at 168 K (Fig. 4), the spectral pat tern 
being very similar to those of complexes 1 and 7. 
The phosphine complexes also show temperature de­
pendence in the CD, but the spectral patterns remain 
unchanged (Fig. 4). The enantiomer of the ethyl-
enediamine complex with the negative main CD band 
has been assigned to A configuration.20) Thus both 
phosphine complexes in Fig. 3 can be assigned to 
the same A configuration. These enantiomers are 
those moving more slowly on columns of SP-Sephadex 

40 Î7/|03 cm 

Fig. 3. Absorption and CD spectra of complexes, 1 
( ), 7( ), and zJ-[Co(acac)2(en)]+ 20) 

( ) in ethanol. 

(Experimental). 
A pair of diastereomers, A(S) and A(S) of the 

(S)-NH 2CH(CH3)CH 2P(C6H 5) 2 complex show CD 
spectra nearly enantiomeric to each other as observed 
for the corresponding diastereomers of the (S)-
NH 2 CH 2 CH 2 P(C 4 H 9 ) (C 6 H 5 ) complex21) (Fig. 5). The 
results indicate that the vicinal effects of the chiral 
ligands to CD are small compared with the configu­
rational effect in these complexes. The vicinal and 
configurational effect curves were calculated in the 
usual way21) (Fig. 6). The configurational effect CD 
curves of the (£>NH 2 CH(CH 3 )CH 2 P(C 6 H 5 ) 2 and (£)-
NH 2 CH 2 CH 2 P(C 4 H 9 ) (C 6 H 5 ) complexes are nearly the 
same as the CD spectrum of the NH2CH2CH2P(C6H5)2 
complex, al though the curve of the (£)-NH 2 CH 2 CH 2 P-
(C4H9)(C6H5) complex in the ultraviolet region de­
viates a little from the other curves probably because 
of the substituent variation on the donating phosphorus 
atom. Thus the additivity rule22) for the configu­
rational and vicinal effects can be applied to the CD 
spectra of cobal t (III) phosphine complexes. The vici­
nal effect CD curve of the (S)-NH 2 CH(CH 3 )CH 2 P-
(C6H5)2 chelate ligand should be caused by the chiral 
conformation and the chiral carbon atom. In general, 
the effect of a chiral conformation is much stronger 
than that of a non-ligating chiral atom,23) and the 
effect of a d-gauche chelate ring gives negative CD 
in the region of the first absorption band.24) The 
vicinal effect CD curve of the (S)-NH 2 CH(CH 3 )CH 2 P-
(C6H5)2 ligand shows a negative main CD band in 
this region, indicating the d-gauche conformation. 
When the ligand is in the (5-gauche form, the methyl 
group is disposed equatorially. The vicinal effect CD 
curve of the (£)-NH 2 CH 2 CH 2 P(C 4 H 9 ) (C 6 H 5 ) ligand 
shows two CD bands with different signs in the region 
of the first absorption band, the higher energy negative 
band being stronger than the lower energy positive 
one (Fig. 6). The chelate conformation of this ligand 
might not be fixed in a particular chirality, ô or A, 

26 16 
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Fig. 4. CD spectra of complexes, zl-[Go(acac)2(en)]G104(a), 1(b), and 7(c) at 298 K(-
223 K( ), and 168 K( ) in ethanol. 
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Fig. 5. CD spectra of complexes, 3a( ) and 3b 
( ) in ethanol. 

40 
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Fig. 6. (a) Calculated configurational CD curves of 
bis(acetylacetonato)cobalt(III) complexes of (S)-
NH2CH(CH3)CH2P(C6H5)2 ( ) and (R)-
NH2CH2CH2P(C4H9)(C6H5) ( ) and the CD 
spectrum of J-[Co(acac)2{NH2CH2CH2P(C6H5)2}]+ 
( ). (b) Calculated vicinal CD curves of bis-
(acetylacetonato) cobalt (III) complexes of (S)-
NH2CH(CH3)CH2P(C6H5)2 ( ) and (Ä)-
NH2CH2CH2P(C4H9)(C6H5) ( ). 

since X-ray analysis on trans-[GoC\2{(S)-N'H.2CH.2CH2P-
(C4H9)(C6H5)}2]C104 reveals that one chelate ring 
forms a d-gauche conformation and the other A-gauche 
one.25) Hence, the vicinal effect of the (£)-
NH 2 CH 2 CH 2 P(G 4 H 9 ) (C 6 H 5 ) ligand should arise pri­
marily from the chiral phosphorus atom. The vicinal 
effect of such a chiral phosphorus donor atom seems 
to be as strong as that of a chiral nitrogen donor 
atom.26) The relation between the CD sign and the 
absolute configuration remains unknown. 

XH NMR Spectra. 1H N M R spectral data of the 
acetylacetonate group and the methyl group of phos-
phines in the aminophosphine and the related com­
plexes are given in Table 3. The methine and methyl 
groups of acetylacetonate ligands give two or one, 
and four or two peaks, respectively, depending on 
the symmetry of the complexes. The methine signals 

TABLE 3. 

Complex 

1 

2 

3a 

3b 

4a 

4b 

5a 

5b 

6 

7 

8b> 

9C) 

XHNMR 
] 

SPECTRAL DATA 

LIGANDSa> 

(5(CH)/ppm 

4.93 

4.97 

4.94 

4.81 

4.78 

4.87 

4.93 

5.57 

5.69 

5.55 

5.56 

5.44 
5.50 

5.58 

5.47 
5.52 

5.57 

5.34 
5.51 

5.64 

5.55 

FOR T H E ACAC 

(5(CH3)/ppm 

1.61 
1.96 

1.62 
1.91 

1.51 
1.96 

1.74 
1.87 

1.82 
2.04 

1.54 
2.10 

1.55 
2.29 

1.46 
2.01 

1.95d) 
2.32 

1.64 

2.13 

1.94 

1.78 
2.29 

1.77 
2.33 

1.80 
2.28 

1.77 
2.28 

1.97 
2.31 

1.86 
2.31 

2.05d> 

1.91 
2.29 

2.00 

1.88 

2.14 

2.21 

a) Solvent: CDC13, internal reference: Si(CH3)4. b) 
8: [Co(acac)2(NH2CH2CH2NH2)]C104 in CD3OD, R . J . 
York, W. D. Bonds Jr., B. P. Cotsoradis, and R. D. 
Archer, Inorg. Chem., 8, 789 (1969). c) 9: K[Co(acac)2-
(CN)2] in CD3OD.18> d) Peak intensity is twice those 
of others by accidental degeneracy. 

n 9 
Cr 

)—R - f > 2 H 2 C->-
H3C;C-9"f - v H H2y--- -";9-Ç-CH3 

Vs. is X • ' / \ » - . - ' / 

H3C \o ^ H 3 H 3 C ^ ' \o *3 

CH3 CH3 

A-S A-S 

Fig. 7. Schematic structures of a pair of diastereomers 
of [Co(acac)2{(S)-NH2CH2CH2P(R) (C6H5)}]+. 

resonate in two fairly different regions, 4.78—4.99 
and 5.34—5.69 ppm. In a pair of diastereomers of 
the (^) -NH 2 CH 2 CH 2 P(C 4 H 9 ) (C 6 H 6 ) complex, (5a, F-
I, A(S)) isomer gives two methine signals in the low 
field region, whereas (5b, F-I I , A(S)) isomer one 
methine signal in the low field and the other in the 
high field region. The phenyl group on the phos­
phorus atom in the A(S) isomer is disposed over one 
acetylacetonate ring and its methine proton is shielded 
by this phenyl ring to cause the high field shift. 21> 
O n the other hand, the phenyl group of the A(S) 
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TABLE 4. 13G NMR SPECTRAL DATA FOR THE PHOSPHINE LIGANDS IN (5/ppma) 
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Complex 

1 

2 

4ab> 

4c 

6 

7 

Free ligandc> 
I 
II 
III 

P-CH3 

7.6 

5.7 

7.1 
8.2 

10.7 

P-CH 2 -

27.7 

24.5 

29.5 

28.4 

30.7 

23.5 

32.5 
34.5 
23.8 

N-CH 3 

48.8 
49.4 

N-CH 2 -

42.0 

62.5 

41.5 

42.1 

41.6 

39.0 
38.2 

P-Gx 

123.5 
127.0 

123.9 
127.0 

126.3 

127.6 

122.8 
127.0 

138.4 
139.3 
138.2 

o-G 

131.8 
133.5 

131.8 
133.4 

132.3 

131.2 

131.9 
133.8 

132.7 
130.5 
132.8 

m-C 

128.8 
128.9 

129.1 
129.2 

129.0 

129.2 

128.5 
128.8 

128.5 
127.5 
128.5 

p-C 

131.5 
132.2 

131.7 
132.1 

131.1 

132.0 

131.2 
132.2 

128.7 
127.6 
128.7 

a) Solvent: GDG13, internal reference: Si(GH3)4. b) The tetraphenylborate was converted to bromide by an ion 
exchanger, c) I = NH2CH2CH2P(C6H5)2, II = NH2GH2GH2P(GH3)(G6H5), III = (G6H5)2PGH2GH2P(G6H5)2. 

TABLE 5. 3ip_i3Q COUPLING CONSTANTS FOR THE PHOSPHINE LIGANDS IN nJ/Hz 

Complex P-CH3 P-CH 2 - N-CH2 P-C, o-G m-C p-C 

1 

2 

4aa> 

4c 

6 

25.6 

29.3 

29.3 
26.9 

27.3 

26.9 

28.1 

28.1 

26.9 

2.5 

48.3 
47.0 

50.0 
47.7 

50.0 

47.6 

9.0 
7.3 

8.6 
6.1 

7.3 

8.5 

10.3 
11.0 

9.8 
11.5 

10.9 

11.0 

4.5 
2.3 

3.7 
2.5 

< 3 

3.7 

7b) 

Free ligandc) 
I 
II 
III 

13.4 

42.0 

12.2 
12.2 
0 

20.8 
17.1 

43.5 
45.5 

12.2 
13.5 
13.6 

8.0 
7.3 

18.3 
18.3 
18.5 

10.3 
8.8 

7.3 
6.1 
7.8 

a) The tetraphenylborate was converted to bromide by an ion exchanger, b) All signals are a triplet, the values 
being \JAX + JB*\ of an ABX pattern (X = 13G). c) I, II, and I I I ; see Table 4. 

isomer is disposed far from two acetylacetonate rings 
to give their methine signals at similar frequencies 
in the low field region (Fig. 7). A pair of diastereo-
mers, (4a, F-I) and (4b, F-II) of the N H 2 C H 2 C H 2 P -
(CH 3 ) (C 6H 5 ) complex give very similar spectra to 
those of complexes 5a and 5b, respectively, and 
can be assigned to the A(S)-A(R) and A(S)-A(R) 
racemic pairs, respectively. From the strength of such 
well separated methine signals, the formation ratio 
of F-II /F-I for the (^) -NH 2 CH 2 CH 2 P(C 4 H 9 ) (C 6 H 5 ) 
complex was determined to be ca. 2.7. The same 
shielding effect of a phenyl group to methine protons 
of the acetylacetonate ligands is observed for all the 
other phenylphosphine complexes. The diphosphine 
complex 7 gives a sharp singlet in the high field 

region by this effect. No assignment for the methyl 
group was made because of complexity. 

13C NMR Spectra. 13G N M R spectral data of the 
phosphine complexes and the free ligands measured 
in this study were summarized in Tables 4, 5, and 6. 
T h e assignments were made on the basis of the chemical 
shifts, the magnitudes of coupling constants, the in­
tensities, and the off-resonance spectra. A representa­
tive spectrum (complex 4c) is shown in Fig. 8. 

Spectral Assignments for Diastereotopic Phenyl Carbons: 
The diphenylphosphine complexes, 1, 2, and 7 give 
complicated spectra in the phenyl region (Fig. 9), 
since the two phenyl groups in each complex are 
diastereotopic to each other. Such complicated spec­
tra were successfully assigned by comparing with spec-
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-C6H5 
CH(acac) 

CO(acac) 

*w*/it*wty^ Ih^W^W 

CDCI3 

N-CH2- -CH3(QCQC) 
P-CH2-

P-CH3 

TMS 

200 150 50 100 

(5/ppm 

Fig. 8. The 13G NMR spectrum of complex 4c. 

TABLE 6. 13G NMR SPECTRAL DATA FOR THE ACAC 

LIGANDS IN (5/ppm ( V ( G
5

P ) / H z ) a ) 

Complex GH3 GH GO 

4a 

4c 

26.1 
26.2 
26.4 
27.5(7.3) 

26.0 
26.2 
26.5 
27.6(7.3) 

26.6 
26.8 
27.1 
27.8(6.1) 

26.2 
26.6 
27.3 
27.9(6.1) 

26.5 
26.8 
27.5 
28.1(6.1) 

26.3 
27.4 

98.2 

98.5 
98.8 

98.6 

98.1 
98.9 

98.8 

98.2 

187.7 
188.8 
189.5 
191.3(2.3) 

187.7 
189.0 
189.9 
191.4(2.5) 

188.8 
189.2 
190.9 
191.0(3.7) 

188.5 
188.6 
189.7 
191.5(3.8) 

188.3 
189.1 
190.9 
191.6(3.7) 

186.8 
189.5 

[Go (acac) 3] 27.5 97.6 189.2 

a) Solvent: CDC13, internal reference: Si(GH3)4. 

tra of the methylphenylphosphine complexes, 4a and 
4c. These complexes are a pair of diastereomers 
formed with the ligand having a single phenyl group 
and thereby give a simple spectrum in the phenyl 
region (Fig. 10). The spectrum of 4c isomer in 
Fig. 10 consists of four kinds of doublets. The carbon 
bonded to the phosphorus atom ( P - C ^ and the p-
carbon were assigned on the bases of the off-resonance 
and the intensities. T h e 0- and m-carbons can be 
assigned from their chemical shifts. I t is known that 
the chemical shift of m-carbon of a monosubstituted 
benzene remains almost unchanged from that of ben­
zene, 128.7 ppm.27> Thus the doublet at 129.2 p p m 
is assigned to the m-carbon and the remaining doublet 
at 131.2 ppm to the o-carbon. Table 5 gives the 
coupling constants, n y(C ,P ) observed from the spectra. 

6 / p p m 

Fig. 9. 13G NMR spectra of complexes, 1(a) and 7(b) 
in the phenyl region. 

The spectrum in the phenyl region of another isomer, 
4a was similarly assigned, al though the doublet of 
the />-carbon is overlapped by one of the doublet 
signals of the o-carbon. With the aid of the chemical 
shifts and the coupling constants for these isomers, 
the complicated phenyl signals of the diphenylphos-
phine complexes, 1, 2, and 7 were assigned (Fig. 9 
and Tables 4 and 5). 

Carbon-Phosphorus Couplings through a Cobalt (HI) Ion: 
Four methyl and four carbonyl carbons of two acetyl-
acetonate ligands in the aminophosphine complexes 
exhibit fairly different chemical shifts in the region 
of each kind of carbons (Fig. 11 and Table 6). Fur­
thermore, each one of the methyl and carbonyl carbons 
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128 126 

6/ppm 

Fig. 10. The 13G NMR spectrum of complex 4c in 
the phenyl region. 

-CH3 

>co P-CH2-

L/U 
190 

» » I 
188 28 

6/ppm 

Fig. 11. 13G NMR spectra of complex 2 in the methyl 
and car bony 1 regions. 

gives a doublet due to coupling with a phosphorus 
atom trans to the carbon, 4 y(C,P) and 3 y(C,P) , re­
spectively. Both doublet are observed at the lowest 
field among each kind of carbons and the values of 
V ( C , P ) for the methyl and ZJ(C,F) for the carbonyl 
carbons are 6—7 and 2—4 Hz, respectively. Such 
long-range couplings through a cobal t(III) ion would 
be useful for assigning structures of cobalt ( I I I ) -phos-
phine complexes. No coupling between carbon and 
phosphorus in the eis positions is observed. 

Spectral Parameters in Free and Complexed Aminoalkyl-
phosphines: Spectral data of the free and complexed 
aminoalkylphosphines are given in Tables 4 and 5. 
The effects of coordination of the ligands on spectral 
parameters are summarized as follows. 
1) Carbons bonded to a phosphorus a tom shift to 
an upfield upon coordination, and the coupling con­
stants, \ / ( C , P ) become much larger. 
2) Methylene carbons bonded to a nitrogen atom 
shift slightly to a downfield upon coordination, and 
no coupling with a phosphorus atom is observed. 
3) Chemical shifts of P - C j and o-carbon atoms de­
pend largely on the kind of compounds, but those 
of m- and />-carbon atoms do not. Such trends are 
similar to those for monosubstituted benzenes. 

These features will provide useful information not 
only for assigning 13C N M R spectra of cobalt(III) 
phosphine complexes, but also for elucidating bonding 
properties between a phosphorus atom and a cobalt-
( I I I ) ion. 
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Recovery of Heavy Metals with Calcium Silicon. I. 
Its Stability in Water and Reducing Effect on Metal Ions 
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(Received April 17, 1980) 

The stability of calcium silicon in aqueous solutions was studied by determining dissolution rates of Ca and 
Si at a constant pH. Calcium silicon was found to be fairly stable in solutions of pH 3.0—8.0, at most less than 
2.8%of Ca and 0.5% of Si being dissolved after 24 h. In a strong acid solution of pH 2.5 or less the dissolution 
rates of Ca and Si considerably increased. Ca dissolution reached a plateau and the whole amount of Ca did 
not dissolve even in a 3.0-mol dm - 3 HCl solution, while Si dissolution continued to increase. Calcium silicon 
apparently reduces metal ions to the elemental state for metal ions having higher standard electrode potentials 
than Cd(II) ions except Ni(II) and Co(II) ions. For Ag(I) ions, nitrate ions interfere with the reduction, but 
chloride ions favor it. Reduction of Cr(VI) and Fe(III) ions terminated at the stage of Cr (III) and Fe(II). Pb-
(II), Cu(II), and Hg(II) ions were reduced to the metals, the acidity of the solution and the metal ion concen­
tration not affecting the reduction. Calcium silicon is effective also for low-solubility compounds of these ele­
ments in suspension. 

The amount of heavy metals discharged into water 
has increased with development of industrial activities, 
causing serious environmental pollution. O n the other 
hand the heavy metals are valuable resources and 
it is important to develop techniques for their re­
covery. The method utilizing reducing agents is ef­
fective for recovering metals. Base metals such as 
iron, aluminum, or zinc in the form of powder or 
scrap have been used for recovering metals of higher 
standard electrode potentials, such as Cu and Hg. 1 - 5 ) 
However, such processes are generally low in efficiency, 
requiring time and post-treatment of the reductant 
brought into solution. 

McKaveney et a/.6) proposed an alloy process in 
which silicon alloys including Ca, AI, Ba, Fe, or M g 
are used as reductants to remove heavy metals from 
waste water and brine solution in the p H range of 
2—12. Both batch and continuous flow operations 
can be applied, As, Cd, Gu, Cr, Fe, Hg, Pb, and Zn 
being removed successfully. By using Ga or M g silicon 
alloy, no post-treatment of the exchanged metal ions 
is necessary. Gase7) studied the silicon alloy process 
using magnesium ferrosilicon and calcium silicon gran­
ules. Both alloys afforded a high rate removal of Gu(I I ) , 
Zn( I I ) , Cr ( I I I ) , and Cr(VI) ions, but a difference in 
percentage removal and p H variation was observed 
among the methods of contact between the alloy and 
metal-bearing solution (magnetic stirring, tumbling and 
continuous flow methods were examined). Calcium 
silicon was found to be very effective for removing 
Hg(I I ) ions, which were removed as insoluble Hg(I ) 
compound and Hg(0) ; as much as ca. 40 matom 
{ca. 8 g) of Hg(I I ) ions were removed per unit mass 
of calcium silicon.8) 

Calcium silicon has long been used in the steel 
manufacturing industry as a deoxidizing agent, and 
was rarely used in water until the time McKaveney 
et al. carried out their study. In this report discus­
sions are given on the behavior of calcium silicon 
in aqueous solutions and its use for the recovery of 
various metal ions. 

Exper imenta l 

Industry Co., Ltd.) was pulverized with a crusher. Par­
ticulates passed through a 200-mesh sieve (0.074 mm) were 
used. The composition was 31.3% Ca, 60.4% Si, and 0.40% 
C. 

Reagents. Chlorides were used for the runs of Mn(II), 
Zn(II), Cr(III), Cd(II), Co(II), Ni(II), Sn(II), Pb(II), 
Cu(II), Fe(III), and Hg(II) ions. FeS04 , K2Cr04 , and 
AgNOs were used. All of these were of reagent grade and 
used by dissolving in distilled water. 

Analysis. Concentration of metals in solution was 
determined with a Model 503 Atomic Absorption Spectro­
photometer (The Perkin-Elmer Corporation). Mn, Zn, Fe, 
Cr, Cd, Ni, Sn, Pb, and Cu were determined by flame 
atomic absorption spectrophotometry, and Ca, Co, and Ag 
by flame emission spectrophotometry. Hg was determined 
by flameless atomic absorption spectrophotometry with a 
MV-253 Mercury Vapor Meter (Beckman-Toshiba, Ltd.). 
Cr(VI) and Fe(II) were determined by colorimetry9) with 
diphenylcalbazide and 1,10-phenanthroline, respectively. 
Silicate was determined by the Molybdenum Blue method.10) 
Solid products were analyzed for chemical species by means 
of X-ray diffraction with a Model 2100 Diffractometer 
(Rigaku Corporation) with Ni-filtered Cu Ka radiation. 

Stability of Calcium Silicon in Aqueous Solutions. Three 
grams of calcium silicon was added to 2.0 dm3 of aqueous 
solution, which was placed in a 25 °C thermostat and agi­
tated with a magnetic stirrer. The pH of the solution was 
maintained constant in the course of the run by using a 
Model HSM-10A pH Stat (Toa Electronics Ltd.) with 0.1-
mol dm-3 HCl for a run of pH 8.0, 0.25-mol dm~3 HCl 
for runs of pH 6.0, 4.0, and 3.0, and with 1.0-moldm-3 

HCl for runs of pH 2.5 and 2.0. Calcium silicon was added 
to a 1.0-mol dm - 3 HCl solution, the acidity not being con­
trolled. At intervals an aliquot was taken and filtered 
through a glass fiber filter paper (Whatman GF/A), analysis 
being made on the filtrate for Ca and Si. 

Recovering Metals with Calcium Silicon. In a 100-cm3 

glass-stoppered Erlenmeyer flask, 100 cm3 of ca. 18- or 0.2-
matom dm - 3 metal ion solution was prepared, the acidity 
being adjusted to pH 1~~4, 0.1 mol dm - 3 , and 1.0 mol dm - 3 

with HCl. With addition of 0.3 g of calcium silicon, the 
solution was shaken intermittently at room temperature. 
After 24 h it was filtered through a glass fiber filter paper, 
and the filtrate was analyzed for the metal, Ca, and Si. 
The residue was dried at ca. 60 °C under reduced pressure 
and its X-ray diffraction pattern was obtained. 

Calcium Silicon. Calcium silicon (Shin-Etsu Chemical 



734 Shuzo TOKÜNAGA, Kitoshi UEMATSÜ, and Yoshinobu NAGAWA [Vol. 54, No. 3 

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

Stability of Calcium Silicon in Aqueous Solutions. In 
reducing metal ions in an aqueous solution with a 
reductant, its stability in water is an important factor 
especially in acid solutions, since too strong a reductant 
decomposes water, evolving hydrogen gases in solu­
tions of high acidity. Calcium silicon is composed of 
elemental calcium and silicon, both strong reducing 
agents; the former reacts with water violently while 
the latter is stable in water due to the irreversibility 
of the oxidation-reduction reaction and to passivation 
by a film of silica in acid solution.11) T h e reactivity 
of elemental calcium and silicon with water has been 
studied but not that of calcium silicon. 

When calcium silicon is added to water, the p H 
tends to increase with dissolution of Ga moiety ( C a + 
2 H 2 0 = C a ( O H ) 2 + H 2 ) , the dissolution rate decreasing 
when the solution turns alkaline. In order to find 
the relation between p H and the stability of calcium 
silicon, the dissolution rates of Ga and Si were deter­
mined in solutions of constant p H maintained with 
a p H stat. The concentrations of dissolved Ca and 
Si were found to be lower than their respective solu­
bilities, and thus they exist in the soluble form. The 
results are given in Figs. 1 and 2. The amounts of 
Ga and Si dissolved in solution are given in terms 
of percentage to the respective initial amounts con­
tained in the calcium silicon added. 

T h e dissolution of Ga was very small a t p H 3.0 
or higher; only 1.2, 1.8, 1.9, and 2 . 8 % of Ga dissolved 
after 24 h at p H 8.0, 6.0, 4.0, and 3.0, respectively. 
When p H was not maintained constant, the dissolution 
decreased to less than 1 % in a solution of an initial 
p H of 3.9 (final p H 9.1). At p H below 2.5 the dis­
solution became significant but did not increase con­
tinuously with lapse of time, plateaus being observed 
according to the acidity. At p H 2.5 and 2.0, a steady 
state was reached after ca. 8 and 3 h with dissolution 
of 21.4 and 6 2 . 8 % of Ga, respectively. In the 1.0-mol 
d m - 3 HG1 solution, the plateau was reached within 
5 min with dissolution of 7 4 . 3 % of Ga. In the 2.0-
and 3 .0 -moldm- 3 HG1 solutions, 83.7 and 8 4 . 1 % of 
Ga dissolved, respectively. The Ga moiety would not 
entirely dissolve even in a strong acid solution, possibly 
due to the formation of silica film on the surface of 
calcium silicon which prevents the dissolution. 

Percentages of dissolved Si were fairly low in com­
parison to those of Ga. The stability of calcium silicon 
in an aqueous solution is mainly affected by that of 
Ga moiety. Dissolution of Si was insignificant at p H 
3.0 or higher, less than 0 . 5 % of Si being dissolved. 
This was also the case even in the alkaline solution 
of p H 8.O. In strong acid solutions of p H 2.5 or 
less, the dissolution of Si as well as of Ga increased 
significantly, spontaneously combustible silicon hydride, 
SiH4 , being produced in a 1.0-mol d m - 3 HG1 solution 
at the first stage of the reaction. O n the other hand, 
elemental silicon dissolves in a hot alkaline solution 
but not in an acid solution.n) Significant increase 
in Ga dissolution in a solution of low p H might promote 
Si dissolution, i.e., degradation of alloy particulates 

Fig. 1. Dissolution rates of calcium at various acidities. 
Acidity; O : pH 8.0, # : pH 6.0, A : pH 4.0, A : 
pH 3.0, • : pH 2.5, • : pH 2.0, ©: 1.0 mol dm"3 

HCl. 

Fig. 2. Dissolution rates of silicon at various acidités. 
Acidity; O : pH 8.0, # : pH 6.0, A : pH 4.0, A : 
pH 3.0, • : pH 2.5, • : pH 2.0, ©: 1.0 mol dm"3 

HCl. 

caused by dissolution of Ga moiety may favor Si dis­
solution. Since the amount of Si dissolved is much 
lower than the solubility of silicate, the dissolution of Si 
increases continuously without reaching a plateau. 

The explosive reactivity of elemental Ga with water 
is thus reduced considerably by making an alloy con­
taining silicon. The Si moiety is very stable against 
water. Galcium silicon is sufficiently stable as a solid 
reducing agent in aqueous solutions of p H higher 
than 3.0. 

Recovering Metals with Calcium Silicon. The re­
duction-oxidation reaction of a metal in an aqueous 
solution can be discussed in terms of the standard 
electrode potential. For practical use in acid solutions, 
the standard electrode potential of a reductant should 
be higher than ca. —0.7 V to avoid decomposition 
of water, and somewhat lower than that of a metal 
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Metal 
ion 

Mn(II) 

Zn(II) 

Fc(II) 

Gr(III) 

Gd(II) 

Go (II) 

Ni(II) 

Sn(II) 

Pb(II) 

Gu(II) 

Fe(III) 

Ag(I) 

Hg(II) 

Cr(VI) 

Reduction of Metal Ions 

TABLE 1. RECOVERY 

6 ° a> 

V 

- 1 . 1 8 0 

- 0 . 7 6 3 

-0 .4402 

-0.4083) 

-0 .4029 

- 0 . 2 7 7 

- 0 . 2 5 0 

- 0 . 1 3 6 

- 0 . 1 2 6 

0.337 

0.771d) 

0.799 

0.920e) 
0.7880 

Initial concn 
matom dm - 3 

18.0 
18.3 
18.3 

18.0 
18.4 
18.4 

18.0 
18.0 
18.0 

18.0 
18.0 
18.0 
0.2 

18.0 
18.0 
18.0 
0.2 
0.2 

17.9 
17.9 
17.9 

18.0 
18.1 
18.1 

16.8 

18.0 
18.0 
18.0 
0.2 
0.2 

18.1 
18.1 
18.1 
0.2 

18.0 
18.1 
18.1 

18.5 
18.5 
18.5 
0.2 

18.0 
18.0 
18.0 

18.0 
18.0 
18.0 
0.2 
0.2 

OF METAL IONS 

Removal 

% 

0 
1 
1 

4 ( - l ) 
- 1 

3 

- 2 
- 3 
- 2 

20 
7 
8 

50(10) 

6(0) 
32 

5 
10(0) 
2 

0 
1 
1 

7(0) 
3 
3 

69 

82(81) 
83 
79 

100(5) 
40 
98 
99 
93 
96(96) 

8(3) 
7 
5 

12 
100 
100 
61 

99 
99 
99 

8 
50 

2 
0 
0 

WITH CALCIUM : SILICON 

Acidityb> 
Initial 

pH 3.5 
0.1 
1.0 

pH 3.5 
0.1 
1.0 

pH 2.8 
0.1 
1.0 

pH 2.9 
0.1 
1.0 

pH 3.1 

pH 3.1 
0.1 
1.0 

pH 3.1 
0.1 

pH 3.6 
0.1 
1.0 

pH 3.5 
0.1 
1.0 

0.1 

pH 3.5 
0.1 
1.0 

pH 3.5 
0.1 

pH 3.4 
0.1 
1.0 

pH 3.5 

pH 2.0 
0.1 
1.0 

pH 3.9 
0.1 
1.0 
0.1 

pH 3.9 
0.1 
1.0 

pH 3.2 
0.1 
1.0 

pH 3.5 
0.1 

Final 

pH 7.8 
pH 1.8 

— 

pH 6.1 
pH 1.7 

— 

pH 4.0 
pH 1.8 

— 

pH 3.3 
pH 1.7 

— 
pH 4.8 

pH 6.6 
pH 1.7 

— 
pH 6.4 
pH 1.7 

pH 5.7 
pH 1.7 

— 

pH 7.4 
pH 1.8 

— 

pH 1.6 

pH 4.8 
pH 1.7 

— 
pH 8.5 
pH 1.5 

pH 2.5 
pH 1.6 

— 
pH 6.2 

pH 4.1 
pH 1.7 

— 

pH 3.2 
pH 1.7 

— 
pH 1.7 

pH 2.3 
pH 1.7 

— 

pH 5.4 
pH 2.7 

— 
pH 10.1 
pH 1.4 

Dissoli 
Ga 
matom 

0.3 
16.0 
16.8 

0.5 
16.0 
16.8 

0.1 
3.1 
3.2 

7.8 
13.3 
14.5 
0.5 

0.5 
16.8 
17.0 
0.4 

17.2 

0.4 
15.1 
16.4 

0.6 
16.8 
17.2 

11.9 

15.2 
16.5 
16.8 
0.4 

18.1 

16.3 
16.9 
16.8 
0.5 

12.6 
16.8 
16.6 

0.6 
13.2 
15.3 
14.3 

11.1 
15.8 
16.8 

0.1 
16.1 
15.9 
0.5 

18.7 

735 

ition 
Si 

dm - 3 

0.10 
3.56 
3.06 

0.09 
3.64 
3.17 

0.08 
2.35 
2.35 

1.69 
3.44 
2.91 
0.14 

0.09 
3.92 
2.96 
0.15 
4.71 

0.09 
4.09 
3.35 

0.30 
3.27 
2.96 

2.80 

2.98 
3.47 
3.39 
0.17 
2.97 

3.77 
4.69 
3.78 
0.07 

1.48 
2.47 
2.15 

0.03 
3.64 
3.03 
4.59 

2.53 
5.14 
2.66 

0.48 
4.73 
2.36 
0.54 
2.84 

a) Standard electrode potential for an electrode reaction M z + - f ze=M (unless otherwise noted); the value being 
quoted from "Kagaku Binran Kiso-hen I I , " Maruzen, Tokyo (1977), pp. 1203—1206. b) Adjusted with HG1, 
and the values are in mol dm - 3 unless ohterwise noted, c) For the reaction Cr^-J-e^Cr2"1". d) For the reaction 
Fe3+ + e = Fe2+. e) For the reaction 2Hg2+ + 2e = Hg2

2+. f) For the reaction Hg2
2+ + 2e = 2Hg. 
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to be reduced for accomplishing the reduction-oxidation 
reaction. Since the standard electrode potential of 
calcium silicon is unknown, we estimated its strength 
as a reductant by reactions with various metal ions 
whose potentials are known. We employed finer parti­
culates of calcium silicon and higher concentrations 
of metal ions than those used in the previous studies 
in order to analyze the solid products by means of 
X-ray diffraction. Since metal-ion reducing reactions 
proceed efficiently in acid solutions, reactions were 
carried out in solutions of various acidities in order 
to suppress hydrolysis of metal ions and examine the 
effects of acidity. 

The results of metal ion recovery are given in Table 
1. When occurrence of hydrolysis of metal ions was 
expected from the final p H , an aliquot of the sample 
solution was filtered after being maintained at near 
the initial p H for 5 min to dissolve the hydroxide. 
The metal ion removal thus attained is indicated in 
parentheses. Discussions are given on 0.2-matom d m - 3 

solutions of metal ions which proved to be reduced 
by calcium silicon. 

Practically no reducing effects were observed for 
M n ( I I ) , Zn ( I I ) , and Fe(II) ions which show very 
low standard electrode potentials. In the study of 
McKaveney et al.*) more than 9 9 % removal was 
attained for Zn( I I ) ions in the column contact operation 
by using a parent solution of 0.15 Zn matom d m - 3 

and p H 5.6. More than 9 8 % removal was attained 
at final p H of 9.95—7.95 in the batch operations by 
using a parent solution of 0.66 Zn matom d m - 3 and 
p H 2.05.7> At final p H of 5.05, the extent of removal 
significantly decreased down to 9 % . Thus, it can 
be concluded that Zn( I I ) ions do not undergo reduc­
tion with calcium silicon but are removed only by 
hydrolysis which becomes significant from above p H 
ca. 6.5. The dissolution of Ca was much lower for 
Fe (I I) ions than that for other cases, which seems to 
be due to presence of sulfate ions. 

For Cr ( I I I ) ions, 2 0 % removal was achieved in 
the run of initial p H of 2.9. The amounts of Ga 
and Si dissolved were much higher than those obtained 
in the above-mentioned metal-free solution of nearly 
the same p H {ca. 0.3 and 0.1 matom d m - 3 for Ga 
and Si, respectively). This indicates the reduction of 
Gr(I I I ) ions, the reaction C r 3 + + e = C r 2 + being most 
likely to occur according to its standard electrode 
potential. However, no Gr(I I ) was detected since it 
is extremely unstable in aqueous solution and readily 
oxidized to Gr ( I I I ) . Formation of Gr(0) is very 
unlikely to occur, since the standard electrode potentials 
for the reactions Cr 3 + - f 3e = Cr a n ( j C r 2 + + 2 e = C r are 
—0.774 and —0.913 V,12) respectively. Although no 
pat tern of chromium compounds was obtained by 
means of X-ray diffraction, the chromium removed 
was entirely recovered from the solid phase as Gr( I I I ) 
ions by alkali digestion of the product. The removal 
of Gr( I I I ) ions seems to be due to the formation of 
chromium(II I ) hydroxide. 

For Gd(II) ions, removal higher than for the above-
mentioned metal ions was achieved in the 18.0-matom 
d m - 3 , 0 .1-moldm~ 3 HG1 solution, formation of Gd(0) 
being recognized by X-ray diffraction of the solid 

product obtained. The removal deteriorated in the 
solutions of both lower and higher acidities as well 
as of lower cadmium concentration. Opt imum condi­
tions of acidity and cadmium concentration should be 
established in order to attain high efficiency of the 
reduction. 

Although Go and Ni show higher standard electrode 
potentials than Gd does, the ions were not removed 
in acid solution. The cause of the ineffectiveness of 
calcium silicon on these ions is unknown. Thus, the 
reduction of metal ions with calcium silicon can not 
always be interpreted only in terms of standard 
electrode potential. 

The high removal of Sn(II) ions in the 0.1-mol 
d m - 3 HG1 solution and the presence of Sn(0) con­
firmed by means of X-ray diffraction indicate that 
Sn(II) ions were removed by reduction to the metal. 

For 18.0 Pb ma tom d m - 3 solution, removal was at­
tained regardless of the acidity and formation of Pb(0) 
was recognized in every case. In the run of initial 
p H of 3.5, removal of Pb(I I ) ions would not decrease 
significantly even by adjusting the final p H . This 
indicates that the removal of Pb(I I ) ions is due to 
the reduction of the ions to the metal. In the run 
of 0.2 matom d m - 3 , initial p H of 3.5, the increase in 
p H interfered with the reduction of Pb(I I ) ions. The 
4 0 % removal for the run of 0.2 matom d m - 3 , 0.1 
mol d m - 3 HG1, shows that the reduction of Pb(II ) 
ions would not proceed so efficiently at such low con­
centration. 

Considerably high removal was attained for Gu(II) 
ions in every solution irrespective of the acidity and 
Gu(II) concentration, indicating that Cu(II ) ions can 
be reduced efficiently. The solid product was found 
to consist of Gu(0) and a trace amount of Gu a O. The 
reaction was complete in 30 min after addition of 
calcium silicon. 

Removal of Fe (111) ions was very low. However, 
the colorimetric determination of Fe (I I) ions in the 
solution showed that Fe (III) ions are almost entirely 
reduced to Fe (II) ions. Reduction to Fe(0) is unlikely 
to occur according to the standard electrode potential. 

Since no effect was observed with A g N 0 3 solutions 
whose acidity was adjusted with H N 0 3 , the effect 
of calcium silicon on Ag(I) ions was examined with 
a suspension of AgGl precipitate prepared by addition 
of HCl to a A g N 0 3 solution followed by addition of 
calcium silicon after 10 min. Thus the solid phase 
might contain AgGl precipitate, and the removal 
values given in Table 1 do not necessarily indicate 
that the removal was due to reduction of Ag(I) ions. 
Determination of Ag and AgGl in the solid product 
was made by means of X-ray diffraction. The areas 
of the diffraction peaks corresponding to öf=2.359 and 
2.774 Â for Ag and AgGl, respectively, were obtained 
by the integral mode, and their ratio was compared 
with a calibration curve similarly prepared by using 
mixtures of standard Ag and AgGl of various com­
positions. The silver compositions of the solid pro­
ducts were ca. 100, 100, and 4 3 % for the runs at initial 
p H 3.9, 0.1-mol d m - 3 , and 1 .0-moldm - 3 HCl , respec­
tively. The low Ag content for the 1.0-moldm - 3 

HCl run can be attributed to flocculation of AgCl 
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precipitate which interfered with the contact with 
calcium silicon. Chloride ions favored the reduction 
of Ag(I) ions while nitrate ions disturbed it. When 
calcium silicon was added 1 h after the formation of 
AgCl, the silver compositions of the solid phase were 
ca. 100 and 5 5 % Ag for the runs at initial p H 3.3 and 
0.1 mol d m - 3 , respectively, a trace amount of Ag 
being contained in the solid phase of the 1.0-mol 
d m - 3 run. Aging of AgCl precipitate adversely af­
fected the reduction reaction. 

Reduction of Hg( I I ) ions proceeded efficiently in 
all solutions, the recovered solid products consisting 
of Hg(0) and Hg2Cl2.8> 

For Cr(VI) ions, 5 0 % removal was attained in 
the 18.0-matomdm- 3 , 0.1-mol d m - 3 HCl solution. Of 
the chromium ions remaining in the solution, Cr ( I I I ) 
ions accounted for 72 .5% and Cr(VI) ions the re­
mainder, indicating that the reduciton of Cr (VI) to 
Cr( I I I ) occurred. According to Pourbaix,12) both 
Cr (VI) and Cr (111) ions would not hydrolyze at the 
p H we employed. We carried out analysis of the 
solid phase obtained in order to find the cause for the 
removal of Cr(VI) ions. The solid product dried at 60 
°C under reduced pressure was poorly soluble in H C l 
solution and completely soluble in N a O H solution, 
which showed a chromium composition of 89 .7% Cr-
(III) and the remainder Cr (VI) . Cr(VI) ions were re­
duced to Cr (111) ions which partly remained in the solu­
tion and partly precipitated into the solid phase. The 
solid product was further analyzed by X-ray diffrac­
tion to identify the chromium compounds. Although 
the product dried at 60 °C gave no evidence for the 
existence of any chromium compound on its X-ray 
diffraction pattern, the one heated at ca. 700 °C for 
6 h gave patterns corresponding to chromium (111) 
oxide, C r 2 0 3 (ASTM File No. 6-0504), and calcium 
Chromate, C a C r 0 4 (ASTM File No. 8-458). We 
might attribute the formation of C r 2 0 3 and C a C r 0 4 

to the dehydration of their hydrous forms which were 
amorphous to X-rays but determined by the alkali 
digestion. Therefore, the reduction reaction C r 2 0 7

2 ~ 
+ 8H+ + 6e = Cr 2 0 3 (hydra ted) + 4 H 2 0 ( e ° = 1.242 -
0.0788pH12>) is most likely to occur, supporting the 
increase in p H from ca. 1 to 2.7. The reduction of 
Cr (VI) ions did not proceed efficiently at both higher 
and lower acidities than p H ca. 1, where bulk of the 
Cr(VI) ions remained not reduced to Cr ( I I I ) . No 
reduction of Cr(VI) ions took place in dilute solutions. 

Since calcium silicon exhibited reducing action on 
the suspension of AgCl precipitate, we examined the 

effectiveness on low-solubility compounds of Cd (I I ) , 
Ag(I) , Cu( I ) , Cu( I I ) , H g ( I I ) , and Pb( I I ) . The ef­
fectiveness was judged on the X-ray diffraction pattern 
of the solid product obtained. Great reducing effect 
was observed on Cu2Cl2 , in which formation of Cu(0) 
and a trace amount of C u 2 0 was recognized. Partial 
reducing effect was observed on Ag a O, A g 2 S0 4 , Cu-
(OH) 2 , CuS, P b O , H g O , and H g S 0 4 , in which metallic 
species were recognized as well as the starting ma­
terial. I t seems that the reduction of these low-solu­
bility compounds is due to that of the metal ions dis­
solving in trace amount into the metal, which con­
sequently causes dissociation of the molecular species. 

Appreciable reducing effect to the metal is recog­
nized on metal ions that show standard electrode po­
tentials equal to or higher than that of Cd, except 
Ni(II) and Co(II) ions. The reduction reaction of 
Cr(VI) and Fe( I I I ) ions terminates at the stage of 
formation of Cr ( I I I ) and Fe(II ) ions, neither Cr(0) 
nor Fe(0) being produced. Dissolution of calcium 
silicon in aqueous solution increases p H , favoring the 
removal of metal ions through hydrolysis. The acidity 
of a solution would not affect the reducing effect for 
Pb( I I ) , Cu ( I I ) , and Hg( I I ) ions that show high stand­
ard electrode potentials. Calcium silicon is effective 
also for low-solubility compounds of these metals. 
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The Mechanism of the Hydrolysis of Polyphosphates. V.1} 

The Effect of Cations on the Hydrolysis of Pyro- and Triphosphates 
Makoto W A T AN ABE,* Makoto MATSUURA, and Tamotsu YAMADA 

Department of Industrial Chemistry, Chubu Institute of Technology, Matsumoto-cho, Kasugai, Aichi 487 
(Received May 15, 1980) 

The effect of cations on the rate of hydrolysis of pyro- and triphosphates was studied by adding metal chloride 
to aqueous solutions of the phosphates. The concentrations of the phosphates and metal chlorides were 0.025 
and 0.1 mol dm~3 respectively. Alkali metal, alkaline earth metal, aluminium, and some transition-metal (Mn-
(II), Co(II), Ni(II), Gu(II), and Zn(II)) cations retarded the hydrolysis of the phosphates in acidic media. 
The following sequence of efficiency resulted: 

trivalent > bivalent > univalent. 
The efficiency of elements within one group of the periodic table decreased from top to bottom. On the other 
hand, in alkaline solutions, alkali metal cations accelerated the hydrolysis of the phosphates and the catalytic 
effectiveness decreased with an increase in the ionic radius. 

Though many papers have been reported about the 
hydrolysis of polyphosphates, there have been few 
studies concerning the effect of cations except for hy­
drogen and oxonium ions. M a n y workers have dis­
cussed the rate order, the p H dependence, and the 
reaction process of the hydrolysis of polyphosphates, 
but no explanation of the reaction mechanism from 
the point of view of the interaction between a water 
molecule and a phosphate ion has ever been made. 
One of the present authors (M. W.) discussed the 
reaction mechanism of the hydrolysis of polyphosphates 
from this point of view by using aqueous organic 
solvents ; he pointed out that the rate of the hydrolysis 
of chain and small-ring phosphates is seriously af­
fected by the nucleophilicity of water molecules and 
that the hydrolysis is of an SN2 type.1 - 4) Thilo and 
Wieker reported the catalytic efficiencies of cations 
on the hydrolysis of high polyphosphates at p H 8 
and obtained the following sequence of efficiency: 
AP+> Mg2+ > Ca2+ > Sr2+ > Ba2+ > H+ > Li+ > Na+ > K+.5~7> 

In this paper, the effects of alkali metal, alkaline 
earth metal , aluminium, and some transition metal 
cations of the hydrolysis of pyro- and triphosphates 
will be discussed. 

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

Materials and Procedure. The materials used other 
than triphosphate were of a commercial grade. The sodium 
triphosphate was made by the method described in Ref. 8. 
The concentration of sodium pyro- or triphosphate was 
controlled to be 0.025 mol dm~3 because that concentration 
was suitable for analysis. Metal chloride was added to 
the phosphate solution to make it 0.1 mol dm - 3 . The metal 
chlorides used were LiCl, NaCl, KCl, MgCl2, CaCl2, A1G18, 
MnCl2, GoGl2J NiCl2, GuGl2, and ZnCl2. The pH of the 
solution was controlled with hydrochloric acid and/or aqueous 
tetramethylammonium hydroxide, with the aid of a Hitachi-
Horiba pH meter, F-7, at a given reaction temperature. 
The separation and determination of the phosphate species 
in the sample solution were carried out by the method de­
scribed in our previous paper.2) The phosphates in the 
solution containing aluminium ions were not separated well 
by one-dimensional paper chromatography, so only the meas­
urement of the hydrolysis of pyrophosphate to orthophosphate 
was done by means of the molybdenum-blue method. When 
any precipitate was formed during the experiment, no further 

treatment was made. Pyro- and triphosphate solutions free 
from sodium ions were prepared by passing the phosphate 
solutions mentioned above through cation-exchange resin 
in the H + form. The same treatment as in the case of sodium 
pyro- and triphosphate solutions was done for the phosphate 
solutions thus prepared in order to test the effect of coexisting 
sodium ions; the effect of alkali metal cations on the rate 
of the hydrolysis of triphosphate in basic media was also 
studied by using the triphosphate solution, but the effect 
of cations on the hydrolysis of pyrophosphate could not be 
studied because the rate of the hydrolysis of pyrophosphate 
was too slow to measure in basic media. 

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

The Effect of Cations. T h e rate of the hydrolysis 
of pyro- and triphosphates obeyed first-order kinetics 
with respect to the concentration of the respective 
phosphates under all the conditions studied. As Tables 
1 and 2 show, in every reaction system the rate of 
the hydrolysis of either phosphate decreased with an 
increase in the p H value of the solutions. These 
results agree well with those of previous studies.1»2»9) 
T h e hydrolysis of pyro- and triphosphates was retarded 
by the addition of the alkali metal ions in the p H 
ranges smaller than 7.0 and by the addition of other 
metal ions in the p H ranges smaller than 3.0. The 
rate of the hydrolysis of pyrophosphate in the system 
containing aluminium ions, measured at p H 0.9, was 
smaller than those of other systems measured at p H 
1.0. As has been mentioned above, the hydrolysis 
of pyrophosphate is an acid-catalyzed reaction. There­
fore, the retardation efficiency of aluminium ions is 
the largest among the cations tested here. According 
to the results, the following order of the retardation 
efficiency of metal ions on the rate of hydrolysis of 
short-chain polyphosphates resulted at p H 1.0: 

Mg2+>Ca2+ 
typical element 

Al3+>Mn2+>Gu2+>Zn2+>Go2+>Ni2+>Li+>Na+>K+. 
transition element 

(trivalent) (bivalent) (univalent) 

Similar retardation effects were observed for alkali 
metal, alkaline earth metal, manganese (I I ) , cobalt (I I ) , 
and nickel (II) ions a t p H 2.0 or at higher p H regions 
than that. However, the order of efficiency of man-
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TABLE 1. RATE coNSTANTs/min-1 OF THE HYDROLYSIS 

OF PYROPHOSPHATE 

Phos- Added Reaction temp/°C 

phate 

N a 4 P 2 0 7 < 

H 4 P 2 0 7 

\ 

cation 

/ 

Li+ 

Na+ 

K+ 

Mg2+ 

Ga2+ 

Mn2+ 

Co2+ 

Ni2+ • 

Zn2+ 

,A13+ 

— 

Li+ • 

P 1 1 

( 1 . 0 
J 2.0 
1 3 .0 
( 5 . 0 

f 1.0 
I 2.0 
1 3 .0 
[ 5 .0 

( 1.0 
1 2.0 
1 3 .0 
( 5 0 

f 1.0 
2 . 0 
3 .0 

[ 5 .0 

( 1 . 0 
[ 2 .0 

[ 1 . 0 
. 2 . 0 

1.0 

1.0 

1.0 
2 .0 

1.0 

0 .9 

1.0 
2 . 0 
3 .0 
5 .0 

k 7 .0 

3 .0 
5 .0 
7 .0 

35 

1.44 lO-4 

1.52 lO-5 

6.40 10-« 
5 .32 10-« 

1.18 lO-4 

1.28 lO-5 

5.86 10-« 
4 .29 10-« 

1.25 lO- 4 

1.40 lO-5 

6 .38 10-« 
4 . 9 3 10-« 

1.40 lO- 4 

1.48 lO-5 

6.86 10-« 
5 .04 10-« 

7 .32 lO-5 

6.67 10-« 

7.46 lO"6 

9.70 10-« 

4 . 5 0 lO-5 

7.33 lO- 5 

7.73 lO-5 

8.34 10-« 

6.47 lO-6 

3.02 lO-5 

1.61 lO-4 

1.91 lO- 5 

7.79 10-« 
5 .83 I0-« 

50 

7 .40 lO- 4 

1.30 lO- 4 

4 . 9 2 lO- 5 

4 . 6 4 lO-5 

6.78 lO-4 

1.02 lO-4 

4 . 4 3 lO- 5 

3 .52 lO-5 

6.91 lO-4 

1.19 lO-4 

4 . 7 5 lO-5 

4 . 0 4 lO-5 

7.47 lO- 4 

1.24 lO-4 

4 . 8 9 lO-5 

4 .16 lO-5 

3 .48 lO-4 

5.31 lO-5 

3.62 lO"4 

8.21 lO-6 

2.41 lO-4 

3 .53 lO-4 

3 .78 lO- 4 

6 .03 lO-5 

3.06 lO-4 

1.92 lO-4 

8.39 lO-4 

1.50 lO-4 

5.56 lO-5 

4 .87 10- 5 

8.22 10-« 

4 . 9 5 lO-5 

3 .83 lO-5 

5.97 10-« 

70 

4 . 7 3 lO- 3 

1.55 lO-3 

6 .95 lO- 4 

6 .03 lO-4 

4 .31 lO"3 

1.35 lO"3 

6.40 lO"4 

4 . 9 3 lO-4 

4 . 5 3 lO-3 

1.49 lO-3 

7.03 lO-4 

5.49 lO-4 

4 . 5 8 lO"3 

1.51 lO- 3 

7.18 lO- 4 

5.86 lO-4 

3.27 lO-3 

6 .33 lO- 4 

3 .54 lO-3 

1.12 lO-3 

2 .09 lO-3 

2 .89 lO"3 

3.31 lO-3 

8.30 lO- 4 

2.72 lO"3 

1.36 lO-3 

5.01 lO-3 

1.61 lO-3 

7.88 lO-4 

6 .44 lO- 4 

1.05 lO- 4 

7.21 lO- 4 

4 .96 lO- 4 

8.03 lO"5 

ganese(II) ions for the hydrolysis of triphosphate a t 
p H 2.0 is not the same as that at p H 1.0. As is also 
shown in Tables 1 and 2, the rate of the hydrolysis 
of pyro- and triphosphates is larger than that of the 
respective sodium phosphates, and a similar retarda­
tion effect of lithium ions is observed in the p H regions 
smaller than 7.0. O n the other hand, the rate of 
the hydrolysis of triphosphate was remarkably ac­
celerated by the addition of alkali metal ions at p H 
10.0 and 11.5. The order of the acceleration efficiency 
of alkali metal ions is as follows: 

Li+>Na+>K+. 

Reaction Mechanism. The activation parameters 
for the hydrolysis of pyro- and triphosphates were 
calculated by means of the Arrhenius plot; they are 
listed in Tables 3 and 4 respectively. In any reaction 
system, the activation energy and the frequency factor 
increase with an increase in the p H value. This 
indicates that the catalytic action of H+ affects ex­
clusively the energy term of the hydrolysis of short-
chain polyphosphates. In our previous papers,2-4^ we 

TABLE 2. RATE CONSTANTs/min-1 OF THE HYDROLYSIS 

OF TRIPHOSPHATE 

Phos­
phate 

Added 
cation pH 

Reaction temp/°G 

35 50 70 

NaflPaO, 

1.0 1.06 lO-3 

2.0 1.36 lO-4 

3.0 2.51 lO-5 

5.38 lO-3 2.94 10-2 

8.29 lO-4 6.10 lO-3 

1.73 lO-4 1.87 lO-3 

H5P3O10 

Li+ 

Na+ 

K+ 

Mg2+ 

Ca2+ 

Mn 2+ 

Co2+ 

Ni2+ 

Cu2+ 

[zn2+ 
/ 

— 

Li+ -

1 

Na+ -

K+ J 

\ I 

f 1.0 
2 . 0 

( 3 .0 

( 1.0 
2 .0 

( 3 .0 

( 1.0 
2 . 0 

( 3 .0 

( 1.0 
2 . 0 

( 3 .0 

J 1.0 
J 2.0 
j 1.0 
J 2.0 
( 1.0 
[ 2 . 0 

f 1.0 
2 .0 

[ 3 .0 

1.0 

1.0 

( 1.0 
2 . 0 
3 .0 
5 .0 
7 .0 

10.0 
, 11.5 

' 3 .0 
5 .0 
7 .0 

10.0 
11.5 

3 .0 
5 .0 
7 .0 

10.0 
11.5 

3 .0 
5 .0 
7.Q 

10.0 
11.5 

8 .43 lO-4 

8.04 lO-5 

2 .22 lO-5 

9 .76 lO-4 

8.90 lO-5 

2 .30 lO- 5 

1.05 lO-3 

9.59 lO-5 

2 .44 lO-5 

3.23 lO- 4 

2.66 lO-5 

1.16 lO-5 

3.49 lO-4 

5.11 10-5 

1.64 lO-4 

2.36 lO-5 

2.70 lO- 4 

2.35 10-5 

3 .04 lO-4 

2 .86 lO-6 

1.27 lO-5 

2 .40 lO- 4 

2 .46 lO-4 

1.29 lO-3 

1.95 lO- 4 

2 .80 lO-5 

3.02 lO-3 

6.91 lO-4 

1.48 lO- 4 

3.49 lO-3 

7.12 lO"4 

1.68 lO-4 

3.52 lO-3 

7 .33 lO-4 

1.80 lO-4 

1.32 lO-3 

1.70 lO-4 

8.01 lO-5 

1.54 lO-3 

4 .07 lO-4 

6.28 lO-4 

1.72 lO-4 

9 .80 lO- 4 

1.59 lO- 4 

1.36 lO-3 

1.75 lO- 4 

9 .88 lO"5 

9 .25 lO-4 

9.72 lO-4 

6 .34 lO-3 

9.47 lO-4 

1.93 lO-4 

9 .53 lO-5 

1.39 lO-6 

6 .33 10 - ' 
5 .42 10 - ' 

1.51 lO-4 

8.20 10-5 

1.13 lO-6 

5.17 10-« 
4 . 6 9 10-« 

1.87 lO-4 

1.02 lO-4 

1.57 lO-5 

1.71 10-« 
1.61 10-« 

2 .06 lO- 4 

1.07 lO-4 

1.82 lO-5 

1.19 10-« 
1.13 10-« 

2 .78 10-2 

5.28 lO-3 

1.68 lO- 3 

2.80 10-2 

5.61 lO-3 

1.85 lO-3 

2 .93 10-2 

5.79 lO-3 

1.96 lO-3 

9.16 lO-3 

1.66 lO-3 

9.06 lO-4 

1.04 lO-2 

3.91 lO-3 

5.95 lO-3 

1.82 lO-3 

7.65 10-3 

1.56 lO-3 

9.05 lO-3 

1.63 lO-3 

1.10 lO-3 

7.38 lO-3 

7.40 lO-3 

3.57 10-2 

8.03 lO-3 

2 .08 lO-3 

1.03 lO-3 

2.30 lO-4 

1.74 10-3 

9.15 lO-4 

1,72 lO-4 

1.54 lO-3 

1.21 lO-3 

2.31 lO-4 

1.83 lO-8 

1.25 lO-3 

2 .32 lO-4 

proposed the following hydrolysis mechanism for pyro-
and triphosphates and concluded that Reaction (2) is 
the rate-determining step : 

O 
i ii i 
P - O - P - O - P - + H+ 
1 6 ' 

H 

H 
O 

i i + i 
P - O - P - O - P -

I I I o 
H 

(1) 
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H H 
O O 

i \ + / i 
P - O - P - O - P 

I * I 

ö 
/ \ 

H H 

H H 
O O 1 ~ \ / ~ ' 

-> - P - O - P - O - P 
1 JL ' 

o+ 
/ \ 

H H 

(2) 

H H 
O O 

i \ + / i 
- P - O - P + HO-P-

i i i 

O 
H 

(3) 

tl 
II 

O 

P - O - P - O H + H+, 
i i 

O 
H 

(4) 

T h e present kinetic measurements have shown that the 
retardation efficiency within one group of the periodic 
table decreases from top to bottom, that is, with an 
increase in the ionic radius, and increases with an 
increase in the charge of the cation. Since the reac­
tion rate is retarded and the activation energy increases 
upon the addition of a metal cation in any reaction 
system, it could be considered that the elementary 
reactions (1) and (2) are affected by metal ions. There­
fore, the retardation of the degradation reaction by 
metal ions in acidic solutions may be explained by 
the exchange of protons by the catalytically less ef­
fective metal ions. T h e ion-exchange efficiency of a 
cation increases with an increase in the charge. This 
fact well explains the order of the retardation efficiency 
of metal cations for the hydrolysis of pyro- and tri­
phosphates. I n one group of the periodic system, 
the ion-exchange efficiency of a cation decreases with 
a decrease in the ionic radius because of strong hy­
dration. This tendency does not agree with the results 
obtained in this work. However, Strauss and Ross 
indicated tha t the binding constant of alkali metal 
and alkaline earth metal cations with phosphate ions 
decreases in the order of an increase in the ionic radius 
of the cations.10) This result well explains the order 
of the retardation efficiency of alkali metal and al­
kaline ear th metal cations obtained here. Accordingly, 
the retardation of the degradation may be caused by 
the following exchange reaction: 

H 
O 

P - O - P - O - P - + M+ 
i i i 

O 
H 

M 
O 

- P - O - P - O - P - + H+. 

TABLE 3. ACTIVATION PARAMETERS FOR THE HYDROLYSIS 

OF PYROPHOSPHATE 

Phosphate 

H 4 P 2 0 7 

N a 4 P 2 0 7 ( 

Added 

cation 

— 

/ 

Li+ 
Na+ 
K+ 
Mg2+ 
Ca2+ 
Mn2+ 
Co2+ 
Ni2+ 
Zn2+ 

, (Al»+)°> 

p H = 

P ) 

86 .0 

8 7 . 4 
8 9 . 9 
8 9 . 8 
8 7 . 2 
9 5 . 4 
9 6 . 9 
9 6 . 2 
9 2 . 2 
9 4 . 3 
9 3 . 8 
9 5 . 2 

= 1.0 

Hb) 

10.8 

11.0 
11.3 
11.3 
10.9 
12.0 
12.3 
12.0 
11.5 
11.9 
11.7 
11.6 

P H = 2.0 

I I I 

111.0 14.1 

115.8 14.8 
116.7 14.9 
116.9 15.0 
115.8 14.8 
114.0 14.2 
119.0 15.2 

p H = 

I 

115.8 

117.5 
117.7 
118.0 
116.7 

= 3.0 

I I 

14.5 

14.7 
14.7 
14.8 
14.6 

a) I stands for the activation energy/kj mol-1, b) II 
stands for the log (frequency factor/min-1). c) The 
values obtained at pH O.9. 

TABLE 4. ACTIVATION PARAMETERS FOR THE HYDROLYSIS 

OF TRIPHOSPHATE 

Phosphate 

H 5 P 3 O 1 0 

Na 5 P 3 O 1 0 

Added 

cation 

— 
/ 

Li+ 
Na+ 
K+ 
Mg2+ 
Ca2+ 
Mn2+ 
Go2+ 
Ni 2 + 

Gu2+ 
, Z n 2 + 

p H = 1 . 0 

la) Hb) 

83 .0 11.2 

8 3 . 0 11.1 
8 8 . 0 11.8 
8 4 . 4 11.3 
8 3 . 8 11.2 
8 3 . 9 10.7 
85 .1 11.0 
9 0 . 4 11.5 
84 .1 10.7 
85 .1 10.9 
86 .1 10.9 
8 5 . 5 10.9 

P H = 2 . 0 

I I I 

9 3 . 3 12.1 

95 .1 12.3 
104.4 13.7 
103.5 13.5 
102.4 13.4 
103.6 13.0 
108.5 14.1 
108.8 13.8 
105.1 13.2 
101.3 12.6 

P H = 3 . 0 

I I I 

107.9 13.7 

108.0 13.7 
108.5 13.7 
110.0 14.0 
109.8 14.0 
109.2 13.6 

111.7 14.0 

a) I stands for the activation energy/kj mol-1, b) II 
stands for log (frequency factor/min-1). 

the phosphate ions may increase with an increase 
in the ionic radius in strongly acidic media. The 
catalytic effect of alkali metal ions for the degradation 
of triphosphate ions in alkaline solutions may be ex­
plained by the formation of the complex as follows: 

O 

- O - P - O - + M+ 

O 

M 
O 
l+ - O - P - O - , 
I 

o 

o 
H 

because the phosphate ion on the right-hand side is 
considered to be more susceptible to the nucleophilic 
attack of a water molecule than that on the left-hand 
side. 

I n the case of transition metal-ions, the order of ionic 
radius is as follows: 

Mn2 + > Zn2+ > Go2+ > Ni2+, 

and the order of the retardation efficiency at p H 1.0 
is the same as that of the ionic radius. Therefore, 
the binding force of these transition metal ions with 
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The decomposition of hydrogen iodide serves as the hydrogen-evolution step in several thermochemical 
water-splitting cycles, including the Magnesium-Iodine cycle. A kinetic analysis of the catalytic decomposition 
of hydrogen iodide has been carried out by the use of a flow method at 500—700 K. The platinum-supported 
active carbon catalyst (1 wt%) and the active carbon catalyst which have been found effective in the research 
reported previously, are used as the catalysts. The contact time-conversion relationships for both the cata­
lysts are simulated successfully on the basis of an assumed reaction scheme. The influence of water vapor on 
the rate and the equilibrium of the decomposition of hydrogen iodide is negligibly small. The inhibition effect 
of iodine on the rate of the decomposition of hydrogen iodide over the platinum-supported active carbon catalyst 
is remarkable below 550 K. 

The decomposition of hydrogen iodide serves as the 
hydrogen-evolution step in several thermochemical 
water-splitting cycles,1-4) including the Magnes ium-
Iodine cycle5* previously proposed by the present 
authors. I t is favorable for the reaction to be carried 
out around or below 700 K from the standpoint of 
the construction of the present cycle. However, since 
the rate of the reaction in the form of a homogeneous 
gas-phase reaction is low in the temperature range 
below 700 K, the present authors at tempted to carry 
out the reaction catalytically. 

In the first step of the study of the catalytic decom­
position of hydrogen iodide, a screening test of various 
catalysts prepared by an impregnation method from 
the compounds of all the members of the first tran­
sition-metal series, from the compounds of the members 
of the plat inum-group metals, and so on, and from 
various catalyst supports were carried out. In the 
research, a platinum-supported active carbon catalyst 
(abbreviated as the Pt/G catalyst) and an active carbon 
catalyst were found to reveal favorable catalytic ac­
tivities.6) 

For the second step of the research, a kinetic analy­
sis of the reaction, a quantitative investigation of the 
influence of iodine and water vapor that may coexist 
with the hydrogen iodide to be decomposed on the 
rate and the equilibrium of the reaction, and a life 
test of the catalysts were necessary. 

There have been very few reports on the kinetic 
studies of the decomposition of hydrogen iodide. 
Hinshelwood and Burk,7> however, reported that the 
reaction over plat inum wire under the conditions of 
a continuous removal of the iodine formed proceeded 
according to the following rate equation: 

d P H I -k 

where P H I is the partial pressure of hydrogen iodide 
and where k is the rate constant. Iida8) reported 
recently that the reaction over plat inum supported on 
Teflon under the conditions of a continous removal 
of the iodine formed proceeded according to the fol­
lowing rate equat ion: 

dPHi = PHI 
d* 14.76PIl2 + 7.49PHi + 208 ' 

where P H I is the partial pressure of hydrogen iodide, 

and so on. In both the researches, the reaction sys­
tems were simplified by the continuous removal of 
the iodine formed. The results of both the researches 
gave only insufficient information, however, on the 
unresolved questions related to thermochemical water 
splitting. 

Therefore, the present authors have investigated the 
influence of the contact time and the partial pressure 
of hydrogen iodide, iodine, and water vapor on the 
reaction rate over the Pt/G catalyst and the active 
carbon catalyst, and analyzed the results on the basis 
of an assumed reaction scheme. They have also ex­
amined the lifetime of both the catalysts and the water-
gas reaction of the carbon used as a catalyst or a sup­
port. O n the basis of the results, it was confirmed 
that both the catalysts can be used for the decom­
position of hydrogen iodide in the presence of water 
vapor at 550—700 K. 

Exper imenta l 

The Pt/G catalyst (1.05 wt%) was prepared from the 
active carbon (Shirasagi-G granular, Takeda) and H2PtCl6-
6H 2 0 by an impregnation-calcination method (Ar stream, 
1000 K, 6 h), and was ground to a diameter of less than 
0.30 mm (0.30—0.15 mm, 47 wt% ; 0.15—0.03 mm, 42 wt% 
<0.03 mm, 11 wt%) before use. The active carbon catalyst 
was prepared by a calcination-grinding treatment of the 
active carbon similar to that used for the Pt/G catalyst. The 
experiments were carried out by the use of a tubular reactor 
with the aid of argon carrier gas. The apparatus was similar 
to that depicted in the preceding paper.6) Hydrogen iodide 
was fed in the form of hydriodic acid (7.5 mol 1_1, Wako, 
Sp. Gr.) to obtain reaction conditions similar to those in 
the decomposition of hydrogen iodide included in the present 
thermochemical cycle, in which a certain amount of water 
vapor might coexist with hydrogen iodide. The reactant 
and the carrier gas were fed in at the following rates: HIaq, 
32.3 ml/h; Ar, 9.0 1/h ( P m = 0.125 atm, PH2o=0.682, P A r = 
0.193), unless otherwise stated. In all cases, the reactions 
were carried out under a total pressure equal to 1 atm. The 
contact time was varied by varying the catalyst amount 
at a fixed feed rate of the reactants and the carrier gas. The 
catalyst amount of 1.71 g (for both the Pt/G catalyst and 
the active carbon catalyst) corresponded to the contact 
time of 2.86 x ÎO"1 s (S.V. = 1.26 x 104 h"1). All the exhaust 
components except for hydrogen and argon were condensed 
out in the scrubber. The hydrogen concentration of the 
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exhaust gas was determined by the use of gas chromatography 
(YANACO, G180) with a molecular sieve 13 X column, while 
the flow rate of the exhaust gas (H2 + Ar) was measured 
with a soap-film flowmeter. The conversions of hydrogen 
iodide at each temperature were monitored by measuring 
the hydrogen concentration of the exhaust gas for about 
1 h. After the concentration had become constant, the 
conversions were determined in each run in the directions 
of both the decreasing and increasing temperatures by taking 
the flow rate of the exhaust gas into account. The steady 
state of the reaction was confirmed by the close agreement 
of both conversions at each temperature. As the conversion 
in the blank experimentation was low (5.3 X 10~5 (600 K), 
4.5 xlO"4 (650 K), 1.6 Xl0- 3 (700 K), it was clear that 
both the thermal decomposition in the gas phase and the 
catalytic decomposition on the surface of the glass wall of 
apparatus were negligible. The relative error in the con­
version measurement was, in general, less than 4%. 

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

Water-gas Reaction and Life Test. Active carbon 
is consumed through the reaction with water vapor, 
yielding hydrogen and carbon monoxide at high tem­
peratures. 

G + H 2 0 > H2 + GO; water-gas reaction 

I t was assumed that the life of both catalysts for the 
decomposition of hydrogen iodide in the presence of 
water vapor was mainly dependent on the rate of 
the water-gas reaction. The rate of the hydrogen 
evolution through the reaction of both the catalysts 
with water vapor was measured. The results are 
presented in Table 1. The rate over the Pt/G catalyst 
was higher than that over the active carbon catalyst 
over the whole range of temperatures studied. I t 
would be desirable to use the former catalyst below 
700 K or the latter below 800 K to avoid a catalyst 
loss through the water-gas reaction. The conversion 
of hydrogen iodide over the Pt/G catalyst (0.171 g, 
650 K) or the active carbon catalyst (0.570 g, 700 K) 
was confirmed to remain almost unchanged after 100 h 
of operation under the following feed rates: H I a q , 
36.2 ml /h ; Ar, 4.5 1/h. 

Effect of Mass Transfer on the Reaction Rate.9*11) 
When 0.171 g of the Pt/G catalyst was used, the ratio 
of the length of the catalyst layer to the average di­
ameter of the catalyst particle was about 15. As 
it is accepted that the back-mixing effect is negligible 
when the ratio is about 20 or more, the back-mixing 
effect was almost negligible in the present experiment. 

Both the feed rate and the catalyst amount were 
varied at a fixed contact time ( 2 . 8 6 x l 0 _ 2 s ) over 
the Pt/G catalyst that shows a higher catalytic activity 
of the two kinds of catalysts: H I a q 32.3 ml/h, Ar 
9.0 1/h, Pt/G 0.171 g and H I a q 21.5 ml/h, Ar 6.0 1/h, 
Pt/G 0.114 g. As the conversions were almost the 
same for each feed rate at 500—700 K, the external 
film diffusion did not seem to influence the reaction 
rate in this range of feed rates. 

0HI = K*lP* 
14- KmPm + KmPUi + VKHPB2 -f 

T A B L E 1. H Y D R O G E N EVOLUTION RATE THROUGH 

WATER-GAS REACTION 

T/K 

500 
600 
700 
800 

Pt/G 
ml(STP)/h 

0 
0.2 
2.2 
9.5 

Active carbon 
ml(STP)/h 

0 
0 
0.1 
0.4 

HI(P) 

11 
HI (ad) 

^ 
/ 

H2(0) 

n 
H2(ad) 

Jl 
H - ( a d ) 

U(9) 

U 
l2(ad) 

1 ' 
+ I-(ad) 

H2O(0) 

11 ! 
H20(ad) 

Fig. 1. Assumed reaction scheme for the catalytic de­
composition of hydrogen iodide over the Pt /G catalyst 
or the active carbon catalyst in the presence of water 
vapor. 

The conversion by the use of the Pt/G catalyst 
with a particle diameter of less than 0.15 m m differed 
little from that over the Pt/G catalyst with a diameter 
of less than 0.30 m m at a contact time of 1.43 X 10~2 s 
at 500—700 K. Therefore, the effect of internal dif­
fusion in the micro pore of the catalyst on the reaction 
rate was considered to be insignificant. 

Reaction Scheme. As the basis of the kinetic 
analysis of the catalytic decomposition of hydrogen 
iodide over the Pt/G catalyst or the active carbon 
catalyst, an appropriate reaction scheme was assumed. 
In the preceding paragraph, the effect of mass transfer 
on the reaction rate was shown to be negligibly small 
under the present experimental conditions. Therefore, 
the present authors assumed, on the basis of the results 
obtained by Hinshelwood and Burk7) and Iida8) tha t : 
(i) the reaction proceeds according to the reaction 
scheme depicted in Fig. 1 and (ii) the reaction kinetics 
can be analyzed according to a Langmuir-Hinshelwood 
type of mechanism. 

Under the above assumption, the rate equation of 
the decomposition of hydrogen iodide, V{, is written 
as follows, where k{ is the rate constant of the first-
order surface reaction and 0HI is the surface coverage 
by hydrogen iodide: 

dPm 
Vf= ^ L = k1ßm. (1) 

dm is written as follows, where KUI is the adsorption 
coefficient of hydrogen iodide, pUI is the partial pres­
sure of hydrogen iodide, KH is the adsorption coef­
ficient of dissociated hydrogen, and so on: 

+ VKiPl2 + Ä"H2O-PH20 
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As h a s b e e n m e n t i o n e d a b o v e , I i d a found t h a t t h e 
r a t e e q u a t i o n of t h e c a t a l y t i c d e c o m p o s i t i o n of h y ­
d r o g e n i o d i d e ove r t h e P t / T e f l o n w a s expressed as 
follows u n d e r his e x p e r i m e n t a l c o n d i t i o n s : 

d P H I P H I 
d* 14.76PH2 + 7.49PHi + 208 

I n E q . 3 , n o t e r m c o r r e s p o n d i n g to t h e dissoc ia ted 

c h e m i c a l species is i n c l u d e d . T h e r e f o r e , t h e p r e s e n t 

a u t h o r s e l i m i n a t e VKHPH2 a n d VKnP\2 f rom E q . 2 

as neg l ig ib le a n d t h u s o b t a i n t h e fol lowing e q u a t i o n : 

K-n-[P-i 
(4) 

1 + ^ H I P H I + ^ H 2 P H 2 + -KI 2 PI 2 + -KH2OPH2O 

P H I , P H 2 , a n d Pi2 a r e expressed as follows u n d e r t h e 
c o n d i t i o n s t h a t n o c o n d e n s e d p h a s e is p r e s e n t , w h e r e 
P is t h e in i t i a l p a r t i a l p r e s s u r e of h y d r o g e n i o d i d e 
a n d w h e r e x is t h e conve r s ion of h y d r o g e n i o d i d e : 

Pm=P{\-x) ) 

Pu> = Px/2 . (5) 

Pi, = Px/2 J 

S u b s t i t u t i n g E q . 5 i n E q . 4 , E q . 6 is o b t a i n e d : 

B = P * m ( l - * ) 
H I 1 + * H 2 O P H 2 O + * H I P + (KHJ2 + Kl2/2-Km)Px ' 

W i t h E q . 1 a n d E q . 5, E q . 7 is o b t a i n e d : 

dP H i _ d ( P ( l - * ) ) _ P d * _ 

d T ~ dt ~ ~ d T - * f 0 H I ' 

S u b s t i t u t i n g E q . 6 in E q . 7, t h e fol lowing e q u a t i o n 

is g i v e n : 

P d * 

(6) 

(7) 

ktPKm(l-x) 

dt l+Kn20PK!0 + KmP+(KHJ2 + Kl2/2-Km)Px 

ktPKm(l-x) 

1 + / £ H 2 O P H 2 O + - ^ H I P 

1 + 
(KH2/2 + KJ2-KHI)Px 

(8) 

1 + -KH2OPH2O + Ku\P 

C o n s e q u e n t l y , t h e r a t e e q u a t i o n for t h e c a t a l y t i c 
d e c o m p o s i t i o n o f h y d r o g e n i o d i d e is expressed b y E q . 9 : 

d* _ * ( ! - * ) 

dt 

w h e r e : 

* = 

1+ax 

(KnJ2 + Kl2/2-KQI)P 

1 + - ^ H 2 O P H 2 O + - ^ H I P 

k{Km 

(9) 

(10) 

( I D 
1 + * H 8 O P H 2 O + # H I P ' 

As t h e r e a c t i o n r a t e of t h e f o r m a t i o n of h y d r o g e n 
i o d i d e f rom h y d r o g e n a n d iod ine , Vb is p r o p o r t i o n a l 
to t h e p r o d u c t of t h e surface c o v e r a g e b y t h e dis­
soc ia ted h y d r o g e n a n d t h a t b y t h e d issoc ia ted i o d i n e , 
a c c o r d i n g to t h e r e a c t i o n s c h e m e a s s u m e d in F ig . 1, 
Vb is expressed as follows, w h e r e kh is t h e r a t e c o n s t a n t 
of t h e f o r m a t i o n of h y d r o g e n i o d i d e : 

Vh = 
d P H 

d* 
— kb6n6j. (12) 

0H a n d 0j a r e expressed as follows b y a t r e a t m e n t s imi la r 
to t h a t for E q . 4 ; 

1 / * H P H 2 

1 + -KHIPHI + -KH2PH2 + KÎ2PÎ2 + -KH2OPH2O 
(13) 

(14) 
1 + - ^ H I P H I + ^ H 2 P H 2 + - ^ I 2 P I 2 + -^H 2OPH 2O 

E q u a t i o n 15 is o b t a i n e d b y s u b s t i t u t i n g E q s . 5, 13, 
a n d 14 i n t o E q . 1 2 : 

ktPxVKnK! 

Pdx 

~dT 
2 ( 1 + * H 2 O P H 2 O + * H I P ) 2 

1 + 
( 1 + / C H 2 / 2 + ^ I 2 / 2 - / C H I ) P ^ \ 2 * 

(15) 

1 + ^ H 2 O P H 2 O + ^ H I P / 

E q u a t i o n s 15 is t r a n s f o r m e d to give E q s . 16 a n d 17 : 

dx k'x 

~~dT= (1+fl*)"' ' 

w h e r e : 

(16) 

*' = 
kkVKnKi 

2( l+*H 2 oPH 2 o + tfHiP)2 ( 1 7 ) 

a n d w h e r e P is t h e in i t ia l p a r t i a l p re s su re of h y d r o g e n 
i o d i d e . 

C o n s e q u e n t l y , c o m b i n i n g E q . 9 w i t h E q . 16 gives 
t h e r a t e e q u a t i o n of t h e c a t a l y t i c d e c o m p o s i t i o n of 
h y d r o g e n i od ide , i n c l u d i n g t h e b a c k w a r d r e a c t i o n : 

d# _ k(l—x) k'x 

~dT 1+ax (1+ax) 
(18) 

I n t e g r a t i n g E q . 18 u n d e r t h e in i t ia l cond i t i ons ( w h e n 
t e q u a l s z e r o , x e q u a l s zero) a n d t h e e q u i l i b r i u m con ­
d i t ions ( w h e n x e q u a l s xe, t h e e q u i l i b r i u m convers ions 
of h y d r o g e n i o d i d e , dxjdt e q u a l s zero) yields t h e fol­
l o w i n g exp re s s ion : 

( f l * ï + 2 * e - l ) 
— kt = ax + K-̂ ) 

+ 
( * e - l ) 2 

xe(axl + 1) xe(axex— 1) ' 
In (19) 

w h e r e k a n d a a r e expressed as in E q s . 10 a n d 11 
respec t ive ly . 

T h u s , t h e c o n t a c t t ime -conve r s ion r e l a t i onsh ip of 
t h e c a t a l y t i c d e c o m p o s i t i o n of h y d r o g e n iod ide is ex­
pressed b y t h e R a t e E q u a t i o n 19, w h i c h h a s t w o con ­
s t an t s i n d e p e n d e n t o f t h e c o n t a c t t i m e : k, m a i n l y 
c o n c e r n e d w i t h t h e r e a c t i o n r a t e , a n d a, m a i n l y con­
c e r n e d w i t h t h e a d s o r p t i o n . 

Contact Time-Conversion Relationship. T h e exper i ­
m e n t a l resul ts o b t a i n e d over t h e P t / C ca ta lys t a n d t h e 
a c t i v e c a b o n ca t a ly s t a r e d e p i c t e d as t h e po in t s in 
Figs . 2 a n d 3 . T h e e r r o r in t h e m e a s u r e m e n t of t h e 
conve r s ion of h y d r o g e n i o d i d e c a u s e d b y t h e w a t e r -
gas r e a c t i o n , s igni f icant on ly in t h e case of t h e P t / C 
ca t a ly s t a t 700 K , w a s c o r r e c t e d b y a s s u m i n g t h a t 
t h e r a t e of h y d r o g e n e v o l u t i o n b y t h e w a t e r - g a s r e a c ­
t i on w a s p r o p o r t i o n a l to b o t h t h e feed r a t e of w a t e r 
v a p o r a n d t h e a m o u n t o f t h e ca ta lys t . T h e results 
w e r e s i m u l a t e d o n t h e basis of E q . 19. By cons ide r ing 
t h e fo rm of t h e e q u a t i o n , t h e s i m u l a t i o n of t h e ex­
p e r i m e n t a l resul ts w a s p e r f o r m e d b y first d e t e r m i n i n g 
t h e v a l u e o f a w h i c h g a v e t h e least coefficient of v a r i a ­
t i on of k, ( ( ( M ; ) 2 / « ) 1 ^ ) , t h e n , t h e v a l u e of k as t h e 
a v e r a g e of k c o r r e s p o n d i n g to t h e respec t ive d a t a in 
e a c h r u n b y e m p l o y i n g t h e v a l u e o f t h e a. T h e va lues 
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TABLE 2. VALUES OF k, a, AND xe (EQUILIBRIUM CONVERSION) FOR Eq. 20 

745 

T/K 

500 
550 
600 
650 
700 

k/s 

4.45X10-1 

1.47 
3.64 
8.47a> 
1.71 xl0a> 

Pt/G 

a 

3.75x10 
1.47x10 
2.76 
1.20a> 
5 .10x l0- l a > 

Active carbon 

k/s 

1.78X10-1 

7.46X10-1 

1.06 
1.44 
2.25 

a 

1.92X102 

9.66x10 
2.21x10 
2.90 
5.74X10-1 

xe 

0.151 
0.166 
0.182 
0.195 
0.210 

a) As the number of the effective data for the calculation is small, both k and a are obtained by extrapolation 
assuming the linearity of the Ink vs. 1/T plot and the lna vs. l/T plot, respectively. 
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Fig. 2. Contact time-conversion relationship of hy­
drogen iodide over the Pt/C catalyst. 

of k and a are presented in Table 2. T h e continuous 
curves in Figs. 2 and 3 are obtained by employing 
Eq. 19 along with the k and a in Table 2. Because 
the equilibrium conversions of hydrogen iodide at tem­
peratures of 600 K, 650 K, or 700 K in the presence 
of water vapor differed little from the values calcu­
lated by employing the free-energy changes cited from 
the J A N A F Thermochemical Tables,12) as will be ex­
plained in the section on the "Influence of the Partial 
Pressure of Water Vapor ," the authors adopted the 
latter for xe at each temperature from 500 K to 700 K 
for simulation by the use of Eq. 19. The continuous 
curves in Figs. 2 and 3 simulate the experimental 
data fairly well, supporting the conclusion tha t the 
assumed reaction scheme is comparatively appropriate. 

Influence of the Partial Pressure of Hydrogen Iodide. 
For the rate equation at the initial stage, Eq. 20 is 
obtained by substituting zero for x in Eq. 8: 

V df 1 + J W H . O + W ( ) 

Equation 20 is transformed to Eq. 2 1 : 

v = àx = ktKm 

p dt 1 + J W H . O + W K ' 

I t is reasonable to regard the data at 500 K, 550 K, 
and 600 K at a contact time of 1 .43x l0~ 2 s in Fig. 
2 as those for the initial stage of the reaction. The 
conversion obtained when P, PB2O, and P. were 

a o 

V 

> 
Ö 
o u 
• 

h-l 

X 

0.20 U 

0.15 U 

0.10 U 

0.05 U 

0 0.1 0.2 0.3 0.4 0.5 0.6 

Time/s 

Fig. 3. Contact time-conversion relationship of hydro­
gen iodide over the active carbon catalyst. 

equal to 0.0761 atm, 0.415 a tm, and 0.509 a tm re­
spectively at a contact time of 1.43 X 10~2 s were 0.00521 
(500 K ) , 0.0159 (550 K) , and 0.0444 (600 K ) . These 
values differ little from those shown in Fig. 2, for 
which the following partial pressures were used: P 
(0.125 a tm) , PH2o (0.682 a tm) , and PAr (0.193 a tm) . 
From these results, it is concluded that both ^H2O-PH2O 
and KUIP are negligibly small compared to 1 in this 
range of their partial pressure by considering the form 
of Eq. 21, as ktKm remains constant. 

Influence of the Partial Pressure of Water Vapor. The 
polarity of hydrogen iodide is strong. However, the 
polarities of hydrogen and iodine, the decomposition 
products of hydrogen iodide are weak. Therefore, 
there is the possibility that only hydrogen iodide is 
stabilyzed by the interaction with water vapor and 
that the conversion of hydrogen iodide decreases in the 
presence of water. The influence of the coexistence 
of water vapor on the equilibrium conversion of hy­
drogen iodide is small, as is shown by a comparison 
of the experimental conversions corresponding to that 
at the long contact time at 600—700 K in Fig. 2 
with the calculated equilibrium conversions presented 
in Table 2. 

When water vapor is added to the vapor of hydriodic 
acid, the rate equation at the initial stage is expressed 
as follows, on the basis of Eq. 20, where PB2O is the 
partial pressure of the water vapor including the added 
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P H 2 o/a tm 

Fig. 4. Effect of water vapor addition on the initial 
rate of the decomposition of hydrogen iodide over 
the Pt /G catalyst (0.086 g) : P = 0 . 0 7 6 1 a tm, PH 2o = 
0.415, 0.605, and 0.795 a tm, P A r = balance. 

w a t e r v a p o r : 

Pdx ktKmP 

at l+KH20PU20 + KmP 

T h e t r a n s f o r m a t i o n o f E q . 22 yie lds E q . 2 3 : 
P 

v 

1 

"57 
dt 

l+KmP KU20PU2o 

ktK] HI kfK) f-^-HI 

(22) 

(23) 

I t is s h o w n i n E q . 2 3 t h a t t h e p l o t of I/(dxjdt) a g a i n s t 
t h e p a r t i a l p r e s su re of w a t e r v a p o r gives a s t r a i g h t 
l ine a n d t h a t t h e i n t e r c e p t of t h e e x t r a p o l a t e d l ine a t 
t h e p a r t i a l p r e s su re z e r o is t h e r e c i p r o c a l of (dx/dt) 
i n t h e a b s e n c e o f w a t e r v a p o r . T h e e x p e r i m e n t a l 
resul t s a r e d e p i c t e d i n F ig . 4 . I f t h e e x t r a p o l a t i o n 
of t h e s t r a i g h t l ine is s ignif icant e v e n i n t h e r a n g e 
w h e r e t h e p a r t i a l p r e s su re of w a t e r v a p o r is smal l o r 
n e a r z e r o , i t c a n b e said t h a t t h e r e a c t i o n r a t e of t h e 
d e c o m p o s i t i o n of h y d r o g e n i o d i d e in t h e p r e s e n c e of 
w a t e r v a p o r does n o t differ so m u c h f rom t h a t i n 
its a b s e n c e . 

Influence of the Partial Pressure of Iodine. Figure 
5 shows t h e c a l c u l a t e d v a l u e s o f t h e e q u i l i b r i u m c o n ­
vers ion of h y d r o g e n i o d i d e in t h e p r e s e n c e of i o d i n e 
i n t h e gas p h a s e a d d e d i n a d v a n c e of t h e d e c o m p o s i t i o n . 
C a l c u l a t i o n w a s c a r r i e d o u t a c c o r d i n g to t h e fol lowing 
e q u a t i o n , w h e r e K is t h e e q u i l i b r i u m c o n s t a n t for t h e 
d e c o m p o s i t i o n of h y d r o g e n i o d i d e , m is t h e r a t i o of 
t h e p re s su re of i o d i n e a d d e d in a d v a n c e of t h e d e c o m ­
pos i t ion to t h a t of h y d r o g e n i od ide , a n d x is t h e c o n ­
vers ion of h y d r o g e n i o d i d e : 

K = 
Vx(x+2m) 

2 ( 1 - * ) 

I t c a n b e seen f rom F i g . 5 t h a t t h e coexis tence of 
i o d i n e i n t h e ga s p h a s e lowers t h e e q u i l i b r i u m c o n ­
vers ion of h y d r o g e n i o d i d e r e m a r k a b l y . 

W h e n i o d i n e is a d d e d to h y d r i o d i c a c id , t h e r a t e 
e q u a t i o n a t t h e in i t i a l s t age of t h e r e a c t i o n is expressed 
as follows o n t h e basis of E q . 20 , w h e r e P°2 is t h e 

o 

O 
Ü 

0.2 0.4 0.6 0.8 1.0 1.2 

P%/P 

Fig. 5. Dependence of the equilibrium conversion of 
hydrogen iodide on the ratio of the pressure of iodine 
present in advance of the reaction (P%2) to the initial 
pressure of hydrogen iodide (P). 
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Fig. 6. Effect of iodine addition on the initial rate of 
the decomposition of hydrogen iodide over the Pt/G 
catalyst (0.086 g) : P = 0 . 1 2 5 a tm, PH 2o = 0.682 a tm, 
P°l2 = 0, 0.0125, 0.0250, and 0.0625 a tm, P A r = b a l a n c e . 

p a r t i a l p r e s su re of t h e a d d e d i o d i n e : 

_ Pdx _ ktKmP 
V~ dt ~ l+KH20PH20 + KmP+Kl2P%-

T h e t r a n s f o r m a t i o n of E q . 25 yie lds E q . 2 6 : 

P _ dt 1+ t f ] 

v 
I H Z O - P H Z O + ^ H L P , ^ 1 2 - ^ 1 2 

(25) 

(26) 
dx kfKni k{Kni 

T h e r e f o r e , t h e p l o t of 1 /(dx/dt) a g a i n s t t h e p a r t i a l 
p r e s su re of i o d i n e gives a s t r a i g h t l ine , a n d t h e in ­
t e r c e p t a t t h e z e r o p res su re , t h e r e c i p r o c a l of (dx/dt) 
i n t h e a b s e n c e o f i o d i n e . T h e e x p e r i m e n t a l resul ts 
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1.6 1.8 

kK/r 
, Fi'f. 7. Arrhenius plots for the decomposition of hy­

drogen iodide over the Pt/G catalyst and active carbon 
catalyst. 
O : Pt/G catalyst, # : active carbon catalyst. 

are shown in Fig. 6. I t is notable that the reaction 
rate at the initial stage decreased remarkably with the 
addition of iodine in the low-temperature range. For 
example, the reaction rate at the initial stage in the 
presence of 0.0625 a tm (Pm/Pi2 = 2) of iodine was 
about a fiftieth of that in the absence of iodine at 
500 K. 

Activation Energy and Heat of Adsorption. As has 
been described above, k and a are expressed as follows: 

ktKm k = 

a — 

1 -f KH20PH2O +-KHI-P 

(/CH2/2 + /C l 2 /2-/Cm)P 

(10) 

(11) 
1 +-KH2O-PH2 0 + - K H I - P 

As has been mentioned above, XH2O^H2O and KmP 
are negligible compared to 1 under the present ex­
perimental conditions. Therefore, Eqs. 10 and 11 are 
transformed to give the following equations: 

k « kfKHI (27) 

a^(kHJ2 + Kl2/2-Km)P. (28) 

Equation 27 shows that k is nearly equal to the ap­
parent rate constant of the decomposition reaction 
of hydrogen iodide on the catalyst surface. Figure 7 
shows the plot of In k vs. 1 / T; the straight line in the 
figure was obtained by the treatment of least-squares 
fitting. From Fig. 7, the apparent activation energy 
of the decomposition of hydrogen iodide was given 
as 12.7 kcal/mol over the Pt/G catalyst and as 8.21 
kcal/mol over the active carbon catalyst. The value 
obtained over the Pt/G catalyst is near to that obtained 
over the Pt wire by Hinshelwood and Burk7) (14 kcal/ 
mol). 

Kn2, Ki2, and Km in Eq. 28 are expressed as follows 
by the use of the heats of adsorption of the correspond­
ing chemical species: 

/CH2 = exp(-AGZJRT) = exp(A«,/Ä) -exp(-AHZJRT) 

= cvexp(q(H2)/RT) 

Kl2 = c2-exp(q(I2)IRT) 

Km = c3-exp(q(HI)/RT), (29) 

where AG£2, ASH 2 5 AHZ2, and q(H2) are the 
standard Gibbs free energy change, the standard en­

ta 
ö 

1.4 2.0 1.6 1.8 

kK/r 
Fig. 8. Relations between the reciprocal of T and In a. 

O: Pt/G catalyst, # : active carbon catalyst. 

tropy change, the standard enthalpy change of ad­
sorption of hydrogen, and the heat of adsorption of 
hydrogen, respectively. The other symbols are defined 
as above. By substituting Eq. 29 in Eq. 28, Eq. 
30 is obtained: 

a = fo.expfa (HJ/ÄTJß + c2^xp(q{l2) IRT) ß 

- cs-exp(q(m)/RT))P. (30) 

The values of <7(H2) and <7(HI) on the active carbon 
have been reported in the l i terature: <7(H2) is 2.5 
kcal/mol13) and q(HI) is 21—2314) kcal/mol. As is 
shown in Table 2, the values of a on the active carbon 
are positive, and when In a is plotted against 1 / T on 
a straight line by the least-squares fitting, the slope 
of the line is positive and big as is shown in Fig. 8. 
Therefore, none of the terms except for £2*exp(<7(I2)/ 
RT)j2 are considered to be dominant in Eq. 30. O n 
the basis of this discussion, the following equation is 
obtained : 

In a « q(l2)/RT + lnfo.P/2). (31) 

Equation 31 means that, when In a is plotted against 
\jT on a straight line, the slope of the line gives q(l2)l 
R. The value of q(l2)

 o n t n e active carbon has not 
yet been reported. However, it may be estimated 
as follows: 

q(I2) = 2q(C2H5l) - f (fl-C4H10), 

where ^(G2H5I) and ^(n-G4H10) are the heat of ad­
sorption of ethyl iodide and butane on an active carbon, 
as reported in Ref. 13. The value of q(I2), 16.4 
kcal/mol, is obtained by the use of the values of q-
(G2H5I) , 14.0 kcal/mol, and ?(n-G4H1 0), 11.6 kcal/mol. 
The estimated value of q(l2) on the active carbon is 
comparable to that obtained from the slope of the 
In a vs. l/T plot of the active carbon catalyst (20.7 
kcal/mol). This fact also supports the validity of the 
kinetic analysis employed in the present research. 

The results obtained in the present research may 
be summarized as follows: 1) The contact time-
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conversion relationship of the catalytic decomposition 
of hydrogen iodide over the Pt/G catalyst and the 
active carbon catalyst was simulated successfully by 
the use of a rate equation derived from an assumed 
reaction scheme. 2) The influence of water vapor 
on the rate and equilibrium of the decomposition 
of hydrogen iodide was small. 3) The Pt/G catalyst 
and the active carbon catalyst were consumed through 
the water-gas reaction in the high-temperature range 
(above 700 K for the former catalyst and above 800 
K for the latter). 4) The presence of iodine in the 
gas phase in advance of the decomposition of hydrogen 
iodide lowers its equilibrium conversion remarkably, 
as judged on the basis of a thermodynamic calculation. 
5) The inhibition effect of iodine on the rate of the 
catalytic decomposition of hydrogen iodide over the 
Pt/G catalyst was remarkable below 550 K. 

O n the basis of these results, the present authors 
have concluded that the Pt /C catalyst and the active 
carbon catalyst should be used in the temperature 
range of 550—700 K, where the water-gas reaction 
is almost negligible and where the inhibition effect 
of iodine is small. For the catalytic decomposition 
of hydrogen iodide in the lower temperature range, 
the development of a catalyst which suffers little in­
hibition effect from iodine is required, or the decom­
position should be carried out in combination with a 
separation method that can continuously remove the 
iodine formed in the gas phase, even in the presence 
of water. 

The authors wish to thank Drs. Naoyuki Todo, Kenzo 
Fukuda, and Etsuo Akiba for their valuable discus­
sions. We also would like to thank Mr . Eiji Miyazawa 
for his cooperation in the experiment and Mr . Atsushi 

Kinase for his cooperation in several calculations. 
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Ion-exchange studies of crystalline zirconium titanium phosphate with variable zirconium-to-titanium mole 
ratios have been extended to sodium-ion exchange on the exchangers with Zr-to-Ti mole ratios of 0.37 and 0.61, 
and to lithium and potassium ion exchange on the exchanger with a Zr-to-Ti mole ratio close to unity. In the 
sodium-ion exchange, a mono-sodium phase formed up to about a half of the exchange; then a disodium phase 
with a different amount of water of crystallization formed. In the lithium-ion exchange, the reaction proceed­
ed with the formation of fully exchanged phases whose water content varied depending upon the environment 
in which the exchanger was placed during or after the reaction. The exchange amount of potassium ions was 
much less than that of sodium or lithium ions, and the ion exchange proceeded in parallel with an extensive hy­
drolysis of the exchanger. The half-exchanged phase could not be confirmed in this case. For the three alkali 
metal ions studied, the selectivity series was found as a function of loading, i.e., within the range of the load from 
0 to 1.3 meq/g, the selectivity is in the order of Na+>K+>Li+, between 1.3 and 4.5 meq/g, it is Na+>Li+>K+, 
and above 4.5 meq/g loading, it turns out to be Li+>Na+>K+. 

The sodium-ion-exchange behavior on crystalline 
zirconium titanium phosphate (ZTP) with three dif­
ferent Zr-to-Ti mole ratios has been reported in some 
detail, and it was revealed1) that, in the ti tanium-
rich exchanger, a disodium phase was formed without 
the formation of the intermediate monosodium phase, 
as was the case in H+-Li+ or H+-Na+ exchange on 
a-titanium phosphate (a-TP). T h e investigation has 
now been extended to sodium-ion exchange on Z T P 
with some other Zr /Ti mole ratios, and further to 
lithium and potassium-ion exchange on Z T P with 
the Zr /Ti mole ratio close to unity. A comparison 
of the exchange behavior of these alkali metal ions 
with each other is of interest from the viewpoint of 
ion selectivity as well as the ion-sieve effect. 

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

ZTP Exchangers. The ZTP exchangers used in this 
experiment were prepared as has been described earlier1) 
with the refluxing time of 200 h. The Zr/Ti mole ratio 
in the starting solutions was varied between the sodium-ion 
experiment and the lithium- and potassium-ion experiment. 

Analysis of the Exchangers. The sum of Zr and Ti 
was determined gravimetrically by means of precipitation 
with cupferron.1) In a separate experiment, the exchanger 
(300 mg) was dissolved in hot coned H 2S0 4 (40 cm3). 
After cooling, 10% H 2 0 2 (10 cm3) was added to the solution. 
The mixture was heated, and the resulting clear solution 
was diluted to 150 cm3. Then the solution was transferred 
into a reduction vessel containing a liquid zinc amalgam, 
carbon dioxide gas was introduced to repalce the air, and 
the vessel was shaken vigorously for 10 min under slight 
warming. Titanium(IV) was thus quantitatively reduced 
to a trivalnet state. Then the aqueous phase was titrated 
with a standard NH4Fe(S04)2 solution in the presence of 
a saturated KSGN solution (10 cm3), the Zr-to-Ti mole 
ratio being calculated from the results.2) 

Ion Exchange. The experiment was conducted by 
means of the batch method in the way described previosuly. 
Mixed solutions of MCI (0.1 mol dm"3) and MOH (0.1 
mol dm~3), where M is Li, Na, or K, were prepared in vari­
able mixing ratios. The sodium experiment was carried 
out at 25 °C, whereas the lithium and potassium experi­
ments were made at 25, 45, and 60 °C. After equilibra­
tion with the exchanger in interest, the solution was cen-

trifuged, and then the pH of the supernatant liquid was 
measured. Analyses for Na, Li, and K was performed by 
flame photometry with a Hitachi atomic absorption/flame 
spectrophotometer, while P was analyzed colorimetrically 
by the phosphomolybdic acid method. X-Ray powder dif-
fractometry was made on exchangers obtained at various 
stages of ion exchange by using a Rigaku Geigerflex X-ray 
diffractometer. 

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

Synthesized Exchangers. Three kinds of Z T P ex­
changers have been prepared, as is shown in Table 
1. Z T P ( Z r / T i = 0 . 3 7 ) and ZTP(0.61) were used for 
the Na+-ion exchange, and Z T P (1.02), for the Li+-
and K+-ion exchange. 

The interlayer distance (̂ 002)5 a s estimated from 
the X-ray powder patterns, was approximately 7.6 Â 
in all three cases. As has been reported,1) the ex­
changers are considered as solid solutions of zirconium 
and t i tanium phosphate and as isomorphous with a-
zirconium phosphate (a-ZP) and a-TP. 

Sodium-ion Exchange. Figure 1 illustrates the p H -
titration curves for Na+- ion exchange and the cor­
responding phosphate-release curves. T h e titration 

phosphate release 
1 2 mmo l /aZTP 
r 1 

Fig. 1. The pH-titration curves for sodium ion ex­
change and the phosphate release curves. 
—O—: ZTP (0.61), —A—: ZTP (0.37), — # — : 
a-TP. 
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TABLE 1. COMPOSITION OF SYNTHESIZED ION EXCHANGER, Zra.Ti1-a.(HP04)2-H20 
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Notation Mixing mole ratio (Zr/Ti) 
dotation o f s t a r t i n g materia.ls 

Mole ratio (Zr/Ti) 
of products 

Estimated exchange 
capacity (meq/g) 

ZTP(0.37) 
ZTP(0.61) 
ZTP(1.02) 

0.50 
0.67 
1.0 

0.37 
0.61 
1.02 

0.27 
0.37 
0.51 

7.41 
7.30 
7.15 

XNa=0-42 

r«« 
0) 

CM 

00 

XN a=0.61 *Na" 0 .74 

10 15 10 15 
Cu-K<X 

10 

Fig. 2. The lowest angle regions of the X-ray powder 
diffraction patterns of ZTP(0.37) at several stages 

of exchange. ANa denotes the ionic fraction of sodium 
ion in the exchanger. 

curve for ZTP(0.37) has a small point of inflection 
at approximately 2.3 meq Na + / g Z T P . The curve 
for ZTP(0.61) also has an inflection at approximately 
2.4 meq Na + / g Z T P . The titration curve for N a + -
ion exchange on a-TP given by Takaguchi3) is included 
in the figure, where an inflection exists a t approxi­
mately 2 meq Na+/g T P . The titration curve for 
Na+ - ion exchange on a -TP is similar to those given 
by previous investigations, but the existence of any 
inflection was not very clear4»5) previously, except for 
the recent study by Clearfield and Frianeza.6) The 
shift of the inflection toward a lower sodium loading 
with a decrease in the Zr content has been observed 
in the experiment1) for ZTP(3.25) [3.5 meq/g] , Z T P 
(0.93) [3 meq/g] , and ZTP(0.25) [2.2 meq/g] . T h e 
data given in the present study again confirms the 
trend. 

T h e X-ray powder patterns for ZTP(0.37) and Z T P 
(0.61) a t several stages of exchange were measured; 
their lowest angle regions are shown in Figs. 2 and 3. 
T h e reflection peak a t the lowest angle corresponds 
to the interlayer distance (^002)- T h e ionic fraction 
of sodium in the exchanger phase is denoted by XN(l. 
As is shown in Fig. 2, in ZTP(0.37) , the intensity of 
the peak a t 7.6 Â representing the unexchanged phase 
decreased with an increase in sodium loading, and 
a peak appeared a t 8.2 Â. This peak seems to cor­
respond to the monohydrate of monosodium salt (d= 
7.9 Â) , with some excess of water obtained in the 
dehydration process of pentahydrate (e /=11.9Â). Be­
yond a 5 0 % exchange, the unexchanged phase was 
no longer present and the peaks a t 8.4 and 9.7 Â 
arose. These peaks indicate disodium phases with 
different amounts of water of crystallization.1) These 
patterns suggest that ZTP(0.37) still behaves toward 
the Na+ ion like a-ZP in that the monosodium phase 

XNa
=o-o XNa=o.i3 *Na" 0 .26 

10 15 10 15 10 15 

XN a=0.41 X N a =0 .67 
*Na~ 0 .89 

10 10 
Cu-K<X 

10 

Fig. 3. The lowest angle regions of the X-ray powder 
diffraction patterns of ZTP(0.61) at several stages 
of exchange. 

exists as an intermediate. 
In ZTP(0.61), the interlayer distance remained al­

most constant until Z N a = 0 . 2 6 , where the peak a t 
7.9 Â appeared a t the expense of the peak a t 7.6 Â 
(Fig. 3). Thus, it shows the formation of the solid 
solution of Z T P with the Na+ ion up to about 2 5 % 
exchange. At Z N a = 0 . 4 1 , the 7.6 Â peak disappeared, 
leaving only the peak a t 8.1 Â. T h e l v a l u e s for 
the monosodium form seem to vary between 7.9 and 
8.2 Â depending upon the drying condition of the 
samples used for X-ray examination. If the sample 
was dried in a silica-gel desiccator, l v a l u e s of around 
7.9 Â were obtained, whereas the samples only air-
dried gave somewhat higher values. 

In conclusion, for the Na+-ion exchange process, 
the monosodium phase is present in ZTP(0.37) and 
ZTP(0.61) , as was the case for a-ZP, ZTP(3.25), 
and ZTP(0.93). 

Lithium-ion Exchange. The ion-exchange exper­
iment was conducted by using ZTP(1.02), its formula 
being Zr 0 # 5 0 5Ti 0 # 4 9 6(HPO 4) 2-H 2O. The pH-titration 
curves and the phosphate-release curves measured a t 
25, 45, and 60 °G are given in Fig. 4. At any tem­
perature examined, the titration curve reached a pla­
teau at a p H close to about 5 soon after the exchange 
started. In the case of the experiment a t 25 °G, 
the plateau continued until the exchange proceeded 
up to 8 0 % of the theoretical exchange capacity. 
Thereafter, the curve steeply rose to the p H of 7.5 
and recorded the maximum exchange of 88 .5%. At 
a higher p H value, the exchange amount of the Na+ 
ion decreased as a result of the hydrolysis of the ex­
changer. The absence of any p H j u m p at a half-
exchange reminds one of the lithium-ion exchange 
on a-TP.7) As the temperature rose, the hydrolytic 
decomposition of the exchanger proceeded further, 
resulting in a decrease in the maximum exchange 



March, 1981] Alkali Metal Ion Exchange on Zirconium Titanium Phosphate 751 

phosphate release 
1 2 mmol /gZTP 

eqLi/gZTP 

Fig. 4. The pH-titration curves for lithium ion exchange 
and the phosphate release curves. 
—#—-: 25 °C, — O — : 45 °C, —A—: 60 °G. 
The exchanger is ZTP(1.02) in all the cases. 
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Fig. 5. The lowest angle regions of the X-ray powder 
diffraction patterns of ZTP(1.02) at several stages 
of lithium exchange at 25 °G. The numbers 1 to 6 
indicate the extent of reaction shown in the titration 

curve in Fig. 4. JfLi denotes the ionic fraction of 
lithium ion in the exchanger. 

amount of the Li+ ion, which was 8 4 % at 45 °G and 
7 9 % at 60 °G compared to the theoretical value. 
As far as the ion-exchange behavior is concerned, 
however, the temperature dependence is very little, 
as is clearly observed in the fact that there is almost 
the same p H value in the plateau region. In other 
words, the exchange equilibrium is attained within 
4 d even at 25 °C, but hydrolysis tends to proceed 
even further if the exchanger is in contact with alkaline 
solutions for a longer period. 

The lowest-angle regions of the X-ray powder pat­
terns of the exchanger a t several stages of Li+-ion 
exchange are reproduced in Fig. 5. Numbers 1 to 
6 indicate the extent of exchange shown in the titration 
curve (Fig. 4). Unlike the Na+- ion exchange on Z T P 
(0.61), a hardly no formation of the solid solution 
was observed in the present case; that is, as soon as 
the exchange started, the reflection peak at 10.1 Â 
appeared, followed by the peak at 7.9 Â. These two 
peaks retained considerable intensities up to the maxi­
m u m exchange, namely, to the end of the reaction. 
At the same time, the peak at 7.6 Â representing the 

unexchanged phase also survived with much smaller 
intensity. I t is considered that the increasing steric 
hindrance occurred as the hydrated Li+ ions replaced 
protons, and that this resulted in incomplete substitu­
tion. The peaks at 10.1 and 7.9 Â correspond to 
the tetra- and mono-hydrate of dilithium salt, (Zr, 
T i ) ( L i P 0 4 ) 2 - 4 H 2 0 and (Zr, T i ) ( L i P 0 4 ) 2 H 2 0 , as as­
sumed from the lithium-exchanged phases formed in 
a-ZP.8) I n fact, if the exchanged solid was heated 
at 100 °G for 30 min, the peak at 10.1 Â completely 
disappeared and the peak a t 7.9 Â remained. 

From the shape of the titration curves and the X-ray 
evidence, it may be concluded that, in the Li+-ion 
exchange on ZTP(1.02) , the reaction proceeds with 
the formation of fully exchanged phases whose water 
content varies depending upon the environment during 
or after the exchange process. 

I t is interesting to compare the Li+-ion exchange 
behavior on Z T P with that on a-ZP and a-TP. In 
a-ZP, two exchangeable protons are said to have 
differing acidities, and a half-exchanged phase is often 
observed for the reaction with many counter ions. 
This exchanger also allows variations in the water 
content at various stages of ion exchange, and it leads 
to a change in the interlayer spacing. In a-TP, on 
the other hand, the formation of a half-exchanged 
phase is difficult to confirm.1" Especially for the Li+-
ion exchange, the water content is rather unchanged 
throughout the reaction and the interlayer spacing 
is also kept constant. T h e case of ZTP(1.02) is just 
intermediate inbetween a-ZP and a-TP. I t resembles 
a -TP in that a monolithium phase is absent, but it 
resembles a-ZP in that the water content varies during 
exchange, resulting in a change in the interlayer 
distance. However, taking the exchange behavior of 
N a + ion into consideration, the existence or absence 
of a half-exchanged form is not always simply related 
to the difference in the acidity of the two exchangeable 
protons of Z T P . T o elucidate the mechanism of the 
direct formation of the fully exchanged phase, further 
investigation, including that of the diffusion kinetics 
of cations in the exchanger solid, are needed. 

Potassium-ion Exchange. The same exchanger as 
used for the Li+-ion exchange, Z T P (1.02), was uti­
lized. The potassium-uptake curves and the phos­
phate-release curves obtained at 25, 45, and 60 °G 
are shown in Fig. 6. I t is clear that potassium uptake 
on ZTP(1.02) is not so easy compared to the sodium 
and lithium uptake. Thus, up to p H 7 about 2 meq 
K+ ions per g of exchanger were taken up. This 
value falls to between the corresponding potassium 
uptakes on a-TP and a-ZP, about 1 meq/g3) and 3 
meq/g9) respectively. These values are much less than 
the exchange amount of alkali metal ions with smaller 
ionic radii for this p H . T h e equilibrium p H reached 
a plateau at about 7.1, where the K+-ion exchange 
proceeded in parallel with the hydrolysis of the ex­
changer. No step-by-step exchange such as has been 
observed in the K+-ion exchange on a-ZP9) was found 
in the case of ZTP(1.02). 

t Clearfield and Frianeza reported the formation of two 
sodium-ion-exchanged phases.6) 
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Fig. 6. The pH-titration curves for potassium ion ex­
change and the phosphate release curves. 
— O — : 25 °G, — O — : 45 °G, —A—: 60 °G. 
The exchanger is ZTP(1.02) in all the cases. 
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Fig. 7. The lowest angle regions of the X-ray powder 
diffraction patterns of ZTP(1.02) at several stages of 
potassium exchange at 25 °G. The numbers 1 to 5 
indicate the extent of reaction shown in the titration 

curve given at the bottom right. XK denotes the 
ionic fraction of potassium ion in the exchanger. 

The maximum exchange was about 6 0 % of the 
theoretical capacity at 25 °G and even less at higher 
temperatures. T h e phosphate release in alkaline solu­
tions was much more extensive in the K + uptake than 
in the L i + and Na+ ion exchange, reflecting the large 
ionic radius of the K+ ion, which encounters cavity 
openings of comparable size. 

In Fig. 7, the lowest angle region of the X-ray 
powder diffractograms of various exchanged solids for 
the 25 °G experiment are given schematically. U p 
to an exchange of about 3 3 % , where the equilibrium 
p H is still below 7, no new solid phase can be observed, 
indicating the formation of a solid solution; i.e., the 
K + ions are incorporated with Z T P without changing 
its structure. Above this point, the reflection cor­
responding to </0 0 2=10.8Â appeared, while the peak 
at 7.6 Â diminished. I t should be noted that the 

exchanger decomposes to such an extent that , at XK = 
0.59, no reflection from the unexchanged phase was 
observed any longer. T h e X-ray powder patterns 
obtained in the 45 and 60 °G experiments were similar 
to those described above, except that the degree of 

3 • / 4 

meq M / 9 Z T P 

Fig. 8. The alkali metal ion uptake curves at 25 °G. 
For sodium ion uptake, ZTP(0.93) exchanger was 
used. For other two ions, ZTP(1.02) was employed. 

crystallinity became poorer in the exchange at a higher 
p H . 

In the K+-ion exchange on a-ZP, monopotassium 
salt, Z r ( K P 0 4 ) ( H P 0 4 ) H 2 0 , with an interlayer dis­
tance of 7.95 Â, and dipotassium salt, Z r ( K P 0 4 ) 2 -
3 H 2 0 , with an interlayer distance of 10.8 Â, were 
produced during the exchange process.9) In the pres­
ent study, the new solid phase confirmed has the 
interlayer distance of 10.8 Â, which most probably 
corresponds to a trihydrate of dipotassium salt, (Zr, 
T i ) ( K P 0 4 ) 2 - 3 H 2 0 . This means that the half-ex­
changed phase could not be confirmed in this case 
either. 

Ion-selectivity Series. Comparison is now possible 
between the ion-exchange behavior of three alkali 
metal ions on this particular inorganic exchanger. 
Titrat ion curves measured under quite similar condi­
tions are reproduced in Fig. 8. T h e selectivity series 
depends on the load of exchanger. Thus, within the 
range of loads from 0 to 1.3meq/g, the selectivity 
is in the order: N a + > K + > L i + , while between 1.3 
and 4.5 meq/g, it is N a + > L i + > K + . Above 4.5 meq/g 
loading, it turns out to be L i + > N a + > K + , and prac­
tically no potassium ions are taken up at all. 

I t is noticeable that the lithium-ion selectivity in­
creases relative to other ions as the load of the ex­
changer increases. However, this is a result of the 
rather constant equilibrium p H for lithium exchange 
compared to the case of sodium or potassium. In 
lithium exchange, essentially a single exchanged crystal 
form seems to exist. Thus, the tetrahydrate of dilith-
ium salt is the most probable form on the exchange 
site. O n the other hand, in the case of sodium ex­
change, the shape of the titration curve seems to be 
related to two exchanged forms, mono- and disodium 
salts. Further , in potassium exchange, the initial for­
mation of a solid solution, followed by the formation 
of a potassium salt phase, may be responsible for the 
unique shape of its titration curve. 
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Phase Relations in the System PbO-PbSi03 

Kazushi H I R O T A * and Yasutoshi T . HASEGAWA 
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Phase relations in the system PbO-PbSi03 were determined at temperatures above 650 °C. Two new lead 
silicate phases, Pb5SiO, and Pb nSi 30 1 7 were found to be stable. The former melts incongruently at 733 ± 1 °C 
to solid PbO plus liquid, and decomposes below 702 ± 1 °C. The latter melts congruently at 728±1 °C. The 
compound Pb4Si06, which has been accepted as stable, could not be confirmed. 

Considerable work has been done by various in­
vestigators1-11) on the system P b O - S i 0 2 . These work­
ers agree about the temperature region of liquidus 
and solidus lines of the P b O - S i O a system, and the 
phase diagram given by Geller et a/.6) has long been 
accepted as definitive by many investigators.7-11) Be­
yond this, however, there is little agreement. Com­
pounds with the P b O : S i 0 2 molar ratios of 4 : 1 , 3 : 1 , 
2 : 1 , 3 :2, 1:1, 5 :8 , and 1:2 have been reported. 
Billhardt,7) O t t and McLaren,8) and Smart and 
Glasser9) have studied subsolidus reactions and com­
pound formation in this system, with the result that 
there are 3 quite different sets of conclusions regarding 
the identity, polymorphism, and thermodynamic sta­
bility of the lead silicates. 

In the present study, we re-examined the phase 
equilibrium relations of the system P b O - P b S i 0 3 in 
the region above 650 °C, of which the phase diagram 
has been given by Geller et a/.6) Two new lead sili­
cate phases, 5:1 and 11:3, were found to be stable. 

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

The reaction products quenched in the equilibration runs 
were examined by X-ray diffraction of powdered specimens, 
by electron probe microanalysis, and by microscopy. The 
approach to equilibrium was studied as a function of run 
durations. Starting from a mixture of PbO and Si02 , a 
complex mixture of more than three phases was obtained 
when the run duration was too short to attain an equilibri­
um state. A quenched specimen was judged to be at equi­

librium when two phases or a single phase only was found. 
The starting mixtures were enclosed by welding them in 
platinum capsules 6 mm in diameter and 35 mm long. Oth­
erwise, sublimation of components during the run durations 
was not negligible. 

A fine powder of SiOa used as the starting material was 
prepared from a commercial SiCl4 (Shin-Etsu Chemical 
Co. Ltd.) prepared for semiconductor use. The SiCl4 was 
added to water in a platinum dish. The product was dried 
on a sand bath. Then the product silica was crushed into 
a powder and heated at 1300 °C to eliminate the volatile 
impurities. The PbO used as starting material was pre­
pared from a commercial basic lead carbonate (Nakarai 
Chemicals, Ltd., CP grade). About lOppm of Al and 
Ni were detected in the PbO by means of spectroscopic 
analysis. Further details of the experimental procedures 
are the same as those given in our previous report on the 
PbO-PbGe0 3 system.12) 

R e s u l t s 

Observed equilibrium phase relations are summa­
rized in Fig. 1. In the P b O - P b S i 0 3 system, three 
intermediate compounds, Pb5SiO ? , P b n S i 3 0 1 7 , and 
Pb 2 Si0 4 , appear above 650 °C. T h e last one, Pb 2 Si0 4 

has been already reported by Krakau et al.,5) but 
the former two phases have not yet been reported. 

In the present investigation, electron probe micro­
analysis was used successfully for identification of phases 
in quenched samples. Results of analysis for equi­
libration runs are shown in Table 1. Each starting 
mixture was sealed by welding it inside a plutinum 

TABLE 1. ANALYTICAL RESULTS OF THE PRODUCTS KEPT AT 718 °C FOR 820 ha) 

Starting materials 
Composition 

SiO2/wt°/0 PbO/wt% 

3.0 97.0 

6.0 94.0 

9.0 91.0 

Average 
Formula 
Calculated 

SiOa/w 

0.05 

0.02 

o.o0 

0.02 

0.00 

Phase 1 
t% PbO/wt% 

100.! 
100.2 

99.s 

loo.« 
PbO 

100.0 

Products 

Phase 2 
SiO2/wt°/0 PbO/wt% 

5.12 

5.32 

5.24 

5.1„ 
5.19 

5.20 

94.2 

94.2 

94.5 

94.9 

94.5 

94.5 

5.20 94.5 

Pb5SiO? 

5.10 94.90 

SiOJwt 

6.82 

6.83 

6.95 

6.74 

6.76 

6.94 

6.87 

Pb 
6.83 

Phase 3 
:% PbO/wt% 

92.9 

93. 7 

93.9 

94.0 

92.7 

94.4 

93.3 
' i iSi 20 1 7 

93.17 

Pha: 
SiO2/wt°/0 

11.6, 
11.7. 
11.94 

PbO/wt% 

88.7 

88.7 

88.« 

11.79 88.7 

Pb2Si04 

11.85 88.15 

a ) Computational method was taken from Bence and Albee.13) Under experimental conditions of 20 kV ac­
celerating potential and 40° take-off angle, the correction factors a were : a|ib02 = 1.60 and af'b0 = 1.04. 
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Fig. 1. Phase relations in the system PbO-PbSiOa. 

capsule. This was kept at 718 °C for 820 h and then 
quenched to room temperature. Only two phases 
were found in each capsule. Crystals in the quenched 
samples thus obtained were several tens of microns 
or more in size, and were large enough to allow the 
analysis. T h e standard deviation a for SiO a concen­
tration in the P b n S i 3 0 1 7 phase was determined to 
be 0.08 w t % S i 0 2 ; this was sufficient to determine 
the chemical composition of this phase. 

PbbSiOv T h e P b 5 S i 0 7 phase was determined 
to be stable only between 733+1 °G and 702 ±2 °C. 
By spontaneous crystallization of a melt of composition 
5PbO*Si0 2 , brown plates of Pb 5 Si0 7 , together with 
PbO and fine crystals of P b n S i 3 0 1 7 , were obtained. 
Well developed crystals of P b 5 S i 0 7 were obtained 
by keeping a mixture of P b O and Pb 1 1 Si 3 0 1 7 for a 
week at 725 °C. The Pb 5 Si0 7 decomposes slowly into 
P b O and P b n S i 3 0 1 7 a t temperatures below 702 °C. 
Runs of several weeks duration were necessary to 
attain an equilibrium state. 

P£ n&' 30 1 7 . T h e phase P b u S i 3 0 1 7 melts con-
gruently at 728 ± 1 °C. The composition of this phase 
was determined, a t the first stage of investigation, by 
means of electron probe microanalysis. T h e results 
of this analysis were scattered in a range from 78.43 

to 78 .9 6 mol% P b O . T h e average value was 78.65 

m o l % P b O . The atomic ratio P b / S i = l l / 3 (78.57 
m o l % PbO) is the simplest integral ratio for these 
analytical results. T o confirm this conclusion, a mix­
ture of the composition H P b O - 3 S i 0 3 was enclosed 
in a platinum capsule by welding. Keeping the mix­
ture at a temperature only slightly lower than that 
required for melting, and grinding repeatedly, it was 
possible to prepare a microscopically single-phase prod­
uct of P b n S i 3 0 1 7 . A rapid and reversible structural 
inversion at 145 + 5 °C was detected by X-ray powder 
diffraction measurement of this phase. 

In the early investigations,1-5) the workers agree 
on the existence of the compounds P b 2 S i 0 4 and PbS i0 3 . 
T h e phase " P b 4 S i 0 6 " has been reported by Geller 
et a/.6) In their investigations, they came to the con­
clusion that " P b 4 S i 0 6 " has three crystal modifications: 
alpha form stable above 720 °C and melting incon-
gruently at 725 °C to P b O and liquid, beta form stable 
between 720° and about 140 °C, and gamma form 
stable below 140 °C. T h e phase " P b 4 S i O e " has been 
accepted by Billhaldt,7) by Ot t and McLaren8) and 
by Smart and Glasser,9) who studied subsolidus phase 
equilibria in the system P b O - S i 0 2 . In their inves­
tigations, a single phase "Pb 4 SiO e " was obtained both 
when the constituent oxides were sintered and when 
the glass was devitrified. X-Ray powder data for 
the alpha form and the gamma form were given by 
McMurd ie and Bunting,10) by Billhardt,7) and by 
Argyle and Hummel.11) Their data coincide with 
each other satisfactorily within their experimental er­
rors. 

But, as regards the alpha-beta inversion of " P b 4 S i 0 6 , " 
some ambiguities have been pointed out. Geller et 
a/.6) reported that the results of heating curves obtained 
by a D T A method, as well as of the quenching tests, 
were not entirely satisfactory as regards the establish­
ment of the alpha-beta inversion, but these results 
were believed to indicate that the tetralead silicate, 
on heating, undergoes an inversion at 720+2 °C. 
Billhaldt7) has reported that the questions whether 
the chemical formula given for the phase a-Pb4SiO e 

is the right one and wherther the composition of this 
phase is P b 3 S i 0 5 could not be solved. H e also re­
ported that a crystallized single phase sample is neces­
sary to determine the chemical composition of this 
phase. 

The synthesis of "a -Pb 4 SiO e " was readily repeated 
by Smart and Glasser.9) But they reported that the 
available data are insufficient to prove that the com­
position ratio of this phase is 4 : 1 . Irrespective of the 
bulk composition of the mixture or the time and tem­
perature used in the experiment, a single-phase prod­
uct was never obtained in either isothermal or dynamic 
runs. They also reported that the a-phase was some­
times obtained free of other crystalline phases, but 
these preparations always contained glass, and, more 
often, the a-phase occurred with /5-Pb4Si06 , P b O , 
or both. They added that the narrow range of tem­
peratures essential to formation of this phase makes 
more detailed investigation difficult. 

I t is possible to suspect that the "a -Pb 4 SiO e " is 
the P b 5 S i 0 7 obtained in the present investigation. 
Certainly, X-ray powder data for this phase given 
by McMurdie and Bunting,10) and Billhaldt7) coincide 
with that for the P b 5 S i 0 7 phase found in the present 
investigation. Practically all reflections in their X-
ray powder da ta of "a -Pb 4 SiO e " are found also in 
that of Pb 5SiO ? phase; these are shown in Table 2. 

Similarly, the phases " /?-Pb 4Si0 6" and ' V - p b 4 S i 0 6 " 
correspond with the compound P b n S i 3 0 1 7 in the pres­
ent investigation. X-Ray powder data for "y-
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TABLE 2. X - R A Y DIFFRACTION DATA OF POWDERED SAMPLES 

[Vol. 54, No. 3 

Spacing djk Relative 
intensity Spacing djk Relative 

intensity Spacing djk Relative 
intensity 

Pb5SiO? 

6.63 
5 
5 
5 
4 
4 

90 
68 
50 
289 
210 

4.024 
3.679 

489 
431 
362 
312 

PbuSLO, 
7.249 
5.441 
4.608 

.663 

.636 

.494 

.460 

.236 

.203 

.147 
115 

3.034 

3 
4 
6 
4 
2 
2 
5 

13 
3 
2 
4 

12 

12 
7 
3 
4 
5 
5 
7 

13 
4 

13 
100 
43 

3.241 
3.127 
3.110 
3.087 
3.038 

2.944 
2.855 
2.833 
2.794 
2.751 
2.710 
2.682 

3.006 
2.974 
2.939 
2.914 
2.853 
2.823 

2.792 
2.738 
2.717 
2.656 

2.543 
2.486 

9 
6 
15 
13 
100 
29 
28 
40 
21 
12 
12 
4 

37 
5 
8 
30 
8 
8 
20 
15 
26 
11 
9 
12 

2.511 

2.370 
2.318 
2.248 

2.225 
2.181 
2.124 
2.009 

1.890 
1.851 
1.838 
1.817 

2.316 
2.181 

2.101 
2.032 
2.025 
2.009 
1.959 
1.897 
1.859 
1.848 
1.826 

2 
4 
9 
4 
3 
6 
2 
8 
13 
4 
4 
9 

16 
5 
5 
4 
5 
11 
6 
24 
14 
9 
24 

Pb 4 SiO e " given by McMurdie and Bunting,10) and 
X-ray powder data for "T-Pb 4 SiO e " given by 
Billhaldt7) coincide with that of P b n S i 3 0 1 7 at room 
temperature in the present investigation. The dif­
ference in composition between "Pb 4 SiO e " and 
Pb 1 1 Si 3 0 1 7 is only 0.534 w t % SiO a . The experimental 
techniques used in the previous investigations may 
not have been sufficient to distinguish such a small 
difference in chemical compositions. 

The authers are greately indebted to Professor 
Takashi Katsura of Tokyo Institute of Technology 
for his encouragement and helpful discussions. 
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Effect of the Buffering Capacity of a Supporting Solution on Paper 
Electrophoretic Migrations of Adenine, Adenosine, 

and Adenosine Nucleotides 
Yoshinori KITAOKA 

Research Reactor Institute, Kyoto University, Kumatori-cho, Sennan-gun, Osaka 590-04 
(Received September 1, 1980) 

Paper electrophoretic migrations of adenine, adenosine, and adenosine nucleotides as a function of pH-values 
of various supporting solutions have been studied. The buffering capacity of the supporting solution played 
an important role in the migration and is discussed along with the electroosmosis. The i2f-values of adenines 
in the supporting solutions are also presented. 

In the previous paper,1) we reported the electro­
phoretic behavior of adenine, adenosine, and adenosine 
nucleotides as a function of the p H and of the con­
centration of inorganic acids. In the case of a sup­
porting solution of lower buffering capacity, the de-
protonation of protonated adenine or the dissociation 
of the secondary hydrogen of the phosphate moiety 
in the nucleotides did not take place at the pH-value 
expected from other chemical analyses. In order to 
elucidate the cause of this behavior, we carried out 
more paper electrophoresis in supporting solutions 
having different buffering capacities in a range of 
p H = 2 — 1 3 . Electroosmotic flows and the i?f-values 
of samples in solutions to be used for the electrophoresis 
are also shown. 

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

Materials. Adenine and adenosine were purchased 
from Wako (Osaka, Japan), and the sodium salts of the 
nucleotides from Sigma (St. Louis, Mo., U.S.A). Guar­
anteed grades of chemicals were used for preparation of 
supporting solutions without further purification. 

Paper Electrophoresis. The procedures and apparatus1) 
used were similar to those described previoulsy. Supporting 
solutions (ionic strength /z=0.1) of NaOH in various con­
centrations were prepared by diluting 0.1 M NaOH solution 
with 0.1 M NaCl solution (1 M = l mol dm~3). The sup­
porting solution of pH=13 was a 0.1 M NaOH solution 
containing no NaCl. Serensen's buffer solutions2) were 
prepared in the following way. A 0.1 M sodium citrate 
solution was prepared by dissolving 21 g (0.1 M) of G6H807-
H 2 0 and 8.0 g (0.2 M) of NaOH in one liter of distilled 
water. The citrate solution was mixed with 0.1 N HCl 
or 0.1 N NaOH solution to obtain citrate buffer solutions 
of different pH values. Glycine buffer solutions were pre­
pared by mixing 0.1 M glycine +0.1 M NaCl solution with 
0.1 M NaOH, and phosphate buffers by mixing 0.2 M 
Na2HP04 and 0.2 M NaH2P04 . The buffering capacity (ß) 
of the supporting solution was calculated by this equation:3) 

ß = 2.303{[C] • [H+] • Xa/([H+] +K&)*+ [H+] + lO-^/tH+j}, 

where C is the concentration of the solute, K& the dissocia­
tion constant of the solute, and [H+] the concentration of 
hydrogen ions. The calculated buffering capacities of the 
solutions are listed in Table 1. 

Adenosine and adenosine nucleotides were dissolved in 
distilled water and adenine was dissolved in 0.1 M sodium 
acetate. A 5 y.1 volume of sample solution ( 5 x l O - 2 M ) 
was spotted at the center of a filter paper (Toyo Roshi No. 
51 A, 1x40 cm) wetted with a supporting solution. The 
filter paper was dipped in hexane in the migration chamber 

TABLE 1. BUFFERING CAPACITIES (/?) OF SUPPORTING 

SOLUTIONS 

Component p H ß 

HC1 + 0.1 M NaCl 

0.1 M NaCl 

N a O H + O . l M NaCl J 

Citric acid buffer 

Phosphoric acid buffer j 

Glycine + NaOH buffer 

2.0 
3.0 
4.0 
5.0 
6.0 

7.0 

8.0 
9.0 

10.0 
11.0 
12.0 
13.0 

2.0 
3.0 
4.0 
5.0 
6.0 
6.7 

7.0 
8.0 

8.9 
10.1 
11.0 
12.0 
12.9 

2 .3X10- 2 

2 . 3 x l 0 - 3 

2 .3x10-* 
2 . 3 x l 0 - 6 

2 .5x10-« 

4 . 6 x l 0 - 7 

2 . 5 x l 0 - 6 

2 . 3 x l 0 - 6 

2 . 3 x l 0 - 4 

2 . 3 x l 0 - 3 

2 . 3 x l 0 - 2 

2 .3X10- 1 

3 .3x10-2 
2 . 5 x l 0 - 2 

2 .2x10-2 
5 .6x10-2 
3 .0x10-2 
2 .6x10-2 

2 . 8 x l 0 - 2 

6 . 6 x l 0 - 3 

2 .5x10-2 
2 .9x10-2 
7 .8x10-3 
2 .4x10-2 
1.8X10-1 

and a voltage gradient (1000V/30cm) was applied it for 
30 min at ca. 20 °C. Adenines after migration on the filter 
paper were detected using the absorption band at 253 nm. 

The electroosmotic flows were estimated from the move­
ment of glucose ( 5 x l O - 2 M ) , which migrated along with 
the sample solution. The results are shown in Fig. 1. The 
different migrations of glucose among spotting positions are 
due to a capillary action, which is towards the center of 
a filter paper and almost disappears in 1 h.4) The contribu­
tion of the capillary action to the movement of glucose is 
minimum at the center and usually zero within experimental 
errors. That is why the samples are spotted at the center 
of a filter paper. Since electroosmotic flows5) should vary 
with the charge and porosity of filter paper, different batches 
of the same type of filter paper may give different results. 
The different electroosmotic flow for Toyo Roshi No. 51A 
filter papers were within 0.5 cm at 1000 V per 30 cm at 
20 °C for 30 min. Glucose on a filter paper was detected 
by spraying o-aminophenol solution.6) 

Paper Chromatography. No ideal method to evaluate 
the adsorption effects of migrants on a filter paper has been 
proposed.7) The measurement of Rf-value may be one 
convenient method, since it is useful for the estimation of 
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the interaction between a filter paper and the migrants 
in a given solvent. Samples were developed in solvents 
used for the paper electrophoresis for 3.5—4 h at 15 °G 
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Fig. 1. The movement of glucose. 
Conditions: voltage gradient, 1000 V per 30 cm; mi­
gration time, 30 min ; migration temperature, ca. 
20 °G ; supporting solutions are referred to Experi­
mental. Spotting positions: Q, 5 cm to the cathodic 
side from the center of the filter paper; ©, the center; 
A, 5 cm to the anodic side from the center. Positive 
movement is towards the anode, negative movement 
towards the cathode. 
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acid buffer 

Fig. 2. Rrvalues of paper chromatography in various 
solvents. 
Conditions: developing time, 3.5—4.0 h ; temperature, 
ca. 15 °C; ascending method. Developing solvents 
are referred to Experimental. O : AMP, A : c-AMP, 
O : ADP, • : ATP, A : adenine, 0 : adenosine, 
0 : picric acid. 

on Toyo Roshi No. 51A (2 X 40 cm) filter paper by an ascend­
ing method. The results are shown in Fig. 2. Adenosine 
nucleotides showed larger Äf-values than adenosine and 
adenine; ATP moved nearly the same distances in all solvents 
as the solvent moved. The lower Rrvalues of adenine 
and adenosine in phosphoric acid and glycine buffers sug­
gest the presence of specific weak interactions in these solu­
tions. The i?f-values of picric acid were almost constant in 
all solvents (Rf=0.5—0.6). The i?rvalues decreased in the 
order : ATP> ADP> AMP> c-AMP > adenosine> adenine. 

Results and Discussion 

Under ideal conditions, the relationship between 
the electrophoretic migration distance and the p H 
value of the supporting solution could be expressed 
by a sigmoid curve having an inflection point at the 
p H value equal to p^Ta of the migrant.8) The pKA-
values of the adenine, adenosine, and adenosine nucle­
otides which are studied in this experiment are shown 
in Table 2.9> T h e values are determined by the 

TABLE 2. pA"a-VALUEs 

The ionic strength in each instance was 0.1 at 25 °C. 

Compound 

Adenine 
Adenosine 
5'-AMP 
5'-ADP 
5'-ATP 

P*a(b 

4.2 
3.6 
3.8 
3.9 
4.1 

P#a 
(secondary 
phosphate) 

P*a 
(>N9H) 

9.7 

6.2 
6.4 
6.5 

— 3 
a> 
o 2 

a o 

S - 4 

-5 

V ï . - - - • < > - • * . " * - - . 

'--* 

Fig. 3. Migration distances of adenine, adenosine and 
adenosine nucleotides in supporting solutions of low 
buffering capacity. Conditions: voltage gradient, 1000 
V per 30 cm ; migration time, 30 min, migration tem­
perature, ca. 20 °C. Supporting solution, HC1+0.1 
M NaCI (pH=2—6); 0.1 M NaCI (pH=7.0); 
NaOH+0.1 M NaCI (pH=8—13). Positive move­
ment is towards the anode, negative movement to­
wards the cathode. Symbols as in Fig. 2. Buffer­
ing capacity of each solution is referred to Table 1, 
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2 3 4 5 6 7 8 9 10 II 12 13 

PH 

Fig. 4. Migration distances of adenine, adenosine, and 
adenosine nucleotides in supporting solutions of high 
buffering capacity. Electrophoresis conditions and 
symbols as in Fig. 3. Supporting solutions, citric 
acid buffer (pH== 1.9—6.7); phosphoric acid buffer 
(pH=7—8); glycine+NaOH buffer (pH=8.9—12.9). 
Buffering capacity is referred to Table 1. 

usual chemical methods, such as p H titration and 
spectrophotometry, rather than by electrophoresis. 

The dependence of the observed migration distances 
of adenine, adenosine and adenosine nucleotides on 
the p H values of the supporting solutions are shown 
in Fig. 3. The migration distances in acidic region 
(HCl) in the previous experiment1) and those in basic 
regions(NaOH) in this experiment are plotted against 
the p H values of the supporting solutions. Both ade­
nine and adenosine moved to the cathode and showed 
an inflection point near p H = 4 . For p H values higher 
than p H = 5 , considerable migration was observed, 
showing that the deprotonation of protonated adenine 
or adenosine is incomplete. In the range of p H = 
11—13, the rapid decrease in the negative movement 
(the movement towards the cathode) of adenine and 
the increase in the positive movement with increasing 
p H values seem to be due to a dissociation of the imino 
hydrogen atom ( > N 9 H ) of the purine ring, resulting 
in anions of adenine. Although the primary-hydrogen 
dissociation in the phosphate moiety of nucleotides 
took place near p H = 1 . 0 , A M P and c-AMP (adenosine 
cyclic 3',5'-monophosphate) almost did not move in 
the range of p H = 2 — 3 because adenine moiety of 
the nucleotide was protonated. A D P and A T P , which 
have two and three dissociable primary-hydrogen atoms 
respectively, moved to the anode. T h e migration dis­
tances of A M P , c-AMP, A D P and A T P increased in 
the range of p H = 3 — 4 . The nucleotides showed al­
most constant migration distances in the range of 
p H = 5 — 1 0 and no inflection point near p H = 7 . 

The graphs in Fig. 4 show the results obtained in 
the usual supporting solutions of rather high buffering 
capacity over a range of p H = 2 — 1 3 . Citric acid 
has three dissociable hydrogen atoms (pK&=3.l, 4.8, 
and 6.4 at 25 °C10>) and is a good supporting solution, 
having high buffering capacity, in the range of p H = 
2—7. Adenine and adenosine showed an inflection 
point near p H = 3 . 5 . The small negative migrations 
of adenine and adenosine (ca. —0.6 cm) at more than 

Migrations of Adenines 7i>y 

p H = 5 are due to an electroosmotic flow (see Experi­
mental) . T h e electrophoretic behavior of adenine and 
adenosine in the strong basic region are similar to 
those in Fig. 3. The migration curves of the nucle­
otides in Fig. 4 show two inflection points, around 
p H = 4 and 7. 

Comparing the graphs in Fig. 3 with those in Fig. 
4, we will find the differences of electrophoretic be­
havior to be larger in the range of p H = 5 — 1 0 . 
Assuming that an electroosmotic flow would coincide 
with the movement of glucose, we tried to correct 
the observed migrations for the flow. Although we 
subtracted the migration distance of glucose from that 
of a sample in a given solution (in the case of anions, 
we added the migration distances of glucose to that 
of a sample), graphs in Fig. 3 did not agree with those 
in Fig. 4, because the differences of the electroosmotic 
flow among graphs in Fig. 1 are within 0.5 cm. The 
considerable migrations of adenine and adenosine in 
Fig. 3 are unreasonable because the protonated ade­
nine or adenosine should dissociate a proton in basic 
region and result in a neutral molecule, and because 
the contribution of the electroosmotic flow to the 
migration was within 1.0 cm, as seen in Fig. 1. T h e 
most probable explanation for the discrepancy between 
Figs. 3 and 4 would be made on the basis of the 
buffering capacity of the supporting solution. When 
the buffering capacity of a supporting solution is not 
large enough to neutralize the acid groups present 
as contaminants in a filter paper (probably - C O O H ) , 
the p H value of the solution in the filter paper during 
electrophoresis will be shifted to be more acidic than 
the p H value initially prepared. The considerable 
negative migration distances of adenine and adenosine 
in p H = 5 — 1 0 in Fig. 3, and the absence of dissociation 
of the secondary-hydrogen atom of the phosphate 
moiety (no inflection point of the curve near p H = 
7) are considered to reflect the effects of acid groups 
of the filter paper. The strength of the effect depends 
on the physicochemical nature of the filter paper as 
a supporting material . In the migration of a strong 
acid or base in a paper electrophoresis, we may not 
need to take so much a care about the buffering ca­
pacity. However, in the migration of a weak acid 
or base, its dissociation is often not observed at the 
expected p H value in a supporting solution of lower 
buffering capacity, as seen in Fig. 3 ; it is therefore 
necessary to consider the buffering capacity of the 
supporting solution. Further, to get good reproduc­
ibility and to lessen the chemical effects of the sup­
porting material , a supporting solution of high buf­
fering capacity is desirable. In our experimental con­
ditions, a buffering capacity of more than ß = 0 . 0 2 3 
is desirable to keep the p H value of the supporting 
solution constant during migration. These results re­
mind us that the buffering capacity of the supporting 
solution should be paid attention to in paper elec­
trophoresis in addition to its p H value. 

References 

1) Y. Kitaoka, J. Chromatogr., 168, 241 (1979). 
2) S. P. L. Sorensen, Erg. Physiol., 12, 393 (1912). 



760 Yoshinori KITAOKA [Vol. 54, No. 3 

3) R . G. Bate, "Electrometric p H Determinat ion," J o h n 
Wiley & Sons, New York (1954). 

4) Y. Kitaoka, Annu. Rep. Res. Reactor Inst. Kyoto Univ., 
10, 15 (1977). 

5) J . R . Whi taker , " P a p e r Chromatography and Elec­
trophoresis," Academic Press, New York (1967), Vol. 1, 
p . 11. 

6) V. B. Kupressova, Izv. Sibirk. Otd. Akad. Nauk SSSR, 

Ser. Biol. Med. Nauk, 141 (1965). 
7) H . Waldmann-Meyer , Chromatogr., Rev. 5, 1 (1963). 
8) Y. Kiso, M . Kobayashi , Y. Kitaoka, K . Kawamoto, 

and J . Takada , J. Chromatogr., 36, 215 (1968). 
9) R . M . Izat t , J . J . Ghristensen, and J . H . Rytting, 

Chem. Rev., 7 1 , 439 (1971). 
10) R. A. Robinson and R. S. Stokes, "Electrolyte Solu­

t ion," Butterworths Scientific Publ. , London (1955). 



March, 1981] (g) 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 761—765 (1981) 761 

The Crystal and Molecular Structure of [fraws-l,2-Bis(diphenyl-
phosphinamino)cyclohexane](l,5-cyclooctadiene)rhodium(I) 
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The molecular structure of the title compound has been determined from three-dimensional X-ray diffraction 
data. The crystal belongs to the triclinic system: PÏ, a = 11.488(2), 0-18.163(2), c=10.998(2)A, a-101.70(2), 
/?= 118.29(1), y=85.32(3)°, Z = 2 . The structure has been refined by block-diagonal least-squares techniques 
using 3749 non-zero reflections to the final R value of 0.067. The rhodium atom is coordinated in a slightly dis­
torted square-planar geometry by the bisphosphine and the diene ligand, with average Rh-P and Rh-C distances 
of 2.301(2) and 2.26(1)Â, respectively. The seven-membered chelate ring takes a distorted boat conformation, 
and the two phenyl groups of diphenylphosphine are arranged in a face-edge manner and those of the other di-
phenylphosphine are in a helical arrangement like a propeller, viewed from cycloocta diene. 

The stereoselectivity in the asymmetric hydrogéna­
tion of a-acylaminocinnamic acid by the rhodium 
complex with (li?,2i?)-l,2-bis(diphenylphosphmamino)-
cyclohexane has been reported to be inverted by N-
methylation of the ligand.1) We have been interested 
in such a chiral inversion of the stereoselectivity. In 
order to elucidate the stereochemistry of those com­
plexes, the crystal structure of the title compound 
has been determined. 

Exper imenta l a n d 
Structure D e t e r m i n a t i o n 

Preliminary Weissenberg photographs showed that crystals 
of [(l.S,2£)-l,2-bis(diphenylphosphinamino)cyclohexane](1,5-
cyclooctadiene) rhodium (I) perchlorate were unsuitable for 
X-ray analysis. Therefore, we determined the crystal struc­
ture of the racemic complex of [£rare.î-l,2-bis(diphenylphos-
phinamino)cyclohexane] ( 1,5-cyclooctadiene) rhodium (I) per­
chlorate. 

Crystal and Intensity Data. Wine-red rhombohedral 
crystals were obtained from dichloromethane solution. Pre­
liminary Weissenberg photographs suggested that the crystals 
were triclinic, and the space group was confirmed to be 
PI by the following structure analysis. The crystal chosen 
for data collection had approximate dimensions of 0.1X 
0.3x0.3 mm. Accurate unit-cell parameters were obtained 
by least-squares refinement of 18 high angle reflections. 
The crystal data are summarized in Table 1. Intensity 
data were collected on a Phillips PW-1100 computer-con­
trolled diffractometer using a 0-20 scan technique with 
monochromated Gu Koc radiation in the range of 20<= 100°. 
A total of 3749 non-zero independent reflections was collected 
at room temperature. Standard reflections monitored during 
the course of data collection showed that no significant 
decomposition and no mispositioning had occurred. No 
absorption correction was applied. 

Structure Solution and Refinement. The positional pa­
rameters of the Rh atom were determined from a three-
dimensional Patterson synthesis. All the non-hydrogen atoms 
were found from subsequent Fourier and difference electron 
density maps. The electron densities of all the oxygen 
atoms were broad, and particularly the O(l) atom showed 
only a half of the densities of the other oxygen atoms. The 
positional and thermal parameters were refined by block-
diagonal least-squares techniques; seven cycles for isotropic 
and four cycles for anisotropic parameters of non-hydrogen 

atoms. Three types of weight factors were assigned, de­
pending on the value of F0: w=0.5 (Fo<£.0), w=l (5.0< 
Fo<;20.0), w=20.0/Fo(20.0<Fo). The electron density map 
at this stage showed that the perchlorate anion was disor­
dered, so that another oxygen atom O( l ) ' occupied the 
opposite position across the Gl atom from O(l ) . The per­
chlorate anion was further refined by assuming a half oc­
cupancy for O(l) and O ( l ) ' atoms. The final R value 
was 0.067 for non-zero reflections. The positional and 
thermal parameters are given in Tables 2 and 3,2> respec­
tively. The observed and calculated structure factors are 
listed in Table 4.2> Atomic scattering factors of the rhodium 
cation and the other neutral atoms were taken from Inter­
national Tables for X-Ray Crystallography.3) 

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

A perspective view of the molecule is given in Fig. 
1, together with the numbering system of the atoms. 
A stereographic drawing of the molecule is shown 
in Fig. 2. A stereographic drawing of the packing 
of the molecules in a unit cell is shown in Fig. 3, ex­
cluding the O ( l ) ' a tom. 

Bond distances and bond angles are listed in Table 
5. T h e bond distances show that C(51)-C(58) and 
G(54)-G(55) are the double bonds in cyclooctadiene. 
The rhodium atom is coordinated in a slightly dis­
torted square-planar geometry to the bisphosphine 
and the two double bonds in the diene ligand. The 
dihedral angle between the plane defined by P ( l ) -
Rh-P(2 ) and the plane containing R h and mid-points 
of the two double bonds is 20.0°. Bond distances 
of R h - P ( l ) and Rh-P(2 ) are 2.286(2) and 2.315(2) 

TABLE 1. CRYSTAL DATA 

C39H46N204Cl3P2Rh 
Triclinic 
«=11.488 (2)A 
*=18.163(2)A 
c=10.998(2)A 
£7=1978.5 (4) A3 

Dm = 1.47 g cm-3 (by flotation) 
A. = 1.474 g cm-3 

/*(Cui ta)=47.9cm- 1 

F.W. = 878.01 
Space group PÎ 
«=101.70 (2)° 
0=118.29(1)° 
y = 85.32(3)° 
F (000) =452 

Z=2 
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TABLE 2. THE ATOMIC PARAMETERS AND THEIR ESTIMATED STANDARD DEVIATIONS 

* Perchlorate ** Dichloromethane 

Atom 

~llh 
P(l) 

P(2) 
*G1 
*0(1)' 
*0(1) 
*0(2) 
*0(3) 
*0(4) 
N(l) 
N(2) 
G(l) 

G(2) 
G(3) 
G(4) 
G(5) 

G(6) 
G(ll) 
G(12) 
G(13) 
G(14) 

G(15) 
G(16) 
G(21) 
G(22) 
G (23) 

X 

0.09201(5) 
0.0651 (2) 
0.9723 (2) 
0.7225 (3) 
0.6566(49) 
0.8306(24) 
0.6212(13) 
0.8123(16) 
0.7295(13) 
0.9126 (6) 
0.8950 (6) 
0.7943 (8) 
0.7777 (8) 

0.6492 (8) 
0.5313 (9) 
0.5443(10) 
0.6747 (8) 
0.1231 (8) 
0.2427 (9) 
0.2781(11) 
0.2036(13) 
0.0864(12) 
0.0490 (9) 
0.1658 (8) 
0.2926 (9) 

0.3763(10) 

y 

0.21625(3) 

0.3432 (1) 
0.2162 (1) 
0.3170 (2) 
0.3859(19) 
0.2601(14) 
0.2684 (7) 
0.3394 (9) 

0.3304(11) 
0.3763 (4) 
0.2946 (3) 
0.3342 (5) 
0.3277 (5) 
0.2894 (6) 
0.3304 (6) 
0.3371 (7) 
0.3727 (5) 
0.3903 (4) 
0.4358 (5) 
0.4699 (5) 

0.4612 (6) 
0.4171 (6) 
0.3830 (5) 
0.3856 (4) 
0.3623 (5) 
0.3965 (6) 

z 

0.43523(6) 

0.4475 (2) 
0.5554 (2) 
0.8379 (3) 
0.7967(63) 
0.8511(36) 
0.7378(10) 
0.8172(14) 

0.9642(12) 
0.3910 (7) 
0.5869 (7) 
0.3541 (9) 
0.4804 (8) 
0.4351(10) 
0.3411(11) 
0.2092(11) 
0.2526 (9) 
0.3551 (9) 
0.4246(11) 
0.3470(12) 
0.2020(13) 
0.1315(12) 
0.2110(11) 
0.6316 (8) 
0.7011(10) 
0.8454(10) 

Atom 

G (24) 
G(25) 
G (26) 
G(31) 

G (32) 

G (33) 
G (34) 
G (35) 
G (36) 

G(41) 
G (42) 
G (43) 
G (44) 
G(45) 
G (46) 
G(51) 

G(52) 
G(53) 
G(54) 
G (55) 
G (56) 
G(57) 
G (58) 

**G1(1) 
**G1(2) 
**G(0) 

X 

0.3242(10) 
0.1934(10) 
0.1141 (8) 
0.8469 (8) 

0.7947 (9) 
0.6841(10) 
0.6263(10) 
0.6780(10) 
0.7889 (9) 
0.0771 (8) 
0.1036 (9) 
0.1908(11) 
0.2481(10) 
0.2173 (9) 
0.1341 (8) 
0.2295 (9) 
0.3614(11) 
0.3508(10) 
0.2344(10) 
0.1076 (9) 
0.0695(13) 
0.1051(13) 
0.1192(11) 
0.7068 (4) 
0.4982 (5) 
0.6492(14) 

y 

0.4516 (6) 
0.4732 (5) 
0.4412 (5) 
0.1407 (5) 

0.1073 (5) 

0.0601 (6) 
0.0444 (6) 
0.0774 (5) 
0.1262 (5) 
0.2002 (5) 
0.1265 (5) 
0.1156 (6) 
0.1780 (6) 
0.2485 (6) 
0.2617 (5) 
0.1252 (5) 
0.1396 (7) 
0.1675 (6) 
0.2188 (5) 
0.1914 (5) 

0.1114 (6) 
0.0558 (6) 
0.0882 (5) 
0.0572 (3) 
0.1442 (5) 
0.1455 (8) 

z 

0.9105(10) 
0.8421(10) 
0.7012 (9) 
0.4788 (9) 

0.3364(10) 

0.2690(11) 
0.3477(14) 
0.4933(12) 
0.5583(11) 
0.7345 (9) 
0.7584(10) 
0.8966(11) 
0.0073(10) 

-0.0207(10) 
0.8443 (9) 
0.5273(11) 
0.5355(14) 
0.4095(13) 
0.3464(11) 
0.2381 (9) 
0.1735(12) 
0.2698(12) 
0.4161(11) 
0.9014 (5) 
0.9261 (5) 
0.9328(18) 

plane is 0.21 Â. This conformation is, however, a 
little distorted and has no mirror symmetry, because 
the bond distance of N(2)-P(2) is not equal to that 
of R h - P ( l ) . 

The chair conformation of seven-membered chelate 
ring has been observed in several complexes: e.g. 
in ( 1,5-cyclooctadiene) [(2S,4S)-iV-pivaloyl-4-diphen-
ylphosphino-2 - (diphenylphosphinomethyl) pyrrolidine]-
rhodium(I),5) ( 1,5-cyclooctadiene) [(2S,4S) -4-diphen-
ylphosphino-2 - (diphenylphosphinome thyl) pyrrolidine]-
rhodium(I),6) chloro( 1,5-cyclooctadiene) [( + ) -2,3-0-
isopropylidene - 2 ,3 - dihydroxy - 1,4 - bis(diphenylphos-
phino)butane]iridium(I),7) and dichloro[( — )-2,3-0-
isopropylidene - 2,3 - dihydroxy - 1,4 - bis(diphenylphos-
phino)butane]nickel(II) .8) Thus the boat conforma­
tion of the present complex seems to be unusual. The 
intramolecular distance of R h - C ( l ) is found to be 
3.71(1) Â. Although the distance is not so short to 
make a bond,9) it might be close enough to have some 
interaction.10) The coordinates of the hydrogen atom 
bonded to G( l ) are estimated to be (—0.1967, 0.2774, 
0.3062) by assuming that the C( l ) is sp3 and that 
the C - H distance is 1.08 Â. A projection of this 
hydrogen atom on the P ( l ) - R h - P ( 2 ) plane is shown 
in Fig. 4. As seen in this figure, the hydrogen projects 
toward the rhodium atom. The R h - H distance thus 
calculated is 3.13 Â. Therefore, the boat conforma­
tion may be caused by the intramolecular interaction 
between rhodium and hydrogen. 

The configuration of a product in the asymmetric 

Fig. 1. Perspective view of the molecule with the 
numbering system of atoms. 

Â, respectively, and the bond angle of P ( l ) - R h -
P(2) is 89.91(8)°. 

A seven-membered chelate ring can take three types 
of conformations, boat, chair, and twist-chair forms, 
in which four atoms lie on a plane.4) In the present 
complex, the seven-membered chelate ring consists of 
Rh , P ( l ) , P(2), N ( l ) , N(2) , G ( l ) , and G(2) atoms, 
and its conformation is a boat form, in which the 
nitrogen atom N(2) lies nearly on the plane of P ( l ) -
R h - P ( 2 ) ; the deviation of the N(2) atom from the 
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T A B L E 5. BOND DISTANCES AND BOND ANGLES WITH THEIR ESTIMATED STANDARD DEVIATION 

Bond distances [//A] 
Rh-P(l) 2.286 
Rh-P(2) 2.315 
Rh-G(51) 2.235 
Rh-G(54) 2.275 
Rh-G(55) 2.212 
Rh-G(58) 2.301 
P(l)-N(l) 1.663 
P( l ) -C( l l ) 1.816 
P(l)-C(21) 1.823 
P(2)-N(2) 1.679 
P(2)-C(31) 1.835 
P(2)-C(41) 1.829 
N(l)-C(l) 1.456 
N(2)-C(2) 1.486 
C(l)-C(2) 1.516 
G(2)-C(3) 1.398 

(2) 
(2) 

(12) 
(12) 

(H) 
(13) 

(8) 
(10) 

(9) 
(8) 

(10) 
(10) 
(13) 
(12) 
(14) 
(14) 

G(3)-G(4) 1.574(16) 
G(4)-G(5) 1.556 
G(5)-G(6) 1.498 
G(6)-G(l) 1.526 

Bond angles [0/°] 
P(l)-Rh-P(2) 
Rh-P(l ) -N(l) 
Rh-P( l ) -G(l l ) 
Rh-P(l)-G(21) 
N( l ) -P( l ) -C( l l ) 
N(l)-P(l)-G(21) 
G(ll)-P(l)-G(21) 
Rh-P(2)-N(2) 
Rh-P(2)-G(31) 
Rh-P(2)-G(41) 
N(2)-P(2)-G(31) 
N(2)-P(2)-G(41) 
G(31)-P(2)-G(41) 
P(l)-N(l)-G(l) 
P(2)-N(2)-G(2) 
N(l)-C(l)-C(2) 
N(l)-G(l)-G(6) 
G(2)-G(l)-G(6) 
N(2)-G(2)-G(l) 
N(2)-G(2)-G(3) 
G(l)-G(2)-G(3) 
G(2)-G(3)-G(4) 
G(3)-G(4)-G(5) 
C(4)-C(5)-C(6) 
G(5)-G(6)-G(l) 
P(l)-G(ll)-G(12) 
P(l)-G(ll)-G(16) 
G(16)-G(ll)-G(12) 
G(ll)-G(12)-G(13) 
G(12)-G(13)-G(14) 
G(13)-G(14)-G(15) 
G(14)-G(15)-G(16) 
G(15)-G(16)-G(ll) 
P(l)-G(21)-G(22) 
P(l)-G(21)-G(26) 
G(26)-G(21)-G(22) 
G(21)-G(22)-G(23) 
G (22) -G (23) -G (24) 

(17) 
(16) 
(14) 

G(i i ; 
G(i2; 
G(13) 
G(14) 
G(i5; 
G(i6; 
G(2i; 
G (22; 
C(23, 
G (24 
G (25; 
C(26, 
C(31, 
G (32; 
G (33; 
G (34; 
C(35, 
G (36; 
G(4i; 
G (42; 

89.91(8) 
118.2 (3) 
118.7 (3) 
106.0 (3) 
100.0 (4) 
109.3 (4) 
103.6 (4) 
119.6 (3) 
114.2 (3) 
112.1 (3) 
105.3 (4) 
100.4 (4) 
103.3 (4) 
126.3 (7) 
126.1 (6) 
113.3 (8) 
108.2 (8) 
110.0 (8) 
112.3 (8) 
113.6 (8) 
109.5 (8) 
114.5 (9) 
105.9 (9) 
110.3(10) 
114.4 (9) 
123.4 (8) 
118.6 (8) 
118.0(10) 
119.5(11) 
121.9(13) 
119.8(13) 
118.4(12) 
122.5(11) 
118.8 (8) 
120.8 (7) 
120.4 (9) 
120.2(10) 
118.4(10) 

-G(12) 
)-C(13) 
-G(14) 
-G(15) 
-G(16) 
-G( l l ) 

)-G(22) 
)-G(23) 
)-G(24) 
)-G(25) 
)-G(26) 
)-G(21) 
)-G(32) 
-G(33) 

)-G(34) 
)-G(35) 
)-G(36) 
)-G(31) 
)-G(42) 
-G(43) 

1.445(15) G(43) 
1.364(18) G(44) 
1.388(20) G (45) 
1.411(20) G(46) 
1.397(18) G(51) 
1.382(15) G(52) 
1.364(14) G(53) 
1.442(16) G(54) 
1.375(16) G(55) 
1.389(16) G(56) 
1.397(15) G(57) 
1.407(13) G(58) 

-G (44) 
-G (45) 
-G (46) 
-G(41) 
-G (52; 
-G (53; 
-G (54; 
-G(55] 
-G (56; 
-G(57; 
-G (58; 
-G(5i; 

1.402(15) Gl-O(l) 
1.388(17) 01-0(1) ' 
1.394(20) Gl-0(2) 
1.430(20) Gl-0(3) 
1.407(18) Gl-0(4) 
1.398(15) G1(1)-G(0) 
1.397(15) Gl(2)-G(0) 
1.415(17) 

G (23) -G (24) -G (25) 
G (24)-G (25)-G (26) 
G (25)-G (26)-G (21) 
P(2)-G(31)-G(32) 
P(2)-G(31)-G(36) 
G (36)-G (31)-G (32) 
G (31)-G (32)-G (33) 
G (32)-G (33)-G (34) 
G (33)-G (34)-G (35) 
G (34)-G (35)-G (36) 
G (35)-G (36)-G (31) 
P(2)-G(41)-G(42) 
P(2)-G(41)-G(46) 
G (46)-G (41)-G (42) 
G (41)-G (42)-G (43) 
G (42)-G (43)-G (44) 
G (43)-G (44)-G (45) 
G (44)-G (45)-G (46) 
G(45)-G(46)-G(41) 
G (58)-G (51)-G (52) 
G(51)-G(52)-G(53) 
G (52)-G (53)-G (54) 
G (53)-G (54)-G (55) 
G (54)-G (55)-G (56) 
G (55)-G (56)-G (57) 
G (56)-G (57)-G (58) 
G (57)-G (58)-G (51) 
0 ( l ) -Gl -0 (2 ) 
0 ( l ) -Gl -0 (3) 
0 ( l ) -Gl -0 (4) 
0(2)-Gl-0(3) 
0(2)-Gl-0(4) 
0(3)-Gl-0(4) 
0(1)-G1-0(1) / 

0 ( 2 ) - C l - 0 ( l ) ' 
0 ( 3 ) - C l - 0 ( l ) ' 
0 ( 4 ) - C l - 0 ( l ) ' 
G1(1)-G(0)-G1(2) 

763 

IN PARENTHESES 

1.415(17) 
1.358(16) 
1.392(15) 
1.399(14) 
1.516(19) 
1.517(20) 
1.522(18) 
1.422(16) 
1.483(18) 

) 1.504(21) 
) 1.532(20) 
) 1.374(17) 

1.52 (4) 
1.45 (7) 
1.38 (2) 
1.27 (2) 
1.33 (2) 
1.72 (2) 
1.70 (2) 

121.7(11) 
119.5(10) 
119.8 (9) 
120.5 (8) 
118.4 (8) 
120.0(10) 
122.0(11) 
118.4(12) 
120.8(13) 
119.7(12) 
119.0(11) 
119.3 (8) 
119.5 (7) 
121.1 (9) 
118.2(10) 
120.4(11) 
119.1(11) 
122.2(10) 
118.9 (9) 
128.9(11) 
114.3(12) 
114.2(11) 
122.9(11) 
125.9(11) 
118.0(12) 
115.5(12) 
125.2(12) 
94.4(16) 
66.0(17) 

103.5(17) 
123.2(11) 
114.4(11) 
121.8(12) 
150.8(31) 
96.8(28) 
85.4(29) 
96.2(29) 

113.0(12) 
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Fig. 2. Stereographic drawing of the molecule. Non-hydrogen atoms are represented 
by thermal ellipsoids of 50% probability. 

r 

Fig. 3. Stereographic drawing of the packing of the molecules along the c axis. 

<3°*N(1> 
Ph(2) 

Fig. 4. Projection of the selected atoms on the P ( l ) -
Rh-P(2) plane. Ph(l) is composed of C(ll)-C(16), 
Ph(2) is composed of C(21)-C(26), Ph(3) is composed 
of C(31)-C(36), and Ph(4) is composed of G(41)-
G(46). 

Fig. 5. The arrangement of the four phenyl groups. 

hydrogénation may be derived from a chiral arrange­
ment of the four phenyl groups which differentiate 
an enantiomeric face of a substrate. The arrangement 
of the phenyl groups, looked at from the side of cyclo-
octadiene, is shown in Fig. 5. As can be seen there, 
Ph ( l ) and Ph(2) are arrayed in a face-edge manner 
and, Ph(3) and Ph(4) are twisted like a propeller. 
Ph(2) and Ph(4) stretch out below the coordination 

lane so that there is a vacancy between Ph( l ) and 



March, 1981] Molecular Structure of Aminophosphine-Rhodium(I) Complex 765 

Ph(3). If this structure is maintained in solution, 
the substrate may approach from the space between 
Ph( l ) and Ph(3). 

The positions of hydrogen atoms on N ( l ) and N(2) 
are estimated by assuming that the nitrogen atoms 
are sp3 and that the N - H distance is 1.03 Â. T h e 
coordinates for N ( l ) are (H-l : - 0 . 1 0 7 3 , 0.3964, 0.3021) 
or (H-2: - 0 . 0 8 1 4 , 0.4209, 0.4684), and those for N(2) 
are (H-3 : - 0 . 0 3 3 4 , 0.3364, 0.6349) or (H-4: - 0 . 1 3 3 1 , 
0.2849, 0.6585). The shortest distances between each 
of the hydrogen atoms and their adjacent atoms are 
2 .4Â for H - l - C ( 6 ) , H - l - C ( l l ) , and H - l - C ( 1 6 ) ; 
2.5 Â for H-2--C(2) and H-2- -G(26) ; 2.4 Â for H - 3 -
C(26); 2.5 Â for H-4- -C(3) . These distances are al­
most the same. Therefore, the hydrogen atoms on 
the nitrogens may actually occupy either of the two 
positions. 

To examine the iV-methylation effect, a hypothetical 
structure was given for the iVjiV'-dimethyl derivative 
on the basis of the present structure, and by assuming 
the N - C distance to be 1.45 Â. The coordinates of 
the methyl carbon on N ( l ) are (CH 3 -1 : —0.1154, 
0.4045, 0.2658) or (CH 3 -2: - 0 . 0 7 8 9 , 0.4391, 0.5000), 
and those on N(2) are (CH 3 -3 : - 0 . 0 0 4 1 , 0.3535, 
0.6544) or (CH 3-4: - 0 . 1 4 4 6 , 0.2810, 0.6877). The 
shortest distances between the methyl carbons and 
their adjacent atoms are 2.2 Â for CH3-1---C(16) ; 
2.3 Â for C H 3 - 2 - C ( 2 6 ) ; 2.0 Â for C H 3 - 3 - C ( 2 6 ) ; 
2.7 Â for CH3-4--C(3) and CH 3 -4- -C(41) . Consid­
ering that the sum of the van der Waals radii of the 
methyl group and the carbon a tom is 3.7 Â, there 
are no sufficient space for the methyl groups in the 
present structure. The complex with the iV,iV'-dimeth-

ylated ligand, therefore, seems to take another con­
formation. 
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Nonbenzenoid Aromatic Compounds Containing an a/ifî-Aromatic 
Four-membered Ring. Synthesis and Some Properties of 

7-Hydroxy-6Ä-benzo[3,4]cyclobuta[l,2]cyclohepten-6-one 
(Benzo[3,4]cyclobuta[l,2-e]tropolone) 

Masaru SATO, Seiji E B I N E , * Kazumi NISHIJIMA, and Josuke TSUNETSUGU 

Department of Chemistry, Saitama University, Urawa, Saitama 338 
(Received May 6, 1980) 

Biphenylene-2,3-quinone reacts with diazomethane in the presence of boron trifluoride etherate to give 7-
hydroxy-6i/-benzo[3,4]cyclobuta[l,2]cyclohepten-6-one (5) and its boron difluoride chelate. The latter is con­
vertible quantitatively into the former. Compound 5 has a reduced troponoid character due to fusion of the 
benzocyclobutadiene ring. Tautomerism of the tropolone ring in 5 seems to be imposed exclusively to one of 
the tautomers. Protonation of 5 gives a tropylium ion whose positive charge is partially localized. Bromina-
tion, nitration, and azo-coupling of 5 give only 7-substituted products. The reaction of 5 with maleic anhydride 
gives the Diels-Alder adduct in good yield. 

Much information has been obtained on the fused 
polycyclic aromatic compounds containing both Arm­
aria (4n+2) ^-electron ring systems. Of these com­
pounds, tropone and tropolone analogs of biphenylene 
are of particular interest, since their tropone and 
tropolone nuclei would have relatively small resonance 
energy because of perturbation caused by the fused 
anti-aromatic four-membered ring. The chloro deriva­
tive of 6//-benzo[3,4]cyclobuta[l,2]cyclohepten-6-one 
( l a ) was found to have more bond-alternated tropone 
nucleus.1'2^ The parent compound ( lb ) further con­
firmed the above indication.3) The formation of 7H-
benzo[3,4]cyclobuta[l,2]cyclohepten-7-one (2) was also 
confirmed by trapping it as the adduct with cyclo-
pentadiene.7) 5//-Cyclobutacyclohepten-5-one (3), a 
lower homolog of 1, was isolated as the Fe (CO) 3 com­
plex.5) 

The first tropolone analog (4) of biphenylene was 
prepared by the ring-enlargement of 1,2-dimethoxybi-
phenylene with dichlorocarbene, and the tautomerism 
of 4, unlike that of monocyclic tropolones,6) was found 
to be extremely inclined to one tautomer. We report 
the synthesis and some reactions of the parent 7-hy-
droxy- 6 / / - benzo[3,4]cyclobuta[l ,2]cyclohepten- 6 - one 
(5).') 

(1a)X = Cl (2) (3) 

0b)X=H 

CI 
M 

A convenient route to tropolone derivatives is the 
ring-enlargement of quinone with diazomethane.8) 
Biphenylene-2,3-quinone was treated with diazometh­
ane in the presence of boron trifluoride etherate to 
give the desired tropolone 5 in 45 % yield and its boron 
difluoride chelate (6) in 2 6 % yield. A catalytic 
amount of boron trifluoride is indispensable for the 
formation of 5 and 6. Their spectral da ta agree with 
the assigned structure. In the mass spectrum, 5 has 
the ion peaks at mje 196 (M+ 100%), 168 ( M + - C O , 

(5) (6) 

62%) , and 139 ( M + - C O - C H O , 4 5 % ) , and 6 at 
m\e 244 (M+, 100%) and 216 ( M + - C O , 51%) . The 
I R spectrum of 5 showed a strong absorption at 1570 
c m - 1 characteristic of tropolones and 6 a broad ab­
sorption at 1200—1000 c m - 1 characteristic of chelate 
compounds. The ^ - N M R spectrum of 5 (CDC13, 
100 MHz) showed two doublets C /=9 .0 Hz) at Ô 6.32 
(H-9) and 6.64 (H-8), a singlet at Ô 6.70 (H-6), a 
multiplet at ô 7.11 (benzenoid), and a broad singlet 
at 8.27 ( O H ) . The ^ - N M R spectrum of 6 (DMSO-
d6, 100 MHz) showed a multiplet at ô 7.06 (H-9 and 
benzenoid), a doublet ( 7 = 9 . 1 Hz) at ô 7.34 (H-8), 
and a singlet at ô 7.54 (H-5). The chelate 6 was 
hydrolyzed in acidic aqueous ethanol to 5 quantita­
tively, which returned to 6 quantitatively on treatment 
with boron trifluoride etherate. 

The tropolone 5 showed some chemical features 
characteristic of monocyclic tropolones:9) it gave red 
coloration in the chloroform layer with aqueous iron-
(III) chloride, reacted with aqueous sodium carbonate 
forming a red precipitate of the sodium salt, but not 
with aqueous sodium hydrogencarbonate, and dis­
solved in concentrated sulfuric acid or trifluoroacetic 
acid forming a red solution of the corresponding proto-

(5) (5') 

I CH2N2 

U\)0 C H 3 

(7) 
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TABLE 1. VICINAL COUPLING CONSTANTS OF THE 
1 H - N M R OF TROPOLONE AND ITS METHYL ETHER 

7vic/Hz 
Compound y s JYic/Hz 

Tropolone Its methyl ether 

Tropolone 10.9a) 10.1a> 0.8 
9 9.8a> 9.3 0.5 
5 9.0 9.1 0.1 

a) Ref. 11. 

nated species (vide infra). In contrast to 6-hydroxy-
5//-benzocyclohepten-5-one (3,4-benzotropolone) (9), 
it gave the methyl ether (7) in 5 9 % yield on treatment 
with ethereal diazomethane for 9 d, no alternate 
methyl ether of (5') being detected. The structure of 
7 was assigned by the following 1 H - N M R spectrum: 
Ô 3.78 (s, 3H, methoxyl protons), 6.11 (d, 1H, / = 9 . 1 
Hz, H-8), 6.58 (s, 1H, H-5), and 7.13 (m, 4H, aromatic 
protons). The results suggest that the troponoid char­
acter of 5 decreases with fusion of the benzocyclo­
butadiene ring but the extent of the decrease seems 
to be smaller than that of tropolone character caused 
by fusion of benzene in 3,4-benzotropolone (9), since 
9 gives no methyl ether on treatment with diazo-
methane.10) 

The potentially expectable tautomerism 5^±5', un­
like that of monocyclic tropolones, seems to be imposed 
to one tautomer 5. The shape of the electronic spec­
trum of 5 is closely similar to those of the methyl ether 
7 and 7-chloro-6//-benzo [3,4] cyclobuta [1,2] cyclo-
hepten-6-one (8),2> except for the bathochromic shift 
in the long-wavelength region. This indicates that 
these compounds have a similar conjugate system. 
The 1 H - N M R spectral coupling constants of the vicinal 
protons intervening a single bond in the seven-mem-
bered ring in 5 and the related compounds are sum­
marized in Table 1. The coupling constant y v i c = 9 . 0 
Hz of the seven-membered ring in 5 is the same as 
y v i c = 9 . 1 Hz in 7, and is smaller than the corresponding 
y v l c (y 7 , 8 )=9 .8 Hz in 3,4-benzotropolone 9 and Jwic = 
10.1 Hz in tropolone methyl ether, where the latter 
two compounds have a nearly planar structure bu t 
no tautomerism.11) Moreover, the difference in the 
vicinal coupling constant ( A / V i c = 0 . 1 Hz) between 
benzocyclobutatropolone 5 and its methyl ether is 
smaller than not only that ( A y v l c = 0 . 8 Hz) between 
monocyclic tropolone and its methyl ether, but also 
that ( A / V l c = 0 . 5 Hz) between 3,4-benzotropolone 9 
and its methyl ether. This suggests that the seven-
membered ring in 5 has larger bond alternation and 
deviation from planarity than tropolone and benzo-
tropolone. The fact that only one methyl ether 7 
was obtained on methylation of 5 might support the 
exclusive inclination to the one tautomer 5 in the 
tautomerism 5^±5'. The 1 3 C-NMR spectrum of 5 has 
thirteen signals containing only one carbon resonance 
at 182.3 ppm. The lack of the tautomerism in 5 
would be due to the fusion of the benzocyclobutadiene 
ring. However, it is questionable whether the effect 
is caused only by the anti-aromaticity of the benzo­
cyclobutadiene ring, since a similar tautomerism con-

TABLE 2. DIFFERENCE IN 1H-NMR SPECTRAL CHEMICAL 

SHIFTS AND COUPLING CONSTANTS OF THE RING PROTONS 

BETWEEN T H E NEUTRAL A N D PROTONATED SPECIES 

OF TROPONOIDS 

Compound 

5 
7 
8 

H5 

0.5 
0.58 
0.44 

H8 

0.80 
1.19 
0.56 

A(5 

H9 

0.50 
0.90 
0.43 

Aromatic 

0.08 
0.08 
0.08 

A/ 8 , 9 /Hz 

0.6 
0.6 
0.6 

250 300 350 400 

Wavelength/nm 

Fig. 1. The electronic spectra of 7-hydroxy-6i/-benzo-
[3,4] cyclobuta [1,2] cyclohepten-6-one (5) ( ), its 
derivatives (7) ( ), and (8) ( ) in coned 
sulfuric acid. 

siderably inclined to one tautomer was also observed 
in l,2-dihydrocyclobuta[^] tropolone.12) 

The protonation of monocyclic tropolones affords 
the corresponding dihydroxytropylium ion, in which 
the positive charge is delocalized in all the ring carbon 
atoms. T h e electronic spectrum of the protonated 
7-hydroxy-6//-benzo[3,4]cyclobuta[l ,2]cyclohepten-6-
one 5 is shown in Fig. 1, along with the spectra of the 
protonated 7-chloro- (8) and 7-methoxy-6//-benzo-
[3,4]cyclobuta[l,2]cyclohepten-6-one (7). T h e shape 
of their spectra is similar. T h e Amax peaks of these 
cations are nearly in line with those of benzo[3,4]-
cyclobuta[l ,2]tropylium ion having a partially lo­
calized positive charge.13) T h e 1 H - N M R spectrum of 
5 in trifluoroacetic acid showed two doublets (J=9.6 
Hz) at ô 6.82 (H9) and ô 7A4 (H8) and a multiplet 
a t ô 7.1—7.2 (H 5 and benzenoid). Protonation of 
5 resulted in a significant low-field shift (A<58=0.80 
and A<59=0.50 ppm) of the seven-membered ring 
protons, while the benzenoid protons remained naerly 
unchanged (Table 2). T h e low-field shifts (A<58 and 
A<59) of the seven-membered ring protons of the proto­
nated 5 is nearly similar to those (A<58 and A<59) of the 
protonated 8, but much smaller than the corresponding 
shifts (A<59=1.12 and A<58=0.96 ppm) of the protonat­
ed 7//-benzocyclohepten-7-one (4,5-benzotropolone). 
T h e large low-field shift in 7 seems to be due to protona­
tion on the methoxyl group, because the signal of 
the methoxyl group shifted to low field by 0.39 ppm 
on protonation. T h e difference (Ay8 t9) in the coupl­
ing constants between 5 and protonated 5 is similar 
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to the corresponding values (A,/8>9) of other 6H-
benzo[3,4]cyclobuta[l ,2]cyclohepten-6-one derivatives 
7 and 8 (Table 2). T h e spectral data indicate that 
the positive charge in the protonated 6//-benzocyclo-
butacyclohepten-6-one system is insufficiently delocaliz-
ed in the seven-membered ring and considerably lo­
calized on the carbonyl oxygen, that is, the protonated 
5 is derived more from the canonical form A than B. 

(A) (B) 

O n protonation of 5, the low-field shift of the benzenoid 
protons is very small, suggesting no perpheral 12^;-
conjugation. This is in contrast to the fact that, on 
protonation of 4,5-benzotropolone, the positive charge 
delocalized to the benzene ring completing the IOJI-
electron conjugation, as indicated by the large low-
field shift (ca. 0.5 ppm) . The insufficient positive 
charge derea l iza t ion and the absence of the peripheral 
conjugation of the protonated 5 might be caused by 
the requirement that the central four-membered ring 
of 5 does not take an^'-aromatic cyclobutadiene struc­
ture, while the strained l,2-dihydrocyclobuta[V]tropo-
lone, like monocyclic tropolones, showed a positive 
charge derea l iza t ion on protonation.12) 

One of the characteristics of tropolonoid compounds 
is that they react with various electrophilic reagents 
to afford the substitution products. The tropolone 
5 underwent the following electrophilic substitutions, 
reacting with bromine to give 8-bromo-7-hydroxy-6//-
benzo[3,4]cyclobuta[l,2]cyclohepten-6-one (10) in 4 7 % 
yield. Similarly, 5 underwent nitration and azo-cou-
pling reactions to give 8-nitro (11) and 8-tolylazo 
derivatives (12), in 30 and 8 9 % yields, respectively. 

E 

(10) E = Br 

(VI) E = N02 

(12) E = N2C6HACH3-p 

The results indicate that 5 has a character similar 
to that of monocyclic tropolones. Its extremely in­
clined tautomerism is suggested also by the fact that 
5 undergoes electrophilic substitution only at the 8-
position excluding 5-position. This is in line with 
the behavior of 6-hydroxy-7//-benzocyclohepten-7-one 
(4,5-benzotropolone) which has no tautomerism and 
is attacked by electrophiles only at the 5-position.13,14) 
However, the chemical behavior of 5 differs somewhat 
from that of 6-hydroxy-5//-benzocyclohepten-5-one 9 
which is attacked by electrophiles at 7-position as 
well as 9-position,10 '15 '16) undergoing also ring con­
traction.17) 

Tropolone 5 reacted with maleic anhydride to give 
1:1 Diels-Alder adduct (13) in a good yield. The 
structure of 13 was assigned mainly by its L H - N M R 
spectrum: two aliphatic doublets (<5 3.61 and 3.85, 

/ = 9 . 0 Hz) , two olefinic doublets (Ô 6.22 and 6.62, 
7 = 9 . 0 Hz) and an olefinic singlet (Ô 6.16). The Diels-
Alder adduct (13) was obtained by refluxing both 

(5) + 4 -^ CcÖ0H 

(13) 

in xylene and in benzene, no isomerization of the 
adduct being observed.18) Monocyclic tropolones un­
dergo no Diels-Alder reaction in refluxing benzene19) 
but they do in refluxing xylene with maleic anhy­
dride.20) Thus, 5 seems to have considerable bond 
localization, becoming susceptive of the cyclo-addition 
owing to the fusion of benzocyclobutadiene. Tropo­
lone 5 and its methyl ether were subjected to Diels-
Alder reaction with 1,3-diphenylisobenzofuran and con­
densation with guanidine, respectively, no definite 
product being obtained. 

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

Reaction of Biphenylene-2,3-quinone with Diazomethane in the 
Presence of Boron Trifluoride. Boron trifluoride etherate 
(0.9 ml of 47% solution, 3 mmol) was added to a solution 
of biphenylene-2,3-quinone (455 mg, 2.5 mmol) in dichlo-
romethane (20 ml) on an ice-water bath under an atmosphere 
of nitrogen. A yellow precipitate appeared. After 10 min, 
to the mixture was added a solution of diazomethane in ether 
(45 ml) prepared from iV-nitroso-iV-methylurea (2.06 g, 20 
mmol) and alkali. The mixture turned to a red-violet 
solution. After being stirred for 30 min, the solution was 
poured into water. The mixture was extracted with dichlo-
romethane. The extract was washed with water and dried 
over anhydrous sodium sulfate. After evaporation, the resi­
due was chromatographed on silica gel to give the following 
products in turn. Boron difluoride chelate (6) of 7-hydroxy-
6//-benzo[3,4]cyclobuta[l,2]cyclohepten-6-one (156 mg, 
25.6%), red-violet needles (from acetonitrile), mp 237.2— 
237.9 °C. Found: G, 63.75; H, 2.76%. Calcd for 
G13H702BF2: C, 63.99, H, 2.89%. IR(KBr): 1524, 1409, 
1310, 1150—1040, 849, and 748 cm"1. NMR (DMSO-</6, 
100 MHz): ô 7.34 (d, 1H, 7=9 .1 Hz, H8), 7.45 (s, 1H, 
H5), 7.06—7.27 (m, 5H, aromatic and H9). MS(75eV): 
m/e 244 (M+, 100%) and 216 (M+-GO, 51%). UV 
(GH3GN): 231 (log s 4.33), 262 (4.32), 308 (4.74), 393 
(3.85), and 416 nm (4.00). 7-Hydroxy-6//-benzo[3,4]cyclo-
buta[l,2]cyclohepten-6-one (5), 219 mg (44.7%), yellow nee­
dles (from ethanol), mp 166—167 °C. Found: C, 79.53; 
H, 4.22%. Galcd for G13H8Oa: C, 79.58; H, 4.11%. IR 
(KBr): 3250, 1580, 1450, 1430, 1241, 1206, 903, 757, and 
680 cm-1. NMR(GDG13, 100 MHz): ô 6.32 (d, 7=9 .0 Hz, 
H9), 6.64 (d, 1H, 7 = 9 . 0 Hz, H8), 6.70 (s, 1H, H5), 7.11 
(m, 4H, aromatic), and 8.27 (s, 1H, OH). NMR 
(CF3COOH): (5 6.82 (d, 1H, 7=9 .5 Hz), 6.82—7.19 (m, 
5H), and 7.44 (d, 1H, 7 = 9 . 5 Hz). 13C-NMR(GDG13) : 
113.7, 117.9, 118.4, 119.0, 120.7, 130.0, 132.4, 146.6, 147.1, 
149.9, 157.3, 160.8, and 182.3 ppm. MS (75 eV) : m/e 
196 (M+, 100%), 168 (M+-GO, 28%), and 139 ( M + -
G O - G H O , 45%). UV(EtOH): 228 (log e 4.09), 249 
(4.13), 290 (4.52), 372 (3.77), 390 (3.83), and 422 nm (3.71). 
UV(H2S04) : 227 (log e 4.34), 257 (4.14), 308sh (4.48), 
325 (4.51), 394 (3.70), and 413.5 nm (3.90). At last, the 
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unreacted starting material (7 mg, 1.5% recovery) was 
eluted out. 

Hydrolysis of the Chelate 6. A mixture of the chelate 
6 (50 mg, 0.21 mmol) , hydrochloric acid (2 mol d m - 3 , 3 
ml) , water (1ml ) and acetone (15 ml) was refluxed for 
2 h. The mixture was poured into water. The aqueous 
mixture was extracted with dichloromethane. The extract 
was washed with water and dried over anhydrous sodium 
sulfate. After evaporation, the residue was sublimed under 
reduced pressure ( « 125 °C/2 m m H g ) . Tropolone 5 (38 mg, 
92%) was obtained. 

Reaction of Tropolone 5 with Boron Trifluoride Etherate. 
Boron trifluoride etherate (47% solution, 0.03 ml, 0.1 mmol) 
was added to a mixture of tropolone 5 (20 mg, 0.1 mmol) 
in anhydrous ether (10 ml) . The mixture was stirred for 
1 h and the solvent evaporated. The residue was chro-
matographed on silica gel with elution of dichloromethane. 
Chelate 6 (24 mg, 96%) was obtained. 

Tropolone Methyl Ether 7. Tropolone 5 (49 mg, 0.25 
mmol) was dissolved in a solution of diazomethane, prepared 
from iV-nitroso-iV-methylurea (0.93 g, 0.9 mmol) and alkali, 
in ether (20 ml) . The solution was kept in refrigerator 
for 9 d. After evaporation, the residue was chromato-
graphed on silica gel with elution of dichloromethane. 
Tropolone methyl ether 7 (yellow needles, m p 191—193 °C) 
(30 mg, 59% ) was obtained, the starting material ( 17 mg, 
35%) being recovered. Found : C, 80.16; H , 5 .05%. Calcd 
for C 1 4 H 1 0 O 2 : C, 79.98; H, 4 .79%. I R ( K B r ) : 1608, 1541, 
1330, 1234, 1078, 1010, 842, and 764 cm- 1 . N M R ( C D C 1 3 ) : 
«5 3.79 (s, 3H, methyl) , 6.13 (d, 1H, 7 = 9 . 4 Hz, H 9 ) , 6.31 
(d, 1H, 7 = 9 . 4 Hz, H 8 ) , 6.60 (s, 1H, H 5 ) , and 7.13 (m, 4H , 
aromatic) . N M R ( C F 3 C O O H ) : «5 4.18 (s, 3H, methyl) , 
7.03 (d, 1H, 7 = 1 0 . 0 Hz, H 9 ) , 7.18 (s, 1H, H 5 ) , 7.48 (d, 
I H , 7 = 10.0 Hz , H 8 ) , and 7.23 (s, 4H , aromatic) . U V 
( E t O H ) : 227 (log e 4.12), 244 (4.15), 288 (4.63), 320 (3.79), 
361 (3.98), and 376 n m (3.95). U V ( H 2 S 0 4 ) : 227 (log e 
4.25), 258 (4.18), 315 (4.65), 328 (4.64), 393 (3.82), and 
412 n m (4.03). 

8-Bromo - 7 - hydroxy - 6H - benzo[3,4]cyclobuta[1,2]cyclohepten - 6-
one (10). T o a solution of 5 (0.1 g, 0.5 mmol) in acetic 
acid (5 ml) was added a solution of bromine (90 mg, 0.56 
mmol) in acetic acid (1 ml) over a period of 5 min. After 
being stirred for 30 min, the solvent was evaporated under 
reduced pressure. The residue was dissolved in dichlo­
romethane. T h e solution was washed with water and dried 
over anhydrous sodium sulfate. After evaporation, the crys­
talline residue was recrystallized from ethanol to give the 
title compound (67 mg, 47%) as yellow-orange needles, m p 
166—168 °C. Found : C, 57.23; H , 2 .37%. Calcd for 
C 1 3 H 7 0 2 Br : C, 56.76; H, 2 .56%. I R ( K B r ) : 3300, 1580, 
1340, and 1230 cm- 1 . N M R ( C D C 1 3 ) : <5 6.61 (s, I H , H 9 ) , 
6.70 (s, IH , H 5 ) , 7.13 (m, 4 H , aromatic) , and 8.88 (broad 
s, I H , O H ) . U V ( E t O H ) : 234 (log s 4.13), 291 (4,54), 
370 sh, 388 (3.75), and 425 sh nm. 

8 - Nitro - 7 - hydroxy - 6H - benzo[3,4]cyclobuta\l ,2~\cyclohepten - 6-
one (11). T o a solution of 5 (0.1 g, 0.5 mmol) in acetic 
acid (5 ml) was added a solution of concentrated nitric 
acid (60—62%, 64 mg, 6 mmol) in acetic acid (0 .1ml) 
at 0 °C over a period of 5 min. After being stirred for 30 
min, the solution was diluted with water (40 ml ) . T h e 
resulting yellow crystals were collected by filtration and 
washed with water. After drying, the crystals were re-
crystallized from ethanol to give pure title compound 11 
(36 mg, 29%,), yellow-orange needles, m p 174—175 °C. 
Found: C, 64.38; H , 2.72; N , 5 .48%. Calcd for C 1 3 H 7 0 4 N : 
C, 64.73; H , 2.92; N, 5 . 8 1 % . I R ( K B r ) : 3200, 1600, 1580, 
1530, 1320, and 1220 cm- 1 . N M R ( C D C 1 3 ) : Ô 6.55 (s, I H , 

H 9 ) , 6.76 (s, I H , H 5 ) , and 7.27 (m, 4H , aromatic) . U V 
( E t O H ) : 233 (log e 4.28), 254 (4.25), 305 (4.49), 382 (4.12), 
and 537 nm (3.63). 

8 - Tolylazo- 7 - hydroxy - 6 H - benzo[3,4]cyclobuta[7,2]cyclohepten-

6-one (12). T o a solution of 5 (0.1 g, 5 mmol) and 
sodium acetate (3 g) in water (4 ml) and acetic acid (24 ml) 
was added a solution of the diazonium salt, prepared from 
/>-toluidine (70 mg, 0.56 mmol) , hydrochloric acid (2 mol 
d m - 3 , 0.5 ml) and sodium nitrite (43 mg, 0.62 mmol) , at 
0—2 °C over a period of 15 min. After being stirred for 
20 min, the solution was kept in a refrigerator overnight. 
T h e solvent was then evaporated. T h e dark violet residue 
was diluted with water. T h e aqueous solution was con­
trolled at p H 3 and the resulting crystals (0.142 g, 88%) 
were collected by filtration. Recrystallization from aceto-
nitrile gave the pure title compound 12 as blue-violet needles 
(mp 213—214 °C). Found : C, 76.37; H , 4.39; N, 8.89%. 
Calcd for C2 0H1 4OoN2 : C, 76.42; H , 4.49; N , 8 .91%. I R 
(KBr) : 3300, 1630, 1480, and 1300 cm- 1 . NMR(CDC1 3 ) : 
Ô 2.38 (s, 3H, CH 3 ) , 6.53 (s, I H , H 9 ) , 6.70 (s, I H , H 5 ) , and 
7.30 (m, 8H, aromatic) . U V ( E t O H ) : 252 (log s 4.55), 
340 (4.67), and 564 nm (4.32). 

Diels-Alder Reaction of 5. A solution of 5 (0.1 g, 0.5 
mmol) and maleic anhydride (0.15 g, 1.5 mmol) in anhydrous 
xylene (2.5 ml) was refluxed for 5.5 h. T h e solvent was 
evaporated. T h e resulting pale yellow residue was recrys­
tallized from benzene-dichloromethane to give the adduct 
13 (0.103 g, 68.8%,) as colorless prisms (mp 194—196 °C). 
Found : C, 69.50; H, 3 . 4 1 % . Calcd for C 1 7 H 1 0 O 5 : C, 69.39; 
H , 3 .43%. I R ( K B r ) : 1855, 1760, and 1650 cm" 1 . N M R 
(CDC13): ô 3.61 (d, I H , 7 = 9 . 0 Hz, methine) , 3.85 (d, I H , 
7 = 9 . 0 Hz , methine) , 5.2 (broad s, I H , O H ) , 6.16 (s, 1H, 
H 5 ) , 6.22 (d, I H , 7 = 9 . 0 Hz , H 8 ) , 6.62 (d, 1H, 7 = 9 . 0 Hz, 
H 9 ) , and 7.3—7.9 (m, 4H , aromatic) . U V ( E t O H ) : 223 sh, 
287 (log s 4.21), and 310 n m (4.15). 

T h e a u t h o r s wish to t h a n k D r . K . T a k a h a s h i a n d 
Prof. K . T a k a s e , T o h o k u U n i v e r s i t y , for m e a s u r e m e n t 
of 100 M H z X H - N M R a n d 1 3 G - N M R s p e c t r a . 
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Products from the Nitration of 2,5-Dimethylthiophene and 
Its 3,4-Dibromo Derivative. 

Two Modes of the Formation of Dithienylmethanes1} 

Hitomi SUZUKI,* Ichiro HIDAKA, Akemi I W A S A , * * Tadashi M I S H I N A , * * 

and Atsuhiro OSUKA 

Department of Chemistry, Faculty of Science, Ehime University, Bunkyo-cho, Matsuyama 790 
**Department of Chemistry, Faculty of Science, Hiroshima University, Higashi-sendamachi, 

Naka-ku, Hiroshima 730 
(Received June 7, 1980) 

The reaction of 2,5-dimethylthiophene with copper(II) nitrate in acetic anhydride gave 3-nitro-2,5-dimethyl-
thiophene and 2,5-dimethyl-3-(5-methyl-2-thenyl)thiophene as major isolable products. The treatment of 3,4-
dibromo-2,5-dimethylthiophene with nitric acid (d= 1.5) in dichloromethane in the presence of a catalytic amount 
of sulfuric acid afforded 3,4-dibromo-5-methyl-2-(nitrooxymethyl)thiophene, which, on thin-layer chromatog­
raphy over silica gel using hexane as the eluant, underwent a partial novel coupling reaction through the loss 
of one methylene carbon atom, thus giving 3,3',4,4/-tetrabromo-5,5/-dimethyldi-2-thienylmethane along with 
the expected 3,4-dibromo-2-hydroxymethyl-5-methylthiophene and bis(3,4-dibromo-5-methyl-2-thenyl) ether. 

When treated with nitric acid in dichloromethane 
at a low temperature, polymethylbenzenes and their 
derivatives often undergo the nitrooxylation of the 
alkyl group to give benzyl nitrates.2) Under similar 
conditions, polymethylnaphthalenes and polymethylan-
thracenes yield naphthylnitromethanes and anthryl-
nitromethanes respectively.3) For these side-chain re­
actions of arènes, we have previously proposed an 
ionic SNl' mechanism involving a methylenecyclo-
hexadiene intermediate (1) ; the heterolytic fission of 
the G-N bond in 1 to form a benzyl cation/nitrite 
anion pair (2) and the subsequent recombination of 
these ions at the benzylic carbon atom, either via 
a G-N bond or via a G - O bond, the ratio of the C-N/ 
C - O bond formation being mainly determined by the 
electronic requirements of the eAro-cyclic sp2 carbon 
atom (Scheme l).3»4) Thus, the marked change in 
the modes of reaction toward nitrating agents observed 
on going from the benzenes to naphthalenes and an­
thracenes has been related to the change in the de­
velopment of the carbonium ion character on the 
methylene carbon atom of the intermediate ion pair, 
2. In order to test the validity of our proposal further, 
we have now investigated the effect of the fused benzene 
ring on the side-chain reactions of heteroaromatic 
systems. 

There has, to our knowledge, been only one report 

in the literature pertaining to the side-chain nitration 
of heteroaromatics ; Bordwell and Cutshall treated 2,3-
dimethylbenzo[7>] thiophene (3) with nitric acid in acetic 
anhydride and obtained 3-methyl-2-(nitromethyl)-
benzo[£] thiophene (4) and 3-methylbenzo[6]thiophene-
2-carboaldehyde (6) (Scheme 2). T h e carbonyl com­
pound presumably arose from the initially formed 
nitrate (5). Preferential substitution occurred at an 
alkyl group attached to the heterocycle.5) If the Su 1' 
mechanism shown in Scheme 1 works in that case, 
we may reasonably expect that the removal of a fused 
benzene ring from the benzo[£] thiophene system would 
lead to a change in the mode of the side-chain reaction 
of the thiophene nucleus from nitration to nitrooxy­
lation. Thus, we have prepared several polymethyl-
thiophenes and their derivatives and treated them 
with nitrating agents under a variety of conditions. 

Trimethylthiophenes and tetramethylthiophene were 
extremely reactive toward a nitrating agent and failed 
to give any isolable products. A significant part of 
the substrate suffered the destruction of the thiophene 
nucleus. Even with such a mild nitrating agent as 
copper(II) nitrate in acetic anhydride, these reactive 
thiophenes were converted into a complicated mixture 
of products which were difficult to separate. We 
therefore turned our interest to the nitration of 2,5-
dimethylthiophene (7) and its dibromo derivative (8). 
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The reaction of 7 with copper(II) nitrate proceeded 
smoothly in acetic anhydride at a low temperature; 
the two major products thus obtained were identified 
as 3-nitro-2,5-dimethylthiophene (11) and 2,5-dimethyl-
3-(5-methyl-2-thenyl) thiophene (14) respectively on the 
basis of IR , *H N M R and mass spectroscopy as well 
as elemental analysis. Although the crude product 
mixture was shown by its I R and N M R spectra to 
contain small amounts of a nitrate supposed to be 
13, it could not be isolated as such. However, the 
significant formation of dithienylmethane, 14, strongly 
suggests the initial formation of a nitrite, 12, or a 
nitrate, 13, and the subsequent acid-catalyzed con­
densation of these with 7 to yield 14 (Scheme 3). 

In order to avoid complications arising from a 
further reaction of the reactive nitrate, 13, we then 
filled the unoccupied positions in 7 with bromine 
atoms and treated the dibromo derivative, 8, thus 
obtained with nitric acid. Compound 8 was quite 
slow to react with nitric acid alone in dichloromethane 

OX 
(3 ) 

HN00 

Ac 20 ^Niüa + S Me 

(4 ) 

S ' CH20N02 

(5) 

-HNO,. I 
CXI Me 

S ' "CHO 
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Scheme 2. 

at a low temperature. However, in the presence of 
a catalytic amount of sulfuric acid, it underwent a 
facile side-chain substitution to afford a pasty substance, 
from which 3,4-dibromo-5-methyl-2-(nitrooxymethyl)-
thiophene (15) was isolated as a major product. Thus, 
the removal of a benzene ring from the benzo[&]-
thiophene system led to a change in the mode of the 
side-chain reaction of the thiophene nucleus from 
nitration to nitrooxylation. This remarkable effect of 
the fused benzene ring parallels that observed in the 
reactions of benzenes and higher polybenzenoid hy­
drocarbons and may be taken to indicate that the 
side-chain reaction of the thiophenes also proceeds 
through a heterolytic mechanism similar to that de­
picted in Scheme 1. 

When an at tempt was made to purify crude 15 
by thin-layer chromatography over silica gel (Merck 
Kieselguhr 60 GF2 5 4), using hexane as the eluant, we 
obtained a small amount of a crystalline compound, 
17 (mp 149—150 °C), in addition to the expected 
3,4-dibromo-2-hydroxymethyl-5-methyl thiophene (18) 
and bis(3,4-dibromo-5-methyl-2-thenyl) ether (19) 
(Scheme 4). The elemental analysis and molecular 
weight of 17 were consistent with a formula of C11H8-
Br4S2. Its infrared spectrum (CDG13) showed promin­
ent bands at vmtLX 1540, 1420, 1300, 1120, and 835 
c m - 1 , and its 1 H N M R spectrum (CDC13) contained 
peaks at ô 2.40 and 4.22 ppm, with a relative intensity 
ratio of 3 : 1. Its mass spectrum exhibited peaks at 
m\e 524 (M+), 445 ( M + - B r ) , 364 ( M + - 2 Br), and 
269 (M+—C5H3Br2S). These data are consistent with 
the structure of 3,3',4,4'-tetrabromo-5,5'-dimethyldi-2-
thienylmethane (17). This structural assignment was 
confirmed by an unequivocal synthesis of an authentic 
sample of 17; 2-methylthiophene was condensed with 
formaldehyde in the presence of an acid catalyst to 
give 5,5'-dimethyldi-2-thienylmethane (16), which was 
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then brominated in the dark to give 17 (mp 150—151 
°C), identical in all respects with a sample obtained 
from 15. T h a t compound 17 had been formed during 
chromatography over silica gel was confirmed by an 
experiment in which 15 and silica gel were stirred 
together in hexane overnight at room temperature 
to yield an appreciable amount of 17, along with 
other products. The previous literature contains no 
references to the formation of diarylmethanes during 
the chromatography of arylalkyl nitrates. The un­
expected formation of 17 from 15 lacks a convincing 
explanation at present; so, too, does the fate of the 
missing carbon atom. However, we suggest two pos­
sible reaction pathways, as outlined in Scheme 5. 
According to this scheme, nitrate 15 undergoes the 
acid-induced C - O bond cleavage on the silica gel 
surface to form a carbonium-ion intermediate, 20, 
which may subsequently replace the nitrooxymethyl 
group in 15 (Path a) or expel the formyl group from 
aldehyde 21 (Path b) . Activated primary nitrates are 
known to undergo acid-catalyzed decomposition to 
give aldehydes.6> 

It is interesting to compare this coupling reaction 

with that reported by King and Brown, where 
diethyl 4,4'-dimethyl-5,5'-methylenedi-2-pyrrolecar-
boxylate is obtained in the nitration of ethyl 4,5-
dimethyl-2-pyrrolecarboxylate.7) Although they sug­
gested the implication of a nitromethyl function in 
the unexpected pyrromethane formation, the present 
result seems to favor the role of a nitrooxymethyl 
function. The scope and possible utility of this novel 
coupling reaction is currently being investigated. 

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

The melting points were determined on a hot-stage ap­
paratus and are uncorrected. The infrared spectra were 
run as Nujol mulls on a Hitachi 215 spectrophotometer. 
The 1H NMR spectra were determined in deuteriochloroform 
on a Varian T-60 spectrometer, using TMS as the internal 
standard, unless otherwise stated. The mass spectra were 
obtained on a Hitachi RMS-4 mass spectrometer with an 
ionizing current of 70 eV, and bromine-containing peaks 
have been reported for 79Br. Thin-layer chromatographic 
separations were carried out on Merck Kieselguhr 60 GF254 

plates. 2,5-Dimethylthiophene (7) was prepared from 2,4-
pentanedione as has previously been reported.8) 2,3,5-
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Trimethyl thiophene and tetramethylthiophene were obtained 
by treating an appropria te polymethylthiophene with N-
methylformanilide and phosphoryl chloride and by then 
reducing the resulting aldehyde by the Wolff-Kishner meth­
od.9-10) 

3,4-Dibromo-2-(bromomethyl)-5-methylthiophene (9). A 
solution of 3,4-dibromo-2,5-dimethylthiophene (8 ; m p 4 5 — 
46 °C; 0.9 g; 3.3 mmol) and benzoyl peroxide (BPO; 10 
m g ; 0.04 mmol) in dry benzene (5 ml) was brought to reflux; 
a mixture of iV-bromosuccinimide (0.6 g ; 3.4 mmol) and 
B P O (10 m g ; 0.04 mmol) was then added, portion by portion 
over a period of 10 min. T h e mixture was kept under 
reflux for another 10 min and then allowed to cool. A 
white precipitate was removed by filtration, and the filtrate 
evaporated under reduced pressure. T h e solid residue (1.20 
g) crystallized out from hexane in two different forms, which 
were separated by hand-picking. 

Large cubes were recrystallized from hexane and identified 
as 9. M p 68—69 °C. Yield, 0.54 g (46%) . ^ N M R 
(GG14) : Ô 2.40 (s, 3H) and 4.60 p p m (s, 2H) ; I R i>max 1425, 
1300, 1205, 1190, 1160, 1100, and 900 cm- 1 . Found : G, 
20.79; H , 1.46%. Calcd for G 6H 5Br 3S: G, 20.65; H , 1.44%. 

Needles were recrystallized from hexane and identified 
as 3,4-dibromo-2,5-bis(bromomethyl)thiophene (10). M p 117— 
118°G. Yield, 0.20 g (14%) . ^ N M R (GG14) : Ô 4.61 
p p m (s, 4 H ) ; I R *>max 1420, 1305, 1220, 1200, 1115, and 
905 cm- 1 . Found : C, 17.11; H , 0 .97%. Calcd for C 6H 4-
Br 4 S: C, 16.84; H, 0 .94%. 

3,4-Dibromo-5-methyl-2- (nitrooxymethyl) thiophene (15). 
Silver ni trate (0.09 g ; 0.53 mmol) was added to a solution 
of 9 (0.175 g ; 0.50 mmol) in acetonitrile (5 ml) , after which 
the mixture was stirred at room temperature for 1 h. T h e 
silver bromide was removed by filtration, and the filtrate 
was evaporated to give a solid residue, which was subsequently 
recrystallized from pen tane ; white needles; m p 50—51 °C. 
Yield, 0.09 g (54%) . 1U N M R (GC14): Ô 2.47 (s, 3H) 
and 5.53 p p m (s, 2 H ) ; I R : *>max 1620, 1295, 950, and 880 
cm- 1 . Found : G, 22.06; H , 1.57%; N, 3.97%. Calcd for 
G 6 H 5 N 0 2 B r 2 S : C, 21.77; H , 1.52; N, 4 . 2 3 % . 

5,5f-Dimethyldi-2-thienylmethane (IB). A mixture of 2-
methylthiophene (3.63 g ; 37 mmol) , zinc chloride (3.40 g ; 
25 mmol) , and concentrated hydrochloric acid (2.55 ml ; 
43 mmol) was stirred at —7—0 °C, after which an aqueous 
solution of formaldehyde (2.35 g; 29 mmol) was added, 
drop by drop , over a period of 1.5 h. After the addition 
was complete, stirring was continued for 1 h, and then the 
mixture was diluted with water. A white precipitate was 
collected by filtration, the aqueous phase was extracted 
with ether, and the solvent was evaporated. T h e solid 
products were combined and recrystallized from methanol 
to give 16 as white needles (0.956 g; 2 5 % ) ; m p 32—34 °G. 
J H N M R : à 2.42 (s, 6H) , 4.10 (s, 2H) , and 6.53 ppm (s, 
4H) . Found : G, 63.29; H, 5.86%. Calcd for C U H 1 2 S 2 : 
G, 63 .41 ; H , 5 . 8 1 % . 

3,3',4,4'- Tetrabromo-5,5''-dimethyldi-2-thienylmethane (17). 
In to a solution of the above di thienylmethane, 16 (0.1 g ; 
48 mmol) , in carbon disulfide (5 ml) cooled to —10 °G, 
bromine (0.308 g ; 198 mmol) in the same solvent (5 ml) 
was stirred, drop by drop, over a period of 4 h. T h e mixture 
was kept for 5 h a t this temperature and then worked u p 
as usual, giving a crude bromo derivative (0.22 g) . This 
was chromatographed on a thick-layer silica gel plate, using 
hexane as the eluant, to afford 17 as fine needles (0.089 g ; 
3 5 % ) ; m p 148—149 °G. ^ N M R : ô 2.43 (s, 6H) and 
4.23 p p m (s, 2 H ) ; I R : vm&x 1290 and 940 cm- 1 . 

Reaction of 2,5-Dimethylthiophene with Copper(II) Nitrate in 
Acetic Anhydride. T o a solution of copper(II ) ni trate 

t r ihydrate (1.2 g ; 5 mmol) in acetic anhydride (15 ml) , 
cooled to —10 15 °C, 7 (1.1 g ; 9.8 mmol) in the same 
solvent (15 ml) was added, drop by drop, over a period of 
30 min ; the mixture was then stirred at this temperature 
for an additional 30 min. A change in color from blue 
to deep green was observed. Water (20 ml) and then ether 
(20 ml) were added, and the acetic anhydride was allowed 
to hydrolyze at room temperature . T h e organic phase was 
separated, and the aqueous phase was extracted with hexane. 
T h e combined organic solutions were washed with water 
until neutral , and then evaporated. An oily residue (0.937 
g) was chromatographed over silica gel, using hexane as 
the eluant, to give 2,5-dimethyl-3-(5-methyl-2-thenyl) thiophene 
(14; 0.253 g ; 23%) and 3-nitro-2,5-dimethylthiophene (11 ; 0.263 
g ; 17%) as major products. 

1 1 : yellow needles; m p 29—30 °G; i H N M R (GG14) : 
6 2.42 (s, 3H) , 2.70 (s, 3H) , and 7.12 p p m (s, H ) ; I R (neat) : 
r m a x 1530, 1485, 1360, 1315, 1260, 1195, 790, and 750 cm- 1 . 
M S : m/e 157 (M+), 140, 127, 112, 110, 85, 72, 67, and 59. 
Found : C, 46.06; H, 4.76; N , 9.16%. Calcd for C 6 H 7 0 2 N S : 
G, 45.85; H , 4.49; N , 8 .91%. 

14: l iquid; ^ N M R (CCl 4 ) : Ô 2.28 (s, 3H) , 2.33 (s, 
3H) , 2.38 (s, 3H) , 3.77 (s, 2H) , 6.30 (s, H ) , 6.33 (s, H ) , and 
6.38 p p m (s, H ) ; I R (neat ) : v m a x 1035, 1145, and 1215 cm- 1 ; 
M S : m/e 222 (M+), 207, 124, and 111. Found: C, 64.52; 
H , 6 .55%. Calcd for C1 2H1 4S2 : C, 64 .81; H , 6 .35%. 

Reaction of 3,4-Dibromo-2,5-dimethylthiophene with Nitric Acid. 
T o a stirred solution of 8 (1.0 g ; 3.7 mmol) in dichloro-
methane (20 ml) , nitric acid (1.17 g; rf=1.5) in the same 
solvent ( 10 ml) was added, drop by drop. The reaction 
mixture gradually changed from pale violet to red purple. 
Then a drop of concentrated sulfuric acid was added, and 
the mixture was heated gently for 1 h. During this period, 
nitrogen dioxide was slowly evolved. T h e reaction mixture 
was then diluted with water, and the organic phase was 
separated, washed thoroughly with water, and evaporated 
in vacuo to give an oily residue (1.15 g) , which solidified 
to a crystalline mass on standing in a refrigerator. This 
solid product was extracted with pentane to give 15 as white 
crystals; m p 47—48 °G. Yield, 0.614 g (50%). Mixed 
melting point determination with an authentic sample showed 
no depression (47—49 °C). 

W h e n the crude nitrate was subjected to thin-layer chro­
matography over silica gel, using hexane as an eluant, 17 
was obtained along with 18 and 19. Product 17 was re­
crystallized from hexane to give fine needles (0.020 g; 4.2%) 
(mp 150—151 °C), identical in all respects with an authentic 
sample prepared by the other route. 

Found : C, 25.26; H , 1.54%. Calcd for C u H 8 B r 4 S 2 : G, 
25.04; H , 1.66%. 

Coupling of 3,4-Dibromo-5-methyl-2-(nitrooxymethyl) thiophene in 
the Presence of Silica Gel. Silica gel ( 1 g) was added to 
a solution of 15 (70 mg) in hexane (6 ml) , after which the 
mixture was stirred overnight at room temperature. The 
supernatant liquid was then decanted and evaporated to 
give a solid residue (53 mg) , which was chromatographed 
on a thin-layer silica gel plate, using hexane as the eluant. 
F rom the main band, 17 (7.6 m g ; 14%) was obtained and 
identified by means of its melting point and spectral char­
acteristics. 

W e a r e gra te fu l to t h e M i n i s t r y of E d u c a t i o n a n d 
t h e S a n e y o s h i Scientif ic F o u n d a t i o n for financial s u p ­
p o r t of th is w o r k . 



March, 1981] Nitration of Dimethylthiophenes 775 

References 

1) The reaction of polysubstituted aromatics. Part LVII. 
Part LVI; H. Suzuki, K. Miyoshi, and M. Shinoda, Bull. 
Chem. Soc. Jpn., 53, 1765 (1980). 

2) For a review, see H. Suzuki, Synthesis, 1977, 217. 
3) H. Suzuki, H. Yoneda, and T. Hanafusa, Bull. Chem. 

Soc. Jpn., 47, 3106 (1974); ibid., 48, 2116 (1975); and the 
references cited therein. 

4) H. Suzuki, T. Mishina, and T. Hanafusa, Bull. Chem. 
Soc. Jpn., 52, 191 (1979). 

5) F. G. Bordwell and T. W. Gutshall, J. Org. Chem., 
29, 2020 (1964). 

6) K. Maruyama, K. Nakamura, and H. Suzuki, Nippon 
Kagaku Zasshi, 89, 78 (1968); S. D. Rose, E. R. Goburn, 
and M. Finkelstein J. Org. Chem., 33, 585 (1968). 

7) M. M. King and R. H. Brown, Tetrahedron Lett., 1975, 
3995. 

8) G. N. Jean and F. F. Nord, J. Org. Chem., 20, 1363 
(1955). 

9) N. P. Buu-Hoï, Ng Hoân, and D. Lavit, J. Chem. 
Soc, 1950, 2130. 

10) W. J . King and F. F. Nord, J. Org. Chem., 14, 638 
(1949). 



776 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jfin., 54, 776—780 (1981) [Vol. 54, No. 3 

Reaction of Acetals with Grignard Reagents 
Hiroshi ISHIKAWA,* Teruaki M U K A I Y A M A , * * and Shigeru I K E D A * * * 

Laboratories of Medicinal Chemistry, Otsuka Pharmaceutical Co., Ltd., 
Kagasuno, Kawauchi-cho, Tokushima 771-01 

**Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
***Department of Chemistry, Science University of Tokyo, 1-3, Kagurazaka, Shinjuku-ku, Tokyo 162 

(Received June 10, 1980) 

The reaction of dialkyl acetals derived from a,/?-unsaturated aldehydes with Grignard reagents using TiCl4 

in THF afforded the cross coupling products, allyl ethers, in high yields. The TiCl4-promoted reaction of alkyl 2,4-
dichlorophenyl acetals, synthesized from 3,4-dihydro-2//-pyran or ethyl vinyl ether and 2,4-dichlorophenol, with 
Grignard reagents in THF at low temperature afforded the corresponding unsymmetrical ethers in high yields. 
When alkyl 2,4-dichlorophenyl acetals, synthesized from aromatic aldehyde or vinyl ethers and 2,4-dichlorophenol, 
were treated with Grignard reagents in benzene or toluene at room temperature in the absence of TiCl4, the cross 
coupling reaction took place and the corresponding ethers were isolated in good yields. 

We briefly reported in two previous papers1 - 2) that 
the reaction of dialkyl acetals derived from a,/?-un-
saturated aldehydes with Grignard reagents using TiCl4 

and the reaction of alkyl 2,4-dichlorophenyl acetals, 
synthesized from 3,4-dihydro-2//-pyran or vinyl ether 
and 2,4-dichlorophenol, with Grignard reagents in 
benzene or toluene afforded the corresponding allyl 
ethers and ethers. In this report, the reactions are 
explained in detail and additional results are presented. 

In general, acetals, the most commonly encountered 
protective group for aldehydes and ketones, are stable 
to most alkaline reagents and known to be inert toward 
various nucleophiles such as Grignard reagents and 
organolithium compounds except for cyclic acetals, 
steroidal cyclic acetals and cyclic acetals of halogenated 
saturated ketone.3_7> No similar reactions have hith­
erto been know for dialkyl and mixed acetals derived 
from various aldehydes and ketones. 

We have studied various synthetic reactions using 
TiCl4 and have reported in the previous paper8) that 
the reduction of dialkyl acetals derived from aromatic 
aldehydes and ketones with TiCl 4 -LiAlH 4 in T H F 
or diethyl ether at room temperature afforded the 
coupling products, pinacol ethers or olefins, in high 
yields. We also reported that various olefins were 
prepared in good yields by the treatment of allyl 
methyl ethers with TiCl 4 -LiAlH 4 in T H F or diethyl 
ether.9) 

In the present work, the reaction of various acetals 
with Grignard reagents in the presence and absence 
of TiCl4 was tried ; it was found that the various ethers 
were given in good yields. The TiCl4-promoted reac­
tion of dimethyl acetals derived from ^ - u n s a t u r a t e d 
aldehydes with Grignard reagents was examined in 
T H F at — 78 °C. For example, 1.5 molar amount of 
phenethylmagnesium bromide (2) was added to a 
mixture of an equimolar amount of cinnamaldehyde 
dimethyl acetal (1) and TiCl4 in T H F at —78 °C 
under argon atmosphere. After stirring at —78 °C 
for 6 h, the mixture was quenched with aqueous potas­
sium carbonate. Purification by column chromatog­
raphy (silica gel) gave 3-methoxy-l,5-diphenyl-l-
pentene (3) in 8 1 % yield. 

,OCH„ 

TiCl4 H 2 0 

C6H5CH=CH-CH /
v 

NOCH, 
+ C6H5CH2CH2MgBr 

2 

-78 °C 

6 h 

G6H5GH=GHGHGH2GH2G6H5 
I 

OCH3 

3 81% 

In a similar manner , the reactions of various acetals 
derived from a,/?-unsaturated aldehydes in the presence 
of TiCl4 were tried in T H F at - 7 8 °G, and the cor­
responding allyl ethers were obtained in high yields, 
as shown in the following equation: 

CcHgCH^CHC^ 
OCH, 

X)CHq 

+ CH3CH2MgBr 

H20 /OCH3 
> C6H5CH=CHCH 

5 NCH2CH3 

83% 

/ OCH, 
Cf iH,CH=CHCH 

NOCH, 

TiCl4 H 2 0 
> > C6H5CH=GHCH 

/ OCH, 
CH,CH=CHCH 

8 \ O C H , 

+ CH2=CHCH2MgBr 

6 

/OCH3 

\CH2CH=CH2 

71% 

+ C6H5CH2CH2MgBr 

2 

,OCH, TiCl4 H 2 0 / 
> > CH3CH=CHCH 

g XCH2CH2C6H5 

79% 

CH>=CHCH 
/ U V j H n L l H o 

10 \OCH„CH, 
+ C6H5CH2CH2MgBr 

Tici4 H2O /OCH 2CH 3 
> • CH2=CHCH 

XCH2CH2C6H5 11 
70°/ 

(1) 

(2) 

(3) 

(4) 

I t was found that y-arylation took place to afford 
vinyl ethers when phenylmagnesium bromide (12) was 
employed in the above reactions. For example, 1-
methoxy-3-phenyl-1 -butène (13) was obtained in 4 2 % 
yield by the reaction of crotonaldehyde dimethyl acetal 
(8) and phenylmagnesium bromide (12) in the presence 
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T A B L E 1. TiGl4-PROMOTED REACTION OF ALKYL ARYL ACETALS WITH GRIGNARD REAGENTS IN T H F 

Acetal 

R1 R2 

-(CH2)4-

14 

CH3 G2H5 

18 

Ar 

C 6 H 5 

/X 
II 1 

- < > 
/ 

Gl 

C 6 H 5 

CI 

Gl 

Gl 

Cl 

,OR2 Tici4 
R 1 - / > R1 

\ O A r R3MSX 

Grignard reagent 
R3 

C6H5CH2CH2 

G6H5 

n-C8H17 

G6H5CH2 

C6H5CH2CH3 

G6H5 

H-C 8 H 1 7 

C6H5CH2 

.OR 

\ R 3 

Ether 
yields/% 

65 

76 

38 

98 

80 
75 
51 

87 

82 
71 
77 

Bp 
(°C/mmHg)1 

69—70/0.5 

96—100/22 
95—96/3 
75—78/10 

106—110/12 

65—68/22 
76—78/15 

)).c) 

(15) 

(15) 

(15) 

(15) 

(16) 
(17) 
(20) 

(19) 

(21) 
(22) 
(20) 

a) Isolated by silica gel chromatography, b) All boiling points were uncorrected, c) 1 mmHg—133.322 Pa. 

T A B L E 2. REACTION OF ALKYL 2 ,4-DICHLOROPHENYL ACETALS W I T H GRIGNARD REAGENTS IN BENZENE 

R1 

GH3 

C6H5 

Acetal 

R2 

-(CH2)4-
(14) 

GH3 
i 

1 1 
\o/\ 
(26) 

C2H5 

(18) 

GH3 

(31) 

Grignard reagent 
R3 

GgH5GH2GH2 
GeH5 

rc-C3H7 

n-CgH17 o 
/GH 3 o 
XCH3 

/ C H 3 

CH=G 
XCH3 

/GH 3 
CH2CH 

XGH3 
«-CSH17 o 
G6H5 

/GH 3 o-
\ C H 3 C6H5CH2CH2 

C6H5CH2CH2 

C6H5 

"-G6H13 

Ether 
yield*>/% 

88c> 
84 
67b> 

85 

60 

79 

86b>'d> 

79b),d> 

87 
4 9 b ) 

83 

76 

88 
83 
76 
81 

Bp 
(°C/mmHg) 

78—79/30 

104—109/21 

82—84/2 

86—88/2 

63—64/10 

61—62/18 

104—106/20 

131—133/2 
145—148/20 
143—146/31 

(15) 
(16) 
(23) 
(17) 

(24) 

(25) 

(27) 

(28) 

(22) 

(29) 

(21) 

(30) 

(19) 
(32) 
(33) 
(34) 

a) Isolated by silica gel chromatography, b) Isolated by distillation, c) T h e unsymmetrical ether was obtained 
in 8 2 % yield when the reaction was carried out in toluene, d) The composition of the product as determined 
by GLPG analysis, comparing with the authentic sample, was 3 2 % eis and 6 8 % trans isomer, e) T h e composi­
tion of the product was 19% eis and 8 1 % trans isomer. 
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of TiCl4 , and 1-methoxy-1-phenyl-2-butene could not 
be detected. 

/ OCH„ 
GH,GH=GHGH 

8 

TiCU H 2 0 

X)CHq 

+ C6H5Mg 

12 

* , CH8CHCH=CHOCH3 

G6H5 

13 42% 

Contrary to such results, dialkyl acetals derived 
from aromatic and aliphatic aldehydes, such as benzal-
dehyde dimethyl acetal and /?-phenylpropionaldehyde 
dimethyl acetal, were not alkylated by the coupled 
use of TiCl 4 and Grignard reagents, considerable 
amounts of the starting materials were recovered. 
But it was established that the TiCl4-promoted reac­
tion of some mixed acetals, alkyl aryl acetals synthe­
sized from 3,4-dihydro-2//-pyran or ethyl vinyl ether, 
and phenol with Grignard reagents gave various 
unsymmetrical ethers by the replacing the aryloxyl 
group with an alkyl group (Table 1). 

As shown in Table 1, when various mixed acetals 
synthesized from 3,4-dihydro-2//-pyran and phenol 
were treated with Grignard reagent in the presence 
of TiCl 4 in T H F at — 78 °C, it was found that the 
reaction of 2-(2,4-dichlorophenoxy)tetrahydropyran 
with Grignard reagent afforded the cross coupling 
product in higher yield than that obtained for mixed 
acetals. The generality of TiCl4-promoted reaction 
was examined by the use of various alkyl 2,4-dichloro-
phenyl acetals, and in all cases the corresponding 
ethers were obtained in good yields (see Table 1). 

Further, the reaction of 2-(2,4-dichlorophenoxy)-
tetrahydropyran with a Grignard reagent such as 
phenethylmagnesium bromide in the absence of TiCl4 

took place in benzene or toluene at room temperature 
and the corresponding unsymmetrical ether was iso­
lated in 8 8 % yield. Even when the same reaction 

CI 

\ Q / \ 0 -
N 

</ V _ c i + G6H5CH2GH2MgBr 

14 

r. t. 
30 min 

^0/\GH2GH2G6H5 

15 88% 

was carried out in tetrahydrofuran under refluxing, 
the yield of the unsymmetrical ether was below 6 0 % . 
In a similar manner , various unsymmetrical ethers 
were obtained in good yields, as shown in Table 2. 

The mechanism of the TiCl4-promoted reaction of 
a,/?-unsaturated acetals and alkyl aryl acetals with 
Grignard reagents may be explained as follows; the 
acetal forms a coordinated compound (I) with TiCl4 , 
which subsequently reacts smoothly with the Grignard 
reagent, probably through a six-membered cyclic in­
termediate ( I I ) , to afford the corresponding ethers, 
as sketched below: 

0. 
RV0,.;;:TiCI4 

R3 

( I ) 

R4MgX 

vRJ-MgX 

(ID 

OR' 
R'V 

R OTIC I, + Mg X C l l 

The 2,4-dichlorophenoxyl group of alkyl 2,4-dichlo-
rophenyl acetals can leave easily; thus the mechanism 
of the reaction of alkyl 2,4-dichlorophenyl acetals with 
Grignar dreagents in bezene or toluene may be a mag­
nesium-promoted replacement reaction of 2,4-dichlo­
rophenoxyl group with alkyl group, as shown below. 

, OR' R3MgX 

°"Y>"CI 

CI 

benzene 
or 

toluene 

0 R % , / CI 

OR' 

+ 

R - M g X 

CI<^>0MgX 

In conclusion, it has been shown that the reaction 
of dialkyl acetals derived from a,/?-unsaturated al­
dehydes and mixed acetals synthesized from 3,4-di-
hydro-2//-pyran or ethyl vinyl ether and phenols with 
Grignard reagents, using TiCl4 in T H F at low tem­
perature, afforded the cross-couling products, various 
ethers, in high yields. Further, when the mixed ace­
tals synthesized from aromatic aldehydes or vinyl ethers 
and 2,4-dichlorophenol were treated with Grignard 
reagents in an aromatic hydrocarbon such as benzene 
or toluene at room temperature, various ethers are 
obtained in good yields. 

Exper imenta l 

Spectra. The proton NMR spectra were recorded 
using a Hitachi R-24 spectrometer and a Varian EM 360 
spectrometer. Chemical shifts are reported on ô scale relative 
to te trame thy lsilane as an internal standard. Infrared spec­
tra were taken using a Hitachi 215 grating infrared spec­
trophotometer. Products were identified by NMR and IR 
spectra and elemental analyses. 

Material. Commercially available TiCl4 was distilled 
under argon atmosphere before use. All solvents used here 
were distilled according to the usual methods and were 
stored over sodium metal as a drying agent. Various a,ß-
unsaturated acetals were readily prepared from (^-unsatu­
rated aldehyde and orthoformic esters in alcoholic solution 
in the presence of a catalyst such as anhydrous hydrogen 
chloride. Alkyl 2,4-dichlorophenyl acetals were easily pre­
pared by the addition of 2,4-dichlorophenol to vinyl ether 
derivatives and by the replacement reaction of sodium 2,4-
dichlorophenoxide to a-methoxybenzyl chloride.10) 

Descriptions in this experimental section are typical ex­
amples; other products are shown in the table. 

Reaction of Cinnamaldehyde Dimethyl Acetal (1) with Phenethyl-
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T A B L E 3. PHYSICAL PROPERTIES AND ANALYTICAL DATA OF THE PRODUCTS 

Products IR 
(cm-1)*) 

NMR (<5)b) 

Found (%) 
(Galcd) 

3d) 

5e) 

7f) 

9s) 

llh> 

131) 

15 

16 

17 

19 

20 

21 

22 

23 

24 

25 

27 

2900 
1105 
740 
695 

2910 
1100 
970 
700 

2940 
1110 
995 

2900 
1100 
700 

2900 
1115 
745 
695 

2960 
1115 
750 
695 

2930 
1090 
700 

2930 
1090 
695 

2930 
1090 
2950 
1110 
700 

2920 
1110 
700 

2970 
1110 
700 

2930 

1110 

2930 
1095 

2930 
1095 

2940 
1090 

770 

2930 
1090 

H 

1.6—2.1 (m, 2H), 2.71 (t, 2H, 7 = 7 Hz), 85.54 7.91 
3.25(s, 3H), 3.4—3.8(m, IH), (85.67) (7.99) 
5.94(dd, IH, / = 1 6 , 7 Hz), 
6.45(d, IH, 7 = 16 Hz), 7.0—7.4(m, 10H) 

0.92(t, 3H, 7 = 7 Hz), 1.2—1.9(m, 2H), 81.90 9.21 
3.24(s, 3H), 3.3—3.6(m, 1H), (81.77) (9.15) 
5.93(dd, IH, / = 1 6 , 7 Hz), 
6.45(d, IH, 7 = 16 Hz), 7.20(br s, 5H) 

2.35(t, 2H, 7 = 6 Hz), 3.26(s, 3H), 3.4—3.8(m, IH), 82.76 8.45 
4.8—5.2(m, 2H), 5.4—6.0(m, IH), 5.94(dd, IH, (82.93) (8.57) 
7 = 1 6 , 7 Hz), 6.48(d, IH, J - 1 6 Hz), 7.26(br s, 5H) 

1.73(d, 3H, 7 = 6 Hz), 1.5—2.0(m, 2H), 81.85 9.38 
2.70(t, 2H, 7 = 7 Hz), 3.27(s, 3H), 3.3—3.6(m, IH), (82.06) (9.54) 
5.0—5.8(m, 2H), 7.29(s, 5H) 

1.17(t, 3H, y = 7 Hz), 1.5—2.0(m, 2H), 81.83 9.36 
2.68(t, 2H, y = 7 Hz), 3.0—3.7(m, 3H), (82.06) (9.54) 
4.9—5.3(m, 2H), 5.4—6.0(m, IH), 
7.17(s, 5H) 

1.26(d, 3H, 7 = 6 Hz), 3.24(s, 3H), 3.6—4.0(m, IH), 81.32 8.81 
5.96(dd, IH, 7 = 1 6 , 7Hz), 6.51(d, IH, 7 = 1 6 H z ) , (81.44) (8.70) 
7.27(s, 5H) 

1.1—1.9(m, 8H), 2.5—2.9(m, 2H), 81.88 9.39 
2.9—3.5(m, 2H), 3.7—4.0(m, IH), (82.06) (9.54) 
7.12(s, 5H) 

1.2—2.1 (m, 6H), 3.2—3.7(m, IH), 81.61 8.84 
3.9—4.4(m, 2H), (81.44) (8.70) 
7.22(s, 5H) 

0.7—l.l(m, 3H), 1.2—2.0(m, 20H), 78.48 13.09 
2.9—3.5(m, 2H), 3.7—4.0(m, IH) (78.72) (13.21) 
1.08(t, 3H, 7 = 7 Hz), 1.20(d, 3H, 7 = 7 Hz), 80.66 10.01 
2.7—2.9(m, 2H), 3.2—3.9(m, 4H), (80.85) (10.18) 
4.5—4.8(m, IH), 7.19(s, 5H) 

1.05(d, 3H, 7 = 7 Hz), 1.10(t, 3H, 7 = 7 Hz), 80.12 9.95 
2.3—3.0(m, 2H), 3.1—3.7(m, 3H), (80.44) (9.83) 
7.15(s, 5H) 

1.13(t, 3H, 7 = 7 Hz), 1.35(d, 3H, 7 = 7 Hz), 79.78 9.31 
3.28(q, 2H, 7 = 7 Hz), 4.28(q, IH, 7 = 7 Hz), (79.95) (9.39) 
7.23(s, 5H) 

0.8—1.5(m, 23H), 77.50 14.22 
3.1—3.6(m, 3H) (77.35) (14.07) 

0.88(t, 3H, 7 = 7 Hz), 1.1—1.9(m, 10H), 74.78 12.40 
2.9—3.6(m, 2H), 3.7—4.0(m, IH) (79.94) (12.58) 

0.8—2.1 (m, 17H), 2.7—3.4(m, 2H), 78.32 11.89 
3.7—4.3(m, IH) (78.51) (11.98) 

1.2—2.1 (m, 6H), 2.36(s, 6H) 81.85 9.30 
3.2—3.6(m, IH), 3.5—4.2(m, IH), (82.06) (9.54) 
4.4—4.7(m, IH), 6.83(s, 3H) 

c) 1.02(dd, 3H, 7 = 6 Hz), 1.2—2.2(m, 5H), 77.98 11.84 
1.67(s, 3H), 1.70(s, 3H), 3.3—4.5(m, 3H), (77.86) (11.76) 
5.1—5.4(m, IH) 



780 Hiroshi ISHIKAWA, Teruaki MUKAIYAMA, and Shigeru IKEDA 

T A B L E 3. CONTINUED 

[Vol. 54, No. 3 

Products I R 
(cm-1) a) NMR(<5)b> 

Found (%) 
(Galcd) 

C H 

28 

29 

30 

32 

33 

34 

2930 

1100 

2390 

2930 

1100 

770 

2950 

1100 

700 

2940 

1098 

740 

695 

2930 

1100 

755 

700 

c) 0.8—2.0(m, 17H), 76.70 12.78 

3.1—4.1 (m, 3H) (76.86) (12.90) 

1.01(d, 3H , y = 7 H z ) , 1.13(t, 3H, y = 7 H z ) , 76.90 12.98 

1.0—2.0(m, 11 Hz) , 2.8—3.2(m, 1H), 3.43(q, 2 H , y = 7 H z ) (76.86) (12.90) 

1.15(t, 3H , y = 7 Hz) , 1.43(d, 3H, y = 7 H z ) , 80 .65 10.11 

2.36(s, 6 H ) , 3.22(q, 2H , y = 7 H z ) , (80.85) (10.18) 

4.76(q, 1H, y = 7 Hz) , 6.83(s, 3H) 

1.9—2.3(m, 2H) , 2.5—2.8(m, 2H) , 85 .05 7 .88 

3.13(s, 3H) , 3,94(t, 1H, y = 7 H z ) , (84.91) (8.02) 

7.00(s, 5 H ) , 7.11(s, 5H) 

3.30(s, 3H) , 5.05(s, 1H), 84 .60 7.07 

7.28(s, 10H) (84.81) (7.12) 

0.7—1.8(m, 13H), 3.12(s, 3H) , 81 .35 10.67 

3.93(t, 1H, y = 7 H z ) , (81.50) (10.75) 

7.1 l(s , 5H) 

a) Neat , b) I n GG14. c) I n GDG13. d) Bd 123—126 °G/0.5 m m H g , e) Bp 120—123 °G/20 m m H g , f) Bp 
102—104 °G/3 m m H g , g) Bp 127—129 °G/16 m m H g , h) Bp 120—123 °G/16 m m H g , i) Bp 110—113°G/18 
m m H g . 

magnesium Bromide (2) in the Presence of TiCl±. T o a 
mixture of c innamaldehyde dimethyl acetal (0.89 g, 5 mmol) 
and TiCl 4 (0.95 g, 5 mmol) in 20 ml of dry T H F was added 
a T H F solution of 7.5 mmol of phenethylmagnesium bromide, 
prepared from phenethyl bromide (1.29 g, 7.5 mmol) and 
magnesium metal (0.19 g, 7.5 mmol) , at — 78 °G under an 
argon atmosphere. T h e reaction mixture was stirred for 
6 h at —78 °G. T h e reaction was quenched by the addit ion 
of 20 ml of 10% aqueous potassium carbonate . T h e white 
precipitate which appeared was filtered off. T h e filtrate 
was extracted with diethyl ether. T h e ether extract was 
washed with saturated sodium chloride solution and dried 
over sodium sulfate. After removal of the solvent under 
reduced pressure, 3-methoxy-l ,5-diphenyl-l-pentene (3) was 
isolated by column chromatography (silica gel), using ben-
zene-dichloromethane (1:2) as an eluent, in 8 1 % (1.02 g) 
yield. 

Reaction of Crotonaldehyde Dimethyl Acetal (8) with Phenyl-
magnesium Bromide (12) in the presence of TiClé. T o a 
mixture of crotonaldehyde dimethyl acetal (0.58 g, 5 mmol) 
and TiCl 4 (0.95 g, 5 mmol) in 20 ml of dry T H F was added 
a T H F solution of 7.5 mmol of phenylmagnesium bromide 
at — 78 °G under an argon atmosphere. T h e reaction mix­
ture was stirred for 6 h at — 78 °G. T h e reaction mixture 
was worked up as mentioned in the previous case. After 
removal of the solvent and purification by column chro­
matography (silica gel), 1-methoxy-3-phenyl-1-butène (13) 
was isolated in 4 2 % (0.34 g) yield. 

Reaction of 2-(2,4-Dichlorophenoxy)tetrahydropyran (14) with 
Phenethylmagnesium Bromide (2). T o a benzene solution11) 
(4 ml) of phenethylmagnesium bromide (4 mmol) was added 
a benzene solution (2 ml) of 2-(2,4-dichlorophenoxy)tetra-
hydropyran (0.50 g, 2 mmol) under an argon atmosphere 
at room temperature . T h e reaction mixture was stirred 
for 30 min. After quenching with water, the product was 
extracted with ether. T h e ether extract was washed with 
10% aqueous sodium hydroxide and dried over sodium 

sulfate. After removal of the solvent under reduced pres­
sure, 2-phenethyltetrahydropyran (15) was isolated by col­
u m n chromatography (silica gel) using hexane-dichloro-
metane (1:1) as an eluent in 8 8 % (0.35 g) yield. The N M R 
and I R spectra of the product (15) are shown in Table 3. 

Reaction of oc-Methoxy-oc-('2,4-dichlorophenoxy) toluene (31) with 
Phenethylmagnesium Bromide (2). T o a benzene solution 
(5 ml) of phenethylmagnesium bromide (10 mmol) was added 
a benzene solution (5 ml) of a-methoxy-a-(2,4-dichlorophe­
noxy) toluene (1.42 g, 5 mmol) under an argon atmosphere 
at room temperature . The reaction mixture was stirred 
for 30 min and then worked up as mentioned in the previous 
case. After removal of the solvent, purification by column 
chromatography (silica gel) using hexane-dichloromethane 
(1:1) gave 1.06 g (94%) of 1,3-diphenyl-l-methoxypropane 
(32). 
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3) R. A. Mallory, S. Rovinsky, and I. Scheer, Proc. 
Chem. Soc, 1964, 416. 

4) A. Feugeas, Bull. Soc. Chim. Fr., 1963, 2568. 
5) R . Zepter, J. Prakt. Chem., 1964, 74. 
6) R . H . Bible, J r . , U . S. Patent 3081315 (1963); Ghem. 

Abstr., 59, 10180b (1963). 
7) G. Blomberg, A. O . Vreugdenhil , and T . Homsma, 

Reel. Trav. Chim., Pays-Bas, 72, 335 (1963). 
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jpn., 51, 2059 (1978). 
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737. 
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11) A benzene solution of various Grignard reagents was 

prepared by replacing the ether used in the formation of 
Grignard reagents. 
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Transformation of Dihydrostreptomycin into 3"-Deoxydihydrostreptomycin 
Takayuki Usui, Tsutomu TSUCHIYA,* H a m a o UMEZAWA, and Sumio UMEZAWA 

Institute of Bioorganic Chemistry, 1614, Ida, Nakahara-ku, Kawasaki 211 
(Received June 20, 1980) 

3"-Deoxydihydrostreptomycin active against resistant bacteria was prepared from dihydrostreptomycin 
(DHSM). The key intermediate in this synthesis is a protected derivative of DHSM in which all hydroxyl groups 
except the 3"-hydroxyl group are protected, namely, 2//-Ar-(benzyloxycarbonyl)-2,5,6-tris(0-tetrahydropyran-2-yl)-
3',3a':4",6"-bis(0-j&-methylbenzylidene)-l,3-di-iVG-tosyldihydrostreptomycin. 3"-Deoxygenation was successfully 
performed by 3 "-O-imidazolyl thiocarbonylation followed by treatment with tributylstannane. The A[M] r A C u 

value of the synthetic 3"-deoxydihydrostreptomycin supports the structure. 

3"-Deoxydihydrostreptomycin (3"-DDHSM) (14) 
prepared by a total synthesis1) exhibits remarkable 
activity against resistant as well as sensitive bacteria 
except Pseudomonas aeruginosa. T h e present paper de­
scribes another synthesis of the 3"-DDHSM by 
regiospecific deoxygenation of dihydrostreptomycin 
(DHSM). 

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

The 2"-methylamino group of D H S M was protected 
by the phenoxycarbonyl group in order to obtain 
a 2",3"-cyclic carbamate in a later step, since the 
phenoxycarbonyl derivative gives a better yield of the 
cyclic carbamate (3) than benzyloxycarbonyl deriva­
tive.2) The iV-phenoxycarbonyl D H S M (1) was iso­
lated as its j&-toluenesulfonic acid salt. T h e jf>-toluene-
sulfonic acid salts of 1 and other guanidino derivatives 
(2—4) showed much higher solubility in usual organic 
solvents than the corresponding hydrochlorides, ace­
tates or carbonates. 

Selective acetalation of 1 with jö-tolualdehyde di­
methyl acetal was achieved by a controlled procedure 
to give 3',3a :4",6"-bis(0-/)-methylbenzylidene) deri­
vative (2) in high yield. The purity of the j&-methyl-
benzylidene derivatives (2—10) was easily estimated 
by the signals of the ^-methylbenzylidene methyls in 
their N M R spectra. 

The positions of the two cyclic acetals in 2 were 
presumed from the fact that the 3',3 »'-positions of 
the dihydrostreptose portion of D H S M were acetalated 
in preference to the 4",6"-positions3) which are gener­
ally acetalated more readily than franj-diequatorial 
5,6-positions. Attempts were also made to prepare 
\-N, 2-0-(or 2-0, 3-iV)-(/>-methylbenzylidene)-5,6: 
3',3a :4",6"-tris(0-/)-methylbenzylidene) derivative,4) in 
which only the 3"-hydroxyl group is not protected. 
However, the compound could not be separated from 
another product suggested to be 5,6:3',3a ' :4",6"-tris(0-
j^-methylbenzylidene) derivative judging from its Rt 

value on TLG and N M R spectrum. 
Treatment of the bis(O-jb-methylbenzylidene) deri­

vative (2) with potassium f-butoxide in iV,iV-dimethyl-
formamide gave the cyclic carbamate (3). This re­
agent was found to give better yield than sodium hy­
dride usually used.2) In the N M R spectra of 2 and 3, 
each peak attributable to 5'-methyl, 2"-iV-methyl and 
one of the methyl groups of the jb-methylbenzylidene 
groups appeared as two peaks in the ratio of approxi­
mately 6:4, indicating the mixtures of two diastereomers 
originating from the new-born chirality at the methine 

carbon of the 3',3a '-0-(/>-methylbenzylidene) portion. 
Tetrahydropyranyl protection of 3 by the conven­

tional procedure gave a mixture of pertetrahydro-
pyranyl derivatives. The mixture was negative for 
diacetyl-coloration test for guanidine and found to 
have more than five tetrahydropyranyl groups (mainly 
seven, judging from the N M R spectrum), indicating 
that the tetrahydropyranyl groups are introduced into 
the guanidine nitrogens as well as the hydroxyl groups. 
However, treatment of the mixture with ethanolic am­
monia gave tris (tetrahydropyranyl) derivative (4) which 
was diacetyl-positive. This shows that the tetrahydro­
pyranyl groups intoduced into guanidine are unusually 
sensitive to base. 

Benzyloxycarbonylation of the guanidino groups of 
4 was unsuccessful, yielding no definite product. How­
ever, tosylation was successful to give the di-JVG-tosyl 
derivative (5) in pure state and good yield. Use of 
excess sodium hydride and tosyl chloride resulted in 
ditosylation at each guanidino group, the yield of the 
tetra-iVG-tosyl derivative5) being 5 0 % at most. From 
a comparison of the I R spectra of 1—4 with those 
of 5—7, we could determine the absorption peaks 
assignable to the iV-tosylguanidine of D H S M deri­
vatives to be 1540 and 1260 cm - 1 . 

In the derivative (5), the cyclic carbamate group 
is the only function sensitive to alkaline treatment. 
Cleavage of the cyclic carbamate (5) by alkaline hy­
drolysis followed by 2"-iV-benzyloxycarbonylation gave 
the desired product (6) having a free function only 
at G-3". The structure of 6 was confirmed by absence 
of the absorption peak at 1770 c m - 1 (cyclic car­
bamate).6) 

Since deoxygenation at C-3" of 6 through ^ 2 process 
was presumed to be difficult7) on account of the 1,3-
diaxial interaction between the axial substituent at 
C- l" and the approaching nucleophile at C-3", several 
radical-type deoxygenation reactions were at tempted. 
Among the preliminary experiments tested, 3"-0-di-
methylsulfamoylation7) followed by treatment of the 
product with sodium in liquid ammonia, and another 
method reported by Barton and McCombie8) involving 
thiocarbonylation followed by reduction with tributyl-
stannane gave 3"-DDHSM (14). The latter was found 
to be superior to the former in the ease of purification 
and yield. Treatment of 6 with l , l ' - thiocarbonyldi-
imidazole in boiling 1,2-dichloroethane gave the 3"-
O-imidazolylthiocarbonyl derivative (7) in good yield. 
This procedure was found to be superior to other 
methods of thiocarbonylation without use of sodium 
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NH 
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NH 
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HO 
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NH 

NHCNH2 NH 

) K NHCNH2 0 
OH 

CH3 

R :0H Dihydrostreptomycin 

R : H 3"-Deoxydihydrostreptomycin(14) 

hydride.8) Most of the other methods require sodium 
hydride which causes thiocarbonylation at the guani­
dino groups as well as at the 3"-hydroxyl. 

Treatment of 7 with tributylstannane in boiling 
toluene gave a mixture of 3"-deoxy (10) and 3 "-hydroxy 
(6) derivatives in a « 5 : 1 ratio which was determined 
by the yield ratio of deprotected products, 3"-DDHSM 
(14) and D H S M . Since isomers 10 and 6 have the 

same mobility in column chromatography, they could 
not be separated. Treatment of a mixture of 10 and 
6 with aqueous acetic acid to remove the acid-labile 
protecting groups gave a mixture of 2"-JV-(benzyl-
oxycarbonyl)-3' '-deoxy-di-NG-tosyl-DHSM (11), its 3"-
hydroxy derivative (12) and a slight amount of 1,3-
di-N-tosylstreptidine, which were separated by column 
chromatography. Formation of the last product show­
ed that the glycoside linkage between streptidine and 
dihydrostreptose is notably unstable to acid. 

Finally, 11 was treated with sodium in liquid am­
monia to give 3"-DDHSM (14), the absence of the 
3"-hydroxyl group being shown by its N M R spectrum. 
The 3"-deoxy structure was confirmed by its small 
value (—50°) of A[M] T A C u ; D H S M has a large value 
+ 1020.9) T h e 3"-DDHSM (14) showed antibacterial 
activity against resistant bacteria producing 3"-adenyl-
yltransferase and 3"-phosphotransferase, the antibac­
terial spectrum being the same as that of 3"-DDHSM 
prepared by a total synthesis.1) 

I t may be worthwhile to describe another attempted 
route from 4 involving intermediates having unpro­
tected guanidino groups. The cyclic carbamate (4) 
was treated with benzyl alcohol in the presence of 
sodium hydride to give 2"-N-benzyloxycarbonyl-3"-
hydroxy derivative (8) which was mesylated to give 
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9 . R e m o v a l of t h e / » -me thy lbenzy l idene a n d t e t r a -
h y d r o p y r a n y l g r o u p s f rom 9 g a v e t h e 3 " - 0 - m e s y l d e r i ­
va t i ve (13) h a v i n g free g u a n i d i n o g r o u p s , t h e y ie ld 
n o t b e i n g h i g h . T h e a b s e n c e of t h e mesy l g r o u p o n 
t h e g u a n i d i n e p o r t i o n of 13 w a s s h o w n b y t h e resu l t 
of t h e ac id ic hydro lys i s (2 M H C l i n 8 0 % m e t h a n o l 
55 °G, 2 h ) of 1 3 ; s t r e p t i d i n e w a s p r o d u c e d q u a n t i ­
ta t ive ly , i n d i c a t i n g t h a t t h e mesy l g r o u p w a s i n t r o d u c e d 
to C - 3 " . H o w e v e r , w h e n t h e 3 " -hyd roxy c o m p o u n d 
(8) was t r e a t e d w i t h d i m e t h y l s u l f a m o y l c h l o r i d e i n 
t h e p re sence of s o d i u m h y d r i d e b y t h e p r o c e d u r e as 
desc r ibed above 7 ) o r w i t h 1 , l ' - t h i o c a r b o n y l d i i m i d a -

z o l e8, io) m bo i l ing t e t r a h y d r o f u r a n , n o def ini te p r o d u c t 
was o b t a i n e d . 

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

1 H - N M R spectra were recorded at 90 M H z with a Var ian 
EM-390 spectrometer except for 14, the spectra of which 
being recorded at 100 M H z with a Var ian XL-100A 
Spectrometer. Thin-layer chromatography (TLC) was per­
formed on Kieselgel H (Type 60) using a sulfuric acid spray 
for detection. Silica gel (Kieselgel 60, 230—400 mesh, E 
Merck Darmstadt , W. Germany) was used for separation 
of products by column chromatography. 

2"-N-(Phenoxycarbonyl) dihydrostreptomycin (1). Anhy­
drous sodium carbonate (225 mg) and phenyl chloroformate 
(0.26 ml) were added to an ice-cold solution of D H S M 
trihydrochloride hydrate (990 mg) in aqueous acetone (2 :1 , 
30 ml) , and the mixture was vigorously stirred for 5 min. 
Ether (20 ml) was added and, after stirring, the aqueous 
solution was separated and washed with ether twice more. 
T h e aqueous solution was neutralized ( p H 7) with hydro­
chloric acid and concentrated to 1 ml. Addition of ethanol 
(10 ml) gave a precipitate, which was removed by nitrat ion. 
Concentration of the organic solution gave a solid (Solid 
A, 1.18 g). T h e solid, after being well dried, was dissolved 
in dry D M F (10 ml) , filtered, and the solution was con­
centrated to give a solid. An aqueous ethanol (1:1) solution 
of the solid was passed through a Dowex 1 x 2 column ( T s O -

form, 200 ml, 200—400 mesh, pretreated with aqueous etha­
nol (1:1)) with the same solvent mixture. Concentration 
of the diacetyl-positive fractions gave a solid11) of bis(/>-
toluenesulfonate) of 1, 1.31 g (88%) , [a]2

D
5 - 4 8 ° (c 1, meth­

anol) ; I R ( K B r ) : 1670 cm- 1 . 
X H-NMR ( D 2 0 at 25 °C) : 6 1.22 (3H d, 7 = 6 . 5 Hz, CCH 3 ) , 

2.37 (6H s, C H 3 of T s O H ) , 3.10 and 3.21 (each « 1 . 5 H s, 
N C H 3 ) ; at 80 °C : Ô 1.32 (3H d) , 2.47 (6H s), 3.25 (3H s, 
N C H 3 ) . 

Found: C, 47.36; H , 5.98; N, 8.64; S, 6 .47%. Calcd 
for C 2 8 H 4 5 N 7 0 1 4 - 2 C 7 H 8 0 3 S - H 2 0 : C, 47.32; H, 5.96; N , 
9.20; S, 6 . 0 1 % . 

2" - N - (Phenoxycarbonyl) - 3',3* : 4", 6" - bis(0 - p - methylben-
zylidene) dihydrostreptomycin (2). Anhydrous /»-toluenesul-
fonic acid (95 mg) and />-tolualdehyde dimethyl acetal (1.85 
ml, « 10 mol eq for 1) were added to a solution of well dried 
crude 1 (Solid A, 874 mg) in dry D M F (9 ml, dried over 
molecular sieves 4A), and the solution was kept at room 
temperature for 1 h. O n T L C with benzene-pyr id ine-
ethanol-water-acet ic acid (6:3:3:1:0.5) the solution showed 
a strong spot at Rt 0.47 with a slight spot at i?f 0.2 (mono(/>-
methylbenzylidene) products) (cf 1, Rf 0.1). Triethylamine 
(0.08 ml) was added and the solution was concentrated in 
vacuo to give a syrup. T h e chloroform solution of the syrup 
was washed with saturated aqueous sodium hydrogencar-
bonate (10 ml) and saturated aqueous sodium chloride and 

dried over sodium sulfate. Concentration gave a residue, 
which was dissolved in acetone (10 ml) . After filtration, 
the acetone solution was treated with ether and the pre­
cipitate was thoroughly washed with ether. T h e solid (980 
mg) was passed through a Dowex 1 x 2 column ( T s O - form, 
50 ml) with aqueous ethanol (1 :3 ) as a developer. T h e 
fractions containing 2 were collected and concentrated to 
give a solid, which was extracted with chloroform (cf. hydro­
chloride of 2 did not dissolve in chloroform). T h e chloro­
form solution was washed with water which dissolved the 
mono(/>-methylbenzylidene) products. After being dried over 
sodium sulfate, the chloroform solution was concentrated 
to give a solid. T h e solid, after being dried well in vacuo, 
was suspended in hot water (0.5 ml) and stirred vigorously. 
After cooling, the suspension was filtered and the solid was 
again treated similarly and dried to give 2 as the bis(/>-tolu-
enesulfonate). Slight occlusion of chloroform was removed 
by this procedure . Yield, 980 mg ( 7 5 % , based on D H S M -
3 H C 1 H 2 0 ) , [a]2

D
s - 5 2 ° (c 1, chloroform); I R ( K B r ) : 1670 

c m - 1 . 
J H - N M R ( C D 3 O D ) : «5 1.28 and 1.40 ( « 6 : 4 in strength, 

3 H in total, each d, 7 = 6 . 5 Hz , C C H 3 ) , 2.24 and 2.31 (each 
s, 4:6 in strength, 3 H in total, />-m^/y/benzylidene), 2.39 
(9H s, C H 3 of Ts and p-methylbenzylidene). T h e peak of 
N C H 3 could not be discerned by overlapping with other 
signals. 

Found : C, 54.85; H , 6.22; N , 7.76; S, 5 .15%. Calcd 
for C 4 4 H 5 7 N 7 0 1 4 - 2 C 7 H 8 0 3 S . H 2 0 : C, 54.84; H , 5.95; N, 
7.72; S, 5 .05%. 

In pyridine-<4-DaO (5:1 at 70 °C) : Ô 1.43 and 1.54 ( « 6 : 4 
in strength, C C H 3 ) ; 2.20 ( « 7 . 2 H s, C H 3 of Ts and a par t 
of p-methylbenzylidene), 2.32 ( « 4 . 8 H s, p-methylbenzylidene) ; 
3.43 and 3.58 (each s, in the ratio of 4:6, 3H in total, N C H 3 ) . 

An aqueous ethanol ( 1 :3 ) solution of the above toluene-
sulfonic acid salt of 2 (190 mg) was passed through a Dowex 
1 x 2 column ( C I - form, 5 ml) with the same aqueous ethanol 
to give dihydrochloride of 2, 143 mg (96%) , Rt 0.37 on 
T L C with benzene-e thanol-pyr id ine-water-acet ic acid 
6:3:3:1:0.5 (cf. bis(/>-toluenesulfonate) of 2 : 0.47) [a]3

D
fl - 5 5 ° 

(c 1, methanol) . 
^ • N M R (pyridine-<4-D20 5:1 at 70 °C) : ô 1.41 and 

1.50 ( « 6 : 4 , C C H 3 ) ; 2.18 ( « 1 . 2 H s) and 2.28 ( « 4 . 8 H s) 
Q&-m^/y>/benzylidene) ; 3.43 and 3.60 (each s, 4:6 in strength, 
3H in total, N C H 3 ) . 

Found : C, 52.43; H , 5.96; N, 9.33 CI, 7 .77%. Calcd 
for C 4 4 H 5 7 N 7 0 1 4 - 2 H C 1 H 2 0 : C, 52.90; H , 6.15; N, 9.82; 
Gl, 7 .10%. 

r - N :3"-0-Carbonyl-3',3I:4" ,6" - bis(0 - p - methylbenzylidene) -
dihydrostreptomycin (3). Fresh potassium f-butoxide (110 
mg, « 3 . 3 mol eq for 2) was added under nitrogen atmosphere 
to an ice-cold solution of bis(/>-toluenesulfonate) of 2, (380 
mg) in dry D M F (3.8 ml) , and the solution was kept in 
the cold for 20 min. /»-Toluenesulfonic acid monohydrate 
(190 mg) in ethanol (1 ml) was added and the solution 
was concentrated in vacuo. T h e chloroform (20 ml) solution 
of the residue was washed successively with saturated aqueous 
sodium hydrogencarbonate, water, 4 0 % aqueous sodium p-
toluenesulfonate and water, dried over sodium sulfate and 
concentrated. Ether was added to the chloroform (3 ml) 
solution of the residue, and the resulting precipitate was 
washed thoroughly with ether to give a solid of bis(/>-toluene-
sulfonate), which was further washed with water thoroughly 
as described for 2 and dried. Yield, 311 mg (88%) , [a]2

D* 
- 6 3 ° (c 1, chloroform); I R ( K B r ) : 1770 (cyclic carbamate) , 
1680 cm- 1 . 

i H - N M R (pyridine-rf5-D20 5:1 at 70 °G) : «5 1.3—1.6 
(two kinds of d, 3 H in total, J = 6 . 5 Hz , C G H 3 ) ; 2.22 (6H 
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s, GH 3 of Ts) , 2.27 and 2.30 (6H in total, p-methylbenzylidene) ; 
2.78 and 3.11 (each s, 4 : 6 in strength, 3 H in total, N G H 3 ) . 

Found : G, 52.83; H , 5.88; N , 8.02; S, 5.34%. Galcd 
for G 3 8 H 5 1 N 7 0 1 3 . 2 G 7 H 8 0 3 S . H 2 0 : G, 53.10; H , 5 .91; N , 
8.34; S, 5 .45%. 

Dihydrochloride of 3 was prepared by passing the aqueous 
methanol (1:9) solution of bis(/>-toluenesulfonate) (181 mg) 
of 3 with a column of Dowex 1 x 2 (Gl~ form, 5 ml, 200— 
400 mesh). Yield, 136 mg (97%) . 

i H - N M R ( p y r i d i n e - 4 - D 2 0 5:1) : Ô 1.47 (3H, GGH3) ; 
2.28 and 2.30 (6H, each s, ^ - m ^ / b e n z y l i d e n e ) ; 2.90 and 
3.20 (each s, 4 : 6 in strength, 3H in total, NGH 3 ) . 

Found : G, 50 .41 ; S, 5.96; N , 10.58; Gl, 7 .95%. Galcd 
for C 3 8 H 5 1 N 7 0 1 3 - 2 H C 1 - H 2 0 : G, 50.44; H , 6.13; N, 10.84; 
Gl, 7 .84%. 

2"-N \3"-0-Carbonyl-2,5fi-tris(0-tetrahydropyran - 2 -yl) - 3',3i : 
4"' ,6'' -bis(O-p-methylbenzylidene) dihydrostreptomycin (4). 
Fuse-dried anhydrons />-toluenesulfonic acid (12 mg) and 
freshly distilled 3,4-dihydro-2//-pyrane (0.8 ml) were added 
to a solution of bis(/>-toluenesulfonate) of 3 (235 mg, dried 
at 60° in vacuo) in 1,2-dichloroethane (4 ml, after distillation 
the solvent was dried over molecular sieves 4A activated 
at 350 °G under a stream of nitrogen). T h e solution was 
kept at room temperature for 10 min. Triethylamine (0.02 
ml) was added and the solution was poured into saturated 
aqueous sodium hydrogencarbonate (3 ml) with vigorous 
stirring. T h e lower layer separated was washed with 4 0 % 
aqueous sodium />-toluenesulfonate and water, dried over 
sodium sulfate and concentrated. T h e syrup was tr i turated 
with cyclohexane to give a solid, which was thoroughly 
washed with cyclohexane. O n T L G with chloroform-
methanol-pyr idine (5 :1 :0 .2 ) , the solid showed one spot 
(Rf 0.68) which was negative for diacetyl-coloration. T h e 
solid was dissolved in 1.5 M ethanolic ammonia (8 ml) , 
heated at 70 °G for 1.5 h and concentrated. O n T L G 
with the same solvent mixture as described above, the residue 
showed a diacetyl-positive spot at R{ 0.27. T h e chloroform 
solution of the residue was washed with 4 0 % aqueous sodium 
/>-toluenesulfonate, water, dried over sodium sulfate and 
concentrated. T h e residue was successively treated with 
chloroform, ether and water as described for 3 to give a 
solid of bis(/?-toluenesulfonate), 240 mg (84%) , [a]2

D
5 —42° 

(c 1, chloroform); I R ( K B r ) : 1770, 1670cm" 1 . 

! H - N M R ( G D 3 O D ) : Ô 1.1—2.0 (21H, C C H 3 and H-3,4,5 
of T H P ) . 

Found : G, 56.38; H , 6.38; N , 6.88; S, 4 .29%. Galcd for 
C 5 3 H 7 5 N 7 0 1 6 - 2 C 7 H 8 0 3 S - H 2 0 : G, 56.33; H , 6.56; N, 6 .86; 
S, 4 .49%. 

2"-N:3"-0-Carbonyl-2,5,6-tris(0-tetrahydropyran-2-yl) - 3',31 : 
4" ,6"-bis(0-p - methylbenzylidene) -1,3-di- N G - tosyldihydrostrepto-
mycin (5). Dry toluene (1 ml) was added to a solution 
of bis(/?-toluenesulfonate) (144 mg) of 4 in dry D M F (4.5 
ml) , and the mixture was concentrated in vacuo to a volume 
of » 4 ml . After ice-cooling, 5 0 % oily sodium hydride 
(net 12 mg) was added and the mixture was stirred under 
an atmosphere of nitrogen for 1 h in the cold. />-Toluene-
sulfonyl chloride (42 mg) was added, stirring being continued 
for 1 h. T h e mixture was poured into phosphate buffer 
(pH 7, 10 ml) and the whole mixture was extracted with 
chloroform. T h e organic solution was washed with saturated 
aqueous sodium hydrogencarbonate and water, dried over 
sodium sulfate and concentrated to give a solid. The solid 
was chromatographed on silica gel with chloroform-ethanol-
pyridine (15 :1 :0 .3 ) . T h e fractions containing 5 were con­
centrated to give a solid, which was thoroughly washed 
with water to give diacetyl-negative product , 99 mg (71%), 
[a]2

D
5 - 4 6 ° (c 0.5, chloroform); IR(KBr) (the figures in 

parenthesis are for 4 ) : 1770(1770), (1670), 1620(1630), 
1540(1440), 1380(1380), 1260, (1180), 1130(1120), 1070 
(1070), 1030(1030), 810(810) cm- 1 . 

Found : G, 57.50; H, 6.39; N , 6.88; S, 4 .49%. Galcd 
for G 6 7 H 8 7 N 7 O 2 0 S 2 -H 2 O: G, 57.78; H , 6.44; N , 7.04; S, 
4 .60%. 

2"-N - (Benzyloxycarbonyl) - 2,5,6 - trisfO - tetrahydropyran-2-yl)-
3',31 \4" ,6"-bis(O-p - methylbenzylidene) -1,3 -di- N G - tosyldihydro-
streptomycin (6). A solution of 5 (278 mg) in a mixture 
of dioxane (18 ml) and 0.2 M aqueous sodium hydroxide 
(10 ml) was heated at 80 °G for 5 h. After being cooled 
to room temperature , benzyloxycarbonyl chloride (0.17 ml) 
was added and the mixture was stirred vigorously for 5 min. 
After 1 M aqueous ammonium hydroxide (2 ml) had been 
added (to decompose the reagent chloride) with subsequent 
stirring for 3 h, the mixture was concentrated and the residue 
was extracted with chloroform. T h e chloroform-soluble por­
tion was chromatographed on silica gel (8.5 g) at first with 
chloroform-pyridine (50:1, 40 ml) , then with chloroform-
ethanol-pyridine (15:1:0.3) to give a solid, which was thor­
oughly washed with water and dried, 270 mg(90 % ) , [a]2

D
5 

- 5 0 ° (c 1, chloroform); IR(KBr) : 1690, 1625, 1540, 1440, 
1380, 1270, 1130, 1075, 1020, 810 cm"1 . 

Found : G, 59.25; H , 6.47; N , 6.29; S, 4 .12%. Galcd 
for G 7 4 H 9 5 N 7 0 2 1 S 2 - H 2 0 : G, 59.22; H , 6 .51; N , 6.53; S, 
4 .27%. 

2"-N-( Benzyloxycarbonyl)-3"-O- (imidazolylthiocarbonyl) -2,5,6-
tris(0-tetrahydropyran-2-yl) - 3',3^ \4",6" - bisfO - p - methylbenzyU 
idene)-1,3-di-NG-tosyldihydrostreptomycin (7). To a solu­
tion of 6 (300 mg) in 1,2-dichloroethane (10 ml) were added 
l , r - th iocarbonyldi imidazole (270 mg) and imidazole (30 mg) 
and the solution was gently refluxed for 6 h under nitrogen 
atmosphere. Concentrat ion by addition of dioxane gave 
a residue, which was suspended in water, agitated for 3 h 
(yellow color disappeared), and then filtered. The solid 
collected was dried and chromatographed on silica gel (6 g) 
with chloroform-ethanol-pyridine (15:1:0 .3) to give a solid, 
which was dissolved in benzene. T h e solution was washed 
with water, dried over sodium sulfate, and after concentra­
tion to a small volume, cyclohexane was added to cause 
precipitation, 273 mg (86%), [a]2

D
ö - 4 3 ° (c 1, chloroform); 

on T L G with chloroform-ethanol (15:1) it gave the same 
R{ value (0.5) with that of 6; I R ( K B r ) : 1700, 1625, 1540, 
1440, 1390, 1320, 1280, 1225, 1130, 1080, 1030, 990, 810 
c m - 1 . 

i H - N M R (acetone-</6-D20 8:1) : Ô 8.4—8.5 (1H, H-2 
of imidazolyl group) . 

F o u n d : G, 58.53; H , 6.06; N , 7.74; S, 5.80%. Galcd for 
G 7 8 H 9 7 N 9 0 2 1 S 3 : G, 58 .81; H , 6.14; N , 7.91; S, 6.04%. 

2"-N-(Benzyloxycarbonyl) -2,5,6 - trisfO - tetrahydropyran - 2 -yl) -
3',3a' \4",6"-bis(O-p-methylbenzylidene) dihydrostreptomycin (8). 
Benzyl alcohol (0.1 ml) and 5 0 % oily sodium hydride (net 
55 mg) were added to a solution of bis(/?-toluenesulfonate) 
(285 mg) of 4 in dry dioxane (3 ml) , and the mixture was 
stirred under nitrogen atmosphere at room temperature 
for 30 min. T h e solution was poured into cold water (4 ml) 
containing />-toluenesulfonic acid monohydrate (450 mg) and 
the mixture was extracted with chloroform. T h e chloroform 
solution was washed with aqueous 4 0 % sodium />-toluene-
sulfonate solution (5 ml) and then with water, dried over 
sodium sulfate and concentrated. T h e residue was chro­
matographed on a silica gel (6 g) column firstly with chlo­
roform (15 ml) and then with chloroform-ethanol (3:1). 
T h e diacetyl-positive fractions were concentrated and the 
chloroform solution of the residue was washed with aqueous 
4 0 % sodium />-toluenesulfonate, then with water, dried over 
sodium sulfate and concentrated. Addition of cyclohexane 
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to the concentrate gave a solid, which was thoroughly washed 
with water and dried well to give bis(/>-toluenesulfonate) 
of 8, 251 mg (82%), [a]2

D
5 - 3 1 ° (c 1, chloroform). 

Found: G, 57.84; H , 6 .51; N, 6.19; S, 3 . 9 1 % . Galcd for 
C 6 0 H 8 3 N 7 O 1 7 -2G 7 H 8 O 3 S-H 2 O: G, 57.83; H , 6.62; N , 6.38; 
S, 4 .17%. 

2"-N-(Benzyloxycarbonyl) -3"-0-mesyldihydrostreptomycin (13). 
Methanesulfonyl chloride (0.072 ml, 8 mol equiv for 8) was 
added to an ice-cold solution of bis(p-toluenesulfonate) (180 
mg) of 8 in dry pyridine (1.8 ml) , and the solution was kept 
at the temperature for 1 h, and then at room temperature 
for 1 h. After addition of water (0.03 ml) followed by 
standing for 1 h at room temperature , the solution was con­
centrated. Addition of water to the concentrate gave a 
thick syrup which was collected by centrifugation. Chlo­
roform solution of the syrup was washed successively with 
water, saturated aqueous sodium hydrogencarbonate, 10% 
aqueous potassium hydrogensulfate, water , 4 0 % aqueous 
sodium /»-toluenesulfonate and water, centrifuged to remove 
accompanying water, and concentrated to give bis(/>-toluene-
sulfonate) of 3"-0-mesylate (9), 197 mg. T h e solid (195 
mg) was dissolved in 9 0 % aqueous acetic acid (6 ml) heated 
at 55 °C for 3 h and the solution was concentrated with 
occasional addition of toluene to give a syrup. Addition 
of ether gave a crude solid of 13, 135 mg, which showed, 
on T L C (benzene-pyridine-ethanol-water-acet ic acid 
6 : 3 : 3 : 1 : 0 . 5 ) , spots at 0.4, 0.37, 0.18 (slight), 0.1 and 0.05 
(very slight, 2"-iV-(benzyloxycarbonyl)dihydrostreptomycin3>). 
Since the appearance of multiple spots on T L C was suspected 
to be caused by the formation of salts of 13 with anions (pos­
sibly by /»-toluenesulfonate and acetate anions), the crude 
13 was transformed into acetic acid salt. T h e crude solid 
( 134 mg) was passed through a column of Dowex 1 x 2 
(AcO~ form, 4 ml, 200—400 mesh) with aqueous methanol 
(3:1). Concentration of the eluate gave a solid (104 mg) 
which on being subjected to T L C , showed spots at R{ 0.22 
(slight), 0.18(minor), 0.1 (major) and 0.05(very slight), the 
spots at Rt 0.4 and 0.37 (possibly caused by the /»-toluene-
sulfonic acid salts) disappearing. T h e solid (103 mg) was 
then chromatographed (6 g silica gel) with chloroform-
methanol -pyr id ine-25% aqueous acetic acid (6:3:4:1) and 
the fractions (38—53 ml) containing the major component 
(R{ 0.1) were collected and concentrated. T h e resulting 
residue was thoroughly washed with ether to give a solid, 
48 mg, which was chromatographically pure and contained 
no /»-toluenesulfonic acid as proved by the N M R spectrum. 
T h e solid (47 mg) was passed through a column of Dowex 

1 X 2 (Cl~ form, 9 ml) with water . Concentration of the 
eluate (4—5.5 ml) gave the solid of dihydrochloride of 13, 
39 mg (38% based on 8) , [a]2

D
5 - 6 9 ° (c 0.6, water) . T h e 

solid showed the same Rf value (0.1) with tha t of acetic 
acid salt described above. 

X H-NMR ( D 2 0 ) : Ô 1.24 (3H d, 7 = 6 . 5 Hz , CCH 3 ) [2"-
N- (benzyloxycarbonyl) dihydrostreptomycin dihydrochloride 
( D 2 0 ) : 1.22], 3.10 (3H s, NCH 3 ) [3.06], 3.20 (3H s, S 0 2 C H 3 ) , 
5.38 (1H d, 7 = 3 Hz, H - r ) [5.26]; on heating to 60 °G, 
all the above peaks of 13 became sharpened. 

Found: C, 40.73; H , 5 .91; N , 10 .81%. Calcd for 
C 3 0 H 4 9 N 7 O 1 6 S-2HCl -H 2 O: C, 40.63; H , 6.02; N, 11.06%. 

2"-N-(Benzyloxycarbonyl)-3"-deoxy-1,3-di-NG-tosyldihydrostrepto-
mycin (11). Tr ibutyls tannane (0.4 ml) was added to 
a solution of 7 (280 mg) in dry toluene (7 ml) , and the solu­
tion was gently refluxed under nitrogen atmosphere for 
2 h. Concentration gave a syrup which was thoroughly 
washed with cyclohexane. T h e resulting solid was dissolved 
in benzene, washed with water, dried over sodium sulfate 
and concentrated to give a solid, which gave, on T L C with 

chloroform-ethanol (15:1), the same Rf value ( = 0 . 5 ) as 
that of 6 or 7. In the N M R spectrum no peak near ô 8.4— 
8.5 (see the description of 7) was observed. T h e solid was 
chromatographed on silica gel (5.5 g) first with chloroform-
pyridine (50:1, 20 ml) (to remove an impurity) and then 
with chloroform-ethanol-pyridine (15:1:0 .3) to give crude 
10, 210 mg. 

A solution of the crude 10 (180 mg) in aqueous acetic 
acid (1 :9 , 18 ml) was heated at 55 °G for 4 h, and then 
concentrated with addition of toluene to give a residue. 
T h e residue, on T L C with chloroform-methanol (3:1), gave 
spots at Rf 0.54(minor), 0.46(slight), 0.34(major, 11), 0.16 
(minor 12) and 0.11 (minor, 1,3-di-iV-tosylstreptidine). T h e 
mixture was chromatographed on silica gel (15 g) with 
chloroform-methanol (3:1) to give 11, 12, and 1,3-di-iV-
tosylstreptidine in amounts of 65, 13, and 10 mg, respec­
tively. Ether was added to 11 dissolved in methanol 
to cause precipitation, 62 mg (40% based on 7) , [a]2

D
s —35° 

(c 0.6, methanol ) ; I R ( K B r ) : 1680, 1625, 1580, 1540, 1440, 
1400, 1260, 1130, 1075, 1030, 1010, 830, 810 cm- 1 . 

*H-NMR ( C D 3 O D at 50 °G) : ô 1.23 (3H d, 7 = 6 . 5 Hz, 
GGH 3 ) , 2.40 (6H s, GH 3 of Ts) , 3.01 (3H s, N C H 3 ) , 4.90 
(1H d, 7 = 3 . 5 Hz, H - l " ) , 5.17 (2H s, C 0 2 G H 2 P h ) , 5.23 
(1H d, 7 = 2 Hz, H - r ) . 

Found : C, 50.43; H , 5.88; N , 9.22; S, 6 . 3 1 % . Galcd 
for C 4 3 H 5 9 N 7 0 1 7 S 2 H 2 0 : C, 50.23; H , 5.98; N, 9.53; S, 
6 .24%. 

3"-Deoxydihydrostreptomycin (14). A solution of 11 (28 
mg) in methanol was passed through a column (0.5 ml) 
of Sephadex LH-20 with the aid of methanol and the eluate 
was concentrated to give a solid, which was thoroughly 
dried in vacuo at 50 °G. Ammonia ( » 1 . 5 m l as the liquid) 
was introduced to a solution of the solid in T H F (0.5 ml, 
freshly distilled over LAH) cooled at —50 °C, sodium metal 
( « 3 0 m g ) being added to the solution. T h e resulting deep-
blue solution was kept at the same temperature for 1 h. 
Methanol was added until the color disappeared and the 
solution was gradually warmed with gradual decrease in 
pressure. T h e methanol solution of the residue was filtered 
and the filtrate was concentrated. T h e strongly alkaline 
aqueous solution of the resulting syrup was charged on a 
column of Amberli te CG50 (NH4+ form 2.5 ml) and the 
column was washed with water (25 ml) . T h e column was 
then washed with 0 .5% aqueous ammonium carbonate until 
the eluate gave no flame reaction for sodium. T h e eluting 
solution was then replaced by 6% aqueous ammonium 
carbonate, when a diacetyl-positive product was eluted. 
T h e eluate was concentrated in vacuo with addition of water 
and dried to give a constant weight ( » 1 1 mg) . An aqueous 
solution of the solid almost free from ammonium carbonate 
was passed through a Dowex 1 X 2 column ( O H - form, 1 
ml) with water, and the strongly alkaline, diacetyl-positive 
fractions were concentrated, after bubbling carbon dioxide 
for a while, to give a solid, 10 mg (53%) , [a]2

D
s - 6 7 ° (c 

1, water) (lit,1) —85° as carbonate) ; A [ M ] T A C u —50° (cf. 
D H S M + 9 7 0 ° , lit,9) +1020° ) . 

*H-NMR (20% N D 3 in D 2 0 ) : ô 1.20 (3H d, 7 = 6 . 5 Hz, 
GGH 3 ) , 1.55 (1H q, 7 » 1 2 Hz, H a x -3" ) , 2.15 (1H double 
t, 7 « 4 . 5 , « 4 . 5 , 12 Hz , H e q -3") , 2.31 (3H s, N C H 3 ) , 
2.71 (1H incomplete double t, J « 4 , « 4 , 12 Hz , H-2"), 
5.05 (1H d, 7 = 3 . 5 Hz, H - l " ) , 5.31 (1H d, 7 = 1 . 5 Hz , H - l ' ) . 

I r radiat ion of H - l " caused the signals of H-2" to become 
double doublets (J « 4 . 5 and 12 Hz) . I r radiat ion of H a x -
3" caused the signals of H-2" and H e q - 3 " to become a 
narrow triplet, respectively. 

Found : G, 40.15; H , 6.66; N, 13.87%. Galcd for 
C ^ H ^ N . O n ^ H a C C v G, 39.94; H , 6.56; N , 14.17%. 
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The Oligomerization and Co-oligomerization of Active Methylene 
Compounds and Isocyanides Catalyzed by Octaisocyanidedicobalt^ 
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The reactions of RNC with C H ^ R 2 (R=2,6-Me2C6H3; R1, R 2 =GOOMe, GOOEt, GN) in the presence 
of Co2(RNC)8 or Co2(CO)8 gave cyclic compounds in a 4:1 molar ratio. Go2(RNC)8 also catalyzed GH2(CN)2 

to give a pyridine derivative. 

Octacarbonyldicobalt has been widely used as a 
precursor of the catalyst of the hydroformylation of 
olefins and the carbonylation of various unsaturated 
organic compounds.2) Recently we have reported the 
synthesis and characterization of Co 2 (RNC) 8 , by anal­
ogy with Co2(CO)8 .3) From the versatile reactivities 
of Go2(CO)8 , one can expect catalytic actions similar 
to those of the corresponding isocyanide complexes. 
In fact, we established the hydrogénation of acetylene 
and the co-oligomerization of acetylene or azobenzene 
with isocyanide, catalyzed by Co2(RNC)8.4>5) 

The compounds with an active methylene group, 
such as the malonic ester, malononitrile, and the 
cyanoacetic ester, have become keystones for syntheses 
of a heterocyclic system.6) Saegusa et al. reported that 
the reactions of /-butyl isocyanide with active methylene 
compounds gave three substituted olefins in the presence 
of G u 2 0 (Eq. l).7> 

GH2XY + *-BuNC > XYC=CHNHBu-* (1) 

Sawai and Takizawa have described producing a 
2:1 cyclic adduct consisting of R N C and GH 2 XY 
by the reactions of isocyanide-mercury(II) chloride 
complex with active methylene compounds in the 
presence of Et3N (Eq. 2).8> 

Hg(RNG)Gl2 + GH2(COOEt)2 

O ^ /COOEt 
RNC /C-C^ 

• O G-NHR 

n 
NR 

(2) 

We wish here to report on cyclo-cooligomerization 
reactions between C H 2 X Y and R N C and on the 
oligomerization of an active methylene compound in 
the presence of a catalytic amount of Go 2(RNC) 8 . 

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

A mixture of GH 2 (GOOMe) 2 , 2 ,6-Me2C6H3NC, and 
Co2(2,6-Me2C6H3NC)8 was heated in toluene at 120— 
125 °C.9) The subsequent chromatography of the mix­
ture on alumina gave two compounds: a reddish 
brown compound l a , formulated as (C 9 H 9 N) 4 (C 4 H 4 0 3 ) 
from the mass spectrum, M+ 624 (624.75), and brown 
crystals, 2, with the empirical formula of (G6H6N)6 . 
Compound 2 was identical with the compound ob­
tained from the oligomerization of 2,6-xylyl isocyanide 
with HgCl2 by Sawai and Takizawa.10) The infrared 
spectrum of l a showed an absorption at 3403 c m - 1 

due to a N H group, two bands at 1712 and 1688 c m - 1 

due to the carbonyl groups, and two broad bands 
at 1616 and 1593 cm" 1 due to the C=N groups. The 

1H N M R spectrum showed four singlets, at Ô 1.90, 
2.03, 2.19, and 2.39, due to the o-methyl groups, a 
singlet at ô 3.21 due to a methoxycarbonyl group, 
and a broad signal at ô 4.91 due to a N H group. These 
spectral characteristics suggest a cyclic imino derivative. 
The other derivatives l b and l c were also prepared 
from the reaction of C H 2 ( C O O E t ) 2 with 2,6-xylyl 
isocyanide, or from that of C H 2 ( C O O M e ) 2 with o-
tolyl isocyanide in the presence of Co 2 (CO) 8 , respec­
tively. However, a similar reaction with £-butyl iso­
cyanide led to the recovery of the starting material 
without undergoing a cyclic cooligomerization. 

O 
H 

R N ^ / X / C O O R ' 
I II 

R N ^ V ^ N H R 
H 

NR 

GN 

RNS\/V/NH2 
I I 

R N ^ \ A N R 
II 

NR 
3 

a R=2,6-Me2C6H3, R' = Me 
b R = 2,6-Me2C6H3, R' = Et 
c R=4-MeC6H4 R' = Me 

When malononitrile was treated with 2,6-xylyl iso­
cyanide a t 120—125 °C in the presence of Co2(2,6-
Me 2 C 6 H 3 NC) 8 or Co 2(CO) 8 , two compounds, 3 and 
4, were isolated as brown and pale yellow crystals 
respectively. Compound 3 was formulated as a 1:4 
adduct of malononitrile and 2,6-xylyl isocyanide. The 
infrared spectrum showed the presence of the C=N, 
G=N, and N H groups. The 1 H N M R spectrum show­
ed four bands, a t ô 1.90, 2.01, 2.23, and 2.44, due 
to the ortho-methyl groups and a broad singlet at ô 
4.67 due to the N H group. Compound 4 was a trimer 
of malononitrile and was identified as 4-cyanomethyl-
2,6-diamino-3,5-dicyanopyridine by a comparison of 
its infrared and U V spectra with those of an authentic 
sample.6) When the reactions were carried out in the 
absence of isocyanide, a trimerization of malononitrile 
occurred to give 4. The results are listed in Table 1. 
The reaction of 2,6-xylyl isocyanide with methyl cy-
anoacetate in the presence of Co2(2,6-Me2C6H3NC)8 

gave a yellow compound consisting with the formula 
of (C 9 H 9 N) 4 (NCCH 2 COOCH 3 ) , 5. The infrared spec-

NH2 

R N ^ / \ / G O O M e 

R N ^ X / ^ N R 
n 

NR 
5 

R = 2,6-Me2C6H3 

t rum showed the presence of the N H and rnethoxy-
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TABLE 1. TRIMERIZATION OF MALONONITRILE 
C I U R V L J — • L . C O C H R V 

Catalysta) Temp/°C Time/h Yield/% 

Co2(2,6-Me2G6H3NG)8 

Go2(2,6-Me2G6H3NG)8 

Co2(*-BuNC)5Co(CO)4
b> 

Go2(2,6-Me2C6H3NG)8 

Go2 (2,6-Me2G6H3NG) 8
C> 

r.t. 
80 
80 

120 
120 

15 
2 
2 
1 
1.5 

0 
51 
56 
65 
73 

a) Catalyst: 0.15 mmol. GH2(GN)2; ca. 13 mmol. 
b) f-BuNG (0.3 mmol) was added, c) 2,6-Me2G6H3NG 
(0.2 mmol) was added. 

carbonyl groups, but the absence of the C E N group. 
The ÏÏNMR spectrum showed four bands, at Ô 2.01 
(bs, 2-GH3), 2.12 (s, GH 3) , and 2.23 (s, CH3) due 
to the ortho-methyl groups, a singlet at ô 3.83 due to 
the methoxycarbonyl group, and a broad signal a t 
ô 3.55(2H) due to the N H groups. The treatment 
of methyl cyanoacetate with Co2(2,6-Me2C6H3NC)8 in 
the absence of 2,6-xylyl isocyanide gave a dimer, 6, 
and a trimer, 7, of methyl cyanoacetate in low yields. 
The dimer, 6, was identified as a tetrasubstituted 
olefin; it is obtained from methyl cyanoacetate and 
bases. The trimer, 7, was tentatively identified as 
a pyridine derivative by a comparison of its U V spec­
trum with that of 4. 

MeOOGHoG CN 2 ^ \ / 

NCCH2COOMe • G=G 
H P N/ \COOMe 

MeOOCH2G GOOMe 

+ N j>-NH 2 (3) 

H2NX XGOOMe 

The initial step of the co-oligomerization is probably 
the formation of HCo(RNG) 4 and R 1 R 2 HGGo(RNG) 4 

by a cleavage of the metal-metal bond, followed by a 
successive insertion of isocyanide molecules into a 
carbon-metal bond. T h e step-by-step insertion of iso­
cyanide has been explored in various alkyl metal 
complexes.11) T h e intermediates, 10 and 11, are gen­
erated by a nucleophilic attack of a tertiary carbon 
on the cobalt atom, accompanied by ring closure 
through an elimination of R O H or a transfer of hydro­
gen onto the cyano group. The resulting tetraimino 
cyclic intermediates are reduced with the H C o ( R N C ) 4 

formed in the initial step. Thus, the reactions are 
achieved by a transfer of hydrogen to an imino ni­
trogen. The Co 2 (RNC) 8 reformed in these reactions 
again undergoes a cleavage of a metal-metal bond, 
and the catalytic cycle is complete. Pyridine deriv­
atives are probably formed by a transformation sim­
ilar to that of the base-promoted reaction of active 
methylene compounds.6) 

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

The reactions were carried out under an atmosphere 
of nitrogen. The melting points are uncorrected. The IR 
spectra were recorded with a Shimadzu IR-27G spectrometer. 
The NMR spectra were measured with a JEOL G-60HL 

+ RNC 
R 1 = COOR3 ,R = C=N 

o r R =R = C=N 

Q 

L Co C=NR 

R J 0 ^ "\ C=NR 

O »1 » 

L„Co C=NR 

- 1 /C=NR 
-CH — C 

I •• 
R 1 NI 

9 

NR 
11 

X=C C=NR 
I I 

T n — C X=NR 
L n C o / , \ c / 

R1 S 
NR 

1 0 : X= O 

1) HCoL4 ( - C o 2 L g ) 

2) hydrogen transfer 

Produc t ( 1 , 3 , o r 4} 

Scheme 1. Possible path for the formation of tetra-
iminocyclic compounds. 

apparatus. The mass spectra were measured on a JEOL 
Type JPS-1S mass spectrometer with a directinlet system. 
The isocyanides were prepared according to the litera­
ture.12) The Co2(CO)8

13) and Co2(RNC)8
3> were prepared 

by procedures described in the ilterature. 
Reactions of Isocyanides with Active Methylene Compounds. 

Some representative examples will be described below. 
Reaction of2,6-Xylyl Isocyanide with Dimethyl Malonate. A 

mixture of 2,6-Me2G6H3NG (0.21 g, 1.6 mmol), CH2-
(GOOMe)2 (1.3 g, 10 mmol), and Go2(2,6-Me2G6H3NG)8 

(0.16 g, 0.10 mmol) in toluene (10 ml) was heated at 120— 
125 °G for 4 h. The solvent was then removed in vacuo, 
and the residue was chromatographed on alumina. Com­
pounds l a (0.12 g, 48%) and 2 (0.07 g, 7%) were isolated 
by using benzene or benzene-GH2Gl2 (10:1) respectively 
as the eluents. l a (mp 244—246 °C). Found: G, 76.35; 
H, 6.43; N, 8.95%. Galcd for C40H40N4O3: C, 76.89; 
H, 6.45; N, 8.87%. By using an analogous procedure 
except for the use of Go2(GO)8 instead of Go2(RNC)8, the 
following compounds were prepared. 

l b (51%, mp 247—248 °G). NMR(GDG13): ô 1.20 (t, 
3.5 Hz, Me), 1.87, 2.02, 2.19, 2.38 (s, o-Me), 3.71 (q, 3.5 
Hz, CH2), 4.89 (b, NH), and 6.5—7.3 (c, aromatic protons). 
IR(KBr) : 3398 (NH), 1713, 1689, 1676, 1615, and 1591 
(C=0 and G=N) cm-1. Mass: 638 (668.78). Found: G, 
77.04; H, 6.63; N, 8.77%. Galcd for G41H42N403: G, 77.09; 
H, 6.63; N, 8.77%. l c (43%, mp 186—188 °G). IR 
(KBr): 3498 (NH), 1740, 1693, 1625, and 1598 (G=0 and 
G=N) cm-1. Mass: 568 (568.65). Found: G, 76.32; H, 
5.76; N, 9.98%. Calcd for G36H32N403: G, 76.03; H, 5.67; 
N, 9.85%. 

Reaction of 2,6-Xylyl Isocyanide with Malononitrile. A 
mixture of Co2(GO)8 (0.035 g, 0.1 mmol) and 2,6-xylyl 
isocyanide (0.21 g, 1.6 mmol) was stirred in toluene (10 
ml) at reflux. After 0.5 h, GH2(GN)2 (0.7 g, 10.6 mmol) 
was added to the solution. After the reaction was over 
(2 h), the resulting solids, 4 (0.03 g, 13%), identified as 
4-cyanomethyl-2,6-diamino-3,5-dicyanopyridine, were re­
moved by filtration. The orange-brown solution was chro­
matographed on alumina, CH2G12 being used as the eluent. 
The subsequent removal of the solvent and crystallization 

file:///COOMe
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of the residue from benzene-hexane gave 3 (0.1 g, (42%), 
mp 265 °G) as brown crystals. NMR (GDG18) : ô 1.90, 
2.01, 2.23, 2.44 (s, o-GH8), 4.67 (b, NH2), and 6.5—7.4 
(c, aromatic protons). IR (KBr) : 3310 (NH), 2195 (G=N), 
1625, 1610, and 1590 (G=N) cm-1. Mass: 590 (590.78). 
Found: G, 79.27; H, 6.46; N, 14.43%. Galcd for G39H38N6: 
G, 79.26; H, 6.48; N, 14.23%. 

5 (45%, mp 203—204 °G) was obtained from 2,6-Me2-
G6H3NG (0.22 g), methyl cyanoacetate (0.5 g), and Go2(GO)8 

(0.04 g). IR(KBr) : 3350 (NH), 1755, 1740, 1623, and 
1595 (C=0 and G=N) cm-1. Mass: 623 (623.77). Found: 
G, 76.80; H, 6.65; N, 11.09%. Galcd for G40H41N5O2: 
G, 77.02; H, 6.46;, N, 10.95%. 

Oligomerization of Methyl Cyanoacetate. A mixture of 
GH2(GH) (GOOMe) (0.5 g, 5.0 mmol) and Go2[2,6-Me2G6-
H3NG]8 (0.2 g, 0.17 mmol) in toluene was stirred in toluene 
(10 ml) at reflux for 2 h. The solvent and the unreacted 
ester were then removed in vacuo. The residue was chro-
matographed on alumina, CH2Cl2-benzene and GH2G12 

being used as the eluents. The dimer, 6 (0.03 g, 12%), 
from the first band was isolated. The product, 7, from the 
second band was a trimer (0.01 g, (6%), mp 114—119 °G). 
IR(KBr) : 3510, 3430 (NH), 1735, 1683, 1632, 1586, and 
1538 (G=0 and G=N) cm-1. Mass: 297 (297.26). UV 
(GH3OH) : Amax 244 (e 8400), 260 (e 7300), and 324 (e 2800). 
Found: G, 48.15; H, 5.03; N, 13.78%. Galcd for C12H15-
N 3 0 6 : G, 48.48; H, 5.09; N, 14.14%. 

Support of this research by Scientific Research Grant 
No. 264162, from the Ministry of Education is grateful­
ly acknowledged (Y. Y.). 
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T h e reactions of (thioacyloxy)silane (O-trimethylsilyl thioacetate and thiobenzoate) with some aldehydes 
(propionaldehyde, butylaldehyde, and benzaldehyde) gave S-(1 -substituted alkyl) thioacetates (,S-[l-(trimethylsilyl-
oxy)propyl, and -butyl] thioacetates, and £-[a-(trimethylsilyloxy) benzyl] thioacetate), and the three correspond­
ing thiobenzoates respectively. T h e reactions were catalyzed by l,8-diazabicyclo[5.4.0]undec-7-ene(DBU), 
and also by its salt with thiobenzoic acid. 

T r i m e t h y l s i l y l a t e d th io ls w e r e r e c e n t l y disclosed to 
u n d e r g o a c a r b o n y l - i n s e r t i o n r e a c t i o n a t t h e i r S i - S 
b o n d s u n d e r m i l d c o n d i t i o n s a n d t o b e useful as p r o ­
t e c t i n g r e a g e n t s of t h e c a r b o n y l g roup . 1 ) A l t h o u g h 
t h e p r o d u c t s f o r m e d b y t h e t r ime thy l s i l y l a t i on of t h i o -

R C H O + R 'S -S i (CH 3 ) . R C H 
,OSi (CH 3 ) 3 

\ S R ' 

c a r b o x y l i c ac ids h a v e b e e n r e p o r t e d to b e ( t h i o a c y l o x y ) -
si lanes2 '3) w i t h a S i - O b o n d , t h e r e h a v e b e e n on ly 
a few repor t s 2 ' 4 ) c o n c e r n i n g t h e r e a c t i o n s of these 
c o m p o u n d s . I t is i n t e r e s t i ng to e x a m i n e w h e t h e r o r 

R C S H + (CH 3 ) 3 SiX 
H 

O 

R C O S i ( G H 3 ) 3 
n 
S 

n o t c a r b o n y l i n se r t i on a t t h e S i - O b o n d of t h e ( th io -
a c y l o x y ) s i l a n e o c c u r s . 

I n th is p a p e r , w e wish to d e s c r i b e t h e r e a c t i o n of 
( t h ioacy loxy) s i l anes (1 a n d 2) w i t h a l d e h y d e s ( 3 a — c ) , a n d 
t h e i so la t ions , i den t i f i ca t ion , a n d phys i ca l p r o p e r t i e s 
of t h e r e su l t i ng a d d u c t s ( 4 a — c a n d 5 a — c ) . 

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

T h i o c a r b o x y l i c ac ids a r e k n o w n 5 ) to r e a c t w i t h a l d e ­
h y d e s to p r o d u c e t h e c o r r e s p o n d i n g a d d u c t s , w h i c h 
a r e so s t ab l e as to b e i so la ted e v e n a t r o o m t e m p e r a ­
t u r e . O n t h e o t h e r h a n d , t h i o a c e t i c a c i d - k e t o n e a d ­
d u c t s h a v e b e e n r e p o r t e d 6 ) to b e p r e s e n t o n l y a t l o w 
t e m p e r a t u r e s , w h i l e ove r ca. —60 °G t h e y a r e i n fast 
e q u i l i b r i u m w i t h t h e r e a c t a n t s : 

R G H O + G H 3 G O S H 

Ketone + C H 3 G O S H 

R C H - S - C C H a 
i n 

O H O 

-» No reaction. 

T r i m e t h y l s i l y l a t e d c o m p o u n d s of these a d d u c t s a r e 
e x p e c t e d to b e p r o d u c e d b y t h e r e a c t i o n of ( th io ­
acy loxy) s i lanes w i t h c a r b o n y l c o m p o u n d s . 

O u r p r e l i m i n a r y s tudies i n d i c a t e d t h a t ( th ioacyloxy) -
s i lanes (1 a n d 2) r e a c t s lowly a t r o o m t e m p e r a t u r e 
w i t h severa l a l d e h y d e s to afford t h e c o r r e s p o n d i n g 

R - G - O S i ( G H 3 ) 3 + R ' C H O 
ii 

S 
1: R = C H 3 

2 : R = C f iH, 
3 a — c 

• R - C - S - C H R ' 

6 ÖSi (CH 3 ) 3 

4 a — c : R = C H 3 

5 a — c : R = C 6 H 5 

a : R ' = C H 3 C H 2 

b : R ' = C H 3 C H 2 C H 2 

c : R ' = C 6 H 5 

a d d u c t s . I n o r d e r t o s e a r c h for m o r e a p p r o p r i a t e 
c o n d i t i o n s , O- t r imethyls i ly l t h i o a c e t a t e (1) a n d b e n z a l ­
d e h y d e (3c) w e r e c h o s e n as r e p r e s e n t a t i v e subs tances 
a n d w e r e a l l o w e d to r e a c t in a n N M R t u b e u n d e r 
seve ra l c o n d i t i o n s ; t h e p rogress w a s obse rved b y m o n i ­
t o r i n g t h e d e c r e a s e in t h e 1 H N M R t r imethyls i ly l 
s ignal of t h e s t a r t i n g m a t e r i a l (1) a n d t h e inc rease 
i n t h a t o f t h e p r o d u c t ( 4 c ) . T h e h e a t i n g of e q u i m o l a r 
a m o u n t s o f 1 a n d 3 c a t 115 °G for 6.5 h i n a n N M R 
t u b e r e su l t ed i n t h e f o r m a t i o n o f t h e a d d u c t ( 4 c ) (see 
T a b l e 1) . H o w e v e r , t h e r e a c t i o n in t h e p resence of 
a sma l l a m o u n t (0 .03 equ iv ) of D B U w a s c o m p l e t e d 
w i t h i n 15 m i n a t r o o m t e m p e r a t u r e . Also , b y t h e 
a d d i t i o n of t r i e t h y l a m i n e , t h e r e a c t i o n w a s a c c e l a r a t e d 
to afford t h e a d d u c t in a n 82 % yie ld after 4 h . T h e s e 
resul t s s h o w t h a t c a t a l y t i c a m o u n t s of t h e a m i n e s 
a c c e l e r a t e t h e p r e s e n t r e a c t i o n . 

T h u s , a series o f t h i o c a r b o x y l a t e s ( 4 a — c a n d 5 a — c ) 
w e r e syn thes i zed b y t h e a d d i t i o n of a smal l a m o u n t 
(ca. 0 .03 e q u i v ) of D B U to a n e q u i m o l a r m i x t u r e of 
1 o r 2 a n d 3 a t r o o m t e m p e r a t u r e w i t h o u t a solvent . 
T h e yie lds a n d t h e p r o p e r t i e s of t h e p r o d u c t s a r e 

T A B L E 1. MONITORING OF THE PRODUCTION OF 4 C AND 5 b IN AN N M R TUBE 

Compd Solvent Catalyst 
T e m p 

°C 

Time Yield*) 

h 

20 
6.5 
1 
4 
15 min 
20 
1 

% 

58 
46 
59 
82 
100f> 
No 
100s) 

4c 

4c 

4c 

4c 

4c 

5 b 

5 b 

No 

No 

No 

No 

No 

CDCl3
a> 

CDCl3
d> 

No 

No 

Et3Nb> 

Et3Nb> 

DBUC> 

No 

D B U P h C O S H e > 

r.t. 

115 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

a) Indicat ing 1 0 0 [ 4 c / ( 4 c + 1 ) ] % or 1 0 0 [ 5 b / ( 5 b + 2 ) ] % , based on the peak heights7) of the trimethylsilyl signals. 
b) 0 .09 equiv. c) 0 .03 equiv. d) Containing 0 . 5 mmol of 2 and 0 . 6 mmol of 3 b in 0 .935 g of CDC13 . e) 
0 .09 equiv. f ) , g) Disappearance of the 1 or 2 reactant respectively, 
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Compd 

4a 

4b 

4c 

5a 

5b 

5c 

Yielda> 

î r 
~~60 

65 

78 

70 

79 

74 

Molecular 
distillation 

5GÇnmHg' 

40 
(0.05) 

40 
(0.04) 

90 
(0.1) 

120 
(0.1) 

120 
(0.04) 

150 
(0.04) 

Formula 

" " c S w O a S S i 

C9H20O2SSi 

G12H18OaSSi 

C13H20O2SSi 

C14H2202SSi 

C17H20O2SSi 

G, 
H, 

s, 

G, 
H, 

s, 

G, 
H , 

s, 

G, 
H, 

s, 

G, 
H , 

s, 

G, 
H , 

s, 

Analys 

Calcd 

46.56 
8.79 

15.54 

49.05 
9.15 

14.55 

56.65 
7.13 

12.60 

58.16 
7.51 

11.94 

59.53 
7.85 

11.35 

64.52 
6.37 

10.13 

is (%) 

Found 

46.26 
8.97 

15.32 

48.83 
9.33 

14.10 

56.30 
7.17 

12.52 

57.80 
7.58 

11.76 

59.71 
7.99 

11.06 

64.80 
6.44 

10.17 

NMR in CC14 

ö/ppm 

0.12(s, (CH3)3Si,"^H7 
0.97(t, 7 = 7 Hz, CH3) 

IR in CC14 

3H), 
1.77(qd, 7 = 7 and 6 Hz, CH2, 2H), 
2.27(s, 
5.49(t, 

0.11(8, 
0.95(t, 
1.1—1 
2.25(8, 
5.54(t, 

0.14(s, 
2.28(s, 
6.58(s, 
7.12— 

0.15(s, 
1.03(t, 

CHgCO, 3H), 
7 = 6 Hz, CH, 

(CH3)3Si, 9H), 
7 = 6 Hz, CH3, 

.8(m, CH2CH2, 
GH3, 3H), 
7 = 6 Hz, CH, 

(CH3)3Si, 9H), 
CH3CO, 3H), 
CH, 1H), 

1H) 

3H), 
4H), 

1H) 

7.44(m, aromatic, 5H) 

(CH3)3Si, 9H), 
7 = 7 Hz, CH3, 3H), 

1.89(qd, 7 = 7 and 6 Hz, CH2, 2H), 
5.71(t, 
7.28—1 

7 = 6 Hz, CH, 1H), 
3.00(m, aromatic, 5H) 

0.14(s, (CH3)3Si, 9H), 
0.97(t, 
1.3—2 
5.78(t, 

7 = 7 Hz, CH3, 
.0(m, CH2CH2, 
7 = 6 Hz, CH, 

3H), 
4H), 
1H), 

7.28—8.00(m, aromatic, 5H) 

0.19(s, 
6.83(s, 

(CH3)3Si, 9H), 
CH, 1H), 

7.16—8.04(m, aromatic, 10H) 

c/cm"1 

1665 
1245 

1690 
1252 
847 
740 

1685 
1245 

1655 
1245 

1663 
1253 
848 
740 

1665 
1245 

a) The values are isolated yields based on the aldehydes (3a—c) used. 

summarized in Table 2. 
The I R spectra of the products (4a—c and 5a—c) 

showed strong absorption bands in the region of 1655— 
1690 c m - 1 which were considered to be a characteristic 
of the carbonyl stretching mode. The results indicate 
that these products were not the thiocarboxylic O-
ester (9), but the t e s t e r s (4 and 5). 

R-C-O-CH-R ' 

S OSi(CH3)3 

9 

The present reaction was found to be catalyzed 
also by the salt (10). For example, the reaction of 
2 with 3b in chloroform-^, which did not proceed 
at room temperature even after 20 h in the absence 
of the catalyst, was completed within 1 h by the ad­
dition of traces of 10 prepared separately (see Table 
1). Consequently, in the acceleration by DBU, the 
first step seems to involve the formation of the salt 
of DBU with thiocarboxylic acid, which may be pres­
ent in traces as a hydrolysis-product of (thioacyloxy) -
silane (1 or 2). As is shown in Scheme 1, the possible 
reaction mechanism of the catalytic behavior of DBU 
or the salt (10) involves the carbonyl addition of 
R G O S - , affording the resulting 11 in equilibrium 
concentrations; 11 is converted to the adduct (4 or 

RCOSH + DBU > RCOS° + DBUHÇ 

R'CHO + RCOS e R'CH-SCOR 

c-e 
l i 

R '-CH-SCOR + R-C-OSi(CH3), 

O© S 

R'-CH-SCOR + R C O S 0 

OSi(CH3)3 

4 or 5 

DBUH»= f 1 

Scheme 1. 

5) by the subsequent bimolecular silicon transfer. 
Similar schemes have been presented by Evans et 
a/.1) concerning the anion-catalyzed addition reactions 
of a variety of silicon derivatives to aldehydes and 
ketones, in which cases the catalysts were the potassium 
cyanide-crown ether complex, te trabutylammonium 
cyanide, and tetrabutylammonium fluoride, 
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The additions of 1 or 2 to ketones, i.e., acetophenone, 
acetone, or cyclohexanone, did not occur at high 
temperatures (70—115°C) nor in the presence of a 
catalytic amount of DBU. However, in the presence 
of an equimolar amount of DBU, acetophenone reacted 
with 1 in benzene at room temperature to produce 
the corresponding O-silylated enolate in a 3 8 % yield: 

C6H5CCH3 + CH3COSi(CH3)3 + DBU 
M H 

o s 
• C6H5C=CH2 + DBUH® GSCCH3 . 

ÖSi(CH3)3 6 
The lack of any production of the adducts of ketones 
seems to reflect the character of the adducts of thio-
carboxylic acids to ketones. 

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

The NMR spectra were taken on a JEOL MH-100 spec­
trometer, using carbon tetrachloride as the solvent and 
tetramethylsilane as the internal standard, unless otherwise 
stated. The abbreviations in the NMR spectra are as 
follows: s, singlet; d, doublet; qd, quartet of doublets; m, 
multiplet. The infrared spectra were recorded on a JASGO 
IR-S or JASGO 701G spectrometer. The mass spectra 
were measured on a Shimadzu-LKB 9000 spectrometer. 
Alumina (M. Woelm, activity I) was used for the column 
chromatography. 

Materials. The O-trimethylsilyl thioacetate (1) and 
thiobenzoate (2) were prepared by the method in the liter­
ature.2) The DBU and aldehydes (3a—c) were commercially 
available, and the latter were used after distillation. 

General Procedure for the Preparations of 4a—c and 5a—c. 
To a stirred mixture of 4.2 mmol of (thioacyloxy)silane 
(1 or 2) and 4 mmol of aldehyde (3a—c) we added one drop 
(0.1—0.15 mmol) of DBU. After about 15 min at room 

temperature, the mixture was dissolved in hexane and filtered 
through a short alumina column to remove any minor im­
purities. The subsequent removal of the solvent under a 
vacuum gave a colorless liquid, which was found to be pure 
4a—c or 5a—c by NMR analyses. The samples obtained 
by molecular distillation were subjected to elemental 
analyses and spectral measurements (see Table 2). 

Preparation of DBU-PhCOSH Salt (10). DBU (3.0 
g, 20 mmol) was added dropwise to stirred solution of thio-
benzoic acid (2.76 g, 20 mmol) in ether at room temperature. 
Stirring was then continued for an additional 1 h. The 
precipitate was collected by filtration and recrystallized 
from chloroform-ether to give the title compound (4.5 g) 
in a 75.5% yield; mp 116.5—117.5 °G; MS m/e 152 (DBU+). 
137 (PhCOS+). Found: G, 66.26; H, 7.77; N, 9.55; S, 
10.98%. Galcd for C16H22N2OS: G, 66.17; H, 7.64; N, 
9.65; S, 11.04%. 
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Mechanism of the Reaction of Nitriles with Alkaline Hydrogen Peroxide. 
Reactivity of Peroxycarboximidic Acid and Application 

to Superoxide Ion Reaction1* 
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Formation of peroxycarboximidic acid (1) is not rate-determining in the reaction of nitrile with alkaline 
hydrogen peroxide to form amide and oxygen; the yield of amide based on H 2 0 2 varies from 20 to 60%. When 
dimethyl sulfoxide (DMSO), a reactive substrate, is added, the rate is independent of [DMSO] and governed 
in turn by a rate-determining addition of HOO~ to nitrile. This reaction gives a reliable a-value of £HOO-/£HO-> 
which is 10000 for benzonitrile. A facile conversion of nitrile to amide may be achieved by the reaction in the 
presence of DMSO, unaccompanied by side reactions such as the epoxyamide formation from a,/?-unsaturated 
nitrile. Kinetics and product analysis suggest that a predominant reaction is not a non-radical oxidation of H2Oa 

with 1 but a radical decomposition of H 2 0 2 which is induced by the homolysis of anion of 1 (1A). No singlet 
oxygen could be trapped chemically. The reaction of superoxide ion, 02~, with acetonitrile is shown to be 
analogous to that of HOO~; the decomposition of 0 2 ~ is fast in the presence of MeCN and DMSO in benzene, 
affording acetamide and dimethyl sulfone. 

The reaction of nitrile with alkaline hydrogen per­
oxide is well documented2 '3^ and the intermediate 
peroxycarboximidic acid (1) has been utilized as a 
convenient epoxidizing agent.4»5) Because the reaction 
can be run under weakly basic conditions, the oxidant 
is useful for the epoxidation of olefins leading to acid-
sensitive epoxides4) or olefinic ketones susceptible to 
the Baeyer-Villiger reaction,6) and also applicable to 
imines.7) The reactivity of 1 is interesting in con­
nection with these oxidations and with chemilumi-
nescence from nitriles.8'9) 

R G E N + H20, 
base 

2 W 2 RC=NH 
I 

OOH 

1 

(1) 

The reaction has also been studied kinetically in 
relation to an a-effect of H O O ~ nucleophile,2 '10 '11) 

the addition of H O O ~ to nitrile. By contrast, our 
previous study on the epoxidation of olefins with a 
mixture of nitrile and alkaline H 2 O a showed that 
the epoxidation with 1 is rate-determining.3) Here, 
we wish to report our mechanistic study on the forma­
tion and reaction of 1, revealing that the formation 
of 1 becomes rate-determining in the presence of 
D M S O and that the oxidation of H 2 0 2 with 1 is not 
important, no singlet oxygen being generated. The 
reaction of superoxide ion, 0 2 ~ , with nitrile is also 
shown to be analogous to the case of H O O ~ . 

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

Stoichiometry. The stoichiometry for the reaction 
of nitrile with alkaline hydrogen peroxide was some­
times written as2) 

HO-

where a 

RGN 

PhCN 

rate-determining 

T A B L E 

PhCH2CN 

1. R A T E S . 

Solvent 
% MeOH 

75% 
75% 
50% 
50% 
75% 
50% 
50% 

75% 
50% 
75% 
50% 

; step was assumed to 

AND P R O D U C T FROM 

Base % 

5 mM Na 3P0 4 

0.1 M NaOH 
0.01 M NaOH 
0.1 M NaOH 
5 mM Na 3P0 4 

0.01 M NaOH 
0.1 M NaOH 

5 mM Na 3P0 4 

0.01 M NaOH 
5 mM Na 3P0 4 

0.01 M NaOH 

be RGN + 2 H 2 0 2 -—> RGONH2 + 0 2 + H 2 0 

[ T H E R E A C T I O N OF NITRILES AND ALKALINE H Y D R O G E N P E R O X I D E a ) 

H O O -

10% 
11% 
23% 
75% 
10% 
23% 
75% 

10% 
23% 
10% 
23% 

b> Additive0) 

f ) 

DMSO*) 
DMSO 
DMSO 

DMSO 
DMSO 

Rate/M-1 s"1 d) 

102*obsd 10«AHOo-

0.0031 
0.92 
0.73 
8.6 
1.52h> 
2.40 
9.0 

0.125 
1.15 
0.603 
1.10 

(0.031)d> 
(8.4) 
(3.2) 

(11.5) 
15.2 
10.4 
12.0 

(1.25) 
(5.0) 
6.03 
4.8 

(2) 

Yield/% «O 

RGONH2 Me2SOa 

58 
30 
33 
25 
88 
64 
35 

58 
43 

100 
96 

— 

f ) 
— 

g ) 
86 
65 
24 

— 

i) 
100 
84 

a) Reaction with 0.1 M RGN and 0.017 M H 2 0 2 at 25 °G. b) % Dissociation of H 2 0 2 into HOO~ as deter­
mined by UV absorbance at 280 nm ( ± 3 % ) . c) 0.1 M of DMSO. d) The rates were determined by iodometric 
titration of the remaining H 2 0 2 . The kuoo- value was calculated according to Eq. 5; the values in parentheses 
are shown to exemplify no constancy of the £HOo- value in the absence of DMSO. e) Yields were determinined 
by GLG and based on H 2 0 2 consumed, f ) When 0.04 M cumene was added, 3—6% of 2-phenyl-2-propanol 
was obtained, g) Oxygen was evolved in 60% yield, h) The kohsd value was practically same (i.e., 1.46 and 
1.55) with 0.05 and 0.5 M DMSO. i) Benzaldehyde (1%) and benzyl alcohol (8%) were also detected by GLG. 
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However, the reaction is not so simple; the yields of 
amides based on H 2 O a consumed vary in the range 
of 20—60% depending on the conditions and sub­
strates (Table 1). A lower yield of amide was ob­
tained at higher p H , perhaps suggesting a radical 
decomposition of H 2 O a as discussed later. 

O n the other hand, the reaction in the presence 
of olefins was shown to have a simple stoichiometry 
affording a nearly quantitative yield of amide and 
epoxide by an ionic mechanism:3) 

RGN + H 2 0 2 + N C = C / -> RGONH2 + H 2 0 + -G-G- . 

' N tf 
(3) 

The same is true for the oxidation of dimethyl sulfoxide 
(DMSO) to sulfone in phosphate buffer, which shows 
the stoichiometry of reactant, RCN:H 2 0 2 : subs t r a t e = 
1:1:1. The yields of amide and sulfone decrease at 
high alkanity, again suggesting an intervention of a 
radical decomposition of H 2 0 2 . The oxidation of sul­
foxide to sulfone with alkaline H 2 0 2 alone is ineffective 
in these pro tic solvents as reported previously. 12) 

Kinetics. The reaction of nitrile with alkaline 
hydrogen peroxide has mostly been explained by a 
rate-determining addition of H O O ~ to nitrile, the 
intermediary perimidic acid (1) being a potent oxidant 
capable of oxidizing H 2 0 2 itself rapidly.2»10»11) This 
explanation, however, contrasts with our previous ob­
servation3) that the epoxidation of olefins with nitrile 
and alkaline H 2 0 2 obeyed third-order kinetics: 

v = *4[RCN] [H20] [G=G]. (4) 

Here, k± value was practically independent of [HO~] 
or [ H O O - ] at p H 10—12 in 7 5 % M e O H ; moreover, 
the consumption of H 2 0 2 in the absence of olefin 
was very small (i.e., m o s t l y < 2 % ) . These results sug­
gest that the rate-determining step is not the formation 
of 1 but the epoxidation with it. 

T o clarify this discrepancy, we reinvestigated the 
reaction of nitrile with alkaline H 2 0 2 kinetically by 
following H 2 0 2 iodometrically. As shown in Table 
1, the reaction of nitrile with H 2 0 2 changes with the 
kind and concentration of base; the resulting ku00-
value, calculated according to a rate equation 5, is 
far from constant. 

v = /UsdtRCN] [H2OJ = *HOO-[RCN] [HOO-] (5) 

No constancy of kH00- value indicates that the ad­
dition of H O O " to nitrile is not rate-limiting in 
the reaction of nitrile and alkaline H 2 0 2 alone. 

When D M S O is added to the reaction mixture, 
the reaction is significantly accelerated under weakly 
alkaline conditions, the maximum being over one 
hundred times. In contrast to the case of olefin 
epoxidation (Eq. 4), the oxidation of D M S O to sulfone 
is independent of substrate concentration (see footnote 
h in Table 1) but dependent on [HO~] or [ H O O - ] . 
Similar results were obtained for the case of aceto-
nitrile, the 103£o b s d value being constant at 1.21 ± 
0.07 M - 1 s _ 1 with varying concentration of D M S O 
from 0.05 to 0.7 M M e C N in 7 5 % M e O H containing 
5 m M N a 3 P 0 4 . The constancy of the ku00- value 
in the presence of D M S O (Table 1) seems to be ade­

quate in view of the accuracy in estimating [ H O O - ] . 
Thus, the rate expression in the presence of D M S O 
is Eq. 5 where no term of [DMSO] is involved. 

All of the above results may be well understood 
by the following scheme. 

H 2 0 2 + H O - ^ = ± H O O - + H 2 0 (6) 

RGN + H O O - ^ = k RC=N- (7) 

OOH 

1A 

RC=N- + H 2 0 ^==± RC=NH + H O " (8) 

I I 
OOH OOH 
1A 1 

1 + Reductant • RGONH2 + Product (9) 

Here, k7 equals ku00- in Eq. 5. For olefin epoxidation, 
step 9 is rate-determining and preequilibrium reactions 
6—8 are at ta ined; the three equilibria could be simply 
written as Eq. 10, leading to the observed rate equation 
(Eq. 4) independent of p H . The magnitude of the 

base 

RGN + H 2 0 ^==± 1 (10) 

equilibrium constant (i.e., K10) is probably very small 
since no new peak could be observed in U V spectra 
and no peroxy acid, a hydrolyzed product of 1, was 
detected after acidification of the equilibrated mixture. 
Such a case is rather common in carbonyl addition 
reactions, e.g., the Baeyer-Villiger reaction or ester 
hydrolysis. 

The oxidation step 9 is fast for the case of D M S O , 
a much more reactive substrate than olefins,13a) and 
hence the rate is governed by the addition step of 
H O O ~ to C E N (step 7), thus being independent of 
[DMSO] as is observed. The apparent large solvent 
effect in kobsd is due to the change in [HOO~] owing 
to the change in K6 value. The constancy in ku00-
values was observed only for the D M S O oxidation, 
indicating the rate-determining addition of H O O ~ to 
C E N . 

As for the reaction of nitrile with H 2 0 2 alone, pre­
vious kinetics2»10) were carried out at p H < 1 0 and 
explained by assuming a rate-limiting addition of 
H O O ~ to C E N . This assumption is not substantiated 
by the fact that the kH00- values are not constant 
and the reaction in the presence of olefin or sulfoxide 
is much faster under these weakly alkaline conditions. 
Thus , the preequilibrium 10 must be attained in 
the absence of added substrate. Then there might 
be a case where the oxidation of H 2 0 2 with 1 occurs 
and determine the overall rate, requiring a rate ex­
pression: y = £ [ R C N ] [ H 2 0 2 ] 2 which was obtained by 
substituting [ H 2 0 2 ] for [C=C] in Eq. 4. However, 
this case is not probable in view of the fact that the 
observed order in [ H 2 0 2 ] is not second-order.2 '3 '10) 
We ascertained this again; for example, the reaction 
of 0.05 M benzonitrile with 0.01 and 0.03 M H 2 0 2 

afforded 105£o b s d value of 0.36 and 0.34 M " 1 s"1, re­
spectively, in the presence of 5 m M N a 2 H P 0 4 in 50 % 
M e O H (1 M = l mol dm~3). 

At high alkanity, e.g., 0.1 M N a O H , the consump-
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tion of H 2 0 2 becomes independent of the presence 
of D M S O and the yields of amide and/or sulfone 
are low (i.e., 20—30% based on H 2 O a consumed). 
Moreover, the effect of E D T A is rather small at these 
higher alkaline concentrations. These facts suggest 
a radical decomposition of H 2 0 2 induced by the ho-
molysis of peroxyimidate ion lA.13b) 

RC=N • R-C;r.N + HO • (11) 

OOH 

1A 

R'O- + H 2 0 2 • R 'OH + H O O . (or H+ + ( V ) 

(12a) 

HOO- + < V • H O O - + 0 2 (12b) 

R'O- + 0 2 " • R 'O- + 0 2 (12c) 

Here, R ' O - is 2 or H O . It is well known that the 
base-catalyzed decomposition of hydrogen peroxide is 
complex and sensitive to contaminating metal ions.14a) 
Although many steps are involved in the radical 
decomposition of H 2 0 2 , 1 4 b - d ) a major step to produce 
oxygen is probably the reaction 12b or 12c; the pK& 

value of H O O - being 4.85 in water.146) 
Four lines of evidence were obtained for the inter­

vention of radical decomposition of H 2 0 2 . First, the 
yield of amide or sulfone was sometimes as low as 
20—30% on the basis of H 2 0 2 consumed. Second, 
2-phenyl-2-propanol (3—6%) was obtained when cum-
ene was added (footnote f in Table 1), suggesting an 
initiation of radical autoxidation of added cumene. 
Third, the oxidation of 1,2-dimethylcyclohexene yield­
ed, in addition to epoxide, products from its autoxida­
tion as discussed later (Table 4). The fourth line of 
evidence for the homolysis of 1A is the formation 
of benzyl alcohol and benzaldehyde from benzyl cya­
nide (footnote i in Table 1) (Eq. 13). 

HOO- - H O -
PhCH2CN > PhCH2C=N- > PhCH2C=N-

I I 
OOH O. 

3 
-OCN- 0 2 

> PhCH2. > • PhCH2OH + PhCHO 
(13) 

Facile ^-scission of benzyl radical is known.15) Form­
ation of benzaldehyde might be explained by a scheme 
via a-hydroperoxy nitrile;9) but the base-catalyzed au­
toxidation of benzyl cyanide does not occur appre­
ciably under these conditions. Thus, the evidence 
for the radical decomposition of H 2 0 2 induced by 
the homolysis of 1A seems to be convincing. A similar 
homolysis such as Eq. 11 was proposed in the reaction 
of nitriles with alkaline £-butyl hydroperoxide.16) 

O n the basis of 1 80-tracer study yielding 8 1 % of 
unscrambled oxygen, the reaction of 1 with H O O ~ 
was proposed as a predominant pathway.10a) 

N H -
+ HOO- I 

RGN -f H O O - • 1 • R-G-OOH 
I 

OOH 

• RGONH2 + Oa + H O - (14) 

But this pathway can not be predominant since our 
kinetic data show that the formation of 1 is not rate-
determining and, moreover, the overall rate is not 
governed by the reaction of 1 with H O O - as discussed 
above. One possible route to the observed unscram­
bled oxygen, which was conducted at p H 10 in water, 
is a homolytic one such as Eqs. 12a—c. This seems to 
be not unreasonable in view of the fact that the re­
ported ku00- value of ca. 2 x l O - 2 M - 1 s _ 1 (for p-
cyanobenzoate in water)10a) is much higher than the 
present value of 3 X 10 - 4 M - 1 s - 1 in phosphate buffer 
(entry 1 in Table 1). The large value of the former 
seems to reflect an intervention of radical decom­
position of H 2 0 2 to yield oxygen. Since the base-
catalyzed decomposition of H 2 0 2 is complex14) and 
peroxyl radicals yield scrambled oxygen,17) it is not 
easy to clarify or explain the 1 80-tracer study {i.e., 
81 % unscrambled and hence 19 % scrambled). 

oc-Effect. The rate of addition of H O O - to 
nitrile could be determined in the presence of D M S O 
(Table 2). The kH00- value changes with nitriles, 
ranging from 10~3 to 3. Aliphatic nitriles are about 
ten times less reactive than aromatic ones. The sub­
stituent effect on benzonitrile affords a p -value of 
1.54 (<T, r=0 .991) , suggesting a nucleophilic attack 
of H O O - on G E N . 

Much attention has been concentrated on the origin 
of a-effect.11) Although several explanations have been 
noted,18) it seems to be that there is no single factor 
govering the a-effect. A typical example of a-effect 
is the addition of H O O ~ to G E N . The original value 
(^HOO-^HO-) o f 2 x l 0 4 to 7 x l 0 4 for benzonitriles2) 
was often cited, but later it was corrected to be 900— 
1200.10) As discussed above, a rate-determining step 
under these conditions is not the attack of H O O ~ 
to G E N but the decomposition of 1. The obscurity 
may be overcome by the addition of D M S O ; the 
results listed in Table 3 show that the a-effect is cer­
tainly large, the value of kH00-lkH0- being in the range 
of 3 X 1 0 3 to 104. 

Reactivity of Peroxyimidic Acid. Peroxyimidic acid 
(1) is a convenient epoxidizing agent.4-6»19) The elec-
trophilic character of 1 was shown for substituted 
styrènes (JO = — 0.48),3) although the substituent effect 
was somewhat smaller compared to the epoxidation 
with peroxy acid (p = —1.30).20) The epoxidation of 
aliphatic olefins with 1 was also shown to be less selec­
tive and possesses a greater steric demand than the 
case of RG0 3 H. 2 1 ) Stereochemistry is retained in the 
present epoxidation as is the case with R G 0 3 H ; that 
is, GLG analysis demonstrates that trans- and cis-ß-
methylstyrenes give the corresponding trans- and cis-
epoxides, respectively, in the reaction with MeCN, 
H 2 0 2 , and N a 3 P 0 4 in 7 5 % M e O H . 

Intramolecular epoxidation was shown to occur ef­
fectively for a,/?-unsaturated nitriles.22) However, this 
epoxy amide formation is not so facile; for example, 
cinnamonitrile gave the amide: epoxy amide ratio of 
90:10 (see Table 2). Similarly, a relatively low yield 
of epoxy amide was also obtained (i.e., 5 : 6 = 4 : 1 ) 
from ß,y-unsaturated nitrile (4) (Eq. 15). 
The addition of D M S O to the system dramatically 
accelerated the conversion of nitriles to amides un-
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TABLE 2. SUBSTITUENT AND D M S O EFFECT ON THE REACTION OF NITRILES WITH ALKALINE HYDROGEN 

PEROXIDE IN 75% M e O H 

Nitriles 

A) Benzonitrilesc> 
G6H5GN 
/>-MeOPhCN 
/>-MePhCN 
m-MePhCN 
o-MePhCN 
o-MePhGN 
/>-ClPhCN 
/>-02NPhCN 

B) Other nitriles 
MeCN 
Z-PrCN 
PhGH2GN 
*7w-PriCH=CHCN 
fcw-PhCH=CHCN 
4 
4 

Additive 

DMSO 
DMSO 
DMSO 
DMSO 
DMSO 

DMSO 
DMSO 

DMSO 
DMSO 
DMSO 
DMSO 

DMSO 

Rate constants/M-1 s - 1 a) 
„ 

10 2 ^obsd 

1.52 
0.969 
1.11 
1.31 
0.056 

« 0 . 0 0 0 1 ) 

e ) 
e ) 

0.121 
0.119 
0.703 
1.01 

(0.017) 
0.102 

(0.025) 

^ 
102*HOO-

15.2 
9.69 

11.1 
13.1 
0.56 

46.5 
324 

1.21 
1.19 
7.03 

10.1 

1.02 

Product yieldsb> 

Amide 

84 

d ) 
93 

d ) 
83 

5 

d ) 
d ) 

d ) 
d ) 
92 

100 
55f) 
76e> 
16f) 

^ 
Epoxy amide 

0 
7f) 
0 
40 

a) Reaction with 0.1 M RGN, 0.015 M H 2 0 2 , 0.05 M D M S O , and 0.01 M N a 3 P 0 4 at 25 °G. See footnotes in 
Table 1. The value in parentheses is from the reaction without D M S O . b) % Yields isolated, if not noted 
otherwise, from the reaction with 10 mmol RGN, 15 mmol H 2 0 2 , 12 mmol D M S O , and 0.2 mmol N a O H in 25 
ml of 80% M e O H at 50 °G for 1 h. See experimental section, c) Ph = C6H4. d) Not determined, e) Reaction 
with 0.011 M RGN and H 2 0 2 . f) % Yield determined by N M R . g) N M R yield is 95%. 

TABLE 3. OC-EFFECT ON THE ADDITION OF NITRILES^ 

Nitrile Nucleo-
phile 

TABLE 4. OXIDATION OF 1,2-DIMETHYLCYCLOHEXENE (7) 

WITH NITRILE AND ALKALINE HYDROGEN PEROXIDE 

Solvent k/M- rtHOO-/A'HO y*H 

PhCN H O O - 25% Dioxane 2 . 0 2 X 1 0 " 1 1 . 0 2 x l 0 4 

H O - 25 % Dioxane 1.97 x 10~5 

MeCN H O O - 25% Dioxane 2 . 5 3 x l 0 ~ 2 4 . 0 x l 0 3 

H O - 25% Dioxane 0 .63 X 10~5 

MeCN H O O - Water 1 . 4 0 x l 0 - 2 3 . 0 x l 0 3 

H O - Water 0 .47 X 10~5 

a) Reaction at 25 °C with hydrogen peroxide : 0.1 M 
RCN, 0.02 M H 2 0 2 , 0.1 M D M S O , and 0.1 M 
N a 2 C 0 3 ; the kuoo- values were calculated accoding to 
Eq. 5 (20.1% dissociation of H 2 0 2 into H O O - by U V ) . 
The alkaline hydrolysis: 0.1—0.4 M NaOH, 1—2.5 M 
MeCN or 0.1 M PhCN. 

Yieldsb> 
Condition*1) Solvent 

8 9 10 11 

o CH 2 CN 
H2O2 / — o CH 2 CONH 2 

5 

+ <^ ^>pCH 2CONH 2 (15) 

\o 

contaminated with epoxy amide (Tab le 2 ) . T h e ac­
celerating effect was large especial ly for the case o f 
h indered nitriles such as o-tolunitrile or c innamonitr i le 
(i.e., ca. thousand-fold increase in rate) . T h e react ion 
at 50 °G for 1 h gave a h i g h yield o f pure amide even 
wi th 1 m m o l scale, w h i c h m a y be useful as a con­
venient identif ication o f nitriles. I n a n y case, it is 

Singlet oxygen (02/RB/h*>) M e O H 2 1 85 12 

Autoxidn. (O2/AIBN/60°C)c> MeCN 34 22 14 30 

PhCN-H 2 O a (0.02 M NaOH) 90% M e O H 59 21 8 11 

PhCN-H 2 O a ( 0 .02MNaOH) d > 90% M e O H 47 28 10 16 

P h C N - H 2 0 2 ( 5 m M N a 3 P 0 4 ) e > 85% M e O H 60 21 7 12 

a) Reaction time of 30—60 min at room temperature 
if not noted otherwise. Reaction with 0.1 M olefin 
and, for the ni tr i le -H 2 0 2 reaction, 0.2 M each of PhCN 
and H 2 0 2 . b) Product distribution (%) determined by 
GLC after the reduction with NaBH4 . c) Reaction 
time 4 h. d) In the presence of 1 raM EDTA. e) 
Reaction time 24 h. 

apparent that the intramolecular epoxidat ion in the 
peroxyimidic acid intermediate is not so fast and the 
acid m a y be comple te ly reduced by D M S O affording 
pure olefinic amide . 

O n the basis o f approx imate stoichiometry o f R G N : 
H 2 0 2 = 1 : 2 , peroxyimidic acid 1 was noted as a potent 
ox idant capable o f ox idiz ing H 2 0 2 to 02 .2> I n analogy 
to the ox idat ion w i th RGO3H, 8 ' 2 3 ) hydrogen peroxide 
m a y be oxidized by 1 to o x y g e n (Eq. 16). However , 
the kinetics at lower p H (e.g., p H < 1 2 in 7 5 % M e O H ) 

H 

K. -9} 

<2r««5 
-> RGNH 2 + H 2 0 + 3 0 2 (or *Oa) 

I 
O (16) 
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T A B L E 5. REACTION OF SUPEROXIDE ION IN BENZENE*1) 

Reagent 

K 0 2 

K0 2 -MeCN 
K0 2-MeCN-DMSO 
K0 2 -DMSO 
K02-DMSO-H2Od> 
K02-MeCN-01efine> 
K0 2 -MeGN-7 
K 0 2 - 7 

Decomposed 
KOa/%b) 

< 5 
44 
60 
18 
62 
80 
78 

<io 

MeGONH2 

— 
1.9 

16 
— 
— 

1.3 
1.5 

— 

Products/%c> 

Me2S02 

— 
— 
40 

3 
4 

— 
— 

— 

Others 

Nonef> 
Yess> 
Yesh> 

a) Reaction with 0.5 mmol K 0 2 (suspension) and 0.1 mmol 18-crown-6 in benzene (4 ml) at 25 °G for 2 h. 
Acetonitrile was added in a large excess as a co-solvent, i.e., 25 vol% in benzene. DMSO was 0.3 M and 
olefins were of 0.1 M concentration, b) Approximate value of decomposed KO a by titration, c) Yields were 
determined by GLG and based on the charged K 0 2 . d) Water (0.25 mmol) was added, e) a-Methylstyrene. 
f) Epoxide or acetophenone was not detected, g) Yields of 8, 9, 10, and 11 were 1.4, 0.3, 0.3, and 2.4%, 
respectively, h) Yields of 8, 9, 10, and 11 were 0.7, 0.1, 0.2, and 1.0%, respectively. 

is not in accordance with this scheme; if the reaction 
16 were operative as a major rate-determining pathway, 
the overall rate should be second-order in [ H 2 0 2 ] 
and the yield of amide based on H 2 0 2 should not 
exceed 5 0 % (in the absence of D M S O or olefin), 
both of which were not the case. At high alkalinity, 
1 should shift to lA13b) which easily decomposes ho-
molytically inducing radical decomposition of H 2 0 2 . 
This leads to the lower yield of amide or sulfone as 
is observed. Thus, it may be concluded that the 
oxidation of H 2 0 2 by 1 or 1A like Eq. 16 is not operat­
ing as a predominant reaction. 

In order to examine a possible formation of singlet 
oxygen even as a minor reaction, 1,2-dimethylcyclo-
hexene (7), a useful 1 0 2 trapper,24a) was oxidized 
with nitrile and alkaline H 2 0 2 . The results in Table 

DO + + 1 1 / + 1 1 / 
\ V x O H \ / \ O H 

OH 

9 

(17) 

10 11 

4 shows that the product distributions are different 
from singlet oxygen reaction, but are similar to that 
of the radical autoxidation. A relatively high yield 
of epoxide was obtained by the radical autoxidation 
of 7 as observed for other tetrasubstituted aliphatic 
olefins.25) The oxidation of a,^,^-trimethylstyrene, 
which is also a 1 0 2 trapper24a) but resistant to radical 
autoxidation a t 60 °G, gave a high yield of epoxide 
(95 % yield) together with minor products, where allyl 
alcohols produced by the 1 0 2 reaction could not be 
detected by GLG {i.e., within 1%, if any). Thus, 
singlet oxygen is not formed in the R C N - H 2 0 2 reac­
tion. This results are in contrast to the reported 
efficient formation of 1 0 2 from H 2 0 2 and cyanates 
R O G N under anhydrous neutral conditions.24b) 

Finally, a comment should be added on the reported 
chemiluminescence from nitriles and H202 .8a> Con­
trary to the report that the luminescence is visible, 
blue or red, we could not see or detect it as described 
below. We tested acetonitrile, isobutyronitrile, ben-

zonitrile, benzyl cyanide, and acrylonitrile under the 
conditions of 0.01—0.1 M each of nitrile, H 2 0 2 , and 
K O H in M e O H or E t O H . T h e addition of dibromo-
or diphenylanthracene was of no effect. O u r results 
show that the quan tum yield of the reported lumi­
nescence is much less than 10~9, if any. To our knowl­
edge, the reported chemiluminescence might be via 
a-hydroperoxy nitrile formed by the base-catalyzed 
autoxidation of nitriles.9) The reported luminescence 

RGH2GN 
base/C>2 

RCHC=N -> RCH-C=NH 

OOH O—O 
Luminescence (18) 

intensity of C H 2 = C H C N > P h C H 2 C N > P h C N may be 
understood on the basis of Eq. 18, where an a-
proton is necessary for the base-catalyzed autoxida­
tion. Although the authors8a) suggested singlet oxygen 
formation by reaction 16, this is not in accordance 
with the fact that singlet oxygen could not be 
trapped chemically. 

Reaction of Superoxide Ion with Nitrile. Much 
interest has been concentrated on the reactivity of 
superoxide ion.26) Acetonitrile is sometimes used as 
an aprotic solvent,27) but it is noted that the reactivity 
of 0 2 ~ in MeGN is different from that in other sol­
vents,1615'28) typically the lifetime of 02"*" is ten times 
shorter in the nitrile.28a) 

As shown in Table 5, superoxide ion 0 2 ~ reacts 
with acetonitrile just as hydroperoxide ion H O O ~ 
does. All the experiments were carried out in the 
presence of 18-crown-6 in benzene to dissolve some 
fraction of K 0 2 . Suspended potassium superoxide was 
stable in benzene but decomposed in acetonitri le-
benzene. Interestingly, considerable yields of acetam-
ide were obtained by the reaction of K 0 2 - M e C N -
D M S O . Since it is known that sulfoxides are oxi­
dized to sulfones by alkyl hydroperoxide ion in aprotic 
solvents,29) the sulfone might be produced by the 
reaction of H O O ~ produced by the disproportionation 
of 0 2 ~ . However, the yield of sulfone was much lower 
when water was added as a proton source to produce 
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H O O ~ . These facts suggest the following scheme. 
o r 

R G E N + O a
T • RC=N~ • RC=N~ 

I I 
oo- oo-
12 13 

Me 2 SO 

> RGONH2 + Me2S02 (19) 

The reduction of radical 12 with O a ^ to form 13 and 
0 2 is similar to a known process.26c>30) Since a-meth-
ylstyrene was not epoxidized by K 0 2 - M e C N (Table 
5), the intermediary oxidant for the sulfoxide is prob­
ably 13 as a nucleophilic oxidant. I t is known that 
sulfoxides are efficiently oxidized by nucleophilic oxi­
dants. 12'29> In the absence of D M S O , 13 decomposes 
homolytically just as the case of R G N - H O O - reaction 
at high alkalinity {cf. Eq. 11). The product distribu­
tion from 7 seems to be in this line, suggesting a radical 
autoxidation (Table 5). Thus, it may be concluded 
that the chemistry is essentially same for the reaction 
of nitrile with 0 2 ~ or with H O O ~ . 

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

Melting points were measured by a Yanagimoto micro 
melting point apparatus and are corrected. 1H NMR spectra 
were recorded with a Hitachi R-24B spectrometer. GLG 
analyses were performed with a Yanagimoto G180 gas Chro­
matograph using two different columns: PEG 20 M, 10% 
on Ghromosorb W; Silicone OV-17, 5% on Shimalite W. 
Ghemiluminescence was monitored by a Hitachi MPF-2A 
fluorescence spectrophotometer. 

Materials. Methanol and water were purified by 
redistillations. Substituted benzonitriles were described in 
our previous paper.3) fra/w-Cinnamonitrile,31> bp 124—125 
°G/8Torr (lit,32) bp 137 °G/16 Torr), and 1-cyclohexenylace-
tonitrile (4),33) bp 105—107 °G/21 Torr (lit,33) 110—112 °G/ 
25 Torr), were obtained by the literature method. 2-Methyl-
3-phenyl-2-butene, bp 91— 92 °G/25 Torr (lit,34) 191—192 
°G), was prepared by dehydration35) of 2-methyl-3-phenyl-
2-butanol in 40% yield. 1,2-Dimethylcyclohexene (7) was 
obtained by dehydration of 1,2-dimethylcyclohexanol (50% 
sulfuric acid, 100 °G, 1 h) and fractionated three times with 
a 30 cm Vigreux column, bp 135—136 °G (lit,36) bp 136.2 
°G). Purification via dibromide formation37) was unsat­
isfactory. 18-Crown-6 was synthesized from triethylene 
glycol38) and K 0 2 from xanthone-catalyzed autoxidation of 
potassium in THF.39) 

Rates and Products Determination. Rates were followed 
iodometrically and a typical procedure was noted in the 
previous paper.3) The decomposition of alkaline H2Oa alone 
was negligibly small. The reaction of nitrile with alkaline 
H 2 0 2 was not affected by the addition of 10~4 M EDTA, 
which indicates that there was no contamination by metallic 
ions. 

The hydrolysis rate of benzonitrile was determined by 
following the decrease of the nitrile by GLG analysis. The 
reaction of acetonitrile was followed by titrating the produced 
acetic acid after flashing out ammonia by passing N2 gas 
for 5 min. The results are shown in Table 3. 

Products were determined by GLG and/or NMR, directly 
or after extraction with GH2G12, in comparison to an authentic 
sample. Authentic samples of epoxides or epoxy amide 
were obtained by RG0 3 H or alkaline H 2 0 2 oxidation. 

Facile Conversion of Nitriles to Amides. o-Tolunitrile 
(1.17 g, 10 mmol) and DMSO (0.85 ml, 12 mmol) were dis­

solved in MeOH (20 ml), followed by addition of 11% 
H 2 0 2 (4.85 ml, 15 mmol) and 0.2 M NaOH (1 ml, 0.2 
mmol). The reaction mixture was stirred at 50 °G for 
1 h, and about half of the solvent MeOH was distilled off 
{ca. 15 min). Standing at room temperature {ca. 30 min) 
afforded pure crystals of o-toluamide in 83% yield, mp 
142—142.5 °G (lit,40) 141—141.5 °G). 

According to this convenient procedure (total working 
time; 2 h) the following amides were isolated in pure form 
(see Table 2 for the yields): /»-toluamide, mp 161—162 °G; 
phenylacetamide, mp 159—160.5 °G; benzamide, mp 129— 
130 °G; cyclohexenylacetamide, mp 153—154°G; trans-cin-
namamide, mp 148.5—149.5 °G; diphenylacetamide, mp 
172—174°G. The latter two amides were isolated without 
evaporation of methanol. An alternative procedure for the 
isolation is the addition of water (20 ml), which gave a slightly 
lower yield of amide. The reaction in the absence of DMSO 
was very slow and incomplete. 

Oxidation of 1,2-Dimethylcyclohexene (7). The reaction 
was started by adding 1 M NaOH (0.1 ml) to the mix­
ture of 1 mmol each of 7, benzonitrile, and H 2 0 2 in 
90% MeOH (5 ml). After 1 or 19 h, 0.1 g of NaBH4 was 
added and analyzed by GLG. 

For comparison, azobisisobutyronitrile (AIBN) -initiated 
autoxidation of the olefin was performed under 0 2 in MeCN 
at 60 °G for 4 h ; the reaction mixture was reduced by NaBH4 

and MeOH, and analyzed by GLG. The results are shown 
in Table 4. 

Reaction of K02 with Acetonitrile. In a dry 20 ml flask 
were placed benzene (2 ml), MeCN (1 ml), 0.1 M 18-crown-
6 (1 ml), and DMSO (0.085 ml). The reaction was started 
by addition of powdered K 0 2 (0.5 mmol) and stirred for 
2 h at 25 °G. Products were analyzed by GLG (PEG 20 M) 
directly or after the reduction with NaBH4 and MeOH. 
The remaining K 0 2 was determined iodometrically after 
pouring the reaction mixture into AcOH-MeOH-H aO ( 1 : 
1:2). Since oxygen was evolved in each run, the recovered 
K 0 2 is mostly unchanged. The results are listed in Table 5. 

We are grateful to Professor Isao Kamiya and Dr. 
Keizo Aoki for their aid in the measurement of chem-
iluminescence. 
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m-[PdCl2(PPh2R1)(CN-C6H4-CH3-/>)] ( R 1 = P h or Et) reacts with nitrilimines or nitrilylides, derived from 
the reactions of either iV-phenylarenecarbohydrazonoyl chlorides or iV-(/>-nitrobenzyl)arenecarboximidoyl chlo­
rides with triethylamine, to afford novel cyclic carbene-palladium(II) complexes, viz. l,2,4-triazol-5(4//)-ylidene-
or 2-imidazolin-5-ylidenepalladium(II) ones, respectively. Halogen exchange reactions of the carbene com­
plexes with lithium bromide or sodium iodide give the corresponding dibromo- or diiodocarbene complexes, re­
spectively. ^mn.y-[PdI2(PPh2-G6H4-GH3-p)(GN-G6H4-N02-p)] also reacts with the nitrilimine or the nitrilylide 
to produce cyclic carbene-palladium(II) complexes. All the complexes prepared in this study are characterized 
by elemental analysis, IR and 1H-NMR. 

I t has been reported that coordinated isocyanide 
molecules undergo nucleophilic attack by alcohols and 
amines to yield alkoxyamino- and diamino-carbene 
complexes, respectively.1-3) Recently, these carbene 
complexes have received considerable interest due to 
their important role in the catalytic formations of 
formimidates,4) formamidines,4) and heterocyclic com­
pounds.5) I t is well known in organic chemistry that 
1,3-dipolar compounds such as nitrilimines, nitrilylides, 
and azides react with dipolarophiles to produce various 
heterocycles.6) However, hardly any work has been 
reported concerning the reactions between metal com­
plexes and the 1,3-dipolar compounds except for diazo 
compounds.7 - 9) I t has been reported that tetrakis(/-
butyl isocyanide) nickel (0) reacts with dicyanodiazo-
methane to afford bis(/-butyl isocyanide) (TV-Z-butyldi-
cyanoketenimine)nickel(0),8) and that (/-butyl isocya­
nide) nickel (0) and -palladium(0) complexes react with 
diazofluorene to give TV,TV-coordinate complexes.9) 

I t is interesting to investigate the reactions of the 
1,3-dipolar compounds with isocyanide ligands coor­
dinated to transition metals, as an extension of the 
1,3-dipolar cycloaddition reaction. I t has been re­
ported from our laboratory that both the nitrilimines10) 
and the nitrilylides11) react with cis-dichloro (tertiary 
phosphine) Qfr-tolyl isocyanide)palladium(II) complexes 
to afford novel cyclic carbene-pal ladium (I I) com­
plexes. This paper deals both with the details of 
the reactions mentioned above and with the reactions 
of the nitrilimine and the nitrilylide with a palladium-
(II) complex containing />-nitrophenyl isocyanide, 
which increases the electrophilicity of the carbon atom 
linked to palladium. 

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

General. All the experiments were carried out in 
an atmosphere of dry nitrogen. IR and ^ - N M R spectra, 
conductivities and melting points were measured according 
to the previous paper.12) iV-Phenylbenzohydrazonoyl chlo­
ride 1,13> iV-(/>-nitrobenzyl)benzimidoyl chloride 2,14) diphen-
yl-p-tolylphosphine,15) and />-nitrophenyl isocyanide16) were 
prepared according to the published methods. iV-Phenyl-
/>-toluohydrazonoyl chloride 3 and iV-(/>-nitrobenzyl)-/>-tolu-
imidoyl chloride 4 were synthesized in the analogous way 
to 1 and 2, starting from the reactions of />-toluoyl chloride 
with Phenylhydrazine and />-nitrobenzylamine, respectively. 

cù-Dichloro (triphenylphosphine) (/>-tolyl isocyanide) palla­

dium (II) 53) and new complexes, a.y-dichloro(ethyldiphenyl-
phosphine) (/>-tolyl isocyanide)palladium(II) 63> and di-jx-
iodo - diiodobis(diphenyl -p - tolylphosphine)dipalladium(II)17) 
were synthesized according to the reported procedure with 
slight modification. 

Preparation of tra.ns-Diiodo(diphenyl-p-tolylphosphine) (p-nitro-
phenyl Isocyanide)palladium (II) 7. />-Nitrophenyl isocya­
nide (0.78 mmol) was added to di-jx-iodo-diiodobis(diphenyl-
/>-tolylphosphine)dipalladium(II) (0.39 mmol) in dichloro-
methane (20 ml) and the mixture was stirred for 20 h at 
room temperature. After the reaction mixture had been 
evaporated to dryness, the residue was recrystallized twice 
from dichloromethane and diethyl ether to give reddish 
orange crystals 7. 

Yields and some properties of the new compounds, 3, 
4, 6, and 7 are summarized in Table 1. 

Reactions of 5 or 6 with 1 or 3. A benzene solution 
(10 ml) of triethylamine (6.5 mmol) was added to a benzene 
suspension (10 ml) containing 5 (0.67 mmol) and 1 (0.81 
mmol). After stirring for 24 h at room temperature, the 
reaction mixture was filtered and the filter cake was washed 
with water. Recrystallization from dichloromethane and 
pentane gave white crystals 8a. Yield 23%, mp 293— 
295 °G(dec). Complex 8b or 8d was also prepared in 
this manner from the reactions between 5 and 3, or 6 and 
3, respectively. 8b; yield 28%, mp 295°G(dec): 8d; yield 
25%, mp 273 °G(dec). 

Halogen-exchange Reactions of 8a and 8b with Lithium Bromide 
or Sodium Iodide. A methanol suspension containing 
8a (or 8b) and five equivalents of lithium bromide was heated 
under reflux for 8 h. The resulting white solid was separated 
and washed with methanol to yield 9a (or 9b). 9a; yield 
65%, mp>300 °G: 9b; yield 60%, mp>300 °G. The reac­
tion between 8a and sodium iodide was carried out in acetone 
in the same way as described above, and 10a was produced: 
yield 70%, mp 275—280 °G(dec). 

Reaction of 5 with 4. To a benzene suspension (10 ml) 
containing 5 (1.14 mmol) and 4 (1.42 mmol) was added 
triethylamine (14.2 mmol) in 5 ml of benzene, and the 
reaction mixture was stirred for 4 d at ambient temperature. 
Addition of diethyl ether and pentane yielded an orange-
yellow powder, which was washed with water and purified 
by passing through a silica gel column (200 mesh, 120 X 
150 mm). The eluent was initially benzene/hexane (1/1) 
and finally acetone. Yellow eluate thus obtained was evapo­
rated to dryness, and the residue was recrystallized from 
dichloromethane and diethyl ether to produce l i b : yield 
33%, mp 203—204 °G(dec). 

Reactions of 6 with 2 or 4. This reaction was carried 
out in the same way as described for l i b except for omitting 
the chromatography technique, and l i e or l i d was obtained 
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TABLE 1. YIELDS AND PROPERTIES OF THE NEW COMPOUNDS 

Compound 

3 

4 

6 

7 

Yield 

44b) 

83c> 

60d> 

76s> 

Color 

Cream 

Greenish 
yellow 

Pale 
yellow 

Reddish 
orange 

Mp 
°C 

136—137 

89 

200—201 
(dec) 

176—182 
(dec) 

Found (Galcd) 

G H 

68.63 
(68.71 

62.40 
(62.68 

51.54 
(51.94 

39.61 
(39.80 

5.37 
5.44 

4.54 
4.59 

4.24 
4.36 

2.70 
2.70 

(%) 

N 

10.94 
11.45) 

9.70 
9.72) 

2.67 
2.75) 

3.42 
3.57) 

m 
CH3 

2.34 s 

2.37 s 

2.40 s 

2.22 s 

-NMR(6/ppm)a> 

Others 

— 

4.93 s(GH2) 

1.38dt(PCHaCH,)°> 
2.86dq(PCH2CH3)f> 

— 

a) In CDC13 except for 6 (CD2C12). b) Based on /?-toluoyl Phenylhydrazine, c) Based on iV-[(/>-nitrophenyl)-
methyl]benzamide. d) Based on m-[PdCl2(CN-C6H4-CH3-/>)2]. e)Yi»H=20Hz. f) V P H = 1 2 H Z , V H H = 8Hz. 
g) Based on [{PdI2(PPh2-C6H4-CH3-/>)}2]. 

from the reactions between 6 and 2, or 6 and 4, respectively. 
l i e ; yield 35%, mp 187—189 °C(dec) : l i d ; yield 33%, 
mp 189—191 °C(dec). 

Halogen-exchange Reactions of lie and lid with Lithium Bromide. 
These reactions were carried out in acetone in the analogous 
way as described for 9a, and yellow crystals, 12c and 12d 
were produced. 12c; yield 43%, mp 185—190 °C(dec): 
12d; yield 45%, mp 195—198 °C(dec). 

Reaction of 7 with 3 or 4. Triethylamine (5.38 mmol) 
in 10 ml of benzene was added to a benzene solution (10 
ml) of 7 (0.45 mmol) and 3(or 4) (0.54 mmol), and the 
reaction mixture was stirred for 3 d at room temperature. 
After the solvent had been removed under a reduced pres­
sure, the residue was washed with water and recrystallized 
twice from benzene and hexane to give yellow brown powders 
13(or 14). 13; yield 13%, mp 270—275 °C (dec): 14; 
yield 7%, mp 208—218 °0(dec). 

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

The 1,3-dipolar compounds, iV-phenylarylnitrilimines 
and nitrilylides can be generated under an inert at­
mosphere by the reactions of triethylamine with the 
corresponding iV-phenylarenecarbohydrazonoyl chlo­
rides (Eq. 1) and JV-(jb-nitrobenzyl)arenecarboximidoyl 
chlorides (Eq. 2), respectively.6) 

R2X V G = N-N-ph +NEt3 
benzene 

CI 
1: R 2 = H 
3: R 2 =CH 3 

H 

R2-<^ V C = N - N -Ph + NEt3 . HCl 

R 3 - < ^ _ ^ - C = N - C H - < ^ > - N 0 2 + NEt3 

(1) 

benzene 

CI 
2: R3 = H 
4: R3=CH„ 

H 

R3-<f V c = N - C H - / V N 0 2 4 -NEVHC1 (2) 

Reactions of Qb-tolyl isocyanide)palladium(II) com­
plexes (5 and 6) with the nitrilimines and the nitril­
ylides in benzene at room temperature gave the white 

complexes 8a—d18> and the yellow complexes lib—d,18> 
respectively (Scheme 1). These complexes are very 
stable in both air and water, and remain unchanged 
after more than a half year under an inert atmosphere. 
Elemental analysis, X H-NMR and I R spectra together 
with some properties of the new complexes prepared 
in this work are summarized in Tables 2 and 3. 

The I R spectra of 8a—d lacked the V ( C E N ) frequency 
observed in the starting complexes (5, 2200 c m - 1 ; 
6, 2190 c m - 1 in KBr disk), and a new band appeared 
at 1610 c m - 1 . This band was assigned to a J>(C=N) 
frequency of the l,2,4-triazol-5(4#)-ylidene group, 
which was formed by the cycloaddition reaction of 
the coordinated isocyanide with nitrilimines. T h e 
presence of two v(Pd-Cl) frequencies in 8a—d (Table 
3) is consistent with the eis isomer, indicating that 
during the addition reaction the initial configuration 
is retained. 

As for the ^ - N M R spectrum of 8d in CD2C12, 
the methyl proton resonance of the phosphine moiety 
appeared at «5 1.01 as a double triplet due to coupling 
with the 31P nucleus ( V P H = 2 1 . 3 H Z , V H H = 8 . 2 H Z ) . 
O n the other hand, methylene proton signal of the 
phosphine ligand could not be distiguished clearly 
owing to overlapping with the two methyl resonances 
at ô 2.40 and 2.56, which were derived from the iso­
cyanide group and the nitrilimine. A lower field 
doublet at Ô 8.88 (2H, 3Jnn=ca. 8 Hz) was ascribed 
to the o-protons of the /?-tolyl group derived from 
the isocyanide. Possible explanations for such a low 
field shift can be given by an electron transfer from 
the j&-tolyl group to the electron-deficient carbene car­
bon and/or by a close interaction of the jfr-tolyl group 
with the central palladium metal. Similar signals were 
also observed in other triazolinylidene complexes 8a 
and 8 b at Ô 8.60 and 8.58 ( V H H = C « - 8 H Z ) , respec­
tively. As for the 1 3 C-NMR spectrum of 8b , the 
carbene signal of the l,2,4-triazol-5(4//)-ylidene moiety 
was so weak and unresolved that it could not be de­
tected clearly. 

Metathetical reactions of 8a and 8 b with lithium 
bromide or sodium iodide were performed in refluxing 
methanol or acetone to produce corresponding dibromo 
derivatives 9a? 9b , or diiodo one 10a, In contrast to 
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C ! N ^PPh 2 R ! CIN ^PPh2R
} 

Pd .ph «-ILL. Pd. (iv) 

CI / V C N O C H , 

CI 

CI 

CH 0
N " C O R 2 

2 
8 a R - P h . R « H 

b «Ph, -CH3 

d - E t , -CH, 

(fi) 

v(iii) 

-Ph 
PdBr2(PPh3)(c/ XJI ) 

CH. 0
N " C O p 2 

9a R 2 - H 

• CH, 

5 R'«Ph 
6 R'*Et 

PdI2(PPh3)l k<) 
,N-C 

CH; 
NPh 

, / P < \ .CHHQ-NOZ 
1 C ^ N 

C H 0 O R 3 

Il b R'-PH,R3-CH3 

C » E t , - H 

d - E t , -CH3 

10a 

(il) 

C H O N 0 2 

PdBr2(PPh2Et)(4-C ^ N J 

CHw 

I2C R 3 - H 

d - C H , 

Scheme 1. Reactions of 5 and 6 with nitrilimines or nitrilylides. (i) />-R 2 -C 6 H 4 -G=N-N-

Ph ( R 2 = H or GH3) (ii) L i B r . H 2 0 (iii) N a l . (iv) />-R3-C 6 H 4 -C=N-CH-C 6 H 4 -N0 2 - /> 
(R3 = H or C H 3 ) . 

T A B L E 2. ELEMENTAL ANALYSES AND X H - N M R SPECTRA OF THE NEW COMPLEXES 

Complex 

to*. 

8b 

8d 

9a 

9b 

10a 

l i b 

l i e 

l i d 

12c 

12d 

13 

14 

a) In CDClg 
omitted. b) 
Derived from 

Found(Calcd) (%) 

G H N 

61.84 
(62.38 

62.48 
(62.80 

59.83 
(60.31 

55.80 
(55.77 

56.24 
(56.26 

49.83 
(50.16 

59.81 
(60.87 

58.34 
(57.89 

58.45 
(58.40 

51.71 
(51.73 

51.82 
(52.29 

50.98 
(51.59 

50.98 
(50.63 

for 8a, 8b, 13, 
Derived from 
nitrilylide. 

4.38 
4.29 

4.42 
4.48 

4.75 
4.78 

3.95 
3.84 

4.05 
4.01 

3.36 
3.45 

4.15 
4.24 

4.65 
4.32 

4.70 
4.50 

4.08 
3.86 

4.19 
4.03 

4.18 
3.67 

3.64 
3.53 

and 14, or 
isocyanide. 

5.43 
5.60) 

5.28 
5.28) 

5.63 
5.86) 

4.85 
5.00) 

4.91 
4.92) 

4.19 
4.50) 

5.00 
5.19) 

5.87 
5.63) 

5.64 
5.52) 

5.01 
5.03) 

4.88 
4.94) 

5.18 
5.23) 

4.83 
5.02) 

in CD2C12 

c) Derived 

!H-NMR((5 value from TMS)a> 

CH3 P-CH 2- PCH2CH3 

2.48 sb> — 

2.46 sb> 2.32 sc> — 

2.56 sb> 2.40 sc> ca. 2. 5d> 1.01 dtd> 

— e ) _ _ e ) 

— e ) _ _ e ) 

— e ) _ e ) 

2.56 br sf>, 2.36 br sb> — 

2.30 br sb> 3.16q 1.341 

2 .42br s f ) , 2.33brsb> 3.18q 1.341 

2.33 br sb> 2.5 br 0.9 br 

2 .28br s f ) , 2.33brsb> 2 .5br 0 .9br 

2.42 br sd> — 

2.42 br s, 2.56 br sd> — 

for 8d, l i b — l i d , 12c, and 12d. Aromatic protons are 
from nitrilimine, d) See the text, e) Not recorded, f) 
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Ph 

r/
P\ X 

I C N 
\ // 

( i ) (ii) « \ X 1 

yM\ _ * yp\ /CHONO2 

I C N - Q N O 2 I cN
 %N 

xr'xx 
N02 CH, 7 N02 C(% 

13 14. 

Scheme 2. Reactions of 7 with a nitrilimine and a nitrilylide. 

(i) />-CH3-C6H4-(>N-N-Ph. (ii) />-CH3-C6H4-C=N-CH-C6H4-N02-/>. 

TABLE 3. IR SPECTRA11) AND MOLAR CONDUCTIVITIES 

OF THE NEW COMPLEXES 

Complex 

6 
8a 
8b 
8d 

l i b 
l i e 
l i d 

*(NQ2) 
cm - 1 

— 
— 
— 
— 

1505, 1330 vs 
1510, 1330 vs 
1510, 1330 vs 

v(Pd-Cl) 
cm - 1 

336 s, 284 vs 
322 s, 279 vs 
317 s, 277 vs 
318 s, 274 vs 

272 br s 
269 br s 
261 br s 

fi­

l l 

^ M b > 
1 cm2 mol - 1 

— 
— 
— 
— 

19.9°) 
.5°), 0.63d) 

10.5") 

a) Values in KBr disk, b) Molar conductivity in 10~3 

mol dm - 3 solution at 25 °C. c) In acetone, d) In 
dichloromethane. Au — 91.3 Q - 1 cm2 mol"1 in 0.24 X 
10~3 mol dm - 3 methanol solution. 

the moderate solubility of 8a—d in dichloromethane, 
these dibromo or diiodo complexes have very low 
solubility in this solvent, and so 1 H - N M R spectra 
could not be obtained. 

O n the basis of these results and the elemental 
analyses, 8a—d, 9 a — b , and 10a are assigned to new 
cyclic carbene-pal ladium(II) complexes, which are 
formed by the 1,3-dipolar cycloaddition reactions of 
nitrilimines onto the C=N triple bond of the coor­
dinated isocyanide ligand. 

Complexes l i b — d were also ascribed to novel cyclic 
carbene-pal ladium(II) complexes containing a 2-im-
idazolin-5-ylidene group, which was formed by the 
reaction of nitrilylides with the ligating isocyanide 
in the analogous way as described for 8a—d (Scheme 
1). In the I R spectra of l i b — d , both the v(G=N) 
band at 1590 cm - 1 , associated with the 2-imidazolin-
5-ylidene group, and the v (N0 2 ) band of the nitril­
ylide moiety were observed (Table 3). T h e far-IR 
spectra of l i b — d showed only one broad band due 
to v(Pd-Gl) frequency ranging from 261 to 272 c m - 1 , 
in contrast to two bands in 8a—d. I t is known that 
v(Pd-Cl) frequencies in £ran.y-[PdCl2L2] fall in the 
range of 357—5 c m - 1 19) and is almost insensitive of 
the ligand L. This suggests that l i b — d have a eis 
configuration rather than a trans one, and broadening 
of the band probably comes from the partial over­
lapping of two bands. 

As for the X H-NMR spectra of l i e and l i d , the 
ethyl resonances of the phosphine moiety were ob­
served at rather low field in comparison with those 
of 8d. This suggests that a relatively stronger electron 
transfer from the phosphine ligand to the carbene 
moiety is present in l i b — d , Complex l i b , whic 

has a weaker a -donor ability ligand, triphenylphos-
phine, instead of ethyldiphenylphosphine, always con­
tains some amounts of triethylamine, unless a column 
chromatography purification is performed. This tri­
ethylamine probably interacts with the electron-de­
ficient carbene carbon and forms a weak ylidic bond. 
This fact also supports the deshielded ethyl resonance 
of the phosphine ligand. T h e methine proton reso­
nance of the 2-imidazolin-5-ylidene moiety could not 
be distinguished because of its overlapping with phenyl 
signals. 

Molar conductivity of 111)—d (Table 3) exhibited 
rather high values in acetone and methanol attribut­
able to the dissociation equilibria as shown in Eq. 3. 
However, l i e behaved as a nonelectrolyte in dichlo­
romethane showing a very low molar conductivity 
value. These facts indicate that the solvent which 
has coordinating ability, displaces the chloro ligand 
linked to palladium to afford ionic species. 

[PdCl2 (Phosphine) (Carbene)] + Solv. 

; = * [PdCl(Phosphine) (Carbene) (Solv)]++ Gl- (3) 

Complexes l i e and l i d reacted with lithium bro­
mide in the analogous way as described for 9 to afford 
dibromo derivatives 12c and 12d, respectively. In 
the 1 H - N M R spectra of these two complexes, the 
splitting of the ethyl signals was not observed clearly 
owing to their fairly low solubility in CD2C12 or CDC13 . 
I t is not obvious whether trans-cis isomerization took 
place during the metathetical reaction or not. 

A new (/»-nitrophenyl isocyanide) palladium (I I) com­
plex 7 was synthesized from the reaction of di-fx-iodo-
diiodobis ( diphenyl -p - tolylphosphine ) dipalladium(II) 
with /»-nitrophenyl isocyanide in dichloromethane at 
room temperature, and reacted with the nitrilimine 
or the nitrilylide to produce 13 or 14, respectively, 
similar to the cases of 5 and 6. Complexes 13 and 
14 contain one molecule of benzene as a solvent of 
crystallization (<5 7.38 in their ^ - N M R ) . 

The I R spectra of these two complexes lacked the 
C E N stretching frequency at 2180 cm - 1 , which was 
observed in the original complex 7. T h e v (N0 2 ) 
bands were also observed at 1490, 1320 (for 13), and 
1510, 1240 c m - 1 (for 14), but v(C=N) bands were 
obscured owing to overlapping with the absorptions 
of benzene at 1590 cm- 1 . T h e ^ - N M R spectrum 
of 13 showed only one broad methyl resonance, which 
possibly arises from an accidental coincidence of the 
two methyl resonances in both the nitrilimine and 
the phosphine moieties. O n the other hand, 14 showed 
two methyl resonances derived from the nitrilylide 
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and the phosphine ligand, but the assignment of these 
resonances could not be performed. 

A stepwise mechanism was proposed for the reac­
tions of ligating isocyanides with the 1,3-dipolar com­
pounds resulting in the formation of cyclic ca rbene-
pal ladium(II) complexes, analogous to the mechanism 
for nucleophilic attack of amine on the ligating iso­
cyanide.2) I t may involve a nucleophilic attack of 
the anion of the 1,3-dipolar compound upon the 
isocyanide carbon to result in the formation of an 
amide anion. Subsequently, the ring closure took 
place between the amide anion and a carbonium 
ion of the 1,3-dipolar compound to yield the cyclic 
carbene complex (Eq. 4). 

[Pd)-CN-<>R + R ' O C = N - Y O R " 

(PdJ-c/ \ 

,N - +C-Q-R 

Y» N or CH 

N C < > R ' 
(4) 

Another 1,3-dipolar compound, jfr-tolyl azide, reacted 
with 7 in refluxing benzene, but gave no isolable 
product. I n the case of the reaction with 5, only 
the starting materials were recovered. 

We wish to express our grati tude to Professor 
Keinosuke H a m a d a and Mr . Hirofumi Morishita of 
Nagasaki University for far-IR measurements, and 
also to Mrs. Hisako Mazume and Miss Yumi Kojima 
of Nagasaki University for their technical assistance. 
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Silylation of Relatively Acidic Compounds with Alkyl 
Trimethylsilylacetates1* 
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Silylation of ketones, alcohols, alkanethiols, phenols, and carboxylic acids with alkyl trimethylsilylacetates 
has been described from synthetic and mechanistic points of view. 

In a previous paper we described the reaction of 
silylated esters with carbonyl compounds.2 '3) In the 
presence of tetrabutylammonium fluoride, rather sur­
prisingly, silyl esters underwent desilylation to effect 
the transfer of the silyl group onto ketones (R-H)4> 
as in Eq. 1. Subsequent studies have shown this 

TABLE 1. SILYLATION OF RELATIVELY ACJDIC COMPOUNDS 

RH + Me^Sid^COOR' RSiMe3 + GHoGOOR' 

(1) 
silyl transfer reaction even more versatile; a wide 
variety of relatively acidic compounds5) could also 
be silylated by this new reaction. The purpose of 
this paper is to describe the scope of the reaction from 
synthetic and mechanistic points of view. 

The use of trialkylsilyl groups, especially trimethyl-
silyl group, for protection or activation of some func­
tional groups has become one of the standard tools in 
organic chemistry,6) and a number of silylation meth­
ods (replacement of acidic protons with silyl groups) 
have been reported.7) Nonetheless, the number of the 
basic principles has been rather small. A large body 
of reactions are based on the equilibrium between 
a substrate and a silylating reagent with a weak S i - X 
bond, e.g. silylamine or silylamide, as shown in Eq. 2. 

RH + MeSiX ^ = ^ RSiMe3 + HX (2) 

Though this methology allows the use of mild condi­
tions, thermodynamic factors control the selectivities 
of the reaction.8) Further the silylation reactions usual­
ly result in the production of nonvolatile by-products 
such as tertiary amine hydrochloride, amide, etc. 

Quenching preformed anions with a trialkylchloro-
silane constitutes another important methodology, and 
has a distinctive advantage in enolate chemistry;9) 
this usually allows us to trap the kinetically preffered 
isomer of enolate anions as its stable silyl derivatives. 
Rather strong reaction conditions and somewhat la­
borious procedures, however, generally render this 
method to be the second choice. As described below, 
the reaction of an alkyl trimethylsilylacetate, with its 
characteristic mechanistic pathway and applicability, 
has proved to provide another useful methodology 
for silylation of various acidic compounds. 

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

The silylation reaction was performed in a very 
simple manner. Treatment of a mixture of a sub­
strate and ethyl trimethylsilylacetate (ETSA; slight 
excess) with 2—5 mol % tetrabutylammonium fluoride 
trihydrate (TBAF) either in a dry aprotic solvent 
such as tetrahydrofuran (THF) or without a solvent 
produced the silylated product and ethyl acetate in 

Compound % yield Compound % yield 

&' 

(T^ 
'"OH 

OH 

92 

92 

92 

Ow 

^ ^ - S H 

(Xs" 
+ S H 

H 0 ^^SH 

83 

91 

87 

82 

83a> 

a) Bis-silylated product. 

high yields. Commercially available TBAF was the 
catalyst of choice because of the ease of handling 
and the high solubility in organic solvents. Though 
ETSA was used generally, the methyl ester or its 
higher homologues could also serve the purpose nicely. 
The reaction proceeded at room temperature and the 
product was isolated either after aqueous workup or 
direct distillation of the reaction mixture. The silylat­
ing ability of ETSA-TBAF system is quite high. The 
reaction with sterically hindered tertiary alcohols and 
thiols10) proceeded exothermically at room tempera­
ture. Even such a less acidic substrate as phenyl-
acetylene was silylated in high yield, whereas triphenyl-
methane remained unchanged after prolonged reac­
tion period. Table 1 shows the examples. 

Interestingly, simple aliphatic ketones were silylated 
faster than more acidic compounds like phenols. This 
aroused our interests to examine the reaction in some 
detail. Thus, brief studies about the reaction rate 
with representative substrates were carried out. An 
equimolar mixture of methyl trimethylsilylacetate 
(MTSA) and the substrate was treated at 35 °G with 
a catalytic amount (1.5—3 mol%) of TBAF in an 
N M R sample tube, and the reaction was monitored 
mainly by observing the change of the relative in­
tensities of the trimethylsilyl groups; the trimethyl-
silyl group of M T S A appeared consistently at a slightly 
higher field than that of the product. Measurements 
were done for 1-hexanethiol, phenylmethanethiol, p-
cresol, propionic acid, and benzenethiol, and the re­
sults are shown in Fig. 1, where the product yields 
are plotted against the reaction time. Under these 
conditions aliphatic ketones and primary alcohols were 
silylated instantaneously, while tr iphenylmethane and 
benzenethiol were not silylated even after 10 d. 
While 100% conversion of M T S A was observed in 
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0.5 1 ~T5 T" 50 

Time/h 

Fig. 1. Silylation of various substrates at 35 °G. 
A : 1-Hexanethiol (1.9 mol % TBAF), A : phenyl-
methanethiol (2.2), O : p-cresol (2.6), • : propionic 
acid (2.3), • : benzenethiol (1.5). 

Fig. 2. Silylation of phenylmethanethiol at 35 °G. 
X=% yield/100, O : 1.4mol% TBAF, 0 : 1.6mol% 
TBAF, • : 2.2mol% TBAF, A : 3 mol% KCN-18-
crown-6, A : 2.4 mol% KOMe-18-crown-6. 

all runs in Fig. 1 except the case of benzenethiol, 
10—15% of the substrate remained unchanged. T h e 
content of water in the system, e.g. in the catalyst, 
seems to account for the imcomplete conversion of 
the substrate. In fact, the substrate underwent 100% 
conversion when 20—30% excess M T S A was used. 

Some efforts to rationalize the reaction rate revealed 
that the reactions fall into two types. The reaction 
of cresol followed a first order rate expression, whereas 
those of thiols and propionic acid (after an induction 
period) followed second order ones. However, this 
point was not pursued further because of the experi­
mental difficulties due to the highly sensitive nature 
of the reaction.11) Though a specific role of fluoride 
anion was previously suggested for the present silyla­
tion reaction (Scheme 1), the present studies im­
plied another mechanism, namely, an autocatalytic 

Me3SiCH2C00Et * F" —• (CH2C00Et)* Me3SiF 

RH 

R 

Scheme 1. 

' _L RS I Me, 

Me3SiCH2C00Et F" CCHoCOOEU 

CH^COOEt Jk 
\r RSiMe, 

Me3SiCH2C00Et 

R~ 

Scheme 2. 

one (Scheme 2). 
T h a t fluoride is not the only effective catalyst (un­

like other similar reactions3)) was one of those implica­
tions. Treatment of a mixture of ETSA and ace-
tophenone with a catalytic amount of KCN/18-crown-
6, KOCH 3 /18-crown-6, or Tri ton B effected smooth 
conversion of the ketone into the corresponding enol 
silyl ether at 0 °C. Silylation of 1-hexanethiol could 
also be done with those catalysts. The equal efficacy 
of these catalysts was further proved, in a somewhat 
quantitative manner , by N M R experiments in which 
an equimolar mixture of M T S A and phenylmethane­
thiol was treated with the catalysts (KCN/crown ether, 
KOGHg/crown ether, or Tri ton B) as described above 
(Fig. 2). 

In addition to this semiquantitative evidence, a 
qualitative but direct evidence of the autocatalytic 
pathway (Scheme 2) was also obtained. Thus, when a 
mixture of acetophenone and ETSA was treated with 
10 mol % of preformed potassium enolate of this ketone 
solvated by 18-crown-6, quantitative silylation of the 
ketone occurred within 1 min at 0 °G. Similarly, 10 
m o l % of potassium 1-hexanethiolate and 18-crown-6 
initiated the smooth reaction of 1-hexanethiol with 
ETSA. 

In contrast to the catalytic ability of a potassium 
enolate/crown ether in the silylation of a ketone, this 
anion itself could not be silylated by M T S A or ETSA 
in a stoichiometric reaction. Trea tment of the potas­
sium enolate of acetophenone with one equivalent of 
perhydrodibenzo-18-crown-6 followed by ETSA did 
not yield any detectable amount of the enol silyl ether, 
and gave back the starting ketone in high yield. These 
results fit well with the proposed mechanism, since 
Eq. 3 involved in the overall reaction pathway does 
not favor the formation of the enol silyl ether unless 
the ester enolate on the right side is irreversibly proto-
nated by the neutral ketone to regenerate the ketone 
enolate. 

Me3SiCH2C00Et 
OSiMe, 0" 

• ^ O E t (3) 

t_ 
0 

The reaction mechanism and the rate profiles de­
scribed above suggest a certain perspective over the 
synthetic utility of ETSA as a silylating reagent. One 
apparent factor that limits the application is the acidity 
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TABLE 2. SILYLATION WITH ETSA-TBAFa) 

807 

Substrate 
g (mmol) 

3-Phenyl-1 -propanol 
2,4-Dimethyl-3-phenyl-3-pentanol 
/»-Cresol 
1-Hexanethiol 
Phenylmethanethiol 
2-Mercaptoethanol 

1.36(10.0) 
1.94(10.2) 
1.08(10.0) 
1.77(15.0) 
3.16(25.5) 
0.78(10.0) 

ETSA 
g (mmol) 

1.92(12.0) 
1.93(12.1) 
1.61(11.0)*) 
2.40(15.0) 
4.74(28.0) 
3.36(21.0) 

TBAF 
mg 

50 
63 
83e> 
74 

228 
87 

Reaction 
period, h 

2 
2.5 
7 
5 

22 
3 

Yield 
g (%) 

1.91(92) 
2.44(92) 
1.49(83) 
2.60(91) 
4.42(88) 
1.85(83)*) 

Bp 
°C/mmHgb> 

87/4«) 
110/7 
77/12f) 
62/5s) 

130/32b> 
51/4 

a) Reactions were performed by a procedure similar to Method A. b) 1 mmHg= 133.322 Pa. c) Cf. Réf. 18. 
d) MTSA was used in place of ETSA. e) BTAF was used in place of TBAF. f) Cf. Réf. 19. g) Cf. Refs. 16 
and 20. h) Cf. Ref. 21. i) The product was obtained as a bis-silylated form. 

of the substrate relative to that of the alkyl acetate. 
This, however, does not appear significant for rela­
tively acidic substrates reported here. Among these 
substrates, on the other hand, the nucleophilicity (to­
ward silicon atom) of the conjugate base of the substrate 
( R - in Scheme 1) appears to be important . Pro­
minent decrease of the reaction rate on passing from 
alcohol to phenol and to acid, or from 1-hexanethiol, 
phenylmethanethiol, and finally to benzenethiol12) is 
in accord with the decrease of the reactivity of their 
conjugate base. Striking difference of the rate be­
tween phenol and benzenethiol is in keeping with 
the known difference of the affinities of oxygen and 
sulfur toward silicon. 

Thermodynamically controlled silylation reactions 
are performed under very mild conditions using silylat-
ing reagents such as silylamide,7> whereas kinetically 
controlled ones have usually been conducted by using 
strongly basic reagents such as LDA or N a H . In 
the present reaction, being catalytic with the reactive 
species, the bulk of the reaction medium remains 
almost neutral, while the deprotonation takes place 
in an irreversible manner . 

Finally, we draw attention to the absence of any 
nonvolatile side-products in this reaction, which may 
allow the use of the unpurified silylation product for 
further elaboration. Therefore, the present reaction 
will prove to be complementary to the various existing 
methodologies of the silylation reactions. 

Exper imenta l 

All reactions were performed under either argon or nitrogen 
with magnetic stirring. Tetrahydrofuran (THF) was purified 
shortly before use by distillation over sodium-benzophenone. 
TBAF (Fluka AG) was used after overnight evacuation 
(0.5 mmHg,13) room temperature) and kept under an inert 
atmosphere. BTAF was prepared from Triton B methanolic 
solution (Tokyo Kasei Go.) by the reported method.3a) 
Alkyl trimethylsilylacetates were prepared as reported.14) 
NMR spectra were taken on a Varian T-60 spectrometer, 
and chemical shifts are recorded in parts per million downfield 
from internal tetramethylsilane. IR spectra were taken on 
a Hitachi EPI G-3 or 260-10 spectrometer, and mass spectra 
on a Hitachi RMU-7M at 70 eV ionizing irradiation. Gas 
liquid chromatography (GLG) was performed on a Hitachi 
163 instrument equipped with a 0.25 mm x 20 m glass capil­
lary tube coated with OV-101. All boiling points are un­
corrected. 

Silylation of 2-Methyl-2-propanethiol (Method A). To 
a stirred mixture of 2-methyl-2-propanethiol (1.58 g, 17.6 
mmol) and TBAF (992 mg, 0.35 mmol) at room temperature 
was added ETSA (2.96 g, 18.5 mmol) over a period of 2 
min. The reaction was slightly exothermic. After stirring 
for 2 h, the orange colored reaction mixture was transferred 
to a distillation apparatus with exclusion of moisture, and 
distilled under a reduced pressure to give 2.33 g (82%) 
of (^-butylthio)trimethylsilane15'16) as a colorless oil. Bp 
92°C/88mmHg13>; IR(neat): 1364, 1250, 1157, 842, and 
754 cm-1; NMR(neat): Ô 0.30 (s, 9H) and 1.43 (s, 9H); 
MS: m/e (%) 162 (M+, 15), 147 (5), 107 (33), 91 (85), 75 
(8),_ 73 (61), 57 (100). 

Silylation of l-Menthol (Method B). The reaction was 
carried out as described above by using /-menthol (4.43 g, 
28.4 mmol) in 15 ml of THF, TBAF (72 mg, 0.3 mmol), 
and ETSA (4.77 g, 29.8 mmol). After the reaction was 
over, the reaction mixture was diluted with 100 ml of hexane, 
and poured into water. The organic layer was separated 
and washed once with aq NaCl. Drying over anhydrous 
MgS0 4 and concentration followed by distillation afforded 
/-menthyl trimethylsilyl ether (5.85 g, 92%), which was 
identical with the authentic sample by NMR and GLG. 
Bp 135 °G/68 mmHg;13.17) MS: m/e (%) 228 (M+, 3), 213 
(8), 171 (5), 157 (5), 143 (100), 138 (14), 123 (6), 95 (11), 
81 (20), 75 (57), 73 (40). 

Trimethyl(phenylethynyl)silane. Phenylacetylene (100 
mg, 1.0 mmol) and ETSA (192 mg, 1.2 mmol) were added 
to TBAF (13 mg, 0.05 mmol) in 2 ml of THF. After 26 
h, the reaction mixture was diluted with hexane, filtered, 
and concentrated. Purification of the crude product on 
preparative TLG gave 151 mg (88%) of the title compound 
which was identical with the authentic sample by NMR, 
IR, and GLG. 

3-Phenyl-1-(trimethylsiloxy)propane. The product ob­
tained by the present method was identical with the au­
thentic sample18) by NMR and GLG. MS: m je (%) 208 
(M+, 10), 193 (23), 175 (11), 165 (12), 147 (14), 135 (14), 
118 (100), 107 (14), 91 (38), 89 (40), 75 (30), 73 (38). 

2,4 - Dimethyl - 3 -phenyl -3- (trimethylsiloxy)pentane. IR 
(neat): 850, 758, and 705cm-1; NMR(CC14): 6 0.28 (s, 
9H), 0.75 (d, J = 7 Hz, 3H), 0.80 (d, 7 = 7 Hz, 3H), 1.9— 
2.7 (m, 2H), 7.17 (s, 5H); MS: m/e (%) 249 (M+ - 1 5 , 
5), 221 (100), 131 (12), 75 (26), 73 (96). 

1-Methyl-4-(trimethylsiloxy) benzene. The product ob­
tained by the present method was identical with the authentic 
sample19) by NMR and IR analyses. 

(Hexylthiojtrimethylsilane.16^ IR(neat): 1463, 1253, 
1183, 1057, 845, 758 cm-1; NMR(neat): Ô 0.25 (s, 9H), 
0.7—1.8 (m, 11H), 2.1—2.7 (m, 2H); MS: m/e 190 (M+), 
175, 91, 73; Exact mass: 190.1188. 
190.1212. 

Galcd for G9H22SSi; 
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(Benzylihio)trimethylsilaneP^ Mass spectrum was iden­
tical with the reported one.21) IR(nea t ) : 1250, 840, 755, 
700 c m - 1 ; N M R ( n e a t ) : Ô 0.17 (s, 9H) , 3.54 (s, 2H) , 6.95— 
7.45 (m, 5 H ) ; Exact mass: 196.0731. Galcd for G1 0H1 6SSi: 
196.0742. 

[2~ ( Trimethylsiloxy) ethylthio] trimethylsilane. I R (neat) : 
1253, 1090, 840 c m - 1 ; N M R ( n e a t ) : ô 0.07 (s, 9H) , 0.26 
(s, 9H) , 2.48 (t, J=l Hz , 2H) , 3.55 (t, J=l Hz , 2 H ) ; M S : 
m/e (%) 222 (M+, 1), 207 (19), 149 (100), 119 (35), 103 
(31), 75 (40), 73 (47). 

Trimethylsilyl Propionate. T o a clear solution of BTAF 
(335 mg, 1.4 mmol) in propionic acid (1.48 g, 20 mmol) 
was added ETSA (3.84 g, 24 mmol) , and the resulting mix­
ture was kept at room temperature for 10 d while crystal­
line material separated. N M R and I R analyses of the crude 
reaction mixture indicated nearly complete conversion of 
the reactants (especially no hydroxylic absorption on I R 
spectrum). Distillation of the reaction mixture gave 3.08 
g of forerun as a 1:1 mixture of ethyl acetate and the title 
compound, and 1.37 g of the title ester as a fraction boiling 
at 105—115 °G (lit,22) b p 122 °G). N M R and GLG analyses 
of the main fraction indicated the presence of ethyl acetate 
(11%) and hexamethyldisiloxane (5%) as impurities. T h e 
N M R spectrum was identical with the authentic sample 
except for the impurities, and coinjection on GLG also sup­
ported the assignment. Typical retention times of GLG 
(90 °G) were 3.0, 3.4, and 5.5 min for ethyl acetate, hexa­
methyldisiloxane, and the title ester, respectively. 

Measurement of the Reaction Rates. T o preweighed TBAF 
in an N M R tube under argon kept at — 78 °G was added 
an equimolar mixture of M T S A and the substrate. T h e 
tube was sealed and brought to 35 °G and inserted to N M R 
probe (35 °G). T h e progress of the reaction was monitored 
mainly by observing trimethylsilyl groups. 

Silylation of Acetophenone in the Presence of Various Catalysts, 
a) KCN/18-crown-6 Catalysis: T o a mixture of the title 
ketone (120 mg, 1.0 mmol) and KGN/perhydrodibenzo-18-
crown-623) (22 mg, 0.05 mmol) in 2 ml of T H F under nitrogen 
was added E T S A (177 mg, 1.1 mmol) at 0 °G. T L G of 
the reaction mixture after 10 min showed virtually 100% 
conversion of the ketone to the corresponding silyl ether. 
Workup according to Method B gave the crude enol silyl 
ether (200 mg, 100%) whose N M R spectrum was identical 
with the authentic one. 

b) KOCHJ78-crown-6 Catalysis: T h e same procedure as 
described in a) except for the catalyst (KOGH 3 /perhydro-
dibenzo-18-crown-6, 22 mg) gave the expected silyl ether 
in 9 8 % yield ( N M R ) . 

c) Triton B Catalysis: T o a mixture of acetophenone 
(2.40 g, 20 mmol) and E T S A (3.84 g, 24 mmol) under nitro­
gen was added 2 drops of Tr i ton B (40% in methanol) at 
room temperature . Exothermic reaction occurred, and T L G 
after 30 min showed complete conversion of the ketone to 
the enol silyl ether. T h e crude reaction mixture obtained 
according to Method B consisted of the enol silyl ether (99%) 
and the starting ketone ( 1 % ) . 

d) Enolate Catalysis: T o a suspension of oil-free K H (1 
mmol) and perhydrodibenzo-18-crown-6 (372 mg, 1.0 mmol) 
in 10 ml of T H F was added acetophenone (128 mg, 1.0 
mmol) at 20 °G.24) A Mixture of acetophenone (1.20 g, 
10 mmol) and E T S A (1.60 g, 10 mmol) in 2 ml of T H F 
was added to the enolate solution at 0 °G. T L G after 1 
min indicated high yield formation of the silyl ether. Workup 
by Method B gave a mixture of the enol silyl ether (8.1 mmol) 
and the starting ketone (1.5 mmol) as judged by N M R 
analysis using 1,1,2,2-tetrachloroethane as an internal 

s tandard. 
Autocatalytic Silylation of 7-Hexanethiol. 1-Hexanethiol 

(118 mg, 1.0 mmol) was added to a mixture of oil-free K H 
(1 mmol) and perhydrodibenzo-18-crown-6 (372 mg, 1.0 
mmol) in 8 ml of T H F . T o the resulting white solution 
was added a mixture of 1-hexanethiol (1.18 g, 10 mmol) 
and E T S A (1.60 g, 10 mmol) at - 3 °G, and the mixture 
was stirred for 1 h at 0 °G. N M R of the reaction mixture 
indicated the formation of the expected silyl sulfide. Workup 
of the reaction mixture by Method A gave the silyl sulfide 
in 6 8 % yield (1.30 g) on distillation. 
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The molecular dynamics of the inclusion complexes of cycloamyloses with phenylalanine in aqueous solu­
tion at different pD have been studied by means of carbon-13 NMR spectroscopy. As host cycloamyloses we 
have chosen cyclohexaamylose, cycloheptaamylose, and cyclooctaamylose. The influences of the cavity size 
of cycloamyloses and of medium pD values on the molecular dynamics of inclusion complexes were studied by 
using the NTxf] values, where Tx is the carbon-13 spin-lattice relaxation time, N is the number of directly bonded 
proton to a given carbon, and rj is the viscosity of solution. Upon complexation, the NTX7] values of phenyl car­
bons of guest phenylalanine show larger decreases than those of other carbons, indicating that the guest forms 
the inclusion complexes with the host by the insertion of its phenyl ring into the host cavity even in the case of 
cyclooctaamylose. It was found that the strength of the dynamic coupling between host and guest depends on 
the cavity size and pD values of medium. The strongest coupling was observed for the cycloheptaamylose-
phenylalanine system at pD 11.3, where the phenyl ring is deeply and tightly included into the cavity. The in­
clusion of phenyl ring is shallow and loose in the case of cyclohexaamylose and deep and loose in the case of cyclo­
octaamylose. 

The cycloamyloses, well known as cyclodextrins, are 
a series of cyclic oligosaccharides containing six and 
more a-l,4-linked D-glucopyranose units. Cycloamy­
lose has the shape of a hollow truncated cone with 
primary and secondary hydroxyl groups crowning op­
posite ends of its torus. The GH groups of carbon 
3 and 5 of each glucose unit compose the inside of 
the hollow torus. Thus the inside and the outside 
of the cycloamylose cavity should be relatively hy­
drophobic and hydrophilic, respectively. One of the 
most interesting properties of cycloamyloses are their 
ability to make a inclusion complex with a variety of 
guest molecules in their hydrophobic cavity in solution 
as well as in the solid state, and in some cases they 
catalyze the reaction of the guest molecule.x) Because 
of this property, the cycloamyloses are attractive for 
many investigators as enzyme recognition and active 
site models. In particular, cycloamyloses are adequate 
models for hydrolytic enzyme such as esterase and 
protease in which the hydroxyl group of a catalytic 
serine residue attacks the acyl group of a bound sub­
strate.1*2) I t is well known that a typical serine pro­
tease chymotrypsin selectively cleaves peptide bonds 
on the carboxyl side of residues with aromatic side 
chains and of bulky hydrophobic residues. In these 
enzymatic reaction, aromatic and bulky nonpolar side 
chains of substrates are considered to be fitted neatly 
into a nonpolar pocket on chymotrypsin chain. 

I t is of great interest to investigate the molecular 
dynamics of inclusion complexes between cycloamylose 
and aromatic amino acids as models for enzyme-
substrate specific binding. Determination of the geo­
metry of the cycloamylose-substrate complexes as well 
as the tightness of complexation is essential for a right 
understanding of the mechanism of enzymatic cataly­
sis of the cycloamylose. 

Because of the symmetry of the cycloamyloses and 
the simplicities of amino acid structures, their carbon-
13 nuclear magnetic resonance (1 3G-NMR) spectra are 
very simple to analyze. The measurements of carbon-
13 spin-lattice relaxation times (7 \ ) are particularly 
useful for the investigation of molecular dynamics of 
cycloamylose inclusion complexes in detail. In a pre­

ceding paper,3) the molecular motions of both host 
and guest molecules in the inclusion complexes of 
cyclohexaamylose (a-cyclodextrin, a-GD) with L-
phenylalanine (Phe), L-tyrosine, L-tryptophan, glycyl-
L-phenylalanine, and L-phenylalanyl-L-lysine in acidic 
solution have been studied by means of carbon-13 
spin-lattice relaxation. I t was confirmed there that 
the complexation of the guest amino acids with the 
host a-GD are induced by an insertion of aromatic 
side chain into a cavity of a-GD. The overall cor­
relation times of the substrates are about one third 
to one seventh shorter than those of the host molecule. 
I t suggests the binding force between the host and 
the guest is relatively weak and the aromatic ring is 
shallowly trapped into the cavity. The shallowness 
of the insertion is also suggested by building a space­
filling model in which the diameter of a-GD's cavity 
is too small for a deep insertion of phenyl ring. Thus 
the shape matching between the host cavity and the 
substrate is one of the important factors determining 
the strong dynamic coupling between host and sub­
strate. 

In this paper, we will study the influences of cavity 
size of the cycloamylose and of p H value of medium 
on the molecular dynamics of cycloamylose inclusion 
complexes with L-phenylalanine. As host cycloamy­
loses we will choose cyclohexaamylose (a-GD), cyclo­
heptaamylose (ß-GD), and cyclooctaamylose (y-CD). 
Their internal diameters are ca. 4.5, 7.0, and 8.5 X 10~10 

m, respectively.1^ Molecular model suggests that ß-
GD makes the most stable and the dynamically strongest 
inclusion complex with the guest phenylalanine among 
these cycloamyloses because of its best fitting geometry. 
The diameter of phenyl ring including the van der 
Waals radii of proton is about 6 . 8 x l 0 ~ 1 0 m . The 
cavity sizes of a- and y-CD may be slightly smaller 
and larger, respectively, for the fitted complexation 
with the guest phenylalanine. Since the cycloamy­
lose has the ionizable secondary hydroxyl groups ( p ^ = 
12.14'5)) on the entrance region for the guest insertion, 
it is interesting to study the p H dependence of the 
molecular dynamics of the inclusion complexes be­
tween the cycloamyloses and the substrates with ionic 
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groups such as amino acids. In this paper, carbon-13 
spin-lattice relaxation times will be measured in acidic 
( p D = 2 ) , phosphate buffer ( p D = l l ) , and highly al­
kaline ( 1 mol d m - 3 N a O D ) solutions. 

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

Materials. Gyclohexa-, cyclohepta-, and cycloocta-
amyloses, D-glucose, and L-phenylalanine were purchased 
from Nakarai Chemicals, Ltd., Kyoto. The values of specific 
rotation [a]3

D
a of a-, /?-, and y-CD's were +149.9, +161.9, 

and +177.2, respectively, which agreed well with previously 
reported values (i.e., +150.5±0.5, +162.5 + 0.5, and 
+ 177.4±0.5).1'6> D 2 0 (isotopic purity 99.7 atom%), 38% 
DG1 solution in D 2 0, 40% NaOD solution in D 2 0, and 
85% D3PO4 solution in D 2 0 were purchased from Merck 
Sharp and Dohme Canada Ltd.. 

Methods. 13G-NMR spectra were measured on a 
JEOL JNM PS-100 spectrometer (25 MHz) equipped with 
a PFT-100 Fourier transform system and proton noise de­
coupler. Data were accumulated in a JEOL JEC-6 com­
puter and JEOL CM-219 IC core memory (8 K) using 
4000 Hz sweep widths in 4096 points. 13C spin-lattice re­
laxation times (13C-T'1) were measured by the inversion-
recovery method using a 180°-£-90° pulse sequence, where 
t is time in seconds between the 180° and 90° pulses. The 
90° pulse recycle times were chosen to be at least five times 
longer than the longest 13C-7i to be measured. The esti­
mated error in Tx was less than ± 1 0 % . Unless otherwise 
specified, the molar concentrations of cycloamyloses were 
1.2 times larger than those of phenylalanine to measure the 
relaxation times of phenylalanine and vice versa to measure 
the relaxation times of cycloamyloses. 

The buffer solutions were made up with 85% D3P04 , 
40% NaOD, and solute phenylalanine in D 2 0 and the 
final pD value was 11.3 + 0.1 and the ionic strength was 
about 0.5. The acidic solutions were prepared with 38% 
DC1 in D 2 0 and they were adjusted to be pD 2.0. The 
1 mol dm - 3 NaOD solutions were prepared with 40% NaOD. 
The pH values were read on a pH-meter Toko Model TP-101 
with a micro combination electrode CE 103, which enabled 
the measurement of pH value of solution contained in a 
NMR sample tube. The pD value was obtained by adding 
0.4 to the pH-meter reading for the correction of isotope 
effect.7) 

The macroscopic viscosities of the solutions used in the 
13C relaxation experiments were measured using a Cannon-
Finske viscometer. The values of viscosity rj were calculated 
from the formula r)=Btp, where B is the calibration constant 
for viscometer, t is the efflux time between the two predeter­
mined marks, and p is the density of the solution. The 
constant B was determined by using extremely pure water 
and the 7] value of water reported in literature.8) 

Ultraviolet absorption (UV) spectra were measured on 
a Beckman-25 spectrometer. 

The temperature was kept at 34±1 °C for all experiments. 

R e s u l t s 

Carbon-13 Chemical Shifts. All peaks appeared 
in the 1 3 G-NMR spectra of both cycloamyloses and 
phenylalanine have been assigned previously.3) 
Among three cycloamyloses, any conspicuous differences 
in spectral pat tern were not observed. As found pre­
viously, the spectra of each cycloamylose-phenyl-
alanine system consists of only one set of peaks, in-

I I I I 
0 1.0 2.0 

Molar ratio [CD]/[Phe] 

Fig. 1. 13C chemical shifts displacements A<5 of phenyl­
alanine carbons upon addition of /?-CD in 1 mol dm - 3 

NaOD solutions as a function of molar ratio [/?-CD]/ 
[Phe]. 

0 1.0 2.0 

Molar ratio [CD]/[Phe] 

Fig. 2. Theoretically calculated binding curves for a 
simple CD + Phe^[CD,Phe] equilibrium with dif­
ferent dissociation constants Kd. Observed 13C 
chemical shifts displacements shown in Fig. 1 are 
normalized and plotted ( # ) . 

dicating that only one type of complexation occurs 
and/or the chemical exchange of Eq. 1 is rapid process 
compared with the 1 3G-NMR time scale, 

CD + S ^ = ± [CD, S], (1) 

where CD, S, and [CD, S] are host cycloamylose, 
guest (substrate) phenylalanine, and cycloamylose-
phenylalanine complex, respectively. 

Complexation induced small 13G chemical shifts of 
cycloamyloses and phenylalanine because 1 3 C-NMR is 
not so much sensitive to perturbation through space 
as 1 H - N M R . By an addition of ß-CD in alkaline 
solution, the resonances of phenylalanine showed ex­
ceptionally large shifts, although it is not easy to in­
terpret the magnitudes and the directions of the shifts. 
Figure 1 shows the chemical shift displacements of 
phenylalanine carbons upon addition of ß-CD in 1 
mol d m - 3 N a O D solutions. No substantial changes in 
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TABLE 1. VALUES OF 13G NT-f) FOR FREE CYCLOHEXA-, CYCLOHEPTA-, AND CYCLOOCTA-AMYLOSES (a-, ß-, 

AND y - G D ) , PHENYLALANINE, AND MOLECULAR INCLUSION COMPLEXES BETWEEN THEM AT 3 4 °G 

Gompdb> 

[a-GD] 
[a-CD, Phe] 
[/?-CD] 
|>CD, Phe] 
[y-GD] 
[y-GD, Phe] 
[a-GDl 
[a-GD, Phe] 
[£-CD] 
[0-CD, Phe] 
ry-GDi 
[y-GD, Phe] 

[Phe] 
[a-GD, Phe] 
[£-CD, Phe] 
[y-GD, Phe] 

[Phe] 
[a-GD, Phe] 
[£-CD, Phe] 
[y-GD, Phe] 

[Phe]6) 
[a-GD, Phe]«) 

Solvent0) 

1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
buffer 
buffer 
buffer 
buffer 
buffer 
buffer 

1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm~3 NaOD 
1 mol dm-3 NaOD 
buffer 
buffer 
buffer 
buffer 
DG1 (pD 2) 
DG1 (pD 2) 

Goncn(M) 

0.20 
0.20, 
0.20 
0.20, 
0.20 
0.20, 
0.10 
0.10, 
0.02, 
0.025 
0.08, 
0.08, 

0.24, 
0.24, 
0.24, 
0.12, 
0.12, 
0.036 
0.12, 

0.10, 

0.24 

0.24 

0.24 

0.12 
0.024 

, 0.030 
0.096 
0.096 

0.20 
0.20 
0.20 
0.20 
0.10 
0.10 

,0.03 
0.10 
0.10 
0.10 

1 

0.094 
0.074 
0.066 
0.064 
0.058 
0.057 
0.110 
0.099 
0.102 
0.110 
0.078 
0.082 

a 

1.41 
0.56 
0.20 
0.36 
1.42 
0.45 
0.32 
0.40 
1.34 
1.06 

13G NTX{ 

2 

0.086 
0.061 
0.068 
0.054 
0.059 
0.053 
0.107 
0.093 
0.083 
0.111 
0.077 
0.080 

Gycloa 

3 

0.085 
0.063 
0.071 
0.061 
0.059 
0.053 
0.112 
0.101 
0.088 
0.097 
0.084 
0.082 

»±io% 
myloses 

4 

0.085 
0.067 
0.070 
0.057 
0.059 
0.055 
0.104 
0.113 
0.097 
0.103 
0.082 
0.094 

Phenylalanine 

ß 
1.48 
0.70 
0.24 
0.42 
1.82 
0.68 
0.52 
0.42 
1.60 
1.18 

Ô 

1.91 
0.61 
0.29 
0.39 
1.82 
0.62 
0.47 
0.52 
1.44 
0.91 

£ 

1.87 
0.60 
0.26 
0.38 
1.89 
0.61 
0.41 
0.54 
1.44 
0.91 

5 

0.094 
0.061 
0.068 
0.054 
0.059 
0.053 
0.098 
0.090 
0.083 
0.111 
0.073 
0.082 

~"c 
1.38 
0.39 
0.17 
0.25 
1.20 
0.40 
0.28 
0.37 
1.08 
0.82 

6 

0.116 
0.094 
0.096 
0.072 
0.080 
0.084 
0.132 
0.126 
0.102 
0.094 
0.118 
0.104 

<7\>i-5 d ) 

0.089 
0.065 
0.069 
0.058 
0.059 
0.054 
0.106 
0.099 
0.091 
0.106 
0.079 
0.084 

a) Here, Tx is the spin-lattice relaxation time and N is the number of protons attached to the carbon. The 
measured NTX values correspond to the underlined species, b) Assignments of carbon atoms are as follows. 

Gycloamylose (CD) Phenylalanine (Phe) 

-O 

6CH2OKh 

"i i2 , 
HO OH J._. 

H2N-G„H-GOOH 

C^Hg 

c) Solvent "buffer" is made up with D 3P0 4 and NaOD and the final pD value is 11.3. d) The mean values 
of Tx for Gj-5. e) The data were reported by Inoue, et 0/.3) 

chemical shifts occur above molar ratio R = [ C D ] / 
[Phe] larger than unity, indicating a formation of 
a 1:1 complex. From this figure, it is possible to 
determine the value of dissociation constant Kd (re­
ciprocal of the association constant K&) for cyclo­
amylose-phenylalanine complex by assuming the 1:1 
complexation and by using a modified Hildebrand-
Benesi equations.9»10) 

Figure 2 shows theoretically calculated binding 
curves for a simple GD+S^±[GD,S] equilibrium with 
different dissociation constants. They realized by the 
plot of normalized 13G chemical shift changes A<5 
against molar ratios [CD]/[Phe] . In Fig. 2 the ex­
perimental Aô corresponding to cycloheptaamylose-
phenylalanine system in 1 mol d m - 3 N a O D solutions 
were also included. The dissociation constant Kd for 

this system was estimated to be approximately 10~3 

M (K&=\03M-1:l M = l mol d m - 3 ) , which was com­
parable with Kd values of about 3 X 10 - 3 M for phenyl-
alanine-cyclohexaamylose3) and -cyclooctaamylose 
complexes in acidic solutions at p D 2 measured using 
U V spectral changes.3 '11) 

Car bon-13 Spin-Lattice Relaxation Times. In Table 
1 are given the values of 13G spin-lattice relaxation 
times measured for free cycloamyloses, free phenyl­
alanine, and cycloamylose-phenylalanine complexes. 

In the limit of rapid exchange process of Eq. 1, 
one measures an average relaxation rate ( l /7 \ ) 1 2 ) 

l/r, + P* (2) 

where T1{ and Tlo are intramolecular spin-lattice 
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TABLE 2. VALUES OF 13G NTX OF PHENYLALANINE (0.4 M) IN 1 mol dm~3 NaOD SOLUTIONS IN WHICH 

VARIOUS AMOUNTS OF D-GLUCOSE WAS CONTAINED AT 34 °G 

Concentration 
of D-glucose (M) 

0.0 
0.6 
1.5 
2.5 

Concentration 
of D-glucose (M) 

0.0 
0.6 
1.5 
2.5 

Viscosity (37) of 
solution (cp) 

1.51 
2.06 
3.24 
4.91 

a 
1.301 
1.080 
0.742 

_ a ) 

1.96 
2.22 
2.40 
— a ) 

ß 
1.284 
0.934 
0.670 

_ a ) 

1.94 
1.92 
2.18 
— a ) 

1 3 G 

NT, 

NT1(s)± 

Ô 

1.542 
1.142 
0.713 
0.467 

vXf] 

2.33 
2.35 
2.31 
2.29 

10% 

e 
1.518 
1.151 
0.675 
0.451 

2.29 
2.37 
2.19 
2.21 

C 
0.977 
0.721 
0.456 

— a ) 

1.48 
1.48 
1.48 
— a ) 

a) Not measured accurately. 

relaxation times for a 13G spin at the free and com­
plexée! states, and Pf and Pc (Pt-\-Pc=l) are the 
probabilities that cycloamyloses or the substrates are 
found in the free and complexed states, respectively. 
For the reaction (1), the values Pc and P( can be 
determined from the association constant.3) For ex­
ample, if K& is 2 x l 0 2 M " 1 and molar ratio [CD]/ 
[S] is 1.2, the substrate of about 9 9 % exists in the 
complexed state. In our experimental condition, the 
values of K& were larger than 102 M _ 1 and the molar 
concentrations of the cycloamyloses were 1.2 times 
larger than those of phenylalanine to measure the 
relaxation times of phenylalanine and vice versa to 
measure the relaxation times of cycloamyloses. Thus 
we can conclude that the 7 \ values observed in the 
cycloamylose-phenylalanine mixtures are exclusively 
those of the complexed states. From the 7 \ values 
in Table 1 we shall analyze the molecular motions 
and discuss the dynamical properties of cycloamylose-
phenylalanine complexes. 

The Models of Molecular Motion to Describe the Ob­
served 7 \ Values. For rapidly rotating molecules 
with medium size, the 13G relaxation mechanism of 
the protonated carbon nucleus seems to be governed 
by 13G-1H dipole-dipole interaction.12) In this case, 
1 3 C - 7 \ for the isotropically reorienting molecule is 
given by 

l/NT, = ^ y c W ' c ^ e f f , (3) 

where reff is the effective correlation time for overall 
molecular reorientation, rCH is the carbon-hydrogen 
bond length, yK and yc are the gyromagnetic ratios 
of 1 H and 13G nuclei, and N is the number of directly 
bonded proton. 

According to the Brownian diffusion model,13) reff 

can be related to the isotropic rotational diffusion 
constant D by the manner of 

Teff = 1/6Z) = aurr = urr - , (4) 
6kT kT 

where k is Boltzmann's constant, T is the absolute 
temperature, rj is the viscosity of the solution in poise 
( 1 P = 0 . 1 Pas), rQ is the radius of spherical solute mol­
ecule, Vm is the molecular volume F m =4/3nr 0

3 , and 
fT is a microviscosity factor. 

For anisotropic molecular motion two or more cor­
relation times must be introduced to interpret the 
observed 7 \ value and reff represents a weight average 
of various correlation times. In general, lengthy pro­
cedure is required to construct a model of anisotropic 
molecular motion. In the case of a rigid ellipsoidal 
molecule, molecular motions are characterized by two 
rotational diffusion constants,13 '14) i.e., the diffusion 
constant for rotation about the symmetry axis, D&, 
and that for rotation about any axis perpendicular 
to the symmetry axis, Dh. For a rigid ellipsoidal 
molecule in which the G - H internuclear vector makes 
an angle 6 with the symmetry axis, reff is defined as 
a function of angle 6, viscosity 37, diffusion constants 
DK and Dh, and the lengths of the ellipse semiaxes.14) 

For the group undergoing an additional internal 
motion as well as isotropic overall molecular reorien­
tation such as phenyl group of phenylalanine,3) the 
NTX value of a protonated carbon with N directly 
bonded hydrogens is given by12'15) 

1 h2 
yc'yn' 

NTX rCH° 
«•eff A + B 

6T 0 - + C 
3rG 

6TQ -f- reff OTQ -f- 2reff 

(5) 
where rG is the correlation time for internal motion 
and 4 = 1 / 4 (3cos26>-l)2, £=3sin26>cos26>, C=3/4sin46>, 
and 6 is the angle between the G - H vector and the 
axis of internal rotation. 

From these discussions, it is clear that the NTX 

value depends on the viscosity of solution, molecular 
shape and size of rotor, and that the greater the NTX 

value, the more mobile is the 13G moiety and the 
additional internal rotation faster than the overall 
one makes the NTX value lengthen. 

Here we examine the viscosity dependences of 13G-
7 \ values. According to model predictions, NTtf 
values for a specified 13G nuclei must be constant. 
As seen from Table 2, the expected constancy of 
NTtf values were certainly observed for phenylalanine 
in 1 M N a O D aqueous solutions, where the solution 
viscosities were controlled by adding various amounts 
of D-glucose. Thus the macroscopic viscosities (macro-
viscosities16)) of these solutions, in which there are 
no specific interaction among solute phenylalanine, 
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TABLE 3. VALUES OF NT^) FOR FREE CYCLOHEXA-, CYCLOHEPTA-, AND CYCLOOCTA-AMYLOSES(«-, ß-, 

AND y - G D ) , FREE PHENYLALANINE, AND MOLECULAR INCLUSION COMPLEXES BETWEEN THEM AT 3 4 ° C 

Compd 

Ta-CDl 
[a-CD, Phel 

Tig-GDI 
[jff-CD, Phel 
[7-GD] 
[y-CD, Phel 
[a-GDl 
[a-CD, Phel 
Tiff-GDI 
T0-CD, Phel 
|>CD1 
[y-CD, Phe] 

TPhel 
[a-CD, Phel 
[0-CD, Phel 
[y-CD, Phel 

[Phe] 
r«-GD, Phe] 
[0-CD, Phe] 
[y-GD, Phe] 

[Phe] 
[a-CD, Phel 

Solvent 

1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
I mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
buffer 
buffer 
buffer 
buffer 
buffer 
buffer 

1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
buffer 
buffer 
buffer 
buffer 
DC1 (pD 2) 
DG1 (pD 2) 

Viscosity (cp) 

2.18 
2.24 
2.77 
2.67 
2.98 
3.28 
1.57 
1.30 
1.28 
1.06 
1.51 
1.40 

1.35 
2.48 
3.13 
3.78 
0.97 
1.29 
1.04 
1.63 
0.94 
1.20 

1 

0.205 
0.166 
0.183 
0.177 
0.173 
0.187 
0.172 
0.129 
0.131 
0.117 
0.118 
0.115 

a 

1.90 
1.39 
0.63 
1.36 
1.38 
0.58 
0.33 
0.65 
1.26 
1.27 

2 

0.187 
0.137 
0.188 
0.144 
0.176 
0.174 
0.168 
0.121 
0.106 
0.118 
0.116 
0.112 

NTlV 

Cycloamylose 

3 

0.185 
0.141 
0.197 
0.163 
0.176 
0.174 
0.176 
0.131 
0.113 
0.103 
0.127 
0.115 

4 

0.185 
0.150 
0.194 
0.152 
0.176 
0.180 
0.163 
0.147 
0.124 
0.109 
0.124 
0.132 

Phenylalanine 

ß 
2.00 
1.74 
0.76 
1.58 
1.76 
0.88 
0.54 
0.68 
1.50 
1.42 

Ô 

2.58 
1.51 
0.91 
1.47 
1.77 
0.80 
0.49 
0.85 
1.35 
1.09 

e 

2.52 
1.49 
0.81 
1.44 
1.83 
0.79 
0.43 
0.88 
1.35 
1.09 

5 

0.205 
0.137 
0.188 
0.144 
0.176 
0.174 
0.154 
0.117 
0.106 
0.118 
0.110 
0.115 

c 
1.86 
0.97 
0.53 
0.95 
1.16 
0.52 
0.29 
0.60 
1.02 
0.98 

6 

0.252 
0.210 
0.266 
0.192 
0.238 
0.276 
0.208 
0.164 
0.130 
0.100 
0.178 
0.146 

< 7 » i - 5 b > 

0.19 
0.15 
0.19 
0.16 
0.18 
0.18 
0.17 
0.13 
0.12 
0.11 
0.12 
0.12 

a) Here, Tx is the spin-lattice relaxation time, N is the number of protons attached to the carbon, and yj is 
the solution viscosity. The NT-fl values correspond to the underlined species. The corresponding NT1 values 
are given in Table 1. See the footnotes of Table 1, also, b) The mean values of Txr] for Cj-g. 

glucose, and solvent water, could be related to the 
observed 7 \ behavior. We have shown in the previous 
paper3) that the isotropic diffusion model expressed 
by Eqs. 3 and 4 was applicable to analyses of the 
overall molecular reorientation of both free a-CD and 
aromatic amino acids in acidic aqueous solutions. 

In this paper we shall adopt the value of NT-fl to 
investigate the complexation effect on the molecular 
motions. The NT-fl values were tabulated in Table 
3 with the viscosities. As shown in Table 1, for 
cycloamyloses in the free and the complexed states, 
the Tx values for the pyranose ring carbons C±_5 are 
equal within experimental error in each system, indi­
cating the absence of specific fast internal motion. 
Thus the mean value < iVT 1 9> 1 _ 5 could be used to 
discuss the overall motion of cycloamyloses. I t is 
noticeable that a-, ß-, and y-CD in the free states 
have nearly the same <NT1y}>1_5 values. These re­
sults contradict to the model prediction of Eqs. 3 
and 4, which stand for the inverse dependence of 
1 3 C-7 \ value on molecular volume Vm. The lack of 
inverse correlation between 13G-T'1 and Vm have been 
found for several molecules with higher molecular 
weight in which the various local motions such as 
segmental motions (localized motion along a backbone 

of a chain molecule) play a predominant role in 13C 
relaxation.17»18) The <NTl7}>1_5 values of cycloamy­
loses may be looked upon as standing for the measures 
of segmental motions. 

In the case of phenylalanine, the axis of rotation of 
the phenyl ring about G^-C^. bond is identical with 
the G c - H bond. Therefore, the rotation about G^,-
G r bond cannot affect the 7 \ values of G ; , since 
0 = 0 ° and Eq. 5 is reduced to Eq. 3. Thus we can 
estimate the contribution of phenyl ring rotation to 
the Tx values of ring carbons by comparing the Tx 

values of C 5 i t and Cc.
19>20) T h e NTtf values show 

the existence of rapid internal rotation of the primary 
alcohol group of cycloamyloses and the phenyl group 
of phenylalanine even in the complexed states. The 
NT-tf values of free phenylalanine are not constant 
but increase greatly with pD values of solutions. Ac­
cording to model prediction, these p D dependences 
reflect the changes in apparent molecular volume of 
phenylalanine probably due to the p D depending 
changes in solvation states of charged groups. If the 
dynamic coupling between solute and solvent is strong, 
it is necessary to increase to molecular volume of 
the solute with that of strongly bound solvent mol­
ecules in order for it to fit the theoretical prediction. 
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We will discuss the complexation effect on the mo­
lecular motion of phenylalanine at different p D by 
comparing NTtf ratios between free and complexed 
states at same pD. 

D i s c u s s i o n 

Effect of Complexation on the Molecular Motion of Cyclo­
amyloses and Phenylalanine. As can be seen in Table 
3, all the NT{fj values for phenylalanine greatly de­
crease by complexation with cycloamyloses, while 
those for cycloamyloses decrease slightly or remain 
unchanged. The reductions of the NT{f] values are 
explainable with a term of the increase in apparent 
molecular volume by complexation as expected from 
Eqs. 3 and 4. Since the molecular volumes of cyclo­
amyloses are six to nine times larger than that of phenyl­
alanine, the change in molecular dimension induced 
by complexation is relatively small for cycloamyloses 
and relatively large for phenylalanine, namely the 
reductions in NTtf values of the former are smaller 
than the latter. 

For the substrate phenylalanine, the greater the 
dynamic coupling with the host cycloamyloses, the 
greater is the increase in apparent molecular volume 
of phenylalanine. Thus the degree of NTtf reduction 
may be used as the measure of the strength of dynamic 
coupling of phenylalanine with cycloamyloses. In 
Table 4, it is shown the ratios of NTtf values of the 
complexed to the free states of phenylalanine. I t is 
noticeable that the NTtf values of phenyl carbons 
show larger changes by complexation than those of 
other carbons indicating the larger slowing down of 
the internal rotation of the phenyl ring than that of 
the overall reorientation. These results are clearly 
showing the formation of the inclusion complexes of 
the guest phenylalanine with the host cycloamyloses 
by an insertion of the phenyl ring into the cavity 
of cycloamylose even in the case of y-GD. The re­
sults that the NT1 values of Cô and Ge in phenyl 
ring agree well with each other and they are always 
larger than those of C c indicate that cycloamyloses 
favor the axial inclusion in which the internal rotation 

TABLE 4. VALUES OF NT^) RATIOS OF THE COMPLEXED 

STATES TO FREE STATES OF PHENYLALANINE 

Compound 

[a-GD, Phe] 
[ß-CD, Phe] 
[y-CD, Phe] 
[a-GD, Phe] 
| > C D , Phe] 
[y-CD, Phe] 
[a-GD, Phe] 

Solvent 

1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
1 mol dm-3 NaOD 
buffer (pD 11.3) 
buffer (pD 11.3) 
buffer (pD 11.3) 
DG1 (pD 2) 

(iV 1 itf) complex 

a 
0.73 
0.33 
0.72 
0.42 
0.24 
0.47 
1.00 

ß <<5>e>b) C 
0.87 0.59 0.52 
0.38 0.34 0.29 
0.79 0.57 0.51 
0.50 0.44 0.45 
0.31 0.26 0.25 
0.39 0.48 0.52 
0.95 0.80 0.96 

a) Here, Tx is the spin-lattice relaxation time, N is the 
number of protons attached to the carbon, and 7] is 
the solution viscosity. The corresponding NTX7] values 
are given in Table 3. See the footnotes of Table 1, 
also, b) The mean values of NTX7] for Gs and Gt 

were used. 

axis G r - G c of the phenyl ring is parrallel to the axis 
of the cycloamylose cavity. 

Effects of Cavity Size of Cycloamyloses and Medium pD 
on Complexation. As can be seen in Table 4, the 
phenyl NTtf values of phenylalanine suffer the largest 
reduction by complexation with /?-CD. In these sys­
tems, the G a- and Cß-Txv values also suffer the largest 
reductions. O n the other hand, the phenyl NTtf 
values show the comparable reductions by complexa­
tion with a-GD and with y-CD. These findings are 
observed in spite of the medium pD values, and can 
be explained with a term of the cavity size effect on 
complexation. According to the space-filling models, 
/?-CD has the best fitting cavity size for the complete 
and tight inclusion of phenyl ring. The molecular model 
also suggests that the complete inclusion of the phenyl 
ring of phenylalanine into the a-GD cavity is sterically 
unfavorable and the extent of inclusion is shallow. 
O n the contrary, y-GD has enough cavity size for 
deep and loose inclusion of phenyl ring. As the re­
sults, the substrate phenylalanine is more strongly 
fixed in ß-CD cavity and rather loosely in a- and y-
GD cavities. The shallow and deep inclusions of the 
phenyl ring into the cavities of a-GD and y-CD, re­
spectively, are also suggested by the reductions of 
NTtf values of Gß (Table 4), i.e., those in [y-GD, 
Phe] systems are larger than those in [a-GD, Phe] 
systems. The deep insertion of the phenyl ring ob­
structs a rotational motion of Gfl around the C -C Ä 

and G^-G r bonds due to an increase in steric hindrance. 
Several mechanisms have been proposed for the 

formation of cycloamylose inclusion complexes,21-24) 
but the forces leading the complexation are still un­
clear and a mat ter of speculation.1*23) Among the 
proposed mechanisms, hydrophobic interaction seems 
to be the most probable as the driving force for cyclo-
amylose-phenylalanine complexation investigated here. 
In this case, the presence of additional interactions 
will be alter the strength of dynamic coupling between 
cycloamylose and phenylalanine. The pD depen­
dences of NTxr] values of phenylalanine must be ana­
lysed by taking into account of at least three additional 
factors, i.e., hydrogen bonding, electrostatic interac­
tions between host cycloamylose and guest phenyl­
alanine, and solvation of charged groups.25) 

Since the complexation geometry which disturbs a 
solvation of the protonated amino group (pK 1.8) or 
the carboxylate anion (pK 9.24) of phenylalanine is 
energetically unpreferable, the inclusions of these groups 
into the cavity of cycloamylose are excluded. I t is 
noticeable that the NTtf values of phenylalanine show 
the largest complexation-induced reductions at pD 11.3. 
Especially the reductions of G^NTtf values in three 
phenylalanine-cycloamylose systems at pD 11.3 are 
pronounced as compared with those at other pD 
values. These results suggest the existence of the hy­
drogen bond between the peripheral secondary hy-
droxyl groups and the amino and carboxyl (carboxyl­
ate) groups of phenylalanine. The reduction of Ga 

motion of phenylalanine may be due to the anchoring 
effect of the hydrogen bond at the chain end.25*26) 

In 1 mol d m - 3 N a O D solutions, secondary hydroxyl 
groups of cycloamyloses (pK 12.0) are dissociated and 
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they interact repulsively with carboxylate anion of 
phenylalanine. These interactions reduce the strength 
of complexation and are explaining the reason why 
the reductions of NT-fl values in 1 mol d m - 3 N a O D 
solution are smaller than those in buffer solution. 
I t is not clear at present that the NT-fl values of phenyl­
alanine show the smallest reductions at pD 2. More 
informations, especially about the solvation states, are 
required for the definitive explanation. 

Conclus ion 

The cycloamylose inclusion complexes with phenyl­
alanine show some characteristics like general pecu­
liarities of enzyme-substrate complex. The host cyclo-
amyloses have the hydrophobic cavity leading to spe­
cific binding of guest. The hydrophobic interaction 
seems to be the most probable as the driving force 
for the complexation of cycloamylose with phenyl­
alanine. For these systems, the shape matching be­
tween the host cavity and the guest inserting group 
is one of the factors determining the strong coupling 
between them. I t was found that the strength of 
the dynamic coupling depends on the cavity size of 
cycloamylose and pD value of solution. The strongest 
coupling was observed for the /5-CD-phenylalanine 
system in phosphate buffer solution at pD 11.3, where 
the phenyl ring of guest is deeply and tightly included 
into the cavity. The inclusion of phenyl ring into the 
cavity is shallow and loose in the case of a-CD and 
is deep and loose in the case of y-CD. T h e dynamic 
coupling is strengthened by the hydrogen bonding 
between the secondary hydroxyl groups of cycloamy­
lose and the amino and carboxyl groups of phenyl­
alanine, and is weakened by the repulsive interaction 
between alkoxyl anion of cycloamylose and carboxylate 
anion of phenylalanine. I t is noteworthy that, even 
in the tightly coupled [/?-CD, Phe] system in phosphate 
buffer, the NTxrj values of phenylalanine are about 
four times larger than the <iVT'127>1_5 values of 
cycloamylose and phenyl ring rotate rapidly in the 
cavity. Thus the dynamic coupling of phenylalanine 
and cycloamylose is weak and they have extensive 
independency of molecular motions. The characteri­
zations of cycloamylose complexation by molecular 
dynamics as well as thermodynamics should offer useful 
informations for an application of cycloamyloses in 
various fields. 

Finally we should refer to the validity of assignment 
r] appeared in Eq. 4 to the solution macroviscosity. 
I t is known that in some cases the macroviscosities 
of solutions are not related to the observed 1 3 C - 7 \ 
behavior.16) For these cases the microviscosities as 
defined by the various local molecular motions and 
local molecular interactions should be used as the 
values of viscosity y. Thus the alternative explana­
tions are possible for the causes of the changes in NT{f} 
values of phenylalanine carbons induced by complexa­
tion; in the first one the macroviscosity is used as 
the 7] value and the changes in NTtf values are at­
tributed to those in apparent molecular volume; in 
another the molecular volume is looked upon as con­
stant and the changes are attributed to those in mi­

croviscosities. In this paper we discussed the changes 
in NT-fl values based on the first one, because we 
have no mean to measure the microviscosity. Since 
the NTX values of phenylalanine in the free states 
at constant pD value were inversely proportional to 
the macroviscosity as expected from the diffusion 
model, we can safely discuss the complexation effects 
on the molecular motions based on the first explana­
tion. 
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The Pummerer rearrangement reaction of 2- or 3-substituted 4-(phenylsulfinyl)butyric acids in the presence 
of an excess amount of acetic anhydride and a catalytic amount of /»-toluenesulfonic acid in refluxing toluene 
for 1 h afforded 2- or 3-substituted 4-phenylthio-4-butanolide (17a—f). Thermolysis in pyridine of 4-phenyl-
sulfinyl 4-butanolides, which were prepared by oxidation of 17a—f, afforded 2- or 3-substituted 2- or 3-buten-
4-olides. 

T h e Pummerer rearrangement reaction is an im­
portant reaction in the sulfoxide chemistry because 
of its wide applicability to the synthesis of many types 
of organic compounds. However, only few instances 
have been reported of applications of this rearrange­
ment to a cyclization reaction. Numata and Oae 
reported that o-carboxyphenyl alkyl sulfoxide was 
cyclized easily by the pummerer reaction to give 3,1-
benzoxathiin-4-one.1) In our earlier studies, we show­
ed that 2- or 3-phenylthio-4-butanolide derivatives 
could be used for the synthesis of 3- or 2-substituted 
2-buten-4-olides.2,3) In this paper, we wish to report 
a new synthetic route to 2- or 3-substituted 4-phenyl-
thio-4-butanolides (17a—f) from 2- or 3-substituted 4-
(phenylsulfinyl) butyric acids (9a—f) ; this route in­
volves the Pummerer rearrangement in the cyclization 
step. We also investigated the dehydrosulfenylation 
reaction of 17a—f to form 2- or 3-buten-4-olides. 

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

Synthesis of 4-(Phenylsulfinyl) butyric Acid (4) and Cycliza­
tion Reaction of 4 to Form 4-Phenylthio-4-butanolide (6). 
Preparation of 4-(phenylsulfinyl) butyric acid was car­
ried out by the usual oxidation of 4-(phenyl thio)-
butyric acid, which had been synthesized by the method 
of Lamdan and Albarracin4) (see Scheme 1). 

A c 2 0 

TsOH 

BrCH,CH„Br 

1) O H -

2) H + , â 

PhSNa C H 2 ( C 0 2 E t ) 2 

> PhSCH2CH2Br > 
EtONa 

1 

PhSGH2GH2CH (GOaEt) 2 

2 
N a I 0 4 

PhSGH2GH2CH2G02H > 

PhSGH2GH2GH2G02H 
i 
O 

Scheme 1. 

It was found that when 4 was allowed to react with 
acetic anhydride in the presence of /»-toluenesulfonic 
acid in refluxing toluene for 1 h, 4-phenylthio-4-but-
anolide (6) was obtained in 7 5 % yield. This reaction 
involves an intramolecular ester exchange reaction of 
intermediate (5) which was formed by the Pummerer 
rearrangement of 4. 

PhSGHGH2CH2G02H 

OAc 

- A c O H PhSv 

o 
M 

o 
5 6 

When the reaction was carried out in the absence 
of jö-toluenesulfonic acid, starting material 4 was re­
covered completely. The investigation of other acid 
catalysts, such as phosphoric acid and chloroacetic 
acid, did not give good results. In this reaction, 
benzene and xylene were also examined as solvents, 
but 6 was obtained only in lower yields (see Table 1). 

Preparation of 2- or 3-Substituted 4-Phenylthio-4-but-
anolides. The reaction sequence for the prepara­
tion of 2- or 3-substituted 4-phenylthio-4-butanolides 
(17a—f) is shown in Scheme 2. 

T h e alkylation of 2 by alkyl halides such as methyl 
iodide, butyl bromide or allyl bromide were carried 
out in the usual way to give diethyl 2-alkyl-2-(2-
phenylthioethyl)malonates (7a—c, 7 g) in 66—89% 
yields (see Table 2). However, for the synthesis of 
7a—c and 7g, when the reaction of alkyl halide with 
diethyl malonate was carried out as the first step 
and the resulting alkylated diethyl malonate was al­
lowed to react with 1, the yields of 7a—c and 7g be­
came very low because of the formation of phenyl 
vinyl sulfide. 

12 

R j X 

C H 2 ( C 0 2 E t ) 2 

EtOH 

PhSC 

R2 Rj 
1 1 1) O H -

. PhQPTT f l H - C l T i n Ftï > —> x I l O v J X T . 2 v J i n V J ^ V J V - ' 2 J - J L J 2 * 
2) H + , â 

7a—g 

R 2 R j 
1 | N a I 0 4 

LloV'Xl—VJXJ.VJV_/ 2XT > 

8a—f 

PhSG 

i 

R2 R-i . PhS\ /R 2 
1 1 A c 2 0 1 1 

t j C!tr_r;TTC!0 W *• O 1 TsOH \ / N R l 

O Ö 
9a—f 17a—f 

a: R j ^ M e , R2 = H d: Ra = H, R2 = Me 
b : R1 = w-Bu, R2 = H e: R ^ H , R2 = Ph 
c: R, = PhCH2, R2 = H f: Ri = H, R2 = Et 

g: R1 = GH2=GH-GH2-, 
R2 = H 

Scheme 2, 
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TABLE 1. THE CYCLIZATION REACTION OF 4 TO FORM 6 

Entry Catalyst Reaction conditions v - , , / 0 / 
Solvent Reflux time ï i e i a / / o 

1 
2 
3 
4 
5 
6 
7 
8 

TsOH 
C1CH2C02H 
H 3 P0 4 

TsOH 
TsOH 
TsOH 
TsOH 

Benzene 
Benzene 
Benzene 
Benzene 
Toluene 
Xylene 
GHGlg 
THF 

10h 
3h 

14h 
6 h 
l h 

0 .5h 
2h 
3h 

56 
10 
15 
75 
50 
40 
20 

Further steps to form 2-substituted 4-(phenylsul-
finyl) butyric acids (9a—c) were conducted as in the 
preparat ion of 4. Yields and spectral data of 8a—c 
are summarized in Table 3. 9a—c could be used for 
the next cyclization step without further purification. 
In the case of the hydrolysis and decrboxylation of 
7g, it was found that the resulting carboxylic acid 
derivative was converted spontaneously to 4-methyl-
2-(2-phenylthioethyl)-4-butanolide (16) in 5 5 % yield 
by the intramolecular addition of a carboxyl group 
to the double bond. 

7 g 
1) O H -

2) H + , A 

dH2dH=OH2-, 

PhSGHoGHoGHGOoH 

G E 3 V -
I 

O v / \ / \ S P h 

6 
16 

For the preparation of 3- or 4-substituted 4-(phenyl-
sulfinyl) butyric acid, bromides 12 and 15 were re­
quired, and a-phenylthio ketones and a-phenylthio 
esters were employed as the starting materials. Reduc­
tion of a-(phenylthio) acetone (10a) or a- (phenylthio)-
acetophenone (10b) with sodium borohydride in meth­
anol at 0 °G gave the corresponding alcohols (11a, b) 

in high yields. These alcohols were allowed to react 
with phosphorus tribromide in refluxing carbon tetra­
chloride to give 2-bromopropyl phenyl sulfide (12a) 
and 2-bromo-2-phenylethyl phenyl sulfide (12b). 

RCCH2SPh 
M 

O 
10 

a = M e 
b = Ph 

RGHG02Et 

SPh 

13 

a = M e 
b = Et 

NaBH4 

LiAlH4 

RGHGH2SPh 
OH 

11 

a = Me 
b = Ph 

RCHCHoOH -

PBr3 

RGHGH2SPh 
1 

Br 

/ 
/ 

PBr3 

12 

a = Me 
b = Ph 
c = Et 

-//-> RGHGH2Br 

SPh 
14 

a = Me 
b = Et 

SPh 
15 

In a similar way, a-phenylthio esters such as ethyl 
2-(phenyl thio) propionate (13a) or ethyl 2-(phenyl-
thio)butyrate (13b) were reduced with lithium al­
uminium hydride in T H F at 0 °G to form correspond­
ing alcohols (14a, b) in good yields. However, bro-
mination of 14a and 14b by phosphorus tribromide 
gave the unexpected result of yielding 12a and 12c 
because of migration of the phenyl thio group. Forma­
tion of 8d—f to 9d—f as performed in the usual 
way, as mentioned above. 

The yield and spectral data of 7a—g and 8a—f 
are summarized in Table 2 and Table 3 respectively. 

The reaction of 9a—f thus obtained with acetic an­
hydride in the presence of jb-toluenesulfonic acid in 
refluxing toluene for 1 h resulted in the formation of 
4-phenylthio-4-butanolide derivatives (17a—f ) in 27— 
7 3 % yields. These results are summarized in Table 4. 

Elimination of Phenylthio Group from 17 a—f to Buten-4-
olides. I t is well known that 2-phenylsulfinyl or 
2-alkylsulfinyl-4-butanolide derivatives were converted 
smoothly to 2-buten-4-olides by thermal decomposi­
tion.6 - 8) Further, in our previous paper, we described 
how 3-phenylsulfinyl-4-butanolides were also decom-

TABLE 2. YIELDS AND SPECTRAL DATA OF 7a—f 

Compd 
Yield 

% 

81 

66 

88 

61 

39a> 

65 

89 

IR 
fç = o 
cm-1 

1710 

1710 

1720 

1730 

1730 

1740 

1730 

MS 
M+(m/e) 

*H NMR (GDGI3 
Ô 

7a 

7b 

7c 

7d 

7e 

7f 

7g 

310 

352 

384 

310 

372 

324 

336 

1.22 (6H, t), 1.44 (3H, s), 1.90—2.50 (2H, m) 
2.94—3.10 (2H, m), 4.71 (4H, q), 7.02—7.48 (5H, m) 
0.88 (3H, t), 1.21 (6H, t), 1.72—3.10 (10H, m), 
4.71 (4H, q), 7.04—7.44 (5H, m) 
1.17 (6H, t), 1.90—2.30 (2H, m), 2.40—3.06 (2H, m), 
3.18 (2H, s), 4.08 (4H, q), 6.74—7.36 (10H, m) 
1.15 (3H, d), 1.25 (6H, t), 2-12—3.80 (4H, m), 
4.18 (4H, q), 7.10—7.54 (5H, m) 
0.94 (4H, t), 1.24 (3H, t), 2.74—4.04 (4H, m), 
4.20 (4H, q), 7.00—7.38 (10H, m) 
0.78—3.20 (14H, m), 3.67—4.43 (5H, m), 
7.37—7.60 (5H, m) 
1.20 (6H, t), 2.00—3.10 (6H, m), 4.18 (4H, q), 
4.89—5.94 (3H, m), 7.10—7.54 (5H, m) 

a) This yield is frorn alcohol l i b . 
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Gompd 
Yield 

57 

82 

57 

50 

48 

60 

IR 
^c=o 
cm - 1 

1700 

1700 

1720 

1710 

1710 

1720 

MS 
M+(mfe) 

m NMR (GDGlj) 
Ô 

8a 

8b 

8c 

8d 

8e 

8f 

17a 

17b 

17c 

17d 

17e 

17f 

210 1.20 (3H, d), 1-41—2.32 (3H, m), 2.58 (2H, q), 
2.96 (2H, t), 7.14—7.54 (5H, m), 11.75 (1H, s) 

252 0.90 (3H, t), 1.11—3.40 (11H, m), 7.05—7.41 (5H, m), 

10.98 (1H, s) 
286 1.00—1.36 (2H, m), 2.42—3.36 (4H, m), 3.84—4.30 

(1H, m), 7.02—7.30 (IOH, m), 10.77 (1H, s) 
210 1.09, 1.07 (3H, dd), 1.64—3.40 (5H, m), 6.98—7.44 

(5H, m), 10.38 (1H, s) 
272 2.32—3.40 (5H, m), 6.94—7.38 (10H, m), 

9.76 (1H, bs) 
224 1.03 (3H, t), 1.30—2.17 (3H, m), 2.43—3.17 (4H, m), 

7.03—7.53 (5H, m), 10.73 (1H, bs) 

Gompd 
Yield 

TABLE 4. 

IR 

cm - 1 

YIELDS AND SPECTRAL DATA OF 17a—f 

MS 1H NMR (GDGlg) 
M+(m/e) ô 

51 

68 

63 

52 

56 

22 

1780 

1780 

1770 

1780 

1790 

1790 

208 

250 

283 

208 

270 

222 

1.27 (3H, d), 1.68—3.10 (3H, m), 
5.58—5.90 (1H, m), 7.14—7.62 (5H, m) 
0.92 (3H, t), 1.10—3.05 (9H, m), 
5.55, 5.97 (1H, m), 7.27—7.85 (5H, m) 
1.36—3.50 (5H, m), 5.50, 5.80 (1H, m), 
7.00—7.58 (10H, m) 
1.35—1.47 (3H, m), 1.97—2.87 (3H, m), 
5.18—5.37 (1H, m), 7.10—7.63 (5H, m) 
2.59—2.93 (2H, m), 3.30—4.10 (1H, m), 
5.53 (1H, d), 7.03—7.53 (10H, m) 
0.93 (3H, t), 1.16—2.68 (5H, m), 
5.30—6.40 (1H, m), 7.13—7.50 (5H, m) 

posed to 2-buten-4-olides by refluxing T H F in the 
presence of triethylamine. 

Oxidation of 17a—f with wz-chloroperbenzoic acid 
(MGPBA) in dichloromethane at 0 °G gave 4-phenyl-
sulfinyl-4-butanolide derivatives (18a—f). When the 
elimination reaction of 18a—f carried out in refluxing 
pyridine for 3 h, the double bond of some products 
isomerized to 2-position from 3-position of buten-4-
olide.9> In the cases of 18d and 18f, the double bond 

O 
Î 

P h S v PhSs • R n MCPBA / R 2 
1 1 

°VAR> 
0 

17a—f 

_ _ _ / R 2 

6 s A 
0 

i9d, f 

d: Ri = H, R2 = 
f: Rj = H, R2 = 

:Me 
= Et 

or 

a: 
b : 
c: 
e: 

6 v A 
O 

18a—f 

/R-2 

6J-R> 
O 

20a—c, e 

Rx = Me, R2 

Rx=«-Bu, R 
Rx = PhCH2, 
Rj = H, R2 = 

Pyridine 

= H 
n = H 
R2 = H 
Ph 

TABLE 5. 

Gompd 

FORMATION OF 2- OR 3-BUTEN-4-OLIDES 

I R Yield 
J ^ o — -
cm"1 /° 

19d 
19e 
20a 
20b 
20c 
20e 

1800 
1800 
1750 
1750 
1750 
1740 

73 
57 
27 
70 
64 
48 

remained at 3-position; the other cases, however, gave 
only products in which the double bond was isomerized 
to 2-position. 

The structures of these compounds were determined 
by IR and NMR spectra. In particular, the IR spec­
trum of 20a—c and 20e showed the carbonyl absorp­
tion at 1750 cm - 1 and 19d and 19f showed the carbonyl 
absorption at 1800 cm -1. 

Experimental 

Preparation of 4-Phenylthio-4-butanolide (6). A mixture 
of 4-(phenylsulfinyl)butyric acid (4, 0.69 g, 3 mmol), 1.53 g 
(15 mmol) of acetic anhydride, and a catalytic amount of 
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/>-toluenesulfonic acid in 20 ml of toluene was heated under 
reflux for 1 h. T h e solvent and excess acetic anhydride 
were removed under reduced pressure. T h e residue was 
chromatographed on silica gel using benzene, and gave 0.44 
g (75%) of 6. I R (NaCl ) : 1780 c m - 1 (G=0) . N M R 
(GDG13) (5=1.88—2.52 (4H, m) , 5.44 (1H, t ) , 6.75—7.22 
(5H, m ) . M S : m/e 194 (M+). Found : G, 61.73; H , 5 . 2 1 % . 
Gacld for G 1 0 H 1 0 O 2 S: G, 61.85; H , 5.19%. 

Preparation of Diethyl 2-Methyl-2-(2-phenylthioethyl) malonate 
(7a). T o a solution of sodium ethoxide, prepared 
from sodium (0.42 g, 18 mmol) and 25 ml of ethanol, was 
added a solution of 2 (4.50 g, 18 mmol) in ethanol (5 ml) . 
T h e mixture was refluxed for 15 min. After the reaction 
mixture was cooled to room temperature, methyl iodide 
(2.59 g, 18 mmol) was added into the reaction mixture, 
which was then refluxed for 4 h. T h e resulted precipitate 
was filtered and the solvent was evaporated under reduced 
pressure. 10% Hydrochloric acid (20 ml) was added into 
the residue and the mixture was extracted with ether and 
dried. After removal of the solvent, the residue was chro­
matographed on silica gel using benzene to give 7a (3.81 g, 
8 1 % ) . Spectral da ta are summarized in Table 2. 

In a similar manner , 7b, c, d were prepared from 2 with 
butyl bromide, benzyl bromide, or allyl bromide. These 
results are also summarized in Table 2. 

Preparation of 1 -Phenylthio-2-propanol (Ho.) and 1-Phenyl-2-
(phenylthio) ethanol (lib). Sodium borohydride (1.96 g, 
52 mmol) was added slowly to a 50 ml methanol solution 
of a-(phenylthio) acetophenone (6.64 g, 40 mmol) at 0 °G. 
T h e reaction mixture was stirred for 3 h at 0 °G and then 
quenched with 10 ml of acetic acid. After removal of the 
solvent, 50 ml of water was added to the mixture and the 
mixture was extracted with ether and dried. Removal of 
ether and distillation of residual oil under reduced pressure 
gave 11a (5.29 g, 7 9 % ) . Bp 115 °G/9 m m H g . 

In a similar manner , l i b was obtained in quanti tat ive 
yield. In this case, product l i b was isolated by column 
chromatography on silica gel by using benzene. 

Bromination of lia, b. A carbon tetrachloride (10 
ml) solution of 11a (10.00 g, 60 mmol) was added dropwise 
to phosphorus tr ibromide (16.13 g, 60 mmol) in 50 ml of 
carbon tetrachloride by refluxing gently. T h e reaction mix­
ture was poured into ice-cold water, extracted with carbon 
tetrachloride, and dried. Removal of the solvent and distil­
lation under reduced pressure gave 2-bromo-l-(phenylthio) -
propane (12a) in 8 0 % yield. Bp 115—122 °G/10 m m H g . 

In the case of l i b , the bromination reaction was conducted 
in a similar manne r bromide 12b was used for the next 
reaction without further purification because it was hy-
drolized easily to l i b . 

Preparation of Diethyl (1-Substituted 2-PhenylthioethyI) malonate 
(7d—f). T o an abs ethanol solution of sodium salt 
of diethyl malonate , which was prepared from diethyl 
malonate (2.98 g, 19 mmol) and sodium (0.43 g, 19 mmol) 
in 50 ml of abs ethanol, was added a ethanol solution of 
bromide 12a (3.58 g, 15 mmol) . T h e reaction mixture was 
refluxed for 4 h. After removal of the resulting sodium 
bromide by filtration, the filtrate was evaporated under re­
duced pressure. 10% Hydrochloric acid (20 ml) was added 
to this residue. T h e mixture was extracted with ether 
and dried. After removal of the solvent, the excess amount 
of diethyl malonate was distilled away under reduced pres­
sure. T h e residue was chromatographed on silica gel by 
using benzene-petroleum ether (1:1) and gave 7d (2.95 
g, 6 1 % ) . _ 

In a similar manner , 7e and 7f were obtained. T h e 
yields and spectral da ta are summarized in Table 2. 

Preparation of 2- or 3-Substituted 4- (Phenylthio) butyric Acid 
(8a—f). A solution of 7a (8.97 g, 29 mmol) and 50 
ml of 2 0 % sodium hydroxide in 50 ml of ethanol was re­
fluxed for 6 h. After removal of ethanol, 80 ml 10% hy­
drochloric acid was added to this residue. The mixture 
was extracted with ether and then the etheral layer was 
evaporated under reduced pressure. T o this residue was 
added 50 ml of 3 mol dm~3-sulfuric acid. T h e reaction 
mixture was heated under reflux for 10 h and then cooled 
to room temperature . T h e reaction mixture was extracted 
with ether and dried. After removal of the solvent, the 
residue was chromatographed on silica gel using benzene-
ether (10:1) to give 2-methyl-4-(phenylthio) butyric acid 
(8a, 3.03 g, 5 0 % ) . 

In a similar manner , 8b—f were also obtained the yields 
and spectral da ta of 8 a — d are given in Table 3. 

Elemental analyses of 8a—f are as follows: 

2-Methy 1-4-(phenylthio) butyric Acid (Sa). Found : G, 
62.75; H , 7.09%. Galcd for C u H 1 4 0 * S : G, 62.84; H , 
6 . 7 1 % . 

2-Buty1-4- (phenylthio) butyric Acid (8b). Found : G, 
66.44; H , 7.94%. Galcd for G 1 4 H 2 0 O 2 S: G, 66.64; H , 
7.79%. 

2-B en zyl-4-(phenylthio) butyric Acid (8c). Found: G, 
66.49; H , 6 .28%. Galcd for G 1 7 H 1 8 0 2 S : G, 66.65; H , 
5.82%. 

3'-Methy 1-4-(phenylthio)butyric Acid (8d). Found: G, 
61.26; H , 6 .44%. Galcd for G n H 1 4 0 2 S : G, 61.21; H , 
6 .19%. 

3-Phenyl-4-(phenylthio) butyric Acid (8e). Found : G, 
69.77; H , 5 . 6 1 % . Galcd for G 1 6 H 1 6 0 2 S : G, 69.75; H , 5.46%. 

3-Ethyl-4-(phenylthio) butyric Acid (8f). Found : G, 
63.83; H , 7.10%. Galcd for G 1 2 H 1 6 0 2 S : G, 64.25; H , 7.19%. 

Oxidation of 8a—f. T o a solution of sodium meta-
periodate (4.00 g, 19 mmol) in water (50 ml) was added 
a 50 ml of ethanol solution of 8 a (3.03 g, 14 mmol) with 
stirring at 0 °G. T h e reaction mixture was stirred for 12 h 
at 0 °G and was then filtered. T h e precipitate of sodium 
iodate was washed with chloroform. The filtrate was ex­
tracted with chloroform and dried. After removal of the 
solvent, the residue was chromatographed on silica gel using 
benzene-ether (1:1) to give (3.10 g, 99%) of 9a. 

Preparation of 2- or 3-Substituted 4-Phenylthio-4-butanolide 
(17a—f). T h e Pummerer reaction of 9a—f was conducted 
as in the preparat ion of 6. These results are summarized 
in Table 4. Elemental analyses of 17a—f are as follows; 

2-Methyl-4-phenylthio-4-butanolide (17 a). Found : G, 
63.20; H , 5 .67%. Galcd for G n H 1 2 0 2 S : G, 63.45; H, 
5 . 8 1 % . 

2-Butyl-4-phenylthio-4-butanolide (17b). Found : G, 
67.47; H , 7.12%. Galcd for G 1 4 H 1 8 0 2 S : G, 67.16; H , 
7 .25%. 

2-Benzyl-4-phenylthio-4-butanolide (17c). Found : G, 
7 1 . 6 5 % ; H , 5 .47%. Galcd for G 1 7 H 1 6 0 2 S : G, 71.82; H , 
5.64%. 

3-Methyl-4-phenylthio-4-butanolide (17d). Found: G, 
63 .51 ; H , 5 .16%. Galcd for G n H 1 2 0 2 S : G, 63.43; H, 
5 . 8 1 % . 

3-Phenyl-4-phenylthio-4-butanolide (17e). Found: G, 
70.56; H , 4 . 9 5 % . Galcd for G 1 6 H 1 4 0 2 S : G, 71.08; H , 5.22%. 

3-Ethyl-4-phenylthio-4-butanolide (17f). Found : G, 
64.98; H , 6 .57%. Galcd for G 1 2 H 1 4 0 2 S : G, 64.83; H , 6 .35%. 

General Procedure for Oxidation of 17a—f. T o a solution 
of 4-phenylthio-4-butanolide derivative in dichloromethane 
(15 ml, for 1 g of the lactone) was added 1.2 equiv of m-
chloroperbenzoic acid at 0 °G. T h e reaction mixture was 
stirred for 1 h at 0 °G, washed with 10% aqueous sodium 
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hydrogencarbonate, and dried. Evaporation of the solvent 
under reduced pressure gave 4-phenylsulfinyl-4-butanolide 
derivative (18a—f). 18a—f were used for subsequent 
thermolysis without further purification. 

General Procedure for Thermolysis of 18a—f. A solution 
of 4-(phenylsulfinyl)lactone derivative in pyridine (20 ml 
for 1 g of the lactone) was refluxed for 3 h. After removal 
of pyridine under reduced pressure, the residue was chro-
matographed on silica gel by using benzene-ether (3:1) 
as an eluent to give 2- or 3-buten-4-olide. Yields are given 
in Table 5. 
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Halogenation with iV-Halo-2-oxazolidinones. 
The Chain-carrying iV-Centered Radicals 
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Selectivities in halogenation of 2,3-dimethylbutane, 1-chlorobutane and substituted toluenes with iV-chloro-
or JV-bromo derivatives of 4,4-dimethyl-2-oxazolidinone (NXDMO), 2-oxazolidinone (NXO), and succinimide 
(NXS) were examined. In the presence of olefin, halogenation of the substituted butane by these iV-halo reagents 
were found to proceed involving hydrogen abstraction by the iV-centered radicals, since chlorination by the N-
chloro reagents and bromination by the corresponding iV-bromo reagents showed the same selectivities. The 
relative reactivity of a £-C-H bond compared with a prim-C-H bond RS J markedly depends on the structure of 
the JV-radical, being 200, 70, and 11 at 80 °G toward the radicals derived from NXDMO, NXO, and NXS, re­
spectively. Reaction constant p of hydrogen abstraction from the toluenes by the iV-radical from NXDMO 
was - 1 . 0 at 130 °G. 

There has been considerable controversy about the 
mechanism of halogenations by TV-halo reagents. At 
first, for bromination by 7V-bromosuccinimide (NBS), 
Bloomfield proposed the radical chain mechanism in­
volving the nitrogen centered imidyl radical.1) In 
1953 Goldfinger explained chlorination by JV-chloro-
succinimide (NCS) by the mechanism in which actual 
halogenating agent is halogen molecule produced by 
the reaction of N C S with hydrogen chloride.2) 

Many subsequent studies showed that selectivities 
or isotope effects in halogenations by various TV-halo 
compounds are almost the same as those in photo-
halogenations by elemental halogens, supporting that 
the Goldfinger mechanism, if not exclusively, is oper­
ative at least as the main path. 3 - 8) 

Bloomfield mechanism 

)N- + RH > >N-H + R . 

R . + )N-X > R -X + )N-

Goldfinger mechanism 

X . + RH > R. + HX 

R. + X 2 > R - X + X . 

HX + >N-X > X2 + >N-H 

Consequently hydrogen abstraction by TV-radicals 
has received only a little attention,9) except intramolec­
ular abstraction and its application to synthetic chem­
istry.10) Recently, however, it has been reported that 
in some cases selectivities in halogenations by TV-halo 
compounds differ from those by elemental halogens. 
The cases are classified as follows: i) NBS bromination 
of substrates which are relatively unreactive toward 
bromine atom:11) ii) using a good solvent for NBS, 
for example, CH2C12;12) iii) presence of olefin or base 
which can trap halogen or hydrogen halide.12 '13) 

These findings may suggest that under these con­
ditions the Bloomfield mechanism plays an important 
role in the halogenation by TV-halo compounds. How­
ever, discrepancy in selectivity in halogenation be­
tween by halogen and by TV-halo compound is not 
necessarily an unequivocal evidence for the contribu­
tion of the nitrogen centered radical. Mosher and 
Estes, for example, demonstrated that selectivity of 
chlorination by 7V-chlorophthalimide depended on the 

reaction conditions, and explained the feature in terms 
of the Goldfinger mechanism complicated by the re­
versible hydrogen abstraction.14) 

X . + RH ^ = ± H-X + R. 

If the TV-radicals are the true chain carrier, selectivity 
of chlorination by the iV-chloro reagent should be the 
same to that of bromination by the corresponding 
7V-bromo reagent. From the view of this criteria, in 
this work, selectivities in halogenations by several TV-
halo reagents were examined, aiming to elucidate the 
chemical nature of the TV-radicals. 

Besides NBS and NCS, we chose 3-halo-4,4-di-
methyl-2-oxazolidinone ( N X D M O ) and 3-halo-2-ox-
azolidinone(NXO) as the reagents, since these two 
7V-halides have been found to have "lower positive 
halogens," and to react with hydrogen halides, giving 
halogens, much slower relative to TV-halosuccinimides,15) 
and consequently are expected to have natures less 
favorable to take place the Goldfinger processes. 

x _o x - o 

i i 

X X 
X: Gl (NGDMO) X: Gl (NGO) 

Br (NBDMO) Br (NBO) 

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

Selectivities in halogenations of 2,3-dimethylbutane, 
1-chlorobutane, and substituted toluenes by the N-
halo reagents were determined by intra- and inter-
molecular competition methods. 

2,3-Dimethylbutane. Halogenations initiated by 
benzoyl peroxide (BPO) were conducted at 80 °C by 
using 0.2 equivalent amounts of the TV-halo regents 
to avoid dichlorination. In order to eliminate the 
occurence of the Goldfinger processes, the reaction 
was carried out in a good solvent for the TV-halo re­
agents, CH2C12,12) and in the presence of 3,3-dimethyl-
1-butène as a halogen scavenger or y-collidine as a 
hydrogen halide acceptor.12»13) 

Change in isomer distribution of monohalogenated 
products was examined as a function of the initial 
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TABLE 1. BPO-INITIATED HALOGENATION OF 2,3-DIMETHYLBUTANE BY THE JV-HALO REAGENTS (80 °G) 

iV-Halide 

NGDMO 

NBDMO 

NGO 

NBO 

NGS 

NBS 

Additive 

None 
*-BuCH=CH2 

y-Collidine 

None 
*-BuCH=CH2 

None 
*-BuCH--CH2 

None 
*-BuCH=CH2 

None 
*-BuCH=CH2 

y-Gollidine 

None 
f-BuCH=CH2 

/»nm-Halide 

14 
3.1 
1.1 
_ c ) 

2.6 

5.5 
1.9 

c) 

1.5 

29 
4.6 
3.7 

— c ) 

4.3 

Product yield/ %b> 

J-Halide 

58 
36 
13 

71 
28 

84 
55 

68 
36 

36 
8.6 
7.8 

64 
7.6 

Amide or imide 

72 
59 
37 

79 
61 

100 
100 

80 
100 

83 
— d ) 

_ d ) 

80 
_ d ) 

Halides 
Amide % 

100 
66 
39 

90 
51 

90 
57 

85 
38 

78 
— 
— 
80 
— 

a) 2,3-Dimethylbutane 1.25 mmol, halogenating agent 0.25 mmol, BPO 0.01 mmol, additive 0.25 mmol, solvent: 
CH2C12 5 cm3 80 °C 15 h. b) Determined by VPG, based on the reagent used, c) Only trace amounts were 
detected, d) Not determined. 

X. 

o ---NBDMO with t-BuCH=CH. 

A NCDMO with y-Collidine 

• NCDMO with t-BuCH=CH„ 

-Ä-

TABLE 2. SELECTIVITY FACTOR RSp IN HALOGENATION 

OF 2,3-DIMETHYLBUTANE 

0 0 . 5 1 5 

[Additive] J [NXDMO] 0 

Fig. 1. Dependence of relative yield of tertiary halide 
to primary halide on relative concentration of 
additives. 

concentration of the olefinic or basic additive. Typi­
cal tendencies observed in halogenation with N X D M O 
are shown in Fig. 1. In the absence of the additives 
N B D M O halogenated the tertiary G - H of the sub­
strate almost exclusively, while chlorination by 
N G D M O gave the primary and the tertiary chloride 
in a ratio of 4 :1 . 

A small amount of the additives brought about 
marked effects on the distribution of the product, 
and in the presence of their equimolar amount to 
the reagents, bromination by N B D M O and chlorina­
tion by N C D M O showed the almost same selectivity. 

Reagent 

NGDMO 
NBDMO 
NGO 
NBO 
NGS 
NBS 

No additive 

25 .8±3 .6 
_ a ) 

91.6 
—a) 

7 . 6 ± 0 . 1 
—a) 

RS 1(80 °G) 
*-BuCH=CH2 

added 

70 .5±1 .1 
65 .2±4 .7 

175±15 
206 ± 7 

11 .3±0 .9 
10.7 

y-Gollodine 
added 

70 .8±3 .0 
_ b > 

— b) 

_ b ) 

12.8±2.7 
_ b ) 

a) prim-C-H bonds are almost inactive, b) The re­
action mixtures are too complex to be analyzed. 

This shows, under these conditions both halogenations 
proceed almost exclusively through the Bloomfield 
mechanism, involving the common JV-centered radical 
as a hydrogen abstracting species. 

Table 1 shows the yields of the products of halo­
genation of 2,3-dimethylbutane by various halogenating 
agents in the absence and the presence of an equimolar 
amount of the olefin or the base. Apparently, the 
presence of the additives reduced the total yield of 
the halogenated products, and also lowered the re­
lative amount of the halogenated products to the 
amides (or imide) produced. These facts indicate that 
the JV-halo reagents can be consumed also by some 
side reactions, perhaps, with the additives. Particu­
larly, the presence of y-collidine gave the complicated 
mixture containing several unidentified by-products. 

Neverthless, in all cases, relative yields of the tertiary 
to the primary halides fairly coincide with each other 
between bromination by the JV-bromo reagent and 
chlorination by the corresponding JV-chloro reagent. 
From the relative yield of the halides obtained in 
at least three runs for each reaction, selectivity factor 
between t- and pirm-C-H. bonds, that is the reactivity 
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of a t-C-H bond relative to a prim-C-H. bond in the 
substrate, RSI was calculated to be as shown in Table 
2. 

In the absence of the additives, bromination hardly 
occurs on a t-C-H. T h e tendency is essentially the 
same to that in bromination by bromine.16) There­
fore, bromination by JV-bromo amides or imide seems 
to mainly proceed through the Goldfinger mechanism. 
Selectivities of chlorination depend on the nature of 
JV-chloro reagents and are different from that of chlo­
rination by chlorine (RS 1=3—4).17) Thus, chlorina-
tions by iV-chloro reagents may proceed through both 
of the Bloomfield and the Goldfinger mechanism. 

In the presence of the olefin, halogenation proceed 
through the Bloomfield mechanism almost exclusively, 
since the selectivity depends on the structure of the 
amide or imide groups but not on the nature of halogen. 

1-Chlorobutane. Based on the information ob­
tained in the study of halogenation of 2,3-dimethyl-
butane described above, 1-chlorobutane was halo-

TABLE 3. RELATIVE REACTIVITIES OF C-H BONDS 

OF 1-CHLOROBUTANE TOWARD HALOGENATIONSa>'b> 

Reagent 

NGDMO 
NBDMO 
NGO 
NBO 
NGS 
NBS 
CI/) 
Br3(60°C)c> 

0.48 
0.88 
0.69 
0.70 
0.17 
0.25 
0.09 
0.45 

CI—Cfi2—CH2-

0.37 
0.40 
0.65 
0.46 
0.56 
0.61 
0.40 
0.48 

-CH2-CH3 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

0.12 
0.13 
0.09 
0.12 
0.25 
0.22 
0.19 
— 

a) 1-Chloro butane: 1.25 mmol. iV-halogeno reagent: 
0.25 mmol. 3,3-dimethyl-l-butène: 0.25 mmol. BPO: 
0.01 mmol, solvent: GH2C12 5 cm3, 80 °C 15 h. b) 
Reactivity of a C-H bond at 3-position was taken as 
unity, c) Calculated from the results in the refer­
ences.18«19) 

genated by the iV-halo reagents in the presence of 
3,3-dimethyl-l -butène. From the isomer distribution 
of the halogenated products, relative reactivity of a 
C - H bond at each position was estimated. In Table 
3 the reactivity values refered to those of a C - H bond 
at 3-position were listed as well as the results of photo-
chlorination18) and bromination.19) 

Relative reactivities of C - H bonds toward a JV-
chloro reagent are in tolerable agreement with those 
toward the corresponding JV-bromo reagent, except 
abnormally high reactivity at 1-position toward 
N B D M O , the reason for which is not clear. It can 
be seen that the selectivities of these halogenation are 
quite different from these of photohalogenation, sug­
gesting that hydrogen abstracting species are the N-
centered radicals. 

Selectivity in Hydrogen Abstraction by the N-Radicals. 
Recognizing that halogenations of aliphatic compounds 
by TV-halo amide or imide proceed by the Bloomfield 
mechanism, the selectivities in the halogenation would 
reveal the relative rates of hydrogen abstraction by 
the iV-centered radicals. 

From the results of intramolecular competitive reac­
tions of 2,3-dimethylbutane and 1-chlorobutane, rela­
tive reactivities of prim-, s-, and / - C - H bonds toward 
the iV-centered radicals were found to be as shown 
in Table 4. Since polar effects of a chlorine substi­
tuent in 1-chlorobutane are only slightly operative 
on 3- and 4-positions,20) relative reactivities of C - H 
bonds between these two positions may be used ap­
proximately for the selectivity factor between ordinary 
s- and prim-C-H. bonds. For comparison, selectivity 
factors in hydrogen abstraction by other radicals are 
also shown in Table 4. 

The iV-centered radicals are found to be much less 
selective than bromine atom,16) but more selective 
than chlorine atom,17) J-butoxyl21) and phenyl radi­
cals.22) T h e trend is understandable on the basis of 
the available values of dissociation energies of the 
bonds forming through hydrogen abstraction: H-Br 

TABLE 4. RELATIVE RATE FACTORS IN HYDROGEN ABSTRACTION 

Radical 

\ N A 

\ N / 

CH 3CO x 
N-

C H / 
CH 3CO x 

N-
/-Bu/ 

CI-
Br-
Ph-

f-BuO -

Temp 
°C 

80 

80 

80 

25 

25 

25 
150 
60 
40 

prim-C-H 

1 

1 

1 

1 

1 

I 
1 
1 
1 

s-C-H 

8 

8—11 

4 

— 

— 

3.5 
80 
9 

12 

t-c-n 

70 

200 

11 

95 

1.6 

4.2 
1700 

44 
44 

Ref. 

this work 

this work 

this work 

13 

13 

17 
16 
21 
22 
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87 , a v e r a g e N - H 93 .4 , * - B u O H 102, P h - H 104, H - C l 

103 kca l m o l - 1 . 2 3 ) C o m p a r i n g w i t h t h e r ad i ca l s d e ­

r ived f rom N X O a n d N X D M O , s u c c i n i m i d y l r a d i c a l 

is less selective. T h i s is p e r h a p s d u e to t h a t d i f ference 

in effective e l ec t ronega t iv i t y of t h e n i t r o g e n a t o m af­

fects o n t h e b o n d e n e r g y of t h e f o r m i n g N - H b o n d . 

T h e r a d i c a l d e r i v e d f rom N X D M O a p p e a r s less 

selective t h a n t h a t f rom N X O , espec ia l ly i n discr i ­

m i n a t i o n b e t w e e n prim- a n d J - C - H . T h i s a p p a r e n t 

less select ivi ty c a n b e e x p l a i n e d in t e r m s of s ter ic 

effects. T w o m e t h y l g r o u p s n e i g h b o r i n g t h e r a d i c a l 

c e n t e r wil l s ter ical ly in te r fe r t h e a t t a c k of t h e r a d i c a l 

c e n t e r o n t h e m o r e c r o w d e d pos i t i on . As a resu l t , 

T A B L E 5. HALOGENATION OF TOLUENE BY N X D M O 

Reagent Init iator 
T ime 

Yield of 
benzyl halide 

% 

N G D M O 

N B D M O 

f B P O 80 
AIBN 80 
D T B P 130 

BPO 
AIBN 
D T B P 

80 
80 

130 

15 
3 

22 

15 
s 3 
22 

19 
trace 

73 

69 
69 
70 

reac t iv i t ies of a C - H b o n d a t m o r e h i n d e r e d pos i t ions , 

e.g. £ - C - H , m a y b e a p p a r e n t l y lessered. M o r e p r o ­

n o u n c e d s imi la r s ter ic effects h a v e b e e n d e m o n s t r a t e d 

i n t h e selectivi t ies o f TV-methyl- a n d 7V-£-butylacet-

a m i d y l radica ls . 1 3 ) A n d these acyc l i c a m i d y l r ad i ca l s 

s eem less select ive t h a n t h e cycl ic TV-radicals s t u d i e d 

in this w o r k . T h e s e c a n b e also c o n s i d e r e d to b e 

t h e resul ts of s imi la r s ter ic effects. I n t h e acyc l i c 

systems b l o c k i n g effects of t h e g r o u p s b o n d e d to t h e 

n i t r o g e n a t o m wil l be m u c h l a r g e r . C o n s e q u e n t l y 

a b s t r a c t i o n s b y t h e acyc l ic r a d i c a l s a r e less select ive, 

a n d m o r e sensi t ive to s ter ic h i n d r a n c e b y t h e g r o u p s 

i n subs t ra t e s , t h a n those b y t h e cycl ic r ad i ca l s . 

Substituted Toluenes. I n o r d e r to o b t a i n p r e ­

l i m i n a r y i n f o r m a t i o n a b o u t p o l a r selectivit ies of h y ­

d r o g e n a b s t r a c t i o n b y t h e TV-radicals, s u b s t i t u t e d to l ­

uenes w e r e i n t e n d e d to b e h a l o g e n a t e d c o m p e t i t i v e l y 

b y t h e JV-halo r e a g e n t s i n t h e p r e s e n c e of 3 , 3 - d i m e t h y l -

1-butène . 

B r o m i n a t i o n of t o l u e n e b y N B D M O w a s i n i t i a t e d 

b y e i t h e r B P O o r A I B N , a n d t h e r e a c t i o n (a t 80 °G) 

g a v e b e n z y l b r o m i d e i n a r e a s o n a b l e y ie ld . H o w ­

ever , c h l o r i n a t i o n b y N C D M O w a s q u i t e s luggish 

u n d e r these c o n d i t i o n s a n d a f forded b e n z y l c h l o r i d e 

i n a q u i t e p o o r y ie ld . P e r h a p s , th is is d u e to dif-

YG6H4GH3 

Y = 

TABLE 6. COMPETITIVE HALOGENATION OF SUBSTITUTED TOLUENES BY NXDMO (130 °G) 

NXDMO Q I e f i n a ) SubStrates(moIdm-3) M o l a r r a t i o 

im^ldm-3) (™ldm-3) ^ ^ ^ YC6H4CH2X/PhCH2X 

Relative 
rate 
const. 

P-CH, 

p-Cl 

p-CN 

G 

B 

G 

B 

G 

B 

G 

B 

0.040 

0.045 

0.041 

0.042 

0.062 

0.062 

0.101 

0.088 

— 
— 

0.045 

0.048 

0.062 

0.074 

0.073 

0.104 

0.800 

0.812 

0.818 

0.810 

0.604 

0.608 

2.006 

2.035 

0.402 
0.416 

0.600 

0.610 

0.602 

0.612 

2.005 

1.996 

1.64+0.1 

3.21±0.2 

2.44±0.04 

2.71±0.01 

0.67±0.01 

0.76±0.03 

0.25±0.01 

0.25+0.01 

1.63 

3.13 

1.83 

1.80 

0.67 

0.70 

0.25 

0.25 

a) 3,3-Dimethyl-l-butène. 

T A B L E 7. COMPETITIVE HALOGENATION OF SUBSTITUTED TOLUENES BY N X O (130 °G) 

YG 6 H 4 GH 3 

Y = 

N X O 
X = 
(mol dm~ 

01efina> 
(mol d m - 3 ) 

Substrates (mol d m - 3 ) 

^ 6 H 5 G H 3 YG 6 H 4 GH 3 

Molar ratio 
Y C 6 H 4 C H 2 X / P h C H 2 X 

Relative 
rate 
const. 

p-CH, 

p-Cl 

p-CN 

G 

G 

G 

B 

B 

G 

G 

G 

B 

B 

G 

G 

B 

B 

0.044 

0.047 

0.042 

0.022 

0.022 

0.043 

0.040 

0.046 

0.050 

0.049 

0.021 

0.022 

0.046 

0.041 

— 
0.048 

0.049 

— 
0.025 

— 
0.045 

0.045 

— 
0.041 

— 
— 
— 

0.046 

1.02 

0.979 

1.04 

1.00 

1.03 

0.426 

0.425 

0.407 

0.424 

0.405 

0.225 

0.220 

0.427 

0.414 

0.479 

0.481 

0.447 

0.233 

0.238 

0.796 

0.993 

0.429 

0.620 

0.592 

1.00 

1.00 

1.26 

1.30 

1.70±0.03 

2 .00±0.04 

1.68±0.05 

0 .94±0.02 

0 .90+0.03 

1.16±0.01 

1.04±0.03 

0 .49±0.04 

1.16±0.04 

1.21±0.04 

1.44±0.04 

1.38±0.03 

0 .12±0.05 

0.17 + 0.10 

1.88 

2.03 

1.95 

2.22 

1.93 

0.62 

0.56 

0.46 

0.79 

0.83 

0.32 

0.30 

0.04 

0.06 

a) 3,3-Dimethyl-1 -butène. 
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YG6H4GH3 

Y = 

TABLE 8. 

NBS 
(mol dm -3) 

COMPETITIVE BROMINATION OF SUBSTITUTED TOLUENES BY NBS (130 °G) 

Olefin-) Substrates(moldm-3) Molar ratio 

(moldm-) p h C H 3 Y C 6 H 4 G H 3 YC6H4CH2Br/PhCH2Br 

Relative 
rate 
const. 

/>-CH3 

p-Cl 

/>-CN 

0.044 
0.042 
0.040 

0.042 
0.039 

0.023 
0.022 

— 
— 

0.039 

— 
0.039 

— 
0.028 

1.00 
1.02 
1.01 

0.435 
0.404 

0.214 
0.231 

0.390 
0.320 
0.400 

0.818 
0.806 

2.02 
1.89 

2 .92±0.07 
2 .17±0.03 
2 .61±0.02 

1.22±0.01 
1.64±0.02 

0 .83±0.03 
0 .56±0.03 

3.75 
3.45 
3.24 

0.67 
0.82 

0.087 
0.069 

a) 3,3-Dimethyl-1 -butène. 

ficulty in chlorine abstraction from the N-Gl bond 
by the relatively stable benzyl radical. However, 
when the reaction was carried out at 130 °G using 
di-^-butyl peroxide (DTBP) as a radical generator, 
toluene was smoothly halogenated by either N G D M O 
or N B D M O , giving benzyl halides in good yields, 
as shown in Tab le 5. Even under these conditions 
NGS could not chlorinate toluene in an appreciable 
yield. O n the basis of the observations, competitive 
experiments were conducted with N X D M O and N X O 
at 130 °C in CH2C12 solvent using DTBP as an ini­
tiator, and relative reactivities of substituted toluenes 
were compared between bromination and chlorina-
tion. 

Table 6 shows the results obtained about halogena-
tion by N X D M O . Relative reactivity of each sub­
stituted toluene was obtained with satisfactory re­
producibility, and the values obtained for chlorination 
and bromination were coincide with each other. This 
obviously supports that the reagent attacking benzylic 
hydrogen in both reactions is the common TV-radical, 
and the radical has fairly electron seeking nature 

(?=-i.o)._ 
Competitive experiments with N X O gave, however, 

poorer reproducible results, as shown in Table 7. 
Although there can be seen the tendencies that the 
presence of the olefin makes the chlorination with 
N G O more selective and the bromination with NBO 
less selective, no numerical coincidence in relative 
reactivity was obtained between chlorination and bro­
mination. This may arise probably from that both 
of the Bloomfield and the Goldfinger processes proceed 
concurrently even in the presence of the olefin. Con­
trasting with 3-halo-4,4-dimethyl-2-oxazolidinone, 3-
halo-2-oxazolidinone, bearing a-hydrogens, is though 
to take place dehydrohalogenation at higher tem­
perature.10) Hydrogen halide thus formed will ac-

—O 

O o 
I 

X 

o 
>=o 

N ' 
+ HX 

celarate the Goldfinger process through the reaction 
with N X O producing halogen molecule. Under the 
drastic conditions used in this study, therefore, halogen 
will form too rapidly to be entirely scavenged by 
the olefin added. Increasing the amount of the olefin 
might suppress the Goldfinger process. Under these 

circumstances, however, yield of the benzyl halides 
became too low for reliable competitive study. 

Table 8 shows the results of bromination with NBS 
in the absence and the presence of the olefin. The 
reaction constant obtained in the absence of the olefin 
are derived to be ca. —1.8 ( r=0 .95) , being somewhat 
larger negative compared with the values reported 
so far (/o = -1.46,4> ^ + = —1.386> at 80 °C in CC14). 
This is perhaps due to that a more polar solvent, 
CH2C12 was used in this work. The presence of the 
olefin makes the reaction slightly more electron seeking 
(P = —1.9, r = 0 . 9 7 ) . We feel, this reveals the polar 
selectivity of hydrogen abstraction by the succinimidyl 
radical, al though comparison with chlorination by 
NCS could not be accomplished owing to the difficulty 
described above. 

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

Materials. NGO and NGDMO were prepared 
by the modified known method.24) The precipitated NGO 
was filtered, dried under reduced pressure, and crystallized 
from dichloromethane-petroleum ether. Yield 50%, mp 
62.5—63.5 °G. The sample in a vacuum sealed tube wrapped 
with aluminum foil was reserved in a refrigerator. NGDMO 
was recrystallized from benzene-petroleum ether. Yield, 
70%, mp 69—70 °G. NBDMO was prepared by the known 
method15) and recrystallized from dichloromethane-petro-
leum ether. Yield 76%, mp 118—119 °G. NBO was pre­
pared by bromination of 2-oxazolidinone (7 g) with £-butyl 
hypobromite25) in dichlorome thane. The crystal was filtered 
and recrystallized from dichloromethane-petroleum ether. 
The sample was reserved in a evacuated tube wrapped with 
aluminum foil. Yield 50%, mp 115—120 °G (partially 
decomposed).15) NGS were prepared by the usual method.26) 
NBS was commercially available and purified by recrystal-
lizing from water. All substrates were purified by distilling 
the commercial materials. 

Halogenation of 2,3-Dimethylbutane and 1 -Chlorobutane. A 
solution of an iV-halo reagent (0.25 mmol), 2,3-dimethyl-
butane (1.25 mmol), BPO (0.01 mmol), and y-collidine or 
3,3-dimethyl-l-butène (0.25 mmol) in dichloromethane (5 
cm~3) was taken in a reaction tube and degassed by suc­
cessive freezing-thawing processes. The tube was sealed 
under vacuum, and immersed in a thermostat at 80 °G 
for 15 h. The products were collected by GLPG, identified 
spectroscopically and determined by GLPG. All products 
were well known in the literature.3-8) The results were 
summarized in Tables 1—3. 

Competitive Hologenation of Substituted Toluenes. In a 
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5 c m - 3 graduated flask, an iV-halo reagent (0.2—0.5 mmol) , 
DTBP (0.2 mmol) , 3,3-dimethyl-l-butène (0—0.5 mmol) and 
precisely weighed toluene (ca. 5 mmol) and a substituted 
toluene were taken, and the mixture was diluted with di-
chloromethane to 5 c m - 3 . T h e n the solution was devided 
to 3—4 fractions. Each fraction was degassed in a tube, 
which then was evacuated and sealed. T h e tube was im­
mersed in a thermostat at 130 °G at 15 h. Molar ratio of 
halogenated products was determined by GLPG using cali­
bration curves. From the molar ratios of initial concen­
tration of toluenes and final concentration of benzylic halides, 
relative reactivity of the substituted toluene was calculated. 
The results were tabulated in Tables 6—8. In the reac­
tion with N X O , the fractions from the same solution did 
not necessarily give the results in reasonable agreement 
with each other. 
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Carbon-13 NMR Study on the Cyclodextrin Inclusion Complexes in Solution 
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A correlation between the penetration depth of the carbon atoms of 4-nitrophenolate, benzoic acid, 4-ni-
trophenol and 2,6-dimethyl-4-nitrophenolate in the cavity of a-cyclodextrin and the changes of their 13C-chemical 
shifts has been investigated. By use of this relationship and the observed changes of the 13G-chemical shifts of 
3-nitrophenol on the complex formation with a-cyclodextrin, the time-averaged conformation of the a-cyclo-
dextrin-3-nitrophenol complex is determined. 

The attention to the catalyses by cyclodextrins, 
cyclic oligosaccharides composed of 6—8 glucose units, 
has been increasing. This mainly comes from the 
inclusion complex formation of cyclodextrins with the 
substrates prior to the catalytic function in the similar 
way as enzymatic reactions, resulting in specificities.1) 

Although almost all of the reactions catalyzed by 
cyclodextrins are carried out in aqueous solutions, 
little is known on the positions of the substrates in 
the cavities of cyclodextrins. The information on the 
structures of inclusion complexes is quite important, 
since the characteristics of the cyclodextrin-catalyzed 
reactions are mainly due to the formation of the com­
plexes. 

In the previous paper,2) the time-averaged confor­
mations of the complexes of a-cyclodextrin with 4-
nitrophenol and benzoic acid as well as their anions 
were determined by fitting the changes of the 1 H -
chemical shifts of a-cyclodextrin to the calculated values 
of the anisotropic shielding effects of the aromatic 
rings of the guest compounds. 

This paper describes the extension of the previous 
study to the 1 3 C-NMR spectroscopy. The relationship 
between the positions of the carbon atoms of the guest 
compounds in the cavity of a-cyclodextrin and the 
changes of the 13C-chemical shifts of these atoms is 
shown for the complex of a-cyclodextrin with 4-nitro­
phenolate, benzoic acid, 4-nitrophenol, and 2,6-dimeth-
yl-4-nitrophenolate. Furthermore, the conformation of 
the complex of a-cyclodextrin with 3-nitrophenol is 
determined by use of this relationship. 

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

Materials. The guest compounds and a-cyclodextrin 
were purified by recrystallization. Deuterium oxide (the 
minimum purity 99.75%) from Merck Go. was used as 
the solvent for the 13C- and XH-NMR measurements. 

Spectrometry. 13C-NMR spectra were taken at ambient 
temperature (about 25 °C) on a JEOL PFT-100 spectrome­
ter operating at 25.03 MHz, connected with JEOL EC-100 
computer. The 13C-chemical shifts were determined with 
the accuracy of ±0.01 ppm by use of sodium formate 
as the internal standard. The assignments of the signals 
were made according to the literatures for 4-nitrophenolate,3) 
benzoic acid4) and 4-nitrophenol,3) and by using the ad-
ditivity rule6) for 2,6-dimethyl-4-nitrophenol and 3-nitro­
phenol. The changes of the 13C-chemical shifts of the guest 
compounds (Zlc's) on the complex formation with a-cyclo­
dextrin were determined with the accuracy of ±0.05 ppm 
by plotting the observed changes of the 13C-chemical shifts 
vs. the concentration of a-cyclodextrin. 

XH-NMR spectra were measured at 60 °C by use of JEOL 

Fig. 1. Schematic drawing showing the definition of 
Z. H3 shows the plane comprised of the six 
H-3 atoms of a-cyclodextrin. 

PS-100 spectrometer. Assignments of the signals of a-
cyclodextrin followed the literature.6) 

Determination of the Time-averaged Position of the Guest Com­
pound by ^H-NMR Spectroscopy. The time-averaged posi­
tion of the guest compound in the cavity of a-cyclodextrin 
was determined by the following method, the detailed de­
scription of which was made in the previous paper;2) 

1) The change of the 1H-chemical shifts of the H-3 and 
H-5 atoms of a-cyclodextrin due to the complex formation 
with the guest compound were experimentally determined. 

2) The magnitudes of the anisotropic shielding effects 
of the aromatic ring of the guest compound on the H-3 and 
H-5 atoms were calculated by using the table of Johnson 
and Bovey.7) 

3) The optimal position of the guest compound was de­
termined by shifting the aromatic ring along the longitudinal 
axis (z-axis) of the cavity of a-cyclodextrin. In the optimal 
position, the calculated values of the shielding effects of 
the guest compound on the both H-3 and H-5 atoms show 
the maximal agreements with the corresponding observed 
values. 
and 

4) The optimal position was taken as the time-averaged 
position of the aromatic ring of the guest compound. 

The position of the center of the aromatic ring and the 
carbon atoms of the guest compounds were expressed in 
terms of the heights (Z, in Â) from the plane comprised of 
the six H-3 atoms of a-cyclodextrin as shown in Fig. 1. 

R e s u l t s 

Time-averaged Positions of the Guest Compounds in the 
Cavity Determined by the XH-NMR Spectroscopy. 
Table 1 shows the heights of the centers of the aro­
matic rings (Z-values) of 4-nitrophenolate, benzoic 
acid, 4-nitrophenol and 2,6-dimethyl-4-nitrophenolate, 
determined by the 1 H - N M R spectroscopy as described 
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TABLE 1. PENETRATION DEPTH (THE Z VALUE) FOR THE CENTER OF THE AROMATIC RING OF THE 

GUEST COMPOUND AND T H E OBSERVED AND CALCULATED CHANGES OF T H E 1 H - C H E M I C A L 

SHIFTS OF T H E H - 3 AND H - 5 ATOMS OF a - C Y C L O D E X T R I N 

Guest compound 

4-Nitrophenolatec> 
Benzoic Acidc) 
4-Nitrophenolc) 
2,6-Dimethyl-4-nitrophenolate 

Z of the center 
of the aromatic 

ring/Âa> 

- 1 . 1 
- 0 . 1 
- 0 . 7 
- 1 . 4 

Obsd 

+ 0.20 
+ 0.41 
+ 0.25 
+ 0.15 

^-Chemical shift 

H-3 

Galcd 

+ 0.21 
+ 0.40 
+ 0.26 
+ 0.15 

change/ppmb> 

H-5 

Obsd 

- 0 . 0 5 
- 0 . 0 8 
- 0 . 0 4 
- 0 . 0 6 

Calcd 

- 0 . 0 8 
- 0 . 0 9 
- 0 . 0 8 
- 0 . 0 8 

a) The negative sign refers to the shallower penetration with respect to the plane composed of the six H-3 
atoms of a-cyclodextrin. b) The positive sign shows the increase in the shielding, c) From Ref. 2. 

TABLE 2. VALUES OF Zlc AND Z FOR THE COMPLEX 

FORMATION OF a - C Y C L O D E X T R I N W I T H VARIOUS 

GUEST COMPOUNDS 

Guest compound Carbon 
atoma> zlc/ppmb) Z/Âc) 

4-Nitrophenol 

Benzoic acid 

4-Nitrophenol 

2,6-Dimethyl-4-
nitrophenolate 

G-1 
G-2 

C-3 
G-4 
C-5 

G-6 
C-7 

G-8 
G-9 

+ 0.25 
- 1 . 0 5 

- 1 . 6 1 
+ 0.14 
- 0 . 2 8 

- 0 . 2 7 
- 1 . 2 6 

+ 0.59 
+ 0.10 

- 1 . 8 
- 0 . 4 

+ 0.6 
- 0 . 8 
- 1 . 5 

- 1 . 3 
0.0 

- 2 . 1 
- 0 . 8 

a) The numbering system is shown in the legend for 
Fig. 2. b) The positive sign refers to the increase in 
the shilding. c) The negative sign shows the shallower 
penetration with respect to the plane comprised of the 
six H-3 atoms. 

in the Experimental Section. T h e agreements between 
the observed values of the changes of the ^ - c h e m i c a l 
shifts and the calculated ones are fair for both the 
H-3 and H-5 atoms. 

The conformations of the inclusion complexes can 
be definitely determined from the Z-values of the 
centers of the aromatic rings listed in Table 1, since 
the directions of the penetrations of the guest com­
pounds were known.8 '9) 4-Nitrophenolate, 4-nitrophe-
nol and 2,6-dimethyl-4-nitrophenolate form the com­
plexes with a-cyclodextrin in which the nitro groups 
are located inside the cavity with the hydroxyl group 
and phenoxide oxygen atoms protruding from the sec­
ondary hydroxyl side of the cavity.8) In the a-cyclo-
dextrin-benzoic acid complex, the carboxyl group pen­
etrates as a head from the secondary hydroxyl side.9) 
Thus, the Z-values for all of the carbon atoms of the 
guest compounds were determined as shown in Table 
2. 

Relationship between the Penetration Depth and the Change 
of the 13C-Chemical Shift. Table 2 lists the changes 
of the 13C-chemical shifts (Ac) as well as the Z-values 
for the complex formations of a-cyclodextrin with 4-
nitrophenolate, benzoic acid, 4-nitrophenol, and 2,6-
dimethyl-4-nitrophenolate. 

A fair correlation between A and Z are found 

D-, 
a, 
o 

^ 

+1 

0 

-1 

-2 

X ^ l 4 

' 1 ^ 
2>-

1 1 1 i 

^ 

-2 +2 
Z/A 

Fig. 2. Plot of the changes of the 13C-chemical shifts 
(Ac in ppm) of the guest compounds on the inclusion 
complex formation with a-cyclodextrin vs. the penetra­
tion depth (Z in Â). 
The positive sign in Ac shows the increase in the 
shielding, and the positive sign in Z shows the deeper 
penetration with respect to the plane (Z=0) com­
prised of the six H-3 atoms of a-cyclodextrin; the 
numbering system of the carbon atoms of the guest 
compounds are as follows; 

O - COOH OH O -

A i A 3 A e H3CV\^CH3 

X/ 2 

NO, 
X/4 

s 
S/7 

N 0 2 

X / 9 

N 0 2 

as shown in Fig. 2. The seven points except for those 
of the C-4 and G-9 atoms showed linearity. As the 
carbon atom was included more deeply in the cavity, 
its chemical shift moved from the values in the ab­
sence of a-cyclodextrin towards the lower magnetic 
field to a greater extent. The G-4 and G-9 atoms, 
both of which have the Z-values of around —0.8 A, 
showed almost the identical Ac values ( + 0 . 1 ppm) , 
although the corresponding points considerably de­
viated from the linear straight line for the other seven 
points. 

The most important conclusion from Fig. 2 is that 
Ac is virtually governed only by the penetration 
depth in the cavity. The positions of the carbon 
atoms with respect to the substituents in the guest 
compounds are less important. Thus, the relationship 
in Fig. 2 is applicable to other guest compounds, 
especially to the substituted benzenes. 
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TABLE 3. VALES OF Ae AND Z FOR THE OC-CYCLO-

D E X T R I N - 3 - N I T R O P H E N O L COMPLEX 

Fig. 3. The time-averaged conformation of the a-
cyclodextrin- 3-nitrophenol complex. 

H3 and H5 show the planes comprised 
of the six corresponding atoms of a-cyclodextrin. 

Application of the Relationship between Ac and Z to 
the Complex Formation of <x.-Cydo dextrin with 3-Nitrophenol. 
The time-averaged position of 3-nitrophenol in the 
cavity of a-cyclodextrin can be estimated as shown 
in Fig. 3. Here, the Z-values of the carbon atoms 
of 3-nitrophenol are determined by use of the observed 
J c ' s and the relationship in Fig. 2. The Zlc's for 
the C-10, C - l l , and G-13 atoms are evaluated from 
the straight line, and that for the C-12 atom, which 
is located at Z = — 0.9 A, is taken as the average of 
the values for the G-4 and C-9 atoms. The agreements 
between the observed values of Ac and the calculated 
values are fair as shown in Table 3. 

Supports for the conformation in Fig. 3 and thus 
the method for the determination were provided by 
the 1 H - N M R spectroscopy. The magnitudes of the 
anisotropic shielding effects of the aromatic ring of 
3-nitrophenol on the H-3 and H-5 atoms, respectively, 
of a-cyclodextrin can be calculated to be + 0 . 3 0 and 
—0.05 ppm. These values were determined by aver­
aging the magnitudes of the shielding effects of the 
aromatic ring on the six H-3 or H-5 atoms, each of 
which are estimated by using the table of Johnson 
and Bovey.7) These values are in fair agreements 
with the observed values ( + 0 . 2 9 and —0.05 ppm, 
respectively). 

Penetration of the hydroxyl group of 3-nitrophenol 
in the cavity rather than the nitro group was further 
confirmed by the absorption spectroscopy. Table 4 
shows the dissociation constant (Kd) of the inclusion 
complexes of a-cyclodextrin with 3-nitrophenol, 2-
methyl-3-nitrophenol, and 4-methyl-3-nitrophenol, de­
termined at 25 °C in 0.1 mol d m - 3 HCl by using the 
change of the absorbance at 340 nm. T h e methyl 
substitution in the ortho position of the hydroxyl 
group prevents the complex formation with a-cyclo­
dextrin, although the methyl substitution in the para-
position of the hydroxyl group enhances it. These 
results are consistent with the conformation shown 
in Fig. 3, since the steric hindrance around the hydroxyl 
group shows larger effect on the complex formation 
than the steric hindrance around the nitro group 
does. 

D i s c u s s i o n 

I t has been shown that the 1 3 G-NMR spectroscopy 

Carbon atoma) 

10 
11 
12 
13 

Z/Ab> 

- 0 . 4 
- 1 . 9 
- 0 . 9 
+ 0.4 

Ac 

Obsd 

- 0 . 7 8 
- 0 . 1 3 

0.00 
- 1 . 4 5 

/ppmc> 

Galcd 

- 0 . 9 2 
+ 0.16 
+ 0.12 
- 1 . 4 8 

a) The numbering system is as follows: 
OH 

i 
1 3 ^ \ l 0 

1 2 \ / \ N 0 2 
i i 

b) The negative sign shows the shallower penetration 
with respect to the plane composed of the six H-3 
atoms, c) The positive sign shows the increase in the 
shielding. 

TABLE 4. THE EQUILIBRIUM CONSTANT (Kd) OF THE 

DISSOCIATION OF T H E INCLUSION COMPLEX OF 

a -CYCLODEXTRIN a > 

Guest compound # d /10- amoldm- 3 

3-Nitrophenol 
2-Methyl-3-nitrophenol 
4-Methyl-3-nitrophenol 

1.7 
2.2 
0.065 

a) At 25°C in 0.1 mol dm"3 HCl. 

as well as the X H-NMR spectroscopy2) can be applicable 
to the determination of the time-averaged positions 
of the guest compounds in the cavity. An advantage 
of the 1 3 G-NMR spectroscopy over the 1 H - N M R spec­
troscopy is that it can provide the direct informations 
on the positions of all the carbon atoms of the guest 
compounds and thus on the directions of the penetra­
tions of the guest compounds in the cavity. However, 
only the position of the aromatic ring of the guest 
compound in the cavity can be determined by use 
of the 1 H - N M R spectroscopy. The positions of the 
carbon atoms of the guest compounds can be estimated 
by 1 H - N M R spectroscopy only when the directions 
of the penetrations are determined by other methods. 
In the complex formations of 4-nitrophenolate and 
4-nitrophenol, for example, the absorption spectroscopy 
showed the penetration of the nitro group as a head, 
since the steric hindrance due to the methyl substitu­
tion (s) around the nitro group exhibited much larger 
suppression of the complex formations than the steric 
hindrance around the hydroxyl group or phenoxide 
ion does. 

The deviations for the G-4 and the C-9 atoms from 
the straight line in Fig. 2 are associated with the sec­
ondary hydroxyl groups of a-cyclodextrin which are 
located around Z— — 1.0 A. Apolar property near 
the hydroxyl groups is smaller than estimated from 
the Z-value. 

The penetration of the hydroxyl group in the cavity 
in the a-cyclodextrin-3-nitrophenol complex is attrib­
utable to the attraction of the dipole of the nitro group 
of 3-nitrophenol mainly by the negative charge at 
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the 0 - 2 oxygen atom of a-cyclodextrin. The 0 - 2 
oxygen atoms are located near the nitro group, since 
the corresponding secondary hydroxyl groups orient 
inside the cavity. In the a-cyclodextrin-4-nitrophenol 
complex, however, the interaction between the nitro 
group and the negative charge is less important because 
of the larger distance between them, resulting in the 
penetration of the more apolar nitro group in the 
cavity. 

The conformation of the a-cyclodextrin-3-nitrophenol 
complex in solution in Fig. 3 is consistent with that 
in the crystal10) where the benzene ring is located 
near the secondary hydroxyl side of the cavity. The 
complex in the crystal, however, has the nitro group 
inside the cavity, whereas that in solution has the 
hydroxyl group inside the cavity. This discrepancy 
is probably associated with the process of the crystal­
lization. 

Small discrepancies between the observed and cal­
culated values of J c ' s for the G-10 and G- l l atoms 
(Table 3) are due to the minor contribution of the 
inclusion complex where the nitro group penetrates 
the cavity as a head, in addition to the major con­
tribution of the inclusion complex where the hydroxyl 
group penetrates the cavity as a head (Fig. 3). 

Conclus ion 

1) A correlation between the penetration depth 
of the carbon atoms of the aromatic guest 

compounds and the changes of the 13C-chemical 
shifts was found. 

2) T h e time-averaged conformation of the a-cyclo-
dextrin-3-nitrophenol complex in solution was 
determined by use of the relationship. 

This work was partially supported by a Grant-in-
Aid for Scientific Research from the Ministry of 
Education, Science and Gulture. 
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Acylchlorination and Related Reactions of Fluoroethenes Using 
AlCls and FeCl3 

Nobuo ISHIKAWA,* Hiroshi IWAKIRI , Kazuya EDAMURA, and Satoshi KUBOTA 

Department of Chemical Technology, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 
(Received September 4, 1980) 

Acylchlorination of mono-, 1,1 -di-, and trifluoroethenes with carboxylic acid chlorides using A1G13 and FeCl3 

as a Lewis acid was investigated. In AlGl3-catalyzed reactions, fluorine-chlorine exchange reaction always oc­
curred in part, while in FeCl3-catalyzed reactions Glaisen-type condensation giving /?-diketones was observed. 
Preparations of 2-chloro-2-fluoroethyl, 2-chloro-2,2-difluoroethyl, and 2-chloro-l,2,2-trifluoroethyl ketones are 
given. 

Although the reactivity of fluoroethenes towards 
electrophiles is lowered by the presence of negative 
fluorine atoms, several examples of the electrophilic 
addition across the double bond of mono-, di-, and 
trifluoroethenes appeared in the literature.1) 

As to the Friedel-Crafts acylhalogenations of the 
fluoroethenes, the additions of acyl chlorides or acetyl 
fluoride to 1,1-difluoroethene and trifluoroethene cat­
alyzed by AICI32) and SbF5

3) were reported by Soviet 
workers. 

In this paper we wish to report on the reactions 
of various carboxylic acid chlorides with mono-, di-, 
and trifluoroethenes using A1C13 and FeCl3 as a Lewis 
acid, and on the preparations of chlorofluoroethyl 
ketones and /5-diketones, which are expected as useful 
intermediates for synthesis of fluorine containing or­
ganic compounds. 

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

Acylchlorination of Fluoroethene. Among fluoro­
ethenes, monofluoroethene is expected to be the most 
susceptible to the attack of electrophiles, however, 
only a few electrophilic reactions of fluoroethene, e.g. 
additions of fluorosulfuric acid4) and arenesulfenyl chlo­
rides,5) are known. No reports on the acylchlorina­
tion of fluoroethene have appeared in literatures so 
far. We found that fluoroethene was readily acyl-
chlorinated by various carboxylic acid chlorides in 
the presence of A1C13 or FeCl3 even under mild condi­
tions. For example, when fluoroethene gas was al­
lowed to be absorbed in a mixture of excess acyl chlo­
rides and A1G13 (4:1 mole ratio) at 0 °C, 2-chloro-
2-fluoroethyl ketones (1) were obtained. However, 
2,2-dichloroethyl ketones (2), formed by a halogen 
exchange reaction, were always found as a side product 
in the reaction mixture. Expecting to avoid this dichlo-

MCI3 
RCG1 + CH2=CHF > 

11 o°c 
O 

excess 
(R = Me, Et, n-Pr) 

RG-CH3-CHC1F + RG-GH2-GHGL 
11 11 
O O 
1 (39-57%) 2 

roethyl ketone formation, dichloromethane was used 
as a solvent and equimolar amounts of acyl chloride 
and fluoroethene were made to react under the same 
conditions. The formation of 2, however, could not 

be controlled by this method, and from benzoyl chlo­
ride, in particular, 2,2-dichloroethyl phenyl ketone 
(3) was formed in a yield of 4 3 % . The fluorine-

A1C13/CH2C12 

PhCCl + CH2=CHF > PhC-CH2-GHGla 
11 0° C H 

O O 
3 

to-chlorine exchange reaction by A1C13 forming dichlo-
roethyl ketones in these reactions was confirmed ex­
perimentally. For example, when a mixture of equi­
molar amounts of 2-chloro-2-fluoroethyl propyl ketone 
1 ( R = n - P r ) and A1G13 in dichloromethane was stirred 
at 0 °C for 40 min, 1 and 2 were found in a ratio 68 : 
32, based on the XH N M R signal intensities, in the 
resulting mixture. 

Then we carried out the acylchlorination of fluoro­
ethene, using FeCl3 instead of A1C13 in the above 
procedure, because FeCl3 is known to be a milder 
Lewis acid than A1C13.

6»7> By this method, the ex­
pected 2-chloro-2-fluoroethyl ketones were obtained 
exclusively in good yields (Table 1). Even aroyl chlo­
rides afforded corresponding ketones in fairy good 
yields ( ~ 5 0 % ) . These 2-chloro-2-fluoroethyl ketones 

(R = alkyl or aryl) 

were readily dehydrochlorinated by heat or by a 
base, giving unstable vinyl ketones. 

Acylchlorination of 1,1-Difiuoroethene. More than 
twenty years ago Knunyants and his co-workers re­
ported the addition of acetyl, propionyl, and butyryl 
chlorides to 1,1-difluoroethene using A1C13 in trichlo-
romethane at low temperature ( — 10 5 °G), af­
fording 2-chloro-2,2-difluoroethyl ketones in rather low 
yields (33—48%).2) More recently, Belen'kii and 
German reported the reaction between acetyl fluoride 
and 1,1-difluoroethene in sulfur dioxide using SbF5 

as a Lewis acid, obtaining a normal adduct together 
with condensation products, a /S-diketone and an ester.3) 

S b F 5 / S 0 2 

MeCF + CH2=CF2 > MeC-CH2CF3 
11 11 o o 

+ MeC-CH2-C-CH2CF3 + CH2=C-CH2CF, 
n 11 1 

O O O-COMe 

By tracing the procedure reported by Knunyants et 
al., 2,2,2-trichloroethyl ketones (5) were formed as 
well as 2-chloro-2,2-difluoroethyl ketones (4) according 
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TABLE 1. PREPARATION OF RC-CH2-CHC1F (1) 
it 

O 

R Bp 
°G/mmHg 

"Mp" Yield (%) 
(Method) a>~ 

m and 19F NMR (ô ppm) 
/ ^ ~—\ 

- H
 ( / ; H H z ) ^ 

IR (G=0) 
cm-1 

, Found (Galcd) (%) 

G H 

Me 

Et 

rc-Pr 

z-Pr 

n-C5Hn 

Ph 

38—39/9 

43—45/9 

53—54/5 

55—52/5 

55-60/2.5 

[48.5—50] 

/>-MeC6H4 [76—77] 

(A) 39 
(B) 70 
(A) 46 

(A) 57 
(B) 76 

(A) 32 

(B) 65 

(B) 50 

(B) 49 

3.20 
3.27 
3.20 
3.27 

10 
17 
10 
17 
15 
25 
63 
72 

3.60 
3.70 

(6.50 
{(50) 
{6.53 
{(50) 
(6.45 
{(49) 
(6.43 
{(49) 
(6.50 
{(50) 
(6.65 
{(50) 
(6.70 
{(50) 

54.3 

54.0 

54.3 

54.3 

54.0 

53.3 

53.3 

1720 

1720 

1720 

1720 

1720 

1680 

1675 

( 38.84 
{(38.58) 
( 43.13 
{(43.34) 
( 47.64 
{(47.23) 
( 47.64 
{(47.23) 
( 53.67 
{(53.19) 
( 58.19 
{(57.93) 
( 60.27 
{(59.86) 

4.66 
(4.86) 
5.46 

(5.82) 
6.70 

(6.61) 
6.70 

(6.61) 
7.67 

(7.81) 
4.25 

(4.32) 
4.97 

(5.02) 
a) Method (A) : A1C13 in excess RCOC1, (B) : FeCl3 in CH2C12. 
chemical shifts are given in ô ppm from ext. GF3G02H. 1H NMR 

b) 19F NMR was measured in neat and 
was measured in CC14. 

R 

Me 

Et 
rc-Pr 

Bp 
°C/mmHg 

38—40/24°) 

59—60/29d) 
60—62/20e) 

T A B L E 2. PREPARATION OF 

Yield (%) 
(Method) a> 

(A) 59c> 
(B) 46f) 
(A) 56d) 
(B) 50f) 

RG-
M 

O 

!f 

GH2-GG1F2 (4) 

I and 19F NMR 

oc-H 

3.40 

3.38 
3.33 

(<5 ppm)b) 

ß-F 
- 2 9 . 7 

- 2 9 . 5 
- 2 9 . 6 

IR (G=0) 
cm - 1 

1730 

1730 
1720 

a) Method (A): A1G13 in CHC13, (B) : FeGl3 in GH2G12. b) See Table 1, footnote b) : *H NMR was measured 
in CDC13. c) Lit,2) bp 40—41 °C/25 mmHg, 44.5<%. d) Lit,2) Bp 56—57 °C/30 mmHg, 48%. e) Lit,2) bp 
64—65 °C/22 mmHg, 33%. f) Contaminated with further acylated products («10%). 

to the 1 H N M R spectra of reaction products, with 
the ratios shown below. 

RGG1 + CH2=CF. 

O 

AICI3/CHCI3 

-*. 2 1 0 -

RC-CH2 
11 

O 

R 

Me 
Et 
Pr 

4 

- 5 ° C 

-CC1F2 + RG-GH2-GGL 
11 

O 
5 

Ratio 
4/5 
2.3 
2.5 
4.0 

Avoiding the halogen exchange between 4 and 5 
with AICI3, we examined FeCl3 instead of A1C13 in 
these cases again. Thus 1,1-difluoroethene was al­
lowed to be absorbed into a mixture of acyl chlorides 
and FeCl3 in dichloromethane at 0 °C. By this meth­
od, chlorodifluoroethyl ketones were obtained in 5 0 % 
yield, and no formation of trichloroethyl ketone was 
observed in the reaction mixture (Table 2). 

However, other unidentified by-products were always 
included in the main product and these contaminants 

were assumed to be further acylated condensation 
products such as ß-diketone (6) or enol ester (7) as 
Belen'kii et al. observed in their reaction. T h e forma-

FeCl 3 /CH 2 Cl 2 

o°c 
RGG1 + CH2=CF2 

11 
O 

(R = Me, rc-Pr, /i-C6Hu ; R^R 'CHj ) 

4 + RC-CH-CCH2-CC1F2 + R,GH=G-GH2-GG1F2 

OCOR 
6 7 

11 1 11 
O R' O 

tion of these kind of condensation products is reasonable 
as FeCl3 is known to accelerate Glaisen-type con­
densation under acidic conditions.8) Actually, when 
butyryl chloride was made to react with 2-chloro-
2,2-difluoroethyl methyl ketone using FeCl3, /?-diketone 
was obtained though in a low yield. 

FeCl 3 /CH 2 Cl2 
rc-PrCCl + MeC-CH2-CClF2 > 

11 11 
o o r. t., 24 h 

rc-Pr-C-CH2-C-CH2-CGlF2 
11 11 

o o 
29% 
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CHF-CC TABLE 3. PREPARATION OF RC-CHF-CC1F2 (8) 
ii 

O 

R 

Me 

rc-Pr 

H-C5Hn 

H-C 9 H 1 9 

Ph 

Bp 
°G/mmHg 

98— 100b> 

78.5—79/103 

74—76/12 

92.5—94.5/2.5 

58—59/1.5 

Yield 

% 

70b> 

73 

82 

82 

13 

1H and 

a-H 
( J H - F HZ) 

(4.83 
1(50) 
(4.85 
1(48) 
(4.82 
1(48) 
(4.86 
1(48) 
(5.65 
1(48) 

19F NMR 

a-F 

116.5 

117.4 

117.6 

117.2 

113.3 

(Ô ppm)a> 

(JF_F Hz) 

( - 1 3 . 9 , - 1 6 . 1 
1 (180) 
(-14.4, -16.6 
1 (174) 
(-13.9, -16.1 
1 (178) 
(-14.2, -16 .4 
1 (173) 
(-15.8, -16 .8 
1 (172) 

IR (C=0) 
cm - 1 

1745 

1755 

1765 

1740 

1710 

Found (Gi 

G 

— 

( 38.62 
1(38.22) 
( 44.09 
1(44.35) 
( 53.34 
1(52.85) 
( 49.00 
1(49.00) 

alcd) (%) 

H 

— 

4.16 
(4.28) 
5.51 

(5.58) 
7.31 

(7.39) 
2.78 

(2.74) 

a) See, Table 1, footnote b). b) Lit,2) bp 99—100°G, yield 34%. 

TABLE 4. PREPARATION OF RC=CH-C-CHF-CC1F2 (9') (R=H) 
i it 

OH O 

R 
Bp 

°G/mmHg 
Yield (%) 
(Method) a> 

1H and 19F NMR (ô ppm) 

n „ a-H a-F ß-F2 
Uti (yH-F HZ) (yF_F Hz) 

IR (C=0) 
cm - 1 

Found (Calcd) (%) 

/ ""• s 

G H 

Me 

H-Pr 

70—74/23 

89/18 

H - C 5 H U 75—76/3 

(A) 40 
(B) 70 

(B) 67 

(B) 61 

14.2—15.0 5.00 117.9 - 1 3 . 2 , - 1 5 . 5 1600br 
(48) 

14.1—14.9 4.90 117.6 - 1 3 . 9 , - 1 5 . 9 1600br 
(47) 

14.2—16.2 4.96 117.1 - 1 3 . 7 , - 1 5 . 8 1600br 
(46) 

( 35.83 
1(35.58) 

41.19 
(41.67) 

( 46.63 
1(46.43) 

2.88 
(2.99) 
4.37 

(4.34) 
5.35 

(5.46) 

a) Method (A): RCOCl + C2HF3 (FeCl3), Method (B) : RGOG1+ MeCOCHFCClF2 (FeCl3). 

Since, 1,1-difluoroethene is less reactive to electro­
philes than fluoroethene, the acylchlorination must 
be sluggish, and it is natural that other side reactions 
likely occur. Further , aroyl chlorides, which are 
weaker electrophiles than aliphatic carboxylic acid 
chlorides, gave no reaction products either by A1C13 

or by FeCl3 . 
Reaction of Trifluoroethene with Acyl Chlorides. As 

trifluoroethene is even less susceptible to the Friedel-
Grafts acylchlorination than mono- and difluoroeth-
enes, it does not react with acyl chlorides under at­
mospheric pressure. Knunyants et al. made trifluoro­
ethene react with an excess amount of acetyl chloride 
in a sealed vessel and obtained 2-chloro-l,2,2-trifluoro-
ethyl methyl ketone in 3 4 % yield.2> Belen'kii also 
reported that the reaction between acetyl fluoride 
and trifluoroethene with SbF 5 in S 0 2 resulted in the 
formation of the adduct and its further acylated prod­
ucts. 

Various carboxylic acid chlorides were tried to use 
for the reaction with trifluoroethene using A1C13 in 
dichloromethane in a sealed vessel. By making them 
react at room temperature for a prolonged time, 2-
chloro-1,2,2-trifluoroethyl ketones (8) were obtained 
in rather good yields (Table 3). 

A1C13/CH2C12 

RGG1 + CHF=CF2 
H 

O 
r.t., 20—48 h 

RC-CHF-CF2C1 
M 
O 

However, a small amount of 1,1,1,2-tetrachloroeth-
ane was always formed as a side-product, which was 
assumed to have been formed by chlorination of tri­
fluoroethene with AlClg followed by hydrochlorination 
with HCl . This was confirmed experimentally by 
allowing trifluoroethene and A1C13 to react in the 
presence of a trace of water. Substantial amount 
of tetrachloroethane was obtained by this reaction. 

HCl 

CHF=CF2 + AIGI3 > [CHC1=CC12] > CH2C1CC13 

As a matter of interest, when FeCl3 was used instead 
of AlClg, ß-diketones (9) were obtained as a main 
product and only a small or trace amount of acyl-
chlorinated product was formed (Table 4-Method A). 

RGG1 + CHF=CF2 
11 
O 

(R = R'CH2) 

FeCl 3 /CH 2 Cl 2 

[8] 
RCOC1 

FeCl3 

RC-CH-C-CHF-CF2C1 
11 1 11 

O R' O 

(R = Me, rc-Pr, H-C5Hn, rc-C9H19) 8 (70—82%) 

This also means that FeCl3 worked as an effective 
catalyst for the Claisen-type condensation. 

In order to prepare the ß-diketones carrying an 
active C H 2 group, chlorotrifluoroethyl methyl ketone 
8, obtained by the A1C13 catalyzed reaction, was 
allowed to react with an acyl chloride using FeCl3. 
Diketones 9 ( R = M e 5 rc-Pr, rc-C5Hn; R ' = H ) were 
obtained in considerable yields by this method (Table 
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4 - M e t h o d B) , a n d t h e y exis ted in a n e n o l fo rm (9 ') 
b a s e d o n t h e *H N M R . 

FeCl 3 /CH 2 CÏ 2 

RGC1 + MeCGHFGGlF 2 > RCGH 3 GGHFGC1F 3 

6 Ö r-t-24h Ö Ô 
(R = Me, n-Pr, n - C 5 H n ) / / g ( R / = H ) 

R G = C H - G - C H F G C 1 F 2 
i n 

O H O 

9 ' 

C o n s e q u e n t l y , it w a s c o n c l u d e d t h a t t r i f l uo roe thene 
was a c y l c h l o r i n a t e d b y us ing A1C13 u n d e r m o r e v igor ­
ous cond i t ions t h a n t h e cases of m o n o - a n d d i f luoro-
e thenes , a n d t h a t w h e n F e C l 3 w a s used , t h e f o r m a t i o n 
of /5-diketone o c c u r r e d d o m i n a n t l y , p r e s u m a b l y b e ­
cause t h e Gla i sen - type fu r the r a c y l a t i o n p r o c e e d e d 
faster t h a n t h e p r e c e d i n g a c y l c h l o r i n a t i o n . 

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

2-Chloro-2-fluoroethyl Methyl Ketone 1 (R=Me). (A): 
Into a solution of A1C13 (13.3 g, 0.1 mol) in acetyl chloride 
(31.4 g, 0.4 mol), fluoroethene gas was introduced through 
the bottom of the vessel. T h e temperature was kept below 
0 °G and the introduction was continued until no more ab ­
sorption was observed ( « 40 min) . T h e reaction mixture 
was then poured into a mixture of ice (50 g) and coned 
hydrochloric acid (10 ml) and a separated oily material 
was extracted with diethyl ether. T h e extract was washed 
with aqueous solution of N a H C 0 3 to remove a free carboxylic 
acid, then with water, and dried over M g S 0 4 . After evapo­
rating the solvent, the residue was subjected to distillation 
under reduced pressure, giving 1 ( R = M e ) (5.0 g), bp 38— 
3 9 ° C / 9 m m H g * * , in a yield of 3 9 % based on the used 
A1C13. 

(B): Into a suspension of FeCl3 (19.4 g, 0.12 mol) in 
dichloromethane (100 ml) , acetyl chloride (7.85 g, 0.10 mol) 
was added dropwise with cooling in an ice-bath. T h e n 
fluoroethene gas was introduced to the solution keeping 
the temperature below 0 °G until no more gas was absorbed 
( 3 h ) . T h e reaction mixture was treated similarly as men­
tioned in (A) and distillation gave 1 ( R = M e ) (8.70 g) in 
70% yield. 

T h e other carboxylic acid chlorides were allowed to react 
with fluoroethene in similar procedures (Table 1). W h e n 
the aroyl chlorides were used, the products came out as 
a solid after removal of the solvent, which were purified by 
recrystallization from cyclohexane. All of the 2-chloro-2-
fluoroethyl ketones were readily dehydrochlorinated by dis­
tillation at high temperature. Therefore it was necessary 
to distill them at lower than 60 °C under reduced pressure. 
They gradually decomposed even kept in a refrigerator. 

2,2-Dichloroethyl Phenyl Ketone (3). In to a mixture of 
benzoyl chloride (14.1 g, 0.10 mol), A1C13 (13.3 g, 0.10 mol) 
and dichloromethane (38 ml) , fluoroethene gas was absorbed, 
and the reaction mixture was worked up as usual. After 
evaporation of the solvent, the residue was recrystallized 
from hexane, giving 3 (7.44 g, 4 3 % ) , m p 58—59 °C; N M R 
(CC14): <5 3.82 (2H), 6.27 (H), 7.30—8.00 (5H);vc = 0; 1670 
cm- 1 . Found : C, 53.82; H , 3 .95%. Galcd for G 9 H 1 8 G1 2 0: 

**1 m m H g « 133.3 Pa. 

G, 53.23; H , 3 .97%. 
2-Chloro-2,2-difluoroethyl Methyl Ketone (4) (R=Me). 

(A): T h e reactions between acetyl chloride and 1,1-di-
fluoroethene in chloroform were carried out after the 
Knunyants procedure. Somewhat higher yield was obtained 
(Table 2) . 

(B) : 1,1-Difluoroethene was absorbed into a mixture 
of acetyl chloride, FeCl3 , and dichloromethane at 0 °C. 
T h e procedure was similar to that of fluoroethene mentioned 
above, though the reaction was sluggish and it took « 5 h. 
T h e product , even after distillation, was contaminated with 
unidentified impurities and the puri ty of 4 was « 9 0 % from 
the signal intensities of 1H N M R . 

2-Chloro-1,2,2-trißuoroethyl Methyl Ketone (8) (R=Me). 
A mixture of A1G13 (16.0 g, 0.12 mol), acetyl chloride (7.85 
g, 0.10 mol) , and dichloromethane (100 ml) was placed in 
a pressure vessel, and was cooled in a Dry Ice-acetone ba th . 
Liquefied trifluoroethene (9.0 g, 0.11 mol) was introduced 
into the vessel and the mixture was stirred at room tem­
perature for 48 h and was poured onto a mixture of ice (100 g) 
and coned hydrochloric acid (10 ml) . An oily layer was 
separated, washed with an aqueous solution of N a H G 0 3 , 
and dried over M g S 0 4 . After evaporating the solvent, 
distillation of the residue gave 8 ( R = M e ) (11.3 g) , bp 98— 
100 °G (lit,2) bp 99—100 °C), in 70% yield. 

T h e reactions of trifluoroethene with other carboxylic 
acid chlorides using A1C13 were carried out in a similar 
manner . W h e n benzoyl chloride was used, the product 
was separated by column chromatography on silica gel 
(solvent : hexane). 

6-Chloro-5,6,6-trifluoro-2,4-hexanedione (9) (R = Me; R'=H). 
(A): In to a mixture of FeCl3 (32.4 g, 0.2 mol), acetyl 
chloride (15.7 g, 0.2 mol), and dichloromethane (100 ml) 
was introduced liquefied trifluoroethene (8.2 g, 0.1 mol) as 
described above. T h e mixture was allowed to react for 
20 h at room temperature and the reaction mixture was 
worked up as usual. /?-Diketone 9 ( R = M e ; R ' = H ) (8.1 
g) , bp 70—74 °C/23 m m H g , was obtained in 4 0 % yield. 

(B) : In to a suspension of FeCl3 (1.95 g, 12 mmol) in 
dichloromethane (10 ml) , a mixture of acetyl chloride (0.40 
g, 5 mmol) and 2-chloro-l,2,2-trifluoroethyl methyl ketone 
(0.80 g, 5 mmol) was dropped and the mixture was stirred 
for 24 h at room temperature under atmospheric pressure. 
T h e reaction mixture was worked up giving a /?-diketone 
9 ( R = M e ; R ' = H ) (0.70 g) in 70% yield. 
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The <7-Bonded Palladium(II) Complex of [Tr-(Dimethylaminomethyl)-
cyclopentadienyl]tetraphenylcyclobutadienecobalt(I) 

Taeko IZUMI, Mitsugi MAEMURA, Kazuyoshi ENDOH, Tadashi OIKAWA, 

Satoshi ZAKOZI, and Akira KASAHARA* 

Department of Applied Chemistry, Faculty of Engineering, Yamagata University, Yonezawa 992 
(Received September 8, 1980) 

[7r-(Dimethylaminomethyl)cyclopentadienyl]tetraphenylcyclobutadienecobalt(I) reacts with lithium tetra-
chloropalladate(II) in the presence of sodium acetate to give an ortho-palladated binuclear complex. The a-
bonded structure of the complex was confirmed by studies of the IR and ^ - N M R spectra and of the reactions 
with triphenylphosphine, thallium (I) acetylacetonate, and lithium aluminum deuteride. The reactions of the 
a -bonded complex with carbon monoxide and olefins have been examined. 

Following the first observation by Cope and dimethylhydrazone,5> 2-pyridylferrocene,6) and (di-
Siekman1) that azobenzene reacts with pal ladium(II) methylaminomethyl)ruthenocene7) were also reported, 
chloride to give an intramolecular ortho-palladation In this report, we wish to report on the intramolecular 
product with a carbon-to-metal ff-bond, consider- ortho-palladation of [jt-(dimethylaminomethyl)cyclo-
able interest developed in this area and numerous pentadienyljtetraphenylcyclobutadienecobalt(I) (1) and 
ortho-metalated complexes have been prepared.2) In the reaction of the metalation product (2) with 
connection with the ortho-metalation, Alper3) reported carbon monoxide and olefins, 
the first example of the intramolecular ortho-pallada­
tion of a metallocene by the reaction of thiopivaloyl- R e s u l t s a n d D i s c u s s i o n 
ferrocene with sodium tetrachloropal ladate(II) ; sub­
sequently the intramolecular ortho-palladations of (di- In the presence of sodium acetate trihydrate, the 
methylaminomethyl) ferrocene,4) acetylferrocene N,N- reaction of 1 with mole equivalents of lithium tetra-

TABLE 1. THE ]H-NMR SPECTRA (<5, ppm) OF \n- (DIMETHYLAMINOMETHYL) CYCLOPENTADIENYL]-

TETRAPHENYLCYCLOBUTADIENECOBALT(I) DERIVATIVES 

_ _ Gp-H Other 

2.71 (s, 2H) 4.63 (s, 4H) 7.10—7.65 (m, 20H, Ar-H). 

3.00 (d, 1H) 4.61 (m, 3H) 7.02—7.90 (m, 35H, Ar-H). 
3.18 (d, 1H) 

2.75 (d, 1H) 4.20—4.60 (t, 3H) 1.67 and 1.82 (each s, 3H, CH3 of Acac 
3.25 (d, 1H) group), 5.11 (s, 1H, - C H - of Acac 

group), 7.07—7.62 (m, 20H, Ar-H). 

2.78 (br-s, 2H) 4.93 (t, 3H) 1.02 (t, 3H, -COOCH2CH3), 3.63 (q, 
2H, -GOOGH2GH3), 7.13—7.47 (m, 
20H, Ar-H). 

2.98 (br-s, 2H) 4.68—4.94 (m, 3H) 6.35 (d, 1H, 7 = 16 Hz, -C=CH-Ph), 
6.71 (d, 1H, 7 = 16 Hz, -CH=C-Ph), 
7.25—770 (m, 25H, Ar-H). 

2.99 (br-s, 2H) 4.72—4.98 (m, 3H) 1.91 (s, 3H, -CO-CH3), 600 (d, 1H, 
7 = 16 Hz, -C=CH-CO-), 6.84 (d, 1H, 
7 = 16 Hz, -CH=C-CO-), 7.15—7.50 
(m, 20H, Ar-H). 

9 2.00 (s, 6H) 2.85 (br-s, 2H) 4.65—4.95 (m, 3H) 6.71 (d, 1H, 7 = 1 6 Hz, -C=CH-CO-), 
7.10—7.75 (m, 26H, Ar-H + -CH=C-
GO-). 

10 2.11 (s, 6H) 2.93 (br-s, 2H) 4.51— 4.78 (m, 3H) 3.97—4.16 (m, 9H, Gp-H of ferrocene), 
5.87 (d, 1H, 7 = 1 6 Hz, -C=CH-Fc), 
6.31 (d, 1H, 7 = 16 Hz, -GH=G-Fc), 
7.11—7.53 (m, 20H, Ar-H). 

11 2.01 (s, 6H) 2.96 (br-s, 2H) 4.51—4.79 (m, 3H) 4.82 and 5.13 (each d-d, 2H, -C=CH2), 
5.99 (d-d, 1H, -GH=G), 7.09—7.56 (m, 
20H, Ar-H). 

12 2.44 (s, 12H) 3.17 (s, 4H) 4.74—4.90 (m, 3H) 7.16—7.51 (m, 42H, Ar-H + -GH= 
CH-) . 

Compound 

1 

3 

4 

6 

7 

8 

-N-CH 3 

2.23 (s, 6H) 

2.43 (s, 3H) 
2.82 (s, 3H) 

2.20 (s, 3H) 
2.62 (s, 3H) 

2.11 (s, 6H) 

2.15 (s, 6H) 

2.15 (s, 6H) 
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Ph 

Ph 
Co 

Pd* ^CH3 

CI PPh3 
(3) J 

Fig. 1. 

chloropalladate(II) gave di-jW-chloro-bis{[:rc-l-(dimethyl-
aminomethyl)cyclopentadienyl - 2C, iV] tetraphenylcyclo-
butadienecobalt(I)}dipalladium(II) (2) in 9 6 % yield. 
The complex 2 was shown to be an intramolec-
ularly ortho-palladated complex on the bases of its 
reactions and of the microanalytical and spec­
troscopic results. Measurement of the molecular 
weight using a vapor pressure osmometer was not 
conducted because of the low solubility of 2 in all 
common solvents. However, the binuclearly o-bonded 
structure of the complex 2 was supported by the bridged 
splitting reaction with triphenylphosphine and thal­
lium (I) acetylacetonate to give readily soluble mono-
meric triphenylphosphine derivative 3 and a mono-
meric acetylacetonate derivative 4, respectively. 
Moreover, the far-infrared spectrum of 2 showed a 
bridged Pd-Gl streching absorption at about 303, 
275, and 255 cm"1 . The low solubility of 2 in all 
common solvents precluded any N M R studies at room 
temperature. However, the X H-NMR spectra of de­
rivative 3 and 4 clearly demonstrated that P d - G 
o -bonds and Pd-nitrogen coordination bonds existed 
in these complexes (Table 1). iV-Methyl and N-
methylene protons of 1 appear as singlets, whereas 
in 3 and 4 the iV-methyl protons appear as two singlets 
and the iV-methylene protons as two doublets. T h e 
non-equivalence of the iV-methyl and iV-methylene 
protons in 3 and 4 can be explained in terms of a 
cyclic system in which the nitrogen is coordinated to 
the palladium and a pal ladium-carbon tf-bond is 
involved.8) Furthermore, to ascertain the formation 
of the tf-bond between palladium and the cyclopen-
tadienyl ring in 2, 3, and 4, the compound 2 was 
reduced with lithium aluminum deuteride to give 
[TZ- 1 - (dimethylaminomethyl)cyclopentadieny 1-2- d] tetra-
phenylcyclobutadienecobalt(I) (5). O n the other 
hand, the lithium aluminum hydride reduction of 
2 gave 1, whose mass spectrum was identical with 
that of an authentic sample. T h e I R spectrum of 

the compounds prepared in this study is recorded 
in Table 2. In ferrocene derivatives, generally, 1,2-
disubstituted derivatives exhibited one peak, while the 
1,3-isomers showed two peaks in the region near 900 
c m - 1 ; this was the characteristic absorption band of 
the G - H out-of-plane bending mode on the ferrocene 
ring.9) The infrared frequencies of the G - H bending 
modes of ruthenocene derivatives are also similar to 
those ferrocene.7 '10) Compounds 2, 3, and 4 and 
another derivatives from 2 all exhibited a single peak 
in the 900 c m - 1 region. Taking these results into 
account, it has been confirmed that 2, 3, and 4 are 
1,2-disubstituted cyclopentadienyl derivatives. 

The reactions of ortho-palladation products from a-
aryl-nitrogen derivatives with numerous reagents have 
been reported.2) T h e carbonylation of ortho-pallada­
tion products of azobenzene, Schiff bases, and N,N-
dialkylbenzylamines usually gives a variety of hetero­
cyclic compounds.11 '12) T h e derivative 3 in ethanol 
was readily carbonylated at 100 °G to produce an 
uncyclic ester [:rc-l-(dimethylaminomethyl)-2-ethoxy-
carbonylcyclopentadienyljtetraphenylcyclobutadiene-
cobalt(I) (6) in 4 2 % yield. O n the other hand, 
in the presence of triethylamine, the complex 2 reacted 
with simple olefins, such as styrene, methyl vinyl 
ketone, phenyl vinyl ketone, and vinylferrocene, in 
toluene at 100 °G, leading to the formation of \n-
1 - (dimethylaminomethyl) - 2 - alkenylcyclopentadienyl]-
tetraphenylcyclobutadienecobalt(I) (7—10) in moder­
ate yields. Moreover, the reaction of the complex 
2 with ethylene led to the formation of vinyl derivative 
(11) and disubstituted ethylene derivative (12) in 78 
and 1.5% yield, respectively. The I R and 1 H - N M R 
spectra of compounds 5—12 were all consistent with 
the proposed structures. The compounds 5—12 also 
exhibited a single peak absorption in the 900 c m - 1 

region characteristic of homoannularly 1,2-disubstituted 
metallocene derivatives. 
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T A B L E 2. T H E I R ABSORPTION FREQUENCIES (cm - 1 ) OF [rc-(DIMETHYLAMINOMETHYL) CYCLOPENTADIENYL]-

TETRAPHENYLCYCLOBUTADIENECOBALT (I) DERIVATIVES 

Compound 917 Rule Other bands 

2 
3 
4 

6 
7 
8 

910 
910 
905 

910 
910 
910 

910 

10 
11 
12 

910 
910 
910 

3050, 2900, 2850, 1600, 

3050, 2900, 2850, 1600, 

3030, 2900, 2850, 1600, 

bending of Acac group). 

3030, 2950, 2830, 1600, 

3030, 2950, 2800, 1600, 

3030, 2950, 2800, 1600, 

GH-). 

3030, 2950, 2800, 1600, 

GH-). 

3050, 2950, 2800, 1600, 

3020, 2900, 2800, 1600, 

3020, 2900, 2800, 1600, 

1500, 740, 690; 303, 275, 255 (bridged Pd-Gl). 

1500, 745, 690: 345, 330 (terminal Pd-Cl). 

1500, 750, 690; 1580, 1510 (Acac group), 1200 (H-C 

1500, 750, 690; 1710 (ester). 

1500, 745, 690; 960 {trans - G H = C H - ) . 

1500, 750, 690; 1660 ( - C O - C H = C H - ) , 960 (trans -GH= 

1500, 750, 690, 1660 ( - C O - C H = C H - ) , 960 (trans -GH= 

1500, 745, 690; 1100, 1000 (Fc), 960 (/raw - G H = G H - ) . 

1500, 750, 690; 1620, 990 ( -GH=CH 2 ) . 

1500, 750, 690; 1620, 965 (trans - C H = C H - ) . 

T A B L E 3. PROPERTIES AND ANALYSIS OF [^:-1-(DIMETHYLAMENOMETHYL)CYCLOPENTADIENYL]-

TETRAPHENYLCYCLOBUTADIENECOBALT ( I ) DERIVATIVES 

Compound 

6 pale yellow crystals, m p 112—113 °C. Found : C, 76.71; H , 5.84; N, 2 .13%. M S : mje 609 

(M+). Calcd for C 3 9 H 3 6 C o N 0 2 : C, 76.83; H , 5.95; N, 2 . 2 9 % ; m o l w t , 609. 

7 pale yellow crystals, m p 86—88 °C. Found : C, 82.48; H , 5.86; N, 2 .05%. M S : mje 639 (M+). 

Calcd for C 4 4 H 3 8 CoN: C, 82 .61 ; H , 6 .01 ; N, 2 . 1 8 % ; m o l w t , 639. 

8 pale yellow crystals, m p 109—111 °C. Found : C, 79.23; H , 5.88; N , 2 .25%. M S : mje 605 (M+). 

Calcd for C 4 0 H 3 6 C o N O : C, 79.32; H , 5.99; N , 2 . 3 1 % ; m o l w t , 605. 

9 pale yellow crystales, m p 157—159 °C. F o u n d : C, 80 .61 ; H , 5.59; N , 1.88%. M S : mje 667 (M+). 

Calcd for C 4 5 H 3 8 C o N O : C, 80.79; H , 5.73; N, 2 . 0 9 % ; m o l w t , 667. 

10 reddish yellow crystals, m p 79—81 °C. F o u n d : C, 76.87; H , 5 .71 ; N, 1.73%. M S : mje 747 (M+). 

Calcd for C 4 8 H 4 2 CoFeN: C, 77.08; H , 5.67; N , 1.87%; m o l w t , 747. 

11 pale yellow crystals, m p 124—125 °C. F o u n d : C, 80.90; H , 5.95; N, 2 .33%. M S : mje 563 (M+). 

Calcd for C 3 8 H 3 4 CoN: C, 80.97; H , 6.07; N , 2 . 4 8 % ; m o l w t , 536. 

12 yellow crystals, m p 244— 246 °C. Found : C, 80.77; H , 5.72; N, 2 . 4 5 % ; m o l w t 1094 (in CHC13). 

Calcd for C 7 4H 6 4Co 2N 2 : C, 80.86; H , 5.86; H , 2 . 5 4 % ; m o l w t , 1099. 

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

Materials. All the melting points are uncorrected. 
[it- (Dimethylaminomethyl) cy clopentadienyl] tetrapheny ley clo-
butadienecobalt(I) (1) was prepared according to the 
method described by Rausch and Genetti.13) Phenyl vinyl 
ketone14> and vinylferrocene15) were synthesized according 
to known procedures. T h e other olefins were obtained 
from commercial sources. 

Measurements. T h e X H - N M R spectra were determined 
in CDC13 with a Hitachi R-22 spectrometer (90 M H z ) , 
using T M S as the internal s tandard (ô, p p m ) . T h e I R 
spectra were measured (4000—650 c m - 1 ) and Nujol mulls 
mounted on thin polythene windows (700—200 cm - 1 ) with 
Hitachi 215 and E P I - L spectrometers. T h e mass spectra 
were obtained on a Hi tachi R M U - 6 M mass spectrometer, 
using a direct insertion probe at an ionization energy of 
70 eV. T h e molecular weight was determined in CHC1 3 

with a Hitachi 115 vapor pressure osmometer. 
Di-[i-chloro-bis{[n-7 - ( dimethylaminomethyl)cyclopentadieny I-2G, 

N]tetraphenylcyclobutadienecobalt(I) }dipalladium (II) (2). 
A mixture of lithium tetrachloropalladate(II) (2.62 g, 10 
mmol) and sodium acetate t r ihydrate (1.36 g, 10 mmol) 

in methanol (50 ml) was stirred for 30 min at room tem­
perature . T o the reaction mixture, a solution of 1 (5.37 g, 
10 mmol) in methanol (100 ml) was added, and the mixture 
was stirred for 36 h at room temperature. T h e yellow 
precipitate which formed was filtered and washed succes­
sively with several portions of methanol and then ether. 
T h e solid (6.5 g, 9 6 % yield) was insoluble in all common 
solvents; m p 208—210 °C (dec). Found : C, 60.68; H , 
4.67; N , 2 .02%. Calcd for C6 4H6 2Cl2Co2N2Pd2 : C, 60.96; 
H , 4 .95; N, 2 .22%. 

Chloro(triphenylphosphine{\n- 1 - ( dimethylaminomethyl) cy clopenta-
dienyl-2C,N]tetraphenylcyclobutadienecobalt(I) } palladium (II) (3). 
A mixture of the complex (5.0 g, 3.7 mmol) and triphenyl-
phosphine (1.94 g, 7.4 mmol) in benzene (50 ml) was 
stirred for 12 h at room temperature . After removal 
of the solvent in vacuo, the column chromatography of the 
residue on silica gel (CHC13) gave triphenylphosphine de­
rivative (3) (6.9 g, 9 9 % yield); m p 235—237 °C (dec). 
F o u n d : C, 67.33; H , 5 .31; N , 1.71%; mol wt 884 (in CHC13). 
Calcd for C 5 0 H 4 6 ClCoNPPd: C, 67.27; H , 5.19; N, 1.55%; 
m o l w t 892. 

Acetylacetonato{\n- 1 - ( dimethylaminomethyl) cy clopentadienyl - 20, 
N]tetraphenylcyclobutadienecobalt(I)}palladium(II) (4). A 
suspension of the complex 2 (0.80 g, 0.6 mmol) and thai-
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lium(I) acetylacetonate (0.33 g, 1.2 mmol) in benzene (20 
ml) was stirred for 24 h at room temperature . T h e filtrate 
was evaporated in vacuo, and the residue was purified by 
column chromatography on silica gel (GHG13) and gave 
the acetylacetonate derivative (4) (0.7 g, 8 0 % yield); m p 
219—221 °G (dec). Found : G, 64.15; H , 5.62; N , 2 . 1 7 % ; 
m o l w t 686 (in GHG13). Galcd for G 3 7 H 3 8 CoN0 2 Pd : C, 
64.03; H , 5 .51; N , 2 . 0 1 % ; m o l w t 694. 

Reduction of Complex 2 with Lithium Aluminum Hydride. 
Lithium aluminum hydride (0.08 g, 2 mmol) in dry ether 
(50 ml) was slowly added to a solution of the complex 2 
(2.52 g, 2 mmol) in dry T H F (50 ml) . T h e resulting black 
mixture was stirred at 50 °G for 8 h ; then water (20 ml) 
was added with cooling. T h e ether layer was washed with 
water and dried over anhydrous M g S 0 4 . After the removal 
of the solvent, 1 was obtained as yellowish needles from 
benzene-cyclohexane; m p 189—190 °G (lit,13) m p 189— 
190 °G). T h e i H - N M R , I R , and mass spectra of 1 were 
consistent with those of an authentic sample. 

Reduction of Complex 2 with Lithium Aluminum Deutende. 
T h e reduction of the complex 2 (1.0 g) with lithium a luminum 
deutende (0.035 g) was conducted under the same conditions 
as in the preceeding experiment. After recrystallization 
from benzene-cyclohexane, the product (mp 189—191 °C) 
was identified as [7r-l-(dimethylaminomethyl)cyclopenta-
dienyl-2-fi?]tetraphenylcyclobutadienecobalt(I) (5) on the 
basis of the following evidence; *H-NMR (GDG13) : à 2.23 
(s, 6H, - N ( C H 3 ) 2 ) , 2.71 (s, 2H, - C H 2 - ) , 4.63 (s, 3H, C p - H ) , 
7.10—7.65 ppm (m, 20H, A r - H ) . M S : m/e 538 (M+). 
Found: G, 80.16; H , 6 .01; N, 2 .45%. Galcd forC36H31-
GoDN: G, 80.27; H , 6.19; N, 2 . 6 0 % ; m o l w t , 538. 

Carbonylation of Complex 3 in Ethanol. I n an autoclave, 
a suspension of the complex 3 (2.0 g, 2.1 mmol) in ethanol 
(80 ml) was stirred for 24 h at 100 °G under carbon monoxide 
pressure of 50 a tm. T h e reaction mixture was filtered to 
remove precipitated palladium, and the filtrate was evapo­
rated in vacuo. T h e residue was dissolved in GHG13 

and column chromatographed on silica gel to afford [n-l-
(dimethylaminomethyl) - 2 - ethoxycarbonylcyclopentadienyl]-
tetraphenylcyclobutadienecobalt(I) (6) : m p 112—I13°G, 
(0.41 g, 4 2 % yield). T h e structure of 6 has been confirmed 
by elemental analysis and 1 H - N M R , I R , and mass spectra 
(Tables 1, 2, and 3). 

General Procedure for the Reaction of Complex 2 with Olefins. 
I n a closed vessel, a mixture of the complex 2 (1.26 g, 1 
mmol), 3 mmol of olefin (styrene, methyl vinyl ketone, phenyl 
vinyl ketone, and vinylferrocene) and triethylamine (0.20 
g, 2 mmol) in toluene (50 ml) was stirred for 8 h at 80 °C 
under a nitrogen atmosphere. T h e reaction mixture was 
cooled and filtered to remove precipitated pal ladium, and 
the filtrate was evaporated in vacuo. T h e residue was dis­
solved in CHC1 3 which had been washed with brine, and 
dried over anhydrous M g S 0 4 . After removal of the solvent, 
purification of the crude product by column chromatography 
(silica gel-GHCl3) gave [7r-l-(dimethylaminomethyl)-2-styryl-

cyclopentadienyl]tetraphenylcyclobutadienecobalt(I) (7), [n-
1 - (dimethylaminomethyl)-2-(2-acetylvinyl)cyclopentadienyl]-
tetraphenylcyclobutadienecobalt(I) (8), [7T-l-(dimethylamino-
methyl) -2- (2 - benzoy lvinyl) cy clopentadienyl] tetraphenylcyclo-
butadienecobalt(I) (9), and [7r-l-(dimethylaminomethyl)-
2 - (2 - ferrocenylvinyl)cyclopentadienyl]tetraphenylcyclobuta-
dienecobalt(I) (10) in 30, 45, 57, and 4 0 % yields, respec­
tively. 

In the case of the reaction with ethylene, a suspension 
of the complex 2 (2.52 g, 2 mmol) in tr iethylamine (30 ml) 
was stirred for 20 h at 100 °C under ethylene pressure of 
50 a tm in an autoclave. T h e crude products were purified 
by column chromatography on silica gel. First elution 
with GHG13 and recrystallization from benzene-cyclohexane 
afforded pale yellow crystals (78% yield), which were 
identified to [7r-l-(dimethylaminomethyl)-2-vinylcyclopenta-
dienyl]tetraphenylcyclobutadienecobalt(I) (11). Fur ther 
elution with CHG13 and recrystallization from benzene-
cyclohexane afforded yellow crystals, which were identified 
as n - {bis[7r - 2 - (dimethylaminomethyl)cyclopentadienyl] 
ethylene}-bis[tetraphenylcyclobutadienecobalt(I)] (12) (1 .5% 
yield). T h e structure of the compounds (7—12) has been 
confirmed by elemental analysis and the 1 H - N M R , I R , and 
mass spectra (Tables 1, 2, and 3). 
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"Naked" Hydrogencarbonate Ion as a Bifunctional Catalyst toward 
Amide Substrates.^ Nucleophilic Ion Pairs. 9 

Seiji S H I N K A I , * * Naotoshi NAKASHIMA, and Toyoki KUNITAKE* 

Department of Organic Synthesis, Faculty of Engineering, Kyushu University, Naka-ku, Fukuoka 812 
(Received September 16, 1980) 

The cleavage of amide substrates (/>-nitro-iV-methyltrifluoroacetanilide and />-nitro-iV-methyldichloro-
acetanilide) with anionic nucleophiles was studied at 30 °G in aprotic (acetonitrile and iV,iV-dimethylform-
amide) and protic(ethanol) media. Hydrogencarbonate ion acted as catalyst much more efficiently in the aprotic 
solvents (about 103 fold) than expected from its aqueous pK&, but in ethanol, its reactivity was close to those of 
simple nucleophiles (/>-cyanophenolate anion and iV-hydroxysuccinimide anion) that possess analogous pA"a 

values in water. The reaction rate in the aprotic solvents was sensitive to small amounts of water. The kinetic 
isotope effect showed that proton transfer was involved (at least partially) in the rate-determining step. 
Thus, hydrogencarbonate ion behaves in aprotic media as a nucleophilic-general acid catalyst for the amide 
cleavage. The biochemical implication with regard to the action of biotin was discussed. 

The catalytic hydrolysis of amide substrates has 
been of special concern as model systems of hydrolytic 
enzymes. Amide groups are generally very stable to­
ward nucleophiles, so tha t investigation has been 
limited to the alkaline hydrolysis of amide substrates 
containing strongly electron-attracting groups.2-5) In 
the previous publications of this series, we reported 
that the cleavage of amide linkages which was vir­
tually impossible in aqueous systems did take place 
in very dry aprotic solvents with tetraalkylammonium 
hydroxamate ion pairs.6 '7) The rate augmentation ob­
served reached 108—109 fold in comparison with that 
in the aqueous system. We proposed, on the basis 
of several pieces of evidence, that the amide cleavage 
is achieved due to (i) enhanced nucleophilicity of 
the hydroxamate anion (or probably oxide anions in 
general: RO~) which is desolvated in aprotic sol­
vents8 '9) and (ii) efficient proton transfer from poorly 
solvated water molecules to the tetrahedral interme­
diate.6 '7) Particularly, the second factor is charac­
teristic of the amide cleavage, since it requires proton 
sources to avoid the formation of energetically-unfa­
vorable amine anions.10) Obviously, these are op-

0 0" 
RO"* H3C-C-Nf^ — RO-C-N^f^ 

CH3 X H3C C H V ^ X 

H2° ° JT* 
— ^ RO-C-CH3 • H N ^ A (1) 

CH3
 X 

posing factors: that is, factor (i) arises from enhanced 
basicity (nucleophilicity) of oxide anions and factor 
(ii) is related to the enhanced reactivity of water 
molecules as proton source. Thus, the combination 
of these two factors in a single reaction medium is 
not easy. 

However, a tautomer which combines within a mol­
ecule structural characteristics of acid (s) (proton source) 
and base(s) (oxide anions) may serve as an efficient 
catalyst for the amide cleavage. Tautomeric catalysts 
have been extensively employed as bifunctional cata­
lysts in mutarotat ion and acyl transfer reactions.11) 

** Present address: Department of Industrial Chem­
istry, Faculty of Engineering, Nagasaki University, Nagasaki 
852. 

However, they cannot be applied directly to the amide 
cleavage, because their nucleophilic reactivities are not 
sufficiently large. Therefore, we adopted potassium hy­
drogencarbonate ( H G 0 3 ~ K + ) as a bifunctional catalyst 
which has an oxide anion group ( p ^ a = 6 . 3 7 in H 2 0) 1 2 ) 
as well as a dissociable O H group. As monofunc-
tional nucleophiles, potassium />-cyanophenolate(/>-
C N C 6 H 4 0 - K + : p X a = 7 . 9 5 in H 2 0) 1 2 ) and potassium 
salt of iV-hydroxysuccinimide(SIO~K+: pKSL=6.0 in 
H 2 0) 1 3 ) were employed. These salts were solubilized 
in desired solvents with 10 times excess perhydrodi-
benzo-18-crown-6. Substrates employed are recorded 
below with their abbreviations. 

0 0 0 
F 3 C - C - N ^ \ N 0 2 Cl2-C-C-N^f~\N02 H 3 C - C - O ^ W 

F3-PNMA Cl2-PNMA PNPA 

Exper imenta l 

Materials. Equimolar amounts of/>-cyanophenol and 
potassium hydroxide were mixed in methanol and the solvent 
was evaporated. The residue was recrystallized from ace­
tonitrile and methanol to give monohydrate of potassium 
/>-cyanophenolate. The potassium salt of iV-hydroxysuc-
cinimide was prepared in the same way. />-Nitro-iV-methyl-
trifluoroacetanilide (F3-PNMA) was prepared by Dr. T. 
Sakamoto in these laboratories from />-nitro-iV-methylaniline 
and trifluoroacetic anhydride, mp 129—131 °G (lit,14) 126.5— 
131 °G). j^-Nitro-iV-methyldichloroacetanilide (G12-PNMA) 
was obtained from dichloroacetyl chloride and p-nitro-N-
methylaniline in the presence of triethylamine in benzene. 
Recrystallization from benzene-hexane gave slightly yellow 
powders; mp 131—133 °G, Found: G, 41.38; H, 3.10; N, 
10.59%. Galced for G9H8N203G12: G, 41.05; H, 3.07; N, 
10.65%. The purification of solvents was described pre­
viously.7) 

Kinetics. The potassium salts were dissolved in desired 
solvents with 10 times excess perhydrodibenzo-18-crown-6 
by sonication (1.5 h). All kinetic measurements were carried 
out at 30 + 0.1 °G in modified Thunberg cuvettes. The 
details of the procedure have been described elsewhere.8,9) 
The progress of the reaction was monitored spectrophoto-
metrically by following the increase in the absorption of 
j^-nitro-iV-methylaniline or that of />-nitrophenolate : 401 nm 
for PNPA and 390 nm for F3-PNMA and G12-PNMA. Since 
excess nucleophiles were present in all the cases, pseudo 
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first-order behavior was observed. The water content of 
the reaction medium was evaluated immediately after the 
reaction, using a coulometric Karl-Fisher apparatus 
(Hiranuma Aquacounter AQ,-1). The water concentra­
tion listed is the average of two to three determinations 
(relative error, less than 10%). 

Product Analysis. A mixture of potassium hydrogen­
carbonate (3.9xlO-3M) (1 M = l moldm-3) , perhydrodi-
benzo-18-crown-6 (3.9xlO"2M), F3-PNMA (7.0x ICH» M), 
and aniline (l.Ox 10~2 M) in acetonitrile was refluxed for 
3 h, and evaporated to dryness in vacuo. The residue taken 
in methanol was subjected to high-speed liquid chromatogra­
phy (Hitachi type 635 instrument; solvent, methanol; column, 
Hitachi gel 3010; wavelength, 254 nm). The following peaks 
appeared in this order and were identified by comparison 
with authentic samples: trifluoroacetanilide, aniline, sub­
strate, and />-nitro-iV-methylaniline. The peak height of 
trifluoroacetanilide was almost the same as that of aniline. 

On the other hand, trifluoroacetanilide was not detected 
in the reaction of aniline and trifluoroacetic acid (7.0 X 10~3 

M) under the comparable reaction conditions. Salt forma­
tion occurred immediately after mixing as confirmed by 
UV spectroscopy. 

R e s u l t s 

Nucleophilic vs. General Base Attack of Hydrogencar­
bonate. In order to assess whether H G 0 3

_ acts as 
a nucleophile or as a general base, the semi-quantita­
tive product analysis was performed with a high-speed 
liquid Chromatograph. 

0 0 
HO-C-CT^C-N-e \>N02 

F3C C H ^ 

0 0 /-^ 
"0-C-0-C-CF3 * H y / z j y N O ; 

CHV^ 

(2) 

H0-C-0""~*H-0^9-N-O-N02 

F3C CH3 

0 0 ^ ^ 
HO-C-OH • CF3-C-O" • H N H ( ^ > N 0 2 

CH3 

(3) 

If H G O 3 - acts as a general base, it directly produces 
trifiuoroacetate and /»-nitro-N-methylaniline (Eq. 2). 
O n the other hand, the nucleophilic reaction would 
give a mixed acid anhydride, O C O O C O C F 3 (Eq. 
3), which then, decomposes rapidly to trifiuoroacetate 
and hydrogencarbonate. T h e intermediacy of the 
mixed anhydride was confirmed by the aniline trap-

-O-C-0-C-CFo • ^ - N H ; 

0 ÇH3 
F3C-C-N-<fyN02 

^ NT 
H °-C*o 

< _̂v>-N-C-CF3 • H0-C-0 (4) 

0 0 
f\u-C<F2 • H N - ^ - N 0 2

 + HO-C-0" (5) 

5 10 15 20 

[Aniline] Xl03/M 

Fig. 1. Second-order rate constants for the reaction of 
HCO3- and F3-PNMA in acetonitrile ( [ H a O ] = 4 ± l 
mM), plotted as a function of added aniline. 
[HG0 3 - ]=1 .28x IO-3 M, [F3-PNMA] = 4.87x IO-5 M. 

ping experiment (Eq. 4) described in Experimental. 
I t was confirmed in separate experiments that the 
trapping product, trifluoroacetanilide, was not formed 
directly by the reaction of aniline with F 3 -PNMA 
substrate or with trifluoroacetic acid. The possibility 
that trifluoroacetanilide is formed via a mechanism 
related to the general base mechanism of Eq. 3 (Eq. 
5) may be denied by the following argument. Pro­
vided that Eq. 5 is the predominant path , added 
aniline should accelerate the reaction. In Fig. 1, 
the second-order rate c o n s t a n t ^ ) for the reaction 
of H G O 3 - and F 3 -PNMA is plotted as a function of 
added aniline. Since aniline retards the reaction, Eq. 
5 is not likely to occur. 

The presence of trifluoroacetanilide in the product 
of the aniline experiment, together with the rate-
retarding effect of aniline, clearly indicates that the 
amide cleavage proceeds via direct attack of hydro­
gencarbonate ion on the amide substrate. 

Absorption Spectra of Nucleophilic Anions. Prior 
to the kinetic examination, the relative absorbance 
of nucleophilic anions was measured as a function 
of water concentration in order to obtain reliable 
information on prototropic equilibria. /»-Cyanophenol 
Q&-CNC6H4OH) in very dry acetonitrile ( [H a O] = 11.7 
m M ) possesses the absorption maximum at 243 nm 
with e=18400, and the spectrum was not affected 
by added perhydrodibenzo-18-crown-6 (10 times ex­
cess). O n the other hand, the absorption maximum 
of />-CNC 6 H 4 0-K+ solubilized in acetonitrile with 10 
times excess of perhydrodibenzo-18-crown-6 appeared 
at 294 nm ( e = 19800), which can be clearly differen­
tiated from that of />-CNC6H4OH. T h e absorbance 
decreased only slightly with increasing water concen­
trations, the relative absorbance at [ H 2 0 ] = 9 9 9 m M 
being 8 6 % of the original value in very dry aceto­
nitrile. At this water concentration a weak shoulder 
was observed at 243 nm which is ascribable to the 
absorption of j&-CNC6H4OH. T h e relative amount 
of the neutral species calculated with £=18400 was 
12%, which is in good accord with the decrease of 

^ - C N C 6 H 4 0 - K + ( « 1 4 % ) within the experimental er­
ror. Therefore, the increase in the water concentra­
tion causes a small shift in the prototropic equilib-
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TABLE 1. SECOND-ORDER RATE CONSTANTS FOR THE CLEAVAGE OF AMIDE AND ESTER SUBSTRATES11) 

Solvents 

DMF 

DMF 

DMF 

Acetonitrile 

Acetonitrile 

Acetonitrile 

Ethanol 

Ethanol 

Nucleophile 

HCO3-

/>-CNC6H40-

s i -o- d> 
HCO3-

/>-CNC6H40-

s i -o- d> 
HGO3-

/>-CNC6H40-

F3-PNMA 

59 

1.3 

1.6 

0.37—3.9°) 

0.035 

0.0030—0.032°) 
1.5 

1.1 

k^jMr1 s-1 

G12-PNMA 

3.7 

0.51 

— 
0.048—0.15°) 

0.0033 

— 

0.16 

0.085 

PNPA 

19 

26 

ca. 103 

46 

22 
400 

0.38 

0.32 

a) [nucleophile] = (0.4—20) x 10~4 M, [substrate] = (5—20) X 10~5 M, [perhydrodibenzo-18-crown-6] = 10 X [nucleo­
phile salt], b) [ H 2 0 ] : 6.2—9.2 mM in DMF, 4.9—7.0 mM in acetonitrile, 100±15mM in ethanol. c) The 
probable range of k2 estimated from the non-linear plots, d) Potassium salt of N-hydroxysuccinimide. 

r ium between />-CNC 6 H 4 0"K+ and />-CNC6H4OH. 
The absorption spectra of S I - 0 ~ K + were somewhat 

more complicated. S I - 0 ~ K + solubilized in very dry 
acetonitrile ( [ H 2 0 ] = 14.1 m M ) with 10 times perhy­
drodibenzo- 18-crown-6 gave rise to two absorption 
maxima at 278 nm (e 2320) and 294 nm (e=2360) . 
The absorption peak at 278 nm gradually increased 
upon addition of water and the peak at 294 nm disap­
peared almost completely at [ H 2 O ] > 2 0 0 m M . How­
ever, the increase in the absorption of iV-hydroxysuc-
cinimide (e=ca. 7000 at 210 nm (shoulder)) was not 
detected. This means that the spectral change cannot 
be ascribed to the prototropic equilibrium. Conceiv­
ably, added water may affect the nature of the ion 
pair which is reflected in the absorption spectrum. 

Unfortunately, H G 0 3 ~ ion does not have an absorp­
tion maximum in the U V region suitable to study 
the prototropic equilibrium. We thus measured the 
I R spectrum of HCO3-K+ solubilized in acetonitrile 
with 10 times perhydrodibenzo-18-crown-6. T h e 
vc=0 absorption band of the carboxylate group ap­
peared at 1632 c m - 1 which is comparable to that of 
solid K H G O 3 (KBr disc, vc=0 1628 cm" 1) . The ab­
sorption peak hardly changed even in acetonitrile 
containing 1000 m M of water. 

I t is assumed from the above experimental data 
that the shift of prototropic equilibria due to small 
quantities of added water is not extensive, as com­
pared with dramatic rate retardations observed (see 
below). Although a clear, quantitative analysis of 
prototropy was possible only in the />-CNC6H4OH 
system, the similarity in the aqueous pK& values12'13) 
suggests that the prototropic equilibria for S I - O - and 
H G 0 3 ~ would not differ greatly from that for />-
G N G 6 H 4 0 ~ . 

Estimation of Rate Constants. In the presence of 
excess nucleophile, the formation of />-nitro-JV-meth-
ylaniline from the amide substrates gave good first-
order plots for up to 7 0 % reaction, so that the reactions 
are first-order in substrates. The pseudo first-order 
rate constants (A:obsd) thus determined were plotted 
against the concentration of nucleophile. As shown 
in Fig. 2, plots of A:obsd vs. [nucleophile (hydrogencar-
bonate)] were not always linear. The second-order 
rate constants (k2) were calculated as A;obsd/[nucleophile] 

5 10 15 
[HGO 3 - ]xl0 4 /M 

Fig. 2. Pseudo-first-order rate constants for the reaction 
of HGO3- and F3-PNMA in DMF(O) and ace­
tonitrile (A) plotted as a function of [HG03~]. [F3-
PNMA] = 8.80x 10~5 M. Water concentrations are 
recorded in Table 1. 

and listed in Table 1. In the case of the non-linear 
plots, the probable range of k2 is given. 

In accordance to close pK& values in aqueous solu­
tion, the second-order rate constants for the reaction 
of PNPA with H G O 3 - and />-CNG6H40~ are not much 
different in three solvents employed (two times dif­
ference at the largest). The much higher reactivity 
of S I - O " toward PNPA may be attributed to the 
so-called a-effect. I t is known that the nucleophilic 
attack is wholly rate-determining in water for phenyl 
esters with good leaving groups such as />-nitropheno-
late.10) Whether or not this holds true in aprotic 
solvents is not clear at the moment. However, the 
relative reactivity of the nucleophiles used shows ap­
proximately parallel tendencies between the aqueous 
and aprotic media (Table 1). 

Interestingly, H G 0 3 ~ acted as the most efficient cat­
alyst toward amide substrates: for example, the reac­
tion of H G O 3 - and F3-PNMA in D M F was faster by 
factors of 37—45 than the corresponding reactions 
with />-CNG 6 H 4 0- and S I - O " . O n the other hand, 
the rate difference between H G 0 3 ~ and jfr-CNC6H40~ 
was very small in ethanol (protic solvent). 
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*4e 

0 200 400 
[H20] or [D20]/mM 

Fig. 3. Second-order rate constants for F3-PNMA 
cleavage plotted as a function of [H20] or [D 2 0] . 
(A) HCO3-+F3-PNMA: O; H 2 0 in DMF, # ; 
D 2 0 in DMF, A; H 2 0 in acetonitrile. (B) p-
CNC6H40-+F3-PNMA: symbols used stand for the 
same as above. 

400 800 
[H20] or [D20]/mM 

1200 

Fig. 4. Second-order rate constants for PNPA cleavage 
plotted as a function of [H20] or [D2OJ. 
O: H 2 0 for />-CNC6H40-+PNPA in DMF, A : 
H 2 0 for HCO3-+PNPA in acetonitrile, A : D 2 0 
for HCO3-+PNPA in acetonitrile. 

Influence of Small Amounts of Water on Reaction Rates. 
The experiments described above were performed a t 
almost constant water concentrations, which are re­
corded in the caption for Figures or in the footnote 
for Tables. Followingly, we determined the second-
order rate constant as a function of water concentra­
tion in the respective reaction media. The results 
are illustrated in Figs. 3 and 4. It is clear that the 
rates are sensitive to small amounts of water. The 
rate constants are almost meaningless without accurate 

[/>-CNC6H4OH]xl03/M 

Fig. 5. Second-order rate constants for the reaction of 
/>-CNC6H40- and F3-PNPA in DMF ([HaO] = 
4 ± 2 mM) plotted as a function of added />-CNC6H4-
OH. [>CNC 6 H 4 0-] -1 .61 x 10-3 M, [F3-PNMA] = 
2.51xlO- 5 M. 

indication of the water concentration. In some of 
the amide cleavage(HGO3- + F3-PNMA in D M F , p-
C N C 6 H 4 0 - + F 3 - P N M A in D M F , and ^ - G N G 6 H 4 0 " + 
F3-PNMA in acetonitrile), rate maxima were observed 
at about 100—300 m M H 2 0 . O n the other hand, 
F3-PNMA cleavage by H C 0 3

_ in acetonitrile (Fig. 
3A) and the nucleophilic reaction of H C 0 3 ~ and p-
G N G 6 H 4 0 " toward PNPA (Fig. 4) did not provide 
such rate maxima. Thus, the phenomenon seems to 
be confined to the amide cleavage, but is not limited 
to the catalysis by H C 0 3

_ . 
Water may suppress the reaction by neutralizing 

jfr-CNC6H40~ ion or by reducing reactivity of p-
C N C 6 H 4 0 _ due to solvation.7-9) If added water pro­
duces />-GNC6H4OH which then act as general acid 
in the amide cleavage, a rate maximum could arise 
from the cooperative action of />-CNC6H40~ and p-
GNG 6 H 4 OH. 

Figure 5 shows the second-order rate constant at 
the constant water concentration plotted against the 
concentration of added jfr-GNG6H4OH. The reaction 
rate diminished with increasing jfr-CNC6H4OH con­
centration, contrary to the expectation. jfr-CNC6H4OH 
quenches the reactivity of />-CNC 6 H 4 0" probably due 
to the hydrogen-bonded solvation, instead of assisting 
the reaction as general acid. Therefore, it appears 
that only the intramolecular proton in the tetrahedral 
intermediate of H C 0 3 " and amide substrates is capable 
of acting as effective proton source (see Eqs. 7 and 

Kinetic Isotope Effects. If the rate-determining 
step involves proton transfer to the tetrahedral inter­
mediate, the reaction will be retarded by replacing 
H 2 0 with D 2 0 . Figures 3 and 4 indicate that at 
the same water concentration the rate constants in 
the D 20-containing medium are smaller than those 
in the H 2 0-conta in ing medium: £2,H2O/A;2,D2O = 1 . 3 ± 0 . 2 
for H C 0 3 - + F 3 - P N M A , 1.2±0.1 for />-CNC 6 H 4 0" + 
F 3 -PNMA, and 1.10+0.06 for H G 0 3 " + P N P A . Since 
the acyl transfer reaction with PNPA is considered 
not to be general acid catalyzed,10) the isotope effect 
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of 1.1 may be associated with the simple nucleophilic 
step. The k2,u2olk2,T)2o value for the F 3 -PNMA is 
somewhat greater than this, and suggests the involve­
ment of general acid catalysis. 

The kinetic isotope effect was also assessed for the 
reaction in e thanoW. T h e rate constants were rela­
tively insensitive to the water concentration (or D 2 0 
concentration in ethanol-öQ. Though the relative error 
of 10—20% must be assumed, the magnitude of 
A:2,EtoH/A:2,EtoD for H G 0 3 - + F 3 - P N M A and H C 0 3 ~ + 
G12-PNMA (2.2 and 1.6, respectively) is greater than 
that for PNPA (1.1—1.5). 

D i s c u s s i o n 

Polyvalent inorganic salts have been considered to 
act as bifunctional catalyst, since they can accept 
and release proton simultaneously.11) Cunningham 
and Schmir15) and Barnett and Jencks16) reported 
that intramolecular aminolysis is accelerated by hydro-
gencarbonate ion. T h e kinetic examination established 
that H G 0 3 ~ partitions the zwitterionic tetrahedral 
intermediate in favor of the products. For example, 
the rate constant for hydrogencarbonate-catalyzed in­
tramolecular aminolysis of 6'-(2-aminoethyl)thioacetate 
exhibits positive deviation of two orders of magni­
tude.16) Thus , it is concluded that H G 0 3 " interacts 
with the tetrahedral intermediate in a cyclic manner 
to accelerate its decomposition (Eq. 6). 

Sv NH2 

C=0 
CH3 

Ss XNH-H-"0X 

sCK _ ,C=0 
CHa^O ' -H-c / 

S NH 

CH3 OH 

H-0N 

c=o (6) 

A similar acceleration of the breakdown of the 
tetrahedral intermediate by H G 0 3 " was reported for 
the alkaline hydrolysis of trifluoroacetanilide,4) but not 
for that of />-nitrotrifluoroacetanilide.5) However, 
H G 0 3 " by itself cannot cleave the amide substrate 
in an aqueous system. Since the nucleophihcity of 
anions is drastically enhanced in aprotic solvents,7'17) 
H G 0 3 " in aprotic solvents can act as a bifunctional 
catalyst toward amide substrates. The product analy­
sis strongly indicates that H G 0 3 " in acetonitrile directly 
attacks the amide group of F 3 -PNMA. The rate data 
suggest that the O H group of H G 0 3 " acts as general 
acid during the breakdown of the tetrahedral in­
termediate. The most reasonable reaction scheme 
would be the following. 

0 

H-O-C-0" • F3C-C-N-O-NO2 
CH3 

Oj CH3 

F 3 C - C - ^ - ^ N 0 2 

o-* 

— F3C-C-0-C-0" • HN-C\NO2 

CH3 

(7) 

TABLE 2. RELATIVE REACTION RATES AND EFFICIENCY 

PARAMETERS FOR AMIDE CLEAVAGEa> 

Solvent 

DMF 

Acetonitrile-

1 
Ethanol ' 

^rel.CNCeHéO" 
^rel.SI-O-
^CNC6H40-
/si-o-

^rel,CNC6H40-
^rel.SI-O" 
^CNC6H40-

/ r e l , S I - 0 -

^rel,CNC6H40-
^CNC6H40-

F3-PNMA 

45 
37 
62 

ca. 1900 
11—110 

120 
5.2—52 
ca. 1000 

1.4 
1.2 

G12-PNMA 

7.3 

10 

15—45 

7.1—21 

1.9 
1.6 

PNPA 

0.73 
0.019 
1.0 
1.0 
2.1 
0.12 
1.0 
1.0 

1.2 
1.0 

a) krel = k2 for HC03~/&2, r=krGi for amide/£rel for 
PNPA. For detail see text (Eqs. 9, 10, and 11). 

However, the bifunctional attack of hydrogencarbonate 
ion followed by efficient proton transfer (Eq. 8), if it 
occur, would not be differentiated kinetically. 

o xo 
1 

/* C — N H f " \ N 0 2 

0 CF3CH3 

9" 9^ /-A 
?=± 0 = C - 0 - C - N - O - N 0 2 

CHo 

0 0 
11 11 

—•* F3C-C-O-C-O" 
CHq 

NOo (8) 

In Table 2, we summarize relative reaction rates 
(A:rel) and efficiency parameters (r) for the amide cleav­
age. T h e r value given by Eq. 11 stands for a measure 

k2 for HC(X-
*rel,CNC6H40- £2for/>-CNC6H40-

^rel.SI-O" — 
k2 for HGO3-
k2 for S I -O-

krel for a substrate 
kiel for PNPA 

(9) 

(10) 

(H) 

of relative efficiency of H G 0 3 " catalysis for amide 
cleavage versus PNPA cleavage. The r value for 
PNPA is, of course, equal to unity. The data of 
Table 2 substantiates that (i) r-values in D M F and 
acetonitrile are always much greater than unity and 
rSI_0- amounts to 103; in contrast, (ii) r-values in 
ethanol are almost equal to unity. Therefore, in the 
present system, the general acid catalysis by the hy-
droxyl group of H G O " 3 is effective only in aprotic 
solvents. Proton transfer from hydrogencarbonate hy-
droxyl group may not be particularly favorable in 
ethanol due to its hydrogen bonding with the solvent 
and/or due to proton transfer from solvent ethanol. 
In addition, S I - O " (highly nucleophilic toward 
PNPA) is not effective in the amide cleavage, which 
again points to the importance of proton transfer. 

As shown in Figs. 4 and 5, the isotope effect for 
the amide cleavage is greater than that for PNPA 
cleavage. The corresponding data in organic media 
are scarce. Breslow and McGlure18) gave A;H2O/A;D2O= 
1.47—2.27 for the general-acid catalyzed cleavage of 
maleamic acid in acetonitrile containing 1 M H 2 0 . 
Schowen et al.19) also reported that, in the basic meth-



March, 1981] Hydrogencarbonate Catalysis of Amide Cleavage 845 

anolysis of amide substrates, ^.EtoH/A^.EtoD approaches 
2.0 when proton transfer becomes involved in the 
rate-limiting step. The isotope effects observed in 
the present study for the amide cleavage a re : A:2,H2O/ 
A:2,D2O = 1 . 3 (for F3-PNMA) and £2,EtoH/A;2,EtoD=1.6— 
2.2. These data are comparable to those observed 
for other general acid catalyses, and proton transfer 
is supposedly involved (at least partially) in the rate-
limiting step in the present case. 

The dependence of rate constants on the nucleophile 
and water concentrations is complicated. Among con­
ceivable factors, (1) added water lowers the nucleo-
philicity of H C O 3 - and jö -CNC 6 H 4 0- 5>6'8) and (2) added 
water changes the aggregation structure of the nucleo-
philic ion pairs, tightness of ion pairs, etc. The rate 
maximum observed is not amenable to simple inter­
pretation. The non-linear dependence on nucleophile 
concentrations may reflect a similar phenomenon. In 
particular, H G 0 3 ~ ion pairs may exhibit a strong 
association tendency in aprotic solvents as shown below. 

0-H--0 
0 = c ' )C=0 (12) 

V--H-Cf 

Finally, we would like to point out the analogy 
of the hydrogencarbonate catalysis with the action 
of biotin. Mg-ATP and H G 0 3

_ are believed to form 
mixed acid anhydride, which (in a stepwise manner 
or in a concerted manner) reacts with enzyme-bound 
biotin.20) The present study would suggest that the 
efficiency of H G 0 3 ~ as acyl-group (or probably phos­
phate-group) acceptor can be enhanced in the aprotic 
environment. We could prepare mixed acid anhydride 
from H G O 3 - and F 3 -PNMA, but trifluoroacetyl group, 
not hydrogencarbonate, was transfered to aniline. 

In conclusion, the present study substantiates that 
H G 0 3 ~ in aprotic media acts as a proper nucleophilic-

general acid catalyst in the cleavage of amide sub­
strates. 
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The Photo-Beckmann Rearrangement of Steroidal 
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The photoreaction of 4,4-dimethylcholest-5-en-3-one oxime, a /?,y-unsaturated ketone oxime, has given two 
lactams, 4a,4a-dimethyl-3-aza-^-homocholest-5-en-4-one and 4a,4a-dimethyl-4-aza-^4-homocholest-5-en-3-one 
resulting from photo-Beckmann rearrangement. 4,4,6-Trimethylcholest-5-en-3-one oxime behaved analogously 
on photolysis, yielding two lactams but accompanied by 4,6-dimethyl-4-methylene-3,4-secocholest-5-ene-3-nitrile 
as a minor product. In contrast, major products in the ordinary Beckmann rearrangement are nitriles resulting 
from the second order Beckmann rearrangement. 

O u r previous studies on the photo-Beckmann rear­
rangement of several steroidal ketone oximes estab­
lished that the chirality of the migrating group center 
is retained in the product lactams, indicating that 
the lactams are formed via a concerted reorganization 
of the intermediate oxaziridines and that the migrating 
group center does not become separated from the 
migration terminus in the course of the photo-rear­
rangement. 2~4) This conclusion was further supported 
by our recent study on the photoreaction of a ß,y-
cyclopropyl ketone oxime.5) We have found, however, 
that there are some exceptional cases6) in which ionic 
or radical species resulting from a cleavage of a bond 
a to their hydroxyimino group should be considered 
to be involved as intermediate species in the photo­
chemical lactam formation from oximes. Moreover, 
the possibility of lactam formation occurring via cou­
pling of radical pairs or biradical species has been 
suggested for photochemical lactam formation from 
some fused bicyclic oxaziridines.7) 

In connection with these paths of the photochemical 
lactam formation, it is worth studying whether cyclic 
/?,y-unsaturated ketone oximes give lactams or nitriles 
and other products which originate from the radical 
pair or biradical species on photolysis. This group 
of oximes is considered to be particularly susceptible 
to the fission into biradical or ionic species by virtue 
of generation of stabilized allyl radicals or ions (e.g., 
A). 

NH 

(A) * radical or ion 

In this paper, the results on the photoreactions 
of two steroidal ß,y-unsaturated ketone oximes are 
described. 

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

4,4-Dimethylcholest-5-en-3-one oxime (1) and 4,4,6-
trimethylcholest-5-en-3-one oxime (12), prepared from 
the parent ketones (2 and ll)8»9) by the standard 
method, were chosen as steroidal ß,y-unsaturated ke-

** Present address: Organic Chemistry Laboratory, De­
partment of Chemical Process Engineering, Faculty of En­
gineering, Hokkaido University, Sapporo 060. 

tone oximes. 4,4,6-Trimethylcholest-5-en-3-one ( l l ) 9 ) 
was prepared from 5,6a-epoxy-5a-cholestan-3ß-ol (6) 
via 4 steps (Scheme 4).10-12) In the course of these 
preparations, it was found that the reaction of epoxide 
(6) with methylmagnesium iodide to yield 6ß-methyl-
5a-cholestane-3ß,5a-diol (7)12) is accompanied by at 
least 6 % yield of 3/?-hydroxy-5a-cholestan-6-one (8)12'13) 
resulting from a hydride shift followed by isomerization. 

1H N M R spectroscopy proved that the conformation 
of the ring A of oximes 1 and 12 is a quasi boat, as in 
the corresponding ketones,14) and that the geometries 
of their hydroxyimino groups are syn with respect to 
their C(2)-C(3) bond. Thus, the chemical shifts of 
the 19-H of the oximes 1 and 12 deviated considerably 
from those predicted by the additivity rule, indicating 
that their ring A is in a non-chair conformation; 
signals due to the 19-H of the oximes 1 and 12 were 
found at x 9.14 and 9.19, whereas chemical shifts 
of their 19-H predicated by the additivity rule of 
deshielding effects15) are about x 8.79 based on the 
chemical shift (T 9.10) of the 19-H of (£ ) - and (Z)-
5a-cholestan-3-one oximes,16) the ring A of which is 
in a chair conformation. Inspections of the Dreiding 
model indicated that when their ring A takes a quasi 
boat conformation, their hydroxyimino groups are al­
most eclipsed by their 2ß-H. Thus, when the hydroxyl 
group is syn with respect to the C(2)-C(3) bond, their 
2ß-U is deshielded.2) The 1U N M R spectrum of oxi­
mes 1 and 12 showed one-proton multiplets at x 6.78— 
7.26 and at x 6.79—7.19. These signals are assigned 
to their 2/?-protons in the quasi boat conformations.17) 
There were other one-proton double doublet centered 
at T 7.59 ( 7 = 7 . 5 and 19.2 Hz) and at x 7.68 (J= 
7.5 and 18.6 Hz) in the spectra of the oximes 1 and 
12. These signals are assigned to their 2a-proton on 
the basis of their chemical shifts and coupling con­
stants. 

A preliminary experiment showed that irradiation 
of oxime 1 in methanol until all the oxime was pho-
tolyzed would cause the secondary decompositions of 
appreciable amounts of product lactams. Therefore, 
irradiation was discontinued after three hours when 
T L G indicated that still about a half of the starting 
oxime remained unchanged. At this point, besides 
the starting oxime, spots due to the parent ketone 
(2) and two products were detected. Column chro­
matography afforded the parent ketone 2 (11%), the 
starting oxime 1 (53%), and two new products, 3 
(10%) and 4 (9%) successively. The structures of 
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HCK 
H+ 

-**- 4 

hv CH3OH 

+ O. 

3 4 

Scheme 1. 

3 and 4 were determined to be 4a,4a-dimethyl-3-
aza-^-homocholest-5-en-4-one (3) and 4a,4a-dimethyl-
4-aza-J-homocholest-5-en-3-one (4) by their N M R , 
IR, and MS spectra (Scheme 1). The mass spec-

+ «CH, 

(a) m/e 402 (100%) 

Scheme 2. 

trum18) of lactam 4 showed a weak molecular ion peak 
at mje 427; the M + — C H 3 fragment peak was the 
base peak assignable to an immonium species (a) 
in Scheme 2. In contrast, the mass spectrum of 
lactam 3 showed a distinct molecular ion peak at 
mje 427 and the base peak at mje 357. T h e intensity 
of the M+—CH 3 peak (mje 412) was only 13.5%, 
confirming the assigned structure. Scheme 3 shows 
the structure and a plausible genesis of this ion (b). 

(b) m/e 357 (100%) 

Scheme 3. 

The ordinary Beckmann rearrangement of the oxime 
1 with thionyl chloride afforded a product, which 
was shown to be a seconitrile (5) resulting from the 
second order Beckmann rearrangement by the M S , 
IR, and N M R (Table 1) spectra, and only a trace 
amount of the lactam 4 (Scheme 1). The mass spec­
trum of seconitrile 5 showed the molecular ion a t 
m/e 409 as the base peak and only three distinct peaks 

a t m/e 394 ( M + - C H 3 ) , mje 355, and mje 296 ( M + -
G(17) substituent) beyond mje 200. The species mje 
355 is assignable to a species (c). 

Photoreaction of the oxime 12 in methanol was 
performed under conditions similar to those used for 
the photoreaction of the oxime 1. Three-hour irra­
diation gave an isomeric oxime (13) (10%), the starting 
oxime 12 (41 % ) , 4,6-dimethyl-4-methylene-3,4-seco-

Ç8Hi7 

(c) mje 355 

cholest-5-ene 3-nitrile (14) (3%) , 4a,4a,6-trimethyl-3-
aza-^4-homocholest-5-en-4-one (15) (16%), and 4a,4a,6-
trimethyl-4-aza-^f-homocholest-5-en-3-one (16) (11%) 
(Scheme 4). Structures of these products were con­
firmed by spectral analysis. The isomeric oxime 
showed M+ of mje 441 and M + — C H 3 peak as the 
base peak in the M S spectrum. The nitrile 14 was 
obtained only as a mixture with 3-aza lactam 15; 
the yield was estimated by N M R spectroscopy. The 
C(2) methylene protons in the 1H. N M R spectrum of 
3-aza lactam (15) appeared as two broad signals 
centered at x 6.48 and 7.05. After D 2 0 exchange 
of the N H proton, the signal a t x 6.48 changed to a 
broad triplet and the signal at x 7.05 to a broad dou­
blet. Irradiation at x 8.41 changed the broad triplet 
to a sharper triplet with J== 13.5 Hz and the broad 
doublet to a double doublet ( y = 1 3 . 5 and 4.5 Hz) . 
The splittings and the results of the decoupling ex­
periments exclude a quasi chair conformation and are 
consistent with a quasi boat conformation of the ring 
A, in which the C 6 - C H 3 bond nearly bisects the angle 
between gem dimethyl a t C(4a); the dihedral angles 
between the Iß- and 2/?-protons, the Iß- and 2a-protons, 
the la- and 2ß-protons, and the la- and 2a-protons are 
around 40°, 160°, 80°, and 40°, respectively. Assuming 
this conformation and that the signal at x 8.41 arises 



TABLE 1. NMR PARAMETERS (100 M H Z ) 

Compound 

ï 
2 
3 
4 
5 
7 
8 
9 

10 

11 
12 

13 
14 

15 

16 

FOR 5 a - C H O L E S T A N E DERIVATIVES, 4 , 4 

OXIMES, AND T H E REACTION PRODUCTS IN 

2-Methylene 
_ _ 

a ) 
a ) 

6.1—7.2(m) 
a ) 
a ) 
a ) 
a ) 

a ) 

a ) 
2/?-H, 6.79—7.19 
(m), 2a-H, 7.68(dd) 
7 = 7 . 5 and 18.6 Hz 

a ) 
a ) 

after D 2 0 exchange 
6.48, lH(b t )7=14 
7.05, lH(bd )y=15 

a ) 

4.38(dd) 
4.50(bs) 
4.10(dd) 
4.12(dd) 
4.35 (bd) 

6-H 

7^ 
( i . 

a-
a ) 
— 
a ) 

a ) 

— 

— 
— 

8 and 4, 

5 and 4 

.5) 

.5) 
8 and 6.3) 

-DIMETHYLCHOLEST-5-EN 

C D C 1 3 SOLUTION [CHEMICAL SHIFTS ( T ) AND ! 

18-H 

9.29(s) 
9.31 (s) 
9.28 (s) 
9.32 (s) 
9.33 (s) 
9.31 (s) 
9.37 (s) 
9.30 (s) 

9.31 (s) 

9.32 (s) 
9.33 (s) 

9.32 (s) 
9.32 (s) 

9.35 (s) 

9.32 (s) 

19-H 

9.14(s) 
9.15(s) 
8.70 (s) 
8.91 (s) 
8.86 (s) 
8.93 (s) 
9.24(s) 
8.76 (s) 

8.85 (s) 

9.25 (s) 
9.19(s) 

8.91 (s) 
8.98(s) 

8.95 (s) 

8.76(s) 

4-Methyl 

8.63(s) and 8.70(s) 
8.77 (s) 
8.47(s) and 8.76(s) 
8.53(s) and 8.63(s) 
8.07 (s) 

— 
— 

— 

8.65(s) and 8.59(s) 
8.60(s) and 8.49(s) 

8.66(s) and 8.62 
8.15(s) 

two of 8.14, 8.26 
and 8.56(each s) 

two of 8.14, 8.17 
and 8.47(each s) 

T-3-ONE 4 , 4 , 6 - T R I M E T H Y L C H O L E S T - 5 

SPLITTINGS ( H z ; IN PARENTHESIS) ] 

4-Methylene NH 

— — 
— — 
— 4.16(bs) 
— 3.72(bt) 

5.17(bd)(15.0and 1) — 

a ) 
— — 

4-H, 4.26(s) — 

__ — 

~ 

— — 
4.91(bs)W l / a = 6Hz — 
5.47(bs)W^l/2 = 6Hz 

— 4.12(t) 
7=6 

— 4.31 (s) 

-EN-3-C 

(6.7) 

DNE, T H E I R 

Others 

3a-H, 5.88(bs) 
3a-H, 6.45(bs) 
4a-H, 7.02(d) 
7 = 1 3 . 5 
40-H, 7.99(d) 
7 = 1 3 . 5 
6a-methyl, 
8.96(d) 7 = 6 . 0 
6-methyl, 8.25(s) 
6-methyl, 8.19(s) 

6-methyl, 8.23(s) 
6-methyl, 8.15(s) 

6-methyl, one 
of 8.14, 8.26 
and 8.56 (each s) 
6-methyl, one 
of 8.14, 8.17 
and 8.47 (each s) 

a) Unassignable. 
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14 15 

Scheme 4. 

from the la-proton, the signals at r 6.48 and 7.05 
can be assigned to the 2a- and 2/?-protons with J2a,2ß — 
13.5 Hz, y i i 3 j 2 a = 13.5 Hz, and 7 i ^ 2 ^ = 4 . 5 H z respec­
tively. Such assignments fit in with the coupling 
constants required by the above dihedral angles. Two 
1,3-diaxial interactions of methyl groups are involved 
in the chair conformation of the 3-aza lactam. This 
interaction prohibits the lactam from taking the chair 
conformation. Fragmentations in the mass spectra of 
the nitrile 14 and the lactams 15 and 16 were entirely 
analogous to those of the nitrile 5 and the lactams 
3 and 4, respectively. Thus, the M S spectra of the 
lactams 15 and 16 showed their base peaks at mje 
371 and at mje 426, corresponding to the species (b) 
and (a). 

The ordinary Beckmann rearrangement of the oxime 
12 was also studied. The treatment of oxime 1 with 
thionyl chloride gave two products, nitrile 14 and 
4-aza lactam 15, in 46 and 4 4 % yields. 

The present experiments confirmed that cyclic ß,y-
unsaturated ketone oximes undergo photo-Beckmann 
rearrangements to lactams in yields comparable to 
those in the case of cyclic saturated ketone oximes.2) 
Such results reinforce our previous conclusion2»3) that 
the lactam formation resulting from the photo-rear­
rangement of cyclic saturated ketone oximes does not 
involve coupling of biradical or ions since, if a radical 
pair or ion pair were involved in the present photo-
reaction, these species would lead immediately to seco-
nitriles; also, lactam formation by recombination of 
the cleaved species in the present case is very unlikely. 
Since there is a difference in the major products be­
tween acid-catalyzed reactions and photoreactions, the 
present photoreaction is of value for synthesis of un­
saturated lactams (e.g., 3 and 15) which are not readily 
accessible by the ground state reactions. 

Exper imenta l 

For instruments used and general procedures see Ref. 

2. IR spectra were determined for Nujol mull with a 
JASGO IRA-1 spectrophotometer. The MS were recorded 
with a Hitachi JMS-D 300 spectrometer (direct inlet system, 
ion source temperature, ca. 180 °G, ionizing voltage, 70 eV) 
in the Faculty of Pharmaceutical Sciences or the Faculty 
of Agriculture. Only the Fragment peaks of the relative 
intensities over 20% for the lactams 3 and 4 and those over 
30% for the seconitrile 5 are described. 

Preparation of 4,4-Dimethylcholest-5-en-3-one Oxime (1). 
To a solution of 4,4-dimethylcholest-5-en-3-one (2) (800 
mg) in methanol (200 ml) was added a solution of hydroxyl-
amine hydrochloride (1 g) and sodium acetate trihydrate 
( 1 g) in water (4 ml). The solution was stirred at 40 °G 
for 1.5 h and a further amount of methanol (100 ml) was 
added to the solution. The solution was refluxed for 2.5 h. 
The solvent was partly removed and the solution was ex­
tracted with diethyl ether. The diethyl ether solution was 
worked up in the usual way and evaporated. The residue 
was recrystallized from diethyl ether-methanol to afford the 
oxime 1 (726 mg), mp 223—226 °G. (Found: G, 81.26; 
H, 11.48; N, 3.14. Galcd for G29H49NO: G, 81.44; H, 
11.55; N, 3.28%); IR 3304 (OH), 949 and 929 cm"1; for 
NMR see Table 1; UV m a x (MeOH) 207 nm (e 5100). 

The Photo-Beckmann Rearrangement of 4,4-Dimethylcholest-5-
en-3-one Oxime (1). The oxime 1 (79 mg) in methanol 
(special grade, Wako) (230 ml) was irradiated with a Rayonet 
RPR-208 preparative photochemical reactor under an at­
mosphere of nitrogen for 3 h. TLG indicated four spots, 
due to the parent ketone 2, the unchanged oxime 1, and 
two lactams, in the order of their mobility. Three further 
photoreactions (80, 81, and 66 mg) were carried out under 
the same procedure. Products from the four photolyses 
were combined and subjected to column chromatography 
(Wako gel G-200, 10 g). Elution with a 3:1 mixture of 
benzene and hexane gave the parent ketone (32 mg). Fur­
ther elutions with a 19:1 mixture of benzene and hexane 
and with pure benzene gave oxime 1 (162 mg). Successive 
elutions with a 4:1 mixture of benzene and ethyl acetate 
gave 3-aza lactam 3 (30 mg) which was recrystallized from 
methanol. Mp 175—177 °G. (Found: G, 81.30; H, 11.32; 
N, 3.10%. Galcd for G29H49NO: G, 81.44; H, 11.55; N, 
3.28%); [a]1»8 - 4 . 2 ° {c 0.5 GHG13); IR 1657 (lactam car-
bonyl), 3062 and 3198 cm"1 (NH); for NMR see Table 1; 
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M S m/e (rel intensity) 429 (M+, 1.9), 427 (30.8), 358 (29.5), 
357 (100), and 42 (24.2). Continued elutions with the 
same solvent mixture gave 4-aza lactam 4 (29 mg) , which 
was recrystallized from methanol . M p 198.5—201.0 °G. 
(Found: G, 80.86; H , 11.69; N, 3 . 2 1 % . Galcd for C2 9H4 9-
N O : G, 81.44; H , 11.55; N, 3 .28%); [a]2

D° - 1 1 . 3 ° (c 1.0 
CHC13) ; I R 1656 and 1611 (lactam carbonyl) 3062 and 3198 
c m - 1 ( N H ) ; for N M R see Table 1; M S m/e (rel intensity) 
42 (M+ 0.4), 427 (3.7), 413 (31.5), 412 (100), and 58 (26.6). 

The Beckmann Rearrangement of 4,4-Dimethylcholest-5-en-3-one 
Oxime (1). T o a solution of the oxime 1 (200 mg) in 
dioxan (10 ml) was added some freshly purified thionyl 
chloride (0.1 ml) at room temperature . T h e solution was 
stirred for 20 min a t room temperature and poured into 
water . T h e mixture was neutralized with sodium hydro-
gencarbonate . T h e aqueous solution was extracted with 
diethyl ether. T h e diethyl ether solution was worked u p 
as usual. T L C showed that the product (184 mg) (Rf= 
0.8) is nearly a single compound, with only traces of minor 
products (Rt—0.l and 0). T h e residue was subjected to 
preparat ive T L G with benzene. T h e more mobile major 
product (162 mg) was recrystallized from methanol to afford 
the nitrile (8), m p 43.5—45.0 °G, (54 mg) . (Found: C, 
84.68; H , 11.39; N, 3.41. Galcd for C 2 9 H 4 7 N: G, 85.02; 
H , 11.56; N, 3 .42%); I R 2243 (C=N), 1610 and 9 0 6 c m - 1 ; 
for N M R see Tab le 1; M S m/e (rel intensity) 409 (100, M+) , 
394 (28.7), 296 (33.6), 147 (30.9), 145 (52.3), 121 (31.1), 
107 (32.6), 105 (40.2), 95 (46.9), 93 (34.0), 81 (47.1), 69 
(41.4), 57 (53.6), 55 (66.2), 43 (70.4), and 41 (55.3). T h e 
less mobile fraction (10 mg) was an unidentified gum. T h e 
least mobile fraction (Rt=0) (19 mg) was recrystallized 
from methanol to afford 4-aza lactam 4, identical with the 
specimen obtained by the photo-Beckmann rearrangement . 

Reaction of 5,6ix-Epoxy-5oc-cholestan-3ß-ol (6) with Methyl-
magnesium Iodide.11'12) A solution of epoxide 6 (18.8 g) in 
dry benzene (300 ml) was added to a solution of methyl-
magnesium iodide prepared with magnesium (4.6 g) and 
methyl iodide (30 ml) in dry diethyl ether (50 ml) and dry 
benzene (100 ml) . T h e solution was refluxed for 5 h. After 
cooling, aqueous solution of ammonium chloride (300 ml) 
was added and the solution was extracted with diethyl ether 
(200 ml) . After the usual work-up, the product was re­
crystallized from diethyl e ther-e thanol to give 6/?-methyl-
5<x-cholestane-3/?,5a-diol 7 (3.3 g) . T h e residue from the 
filtrate was subjected to column chromatography, (alumina, 
660 g) . Elutions with a 1:1 mixture of hexane and benzene 
and then benzene gave a fraction (2.78 g) which was re­
crystallized from methanol to give 3/?-hydroxy-5a-cholestan-
6-one (8) (1.12 g, 6%) m p 148—150 °G (lit,11) 145—146 °C) . 
T h e acetate, m p 129—131.5 °G (methanol) (lit,12) 128—129 
°C), was obtained in usual way. Cont inued elutions with 
benzene gave a second fraction which was recrystallized 
from dichloromethane-ethanol to give an additional 3ß,5a-
diol 7 (5.59 g) , 182—183 °G (lit,11) 182—183 °C) . The total 
yield of the diol was 4 7 % . 

Preparation of 6a.-Methylcholest-4-en-3-one (10).9) Diol 
7 (13 g) in acetic acid (240 ml) was oxidized with chromium 
trioxide.10) T h e crude 5a-hydroxy-6/?-methylcholestan-3-one 
(9) obtained was dissolved in acetic acid ( 100 ml) . T o 
this solution was added coned hydrochloric acid (10 mg) . 
T h e solution was stirred for 13 h and was extracted with 
diethyl ether. T h e usual work-up afforded a residue which 
was subjected to column chromatography (Wako C-200, 
400 g) . Successive elutions with 1:3, 1:5, and 1:10 mix­
tures of hexane and benzene, benzene only, and a 1:10 
mixture of benzene and diethyl ether gave a fraction which 
was once recrystallized from methanol to yield ketone 10, 

m p 126—127 °G (lit,9) 127—128.5 °G). For N M R spec­
t rum see Tab le 1. 

Preparation of 4,4,6- Trimethylcholest-5-en-3-one (11). T h e 
ketone 10 (360 mg) in dry f-butyl alcohol (6 ml) was added 
to potassium (110 mg) in the same solvent (100 ml) under 
a nitrogen atmosphere. Methyl iodide (0.33 ml) was added 
and the mixture was heated under reflux for 75 min. After 
the addition of methyl iodide (0.1 ml) the solution was heated 
under reflux for an additional 25 min. T h e solution was 
extracted with dichloromethane and the organic layer was 
worked u p in the usual manner . T h e product was sub­
jected to preparat ive T L G with benzene to yield ketone 11 
(189 mg) . Recrystallization from methanol gave the pure 
material , m p 134—136 °G. (Found: G, 84.39; H, 11.84%. 
Calcd for G 3 0 H 5 0 O: C, 84.44; H , 11.81%); [ « ] S = - 7 . 8 ° 
(c 1.1 GHC13); I R 1609 (carbonyl), and 1026 cm- 1 . 

Preparation of 4,4,6-Trimethylcholest-5-en-3-one Oxime (12). 
T h e ketone 11 (770 mg) , hydroxylamine hydrochloride (2.5 
g) , and sodium acetate tr ihydrate (2.5 g) in a mixture of 
ethanol (300ml) and water (15ml) were refluxed for 2 d . 
After the addition of a further amount of hydroxylamine 
hydrochloride (1 g) in water (3 ml) , the solution was re­
fluxed for another 3 d . A par t of the solvent was evaporated 
under a reduced pressure and the solution was extracted 
with diethyl ether. T h e ethereal solution was worked up 
in the usual way and the product was subjected to column 
chromatography (silica gel Wako C-200, 27 g) . Elutions 
with a 1:3 mixture of hexane and benzene gave the starting 
material (384 mg after recrystallization from methanol) and 
continued elutions gave the oxime 12. T h e oxime was 
recrystallized from aq methanol to yield crystals (339 mg, 
4 3 % ) , m p 179.0—180.5 °C. (Found: C, 81.17; H , 11.89; 
N , 3 .33%. Galcd for G 3 0 H 5 1 NO: G, 81.57; H , 11.64; N, 
3 .17%); [a]5 - 3 . 2 (c 1.0 CHC1 3) ; I R 3311 ( O H ) , 949, 
918, and 720 c m - 1 ; M S m/e (rel intensity), 441 (M+, 32.9), 
426 ( M + - C H 3 , 82.7), 425 ( M + - O , 29.8), 424 ( M + - O H , 
100), 369 (25.0), 95 (32.8), 57 (26.7), 55 (29.6), and 43 (33.3). 
For the N M R see Tab le 1. U V m a x ( M e O H ) 208 nm (e 
7600). 

The Photo-Beckmann Rearrangement of 4,4,6-Trimethylcholest-
5-en-3-one Oxime (12). Oxime 12 (80 mg) in methanol 
(special grade, Wako) (230 ml) was irradiated with a pre­
parat ive photochemical reactor under an atmosphere of 
nitrogen for 4 h. T L C indicated five spots due to an iso­
meric oxime (13), a recovered oxime 12, nitrile 14, and two 
lactams 15 and 16, in the order of their mobility. The 
photoreaction was repeated three times under the same 
conditions as the first one (80, 81 , and 81 mg) and the pro­
ducts were combined and subjected to column chromato­
graphy. Elutions with a 3:1 mixture of benzene and hexane 
gave four fractions: A (32 mg) , B (146 mg) , C (61 mg), and 
D (35 nig). Fraction A was isomeric oxime 13 and was 
recrystallized from methanol . M p 145—148 °C. IR , 3450 
c m - 1 ( O H ) ; M S m/e (rel intensity) 441 (M+, 14.0), 426 
( M + - G H 3 , 100), 424 ( M + - O H ) , 411 (51.4), 410 (51.0), 
369 (77.2), 327 (26.9), 95 (83.7), 57 (74.2), 55 (79.2), and 
43 (96.5). For N M R spectra see Table 1. Fraction B was 
recovered oxime 12. Fraction C was a mixture of seco-
nitrile 14 and 3-aza lactam 15, based on its N M R analysis. 
Its recrystallization from methanol gave pure 3-aza lactam 
15 (42 mg) , m p 197—199 °C. (Found: M+, m/e 441.3969). 
Galcd for C 3 0 H 5 1 N O : M+ 441.3969; [a]»,1 - 3 3 . 6 (c 0.25 
GHC13); I R 3250 (NH) , 1677 and 1742 (lactam carbonyl), 
and 720 c m - 1 ; M S m/e (rel intensity) 441 (M+, 0.4), 426 
( M + - G H 3 , 2.1), 398 (1.0), 372 (20.0), and 371 (100); for 
N M R see Tab le 1. 

T h e residue (19 mg) from the filtrate in the above re-
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crystallization was a 1:1 mixture of nitrile 14 and 3-aza 
lactam 15, as estimated by the relative intensities of the 
signals due to their 10/?-methyl in the NMR spectrum. Frac­
tion D was 4-aza lactam 16, which was recrystallized from 
methanol. Mp 178—180 °G. (Found: G, 81.33; H, 11.72; 
N, 3.14%. Galcd for G30H51NO: G, 81.57; H, 11.64; N, 
3.17%); [a]2

D
2 -31 .7 (c 1.0 GHG13) ; IR 3240 (NH), 1685 

(lactam carbonyl), and 774 cm - 1 ; MS m/e (rel intensity) 
441 (M+, 3.4), 426 (M+-CH 3 , 100), and 58 (55.0); for 
the NMR see Table 1. 

The Beckmann Rearrangement of 4,4,6-Trimethylcholest-5-en-3-
one Oxime. To oxime 12 (74 mg) in dry dioxane (3 
ml) and dry diethyl ether (0.1 ml) was added thionyl chlo­
ride (0.5 ml) at 0 °G. The solution was stirred for 30 min 
at 10 °G. The solution was extracted with diethyl ether 
and the organic layer was washed with 5% sodium hydro-
gencarbonate and water successively and dried. The product 
was subjected to preparative TLG with benzene to give 
three major fractions: A (34 mg), B (10 mg), and G (33 nig), 
in the order of their mobility. Fraction A was an oil and 
was identified as seconitrile 14. (Found: N, 3.34%. Galcd 
for G30H49N: N, 3.31%); MS m/e (rel intensity), 423 (M+, 
26.7), 408 (M+-GH 3 , 20.2), 369 (M+-G ( l 0 ) side chain, 
100), 265 (9.8), and 57 (54.9); for NMR see Table 1. 
Fraction G was 4-aza lactam 16, which was recrystallized 
from methanol to afford a pure specimen ( 18 mg). It 
was identical with 16 obtained by the photoreaction. 

We thank Mrs. T . Okayama and Miss H. Maki 
for XH N M R measurements and spin decoupling ex­
periments. 
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Inc., San Francisco (1967), p. 353; b) H. Budzikiewicz, 
F. Compernolle, K. V. Gauenberghe, K. Schulze, H. Wolf, 
and G. Quinkert, Tetrahedron, 24, 6797 (1968). 
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The Transformation of Jervine into 18-Functional Z>-Homo-C-norsteroids. IV.1} 

The Transformation of Jervine into (20Ä)-18,20i8-Epoxy-3iS-hydroxy-
17/S-ethyletiojervan-lS-one 3-Acetate via (20JR)-18,20iQ-Epoxy-

3/3-hydroxy-12a,17i8-ethyletiojervan-ll-one 3-Acetate2) 

Hiroshi SUGINOME,*»** Hitoshi O N O , and Tadashi MASAMUNE* 
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received March 29, 1980) 

Catalytic hydrogénation of (225',255')-iV-acetyl-3^,23^-dihydroxyveratra-5,13(17)-dien-ll-one 3-acetate over 
rhodium-platinum catalyst in acetic acid gave (22£,25£)-N-acetyl-3/?,23/^dihydroxyveratranin-ll-one 3-acetate (2) 
in ca 70% yield, together with two minor products. Irradiation of 2 in benzene containing mercury(II) oxide 
and iodine gave 20-formyl-3/Miydroxy-12a,17/?-ethyletiojervan-I1-one 3-acetate (5) in 43% yield, accompanied 
by the 17-epimer of (22S,23Ä,25S)-N-acetyl-3£-hydroxy-5a-jervanin-l 1-one 3-acetate (4%). Aldehyde 5 was 
transformed into 3^-hydroxy-12a,17jff-ethyletiojervane-ll,20-dione 3-acetate (15) (79% yield) by photo- or copper-
catalysed oxygenation of the corresponding enamine. Reduction of 15 with sodium borohydride gave 3/?,20/?-
dihydroxy-12a, 17/?-ethyletiojervan-l 1-one 3-acetate (17) as a major product (69%), together with the 20-epimer. 
The hypoiodite reaction of 17 gave 18,20/?-epoxy-3/^hydroxy-17/^ethyl-12a-etiojervan-l 1-one 3-acetate (19) in 
92% yield. Hydrolysis of 19 resulted in the isomerization of the C/D ring junction to give 18,20/?-epoxy-3/?-hy-
droxy-17/?-ethyletiojervan-l 1-one (20), the first 18-functional C/D trans Z)-homo-C-norsteroid ever prepared. 
Wolff-Kishner reduction of 20 gave the corresponding 11-deoxo compound; its acetylation followed by oxidation 
yielded 18,20/?-epoxy-3/Miydroxy-17/?-ethyletiojervan-18-one 3-acetate. The 11-oxo function of 19 can be re­
duced quite easily with lithium aluminum hydride to give the corresponding 1 \ß-o\. 

Despite the extensive studies on the synthesis of 
18-functional steroids, little has been done on the 
synthesis of 18-functional 7)-homo-C-norsteroids which 
may be useful for the synthesis of biologically active 
compounds. In the previous paper,1) we reported the 
transformation of jervine into 18-functional C/D eis 
fused .D-homo-C-norsteroids. 

In this paper, the transformation of jervine into 
an 18-functional C/D trans fused Z)-homo-C-norsteroid, 
(20Ä) -18,20^-epoxy-Sjö-hydroxy-17^-ethyletiojervan -18-
one 3-acetate,3) via a C/D eis fused 11 -oxo-Z)-homo-
C-norsteroid, is reported. The method involved a 
series of photoinduced reactions reported in the pre­
vious paper.1) 

Results 

Catalytic hydrogénation of (225,255)-JV-acetyl-3ß, 
23/?-dihydroxyveratra -5 ,13(17)- dien -11 - one 3-acetate 
(1), derived from jervine via two steps,4) over rhodium-
plat inum catalyst in acetic acid1-5) gave a mixture 
of products from which a perhydro derivative, (225, 
255)-JV-acetyl - 3yö,23ß - dihydroxyveratranin - 11 - one 3-
acetate (2), was obtained by a single recrystallization 
in 6 2 % yield (Scheme 1). Hydrogénation of the 
mixture recovered from the reaction gave a further 
amount (10%) of perhydro derivative 2. The structure 
of 2 was confirmed by the IR , N M R , and mass 
spectra. The N M R spectrum (Table 1) showed the 
absence of an olefinic proton and showed three 
doublets arising from three secondary methyl groups 
(the 18-H, 21-H, and 26-H). T h e assigned stereo­
chemistry at C-5, C-13, and C-17 centers is based 
on a cis addit ion analogous to the closely related 
substrate.1-4) T L C of the crude product in this 
catalytic hydrogénation indicated the presence of two 

** Present address: Organic Chemistry Laboratory, De­
partment of Chemical Process Engineering, Faculty of En­
gineering, Hokkaido University, Sapporo 060. 

minor products 3 and 4, which are more mobile than 
the perhydro derivative 2. T h e structure of crystal­
line product 3, m p 218.5—219.5 °C, was ascertained 
to be (225,255)-iV-acetyl-23/3-hydroxyveratr-13(17)-en-
11-one by the mass, IR , and N M R spectra. Its 
mass spectrum showed a M+ peak at mje 455 and a 
fragment ion of low abundance at mje 299 due to a 
species resulting from the removal of the heterocyclic 
ring from the molecular ion. Its I R spectrum showed 
bands due to the 23/?-hydroxyl, 11-oxo- and iV-acetyl 
groups. The N M R spectrum showed no 3/9-acetoxyl 

H2 Rh-Pt 

Scheme 1. 
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O H g O - ^ hv 

i i ) S i 0 2 

AcO" 

**CHO 

6 R=Ac, R'= a H 
7 R=H, R ' = a H 
8 R=Ac,R'= ßH 

AcO 

Scheme 2. 

group and the presence of a 3H singlet at r 8.14 
due to the 18-H. 

The structure of the amorphous product 4 was 
shown to be (22S,25S) -tf-acetyl-3/ff,230-dihydroxy-
veratr-13(17)-en-ll-one 3-acetate by spectrometry. 
The mass spectrum showed a M+ peak of m\e 513. 
The I R spectrum showed bands due to the 23/?-hy-
droxyl, 11-oxo-, iV-acetyl, and 3/?-acetoxyl groups. The 
N M R spectrum showed a three-proton singlet at r 
8.14 due to the 13-methyl group and the absence of 
olefinic protons, proving the product to be the 5,6-
dihydro derivative of the starting diene. 

The transformation of the perhydro derivative 2 
into a 12a-etiojervane 15 was accomplished by the 
series of photoinduced reactions described in the 
previous paper.1»6) (Schemes 2 and 3) Irradiat ion of 
2 in benzene containing three equivalents each of 
mercury(II) oxide and iodine with a 100-W high 
pressure mercury arc gave the expected crystalline alde­
hyde, 20-formyl-3/?-hydroxy-12 a, 17^-ethyletiojervan-11-
one 3-acetate (5), m p 144—146 °G, in 4 3 % yield 
after column chromatography with silicic acid and 
recrystallization. The various spectra were in agree­
ment with the structure assigned. The T L G of the 
crude photolysate showed the formation of a very 
minor product 6, which was more mobile than alde­
hyde 2. I t was isolated by column chromatography 
in 4 % yield and had m p 219—220 °C. Its mass 
spectrum (M+ 513) and the elemental analysis were 
in agreement with the molecular formula C 3 1 H 4 7 0 5 -
N, indicating it to be a product from an intra­
molecular hydrogen abstraction by a 23/?-oxyl ra­
dical arising from the 23/?-ol 2. Hydrogens available 
for the intramolecular abstraction by the oxyl ra­
dical would be the 16a-H, the 17-H, and the 21-H 
and the abstraction reactions involving these hydrogens 
should take place via six or seven-membered cyclic 
transition state. 7> The XH N M R spectrum of 6 showed 
three three-proton doublets assigned to the 18-H, 21-H, 
and 26-H, excluding any structure arising from the 

abstraction of the 21-H. The 13G N M R spectrum of 
6, aided with off-resonance spectrum, showed a signal 
at ô 86.64 p p m ascribed to a quar ternary carbon 
carrying an oxygen.8) This result proved that the 
23/?-oxyl radical abstracted the 17a-H, resulting in a 
N-acetyltetrahydrojervine O-acetate, the signal a t 86.64 
ppm thus arises from the C-17. A tetrahydro deriva­
tive of jervine, (225, 23R, 25S)-N-acetyl-3ß-hydroxy-
5a-jervanin-l l-one acetate, (9) and its 12ß-isomer (10) 
(the C-17 signal at ô 86.52 ppm) have already been 
prepared by catalytic hydrogénation of jervine in acetic 
acid followed by acetylation.9»10) The direct com­
parison showed that 6 is not identical with JV-acetyl-
tetrahydrojervine 9.9) Therefore, the structure of 6 
should be the 17-epimer of (22S,23R,25S) -N-acetyl-
3/?-hydroxy-5a-jervanin-ll-one 3-acetate. The mass 
spectra of 6 and 10 showed their base peaks at mje 
167 could be assigned to a fragment of structure (A)11) 

(A) 

in accordance with the assigned structure. Hydro­
lysis of 6 with aqueous methanolic potassium hydroxide 
under reflux gave the corresponding 3ß-o\ (7). T h e 
C/D ring junction of 7 was proved to be eis, since 7 
reverted back to 6 on acetylation. It is noteworthy 
that, while treatment of (22S,23R,25S) -N-acetyl-3ß-
hydroxy-5a-jervanin-ll-one 3-acetate (9) with base 
readily causes an epimerization at the C-12 and gives 
the 12/?-epimer (11), no isomerization of the C-12 
hydrogen takes place in the basic hydrolysis of 6. In­
spection of Dreiding models of 6 and its 12/?-epimer 
8 showed that the most stable conformation of the 
ring D of 6 would be a quasi chair conformation with 
the 13-axial substituent, but that of the 12^-epimer 
8 would be a quasi chair conformation with the 13-
equatorial substituent. I t also showed that the 13/?-
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TABLE 1. NMR PARAMETERS FOR 

[chemical shifts (T) and 

Com­
pound 3a-H 6-H l la-H 

(11-H) 12a-H 18-H 19-H 

1 

2 

3 

4 

5 

6 

14 

15 

16 

17 

18 

19 

5.44, br 

5.36, br 

* 

5.39, br 

5.35, br 

5.34, br 

5.35, br 

5.45, br 

5.30, br 

5.33, br 

5.35, br 

5.36, br 

4.62, bs 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

20 

21 

6.43, br 

22 

23 

24 

25 

26 

27 

28 

a) 

5.28, br 

5.37, br 

6.38, br 

6.41, br 

5.33, br 

0.55, d 
(5.4) 

5.68, t 
(6.0) 
5.70, t 
(6.0) 
5.64, t 
(6.3) 

7.18, d 
(7.5) 

* 

7.24, d 
(9.0) 
7.23, d 
(9.0) 

* 

4.52, d 
(3.0) 

* 

8.15, s 

9.29, d 
(6.0) 
8.14, s 

8.14, s 

9.26, d 
(6.0) 

9.21, d 
(6.0) 
9.35, d 
(7.2) 
9.34, d 
(7.5) 
9.23, d 
(7.5) 
8.80, d 
(6.0) 
8.83, d 
(6.0) 

18^-H, 6.84, 
(10.5, 7.5) 
18a-H, 6.12, 
18^-H, 5.64, 
18a-H, 6.17, 
(8.6, 4.9) 
18^-H, 5.75, 
18a-H, 6.15, 
(8.7, 4.8) 
18£-H, 6.38, 
18a-H, 6.19, 
(8.4, 4.8) 
18^-H, 6.37, 
18a-H, 6.16, 
(8.4, 4.8) 

dd, 

t, (7.5) 
d, (8.6) 
dd, 

d, (8.7) 
dd, 

d, (8.4) 
dd, 

d, (8.4) 
dd, 

18a- and ß-H 
6.07, s (Wy2 = 5) 
18a- and ß-H 
6.09, s {Wy2 = 5) 
18a- and ß-H 
6.09, s (Wi/2 = 5) 

9.02, s 

9.13, s 

9.23,rs 

9.21, s 

9.10, s 

9.12, s 

9.10, s 

9.15, s 

8.93, s 

9.11, s 

9.11, s 

9.17, s 

9.18, s 

8.99, s 

9.29, s 

9.25, s 

9.33, s 

9.30, s 

8.99, s 

8.98, s 

8.80, s 

a) Superimposed on 18-H. b) [[Superimposed on 18a-H. c) d, (9.0) after irradiation at T 8.80. d) d, (9.3) 

methyl and the 20a-methyl of 8 are nearly in a 1,3-
diaxial relationship and therefore the 12/9-epimer 8 
(C/D trans isomer) appears to be less stable than the 
12a-epimer 6, in which the G(13)-C(18) and C(20 ) -
C(21) bonds are in nearly orthogonal positions. O n 
the other hand, there are no non-bonded interactions 
between the 13/5-methyl and the 20a-methyl of 9 and 
its 12/?-epimer 10. Thus , the situation differs sharply 
from that of the pair of 17-epimers 6 and 8. 

The jervanine 6 may be formed via an intramolecular 
radical combination of a biradical intermediate 12. 
In this step, the attack of the 23/?-oxyl radical to the 

C-17 radical center from the /?-face should be hindered 
by the presence of the 13/?-methyl group and therefore 
the observed product 6 will result. The formation 
of 6 through an iodohydrin intermediate (13) is un­
likely, since the combination of an iodine atom with 
the C-17 radical from the /5-face would be severely 
hindered by the 13/9-methyl group. 

The aldehyde 5 was transformed into a crystalline 
enamine 14 with morpholine and jb-toluenesulfonic 
acid in toluene under reflux in an almost quantitative 
yield. T h e enamine 14 was then subjected to a copper-
catalysed oxygenation12) or an oxidative cleavage with 
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ETIOJERVANE DERIVATIVES IN G D G 1 3 

splittings (Hz; in parentheses)] 

20-H 21-H 22a-H 
(22-H) 

23a-H 26-H 27-H NAc, OAc 

6.97, dq 
(6, 11) 

* 

7.00, dq 
(6, H) 
7.00, dq 
(7, 12) 

* 

* 

— 

8.83, d 
(6.3) 
9.13, d 
(5.4) 
8.85, d 
(6.3) 
8.85, d 
(6.3) 
8.98, d 
(7.2) 
9.08, d 
(6.0) 
8.35, s 

5.33, bd 
(10.5) 
6.72, bs 

5.38, bd 
(11.3) 
5.39, d 
(10.5) 
0.45, d 

* 

4.78, s 

5.92, bs 
(^i / 2 = 7.5) 
6.05, bs 
(wy2=is) 
5.95, bs 
(^i / 2 = 7.5) 
5.95, bs 
(W% = 7.5) 

— 

* 

— 

9.02, d 
(6.5) 
8.95, d 
(6.0) 
8.98, d 
(6.6) 
8.99, d 
(6.6) 

— 

9.01, d 
(6.6) 

— 

6.80, bs 
(Wi/2 = 6.6) 

* 

6.80, bs 

6.80, bs 

— 

* 

— 

8.00, s, and 
8.03 s, 
7.90, s, and 
8.01, s 
7.98, s 

8.00, s 

7.98, s 

7.92, s, and 
7.98, s 
8.01, s 

7.94, s 

7.89, s 

6.43, dq 

6.45, m 

6.32, dq 

6.2 
b ) 

6.18, dq 
c ) 

a ) 

a ) 

5.65, dq 
d ) 

5.60, dq 
(9.8, 6.0) 

e ) 
6.12, dq 
(2.3, 6.0) 
6.12, dq 

6.13, dq 
(4.5, 6.0) 

9.20, d 
(6.6) 
9.27, d 
(6.6) 
8.82, d 
(6.3) 

8.82, d 
(6.0) 

8.80, d 
(6.0) 

8.83, d 
(6.0) 

8.82, d 
(6.0) 

8.71, d 
(6.0) 
8.65, d 
(6.0) 

8.85, d 
(6.0) 
8.84, d 
(6.0) 
8.83, d 
(6.0) 

8.04, s 

7.98, s 

8.00, s 

8.00, s 

8.00, s 

8.01 

8.07 

7.99, s 

after irradiation at r 8.71. e) (9.8) after irradiation at r 8.65. 

dye-sensitized singlet oxygen13) (Scheme 3). 
In the copper-catalyzed oxygenation, oxygen was 

bubbled through a chloroform solution of the enamine 
14 containing copper (I) chloride for 24 h under cool­
ing. T h e expected product, 3/?-hydroxy-12a,17/?-
ethyletiojervane-ll,20-dione 3-acetate (15), m p 134— 
135 °G, was obtained in 9 1 % yield after recrystal-
lization from diethyl ether. 

In the dye-sensitized oxidative cleavage, the en­
amine 14 in dry benzene containing Rose Bengal 
was irradiated with a 90-W high pressure mercury 
arc under an atmosphere of oxygen for 48 h. Column 

chromatography of the product gave dione 15, which 
is identical with the dione obtained by the copper-
catalyzed oxygenation, in 7 9 % yield. Although this 
photochemical procedure was successful in most of 
the experiments with 90-W H g arc, the irradiation 
was found in some experiments to lead to the ex­
clusive formation of an aldehyde 16 resulting from x-
fission of an excited 11 -oxo group ; in these experi­
ments a lamp of a wattage slightly above 100-W was 
used. T h e structure of the aldehyde 16 was con­
firmed to be 3/9-hydroxy-ll,12-seco-17/?-ethyletiojer-
vane-l l ,20-dione 3-acetate by spectrometry. The high 
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resolution mass spectrum of 16 indicated that it had 
the molecular formula C 2 3 H 3 4 0 4 . The I R spectrum 
of 16 showed three bands arising from the acetoxyl, 
the formyl, and the acetyl groups. The N M R spec­
t rum showed two one-proton doublets at r 0.55 {J— 
5.4 Hz) and at r 4.52 ( / = 3 . 0 Hz) assignable to the 
C-11 hydrogen and the olefinic C-12 hydrogen, and 
other signals consistent with the assigned structure. 
The use of the high pressure Hg arc lamps of wattage 
as intense as 100 watts for the oxygenation seems to 
be just on a critical line for the cleavage and may 
be inappropriate, even though the excited 11-oxo 
group is being quenched by oxygen during oxygena­
tion, which is a faster process than the a-fission. 

T h e 20-oxo group of the 11,20-dione 15 was selec­
tively reduced with sodium borohydride in ethanol 
containing ethyl acetate to give a mixture of 3/5,20/9-
dihydroxy-17/9-ethyletiojervan-ll-one 3-acetate (17) 
and its 20a-epimer (18). Recrystallization and pre­
parative T L C of the mixture gave 20/S-ol 17, m p 
169—171 °C, and 20a-ol 18, m p 175—176 °C, in 69 
and 11 % yields respectively. I t was not possible to 
deduce the configurations at the C-20 centers of these 
compounds by N M R spectroscopy, since the differences 
in the splitting and the chemical shifts of their 20-H 
signals and the differences in the chemical shifts of 
their 18-H were too small to distinguish the con­
figurations of their C-20 centers. However, con­
sideration of the steric course of the reduction with 
complex metal hydrides, in a manner analogous to 

the case of the reduction of the 11-deoxo analogue5) 
of dione 15, allowed us to assign a 20/?-configuration 
for the major product and a 20a- for the minor one. 
These assignments were further supported by an ana­
lysis of the N M R spectrum of 18,20ß-epoxy-3ß-hy-
droxy-17/9-ethyletiojervan-ll-one 3-acetate (19) ob­
tained by the hypoiodite reaction of the alcohol 17 
{vide infra). Interestingly, the 11-oxo group of 15 
exerts an influence on the steric course of the reduction, 
as shown by the formation of an appreciable amount 
of 20a-isomer 18 from 15 and the exclusive formation 
of 20/?-isomer from a 11-deoxo analogue of 15.5) 

T h e 20/5-ol 17 in benzene containing mercury(II) 
oxide and iodine was then irradiated for 2.5 h under 
an argon atmosphere.1 '70) Column chromatography of 
the product gave 19 in 8 1 % yield together with the 
recovered material (7%) . Various spectra of the pro­
duct was in agreement with (20/?)-18,20/?-epoxy-3/?-
hydroxy-17/?-ethyl-12a-etiojervan-ll-one 3-acetate (19). 
Thus, high resolution mass spectrometry confirmed the 
molecular formula C 2 3 H 3 4 0 4 . I R spectrum showed 
the absence of any hydroxy 1 group and the presence 
of a superimposed band at 1732 c m - 1 arising from 
the 3/5-acetoxyl and the 11-oxo groups. The very 
intense molecular ion peak (67.8%) in the mass spec­
t rum of 19 contrasts to that of the 11 -deoxo ana­
logue,5) in which the intensity of the molecular ion 
is only 2 % and M+ —CH 3 ion peak is intense. T h e 
N M R spectrum showed a three-proton doublet at r 
8.82 with 7 = 6 . 3 Hz assigned to the 21-H. I t also 
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showed a one-proton double quartet at r 6.32. Ir­
radiation at T 8.82 caused a collapse of the double 
quartet at r 6.32 to a doublet with 7 = 4 . 2 Hz. O n 
this basis, the signal at r 6.32 is asigned to the 20-H. 
The N M R spectrum showed another double doublet 
at T 6.84 with / = 10.5 Hz and 7.5 Hz and a triplet 
a t T 6.12 with J =7.5 H z ; these are assigned to the 
18/?-H and the 18a-H respectively. Model inspection 
indicates that the dihedral angles between the 18a-H 
and the 13a-H, and the 18/?-H and the 13a-H in a 
twisted boat conformation of the ring D are about 
20° and 140° respectively, in accord with the observed 
magnitudes of the couplings. The relevant coupling 
constants are J18a,i8ß = 7^ Hz, J18ß,isa = 7^ Hz, and 
y i 8 / 3 1 3 a = 10.5 Hz. The Dreiding molecular model also 
shows that the dihedral angle between the 17a-H 
and the 20/?-H is about 120° in the above conforma­
tion. The observed coupling constant 4.2 Hz allows 
us to assign the configuration of the methyl group 
at the C-20 to be a. Therefore, 17 should be the 
20/ff-ol. 

Hydrolysis of 19 with methanolic potassium hy­
droxide gave a crystalline alcohol 20, m p 229—229.5 
°C, the first 18-functional C/D trans Z)-homo-C-nor-
steroid ever prepared. The epimerization of the C-12 
center of 19 was proved by the 1H N M R spectrum 
of 20. The XH N M R spectra of 20 and 3-oxo com­
pound 21 showed an appreciable change of the splitting 
of the signals arising from their 18-methylene protons, 
in comparison with the correponding ones of C/D 
eis compound 19. The spectrum of 20 showed a 
broad doublet at r 5.64 with y = 8 . 6 Hz and a double 
doublet at r 6.17 with 7 = 8 . 6 Hz and 4.9 Hz. T h e 
inspection of the model of C/D trans ketone 20 having 
the ring D in a quasi chair conformation indicated 
that the dihedral angle between the 18/?-H and the 
13a-H is about 90° and that between the 18a-H and 
the 13a-H is about 30°. O n the other hand, the two 
corresponding dihedral angles in the model of C/D 
trans ketone having the ring D in a boat conformation 
were about 130° and 30°. The observed coupling 
constants are thus in agreement with the predicted 
ones for the hydroxy ketone having the ring D in a 
chair; the doublet at r 5.64 and the double doublet 
at T 6.17 are ascribed to the 18/?-H and the 18a-H. 
A signal due to the 20/?-H was superimposed on the 
signal arising from the 18a-H; the superimposed signal 
shape changed when a three-proton doublet at r 8.82 
(the 21-H) was irradiated. The isomerization of the 
C/D junction of 19 in the hydrolysis was finally con­
firmed by a comparison of its 11-deoxo compound 
(23) with (20Ä) -18,20/S-epoxy-17^-ethyl-12a-etiojervan-
3/?-ol 3-acetate1 '5) previously prepared. This showed 
that the two compounds are not identical (vide infra).1*5) 

The ketone 20 was then oxidized to 18,20-epoxy-
17^-ethyletiojervane-3,ll-dione (21) with chromium 
trioxide-pyridine. Oxidation of 21 with chromium 
trioxide-acetic acid failed to give the lactone. I t is 
almost certain that the 11-oxo group hinders the 
oxidation of the 18-methylene to a 18-oxo group, 
since the 18-methylene group of the corresponding 
11-deoxo compound (23) can readily be oxidized to 
18-oxo group (vide infra). 

The 11 -oxo group of 20 was removed by a modified 
procedure14) of the Wolff-Kishner reduction. The re­
duction by this procedure gave 11-deoxo alcohol (22), 
m p 171—174°C, as a single product. I t gave an 
O-acetyl derivative (23), which was proved to be 
not identical with 18,20/?-epoxy-17/?-ethyl-12a-etio-
jervan-3/?-ol 3-acetate reported previously.1»5) The 
N M R spectra of 22 and 23 showed that the splittings 
of the signals arising from their 18-methylene protons 
were similar to those of their 11-oxo analogue 20, 
with the exception that the doublet arising from the 
18/?-H shifted significantly to a higher field (A 0.74 
ppm for 22). Oxidation of 23 with chromium tri-
oxide in acetic acid gave an amorphous y-lactone 
(24) in 3 9 % yield. The I R spectrum showed two 
bands due to an acetoxyl and a y-lactone groups. 
Its N M R spectrum exhibited a double quartet at 
T 5.65 due to the 20/?-H and a doublet a t r 8.71 due 
to the 21-H. Irradiation at r 8.71 caused a collapse 
of the former to a doublet with J =9.3 Hz. The 
mass spectrum showed only a weak molecular ion 
peak at mje 374 (0.3%), a base peak at m\e 314, and 
a prominent peak at mje 299 (35.7%). The last two 
fragments are attr ibutable to M + — C H 3 C 0 2 H and 
M + - C H 3 C 0 2 H - C H 3 . 

Hydrolysis of the lactone 24 in a mixture of chloro­
form and methanol with dilute hydrochloric acid at 
room temperature gave the corresponding 3/?-ol 25, 
m p 202—205 °C. 

The aforementioned experiments indicated that the 
cyclic ether 19 with the C/D eis junction is a less stable 
isomer and readily isomerizes with a base to the more 
stable cyclic ether 20 with C/D trans junction. At­
tempts have been made to modify the 11-oxo function 
of 19 without affecting the stereochemistry of the 
C/D eis ring junction. Reduction of the 11-oxo func­
tion of 19 with lithium aluminum hydride for 1.5 h 
at room temperature gave 3/?,l l/?-diol (26), m p 2 1 1 — 
214 °C, as a single product. This remarkably facile 
reduction of the 11-oxo group is surprising. The con­
formation of the molecule 19 should be one in which 
the degree of steric hindrance around the 11-oxo 
group for the attack of hydride ion is appreciably 
reduced. The eis stereochemistry of the C,D-ring junc­
tion was supported by N M R spectroscopy. The N M R 
spectrum showed a one-proton triplet at r 5.68 (J=6.0 
Hz) assigned to the l l a - H , a two-proton singlet (W1/2= 
5 Hz) at T 6.07 assigned to the 18-methylene protons, 
and a one-proton double quartet centered at r 6.12 
with J=2.3 and 6.0 Hz ascribed to the 20ß-H. Apart 
from these signals it showed a one proton multiplet 
centered at r 7.49 and a three-proton doublet at r 
8.85 ( / = 6 . 0 Hz) ascribed to the 17a-H and the 21-H. 
These assignments were supported by the following 
spin decoupling studies. Irradiation at r 8.85 re­
sulted in a collapse of the double quartet at r 6.12 
into a doublet with J=2.3 Hz. Irradiation at r 7.49 
decoupled the double quartet a t r 6.12 into a quartet 
with J=6.0 Hz. Finally, irradiation at r 6.12 re­
sulted in collapses of the doublet at r 8.85 to a singlet 
and of the multiplet at r 7.49 into a diffused triplet. 
O n the basis of these results, the relevant coupling 
constants are 72 i_H , 2 O / 3 - H = 6 - 0 H Z > A J / J - H , 1 7 « - H = 2 . 3 
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^Z> Jl8a-H, 18ß-Il — Jl8a-H, 1 3 a - H ~ Jl8ß - H , 13a-H<5 U Z . 

T h e u n u s u a l l y s m a l l g e m - c o u p l i n g of t h e 1 8 - m e t h y l e n e 
p r o t o n s s h o u l d b e n o t e d . 

A c e t y l a t i o n of 2 6 b y t h e s t a n d a r d p r o c e d u r e g a v e 
a 3 - ace t a t e 2 7 . T o t r a n s f o r m 3/?-hydroxyl g r o u p i n t o 
a 3-oxo g r o u p , d io l 2 6 w a s sub jec ted to t h e O p p e n a u e r 
o x i d a t i o n . H o w e v e r o n l y a low y ie ld of 3-oxo c o m ­
p o u n d 2 8 w a s o b t a i n e d , t o g e t h e r w i t h 3 ,11 -d ione 2 1 . 
A n ana lys i s of t h e s ignals a r i s ing f rom t h e 1 8 - m e t h y l e n e 
p r o t o n s a n d t h e 20/?-pro ton of 2 8 is g iven i n t h e T a b l e . 

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

For instruments used and general procedures see Ref. 1. 
Low resolution mass spectra of compounds 2,4—7, 14, 15, 
17, 18, 20—26, and all the high resolution mass spectra 
were recorded at the Faculty of Agriculture of this University 
with a Hitachi J M S - D 300 spectrometer. Low resolution 
mass spectra of compounds 3, 18, and 28 were recorded 
at the Faculty of Pharmaceut ical Sciences with a Hitachi 
R M U - 6 E spectrometer. 

Catalytic Hydrogénation of (22S, 25S)-N-Acetyl-3ß,23ß-dihy-
droxyveratr-5,13( 17)-dien-11-one 3-Acetate (1). (a): R h o ­
d ium-p la t inum catalyst (38.65 g) in glacial acetic acid 
(350 ml) was shaken under an atmosphere of hydrogen 
for ca. 11.5 h. T o this solution was added the diene 1 (25.0 
g) dissolved in glacial acetic acid (250 ml) . T h e resulting 
solution was shaken under an atmosphere of hydrogen for 
43.5 h and then a further amount of freshly prepared catalyst 
(4 g) in glacial acetic acid (150 ml) was added. The solu­
tion was again shaken under an atmosphere of hydrogen 
for 18.5 h. During this period, 3.25 1 of hydrogen were 
absorbed. After the removal of the catalyst and the solvent, 
water (300 ml) was added to the residue and the solution 
was neutralized with aq 10% sodium carbonate solution. 
T h e solution was then extracted with chloroform (500 ml X 3). 
T h e chloroform solution was washed with water and dried. 
After the usual work-up, the residue was recrystallized from 
acetone-diethyl ether to yield perhydro derivative 2, m p 
204—206 °G. (15.60 g) in colorless crystals in two crops. 
(Found: G, 72.24; H , 9.75; N , 2 .67%. Galcd for G 3 1 H 4 9 N 0 5 : 
G, 72.19; H , 9.58; N , 2 . 7 2 % ) ; [a]î? - 1 . 5 ° (c 1.5, GHG13); 
I R , 3319 ( O H ) , 1734 and 1722 (5-membered ring ketone 
and OAc) , 1606 (NAc), 1236 and 1015 cm" 1 ; M S , (70 eV) 
m/e (rel intensity), 515 (M+, 0.4), 500 ( M + - C H 3 , 0.3) 472 

Ac 

(0.3), 198 (0.3), 185 (0.7), 156 ( | + | , 100), and 
H O A y x 

H 

^ \ 
114 ( | + J , 17.3); for N M R see Table 1. 

H C K \ / \ 
Examinat ion of the residue (9.4 g) from the filtrate by 

T L G indicated that it was a mixture of the starting material , 
which was the major component , and two other minor pro­
ducts. This residue in glacial acetic acid (200 ml) was 
again hydrogenated in the presence of rhod ium-p la t inum 
catalyst (14.4 g) . About 0.741 of hydrogen were absorbed 
during 50 h. T h e product was recrystallized from diethyl 
ether to yield perhydro derivative 2 (0.794 g) . The residue 
from the filtrate was subjected to column chromatography 
(Mallinckrodt silicic acid, 100 mesh, 100 g) . Elutions with 
hexane, benzene, and a 1:1 mixture of chloroform and ben­
zene gave a mixture (6.85 g) . An analysis of a par t of the 
mixture by preparat ive T L G (a 5:3 mixture of diethyl e the r -
chloroform as the solvent) indicated that it contained 1.01 
g of perhydro derivative 2. Fur ther elutions with diethyl 

ether gave a fraction which gave the perhydro derivative 
2 (0.505 g) after recrystallization from diethyl ether. The 
total yield of perhydro derivative 2 was thus 71.6%. Isola­
tions of the minor products 3 and 4 are described in the 
following procedure (b). 

(b) : Rhod ium-p la t inum catalyst (2.0 g) in glacial acetic 
acid (30 ml) was shaken under an atmosphere of hydrogen 
for 4 h. Dur ing this period, 578 ml of hydrogen were ab­
sorbed. T o this solution was added diene 1 (2 g) in glacial 
acetic acid (30 ml) and the solution was shaken under an 
atmosphere of hydrogen for 46 h, 180 ml of hydrogen being 
absorbed. After removal of the catalyst and the solvent, 
the product was dissolved in chloroform and the solution was 
washed with water , then dried over anhydrous sodium sulfate. 
T h e residue (2.472 g) showed four spots on T L G (a 5 :3 
mixture of diethyl ether-chloroform). A par t of the product 
(750 mg) was subjected to preparat ive TLG with a 5 :3 
mixture of diethyl ether and chloroform to give four frac­
tions: A (69 mg) , B (337 mg) , G (62 mg) , and D (388 mg) 
in the order of decreasing mobility. Fraction A was re­
crystallized from acetone-diethyl ether to yield product 3, 
m p 218.5—219.5 °G (15 mg) . (Found: G, 76.54; H , 9.94; 
N, 3 .14%. Galcd for G 2 9 H 4 5 0 3 N : G, 76.44; H , 9.95; N , 
3 .07%); I R 3314 ( O H ) , 1725 (5-membered ring ketone), 
1608 (NAc), 1254, and 1017 cm" 1 ; M S (80 eV), m/e {rel 
intensity), 455 (M+, 0.3), 299 (1), 298 (0.9), 156 (100), 114 
(45), 55 (9), and 43 (9); for N M R see Table 1. 

Fraction B was identified as an olefin 4 but could not be 
induced to crystallize. (Found: mle 513.3453. G 3 1 H 4 7 N0 5 

requires M+ 513.3453); [a ] D +1 .64° (c, GHG1J ; I R , 3320 
( O H ) , 1727 (OAc and 5-membered ring ketone), 1604 
(NAc), 1240, and 1028 c m - 1 ; M S , (70 eV) m/e (rel intensity), 
513 (M+, 0.2), 357 ( M + - G - 2 0 substituent, 0.5), 156 (100), 
and 114 (20.6); for N M R see Table 1. 

Fraction G was a mixture ; fraction D was recrystallized 
from acetone-diethyl ether to yield perhydro derivative 2, 
(238 mg) . 

The Removal of Heterocyclic Moiety of (22S,25S)-N-Acetyl-
3ß,23ß-dihydroxyveratranin-11-one 3-Acetate 2 by Irradiation in 
the Presence of Mercury (II) Oxide and Iodine. The per­
hydro compound 2 (13.5 g) in dry benzene (700 ml) in 
the presence of mercury(I I ) oxide (27.0 g) and iodine (33.8 
g) was irradiated with a 100-W high pressure mercury arc 
while being stirred. After a period of 24 h, more iodine 
(3 g) and mercury (I I) oxide (3 g) were added and the ir­
radiation was continued for another 24 h. Precipitates were 
removed by filtration and washed with hot benzene. The 
solution and the washing were combined, washed with 
saturated aq sodium hydrogensulfite solution (300 ml) and 
water (500 m i x 2), and dried over anhydrous sodium sulfate. 
Removal of the solvent at below 40 °G gave a brown residue. 
T L G indicated that this was largely aldehyde 5, together 
with a small amount of a less mobile compound 6. The 
residue was subjected to column chromatography with Mal-
lincrodt silicic acid (35 g) . Elutions with a 1:1 mixture 
of benzene and hexane and then benzene only gave three 
fractions. T h e first fraction gave crystalline aldehyde 5. 
Recrystallization from diethyl ether gave pure aldehyde 5 
(4.0 g), m p 144—146 °G (Found: m/e 388.2608. Galcd for 
G 2 4 H 3 6 0 4 : M+ 388.2613); [a]2

D
6 - 3 . 3 ° (c 0.4, GHG13); I R , 

1731, (broad, G H O , OAc and 5-membered ring ketone), 
1234, and 1020 cm" 1 ; M S , (70 eV) m/e (rel intensity) 388 
(M+, 34.1), 360 ( M + - G O , 52.7), 345 (9.3), 330 ( M + - G -
17 substi tuent-H, 17.7), 328 ( M + - C H 3 C 0 2 H , 39.5), 300 
( M + - C O - C H 3 C 0 2 H , 77.4), 147 (89.0), 123 (70.3), 95 
(73.2), 93 (87.8), 81 (75.8), 67 (61.8), 55 (70.4), and 43 
(100); for N M R see Table 1. 
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The second fraction gave an amorphous mixture (800 mg) , 
which was subjected to preparative T L G with a 20:1 mixture 
of chloroform and diethyl ether to give aldehyde 5 (300 mg) 
and a new compound 6 (479 mg) . T h e aldehyde 5 was 
recrystallized from diethyl ether to give a pure specimen 
(259 mg) . The new compound 6 was recrystallized from 
diethyl ether to give a pure specimen, m p 221—222 °G. 
(Found: G, 72.25; H , 9.18; N , 2 .58%. Galcd for C3 1H4 7-
N 0 5 ; G, 72.48; H , 9.22; N , 2 .73%) ; H Î J - 2 . 7 (c 1.1, GHG13); 
I R , 1733 (OAc and 5-membered ring ketone) and 1671 
cm" 1 (NAc); MS, (70 eV) m/e (rel intensity), 513 (M+, 11.9), 
277 (5.2), 222 (20.3), 211 (31.5), 167 (100), 156 (24.5), 
114 (9.8), and 43 (17.3); for N M R see Table 1. 

Hydrolysis of Compound 6. Product 6 in methanol 
(5 ml) containing potassium hydroxide (250 mg) was heated 
under reflux and an atmosphere of nitrogen for 40 min. 
After the removal of methanol, water (20 ml) and 2 mol 
d m - 3 hydrochloric acid (5 ml) were added to the residue. 
The solution was extracted with chloroform. T h e organic 
layer was worked up as usual. T h e amorphous residue 
(41 mg) was recrystallized from acetone-diethyl ether to give 
3ß-ol 7, m p 242—244°. (Found: m/e 471.3334. Galcd for 
G 2 9 H 4 5 N 0 4 : M+ 471.3346); M S ,(70 eV) m/e (rel. intensity), 
471 (M+, 19.7), 222 (18.5), 211 (31.2), 167 (100), and 156 
(19.1). 

Preparation of Enamine 14 from 20-Formyl-3ß-hydroxy-12ac-17ß-
ethyletiojervan-17-one 3-Acetate. Aldehyde 5 ( 4 g ) , mor-
pholine (10 ml) , and p-toluenesulfonic acid (200 mg) in dry 
toluene (150 ml) were heated under reflux in a flask fitted 
with a Dean Stark t rap for 5.5 h. After the removal of 
the solvent, an oily residue was extracted with chloroform 
(200 m i x 2). The solution was washed with an aq 5 % 
sodium carbonate solution (100 ml) and water (100 m i x 2 ) 
and dried over anhydrous sodium sulfate. Removal of the 
solvent left crystals of enamine 14 (4.45 g), m p 106—108 
°G. This enamine 14 was used immediately for the next 
step without further purification. (Found: m/e 457.3203. 
Galcd for G 2 8 H 4 3 N 0 4 : M+ 457.3192); [a]2

D
6 - 4 . 4 (c 1.1, 

GHG13); I R , 1732 (OAc and 5-membered ring ketone), 
1260, 1123, 1031, 874, and 735 cm" 1 ; M S , (70 eV) m/e 
(rel intensity) 457 (M+, 72.0), 388 (11.2), 360 (18.9), 328 
(18.5), 300 (31.3), 166 (100), 147 (38.9), 123 (34.3), 100 
(43.9), 95 (44.3), 93 (42.8), 81 (39.4), 67 (31.2), 55 (36.6), 
and 43 (70.0); for N M R see Table 1. 

Preparation of 3ß-Hydroxy-12 oc, 17ß-ethyletiojervane-11,20-dione 
3-Acetate (15) from Enamine 14. (a) : Enamine 14 (500 
mg) and copper (I) chloride (300 mg) in chloroform (100 
ml) were cooled with ice-water and oxygen was bubbled 

through the solution for 9.5 h. After about 3 h, precipitates 
appeared in the yellow-green solution. At this point 10 
ml of chloroform were added and the solution was allowed 
to stand under an atmosphere of oxygen for an additional 
14.5 h. The precipitates were removed by filtration and 
washed with chloroform (100 ml) . T h e filtrate and the 
washings were combined and worked up in the usual way. 
The crystalline residue was recrystallized from diethyl ether 
to yield dione 15 (343 mg) , m p 134—135 °G. (Found: 
G, 73.99: H , 9 .42%. Galcd for G 2 3 H 3 4 0 4 : G, 73.76; H , 
9 .15%); [ a ] S - 1 . 4 (c 1.0, GHGI3); I R , 1732 (OAc and 5-
membered ring ketone), 1704 (Ac), 1242, 1024, 992, and 
896 c m - 1 ; M S , (70 eV) m/e (rel intensity) 374 (M+, 77.7), 
359 ( M + - G H 3 , 4.8), 314 ( M + - G H 3 G 0 2 H , 19.5), 299 
( M + - C H 3 C 0 2 H - C H 3 , 25.2), 219 (9.8), 205 (10.3), 147 
(18.3), 107 (14.7), 105 (16.6), 95 (57.3), 93 (20.3), 91 (15.8), 
81 (15.5), 79 (16.4), 67 (17.7), 55 (17.4), and 43 (100); for 
N M R see Table 1. 

(b): Enamine 14 (4.276 g) and Rose Bengal (100 mg) 

in dry benzene (600 ml) were irradiated with a 90-W high 
pressure mercury arc under an atmosphere of oxygen for 
48 h. Oxygen was occasionally bubbled into the stirred 
solution. T h e solution was washed with water (300 ml X 3) 
and dried over anhydrous sodium sulfate. After removal of the 
solvent, the crystalline residue (4.744 g), which was almost 
a single product , was subjected to column chromatography 
(Mallincrodt SiO a , 7 g) to remove some polar substances. 
Elutions with benzene containing an increasing amount of 
chloroform gave dione 15. I t was recrystallized from diethyl 
ether to give 2.79 g in two crops. 

(c): Enamine 14 (8.95 g) and Rose Bengal (250 mg) 
in dry benzene (1.31) were i r radiated with a 103-W high 
pressure mercury arc for 48 h while oxygen was bubbled 
through slowly. After work-up as in procedure (b), the prod­
uct (6.35 g) was subjected to column chromatography (Mal­
lincrodt SiO a , 15 g) . Elutions with benzene gave a fraction 
which was recrystallized from diethyl e ther-hexane to yield 
aldehyde (16) (3.4 g) . T h e residue from the filtrate was 
subjected to preparat ive T L G with 50:1 chloroform-diethyl 
ether to yield a further amount of aldehyde (16) (0.31 g), 
m p 132—134 °G. (Found: m/e 374.2447. Galcd for G23-
H 3 4 0 4 . M+ 374.2455). I R , 1738 (OAc), 1726 (GHO) , 
1717 (GOGH 3 ) , and 1248 cm- 1 . M S , m/e (rel intensity), 
374 (M+, 3.2), 346 (3.0), 286 (2.8), 271 (3.6), 253 (3.8), 
107 (22.0), 105 (14.5), 95 (14.9), 93 (16.3), and 43 (100). 

Reduction of Dione 15 with Sodium Borohydride. Dione 

15 (600 mg) in absolute ethanol (60 ml) containing sodium 
borohydride (260 mg) and ethyl acetate (2 ml) was stirred 
for 2.5 h at room temperature . T h e reaction mixture was 
worked up as usual to give a residue (713 mg) . Examina­
tion of the product by T L G with a 1:20 mixture of diethyl 
ether-chloroform showed it to be a mixture of a major pro­
duct (Rf 4.4) and a minor product (Rf 5.5). Recrystal-
lization from diethyl ether gave 3/?,20/?-dihydroxy-12a,17/?-
ethyletiojervan-11-one 3-acetate 17, m p 169—171 °G, (349 
mg) . (Found: G, 73.22; H , 9 .59%. Galcd for G 2 3 H 3 6 0 4 . 
G, 73.36; H , 9 .64%) ; [a]2

D
6 - 0 . 6 2 (c 1.7, GHG13); I R , 3544 

( O H ) , 1724 (OAc and 5-membered ring ketone), 1235, 
1121, 1031, and 899 cm" 1 ; M S , (70 eV) m/e (rel intensity), 
376 (M+, 2.4), 358 ( M + - H 2 0 ) , 332 (45), 272 (100), 235 
(27.4), 218 (31.8), 147 (43.9), 123 (32.4), 107 (36.1), 105 
(32.6), 95 (92.2), 93 (58.5), 91 (31.9), 81 (41.6), 79 (36.2), 
67 (40.6), 55 (38.4), and 43 (73.9); for N M R see Table 1. 

Removal of the solvent from the filtrate gave a mixture 
of 20a- and 20/?-ols (283 mg) . T h e mixture was subjected 
to preparat ive T L G with a 1:20 mixture of diethyl e the r -
chloroform to give two fractions. T h e less mobile fraction 
(124 mg) was 20/?-ol; this was recrystallized from diethyl 
ether to give pure 20/?-ol 13 (64 mg) . T h e more mobile 
fraction (68 mg) was recrystallized from diethyl ether to 
give 20a-ol 18, m p 175—176 °G. (Found: G, 73.13; H , 
9 .54%. Galcd for G 2 3 H 3 6 0 4 : G, 73.36; H , 9.64%) ; [a]2

D
6-1.1 

(c 1.2, GHG13); I R 3564 ( O H ) , 1726 (OAc and 5-membered 
ring ketone), 1232, 1106, 1019, and 895 c m - 1 ; M S , (80 
eV) m/e (rel intensity) 376 (M+, 4) , 358 ( M + ' - H 2 0 , 8), 332 
(29), 272 (78), 218 (57), 177 (30), 147 (54), 123 (43), 107 
(47), 105 (37), 95 (100), 93 (59), 91 (46), 81 (55), 79 (47), 
67 (66), 55 (60), and 43 (95); for N M R see Table 1. 

The Hypoiodite Reaction of 3ß,20ß-Dihydroxy-12ac,l7ß-ethyl-
etiojervan-71-one 3-Acetate 17. Alcohol 17 (267 mg) in 
dry benzene (40 ml) containing mercury (II) oxide (550 mg) 
and iodine (850 mg) was irradiated with a 100-W high 
pressure mercury arc through a Pyrex filter under an argon 
atmosphere. T h e solution was stirred during irradiation. 
T h e irradiation was discontinued after 2.5 h when the starting 
material disappeared as shown by T L G . T h e precipitates 
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were removed by filtration and washed with hot benzene 
(100 m i x 2 ) . T h e filtrate and the washings were combined 
and washed with 10% sodium hydrogen sulfite solution 
(30 ml) and then with water and dried over anhydrous 
sodium sulfate. Evaporat ion of the solvent left a residue 
(308 mg) which was subjected to column chromatography 
(Mallincrodt silicic acid, 2.6 g) . Elution with a 1:1 mixture 
of hexane and benzene gave a fraction (10 m g ) ; further 
elution with benzene, a 2:1 mixture of benzene and chloro­
form, and a 1:1 mixture of benzene and chloroform gave 
acetate 19 (216 mg) . (Found: m/e 374.2438. Galcd for 
C 2 3 H 3 4 0 4 : M+ 374.2455); I R (GHG18) 1732 (OAc and 5-
membered ring ketone), 1240, 1028, and 758 c m - 1 ; M S , 
(70 eV) m/e (rel intensity) 374 (M+, 67.8), 359 ( M + - G H 3 , 
3.6), 314 ( M + - C H 3 C 0 2 H , 9.9), 299 ( M + - C H 3 C 0 2 H -
GH 3 , 12.9), 235 (7.7), 147 (26.7), 105 (25.1), 95 (35.0), 93 
(30.7), 91 (29.0), 79 (33.3), 67 (25.1), 55 (19.7), and 43 
(100). 

T h e final fraction ( 19 mg) eluted with a 1:1 mixture of 
chloroform and diethyl ether was the starting material . 
Acetate 19 was subjected to hydrolysis without further pur­
ification. 

Hydrolysis of Acetate 19. Acetate 19 (560 mg) in 
methanol containing potassium hydroxide (2.5 g), water 
(0.5 ml) , and chloroform (8 ml) was stirred for 2.5 h at 
room temperature and then warmed for another 0.5 h (bath 
temp 40 °G). T h e solvent was removed by a rotary evapo­
rator and the residue in added water (30 ml) was neutralized 
with 2 mol d m - 3 hydrochloric acid (ca. 50 ml) and extracted 
with chloroform (100 m i x 3). The chloroform solution was 
washed with water and dried over anhydrous sodium 
sulfate. T h e residue (532 mg) was recrystallized from di­
ethyl ether to yield 3/?-hydroxy-12/?-ketone 20. Preparat ive 
T L G of the residue from the filtrate with a 1:1 mixture of 
diethyl ether and benzene gave a further amount of ketone 
20 (27 mg) , m p 229—229.5 °G. (Found: m/e 332.2352. 
Galcd for G 2 1 H 3 2 0 3 . M+ 332.2351) ; [a]2

D
5-4 (c 1.4, GHG13) ; 

I R 3410 ( O H ) , 1724 (5-membered ring ketone), 1080, and 
1 0 4 1 c m - 1 ; M S , (70 eV), m/e (rel intensity) 332 (M+, 100), 
317 ( M + - G H 3 , 6.2), 302 ( M + - 2 G H 3 , 26.1), 147 (17.9), 
110 (17.7), 109 (13.3), 107 (16.9), 105 (24.0), 97 (28.6), 96 
(30.9), 93 (30.3), 91 (30.3), 79 (49.2), 67 (24.9), 55 (25.1), 
43 (16.7), and 41 (25.0). 

Oxidation of 3ß-Hydroxy-12ß-ketone with Chromium Trioxide-
Pyridine. T h e 3/?-ol 20 (150 mg) and chromium tri-
oxide (150 mg) in pyridine (3 ml) were stirred for 3.5 h 
at room temperature . T o this solution was added more 
(100 mg) of chromium trioxide in pyridine (1 ml) and the 
solution was stirred for another 1.5 h. After an excess of 
chromium trioxide was decomposed by adding saturated 
sodium hydrogensulfite solution (20 ml) , the solution was 
extracted with chloroform (30 m i x 3). T h e chloroform solu­
tion was worked up as usual. A product was recrystallized 
from acetone to yield 3,11-dione 21 , m p 127—129 °G. 
(Found: m/e 330.2193. Galcd for G2 1H3 0O3 . M+ 330.2193); 
I R , 1706 (6-rrrembered ring ketone), 1728 (5-membered 
ring, ketone), 1258, 1129, 1084, and 861 cm" 1 ; M S , (70 eV), 
m/e (rel intensity), 330 (M+, 100), 315 ( M + - G H 3 , 9.8), 300 
( M + - 2 G H 3 , 37.5), 286 (11.5), 245 (24.2), 191 (18.5), 121 
(17.4), 97 (38.3), 96 (42.0), 93 (31.0), 91 (22.5), 81 (21.0), 
79 (44.6), 67(20.1), 55 (25.7), 43 (20.9), and 41 (22.9). 

Wolff-Kishner Reduction of Ketone 20. Ketone 20 (102 
mg) , hydrazine hydrate (1 ml) , and hydrazine hydrochloride 
(280 mg) in trie thy lene glycol (7.2 ml) were heated at 130 
°G for 4 h under an atmosphere of nitrogen. T o this solu­
tion was added potassium hydroxide pellets (370 mg) and 
the solution was distilled until the temperature rose to 210 

°G. T h e solution was heated at that temperature for another 
2.5 h (bath temp 223 °G). After cooling, the solution was 
poured into a water- ice mixture. Grude 11-deoxo com­
pound 22, (78 mg) , m p 158—165 °G, was collected by filtra­
tion. T h e specimen for analysis, m p 171—174°G, was 
obtained by recrystallization from acetone-diethyl ether. 
(Found: G, 78.71; H , 10.72%. Galcd for G 2 1 H 3 4 0 2 . G, 
79.19; H , 10 .76%); I R , 3400 ( O H ) , 1084, and 1049 cm" 1 ; 
M S , (70 eV) m/e (rel intensity) 318 (M+, 45.6), 303 ( M + -
GH 3 , 47.6), 300 ( M + - H 2 0 , 11.8), 285 (32.7), 274 (11.2), 
259 (71.1), 241 (43.7), 149 (72.6), 148 (100), 147 (37.6), 
107 (76.1), 105 (48.9), 95 (44.1), 93 (81.1), 91 (77.0), 81 
(70.0), 79 (80.6), 67 (71.6), 55 (66.8), 43 (39.4), and 41 
(62.1), for N M R see Table 1. 

T h e 3-acetate 23, m p 135—137 °G, was prepared in a 
usual manner . (Found: G, 76.68; H , 10.10%. Galcd for 
G 2 6 H 3 6 0 3 : G, 76.62; H , 10.07%. (Found: m/e 360.2654. 
Galcd for C 2 6 H 3 6 0 3 . M+, 360.2664); IR , (GHG13) 1732 
(OAc), 1243, 1087, 1031, and 762 cm" 1 ; M S , (70 eV) m/e 
(rel intensity) 360 (M+, 10.5), 345 (19.2), 300 (100), 285 
(45.1), 256 (23.9), 255 (23.3), 241 (80.8), 149 (39.0), 148 
(53.0), 147 (33.0), 107 (47.0), 105 (33.9), 93 (51.5), 91 (40.6), 
81 (40.9), 79 (43.8), 67 (36.7), 55 (32.9), and 43 (93.0). 

Preparation of the y-Lactone 24 from Acetate 23 with Chromium 
Trioxide-Acetic Acid. T o a solution of acetate 23 (74 
mg) in glacial acetic acid (8.5 ml) , under reflux, was added 
chromium trioxide (234 mg) dissolved in glacial acetic acid 
(4.5 ml) and water (0.5 ml) . T h e solution was heated under 
reflux for 2.5 h. After removal of the solvent at below 
70 °G, the residue was extracted with chloroform (50 ml X 3). 
T h e chloroform solution was worked up as usual to yield 
amorphous y-lactone 24 (30 mg) . All attempts to induce 
the lactone to become crystals were unsuccessful. (Found: 
m/e 314.2248. Galcd for G2 1H3 0O2 ( M + - G H 3 G 0 2 H 
314.2245). I R , 1729 (OAc), 1765 (y-lactone), 1258, and 
1023 cm" 1 ; M S , (70 eV) m/e (rel intensity) 374 (M+, 0.3), 
314 (100), and 299 (35.7); for N M R see Table 1. 

Hydrolysis of the y-Lactone 24 with Hydrochloric Acid. The 
y-lactone 24 (40 mg) in methanol (8.1 ml) and chloroform 
(0.9 ml) containing 12 mol d m - 3 hydrochloric acid (0.9 ml) 
was stirred for 17 h at room temperature . The solution was 
neutralized with aq 5 % sodium carbonate solution and 
the solvent was part ly removed by a rotary evaporator. 
T h e crystals of the 3/?-hydroxy y-lactone 25 were collected 
by filtration and recrystallized from methanol-water to 
yield 25, m p 202—205 °G. (Found: m/e 332.2340. Galcd 
for G 2 1 H 3 2 0 3 : M+ 332.2350); I R 3400 (OH) and 1765 cm" 1 

(y-lactone); M S , m/e (70 eV) (rel intensity) 332 (M+, 27.4), 
314 ( M + - H 2 0 , 95.8), 299 (22.2), 285 (10.2), 260 (45.1), 
259 (30.2), 258 (100), 149 (12.8), 147 (25.5), 108 (14.3), 
93 (23.7), 91 (24.6), 79 (24.3), 55 (22.1), and 41 (14.3). 

Reduction of Ketone 19 with Lithium Aluminum Hydride. 
T o 12a-ketone 19 (522 mg) in dry T H F (30 ml) cooled by 
ice-water was added slowly lithium aluminum hydride 
(400 mg) . T h e solution was stirred for 1.5 h at room tem­
pera ture and an excess of l i thium aluminum hydride was 
decomposed by addit ion of small amounts of ethyl acetate 
and methanol . T o this solution were added water (50 ml) 
and chloroform (100 ml) and the two-layered solution was 
stirred for 30 min. T h e solution was filtered and the aqueous 
filtrate was extracted with chloroform (50 ml X 20). The 
chloroform solution was worked up in the usual manner . 
T h e product was recrystallized from diethyl ether to yield 
26 (241 mg) , m p 211—214 °G. A residue (185 mg) from 
the filtrate was subjected to preparat ive TLG with a 1:1 
mixture of chloroform-diethyl ether to yield a further amount 
of diol 26 (26 mg) . (Found: M+ m/e 334.2505. Galcd for 



March, 1981] Conversion of Jervine into 18-Functional Z>-Homo-C-norsteroids 861 

C 2 i H 3 4 0 3 : M+ 334.2506); [a]2
D

5-3.0 (c 0.75, GHG13); I R , 
3428 ( O H ) , 1040, and 8 5 1 c m " 1 ; M S , (70 eV) m/e (rel 
intensity) 334 (M+, 6.6), 316 ( M + - H 2 0 , 100), 301 ( M + -
H 2 0 - G H 3 , 47.3), 298 ( M + - 2 H 2 0 , 10.6), 290 (41.0), 283 
(34.6), 147 (66.6), 133 (33.0), 121 (37.6), 119 (37.1), 109 
(36.7), 107 (76.8), 105 (66.6), 97 (37.4), 96 (41.1), 95 (77.2), 
93 (94.0), 91 (78.1), 81 (75.1), 79 (95.3), 67 (80.7), 55 (80.8), 
43 (71.3), and 41 (70.7). 

The diol 26 (13 mg) and acetic anhydride (5 mg) in pyri­
dine (0.5 ml) were stirred for 20 h at room temperature . 
At the time intervals of 1.5 h and 5 h, a more acetic anhydride 
(0.05 ml) was added. Work-up of the reaction mixture 
in the usual manner gave a product (13 mg) , which was 
recrystallized from methanol to yield 27, m p 170—171 °G. 
(Found: m/e 376.2612. Galcd for G 2 3 H 3 6 0 4 : M+ 376.2612), 
IR , 3490 (OH) , 1734 (OAc), and 1242 cm" 1 ; M S m/e (rel 
intensity) 376 (M+, 2.6), 358 ( M + - H 2 0 , 69.4), 343 (15.8), 
316 ( M + - G H 3 G 0 2 H , 18.6), 298 ( M + - G H 3 G 0 2 H - H 2 0 , 
35.2), 283 (39.9), 147 (43.8), 107 (60.9), 105 (40.0), 95 
(55.8), 93 (69.2), 91 (43.9), 81 (55.9), 79 (61.8), 67 (42.5), 
55 (38.1), and 43 (100%). 

Oppenauer Oxidation of Alcohol 26. Alcohol 26 (288 
mg) and a luminum isopropoxide (120 mg) in toluene (25 
ml) and dry cyclohexanone (2.3 ml) were heated for 1 h 
under reflux (bath temp 120 °G). More a luminum iso­
propoxide (140 mg) was added to the solution. T h e mixture 
was heated under reflux for another 1 h and then subjected 
to a steam distillation to give 150 ml of a distillate. T o 
the solution there were added chloroform (50 ml) and wate r ; 
then the solution was stirred for 1 h. T h e aqueous layer 
was again extracted with chloroform. T h e combined chloro­
form solution was worked up as usual. T h e residue (260 
mg) was recrystallized from acetone to yield ketone 28 (69 
mg), m p 151—152 °G. T h e filtrate was evaporated and 
the residue (143 mg) was subjected to column chromato­
graphy (Mallincrodt silicic acid, 2.0 g) . Elution with a 
mixture of a 2:1 benzene and hexane gave fraction (120 
mg), which was recrystallized from acetone to yield more 
28 (16 mg) . The residue from the filtrate was subjected 
to preparative TLG with a 10:1 mixture of chloroform and 
diethyl ether to yield two fractions. T h e more mobile 
fraction gave dione 21 and the less mobile fraction (45 mg) 
was recrystallized to yield ketone 28 (35 mg) , (Found: G, 
75.81 ; H, 97 .0%. Galcd for G 2 1 H 3 2 0 3 : G, 75.86; H , 9.70%), 
[a]2

D
6 - 2 . 0 (c 0.5, GHG13); I R (GHG13) 3416 ( O H ) , and 

1707 cm" 1 (carbonyl); M S , (80 eV) m/e (rel intensity) 332 
(M+, 15), 314 ( M + - H 2 0 , 70), 299 (32), 288 (48), 95 (82), 
93 (78), 91 (65), 79 (85), 67 (70), 55 (95), 43 (100), and 41 
(78); for N M R see Table 1. 

T h e a u t h o r s t h a n k M r s . T o m o k o O k a y a m a in this 
l a b o r a t o r y for t h e m e a s u r e m e n t s o f t h e N M R s p e c t r a 
a n d t h e s p i n - d e c o u p l i n g e x p e r i m e n t s a n d Miss Y u k o 
G h i b a in t h e F a c u l t y of A g r i c u l t u r e for t h e m e a s u r e ­

m e n t s of t h e m a s s spec t r a . T h e a u t h o r s a lso wishes 
to t h a n k M r . M a k i K u r a m o t o for h is h e l p in p r e p a r i n g 
s o m e s t a r t i n g m a t e r i a l s . 
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The interaction of Bromphenol Blue (BPB) with bovine serum albumin (BSA) was studied statically, by spec­
trophotometry, and kinetically, by the pressure-jump method. The absorbance changes of BPB were monitored 
at 20 °G, pH 7.00 in 0.2 Mt phosphate buffer. The static measurements showed that there were two binding 
classes. The number of binding sites and the binding constants for each class are ^ = 1 , K1=lAx 107 M _ 1 and 
«2=3, K2=9.5x 104 M_ 1 . Kinetically, the binding of BPB to the primary binding site of BSA proceeds via at 
least 4 steps. Two models are offered for the possible binding mechanism. In these models, a fast, probably 
diffusion controlled, second order step is followed by three first order steps. A correlation between the number 
of binding steps and the magnitude of the binding constant is discussed. The positive activation entropies as­
sociated with the backward reactions of the second and third steps show that these reactions proceed through 
disordered activation states. From the comparison of the present results to those for other ligands, it was found 
that the ligand is intimately involved in which activated configuration is adopted. 

Albumin reversibly binds many kinds of small mole­
cules such as fatty acids, bilirubin, amino acids, drugs 
and hormones, and plays important roles as carrier 
and buffer for these molecules. The binding of al­
bumin with small molecules, therefore, is one im­
portant factor which determines the distribution, me­
tabolism and excretion of small molecules in the body. 
I t has been extensively studied by static methods. 

O n the other hand, until the past few years, the 
kinetics of the interactions of albumin with small 
molecules had not been extensively studied since the 
investigation of Froese et al.,1) probably because the 
binding of small molecules with albumin was thought 
to be too fast to be a rate-limiting process in physiologi­
cal phenomena.2 , 3) However, recently, many kinetic 
studies have been performed in the at tempt to elu­
cidate the detailed binding mechanism of physiologi­
cally important substances such as bilirubin4 - 8) and 
fatty acid.9) 

The interactions of organic dyes with albumin have 
often been studied as the model systems of protein-
small molecule interaction. Besides the role of a 
model system, the binding of Bromphenol Blue with 
albumin has physiologically and clinically important 
applications such as the quantitative analyses of pro­
teins10) and the determination of the concentration 
of available bilirubin binding sites in serum11 '12) using 
the spectrum shift of Bromphenol Blue on binding 
to albumin. The investigation of the detailed binding 
mechanism may offer a better basis for such procedures. 

In the present study, the binding mechanism of 
Bromphenol Blue to bovine serum albumin was in­
vestigated through both static and kinetic experiments. 
The kinetic study was concerned with binding to the 
highest affinity site, which is the most important site 
for physiological effects. 

Exper imenta l 

Materials. Bovine serum albumin fraction V(BSA) 
was obtained from Armour Laboratories and was used with-

t In this paper 1 M = 1 mol dm - 3 . 

out further purifications. The dimer content was about 
5%, as determined by gel chromatography with Sephadex 
G-150. The fatty acid content was determined to be 0.33 
mole per mole of protein by the method of Dole.13) The 
BSA solutions were prepared by weight, assuming a molec­
ular weight of 69000. Bromphenol Blue (BPB) was of 
special reagent grade from Wako Pure Chemical Industries, 
Ltd. and recrystallized from a mixture of acetone and acetic 
acid. All other chemicals used were reagent grade and 
used without further purification. All the sample solutions 
were prepared in 0.2 M phosphate buffer of pH 7.00. 

Apparatus. The absorption spectra were measured 
with a Union Giken SM401 Spectrophotometer. The ki­
netic measurements were performed with an optical detec­
tion pressure-jump apparatus constructed in our laboratory. 
The pressure of the sample solution was suddenly decreased 
from 150 atm to 1 atm by rupture of brass film within a 
time of 100 [is. The light source used was a halogen lamp 
(250 W) and the path length of the cell was 10 mm. The 
details of the pressure-jump apparatus can be found else­
where.14) All measurements were performed at 20±0.2 °G 
with the exception of the experiments on the temperature 
dependence of the relaxation times. 

R e s u l t s 

Spectrophotometric Studies. The absorption spectra 
of the BSA-BPB complex under the various polymer-
to-dye ratios (P/D) are shown in Fig. 1. The peak 
of the spectrum of the free dye around 590 nm de­
creases with increasing P/D, and that of the complex 
at 610 nm increases. The increase of the absorbance 
in the whole range of wavelength with the change 
of P/D from 4 to 20 shows that the contribution of 
the absorbance of the protein can not be ignored. 
The binding parameters were determined from the 
absorbance change at 590 nm by applying the cor­
rection for the contribution of the protein. The ex­
tinction coefficients of the free and bound dyes were 
determined to be £ f = 7 . 9 x 104 M _ 1 c m - 1 and £ b = 
4.5 X 104 M _ 1 c m - 1 respectively. The latter value was 
determined from the absorbance at the higher limit 
of P/D. The concentration of the free dye C and the 
average number of bound dye molecules per molecule 
of BSA v were determined from the equations: 
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Fig. 1. P/D dependence of absorption spectra of BPB-
BSA complex at 20 °G, pH 7.00 and C 0 =l X 10~5 M. 
A: Dye only, B: P/D=0.1, G: P/D=0.3, D: P /D= 
0.5, E: P / D = l , F: P/D=4, G: P/D=20. 

Fig. 2. Scatchard plot of the binding of BPB to BSA. 
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where C0 and P 0 are the total concentrations of the 
dye and the polymer, respectively, A is the absorbance 
at 590 nm, and / is the path length of the cell. The 
Scatchard plot15) for the present system is shown in 
Fig. 2. The analysis of this plot yields the following 
binding parameters: 

»! = 0.8, Kx= 1.4 X lO 'M- 1 , 

w2 = 3.4, K2 = 9.5 X 10* M"1 , 

where nx and n2 are the number, of binding sites for 
the primary and secondary binding sites, respectively. 
The solid line in Fig. 2 represents the theoretical 
curve calculated using these values. Good agree­

ment can be seen between the observed and calcu­
lated curves. For the calculation of equilibrium con­
centrations, we used 1^=1, n2=3, since these are the 
closest integers to 0.8 and 3.4. 

In the present study, the number of binding sites 
and the equilibrium constants were determined using 
the absorbance at the wavelength 590 nm with the 
same extinction coefficient for all kinds of complexes. 
At this wavelength, the absorbance decreases to the 
saturation value with increasing concentration of BSA, 
and reaches saturation at P / D ~ 5 . O n the other hand, 
a t the wavelength 610 nm, where the absorbance in­
creases with the concentration of BSA, a gradual 
increase of the absorbance was observed above P / D ~ 
5. This effect is probably due to dimer formation, 
which makes the environment around BPB more hy­
drophobic. This can also be presumed from the fact 
that the effect becomes more pronounced in more 
concentrated solutions. 

The binding isotherm of BPB with BSA has also 
been investigated by other researchers. Bjerrum16) has 
obtained % = 3 , J ^ 1 = 5 x 106 M _ 1 , and n2=4, K2 = 
2.5 x W M - 1 a t 4.5 °C, p H 7.00 in 0.1 M phosphate 
buffer by the gel chromatography method. His studies 
were confined to values of v above 1 ; the primary 
binding sites in his study may thus correspond to 
the secondary binding sites in the present study. 
Peeters et al.7> have reported % = 1 , J £ 1 = 7 . 8 x 105 M _ 1 , 
n2=3, X 2 = 7 . 6 x l 0 3 M - 1 , w 8=12, KS=3A x 102 M " 1 

with the defatted BSA at 25 °G, p H 6.62 in 0.1 M 
phosphate buffer using the microcalorimetry method. 
The number of binding sites for both of the stronger 
two binding classes agrees with those of the present 
study, but the binding constants are about one order 
of magnitude smaller. The differences in the binding 
constants may be due to differences in the fatty acid 
content7) and/or pH.18> 

Kinetic Studies. Four separate relaxation pro­
cesses could be observed. The relaxation amplitudes 
were very small, and 4 to 20 repetitions were averaged 
to measure the relaxation times. Typical relaxation 
curves observed at 540 nm are shown in Fig. 3. These 
relaxations were observed from 400 nm to 560 nm. 
The relaxation time of the fastest process, which ap­
pears as the sudden decrease at 2 = 0 in Fig. 3(a), 
was shorter than the time constant of the apparatus 
and could not be measured even at a temperature 
of 5 °C. T o obtain the relaxation time of the fastest 
process, temperature-jump measurements with a tem­
perature increase of about 2 degrees were tried for 
the same samples, but no relaxation was observed. 
The static absorption spectra were also insensitive to 
temperature. All relaxations were observed at 610 
nm with opposite direction to and same relaxation 
times as those observed in the shorter wavelength 
region. In addition to these four relaxation pro­
cesses, a relaxational phenomenon with a longer time 
constant, around 1 min, was observed. This phenome­
non has a very small relaxation amplitude, and could 
be seen only for relatively concentrated samples. 
Therefore, this phenomenon was not discussed in the 
present study. These four relaxation processes were 
numbered 1, 2, 3, 4 in order of the relaxation times, 
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Time 

Fig. 3. Typical relaxation spectra of the BPB-BSA 
system at 20 °G, pH 7.00, A=540nm, C 0 = l x l 0 - 5 

M, and P 0 = 2 x l 0 - 5 M . 
(a) 2ms/div., (b) 40ms/div., (c) 400ms/div. 
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Fig. 4. P/D dependences of the reciprocal relaxation 
times for slower three processes. 

from fast to slow. 
Interpretation of the Kinetic Data. T h e P/D de­

pendences of the relaxation times of the slower three 
processes, 2, 3, 4 in the region of P / D > 1 , where the 
binding of the dye to the highest affinity site of protein 
occurs, are shown in Fig. 4. All these processes show 
saturation behavior with P/D. This fact shows that 
these processes are essentially first order processes. 
Considering the existences of the very fast process 
and the three first order processes, the following six 

models, which are the simplest available under the 
assumption that the extinction coefficients of the com­
plexes are equal, were examined. 

First, the series model which is represented by 
Eq. 3 was examined. 

Model 1 
K' 

k\ &2 A3 £4 

D + p _ _ G l — C2 _ - G3 ^ - G4, 
k-l k-2 k-3 A-4 

(3) 

very fast fast slow very slow 

where D, P, and Ci denote free dye, free polymer 
and complexes of the dye and the polymer, respec­
tively, K[ is the equilibrium constant, and kt and 
k_x are the forward and backward rate constants, 
respectively. T h e relaxation times and the overall 
equilibrium constant for this model are expressed by 

Tjfi = k^C+P) + k.x 

T 2 — " 2 

T3 — K. 

+ *_, 1+KKC+P) 

K'JCW+P) 
3 l+KKl+K'MC+P) 

K[K'2K'3(C+P) 
Til ki i+ t f ; { i+* ; ( i+ t f ; ) } (C4-p ) 

Kz = Ki{l+K't(l+K't{l+K't))}. 

(4) 

(5) 

+ *-. (6) 

+ *-4 (7) 

(8) 

The relaxation time rx of the fast bimolecular step 
could not be obtained in the present experiment, so 
that it is difficult to determine all the constants of 
each reaction step from the fast to slow step succes­
sively. Moreover, the experimental errors of the re­
laxation times are relatively large. Thus, the validity 
of the reaction mechanism was examined from the 
standpoint of determining whether proper constants 
satisfying the concentration dependences of the re­
laxation times could be chosen. First, from the data 
of T2 and T4, the allowable ranges of the combina­
tions of the parameters were estimated as follows: 

kzKi 1 x 10'—2.6 x 108 M- 1 s-1 

K[ 3.3 x lO 4 —4.4xl0 5 M-! 

k-2 0—400 s-1 

kiKiK'JC; 3.1x104—2 x 105 M-1 s-i 

Klil+K^l+K',)} 1.9 X 104—1x105 M- 1 

£_4 0—1.4 s-i. 

Next, we get 3.3 X 104 M " 1 « ^ X 104 M - 1 from the 
condition K',>0. Using 5 x l 0 4 M - 1 as the value of 
KÎ from the reduced range, the range of K'2 was 
estimated to be 0.5<ÜTi<l. In this range, the value 
of K'i which satisfies the concentration dependence 
of T2 is 0.5 (A;2=200s-1 , £_ a =400 s"1). From the T3 

data, we get JC;<0.05(Ä;3<2 s - 1 , £_ 3 =40 s"1) using the 
above values for K[ and K'2. Furthermore, we get 
K\>\.\x\W (k^lôOs-1, 2 . 3 x l 0 - 3 s - 1 < ^ _ 4 < 1 . 5 x 
10 _ 2 s _ 1 ) using the overall equilibrium constant K^ = 
1.4 x 107 M _ 1 which was determined as the equilibrium 
constant for the primary binding site by the spectro-
photometric measurements. The results are sum­
marized in Table 1. The comparison of the plots 
of the reciprocal relaxation times versus Ki(C-j-P)/ 
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TABLE 1. EQUILIBRIUM AND RATE CONSTANTS AND ACTIVATION PARAMETERS FOR MODELS 1 AND 5 

Step K, * i 
* - i AH-'. 

kcal mol - 1 
A«. 

cal mol - 1 K - 1 

1 
2 
3 
4 

5 x l 0 4 M - ! 
0.5 
<0.05 
> l . l x l 0 4 

280 

Model 1 
> 4 x l 0 8 M - 1 s - 1 > 8 x l 0 3 

200 s-1 

< 2 s - 1 

^ l ô O s - 1 

Model 5 
1.5 s-1 

400 
40 
2 .3x l0- 3 —1.5X10- 2 

5 . 4 x l 0 - 3 

19 
36 

17 
71 

700 

'(A 

\500 
'P 

300 

" i 

- — - — c > ^ 

-

— T 1 1 1 1 

,Jï^^\ 
1 I I 1 1 

0.2 0.4 0.6 0.8 1.0 
K;(P+O/[I+K;(P+C)] 

-°-$-4J< * - * -

0.1 0.2 0.3 0A 
KÎKi(P+C)/[1+Ki'(1^)(P+C)] 

1 2 3 
103KiK2K3(P+C)/[H-Ki'{1+K2(1+tö}(P+C)] 

Fig. 5. Plots of the reciprocal relaxation times with 
Model 1. 

{1 +Ki(C+P)} for r2, KiKi(C+P)/{l +K[{\ +Ki) 
(C+P)} for r3, and KiKiKi(C+P)/[l+Ki{\+Ki(l + 
Ki)}(C+P)] for r4 between observed and calculated 
relaxation times are shown in Fig. 5, in which the 
solid lines were calculated using the following values: 
X i = 5 x l 0 4 M - 1

5 Ki=0.5 (k2=200s-\ k_2=400 s"1), 
A : Î = 0 . 0 1 fe=0.4s-1

) A_ 8 =40s- 1 ) and # ; = 5 . 6 x l 0 4 

(A4=800 s - 1 , A _ 4 = 1 . 5 x l 0 - 2 s - 1 ) . As can be seen, the 
theoretical and experimental plots agree relatively 
well. Therefore, Model 1 seems to be possible as 
the reaction mechanism of the present system. 

Next, the branch model was examined. 
Model 2 

G3 slow 
/ 

K'z k3 j Jfc_, 

k2 * 4 

D + P -—- Gx ^—- G2 
Ar-i k-2 k.A 

very fast fast very slow 

G. (9) 

The relaxation times and the overall equilibrium con­
stant for this model become 

3 

\ 2 
V 

Î 

- " " " § 

1 1 _ 

TJ^_ 

1 

r k<=2.0 1 

kA=1.5 

k4=1.0 

t I 

0.1 0.2 03 Of, 
K.'KiCP+C)/ D+Kl (l+Ki)(P+C)] 

Fig. 6. Plot of T4-1 with Model 2. 

T Ï 1 = k^C+P) +_*_! 

_, , Ki(C+P) 

l+Ki(C+P) 

K',Ki(C+P) 
^ *3 l+K[(l+Ki)(C+P) 

= MT 
K[K'2(C+P) 

.+K'1(\+K',)(C+P) 

KL=K'l{l+Ki(l+Ki+K^}. 

l+K'J 

(10) 

+ *-2 (11) 

+ *-, (12) 

+ ^^F7\ + k-i (13) 

(14) 

The parameters of the Model 2 were determined as 
follows from an analysis similar to that used in the 
case of Model 1. 

Ki 5 x l 0 4 M - ! 

K'2 0.5 (A^OOs- 1 , £_2 = 400s-1) 

Ki < 0.05 (k3 « 2 s-i, £_3 = 40 s-1) 

Ki 560 (1.2s-1<^4<8s-1 , 1 .8x l0-3 s - 1 <£_ 4 <1.4x 

10-2S-1). 

The expressions of the relaxation times of the faster 
three processes are the same as those of Model 1, 
so that the same results were obtained for these pro­
cesses. Since the allowable values of Ki and £_4 do 
not contribute to the value of r4

_ 1 , the comparison of 
the plot of T4"1 against K[Ki(C+P)l{\+K[(\+Ki) 
(C+P)} between observed and calculated relaxation 
times for some allowable values of £4 was made as 
shown in Fig. 6. Model 2 does not explain the 
concentration dependence of r4, so it may be ex­
cluded from possible mechanisms of the present 
system. 

In the same way, the following models were also 
examined. 
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Model 3 

Ï 
fast 

D + P , , Gx , C3 , C4 

very fast slow very slow 

Model 4 

slow 

D + P „ . d „ C2 , G4 

very fast fast very slow 

Model 5 

very slow 

D + P „ >. C, , - G2 , C3 

very fast fast slow 

Model 6 

CL 

slow 

D + P » , Gx , * C2 

very fast ] fast 

G4 very slow 

The concentration dependences of the relaxation times 
of the second and the third processes can be explained 
by all of those models, as in the cases of Model 1 
and Model 2. Thus, the validity of these models was 
checked by calculating the concentration dependency 
of r4. The results are shown in Fig. 7 to 10 for the 
models from 3 to 6, respectively. In these models, 
only Model 5 can explain the concentration depend­
ence of r4. The values of the parameters which were 
determined with Model 5 are summarized in Table 
I, omitting the values for the faster three steps which 
are same as those of Model 1. From the above ana­
lyses, both Model 1 and Model 5 are left as the pos­
sible mechanisms from the point of view of the con­
centration dependences of the relaxation times. 

The activation parameters were determined from 
the temperature dependences of the relaxation times. 
From the results of the analysis of the reaction mecha­
nism, it was found that the relaxation times whose 
temperature dependences can be attr ibuted to par­
ticular rate constants are r2 and r3, and the correspond­
ing rate constants are k_2 and £_3, respectively. The 
Eyring plots of those rate constants are shown in Fig. 
I I . From the slope and the intercept, the activation 
enthalpy Ai/_* and the entropy AS-* of the backward 
reaction of the second step were determined to be 
19 kcal/mol and 17 cal/mol K, respectively, and those 
of third step AH-3 and AS-3 were determined to 
be 36 kcal/mol and 7 1 c a l / m o l K , respectively. T h e 
results are listed in Table 1. 

Although the first second order process was too 
rapid for the values of the rate constants to be deter-

1 2 3 A 5 
102 K(K3(P+C)/[1+Ki'(1+tëXP+C)] 

Fig. 7. Plot of r^-1 with Model 3. 

3 

2 

1 

1 T 

- ~~^* 

—- £ 

1. . . . 1 

i 

r 5 

L 

1 

• k=2.0 1 

k«=1.5 I 

k«=1.0 

i_. _._] 

0.1 0.2 0.3 0A 
KiK2'(P+C)/[1+Ki(1+K2XP+C)] 

Fig. 8. Plot of T*"1 with Model 4. 

1 1 r—— I 

^^ ^£f^^ 

1 1 t — .. 1 .... !.. 

• • "?-v ' 

o j ^ -
r"kl=1.5 

k4«1.0 

i — 

0.2 0.4 0.6 0.8 
K I ( P + C ) / [ 1 + K ; ( P + C ) ] 

Fig. 9. Plot of r^1 with Model 5. 

1.0 

0.4 0.6 0.8 
K,'(P+C)/LH-KÎ(P+CJ] 

Fig. 10. Plot of r^1 with Model 6. 

mined, the values of 4 x 108 M _ 1 s _ 1 and 8 x l 0 3 s ~ 1 

were evaluated as the lower limit values of the forward 
and backward rate constants respectively. This calcu­
lation used the equilibrium constant ^ i = 5 x l 0 4 M _ 1 
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TABLE 2. BINDING CONSTANTS OF DYES TO THE HIGHEST AFFINITY SITE OF ALBUMIN 

Bilirubin Ref. Bromphenol Blue Ref. Phenol Red 

867 

Ref. 

7 . 0 x l 0 7 M - l a > 
2 . 7 x l 0 7 M - l b > 
2 . 4 x l 0 7 M - l a > 
2 . 2 x l 0 7 M - l b > 
1 .5x l0 7 M- l b > 

21 
5 

22 
21 
22 

1 .5x l0 7 M- l a > 
1 .4x l0 7 M- l b > 
7 .8x10 s M~lb> 

23 
present study 

17 

1.1X105M- Ib> 
2 . 8 x l 0 4 M - l a > 
1 .5x l0 4 M- l a > 

24 
25 
23 

a) Human albumin, b) Bovin albumin. 

3.4 3.5 

103 TV K1 

Fig. 11. Eyring plots of the rate constants. 

estimated in the analysis of the slower processes, the 
time constant of the apparatus (100 [is), and the lowest 
observed concentration. 

D i s c u s s i o n 

The kinetic behaviour of the interaction of BPB 
with albumin is of interest in terms of competition 
binding with bilirubin. I t was found from the present 
study that the binding of BPB to the pr imary binding 
site of BSA consists of many first order steps following 
a fast second order step. The multiplicity of the 
binding steps has also been observed in the case of 
the binding of bilirubin with albumin.4 '6) Reed et 
a/.19) have shown through peptic hydrolysis that 
bilirubin and Bromcresol Green bind to the same 
position on the BSA molecule, p-14 (residues 186— 
306). Bromphenol Blue and Phenol Red, which are 
sulfonphtalein dyes, have structures similar to that of 
Bromcresol Green, so that these dyes can be thought 
to bind to the same position. However, multiple 
binding steps for Phenol Red were not observed,20) 
in contrast with the results of bilirubin and BPB. 
O n the other hand, it can be seen from the comparison 
of the binding constants to the highest affinity site 
of albumin in Table 2 that the binding constants of 
bilirubin and BPB are about two or three orders of 
magnitude larger than that of Phenol Red. These 
facts seems to indicate the existence of a strong cor­
relation between the multiplicity of the binding pro­
cesses and the magnitude of the binding constant: 

that is, ligands having higher affinity bind in more 
steps than ligands having lower affinity. This can 
be interpreted as follows. The ligand molecule which 
has a large binding constant can migrate deeply into 
the hydrophobic crevice of the albumin molecule. 
For such a molecule, there must exist many barriers 
to be overcome during the migration. The existence 
of those barriers, which correspond to activated states, 
may yield multiple relaxations. This migration pro­
cess seem to be driven by entropy rather than enthalpy, 
considering the insensitivity of the present system to 
temperature. 

Although the reaction mechanism of the binding 
of BPB to BSA could not be uniquely determined from 
only the concentration dependences of the relaxation 
times, the series model (Model 1) seems to be more 
likely from the viewpoint of the stepwise migration 
of BPB into the deep site of the hydrophobic crevice 
of BSA molecule. The magnitude of the rate constant 
of the first association process was found to be larger 
than 4 x l 0 8 M - 1 s - 1 from the present analysis. This 
value suggests that the first association process is the 
diffusion controlled process. T h e rate constant of the 
dissociation process has also a relatively large value. 
Therefore, the first process can be thought of as the 
association-dissociation reaction of BPB at the cation 
rich hairpin turn located on the end of loop 2A26) 
of the albumin molecule, which is governed by electro­
static forces. Moreover, the large value of K\ sug­
gests that there still exist complex formation processes 
in the longer time region. This can also be understood 
from the existence of the slow fifth process which 
was not analyzed in the present study. 

From the analysis of the temperature dependences 
of the relaxation times, it was found that the activation 
entropies of the backward process in the second and 
third steps take positive values. This fact shows that 
those processes occur through the disordered activated 
states. O n the other hand, Scheider9) has reported 
for the association-dissociation reaction between oleate 
and human serum albumin that the first order process 
which follows the assumed fast second order process 
occurs with a negative activation entropy, that is, 
through the ordered activated state. He has pointed 
out two possibilities for the role of the ligand in the 
activated configuration. One possibility is that the 
ligand plays no role in activation i.e., the protein can 
take the activated configuration on a purely proba­
bilistic basis without any ligand help. The other is 
that the ligand is closely involved in the activation 
process i.e., the ligand's movement on the exterior 
surface brings it to the mouth of the hydrophobic 
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crevice, facilitating the formation of the activated con­
figuration. Considering both results, it can be seen 
that the different ligand species yield different acti­
vated configurations, and we may consider that the 
ligand is closely involved in the activation process. 
If the present argument is correct, the difference in 
albumin between the two studies may not be the 
decisive factor to explain the characteristically dif­
ferent results. 

In the present analysis, it was assumed that the 
extinction coefficients of BPB in all the complexes 
have the same value. This assumption should be re­
garded as a first approximation. Strictly speaking, 
each extinction coefficient probably has a different 
value. T o take account of this difference in the con­
sideration of the reaction mechanism, ei5 AVl9 K[, 
which are, respectively, the extinction coefficient of 
the ith complex, the volume change and the equili­
br ium constant of the ith process, must be determined 
by simulation using the data of the concentration 
dependence of the relaxation amplitudes along with 
the relaxation times. However, the relaxation am­
plitudes of the present system are too small for us to 
get data of enough accuracy to perform the above 
mentioned simulation. 
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Reexamination of the Molecular Size Dependence of Diffusivities 
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Diffusion coefficients at zero concentration, D0, for hydrocarbon vapors in natural rubber have been deter­
mined, and their dependence on the size and shape (or length) of the penetrants has been reexamined. For nor­
mal hydrocarbons, D0 decreased gradually with increasing the number of carbon atoms up to 5 and then leveled 
off. For branched hydrocarbons, such as iso- and neo-paraffins, D0 was considerably lower than that for the 
corresponding normal ones. The dependence of D0 on the size and shape of penetrants could be explained by as­
suming that the principal resistance to diffusion is defined by the cross-sectional area at the most bulky portion 
of the major axis and also that an additional resistance due to the molecular length contributes for relatively lower 
hydrocarbons. The latter resistance was practically negligible for hydrocarbons with more than 4 carbon atoms 
in the major chain. The effective cross-sectional dimension could be estimated successfully in terms of the group 
dimension of Pauling. 

Extensive studies of gas or vapor diffusion in poly­
mers have been made for elucidating the mechanisms 
of diffusion and the microstructure of polymers. The 
free volume theory seems to succeed in interpreting 
diffusion phenomena in polymer substances (see, for 
example, Refs. 1—3). However, estimation of the 
critical size of a hole required for diffusion to take 
place has not been achieved. 

Natural rubber is one of the materials studied from 
the earliest period because of its high permeability. 
For common gases, the general dependence of dif­
fusion properties in natural rubber on the size of dif­
fusant molecule seems to be fairly well established 
and predictable. For organic vapors, on the other 
hand, the phenomena are more complicated. T h e 
diffusion coefficient varies, in general, with the con­
centration of the vapor in the rubber. Therefore, the 
diffusion coefficient at zero concentration, Z>0, has 
often been employed to estimate the diffusivity; it 
is found to be a function not only of the size but also 
of the shape of a given penetrant molecule. 

According to information published earlier (see, for 
example, Refs. 4 and 5), the characteristic behavior 
of DQ for hydrocarbons in rubber can be summarized 
as follows. (1) D0 for normal hydrocarbons decreases 
with an increase in the number of carbon atoms up 
to 4 and then levels off, (2) D0 for branched hydro­
carbons such as iso- or neo-paraffins are remarkably 
lower than the values for the corresponding normal 
ones. 

The effect of length or branching of a penetrant 
molecule on diffusivity has been studied, but few at­
tempts have been made to explain all these effects 
together. I t is the purpose of this work to reexamine 
the dependence of DQ for hydrocarbons in rubber on 
the size and shape of penetrants, and to discuss how 
a penetrant molecule moves through rubber. 

Exper imenta l 

The average permeability coefficient, P was determined 
by means of a conventional permeation apparatus.6) That 

t A preliminary report of this work was presented at 
the 40th National Meeting of the Chemical Society of Japan, 
Fukuoka, October 1979. 

is, the pressure increase at the low pressure compartment 
due to vapor transport through a rubber film was measured 
as a function of time with a Pirani gauge which was cali­
brated previously through a McLeod gauge.7) P was cal­
culated, then, from the steady state permeation rate, Ap/At, 
using the expression 

p 273.2 Fc / Ap 
76T pu A At ' { ' 

where Vc and T are the volume and temperature, respec­
tively, of the measuring chamber, />h is the applied pressure 
of the penetrant, and A and / are the effective area and 
the thickness of the membrane. The change of I due to 
swelling was not taken into account in the calculation of 

P from Eq. 1. However, the resulting effect on the diffusion 
coefficient will be compensated for when the average diffusion 
coefficient is extrapolated to zero concentration. 

The solubility coefficient, S, is defined as 

where c is the equilibrium concentration of a penetrant in 
the film and p is the partial pressure at sorption equilibrium. 
When Henry's law is obeyed, S is a constant. Sorption 
isotherms were measured by a volumetric method. The 
apparatus used in this experiment was essentially the same 
as that of Aitken and Barrer.8) 

The average diffusion coefficient, D, was calculated from 

P and the solubility coefficient, Sh at the high pressure side 
of the membrane using the relation 

where the sorption equilibrium is assumed to be established 
at the both surfaces of the film. A series of D was measured 
as a function of ch(=p]xSh), and the diffusion coefficient 
at zero concentration, D0, was obtained by extrapolating 
D to ch=0. 

The rubber film was prepared by casting a benzene solu­
tion of smoked sheet on a glass plate. This was first air 
dried, followed by vacuum drying at room temperature 
for at least 2 days. The average thickness of a film used 
in the measurements was determined from the density and 
the weight per unit area of the film. Six kinds of lower 
hydrocarbons of 99.0% minimum purities (Seitetsu Kagaku 
Go.) and four kinds of liquid ones of commercial reagent 
grade (Tokyo Kasei Kogyo Co.) were employed. They 
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TABLE 1. DIFFUSIVITY AND SOLUBILITY DATA AT 298 K FOR HYDROCARBONS IN NATURAL RUBBER 

Hydrocarbon 

Methane 
Ethane 
Propane 
Butane 
Pentane 
Hexane 
Isobutane 
Isopentane 
Neopentane 
Neohexane 

Symbol 

C i 

G3 

G3 

G4 

G5 

G6 

iso-G4 

iso-G5 

neo-G5 

neo-G6 

< 

6.8 
4.7 
2.1 
1.5 
1.3 
1.3 
0.91 
0.70 
0.47 
0.43 

107A> 
;m2 s_1 

(8.9) b> 

(2.1)b> 

£a) 

1.8 
7.3 
7.7 
4.8 
7.5 
5.5 
4.3 

So 
cm3 (STP) cm-3 MPa - 1 

3.35 
6.78 

52.9 
159 
640 

1520 
101 
362 
164 
701 

aa) 

2.1 
2.3 
3.0 
2.4 
2.9 
2.5 
3.1 

a) These parameters have the unit of cm3(rubber)cm~3(penetrant as liquid), b) The values in parentheses 
represent the data of Michaels and Bixler.13) 

were subjected to repeated freeze-thaw cycles to remove 
dissolved gases before being introduced into the apparatus. 

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

For lighter hydrocarbons such as methane, ethane, 
and propane, P did not show any pressure dependence 
in the applied pressure range (up to about 50 kPa 
for lighter hydrocarbons) and Henry 's law was obeyed. 
In this case, the diffusion coefficient, D, is essentially 
independent of c and may be also determined directly 
from the time lag observed in the permeation measure­
ment. Actually, the values of D obtained by the 
time lag method and those from Eq. 3 were in ex­
cellent agreement. 

For heavier hydrocarbons, on the other hand, the 
concentration dependence of solubility coefficients was 
observed. Thus, Henry's law was no longer obeyed. 
In the range of measurements (the range was limited 
by the vapor pressure at room temperature for liquid 
hydrocarbons), the sorption isotherms could be well 
represented by the equation 

S = SQexp(*c), (4) 

where S0 is the solubility coefficient at zero concentra­
tion and a is a constant. Equation 4 can be derived 
from a simplified form of the Flory-Huggins equation 

lna = lnv+ (1-v) + x(l-v)*, (5) 

where a and v are the activity and the volume fraction 
of the penetrant, and % is the interaction parameter. 
T h a t is, assuming a=pjp0 (where p0 is the vapor pres­
sure of the penetrant at the measuring temperature) , 
making the substitutions and neglecting higher terms, 
we obtain the expression 

5 = 50exp[2(l + Z ) c ] . (6) 

Therefore, it is clear that the parameter a in Eq. 4 
is approximately equal to 2(l + x) . 9 _ 1 2 ) The solubility 
coefficient, Sh required to calculate D from Eq. 3 
was estimated from Eq. 4. 

Average permeabilities, and therefore, average dif­
fusion coefficients varied with the applied pressure 
for C4 and higher hydrocarbons. T h e concentration 
dependence of D could be expressed fairly well by 
the equation 

0 1 2 3 A 5 6 7 
Number of carbon atoms 

Fig. 1. Dependence of D0 for hydrocarbons in natural 
rubber at 298 K on the number of carbon atoms. 

D = D0exp(ßch), (7) 

where ß is a constant (see, for example, Refs. 9—12). 
Then, Z)0 was determined readily by extrapolation 
of the In D vs. ch plot. The results are shown in Table 
1. The vslues of D0 for methane and propane are 
in fair agreement with those obtained by Michaels 
and Bixler.13> 

The values of S0 satisfy the relation between S0 

and the boiling or critical temperature which has 
been reported earlier.14) The parameter a can be 
taken as being roughly constant for the seven hydro­
carbons examined. This means that the Flory-Huggins 
interaction parameters are also the same for the sys­
tems of these hydrocarbons and natural rubber. Ac­
cording to the free volume theory,1-3) the concentra­
tion dependence parameter of D is a function of the 
critical size of the hole required for diffusion to take 
place. In the present work, however, the parameter 
ß only represents the extent of the concentration de­
pendence of D and has a complicated meaning. More­
over, these values can not be compared as such, be-
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cause the concentration ranges measured are ap­
preciably different. The dependence of D0 on the 
size of a penetrant molecule will now be discussed. 

In Fig. 1, D0 values are plotted against the number 
of carbon atoms. Obviously, D0 for normal paraffins 
decreases with the chain length from Gx to G0, to reach 
a constant value at G5 and higher homologues. Note 
also that the branching of a penetrant molecule in­
creases somewhat its effective dimension and hence 
yields a lower value of D0. 

For diffusion in polymers it is generally accepted 
that the hole formation in a given polymer-diffusant 
system as a result of thermal fluctuations of the dif­
fusant molecule and/or the polymeric jumping unit 
is responsible for the diffusivity. According to Fujita's 
free volume theory,2»5) the diffusivity is proportional 
to the probability of finding a hole exceeding a critical 
volume, and can be described as 

D = Ad exp 
( - ^ > (8) 

where Bd is a parameter corresponding to the minimum 
hole required for diffusion, / is the average fractional 
free volume of the system, and Ad is a proportionality 
factor which is considered to be dependent primarily 
on the size and shape of the diffusant molecule. Some 
attempts have been made to correlate the diffusivities 
with the size and shape of diffusant vapors. 

As one idea, the "diffusive cross-section" difined 
as the ratio of the molar volume V and the maximum 
molecular length L of the penetrant has been proposed 
for the diffusivities of organic vapors (see, for example, 
Refs. 15—17). This parameter, however, could not 
be applied to the present systems, as shown in Fig. 1. 
The value of D0 decreases with the number of carbon 
atoms from G3 to G6 normal hydrocarbons, while 
that of VjL is almost constant for them. This measure 
tends to overestimate the effective size, especially for 
lighter hydrocarbons. 

In Fig. 2, D0 is plotted against the square of the 

(A) 

(B) 

(C) 

(D) 

ffi 0.49 nm 

0.56 nm 

0.62 nm 

Fig. 3. Schematic drawing of the effective cross-sec­
tional dimension, dP. (A) Methane and Ethane, 
(B) Normal hydrocarbons above Propane, (G) 
Branched hydrocarbons with a single methyl group, 
(D) Branched hydrocarbons with two methyl groups 
on the same carbon atom. 

van der Waals diameter, dw
2, instead of the number 

of carbon atoms. This dimension can be considered 
to represent the size of molecule regarded as spheres. 
In the figure, the points of methane (C^) and neo-
pentane (neo-G5), whose the shapes are practically 
spherical, are connected by a solid line for convenience. 
I t can be noted that all the points for other non-spheri­
cal hydrocarbons studied here are above this line. 
This means these hydrocarbons have more preferable 
shape for diffusion than a spherical molecule. The 
effective size of such penetrants, therefore, must be 
smaller than dw

2. 

As previously described, D0 for normal paraffins 
decreases gradually with an increase in the number of 
carbon atoms and finally levels off for homologues 
higher than G4. This implies a mode of diffusion 
in which the diffusant molecule moves through rubber 
with its major axis aligned with the diffusion direction. 
Under such circumstances the resistance to diffusion 
may be a function of the cross-sectional area normal 
to the main axis and the length of a given penetrant. 
When the cross-sectional dimension is not uniform 
along the axis, that at the most bulky par t must be­
come the predominant factor. Thus , for estimating 
such a dimension, an alternative measure, dP) was 
proposed. Speculations on these dimensions in terms 
of the group dimension of Pauling18) are illustrated 
in Fig. 3, where the diameters of methylene and 
methyne group have been both assumed to be 0.4 nm, 
which is the methyl group diameter. 

The relationship between D0 and dP
2 is shown in 

Fig. 4, in which a line joining the points of Gx and 
neo-G5 is also drawn for convenience. This line can 
be considered to reflect the effective size of the spherical 
penetrant. For isomeric butanes and pentanes in 
cross-linked natural rubber, Aitken and Barrer8) have 
demonstrated that D0 decreased linearly with the size 
expressed as the product of the minimum dimension, 
l± and the next smallest dimension, /2 of the molecule. 
Such a dimension l±l2 may be a useful measure of 
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hydrocarbons given in Table 1. 

the cross-section when the diffusant is not spherical. 
They have suggested that the maximum dimension 
has little significance, but did not explain further. 
We have also confirmed that a reasonably linear 
relationship holds between D0 and l±l2 for isomeric 
butanes, pentanes, and hexanes. The data for C± 

and G2, however, deviated considerably from the rec­
tilinear relationship. In addition, the appreciable dif­
ference between D0 for C± and G2 implies that the 
maximum length of the molecule has some significance. 
In Fig. 4, the distance along the ordinate between 
a certain point and the line may suggest the effect 
of the molecular length. I t is inferred that the extent 
of this effect is more significant at the first increase 
in the number of carbon atoms in major axis, and 
then gradually diminishes with a subsequent increase 
in length. Thus , Fig. 4 is a convenient illustration 
for understanding the effects of both the size and 
shape (or length) of hydrocarbon penetrants on their 
diffusivities. 

From above discussion, we obtain the following 
conclusions. A hydrocarbon molecule moves through 
rubber matrix with its major axis aligned in the 
diffusion direction. The largest resistance to diffu­
sion is thus determined by the cross-sectional area 

a t the most bulky par t of the axis. An additional 
effect is caused by the length of major chain, but 
this effect practically diminishes for more than 4 carbon 
atoms. The effective cross-sectional area at the most 
bulky par t can be estimated successfully using the 
group dimension concepts of Pauling. 
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T h e electronic absorption and M C D spectra and phosphorescence spectra at 77 K, in solutions, have been 
studied by the use of P-P-P-method calculations. T h e longest-wavelength S-S nn* band , near 370 nm, is proved 
to consist of two nn* bands, the 1A1 and 1B2 bands. T h e nn* absorption, and phosphorescence bands in various 
kinds of solutions are compared in many respects with those of the o-quinones previously studied. 

Previously, we have theoretically and experimentally 

studied the electronic absorption spectra of the o-

quinones, o-benzoquinone,1-3) and 1,2-naphthoqui-

none,1'4»5) and the electronic absorption and emission 

spectra of the o-quinones, acenaphthenequinone,4 '6 '7) 

and 9,10-phenanthrenequinone,1 , 4 '6 '8 , 9 ) in solutions. 

Heretofore, however, the nn* absorption spectra of 

o-benzoquinones have not been studied in detail because 

of their instability. The emission spectra of o-benzo­

quinones and 1,2-naphthoquinones have never been 

reported, either, as far as we know. Biphenylene-

2,3-dione11'12) (BPD), which may be classified as a 

o-benzoquinone, is stable and is unique for its con­

taining a fused four-membered ring. As for BPD, 

only the positions and intensities of its nn* absorption 

maxima in a solution have been reported. Therefore, 

we have studied the nn* and nn* absorption and 

emission spectra of BPD in solutions. 

7 / \ J\/,0 
i o n i 

5 4 

BPD 

Measurements. 

Exper imenta l 

T h e absorption spectra in solutions 

were measured in the same manner as in previous works.3_5>8> 
T h e magnetic circular dichroism (MCD) spectra in solutions 
were obtained by means of a J-20G recording spectropolari-
meter of the J a p a n Spectroscopic Co., with a magnetic field 
of 0.93 T . T h e magnetic field was measured by means 
of a gauss meter. T h e phosphorescence spectra in solutions 
at 77 K were measured in the same manner as in previous 
works.6»7»9) T h e dichroism of the phosphorescence spectrum 
in the 1-chlorobutane solution was measured by the photo-
selection method.6 '13) 

Materials. BPD prepared by Sato et al.12) was used 
(mp 213.5—214.5 °C).14> Commercially available cyclohex-
ane, methylcyclohexane, carbon disulfide, toluene, dioxane, 
methanol , l , l , l ,3,3,3-hexafluoro-2-propanol (HFP) of a spec-
tro-grade, and 1-chlorobutane of Tokyo Kasei's Special 
Use grade were used without further purification. Com­
mercially available chloroform of a special grade was washed 
five times with water, dried with calcium chloride, and 
distilled. 

Results. T h e absorption, M C D , and phosphorescence 
spectra obtained are shown in Figs. 1—4. T h e wavelengths 
and molar absorption coefficients of the absorption maxima, 
and the oscillator strengths of the absorption bands are 
shown in Table 1. T h e band names in Tab le 1 will be 
presented later. T h e M C D spectra in the toluene and 
cyclohexane solutions were similar to that in the 1-chloro­
butane solution in Fig. 3. T h e M C D spectra were obtained 
with a relatively high noise-level because a low magnetic 
field was used. However, their accuracy is thought to be 

H2 O 

A/nm 

Fig. 1. Absorption spectra of biphenylene-2,3-dione in solutions. 
Solvent: (1) methylcyclohexane, (2) dioxane, (3) l , l , l ,3,3,3-hexafluoro-2-propanol, 
(4) chloroform, (5) 1-chlorobutane, (6) toluene. 
(In (1) the scale of the ordinate is arbitrary.) 
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not so low as to affect the discussion in this work. The 
wavelengths of the phosphorescence maxima were 575, 579, 
and 584 nm for the 1 -chlorobutane, dioxane, and toluene 
solutions respectively. As for the dichroism of the phos­
phorescence-excitation spectrum, the qualitative results to 
be presented later were obtained. The lifetimes of the 
phosphorescence bands have not yet been accurately ob­
tained with the phosphoroscope, partly because these phos-

450 500 550 
A/nm 

Fig. 2. Absorption spectra of biphenylene-2,3-dione in 
solutions. 
Solvent: (1) methylcyclohexane, (2) 1-chlorobutane, 
(3) carbon disulfide, (4) toluene, (5) dioxane, (6) 
chloroform, (7) methanol, (8) 1,1,1,3,3,3,-hexa-
fluoro-2-propanol. 
(In (1) the scale of the ordinate is arbitrary.) 
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Fig. 3. Absorption and MGD spectra of biphenylene-
2,3-dione in 1-chlorobutane. 
(1) absorption spectrum, (2) MGD spectrum. 

T A B L E 1. WAVELENGTHS, ENERGIES, AND MOLAR-ABSORPTION COEFFICIENTS OF THE ABSORPTION MAXIMA 

AND OSCILLATOR STRENGTHS OF THE ABSORPTION BANDS 

Solvent 

Methylcyclohexane 

1 -Chlorobutane 

1,1,1,3,3,3-Hexafluoro-
2-propanol 

Chloroform 

Toluene 

Dioxane 

Carbon disulfide 
Methanol 

nm 

550 
527 
517 
488 
369 
351 
261 
210 
505 
479 
371 
356 
265 
382.5 
271 
247.5 
238 
213 
475 
374 
362 
269.5 
512.5 
481 
372.5 
359 
479 
370.5 
355.5 
265 
521 
456 

E 

2.25 ) 
2.35 1 
2.40 f 
2.54 J 
3.36 \ 
3.53 ) 
4.75 
5.90 
2.45 
2.59 
3.34 
3.48 
4.68 
3.24 
4.57 
5.01 
5.21 
5.82 

e 
103mol-1 

51.5 
53.8 

13850 
14850 
44000 
20600 
40500 
22350 
21700 
11900 

80.0 
16850 
16700 
46100 

45.5 
46.0 

11700 
11900 

58.5 
12850 
13800 
43550 

64.3 
96.2 

cm2 

) 

i 

i 

i 
i 
) 

i 

/ 

0.00080 

0.242 

0.99 
0.34 
0.63 

0.48 

0.23 
0.00120 

0.00068 

0.00092 

Band 

nrc* 

al5 a2 

b 
d 

nrc* 

al5 a2 

b 
a15 a2 

b 

c 

d 
nrc* 

al5 a2 

b 

nrc* 

al5 a2 

nn* 

al5 a2 

b 
nn* 
nn* 
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TABLE 2. THE CALCULATED RESULTS 

E 

550 575 600 625 

A/nm 

Fig. 4. Phosphorescence spectra of biphenylene-2,3-
dione in solutions at 77 K. 
Solvent: (1) 1-chlorobutane, (2) toluene, (3) dioxane. 

Fig. 5. Dimensions of biphenylene-2,3-dione. 
a: 123°, b : 115°, c: 123°, d: 90°, e: 122.5°, f: 120°, 
g: 117.5°, h: 122°. 

phorescence bands are weak and partly because their lifetimes 
are short. They were estimated to be around 0.3 ms on 
the basis of the observed relationships between the phos­
phorescence intensities and the rotational speeds of the 
phosphor oscope. 

Calculat ions 

Method. The electronic integral values for BPD 
in the P-P-P method15) were the same as those 
previously used for other quinones,3»5»8) except for 
those of the core-resonance integrals. Since BPD con-
taines a fused four-membered ring, the core-resonance 
integrals between non-adjacent atoms were also in­
cluded. The core-resonance integral (ß^) between the 
i-th and j - t h atoms was obtained according to the 
following formula ; 

Ä j = -31.35 exp(-1.86 Äjj) (eV), 

except for those of the carbonyl bonds, which were 
taken as —2.5 eV, as in the previous works.3»4»8) R^ 
(Â) denotes the bond distance between the two atoms. 
This formula gives values close to those previously 
used for o- and jfr-benzoquinones and 9,10-anthraqui-
none,3) —2.0, —2.5, and —2.3 eV for the conven­
tional single and double bands and the benzene bonds 
respectively. The changes in the excitation energy 
of the lowest nn* states of BPD with the alkyl-group 
substitutions were also calculated in the same manner 
as in the previous works.3»5»8) I n the calculations, 
the thirty lowest singly excited configurations were 
included. The dimensions of BPD shown in Fig. 5, 
where the molecular structure of BPD is planar and 
has the G2v symmetry,16) were assumed considering 
the previously reported dimensions of tf-benzoquinone17) 
and biphenylene.18) 

Results. The calculated results for the lower 
singlet excited states are shown in Table 2. T h e 
molecular plane and symmetry axis of BPD are regard­
ed as the yz-plane and the z-axis respectively. In 
this table, the first column denotes an order based 

1NO. 

1 
2 
3 
4 
5 
6 
7 

symmetry 

^ ( Y ) 
^ ( Z ) 
XB2 

^ 
^ 
XB2 
XB2 

eV 

3.68 
3.75 
4.44 
4.51 
4.71 
4.98 
5.37 

J 

0.137 
0.102 
0.094 
0.003 
1.895 
0.002 
0.206 

r>ana 

% 
a2 

b 

c 

on the magnitudes of the calculated excitation energies. 
Y and Z in the second column denote the directions 
of the elctronic-transition moments from the ground 
state. T h e assignment in the last column will be 
discussed later. 

D i s c u s s i o n 

In Figs. 1 and 2, an nn* band is observed near 
500 nm and four nn* bands appear to be near 370, 
260, 240, and 210 nm, the 260 nm band being the 
strongest. These four nn* bands are denoted as the 
a-, b-, c-, and d-bands respectively. The largest red-
shift of the a- and b-bands, and the large intensifica­
tion of the a-band in the H F P solution in comparison 
with the cases of other solutions, are noticeable. Those 
facts may be attributed to the strong hydrogen-bond 
formation between BPD and HFP.5»8) T h e fact that 
the intensity near 300 n m of the nn* absorption spec­
t rum in the toluene solution is stronger than those 
in other solutions shows that, in this wavelength region, 
there is an intermolecular charge-transfer band be­
tween toluene and BPD. T h e emission bands in Fig. 
4 may be assigned to the nn* phosphorescence band 
in view of their positions relative to those of the nn* 
absorption bands in Fig. 2 and their short lifetimes. 
Previously, similar nn* phosphorescence bands have 
been observed for 9,10-phenanthrenequinone9) and 
acenaphthenequinone,7) as will be discussed later. 
Therefore, the lowest triplet state of BPD may be 
the nn* state, as in the case of the other ö-quinones.6»7»9) 

The M G D spectrum in Fig. 3, clearly shows that 
the a-band consists of two nn* bands, where the M C D 
signs of the longer and shorter wavelength bands are 
minus and plus respectively.19»20) T h e observed di-
chroism of the phosphorescence-excitation spectrum is 
consistent with this fact and shows that the above-
mentioned shorter wavelength band has its absorption 
maximum, which may be its 0-0 band, near the 
second peak of the a-band. These two nn* bands 
are denoted as the ax- and a2-bands for the longer 
and shorter wavelength bands respectively. Further­
more, the dichroism of the phosphorescence-excitation 
spectrum shows that the direction of the polarization 
of the ax- and c-bands and that of the a2- and b-bands 
are the same as, and different from, that of the pho­
sphorescence band respectively. 

The assignments of the ax-, a2-, b-, and c-bands 
are shown in the last column in Table 2. As may 
be seen from the comparison between the observed 
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A/nm 

Fig. 6. n7T* Absorption bands of o-quinones in heptane 
solutions. 
(1) 1,2-naphthoquinone, (2) biphenylene-2,3-dione, 
(3) 9,10-phenanthrenequinone, (4) acenaphthenequi-
none. 
(In biphenylene-2,3-dione the solvent is methylcyclo-
hexane.) 

and calculated results, these assignments seems re­
asonable. Therefore, the a r and c-bands and the 
phosphorescence band may be said to be polarized 
along the short axis (Y-axis) of BPD, and the a2- and 
b-bands to be polarized along the long axis (Z-axis). 
The assignment of the d-band is ambiguous. T h e 
calculated results show that the excited state of the 
ax-band is of the local excitation type in the benzo-
quinone group and is similar to that of the longest-
wavelength nit* (XB2) band (near 370 nm) of o-benzo-
quinone.3) However, the intensity of the ax-band is 
far larger than that of the corresponding band of 
o-benzoquinone.1 '10) As for the changes in the calcu­
lated excitation energy of the lowest nn* states (the 
Nos. 1 and 2 states) of BPD with the symmetrical 
two-alkyl-group substitutions, a relatively large energy 
decrease in the No. 1 state of 1,4-dialkyl-BPD was 
found. 

Since it is generally accepted, on the basis of the 
observed photoelectron spectra, that the energy dif­
ference between the n + and n_ orbitals21) of a-dicar-
bonyls is ca. 2 eV,22 '23) where the n + orbital energy 
is higher, the nn* bands of BPD in Fig. 2 may contain 
only the :rc*<-n+ transition band,24) as in the case 
of the a-diketones.23»25) The rut* absorption bands 
of the ö-quinones in saturated hydrocarbon solutions 
are situated in the following order from the longer 
wavelength side, as may be seen from a comparison 
of Figs. 2 and 6: 

o-Benzoquinone > 1,2-Naphthoquinone > BPD 

> 9,10-Phenanthrenequinone > Acenaphthenequinone. 

T h e nn* band of ö-benzoquinone1 '10) is situated at 
far longer wavelengths than those of the other ö-qui­
nones.4) This order is just the reverse of that in the 
numbers of carbon atoms in the jr-electronic systems 
of these ö-quinones, except for the case of acenaphthene­
quinone. A similar phenomenon is observed in the 
^-quinones4 '26) Qfr-benzoquinone, 1,4-naphthoquinone, 
and 9,10-anthraquinone). 

As for the rrn* bands of BPD in Fig. 2, it is notice­
able tha t its blue-shift in the dioxane solution, in 

(a) L_̂  n g 1 ^ ' 
\ \ 

(1 ) \ ( 2 k ( 3 > \ < 4 \ 
(b) I L^ L \ L V 1 \ _ i 

(c) i i i i y ^ i i s ^ i 
540 550 560 570 580 590 

A/nm 

Fig. 7. Positions of nn* phosphorescence bands of 
o-quinones in solutions. 
(a) Acenaphthenequinone, (b) 9,10-Phenanthrene-
quinone, (3) Biphenylene-2,3-dione. 
(1) Dioxane, (2) 1-chlorobutane, (3) toluene, (4) 
heptane. 

comparison with the case of the saturated hydrocarbon 
solutions, is smaller than those in other ö-quinones,4) 
acenaphthenequinone, 9,10-phenanthrenequinone, and 
1,2-naphthoquinone, which are remarkably large, and 
that its intensity remarkably increases with the hy­
drogen-bond formation between BPD and the protic 
solvents, as may be seen from a comparison between 
the cases of toluene and the protic solvents, chloro­
form, and methanol. The former point corresponds 
to a fact about the phosphorescence bands which 
will be presented later. This point may show that 
the charge-transfer interaction between dioxane and 
BPD is weaker than those between dioxane and other 
quinones. The calculated ^-electronic structures of 
these ö-quinones give no information about this dif­
ference between BPD and other ö-quinones. As for 
the latter point, nothing similar is observed in ace­
naphthenequinone,4) but in the thiocarbonyl rm* band 
of styrene trithiocarbonate27 '28) there is a similarity. 
This intensity enhancement may be due to the sym­
metry degradation of the n+ orbital of BPD and the 
increased mixing of the nn* and its neighbouring 
Tin* states, accompanied by the decreased energy gap 
between them, resulting from the hydrogen-bond for­
mation. Acenaphthenequinone's failure to show any­
thing similar may be an interesting problem to be 
solved in future. 

In the rm* band in the methylcyclohexane solution, 
the energy difference between the longest-wavelength 
shoulder near 550 nm and the sharp peak at 527 nm 
is ca. 790 c m - 1 , while the one between the two main 
peaks at 527 and 488 nm is ca. 1520 cm - 1 , as is shown 
in Fig. 2. A similar vibrational structure is also ob­
served in the case of acenaphthenequinone, though 
the intensity distributions are different, as may be 
seen in Fig. 6. The structures of 790 c m - 1 and 1520 
c m - 1 may be assigned to the ring-breathing29) and 
C - O stretching vibrations respectively. 

I n the un* phosphorescence bands in Fig. 4, only 
the 0-0 band appears clearly; this pattern is similar 
to those in 9,10-phenanthrenequinone9) and acenaph­
thenequinone.7) No phosphorescence band can be ob­
served in saturated hydrocarbon solutions. The esti­
mated lifetimes (ca. 0.3 ms) are far shorter than those 
in the above two ö-quinones, which are around 10 
ms.6'7»9) A similar difference is observed between p-
benzoquinone (ca. 0.08 ms)30 '31) and 9,10-anthraqui-
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none (ca. 3 ms).6»32) The phosphorescence band in 
the dioxane solution is situated between those in the 
1-chlorobutane and toluene solutions, while in the 
above two o-quinones7»9) it is at far shorter wavelengths 
than the others, as may be seen in Fig. 7. This fact 
is consistent with the before-mentioned fact about the 
rm* absorption band of BPD in the dioxane solution. 

The author wishes to express his thanks to Profs. 
Seiji Ebine and Josuke Tsunetsugu of the Faculty of 
Science of Saitama University for their kindness in 
furnishing him with biphenylene-2,3-dione. 
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Mg(OH)2 powder packed into a basket was placed apart from solid SiOa in an autoclave so that the Si02 

might react with the solid Mg(OH)2 in the state of soluble silica. At given temperatures of 250—360 °G, the 
Mg(OH)2 changed into talc(Mg3Si4O10(OH)2) through serpentine(Mg3Si205(OH)4) : the reaction was a first-
order consecutive-irreversible reaction which can be represented as: 

+ Si02 +Si0 2 

Mg(OH)2 > Mg3Si205(OH)4 > Mg3Si4O10(OH)2. 
The reaction rate of serpentine into talc as a single reaction was also first-order. The formation of serpentine 
was much faster than that of talc. The reaction rate depended on the silica concentration in the hydrothermal 
solution rather than on the reaction temperature. In the course of the reaction, the crystallite size of the Mg(OH)2 

and the serpentine was hardly changed. In addition, the crystallite size of Mg(OH)2 did not affect that of the 
resulting serpentine. From these results, the rate-limiting step is presumed to be the formation of the crystal 
nuclei of the serpentine or talc. 

The mechanism of the synthetic reaction of silicates 
under hydrothermal conditions is of interest, but it 
has not been investigated except for the syntheses of 
zeolite below 100 °C.1-5) The purpose of this study 
is to gain some insight into the mechanism of silicate 
formation under high temperatures and high pressures. 
From this point of view, the rate of the formation 
of serpentine and talc from M g ( O H ) 2 powder and 
soluble silica has been investigated at the vapor pres­
sures of hydrothermal solutions. 

In the previous investigations6-9) of the synthetic 
reaction of the M g O - S i 0 2 - H 2 0 system, mixtures of 
solid M g O (or Mg(OH) 2 ) and solid SiO a were used 
as the starting materials. In this study, in order to 
observe more simply the reaction process, solid Mg-
(OH) 2 is placed apar t from solid S i 0 2 in an autoclave 
so that the SiO a may react with the solid M g ( O H ) 2 

surely in the state of soluble silica. 

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

The apparatus used for separating the two starting mate­
rials from each other is shown in Fig. 1. The silica gel 
or a-quartz powder used as the silica source was placed 
at the bottom of a modified Morey-type autoclave with a 
capacity of 30 ml, while the Mg(OH)2 powder, packed 
naturally into a basket which was mounted on a holder, 

Fig. 1. Hydrothermal apparatus. 
A: Hydrothermal vessel (stainless steel), B: silver 
gasket, G: basket holder, D: sample container (netted 
stainless steel basket, 160 mesh), E: reactant (Mg-
(OH)a), F : reactant (Si02). 

was placed above the silica source: distilled water was then 
introduced into the autoclave to fill it by 60%. The reac­
tion was carried out in the temperature range of 250—360 °G 
at an autogeneous pressure of the autoclave. The heating 
rate up to a fixed temperature was 75 °G/h. After a definite 
time of heating, the autoclave was quenched rapidly with 
water. The reaction products were taken out of the basket 
and dried at 110 °C for 12 h. The products were identified 
by the use of the X-ray diffractometer and DTA. Their 
quantities could be determined with the gravimetric tech­
nique (TG), as will be shown in the following section. The 
solution was filtered off, and the soluble silica and magne­
sium ion in the solution were determined by means of the 
silico molybdate method10) and EDTA titrimetry11) respec­
tively. The crystallite size of the reactant and products 
was measured by the X-ray diffraction method.12) These 
methods have also been described fully in previous papers.13,14) 

R e s u l t s 

Effects of Amount of Silica and Mg(OH)2 on the Reaction 
Rate. Approximately 0.2 g of Mg(OH) 2 , packed 
into a basket, was allowed to react with various 
amounts of 0.5—6.0 g of the silica source at 330 °G 
for 3 h. After each run, the conversion fraction was 
determined from the amount of remaining Mg(OH) 2 . 
The results are shown as a function of the amount 
of silica in Fig. 2(a). I t was found that, when 1 g 
or more of silica was used, the conversion fraction 
was independent of the amount of silica: it was 0.4 
for silica gel and 0.2 for a-quartz under these condi­
tions. T h e silica concentration in the solution during 
the reaction was about 1200 ppm for silica gel and 
400 p p m for a-quartz : these values are approximately 
equal to their equilibrium solubilities at that tem­
perature.15»16) The distinction between the conversion 
fractions for silica gel and a-quartz can be explained 
in terms of the difference between their solubilities. 

O n the other hand, various amounts of M g ( O H ) 2 

(0.05—0.60 g) were allowed to react with a fixed 
amount of 2.0 g of silica at 360 °G for 6 h. The re­
sults were shown in Fig. 2(b). The conversion frac­
tion diminished with an increase in the amount of 
M g ( O H ) 2 . In addition, it was found, from the deter-
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Fig. 2. Effect of amount of SiOa and Mg(OH)2 on the 
conversion of Mg(OH)2. 
Silica gel (O) and a-quartz powder (# ) were used 
as silica source, (a) is for a fixed amount of Mg(OH)2 

(0.2 g) and treatment at 330 °G for 3 h, and (b) for 
a fixed amount of SiOa (2.0 g) and treatment at 360 
°G for 6 h. 
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Fig. 3. Conversion curves for reaction of Mg(OH)2 

with soluble silica at 250° ( ) and 360 °G ( ). 
Silica source: silica gel. B , D : Mg(OH)2, # , 0 : 
Mg3Si205(OH)4(serpentine), A ,A: Mg3Si4O10(OH)2 

(talc). 

ruination of silica concentration in the solution during 
the reaction, that the silica concentration decreased 
with an increase in the amount of M g ( O H ) 2 . The 
decrease in the silica concentration is explicable as 
a result of the faster rate of taking out of silica by 
M g ( O H ) 2 than the rate of dissolution of silica. T h e 
relation between the silica concentration and the con­
version was examined in detail. In the case of an 
amount of M g ( O H ) 2 of 0.2 g or less, the solution 
was saturated with silica during the reaction (about 
1400 ppm for silica gel and 500 p p m for a-quartz). 
The conversion fraction, however, was decreased with 
the amount of M g ( O H ) 2 . The drop in the conversion 
may be due to the fact that soluble silica penetrates 
slowly into the interior of the pack of M g ( O H ) 2 powder. 
When the amount of M g ( O H ) 2 was 0.05 g or below, 
the reaction went to completion too rapidly for us 
to measure the reaction rate. Therefore, 0.2 g of 
M g ( O H ) 2 and 2.0 g of silica were employed as the 
standard amounts of reactants in order to keep the 
silica concentration constant throughout the reaction 
and in order to allow the reaction to proceed steadily 
and at a moderate speed. 

Reaction Products. Under these experimental 
conditions, serpentine (Mg 3 Si 2 0 5 (OH) 4) and talc 
(Mg3Si4O1 0(OH)2) were identified as the products. 

40 60 
REACTION TiME/h 

Fig. 4. Effect of temperature on the reaction rate. 
Reaction temperature: , 250 °G;a) , 360 °G. 
Silica gel and a-quartz powder were used as silica 
source at 250 and 360 °G, respectively, and the silica 
concentration in the solution was 900 and 500 ppm. 
Symbols are the same as in Fig. 3. 
a) This curve has been already shown in Fig. 3. 

The results were compatible with the phase boundary 
in the phase diagram of the M g O - S i 0 2 - H 2 0 system 
presented by Bowen and Tuttle.17) These silicates 
possess a layer structure and essential water analogues 
with M g ( O H ) 2 . I t was found, from the T G and D T A 
curves of M g ( O H ) 2 and synthesized serpentine and 
talc, that the essential water was quantitatively de­
hydrated and that the dehydration temperatures were 
400, 640, and 860 °C respectively. These silicates, 
therefore, could be determined gravimetrically from 
mixtures of reactant and products. 

Effect of the Temperature and Silica Concentration on 
the Reaction Rate. Figure 3 shows the conversion 
curves plotted against the time for the formation of 
serpentine and talc at the temperatures of 250 and 
360 °G. When the autoclave reached a prescribed 
temperature (0 h of the reaction time), the reaction 
had proceeded considerably. Although the real initial 
stage could not be observed, it was found that both 
conversion curves obtained for serpentine reach a maxi­
m u m in a certain time, and that for talc increases 
monotonously with the time throughout the reaction. 
Therefore, the reaction can be written as: 

+ Si02 +Si02 

Mg(OH)2 > serpentine > talc. 

This is a typical consecutive two-stage reaction. 
The two conversion curves at 250 and 360 °G shown 

in Fig. 3 are those obtained at different concentrations 
of silica as well as at different temperatures, since 
the equilibrium solubility of silica gel is dependent 
on the temperature {e.g., the silica concentrations at 
250 and 360 °G were about 900 and 1400 ppm re­
spectively). As long as silica gel is used as the silica 
source, it is difficult to control the experimental condi­
tions so as to keep the same silica concentration at 
the different reaction temperatures. Therefore, a-
quartz powder, which has a different solubility15) from 
silica gel, was also used as a silica source. The effect 
of the reaction temperature on the reaction rate was 
measured semiquantitatively under the conditions of 
a somewhat similar silica concentration but at dif-
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40 60 
REACTION TIME/ h 

Fig. 5. Conversion for different parts of briquette of 
reactant in sample container. 
Reaction temperature : 360 °G, Silica source : silica 
gel. : outer parts of the pack, : inner parts 
of the pack. Symbols are the same as in Fig. 3. 

40 60 
REACTION TIME/ h 

Fig. 6. Effect of crystallite size of starting Mg(OH)2 

on the reaction rate. 
Reaction temperature : 360 °G, Silica source : silica 
gel. Crystallite size of starting Mg(OH)2 : , 
16.4nm;a> , 58.0 nm. Symbols are the same 
as in Fig. 3. 
a) This curve has been already shown in Fig. 3. 

ferent temperatures. The results are shown in Fig. 
4. There was no difference in the mode of the two 
conversion curves in the initial stage of the reaction, 
but in the later stage the position of the maximum 
of the curve for serpentine was shifted to the right 
in the case of lower silica concentrations, while the 
slope of the curve for talc became more gentle. In 
other words, the rate of the reaction of serpentine 
into talc may be more affected by the silica concentra­
tion than by the reaction temperature. 

Effect of Diffusion of Soluble Silica. Since the 
two starting materials were separated from each other 
in the autoclave, and since M g ( O H ) 2 powder was 
packed into the basket, there may be a concentration 
gradient of soluble silica in the solution and in the 
pack of M g ( O H ) 2 powder. Therefore, two processes 
of the diffusion of soluble silica may be considered; 
one is the diffusion through the solution (intrasolution 
diffusion), and the other is the diffusion across the 
interstice constructed by M g ( O H ) 2 particles (interstice 
diffusion). In order to study the effect of the former, 

40 60 
REACTION TIME/ h 

100 

Fig. 7. Effect of reaction temperature and crystallite 
size of starting Mg(OH)2 on the crystallinity of product 
(serpentine). 
Silica source: silica gel. 
c , , Reaction Crystallite size c u ., , 
Symbol x . f , v u /r\u\ Shorthand 

7 temperature of starting Mg(OH)2 0 : 
0 : 
O: 

250 °C 
360 °C 
360 °C 

16.4 nm 
16.4 nm 
58.0 nm 

250-K 
360-K 
360-H 

the distance between the silica on the bottom of the 
autoclave and the M g ( O H ) 2 powder in the container 
was allowed to vary. The variation in the distance 
between them did not enable us to distinguish the 
conversion. In order to study the effect of the latter, 
a large amount of M g ( O H ) 2 powder was used. The 
pack of M g ( O H ) 2 powder was, after the reaction, 
divided into several parts beginning with the outside, 
and the conversion fraction of each part was measured. 
Consequently, the conversion fraction decreased with 
an increase in the distance from the outside, and thus 
the reaction rate was found to be influenced by the 
interstice diffusion. Some typical conversion curves 
obtained for the outside and inner parts of the pack 
are shown in Fig. 5. 

Effect of Particle Size of Mg(OH)2 on the Reaction 
Rate. Two kinds of M g ( O H ) 2 with different par­
ticle sizes were used as reactants. These M g ( O H ) 2 

powders were about 35 and 18m 2 /g in surface area, 
while the crystallite sizes were about 16 and 58 nm 
respectively. The distinction of the reaction rate due 
to different particle size is shown in Fig. 6. The 
reaction rate for larger particles was slower, but the 
conversion curves obtained for them differed in form 
from those for small particles. The alteration in the 
form of the conversion curves suggests that a part of 
the reaction process varied in the case of larger par­
ticles, as will be described in the following section. 

Effect of the Crystallite Size of Mg(OH)2 and the Reaction 
Temperature on the Crystallinity of Serpentine. I t has 
been reported that the crystallite size of the starting 
material influences the crystallinity of products in 
some solid reactions—for example, the hydration of 
MgO,1 8) the oxidation of F e 3 0 4 into y-Fe203

19) and 
the reaction of M g O + A l 2 0 3 - * M g O - A l 2 0 3 . 2 0 ) Simi­
lar behavior can also be expected for the serpentiniza-
tion of M g ( O H ) 2 , since serpentine has a layer structure 
consisting of linked S i 0 2 tetrahedra and M g - O ( O H ) 
octahedra sheets,21) like the structure of Mg(OH) 2 . 
I n order to examine this tendency, two kinds of 
M g ( O H ) 2 with different crystallite sizes were allowed 
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TABLE 1. EFFECT OF THE CRYSTALLITE SIZE OF Mg(OH)2 

ON THE CRYSTALLINITY OF PRODUCTS (SERPENTINE) 

Reaction temperature : 360 °G 
Silica source: a-quartz blocks 

Reaction time 
(week) 

Crystallite size of serpentine (nm) 

Starting material 

Mg(OH)2-K» Mg(OH)2-H» 

25.3 
28.0 
29.8 
31.9 

26.4 
28.7 
30.5 
31.3 

a) The crystallite sizes of Mg(OH)2-K and Mg(OH)2-
H are, respectively, 16.4 and 58.0 nm. 

to react at 360 °C. The serpentine produced from 
large crystals (360-H) was slightly larger than tha t 
produced from small crystals (360-K), as is shown 
in Fig. 7. The distinction of the crystallinity may 
also have been caused by the variation in the reaction 
rate due to the different crystallite size. In order 
to minimize this effect, a-quartz blocks were used 
as the silica source because their slow dissolution 
rate may limit the rate of reaction. The results showed 
that the crystallite size of the resulting serpentine 
was not affected by that of M g ( O H ) 2 , as is shown 
in Table 1. 

O n the other hand, the reaction temperature ap­
parently had an effect on the crystallinity of the prod­
ucts, as may be seen from the curves of 250-K and 
360-K in Fig. 7. The crystallite size was about 5 
nm at 250 °C and 23 n m at 360 °G for 30 h. 

D i s c u s s i o n 

As has been described above, the reaction of Mg-
(OH) 2 with soluble silica proceeds consequently in 
two stages as follows: 

(Reaction 1) (Reaction 2) 

M g ( O H ) 2 > serpentine > talc. I t is as­
sumed that Reactions 1 and 2 proceed via a similar 
reaction process. The process may consist of the fol­
lowing steps:22) 

(1) Dissolution of silica. 
(2) Diffusion of soluble silica in solution. 
(3) Diffusion of soluble silica along interstices 

constructed by M g ( O H ) 2 (or serpentine) par­
ticles. 

(4) Adsorption of soluble silica on the M g ( O H ) 2 

(or serpentine) surface. 
(5) Formation of crystal nuclei for serpentine (or 

talc). 
(6) Crystal growth. 
An excess of the silica source was used in this ex­

periment, and the solution was kept saturated with 
silica throughout the reaction. As has been described 
above, under these conditions Steps (1) and (2) are 
not rate-limiting. Furthermore, Step (4), that is, sur­
face reaction, proceeds much faster than the other 
steps, as has been reported in a previous paper.14) 
Accordingly, Steps (3), (5), or (6) may be considered 

to be the rate-limiting steps. 
T h e conversion curves obtained were analyzed on 

the basis of the kinetics in order to clarify the reaction 
mechanism. The full reaction scheme is represented 
as follows: 

Mg(OH)2 

t=0 [A]0 

t = t [A] 

+SiQ2 

Mg3Si205(OH)4 

0 

[B] 

+ Si02 

-> Mg3Si4O10(OH)2 

0 
[G] 

(1) 

where kx and k% are the rate constants, [A]0 is the 
amount of M g ( O H ) 2 at t=0, and [A], [B], and [G] 
are, respectively, the amounts of M g ( O H ) 2 , serpentine, 
and talc at t—t. Since the silica concentration is 
almost constant throughout the reaction, as has been 
described above, the silica concentration is not con­
tained in the rate equation, but is one of the constant 
factors that are contained in the rate-constant term. 
The reaction rate also depends on the surface area 
of M g ( O H ) 2 powder. However, the surface area is 
constant in the same sample. 

If the reaction is a first-order reaction, the rate 
equation is expressed as follows:23) 

' [ A ] . . _ , ( 2 ) 

dt 

dm 
dt 

dt 

= - * i [A] , 

= ^ [A] - *2[B], 

= *2[B]. 

(3) 

(4) 

The above three simultaneous differential equations 
are solved as follows: 

[A] = [A]0e-*S, 

[B] = [BV-M + . ^ k ^ - M - t f - M ) , 
ft2 — #x 

[C] = [ C ] 0 + [ A ] 0 ( l - * - M ) + 

(5) 

(6) 

[ B ] o ( l - . - * , * - ™ , ) ( g - M - g - M ) , ( 7) 

where [A] + [B] -f- [G] = 1 and the initial concentrations 
are [ A ] 0 = l and [B] 0 =[C] 0 —0. These equations can 
be simplified by writing k^kj^ and r=kxt: 

[A] = e-*, (8) 

pq = ( « - r - r * ) / ( A - l ) , (9) 

[G] = {*(l-«-0 - ( 1 - , - * ) } / ( * _ l ) . (10) 

T h e values of [A], [B], and [G] are equal to the con­
version fractions. They can be represented as a func­
tion of x by changing the value of k in Eqs. 8, 9, and 
10. When an appropriate k value was given, the 
conversion curves determined from Eqs. 8, 9, and 
10 agreed with those obtained from this measurement. 
Some typical model curves determined to correspond 
to the experimental curves are shown in Fig. 8. Table 
2 shows the experimental conditions under which these 
experimental conversion curves were obtained and also 
the k values selected to determine these model curves. 
From the k values, the conversion into serpentine 
was proved to be much faster than that into talc. 
Moreover, the dependence of the k values on the 
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TABLE 2. £ VALUES AND EXPERIMENTAL CONDITIONS OF MEASURED CONVERSION CURVES 

Silica source 

a-quarts powder 
Silica gel 

Reaction 
temperature 

(°G) 

360 
250 
330 

360 

360 

Silica 
concentration 

(ppm) 

500 
900 

1200 

1400 

1400 

Crystallite 
size of Mg(OH)2 

M 
16.4 
16.4 
16.4 

16.4 

58.0 

£ value 

0.03 
0.07 
0.10 

f 0.09a> 
0.12b> 
0.19c> 

— d ) 

* i 

0.080 
0.085 
0.102 
0.090 
0.107 
0.114 
— 

Ref. 

Fig. 5 
Fig. 4 

— 
Fig. 6 
Fig. 4 
Fig. 6 
Fig. 7 

a) Conversion of the inner parts of the sample pack, b) Conversion of whole sample, 
outer parts of the sample pack, d) Disagreement with theoretical conversion curve. 

c) Conversion of the 

Fig. 8. Typical model curves for the first-order con-

secutive-irreversible two stage reaction A —» B —» C. 
£=£2/£ l5 r=k1t. (a) £=0.19, (b) £=0.12, (c) £=0.07, 
(d) £=0.03. : Calculated conversion curve, : 
observed conversion curve. 

silica concentration showed that the k values become 
greater with an increase in the silica concentration. 
In other words, an increase in the silica concentration 
accelerates the formation of talc rather than that 
of serpentine. 

When a larger quanti ty of M g ( O H ) 2 was packed 
in the sample container, the rate of the reaction was 
slowed down toward the center of the pack of M g ( O H ) 2 

powder. Regardless of whether a par t or the whole 
of the sample is involved, these rate equation could 
be applied only if the k value was varied. The reaction 
proceeded in a first-order manner at any part of the 
pack of M g ( O H ) 2 powder, although there was a 
concentration gradient attributable to the interstice 
diffusion. This may be explained as follows. The 
term referring to the interstice diffusion rate as well 
as that of the silica concentration is contained in the 
rate constant k. 

In order to measure the reaction rate of serpentine 
into talc as a single reaction, a synthesized serpentine 
was used as the starting material. The results are 
shown in Fig. 9. I t was confirmed from the decrease 
in the amount of serpentine that the reaction of ser­
pentine into talc is also first-order. 

These results suggest that diffusion is not a rate-
limiting step under the present experimental condi-

40 60 80 100 
REACTION TIME/ h 

120 140 

Fig. 9 Conversion curves for the reaction of synthesized 
serpentine with soluble silica. 
React ion temperature : 360 °C, Silica source : silica 
gel. Symbols are the same as in Fig. 3. 

tions, since diffusion is not represented by a first-
order rate equation.23) Therefore, Step (5), the for­
mation of crystal nuclei, which is considered to be 
independent of the diffusion,22) seems to be the rate-
limiting step. 

The change in the crystallite size of M g ( O H ) 2 and 
serpentine with the reaction time was followed by 
the use of an X-ray diffrac tome ter in order to obtain 
some further information about the reaction mecha­
nism. The results for serpentine can be seen in Fig. 
8. The amount of M g ( O H ) 2 was reduced to one-
half of its initial value after 1—5 h, while its crystallite 
size was hardly changed at all. Thus, in the 
M g ( O H ) 2 »serpentine >talc reaction, the crystal­
lite of the reactions did not decrease despite the de­
crease in their amount as the reaction proceeded. 
In the course of the reaction, the reactants may be 
either completely transformed into products (serpen­
tine or talc) or may still be kept in the initial state. 
This result suggests that the crystal growth, Step (6), 
will finish immediately following the formation of the 
nucleus, Step (5). Thus, this evidence supports the 
idea that the formation of nuclei is the rate-limiting 
step. This conception is reasonable, however, only 
in the case of M g ( O H ) 2 powder with a small particle 
size, since the use of larger particles gives rise to an 
apparent deviation from the typical model curve de­
scribed above. The reaction mechanism for large par­
ticles may be more complex than that for small par-
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tides. 
I t has been reported that solid-phase reactions, such 

as the crystallization of zeolite1) and the dehydration 
of Mg(OH)2

2 4) and kaolinite (Al2Si205(OH)4),25>26) are 
first-order. In these reactions, the mechanism is 
thought to involve a rate-limiting heterogeneous nuclea-
tion. For the dehydration of larger particles of kao­
linite,27»28) however, the rate-limiting step is taken 
as the diffusion process and the reaction is not a first-
order. These reports seem to support our proposal. 

The author would like to express his hearty thanks 
to Professor Shigeto Ki tahara for his valuable guidance 
and for his critical reading of this manuscript. 
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Electrochemical Oxidation and Reduction of Flavin Mononucleotide 
Adsorbed on a Mercury Electrode Surface 
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Department of Agricultural Chemistry, Faculty of Agriculture, Kyoto University, Kyoto 606 
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The electrochemical redox reaction of flavin mononucleotide (FMN) adsorbed on a hanging mercury drop 
electrode was studied in a pH 6.9 phosphate buffer and a pH 4.9 acetate buffer by means of cyclic d.c. and 
phasese lective a.c. voltammetry. Both the oxidized and reduced forms of FMN are strongly adsorbed on the 
electrode surface, and a stable adsorption layer of FMN ((FMN) ad) is formed. The cyclic d.c. and a.c. voltam­
metric behavior of (FMN)a(i is explained by equations for a two-step one-electron surface redox reaction. The 
formal standard redox potentials, semiquinone formation constants, and charge transfer-rate constants of the 
surface redox reaction of FMN at the mercury electrode were determined. 

Recently an increasing number of papers have ap­
peared regarding redox-modified electrodes, which are 
prepared by attaching redox species, by chemical bind­
ing or irreversible adsorption, to the surface of an 
electrode material (for reviews, see Refs. 1 and 2). 
Electrocatalysis and electroanalysis have been in par­
ticular considered as possible applications of these 
electrodes. In such applications, data are essential 
on the kinetics of the surface redox reaction, i.e., the 
electrode processes exhibited by redox species confined 
to the electrode surface. In previous papers, we have 
presented theories of a.c. polarography and voltam­
metry for simple one-step3) and two-step surface redox 
reactions.4^ The theories have also been applied to 
the electrode processes of ferredoxins irreversibly ad­
sorbed on the mercury electrode surface.5,6) 

T h e electrochemical behavior of flavin mononucle­
otide (FMN) has been studied by many authors (for 
review, see Ref. 7). Senda et al.8) have shown by 
a.c. polarography that both the oxidized and reduced 
forms of F M N are adsorbed on the mercury electrode 
surface; this was confirmed by Takemori9) and by 
Hartley and Wilson.10) However, these authors did 
not consider the surface redox reaction of F M N , which 
will be discussed below. In this work, the electro­
chemical redox reaction of F M N adsorbed on the 
surface of the hanging mercury drop electrode (HMDE) 
has been studied in terms of the surface redox reaction, 
using cyclic d.c. and a.c. voltammetric techniques. 
We have also determined the kinetic and thermody­
namic parameters of the surface redox reaction of 
F M N . The results and discussion are presented here. 

Exper imenta l 

Chemicals. Flavin mononucleotide (FMN), a reagent-
grade chemical purchased from Nakarai Chemicals Co., 
was used without further purification. The supporting elec­
trolyte salt and buffers were commercially available reagent-
grade materials, used as received. Triply distilled water 
was used to prepare the electrolysis solution. 

Electrochemical Measurements. Cyclic d.c. voltammo-
grams were obtained with a potentiostat, Yanaco Model 
PE-21-TB2S, equipped with a function generator, YHP 
331 OB or Nikko Keisoku Model NFG-3. The a.c. voltam­
metric measurements were performed with a lock-in am­
plifier, NF LI-574, equipped with the above potentiostat 
system. A lock-in amplifier, NF LI-572B, was used as 
an a.c. signal generator. This instrumental system allows 

the simultaneous measurement of the real (in-phase) and 
imaginary(out-of-phase) components of the a.c. voltammetric 
current, which are recorded against the d.c. sweep voltage 
applied to a hanging mercury drop electrode (HMDE). 

All the voltammetric measurements were made under 
potentiostatic conditions with a three-electrode system con­
sisting of a hanging mercury drop working electrode, a 
coiled platinum wire auxiliary electrode, and a saturated 
calomel reference electrode(SCE). The HMDE was a 
Metrohm drop electrode E 410, the surface area of which 
was 0.0187 + 0.0003 cm2. Buffer solutions (0.2 mol dm"3 

acetic acid-sodium acetate for pH 4.9 and 0.2 mol dm - 3 so­
dium dihydrogenphosphate-disodium hydrogenphosphate for 
pH 6.9) were used as the base solutions. The ionic strength 
of a base solution was adjusted to 0.5 mol dm - 3 with potas­
sium nitrate. A fresh mercury drop from the HMDE was 
exposed to the electrolysis solution for a given period of 
time, to be referred to as the exposure time, £exp, below, 
while the potential of the HMDE was controlled at a con­
stant d.c. potential(iii). Then the d.c. voltage scan was 
started from El} with scan rates of v=0.091 V s_1 for cyclic 
d.c. voltammetry and of v=0.036 V s_1 for a.c. voltammetry, 
unless otherwise stated. In a.c. voltammetry, the amplitude 
of the superimposed a.c. voltage was adjusted to 10 mV 
(peak to peak) throughout the frequency range of 100— 
500 Hz. To avoid possible photochemical decomposition 
of FMN, electrochemical measurements were performed in 
a dark box at 25 °C under a nitrogen atmosphere. 

R e s u l t s 

In order to study the surface redox reaction of 
F M N , electrochemical measurements were performed 
at concentrations of F M N lower than 4 x l 0 ~ 6 m o l 
d m - 3 , a t which the current resulting from unad-
sorbed, diffusing F M N will be negligibly small. 

Figure 1 shows a linear potential sweep voltam­
mogram of 1 . 5 x l 0 - 6 m o l d m - 3 F M N in a p H 6.9 
phosphate buffer, which was recorded after £ e x p=2 
min at £ . = + 0 . 1 5 V. At such a low concentration, 
F M N gave two peaked-shaped waves centered at + 0 . 0 5 
V and —0.41 V, but no ordinary diffusion wave was 
observed. According to Senda et <z/.8) and Breyer 
and Biegler,11) the reduction wave observed at + 0 . 0 5 
V may be due to the dissolution of the mercury elec­
trode by F M N . Thus, in this study, the electro­
chemical behavior of the wave observed at —0.41 V 
was investigated in detail. 

Cyclic D.c. Voltammetry. Figure 2A shows the 
cyclic vol tammogram of 9 x 10 - 7 mol d m - 3 F M N at 
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TABLE 1. SCAN-RATE DEPENDENCE OF THE PEAK CURRENT, PEAK POTENTIAL, AND HALF-PEAK WIDTH 

OF CYCLIC D.C VOLTAMMOGRAMS OF F M N ADSORBED ON A MERCURY ELECTRODE AT P H 6.9A> 

Scan rate/mV s_1 
/pc/^A V/^A £pDcC/Vb) £P

D
a7Vb> A£S8. . /mV A^/L/mV 

34 
47 
91 

181 

0.068 
0.100 
0.180 
0.335 

0.073 
0.104 
0.181 
0.336 

-0.41 
-0.41 
-0.41 
-0.41 

-0.41 
-0.41 
-0.41 
-0.41 

68 
68 
68 
70 

68 
68 
68 
69 

a) CFMN = 9 X 10-
7 mol dm"3, te*v = 3 min at Et = -0.20 V vs. SGE. b) V vs. SGE. 

I 0.1 pA 

rv A 

-0.5 -1.0 

(E vs. SGE)/V 
-1.5 

Fig. 1. Linear potential sweep voltammograms re­
corded after JexP=2 min at .£^=+0.15 V SGE 
pH 6.9 phosphate buffer containing 
mol dm-3 FMN and (B) no FMN. 

(A) 1.5 Xl0- 6 

-0.2 -0.4 -0.6 
(E vs. SGE)/V 

Fig. 2. Cyclic d.c. voltammograms of 9 X 10~7 mol dm - 3 

FMN in pH 6.9 phosphate buffer. Voltage scan was 
started after f e x p =l min from (A) Ei=— 0.2 V vs. 
SGE and (B) £ i = - 0 . 6 V vs. SGE. 

p H 6.9, which was recorded after £ e x p =l min at 
£ j = - 0 . 2 V with the H M D E . A pair of cathodic 
and anodic waves was observed at —0.41 V. The 
shapes and heights of these two waves were practically 
identical expect for the opposite current sign. The 
waves grew to a certain limit, the maximum peak 
height T ? " or / £ " , with an increase in the concen­
tration of F M N at a constant exposure time or with 

1 

Q3 

Û2 

0.1 

-«—HI ~~ 9 _ '• "—A • 

/ / / X ^ r r ^ ^ ^ A^-

flü^^l 1 1 ! 1 1 1 
0.02 0.04 0.06 

[(D/r)texP+2V/(D/n)teiLp\/cm 

Fig. 3. Plot of Jpe against [ ( / > / r ) * e x P + 2 ( i W / 2 C ] 
in pH 6.9 phosphate buffer. FMN concentrations 
are: (O) 3 x 10"7 mol dm"3; (A) 6X 10"7 mol dm"3; 
( • ) 9 x 10-7 mol dm-3; (O) 1.2 X 10"6 mol dm"3; ( # ) 
1 .8xl0- 6 moldm- 3 ; (A) 3 x 10"6 mol dm"3; ( • ) 4 x 
10~6 mol dm - 3 . 

an increase in the exposure time at a constant con­
centration of F M N , indicating that the waves are 
due to the F M N accumulated on the H M D E surface. 
The £exp dependence of the cathodic peak height, 
7pc, obtained with EL= — 0.2 V is shown in Fig. 3 
for different F M N concentrations at p H 6.9. At lower 
concentrations, 7pc was proportional to the [(D/r)texv-\-
2{DJ7t)^H1Jlv\ function, where D is the diffusion coef­
ficient of F M N , which was estimated by means of 
the Ilkovic equation to be 3.2 X 10~6 cm2 s _ 1 in the 
p H range of 4.9—6.9, and where r is the radius of 
the H M D E , which was determined to be 0.038 cm. 
The slope of the plot was also proportional to the 
concentration of F M N . These results indicate the 
diffusion-controlled adsorption of F M N at the elec­
trode surface.5»13) A similar dependence of the peak 
height on £exp was observed also for the anodic wave. 
However, the maximum value of the anodic peak 
height, 7™aax, was slightly larger than that of the 
cathodic peak height, 7£ax; i.e., I^fl^alA (see 
Fig. 5A). 

Table 1 summarizes the peak heights, 7pc and 7p a; 
the peak potentials, EpC° and E%°, and the half-peak 
widths, A£p/2,c ai 
anodic waves respectively, which 
with various scan rates after 

Ai£?/ï,a, of the cathodic and 
were recorded 

te*v=3min a t 

—0.2 V in a p H 6.9 phosphate buffer containing 
9 x l 0 - 7 m o l d m - 3 of F M N . Both 
proportional to the voltage scan rate 

^PC
 a n d / were 

The 
7pC ratio was unity when corrected for the difference 
between the amounts of the adsorbed F M N at E™ 
and E*° due to the different £exp values. E™ and 
E™ coincided with each other and are independent 
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i 
^ 

0.3 

0.2 

0.1 

-

-

-
0/5 

1 

°/ 

\ 

0/ 

0.1 0.2 

Fig. 4. Plot of ipC against Q at pH 6.9. 

-0.2 -0.4 -0.2 -0.4 -0.6 -0 .6 

(E vs. SGE)/V 

Fig. 5. Cyclic d.c. voltammograms of 4x l0~ 6 mol 
dm - 3 FMN in pH 6.9 phosphate buffer. Voltage 
scan was started after f e x p=3 min from (A) Ei= 
- 0 . 2 V US. SGE and (B) £ i = = - 0 . 6 V ÜS. SGE. 

of the v. The half-peak widths were 68 m V over 
the scan rate range of 34 m V s _ 1 to 181 m V s_1. The 
peak height of either wave was proportional to the 
electricity, Q, required to reduce or oxidize the F M N 
adsorbed on the electrode surface, which was estimated 
from the area under the wave, as is shown in Fig. 
4. This indicates that the peak height is directly 
proportional to the amount of the F M N adsorbed 
on the electrode surface until the peak height reaches 
a maximum value. O n the other hand, the peak 
potentials and half-peak widths were practically in­
dependent of the amount of the adsorbed F M N . These 
results indicate that the reaction corresponding to 
the waves is a reversible surface redox reaction.4) 

When the electrode was exposed to the F M N solu­
tion at potentials much more negative than the redox 
potential of the adsorbed F M N , e.g., —0.6 V at p H 

-0.2 -0.4 -0.6 
(E vs. SGE)/V 

Fig. 6. A.c. voltammograms of 3 X 10-7 mol dm - 3 FMN 
in pH 6.9 phosphate buffer at 300 Hz. D.c. voltage 
scan was started from Ei=—0.2V vs. SGE after 
*exP=5 min. (A): Real component, (B) : imaginary 
component. 

6.9, the adsorbed F M N was reduced to form an ad­
sorbed layer of leuco-FMN on the electrode surface. 
T h e cyclic voltammetric behavior of this adsorbed 
leuco-FMN was the same as that of adsorbed FMN, 
provided that the surface coverage was low, as is 
shown in Fig. 2. However, as the surface coverage 
increased, the cyclic voltammograms observed were 
remarkably different in shape and height from that 
of the adsorbed F M N . Figure 5 shows the cyclic 
voltammograms of F M N at p H 6.9, which were re­
corded after the electrode had been exposed to a so­
lution containing 4 x 10 - 6 mol d m - 3 of F M N for texp= 
3 min at ^ = - 0 . 2 V (Fig. 5A) and at £ 1 = = - 0 . 6 V 
(Fig. 5B). When F M N was adsorbed at ^ = - 0 . 2 
V, a symmetrical vol tammogram was obtained as has 
been stated above; in succeeding cycles of the voltage 
scan between —0.2 V and —0.6 V, the peak heights 
and shapes of the cathodic and anodic waves remained 
practically unchanged (Fig. 5A). O n the contrary, 
when F M N was adsorbed at Ei=—0.6V, in the 
first voltage scan from —0.6 V to —0.2 V an asym­
metric anodic wave was observed at —0.39 V (Wave 
I) ; its peak height was about three times that of the 
anodic wave in Fig. 5A. Upon the reversal of the 
voltage scan at —0.2 V, a symmetrical cathodic wave 
(Wave II) was observed at —0.40 V ; its peak height 
was slightly larger than that of the cathodic wave in 
Fig. 5A. In the successive cycles of the voltage scan, 
Wave I decreased in height and split into two peaks, 
I a and Ib , while Waves I a , Ib , and I I decreased in 
height until a steady state was attained. The steady-
state cyclic voltammograms were nearly symmetric, 
and their peak heights were, though dependent on 
the bulk concentration of F M N , slightly higher than 
that of the wave in Fig. 5A, i.e., the maximum peak 
height of the vol tammogram produced by F M N ad­
sorbed at £^=—0.2 V. Similar behavior was observed 
also in the p H 4.9 acetate buffer. 

A.c. Voltammetry. In the cyclic a.c. voltammetry 
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TABLE 2. PEAK POTENTIAL AND HALF-PEAK WIDTH OF A.C. VOLTAMMOGRAMS 

OF F M N ADSORBED ON A MERCURY ELECTRODE AT p H 6.9a> 

Frequency/Hz £*eal/Vb> £;mis/v") 
AEl%l/mV A J W / m V 

Obsd Galcdc) Obsd Calcdc> 

100 
200 
300 
400 
500 

-0.41 
-0.41 
-0.41 
-0.41 
-0.41 

0.41 
0.41 
0.41 
0.41 
0.41 

53 
54 
55 
56 
59 

52.4 
53.1 
54.2 
55.6 
57.3 

68 
69 
71 
73 
78 

67.0 
68.3 
70.4 
73.3 
76.7 

a) C F M N =9xlO- 7 moldm- 3 , fexp = 2min at Ei=-0.20 V vs. SGE. b) Vw.SCE. c) Calculated by using # = 1 . 1 , 
/L„-=4.9x103s-i and 0. = O.4O. £ s a p =4.9x l0 3 s - 1 , and 0t = O.4O. 

of F M N adsorbed at £ j = - 0 . 2 V , the a.c. voltam-
mogram of the cathodic scan was practically identical 
in height and shape with that of the anodic scan. 
Accordingly, the a.c. voltammetric behavior was studied 
only for the cathodic scan. Figure 6 shows a.c. voltam­
mograms for F M N adsorbed on the H M D E at p H 
6.9; the voltammograms were recorded after the elec­
trode had been exposed to a solution containing 3 X 
1 0 - 7 m o l d m - 3 F M N at £ , = - 0 . 2 V for / e x p = 5 min. 
In all the a.c. voltammograms recorded in this study, 
the peak potentials of the real and imaginary com­
ponents, E"*1 and E1™*, were independent of the 
a.c. frequency between 100 and 500 Hz and inde­
pendent of the amount of the adsorbed F M N ; they 
coincided with each other and with the peak potentials 
of the corresponding cyclic d.c. waves, as is shown 
in Table 2. O n the other hand, the peak currents, 
ÔXIT and dJT', and the half-peak widths, AE'ji1 

and AEiJ-?*, of the real and imaginary components 
depended on the a.c. frequency and also on the 
amount of the adsorbed F M N , as may be seen in 
Fig. 8 and Table 2. 

D i s c u s s i o n 

Adsorption of FMN on the Mercury Electrode Surface. 
The present study has revealed that both the oxidized 
and reduced forms of F M N are strongly adsorbed 
on the H M D E surface; this finding is consistent with 
those of previous works.8-10) The d.c. voltammetric 
data indicate that the adsorption of F M N is controlled 
by diffusion; at lower F M N concentrations, the peak 
height of the cyclic d.c. vol tammogram is given by 
Iv=kAT=kAl(Dlr)t^+2(Dln)VH&]Cmt where k is 
the proportionality constant; A, the surface area of 
the H M D E ; F, the surface concentration of F M N per 
unit of area; and CFMN, the concentration of F M N 
in a bulk solution. At high concentrations, when the 
maximum current is attained, it is given by 7p a x = 
kAr™*, where jTmax is the maximum value of F. By 
applying these two equations to such plots as are shown 
in Fig. 3, we estimated the maximum surface con­
centration of F M N adsorbed at —0.2 V, TSax, as 
(6.7±0.1) X 10-1 1 mol cm- 2 a t p H 6.9 and (9.5+0.4) X 
l O - H m o l c m - 2 at p H 4.9. The F or T m a x value 
can also be estimated from the area under the d.c. 
voltammetric wave, provided that mx\nx and m2/n2 

are assumed as unity;3»4) Q==nFAF and Q^max= 
nFArma-x, where n is the number of electrons transferred 

per molecule of F M N . For the cathodic wave this 
gave r r i = ( 8 . 0 ± 0 . 2 ) x l O - 1 1 m o l e c m - 2 at p H 6.9 
and ( 8 . 8 ± 0 . 2 ) x l 0 - n m o l c m - 2 at p H 4.9, by as­
suming n=2. The f ö " values estimated by these 
two methods agree well with each other at either 
p H . When we assume that F M N is adsorbed on 
the electrode surface with its alloxazine-ring plane 
oriented parallel to the electrode surface, a GPK 
molecular model14) gives F%"=7.5 X 10~ n mol cm~2. 
O n the other hand, when F M N was adsorbed at Ei= 
—0.6 V, the area under the anodic wave obtained 
with the first voltage scan increased with an increase 
in CFMN and/or £exp and did not at tain a maximum 
value even at C F M N = 4 x 10~6 mol d m - 3 and texp=5 
min, a t which the .TR estimated by Qj=nFAÊ was 
already larger than r™*. Accordingly, the maximum 
surface concentration of leuco-FMN, FT1, should 
be larger than / ' S " , bu t it could not be accurately 
estimated from the present d.c. voltammetric data. 

The cyclic d.c. voltammetric behavior of F M N and 
leuco-FMN at high surface concentrations, shown in 
Fig. 5, should be interpreted as follows. Since FQKX< 
.T£ax, the reduction of a complete monolayer of 
F M N would be followed by the further adsorption 
of F M N at potentials more negative than the redox 
potential of the adsorbed F M N , resulting in a higher 
surface concentration of leuco-FMN than the initial 
r™". This would be explain why the anodic peak 
height is slightly larger than the preceding cathodic 
one for a complete monolayer of adsorbed F M N (see 
Fig. 5A). When the initial surface concentration of 
leuco-FMN, FR, is larger than r™*, the oxidation 
of the monolayer of leuco-FMN should cause an im­
mediate desorption of a par t of the adsorbed F M N 
molecules. The distortion of the anodic wave (Wave 
I) and the appearance of Wave Ib , shown in Fig. 
5B, may reflect the desorption process associated with 
the oxidation of the adsorbed leuco-FMN. Cyclic 
voltammograms of the repeated scans, illustrated in 
Fig. 5B, suggest that the desorption and adsorption 
processes are slow. 

Surface Redox Reaction of FMN Adsorbed on HMDE. 
The cyclic d.c. and a.c. voltammetry behavior of 
F M N adsorbed on the electrode surface should be 
interpreted in terms of a two-step surface redox reac­
tion :7-10,12) 

O a d + «je ^ = ± Sad 

Sad + n2e v - Rad-
(I) 
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When these two steps are d.c. reversible, the simplified equations (Case (I) in Ref. 4) of the cyclic d.c. voltam-
mogram, 7DC, and the real and imaginary components of the a.c. current, o^1™? and ô^Vw, can be writtens 

for n1=n2—m1^m2=l, as : 

7DC = /»v = (F*JRT)Avrt-
(1 + V^P+P2)2 

VKpp1/2 

Hv^)i/2(i+p){vmi2p-(i+VKp+p2)]+(vi(+4p+v^p2)(i+vic)} 

{K[Pp-(l + VKp + p2)]2+^(VK)(l+V^)2(l + p)2p} 

WS? = <W" = (FyR^AcorAE (1 + ^f/+ pV) 

{p*2(vic)(i+VK)(i+p)2-VKtt2p-(i+v'Kp+p2mv'K+4p+v^p2)} 
{K[tfp-(l + i/-Kp + p2)y+W(VK)(l + VT)2(l+P)2p} 

(1) 

(2) 

(3) 

with: 

K=exp[(F/RT)(E'01-E'o2)] 

p = exp[(FJRT)(E-E'0)] 

K = (Ki+E'oa)/2 

I = w/Arsap. 

Here, it is further assumed that oc1=a2=ß1—ß2=0.5 
a n d ^ S ap( 1 )=^ap(2)=/ : s a p , where alt ßv and £sap(i) 
are the cathodic and anodic transfer coefficients and 
the apparent rate constant of the i-th charge transfer 
step respectively. In these equations, rt is the total 
surface concentration per unit of area defined by 
/ 7

t = / 7
0 + / 7

g + / T
R ; E'0l and E'0l are the formal standard 

potentials of the first and second redox steps respec­
tively, and oj and ôxE are the angular frequency and 
amplitude of the superimposed a.c. voltage respec­
tively. E'o corresponds to the formal standard poten­
tial of the adsorbed redox couple, O a d /R a d . The 
parameter K corresponds to the formation constant 
of the adsorbed semiquinone form, Sad. The apparent 
rate constant, A:sap, depends on the adsorption param­
eters and on the total surface coverage, ö t(=/7

t//
1max) ; 

i.e., 

*sap = *Bap(0 t->O)exp(-fl0 t), W 

where £sap(0t->O) is the apparent rate constant at 
0,=o. 

When K is less than 16, Eq. 1 predicts that the 
cathodic and anodic d.c. voltammograms will have 
a maximum at £"0, independently of v and rt) i.e., 
E™=E™=E'0, and that the half-peak widths, 
AEp/lc and A-Ep/SU, will have the same value, which 
is independent of v and rt and which depends only 
on the K parameter : 

A£pD£c = A£P
D£a = (2RT/F) | In f |, (5) 

where ? is the solution of the equat ion: £4—KÇ3-{-
(K-VT-6)Ç2-KÇ+\=0, and that the cathodic and 
anodic peak heights will be proportional to v and 

/pc = /pa = 2(F*/RT)Artv(2 + V'K)-1 

= (F/RT)vd(2 + VT)-1. (6) 

All the experimental results obtained in this work 
agreed well with these theoretical predictions (see 
Table 1 and Fig. 4). Thus, we determined the semi­
quinone formation constant, K, from the half-peak 
widths (Eq. 5) and from the slope of the Ip vs. Q, plot 

TABLE 3. SEMIQUINONE FORMATION CONSTANTS OF FMN 

ADSORBED ON A MERCURY ELECTRODE AT p H 6 .9 AND 4 .9 

pH K Method 

6.9 

4.9 

1.2 
1.0 

0.82 
0.62 

A £ $ 
/pc vs. Q. plot 

A £ P
D / C

a 

/pc VS. Q, plot 

100 200 300 400 500 

A. c. frequency/Hz 

Fig. 7. Frequency dependence of the ratio of a.c. 
peak current, (<51/

rpeal/(VTag)> a t various total surface 
coverages of FMN, 6t, in pH 6.9 phosphate buffer. 
0 t: (O) 0.24; (A) 0.40; ( • ) 0.84; (O) 1.0. 

(Eq. 6). T h e results are summarized in Table 3. 
T h e K values estimated by these two methods agreed 
well with each other at either pH. 

According to Eqs. 2 and 3, the peak potentials of 
a.c. voltammograms, E™*1 and ispm&B, should be 
independent of the a.c. frequency and should coincide 
with each other and with E'0 within a certain limited 
range of values of K and A. Table 2 shows that the 
experimental results agree well with this prediction. 
In addition, the ratio of ÔJ?*1 to ÔJÎT** at E=E'0 is 
given by: 

fajyWi™')*-*: = co/ks„v(K)v\ (7) 
Such a linear dependence of the current ratio on 
the a.c. frequency was proved for various total surface 
coverages, as is shown in Fig. 7, where 0t was cal-
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culated from the peak height of the corresponding 
cathodic d.c. voltammogram, i.e., 6t = (IpJI™x). The 
slope of this plot allows us to estimate the apparent 
rate constant, k8&p, provided that K is known. Table 
4 summarizes the £sap values estimated from such 
plots at various surface coverages using K values deter­
mined by d.c. voltammetry, i.e., K=\.\ a t p H 6.9 
and K=0.12 at p H 4.9. Table 2 gives the experi­
mental values of A£p/2

al and AEl
P%&g and the 

theoretical values calculated by using these values 
of K and k8&p at 6t=0A. The a.c. peak currents 
are plotted against the a.c. frequency in Fig. 8, in 
which the solid lines are drawn by the use of Eqs. 
2 and 3. The agreement between the experimental 
results and theoretical predictions is good. A good 
agreement between theory and experimental results 
was also obtained at other 0 t 's. As may be seen from 
Eq. 4, a plot of In £sap against 0t should yield a straight 
line with a slope of —a; this was experimentally veri­
fied, as is shown in Fig. 9. In conclusion, we can 
state that the cyclic d.c. and a.c. voltammetrie behavior 
of the adsorbed F M N can be explained by the two-
step surface redox mechanism (I) . From E'Q and 
K, we can estimate the formal standard redox poten­
tials of the first and second redox steps, E'O1 and JE"02. 
Table 5 summarizes the values of £sap(0 t->0) and 
a as well as the K, E'0, E'0i and £"02 values determined 
above. For comparison, the standard redox potentials, 
jE'o(bulk), £"01 (bulk), and £"02(bulk), and the semi-
quinone formation constant, ^T(bulk), for the redox 
reaction of F M N in a bulk solution12) are given in 
Table 5. A comparison of the formal standard poten­
tials of the surface redox reaction with those of the 
redox reaction in a bulk solution gives AEi=E'0i — 
£ ' o l ( b u l k ) ~ + 7 0 m V and AE2=E'o2-E'oa(bulk)~ + lO 
m V at p H 6.9 and A £ i ^ + 6 0 m V and AE2^0 at 
p H 4.9. These results suggest that4* the increasing 
adsorbability of F M N on the mercury electrode surface 

T A B L E 4. T H E APPARENT RATE CONSTANTS OF T H E SURFACE 

REDOX REACTION OF F M N ADSORBED ON A MERCURY 

ELECTRODE AT p H 6.9 AND 4.9 

pH 6.9 pH 4.9 

W i o 3 s- et W i o 3 s-1 

0.17 
0.25 
0.40 
0.75 
0.84 
0.88 
1.0 

7.9 
7.1 
4.9 
3.4 
3.3 
3.2 
2.4 

0.20 
0.25 
0.33 
0.49 
0.59 
0.79 
0.89 

7.9 
7.7 
6.5 
4.9 
4.6 
3.8 
3.5 

is in the order of the oxidized form < the semiquinone 
former the reduced form; this order is consistent with 
the findings of previous works.7-10) 

This work was supported by a Grant-in-Aid for 
Scientific Research No. 411706 from the Japanese 
Ministry of Education, Science and Culture. 

100 2(fc) 3ÖÖ ÄÖÖ" 
A. c. frequency/Hz 

Fig. 8. Dependence of the a.c. peak currents of 9 x 10~7 

mol dm - 3 FMN on a.c. frequency at pH 6.9. A.c. 
voltammograms were recorded after £exP=2 min at 
Ei= — 0.2V vs. SGE. O : Real component, # : 
imaginary component. Solid lines: theoretical curves 
(K=\A, A: s a p=4.9xl03s-1 and 0t=O.4O). 

10 

9 

8 

OQ 

^ 10 

•a 
9 

8 

7 

h 

r^-<x 

-
^ " c T ^ " ^ 

t 

i . 

A 

i 

B 

_..__.! I 
0.5 

Fig. 9. Plots of In &sap against 0t at (A) pH 6.9 and 
(B) pH 4.9. 

TABLE 5. ELECTROCHEMICAL DATA OF FMN ADSORBED ON A MERCURY ELECTRODE AND IN A BULK SOLUTION 

pH 

6.9 
4.9 

*sap(0t-*O) 

S"1 

9 . 5 x l 0 3 

9 . 7 x l 0 3 

a 

1.3 
1.2 

K 

1.1 
0.72 

vs. SGE 
V 

- 0 . 4 1 
- 0 . 3 1 

vs. SGE 
V 

- 0 . 4 1 
- 0 . 3 1 

E'o2 

vs. SGE 
V 

- 0 . 4 1 
- 0 . 3 1 

#(bulk)a> 

0.073 
0.094 

£;(bulk)a> 
vs. SGE 

V 

- 0 . 4 5 
- 0 . 3 4 

^(bulk)*) 
vs. SGE 

V 

- 0 . 4 8 
- 0 . 3 7 

£;2(buik)a> 
vs. SGE 

V 

- 0 . 4 2 
- 0 . 3 1 

a) Ref. 12. 
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The Crystal and Molecular Structures of Paracyclophadiynes 
Hideo U E D A , Ï Ghuji KATAYAMA, and J i ro T A N A K A * 

Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464 

(Received March 27, 1980) 

The molecular structures of tetramethyl[3.3]paracyclophadine(I) and [3.4]paracyclophadiyne(II) have 
been determined by X-ray analysis. Both crystals are monoclinic, with the space group of P2j/c. The crystal 
data are: a=9.170(4), 0=9.208(3), c= 18.232(7) A, £=94.0(1)°, Z = 4 for (I) and a= 10.938(3), 6 = 9.173(2), 
c= 14.988(4) A, £=116.1(1)°, Z = 4 for (II). In both molecules, consisting of benzene and diacetylene groups 
linked by two methylene-bridges, the diacetylene chain is bent into a bow shape. The (I) molecule has Gs 
symmetry, and the distances (3.019—3.256 A) between the atoms of the diacetylene group and the benzene 
plane are smaller than those of [3.3]paracyclophadiyne(Aono, Sakabe, Sakabe, Katayama, and Tanaka, 1975). 
The methylene-bridge of [3.4]paracyclophadiyne has a disordered structure. 

Misumi and his collaborators1) have synthesized a 
series of paracyclophadiyne derivatives, and the chemi­
cal and spectral properties1-3) and the crystal struc­
tures4«5) have been investigated. We have ourselves 
now determined the structures of tetramethyl[3.3]-
paracyclophadiyne(I) and [3.4] paracyclophadiyne (I I) 
in order to study the interactions between the diacetylene 
group and the benzene ring in more detail. 

Exper imenta l 

The space group of the two colorless crystals were deter­
mined as P2i/c from the systematic absences on the oscil­
lation and Weissenberg photographs. The unit-cell param­
eters were determined by the least-squares method, using 
twelve reflections measured on a Hilger & Watts four-
circle diffractometer with Zr-filtered Mo Ka. radiation for 
(I) and Ni-filtered Gu Ka radiation for (II). In order 
to confirm the stability of the crystal and counting systems, 
the intensities of three standard reflections were monitored 
after every 100 reflections. The standard reflections were 
stable within a 1% fluctuation in both crystals. Neither 
absorption nor extinction correction was made. The crystal 
data and their experimental conditions are shown in Table 
1. 

D e t e r m i n a t i o n and Ref inement 
o f the Structure 

Tetramethyl[3.3]paracyclophadiyne. The structure 
was determined by the direct method with the 
M U L T A N program,12) using 188 reflections with 
| E | ̂ 1 . 4 0 . An E map computed from the phase set 
with the highest figure of merit (FOM=T.65) revealed 
the locations of all the non-hydrogen atoms. The 
hydrogen atoms were found on a difference Fourier 
map computed after the refinement of the carbon 
atoms. The refinement was performed by the block-
diagonal least-squares method with 1508 independent 
reflections of \F0\>3o(F0). The R index converged 
to 0.058 with an equal weight for each reflection. 

[3.4]Paracyclophadiyne. The unit-cell parameters 
and the relative magnitude of the structure factors 
are very similar to those of [3.3]paracyclophadiyne-
(III) ;4) therefore, the two molecules seemed to take 

t Present address: Central Research Laboratory, Ube 
Industries, Ltd., Nishihon-machi, Ube, Yamaguchi 755. 

TABLE 1. CRYSTAL DATA AND EXPERIMENTAL CONDITIONS 

Tetramethyl [3.3]- [3.4] Paracy clo-
paracyclophadiyne phadiyne 

a similar structure in the crystals. All the non-hy­
drogen atoms were located on a Fourier m a p com­
puted with the phases calculated for the crystal of 
( I I I ) , the structure was found to be disordered. The 
structure was refined by the block-diagonal least-
squares method, with several different occupancies for 
the atoms of disordered trimethylene-bridge. T h e mini­
m u m R value of 0.083 was obtained when the oc­
cupancy factors of 0.55 and 0.45 were assigned to 
C(8a) and G(8b) respectively, while the R value calcu­
lated by the equal occupancy factors was 0.085. The 
hydrogen atoms of the aromatic ring and tetramethyl-
ene-bridge were found on a difference Fourier m a p 
after the anisotropic refinement for the non-hydrogen 
atoms, those of the disordered trimetylene-bridge were 
also located after the refinement of the other atoms. 
T h e refinement was carried out with an equal weight 
for 1504 independent reflections of | F 0 | > 3 Ö - ( F 0 ) . 

T h e atomic scattering factors were taken from the 
"Internat ional Tables for X-Ray Crystallography."13) 
The least-squares program used for the refinement was 
written by one of the present authors (G.K.). The 

Molecular formula 
Molecular weight 
Crystal system 
Space group 
a 
b 
c 

ß 
V 

z 
Da 

M 

Crystal size 

Scan technique 
Range (co) 
Step 

Counting time/step 
Maximum 20 

C20H24 
264.4 
Monoclinic 
P21/c 
9.170(4) A 
9.208(3) A 
18.232(7) A 
94.0(1)° 
1535.7 A3 

4 
1.143 g cm - 3 

0.69 cm-1 

(for Mo Kot) 
0 . 2 2 x 0 . 2 2 x 

0.22 mm 
2ö-o) step scan 
1.2° 
0.02° 
2s 
54° 

C17H18 

222.3 
Monoclinic 
P2,/c 
10.938(3) A 
9.173(2) A 
14.988(4) A 
116.1(1)° 
1350.5 A3 

4 
1.094 g cm-3 

4.66 cm - 1 

(for Cu Ka) 
0 . 2 5 x 0 . 2 5 x 

0.35 mm 
26-co step scan 
1.2° 
0.02° 
2s 
144° 
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C(I3) C"» COD c 

C(15) 
C(8) 

Fig. 1. The atomic numberings of tetramethyl[3.3]para-
cyclophdiyne. 

CO 2) 
C(13) C(1«) 

CC10) 

C ( 5 ) C ( 6 ) 

Fig. 2. The atomic numberings of [3.4]paracyclopha-
diyne. 

Fig. 3. The molecular structure of tetramethyl[3.3]-
paracyclophadiyne projected onto the benzene ring. 

Fig. 4. The molecular structure of tetramethyl[3.3]-
paracyclophadiyne viewed from the trimethylene 
bridge. 

C ( 8 a 

C(6bJ 

Fig. 5. The molecular structure of [3.4]paracyclopha-
diyne projected onto the benzene plane. 

C ( 8 b ) 

Fig. 6. The molecular structure of [3.4]paracyclopha-
diyne viewed from the disordered trimethylene bridge. 

( a 

( b ) 

Fig. 7. The stereoscopic views of the crystals with 
the thermal ellipsoids as having 20% probability. 
For the origin at the lower rear right-hand corner, 
a is to the left, b is out, and c is up of the paper: 
(a) tetramethyl [3.3] paracyclophadiyne, 
(b) [3.4] paracyclophadiyne. 

O R T E P program14) was used for the drawing of Figs. 
1—7. T h e computations were performed at the 
Nagoya University Computation Center and at Ube 
Industries. The observed and calculated structure 
factors are given in Tables 2 and 3.15> 

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

The molecular structures, with atomic numbering, 
are shown in Figs. 1 and 2, where each atom is re­
presented by a thermal ellipsoid as having a 5 0 % 
probability for (I) and a 2 0 % one for ( I I ) . The 
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TABLE 4. FINAL ATOMIC COORDINATES AND E.S.D.'S(X 104) FOR CARBON ATOMS 

The standard deviations are given in parentheses and refer to the last decimal position of the respective values. 

(I) 

G~(ï) 
G (2) 

G (3) 

G (4) 

G (5) 

G (6) 

G (7) 

G (8) 

G (9) 

G (10) 

G (11) 

G (12) 

G (13) 

G (14) 

G (15) 

G (16) 

G (17) 

G (18) 

G (19) 

G (20) 

X 

5870(4) 

7237(4) 

8519(4) 

8450(4) 

7085(4) 

5807(4) 

4448(4) 

3708(4) 

4413(4) 

5806(4) 

6921(4) 

8201(4) 

9245 (4) 

10440(4) 

10071(5) 

9829(4) 

9990(4) 

6984(5) 

7335(5) 

4345(4) 

y 

-239(4) 

415(4) 

-387(4) 

-1833(4) 

-2444(4) 

-1651(4) 

538(4) 

-19(5) 

409(5) 

-336(4) 

-991(4) 

-1762(4) 

-2384(4) 

-3190(5) 

-3823(5) 

-2766(5) 

313(5) 

3955(5) 

1974(4) 

-2347(5) 

z 

3987 (2) 

3919(2) 

4076(2) 

4312(2) 

4436(2) 

4271(2) 

3738(2) 

3013(2) 

2311(2) 

2229(2) 

2258(2) 

2425(2) 

2680(2) 

3065 (2) 

3792(2) 

4424(2) 

3964(2) 

4762(2) 

3660 (2) 

4401(2) 

(II) 

c~ö) 
G (2) 

G (3) 

G (4) 

G (5) 

G (6) 

G (7) 

G (8a) 

G (8b) 

G (9) 

G (10) 

G (H) 
G (12) 

G (13) 

G (14) 

G (15) 

G (16) 

G (17) 

X 

2515(4) 

3880 (4) 

4368(4) 

3553(4) 

2190(4) 

1694(4) 

4104(5) 

4376(8) 

3334(10) 

3266(6) 

2653(5) 

2226(4) 

1797(4) 

1471(4) 

1152(6) 

1770(6) 

995(5) 

1972(5) 

y 

-23(5) 

-29(5) 

1031(5) 

2107(5) 

2102(5) 

1067(5) 

3216(5) 

2519(10) 

3350(10) 

2082 (7) 

675(6) 

-400(5) 

-1583(5) 

-2562(5) 

-3720(6) 

-3380(6) 

-2250(6) 

-1175(7) 

z 

1714(3) ' 

2405(3) 

3137(3) 

3220(3) 

2515(3) 

1791(3) 

4052(4) 

5196(6) 

4600(7) 

5330(4) 

4824(3) 

4361 (3) 

3745(3) 

3196(4) 

2465(5) 

1797(4) 

1059(3) 

910(3) 

positional and thermal parameters of the non-hydrogen 
atoms are given in Tables 4 and 5.15) The coordinates 
and isotropic thermal parameters of hydrogen atoms 
are given in Table 6.15) The bond lengths and angles 
are listed in Tables 7 and 8 respectively. 

Molecular Structure of Tetramethyl\2.3\paracyclophadiyne. 
The bond lengths in the benzene ring are 1.396—1.405 
Â (mean 1.401 Â), somewhat longer than the value 
found for other paracyclophadiynes and close to those 
found for some cyclophanes11) in which electron-donor-
acceptor (EDA) interaction is considerable and for a 
complex of hexamethylbenzene with TCNE.1 6) These 
results are reasonable, since some electrons in the 
bonding M O of the benzene ring are transfered to 
the vacant M O of the acceptor. 

I t has been reported that in the cyclophanes6-11) 
and [3.3]paracyclophadiyne(III),4> an angle of the 
carbon replaced by a methylene group is smaller by 
a few degree than the value of 120°, but the bond 
angles of G(2)-G( l ) -G(6) and G(3)-G(4)-C(5) are 
very close to that of the normal sp2 carbon. Therefore, 
it seems that the deformation of the benzene ring 
from the hexagonal shape is restricted by the repulsive 
forces between the methylene and methyl groups in 
the molecule. Although the substituent on the ben­
zene ring has been reported to shrink the internal 
angle at the position of substitution,17) the present 
molecule has substituent for all the atoms in the r ing; 
therefore, the above effect might be cancelled. 

The deviations of the atoms from the least-squares 
plane of the benzene ring are listed in Table 9. The 
G(l) and G(4) atoms in the ring deviate toward the 
diacetylene group, and the other atoms, G (2), G (3), 

C(5), and G(6), are displaced in the opposite direction. 
The deviations of the G(7) and C(16) atoms, which 
are the atoms of methylene groups substituted into 
the ring, are also displaced toward the diacetylene 
group. The dihedral angles between the least-squares 
plane composed of G(2), G(3), C(5), and C(6) and 
the planes through C ( l ) , C(2), and G(6) and G(3), 
C(4), and C(5) are 4.3 and 4.0 °, respectively. The 
angles are greater than the value of 1.8° of ( I I I ) . 

A characteristic feature of the methyl groups at­
tached to the benzene ring is the deviation from the 
benzene plane to the outer side of the molecule, not 
toward the center, as with the hydrogen of many 
paracyclophanes ; this is perhaps due to the repulsion 
of the methyl and methylene groups. A similar dis­
placement of the methyl group is found in tetramethyl 
quandruple-layered cyclophane.10) 

The bond lengths of the diacetylene group are 
almost the same as those of other paracyclophadiynes. 
The diacetylene chain is bent into a bow shape, which 
is characterized by the mean bond angle of 171.1° 
in the G(10), C ( l l ) , G(12), and G(13) atoms. 

The molecular structures projected onto the benzene 
plane and from a trimethylene-bridge are shown in 
Figs. 3 and 4 respectively. The molecule has Gs 
symmetry, and the diacetylene group is nearly over­
lapped on the atoms of G(2) and G (3). The features 
of this molecules are distinct compared with those 
of (II) and ( I I I ) , in which the diacetylene chaines 
are located on the mirror plane containing the G( l ) 
and C(4) atoms. 

I t has been reported that the interaction between a 
methyl-substituted benzene and T C N E increases in 
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(l/Â) AND THEIR 

DEVIATIONS OF NONHYDROGEN ATOMS 

(a) Tetramethyl[3.3]paracyclophadiyne 

G ( l ) - G ( 2 ) 

G ( l ) - G ( 7 ) 

G (2) - G (19) 

G (3) - G (17) 

G (4) - G (16) 

G (5) - G (18) 

G (7) - G (8) 

G (9) - G (10) 

G ( l l ) - G ( 1 2 ) 

G ( 1 3 ) - G ( 1 4 ) 

G ( 1 5 ) - G ( 1 6 ) 

G ( i ) - H ( i ) 

Average 

Range 

1.404(5) 

1.529(6) 

1.516(6) 

1.522(6) 

1.530(6) 

1.518(6) 

1.532(6) 

1.467(6) 

1.388(5) 

1.462(6) 

1.537(6) 

0 .98 

0 . 9 2 — 1 . 0 4 

(b) [3.4]Paracyclophadiyne 

G ( l ) - G (2) 

G ( l ) - G (17) 

G (3) - G (4) 

G (4) - C (7) 

G (7) - G (8a) 

G ( 8 a ) - C (9) 

G (9) - G (10) 

G ( l l ) - G ( 1 2 ) 

G ( 1 3 ) - G ( 1 4 ) 

G ( 1 5 ) - G ( 1 6 ) 

C ( £ ) - H ( * ) 

Average 

Range 

1.392(7) 

1.513(8) 

1.372(7) 

1.514(8) 

1.418(13) 

1.375(12) 

1.497(9) 

1.367(7) 

1.454(9) 

1.481(9) 

1.00 

0 .73—1.19 

G ( l ) 

G (2) 

G (3) 

G (4) • 

G (5) • 

G (6) • 

G (8) • 

G (10). 

C ( 1 2 ) . 

G (14). 

G ( l ) • 

G (2) • 

G (4) • 

G (5) • 

G (7) -

G (8b)-

C ( 1 0 ) . 

C ( 1 2 ) -

C ( 1 4 ) -

G ( 1 6 ) -

- G (6) 

- G (3) 

- G (4) 

- G (5) 

- G (6) 

- C (20) 

- G (9) 

- G ( H ) 

- G (13) 

- G (15) 

- G (6) 

- G (3) 

- G (5) 

- G (6) 

- C (8b) 

- G (9) 

- G (11) 

- G (13) 

-G (15) 

-G (17) 

STANDARD 

1.402(5) 

1.400(5) 

1.403(5) 

1.405(5) 

1.396(5) 

1.519(6) 

1.526(6) 

1.185(5) 

1.182(5) 

1.506(6) 

1.383(7) 

1.385(7) 

1.396(7) 

1.362(7) 

1.728(11) 

1.620(13) 

1.178(7) 

1.163(7) 

1.467(10) 

1.540(8) 
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(<p/°) AND THEIR STANDARD 

DEVIATIONS OF NONHYDROGEN ATOMS 

(a) Tet ramethyl [3.3] paracyclophadiyne 

C ( 2 ) - G ( l ) - C ( 6 ) 

G(6 ) -G( l ) -G(7 ) 

G( l ) -G(2) -G(19) 

G(2)-G(3)-G(4) 

C (4)-G (3)-G (17) 

G (3)-G (4)-G (16) 

G(4) -G(5) -C(6) 

G(6)-G(5)-G(18) 

G (5)-C (6)-G (20) 

G( l ) -G(7 ) -G(8) 

G (8)-C (9)-G (10) 

G ( 1 0 ) - G ( l l ) - C ( 1 2 ) 

G(12)-G(13)-G(14) 

C(14)-G(15)-G(16) 

119.4(3) 

119.2(3) 

120.4(3) 

120.5(4) 

120.2(4) 

121.3(4) 

120.0(3) 

119.4(3) 

118.8(3) 

114.6(3) 

112.8(4) 

169.8(4) 

173.6(4) 

117.9(4) 

(b) [3.4] Paracyclophadiyne 

G(2 ) -G( l ) -G(6 ) 

G(6) -G( l ) -G(17) 

G(2)-G(3)-G(4) 

G(3)-G(4)-G(7) 

G(4)-G(5)-G(6) 

G (4)-G (7)-G (8a) 

G (7)-G (8a)-C (9) 

G (8a)-G (9)-G (10) 

G ( 9 ) - G ( 1 0 ) - C ( l l ) 

G ( l l ) - G ( 1 2 ) - G ( 1 3 ) 

C(13)-C(14)-C(15) 

G(15)-G(16)-G(17) 

117.6(4) 

122.0(4) 

122.5(5) 

121.5(5) 

121.5(5) 

113.6(5) 

118.4(7) 

113.9(6) 

173.2(6) 

176.4(5) 

109.2(6) 

110.5(5) 

G(2) -G( l ) -G(7) 

C ( l ) - C ( 2 ) - G ( 3 ) 

G(3)-G(2)-G(19) 

G (2) -G (3) -G( 17) 

C(3)-G(4)-G(5) 

C(5)-G(4)-G(16) 

G (4)-G (5)-G (18) 

C ( 5 ) - C ( 6 ) - C ( l ) 

G( l ) -G(6) -C(18) 

G(7)-G(8)-G(9) 

G(9 ) -G(10 ) -G( l l ) 

G( l l ) -G(12) -G(13) 

121.5(3) 

119.9(3) 

119.7(3) 

119.3(3) 

119.3(3) 

119.4(3) 

120.7(3) 

120.6(3) 

120.6(3) 

116.7(4) 

171.3(4) 

169.6(4) 

G(13)-G(14)-G(15) 114.3(4) 

G (4)-G (16)-G (15) 

G(2) -G( l ) -G(17) 

G( l ) -G(2) -G(3) 

G(3)-G(4)-G(5) 

C(5) -C(4) -G(7) 

G( l ) -C(6 ) -G(5 ) 

G (4)-G (7)-G (8b) 

G (7)-C (8b)-G (9) 

G (8b)-G (9)-G (10) 

C ( 1 0 ) - C ( l l ) - C ( 1 2 ) 

G(12)-G(13)-G(14) 

C(14)-G(15)-G(16) 

G( l ) -G(17) -G(16) 

114.7(4) 

120.4(5) 

120.0(5) 

116.7(5) 

122.0(5) 

121.7(4) 

114.4(6) 

123.0(8) 

114.9(6) 

172.8(5) 

173.9(6) 

112.0(6) 

112.8(5) 

response to a number of methyl groups.18) In the 
molecule of (I) , the distances of the atoms in the di-
acetylene group from the benzene plane are in the 
range from 3.019 to 3.256 Â, as is shown in Table 9, 
smaller than those of (III) by 0.01—0.04 Â. Some 
of the short intramolecular contacts are 3.203 of G ( l ) - -
C(10), 3.288 of G ( 2 ) - G ( l l ) , 3.259 of C ( 3 ) - C ( 1 2 ) , 
and 3.153 Â of G ( 4 ) - G ( 1 3 ) . 

Since the methyl substituents on the benzene ring 
enhance the electron-donor property of the ring by 
reducing the Ip of the ring (7.86 eV in hexamethyl­
benzene as compared to 9.24 eV of benzene), the 
EDA interaction is apparently stronger for this mole­
cule than for unsubstituted [3.3]paracyclophadiyne. 
For instance, the peak of the first electronic-absorption 
band appears at 34200 c m - 1 , while it is 35300 c m - 1 

in the unsubstituted one, and the red shift of about 
1100 c m - 1 means that the inter-ring interaction is 
enhanced. The GT transition from the benzene ring 
to the diacetylene group was found in (III) at 42700 
c m - 1 , while it is observed in this molecule at 40500 
cm - 1 . The lowering of the transition energy by 2200 
c m - 1 is an indication of the stronger EDA interaction. 
The analysis of the M O involved in EDA interaction 

Fig. 8. Symmetries of MO. One of the HOMO of 
hexamethylbenzene and the LUMO of diacetylene 
groups are illustrated. 

would seem to be of interest. As is shown in Fig. 8, 
the phase of the H O M O of hexamethylbenzene (which 
is degenerated) matches the L U M O of diacetylene. 
The H O M O - L U M O interaction which is necessary 
for the EDA complex is considerable for this system, 
while in other cyclophadiynes without methyl sub­
stituents, the EDA interaction is less favourable. 

T h e mean value of the torsion angles around the 
methylene bridge is 70.5°, this indicates that the con­
formation are gauche as regards the internal rotation 
around the carbon-carbon bonds. 

Molecular Structure of [3A]Paracyclophadiyne. The 
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TABLE 9. DEVIATIONS (//A) FROM THE LEAST-SQUARES PLANE OF THE BENZENE RING 

Tetramethyl [3.3] paracyclophadiyne 

Deviations 

C(l)a> 

C(2)a> 

G (3) *) 

C(4)a> 

C(5)a> 

C(6)a> 

G (7) 

G (16) 

G (17) 

G (18) 

G (19) 

G (20) 

0.035 

- 0 . 0 2 2 

- 0 . 0 1 2 
0.033 

- 0 . 0 2 0 

- 0 . 0 1 4 

0.187 

0.163 

- 0 . 0 0 6 

- 0 . 1 1 0 

- 0 . 0 6 3 

- 0 . 0 5 1 

Distances fr< 
benzene pla: 

G (10) 
G (11) 

G (12) 

G (13) 

am the 
ne 

3.076 

3.256 

3.236 

3.019 

[3.4]Paracy< 
y * 

Deviations 

C(l)a> 

C(2)a> 

G (3) a> 

C(4)a> 

G (5) a> 

G (6) a> 

G (2) 
H (3) 

H (5) 

H (6) 

G (7) 

G (17) 

0.002 

- 0 . 0 0 1 

- 0 . 0 0 3 

0.005 

- 0 . 0 0 3 

0.000 

- 0 . 0 2 1 

- 0 . 0 6 0 

- 0 . 0 5 7 

- 0 . 0 2 0 

0.055 

0.004 

;lophadiyne 

Distances from the 
benzene plane 

G(10) 3.185 

G (11) 3.473 

G (12) 3.642 

G (13) 3.718 

a) These atoms were included in the calculation of the least-squares plane. 

average of the bond lengths of the benzene ring is 
1.382 Â, which is shorter than the normal value 
(1.392—1.397 Â) and similar to that of ( I I I ) . As in 
cyclophanes, it is observed that a benzene ring is 
distorted from a normal hexagon, with the endocyclic 
angle of G(l ) and G(4) being 117.6 and 116.7° re­
spectively, smaller than the rest by 4.3°. The carbon 
atoms of the benzene ring are almost coplanar, and 
no deviation of the hydrogen atoms toward the center 
of the molecule is found. The dihedral angles between 
the benzene plane and the planes through C ( l ) , G (2), 
and G(6) and G(3), G(4), and G(5) are 0.6 and 0.2° 
respectively. The displacements of the carbon of 
para-substituted methylene are 0.004 Â for G( l ) of the 
tetramethylene and 0.055 Â for G(17) of the trimethyl­
ene-bridge. These values are smaller than those of 
(III), and the benzene ring keeps a good planarity. 

The bond lengths of the diacetylene group are the 
same as those of the other paracyclophadiynes. The 
bow-shape deformation, the mean bond angle of the 
carbon atoms of diacetylene, is 174.1°, smaller than 
in the case of (I) and (III) because of a less repulsive 
interaction due to a longer methylene-bridge and a 
larger spatial distances between the two groups. The 
larger bow-shape deformation compared to the benzene 
ring is due to the difference between the length and 
shapes in these two groups. The distances between 
the benzene ring and the G(10) and G ( l l ) atoms of 
the moiety of the diacetylene group are 3.185 and 
3.473 Â, and the shortest interatomic distance is 3.250 
Â of G(4)---G(10). For the other moeity, the short 
intramolecular distances are 3.729 of C ( l ) - - C ( 1 3 ) , 
3.747 of C ( l ) - C ( 1 2 ) , and 3.769 À of C ( 6 ) - C ( 1 2 ) . 
As may be seen from the projection of the diacetylene 
group onto the benzene plane, the diacetylene group 
is nearly parallel to the direction of C( l ) - -C(4 ) of 
the benzene ring, the inclination being only 4°, similar 
to ( I I I ) . 

An unexpected feature of the structure is the dis­
ordered arrangement of the trimethylene-bridge. I t 
is interesting that the disordered arrangement is found 

only on the trimethylene-bridge of the molecules of 
(II) and (III). The bond distances of this disordered 
methylene-bridge are 1.4—1.7Â. The values of the 
bond lengths and angles, including those of the atoms 
of the disordered part , are less reliable. T h e average 
of the torsion angles of the two methylene-bridges 
is 67.2°, and it is apparent that the conformations 
are gauche, similar to those of other paracyclophadiynes. 

T h e stereoscopic views of the crystal structure pro­
jected along the b-axis are shown in Fig. 7. All the 
intermolecular contacts are normal. 

The authors are grateful to Professor Soichi Misumi 
and Drs. Yoshiteru Sakata and Takehiro Matsuoka 
of Osaka University for the gift of the samples. 
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The vt fundamental of fluoroform has been measured with a tunable diode-laser source spectrometer. The 
following molecular constants were determined: v0= 1377.8458 cm-1, B^0.344788 cm"1, C4=0.189134 cm"1 

{CQi=Q.W§\9 cm~\ 2)^ = 3.78 x 10~7 cm-1, 2 y / = - 5 . 7 3 x 10"7 cm-1, Z)?=2.94x 10~7 cm"1, ^ = 1.44x10-« 
cm-1, and -q\ = — 8.2 X 10~7 cm"1. Using the molecular constants of the 1vz, the Goriolis x-y interaction con­
stant between the v4 fundamental and 2v3, |Ç334 |, was estimated to be 0.065. 

Although fluoroform is one of the most simple mole­
cules belonging to the point group C3 v , only a few 
studies of its rotation-vibration spectra have been 
reported.1_4> This is largely due to the deficiency 
in the resolving power of the spectrometers. Graner 
et al.1) have observed the infrared spectra for the v6 

and vz fundamentals with an approximate resolution 
of 0.03 cm-1 . As for the v^ fundamental, the observa­
tions have been done under rather poor resolution. 
The molecular constants have been obtained from the 
analyses of the heads of the successive Q's in these 
works,2-4) because the resolving power was not quite 
enough to resolve the successive Q, branches into 
their fine structures. The present report concerns 
itself with the measurement of the rotation-vibration 
spectra for the v4 fundamental of fluoroform by the 
use of a tunable diode laser-source spectrometer and 
with the analysis of the rotation-vibration spectra. 

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

The sample used in this study was a commercial product 
and was used without further purification. The survey 
spectrum of the Î>4 band of fluoroform was recorded from 
1350 to 1410 cm-1 using a Nicolet 7199A Fourier transform 
infrared spectrometer at a resolution of 0.06 cm-1. The 
observation was made at room temperature using a 10 cm 
gas cell. The sample pressure was about 9 Torr. 

The high resolution spectra were recorded from 1361 to 
1385 cm-1 by the use of a tunable diode laser-source spec­
trometer (Laser Analytics, model LS 3). The sample pres­
sure was 0.5—1.5 Torr. As the resolution of the instrument 
was estimated to be 10~4—10~3 cm -1, the line-width of 

1400 1390 1380 1370 1360 

Wave number/cm-1 

Fig. 1. The infrared absorption spectra for the v4 band 
of fluoroform recorded by the Fourier transform spec­
trometer. 

the observed spectrum was governed by the Doppler broad­
ening. About ten modes could be oscillated in the region 
cited above. In order to determine an accurate frequency 
value, the wavelengths of a few lines for each mode were 
measured by the use of a Michelson interferometer-type 
wavelength meter which was designed and constructed by 
Nagai et al.5) The wavelengths of the other lines were deter­
mined relative to these frequencies by observing the inter­
ference fringes arising from a confocal germanium étalon. 
The free spectral range was calibrated to be 0.009929+ 
0.000008 cm-1 by the use of the OCS lines in the 870 cm"1 

region. The precision of the wavelength measurement was 
about 0.0015 cm-1. The accuracy of the wavelength meas­
urement was restricted by the incomplete alignment of the 
reference He-Ne laser beam in parallel with the diode laser 
source.5> It is believed to be better than 0.001 cm -1 . 

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

Observed Spectra. T h e spectra for the v± band 
recorded by the Fourier transform spectrometer is 
shown in Fig. 1. We can see the usual intensity al­
ternation due to the three-fold symmetry for the 
sub-bands on the low frequency side (the 1377—1350 
c m - 1 region). These sub-bands may therefore be as­
signed to the successive E Q, lines. I n the high frequency 
region (the 1377—1400 c m - 1 region), on the other 
hand, we cannot recognize any clear intensity al­
ternations. This happens because these sub-bands on 
the high frequency side are mainly composed from 

Fig. 2. The high resolution spectra observed by the 
diode laser-source spectrometer (upper: source mo­
dulation, lower: Stark modulation). 



898 Susumu SOFUE, Kentarou KAWAGUCHI, Eizi HIROTA, and Tsunetake FUJIYAMA [Vol. 54, No. 3 

the E R lines instead of P Q, lines. The PQ, lines form 
only a background of the high frequency side. 

Figure 2 shows the par t of the high resolution spectra 
observed by the diode laser-source spectrometer which 
may be assigned to the P Q , 3 line series. The upper 
spectra were recorded by modulating the source diode 
by a sine wave of 5 kHz and detecting the absorption 
signal at 10 kHz by the use of a phase-sensitive detec­
tion method. The lower spectra were recorded by the 
use of the usual Stark modulation method. The 
modulation frequency and the electric field were 100 
kHz and 200 Vp_p /cm (being superposed on the 200 
V/cm D C field), respectively. T h e lower spectra were 
used for the J -number assignment. 

T h e observed frequency values are summarized in 
Table 2, together with the assignments. 

Assignment of the Observed Spectra. First, we calcu­
lated the synthetic spectra corresponding to the v± 
fundamental by using the approximate molecular con­
stants given in the references.1,4) T h e spectral simula­
tion showed that a group of lines having the same K 
value forms a localized sub-band, P Q, or R Q / , and 
that a group of lines having the same (J—K) value 
form a localized sub-band, PP or E R. The comparison 
between the observed and the calculated frequencies 
leads to the rigorous assignments of K and (J—K) 
numbers to the sub-bands P Q , BQ,, P P, and E R. T h e 
sub-bands P P and R R can be identified from the sub-
bands P Q, and E Q,, because the component lines of 
P P and E R show the intensity alternation due to the 
three-fold symmetry. T h e assignments of K numbers 
to the PQ, and E Q sub-bands are confirmed by the 
low-resolution spectra of Fig. 1. 

T h e assignment of J numbers to the component 
fine structure lines of each sub-bands can be done 
without ambiguity by using the Stark modulated 
spectra and the missing lines rule (J>K). As the 
apparent intensity of a Stark modulated spectrum is 
observed to be stronger for lower J, the lines of the 
smallest J number in a sub-band is easily found. 
Therefore, the J number is rigorously assigned to 
the individual component lines in consideration of the 
missing lines rule and the already determined K and 
(J—K) values. In this way we could identify about 
100 lines and make a rigorous assignment of J and 
K numbers. Using these lines, trial molecular con­
stants were obtained by least-squares method; these 
in turn were used in the spectral simulation to make 
further assignments. 

Determination of the Molecular Constants. The vi­
bration-rotation energy of a symmetric top in an E-
vibrational state can be written in the form (for y4 = 1) : 

E(JM = "o + (Ci-B*)k2 + BJU+l) - 2(CQ<« 
- D*J*<J+\)* - Dl«J(J+l)k* 

- D*k* + VÏJU+ m + y*<M, (1) 
where v0 is the vibrational energy, Q and i?4 are the 
rotational constants, C is the Goriolis coupling constant, 
DJ

t, DJ*, and D* are the centrifugal distortion con­
stants, and f}\ and 37? express the dependence of the 
Coriolis coupling on J and K. 

From the selection rules for a perpendicular band 
(AA= + 1, A / = + l, and A / = 0 , ± 1 ; or A * = - l , 

TABLE 1. MOLECULAR CONSTANTS OF THE V4 BAND 

OF GHF3 (cm-1) 

~~V0 1377.84576(33) ^ 1.436(35) x10~6 

Bt 0.3447884(12) 17? - 8 . 2 0 ( 2 8 ) X 10~7 

C4 0.18913390(54) Ground State 
(CC)4 0.186195(10) B0 0.34520105(7) 
Di 3.7774(85) x lO- 7 C0 0.18925(10) 
D? -5 .735(18) x lO- 7 Di 3 .779xl0" 7 

D* 2.941 (12) XlO-7 Di* -6.0375(134) x lO- 7 

<?4 -1 .115(12) XlO-4 Dï 3.72X10-7 

Numbers in parentheses denote the standard deviation a. 

A / = — 1, and AJ=0, ± 1 ) , the transition frequencies 
can be calculated as the differences between the energy 
levels of the upper and lower states. The energy of 
the ground state can be given by this formula: 

E(J,k) = (C0-B0)h* + B0J(J+1) 

- DiJ*V+1)2 - DiKJ(J+1)*2 - DK
0k*. (2) 

T h e B0, Di, DV, and C0 values were obtained by the 
microwave studies6»7) and/or by the analysis of the 
infrared spectra.3'4»8) T h e D* value was calculated 
from the harmonic force field.7) After fixing all these 
molecular constants related with the ground state, the 
molecular constants of the excited state were deter­
mined by the least-squares method. The constants 
thus obtained are listed in Table 1 together with the 
fixed ground state values. The observed frequencies 
are listed in Table 2 with their assignments and the 
calculated frequencies. 

l-type Doubling. In the case of the r4 fundamen­
tal, the effect of the /-type resonance is not so drastic 
as was observed for the v6 fundamental.1) This is 
because the Goriolis coupling constant C4 takes a 
positive value, which produces a repulsive effect on 
the interacting pair. As the precision of the frequency 
measurement exceeds the order of 10 - 3 cm - 1 , it is 
possible to determine the /-type doubling constant, 
<74. In our analysis, we take /-type resonace into ac­
count as well as /-type doubling. 

The perturbed energies can be obtained from the 
diagonalization of a 2 x 2 matrix of this form : 

\E{K-\, / = - l ) W ] (3) 
L W E(K+l, Z= + 1)J, {ö) 

where K is the absolute value of k. T h e off-diagonal 
element, W, has this form: 

W - - - q f { J U + 1) -K(K+1)]V»[yC/+ 1) -K(K- 1)]V2. 

(4) 
T h e explicit expression for the perturbed energy level 
can be written as 

2E±(J,K±l,±\) = E(J,K-1,-1) + E(J,K+1, + 1) 

± {E[(J,K-1,-1)-E(J,K+1,1)Y 

+ glUU+i)-K(K+l)][J(J+l) 

-K{K-1)-]}V\ (5) 

where E+ and E_ correspond to the perturbed states 
of the upper and lower levels of the interacting pair, 
respectively. In order to determine the sign of q±, 
the twelve lines which are definitely assigned to the 
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T A B L E 2. OBSERVED AND CALCULATED FREQUENCIES OF THE V^ BAND 

Assignment10 

K ( / ) 

Observed 
frequency 

(cm- i ) 

O b s d - C a l c d 

(cm- i ) 

A s s i g n m e n t * ' 

K (J) 
RQ 6 ( 3 1 ) 
RQ 6 ( 3 2 ) 
RQ 6 ( 3 3 ) 
RQ 6 ( 3 4 ) 
RQ 6 ( 3 5 ) 
RQ 6 ( 3 6 ) 
RQ 6 ( 3 7 ) 
RQ 6 ( 3 8 ) 
RQ 6 ( 3 9 ) 

RQ 7 ( 8 ) 
RQ 7 ( 9 ) 
RQ 7 ( 1 0 ) 
RQ 7 ( 1 1 ) 
RQ 7 ( 1 2 ) 
RQ 7 ( 1 3 ) 
RQ 7 ( 1 4 ) 
RQ 7 ( 1 5 ) 
RQ 7 ( 1 6 ) 
RQ 7 ( 1 7 ) 
RQ 7 ( 1 8 ) 
RQ 7 ( 1 9 ) 

R Q 1 8 ( 1 9 ) 
R Q 1 8 ( 2 0 ) 
R Q 1 8 ( 2 1 ) 
R Q 1 8 ( 2 2 ) 
R Q 1 8 ( 2 3 ) 
R Q 1 8 ( 2 4 ) 
R Q 1 8 ( 2 5 ) 
R Q 1 8 ( 2 6 ) 
R Q 1 8 ( 2 7 ) 
R Q 1 8 ( 2 8 ) 
R Q 1 8 ( 2 9 ) 
R Q 1 8 ( 3 0 ) 
R Q 1 8 ( 3 1 ) 
R Q 1 8 ( 3 2 ) 
R Q 1 8 ( 3 3 ) 
R Q 1 8 ( 3 4 ) 
R Q 1 8 ( 3 5 ) 
R Q 1 8 ( 3 6 ) 
R Q 1 8 ( 3 7 ) 
R Q 1 8 ( 3 8 ) 
R Q 1 8 ( 3 9 ) 
R Q 1 8 ( 4 0 ) 
R Q 1 8 ( 4 1 ) 
R Q 1 8 ( 4 2 ) 
R Q 1 8 ( 4 3 ) 
R Q 1 8 ( 4 4 ) 

P P 2 8 ( 2 8 ) 
P P 2 9 ( 2 9 ) 
P P 3 K 3 1 ) 
P P 3 2 ( 3 2 ) 
P P 3 3 ( 3 3 ) 
P P 3 4 ( 3 4 ) 
P P 3 5 ( 3 5 ) 
P P 3 6 ( 3 6 ) 
P P 3 7 ( 3 7 ) 
P P 3 8 ( 3 8 ) 
P P 3 9 ( 3 9 ) 
P P 4 0 ( 4 0 ) 
P P 4 1 ( 4 1 ) 
P P 4 2 ( 4 2 ) 
P P 4 3 ( 4 3 ) 
P P 4 4 ( 4 4 ) 
P P 4 5 ( 4 5 ) 
P P 4 6 ( 4 6 ) 
P P 4 7 ( 4 7 ) 
P P 4 8 ( 4 8 ) 
P P 4 9 ( 4 9 ) 
P P 5 0 ( 5 0 ) 
P P 5 K 5 1 ) 

PP 1 ( 8 ) 
PP 2 ( 9 ) 
PP 3 ( 1 0 ) 
PP 4 ( 1 1 ) 
PP 5 ( 1 2 ) 
PP 6 ( 1 3 ) 
PP 7 ( 1 4 ) 
PP 8 ( 1 5 ) 
PP 9 ( 1 6 ) 
P P 1 0 ( 1 7 ) 
P P 1 K 1 8 ) 
P P 1 2 ( 1 9 ) 

PP 5 ( 1 3 ) 
PP 6 ( 1 4 ) 
PP 7 ( 1 5 ) 
PP 8 ( 1 6 ) 
PP 9 ( 1 7 ) 
P P 1 0 ( 1 8 ) 
P P 1 1 ( 1 9 ) 
P P 1 2 ( 2 0 ) 
P P 1 3 ( 2 1 ) 
P P 1 4 ( 2 2 ) 
P P 1 5 ( 2 3 ) 
P P 1 6 ( 2 4 ) 
P P 1 7 ( 2 5 ) 
P P 1 8 ( 2 6 ) 
P P 1 9 ( 2 7 ) 
P P 2 0 ( 2 8 ) 
P P 2 1 ( 2 9 ) 
P P 2 2 ( 3 0 ) 
P P 2 3 ( 3 1 ) 
P P 2 4 ( 3 2 ) 

O b s e r v e d 
f r e q u e n c y 

( c m - i ) 

1 3 7 2 . 8 3 1 4 
1 3 7 2 . 8 0 5 3 
1 3 7 2 . 7 7 9 9 
1 3 7 2 . 7 5 2 0 
1 3 7 2 . 7 2 3 8 
1 3 7 2 . 6 9 4 9 
1 3 7 2 . 6 6 5 9 
1 3 7 2 . 6 3 5 2 
1 3 7 2 . 6 0 6 0 

1 3 7 2 . 5 1 5 7 
1 3 7 2 . 5 0 8 8 
1 3 7 2 . 5 0 0 9 
1 3 7 2 . 4 9 2 0 
1 3 7 2 . 4 8 2 7 
1 3 7 2 . 4 7 2 7 
1 3 7 2 . 4 6 0 8 
1 3 7 2 . 4 4 8 9 
1 3 7 2 . 4 3 6 4 
1 3 7 2 . 4 2 3 2 
1 3 7 2 . 4 0 8 7 
1 3 7 2 . 3 9 4 3 

1 3 6 4 . 9 5 4 7 
1 3 6 4 . 9 3 9 6 
1 3 6 4 . 9 2 4 1 
1 3 6 4 . 9 0 6 8 
1 3 6 4 . 8 8 9 7 
1 3 6 4 . 8 7 1 7 
1 3 6 4 . 8 5 3 7 
1 3 6 4 . 8 3 3 7 
1 3 6 4 . 8 1 4 3 
1 3 6 4 . 7 9 3 2 
1 3 6 4 . 7 7 1 5 
1 3 6 4 . 7 4 9 1 
1 3 6 4 . 7 2 5 4 
1 3 6 4 . 7 0 1 2 
1 3 6 4 . 6 7 6 5 
1 3 6 4 . 6 5 1 2 
1 3 6 4 . 6 2 5 1 
1 3 6 4 . 5 9 7 8 
1 3 6 4 . 5 6 9 8 
1 3 6 4 . 5 4 2 3 
1 3 6 4 . 5 1 3 4 
1 3 6 4 . 4 8 3 2 
1 3 6 4 . 4 5 2 3 
1 3 6 4 . 4 2 1 5 
1 3 6 4 . 3 8 8 9 
1 3 6 4 . 3 5 5 4 

1 3 7 7 . 0 4 5 7 
1 3 7 7 . 0 3 2 8 
1 3 7 7 . 0 0 6 2 
1 3 7 6 . 9 9 2 4 
1 3 7 6 . 9 7 7 5 
1 3 7 6 . 9 6 2 8 
1 3 7 6 . 9 4 8 9 
1 3 7 6 . 9 3 4 3 
1 3 7 6 . 9 1 9 3 
1 3 7 6 . 9 0 3 5 
1 3 7 6 . 8 8 8 0 
1 3 7 6 . 8 7 2 7 
1 3 7 6 . 8 5 7 1 
1 3 7 6 . 8 4 0 4 
1 3 7 6 . 8 2 3 9 
1 3 7 6 . 8 0 6 9 
1 3 7 6 . 7 8 9 1 
1 3 7 6 . 7 7 2 9 
1 3 7 6 . 7 5 5 1 
1 3 7 6 . 7 3 7 5 
1 3 7 6 . 7 1 9 0 
1 3 7 6 . 7 0 0 3 
1 3 7 6 . 6 8 0 9 

1 3 7 2 . 4 5 4 5 
1 3 7 2 . 4 4 1 4 
1 3 7 2 . 4 2 9 6 
1 3 7 2 . 4 1 6 9 
1 3 7 2 . 4 0 3 2 . 
1 3 7 2 . 3 8 9 4 
1 3 7 2 . 3 7 6 8 
1 3 7 2 . 3 6 2 6 
1 3 7 2 . 3 4 8 0 
1 3 7 2 . 3 3 4 5 
1 3 7 2 . 3 1 9 3 
1 3 7 2 . 3 0 5 1 

1 3 7 1 . 7 0 6 9 
1 3 7 1 . 6 9 3 2 
1 3 7 1 . 6 7 7 9 
1 3 7 1 . 6 6 3 3 
1 3 7 1 . 6 4 8 2 
1 3 7 1 . 6 3 2 1 
1 3 7 1 . 6 1 7 5 
1 3 7 1 . 6 0 1 2 
1 3 7 1 . 5 8 4 5 
1 3 7 1 . 5 6 8 3 
1 3 7 1 . 5 5 1 4 
1 3 7 1 . 5 3 4 5 
1 3 7 1 . 5 1 6 2 
1 3 7 1 . 4 9 8 3 
1 3 7 1 . 4 7 9 8 
1 3 7 1 . 4 6 0 7 
1 3 7 1 . 4 4 1 1 
1 3 7 1 . 4 2 0 4 
1 3 7 1 . 3 9 9 3 
1 3 7 1 . 3 7 6 8 

O b s d - C a l c d 

( c m - i ) 

- 0 . 0 0 0 8 
- 0 . 0 0 1 5 
- 0 . 0 0 0 7 
- 0 . 0 0 1 7 
- 0 . 0 0 2 1 
- 0 . 0 0 2 4 
- 0 . 0 0 2 0 
- 0 . 0 0 2 6 
- 0 . 0 0 0 8 

- 0 . 0 0 1 5 
- 0 . 0 0 1 3 
- 0 . 0 0 1 3 
- 0 . 0 0 1 6 
- 0 . 0 0 1 4 
- 0 . 0 0 1 1 
- 0 . 0 0 2 0 
- 0 . 0 0 2 1 
- 0 . 0 0 2 0 
- 0 . 0 0 1 7 
- 0 . 0 0 2 0 
- 0 . 0 0 1 5 

- 0 . 0 0 0 9 
- 0 . 0 0 1 0 
- 0 . 0 0 0 8 
- 0 . 0 0 1 7 
- 0 . 0 0 1 6 
- 0 . 0 0 1 6 
- 0 . 0 0 0 9 
- 0 . 0 0 1 5 
- 0 . 0 0 0 7 
- 0 . 0 0 0 9 
- 0 . 0 0 0 9 
- 0 . 0 0 0 8 
- 0 . 0 0 1 4 
- 0 . 0 0 1 7 
- 0 . 0 0 1 7 
- 0 . 0 0 1 6 
- 0 . 0 0 1 5 
- 0 . 0 0 1 9 
- 0 . 0 0 2 2 
- 0 . 0 0 1 3 
- 0 . 0 0 1 1 
- 0 . 0 0 1 4 
- 0 . 0 0 1 7 
- 0 . 0 0 1 1 
- 0 . 0 0 1 6 
- 0 . 0 0 2 2 

- 0 . 0 0 1 3 
- 0 . 0 0 0 9 
- 0 . 0 0 0 3 
- 0 . 0 0 0 1 
- 0 . 0 0 0 8 
- 0 . 0 0 1 0 
- 0 . 0 0 0 2 

0 . 0 0 0 1 
0 . 0 0 0 3 

- 0 . 0 0 0 0 
0 . 0 0 0 1 
0 . 0 0 0 8 
0 . 0 0 1 3 
0 . 0 0 1 0 
0 . 0 0 1 2 
0 . 0 0 1 0 
0 . 0 0 0 3 
0 . 0 0 1 5 
0 . 0 0 1 2 
0 . 0 0 1 4 
0 . 0 0 0 9 
0 . 0 0 0 5 

- 0 . 0 0 0 4 

- 0 . 0 0 1 6 
- 0 . 0 0 2 4 
- 0 . 0 0 1 6 
- 0 . 0 0 1 4 
- 0 . 0 0 2 0 
- 0 . 0 0 2 4 
- 0 . 0 0 1 3 
- 0 . 0 0 1 5 
- 0 . 0 0 1 8 
- 0 . 0 0 0 8 
- 0 . 0 0 1 1 
- 0 . 0 0 0 1 

0 . 0 0 1 6 
0 . 0 0 2 1 
0 . 0 0 1 4 
0 . 0 0 1 6 
0 . 0 0 1 6 
0 . 0 0 0 9 
0 . 0 0 2 0 
0 . 0 0 1 7 
0 . 0 0 1 4 
0 . 0 0 1 8 
0 . 0 0 1 9 
0 . 0 0 2 3 
0 . 0 0 1 6 
0 . 0 0 1 6 
0 . 0 0 1 3 
0 . 0 0 0 8 
0 . 0 0 0 1 

- 0 . 0 0 1 3 
- 0 . 0 0 2 8 
- 0 . 0 0 5 3 

Ass ign m e n t a ) 

K (J) 
P P 2 5 ( 3 3 ) 
P P 2 6 ( 3 4 ) 
P P 2 7 ( 3 5 ) 

PP 1 ( 1 8 ) 
PP 2 ( 1 9 ) 
PP 3 ( 2 0 ) 
PP 4 ( 2 1 ) 
PP 5 ( 2 2 ) 
PP 6 ( 2 3 ) 
PP 7 ( 2 4 ) 
PP 8 ( 2 5 ) 
PP 9 ( 2 6 ) 
P P 1 0 ( 2 7 ) 
RP 1 ( 1 6 ) 
RP 2 ( 1 5 ) 
RP 3 ( 1 4 ) 

PP 1 ( 1 9 ) 
PP 2 ( 2 0 ) 
PP 3 ( 2 1 ) 
PP 4 ( 2 2 ) 
PP 5 ( 2 3 ) 
PP 6 ( 2 4 ) 
PP 7 ( 2 5 ) 
PP 8 ( 2 6 ) 
PP 9 ( 2 7 ) 
P P 1 0 ( 2 8 ) 
P P 1 K 2 9 ) 
P P 1 2 ( 3 0 ) 
P P 1 3 ( 3 1 ) 
P P 1 4 ( 3 2 ) 
P P 1 5 ( 3 3 ) 
P P 1 6 ( 3 4 ) 
P P 1 7 ( 3 5 ) 
P P 1 8 ( 3 6 ) 

R R 3 0 ( 3 3 ) 
R R 3 K 3 4 ) 
R R 3 2 ( 3 5 ) 
R R 3 3 ( 3 6 ) 
R R 3 4 ( 3 7 ) 
R R 3 5 ( 3 8 ) 
R R 3 6 ( 3 9 ) 
R R 3 7 ( 4 0 ) 
R R 3 8 ( 4 1 ) 
R R 3 9 ( 4 2 ) 
R R 4 0 ( 4 3 ) 
R R 4 1 ( 4 4 ) 
R R 4 2 ( 4 5 ) 
R R 4 3 ( 4 6 ) 
R R 4 4 ( 4 7 ) 
R R 4 5 ( 4 8 ) 
R R 4 6 ( 4 9 ) 
R R 4 7 ( 5 0 ) 
R R 4 8 ( 5 1 ) 
R R 4 9 ( 5 2 ) 
R R 5 0 ( 5 3 ) 

R R 1 8 ( 2 3 ) 
R R 1 9 ( 2 4 ) 
R R 2 0 ( 2 5 ) 
R R 2 1 ( 2 6 ) 
R R 2 2 ( 2 7 ) 
R R 2 3 ( 2 8 ) 
R R 2 4 ( 2 9 ) 
R R 2 5 ( 3 0 ) 
R R 2 6 ( 3 1 ) 
R R 2 7 ( 3 2 ) 
R R 2 8 ( 3 3 ) 
R R 2 9 ( 3 4 ) 
R R 3 0 ( 3 5 ) 

R R 4 2 ( 5 0 ) 
R R 4 4 ( 5 2 ) 
R R 4 6 ( 5 4 ) 
R R 4 8 ( 5 6 ) 
R R 5 0 ( 4 8 ) 
R R 5 2 ( 6 0 ) 
R R 5 4 ( 6 2 ) 
R R 5 6 ( 6 4 ) 
R R 5 7 ( 6 5 ) 
R R 5 8 ( 6 6 ) 
R R 6 0 ( 6 8 ) 

RR 1 ( 1 1 ) 
RR 2 ( 1 2 ) 
RR 3 ( 1 3 ) 
RR 4 ( 1 4 ) 
RR 5 ( 1 5 ) 
RR 6 ( 1 6 ) 
RR 7 ( 1 7 ) 
RR 8 ( 1 8 ) 
RR 9 ( 1 9 ) 
R R 1 0 ( 2 0 ) 
R R 1 1 ( 2 1 ) 
R R 1 2 ( 2 2 ) 
R R 1 3 ( 2 3 ) 
R R 1 4 ( 2 4 ) 
R R 1 5 ( 2 5 ) 
R R 1 6 ( 2 6 ) 
R R 1 7 ( 2 7 ) 
R R 1 8 ( 2 8 ) 
R R 1 9 ( 2 9 ) 
R R 2 0 ( 3 0 ) 
R R 2 K 3 1 ) 
R R 2 2 ( 3 2 ) 
R R 2 3 ( 3 3 ) 

O b s e r v e d 
f r e q u e n c y 

( c m - i ) 

1 3 7 1 . 3 5 3 1 
1 3 7 1 . 3 2 7 0 
1 3 7 1 . 2 9 8 2 

1 3 6 5 . 4 5 7 0 
1 3 6 5 . 4 3 6 9 
1 3 6 5 . 4 1 6 2 
1 3 6 5 . 3 9 5 6 
1 3 6 5 . 3 7 4 6 
1 3 6 5 . 3 5 3 1 
1 3 6 5 . 3 3 1 6 
1 3 6 5 . 3 1 0 0 
1 3 6 5 . 2 8 7 2 
1 3 6 5 . 2 6 4 5 
1 3 6 5 . 4 9 6 3 
1 3 6 5 . 5 1 6 2 
1 3 6 5 . 5 3 5 8 

1 3 6 4 . 7 5 3 4 
1 3 6 4 . 7 3 3 0 
1 3 6 4 . 7 1 1 3 
1 3 6 4 . 6 8 9 6 
1 3 6 4 . 6 6 7 4 
1 3 6 4 . 6 4 5 3 
1 3 6 4 . 6 2 2 8 
1 3 6 4 . 6 0 0 0 
1 3 6 4 . 5 7 7 1 
1 3 6 4 . 5 5 3 8 
1 3 6 4 . 5 2 9 6 
1 3 6 4 . 5 0 5 0 
1 3 6 4 . 4 8 0 8 
1 3 6 4 . 4 5 5 8 
1 3 6 4 . 4 2 9 8 
1 3 6 4 . 4 0 3 2 
1 3 6 4 . 3 7 6 5 
1 3 6 4 . 3 4 8 6 

1 3 8 0 . 0 6 7 6 
1 3 8 0 . 0 6 3 9 
1 3 8 0 . 0 6 1 0 
1 3 8 0 . 0 5 7 3 
1 3 8 0 . 0 5 3 2 
1 3 8 0 . 0 4 9 4 
1 3 8 0 . 0 4 5 0 
1 3 8 0 . 0 4 0 4 
1 3 8 0 . 0 3 5 9 
1 3 8 0 . 0 3 0 8 
1 3 8 0 . 0 2 5 1 
1 3 8 0 . 0 2 0 0 
1 3 8 0 . 0 1 4 6 
1 3 8 0 . 0 0 8 4 
1 3 8 0 . 0 0 2 6 
1 3 7 9 . 9 9 6 0 
1 3 7 9 . 9 8 9 4 
1 3 7 9 . 9 8 3 1 
1 3 7 9 . 9 7 6 3 
1 3 7 9 . 9 6 6 1 
1 3 7 9 . 9 5 3 8 

1 3 8 1 . 4 3 2 5 
1 3 8 1 . 4 2 9 7 
1 3 8 1 . 4 2 6 8 
1 3 8 1 . 4 2 3 9 
1 3 8 1 . 4 2 0 2 
1 3 8 1 . 4 1 6 7 
1 3 8 1 . 4 1 2 8 
1 3 8 1 . 4 0 8 9 
1 3 8 1 . 4 0 4 0 
1 3 8 1 . 3 9 9 5 
1 3 8 1 . 3 9 4 8 
1 3 8 1 . 3 8 9 4 
1 3 8 1 . 3 8 3 5 

1 3 8 3 . 2 4 8 8 
1 3 8 3 . 2 2 6 9 
1 3 8 3 . 2 0 5 8 
1 3 8 3 . 1 8 2 0 
1 3 8 3 . 1 5 9 0 
1 3 8 3 . 1 3 3 5 
1 3 8 3 . 1 0 8 2 
1 3 8 3 . 0 8 1 7 
1 3 8 3 . 0 6 8 8 
1 3 8 3 . 0 5 4 6 
1 3 8 3 . 0 2 6 7 

1 3 8 4 . 8 5 5 0 
1 3 8 4 . 8 5 1 8 
1 3 8 4 . 8 4 7 6 
1 3 8 4 . 8 4 3 9 
1 3 8 4 . 8 3 9 7 
1 3 8 4 . 8 3 5 3 
1 3 8 4 . 8 3 1 0 
1 3 8 4 . 8 2 6 6 
1 3 8 4 . 8 2 1 6 
1 3 8 4 . 8 1 6 7 
1 3 8 4 . 8 1 0 9 
1 3 8 4 . 8 0 5 8 
1 3 8 4 . 7 9 9 4 
1 3 8 4 . 7 9 3 4 
1 3 8 4 . 7 8 7 9 
1 3 8 4 . 7 8 1 4 
1 3 8 4 . 7 7 4 9 
1 3 8 4 . 7 6 8 2 
1 3 8 4 . 7 6 1 1 
1 3 8 4 . 7 5 4 1 
1 3 8 4 . 7 4 6 2 
1 3 8 4 . 7 3 8 6 
1 3 8 4 . 7 3 0 4 

O b s d - C a l c d 

( c m - i ) 

- 0 . 0 0 8 8 
- 0 . 0 1 4 2 
- 0 . 0 2 2 0 

0 . 0 0 0 0 
0 . 0 0 0 1 

- 0 . 0 0 0 1 
0 . 0 0 0 1 
0 . 0 0 0 2 
0 . 0 0 0 2 
0 . 0 0 0 5 
0 . 0 0 1 0 
0 . 0 0 0 8 
0 . 0 0 1 0 
0 . 0 0 0 3 
0 . 0 0 1 0 
0 . 0 0 1 6 

0 . 0 0 0 1 
0 . 0 0 0 7 
0 . 0 0 0 2 
0 . 0 0 0 1 

- 0 . 0 0 0 2 
- 0 . 0 0 0 1 

0 . 0 0 0 0 
0 . 0 0 0 2 
0 . 0 0 0 7 
0 . 0 0 1 1 
0 . 0 0 1 0 
0 . 0 0 0 9 
0 . 0 0 1 6 
0 . 0 0 1 9 
0 . 0 0 1 6 
0 . 0 0 1 2 
0 . 0 0 1 0 
0 . 0 0 0 1 

0 . 0 0 2 7 
0 . 0 0 2 3 
0 . 0 0 3 0 
0 . 0 0 3 0 
0 . 0 0 2 8 
0 . 0 0 3 1 
0 . 0 0 2 9 
0 . 0 0 2 7 
0 . 0 0 2 8 
0 . 0 0 2 5 
0 . 0 0 1 8 
0 . 0 0 1 8 
0 . 0 0 1 6 
0 . 0 0 0 9 
0 . 0 0 0 6 

- 0 . 0 0 0 2 
- 0 . 0 0 0 9 
- 0 . 0 0 1 2 
- 0 . 0 0 1 8 
- 0 . 0 0 5 7 
- 0 . 0 1 1 5 

0 . 0 0 1 0 
0 . 0 0 0 9 
0 . 0 0 0 9 
0 . 0 0 1 0 
0 . 0 0 0 6 
0 . 0 0 0 6 
0 . 0 0 0 5 
0 . 0 0 0 5 

- 0 . 0 0 0 3 
- 0 . 0 0 0 5 
- 0 . 0 0 0 6 
- 0 . 0 0 1 3 
- 0 . 0 0 2 2 

- 0 . 0 0 0 4 
- 0 . 0 0 0 8 

0 . 0 0 0 3 
- 0 . 0 0 0 3 

0 . 0 0 0 6 
- 0 . 0 0 0 1 

0 . 0 0 0 3 
0 . 0 0 0 2 
0 . 0 0 0 8 
0 . 0 0 0 3 
0 . 0 0 0 5 

0 . 0 0 2 2 
0 . 0 0 2 2 
0 . 0 0 1 5 
0 . 0 0 1 4 
0 . 0 0 1 1 
0 . 0 0 0 8 
0 . 0 0 0 8 
0 . 0 0 0 9 
0 . 0 0 0 6 
0 . 0 0 0 6 

- 0 . 0 0 0 0 
0 . 0 0 0 3 

- 0 . 0 0 0 5 
- 0 . 0 0 0 7 
- 0 . 0 0 0 1 
- 0 . 0 0 0 4 
- 0 . 0 0 0 4 
- 0 . 0 0 0 3 
- 0 . 0 0 0 4 
- 0 . 0 0 0 2 
- 0 . 0 0 0 7 
- 0 . 0 0 0 6 
- 0 . 0 0 0 9 

PQ 3 ( 3 ) 
PQ 3 ( 4 ) 
PQ 3 ( 5 ) 
PQ 3 ( 6 ) 
PQ 3 ( 7 ) 
PQ 3 ( 8 ) 
PQ 3 ( 9 ) 
PQ 3 ( 1 0 ) 
PQ 3 ( 1 1 ) 
PQ 3 ( 1 2 ) 
PQ 3 ( 1 3 ) 
PQ 3 ( 1 4 ) 
PQ 3 ( 1 5 ) 
PQ 3 ( 1 6 ) 
PQ 3 ( 1 7 ) 
PQ 3 ( 1 8 ) 
PQ 3 ( 1 9 ) 
PQ 3 ( 2 0 ) 
PQ 3 ( 2 1 ) 
PQ 3 ( 2 2 ) 
PQ 3 ( 2 3 ) 
PQ 3 ( 2 4 ) 
PQ 3 ( 2 5 ) 
PQ 3 ( 2 6 ) 
PQ 3 ( 2 7 ) 
PQ 3 ( 2 8 ) 
PQ 3 ( 2 9 ) 
PQ 3 ( 3 0 ) 
PQ 3 ( 3 1 ) 
PQ 3 ( 3 2 ) 
PQ 3 ( 3 3 ) 
PQ 3 ( 3 4 ) 
PQ 3 ( 3 5 ) 

PQ 9 ( 2 3 ) 
PQ 9 ( 2 4 ) 
PQ 9 ( 2 5 ) 
PQ 9 ( 2 6 ) 
PQ 9 ( 2 7 ) 
PQ 9 ( 2 8 ) 
PQ 9 ( 2 9 ) 
PQ 9 ( 3 0 ) 
PQ 9 ( 3 1 ) 
PQ 9 ( 3 2 ) 
PQ 9 ( 3 3 ) 
PQ 9 ( 3 4 ) 
PQ 9 ( 3 5 ) 
PQ 9 ( 3 6 ) 
PQ 9 ( 3 7 ) 
PQ 9 ( 3 8 ) 
PQ 9 ( 3 9 ) 

P Q 1 K 1 3 ) 
P Q 1 K 1 4 ) 
P Q 1 K 1 5 ) 
P Q 1 K 1 6 ) 
P Q 1 K 1 7 ) 
P Q 1 K 1 8 ) 
P Q 1 K 1 9 ) 
P Q 1 K 2 0 ) 
P Q 1 K 2 1 ) 
P Q 1 K 2 2 ) 
P Q 1 K 2 3 ) 
P Q 1 K 2 4 ) 
P Q 1 K 2 5 ) 

RQ 0 ( 2 7 ) 
RQ 0 ( 2 8 ) 
RQ 0 ( 2 9 ) 
RQ 0 ( 3 0 ) 
RQ 0 ( 3 1 ) 
RQ 0 ( 3 2 ) 
RQ 0 ( 3 4 ) 
RQ 0 ( 3 5 ) 
RQ 0 ( 3 6 ) 
RQ 0 ( 3 7 ) 
RQ 0 ( 3 8 ) 
RQ 0 ( 3 9 ) 

RQ 6 ( 7 ) 
RQ 6 ( 8 ) 
RQ 6 ( 9 ) 
RQ 6 ( 1 0 ) 
RQ 6 ( 1 1 ) 
RQ 6 ( 1 2 ) 
RQ 6 ( 1 3 ) 
RQ 6 ( 1 4 ) 
RQ 6 ( 1 5 ) 
RQ 6 ( 1 6 ) 
RQ 6 ( 1 7 ) 
RQ 6 ( 1 8 ) 
RQ 6 ( 1 9 ) 
RQ 6 ( 2 0 ) 
RQ 6 ( 2 1 ) 
RQ 6 ( 2 2 ) 
RQ 6 ( 2 3 ) 
RQ 6 ( 2 4 ) 
RQ 6 ( 2 5 ) 
RQ 6 ( 2 6 ) 
RQ 6 ( 2 7 ) 
RQ 6 ( 2 8 ) 
RQ 6 ( 2 9 ) 
RQ 6 ( 3 0 ) 

1 3 7 9 . 3 6 7 6 
1 3 7 9 . 3 6 3 7 
1 3 7 9 . 3 5 9 6 
1 3 7 9 . 3 5 4 7 
1 3 7 9 . 3 4 8 7 
1 3 7 9 . 3 4 2 1 
1 3 7 9 . 3 3 5 0 
1 3 7 9 . 3 2 6 7 
1 3 7 9 . 3 1 7 2 
1 3 7 9 . 3 0 7 4 
1 3 7 9 . 2 9 6 7 
1 3 7 9 . 2 8 5 1 
1 3 7 9 . 2 7 2 4 
1 3 7 9 . 2 5 9 0 
1 3 7 9 . 2 4 4 9 
1 3 7 9 . 2 2 9 9 
1 3 7 9 . 2 1 3 9 
1 3 7 9 . 1 9 6 8 
1 3 7 9 . 1 7 9 3 
1 3 7 9 . 1 6 0 9 
1 3 7 9 . 1 4 1 4 
1 3 7 9 . 1 2 1 4 
1 3 7 9 . 1 0 0 5 
1 3 7 9 . 0 7 8 8 
1 3 7 9 . 0 5 6 3 
1 3 7 9 . 0 3 2 1 
1 3 7 9 . 0 0 7 8 
1 3 7 8 . 9 8 3 1 
1 3 7 8 . 9 5 7 3 
1 3 7 8 . 9 3 0 5 
1 3 7 8 . 9 0 3 1 
1 3 7 8 . 8 7 4 7 
1 3 7 8 . 8 4 5 2 

1 3 8 3 . 2 5 7 5 
1 3 8 3 . 2 3 5 7 
1 3 8 3 . 2 1 4 2 
1 3 8 3 . 1 9 2 2 
1 3 8 3 . 1 6 8 2 
1 3 8 3 . 1 4 3 6 
1 3 8 3 . 1 1 8 2 
1 3 8 3 . 0 9 2 2 
1 3 8 3 . 0 6 5 5 
1 3 8 3 . 0 3 7 9 
1 3 8 3 . 0 0 8 8 
1 3 8 2 . 9 7 9 4 
1 3 8 2 . 9 4 8 9 
1 3 8 2 . 9 1 8 1 
1 3 8 2 . 8 8 7 1 
1 3 8 2 . 8 5 4 1 
1 3 8 2 . 8 1 9 5 

1 3 8 4 . 7 9 7 0 
1 3 8 4 . 7 8 4 3 
1 3 8 4 . 7 7 1 6 
1 3 8 4 . 7 5 7 5 
1 3 8 4 . 7 4 2 2 
1 3 8 4 . 7 2 6 4 
1 3 8 4 . 7 0 9 8 
1 3 8 4 . 6 9 2 2 
1 3 8 4 . 6 7 4 5 
1 3 8 4 . 6 5 5 1 
1 3 8 4 . 6 3 4 8 
1 3 8 4 . 6 1 4 1 
1 3 8 4 . 5 9 1 7 

1 3 7 7 . 0 4 9 3 
1 3 7 7 . 0 2 9 0 
1 3 7 7 . 0 0 9 2 
1 3 7 6 . 9 8 7 3 
1 3 7 6 . 9 6 5 5 
1 3 7 6 . 9 4 3 1 
1 3 7 6 . 8 9 5 4 
1 3 7 6 . 8 7 0 8 
1 3 7 6 . 8 4 5 3 
1 3 7 6 . 8 1 9 5 
1 3 7 6 . 7 9 2 5 
1 3 7 6 . 7 6 4 2 

1 3 7 3 . 2 0 2 8 
1 3 7 3 . 1 9 6 4 
1 3 7 3 . 1 8 9 2 
1 3 7 3 . 1 8 1 3 
1 3 7 3 . 1 7 2 5 
1 3 7 3 . 1 6 3 0 
1 3 7 3 . 1 5 3 0 
1 3 7 3 . 1 4 1 4 
1 3 7 3 . 1 2 9 6 
1 3 7 3 . 1 1 6 4 
1 3 7 3 . 1 0 3 0 
1 3 7 3 . 0 9 0 4 
1 3 7 3 . 0 7 3 4 
1 3 7 3 . 0 5 7 9 
1 3 7 3 . 0 4 0 0 
1 3 7 3 . 0 2 3 4 
1 3 7 3 . 0 0 4 3 
1 3 7 2 . 9 8 5 6 
1 3 7 2 . 9 6 5 6 
1 3 7 2 . 9 4 5 1 
1 3 7 2 . 9 2 4 2 
1 3 7 2 . 9 0 2 2 
1 3 7 2 . 8 7 9 2 
1 3 7 2 . 8 5 5 2 

0 . 0 0 1 1 
0 . 0 0 0 6 
0 . 0 0 0 6 
0 . 0 0 0 8 
0 . 0 0 0 6 
0 . 0 0 0 7 
0 . 0 0 1 2 
0 . 0 0 1 2 
0 . 0 0 1 0 
0 . 0 0 1 2 
0 . 0 0 1 4 
0 . 0 0 1 5 
0 . 0 0 1 4 
0 . 0 0 1 4 
0 . 0 0 1 5 
0 . 0 0 1 5 
0 . 0 0 1 4 
0 . 0 0 1 1 
0 . 0 0 1 1 
0 . 0 0 1 1 
0 . 0 0 0 8 
0 . 0 0 0 9 
0 . 0 0 0 9 
0 . 0 0 0 9 
0 . 0 0 0 9 
0 . 0 0 0 1 
0 . 0 0 0 0 
0 . 0 0 0 3 
0 . 0 0 0 4 
0 . 0 0 0 2 
0 . 0 0 0 3 
0 . 0 0 0 3 

- 0 . 0 0 0 1 

0 . 0 0 1 9 
0 . 0 0 1 1 
0 . 0 0 1 3 
0 . 0 0 2 0 
0 . 0 0 1 5 
0 . 0 0 1 3 
0 . 0 0 1 2 
0 . 0 0 1 3 
0 . 0 0 1 6 
0 . 0 0 1 9 
0 . 0 0 1 5 
0 . 0 0 1 7 
0 . 0 0 1 7 
0 . 0 0 2 2 
0 . 0 0 3 4 
0 . 0 0 3 5 
0 . 0 0 2 8 

0 . 0 0 0 7 
0 . 0 0 0 4 
0 . 0 0 0 9 
0 . 0 0 1 0 
0 . 0 0 0 8 
0 . 0 0 0 9 
0 . 0 0 1 1 
0 . 0 0 1 2 
0 . 0 0 2 1 
0 . 0 0 2 1 
0 . 0 0 2 2 
0 . 0 0 2 7 
0 . 0 0 2 4 

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

0 . 0 0 0 1 
- 0 . 0 0 0 5 
- 0 . 0 0 0 3 
- 0 . 0 0 0 0 
- 0 . 0 0 0 2 
- 0 . 0 0 0 0 

0 . 0 0 0 0 
0 . 0 0 0 4 
0 . 0 0 0 4 

- 0 . 0 0 0 3 

- 0 . 0 0 0 7 
- 0 . 0 0 0 8 
- 0 . 0 0 0 8 
- 0 . 0 0 0 8 
- 0 . 0 0 0 9 
- 0 . 0 0 0 9 
- 0 . 0 0 0 6 
- 0 . 0 0 1 1 
- 0 . 0 0 1 0 
- 0 . 0 0 1 5 
- 0 . 0 0 1 4 

0 . 0 0 0 3 
- 0 . 0 0 1 6 
- 0 . 0 0 1 3 
- 0 . 0 0 2 5 
- 0 . 0 0 1 6 
- 0 . 0 0 2 5 
- 0 . 0 0 2 2 
- 0 . 0 0 2 3 
- 0 . 0 0 2 2 
- 0 . 0 0 1 7 
- 0 . 0 0 1 5 
- 0 . 0 0 1 4 
- 0 . 0 0 1 6 
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TABLE 2. Continued 

Assignment*1) 

KU) 
RR24(34) 
RR25 (35) 
RR26(36) 
RR27(37) 
RR28(38) 
RR29(39) 
RR30(40) 
RR31(41) 
RR32 (42) 
RR33 (43) 
RR34(44) 
RR35 (45) 
RR36 (46) 
RR37 (47) 
RR38(48) 

Observed frequency 
(cm-1) 

1384.7233 
1384.7144 
1384.7062 
1384.6977 
1384.6882 
1384.6800 
1384.6706 
1384.6604 
1384.6510 
1384.6403 
1384.6309 
1384.6203 
1384.6101 
1384.5987 
1384.5877 

The standard deviation of the residuals 

Obsd-Calcd 
(cm-1) 

0.0001 
-0 .0004 
-0 .0000 

0.0004 
-0 .0000 

0.0011 
0.0013 
0.0009 
0.0015 
0.0011 
0.0023 
0.0025 
0.0033 
0.0032 
0.0037 

a = 0.0023 cm-1. 

a) For example, PQ, 3 (3) denotes P Q 3 (3). 

RQ,o were carefully observed. T h e standard deviation 
arising in the least-squares fitting has shown that the 
negative sign was definitely preferable to the positive 
sign. The final result for #4 is included in Table 1.9> 

x-y Type Coriolis Interaction. The standard de­
viation of 0.0023 c m - 1 for the overall least-squares 
fit is somewhat too large if we consider the precision 
of the wavelength measurement. This may hint at 
the existence of an x-y type Coriolis interaction be­
tween v± and 2v3, because the band origin of 2v3 is 
expected to be about 1400 cm - 1 . The intensity of 
the 2v3 band is so weak, in comparison with the i>4 

band, that we failed to pick up the lines of 2v3 in the 
1400 c m - 1 region. Therefore, we attempted to con­
sider the effect of such an x-y type Coriolis interac­
tion by using the frequencies calculated for 2vz. The 
molecular constants were estimated from the results 
obtained for the 2v3—v3.^ The details a re : 

v = 700.1009 + 699.310 = 1399.411 cm-1 

B = B0- 0.641 X 10-3 - 0.6463 x 10~3 

= 0.343914 cm-1 

C ~ C0 - 2 X 1.700 X 10-4 = 0.18852 cm-1 

DJ = 3.52 X lO- 'cm- 1 

DJK „ jyjrn _ 2 x (0.28 X 10-8) 

= -6.0935 x lO- 'cm- 1 

and 
DK ~ Z>Ç = 3.27 X 10-7 cm-1. 

[, Eizi HIROTA, and Tsunetake FUJIYAMA [Vol. 54, No. 3 

The matrix elements of the Hamiltonian for the Coriolis 
interaction between v4 and 2v3 are expressed as 

{vz = 2,J,K\He\v,= 1, / = ± 1 , J,K±l} 

= ± f 3 3 4 [ / ( y + i ) - * ( t f ± i ) ] 1 / 2 . 

The C334 value is obtained from the £334 value by this 
relation:10) 

£334 = ( ^ = ) [ ( ^ / ^ 3 ) 1 / 2 + (vJv,)^]B^. 

By considering the x-y Coriolis interaction, the standard 
deviation value was reduced from 0.0024 c m - 1 to 
0.0012 cm - 1 . The final interaction parameters 
obtained a re : |£3 3 4 | =0 .03185 + 0.00054 cm" 1 and 
|C334 | =0 .065 . Other molecular constants did not 
change their magnitude very much, except for f}\ and 
rjl. These values were obtained to be (6.94+0.32) X 
lO-^cm- 1 and ( — 1.30+0.24) x 10"7 cm"1 , respec­
tively. As this treatment of the x-y type Coriolis 
interaction is not complete, we have listed the molec­
ular constant values which were obtained without 
considering this interaction in Table 1. However it 
must be concluded that the interaction parameter 
|C334 | takes the value of about 0.065 and that the 
molecular constants given in Table 1 are not affected 
much by the neglect of this type of interaction. 

The authors are grateful to Dr. J u n Nakagawa of 
Hiroshima University for his helpful suggestions about 
the computer program. 
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Phase Transition in Ammonium-rf4 Sulfate as Studied by 
Heat Capacity Measurements between 3 and 3001^ 
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Molar heat capacities were determined of (ND4)2S04 between 2.8 and 301 K. The phase transition at 
223.94±0.03K is of the first-order with a long tail extending down to 160 K. The overall heat and entropy 
of transition are 4270 J mol-1 and 20.35 J K"1 mol-1, respectively, the first-order portion contributing only 40%. 
The contraction of the molar volume at the transition was evaluated as 0.33 cm3 mol"1. The enthaply to mis-
orient ions in an otherwise perfectly ordered lattice was derived from the low-temperature tail of the anomalous 
heat capacity. It was 12.0 kj/mol of (ND4)2S04, in reasonable agreement with 16 kj mol-1 derived from O'Reilly-
Tsang's mean field theory. The present results support the order-disorder mechanism of the transition. 

Ammonium sulfate is probably one of the most 
extensively studied ferroelectric crystals. Its phase 
transition had been known to exist at about —50 °C 
by calorimetric investigations1-3) before the ferroelec-
tricity was discovered by Matthias and Remeika4) in 
1956. Since then reports have been published on its 
properties by such measurements as dielectric,5 '6) cal­
orimetric,5) X-ray7) and electron8) diffractions, neutron 
diffraction,9) infrared10,11) and far-infrared absorption,12) 
neutron13-14) and Raman1 2) scattering, proton10-15"18) 
and deuteron17 '19) magnetic resonance. 

In spite of these studies, the nature of the phase 
transition has not been established; the neutron dif­
fraction studies and the deuteron resonance studies 
gave conflicting interpretations. Thus, Schlemper and 
Hamilton9) stated that both the high- and low-tem­
perature phases were ordered from their neutron dif­
fraction experiments on a single crystal of ( N H 4 ) 2 S 0 4 

whereas O'Reilly and Tsang17) proposed that the tran­
sition is of an order-disorder type from their deuteron 
resonance. Both techniques indicate that there are 
two crystallographically inequivalent ammonium ions 
but the main issue is that whereas the neutron dif­
fraction results can be interpreted by static distortion 
of the hydrogen-bonded ammonium tetrahedra, the 
deuteron resonance has to show a double minimum 
potential on each ammonium across the mirror plane 
in the high-temperature phase. O'Reilly and Tsang20) 
then developed a molecular field theory based on a 
three-sublattice model involving disorder of sulfate 
ions. High resolution inelastic neutron scattering ex­
periments14) also support the dynamic order-disorder 
model. 

More recently, an X-ray diffraction study21) sug­
gested strongly that the low-temperature phase of 
(NH 4 ) 2 S0 4 was more properly described as a fer-
rielectric state in which the two types of inequivalent 
ammonium ions might assume separate order param­
eters. Peculiarity of the spontaneous polarization26) 
at low temperatures and smallness of the Curie-Weiss 
constant in the high-temperature phase were also the 
reason to suspect the crystal to be ferrielectric at low 

t Contribution No. 12 from Chemical Thermodynamics 
Laboratory, Faculty of Science, Osaka University. 

tt Present address: Department of Chemistry, University 
of Utah, Salt Lake City, Utah 84112, U.S.A. 

temperatures. 
Previous heat capacity results2'5) are not sufficiently 

accurate for detailed examination of the transition; 
the measurements reported in this paper are consistent 
with the order-disorder model of the transition. 

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

Material. Ammonium sulfate (Nakarai Chemicals, 
Ltd., stated purity better than 99.5%) was recrystallized 
from distilled water and dried in vacuo. Ammonium-<f4 

sulfate was prepared by deuterium substitution of the recrys­
tallized (NH4)2S04 in heavy water. Thus, the degassed 
heavy water with various deuterium concentrations (48.1— 
99.8%) was transfered onto solid in a vacuum apparatus 
to prevent pick-up of atmospheric water and then the aqueous 
solution was evaporated to dryness. The deuterium content 
of water which was distilled in vacuo was monitored with 
the integral proton intensity of the high resolution NMR 
at each substitution step. Water thus distilled at the final 
stage was found to have an isotopic purity of 99.6%. The 
(ND4)2S04 crystals thus obtained, however, showed a small 
thermal anomaly at about 250 K on DTA thermogram, 
which was likely to be due to D 2 0 occluded in the (ND4)2S04 

specimen. These crystals were then pulverized and heated 
to 80 °C under vacuum but this small DTA peak did not 

(a) 

5 cm 
i 1 

Fig. 1. Calorimeter vessel, (a) vertical cross-section 
(b) horizontal cross-section. A cap of vessel, B looped 
hook of copper, C gold-plated copper vane, D platinum 
thermometer, E thermometer/heater holder, F lead 
wire outlet, G KARMA heater, H lead wire wound 
non-inductively, I radiation trap, J germanium ther­
mometer, K sleeve for differential thermocouples. 
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disappear completely. Therefore, the (ND4)2S04 crystals 
were dissolved in D20 again, recrystallized by slow cooling, 
separated from the solution by filtration, and dried in vacuo. 
Crystals thus prepared still showed a smaller heat anomaly 
at the same temperature as before, which disappeared after 
several thermal cycles between room temperature and liquid 
nitrogen temperature in a vacuum. Deuterium content 
of this sample was determined to be 99.3% from the deu­
terium content of the water distilled from the last mother 
liquor. Found: N, 19.90; S, 22.95%. Galcd for: N, 19.98; 
S, 22.87%. 

The powder samples were put into the gold-plated copper 
calorimeter vessel which will be described below, in a con­
ventional dry-box to reject atmospheric moisture. Weight 
of specimen used for calorimetry was 48.668 g (in vacuo), 
amounting to 0.34717 mol. 

Calorimeter and Cryostat. The apparatus used was a 
newly constructed cryostat of a design similar to the one 
reported in the literature.22) Some modifications were made 
to permit continuous operation from 2.5 K to 300 K using 
both liquid helium and liquid nitrogen. Once charged 
fully in the lower refrigerant tank, the liquid helium lasted 
for 6 to 10 h according as the upper tank contained solid 
nitrogen or solid hydrogen. 

The calorimeter vessel is made of copper (0.3 mm in 
wall thickness) with 12 vertical vanes of copper (0.2 mm 
thick) as shown in Fig. 1. Both outside and inside were 
gold-plated. The platinum resistance thermometer D (Minco 
Products, Inc., Model S1055-1, Laboratory designation a) 
was fitted to the copper holder E with soft solder around 
which the heater G (double-nylon insulated KARMA wire, 
Driver-Harris Co., B.S. #36) was wound non-inductively 
and fixed with G.E. 7031 adhesive. This thermometer/ 
heater assembly was cast into the re-entrant well of the 
calorimeter vessel with Wood's alloy. Gold-plated radia­
tion shield I covers most of the bottom to reduce direct heat 
exchange between the thermometer and the adiabatic shield 
that surrounds the calorimeter vessel. The germanium re­
sistance thermometer J (CryoCal, Inc., Model GR 1000, 
Laboratory designation s) was fitted into a copper sheath 
snugly with small amounts of silicone grease. The calo­
rimeter vessel thus weighed 91 g including the attachments 
and its inside volume was 76 cm3. In measurements of 
the heat capacity of the (ND4)2S04 sample, helium exchange 
gas less than 3.6xl0_5mol was used for Series from I to 
XII and 1.5 x 10-5 mol for Series from XIII to XV. Equi­
libration rates of the vessel containing (ND4)2S04 varied 
greatly. At temperatures below 20 K, the sample reached 
equilibrium in ten seconds to a few minutes. At higher 
temperatures it took about 15 min for equilibrium, except 
near the ferroelectric transition temperature where it was 
much longer. The sample contributed 23% to the total 
heat capacity at 3 K : the contribution increased to more 
than 60%, above 100 K. 

Temperature Scales. The platinum thermometer (a) 
was used above 14 K and the germanium thermometer 
(e) below 15 K. They were calibrated prior to the meas­
urements of heat capacity. 

The temperature scale of the thermometer a was fixed 
based on the 1968 International Practical Temperature 
Scale (IPTS 68). The necessary resistance values at the 
eight defining fixed points from 13.81 to 373.15 K were 
obtained by comparison with the Leeds & Northrup plati­
num thermometer (Model 8164) whose scale was determined 
at the U.S. National Bureau of Standards on IPTS 68. 
The thermometer a proved to satisfy the condition for the 
SPRT; i?(100oC)Aff(0°C)^1.3925. The necessary coeffi-

\-\ \ I I I I I l I I I I M I I-I 
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^ .0 h - o C& o ^ - ^ 0—oo o^—Q0 ^-_j 

9 i L o , ,—— 1 
.2 \— o0/ > ± 3 m K -A 

q LL / _J 
' i i i h f I i 1 i i i i 1 i M i I H 

0 5 10 15 
T/K 

Fig. 2. Percent deviation (PDR) of calibration points 
from the smooth values of the germanium temperature 
scale. 

cients for the IPTS 68 scale below 0 °G were calculated 
according to the standard procedure.23) To obtain the 
scale between 0 and 100 °G, the resistance values were meas­
ured from 255 to 380 K at intervals of 5 K instead of deter­
mining the value at the freezing point of tin or zinc. Ob­
served values of temperatures based on the IPTS 68 and 
the resistances were fitted to the following empirical formula; 

R(t) = R(0){l+At + B t*+C(t~lOO)P}, 

where t= r68-273.15. 
The germanium thermometer e was compared with the 

germanium thermometer (the same model, laboratory desig­
nation y) which had been calibrated in our laboratory using 
the helium vapor pressures and gas thermometry on the 
IPTS 68. Resistance value of the thermometer e was about 
1 kQ at 4.2 K and the calibration current of 5.7 \JA was 
chosen to avoid the adverse effect of self-heating. To obtain 
the interpolation formula, a series expansion of the type 

log/2=S^i(logr)*+* 
i 

was used to fit the calibration data. The variance V given 
by 

M 
(M-l)V2 = S {Äy(observed)-^(smoothed)}2, 

7 = 1 

where M ( = 38) is the number of calibration points, and 
the temperature dependences of the first and second deriv­
atives of log R with respect to log T were employed as a 
measure of fitting. The best fit was obtained when the 
power k-\-i of the first term was taken as —2 and the number 
of the series expansion terms as 10. The temperature de­
termined by the thermometer e deviated less than 5 mK 
from the thermodynamic temperature between 1.8 and 15 
K as shown in Fig. 2. 

Results and Discussion 

The experimental molar heat capacity is given in 
Table 1 in chronological sequence at the mean tem­
peratures of determination. The temperature incre­
ment in each measurement was small as seen from the 
differences in the adjacent mean temperatures and 
hence no curvature correction was made. Corrections 
were not made either for the contribution from the 
helium exchange gas in calculating the heat capacity 
values because of negligible contribution. Scattering 
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T A B L E 1. M O L A R HEAT CAPACITIES OF (ND 4 ) 2 S0 4 

Weight of specimen 48.668 g. Molecular weight 140.18. IPTS-68. 

T 

~KT 
Cp 

J K-1 mol-1 

Series I 
58.928 
60.517 
62.272 
64.032 
65.698 
67.403 
69.071 
70.609 
72.192 
73.746 
75.274 
77.041 
78.705 
80.170 
81.710 
83.310 
85.039 
86.765 
88.435 
90.147 
91.910 
93.689 
95.464 
97.234 
99.020 

100.823 
102.703 
104.572 
106.456 

47.25 
49.09 
51.04 
53.09 
54.97 
56.85 
58.82 
60.50 
62.19 
63.87 
65.57 
67.49 
69.34 
70.88 
72.74 
74.17 
76.03 
77.82 
79.45 
81.13 
82.97 
84.96 
86.43 
88.09 
89.76 
91.51 
93.18 
95.04 
96.64 

Series II 
106.111 
107.979 
107.848 
111.738 
113.643 
115.560 
117.493 
119.437 
121.401 
123.386 
125.397 
127.429 
129.478 
131.546 
133.610 
136.073 
138.614 
140.823 
142.997 
145.136 
147.530 
149.855 
151.916 
154.054 
156.257 

96.31 
97.98 
99.63 

101.34 
103.20 
104.54 
106.33 
108.07 
109.77 
111.16 
113.70 
114.96 
116.96 
118.66 
120.52 
122.61 
124.75 
126.89 
128.65 
130.53 
132.60 
134.50 
136.22 
138.12 
140.10 

158.533 
160.864 
163.162 
165.438 
167.696 
169.437 
172.152 

Cp 

J K-1 mol"1 

142.34 
144.48 
146.75 
149.03 
151.32 
153.72 
155.84 

Series III 
161.730 
163.626 
165.597 
167.634 
169.640 
171.618 
173.571 
175.496 
177.392 
179.268 
181.110 
182.939 
184.748 
186.530 
188.293 
190.117 
191.999 
193.861 
195.692 
197.494 
199.285 
201.062 
202.812 
204.535 
206.229 
207.882 
209.515 
211.123 
212.699 
214.247 
215.832 
217.381 

144.67 
146.68 
148.74 
150.88 
152.89 
155.24 
157.23 
159.48 
161.81 
163.90 
165.88 
168.13 
170.72 
173.30 
175.73 
178.43 
181.54 
184.63 
188.33 
191.16 
194.80 
198.68 
202.79 
207.06 
211.27 
214.99 
219.23 
224.11 
229.43 
234.81 
239.68 
249.53 

Series IV 
(Transition 

204.289 
205.812 
207.387 
208.939 
210.466 
211.959 
213.422 
214.928 
216-397 
217.766 
219.097 
220.391 
221.642 

region, 
run 1) 

205.81 
209.74 
214.12 
218.56 
222.70 
227.18 
233.37 
238.64 
247.09 
254.84 
262.68 
273.24 
286.11 

T 
IT 

222.842 
223.675 
223.934 
223.973 
224.291 
225.365 
227.013 

cp 
J K"1 mol-1 

304.90 
939.0 

17323 
11975 

704.52 
177.25 
175.99 

Series V 
(Transition . region, 
run 2. continuous 
heating) 

Series VI 
226.035 
227.674 
229.314 
230.872 
232.503 
234.210 
235.985 
237.827 
239.670 
241.517 
243.450 
245.456 
247.394 
249.345 
251.436 

175.34 
175.31 
175.89 
175.90 
176.53 
176.71 
176.78 
177.47 
177.90 
178.71 
179.44 
179.51 
180.36 
180.83 
181.59 

Series VII 
251.347 
253.364 
255.769 
258.315 
260.849 
263.129 
265.391 
267.893 
270.474 
273.136 
275.800 
278.443 
281.145 
283.912 
286.676 
289.426 
292.244 
295.120 
298.051 
301.049 

181.54 
182.32 
182.99 
183.76 
184.54 
185.00 
186.08 
187.13 
187.74 
188.73 
189.40 
190.13 
191.71 
192.02 
193.05 
193.96 
194.77 
195.62 
196.67 
197.74 

Series VIII 
(Transition 

210.335 
211.674 
213.135 
214.564 
215.965 

region, 
run 3) 

223.03 
227.11 
232.13 
238.37 
242.98 

217.347 
218.696 
220.010 
221.282 
222.502 
223.499 
223.921 
223.956 
223.998 
224.539 
225.922 
227.655 
229.387 

Cp 

J K ^ m o l - 1 

250.33 
259.07 
269.11 
281.20 
297.61 
482.00 

12020 
14578 
8796.6 

356.40 
175.58 
175.74 
175.90 

Series IX 
(Transition region, 
run 3 and 4. conti­
nuous heating) 

Series X 
14.104 
15.134 
16.220 
17.664 
20.500 
23.827 

1.839 
2.313 
2.885 
3.784 
5.903 
8.765 

Series XI 
14.033 
14.927 
16.724 
17.722 
18.911 
20.191 
21.398 
22.526 
23.604 

1.806 
2.201 
3.184 
3.818 
4.646 
5.619 
6.593 
7.559 
8.522 

Series XII 
24.117 
25.106 
26.086 
27.166 
28.325 
29.299 
30.243 
31.299 
32.453 
33.698 
34.990 
36.283 
37.493 
38.694 
40.063 
41.536 
42.917 
44.259 
45.608 
47.005 
48.487 

9.017 
9.949 

10.90 
11.94 
13.05 
14.02 
15.02 
16.11 
17.25 
18.47 
20.20 
21.78 
23.21 
24.48 
25.89 
27.45 
28.45 
30.44 
31.95 
33.49 
35.20 

49.969 
51.380 
52.738 
54.058 
55.344 
56.600 
57.940 
59.351 

cp 
J K- 1 mol-1 

36.92 
38.52 
40.08 
41.54 
43.07 
44.50 
46.06 
47.68 

Series XII I 
3.121 
3.546 
3.988 
4.411 
4.807 
5.183 
5.571 

0.0121 
0.0193 
0.0270 
0.0401 
0.0504 
0.0625 
0.0798 

Series XIV 
2.814 
3.117 
3.439 
3.756 
4.066 
4.368 
4.692 
5.005 
5.334 
5.669 
6.064 
6.502 
7.003 
7.579 
8.307 
9.179 

10.203 
11.374 
12.523 
13.637 

0.0083 
0.0113 
0.0167 
0.0221 
0.0294 
0.0348 
0.0450 
0.0547 
0.0725 
0.0847 
0.1014 
0.1260 
0.1567 
0.2014 
0.2747 
0.3905 
0.5751 
0.8543 
1.191 
1.605 

Series XV 
3.948 
4.237 
4.521 
4.812 
5.192 
5.675 
6.194 
6.765 
7.392 
8.165 
9.015 
9.910 

10.841 
11.747 
12.605 
13.461 
14.362 

0.0253 
0.0346 
0.0422 
0.0535 
0.0699 
0.0850 
0.1081 
0.1405 
0.1855 
0.2592 
0.3683 
0.5179 
0.7174 
0.9549 
1.217 
1.526 
1.938 
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TABLE 2. THERMODYNAMIC FUNCTIONS OF (ND4)2S04 TO 300 K 

T (H°T-H°U)T-1 -(GT-H°)T-i 
J K-1 mol-1 

0.0546 
0.5353 
2.233 
5.467 
9.833 

14.75 
20.14 
25.69 
31.22 
36.79 
48.26 
59.76 
70.77 
81.08 
90.75 
99.86 

108.61 
117.30 
126.01 
134.52 
143.59 
153.60 
164.76 
178.29 
196.49 
221.0 
269.1 
175.8 
178.0 
181.1 
184.4 
187.6 
190.8 
194.0 
197.3 

188.5 
196.6 

J K-1 mol-1 

Ö.0180 
0.1584 
0.6456 
1.695 
3.367 
5.589 
8.261 

11.31 
14.66 
18.23 
25.95 
34.27 
42.98 
51.91 
60.96 
70.04 
79.11 
88.14 
97.16 

106.14 
115.11 
124.11 
133.20 
142.45 
152.03 
162.18 
173.38 
190.67 
198.19 
205.52 
212.69 
219.71 
226.59 
233.34 
239.97 

221.88 
238.74 

J K-1 mol-1 

0.0135 
0.1208 
0.4999 
1.308 
2.561 
4.178 
6.068 
8.174 

10.43 
12.78 
17.73 
22.94 
28.23 
33.54 
38.78 
43.92 
48.95 
53.87 
58.72 
63.49 
68.20 
72.93 
77.72 
82.64 
87.85 
93.58 

100.27 
112.76 
115.43 
117.99 
120.49 
122.91 
125.28 
127.59 
129.86 

123.66 
129.44 

J K-1 mol-1 

0.0045 
0.0376 
0.1457 
0.3871 
0.8061 
1.411 
2.193 
3.139 
4.230 
5.450 
8.213 

11.34 
14.74 
18.38 
22.18 
26.12 
30.16 
34.27 
38.44 
42.65 
46.90 
51.18 
55.48 
59.81 
64.18 
68.61 
73.11 
77.91 
82.76 
87.53 
92.20 
96.80 

101.31 
105.75 
110.11 

98.22 
109.30 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 

273.15 
298.15 

of results was within 15 % below 8 K, decreasing to 
2 % between 8 and 15 K, within 1 % between 15 and 
50 K, and 0 . 5 % above 50 K. When our results are 
compared with the data by Nitta and Suenaga,2) 
their values are found systematically larger than ours 
by 1 3 % in the low-temperature phase and by 8 % 
in the high-temperature phase. Hoshino et al.5) also 
reports values too large by 2 4 % at 200 K and 1 5 % 
at 250 K in a similar manner to the case of NH 4 HS0 4 . 2 4 ) 
The entire heat capacity curve is shown in Fig. 3. 

The thermodynamic functions were evaluated from 
the smoothed values of the heat capacity and are sum­
marized in Table 2 at rounded temperatures, in­
cluding the contributions from the heat capacity below 
3 K and near the transition region which will be dis­
cussed later. 

Low Temperature Heat Capacity. From the CpT~3 

versus T2 plot, the heat capacity values below 5 K 
were estimated by using the formula, 

104 CPT~* = 4.28 ± 0.04 + 0.003 T2, 
where Cp is in the units of J K - 1 m o l - 1 and the coef­
ficient of the second term has an uncertainty of about 
2 0 % . This coefficient is smaller by a factor of 25 
than that of ( N H 4 ) 2 S 0 4 for which it is 0.08. The 
Debye temperature a t 0 K was found to be 238.8±0.7 
K for 9N degrees of freedom and 165.6±0.5 K for 
3N degrees of freedom. 

'Normal' Behavior. We now at tempt to separate 
the 'normal ' portion of the observed heat capacity 
in order to assess the 'abnormal ' portion associated 
with the phase transition and to see to what extent 
the normal portion may be rationalized in terms of 
harmonic vibrational spectrum. The best practical 
way in which to find the temperature at which the 
abnormal contribution begins to be seen is to plot 
the equivalent Debye temperature 0D as a function 
of temperature (see Fig. 4) and then draw a smooth 
curve ignoring the transition region. The normal por-
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T 

K 

T A B L E 3. ESTIMATED NORMAL HEAT CAPACITIES OF ( N D 4 ) 2 S 0 4 AT ROUNDED TEMPERATURES 

Cp T Cp T Cp T Cp 

J K ^ m o l " 1 K J K ^ m o l - 1 K J K ^ m o l " 1 K J K"1 mol"1 

95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 

85 
90 
95 
99 
104 
108 
112 
116 
119.9 
123.5 
127.0 

150 
155 
160 
165 
170 
175 
180 
185 
190 
195 
200 

130.4 
133.7 
136.9 
140.0 
143.0 
145.9 
148.7 
151.4 
154.0 
156.5 
159.0 

205 
210 
215 
220 
225 
230 
235 
240 
245 
250 
255 

161 
163, 
165, 

168, 
170, 
172, 
174, 
176. 
178, 
180. 
182.1 

260 
265 
270 
275 
280 
285 
290 
295 
300 
305 
310 

184.0 
185.8 
187.5 
189.2 
190.9 
192.5 
194.0 
195.5 
197.0 
198.3 
199.7 

100 

T / K 

200 

200 
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20 

Fig. 3. Measured heat capacities of (ND4)2S04. 

tion of the heat capacity thus obtained is given in 
Table 3. 

We may divide a total of 45 N degrees of freedom 
into the 9N lattice vibrational modes, 3N librational 
modes of S0 4

2 ~, 6N librational modes of ND4+, 9N 
internal modes of S 0 4

2 _ and 18 internal modes of 
ND 4

+ , assuming that the intermolecular interactions 
are much weaker than the intramolecular interaction. 
The lattice vibrational contributions to the normal 
heat capacity may be derived from a Debye function 
with 0 D ( O K ) = 2 3 8 K . Other contributions can be 
estimated from the fundamental frequencies observed 
in the infrared and far infrared absorption spectra 
and also the R a m a n scattering; that is, for N D 4

+ , 
y1(A1)=2220, *a(E) = 1215, * 3 (F 2 )=2390, i>4(Fa) = 1032, 
?>L=260 and for S0 4

2 ~, ^ ( A J - 9 7 3 , ?>2(E)=452 and 
464, vj(Fa) = 1110, * 4 (F 2 )=614 and 626, ^ = 1 0 2 and 
130 in units of cm - 1 . Assuming that the librational 
modes of cations and anions are dispersion-less, the 
sum total of their modes accounts for most of the normal 
heat capacity above 120 K. However, such estima­
tion exceeds the observed by about l O J K ^ m o l - 1 

at 80 K, which is outside of the experimental error. 
The anharmonic effects are usually too small to be 
seen at this temperature and, therefore, the discrepancy 
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Fig. 4. Assessment of 'normal' heat capacities by the 
use of Debye temperature 0D. Open circles for 
(ND4)2S04 and filled circles for (NH4)2S04. 

probably comes from inadequacy of the Debye ap­
proximation for the 9N degrees of freedom. The 9N 
degrees of ' lattice' freedom can further be divided 
into 3N acoustic modes and 6N optical modes. Since 
the translational optical mode frequencies are nearly 
independent of their wave vectors, compared with the 
acoustic modes, we tried to fix the average frequency 
of these optical modes by means of an Einstein func­
tion. As to the acoustic modes the value of 0D(O K) = 
165.6 K was used in the Debye approximation for 
3N degrees of freedom. The best fit was obtained 
when the average optical frequency was chosen to 
be 185 ± 5 cm - 1 . This value is consistent with the 
broad far infrared bands centering at 180 and 200 
c m - 1 which are assigned as the translational modes 
of N D 4

+ by our preliminary study25) shown in Fig. 5. 
This value also shows a good agreement with the 
broad peak at 2 0 0 ± 1 6 c m _ 1 in the neutron inelastic 
scattering experiment,13) the assignment of which is 
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Fig. 5. Infrared and far infrared spectra of (ND4)2S04. 

** internal nodes 
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Fig. 6. Breakdown of the normal heat capacity into 
contributions. 

the same as ours. Figure 6 shows the final result 
of the present analysis on the normal heat capacity 
of (ND 4 ) 2 S0 4 . Remaining discrepancy of about 10% 
of the normal Cp value at 200 K (14% at 300 K) 
is partly due to neglected Cp-Cv correction and partly 
due to the onset of anharmonic effects. 

Ferroelectric (Ferrielectric) Phase Transition. The 
transition temperature of (ND 4 ) 2 S0 4 was determined 
from the position of maximum heat capacity as 223.94± 
0.03 K and is compared with previous determinations 
and with the results for ( N H 4 ) 2 S 0 4 in Table 4. There 
is virtually no effect of deuterium substitution on the 
transition temperature. This fact indicates that the 
Gibbs energies on both sides of the transition change 
by the same magnitude upon deuteration. Because 
the modes of motion that suffer from the largest in­
fluence are those related to libration of ammonium 
ions, the potential energy surface which an ammonium 
ion sees when it rotates changes little on passing through 
the transition. In other words, there is little difference 
in the libration frequency between the low- and high-

TABLE 4. TRANSITION TEMPERATURES OF (NH4)2S04 

AND (ND4)2S04 

Tc/K of (NH4)2S04 r c / K of (ND4)2S04 

223. la> 
223.4b> 
223.0e) 
225.7e) 

223.6a) 

223.7e) 
225.2e) 
223.94± 0.03d) 

a) Ref. 2. b) Ref. 3. c) Ref. 5. d) Present research. 
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Fig. 7. Anomalous part of heat capacity. Top 
(NH4)2S04, Bottom (ND4)2S04. 

temperature phases. This is consistent with the fact 
it was possible to draw a continuous smooth curve 
between the normal portions on the 0D vs. T plot 
(Fig. 4). This also leads to an important notion that 
the transition mechanism can not be such as to ac­
company a substantial change in the librational state 
of the ammonium ions. If the ammonium ions are 
to play a leading role in the transition, it will be either 
order-disorder between almost equivalent orientations 
or translational displacement. 

The transition is of first order with a long tail on 
the low-temperature side (down to 0.6 Tc). Other 
properties also show the first-order characteristics, like 
thermal hysteresis,2) molar volume,5) spin-lattice re­
laxation time of NMR,17»19) and spontaneous polariza­
tion.5) The present calorimetric study showed that 
the time for equilibration was extremely long in the 
transition region, as long as three hours. However, 
the latent heat and its corresponding entropy change 
account for only 40 % of the overall heat and entropy 
of the transition (1.8 k j mol" 1 and 8.1 J K " 1 mol"1) . 
The overall shape of the heat capacity anomaly is 
shown in Fig. 7. The inset of Fig. 3 depicts how 
the latent heat portion begins abruptly after very 
gradual rise of the heat capacity. The temperature 
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TABLE 5. ENTHALPY AND ENTROPY OF TRANSITION 

IN (NH4)2S04 AND (ND4)2S04 

T / K 

(NH4)2S04 (ND4)2S04 

A#c ASc AHe ASC 

J mol-1 

3890a) 

J K-1 mol-1 

18a) 
16.7b) 

J mol-1 

3890a> 
4270°) 

J K"1 mol-1 

18a) 
20.35°) 

a) Ref. 5. b) Ref. 3. c) Present research. 

dependence between 0.6 Te and Te is very much like 
that of dielectric anomaly5»6). Table 5 lists the ther­
modynamic quantities of the transition in comparison 
with corresponding results for (NH 4 ) 2 S0 4 . These are 
large, perhaps one of the largest among the ferro­
electric transitions. Shomate3) reported a value of 
16.7 J K - 1 m o l - 1 for the 'excess' entropy of (NH4)2-
S 0 4 which is smaller than our value of 20.4 for 
(ND 4 ) 2 S0 4 by as much as 18%. His value is based 
on an arbitrary assessment of the cnormaP curve 
and it is not possible to deduce from his published 
primary results a quanti ty which may be compared 
with our AS value. However, the 0D curve calculated 
by using the Shomate's results for ( N H 4 ) 2 S 0 4 is su­
perimposable on the 0D curve for (ND 4 ) 2 S0 4 by slight 
vertical displacement (Fig. 4), which fact strongly sug­
gests that what is occurring in (ND 4 ) 2 S0 4 is also oc­
curring in ( N H 4 ) 2 S 0 4 in the same way. 

If we formally apply the Clapeyron-Clausius equa­
tion to the transition excluding the gradual part , we 
obtain a value of 0.33 cm3 m o l - 1 for the volume de­
crease from the low-temperature to the high-temper­
ature phase by using the value27) of dTJdp=— 4.0X 
10~3 K k g - 1 cm2. There is no other data to compare 
with this figure but the almost corresponding quantity5) 
for (NH 4 ) 2 S0 4 is 0.69 cm3 mol-1 . 

Now, we will consider the mechanism of the tran­
sition. From neutron diffraction studies,9) there are 
two kinds of inequivalent ammonium ions, types I 
and I I , in both phases, each of which changes the 
hydrogen bond arrangements as well as the extent 
of distortion from regular tetrahedral structure. The 
most eminent structural feature of the transition is 
the replacement of the mirror symmetry (the ab plane 
of the high-temperature phase) with the two-fold 
screw axis (low-temperature phase). O'Reilly and 
Tsang20) developed a molecular field treatment of the 
transition using three-sublattice model on the basis 
of their experimental results of deuteron magnetic 
resonance17). The theory assumes essentially an order-
disorder mechanism in which the two types of am­
monium ions assume random distribution of two orien­
tations separated by ± 3 0 ° from the mirror plane in 
the high-temperature phase. They also assumed that 
sulfate ions, which occupy the third sublattice, are 
also disordered in a similar manner. They derived 
two energy parameters s and de/dw± by fitting the 
theory to the temperature dependence of the crystal 
volume5) in the low-temperature phase. Here e is 
the energy of a misoriented (antiparallel) pair relative 
to a parallel pair and de/dn± is its dependence on 
the number of the antiparallel pairs. The values they 
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Fig. 8. Plot according to Eq. 1 for determination of 

enthalpy to form defects. 

obtained were £=0 .92 k j m o l - 1 and deldn±=0AQ k j 
m o l - 1 for the case of six nearest neighbors. 

The present thermodynamic results may be com­
pared with the O'Reilly-Tsang theory in two ways. 
In the first place, the overall entropy of the transition 
is expected to be A S = 3 # l n 2 = 17.3 J K " 1 mol" 1 ac­
cording to the three-sublattice, order-disorder model 
in comparison with the experimental 20.4 J K - 1 mol - 1 . 
T h e difference is outside of the experimental error; 
al though there is small uncertainty in the evaluation 
of the 'normal ' portion of the heat capacity, it can 
not account for the difference. Therefore, there must 
be some other small contributions to the entropy such 
as coupling of translational modes of motion with 
librational degrees of the ions. 

The other quanti ty that can be compared with 
the theoretical model is the enthalpy to form a defect 
in the otherwise perfectly ordered structure. Suppose 
an ammonium ion is misoriented to create six 'wrong' 
pairs in the ordered lattice. This process requires 
an additional enthalpy of 6e per ion. Since there 
are three such ions a formula unit, the total enthalpy 
per mole would be h=18e. Let n be the number 
of such defects and the excess heat capacity due to 
this process of defect formation is given by 

ACp = (dAHIdT)p = d(nh)jdT = (n0A2/^r2)exp(-A/^r), 

(1) 
where the Boltzmann relation, 

n = n0 exp (—h/kT), 

has been used. Thus, a plot of ln(7^2ACp) vs. T~x 

should give a straight line whose slope yields a value 
of h. Figure 8 shows such a plot for (ND 4 ) 2 S0 4 and 
the straight line corresponds to 

n/N= 8 8 e x p ( - 1 4 5 1 / r ) , 

which gives h= 12.0 k j m o l - 1 or £=0 .67 k j mol - 1 . 
This is comparable in magnitude with 0.92 k j m o l - 1 

which O'Reilly and Tsang derived. T h e observed 
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points in Fig. 8 begin to deviate from the straight 
line at about 173 K where the fraction of the defects 
reaches 2 % . The deviation reflects the cooperative 
nature of the defect formation, in other words h or 
e depends on the number of defects already present. 

A similar analysis on the Shomate's data on 
( N H 4 ) 2 S 0 4 gave A=12.2 k j mol - 1 , indicating that one 
sees the same phenomenon in the two crystals. 

An at tempt to find the critical index was not suc­
cessful because a plot of lnAC p against ln(T—Tc)ITe 

did not give any straight line region. 
In conclusion, the phase transition, whether ferro­

electric or otherwise, in (ND 4 ) 2 S0 4 consists of a second-
order portion and a first-order portion, the former 
contributing 6 0 % to the total entropy of transition. 
The thermal properties are consistent with the three-
sublattice, order-disorder model proposed by O'Reilly 
and Tsang including disordering of the sulfate ions. 
I t will help understand the mechanism better if the 
quadrupole effects of 1 7 0 resonance may be studied 
in the two phases. 
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For the initial and the medium stage of diffusion, Hill's equation was approximated by the simple polynomi­
al in the form of Mt/Moo^P^Dtjr2)1/2—P2(Dtjr2), where Px and P2 are constants depending on the interval in 
which the approximation is used, while the other symbols have a usual meanings. On the other hand, several 
experimental Mt's were plotted against square root of t, and an experimental formula describing the regression 
curve passing through a discrete set of experimental points, Mt=A0-\- A1t

1/2—A2t, was obtained by means of curve 
fitting with a polynomial of degree 2. From the polynomial approximation and the experimental formula, the 
following equations which are capable of calculating the approximate value of M m and D were obtained. 

{Djr2)V2 « C^PO/W.)> M~ « W P , ) / W i " ) 
Then the method for obtaining more probable values of D and Moo was described, in this method the approxima­
tions to inverse function of Hill's equation and the curve fitting with polynomial of degree 2 were used. 

The diffusion coefficient of a dye into a fiber is 
frequently calculated from the kinetic data of dyeing 
obtained in an infinite ba th using Eq. 1 (Hill's equa­
tion)2) or its approximations.3^ 

Mt , " 4 / 2Dt 
« = l qn \ r M (1) 

where Mt and M « are the quantities of dye taken 
up by a fiber of radius r at time t and equilibrium 
respectively, D is concentration independent diffusion 
coefficient and qn's are positive roots of the Bessel 
function of the first kind of order zero, J0{cn)=0. 

However, it is often difficult to determine a reason­
able value of Moo experimentally, since the decom­
position of dye and the degradation of polymer sub­
strate are apt to occur during a long period of the 
dyeing. Therefore, several studies have been made 
regarding the method of estimating D without using 
Moo.*-?) 

In this paper, we propose a polynomial least-squares 
method which is capable of estimating the probable 
value of D and Moo from several values of Mt deter­
mined at the early stage of dyeing. 

fVa/min1/* 

20 30 

0.2 
[Dt/r2)1/2 

Fig. 1. Curve fitting by least squares with a poly­
nomial of degree 2. 
— • — : Mt=A0+A1t

l/*-A2t, —O—: M,/Moo=&0 

+ (l1(Dt/r2)V2-(l2(Dt/r2). 

Theoret ica l 

For the small and medium values of Dt/r2, Eq. 1 
can be approximated by simple polynomials in the 
form of Eq. 2. 

P1 and P2, the coefficients of the polynomial, depend 
on the interval in which Eq. 2 is used as an approxi­
mation to Eq. 1. T h e values of the coefficients were 
determined by the minimum maximum error tech­
niques as follows: 

Interval Pi \MooJ 

0 < 

0 < 

0 < 

0 < 

Mt 

Moo 

Mt 

MOT 
Mt 

Moo 

Mt 

Moo 

< 0 . 6 

< 0 . 7 

< 0.8 

< 0 . 9 

2.271 

2.277 

2.297 

2.331 

1.122 

1.150 

1.222 

1.352 

±0.0005 

±0.001 

±0.002 

±0.005 

where A (MJ Moo) is the maximum deviation of Eq. 
2 from Eq. 1 in MJMoo in the interval. 

O n the other hand, if the plot of the experimental 
Mt value vs. t1/2 is made as is shown by the solid circles 
in Fig. 1, we can obtain Eq. 3 as an experimental 
formula expressing the rate of diffusion by the curve-
fitting technique: 

Mt « A0 + Afl2 - A2t (3) 

empirical constants, A0, A1} and A2) are determined 
in order to minimize S: 

S= S { M { € - ( A + ^ i ^ / 2 - ^ i ) } 2 

i=0 
(4) 

where, the data at origin (£=0, M t /Moo=0) are 
weighted by a factor of ten. This weighting makes 
A0 negligible and reduces the effect of the experimental 
error in the Mt determined at the early stage of dyeing 

file:///MooJ
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TABLE 1. EXAMINATION OF THE ACCURACY OF THE 

DIFFUSION COEFFICIENT ESTIMATED BY 

POLYNOMIAL LEAST-SQUARES METHOD 

Time of 
dyeing 

min 

t1/2 

min1/2 

Mf) 
Arbitrary 

unit 
Mf) 
Moo 

/ Dt \ 1 / 2 c) 

0 0 0 
20.45 4.523 0.1000 
85.53 9.248 0.2000 

202.07 14.215 0.3000 
379.35 19.477 0.4000 
630.58 25.111 0.5000 
976.31 31.246 0.6000 

1453.42 38.124 0.7000 
^ 0 = 0.000095 
^ = 0.022785 
^2 = 0.00011544 

Moo = 0.99754
d> 

0 0 
0.10025 0.04533 
0.20049 0.09272 
0.30074 0.14254 
0.40099 0.19532 
0.50123 0.25184 
0.60148 0.31340 
0.70173 0.38252 
& 0 = -0.000094 
Q,i = 2.2786 
Q,a=1.1549 

Moo=1.0003 
(D/r2)V2 = 0.01003! (D/r2)1/* = 0.009996 

min-i/a d) min"1/2 

a) Calculated by Eq. 1 using Moo =1.0000 and (Dj 
r2) Va = 0.01 min-V*. b) Calculated by using Moo = 
0.99754. c) Calculated using the Mt/Moo given in the 
fourth column by Eq. 7. d) Calculated by Eq. 6 us­
ing P1 = 2.277 and P a = 1.150. 

on the value of D estimated by this method. 
A comparison of Eqs. 2 and 3 gives: 

V̂» A2P, m Af2 

Mo 
A^P, 

(5) 

(6) 

Equation 5 enables us to estimate an approximate 
value of D without using Moo. The appropriate Px 

and P 2 values in Eq. 5 are selected as follows. T h e 
rate of dyeing data given in the columns from the 
first to the third of Table 1 were calculated by Eq. 1 
using (Z)/r2)V2=0.01000min-1 /2 a n d M » = 1.000 (ar­
bitrary unit) in order to examine the accuracy of 
D, estimated by this method. From the data given 
in the second and the third columns of Table 1, A0= 
0.000095, ^ = 0 . 0 2 2 7 8 5 , and A2=0.000\1544 are ob­
tained as the empirical constants in Eq. 3 by means 
of curve fitting with a polynomial of degree 2. For 
this case, if we use ^ = 2 . 2 7 1 and P 2 = 1.122 (suitable 
for MJMoo=0—0.6), we get Moo=0.9784 by Eq. 
6. By dividing the values of Mt by the Moo value 
obtained above, we can estimate that the M/s range 
about Mt/Moo = 0—0.715 and that the appropriate 
P j and P 2 values are that for MJMoo=0—0.7. 
Similarly, if P 1 = 2 . 2 9 7 and P 2 = 1.222(suitable for MJ 
Moo=0—0.8) are used at first, we get Afoo« 1.0416 
and find that Px and P 2 for MJMoo = 0—0.7 are 
suitable for this case. T h e appropriate P1 and P 2 

values are thus determined. By using P 1 = 2 . 2 7 7 and 
P 2 = 1.150 which are suitable for MJMoo=0—0.7, 
approximate values, (Z>/r2) V2 = 0.01003 min-V2 and 
Mco=0.9975, are obtained by the use of Eqs. 5 and 6 
respectively. This result shows that the use of ap­
propriate Px and P 2 values gives an accurate value 

of D in Eq. 5. However, we can not always use values 
of P j and P 2 as appropriate as in the case of simulation 
described above, so that, in most cases, further calcu­
lations are required to get a more probable value of 
D, as will be described below. 

An accurate value of (Dtjr2) i/2 yielding a given value 
of MJMoo in Eq. 1 can be obtained by the use of 
Eq. 7 or 8, which were derived by means of the method 
described by Hastings8) as the approximations to the 
inverse function of Eq. 1. 

For M J Moo < 0.855, 

0.44292M- 0.480014M2 + 0.069127M3 Dt \V2 

r2 ) 1-1.282686M+0.31912M2 

For 0.855 <MJMoo<0.998, 

\V2 f 0.36839+ ln(l m -M) 
5.7836 

1/2 

(7) 

(8) 

where M=MJMoo; the maximum deviation of Eqs. 
7 and 8 from the inverse function of Eq. 1 in (Dt/ 
r2)V2 a r e w i t h in ±0.000015 at the each interval. 

By dividing the experimental Mt values by the 
Moo estimated by Eq. 6, we can get the series of 
MJMoo values given in the fourth column of Table 
1. The value of (Dt/r2)1/2 yielding each MJMoo in 
Eq. 1 is obtained by the use of Eq. 7 or 8 as is shown 
in the fifth column of Table 1. The set of da ta : 
{{Dtjr2), MtJMoo, i=0,\,2,~-n} is thus obtained. 
If the data are plotted as is shown by the empty circles 
in Fig. 1, we can get Eq. 9 as a regression equation 
passing through these points by means of the curve-
fitting with polynomial of degree 2, where the data 
at origin, {(Dt/r2)1/2=0, M J M o o = 0 } , are also weight­
ed by a factor of ten. 

Mt 

Moo -a.-^)"-^) (9) 

Cl iJ Q.2J a n d £Lo a r e t r j e regression coefficients and 
constant respectively. 

A comparison of Eqs. 3 and 9 gives: 

"" ^ (.0) m A&2 

a n d : 

Mo 
A^Qz 

:n: AAS' 
More probable values of D and Moo are obtained 
by the use of Eqs. 10 and 11 respectively. For ex­
ample, from the data given in the fourth and fifth 
columns of Table 1, the regression coefficients, Q,i = 
2.2786 and Q, 2 = 1.1549, are obtained by means of 
the curve-fitting with polynomial of degree 2. By 
inserting this values into Eqs. 10 and 11, we get (Dj 
r2)V2=0.009996 min-va and Moo =1.0003 respectively. 

If we repeat the calculations described above using 
the Moo value obtained by means of Eq. 11 and the 
experimental Mt's, we can get a far more probable 
value of D, e.g., in the case of the Mt's given the third 
column of Table 1, Q, 1 = 2.2784 , £ 2 = 1 . 1 5 4 0 and {Dj 
r2)i/2=0.010003 and M « = 0 . 9 9 9 7 9 . However, taking 
into account the precision with which the experimental 
Mt's can be obtained, repeated calculations are not 
required in most cases if the appropriate P1 and P 2 
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TABLE 2. ESTIMATION OF THE DIFFUSION COEFFICIENT OF G.I. DISPERSE VIOLET 1 INTO POLY (ETHYLENE 

TEREPHTHALATE) FIBER AT 95 °G FROM THE INITIAL SORPTION DATA OF DYEING 

Time of 
dyeing 

h 

0 
1 
2 
5 

12 
25 
45 
70 

285 

409 

t1/2 

minVa 

0 
7.75 

10.95 
17.32 
26.83 
38.73 
51.96 
64.81 

Mt 

(mol/kg) X 10-2 

0 
0.40 
0.53 
0.81 
1.25 
1.78 
2.26 
2.73 

4.11 

4.38 

M,a> 
Moo 

0 
0.0904 
0.1197 
0.1830 
0.2824 
0.4021 
0.5105 
0.6167 

(^-r 
0 
0.04077 
0.05434 
0.08427 
0.13320 
0.19591 
0.25729 
0.32330 

Mt
 c> 

Moo 

0.091 
0.121 
0.185 
0.285 
0.406 
0.516 
0.623 

0.938 

DA) 
( cm^min-^x lO- 1 1 

Average = 

1.30 
1.16 
1.12 
1.16 
1.21 
1.16 
1.18 

1.12 

= 1.18 

a) Calculated by using Moo = 4.427 X 10 -2 mol/kg. b) Calculated using the MtjMoo given in the fourth column 
by Eq. 7. c) Calculated using Moo = 4.38 X 10~2 mol/kg. d) Calculated using the MtjMoo given in the sixth 
column by Eq. 7 or 8. 

values are used in Eq. 6. 
The results of simulations using Mt's including ex­

perimental error show that the value of D estimated 
by this method is insensitive to the error in Mt a t 
the early stage of diffusion, but relatively sensitive 
to that at the later stage. Therefore, by increasing 
the accuracy of the Mt determined a t the last two or 
three points of measurement, we can get an accurate 
value of D without using Moo. 

Exper imenta l 

Materials. The dye used was purified C.I. Disperse 
Violet 1 (1,4-diaminoanthraquinone, mp: 271—272 °C, 
Found: N, 11.9%, Calcd for: N, 11.8%). The crystal 
of the dye was grounded in a ball mill with a dispersing 
agent for 48 h and then dispersed in water. The dispersing 
agent was thus removed from the dispersion by the use of 
a membrane filter (average pore size: 0.65 urn). The dis­
persion containing 0.5 g/1 pure dye was used for dyeing. 

The fiber used poly (ethylene terephthalate) spun yarn 
(40 s, pretreated in boiling water for 2 h, r = 6 . 7 9 x l 0 - 4 

cm). 
Determination of Rate of Dyeing. About 10 mg of the 

fiber was dyed in the dye dispersion of one liter for a certain 
period at 95 °C using an apparatus similar to that used by 
Peters et a/.9> The dyed fiber was rinsed with cold acetone 
to remove the surface dye. Then the dye on the fiber was 
extracted with hot chlorobenzene, and the amount of dye 
in the fiber was determined colorimetrically using a Hitachi 
101 spectrophotometer. 

All the calculations were made using a Canon SX 110 
programmable calculator. 

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

The kinetic data of the dyeing were determined 
to be as given in the first three columns of Table 2. 
From the set of data given in the second and third 
columns of the table, the values of the empirical con­
stants in Eq. 3 were calculated to be Ax=0.050109 
and A2=0.0001234 respectively by means of the poly­
nomial least-squares method. Consequently, approxi­

mate values of (Z)/r2)1/2«0.004984 min-V^ a n d M „ « 
4.427 X 10~2 mol/kg were obtained by the use of Eqs. 5 
and 6, where P 1 = 2 . 2 7 1 and P 2 =1 .122 were used. 
If we use P 1 = 2 . 2 9 7 and P 2 = 1.222, which are suitable 
for MjMoo=0—0.8, we get Mco«4 .71 3 x 10-2 mol/ 
kg from Eq. 6. However, by dividing the experimental 
Mt's by the Moo obtained above, we find that the 
values of M J Moo range about 0—0.58 and that the 
appropriate Px and P 2 values for this case are 2.271 
and 1.122 respectively. 

Therefore, the values of M J Moo were calculated 
using Afoo=4.427X 10 - 2 mol/kg and the experimental 
Mt values given in the fourth column of Table 2. 
T h e values of (Dtjr2)1/2 yielding these MJMoo in 
Eq. 1 were calculated by the use of Eqs. 7 or 8, as 
listed in the fifth column. T h e application of the 
polynomial least-squares method to the set of data 
listed in the fourth and fifth columns of Table 2 gave 
these regression coefficients: ( ^ = 2 . 2 6 9 7 and Q_2 — 
1.1164. The substitution of these values into Eqs. 10 
and 11 gave (Z>/r2)1/2«0.005007 min-V*, Z>=1.15 4x 
10- 1 1 cm 2 -min- 1 and Moo»4.410X 10~2 mol/kg respec­
tively. 

If we use the Mt obtained at / = 4 0 9 h as M « , we 
get the values of D given in the last column of Table 
2 by means of the standard method, which gives an 
average value of D = 1.18 X 10 - 1 1 cm2 • min - 1 . This 
value agrees well with the value of D estimated by 
the polynomial least-squares method proposed in this 
paper. 

Conc lus ions 

Since the numerical calculations of Eqs. 7 and 8 
and the curve-fitting with a polynomial of degree 2 
can easily be carried out using one of the programmable 
pocket calculator commercially available today, the 
method of estimating D and Moo from the initial 
sorption data by the polynomial least squares-method 
is relatively simple. The values of D and Moo es­
timated by this method are accurate enough when 
the several experimental Mt's fall in the range wider 
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t h a n MJMoo=0—0.6 a n d e a c h M/s a r e e q u a l l y 

s p a c e d w i t h i n t h e r a n g e . 

R e f e r e n c e s 

1) Par t of this work was presented at the Annual Meeting 
of T h e Society of Fiber Science and Technology, J a p a n , 
held at Tokyo in J u n e , 1979; see Abstr. p . 158. 

2) A. V. Hill, Proc. R. Soc. London, Ser. A, 104 B, 39 (1928). 
3) T . Shibusawa, J. Soc. Dyers Colour., 95, 175 (1979). 

4) H . Inoue and Y. Suda, SenH Gakkaishi, 24, 88 (1968). 
5) J . G. Blacker and D. Patterson, J. Soc. Dyers Colour., 

85, 598 (1969). 
6) N . Choji and M . Karasawa, J. Polym. Sei., Polym. 

Phys. Ed., 15, 1309 (1977). 
7) J . Militky, J. Soc. Dyers Colour., 95, 327 (1979). 
8) C. Hastings, "Approximations for Digital Computers ," 

Princeton New Jersey, Princeton University Press (1955). 
9) R. H . Peters, J . H . Peteropoulos, and R. McGregor, 

J. Soc. Dyers Colour., 77, 704 (1961). 



March, 1981] 913 

© 1981 The Chemical Society of Japan 
N O T E S Bull. Chem. Soc. Jpn., 54, 913—914 (1981) 

X-Ray Photoelectron Spectrum of Cr205 

Takayoshi TSUTSUMI, Isao IKEMOTO, Tatsuru NAMIKAWA,1" and Haruo K U R O D A * 

Department of Chemistry and Research Centre for Spectrochemistry, Faculty of Science, 
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 

t The Graduate School of Engineering and Science, Tokyo Institute of Technology, 
Nagatsuta, Midori-ku, Yokohama 227 

(Received July 2, 1980) 

Synopsis. The X-ray photoelectron spectrum of the 
powder of Gr205 was measured and compared with those 
of the related chromium compounds. It is concluded that 
Gr2Os is a mixed-valence compound having Gr3+ and Gr6+ 

ions, possibly with the ratio of 1:2. 

We have previously studied the X-ray photoelectron 
spectra of G r 0 2 , and related Gr compounds which 
contain Cr3 + , Gr4 + and Cr6*.1) One of the present 
authors (T. N.)2) found that the powder of G r 2 0 5 

can be obtained as an intermediate product in the 
process of preparing the ferromagnetic fine powder 
of G r 0 2 by the hydrothermal decomposition of G r 0 3 

under a high oxygen pressure. The chemical com­
position of this oxide suggests the possibility that Gr 
ions in this oxide are in the valency state of Gr5 + . 
Thus it seemed of great interest to see if Gr ions are 
actually in the state of Gr5 + or in a mixed-valence 
state. We examined the X-ray photoelectron spectrum 
of the powder of Gr 2 O s and found that this oxide is 
a mixed-valence compound having Cr 6 + and Cr 3 + 

ions with a ratio of 2 : 1 . 

Exper imenta l 

The powder of Gr205 was prepared by the following 
method. The powder of Gr0 3 was heated at 350 °G for 
2 h in the ordinary atmosphere, and, after cooled, the prod­
uct was suspended in water to remove water-soluble com­

er 2p Cr3p 

• w . : 

V V ^ M "»V-V^Niv 

• J \ : 
' - V . ' ' \ J 

•t-*»* 

•v • 

• w** A\ 
. : % « / * • * . 

fb) 

lc] 

V'.V-fty A , 
s . • 

/ -. 

*w" v ~»r-! Id) ^•v^y* 

> i » i i L _ J I t i 
590 580 570 50 

Binding energy/eV 

Fig. 1. The X-ray photoelectron spectra of Gr 2p 
and 3p peaks of (a) K2Cr207 , (b) Gr205 , (c) KCr308 , 
and (d) Gr203. 

ponents and ferromagnetic component, the latter being 
removed by applying a magnetic field to the suspension. 
The resultant product Gr205 was filtered off from the sus­
pension and dried. The powder thus obtained was confirmed 
to be Gr205 by means of X-ray diffraction. 

In the present study, we also measured the X-ray photo­
electron spectra of Gr203 , K2Gr2075 and KCr308 . The 
first two compounds were commercially obtained and the 
last one was synthesized according to the literature.3) 

X-Ray photoelectron spectra were measured with a 
McPherson ESGA 36 photoelectron spectrometer using Mg 
Koc (1253.6 eV) as the stimulating radiation. All meas­
urements were done on the powder samples pressed onto 
aluminium plates. Binding energies of photoelectron peaks 
were calibrated by using Au 4f7/2 peak (84.0 eV) of gold 
deposited on the sample. 

In the case of Gr2Os, the X-ray photoelectron spectrum 
was found to change gradually with X-ray irradiation. 
Thus, we collected the photoelectron data only within a 
short measuring time on each fresh sample, and, repeating 
such measurements on many fresh samples, we summed 
up the data to obtain the spectrum which can be regarded 
as the one having been little affected by X-ray irradiation. 

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

The Gr 2p and Gr 3p regions of the X P S spectrum 
of Gr 2 O s are shown in Fig. 1 together with those of 
K G r 3 0 8 , K 2 C r 2 0 7 , and C r 2 0 3 . The observed spectra 
are very much similar between Gr 2 O s and K C r 3 0 8 . 
In these two cases, the Gr 3p peak exhibits a shape 
composed of two component peaks, the Gr 2p3 /2 peak 
exhibits a shoulder at the low binding energy side 
of the main peak, again suggesting that two peaks 
are superimposed on each other, and the Gr 2p!/2 

peak is very broad. All these facts indicate that Cr 
ions of two different valency states are contained in 
Gr 2 O s as well as in K C r 3 0 8 , in other words, these 
materials are mixed-valence compounds. In effect, 
it is known from the X-ray crystal structure analysis 
that there are Gr6 + and Cr 3 + sites with the ratio of 
2:1 in the crystal lattice of KCr308 .4> Thus one can 
regard that, in the XPS spectrum of K G r 3 0 8 , each 
core electron peak associated with Gr ions, is a super­
position of the peaks due to Gr6 + and Cr3 + , respec­
tively. This can be seen in Fig. 1 by comparing the 
spectrum of KGr 3 O g with those of Gr 2 Ö 3 and K 2 C r 2 0 7 : 
G r 2 0 3 contains only Cr 3 + and K 2 C r 2 0 7 contains only 
Gr6+. The fact that the profiles of the Gr 2p and 
Gr 3p peaks of Gr 2 O s are very much similar to those 
of the corresponding peaks of K C r 3 0 8 , suggests that 
Gr 2 O s is also a mixed-valence compound having Gr6 + 

and Cr 3 + sites with a ratio roughly the same as that 
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TABLE 1. XPS GORE-LEVEL BINDING ENERGIES 

OF CHROMIUM COMPOUNDS 

Binding energy/eV 

K2Cr207 Gr205 KCr 3 0 8 Cr 2 0 3 

Gr 2p l / 2 588.9 588.6 588.3 
587.1 586.7 586.5 

Gr 2p3/2 579.6 579.3 579.4 
577.0 577.2 576.6 

Gr 3p 47.4 47.7 47.3 
44.1 43.5 43.8 

O Is 530.3 529.8 530.2 530.6 

in K C r 3 0 8 . 
Using the profiles of the Gr 2p and Gr 3p peaks 

of G r 2 0 3 as those characteristic of Gr3 + ion, and the 
profiles of the corresponding peaks of K 2 C r 2 0 7 as 
those characteristic of Gr6 + ion, we tried to decompose 
the observed Gr 2p and Gr 3p peaks of KGr 3 O g and 
Gr 2 O s into the component peaks due to Gr6 + and 
Cr 3 + ions, respectively. The procedure used here is 
the same as the one which we have adopted in the 
XPS study of organic mixed-valence compounds.5) 

The binding energies of the decomposed peaks are 
listed in Table 1 together with those of the corre­
sponding peaks of G r 2 0 3 and K 2 C r 2 0 7 . In principle, 
one could determine the Gr6 + /Gr3 + ratio from this 
peak profile analysis. The analysis of the Gr 3p 
peak profile of KGr 3 O g gave the Gr 6 + /Gr 3 + ratio as 
2:1 in agreement with the ratio known from the crystal 
structure. In comparison with this, the Cr 6 + /Cr 3 + 

ratio obtained from the analysis of the Gr 2p3/2 peak 
of K C r 3 0 8 was found to be rather anomalous, it being 
1:1 in significant disagreement with the expected ratio. 
I t should be noted that, in the obtained Gr 2p3/2 peak, 
the main peak corresponds to Cr 6 + and its low-binding-
energy shoulder correspond to Gr3+ , and the intensity 
ratio of the Gr6 + component to the Gr3 + component 
will be estimated to be 2—2.5 if we decompose the 
observed peak into the two components naively as­
suming the same peak width for the two components. 
O n the other hand, it becomes 1:1 as we have men­

tioned when we use the Gr 2p 3 / 2 peak profile of 
K 2 C r 2 0 7 for the Gr6 + component and that of G r 2 0 3 

for the Gr3 + component, the peak width of the former 
being significantly smaller than the latter. Seemingly 
it is inadequate to use the peak shapes of K 2 C r 2 0 7 

and G r 2 0 3 for decomposing the observed peak profile 
of a mixed valence compound. Probably we should 
better assume that the peaks of the Gr6 + and Gr3 + 

components are of nearly the same width. The situa­
tion will be the same in the case of Gr 2O s . Since 
the observed profile of the Gr 2p 3 / 2 peak of Gr 2 O s 

is almost exactly the same as that of K G r 3 0 8 , one 
may conclude that the Gr6+/Gr3+ ratio in Gr 2 O s is 
also 2:1 as in KGr 3 O g . The observed profile of the 
Gr 3p peak of Gr 2 O s is slightly different from that 
of K C r 3 O g although they should be the same if the 
Gr 6 + /Gr 3 + ratio is identical between the two compounds 
as we have concluded from the Gr 2p3/2 peak shape. 
This may be due to the situation that, in the case of 
G r 2 0 5 , it is rather hard to obtain the true Gr 3p peak 
profile without having been affected by X-ray irradia­
tion since a considerably long measuring time is neces­
sary to record Gr 3p peak while Gr 2 O s is damaged 
with X-ray irradiation. Since Gr 2p3/2 peak is much 
stronger than Gr 3p peak, the observed 2p peak of 
Gr 2 O s is likely to be more free from the radiation 
damage as compared with the Gr 3p peak. 

In conclusion, the X P S data of Gr 2 O s indicate 
that the chromium ions in G r 2 0 5 is not in the state 
of Cr 5 + but in a mixed-valence state consisting of 
Gr6 + and Gr3 + , presumably with the ratio of 2 :1 . 
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Synopsis. The partial double-bond character of 
the ylide carbon-pyridinium nitrogen bond is discussed 
on the basis of the 1H and 13G NMR spectra of 4-cyano-
(YCN)J 4-methyl- (Ypic), and 3,5-dimethylpyridinium 2-pyrid-
ylcarbonylmethylide (Y lu t). The a-proton signals of the 4-
cyanopyridinium ring of YCN have been separately observed 
at low temperatures, indicating a hindered rotation around 
the ylide carbon-pyridinium nitrogen bond. 

Sulfur and phosphorus ylides can be stabilized by 
the carbanion derea l iza t ion to d-orbitals of the sulfur 
and phosphorus atoms.1 '2) O n the other hand, the 
same effect is usually unexpected in nitrogen ylides, 
because nitrogen has no d-orbitals available for bond 
formation. Pyridinium ylides, however, are unique 
in being stabilized by the carbanion participation in 
the resonance of the pyridinium ring.3) In the course 
of an investigation of the nucleophilic reactivity of 

- + 
several 2-pyridylcarbonylmethylides, C 5 H 4 N C ( 0 ) C H Z 

( Z = S M e 2 , PPh3 , and NC 5 H 4 CH 3 -4) , toward metal 
ions,4-7) we have recently found some unique N M R 
spectral behavior of the substituted pyridinium 2-
pyridylcarbonylmethylides. This paper will discuss the 
configurations of 4-cyano-(YCN), 4-methyl-(Yp ic), and 
3,5-dimethylpyridinium 2-pyridylcarbonylmethylide 
(Y lu t) and the carbanion derea l iza t ion on the basis 
of the I R frequencies and the XH and 13C N M R pa­
rameters. 

The I R spectra of the 2-pyridylcarbonylmethylides 
gave ?>(C=0) bands at fairly low frequencies compared 
with those of common organic carbonyl compounds: 
1529, 1530, and 1530 c m - 1 for Yp i c , Y l u t , and YCN 

respectively, indicating a considerable contribution of 
the canonical structure, B, besides A. Furthermore, 

H' 

A 
X=4-CH. 3,5-(CH3)2, and 4-CN 

assuming that the 2-pyridylcarbonyl group is almost 
planar, the ylides are likely to adopt a configuration 
avoiding some electronic repulsion between the nega­
tively polarized pyridine-nitrogen and carbonyl-oxygen 
atoms. 

The XH and 13G N M R spectra of Yp i c in chloroform-
d are depicted in Fig. 1. The proton signals have 
easily been assigned by comparison with the spectra 
of JV-substituted 2-pyridylmethanimines8) and 2,2'-
bipyridine.9) The 13G-signal assignment has been per­
formed by comparing the chemical shifts with those 
of 2-substituted pyridines10) and the coupling constants 
between 13G and directly bonded hydrogen atoms 
( V ( 1 3 C - H ) ) . 

The ylide-carbon signal is observed at an extremely 
low field (99.1 ô) compared with those of other 

ß-c 

-C 4-C 

UC=0 

2-C Y-C 
a-C 

5-C 

UU 

3-C 
(a) 

i-H 6-H 3-H 4-H a-H 5-H 
ß-H 

7 6 

4 3 

160 140 120 100 5 O L < / 0 - +< 
^ - N N C H — N , 

Ô a jS 

Fig. 1. The 1H (a) and 13G NMR (b) spectra of 
Ypic in chloroform-^. 

related phenacylides and 2-pyridylcarbonylmethylides: 

P h C ( 0 ) C H P P h 3 (50.4<5),U> P h C ( 0 ) C H A s P h 3 (53.13 

<5),12) and P y C ( 0 ) C H S M e 2 (53.8 <5).13) This may be 
due to the strongly electron-withdrawing property of 
the 4-methylpyridinium group, as is shown in the 
resonance contributions, C—E. 

c D 

P y-CW i = + 0 ~ c H 3 

The ylide-proton signal of Yp i0 appears at a fairly 
low field compared with that of 4-methylpyridinium 
phenacylide (6.64 ô) ;14) this is because of the para­
magnetic anisotropy effect of the lone-pair electrons 
of the pyridine nitrogen in the configurations, A and 
B, with the almost planar 2-pyridylcarbonyl group. 
Essentially the same situation was noticed in Y l u t 

(7.46 ô) and 3,5-dimethylpyridinium phenacylide (6.56 

à). 
A characteristic feature is the clear appearance of 

a triplet signal of the ylide proton resulting from spin-
spin coupling with the 14N nucleus (2J(14N-Hylide) = 
2.5 Hz) . Furthermore, it is notable that the a-carbon 
signal, as well as the ylide-carbon signal, appears 
as a well-resolved triplet because of the 14N coupling. 
In Y l u t and 3,5-dimethylpyridinium phenacylide, these 
carbon signals have also been observed as triplets 
( V ( 1 4 N - 1 3 C ) = 8 . 8 and 8.3 Hz respectively). The 
relevant XH and 13G N M R parameters of the ylides 
are summarized in Table 1. 

Previously Phillips and Ratts15) showed that the 
signals of the a-protons of the pyridinium ring of 4-
substituted pyridinium phenacylides are shifted fairly 
downfield compared to those of the a-protons of the 
HBr salts of the phenacylides. These downfield shifts 
were attr ibuted to the deshielding of a-H by the car­
bonyl function, as is depicted in F . This explanation 
may be based on the planarity of both the pyridinium 
ring and the phenacyl group. However, no separated 
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TABLE 1. RELEVANT NMR CHEMICAL SHIFTS (a) 

OF THE YLIDESa> 

6-H a-H a-H 6-G a-G oc-G 

Ypic 8.52 7.50^) 9.61 

Y l u t 8.49 7.46^) 9 > 3 1 

YCN 8.56 7.82 9.39 

147.2°) 
(178) 
147.6e) 
(178) 

à) 

99.1«) 
(183) 
99.2°) 

(185) 

d ) 

133.4 
(189) 
131.3 
(189) 

d ) 

a) Measured in chloroform-d at 24 °G ^ H N M R ) and 
at 34 °G (13G NMR). The spin-spin couplings (V(13C-
1H), Hz) are shown in parentheses, b) 2J(1 4N-1 H) = 
2.5 Hz. c) V(14N-13C) = 8.8Hz. d) Not measured 
because of its poor solubility. 

o<^< 
signals due to a-H and a ' -H were observed, and only 
one signal occurred at an averaged field, because 
of the fast rotation around the ylide carbon-pyridinium 
nitrogen bond. This is the same as with the a-H 
signals of the pyridinium rings of both Yp i c and Y l u t , 
which exhibited the averaged chemical shifts of the 
a-H and a ' -H signals at approximately 9.5 ô even 
at —70 °G in dichloromethane. 

In YCN broad a-H signals are observed at 9.39 ô 
in chloroform-*/ at room temperature. At —50 °G, 
two widely separated a-H signals are noticed, as is 
illustrated in Fig. 2. This indicates the magnetic 
non-equivalence of the two a-protons, which seems 
to be at tr ibutable to the slow hindered rotation around 
the ylide carbon-pyridinium nitrogen bond on the 
N M R time scale. The Gibbs energy of activation 
(AGTc*) for the rotation at the coalescence temperature 
( — 2 0 + 5 °G) has been estimated to be 11.4(±0.3) kcal/ 
mol using the approximate equation.16) The hindered 
rotation may be caused by the partial double-bond 
character of the ylide carbon-pyridinium nitrogen 
bond, which is ascribed to the contribution of the 
canonical structures, C—E. 

Exper imenta l 

Preparation of 4-Cyanopyridinium 2-Pyridylcarbonylmethylide 
(Yen)- 4-Cyanopyridine (1.25 g, 12 mmol) was added 
to a benzene (50 ml) solution of 2- (bromoacetyl) pyridine17) 
(2.0 g, 10 mmol), and the mixture was refluxed for 10 h 
to give white precipitates of YCN-HBr, which were subse­
quently collected by filtration (1.98 g, 66% yield). To an 
aqueous solution (10 ml) of the product was added a 30% 
K 2 C0 3 aqueous solution (50 ml) to separate out red solids 
immediately. They were collected and recrystallized from 
a mixture of dichloromethane/diethyl ether (1/1 vol. ratio) 
to afford red crystals of YCN (0.59 g, 26% yield); mp 168 °C 
(dec). Found: C, 69.95; H, 4.06; N, 18.82%. Galcd 
for C1 3H9N30: G, 70.28; H, 3.77; N, 18.65%. 

The preparation of Ypic and Y l u t is described elsewhere.5) 
Spectral Measurements. The IR and 1H NMR spectra 

were measured as has been described previously.14) The 
13G NMR spectra were recorded in chloroform-^ at 15.03 
MHz, using the pulse Fourier transform technique on a 
JEOL FX 60 spectrometer at 34 °G. The chemical shifts 

a-H 6-H 3-H a'-H 5-H 

4-H ß,ß'-H 

11.0 10.0 9.0 7.0 6 

Fig. 2. Temperature-dependent 1H NMR spectra of 
YCN in chloroform-^ (*; CHC13). 

were measured relative to TMS as the internal standard. 

The author wishes to express his hearty thanks to 
Professor Toshio Tanaka for his continuous encour­
agement throughout this study. 
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Synopsis. The conformation and ^-factors of the 
H2SSH2+ and H2SSH radicals were analyzed by means 
of a restricted open-shell SGF MO method with the semi-
empirical MINDO/3 and INDO approximations, and the 
observed ^-factors of the family of radicals consisting of 
R2SSR2+, R2SSR, and RSSR - were compared on the basis 
of their molecular and electronic structures. 

H 

2.U2 
un.3 110.3 _4^_S u—H 

2.122 M-

Since the principal values of ^-factors correlate 
strongly with the molecular structure of a radical, 
the theoretical analysis of the ^-factors can clarify 
the molecular and electronic structure of the radical. 
We have elucidated the observed ^-factors of the 
H S S H - radical anion in a previous paper.1) Recently, 
much attention has been paid to the structure and 
stability of the S-S cation radicals.2-4) In the present 
study, the ^-factors of the H2SSH2+ and H 2 SSH radicals 
were examined, and the H2SSH2+, H 2 SSH, and HSSH~ 
radicals are compared in terms of their molecular and 
electronic structures. 

The M O ' s of the restricted doublet state were ob­
tained by the use of the approximate SGF version 
proposed by Longuet-Higgins and Pople.5) In the 
previous study of the H S S H - anion,1) the M I N D O / 3 
approximation was used. I t is, however, uncertain 
whether M I N D O / 3 correctly predicts the ^-factors of 
all of the neutral, anion, and cation radicals. Both 
the MINDO/3 6 ) and INDO 7 ) approximations were, 
thus, employed independently for the present calcu­
lation of H 2 SSH 2

+ and H 2 SSH. A more detailed de­
scription of the calculation of the ^-factors has been 
reported elsewhere.8-9) 

H2SSH2+ Radical. The observed £ a v ( = (gl + g 2 +£ 3 ) / 
3) values for the R2SSR2+ radicals are - 2 . 0 1 j2"3-1 0"1 1) 
no principal value has been reported. Since the 12 
protons in Me 2 SSMe 2

+ have equivalent hyperfine 
coupling constants,10) the symmetric structures are 
examined. The M I N D O / 3 optimized H2SSH2+ struc­
tures are I—IV. In all of the I—IV structures, 
the singly-occupied M O (SOMO) is the S-S anti-
boniding ff* orbital. The large gy value of the 
planar structure, I, comes from the contribution of 
the J T ( S - S ) bonding orbital; the highest occupied 
7r*(S-S) orbital makes no contribution because of its 
symmetry property. The other two principal values 
of I, gx and gz, are close to the free-spin value, g f. 
The skewed structure, I I , has two lone-pair orbitals 
at the sulfur atoms; these 3p lone-pair orbitals con­
tribute to the large gy and gz values of I I . These 
electronic structure and ^-factors of I I are very similar 
to those of the H S S H - anion radical.1) In the bent 
structures, I I I and IV, mixing occurs among the o* 
S O M O and the n orbitals. This mixing reduces the 
gy value and gives smaller ga v values for I I I and IV. 

The I N D O optimized structures are shown in Fig. 
2, while their ^-factors are listed in Table 2. The 

H 1 99.8 

• ^ s -

H
 H-, 100.0 

2.195 

111 
Fig. 1. The MINDO/3 optimized structures of the 

H2SSH2+ radical. Bond lengths are in Â, and angles 
are in degrees. 

TABLE 1. THE MINDO/3 ^-FACTORS FOR FOUR OPTIMIZED 

STRUCTURES OF THE H 2 S S H 2 + RADICAL1) 

I II III IV 

£totai/eV - 5 1 5 . 3 7 7 - 5 1 5 . 4 8 3 - 5 1 5 . 9 0 7 - 5 1 5 . 9 0 3 
gK 2.0023 2.0023 2.0022 2.0023 
gy 2.0156 2.0125 2.0067 2.0071 
gz 2.0031 2.0125 2.0018 2.0017 
g&Y 2.0070 2.0091 2.0036 2.0037 

a) The coordinate axes are shown in the optimized 
structures in Fig. 1. 

trend observed in the I N D O ^-factors of I ' — I V is 
similar to that in the M I N D O / 3 ^-factors. 

T h e electronic structure of the H2SSH2+ radical de­
scribed above indicates tha t the gy and g&Y values 
depend largely on the S-S distance. The calculation 
showed that the increase in the ga v values of the planar 
and skewed structures, I and I I , with an increase in 
the S-S distance was larger than that of the bent 
structures. The bent structure I I I with R s _ g =2 .542 
has ^ a v = 2 . 0 1 1 8 . Since the principal values have not 
been reported for the R 2 SSR 2

+ radical, it is difficult 
to derive any ultimate conclusion for the structure 
of the H2SSH2+ radical from the present ^-factor cal­
culation. However, the present analysis of the g-
factors suggests that the planar or skewed structure 
may correspond to the observed R2SSR2+ structures. 
The present calculation shows a large difference in 
the principal values of the planar and skewed struc­
tures; the conformation of the R2SSR2+ radicals may 
be determined if three principal values are deter­
mined experimentally. 

H2SSH Radical. The M I N D O / 3 optimized 
structure of H 2 SSH is V. The calculated principal 
values of this structure are 2.036, 2.002, and 2.002. 
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Fig. 2. The INDO optimized structures of the 
H2SSH2

+ radical. 
Bond lengths are in Â, and angles are in degrees. 

TABLE 2. THE INDO ^-FACTORS FOR FOUR OPTIMIZED 

STRUCTURES OF THE H 2 S S H 9
+ RADICALa> 

£ t o t a i / e V 

gx 

gy 

gz 

gav 

l-H
 

-609.657 
2.0023 
2.0119 
2.0022 
2.0055 

IF 

-609.713 
2.0023 
2.0080 
2.0080 
2.0061 

I IF 

-610.136 
2.0023 
2.0068 
2.0010 
2.0034 

I V 

-610.153 
2.0023 
2.0074 
2.0010 
2.0036 

a) The coordinate axes are shown in the optimized 
structures in Fig. 2. 

Similar results were obtained by the I N D O calcula­
tion; the optimized structure is V , and its ^-factors 
are 2.053, 2.002, and 2.002. The radicals attributed 
to R 2 SSR are H 2 SSH (&=2.066 , £ 2 =2 .025 , gs= 
2.003),12) EtHSSEt ( ^ = 2 . 0 6 3 , £ 2 =2.027 , £3=1.999),13> 
and R C H 2 S S H C H 2 R ( # , = 2.063, £ 2 =2.010 , g3= 
2.000) ,12'14) The two principal values are very large, 
while only one principal value is close to gf. Since 
the two principal values of V and V are very close 
to g{, the V and V structures can not explain the 
observed ^-factors of the R 2 SSR radicals. In the 
solid state, the environment effect may cause a defor­
mation of the molecular structure of the radical. Thus, 
the dependence of the ^-factors upon the conformation 
of H 2 SSH was examined by means of M I N D O / 3 . 
The ^-factors were calculated by changing the S-S 
distance from 2.05 Â to 2.25 Â, the rotation angle 
about the S-S bond from —90° to + 9 0 ° , the S - S - H 
angle from 100° to 140°, or the bending angle of the 
H 2S group from 0° to 60°. In all the conformations 
considered, the second largest principal values was 
less than 2.007. The results of this examination sug­
gest that the observed principal values are possibly 
reproduced by the conformation with a very large 
SSH angle. The structures in Fig. 4 are the con-

Fig. 3. The MINDO/3(V) and INDO(V') optimized 
structures of the H2SSH radical. 

\ H 

60 180 

2.17 

VI 

2.26 

VI' 

Fig. 4. The MINDO/3 (VI) and INDO (VF) structures 
of the H2SSH radical which give the best agreement 
between the calculated and observed ^-factors. 

formations for which the best agreement between the 
calculated and observed values was obtained. The 
^-factors of V I are 2.066, 2.023, and 2.000. The 
^-factors of V I ' are 2.067, 2.021, and 2.002. Although 
the V I and V I ' structures are more unstable than 
the optimized structures by 80 and 130 k j m o l - 1 re­
spectively, the present analysis of the ^-factors sug­
gests that the SSR* angle of the R 2SSR* radical 
would be much larger than those to be expected for 
the R2SSR2+ and R S S R - radicals. 
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Near-infrared Magnetic Circular Dichroism Studies on Iron(III) 
Horse Heart Cytochrome c 

Nagao KOBAYASHI ,** Tsunenori NOZAWA, and Masahiro H A T A N O * 

Chemical Research Institute of Non-aqueous Solutions, Tohoku University, Sendai 980 
(Received June 30, 1980) 

Synopsis. Magnetic circular dichroism (MGD) spec­
tra in the near-infrared region reported first for oxidized 
cytochrome c in its neutral (pH 5.58), alkaline (pH 11.62), 
and acidic (pH 1.88) forms exhibit temperature dependence, 
indicating that they are composed of Faraday G terms, 
except for the acidic form. The relation between the near-
infrared MGD and the heme vicinity is discussed in terms 
of the structures for the heme chromophore of cytochrome 
c. 

Near-infrared M C D spectra for heme chromophores 
are very sensitive to the oxidation, spin and ligand 
states of hemoproteins.1»2) This is due to the fact 
that the bands ascribable to the charge-transfer tran­
sitions among iron, porphyrin and axial ligand, and 
d-d transitions of the iron ion can be easily resolved 
because of the absence of strong n~n* transitions.3»4) 
However, only a few studies1»2»5-7) have been reported 
on the observation of near-infrared M C D , especially 
its temperature dependence, because of technical dif­
ficulties. The difficulties were overcome by use of 
a near-infrared M C D spectropolarimeter and deute-
rated solvents. We wish to report the accurate tem­
perature dependence of near-infrared M C D for several 
forms of iron (III) cytochrome c. 

Exper imenta l 

Materials. Cytochrome c from horse heart (Sigma 
type VI) was dissolved in deuterium oxide without further 
purification. Complete oxidation was attained by adding 
slight excess of freshly prepared deuterium oxide solution 
of potassium hexacyanoferrate(III). For the temperature 
variation experiments, an appropriate solution was diluted 
with hexadeutrated ethylene glycol at 60 (v/v) percent. 
The pH was adjusted by adding the least amount of con­
centrated sodium hydroxide or hydrochloric acid solution 
with stirring. The concentrations were determined on the 
basis of the heme molar concentrations from the visible 
absorption spectra. 

Measurements. Absorption spectra were measured with 
a Hitachi EPS-3T spectrophotometer, MCD being recorded 
on a JASCO J-200 spectropolarimeter equipped with an 
electromagnet which affords up to 1.47 T magnetic field. 
MCD magnitude is expressed by the 10~4 molar ellipticity 
per Tesla ([0]M/1O"4 ^ o l " 1 dm3 m"1 T"1 or 10"7 W mol"1 

T - 1 ) . Temperature was controlled by means of a stream 
of cold nitrogen gas. The path lengths of cells were 10 
mm for the measurement at ambient temperature and 3 mm 
for that at cryogenic temperature. 

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

M C D and absorption spectra are shown for iron 
(III) cytochrome c at neutral and at alkaline p H 

** Present address: Pharmaceutical Institute, Tohoku 
University, Aobayama, Sendai 980. 
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Fig. 1. MCD and absorption spectra of iron(III) cyto­
chrome c at p2H 5.58. Cell length; 0.3 cm, concen­
tration; 4.5 X 10-3 mol dm-3, field; 1.47 T. The inset 
shows plots of the MCD magnitudes at 1720 and 
1500 nm vs. the reciprocal of the absolute tempera­
ture. 

solutions in Figs. 1 and 2, respectively. The general 
spectral patterns of M C D are similar to those of ab­
sorption spectra, being characteristic for i ron(III ) low-
spin heme complexes such as metmyoglobin cyanide.1»6) 
The M C D spectra show the largest absorption peak. 
The positions of the strongest M C D peaks for neutral 
cytochrome c and alkaline cytochrome c are at 1720 
and 1460 nm, respectively. The cyanide derivatives 
of metmyoglobin1) and peroxidase2) reveal M C D peaks 
at 1530 and 1680 nm, respectively. Since the iron 
( I I I ) heme bands in the near-infrared region have 
been assigned as charge-transfer transitions from por­
phyrin a l u , a2u(rc) to eg(drc) orbitals (Eu<-A l g) in 
D 4 h symmetry, the energy differences in the peak 
positions for these low-spin species depend mostly on 
the energy levels of eg(drc) orbitals which vary more 
sensitively with the axial ligation mode than those 
of the porphyrin n orbitals. Theoretical consideration 
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Fig. 2. MCD and absorption spectra of iron(III) cyto­
chrome c at p2H 11.62. Other conditions are the 
same as for Fig. 1. The inset shows the MCD mag­
nitudes of the peaks at 1460, 1210, and 990 nm vs. 
tue reciprocal of the absolute temperature. 

on the spectra of i ron(III ) low-spin heme derivatives8) 
indicates that these peaks are composed mainly of 
the vibrational overtones superposed on the two elec­
tronic (charge-transfer) transitions. 

The effect of wider temperature range on the near-
infrared M C D of iron (III) cytochrome c is shown 
in Figs. 1 and 2. For metmyoglobin cyanide,1) the 
shape of M C D did not change with lowering in tem­
perature as in the Soret bands, while the M C D mag­
nitude increased linearly with the reciprocal of ab­
solute temperature. The extrapolation of temperature 
dependence at the peaks around 1720, 1500, 1460, 
1210, and 990 n m approaches zero at infinite tem­
perature, indicating that these bands are composed 
of pure Faraday C terms. 

Figure 3 shows the M C D and absorption spectra 
of i ron(III) cytochrome c in an acidic solution. A 
dispersion type M C D , characteristic of iron (III) high-
spin heme, was obtained corresponding to the absorp­
tion peak at 1000 nm. For native metmyoglobin the 
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Fig. 3. MCD and absorption spectra of iron (III) cyto­
chrome c at p2H 1.88. Cell length 1.0 cm. Con­
centration ; 0.6 x 10"3 mol dm"3. Temperature ; 20 °G. 

curve is non-symmetrical with respect to the line of 
[Ö]M=0, differing from metmyoglobin fluoride which 
displays a clear S-shaped dispersion.1) The M C D 
spectrum showed a slight change in magnitude with 
lowering in temperature. The band was confirmed 
to consist predominantly of Faraday A terms plus 
B terms. A similar spin state is suggested between 
this species and metmyoglobin from the near coin­
cidence of the crossover points and relative intensities 
of the M C D peak (1010 nm) and trough (1210 nm). 
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Charge-transfer Interaction and Ground-state Energy Stabilization 
in Crystalline Complex Ion Radical Salts 
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(Received July 2, 1980) 

Synopsis. Although predominant cohesive energy 
is Madelung energy, the ground state of crystalline complex 
ion radical salt is further stabilized by the charge-transfer 
interaction between neutral molecule and ion radical, to­
gether with that between ion radicals. The magnitude of 
this stabilization energy was estimated with (Phenothia­
zine) 2+* Br -. 

In crystalline simple ion radical salts, the planar 
ion radical molecules are known to form, in themselves, 
a segregated stacking into columns so as to make a 
large overlap between their half-occupied molecular 
orbitals.1) Much attention has been paid to the prom­
inent optical and magnetic properties of such ion 
radical salts.1-6) In their optical properties, charge-
transfer absorption due to the transition of unpaired 
electron between ion radical molecules appear in the 
low-energy region. As for the magnetic properties, 
antiferromagnetic spin exchange interaction acts be­
tween adjacent ion radicals, so that such a salt is con­
sidered as one-dimensional Heisenberg antifferomagnet. 
In previous papers,2 '3) we applied one-dimensional 
half-occupied Hubbard model to the segregated stack 
of ion radical molecules. This model is a simplifica­
tion of the real crystal and is described by two param­
eters / a n d T. T(<0) is the transfer matrix element 
of an unpaired electron which describes hopping be­
tween adjacent molecular ion radical sites, while / 
is the on-site Coulomb repulsion between two electrons 
with up and down spins on the same molecule. This 
model could well explain the reason why the charge-
transfer absorption is observable in such ion radical 
salts.2) The applicability of the H u b b a r d model is 
further justified by the fact that the one-dimensional 
half-occupied Hubbard model with / > | ! T | becomes 
equivalent to one-dimensional Heisenberg antiferro-
magnet with exchange interaction J=2T2jI.1) Then, 
the ground-state energy of the one-dimensional system 
of ion radicals can be given by E=—2NJhi2 = 
— (4NT2/I) In 2, where N-> oo is the number of 
ion radical molecules in the one-dimensional system.3) 
This energy stabilization is caused by the charge-
transfer interaction between unpaired electrons of ad­
jacent ion radicals through non-zero | T | value in 
segregated stack of ion radicals. 

So far, we have considered simple ion radical salts, 
where each ion radical carries one unpaired electron. 
In the case of crystalline complex ion radical salts, 
the ion-radical and parent neutral molecules are known 
to stack together to form regular one-dimensional 
column, where each molecular site is occupied by 
less-than-one electron.4-6) Then, we can apply reg­
ular one-dimensional less-than-half occupied Hubba rd 
model to the segregated stack composed of ion-radical 
and neutral molecules in crystalline complex ion radi­
cal salts. Shiba and Klein-Seitz have shown that 

the magnetic susceptibility of a uniform stack of less-
than-half occupied molecules (average number of un­
paired electrons per site is p<l) is related to the 
magnetic susceptibility of a uniform stack of half-
occupied molecules (i° = l) in simple ion radical 
salt.8'9) If the value of / is much larger than that 
of | T | , the less-than-half occupied one-dimensional 
Hubba rd model becomes equivalent to an antiferro­
magnetic Heisenberg chain with exchange interac­
tion,10) 

2 7 > / sin2np\ 
J I \ 2np ) ' (1) 

Under the same condition, the lowest energy was 
also given by Shiba.8) If we denote total number 
of molecular sites as N, the number of unpaired elec­
trons is given by Np, and the lowest energy of the 
system, E, is expressed by 

sin 2np \) W| = - j js in,P +
4 mf* 2( l . 2np 

(2) 
In the case of J O < 1 , the E value of Eq. 2 is composed 
of two factors; one is the term, E1= — (2/jz)iV| 7"|sin 
np, and the other, E2= — (4NT2p2/I) In 2 (1—sin 
2npl(27ip)). The E2 term is regarded as the stabi­
lization energy due to the charge-transfer interaction 
between unpaired electrons. In terms of J in Eq. 
1, E2 is written as —2NJp In 2. O n the other hand, 
the E± term is characteristic of less-than-half occupied 
system. I t becomes zero at p=0 or 1, but has the 
most negative value of — (2/TC)N\T\ at p = l/2. Ex 

is not a function of / , but is related only to | T | and 
p. Therefore, E1 corresponds to the stabilization en­
ergy due to the charge-transfer interaction between 
neutral and ion-radical molecules in one-dimensional 
system. If we consider the case of p = l, Eq. 1 is 
simply J=2T2/I, and Eq. 2 is reduced to E=E2= 
— (4NT2jI) In 2 and E±=0. As our model requires, 
the J and E values are found to be identical with 
those described previously in simple ion radical salt. 
In the case of half-occupied Hubba rd model with 
p = l, each molecular site is occupied by one unpaired 
electron and there remains no neutral molecular site, 
so that there acts no charge-transfer interaction be­
tween neutral and ion-radical molecules in simple 
ion radical salts. This is the reason why E1=0 at 
p = l. Therefore, the energy stabilization due to Et 

appears only in complex ion radical salts. 
Next, we shall apply the above-mentioned approach 

to certain crystalline complex ion radical salt and 
estimate its ground-state stabilization energy. For 
purposes of comparison, we shall also examine the 
corresponding simple salt. For this purpose, we take 
simple cation radical salt of (Phenothiazine) +' B r -

and complex salt of (Phenothiazine) 2
+* Br - . In pre-
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vious papers,6) we reported that the optical and mag­
netic properties of those phenothiazine (PT) cation 
radical salts were well explained by applying regular 
one-dimensional Hubba rd model to the segregated 
stack of phenothiazines, and estimated the values of 
7=12900 cm" 1 and T « — 2 5 0 0 cm" 1 for the one-di­
mensional system of the simple salt of PT+* Br - . 
Moreover, these parameter values could be commonly 
used for the one-dimensional system of the complex 
salt of (PT)2

+* B r - . Then , the average number of 
unpaired electrons per site and the number of pheno­
thiazine sites are p = 1 and N= NA (Avogadro number) 
for one mole of PT+* Br - , respectively, while they 
are P = l/2 and N=2NA for one mol of (PT)2+- Br~, 
respectively. In the case of the simple salt, by the 
use of E= — (4iVT2 / /) In 2 together with the estimated 
I and T values, the stabilization energy due to the 
charge-transfer interaction between phenothiazine cat­
ion radicals was calculated to be E= —16.0 k j mol - 1 . 
As for the complex salt, the stabilization energy, E, 
is given by two factors, E1 and E2. By using the 
E2 equation together with N=2NA, p = l/2, 7=12900 
c m - 1 and T&— 2500 c m - 1 , the value of E2 was de­
termined to be —8.0 k j mol - 1 , whose magnitude was 
found to be just half of that of E in the simple salt. 
I n the complex salt, however, the Ex term due to 
the charge-transfer interaction between neutral and 
cation-radical phenothiazines was estimated to be 
—38.0 k j m o l - 1 by the use of the E1 equation. By 
summing Ex and E2, the ground-state stabilization 
energy of the complex salt was E= — 46.0 k j mol - 1 . 
We can see that , al though the stabilization due to 
the charge-transfer interaction between phenothiazine 
cation radicals decreases, the total stabilization energy 
of the complex salt greatly increases in comparison 
with that of the simple salt. The reason for this is 

tha t the interaction between neutral and cation-radical 
phenothiazines plays an important role in the complex 
salt. 

Since every ion radical salt belongs to a kind of 
ionic crystals, Madelung energy is the most important 
factor for the cohesive energy.11) However, the 
ground-state energy stabilization due to the charge-
transfer interactions between ion-radical molecules and 
between neutral and ion-radical molecules will be 
the next important factor for the total cohesive energy 
in crystalline ion radical salts. 
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Effect of Ionic Strength on the Metachromatic Behavior 
of Dye-Polymer Systems0 
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Synopsis. The effect of added sodium chloride on 
the metachromatic interaction between cationic dyes (Crystal 
Violet, Trypaflavine, and 9-aminoacridinium chloride) and 
sodium polyphosphate and poly(ethylenesulfonate) was 
studied in aqueous solutions by measuring the visible ab­
sorption spectra and by determining the bound-dye spectra 
and the equilibrium constants with the principal component 
analysis. 

Previous reports have shown that metachromatic 
changes of the absorption spectra of Crystal Violet 
(CV) and Trypaflavine (TF) in the presence of sodium 
polyphosphate (NaPP) are affected by addition of 
simple electrolytes.2-4) The degree of metachromasy 
was decreased with the increase of ionic strength, 
i.e., the absorption spectra of dye -NaPP solutions re­
turned to the original spectra of the NaPP-free dye 
solutions. O n the basis of the ultrafiltration of d y e -
NaPP solutions, this result was attributed to the dis­
sociation of bound-dye species from N a P P by com­
petition with N a + ions.3»4) 

Recent applications of the extended-principal-com­
ponent-analysis (EPCA) procedure to a variety of 
dye-polymer solutions demonstrated that it is possible 
to determine the number of light-absorbing compo­
nents, the equilibrium constant, the pure spectra of 
dye species bound to polymer, and the fraction of 
the bound-dye species from a family of experimental 
absorption spectra of a dye-polymer system.5-8) By 
utilizing this EPCA procedure, therefore, the amount 
of dye species dissociated from the polymer site by 
an increase of ionic strength can now be estimated 
on a precise and quantitative basis. In this Note, 
the effect of added NaCl on the metachromatic be­
havior of four different dye-polymer systems will be 
reported. In all dye-polymer combinations, the frac­
tions of bound-dye species indeed decrease with an 
increase of added NaCl but, surprisingly, the spectra 
of the bound-dye species remain unchanged. 

Exper imenta l 

Materials. Samples were sodium polyphosphate 
(NaPP)5) and sodium poly(ethylenesulfonate) (NaPES),5) and 
the chlorides of Crystal Violet (CV),5) Trypaflavine (TF),5) 
and 9-aminoacridinium chloride (AA).8) 

Measurements and the Procedure f< r Data Analysis. Ab­
sorption spectra were measured at 25 °C.8) Optical titra­
tion of a dye solution, which contains either 1 mM ( = 1 0 - 3 

mol/dm3) or 0.1 mM NaCl, was carried out by the dropwise 
addition of a polymer solution which contains the same 
amount of NaCl. The observed series of spectra of each 
dye-polymer system were analyzed by the EPCA procedure, 
which has been described together with other precautions.5-9) 
The molar absorption coefficient, s, was defined as before.5»8) 

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

Pure Spectra of Bound-dye Species and Equilibrium Con­

stants. Figures la—d show the typical absorption 
spectra of dyes in the presence and the absence of 
polymers. In each dye-polymer system, optical titra­
tions were carried out to obtain eight to nine experi­
mental spectra over the PjD range 0—ca. 1, where 
P and D are the concentrations of a polymer in the 
residue unit and a dye respectively.3) (Not all spectra 
were drawn in each figure, but details are the same 
as were shown in Refs. 5—8.) Each family of spectra 
shows the presence of isosbestic points, which are 
independent of the concentration of added NaCl {cf. 
caption of Fig. 1), indicating that the dye-polymer 
solution consists of two light-absorbing components, 
probably, free- and bound-dye species. The result 
of the EPCA procedure applied to the experimental 
spectra revealed that each dye-polymer system, which 
contains either 1 m M or 0.1 m M NaCl, is composed 

I o r - i • • • • i • • • • i •• • ' • i • I • i | , ! . i , i i i . | i 

Wavelength/nm 

Fig. 1. Absorption spectra of CV-, AA-, and T F -
polymer systems in the presence of NaCl and the 
corresponding pure spectra of dye species bound to 
the polymers. The experimental conditions are: 
(a) CV-NaPP with PjD 0—1.26 in 0.1 mM NaCl, 
(b) CV-NaPES with PID 0—1.023 in 0.1 mM NaCl, 
(c) AA-NaPP with P/Z> 0—0.738 in 1 mM NaCl 
(precipitates appeared at the concentration of added 
NaCl higher than 5 mM), and (d) TF-NaPES with 
PID 0—1.145 in 0.1 mM NaCl. The initial dye 
concentrations in \iM are (a) 8.13, (b) 7.04, (c) 44.3, 
and (d) 9.43. Isosbestic points in nm are: (a) 639 
and 529, (b) 641 and 526, (c) 429, (d) 476. In 
each figure, the spectrum of the polymer-free dye solu­
tion is shown by the dotted curve and the numerals 
indicate the P/D values. The bound spectra are 
denoted by either (O) in 0.1 mM or (A) in 1 mM 
NaCl and by (#) in NaCl-free solutions, the latter 
being cited from Ref. 5 for (a), (b), and (d) and 
from Ref. 8 for (c) for comparison. 
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TABLE 1. EFFECT OF ADDED NaCl ON THE EMPIRICAL 

PARAMETER a AND THE EQUILIBRIUM CONSTANT K 

OF DYE-POLYMER SYSTEMS AT 2 5 ° C 

Dye-
polymer 

CV-NaPP 
GV-NaPP 
GV-NaPES 
AA-NaPP 
TF-NaPES 

NaCla> 

0.1 
1.0 
0.1 
1.0 
0.1 

a 

2.1(1.5)d) 
1.9(1.5) 
1.5(0.6) 
1.6(1.2) 
1.2(0.9) 

KV 

l .OxlO1 1 

1.8xl0 9 

5.2X107 

1.2xl0 8 

1.5 x10 s 

K'V 

1.4xl0 5 

4.7x10* 
1 .4xl0 5 

2 . 8 x l 0 5 

1.5xl0 5 

a) The concentration in 10-3 mol/dm3, b) The dimen­
sion in [dm3/mol]a. c) K' = K\?y-* at PjD=\. d) 
The a values in parentheses are for NaCl-free systems 
and are taken from Ref. 5 or 8 for comparison. 

of two absorbing species. The pure spectra of dye 
species bound to N a P P and NaPES were thus evalu­
ated and are shown in Figs, la—d, together with 
those in NaCl-free solutions. Interestingly, the bound-
dye spectra in the presence or the absence of added 
NaCl are essentially identical with each other. 

Fractions of Bound-dye Species. The scheme for 
the binding reaction includes an empirical parameter, 
a, in such a way that # = [ D P * ] ( [ D ] [ P ] B ) - 1 . The 
notations are all the same as before.5,8) Both a and 
K were estimated by the EPCA procedure and are 
given in Table 1. T h e values of a are larger than 
unity in all cases where NaCl is added, indicating 
that the optical titration curves change sigmoidally 
with P/Z).5'6) T h e values of a are also larger in the 
presence of NaCl than in its absence. I t is thus clear 
that the empirical parameter a reflects the effect of 
ionic strength on the binding reaction. 

T h e fraction of bound-dye species in each solution, 
fh, may be calculated with the estimated a and K values 
and also directly from the EPCA method.5-8) The 
results are shown in Fig. 2, where the fraction of free-
dye species remaining in solution, 1—fb, is plotted 
against PjD. T h e amount of CV bound to N a P P 
decreases most markedly with the increase in NaCl 
(Fig. 2a), i.e., only 2 0 % of CV remain bound even 
at PjD=\ in 1 m M NaCl , while 5 0 % of CV are bound 
in the salt-free solution. In contrast, the effect of 
added NaCl was negligible for the A A - N a P P system 
(Fig. 2c), i.e., 7 5 % of AA remain bound a t P/Z> = 
1 in 1 m M NaCl. Similarly, CV bound to NaPES 
is affected more than T F by added NaCl (Figs. 2b 
and d) . I t is clear that, as compared with acridine 
dyes (TF and AA), CV dissociates from the polymer 
to a remarkable extent, probably as a result of com­
petitive inhibition by Na+ ions.10) O u r result is in 
accord with the cases of Proflavine-poly (glutamic 
acid),10) CV-poly(methacrylic acid),11) and Acridine 
Orange-poly (p-styrenesulfonate).12) 

In summary, we have clearly shown that the spectra 
of bound-dye species are not affected by added NaCl 
but the Na+ ion competes with the bound dye for 
the polymer site from which the dye is forced to dis­
sociate. These results imply several possibilities to 
be resolved: (1) If the dye molecules are stacked 
on a polymer chain, they remain so even when over 

P/D 

Fig. 2. The P/D dependence of the fraction of free-
dye species remaining in solution, 1—/b? f° r f ° u r 

dye-polymer systems. (a) GV-NaPP, (b) GV-
NaPES, (c) AA-NaPP, and (d) TF-NaPES. The 
solid curves were calculated from the values of a 
and K in Table 1 (cf. Eq. 2 in Ref. 6), while each 
point [(O) in 0.1 mM NaCl or (A) in 1 mM NaCl] 
was calculated by the EPGA method with 56 to 40 
selected wavelengths (cf. Eq. 4 in Ref. 6). The dotted 
curves are the binding curves for NaCl-free systems 
for comparison (taken from Ref. 5 for (a), (b), and 
(d) and from Ref. 8 for (c)). 

8 0 % of them are liberated into the solution as free 
dye. (2) If the added salt enhances the degree of 
stacking12) or aggregation of dye,13) the bound-dye 
spectra may be so insensitive as not to reflect such 
changes of the bound-dye species. (3) The bound-
dye species may exist in an unstacked state regardless 
of the amount of NaCl present in a solution. 

We thank Mr . Kinya Nakata for his technical 
assistance. 

References 

1) Part VIII of Metachromasy. For the preceding paper 
of this series, see Ref. 8. 

2) K. Yamaoka, T. Suenaga, A. Fujita, and M. Miura, 
J. Sei. Hiroshima Univ., Ser. A-II, 34, 1 (1970). 

3) K. Yamaoka, M. Takatsuki, K. Yaguchi, and M. 
Miura, Bull. Chem. Soc. fpn., 47, 611 (1974). 

4) K. Yamaoka, M. Takatsuki, and M. Miura, Bull. 
Chem. Soc. fpn., 48, 2739 (1975). 

5) K. Yamaoka and M. Takatsuki, Bull. Chem. Soc. 
fpn., 51, 3182 (1978). 

6) M. Takatsuki and K. Yamaoka, Bull. Chem. Soc. 
fpn., 52, 1008 (1979). 

7) M. Takatsuki, Bull. Chem. Soc. fpn., 53, 1922 (1980). 
8) K. Yamaoka, M. Takatsuki, and K. Nakata, Bull. 

Chem. Soc. fpn., 53, 3165 (1980). 
9) M. Takatsuki and K. Yamaoka, f. Sei. Hiroshima 

Univ., Ser. A, 40, 387 (1976). 
10) G. Schwarz, S. Klose, and W. Balthasar, Eur. f. 

Biochem., 12, 454 (1970). 
11) V. Vitagliano, L. Costantino, and A. Zagari, f. 

Phys. Chem., 77, 204 (1973). 
12) W. H. J. Stork, P. L. de Haseth, W. B. Schippers, 

G. M. Körmeling, and M. Mandel, f. Phys. Chem., 77, 1772 
(1973). 

13) Y. Sato, M. Hatano, and M. Yoneyama, Bull. Chem. 
Soc. fpn., 46, 1980 (1973). 



March, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 925—926 (1981) 925 

Vibrational Spectra and Normal Coordinate Calculations for Trimethylsilane 
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Synopsis. Vibrational spectra of trimethylsilane-rf0, 
-dx, -d9, and -d10 have been obtained. Assignments for all 
the fundamentals have been made assuming C3V molecular 
symmetry. Normal coordinate calculations have been car­
ried out to confirm the assignments. 

The vibrational studies of trimethylsilane have been 
made extensively.1) For instance, Ball et al.2) have 
reported the vibrational spectra of (CH3)3SiH and 
(CH3)3SiD, and based on their data, Tenisheva et al.3) 
have carried out the normal coordinate calculations. 
From these studies, it was found that there is a con­
siderable coupling between the SiH bending and the 
methyl rocking vibrations, thus remaining some am­
biguities in these assignments. Therefore, it is de­
sirable to obtain the vibrational spectra of its methyl-
d9 homologues, (CD3)3SiH and (CD3)3SiD, and to 
achieve the normal coordinate calculations using the 
data of these four isotopic species. 

Exper imenta l 

The compounds were prepared by reduction of bromo-
trimethylsilane-do or -d9 with LiAlH4 or LiAlD4 and purified 
by vacuum distillation. 

Infrared spectra (4000—300 cm-1) were obtained on a 
Hitachi 345 spectrophotometer in the gas phase and in the 
solid films at liquid nitrogen temperature. Far-infrared 
spectra (400—80 cm-1) were recorded on a Hitachi FIS-III 
spectrophotometer in the solid films at liquid nitrogen tem­
perature. Raman spectra were recorded in the liquid state 
on a JEOL JRS S-1 laser Raman spectrophotometer equipped 

with a 50 mW NEC GLS 5800 He-Ne laser. Qualitative 
polarizations were also measured. 

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

With C3v symmetry, 24 normal vibrations are ex­
pected to distribute as 8 A 1 + 4 A 2 + 1 2 E . T h e Ax and 
E modes are both infrared and R a m a n active, and 
the A2 modes are inactive in both spectra. T h e ob­
served frequencies for (CD3)3SiH and (CD3)3SiD are 
listed in Table 1. Those for (CH3)3SiH and 
(CH3)3SiD are nearly equal with those given by the 
previous authors.2 ) T h e R a m a n spectra below 1000 
c m - 1 are shown in Fig. 1. 

(B) 

I v; 

(O 

Frequency/cm-1 

Fig. 1. Raman spectra of (A) (GH3)3SiH, (B) (CH3)3-
SiD, (C) (CD3)3SiH, and (D) (GD3)3SiD. Solid line; 
parallel polarization, broken line; crossed polarization. 

TABLE 1. OBSERVED AND CALCULATED FREQUENCIES (cm-1) FOR (GD3)3SiH and (CD3)3SiDa> 

A, 

E 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Obsd 

2218 
2119 
2119 
1038 
992 
704 
554 
183 

2218 
2218 
2119 
1038 
1038 
992 
494 
613 
858 
704 
210 

(CD3)3SiH 

Calcd 

2213 
2117 
2126 
1029 
988 
708 
546 
183 

2211 
2212 
2116 
1029 
1028 
986 
490 
591 
857 
700 
213 

PED 

99Sj 
90S2 

95S3 

98S4 

70S5 

66S6 

73S7 

62S8 

64S13 

64S14 

97S15 

77S16 

76S17 

65S18 

79S19 

64S20 

90S21 

41S22 

C7«J023 

15S-
14S7 

12S5 

37S6 

35S14 

35S13 

22S17 

22S16 

14S„ 
19S21 

27S22 

o lS 2 0 

15S2 

15S8 

15S6 

21S22 

19S18 

Obsd 

2217 
2119 
1544 
1035 
990 
705 
552 
181 

2217 
2217 
2119 
1035 
1035 
990 
453 
608 
651 
730 
207 

(CD3)3SiD 

Calcd 

2213 
2118 
1533 
1029 
988 
703 
545 
182 

2210 
2212 
2117 
1029 
1028 
986 
452 
590 
648 
728 
212 

PED 

99Sj 
96S2 

100S3 

98S4 

71S5 

65S6 

74S7 

62S8 

68S13 

68S14 

97S15 

73S16 

73S17 

65S18 

59S19 

61S20 

40S21 

•J0022 

92S23 

15S7 

13S7 

12S5 

37S6 

31S14 

31S13 

25S17 

25S16 

14S15 

40S21 

31S22 

19S20 

22S21 

15S2 

15S8 

14S6 

21S22 

26S19 

20S20 13S18 

a) The subscript number i in Si corresponds with that in Fi given in Table 2. 
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TABLE 2. SYMMETRY FORCE CONSTANTS AND 

Al species 

Mode 

,-(CH3) 
r(CH3) 
r(SiH) 
<5(CH3) 
<5(CH3) 
p(CH3) 
,.(SiC3) 
<5(SiC3) 

Fx 
F , 

F 3 

F< 
F s 

F 6 

F 7 

F , 

*Yl 
F5.v 
F 6 , 8 

4.674 
4.657 
2.584 
0.527 
0.524 
0.359 
3.222 
0.731 

- 0 . 4 1 4 
- 0 . 1 3 2 
- 0 . 2 7 5 

a 

0.011 
0.055 

0.009 
0.003 
0.016 
0.016 
0.050 
0.065 

0.064 
0.029 
0.023 

a) The stretching force constants are given in nidyn/A, 
deformation interaction constants in mdyn. 

The observed spectra and the assignments for 
(CH3)3SiH and (CH3)3SiD are almost identical with 
those given by the previous authors.2) However, a 
discrepancy is found in the assignments for the methyl 
rocking vibrations. They have reported two R a m a n 
bands at 853 and 831 c m - 1 , of which the latter was 
assigned to the A± mode from the polarization measure­
ments. In agreement in frequency with their results, 
we have observed two bands at 850 and 830 cm - 1 , 
but the former band, not the latter, is found to be 
polarized (Fig. 1. (A)). Therefore, the band at 850 
c m - 1 should be assigned to the AJL methyl rocking 
mode and the latter to the E mode. This mis-as­
signments were probably caused by the fact that the 
polarization measurements were difficult in a photo­
graphic method with a Hg-arc as an excitation, es­
pecially in the case of closely separated bands. 

For (CD3)3SiH and (CD3)3SiD, the assignments can 
be easily made except the range between 1000 and 
400 c m - 1 . In the case of (GD3)3SiD, two polarized 
R a m a n bands are observed at 705 and 552 c m - 1 in 
this region (Fig. 1. (D)) and can be assigned to the 
C D 3 rock(Ax) and to the SiC3 stretch (Aj), respec­
tively. These bands are observed nearly at the same 
frequencies in (CD3)3SiH, but the band at 704 c m - 1 

is now only partly polarized (Fig. 1. (C)). This sug­
gests that some vibrations other than the C D 3 rock(A1) 
coincide on this band. T h e most probable candidate 
is the asymmetric SiC3 stretch, for this mode has been 
observed at ca. 700 c m - 1 in (CD3)3SiX.4) This asym­
metric SiC3 stretch is found at 730 c m - 1 in (CD3)3SiD. 

The R a m a n band at 858 c m - 1 in (GD3)3SiH can 
be assigned to the SiH bending vibration, for it dis­
appears in (CD3)3SiD. However, as a considerable 
coupling is expected between this mode and the methyl 
rock, the exact assignments can only be made with 
the aid of the normal coordinate calculations. 

The normal coordinate calculations were carried out 
by Wilson's GF-matrix method on an A C O S 77/900 
computer at the Computer Center, Tohoku Uni­
versity, using the iterative least-squares procedure in 
the usual manner . T h e G matrix was calculated by 
use of the molecular parameters determined from mi­
crowave study.5) T h e least-squares refinement6) was 
carried out in terms of the symmetry force constants, 
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T H E I R UNCERTAINTIES FOR TRIMETHYLSILANE a> 

E species 

Mode 

r(CH3) 

»•(CH3) 
KCH3) 

<KCH3) 
<HCH3) 
<5(CH3) 

/»(CHa) 
MCH 3 ) 

<KSiH) 
r(SiC3) 
<HSiC3) 

F1 3 

F « 
F1 5 

F16 

F1 7 

F1S 

F„ 
F2 0 

F 2 1 

F..„ 

F= 3 

F.S.16 

l\s.,. 
I'l9,21 

F2„,22 

4.683 
4.679 

4.664 
0.525 
0.520 
0.499 
0.351 
0.459 

0.549 
2.843 
0.620 

- 0 . 4 1 0 
- 0 . 0 8 6 

0.113 
0.149 

a 

0.033 
0.033 
0.077 
0.005 
0.005 
0.022 
0.010 
0.008 

0.012 
0.063 
0.025 

0.090 
0.028 
0.006 
0.039 

z déformation force constants in mdyn»A> the strctching-

which were fitted to the R aman frequencies observed 
in the liquid, for the four isotopes simultaneously. 
T h e torsional mode was neglected in the E class. The 
symmetry force constants, together with uncertainties 
from the last cycle are given in Table 2. The average 
errors were 0.41 and 0.66% for the Ax and E vibrations, 
respectively. The sum of the weighted squares of 
errors S(A o b s d -^ c a l c d ) 2 M o b s d was 1.8 X 10"3 for the A1 

and 4.9 x l O - 3 for the E vibrations. The potential 
energy distributions are also given in Table 1. 

T h e results of the calculations clearly indicate that 
the methyl rock, the SiH bending and the asymmetric 
SiC3 stretch strongly couple with each other, especially 
in (CD3)3SiD. 

The valuence force constant / ( S i - C ) , derived from 
the symmetry force constants, is 2.97 mdyn/Â. This 
value is equal to that of CH3SiH3(2.97 mdyn/Â)7) and 
is slightly larger than that of (CH3)4Si(2.88 mdyn/ 
Â).8) This is in agreement with what might be ex­
pected from their Si-C bond lengths ; 1.868 Â in 
(CH3)3SiH,5) 1.867 Â in CH3SiH3,9> and 1.875 Â in 
(CH3)4Si.i°) 

This work was partly supported by a grant from 
the Asahi Glass Foundation for Industrial Technology 
to which our thanks are due. One of the authors 
(Y. I.) wishes to his thanks to Assist. Prof. Fumio 
Watar i for the computer programs used in calculations. 
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Synopsis. The distribution coefficients of several 
metal ions have been measured on sulfonated diphenyl 
phosphonate-formaldehyde resin in HCl-water miscible or­
ganic solvent solutions. Differences in the distribution coef­
ficients are large enough to develop multicomponent separa­
tions. Particularly in HGl-propanone systems the separa­
tion of a complex mixture, Cd(II)-Zn(II)-Pb(II)-Cu(II)-
Co(II)-Mn(II)-Mg(II), can be carried out chromatograph-
ically by sequential elution. 

In a previous paper,1) a report was given on the 
cation exchange behavior of metal ions on sulfonated 
diphenyl phosphonate-formaldehyde resin (abbreviated 
to DFS resin) in an aqueous HCl system. 

The numerous studies to improve the cation exchange 
separation of metal ion by addition of a water miscible 
organic solvent have been reported. Fritz and Rettig2) 
studied the separation of metal ions using Dowex 
50W-X8 resin by elution with 0.10—1.0 mol dm"3 

HG1-60—92 vol% propanone systems. Strelow et al.3) 
presented a procedure for the separation of metal 
ions using Bio-Rad AG 50W-X8 resin by elution with 
0.20—1.0 mol dm"3 HC1-30—90 vol% propanone sys­
tems. However, the separation of Pb(II) has not 

been achieved. Kawazu et al.^ performed the separa­
tion of Pb(II) from bivalent metal ions by elution 
with 1.2—1.4 mol dm"3 HCl-90vol% 2 propanol sys­
tem using Amberyst 15 cation exchanger. 

We have selected ethanol, propanone and ace-
tonitrile as water miscible organic solvent and ex­
amined the separation of several metal ions. In the 
HCl-propanone systems seven elements could be 
separated successfully from each other, the separation 
of Pb(II) being achieved. In the HCl-acetonitrile 
and-ethanol systems, neither Zn(II)-Pb(II) or Co(II)-
Mn(II) could be separated. In both systems Pb(II) 
could be separated from bivalent metal ions except 
Zn(II). 

Experimental 

The DFS resin was prepared as described previously.1) 
1 cm3 of sample solution containing 5 mg of metal as nitrate 
was used. The concentration of organic solvent is expressed 
in volume percentage and that of HCl in molarity. Pro­
cedures for the separation of metal ion mixtures are shown 
in Figs. 2—4. Metal ions were determined by atomic ad­
sorption spectrometry and are given in mmol/25 cm3. 

Metal 

20 

Propanone 

Cd(II) 

Zn(II) 

Pb(II) 

Mn(II) 

Mg(II) 

Cu(II) 

300 
420 
670 

Acetonitrile 

Cd(II) 

Zn(II) 

Pb(II) 

Mn(II) 

Mg(II) 

Gu(II) 

Ethanol 

Cd(II) 

Zn(II) 

Pb(II) 

Mn(II) 

Mg(II) 

Cu(II) 

250 
700 
650 

110 
390 
780 

0. 

40 

160 

380 
630 

200 
620 
530 

100 
310 
690 

TABLE 

10 

60 

20 
150 

180 

25 
160 
200 

60 
200 
230 

1. 

~80 

0 
20 
40 

0 
10 
25 

5 
110 

110 

DISTRIBUTION COEFFICIENT IN 

20 

35 

190 
200 
190 
150 
300 

40 
200 
240 
250 
320 
150 

70 
210 
200 
240 
500 
260 

HCl-ORGANIC 

Concentration of acid/mol dm 

0.20 

Concentration 

40 

5 

130 
140 
250 
400 
330 

10 
180 
150 
300 
330 
190 

20 
180 

190 
330 
600 
280 

60 

0 
10 
30 
280 
410 
470 

0 
5 
25 
350 
710 
250 

5 
150 
150 
480 
650 
290 

80 

0 
0 
0 

330 
480 
1470 

0 
0 
0 

410 
930 
330 

0 
0 
10 

700 
730 
200 

0. 

of solvent/vol% 

20 

20 
60 
80 
200 
80 
170 

20 
50 
80 
180 
100 
120 

20 
50 
40 
210 
420 
300 

40 

0 
0 
0 

250 
170 
180 

0 
0 
30 
250 
280 
190 

0 
0 
10 

220 
520 
290 

SOLVENT MEDIA 

-3 

30 

60 

0 
0 
0 

270 
240 
230 

0 
0 
0 

300 
280 
230 

0 
0 
0 

290 
550 
140 

80 

0 
0 
0 

290 
300 
180 

0 
0 
0 

380 
460 
190 

0 
0 
0 

460 
630 
120 

20~~ 

50 
50 
60 

60 
40 
50 

20 
30 
60 

0 

40 

70 
80 
50 

80 
80 
40 

30 
50 
60 

4̂0 

60 

100 
150 
40 

100 
140 
30 

330 
430 
50 

80 

150 
210 
20 

160 
190 

10 

400 
600 
10 
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0 0 . 1 0 0 . 2 0 0 . 3 0 

HCl concentration/mol dm - 3 

Fig. 1. Distribution coefficients as a function of acid 
concentration in 95 vol% organic solvent. 

: Propanone, : ethanol, O: Gu(II), # : 
Go(II), 3 : Mn(II). 

^00 400 600 800 1000 1200 1400 1600 1800 \ 

Volume of effluent/cm3 

Fig. 2. Elution curves for a seven-component mixture 
in HGl-propanone system. 
Propanone(vol%); A: 60, B: 95, G : 20, HGl(mol 
dm-3) ; a: 0.10, b : 0.14, c: 0.20, d: 0.025, e: 0.05, 
f: 0.10, g: 0.40, 
(1): Gd(II), (2): Zn(II), (3): Pb(II), (4): Gu(II), 
(5): Go(II), (6): Mn(II), (7): Mg(II), yield of 
metal ion: over 99.0 wt%, column: 80 X 250 mm, flow 
rate: 2.5 cm3/min 

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

Distribution Coefficient. T h e distribution coef­
ficients of metal ions were measured in HCl-organic 
solvent media in the acid concentration range 0.10— 
0.40 mol d m - 3 and solvent concentration range 20— 
80 v o l % (Table 1). T h e coefficients of Gd(I I ) , Zn ( I I ) , 
and Pb(I I ) decreased in the HCl concentration range 
0.10—0.30 mol d m - 3 with increase in solvent concen­
tration. T h e coefficient of Cu(I I ) in 0.40 mol d m - 3 

HCl decreased with increase in solvent concentration. 
The coefficients of M n ( I I ) and Mg( I I ) gave the lowest 
value in 20 vol % organic solvent at 0.40 mol d m - 3 

HCl . The coefficients of Co( I I ) , N i ( I I ) , and Ca(I I ) 
were higher than under the conditions given in Table 
1. 

For the organic solvent concentration of 95 vo l%, 
the coefficients of Cd( I I ) , Zn ( I I ) , and Pb(I I ) were 
nearly 0 in 0.025 mol d m " 3 HCl . O n the other hand , 
in the HCl-propanone and -acetonitrile systems the 
coefficients of Cu ( I I ) , Co( I I ) , and M n ( I I ) decreased 
sharply from 0.025 to 1.0 mol d m " 3 HCl . In the 
HCl-e thanol system only the adsorption of Cu(I I ) 
decreased significantly from 0.10 to 0.30 mol d m - 3 

HCl. The results for Cu( I I ) , Co( I I ) , and M n ( I I ) 
in propanone and ethanol systems are given in Fig. 1. 

1000 1200 1400 1600 

Volume of effluent/cm3 

Fig. 3. Elution curves for a seven-component mixture 
in HGl-acetonitrile system. 
Acetonitrile(vol%); A: 60, B: 95, G: 20, HGl(mol 
dm-3) ; a: 0.10, b : 0.20, c: 0.05, d: 0.10, e: 0.40, 
(1): Gd(II), (2): Zn(II), (3): Pb(II), (4): Cu(II), 
(5): Go(II), (6): Mn(II), (7): Mg(II), yield of 
metal ion: over 99.0 wt%, column: 80x250 mm., 
flow rate: 2.5 cm3/min. 

§2 

Ö G v o 
gcsr 

SI 
•2 I 

Volume of effluent/cm3 

Fig. 4. Elution curves for a seven-component mixture 
in HGl-ethanol system. 
Ethanol(vol%); A: 80, B: 95, G: 20, HGl(mol dm"3); 
a: 0.10, b : 0.20, c: 0.30, d: 0.40, (1): Cd(II), (2): 
Zn(II), (3): Pb(II), (4): Gu(II), (5): Mg(II), (6): 
Go(II) and Mn(II), yield of metal ion: over 99.0 
wt%, column: 80x250 mm, flow rate: 2.5 cm3/min. 

Separation of Mixtures. Based on the relevant 
distribution coefficients, several procedures for the 
separation of C d ( I I ) - Z n ( I I ) - P b ( I I ) - C u ( I I ) - C o ( I I ) -
M n ( I I ) - M g ( I I ) were developed. C d ( I I ) - Z n ( I I ) - P b -
(II) were stripped consecutively by elution with 0.10— 
0.20 mol d m " 3 HC1-60—80 vol % organic solvent sys­
tems, then C u ( I I ) - C o ( I I ) - M n ( I I ) with 0.025—0.30 
mol d m " 3 9 5 v o l % , and Mg(I I ) with 0.40 mol dm~3 

— 2 0 v o l % . T h e elution curves with HCl-propanone, 
-acetonitri le, and -e thanol systems are shown in 
Figs. 2, 3, and 4, respectively. 
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The ^ N M R Spectra of [(CH3)2 SbCl2(oxine)] in Several Solvents 
Yoshikane KAWASAKI* and Masahiro KINOSHITA 
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Synopsis. The 1H NMR spectra of dichlorodimeth-
yl(8-quinolinolato) antimony (V), [(CH3)2SbCl2(oxine)], were 
measured in several solvents. Two methyl signals were 
observed in some aromatic and aliphatic solvents, although 
only one signal was detected in dichloromethane. The 
results were explained by the presence of two isomers in 
solution. 

The structure of dichlorodimethyl(8-quinolinolato)-
antimony(V), [(CH3)2SbCl2(oxine)], was studied by 
Meinema, Rivalora, and Noltes.1) They reported that 
the I R spectrum of this compound shows one S b - C 
and two Sb-Cl stretching bands in the solid state, 
while the XH N M R spectra in chloroform-^ and di­
chloromethane give only one methyl signal, and no 
broadening of this signal is observed even at —100 °C. 
From these facts and the U V spectral data, they con­
cluded that the compound has a hexacoordinate struc­
ture with a distorted trans-dimethyl configuration(l).1) 
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As we have been interested in the solvent dependence 
of the XH N M R spectra of several organometallic com­
pounds,2»3) we measured the 1H N M R spectra of 
[(CH3)2SbCl2(oxine)] in several solvents in order to 
elucidate the solute-solvent interaction and structure 
in solution. 

The 1H N M R data of the compound are shown 
in Table 1. The chemical shifts of the 2-, 3-, and 4-
protons of the 8-quinolinolato ligand move to a higher 
field in benzene as compared with those in nonaromatic 
solvents. Especially, the upfield shift of the 2-proton 
in a benzene solution has been explained in terms 
of the coordination of the nitrogen atom of the 8-
quinolinolato ligand to the antimony atom.3) This 
result is consistent with the U V spectral data of the 
compound.1) 

One of the most remarkable results of the solvent 

dependence of the 1 H N M R spectra of the compound 
is that two methyl proton signals were observed in 
some solvents (see Table 1). These results are dif­
ferent from those obtained by Meinema et al. in chloro-
form-d and dichloromethane.1) The signal intensity 
at the higher field(Ih) is larger than that of the lower 
field ( /J in nonpolar solvents. However, the opposite 
results were obtained in polar solvents. The signal 
contour and the intensity ratio ( / J / J do not show 
any appreciable change upon a change in the tem­
perature from the ambient temperature to —24 °C 
in carbon disulfide and to 58 °C in 1-chloronaph-
thalene. Figure 1 shows the methyl-proton chemical 
shifts and relative intensities of the higher-field methyl 
s ignal( / h / ( / h +^i)) m mixed solvents of benzene and 
dichloromethane. The methyl-proton chemical sihfts 
move to a higher field as the relative volume of benzene 
(VJ(Vh + Vm)) increases, but the intensity ratio is almost 
insensitive to the volume fraction of benzene in the 
0.1—0.9 range. The relative intensity of the higher-
field methyl signal, extrapolated to pure dichloro-
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Fig. 1. Methyl proton chemical shifts and relative 
intensities of higher field methyl signal in mixed 
solvents of benzene and methylene chloride. 

TABLE 1. ^-H NMR DATA OF [(CH3)2SbCl2(oxine)] IN SEVERAL SOLVENTS 

Solvent 

CC14 

cs2 
C6D6 

CDC13*> 
CH2C12 

C10H7C1(1-) 
CH 3N0 2 

«5(011,)* 

2.23 
2.12 
1.70 

1.79 
2.18 

2 
2 

38 
.33 

^(GH,)! 

2.29 
2.22 
2.11 

2.28 
2.22 

4 / / i a ) 

0.55/0.45 
0.63/0.37 
0.62/0.38 

(0.35/0.65) c) 
0.26/0.74 
0.41/0.59 

<5(2-H) 

9.28 
9.35 
8.82 
9.36 
9.32 

<5(3-H) 

7.59 
7.63 
6.31 

7.69 

<5(4-H) 

8.47 
8.49 
7.32 
8.64 
8.57 

a) Intensity ratio of high-field signal to low-field signal, b) Ref. 1. c) Extrapolated value. 
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methane, is found to be 0.35. This value is similar 
to that obtained in 1-chloronaphthalene. The ob­
servation of only one signal of the methyl protons of 
[(CH3)2SbCl2(oxine)] in dichloromethane, therefore, 
may be an accidental coincidence of the two methyl-
proton signals. 

The observation of the two methyl signals in the 
1H N M R spectra with unequal signal intensities seems 
to suggest that the compound has two isometic struc­
tures, probably 1 and 2, in solution. The presence 
of two isomers in solution has also been reported for 
some hexacoordinate (acethylacetonato)diaryldihaloan-
timony(V) compounds,4»5) al though only one isomer 
with a trans-dimethyl configuration corresponding to 
1 has been reported for (acetylacetonato)dihalodi-
methylantimony(V) .6»7> 

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

The compound, [(CH3)2SbCl2(oxine)], was prepared and 

purified by the method reported in the litarature.1) The 
solvents used was purified by distillation. The *HNMR 
spectra were measured by using a JEOL JNM PS-100 spec­
trometer. The chemical shift was measured relative to 
the internal TMS. 
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Synopsis. The title compounds, orange, diamag-
netic four-coordinate complexes, [NiL]X2-2H20 (X=G1, 
Br, I for meso-L and X=C1, Br for rac-L) were converted, 
upon dehydration by heating in the solid state, to violet, 
paramagnetic six-coordinate complexes, [NiX2L]. The en­
thalpies of the dehydration reactions were close to those 
for many simple inorganic hydrates and that for the ice-
water vapor equilibrium in spite of the presence of the large 
organic ligand. 

Nickel(II) halides (CI, Br, and I) and the meso-
form of the title macrocyclic ligand ((7RS,14:SR)-
form) form orange low-spin complexes, [Ni(m^o-L)]X2* 
2 H 2 0 , and violet high-spin complexes, [NiX2(m^o-
L)].1) The macrocyclic ligand is constrained by the 
steric requirements to coordinate in a single plane. 
From their electronic spectra and magnetic proper­
ties,1) and the X-ray analyses of [Ni(mw0-L)]Cl2-
2H 20, 2 ) [NiCl2(meso-L)],V and [Ni(mwo-L)]Br2-2H20,3> 
it has been shown that the orange dihydrate is a square-
planar four-coordinate complex having a singlet ground 
state, whereas the violet paramagnetic anhydride is 
a /ran^-dihalogeno six-coordinate complex having a 
triplet ground state. T h e solid, violet, paramagnetic 
anhydrous complex readily reverts to [Ni(mwo-L)]X2-
2 H 2 0 when moisture is available.x) 

I n the present study, the orange four-coordinate 
dihydrate was found to be converted to [NiX2(meso-
L)] upon dehydration by heating in the solid state. 
The isomeric complex containing the racemic ligand 
((7RS,URS)-form),V [ N i ( ^ - L ) ] X 2 - 2 H 2 0 ( X = G 1 and 
Br)5> underwent exactly the same reaction, yielding 
the anhydrous six-coordinate complex, trans-\NïX2(rac-
L)] . In the present note, the enthalpies of the de­
hydration reactions are reported. 

Figure 1 shows a typical example of the thermo-
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Fig. 1. TG (a) and DSC (b) curve for the thermal 
dehydration of [Ni(m«0-L)]Cl2-2H2O. 
Heating rate: 3 °G min"1. Sample: 18.52 mg. 

gravimetry (TG) and the differential scanning cal-
orimetry (DSC). When [Ni(wero-L)]Cl2-2H20 was 
heated at a heating rate of 3 °C min - 1 , the weight 
loss due to the dehydration began at 58 °G and con­
stant weight attained at 110 °G. T h e weight loss 
of 8.2 + 0 .2% was in accord with the calculated value 
for the loss of two mois of water (8.00%). Correspond­
ing to the weight loss, an endothermic peak appeared 
on a DSC curve. The heat of dehydration was es­
timated to be 100±1 k j m o l - 1 by comparing the peak 
area with that for melting of naphthalene crystals 
(AH= 18.98 k j mol-1).6) Experiments for other sys­
tems were carried out similarly. T h e results are sum­
marized in Table 1. Values given in Table 1 are 
mean values for at least four experimental runs. The 
product was identified by elemental analysis, elec­
tronic spectrum,1'7»8) and infrared spectrum.8) All the 
results indicated that the reaction proceeds as follows: 

[NiL]X2-2HaO > [NiX2L] + 2 H 2 0 . 

This is the reverse reaction reported by Busch1) and 
involves the change in the coordination number from 
four to six, viz., the singlet to triplet spin-state change. 

As shown in Table 1, the AH values are not largely 
different from each other except for the iodide system 
of [Ni(m^o-L)], though the difference in AH caused 
by the kind of halide ion and the ligand may be sig­
nificant. I t is worth while to mention that the en­
thalpies found in the present study can be compared 
to the calculated enthalpy value for sublimation of 
ice, where AH (sublimation) = 5 1 . 9 k j mol" 1 a t 25 °C.9) 
(Note that the AH values given in Table 1 correspond 
to the loss of two mois of water.) Except for the 
iodide system, the enthalpy values found in the present 
study are significantly larger than those usually found 
for dehydration reactions of coordination compounds. 
For example, AH for dehydration of [Ni(abi)4]X2-
n H 2 0 (abi=2-aminobenzimidazole) has been reported 
to be 8.8 ( X = C 1 , n = 3 ) , 8.8 ( X = B r , n=3), and 7.1 

T A B L E 1. E N T H A L P Y OF THE THERMAL DEHYDRATION 

REACTION OF [NÏL]X 2 • 2 H a O 

A#( -2H 2 0) 

meso-L 

rac-L 

Gl 
Br 
I 
Gl 
Br 

kj mol-1 

100+1 
104±3 
78+2 
99 + 4 
96±4 

Temperature 
of incipient 
reaction/°Ca> 

58 
75 
58 
76 
65 

a) Heating rate : 3 °G min -1 . 
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k j m o l - 1 ( X = N 0 8 , n=l).10) Fogel et al. studied de­
hydration reactions of many simple inorganic hy­
drates9 '11 '12) and reported that, for many reactions, 
AH= 55.2x k j m o l - 1 {x designates mol number of 
lost water) , which is close to what is observed for the 
ice system.12) They concluded on this basis that, 
when only small structural changes occur during de­
hydration reactions, the thermodynamic value is close 
to that for the vaporization of ice.9) 

I t is striking that the AH values given in Table 1 
are close to those reported by Fogel and that for the 
sublimation of ice, even though the present complexes 
bear the large organic ligand. This indicates that 
the water molecules in the dihydrates of the present 
complexes are involved in the strong hydrogen-bonds 
such as those in ice and many simple inorganic hydrates. 
I t has been shown that, in the crystals of [Ni(meso-
L)]C12-2H202> and [Ni(méw-L)]Br2-2H203

3> all the 
water molecules are disposed above the hydrogen 
atoms of N - H groups and are involved in the strong 
hydrogen-bonds, N - H - O H 2 and O H 2 - X , forming 

r 
hydrogen-bonded chelate rings of the type Ni-N-H---

[ 
O - H - X - H - N . The magnitude of AH seems to 
H 
reflect a t least qualitatively the strength of the hy­
drogen-bonds in the hydrate, although many other 
factors affect the magnitude of AH. T h e small AH 
value for the iodide system probably indicates the 
weaker hydrogen-bond in the crystal as expected. 
Busch pointed out the importance of the role played 
by water in the spin-state conversions such as the 
anhydrous spin-free-hydrate spin-paired type.13) 
When the anhydrous [NiX2L] takes up the two water 
molecules from the atmospheric moisture to produce 
[ N i L ] X 2 - 2 H 2 0 , the incorporated water molecules dis­
place the halogen ions from the coordination sites 
but are not involved in the coordination in the product. 
This is unexpected in the light of the fact that water 
has much higher coordinating ability as compared 
with the halide ion. In view of the crystal structures 
of [Mi(méw-L)]Cl2-2H202> and [Ni(m^-L)]Br 2 -
2H 2 0, 3 ) the dispositions of the water molecules above 
the N - H bonds would be much more favorable over 
the hypothetical occupation by the water molecules 
a t the axial coordination sites. This situation could 
be explained by the larger AH values observed in 
the present study. The N - H - O H 2 and O H 2 - X 
hydrogen-bond networks operating in the vicinity of 
the nickel(II) ion are strong enough to prevent the 
coordination of water. 

Exper imenta l 

Materials. Orange dihydrates, [Ni(m^0-L)]X2-2H2O 
(X=C1, Br, and I) and [Ni(r^-L)]X2-2H20 (X=G1 and 
Br), were prepared from the corresponding Perchlorates4) 
by ion exchange (Dowex 1-X8). Elemental analyses gave 
satisfactory results. 

Measurements. Thermal analyses were carried out on 
a Rigaku Denki differential scanning calorimeter, Model 
8001 SL/G. 

Elemental Analyses of the Reaction Products. (a) [NiX2-
(m^o-L)]=NiC16H36N4X2. Found: G, 46.35; H, 8.89; N, 
13.44; Gl, 17.16%. Galcd for X=G1: G, 46.41; H, 8.76; 
N, 13.53; Gl, 17.12%. Found: G, 38.08; H, 7.30; N, 11.30; 
Br, 31.96%. Galcd for X = B r : G, 38.20; H, 7.21; N, 11.14; 
Br, 31.77%. Found: G, 31.96; H, 6.16; N, 9.42; I, 42.69%. 
Galcd for X = I : G, 32.19; II, 6.08; N, 9.39; I, 42.51%. 
(b) [NiX2(rac-L)] = NiC16H36N4X2- Found: G, 45.53; H, 
8.81; N, 12.89; Gl, 16.83%. Galcd for X=G1: G, 46.41; 
H, 8.76; N, 13.53; Gl, 17.12%. [NiBr2(rac-L)] is very 
sensitive to moisture. Accurate data for the anhydrous 
complex could not be obtained because of rapid absorption 
of water vapor during weighing the sample. 

The authors wish to thank Professor Yoshio 
Matsunage for the kindness in the DSC measurements. 
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Synopsis. The potential gradient detector previ­
ously reported has been improved as regards mechanical 
stability and the contaminated electrodes can be easily 
exchanged with new ones. The linearity of step-height 
holds below the electrode voltage of 1.2 V (0.005 mol dm - 3 

aq HCl). The detection limit was 2.5 X ÎO"10 mol for adipic 
acid. 

In isotachophoresis, the ratio of potential gradients 
of sample zone (Ev) to leading zone (2sL) can be meas­
ured by means of a potential gradient detector (PGD). 
The ratio, RE, correlates with the step-height (h) in 
the isotachopherogram and the effective mobility (m) 
of sample and leading ion as follows: 

RE = EYjE^ = AV/ÄL = mL/mv, (1) 

where V and L denote the sample and leading zones, 
respectively. 

The RE values obtained are useful for the evaluation 
of aboslute mobility,1,2) dissociation constants2) and 
complex stability constants.3) For the measurements 
of RE, the drift of baseline in the isotachopherogram 
should be suppressed as little as possible. T h e drift 
might be due to the following: (A) Inadequate 
choice of electrolyte system and/or p H of leading 
electrolyte. (B) An undesirable electric pass among 
sensing electrodes and ground due to leak of elec­
trolytes and/or high humidity. (C) The inactive elec­
trodes of PGD contaminated by electrode reaction; 
An exchange of the damaged sensing electrodes is pre­
ferable, since the P G D once contaminated will not 
give a stable base line even when it is rinsed well. 
The defects due to acryl resin2) were removed: T h e 
previous model was not strong mechanically; due to 

Fig. 1. Potential gradient detector. 
1: Pt sensing electrodes, 2: PTFE insulator, 2': PTFE 
gaskets, 3: PTFCE holders, 4 and 4' : Cell bodies 
(polycarbonate), 5: Lead wires, 6: PTFE capillary 
tube, 7 and 8: Cu-constantan thermocouple, 9: 
Fixing screws, 10: PTFE bushings. 

thermal melting on boring, it was difficult to pass 
electrolytes with a uniformed bore and no organic 
solvent could be used. 

Construction of PGD Cell. Figure 1 shows the 
mechanical construction and an exploded view of the 
PGD cell. The cell bodies (4,4') are made of poly­
carbonate resin and turn on a rod, the holes in the 
bodies being for screws (9), and plugs to fit the capil­
lary tube to the cell, and lead wires to the sensing 
electrodes (5). The sensing electrodes (1) are made 
of plat inum disk of 20 [im thick. A copper-constantan 
thermocouple soldered to one of the electrodes (7) 
is to monitor the temperature of electrolyte. The 
holders (3) for sandwiching the electrodes are made 
of poly(trifluorochloroethylene) (PTFCE) , which is 
harder than poly(tetrafluoroethylene) (PTFE) . PTFE 
disks of 50 [i.m thick were used as an insulator of the 
electrodes (2) and gaskets (2'). T h e diameter of the 
pass of electrolyte is 0.5 mm. The bored electrodes 
were carefully tr immed with sandpaper (J 2000) and 
rinsed with water, 0.1 mol d m - 3 H N 0 3 , distilled water 
and ethanol. The holders, insulators, and gaskets 
were also rinsed with ethanol and dried. 

One of the holders (3) was inserted into the cell 
body (4'), a centering rod of 0.5 m m 0 being inserted 
into the holes. The gaskets, electrodes, insulator and 
the other holder were inserted and settled. The other 
body was then fixed tightly with the screws (9) and 
the rod was pulled out carefully. The lead wires, 
supported by P T F E bushings (10), were soldered to 
the sensing electrodes. When construction was com­
plete, the pass was rinsed again. 

Check on PGD. First, the linearity between the 
input voltage applied and the observed step-heights 
was checked using the recorder of an isotachophoretic 
analyzer (Shimadzu Seisakusho Ltd., IP-IB) and con­
tinuous voltage generator (0 to 2 V) . 

A 0.005 mol d m - 3 aq HCl was used as an electrolyte 
in the pass of the capillary tube and the PGD. The 
p H was adjusted to 6 by addition of histidine. When 
there was no electric leakage and the sensing elec­
trodes were clean, the base line of the electrophero-
gram did not drift for 1 h with migration current of 
50 ptA (drift, less than a few percent of the step-height 
of base line). Sometimes, an upward drift due to 
electric leakage among the electrodes and ground, 
and a downward drift due to electric leakage between 
the electrodes or the contaminated electrodes were 
observed. 

Since the electric resistance of the buffered elec­
trolyte is constant in the thermostatted capillary tube, 
the migration current and the voltage detected should 
be linearly correlated until the sensing electrodes are 
polarised. The linearity of step-heights on migration 
was checked as follows. The migration current was 
varied from 25 to 200 [xA at regular intervals of 25 
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Time 

Fig. 2. E lec t ropherogram for the check on linearity 
of step heights . 

[jA and the step-heights vs. time were recorded (Fig. 
2). The irregular step-heights on migration due to 
polarisation of the electrodes were recorded at 200 
[i.A. However, the linearity held below 175 fiA, a t 
which the electrode voltage corresponded to ca. 1.2V. 
The value agrees with the decomposition voltage of 
aq HCl . If the electrodes were contaminated or the 
electric leakage took place in the pass of electrolyte, 
no normal linear relation could be obtained. Thus, 
the present P G D gives the correct RE values of given 
samples, when the voltage between the sensing elec­
trodes does not exceed the decomposition voltage of 
sample or solvent. AE in Fig. 2 shows an example 
of the asymmetrical potential which appears at the 
opening of a short-circuiting switch for PGD. Ideally, 
the value should be null, but sometimes a slight shift 
was observed. For estimation of the exact RE value, 
the step-height of AE should be subtracted from the 
step-heights of leading, samples and terminating zones. 
Use of an internal standard will give more reliable 
RE values. 

Detection Limit. Adipic acid was used in order 
to check the quantitative limitation according to the 
procedure reported by Akiyama and Mizuno.4) The 
leading electrolyte was 0.01 mol d m - 3 aq HCl contain­
ing 0 .2% Tri ton X-100, the p H of which was adjusted 
to 6.0 by adding histidine. The terminating elec­
trolyte was 0.01 mol d m - 3 glutamic acid. The p H was 
adjusted to ca. 6 by adding histidine. Figure 3 shows 
the differential curves of the isotachopherograms ob­
tained for the injected sample. The quantitative limit 
was ca. 5 X 10 - 1 0 mol and the detection limit 2.5 X lO"10 

mol. 

5xlO"10Mol , 2.5x 10~.10JVtoF 

Time 

Fig. 3. Differential curves of isotachopherograms of 
adipic acid for the check on detection limit. 
Adi: adipic acid, Glu: glutamic acid. 

According to a computer analysis of isotachophoresis 
for the injected sample of l x l 0 - 9 m o l , the total con­
centration in the sample zone and the zone length 
were estimated to be 0.00433 mol d m - 3 and 0.1176 cm, 
respectively. The isotachophoretic velocity can be ex­
pressed as follows: 

v = Ejh& = Jm&JK& cm/s, (2) 

where E& is the potential gradient and m& the effective 
mobility, J the current density and >ca specific con­
ductivity. When the current applied is 25 \iA, J is 
1.273 X 10~2 A/cm2 . The simulated m& and *a were 
42.96 X 10-5 cm2 /V s and 5.593 X 10~4/O cm, respective­
ly. Substitution of these values into Eq. 2 gives the iso­
tachophoretic velocity 9.8 X 10~3 cm/s. The passing 
time of the zone through the detector expected was 
12 seconds (0.1176/9.8 X 10~3). This agrees with the 
observed one {ca. 12 s.) as shown in Fig. 3. The 
maximum resolving power of 5 X 10 - 1 0 mol corresponds 
to the zone length of 588 [Jim, which is 8 times the 
effective gap of the electrodes of 70 pim. 

The resolving power of 2.5 X 10 - 1 0 mol reported by 
Akiyama and Mizuno4) for the same inner diameter 
and thickness of insulator is twice as large as that of 
our result. The difference may be due to the thickness 
of our electrodes (20 [xm), since it would affect the 
degree of sharpness of differential curves. A better 
resolution might be obtained using thinner eletrodes, 
a smaller inner diameter of PGD, and lower concen­
tration of leading electrolyte than those in the present 
experiment. 
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The Core-level Binding Energies and the Structures of Nickel Complexes 
Tooru YOSHIDA* and Kiyoshi YAMASAKI 

Osaka Prefectural Industrial Research Institute, 2-1-35, Enokojima, Nishi-ku, Osaka 550 
(Received July 28, 1980) 

Synopsis. The X-ray photoelectron spectra of thirty-
two nickel complexes were measured in order to examine 
the relation between the structures and the core-level binding 
energies of the complexes. The differences between the 
energies of Ni(2p) and Ni(3p) electrons for the complexes 
with an octahedral structure were about 1 eV larger than 
for those with a square planar one. 

There have been many reports on X-ray photo-
electron spectroscopic studies of nickel compounds.1) 
I t has been established that paramagnetic complexes 
show intense shake-up satellites on the higher energy 
side of the primary peaks in the Ni(2p) electron region, 
but that diamagnetic ones do not. However, there 
have been few studies of the relationship between 
the binding energy and the stereochemistry. ld> T h e 
purpose of this study is to examine the relation be­
tween the structure of nickel complex, square planar 
or octahedral, and the binding energies of its core-
electrons. 

The X-ray photoelectron spectra were measured on 
an AEI ES200 spectrometer. Al K<x (1486.6 eV) X-
ray radiation was used as the excitation source. The 
samples were ground to powder and then dusted onto 
double-backed adhesive tape. T h e measurements were 
run at room temperature under a vacuum of about 
10 - 7 Tor r . The binding energy of the C( l s) electron 
peak was used as the energy standard throughout 
the present experiments; it was taken to be 285.0 eV. 
The reproducibilities of the values thus obtained were 
± 0 . 1 eV. All the complexes used and their binding 
energies are given in Table 1. All the complexes were 
prepared based upon the literature. 

The spectra in the Ni(2p)- and Ni(3p) -electron re­
gions for the nickel complexes of 2-pyridinecarboxylic 
acid and dimethylglyoxime are shown in Fig. 1. Eh 

in the figure indicates the binding energy. The spectra 
of the 2-pyridinecarboxylic acid complex, like those 
of the complexes of Nos. 1—16 in Table 1, showed 
intense satellites on the higher energy side of each 
primary peak originating in the 2p!/25 2p3/2 , and 3p 
electrons, but the spectra of the dimetylglyoxime com­
plex, like those of the complexes of Nos. 17—32, did 
not show such satellites. This suggests that the com­
plexes of Nos. 1—16 are paramagnetic, while those 
of Nos. 17—32 are diamagnetic. 

In general, the Ni(3p) spectrum does not show 
clear doublet peaks because of the small difference 
(about 2 eV)2> between the binding energies of the 
Ni(3p1 /2) and Ni(3p3 /2) electrons. Therefore, the 3p 
binding energies in Table 1 correspond to the top 
of a main peak, as is shown in Fig. l b . 

O n the basis of the results of X-ray structural ana­
lysis, IR , U V , and magnetic measurements, it has 
been proved that the structures of the complexes of 
Nos. 1,8> 2,4> 4,5> 5,5> 6,5> 7,6> 9,7> 11,8> 12,8> 13,8> 14,9> 
15,8> and 1610> are octahedral, while those of Nos. 
18,n> 23,12> 24,13> 25,14> 26,15> 27,16) 29,10> 30,17> 31,18> 

79 77 75 73 71 69 67 65 63 

£b/eV 

I i i i l i i _^J 
885 880 875 870 865 860 855 850 

£b/eV 

Fig. 1. XPS spectra of a: Ni(2p) and b : Ni(3p) elec­
tron regions. Solid line: /raw.y-diaquabis(2-pyridine-
carboxylato)Ni(II), broken line: bis(dimethylglyoxi-
mato)Ni(II). 

and 3219> are square planar. The structure of the No. 3 
complex may be considered to be octahedral in view 
of the structures of the corresponding copper and 
zinc complexes.20) I t seems reasonable to consider 
that the structures of the complexes of Nos. 8 and 
10 are octahedral, because l-(2-pyridylazo)- and 1-
(8-quinolylazo)-naphthols as well as l-(2-thiazolylazo)-
2-naphthol are tridentate ligands. Furthermore, it 
seems that the structures of the complexes of Nos. 
17, 19—21, and 28 are square planar in view of the 
structures of the complexes of Nos. 18 and 25—27. 
T h e structure of the No. 22 complex seems to be 
square planar. The square planar structure for the 
complexes of Nos. 17—32 are supported by the absence 
of intense satellites in their Ni(2p) and Ni(3p) electron 
spectra. 

I t has been reported that, for the nickel complexes 
of NCS~ ligand, the Ni(2p) binding energies of 
octahedral compounds are a little higher than those 
of the square planar ones.ld> Such a tendency was 
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TABLE 1. MEASURED BINDING ENERGIES 

Sample 
No. 

_— 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

: Ligand 

Ethylenediaminctctraacctic acid 

Glycine 
8-Quinolinol 
2-Pyridinecarboxylic acid 
3-Pyridinecarboxylic acid 
4-Pyridinecarboxylic acid 
2-Aminobenzoic acid 
1 - (2-Pyridylazo) -2-naphthol 
1 - (2-Thiazolylazo) -2-naphthol 
1 - (8-Quinolylazo) -2-naphthol 
Ethylencdiamine 
Ethylcncdiamine 
2,2'-Bipyridine 

2,2'-Bipyridinc 
1,10-Phenanthro;inc 
Biuret 
2- (/>-Nitrophenylazo) -4-methylphenol 
1 -Phenylazo-2-naphthol 
1 - (/»-Mcthoxyphcnylazo) -2-naphthol 
1 - (/»-Nitrophcnylazo) -2-naphthol 
1 - ( 1 -Naphthylazo) -2-naphthol 
1 - (8-Quinolylazo) -2-naphthol 

.Salicylaldchydc oxime 
Salicylidcncamine 
Dimethylglyoxime 
2,3-Pcntancdione dioxirac 
Bcnzil dioximc 
1,2-Cyclohcxancdione dioxime 
Biux-ct 
Rubeanic acid 
2-Mercaptobcnzothiazolc 
Diethyldithiocarbamic acid 

Complex11) 
formula 

X 
B 
B 
B 
C 
C 
D 

D 
D 
D 
E 

F 
G 
F 
G 
F 
D 
D 
D 
D 
D 
H 
D 
D 
D 
D 
D 
D 
I 

J 
D 
D 

2Pl/2 

872.7 
873.0 
873.6 
873.4 
873.7 
873.9 
873.8 
873.1 

873.3 
872.8 

872.4 
872.6 
873.6 

873.4 
873.6 
874.3 
872.6 

872.7 
872.6 
872.6 
872.5 
872.7 
873.4 
873.0 
872.3 
872.4 
872.9 
872.7 
872.1 
871.8 
872.6 
871.6 

BE of Ni/eV 

2p3/2 

855.1 
855.6 
856.0 
855.7 
856.1 
856.2 
856.1 
855.6 

855.7 
855.4 
855.0 

855.2 
856.1 
856.0 
856.1 
856.9 
855.5 
855.5 

855.4 
855.6 
855.3 
855.4 
856.1 
855.7 
855.1 

855.2 
855.9 
855.5 
854.8 
854.5 
855.3 
854.3 

3pb> 

67.2 
67.7 
68.0 
67.9 
68.3 

68 .4 
68.2 
67.9 
68.0 
67.8 
67.2 
67 .4 
68.1 

68.2 
68.2 
68.9 
68.6 
68.6 
68.5 
68.6 
68 .4 
68 .4 
69.0 
68.6 
68.2 
68.2 
68.8 

68 .4 
67 .7 -
67.4 
68.2 
67 .4 

A£x"> 

805.5 
805.3 
805.6 
805.5 
805.4 
805.5 
805.6 

805.2 
805.3 
805.0 
805.2 
805.2 
805.5 

805.2 
805.4 
805.4 
804.0 
804.1 
804.1 
804.0 
804.1 
804.3 
804.4 
804.4 
804.1 
804.2 
804.1 
804.3 
804.4 
804.4 
804.4 
804.2 

A£/> 

787.9 
787.9 
788.0 
787.8 
787.8 
787.8 

787.9 
787.7 

787.7 
787.6 
787.8 
787.8 

788.0 
787.8 
787.9 
788.0 
786.9 
786.9 
786.9 
787.0 
786.9 
787.0 
787.1 
787.1 
786.9 
787.0 
787.1 
787.1 
787.1 
787.1 
787.1 
786.9 

a) A : Ni(L-4H)Na.,-2H.,0, B : Ni (L-H)„-2H 2 0 , C : Ni(L-H);-4HX>, D : Ni(L-H).,, E : NiL3Cl,-2HoO, F : NiL.,Cl„ 
G: NiL3(C104)2 , H : Ni(L-H)CL I : K2Ni(L-2H)2 , J : Ni (L-2H) . L, L - H , L-2H, and L - 4 H in the above 
formulas indicate a free ligand and mono-, di-, and tetra-deprotonated ligands respectively, b) The binding 
energy of a main peak, c) AEX and A £ 2 indicate the binding energy differences, 2pi/2—3p and 2p3/._, — 3p 
respectively. 

not observed in this study. This is probably due 
to the comparison among the complexes of a variety 
of ligands. Therefore, in this study the differences 
between the binding energies of core-electrons for 
each complex were compared in order to reduce the 
effect of the variety of ligand on the binding energies. 

Two kinds of differences, A£ 1 =Ni (2p 1 / 2 )—Ni(3p) 
and AE2=Ni(2p3/2) — Ni(3p), are given in Table 1. 
The AE1 and AE2 values for Nos. 1—16 were 805.0— 
805.6 eV and 787.6—788.0 eV respectively. Those for 
Nos. 17—32 were 804.0—804.4 eV and 786.9—787.1 
eV respectively. T h a t is, the AEt and AE2 values 
for the complexes of the former group were about 1 
eV larger than those of the latter. This indicates 
that the differences between the binding energies of 
core-electrons give valuable information on the stereo-
structures of nickel complexes. 
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Synopsis. New annelated 5-amino-1,4-diazaanthra-
quinones and related derivatives were prepared from 2,3,5-
triamino-l,4-naphthoquinone or 5-amino-2,3-dichloro-l,4-
naphthoquinone. Their visible absorption spectra were ex­
amined by the PPP-SCF-MO calculation with a variable 
ß approximation. 

1-Amino- and 1,4-diaminoanthraquinones are of 
great value as coloring matter. We have at tempted 
to prepare new diazaanthraquinones for dyes. T h e 
visible absorption maximum of 5-amino-1,4-diaza-
anthraquinone 2 prepared from 2,3,5-triamino-l,4-
naphthoquinone 1 is found a t a longer wavelength 
than that of its carbon analogue.1) 

In this paper, we wish to report the preparat ion 
and visible absorption spectra of annelated derivatives 
of 2 and related compounds. Annelated 5-amino-
1,4-diazaanthraquinones 5—7 were prepared by the 
reaction of 1,2-quinones (1,2-naphthoquinone, acenaph-
thenequinone and 9,10-phenanthrenequinone) with 1 

in 50—86% yields. Benzo derivative 4 was prepared 
from 5-amino-2(or 3)-chloro-3(or 2)-anilino-1 ^ - n a p h ­
thoquinone 3 and sodium azide. Bromination of 2 
afforded 5-amino-6,8-dibromo-1,4-diazaanthraquinone 
8. No monobromo derivative1) was isolated under 
the same conditions. 5-Amino-8-anilino derivative 9 
was prepared by the Ul lmann amination of 8 with 
aniline, along with 6(or 8)-bromo-5-amino derivative 
10, debrominated product of 8 in trace amounts. 

The observed and calculated absorption maxima 
of new annelated compounds and 9 are summarized 
in Table 1. All the annelated compounds showed 
a pronounced bathochromic shift of >lmax in polar 
solvents. In this PPP calculation, the parameters for 
the solvent effect were not included. Annelation to 
6,7-positions of some 1,4-disubstituted anthraquinones 
produces a small hypsochromic shift.2) The hypso-
chromic shifts of 4—8 nm are accurately predicted 
by the PPP calculation.3) The observed absorption 

TABLE 1. THE ABSORPTION MAXIMA OF ANNELATED 5-AMINO-1,4-DIAZAANTHRAQUINONES 

AND RELATED COMPOUNDS 

N H 2 0 

AA/NyX 

ii 

o 

Gompd 
No. 

2i) 

4 

5C> 

6 

7 

9 

X, Y 

X - H 

2 X = | v\ 
1 1 II 

X) 
2 X = J 

X = H Y = 

Y = H 

Y = H 

Y - H 

Y = H 

Y = H 

= 6-Br-8-NHG6H5 

"max 

Benzeneb> 

476 

464 

471 

473 

485 

/598 
V634 

(exptl)/nm (eXlO" 

DMF 

489 

475(0.68) 

486(0.64) 

489(0.79) 

501(0.74) 

/598 
\634 

-4) 

EtOH 

500(0.57) 

484 

493 

498 

511 

/598(1.2) 
V636(1.2) 

^max(calcd)/nm (/a>) 

423(0.226) 

422(0.304) 

419(0.309) 

420(0.306) 

422(0.300) 

— 

a) Oscillator strength, b) The values of e could not be measured due to the poor solubility, c) This structure 

was presumed by the comparison with the calculated Amax of 5 and its isomer (2X = / % , / : 426 nm ( / = 0.343). 
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maxima of annelated derivatives 4—6 were found 
at wavelengths somewhat shorter than those of the 
parent compound 2. T h e calculated values of all 
annelated compounds were very close to the value 
of 2. The calculated changes in jr-electron density 
accompanying electronic excitation to the first excited 
state for 4—6 were mainly from aniline moiety to 
two carbonyl groups. The changes were similar to 
those for 2.1) 

O n the other hand, the / l m a s of 7 was observed at 
a longer wavelength than that of 2. T h e absorption 
band corresponds to changes in ^-electron density 
away from aniline moiety to an acenaphthene ring. 
Thus, it is predicted that the character of charge 
transfer for the first excitation for 7 differs from that 
of the other 5-amino-l,4-diazaanthraquinones. 

T h e absorption maximum of 5-amino-8-anilino de­
rivative 9 was found at the same wavelength as that 
of its carbon analogue ( 1 -amino-2-bromo-4-anilinoan-
thraquinone: >^max (benzene) 634 nm (e, 1.35 X 104)).4) 
I t is suggested that the substitution of a pyrazine 
ring for 1,4-disubstituted anthraquinone series produces 
no bathochromic shift. 

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

Most melting points of 1,4-diazaanthraquinones were not 
measured owing to the fact that no melting takes place below 
300 °G. The absorption spectra were recorded on a Hitachi 
EPS-3T spectrophotometer, IR spectra on a Hitachi EPI-S2 

spectrophotometer, and mass spectra on a Hitachi RMU-6E 
mass spectrometer operating at 80 eV. Elemental analyses 
were recorded on a YANAGO CHN recorder MT-2. 

Method of SCF-MO Calculation. The calculations were 
carried out by the PPP-SGF-GI method with a variable 
ß approximation, using the parameters reported,1) except 
for the core resonance integrals (/?). The following ßrs's 
were used for all the annelated compounds. 

£cc /eV= -1 .81 - 0 . 5 1 P C C 

£ C N / eV= - 1 . 9 8 - 0 . 5 3 PCN 

jßco/eV- - 2 . 1 7 - 0 . 5 6 P c o 

5-Amino-2,3-benzo-l,4-diazaanthraquinone (4). A solu­
tion of aniline (3.5 g) in EtOH (8.3 ml) was added dropwise 
to a solution of 5-amino-2,3-dichloro-l,4-naphthoquinone 
(3.7 g)5) in EtOH (160 ml) at 75 °C. After the mixture 
had been refluxed for 3 h, the solid was separated. The 
nitrate was evaporated, and the combined solids were dis­
solved in pyridine and filtered. Water was added to the 
filtrate and the resulting solid was separated. The crude 
product was purified by dissolution in a minimum quantity 
of pyridine and reprecipitating with water to give 3 ; yield 
48%, mp 213—216 °G (dec), Found: C, 64.61; H, 3.76; 
N, 10.11%. Galcd for C1 6HnN202Cl: G, 64.32; H, 3.69; 
N, 9.38%. m/e (rel intensity), 300 (M+2, 30), 298 (M, 
86), 264 (23), and 263 (100). A solution of NaN3 (0.7 g) 
in water (2.2 ml) was added dropwise to a solution of 3 
(2.2 g) in DMF (17 ml) at room temperature. The mixture 
was stirred at 120 °G for 4 h. After cooling, the resulting solid 
was separated, water being added to the first filtrate to pre­
cipitate crude product. The combined crude products were 
dissolved in EtOH and filtered. The filtrate was evaporated, 
and the residue was washed with hot xylene. Recrystal-
lization from o-dichlorobenzene gave 4; yield 18%, m/e 
(rel intensity), 275 (M, 100), 247 (35), 219 (35), and 192 
(7), IR: 3400 and 3290 cm"1 (NH2), 1670 and 1648 cm"1 

(GO): Found, G, 69.17; H, 3.59; N, 14.39%. Galcd for 

C16H9N302: G, 69.82; H, 3.27; N, 15.27%. 
Preparation of Annelated 5-Amino-1,4-diazaanthraquinones (5— 

7). 1,2-Naphthoquinone (0.93 g, 5.9 mmol) was added 
to a suspension of 2,3,5-triamino-l,4-naphthoquinone (1.0 
g, 4.9 mmol) in 10% acetic acid (50 ml) at 80 °C. The 
mixture was stirred at 90 °G for 2.5 h. After cooling, the 
solid was separated and recrystallized from xylene to give 
5. No other isomer was observed by means of TLC. The 
other annelated compounds 6 and 7 were similarly prepared 
and recrystallized from DMF. 5: yield 86%, m/e 325 (M, 
100), 297 (27), and 269 (27), IR (KBr): 3420 and 3300 
cm"1 (NH2), 1689 and 1645 cm"1 (CO), Found: C, 74.20; 
H, 3.72; N, 11.69%. Galcd for G20HnN3O2: C, 73.85; H, 
3.38; N, 12.92%. 6: yield 51%, m/e 375 (M, 100), 347 
(17), 319 (15), and 318 (10), IR (KBr): 3440 and 3325 
cm-1 (NHo), 1678 and 1650 cm-1 (GO), Found: G, 76.65; 
H, 3.36; N, 11.08%. Galcd for G24H13N302: C, 76.80; 
H, 3.47; N, 11.20%. 7: yield 56%, m/e 349 (M, 100), 
321 (22), and 293 (17), IR (KBr): 3430 and 3300cm-1 

(NH2), 1670 and 1645 cm-1 (CO), Found: G, 75.51; H, 
3.20; N, 11.60%. Galcd for C 2 2 H n N 3 0 2 : C, 75.64; H, 
3.15; N, 12.03%. 

5-Amino-6,8-dibromo-l,4-diazaanthraquinone (8). To a 
suspension of 2 (0.91 g) in o-dichlorobenzene (46 ml) was 
added bromine (1.62 g) dropwise at 130 °C for 1 h. The 
mixture was heated at 140—145 °C for 5 h. After cooling, 
the solid was separated and washed with benzene, methanol, 
and water. The crude product was suspended in water 
(150 ml) and treated with aqueous sodium sulfite, and re­
crystallized from xylene to give 8; yield 47%, m/e 385 (M+4, 
52), 383 (M+2, 100), 381 (M, 52), 357 (8), 355 (16), 353 
(9), 286 (23), and 284 (28), IR (KBr): 3400 and 3280cm-1 

(NH2), 1680 and 1640 cm-1 (CO), Amax (EtOH): 492 nm 
(e, 6.6x 103), Found: G, 37.58; H, 1.52; N, 10.93%. Galcd 
for C12H5N302Br2: C, 37.62; H, 1.31; N, 10.97%. 

5-Amino-6-bromo-8-anilino-7,4-diazaanthraquinone (9). 
A mixture of 8 (0.94 g), CuG0 3 (0.06 g), potassium acetate 
(1.3 g), and aniline (8.0 g) was stirred at 130—140 °G for 
1 h. After being cooled to 80—90 °G, methanol (8 ml) 
was added to the mixture. The resulting solid was separated, 
washed with water and methanol, and recrystallized from 
benzene. The crude product was separated by column-
chromatography on silica gel (developing solvent: benzene-
acetone (1:2)) to give 9 and 10 in yields of 31% and « 0 . 1 % , 
respectively. Compound 9 was again recrystallized from 
benzene. The first filtrate was steam distilled, and the 
residue solution evaporated. The crude product was re­
crystallized from water to give 10 (yield 0.3%). 9: m/e 
396 (M+2, 100) 394 (M, 100) 379 (43), 377 (47), and 298 
(38), Found: C, 54.87; H, 3.01; N, 12.94%. Galcd for 
G1 8HnN402Br: C, 54.70; H, 2.79; N, 14.18%, mp 254 °G 
(sublimed). 10: Amas (EtOH): 488 nm {s, 6.8xlO3), m/e 
305 (M+2, 100), 303 (M, 100), 277 (24), 275 (25), 249 
(14), 248 (12), 247 (12), 197 (13), and 196 (20), Found: 
C, 47.85; H, 2.20; N, 13.12%. Calcd for C12H6N302Br: 
G, 47.38; H, 1.97; N, 13.82%. 
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Phenalenones. Ill, The Anomalous Diazotization of 3-Substituted 
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Synopsis. The diazotization of 3-substituted 2-
amino-l//-phenalen-1-ones (substituents=Cl, Br, PhS, or 
OH) gave 2-diazo-l//-phenalene-l,3(2//)-dione. It is most 
probable that the reaction involves the intramolecular rear­
rangement of a transient diazohydroxide intermediate and 
the consequent elimination of the substituent at the 3-position. 

When 2-amino-3-bromo-l/ /-phenalen-l-one ( l a ) was 
treated with nitrous acid in concentrated hydrochloric 
acid, 2-diazo-l / / -phenalen-l ,3(2//)-dione (2) was un­
expectedly obtained. Although the diazo diketone 2 
had previously been prepared by the diazotization of 
2-amino-3-hydroxy-l//-phenalen-l-one (le),1) the reac­
tion of l a seemed to be different from that of l e . A 
bromine atom at the 3-position of l a is replaced by 
a carbonyl oxygen, whereas a hydrogen atom of the 
hydroxyl group is apparently eliminated in the case 
of l e . However, the reaction of l e may be understood 
similarly, if the hydroxyl group is considered to be 
a leaving group. 

l a l e 

Scheme 1. 

In order to clarify this, the diazotization of several 
3-substituted 2-amino-l//-phenalen-1-ones was inves­
tigated. 

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

The treatment of the amine l a with nitrous acid 
gave no clear solution, and no nitrogen gas evolved 
on the addition of phosphinic acid to the reaction 
mixture. In accordance with these observations, the 
reaction product was not the 3-bromo-l / / -phenalen- l -
one expected for a usual reductive deamination, but, 
rather, was diazo diketone 2. The yields of 2 were 
independent of the presence of phosphinic acid. 

Similarly, other 3-substituted 2-amino-l / / -phenalen-
1-ones ( l b — l e ) afforded the corresponding diazo dike-
tones in good yields (Table 1). 

TABLE 1. YIELDS OF 2a AND 2d 

a 
b 
c 
d 
e 
f 

1 

R1 

Br 
Gl 
SPh 
Br 
OH 
H 

R2 

H 
H 
H 
Br 
H 
H 

R2 

H 
H 
H 
Br 
H 
H 

2 

Yield/% 

96 
62 
44 
97 
74 
0 

Eistert et al.1) carried out the diazotization of the 
3-hydroxy derivative l e by using nitrosyl hydrogen-
sulfate in a homogeneous solution. The present reac­
tions proceeded sufficiently in a suspension of the 
amines in hydrochloric acid. 

An exceptional case was the reaction of 2-amino-
l / / -phenalen-l-one (If) (R1 = H ) , which gave an un­
workable polymer ( m p > 3 3 0 °G, partly soluble in an 
aqueous sodium carbonate solution). The treatment 
of the diazotized solution with phosphinic acid led 
to a partial decomposition to give a small amount of 
phenalenone, although the main product was a com-
plicatedly polymerized mass. The formation of phen­
alenone indicates that normal diazotization occurred 
in part . 

These reactions resemble those of 3-substituted 2-
amino-l ,4-naphthoquinones. Cajipe et al.2) found that 
the diazotization of the amino quinones in acetic acid 
gave 3-diazo-l,2,4(3//)-naphthalenetrione. They pos­
tulated a reaction mechanism involving the nucleo-
philic attack of the acetate ion at the 3-position, 
followed by hydrolysis and the elimination of R H 
( R = C 1 , C H 3 0 , N3 , and PhS), as is shown in Scheme 
2. 

0 
0 

H2o 

0 CHaCO? 0 

0 0 

Scheme 2. 

A)COCH3 

However, the application of Cajipe's mechanism to 
the present reaction seems to be less probable, since 
we did not use acetic acid as a solvent, and even if 
the nucleophile is the hydroxide ion, the concentra­
tion of the hydroxide ion could be extremely low in 
concentrated hydrochloric acid. 

For our reactions, the participation of the diazo­
hydroxide intermediate 3 and a sequent intramolecular 
rearrangement seem probable, as is outlined in Scheme 
3. The existence of a diazohydroxide compound as 
a transient intermediate has been widely accepted 
in the diazotization of primary amines.3) The hydroxyl 
group of 3 migrates to the 3-position of the phenalene 
ring, then H R 1 is released to give the diazo diketone 
2. Consistently with the reaction sequences benzene-
thiol was obtained as another reaction product in 
the reaction of l c . O n the same basis, it is under­
standable that the unsubstituted 2-amino-l / / -phenalen-
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1-one I f did not give 2, since the hydroxyl group of 
the intermediate 3f can migrate only with difficulty 
because of the less positive nature of the carbon atom 
at the 3-position. In addition, even if migration oc­
curs, the intermediate 4f can not be converted to 
2 unless dehydrogenation takes place. There is no 
possibility of dehydrogenation under the present reac­
tion conditions. 

The authers are grateful to Mr. Toshikatsu Sekine 
and Mr. Minoru Matsuzawa for their technical sup­
port. 

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

All the melting points are uncorrected. The IR spectra 
were taken on a JASCO IRA-1 spectrophotometer, while 
the UV spectrum was recorded on a Hitachi EPS-3T spec­
trophotometer. The NMR spectra were recorded with a 
JEOL JNM-PS-100 spectrometer (100 MHz), with TMS as 
the internal standard. The mass spectra were obtained 
at 70 eV using a Hitachi RMU-7M spectrometer. 

2-Amino-3-bromo-1H-phenalen-7-one (la) (mp 187—188.5 
°G) and 2-amino-3,6-dibromo-1H-phenalen-7-one (Id) (mp213— 
215 °G) were prepared by the methods described in a pre­
vious paper. 4> 

2-Amino-3-chloro-7Jl-phenalen-7-one (lb). Into 30 ml of 
a vigorously stirred solution of 2-amino-li/-phenalen-l-
one4> (0.50 g) in chlorobenzene we added, portion by portion, 
a chlorine solution in carbon tetrachloride containing 0.20 
g of chlorine at 50 °C. After 30 min, a yellow precipitate 
was collected and washed with carbon tetrachloride. The 
free base was obtained by the treatment of the solid salt 
with a sodium carbonate aqueous solution. Red crystals 
of mp 214 °G (methanol) was obtained in a 36% yield. 
IR (KBr) 3467,3347 (N-H) and 1622 cm-1 (C=0); NMR 
(DMSCw/6) 0=7.95—7.52 (4H, m), 8.32 (1H, d, 7 = 8 Hz), 
8.46 (1H, d, 7 = 8 Hz). Found: G, 67.76; H, 3.49; N, 6.12; 
Gl, 15.82%. Galcd for C13H8ONCl: C, 67.98; H, 3.51; 
N, 6.10; Gl, 15.44%. 

2-Amino-3-(phenylthio)-7H-phenalen-7-one (lc). The solu­
tion of 2-amino-3-bromo-l//-phenalen-1-one (1.37 g) in 
80 ml of an ethanol-dioxane mixture (2:1) was added by 
an ethanolic solution of sodium benzenethiolate which had 

been prepared from 1.10 g of benzenethiol and sodium 
methoxide; the mixture was then refluxed for 4 h. After 
the removal of a small amount of dark powder by filtration, 
the solution was concentrated to give 0.96 g of reddish brown 
crystals (63%,); mp 147.5—149 °G. MS m\e 303 (M+) ; 
IR(KBr) 3470, 3360 (N-H), and 1635 cm-1 (G=0); NMR 
(DMSO-J6) 5=7.07—7.14 (5H, m), 7.48 (1H, t, 7 = 7 Hz), 
7.77 (1H, t, 7 = 6 Hz), 7.82 (1H, d, 7 = 6 Hz), 7.98 (1H, 
d, 7 = 6 Hz), 8.32 (1H, d, 7 = 7 Hz), and 8.51 (1H, d, 
7 = 7 Hz). 

Found: G, 75.68; H, 4.31; N, 4.54; S, 10.32%. Galcd 
for G19H13ONS: G, 75.22; H, 4.32; N, 4.62; S, 10.57%. 

2-Diazo-7H-phenalene-7,3(2H)-dione (2). Finely ground 
2-amino-3-bromo-l//-phenalen-1-one (2.00 g) was added, 
portion by portion, to 20 ml of concentrated hydrochloric 
acid, after which we added 2.00 g of sodium nitrite dis­
solved in minimum volume of water; the mixture was 
then stirred at 5 °G for 1 h and allowed stand overnight. 
A yellow-brown solid was collected and washed with dilute 
aqueous ammonia and then with water. Recrystallization 
from benzene gave 1.05 g (65%) of 2 as pale yellow crystals 
of mp 197—199 °G dec. (lit,1) mp 191—195 °G). MS 
mje 222.0434 (M+, zl = 0.5m mass unit), 194.0041 ( M + -
28, -N2), and 166.0418 (M+-56, -CO) IR (KBr) 2230, 
2160 (N2), and 1635cm-1 (C=0); NMR (CDG13) 0=7.66 
(2H, t, 7 = 7 Hz), 8.12 (2H, d, 7 = 7 Hz), 8.48 (2H, d, 7 = 7 
Hz); UV (ffiH, nm, log e) 235.5 (4.82), 298 (4.08), and 
338 (4.05). Found: C, 69.91 H, 2.55; N, 12.11%. Calcd 
for C13H602N2: G, 70.27; H, 2.72; N, 12.61%. 

Similar reactions on lb , lc, and l e afforded 2, as is shown 
in Table 1. The addition of the diazotized reaction mixture 
to phosphinic acid did not affect the yields of diazo diketone. 

In a run of the reactions on lc, benzenethiol was obtained 
besides 2. The reaction mixture was filtered and washed 
with diethyl ether. The filtrate and washings were combined, 
and the solution was extracted with diethyl ether. The 
subsequent removal of the solvent left an oil, which was 
determined to be benzenethiol by a comparison of its IR 
and GLG with those of an authentic specimen (15% crude 
yield). 

6-Bromo-2-diazo-7H-phenalene-7,3(2H)-dione (2d). 
Orange yellow crystals (benzene); mp 194—195.5 °G dec; 
MS mfe 302 (M+); IR (KBr) 2230, 2150 (N2), and 1644 
cm-1 (G=0); NMR (pyridine-i5) 0=7.81 (1H, t, 7 = 9 Hz), 
8.07 (1H, d, 7 = 9 Hz), 8.39 (1H, d, 7 = 9 Hz), 8.50 (1H, 
d, 7 = 8 Hz), and 8.56 (1H, d, 7 = 8 Hz). Found: G, 51.53; 
H, 1.67; N, 9.01; Br, 25.95%. Galcd for C13H502N2Br: 
G, 51.85; H, 1.67; N, 9.31; Br, 26.54%. 
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Conversion of Quassin into lö^-tl^-S^Dimethyl^-pentenoyloxylquassin. 
A D-Ring Analog of Bruceantin 
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Synopsis. Quassin was transformed in five steps 
into 15/?- [ (E) -3,4-dimethy 1-2 -penten oy loxy] quassin. 

Bruceantin (1), a simaroubolide isolated from Brucea 
antidysenterica M I L L . , has been described to be a 
potent antileukemic tumor inhibitor, the importance 
of the a,/?-unsaturated ester grouping for the ant i tumor 
activity of 1 being pointed out.1) This paper deals 
with a conversion of quassin (2)2> into its 15/?-[(£)-
3,4-dimethyl-2-pentenoyloxy] derivative (3), having the 
D-ring moiety of bruceantin (1). 

Quassin (2) has been transformed, via neoquassin 
(4)2,3) a n c j anhydroneoquassin (5),4> into hydroxyneo-
quassin (6) and hydroxyquassin (7) both in low yields, 
the configuration of the hydroxyl group at C-15 being 
undetermined for 6 and 7.2a) Synthesis of 3 starting 
from 2 was carried out as follows. 

OH 

..-COaCHs 
r I H ^ ^CH(CH3)2 

OCH3 

CHaO. 

CHaO« 

CHsO. 

H ^ C = C ^ C H ( C H 3 ) : 

7 a yS-OH, a-H 

When quassin (2) was reduced with 1 equivalent 
mole of sodium borohydride in ethanol or 3 equivalent 
moles of diisobutylaluminium hydride in benzene, neo­
quassin (4) was obtained almost quantitatively. Treat ­
ment of 4 with hexamethylphosphoric triamide under 
reflux gave anhydroneoquassin (5) in 8 0 % yield. T h e 
unsaturated ether (5) was oxidized with osmium(VIII) 
oxide in pyridine and then treated with sodium hydro-
gensulfite to give 15ß-hydroxyneoquassin (6a) in 9 1 % 
yield. O n oxidation with silver(I) oxide, 6a gave 
15/9-hydroxyquassin (7a) in 5 5 % yield. In the 1 H -
N M R spectrum of 7a, the coupling constant between 
the C-14 and C-15 protons was observed to be 11 
Hz. Thus the C-15 hydroxyl group was shown to 
be in a /^-configuration for both 6a and 7a. By the 
improved procedure described above, 15/?-hydroxyquas-
sin (7a) was prepared from quassin (2) in ca. 4 0 % 
yield. 

Finally, acylation of 7a gave 15/?-[(£)-3,4-dimethyl-
2-pentenoyloxy]quassin (3) in 8 3 % yield. Inhibitory 
effect (ID50) against growth of HeLa cells was 150 

(jig/ml for 3. Further modification of the quassin 
molecule would be required for exhibition of strong 
activity. 

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

Melting points were measured on a Mel-temp capillary 
melting point apparatus (Laboratory Devices) and are un­
corrected. High resolution mass spectra were measured 
with a JEOL JMS-D300 mass spectrometer. Other details 
are the same as described previoulsy.5) 

Reduction of Quassin (2) with Sodium Borohydride or Diisobutyl­
aluminium Hydride. Quassin (2)2> was isolated from 
Picrasma ailanthoides PLANCHON according to the procedure of 
Murae et al.*) Sodium borohydride (38 mg, 1 mmol) was 
added to a solution of quassin (2) (388 mg, 1 mmol) in ethanol 
(50 ml), and the mixture was stirred at room temperature 
for 3.5 h. After addition of a few drops of acetic acid, the 
solvent was removed to give a residue. This was extracted 
with dichloromethane after addition of water. The organic 
solution was washed with brine, dried (Na2S04) and evap­
orated, giving 4 (386 mg) in 99% yield as a colorless solid. 
Crystallization from a mixture of dichloromethane and 
ether gave colorless needles, mp 230.5—231 °G, identical 
with an authentic specimen of neoquassin (4).2a>7) 

Diisobutylaluminium hydride (22 mg, 0.15 mmol) in dry 
tetrahydrofuran (0.5 ml) was added to a solution of quassin 
(2) (20 mg, 0.05 mmol) in dry benzene (2 ml), and the 
mixture was stirred under nitrogen atmosphere at room 
temperature for 1 h. The reaction mixture was treated 
in the usual way to give a product (19 mg) in 95% yield 
identical with neoquassin (4). 

Dehydration of Neoquassin (4). A mixture of neoquas­
sin (4) (67 mg) and hexamethylphosphoric triamide (0.9 
ml) was heated under reflux for 5 min. The reaction mix­
ture was poured into a mixture of chloroform (20 ml) and 
brine (30 ml). The chloroform solution was separated, and 
the aqueous layer was extracted twice with chloroform (each 
20 ml). The combined chloroform solution was dried 
(Na2S04) and evaporated to give a residue, which was chro-
matographed on a column of silica gel (50 g). Elution 
with ether gave 5 (51.3 mg) in 80% yield. Crystallization 
from a mixture of chloroform and ether gave 5 as colorless 
prisms, mp 191—192 °C, IR (Nujol) 1705, 1668, 1643, and 
1630 cm -1, no absorption due to hydroxyl group; 1H-NMR 
(CDCI3) «5 1.11 (3H, d, 7 = 7 Hz), 1.17 (3H, s), 1.59 (3H, 
s), 1.88 (3H, s), 3.12 (1H, s), 3.59 (3H, s), 3.63 (3H, s), 
3.81 (1H, t, 7 = 2 Hz), 4.59 (1H, dd, 7 = 6 and 7 = 2 Hz), 
5.30 (1H, d, 7 = 2 Hz), and 6.45 (1H, dd, 7 = 6 and 7 = 3 
Hz). Found: m/e 372.1927. Calcd for C22H2805: M, 
372.1935. The product was found to be identical with an 
authentic sample of anhydroneoquassin (5).2a) 

15ß-Hydroxyneoquassin (6a). A solution of anhydro­
neoquassin (5) (496 mg) in pyridine (20 ml) was treated 
with osmium(VIII) oxide (369 mg) at room temperature 
for 4 h. After addition of a solution of sodium hydrogen-
sulfite ( 1 g) in a mixture of water (40 ml) and pyridine (30 
ml), the reaction mixture was extracted with chloroform. 
The chloroform solution was washed with water (30 ml) 
and brine (30 ml), dried (Na2S04) and evaporated to give 
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6a (495 mg) in 9 1 % yield. 15/?-Hydroxyneoquassin (6a ) : 
amorphous solid; I R (Nujol) 3450, 1680, and 1632 c m - 1 ; 
U V (E tOH) Am a x 258 n m (e 10100); X H-NMR (GDG13) Ô 
1.06 (3H, s), 1.07 (3H, d, 7 = 6 Hz) , 1.43 (1.5H, s), 1.46 
(1.5H, s), 1.51 (3H, s), 3.18 (0.5H, s), 3.23 (0.5H, s), 3.53 
(1.5H, s), 3.55 (1.5H, s), 3.65 (3H, s), 4.50 (0.5H, broad 
d, J = 7 . 5 Hz) , 5.19 (0.5H, d, 7 = 4 Hz) , and 5.26 ( I H , 
d, 7 = 2 Hz) . Found : m/e 406.1963. Galcd for G 2 2 H 3 0 O 7 : 
M, 406.1990. T h e hemiacetal (6a) of a neoquassin type 
exists as a mixture of diastereomers at C-16. 

Oxidation of 5 was a t tempted with potassium permanganate 
to form 6 and 7,2a> but no consistent result was obtained 
due to the complicatedness of the reaction. Direct com­
parison of 6a with 6 was not carried out. 

15ß-Hydroxyquassin (7a). 15/?-Hydroxyneoquassin (6a) 
(444 mg) was dissolved in ethanol (20 ml) and water (15 
ml) , and treated with freshly prepared silver (I) oxide (1.4 
g) under reflux for 19 h. T h e warm mixture was filtered 
through Gelite, the solid on Gelite being washed with meth­
anol (50 ml) . T h e filtrate and washings were combined 
and concentrated to a volume of 20 ml. This was extracted 
with chloroform. T h e chloroform solution was treated in 
the usual way to give a residue (408 mg) , which was chro-
matographed on a column of silica gel (50 g) . Elution 
with a mixture of benzene and acetone (7:3) gave 7a (241 
mg) in 5 5 % yield. 15/?-Hydroxyquassin (7a ) : m p 256— 
258 °G (crystallized from a mixture of ethyl acetate and 
light pe t ro leum); I R (Nujol) 3490, 1740, 1699, 1681, and 
1632 c m - 1 ; U V ( M e O H ) Am a x 257 n m (e 10500); ^ - N M R 
(GDG13) Ô 1.12 (3H, d, J=l Hz ) , 1.21 (3H, s), 1.52 (3H, s), 
2.09 (3H, s), 2.41 ( I H , d, 7 = 1 1 Hz) , 3.05 ( I H , s), 3.59 
(3H, s), 3.69 (3H, s), 4.35 ( I H , m) , 4.49 ( I H , d, 7 = 1 1 Hz) , 
and 5.31 ( I H , d, 7 = 2 Hz) . Found : m/e 404.1813. Galcd 
for G 2 2 H 2 8 0 7 : M , 404.1832. Direct comparison of 7a with 
72a) w a s n o t carried out. 

(E)-3,4-Dimethyl-2-pentenoyl Chloride. Ethyl (£)-3,4-di-
methyl-2-pentenoate was prepared according to the procedure 
of Jorgenson and Leung.8) Potassium hydroxide (1 g) was 
added to a solution of ethyl (£)-3,4-dimethyl-2-pentenoate 
(2 g) in ethanol (10 ml) , and the mixture was treated in the 
usual way to give an acid (1.5 g) in 9 1 % yield. (£)-3,4-
Dimethyl-2-pentenoic acid: a colorless oil, bp 114°G/2.4 
kPa ; I R (neat) 3050 (broad), 1690, and 1619 c m - 1 ; ^ - N M R 
(GG14) ô 1.10 (6H, d, 7 - 7 Hz) , 2.13 (3H, broad s), and 5.67 
( I H , broad s). Found : m/e 128.0845. Galcd for G 7 H 1 2 0 2 : 
M , 128.0837. 

A mixture of carboxylic acid (1.5 g) and thionyl chloride 
(2.4 g) was heated under reflux for 1 h. T h e reaction mix­
ture was distilled under reduced pressure giving an acid 
chloride (0.89 g) in 5 2 % yield. (£)-3,4-Dimethyl-2-pen-
tenoyl chloride: bp 70—72 °G/2 .7kPa ; I R (neat) 1780 cm- 1 . 
T h e acid chloride was used immediately for the following 

acylation. 
75/?- [ (E ) -3,4-Dimethyl-2-pentenoyloxy] quassin (3). A 

mixture of 15/?-hydroxyquassin (7a) (100 mg) and (£)-3,4-
dimethyl-2-pentenoyl chloride (1.5 g) in the presence of 
potassium carbonate (450 mg) was heated with stirring at 
100 °G for 30 min. After addition of dichloromethane (10 
ml) , the reaction mixture was filtered and evaporated to 
give a residue, which was subjected to purification by dry 
column chromatography [18 g of silica gel; eluted with a 
mixture of light petroleum and ether (1:1) (240 ml) and 
then ether ( 1 8 0 ml ) ] . T h e fractions eluted with ether were 
combined and the solvent was removed to afford an ester 
(3) (106 mg) as a colorless solid in 8 3 % yield. I5ß-[(E)-
Dimethyl-2-pentenoyloxy]quassin (3) : m p 219—223 °G (cry­
stallized from a mixture of benzene and light petroleum), 
[a]2

D
8 + 1 5 2 ° (c 0.73, GHG13), I R (Nujol) 1753, 1718, 1702, 

1690, 1635, and 1628 c m - 1 , no absorption due to hydroxyl 
g roup; U V Am a x ( M e O H ) 226 n m (e 19300) and 252 n m (s 
14800; shoulder) ; ^ - N M R (GDG13) ô 1.10 (6H, d, J=6 Hz) , 
1.13 (3H, d, 7 = 6 Hz) , 1.22 (3H, s), 1.56 (3H, s), 1.92 (3H, s), 
2.17 (3H, d, 7 = 1 Hz) , 2.63 ( I H , d, 7 = 1 0 Hz) , 3.05 ( I H , s), 
3.60 (3H, s), 3.70 (3H, s), 4.55 ( I H , m) , 5.15 ( I H , d, 7 = 1 0 
Hz) , 5.31 ( I H , d, 7 = 2 . 5 Hz) , and 5.80 ( I H , broad s). 
Found : m/e 514.2511. Galcd for G 2 9 H 3 8 0 8 : M, 514.2566. 
T h e fragment ion peak due to a loss of 3,4-dimethyl-2-pen-
tenoic acid was observed at m/e 386.1720 as a base peak. 
Galcd for G 2 2 H 2 6 0 6 : M - G 7 H 1 2 0 2 , 386.1727. 

T h e a u t h o r s wi sh to t h a n k D r . W a t a r u T a n a k a , 
N i p p o n K a y a k u C o . , for t h e b io log ica l assay. 
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Synthesis of Thiol Esters by Carboxylic Trichlorobenzoic Anhydrides 
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Synopsis. Thiocarboxylic S-esters were obtained 
rapidly and in high yields by treating the mixed anhydrides 
prepared from 2,4,6-trichlorobenzoyl chloride and carboxylic 
acid, with various types of thiols in the presence of 4-dimethyl-
aminopyridine. 

Because of the distinctive properties of thiocarboxylic 
S-esters as activated esters in synthetic as well as bio­
logical reactions, considerable attention has recently 
been called to the mild and facile preparation of 
these compounds.1) Recently we have shown that 
the combination of carboxylic 2,4,6-trichlorobenzoic 
anhydrides (2) and 4-dimethylaminopyridine2) are very 
useful for the preparation of esters from alcohols as 
well as for macrocyclic lactonizations.3) Now we wish 
to describe the synthesis of thiol esters using the same 
mixed anhydrides. 

When the solutions prepared by mixing 2,4,6-tri­
chlorobenzoyl chloride (l),4) carboxylic acid and tri-
ethylamine in dichloromethane, were treated with thiols 
under the presence of 4-dimethylaminopyridine, the 
corresponding thiol esters were obtained in good yields. 
T h e reaction proceeded rapidly, and was usually com­
pleted within 30 min at room temperature. The re­
sults are summarized in Table 1. 

R'COOH + 2,4,6-GI3G6H2COGl 
1 

Et 3 N 

2,4,6-Gl3C6H2GOOGOR1 

2 

2 + R2SH 
4-dimethylaminopyridine 

GH2GI2 
RïCOSR* 

As can be seen from these results, aliphatic, aromatic 
or heterocyclic thiol esters could be smoothly prepared. 
The sterically crowded thiol esters such as S-t-b\xty\ 
2,2-dimethylpropanethioate (entry 3, Table 1) were 
also prepared in good yields. Methyl hydrogen meso-
2,4-dimethylglutarate was converted into the corre­
sponding 2-methyl-2-propanethiol ester without any 
detectable epimerization (GLPC, entry 7). 

When dimethylaminopyridine was replaced by pyri­
dine or triethylamine, the reaction became very slow 
and, for example, only 3—4% of *SW-butyl 2-methyl­
pentanethioate was formed after 1 h {if. entry 2). 
Though the aromatic hydrocarbons such as benzene 
or toluene, were the best solvent for the esterification 
by the same reagents,3) dichloromethane was the most 
effective solvent in the present thiol esterification. 
Acetonitrile or D M F was much less satisfactory. 

The possibility of nucleophilic attack on the un-
desired carboxyl site is inherent to the mixed anhydride 
method. For example, when carboxylic pivalic an­
hydrides which have been sometimes used in peptide5) 
or ketone synthesis,6) were treated with 2-methyl-2-
propanethiol or benzenethiol in the presence of 4-
dimethylaminopyridine under the similar conditions, 

both the carboxyl sites were attacked as shown in 
Eqs. 1, 2, and 3. In the present method, however, 
thiol attacked exclusively on the desired carboxyl 
carbon except for one case where sterically crowded 
pivalic acid was converted into its benzenethiol ester 
(entry 5, Table l).7) 

C 6 H 5 C O O C O C (GH3) 3 DMAP (1 eq) 
+ > 

HSG(CH3)3
 rt> 10h 

G6H5GOSG(GH3)3 60% 

(GH3)3GCOSG(GH3)3 15% 
(GLPC) (1) 

GH3(GH2)2GOOGOG(GH3)3 D M AP (i eq) 
+ > 

HSC6H5
 rt> 10min 

CH3(GH2)2GOSG6H5 48% 
3^ + ( M M R ) (2) 

(CH3)3CCOSC6H5 43% 
(GH3)2GHGOOGOG(GH3)3 DMAP (i eq) 

+ > 
HSG6H5

 rt> 10min 

(CH3)2CHCOSC6H5 48% 
^ 3h + ( M M R ) (3) 
(CH3)3CCOSC6H5 38% 

The use of symmetrical anhydrides8) or mixed an­
hydrides with phosphoric acid derivatives9) has been 
reported for the synthesis of thiol esters. T h e main 
advantage of the present method is the rapidness 
and the mildness of the reaction, high yields, and 
the wide applicability. 

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

The preparation of #-f-butyl 2-methylpentanethioate (entry 
2, Table 1) is described below as a typical example of the 
present thiol esterifications. 

2,4,6-Trichlorobenzoyl chloride (80 \i\, 0.5 mmol) was add­
ed to a stirred mixture of 2-methylpentanoic acid (63 [d, 
0.5 mmol), triethylamine (70 [L\, 0.5 mmol), and dichloro­
methane (0.8 ml). After 1 h, the reaction mixture was 
filtered through a dry celite column. To the filtrate were 
added 2-methyl-2-propanethiol (56.4 jxl, 0.5 mmol) and 4-
dimethylaminopyridine (61 mg, 0.5 mmol) and the mixture 
was stirred at room temperature. GLPC analysis showed 
the quantitative formation of the thiol ester after 30 min. 
The reaction mixture was diluted with ether, washed suc­
cessively with 5% aqueous phosphoric acid, a saturated 
sodium hydrogencarbonate solution, and brine, dried with 
sodium sulfate, and distilled at 80 °G/15 mmHg10) (bath 
temperature) giving £-f-butyl 2-methylpentanethioate in 
86.3% yield. 

This work was partially supported by a Grant-
in-Aid for Scientific Research No. 443008 from the 
Ministry of Education, Science and Culture. 
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T A B L E 1. REACTION CONDITIONS AND YIELDS OF THIOL ESTERSa) 

Acid (0 .5 mmol) Thiol (0 .5 mmol) DMAPb> Time Yield(%)c> 
R 1 in R x G O O H R 2 in R 2 S H (mmol) (min) R ^ O S R 2 

1 GH 3 (GH 2 ) 2 C 2 H 5 ÖT5 4 96 (82) d> 

2 C H 3 C H 2 C H 2 C H C H 3 (GH3)3C 0 .5 30 98 (86)e> 
1 

3 (GH3)3G (GH3)3G 0 . 5 120 96 

4 (GH 3 ) 2 GH G 6H 5 0 .5 4 87 (78)f> 

5 (GH3)3G G 6H 5 0 .5 5 60s) 

6 G 6 H n (cyclohexyl) C5H4Nh> 0 .5 10 (84) 

7 GH 3 0 2 GGH(GH 3 )GH 2 GHGH 3
i > (GH3)3G 0 .5 10 96 (80)J) 

1 
8 G 6H 5 (GH3)3G 0 .5 3 93 (81) 
9 C 6 H 5 C H = C H (GH 3 ) 2 GH 0 .5 3 93 (81)k> 

a) All reactions were carried out in dichloromethane at room temperature , b) 4-Dimethylaminopyridine. c) The 
yields were determined by GLPG. Isolated yields were given in parentheses, d) A new compound: Bp 150 °G 
(bath temp) . F o u n d : G, 5 4 . 3 2 ; H , 9 . 1 7 % . Galcd for G 6 H 1 2 OS: G, 5 4 . 5 0 ; H , 9 . 1 5 % . ^ - N M R (Ô); 1.25 
(t, 3H, J - 7 . 0 Hz) , 2 .53( t , 2H, 7 = 7 . 4 Hz ) , e) Bp 100 °G (10 m m H g , ba th temp) . Found : G, 6 3 . 4 8 ; H, 
1 0 . 5 6 % . Galcd for G 1 0 H 2 0 OS: G, 6 3 . 7 1 ; H , 1 0 . 7 0 % . * H - N M R ; 1.46(s, 9H) , 2 .50(m, 1H). f) Bp 140°G (9 
m m H g , ba th temp) . F o u n d : G, 6 6 . 3 4 ; H , 6 . 6 8 % . Galcd for G 1 0 H 1 2 OS: G, 6 6 . 6 3 ; H3 6 . 7 1 % . ^ - N M R ; 
1.26 (d, 6H, J = 6 . 8 Hz) , 7 .38 (s, 5 H ) . g) ^-Phenyl 2,4,6-trichlorothiobenzoate [mp 119°G, Found : G, 4 9 . 0 5 ; 
H , 2 . 2 9 % . Galcd for G 1 3 H 7 Gl 3 OS: G, 4 9 . 1 6 ; H , 2 . 2 2 % . ^ - N M R ; 7 .33(m, 2H) , 7 .49(m, 5H) ] was also 
formed in 18% yield, h) 2-Pyridinethiol, i) Methyl hydrogen meso-2,4-dimethylglutarate. j) Found : G, 5 8 . 2 1 ; 
H , 8.92%>- Galcd for G 1 3 H 2 2 0 3 S : G, 5 8 . 5 0 ; H , 9 . 0 0 % . 3 H - N M R ; 1.46 (s, 9H) , 3.68(s, 3H) . k) Bp 180 °G 
(11 m m H g , ba th t emp) . Found : C, 6 9 . 6 6 ; H, 6 . 8 6 % . Galcd for G 1 2 H 1 4 OS: C, 6 9 . 8 6 ; H, 6 . 8 4 % . ^ - N M R ; 
1.35(d, 6H, J = 6 . 7 Hz) , 6 .67(d, 1H, 7 = 1 6 . 1 Hz) , 7.61 (d, 1H, 7 = 1 6 . 1 H z ) . 

and K. Atsumi, Chem. Lett., 1974, 187; S. Masamune, S. 
K a m a t a , and W. Schilling, J. Am. Chem. Soc, 97, 3515 (1975) ; 
F . Souto-Bachiller, G. S. Bates, and S. Masamune , J. Chem. 
Soc, Chem. Commun., 1976, 719; Y. Watanabe , S. Shoda, 
and T . Mukaiyama, Chem. Lett., 1976, 741 ; R. P. Ha tch 
and S. M . Weinreb, J. Org. Chem., 42, 3960 (1977); A. 
Pelter, T . E. Levitt, K . Smith, and A. Jones, J. Chem. Soc, 
Perkin Trans. 1, 1977, 1672; H. -J. Gais, Angew. Chem., Int. 
Ed. Engl., 16, 244 (1977); K . Horiki, Synth. Commun., 7, 
251 (1977); P. A. Grieco, Y. Yokoyama, and E. Williams, 
7 Org. Chem., 43, 1283 (1978); and Refs. 7 and 8. 

2) G. Höfle and W . Steglich, Synthesis, 1972, 619; H . 
Vorbrüggen, ibid., 1973, 3 0 1 ; G. Höfle, W . Steglich, and 
H . Vorbrüggen, Angew. Chem., Int. Ed. Engl, 17, 569 (1978). 

3) J . Inanaga , K. Hi ra ta , H . Saeki, T . Katsuki, and M . 
Yamaguchi , Bull. Chem. Soc. Jpn., 52, 1989 (1979). 

4) R. G. Fuson, J . W . Bertetti, and W m . E. Ross, J. 
Am. Chem. Soc, 54, 4380 (1932). 

5) M . Zaoral , Coll. Czech. Chem. Commun., 27, 1273 (1962). 

6) M . Araki and T . Mukaiyama, Chem. Lett., 1974, 663. 
7) T h e thiol esterification of pivalic acid with benzene-

thiol by the present method is peculiar in that the reaction 
with tr iethylamine or morphorine in place of dimethyl-
aminopyridine gives a quite similar result as that with di-
methylaminopyridine in rate, yield, and product distribu­
tion. This indicates that the reaction presumably involves 
the direct attack of thiolate ion formed by the bases, on 
the mixed anhydride. Benzenethiol is much more acidic 
than the aliphatic thiols. 

8) A. A. Schleppnik and F. B. Zienty, J. Org. Chem., 
29, 1910 (1964). 

9) S. Yamada , Y. Yokoyama, and T . Shioiri, J. Org. 
Chem., 39, 3302 (1974); S. Masamune , S. Kama ta , J . Diakur, 
Y. Sugihara, and G. S. Bates, Can. J. Chem., 53 , 3693 (1975); 
Y. Yokoyama, T . Shioiri, and S. Yamada , Chem. Pharm. 
Bull., 25, 2423 (1977). 

10) 1 m m H g - 1 3 3 . 3 2 2 Pa. 



March, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 945—946 (1981) 945 

A Simple Method for the Synthesis of Exaltolide 
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Synopsis. Copper-catalyzed reaction of /?-propio-
lactone with I2-methoxydodecylmagnesium bromide, derived 
from 1,12-dodecanediol, gives 15-methoxypentadecanoic acid 
jn a high yield, which is easily converted into exaltolide. 

15-Pentadecanolide (exaltolide, 1) is a component 
of the root oil of Archangelica oßcianalis Syn., which 
is known as a perfume of the most strong and elegant 
musk-like fragrance in the series of macrocyclic lactones. 
Among the numerous synthetic methods for exaltolide 
so far reported, the most common one is the cyclization 
of 15-hydroxy- or 15-bromopentadecanoic acid. These 
acids have been usually prepared from long-chain 
carboxylic acids arising from several plant oils, such 
as (Z)-13-docosenoic acid (erucic acid)1) from rapeseed 
oil, 9,10,16-trihydroxyhexadecanoic acid (aleuritic 
acid)2) from the resin of schellac, or 10-undecenoic 
acid from castor oil.3) Recently cyclododecanone has 
been frequently used as a useful starting material 
of C12 unit because of easy availability from butadiene 
trimer, and various routes to exaltolide have been 
elaborated by C3 extention of cyclododecanone.4) A 
short-step synthesis of exaltolide (1) via 15-bromo­
pentadecanoic acid (4) was investigated from easily 
available starting materials of /?-propiolactone (2) and 
1,12-dodecanediol (3). 

In this route, the regioselective reaction of /?-propio-
lactone with a Grignard reagent5) containing an oxygen 
functionality was applied as a key step for the synthesis 
of exaltolide, i.e., the three carbon homologation ter­
minating in a carboxyl function was easily achieved 
by the copper catalyzed reaction of 12-methoxydo-
decylmagnesium bromide (6) with the lactone 2 to 
furnish 15-methoxypentadecanoic acid (5) which was 
smoothly converted into 4. Thus, to a mixture of 

Ü 
.0 

X(GH2)14G02H 
4 X = B r 
5 X = MeO 

HO(GH2)12OH 

MeO(GH2)12Y 
6 Y = M g B r 
7 Y = O H 
8 Y = B r 

the lactone 2 (1 equiv) and copper(I) iodide (0.02 
equiv) in T H F - M e 2 S (8:1) was added 6 (1 equiv) 
at 0 °C. After the reaction mixture was stirred a t 
0 °C for 3 h, the desired acid 5 was obtained in a 
yield of 9 9 % . Treatment of 5 with excess boron 
tribromide in CH2C12 at —25 °C for 4 d gave 15-
bromopentadecanoic acid (4) in 7 8 % yield. Then, 
according to the method of Mandolini et a/.,6) the 
co-bromo acid was treated with potassium carbonate 
in dimethyl sulfoxide a t 75 °C to furnish exaltolide 

(1) in 7 8 % yield. 
The Grignard reagent 6 of G12 unit was easily derived 

from the diol 3. Chipped sodium was slowly added 
to an excess of 3 at 100 °G and then dimethyl sulfate 
was added dropwise. After stirring for 2 h at 120 
°C, 12-methoxy-l-dodecanol (7) was obtained quan­
titatively. Bromination of 7 with phosphorus tri­
bromide and pyridine at room temperature for 2 d 
gave l-bromo-12-methoxydodecane (8) in a yield of 
6 5 % , which was easily transformed into the Grignard 
reagent 6 by the reaction with magnesium metal 
in refluxing ether. 

As mentioned above, by the use of the regioselective 
reaction of the Grignard reagent of an oxygen func­
tionality with /5-propiolactone in the presence of a 
copper(I) catalyst, exaltolide was conveniently syn­
thesized from the easily available materials. 

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

The IR spectra were recorded on a Hitachi EPI-G2 spec­
trometer. The NMR spectra were taken with a Varian 
A-60 spectrometer using TMS as an internal standard. All 
boiling points and melting points are uncorrected. 

12-Methoxy-1-dodecanol (7). Chipped sodium (0.744 
g, 31 mg atom) was slowly added to 1,12-dodecanediol (25 g, 
124 mmol) at 100 °G. After the sodium was dissolved, 
dimethyl sulfate (3.9 g, 31 mmol) was added dropwise at 
120 °G and the mixture was stirred for 2 h. The reaction 
mixture was cooled to room temperature, quenched with 
water and extracted with chloroform. The extracts were 
dried over anhydrous MgS04 . The solvent was removed 
and the residue was extracted with hexane. Distillation 
of the hexane solution gave 7 (6.9 g, quant.): bp 120—124 
°C/0.8mmHg; IR (KBr) 3300 (OH) and 1120 cm-1 (G-O); 
NMR (GG14) <5 1.10—1.78 (20H, broad), 3.12—3.60 (5H, 
m), and 3.20 (3H, s). 

1-Bromo-12-methoxydodecane (8). To a mixture of phos­
phorus tribromide (3.10 g, 11.4 mmol) and pyridine (0.048 
g, 0.61 mmol) in dry ether (5 ml) was added dropwise 7 
(7.45 g, 34.4 mmol) in pyridine (0.160 g, 2.02 mmol) at 
—20 °G. The reaction mixture was stirred at room tem­
perature for 2 d. Hydrochloric acid (1 M) was added and 
the mixture was extracted with ether. The extracts were 
washed with 5% sodium hydrogencarbonate solution and 
dried over anhydrous MgS04 . After removal of the solvent, 
distillation afforded 8 (6.24 g, 65%): bp 114—119 °G/0.5 
mmHg; IR (KBr) 1120 (G-O), 645 and 560 cm-1 (G-Br); 
NMR (CC14) ô 1.3 (20H, m) and 3.12—3.60 (4H, m), 3.20 
(3H, 8) . 

15-Methoxypentadecanoic Acid (5). 12-Methoxydodecyl-
magnesium bromide (6) was prepared from magnesium 
(1.17 g, 48 mmol) and 8 (6.19 g, 22 mmol) in ether (24 
ml), which was titrated by Eastham's method6) (0.547 M, 
74%). 

To a THF (4 ml) solution of copper(I) iodide (3.8 mg, 
0.02 mmol), dimethyl sulfide (0.5 ml) and /?-propiolactone 
(72.2 mg, 1.00 mmol) was added the Grignard reagent 6 
(0.55 ml, 1.01 mmol) at 0 °C. The reaction mixture was 
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stirred for 3 h, quenched with water and then made basic 
with 3 M aqueous sodium hydroxide solution. The white 
precipitate was filtered and the filtrate was washed with 
ether. T h e water layer was acidified with 6 M hydrochloric 
acid. T h e solid was dissolved in this acidic solution, which 
was extracted with ether. T h e extracts were dried over 
anhydrous M g S 0 4 and the solvent was evaporated to afford 
5 (268 mg, 9 9 % ) : m p 47—48 °G; I R (KBr) 3300—2500, 
1700 ( G 0 2 H ) , and 1125 c m - 1 ( G - O ) ; N M R (GG14) «5 1.10— 
1.72 (24H, m) , 2.20 (2H, t, y = 7 Hz) , 3.20 (3H, s), 3.23 
(2H, t, J = 7 Hz) , 9.20 (1H, s). 

15-Bromopentadecanoic Acid (4). To a solution of 5 
(0.234 g, 0.86 mmol) in dry CH 2C1 2 (4 ml) was added drop-
wise boron tr ibromide (0.870 g, 3.47 mmol) in dry GH2G12 

at — 78 °G and the reaction mixture was stirred for 30 min. 
T h e solution was warmed to —25 °G and allowed to stand 
for 4 d. Sodium hydrogencarbonate (2.60 g, 3.09 mmol) was 
added at —25 °G. T h e mixture was then acidified with 
3 M hydrochloric acid and extracted with ether. T h e ex­
tracts were dried over anhydrous M g S 0 4 . Removal of the 
solvent gave 4 (0,215 g, 7 8 % ) : m p 66—67 °G (lit,8) 66 °G); 
I R (KBr) 3500—2400, 1700 ( G 0 2 H ) and 650 cm" 1 (C-Br ) ; 
N M R (GG14) ô 1.20—2.00 (24H, m) , 2.30 (2H, t, J = 7 H z ) , 
and 9.50 (1H, s). 

Exaltolide (1). T o a suspension of powdered potas­
sium carbonate (0.563 g, 4.08 mmol) in dimethyl sulfoxide 
(11ml) was added dropwise 4 (0.321 g, 1.00 mmol) in di­
methyl sulfoxide (5 ml) at 75 °G in 4 h under vigorous stirring. 
After the mixture was cooled to room temperature , cold 
water (10 ml) was added and resulting mixture was ex­
tracted with hexane. T h e extracts were dried over anhy­
drous M g S 0 4 and the solvent was evaporated. The crude 

product was purified by T L G on silica gel (hexane:e ther= 
8:1) to afford 1 (0.189 g, 7 8 % ) : m p 32 °G (lit,1) 32 °G); 
I R (KBr) 1735 c m - 1 ( C = 0 ) ; N M R (GG14) ô 1.00—2.00 
(26H, m) , 2.17 (2H, t, J = 7 Hz) , and 3.93 (2H, t, J=5 
Hz) . T h e spectral da ta were identical with those of an 
authentic sample. 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n t - i n - A i d for S e i e n d e R e s e a r c h N o . 5 5 4 1 4 4 f rom 
t h e M i n i s t r y of E d u c a t i o n , Sc iene a n d C u l t u r e . 
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Synopsis. The convenient methods for the syn­
thesis of 4-sydnonylmethyl acetates from N- (4-sydnonyl­
methyl) morpholines, 4-sydnonylmethanols, or bis (4-sydnonyl­
methyl) ethers are described. 

Sydnones are typical mesoionic compounds and 
their chemical, physical, and biological properties are 
peculiar.1) Generally, a sydnone ring is unstable to 
acid, alkali, and heat. Therefore, reaction conditions 
for the synthesis of sydnone compounds are considerably 
limited. For instance, no method to introduce elec­
tron-releasing groups, such as amino, hydroxyl, and 
alkoxy groups, into the 4-position of the sydnone 
ring has been found. I t seems to be possible to sub­
stitute the 4-position by these groups in interposition 
of a methylene group. Imashiro and Masuda2) syn­
thesized many kinds of 4-sydnonylmethylamines and 
found that some of them have a biological activity. 
We also found the synthetic method of 4-sydnonyl­
methanols and bis (4-sydnonylmethyl) ethers.3) Screen­
ing tests of some biological activities of these 4-syd­
nonylmethyl compounds are in progress. 

We aim at synthesizing new derivatives of 4-syd­
nonylmethyl compounds, especially 4-sydnonylmethyl 
acetates in this work. The 4-sydnonylmethyl acetates 
may have a characteristic biological activity different 
from those of the previously synthesized 4-sydnonyl­
methyl compounds. The expectation of such a bio­
logical activity and an interest in reactivities of the 4-
sydnonylmethyl compounds inspired us to develop the 
synthetic method of 4-sydnonylmethyl acetates. 

For this purpose, three kinds of 4-sydnonylmethyl 
compounds, of which preparative methods had been 
reported,2»3) were examined as starting compounds for 
the 4-sydnonylmethyl acetates. 

The first attempt to synthesize the 4-sydnonylmethyl 
acetates was led by the reaction of N- (4-sydnonyl­
methyl) morpholines, which were prepared by the modi­
fied method of Imashiro and Masuda,2) with acetic 
anhydride (Method A). 

Method A: 

R - ^ O V N—C -GH2 - N O + AcoO 
\ — / I + I \ _ / ± 

N G = 0 

R / O V N - C-CH,OAc + AcON O 
\ — / | + j \ _ / 

N G = 0 

As shown in Table 1, though the desired 4-sydnonyl­
methyl acetates could be obtained, their yields were 
not high even in high reaction temperature and long 
reaction time. Since a sydnone ring is generally 
unstable as described above, mild conditions should 
be desirable in the synthesis of sydnone compounds. 

TABLE 1. SYNTHESIS OF 4-SYDNONYLMETHYL ACETATES 

R - / o V N — G -GH2OAc 
X - X I ± I 

N C = 0 
N O / 

R 

H 
CH3 

Br 

H 
GH3 

Br 

H 
CH3 

Br 

Method 

A 
A 
A 

B 
B 
B 

G 
G 
G 

Temp/°G 

90 
go­
go 

—100 
—100 
—100 

30 
30 
30 

30 
30 
30 

Time/min 

480 
480 
480 

4 
4 
4 

5 
5 
5 

Yield*) /% 

48 
42 
47 

76 
81 
84 

71 
80 
81 

a) After purification. 

The second at tempt was done by acetylating directly 
4-sydnonylmethanols3) with acetic anhydride in the 
presence of a catalytic amount of sulfuric acid and 
was successful as expected. T h e acetylation was com­
pleted within a few minutes a t room temperature 
(about 30 °C) and the 4-sydnonylmethyl acetates could 
be obtained in high yields as shown in Table 1 (Method 
B). 

Method B: 

R - < O > - N — G - G H 2 O H + AcaO 
I ± I 

N G = 0 
\ Q / 

>-N—G-CH2OAc + AcOH 
l ± I 

N G = 0 

In the synthesis of the 4-sydnonylmethanols, con­
siderable amounts of bis (4-sydnonylmethyl) ethers were 
formed as a by-product under a reaction condition.3) 
The third at tempt was the synthesis of the 4-sydnonyl­
methyl acetates from these ethers (Method C). The 
ethers also reacted with acetic anhydride in the presence 
of sulfuric acid to give the corresponding 4-sydnonyl­
methyl acetates in high yields comparable to those 
in Method B. 

Method C: 

R - < ^ 5 ^ > - N - G - G H 2 - O - G H 2 - G - N - / O V R 

+ Ac20 

± 
N C = 0 

± 
0 = G N 

\ Q / 

-> 2 R - < 0 > - N — G - G H 2 O A c 
X - X I ± I 

N G = 0 
\ Q / 
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T h e a b o v e fact m a y sugges t t h a t t h e 4 - s y d n o n y l -
m e t h y l a c e t a t e s c a n b e efficiently a n d c o n v e n i e n t l y 
o b t a i n e d f rom a m i x t u r e of t h e 4 - s y d n o n y l m e t h a n o l s 
a n d t h e b i s ( 4 - s y d n o n y l m e t h y l ) e the r s , w i t h o u t s e p a r a ­
t i o n of t h e e a c h c o m p o n e n t f rom m i x e d p r o d u c t s i n 
t h e i r syntheses . 

I n a l l t h e m e t h o d s , t h e y ie ld of t h e 4 - s y d n o n y l m e t h y l 
a c e t a t e s w a s n o t affected b y b o t h a n e l ec t ron - re l eas ing 
g r o u p Qfr-CH3) a n d a n e l e c t r o n - w i t h d r a w i n g o n e (p-
Br) a t t a c h e d to t h e b e n z e n e r i n g of t h e s t a r t i n g s y d n o n e 
c o m p o u n d s . T h i s fact m a y sugges t a p o t e n t i a l i t y of 
t h e g e n e r a l a p p l i c a t i o n of these m e t h o d s to t h e syn­
thesis of a v a r i e t y of 4 - s y d n o n y l m e t h y l ace t a t e s , t h o u g h 
few e x a m p l e s w e r e g iven in t h e p r e s e n t w o r k . 

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

Starting Materials. N- (4-Sydnonylmethyl) morpholines : 
iV-(3-Phenyl-4-sydnonylmethyl) morpholine was prepared by 
the method of Imashiro and Masuda.2> iV-[3-(/>-methyl-
phenyl)-4-sydnonylmethyl] morpholine and N-[3-(p-bromo-
phenyl)-4-sydnonylmethyl] morpholine were newly synthesized 
according to a similar procedure. T h e former compound: 
yield, 7 2 % ; appearance, colorless needles; mp , 118—120 
°G. I R (KBr) : 2810, 1740, 1730, 1240, and 1110 cm" 1 . 
M S (70 e V ) : m/e 275 (M+). Found : G, 61.15; H, 6.24; 
N, 15.44%. Galcd for G 1 4 H 1 7 N 3 0 3 : G, 61.09; H , 6.22; 
N, 15.26%. T h e latter compound: yield, 7 7 % ; appearance, 
colorless needles: mp , 128—130 °G. I R (KBr) : 2830, 1730, 
1235, and 1110 cm" 1 . M S (70 eV) : m/e 339 (M+) and 
341 (M+). Found : G, 45.85; H , 4.08; N , 12.54; Br, 2 3 . 6 1 % . 
Galcd for G 1 3 H 1 4 N 3 Br0 3 : G, 45.90; H , 4 .15; N , 12.35; Br, 
23.49%0. 

4-Sydnonylmethanols and Bis (4-sydnonylmethyl) Ethers: 3-
Phenyl-4-sydnonylmethanol, 3- (/>-methylphenyl) -4-sydnonyl-
methanol , bis(3-phenyl-4-sydnonylmethyl) ether, and bis[3-
(/>-methylphenyl) -4-sydnonylmethyl] ether were prepared by 
the method of the previous work.3) 3-Qb-Bromophenyl)-4-
sydnonylmethanol and bis [3- (/>-bromophenyl) -4-sydnonyl­
methyl] ether were newly synthesized by a similar method. 
T h e former compound: yield, 6 7 % ; appearance, colorless 
powder ; m p 161—163 °G. I R (KBr) : 3395, 1710, 1245, 
and 1010 cm- 1 . M S (70 eV) : m/e 270 (M+) and 272 (M+). 
Found : G, 39.74; H , 2.62; N , 10.14%. Galcd for G9H7N2-
B r 0 3 : G, 39.87; H , 2.60; N , 10.34%. T h e latter compound: 
yield, 2 3 % , appearance, pale yellow needles; mp, 175— 
176 °G. I R (KBr) : 3080, 1735, 1260, 1250, 1040, and 
1000 cm- 1 . M S (70 eV) : m/e 253 [ 1 / 2 ( M + - 1 6 ) ] and 255 
[ 1 / 2 ( M + - 1 6 ) ] . Found : C, 41.19; H , 2.10; N, 10,65%. 

Calcd for G 1 8 H 1 2 N 4 Br 2 0 5 : G, 41.25; H , 2 .31; N , 10.69%. 
Synthesis of 4-Sydnonylmethyl Acetates. Typical pro­

cedures for the synthesis of the titled compounds are shown 
below. Method A: One gram (3.6 mmol) of iV-[3-fe­
rnery lphneyl)-4-sydnonylmethyl] morpholine was added into 
3 ml of acetic anhydride and the reaction mixture was heated 
at 90—100 °G in a water bath . After 8 h, the reaction mix­
ture was poured into crushed ice. Recrystallization of the 
resulting solid from ethanol afforded 0.38 g (1.5 mmol, 42%) 
of pure 3- (/>-methylphenyl) -4-sydnonylmethyl acetate as col­
orless needles. M p , 129—131 °G. I R (KBr) : 3050, 1740, 
1230, and 1030 cm" 1 . M S (70 eV) : m/e 248 (M+). N M R 
(chloroform-^): ô 2.06 (s, 3H) , 2.52 (s, 3H) , 4.91 (s, 2H) , 
and 7.42 (s, 4H) ppm. Found : G, 58.35; H , 4.97; N , 11.30%. 
Galcd for G 1 2 H 1 2 N 2 0 4 : G, 58.06; H , 4.87; N , 11.29%. 

Method B: One gram (5.3 mmol) of 3-phenyl-4-sydnonyl-
methanol was added into 3 ml of acetic anhydride contain­
ing one drop of sulfuric acid. After 4 min at room tem­
perature , the reaction mixture was poured into crushed 
ice. Recrystallization of the resulting pale yellow solid 
from ethanol afforded 0.92 g (4.0 mmol, 76%0) of pure 3-
phenyl-4-sydnonylmethyl acetate as colorless needles. M p , 
97—98 °C. I R (KBr) : 3060, 1750, 1220, and 1020 cm- 1 . 
M S (70 e V ) : m/e 234 (M+). N M R (chloroform-^): ô 2.08 
(s, 3H) , 4.95 (s, 2H) , and 7.65 (m, 5H) ppm. Found : 
C, 56.29; H , 4.19; N , 11.69%. Galcd for G n H 1 0 N 2 O 4 : 
G, 56 .41; H , 4.30; N , 11.96%. 

Method C: O n e gram (1.9 mmol) of bis[3-(/>-bromo-
phenyl)-4-sydnonylmethyl] ether was added into 3 ml of 
acetic anhydride containing one drop of sulfuric acid. After 
5 min at room temperature , the reaction mixture was poured 
into crushed ice. Recrystallization of the resulting solid 
from ethanol afforded 0.97 g (3.1 mmol, 81%) of pure 3-
(/>-bromophenyl) -4-sydnonylmethyl acetate as colorless need­
les. M p . 88—91 °G. I R (KBr) : 3060, 1750, 1215, and 
1010 cm- 1 . M S (70 eV) : m/e 312 (M+) and 314 (M+). 
N M R (chloroform-^): ô 2.10 (s, 3H) , 4.95 (s, 2H) , and 7.66 
(m, 4H) p p m . Found : G, 42 .21 ; H , 2.28; N , 8.84; Br, 
25 .43%. Galcd for G n H 9 N 2 B r 0 4 : C, 42.19; H , 2.90; N , 
8.95; Br, 25 .52%. 
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Synopsis. Effects of ammonia pre-treatment on 
catalytic activities of metal halides for the reduction of 
nitrogen monoxide are investigated in order to obtain 
highly active catalysts at lower temperatures. By the 
pre-treatment with NH3, some supported metal halide 
catalysts such as CeCl2, MnCl2, TiCl4, FeBr3, and CuCl2, 
showed higher activities than untreated ones. 

Q 

Among the various techniques proposed for reducing 
nitrogen oxides ( N O J emitted from stationary com­
bustion equipments, the catalytic reduction of nitrogen 
monoxide (NO) with ammonia (NH3) has been con­
sidered to be one of the most favorable methods.1 - 3) 
In this process, metal oxide supported catalysts such 
as V 2 0 5 , GuO, Fe 2 0 3 5 and M o 0 3 on y -Al 2 0 3 or T i 0 2 

have been applied for practical use. They are used 
at reaction temperatures over 300 °G in order to 
obtain effective reduction of NO^. From economical 
point of view, catalysts active at lower temperatures 
are desirable since temperatures of flue gases emitted 
from a coke oven or sintering furnace are lower than 
200 °G. The present authors have been trying to 
develope new type of catalysts having higher activities 
a t temperatures as low as possible. Metal halide 
catalysts were found to show high activities at tem­
peratures under 200 °G.4> Another investigation show­
ed that the most favorable electronic state of cations 
in the catalysts can be obtained by a proper combina­
tion of the cation with a counter anion and carrier 
for high activity.5> In this work, it was found that 
supported metal halide catalysts pre-treated with N H 3 

show higher activities than those of untreated ones. 

Exper imenta l 

The catalyst used in this study were prepared by impreg­
nating y-Al203 spheres (diam. 1.5 mm, surface area 250 
m2/g, average pore radius 58 Â, alkali content 0.01 wt%) 
with aqueous solution of metal halides. After the impregna­
tion, the catalysts were dried for 3 h at 120 °G and then 
for 2 h at 180 °G in air stream. The catalysts were then 
placed in a glass vessel containing gaseous ammonia for 
10 h at room temperature. Activity measurements were 
carried out using a conventional flow reactor (stainless steel, 
length 200 mm, diam. 15 mm) under the space velocity of 
15000 h - 1 . As a standard feedstream, the gas mixture con­
sisting of NO 300 ppm, NH3 400 ppm, 0 2 5 vo l% H 2 0 
9.2 vol%, S0 2 200 ppm, and N2 balance was used. Analysis 
of NO and NH3 were made by means of a chemiluminescence 
type NOj. analyzer and the chemical method (JIS-K-0099), 
respectively. 

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

The effect of N H 3 pre-treatment on the activity of 

> 
Ö 
o 

o 

Reaction temp/°C 

Fig. 1. Effect of NH3 pre-treatment on activity of 
CeCl2-Al203 catalyst. 
A : Treated with NH3, O : untreated. 
Reaction conditions; SV: 15000 h"1, NO: 300 ppm, 
NH3 : 400 ppm, 0 2 : 5 vol%, H 2 0 : 9.2 vol%, S 0 2 : 
200 ppm, N2 : balance. 

o 

O 
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Reaction temp/°C 

Fig. 2. Effect of NH3 pre-treatment on activity of 
MnCl2-Al203 catalyst. 
A : Treated with NH3, O : untreated. 
Reaction conditions; SV: 15000 h"1, N O : 300 ppm, 
NH3 : 400 ppm, O a : 5 vol%, H 2 0 : 9.2 vol%, SOa: 
200 ppm, N2 : balance. 

C e 0 2 - A l 2 0 3 catalyst for the reduction of N O is shown 
in Fig. 1. In the temperature region lower than 
200 °G, CeCl 2 -A l 2 0 3 catalyst treated with ammonia 
showed higher activity than untreated ones. Figures 
2 and 3 show results obtained on M n C l 2 - A l 2 0 3 and 
TiCl 4 -Al 2 03 catalyst, respectively. Though almost no 
activity was observed on untreated one on T iC l 4 -
A1 2 0 3 catalyst, much higher activity was obtained 
after N H 3 pre-treatment. Similar effects were ob­
served on some supported metal halide catalysts such 
as FeBr3, and CuGl2 on y-Al 2 0 3 . These activities 
enhanced by N H 3 pre-treatment continued longer 
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Reaction temp/°G 

Fig. 3. Effect of NH3 pre-treatment on activity of 
TiCl4-Al203 catalyst. 
A : Treated with NH3, O : untreated. 
Reaction conditions; SV: 15000 h,-1 N O : 300 ppm, 
NH3 : 400 ppm, <D2: 5 vol%, H 2 0 : 9.2 vol%, S 0 2 : 
200 ppm, N2 : balance. 

than 3 h. 
Metal halides are well known to form metal halide 

ammonium complexes. T h e color of each catalyst 
changed to that of metal halide ammonium complex 
by N H 3 pre-treatment, indicating that metal halide 
ammonium complexes were formed on the catalysts. 
I t is also known, however, that ammonium complexes 
are unstable at temperatures over 100 °G. T h e ac­
tivities of the present catalysts pre-treated with N H 3 

disappeared when they were heated over 300 °G. A 
thermogravimetric analysis showed that al though the 
amount of N H 3 in these complexes decreased with 
the temperature elevated, N H 3 were still remained 

at temperatures over than 200 °G. These results show 
that N H 3 coordinates to metal ions in metal halides 
at lower temperatures, indicating the increase of the 
concentration of N H 3 available for the reduction of 
N O on active sites. O n the other hand, previous 
study showed that proper amount of N O adsorption 
on catalyst is also essential as well as that of N H 3 ad­
sorption for producing highly active state, and that 
the most favorable electronic state of the cation in 
the catalyst is required for this purpose.5) N H 3 co­
ordination is considered to affect on the electronic 
state of the cation. In fact, the binding energy of 
Fe 2p3 /2 photoelectron peak on FeBr 3 -Al 2 0 3 catalyst 
measured by a photoelectron spectrometer(XPS) 
changed from 711.6 to 711.1 eV after N H 3 pre-treat­
ment . These results will indicate that the enhance­
ment of the activity by N H 3 pre-treatment is mainly 
due to the improvement of the electronic state of the 
cation. More research is now needed on such metal 
halide ammonium complex catalysts to fully understand 
the mechanism of the enhancement of the catalysts. 
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Studies have been carried out on the hydration of quaternary phosphonium bromides, Bu4_nPhnPBr(n=0—4), 
in the chloroform phase by means of distribution equilibrium and 1H NMR spectroscopy, in order to clarify the 
difference between the alkyl- and aryl-substituted ions in ion-water interactions. The hydration constant for 
these bromides in the chloroform phase increases gradually from Bu4PBr to Bu2Ph2PBr, and then rapidly to BuPh3-
PBr and to Ph4PBr. The free energy of transfer from water to chloroform was evaluated for the non-hydrated species 
of the phosphonium bromides in the chloroform phase, the lowest being that for Bu2Ph2PBr. From XH NMR 
spectra for water in the chloroform phase, it is concluded that the hydrated water molecule is hydrogen bonded 
with the anion of the onium salts. In the case of phenyl-rich cations such as BuPh3P+, Ph4P+, and Ph4As+ the 
water molecule occupies a site so close to the central atoms that it undergoes diamagnetic effects of phenyl groups. 
With phenyl-rich cations such hydration will play a certain role in their aqueous solutions. 

The ion-water interactions of the so-called hydro­
phobic ions, considerably large organic ions, have been 
widely investigated over the past two decades. 
Differences between the alkyl- and aryl-substituted ions 
in their interactions with water have been recognized.2-4> 
In a similar way to those of hydrocarbons, the interac­
tions of alkyl-substituted ions with water are tentatively 
explained by the concept of a structure-making effect 
on the solvent water, though not completely established 
so far. 

O n the other hand, with tetraphenyl ions such as 
Ph4M+ ( M = P , As, Sb) and BPh4", their interactions 
with water might be more complicated, due to some 
effects not present in the case of benzene such as the 
delocalized charges on the phenyl groups8,9) and the 
hydration of the central atoms. Tetraphenyl borate is 
known to interact with water in a different way from 
Ph 4 M + ions.4-7) T h e penta-coordinate state of the 
central atom was suggested for Ph4As+ in water, but not 
for Ph4P+, by Orenberg et a/.10) who studied laser-Raman 
spectra. From a study of J H N M R for Ph4M+ and 
BPh4~ ions in various solvents, Goetzee and Sharpe7) 
concluded that the screening of the central atoms by 
essentially flat phenyl rings is not sufficient for 
elimination of the solvation effects. T h e effects are 
related to the failure to classify the ions as structure 
makers or structure breakers.12) 

An approach to the hydration of aryl-substituted 
ions would be to examine systematically the ions with 
mixed substituents of alkyl and aryl groups besides the 
tetraalkyl and tetraphenyl ions. Only tetraphenyl ions 
have been used as aryl-substituted ions, with only one 
exception.11) A series of studies13-15) deal with some 
quaternary phosphonium ions, Bu4-MPhMP+ . 

The hydration of these phosphonium ions might be 
influenced by two factors : (a) influence on the structure 
of the solvent water and (b) the interaction between the 
central atoms and water separated from the bulk of 
water. T h e effect of (b) might depend upon the nature 
of substituents as well as that of the central atom. 

The present work was undertaken anticipating that 
the interaction with water separated from the bulk 
water would become conspicuous in a system containing 
water dissolved in a non-aqueous solvent. The methods 
used in this study are distribution equilibrium and 
1 H N M R spectroscopy. 

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

Materials. All the phosphonium salts were synthesized 
from the phosphines except for commercial Ph4PCl (DOTITE) 
and Ph4AsCl. The synthesis, purification and purity of these 
salts are similar to those reported.13) Water was redistilled 
after ion exchange. Chloroform was distilled just before use 
after being treated with aqueous solution of Na 2 C0 3 and then 
with water. The other chemicals were all of G.R. grade. 

Procedure. Distribution equilibria were attained by 
shaking chloroform solution of known concentration of 
phosphonium bromide with an equal volume of an aqueous 
solution of sodium bromide in an air-thermostat, the tempera­
ture being regulated to 25 ±0.5 °G. The concentration of 
NaBr was 0.08 and/or 0.125 mol dm - 3 . The initial concentra­
tion of the phosphonium salts in chloroform phase was in 
the range 5 x 10~3—2x 10"1 mol dm~3. The shaking time 
was 45 min, the same results being obtained by shaking for 
20 min. The aliquots of the equilibrated chloroform phases 
were subjected to measurements for water content and 1H 
NMR of water in the phase. The aqueous phases were 
analyzed for phosphonium salts. An aliquot of the aqueous 
phase was diluted and a part of it was transferred to a neutral 
aqueous solution containing sodium bromide (0.1 mol dm - 3) 
and Methyl Orange in a large excess in comparison with the 
phosphonium bromide (below 5 x 10~5 mol dm - 3) . Phospho­
nium ion was then extracted into a fresh chloroform phase 
in a form of 1 : 1 ion-pair with the anion of Methyl Orange. 
The molar absorption coefficient of the ion-pair at 415 nm is 
around 2.6 X 105 dm3 mol - 1 cm - 1 in chloroform for all the 
phosphonium salts examined. Lambert-Beer's law holds. 
All the phosphonium ions seemed to be almost quantitatively 
extracted into chloroform. For the sake of confirmation the 
standard solutions of each phosphonium salt were treated 
under the same conditions for calibration. 

Measurement. The water contents in the chloroform 
phases were determined by Karl Fischer's method with a 
Hirama Rika recording automatic titra tor. 

The XH NMR spectra were obtained on a Hitachi R-20 
(90MHz) spectrometer, equipped with a temperature con­
troller. All the solutions were measured at 25^0.5 °C with 
the probe temperature established by a standard methanol 
calibration. Tetramethyl silane (TMS) was used as an 
internal standard at a concentration of 0.3% (v/v). The 
chemical shift for each solution is the mean from a minimum 
of three scannings for each solution. 

Solubility of NaBr in Chloroform. The solubility of 
NaBr in chloroform was tested as follows : A 50 cm3 volume 
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of chloroform was shaken with 0.125 mol dm - 3 aqueous 
solution of NaBr, 30 cm3 of the chloroform phase being 
separated and evaporated at room temperature in the dark, 
no residue remained. After adding of 10 cm3 water titration 
was carried out with silver nitrate solution. No titrant was 
consumed. 

R e s u l t s 

Water Content in Chloroform Phase. For all the 
onium salts examined, the water concentration in the 
organic phase increases linearly with increase in the 
analytical concentration of a given onium salt in the 
phase. Examples for Bu2Ph2PBr and Ph4PBr, the ionic 
strength of aqueous phase being 0.125 (NaBr), are shown 
in Fig. 1. The linear relation between water concentra­
tion in the organic phase and the salt concentration 
indicates two kinds of water species, (a) free water 
dissolved in the solvent and (b) hydrated water accom­
panied by the onium salt. The average hydration 
number of the phosphonium salt is constant and nearly 
independent of its concentration in the organic phase. 
The average hydration number, a, for some onium 
salts (Table 1) was determined from the slopes of the 
straight lines in Fig. 1. For both aqueous phases of 
ionic strength of 0.08 and 0.125, the a values agree with 
each other within experimental error as expected, since 
the water activities for both ionic strengths are nearly 
the same, i.e., 0.997 and 0.996 for aqueous solutions of 
NaBr of 0.08 and 0.125 mol d m - 3 , respectively, evalu­
ated from osmotic coefficients of NaBr at 25 °G in water.16) 

i 

S 
-o 

.a 

CRBr/mol dm"3 

Fig. 1. The water concentration, £w, in chloroform phase 
equilibrated with aqueous phase of an ionic strength of 
0.125 (NaBr), as a function of the analytical concentra­
tion of phosphonium bromide, CRBT, i n the organic 
phase, at 25 °G. The open circles are for Ph4PBr and 
closed circles, for Bu2Ph2Br. 

Chemical Shift of Water Proton in Chloroform Phase. 
Single resonance of water proton is found in the 1 H 
N M R spectra of organic solutions of onium salts equil­
ibrated with aqueous phase. Equil ibrium is established 
in the organic phase between free water and hydrated 
water through a rapid exchange reaction in the N M R 
time scale. The observed chemical shifts are obtained 
for averaged proton by the process 

H20(hydrated) ^=± H20(free) 

and we thus have 

à = *A + *A> (1) 
where ô is the observed chemical shift, #f the fraction 
of the free water, ô{ the chemical shift of free water 
proton and subscript h refers to the hydrated water. 

The chemical shift of free water proton in the presence 
of phosphonium salt would differ from that in the 
absence of the salt. The salt effect on the XH chemical 
shift can be expressed by 

dt = (5? + F(c), (2) 

where F(c) is a function of the gross concentration of a 
given salt and of the chemical shift of free water proton 
in the absence of the salt. In order to understand the 
F-function, the chemical shifts of water proton in 
chloroform phase were measured in the presence of 
hexane, butyl bromide, benzene, and chlorobenzene. 
The water concentration in these solutions was 0.0665 
mol d m - 3 , the same for all runs, the ratio to water 
solubility being ca. O.9. The results are shown in Fig. 2. 

0.05 

g - 0 .05 

•0.10 

- 0 . 1 5 

0 0.5 1.0 
c/mol dm - 3 

Fig. 2. Chemical shift of water proton in chloroform 
solutions of some solutes; butyl bromide (%), hexane 
(O)j chlorobenzene ({)), and benzene (Q)), as a func­
tion of solute concentration, at 25°G. The shifts are 
relative to that of water in pure chloroform at a concen­
tration of 0.0665 mol dm - 3 . 

The *H chemical shifts of water are expressed by the 
relative value to that of water proton in pure chloroform 
measured against internal T M S . A linear relation with 
respect to the solute concentration holds for each 
solution, at least up to near 0.7 mol d m - 3 . Equation 2 
can thus be simplified to 

ôf=ô°t + ßc, (3) 

where ß is a constant for a given salt. T h e hydrated 
water concentration is given by cue, xh being equal to 
(1 — Xf) by definition. Combining Eqs. 1 and 3, we have 

ô = xfô°t+(l. - * f ) K + - ^ o h W 
where c0 is the solubility of water in chloroform (0.072 
mol d m - 3 , 25 °G). Since the last term in the second 
brackets is a constant for a given onium salt by the 
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. 1 1_ _„_£ 

Xt 
Fig. 3. XH chemical shifts of water in chloroform solu­

tions of phosphonium bromides against internal TMS 
as a function of the fraction of free water to the total 
of water in the solution, at 25 °C. 

TABLE 1. THE *H CHEMICAL SHIFTS OF WATER SOLVATED 

TO PHOSPHONIUM SALTS IN CHLOROFORM, AT 2 9 8 K 

Salts 

Bu4PBr 
Bu3PhPBr 
Bu2Ph2PBr 
BuPh3PBr 
Ph4PBr 
Ph4PN03

c> 
Ph4PCld) 

Ph4AsBr 

<5'h/ppm*> 

2.89 
2.90 
2.92 
2.85 
2.79 
3.01 
3.10 
2.75 

ab> 

0.50 
0.52 
0.55 
0.67 
0.77 
0.84 
1.09 
0.79 

a) Average chemical shifts from protons of hydrated water, 
measured against internal TMS (see text), b) Average 
hydration number, c) Ionic strength of aqueous phase was 
adjusted by NaN0 3 (0.125). d) Ionic strength of aqueous 
phase was adjusted by NaCl(0.125). 

above assumption, the plots of the observed chemical 
shifts against the free water fraction should give straight 
lines. Some of the plots are shown in Fig. 3, in which 
linearity holds. T h e values for the second brackets in 

Eq. 4 are obtained from the intercepts of these straight 
lines with the ordinate (Table 1 ). 

T h e resonance of water proton, in the absence of salt 
in the chloroform phase, shifts gradually to high-field 
by dilution, viz., 1.55, 1.54, and 1.51 ppm (relative to 
internal T M S ) at water concentrations of 0.072, 0.036, 
and 0.014 mol dm- 3 , respectively. I t seems that the 
free water slightly associates in chloroform at the free 
water concentration of 0.072 mol d m - 3 . 

Distribution Ratios of Phosphonium Bromides at Zero 
Concentration. T h e distribution ratio, D, of a 
phosphonium bromide is defined by 

D = _ gRBr 

^RBr 
(5) 

where cBBt and cnBt are the analytical concentrations 
of the salt in the chloroform phase and in the aqueous 
phase, respectively. As an example, the distribution 
ratios of Bu4PBr and Ph4PBr are shown as a function of 
cRBr in Fig. 4, where the ionic strength of aqueous phase 
is 0.125, adjusted by NaBr. From these curves the 
distribution ratios at zero concentration of the phos-

600 

H 400 

A 200 

0 

CBBr/mol elm -3 

Fig. 4. Distribution ratios of phosphonium bromides 
between chloroform phase and aqueous phase of an 
ionic strength of 0.125 (NaBr) as functions of the 
analytical concentration of the salts in the organic 
phase, £RBr, at 25 °C. 

TABLE 2. HYDRATION CONSTANTS OF PHOSPHONIUM BROMIDES IN CHLOROFORM PHASE AND 

DISTRIBUTION CONSTANTS BETWEEN CHLOROFORM AND WATER AT 2 9 8 K 

Salts 
Bu4PBr 
Bu3PhPBr 
Bu2Ph2PBr 
BuPh3PBr 
Ph4PBr 

a 
0.50 
0.52 
0.55 
0.67 
0.77 

Hydration 
constant 

* h 

i.o„ 
1.0, 
1.2, 
2.03 

3.34 

7 = 0 . 

D0 
16.5 
28 
42 
41 
44 

Distribution constant 

125 (NaBr) 

# D x l O - 2 

1.3 
2.1 
3.0 
2.1 
1.6 

7 = 0 

D0 

11.5 
18 
30 
29 
31 

08(NaBr) 

# D x l O - 2 

1.3 
1.9 
3.0 
2.1 
1.6 

Mean value 

/cDxio-a 

1.3 
2.0 
3.0 
2.1 
1.6 
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phonium bromides, D0, are obtained by graphical 
extrapolation. These results are given in Table 2. 

T h e D0 value is considered to be the distribution ratio 
for the undissociated and monomer species of the 
phosphonium bromide in the organic phase. T h e 
possible species in the organic phase are the dissociated 
ions, hydrated and non-hydrated monomer, and the 
aggregated species. T h e activity coefficients of RBr in 
aqueous phase are expected to be constant because of 
constant ionic strength in the aqueous phase. Hence, 
the increase in D with increase in cRBl is attributed to 
the decrease in the activity coefficient of RBr in the 
chloroform phase, probably due to the aggregation of 
RBr1 7 - 1 9) . T h e aggregation effect on D can be sub­
tracted by extrapolation of D to zero concentration of 
RBr, the dissociation effect on D being considered 
insignificant. This can be judged from the behavior of 
D in the low concentration range of RBr. A tendency 
of increase in D toward zero concentration, which 
should be seen if the dissociation is significant, was not 
observed. An estimation for the degree of dissociation 
of RBr in chloroform phase saturated with water also 
supports the view. If we apply Bjerrum's equation,20) 
the dissociation constant is estimated to be ca. 2 x 10 - 7 

for phosphonium bromides. I n the estimation the 
distance of closest approach is taken as 6.5 Â21) and 
the dielectric constant of chloroform solution saturated 
with water, 5.22) T h e dissociation constant thus obtained 
gives the degree of dissociation of the order of 0.01 at 
cBBr of 0.001 mol d m - 3 , which is lower than the lowest 
concentration examined. For dichloromethane as 
organic phase, the degree of dissociation is estimated as 
0.14 even at 0.01 mol d m - 3 . I n fact, an increase in 
D for Ph4PBr was found25) at lower concentrations 
in dichloromethane. 

I t is reasonable concluded that the D0 values given in 
Table 2 are the overall distribution ratios for monomer 
species of hydrated and non-hydrated RBr in chloroform 
phase at zero concentration of RBr. 

D i s c u s s i o n 

Hydration Constant. T h e distribution equilibria 
in the present systems can be expressed as 

H 2 0 ; = ± H^Ö ( a ) 

R+ + Br" ^ = i RBT ( b ) 

RBr + H£> ; = ± RBr.H aO, ( c ) 

where R + stands for the phosphonium ion, the bar 
indicating the species in chloroform phase. T h e 
aggregation process is neglected, the fact that the 
average hydration number is less than unity for all RBr 
examined being taken into account. 

T h e hydrat ion constant in chloroform phase, Kh, 
corresponding to the equilibrium (c), is given by 

Kh = -r^-4-^, (7) 
1 - « aw yRBr 

where àw is the water activity in chloroform phase, y-Y 

the activity coefficient of species i in chloroform phase, 
referred to the concentration scale of mol d m - 3 , and 
subscript h denotes the hydrated phosphonium bromide. 

With pure water chosen as a standard state for water in 
chloroform phase, äw is equal to ow. Since the water 
activity is close to unity, äw is taken as unity. At 
infinite dilution of RBr, the last factor in Eq. 7 becomes 
unity, and we obtain the hydration constant simply 
by replacing a with the numerical values given in 
Table 1. T h e hydration constants in chloroform phase 
at 25 °C are given in Table 2. 

T h e Kh value increases gradually from Bu4PBr to 
Bu2Ph2PBr and rapidly to BuPh3PBr and to Ph4PBr. 
This suggests that the hydrated water molecule is 
stabilized through interactions with phenyl-rich cations 
(n>3) to a greater extent than butyl-rich cations (n<[l). 

Free Energy of Transfer of RBr from Water to Chloroform. 
In order to examine the effects of the substituent of 
phosphonium bromides upon distribution equilibria, it 
is essential to split the distribution constant, Kv, 
(equilibrium (b)), from the overall distribution ratios, 
DQ. Since the distribution ratio for the non-hydrated 
species of RBr in chloroform phase is given by (1 —a) D, 
we have 

aRaBt 

_ (l-a)D JRBr /ON 

—^r A^?
 (8) 

where ynBrcNaBr) is the mean activity coefficient of RBr 
in the aqueous phase in molality in the presence of 
NaBr, the small difference between the two concentra­
tion scales in aqueous solution being ignored. At zero 
concentration of RBr in the organic phase, we have 

where y(0)BBr is the activity coefficient of RBr at zero 
concentration in the presence of NaBr at the ionic 
strength of 0.08 and/or 0.125, in aqueous solution. In 
order to obtain the values for y (0 )BBr , we need parameters, 
either the interaction parameters for mixed electrolyte 
solutions26) or Harned's coefficients,27) OCJJ. So far they 
do not seem to have been reported. For the present 
purpose we can use the equation27 '28) 

log y(0>Mx = log yco)Nx = y log yMX(o) -yNxCo)5 (10) 

where J><0)MX is the activity coefficient of M X at zero 
concentration in the presence of electrolyte, M X , at a 
given ionic strength, yMxco> a n d ^NX«» being the activity 
coefficients of M X and N X in the pure solutions of M X 
and N X at the same ionic strength, respectively. The 
equation is found to be useful for some binary mixtures, 
including tetraalkyl ammonium bromides, at least 
for dilute solutions (/<!0.1 ) : For mixed aqueous 
solutions of HBr (1) and Bu4NBr (2),29> a12 are 0.3304 
and 0.268 at ionic strengths of 0.1 and 0.25, respectively, 
which give the values 0.746 and 0.668 for yC0)HBr-
Equation 10 gives the values 0.747 and 0.656, respective­
ly. For a2 i at ionic strength of 0.1, the reported value is 
—0.2057. This leads to the value 0.727 for y^Bn.NBrj 
which is less by only 3 % than the value estimated by 
means of Eq. 10. In the mixed solutions of KBr and 
(C3H7)4NBr,3°) yC0)pr,NBr values are determined to be 
0.748 and 0.594 at ionic strengths of 0.1 and 0.5, 
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respectively, Eq. 10 giving 0.736 and 0.561, respectively. 
By assuming Eq. 10, we can rewrite Eq. 9 as: 

_ ( i - « ) A , i 
a±(NaBr) ^RBrCO) 

Kn = (H) 

Since no activity coefficients for RBr in each of the pure 
solutions are known, some estimations must be made. 
Use of the activity coefficient of Bu4NBr might be a 
good approximation for Bu4PBr. T h e yBu.NBr30) i n 

aqueous solution at 25 °G fits the Debye-Hückel limiting 
law up to moderate concentration; e.g., the deviations 
from the law amount to only 0.6% at 0.1 and 5 % even 
at 0.4 mol dm" 3 , though the consistence is regarded as 
accidental.23) Thus, we obtain the value of 1.3 X 102 for 
KD, which is common to both systems with different 
ionic strengths. For other phosphonium bromides, the 
limiting law was also applied to obtain yBBrco)- T h e KD 

values thus obtained are given in Table 2. T h e agree­
ment between two values for KD at different ionic 
strengths is good in spite of a considerable difference 
between DQ values. This supports the validity of the 
assumption. 

From KD, we obtain the free energy of transfer for 
RBr (non-hydrated in chloroform) from water to 
chloroform at 25°, AGc~w, by means of 

AGC_W= -RT In KD, 

where a hypothetical solution of 1 mol d m - 3 in each 

phase is taken as the standard state for RBr. 

. -12 
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Fig. 5. The free energy of transfer for Bu4_nPh„PBr 
from water to chloroform as a function of n, at 25 °C. 
The standard state is taken as a hypothetical solution 
of 1 mol dm~3 of the salt. 

A(?(vw is shown as a function of n in Fig. 5. No 
additivity of group contributions to AGc-w is found; 
AGc~w is the lowest for Bu2Ph2PBr. This might be 
related to hydration processes in the aqueous phase, 
since there is no reason to expect that, of the phos­
phonium bromides, Bu2Ph2PBr interacts most effectively 
with the solvent chloroform. T h e state of cosphere 
water ofphenyl groups differs from that of butyl groups. 
Different types of cospheres coexist in each cation with 
n=\—3. Thus, we find the interpretation for the varia­
tion of AGow with n in terms of the statement by 
Friedman and Krishnan:2) adjacent cospheres interfere 
with each other so that the overall solvation is less 
energetic than one might guess from the properties of 
separate cospheres. 

State of Hydration Water. Comparing ô'h with the 

hydration number (Table 1), we find: (1) As found in 
a series of Ph 4PX's , ôi increases (low-field shift) in the 
order X~, Br~, N 0 3 ~ , CI-, in accordance with that of 
the average hydration number ; (2) with respect to a 
series of phosphonium bromides, the low-field shift 
remains nearly constant or gradually increases from 
Bu4PBr to Bu2Ph2PBr with gradual increase in hydration 
number, and decreases to BuPh3PBr and to Ph4PBr 
in spite of rapid increase in the hydrat ion number 
(Fig. 6). 
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Fig. 6. TO chemical shift of water solvated to Bu4_nPhnPBr 
in chloroform phase and their hydration constants, as 
function of n, at 25 °C. 

W e infer from (1) that the hydrated water is hydrogen-
bonded with anions of the phosphonium salts. Since 
the <5h values are the average values from two protons 
of hydrated water molecule, the chemical shift for the 
proton which participates in hydrogen bond, <5£, is 
roughly estimated from ôi. by the relation 

ô°h = 2ô'b-ô°f, 

where assumptions are made that the chemical shift for 
the other proton is equal to that of non-hydrated water, 
the correction factor, coßJ0L, being relatively small as 
expected from Fig. 2. T h e values for ôl are, for example, 
4.0, 4.4, and 4.7 ppm (against T M S ) , for Ph4PBr, 
P h 4 P N 0 3 , and Ph4PCl, respectively. 

Let us examine the salt effect upon the chemical shift 
of free water proton : (a) polarization of free water due 
to the salts as electric dipoles, and (b) magnetic 
anisotropy due to phenyl groups and polarization of 
free water due to charges located on the phenyl groups. 
Effect (a) leads to the net low-field shift of free water 
proton (Fig. 2), the effect being expected to nearly the 
same degree for all onium bromides examined since 
their molal volumes are nearly the same13) while effect 
(b) due to phenyl rings leads to net high-field shift. 
Wi th the present onium salts, however, the phenyl 
groups may differ from benzene or chlorobenzene as 
regards their interactions with water because of 
geometric effects and charge derea l iza t ion effects. T h e 
7r-electron donation from phenyl groups to phosphorus 
rf-orbitals of quaternary phosphonium salts was shown 
by Gim and McFarlane.8) T h e charge derea l iza t ion 
for Ph4P+ ion was estimated to be 0.18 electron unit 
per phenyl group.9) When a water molecule is situated 
in the vicinity of the peripheries of phenyl rings, it 
will undergo deshielding effects due to the local magnetic 
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field of phenyl rings as well as possible polarization 
induced by delocalized charges. In contrast, high-field 
shift should be observed when the water molecule is 
located so close to the central atom that the proton 
undergoes the diamagnetic effect due to phenyl rings. 
In this case, however, the water molecule is not regarded 
as "free," but "hydra ted ." On ium salts lead to de-
shielding free water protons. 

We can conclude from (2) that the hydrated water 
molecule interacts not only with anions but with 
cations, especially with phenyl-rich cations (n>3) , as 
evidenced by relatively large hydration constants for 
these salts. Starting with Bu4PBr, we find the most 
favorable site for water molecule at BuPh3PBr, since 
it is free from steric hindrance by butyl groups. For 
butyl-rich salts, no sites of this kind are available and 
thus their hydration constants are expected to be 
nearly the same. 

The hydration constant for Ph4AsBr seems to be 
somewhat larger than that for Ph4PBr, in accordance 
with the less low-field shift for the former. This is 
consistent with the results obtained by Orenberg et Ö/.10> 
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Photoelectrochemical Behavior of Chlorophyll a-Lipid Films on a 
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The photoelectrochemical behavior of chlorophyll a-lipid mixed monolayers coated on a platinum electrode 
by the Langmuir-Blodgett technique was investigated under potentiostatic conditions in an aqueous electrolyte 
in the absence of redox agents. Under illumination, cathodic photocurrents were observed at electrodes coated 
with a sufficient number of monolayers. The quantum efficiency of the photocurrent was estimated to be about 
10~4, much lower than that obtainable for dye-sensitized photocurrent on semiconductor electrode. The cathodic 
photocurrent increased with lowering in the pH of electrolyte. The possibility of the photoreduction of water by 
excited triplet chlorophyll a is discussed on the basis of observed pH dependence and correlation of the redox 
potentials involved. 

During the last decade an increasing number of 
studies have appeared on the photoelectrical and 
photoelectrochemical behavior of chlorophyll (Chi) in 
the form of solid layers coated on metal electrodes.1-13) 
The photoconductive nature of solid Chi films in 
various forms, such as amorphous layers,1»3»5) micro-
crystals, 2»4»5) and monolayer assemblies,6»7) in contact 
with metal substrates has been established by the use of 
metal/Chl/metal sandwich-type photovoltaic cells. 
However, the organic semiconductivity inherent to solid-
state Chi, postulated for the microcrystalline films2»14) 
in order to explain the photoelectrical rectifying 
effects at metal/Chi contacts, is the subject of contro­
versy;4»15) in particular, it seems unlikely for the mono­
layer assemblies.6»16»17) I n photoelectrochemical cells 
employing metal electrodes (mostly platinum) coated 
with various forms of Chi films,8-13) cathodic photocur­
rents have usually been obtained, presumably reflecting 
the jb-type semiconduction formed within a bulk Chi 
layer. Water splitting reactions with use of Chl-coated 
platinum photocathodes have been demonstrated by 
several groups.10»13) Such behavior is in contrast to the 
case of Chl-coated w-type semiconductor electrodes 
which produce anodic sensitized photocurrents.18»19) 

According to the principles of dye sensitization 
processes, the photocurrent of dye molecules adsorbed on 
a metal electrode should be incomparably less efficient 
than that obtained at a semiconductor electrode, owing 
mainly to the rapid energy quenching of dye excited 
states by free electrons in the metal, as reported by 
Memming20) and Genscher and Williug.21) Ample 
efficiency for dye-sensitized photocurrent on a metal 
electrode could thus be expected in cases where the dye 
layer is thick enough to develop the bulk effects such as 
jb-type photoconductivity. Typical of this case are 
solid films of metal phthalocyanines22) and porphyrins23) 
which are regarded as jb-type organic semiconductors. 

Reports have been given on the anodic sensitized 
photocurrents obtained for various monolayer assemblies 
(Langmuir-Blodgett films) of Chi coated on an SnO a 

semiconductor electrode,19»24-26) where quan tum efficien­
cy of the photocurrent was investigated as a function 
of the surface concentration of Chi19»24) and thickness 
of the monolayers.25) For such a Chl-sensitized semi­
conductor photoanode, it was confirmed that the single 
monolayer film of Chi that is amply diluted in the 

surface concentration gives the highest quan tum 
efficiency (<!0.25) for photocurrent generation.26) 

By means of the Langmuir-Blodgett technique which 
allows a precise and uniform control of the film thickness, 
we have investigated the photocurrent behavior at the 
thin monolayer assemblies of a Chl-lipid mixture on a 
plat inum electrode. T h e behavior observed in this 
system, such as photocurrent-potential characteristics, 
p H dependence of photocurrent, and effect of the film 
thickness was found to be in contrast to the correspond­
ing observations in a Chi multilayer/semiconductor 
system.25) 

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

Pure Chi a was obtained from spinach leaves in the usual 
manner.19) L-a-Dipalmitoyllectithin (DPL from Sigma Chem­
ical.) was employed as a two-dimensional diluent for a Chi a 
monolayer,24) in order to keep Chi a from possible photo-
degradation27) as well as to suppress the energy dissipation 
within layers due to the concentration quenching characteristic 
of Chi a molecules.28) A monomolecular layer consisting of 
Chi a and DPL at molar ratio 1/1 was prepared, using benzene 
as a spreading solvent, on an aqueous phosphate buffer ( p H ^ 
8) in a Langmuir trough. The monolayers were then deposited 
on the surface of a platinum electrode substrate (0.05 mm 
thick, 2.5 X 2.5 cm2), which had been treated with several 
organic solvents and hot sulfuric acid to make the surface 
hydrophilic, by serial dipping of the substrate across the 
supernatant monolayer under a surface pressure of 20 dyn 
cm"1 (1 dyn= 10-5 N) ; each monolayer coated on the substrate 
was vacuum-dried prior to the subsequent deposition. The 
deposition ratio for the Chi a-DPL mixed monolayer with 
respect to the platinum surface area was 0.7—1.0, indicating 
that the film was packed less densely on the electrode than on 
the water.29) 

Sodium sulfate (reagent grade) dissolved in doubly distilled 
water, 0.1 M (1 M = l mol dm"3), was used as a neutral elec­
trolyte except when H 2S0 4 and/or NaOH was added for pH 
variation. The electrolyte solution was flushed with nitrogen 
which had been deoxygenated by passing over an activated 
copper column. The electrochemical cell employed was of 
one compartment including three electrodes; the potential of 
the Chi a-DPL film-coated platinum electrode was regulated 
with a Hokuto Denko Model HA-101 potentiostat, using a 
saturated calomel electrode (SCE) and a platinum wire as a 
reference electrode and a counterelectrode, respectively. Photo-
and dark currents were measured on a Keithley Model 610 B 
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picoammeter. The light source was a 500-W Xe arc lamp 
in combination with a grating monochromator. The observed 
photocurrents were corrected for incident photon flux, cor­
responding to ca. 1.2 X 1016 photons s_1. For details of the 
experimental setup as well as the monolayer deposition 
technique, refer to the previous paper.19) 

Results and Discussion 

Photocurrent Characteristics. W h e n a single Chi 
a-DPL monolayer on the plat inum electrode was 
illuminated, almost no significant photocurrent was 
observed. This can be ascribed to the rapid energy-
quenching of excited Chi a by free electrons in the 
metal20 '21) as well as to a reversible and simultaneous 
exchange of electrons via the metal /Chi a interface (no 
rectifying property) . T h e former phenomenon, mainly 
responsible for the minimal photocurrent, has been 
elucidated by Kuhn3 0) on the basis of fluorimetric 
studies. 

400 

Wavelength/nm 

Fig. 1. Photocurrent action spectrum for Chi a-DPL 
(1/1) film consisting of 21 monolayers on a platinum 
electrode. Electrolyte, 0.1 M Na2S04 (pH ca. 7); 
electrode potential, 0 V vs. SCE. The broken line 
shows the absorption spectrum of Chi a multilayer at 
solid-electrolyte interface in arbitrary units.25) Photocur­
rent (solid line) is for the total area illuminated on the 
electrode (ca. 5 cm2). Photocurrents plotted in figures 
hereinafter show an experimental error of ca. ±0 .3 X 
10-8A. 

Electrodes coated with more than several monolayers 
were found to develop significant cathodic photocurrents 
upon illumination. Figure 1 shows the photocurrent 
action spectrum obtained for a film consisting of 21 
monolayers with an absorption spectrum of a pure Chi a 
multilayer25) for comparison. Apparently the cathodic 
photoresponse follows the absorption of Chi a, showing 
peaks at around 680 n m and 430 nm in the red and blue 
bands, respectively. T h e observed action spectrum 
suggests that the monomeric form of Chi a is the main 
species participating in the present photoelectrochemical 
reaction. No significant changes due to the formation 
and photochemical involvement of the hydrated Chi 
species absorbing in the far-red region ( ^ 7 4 0 
nm)2,4,5,12,i3) was detected, at least not in the action 
spectrum. 

-0 .4 -0.3 -0.2 -0.1 0.1 0.2 0.3 074 

(E vs. SCE)/V 

Fig. 2. Photocurrent-potential characteristics. 
— Q — : Photocurrent, : dark current. Illumina­
tion at 675 nm. Film and electrolyte composition are 
the same as in Fig. 1. 

Figure 2 shows the dependence of the photocurrent 
on electrode potential. Cathodic photocurrent, i.e., 
electron injection from the Pt/Chl a electrode to the 
solution, occurred at potentials more negative (cathodic) 
than + 0 . 4 V vs. SCE, increasing with cathodic polariza­
tion until it became saturated at around 0 V. 

Generation of cathodic photocurrent can be inter­
preted schematically in terms of the electron donation 
from excited Chi a molecules at the film-electrolyte 
interface to some reducible species (A) in the electrolyte 
and the subsequent reduction of the produced Chi a 
cation radical by free electrons of the electrode, namely, 

Chi a - ^ Chi a* (1) 

Chi a* + A • Chi a+ + AT (2) 

Chi a* + ept • Chi a. (3) 

Such a mechanism is substantially the same as that 
proposed for an electron transfer process involved in dye 
sensitization on a /»-type semiconductor photocathode.31> 
The above reaction, however, hardly proceeds if the 
dye layer on a metal is not as thick as several monolayers, 
because of the quenching phenomenon as well as the 
absence of rectifying properties. This differs from the 
case of semiconductor electrode surface where only 
monolayer-thick adsorption of dye is sufficient to 
develop a considerable efficiency of photocurrent. I n 
the semiconductor electrode, electron flow is rectified 
via the space charge layer in which energy transferred 
from the dye, if any, can be utilized for charge separa­
tion which leads to photocurrent generation. If, 
however, the dye layer on a metal is of sufficient thick­
ness, the photooxidation of Chi a with an acceptor in 
solution (Eq. 2) can take place at the film/electrolyte 
interface where the quenching of excited dye by the 
metal can be suppressed by the spatial separation of its 
interface from the metal surface. T h e photooxidized 
Chi a may subsequently be reduced by electrons which 
migrate from the metal surface by hopping through 
the dye layer. Another reaction mechanism, applicable 
to the /»-type semiconductor/dye interface, which 
involves the direct reduction of excited-state Chi a by 
electrode at the metal/film interface (Chi a * + e - p t - > 
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Chi aT) is unlikely since reoxidation of Chi aT into 
Chi a would occur simultaneously at the metal surface. 

The proposed mechanism is compatible with the fact 
that the onset potential for the cathodic photocurrent, 
0.4 V vs. SCE, was observed at a somewhat more 
negative potential than the oxidation potential of the 
ground state Chi a, ca. 0 . 5 4 V vs. SCE,32) since the 
reaction process of reducing Chi a cation radical (Eq. 3) 
is expected to be promoted at potentials <^ca. 0.54 V 
on an electrochemical basis. According to the mecha­
nism, the observed onset potential further implies that 
the oxidation potential of Chi a, which has so far been 
estimated in nonaqueous media on account of the 
insolubility of Chi, would be situated at > 0 . 4 V vs. 
SCE in the monolayer assembly in contact with an 
aqueous electrolyte. 

In the present system, semiconduction in the solid Chi 
film is not important to explain the observed photoeffect 
because the monolayer assemblies of Chi are generally 
not regarded as good semiconductor materials,16»17) 
unlike the amorphous or microcrystalline films which 
display significant photoconductivity.1»2»5) It should be 
noted that the Chi a monolayers studied here were 
doped with lipid molecules which diminish the Chl-Chl 
electronic interaction needed for the developing of 
photoconduction. 

A blank test was carried out by irradiating a platinum 
electrode free of Chi a with 680 nm and 430 nm light. 
No photocurrent was detected at electrode potentials 
below + 0 . 4 V vs. SCE. A slight anodic photocurrent 
was detectable under 430 nm irradiation at ca. 0.4 V, 
but this intrinsic photoresponse of platinum was within 
experimental error and is negligible. 

Effect of Film Thickness. The magnitudes of the 
cathodic photocurrents for various numbers of layers 
on the platinum were compared at an applied elecrode 
potential of 0 V vs. SCE where the photocurrent tends 
to be saturated (Fig. 2). The results are summarized 
in Fig. 3. 

Number of layers 

Fig. 3. Relation between cathodic photocurrent and the 
number of layers deposited on the platinum electrode. 
Illumination at 680 nm. Electrolyte, 0.1 M Na2S04; 
electrode potential, 0 V vs. SCE. 

No significant photocurrent was observed with a 
single monolayer film. Photocurrent, however, increased 
with an increase in the number of layers (i.e., total film 
thickness), reaching a maximum at 20—30 layers. The 
increase may result from the spatial separation of the 

film/solution interface participating in the photooxida-
tion reaction of Chi a with an acceptor in the electrolyte 
(Eq. 2) from the metal/film interface involved in the 
dark electron transfer (Eq. 3). Such a separation of 
the two interfaces by stacking a sufficient number of 
monolayers would thus suppress the energy dissipation 
of dye excited at the film/electrolyte interface due to 
energy transfer as well as back electron transfer33-* 
toward the metal. The observed saturation of photocur­
rent above 20 layers may be due to the increased 
electrical resistance within the film. 

The quantum yields of steady state cathodic photocur­
rents obtained for 20—30 layers, estimated taking into 
account the surface reflectance of platinum (ca. 0.7) 
with respect to incident light, are of the order 10 - 4 

electron/photon. This is incomparably lower than the 
value, 10_ 1 electron/photon, reported for dye-sensitized 
cathodic photocurrents at a p-type semiconductor.31) 
Such a low efficiency is apparently due to the minimal 
rectifying properties of the metal electrode. Using 
platinum electrodes coated with microcrystalline Chi 
a aggregates, Fong and co-workers have reported 
relatively efficient cathodic photocurrents12) and claimed 
evidence for water splitting reaction.13) However, it is 
presumed that the electrodes used in their system, 
prepared by drastic treatments of the surface Chi a 
layers with repeated platinizations,13) may involve a 
certain photocatalytic effect ascribed to some Chi 
a-Pt composite and the observed phenomena cannot 
be attributed simply to the light reaction of Chi aggregate 
itself. 
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Fig. 4. Dependence of cathodic photocurrent on electro­
lyte pH. 35 layers and 23 layers on the platinum were 
examined under the same experimental conditions as 
in Fig. 3. The numbers on the plots stand for the 
experimental sequence. 
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Effect of pH on Photocurrent. The pH dependence 
of the photocurrent was investigated in order to clarify 
the nature of acceptor species involved in the photo-
oxidation reaction of Chi a. Figure 4 shows the results 
obtained for films of 23 and 35 monolayers under a 
constant electrode potential of 0 V vs. SCE. In both 
cases, cathodic photocurrents tend to increase with 
lowering in pH. The increase occurs at pH's <az. 7. 
Since the redox potential of Chi a can be regarded as 
almost independent of pH, the behavior clearly indicates 
that some protonic oxidant in the solution acts as an 
electron acceptor for excited Chi a. After a series of 
pH variation, an attempt was made to check the 
chemical degradation of Chi a by dissolving the 
illuminated samples in benzene. No significant change 
assigned to decomposed Chi a species, such as pheo-
phytin, could be detected in the absorption spectrum, 
indicating that the chemical changes in Chi a during 
the course of pH variation is almost negligible. 

In order to discuss the photooxidation reaction of 
Chi a with an acceptor, involvement of two donor states 
of Chi a, excited singlet and excited triplet states, should 
first be taken into account. It is known that the photo-
ionization of Chi a by reaction with a redox agent in 
solution takes place exclusively via the excited triplet 
state, a long-lived species with a lifetime of ca. 2 ms.34> 
A variety of oxidants35) has thus far been found to 
react with the triplet state of Chi a producing Chi a 
radical cations. Using photovoltaic cells, Janzen and 
Bolton6) found a large contribution of triplet state Chi 
a to the reduction of acceptor species immobilized in 
monolayer assemblies. Consequently, it is reasonable 
to assume that in the present system the photooxidation 
of Chi a (Eq. 2) takes place via the triplet state, from the 
viewpoint that an amply long lifetime of the excited 
state is needed to achieve the reaction with a dilute 
oxidant diffusing from the bulk of solution. 

If we assume that the electrolyte used contains no 
impurities that can act as electron acceptors, water 
(proton) is the only possible oxidant involved because it 
can be reduced on an energetic basis by both the singlet 
and triplet excited states of Chi a which have oxidation 
potentials of - 1 . 3 1 V and —0.79 V vs. SCE,32) respec­
tively. Here, the oxidation potential of the triplet state 
Chi a, the predominant species involved in the photo­
oxidation process, is situated somewhat negative of the 
reduction potential of water at pH 7, namely —0.66 V 
vs. SCE. This suggests that the triplet Chi a cannot 
reduce water very efficiently in neutral solutions 
because of a rather small free energy change 
(overpotential). Since the lowering of pH brings about 
a positive shift in water redox potential which facili­
tates the reaction of triplet Chi a with a proton, the 
observed increase in photocurrent at pH's below 7 
might result from the reduction of water by the excited 
triplet Chi a. 

In contrast with the result shown in Fig. 4, the reverse 
behavior in pH dependence has been obtained with a 
Chi a multilayer-coated SnOa photoanode25) using a 
similar electrolyte to that of the present system. Anodic 
sensitized photocurrent of Chi a observed was found to 
increase at pH's higher than 7. This was rationalized by 

the recognition that the oxidation potential of ground 
state Chi a, 0.54 V vs. SCE, is in the vicinity of the 
water oxidation potential at pH 7, 0.57 V vs. SCE, and 
the reduction by water of the Chi a cation radical 
produced by electron injection into SnOa is promoted 
by increasing of pH (i.e., a negative shift in water 
oxidation potential). 

The combination of both features of Chi a photoanode 
and photocathode in pH dependence brings us to the 
view that the oxidation and reduction of water by in 
vitro photoexcited Chi a, or at least by monomeric Chi 
a, would be difficult in neutral aqueous solutions owing 
to the absence of any overpotential (i.e., free energy 
change) sufficient for an electron transfer reaction. 
Watanabe and Honda36) have recently found that Chi a 
cation radical produced by electrolysis, which corre­
sponds to the photooxidized form of Chi a produced at 
the photoanode, has an extremely low rate constant 
for the reaction with water in an organic solution, 
suggesting that the oxidation of water by excited Chi a 
is inefficient. Consequently, photosplitting of water by 
in vitro Chi a is thought to be feasible under either acidic 
or alkaline conditions which can promote, respectively, 
the photoreduction and photooxidation of water. This 
is in line with the demonstrations of hydrogen10»13) and 
oxygen37) evolutions at illuminated Chi electrodes with 
use of acidic and alkaline electrolyte solutions, 
respectively. 

The authors wish to thank Dr. K. Itoh for his helpful 
discussion. This work was supported by a Grant-in-Aid 
from the Ministry of Education, Science and Culture. 
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The Crystal Structures of Hexamethyleneiminium p-Chlorobenzoate 
and Dimorphs of Hexamethyleneiminium p-Bromobenzoate 
Setsuo KASHINO,* Norimitsu SASAHARA, Shin-ichi KATAOKA, and Masao HAISA 

Department of Chemistry, Faculty of Science, Okayama University, Tsushima, Okayama 700 
(Received June 12, 1980) 

The crystal structures of hexamethyleneiminium /»-chlorobenzoate (1), and the monoclinic [2(m)] and 
orthorhombic [2(o)] forms of hexamethyleneiminium/»-bromobenzoate have been determined from visually esti­
mated Cu KOL data. The crystal data are: P2x/c, a= 10.10(2), b= 16.78(1), c=9.01(2) Â, ß= 118.4(2)°, Z=4for 1; 
C2/c, a=25.47(2), 6=7.01(1), c=16.29(l) Â, /9=109.1(1)°, Z = 8 for 2(m); and Pbca, a=11.55(l), 6=27.40(1), 
^=8.57(1) Â, Z = 8 for 2(o). The structures of 1, 2(m), and 2(o) were refined to R values of 0.072, 0.100, and 0.083 
for 1628, 1009, and 1013 non-zero reflections, respectively. In the crystals of 1, the type of hydrogen bond and the 
molecular arrangement in (010) plane are the same as those in piperazinediylium terephthalate. In 2(m), two 
pairs of the base and acid ions related by a twofold axis are linked together by N - H - - 0 hydrogen bonds. The 
crystal structure of 2(o) is very similar to that of piperidinium and pyrrolidinium /»-substituted benzoates in Pbca, 
but there is a difference in the combination mode of the base and acid ions participating in the hydrogen bonds. 
In all the crystals, the hydrogen bond extending along the long axis of the acid ion is shorter than that nearly perpen­
dicular to the axis. Hexamethyleneimine rings in 1, 2(m), and 2(o) take a similar twist-chair conformation. 

I t has been found for crystals of piperidinium and 
pyrrolidinium/»-substituted benzoates that the N - H - O 
hydrogen bonds linking together the base and acid ions 
are usually formed around a 2X axis.1-3) T h e crystal 
structures of the title compounds have been examined in 
order to ascertain whether the type of hydrogen bonds is 
maintained or not by the enlargement of the ring size 
of the base, to see what types of hydrogen bonds other 
than the 2X type are possible in the crystals, if any, 
and to determine the conformation of hexamethyl­
eneimine ring in the crystals. 

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

Equimolar amounts of the base and the acid were dissolved 
in dry benzene. The crystals of hexamethyleneiminium p-

chlorobenzoate (1) and of monoclinic form of hexamethyl­
eneiminium /i-bromobenzoate [2(m)] were grown from the 
solutions by slow evaporation. The crystals of orthorhombic 
form of hexamethyleneiminium /»-bromobenzoate [2(o)] were 
grown from the filtrate of 2(m) by slow evaporation. Crystal 
data and experimental details are given in Table 1. The 
systematic absences for 2(m) showed the possible space group 
to be C2/c or Cc, but the latter was ruled out by the structure 
analysis. 

The specimens were sealed in glass capillaries, since the 
crystals of the compounds decompose gradually. The inten­
sity data were collected on equi-inclination Weissenberg 
photographs using Cu Ka. radiation. Intensities were esti­
mated visually and corrected for Lorentz and polarization 
factors and spot shape. 

TABLE 1. CRYSTAL DATA AND EXPERIMENTAL DETAILS 

Mp/°C 
Morphology 
Space group 
a/A 
bfk 
cjk 

ßl° 
VIA3 

z 
DJg cm-3 

Djg cm-3 

/i(Cu /Ta)/cm-1 

Dimensions of 
crystals used/mm 

Layers photographed 

Non-zero reflections 
Percentage accessible 

Hexamethyleneiminium 
/»-chlorobenzoate (1) 

(C6H12NH2)+(C1C6H4C02)-
F.W.=255.7 

131—133 
Plates developed {010} 

?2Jc 
10.10(2) 
16.78(1) 
9.01(2) 

118.4(2) 
1342(3) 

4 
1.26 
1.265 

24.5 
0 . 5 0 x 0 . 1 5 x 0 . 2 5 
0 . 2 5 x 0 . 1 5 x 0 . 6 0 

Okl to 6kl 
hkO to hk6 

1628 
53 

B/A* from Wilson's plot 5.2 

Hexamethyleneiminium/i-bromobenzoate 
(C6H12NH2)+(BrC6H4C02) -, F. W.=300.2 

Monoclinic form [2(m)] 

141—143 
Plates developed {100} 

C2/c 
25.47(2) 

7.01(1) 
16.29(1) 

109.1(1) 
2751(3) 

8 
1.46 
1.450 

44.5 
0 . 2 0 x 1 . 2 0 x 0 . 3 5 
0 .25x0 .35x0 .55 

hOl to Ä5/ 
hkO to M6 
1009 

32 
11.8 

'" s 
Orthorhombic form [2(o)] 

118—120 
Plates developed {010} 

Pbca 
11.55(1) 
27.40(1) 

8.57(1) 

2713(4) 
8 

1.47 
1.469 

44.8 
0 .70x0 .15x0 .20 
0 . 3 0 x 0 . 1 0 x 0 . 5 0 

Okl to Ski 
hkO to hk6 
1013 

33 
5.7 
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TABLE 2. FINAL ATOMIC PARAMETERS OF THE NON-HYDROGEN ATOMS ( X 104, except Z?eq) AND 

THOSE OF THE HYDROGEN ATOMS ( X 10 3 , e x c e p t BlB0) WITH VALUES OF e.S.d. IN PARENTHESES 

X y z j?eq or Bieo/A> 

(a) Hexamethyleneiminium /»-chlorobenzoate (1) 
C(l) 
C(2) 
C(3) 
C(4) 
G (5) 
C(6) 
C(7) 
0 (8 ) 
0 (9) 
CI(10) 
N( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
H (2) 
H (3) 
H (5) 
H (6) 
H(Ï1A) 
H(11B) 
H(12A) 
H(12B) 
H(13A) 
H(13B) 
H(14A) 
H(14B) 
H(15A) 
H(15B) 
H(16A) 
H(16B) 
H(17A) 
H(17B) 

1737(4) 
912 (4) 

-104(5) 
-289(4) 

485(4) 
1493 (5) 
2856(4) 
3685(3) 
2869(4) 

-1533(1) 
4506(4) 
3894(6) 
4829(6) 
5677(6) 
7168(5) 
7050(5) 
6131(5) 

111(5) 
-59 (5 ) 

33(5) 
202(5) 
421(4) 
401(7) 
366(5) 
277(6) 
580(7) 
404(5) 
489(5) 
591(6) 
778(7) 
770(5) 
818(6) 
659(5) 
642(5) 
624(7) 

1408(2) 
698 (2) 
553(2) 

1115(2) 
1824(2) 
1970(2) 
1547(2) 
2139(2) 
1043(2) 
937(1) 

1466(2) 
849(3) 
643(3) 

1313(3) 
1517(3) 
1893(3) 
1439(3) 

28(3) 
5(3) 

225(3) 
246(2) 
202(2) 
137(4) 
34(3) 

107(3) 
32(4) 
41(3) 

191(3) 
121(3) 
197(4) 
97(2) 

192(3) 
243(3) 
81(2) 

159(4) 

4606(4) 
4130(5) 
2450(5) 
1239(5) 
1687(5) 
3363 (5) 
6430(4) 
6811(3) 
7487(3) 

-868(1) 
10739(4) 
11445(6) 
13285(6) 
14460(6) 
14500(6) 
12890(6) 
11266(6) 

502(6) 
214(6) 

91(6) 
366(5) 

1099(5) 
945(7) 

1081(5) 
1127(7) 
1347(7) 
1357(6) 
1394(5) 
1573(7) 
1546(8) 
1476(5) 
1305(7) 
1271(6) 
1157(5) 
1020(8) 

4.4(1) 
5.2(2) 
5.3(2) 
5.2(2) 
5.6(2) 
5.4(2) 
4.8(2) 
5.8(1) 
6.5(1) 
6.5(1) 
5.0(1) 
6.4(2) 
7.4(3) 
7.4(3) 
6.6(2) 
6.3(2) 
6.2(2) 
6(1) 
6(1) 
6(1) 
4(1) 
4(1) 
9(2) 
5(1) 
7(1) 
9(2) 
6(1) 
5(1) 
8(1) 
9(2) 
5(1) 
7(1) 
5(1) 
4(1) 
9(2) 

(b) Hexamethyleneiminium /»-bromobenzoate, 
monoclinic form [2(i 
C(l) 
G(2) 
C(3) 
C(4) 
C(5) 
G(6) 
G(7) 
0(8) 
0(9) 
Br(10) 
N(l l ) 
C(12) -
C(13) -
C(14) -
C(15) -
C(16) 
C(17) 

846(5) 
1420(5) 
1790(5) 
1617(4) 
1067(4) 
684(4) 
418(5) 
626(3) 

-75 (4 ) 
2151(1) 

-736(3) 
-1300(5) 
-1764(6) 
-1731(6) 
-1387(5) 
-780(5) 
-577(6) 

m)] 
7856(15) 
7505(15) 
8800(23) 

10615(15) 
11067(16) 
9722(15) 
6428(18) 
4976(11) 
6855(13) 
12471(2) 
4301(12) 
4969(19) 
3682 (25) 
2092(21) 
407(18) 
792(16) 

2369(15) 

1320(7) 
1620(8) 
1550(8) 
1230(6) 
913(6) 
977(6) 

1401 (7) 
1864(5) 
1054(7) 
1186(1) 
1419(5) 
953(10) 
743(9) 

1388(12) 
1355(9) 
1675(8) 
1201(8) 

7.9(6) 
8.2(6) 
9.5(7) 
7.2(5) 
7.2(6) 
7.1(5) 
8.4(7) 
9.7(5) 
9.9(5) 

10.3(1) 
7.2(4) 

10.1(8) 
10.8(9) 
11.3(10) 
10.3(8) 
8.6(7) 
8.6(7) 

H(2) 
H(3) 
H(5) 
H(6) 
H(11A) 
H(11B) 
H(12A) 
H(12B) 
H(13A) 
H(13B) 
H(14A) 
H(14B) 
H(15A) 
H(15B) 
H(16A) 
H(16B) 
H(17A) 
H(17B) 

X 

157(5) 
225(5) 

96(5) 
25(4) 

- 70 (5 ) 
- 49 (5 ) 

-139(6) 
-120(5) 
-208(5) 
-176(7) 
-217(5) 
-166(7) 
-149(6) 
-154(5) 

- 66 (6 ) 
- 5 8 ( 6 ) 
- 74 (5 ) 
- 21 (6 ) 

y 

613(20) 
859(20) 

1245(12) 
1012(17) 
436(22) 
526(18) 
608(23) 
543(20) 
447(20) 
300(22) 
180(21) 
271(18) 

-71(23) 
24(19) 

135(23) 
-52(25) 
231(15) 
240(15) 

Z ± 

194(7) 
183(8) 
69(7) 
71(7) 

214(8) 
137(8) 
105(9) 
45(8) 
63(8) 
34(10) 

128(8) 
210(9) 
159(9) 
69(7) 

233(9) 
180(11) 
63(8) 

122(9) 

Beq or Z?iso/A
2 

10(4) 
9(3) 
5(3) 
7(3) 

11(4) 
10(4) 
12(4) 
11(4) 
10(4) 
12(5) 
9(4) 

11(5) 
13(5) 
9(4) 

12(4) 
15(5) 
8(4) 
9(4) 

(c) Hexamethyleneiminium /»-bromobenzoate, 
orthorhombic form [2(o)] 
C(l) 
C(2) 
C(3) 
G(4) 
C(5) 
C(6) 
G(7) 
0(8) 
0(9) 
Br(10) 
N( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
H(2) 
H(3) 
H(5) 
H(6) 
H(11A) 
H(11B) 
H(12A) 
H(12B) 
H(13A) 
H(13B) 
H(14A) 
H04B) 
H(15A) 
H(15B) 
H(16A) 
H(16B) 
H(17A) 
H(17B) 

4236(8) 
3925(9) 
4633(9) 
5603(10) 
5900(10) 
5228(9) 
3477(9) 
2703(7) 
3720(8) 
6493(2) 
2386 (7) 
1183(11) 
408(9) 
492(10)-

1503(10) -
2685(10)-
2969(9) 

320(9) 
441(13) 
672(13) 
550(11) 
246(14) 
285(12) 
91(8) 

122(15) 
- 51 (9 ) 

55(13) 
-32(11) 

52(11) 
148(8) 
135(10) 
281(11) 
319(9) 
263(10) 
379(9) 

1210(3) 
1646(3) 
2063(3) 
2048(4) 
1640(4) 
1212(3) 
763(3) 
748(3) 
414(3) 

2619(1) 
-376(2) 
-238(4) 
- 6 0 1 (4) 
-1129(3) 
-1405(4) 
-1239(3) 
-713(3) 

164(4) 
238(5) 
161(6) 
92(4) 

-56 (6 ) 
- 7 ( 5 ) 

-13 (4 ) 
7(7) 

-44 (3 ) 
- 5 9 ( 6 ) 

-132(4) 
-112(4) 
-182(4) 
-140(5) 
-131(4) 
- 1 4 2 (4) 

-61 (4 ) 
-69 (4 ) 

8712(9) 
9513(12) 
9332(11) 
8450(13) 
7675(13) 
7837(9) 
8822(12) 
9829(8) 
7904(9) 
8244(2) 
7831(9) 
8122(13) 
9032(14) 
8482(12) 
9173(14) 
8636(12) 
9009(13) 
1003(16) 
1000(17) 
710(18) 
743(14) 
679(17) 
768(19) 
707(11) 
861(20) 
888(13) 

1015(17) 
872(15) 
730(14) 
897(14) 

1032(17) 
769(16) 
912(14) 
991(16) 
896(13) 

2.3(4) 
3.3(4) 
3.4(4) 
4.4(5) 
4.1(5) 
2.8(5) 
3.4(5) 
4.2(4) 
5.2(4) 
7.5(1) 
3.0(4) 
4.1(5) 
3.8(4) 
4.0(5) 
4.3(5) 
3.9(5) 
3.4(4) 
3(3) 
6(4) 
7(5) 
3(3) 
7(4) 
6(3) 
1(2) 
8(5) 
2(2) 
7(4) 
4(3) 
4(3) 
2(3) 
5(4) 
4(3) 
3(3) 
4(3) 
2(2) 
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O Q O 

Fig. 1. Projections of the crystal structures and numbering of the non-hydrogen atoms. 
(a) 1 viewed along c, (b) 2(m) viewed along b, and (c) 2(o) viewed along a. Broken lines 
show hydrogen bonds. 
Symmetry code: for 1: (i)x,y, z; (ii)*, 1/2—y, 1/2 + *; (iii) — x, —y, — z; (iv) — x, —y, 1 —*; 
(v) l-x, -y, 2—*; (vi) 1— x, -y, 3 - * ; (vii) l+x,y, 1 + *; (viii) x,y, 1 + *; for 2 (m) : 
(i) x,y, z; (ii) -x,y, 1/2-*; (iii) -x, 2-y, - * ; (iv) -x, \-y. -z; (v) *, l+y, *; (vi) 
-x, l+y, 1/2-*; (vii) 1/2-*, 1/2+7, 1/2-*; (viii) 1/2+*, 1/2+j>, *; for 2(o): (i) x,y, 
z; (ii) 1/2-*, -y, - 1 / 2 + *; (iii) 1/2+*, y, 3 / 2 - * ; (iv) 1 - * , - 7 , 2 - * ; (v) 1/2-*, 
I/2+7, *; (vi) 1 - * , 1/2 +y, 3 / 2 - * ; (vii) 1/2 + *, 1/2-y, 2-z; (viii) *, 1 /2 -^ , -1 /2 + *. 
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Structure D e t e r m i n a t i o n and 
Ref inement 

The structure of 1 was solved by the symbolic addition 
procedure and the structures of 2 ( m ) and 2(o) by the 
Patterson method. Refinement was made by block-
diagonal least-squares calculations. For 1 all the H 
atoms were located from a difference Fourier synthesis. 
Further refinement was carried out including the 
parameters of the H atoms. The weighting scheme used 
was a ;=1.0 for 0 < | F o | ^ F m a x , and a,= (Fm a x / |F 0 | )2 for 
l^ol>^max5 where F m a x = 6 . 5 . 

For 2 ( m ) and 2(o), the coordinates of nine and 
thirteen H atoms were determined from difference 
Fourier syntheses at the stages of i ?=0 .124 and 0.110, 
respectively. T h e positional parameters of the remaining 
H atoms were calculated by assuming the usual geom­
etry, and were included in the subsequent refinement. 
The same weighting scheme was used with F m a x = 1 6 . 0 
for 2 ( m ) and 14.0 for 2(o) . The final R values for the 
non-zero reflections were 0.072 for 1, 0.100 for 2 ( m ) , 
and 0.083 for 2(o) . The final atomic parameters are 
given in Table 2.4) 

T h e atomic scattering factors were taken from 
International Tables for X-Ray Crystallography.5) 
Computations were carried out at the Okayama 
University Computer Center. T h e programs used were 
S IGM, T A N G , HBLS-V, and DAPH.6> 

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

The projections of the crystal structures and the 
numbering of the atoms are shown in Fig. 1. Geometry 
of the hydrogen bonds is summarized in Table 3. 
Bond lengths and angles are given in Table 4. 

Crystal Structures. In the crystals of 1, the base 
and acid ions are linked together by two kinds of N - H - -
O hydrogen bonds to form a r ibbon along a c glide 
plane. T h e type of hydrogen bond is the same as that 
found in piperazinediylium terephthalate (3).7> T h e 
ribbons are stacked along a in alternate succession of the 
base and acid ions to form a sheet parallel to (010). 
The molecular arrangement in the sheet is also the same 
as that in 3. T h e doubling of b o c c u r s in 1 because of 
the loss of molecular symmetry 1 in the base and acid 
ions. 

TABLE 3. CEOMETRY OF HYDROGEN BONDS 

Lengths in Â and angles in degrees. 

Crystals Ï 2(m) 2(o) 
Type of hydrogen bonds Glide 2 21 

a) Hydrogen bond between base (i) and acid (i) 

TABLE 4. BOND LENGTHS (//Â) AND ANGLES {<f>j°) 

WITH VALUES OF CS.d. IN PARENTHESES 

(X=C1) 
2(m) 

(X=Br) 
2(o) 

(X=B) 

N(ll)—0(9) 
H( l lB) . -0 (9) 
N(l l ) -H(l lB)- . .0(9) 
N ( l l ) - 0 ( 9 ) - C ( 7 ) 

2 686(5) 
1.68(7) 
163(6; 
115.1(3) 

2.655(14) 
1.73(13) 
168(12) 
111 0(9) 

2.658(12) 
1.68(16) 
165(15) 
120.0(8) 

b) Hydrogen bond between base (i) and acid(ii) 
N ( l l ) - 0 ( 8 ) 
H(llA).- .0(8) 
N(11)-H(11A)...0(8) 
N(ll)—0(8)-C(7) 

2.804(5) 
1.79(5) 
167(4) 
147.8(3) 

2.759(12) 
1.63(15) 
167(13) 
128.4(8) 

2.769(11) 
1.77(18) 
163(15) 
133.1(7) 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(l) 
C(l)-C(7) 
C(7)-0(8) 
C(7)-0(9) 
C(4)-X(10) 
N(ll)-C(12) 
N(ll)-C(17) 
C(12)-C(13) 
C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(17) 
N(11)-H(11A) 
N(11)-H(11B) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(l) 
C(6)-C(l)-C(2) 
C(3)-C(4)-X(10) 
C(5)-C(4)-X(10) 
C(2)-C(l)-C(7) 
C(6)-C(l)-C(7) 
C(l)-C(7)-0(8) 
C(l)-C(7)-0(9) 
0(8)-C(7)-0(9) 
N(ll)-C(12)-C(13) 
C(12)-C(13)-C(14) 
C(13)-C(14)-C(15) 
C(14)-C(15)-C(16) 
C(15)-C(16)-C(17) 
C(16)-C(17)-N(ll) 
C(17)-N(ll)-C(12) 
H(11A)-N(11)-C(12) 
H(11B)-N(11)-C(12) 
H(11A)-N(11)-C(17) 
H(11B)-N(11)-C(17) 

1.400(6) 
1.388(7) 
1.386(7) 
1.375(6) 
1.384(7) 
1.393(6) 
1.505(6) 
1.238(5) 
1.269(6) 
1.732(5) 
1.493(7) 
1.476(6) 
1.507(8) 
1.502(9) 
1.528(8) 
1.534(8) 
1.514(7) 
1.03(5) 
1.04(7) 
120.4(4) 
119.6(4) 
120.8(4) 
119.6(4) 
121.0(4) 
118.5(4) 
120.1(4) 
119.1(3) 
119.7(4) 
121.8(4) 
119.0(4) 
116.8(4) 
124.2(4) 
117.3(5) 
116.9(5) 
114.2(5) 
115.9(5) 
116.3(4) 
111.9(4) 
117.6(4) 
108(3) 
107(4) 
111(2) 
103(4) 

1.404(18) 
1.341(20) 
1.392(19) 
1.361(16) 
1.385(16) 
1.430(17) 
1.517(18) 
1.275(16) 
1.234(17) 
1.901(11) 
1.465(19) 
1.489(17) 
1.439(25) 
1.516(26) 
1.483(24) 
1.486(20) 
1.533(20) 
1.15(15) 
0.94(13) 
122.2(13) 
120.3(14) 
121.1(11) 
118.3(10) 
122.2(11) 
115.5(11) 
119.8(9) 
119.1(8) 
123.4(11) 
121.0(11) 
114.1(11) 
116.9(12) 
128.9(12) 
120.9(14) 
116.2(15) 
117.4(15) 
113.7(13) 
116.0(12) 
111.9(11) 
117.7(10) 
105(8) 
108(8) 
110(8) 
112(8) 

1.423(14) 
1.414(15) 
1.353(16) 
1.344(17) 
1.413(15) 
1.370(14) 
1.510(14) 
1.244(13) 
1.269(14) 
1.881(12) 
1.462(15) 
1.524(14) 
1.547(17) 
1.525(17) 
1.512(16) 
1.511(17) 
1.514(16) 
1.03(18) 
0.99(16) 
118.6(9) 
121.1(10) 
120.9(11) 
120.1(11) 
121.1(10) 
118.2(9) 
118.7(9) 
120.4(9) 
120.3(9) 
121.5(9) 
119.1(9) 
116.4(9) 
124.4(10) 
118.1(10) 
114.6(10) 
113.8(10) 
115.3(10) 
114.7(10) 
109.9(9) 
117.6(8) 
111(10) 
109(9) 
104(10) 
111(9) 

In the crystals of 2 ( m ) , two pairs of the base and 
acid ions related by a twofold axis are linked together 
by two kinds of N - H - O hydrogen bonds. T h e 
hydrogen-bonded units are stacked along b in alternate 
succession of the base and acid ions to form a ribbon. 
T h e ribbons related by Ï are held together by van der 
Waals interactions and dipole-dipole interactions be­
tween the acid ions to form a sheet parallel to (100). 
T h e sheets are stacked along a by weak interactions. 

I n 2(o) all atoms of the acid ion and a center of the 
base ion occupy positions similar to those of piperidinium 
/^-substituted benzoates1»2) and of pyrrolidinium p-
substituted benzoates3) in Pbca, but the position of N 
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differs by about c/4. This difference causes a change in 
the combination mode of the base and acid ions partici­
pating in the hydrogen bonds. I n 2(o) base ion (i) 
donates the hydrogen bonds to acid ions (i) and (ii), 
while in the others it is base ion (ii) that doantes the 
hydrogen bonds to the corresponding acid ions, where 
the symmetry code follows that given in Fig. 1(c) for 
all the crystals. 

For the crystals of 1, 2 ( m ) , and 2(o), all the inter-
molecular contacts correspond to those expected for the 
usual van der Waals interactions. T h e shortest contacts 
are found between 0(7*) and H t l l B 1 ) : 2.42(7) Â for 
1, 2.44(13) A for 2 ( m ) and 2.59(16) Â for 2(o) . 

Geometry of the Hydrogen Bonds. Irrespective of the 
type of hydrogen bond, the bond N ( l l i ) - - - 0 ( 9 i ) 
extending nearly parallel to the long axis of the acid 
ion is shorter than the other one N( l l i ) - - -0 (8 i i ) lying 
nearly perpendicular to the long axis. A notable 
difference between the two hydrogen bonds is that the 
former is associated with the nearly tetrahedral C - 0 - - N 
angle, while in the latter the angle takes a significantly 
larger value, especially for the glide type. 

TABLE 5. THE LEAST-SQUARES PLANES AND DISPLACEMENTS 

(//Â) OF THE ATOMS FROM THE PLANES 

X=ax+czcosß, Y=by, Z=czsinß. 

(I) Benzene ring 
1: 0 . 8 9 8 X - 0 . 4 2 2 7 - 0 . 1 2 6 Z + 1.665=0 
2(m): 0 . 2 4 5 Z - 0 . 3 3 5 7 - 0 . 9 1 0 Z + 3 . 3 4 3 = 0 
2(o): - 0 . 5 3 8 Z + 0 . 2 8 5 7 - 0 . 7 9 3 Z + 7 . 6 2 0 = 0 

1 (X=CI) 2(m) (X=Br) 2(o) (X=Br) 
C(l) a ) 0.011 0.007 0.008 
C(2)a> - 0 . 0 0 4 - 0 . 0 1 3 - 0 . 0 0 4 
C(3)a) - 0 . 0 0 8 0.021 0.005 
C(4)a) 0.013 - 0 . 0 2 2 - 0 . 0 1 0 
C(5)a> - 0 . 0 0 5 0.015 0.014 
C(6)a) - 0 . 0 0 7 - 0 . 0 0 7 - 0 . 0 1 2 
C(7) 0.043 - 0 . 0 4 9 0.056 
0(8) 0.190 - 0 . 2 8 8 - 0 . 1 5 9 
0(9) - 0 . 1 0 0 0.075 0.257 
^T(IO) 0.032 - 0 . 0 5 8 0.022 
(II) Carboxylate group 
1: 0 . 835X-0 .5387 -0 .111Z+1 .860=0 
2(m): 0 . 3 0 5 X - 0 . 4 7 1 7 - 0 . 8 2 8 Z + 3 . 8 2 9 = 0 
2(o): - 0 . 6 3 6 Z + 0 . 3 8 6 7 - 0 . 6 6 8 Z + 6 . 8 1 3 = 0 
C(l) a ) - 0 . 0 0 1 - 0 . 0 0 5 - 0 . 0 0 5 
C(7)a) 0.004 0.018 0.017 
0(8)a > - 0 . 0 0 1 - 0 . 0 0 6 - 0 . 0 0 6 
0(9)a> - 0 . 0 0 1 - 0 . 0 0 7 - 0 . 0 0 6 
(III) Hexamethyleneimine ring 
1: 0 . 6 1 6 Z - 0 . 7 6 2 7 - 0 . 2 0 1 Z + 3 . 5 6 0 = 0 
2(m): 0 . 4 0 4 Z - 0 . 2 1 1 7 - 0 . 8 9 0 Z + 3 . 6 1 0 = 0 
2(o): 0 .230Z+0 .2947+0 .928Z-6 .571=0 
N( l l ) a ) - 0 . 0 5 8 - 0 . 0 3 4 - 0 . 0 1 3 
C(12)a) 0.052 0.026 0.010 
C(15)a) - 0 . 0 5 9 - 0 . 0 2 6 - 0 . 0 0 9 
C(16)a) 0.068 0.035 0.012 
C(13) 0.118 0.072 0.235 
C(14) - 0 . 7 0 9 - 0 . 6 8 2 - 0 . 6 0 5 
C(17) 0.765 0.762 0.808 
Dihedral angle ($/°) between planes (I) and (II) 

7.6 9.8 10.9 

Molecular Structures. (a) Benzoate Ions: The 
benzene rings and carboxylate groups are planar 
within experimental errors (Table 5). T h e C ( l ) - C ( 7 ) -
0 ( 9 ) angles remain constant in these crystals, the 0 ( 9 ) 
participating in shorter hydrogen bond. T h e corre­
sponding angles in the related compounds also take a 
restricted range of values, 116.1—117.40.1-3.7) O n the 
other hand, in 2 ( m ) the C ( l ) - C ( 7 ) - 0 ( 8 ) angle is 
smaller and the 0 ( 8 ) - C ( 7 ) - 0 ( 9 ) angle larger than the 
corresponding angles in 1 and 2(o). A similar opening 
of the O - G - O angle has been observed in trifluoroacetic 
acid.8) Shortening of the C(7 ) -0 (9 ) bond in 2 (m) can 
be explained in terms of the ^-character of the C(7) 
atom,9) the C ( 7 ) - 0 ( 8 ) bond length in 2 ( m ) being 
unexpectedly large. 

TABLE 6. THE TORSION ANGLES (ÇJ/°) I N THE 

HEXAMETHYLENEIMINE RINGS 

i 2 H 2(o) 
Xo 
Xi 
Xi 
Xz 
Xi 
%5 

C(17)-N(I1)-
N(ll)-C(12)-
C(12)-C(I3)-
C(13)-C(14)-
C(14)-C(15)-
C(15)-C(16)-

-G(12)-C(13) 
-C(13)-C(14) 
-C(14)-C(15) 
-C(15)-C(16) 
-C(16)-C(17) 
•C(17)-N(ll) 

41.3 
36.4 

- 8 1 . 8 
68.6 

- 5 4 . 0 
70.8 

37. 
33. 

- 7 9 . 
71, 

- 5 8 . 
72.7 

29.0 
46.3 

- 8 3 . 4 
68.3 

- 6 0 . 4 
79.3 

a) Used for calculation of the planes. 

X6 C(16)-C(17)-N(ll)-C(12) - 8 6 . 7 - 8 1 . 8 - 8 4 . 4 

(b) Hexamethyleneiminium Ions: Let A(i) be the non-
hydrogen atoms in the rings, where i is an integer from 
11 to 17 and A(i-\-7)=A(i) in the present numbering 
system. In each crystal of 1, 2 ( m ) and 2(o), the 
planarity through the four atoms A(i), A(i-\-\),A(i-\-4)t 

and A(i+5) is the best when f = 11 (Table 5). I n each 
ring the C(14) and C(17) deviate from the plane in 
opposite directions. The torsion angles around each 
bond in the rings show the twist-chair conformation10) 
(Table 6). The hexamethyleneimine rings in 1, 2 ( m ) , 
and 2(o) take similar conformations irrespective of the 
crystallographic environment of the rings. For cyclo-
heptane the conformation has been estimated to be 
more stable than the chair conformation by 5.9 k j 
mol-1.10) 
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Two-configuration SCF wave functions constructed with multiconfiguration SCF localized-orbitals are obtained 
for several molecules, cations, and anions. The weights of the valence-bond resonance-structures are obtained 
from the wave functions for these molecules and molecular ions. A new formula of the ionic character of a chemical 
bond is proposed using these weights. For these neutral molecules, the values calculated from this formula are 
consistent with Pauling's scale of the ionic character. The present formula is shown to be applicable even for 
molecular ions. 

The ionic character is an important concept in 
understanding chemical bonds. Several scales of the 
ionic character in relation to the electronegativity 
difference were proposed by Pauling,1) by Hannay and 
Smyth,2) by Nethercot,3) by Hinze, Whitehead, and 
Jaffe,4) and by others. They are not so satisfactory. 
Coulson5) defined a scale of the ionic character from 
the weight of the ionic structure in the valence-bond 
wave function. However, few calculations have been 
performed along this line, so that the validity of this 
scale has not been confirmed extensively. 

In the present paper, we propose a new scale for the 
ionic character using the weights obtained from the 
two-configuration SCF wave function constructed with 
multiconfiguration SCF localized molecular orbitals 
(MCSCF-LMOs).6»7) Properties of this wave function 
(referred to as W[2c] from now on) and its relation to the 
ionic character are described in the second section. I n 
the third section, we apply the new scale to simple 
molecules and molecular ions: LiF, LiH, H F , H 2 0 , 
NH 3 , CH 4 , H 2 , O H - , N H 2 - , CH 3 " , H 3 0 + , and NH4+. 
The values calculated are compared with the observed 
partial charges8) and other scales. The present scale 
is shown to be in an excellent agreement with Pauling's 
scale as improved by Nethercot3) for these neutral 
molecules. 

Theory 

The V\2c\ is fully described in a previous paper.7) It 
can be briefly sketched as follows : 

A W\2c\ wave function to discuss the nature of a local 
bond, say A-B, in a polyatomic molecule can be ex­
pressed as 

W[2c\ = a j (other MCSCF-LMOs) <7ABtfAB|| 

+ a21 (other MCSCF-LMOs) *&*J, ||, ( 1 ) 

where #AB is the bonding orbital, o*B is the correspond­
ing antibonding orbital, a2 and a2 are the configuration 
mixing coefficients. All orbitals are the M C S C F - L M O s 
and can be expanded in terms of atomic orbitals (AOs) 
Xt. All LCAO coefficients and the configuration 
mixing coefficients are optimized variationally. 

The bonding orbital oKB and the antiboding orbital 
tfju can be expressed as 

*AB = S XpCp + S ZqCq + 2 XrCr> 
P (2) 

on A on B v ' 

*& = a Xpdp + a *,<*, + a XA, 
P q r 

where the subscript p denotes the numbering of AO's on 
atom A, q denotes that of AO's on atom B, and r denotes 
that of AO's on other atoms. Since oKB and tfJB (also 
the other orbitals) are M C S C F - L M O s , all of c r and d r 

(which are the L C A O coefficients of AO's on the other 
atoms) can usually be neglected. Neglecting the last 
term in Eq. 2 and then substituting Eq. 2 into Eq. 1, 
we have the following equation, which clarifies the 
physical significance of the W[2c\ : 

y[2c] ~ ?T(A-B+) + W{A+B~) + y(A:B), (3) 
where 

on A on A 

3T(A-B+) = 2 2 bw . |(other MCSCF-LMOs)ZpZp.|, (4) 
P P' 

on B on B 

3T(A+B-) = J ] J ] bqq,||(other MCSCF-LMOs)z,Zq,||, (5) 
q q' 

on A on B 

y(A:B) = a a b
Pqll(o t h e r MCSCF-LMOs) 

p q 

(XpXq-XpXqVv'TI, (6) 

bpp, = a i c p c
P ' + a2dpdp,, bqq, = aiCqCq, + a2dqdq,, 

bpq = V /T(a1cpcq+a2dpdq). 

The W(A~B+) is an ionic structure in which two bonding-
electrons belong to atom A (see Eq. 4). I n the covalent 
structure ^ ( A : B), those electrons are shared by the 
two atoms. 

Let us define the following three weights, which 
include interference terms: 

W(A"B+) = ||gr(A-B+)||2 

+ <r(A-B + ) | r (A + B") + r ( A : B ) > , ( 7 ) 

W(A+B-) = ||gr(A+B-)||2 

+ <r(A+B-) |^(A-B+ ) + r(A:B)>, (8) 

W(A:B) = |F(A:B)p 

+ <iW(A:B)\W(A-B+) + W(A+B-)}. (9) 

Using these weights of the structures, we can define a 
new scale of the ionic character for the local bond A-B 
as 

^ A B = [W(A"B+)-W(A+B-)] x 100%. (10) 

T h e more electronegative one of these two atoms should 
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be referred to as A in Eq. 10. Thus AAB happens to be 
negative when atom A happens to be more positive 
than atom B, as seen in Table 5 for the CH3~ anion. 

Results and Discussion 

Ab initio calculations of the ionic character XKB were 
performed in the observed geometries with the 6-31G 
basis set9) and with the STO-3G basis set10) for neutral 
molecules: LiF, LiH, H F , H 2 0 , NH 3 , CH 4 , and H 2 , 
and for molecular ions: H 3 0 + , NH4+, OH~, NH2~, 
and CH3~. The dipole moment (n) was also computed 
directly for each of these neutral molecules with the 
same basis set (i.e., not obtained from AAB)-

Geometry optimization is omitted. T h e optimization 
will not greatly affect the ionic character, since the 
change of the bond length will be less than 0.01 A in the 
6-31G basis set.11) Table 1 shows the geometries used 
in the present calculations. 

TABLE 1. THE GEOMETRIES OF MOLECULES AND IONS 

TABLE 2. THE VALUE OF IONIC CHARACTER, 

^AB» T H E DIPOLE 

MOMENT CALCULATED AND T H A T OBSERVED, AND T H E 

OBSERVED P A R T I C A L C H A R G E . T H E CALCULATIONS 

W E R E P E R F O R M E D W I T H T H E 6 - 3 1 G BASIS SET 

Molecule 

LiF 
LiH 
HF 
H 2 0 
NH3 

CH4 

O H -
NH 2 -
CH3-
HsO+ 
NH4+ 

Bond length 
Â 

1.5639 
1.5953 
0.917 
0.956 
1.0173 
1.0940 
0.970 
1.0173 
1.0940 
0.96 
1.032 

Bond angle 
o 

105.2 
107.8 

107.8 
109.5 
117.0 

Ref. 

a 
a 
a 
b 
b 
b 
c 
d 
e 
f 
g 

a) F.J. Lovas and E. Tiemann, J. Phys. Chem. Ref. Data, 
3, 609 (1974). b) G. Herzberg, "Molecular Spectra and 
Molecular Structure," D. Van Nostrand, Princeton, New 
Jersey (1967), Vol. 3. c) K.P. Huber and G. Herzberg, 
"Molecular Spectra and Molecular Structure," Van 
Nostrand Reinhold, New York, N.Y. (1979), Vol. 4. d) 
Estimated from ammonia, e) Estimated from methane. 
f) Y.K. Yoon and G.B. Carpenter,^cfa Crystallogr., 12, 17 
(1959). g) J. A. Ibers and D. P. Stevenson, J. Chem. 
Phys., 28, 929 (1958). 

Molecule 

LiF 
LiH 
HF 
H 2 0 
NH3 

CH4 

H2 

* A B 

% 
9 4 a ) 

49b) 
40 
32 
24 
11 
0 

# c a l c 

Debye 

7.289«° 
4.466b) 

2.147 
2.504 
2.228 
0.0 
0.0 

A>bsd 

Debye 

6.28409c> 
5.8820c) 

1.826526c) 

1.94d) 

1.468d> 
0.0 
0.0 

l>/^e]obsd 

% 

83.675 
76.762 
41.47 
34.8 
28.00 
. > • 
. . . 

a) P-type basis functions on lithium are excluded, b) 
P-type basis functions on lithium are excluded and a 
pz-type basis function (a=0.25) on hydrogen is added. 
c) See footnote (a) of Table 1. d) B. Starck, Landolt-
Börnstein Table, New Series, II/4, Springer (1967). 

Table 2 shows the comparison of the AAB with the 
observed partial charge and the comparison of the 
calculated dipole moment with that observed for 
neutral molecules. The relative error of the dipole 
moment calculated to that observed is 50% at most. 
For a better agreement, polarization functions should 
be added to the basis set. The difference of the AAB 
from the observed partial charge is 10% at most (except 
for LiH) . The AAB would be less sensitive than the 
dipole moment with respect to the absence of the 
polarization functions. In the case of the STO-3G basis 
set, the values of the AAB are too small in all molecules 
(i.e., only 2 % for LiF, 3 1 % for LiH, 12% for HF, 1 1 % 
for H 2 0 , and 10% for NH 3 ) . Good AAB seems to 
require the 6-31G level basis-set at least. 

T h e basis-set dependence of the AHLI for L iH was 
investigated by using various basis-sets. These results 
are in Table 3. In the STO-3G basis-set, the values 
of both the calculated dipole moment and the AHLI are 
extremely small. I n the original 6-31G basis-set in 
which p-type basis functions on lithium (abbreviated 
to p(Li) from now on) are included, the calculated 
value of the dipole moment is in excellent agreement 
with the observed value, but the value of AHLI is in 
rather poor agreement with the observed partial charge. 

TABLE 3. THE BASIS-SET DEPENDENCE OF THE VALUE OF THE IONIC CHARACTER FOR LiH MOLECULE 

(I) 
(II) 
(III) 
(IV) 
(V) 
(VI) 
(VII) 
(VIII) 
(IX) 

STO-3Ga) 

STO-3G" 
Dunning's [4s/2s] setc> 

Dunning's [4s/3s] setc) 

(IV) + p2-GTO(a=0.25) on H 
6-31Gd> 
(VI)+p2-GTO(a=0.36) on H 
6-31Ge> 
(VIII)+p z-GTO (a=0.25) on H 

Experiment 

E 

Hartree 

-7 .85446 
-7 .86932 
-7 .98381 
-7 .98488 
-7 .98994 
-7 .99579 
-7 .99808 
-7 .98415 
-7 .98887 

M 
Debye 

1.798 
3.580 
4.089 
4.227 
4.270 
5.632 
5.564 
4.479 
4.466 
5.8820° 

^HLi 

% 

8 
31 
36 
38 
47 
20 
26 
42 
49 
76.762g) 

a) The scale factor of ls-GTO on H is 1.2. b) The scale factor of ls-GTO on H is 1.0. c) Ref. 12. d) Ref. 9. 
e) P-type basis functions on lithium are excluded, f ) See footnote (a) of Table 1. g) Observed partial charge 
(there is no bond-moment due to a lone-pair in the LiH molecule). 
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Li-F Li-H H-F H-OH H-NH2 H-CH3 H-H 

(A) Li+:F-94% Li+:H~ 50% H+:F -44% H + : O H - 3 7 % H + : N H 2 - 3 1 % H+:CH 3 "22% H + : H - 2 2 % 
(B) Li : -F + 0% Li : - H+ 0% H : -F+ 3% H : - OH+ 5% H : - NH2+ 7% H : - CH3+11 % H : - H+22% 
(C) Li. -F 6% Li. -H 50% H- -F 53% H- -OH 59% H- -NH2 65% H- .CH3 73% H- -H 55% 

Fig. 1. The weights of resonance structures for a local bond in neutral molecules. 

The function p(Li) extends into the bonding region, 
so it can improve the description of the region. The 
resulting description near the center of the electronic 
charge becomes reasonable (leads to a good dipole 
moment) . However, the bonding electrons are 
accumulated in the p(Li) too much, so that the sharing 
ratio of the bonding electrons between Li and H is 
biased. In the 6-31G basis-set, the value of AHLI is 
remarkably improved by excluding the p(Li) , as seen in 
Table 3 at basis-set (VI I I ) . Further, the AHLI is im­
proved by adding a pz-type G T O on hydrogen to 
either the 6-31G set (without p(Li)) or the C G T O 
better values of AHLI, a larger basis set may be used 
and/or other configuration(s) may be taken into 
account. 

Generally speaking, the AAB would be the sharing 
ratio of the bonding electrons between atoms A and B, 
so that AAB is sensitive to the balance of basis functions 
in the basis set used. Therefore, the p(Li) should be 
excluded from the 6-31G set for the calculations of Àxhi 

as was done in the calculations for LiF and LiH. 
Figure 1 shows the resonance-structures for a local-

bond and their weights calculated for neutral molecules. 
The structures denoted by (A) and (B) are the ionic 
structures (A.— B+) and (A+ :B~), respectively. The 
covalent structure (A- -B) is denoted by (G).** 

The y [2c] reduces to the Hartree-Fock wave function 
in the limit where a2 goes to zero (see Eq. 1). The 
M C S C F - L M O reduce to the L M O in the limiting case. 
Therefore, the weights of resonance structures for the 
Hartree-Fock wave function can be calculated with 
the use of Eqs. 4—9 by seting a2 to zero and using 
LMOs instead of MCSGF-LMOs. The results are as 
follows: The weights of the structures (A), (B), and (G) 
are 96, 0, and 4 % , respectively, for LiF. For LiH, 
they are 66, 3, and 30%. For H F , they are 56, 
6, and 3 8 % . For H 2 0 , they are 47, 12, and 4 7 % . 
For NH 3 , they are 44, 15, and 52%. For CH 4 , they 
are 36, 22, and 56%. They are 25, 25, and 50%, 
for H2 . I n all molecules, the weight of the ionic 
structure calculated from the Hartree-Fock wave 
function is always larger than that calculated from 
the V[2c] (see Fig. 1 for the values). The present 
weights calculated from the W\2c\ are reasonable, since 
the M O method usually overestimates the weights of the 
ionic structures. 

Comparison with Other Scales. Several empirical 
relations between the ionic character and the electro­
negativity difference \XA—XB\, were proposed in the 
early days, for example, by Pauling1) and by Hannay 
and Smyth;2) 

** The sum of values of these weights is not always unity, 
because all of the c r and dr values in Eq. 2 are not always 
zero. In other words, the MCSCF-LMO are not completely 
localized. 

qF = [ l - e x P ( - | * A - * B l 2 / 4 ) ] X 100%, (11) 
? H S = 16|A-A—YB| + 3.5\XA-XB\* (%), (12) 

where qP is the ionic character determined by Pauling 
and #HS is that determined by Hannay and Smyth. 
Nethercot3) recently proposed an improved relation: 

ft = [ 1 - e x p ( - | * A - * B | 3 / 2 / * G M 3 / 2 ) . 1 X 100%, (13) 

where JfGM is the geometric mean of XA and XB. Table 4 
shows the values of these scales in comparison with the 
present AAB for several molecules. 

T h e present scale AAB is in an excellent agreement 
with the Nethercot scale (the improved Pauling scale), 
as seen in Table 4. 

TABLE 4. THE COMPARISON OF THE PRESENT SCALE OF THE 

IONIC CHARACTER ÀJ^ WITH OTHER SCALES : QP BY PAULING, 

# H S BY HANNAY AND SMYTH, # N BY NETHERCOT. 

T H E OBSERVED PARTIAL CHARGE IS AGAIN 

LISTED FOR CONVENIENCE 

Molecule qP/% qHS/% qj% XàBl% [W*re]obsd/% 

LiF 
LiH 
HF 
H 2 0 
NH3 

CH4 

H2 

89 
26 
59 
39 
18 
4 
0 

78 
22 
43 
29 
17 
7 
0 

84 
48 
42 
31 
19 
7 
0 

94 
49 
40 
32 
24 
11 
0 

83.675 
76.762 
41.47 
34.8 
28.00 

. . . 

. . . 

For Ionic Species. We further calculate AAB for 
several cation and anion molecules. It is difficult to 
obtain the "observed ionic character" of any bond in 
any ionic species. In addition, it will be difficult to 
extend any scale which makes use of the electronegativity 
difference to make it applicable to the ionic species. 
O n the other hand, the AAB can be evaluated in the 
ionic species without any difficulty. 

TABLE 5. T H E VALUE OF THE IONIC CHARACTER X^ FOR 

ANION AND CATION CALCULATED WITH THE 6 - 3 1 G 

BASIS-SET. T H E VALUES FOR NEUTRAL MOLECULES 

ARE AGAIN LISTED FOR CONVENIENCE 

Ion 

O H -
H aO 
H 30+ 

*OH7 ^ 

9 
32 
50 

Ion 

NH 2 -
NH3 

NH4+ 

* N H / % 

0 
24 
42 

Ion 

CH 3-
CH4 

* C H / % 

- 1 2 
11 

Table 5 shows the values of AAB calculated with the 
6-31G basis set for O H " , NH 2~, CH 3 " , H 3 0 + , and NH4+ 
(geometries are shown in Table 1). I n all cases, the 
AXH ( X = C , N, O) shows an increase of about 2 0 % from 
the neutral molecule to its cation (proton adduct) , and 
also a decrease of about 2 0 % to its anion (product from 
the elimination of a proton). Figure 2 shows the 
resonance structures and their weights for molecular 
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[ O - H ] - [H-NH]- [H-CH 2 ] - [H-OH2]+ [H-N3]+ 

(Ä) H+: O 2 - 19% H+: NH2~ 14% H+: GH2
2" 9% H+: OH2 52% H+: NH3 45% 

(B) H : - 0 10% H-.-NH 14% H : - C H 2 20% H : " O H 2
2 + 2 % H : " N H 3

2 + 3 % 
(C) H- - O - 70% H- -NH- 73% H- -GH2- 76% H- -OH2+43% H - . N H 3 + 5 3 % 

Fig. 2. The weights of resonance structures for a local bond in molecular ions. 

ions. In Fig. 2, the structure denoted by (A) is the 
resonance structure in which two bonding-electrons 
belong to the more electronegative atom. T h e (B) is 
the resonance structure in which those electrons belong 
to the less electronegative atom. In structure (C), the 
bonding-electrons are shared between both atoms. 

The weights of the resonance structures can also be 
evaluated from the Hartree-Fock wave function in the 
same manner as described in this section. The results 
are as follows: T h e weights of the structures (A), 
(B), and (C) are 32, 19, and 4 9 % , respectively, for 
O H - . For N H 2 - , they are 27, 28, and 5 4 % . For 
CH 3 - , they are 9, 29, and 3 3 % . For H 3 0 + , they are 
63, 5, and 3 5 % . They are 57, 8, and 4 2 % for NH4+. 
In all ions, the values of the weights of the ionic 
structures calculated from the Hartree-Fock wave 
function are always larger than those from the W[2c] 
(see Fig. 2 for the values). In the case of molecular ions, 
the present weights calculated from the W [2c] are 
reasonable (as well as for the case of neutral molecules). 

Conclus ion 

The scale of the ionic character AAB presented here 
is reasonable not only for neutral molecules but also 
for molecular ions. One may apply this scale to systems 
with hydrogen bonding, organometalic compounds, 
complex ions, metal complexes, and so on. One may 
use an effective core-potential13) in order to reduce 
the computational time. Even for this case, no modifica­
tions of the theory are needed. 

To obtain good values of AAB requires that the 6-31G 
level basis-set ("double-zeta" level) be used and that 
some care be taken in the choice of the basis functions 
used in this basis set. 

T h e authors wish to thank Prof. Dr. M. Kasha for 
his kind and valuable discussions. A par t of this work 
was supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education, Science and Culture 

of J apan . Computations were carried out at the 
Computer Center of the University of Tokyo or at the 
Computer Center of the Institute for Molecular Science. 
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Some contradictions are pointed out in the kinetic parameters of the fast relaxation in a micellar solution 
deduced from the previously proposed kinetic models. A modification of the previous models is proposed. The 
proposed model eliminates the contradictions and leads to a consistent interpretation of the experimental results. 

In many surfactant solutions there exist two well-
separated relaxation processes associated with micelle-
monomer equilibria. T h e fast process has been at­
tributed to the perturbation of the exchange equilibrium 
of the monomer between micellar and bulk phases. 
Thus far, two different kinetic models for this process 
have been widely accepted for the analysis of the fast 
relaxation da ta ; one of them has been proposed by 
Wyn-Jones et al.,1) and the other, by Aniansson and 
Wall.2) However, as will be shown later, it seems that 
neither of the two models successfully lead to a consistent 
kinetic parameter from the experimental data. This 
paper will show that a consistent interpretation becomes 
possible by combining the two basic concepts incor­
porated in the previous models. 

The T r e a t m e n t o f Wyn-Jones et al. 

Wyn-Jones et a/.lb> have treated the monomer 
exchange just as the adsorption-desorption phenomena 
of a monomer from the bulk phase to the micelles. 
They assumed that the rate of the entering of the 
monomer into the micelle is proportional to the product 
of the monomer concentration in the bulk phase and 
the area of the micellar surface uncovered by the 
surfactant molecules, and that the rate of the escape 
of the monomer from the micelle is proportional to the 
area of the micellar surface covered by the surfactant 
molecules. O n these assumptions, the rate of the 
disappearance of the monomer from the bulk phase is 
given by : 

Éél. = ^ ( l - a ) ^ - k_lCtS, 
dt (i) 

where Ax represents the monomer concentration in the 
bulk phase; kx and k~l9 the ra te constants of the entering 
and escaping processes of the monomer; S, the sum of 
the surface area of micelles present in the solution, and 
a, the fraction of the surface area covered by monomers. 
Letting a0 be the molar area of the micellized monomer 
at the micellar surface, S is given by the following 
expression : 

^iAA-^-b-lCo-Ai), 
IT a a (2) 

where Ai is the concentration of the micelle with the 
aggregation number i, and C0, the total surfactant 
concentration. From Eqs. 1 and 2, the following 
expression is derived for the relaxation t ime: 

where K and kd are the apparent ra te constants for the 
entering and escaping processes of the monomer. 
Furthermore, from the equilibrium condition, A:d/A:a = 
^ i - C M C , Eq. 3 is rearranged to : 

C 0 - C M C 
rr1 = h CMC (4) 

Equation 4 well explains the experimental finding that 
r r 1 increases linearly with C0. However, the experi­
mental findings for various surfactant systems indicate 
that TÎ1 has a positive intercept when the abscissa is 
taken as ( C 0 - C M C ) . 3 - 9 ) Thus, the Wyn-Jones model 
can only partly explain the experimental results. 

T h e T r e a t m e n t o f A n i a n s s o n a n d Wall 

Aniansson and Wall2> have explicitly taken account 
of the distribution of the aggregation number, s, for 
micelles. They assumed that the association rate of the 
monomer with j -mer is proportional to the product 
of the concentrations of the monomer and j -mer , and 
that the dissociation rate of the monomer from j-mer is 
proportional to the concentration of s-mer. Thus, the 
rate of flow into the aggregation number, s, is expressed 
by : 

dAs 

dt 
kgAxAg^ — ksAs — (kg+1A1As — kj+1As+1), (5) 

where Ax and As represent the concentrations of the 
monomer and j -mer ; kt, the rate constant of the forma­
tion of j -mer from the monomer and (s— l)-mer, and 
kj, the rate constant of the degradation of j -mer into 
(s-l)-mer. Introducing the relative deviation from 
the equilibrium concentration, ÇS=(AS—Äs)/Äs, and 
assuming that the distribution curve of the aggregation 
number is continuous, Eq. 5 is transformed to Eq. 6, 
which is an analogue of the one-dimensional diffusion 
equation : 

Solving Eq. 6 under appropriate boundary conditions 
and assumptions, the following expression for the 
relaxation time is finally obtained: 

= Jhr + 
k~ C 0 - A x 

Ai (?) 

— k^Cç kâ, (3) 

Furthermore, k+A1As^1=k~As, the equilibrium condi­
tion, leads to : 

k+ ~ k'ß1 ~ Ar/CMC. (8) 

In Eqs. 7 and 8, k~ and k+ are the dissociation and 
association rate constants, which are assumed to be 
independent of s for proper micelles, a, the parameter 
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characterizing the width of the distribution curve of a 
micellar size, and n, the average aggregation number. 

According to Eq. 7, TT1 increases linearly with C0 

and has a definite value at the C M C , which corresponds 
to k~l<72. This agrees with experimental findings on the 
behavior of TT1 with C0. I n Table 1 the values of the 
kinetic parameters evaluated from Eqs. 7 and 8 are 
summarized for several surfactant systems. All the 
k~ and k+ values are those reported by Hoffmann et 
a/.4»5»8) T h e £ A ' S are the apparent activation energies 
for the association process, estimated from the tempera­
ture dependence of k+. A precise examination of the 
kinetic parameters in Table 1 will be given in the 
subsequent descriptions, (i), (ii), and (iii). 

TABLE 1. VALUES OF THE KINETIC PARAMETERS EVALUATED 

FROM ANIANSSON AND WALL THEORY 

Surfactant 

DPIa) 

TPGla) 

T P B r a ) 
HPGla) 

HPBra> 
NaDSb) 

NaTSb) 

NaHSb) 

NiDS2
c) 

GoDS2
c) 

Temp/°G 

25 
15 
25 
15 
25 
25 
25 
30 
25 
25 

Ä-Vs-1 

1.6xl0 7 

9.7x10« 
6.3x10« 
4 . 4 x l 0 5 

3 . 3 x l 0 5 

l .OxlO7 

9 . 6 x l 0 5 

6 x l 0 4 

3.9x10« 
2.6x10« 

^+/mol-1 

dm3 s - 1 

3.0X109 

2 . 4 x l 0 9 

2.5x10» 
4 . 6 x l 0 8 

5 . 5 x l 0 8 

1.2X109 

4 . 7 x l 0 8 

1.3xl0 8 

1.6xl0 9 

l . l x l O 9 

£A+/kJmol-i 

38 
30 
45 
31 
29 

44 
49 

DP=dodecylpyridinium, TP=tetradecylpyridinium, HP 
= hexadecylpyridinium, DS=dodecylsulfate, TS=tetra-
decyl sulfate, HS=hexadecyl sulfate. 
The k~ and k+ are those reported by Hoffmann et al. a) 
Ref. 4. b) Ref. 5. c) Ref. 8. 

(i) According to Debye,10) the rate constant to be 
expected for encounter-controlled ionic reaction is 
given by: 

4nNAzAzBe* £ A + A » 
1000e*r exp (zAzBe2/erkT)- 1 (9) 

where D and z are the diffusion coefficient and the 
electrovalency of the reacting species respectively, r 
is the center-to-center distance at which two reactants 
enter into the reaction, e is the dielectric constant of 
the medium, and the other symbols have their usual 
meanings. 

Applying Eq. 9 to the present association reaction 
between a single surfactant ion and a micelle in an 
aqueous solution, the rate constant is roughly estimated 
to be 3 x 109—1 x 108 mo l - 1 dm 3 s"1 at 25 °G using the 
appropriate numerical values; the diffusion coefficient 
of the m o n o m e r s 1 x 10~5 cm2 s_ 1 ; the diffusion coef­
ficient of the micelle is negligibly small compared with 
tha t of the monomer; the micelle radius is 15—20 Â; 
the micelle charge is ±10—20;1 1) the radius of the 
spherical monomer is 5 Â ; hence, r ^ 2 0 — 2 5 Â and 
ZAZB^+ 10—20. Thus, the k+ values in Table 1 
imply that the association of the monomer with the 
micelle is controlled by the diffusion of the monomer to 
the micelle. 

(ii) T h e apparent activation energy expected for 
a diffusion-controlled ionic reaction is estimated from 
Eq. 10: 

EA = -Är«ii^- + RT\LT+^^{\-LT) 
d i [ erkT 

X [ 1 — exp ( — zAzBe2/erk T)] ' •}• (10) 

Equation 10 is derived from Eq. 9, taking into account 
the fact that the diffusion coefficient is proportional to 
k Tjr), where y is the viscosity of the medium, and that 
e=e 0 exp(— LT), where L is a constant specific to the 
medium. In the case of an aqueous solution at 25 °C, 
-RT*à\nr)làT^ 17 k j mol" 1 and LT~ 1.4.12> By sub­
stituting these numerical values into Eq. 10, one obtains 
EA values of 13—17 k j m o l - 1 for the diffusion-controlled 
association of the monomer with the micelle. The 
experimentally obtained activation energies listed in 
Table 1 are obviously too large to be attributed to a 
diffusion-controlled process. 

(iii) I t is expected from the conductance data that 
the diffusion coefficient of a surfactant ion increases by a 
factor of approximately 1.1 per methylene unit decrease 
in the chain.13) O n the other hand, as is shown in 
Table 1, the k+ value for the homologous surfactant 
series is increased by a factor of about three to four 
per methylene unit decrease. Although the larger 
ionic strength due to the larger C M C of the shorter 
chain surfactant may cause a certain enhancement of 
the association rate, since the two reactants have the 
same sign of the charge, the variation of k+ in Table 1 
with alkyl chain length seems to be much larger than 
that expected for a diffusion-controlled association 
reaction. 

T h e facts described in (ii) and (iii) are not in accord­
ance with the order of the magnitude of k+ estimated 
by means of the Aniansson and Wall theory. In order 
to obtain self-consistent rate constants and activation 
energies, an alternative approach will be proposed in 
the next section. 

Alternat ive T r e a t m e n t 

Aniansson and Wall have considered that the dissocia­
tion rate is proportional to the micelle concentration, 
and that the association rate is proportional to the 
product of the monomer concentration and the micelle 
concentration. However, as assumed by Wyn-Jones 
et al.,1*) it may be reasonable to regard the dissociation 
rate of the monomer as proportional to the concentration 
of the surfactant ion which can dissociate from the 
micelle, i.e., the product of the concentration of the 
micelle and the aggregation number. Also, the 
association rate may be regarded as proportional to the 
product of the concentration of the monomer and the 
concentration of the site in the micellar phase into 
which the surfactant ion can enter. T h e concentration 
of the vacant site on the micellar surface may be ex­
pressed by a manner analogous to the treatment of 
Wyn-Jones et al. Let a0 be the area occupied by a 
monomer on the micellar surface ; ex, the fraction of the 
surface area occupied by monomers, and m, the aggrega-
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tion number. Then, the vacant area on the surface 
of a micelle is expressed by m(\ — a)/a*a0. We assume 
here that the number of vacant sites per micelle is given 
by dividing the vacant area by a0, i.e., m(\—(x)/a. Then, 
the concentration of the vacant site is expressed by 
m{\—a)ja»Am for the micelle with the aggregation 
number m. Thus, the following relations are obtained: 

1—a association rate = kKtmJrXAxm Am = mk^^+^A^, (11) 

dissociation rate = mkdtmA„ (12) 

where A:a>m+1 and k^,m are the elementary rate constants 
for the monomer to enter into, and to escape from, the 
micelle with the aggregation number m, and where 
A4,m + i=(l— °0/a,A;a,m+i. Taking account of the 
probable dependence of A;a>m+1 and kd,m on m, and the 
size distribution of the micelle, the rate expression for 
the monomer-concentration change in the bulk phase 
induced by the exchange process is given by: 

dA1 _ 
d* 

J}[mkdtmAm-(m- lJAU^Mi-iL ( 1 3 ) 
m' 

where the aggregates with the aggregation numbers 
m'<jn<jn" are regarded as micelles and where the 
concentrations of the oligomers are neglected. Then, 
according to the usual procedure of relaxation kinetics, 
one obtains : 

^ = §mki.m[AAm-^-AAn.1-^AA1), (14) 

where AA1=AL—Ä1, etc.; the bar indicates the concen­
tration at the equilibrium for the fast relaxation process, 
i.e., pseudo-equilibrium. If kd,m is assumed to be 
independent of m in the region of m'<m<jn" and is 
replaced by kd, Eq. 14 leads to: 

--Y-^rnJmAAv (15) 

If we choose the m'—m" range properly, the first 
term on the right-hand side of Eq. 15 is transformed to : 

kdjim(AAm--y^AAm_l) 

Assuming the distribution of the aggregates to be 
Gaussian, i.e., 

A m — " m c ' 5 

where m represents the average aggregation number 
at the pseudo-equilibrium, and tf2, the variance of the 
distribution curve, we obtain: 

J** 1 _ e - l /2«r« e - (m-m)/«r« 

~ 1 m — m (16) 

Equation 16 is obtained by expanding the exponential 
terms and neglecting the higher terms, since #^10 , 
and |m—rh\ is usually about 20 at most. Thus, 

S.(I-^)A^.^|'4--)A^ 

= - ^ | j [ ( w - ^ ) 2 - ™2 + rnfhJAAm. (17) 

In Eq. 17, (m—m)2 can be neglected compared with 

mm, and the rh2 term can be dropped out since ^}AAm=0 
m' 

under the assumption that the distribution curve 
undergoes a parallel shift during the fast relaxation 
process. Then, under conditions of mass balance, 

m" 

AAi+^mAAfn—O, the following relation is obtained 
m' 

from Eq. 17 : 

First term of Eq. 15 = •AAV (18) 

Furthermore, the total concentration of the surfactant 
is expressed by: 

__ m" _ 

C0~A1 + J]mAm 
m' 

since the concentrations of the oligomers are much 
smaller than those of the monomer and the micelle. 
Therefore, 

Second term of Eq. 15 = - kd
 C° ~ Al AAX. (19) 

From Eqs. 15, 18, and 19, one obtains: 

^H^^^K (20) 
Thus, the reciprocal of the fast relaxation time is ex­
pressed by: 

TfX = 
Ax 

(21) 

which becomes equivalent to the expression of Aniansson 
and Wall (Eq. 7) when kd in Eq. 21 is read as k~\n. 
According to Eq. 21, the dissociation rate constant of 
the monomer from the micelle, kà, is_obtained from the 
slope of the rï1 vs. C0 plot. Here, Ax is the monomer 
concentration at the pseudo-equilibrium, but it may be 
practically assumed to be the CMC since the relaxation 
measurements are carried out under the condition of a 
small perturbation. 

The equilibrium condition gives : 

mkdÄm = (m - 1) *; J i ! m _i . 

Since Äm—Äm-X for a broad distribution (tf^lO) and 
m—m—I for a usual, proper micelle, one obtains: 

k'& ̂  kdjAx and £a = 
1 - a *;. (22) 

In the above expressions, A£ and £a are assumed to be 
independent of the aggregation number in the region of 
m'<jn<jn". This assumption necessarily implies that 
a, the fraction of the occupied surface, is virtually 
invariant with m. Thus, from Eq. 22, k&, the elementary 
association rate constant, can be determined if a is 
known. The precise value of a is not available at the 
present time, but an approximate estimation of it is 
possible. According to Tanford's calculation14) based 
on geometrial considerations, S\m is 80—70 Â 2 in the 
range of 50<[m<180 for a globular micelle formed from 
the surfactant molecule with 12 carbon atoms. There-
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TABLE 2. VALUES OF kd AND kK EVALUATED 

FROM Eqs. 21 AND 22 

Surfactant 

DPI 
TPG1 
TPBr 
TPC3H7S03

a ) 

TPG4H9S03
a ) 

TPC 5 H n S0 3
a ) 

HPG1 
HPBr 
NaDS 
NaTSb) 

NaHS 
NiDS2 

GoDS2 

Temp/°G 

25 
15 
25 
15 
15 
15 
15 
25 
25 
25 
30 
25 
25 

^d/s- 1 

2.5x10* 
1.1x105 

7 . 8 x l 0 4 

9 . 6 x l 0 4 

4 . 4 x l 0 4 

2 . 0 x l 0 4 

4 . 0 x l 0 3 

3 . 3 x l 0 3 

1.6xl0 5 

1.2xl0 4 

6 x l 0 2 

4 . 0 x l 0 4 

2 . 4 x l 0 4 

^/mol- 1 

dm3 s_1 

2.0x10? 
1.2x10? 
1.3x10? 
1 .4xl0 7 

8.6x10« 
6 . 0 x l 0 6 

1.8x10« 
2.4x10« 
8.1x10« 
2.5x10« 
5 . 6 x l 0 5 

6.9x10« 
4.2x10« 

a) From the data in Ref. 6. 
5 and 9. 

b) From the data in Refs. 

fore, taking the value of 2—3 Â as a radius of the head 
group, a can be estimated to be 0.2—0.4. 

Table 2 lists the kd and £a values evaluated from Eqs. 
21 and 22 for several surfactant systems. For the 
evaluation of £a, we adopted a = 0 . 3 . Although the k& 

values have some uncertainty associated with a, they 
may be reliable at least to the order of magnitude. 
When a is varied from 0.2 to 0.4, ka increases by a 
factor of 2.7. 

As is shown in Table 2, the alternative treatment 
proposed in this work gives ka values of the order of 
106—107 m o l - 1 dm 3 s - 1 , smaller by about 102 than 
the k+ values deduced from the Aniansson-Wall model. 
This difference in rate constants results from the m 
and a factors in Eq. 11 (m^ lO 2 and a^0.2—0.4) . These 
values of ka suggest the non-diffusion-controlled associa­
tion reaction of a monomer with a micelle and are 
reasonably consistent with the facts described in (ii) 
and (iii) of the preceding section. 

It is considered that the association proceeds via the 
activated state, which exists in the course of the incor­
poration of a monomer present at the micellar surface 
into the interior. This activated state probably consists 
of the hydrocarbon tail of a monomer being partly 

inserted into the micellar hydrocarbon core, just to the 
depth where further incorporation tends to be favored 
by the hydrophobic interaction. For the attainment of 
this state, a vacant space must be formed in the hydro­
carbon core where the terminal group of a hydrocarbon 
tail can enter. Furthermore, it is necessary for the water 
molecules attached to the hydrocarbon tail of the 
entering monomer to be released. Thus, it is likely 
that the energies required for such processes contribute 
mainly to the activation energy for the association 
reaction. 
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A magnetic resonance study was performed in order to determine the phase of iron oxide supported on A1203 

and to measure in situ the surface conditions during the reaction. The irreversible transition of <x-Fe203 into 
Fe304 by the reduction of the supported catalyst and the reversible transition between Fe304 and y-Fe203 were 
confirmed at 280 °C. The spectrum appearing at £=2.03 and having the line width of about 1000 gauss clearly 
showed ferrimagnetic behavior; it could be attributed to the ferrimagnetic resonance (FMR) of Fe304 and/or 
y-Fe203. Kinetic study suggested that the CO-N 2 0 reaction took place in the oxidation-reduction mechanism. 
The concentration of y-Fe2Os was calculated from not only the kinetic equation, but also the in situ measurement 
of the FMR signal; these values were consistent. The y-Fe203/Al203 had nearly the same activity as the a-Fe203/ 
A1203, whereas the unsupported y-Fe203 had a lower activity than the <x-Fe203. Such a difference in catalytic 
activity was discussed in comparison with other oxidation reactions. 

I t is well known that iron and iron oxides are 
differentiated into ferromagnetic and paramagnetic 
inorganic compounds according to their chemical 
composition.1) Fe metal, F e 3 0 4 (magnetite), and y-
Fe 2Ö 3 (maghemite) are ferromagnetic or ferrimagnetic, 
and they have large magnetic moments. A Magneto-
chemical investigation of catalysts has been already 
carried out by Sel wood.2) However, it seems that such 
magnetic measurements should be replaced by magnetic-
resonance studies because the latter have a higher 
sensitivity and greater availability. Nevertheless, only 
a few reports about magnetic resonance studies of 
catalysis or adsorption have been published. For 
example, Loy and Noddings have investigated the 
hydrogen chemisorbed on a nickel catalyst.a) T h e ferro­
magnetic resonance (FMR) of nickel is very simple, 
because nickel metal should be only ferromagnetic. O n 
the other hand, iron compounds are fairly complex, 
because three different phases can be observed by the 
F M R , as has been described above. However, the 
magnetic resonance of iron oxides provides a unique 
phenomenon, and it is particularly suitable for the 
measurement of solids containing small quantities of 
these species. 

The purpose of the present study is to demonstrate 
the usefulness of the F M R study of the C O - N 2 0 
reaction on F e 2 0 3 supported by the A1 2 0 3 catalyst. 
The F M R measurements as well as the kinetic study 
will be used to show the reaction mechanism and the 
transition of the solid phases during the C O - N 2 0 
reaction. Furthermore, the difference in catalytic 
activity between a- and y-Fe 2O a in this reaction will 
be discussed. 

Exper imenta l 

Catalyst and Reagent. The A1203 (Sumitomo KHD) was 
calcined at 450 °C for 3 h and then dipped into a solution of 
Fe(N03)3• 9H 20. After drying at 110 °C, this was calcined at 
450 °C for 2 h in the stream of an 0 2 -N 2 ( 1 : 4 ) mixture. The 
final Fe203 content in the supported Fe203/Al203 catalyst was 
in the range between 0.15 and 13.0 wt%. Unsupported iron 
oxide was prepared from precipitates of Fe (OH) 3 obtained by 
the neutralization of a Fe(N03)3»9H20 solution with am­
monia water. The calcination was carried out at 500 °C 

for 5 h in the air. 
The N 2 0 (99.8%) and CO (99.9%) were supplied from the 

Takachiho Chemical Co., Ltd., and were used without further 
purification. 

Apparatus and Procedure. An in situ cell, made with a 
Pyrex glass outer tube (3 mm i.d.) and inner tube (1 mm o.d.) 
was placed in an ESR cavity and heated with temperature-
variant equipment. A reactant gas cosisting of N 2 0 , CO, 
Ar, and He was allowed to flow into the reactor, and the 
products were directly analyzed by means of a gas Chromatog­
raph connected with the reactor cell. A Porapak Q column 
(2.8 m) for C 0 2 and N 2 0 and Molecular Sieve 13X column 
(3.5 m) for Ar, N2, and CO were used at room temperature 
for the separation. The ESR was measured by means of a 
JEOL X-band spectrometer (JEX-ME-1X). 

A conventional pulse technique was performed with helium 
carrier gas deoxidized through a Ti-sponge bed at 700 °C. 

The amount of CO adsorbed was measured gravimetrically 
with a quartz spring balance. 

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

Measurement of Phases of Supported Fe203 by Magnetic 
Resonance and Stoichiometry. T h e F e 2 0 3 supported on 
A1 2 0 3 catalysts with different loadings have been 
measured in the ESR cavity at room temperature up 
to 280 °G. Figure 1 shows the ESR spectra of the fresh 
F e 2 0 3 / A l 2 0 3 catalyst, with 6.7% by weight F e 2 0 3 

loading, as an example. As is shown clearly, this 
spectrum can be fitted to the simulated one assuming 
three differenet species with Lorentz line shapes. The 
computation was performed with a F A C O M 230-75 
at Nagoya University Computat ion Center. Obviously, 
the signal showed a greater intensity at room tempera­
ture than at 280 °C, as is usually observed in the ESR 
measurement of paramagnetic species. 

T h e spectrum observed here is approximately identical 
with the spectrum of the iron impurity in ammonium-
exchanged NaY-zeolite previously reported by Derouane 
et al.*> According to their identification, there are three 
distinct paramagnetic species, i.e., Fe3 + species in the 
alumino-silicate framework at g = 4 . 3 , an exchangeable 
Fe 3 + ion at g=2.\, and another precipitated Fe 3 + 

compound with a strong spin-exchange interaction at 
g = 2 . 3 . Consequently, the observed spectrum in Fig. 1 
may be composed of these identified species. T h e 



Miki NIWA, Kunihiko YAGI, and Yuichi MURAKAMI [Vol. 54, No. 4 

Fig. 1. Obsd ESR spectra of fresh 6.7 wt% Fe203 /Al203 

catalyst at 280 °C (a) and room temp (b) and simulated 
spectrum (c), which was obtained by the assumption of 
gi> g2> and g3 signals whose parameters were 70, 1500, 
and 700 G (1 G = 10~4 T) as line width and 0.005, 0.933, 
and 0.062 as normalized coefficient of linear combina­
tion, respectively. 

Fig. 2. Obsed ESR spectra of treated 6.7 wt% Fe203/ 
A1203 catalyst in the reduced state at 280 °C (a) and 
in the oxidized state at 280 °G (b) and room temp (c). 
Simulated spectrum (d) was obtained by the assumption 
°f gi> g2> and g3 signals whose parameters were 50, 960, 
and 50 G (1G=10" 4 T) as line width and 0.0002, 
0.999, and 0.001 as normalized coefficient of linear 
combination, respectively. 

substituted Fe3+ species may be shifted lower from g= 
4.3 to £ = 3 . 8 because of the difference in the support. 

T h e sample of F e 2 0 3 was then reduced by the current 
of GO at 280 °C; after confirming the steady state of 
ESR signal, it was reoxidized by N 2 0 at 280 °C. Such 
a treatment of the catalyst drastically changed the 
ESR spectrum, the intensity being magnified by about 
100 times (Fig. 2). T h e spectrum of the oxidized sample 
in Fig. 2-b contained three different species, while that 
of the reduced sample lost the sharp signal at £ = 2 . 0 0 . 
T h e oxidized one showed a broader signal at room 
temperature than at 280 °C. 

103 K/T 

Fig. 3. Dependence of the signal intensity and the line 
width on the measurement temp using oxidized (O) and 
reduced (A) samples of the treated catalyst. 

T h e spectra of such reduced and oxidized samples of 
the treated 6.7-wt% F e 2 0 3 / A l 2 0 3 were examined in 
more detail at different temperatures. After the sample 
had been reduced or oxidized with a C O - N 2 or N 2 0 - N 2 

mixture at 280 °C respectively, it was sealed and 
subjected to measurement. I n Fig. 3, the intensity and 
line-width of the g2 signal are plotted against the 
reciprocal absolute temperature. Remarkably, the 
line width increased with a decrease in the temperature. 
Such a dependence does not indicate the paramagnetic 
property, but the ferro- (or ferri-) magnetic property 
of the samples. T h e small deviation from the linearity 
between the signal intensity and the reciprocal absolute 
temperature may also show the ferro- (or ferri-) magnetic 
property. 

A pulse technique was then used to determine the 
phases of the treated F e 2 0 3 / A l 2 0 3 . The injection of 
C O into the bed of reoxidized 6.7-wt% F e 2 0 3 / A l 2 0 3 

formed C 0 2 at 280 °C. Successive injections of G O 
reduced the catalyst by the depletion of the catalyst 
oxygen. T h e total amount of the C 0 2 formed on 150 mg 
of the catalyst was 29.6 ujmol. This was nearly in agree­
ment with the expected value, 21 fjimol, in which the 
iron oxide was assumed to be reduced to the magneti te; 
i.e., 

3Fe203 + GO • 2Fe304 + G0 2 . 

Consequently, the phase of the reduced catalyst may be 
identified as F e 3 0 4 . 

As has previously been indicated,5) the unsupported 
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<x-Fe203 was reduced by carbon monoxide to F e 3 0 4 

at a low temperature such as 280 °G. However, the 
magnetite was not reversibly reoxidized to y - F e 2 0 3 

unless it was oxidized above 400 °C.6) In other words, 
the reduction-reoxidation of the F e 2 0 3 can be described 
as; 

oxi 
oc-Fe203 • Fe304 ==± y-Fe203 . 

red red 

T h e magnification of the signal by the reduction-
reoxidation and its temperature dependence are, 
therefore, correlated with the change in the magnetic 
property, i.e., from the paramagnetic Fe 3 + ion to 
ferrimagnetic F e 3 0 4 and y -Fe 2 0 3 . T h e sharpening of 
the line-width at a high temperature, as is the case of 
a treated catalyst, has already been indicated by Singer 
in the measurement of the magnetite.7) Furthermore, 
it was found by the pulse method that the reoxidized 
catalyst could be only reduced to the level of the F e 3 0 4 . 
Therefore, the signal at £ = 2 . 0 3 (g2) of the treated 
catalyst is attributed to the ferrimagnetic-resonance 
(FMR) spectra of y - F e 2 0 3 and F e 3 0 4 in the oxidized 
and reduced samples respectively. T h e ^-values of 
y - F e 2 0 3 and F e 3 0 4 were not distinguished from that 
of the pure oxide; they have been reported to be 1.968) 
and 2.13s) respectively. 

X-Ray diffraction, Mössbauer spectroscopy, or X P S 
has been used to distinguish the phases of iron oxide.5 '10) 
Infrared spectroscopy has also been recommended to 
identify them11) However, these analytical methods can 
not be used for the supported catalysts, for the iron 
oxide content is too low to be detected. In fact, the 
X-ray diffraction of the F e 2 0 3 / A l 2 0 3 catalyst revealed 
only aluminum oxide as the support. Furthermore, it 
was found that the ir spectroscopy could not be used 
because of the intense absorption of the A l - O band. 
T h e ESR or the magnetic resonance is the most suitable 
for this case, for iron oxides should exhibit different 
resonances with high intensities depending on their 
magnetic properties. 

O n other samples of the F e 2 0 3 / A l 2 0 3 catalyst with a 
different loading of iron oxide, nearly the same spectrum 
as that shown in Fig. 1 was observed in the fresh condi­
tion. Although the intensities of the substituted Fe 3 + 

ion at ^ = 3 . 8 increased with the loading up to about 9 
wt%, the principal signal at g=2.3 showed nearly the 
same intensity regardless of the iron-oxide content, 
while it turned into the F M R signal upon reduction-
reoxidation treatment. T h e sharp signal of the treated 
catalyst at £ = 2 . 0 0 (£3) which was observed in the 
oxidized condition became outstanding in the catalyst 
with a low iron content. Because this signal has a 
broader line-width at room temperature than at 280 °C, 
it might be attributed to ferromagnetic Fe metal, which 
may be considered to disappear upon the formation of 
Fe(CO) j e in the reduction by C O . 

In Situ Measurement of the Reversible Transition between 
y-Fe203 and i v 3 0 4 . By the use of an in situ cell, 
the F M R spectrum was measured in situ during the 
reduction and reoxidation of the catalyst at 280 °C. A 
F e 2 0 3 / A l 2 0 3 catalyst supported by 6.7-wt% F e 2 0 3 

which had been treated by GO and N 2 0 was measured. 
T h e intensity of the signal at £ = 2 . 0 3 due to y-Fe 2O a 
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CO 
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Fig. 4. Variation of signal parameters with the course of 
reduction by CO or oxidation by N 2 0 over the fer-
rimanetic Fe203 /Al203 catalyst. 

gradually decreased in flowing carbon monoxide (Fig. 
4) and attained a steady state 15 min later. Simulta­
neously, the line-width also increased. As has been 
described above, the reduced state of the catalyst was 
attr ibuted to F e 3 0 4 . T h e reduced catalyst was then 
reoxidized by the flowing of N 2 0 . As is shown in Fig. 4, 
the signal intensity was increased rapidly by the reoxida­
tion, and the resultant spectrum was in good agreement 
with the initial one. Consequently, it can be said that 
the transition between y - F e 2 0 3 and F e 3 0 4 proceeds 
reversibly and that the ra te of reoxidation is obviously 
faster than that of reduction. Furthermore, the intensity 
of F e 3 0 4 is evaluated to be 0.60 times that of y-Fe2O a . 
T h e relative ratio of these signal intensities will be 
used in the next section of this paper to calculate the 
relative concentration of y - F 2 0 3 . T h e relative inten­
sity was measured over as wide a range of the spectrum 
as possible in order to minimize the error which would 
be contained in the evaluations of the intensity of the 
broad spectrum. In situ measurement afforded the 
advantage of the precise determination of the relative 
intensity, because the sample was measured under 
exactly the same conditions except for the oxidation 
state of the catalyst. 

Kinetics and in Situ Measurement of the CO-N20 Reaction. 
T h e reduction of dinitrogen monoxide by carbon 

o 

V 
bo 

^ T 0.2 

5 10 15 

l/PcoCatm-1) 

20 

V^N2o(atm-

Fig. 5. Kinetics of the CO-N 2 0 reaction on the treated 
catalyst at 270 °C; Partial pressures of CO (a) or N 2 0 
(b) were varied with other conditions kept const. 
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monoxide on the ferrimagnetic 6.7 w t % Fe 2 0 3 /Al 2 03 
catalyst was then investigated kinetically using the in 
situ cell. Simultaneously, the F M R spectrum was 
measured in order to monitor the condition of the 
catalyst. 

Although the C O - N 2 0 reaction should form 
equimolar amounts of G 0 2 and N2 , the G 0 2 exceeded 
slightly the N 2 in this experiment. This was caused by 
the impuri ty of the oxygen in the cylinder of N 2 0 (0.16 
vol%) . Consequently, the ra te of C O - N 2 0 reaction 
is here described by the rate of N 2 formation. Figure 
5 shows the kinetics of the N 2 0 - C O reaction at 270 °G, 
in which the partial pressures of C O or N 2 0 are shown 
to vary in Fig. 5-a and Fig. 5-b respectively. T h e 
reciprocal plots between the rate of formation and the 
partial pressure both gave straight lines. 

By taking into consideration the reversible transition 
between y - F e 2 0 3 and F e 3 0 4 , this reaction was assumed 
to proceed according to the following oxidation-reduc­
tion mechanism; 

GO + y-Fe2Oa C 0 2 + Fe304 

N 2 0 + Fe304 • N2 + y-Fe203. 

In the stationary state, we abtain ; 

1 
r*. KP 

1 + 1 
" < « • * » 

(1) 

(2) 

(3) 
where rN, denotes the rate of N 2 formation and where 
Pco and PN,o show the partial pressures of C O and N 2 0 
respectively. Furthermore, the concentration of y-
F e 2 0 3 during the reaction can be described as 

J 
(4) 

[y-Fe203J = -
+ 

Based on Eq. 3, the values of kx and k2 can be calculat­
ed from the slope and intercept in Fig. 5. T h e kx and 
k2 calculated from Fig. 5-a were 76 and 270 (mmol/h 
g-cat atm) respectively. Likewise, 84 and 170 (mmol/h 
g-cat atm) were obtained from Fig. 5-b as the values 
of kx and k2. Because these values of the ra te constant 
were approximately consistent, the mechanism described 
above seems reasonable. 

T h e simultaneous observation of the F M R signal 
showed that the reaction proceeded in a state close to 
the y -Fe 2 0 3 , for the signal intensity decreased only a 
little, even when there was more C O than N 2 0 in the 
gas phase. This is in agreement with the rapid reoxida-
tion by N a O described above and is supported by the 
greater value of k2 (reoxidation step) than Jcx (reduction 
step). 

T h e relative concentration of y - F e 2 0 3 can be estimated 
from the kinetic equation (4) as well as from the observed 
F M R signal intensity (see the previous section) ; the 
concentrations of y-Fe2O a we have obtained are com­
pared in Fig. 6. These are consistent, though a little 
deviation from linearity was observed in a reduced 
condition. 

T h e precise determination of the concentration of 
y - F e 2 0 3 from F M R is rather difficult in this case, for 
the signal does not vary much. Suôh an in situ measure­
ment of the catalyst should, however, have a potential 

[y-Fe203] from Eq. 4 

Fig. 6. Plot for the comaprison between calcd concns of 
y-Fe203 based on the kinetics and the FMR signal. 

ability to show direct evidence for help in solving a 
given problem. In this paper, the reaction mechanism 
shown above for the C O - N 2 0 reaction is supported 
by the in situ measurement of the F M R spectra. 

Reactivity of a- and y-Fe203. Misono et al. have 
already shown that y-Fe2O a has a higher activity for 
the oxidative dehydrogenation of 1-butène than does 
a-F203.5> They suspected, because of its structural 
characteristics, that the high reactivity of y-Fe 2 O s 

probably originates from the rapid uptake and removal 
of oxygen. T h e reactivities of a- and y - F e 2 0 3 were 
measured also in the C O - N 2 0 reaction. Figure 7 shows 

Fe 20 3 Loading (wt %) 

Fig. 7. Activity of a- ( # ) and y- (Q) Fe203 /Al203 

catalysts having different loadings in the C O - N 2 0 
reaction at 280 °C in the in situ cell. Partial pressures 
of N 2 0 and CO were 0.23 and 0.22 atm, respectively, 
and 0.14 atm of Ar was contained as the internal stand­
ard for the chromatography. 

the activity of a- and y - F e 2 0 3 / A l 2 0 3 catalysts of various 
loadings in the C O - N 2 0 reaction. The reaction was 
performed in the in situ cell, and the phase of the catalyst 
was confirmed by ESR. T h e catalytic activity in­
creased linearly with iron-oxide content up to about 
5 w t % , while it kept nearly constant in higher concen­
trations. As is clearly shown, no difference was observed 
between the activities of a- and y-Fe 2 0 3 /Al 2 0 3 . 

In order to confirm this fact, various reactions, i.e., 
the C O - N 2 0 reaction, the oxidative dehydrogenation of 
1-butène, and the oxidation of hydrogen, were carried 
out on both supported and unsupported iron oxides by 
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Fig. 8. Comparison of catalytic activities between a- and 
7--Fe203/Al203 supported by 6.7 wt % Fe 20 3 ; 0.2 ml of 
CO-N 2 0 (1 : 1) ( # ) or 0.1 ml of 1-butene (O) was 
injected successively into the catalyst bed at 280 °C, and 
conversion into C 0 2 and butadiene were plotted vs. 
number of pulse. 

100 

3 
13 
•& 50 
u 
O 

i 

ct-Feo0: 2U3 

*»<£ 

Ow>oo 
1 I L_ 

Y-Fe203 

Pulse number 

Fig. 9. Comparison of catalytic activities between <x-
and y-Fe203 in the pulse reaction of CO-N 2 0 ( 0 ) , 1-
butene (O) or H2 ( 3 ) ; Oxidation of hydrogen was 
done at 313 °C, and other were referred to in Fig. 8. 

the pulse technique. Figure 8 shows the activities of 
a- and y - F e 2 0 3 / A l 2 0 3 for the C O - N 2 0 reaction and 
the oxidative dehydrogenation of 1-butene. Further­
more, Figure 9 shows the activity of unsupported oxide 
in these oxidation reactions. Both a- and y - F e 2 0 3 / A l 2 0 3 

had similar activities in the C O - N 2 0 reaction (Fig. 8). 
In the case of pure iron oxide, on the other hand, a-
F e 2 0 3 had a higher activity than y - F e 2 0 3 in the C O -
N 2 0 reaction (Fig. 9). T h e high activity of y - F e 2 0 3 

in the oxidative dehydrogenation of 1-butene which was 
reported by Misono et al.5) was reproducible also in this 
study. However, the difference between them was very 
small in the supported catalyst. 

Not only the G O - N 2 0 reaction, but also the oxidative 
dehydrogenation of 1-butene, is considered to take place 
in the oxidation-reduction mechanism, as has been 
mentioned above and described previously by Misono 
et al.5) Furthermore, the specific surface areas of <x-
and y - F e 2 0 3 were exactly the same, 18 m2/g. Never­
theless, the catalytic activity of a- and y - F e 2 0 3 was 
reversed in these reactions. Therefore, different charac­
teristics controling these activities should be considered. 
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Fig. 10. Adsorption isotherms of CO on a- ( £ ) and y-
(O) Fe 20 3 at room temp, following the arrow in the 
figure. 

The amount of GO adsorbed on iron oxides may be 
one of the reasons, because the saturated adsorbed 
amounts of C O on a- and y - F e 2 0 3 at room temperature 
were 1.93 and 0.55 (mg/g-cat), and such a difference 
was analogous to the activity profile of the C O - N 2 0 
reaction. As is shown in Fig. 10, the adsorption of 
C O was irreversible at this temperature, and probably 
it was stabilized as a carbonyl complex with an exposed 
iron ion. In other words, the metal ions responsible 
for the adsorption of carbon monoxide are exposed on 
the surface of a - F e 2 0 3 more than on that of y - F e 2 0 3 

and seem to contribute to the high activity of the C O -
N 2 0 reaction. 

As is shown in Fig. 9, y - F e 2 0 3 had a higher activity 
than <x-Fe203 also in the hydrogen oxidation, which 
can be regarded as the simplest oxidation reaction, and 
therefore as the reaction which is the most sensitive 
to the activity of surface oxygen. This adds support 
to the consideration by Misono et al. about the high 
activity of oxygen of y -Fe 2 0 3 . O n the other hand, 
the C O - N 2 0 reaction may be influenced by the activa­
tion of carbon monoxide by the surface iron ion. 
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Enantioselective hydrogénation of methyl acetoacetate to methyl 3-hydroxybutyrate with various unsupported 
nickel catalysts modified by (2R,3R)-tartaric acid was studied under mild conditions in order to elucidate the 
dependence of the selectivity upon the surface states of the catalysts. The catalyst with the larger crystallite size has 
the higher enantioselectivity, presumably because of the higher probability to obtain large ensembles of regularly-
arranged nickel atoms in the catalyst surface for the modifier to adsorb strongly and regularly. The nickel boride 
catalyst has very low enantioselectivity, mainly due to its amorphous structure. The detrimental effect of additives 
(B, P, and Al in Ni-B, Ni-P, and R-Ni catalysts) was explained as the effect of their lowering the crystallinity of the 
catalysts. 

There have been many studies on the effects of the 
structure of modifiers, modifying conditions, and reaction 
conditions on the enantioselectivities of modified nickel 
catalysts, mainly for the hydrogénation of methyl 
acetoacetate (MAA) to methyl 3-hydroxybutyrate 
(MHB).1-3) O n the other hand, it is well known that 
the enantioselectivity of modified catalysts is affected 
strongly by the preparat ion methods or the conditions of 
pretreatments of the metal catalysts.4-6) However, 
only a few studies have established a correlation of 
enantioselectivity to the structure or the surface state 
of the modified catalysts. 

We have been studying the activities and selectivities 
of various nickel catalysts, such as nickel boride (Ni-B), 
nickel phosphide (Ni-P) , Raney nickel (R-Ni), 
Urushibara nickel (U-Ni), and the other nickel blacks, 
for the hydrogénation of olefins, aldehydes, and ketones 
by comparing with the surface states of the catalysts.7) 
In the present study, we examined the enantioselective 
hydrogénation over various nickel catalysts in order to 
establish the correlation between the selectivity and the 
surface structure of nickel catalysts. T h e enantioselective 
hydrogénation with heterogeneous catalysts has usually 
been investigated by using nickel catalysts and the 
reaction seems very sensitive to the structure of the 
catalysts. (2R,3R)-Tartaric acid (TA) and M A A were 
selected as a modifier and a reactant in this study 
because most previous experiments have used them. 

T h e Ni -B catalyst, which is known to have similar 
activities and selectivities to the R-Ni catalyst in many 
hydrogénation reactions, has a very low enantioselec­
tivity compared to that of the R-Ni Catalyst. The 
reason for this low enantioselectivity will be discussed 
later. 

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

Catalyst Preparation. Nickel Boride (Ni-B) : Ni(CH3-
COO) 2 .4H 2 0 (4.24 g) in 50 ml of distilled water was reduced 
with 20 ml of NaBH4 (1.94 g) aqueous solution at 30 °C with 
vigorous stirring (P-l method according to Brown8)). This 
catalyst is called Ni-B-1 here. After 10 min, the precipitated 
catalyst was washed 3 times with portions of 50 ml of distilled 
water before modification. The catalyst was separated by 
centrifugation after each wash. In order to vary the surface 
concentration of boron in the resulting catalyst,7f) NiCl2» 
6H 2 0 was used instead of nickel acetate. The Ni-B-2 catalyst 

was prepared in 95% ethanol instead of water (P-2 method). 
Nickel Phosphide (Ni-P) : Nickel hydroxide, obtained by 

the addition of NaOH aqueous solution into 30 ml of NiCl2 • 
6H 2 0 (4.1 g) aqueous solution, was reduced with NaH2POz 

(5.5 g) in water at about 72 °C according to a method 
described by Sada.9) This catalyst is abbreviated as Ni-P-1. 
For the preparation of Ni-P-2 catalyst, the reduction of 
nickel hydroxide was carried out in 50% ethyl alcohol instead 
of water.7f> The precipitated catalyst was washed in the 
same way as the Ni-B catalyst was. 

Raney Nickel (R-Ni) : Ni-Al (42 : 58) alloy (1.43 g) was 
added during 10 min in small portions to 60 ml of 20% NaOH 
aqueous solution, usually at 70 °C, and this mixture was kept 
at the temperature for 20 min with gentle stirring. The 
leached catalyst was washed 5 times with portions of 100 ml 
of distilled water by décantation. The alloy was also leached 
at different temperatures in order to make the catalysts with 
different surface states.7g) 

Nickel Blacks (D-Ni and H-Ni) : D-Ni catalysts were 
prepared by decomposing Ni(HCOO)2-2H20 (9.5 g) at 300 
°G for 1.5—6 h (usually 3 h) followed by hydrogen flushings. 
NiO (3.8 g) was reduced under a hydrogen stream of 8 1/h at 
350 °C for 1.5 h to prepare H-Ni catalyst. After cooled to 
room temperature in the hydrogen atmosphere, the nickel 
black was washed twice with distilled water before modifica­
tion. 

Modification. The modification of a catalyst was carried 
out at 83 °C by soaking a freshly prepared catalyst in a 1.6% 
aqueous solution of TA(pH=5.1) for 1.5 h with occasional 
shaking according to the method described by Izumi et Ö/.1»10) 
Several kinds of amino acids were also used as modifiers to 
check the enantioselectivity of modified nickel boride catalyst. 
After the modification, the catalyst was rinsed once with water, 
twice with methanol, and then once with ethyl acetate (10 ml 
portion of each). 

Hydrogénation. 10 ml of MAA was added to the de­
scribed amount of catalyst in 10 ml of ethyl acetate and hydro-
genated at 60 °C in a 50 ml glass autoclave (TEM-U-50, 
Taiatsu Glass Industry Co., LTD.) equipped with a 200 ml 
gas tube and with a magnetic stirring system. The starting 
pressure of hydrogen was 10 kg/cm2 and the pressure dropped 
to about 3 kg/cm2 at 100% conversion. Almost all conversions 
were 100%. Ethyl acetate, used as a solvent, was dried and 
distilled before use. All the reactants were obtained from 
commercial sources and used without further purification. 

Analysis. The reaction product was filtered off and 
distilled under reduced pressure. The conversion and the 
purity of the distilled product was measured with GLC 
(Shimadzu model 4APT) with a 2 m column of 20% PEG 
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20M on Celite 545. 
The optical rotation (<xD) of the distilled product was deter­

mined with a Union PM-101 automatic digital Polarimeter 
at room temperature (about 25 °C) in a 0.1 dm cell. The 
optical yield (OY) of ( —)-MHB was calculated from the 
observed <xD value by the equation OY= (<xD/22.95) X 100.n> 

The X-ray diffraction pattern of the catalyst filtered after 
the reaction was measured with a Shimadzu VD-1 diffractom-
eter after wetting the catalyst with ethylene glycol to avoid 
the oxidation of nickel metal. The mean crystallite size of 
nickel (Dc) was calculated from the half width of the peak from 
the (111) plane of nickel metal. 

BET surface areas of the catalysts were measured separately 
by N2 adsorption at 77 K after washing with acetone and after 
evacuation by a diffusion pump for 4 h at ambient tempera­
ture. 

The surface compositions of some catalysts used were esti­
mated from the analysis of X-ray photoelectron spectra (XPS) 
with a Hitachi 507 photoelectron spectrometer. The detailed 
procedures were reported elsewhere.7f> 

The amount of TA adsorbed on the modified catalyst was 
determined colorimetrically with Hitachi 200-20 spectro­
photometer by the method reported by Christian12) and by 
Harada et al.13) 

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

For the enantioselective hydrogénation of M A A with 
Ni-B-1 catalyst modified by TA, preliminary experi­
ments showed that the effects of modification conditions 

(pH, temperature, and modifying time) and of hydro­
génation conditions (temperature, H 2 pressure) on the 
optical yields of M H B were similar to those for the 
hydrogénation with modified R-Ni catalyst reported 
previously.1) However, as shown in Table 1, the 
enantioselectivity of the modified Ni -B catalyst was very 
low compared to that of modified R-Ni catalyst for 
all the substrates and modifiers examined. T h e enantio­
selectivity of N i - P catalyst was also very low. T h e 
negative effect of water added to the reaction mixture 
on the optical yield of ( — ) -MHB was previously 
reported for the enantioselective hydrogénation of M A A 
with modified R-Ni.14) Therefore, the effect of the 
water which was contained in larger quantities within 
the Ni -B than within the R-Ni catalyst was examined 
by drying the Ni -B catalyst after modification or by 
adding a small amount of molecular sieve to the reaction 
mixture to remove the water. T h e result showed that 
the water contained within the Ni-B catalyst was not 
the cause of the low enantioselectivity of the catalyst. 
No racemization of the product on the Ni-B catalyst 
under the reaction conditions was observed. 

Using a modified R-Ni catalyst, H a r a d a et al.5) 
suggested that a luminum derivatives on the catalyst 
surface decrease the enantioselectivity of the catalyst 
and that the exclusion of a luminum or related metal 
compounds from the Catalyst surface is an essential 
factor for obtaining a highly enantioselective catalyst. 

TABLE 1. PRODUCT OPTICAL PURITIES FOR SOME HYDROGÉNATIONS WITH MODIFIED NICKEL CATALYSTS 

Catalyst 

1 H-Ni 
2 D-Ni 
3 R-Ni 
4 Ni-B-1 
5C) Ni-B-1 
6 Ni-B-2 
7 Ni-P-1 
8 Ni-P-2 
9 Ni-B-1 

10 Ni-B-1 
11 Ni-B-1 
12 Ni-B-1 
13 Ni-B-1 
14c> Ni-B-1 

15 Ni-B-1 
16c) D-Ni 
17C)R-Ni 

18c) Ni-B-2 
19c> Ni-B-1 
20c) Ni-P-1 
21 Ni-B-1 
22 Ni-B-1 
23 Ni-B-1 
24 Ni-B-1 

Modifying variables 

Modifier pH Temp/°C 

TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
TA 
L-G1U 

L-Met 
L-Phe 
L-G1U 

L-Met 

L-Phe 
TA 
TA 
TA 
TA 
TA 
L-Phe 
TA 
TA 
TA 

5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
6.0 
6.3 
5.1 
7.3 
5.7 
5.1 
5.1 
5.1 
5.1 
5.1 
5.8 
5.1 
5.1 
5.1 

83 
83 
83 
83 
83 
83 
83 
83 

0 
0 
0 
0 
0 
0 

0 
83 
83 
83 
83 
83 
0 

83 
83 
83 

Hydrogénation 

Substratea) 

MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
MAA 
DAOH 
DAOH 

DAOH 
DAOH 
DAOH 
DAOH 
DAOH 
DAOH 
APH 
APH 
EAA 
EMK 

L variables 
\ 

Time/h 

147 
188 
41 
21 
19 
22 
43 
44 
22 
24 
64 
19 

168 
17 

46 
97 
17 
18 
20 
19 
25 
24 
27 
27 

Conversion 
% 

9Î75 
100 
100 
100 
100 
100 
99 
97.2 
99.2 
98.1 
99 

100 
99 

100 

100 
35 

100 
100 
100 
100 
100 
100 
100 
99 

Optical 

MS5 

- 1 2 . 9 0 
- 9 . 7 0 
- 5 . 8 7 
- 0 . 6 9 
- 0 . 7 3 
- 1 . 2 9 
- 0 . 3 3 
- 0 . 4 3 
- 0 . 3 8 
- 0 . 3 7 
- 0 . 5 8 
+ 0.87 
+ 0.90 
+ 0.71 

+ 0.58 
- 2 . 5 5 
- 1 . 1 1 
- 0 . 4 7 
- 0 . 4 4 
- 0 . 2 9 
+ 0.18 
+ 0.11 
- 0 . 8 2 
+0 .05 

activity 

OY/o/ß 
56.2 
42.3 
25.7 

3.0 
3.2 
5.6 
1.5 
1.9 
1.7 
1.6 
2.5 
3.8 
5.4 
4.3 
3.5 

15.3 
6.7 
2.8 
2.7 
1.7 
0.4 
0.2 
3.4 
0.4 

a) MAA: Methyl acetoacetate, DAOH: Diacetone alcohol, APH: Acetophenone, EAA: Ethyl aceto acetate, EMK: Ethyl 
methyl ketone, b) Optical yields (OY) were calculated using the absolute rotations [a]2 /= 22.95, 16.6, 44.3, 24, and 13 
for the hydrogénation products of MAA, DAOH, APH, EAA, and EMK respectively, c) Hydrogénation was carried out 
under the initial H2 pressure of 90 kg/cm2 instead of 10 kg/cm2. 
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A/Ni 

Fig. 1. Relation between optical yields and surface 
contents of additives in nickel catalysts. A/Ni : atomic 
ratio of Al, B, or P to Ni, 0 : R"Ni, 3 : Ni-B, 
0 : Ni-P, © : H-Ni. 

Therefore, the relations between the enantioselectivity 
of R-Ni, Ni-B, and N i - P catalysts and the surface 
contents of Al, B and P in each catalyst were inves­
tigated here. Since catalytic activities and selectivities 
should be compared with the states on the surface (not 
in the bulk) of the catalysts, we measured the surface 
contents of additives in various nickel catalysts by X P S . 

It can be seen from Fig. 1 that the enantioselectivity 
of the Ni -B or N i - P catalyst increases with decrease 
of the surface content of B or P in each catalyst similarly 
to the case of the R-Ni catalyst. The enantioselectivities 
of the catalysts refluxed in 2 0 % N a O H aqueous solution 
for 2—6 h in order to remove the additives approach 
the selectivity of H - N i catalyst, which has essentially 
no additives on the catalyst surface. However, the 
extents of the decrease in the selectivity of the Ni-B 
and N i - P catalysts with the increase of additives are so 
large compared with that of the R-Ni catalysts that the 
low enantioselectivities of those catalysts are not directly 
attr ibutable to the amount of additives. 

O n the other hand, the Ni-B and N i - P catalysts 
have been reported to have amorphous structures 
considerably different from the structure of the R-Ni 
catalyst and to have similar selectivities in hydrogéna­
tion reactions.70»711) 

Fish and Ollis suggested, from their results on an 
electrochemical technique for measuring the surface 
coverage of T A on nickel, that a reactant molecule 
adsorbed on an optically selective site requires more 
metal surface area than one adsorbed at an optically 
nonselective site.15) Alternatively this suggestion may 
be stated as follows: the optically selective site must 
consist of an ensemble of regularly-arranged nickel 
atoms for reactant molecules and modifiers to adsorb 
strongly and regularly. Accordingly, amorphous 
surfaces of catalysts, such as the Ni-B catalyst, are 
supposed to exhibit a low enantioselectivity because 
of the low probability of finding such ensembles. A 
higher optical yield is expected for a catalyst with a 
larger crystallite size, by assuming tha t the surface 

O 

a) 

—
1

 
L

 
I 

4 
9/9 

y 

. 1 - 1 , 1 

Dc/nm Dcjnm 

Fig. 2. Dependence of optical yields on mean crystallite 
sizes of nickel in various catalysts. 
O : R-Ni, O: Ni-B, « : Ni-P, © : D-Ni, ® : H-Ni, 
— : R-Ni by Gross and Rys.4) 

structure reflects directly the bulk structure of the 
catalyst. 

With these considerations in mind, the dependence 
of the enantioselectivities of various nickel catalysts 
modified by T A upon the crystallite sizes of nickel 
metal in them has been investigated. 

As can be seen from Fig. 2, the enantioselectivities of 
the catalysts are clearly related to the mean crystallite 
sizes of nickel in the catalysts, al though the crystallite 
sizes in the Ni-B and N i - P catalysts are too small to 
calculate exactly by the X R D method. In addition, 
the removal of Al, B, or P from the R - N i , Ni-B, or 
N i - P catalyst by refluxing the catalyst in 2 0 % N a O H 
aqueous solution led to the larger crystallite size of 
nickel and correspondingly to the higher enantioselec­
tivity of the catalyst. Also noteworthy is that the plots 
for the three kinds of catalysts of different preparative 
methods (i.e., Ni -B, N i -P , and R-Ni) in Fig. 2a) are 
almost all on the same line, while the plots in Fig. 1 
are on different lines for the three kinds of catalysts. 
Moreover, the data of OY of (—)-MHB reported by 
Gross and Rys4) for a similar enantioselective hydrogéna­
tion over various R-Ni catalysts, under slightly different 
experimental conditions from ours, were found to be in 
good correlation to the crystallite sizes of nickel in the 
catalysts, as shown in Fig. 2a). The relatively low 
enantioselectivities of the D-Ni catalysts with the 
crystallite sizes under 20 n m in Fig. 2b) are probably 
due to the impurities from decomposed nickel(II) 
formate still remaining on the nickel surface after the 
short decomposition time of 1.5—3 h. A similar depend­
ence of enantioselectivity on the crystallite size of nickel 
was observed for the hydrogénation of diacetone alcohol 
(4-hydroxy-4-methyl-2-pentanone), as can be seen from 
Table 1 (Nos. 16—20). 

These findings are in accordance with the report by 
Klabunovskii for the enantioselective hydrogénation of 
ethyl acetoacetate (EAA) on R u / S i 0 2 catalysts with 
the particle sizes of R u smaller than 4.5 nm,6c) although 
the enantioselectivity should be compared, not with 
the particle size, but with the crystallite size, because of 
the reason discussed above. 

These results suggest that the size of ensembles of 
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regularly-arranged nickel atoms on the catalyst surface 
is a more important factor for a catalyst to be enantio-
selective than the surface content of additives is. T h e 
detrimental effect of additives (B, P, and Al) shown in 
Fig. 1 can be attributed to the effect of their lowering 
the crystallinity of the catalysts. T h e difference between 
the influence of Al and that of B or P is explained by 
the fact that the aluminum in R-Ni segregates in the 
catalyst as Al203

7 g) and that it does not lower the 
crystallinity of the catalyst so much as B or P in the 
Ni-B or N i - P catalyst. 

TABLE 2. THE AMOUNTS OF ADSORBED (2R, 3/2) -TARTARIC 

ACID ON VARIOUS NICKEL CATALYSTS 

Amount of adsorbed acidb) 

Sa*> , ~ . OY* 
Catalyst m 2 g . N i - i io-2 mmol 10^ mmol % 

Ni-B-1 
Ni-B-ld> 
Ni-B-2 
Ni-B-2e) 

R-Ni 
D-Ni 
H-Ni 

21.8 
21.8 
38.2 
62.7 

100.4 
10.5 
3.4 

X g-Ni-1 

10.7 
4.65 
7.03 
3.16 
5.71 
1.06 
0.35 

xm-8 

4.91 
2.13 
1.84 
0.50 
0.57 
1.01 
1.03 

a) BET surface area, b) Modifying conditions: p H = 5 . 1 , 
83 °C, 1.5 h. c) The optical yield of ( - ) -MHB. d) The 
catalyst was washed 6 times with water after modification 
instead of 2 times, e) The catalyst was refluxed for 6 h 
in 20% NaOH aq solution before modification. 

In Table 2, the amounts of adsorbed TA on various 
nickel catalysts measured after modification are shown, 
together with the surface areas and the enantioselec-
tivities of the catalysts. T h e amount of adsorbed T A 
on unit surface area of nickel in the Ni-B catalyst is 
rather more than the amount on the R-Ni or the other 
catalysts. When the Ni-B-1 catalyst was washed much 
more than usual after modification, it lost more than 
half of the adsorbed acid and there was a drastic decrease 
of the enantioselectivity of the catalyst. T h e remaining 
amount of the adsorbed acid was, however, still much 
more than that on the R-Ni catalyst. These facts 
suggest that the adsorption strength of the acid on Ni 
metal in the surface of the Ni-B catalyst is rather weak 
and that the adsorbed acid remaining after the heavy 
washing may be bound to the boron in the catalyst by 
esterification, contributing nothing to the enantioselec­
tivity of the catalyst. O n the other hand, the Ni-B-2 
catalyst freed of the boron by refluxing in alkaline 
solution before modification had a much higher enantio­
selectivity than the untreated catalyst, in spite of the 
much smaller amount of the adsorbed acid on the treated 
catalyst. As for the catalysts in Table 2 other than the 
Ni-B, the increase of the adsorbed modifier results in 
the increase of the enantioselectivity. 

These facts show that the total amount of the adsorbed 
modifier is not a direct factor affecting the enantioselec­
tivity of modified catalysts, but the amount of the 
modifier adsorbed strongly and regularly on the surface 
of a large crystallite is important for the enantioselec­
tivity. Thus , the poor enantioselectivities of modified 

Ni -B and N i - P catalysts can be explained mainly by the 
exceedingly low crystallinity of these catalysts. 

A binary boride catalyst, Go-Ni-B (Co : N i = 6 : 4), 
had only a negligible degree of enantioselectivity 
( 0 7 = 0 . 8 % ) . This is also at tr ibutable to the more 
amorphous structure of the binary boride catalyst than 
that of Ni-B catalyst, as reported before.18) T h e much 
lower enantioselectivity of Raney -Cu-Ru catalyst ( R u = 
0.01—0.5%) than those of Raney-Gu and Raney-Ru 
catalysts reported by Klabunovskii17) may also be 
explained in terms of the crystallite size of the catalyst. 

From the discussion above, it can be concluded that 
the catalyst with the larger crystallite size has the higher 
enantioselectivity, presumably because of the higher 
probability to find ensembles of regularly-arranged 
nickel atoms (i.e., optically selective sites) on the 
catalyst surface. 

Recently, Klabunovskii18) proposed a model of the 
active sites for enantioselective hydrogénation located 
not on the plane but on the edge in the catalyst surface. 
I n order to make clear the more detailed structure of 
optically selective sites in the catalyst surface, further 
studies will be required. 

As for the reaction rate, the catalyst of the higher 
enantioselectivity has the lower hydrogénation activity, 
as can be deduced from the da ta in Table 1. This is 
easily understandable from the fact that the catalyst 
with the larger crystallite size generally has the smaller 
specific surface area. In order to obtain a highly 
enantioselective catalyst with a high hydrogénation 
activity, it seems a good idea to use supported nickel 
catalysts. Moreover, the supported catalysts are very 
useful in order to elucidate the relation between the 
surface states and the enantioselectivities of the catalysts, 
since it is possible to vary the surface states or the size 
distribution of metal particles of the supported catalysts 
by employing various preparat ion methods. With 
these expectations in mind, further studies on the effect 
of preparat ion methods upon the enantioselectivity of 
supported nickel catalysts are now in progress. 

T h e authors wish to thank Professors Yoshiharu 
Izumi and Akira Tai , Osaka University, for their 
helpful suggestions, and Dr. Yasuaki Okamoto of our 
laboratory for his valuable advice. 
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Studies on Chemiluminescent Compounds. I. Syntheses of Acyl-
substituted Anthracene Derivatives and Their Chemiluminescence 

Toshiyuki HIRAMATSU,* Toshiaki HARADA, and Teizo YAMAJI 
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New anthracene derivatives with a -GOGH- group, such as 1,5-dipropionylanthracene, 1,8-dipropionyl-
anthracene, 1,5-di-isobutyrylanthracene, 1,8-diisobutyrylanthracene, 1,5-bis[3-(methoxycarbonyl)propionyl]-
anthracene, 1,8-bis[3- (methoxycarbonyl) propionyl] anthracene, 1,5-bis (cyclohexylcarbonyl) anthracene, 3,7-
diisopropyl-l,5-diisobutyrylanthracene, and 5-dimethylamino-4-isobutyryl-l-methoxyanthracene (10) have been 
synthesized. Their direct chemiluminescences were studied by air oxidation in alkaline solutions. The properties 
of the chemiluminescence have been found to be influenced by not only the class of the G-H bond adjacent 
to the carbonyl group but also by the electronic properties of the aromatic ring system, the solvent, and the additive. 
10 exhibited the longest chemiluminescence. This chemiluminescent phenomenon might be explained by a 
chemically initiated electron exchange luminescence (GIEEL) mechanism. 

Since luminescence is an emission from an electronic 
excited state, the necessary excited molecule must be 
produced in any chemiluminescent reaction. Recent 
investigations suggest that effective excited molecules 
(singlet state) are produced in decomposition reactions 
of cyclic peroxides such as 1,2-dioxetanes, and 1,2-
dioxetanones.1) These intermediate peroxides are 
thought to exist also in bioluminescence. Most of the 
bioluminescence processes are remarkably efficient and 
show direct luminescence from the air oxidation of 
luciferins. The quantum yield for an enzymatic process 
as in a firefly is approximately 0.88 einstein mol - 1 .2) 

Kamiya and Sugimoto studied indirect chemilumines­
cence: the transfer of energy from activated carbonyl 
intermediates in the oxidation of compounds having 
- C O C H - groups to 9,10-dibromoanthracene or 9,10-
diphenylanthracene. They observed strong lumines­
cence when the C - H bond adjacent to the carbonyl 
group is tertiary C - H . They also reported that 4-
hydroxy or 4-methoxy-substituted aromatic ketones 
gave effective singlet excited states. They did not, 
however, mention the effect of the catalyst and the 
additives on the chemiluminescence of the compounds 
mentioned above.3) They recently reported the direct 
chemiluminescence of 9,10-diisobutyrylanthracene in 
the alkaline air oxidation, but they did not mention the 
effects of substitution in the anthracene ring, of basicity 
of the catalyst, and of the additives.3) 

In the practical use of chemiluminescence, the radia­
tion of light of 500—520 nm is preferred because of 
strong human sensitivity to light in this region. Direct 
chemiluminescence in the benzene system fails to 
produce visible radiation of such a long wave length. 
But the use of anthracene compounds makes it possible 
to radiate the light of 500 nm and to make a practical 
light source for human beings. T h e lack of the investiga­
tion of details in the mechanism of chemiluminescence 
of anthracene type ketones motivated our present work. 

We report in this paper the effects of substitution in 
anthracene ring, of basicity of catalyst, and of the 
additives, with the hope of the development of light for 
practical use. 

To investigate the direct chemiluminescence mecha­
nism, anthracene compounds 1—10 were synthesized 
and examined in various alkali catalyst oxidations with 

additives such as crown ether. We will discuss the 
chemiluminescence mechanism based on the observed 
chemiluminescence spectra. We suggest that an excited 
singlet state carbonyl may be generated by the air 
oxidation of these anthracenes. T h e mechanism is 
explained in terms of chemically initiated electron 
exchange luminescence (CIEEL).4) 

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

In order to investigate the substituent effects on the 
direct chemiluminescence from the air oxidation of 
anthracene derivatives, we newly synthesized several 
compounds listed in Tables 1,2, and 3 using the usual 
Friedel-Crafts acylation.5) 

Reaction of Acyl Chloride with Anthracenes. The 
reaction of anthracene derivatives with several acyl 
chlorides and anhydrous a luminum chloride in an­
hydrous carbon disulfide afforded the corresponding 
compounds 1—10. I n most cases, carbonyl groups are 
introduced at the 1-position or at both 1 and 5-positions 
of anthracene.6) However, in the reaction of anthracene 
with isobutyryl chloride, alkylation reaction also 
occurred in part to afford 3,7-diisopropyl-l,5-diiso-
butyrylanthracene (9). T h e reaction of isopropyl 
chloride with 1,5-diisobutyrylanthracene (3) in the 
presence of excess anhydrous aluminum chloride gave 
the same alkylated diketone 9. A similar alkylation in 
the Friedel-Crafts acylation reaction has been reported 
by Rothstein and Saville.7) They suggested that alkyla­
tion took place via the decarbonylated acyl chloride-
aluminum chloride addition complex (R+-A1C14~) 
when less reactive aromatic compounds were used. 
Compound 9 might be produced in the same manner . 
Anthracene and more reactive anthracene derivatives 
such as l-dimethylamino-5-methoxyanthracene were 
easily acylated. The acylation of 1,5-diisobutyryl­
anthracene did not proceed. The reaction gave only a 
dialkyl diacyl derivative. This might be due to the 
deactivation by two carbonyl groups. 

Chemiluminescence in the Air Oxidation of Anthracenes. 
T h e direct chemiluminescence was observed upon 
adding potassium J-butoxide ( 'BuOK) in £-butyl 
alcohol or potassium hydroxide ( K O H ) in water to 
these ketones in various aerated solvents, such as 
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T A B L E 1. T H E CHEMILUMINESCENCE WITH 1,5-DISUBSTITUTED ANTHRACENES BY AIR OXIDATION 0 

R 1 

Ri> R2 Base 
Life time 

min 

Light 
emission 

Colors of 
resulting soins 

dark purplel 
(in D M S O ) 
dark purple 
(in D M S O or DBP) 
dark orange 
(in D M S O or DBP) 
dark orange 
(in D M S O ) 
dark purple 
(in D M S O ) 

GOCH3 (1) 

C O C H 2 C H 3 (2) 

C O C H ( C H 3 ) 2 (3) 

G O C . H u (4) 

G O C H 2 C H 2 C 0 2 M e (5) 

' B u O K or K O H 

( B u O K or K O H 

' B u O K or K O H 

' B u O K 

' B u O K o r K O H 

*0 

.0 

.0.5 

*0.5 

.0.5 

none 

very weak 

medium 

medium 

weak 

a) A solution of ' B u O K (0 .35 mmol) in /-butyl alcohol 
in dimethyl sulfoxide ( 1 ml) or dibutyl phtha la te ( 1 ml) 
added to a stirred solution of anthracenes (0.001 mmol) 
°C. 

(1 ml) was added to a stirred solution of anthracenes (0.001 mmol) 
at 25 °C or a solution of K O H (0.35 mmol) in H 2 0 (0 .1 ml) was 
in dimethyl sulfoxide (1 .9 ml) or dibutyl phthala te (1 .9 ml) at 25 

T A B L E 2. T H E CHEMILUMINESCENCE WITH 1,8-DISUBSTITUTED ANTHRACENES BY AIR OXIDATION 0 

RI> R2 

COCH2CH3 

COCH(CH3)2 

COCH2CH2C02Me 

(6) 

(7) 

(8) 

Base 

fBuOK or KOH 

'BuOK or KOH 

'BuOK 

Ri 

fo 
R2 

1 

Life time 
min 

Il 
II

 
II

 
O

l 

Light 
emission 

very weak 

weak 

very weak 

Colors of 
resulting soins 

dark purple 
(in DMSO) 
dark orange 
(in DMSO) 
dark orange 
(in DBP) 

a) Tab le 1 footnote a ) . 

T A B L E 3. T H E CHEMILUMINESCENCE WITH 1,5-DISUBSTITUTED ANTHRACENES BY AIR OXIDATION 0 

Compd Base 
Life t ime Light 

emission 
Colors of 

resulting soins 

C O C H < C H 3 

C O C H <cS l 
COCH<gg3 

C H <S 
Œ ! > C H 

C H 
C H 

(3) ' B u O K or K O H 

(9) ' B u O K or K O H 

(14) ' B u O K 

;0 .5 medium 

.30 

very strong 

very strong 

dark orange 
(in D M S O orDBP) 

orange 
(in D M S O ) 

greenish yellow 
(in D M S O ) 

a) Tab l e 1 footnote a ) . 

GOC.Hu
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dimethyl sulfoxide (DMSO) , i^,i^-dimethylformamide 
(DMF), benzene, or phthalic esters. T h e chemi-
luminescent responses were changed by the experimental 
conditions—i.e. by the solvent, by the concentrations of 
ketones and catalysts, more essentially by the electronic 
properties of the aromatic ring systems, and by the 
chemical structures of the ketones. T h e properties of 
chemiluminescence examined in D M S O or dibutyl 
phthalate (DBP) solution, using ' B u O K or K O H as a 
base, are listed in Tables 1, 2, and 3 for 1,5-disub-
stituted, 1,8-disubstituted, and multi-substituted an­
thracenes, respectively, together with the colors of the 
resulting solutions. The results in the tables show that 
the efficiency of the emission is influenced both by the 
class of the C - H bond adjacent to the carbonyl group 
and by the electronic properties of the aromatic ring 
systems. T h e former was discussed by Kamiya et al., 
who showed that a compound possessing a C - H bond 
adjacent to carbonyl group gave the most intensive 
chemiluminescence.3) O u r results showed the similar 
behavior of the chemiluminescent reaction. From Table 
3, it can be seen that electron-donating groups such as 
dimethylamino or methoxy groups strongly increase 
quan tum yield and lengthen chemiluminescence time. 
Thus, 5-dimethylamino-4-isobutyryl-1 -methoxyanthra-
cene (10) exhibits the most intensive and longest 
chemiluminescence among all of these ketones. 

We also examined the fluorescence and chemilumines­
cence spectra of ketones 3, 9, and 10, which are shown 
in Figs. 1, 2, and 3. In Figs. 1 and 2, the chemilumines­
cent spectra of the ketones 3 and 9 are red-shifted 
compared to those of the two air-oxidated products. 
Contrary to this, in Fig. 3, the chemiluminescent 

spectrum of ketone 10 shows a pattern closely similar 
to the fluorescent spectrum of the methyl ester of its 
air-oxidated product. T h e final products of the air 
oxidation of these ketones were the corresponding acids. 

In order to obtain the best conditions for the chemi-

fluorescence spectra 
chemiluminescence spectrum observed 
by the air oxidation of compound 9 

methyl ester of 
air-oxidated product compound 9 

300 400 

Wave length 

,U-CH3 

CH3.. 
CH3' 

';CH 

COCH:[ 'CH3 ru*CH3 
CH*CH3 

c o c C 

C02H 

'0Ha.c„jàÛ© 
CH3 

,OC 

500 

+ (CH3)2CO + hV 

CH3.( 
CH3' 

~CH 

C02H 

ICH2N2 

C02CH3 

C02CH3 

Fig. 2. Fluorescence and chemiluminescence spectra of 
3,7-diisopropyl-l,5-diisobutyrylanthracene (9) and its 
oxidated product. 

fluorescence spectra 

Chemiluminescence spectrum observed 
by the air oxidation of 3 

methyl ester of 
air-oxidated product 

compound 3 

300 

„^CH3 
^%CH3 

400 

Wave l e n g t h 

C02H 

coo*«; 

». O O P + (CH3)2C0 + hV 

C02H 

J CH2N2 

C02CH 

C02CH3 

Fig. 1. Fluorescence and chemiluminescence spectra of 
1,5-diisobutyrylanthracene (3) and its oxidated product. 

Compound 10 

L 4L 

fluorescence spectra 

chemiluminescence spectrum observed 
by the air oxidation of compound 10 

\ / \ methyl ester of 
\ / \ air-oxidated product 

M / V 
1 \ \ 

1 ± 5sJ , 1 
400 500 

Wave l e n g t h 

cBuOK 

600 nm 

OCH3 

ppp H=— OnO + ccH3),co+hv 
« ; 5 H COCH:C

CJJ33 

10 

CH 3 K 

CH3' 

CH3^, 
CH3' 

C02H 

I CH 2N 2 

OCH3 

CO2CH3 

Fig. 3. Fluorescence and chemiluminescence spectra of 5-
dimethylamino-4-isobutyryl-1 -methoxyanthracene (10) 
and its oxidated product. 
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TABLE 4. THE EFFECTS OF BASE AND ADDITIVE (DICYCLO-

HEXANO-18-CROWN-6(C.E.)) ON THE EFFICIENCY 

OF EMISSION OF COMPOUND 10 

Condition 

Base and 
additive 

le> 

'BuOK 
'BuOH 

2«> 

'BuORb 
'BuOH 

3 e ) 

'BuOGs 

'BuOH 

4P 

<BuOK+ 
C E . 

'mas'0 LOO 0.61 
/max

b) 10 min 20 min 
*1/4

C) 81 min 110 min 
Quantum yieldd) 2 .5% 2.0% 

0.88 46.0 
11 min 0.5 min 
75 min 1.0 min 

2.0% 4 .6% 

a) The relative intensity of the emission peaks; the intensity 
of the emission peak under conditions 1 was defined as 
1.00. b) The time needed for the intensity of the emission 
to reach a maximum, c) The time for the intensity to decay 
to one-fourth of the maximum value, d) These were 
measured in benzene solution at 25 °C. e) To a stirred 
solution of compound 10 (0.002 mmol) in benzene ( 1 ml) 
was added a solution of (BuOM (0.35 mmol) in 'BuOH (1 
ml), f) To a stirred mixture of compound 10 (0.002 
mmol), benzene (1.9 ml), and powdered 'BuOK (40 mg) 
was added dicyclohexano-18-crown-6 (0.2 mmol). 

luminescent reaction, we investigated the effects of 
solvent, of base, and of additives, using ketone 10, 
which has the longest chemiluminescence. Nonpolar 
solvents such as benzene, toluene and xylene extended 
the life-time of the emission. The effects of the base and 
the additive are summarized in Table 4. When benzene 
was used as a solvent, the addition of dicyclohexano-18-
crown-6 as an additive was the most effective: the 
quan tum yield of chemiluminescence reached 0.046 
einstein mol - 1 . This value is approximately three-times 
as high as those produced using the Seliger-Lee luminol 
standard.8) These results suggest that intermediate 
dioxetane species which will be generated by the 
oxygenation of the anion of ketones are formed as 
described in the following mechanism: 

a 
c=o 
CH 

Base 

c=o 

R4 R5 

r£c-0 
)-C-R 

i 

«.cm». 
0=C-0 

"4>o 

.© p-c-cr 
o-c-R5 

R4 

Conclus ion 

T h e efficiency of chemiluminescence increases when 
an electron-donating group is attached to the aromatic 
ring (10) and the chemiluminescent spectrum of ketone 
10 shows a pattern closely similar to the fluorescent 
spectrum of its air-oxidated product. These findings 
suggest that this chemiluminescence may be generated 
via CI EEL mechanism. By contrast, the emission from 
ketones 3 and 9 may be generated from the intermediate 
intramolecular exciplex, because the chemiluminescent 
spectra are red-shifted compared to those of the air-
oxidated products. 

Werner et al. reported that, for anthracenes in 
general, the energy of the first excited singlet state (Sj) 
is observed to decrease as solvent polarity increases.9) 
We think that the low efficiency of chemiluminescence 
in polar solvents is due to the efficient intersystem cross­
ing from Sx to T r Dicyclohexano-18-crown-6 may play 
an important role in dissolving the catalyst in a nonpolar 
solvent. 

In summary, we have synthesized several anthracene 
derivatives which showed chemiluminescence by air-
oxidation, using a base as a catalyst. 5-Dimethylamino-
4-isobutyryl-l-methoxyanthracene (10) exhibits the 
most intensive chemiluminescence. This may be 
generated via C I E E L mechanism. 

Exper imenta l 

Melting points were determined on a Yanagimoto micro 
melting point apparatus and are uncorrected. ' H N M R 
spectra were run on a JEOL-MH-100 NMR spectrometer 
using GDC13 as a solvent and tetramethylsilane as an internal 
standard. 13C NMR spectra were taken on a JEOL-FT-
NMR spectrometer FX200 apparatus, using CDC13 as solvent 
and tetramethylsilane as an internal reference. Infrared 
spectra were recorded on Shimadzu IR-400 spectrometer as 
Nujol mulls. Mass spectra were determined on a JEOL-
JMS-D-100. Chemiluminescence spectra were measured 
using a Shimadzu spectrofiuorophotometer RF-520 and are 
uncorrected. Column chromatography was carried out using 
Wako silica gel C-200 with cyclohexane-benzene mixture 
from 1 : 0.1—1 : 3 or benzene as an eluent. The solvents for 
the column chromatography were obtained from Tokyo Kasei 
Co., Ltd. and were used without purification. 

General Procedure for Friedel-Crafts Acylation of Anthracenes with 
Acyl Chlorides. A solution of anhydrous aluminum 
chloride (0.06 mol) and the acyl chloride (0.06 mol) in 30 ml 
of anhydrous carbon disulfide was added to a stirred solution 
of anthracene (3.6 g, 0.02 mol) in 35 ml anhydrous carbon 
disulfide at 20—25 °C and the mixture was stirred for 2—5 h 
at room temperature or at reflux. The reaction mixture was 
poured to a 200 ml beaker nearly filled with a mixture of 
crushed ice and concentrated hydrochloric acid. The organic 
layer was extracted with benzene, washed with 5% aqueous 
sodium hydrogencarbonate solution, and evaporated to 
dryness. Isolation and purification of each product were per­
formed with column chromatography on silica gel. 

Analyses and properties of the products are described below. 
Specific examples of the acylation are given in detail below. 

1,5-Dipropionylanthracene (2): Yield 2 8 % ; m p 169—171.5 
°C; IR 1675 cm-1; NMR (CDC13): (5=1.32 (6H, t, 7 = 9 . 0 
Hz), 3.12 (4H, q, 7 = 9 . 0 Hz), 7.45 (2H, dd, 7 = 7 . 0 and 8.0 
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Hz), 7.96 (2H, d, 7 = 7 . 0 Hz), 8.20 (2H, d, 7 = 8 . 0 Hz), and 
9.40 (2H, s). MS m/e: 290. Found: G, 82.70; H, 6.23%. 
Calcd for G20H18O2: G, 82.73; H, 6.25%. 

1,8-Dipropionylanthracene (6): Yield 13%; mp 169—171.5 
°G; IR 1675 cm-1; NMR (GDG13): 6=1.30 (6H, t, 7 = 7 . 5 
Hz), 3.08 (4H, q, 7 = 7 . 5 Hz), 7.40 (2H, dd, 7 = 7 . 0 and 7.5 
Hz), 7.75 (2H, d, 7 = 7 . 0 Hz), 8.04 (2H, d, 7 = 7 . 5 Hz), 8.36 
(1H, s), and 9.77 (1H, s). MS m/e: 290. Found: G, 82.91; 
H, 6.24%. Galcd for G20H18O2: G, 82.73, H, 6.25%. 

1,5-Bis (cyclohexylcarbonyl) anthracene (4): Yield 37%; mp 
208—210 °G; IR 1690 cm"1; NMR (GDG13) : (5=1.20—2.10 
(20H, m), 3.10—3.50 (2H, m), 7.46 (2H, dd, 7 = 7 . 0 and 
8.5 Hz), 7.86 (2H, d, 7 = 7 . 0 Hz), 8.16 (2H, d, 7 = 8 . 5 Hz), 
and 9.06 (2H, s). MS m/e: 398. Found: C, 84.26; H, 7.62%. 
Galcd for G28H30O2: G, 84.38; H, 7.59%. 

l,5-Bis[3-(methoxycarbonyl)propionyl]anthracene (5) : Yield 
23%; IR 1735 cm"1; NMR (GDG13) : (5=2.88 (4H, t, 7 = 6 . 0 
Hz), 3.48 (4H, t, 7 = 6 . 0 Hz), 3.76 (6H, s), 7.52 (2H, dd, J= 
7.0 and 8.5 Hz), 8.12 (2H, d, 7 = 7 . 0 Hz), 8.26 (2H, d, 7 = 
8.5 Hz), and 9.45 (2H, s). MS mle: Found: G, 71.20; H, 
5.32%. Galcd for G24H2206: G, 70.92; H, 5.46%. 

l,8-Bis[3-(methoxycarbonyl)propionyl]anthracene (8) : Yield 
11%; mp 172.5—175 °G; IR 1730—1745 cm"1; NMR 
(GDG13) : (5=2.92 (4H, t, 7 = 7 . 0 Hz), 3.45 (4H, t, 7 = 7 . 0 Hz), 
3.76 (6H, s), 7.45 (2H, dd, 7 = 7 . 0 and 8.0 Hz), 8.02 (2H, d, 
7=7 .0 Hz), 8.18 (2H, d, 7 = 8 . 0 Hz), 8.50 (1H, s), and 9.92 
(1H, s). MS m/e: 406. Found: G, 70.98; H, 5.42%. Galcd 
for G24H2206: G, 70.92; H, 5.46%. 

Reaction of Anthracene with Isobutyryl Chloride. A solution 
of aluminum chloride (8.0 g) and isobutyryl chloride (6.4 g) 
in 30 ml of anhydrous carbon disulfide was added to a stirred 
solution of anthracene (3.6 g) in 35 ml anhydrous carbon 
disulfide at 20 °G and the mixture was stirred for 5 h at 
reflux. The reaction mixture was poured into a 200 ml 
beaker nearly filled with a mixture of ice and concentrated 
hydrochloric acid. The organic substances were extracted 
with benzene and washed with 5% aqueous sodium hydro-
gencarbonate. Then the solvent was evaporated to dryness. 
The obtained residue was subjected to column chromatography 
with benzene as an eluent. The crude crystalline products 
were separated and recrystallized from ethanol to afford three 
pure products: 

1,5-Diisobutyrylanthracene (3): Yield 2.16 g (34%). Mp 
124.5—126 °G; IR 1675 cm"1; NMR (GDG13) : 0= 1.28 (12H, 
d, 7 = 8 . 0 Hz), 3.69 (2H, sept, 7 = 8 . 0 Hz), 7.44 (2H, dd, J= 
7.0 and 8.0 Hz), 7.83 (2H, d, 7 = 7 . 0 Hz), 8.14 (2H, d, J= 
8.0 Hz), and 9.08 (2H, s). 13C-NMR (GDG13): (5=18.9, 
39.0, 124.1, 126.0, 127.5, 128.3, 133.0, 133.5, 135.5, and 208.2 
Hz. MS m/e: 318. Found: G, 83.10; H, 6.88%. Galcd 
for G22H2202: G, 82.98; H, 6.96%. 

1,8-Diisobutyrylanthracene (7): Yield 0.75 g (12%). Mp 
102.5—104.5 °G; IR 1675 cm"1; NMR (GDG13) : 6=1.28 
(12H, d, 7 = 8 . 0 Hz), 3.54 (2H, sept. 7 = 8 . 0 Hz), 7.43 (2H, 
dd, 7 = 7 . 0 and 8.0 Hz), 7.67 (2H, d, 7 = 7 . 0 Hz), 8.04 (2H, 
d, 7 = 8 . 0 Hz), 8.40 (IH, s), and 9.18 (IH, s). MS m/e : 318. 
Found: G, 82.73; H, 6.99%. Galcd for G22H2202: G, 82.98; 
H, 6.96%. 

3,7-Diisopropyl-1,5-diisobutyrylanthracene (9): Yield 0.12 g 
(1.5%). Mp 192—195 °C; IR 1680 cm"1; NMR (GDG13) : 
(5=1.27 (12H, d, 7 = 8 . 0 Hz), 1.40 (12H, d, 7 = 8 . 0 Hz), 3.08 
(2H, sept, 7 = 8 . 0 Hz), 3.56 (2H, sept, 7 = 8 . 0 Hz), 7.65 (2H, 
s), 7.90 (2H, s), and 8.91 (2H, s). 13C-NMR (CDC13) : 0= 
19.0,23.5 34.1, 39.1, 125.0, 127.5, 128.1 128.2, 132.9, 135.7, 
143.8, and 208.5 Hz. MS m/e: 402. Found: C, 83.38; H, 
8.44%. Galcd for G28H3402: G, 83.54; H, 8.51%. 

Reaction of 1,5-Diisobutyrylanthracene with Isobutyryl Chloride. 
To a stirred mixture of 1,5-diisobutyrylanthracene (4.8 g) and 

aluminum chloride (16 g) in anhydrous carbon disulfide (20 
ml) was added a solution of isobutyryl chloride (8.0 g) in 
anhydrous carbon disulfide (5 ml) at 20 °G. The mixture 
was stirred overnight and treated as described above. Separa­
tion by column chromatography and recrystallization from 
ethanol-hexane afforded 3,7-diisopropy 1-1, 5-diisobuty rylan-
thracene (9) : Yield 1.05 g (17.4%). 

Reaction of 1-Isobutyrylanthracene with Isobutyryl Chloride. 
To a stirred mixture of 1-isobutyrylanthracene (2.5 g) and 
aluminum chloride (10.7 g) in anhydrous carbon disulfide 
(20 ml) was added a solution of isobutyryl chloride (8.5 g) 
in anhydrous carbon disulfide (5 ml) at 25 °G. The mixture 
was stirred overnight at 25 °G and treated as described above. 
Separation using column chromatography and recrystalliza­
tion from ethanol-hexane afforded 1,5-diisobutyrylanthracene 
(3) (0.36 g, 11%), and 3,7-diisopropy 1-1,5-diisobutyrylanthra­
cene (9) (0.4 g, 10%). 

Reaction of 1,5-Diisobutyrylanthracene with Isopropyl Chloride. 
To a stirred mixture of 1,5-diisobutyrylanthracene (1.6 g) and 
aluminum chloride (6.7 g) in anhydrous carbon disulfide 
(20 ml) was added a solution of isopropyl chloride (4.0 g) in 
anhydrous carbon disulfide (10 ml) at 25 °G. The mixture 
was stirred at 25 °G for 6 h, then for 2 d at reflux, and treated 
as described above. The starting 1.5-diisobutyrylanthracene 
was recovered (1.1 g) and 3.7-diisopropyl-1,5-diisobutyryl­
anthracene (9) (0.4 g, 19.4%) was separated out. 

Reaction of l-Dimethylamino-5-methoxyanthracene with Isobutyryl 
Chloride. A solution of anhydrous aluminum chloride 
(0.06 mol) and isobutyryl chloride (0.06 mol) in 30 ml of 
anhydrous carbon disulfide was added to a stirred mixture of 
l-dimethylamino-5-methoxyanthracene (5.0 g, 0.02 mol) in 
30 ml anhydrous carbon disulfide at 0—5 °G. The mixture 
was stirred at the same temperature for 3 h. The reaction 
mixture was treated as described above. Isolation and purifica­
tion gave a greenish crystalline material identified as 5-
dimethylamino-4-isobutyryl-1 -methoxyanthracene ; Yield 2.0 
g (31.2%). Mp 134.5—139 °G; IR 1675 cm"1; NMR 
(GDG13) : (5= 1.30 (6H, d, 7 = 6 . 0 Hz), 3.00 (6H, s), 3.66 (IH, 
sept, 7 = 6 . 0 Hz), 4.12 (3H, s), 6.66 (IH, d, 7 = 8 . 5 Hz), 6.98 
(IH, d, 7 = 8 . 0 Hz), 7.38 (IH, dd, 7 = 8 . 0 and 9.0 Hz), 7.66 
(IH, d, 7 = 9 . 0 Hz), 7.86 (IH, d, 7 = 8 . 5 Hz), 8.80 (IH, s), and 
9.58 (IH, s). MS m/e: 321. Found: G, 78.27; H, 7.10; N, 
4.56%. Galcd for G21H2302N: G, 78.47; H, 7.21 ; N, 4.36%. 

The Measurement of Chemiluminescence. Commercially 
available KOH (from Kanto Chemical Co., Inc.), and 'BuOK 
(from Merck for synthesis) were used without further purifi­
cation. Other alkali metal f-butoxides were prepared by 
dissolving an alkali metal in /-butyl alcohol. Luminol was 
recrystallized from dilute hydrochloric acid prior to use. All 
solvents used were purified by distillation. The luminescent 
reaction was initiated by adding a base to an aerated solution 
of ketone, with stirring, in a quartz cell (10x10x45 mm) 
which was situated in a thermostatically-controlled cell holder. 
The chemiluminescent intensity was measured on a Shimazu 
spectrofluorophotometer RF-520 with no exciting source. The 
total light emission was determined graphically from the /-/ 
curves. A standard solution of luminol in anhydrous DMSO 
having an optical density at 359.5 nm (the absorption peak) 
of 0.010 (1.26 X 10"6 mol 1"1) was prepared, and the /-/ curve 
of the chemiluminescence initiated by adding 0.2 ml of a 
'BuOK solution to 2 ml of the standard solution was measured 
on the same apparatus at 313 K. Using the value of 1.28 x 
10"2 einstein mol"1 proposed by Lee et al. for the chemilumi­
nescence exhibited from the luminol solution, the quantum 
yields for direct chemiluminescence from ketones were deter­
mined from the ratio of the total light emitted from the luminol 
solutionto the total measured light emission from the ketone 
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solutions. 
Methyl Ester of the Air-oxidated Product of Compound 3, 9, and 10. 

To a stirred solution of compound 3, 9, or 10 in benzene was 
added a solution of excess amount of potassium f-butoxide 
in f-butyl alcohol at 20 °G. Then chemiluminescence was 
observed. Water was added to the resulting mixture and 
stirred vigorously. The aqueous layer was separated, neutral­
ized with acetic acid and extracted with chloroform. To this 
organic solution was added a solution of diazomethane in 
ethyl ether. After stirring for 1 h, the solvent was evaporated 
to dryness. The obtained residue was subjetced to column 
chromatography with benzene as an eluent. The methyl 
ester of compound 3, 9, or 10 was obtained. 

1,5-Bis(methoxycarbonyI)anthracene: Mp 123—125 °G; IR 
1710 cm-1; NMR (GDG13) : (5=4.06 (6H, s), 7.54 (2H, t, J= 
8.0 Hz), 8.30 (4H, d, 7 = 8 . 0 Hz), and 9.65 (2H, s). Found: 
G, 73.63; H, 4.53%. Galcd for G18H1404: G, 73.46; H, 
4.80%. 

3,7-Diisopropyl-l,5-bis(methoxycarbonyl) anthracene: Mp 149— 
151 °G; IR 1705 cm"1; NMR (GDG13): (5=1.38 (12H, d, J= 
8.0 Hz), 3.10 (2H, sept, 7 = 8 . 0 Hz), 4.02 (6H, s), 8.00 (2H, s), 
8.12 (2H, s), and 9.40 (2H,s). Found: G, 75.80; H, 7.02%. 
Galcd for G24H2604: G, 76.16; H, 6.93%. 

5-Dimethylamino- 1-methoxy-4- (methoxycarbonyI) anthracene : Mp 
130—131 °G; IR 1700 cm"1; NMR (GDG13) : (5=3.00 (6H, s), 
3.96 (3H, s), 4.00 (3H, s), 6.58 (1H, d, 7 = 8 . 0 Hz), 6.92 (1H, d, 
J = 8.0 Hz), 7.32 (1H, t, 7 = 8 . 0 Hz), 7.58 (1H, d, 7 = 8 . 0 
Hz), 8.14 (1H, d, 7 = 8 . 0 Hz), 8.74 (1H, s), and 9.92 (1H, s). 
Found: G, 74.00; H, 6.02; N, 4.62%. Galcd for G19H1903N: 
G, 73.76; H, 6.19; N, 4.53%. 
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Rayleigh scattering spectra were observed for the binary solutions of t-butyl alcohol (TBA)-water and 2-
butoxyethanol (BE)-water. The observed line-widths were reduced to mutual diffusion coefficients. The observed 
concentration dependencies of the mutual diffusion coefficients were well explained by postulating the existence 
of "moving units"— a group of molecules which move together for a time much longer than the velocity auto­
correlation time. The structure of the moving units which are formed in the TBA-water solution was (H2O)20TBA 
for -XTTBA<;0.05, and 4(H2O)20TBA for X,,BA>0.05, where XTBA is the mole fraction of TBA. For the BE-water 
so lu t ionne structure was found to be (H2O)50BE for ^TBE^0.02 and 3(H2O)60BE for * B E >0 .02 . These results 
were compared with the results which had been obtained from the concentration dependencies of the mean-square 
concentration fluctuation values. 

Local fluctuations of concentration afford information 
which is useful for understanding the mixing of liquids 
from a molecular viewpoint. Since the mean-square 
amplitude of concentration fluctuation is related to the 
spatial correlation between positions of different molecu­
les, it affords information about the local structure 
formation in solution. In our previous reports, we have 
discussed the local structures in various solutions on the 
basis of the quantitative analysis of the mean-square 
concentration fluctuation obtained from the Rayleigh 
scattering intensities.1-9) T h e local structures were 
expressed in terms of the mean association number in 
the ordinary sense. 

In order to discuss the state of mixing from a 
dynamical standpoint, however, the life-time of local 
structures should be taken into account along with the 
mean association number. Here, we define the "life­
t ime" as the time during which the relative positions 
of molecules in a local structure change very little. 
Instead of observing the life-time directly, we introduced 
the concept of a "moving un i t "—a group of molecules 
which move together for a time much longer than the 
velocity auto-correlation time—in our preceding report10) 
as a useful concept for describing dynamical aspects 
of local structures. T h e mutual diffusion coefficient 
was theoretically expressed in terms of the self 
diffusion coefficients and the number of moving 
units. The theoretical results were applied to the study 
of the mutual diffusion coefficients for me thano l -
carbon tetrachloride and ethanol-carbon tetrachloride 
systems obtained from the intensity distribution measure­
ments of Rayleigh lines. It was shown that the mean 
number of alcohol molecules which constitutes a moving 
unit was much smaller than the mean association 
number of alcohol, especially in the high concentration 
range of alcohol. This indicated that the hydrogen-
bonded polymer of alcohol molecules cannot move 
without changing shape within the velocity auto­
correlation time. 

T h e present report concerns itself with the extension 
of this line of approach to the aqueous solutions of £-butyl 
alcohol (TBA hereafter) and 2-butoxyethanol (BE 
hereafter). O u r expectation is that the life-times of the 

local structures formed in these solution are much longer 
than those in the ordinary binary solutions like 
methanol-carbon tetrachloride and ethanol-carbon 
tetrachloride.10) 

Recently, Iwasaki et al. have observed the light 
scattering spectra for the binary solution of f-butyl 
alcohol and water.7-8) They have concluded that 
clathrate hydrate-like structures of the type 
£ [ (H 2 0) 2 1 TBA] (£=1—5) exist in the solution, from 
the analysis of the observed concentration dependence 
of the mean-square concentration fluctuation. By 
considering the results of X-ray diffraction analyses for 
the structure of solid clathrate hydrate, it has been 
suggested that a TBA molecule is surrounded by water 
molecules which form a polyhedron. This result 
indicates that the life-time of these local structures in 
the TBA-water solution might be much longer than 
those observed in the carbon tetrachloride solutions of 
alcohols.10) This expectation is confirmed by the 
measurement and analysis of the concentration depend­
ence of the mutual diffusion coefficient, which is obtained 
from the line-width of Rayleigh line. T h e binary 
solution of water-BE is also included in the present 
study. 

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

The light scattering spectrometer (heterodyne detection) 
used in the present study was designed and constructed in our 
laboratory.11) The light source is an argon ion laser (Spectra-
Physics model 165-09) which produced 0.1—1 W power at 
488 nm. The scattering angle, 0, was defined by two pinholes 
approximately 50 cm apart and 0.5 mm in diameter. The 
laser beam is focused into a rectangular scattering cell. Scat­
tered light and local oscillator beam (scattered from the cell 
walls) are collected onto the surface of a photomultiplier tube 
(HTV R-374). The photocurrent is amplified and then fed 
to a spectrum analyzer (Takeda-Riken TR 4120S). This 
analyzer is designed for use in the spectral region 50 Hz—30 
MHz. The out-put of the analyzer is averaged by a signal 
averager (Kawasaki Electronica M50E-TMG 600). The 
averaged spectrum is squared prior to recording, so that 
the final output signal is proportional to the power spectrum 
of the scattered light. Details of the spectrometer have been 
reported elsewhere along with the reliability of the observed 
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data.11) 
Light scattering spectra were recorded at the temperature 

of 25± 1 °G in the scattering angle range of 5 ° < ö < 2 1 ° -
All the chemicals were commercial products (Tokyo Kasei's 

Extra Pure). 2-Butoxyethanol was purified by distillation 
and f-butyl alcohol was used without further purification. 
Water was triply distilled. The binary mixtures of TBA and 
water were made dust free by the use of a Nuclepore filter 
with a pore size of 0.1 (xm. 

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

Mutual Diffusion Coefficients and Velocity Correlation 
between Different Molecules. T h e procedure for 
obtaining the mutual diffusion coefficient from the 
Rayleigh scattering spectra is the same as that described 
in the preceding report.10) Figures 1 and 2 show the 
concentration dependences of the mutual diffusion 
coefficients for the binary solutions of TBA-water and 
BE-water, respectively. 

T h e mutual diffusion coefficient for the binary 
solution whose components are molecules A and B is 

• ^ • T B A 

Fig. 1. Observed mutual diffusion coefficients for TBA-
water system at 25 °C. 

expressed in terms of velocity correlation functions as 

D=QL (1) 

with 

L = XBDA + XADB + XB(nA - 1) Faa, 

+ Xk («B - 1) Vw - 2XAXB (nA + nB) F a b (2) 

d = xAxr 
N<(AX)*> 

'-€< v,(0'Vj(0)>d* 

(3) 

(4) 

( i , j , = a, a', b o r b ' ) . 

T h e notations in these equations are the same as those 
used in the preceding report.10) 

I n the case where velocity correlation between 
different molecules can be neglected, L is reduced to 

L° = XBDA + XADB. (5) 

Equation 2 can be rewritten in terms of L° as 

L = L° + XAXB(nA + nB) (V„. + Vbb, - 2Fab), (6) 

where we have taken n4— \—nA and nB— 1— «B because 
riA, nB^> 1. Equation 6 indicates that L is larger than L° 
when the velocity correlation between same species is 
stronger than that between different species, that is, 
Faa /+F b b / >2Fa b . In the case where VM,+ Vbb,< 
2 Fab, on the other hand, L takes a smaller value than 
L°. 

Figures 3 and 4 show the concentration dependences 
of L calculated from the observed values of D and 
N < ( A Z ) 2 > for the binary solutions of TBA-water and 
BE-water . The observed values of i V < ( A Z ) 2 > for the 
BE-water system are shown in Fig. 12. The observed 
values for the TBA-water system were already 
reported.7,8) I t is seen from Figs. 3 and 4, that L takes 
a minimum value at J ^ O . 0 5 for the TBA-water system 
and Z^»0.02 for the BE-water system, where X is the 
mole fraction of TBA or BE. 

T h e broken line of Fig. 3 shows the concentration 
dependence of L° calculated from Eq. 5 where experi­
mental values of the self diffusion coefficients found in 
the literature12 '13) was used (see Fig. 5). It is seen from 

Fig. 2. Observed mutual diffusion coefficients for BE-
water system. 

0.05 o.io 0.15 

Fig. 3. Observed values of L (see Eqs. 1—3) for TBA-
water system. The dashed line shows L° (see Eq. 5). 
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Fig. 4. Observed values of L (see Eqs. 1—3) for BE-
water system. 
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Fig. 5. Observed self diffusion coefficients for TBA-water 
system. 

the figure that L is smaller than L° for 0 < Z < 0 . 0 6 5 and 
is larger than L° for 0 . 0 6 5 < X These results suggest 
that (Faa/+Fbb/—2Fab) in Eq. 6 is not equal to zero 
for the present system. 

Moving Unit in TBA-Water System. In the 
previous report,10) we have introduced the concept of a 
moving unit in order to obtain information about the 
cooperative translational motion of molecules in solu­
tion. We will try to explain the observed concentration 
dependence of L by using this concept. 

The analysis7) of the Rayleigh intensities for the TBA-
water system has shown the existence of clathrate 
hydrate-like structures of the type (H 2 0) 2 iTBA for 
0 < Z < l / 2 2 and of the type 5[(H 2 0) 2 1 TBA] for 1/22<Z. 
Therefore, we consider first a moving unit of the A/B-
type where A and B represent water and TBA molecules, 
respectively. Then, L is expressed as 

+ • £ [ • * / > . , + nAlBDAlB]- 2 A ^ B , (7) 

where wa(a=A/B etc.) is the number of moving units of 
a-type and A* the self diffusion coefficient of a moving 
unit a. In Eq. 7, a moving unit of the A r type has also 
been assumed to exist. Since the relations 

"A = ™Ar + KtB 

«B = nBt + HÀJB ( 8 ) 

hold, Eq. 7 is reduced to 

L = XBrDAr + XADBl + * A , B [ ^ l [lDW ~ rD*r) 

+ - ^ ( ^ A I . - ^ > . 1 ) - 2 ( D A | B J 

L A j B : 
_ ^ A 1 B _ _ 

A + "B" 

(9) 

(10) 

(a) h for a Model System Composed of Ah Afi, and Bv 

In order to determine the /-dependence of L, we consider 
the special case where r=l and DAIB=DA1=DB1 = DS-
We further assume that for 0 ^ Z B ^ l / ( / + l ) there exist 
only those moving units of the types A/ and A/B and 
for l / ( / + l ) <*XB only those of the types A/B and Bv 

This corresponds to the conditions XAIB—XB for 
0 ^ Z B ^ l / ( / + l ) , and XAlB=XA/l for l / ( / + l ) ^ Z B . 
Figure 6 shows the concentration dependences of L for 
Ds = \ and for various values. It is seen from the figure 
that there exists a specific concentration, Xh at which 
L is zero. Xt is equal to l / ( / + l ) , which is the number 
ratio of B molecules to all the molecules in the moving 
unit A/B. By comparing Fig. 6 with Fig. 3, we can see 
that the theoretical curve for / = 2 0 in Fig. 6 explains 
the observed concentration dependence of L in the 
sense that L takes a minimum value at ^ ^ 0 . 0 5 . 
However, the observed value of L does not go to zero 
at any concentration. This suggests the existence of 
other types of moving units than A/B even at XB = 

0.2 0.3 

Fig. 6. Theoretical values of L calculated from Eq. 9 for 
DAB=DA =Z) B l =l (r=l) and for various / values. 
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l / ( / + l ) . Therefore, we consider the coexistence of the 
types A/, A/B, and Bv In order to determine the 
concentration dependence of XAlB) we further assume 
the relation 

*AIB _ K
 nAt nBl 

N' N' Nf 

^ = »A, + »AjB + »Br O l ) 

This corresponds to assuming the association equilibrium 

A, + Bx ^ L A,B, (12) 

where iC is an equilibrium constant. Then, XAlB can be 
expressed in terms of K as 

^ B = ^7-[(^A + ^ B ) - { ( ^ A + ^ B ) 2 

(13) 

Figure 7 shows the concentration dependences of L 
calculated from Eqs. 10 and 13 for / = r = 2 0 and for 
various K values. It is seen from the figure that L takes a 
minimum value at XB^0.0b. 

0.05 0.10 0.15 

XB 

Fig. 7. Theoretical values of L calculated from Eqs. 10 
and 13 for / = r = 2 0 and for various lvalues. 

(b) h for a Model System Composed qfAr, Aß, and Bv 

In the above analysis, we have assumed that the self 
diffusion coefficients of the moving units (DAr, DAlB, 
and DBl) are equal and independent on concentration. 
This assumption, however, is not quite reasonable, for 
the following reasons. The self diffusion coefficients, 
DAr, DAIB, and DBl can be related to the self diffusion 
coefficients, DA and DBi which correspond to the species 
A and B by the equations 

~ rnA ^ lnA 

DA = -±DAr + nA 

rtA;B 

nA 
D AjB 

Dn = ^ DW + -D* 
»B 

(14) 

Therefore, the above assumption is equivalent to 
assuming DA=DB at any concentrations. Actually, the 
observed DA and DB values are different and depend 
on concentration (see Fig. 5). 

In order to take into account the observed concentra­
tion dependences of DA and DB properly, we rewrite 
Eq. 11 by using Eq. 14 as 

L = rXBDA + XADB - lXAlBDAlB 

[-£('-)} (15) 

As Eq. 15 has four unknown parameters, /, r, XAlB, and 
DAiBi on the right hand side, it is difficult to determine 
these parameters from the observed data uniquely. 
Fortunately, however, we can restrict the probable 
magnitudes of these parameter values as follows. 

As the sizes and weights of Ar and B1 are both 
smaller than those of A/B, the lower limit of the DAlB 

value may be defined as: DAlB<^DAr and DAlB<LDBl. 
We can also define the upper limits of DAlB and BBl, so 
that the probable magnitudes of these parameters are 
restricted by the relations 

DAlB^DAr<^&DAlB 

DAlB^DBl^bDAlB. (16) 

The constants a and b of Eq. 16 are arbitraly. However, 
it is improbable that DBl is larger than \0DAlB because 
the self diffusion coefficient of a moving unit is inversely 
proportional to its weight, approximately,14) and because 
the weight of A/B is about six times as large as that of 
Bv So, we set £ = 1 0 . Similarly, we may set a=40/r 
because the weight of BL is about 4/r times as large as 
that of Ar. DAr and DBl can be expressed in terms of 
Z)A, DB, and DAlB as 

^A-^A — lXAlBDAlB 

XA — lXAlB 

flAr = (17a) 

DBl = 
DRX B-^B J ^ A J B Ö A J B 

Xn-X AjB 
(17b) 

Combination of Eqs. 16 and 17 gives the relations 

* A ^ A 
£>A>£>A,B> 

^ B > ^ B > 

a{XA-lXAlB) + lXAlB 

XBD* 

(18a) 

(18a) 
b (XB — XAlB) + XAlB ' 

Therefore, we can define the smallest value, Lmin, and 
the largest value, Anaxj of L as 

Lmin = M-XAlBDAH (19) 

/ > _ M * A ^ A * A t B 
* - * " - * * a(XA-lXAlB) + lXAlB 

L^x = M XBDBXAlB 

b (XB — XAlB) + XAlB 

H 

H 

(20a) 

(20b) 

M=XBrDA + XADB 

H = l[2- XB(l - r)/XA] (fl=40/r, b= 10) 

if i / > 0 . The values of L^ax and Lmax are determined 
from Eqs. 18a and 18b, respectively. The values of 
L m i n are determined from Eq. 18 and the relation that 
DA^>DB (see Fig. 5). For i / < 0 , L m i n in Eq. 19 becomes 
a maximum value and L m a x in Eq. 20 becomes a 
minimum value. Figures 8—10 show the domain of L 
calculated from Eqs. 19 and 20 for some values of r 
and K, where the concentration dependence of XAlB 

is assumed to be determined by Eq. 13. It is seen from 
these figures that the observed L values satisfy the 
inequality represented by Eqs. 19 and 20 for r = 4 in the 



April, 1981] Cooperative Motions in Aqueous Solutions of TBA and BE 995 

i o 

0.05 0.10 

X, TBA 

Fig. 8. Domain of L calculated from Eqs. 19 and for l-
20, r = l , and # = 1 0 (shaded area). 

a 
u 

? 
o 

Jvm 

Fig. 9. Domain of L calculated from Eqs. 19 and 20 for 
/=20, r = 4 , and # = 1 0 (shaded area). 

low concentration range of TBA (X<0 .03 ) . In the 
high concentration range, however, the domain calcu­
lated for any r or K value does not cover the observed L 
values. This implies that the present model is not 
applicable in the high concentration range. 

(c) L for a Model System Composed of A r , gA/B, and 
Bj. In the Rayleigh intensity analysis, the existence 
of the local structure of the type 5 [ ( H 2 0 ) / T B A ] has 
been proposed for l /( / ' + l ) < ^ B ( / ' ^ 2 1 ) . So we assume 
the coexistence of the moving units of the types gA?B 
(g=2, 3 , . . ) , A r , and Bt for XB>\(l+\). Then , L is 
expressed as 

L = M+XAlBD9AlBP' 

AjB = * * , gAiB- (21) 

In this case the relations corresponding to Eq. 16 are 

*g DgAlB^DAr^fDgAlB 

DoAlB^DBl^bgDgAlB. 

Therefore, 

= M- DAXAlBH 
xißAXAlB 

ag(X& - lXklB) + lXAlB 

i j» i x = M- X*D*XH* 
bg (XB — XAlB) + XAlB 

H' 

H' 

(22a) 

(22b) 

(23) 

(24a) 

(24b) 

for H'yO. T h e domain of L calculated from Eqs. 23 
and 24 for r=\, K=\0} and £ = 4 is shown in Fig. 11, 
where the domain of L for Z B < l / ( / + l ) is calculated 
from Eqs. 19 and 20. I t can be seen from the figure that 
the calculated domain covers the observed values of 
Z > 0 . 0 2 . 

We could not find any other r and g values which 
give a domain of L which covers the observed values 
for Z < 0 . 1 . However, for Z < 0 . 0 7 5 , for example, the 
domain calculated for r=\ and g = 3 also covers the 
observed L values. Similarly, for Z < 0 . 0 7 , we can find 

Fig. 10. Domain of L calculated from Eqs. 19 and 20 for 
/=20, r = 4 , and K= 100 (shaded area). 

0.10 

Fig. 11. Domain of L calculated from Eqs. 23 and 24 for 
/=20, r = l , # = 1 0 , and £ = 4 (^>0.02) and that 
calculated from Eqs. 19 and 20 for /=20, r = 1, and # = 
10 {X<$m). 
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that three sets of values: (r, g) = (l, 4) , (1 , 3), and (2, 2), 
can produce domains which can cover the observed L. 
These results may suggest an increase of g and decrease 
of r with the increasing concentration of TBA. 

From the above analysis, the following types of 
moving units can be expected in the TBA-water 
solution : 

Ar (r = 4—10), A^B, and Bx for 0 < XB <> 0.05 

Ai, 4A2QB, and B^ for 0.05 <>XB. 

An approximate / value can be determined from the 
concentration at which L takes a min imum value. 

Moving Unit in BE-Water System. We have 
analyzed the observed mean-square concentration 
fluctuation for the BE-water system by the same way 
as was used for the TBA-water system.7) O u r conclusion 
is that there are local structures of the type (H 2 0) 5 5 BE 
for 0 < Z B E < l / 5 6 and of the type 3 ( H 2 0 ) 5 5 BE for 

1/56>ZB E . 
For the BE-water system, the self diffusion coefficients 

have not been reported. However, the observed concen­
tration dependence of L in Fig. 4 suggests the existence 
of moving units similar to these in the TBA-water 
system, tha t is, the (H 2 0) /BE type. From the concen­
tration at which L takes a min imum value, the / value is 
obtained to be about 50. 

Concluding Discussion. We have shown that 
moving units of the types £[(H 2 O) 2 0 TBA] and 
£ ' [ (H 2O) 5 0BE] exist in the binary solution of TBA-water 
and BE-water , respectively. T h e analysis of the concen­
tration dependences of the mutual diffusion coefficients 
gave these results. In the study of the mean-square 
concentration fluctuations for these systems, on the 
other hand, the existence of local structures of the 
types £"[(H2O)2 0TBA] and £ '" [ (H 2 0) 5 5 BE] has been 
suggested. With the help of the results of X-ray diffrac­
tion analyses for the structure of solid clathrate 
hydrate,15> the following picture can be drawn for the 
mixing state of TBA-water mixtures. I n the concentra­
tion range of 0 < Z T B A < 1/22, a TBA molecule forms a 
polyhedron surrounded by water molecules and the 
polyhedra are dispersed in water. I n the concentration 
range of 1 / 2 2 < Z T B A < 0 . 1 , the aggregates of five 
polyhedra are dispersed in TBA. Because the ratio of 
water molecules to a TBA molecule in a moving unit is 
nearly equal to tha t in the above polyhedron, it can be 
concluded that the life-time of the clathrate hydrate-like 
structure is much longer than the order of the velocity 
auto-correlation time (10~13—10~12s). This is in 
contrast with the results obtained for the binary solutions 
of methanol-carbon tetrachloride and ethanol-carbon 
tetrachloride. In these systems, a group of hydrogen-
bonded alcohols cannot be a moving unit, especially 
in the high concentration range of alcohol (ZaiCohoi> 
0.1). This result has been explained as follows. Consider 
the velocity correlation between two alcohols which 
form a linear hydrogen-bonded polymer. If these two 
molecules are adjacent to each other, the velocity 
correlation between them is expected to be strong. If 
these two molecules are not adjacent to each other, on 
the other hand , the velocity correlation between them 
becomes relatively weak. Therefore it is expected that 

3t 

X 2 + 

1 f 

0.15 

Fig. 12. Observed mean-square concentration fluctua­
tion for BE-water system. 

the number of alcohols which form a moving unit 
cannot exceed a certain number, no matter how large 
the association number of hydrogen-bonded polymer is. 
In other words, the long hydrogen-bonded polymer 
cannot be a moving unit. 

T h e present results are not inconsistent with this 
viewpoint. In the TBA-water solution, the distances 
between the TBA molecule and each water molecule 
which form a polyhedron are almost the same. There­
fore, the velocity correlation between the TBA molecule 
and each water molecule is expected to be strong. For 
the BE-water system, no picture for the mixing state 
has been drawn. We suggest the picture is similar to 
that in the TBA-water systems, because the present 
study has shown that the local structure predicted by 
the Rayleigh intensity analysis can be a moving unit 
itself. 
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The structure of the triclinic form of octaethylporphinium (monocation) triiodide was determined by X-ray 
analysis. The structure of the previously determined orthorhombic form was refined using diffractometer data. 
The final R values for the triclinic and the orthorhombic forms were 0.060 and 0.069, respectively. The present 
analysis has established the inherent structure of porphyrin monocations ; three pyrrole rings are coplanar and the 
plane of the fourth ring is tilted from the mean plane of the other three. The magnitude of the tilt angle is 12.5° 
for the triclinic form and 16.1° for the orthorhombic form. 

Porphyrins exist in solution as the free base, mono-
cationic and/or dicationic species, each of which shows 
the characteristic absorption spectrum.1) As the equili­
br ium between the free base and the monocation is 
sensitive to p H and other factors,2) the cationic species 
could be present in a biological environment.3) The 
resemblance of spectrum between the monocation and 
the reaction intermediate of metal incorporation4) 
suggests that in the final stage of oxidation from por­
phyrinogen to porphyrin, which occurs in the mito-
chondoria or in cytoplasm,5) the monocationic species 
plays a role in controlling the formation of metallopor-
phyrins. 

For comprehensive studies in porphyrin stereochemi­
stry, it is important to reveal the structure of porphyrin 
monocation, since structural studies have been done 
for the free base and dicationic species.6'7) As a first 
example, we have previously reported the structure of 
the orthorhombic form of octaethylporphinium 
(monocation) triiodide crystal,8) in which one pyrrole 
ring is inclined by 14° with respect to the plane of the 
remaining porphyrin nucleus. This is quite different 
from the typical structures of the other species; the free 
base is planar within ± 0 . 0 5 Â,6) w h i l s t t h e dication is 
deformed considerably, assuming 4 symmetry.7) 
Although the inner hydrogen atoms are expected to 
determine the stereochemistry of monocation, their 
positions were not directly obtained owing to the low 
accuracy of intensity data. We have tried to refine the 
structure using new diffractometer data. O n the other 
hand, we obtained the triclinic crystals of octaethyl­
porphinium (monocation) triiodide [ (H 3 OEP)+I 3 - ] , in 
which benzene molecules are solvated. The structure 
of this crystal has been determined in order to examine 
the packing effect of the crystal upon the structural 
feature of the monocation. A comparison of the two 
structures in detail will give the inherent structure of 
porphyrin monocation. 

E x p e r i m e n t a l a n d Structure D e t e r m i n a t i o n 

Triclinic Crystal. Triclinic crystals of (H3OEP)+I3-, 
reddish brown plates, were obtained from a dichloromethane-
benzene solution of octaethylporphinium (dication) tetraiodide, 
A crystal 0.16x0.16x0.32 mm3 was used for data collection 
on a Rigaku automated, four-circle diffractometer with 

graphite monochromated MoXa (A=0.71069 Â) radiation. 
Density measured by the flotation method suggested the 
benzene hemi-solvate. The unit-cell dimensions were deter­
mined by least-squares calculations with 47 high-angle reflex­
ions. Intensities of the independent reflexions within the 
range 20=155° were measured by use of the eo/20 scan mode 
with a scanning rate of 2° (20) min"1. Stationary background 
counts were accumulated for 30 s before and after each scan. 
Periodic checks of the intensity values of five standard reflexions 
showed no significant X-ray damage or crystal decay. Cor­
rections for absorption or extinction were not applied. A 
total of 9099 independent reflexions were obtained, of which 
3096 were zero; the observed threshold value, Fllm, was 5.56. 
The space group PÎ was deduced by the intensity statistics. 

The structure was solved by the heavy-atom method. The 
structural parameters were refined by block-diagonal least-
squares techniques; the quantity minimized was ^}wj2, 
where J=\F0\ — \Fe\. All the hydrogen atoms were found 
by the difference synthesis. The zero-reflexions, for which 
|^d!>^HmJ w e r e included in the least-squares calculation by 
assuming F0=Flim. The following weights were applied; 
w=ex.p(-(As*+Bt*+Cst+Ds+Et+F)) where J = | F O | X 1 0 2 

and *=sin0/A for | F 0 | ^ F U m . anda ,= l / < J * > for |F 0 |<F l l m . 
The coefficients, A-F, were evaluated by least-squares calcul­
ation at each cycle of structure refinement so that <z t>J 2 >= 
1 in (s, t) space; their values in the final stage of refinement 
were, -0 .8951, 14.35, -0.2166, 7.782, -6 .059, and 1.845, 
respectively. The final R value was 0.06 for 6829 reflexions 
(\F0\^>3/JS/w(s, t)). Atomic scattering factors were taken 
from "International Tables for X-Ray Crystallography" Vol. 

TABLE 1. CRYSTAL DATA 

Triclinic form Orthorhombic form 

C36H47I3N4.1/2C6H6 

F.W.=955.6 
PÏ 
a=16.047(6) A 
è=15.762(4) A 
c=14.251(6) A 
a = 122.69(2)° 
ß= 139.15(2)° 
f=63.84(2)° 
£7=1981(1) A3 

Z) m =1.60gcm- 3 

Dx= 1.602 gem- 3 

Z = 2 
fi(MoKa)=25.7cm-1 

C36H47I3N4 

F.W. = 916.5 
Cmca 
Û = 2 9 . 5 6 4 ( 4 ) A 

6=14.512(5) A 
c= 17.385(3) A 
17=7459(3) A3 

D m = 1.61 gem-3 

D x = 1.63 gem- 3 

Z = 8 
M(MoKoc)=26.7cm-1 
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4.9> Anomalous dispersion effect was taken into account 
w i t h / ' a n d / " for iodine atom.10* 

TABLE 2. FRACTIONAL COORDINATES AND TEMPERATURE 

FACTORS (TRICLINIC FORM) 

The B values for non-hydrogen atoms are equivalent 
isotropic temperature factors calculated from anisotropic 
thermal parameters using the equation B=8ri*(U1+U% 

+ £/3)/3, where Ul9 U2, and £/3 are the principal compo­
nents of mean square displacement matrix U. The e.s.d.'s 
in ( ) refer to last dicimal places. 

Atom 

"ÏÏÏ) 
1(2) 
1(3) 
N(l) 
N(2) 
N(2*) 
N(3) 
G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
G(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(ll) 
G(12) 
G(13) 
G(14) 
G(15) 
G(16) 
G(17) 
C(18) 
C(l*) 
G(2*) 
C(3*) 
G(4*) 
G(5*) 
G(6*) 
G(7*) 
C(8*) 
G(9*) 
C(10*) 
G(ll*) 
G(12*) 
G(13*) 
G(14*) 
G(15*) 
G(16*) 
G(17*) 
G(18*) 
GB(1) 
GB(2) 
GB(3) 
HN(2) 
HN(2*) 
HN(3) 

X 

0.13695(6) 
0.30733(5) 
0.47593(7) 
1.0850(5) 
0.9480(5) 
1.2519(5) 
1.1114(5) 
1.0267(7) 
1.0047(6) 
0.9097(6) 
0.8839(6) 
0.7892(6) 
0.7995(6) 
0.9030(6) 
0.9467(7) 
1.0479(7) 
1.1152(8) 
0.9568(7) 
1.004(1) 
0.7010(6) 
0.7587(8) 
0.7240(8) 
0.790(1) 
1.0898(1) 
1.018(1) 
1.1253(1) 
1.1602(6) 
1.2621(7) 
1.3060(6) 
1.4126(6) 
1.4198(6) 
1.3175(6) 
1.2965(6) 
1.2074(6) 
1.2142(8) 
1.1879(8) 
1.295(1) 
1.5042(7) 
1.6054(9) 
1.5184(7) 
1.6214(8) 
1.3182(9) 
1.290(1) 
0.389(1) 
0.392(1) 
0.500(1) 
1.017(6) 
1.204(7) 
1.070(5) 

y 

0.22348(6) 
0.24553(4) 
0.25735(6) 
0.1331(4) 
0.0498(4) 

-0.0443(4) 
-0.1390(4) 

0.3012(5) 
0.2142(5) 
0.2177(5) 
0.1427(5) 
0.1454(5) 
0.0565(5) 

-0.0053(5) 
-0.1008(5) 
-0.1594(5) 
-0.2432(6) 

0.4029(5) 
0.463(1) 
0.2371(6) 
0.3110(6) 
0.0264(6) 
0.037(1) 

-0.284(1) 
-0.378(1) 

0.2705(6) 
0.1677(5) 
0.1072(5) 
0.0118(5) 

-0.0483(5) 
-0.1388(5) 
-0.1370(5) 
-0.2120(5) 
-0.2122(5) 
-0.2758(6) 

0.3325(6) 
0.391(1) 

-0.0123(6) 
0.0483(8) 

-0.2244(6) 
-0.2237(8) 
-0.3573(8) 
-0.451(1) 

0.498(1) 
0.473(1) 
0.475(1) 
0.033(5) 

-0.016(5) 
-0.114(4) 

z 
0.09973(9) 
0.41499(8) 
0.73001(9) 
0.6791(7) 
0.6738(7) 
0.6961(7) 
0.6815(6) 
0.6922(8) 
0.6800(8) 
0.6722(8) 
0.6688(7) 
0.6623(8) 
0.6653(8) 
0.6749(8) 
0.6834(9) 
0.6980(9) 
0.748(1) 
0.700(1) 
0.856(1) 
0.6629(9) 
0.820(1) 
0.667(1) 
0.820(1) 
0.799(1) 
0.679(2) 
0.6992(8) 
0.6939(8) 
0.7035(8) 
0.7083(8) 
0.7259(8) 
0.7240(8) 
0.7064(8) 
0.7074(9) 
0.7051(8) 
0.754(1) 
0.7162(1) 
0.880(1) 
0.7524(9) 
0.918(1) 
0.7463(9) 
0.911(1) 
0.813(1) 
0.683(2) 
0.357(2) 
0.436(2) 
0.577(2) 
0.697(8) 
0.710(8) 
0.617(7) 

Bjk2 

6.86 
6.64 
7.46 
3.7 
3.4 
3.6 
3.3 
3.4 
3.2 
3.0 
2.9 
3.0 
3.1 
3.2 
3.8 
3.4 
4.7 
4.3 
7.0 
3.6 
5.1 
4.3 
6.7 
5.8 
8.9 
3.5 
3.0 
3.4 
2.9 
3.0 
3.2 
3.1 
3.5 
3.3 
4.4 
4.6 
7.0 
3.8 
6.0 
4.1 
5.9 
5.8 
8.4 
8.5 
7.6 
7.9 
0.0 
1.7 
0.0 

TABLE 3. FRACTIONAL COORDINATES AND TEMPERATURE 

FACTORS (ORTHORHOMBIC FORM) 

The B values for non-hydrogen atoms are equivalent 
isotropic temperature factors calculated from anisotropic 
thermal parameters using the equation B=8TI2(U1+U2+ 
£/3)/3, where Uu U2i and£/3 are the principal components 
of mean square displacement matrix U. The e.d.s.'s in 
( ) refer to last dicimal places. 

Atom x y z Bjk2 

Orthorhombic Crystal. Orthorhombic crystals, reddish 
brown hexagonal plates, were obtained from methylenechlo-
ride-benzene solution. A crystal with dimensions of 0.15 X 
0.10 X 0.02 mm 3 was used for data collection on the automated, 
four-circle diffractometer with graphite-monochromated Mo 
KOL radiation. The unit-cell dimensions were determined by 
least-squares calculations with 34 high-angle reflexions. Dif­
fraction intensities of all the independent reflexions within 
the range 205^40° were measured by use of the co scan mode 
at a scanning rate of 1° min - 1 . Stationary background counts 
were accumulated for 50 s before and after each scan. Periodic 
checks of the intensity of three standard reflexions showed no 
significant X-ray damage or crystal decay. Corrections for 
absorption and extinction were not applied. A total of 1784 
independent reflexions were obtained, of which 731 were 
zero. The structural parameters, determined by photographic 
data,8) were used as the initial values. They were refined 
by the full-matrix least-squares methods. All the hydrogen 
atoms were located by the difference synthesis. The final R 
value was 0.069 for 1345 reflexions ( | F 0 | > 3 A \ A > ( J , 0 ) - T h e 

atomic parameters of most of the hydrogen atoms were fixed 
during the refinement. Details of refinement including 
anomalous dispersion effect of iodine were the same as those 
for the triclinic crystal. Fllm was 9.00 and the weighting 
coefficients A—F were 0.4916, 22.01, - 0 . 0 3 6 0 0 , - 1 . 5 8 5 , 
— 6.020, and 6.661, respectively. Crystal data are summarized 
in Table 1, and the final coordinates of both crystals are 

1(1) 
1(2) 
N(l) 
N(2) 
N(3) 
G(l) 
C(2) 
G(3) 
G(4) 
G(5) 
G(6) 
C(7) 
C(8) 
C(9) 
C(10) 
G(ll) 
C(12) 
G(13) 
G(14) 
G(15) 
G(16) 
C(17) 
C(18) 
HN(2) 
HN(3) 

0.18254(8) 
0.18189(7) 
0.5 
0.4285(6) 
0.5 
0.4771(5) 
0.4626(7) 
0.4187(8) 
0.4012(6) 
0.3565(6) 
0.3567(7) 
0.4031(6) 
0.4194(9) 
0.4617(7) 
0.4769(5) 
0.4459(7) 
0.4321(7) 
0.3159(6) 
0.3050(7) 
0.3155(7) 
0.3093(6) 
0.4450(6) 
0.4290(6) 
0.458(5) 
0.5 

0.0 
0.1457(2) 
0.429(1) 
0.565(1) 
0.709(2) 
0.279(1) 
0.375(1) 
0.401(2) 
0.491(2) 
0.521(2) 
0.614(2) 
0.641(2) 
0.728(2) 
0.765(2) 
0.856(1) 
0.199(1) 
0.193(1) 
0.458(1) 
0.445(2) 
0.676(1) 
0.733(2) 
0.938(1) 
0.939(1) 
0.55(1) 
0.66(2) 

0.0 
0.1150(1) 
0.3946(9) 
0.412(1) 
0.438(1) 
0.3670(9) 
0.385(1) 
0.387(1) 
0.402(1) 
0.403(1) 
0.417(1) 
0.423(1) 
0.435(1) 
0.435(1) 
0.426(1) 
0.353(1) 
0.268(1) 
0.389(1) 
0.306(1) 
0.422(1) 
0.348(1) 
0.412(1) 
0.330(1) 
0.413(8) 
0.46(1) 

10.9 
12.8 
2.2 
3.1 
3.1 
2.6 
3.1 
3.0 
3.0 
3.6 
3.8 
2.9 
4.0 
2.8 
2.8 
4.5 
7.2 
4.6 
9.2 
5.0 
7.8 
4.5 
7.6 
0.0 
0.0 
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TABLE 4. BOND LENGTHS (//A) AND ANGLES (0/°) IN TRICLINIC FORM 

Some nonbonded distances of interest are also given. GB's denote the carbon atoms of the benzene molecule. 

N(l)-C(2) 
N(l)-C(2*) 
N(2)-C(4) 
N(2)-C(7) 
N(2*)-G(4*) 
N(2*)-G(7*) 
N(3)-G(9) 
N(3)-C(9*) 
G(l*)-G(l) 
C(l)-C(2) 
G(2)-G(3) 
C(3)-C(4) 
G(4)-G(5) 
G(5)-G(6) 
G(6)-G(7) 
G(7)-G(8) 
G(8)-G(9) 
G(9)-G(10) 
G(10)-G(10*) 
G(9*)-G(10*) 
G(8*)-G(9*) 
G(7*)-G(8*) 
G(6*)-G(7*) 
G(5*)-G(6*) 
G(4*)-G(5*) 
G(3*)-G(4*) 
G(2*)-G(3*) 
G(l*)-G(2*) 
G(l)-G(ll) 
G(ll)-G(12) 
G(5)-G(13) 
C(13)-C(14) 
G(6)-G(15) 
G(15)-G(16) 
G(10)-G(17) 
C(17)-C(18) 
G(l*)-G(ll*) 
G(ll*)-G(12*) 
C(5*)-G(13*) 
G(13*)-G(14*) 
G(6*)-G(15*) 
G(15*)-G(16*) 
G(10*)-G(17*) 
G(17*)-G(18*) 
N(2)-HN(2) 
N(2*)-HN(2*) 
N(3)-HN(3) 
HN(2)--HN(2*) 
HN(2)--HN(3) 
HN(2*)-HN(3) 
N(l) . -N(2) 
N(l) .-N(2*) 
N(3)..-N(2) 
N(3)...N(2*) 
N(2)-N(2*) 
I(l)-I(2) 
I(2)-I(3) 
GB(1)-GB(2) 
GB(2)-GB(3) 
GB(1)-GB(3/) 
C(3)-C(4)-C(5) 
N(2)-C(4)-C(5) 
G(4)-C(5)-G(6) 
C(5)-C(6)-C(7) 

1.36(1) 
1.37(1) 
1.37(1) 
1.36(1) 
1.36(1) 
1.38(1) 
1.39(1) 
1.37(1) 
1.37(1) 
1.46(1) 
1.42(1) 
1.38(1) 
1.43(1) 
1.36(1) 
1.50(1) 
1.38(2) 
1.38(2) 
1.42(2) 
1.38(2) 
1.43(2) 
1.41(1) 
1.38(1) 
1.45(1) 
1.37(1) 
1.44(1) 
1.37(1) 
1.43(1) 
1.44(1) 
1.50(2) 
1.50(2) 
1.51(1) 
1.50(2) 
1.50(2) 
1.47(2) 
1.53(2) 
1.49(3) 
1.51(2) 
1.50(2) 
1.51(1) 
1.50(2) 
1.50(2) 
1.54(2) 
1.52(2) 
1.48(3) 
0.83(10) 
0.82(10) 
0.83(8) 
2.63(14) 
2.06(13) 
2.28(14) 
2.96(1) 
2.86(1) 
2.96(1) 
3.05(1) 
4.23(1) 
2.889(1) 
2.945(1) 
1.34(3) 
1.32(3) 
1.40(3) 

128.2(9) 
106.3(8) 
108.5(8) 
107.8(9) 

C(6)-C(7)-N(2) 
C(6)-C(7)-C(8) 
N(2)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-N(3) 
C(8)-C(9)-C(10) 
N(3)-C(9)-C(10) 
G(9)-G(10)-G(10*) 
G(10)-G(10*)-G(9*) 
N(3)-G(9*)-G(10*) 
G(8*)-G(9*)-G(10*) 
N(3)-G(9*)-G(8*) 
G(7*)-G(8*)-G(9*) 
N(2*)-G(7*)-G(8*) 
G(6*)-G(7*)-G(8*) 
N(2*)-G(7*)-G(6*) 
C(7*)-G(6*)-G(5*) 
G(6*)-G(5*)-G(4*) 
G(5*)-G(4*)-N(2*) 
G(5*)-G(4*)-G(3*) 
G(3*)-G(4*)-N(2*) 
G(2*)-G(3*)-G(4*) 
N(l)-G(2*)-G(3*) 
G(l*)-C(2*)-G(3*) 
N(l)-G(2*)-G(l*) 
G(2*)-N(l)-G(2) 
C(4)-N(2)-C(7) 
G(4*)-N(2*)-G(7*) 
G(9*)-N(3)-G(9) 
G(l*)-G(l)-G(2) 
G(l)-G(2)-N(l) 
C(l)-C(2)-C(3) 
N(l)-G(2)-C(3) 
G(2)-G(3)-C(4) 
G(3)-G(4)-N(2) 
G(2*)-G(l*)-G(l) 
G(l*)-G(l)-G(ll) 
C(2)-C(l)-C(ll) 
G(l)-G(ll)-G(12) 
C(4;-C(5)-C(13) 
C(6)-C(5)-C(13) 
G(5)-G(13)-G(14) 
C(5)-C(6)-C(15) 
C(7)-C(6)-C(15) 
G(6)-G(15)-G(16) 
C(9)-C(10)-G(17) 
G(10*)-G(10)-G(17) 
G(10)-G(17)-G(18) 
G(10)-G(10*)-G(17*) 
G(9*)-G(10*)-C(17*) 
G(10*)-G(17*)-G(18*) 
G(7*)-G(6*)-G(15*) 
G(5*)-G(6*)-G(15*) 
G(6*)-G(15*)-G(16*) 
G(6*)-G(5*)-G(13*) 
G(4*)-G(5*)-G(13*) 
G(5*)-G(13*)-G(14*) 
G(2*)-G(l*)-G(ll*) 
C(l)-C(l*)-C(ll*) 
G(l*)-G(ll*)-G(12*) 
I(l)-I(2)-I(3) 
GB(1)-GB(2)-GB(3) 
CB(2)-CB(3)-CB(1') 
CB(2)-CB(1)-CB(3') 

106.2(8) 
126.5(9) 
127.3(9) 
127.5(10) 
125.0(9) 
127.8(10) 
106.9(9) 
108.7(11) 
107.0(10) 
107.8(9) 
126.5(10) 
124.8(9) 
129.0(10) 
128.2(9) 
125.6(9) 
106.1(8) 
107.8(8) 
108.1(8) 
107.2(8) 
128.9(9) 
123.9(9) 
128.2(9) 
122.6(9) 
124.6(9) 
112.9(8) 
103.7(8) 
111.2(8) 
110.9(8) 
109.3(8) 
105.4(9) 
112.5(9) 
121.8(9) 
125.7(9) 
127.5(9) 
125.6(9) 
105.6(9) 
128.8(10) 
125.8(9) 
111.9(1) 
123.5(8) 
127.9(9) 
113.3(9) 
127.6(9) 
124.5(9) 
114.1(11) 
125.3(11) 
125.8(12) 
111.9(14) 
127.9(12) 
124.9(11) 
110.1(13) 
123.9(9) 
128.2(9) 
112.2(9) 
127.2(9) 
124.6(9) 
111.6(10) 
127.1(10) 
127.3(10) 
112.9(11) 
176.77(5) 
120.2(18) 
119.7(18) 
120.2(18) 
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Fig. 1. The atom numbering system. 

TABLE 5. BOND LENGTHS (//Â) AND ANGLES 

( 0 / ° ) IN ORTHORHOMBIC FORM 

Some nonbonded distances of interest are also given. 

N(l)-C(2) 
N(2)-C(4) 
N(2)-C(7) 
N(3)-C(9) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-G(5) 
C(5)-G(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(10)-C(10*) 
C(1)-C(I*) 
C(l ) -C(l l ) 
C(ll)-C(12) 
C(5)-C(13) 
C(13)-C(14) 
C(6)-C(15) 
C(15)-C(16) 
C(10)-C(17) 
C(17)-C(18) 
N(2)-HN(2) 
N(3)-HN(3) 
HN(2)..-HN(2*) 
HN(2)---HN(3) 
N ( l ) - N ( 2 ) 
N(2)-N(3) 
N(2)..-N(2*) 
I(l)-I(2) 
C(2)-N(l)-C(2*) 

1.37(2) 
1.36(3) 
1.34(3) 
1.39(3) 
1.49(3) 
1.35(3) 
1.43(3) 
1.39(3) 
1.38(3) 
1.43(3) 
1.37(3) 
1.36(3) 
1.41(3) 
1.37(3) 
1.36(3) 
1.50(3) 
1.54(3) 
1.52(3) 
1.49(3) 
1.52(3) 
1.54(3) 
1.53(3) 
1.51(3) 

C(4)-N(2)-C(7) 
C(9)-N(3)-C(9*) 
C(l*)-C(l)-C(2) 
C(l)-C(2)-N(l) 
C(l)-C(2)-C(3) 
N(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-N(2) 
C(3)-C(4)-C(5) 
N(2)-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7) 
C(6)-C(7)-N(2) 
C(6)-C(7)-C(8) 
N(2)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-N(3) 
C(8)-C(9)-C(10) 
N(3)-C(9)-C(I0) 
C(9)-C(10)-C(10*) 
C( l l ) -C( l ) -C( l*) 
C(l)-C(ll)-C(12) 
C(2)-C(l)-C(l l ) 

0.88(14) C(4)-C(5)-C(13) 
0.82(18) C(5)-C(13)-C(14) 
2.50(28) C(6)-C(5)-C(13) 
2.62(18) C(5)-C(6)-C(15) 
2.90(2) 
3.00(3) 
3.49(2) 

C(7)-C(6)-C(15) 
C(6)-C(15)-C(16) 
C(9)-C(10)-C(17) 

2.910(3) G(10*)-C(10)-C(17) 
107(1) G(10)-C(17)-C(18) 

I(l)-I(2)-I(3) 

110(2) 
109(2) 
107(1) 
110(2) 
123(2) 
128(2) 
127(2) 
122(2) 
129(2) 
109(2) 
108(2) 
107(2) 
108(2) 
127(2) 
125(2) 
133(2) 
121(2) 
131(2) 
107(2) 
109(2) 
128(2) 
112(2) 
125(2) 
124(2) 
113(2) 
128(2) 
126(2) 
127(2) 
122(2) 
123(2) 
128(2) 
110(2) 
180 

given in Tables 2 and 3.tt 

ft The tables of thermal parameters, hydrogen coordinates, 
and observed and calculated structure factors are kept as 
Document No. 8125 at the Chemical Society of Japan. 

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

Cation. Figure 1 shows the atom numbering 
system used for both crystals. T h e monocation in the 
orthorhombic crystal has a crystallographic mirror 
plane perpendicular to the mean molecular plane 
through N ( l ) and N(3) . Similar approximate local 
mirror symmetry is also observed in the triclinic monoca-
tion. The symmetry-related atoms are indicated with 
asterisk. The bond lengths and angles are listed in 
Tables 4 and 5 for triclinic and orthorhombic forms, 
respectively. 

In the both crystals the imino hydrogen atoms are 
localized on rings B, B*, and C just as we postulated 
from the geometrical considerations in the previous 
paper on the orthorhombic form.8) In the triclinic form, 
the Ca-N-Ca bond angle in the ring A, pyrrolenine 
ring, is 103.7°, while those of the ring B, B*, and C 
are 111.2, 110.9, and 109.3°, respectively. T h e corre­
sponding values in the orthorhombic form are 107, 
110, 110, and 109°, respectively. These values are 
consistent with those of pyrrole rings with and without 
at tached hydrogen atoms.11) 

T h e stereoscopic drawings of the cations are shown in 
Fig. 2. Both cations take essentially the same architec­
ture except the orientation of the peripheral ethyl groups. 
In the triclinic form the two ethyl groups attached to 
the ring G are oriented opposite to the other six ethyl 
groups with respect to the plane of the porphyrin 
nucleus, while all ethyl groups stick out on the same 
side in the orthorhombic form. 

Fig. 2. The stereoscopic drawings of the molecules. 
(a) Triclinic form, (b) Orthorhombic form. 
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TABLE 6A. LEAST-SQUARES PLANES IN THE ORTHORHOMBIC MONOCATTON WITH 

DISPLACEMENTS OF ATOMS FROM THESE PLANES 

(a) Displacements from the mean plane (//Â) 
Plane (1); N(l) , N(2), C(l), C(2), C(3), C(4), C(5), C(6), C(7), C(8), N(2*), C(l*), C(2*), C(3*), 

C(4*), C(5*), C(6*), C(7*), G(8*) 
N(l) 0.06, N(2) 0.02,C(1) - 0 . 0 4 , C(2) 0.03, C(3) - 0 . 0 1 , C(4) 0.03, C(5) - 0 . 0 4 , C(6) - 0 . 0 2 , 
C(7) 0.01, G(8) - 0 . 0 1 

Plane (2) ; ring A 
N(l) - 0 . 0 0 , C(l) - 0 . 0 0 , C(2) 0.00 

Plane (3) ; ring B 
N(2) - 0 . 0 1 , C(4) 0.02, C(5) - 0 . 0 1 , C(6) 0.01 

Plane (4) ; ring C 
N(3) - 0 . 0 2 , C(9) 0.02, C(10) - 0 . 0 1 , HN(3) 0.24 

(b) Plane equations in the form Px-\-Qmy-\-Rz=S 
P Q, R S 

(1) 0.000 - 0 . 1 7 4 0.985 5.62 
(2) 0.000 - 0 . 2 1 6 0.976 5.36 
(3) - 0 . 0 2 5 - 0 . 1 7 1 0.985 5.35 
(4) 0.000 0.106 0.994 8.68 

(c) Angles (T/°) between the planes. Estimated standard deviations are in parentheses. 
(l)/(2) 2.4(5) (l)/(3) 1.5(6) (l)/(4) 16.1(6) 
(2)/(3) 3.0(8) (2)/(4) 18.5(7) (3)/(4) 16.0(8) 

TABLE 6B. LEAST-SQUARES PALNES IN THE TRICLINIC MONOCATION WITH 

DISPLACEMENTS OF ATOMS FROM THESE PLANES 

(a) Displacements from the mean plane (//A) 
Plane (1); N(l) , N(2), C(l) , C(2), C(3), C(4), C(5), C(6), C(7), C(8), N(2*), C(l*), C(2*), C(3*), 

C(4*), C(5*), C(6*), C(7*), C(8*) 
N(l) - 0 . 0 9 , N(2) - 0 . 0 3 , N(2*) - 0 . 0 7 , C(l) - 0 . 0 7 , C(2) - 0 . 0 2 , C(3) - 0 . 0 1 , C(4) - 0 . 0 2 , 
C(5) - 0 . 0 0 , G(6) 0.02, C(7) 0.02, C(8) 0.06, C(l*) 0.06, C(2*) - 0 . 0 2 , C(3*) - 0 . 0 2 , C(4*) 
- 0 . 0 1 , C(5*) 0.07, C(6*) 0.04, C(7*) - 0 . 0 3 , C(8*) - 0 . 0 1 

Plane (2) ; ring A 
N(l) - 0 . 0 1 , C(l) 0.00, C(2) 0.00, G(l*) - 0 . 0 1 , G(2*) 0.01 

Plane (3) ; ring B 
N(2) - 0 . 0 1 , C(4) 0.01, C(5 ) -0 .00 , C(6) - 0 . 0 1 , C(7) 0.01, HN(2) 0.15 

Plane (4) ; ring B* 
N(2*) - 0 . 0 1 , C(4*) 0.00, C (5*) 0.00, C(6*) - 0 . 0 0 , C(7*) 0.01, HN(2*) 0.21 

Plane (5) ; ring C 
N(3) 0.03, C(9) - 0 . 0 2 , C(10) 0.01, C(9*) - 0 . 0 3 , C(10*) 0.02, HN(3) - 0 . 3 3 

(b) Plane equations in the form Px+Qy+Rz=S 
P Q, R S 

(1) 0.643 0.413 0.645 5.431 
(2) 0.651 0.351 0.673 5.155 
(3) 0.652 0.425 0.628 5.551 
(4) 0.598 0.417 0,684 4.580 
(5) 0.612 0.639 0.466 5.146 

(c) Angles (T/°) between the planes. Estimated standard deviations are in parentheses. 
(l)/(2) 3.9(5) (l)/(3) 1.3(11) (l)/(4) 3.4(4) 
(l)/(5) 16.7(3) (2)/(3) 4.9(4) (2)/(4) 4.9(4) 
(2)/(5) 20.6(4) (3)/(4) 4.5(4) (3)/(5) 15.6(4) 
(4)/(5) 17.9(4) 

The common feature of the cations in the two different 
crystalline field is of particular interest. As shown in 
Table 6, three of the four pyrrole rings, each of which 
are planar within the experimental errors, are approxi­
mately coplanar. The fourth ring C is tilted from the 
plane consisting of the three rings by 16.1(6) and 
12.5(8)° for orthorhombic and triclinic forms, respec­
tively. T h e difference between the two values may be 
due to the packing effects. Similar deformation mode is 

seen in octaethylporphinium tri-/*-chloro-hexacarbonyl-
dirhenate12) and in 21-ethoxycarbonylmethyl-2,3,7,-
8,12,13,17,18-octaethylporphyrin.13) In the former 
case the corresponding tilt angle is smaller (8.6°) 
probably due to the hydrogen bonding between the 
pyrrole nitrogen atoms and the water molecule of 
solvation. In the latter case the angle is much larger 
apparently due to the bulky alkyl substituents. 

T h e tilt of the fourth pyrrole ring is believed to be due 
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orthorhombic triclinic 

OH(ideal sp3 arrangement) 0 qH( idea l sp 3 arrangement) 

NC3) CC9) N(3) C(9) 
[CC9*)] [CO*)] 

Fig. 3. Deviations of HN(3) atoms from the plane 
defined by N(3), C(9), and C(9*) atoms. The degree 
of deviations is expressed by the angle between N(3)—»H 
vector and the plane. Estimated standard deviations 
are in parentheses. 

mainly to the steric hindrance of the imino hydrogen 
atoms. As shown in Tables 4 and 5, H---H distances 
are 2.06 to 2.63 Â which indicate the relieved nonbonded 
H - - H repulsion, if we take 1.9—2.0Â as the minimum 
H - H nonbonded contact.14) While H N ( 2 ) - H N ( 2 * ) 
distance are longer than 2.5 Â, HN(2)---HN(3) and 
HN(2*)—HN(3) distances are shorter than 2.3 Â. 
These distances suggest that the steric hindrance is 
effectively relieved by the tilt of the ring C. In addition, 
it is noted that the imino hydrogen atom of the ring C 
deviates from the plane of C a -N-C f t . Figure 3 illustrates 
the angles between the N - H vector and the C a - N - C a 

planes for orthorhombic and triclinic cations, together 
with the N - H vector for the ideal sp3 hybridization. 
Although these differences are not statistically significant 
enough, it may be concluded that the nitrogen atoms 
of the ring C have some sp3 character. Such sp3 

character of N(3) is favourable for relieving the steric 
hindrance. 

The values of corresponding bond lengths and angles 
in both cations are quite similar. In addition to this, 
the crystallographic and local mirror symmetries 
justify averaging equivalent bond lengths and angles to 
give the typical molecular dimensions as shown in Fig. 4. 

Fig. 4. Bond lengths and angles obtained by averaging 
equivalent halves of the two independent molecules. 
The dotted line reveals the crystallographic or local 
mirror plane. 

T h e Ca-N distances are slightly longer in the ring C 
than in the other rings. T h e C a - C m - C a angles, especial­
ly C(7) -C(8) -C(9) , are larger than those normally 
found.11) These features are similar to those of octaethyl-
porphinium tri-/*-chloro-hexacarbonyldirhenate.14) 
Other bond lengths and angles fall within the range 
tabulated by Hoard.11) 

The observed structures are the essential feature of 
monocationic species of porphyrins. Absorption spectra 
of many porphyrin monocations exhibit a similar 
pattern,3-15) which reflects the common conjugate 
system determined by the present steric structure. 

Anion and Molecular Packing. In the orthorhombic 
crystal, the central iodine atom of the triiodide anion 
is on the two-fold axis; therefore it has a symmetrical 
structure with the I - I distance of 2.910(3) Â and the 
I—I—I angle of 180°. In the triclinic crystal, on the 
other hand, the anion is free from any crystallographic 
restriction; the 1(1)—1(2) distance of 2.889 Â is signifi­
cantly shorter than the I (2)-I (3) of 2.945 Â, and 
I ( l ) - I ( 2 ) - I ( 3 ) angle is 176.77(5)°. The asymmetry 
may be due to the asymmetric environment around the 
anion in the crystal.16) The gravity centre of benzene 
molecule in the triclinic crystal is placed on the centre 
of symmetry at (1/2, 1/2, 1/2). 

The stereoscopic drawings of the crystal structures of 
both polymorphs are shown in Fig. 5. The common 
packing feature is "face-to-face" stacking of the por­
phyrin nuclei. There is no N H - N hydrogen bond 
between the faces. The similar packing mode is found 
in the crystal of other octaethylporphyrin deriva­
tives.12'13) This "face-to-face" stacking well explains 
the orientation of the terminal ethyl groups. T h e 
exceptional direction of the two ethyl groups attached 
to the C ring is seen in the triclinic crystal. 

No unusual van der Waals contact is seen between the 
anion and the peripheral part of the cations. There 
is no charge transfer interaction between the benzene 
molecule and the anion in the triclinic crystal. 

Figures 2 and 5 were drawn by T S D : X T A L , which 
is a computer-graphics interactive modeling programme 
for the N O V A 3 computer.17) 

T h e present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education, to which the authors's thanks are due. 
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Fig. 5. The stereoscopic drawings of the crystal structures, (a) Triclinic form. 
The origin is at the lower left rear corner, c points to the viewer, b upward, and 
a rightward. (b) Orthorhomibc form. The origin is at the lower left rear corner, 
b points to the viewer, a upward, and c rightward. 
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The X-Ray Study of Several Reaction Products of Substituted Benzo-
[1,2:4,5]dicyclobutene. II. 2,7-Di-f-butyl-ll,12-dicyano-4,5,9,10-

tetraphenyltetracyclofé.é^.O18.03 6]dodeca-2,4,7,9-tetraene 
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tamj-l,2-Dicyanoethylene (DCNE) reacts with substituted benzo[l,2 : 4,5]dicyclobutene (1) to give only 
one adduct (4), the title compound, whereas tetracyanoethylene (TGNE) gives two isomers. Crystals of 4 are 
triclinic; space group PÏ, a=13.505(2), 3=14.118(2), c=10.722(l) Â, <x=98.87(l), £=102.36(1), y=111.71(l)° 
and Z—2. The structure was solved by the direct method and was refined by the block-diagonal least-squares 
method to the final R factor of 0.055 for 5479 observed reflections. The absence of two cyano groups in 4 makes less 
steric hindrance than 3. Introducing the empirical parameters, non-bonded interaction energy was calculated 
for the approaching model of 1 and DCNE. The result well explains the addition of DCNE to the C(l)-C(6) 
position of 1. 

We have investigated a series of Diels-Alder adducts 
formed by the reaction of substituted benzo[l ,2 : 4,5]-
dicyclobutene (l)1) and some dienophiles. In the first 
two papers, we reported the crystal structures of molecu­
les 2 and 2a2«3> which are the first stable compounds 
with an anfc'-aromatic 8n electron benzo[l ,2 : 4,5]-
cyclobutene skeleton, and observed some degree of 
electron localization in agreement with a result of 
molecular orbital calculation. In the third paper,4) 
we presented the crystal structure of 3, a by-product of 
the addition reaction of 1 and tetracyanoethylene 
(TCNE). T h e analysis revealed the stereochemical 
differences between the main (2) and by-product (3) 
of this reaction. We calculated the electronic and 
steric interactions between approaching 1 and T C N E , 
and obtained an explanation for the bifurcate reactivity. 

/rö«j-l,2-Dicyanoethylene (DCNE) gives, on the 
contrary, only one product 4.5> T h e present study on the 
X-ray analysis of 4 is, therefore, not only an assertation 
of the proposed molecular structure, but also the 
stereochemical approach to a complicated organic 
reaction mechanism. 

31| <|fh JENE» P h 

6 

TABLE 1. CRYSTAL DATA 

Exper imenta l and Structure D e t e r m i n a t i o n 

Colorless needles were recrystallized from acetone-methanol 
solution. Oscillation and Weissenberg photographs indicated 
triclinic symmetry. A crystal with dimensions 0.35 x 0.40 x 

2,7-Di-f-butyl-11,12-dicyano-4,5,9,10-tetraphenyltetracyclo-
[4.4.2.01-8.03'6]dodeca-2,4,7,9-tetraene 

QeH^Na 
M.W.=620.8 
Crystal system : triclinic 
Space group : PÎ 

a= 13.505(2) Â 
b= 14.118(2) Â 

c= 10.722(2) Â 
a=98.87( l )° 
£=102.36(1)° 

y=111.71(l)° 

t / = i 7 9 3 Â 3 

D m = 1.148 g cm-» 
D x = 1.150 gem-» 
Z = 2 

0.40 mm was mounted on a Rigaku automated four-circle 
diffratometer with graphite monochromated Mo Ktx. radiation 
(A=0.71069Â). The crystal data are listed in Table 1. A 
total of 6317 independent reflections (20^50°) was obtained 
in which 5479 had net intensities greater than the background. 
The intensities were corrected for Lorentz and polarization 
eflects. The statistical distribution of the normalized structure 
factors, |£ | 's , shows that the space group is PÏ. 

The structure was solved by the direct method.6) All 
the 48 non-hydrogen atoms were found on the first E map 
calculated with 475 list's greater than 1.6. The atomic 
parameters were refined by the block-diagonal least-squares 
method. Although hydrogen atoms were found by the dif­
ference Fourier synthesis, they were fixed at geometrically 
calculated positions, which were recalculated at the last stage 
of the refinement. Their isotropic thermal parameters were 
also fixed. Three reflections had |F0 | 's abnormally lower 
than loci's. As they seem to suffer from the secondary extinc­
tion, the final refinement was carried out without these reflec­
tions. The weighting scheme used was 

w=0.3 f o r | F | = 0.0 

w= 1/(1 + 0 . 4 4 ( 4 - |F|)) for 0 < |F | ^ 4 

w=\ f o r 4 < | F | ^ 1 5 

rc=l/(l + 0 . 4 4 ( | F | - 15)) f o r | F | > 1 5 . 

The final R factor was 0k55 for the observed reflections, and 
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TABLE 2. FRACTIONAL COORDINATES AND EQUIVALENT 

ISOTROPIC TEMPERATURE FACTORS 

Beq's are defined as Beq = Sn2{U1-^-U2+U3)/3. 

Atom BJk* 
C ( l ) 
C ( 2 ) 
C ( 3 ) 
C U ) 
C(5) 
C(6) 
C(7) 
C(6) 
C(9) 
C ( 1 0 ) 
C ( l l ) 
C ( 1 2 ) 
C(13> 
C(1A) 
C ( 1 5 ) 
C( 16) 
C ( 1 7 ) 
C(18) 
C( 19) 
C(20) 
C ( 2 1 ) 
C ( 2 2 ) 
C ( 2 3 ) 
C ( 2 4 ) 
C(25) 
C(26) 
C(27) 
C(26) 
C(29) 
C(30) 
C ( 3 1 ) 
C ( 3 2 ) 
C ( 3 3 ) 
C ( 3 * > 
C(35) 
C(36) 
C(37) 
C(3ö) 
C(39) 
C(4C) 
CC41) 
C(A2) 
C(43) 
C(44> 
CC45) 
C ( 4 Ô ) 
N ( 1 ) 
N ( 2 ) 

0 . 2 2 3 5 ( 1 ) 
0 . 2 1 3 4 ( 1 ) 
0 . 2 8 1 8 ( 1 ) 
0 . 3 4 1 1 ( 1 ) 
0 . 4 0 2 0 ( 1 ) 
0 . 3 4 8 4 ( 1 ) 
0 . 2 6 8 9 ( 1 ) 
0 . 2 0 7 2 ( 1 ) 
0 . 1 2 5 5 ( 1 ) 
0 . 1 3 4 4 ( 1 ) 
0 . 3 4 6 7 ( 1 ) 
0 . 4 2 4 6 ( 1 ) 
0 . 1 4 2 8 ( 1 ) 
0 . 1 9 4 6 ( 2 ) 
0 . 1 3 9 4 ( 1 ) 
0 . 0 2 1 6 ( 1 ) 
0 . 2 6 2 2 ( 1 ) 
0 . 3 5 0 0 ( 2 ) 
0 . 1 4 6 4 ( 1 ) 
0 . 2 7 9 8 ( 2 ) 
0 . 3 4 6 3 ( 1 ) 
0 . 2 9 4 0 ( 1 ) 
0 . 3 0 1 4 ( 2 ) 
0 . 3 5 9 3 ( 2 ) 
0 . 4 1 1 6 ( 2 ) 
0 . 4 0 6 5 ( 2 ) 
0 . 4 9 8 5 ( 1 ) 
0 . 5 2 5 0 ( 1 ) 
0 . 6 1 8 2 ( 2 ) 
0 . 6 8 6 2 ( 2 ) 
0 . 6 6 0 5 ( 1 ) 
0 . 5 6 7 7 ( 1 ) 
0 . 0 7 4 3 ( 1 ) 

- 0 . 0 3 9 4 ( 1 ) 
- 0 . 0 8 1 4 ( 2 ) 
- 0 . 0 1 1 0 ( 2 ) 

0 . 1 0 2 4 ( 2 ) 
0 . 1 4 5 1 ( 1 ) 
0 . 0 8 9 7 ( 1 ) 

- 0 . 0 1 9 1 ( 1 ) 
- 0 . 0 6 2 7 ( 2 ) 

0 . 0 0 1 5 ( 2 ) 
0 . 1 0 9 7 ( 2 ) 
0 . 1 5 4 2 ( 1 ) 
0 . 3 6 2 7 ( 1 ) 
0 . 5 0 9 9 ( 1 ) 
0 . 3 7 4 5 ( 1 ) 
0 . 5 7 4 5 ( 1 ) 

0 . 4 2 1 8 ( 1 ) 
0 . 5 0 1 7 ( 1 ) 
0 . 5 9 7 7 ( 1 ) 
0 . 7 1 3 5 ( 1 ) 
0 . 7 2 6 2 ( 1 ) 
0 . 6 0 6 5 ( 1 ) 
0 . 5 4 7 6 ( 1 ) 
0 . 4 5 0 1 ( 1 ) 
0 . 3 3 9 6 ( 1 ) 
0 . 3 1 1 2 ( 1 ) 
0 . 4 3 2 9 ( 1 ) 
0 . 5 4 7 2 ( 1 ) 
0 . 4 7 3 5 ( 1 ) 
0 . 4 2 4 3 ( 2 ) 
0 . 5 7 2 3 ( 1 ) 
0 . 3 9 4 8 ( 1 ) 
0 . 5 9 1 8 ( 1 ) 
0 . 5 8 1 4 ( 2 ) 
0 . 5 2 9 9 ( 1 ) 
0 . 7 0 7 1 ( 1 ) 
0 . 7 8 7 9 ( 1 ) 
0 . 8 5 5 3 ( 1 ) 
0 . 9 2 5 9 ( 2 ) 
0 . 9 2 8 7 ( 2 ) 
0 . 8 6 2 0 ( 2 ) 
0 . 7 9 0 9 ( 1 ) 
0 . 8 1 4 2 ( 1 ) 
0 . 9 1 7 7 ( 1 ) 
1 . 0 0 0 6 ( 1 ) 
0 . 9 8 2 7 ( 1 ) 
0 . 8 8 1 0 ( 1 ) 
0 . 7 9 7 8 ( 1 ) 
0 . 2 7 8 8 ( 1 ) 
0 . 2 3 6 7 ( 1 ) 
0 . 1 8 0 6 ( 1 ) 
0 . 1 6 7 0 ( 1 ) 
0 . 2 0 8 7 ( 1 ) 
0 . 2 6 4 1 ( 1 ) 
0 . 2 1 0 8 ( 1 ) 
0 . 1 3 6 6 ( 1 ) 
0 . 0 4 2 8 ( 1 ) 
0 . 0 2 2 1 ( 1 ) 
0 . 0 9 4 3 ( 1 ) 
0 . 1 8 8 7 ( 1 ) 
0 . 3 5 2 8 ( 1 ) 
0 . 6 0 3 3 ( 1 ) 
0 . 2 9 0 2 ( 1 ) 
0 * 6 4 5 6 ( 1 ) 

0 . 1 1 0 4 ( 1 ) 
0 . 0 3 1 1 ( 1 ) 
0 . 1 1 1 1 ( 1 ) 
0 . 1 3 4 8 ( 1 ) 
0 . 2 6 0 2 ( 1 ) 
0 . 2 5 0 9 ( 1 ) 
0 . 3 2 5 1 ( 1 ) 
0 . 2 4 5 9 ( 1 ) 
0 . 2 2 1 3 ( 1 ) 

0 9 8 0 ( 1 ) 
1387 (1 ) 
2 3 2 1 ( 1 ) 
1116(1 ) 
2 0 2 2 ( 2 ) 
1499 (1 ) 

0 . 1 3 3 2 ( 2 ) 
0 . 4 6 0 2 ( 1 ) 
0 . 5 6 8 1 ( 2 ) 
0 . 4 7 3 3 ( 1 ) 
0 . 4 8 0 7 ( 2 ) 
0 . 0 5 0 3 ( 1 ) 
0 . 0 6 1 3 ( 2 ) 
0 . 0 1 7 5 ( 3 ) 
0 . 1 0 7 5 ( 2 ) 
0 . 1 2 0 8 ( 2 ) 
0 . 0 4 1 1 ( 2 ) 
0 . 3 5 6 3 ( 1 ) 
0 . 3 4 6 9 ( 2 ) 
0 . 4 3 6 6 ( 2 ) 
0 . 5 3 6 7 ( 2 ) 
0 . 5 4 8 5 ( 2 ) 
0 . 4 5 8 7 ( 2 ) 
0 . 3 0 9 6 ( 1 ) 
0 . 2 9 3 9 ( 2 ) 
0 . 3 8 1 4 ( 2 ) 
0 . 4 8 3 8 ( 2 ) 
0 . 4 9 9 9 ( 2 ) 
0 . 4 1 3 2 ( 1 ) 
0 . 0 0 2 8 ( 1 ) 
0 . 0 2 6 1 ( 1 ) 
0 . 1 2 4 6 ( 2 ) 
0 . 1 9 9 3 ( 2 ) 
0 . 1 7 6 3 ( 2 ) 
0 . 0 7 8 9 ( 2 ) 
0 . 2 0 2 7 ( 2 ) 
0 . 1 7 2 0 ( 2 ) 
0 . 2 5 1 7 ( 2 ) 
0 . 1 2 3 3 ( 2 ) 

2 . 5 8 
2 . 6 1 
2 . 6 8 
3 .05 
2 . 9 3 
2 .66 
2 .56 
2 .56 
2 .79 
2 . 7 8 
3 .13 
3 .20 
3 .20 
5 .60 
4 . 1 2 
5 .24 
3 . 2 1 
6 .05 
4 . 0 5 
5 .63 
3 .74 
5 . 0 1 
6 . 8 0 
7 . 3 0 
7 .02 
5 . 4 1 
3 .20 
4 . 4 7 
5 .52 
5 .49 
5 .49 
4 .52 
3 .05 
4 . 0 4 
5 .19 
5 .45 
4 .90 
3 . 9 8 
3 .12 
4 . 1 3 
5 . 3 1 
5 .53 
5 .25 
4 . 1 9 
4 . 2 9 
4 . 3 4 
7 .15 
6 . 5 6 

13(-16) 

21(-26) 

33(-38) 27C-32) 

17(-20) 

Fig. 1. Numbering scheme. Numbers in parentheses 
indicate the atoms of the substituents. 

0.067 for all the reflections.t The atomic scattering factors 
were taken from "International Tables for X-ray Crystal­
lography."7) The final atomic parameters are listed in 
Table 2. The crystallographic numbering scheme is shown 
in Fig. 1. 

D e s c r i p t i o n o f the Structure 

Crystal structure viewed along the a axis is shown in 

Fig. 2. Stereoscopic views of the molecular framework 
are given in Fig. 3. There is no intermolecular distance 
shorter than van der Waals contacts. Bond lengths 
and angles are listed in Tables 3 and 4, respectively. As 
previously assigned from spectroscopic studies,5) 4 has a 
framework formed by an addition of D C N E to C( l ) 
and C(6) position of 1. Although two isomers of cross 

bsinr 

Fig. 2. Crystal structure projected along the a axis. 

TABLE 3. BOND LENGTHS (//Â) 

Standard deviations are given in parentheses. 

1" The tables of the structure factors and the other atomic 
parameters are kept as Document No. 8124 at the Chemical 
Society of Japan. 

C(l)-C(2) 
C(l)-C(8) 
C(i)-C(10) 
C( l ) -C( l l ) 
C(2)-C(3) 
C(2)-C(13) 
C(3)-C(4) 
C(3)-C(6) 
C(4)-C(5) 
C(4)-C(21) 
C(5)-C(6) 
C(5)-C(27) 
C(6)-C(7) 
C(6)-C(12) 
C(7)-C(8) 
C(7)-C(17) 
C(8)-C(9) 
C(9)-C(10) 
C(9)-C(33) 
C(10)-C(39) 
C(ll)-C(12) 
G(ll;-G(45) 
C(12)-C(46) 
C(13)-C(14) 
C(13)-C(15) 
C(13)-C(16) 
C(17)-C(18) 
C(17)-C(19) 

1.541(3) 
1.531(3) 
1.543(3) 
1.568(3) 
1.342(3) 
1.520(3) 
1.481(3) 
1.534(3) 
1.363(3) 
1.482(3) 
1.549(3) 
1.461(3) 
1.545(3) 
1.573(3) 
1.340(3) 
1.521(3) 
1.481(3) 
1.365(3) 
1.484(3) 
1.467(3) 
1,582(3) 
1.468(3) 
1.473(3) 
1.535(4) 
1.528(3) 
1.542(3) 
1.536(4) 
1.533(3) 

C(17)-C(20) 
C(21)-C(22) 
C(21)-C(26) 
C(22)-C(23) 
C(23)-C(24) 
C(24)-C(25) 
C(25)-C(26) 
C(27)-C(28) 
C(27)-C(32) 
C(28)-C(29) 
C(29)-C(30) 
C(30)-C(31) 
C(31)-C(32) 
C(33)-C(34) 
G(33)-G(38) 
C(34)-C(35) 
C(35)-C(36) 
C(36)-C(37) 
C(37)-C(38) 
C(39)-C(40) 
C(39)-C(44) 
C(40)-C(41) 
C(4n-C(42) 
C(42)-C(43) 
C(43)-C(44) 
C(45)-N(l) 
C(46)-N(2) 

1.528(4) 
1.384(3) 
1.397(4) 
1.393(4) 
1.362(5) 
1.378(5) 
1.408(4) 
1.395(3) 
1.390(3) 
1.387(4) 
1.377(4) 
1.380(4) 
1.385(4) 
1.386(3) 
1.398(3) 
1.398(4) 
1.378(4) 
1.382(4) 
1.390(4) 
1.394(3) 
1.396(3) 
1.392(4) 
1.376(4) 
1.378(4) 
1.391(4) 
1.137(4) 
1.138(4) 
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Fig. 3. Stereoscopic views. 

TABLE 4. BOND ANGLES (<f>j°) 

Standard deviations are given in parentheses. 

C(2)-C(l)-C(8) 
C(2)-C(l)-C(10) 
C(2)-C(l)-C(l l ) 
C(8)-C(l)-C(10) 
C(8)-C(l)-C(l l) 
C(10)-C(l)-G(ll) 
C(l)-C(2)-C(3) 
C(l)-C(2)-C(13) 
C(3)-C(2)-C(13) 
C(2)-C(3)-G(4) 
G(2)-C(3)-C(6) 
C(4)-C(3)-C(6) 
C(3)-C(4)-C(5) 
G(3)-C(4)-C(21) 
C(5)-C(4)-C(21) 
C(4)-C(5)-C(6) 
C(4)-C(5)-C(27) 
C(6)-C(5)-C(27) 
C(3)-C(6)-C(5) 
C(3)-C(6)-C(7) 
C(3)-C(6)-C(12) 
C(5)-C(6)-C(7) 
G(5)-C(6)-C(12) 
G(7)-C(6)-C(12) 
C(6)-C(7)-C(8) 
C(6)-C(7)-C(17) 
C(8)-G(7)-C(17) 
C(l)-G(8)-G(7) 
C(l)-C(8)-C(9) 
C(7)-G(8)-G(9) 
G(8)-C(9)-C(10) 
G(8)-C(9)-C(33) 
C(10)-C(9)-C(33) 
C(l)-C(10)-C(9) 
C(l)-C(10)-C(39) 
C(9)-C(I0)-G(39) 
C(l)-C(ll)-C(12) 
C(l)-G(ll)-C(45) 
G(12)-C(ll)-C(45) 
C(6)-C(12)-C(ll) 
C(6)-C(12)-C^46) 
C(ll)-C(12)-C(46) 
C(2)-C(13)-C(14) 
C(2)-C(13)-C(15) 

110.9(1) 
128.1(2) 
107.2(1) 
84.5(1) 

105.8(1) 
115.8(1) 
106.2(2) 
125.4(2) 
128.4(2) 
151.4(2) 
119.0(2) 
89.2(1) 
93.4(2) 

134.1(2) 
132.0(2) 
93.0(2) 

133.5(2) 
132.2(2) 
84.4(1) 

110.2(1) 
105.8(1) 
128.9(2) 
115.1(1) 
107.5(1) 
105.9(2) 
126.8(2) 
127.3(2) 
119.4(2) 
89.2(1) 

151.1(2) 
93.0(1) 

132.3(2) 
133.4(2) 
93.2(1) 

132.0(2) 
134.3(2) 
107.0(1) 
111.7(2) 
110.1(2) 
107.6(1) 
111.3(2) 
109.7(2) 
109.1(2) 
110.3(2) 

C(2)-C(13)-G(16) 
C(14)-C(13)-C(15) 
C(14)-C(13)-C(16) 
C(15)-C(13)-C(16) 
C(7)-C(17)-C(18) 
G(7)-C(17)-C(19) 
C(7)-C(17)-C(20) 
C(18)-C(17)-C(19) 
C(18)-C(17)-C(20) 
C(19)-C(17)-C(20) 
C(4)-C(21)-C(22) 
C(4)-C(21)-C(26) 
C(22)-C(21)-C(26) 
C(21)-C(22)-C(23) 
C(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 
C(24)-C(25)-C(26) 
G(21)-G(26)-C(25) 
C(5)-G(27)-C(28) 
G(5)-G(27)-C(32) 
C(28)-C(27)-C(32) 
C(27)-C(28)-C(29) 
C(28)-C(29)-C(30) 
G(29)-C(30)-C(31) 
C(30)-C(31)-C(32) 
C(27)-C(32)-C(31) 
C(9)-C(33)-G(34) 
G(9)-C(33)-C(38) 
C(34)-G(33)-C(38) 
C(33)-C(34)-C(35) 
C(34)-C(35)-C(36) 
C(35)-C(36)-C(37) 
C(36)-C(37)-C(38) 
C(33)-C(38)-C(37) 
C(10)-G(39)-C(40) 
C(10)-C(39)-C(44) 
C(40)-C(39)-C(44) 
C(39)-C(40)-C(41) 
C(40)-C(41)-C(42) 
C(41)-C(42)-C(43) 
C(42)-C(43)-G(44) 
C(39)-C(44)-C(43) 
C(ll)-C(45)-N(l) 
C(12)-C(46)-N(2) 

111.6(2) 
108.8(2) 
109.2(2) 
107.8(2) 
109.3(2) 
110.1(2) 
111.6(2) 
108.7(2) 
110.1(2) 
107.0(2) 
121.4(2) 
119.2(2) 
119.5(2) 
120.5(2) 
120.3(3) 
120.3(3) 
120.4(3) 
119.0(3) 
120.8(2) 
121.3(2) 
117.9(2) 
120.6(2) 
120.6(3) 
119.6(3) 
119.9(2) 
121.4(2) 
123.1(2) 
117.8(2) 
119.1(2) 
119.8(2) 
120.8(3) 
119.8(3) 
120.0(3) 
120.6(2) 
120.4(2) 
120.9(2) 
118.7(2) 
120.4(2) 
120.3(3) 
119.9(3) 
120.4(3; 
120.2(2) 
179.6(3) 
178.7(3) 
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adducts of 1 and DCNE, 4 and 4a, would be possible, 
the present analysis revealed that the former is the 
correct one. This stereoselectivity of the addition 
reaction will be discussed later. 

A 4a 

T h e present structure is quite similar to that of 3 
except that the latter has two more cyano groups on the 
central bridge. Therefore, the framework of 4 without 
terminal substituents also consists of three planar parts, 
which include C( l ) -C(6 ) interatomic vector in common. 
Least-squares planes and deviations of the atoms from 
the planes are given in Table 5. Dihedral angles 
between these planes are shown in Table 6. T h e planes I 
and I I make an angle of 125.7°. T h e plane I I I , 
formed by the addition of DCNE, bisects this dihedral 
angle. These were also the case in 3 ; the corresponding 
value is 125.0°. But the detailed observation of the 
planarity and dihedral angle indicates some characteris­
tic differences between 3 and 4. A slight folding of the 
four-membered ring observed in 3 is reduced in 4. Mean 
deviation from these planes is 0.014 Â in 3 and 0.007 Â 
in 4. O n the contrary, coplanarity between I and this 
four-membered ring is poorer in 4 ; the dihedral angle 
between them is 4.6° in 4, whereas it is 2.0° in 3. T h e 
direction of this bending is upward to the cyano group 
just above the four-membered ring. However, the 

TABLE 5. DEVIATIONS (//Â) OF THE ATOMS 

FROM THE LEAST-SQUARES PLANES 

Asterisks indicate the atoms denning the best plane. 

Plane I 
C(l)* 
G(2)* 
G(3)* 
G (6)* 
C(13) 
C(4) 

- 0 . 0 0 1 
0.001 

- 0 . 0 0 1 
0.001 

- 0 . 0 4 9 
- 0 . 1 3 3 

Plane IV 
C(3)* 
C(4)* 
C(5)* 
C(6)* 
C(2) 
C(21) 
C(27) 

0.003 
- 0 . 0 0 2 

0.003 
- 0 . 0 0 3 
- 0 . 0 9 2 
- 0 . 1 5 5 
- 0 . 2 0 8 

Plane II 
C(l)* -
C(8)* 
C(7)* -
C(6)* 
C(17) -
C(9) 

Plane V 
G(l)* 
G(8)* -
C(9)* 
C(10)* -
G(7) 
C(33) 
G (39) 

-0 .006 
0.012 

-0 .011 
0.006 

-0 .048 
0.138 

0.010 
-0.011 

0.012 
-0.012 

0.033 
0.274 
0.096 

Plane III 
C(l)* 0.015 
G(1I)* - 0 . 0 2 3 
G(12)* 0.023 
G(6)* - 0 . 0 1 5 

TABLE 6. DIHEDRAL ANGLES (Ç5/°) 

ïï ÏÏÎ TV V 

I 125.7(1) 117.1(1) 4.9(1) 128.7(1) 
II 117.2(1) 127.9(1) 4.3(1) 
III 114.6(1) 114.1(1) 
IV 130.6(1) 

largest difference between these molecules is the devia­
tion of J-butyl groups. T h e trend observed in 3 in which 
the *-butyl groups are bent away from the plane I 
opposite to the cyano group just above is greatly reduced 
in 4. T h e mean deviation of C(13) of the J-butyl group 
from the plane I is up to 0.13 À in 3, and it is 0.048 A 
in 4. 

Fig. 4. Schematic drawing of the molecule projected 
along the C(l)-G(6) direction. 

These differences may be consistently explained as 
follows. Figure 4 is a schematic drawing of the molecule 
projected along the G(l ) -G(6) direction. Absence of 
the two cyano groups on the central bridge in the case 
of 4 reduces the repulsion with J-butyl groups and the 
latter can be nearly on the plane I. At the same time, 
the torsion angle along the G( l l ) -C(12) bond will be 
changed to be favourable against the other steric effect. 
T h e torsion angle C ( l ) - C ( l l ) - C ( 1 2 ) - C ( 6 ) in 4 
[121.2(1)°] is greater than that of 3 by 2.5°. Then the 
four-membered ring, C(3) -C(4) -C(5) -C(6) , below this 
cyano group may slightly go upward so as to avoid the 
repulsion between the *-butyl group which is at tached 
to the other plane I I . 

T h e lack of the two cyano groups also reduces the 
steric hindrance in the central bridge bond. The mean 
bond length C ( l ) - G ( l l ) in 4 is 1.571 Â, which is 0.016 A 
shorter than that of 3. Moreover, the difference of the 
C ( l l ) - C ( 1 2 ) distances between 3 and 4 is 0.042 A. 
This shortening is partly due to the elimination of an 
electron withdrawing cyano group, but more important 
is the reduction of the repulsion between the cyano 
groups in the eclipse conformation. 

D i s c u s s i o n 

In a previous paper,4) we have shown a new approach 
to a reaction mechanism of complicated molecules. I ts 
interaction energy was divided into two parts, a stabiliza­
tion energy in the intermediate state8) of the approaching 
molecules, and a steric effect of the bulky substituents 
estimated from the empirical non-bonded interaction 
parameters.9) T h e former was calculated in the reaction 
intermediate of unsubstituted benzo[l ,2 : 4,5]dicyclo-
butene and T G N E or ethylene. T h e preference of the 
cross addition of T G N E is expected from this result. 
However, it is overcome by the repulsion between the 
bulky substituents. These results are in good agreement 
with the observed reaction of 1 and T C N E . It is, 
therefore, quite important to carry out the same kind 
of calculation for the reaction of 1 and D C N E which is 
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Fig. 5. Relative orientation 0 in the (a) cross, and (b) 
linear approaching mode. 

^ 

er 
Fig. 6. Variations of the non-bonded interaction energy 

with the relative orientation 6 at a constant distance 
(3.4 A). 

expected to be less repulsive than T C N E . T h e procedure 
is almost the same as that in the previous report. Since 
the electronic interaction energy was calculated without 
bulky substituents, the result is also applicable to that of 
DCNE. Relative orientation 0 in the reaction inter­
mediate is defined in Fig. 5. Non-bonded interaction 
energy in the case where the interplane distance is 3.4 Â 
is shown in Fig. 6. T h e solid curve refers to the cross 
addition (Fig. 5a). Its minimum is —6.6 kcal mol-1™ 

tt 1 kcal mol -^4 .184 kj mol~ 

at about 50° of 6. T h e dashed curve indicates the energy 
value of the linear addition (Fig.5b). I t has a minimum 
energy —5.0 kcal m o l - 1 when 0 is —10°. In order to 
reduce the total number of parameters, terminal 
substituents are fixed as those in Fig. 5, which may be 
regarded as least repulsive conformations. Both of the 
minimum energy and the shape of the potential groove 
indicate that the cross approaching mode is less hindered 
than that of the linear approach. Taking the electronic 
interaction energy into account, we conclude that the 
cross addition is much preferable to the linear addition, 
and it is consistent with the reaction of 1 and D C N E . 

T h e present calculation also explains why 4, not a 
possible isomer 4a, was actually formed. They corre­
spond to the adducts with the 0 value of 60° and 120° 
respectively. There is a local minimum at 120° in Fig. 6, 
but the energy value is high because of the repulsion 
between £-butyl groups and cyano groups. 

T h e authors are grateful to Professor Fumio Toda of 
Ehime University for supplying the sample and also for 
his valuable suggestions. 
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The phase equilibrium in C8H17(OCH2GH2)3OH/water/decane system was studied at 13.6, 15.8, 21.5, 26.0, 
and 30.0 °G. An upper critical solution point for the surfactant and oil phases, and a lower critical solution point 
for the surfactant and water phases were found. Strong critical opalescence was observed in the vicinity of the 
critical points. In a temperature range between two critical points, a three-phase region appeared due to the 
superposition of three miscibility gaps, i.e., 1) surfactant+water; 2) surfactant+oil, and 3) oil+water phases. 
The correlations between the phase equilibria and the ultralow interfacial tensions were straightforward. An ionic 
surfactant/cosurfactant/brine/oil system gave similar phase equilibria as the nonionic surfactant system, but the 
effect of temperature was the reverse. 

In ordinary binary-liquid systems, mutual solubility 
of two phases increases with the increase of temperature 
and the compositions of the two phase coincide at the 
critical temperature, at which the interfacial tension 
between them becomes zero.1-3) In a critical region, 
due to the large concentration fluctuation large clusters 
of molecules develop since the dimensions of the clusters 
are of the order of the wave length of light. Such 
systems scatter light strongly and the phenomenon is 
called critical opalescence.4) 

In surfactant solutions, the micelles present may be 
interpreted as large concentration fluctuations in a wider 
range of temperature than that in ordinary binary 
mixtures. According to the traditional interpretation5 - 6) 
micelles grow with increasing temperature in nonionic 
surfactant aqueous solutions and their aggregation 
number becomes infinite in the vicinity of the solubility 
curve (cloud point curve), above which a surfactant and 
a water phases coexist. T h e recent N M R investigations 
by Tiddy and collaborators7) have given results at 
variance with this interpretation. Their evaluation 
rather pointed to the presence of aggregates of flocculated 
micelles instead of larger ones. 

In nonionic surfactant/water/oil systems, the surfac­
tant mainly dissolves in water at lower temperature, 
whereas it dissolves in oil at higher temperature. At 
the transition temperature range of the surfactant from 
water-soluble to ojl-soluble, there is a three-phase 
region consisted of a water phase, an oil phase and a 
surfactant phase which solubilizes a large amount of 
water and oil.8-10) In this region, following phenomena 
are observed ; 1 ) the amount of the solubilization of oil 
or water in a surfactant phase is attained to maximum, 
and the surfactant phase scatters a considerable amount 
of light, 2) ultralow interfacial tensions between the 
surfactant and oil (water) phases are obtained.11) I t is 
considered that these resemble critical phenomena in 
ordinary liquid systems. But the correlation between 
these phenomena and phase equilibria has not been 
clarified. 

In this paper, solution behavior of C 8 H 1 7 (OCH 2 CH 2 ) 3 -
O H in water and oil has been studied and compared 
with phase equilibria in ordinary binary or ternary 

mixtures. T h e solution behavior of ionic surfactant has 
also been evaluated for comparison. 

Exper imenta l 

Materials. Pure C8H17(OCH2CH2)3OH was synthe­
sized by POLA Research Laboratory and pure C12H25(OCH2-
CH2)6OH was synthesized by Nikko Chemicals; the high 
purity was confirmed by gas chromatographic analysis, p-
C8H17G6H4S03Na was kindly supplied by Kao Soap Company. 
Extra pure grade decane, hexadecane, 2,2,4-trimethylpentane 
were obtained from Tokyo Kasei Kogyo Company, and used 
without further purification. 

Procedures. The procedures for the determinations of 
the phase diagrams were described in previous papers.9-12) 

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

C8H17 (OCH2CHJ zOH\ Water I Decane System. 
Complicated phase equilibria are observed in long-
chain surfactant/water/oil system, since liquid crystal­
line phases exist in a wide range of composition.8-13) 
Therefore, the use of a short-chain surfactant is of 
advantage in order to understand the basic solution 
behavior of nonionic surfactant in oil and water. T h e 
short hydrocarbon chain is not sufficient to stabilize a 
liquid crystalline phase, hence the phase equilibria 
involving only liquid phases are more easily achieved. 

With this fact in mind phase diagrams for C8H17-
(OCH 2CH2) 3OH/water /decane system were determined 
at 13.6, 15.8, 21.5, 26.0, and 30.0 °C and are shown in 
Figs. l ( a ) - ( e ) . 

There are two two-phase regions in Fig. 1(a). One 
contains a surfactant phase (D) and an aqueous phase 
(W) located in the vicinity of water apex. Compositions 
of coexisting D phase and W phase coincide at the 
plait point K (isothermal critical point) on the miscibility 
curve. K c means the upper limit of K as described later. 
T h e other two-phase region is comprised of a surfactant 
(or water) phase and an oil phase (O). Compositions of 
both phases coincide at the plait point L on the misci­
bility curve, but the boundary between the surfactant 
phase and the water phase cannot be distinguished 
since there is no plait point between these phases. 
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C8H17(OCH2CH2)3OH C Q H 1 7 ( O C H 2 C H 2 ) 3 O H C Q H ^ C O C H - J C H ^ O H 

Decane 

(a) 

Water Decane 

C8H17(OCH2CH2)3OH 

Water Decane "0*W 

(c) 

C8H17(OCH2CH2)3OH 

Water 

Decane Water Decane Water 

(d) (e) 

Fig. 1. Phase diagrams for C8H17(OCH2CH2)30H/water/decane system at various temperatures, (a) 13.6 
°C, (b) 15.8 °G, (c) 21.5°C, (d) 26.0 °G, (e) 30.0 °C. O, an oil phase; W, a water phase; D, a sur­
factant phase; a, ß and y, invariant points; K and L, plait points. Kc and Lc are upper limits of 
K and L (cf. Fig. 3). 

The water phase continuously changes to the surfactant 
phase with increasing the content of a surfactant/decane 
solution of the ratio 1.2. Therefore, this latter two-
phase region contains two miscibility gaps, i.e., D + O 
and W + O so that the notation, D ( ^ W ) is used. 
Below this temperature the two-phase D ( ^ W ) + 0 
region becomes wider, whereas D + W region becomes 
narrower and the plait point K approaches to water 
apex and the plait point L approaches the oil-surfactant 
axis (cf. Fig. 3). 

Point Kc is still in contact with the miscibility curve 
between D ( ^ W) and O at 13.6 °C as shown in Fig. 1 (a). 
Slightly above this temperature, the single-phase region 
splits into two realms, i.e., the surfactant phase and the 
water phase at point Kc, and a three-phase region is 
formed consisted of a water, and oil and a surfactant 
phases. In other words, the equilibrium of three liquid 
phases causes the superposition of three miscibility gaps, 
i.e., O + W , D + W , and D + O . The three coexisting 
liquids are the point, a, ß, and y as shown in Fig. 1(b). 

This kind of phenomenon is also known in ordinary 
ternary systems, such as water/ether/succinonitrile 
systems.14»15) The single water-phase region abruptly 
falls to the water apex in a very narrow range of tempera­
ture. The plait point Kc is the lower critical point 
between the surfactant and the water phases in the 
presence of oil. W or D phase in the vicinity of the plait 
point Kc scatters light and looks blue. The system is 

called a microemulsion.10) 
Point a shifts to the oil apex and the three-phase and 

D + W phase regions become wider with increasing 
temperature as shown in Fig. 1 (c). Point a in Fig. 1 (c) 
is the minimum concentration of C8H1 7(OCH2CH2)3OH 
to make equal amount of oil and water a single phase. 
Three points, a, ß, and L approach each other with 
increasing temperature as shown in Fig. 1(d) and 
coalesce at 26.6 °C which is the upper critical point, 
(Lc) between the surfactant and the oil phases in the 
presence of water. Three-phase and D + O regions 
disappear and only the two-phase D ( ^ 0 ) + W phase 
region is observed above this temperature as shown in 
Fig. 1(e). 

Since the plait point does not exist on the miscibility 
curve in Fig. 1(e), the boundary between an oil phase 
and a surfactant phase cannot be distinguished. In 
other words, this two-phase region contains two misci­
bility gaps, i.e., D + W and O + W so that the notation 
D(c^O) is used. 

It is clear that the mutual dissolution between the 
surfactant phase and the water phase is increased with 
decreasing temperature, whereas that between the 
surfactant phase and the oil phase is increased with 
increasing temperature as shown in Figs. 1(a)—(e). 

The correlations between phase equilibria and 
ultralow interfacial tensions are also made clear from 
Figs. 1(a)—(e). It is known that the interfacial tension 
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becomes zero at a critical point in ordinary liquid 
system.3»16) T h e interfacial tension between the surfac­
tant phase and the water phase approaches zero at the 
plait point K, because the compositions of both phases 
become equal. O n the other hand, the interfacial 
tension between a surfactant phase and an oil; phase 
approaches zero at the plait point L. Since no plait 
points exists above 26.6 °G as shown in Fig. 1(e), the 
interfacial tension does not become zero at any points 
in two-phase region. In three-phase region, the inter-
facial tension between a surfactant and a water phase 
becomes zero on the line at which the two lines, cx.-ß 
and ß-y coalesce each other at 13.6 °C. O n the other 
hand, the interfacial tension between a surfactant phase 
and an oil phase becomes zero on the line at which the 
two lines, a-y and ß-y coalesce each other at 26.6 °G. 

These results are in excellent accordance with those 
by Friberg and coworkers,17-18) whose more complex 
equilibria were due to the influence of longer hydro­
carbon chains. These favor the formation of lamellar 
phases.19) 

- i 1 1 1 1 1 1 — 

C8H17(OCH2CH2)3OH 11 wtVsystem 

h 

Fig. 2. Phase diagrams for water-decane containing 11 
wt% of C8H17(OCH2CH2)3OH/system as a function 
of temperature. 

T h e effect of temperature on the phase equilibria of 
water-decane containing 11 w t % of C 8 H 1 7 (OCH 2 CH 2 ) 3 -
O H was also studied and is shown in Fig. 2. This kind 
of phase diagrams have been extensively investigated by 
Shinoda and coworkers.8-10) D ( ^ O ) and D ( ^ W ) are 
single-phase regions, (cf. Fig. 1). Above the curve 
a-b-c-d-e which is the miscibility curve of an oil and 
a surfactant phases, O and D phases cannot coexist in 
equilibrium. O n the other hand, the surfactant phase 
and the water phase cannot coexist in equilibrium below 
the miscibility curve f-b-g-d-h. Hence the surfactant 
phase may coexist with the oil and the water phases 
only in the closed region, b-c-d-g. T h e curve a-b-c-d-e 
is smoothly continuous but the curve f-b-g-d-h has a 
break at point b in Fig. 2. From Fig. 2, it is clear that 
the solubilization of oil or water attains maximum in 
the vicinity of critical point (Kc or Lc) . 

Figure 3 is the polythermal projection of Figs. 1 (a)— 
(e). Broken line means the locus of invariant point a 
and in the region of lower side of this line, a single 
liquid phase does not appear at any temperatures. 

CgH17(OCH2CH2)30H 

Kc,13.6'C 
Lc,26.6'C 

Fig. 3. Polythermal projection of Figs. 1 (a)—(e). Dot­
ted lines are the loci of plait points. —Q— is a locus 
of a in G12H25(OGH2GH2)6OH/water/decane system. 
Numerical numbers indicate the temperature (°C). 
Kc, C8H17(OCH2CH2)3OH 5 w t % water 91 wt%, 
decane 4 wt%; Lc, C8H17(OCH2CH2)3OH 11 wt%, 
water 9 wt%, decane 80 wt%. 

Dotted lines represent the loci of the plait points K 
and L. Since the locus of a is far from water-oil axis in 
C 8 H 1 7 (OCH 2 CH 2 ) 3 OH/water /decane system, the solu­
bilizations of oil and water in surfactant phase are 
relatively small. T h e locus of a in C 1 2H 2 5 (OCH 2CH 2 ) 5 -
OH/water /decane system (open circles) is also shown 
in Fig. 3. a is very close to oil-water axis so that the 
solubilization is very large. But, the composition of 
a is rapidly changed with increasing temperature. 

T h e critical phenomenon at the composition of point 
K c in Fig. 1(a) is captured in the sequence of the 
photographs shown in Figs. 4(a)—(d). Well above the 
critical temperature, both an upper surfactant phase 
and a lower water phase are clear and there is no 
appreciable scattered light. With decreasing tempera­
ture, the solubilization of water in a surfactant phase is 
increasing and D phase (upper) begins to scatter light 
as shown in Fig. 4(a). Just above the critical tempera­
ture, the dissolution of D phase in W phase will strongly 
increase and both show pronounced phases light-
scattered as shown in Fig. 4(b) . At the critical tempera­
ture (13.6 °C), the boundary between two phases 
suddenly disappears and the scattered light attains a 
maximum as shown in Fig. 4(c). Below this temperature, 
the light-scattering weakens and excess oil is separated 
from D(c^W) phase as shown in Fig. 4(d). (See the 
meniscus). It is essential to point out that the scattered 
light observed in microemulsion systems9) is a critical 
opalescence. Except these critical points, it is known 
that two critical phenomena exist on the oil-surfactant 
axis and the water-surfactant axis in nonionic surfactant 
system.20"23) 

Phase diagram of equal amount of oil and water 
containing C 8 H 1 7 (OCH 2 CH 2 ) 3 OH as a function of 
temperature is shown in Fig. 5. T h e curve a-b-c-d is 
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Fig. 4. The critical phenomenon captured in the se­
quence of the photographs at the composition of the 
lower critical point (Kc) in Fig. 1(a). (a) 14.0 °G, (b) 
13.7 °G, (c) 13.6 °G, (d) 12.0 °G. 

hexadecane 

10 20 30 40 50 60 
CgHj 7(0C H2CH2)3OH wt %/system 

Fig. 5. The effect of the concentrations of C8H17(OCH2-
CH2)3OH on the equi-weight mixture of water and 
decane (or hexadecane) as a function of temperature. 

the coexisting curve of the surfactant phase and the 
oil phase in the presence of water, whereas the curve 
a-e-c-f is that of the surfactant and the water phases 
in the presence of oil. If a molecular volume of oil is 
large (hexadecane), two coexisting curves shift to higher 
temperature as shown in Fig. 5. This fact means that a 
surfactant becomes more soluble in the water phase. 
Upper coexisting curve shifts more to higher temperature 
than the lower one does and the three-phase region 

becomes wider. Hence the minimum content of surfac­
tant to make equal amount of oil and water a single 
phase is increased. This is in agreement with earlier 
solubilization studies.17) 

Ionic Surfactant J Cosurfactant J Brine J Oil System. 
Ordinary ionic surfactant dissolves in water and 
solubilizes a small amount of oil and the solubilization is 
little affected by temperature change.19) Even hydro-
phile-lipophile balanced ionic surfactant, Aerosol O T 
(sodium 1,2-bis (2-ethylhexyloxycarbonyl) ethanesulfon-
ate) dissolves mainly in water in dilute system, in 
which aqueous micellar solution phase coexists with an 
excess oil.23-24) If brine is used instead of water, a three-
phase region consisting of an oil, a water and a surfactant 
phases has been shown appearing in certain temperature 
ranges in Aerosol O T system as well as nonionic 
surfactant systems.24-26) On the other hand, it is known 
that the solution behavior of Aerosol O T in water is 
similar to that of the appropriate mixture of ordinary 
ionic surfactant and cosurfactant such as long-chain 
alcohol.27) Hence, it is expected that same solution 
behavior as that in Aerosol O T or nonionic surfactant 
systems appears in ordinary ionic surfactant systems if 
proper amounts of brine and cosurfactant are used. 
Phase diagram of />-C8H17C6H4S03Na, brine, 2,2,4-
trimethylpentane and 1-hexanol as a function of 
temperature is shown in Fig. 6. Brine/2,2,4-trimethyl-

10 

^ j — • • — * . 

L.C. present 

0 5 10 15 20 
p-C8H17C#H4S03Na wtVsystem 

Fig. 6. The effect of the concentration of />-C8H17C6H4-
S03Na on the equi-weight mixtures of brine (O? 1 Wt% 
NaCl; # , 3 wt% NaCl) and 2,2,4-trimethylpentane 
containing 30 wt% of 1-hexanol as a function of tem­
perature. 

pentane (containing 30 wt% of 1-hexanol) ratio is 
unity (W/W). Concentrations of salt in water are 1 wt% 
(open circles) and 3 wt% (filled circles) respectively. 
Below the temperature indicated by broken lines, 
liquid crystalline phase is separated. Below the curve 
which is concave downward, an excess water and a 
surfactant phase are separated, whereas an excess oil 
and a surfactant phase are separated above the curve 
which is concave upward. Therefore, three-phase 
consisted of a water, an oil and a surfactant phases 
appears in overlapping realm which js indicated by 
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O + D - f W . From this result, it is clear that ionic 
surfactant becomes more hydrophilic with increasing 
temperature. Overlapping realm, i.e., three-phase 
region shifts to lower temperature with decreasing salt 
content as shown in Fig. 6 and finally, it may disappear 
and a surfactant phase and an excess oil phase remain 
at room temperature in the absence of salt. 

The authors thank Prof. Közö Shinoda for his 
stimulating discussion. Senior author thanks Sakko-kai 
Foundation for its financial support. 
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Methyl acrylate was hydrodimerized in a methanolic solution by GoX(PPh3)3 (X=halogen) into dimethyl 
adipate. The in situ prepared cobalt complexes from cobalt halides, triphenylphosphine, and zinc gave higher 
yields of the hydrodimer in the presence of alkali halides. A mechanism is proposed which involves the protonation 
of Co(I)-methyl acrylate rc-complex to give (2-methoxycarbonylethyl)cobalt complex, followed by a further addition 
of methyl acrylate. 

Olefins substituted with electron-withdrawing groups 
are dimerized to head-to-head or head-to-tail dimers by 
bases,1'2) electrolytic coupling,3) and transition metal 
complexes.4'5) The head-to-head hydrodimerization has 
been extensively studied because head-to-head dimers 
are of considerable interest as starting materials for the 
preparation of monomers.3 '5) We have previously 
reported that acrylic esters were hydrodimerized by 
cobalt(I)-triphenylphosphine complexes and that the 
addition of alkali halides and zinc increased the yield.5') 
We wish to report our subsequent work on the develop­
ment of good catalysts for and the mechanism of the 
hydrodimerization of methyl acrylate. 

Exper imenta l 

All reagents were used directly as obtained commercially 
unless otherwise noted. Tetrahydrofuran (THF) and alcohols 
were refluxed over sodium and sodium alkoxides, respectively, 
distilled, and stored under an atmosphere of nitrogen. Methyl 
acrylate was distilled and stored under N2 in a refrigerator. 
XH NMR spectra were obtained on a JEOL PM-60 spectro­
meter. A Shimadzu 6A gas Chromatograph with a FID 
detector was used for most GLG analyses [PEG 20M (25% 
on celite 545), 4 m x 3 mm i.d. column, 175°] 

Cobalt Complexes. Cobalt (I) complexes were prepared 
by modifying the procedure used by Aresta et a/.6> slightly. A 
solution of cobalt iodide (0.30 g, 1 mmol) and triphenyl­
phosphine (0.93 g, 3.5 mmol) in THF (15 ml) and ethanol 
(1 ml) was treated with zinc dust (0.36 g, 5.5 mmol) under 
stirring at room temperature for 1 h. The resulting green 
suspension was filtered and the filtrate was concentrated 
almost to dryness. Ethanol (25 ml) was added and the 
precipitate was washed with three portions of ethanol (6 ml) 
and dried. The yield was 0.69 g (60%). Anal. Found: G, 
66.79; H, 4.66%. Calcd for C64H46IGoP3: C, 66.68; H, 
4.66%. Bromo- and chlorotris(triphenylphosphine)cobalt were 
obtained similarly. The yields were 42 and 22%, respec­
tively. Their elementary analyses were in fair agreement 
with the calculated values. 

Reactions. The complex (ca. 0.2 mmol) was placed in a 
100-ml flask which was flushed with nitrogen. Tetrahydrofuran 
(8 ml), methanol (2 ml), and methyl acrylate (1.5 ml, 16.4 
mmol) were added by syringes. The reaction mixture was 
stirred for 16—20 h at room temperature. 

Reactions with in Situ Prepared Complexes. In a 100-ml 
flask were placed cobalt halide (1 mmol), triphenylphosphine 
(3 mmol), and zinc (8 mmol). Tetrahydrofuran (8 ml) and 
methanol (2 ml) were added and the solution was stirred for 
half an hour. To the resulting yellow-green solution was 
added methyl acrylate (16.4 mmol) and the reaction mixture 

was stirred for an adequate interval. The determination of 
yields was carried out by gas chromatography using an internal 
standard. 

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

Stoichiometric Reactions. When methyl acrylate 
(MA) was treated with CoX(PPh 3 ) 3 (X=ha logen) in 
THF-me thano l , the yellow-green solution turned brown 
and finally blue. T h e former color change suggests an 
interaction between the Co (I) complex and MA. The 
products were identified as dimethyl adipate and 
methyl 2-methoxypropionate. T h e yield of dimethyl 
adipate is dependent upon halides and decreases in the 
order I > B r > C l , as shown in Table 1. T h e higher 

TABLE 1. HYDRODIMERIZATION OF METHYL 

ACRYLATE CATALYZED BY CoX(PPh3)3
a) 

X A*- A Yield of dimethyl 
- adipate 

mmol mmol C o b a s e m o l / g a t o m 

CI 0.26 Ï6T4 0.15(0.I5)b> 
Br 0.20 16.4 0.26(0.18)w 

I 0.23 2.2 0.18 
I 0.22 16.4 0.31(0.30)b) 

a) KX 5 mmol, THF 8 ml, CH3OH 2 ml, r.t., 16—20 h. 
b) In the absence of KX. 

concentration of M A causes the increase of Co ( I ) - M A 
complex, resulting in the higher yield of the hydrodimer. 

2 CH2=CHC02CH3 + 2 CH3OH + CoX(PPh3)3 • 
H3G02C(CH2)4G02CH3 + XCo(OCH3)2(PPh3)n (1) « 

XCo(OCH8)2(PPh8)n 
CH2=CHCOaCH3 + CH3OH • 

H3COCH2CH2GOaCH3. (2) 

The hydrodimerization was little affected by the 
addition of potassium halides. A Michael reaction 
(Eq. 2) is responsible for the catalysis of the cobalt 
methoxide formed. 

Use of in Situ Prepared Cobalt (I) Complexes in the 
Presence of Alkali Halides and Zinc. Cobalt (I) 
complexes were prepared by the reaction of cobalt 
halides, triphenylphosphine (PPh3) , and zinc in T H F -
methanol at room temperature. If methoxyl group in 
XCo(OCH 3 ) 2 (PPh 3 ) M is replaced by halogens, Co (I) 
complexes are expected to be regenerated in the presence 
of zinc. Catalytic hydrodimerization of M A was, in 
fact, carried out successfully by cobalt complexes in the 
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CoX2 + 3 P P h 3 + 4 - Z n GoX(PPh3)3 + y Z n X 2 (3) 
TABLE 3. EFFECTS OF TEMPERATURE AND ADDITIVES ON 

THE HYDRODIMERIZATION OF METHYL ACRYLATE0 

presence of alkali halides and zinc, as shown in Table 2. 
T h e addition of zinc affords dimethyl adipate in more 
than 100% yields, based on cobalt complexes, even in 
the absence of alkali halides. The reaction of XCo-
(OCH3)2(PPh3)M and ZnX 2 in the presence of zinc might 
regenerate a Co (I) complex. T h e trend in the reactivity 
of CoX(PPh3)3 in the presence of zinc is the same as that 
in the isolated complexes. Alkali iodides and lithium 
chloride are effective and potassium iodide is the most 
effective among the alkali halides investigated. Although 
lithium salts are more soluble,8) none of them exert any 
positive effect toward the hydrodimerization. I t is 
not clear why potassium iodide is the most effective 
even though it is less soluble. Counter ions also play 
an important role in the hydrodimerization.9) 

TABLE 2. EFFECTS OF THE ADDITION OF ALKALI HALIDES ON 

THE HYDRODIMERIZATION OF METHYL ACRYLATE BY 

C o X ( P P h 3 ) 3 IN THE PRESENCE OF ZINCa) 

X 

Cld> 

CI 
CI 
CI 
Cld> 

Clg> 
B r h ) 

Br 
Br 

Jd) 

Jd) 

Jd) 

Jd) 

Jd) 

Alkali halide 
mmol 

— 
LiCl 
KCl 
NH4C1 
AgClO, 
KI 
— 
LiBr 
KBr 
— 
Lil 
Lil 
Nal 
Nal 
KI 
KI 
KI 
Rbl 
Rbl 
Csl 
Csl 
N H J 
NH4I 

8.1 
8.0 
7.9 
1.0 
5.2 

8.0 
8.0 

4.8 
8.0 
5.0 
8.0 
5.0 
8.0 

15 
5.1 
8.0 
5.0 
8.0 
5.1 
8.0 

Conv. 

75 
25 
50 

43 
27 
39 

57 

62 
55 
81 
80 

43 

54 

66 

Yield of dimethyl 
adipate" Co basec) 

mol/g atom 

1.51 
4.30 (70)e) 

0.54 (26) 
2.97 (72)° 
3.02 
5.47 
2.25 
1.44 (41)° 
0.81 (36) 
1.98 (62) 
4.12» 
1.55 (33) k> 
3.86 
3.54 (69) 
4.09 (91) 
6.56 (98) 
5.16 (78) 
3.35 
2.42 (69) 
3.48 
3.91 (88) 
4.87 
3.56 (66)° 

a) CoX(PPh3)3 was prepared in situ from CoXa (1 mmol), 
PPh3 (3 mmol), and Zn (10 mmol) in THF (10 ml) and 
CH3OH (2 ml). MA (16.4 mmol), 20 °C, 2 h. b) The 
number in parentheses is the yield based on MA 
consumed, c) Yield based on cobalt complex, d) r.t., 
20—24 h. e) Methyl 2-methoxypropionate 20%. f) 
Methyl propionate 12%. g) r.t., 2 d. h) r.t., 4 d. i) 
Methyl 2-methoxypropionate 5.4%. j) Methyl 2-me­
thoxypropionate 50%. k) Methyl 2-methoxypropionate 
2.7%. 1) Methyl propionate 16%. 

The yield of the hydrodimer is dependent upon the 
amount of alkali halides. The excess of alkali halides 
lowers both yield and selectivity. T h e appropriate 
amount of alkali halides nearly corresponds to that of 

Temp 
°C 

0 
20 

40 

Additive 

KI 
mmol 

5.0 
— 

5.0 
5.0 
5.0 
5.0 

MeOH 
ml 

2 
— 
— 

2 
2 
2 

Time 
h~~ 

6 
2 
2 
2 
6 
6 

~^%~ 

92 
40 
68 
55 
83 
46 

Yield of dimethyl 
adipateb> 

Co base mol/g atom 

7.54 (99) 
1.13 (34) 
1.61 (29) 
4.09 (91) 
5.87 (86) 
2.81 (75) 

a) Catalysts prepared in situ from CoI2 (1 mmol), PPh3 (3 
mmol), and Zn (10 mmol) in THF (8 ml). MA 16.4 
mmol, b) Yields are the same as those in Table 2. 

the dimethyl adipate to be produced. A considerable 
amount of methyl 2-methoxypropionate and propionate 
were formed in the presence of lithium and ammonium 
salts, respectively. 

The effects of methanol and temperature were 
examined as shown in Table 3. Even in the absence of 
methanol, hydrodimerization occurred, but the addition 
of methanol appreciably increased the yield of the 
hydrodimer. Low temperatures are preferable because 
catalytic species are so thermally unstable as to be easily 
decomposed.6) 

TABLE 4. SOLVENT EFFECTS ON THE HYDRODIMERIZATION 

OF METHYL ACRYLATE BY C o X ( P P h 3 ) 3
a ) 

X 

CI 

Solvent 
"""mi 

THF 8, MeOH 2 
DMF 8, MeOH 2 
CH3CN 8, MeOH 2 
MeOH 10 
THF 8, MeOH 2 
THF 10 
CH3CN 8, MeOH 2 
CH3CN 10 
MeOH 10 

Yield of dimethyl 
adipate 

Co base mol/g atom 

1.51 
2.89 
2.18 
2.23 
5.26 
0.56 
0.67 
1.20 
0.45 

a) CoX(PPh3)3 prepared in situ from CoX2 (1 mmol), 
PPh3 (3 mmol), and Zn (8—10 mmol) in solvents. MA 
16.4 mmol, r.t., 20—90 h. 

Tetrahydrofuran and i^,i\^-dimethylformamide were 
found to be the most suitable solvents among several 
investigated in the catalysis of CoI(PPh 3 ) 3 and CoCl-
(PPh3)3 , respectively (Table 4). Polar solvents are 
preferable. The reduction to the Co (I) complexes 
occurred in all solvents listed in Table 4, but it was 
accelerated by the addition of methanol. The effects of 
methanol on the hydrodimerization of MA in T H F -
methanol are shown in Fig. 1. The appropriate mole 
ratio of methanol to M A is 4—5. The Michael reaction 
took place in preference to the hydrodimerization in a 
large excess of methanol : methyl 2-methoxypropionate 
was obtained in a 5 2 % yield in methanol as the sole 
solvent. Ethanol functions similarly to methanol in the 
hydrodimerization, but ester exchange occurs in it. 
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TABLE 5. ANALYSIS OF HYDROGEN OF DIMETHYL ADIPATE 

PRODUCED BY THE REACTION OF M A WITH IN SITU PREPARED 

G O X ( P P H 3 ) 3 IN DEUTERATED COMPOUNDS 

H 
23 

1 10 2 3 A 5 

CH3OH/ml 

Fig. 1. Effects of the amount of methanol on the hydro­
dimerization of methyl acrylate by in situ prepared 
GoI(PPh3)3 in THF (8 ml)-methanol. (Methanol (10 
ml) without THF.) 
• : Conversion, %: yield based on MA consumed, 
A : yield based on the cobalt complex. 

2 3 4 5 

PPh3/Co 

Fig. 2. Effects of the ratio of triphenylphosphine to 
cobalt on the hydrodimerization of methyl acrylate by 
in situ prepared CoI(PPh3)3. Symbols are the same as 
those in Fig. 1. 

The effects of the ratio of PPh 3 to a cobalt complex 
are shown in Fig. 2. The opt imum ratio is 3, which is in 
accord with the ratio of the isolated complexes. T h e 
excess of PPh 3 did not affect the conversion of MA, but 
lowered the yield of the hydrodimer. The coordination 
of M A is blocked by excess PPh 3 which, however, does 
not inhibit the Michael reaction. 

Mechanism. T h e hydrodimer obtained in deu-
terated compounds was analyzed by 1H N M R as shown 
in Table 5. Most of the hydrogen added originates 
from the hydroxyl hydrogen in methanol. The rest 
seems to be from solvents and M A itself, because we 
have not detected ortho-hydrogen of PPh 3 in the 
hydrodimer. No hydrogen attached to /?-carbon of M A 
exchanged with that of solvents such as T H F and 
benzene, but a part of the hydrogen exchanged with 
that of acetonitrile. Acetonitrile is sometimes split to 
H and CH 2 CN radicals by oxidative addition to low-
valent transition metal complexes.10) Since CoX(PPh 3 ) 3 , 
one of the low-valent d8 complexes, is susceptible to 

Catalytic 
systema) 

CoI2P2-P-Zn 
CoCl2-3P-Zn 
CoI2-P-Zn 
CoI2-3P-Zn 
CoI2-3P-Zn 
CoI2-3P-Zn 
CoI2-3P-Zn 

Deuterium 
source 

CH3OD 

Solvent 

THF 
CH3OD-D2Oc ) THF 
CH3OD 
CH3OD 
P(C6D5)3 

CD3CN 
CH3OD 

CH3CN 
C6H6 

CH3CN 
CD3CN 
CH3CN 

*HNMR 

ß-C 
2.05 
2.06 
2.03 
1.96 
2.11 
1.76 
1.35 

analysis"5 

a-C 

1.24 
1.22 
1.68 
1.78 
1.94 
1.95 
1.59 

a) P=PPh 3 . b) Based on the assumption that the number 
of hydrogens of the methoxy group is 3.00. c) Before the 
end of the reaction, D 2 0 was added. 

oxidative addition,11) deuterium incorporation into the 
hydrodimer may occur via deuterium atom abstraction 
of acetonitrile-</3 by the Co (I) complex and the transfer 
of the deuterium. 

Hydrodimerization of acrylonitrile by iron carbonyls 
and ruthenium complexes has been extensively inves­
tigated by Misono et a/.,5a-e) McClure et a/.,5f) and 
Billig and coworkers.58) They explained the reaction 
involving insertion of acrylonitrile into an M - H or 
M-cyanoethyl or an M-vinyl bond ( M = F e , Ru) , some 
of which were isolated and characterized. The products 
are not only a hydrodimer but also propionitrile, 2-
methylglutaronitrile, and eis- and /ranj-2-hexenedi-
nitrile. T h e products from the reaction of MA with 
Co (I) complexes are a head-to-head hydrodimer, 
Michael adduct , and methyl propionate. We could 
not observe 2-methylglutarate and eis- and trans-2-
hexenedioate at all. The products of the latter reaction 
are very similar to those derived from the electrolytic 
coupling.3) T h e difference in products suggests that the 
hydrodimerization of M A by CoX(PPh 3 ) 3 proceeds by a 
mechanism different from that of the hydrodimerization 
of acrylonitrile by iron carbonyls and ruthenium 
complexes. Another characteristic feature is that the 
hydrogen incorporated into the hydrodimer in the 
Co (I) complex systems originates mainly from alcohols, 
but that in the ruthenium complex systems comes from 
atmospheric hydrogen. 

The addition of M A to CoX(PPh 3 ) 3 in methanolic 
solution produces a red-brown color from a yellow-
green one. A similar color change was observed between 
cobaloxime(I) and ethyl acrylate or acrylonitrile.12) 
Spectroscopic study showed an interchange between the 
cobaloxime-ethyl acrylate 7r-complex and (2-ethoxy-
carbonylethyl)cobaloxime.12b) However, a hydride 
HCo(dmg) 2P(n-C4H9) 3 (dmg=dimethylglyoximato) re­
acted with acrylonitrile or acrylates to yield the a-
substituted ethylcobaloxime derivatives,13) in contrast 
with jö-substituted isomers from the protonation of the 
cobaloxime(I)-olefin ^-complex (Scheme 1). The 
latter has been exemplified by the work on the rhod ium-
olefin complexes.14) 

We postulate a mechanism for the hydrodimerization 
of methyl acrylate by Co (I) complexes (Scheme 2). 
Red-brown species are responsible for the formation 
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Co(I), 

CH2=CHX-^ 

CH2rCHX 
Cod) 

•£—*Co(M)-CH2CH2X 

Co-H CH2|CHX 

Co-H 
-> Co(III)-CHXCH3 

Co=cobaloxime, X = G N , G02R. 

Scheme 1. 

Z > C o ( l ) ^ 2 = C H Y 

MOR Ji x CHY 

C ° -0R Co-CH2CH2Y 
Y ( C H 2 ) 4 Y ^ ) ( 3 J ^ (

 2 

ROH 
Co-CHY(CH2)3Y 

•CH2=CHY 

Co=CoX(PPh3)n , X=halogen, 
Y = C 0 2 C H 3 , M=alkali metal. 

Scheme 2. 

of C o ( I ) - M A ^-complex. A /S-substituted ethylcobalt 
complex is formed from the protonation of the C o ( I ) -
MA ^-complex with alcohol. Fur ther addition of M A 
to the ethylcobalt complex gives l ,4-bis(methoxycarbo-
nyl)butylcobalt complex, which is protonated to yield 
dimethyl adipate. No reverse reaction in (2) occurs 
because hydrogen exchange between M A and alcohol 
has not been observed. T h e susceptibility of protonation 
of the l,4-bis(methoxycarbonyl)butylcobalt complex, in 
comparison with that of the ^-substituted ethylcobalt 
complex, is correlated with the stability of the cobalt-
carbon: alkylmetal complexes bearing pr imary carbons 
are more stable than those bearing secondary carbons.15) 
The Co (I) complex can be regenerated by the reduction 
of the cobalt halide complex which is formed by replac­
ing the alkoxyl group with alkali halides. Cobalt 
alkoxide or alkali metal alkoxide released in (5) causes 
the Michael reaction to occur. 

The present work was partially supported by Grants-
in-Aid for Scientific Research (Nos. 065100, 265235) 
from the Ministry of Education, Science and Culture. 
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Transport Number of Ions in Water/DMF Solvents and Reference Electrode 
for Electrochemical Measurements in Nonaqueous Media 
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The transport number of the ions, t±, of (C2H5)4NC104, NaC104, NaCl, KCl, and HCl in JV,JV-dimethyl-
formamide(DMF)-water solvents were determined by the agar-salt bridge method. In order to compare this 
method, f + (HCl)'s in DMF-water media were measured by both the Hittorf method and the concentration cell 
method. Good agreement among these methods leads to the conclusion that *+(KCl) and f~(KCl) are nearly 
equal in the whole range of DMF-water media. The results suggest that potentials obtained in nonaqueous 
polarography with the bridged SCE by correcting the bridge potential with a slow flowing type aqueous SCE 
are always referred to the ordinary aqueous SCE. 

It is desirable that all potentials be referred to a 
common aqueous scale, such as the ordinary calomel 
electrode, regardless of the fact that the medium is 
aqueous or nonaqueous. A few attempts to do this in 
nonaqueous polarography have been made.1 - 4) O n 
prolonged immersion of an aqueous saturated potassium 
chloride salt bridge in a nonaqueous medium, a plug 
of solid KCl formed on the tip of the bridge and caused 
a significant increase in the resistance of the cell2,3) 
and an increase in the liquid junction potential.4) This 
resulted in a drift of the potential with time. 

The use of the reference redox couple such as rubidium 
ion-rubidium amalgam,5) ferricinum ion-ferrocene,6) tris-
(phenanthroline)iron(II, III) complex,7) [Fe(bpy) 3 ] + -
[Fe(bpy)3]°,8> and the form R--R+ type9) have an 
advantage for the purpose of comparing redox potentials 
of a given couple in different solvents. Those, however, 
are relative and contain some assumption concerning 
the solvation of couple ions or neutral particles. 

Suitable reference electrodes in individual solvent 
systems are convenient,10-13) but it is desirable, if 
possible, to use a common reference for emf measure­
ments made in a variety of solvent systems. 

In this connection, Fujinaga et al. have proposed a 
bridged SCE as an external reference electrode,14) and 
Polarographie behaviours of some compounds in the 
solvents of iV,JV-dimethylformamide (DMF)-water 
binary system have been studied with exact comparison 
of potentials referred to the bridged SCE.15-18) One of 
the authors has investigated in detail the characteristics 
of the bridged SCE and emphasized its great utility,19) 
showing that the potential drift during a period of 
Polarographie scanning is less than 3 m V and that 
the potentials could be referred to the ordinary aqueous 
SCE with a precision of a few millivolts when the 
potentials were corrected for the bridged potential 
measured with a slow flowing-type aqueous SCE just 
after the scan was completed. 

This conclusion is based on the coincidence of both 
the final bridge potential E«, and the calculated liquid 
junction potential E^C^ C2) as tabulated in Table 1. 
The Ej were calculated by using the equation 

Ej(Cv C2) = £±- (r - t+) In (CJCJ. (1) 

The differences in transport number (t~—1+) were 
obtained from the slope of the bridge potential E vs. 

TABLE 1. BRIDGE POTENTIAL AND RECALCULATED 

LIQUID JUNCTION POTENTIAL 1 9 5 

»1=»,° 

0 
40 
70 

100 

Q 

0.1 
0.1 
0.1 
0.1 

C,w 

0.24 
0.5 
0.5 
0.5 

E0 

11 
38 
75 

122 

•E«c) 

4 
8 

14 
38 

(t~-t+)v 

0/160 
0.174 
0.268 
0.773 

E^W 
3.6 
7.2 

11.1 
32.0 

a) The isometric volume % of DMF in the test soln(l) 
and in the tip of the bridge (2). b) Molarity of tetra-
ethylammonium Perchlorate (TEAP) in the test soln(l) 
and in the tip of the bridge (2). c) The bridge potential 
(mV) at the same day(0) and 30 d after the preparation 
of the bridge, d) Transport number of TEAP obtained 
from the slope of the E vs. log (t?2/Ci)- e) Recalculated 
liquid junction potential at 25 °C by the help of Eq. 1. 

log (CJCi) plots at each D M F concentration. If the 
transport number thus obtained is right, all the voltam-
metric measurements with the bridged SCE are always 
referred to the common aqueous SCE, when a correction 
for the bridge potential is applied. 

In the present communication, the subject of the 
transport number was investigated in order to clarify 
the above point. T h e experimental methods available 
for measuring transport numbers fall into four categories : 
the Hittorf method, the concentration cell method, the 
moving boundary method, and the agar-salt bridge 
method.20) T h e last of these is like that in the previous 
paper.19) The purpose of this paper is, indeed, to 
compare the transport number obtained by the last 
method with those obtained by the first two methods. 

Exper imenta l 

Preparation of the Test Solution in DMF-Water Media. 
Although it is a simple matter to prepare the solutions of 
a substance at various concentrations in different compositions 
of mixed solvent, it is difficult in practice to represent exactly 
and simultaneously both the solute and solvent composition. 
The present paper has solved this problem by introducing an 
isometric volume concentration, by which can be expressed a 
molarity, C, for the solute and a volume percent of either 
solvent composition. The conversion of the isometric volume 
percent to a weight percent or a mole fraction is easy. 

Suppose a mixed solvent is prepared by adding VA and VB 

cm3 of pure solvents A and B whose densities dk and dB, 
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respectively. T h e n the total volume V0 whose density d is 

VAdA + VBdB = V0d. (2) 

W h e n weight percent wi and mole fraction Xt of solvent i are 
introduced into Eq. 2, we have 

SCE 

Z± = JL XAMA 

dA 100 dA XAMA + XBMB 
(3) 

Equat ion 3 contains two unknown variables wt and d, or Xl 

and d. Since the relation between wL and d is measured 
experimentally, the isometric volume percent z>-=100 V-JV0 

is easily converted to a weight percent M>J or mole fraction 
Xt. T h e conversion table for D M F - w a t e r binary system is 
shown in Tab le 2. 

T A B L E 2. R E L A T I O N BETWEEN THE ISOMERIC VOLUME 

PERCENT AND WEIGHT PERCENT OR MOLE FRACTION 

IN D M F - W A T E R MEDIA AT 2 5 ° C 

DMF wt% 
wB 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 
95 

98 

99 

99.9 

100 

d*> 

0.9971 

0.9972 

0.9971 

0.9973 

0.9972 
0.9974 

0.9976 

0.9979 

0.9982 
0.9989 

1.0023 

1.0026 

1.0017 

0.9964 

0.9911 

0.9849 

0.9784 

0.9714 

0.9637 

0.9534 

0.9476c) 

0.9457c) 

0.9440c) 

0.9439d> 

Mole fraction 
of water, XA 

1.0000 

0.9869 

0.9733 

0.9583 

0.9419 

0.9260 

0.9044 

0.8828 

0.8588 

0.8322 

0.8022 

0.7685 

0.7301 

0.6860 

0.6349 

0.5749 

0.5035 

0.4172 

0.3107 

0.1759 

0.0765 

0.0394 

0.0040 

0.0003 

VA 

100.00 

95.01 

90.00 

85.02 

80.01 

75.02 
70.04 

65.05 

60.07 

55.10 

50.26 

45.25 

40.18 

34.98 

29.82 
24.70 

19.62 

14.61 

9.67 

4.78 

1.90 

0.95 

0.10 

0.01d> 

,. b) VB 

0.00 

5.28 

10.56 

15.85 

21.13 

26.42 

31.71 

37.00 

42.30 

47.62 

53.09 

58.42 
63.67 

68.62 

73.50 

78.26 

82.92 

87.48 

91.89 

95.96 

98.38 

99.19 

99.91 

99.99 

a) Density (g/cm3) of the mixed solvent from Ref. 21 . 
b) Isometric volume % of water (A) and D M F (B). c) 
Values obtained by interpolating between Z Ü B = 9 5 and 
100%. d) Réf. 26. 

Electrolyte solutions were prepared, for example, by pipet­
ting adequate amounts of aqueous stock solution of electrolyte 
and VB cm 3 of pure D M F , and then diluting with water in a 
V0 cm3 volumetric flask. After reaching room temperature 
or thermostat temperature , the decrement is adjusted by 
adding water . Since the conductance of hydrochloric acid 
solutions in D M F - w a t e r media varies with time after its 
preparat ion, the potential measurement for the H C l solutions 
was carried out one day after preparat ion. I n this paper , 
D M F volume percent means thus p B = 1 0 0 VB/V0, unless 
otherwise stated. This method is convenient to prepare a 
series of sample solutions with changing solute concentration 
and/or in varying solvent composition, contineously. 

All electrolytes used were of extra-pure reagent grade. 
T h e solvents were purified as described previously.14) Even 

Fig. 1. Bridge potential measurement. 
Phase 0, aq satd. K C l soin; 1, test soin (C l5 i>x) ; 2, D M F 
agar-sal t bridge (C2, v2) ; 3, aq 0.5 M N a C 1 0 4 agar 
br idge; 4, aq 1 M NaCl agar bridge. 

100% D M F contains water about 0 .03% (cf. Table 2) in this 
experiment. 

Measurement of Transport Number. The AgarSalt Bridge 
Method: Figure 1 shows the experimental set-up for measuring 
the bridge potential E. T h e agar-sal t bridge, dipping into 
the left compar tment of the H-type cell in die figure, was 
prepared according to the previous paper,19) and the com­
positions in phase 2 are shown in Table 3. When not in use, 
the end of the phase 2 side of the bridge was stored in the 
renewed preserving solution, having C 2 =0.1 mol /dm 3 of the 
electrolyte and v2 volume percent of D M F . A reference 
bridge, in the r ight-hand comaprtment , was an aqueous 
solution saturated with potassium chloride, which was allowed 
to flow very slowly into the test solution of phase 1, so as not 
to plug the tip of the bridge. 

TABLE 3. 

Electrolyte 

COMPOSITION OF THE PHASE 2 

C 

moldm- 3 U M F v o l / 0 , * 

TEAPa> 

N a C 1 0 4 

NaCl 

K C l 

H C l 

0 .1 

0 . 1 

0 .1 

0 .1 

0 .1 

0, 40, 70, 100 

0, 40, 70, 100 

0, 40, 70, 100 

0, 40, 70, 100 

0, 40, 70, 85 

a) Tet rae thylammonium Perchlorate. 

In Fig. 1, the cell is filled with a test solution (phase 1) 
which consists of Cx mol /dm 3 of an electrolyte and vx % of 
D M F . T h e potential difference E between two SCE's was 
measured within one minute after both bridges have been 
dipped a t the same time (or the agar bridge later t han the 
reference) into the test solution. T h e E's were measured 
every time in renewed test solution under the condition 
of various electrolyte concentrations Cx but C 2 =0 .1 and a t 
various D M F contents, but vx was always equal to v2. I n 
each D M F solvent, the E's thus obtained were plotted against 
log (C2/Cx) ; the slope gives the difference of transport number 
of anion and cation by the equation 

t- - t + = 
dE 

(4) 
RT d in (C2/Cx)' 

The Hittorf Method: For simplicity in the determination, 
only hydrochloric acid was chosen as an electrolye in this 
method. 
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Two 1 X 1 cm2 platinum plates were used as electrodes. 
The copper coulometer consisted of 150 g of copper sulfate, 
50 cm3 of 3 M sulfuric acid, 50 cm3 of ethanol and 1 dm3 of 
pure water. Electrolyses were performed at room tempera­
ture, and the electrolysis time was fixed between 90—150 min. 

Volumetric determination of HCl concentration in both 
compartments, cathode and middle, was carried out by 
titration with aqueous sodium hydroxide solutions with 
Phenolphthalein as an indicator, using a microburette. Since 
the color change at end-point was not clear in the solution 
containing more than 70% DMF, the solution were diluted 
with water appropriately. The decrement of HCl in the 
cathode compartment, Anc, is calculated by 

* . - < " - - " J T*i5S? (5) 

where Vm and Ve are the titer of N normality NaOH solution 
for b cm3 of the respective middle and cathode compartments, 
Fis the total amount in the cathode compartment. Hence the 
transport number of H+ in HCl solution is 

*+(HCl) = 1 _ An c . - | , (6) 

where Q. is the amount of electricity passed through the coulo­
meter and F the Faraday constant. 

The Concentration Cell Method: The potential E of Cell-1 
without liquid junction 

AglAgCllHCKC!) |H2(Pt) |HC1(C2) | AgCl|Ag Cell-1 

and the potential Et of Cell-2 with liquid junction 

AglAgCllHCKQ) ; HCl(C2)|AgCl|Ag Cell-2 

are expressed by the equations 

E = 
2RT ,„ a±(Ci) 

In 
«±(C«) 

t a±(C2) 

(7) 

(8) 

In each solution having a definite DMF content, the 
logarithmic terms in Eq. 7 and 8 are equal, hence the combi­
nation of the two equations gives a transport number 

*+(HCl) = EJE. (9) 

Since the hydrogen electrodes and the silver-silver chloride 
electrodes have asymmetry potentials AEh and AEt, respec­
tively, the equation 9 must be replaced in practice by 

' (HC1) " E.„-(Eh- Am (10) 

Potential measurements were made with a Shimadzu Preci­
sion Potentiometer K-2 Type. The hydrogen electrodes, 
1 x 1 cm2 platinum plates, and Ag-AgCl electrodes, the electro­
lytic type and the thermal-electrolytic type, were prepared 
and stored according to the accepted methods.22-24) The 
latter were kept in water saturated with AgCl for 3 d (for 
use in water) and 7 d (for use in DMF-water media) after 
preparation, in order to stabilize the asymmetry potential JEt. 

For the Eexp and Etf exp measurements, the cell consists 
of four compartments (A, B, C, and D) connecting to a four-
way stopcock. Two test solutions Ct and C2, whose DMF 
contents were the same, were placed in the compartments A, 
C and B, D, respectively. To A and B an appropriate amount 
of AgCl powder was added and stirred to saturate, and then the 
Ag-AgCl electrodes were inserted. The hydrogen electrodes 
were put into C and D compartments. The four compart­
ments were bubbled with hydrogen gas (purified through 
pyrogallol solution) for 30—60 min. After the bubbling, the 

compartments A-C and B-D were connected by turning the 
four-way stopcock and the potential difference Eexp between 
A and B was measured (Cell-1). When two hydrogen electro­
des were exchanged for a salt bridge or when the two compart­
ments A and B were connected by the stopcock, the potential 
corresponds to Ett exp (Cell-2). 

The asymmetry potentials AEb and AEt were measured 
before each Eexp measurement, using, an H-type cell in which 
the concentrations of electrolyte in both compartments were 
fixed at C2 and the other concentrations were the same as in the 
measurement of EeXf. The AEt potentials have large values 
just after the Ag-AgCl electrodes have been transferred to 
DMF-water media from the aqueous preserving solution, but 
they decrease with time and stabilize after about half an hour 
in water and 1 h in DMF, respectively. The addition of solid 
AgCl is necessary because the silver chloride of the electrode 
is dissolved in DMF.25) 

R e s u l t s 

The Agar-Salt Bridge Method. T h e bridge poten­
tials E were measured at room temperature by changing 
the electrolyte concentration Cx of the test solution 
under the condition of vt=v2. T h e results of plotting 
the E va. log (C a /Q) for several electrolytes at D M F 
contents of 0, 40, 70% and DMF-rich solutions are 

log (CJCJ 
Fig. 2. Plots of E vs. log (CJCj) at C2=0.1 in water. 

Electrolyte: curve 1, TEAP; 2, NaC104; 3, NaCl; 4, 
KCl; 5, HCl. 

log (CJCJ 
Fig. 3. Plots of £ vs. log (CJCt) at C2=0.1 in 40% DMF. 

Electrolyte: curve 1, TEAP; 2, NaC104; 3, NaCl; 4, 
KCl; 5, HCl. 
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] 1 1 1 1 1 r 

40 I-

i I i i I L 

- 0 . 5 0 0 .5 1 1.5 2 

log (CJCJ 

Fig. 4. Plots of E vs. log (Ci/Cy at C2=0.1 in 70% DMF. 
Electrolyte: curve 1, TEAP; 2, NaC104; 3, NaCl; 4, 
KCl; 5, HCl. 

T 1 1 1 r 

log (C2/d) 

Fig. 5. Plots of E vs. log (CJCJ at C2=0.1 in DMF-
water. 
Electrolyte: curve 1, TEAP in DMF; 2, NaC104 in 
DMF; 3, NaCl in DMF; 4, KCl in DMF; 5, HCl in 
85% DMF. 

T 1 1 1 1 1 1 1 1 1 r 

J l I i i . i i i ' ' L 
0 20 40 60 80 100 

DMF concn/vol% 

Fig. 6. Transport number of cations t+ by the Agar-salt 
bridge method in DMF-water media at room tempera­
ture. 
Electrolyte; curve 1, TEAP; 2, NaC104; 3, NaCl; 4, 
KCl; 5, HCl. 

shown in Figs. 2, 3, 4, and 5, respectively. From these 
figures, one sees that good linear relations are found, 
except for te traethylammonium Perchlorate (TEAP) in 
solutions D M F content above 70% (curve 1 in Figs. 4 

1 1 1 1 1 1 • r — - T 

j | | | I I I I 1 1 L 
0 20 40 60 80 100 

DMFconcn/vol% 

Fig. 7. Comparison of different methods of transport 
number in DMF-water media. 
Curve 1, Hittofrt method *+(HCl) at C=0.1, 2 Conen 
cell method *+(HCl) at C= 0.01—0.0005; 3, Agar-salt 
bridge method *+(HCl) at C= 0.1— 0.02 from Fig. 6; 
4, Agar-salt bridge method *+(TEAP) at C=0.5—0.1.19> 

and 5) and for NaC10 4 in D M F (curve 2 in Fig. 5). 
By taking the slope between 0 and 0.7 in the abscissa 
and introducing this slope into Eq. 4, the transport 
number was calculated. In this way, the transport 
numbers of cation t+ in each electrolyte were plotted 
against D M F content as shown in Fig. 6. 

The Hittorf Method. Measurements were carried 
out at room temperature at a concentration of hydro­
chloric acid about 0.1 mol/dm3 and in the range of 
D M F content v=0—99%. The amounts of electricity 
(QJ passed through the cell for a definite time were 
decreased with increase of D M F content from 50 
coulombs in water to about 4 coulombs in 99% D M F 
media. The values of t+(HCY) varied from 0.825 in 
water to 0.188 in 9 9 % D M F media. A plot of the 
£+(HCl) against D M F content is shown as curve 1 in 
Fig. 7. 

The Concentration Cell Method. In order to 
compare with the Hittorf method, hydrochloric acid in 
D M F - w a t e r media was studied by this concentration 
cell method. All the cell electromotive forces Eexp and 
£"t.exp were measured at the condition of C1=2C29 and 
the asymmetry potentials AEh and AEt were measured 
at the lower concentration of C2. The data tabulated 
in Table 4 were obtained with a Ag-AgCl electrode 
made by the electrolytic method. The plot of these 
average values *+(HCl) against the D M F content is 
shown as curve 2 of Fig. 7. 

T h e t+ in 99.9 w t % of D M F , about 0.11, is quite 
uncertain, due possibly to a failure of the hydrogen 
electrodes. From the limiting ionic conductances 
A0(C1-)=55.126) and ^l0(HCl) = ( 7 9 . 3 + 7 0 + 7 5 . 5 ) / 3 = 
74.9,27> the calculated transport number of the proton 
in hydrochloric acid in most carefully purified D M F is 
0.26, a value obtained by dividing the difference 
y l (HCl)-A 0 (Cl- ) by the A(HC1) . 

D i s c u s s i o n 

Curves 1, 2, and 3 in Fig. 7 are transport numbers 
of the proton of HCl in DMF-wa te r media, obtained 
by the three methods. Because of the dissimilarity in 
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TABLE 4. TRANSPORT NUMBER OF THE PROTON OF HCl BY THE CONCENTRATION 

CELL METHOD AT C1 = 2 C 2 I N D M F - W A T E R MEDIA AT 2 4 ± 0 . 5 °G 

DMF vol% 
»B 

_ 

10 

30 

50 

70 

98 

99.9» 

Ci 
mol dm - 3 

(TOÏ 
0.005 
0 001 
0.0005 

0.01 
0.005 
0.001 
0.0005 

0.01 
0.005 
0.001 
0.0005 

0.01 
0.005 
0.001 
0.0005 

0.01 
0.005 
0.001 
0.0005 

0.0113 
0.0055 
0.0011 
0.0006 

0.0113 
0.0055 
0.0011 
0.0006 

AEb 

0.03 
0.07 
0.03 
0.02 

0.03 
0.06 
0.08 
0.07 

0.05 
0.08 
0.09 
0.12 

0.03 
0.09 
0.08 
0.10 

0.09 
0.10 
0.12 
0.11 

0.03 
0.12 
0.12 
0.07 

0.05 
0.07 
0.03 
0.04 

AEt 

0.11 
0.12 
0.13 
0.07 

0.41 
0.38 
0.40 
0.41 

0.98 
0.90 
1.00 
1.09 

0.50 
0.49 
0.48 
0.68 

0.69 
0.68 
0.65 
0.68 

0.83 
0.78 
0.96 
0.87 

0.98 
1.03 
0.95 
0.83 

Emf/mV 

~ ~ ^esp 

25.78 
22.37 
21.91 
21.75 

21.14 
22.63 
22.18 
20.97 

20.66 
19.43 
20.27 
20.39 

17.04 
16.72 
16.26 
17.71 

16.22 
15.64 
16.43 
16.91 

8.48 
12.54 
11.55 
8.78 

6.40 
4.11 
5.14 
5.72 

•Et.ext 

21.28 
18.41 
18.06 
17.92 

17.01 
17.43 
17.87 
16.94 

15.41 
14.41 
14.98 
15.11 

11.78 
11.40 
11.31 
12.19 

8.56 
8.26 
8.46 
9.22 

3.25 
3.98 
4.05 
3.05 

1.38 
1.48 
1.47 
1.23 

f+(HCl) 

0.8257 
0.8246 
0.8244 
0.8241 

0.8019 
0.7684 
0.8051 
0.8067 

0.7351 
0.7322 
0.7289 
0.7310 

0.6832 
0.6760 
0.6898 
0.6799 

0.5097 
0.5101 
0.4987 
0.5298 

0.318 
0.275 
0.295 
0.275 

0.075 
0.150 
0.125 
0.083 

a) Weight percent. 

the concentration and in the temperature, a precise 
comparison among them is difficult. Nevertheless, one 
may conclude that the method of the agar-salt bridge 
(curve 3 in Fig. 7) is consistent with the other two 
methods (curves 1 and 2) of measuring the transport 
number. Consequently, the transport numbers shown 
in Fig. 6 for different electrolytes and the *+(TEAP) in 
curve 4 of Fig. 7 (taken from the reference 19) are also 
correct. 

It may be noted that curve 4 of Fig. 6 shows that the 
transport numbers £+(KCl) and £~(KC1) are nearly 
equal in the whole range of DMF-wa te r binary solutions. 
Thus the liquid junction potential E-} is expected to be 
zero in terms of Eq. 1 for KCl solutions. 

From the above discussion, it can be concluded that 
potentials obtained in nonaqueous polarography with a 
slow flowing-type aqueous SCE can be referred to the 
ordinary aqueous SCE exactly within a few millivolts. 

The authors express their cordial gratitude to 
Professor Taitiro Fujinaga at Kyoto University for his 
continuing encouragement. Thanks are also given to 
Hideo Hattori , Hiroshi Yamamoto and Keiko Sasakawa 
for their assistance in parts of the experimental work. 
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Deactivation of Excited 2-Naphthylamine Due to Hydrogen Bonding 
Interaction with Pyridines. Fluorescence and Picosecond 

Laser Photolysis Studies 
Noriaki IKEDA, Tadashi OKADA, and Noboru MATAGA* 

Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka 560 
(Received October 24, 1980) 

The mechanism of the strong fluorescence quenching observed when two conjugated ^-electron systems are 
directly connected by hydrogen bonding has been studied by means of transient absorption spectral measurements 
with ps as well as ns laser photolysis method and fluorescence measurement. The bimolecular rate constants of 
quenching of 2-naph thy lamine fluorescence by pyridine and 4-cyanopyridine have been determined in various 
solvents. The bimolecular reaction rate of fluorescence quenching by pyridine is smaller than the diffusion con­
trolled one in many cases and depends considerably upon the dipole moment and the ability of formation of hydrogen 
bonding chain of solvent. However, the quenching by 4-cyanopyridine is diffusion controlled in every solvent 
examined here. By means of ps laser photolysis method, the state formed by charge transfer from excited 2-naphth-
ylamine to hydrogen bonded pyridine in the quenching process has been observed for the first time. The possibility 
of the hydrogen atom transfer due to the mechanism of charge transfer followed by proton transfer in hexane solution 
is also discussed. 

Many investigations have been carried out on the 
inter- and intramolecular hydrogen bonding interactions 
from various viewpoints.1) 

Regarding the effect of hydrogen bonding interaction 
upon fluorescence yield, it has been observed frequently 
that, when two conjugate ^-electronic systems are 
directly combined by hydrogen bonding interaction, 
fluorescence of proton donor or acceptor is strongly or 
thoroughly quenched.1 - 7) Moreover, it has been 
confirmed in the cases of some systems that the hydrogen 
bonding interaction induces strong deactivation of Sx 

state but does not lead to the enhanced intersystem 
crossing.5»7) Especially detailed luminescence kinetic 
studies have been made for carbazole-pyridine 
systems4»7»8) and the lifetime of the singlet excited state 
of carbazole-pyridine complex was estimated to be 28 
ps.8) 

It was suggested that C T (charge transfer) interaction 
between proton donor and acceptor ^-electron systems 
via hydrogen bond was responsible for the quench­
ing. 2-M-8) Namely, the C T state in this case was 
assumed very weakly fluorescent or nonfluorescent.8) 
Hydrogen atom transfer from proton donor to acceptor 
was also suggested as a possible mechanism of 
quenching.9) 

From the investigation of naphthol-pyridine system 
by means of absorption-emission flash technique, it has 
been concluded that the fluorescence quenching in this 
system is partly due to hydrogen atom transfer.10) O n 
the other hand, it has been proposed that the primary 
process in the hydrogen bonding system in the triplet 
state is the electron transfer followed by proton transfer 
between the proton donor and acceptor.11) However, 
direct proof of the electron transfer mechanism has not 
yet been given. 

In relation to this problem, we have made ps laser 
photolysis studies upon naphthylamine-pyridine systems 
in addition to detailed investigations of solvent effects 
upon fluorescence quenching due to hydrogen bonding 
interaction.12) 

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

Materials. 2-Naphthylamine (GR grade, Tokyo Kasei) 
was recrystallized twice from ligroine, and sublimated in a 
vacuum. JV, JV-Dimethyl-2-naphthylamine (GR grade, Tokyo 
Kasei) was recrystallized three times from ethanol-water 
mixture and sublimated in a vacuum. Pyridine (spectro 
grade, Kishida) was refluxed over calcium hydride and distilled. 
4-Cyanopyridine (GR grade, Nakarai) was recrystallized 
twice from ether-ligroine mixture and sublimated in a 
vacuum. Laboratory deionized water was distilled and 
redistilled by nonboiling type distillation apparatus. N-
Methylformamide (GR grade, Tokyo Kasei) and the other 
solvents (spectro grade) were used as received. The solvents 
for solutions examined by laser photolysis were refluxed over 
appropriate desiccant and distilled before use. All sample 
solutions were deaerated by freeze-pump-thaw cycles. 

Apparatus and Measurements. Absorption and fluorescence 
spectra were measured using respectively a JASGO UVIDEC-
1 type spectrophotometer and an Aminco-Bowman spectro-
photofluorometer. Fluorescence lifetimes were determined by 
using a pulsed nitrogen laser with 1 kW peak power as an 
exciting light source, combined with a monochromator, 1P28 
photomultiplier, a sampling oscilloscope and a XY recorder. 
The time resolution of this system was about 2.5 ns. Nano­
second laser photolysis apparatus was the same as described 
elsewhere.13) 

Picosecond laser photolysis measurements were made as 
follows. Single picosecond pulse of the second harmonic 
from a mode-locked ruby laser was used for excitation. Pulse 
width was ca. 30 ps. Picosecond continuum for monitoring 
the transient absorption spectra was generated by focussing 
the single fundamental pulse into heated polyphosphoric 
acid solution, BK-7 glass or fused quartz plate. The generated 
picosecond continuum was split into two beams one of which 
was passed through the excited sample solution. Both beams 
were detected by multichannel detectors of photodiode arrays 
(abbreviated as MGPD) through polychromators, respectively. 
Both MCPD's were connected with a microcomputer system 
for data processing and transient absorption spectra at various 
delay times were stored in disk and displayed on a recorder 
or oscilloscope. 

The transient absorption spectrum can be obtained by 
measuring intensities of monitoring light pulse in the presence 
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(/(A)) as well as in the absence (1°(A)) of exciting pulse, and 
by evaluating the absorbance A (A) at the wavelength A ac­
cording to the following equation. A covers wavelength range 
of 200 nm in one measurement. 

A(X) = log { A W / A W } - log{/!W//g(>0}, 

where the subscripts 1 and 2 mean the light intensities detected 
by MCPD1 and MCPD2, respectively, and MCPD2 receives 
the monitoring light passed through the sample solution. 
More details of the picosecond apparatus will be described 
elsewhere. 14> 

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

(̂ 4) Hydrogen Bonding Equilibrium in the Ground State. 
T h e change of absorption spectra of 2-naphthylamine 
(NA) caused by hydrogen bonding interaction with 
pyridine (P) is not so large and the equilibrium constant 
Kg of the hydrogen bond formation in the ground 
state is rather small. For example, Kg of N A - P in 
hexane is 0.6 M " 1 (1 M = l mol dm"3) at 20 °G, while 
it was reported that Kg=0.2 M " 1 in benzene at 13 °C3> 
and Kg=\2M~1 in cyclohexane at 15 °C.4> In the 
case of NA-4-cyanopyridine (CNP) system in hexane 
solution, the absorption spectra of NA were little 
affected by the addition of CNP in the range of concen­
tration (up to 4 x l O ~ 2 M ) used in the measurements. 
We have confirmed that the ability of CNP to make 
hydrogen bond with NA is considerably smaller than 
that of pyridine. Moreover, the hydrogen bonding 
interaction between NA and pyridine or NA and C N P 
in polar solvents becomes much weaker than in nonpolar 
solvents probably owing to solvation of NA as well as 
pyridines. Therefore, hydrogen bonding interaction 
in the ground state of these systems in polar solvents 
can be neglected. 

(2?) Fluorescence Quenching Reaction and Its Solvent Dependence. 
As is well-known, the hydrogen bonding ability of 
aromatic hydroxy and amine compounds is considerably 
larger in the lowest excited singlet state than in the 
ground state, which results the red shift of electronic 
spectra due to the hydrogen bonding interaction. 
Actually, in the case of naphthylamines and carbazole, 
the change of the fluorescence spectra caused by the 
hydrogen bonding interaction with proton acceptors in 
nonpolar solvents was confirmed to arise at much 
smaller concentrations of acceptor than those of absorp­
tion spectra.3'4»8> 

T h e progressive changes of fluorescence spectra of NA 
caused by adding pyridine in hexane solution are 
indicated in Fig. 1. In relation to the hydrogen bonding 
quenching of fluorescence, we have examined the N,N-
dimethyl-2-naphthylamine ( D M N A ) - P system, and 
have confirmed that the fluorescence of D M N A is not 
quenched by pyridine in hexane. This result shows 
evidently that the hydrogen bonding interaction is 
essential for the quenching of N A - P system. In pure 
pyridine solution of NA, a very weak fluorescence band 
which is a little red-shifted compared with that of 
NA in hexane was observed. Analogous results were 
obtained also in the case of carbazole-pyridine system.8) 
The very weak fluorescence band seems to be ascribed 
to the hydrogen bonded complex. In the case of the 

400 500 
A/nm 

Fig. 1. Quenching of NA fluorescence caused by added 
P in hexane solution. 
[NA] = 3.6xlO-*M, [P]/M: 0. 0, 1. 0.004, 2. 0.008, 
3. 0.012, 4. 0.016, 5. 0.020, 6. 0.030. 

strong quenching by CNP, no red-shifted fluorescence 
band was observed. Moreover, CNP quenches not only 
the fluorescence of NA but also the fluorescence of 
D M N A in hexane, which indicates that the quenching 
by CNP is due to the molecular interaction other than 
hydrogen bonding, probably the direct charge transfer 
interaction. 

In general, for the fluorescence behaviors of hydrogen 
bonding as well as the other molecular complex forming 
systems, the following mechanism may be assumed. 

DH* + A ^ ^ (DH-A)* 
*., 

W a l l <*f+*i) W8'1|(Af+*D (1) 

D H + A 
K, 

(DH-A) 

In the above scheme, 7 a b s is the total light quanta 
absorbed by the solution, à and b' are the fractions 
absorbed by free D H and complex, respectively. kQ 

and k-q are rate constants of complex formation and 
decomposition reactions, respectively. kf and kt are 
rate constants of radiative and radiationless transitions 
of the excited free D H , respectively, and k't and ft 
are those of the excited complex. 

When the equilibrium constant Kg of the complex 
formation in the ground state is very small and, more­
over, # > # , k-q/, simple Stern-Volmer equation may 
be valid approximately to reproduce the observed 
fluorescence yield. 

/ ? / / , = l + V o [ A ] , (2) 

where T0=ll(kf-\-ki). Equation 2 holds approximately 
for N A - P and N A - C N P systems in various solvents, 
from which the quenching rate constants have been 
obtained. 

As typical examples, the Stern-Volmer plots for N A - P 
and N A - C N P systems in hexane as well as aqueous 
solutions are shown in Fig. 2. Values of the quenching 
rate constant in various solvents are indicated in 
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TABLE 1. SOLVENT DEPENDENCE OF THE FLUORESCENCE QUENCHING RATE CONSTANTS (~25°C) 

Solvent 

Benzene 
Hexane 
Toluene 
Ethanol 
Water 
Acetone 
Methanol 
Acetonitrile 
NMFa ) 

DMFb ) ' 

/</Debyec) 

0 
0.085 
0.31 
1.66(20 °C) 
1.84 
2.69(20 °C) 
2.87(20 °C) 
3.44(20 °C) 
3.86 
3.86 

e/s0 

2.27 
1.9 
2.38 

24.55 
78.4 
20.7 
32.7 
37.5 

182.4 
36.7 

r0/ns 

12 
14 
15 
17 
21 
10 
16 
19 
11 
18 

kl/M-h-1^ 

8.7x10» 
2 . 4 x l 0 1 0 

8.2x10» 
1.8x10» 
4.0x10» 
6 . 0 x l 0 8 

3.2x10» 
3 . 5 x l 0 8 

2 . 4 x l 0 8 

8 . 2 x I 0 7 

Ag/M^s-1 e) 

1.5xl01 0 

2 . 9 x l 0 1 0 

1.3X1010 

l . l x l O 1 0 

9.3x10» 
2 . 1 x l 0 1 0 

1.9xl01 0 

1.9xl01 0 

7.3x10» 
l .OxlO1 0 

kJM-1*-1" 

l . l x l O 1 0 

2 .2x I0 1 0 

1.2xl01 0 

6.1x10» 
7.4x10» 
2.1 xlO10 

1.2 xlO1 0 

1.7xl01 0 

4.0x10» 
8.2x10» 

kpJkd 

0.8 
1.1 
0.7 
0.3 
0.5 
0.03 
0.3 
0.02 
0.06 
0.01 

a) JV-Methylformamide. b) iV,#-Dimethylformamide. c) 1 Debye=3.33564x lO^30 Cm. d) k value of NA-P system. 

Similar result can be seen in the case of N M F as com­
pared to D M F solvents. Thus, the quenching efficiency 
in protic solvent is larger than in aprotic solvent which 
has dipole moment close to that of the protic solvent. 
This result suggests that the hydrogen bonding chains 
in solvents assist in some way the quenching of N A - P 
system. 

In relation to this effect of hydrogen bonding solvent 
upon the N A - P hydrogen bonding quenching of 
fluorescence, we have confirmed that the fluorescence 
of D M N A is not quenched by P not only in nonpolar 
solvent but also in polar aprotic solvent, but even in 
the case of D M N A - P system, fluorescence is quenched 
remarkably in aqueous (£q = 3.2 X 109 M _ 1 s_1) and 
ethanol solutions, to almost the same extent as in the 
case of N A - P system. Thus , the important role of 
hydrogen bonding interaction among solvent molecules 
which assists the interaction between solute fluorescer 
and quencher leading to the fluorescence quenching has 
been confirmed, although its mechanism is not very 
clear at the present stage of investigation. 

Contrary to the case of the quenching by pyridine, 
fluorescence of D M N A is quenched strongly by CNP 
not only in polar protic solvent (kQ = 7Ax 109 M _ 1 s_ 1 

in water) , but also in polar aprotic solvent (£q = 
1.8 X 1010 M - 1 s _ 1 in acetonitrile) just as in the nonpolar 
solvent ( A : q = 3 . 2 x l 0 1 0 M - 1 s - 1 in hexane). These 
values of the bimolecular rate constant are rather 
similar to those of N A - C N P system in various solvents 
which are approximately diffusion controlled. As it is 
discussed already, this result shows that the quenching 
is due to the direct complex formation in the excited 
state rather than hydrogen bonding interaction. 

(C) Measurements of Transient Absorption Spectra by Means 
of Picosecond and Nanosecond Laser Spectroscopy. If the 
charge transfer interaction between the hydrogen 
bonded pair in the excited state is responsible for the 
fluorescence quenching in the case of N A - P system, one 
may expect to observe the transient C T state by means 
of laser spectroscopy. 

Results of ps laser photolysis measurements upon NA 
and N A - P systems in hexane solution are shown in 
Fig. 3. In Fig. 3, the spectra of NA cation radical15) 
produced by y-irradiation in j -butyl chloride solution 
at 77 K are indicated for the purpose of comparison. 
T h e spectra of NA in hexane at the delay time of 200 

e) kq value of NA-GNA system, f ) kd = 8RTj3000r). 

0 0.01 002 0.03 0.0 A 

[A]/M 

Fig. 2. iyif vs. [A] relation for NA-P and NA-CNP 
systems in hexane and water. 
0 : NA-P in hexane, A : NA-P in water, O : NA-CNP 
in hexane, A : NA-CNP in water. 

Table 1 together with those of solvent dielectric constant 
and dipole moment as well as T0 values of NA measured 
in various solvents. Moreover, kq values are compared 
with the values of the diffusion controlled rate constant 
estimated by, kd=8RT/3000 rj. 

As can be seen from Table 1, the quenching by C N P 
is almost diffusion controlled in every solvent used here. 
Although the quenching by pyridine is also approxi­
mately diffusion controlled in nonpolar solvents, it 
shows remarkable solvent dependence in polar solvents. 
The dipole moment of the solvent molecule seems to be 
an appropriate parameter representing the solvent effect 
upon the interaction between pyridine and excited NA, 
except in the case of protic solvents. This result indicates 
that the solvation by polar solvent molecules hinders 
more or less the hydrogen bonding interaction. The 
quenching efficiency (k\fkA) changes about one order 
of magnitude around the value of the solvent dipole 
moment equal to that of pyridine (2.37 D) . 

The ability of solvent to form hydrogen bonding 
chains seems to affect also the quenching efficiency. For 
example, the quenching efficiency {k\jkd) in methanol 
(0.3) is much larger than that in acetone (0.03) which 
has dipole moment very close to that of methanol. 
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Fig. 3. Transient absorption spectra of NA and NA-P 
systems in hexane solution obtained by ps laser photoly­
sis method. 
[NA] = 3.45xlO-*M, [P] = 0.37M. 

ps may be due to the Sn<—S! transition. With addition 
of sufficient P, completely different spectra appeared. 
T h e spectra at 200 ps are similar to the spectra of NA 
cation radical. T h e delay time of 200 ps is necessary 
in order to convert completely the excited NA into 
the hydrogen bonded complexes at [ P ] = 0 . 3 7 M . We 
have examined also the ps transient spectra of NA in 
pure pyridine solvent and observed again the band 
similar to that of NA cation radical. 

The observed transient spectra are most probably due 
to the state formed by C T from excited NA to hydrogen 
bonded pyridine, (D+*-H--A -*) . Thus, we have 
directly demonstrated for the first time that the C T 
state is responsible for the deactivation of excited 
singlet hydrogen bonded species. T h e absorbance of 
the C T state decays during a few hundreds ps and at 
2 ns we cannot recognize any characteristic band due 
to the C T state. We have examined also the very weak 
fluorescence of the hydrogen bonded complex by 
means of ps streak camera and obtained the decay time 
of a few hundred ps.17> 

T h e possibility of intermolecular electron transfer 
in the excited state may be examined by evaluating the 
standard free energy change AG0 for the process, 
D*---A—>D+"-A_, in the encounter complex according 
to Eq. 3. 

AG0 = £(D/D+) - E(A-/A) - (e»/eÄ) - AE+AGS 

1 
AG. = (e«/2) h à r + - i r r - 7 - -R R-

1 
37.5 (3) 

where 2s(D/D+) and E(A~/A) are respectively the 
oxidation potential (vs. SCE) of electron donor and the 
reduction potential of the electron acceptor in aceto-
nitrile. R is the center to center distance between D+ 

and A - assumed to be 7 Â. AE is the electronic excita­
tion energy of D and AGS is the correction term for 
solvation energy of cation and anion with radius R+ 

and R~, respectively, in a solvent with dielectric constant 
e. Values of EÇD[D+) and E(A~/A) were taken from 
literatures9 >16>18) and AG0 values were estimated for the 
present systems as shown in Table 2. 

TABLE 2. 

NA-P 
NA-CNP 

AG° FOR NA-P AND NA-CNP 

AG°/kcal mol-1 

Hexane Acetonitrile Water 

14.4 - 8 . 1 - 1 1 . 4 
- 1 3 . 3 - 3 5 . 7 - 3 9 . 0 

SYSTEMS 

\ 
Pyridine 

- 4 . 4 

For example, AG0 value of N A - P system in hexane is 
estimated to be 14.4 kcal/mol, which means that the 
electron transfer in the encounter complex is not 
possible. Even if we take a little smaller encounter 
distance R=5 Â, AG° is estimated to be 4.4 kcal/mol, 
which means that the reaction is much slower than the 
diffusion-controlled one. Since the fluorescence quench­
ing reaction was observed to be diffusion-controlled in 
the case of N A - P system and the quenching is caused 
by hydrogen bonding interaction as it is discussed in 
(B), the above result shows that the hydrogen bonding 
interaction assists the ^-electronic C T state formation. 
I t is expected that the hydrogen bonding decreases the 
ionization potential of NA and increases the electron 
affinity of pyridine. 

Contrary to the case of N A - P system, the fluorescence 
quenching by CNP is almost diffusion-controlled not 
only in nonpolar solvents but also in polar solvents in 
both cases of NA and D M N A , which indicates the 
direct C T interaction without hydrogen bonding as it is 
discussed already in (B). Actually, we have observed by 
means of ps laser photolysis an absorption band which 
is very similar to that of D M N A cation in the case of 
D M N A - C N P system in benzene. This absorption band 
may be ascribed most probably to non-fluorescent 
heteroexcimer formed by excited D M N A and CNP. I n 
the case of N A - C N P system in hexane as well as in 
benzene, however, the characteristic absorption band 
due to the C T state was not observed in the ps transient 
spectra. Very rapid deactivation process associated 
with the C T interaction seems to be predominant in 
this case. 

We have examined the transient absorption spectra of 
N A - P system in hexane also by means of ns laser 
photolysis method. T h e results of measurements are 
indicated in Fig. 4. The spectra of NA in hexane at 
the delay time of 100 ns seems to be due to Tn<—Tj 
transition. Similar absorption spectra were observed 
at the delay time of 100 ns also in the case of N A - P 
system in hexane. However, it might be possible to 
assign the band around 450 nm of the N A - P system 
to the absorption spectra of 2-naphthylaminyl radical 
which are similar to the T n « - ^ spectra of NA.19»20) 

If the observed spectra of N A - P system are due to the 
2-naphthylaminyl radical, it may be produced by the 
mechanism of C T followed by proton transfer competing 
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Fig. 4. Transient absorption spectra of NA and NA-P 
systems in hexane solution obtained by ns laser photo­
lysis method at 100 ns. Concentrations of NA and P 
are respectively the same as in Fig. 3. 

with the deactivation to the ground state. This inter­
pretation seems to be supported by the fact that the 
intersystem crossing rate constant is little influenced 
by hydrogen bonding interaction.5>7>21) Namely, the 
Sj ^Tx intersystem crossing seems to be negligible 
owing to the other overwhelming non-radiative processes 
from Si state of the N A - P hydrogen bonded complex. 
Thus, the formation of 2-naphthylaminyl radical from 
the C T state seems to be probable. Nevertheless the 
rise of its absorption band was not recognized clearly 
by means of ps laser photolysis at the delay time of 2 ns. 
This result may be due to the smaller extinction coeffi­
cient of 2-naphthylaminyl radical than that of NA 
cation and the lower power of exciting ps pulse com­
pared with ns pulse. 

We have examined also the transient spectra of N A - P 
and N A - C N P systems in polar solvents such as aceto-
nitrile and water by means of ps as well as ns laser 
photolysis, and have observed clearly the spectra due 
to NA cation in both 100 ps and 10 ns —100 ns time 
regions. This result shows clearly that dissociated ion 
radicals are produced in these polar solvents. However, 
contrary to the case of nonpolar solvent, cation radicals 
can be produced not only by electron transfer from 
excited NA to pyridines followed by ionic dissociation 
but also by laser induced electron ejection to polar 
solvent. Therefore, more quantitative studies are 
necessary for the elucidation of the details of reaction 
mechanism. In Fig. 5, transient absorption spectra 
in water observed by means of ps and ns laser photolysis 
methods are indicated in the case of N A - P system. 

Peculiar Nature of the Quenching by Pyridine. There 
is a definite relation between the bimolecular quenching 
rate constant £q and the free energy change AG° of 
Eq. 3 in acetonitrile solution for some typical electron 
donor acceptor systems including heteroexcimers.9) 
According to this relation between kq and AG°, the AG0 

value estimated for N A - P system in acetonitrile (—8.1 
kcal/mol, Table 2) corresponds to almost diffusion-
controlled value of kq (swlO10 M - 1 s_ 1), contrary to the 
observed value of 108 M - 1 s - 1 . Moreover, since the 

450 500 
A/nm 

Fig. 5. Transient absorption spectra of NA-P system in 
water obtained by ps and ns laser photolysis method. 
[NA] = 3x 10-4 M, [P] = 0.25 M. 

ionization potential of D M N A may be smaller than 
that of NA, the AG0 value of D M N A - P system in 
acetonitrile seems to be more negative predicting 
diffusion-controlled kq value. Actually, however, 
fluorescence of D N M A is not affected by added pyridine 
in acetonitrile solution. These results clearly show that 
the ordinary kq-AG° relation of electron transfer 
quenching does not hold for the N A - P and D M N A - P 
systems. Thus, even if the reaction is sufficiently 
exothermic, the electron transfer reaction does not occur 
in the case of D M N A - P system in acetonitrile and the 
hydrogen bonding interaction is necessary in the case 
of N A - P system in acetonitrile. Although the reason 
for this result is not very clear at the present stage of 
investigation, one should note this specific nature of 
photochemical electron transfer. 

The hydrogen bonding interactions between chromo-
phores as well as between chromophores and environ­
mental water seem to play important roles in biological 
systems. T h e present results may be of some importance 
also from such a point of view. More detailed fluores­
cence quenching and ionic photodissociation studies 
upon various hydrogen bonding systems are now going 
on in this laboratory. 
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A molecular dynamics "experiment" has been performed for a system of 216 molecules interacting through a 
modified Lennard-Jones-type potential. The velocity autocorrelation functions and associated self-diffusion 
coefficients were computed for varying degrees of the steepness of the repulsive part in the pair potential. The 
dependence of these quantities upon the hardness of the core, and then the applicability of a perturbation approach 
to the transport theory, was elucidated. The computed self-diffusion coefficients were compared with the prediction 
of the Rice-Allnatt theory. 

With the advent of computer experiment techniques, 
it has become possible to acquire useful information on 
dynamical processes in liquids by simulation. T h e 
velocity autocorrelation function W(t) is of particular 
interest, here, because it is the most important quanti ty 
for the description of the dynamics of liquids. Molecular 
dynamics experiments have been performed for the 
Lennard-Jones potential fluids by Rahman 1) and by 
Levesque-Verlet,2) and, also for a rigid sphere fluid, 
those have been done by Alder-Wainwright and 
others.3 '4) T h e results have brought us some valuable 
information on W(t). Recent progress in the transport 
theory of liquids has been strongly promoted by these 
studies.1"7) 

The most important problem in the transport theory 
of liquids is to present a theoretical model amenable to 
the analytical treatment for various correlated motions 
of molecules in a liquid. In explaining the equilibrium 
properties of liquids, the perturbation approach has 
proved to be successful for the last decade.8-9) The 
theory rests on the idea that the short range structure 
of liquids is governed primarily by a steep repulsive 
part of the intermolecular potential. Then, the attractive 
potential is regarded as a perturbation on a rigid 
sphere potential. Concerning transport properties, 
however, no successful perturbation theory has been 
proposed yet, and for the advancement of the theory, 
it is required to elucidate further the effect of the inter­
molecular potential upon the transport properties of 
fluids. Considerable efforts through computer experi­
ments have been devoted to the presentation of a 
reference fluid, which is useful in predicting the transport 
properties of liquids. T h e predominant role of the 
repulsive interaction by hard cores in the dynamics of 
dense fluids has been confirmed through the molecular 
dynamics results.6'10-11) Levesque et alV stated that 
the transport coefficient for the Lennard-Jones fluids 
was practically explained in terms of a corresponding 
hard sphere model. O n the other hand, concerning the 
effect of softness of the core, it seems that a soft core po­
tential gives rise to remarked oscillations in ¥{t) while the 
diffusion coefficient is rather insensitive to the steepness 
of the repulsive core.12) Then, for the elucidation of 
these properties of liquids, further examinations are 
required. 

The purpose of the present work is to study the effect 
of the repulsive core on the transport properties of 
liquids with varying degrees of the steepness of the 

repulsive part of the potential. For that purpose, we 
consider a fluid system composed of molecules interact­
ing through a modified Lennard-Jones-type potential: 
a parameter which shows the hardness of the repulsive 
core is introduced there. Velocity autocorrelation 
functions and associated self-diffusion coefficients for 
the systems are calculated by means of molecular 
dynamics experiments. T h e dependence of those 
quantities upon the hardness of the core and the 
applicability of a perturbation approach to the transport 
theory are investigated. Detailes of the results will be 
given in the following sections. 

Molecu lar D y n a m i c s M e t h o d 

Description of the System. We consider a system 
composed of molecules interacting through a pair 
potential of the form 

u(rtJ) = ^ { ( ^ ) 1 2 - ( f ) 6 ] + (A - 1)* rtJ£r0 

where r,; is the separation between molecules i and 7, e 
an energy parameter, and r 0 = 2 1 / 6 o. This potential 
function has a minimum of — e at r0 and crosses the 
abscissa at the distance oQ, and 

<70 = [2(A - v T ) / ( A - 1 )]!/•* h * 1 

= 0 A = l . (2) 

A is a parameter which shows the hardness of the 
repulsive core. When h=\, u{ri}) becomes a Lennard-
Jonse 12-6 potential with parameters e and cr. Figure 1 
displays the potential curves for different values of h 
for the same s and a (Fig. l-(a)) and those for the same 
e and a0 (Fig. l -(b)) . For large values of A the potential 
may be regarded as a nearly rigid sphere potential with 
an attractive part . 

Reduced quantities have been used throughout. There 
is some arbitrariness in choosing the reduction units for 
the present potential system. We have taken the 
reduced density p* and the reduced temperature T* as 

p* = Na0
3/V and T* = kT/e, (3) 

respectively, where h is the Boltzmann constant. 
The magnitude of p* of the systems considered were 

taken to be not larger than 0.95. When exceeded this 
reduced density, the system actually lost its fluidity 
for the lowest temperature chosen, showing an adrupt 
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Fig. 1. Intermolecular potentials for varying degrees of 
the steepness of the repulsive potential. 
(a) : For constant e and <r, (b) : for constant e and CT0. 
— :A=200, :A=10, :A=1 , : h=0.5. 

drop in the diffusion coefficient. With respect to 
temperature, we have taken the range of T* of 0.6—4.0, 
because we consider the liquids composed of molecules 
interacting with comparatively strong forces, such as 
H 2 0 , C6H6 , CC14, C H 3 O H etc.™) 

Computational Technique. Molecular dynamics 
calculations have been performed for the system of 
216 molecules confined to a cubic box with volume V, 
interacting through the potential Eq. 1. Following 
the usual procedure in molecular dynamics studies, the 
periodic boundary conditions were employed and 
interactions beyond a cutoff distance rc were ignored. 
The cutoff was placed at rc = 2.5 <r0. T h e technique 
due to Verlet15) was used to integrate the 3N coupled 
Newton equations of motion, 

d2r, _ 
d*2 (4) 

T h e basic time increment for the numerical integra­
tion has been taken to be 0.012 (in (ma0

2le)l/2)9 taking 
the conservation of total energy of the system into 
account. T h e number of time steps required to inves­
tigate a given thermodynamic state was about 12000 
time steps; 2000 time steps were sufficient, usually, to 
reach equilibrium, and a period of 10000 time steps 
was utilized to form the statistical average. T h e results 
were stable and reproducible. 

Radial Distribution Function. T h e radial distribu­
tion function gives the average local density of molecules 
at distance r from the central molecule, and is indicative 
of the local structure in a liquid. 

Figure 2 displays the computed radial distribution 
functions, g(r*)9 vs. r*=r/0o at p*=0.80 for varying h, 
including the result of Alder and Hecht on rigid 
spheres.16) I t is seen that the curve for h=200 agrees 
closely with that for the rigid spheres. As the softness 

s.o 

4.0 

3.0 

2.0 

1.0 

? 
-

1 
i 

\ 

'fe 

1 

1.0 2.0 
r/o* 

Fig. 2. Radial distribution functions at p* = 0.80 and 
T*-0 .6 . 

: A=200, : A=10, : A=l , 0 : r i S i d 

spheres for V/V0=\.7 given by Alder and Hecht.16) 
Refer to Fig. l-(b) for the potentials. 

of the repulsive core increases, the first peak of the 
distribution function is less sharp.12»17) The g(r*) for 
h=\ can be compared with the distribution function 
of liquid Ar.18) These results show the effectiveness of 
the present potential function. 

Veloc i ty Autocorre lat ion Funct ion 

T h e normalized velocity autocorrelation function at 
time t has been calculated as 

W{t) O ( Q ) - p ( 0 > 
<» 2 > 

<^IWO-»t('o + O X 
(6) 

Fig. 3. Velocity autocorrelation functions for A=200 at 

r*-i.o. 
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where D,-(*) is the linear velocity of a molecule i at /, 
and the angular brackets < >*0 imply a mean value 
over time origins. 

For a short time behavior of W(t), we have made a 
comparison of molecular dynamics computations with 
the values given by the Brownian and Gaussian approxi­
mations (see Appendix I ) . 

Figure 3 shows the normalized velocity autocorrela­
tion functions, W{t*), computed by means of Eq. 6 for 
various values of p* for A=200 and T* = l, where t* 
is the reduced time given by f*=^/(ma0

2/s)1/2 . T h e 
statistical error on the normalized velocity autocorrela­
tion function is due mainly to the replacement of an 
equilibrium ensemble average by a time average over a 
finite time interval. In the present case, the error is 
estimated to be ± 0 . 0 1 5 | y ( 0 — 1 | by means of Zwanzig 
and Ailawadi's formula.19* 

1.0 

Fig. 4. Velocity autocorrelation functions for A= 1 at 

r*~o.6. 

At low density W(t*) decays steadily. When the 
density is higher, W{t*) has a pronounced minimum 
attributed to the "back-scattering" of the diffusing 
molecule due to its collisions with surrounding 
molecules,1»10) followed by a negative plateau. T h e 
level of the negative region rises up with decreasing 
density, becoming eventually positive at a low density. 
The qualitative behavior of W{t*) is consistent not only 
with Alder and Wainwright's4> computer results on 
rigid spheres but also with Levesque and Verlet's2> 
results on the Lennard-Jones fluid. 

We now examine the effect of the steepness of the 
repulsive core potential on the velocity autocorrelation 
function. Figures 4—9 present ¥(t*) computed at the 
same reduced temperature (ÜT*=0.6) and different 
densities, for h=0.1, 0.5, 1, 10, and 200. T h e results 

Fig. 6. Velocity autocorrelation functions for A=200 at 

r*~o.6. 

Fig. 5. Velocity autocorrelation functions for A =10 at 

r*~o.6. 

Fig. 7. Comparison of the velocity autocorrelation 
functions computed by molecular dynamics at |0* = 0.80 
and T*~0.6 with those predicted by Brownian and 
Gaussian approximations. 
A : A=200 by MD, : A=200 by Brownian approx. 
(Eq. A M ) , 0 : h=l b y M D > : h=l hV Gaussian 
approx. (Eq. AI-4). Refer to Fig. l-(b) for the poten­
tials. 
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are summarized as in the following (1)—(4). 
(1) At short times, W(t*) for large values of A has 

an appearence of the exponential or nearly exponential 
decay (Fig. 6). When A becomes smaller, the initial 
behavior of W(t*) shows an extended Gaussian appear­
ence (Fig. 4). The extent of the Gaussian decay at 
a soft core system can be understood intuitively as the 
effect of the duration of a collision. This is more clearly 
seen in Fig. 7. The figure displays the W(t*) computed 
for the soft core (A= 1), together with the curve predicted 
by the Gaussian approximation (Eq. AI-4), and also 
that for the hard core (A=200) with the curve obtained 
from the Brownian approximation (Eq. AI-1). The 
agreement between the computed and predicted values 
is very good.20) It is confirmed that the initial decay of 
W(t*) for A=200 is still Gaussian at extremely short 
times. T h e initial purely-Gaussian decay is attributed 
to a quasi-Brownian motion of the pair of molecules 
in the relatively weak, but rapidly fluctuating, field of 
all the neighboring molecules, in which the momentum 
transfer is understood to be small.21) 

(2) At intermediate times, ¥(t*) at high density 
has a negative region with a long plateau. As seen in 
Figs. 4—6, the soft core potential has an effect enhancing 
the negative correlations. W(t*) for large A shows the 
overdamped behavior and no oscillatory features. The 
oscillatory aspect of the self motion associated with 
the soft core is very weak in the Lennard-Jones case 
(Fig. 4). However, as Fig. 8 shows, W(t*) of A=0.1 
apparently shows the oscillatory behavior similar to 
that found in molecular dynamics experiments on liquid 
metals12) and also has no longer an appreciably long 
plateau. The long plateau is not a consequence of an 
attractive potential tail but an essential feature for 
rigid sphere systems; it is generally believed to arise 
from repeated collisions between the two molecules due 
to the cage effect of its neighbors.22) 

(3) As seen in Fig. 9, when A increases at the same 

1.0 

- \ 
- tt 

Vi 
Vi 

w 
\\ 
v.'"/" 1 

1 1 
0.0 0.5 

Fig. 8. Velocity autocorrelation functions for A<̂  1 at p* 
= 0.70 and 7"*-0.6. 

: A=0.5, : A=0.1. Refer to Fig. l-(b) for the 
potentials. 

reduced density, the behavior of W(t*) approaches that 
of W(t*) for rigid spheres. The area under ¥(t*) increases 
at small times with increasing softness of the core, but 
at intermediate times we observe an opposite trend 
on W(t*) throughout three cases (a) (p*=0.57), (b) 
(1o*=0.85), and (c) (p*=0.95). In this respect, the 
three groups of curves given in Figs. 9(a), (b), and (c) 
may be said to have a similar trend of change with the 
increase of A over all the range of t*. The decrease of 
W(t*) at intermediate times is largely compensated for 
by its increase at small times. This is the reason why 
the self-diffusion coefficient, which is given by the 
integral of W(t)9 is rather insensitive to the shape of 
intermolecular potentials (Table 1). Figure 10 shows 
W(t*) for varying A at 7** = 1.0. The trend of change 

(b) 

: ^ . « - i „ • • * — . - " 

0.0 0.5 0.0 
t* 

0.5 0.0 0.5 

Fig. 9. Velocity autocorrelation functions for potential functions presented in 
Fig. l-(b) at T*~0.6. 
(a): For p* = 0.57, (b): for p* = 0.85, (c): for p* = 0.95. : A=200, 

: A=10, : h=\. 
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o.o 

0.0 0.5 

t* 

Fig. 10. Velocity autocorrelation functions at jO* = 0.57 
and T* = 1.0. 

:A=200, - - - - :A=10, :A=1. 

with the increasing h is found to be essentially similar 
to that at 7"* = 0 . 6 , though its magnitude is small. 

The fundamental behavior of velocity autocorrelation 
functions for continuous potential fluids may be ex­
plained by the extreme one of rigid spheres with an 
appropreate diameter at the same volume. The existence 
of such an extreme offer the basis of a perturbation 
approach in the transport theory. In Fig. 9 we have 
used simply oQ as a diameter of rigid spheres as a refer­
ence. A useful way to determine the rigid core diameter 
will be the one due to Dymond and Alder.10) 

o . o , — ,—. 

\ I : w 
\ r 
v / 

• 1 i i 
0 0.1 0.2 - 0 . 3 

Fig. 11. First derivatives of the velocity autocorrelation 
functions at p*=0.57 and T*~0.6. 

: A=200, : A=10, : h=\. Refer to Fig. 
l-(b) for the potentials. 

(4) We present the first derivative dW(t*)jdt* in the 
region of initially fast decay for varying h in Fig. 11. 
The first minimum point of dW(t*)/dt* vs. t* curves, 
or the first inflexion point of W(t*) vs. t* curves, gives 
the time at which the force autocorrelation function 
first passes through zero. As Fig. 11 shows, that is 

strongly dependent on the steepness of the core potential, 
going to zero as a rigid core limit as h becomes large.23) 
The decay time of W(t*) appears to be relatively insen­
sitive to the steepness of the repulsive core potential 
in spite of the strong dependence of the force auto­
correlation. This implies that the motion of a molecule 
in the systems considered is far from harmonic oscilla­
tions. 

Here, we would mention the following point. The 
extreme of h—°o in the present potential may be closer 
to a square-well potential for the presence of an attrac­
tive part rather than to rigid spheres (see Fig. 1). The 
velocity autocorrelation functions for square-well poten­
tial fluids have been calculated by Michels and 
Trappeniers.24) Unfortuately, their molecular dynamics 
calculations were made at too low densities to confirm 
the velocity autocorrelation at liquid densities. 
Einwohner and Alder25) computed the free-path 
distributions and collision rates in square-well potential 
fluids as well as those in rigid sphere fluids, and made 
the comparison between the two cases. They found 
that at liquid density the majority of collisions were 
hard core collisions and the free-path distribution was 
nearly indifferent to the presence of an attractive 
potential. For the extreme of A=°o in the present 
potential, the velocity autocorrelation function is 
supposed to be approximately equal to the one for rigid 
spheres, except for low densities. 

Self-diffusion Coefficient 

Procedure of Calculations. The self-diffusion 
coefficient D is calculated either from the velocity 
autocorrelation function, 

D = *Z1CV (Odt, (7) 
m Jo 

or from the long time limit of the mean-square 
displacement of a selected molecule i, 

D = Jim [i- < [r,(0) - rf(0P >}. (8) 

The evaluation of integral in Eq. 7 was carried out over 
the range of t, 0—2000 time steps. In the application 
of Eq. 8, we used the slope of the linear part of the 
curve for the mean-square displacement at 2000 time 
steps. T h e error of both results are considered to be 
of the order of 10%, and then, both results may be 
safely said to agree to each other within the range of 
errors. T h e diffusion coefficient for liquid Ar (at 94 °K 
and 1.374 g cm - 3 ) was calculated to be 2 . 4 4 x l 0 _ 5 c m 2 

s _ 1 in agreement with Rahman ' s result.1) 
T h e self-diffusion coefficients, Z)MD, calculated from 

the velocity autocorrelation function are listed in Table 
1, where we have used as the reduced quanti ty 

D* = D/(ole/my/z. (9) 

We can not make a direct comparison of the values for 
h—\ with the results of Levesque and Verlet2) on the 
Lennard-Jones fluid. It is possible to compare those 
by the use of ( ^ e / m ) 1 / 2 ^ ^ ) 5 / 1 2 as a unit of D and p' = 
(|0<r3//V/~2~)(e/*7,)1/4 as the reduced density.26) Both 
results are confirmed to be quite similar each other 
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TABLE 1. SELF-

7* 
0.42 
0.51 
0.57 
0.57 
0.57 
0.57 
0.57 
0.59 
0.70 
0.72 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.80 
0.86 
0.95 
0.95 
0.95 
0.95 
0.95 

h 

i 
10 
l 

10 
200 
200 
200 

1 
1 

10 
1 

10 
50 

100 
200 
200 
200 

10 
1 

10 
200 
200 
200 

DIFFUSION COEFFICIENTS 

T* 

ôTëï 
0.61 
0.60 
0.61 
0.60 
0.99 
4.01 
0.61 
0.59 
0.61 
0.61 
0.59 
0.60 
0.60 
0.59 
0.99 
3.94 
0.60 
0.61 
0.60 
0.59 
1.02 
3.97 

A I D * 

0.084 
0.094 
0.072 
0.085 
0.101 
0.143 
0.430 
0.067 
0.055 
0.067 
0.029 
0.041 
0.042 
0.049 
0.050 
0.061 
0.148 
0.022 
0.006 
0.011 
0.016 
0.022 
0.064 

except for those at the low density (|O'<0.55), showing 
that the scaling variables for the inverse 12-th power 
potential may be useful for the Lennard-Jones fluids. 

Density Dependence of Self-Diffusion Coefficient. 
Figure 12 illustrates the density dependence of the self-
diffusion coefficients at 7T* = 0.6 for a variety of the 
steepness of core potentials. The curves are found to 
shift along an arrow in the figure, when the hardness 
of the repulsive core increases. 

We now at tempt here an interpretation of this result 
by means of a rigid sphere model. The self-diffusion 
coefficient for rigid sphere gas of packing fraction 

0.10 

s 

0.01 

* — . * • » 

1 

> * O > P ^ X 
"** s \ "» \ \ \ \ \ 

\ \ \ 

*^vt> 

'•A 
\ \ v \ \ \ 

\ V 
\\ 
\ 

i 1 
o.s 1.0 

p* 

Fig. 12. Density dependence of self-diffusion coefficients 
at r * ~ 0 . 6 . 

:A=200, :A=10, :h=l, Ç): D„* calcu­
lated by means of Eq. 11. 

$( = (n/ß) pd3), where d is the diameter of spherical 
molecules, is given by the Enskog theory as 

D =i_L^v/2/r-A 
E 8 pd*\nm) / l2npd* Vfe(z(f) - l ) ] (10) 

in which x(£) (=pV/NkT) is the compressibility factor 
of a rigid sphere system. We consider the extreme of 
A=oo in the present potential i.e. the nearly rigid sphere 
potential with an attractive potential well. Let us 
assume that the self-diffusion coefficient for the system 
is given by the Enskog's value corrected by the Alder-
Wainwright factor as the ratio (Z>MD/Z)B)A,3 '4) where 
.DMD is the molecular dynamics values of diffusion 
coefficients for rigid spheres. I t is written as2) 

D*_ W^I4)<jT*(Dli>\ 
x(£) - 1 \ A (H) 

where Da* is expressed as the reduced coefficient given 
by Eq. 9. *(£) is given by the formula z(£) = (1 + £ + £ * ) / 
(1— £)3. Z>_* calculated at T*=0.6 are plotted against 
p* in Fig. 12. We can see that the A I D * vs. p* curve 
for h=200 nearly agrees with the D„* vs. p* one. 
Tha t is, when the hardness of the core increases, the 
-DMD* VS. p* curve at a given temperature, shifting along 
the arrow in Fig. 12, approaches the extreme curve 
of rigid spheres at the same temperature. This confirms 
that the rigid sphere model expressed as Eq. 11 gives 
a good description of self-diffusion coefficients for 
realistic continuous potential systems. An appropriate 
evaluation of the equivalent rigid sphere diameter for 
the Lennard-Jones fluid was given by Verlet,18) who took 
for it the value to fit the equilibrium structure factor 
to the Wertheim-Thiele solution of the PY equation 
for rigid spheres. Using the core diameter thus deter­
mined, Levesque et al.2) calculated diffusion coefficients 
for Lennard-Jones fluids, which were found to be about 
10% larger than those by molecular dynamics computa­
tions. According to Verlet,18) at low temperatures, the 
equivalent diameter is larger than the original core 
size a in the Lennard-Jones potential. The direction 
of the arrow in Fig. 12 is consistent with the result of 
Verlet. 

In addition to the interpretation described above, 
it can also be said from Fig. 12 that the duration of 
collisions between molecules, associated with the finite 
steepness of the repulsive potential, brings an important 
perturbation on the dynamical behavior of molecules 
mainly determined by the rigid sphere potential. 

Comparison with the Rice-Allnatt Theory. The basic 
assumption underlying the transport theory of Rice 
and Allnatt21) is that the motion of a molecule in a fluid 
consists of a strongly repulsive binary encounter followed 
by a quasi-Brownian motion of the molecules in the 
fluctuating field of neighboring molecules. The succes­
sive repulsive encounters are assumed to occur independ­
ently. This assumption is in direct opposition to the 
van der Waals picture of transport processes discussed 
by Dymond and Alder and others,10) in which the 
dynamical event consists of correlated collisions of rigid 
spheres. The real situation lies between these two 
extremes, probably. 

We attempt here to test the Rice-Allnatt theory 
through the examination of self-diffusion coefficients 
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calculated for various degrees of the steepness of the 
repulsive potential.27) In the theory, 

V(r) = V"(r) + V8(r) 

,VH(r) = oo, ^ ( 0 = 0 r<^a 

i r H ( r ) = 0 r > a , (12) 

where Vs is the soft potential. The forces on the mole­
cules in a liquid are working on two time scales: one 
corresponds to the large momentum and energy transfers 
which occur during rigid sphere collisions, and the 
other to the frequent small momentum transfers which 
occur during the quasi-Brownian motion of a molecule 
in the soft force field. Then, the friction coefficient is 
expressed as C=CH+CS , and the self-diffusion coefficient 
is 

D* 
kT 

' * A ~~ r H i r S ' 

where the friction coefficients become 

!?=^{nmkTy/*pa*g(a)i 

and 

cs = 
16rc4 

The Fourier transforms V^ and Gt are given by 

and 
^ = i J d r e " i q ' r r S ( r ) ' 

(13) 

(14) 

(15) 

(16) 

(17) 

respectively. The rigid core contribution, Eq. 14, is 
the Enskog expression. The evaluation of Cs, Eq. 15, is 
identical with the friction coefficient given by Helfand 
by applying the linear trajectory approximation.29) 
For the application of the Rice-Allnatt theory to the 
present system, there is obviously some arbitrariness in 
choosing the core diameter a in Eq. 12. In this work, the 
distance where the potential crosses abscissa has been 
taken as the diameter. Equation 1 is rewritten as follows, 

V*(x) = oo, V*(x) = 0 x^x0 

Vn{x) = 0, Vs(x) = u{ax) * > *0, (18) 

where x=r/<r and xQ=<rQl<J. 
It is difficult to calculate Cs using Eq. 15 because of 

the presence of the factor qz and the oscillating behavior 
due to Gq in the integrand. However, for the present 
potential (Eq. 18) we can invert Eq. 15 according to 
the procedure used by Helfand. The details of the 
inversion are described in Appendix I I . If we use the 
dimensionless coefficient C?=CS/C* 
(8l3)px0

2(7zmkT)1'*, C? is given by 
where 

and 
m: d*f(x) (g(cx) 

- " - ( ^ ) $ : 
dxf(x), (19) 

/(*) — (1 - A) \^^fl2\^j-^Â\^jj 

where 

+{%4ïH4B (2°> 
AM 

n/2 y 2 j ~ l 
!S 2 j - l 

In 
x - 1 

(21) 

TABLE 2. FRICTION AND SELF-DIFFUSION COEFFICIENTS 

GIVEN BY THE RICE-ALLNATT THEORY AT T* ~ 0 . 6 

c? G A.A* »MD.r 

h=l 0.57 
0.59 
0.70 
0.80 
0.95 

h=!0 0.57 
0.72 
0.80 
0.86 
0.95 

A=200 0.57 
0.80 
0.95 

0.85 
0.94 
0.69 
0.89 
1.51 

0.90 
0.72 
0.85 
0.90 
1.24 

0.81 
0.80 
1.17 

4.48 
4.38 
3.86 
3.84 
3.97 

7.17 
6.53 
7.16 
7.32 
8.15 

22.60 
22.43 
27.11 

5.33 
5.32 
4.55 
4.73 
5.48 

8.09 
7.25 
8.01 
8.22 
9.39 

23.41 
23.23 
28.28 

0.054 
0.052 
0.051 
0.031 
0.032 

0.050 
0.032 
0.025 
0.024 
0.018 

0.013 
0.009 
0.009 

4.03 
4.16 
4.21 
5.02 

29.56 

4.74 
3.40 
8.01 
8.82 

15.50 

2.86 
4.04 

15.21 

3.0 

2.0 

> 

l.Oh 

0.0 

Fig. 13. Ratio of the values of self-diffusion coefficients 
at T*~0.6 calculated by molecular dynamics to those 
predicted by the Rice-Allnatt thery. 

C?(=CH/C*), C?, and Z)RA* are calculated by means 
of Eqs. 14, 19, and 13, respectively, using the radial 
distribution functions calculated by the molecular 
dynamics runs for the potential Eq. 1.30> T h e results 
are given in Table 2, together with the molecular 
dynamics computations, CMD,r*( = (£77AiD)/C*). 

Figure 13 shows the DUD*IDRA* vs. p* curves, for 
A = l , 10, and 200. As seen in Table 2 and Fig. 13, a 
good agreement between the predicted and computed 
values is obtained only for the Lennard-Jones potential 
(A= l ) at a moderate density and also for the more 
rigid potential (A=10) at a high density. Too small 
values of Z)RA* for large h are evidently attr ibuted to the 
overestimation of C? about the contributions of the 
repulsive part, including the improperly strong repulsive 
contribution. The prediction of the Rice-Allnatt 
theory using the linear trajectory procedure is found 
to depend too sensitively upon how to separate the 
intermolecular potential. We have taken the diameter 
of rigid core to be equal to <r0. 

I t is found from Fig. 13 that the ratio Z)MD*/^)RA* for 
A = l is smaller than 1 at high densities, and at low 
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densities we have an opposite result. This density 
dependence of the ratio Z)MD*/-ÖRA* is supposed to be 
partly associated with that of the Alder-Wainwright 
ratio (Z>MD/AS)A for rigid spheres. 

Concluding R e m a r k s 

By means of molecular dynamics calculations, we have 
examined the transport properties of a fluid composed 
of molecules interacting through the potential expressed 
in terms of three parameters: the depth of potential 
well s, core size tf0, and hardness parameter h. The 
results are summarized as follows. 

(a) The essential feature of the behavior of velocity 
autocorrelation functions for continuous potential fluids 
can be explained by the extreme of rigid spheres with 
an appropriate diameter at the same volume. This 
implies that the rigid-sphere fluid can serve as a reference 
system suitable for the representation of dynamical 
properties of liquids. 

(b) The detailed behavior of velocity autocorrelation 
functions is sensibly dependent upon the steepness of 
the repulsive core potential. T h e oscillatory behavior 
superimposed on the extreme behavior of rigid spheres 
becomes more pronounced as the softness of the core 
increases. Then, the decrease of the area under W(t) 
at intermediate times is largely compensated for by 
its increase at small times. This is the reason why the 
self-diffusion coefficient is rather insensitive to the 
shape of intermolecular potentials. 

(c) The density dependence curve of self-diffusion 
coefficients in a continuous potential fluid shifts and 
approaches to that of rigid spheres at the same tempera­
ture with the increasing hardness of the core. 

These results appear to offer a sound basis for the 
equivalent hard sphere model as well as for the applica­
bility of the perturbation approach to the transport 
theory. The idea of separating the intermolecular 
potential into a rigid core part and a soft one, treating 
the latter as a perturbation, is considered to be essentially 
applicable to the transport theory of liquids. This is 
the basic physical assumption underlying the generalized 
van der Waals theory10»31) and the dynamical model 
of liquids due to Rice and Allnatt. The results calculated 
by the use of the Rice-Allnatt model are also found 
to be strongly dependent of the arbitrariness in splitting 
the potential into two parts. At high densities and low 
temperatures, the correlated successive rigid core 
collisions of a pair of molecules is considered to have 
more important effects on the self-diffusion coefficients. 

Appendix I 

A Langevin type of velocity autocorrelation function arising 
from a Markovian velocity evolution is expressed as 

» r(0 = « p ( - ^ « ) , (AI-l) 

where D is a self-diffusion coefficient. Equation AI-l is 
expected to give a good description to W(t) for a hard core 
potential (large h) at a moderate density. It is evident that 
W{t) for a soft core potential (small A) is far from the simple 
exponential behavior. If the interaction potential is a smooth 

function where there is no rigid core, then W(t) can be assumed 
to be analytical in the neighborhood of t=0 and expanded 
in a Taylor series 

W(t) = 1 - | f * 2 + 0(*4), (AI-2) 

where the square of the Einstein frequency, coe
2, is given in 

terms of the average of the Laplacian of the total potential 
energy U: 

Then, the Gaussian decay of W(t) is given by 

W(t) ~ exp f - < V 2 E / > t 2 \ ( A I _ 4 ) 

Since the potential function, Eq. 1, is continuous, the slope of 
W(t) at t=0 is zero and the decay at a small time should be 
Gaussian even for large values of h. For a completely rigid 
core, however, collisions are instantaneous and this results in a 
cusp oîW{t) at *=0. 

Appendix II 

The inversion of the transforms in Eq. 15 can be made ac­
cording to the same procedure as used by Helfand.29) Equa­
tion 16 is integrated by parts to give 

Substitution of Eq. AII-1 into Eq. 15 gives 
1 1 Z*00 /•oo /•oo 

+ sin q(r' - r)] x lg(r>) - 1] A [rV(r)], (AII-2) 

Using the relation \ sin(qr)dq=p/r, where p stands for the 

principal part, and introducting the change of variables y= 
r\r' and x=r//a, we obtain from the integration over q of Eq. 
AII-2 

[yVs(axy)] [g(<jx) - 1]. (AII-3) 

For the potential function given by Eq. 18, Eq. AII-3 can be 
integrated over_>> explicitly to lead 

Q = (^ ^dxf(x)[g(cx) - 1], (AII-4) 

where/(*) is given by Eq. 20. When h= 1 and hence x0= 1, 
Eq. AII-4 is reduced to the expression of Helfand. Since g(<rx) 
vanishes in the region 0<^*<*0, Eq. AII-4 is rewritten as 
Eq. 19. 
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Effects of Salts on the Solubility of Elemental Mercury in Water 
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The effects of 11 salts, NaCl, NaN0 3 , Na2S04 , NaBr, NaSCN, NaF, NaC104, KCl, BaCl2, (GH3)4NBr, and 
(C2H6)4NBr, on the solubility of elemental mercury in water have been studied at 25 °C. Salting coefficients were 
determined and compared with those predicted by both the McDevit-Long equation and the scaled particle 
theory (SPT). The McDevit-Long equation gave reasonably good predictions except for NaBr, NaC104, and 
NaSCN. SPT is also applicable to prediction of the salt effect when the energy parameter of mercury determined 
from the Henry law constant of aqueous solubility of mercury vapor is employed. Attempts to predict the effects 
of tetraalkylammonium salts by SPT failed. 

Attention is being paid to the influence of salts on 
the activity coefficients of nonelectrolytes in aqueous 
solutions from both experimental and theoretical interest 
and many reports have appeared.1) However, few are 
concerned with elemental mercury as a nonelectrolyte 
except for the report by Glew and Hames, who restricted 
their study to conditions of 6.10 molal sodium chloride 
solution.2) 

It has been pointed out that there is an essential 
difference between the solution properties for inert 
gases and nonpolar molecules in water and in organic 
solvents. A similar anomaly of elemental mercury in 
water solvent was suggested by Spencer and Voigt.3) 
They attr ibuted this to the tendency of water molecules 
to form a structure around mercury atoms. T h e study 
of salt effects on the solubility of elemental mercury will 
help clarify the role of water. 

T h e solubility of a nonelectrolyte in aqueous electro­
lyte solutions has been found to depend on the concen­
tration and type of the salt present in the solution. In a 
sufficiently dilute nonelectrolyte solution, the activity 
coefficient of nonelectrolyte, fy in the salt solution of 
molar concentration, C, is given by 

l o g / = \og(S°lS) = ksC, (1) 

where S and S° denote the solubility of nonelectrolyte 
in salt and salt-free solutions, respectively, k$ being 
the salting coefficient. 

In the present work, 11 salts showing no chemical 
reaction with elemental mercury were used. We have 
compared the values of observed ks with those predicted 
from theoretical equations such as the McDevit-Long 
equation4) and the scaled particle theory (SPT),5) 
which have been accepted to give reasonably good 
predictions for inert gases and nonpolar nonelectrolyte. 

Exper imenta l 

Electrolytes of analytical reagent grade were used except 
for a tetraethylammonium bromide of reagent grade. The 
salts were dissolved without further purification in redistilled 
water after drying at suitable temperatures. The concentra­
tions of chloride, bromide, and thiocyanate salts were checked 
by the argentometric method. Purification of metallic 
mercury, the procedure of attaining saturated solubility of 
mercury vapor and measurements were the same as those 
described,6) the solubility apparatus being essentially the same 
as that previously used except for a slight modification to 
include two identical 300 cm3 solubility flasks instead of one 
flask. Mercury vapor was passed through a three-way stop­

cock to each flask, and then combined with another three-way 
stop-cock attached to the outlet of each flask. One of the 
flasks was filled with pure water and the other with electrolyte 
solution. Saturated mercury solutions in both pure water and 
electrolyte solution can be obtained at the same time. It 
was confirmed by filling each flask with the same solution 
that concentrations of the saturated mercury solutions in the 
two flasks were identical with each other. A time of 30 min 
was found to be sufficient to attain the solubility equilibrium. 
The relative solubility of mercury in pure water and in the 
salt solution, S°/S, was measured directly by reading atomic-
absorption peak-heights recorded on a chart for a set of samples 
withdrawn from the two solubility flasks. The value of S° was 
taken to be 63 .9x l0 _ 6 g dm-3.6) Preliminary experiments 
for some electrolyte solutions revealed that the values of S thus 
estimated are in reasonably good agreement with those meas­
ured by addition of standard mercury (II) solutions. Deter­
mination of the S°/S ratios was repeated at least three times 
for each electrolyte concentration at 25 °C. No data were 
obtained for iodide; use of I - ion gave abnormal results 
probably due to some chemical reaction with elemental 
mercury. 

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

Experimental Salting Coefficients. The solubility 
ratios, S°jS, of elemental mercury obtained at each 
electrolyte concentration and salting coefficients, ks, for 
11 salts determined by the least-squares method accord­
ing to Eq. 1 are given in Table 1, together with correla­
tion coefficients for log (S°jS) vs. C plots and intercepts 
of these plots at C = 0 . We see that the salt effects are 
well represented by Eq. 1 over the concentration range 
examined. T h e value of ks for 6.10 mol d m - 3 NaCl, 
0.0413 at 25 °C, determined by Glew and Hames2) 
and expressed as reciprocal molality, is much lower 
than the present result. The apparent discrepancy can 
be attributed to the fact that a negative deviation 
from Eq. 1 occurs at such a high electrolyte concen­
tration. 

Salting Coefficients Calculated by the McDevit-Long 
Equation. Several theories have been given to 
explain the salt effects on the solubility of nonelectrolyte 
such as hydration, electrostatic, van der Waals force, 
internal pressure and scaled particle. The last two 
theories give a good prediction of the trend of the 
observed k$ value. Based on the internal pressure 
concept, McDevit and Long derived the equation4) 

k*=V°i(VB-Vt)/2.3ß0RT, (2) 

where Vf is the molar volume of the liquid nonelec-
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TABLE 1. 

Salt C 

NaCl 

NaN0 3 

Na2S04 

NaBr 

NaSCN 

NaF 

NaC104 

KCl 

BaGl2 

(CH3)4NBr 

(C2H6)4NBr 

SOLUBILITY 

(Values in 
mercury, s-t 

oncentration 
C/mol dm-3 

0.250 
0.501 
0.752 
1.00 

0.250 
0.500 
0.753 
1.00 

0.125 
0.250 
0.375 
0.501 

0.253 
0.506 
0.750 
1.01 

0.266 
0.531 
0.797 
1.062 

0.250 
0.500 
0.750 

0.250 
0.500 
0.750 
1.00 

0.250 
0.500 
0.750 
1.00 

0.250 
0.500 
0.750 

0.250 
0.500 
0.750 
1.00 

0.250 
0.500 
0.746 
0.995 

RATIOS AND SALTING COEFFICIENTS OF ELEMENTAL MERCURY IN AQUEOUS SALT SOLUTIONS 

parentheses are 
//t=851 K given 

Solubility 
ratio 

1.050 
1.105 
1.154 
1.204 

1.037 
1.074 
1.106 
1.156 

1.104 
1.216 
1.314 
1.447 

1.023 
1.038 
1.046 
1.055 

0.977 
0.964 
0.944 
0.917 

1.102 
1.207 
1.321 

1.093 
1.172 
1.252 
1.338 

1.046 
1.095 
0.120 
1.188 

1.080 
1.148 
1.233 

0.968 
0.923 
0.886 
0.845 

0.933 
0.870 
0.812 
0.766 

those calculated 
in Ref. 13.) 

log (S°IS) 
a t C = 0 

(y)b) 

0.0025 
(0.999) 

-0 .0002 
(0.996) 

0.0053 
(0.999) 

0.0063 
(0.988) 

0.0008 
(0.987) 

0.0029 
(0.999) 

0.0098 
(0.999) 

0.0018 
(0.987) 

0.0039 
(0.999) 

0.0051 
(0.999) 

-0 .0022 
(0.999) 

using the energy 

Observ 

* s 

0.0788 

0.0616 

0.308 

0.0173 

-0 .0345 

0.157 

0.117 

0.0703 

0.115 

- 0 . 0 7 7 9 

- 0 . 1 1 6 

parameter of elemental 

Salting coefficient 

ed 

k*^ 

0.0872 

0.0652 

0.319 

0.0227 

-0 .0338 

0.174 

0.114 

0.0743 

0.121 

- 0 . 1 1 2 

- 0 . 1 7 6 

Calculated 

* • " " 

0.071 

0.047 

0.221 

0.060 

0.060 

0.110 

0.035 

0.055 

0.170 

- 0 . 0 9 0 

- 0 . 1 2 1 

0.0789 
(0.0187) 

0.0732 
(0.0088) 

0.152 
(0.023) 

0.0577 
(-0.0166) 

0.0436 
(0.0129) 

0.0732 
0.0129 

0.0899 
(0.0363) 

0.0667 
(0.0023) 

0.109 
(-0.0687) 

0.579 
(0.567) 

0.753 
(0.770) 

a) S° and S denote pure water and salt solution, respectively. 
— <f>0X lO-3)/^.30, where <j>0 is the apparent molal volume of 
e) Calculated by the scaled particle theory. 

b) Correlation coefficient, c) Defined by A£=A:S+ (0.036 
the salt, d) Calculated by the McDevit-Long equation. 

trolyte, Vs the molar volume of pure (liquid) electrolyte, 
VI the partial molar volume of the salt at infinite 
dilution, and /?0_the compressibility of pure water. 
The factor (V$—Vi) in Eq. 2 indicates électrostriction 
of the solvent caused by the salt, which is related to 
modification of the water structure by the salt added. 

T h e values of ks calculated by using Eq. 2 are given 
in Table 1. T h e molar volume of liquid mercury 14.8 
cm3 was obtained by dividing atomic weight by density 
at 25 °C. T h e value of ß0 was taken to be 45.6 X 10"6 

bar - 1 .4) All the Vs data were taken from the work of 
Lundén,7) and the values for Vi, the sum of part ial 
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molar volumes of individual cation and anion, from 
that of Millero.8) 

T h e calculated ks values are in reasonably good 
agreement with the observed values except for NaBr, 
NaSCN, and NaC10 4 . In the McDevit-Long equation, 
the parameter concerned with nonelectrolyte is only 
its molar volume, hence the characteristic properties of 
nonelectrolyte such as nonelectrolyte-solvent and 
nonelectrolyte-electrolyte interactions are not taken 
into consideration. This probably causes the discrep­
ancies observed for these three salts. T h e observed ks 

values indicate that the increased interactions of 
mercury atoms with B r - or S C N - ions play an important 
role for NaBr or NaSCN salt and that the decreased 
interactions of mercury atoms with surrounding water 
molecules should be considered for NaC10 4 salt. 

Salting Coefficients Calculated by the Scaled Particle Theory. 
In the SPT, which has been successfully applied to 
predict the solubility of nonelectrolyte in various 
solvents,5* two steps are involved: (1) the creation of a 
cavity in the solvent of a suitable size to accommodate 
a nonelectrolyte molecule, and (2) the introduction 
of a nonelectrolyte into the cavity, the nonelectrolyte 
molecule interacting with the solvent and electrolyte 
species through repulsive, dispersion, and inductive 
forces. T h e SPT allows computations of the free energies 
involved in (1) and (2). T h e theory would reflect the 
characteristic properties of nonelectrolyte in its solubility 
in electrolyte solution more adequately than the 
McDevit-Long equation. 

O n the basis of SPT considerations given by Shoor 
and Guggins,9) Masterton and Lee10> have presented 
useful equations which enable one to estimate the 
salting coefficient k*, defined by 

^ l i m - L l o g ^ - , (3) 

where X0 and X denote the mole fraction solubility of 
nonelectrolyte in pure water and an electrolyte solution 
of molarity of C, respectively. T h e salting coefficient 
can be written as follows : 

k* = ka+kß + kr, (4) 

where ka and kß are related to steps (1) and (2), respec­
tively, and kr refers to the number densities of species 
present in the solvent. T h e expressions and kr 
are given by Eqs. 32, 19, and 11, respectively, in Ref. 10. 
These equations are expressed as functions of hard 
sphere diameter, a, the energy parameter , e/*, polari-
zability, a, and apparent molal volume of salt at infinite 
dilution, 0O- Subscripts 1, 2, 3, and 4 refer, respectively, 
to nonelectrolyte, water, cation, and anion. T h e hard 
sphere diameter is taken as twice that of the crystal 
ionic radius. Values of a are given in Table 2, references 
being specified in the footnote. For water molecules, 
the following parameters are employed: <r2=0.275 nm, 
e 2 / / t=85 .3K, and the dipole m o m e n t = 6 . 1 4 x 10"30 C 
m. When values corresponding to <f>0, (ai, <*& ^4), 
(a1} a3, a4) , and e^ic are known, the value of k$ for a 
given nonelectrolyte-salt pair can be calculated. The 
value of 0o is taken as the sum of the partial molal 
volume, Vion, of cation and anion, that is ^o=Vz-\-Vv 

Since the expression for k£ defined by Eq. 3 differs 

TABLE 2. PARAMETERS USED FOR CALCULATI NG SALTING 

COEFFICIENTS BY SCALED PARTICLE THEORY 

Elemental Mercury: 
(molecule)-1,10 c/*= 

Ion 
a 

nm 

0= 

851 
=0.290 nm," a= 
a), or 283 Kc> 

1024 a 
cm3 mol - 1 

= 5.05 Xl0-2 4cm 

l'ion 

cm3 mol - 1 

Na+ 0.190e) 0.21° - 6 . 2 1 
K+ 0.266e> 0.87° 4.02 
Ba2+ 0.270e> 1.73*> - 2 2 . 4 7 
(CH3)4N+ 0.694» 8.4° 84.57 
(C2H5)4N+ 0.800h> 16.4° 144.12 
F - 0.272e> 1.03*> 3.84 
CI- 0.362e) 3.02° 22.83 
Br- 0.390e) 4.17° 29.71 
NO3- 0.406» 4.36«» 34.00 
S 0 4 - 0.440» 5.83*> 23.98 
C104- 0.452» 5.24*> 49.12 
SCN- 0.428» 7.56k> 40.7 

a) Ref. 13. b) Ref. 12. c) Estimated in this work, d) 
Ref. 8. e) Pauling crystal ionic radius.185 f) Ref. 10. 
g) Calculated from mole refraction data cited in Ref. 
20. h) Ref. 19. i) Ref. 21. j) Estimated from Hepler's 
equation.155 k) Estimated in this work by measuring 
mole refraction. 

from the conventional ks appearing in Eq. 1, the 
observed ks is converted into kf by means of the 
relation11) 

k* = ks + (0.036 - fa x 10"3)/2.30. (5) 

In calculating kf by the SPT, it is important to 
choose adequate parameters, since the calculated kf 
value varies to a great extent with them. First, let us 
discuss the parameters for elemental mercury as a 
nonelectrolyte. The value 5.05 X 10 - 2 4 cm3/molecule 
can be taken for al5

12) but it is difficult to select proper 
ax and EX\K values. We adopt here the value of 0.290 n m 
for the hard sphere diameter of mercury atom.13) 
Calculations were first made using S1JK=851 K but the 
results (Table 1) are unsatisfactory. An attempt was 
made to estimate the ejic value according to the deriva­
tion made by Pierotti,14) who gave a relation between 
Henry's law constant, £H, and the free energy changes 
in steps (1) and (2). Using ^ = 0 . 2 9 0 nm and # H = 4 2 2 
a tm at 25 °C,6> we estimated the value BJK of elemental 
mercury to be 283 K, which is much smaller than the 
value obtained from viscosity data. The parameters 
used in the present calculation by the SPT are given 
in Table 2. T h e values of both observed and calculated 
k* are given in Table 1. 

If we employ the energy parameter derived from 
Henry's constant, the SPT is applicable, at least to an 
extent that the McDevit-Long equation can predict, 
to the salt effect on the elemental mercury solubility 
in water. Similarly to the McDevit-Long equation, the 
SPT approach gives poor agreement for NaBr and 
NaSCN salts. No reasonable interpretation can been 
given. T h e results of the SPT calculations for salt 
effects are sensitive to the ionic diameter of the electro­
lyte. I t is difficult to estimate ionic diameters of poly­
atomic ions, since no accurate crystal ionic radii are 
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known. In the present calculations, ionic radii adopted 
for polyatomic ions except for tetraalkylammonium 
ions are those estimated using Hepler's semiempirical 
equation.15) It is not clear whether the equation can be 
properly extended to these ions. Masterton et al. tried 
to estimate the best ionic radii for SPT calculation 
which give the best fit to the observed salting coeffi­
cients.11) In contrast with the McDevit-Long equation, 
the SPT gives great discrepancies between observed 
and calculated Ag for (CH3)4NBr and (C2H5)4NBr salts. 
This can not be overcome even if diameters for tetra­
alkylammonium cations proposed by Masterton et al. 
are used. The failure of the SPT for tetraalkylammo­
nium salts certainly does not lie solely with uncertainty 
of their ionic diameters, but should be ascribed to 
their abnormal physico-chemical properties for which 
the SPT does not account. The anomalous behavior 
exhibited by tetraalkylammonium ions has been 
revealed by many experimental observations and 
theoretical considerations.16 '17) 

The authors wish to thank Dr. Toshio Deguchi, 
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Organopalladium(II) Complexes Derived from Chloro[4-[2-(diphenyl-
phosphino)ethylamino]-3-penten-2-onato-0,iV,P]palladium(II) 
Katsuma HIRAKI,* Toyohiko MASUMOTO, Yoshio FUCHITA,* and Yasushi ZEGI 

Department of Industrial Chemistry, Faculty of Engineering, Nagasaki University, Bunkyo-machi, Nagasaki 852 
(Received July 17, 1980) 

A new tertiary phosphine containing <x,/S-unsaturated /S-amino ketone, 4-[2-(diphenylphosphino)ethylamino]-
3-penten-2-one (Hdpeap), reacts with sodium tetrachloropalladate(II) in the absence or presence of sodium ethoxide 
to give [PdCl2 (Hdpeap) 2] or [PdCl(dpeap)] [dpeap = 4-[2-(diphenylphosphino)ethylamino]-3-penten-2-onato-
0,N,P], respectively. The latter complex reacts with terminal acetylenes in the presence of catalytic amounts of 
copper(I) iodide to produce alkynyl complexes, [Pd(C=CR)(dpeap)]. Garbanions derived from active methylene 
compounds, and sodium dimethyldithiocarbamate also react with [PdCl(dpeap)] to afford [Pd(CHYY')(dpeap)] 
and [Pd(S2CNMe2)2], respectively. 

Many investigations have been reported about the 
quadridentate Schiff bases derived from /?-diketones and 
primary diamines1) and about their transition metal 
complexes.2) However, there have been only few papers 
on tridentate Schiff bases, derived from acetylacetone 
and primary monoamines containing a hetero atom on 
their /^-position, except the diamines.3 -5) Uhlig and 
Gottschling4) reported that 4-(2-picolylamino)-3-penten-
2-one (Hpip) , produced from acetylacetone and 2-
picolylamine, forms univalent ONN-type tridentate 
chelates to nickel(II) and copper(II) ions. The previous 
paper from our laboratory dealt with the preparation 
of chloro[4-(2-picolylamino)-3-penten-2-onato-0,N,N]-
pal ladium(II) and with the reactions of this complex 
with carbanions derived from active methylene 
compounds.5) 

In this paper, we present the preparation of a new, 
tertiary phosphine-containing tridentate oc,/?-unsaturated 
/?-amino ketone, 4-[2-(diphenylphosphino)ethylamino]-
3-penten-2-one (Hdpeap) , and its reactions towards 
tetrachloropalladate(II) in the absence and presence 
of sodium ethoxide, resulting in the formation of 
[PdCl2(Hdpeap)2] and [PdCl(dpeap)] [dpeap = 4-[(2-
diphenylphosphino)ethylamino]-3-penten-2-onato-0,A r ,-
P ] , respectively. In addition, the reactions of the latter 
complex with terminal acetylenes, carbanions, and 
sodium dimethyldithiocarbamate [Na(dmdc)] are 
reported. 

Exper imenta l 

Materials and General Procedures. 2-(Diphenylphosphino)-
ethylamine,6) methyl propiolate,7) and thallium(I) acetyl-
acetonate [Tl(acac)]8) were prepared according to the pub­
lished procedures. Solvents were dried by standard methods 
and distilled. The other reagents were commercial samples 
and were used without further purification. 

Melting points were measured in capillary tubes on a 
Yanagimoto MP-S3 microstage apparatus and are uncor­
rected. IR and 1H-NMR spectra were recorded according 
to the previous paper.5) All preparative operations were 
performed in an atmosphere of dry nitrogen. 

Preparation of Hdpeap. A benzene solution of 2-(diphen-
ylphosphino)ethylamine (26 mmol) and acetylacetone (52 
mmol) was heated under reflux for 3.5 h. After the reaction 
mixture had been evaporated to dryness, the residue was 
recrystallized from hexane to give crystalline solids, 4-[2-
(diphenylphosphino)ethylamino]-3-penten-2-one (Hdpeap) 1. 

Reaction of Hdpeap with Sodium Tetrachloropalladatef II). 
An ethanol solution (100 ml) containing Hdpeap (3.93 mmol) 
and Na2[PdCl4] (1.96 mmol) was stirred at room temperature 
for 15 h. After the solvent had been evaporated, the residue 
was extracted with 30 ml of benzene. The benzene-extract 
was evaporated in vacuo, and the resulting solids were recrystal­
lized from THF and hexane to afford crystalline solids [PdCl2-
(Hdpeap)2] 2. Hdpeap (2.15 mmol) was added to an ethanol 
solution (40 ml) of sodium ethoxide (2.15 mmol). The result­
ing solution was added dropwise to an ethanol solution of 
Na2[PdCl4] (2.36 mmol) for 2 h, and the reaction mixture 
was stirred at room temperature for 6 h. After filtration, the 
filtrate was concentrated to give a precipitate, which was 
collected by filtration and washed with diethyl ether to yield 
[PdCl(dpeap)] 3. 

Halogen Metathesis of 3. An acetone suspension (30 ml) 
containing 3 (0.66 mmol) and LiBr«H20 (2.86 mmol) was 
heated under reflux for 10 h. The reaction mixture was 
evaporated to dryness, and the residue was extracted with 
benzene. The extract was diluted with diethyl ether to give a 
precipitate of [PdBr(dpeap)] 4. 

Reactions of 3 with Terminal Acetylenes. A diethyl ether 
solution (8 ml) of methyl propiolate (6.4 mmol) was added to a 
diethylamine solution (50 ml) containing 3 (1.28 mmol) and 
copper (I) iodide (3.8 x 10-2 mmol). The reaction mixture 
was heated under reflux for 31 h. After the volatile matters 
had been evaporated, the residue was washed with water and 
recrystallized from benzene and diethyl ether to give [Pd-
(C=CC02Me) (dpeap)] 5. Complex 3 reacted with phenyl-
acetylene (at room temperature for 6.5 h) or 1-hexyne (under 
reflux for 13 h) in a diethylamine-diethyl ether mixture in 
the presence of a catalytic amount of copper(I) iodide followed 
by the similar recrystallization to yield [Pd(C=C-Ph) (depeap)] 
6 or [Pd(C=C-«-G4H9) (dpeap)] 7, respectively. 

Reaction of 3 with Tl(acac). Thallium (I) acetylaceto-
nate (0.51 mmol) was added to a dichloromethane solution (10 
ml) of 3 (0.44 mmol). The resulting suspension was stirred 
at room temperature for 16.5 h. After filtration, the filtrate 
was concentrated and diluted with hexane to give a precipitate 
of [Pd{GH(COMe)2>(dpeap)] 8. 

Reactions of 3 with Carbanions Formed from Active Methylene 
Compounds. A THF suspension containing 3 (0.44 mmol), 
malononitrile (0.55 mmol) and sodium methoxide (0.55 mmol) 
was stirred at room temperature for 24 h. After filtration, the 
resulting filtrate was evaporated in vacuo. The residue was 
recrystallized from dichloromethane-diethyl ether to afford 
[Pd{CH(CN)2}(dpeap)] 9. Complex 3 was analogously 
treated with carbanion formed from methyl cyanoacetate, 
followed by recrystallization from dichloromethane and hexane 
to yield [Pd{CH(CN)C02Me}(dpeap)] 10. 



April, 1981] Organopalladium(II) Complexes with an ONP-Type Tridentate Ligand 1045 

Reaction of 3 with Sodium Dimethyldithiocarbamate-water (1/2). 
A dichloromethane suspension (30 ml) containing 3 (0.79 
mmol) and sodium dimethyldithiocarbamate-water (1/2) 
(0.84 mmol) was stirred at room temperature for 27 h. The 
resulting solids were collected and washed with water and 
then diethyl ether to give yellow powders, [Pd(S2CNMe2)2] 
[in 54% yield, based on 3, and in 100%, based on Na(S2-
GNMe2) -2H 20]. Mp>300 °C (lit,9>>300 °G). 

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

Preparation of Hdpeap and its Palladium (II) Complexes. 
2-(Diphenylphosphino)ethylamine and acetylacetone 
reacted easily in refluxing benzene to give a new 
tridentate Schiff base ligand, Hdpeap 1. This ligand 
was treated with Na2[PdCl4] in ethanol in the absence 
of alkali metal alkoxide, resulting in the formation of 
the adduct, [PdCl 2(Hdpeap) 2] , 2. T h e Schiff base 1 
reacted with equimolar amounts of sodium ethoxide 
and Na2[PdCl4] in ethanol to afford [PdCl(dpeap)] , 3. 
Complex 3 reacted with L i B r - H 2 0 , terminal acetylenes, 
Tl(acac), and carbanion formed from active methylene 
compounds, such as malononitrile and methyl cyano-
acetate, giving new complexes 4, 5—7, 8, and 9—10, 
respectively. The yields, elemental analyses, and some 
physical properties of compounds 1—10 are summarized 

0 0 
Ph 2 PCH 2 CH 2 NH 2 - f MeCCH9CMe 

N 0 M e ^ y M e 

C p
N H / 1 " ^ i^2(PP^J\ß)2) 

\m 

rv 
Ph2 

3 

(iv) /NN , 0 

L p ' sBr 
Ph2 

Scheme 1. Formation and reactions of Hdpeap, 1. 
i) Reflux in benzene; ii) Na2[PdCl4]; iii) Na2[PdCl4] + 
NaOEt; iv) LiBr-H20. 

in Table 1. Complexes 2—7 are stable in the air and 
soluble in chloroform and dichloromethane. 

The Schiff base 1 and its adduct 2 showed a v(NH) 
frequency at 3160 and 3400 c m - 1 , respectively. Further­
more, they exhibited three bands near 1510, 1560, and 
1590 c m - 1 , characteristic of the 4-amino-3-penten-2-one 
moiety. T h e 1 H - N M R spectra of 1 and 2 showed a 
broad signal near <5 10.8, assignable to N H proton, in 
addition to three singlets near ô 1.77 (3H, Me) , 1.93 
(3H, Me) , and 4.91 (1H, CH) and two multiplets near 
Ô 2.3—2.7 (2H, CH2P) and 3.43 (2H, CH 2 N) (Table 3). 
These data confirm unambiguously that 2 retains the 
uncoordinated 4-amino-3-penten-2-one moiety. This 
was in contrast with the case of 4-(2-picolylamino)-3-
penten-2-one, which had acted also as a proton 
acceptor.5) 

The I R spectra of 3—10 showed two bands near 1575 
and 1505 c m - 1 , attributable to the coordinated 4-amino-
3-penten-2-onato-N,0 group. T h e ^ - N M R spectra 
of S—10 exhibited three singlets near ô 2.0 (3H, Me) , 
2.1 (3H, Me) , and 5.0 (1H, CH) , and two double 
triplets in the ranges ô 2.2—2.7 [2H, CH 2 P, 2 / ( P H ) =ca. 
10 Hz, 3J(HH)=ca. 6 Hz] and 3.0—3.7 [2H, CH 2 N, 
V ( P H ) = 2 3 — 3 0 Hz] . These facts indicate that 3—10 
have the tridentate dpeap group. 

The Ethynyl Type Complexes 5—7. Complex 3 
reacted smoothly with phenylacetylene at room tempera­
ture in the diethylamine-diethyl ether mixture in the 
presence of 1 mol percent of copper(I) iodide.10) 
Complex 3 reacted fairly slowly with methyl propiolate 
in the same conditions, because about 3 0 % of 3 re­
mained unchanged after stirring at room temperature 
for 3.5 d. However, 3 did not react with 1-hexyne at 
room temperature even in the presence of Cu l . I t was 
found from the above results that the order of the 
reactivity of terminal acetylenes towards 3 was ; phenyl-
acetylene>methyl propiola te> 1-hexyne. Taking the 
pKa values of the terminal acetylenes [BuMC=CH 
(26 .2 n >)>PhC=CH (23.7,11) 21 1 2 >)>Me0 2 CC=CH] into 
consideration, it seems likely that the ethynylation of 
3 is influenced by two factors : one is the susceptibility of 
the acetylenes to deprotonation, resulting in the forma­
tion of the intermediates, ethynyl-copper complexes10) 
and the other is the reactivity of the intermediates 
toward 3. 

TABLE 1. YIELDS AND ELEMENTAL ANALYSES 

Compound 

Hdpeap 
[PdCl2 (Hdpeap) 2] 
[PdCl (dpeap)] 
[PdBr (dpeap)] 
[[Pd(G = GC02Me) (dpeap)] 
[Pd(C^CPh) (dpeap)] 
[Pd(C = C-G4H9) (dpeap)] 
[Pd{CH (COMe) 2>(dpeap) ] 
[Pd{CH(CN)2>(dpeap)] 
[Pd{CHCN(C02Me)>(dpeap)] 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Yield 

~^T~ 
91 
41 
65 
79 
34 
46 
39 
80 
80 
75 

Color 

White 
Pale yellow 
Yellow 
Yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 

Mpa> 
°C 

80—80.5 
90—93 

238—240 
241—242 

190 
185—188 

165 
178—179 
195—196 
189—190 

Found (Calcd) (%) 

C 

72.87(73.29) 
56.70(57.05) 
50.30(50.47) 
44.92(45.94) 
54.82(55.27) 
62.10(62.52) 
60.31(60.31) 
55.26(55.88) 
55.06(54.84) 
53.42(53.66) 

H 

7.20(7.12) 
5.84(5.54) 
4.75(4.68) 
4.22(4.26) 
4.75(4.84) 
5.11(5.06) 
6.26(6.07) 
5.46(5.47) 
4.57(4.60) 
4.87(4.89) 

N 

4.51(4.50) 
3.58(3.50) 
3.09(3.10) 
2.70(2.82) 
2.73(2.80) 
2.14(2.70) 
2.74(2.81) 
2.66(2.72) 
8.78(8.72) 
5.35(5.44) 

a) With decomposition except for 1. 
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TABLE 2. CHARACTERISTIC IR BANDS'0 

Compound v (C=C) v(C=0) Othersb) 

1 
2 
5 
6 
7 
8 
9 

10 

2090 
2100 
2120 

1655 

1660,1635sh 

1715 

3160[y(NH)] 
3400[v(NH)] 
1220[v(C-O)] 

2225|>(C=N)] 
2220[y(C=N)] 

a) In cm-1, in KBr disk, 
parentheses. 

b) Assignment is given 

Complexes 5—7 showed a strong r(C=C) band near 
2100 c m - 1 , lower (ca. 35, 55, and 5 c m - 1 , respectively) 
than those of the corresponding free acetylenes. Attempts 
to isolate 8, 10, and [ P d { C H N 0 2 ( C 0 2 M e ) } ( d p e a p ) ] by 
reactions of 7 with acetylacetone, methyl cyanoacetate, 
and methyl nitroacetate, respectively, were fruitless, 7 
being recovered quantitatively after refluxing in T H F 
for 5 h. The inertness of 7 toward the active methylene 
compounds is in contrast with phenylethynyl-13) and 1-
hexynyl [ 1 , 1 , 1 - tris ( diphenylphosphinomethyl) ethane] -
copper(I).14) However, the phenylethynyl complex 6 
easily reacted with dimethyl acetylenedicarboxylate in 
dioxane at room temperature to afford an insertion 
product. It seems likely that this insertion reaction is 
comparable with that between halogeno (phenylethynyl) -
bis(trialkylphosphine)palladium(II) and dimethyl 
acetylenedicarboxylate in dioxane at 85 °C.15> Details 
of the former insertion reaction will be reported later. 

The Disubstituted Alky I Type Complexes 8—10. 
The X H-NMR spectra of complexes 8—10 exhibited a 
doublet in the range Ô 2.8—3.9 [ IH , *J(?H)=2—5 
Hz] , characteristic of a palladium-bonded methine 
proton. T h e I R spectrum of 8 showed a strong i>(C=0) 
band at 1660 c m - 1 , implying two free and equivalent 
acetyl groups. Complexes 9 and 10 showed a medium 
i>(C=N) band near 2220 c m - 1 , attributable to an uncoor-
dinate cyano group. These data indicate unambiguously 
that the disubstituted alkyl groups were a-bonded to 

5 : R* C02Me 

6 : R= Ph 

.Nv ß 8 

^P NCH(COMe), 

.N . JO 

Ph~ Ph 
CH 

CN 

9 : Y -CN 

10: Y- C02Me 

"2 ' "2 NY 

Scheme 2. Reactions of [PdCl(dpeap)], 3. 
i) HC=CR+CuI (3 mol %) in NHEt2; ii) Tl(acac); 
iii) CH2(CN)Y+NaOMe; iv) Na(S2CNMe2).2H20. 

palladium in an analogous fashion to those in [Pd(pip)-
(CHYY')] type complexes.5) Complexes 8—10 are 
stable in the solid state and in dichloromethane and 
chloroform and unreactive towards water or ethanol. 
The stability of 8—10 is possibly associated both with 
the electron dereal iza t ion effect to a TC* orbital of the 
conjugate 4-amino-3-penten-2-onato-JV,0 moiety and 
vacant d orbitals of the phosphorus atom in the dpeap 
ligand and with the electron-withdrawing effect of the 
substituents attached to the methine group, similar to 
the case of [Pd(pip)(CHYY')].5> 

An attempt to isolate a dinuclear complex by the 
reaction between 8 and bis(acetylacetonato)palladium-
(II) was unsuccessful, 8 being recovered quantitatively 
after heating under reflux in 1,2-dichloroethane for 
6.5 h. The methine proton of the diacetylmethyl moiety 
in 8 is strongly bonded to the methine carbon, and 
does not give rise to tautomerism leading to 4-hydroxy-
3-palladio-3-penten-2-one moiety, in contrast to the 
case of (2,2 /-bipyridine)chloro(2,4-dioxopentyl) palla­
d i u m ^ ) . 1 5 ) 

In contrast to the rapid reaction of 3 with Tl(acac) , 3 
reacted slowly with a carbanion formed from acetyl-

TABLE 3. !H-NMR DATA&) 

Compound 

1 
2 
3 
4 
5 
6 
7 

8 

9 
10 

1-Meb), 5-Meb) 

d/ppm 

1.76, 1.92 
1.78, 1.94 
1.98,2.03 
2.02,2.06 
1.98,2.07 
2.02,2.16 
1.95,2.09 

1.98,2.02 

2.03,2.06 
1.99,2.03 

3-CHb) 

d/ppm 

4.92 
4.90 
4.91 
4.95 
4.96 
5.04 
4.90 

4.98 

5.04 
4.98 

l'-CH2Nc) 

d/ppm 

3.43(m) 
3-43(m) 
3.50(dt) 
3.51(dt) 
3.59(dt) 
3.69(dt) 
3.50(dt) 

3.33(dt) 

3.04(dt) 
3.33(dt) 

V(PH)/Hz 

17 
— 
29 
30 
26 
28 
26 

26 

25 
23 

2 /-CH2Pc) 

d/ppm 

2.32(m) 
2.71(m) 
2.32(dt) 
2.40(dt) 
2.51(dt) 
2.62(dt) 
2.48(dt) 

2.25(dt) 

2.51(dt) 
2.47(dt) 

~V(PH)/Hz 

— 
11 
11 
10 
11 
10 

10 

10 
10 

Others 

<5/ppm V(PH)/Hz 

10.87(b, IH, NH) 
10.79(b, IH, NH) 

— 
— 

3.51(s, 3H, OMe) 
7.21 (s, 5H, Ph) 
0.56(t, 3H, 6"-Me)c>d) 

2.13(t, 2H, S^-CH,)^ 
3.82(d, IH, CH) 
2.02(s, 6H, Me) 
2.81(d, IH, CH) 
3.02(d, IH, CH) 
3.38(s, 3H, OMe) 

— 
— 
— 
— 
— 
— 
— 

5 

2 
3 

a) In CDClg. b) Appearing as a singlet, 
protons was observed. 

c) V ( H , H ) = ^ . 6 Hz. d) A multiplet near Ö 1.1(4H) for 4"- and 5"-CH2 
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acetone and sodium methoxide, and gave a nearly 
1 : 1 mixture of 3 and 8 after treatment with the car-
banion in T H F at room temperature for 24 h. 
However, 3 did not react with methyl nitroacetate in 
the presence of an equimolar amount of sodium meth­
oxide. The reactivities of the carbanions toward 3 
were ordered as follows. 

-CH(CN)C02Me^-CH(CN)2> 
-CH(COCH 3 ) 2 >-CH(N0 2 )C0 2 Me 

This order is consistent with that of the nucleophilicity 
of the carbanions.13»17) 

Reaction of 3 with Dimethyldithiocarbamate. 
Complex 3 reacted with N a ( S 2 C N M e 2 ) - 2 H 2 0 in 
dichloromethane, giving yellow powders. The I R 
spectrum of the powders lacked the bands characteristic 
of the dpeap ligand, and newly showed two bands at 
1545 and 970 cm"1 , assignable to r ( C = N ) and v (S=C) 
frequencies, respectively. Accordingly, the powders 
were assigned to bis(dimethyldithiocarbamato)-
palladium(II).9) It is noteworthy that the tridentate 
dpeap ligand in 3 is substituted virtually quantitatively 
by bidentate dimethyldithiocarbamato ligands, which 
are soft themselves and are expected to be coordinated 
strongly to soft pal ladium(II) ion. 

The authors thank Mrs. Hisako Mazume and Miss 
Yumi Kojima of Nagasaki University for their technical 
assistance. 
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The Crystal Structure and Luminescence Properties of 
Europium (II) Haloborates 

Ken-ichi MACHIDA, Gin-ya ADACHI,* Yoshikazu MORIWAKI, and Jiro SHIOKAWA 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
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The crystal structures of Eu2B509X (X=C1 and Br) were determined by the method of X-ray diffraction 
analysis and refined by the least-square method to give R=0.054 for 1967 observed reflections of Eu2B509Cl and 
R=0.047 for 1979 observed reflections of Eu2B509Br. These haloborates are isostructural and belong to the 
orthorhombic (pseudotetragonal) system, with the Pnnl space group and with four formula units in a cell of those 
dimensions: a= 11.364(3), 4=11.301(3), and c=6.504(2) Â for Eu2B509Gl, and a= 11.503(3), 4=11.382(3), and 
c=6.484(2) Â for Eu2B509Br. The structure consists of a three-dimensional (BjO,,)« network, the B5012 groups 
of three B0 4 tetrahedra and two BOa triangles being linked together with one another. The Eu and X atoms 
are located alternately in tunnels of the (BgOg)« network extending along the c axis. Each Eu atom is surrounded 
by two X atoms and seven O atoms, and is isolated from the neighboring Eu atoms attributable to borate units and 
X atoms. This arrangement of anions around Eu atoms relates to the fact that the Eu2+-activated phosphors of 
alkaline earth analogs give emissions with a high quantum efficiency. 

Phosphors of Eu2 +-activated alkaline earth compounds 
give emissions based on the 4/7—4f*5d transition or the 
4y7_4f7 transition of the Eu2 + ion.1) Recently we have 
reported that the quantum efficiencies of compounds 
in the E u O - B 2 0 3 system and their Eu2 +-activated 
strontium analogs depend greatly on the structural 
frameworks of borate units.2) In the ternary system 
E u O - E u X 2 - B 2 0 3 ( X = C 1 and Br), Eu2B509- type com­
pounds have been obtained in attempts to prepare 
their boracite-type compounds,3) they are paramagnetic 
and give blue emissions based on the 4/7—4/65rf transi­
tion of the Eu2 + ion.4) The compounds obtained by the 
dilution of the Eu2+ ions in the Eu 2 B 5 0 9 X matrix with 
alkaline-earth cations have been found to be efficient 
photoluminescent materials.5) In this paper, we wish 
to report on the crystal structure of Eu 2 B 5 0 9 X and 
discuss their luminescence properties on the basis of 
X-ray structural analysis. 

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

Sample Preparation. Single crystals of Eu2B509X were 
prepared as follows : mixtures of EuB204 and B203 containing 
a large excess of EuX2 as a flux were heated on molybdenum 
boats above the congruent melting points of haloborates (about 
1100 °C) for 1—2 h in He gas; the molten samples were then 
allowed to cool at a rate of 3—5 °C/h. When the unreactive 
EuX2 was then removed from the samples with washing with 
water, light-yellow crystals were obtained. Their crystal 
habits were prismatic for Eu2B509Cl and needle-like for Eu2-
B509Br. 

The Eu2+-activated strontium haloborates, Sr2B509Cl : Eu2+ 

and Sr2B509Br : Eu2+, were obtained by the following standard 
ceramic technique : appropriate amounts of SrX2, H3B03 , and 
SrC0 3 : Eu3+, coprecipitated from a dilute HCl solution of 
Sr(NOa)2 and Eu 2 0 3 (99.99%) by the slow addition of a 
(NH4)2C03 solution, were fully mixed, pelletized, and heated 
at 950 °C for 2 h in a stream of a reducing atmosphere, H2. 

Optical Measurements. The ultraviolet luminescence 
spectra were measured according to a technique described 
elsewhere.2) 

X-Ray Data Collection. Preliminary Weissenberg photo­
graphs and the Patterson syntheses showed that Eu2B609X 
belongs to the orthorhombic (pseudotetragonal) system, with a 

TABLE 1. CRYSTAL DATA 

Eu2B509Cl Eu2B609Br 

F.W. 537.43 581.88 
Orthorhombic 
Pnn2 (Okl, k+l=2n+1 ; hOl, h+l=2n+1) 
a/A 11.364(3) 11.503(3) 
bjk 11.301(3) 11.382(3) 
cjk 6.504(2) 6.484(2) 
V/k? 835.2(5) 848.9(4) 
DJgcm^ 4.30 4.53 
DJgcm-* 4.28 4.55 
Z 4 4 
F(000) 960 1032 
Crystal size/mm3 0 .14x0 .08x0 .17 0 .10x0 .10x0 .20 
/ ( (Mo&j/mm- 1 15.283 19.264 

noncentrosymmetric space group Pnnl and with Z=4. t The 
accurate cell parameters of Eu2B609Cl and Eu2B609Br were 
determined by least-square treatments of the X-ray powder 
diffraction patterns (Cu Koc.^), calibrated with high purity 
silicon. The crystal data are summarized in Table 1. 

The intensity data were measured on a Rigaku Denki auto­
mated four-circle diffractometer with Mo Ka. radiation (A= 
0.71069 Â) monochromated with graphite. The o>-20 scan 
technique was employed with a scanning rate of 4°/min. All 
the independent reflections were collected up to 20=70°. 
Three standard reflections were monitored every 50 or 60 
reflections; no apparent decay in intensity was detected. The 
reflections with F0^>3a(F0) were considered as observed: 1967 
and 1979 observed reflections were obtained for Eu2B509Cl 
and Eu2B509Br respectively. The Lorentz and polarization 
corrections were applied, but the absorption correction was 
not. 

Structure Determination and Refinements. The structures 
of europium (II) haloborates were solved by the conventional 
heavy-atom method and were refined by the method of block-
diagonal least-squares (HBLS-V program6)), the minimized 
function being ^}w(\F0\ — |FC|)2. From the three-dimensional 
Patterson syntheses, the coordinates of Eu and X atoms were 
determined: Eu(l) and Eu(2) atoms can be located on the 
general positions (4c site), while X(l) and X(2) atoms occupy 

t The symmetry of Eu2B509Cl has been erroneously 
reported as tetragonal in a previous paper.4) 
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TABLE 2. FINAL POSITIONAL AND THERMAL PARAMETERS FOR E U 2 B 5 0 „ C 1 , WITH 

THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

(a) Europium atoms ( X 104) 
The form of the anisotropic thermal parameters (x 105) is exp[—(ß11h

2+ß22k
2+ß33l

2-irß12hk-\-ß13hl+ß23kl)]. 

Atom x y z 

Eu(l) 2523(7) 475(6) 0 
Eu(2) 255(6) 2403(6) 6624(12) 

(b) Non-europium atoms (x 103) 

Atom x y z 

ß.i 

120(3) 
74(3) 

B/k2 

ß*2 

106(3) 
149(3) 

Atom 

As 
278(10) 
246(9) 

X 

ßl2 

25(6) 
-11(6) 

y 

ßl3 

-61(12) 
-71(14) 

z 

As 
-61(14) 

17(17) 

B/k2 

Cl(l) 
Cl(2) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 

0 
0 

244(10) 
211(10) 
279(10) 

77(11) 
286(11) 
384(12) 

0 
500 
318(10) 
427(10) 
225(10) 
270(11) 
451(10) 
262(11) 

862(6) 
613(6) 
594(10) 

1191(11) 
1255(10) 
1263(11) 
853(12) 
856(12) 

1.08(7) 
1.03(7) 
0.31(12) 
0.60(13) 
0.38(12) 
0.61(13) 
0.64(13) 
0.78(14) 

0(7) 
0(8) 
0(9) 
B(l) 
B(2) 
B(3) 
B(4) 
B(5) 

182(10) 
421(10) 
232(10) 
274(14) 
187(12) 
292 (14Ï 
457(22) 
251(16) 

269(10) 
207(10) 
114(10) 
325(13) 
299(12) 
217(13) 
231(21) 
497(15) 

939(10) 
510(12) 
576(11) 
809(15) 

1162(20) 
479(15) 
712(23) 

1035(15) 

0.21(11) 
0.53(12) 
0.46(12) 
0.25(16) 
0.29(14) 
0.31(16) 
1.40(27) 
0.57(19) 

TABLE 3. FINAL POSITIONAL AND THERMAL PARAMETERS FOR Eu2B509Br, WITH 

THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

(a) Heavy atoms ( x 104) 
The form of the anisotropic thermal parameters (x 106) is exp[—(ß11h

2+ß22k
2+ßssl

2+ß12hk+ß13hl+ß23kl)]. 

Atom 

Eu(l) 
Eu(2) 
Br(l) 
Br(2) 

Atom 

O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 

X 

2547(6) 
307(6) 

0 
0 

y 
501(6) 

2374(6) 
0 

5000 

(b) Light atoms (x 103) 

X 

246(9) 
209(9) 
279(9) 

78(9) 
283(10) 
388(10) 
185(9) 

y 

318(9) 
427(9) 
227(9) 
267(9) 
454(9) 
266(10) 
271(8) 

z 
0 

6572(10) 
8769(27) 
6370(32) 

z 
581(9) 

1182(10) 
1248(10) 
1254(10) 
844(11) 
847(10) 
928(9) 

Ai 

113(3) 
92(3) 

141(10) 
112(9) 

B/k2 

0.40(11) 
0.59(12) 
0.59(12) 
0.69(12) 
0.76(12) 
0.76(12) 
0.35(10) 

A2 

118(3) 
140(3) 
163(11) 
169(10) 

Atom 

0(8) 
0(9Ï 
B(l) 
B(2) 
B(3) 
B(4) 
B(5) 

As 
396(9) 
360(9; 

1146(46) 
1676(61) 

X 

423(7) 
239(9) 
275(12) 
187(12) 
295(12) 
462(14) 
248(12) 

ßl2 

35(6) 
-13(5) 
-58(18) 

6(16) 

y 

212(9) 
115(9) 
326(12) 
299(12) 
218(12) 
236(15) 
497(12) 

As 
-62(11) 
-84(12) 

0 
0 

z 
500(11) 
571(9) 
805(13) 

1167(17) 
471(13) 
699(14) 

1031(12) 

As 
-52(12) 

7(15) 
0 
0 

B/k2 

0.66(11) 
0.62(12) 
0.17(13) 
0.54(14) 
0.39(15) 
0.72(18) 
0.29(14) 

the special positions (2a and 2b sites). The remaining O and 
B atoms were located on the successive Fourier maps. The 
isotropic refinements gave a conventional R value of 0.06 
for both compounds; further refinements with anisotropic 
thermal factors for heavy atoms reduced the R and Rv values 
to 0.054 and 0.068 for 1967 reflections of Eu2B509Cl and 0.047 
and 0.053 for 1979 reflections of Eu2B509Br, where RW = 
\J}w(\F0\-\Fc\)

2j^w(F0)
2y/2. The weighting schemes of 

w=(FmJF0)
2 for F 0 > F m a x and w=1.0 for F 0 < ^ m a x (Eu2B5-

09C1, Fm a x = 20.0; Eu2B509Br, Fm a x=40.0), were employed. 
The atomic scattering factors were taken from the Interna­
tional Tables for X-ray Crystallography.7> The final posi­
tional and thermal parameters are listed in Tables 2 and 3.tt 

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

Since the final parameters of Eu 2 B 5 0 9 Cl are almost 
equal to those of Eu2B609Br, the two europium(II) 
haloborates were considered to be isostructural with 
each other. 

tt The F0—FK Table is kept as Document No. 8111 at the 
Chemical Society of Japan. 

T h e interatomic distances and angles of Eu 2 B 5 0 9 Cl 
are given in Table 4. There are two types of B atoms : 
in the first type [B(l) , B(2), and B(3)], each B atom is 
tetrahedrally coordinated with four oxygens with B - O 
distances from 1.44 to 1.49 Â, while the second type 
[B(4) and B(5)] are triangularly coordinated borons 
with B - O distances from 1.30 to 1.41 A. The O - B - O 
angles are about 110° for the tetrahedra and about 
120° for the triangles. Three B 0 4 te trahedra and two 
B 0 3 triangles form a B 5 0 1 2 group with sharing O atoms, 
and these groups are linked together with one another 
to fprm a three-dimensional (B509)„, network. T h e 
projection of the Eu 2 B 5 0 9 Cl structure viewed along 
the c axis is shown in Fig. 1. The Eu and CI atoms 
are alternately located in tunnels of the (B509) „ network, 
and each Eu atom is almost entirely isolated from 
neighboring Eu atoms because of the (B609) „ network 
for the a and b directions and CI atoms for the c 
direction. 

Each Eu atom has four nearest Eu neighbors with the 
mean interatomic distance of 4.387 Â and four next-
nearest Eu neighbors with the mean interatomic 
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TABLE 4. INTERATOMIC DISTANCES (Â) AND 

BOND ANGLES (°) IN Eu 2 B 5 0 9 Cl 

(a) The (B B O,) . . network 
B(l)-tetrahedron 
B(l)-0(1) 

-0(5) 
-0 (6) 
-0(7) 

0 ( l ) -B( l ) -0 (5 ) 
0 ( l ) -B( l ) -0 (6 ) 
0 ( l ) -B( l ) -0 (7 ) 
0(5)-B(l ) -0(6) 
0(5)-B(l ) -0(7) 
0(6)-B(l ) -0(7) 

B(3)-0(l) 
-0 (3 ) 
-0 (8 ) 
-0 (9) 

B (4)-triangle 
B(4)-0(4) 

-0 (6 ) 
-0 (8 ) 

0(4)-B(4)-0(6) 
0(4)-B(4)-0(8) 
0(6)-B(4)-0(8) 

1.44(2) 
1.46(2) 
1.47(2) 
1.48(2) 
106(1) 
112(1) 
111(1) 
110(2) 
112(1) 
106(1) 

B (2)-tetrahedron 
B(2)-0(2) 

-0 (3) 
-0 (4) 
-0 (7) 

0(2)-B(2)-0(3) 
0(2)-B(2)-0(4) 
0(2)-B(2)-0(7) 
0(3)-B(2)-0(4) 
0(3)-B(2)-0(7) 
0(4)-B(2)-0(7) 

B (3)-tetrahedron 
1.48(2) 
1.47(2) 
1.49(2) 
1.49(2) 

1.41(3) 
1.30(3) 
1.40(3) 
117(2) 
120(2) 
123(2) 

(b) Eu-Eu distances'0 

Nearest neighbors 
Eu(l)-Eu(2) 

-Eu(2') 
-Eu(2H) 
-Eu(2m) 

(c) Eu-Cl and Eu 
Eu ( 1 ) -polyhedron 
Eu(l)-Cl(l) 

-Cl(2) 

-o(i) 
-0 (2 ) 
-0 (3 ) 
-0 (5) 
-O(b) 
-0 (7) 
-0 (9 ) 

4.026(1) 
5.036(1) 
4.421(1) 
4.063(1) 

0(I)-B(3)-0(3) 
0( l ) -B(3)-0(8) 
0( l ) -B(3)-0(9) 
0(3)-B(3)-0(8) 
0(3)-B(3)-0(9) 
0(8)-B(3)-0(9) 

B(5)-triangle 
B(5)-0(2) 

-0 (5 ) 
-0 (9) 

0(2)-B(5)-0(5) 
0(2)-B(5)-0(9) 
0(5)-B(5)-0(9) 

1.49(3) 
1.48(3) 
1.45(3) 
1.49(3) 
112(2) 
109(2) 
110(2) 
108(2) 
107(2) 
111(2) 

115(1) 
111(1) 
103(1) 
104(1) 
115(1) 
110(1) 

1.36(2) 
1.36(2) 
1.36(2) 
122(2) 
118(2) 
120(2) 

Next-nearest neighbors 
Eu(l)-Eu(l i) 

Eu(2)-Eu(21) 

Eu(l)-Eu(2) 
-Ew(21) 

- O distances 

3.052(7) 
2.958(6) 
2.665(10 
2.465(11] 
2.621(10, 
2.581(12; 
3.000(12, 
2.662(10; 
2.866(11; 

Eu ( 2 ) -polyhedron 
Eu(2)-Cl(l) 

-Gl(2) 

) -o(i) 
-0 (3 ) 
-0 (4 ) 
- 0 ( 6 ; 
-0 (7) 
-0 (8 ) 
-0 (9) 

5.731(1) 
5.833(1) 
5.461(2) 
5.899(2) 
5.473(1) 
6.253(1) 

3.022(7) 
2.967(6) 
2.667(10) 
2.888(10) 
2.851(12; 
2.559(12) 
2.552(10) 
2.617(12) 
2.801(11) 

a) Symmetry code: Eu(l ') , (x,y,z); Eu(2i), (x,y,z); Eu(2"), 
(1 /2-x , 1/2+y, 1/2+3); Eu(2 i i i), (1/2+x, 1/2-y, 1/2 + z). 

Fig. 1. A projection of the Eu2B609Cl structure along 
the c axis. 

distance of 5.823 Â for the Eu( l ) atom or 5.772 A for 
the Eu(2) atom. These interatomic distances are long 
compared with those of other europium(II) compounds 
with magnetic transitions,8) and are insufficient for the 
magnetic interactions between neighboring Eu2 + ions.') 
For example, the E u - E u distances in E u O ( 7 c = 6 9 K) 
are 3.63 and 5.14 Â for the nearest and next-nearest 
Eu neighbors respectively. Therefore, Eu 2 B 5 0 9 X is 
paramagnetic even at low temperature. 

T h e anion environments around Eu( l ) and Eu(2) 
atoms in Eu 2 B 5 0 9 Cl are shown in Fig. 2. Both Eu( l ) 
and Eu(2) atoms are surrounded with two CI atoms 
and seven O atoms to form E u ( l ) 0 7 C l 2 and Eu(2)0 7 Cl 2 

polyhedra with Eu-Cl distances from 2.985 to 3.052 Â 
and E u - O distances from 2.465 to 3.000 Â. 

Peters et al.5) and Fouassier et al.3) have obtained 
M " 2 B 5 0 9 X phases in their attempts to prepare boracite 
(M n3B 70 1 3X)-type compounds t ( M = C a , J3r, Ba, Eu, 
and Pb) . Tha t is to say, these metal ions do not give 
boracite-type compounds. Each M 2 + ion in boracites, 
which are formed in a ternary system, M O - M X 2 -
B 2 0 3 ( M = M g , Cr, Mn, Fe, Co, Ni, Cu, Zn, and Cd) , 
is surrounded by two X - ions and four O 2 - ions.10) 
T h e fact that M 2 B 5 0 9 X-type compounds are formed 
for M = C a , Sr, Ba, Eu, and Pb may be due to their 
large ionic radii, since these ions hardly seem to occupy 
the sixfold sites of boracites. 

T h e haloborates, Eu 2 B 5 0 9 Cl and Eu2B509Br, give 

T A B L E 5. LUMINESCENCE AND STRUCTURAL DATA FOR EU 2 + -ACTIVATED Sr-COMPOUNDS 

Compound 

Sr2B509Gl : Eu2+ 

SraB509Br : Eu2+ 

SrB204 : Eu2+ 
SrB407 : Eu2+ 

^max/nma> 

425 
430 
367 
367 

(i/2)/nm" 

30 
30 
20 
20 

0,£./%c 

50 
60 

~ 2 
40 

C.NP 

9 
9 
8 
9 

Structural framework 

(BgOj)«, network 
(BgOs,)«, network 
(B02)„ chain 
(B407)„ network 

Reference 

This work 
This work 

2a 
2a 

a) /?max = Peak position of the emission band at 300 K. b) À/2 = Half-width of emission band, c) Q.E. = Quantum efficiency 
of the Eu2+ concentration of a sample optimized under optimum excitation at 300 K. d) C.N. = Eu-coordination number. 
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Fig. 2. Schematic illustrations of the Eu(l)07Cl2 and 
Eu(2)07Cl2 polyhedra in Eu2B509Cl. 

emissions at about 430 and 435 nm, and their Eu2+-
activated alkaline earth analogs are efficient phosphors. 
Since the ionic radius of the Sr2+ ion among alkaline 
earth cations is almost equal to that of the Eu 2 + ion, 
strontium compounds are expected to be entirely 
isostructural with europium(II) analogs. Consequently, 
in order to discuss the relationship between the lumines­
cence and structure of haloborates, we summarize the 
luminescence and structural properties for some Eu2 +-
activated strontium compounds in Table 5. 

The emission peak positions and shapes of Eu2+-
activated phosphors depend on the coordination 
numbers and symmetries of anions around Eu 2 + ions, 
because the level of the 4/65d excited state is affected by 
the crystal field. The haloborates, Sr2B509Cl : Eu2+ 
and Sr2B509Br : Eu2 + , give emissions with a half-width 
of about 30 nm at 425—430 nm, while the emissions 
of SrB 2 0 4 : Eu2+ and SrB 4 0 7 : Eu2 + peak at about 367 
nm. This must be because the symmetry of the E u 0 7 X 2 

polyhedra (Fig. 2) is low compared with those23) of the 
E u 0 8 and E u 0 9 polyhedra in S rB 2 0 4 : Eu 2 + and 
SrB 4 0 7 : Eu2 + because of the large X~ ions, although 
the E u - O distances in these compounds are similar 
to one another (e.g., 2.519 to 2.783 Â for EuB 2 0 4

n > and 
2.531 to 2.841 Â for EuB407

12>). 
The quantum efficiencies of a series of Eu2+-activated 

strontium borates greatly depend on the constructions 
of their borate units.2) One of the quenching effects 
on Eu2+-activated phosphors is a non-radiative process 
which proceeds by repeating the energy transfer via 
dipole-dipole interactions of Eu2 + ions.13) Consequently, 
if the electrostatic shield effects of anions around the 
Eu2 + ions within them differ from one another, the 
values of their quantum efficiencies should vary with 
the degree of the shield effect. T h e Eu 2 + ions in 
SrB 2 0 4 : Eu2+ are closely packed along (B02)„ chains 
and are expected to interact easily with the neighboring 
Eu2+ ions on the (010) and (020) planes. T h e borate, 
SrB 4 0 7 : Eu2+ , in which the Eu2 + ions are completely 
surrounded with the B 0 4 tetrahedra of (B407)<„ network, 
gives a higher quantum efficiency than SrB 2 0 4 :Eu2+. 

The quantum efficiency of Sr 2 B 5 0 9 X : Eu2+ is also 
very high compared with that of S rB 2 0 4 : Eu2 + . The 
Eu2 + ions in Sr 2 B 5 0 9 X : Eu2 + are isolated from neighbor­

ing Eu 2 + ions by the (B509)„ network and X~ ions as 
well as those in SrB4Ö7 : Eu2+; hence, the above-
mentioned quenching effect can be expected to be 
small. Therefore, the high quan tum efficiency of 
Sr2B5Q9X : Eu 2 + must be attributable to the arrange­
ment of the borate units of the (B509) «, network and X -

ions. 

T h e authors wish to thank Dr. Noritake Yasuoka 
(Institute for Protein Research) and Professor Nobutami 
Kasai and Dr. Kunio Miki (Department of Applied 
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The Crystal Structure and Magnetic Property of Europium (II) Orthoborate 
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Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received August 4, 1980) 

The europium(II) orthoborate Eu3(B03)2 is trigonal, space group R3c, with a=9.069(1), c= 12.542(2) Â and 
Z = 6 . The structure has been refined to R=0.082 for 259 observed reflections with isotropic thermal parameters. 
The borate contains isolated and planar triangle B03

3~ ions, the anions and Eu atoms being hexagonally packed 
along c. Each Eu atom is surrounded by 8 oxygens with Eu-O distances varying from 2.36 to 2.95 Â. The inter­
atomic distances between Eu atoms are 3.509—4.200 Â for 8 nearest Eu neighbors and 4.831—5.450 Â for 6 second-
nearest Eu neighbors. The 6 nearest Eu neighbors with the interatomic distances of 3.509 and 3.778 Â and the 4 
second-nearest Eu neighbors with the Eu-O-Eu angle of 166.0° are effective for the magnetic exchange and superex-
change interactions between Eu2+ ions, giving rise to ferromagnetism at low temperature. 

Some europium(II) compounds have unique magnetic 
properties caused by the exchange and superexchange 
interactions between neighboring Eu2 + ions.1) These 
interactions in oxides are closely related to the distances 
and angles via 02~ ions between the magnetic ions,2) 
the arrangement of neighboring Eu2+ and O 2 - ions 
around given Eu 2 + ions being significant for interpreting 
their magnetic properties. For highly symmetrical 
compounds, e.g. E u O (rock salt type), EuTiOg 
(perovskite type) and E u 2 T i 0 4 (K 2NiF 4 type), their 
magnetism has been discussed on the basis of their 
crystal structure.3) 

In a binary system E u O - B 2 0 3 , we have obtained a 
ferromagnetic compound, Eu 3 (B0 3 ) 2 , with Tc = 7.5K. 
This borate has been found to be isostructural with 
Ca3(B03)2 ,4) which crystallizes in the trigonal system.5) 
No three-dimensional structure analysis has been 
performed. The structures of other bivalent-cation 
orthoborates, Zn3(B03)2

6) and Ni3(B03)2 ,7) have been 
determined. They consist of isolated triangle anions of 
B 0 3 groups. Since the I R spectrum of Eu 3 (B0 3 ) 2 is 
similar to that of zinc(II) and nickel(II) analogs,8) 
Eu 3 (B0 3 ) 2 is expected to contain B0 3

3 ~ ions. 

In this paper, we report the crystal structure of 
Eu 3 (B0 3 ) 2 and discuss its magnetic property. 

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

Crystal Growth. The alkaline earth orthoborates [e.g. 
Ca3(B03)2 and Sr3(B03)2] have congruent melting points at 
1400—1500 °C. However, Eu3(B03)2 has no melting point, 
decomposing into unknown compounds above 1400 °C. This 
might be due to the thermodynamic lability of Eu2+ ion.9> 
The single crystals were prepared with use of a suitable fiux : 
polycrystalline Eu3(B03)2 powder was mixed with a large 
excess of KCl, and the pelletized mixture was heated on a 
molybdenum boat at 1050 °C for 2 h in H2 stream. The 
molten sample was allowed to cool to 750 °G at a rate of 3 °C/h, 
fine black hexagonal prisms being obtained by removing the 
flux with water. 

Magnetic Susceptibility Measurements. The magnetic 
susceptibility of the powder sample was measured with a 
Shimadzu magnetic balance MB-11 (80—300 K) and a 
Faraday magnetic balance (2—80 K) constructed by 
Muneyuki Date and Ki-ichi Okuda (Department of Physics, 
Osaka University). 

X-Ray Data Collection. Preliminary Weissenberg photo­
graphs showed that the crystals obtained belong to the trigonal 
system and that its space group is R3c or R3c from the system-

TABLE 1. CRYSTAL DATA 

F.W.=573.50 
Trigonal 
Space group R3c 
a=9.069(l) Â 
c= 12.542(2) 
V= 893.3 (3) A3 

>l=0.71069A 
^(Moü:a) = 31.26mm-1 

Z)m=6.31 gem- 3 

Z)x=6.40 
Z = 6 
F(000) = 1482 

atic absence (hkl, -h+k+l=3n+l and 3n+2; hOl, l=2n+ 
1). The cell parameters (Table 1) were determined by a 
least-squares treatment of the X-ray powder pattern (Cu Kcc) 
calibrated with high purity silicon as an internal standard. 
The intensity data were measured on a Rigaku Denki auto­
mated four-circle diffractometer with Mo K% radiation mono-
chromated with graphite. The ÖJ-20 scan method was employ­
ed at a scanning rate of 4°/min, the dimension of the crystal 
used being 0.08 mm (side to side of hexagonal cross section) x 
0.04 mm (thickness). All possible reflections with the indices 
of hkl and hkl were collected up to 20=70°. Three standard 
reflections were monitored every 60 reflections, no apparent 
decay in intensity being detected. The intensity values for 
equivalent reflections were averaged and 259 nonzero reflections 
were used for analysis. The Lorentz and polarization cor­
rections were applied, but not the absorption correction. 

Structure Determination and Refinement. The structure 
was solved by the conventional heavy atom method and refined 
by the full-matrix least-square method {FMLS program10)) 
based on the observed reflections, the minimized function be­
ing S w ( l F o | - l^cl)2 where w= 1 for all \F0\. From a three-
dimensional Patterson synthesis, the centrosymmetric space 
group R3c was chosen and the coordinate of Eu atom deter­
mined to be at a special position (18e site). The remaining 
atoms (O and B) were located on the successive Fourier maps : 
O at the general position (36d site) and B at the 12c site on 
three-fold axis. Isotropic refinement for all atomic param-
aters was carried out to give 'R=0.082 for 259 observed 
reflections. The atomic scattering factors for Eu, O, and B 
atoms were those given in International Tables for X-Ray 
Crystallography.11) The final positional and thermal param-

TABLE 2. FINAL POSITIONAL AND THERMAL PARAMETERS0 

WITH THEIR STANDARD DEVIATIONS IN PARENTHESES 

Atom 5/Â2 

Eu 
O 
B 

3075(18) 
164(23) 

0 

0 
33(23) 
0 

2500 
396(18) 

39(6) 

0.45(4) 
0.88(27) 
1.3(8) 

a) The coordinates are multiplied by 104 for Eu atom, 103 

for O atom and 102 for B atom. 
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eters are given in Table 2.t 

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

The crystal structure of Eu 3 (B0 3 ) 2 is shown in Fig. 1, 
and the bond lengths and angles are given in Table 3. 
The borate contains isolated and planar triangles of 
B 0 3 groups with a B - O distance of 1.36 Â like other 
orthoborates,6 '7) the crystal consisting of Eu atoms and 
B 0 3 groups hexagonally packed along c. The triangle 

Fig. 1. Crystal structure of Eu3(B03)2. 

TABLE3. INTERATOMIC DISTANCES (Â) AND BOND ANGLES (C 

(a) The B0 3 triangle 
B-O 1.36(6) 

(b) Eu-Eu distances 
Nearest neighbors 
Eu-Eu1 3.509(3) 

-Eu11 3.778(3) 
-Eu1" 4.200(3) 

(c) Eu-O distances 
Eu-O1 2.92(3) 

- O " 2.58(3) 
(d) Eu-O-Eu angles 

Nearest neighbors 

O-B-O 120(0) 

Second-nearest neighbors 
Eu-Eu lv 

-Euv 

Eu-O'1 ' 

-o , v 

5.450(3) 
4.831(3) 

2.95(3) 
2.36(3) 

Eu-O-Eu' 
-O-Eu" 

-O-Eu1 

82.7(7) 
80.1(6) 
85.9(7) 
99.8(8) 

103.9(8) 

Second-nearest neighbors 
Eu-0-Eu ' v 166.0(4) 

Symmetry code: Eu1 ( 1 / 3 - * , - 1 / 3 , l / 6 + 2 ; 2 / 3 - * , 1/3, 
1/3-2), Eu" (1 /3 ,2 /3 -* , 1/6 + 2; 1/3+*, - 1 / 3 + * , 1/6 
+ 2:2/3, 1/3-*, 1/3-2; - 1 / 3 + * , - 2 / 3 + * , 1/3-2), 
E u l u ( - l / 3 + * , 1/3, 1/3+2; 1/3-*, 2 / 3 - * , - I / 3 + 2), 
Eu'v(l—*, 1— *, z; 1, *, 2; 1—*, —*, 2; 0, — 1+*, 2), 
Euv(0, *, 2; - * , - * , 2), O1 (x,y, z; * - * -y, 1/2-2), O n 

( 2 / 3 - * + * 1/3+* - I / 6 + 2 ; 1/3-*, -l/3-y, 2 /3 -2 ) , 
O"' ( 2 / 3 - * 1/3-*, - 1 / 6 + 2 ; 1 / 3 + * - * - 1 / 3 + * , 2/3 
- 2 ) , O " (2 /3 -* , 1 / 3 - * + * 5 / 6 - 2 ; 1 / 3 - * - 1 / 3 + * - * 
1/3+2). 

planes of B 0 3 groups are perpendicular to the c axis. 
Each Eu atom is surrounded by 8 oxygens to form an 
E u 0 8 polyhedron with E u - O distances varying from 
2.36 to 2.95 A (Fig. 2). An Eu atom has 8 nearest 
and 6 second-nearest neighboring Eu atoms with the 
mean interatomic distances 3.816 and 5.244 Â, respec­
tively. 

T h e temperature dependence of magnetization and 
susceptibility of Eu 3 (B0 3 ) 2 are shown in Fig. 3. The 
borate is a ferromagnetic with a Curie point (Tc) of ca. 
7.5 K and a paramagnet ic Curie temperature (0O) 
of ca. 8 K. The magnetization per Eu 2 + ion below the 
Curie point is saturated to ca. 7 y.B. 

Kasuya2) suggested that the magnetism of europium-
(II) compounds is attributable to the magnetic exchange 
and superexchange interactions taking place via the 
overlap of 4f and 5d orbitals between neighboring Eu 2 + 

ions. T h e magnetism of highly symmetrical compounds, 
E u O ( r c = 6 9 K ) , l d > E u T i 0 3 ( T N = 5 . 3 K)lf> and 
E u 2 T i 0 4 (7*0=9 K),3) has been interpreted in terms 
of the magnitude of the magnetic interactions between 
the nearest and second-nearest neighboring Eu2 + ions. 
The direct Eu 2 + -Eu 2 + interactions between the nearest 
Eu neighbors are responsible for the ferromagnetic 
interaction, the 90° Eu 2 + -0 2 ~-Eu 2 + superexchanging 
pairs undergoing the antiferromagnetic interaction via 

Fig. 2. A projection between 2 = 0 and 0.5 of the Eu3-
(B03)2 structure viewed along the c axis. Numerical 
values give the fractional Z coordinates of O atoms. 

20 30 
TEMPERATURE (K) 

t The F0—Fc Table is kept as Document No. 8115 at the 
Chemical Society of Japan. 

Fig. 3. Temperature dependences of magnetization and 
reciprocal susceptibility of Eu3(B03)2. 
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the O 2 - ions at an angle of 90°. The 180° E u 2 + - 0 2 " -
Eu 2 + superexchange interactions between the second-
nearest Eu neighbors contribute to the overall magne­
tism, ferromagnetically or antiferromagnetically, as 
the case may be. The difference among the magnetic 
properties of europium(II) compounds results from 
the difference in magnitude for the above-mentioned 
interactions. 

From the Heisenberg model and molecular field 
approximation, McGuire et a£.lb>ld>lf) expressed the 0C 

value as follows : 

h = TkS{S+ 1 ) ( Z ^ i + Z ^ ) ' (1) 

where Jx and J2 denote the effective exchange integrals 
between the nearest and second-nearest neighboring 
Eu2 + ions, respectively, and Zx and Z 2 the numbers of 
the nearest and second-nearest Eu neighbors, respec­
tively. For the oxides, E u O , E u T i O s , and E u 2 T i 0 4 , 
the direct Eu 2 + -Eu 2 + exchange and indirect 90° E u 2 + -
0 2 ~ - E u 2 + superexchange interactions are responsible 
for Jlt positively and negatively, respectively. The 180° 
E u 2 + - 0 2 ~ - E u 2 + superexchange interactions contribute 
to the value of J2. The magnitude of direct exchange 
interactions is strongly influenced by the E u - E u distance, 
but that of superexchange interactions is not. 

Each Eu 2 + ion in Eu 3 (B0 3 ) 2 has 8 nearest and 6 
second-nearest neighboring Eu 2 + ions. T h e nearest Eu 

Typel 
U parrs) 

Type 3 
(1 pair) 

(a) Eu2Ti04 

Typel 
(2 pairs) 

Type 2 
[U pairs) 

(b) Eu3(B03)2 

Fig. 4. Anions environments around exchanging pairs 
between nearest neighboring Eu2+ ions in Eu2Ti04 and 
Eu3(B03)2. 

neighbors with the interatomic distances of 3.509 and 
3.778 Â contribute as the exchanging and superex-
changing pairs, but not the nearest Eu neighbors with 
4.200 Â, the distance of 4.200 Â appearing to be too 
great to interact with the neighboring Eu2 + ions as 
judged by the cases of other europium(II) compounds. 
For example, the mean distance between the nearest 
Eu neighbors in E u B 4 0 7 (paramagnetic) is 4.338 Â 
and insufficient for the magnetic interactions.12) In the 
nearest Eu neighbors, therefore, we can point out two 
kinds of effective exchanging pairs (Fig. 4). Type 1 : 
the Eu-Eu 1 pair with two 82.7° Eu 2 +-0 2 ~-Eu 2 +; Type 
2: the E u - E u ü pair with three 80.1—99.8° E u 2 + - 0 2 ~ -
Eu2+. 

For the second-nearest Eu neighbors, four Eu-Eu l v 

pairs via an O 2 - ion at 166.0° correspond to the 180° 
E u 2 + - 0 2 ~ - E u 2 + superexchanging pairs in EuO, E u T i 0 3 

and E u 2 T i 0 4 , although the E u - O - E u angle somewhat 
deviates from the value of 180°. The remaining two 
E u - E u v pairs can not be regarded as the superex­
changing pairs because no oxygen occupies the position 
between them. 

Greedan and McCarthy3) estimated the values of 
exchange integrals Jxfk and y2 /k of E u 2 T i 0 4 to confirm 
agreement with the experimental value (0 C =1OK) 
using Eq. 1: 7 ^ = 0 . 0 7 and y 2 / k = 0 . 0 4 K (Table 4). 
An Eu 2 + ion in E u 2 T i 0 4 is surrounded by 9 nearest and 
8 second-nearest neighboring Eu2 + ions with the inter­
atomic distances of 3.75 to 3.90 Â and 5.51 Â, respec­
tively. T h e E u - E u distances and E u - O - E u angles in 
E u 2 T i 0 4 are closely similar to those of Eu 3 (B0 3 ) 2 . 

In E u 2 T i 0 4 , there are three kinds of exchanging 
pairs between the nearest Eu neighbors, Types 1 and 2 
correspond to those of Eu 3 (B0 3 ) 2 , the Eu-Eu distances 
in the borate being smaller than those in the ti tanate 
(Fig. 4). T h e exchanging pair (Type 3), not existing 
in Eu 3 (B0 3 ) 2 , is the pair with four 90° Eu 2+-0 2~-Eu 2+ 
and contributing antiferromagnetically to the overall 
magnetism in a simillar manner to that of the exchanging 
pairs in EuTi03 . l f '3> Thus, Eu 3 (B0 3 ) 2 is expected to 
give the greater values of JJk than Eu 2TiÖ 4 . The 
superexchanging pairs between the second-nearest Eu 
neighbors in E u 2 T i 0 4 and Eu3(BO s)2 should give 
similar values of J2jk from the similarity of the E u - E u 
distances and E u - O - E u angles. From the observed 
Be value of 8 K, we can estimate the values of J±/k 
and y2 /k to be 0.10 and 0.04 K, substituting S=7/2, 

TABLE 4. MAGNETIC EXCHANGE AND SUPEREXCHANGE INTERACTIONS IN Eu2Ti04 AND Eu3(B03)s 

TJK 
0C/Kb) 

Nearest neighbors 
Second-nearest neighbors 
Interactions contributing 

t o / x 

Resultant J^/K 
Interactions contributing 

t o y 2 

Resultant JJt^fK. 

Eu2Ti04
a ) 

9 
10 

5 E u + a t 3.90Â 
4 Eu+ at 3.75 
8 E u + a t 5 . 5 1 
Eu2+-Eu2+( + ) 

90°Eu2+-O2—Eu2+(-) 
0.07 

180°Eu2+-O2--Eu2+ 

0.04 

Eu3(B03)2 _ _ 

8 
2 Eu+at 3.509 Â 
4 E u + a t 3 . 7 7 8 
4 E u + a t 5 . 4 5 0 
Eu2+-Eu2+( + ) 

80.1—99.8°Eu2+-02 --Eu2+( - ) 
0.10 

166.0°Eu2+-O2--Eu2+ 

0.04 

a) Ref. 8. b) 0C=paramagnetic Curie temperature. 
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Z x = 6 and Z 2 = 4 into Eq. 1. It is concluded that the 
166.0° E u 2 + - 0 2 ~ - E u 2 + superexchanging pairs contribute 
ferromagnetically and the ferromagnetism of Eu 3 (B0 3 ) 2 

is attributable to the direct Eu2+-Eu2+ and the 166.0° 
E u 2 + - 0 2 ~ - E u 2 + ferromagnetic interactions. 

The authors wish to thank Mr. Ken-ichi Sakaguchi 
for the measurements on the four-circle X-ray diffracto-
meter, and Dr. Noritake Yasuoka (Institute for Protein 
Research) and Prof. Nobutami Kasai and Dr. Kunio 
Miki (Department of Applied Chemistry) for their 
valuable suggestions. The computations were carried 
out on an ACOS series 77 NEAC System 700 computer 
at Crystallographic Center, Institute for Protein 
Research, Osaka University. 
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Six square-planar complexes, [PdL(m«o-stien)](C104)2 (m^0-stien=7?wtfo-l,2-diphenyl-l,2-ethanediamine; 
L = 7V,iV-diethylethylenediamine, iV,iV-dimethylethylenediamine, 2-methyl-l,2-propanediamine, iV2,./V2-dimethyl-2-
methyl-l,2-propanediamine, N,7V-dimethyl-l,3-propanediamine, and (2^)-iV1,iV1-diethyl-l,2-propanediamine), 
were prepared and optically resolved (or separated in the case of the last named ligand) using diacetyW-tartaric 
anhydride as the resolving agent. Their electronic absorption and CD spectra were measured. A definite additivity 
has been confirmed between the configurational CD caused by the chiral configuration and the vicinal CD due to 
the asymmetric carbon atom in the (25')-Arl,iV1-diethyl-l,2-propanediamine complex. Absolute configurations of 
this and the other five complexes have been assigned by examining molecular models and the CD spectra. 

Circular dichroism (CD) of a metal complex in the 
d-d transition region generally arises from two kinds 
of main chirality, i.e., the configurational one of the 
whole complex, and the vicinal one due to the asym­
metric atoms of the ligands, the latter including the 
so-called conformational chirality of the chelate rings, 
if any. Although many kinds of Pt(II) and Pd(II) 
complex show d-d CD spectra owing to the vicinal 
effect,1) only a limited number of square-planar com­
plexes have been found to have the configurational 
chirality. T h e well-known complexes [M(2-methyl-l ,2-
propanediamine) (meso-stien)]2+ (M=Pt 2> and Pd3>) are 
unique examples of a successful optical resolution of the 
configurationally chiral complexes with square-planar 
coordination geometry. These complexes have a 
particular kind of configurational chirality, which arises 
from a combination of two types of bidentate ligands, an 
h-type which has a symmetry plane coplanar to the 
coordination square but none perpendicular to it in the 
conformational^ averaged state, and a v-type which 
has the latter kind of symmetry plane but not the 
former kind (Fig. 1). 

This paper reports the preparation, optical resolution, 
CD spectra, and absolute-configuration assignment of a 
series of such complexes, [Pd(h-type diamine) (meso-
stien)J2+. T h e ligands are given in Table 1. T h e 
complex [Pd(JV1,iV1-Et2-(1S

,)-pn) (m«o-stien)]2+ contain­
ing both kinds of chirality due to the asymmetric carbon 
atom and to the configuration was also examined in 
order to establish a criterion for the assignment of 

Fig. 1. Absolute configuration of the complex; the lower 
drawing shows the complex which is viewed along the 
arrow and regarded as a tetrahedron. 

T A B L E 1. ABBREVIATIONS AND CLASSIFI­

CATION OF THE LIGANDS 

Abbreviation Rational formula Classification 

N,N-Et2en £2**5>NCH2CH2NH2 h-type 

GH3 

iV1,iV1-Et2-(lS)-pn £2§5>NCH2CHNH2 

JV,#-Me2en ^ 3 >NCH 2 CH 2 NH 2 h-type 

C,C-Me2en^ H2NC(CH3)2CH2NH2 h-type 

7V,i\T,C,C-Me4enb) j^3>NC(CH3)2CH2NH2 h-type 

N,N-Me2tn ^ 3 >NCH 2 CH 2 CH 2 NH 2 h-type 

Ph Ph 
i i 

mwo-stien H2NCH CHNH2 v-type 
en H2NCH2CH2NH2 

a) 2-Methyl-l,2-propanediamine; the abbreviation is based 
on the name for a substituted ethylenediamine, specifying 
the atom to which the substituents attach. b) N2,N*-
Dimethyl-2-methyl-l,2-propanediamine; abbreviation as in 
a). 

absolute configuration. 

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

Ligands. (1) N,N,C,C-ikfe4»i: 2-Dimethylamino-2-
methylpropanenitrile*) (bp 54.3 °C/3.13 kPa; 56.6 g) in 130 
cm3 of anhydrous ether was added dropwise with stirring (at 
ca. —5 °C) to 25 g of lithium tetrahydridoaluminate suspended 
in 950 cm3 of anhydrous ether. After the mixture had been 
stirred in an ice-bath for five hours, 28 cm3 of water and 24 
cm3 of a 20% aqueous solution of potassium hydroxide were 
successively added with vigorous stirring. The ether layer 
was decanted from the slurry, from which the residue was 
extracted three times with 150 cm3 portions of boiling ether. 
The combined mother liquor and extracts were treated with 
dry hydrogen chloride gas in an ice-bath. The white precipi­
tate was mixed with a large excess of potassium hydroxide and 
a small amount of water, and the oil separated was extracted 
several times with boiling ether. The combined ether extracts 
were dried over potassium hydroxide pellets and then with 
sodium wire, and fractionally distilled. The fraction boiling 
a t 61—62 °C/5.20 kPa was collected. Yield : 38.3 g. 

(2) C,C-Me2en: 2-Amino-2-methylpropanenitrile was ob­
tained according to the method reported;5) bp 61.5—62.0 °C/ 
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3.60 kPa. The subsequent procedure was the same as 
described 'm(l). bp 41.5 °C/2.87 kPa. 

(3) Other Ligands: The following ligands were prepared 
by the methods reported: N\N1-Et2-(S)-pn6'> (bp 145—152 
°C/100kPa) and mwo-stien2'7) (Found: C, 79.25; H, 7.57; N, 
13.19%). 

Resolving Agent. DiacetyW-tartaric anhydride was 
obtained by the method of Chattaway and Parkes8) (Found : 
C, 43.85; H, 3.88%). 

[PdCl2L]-type Complexes. (J) Z=N,N-£ia«i and N^N1-
Et2-(S)-pn: These complexes were prepared by a method 
similar to that of Suzuki and Nishida.6) Found: C, 24.36; 
H, 5.52; N, 9.55%. Calcd for [PdCla(iV,iV-Et2en)] = C6H16-
N2Cl2Pd: C, 24.55; H, 5.49; N, 9.54%. Found: C, 27.30; 
H, 5.92; N, 9.11%. Calcd for [PdCl2(^1,iV1-Et2-(1S,)-pn)]-
C7H18N2Cl2Pd: C, 27.34; H, 5.90; N, 9.11%. 

(2) L=N,N-Me2en, C,C-Me2en, N,N,C,C-M«4«i, and N,N-
Me2tn: These complexes were obtained by a method similar 
to that for [PdCl2(en)]9> as light orange to yellow crystals. 
Found: C, 18.01; H, 4.58; N, 10.56%. Calcd for [PdCl2-
(JV,iV-Me2en)] = C4H12N2Cl2Pd: C, 18.10; H, 4.56; N, 10.55%. 
Found: C, 18.09; H, 4.56; N, 10.65%. Calcd for [PdCl2-
(C,C-Me2en)] = C4H12N2Cl2Pd: C, 18.10; H, 4.56; N, 10.55%. 
Found: C, 23.06; H, 5.81; N, 8.97%. Calcd for [PdCl2-
(JV,JV,C,C-Me4en)].HaO=C6H18NaGlaOPd: C, 23.13; H, 
5.82; N, 8.99%0. Found: C, 21.54; H, 5.07; N, 9.96%. 
Calcd for [PdCl2(iV,iV-Me2tn)] = C5H14N2Cl2Pd: C, 21.49; 
H, 5.05; N, 10.02%. 

(3) L=meso-stien: When a methanol solution of mwo-stien 
was mixed with an aqueous solution of K2[PdCl4] at ca. 60 °C 
(molar ratio 2 : 1), an ivory-colored insoluble precipitate was 
obtained. After two hours of heating and stirring, hydro­
chloric acid (equimolar with the meso-stien) was added to the 
mixture. The precipitate which had turned pale yellow was 
collected and washed with boiling water several times in 
order to remove mwo-stien-2HCl (only slightly soluble). 
Found: C, 43.09; H, 4.15; N, 7.18%. Calcd for [VdC\2(meso-
stien)] = C14H16NaClaPd: C, 43.16; H, 4.14; N, 7.19%. 

{Pd(N)i\-type Complexes. (1) [Pd(N,N-Et2en)(meso-
stien)](ClOi)2: A hot methanol-solution (3 cm3) containing 
0.76 g of meso-stien was added (at ca. 55 °C) to an aqueous 
solution (30 cm3) of [PdCl2(iV,iV-Et2en)] (1.05 g). The 
almost colorless solution was filtered and treated with an 
aqueous solution of sodium Perchlorate (1.2 g), at ca. 50 °C 
with stirring. The desired complex precipitated during the 
course of addition of Perchlorate drop by drop. The mixture 
was allowed to stand at room temperature and then in a 
refrigerator overnight. Very pale yellow crystals were col­
lected, washed with water, and dried in vacuo. Yield: 2.0 g. 
This product is sparingly soluble in water, being more soluble 
in methanol. Found: C, 37.82; H, 5.12; N, 8.92%. Calcd 
for C20H32N4Cl2O8Pd: C, 37.90; H, 5.09; N, 8.84%. 

(2) lPd(W^Etr(S)-pn)(me&o*tim)](ClOJa: This was 
prepared by the same method as described in ( 1). The crude 
product was purified by conversion into the corresponding 
chloride with an anion-exchange resin (Dowex 1x8 , 200— 
400 mesh, Cl_ form) and then by reconversion into the 
Perchlorate crystals. The yield was good. The product, 
labeled 2', is a mixture of R{S) and S(S) isomer, neither a 
pseudo racemate nor an equilibrium mixture. Found: C, 
38.96; H, 5.35; N, 8.71%. Calcd for C21H34N4Cl208Pd : C, 
38.93; H, 5.29; N, 8.65%. 

(3) [Pd(lSi,N-Me2en)(meso-stien)](ClOJ2-H20: To a sus­
pension of [PdCl2(iV,JV-Me2en)] (1.00 g) in 35 cm3 of water 
was added (at ca. 60 °C) 0.80 g of meso-stien dissolved in hot 
methanol (4 cm3). When the mixture was stirred for a few 
minutes, the starting material was dissolved, the solution 

turning almost colorless. An aqueous solution of sodium 
Perchlorate (1.2 g) was added to the filtered solution, at ca. 
55 °C with stirring. The resulting cloudy solution was allowed 
to stand at room temperature for three hours, a powder 
product (very pale yellow; 0.82 g) being collected. The 
residual glassy solid adhering to the bottom of the beaker was 
dissolved again in the mother liquor at 70—75 °C, and the 
solution was allowed to stand at room temperature and then 
in a refrigerator overnight; an additional amount of the 
product was obtained (0.36 g). After removal of the potassium 
chloride by methanol extraction, further crops (0.52 and 0.31 
g) were obtained from the mother liquor. Total yield : 2.01 g. 
The complex is more soluble in water and in methanol than 
the corresponding JV,JV-Et2en complex. Found: C, 34.76; H, 
4.83; N, 8.89%. Calcd for C18H30N4Cl2O9Pd : C, 34.66; H, 
4.85; N, 8.98%. 

(4) [Pd(C,C-Me2en)(meso-stien)](ClOJ2: This was 
prepared by a method similar to that described in (3), but is 
more difficult to crystallize. The yield was 1.63 g for 1.00 g 
of the starting material [PdCl2(C,C-Meaen)]. The solubility 
(in water and in methanol) is comparable to that of the cor­
responding iV,iV-Me2en complex. Found: C, 35.67; H, 4.72; 
N, 9.22%. Calcd for C18H28N4Cl208Pd : C, 35.69; H, 4.66; 
N, 9.25%. 

(5) [P^N,N,C,C-Me4enj (meso-^VnJ ] ( a 0 4 J 2 : This was 
obtained in the same way as described in (3), and is more 
difficult to crystallize than the corresponding C,C-Me2en 
complex. It tended to disproportionate to [Pd(N,N,C,C-
Me4en)2]2+ and [Pd(m&n?-stien)2]

2+ during the course of 
preparation. The yield was 1.63 g for 1.30 g of the starting 
material [PdCla(JV,JV,C,C-Me4en)]. Found: C, 38.09; H, 
5.11; N, 8.77%. Calcd for C20H32N4Cl2O8Pd: C, 37.90; H, 
5.09; N, 8.84%. 

(6) [Pd(N,N-Me2tn) (meso-stien)] (ClOJ2- 0.5H2O : A 
methanol solution (3 cm3) containing 0.26 g of N,N-Me2tn was 
added to 0.985 g of [PdCla(meso-stien)] suspended in a water 
(23 cm3)-methanol (7 cm3) mixture. After the reaction 
mixture had been stirred at ca. 50 °C for 1.5 h, undissolved 
material was filtered off. The filtrate was treated with an 
aqueous solution of sodium Perchlorate (0.80 g), and evapo­
rated under reduced pressure to give a sirup. The sodium 
chloride was removed by extracting the complex with 
methanol, ca. 25 cm3 of water being added to the extract (ca. 
15 cm3). The warmed mixture was allowed to stand at room 
temperature. The desired product was obtained as pale 
yellow needles (1.00 g). Total yield was 1.18 g, including 
another crop from the mother liquor. Found: C, 36.17; H, 
4.99; N, 8.83%. Calcd for C19H31N4C1208 5Pd: C, 36.29; 
H, 4.97; N, 8.91%. 

The anhydrous salt, [Pd(iV,iV-Me2tn)(mwo-stien)](C104)2 

(pale yellow blocks), was also obtained by using [PdCl2 (iV,iV-
Me2tn)] as a starting material, the yield being low. Found: 
C, 36.91; H, 4.89; N, 8.96%. Calcd for C19H30N4Cl2O8Pd: 
C, 36.82; H, 4.88; N, 9.04%. 

(7) [Pd(W,W-Et2-($)-pn)(en)]Cl2.H20 (7): An aqueous 
solution containing 0.12 g of ethylenediamine was added at 
ca. 65 °C to 0.61 g of [PdCl2(iV

1,iV1-Et2-(iS
,)-pn)] suspended in 

16 cm3 of water. The reaction was fast. The almost colorless 
solution was filtered and evaporated under reduced pressure. 
The resulting sirup was dissolved in a small amount of ethanol 
and mixed with 15 cm3 of acetone. The mixture was cooled 
in a refrigerator overnight to give very pale yellow needles. 
Yield: 0.60 g. The compound can be recrystallized from 
95% ethanol by adding acetone, when necessary. Found: 
C, 28.02; H, 7.25; N, 14.63%. Calcd for C9H28N4Cl2OPd : 
C, 28.03; H, 7.32; N, 14.53%. 

Optical Resolution and Separation. The diacetyW-tartrate 
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salts of all the configurationally chiral complexes were obtained 
as a sirup as follows. 

General Procedure: A suspension of racemic Perchlorate 
salt10) (1.80 mmol) in 50 cm3 of water was stirred with an 
anion-exchange resin (Dowex 1 x 8, 200—400 mesh, Cl~ 
form) for one hour. After removal of the resin the reaction 
mixture was treated with silver carbonate (2.0 mmol) at room 
temperature for two hours in the dark. The silver chloride 
was filtered off and diacetyW-tartaric anhydride (1.75 mmol) 
was dissolved in the filtrate. The solution was evaporated 
under reduced pressure to give a sirup. 

The subsequent procedure for individual complexes is 
as follows. 

(1) (+)&t-[Pd(N,N-Et^)(meso-stien)-\(ClOJt (I): The 
sirup obtained by the general procedure was dissolved in 
methanol (6 cm3) and mixed with 20 cm3 of acetone. Almost 
white powder was deposited on scratching the wall of the 
beaker. It was collected and recrystallized twice from 90% 
methanol by adding acetone. An additional amount of the 
product was obtained from the mother liquor and repeatedly 
recrystallized. A high yield (91% based on the half of the 
racemate) was attained in total because of the moderately 
fast shift of the equilibrium (i?v

 SS) in the mother liquor. 
Found: C5 48.84; H, 6.18; N, 8.13%. Calcd for (+)§?„-
[Fd(N,N-Et2en) (m^o-stien)](diac-rf- tart) • H2On> = C28H42N4-
0 9Pd : C, 49.09 ; H, 6.18 ; N, 8.18%. The less-soluble diaster-
eomer (0.18 g) was dissolved in 7 cm3 of water and treated 
with an aqueous solution (2 cm3) of sodium Perchlorate (0.09 
g). Very pale yellow crystals were collected after several 
hours, washed with water, and dried in vacuo. Yield : 0.135 g. 
Found: C, 37.93; H, 5.10; N, 8.84%. Calcd for C20H32N4-
Cl2OsPd: C, 37.90; H, 5.09; N, 8.84%. 

(2) ( + )%0-[Pd(N\Ni-Et2-(S)-pn)(meso-stien)](ClOJ2 (2) : 
The sirup obtained by the general procedure was cryst­
allized from a 90% ethanol-acetone ( 2 : 1 ) mixture, 
giving a crude less-soluble diastereomer (diac-</-tart salt), 
which was recrystallized three times from 90% ethanol by 
adding acetone. Found: C, 48.38; H, 6.29; N, 7.79%. Calcd 
for (+)%0-[Yd(N\N1-Et2-(S)-pn)(meso-stien)](diac-d-tart). 
2H2O=C29H46N4O10Pd: C, 48.57; H, 6.47; N, 7.81%. The 
resolving agent was removed by the same method as described 
in (1). Found: C, 38.92; H, 5.29; N, 8.65%. Calcd for 
C21H34N4Cl208Pd: C, 38.93; H, 5.29; N, 8.65%. 

(3) (+)c
2%0-[Pd(N,N-Me2en)(meso-stien)~\(ClOJ2 • 0.5H2O 

(3) : A crude less-soluble diastereomer (diac-J-tart salt) was 
obtained from the corresponding sirup in the same manner as 
described in (2) and recrystallized twice from the same solvent 
as in (1). Found: C, 47.66; H, 5.68; N, 8.48%. Calcd for 
( + )a2o-[Pd(JV, iV-Me2en)(™«o-stien)](diac-</-tart) .H a O=C 2 6 -
H38N409Pd: C, 47.53; H, 5.83; N, 8.53%. The compound 
free from the resolving agent was obtained by the same method 
as in (1) but from a more concentrated solution. Found: C, 
35.06; H, 4.63; N, 9.13%. Calcd for C18H29N4C1208 5Pd : C, 
35.17; H, 4.75; N, 9.11%. 

(4) (-)'$0-\_Pd(C,C-Me2en)(meso-stien)](ClOi)2-H20 (1): 
A less-soluble diastereomer (diac-</-tart salt) was obtained 
by the method of Lidstone and Mills3) with a slight 
modification. At first almost racemic12) diacetyW-tartrate 
salt was obtained from the corresponding sirup in 95% ethanol 
by scratching the wall of the beaker, and recrystallized several 
times from the minimum quantity of water by adding ethanol, 
giving the corresponding optically pure salt. Found: C, 
45.79; H, 6.23; N, 7.91%. Calcd for (-)">0-[Pd(C,C-
Me2en) (meso-stien)] (diac-rf-tart) • 3H 20=C 2 6H 4 2N 4O uPd : C, 
45.06; H, 6.11 ; N, 8.08%. The resolving agent was removed 
by the same method as in (3). Found : C, 34.67 ; H, 4.82 ; N, 
9.02%. Calcd for C18H30N4Cl2O9Pd: C, 34.66; H, 4.85; N, 

8.98%. 
(5) (+)(£0-[Pd(N,N,C,C-Meien) (meso-stien)] (ClOJ2 >H20 

(5) : The sirup obtained by the general procedure was crystal­
lized from a water-ethanol-acetone (1 : 3 : 14) mixture, giving 
a less-soluble diastereomer (diac-J-tart salt). Recrystalliza-
tion was carried out four times from water by adding an 
ethanol-acetone (1 :2 ) mixture. Found: C, 47.68; H, 6.48; 
N, 7.58%. Calcd for (+)i2

D
0-[Pd(iV,iV,C,C-Me4en)(^w-

stien)](diac-J-tart).3H20=C28H46N4OuPd: C, 46.64; H, 
6.43; N, 7.77%. The product free from the resolving agent 
was obtained by the same method as in (3) but in water-
methanol. Found: C, 37.06; H. 5.14; N, 8.59%. Calcd for 
C20H34N4Cl2O9Pd: C, 36.85; H, 5.26; N, 8.60%. 

(6) (-)%ïo-lPdCN,N-Me2tn)(meso-stien)~]Cl2 Solution (6): 
A crude less-soluble diastereomer (diac-t/-tart salt) was ob­
tained from the corresponding sirup in a 90% ethanol-acetone 
(4 : 5) mixture, and recrystallized four times from the same 
solvent as described in (5). Found: C, 49.47; H, 5.86; N, 
8.56%. Calcd for (-)^0-[Pd(iV,iV-Me2tn)(mwo-stien)](diac-
^-tart) = C27H38N408Pd: C, 49.66; H, 5.87; N, 8.58%. No 
corresponding optically active Perchlorate salt was obtained 
by a method similar to that for 1, 3, or 5; the diastereomer was 
converted into the corresponding optically active chloride 
with a column containing an anion-exchange resin (Dowex 
1x8 , 200—400 mesh, Gl" form). The CD spectrum of this 
complex was measured with the eluate, the concentration being 
calculated from the molar absorption coefficient of the cor­
responding racemic Perchlorate. 

Measurements. Electronic absorption spectra were re­
corded with a Hitachi 330 spectrophotometer and CD spectra 
with a JASCO MOE-1 spectropolarimeter. All the measure­
ments were made in aqueous solutions at room temperature, 
except the electronic absorption spectrum of wzero-stien meas­
ured in methanol and a water-methanol (9 :1 ) mixture. A 
10-cm cell was employed for the CD measurements in the long 
wavelength region. No spectral change was observed during 
the course of measurements. 

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

Absolute Configuration. T h e enantiomeric configu­
rations are denoted by R and S (Fig. 1) from analogy 
with the axial chirality13) of organic compounds. T h e 
absorption spectrum of 2 is almost identical with that 
of 1 (Table 2 and Fig. 2). Both these optically pure 
complexes were derived from the less-soluble diastereo-
mers. T h e CD spectra of both 1 and 2 contain a con-
figurational contribution; in addition that of 2 contains 
the vicinal contribution due to the asymmetric carbon 
atom. Assuming the additivity of the configurational 
and vicinal contributions, a calculated vicinal CD curve 
can be obtained by subtracting the CD of 1 from that 
of 2. T h e same configurational chirality of 1 and 
2 was also assumed in the calculation, and justified by 
comparing the calculated vicinal CD with the CD 
spectrum of 7 containing the same asymmetric carbon 
atom as in 2 (Fig. 3) ; these two curves are of a similar 
pattern to each other, differing slightly in intensity. 

T h e spectrum of 2'14) recorded immediately after 
dissolution can be reproduced by adding 0.25 part of 
the CD of 1 to the calculated vicinal CD of 2 (Fig. 4) ; 
this demonstrates the additivity of the configurational 
and vicinal CD. T h e CD spectrum of 2 ' (ca. 10~3 

mol dm" 3 , in water) became constant in about five 
days at ca. 17 °C, indicating that the solution attained 
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TABLE 2. ABSORPTION DATA OF THE COMPLEXES 

No. 

Spin-forbidden d-d 

Complex b ) 

103 cm-1 

Spin-allowed d-d 

(log 

d-p or CTa ) 

mol - 1 dm3 cm - 1 / 

1 (+)%0-[Pd(N,N-Et2en)(meso-stien)Y+ ca. 28.5sh (2.0) 34.2(2.79) 
2 (+)^0-[Fd(N1,N1-Et2-(S)-pn)(meso-stien)Y+ ca. 28.5sh (2.0) 34.1(2.81) 
3 (+)%0-[?d(N,N-Me2en)(meso-stien)Y+ ca. 29sh (2.0) 34.5(2.75) 
4 (-)ii>

0-[Pd(C,C-Me2en)(m^o-stien)]2+ ca. 29sh (1.5) 34.9(2.65) 
5 (+)™0-[Fd(N,N,C,C-Meten){meso-sûen)Y+ ca. 28.5sh (2.0) 34.3(2.77) 
6 (-)i?0-[Pd(iV,iV-Me2tn)(m*y0-stien)]2+ ca. 28sh (2.0) 33.5(2.82) 
7 [Pd(iySiyM3t2-(S)-pn)(en)]2+ ca. 28.5sh (1.8) 34.2(2.65) 

ca. 44.5sh 
ca. 44.5sh 
ca. 44.5sh 
ca. 44.5sh 
ca. 44.5sh 
ca. 44.5sh 

49.9(4.26) 

a) See text, b) sh: shoulder. 

30 40 
o/io3cm_1 

Fig. 2. Absorption and CD spectra of (+)220-[pd(^,iV-
Et2en)(m£î0-stien)]2+, 1 ( ) and CD spectrum of 
(+)i2

Do-[Pd(iV1,iV1-Et2-(5)-pn)(^o-stien)]2+ 2 ( ). 

0 / KTcm' 

Fig. 3. Absorption and CD spectra of [FdiN^N^Et^S)-
pn)(en)]2+, 7 ( ) and vicinal CD curve calculated 
from [Ae(2)-Ae(l)] ( ). 

w -o -o- o t> 

X 5 X 1/10 o^o 

20 30 40 50 
0/ Krcm" iVm * 

Fig. 4. CD spectrum of [ P d ^ ^ - E v ^ - p n ^ / m w -
stien)]2+, 2', recorded immediately after dissolution 
( ) and CD curve calculated from [0.25Ae(l) + 
calcd Aevicinai] (o»»»»»). The calcd Aevicinal is given 
in Fig. 3. 

equilibrium. However, the CD spectrum could not be 
accurately measured in the region of wavelengths 
shorter than 250 n m because of the low intensity. This 
can be expained by the cancellation between the vicinal 
and the increasing configurational CD contribution. 
The CD additivity, therefore, was examined with the 
solution of 2 ' immediately after dissolution over the 
range 500—200 nm. T h e configuration of the pre­
dominant isomer both in solid 2 ' and in the equilibrium 
mixture is found to be the same as the absolute configura­
tion of 1 from a comparison of the configurational CD. 
T h e abundance of the diastereomers in 2 ' was estimated 
on the basis of CD additivity as follows: R(S), 62.5 and 
S(S)9 37.5%15> immediately after dissolution; R(S)9 67.5 
and S(S), 32 .5% at equilibrium. T h e abundance at 
equilibrium was evaluated from Ae e x t at about 35000 
c m - 1 . 

T h e absolute configuration predominating in aqueous 
solutions can be assigned by considering the steric 

R(S) S(S) 

Fig. 5. A pair of diastereomers of [Pd(iV1,iV1-Et2-(»S')-pn)-
(m&y0-stien)]2+. Hydrogen atoms which are less con­
cerned with the steric repulsions are omitted; one of two 
possible conformations of m&yo-stien is shown. 
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repulsions between the phenyl groups on m&w-stien and 
one of the ethyl groups on N1,N1-Et2-(S)-pn (Fig. 5). 
T h e ligand iV1,iV1-Et2-(lS')-pn is likely to be in almost 
pure (5-form, because of the repulsion between the C(S)-
methyl and one of the two iV-ethyl groups. As a result, 
the orientations of the two iV-ethyl groups might be 
restricted. T h e steric interactions between the iV-ethyl 
and the two phenyl groups should differ between the 
R(S) and the S(S) isomer. Thus , the repulsive interac­
tion in R configuration is concluded to be smaller 
than that in S, and the predominant configuration in 
solid 2 ' and in the equilibrium mixture can be assigned 
to R; consequently complex 1 has R configuration. 

30 40 
0 / lo3cm_1 

Fig. 6. Absorption and CD spectra of (+)H0'[
1Pd(N9N-

Me2en)(m^o-stien)]2+, 3 ( ) and (+)S?0-[Pd(JV,JV,C, 
C-Me4en)(metf0-stien)]2+, 5 ( ). 

0/l(rcm" -Vm * 

Fig. 7. Absorption and CD spectra of (—)ü?0-[Pd(C,C-
Me2en)(m^o-stien)]2+, 4 ( ) and (-)c

2?0-[Pd(N,N-
Me2tn)(m&y0-stien)]2+, 6 ( ) ; absorption spectrum of 
m&w-stien in methanol (••••••). 

The absolute configuration of 3 is easily assigned to 
R by comparing its CD curve with that of 1 ; both CD 
patterns are very similar to each other throughout the 
range 500—200 nm, though the CD intensity is some­
what different (Figs. 2 and 6). However, the absolute 
configuration of 4 cannot be easily determined. T h e 
sign of the major CD band in the region of spin-allowed 
d-d transitions is the same as that for 1 or 3, whereas 
the sign of the band at ca. 49000 c m - 1 is opposite 
(Figs. 2, 6, and 7). In order to solve this problem 
complex 5 was prepared. T h e ligand N,N,C,C-Me4en 
has four methyl substituents : two on a nitrogen, the 
other two on the carbon adjacent to the nitrogen atom 
(Table 1 ). From the fact complex 4 displays remarkably 
weak CD in comparison with 3, the CD pattern of 5 is 
expected to be similar to that of 3. Figure 6 shows the R 
configuration of 5, indicating the validity of the expecta­
tion. T h e small deviation (from the CD curve of 3) 
associated with the introduction of the C-methyl groups 
is considered to have a pattern similar to that of the 
CD spectrum of A-[Pd(C,C-Me2en) (meso-stien)]2+. 
Upon comparing the CD curves of 3 and 5, the difference 
between their ligand-field-strengths should be taken 
into account. Quanti tat ive estimation of the difference 
is not only difficult but also unnecessary. I t is approxi­
mated by the energy difference in the d-d absorption 
maxima. In practice, the CD curve of 3 (27000—37000 
cm - 1 ) is displaced to the side of lower energies by the 
difference (240 cm - 1 ) and then compared with the 
intact CD curve of 5 (Fig. 8). T h e positive (ca. 30000 
cm - 1 ) and the negative (ca. 35000 cm - 1 ) deviation of 
the CD curve of 5 from that of 3 are visualized; the 
sign pat tern is opposite that of the CD spectrum of 4 
in the region. I t is concluded that complex 4 has S 
configuration. 

30 32 34 36 

o/ io3cm_1 

Fig. 8. CD curve of 3, shifted by 240 cm"1 to the side of 
lower energies ( ) and intact CD curve of 5 ( ). 

Complex 6 was similarly derived from the corre­
sponding less-soluble diastereomer using the same 
resolving agent as used for 1—5. The entire CD pattern, 
however, is enantiomeric to those of 1, 3 , and 5. No 
marked change is found in the CD pattern with increase 
in chelate-ring size (Figs. 6 and 7) ; we conclude that 
complex 6 has S configuration. The absolute configura­
tion of the above six complexes are given in Table 3. 
T h e results can be summarized as follows: Positive 
sign of the first CD band in the region of wave numbers 
larger than 40000 c m - 1 indicates R configuration. 
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TABLE 3. CD DATA OF THE COMPLEXES 
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No. 
Spin-forbidden d-d 

Complex b ) 

Spin-allowed d-d 

/ Ae 

d-p or CTa) 

103 cm-1 mol - 1 dm3 cm *-) 

1 Ä(+)i?0-[Pd(i\T,iV-Et2en) (meso-stien)]2+ 

2 R(+)^0-[Pd(N\m-Et2-(S)-pn) (méw-stien)]2+ 

2 , c ) ( - )^0-[Pd(iVi,iVi-Et2-(tS
,)-pn) (meso-sûen)Y+ 

3 R(+)%0-[Pd(N,N-Me2en) (m^o-stien)]2+ 

4 S(- Ä-[Pd(C,C-Me2en) (mwo-stien)]2+ 

5 R(+)g?0-[Pd(tf, JV,C,C-Me4en) (m^o-stien)]2+ 

6 5(-)^0.[Pd(i\T,iV-Me2tn)(m^^-stien)]2+ 

7 [Pd( JV1, J V V E t ^ - p n ) (en)]2+ 

23.3 ( -0 .010) 
ca. 26.5sh («I. + 0.014) 

24sh ( -0 .011) 
28.0 ( -0 .046) 

«i. 27.5sh ( + ) 

26.7 (+0.002) 

ca. 27.5sh ( + ) 

«i. 27sh ( - ) 
ai. 24.5sh ( -0 .010) 

28.2 ( -0 .042) 

ca. 
ca. 

ca. 
ca. 

ca, 
ca. 

30sh («i.+ 0.15) 
35sh (+0.73) 
30.2 (+0.10) 
35.0 ( -0 .90) 

35.0 ( -1 .42) 
30.5sh(oz.+0.16) 
35.5sh (+0.48) 

29.4 ( -0 .001) 
34.6 (+0.18) 
30.5sh(ai.+0.18) 
35.5sh (+0.43) 

34.4 ( -0 .49) 

34.8 ( -1 .19) 

45.2 (+16.8) 

45.2 (+11.3) 

44.5 ( - 2 . 0 ) 
48.5 ( - 4 . 2 ) 
46.2 (+13.9) 

49.0 ( - 3 . 2 ) 

45.7 (+14.2) 

45.3 ( -16 .6 ) 

49.0 ( - 6 . 8 ) 

a) See text, b) sh: shoulder, c) Recorded immediately after dissolution. 

CD and Absorption Spectra. Absorption and CD 
data of the complexes are given in Tables 2 and 3, 
respectively, those concerning n-n* intraligand transi­
tions in Table 4. T h e complexes generally exhibit four 
configurational-CD bands (27000, 30000, 35000, and 
beyond 45000 cm-1) within the range 20000—50000 
cm - 1 . The CD pattern of the complexes with iV-alkyl 
substituents, however, is different from that for the 
C-alkyl analog. In the former complexes all of the 
four bands have the same sign (i.e., plus for R isomer), 
whereas in the latter the sign pattern is —, + , —, and 
+ (from the side of smaller wave numbers) for R isomer. 
For all of these complexes, the first band is assigned to a 
spin-forbidden d-d transition and the second and third 
to spin-allowed d-d transitions. The last band should 

be assigned to either d-p transition or nitrogen-ff-to-
metal-d charge-transfer transition. 

In the present series of complexes, h-type ligands 
were varied with the v-type ligand unchanged; the 
relative intensity of configurational CD varied in the 
following order: iV,iV-Et2en>iV,iV-Me2tn>iV,iV-Me2en 
>C,C-Me 2en. This result indicates three factors 
determining the intensity, the size of alkyl substituent, 
the location of alkyl substituent and the size of chelate 
r ing: (1) The CD intensity increases with increasing 
bulkiness of substituents. (2) Alkyl groups on the 
nitrogen atom cause CD intensity higher than those on 
the carbon atom. (3) T h e increase in chelate-ring size 
from five to six is accompanied by an increase in the CD 
intensity. The finding (1) can be explained in terms 

TABLE 4. ABSORPTION AND CD DATA OF n-n* INTRALIGAND TRANSITIONS 

a-bands />-bands 

No. Complex Absorption 
a) 

CD 

Ae 

Absorption 

103cm" 103cm_1 \ mol - 1 dm3 cm - ) 

CD 
a) 

Wem- 1 Wem- 1 

1 Ä(+)g?o-[Pd(JV, JV-EtaCn) (méw-stien)]2+ 

2 R(+)<S0+?d(N1,m-Et2-(S)-pn) (meso-sûen)Y+ 

3 Ä(+)S?0-[Pd(JV, JV-Me2en) (m^o-stien)]2+ 

4 S(— )SJ0-[Pd(C,C-Me2en) (m^o-stien)]2+ 

5 Ä(+)S£,-[Pd(JV,JV,C,C-Me4en) (m^o-stien)]2+ 

6 5(-)^0-[Pd(^,iV-Me2tn) (méM-stien)]2+ 

ca. 37. 
ca. 38, 
ca. 39. 
ca. 37 
ca. 38 
ca. 39, 
ca. 37, 
ca. 38, 
ca. 39 
ca. 37, 

38. 
39. 

ca. 40. 
ca. 37 
ca. 38 
ca. 39, 
ca. 37, 
ca. 38, 
ca. 39, 

4sh 
2sh 
Osh 
4sh 
2sh 
Osh 
4sh 
2sh 
Osh 
4sh 
2(2.90)b) 

0(2.98)b) 

Osh 
4sh 
2sh 
Osh 
4sh 
2sh 
Osh 

ca. 

ca. 

ca. 
ca. 
ca. 

ca. 

ca. 

37.1 
38.1 
39sh 
37.1 
38.1 
39sh 
37.1 
38.0 
39sh 
37sh 
38sh 

36.9 
37.9 
39sh 
37.0 
37.9 
39sh 

(+1.07) 
(+1.33) 

(*fl.+ 1.8) 
(+0.01) 
(+0.49) 

(«I.+0.9) 
(+0.65) 
(+0.76) 

(ca.+ 0.92) 
(+) 
(+) 

(+0.56) 
(+0.69) 

(ca.+ l.O) 
( -0 .59 ) 
( -0 .75) 

(ca.-l.O) 

ca. 47.3sh ca. 46.3sh 
ca. 48.2sh ca. 48.5sh 

ca. 47.3sh ca. 46.3sh 
ca. 48.2sh ca. 48.5sh 

ca. 47.4sh ca. 46.5sh 
ca. 48.3sh ca. 48.5sh 

ca. 47.4sh 
ca. 48.3sh 

ca. 47.3sh ca. 46.3sh 
ca. 48.2sh ca. 48.3sh 

ca. 47.3sh ca. 46.1sh 
ca. 48.1sh ca. 47.3sh 

a) sh: shoulder, b) log (emax/mol_1 dm3 cm - 1) . 
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of the symmetry of complex cations. Although the 
present complexes have a square-planar coordination 
geometry around the central metal ion, the distribution 
of the peripheral substituents can be regarded as a 

tetrahedron: Pd(Ph 2 ) (H 2 ) (NR 2 ) (NH 2 ) (Fig. 1). Thus 
the configurational-CD intensity increases with the 
bulkiness of R. Care should be taken for simultaneous 
operations of the factors producing mutually opposite 
CD signs. For example, complex 5 has a larger degree 
of the pseudo-tetrahedral chirality than 3 , but it exhibits 
a smaller CD intensity than the latter in ca. 34000— 
38500 cm- 1 . This can be attributed to the C-methyl 
and JV-methyl groups contributing to opposite CD 
signs in the region. 

T h e CD intensity in the region of TZ-TZ* intraligand 
transitions seems to depend upon another factor. T h e 
CD intensity of C-alkyl-substituted complex 4 con­
siderably differs from those of the JV-alkyl analogs 1, 
3, and 6. T h e former complex shows only very weak 
CD bands (shoulders) in the 36000—40000 c m - 1 region, 
whereas the latter complexes show rather strong bands 
(Figs. 2, 6, and 7; Table 4). These bands have been 
assigned to a-bands16) relating to the TZ-TZ* transitions. 
T h e JV-alkyl-substituted complexes give additional CD 
bands assigned to /»-bands16) in the 45000—49000 cm" 1 

region as very weak shoulders. I n these complexes, 
the two phenyl groups are expected to interact with 
the JV-alkyl group in a different way. I t seems that the 
disposition of the two phenyl groups acquires a chirality, 
giving a strong CD in the region of the TZ-TZ* intraligand 
transitions. For the C-methyl-substituted complex, 
however, no such a chirality around the two phenyl 
groups is expected since the C-methyl groups are remote 
from both phenyl groups; therefore complex 4 should 
exhibit only weak TZ-TZ* CD as actually observed. 

The vicinal CD due to the asymmetric carbon atom 
comprises four bands, as well as the configurational 
CD, in the range 20000—50000 cm- 1 , but the band 
assignments in the two cases slightly differ. T h e weak 
CD bands at ca. 24500 and 28200 c m - 1 and the strong 
band at 34800 c m - 1 of complex 7 can be assigned to the 
spin-forbidden and -allowed d-d transitions, respectively, 
by comparing their positions with those of the corre­
sponding absorption bands. Another CD band at 
49000 c m - 1 , which corresponds to the absorption peak 
at 49900 c m - 1 , should be assigned to either d-p transi­
tion or nitrogen-ff-to-metal-d charge-transfer transition. 
T h e intensity of this C D band is significantly smaller 
than that of the corresponding bands in the configura­
tional CD. This is fortunate in the assignment of 
absolute configuration for the complexes with asym­

metric carbon atoms, such as 2. 
The absorption spectra apparently consist of three 

bands except those due to the TZ-TZ* intraligand transi­
tions. A shoulder at 28000—29000 c m - 1 and a peak 
at 33500—35000 c m - 1 can be assigned to the spin-
forbidden and -allowed d-d transitions, respectively 
(Table 2). A bulge at ca. 45000 c m - 1 is considered to 
be an apparent shoulder produced by the overlap of 
the /»-bands with the band which has the same origin 
as the 49900 c m - 1 band of 7. In the absorption spectra 
of the present series of complexes the a-bands shift only 
slightly to lower energies and the /»-bands by about 
2000 cm" 1 to higher energies than the absorption bands 
of meso-stien in a methanol solution17) (Fig. 7). The 
bands in a water-methanol ( 9 : 1 ) mixture appear at 
almost the same places as in methanol. I t is thus 
concluded that the shifts are caused by coordination 
and not by a solvent effect. 
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Binuclear Metal Complexes. XXXVII.1} Crystal and Molecular Structure 
of a Binuclear Manganese (III) Complex Bridged by Two 

Alkoxo Oxygens and Two Bidentate Acetate Ions 
Masahiro MIKURIYA, Naoyuki TORIHARA, Hisashi OKAWA, and Sigeo KIDA* 

Department of Chemistry, Faculty of Science, Kyushu University 33, Hakozaki, Higashi-ku, Fukuoka 812 
(Received September 16, 1980) 

The crystal structure of binuclear manganese (III) complex, Mn(spa)(ac) (H2spa=3-salicylideneamino-l-
propanol, ac=acetate), was determined by the single-crystal X-ray diffraction method. The crystals are triclinic, 
space group PÏ, a=8.804(3), £=9.376(3), *=8.671(3) A, a = 111.24(3), 0=101.34(3), ^=65.00(3)°, and Z = l . 
The structure was solved by the heavy atom method and refined by the block-diagonal least-squares method to an 
R factor of 0.034. The crystal structure consists of discrete binuclear clusters, where the two manganese atoms 
are bridged by two alkoxo oxygens of the spa ligands and two bidentate acetate ions. The structural detail is in 
conformity with the magnetic and spectral properties previously reported. 

The chemistry of binuclear manganese(III) and 
manganese (IV) complexes is of importance in connec­
tion with the metalloenzymes in biological systems.2»3) 
However, X-ray structural investigations on binuclear 
manganese complexes are very limited.4_6> 

In the previous paper of this series, we reported the 
synthesis and magnetic property of binuclear manganese-
(III) complexes with 3-salicylideneamino-1-propanol 
and its homologues, MnL(ac) and M n L X « H 2 0 ( L = 
Schiff base dianion; a c = a c e t a t e ion; X = C 1 , Br, N3).7) 
The temperature dependence of their magnetic suscep­
tibilities (80—300 K) could be well interpreted in terms 
of the Van Vleck equation for the high-spin d4-d4 

system based on the Heisenberg model, ^f=—2JS1'S2 

(J= —13.5 20 .4cm" 1 ) . Thus , it was thought that 
they possess a discrete binuclear structure in which an 
antiferromagnetic spin-exchange interaction is operating 
between a pair of manganese(III) ions. Based on the 
infrared and electronic spectral data, it was proposed 
that the binuclear complexes, MnL(ac) and MnLX« 
H 2 0 , are both bridged by an alcoholic oxygen. The 
antisymmetric and symmetric C - O stretching frequen­
cies of the acetate group in the MnL(ac) led us to the 
conclusion that the acetate groups also bridge the two 
manganese(III) ions (Fig. 1). T h e binuclear structure 
consisting of two monatomic and two triatomic bridges 
as supposed for MnL(ac) is quite rare. Although such 
a mode of bridging has been observed for oc-di-//-
hydroxo - bis [2 - ( 2 - dimethylaminoethyl) pyridine] dicop-
per(II) Perchlorate,8) to our knowledge it has not yet 
been documented in carboxylate chemistry. In order 
to confirm the bridging mode we have determined the 
crystal structure of Mn(spa)(ac) (H2spa=3-salicylidene­
amino- 1 -propanol) by the single-crystal X-ray diffrac­
tion method. 

f>h 0H2 r= 

HP 

Fig. 1. Structures of MnL(ac) and MnLX-H<jO. 

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

Greenish black crystals of Mn(spa)(ac) were prepared by 
the method previously reported.7) A crystal with dimensions 
of 0.23x0.25x0.50 mm was used for the X-ray analysis. 
Preliminary Weissenberg photographs revealed no systematic 
absences and showed the triclinic symmetry. The cell param­
eters and intensities were measured on a Rigaku AFG-5 
automated four-circle diffractometer with graphite-mono-
chromated MoÄ"oc radiation (A=0.71069 Â). 

Crystal data: C24H28N208Mn2, F.W. = 582.37, triclinic, PÏ, 
0=8.804 (3), 6=9.376 (3), £=8.671 (3) Â, a = 111.24 (3), ß= 
101.34 (3), y=65.00 (3)°, Z>m=1.59 (by floatation in w-C6H14-
CC14), De= 1.60 gem"3, Z = 1, //(Mo Ka) = 10.5 cm"1. 

Intensity data were collected by the 20-co scan technique 
with a scan rate of 8 °min -1. For weak reflections the peak 
scan was repeated up to four times depending on their intensi­
ties. The intensities of three standard reflections monitored 
every 100 reflections showed a good stability. A total of 2784 
reflections with 20<^55° were collected. The intensity data 
were corrected for the Lorentz and the polarization effects, 
but not for absorption. 2614 Independent reflections with 
|F0 |]>3CT (|F0|) were considered as "observed" and were used 
for the structure analysis. 

Structure D e t e r m i n a t i o n a n d 
Ref inement 

T h e structure was solved by the heavy atom method. 
Of the two possible space groups, the centrosymmetric 
space group PT was assumed. Successful solution and 
refinement support this choice. T h e position of the 
manganese atom was obtained from a three-dimensional 
Patterson synthesis. Successive Fourier synthesis 
revealed all the nonhydrogen atoms. Refinement was 
carried out by the block-diagonal least-squares method. 
Anisotropic thermal parameters being introduced, the 
least-squares refinement yielded discrepancy factors 
Ä i = S I l ^ o l — l^clI/Sll^ol =0 .047 and R2=\J}co(\F0\-
l^cl)2 /Sû>!^ol2]1 / 2=0.075. All the hydrogen atoms 
were located from the subsequent difference Fourier 
map . Further refinement with anisotropic thermal 
parameters for nonhydrogen atoms and isotropic 
temperature factors for hydrogen atoms gave final 
values of 0.034 and 0.052 for Rt and R2> respectively. 
In the least-squares refinement the function mini­
mized was J}w(\FQ\— k\Fç\y, where w = ( 2 . 0 + | F Q | + 
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0.016IFJ2)-1 .9) T h e final shifts in the atomic param­
eters of the nonhydrogen atoms were less than 0.1 Za. 
T h e final difference Fourier synthesis showed no peaks 
higher than 0.77 e/Â3. 

T h e atomic scattering factors for M n , O, N, C v a l , 
and H and the anomalous dispersion corrections, Af 
and A / " for Mn, were taken from the International 
Tables for X-Ray Crystallography.10) All the calcula­
tions were carried out on the F A C O M M-200 computer 
in the Computer Center of Kyushu University by the 
use of a local version11) of the UNICS-II 1 2) and the 
ORTEP 1 3 ) programs. 

T h e final positional and thermal parameters with 
their estimated standard deviations are given in Tables 
1 and 2.*** 

TABLE 1. FRACTIONAL POSITIONAL PARAMETERS (x 104) 

A N D THERMAL PARAMETERS OF NON-HYDROGEN ATOMS 

WITH THEIR ESTIMATED STANDARD DEVIATIONS 

IN PARENTHESES 

Atom x y z #eq/A2 

TABLE 2. FRACTIONAL POSITIONAL PARAMETERS (x 103) 

A N D ISOTROPIC TEMPERATURE FACTORS OF HYDROGEN 

ATOMS WITH THEIR ESTIMATED STANDARD 

DEVIATIONS IN PARENTHESES 

Atom x y z B/Â2 

*** Lists of structure factors and anisotropic thermal 
parameters have been deposited with the Chemical Society of 
Japan as a Document No, 8123, 

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

T h e molecular structure is shown in Fig. 2. The 
bond distances and angles with their estimated standard 
deviations are listed in Table 3. Some least-squares 
planes with the deviations of atoms from the planes are 
given in Table 4. 

CÜ2) C(2) 

Fig. 2. Molecular Structure of Mn(spa)(ac) with ther­
mal ellipsoids (50% probability level). 

T h e crystal structure consists of discrete binuclear 
clusters, the closest intercluster contact being 0 (4 ) -C(9 ) 
(3.279(3) Â). Therefore, the binuclear clusters must 
be considered to be magnetically isolated. This is in 
harmony with the result of our magnetic investigation 
of MnL(ac).7) T h e manganese atoms are bridged by 
the alcoholic oxygens. For the binuclear complexes 
with 3-salicylideneamino-1-propanol, alcoholic oxygen-
bridged and phenolic oxygen-bridged binuclear struc­
tures are known.14-27) As stated above, the infrared 
spectra of MnL(ac) and M n L X « H 2 0 suggest the 
alcoholic oxygen-bridged binuclear structures,7) and this 
has been confirmed by the present X-ray structure 
analysis. 

T h e coordination geometry around the manganese 
atom is an elongated octahedron. The approximate 
square plane involving the manganese atom at its 
center is formed by two alcoholic oxygen, imino nitrogen 
and phenolic oxygen atoms of the spa ligands (Table 4). 
T h e M n - O ( l ) (1.899(2) Â), M n - 0 ( l ) i (1.951(2) Â), 
M n - 0 ( 2 ) (1.849(2) Â) and M n - N (2.006(2) A) di­
stances are normal for the in-plane bonds of manganese-
(III) complex.4»6»28) T h e bond angles around the 
manganese atom vary from 82 to 97°. T h e axial M n - O 
distances (2.208(2), 2.251(2) A) are considerably longer 
than the in-plane M n - O distances. Thus the coordina­
tion geometry around the manganese atom evidently 
deviates from a regular octahedron and this tetragonal 
elongation is attr ibutable to the Jahn-Teller effect. 
Therefore, the ground 5 E g and the excited 5 T 2 g states 
for octahedral manganese (III) should split into sublevels. 
In fact, the diffuse reflectance spectrum of Mn(spa)(ac) 
shows d-d bands at 13000, 16400, 21200, and 22200 
cm-1.7) 

T h e four-membered M n 2 0 2 ring is exactly planar 
owing to the presence of an inversion center. The 
carbon atom, C ( l ) , at tatched to the bridging oxygen, 
O ( l ) , deviates significantly from the plane of the four-
membered M n 2 0 2 ring (Table 4). Each bond length 
in the spa ligand has a normal value,29) T h e spa moiety 

Mn 
O(l) 
0(2) 
0(3) 
0(4) 
N 
C(l) 
G(2) 
G(3) 
G(4) 
G(5) 
C(6) 
G(7) 
C(8) 
C(9) 
G(10) 
G(ll) 
G(12) 

671.1(3) 
397(2) 
951(2) 

3034(2) 
2015(2) 
1675(2) 

166(3) 
1527(3) 
1453(4) 
2510(3) 
2725(2) 
1923(2) 
2119(3) 
3063(3) 
3871(3) 
3702(3) 
3195(2) 
4961(3) 

412.8(3) 
-1472(2) 

2320(2) 
- 564(2) 
-1184(2) 
- 748(2) 
-2769(3) 
-3448(3) 
-2284(3) 
- 208(3) 

1341(3) 
2538(2) 
4061(3) 
4379(3) 
3185(4) 
1698(3) 

-1243(2) 
-2209(3) 

1675.5(3) 
37(2) 

3083(2) 
437(2) 

-2206(2) 
3392(2) 
295(3) 

1494(3) 
3221(3) 
4709(2) 
5262(2) 
4441(2) 
5129(3) 
6583(3) 
7387(3) 
6741(3) 

-1102(3) 
-1666(3) 

2.3 
2.5 
3.3 
3.1 
3.1 
2.6 
3.2 
3.9 
4.0 
2.9 
2.8 
2.7 
3.5 
4.1 
4.3 
3.7 
2.8 
3.9 

H(G1A) 
H(G1B) 
H(C2A) 
H(C2B) 
H(C3A) 
H(C3B) 
H(C4) 
H(C7) 
H(C8) 
H(C9) 
H(G10) 
H(C12A) 
H(C12B) 
H(C12C) 

-99(3) 
20(3) 

137(3) 
275(3) 

14(3) 
224(3) 
295(3) 
158(3) 
318(3) 
461(3) 
429(3) 
500(3) 
550(3) 
547(3) 

-245(3) 
-365(3) 
-440(3) 
-380(3) 
-185(3) 
-279(3) 
- 88(3) 

487(3) 
541(3) 
344(3) 
86(3) 

-261(3) 
-301(3) 
-166(3) 

67(3) 
- 77(3) 

161(3) 
113(3) 
357(3) 
398(3) 
543(3) 
461(3) 
700(3) 
840(3) 
729(3) 

-280(3) 
-129(3) 
-158(3) 

3.7(5) 
3.5(5) 
3.5(5) 
3.8(5) 
3.8(5) 
3.5(5) 
3.0(5) 
3.3(5) 
3.7(5) 
3.6(5) 
3.5(5) 
3.8(5) 
4.0(6) 
4.1(6) 
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TABLE 3. 

Symmetry code 
Superscript 

None x 
i —x 

(a) Manganese coordination 
M n - M n ' 
Mn-O(l) 
Mn-O(l)1 

Mn-0(2) 
0(1)-Mn-0 ! (1) 
0 ( l ) -Mn-0 (2 ) 
0 ( l ) -Mn-0 (3 ) 
0 ( l ) - M n - 0 ( 4 ) i 

0(1)-Mn-N 
0 ( l ) i -Mn-0(2 ) 
0 ( l ) ' -Mn-0(3 ) 
0(l)*-Mn-0(4)1 

(b) Spa moiety 
0(1)-C(1) 
0(2)-C(6) 
N-C(3) 
N-C(4) 
C(l)-C(2) 
C(2)-C(3) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
Mn-0(1)-C(l) 
Mn'-Ol^-CCl) 
Mn-0(2)-C(6) 
Mn-N-C(3) 
Mn-N-C(4) 
C(3)-N-C(4) 
0(1)-C(1)-C(2) 
C(l)-C(2)-C(3) 
N-C(3)-C(2) 
N-C(4)-C(5) 
C(4)-C(5)-C(6) 
C(4)-C(5)-C(10) 
C(6)-C(5)-C(10) 
0(2)-C(6)-C(5) 
0(2)-C(6)-C(7) 
C(5)-C(6)-C(7) 
C(6)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(10) 
C(5)-C(10)-C(9) 
0(1)-C(1)-H(C1A) 
0(1)-C(1)-H(C1B) 
C(2)-C(1)-H(C1A) 

(c) Acetate group 
0(3) -C( l l ) 
0 (4) -C( l l ) 
C(ll)-C(12) 
Mn-0(3) -C( l l ) 
M n ' - O ^ - C U l ) 
0 (3 ) -C( l l ) -0 (4 ) 
0(3)-C(l l )-C(12; 
0(4)-C(ll)-C(12) 
C(11)-C(12)-H(C12A) 

INTERATOMIC DISTANCES (//Â) 

i 3-Salicylideneamino-l-propanol 

AND BOND ANGLES {<pj°) WITH THEIR 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

y z 
-y -z 

Y spheres 
2.869(1) 
1.899(2) 
1.951(2) 
1.849(2) 
83.66(7) 

173.76(8) 
82.43(8) 
85.17(7) 
93.66(8) 
90.86(8) 
86.42(7) 
82.19(7) 

1.412(4) 
1.319(2) 
1.485(4) 
1.290(3) 
1.505(3) 
1.494(3) 
1.438(4) 
1.405(3) 
1.406(4) 
1.377(3) 
1.393(4) 
1.363(4) 
127.4(1) 
128.2(1) 
129.9(1) 
120.8(1) 
123.1(2) 
116.1(2) 
109.2(2) 
115.0(2) 
115.0(3) 
126.9(2) 
122.4(2) 
118.1(2) 
119.4(2) 
123.1(2) 
118.3(2) 
118.6(2) 
120.7(2) 
120.7(3) 
119.7(2) 
121.0(3) 
114(2) 
110(2) 
111(2) 

1.261(3) 
1.263(3) 
1.505(3) 
124.6(1) 
123.6(2) 
126.1(2) 
116.5(2) 
117.4(2) 
113(2) 

Mn-0(3) 
Mn-0(4) 
Mn-N 

0(1) ' -Mn-N 
0(2) -Mn-0(3) 
0(2) -Mn-0(4) 1 

0(2) -Mn-N 
0 (3 ) -Mn-0(4 ) ' 
0 (3) -Mn-N 
0(4) ' -Mn-N 
Mn-0(1)-Mn 1 

C(10)-C(5) 
C(1)-H(C1A) 
C(1)-H(C1B) 
C(2)-H(C2A) 
C(2)-H(C2B) 
C(3)-H(C3A) 
C(3)-H(C3B) 
C(4)-H(C4) 
C(7)-H(C7) 
C(8)-H(C8) 
C(9)-H(C9) 
C(10)-H(C10) 
C(2)-C(1)-H(C1B) 
H(C1A)-C(1)-H(C1B) 
C(1)-C(2)-H(C2A) 
C(1)-C(2)-H(C2B) 
C(3)-C(2)-H(C2A) 
C(3)-C(2)-H(C2B) 
H(C2A)-C(2)-H(C2B) 
N-C(3)-H(C3A) 
N-C(3)-H(C3B) 
C(2)-C(3)-H(C3A) 
C(2)-C(3)-H(C3B) 
H(C3A)-C(3)-H(C3B) 
N-C(4)-H(C4) 
C(5)-C(4)-H(C4) 
C(6)-C(7)-H(C7) 
C(8)-C(7)-H(C7) 
C(7)-C(8)-H(C8) 
C(9)-C(8)-H(C8) 
C(8)-C(9)-H(C9) 
C(10)-C(9)-H(C9) 
C(5)-C(10)-H(C10) 
C(9)-C(10)-H(C10) 

C(12)-H(C12A) 
C(12)-H(C12B) 
C(12)-H(C12C) 
C(11)-C(12)-H(C12B) 
C(11)-C(12)-H(C12C) 
H(C12A)-C(12)-H(C12B) 
H(C12A)-C(12)-H(C12C) 
H(C12B)-C(12)-H(C12C) 
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2.208(2) 
2.251(2) 
2.006(2) 

176.57(8) 
94.28(8) 
97.07(8) 
91.93(8) 

164.00(5) 
95.36(8) 
95.49(8) 
96.34(8) 

1.412(3) 
1.02(3) 
0.99(2) 
1.00(3) 
1.06(3) 
1.11(3) 
0.95(3) 
0.96(3) 
0.93(3) 
0.94(3) 
1.01(3) 
0.97(3) 

110(1) 
102(2) 
108(1) 
113(2) 
104(1) 
105(1) 
111(2) 
105(2) 
108(2) 
105(1) 
113(1) 
111(2) 
116(2) 
117(2) 
119(2) 
120(2) 
118(2) 
121(2) 
118(2) 
122(2) 
120(2) 
119(2) 

0.92(3) 
0.84(3) 
0.80(4) 

113(2) 
115(2) 
108(2) 
92(3) 

114(3) 
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TABLE 4. DEVIATIONS OF THE ATOMS FROM LEAST-SQUARES PLANES (//A) AND DIHEDRAL ANGLES BETWEEN THE PLANES (<p/°) 

(I) Plane through Mn, Mn1, O(l) , O(l)1 

0.9246X+0.2240F-0.4357Z=0 a ) 

[Mn 0.000, Mn1 0.000, 0 (1)0 .000 , O(l)1 0.000, 0(2)0 .097, N - 0 . 0 7 5 , G(l) - 0 . 5 5 8 , C(2) -0 .046 , 
G(3) - 0 . 5 1 3 , C(4) 0.220, C(5) 0.512, G(6) 0.421, G(7) 0.640, C(8) 0.926, C(9) 1.029, C(10) 0.823]b) 

(II) Plane through O(l ) , O(l ) ' , 0(2) , N 
0.9164Z+0.1911 F-0.4269Z=0.0010 

[O(l) 0.042, O(l)1 - 0 . 0 4 4 , 0(2) 0.041, N - 0 . 0 3 9 , Mn - 0 . 0 0 6 , G(l) - 0 . 4 7 2 , C(2) 0.060, G(3) -0 .430 , 
G(4) 0.244, G(5) 0.490, C(6) 0.361, G(7) 0.538, C(8) 0.8I8,G(9) 0.959, C(10) 0.795] 

(III) Plane through O(l) , N, C(l), G(3) 
0 .7956X-0.1269F-0 .3020Z=0.4082 

[O(l) 0.035, N - 0 . 0 3 4 , G(l) - 0 . 0 4 0 , G(3) 0.038, Mn - 0 . 4 2 6 , C(2) 0.680] 
(IV) Plane through Mn, 0(2) , N, C(4), C(5), C(6) 

0 .8399Z+0 .12697-0 .5353Z=-0 .3449 
[Mn 0.113, 0(2) - 0 . 1 0 7 , N - 0 . 0 8 0 , G(4) - 0 . 0 1 0 , G(5) 0.077, C(6) 0.007] 

(V) Plane through G(5), G(6), G(7), G(8), G(9), G(10) 
0 .8207X+0.1485F-0 .5852Z=-0 .5109 

[G(5) - 0 . 0 0 3 , G(6) 0.000, G(7) 0.005, G(8) - 0 . 0 0 7 , G(9) 0.003, G(10) 0.002] 
(VI) Plane through Mn, Mn1, 0(3) , 0(4) , C(l 1) 

0.2624Z+ 0.9853 F - 0.3629Z= 0.0090 
[Mn 0.000, Mn1 - 0 . 0 1 8 , 0(3) 0.033, 0(4) 0.057, C( l l ) - 0 . 0 7 2 , 0 (3) ' - 0 . 0 5 2 , 0 (4) ' - 0 . 0 7 5 , C(l l )1 

0.054, G(12) - 0 . 3 8 0 , G(12)J 0.362] 
(VII) Plane through 0(3) , 0(4) , G(l 1), C(12) 

0.4469X+ 0 .9971F- 0.4280Z= 0.5044 
[0(3)0 .000, 0(4) 0.000, C(l l ) 0.000, G(12) 0.000, M n - 0 . 4 7 6 , Mn' - 0 . 5 3 3 , 0(3) ' - 1 . 0 0 9 , 0(4) ' 

- 1 . 0 0 9 , G(l l)1 - 1 . 0 0 9 , C(12)1 - 1 . 0 0 9 ] 
Dihedral angles between the planes {<p/°) 
(I) and (II) 
(I) and (III) 
(I) and (IV) 
(I) and (V) 
(I) and (VI) 
(II) and (III) 

1.9 
20.2 
10.5 
12.8 
86.0 
18.3 

(II) and (IV) 
(II) and (V) 
(II) and (VI) 
(III) and (IV) 
(IV) and (V) 
(VI) and (VII) 

9.6 
12.3 
87.9 
17.6 
3.4 
11.8 

a) The equation of the plane is expressed as LX+MY-\-NZ=D, where X, Y, and Z are in Â units referred to the 
crystallographic axes. 
b) Deviations (//A) of atoms from the planes are listed in square brackets. Superscript (i) refers to the equivalent 
position (—AC, —y, — z). 

forms two six-membered chelate rings with the The C ( l l ) - 0 ( 3 ) and C ( l l ) - 0 ( 4 ) distances are equal 
manganese atom. T h e M n - 0 ( 1 ) - C ( l ) - C ( 2 ) - C ( 3 ) - N w k h i n e x p e r i m e n t a i e r r o r . T h e ° > C — C plane 
chelate ring has a chair conformation, and M n and w 

C(2) are located 0.426 A below and 0.680 A above the retains its planarity (Table 4). Such planarity was also 
plane defined by O ( l ) , C ( l ) , G(3) and N, respectively. observed for dimeric copper(II) carboxylates.31-36) 
O n the other hand, the M n - N - C ( 4 ) - C ( 5 ) - C ( 6 ) - 0 ( 2 ) _ . . . , 
, , 4 . . T , ^ • j • -.- J- he authors wish to express sincere thanks to 

chelate ring is nearly planar, the maximum deviation _ _ _. . .. __ . , «i • i • -r̂  
r . . u i ^ i u • r k i i o X Professors lkuhiko Ueda and Shigeaki Kawano of 
from the least-squares plane being 0.113 A. T , . TT . . r . . , . „ . & . . . .. 

A -• . , n f. . . i j Kyushu University lor their helpful advices and discus-
As was predicted, ' the acetate groups are involved . ' „ , , r , ^ „ _. _T. , . , „ 

• .t. u -Ji • c *.- T-v * A sions. They are also grateful to Dr. Yuzo Nishida of 
in the bridges in a syn-syn configuration. T h e acetate Tjr , TT • •„ r *i. t. i • J « 

. . j i u i A c u-xr u Kyushu University lor the help in data collection, 
group is positioned above or below the Schiff base } 3 l 

dimeric unit. T h e only example of two-acetate bridging 
in a similar fashion is found in di-/*-acetato-bis(diphenyl- References 
t in), Sn(Ph)2(ac).3°) However, this complex is different „ „ „ „ , » TT ^ x»r ^ i , r, „ . , 
r AT / w \ • u • J - 4. c c u J J 1) Part XXXVI : H. Okawa, W. Kanda, and S. Kida, 
from Mn(spa)(ac) in having a direct Sn-Sn bond and J . „ ' ' ' 
no monatomic bridging. Thus, the present complex, ^ ' Q ^ L a v ; r e n c e a n d D . T . Sawyer, Coord. Chem. Rev., 27, 
Mn(spa)(ac) , including two monatomic and two 173 (1978) 
triatomic bridges is unique in this regard. T h e 3 ) w ^ Coleman and L. T. Taylor, Coord. Chem. Rev., 32, 
manganese-carboxyl oxygen bonds deviate in several \ (1980). 
degrees from the axis perpendicular to the equatorial 4) p. M . Plaskin, R. C. Stoufer, M. Mathew, and G. J. 
plane (Fig. 2), the 0 ( 3 ) - M n - 0 ( 4 ) i bond angle being Palenik, J. Am. Chem. Soc., 94, 2121 (1972). 
164.00(5)°. This is due to the fact that the acetate 5) H. S. Maslen and T. N. Waters, J. Chem. Soc, Chem. 
bite (the 0 ( 3 ) - 0 ( 4 ) distance, 2.250(2) A) is much less Commun., 1973, 760. 
than the manganese-manganese distance (2.869(1) A). 6) A, Mangia, M, Nardelli, C, Pelizzi, and G. Pelizzi, 
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Study of the Mixed Ligand Complexes of Heavy Rare Earth 
Elements by Electromigration 
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The formation of the mixed ligand complexes of heavy rare earth elements with oc-hydroxyisobutyric acid 
(AHIB or HA) and nitrilotriacetic acid (NTA or H3L) was studied by electromigration. The equations expressing 
the zone mobility as a function of the concentrations of the two ligands were derived with or without the mixed 
ligand complexes, MLA-. The experimental results showed that the MLA" complexes were formed. The 
formation constants for the Tb(III), Dy(III), Ho(III), Er(III), Tm(III), Yb(III), and Lu(III) complexes were 
determined. The results obtained by using the two series of solutions, with varying [L3-] at a constant [A ] and 
with varying [A~] at a constant [L3~], were in good agreement. The stability trend was in an ordinary decreasing 
sequence of: L u > Y b > T m > E r > H o > D y > T b . 

T h e separation factor, the difference in the zone 
mobilities of two adjacent rare earth elements, is 
enhanced by the consecutive formation of complexes, 
ML«.1) This enhancement becomes more appreciable 
the closer the first and the second formation constants 
are to each other. This means that when various species, 
such as M , M L , and ML 2 , are coexisting, more effective 
separation can be expected. If some mixed ligand 
complexes, such as MLA, were to be formed with 
another ligand A other than the binary complexes, 
MLM , separation would be more improved. Therefore, 
it seems that a system containing two different ligands 
is more favorable for separating heavy rare earth 
elements than the conventional system. In this case, 
however, it is assumed that the formation constants of 
the mixed ligand complexes increase with increasing 
atomic number as observed in the case of the binary 
complexes, ML B . To justify this assumption, it is 
necessary to obtain the da ta on the formation of the 
mixed ligand complexes of the heavy rare ear th elements. 

This work includes the results of a study on the mixed 
ligand complexes of the heavy rare earth elements with 
A H I B and N T A by paper electromigration. 

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

All chemicals used were of G.R. grade. The rare earth 
nitrate solutions of 2.0 X 10~2 mol dm - 3 were prepared by 
dissolving the respective oxides in nitric acid. Mixed sample 
solutions of Tb(III) , Dy(III), Er(III), and Yb(III), and of 
Tb(III), Ho(III), Tm(III) and Lu(III) at the same concentra­
tion of 1.5 X 10 -4mol dm - 3 ( p H ^ l ) were prepared. The 
other solutions were prepared as follows. Either AHIB (HA) 
or NTA (H3L) was dissolved in chloroacetate buffer solution 
of pH 2.0 to give a concentration from 0.1 to 1.0 mol dm~3 or 
10 -3 to 10~2 mol dm-3, respectively. By using the acid dis­
sociation constants of AHIB2) (ptfHA=3.79) and NTA3) 
( P # H 3 L = 1 - 7 5 , pifH2L-=2.47 and p/:H L

2-=9.71), the ligand 
ion concentrations are calculated to be 1.33—13.3 X 10_3mol 
dm-3 (A-) and 2.33—23.3 X 10~12 mol dm~3 (L3~). The zone 
mobilities calculated by using these values of [A~] and [L3-] 
were found to agree well with the observed ones. In these 
concentration ranges, successive formation of the AHIB com­
plexes proceeds, while that of the NTA complexes does not. 
The final ionic strength was adjusted to 0.1 with sodium 
chloride. In NaCl solution of 0.1 mol dm - 3 , no appreciable 
complex formation of rare earth elements with chloride was 
observed. 

Paper electromigration was carried out as described pre­
viously.4) 

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

The Effect of Two Ligands on the Zone Mobility of the 
Heavy Rare Earth Elements. At first, the experiment 
was carried out by using AHIB and N T A separately; 
the results are shown in Figs. la(AHIB) and lb (NTA) . 
In the ligand concentration ranges used here, the 
predominant complex species formed with N T A is 
M L , that is, the range of [L3 _] is too low to form the 
M L 2 complex. O n the other hand, various forms of 
complexes (MA2 + , MAJ, MA3 , and MAl) are formed 
with increasing concentration of AHIB. In both cases, 
the zone mobility of each rare earth becomes close to 
each other with increasing ligand concentrations, but 

o.oiL Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

O.OO5L 

CSI 

£ 

>> 0 5 10 
£ I [ A " ] / 1 0 " 3 mol dm"3 

E 

I Tb Q^ (b) 
oy OX 

0.005t- Ho Q / \ \ ~ 

Er Q^X^QX. 
Tm Q/\^0^\^ 
Yb Ok^O^\^^^^0 

[L3"]/10"12 mol dm"3 

Fig. 1. Plots of the zone mobility vs. [A~](la) or [L3~] 
(lb). 
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the range of AHIB concentration suitable for separation 
is broader than that of NTA. By lowering the concentra­
tion of NTA, the difference in the zone mobility becomes 
larger than that in the case of AHIB, but the zone width 
also becomes larger. This would be due to the large 
difference in the mobility between M3+ and M L . It 
may thus be concluded that AHIB generally gives 
better separation than NTA. 

0.005 

0.0025 L-

[L3"]/10"12 mol dm"3 

0.005 

0 

(b) 

"r~ O r\T~~~~Ö—~~~~*~^ 
) n rv^~~~t~>-- ~ ^ ^ ^ t 

1 . 

3$ 
J. Er 
3 Ho 

D Lu 
J 
10 

[A"]/10"3 mol dm"3 

Fig. 2. (a) : Plots of the zone mobility vs. [L3~] at [A~] = 
5.0 X 10-3moldm-3 . (b) : Plots of the zone mobility 
vs. [A-] at [L 3-]=4.7x 10~12 mol dm-3. 

To examine the effect of mixed complexing agents 
on the zone mobility, experiments were done using 
mixtures of AHIB and N T A as electrolyte solutions. 
The results are shown in Fig. 2 ; [L3~] was varied at a 
constant [A~](2a) and [A~] was varied at a constant 
[L3~](2b). The zone location is found to be much 
more affected by increasing [L3 _] than by increasing 
[ A - ] . The formation of the neutral complexes with 
NTA considerably alters the zone mobility. In general, 
the zone is located between the limits found in cases 
where AHIB or N T A is separately used at the same 
concentration. With increasing concentration of 
AHIB, however, the zone mobility becomes lower than 
those in either case where the respective agent is separate­
ly used (Fig. 2b). This suggests that some mixed ligand 
complexes of the rare earth elements with N T A and 
AHIB, possibly as anionic species, might be formed, 
and that the zone mobility of each element is lowered. 

Estimation of the Formation Constants of the Mixed Ligand 
Complexes. If there are no mixed ligand complexes 
in solutions containing M , H 3 L, and HA, the species 
in equilibrium would be M , M L , MA, MA 2 , MA 3 , and 
MA 4 under the present experimental conditions (the 
charges are omitted for simplicity). When the equilibria 
among these species are rapidly attained under the 
electric field, the zone mobility wAL can be related to 
the mobility and the amount of each species.1'4'5* 

« A L ( M + [ML] + [MA] + [MA2] + [MA3] + [MA4]) 

= H M [M] + %L[ML] + H M A [MA] + %Al[MA2] 

+ % A . [ M A 3 ] + «MAi[MA4], (1) 

where u means the mobility of the respective species. 
Using the overall formation constants of the above 
complexes, ß's, Eq. 1 can be brought into the form: 

"AL(l+/?ML[L]+iSMA[A]+i5MAl[A]2 + /SMA,[A]3 + JSMAl[A]*) 

= % + % I A L [ L ] + %A0MA[A] + % A A A S [ A ] 2 

+ % A A A . [ A ] 3 + % A A A , [ A ] 4 , (2) 

where £ M L = [ M L ] / ( [ M ] [ L ] ) and £ M A M = [ M A M ] / 
([M][A]«). 

When H 3 L or H A is separately used at the same 
concentrations as the above case, the appropriate 
following equation is applicable: 

«L(1 + £ M L [ L ] ) = % + % I A L [ L ] (3) 

«A(l+£MArA] + jS M A ! [AP+/WA] 3 +/WA] 4 ) 

= «M + %A£MA[A] + % A A A ! [ A ? + « M A A A , [ A ] 3 

+ % A A A . [ A ] 4 , (4) 

where wL or uA is the zone mobility given by using H 3 L 
or H A separately. Combining Eq. 2 with Eqs. 3 and 4, 
we obtain 

( « A L - " L ) ( 1 + / W L ] ) + ( « A L - « A ) ( / W A ] + / W A ] 2 

+/W.[A]3+/?MAl[A]4) + % _ UA = 0. (5) 

The left hand side of Eq. 5 can be calculated using the 
values of wAL, WL, UA, and «M obtained experimentally, 
as well as the overall formation constants of the respec­
tive complexes reported in the literature. T h e experi­
mental results showed that Eq. 5 does not become 
zero, except for the case of T b ( I I I ) at low values of [L] 
and [A]. Negative values which decrease with increasing 
[L] and [A] are obtained for all the elements. This 
indicates that the values of wAL observed are smaller 
than those predicted by Eq. 5, which was derived by 
assuming that no mixed ligand complexes were formed. 
Hence, some mixed ligand complexes with negative 
charges other than the above complexes should be 
present in the mixed ligand solutions. 

Assuming the mixed ligand complex to be MLA~, 
Eq. 2 can be modified to the form : 

«AL(l + ^ML[L]+iSMArA] + i5MA,[A]2+/5MA,[A]3+^A4[A]* 

+ / W [ L ] [ A ] ) = % + % L / W L ] + % A / W A ] 

+ % A A A , [ A ] 2 + %A,£MA,[A]3 + % A A A , [ A ] 4 

+ %LA£MLA[L][A], (6) 

where HMLA is the mobility of M L A and ß M L A = [ M L A ] / 
( [M][L][A]) . Combining Eq. 6 with Eqs. 3 and 4, we 
obtain 

( W A L - W L ) ( % L A - " A L ) _ 1 ( 1 + ^ M L [ L ] ) + ( W A L - " A ) ( % L A - " A L ) _ 1 

X G W A ] + / 3 M A , [ A ] 2 + / W A ] 3 + / W A ] * ) 

+ ( % - « A ) ( % L A - « A L ) _ 1 = / W L ] [ A ] . (7) 

If WMLA is known, the left hand side of Eq. 7 can be 
obtained as a function of the product of [L] and [A]. 
If a linear relation is obtained between the left hand 
side of Eq. 7 and the product of [L] and [A], the 
formation constant of MLA~ can be determined from 
the slope of the line. 
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Various values have been reported for the formation 
constants of the rare ear th complexes with N T A and 
AHTB. We tried to find the most suitable values by 
comparing the zone mobilities uh and uA calculated from 
Eqs. 3 and 4 with the observed ones. To estimate the 
mobilities of various complexes required for calculation, 
M M A 2 + = 0 . 0 0 7 cm 2 /V min4) and K M L . - = 0 . 0 1 2 ± 0 . 0 0 1 
cm 2 /V min measured at 7 = 0 . 1 were used. When we 
consider that the value for MMA2+ was measured with 
the presence of MA£, the mobility is roughly propor­
tional to the charge of the species. Hence, the following 
values might be given for the mobility of each species : 
WML=0, aM A

2+=0.008, HMA, + =0 .004 , HMA,=0, wMAi = 

- 0 . 0 0 4 , and M M LA-= - 0 . 0 0 4 cm 2 /V min. T h e calcula­
tion of uL and uA was made by using the reported 
values for the formation constants of the rare earth 
complexes with NTA6) and AHIB7) determined at an 
ionic strength of 0.1 . For all the elements the values 
calculated for wL well agreed with those observed, 
whereas there were appreciable differences between the 
calculated and observed values of uA. T h e values of uA 

calculated by using another data for /?MAW at higher 
ionic strength of 0.28) well agreed with the observed 
ones. 

[ L 3 ' ] x [A ' ] / 10'14(mol dm'3)2 

Fig. 3. Plots of the left hand side of Eq. 7 vs. [L3~] X [A~] 
at [A-] = 5.0x 10-3 mol dm"3. 

[L3~] x [A ' ] / 10~14 (mol dm'3)2 

Fig. 4. Plots of the left hand side of Eq. 7 vs. [L3~] X [A~] 
at [L3] =4.7 X 10-12 mol dm"3. 

Using the values of /?ML,6) ßuAn,
8) and uMhA estimated 

above, the calculation of the left hand side of Eq. 7 was 
made. T h e results as a function of the product of [L] 
and [A] are shown in Figs. 3 and 4, where [A] or [L] 
is respectively kept constant. For all the elements, the 
plots in either Fig. 3 or 4 exhibit linear relations, 
indicating that the M L A - complex is present in a 
mixture of N T A and A H I B solutions at the ligand 
concentrations studied. T h e values of /?MLA- for these 
rare earths were obtained from the slopes of the lines 
in both Figs. 3 and 4, as listed in Table 1. The two 
values obtained from Figs. 3 and 4 for each element 
are in good agreement. The stability trend was in an 
ordinary sequence, as expected. To obtain further 
information on the stability of the MLA~ complexes, 
the values of KSLA and KMLA, the equilibrium constants 
of Eqs. 8 and 9 and those of A log K and log X defined 
by Sigel9) (Eqs. 10 and 11) were calculated: 

AILA/AI 
8) 

ML + A = MLA k§ 
MA + L = MAL «£L = / W / W 
A log* = log«!: A - iog/W8) = log AAL - log An, 
logX = 21og/?MLA - ( l o g / W > + l o g / W > ) . 

6 ) 

(8) 

(9) 
(10) 

(11) 

These results are also given in Table 1. For all the 
elements, A log K values are nearly the same but log X 

TABLE 1. FORMATION CONSTANTS OF THE MIXED LIGAND COMPLEXES (MLA~) OF HEAVY 

RARE EARTHS AT 1=0. 1 (NaCl) AND AT 25 °G 

Element 
log £M L A-

A a ) B b ) 
A logic l o g * 

Tb(III) 
Dy(III) 
Ho(III) 
Er(III) 
Tm(III) 
Yb(III) 
Lu(III) 

13.4 
13.8 
14.1 
14.2 
14.5 
14.7 
14.9 

13.5 
13.8 
14.0 
14.2 
14.5 
14.7 
14.9 

1.86 
2.06 
2.15 
2.17 
2.28 
2.30 
2.41 

10.53 
10.86 
11.07 
11.19 
11.40 
11.57 
11.72 

-1 .06 
-0 .88 
-0 .83 
-0 .84 
-0 .82 
-0 .83 
-0 .77 

0.69 
1.00 
1.31 
1.41 
1.76 
1.88 
1.84 

a) Obtained from the plots in Fig. 3. b) Obtained from the plots in Fig. 4. 
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T A B L E 2. DIFFERENCES IN LOGARITHMS OF FORMATION CONSTANTS OF THE BINARY 

AND THE TERNARY COMPLEXES BETWEEN ADJACENT RARE EARTHS 

Element 
M1-M2 

Dy-Tb 
Ho-Dy 
Er-Ho 
Tm-Er 
Yb-Tm 
Lu-Yb 

• ^ ^ M A 

0.02 
0.04 
0.03 
0.09 
0.03 
0.05 

• ^ ^ ML 

0.15 
0.16 
0.13 
0.19 
0.18 
0.09 

logKiMJ-

K=K$L 
0.19 
0.05 
0.13 
0 
0.01 
0.17 

-log 

8) 

* ( M 2 ) 

K=K%1? 

0.03 
- 0 . 0 6 
- 0 . 0 9 
- 0 . 0 3 

0.06 
0.13 

K=K 

0.33 
0.21 
0.12 
0.21 
0.17 
0.15 

MA 
MAL 

ff-_ IT ML 
•IV — ^ MAL 

0.20 
0.09 
0.02 
0.11 
0.02 
0.11 

increases roughly with atomic number, indicating that 
the heavier the element is, the more the formation of 
the M L A - complex is promoted. 

Table 2 shows the differences in logarithms of the 
formation constants of the binary6»8) and the ternary 
(Table 1) complexes between adjacent rare earth 
elements. There are considerable differences in both 
l o g ^ i Y and logT^LA between adjacent elements, 
suggesting that successive formation of the M L A 
complexes gives larger differences in the zone mobilities 
of adjacent elements. O n the other hand, formation 
of the M L 2 complexes reduces the effect on the separa­
tion of the metals from dysprosium to thulium, since 
Kutt for these metals decrease with atomic number. 
Separation of the heavy rare earth elements would be 
improved by the formation of the M L A complexes other 
than the binary complexes M L and MAM. 

The author wishes to thank the Ministry of Educa­
tion, Science and Culture for the financial support 
granted to this research (No. 364203). 
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X-Ray Structures of Cu(II) Chelates of cis-l,3-Cyclohexanediamine 
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The crystal structures of wine-red [Cu(l,3-chxn)2]Bra (1), [Cu(l,3-chxn)2](N03)2 (2), and blue-violet [CuCl-
( 1,3-chxn)2]C104 (3) (l,3-chxn=cw-l,3-cyclohexanediamine) have been determined from the diffractometer data 
measured by the use of Mo Ka radiation. The structures were solved by the Patterson-Fourier method and refined 
by the least-squares method to R=0.042 (1), 0.033 (2), and 0.057 (3) for 1309, 1210, and 776 nonzero reflections 
respectively. The Cu atoms in 1 and 2 have a square-planar coordination by 4 N atoms, while the complex ion in 3 
has a 5-coordinate square-pyramidal geometry, with the Gl atom at the apical position. The 6-membered chelate 
rings in 1, 2, and 3 are of the chair, flattened-chair, and envelope conformations respectively. The complex ions 
in 1 and 2 have virtually a G2h symmetry, the two-fold axis of which lies on the CuN4 plane. The virtual symmetry 
for [GuCl(l,3-chxn)2]+ is G2v, the approximate two-fold axis being coincident with the Cu-Cl bond. The cyclo-
hexane rings (chair conformation) in 2 and 3 are roughly perpendicular to the coordination plane, but that in 1 
leans toward the central Cu(II) atom. The formation of such coordinatively unsaturated Cu(II) complexes as 
1—3 is attributable to the steric hindrance of the bulky cyclohexane ring to the axial coordination site. 

Although «M,3-cyclohexanediamine (1,3-chxn) is 
capable of chelating to a metal ion, as has been demon­
strated by X-ray structure analyses of Pd(I I ) and Pt ( I I ) 
chelates,1»2) it has received much less attention in 
coordination chemistry than the trans-1,2-isomer, which 
is chiral and stereoselective for complex formation. 
Recently, however, the bis 1,3-chxn chelates of several 
metal ions have been prepared and characterized by 
means of the spectral method.3) Of these chelates, 
Cu(l ,3-chxn)2X2- type compounds show various colors 
depending on the course of the preparat ion; e.g., the 
recrystallization of the violet bromide from methanol 
yields wine-red crystals, whose color is unusual for the 
CuN 4 X 3 chromophore, while the color of the bromide 
is unchanged by recrystallization from ethanol. The 
crystal structures of wine-red Cu(l ,3-chxn)2Br2 (1), 

Cu( l ,3 -chxn) 2 (N0 3 ) a (2), and blue-violet Cu( l , 3 -
chxn)2ClG104 (3) have been investigated in order to 
reveal the stereochemical features of the 1,3-chxn as a 
ligand. 

Experimental 

The preparations of 1, 2, and 3 were described elsewhere.35 

The unit-cell dimensions of 1, 2, and 3 were determined from 
the least-squares analyses of 18, 16, and 12 0 values of the 
high-angle reflections measured on an automated diffracto­
meter. Table 1 lists the crystal data and experimental 
details. The intensities were measured on the diffractometer 
using graphite-monochromated Mo Ka. radiation, and cor­
rected for the Lp factor, but not for absorption. For each of 
the three compounds, the intensities of three standard reflec­
tions were monitored every 4 h, but they showed no ap-

TABLE 1. SUMMARY OF CRYSTAL DATA AND EXPERIMENTAL DETAILS 

Compound 

" Color 
Crystal system 
Space group 

a/A 
bjk 
elk 
ßl° 
DJ g cm-3 

DJ g cm-3 

Z 
//(Mo Koc)/cm-1 

Crystal size/mm3 

Scan type 
Scan speed/0 s-1 

Scan range/0 

2Ömax/° 
Background estimation/s-1 

(at each side of scan range) 
No. of unique reflections 
with F 0

2 > 3<r(iV) 
R 

K 

l 

Wine-red 
Monoclinic 
P2i/n 

7.394(2) 
16.893(2) 
6.544(2) 
90.34(6) 
1.83 
1.84 
2 
66.9 
0 . 0 9 x 0 . 1 5 x 0 . 2 4 
0) 

0.017 
1.0+0.2 tan0 
60 

20 

1309 

0.042 
0.047 

2 

Wine-red 
Monoclinic 

cm 
10.059(3) 
9.278(3) 
10.428(3) 
117.12(4) 
1.59 
1.59 
2 
13.4 
0 .25x0 .12x0 .30 
ft) 

0.025 
0 .8+0 .2 tanÖ 
60 

15 

1210 

0.033 
0.044 

3 

Blue-violet 
Orthorhombic 
Pbnm 
18.206(8) 
13.501(5) 
7.552(2) 

1.51 
1.53 
4 
15.2 
0 .06x0 .24x0 .18 
o>-20 
0.008 
0.9 
46 

Half of scan time 

776 

0.053 
0.057 
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preciable decay. 
The crystal structures were solved by the Patterson-Fourier 

method. The positional and thermal parameters were refined 
by the block-diagonal-matrix least-squares method. The 
minimized functions were ^w(F0— |.FC|)2, where w=l/a2(F0) . 
The systematic extinctions for 2 were indicative of three pos­
sible space groups: C2/m, C2, and Cm. Refinements for 
nonhydrogen atoms on the assumptions of the former two 
gave no further improvements over R=0.098 and 0.118, but 
R was reduced to 0.051 by the refinement based on the Cm 
space group. The systematic extinctions for 3, A + ^ = 2 n + l 

TABLE 2. POSITIONAL AND THERMAL PARAMETERS ( x 104) 

Atom y 5ea
a)/A2 

(1) [Ci 
Cu 
Br 
N(l) 
N'(l) 
C(l) 
C(2) 
C(3) 
C(4) 
C'(2) 
C'(3) 

u(l,3-chxn)2] 
0 

2867.8(9) 
1139(6) 

-1393(7) 
-1019(8) 

-43(8) 
-1426(9) 
-2828(9) 
-2377(8) 
-3718(9) 

Br2 

0 
991.7(4) 

1076(3) 
500(3) 

1908(3) 
1787(3) 
1727(4) 
1081(4) 
1260(3) 
1162(4) 

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

Cu 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
N(3) 
O(l) 
0(2) 
N(4) 
0(3) 
0(4) 

0 
342(4) 

-343(4) 
834(7) 

1266(5) 
2936(5) 
3366(7) 

-791(8) 
-1260(5) 
-2893(5) 
-3344(7) 

1838(5) 
1360(8) 
2075(4) 

-1818(6) 
-1350(8) 
-2065(4) 

0 
1574(4) 
1569(4) 

0 
1359(5) 
1331(6) 

0 
0 

1364(5) 
1353(6) 

0 
5000 
5000 
3829(4) 
5000 
5000 
3833(4) 

(3) [CuCl(l,3-chxn)2]C104 

Cu 
Cl(l) 
N(I) 
N(2) 
C(l) 
G(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
G(8) 
Cl(2) 
O(l) 
0(2) 
0(3) 

752.9(9) 
-137(2) 

1389(4) 
145(4) 

1961(8) 
2043(5) 
2741(5) 
2780(8) 

-894(8) 
-484(6) 
-176(6) 

267(10) 
1729(2) 
1188(11) 
2100(11) 
1479(10) 

139.3(1) 
-216(3) 

844(5) 
1999(5) 

-394(10) 
197(7) 
838(9) 

1462(13) 
2476(10) 
2713(7) 
3765(7) 
3962(10) 
3288(3) 
2584(13) 
3135(9) 
4225(11) 

0 
-4520.8(10) 

508(7) 
-2316(7) 
-1485(9) 

564(9) 
2279(10) 
1893(10) 

-1931(9) 
-200(11) 

0 
1456(3) 

-1433(3) 
3536(6) 
3046(4) 
3414(5) 
2895(7) 

-3534(7) 
-3018(4) 
-3402(5) 
-2870(7) 

1100(6) 
1954(9) 
629(4) 

-1046(6) 
-1971(8) 
-600(4) 

2500 
2500 
4468(10) 
4450(10) 
2500 
4158(15) 
4133(17) 
2500 
2500 
4146(14) 
4141(16) 
2500 
7500 
7500 
5999(27) 
7500 

1.85 
2.62 
2.2 
2.5 
2.3 
2.4 
3.2 
3.3 
2.6 
3.4 

2.29 
3.29 
3.34 
4.4 
3.8 
4.2 
4.1 
4.7 
3.8 
4.1 
4.2 
4.0 
8.3 
5.5 
3.9 
8.0 
5.0 

2.69 
3.70 
3.5 
3.8 
5.8 
4.7 
6.4 
5.9 
5.4 
4.8 
5.3 
6.2 
5.7 

13.2 
23.3 
12.9 

for hOl and k=2n-\-l for Okl, indicated two possible space 
groups, Pbnm and Pbn2!j the former was confirmed by the 
successful refinement of the structure. 

For 1—3, peaks due to all H atoms were found from the dif­
ference syntheses after anisotropic refinement for nonhydrogen 
atoms. The positions of these H atoms were almost entirely 
in agreement with those calculated on the assumption that 
the C-H and N - H distances are 1.00 Â. The H atoms were 
included in the least-squares calculations, but their parameters 
were not refined. The isotropic temperature factors assigned 
to the H atoms were as follows: 

* H / A 2 

1 
4.5 

2 
£P+1.0 Zfp+1.0, 

where Bp is the isotropic temperature factor of the nonhydrogen 
atom to which the H atom is bonded (the temperature factor 
obtained at the final cycle of isotropic refinement was used 
as the Bp). 

The atomic scattering factors, with corrections for dispersion 
effects for Cu°, Br - , Cl~, and CI, were taken from Ref. 4. 
The atomic coordinates are listed in Table 2. The corodinates 
of the H atoms, the anisotropic thermal parameters, and the 
F0—Fc tables for the three compounds are preserved by the 
Chemical Society of Japan (Document No. 8120). All the 
computations were performed by a FACOM 230-60 computer 
at Osaka City University using programs in the UNICS.5) 

Results and Discussion 

Figure 1 shows a part of the crystal structure for each 
of the three compounds. T h e interatomic distances and 
bond angles are given in Table 3. I n 1 the Br and its 
symmetry-related ions lying above and below the 
coordination plane part icipate in hydrogen bonding 
with the axial H atoms of N H 2 groups, but not in 
coordination with the Cu atom (Cu- -Br -=4 .015(1) Â) . 
T h e N 0 3 ~ ions around the complex ion in 2 are distant 
from the Cu atom and take par t in the hydrogen bonds 
with N H 2 groups. T h e complex ions in 1 and 2 thus 
have the 4-coordinate square-planar coordination. T h e 
C l _ ion in 3 is bonded to the Cu atom, thus completing 
a 5-coordinate square-pyramidal configuration. 
Although the I R spectrum of 3 at the 1000—1200 cm" 1 

region is indicative of the participation of the C104~ 
ion in the coordination sphere,3) the structure analysis 

TABLE 3. INTERATOMIC DISTANCES AND BOND ANGLES 

Bond lengths (//Â) 

a) Equivalent isotropic temperature factor (W.C. 
Hamilton, Acta Crystallogr., 12, 609 (1959)). 

Cu-N 
Cu-N'(l) 
Cu-N(2) 
Cu-Cl(l) 
N(l)-C(2) 
N'(I)-C'(2) 
N(2)-C(6) 
C(l)-C(2) 
C(l)-C'(2) 
C(2)-C(3) 
C ,(2)-C'(3) 
C(3)-G(4) 
C'(3)-C(4) 
C(5)-C(6) 
C(6)-C(7) 
C(7)-C(8) 

2.029(5) 
2.013(5) 

1.487(8) 
1.498(8) 

1.533(8) 
1.513(8) 
1.526(9) 
1.518(10) 
1.525(10) 
1.523(10) 

2.020(4) 

2.000(4) 

1.499(6) 

1.494(6) 
1.497(9) 

1.543(7) 

1.489(9) 

1.532(9) 
1.503(8) 
1.522(9) 

2.025(8) 

2.015(8) 
2.710(4) 
1.49(1) 

1.51(1) 
1.49(2) 

1.54(2) 

1.50(2) 

1.48(2) 
1.53(2) 
1.50(2) 
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Selected intramolecular nonbonded distances (//Â) a ) 

1 2 3 

Cu...Hax[C(4)] 
Cu...HIX[C(8)] 
N(1)-"N'(1) 
N(2 ) -N ' (2 ; 
C(2)-C ' (2) 
C(6)-C ' (6) 
C1(1)...C(1) 
C1(1)...C(5) 
C(4) -C(8) 

2.28 

2.798(7) 

2.531(9) 

2.61 
2.61 
2.921(6) 
2.912(6) 
2.521(7) 
2.532(7) 

2.97(1) 
2.95(1; 
2.50(2) 
2.49(2) 
3.83(2) 
3.89(2) 
5.75(3) 

The H - X distances (//A) in N - H - - X hydrogen bonds" 
N - H - X 

N(l) 
N(l) 
N'(l) 
N'(l) 
N(l) 
N(l) 
N(2) 
N(2) 
N(2) 
N(l) 
N(2) 

Bond angles (0/°) 

N(l)-Cu-N'( l ) 
N(2)-Cu-N /(2) 
Cl(l)-Cu-N(l) 
Cl(l)-Cu-N(2) 
Cu-N(l)-C(2) 
Cu-N /(l)-C /(2) 
Cu-N(2)-C(6) 
N(l)-C(2)-C(l) 
N ,(l)-C ,(2)-C(l) 
N(2)-C(6)-C(5) 
N(l)-C(2)-C(3) 
N ,(l)-C /(2)-C ,(3) 
N(2)-C(6)-C(7) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C /(3) 
C(4)-C'(3)-C'(2) 
C'(3)-C'(2)-C(l) 
C ,(2)-C(l)-C(2) 
C ,(6)-C(5)-C(6) 
C(5)-C(6)-C(7) 
C(6)-C(7)-C(8) 
C(7)-C(8)-C ,(7) 

Interplanar angles 

1 

Br 2 J 
Br1 2. 
Br 2. 
Br1 2. 
0(2) 
0 ( 2 ) n 

0(4) 
0 ( 4 ) m 

O(l) 
C1(1)IV 

G1(1)IV 

1 

87.6(2) 

119.0(4) 
118.7(4) 

111.1(5) 
109.3(5) 

111.2(5) 
110.6(5) 

109.8(5) 
112.5(5) 
112.0(6) 
113.6(6) 
111.7(5) 
112.4(5) 

(r/°)c) 

2 

54 
51 
68 
57 

2.08 
2.16 
2.10 
2.15 

2 

92.6(2) 
93.4(2) 

122.8(3) 

122.9(3) 
111.1(5) 

111.1(5) 
109.5(4) 

110.1(4) 
110.7(5) 
112.7(5) 
112.1(8) 

114.7(8) 
111.5(6) 
112.1(5) 
112.3(5) 
111.1(8) 

1 

[Cu,N(l),N'(l)] [N(1),C(2),^7(2),N'(1)] 139.2 
[Cu,N(2),N'(2)] [N(2),C(6),C'(6), N'(2)] 

3 

2.13 
2.39 
2.45 

3 

94.4(3) 
93.9(3) 
92.7(2) 
89.8(2) 

123.7(6) 

124.3(6) 
111.4(10) 

111.7(9) 
109.4(9) 

108.3(8) 
111.9(11) 
111.5(11) 
111.2(17) 

114.0(16) 
113.8(14) 
112.5(10) 
111.4(11) 
111.2(17) 

2 3 

158.8 183.6 
159.3 176.4 

a) The subscript ax indicates the axial H atom with 
respect to the cyclohexane ring. b) Roman-numeral 
superscripts refer to the following equivalent positions: 
I x9y9 1 + z; I I - 1 / 2 + * , 1/2 -y9 z; HI 1/2+*, 1/2-y9 

z\ IV — x9 —y9 \ — z. c) The atom disposition in each 
[N,C,C',N'] plane is completely planar in 2 and 3 ; it is 
also planar in 1 within the limits of experimental error. 

Fig. 1. Environments of the complex cations: (a) [Gu-
(l,3-chxn)2]Br2, (b) [Cu(l,3-chxn)2](N03)2, and (c) 
[CuCl(l,3-chxn)2]C104. Each figure is the projection 
of a part of the crystal structure on the coordination 
plane defined by the 4 N atoms. The dotted lines 
indicate hydrogen bonds. 

disclosed that one of the O atom [O( l ) ] of the G104~ is 
linked to the H atom of the N(2)H 2 group. The C 1 0 4 " 
ion has no higher symmetry than the crystallographical-
ly imposed C s symmetry, as was indicated by the 
examination of O - G l - O bond angles,6) and this low 
symmetry is responsible for the splitting of the I R 
band in that region. 

T h e complex ions in 1 and 2 have strict Q and C s 

symmetries respectively, but both also have a virtual 
C2h symmetry in which the two-fold axis bisects the 
N ( l ) - C u - N ( 2 ) bond angle (for 1 N(2) stands for the 
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Fig. 2. Perspective views of (a) [Cu(l,3-chxn)2]2+ in 1, 
(b) [Cu(l,3-chxn)2]

2+ in 2, and (c) [CuCl(l,3-chxn)2]+ 
in 3. Thermal ellipsoids are drawn at 50% probability 
level. Hydrogen atom is shown by a sphere with 
arbitrary radius. 

equivalent of N ' ( l ) at the —x> —jy, —z position). 
Above and below the coordination plane the most 
proximate atoms to the Gu are the axial H atom of 
C(4)H 2 and its symmetry-related (C2h) atom [Fig. 2(a) 
and (b)] , the G u - - H distances in 1 and 2 being 2.28 and 
2.61 Â. T h e Gu -H vector in 1 intersects the CuN 4 

plane at 79.1°, while those in 2 intersect it at 64.6° 
and 64.9°. The G u - N bond lengths in 2 are slightly 
shorter than those in 1 and are comparable to the 
C u - N (primary amine) length in the red form of 
bis(iV,iV-diethylethylenediamine) copper(II) Perchlorate, 
in which the Gu atom has a square-planar coordination.7) 

In general, however, the G u - N distance in the planar 
complex is not appreciably different from those in 6-
coordinate tetragonal and 5-coordinate square-
pyramidal complexes.7»8) 

A perspective view of [GuGl(l,3-chxn)2]+ is shown in 
Fig. 2(c). In addition to the crystallographically 
imposed mirror plane on which Gu, Gl ( l ) , G ( l ) , G(4), 
G (5), and C(8) lie, there is an approximate two-fold 
axis normal to the coordination plane; therefore, the 
virtual symmetry is regarded as G2v. T h e Gu atom is 
displaced by 0.045 Â toward the apical atom, but this 
deviation is very small in comparison with that (0.33 Â) 
in chloro (2,7,12-trimethyl-3,7,11,17-tetraazabicyclo-
[11.3.1]heptadeca-l(17),2, l l ,13,15-pentane)copper(II) 
nitrate dihydrate,9) which involves the GuGlN4 coordi­
nation framework. Concomitantly, the Gu-Gl bond 
in 3 is much longer than that (2.50 Â) in the complex 
cited for comparison.9) T h e C(1)H 2 and C(5)H 2 groups 
are in close contact with the Cl( l ) atom and prevent 
the Gl atom from approaching Gu further. T h e visible 
spectrum of 3 in methanol fänax^ 18000 cm - 1 ) is some­
what different from that in the solid state (£max—18400 
cm" 1 ) , suggesting some change in the coordination 
sphere. 

T h e 6-membered chelate rings in 1 and 2 are of the 
chair conformation, but those in 3 take the envelope 
conformation. T h e N - C u - N ' coordination angles are 
greater than 90° in 2 and 3 and are comparable to that 
in [Pd(l,3-chxn)2]Gl2 .1) T h e coordination angle in 1 is 
significantly smaller than those in 2 and 3 ; it has a 
value of less than 90°. T h e [Cu,N,N' ] - [N,G,C ' ,N ' ] 
interplanar angle in 1 is smallest (Table 3), but is 
comparable to that in [Gu( tn ) 2 ] (N0 2 ) 2 (132.5°)10> 
( tn= l ,3 -p ropaned iamine) . In the chair ring, the 
increase in the interplanar angle gives rise to an enlarge­
ment of the coordination angle,11) and the envelope 
ring has the largest angle (Table 3). T h e interplanar 
angle in the planar complex is thought to be susceptible 
to its surroundings. T h e different interplanar angles in 
1 and 2 may result from the difference between the 
crystal packings. 

As may be seen from Fig. 2, the 1,3-chxn ligand 
has the diaxial conformation, in which two G - N H 2 

bonds are axial with respect to the cyclohexane ring. A 
GH 2 group at the 5-position (C(4)H2 in 1; G(4)H 2 and 
G(8)H 2 in 2 and 3) is located close to the axial coordina­
tion site. A chelation of the diaxial 1,3-chxn thus 
situates the bulky cyclohexane moiety in the proximity 
of the metal ion, preventing the axial site from ligand 
access. This is in contrast to the case of the trans-1,2-
isomer, whose cyclohexane ring is distant from the 
metal ion and has little influence on the adjacent 
coordination site.12) T h e 1,3-chxn ligand, therefore, 
tends to give a coordinatively unsaturated complex 
and prefers a metal ion with tetragonal stereochemistry 
rather than one with an octahedral one. T h e steric 
hindrance of the cyclohexane moiety is responsible 
for the formation of the 4-coordinate planar Cu(I I ) 
complex unusual for the coordination geometry of 
Gu (diamine) 2X2 . 

T h e reaction of GuGl2 with twice as many mois 
of the 1,3-chxn in methanol yielded a violet compound, 
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Cu(l ,3-chxn) 2Cl 2 ; the violet bromide was also obtained 
by a similar reaction of CuBr2 with the ligand in ethanol. 
T h e reflectance spectra of these compounds were 
indicative of a 6-coordinate tetragonal geometry.3) 
T h e possible disposition of the 1,3-chxn ligands in this 
geometry is of the C2h type (vide supra), since the C2 v 

disposition is unable to have a coordination number 
greater than 5 because of the steric interference of the 
cyclohexane rings. In the "6-coordinate G 2 h" complex, 
however, the halide ligands are thought to be displaced 
greatly from the usual axial coordination sites to avoid 
the C H 2 groups at the 5-position of the 1,3-chxn. T h e 
distortion from tetragonal coordination geometry may 
be diminished if the cyclohexane ring assumes the boat 
conformation at the expense of the conformational 
energy. Unfortunately, no single crystals of the violet 
compounds have yet been obtained. 
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Reactions of trans- and ci8-Dichlorobis(benzonitrile)platinum(II) with 
Acetylacetonate and Benzoylacetonate Carbanions. Formation of 
N-Acetyl ^-Ketoamine Complexes by the Acetyl Group Migration* 

Toshihiko UCHIYAMA, Kazuhiko TAKAGI, Keiji MATSUMOTO, Shun'ichiro Ooi, 
Yukio NAKAMURA,* and Shinichi KAWAGUCHI 

Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received September 11, 1980) 

/rara>Dichlorobis(benzonitrile)platinum(II) reacted with twice the molar amount of thallium(I) acetylacetonate 
and benzoylacetonate in dichloromethane at room temperature to afford mainly iV-acetyl ß-ketoamine chelates, 

fra/w-[Pt{N(COMe)=C(Ph) CH=CC>Me(and Ph)}2] ( la and 3a). This ^O-chelate structure of l a was determined 
by X-ray analysis. Reactions of öy-[PtCl2(PhCN)2] gave C-acetyl and C-benzoyl /?-ketoamine chelates, 

w-[Pt{NH=C(Ph)C(COMe(and Ph))=GOMe}2], together with other minor products. Formation of these 
/S-ketoamine chelates is explained by the nucleophilic reactions of the /?-diketonate carbanions at the coordinated 
cyanide carbon atom, followed by migration of the acetyl group or the methine proton of the nucleophiles onto 
the imino nitrogen atom formed during these reactions. In the presence of free /?-diketones, migration of the acyl 
group was generally suppressed; this led to high yields of C-acyl complexes especially in reactions of rä-[PtCl2-
(PhCN)2]. In each case, the reaction proceeded with retention of the geometrical configuration around the 
central metal atom. The structures of other products, including a compound obtained by acid hydrolysis of 
la , were explored and discussed, based on IR and 1H NMR data. 

I t is well known that nitriles in the coordination 
sphere of metal ions are very susceptible to nucleophilic 
attack and readily react with water, alcohols, and 
amines to yield the corresponding amides, imidic esters, 
and amidines, respectively.1) Stephenson2) examined 
the X-ray structure of the reaction product between 
[PtCl2(MeCN)2] and aqueous ammonia. T h e product 
originally formulated as [P t (NH 3 ) 4 (MeCN) 2 ]C l 2 -H 2 0 
was shown to be an amidine complex of the stoichiometry 
[Pt(NH3)2{NHG(NH2)Me}2]2+ in which the imine 
nitrogens are bound to the plat inum. Recently, 
Braunstein et a/.3> demonstrated that cyanide carbons 
in the benzonitrile analogue [PtCl2(PhCN)2] undergo 
the nucleophilic attack of carbanions Ph 2 PGHY ( Y = 
CQ 2Et and CN) in tetrahydrofuran at 0 °G to afford 

/ranj-[Pt-CP(Ph)2G(Y)=C(Ph)NH>2]. Similar reactions 
of metal complexes with /?-diketonate ions have not been 
examined, although the nucleophiles are known to 
add to the coordinated unsaturated hydrocarbon4 - 6) 
and imine7) ligands. We have briefly reported8) the 
reaction of [PtCl2(PhCN)2] with an acetylacetonate ion 
in dichloromethane at room temperature to give 

an JV-acetyl /?-ketoamine chelate, frâm-[Pt{N(COMe)= 

C(Ph)CH=CÔMe} 2 ] ( l a ) . I t is noteworthy that the 
nucleophilic reaction occurred for [PtCl 2(PhCN) 2] , 
which has been widely used as a starting material for 
the preparation of organoplat inum(II) complexes.9) In 
our previous study,10) the complex [PtCl2(PhCN)2] 
prepared by Kharasch's procedure11) was found to exist 
as a mixture of eis and trans isomers, and both isomers 
were successfully isolated by column chromatography 
on silica gel. Details of reactions of trans- and cis-
[PtCl2(PhCN)2] with thallium(I) acetylacetonate, Tl-
(acac), and benzoylacetonate, Tl(bzac) , in dichloro­
methane at room temperature are presented here, 

t In this paper, the term "/?-ketoamine" means an ct,ß-
unsaturated /3-amino ketone. 

together with the full account of the X-ray structure 
of l a as an example of products in these reactions. 

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

Materials. The trans- and m-[PtCl2(PhCN)2] com­
plexes were prepared as described in the previous paper.10) 
Thallium (I) salts of acetylacetone and benzoylacetone were 
synthesized according to the literature.12) Dichloromethane 
over Molecular Sieve Type 3A was decanted, further dried 
over calcium hydride, and then distilled. For column chro­
matographic separation of reaction products, silica gel 60 F264 

(Merck, 70-230 mesh) or aluminium oxide 60 (Merck, active, 
basic) was used as a packing. A technique of preparative 
layer chromatography (PLC) was applied in order to collect 
samples in the preparative scale, using the chromatoplate of 
silica gel 60PF254 containing CaS0 4 (Merck) or aluminium 
oxide 60PF254 (Merck, Type E). For the preparation of a 
PLC plate, one (25 g) of these adsorbents was suspended in 
deionized water (60 cm3) and the mixture was applied on a 
glass plate (20x20 cm) and activated before use at 130—140 
°C for 4 h. 

Reaction of trans-lPtCl^PhCN)^ with Thallium (I) Acetyl­
acetonate. When Tl (acac) (376 mg, 1.24 mmol) was 
added to a yellow solution of Zra/w-[PtCl2(PhCN)2] (293 mg, 
0.62 mmol) in dichloromethane (20 cm3) and the mixture was 
stirred for 1 h at room temperature, a white precipitate of 
thallium (I) chloride was formed and the solution turned 
brown-yellow. The mixture was passed through a short 
column (5x2 cm d) of silica gel, leaving thallium (I) chloride 
and a brown residue at the top of the column. The yellow 
eluent was concentrated and put on the PLC plate of silica 
gel. Development with benzene split the original band into 
two. The first band component with a large Rt value was 
extracted with benzene and the solvent was evaporated to 
dryness, leaving the yellow compound l a (26 mg, 7% yield). 
A dichloromethane-extract of the second band was concen­
trated and developed, once again, on the PLC plate in diethyl 
ether, resulting in two bands. Yellow compound l b (16 mg, 
5% yield based on the platinum atom used) precipitated on 
addition of hexane to a diethyl ether-extract of the smaller R{ 

component. A trace amount of substance was obtained from 
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the larger R{ component; this was not characterized. 
Reaction of cis-[PtCl2(PhCN)2] with Thallium (I) Acetyl-

acetonate. Tl (acac) (413 mg, 1.36 mmol) was suspended 
in a dichloromethane solution (20 cm3) of m-[PtCl2(PhCN)2] 
(320 mg, 0.68 mmol), and the mixture was stirred for 5 h at 
room temperature. After the volume of the solution was 
reduced by vacuum evaporation, the concentrate was mounted 
on the PLC plate of aluminium oxide without removal of 
thallium (I) chloride. Two bands appeared upon develop­
ment with a benzene-acetone (20 : 1 by volume) mixture. 
The components with small and large Rt values were extracted 
separately with dichloromethane and the extracts were con­
centrated to obtain a yellow powder of 2a (72 mg, 18% yield) 
and red crystals of 2 b (34 mg, 8% yield) on addition of diethyl 
ether, respectively. Reprecipitation of 2a from acetone by 
adding diethyl ether gave yellow needles. 

Reaction of trans-[PtCl2(PhCN)2] with Thallium (I) Benzoyl-
acetonate. A mixture of frawj-[PtCl2(PhCN)2](297 mg, 
0.63 mmol) and Tl(bzac) (461 mg, 1.26 mmol) in dichloro­
methane (25 cm3) was stirred for 5 h at room temperature. 
After filtration of the precipitated thallium (I) chloride, the 
filtrate was concentrated to a small volume and placed on a 
PLC plate of silica gel. Development with benzene-hexane 
(3 : 2 by volume) resulted in three bands; each component 
was extracted with dichloromethane and isolated on addition 
of diethyl ether to the concentrated extract. Orange (3a) and 
yellow (3a') powders were isolated from bands with middle 
and small Rt values, respectively, and another orange powder 
(3b) from that with a large R{. The yields of 3a, 3a', and 
3b were 48 mg (11%), 28 mg (6%), and 27 mg (6%), respec­
tively. 

Reaction of cis-[PtCl2(PhCN)2~\ with Thallium (I) Benzoyl-
acetonate. m-[PtCl2(PhCN)2] (282 mg, 0.60 mmol) was 
allowed to react with Tl (bzac) (439 mg, 1.20 mmol) in the 
same way as described above. After filtration of thallium (I) 
chloride, the concentrated orange-yellow solution was placed 
on the top of the column (40 X 2 cm d) of silica gel and devel­
oped with dichloromethane. The first fraction contained 
benzoylacetone (5 mg, 3 % yield based on the T1(I) salt used). 
After evaporation of the last and middle fractions to dryness, 
the resulting powders were recrystallized from acetone-
petroleum ether and diethyl ether to give yellow needles of 
4a (19 mg, 4% yield) and red crystals of 4 b (14 mg, 3 % yield), 
respectively. 

Reactions of trans- and cis-[PtCl2(PhCN)2] with Thallium (I) 
Acetylacetonate and Benzoylacetonate in the Presence of the Cor­
responding Free ß-Diketones in Large Excess. For example, 
in the case of reactions with Tl(acac), a mixed solvent of 
dichloromethane-acetylacetone (1 : 1 by volume) was used. 
Molar ratios of Tl(acac) and free acetylacetone to [PtCl2-
(PhCN)2] were 2 : 1 and ca. 350 : 1, respectively. After 
reactions for 5 h, adequate treatments were performed to 
isolate products. In the case of reaction with trans-[PtCl2-
(PhCN)2] , yellow powders of 5a and 5b were obtained in 3 
and 8% yields, respectively, while in the case of m-[PtCl2-
(PhCN) 2] , compound 2a was isolated in a 75% yield. 

In the reactions with Tl(bzac), 2.5 g (ca. 15 mmol) of 
solid benzoylacetone was added to [PtCl2(PhCN)2] in dichloro­
methane prior to the reaction. Molar ratios of Tl (bzac) and 
free benzoylacetone to [PtCl2(PhCN)2] were 2 : 1 and ca. 
24 : 1, respectively. Isolation of the reaction products 
without any contamination with benzoylacetone was somewhat 
difficult. After reactions for 7 h, compounds 3a and 3a' 
and yellow powder 6 were isolated from the reaction mixture 
with fozw.y-[PtCl2(PhCN)2] in 15, 4, and 5% yields, respec­
tively, while compound 4a was obtained from the reaction 
mixture with ôï-[PtCl2(PhCN)2] in a 57% yield. 

Reaction of cis-[PtCl2(PhCN)2] with Thallium (I) Acetyl­
acetonate in the Presence of Excess o-Nitrophenol. T o examine 
the effect of protonic acids on the yield of 2a, o-nitrophenol 
was used as a proton donor instead of acetylacetone. 
Ten times the molar amount of o-nitrophenol was added to 
a.y-[PtCl2(PhCN)2] in dichloromethane and the mixture was 
allowed to react with twice the molar amount of Tl(acac) 
for 4 d, giving 2a only in a 14% yield. 

Acid Hydrolysis of la with Perchloric Acid. Compound 
l a (88 mg, 0.15 mmol) was dissolved in a dichloromethane-
acetone (1 : 1 by volume) mixture (160 cm3) and 60% HG104 

(6 cm3) was added to the solution. After being stirred for 
2.5 h, the solution was concentrated to 30 cm3 at room tem­
perature under reduced pressure and allowed to stand over­
night to deposit 7. After addition of methanol to the mother 
liquor, the mixture was concentrated to a small volume and 
allowed to stand overnight again, depositing another crop 
of 7. The total yield of golden crystals 7 was 58 mg, 76%. 
Attempts to detect acetic acid, which was thought to be 
produced in this reaction, were unsuccessful. 

An Attempt to Synthesize Complex la by the Reaction of Bis(acetyl-
acetonato)platinum (II) with Benzonitrile. Although a mixture 
of bis(acetylacetonato)platinum (II) (92 mg, 0.23 mmol) and 
benzonitrile (2 cm3) in dichloromethane (7 cm3) was stirred at 
room temperature for 3d, no reaction occurred and 40% of 
the starting platinum (II) complex was recovered. Even 
in benzonitrile at 100 °G for 5 h, 26% of the starting material 
was recovered with some decomposed black residue. 

An Attempt to Synthesize 4-Acetylamino-4-phenyl-3-buten-2-one 
(the Ligand in la) by a Schiff Base Condensation. Benzoyl­
acetone (3.55 g, 22.0 mmol) was allowed to react with acet-
amide (1.30 g, 22.0 mmol) in refluxing ethanol (2.5 cm3) 
for 5 h, but no condensation occurred. Seventy-six per cent 
of the benzoylacetone used was recovered. 

Crystal Data for la. Crystals of l a suitable for X-ray 
crystallography were obtained by slow evaporation of a 
dichloromethane solution. They are monoclinic with a= 
8.426(2), 6=9.347(3) , £=15.293(9) A, ß= 111.62(4)°, U= 
1119.8(9) A3, Z = 2 , D c = 1 . 7 7 , D m = 1 . 7 6 g-cm"3 , / /(Mo 
KOL) = 66.2 cm'1, and space group P2x/c. The Laue sym­
metries, space group, and approximate unit-cell dimensions 
were determined from oscillation and Weissenberg photographs 
taken with Cu KOL radiation. The unit-cell dimensions were 
refined by the least-squares analysis of 300 values measured 
on a Philips PW 1100 four circle diffractometer with Mo KOL 
radiation. 

X-Ray Data Collection. The intensity data with 20<;55° 
were collected by the co-scan mode with graphite-monochro-
mated Mo KOL radiation. The specimen size was 0.23 X 
on a Philips PW 1100 four circle diffractometer with Mo KOL 
0.13 X 0.11 mm. A scan speed of l°/min and a scan range of 
(1.3 + 0.2 tan0)° were chosen. The background was counted 
for 20 s on each side of the scan range. Three standard 
reflections (302, 060, 002), measured every 4 h, showed no 
appreciable decay throughout the data collection. A total 
of 1433 independent reflections with I^>3<r(I) were classified 
as observed. The Lorenz-polarization corrections were ap­
plied and relative structure factors were derived.13) 

Structure Determination and Refinement. The structure 
of l a was solved by the heavy-atom technique. The positional 
and thermal parameters were initially refined isotropically 
by the block-diagonal least-squares method. Further refine­
ment with an anisotropic temperature factor for the Pt atom 
gave an R value of 5 .1%. At this stage, the absorption 
correction was applied.14) The maximum and minimum 
transmission coefficients were 2.48 and 1.82, respectively. 
The convergence was attained with R=3,9%. The function 
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TABLE 1. POSITIONAL AND THERMAL PARAMETERS (x 104) 

Atom 

Pt 
O(l) 
0(2) 
N 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(l l ) 
C(12) 

X 

0 
757(10) 

-112(11) 
1171(11) 
2061(17) 
1674(13) 
2302(15) 
2114(13) 
1040(14) 
2400(17) 
3045(14) 
2170(15) 
3113(17) 
4864(17) 
5713(19) 
4810(16) 

y 

0 
1746(8) 

-3528(10) 
-1308(10) 

3238(16) 
1746(12) 
564(13) 

-903(11) 
-2872(12) 
-3436(15) 
-1947(12) 
-3018(13) 
-3973(15) 
-3843(15) 
-2783(16) 
-1777(14) 

z 

0 
-470(5) 
-959(6) 
-612(6) 

-1244(9) 
-986(7) 

-1284(8) 
-1072(7) 
-442(7) 

427(9) 
-1457(7) 
-2093(8) 
-2433(9) 
-2119(9Ï 
-1516(10) 
-1164(8) 

U/A2 

276(3)a) 

415(16) 
532(20) 
376(18) 
565(31) 
393(22) 
435(24) 
341(20) 
399(22) 
555(30) 
383(21) 
456(25) 
509(27) 
524(28) 
590(32) 
474(26) 

a) Equivalent isotropic thermal parameter. 

minimized was ^}w(F0-\Fc\)
2, with w=(54.0/Fo)

2 for F 0 > 
54.0, o;=1.0 for 54.0>Fo>17.3, w=0.6 for F 0>17.3. The 
scattering factors for the neutral Pt, O, N, and G atoms were 
taken from Ref. 15. No attempt was made to locate hydrogen 
atoms. In the final cycle of the refinement all parameter 
shifts were less than 0.2a. A final difference map showed no 
significant features. The atomic coordinates are presented 
in Table 1, along with their temperature factors. The 
observed and calculated structure factors are preserved by the 
Chemical Society of Japan (Document No. 8118). All the 
calculations were performed on a FAGOM 230-60 computer 
at Osaka City University by the use of a local version of the 
UNIGS.1«) 

Measurements. IR spectra (4000—200 cm -1) were 
measured in Nujol mull with a JASGO DS 701G spectrophoto­
meter. 1H NMR spectra were recorded at 100 M Hz on a 
JEOL JNM-MH 100 spectrometer. Molecular weights were 
determined with a vapor pressure osmometer manufactured 
by Knauer, West Berlin, West Germany. 

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

In recent studies, we have found that [PdCl2(PhCN)2] 
reacts with acetylacetone in acetone at room tempera­
ture to produce di-/*-chloro-bis(??3-l-acetyl-2-hydroxyall-
yl)dipalladium(II) , liberating benzonitrile molecules.17) 
O n the contrary, no reaction occurred between [PtCl2-
(PhCN)2] and acetylacetone even in refluxing acetone, 
but the complex reacted with the acetylacetonate 
anion in dichloromethane at room temperature, giving 
rise to a nucleophilic attack on the cyanide carbons. 
A similar reaction occurred with the benzoylacetonate 
anion. Analytical data for all products isolated in this 
study are listed in Table 2, where compounds 1 and 2 
represent products obtained by reactions of Tl(acac) 
with trans- and m-[PtCl 2 (PhCN) 2 ] , respectively, and 
3 and 4 represent the corresponding reaction products 
of Tl(bzac). In each of these reactions, two or three 
compounds were isolated by PLC. Figure 1 depicts 
the structures proposed on the basis of spectroscopic 
data. Although compounds 3 b and 4 b were not ob­
tained in amounts sufficient for measurements, the 
molecular weight data of all other compounds indicate 

TABLE 2. ANALYTICAL DATA FOR PRODUCTS OF NUCLEOPHILIC 

ATTACK OF /?-DIKETONATE CARBANIONS ON 

BENZONITRILE-PT ( I I ) COMPLEXES 

Yield Found (Galcd) 
No. Appearance —^-— , ^ \ 

/o G% H% N% Molwt a ) 

48.8 
(48.1) 
41.8 

(42.6) 
48.0 

(48.1) 
48.1 

(48.1) 
56.0 

(56.4) 
55.4 

(56.4) 
56.4 

(56.4) 
55.4 

(56.4) 
55.5 

(56.4) 
48.3 

(48.1) 
43.0 

(42.6) 
55.9 

(56.4) 
46.7 

(46.6) 

4.04 
(4.04) 
3.21 

(3.21) 
4.04 

(4.04) 
4.06 

(4.04) 
4.02 

(3.91) 
3.98 

(3.91) 
3.90 

(3.85) 
3.92 

(3.91) 
3.90 

(3.91) 
4.16 

(4.04) 
3.31 

(3.21) 
3.94 

(3.91) 
3.89 

(3.92) 

4.63 
(4.67) 
5.10 

(5.23) 
4.67 

(4.67) 
4.62 

(4.67) 
3.73 

(3.87) 
3.72 

(3.87) 
4.07 

(4.11) 
3.88 

(3.87) 
3.60 

(3.87) 
4.60 

(4.67) 
5.13 

(5.23) 
3.80 

(3.87) 
5.43 

(5.44) 

580b> 
(600) 
508 

(536) 
619c> 

(600) 
614 

(600) 
757 

(724) 
783 

(724) 

722c> 
(724) 

593 
(600) 

488 
(516) 

l a 

l b 

2a 

2b 

3a 

3a' 

3b 

4a 

4b 

5a 

5b 

6 

yd) 

Yellow powder 

Yellow powder 

Yellow needles 

Red crystals 

Orange powder 

Yellow powder 

Orange powder 

Yellow needles 

Red crystals 

Yellow powder 

Yellow powder 

Yellow powder 

Golden crystals 

7 

5 

18 

8 

11 

6 

6 

4 

3 

3 

8 

5 

76 

a) In GH2G12 at 28 °G. b) At 37 °G. c) In (GH3)2GO 
at 41 °G. d) Acid hydrolysis product of la . 

that these are mononuclear in each solvent used. 
X-Ray Structure of Compound la. Two yellow 

compounds, l a and l b , were isolated from the reaction 
mixture of Jrawj-[PtCl2(PhCN)2] with Tl(acac) in 
dichloromethane at room temperature. Although 
compound l a was analyzed to have the composition of 
Pt(acac) 2 (PhCN) 2 , its X-ray structure analysis disclosed 
that the compound is the bis(iV-acetyl /?-ketoamine)-

chelate of p la t inum(II ) , [P t{N(COMe)=C(Ph)CH=CO-
Me}2] , as shown in Fig. 2. The Pt atom has a trans 
planar coordination by 2N and 2 0 atoms. T h e molecule 
has a crystallographically imposed center of symmetry. 
T h e six-membered chelate ring, phenyl group, and 
iV-acetyl moiety are planar within ± 0 . 0 3 , ± 0 . 0 1 , and 
± 0 . 0 2 Â, respectively. T h e iV-acetyl plane is perpen­
dicular to the chelate ring plane (interplanar angle 
=89 .7° ) . T h e C(6) and 0 ( 2 ) are in contact with the 
O ' ( l ) atom, the C(6 ) - . . 0 ' ( l ) and 0 ( 2 ) - 0 ' ( l ) distances 
being 3.12(2) and 2.96(1) Â, respectively. Such a 
disposition of the acetyl group relative to the chelate 
ring imposes some restriction on the rotational orienta­
tion of the phenyl group about C(4)-C(7) axis: the 
short contact between the 0 ( 2 ) and the C(8) atoms 
makes the phenyl ring slant (59.2°) against the chelate 
ring plane. M u c h smaller angles (16° and 41°) between 
the phenyl and chelate rings are found in m-bis (benzoyl-
acetonato)palladium(II),1 8) but in this case the disposi­
tion of the phenyl group relative to the chelate ring 
results from the intermolecular interaction. Bond 
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trans 

PhCN 
Me 

1b 

P h C N x O^ 

5b 

3b 

CIS 

l a : R \F r .R J =Me 

3a : R1.R2 = Ph. R 3 = M e 

3 a ' : R ^ M e . R2. R3= Ph 

(N-acy l . N -àcy l ) 

Not produced. 

5 a 

6 

R = Me 

R = P h 

( C - a c y l . C-acyl ) 

Not produced. 

2b 
4b 

R = Me 

R = Ph 

2 a 

4 a 

R = M e 

R = Ph 

Fig. 1. Schematic drawings of the structure of reaction products between [PtCl2(PhCN)2] 
and Thallium (I) /?-diketonates. Numbering indicates products from the following reac­
tions; 1, fra/w-[PtCla(PhCN)2]+Tl(acac); 2, m-[PtCl2(PhCN)2] + Tl(acac); 3, trans-[PtCl2-
(PhCN) 2] + Tl (bzac) ; 4, m-[PtCl2(PhCN)2] + Tl(bzac). 5 and 6 denote reaction pro­
ducts between /raws-[PtCl2(PhCN)2] and Tl(acac) or Tl(bzac), respectively, in the pre­
sence of the corresponding free /?-diketones in large excess. 

C(9) 

Fig. 2. A perspective view of l a with the atom number­
ing scheme. 

distances and angles are summarized in Table 3. 
Characterization of the Isolated Compounds by IR and 1H 

NMR. Two compounds ( l a and l b ) were 
obtained by the reaction of /ratt.y-[PtCl2(PhCN)2] with 
Tl(acac) ; the I R spectrum of l a showed no absorption 
due to the cyano group at around 2200 c m - 1 , but 
instead a strong band at 1748 c m - 1 and three medium 
to strong bands at 1580—1500 c m - 1 , as shown in 
Table 4. Based on the molecular structure of l a given 
in the previous section, we can unequivocally assign 
the former band to the C = 0 stretching vibration of the 
iV-acetyl group, although the frequency is a little higher 
than that of the amide I band of gaseous iV-methyl-
acetamide,19) O n the other hand, the latter three bands 

may be ascribed to the skeletal vibrations ( r (C=0) , 
v ( O N ) , and v(C=C)) of the ß-ketoamine chelate20) 
and phenyl rings, but cannot be identified separately. 

T h e XH N M R spectrum of l a in CDC13 showed one 
methine signal at 5.10 p p m and two methyl signals at 
2.00 and 1.81 ppm, together with phenyl resonances 
as shown in Table 5. Of these, the methine signal and 
one of the methyl signals at 1.81 ppm are accompanied 
by 195Pt satellites, the coupling constants, Vpt-H 
being 4 and 5 Hz, respectively; these two signals are 
assigned to the ring-proton and the methyl group 
attached to the /?-ketoamine chelate ring, respectively. 
Similar couplings of methine and methyl protons to 
195Pt are observed to be 11 and 5 Hz, respectively, in 
the case of bis(acetylacetonato)platinum(II).2 1) The 
other methyl signal at 2.00 ppm, with no coupling to 
195Pt was attributed to the iV-acetyl protons. Compound 
l b , whose composition was PtCl(acac)(PhCN) 2 , was 
easily identified to be the 1 : 1 reaction product, since 
it showed the same I R and 1 H N M R spectral patterns 
as those for l a , except the presence of r(C=N) and 
r (P t -Cl ) bands in the I R spectrum. 

If a similar nucleophilic reaction occurs between cis-
[PtCl2(PhCN)2] and Tl(acac) , at least one of the 
products should show the same spectral patterns in 
I R and 1 H N M R as those of l a . Contrary to our 
expectation, both of the two products (2a and 2b) 
isolated exhibited different I R and 1 H N M R patterns. 
Compound 2a showed a single r ( C = 0 ) band at 1675 
c m - 1 , much lower than 1748 c m - 1 for l a , with an 
additional band of r (NH) at 3270 c m - 1 , indicating the 
absence of iV-acetyl substituents. We can suppose the 
structure of 2a to be that shown in Fig. 1 by ascribing 
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TABLE 3. 

Bond length 
Bond 
Pt-O(l) 
Pt-N 
C(2)-0( l ) 
C(4)-N 
C(2)-C(3) 
C(3)-C(4) 
C(l)-C(2) 
C(4)-C(7) 

Short contact 
Contact 
C(6; . . .0 ' ( l) 
C(7)...0(2) 
C ( 8 ) - 0 ( 2 ) 
0 (2 ) . "0 ' (1 ) 

Roman numeral superscripts refer 
positions: I —x, l/2-\-jy, —1/2—2; 

Bond angle 
Angle 
N-Pt-O(l) 
Pt-0(1)-C(2) 
Pt-N-G(4) 
0(1)-C(2)-C(3) 
N-C(4)-C(3) 
C(2)-C(3)-C(4) 
0(1)-G(2)-C(1) 
C(l)-C(2)-C(3) 
N-C(4)-C(7) 
C(3)-C(4)-C(7) 
Pt-N-C(5) 

INTERATOMIC 

Ifk 
1.98(1) 
2.01(1) 
1.29(2) 
1.30(2) 
1.37(2) 
1.43(2) 
1.52(2) 
1.50(2) 

l/k 
3.12(2) 
3.37(2) 
3.06(2) 
2.95(1) 

DISTANCES (/) 

to the following equivalent 
II x,y~ 1, z; 

tr 93.1(4) 
124.5(7) 
125.5(7) 
126(1) 
123(1) 
127(1) 
113(1) 
121(1) 
122(1) 
115(1) 
116(1) 

I I I * - ! , . * ; 

with Tl(acac) and Tl(bzac) 

AND BOND ANGLES ( 0 ) 

Bond 
N-C(5) 
C-(2)-C(5) 
C(5)-C(6) 
C(7)-G(8) 
C(8)-C(9) 
C(9)-G(10) 
C(10)-G(ll) 
C(ll)-C(12) 
C(12)-C(7) 

Contact 
G(2).-C(8) r 

C(9). . .C(l)n 

0 ( 2 ) . . . C ( l l ) m 

y 

Angle 
C(4)-N-C(5) 
N-C(5)-0(2) 
N-C(5)-C(6) 
0(2)-C(5)-C(6) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(10) 
G(9)-C(10)-C(ll) 
C(10)-C(ll)-C(12) 
C(ll)-C(12)-C(7) 
C(12)-C(7)-C(8) 
C(4)-C(7)-C(8) 
C(4)-G(7)-C(12) 

Ilk 
1.50(1) 
1.18(1) 
1.50(2) 
1.40(2) 
1.42(2) 
1.38(2) 
1.36(2) 
1.43(2) 
1.40(2) 

//A 
3.49 
3.48 
3.37 

4>l° 
119(1) 
119(1) 
115(1) 
126(1) 
119(1) 
119(1) 
122(1) 
121(1) 
117(1) 
122(1) 
121(1) 
117(1) 
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No. v(N-H) v(C=N) 

TABLE 4. CHARACTERISTIC IR BANDS a > 

v(G=0) 

iV-COMe JV-COPh C-COMe C-COPh 
y ( C O , C-N, C-C) v(Pt-Cl) 

l a 
l b 
2a 
2b 
3a 

3a' 

3b 

2285w 
3270s 
3270m 

3350m 

4a 

4b 
5a 
5b 
6 

3310w 
3300m 
3250m 
3290m 
3320w 
3340m 
3260m 

2280w 

1748s 
1752s 

1680shb> 
1748s 

1750s 

1750s 

1700sw 

1743s 

1750s 

1675s 
1667s 

1698s 

1658s 
1688s 

1655s 

1650s 

1658s 

3360m 

1578m, 1548s, 1502s 
1595w, 1550s, 1503s 346w 
1581m, 1547s 
1580m, 1540s, 1518s 
1600w, 1586m, 1550s 
1502s 
1600w, 1580m, 1548s 
1502s 
1600w, 1587m, 1552s 
1516s, 1500s 
1590w, 1580m, 1540sh 
1535s 

1580m, 1540s, 1520s 
1580m, 1548s, 1503s 
1590w, 1580m, 1553s 350w 
1598m, 1582m, 1552s 
1502s 
1588s, 1567s, 1513s 

a) Wave numbers in cm-1, s: strong, m: medium, w: weak, sh: shoulder, b) Bands due to y(C=0) of hydrogen-bonded 
N - C ( M e ) = 0 - H - N . 
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TABLE 5. 1H NMR DATA*0 : Chemical shifts (ô) in ppm from internal TMS and coupling constants (J) in Hz. 

No. 

l a 

l b 

2a 
2b 
3a 
3a7 

3b 

4a 
5a 
5b 
6 
7 

I 

1.60s 
1.64s 

1.63s 
1.65s 

COMem(Hi 
1 /Ph 

pt jy-H 
x M e u 

CH 

II 

1.81s 

1.95s 

Jpt-H = 2 

1.71s 

1,86s 

1.83s 

1.88s 

3r COPh) 

( P h ) 

3 

III 

2.00s 

2.00s 

2.10s 
2.03s 
2.04s 
2.06s 

1.92s 

1.92s 

> 

H 

x o 

yPh 

^--COMe^COPh) 

~~!v 

2.07s 
2.17s 

2.02s 
1.96s 
2.02s 
2.12s 

GH 

5.10s 

5.16s 
i / p t - H = 2 

5.42s 
5.84s 
5.19, 5. 
6.05d, 5. 
V H - H = 3 

5.01s 

5.88s 
5.34d 

V H - H = 4 

45s 
74s 

NH 

c) 
8.80br 

c) 

7.89br 
7.76br 
c) 
c) 
7.86br 

a) In GDGlg, except for l b , 3a, 5b, and 6, whose spectra were recorded in GD2G12. Phenyl resonances are omitted for 
brevity, b) As shown above, I, II , I II , and IV represent the following methyl resonances: I, C-acetyl; II, methyl on the 
C-unsubstituted chelate ring; III , iV-acetyl; IV, methyl on the C-acetylated or -benzoylated chelate ring, c) Not detectable 
or overlapped with phenylsignals. 

the band at 1675 c m - 1 to vibration of the uncoordinated 
C-acetyl carbonyl. T h e uncoodinated acetyl carbonyls 
in the central-carbon-bonded acetylacetonate complex, 
Na2[PtCl2(acac)2] .2H20,2 2> absorb at 1652 and 1626 
c m - 1 , and those in the cobalt ( III) tris-chelate of 3-
acetyl-acetylacetone23) at 1680 c m - 1 . 

In conformity with the proposed structure, no ring-
methine signal appeared in the 1 H N M R spectrum of 
2a, al though no signal assignable to the N H proton 
was detected, probably due to the H - D exchange with 
CDC13 used as the solvent.24) Difficulty arose in finding 
any coupling to 195Pt of the methyl signals at 2.07 and 
1.66 p p m ; this made it impossible to determine which 
signal is due to the methyl groups on the chelate rings. 
Collman et a/.23) examined 1 H N M R spectra of cobalt-
( I I I ) tris-chelates of acetylacetone and 3-acetyl-acetyl-
acetone in benzene and assigned peaks at 1.90 and 
2.02 p p m to their corresponding ring-methyls. Such 
a downfield shift of the ring-methyl signal on acetylation 
at the central carbon atom of the chelate rings was 
also recognized in the case of rhodium (III) acetylaceto­
nate in chloroform, and seems to be reasonable because 
of the electron-attracting nature of the acetyl substituent. 
If this relative resonance position of these two signals 
is valid in the case of the present /S-ketoamine chelates, 
the methyl signal at 2.07 ppm, lower than 1.81 ppm 
found for l a , can be assigned to the methyl groups 
on the C-acetylated chelate rings of 2a, while the signals 
at 1.66 ppm can be assigned to the uncoordinated C-
acetyl groups. 

These four methyl signals, including two for l a , 
resonate at their characteristic fields and can be clas­

sified into four types: I, I I , I I I , and IV, as described 
in Table 5. This classification can facilitate structural 
assignments for other products. Thus compound 2b, 
which exhibits four methyl signals at all these fields 
and a methine signal at 5.42 ppm in the intensity ratios 
of 3 : 3 : 3 : 3 : 1, was supposed to have the mixed-
ligand chelate structure which comprises both chelate 
rings of iV-acetyl and C-acetyl /5-ketoamines, as shown 
in Fig. 1. T h e somewhat lower frequency in i\r-acetyl 
carbonyl stretching for 2 b may be caused by its 
hydrogen-bonded structure, indicating eis configuration 
around the plat inum atom. 

Compounds 4a and 4b , produced by the reaction 
between «>-[PtCl2(PhCN)2] and Tl(bzac) , exactly 
correspound to 2a and 2 b in their structures, although 
the uncoordinated C-acyl groups are benzoyl instead 
of the acetyl groups in the former compounds. 
Unfortunately, the amount of 4 b obtained was not 
enough to allow recording of the 1 H N M R spectrum. 
However, the similarities in color and I R data of 4 b 
and 2 b support the structures depicted in Fig. 1. 

Three compounds were produced by the reaction 
between frmy-[PtCl2(PhCN)2] and Tl(bzac) . 3a 
exhibits a -single v(0=O) band at 1748 c m - 1 in its I R 
spectrum and one methine and one methyl signal at 
5.84 and 2.03 ppm, respectively, in the intensity ratio 
of 1 : 3 in its 1 H N M R spectrum. These features are 
quite similar to those for l a except for the loss of a 
ring-methyl resonance, and hence a /r<2W^-bis-(iV-acetyl 
ß-ketoamine) chelate structure like l a was assigned for 
3a . O n the contrary, 3a ' shows two r ( C = 0 ) bands at 
1750 and 1698 c m - 1 , and two methine and two methyl 
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signals at 5.45 and 5.19 ppm and at 2.04 and 1.86 ppm, 
respectively, in the intensity ratios of 1 : 1 : 3 : 3 . 
Especially, the presence of two methine signals and a 
ring-methyl signal suggests that the structure of 3a ' 
has different chelate rings of JV-acetyl and JV-benzoyl 
/3-ketoamines (see Fig. 1). 

The presence of JV-acetyl carbonyl and N H bands 
in the I R spectrum of 3 b allowed us to presume that 
this compound was the trans counterpart of 4b . No 
band appeared, however, in the region of C-benzoyl 
carbonyl stretching. A similar disparity also arose in 
the 1H N M R spectrum of 3b . No ring-methyl signal 
of type I I is present, but a methyl signal of type I I I was 
observed along with two methine signals, in the intensity 
ratios of 3 : 1 : 1, indicating the presence of the JV-
acetyl group and the two central ring-methines of a 
different magnetic environment. Thus the structure 
shown in Fig. 1 was assigned for 3 b ; this structure is in 
good agreement with its analytical data. Of the two 
methine signals resonating at 6.05 and 5.74 ppm, the 
downfield signal appeared as a doublet with J=3 Hz 
and was ascribed to the methine proton on the JV-
unsubstituted chelate ring based on the W-rule.25) 

Nucleophilic Reactions of ß-Diketonate Carbanions at 
Coordinated Cyanide Carbons in trans- and eis- [PtCL-
(PhCN)2]. Based on the confirmed structures of 
products, we suggest the following reaction course: 
1) the initial step of these reactions involves the nucleo­
philic attack by a /?-diketonate carbanion on the 
coordinated cyanide carbon a tom; 2) the acetyl group 
or the central methine proton of the nuclephile migrates 
to the coordinated nitrogen atom in order to stabilize 
the imino anion formed in the initial step; 3) the 
carbonyl group in the residue coordinates to the metal 
to form the JV,0-chelate ring, in cooperation with 
metal-assisted abstraction of the chloride ion. Thus the 
reaction path to produce l a can be formulated as below. 

*r^-[PtCl2(PhCN)2]+TI(acac) > 

0 N Me 
^ C ' O v Me 

- / H .Me Y .Ph 
C ' ^ P < N = C > h A ^ C ' X N ^ +T"aCac)> la 
N ^ ^ C L A Co N ^ ^ 0 - - = < - T I C I 

**TI N M e 

(1) 

As was ascertained by X-ray analysis, trans configura­
tion around the metal atom in the starting complex 
is kept in the reaction product l a . Although I R 
and 1 H N M R spectra were not helpful in deciding 
geometrical configurations for other reaction products, 
it was possible to confirm that neither of the products 
(1 and 3) from trans-[FtC\2(Ph.CN)2] is the same as 
either of those (2 and 4) from ^ - [ P t C l 2 ( P h C N ) 2 ] . 
Moreover, the cis(N,N)-configuration was the most 
probable for the two products (2b and 4b) from cis-
[PtCl2(PhCN)2] , on the basis of the I R data showing 
the presence of the hydrogen bond. Formation of the 
hydrogen bond will induce the JV-acetyl group and the 
JV-acetyl chelate ring to be coplanar. The red color 
of 2 b and 4 b might be brought about by the increased 
dereal izat ion of jr-electrons through these two planes. 
All these facts suport the above-mentioned reaction 

scheme, which proceeds with retention of the original 
configuration without breaking of the metal-nitrogen 
bond. No reaction to produce l a occurred between 
bis (acetylacetonato) plat inum (I I) and free benzonitrile 
even at 100 °C, although hexafluoro-2-butyne under­
went 1,4-addition across pal ladium(II)-acetylacetonato 
rings on treating C4F6 with bis (acetylacetonato)-
palladium(II).2 6) 

When /ran*-[PtCl2(PhCN)2] was reacted with ß-
diketonate anions, all products (1 and 3) were the 
JV-acyl ß-ketoamine chelates. In the case of reaction 
with a benzoylacetonate anion, only the former two 
complexes (3a and 3a ' ) of all the possible (JV-acetyl, 
JV-acetyl)-, (JV-acetyl, JV-benzoyl)-, and (JV-benzoyl, JV-
benzoyl) -complexes were isolated in 11 and 6 % yields, 
respectively, indicating greater electrophilicity of the 
acetyl carbonyl carbon atom. O n the contrary, the 
main products from a^-[PtCl2(PhCN)2] were (C-acyl, 
C-acyl)-(2a and 4a) or (C-acyl, JV-acyl)-(2b and 4b ) -
complexes, and no (JV-acyl, JV-acyl)-complexes were 
obtained. These results may be due to steric hindrance 
at the cis-NyN positions to prevent an (JV-acyl, JV-acyl) -
complex. Among these isolated compounds, l a , 2a , 
and 2 b are isomers, and 3a, 4a, and 4b , which are 
products from a benzoylacetonate anion, also are the 
corresponding isomers. These isomers which comprise 
the different combinations of JV-acyl and C-acyl chelate 
rings are classified to summation isomerism. 

T h e series of JV-acetyl ß-ketoamine chelates produced 
by the nucleophilic attack of /S-diketonate carbanions 
on the cyanide carbons in trans- and «>-[PtCl2(PhCN)2] 
are a kind of Schiff base complexes having the acid 
amide moiety in the ligand. However, such an JV-acetyl 
Schiff base has never been prepared by condensation 
of benzoylacetone and acetamide since the amide 
protons are generally protected against reactions by 
the acetyl group. This fact and the acid-lability of the 
JV-acetyl bond (see later), together with the difficulty 
in separation of analogous complexes by PLC, cause 
the lowering in yields of the reaction products. 

TABLE 6. REACTION PRODUCTS IN THE PRESENCE OF 

EXCESS FREE /?-DIKETONES OR 0-NITROPHENOL a ) 

*r^-[PtCl2(PhCN)2] 

rij-[PtCl2(PhCN)J 

Tl- Products 
(RGOGHGOMe) (Yields/%) 

R = M e 5a (3),5b(8) 
Ph 3a (15),3a'(4),6(5) 

R = M e 2a (75) 
Me* 2a (14) 
Ph 4a (57) 

a) The asterisk mark denotes the reaction in the presence 
of excess o-nitrophenol. 

Reactions of trans- and cis-[PtCl2(PhCN)2] with Thal­
lium (I) ß-Diketonate in the Presence of the Corresponding 
Excess Free ß-Diketone or o-Nitrophenol. With the 
exceptions of 5a, 5b , and 6, each of the other compounds 
produced in these reactions is also found in the reaction 
products in the absence of free /3-diketones. These 
products are summarized in Table 6 with their yields. 
5a and 5 b are compounds in which one JV-acetyl chelate 
ring in l a and l b was formally replaced by a C-acetyl 
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chelate ring, respectively, and hence 5 a corresponds to 
the trans isomer of 2b . Similarly, 6 and 4 b make another 
isomeric pair of trans and eis. From Table 6, we can 
see that the C-acyl compounds are main products in 
these cases; their amounts are increased especially in 
the reactions with « j - [PtCl 2 (PhCN) 2 ] . T h e following 
process can produce such high yields of C-acyl products : 
protons from free /3-diketone are used to stabilize imino 
nitrogens produced during the reaction; hence, migra­
tion of C-acyl groups onto the nitrogen atoms are 
suppressed; and then C H protons are accepted by the 
/?-diketonate anions present in solution. 

To examine the effect of other proton donors, o-
nitrophenol instead of free /?-diketone was used in the 
reaction of £w-[PtCl2(PhCN)2] with Tl(acac) , as an 
example. However, no increase in yield of C-acetyl 
product 2a was found (see Table 6). T h e reason why 
the reagent has no effect has not yet been elucidated, 
but the rather strong acidity (pKa=7.2) of o-nitrophenol 
compared with that of acetylacetone (piC a=9.0) might 
be the reason for its inefficancy as catalyst. 

Acid Hydrolysis of trans-N-Acetyl Compound l a . 
In the previous section, we showed that the presence 
of free /?-diketone suppresses migration of the C-acyl 
group onto the imino nitrogen atom, affording C-acyl 
compounds, namely, iV-unsubstituted /?-ketoamine 
chelates in high yields. Next we examined the acid 
stability of the iV-acetyl bonds in l a . This bond is 
readily hydrolyzed by aqueous perchloric acid to yield 
golden crystals of 7. T h e compound did not show any 

Me v H ,Ph 

Ph H N Me 

7 

(2) 

I R band in the carbonyl region higher than 1600 c m - 1 , 
indicating the absence of uncoordinated acetyl carbonyl. 
T h e 1 H N M R spectrum exhibited only one methine 
and one ring-methyl signal at 5.34 and 1.88 ppm, 
respectively, together with one broad N H signal at 
7.86 p p m in the intensity ratios of 1 : 3 : 1 ; this shows 
that the iV-acetyl bonds in l a are hydrolyzed to the 
N - H . In fact, coupling ( 4 y H _ H =4 .0 Hz) based on the 
W-rule25) is again observed between the ring methine 
and the N H protons. Such an acid lability of the N-
acetyl bonds might also play a part in the original 
reactions of [PtCl2(PhCN)2] with /?-diketonate anions. 
T h e compound 3b , which is one of the reaction products 
between /raw.y-[PtCl2(PhCN)2] and Tl(bzac) , might 
have been produced by the effect of a little amount of 
acid present accidentally in solution. 

We are grateful to Mr . Jun ich i Gohda for the 
elemental analysis, and also to the Ministry of Educa­
tion, Science and Culture for partial support by a 
Grant-in-Aid (Grant number 243014). 
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A number of palladium(II) and platinum(II) bis-chelates have been prepared which contain one kind of 
symmetric or unsymmetric ß-diketonate anions, or involve two different /?-diketonate anions. Existence of the eis 
and trans isomers in solution of the binary chelates of unsymmetric ß-diketones was confirmed by 1H and 13G NMR 
spectroscopy. Geometrical isomerization of the palladium(II) complexes to attain equilibrium in solution is 
fast, while the platinum(II) complexes are quite inert. The mixed-ligand chelates are stable in solution, showing 
no sign of disproportionation. The isomeric pairs of bis(1 -phenyl- 1,3-butanedionato)palladium(II), bis(2,4-
hexanedionato)palladium(II), and bis(l,l,l-trifluoro-2,4-pentanedionato)platinum(II) were isolated, and molecu­
lar structure of the eis isomer of the first complex was determined by X-ray analysis. 

2,4-Pentanedione and other ß-dicarbonyl compounds 
(ß-dikH) react with a wide variety of metal ions to form 
the ( 0 , 0 ' ) chelates1) of the [M(ß-dik)n] type which are 
soluble in organic solvents, and are used frequently as 
analytical reagents. These complexes are useful not only 
for comparative studies of various metal ions, but also 
as starting materials for preparation of organometallic 
compounds and as catalysts for organic syntheses. Thus 
a huge number of papers have appeared concerning the 
complexes containing /?-dicarbonyl compounds as a 
ligand.2) 

Although optical and geometrical isomerization of the 
octahedral [M(/?-dik)3] and related complexes have been 
studied extensively,3) investigations on geometrical 
isomerism of the square-planar [M(ß-dik)3] complexes 
containing unsymmetrical /?-dicarbonyl compounds are 
rather few. Recently two of the present authors have 
prepared bis ( 1 -ethoxy-1,3-butanedionato) palladium (II) 
and showed that it exists as an equilibrium mixture of eis 
and trans isomers in chloroform.4) This paper is con­
cerned with preparation and spectroscopic studies of 
a number of pal ladium(II) and plat inum(II) complexes 
of symmetric and unsymmetric /?-dicarbonyl compounds 
including several mixed-ligand bis-chelates. A pre­
liminary report on isolation of eis- and trans-bis(l-
phenyl-l ,3-butanedionato)palladium(II) and X-ray 
structure of the eis isomer was published in a short 
communication,5) and the full account will be included 
in this paper. 

Exper imenta l 

Preparation of Complexes. The palladium(II) and 
platinum(II) chelates of /?-dicarbonyl compounds were 
prepared by one of the following four methods. (A) To an 
aqueous solution of sodium tetrachloropalladate(II), Na2-
[PdCl4], was added more than twice moles of a ligand together 
with an appropriate amount of base. (B) Mercury (II) 
Perchlorate and/or silver(I) perchlorate was added to Na2-
[PdClJ or potassium tetrachloroplatinate(II), K2[PtCl4], in 
aqueous solution to prepare [M(H20)4]2 + ions in situ, which 
were allowed in turn to react with a sodium or potassium salt 
of the /?-dicarbonyl compounds.6) (G) To a methanol solution 
of sodium hexachlorodipalladate(II), Na2[Pd2Gl6], was added 
more than twice equivalents of a free ligand followed by an 
appropriate amount of sodium carbonate.7) (D) The reaction 

between [PdCl(hfac)py] and Tl(/?-dik) was convenient for 
preparation of the mixed-ligand palladium (I I) chelates con­
taining l,l,l,5,5,5-hexafluoro-2,4-pentanedione (hfacH) and 
another /?-diketone. 

/?-Dicarbonyl compounds were purchased and used without 
further purification except f-butyl acetoacetate which was 
prepared according to literature.8) Aqueous solution of Na2-
[PdClJ was prepared by dissolving palladium(II) chloride 
and a two and half times molar amount of sodium chloride in 
a small amount of hot water and adjusting the complex con­
centration to 0.5 mol dm - 3 . Methanol solution of Na2-
[Pd2Gl6] was prepared by dissolving palladium(II) chloride 
and an equimolar amount of sodium chloride in a small 
amount of hot methanol and then diluting the resultant 
solution to [Pd] = 0.3 mol dm - 3 . 

Bis ( 2,4-pentanedionato)palladium (II), [Pd(acac) 2] (la) : An 
aqueous solution (4 cm3) of sodium hydroxide (5 mol dm - 3) 
was added with stirring to a mixture of acacH (2.5 cm3) and 
a solution (10 cm3) of Na2[PdCl4] (0.5 mol dmr3) to form a 
yellow precipitate, which was filtered and washed three times 
each with small portions of water, methanol, and diethyl ether, 
successively. A yellow powder formed was dissolved in 
dichloromethane and filtered to avoid a small amount of 
insoluble material. The solvent was allowed to evaporate 
spontaneously at room temperature to leave large orange-red 
crystals (1.37 g) in a 90% yield. The yield is better than that 
(76%) reported in literature9) using palladium(II) chloride 
as a starting material. 

eis- and trans-Bis(2,4-hexanedionato)palladium (II), eis- and 
trans-[iV(7uft/,)2] (If): The complex was prepared in a 
similar way as for la. Recrystallization from hot toluene 
gave orange plates, while a mixture of orange plates and 
yellow needles was obtained from hot methanol. The yellow 
needles can conveniently be obtained by prompt evaporation 
of a dichloromethane solution under reduced pressure. They 
are geometrical isomers giving identical analyses and slightly 
different IR and NMR spectra. Orange plates were assigned 
to eis and yellow needles trans. 

Bis (1,1,1,5,5,5-hexafluoro- 2,4-pentanedionato) palladium (II), \Pd-
( ¥<*)*] (Id): Yellow mercury (II) oxide (6.49 g, 30 
mmol) was dissolved in a solution (60 cm3) of perchloric acid 
(1 mol dm - 3 ) . The solution of mercury(II) perchlorate thus 
prepared was added with stirring to a solution (20 cm3) of 
Na2[PdCl4] (0.5 mol dm"3) kept at 0 °G. A greenish yellow 
precipitate appeared at once but stirring was continued for 
further several minutes. To the mixture was added dropwise 
a solution of Na(hfac) which had been prepared by dissolving 
hfacH (8 cm3, 50 mmol) in a solution (20 cm3) of sodium 
hydroxide (2 mol dm - 3 ) . A precipitate was filtered, washed 
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several times with water, and dried in vacuo. The red-brown 
powder was treated with hexane and insoluble material was 
filtered off. The solvent was distilled away under reduced 
pressure to leave yellow fine needles (4.71 g) in a 9 1 % yield. 
Recrystallization from hot hexane gave large red needles, while 
orange plates of trihydrate were obtained from methanol. 
When silver (I) nitrate was used instead of mercury (II) Perchlo­
rate, the yield was as low as 50%. Compound I d must be 
kept at cold place, since it gradually decomposes at room 
temperature. 

Chloro(l, 1, 1,5,5,5-hexafluoro-2,4-pentanedionato) (pyridine) palla­
dium (II), [PdCl(hfac)py]: A solution of I d (564 mg, 1.08 
mmol) in dichloromethane (2 cm3) was added to a solution 
of pyridinium chloride ( 130 mg, hygroscopic ca. 1 mmol) in 
methanol (5 cm3) and the mixture was allowed to stand one 
day at room temperature to deposit red plates (318 mg). 
Hexane was added to the filtrate and the mixture was cooled to 
precipitate another crop (53 mg) of the product. The same 
procedure was repeated once more and the total yield of the 
product reached 92% (426 mg). 

eis- and tra.ns-Bis(l-phenyl-l,3-butanedionato)palladium(II), cis-
and traxis-\Pd(bzac)^\ (lg) : The literature method10) was 
improved to attain better yields. A solution (10 cm3) of 
potassium hydroxide (1.5 mol dm - 3 ) was added to a solution of 
bzacH (2.6 g, 16 mmol) in methanol (20 cm3) . A solution 
(10 cm3) of Na 2[PdClJ (0.5 mol dm - 3 ) was added dropwise 
through a pipette to the above solution with stirring. A 
yellow precipitate was filtered, washed three times each with 
water, methanol, and diethyl ether, and dried in vacuo. Com­
pound l g was obtained as a mixture of eis and trans isomers 
in a 90% yield (1.93 g) . When the isomeric mixture was 
dissolved in dichloromethane and the solvent was evaporated 
spontaneously at room temperature, only the trans isomer was 
obtained quantitatively as orange-yellow needles. On the 
other hand, when ethyl acetate (20 cm3) and petroleum ether 
boiling below 60 °C (several cm3) were added to a solution of 
the cis-trans mixture (226 mg) in dichloromethane (25 cm3) 
and the solution was kept in a shallow vessel to allow vapor­
ization of solvents at room temperature, both of orange-red 
hexagonal plates of the eis isomer and orange-yellow needles 
of the trans isomer were left to be separated manually. Separa­
tion of the isomeric mixture by means of thin layer chromatog­
raphy was tried over silica gel with dichloromethane as a 
developing solvent. The R{ values were 0.80 and 0.84 for 
eis and trans, respectively. Separation of isomers through a 
column was not successful because of rather fast isomerization 
reactions. 

Bis(l, 1,1-trifluoro-2,4-pentandionato)palladium(II), [Pd(tfac)2] 
(lh) : To a methanol solution (20 cm3) of Na2[Pd2Cl6] (0.15 
mol dm - 3 ) was added tfacH ( 1.4 g, 9 mmol) with stirring. 
On addition of a fine powder of sodium carbonate in limited 
amounts to the solution, an increasing amount of a yellow 
precipitate appeared and ca. 20 cm3 of methanol was added to 
make stirring easy. Addition of the base was stopped when 
no more precipitate was produced. The precipitate was 
filtered, washed three times each with water, methanol, and 
diethyl ether, successively and dried in vacuo. Recrystalliza­
tion from dichloromethane-hexane gave orange-yellow needles 
(2.0 g) in an 8 1 % yield. 

Bis ( 1,3-diphenyl-1,3-propanedionato) palladium (II), [Pd(dbm) 2] 
(lb), bis ( 2,2,6,6-tetramethyl-3,5-heptanedionato) palladium (II), 
[Pd(dpm)^\ (lc), bis- (3-phenyl-2,4-pentanedionato)palladium (II), 
[Pd(Ph-acac) 2] (le), bis (1,1, l-trifluoro-5,5-dimethyl- 2,4-liex-
anedionato)palladium (II), \Pd(pta)2~\ (11), and bis(1,1,1-tri-
fluoro-4- ( 2-thienyl) - 2,4-butanedionato) palladium (II), [Pd(tta) 2] 
(lm) : These complexes were prepared by method C in a 
similar manner as for l h . Recrystallization of l b , l e , l e , and 

11 was performed from dichloromethane-hexane, benzene-
hexane, dichloromethane, and diethyl ether, respectively. 
Compound l m is sparingly soluble in common solvents and 
was not recrystallized. 

Bis ( 1-t-butoxy-1,3-butanedionato) palladium (II), [Pd(buac) 2] 
(Ij) : f-Butyl acetoacetate (buacH, 1.5 cm3 , 10 mmol) was 
dissolved in a solution (10 cm3) of potassium hydroxide (1 mol 
d m - 3 ) . The solution was added drop by drop with stirring 
to a solution (10 cm3) of Na2[PdCl4] (0.5 mol dm"3) to deposit 
a brown precipitate, which was filtered and dried in vacuo. The 
precipitate was dissolved in petroleum ether (bp<^50 °C, 
50 cm3) and insoluble substance was filtered off. Then the 
solvent was allowed to evaporate spontaneously at room 
temperature to deposit light brown plates on the wall of vessel. 
The yield was 14% (295 mg). Bis ( 1-ethoxy-l,3-butanedionato)-
palladium(II),*) [Pd(etac)2] (li) and bis(l-phenyl-3-ethoxy-l,3-
propanedionato)palladium (II), [Pd(etbz)2] (Ik) were also 
prepared in a similar manner as above. 

2,4-Pentanedionato(1,1,1-trifluoro -2,4 -pentanedionato)palladium-
(II), [Pd(acac)(tfac)] (In): A methanol solution (20 cm3) 
containing K(acac)«H 2 0 (0.97 g, hygroscopic, ca. 6 mmol) 
and K(tfac)«H 2 0 (1.35 g, 6.4 mmol) was added with stirring 
to a methanol solution (20 cm3) of Na2[Pd2Cl6] (0.15 mol 
dm - 3 ) to deposit a yellow precipitate. After stirring of the 
mixture for 2 h, the precipitate was filtered, washed with 
water and methanol, successively, and dried in vacuo to give a 
yellow powder ( 1.85 g) . Chromatographic separation of the 
crude product through a silica-gel column (70 X 3d cm) using a 
mixture of dichloromethane, benzene, and petroleum ether 
( 4 : 1 : 1 by volume) as the developing solvent resulted in 
three fractions. The middle fraction gave yellow fine needles 
of I n (736 mg) in a 34% yield. The first and third eluents 
afforded [Pd(tfac)J ( lh ) and [Pd(acac)2] ( la) in each 20% 
yields, respectively. The same preparative method was 
applied to various couples of acac, bzac, tfac, and hfac salts, 
but no mixed-ligand chelate was obtained successfully except 
the above acac-tfac case. 

Alternatively, complex I n was also prepared by the partial 
substitution reaction of [Pd(tfac)2]. To a solution of [Pd-
(tfac)2] (500 mg, 1.21 mmol) in acetone (20 cm3) was added 
with stirring a solution of K(acac )«H 2 0 (160 mg, ca. 1 mmol) 
in methanol (1 cm3), when color of the solution changed from 
yellow to yellow-brown. After stirring of the mixture for 
5 min, the solvent was evaporated under reduced pressure 
to leave a yellow powder, which was extracted with dichlo­
romethane and the extract was subjected to the chromatog­
raphic separation as above. Complex I n was obtained 
in a 17% yield (72 mg). The residue which was insoluble 
in dichloromethane consisted mainly of K(tfac)«H 2 0 (210 
mg, 1.0 mmol). 

1, 1,1,5,5,5- Hexafluoro- 2,4-pentanedionato (2,4-pentanedionato) -
palladium(II), [Pd( acac) (hfac)] (lo): A suspension of Tl-
(acac) (88 mg, 0.29 mmol) in dichloromethane (3 cm3) was 
added with stirring to a solution of [PdCl(hfac)py] (152 mg, 
0.36 mmol) in dichloromethane (1cm 3 ) kept at —10 °C. 
After stirring of the mixture for 30 min, a white precipitate of 
thallium chloride was filtered off. Hexane was added to the 
filtrate and the solution was kept at —20 to —30 °C for 1 h. 
An additional precipitate of thallium chloride was separated 
by filtration and the solvent was distilled away under reduced 
pressure. The residue was dissolved in dichloromethane, 
hexane was added to the solution, and the mixture was cooled 
to deposit pale yellow crystals of [Pd(py)4] (hfac)2 accompanied 
by a powder of thallium chloride. After separation of the 
precipitate, the solution was poured onto a column of silica 
gel. Development with dichloromethane gave rise to three 
zones and the first fraction gave lemon-yellow fine needles of 
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l o (28 mg) in a 18% yield on the basis of the starting complex. 
Substances recovered from the second and third fractions were 
not enough in amount to be identified. 

1,1, l,5,5,5-Hexafluoro-2, 4-pentanedionato (1-phenyl-l, 3-butane-
dionato)palladium(II), \Pd(bzac)(hfac)~\ (lp): The same pre­
parative method was used and the first fraction from the 
column chromatography gave l p in a 18% yield. The second 
fraction contained [Pd(bzac)2] ( lg ) in a 7% yield. The 
substance in the third fraction was not identified. 

Bis (2,4-pentanedionato) platinum (II), [Pt(acac)2] (2a), bis-
( 1,1,1,5,5,5-hexafluoro- 2,4-pentanedionato) platinum (II), \Pt-
(fifac)2] (2d), and eis- and tra.ns-bis(1,1, l-trifluoro-2,4-pentanedi­
onato)platinum (II), eis- and trans- [Pt(tfac)2] (2h): These 
complexes were prepared by the revised method B reported 
very recently.6) 

2,4-Pentanedionato(l, 1, l-trifluoro-2,4-pentanedionato) platinum-
(II), [Pt(acac)(tfac)] (2n): Both of acacH (5 g, 50 mmol) 
and tfacH (7.7 g, 50 mmol) were dissolved in a solution (30 
cm3) of sodium hydroxide (5 mol d m - 3 ) . To this solution was 
added with stirring a solution (500 cm3) of [Pt(H20)4](C104)2

6> 
(0.025 mol dm - 3 ) followed by a solution (73 cm3) of sodium 
hydroxide (5 mol dm - 3 ) drop by drop from pipettes, respec­
tively. A yellow-brown precipitate deposited gradually, 
which was filtered after being stirred for 15 h, washed three 
times with water, and dried in vacuo. The resultant yellow-
brown powder was dissolved in dichloromethane, separated 
from insoluble material by filtration, and subjected to chro­
matographic separation through a column of silica gel (70 X 
3d cm) using dichloromethane as the eluent. The first 
fraction contained [Pt(tfac)2] (2h) (656 mg, 10% yield) and 
the second gave 2 n (1.69 g), which was recrystallized from 
benzene-hexane to give yellow needles in a 29% yield (1.59g). 

1,1,1,5,5,5-Hexafluoro-2,4-pentanedionato (2,4-pentanedionato)-
plantinum(II), \jpt(acac)(hfac)~\ (2o) : In a similar manner as 
above, an equimolar mixture of Na(acac) and Na(hfac) was 
allowed to react with [Pt (H 2 0) 4 ] (C10 4 ) 2 in aqueous solution 
and the crude product was subjected to chromatographic 
separation through a silica-gel column. Development with 
dichloromethane gave rise to four zones. The first fraction 
contained [Pt(hfac)2] (547 mg, 7% yield) and the second gave 
purple fine needles of 2o in a 15% yield (945 mg). The 
fourth fraction gave [Pt(acac)2] (1067 mg, 22% yield) and the 
third a little amount of lemon-yellow substance which was not 
identified. An analogous preparative trial using a mixture 
of tfacH and hfacH was not successful in obtaining [Pt(tfac)-
(hfac)]. 

Measurements. Infrared spectra were recorded in 
Nujol on Hitachi 295 and JASGO DS-701G spectrophotom­
eters. JEOL J N M G60HL, MH-100, and FX-60Q, instru­
ments were used to obtain N M R spectra. Mass spectra were 
taken on a JEOL JMS-D300 mass-spectrometer. A vapor-
pressure osmometer manufactured by Knauer in West 
Berlin, West Germany, was also used for molecular-weight 
determination. 

X-Ray Analysis. X-Ray analysis of a'j-[Pd(bzac)2] 
(lg-cis) was performed. Laue symmetry and approximate 
cell dimensions were determined from Weissenberg photo­
graphs taken with Gu KOL radiation. The cell dimensions were 
refined by the least-squares analysis of 6 values of 16 reflections 
measured on an automated four-circle diffractometer with 
Mo Abe radiation. Crystal data: Monoclinic, a = 11.024-
(3), £=19.629(4) , ^=9.472(2) A, 0=119.78(2)° , space group 
P2x/c, Z>m=1.60, Z > c = 1 . 6 0 g c m - 3 , Z = 4 , / / (Mo #<x) = 10.5 
c m - 1 . 

Intensity data were collected by the œ-20 scan method 
by the diffractometer with graphite-monochromated Mo KOL 
radiation, using a crystal specimen with size of 0 . 22x0 .30 X 

0.08 mm3 . The scan speed and scan width in œ were 0.017 s _ 1 

and (0 .7+0 .2 tan 0)°, respectively. The background was 
counted for 20 s at each side of the scan range. A total of 1927 
unique reflections having intensity 7t—2,v//t^>Vb was collected 
in the 2 0 ^ 5 5 ° range (7t, intensity at the peak of reflection; 
Ib, mean background intensity obtained from preliminary 
background measurement of 5 s at each side of the scan range). 
The intensities of three standard reflections monitored every 
4 h showed no appreciable variation. Intensities were cor­
rected for Lp factor but not for absorption. Of 1927 reflec­
tions 1814 with F0

2>3(j(F0
2) were used for the structure analy­

sis. 
The crystal structure was solved by the heavy atom method, 

and the positional and thermal parameters were refined by the 
least-squares. The minimized function was ^}w(F0—\Fe\)

2. 
The weighting scheme, Z Ü = 0 . 8 2 for F0<^35.7, w=l.O for 
3 5 . 7 ^ F 0 ^ 7 1 . 4 , and w=(7\A/F0)

2 for F 0 > 7 1 . 4 , were found 
to be optimal. All H atoms could be located on the difference 
Fourier map calculated after anisotropic refinement for 
nonhydrogen atoms. These H atoms were included in the 
least-squares refinement with isotropic temperature factor 
2?H=2?p-f1.0 Â2, the positional parameter being fixed (Bp, 
the isotropic temperature factor of nonhydrogen atom to 
which the H atom is bonded). The convergence was attained 
with 72=0.033 and # ' ( K I M ^ o H ^ c l ) 2 / X J ^ o 2 ] 1 / 2 ) = 0 . 0 4 2 . 

TABLE 1. FINAL ATOMIC PARAMETERS ( X 104) 

x y z £a)/A2 

a) Equivalent isotropic temperature factor. 

Atomic scattering factors were taken from Ref. 11. Real 
part of the anomalous dispersion corrections were applied for 
Pd°. Atomic coordinates are given in Table 1. The aniso­
tropic thermal parameters, H atom coordinates, and FQ—FC 

tables are preserved by the Chemical Society of Japan (Docu­
ment No. 8127). All computations were performed on a 
FAGOM 230-60 computer at the Osaka City University 
using programs in the UNICS.12> 

Pd 
O(l) 
0(2) 
0(3) 
0(4) 
G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
G(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(ll) 
G(12) 
G(13) 
G(14) 
G(15) 
G(16) 
C(17) 
G(18) 
G(19) 
G(20) 

344.9(5) 
1476(4) 

-1213(4) 
1948(4) 

-802(4) 
1937(7) 
977(6) 

-303(6) 
-1285(6) 
-2555(6) 
-2643(7) 
-3829(8) 
-4917(8) 
-4803(8) 
-3630(7) 

3249(7) 
1951(6) 
865(6) 

-413(6) 
-1462(6) 
-2867(7) 
-3831(7) 
-3401(8) 
-2017(7) 
-1034(7) 

1037.8(2) 
1564(2) 
1702(2) 
406(2) 
490(2) 

2310(3) 
2056(3) 
2366(3) 
2214(3) 
2653(3) 
3306(3) 
3694(4) 
3449(4) 
2808(5) 
2409(4) 

-567(4) 
-157(3) 
-404(3) 
-89(3) 

-422(3) 
-411(4) 
-700(4) 

-1013(4) 
-1036(4) 
-756(3) 

927.6(5] 
222(5) 

35(4) 
1883(5) 
1573(5) 

-1348(9) 
-780(7) 

-1310(7) 
-858(6) 

-1367(7) 
-1991(9) 
-2419(10) 
-2278(10) 
-1646(11) 
-1171(10) 

3145(9) 
2543(7) 
2760(7) 
2285(6) 
2623(7) 
1477(8) 
1817(10) 
3291(9) 
4429(8) 
4088(7) 

• 2.43(1) 
2.9(1) 
2.6(1) 
2.9(1) 
2.6(1) 
3.6(2) 
2.8(2) 
2.8(2) 
2.6(1) 
2.8(2) 
3.6(2) 
4.4(2) 
4.7(2) 
5.1(3) 
4.1(2) 
4.1(2) 
2.9(2) 
2.7(2) 
2.5(2) 
2.6(2) 
3.4(2) 
4.2(2) 
3.8(2) 
3.7(2) 
3.1(2) 
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Results and Discussion 

Syntheses. A number of pal ladium(II) (1) and 
plat inum(II) (2) bis-chelates of /?-dicarbonyl compounds 
were prepared including the binary chelates of both 
the symmetric ( l a — l e , 2a, and 2d) and unsymmetric 
( I f — l m and 2h) /5-dicarbonyl anions as well as the 
mixed-ligand chelates ( I n — l p , 2n, and 2o) . T h e 
appearance, preparative method, yield, decomposition 
temperature, and elemental analyses of the new com­
pounds are listed in Table 2 together with some molecu­
lar-weight data. 

Of the four preparative methods summarized at the 
outset, method A represented by Eq. 1 is suitable for 

[MC14]2- + 2(/5-dik)" • [MQ3-dik)2] + 4G1- (1) 

more basic anions such as those of acacH, bzacH, and 
the /S-keto esters. Very low yields of the /?-keto-ester 
chelates may be related to weaker basicity of the 
oxygen atoms than that of the central carbon atom 

in the ligand anions as exemplified by the low [enol]/ 
[keto] values of the /5-keto ester molecules.13) The 
fact that both of the chelating ligands in [Pd(etac)2] 
( l i ) are readily transformed to the central-carbon-
bonded state on reactions with nitrogen bases,4) whereas 
only one of the acac anions in [Pd(acac)2] ( l a ) is 
converted in similar reactions14) also shows the difference 
in the preference of bonding modes between acac and 
/?-keto ester anions. 

In the plat inum(II) case, method A affords [Pt(acac)2] 
(2a) in a much lower yield (35%) than that for [Pd-
(acac)2] together with the central-carbon-bonded by­
products such as K[PtCl(acac)(acac-C3)] and K[PtCl2-
(acac-C3)2].15) Furthermore the plat inum(II) chelates 
of less basic tfac and hfac anions have not been obtained. 
T h e P t -Cl bonds might be more stable than the P t -
(/?-dik) chelate, resisting the ligand substitution. O n 
this supposition, the chloride anions in [MC14]2~ were 
displaced by virtue of mercury(II)1 6) and/or silver(I) 
ions prior to reactions with the /?-dik ligands.6) Thus 

TABLE 2. NEWLY PREPARED M(R1COCXCOR2)2 COMPLEXES OF PALLADIUM(II) (1) AND PLATINUM(II) (2)a) 

No. 

ld c ) 

lef> 

lf-cis 

l£-trans 
lg-cis 

1%-trans 

l h 

l j 

Ik 

11 

l m 

In 

l o 

l p 

2n 

2o 

Complex 

R1 R2 

[Pd(hfac)2] 
CF3 CF3 

[Pd(Ph-acac)2] 
GH3 CH3 

[Pd(hxd)2] 
GH3 G2H5 

[Pd(bzac)2] 
GH3 G6H5 

[Pd(tfac)2] 
CH3 CF3 

[Pd(buac)2] 

CH3 oc4 iy 
[Pd(etbz)2] 
C6H6 OC2H5 

[Pd(pta)2] 
GF3 C4H9* 
[Pd(tta)2] 

CF3 n 
[Pd(acac)(tfac)] 

[Pd (acac) (hfac)] 

[Pd(bzac)(hfac)] 

[Pt(acac)(tfac)] 

[Pt(acac)(hfac)] 

Appearance 

(Prep, method«) 

Yellow needles 

(B) 
Yellow plates 

(G) 
Orange plates 

(A) 
Yellow needles 
Orange-red 
plates (A) 
Orange-yellow 
needles 
Orange-yellow 
needles (C) 
Light brown 
plates (A) 
Orange cryst 

(A) 
Orange-yellow 
needles (C) 
Yellow powder 

(G) 

Yellow fine 
needles (C) 
Yellow fine 
needles (D) 
Yellow needles 

(D) 
Yellow needles 

(B) 
Purple fine 
needles (B) 

Yield 

% 

91 

96 

90 
^ 4 0 

90 

81 

14 

Ä*3 

95 

95 

34 

18 

18 

29 

15 

Dec temp 

°C 

46—55d> 

230—235 

120—121d) 

114—115« 
240—242 

238—240 

^ 2 0 0 

=«103 

145—150 

^100 d ) 

235—236 

90—92d) 

80—82d> 

119— 121d> 

Ä*114d> 

«*78d> 

G % 

23.19 
(23.07) 
57.89 

(57.84) 
43.42 

(43.32) 
43.37 
55.79 

(56.02) 
55.67 

29.12 
(29.11) 
45.25 

(45.67) 
53.87 

(54.05) 
38.23 

(38.69) 
34.87 

(35.02) 

33.67 
(33.49) 
29.06 

(29.11) 
38.04 

(37.96) 
26.76 

(26.85) 
23.76 

(23.96) 

Found (Gal 

~iT% 
0.43 

(0.39) 
4.80 

(4.85) 
5.50 

(5.45) 
5.45 
4.22 

(4.23) 
4.22 

1.96 
(1.95) 
6.33 

(6.23) 
4.54 

(4.54) 
4.01 

(4.06) 
1.44 

(1.47) 

3.15 
(3.09) 
1.97 

(1.95) 
2.16 

(2.12) 
2.43 

(2.48) 
1.49 

0-61) 

cd) 

Mol wt 

520^ 
(520.5) 

332e) 

(332.7) 

412e) 

(412.6) 
407g> 

(420.8) 
531*> 

(488.8) 
496e) 

(496.7) 

358e) 

(358.6) 
412e> 

(412.6) 
474e> 

(474.6) 
447e) 

(447.3) 
501e> 

(501.2) 

a) X = H except compound l e for which X=G 6 H 5 . b) See text, c) Trihydrate, orange crystals. Found: G, 20.99; H, 
1.11%. Galcd: C, 20.90; H, 1.40%. d) Sublimation temperature, e) Parent peaks in mass spectra containing the 106Pd 
or 196Pt atom were used, f ) The ligand is 3-phenyl-2,4-pentanedionate. g) Determined by the vapor pressure 
osmometry in chloroform at 42 °C. 
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the chelate formation reactions in method B are ex­
pressed by Eq. 2. [Pd(tfac)2] ( l h ) was prepared in 

[M(H20)4p+ + 2Q5-dik)- • [MQS-dik)2] + 4H 2 0 . (2) 

a high yield by the reaction between Na2[Pd2Cl6] and 
tfacH in cooperation with sodium carbonate. Method 
C7) is convenient and successfully applied to preparation 
of the [Pd(/?-dik)2] complexes other than I d . 

[Pd2Cl6]2-+4(JS-dik)-
in MeOH 

2[Pd(jS-dik)2] + 6C1- (3) 

By employing an equimolar mixture of two kinds of 
jtf-dicarbonyl compounds, [Pd(acac)(tfac)] ( I n ) , [Pt-
(acac)(tfac)] (2n), and [Pt(acac)(hfac)] (2o) were 
obtained according to methods C, B, and B, respectively. 
In each of these cases binary bis-chelates were accom­
panied and separated by column chromatography. O n 
the other hand, [Pd(acac)(hfac)j ( lo) and [Pd(bzac)-
(hfac)] ( lp ) could not be prepared by this way, but 
were obtained by the metal-assisted ligand substitution 
reactions of [PdCl(hfac)(py)] with Tl(ß-dik) (method 
D) . Unfortunately the yield was low in either case and 
the desired reaction 4 seems to be accompanied by 
subsidiary reactions 5 and 6. T h e by-product [Pd-

[PdCl(hfac)(py)] + Tl(0-dik) • 

[Pd(hfac)(/?-dik)] + py + T1C1 (4) 

[Pd(hfac)(jS-dik)] + Tl(0-dik) > 

[Pd(/S-dik)2] + Tl(hfac) (5) 

[PdCl(hfac)(py)] + Tl(hfac) + 3py • 

[Pd(py)4](hfac)2 + TlCl (6) 

(py)4](hfac)2 was identified by comparison with the 
authentic sample prepared by the reaction between 
[Pd(hfac)2] and pyridine.17) 

Geometrical isomerism is possible in the case of 
[M(y5-dik)2] complexes containing unsymmetrical ß-
dicarbonyl compounds as a ligand. T h e structures of 
àî-[VO(bzac)2],18) ày-[Zn(bzac)2]-EtOH,1 9) trans-[Gu-

(bzac)2],2°) taf-[Pd(bzac)2],
10> and taî-[Cu(etac)2]

21> 
were confirmed by X-ray analysis, but their geometrical 
isomers have not been reported and identification of 
isomers in solution has not been performed either, 
except for [Pd(etac)2].4) Recrystallization of [Pd(bzac)2] 
( lg) from dichloromethane gave only orange-yellow 
needles of the trans isomer which had been reported.10) 

Fig. 1. The crystal structure of «V-[Pd(bzac)2] viewed 
down the b axis. 

0(9) 0(8) 

Fig. 2. The molecular structure of m-[Pd(bzac)2] viewed 
normal to the coordination plane. 

T A B L E 3. BOND LENGTHS AND ANGLES 

Bond lengths (//Â) 
Pd-O(l) 
Pd-0(2) 
0(1)-G(2) 
0(2)-C(4) 
G(l)-C(2) 
G(2)-C(3) 
G(3)-C(4) 
C(4)-C(5) 

Bond angles (0/°) 
0 ( l ) -Pd-0 (2 ) 
Pd-0(1)-G(2) 
Pd-0(2)-C(4) 
0(1)-C(2)-C(3) 
C(2)-C(3)-C(4) 
G(3)-G(4)-0(2) 
0(1)-G(2)-G(1) 
G(l)-C(2)-C(3) 
0(2)-G(4)-G(5) 
C(3)-C(4)-G(5) 

1.974(5) 
1.980(4) 
1.271(8) 
1.289(8) 
1.492(11) 
1.382(10) 
1.380(10) 
1.505(9) 

94.0(2) 
122.5(4) 
123.4(4) 
126.2(6) 
127.5(7) 
124.7(6) 
113.7(6) 
120.1(6) 
113.7(6) 
121.6(6) 

Pd-0(3) 
Pd-0(4) 
0(3)-G(12) 
0(4)-C(14) 
C(ll)-C(12) 
C(12)-G(13) 
G(13)-C(14) 
C(14)-C(15) 

0(3) -Pd-0(4) 
Pd-0(3)-C(12) 
Pd-0(4)-G(14j 
0(3)-C(12)-G(13) 
C(12)-G(13)-G(14) 
C(13)-G(14)-0(4) 
0(3)-C(12)-C(ll) 
C(ll)-C(12)-C(13) 
0(4)-G(14)-G(15) 
G(13)-C(14)-G(15) 

1.973(5) 
1.974(5) 
1.270(8) 
1.282(8) 
1.487(11) 
1.398(9) 
1.392(9) 
1.495(9) 

94.7(2) 
123.7(4) 
123.2(4) 
125.6(6) 
126.9(6) 
125.8(6) 
115.2(6) 
119.2(6) 
114.0(6) 
120.2(6) 
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TABLE 4. DEVIATIONS OF ATOMS FROM MEAN PLANES AND INTERPLANAR ANGLES 

Deviations (d) of atoms from planesa) 

Plane Deviation (d/A) 

(Ï) O( l )* 0.035, 0 (2)* - 0 . 0 3 5 , 0 (3)* - 0 . 0 3 4 , 0(4)* 0.036, Pd 0.004, C(I) 0.464, G(2) 0.272, 
C(3) 0.321, G(4) 0.115, C(5) 0.024, G(ll) 0.029, G(12) 0.034, G(13) 0.087, G(14) 0.092, 
C(15) 0.140 

(2) O( l )* - 0 . 0 2 0 , 0 (2)* 0.031, G(2)* 0.018, C(3)* 0.014, C(4)* - 0 . 0 4 1 , Pd 0.233, C(l) 0.021, 
C(5) - 0 . 2 1 7 

(3) 0 (3)* - 0 . 0 0 1 , 0 (4 )* - 0 . 0 0 0 , C(12)* 0.003, G(13)* - 0 . 0 0 3 , G(14)* 0.002, Pd 0.065, 
G(ll) - 0 . 0 1 2 , C(15) - 0 . 0 1 8 

(4) C(5)* 0.010, C(6)* 0.003, C(7)* - 0 . 0 1 3 , G(8)* 0.009, C(9)* 0.003, C(10)* - 0 . 0 1 1 
(5) G(15)* - 0 . 0 1 7 , C(16)* 0.007, G(17)* 0.003, G(18)* - 0 . 0 0 3 , C(19)* - 0 . 0 1 0 , C(20)* 0.019 

a) Atoms marked with an asterisk were included in the calculation of the mean plane. 
Interplanar angles (<pj°) 

( l ) - ( 2 ) 170.1 
(I)—(3) 177.0 
( 2 ) _ ( 4 ) 17.0 
(3) - (5) 41.1 

O n the other hand, orange-red hexagonal plates of the 
eis isomer accompanied by trans appeared from a 
mixture of dichloromethane, ethyl acetate, and petro­
leum ether. Detail of the X-ray structure of cis-[Pd-
(bzac)2] is reported below. T h e isomeric pairs of 
[Pt(tfac)2]6) and [Pd(hxd)2] were also isolated and 
characterized. Isomers of the other [Pd(/?-dik)2] 
complexes of unsymmetric ligands were not isolated 
but were identified in solution by 1 H N M R spectroscopy 
as will be described in later sections. 

X-Ray Structure ofcb,-\Pd(bzac)<^. Figures 1 and 
2 show the crystal structure and a view of the molecule 
normal to the coordination plane defined by four 
oxygen atoms. Bond lengths and angles are given in 
Table 3. Table 4 lists deviations of atoms from least-
squares plane. T h e Pd atom has a usual square-planar 
coordination by four oxygen atoms. Both O - C - G - C - O 
planes in the six-membered chelate rings are slightly 
bent upward from the coordination plane, the inter­
planar angles being given in Table 4. T h e C(13) atom 
of the adjacent molecule (— x, —y, —z), the mean 
molecular plane of which is parallel to that of the 
molecule (x, y, z) under consideration, is located just 
above the Pd atom. T h e P d - C ( 1 3 ) distance is 3.301(7) 
A, and Pd---C(13) vector intersects the coordination 
plane at 80.8°. 

T h e phenyl group is rotated about C - C bond joining 
the group to the chelate ring, being slant against the 
O - C - C - C - O plane. T h e torsion angle is 17.0° in the 
ligand A and 41.1° in B.22> In the other metal chelates 
of the bzac the torsion angles are in the 4—23° range 
(6.5° and 19.0° in m-[VO(bzac)2] ,1 8) 14.3° in trans-
[Cu(bzac)2],20> 23° in 2ww-[Pd(bzac)2],10> 3.8° and 7.5° 
in m-[Zn(bzac) 2 ]«EtOH. 1 9 ) ) . T h e ligand conformation 
for A is therefore thought to be preferred over that for 
B with larger torsion angle. T h e unfavorable conforma­
tion of B presumably results from crystal packing. 

T h e approximate coplanarity of the phenyl and 
chelate rings in the preferred conformation suggests a 
conjugation of n systems between two rings. O n the 
basis of the X-ray structures of the trans isomers of Cu 
and Pd complexes, Hon et a/.10) claimed that there is an 

effective inter-ring conjugation and that the chelate 
ring has a significant contribution from the following 
resonance structure. In the case of the eis isomer of Pd 

complex, however, the bond lengths in the O - C - C - C - O 
segment of A show no localization of n electrons. The 
C(4)-C(5) bond length, which may reflect the extent 
of the conjugation, is not different from the length for 
single C(sp2)-C(sp2) bond. Furthermore the structural 
parameters in A agree well with chemically equivalent 
ones in B of which larger torsion angle indicates smaller 
inter-ring conjugation; the extent of conjugation is 
not detectable from structural parameters. Bond 
lengths and angles in the chelate rings of m-[Pd(bzac) 2] 
are rather in agreement with the corresponding ones in 
Pd(acac)2(TTF)2 3) (TTF=tetrathiafulvalene) . 

Thermal Stability and IR Spectra. Most of the 
chelates in Table 2 are thermally stable and the following 
features in volatility are noted which are similar to 
those observed for the /?-dicarbonyl chelates of other 
metals.2^ (i) When the methyl groups in acac are 
replaced by the ethyl, f-butyl, and trifluoromethyl 
groups, volatility of the complex increases in this 
sequence. (ii) Substitution with phenyl and thienyl 
groups makes the complex less volatile, (iii) Sublimation 
temperature of a mixed-ligand chelate is intermediary 
of those for the two binary chelates. As is indicated in 
Table 2, molecular-weight data of volatile complexes 
were determined by mass spectrometry. 

Infrared bands in the 1650—1500 and 830—770 
c m - 1 regions which are assigned to the v ( O = 0 ) + 
i>(C—C) and chelate-ring TZ (CH) vibrations, respec­
tively, 24> are listed in Table 5 together with some other 
characteristic vibrations. Substitution of the methyl 
group in the acac chelate with the electron-attracting 
trifluoromethyl group increases the p(C—0)+»>(C-—C) 
frequencies. I R spectra in the higher frequency region 
are not so sensitive to the geometry of complexes, but 
those in the region lower than 700 c m - 1 show ap-
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TABLE 5. CHARACTERISTIC IR BANDS (cm-1) IN NUJOL 

No. V(CTTTO)+V(CTT7C) J I ( C H ) Other bands 

laa> 
l b 
lcb> 
Id 
l e 
lf-cis 
lf-trans 
lg-cis 
lg-trans° 
lh-trans 

M« 
l j 
l k 
11 
I m 
In 
lo 

l p 

2ae) 

2df> 
2h-cisP 
2h-trans° 
2n 
2o 

1563vs, 1545vs, 1524vs 
1585m, 1530vs, I520vs 
1589m, 1530vs, I498vs 
1591vs, 1552m, 1529m 
1560—1540vs 
1545vs, 151ÖVS 
1560vs, br 1520vs 
1582m, 1540—1510vs, br 
1584m, 1540— 1510vs, br 
1595vs, 1579vs, 1517s 
1587vs, 1552s, 1515vs 
1582vs, 1560vs, 1510vs 
1590vs, 1560vs, 1515vs 
1612m, 1581vs, 1536m, 1512s 
1585s, sh, 1560vs, br, 1530s, 1505m 
1605vs, 1568vs, I519vs 
1620vs, 1597m, 1551vs, 
1626vs, 1605vs, 1589vs, 
1515vs 
1560vs, 1550vs, 1528vs 
1585vs, 1557w, 1533w 
1590vs, br, 1530vs 
1580vs, br, 1517vs 
1601m, 1564s, 1525vs 
1589s, 1550vs, 1529vs 

1520vs 
1548vs, 1530vs, 

787s, 780s 

796s 
810vs 
774s 
820s, 793s 
803m, 780s 
785s 
772s 
799s 
785s 
800s 
777vs 
807s 
794s, 785m 
799m, 790s, 780m 
802s, 796s 

775vs 
816s 
807vs 
804vs 
798m, 790s, 780m, 
802s 

y(G-F): 1260vs, 1210vs, br, 1145—1170vs, br 

v(C-F): 1228vs, 1183vs, 1155vs, 1038vs 
v(C-O): 118lvs 
y(C-O): 1178vs 
y(G-O): 1210vs 

v(C-F): 1230vs, 1190vs, br, 1145vs, br 
v(C-F): 1266vs, 1210vs, br, 1150vs 

y(G-F): 1265vs, 1210vs, 1155vs 
y(C-F): 1235s, 1192vs, 1140vs, br 
y(G-F): 1190vs, 1160vs, br, 1140vs 
y(G-F): 1232s, 1188s, br, 1150vs 
y(C-F): 1275vs, 1262vs, 1201vs, 1154vs 

a) Mikami, et al. recorded the corresponding bands at 1569, 1549, 1524, 786, and 779 cm-1 [M. Mikami, I. Nakagawa, 
and T. Shimanouchi, Spectrochim. Acta, Part A, 23, 1037 (1967)]. b) The spectrum was shown in Ref. 7. c) Nakamoto, 
etal. recorded only the y(Pd-O) band at 478 cm-1 for [Pd(bzac)2] [K. Nakamoto, P . J . McCarthy, and A. E. Martell, 
Nature, 183, 459 (1959)]. As is seen in Fig. 3, this band may be assigned to the trans isomer, d) Exact frequencies were 
not given in Ref. 4. e) The corresponding literature data probably in KBr are 1565s, 1555s, 1527s, and 774s cm-1 [J. 
Lewis, R. F. Long, and C. Oldham, J. Chem. Soc, 1965, 6740]. f) Ref. 6. 

800 700 600 500 400 300 

Fig. 3. IR spectra in Nujol in the lower-frequency region 
of [Pd(hxd)2] (If), [Pd(bzac)2] (lg), [Pd(tfec) J (lh), 
and [Pt(tfac)2] (Zh). 

preciable difference between the eis and trans isomers. 
Figure 3 compares the spectra of three isomeric pairs. 
In accordance with the lower symmetry, eis isomers of 
[Pd(hxd)2] ( I f ) , [Pd(bzac)2] ( lg) and [Pt( tfac)J (2h) 
exhibit more composite spectra than trans isomers. The 
spectrum of [Pd(tfac)2] ( lh ) in this region shows a 
close resemblance to that of trans-2h and may be 
considered to be trans, al though the eis isomer has not 
yet been isolated. As is seen in Fig. 3, orange plates of 
[Pd(hxd)2] (If) show more composite I R spectra than 
yellow needles and are tentatively assigned to the eis 
isomer. 

I R spectrum of a mixed-ligand chelate [M(/?-dik)-
(jö-dik')] looks like a superposition of spectra of the 
binary chelates [M(/?-dik)2] and [M(/?-dik')2] and is 
complicated especially in the T T ( C H ) and lower-
frequency regions. 

NMR Spectra. Tables 6—10 list the XH, 1 3C, 
and 19F N M R data . Substitution of the C H 3 group 
with CF 3 deshields the methine proton but increases 
shielding of the methine carbon. Inductive effect of 
the C F 3 group might shift the shared electrons of the 
C - H bond to the carbon side. I t is noticed that G6D6 

shows a remarkable effect on the 1 H N M R spectra, 
most signals showing substantial upfield shifts as com­
pared with those taken in other solvents. Strange to 
say, the methyl protons of [M(acac) 2] ( l a and 2a) 
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TABLE 6. 1H NMR DATA FOR THE BINARY [M(R1COCXGOR2)2] COMPLEXES OF 

PALLADIUM(II) (1) AND PLATINUM(II) (2)*° 

No. 

l a 

l b 
l c 

Id 

l e 

l f o 

lg-m 
lg-trans 
l h 

l i 

l j 
lkc> 

H°> 

2a 

2d«> 
2h-m 

2h-/ran5 

S o l v e n t 
kJV^l V t i l L. 

GDC13 

G6D6 

(GD 3 ) 2GO 

(CD 3 ) 2 SO 

GDC13 

CDC13
W 

G6D6 

CDCI3 

G6D6 

CD3OD 

(GD 3 ) 2GO 

CDGI3 

G6D6 

CDGI3 

C6D6 

GDGI3 

GDGI3 

CDGI3 

G6D6 

CDGI3 

G6D6 

GDG13 

CDC1 3 

CDCI3 
G6D6 

GDGI3 0 

C6Dfi 

CDCI3 

CDCl /> 
GGD6 

GDGI383 

C6D6 

<5[J(Pt-H)] 

^ 
CH, 

2.07 
1.65 
1.97 
1.97 

1.83 
1.67 
2.08 

1.71 

2.20 
2.20 
2.26 
1.361 
1.32 J 
1.931 
1.98/ 

1.71 

1.92 

1.95[4.9] 
1.49[4.9] 

2.08[3.9] 
1.17[4] 
2.09[4] 
1.10[4] 

1 

CH 

5.43 
4.94 
5.49 
5.53 
6.77 
5.67 
5.74 
6.42 
5.92 
6.50 
6.60 

5.43 

5.08 

6.06 
6.04 
5.92 

5.35 

4.78 

4.85 

4.63 
5.43 

6.01 
5.87 
5.54[10.7] 
4.98[10.5] 
6.50[10.5] 
6.01[10.5] 
5.54[10] 
6.01[11] 
5.40[10] 

Ö(J(H-H)) 

Other 

G6H5: 7.5m, 8.0m 
G(CH3)3: 1.14 
C(CH3V 1.13 

C«H5:7.2m 
C6H5: 6.7m, 7.0m 
CH2-CH3 :2.36qj _ M 2 l ( 7 ) 

GH2-GH3 :2.23qj _ 0 > 9 8 t ( 7 ) 

C6H5: 7.4m, 7.9m 
C6H5: 7 4m, 7.9m 

CH2-CH3:4.12qJ -1.25t(7) 

C H 2 - C H 3 : 3 . 8 8 q - {{j;jj£(7) 

C(GH3)3: 1 4 0 
C6H5: 7.3m, 7.7m 
CH 2-GH 3 :4 .18q-1.29t(7) 

4.27q-1.32t(7) 
C(GH3)3: 1.17 
C(CH3)3: 0.83,0.78 

[eis] /[trans] 

l / ld ) 

1/1« 

2/1 

1/3 

3/7 

1/1 

e) 

1/1 

6/5 or 5/6 

a) X = H except l e for which X=C 6 H 5 . When two values of chemical shift are given for a signal from a mixture of 
geometric isomers, the former one refers to eis and the latter to trans. Chemical shifts are given in ppm from internal 
Me4Si and J values in Hz. m, multiplet; q, quartet; t, triplet; others, singlet, b) The literature values are GH: 
5.65 and G(GH3)3: 1.13 ppm.7) c) Identification of isomers is not possible, d) The isomer ratio was determined 
based on the 13G NMR spectra, e) Only one isomer seems to exist, but is not identified, f ) The literature values are 
GH3: 2.08[5] and CH: 5.53[11] [J. Lewis, R.F.Long, and C. Oldham, J. Chem. Soc, 1965, 6740]. g) Redetermined6* 
on an FX-60Q. instrument. 

resonate at higher field in CDC13 but at lower field in 
C6D6 than those of [M(tfac)2] ( l h and 2h) , respectively. 
Similar reversion of the methyl-signal positions in the 
two solvents was also observed for similar Zr ( IV) , 
Hf ( IV) , Ge(IV), and T h ( I V ) complexes, and even for 
free ligands, acacH and tfacH.25) T h e upfield shift in 
benzene may be attr ibuted to the diamagnetic anisotropy 
of the solvent molecule interacting with the chelates 
and ligands, but reasonable rationalization of much more 
remarkable effect exerted on the tfac chelates than on 
the acac chelates is not possible at present. 

N M R spectra are useful for distinguishing between 
geometrical isomers of bis-chelates of unsymmetrical 
ligands. T h e pla t inum(II) chelates are very inert and 
both isomers of [Pt(tfac)2] (2h) showed no sign of 
isomerization in C6D6 for more than one month. T h e 
corresponding pal ladium(II) complex [Pd(tfac)2] ( lh ) 
showed a single methyl signal at 1.32 ppm immediately 
after dissolution in C6D6 , but a new signal at 1.36 ppm 
grew gradually with time at the expense of the 1.32 
ppm signal to attain equilibrium within one day at the 
area ratio of 3 : 1. By reference to the spectra of 2h 
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TABLE 7. 

No. 

1H N M R DATA FOR THE MIXED-LIGAND CHELATES [M( /? -d ik ) ( / ? -d ik ' ) ] OF P A L L A D I U M ( I I ) (1) AND P L A T I N U M ( I I ) (2)*° 

Ô L/(Pt-H)] 

CH3 GH Other 

In 

l o 

l p 

2n 

2o 

CDCI3 

C6D6 

GDGI3 

CDCI3 

CDGI3 

G6D6 

CDCI3 

C6D6 

acac 
tfac 
acac 
tfac 
acac 
hfac 
bzac 
hfac 
acac 
tfac 
acac 
tfac 
acac 
hfac 
acac 
hfac 

2.08 
2.19 
1.59, 1.55 
1.38 
2.13 

2.26 

1.99[«*5] 
2.03 
1.46[5], 1 
1.15[4] 
2.02[5.6] 

1.41[5.9] 

41 [5] 

5.44 
5.83 
4.80 
5.35 
5.51 
6.22 
6.15 

25 
58[11.5] 
96[9.8] 
91[12] 
42[10] 
63[12.2] 
30[9.0] 
89[12.2] 
91[8.8] 

G6H5: 7.5m, 7.8m 

a) Chemical shifts in ppm from internal Me4Si and y(Pt-H) values in brackets in Hz. 

TABLE 8. 13C{1H> FT NMR DATA IN GDG13 FOR THE BINARY CHELATES'1 

No. 
Ô [ / (Pt -G)] (7(F-G)) 

CH, CF, CH CH,GO CFoCO Other1» 

lac> 
lad> 

l b 
l c 
Id 

Id« 

lde> 

le 
li-cis 
lf-trans 
l£-cÜ° 
lf-tran^ 
lg-cis° 

lg-trans° 

l h 
l i g) 

lid) 

2ah> 

2d 

2h-m° 

Th-trans» 

25.4 
24.9 
25.0 

26.9 
25.50 

25.48 

25.00 

24.96 

28.21 

28.16 

26.8 
24.6 

114.7q 
(284) 
115.lq 
(284) 
115.8q 
(283) 

101.6 
101.1 
101.4 

95.8 
91.8 
93.8m 
(1.6) 
93.6br 

94.9m 
(1.8) 

99.93 

99.9X 

99.9X 

99.89 

98.40 

187.2 
186.8 

181.6 
196.2 

186.1 
191.24 

191.3! 
190.9X 

190.90 

188.37 

176. 
(37) 
175. 
(37) 
176. 
(37) 

2q 

5q 

5q 

Ph: C1, 136.6; C2, 128.4; G3, 127.6; C4, 131.4 
t-Bu: C1, 40.5; C2, 28.6 

98.5, 188.66 

24.5 
24 
25.5 
[43] 

•1} 

26.9 
[45] 
27.0 
[46] 

115.lq 
[67] (283) 
116.lq 

[67] (283) 
116.2q 
[j](281) 

97.8 
86.3 

86.4 
86.2 
102.9 
[74] 
96.0 
[77] 
99.4 

[76] (« 
99.4 
[74] 

2) 

195.4 
187.1 

187.61 
187.9J 
185.3 
[25] 

192.8 
[26] 
193.5 
[24] 

Ph: C1, 140.3; G2, 128.9; G3, 131.5; C4, 127.2 
GOGH2QH3: 187.22, 32.25, 11.45 

187.03, 32.22, 11.28 

187.061 „ 2 9 n « , 
187.0 3 J ÔZU*> Ll-Ù* 

PhGO: C1, 135.80; C2, 127.42; C3, 121.18; C4, 131.32; 
GO, 179.99 
PhGO: G1, 135.97; G

2, 127.42; G3, 121.18; G4, 131.22; 
GO, 179.99 

COaEt: CO, 1 7 1 . 3 ( O J ) , 171A {trans); GH2, 61.8(cw), 
6\.6(trans); GH3, 14.3. 

C0 2Et: CO, 171.5, 171.9; CH2, 61.9, 61.4; CH35 14.2 

173.5q 
[24] (37) 
166.5q 
[^23] (34) 

J) 

a) Chemical shifts in ppm from internal Me4Si andy(Pt-C) in brackets and J(F-G) in parentheses in Hz. b) Numbering 
of the phenyl-ring carbons : quaternary, G1; ortho, C2; meta, C3; para, C4. Signal assignments to G2 and C3 might be 
inverted. Numbering of the /-butyl carbons: quaternary, C1; primary, C2. c) Similar data were recorded in literatures: 
T. Ito, T. Kiriyama, and A. Yamamoto, Bull. Chem. Soc. Jpn., 49, 3250 (1976); Y. Senda, A. Kasahara, A. Suzuki, ibid., 
49, 3337 (1976). d) In C6D6. e) In (CD3) 2CO. f) The major component in equilibrium was assigned to eis. g) The 
major component in CDC13 was assigned to trans, but the equi-intensity couples of signals in G6D6 can not be distinguished, 
h) Similar data for 2a as well as for l a were reported by C. A. Wilkie and D. T. Haworth, J. Inorg. Nucl. Chem., 40, 195 
(1978). i) At 48 °G. j) Indiscernible because of poor solubility of the complex. 
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TABLE 9. 13C {1H} FT NMR DATA IN CDC13 FOR THE MIXED-LIGAND CHELATES15 

No. jff-dik 
< 5 L / ( P t - C ) ] ( / ( F - Q ) 

CH, CFa CH CH,CO CFaGO 

In 

lo 

2n 

2o 

24.9 
tfac 

acac 
hfac 

acac 

tfac 

acac 

hfac 

27.2 

24.4 

25.2 
[46] 
27.3 
[41] 
24.8 
[48] 

116.3q 
(283) 

115.6q 
(283) 

116.5q 
[63] (282) 

116.3q 
[62] (283) 

101.7 
97.5 

101.8 
92.6m 
(1.7) 
103.1 
[74] 
99.5 
[72] 
103.1 
[74] 
95.8m 
[73](1.8) 

186.7, 187.5 
195.1 

187.0 

185.5, 186.4 
[26] [27] 
192.4 
[24] 
186.7 
[27] 

168.2q 
(34) 

175.0q 
(37) 

165.9q 
[21](34) 

171.5q 
[22](36) 

a) Chemical shifts in ppm from internal Me4Si and the J (Pt-C) in brackets and y(F-C) in parentheses in Hz. 

TABLE 10. 19F -pH} NMR DATA»' 

No. Solvent Ö [y(Pt-F)] 

ldb> 
lhc> 
2db> 
2h-mc ) 

2h-transc:> 

C H ^ C I g 

CDC13 

CH.2CI2 

CDCI3 
GDCI3 

- 7 3 . 8 
-69.5 (eis), 
-73.8[17] 
-69.8[18] 
-69.9[18] 

-69.6(trans)V 

a) Chemical shifts in ppm downfield from CFC13 and the 
J (Pt-F) values in brackets in Hz. b) The chemical 
shifts were measured to be 4.68 and 4.74 ppm from 
external CF3COOH for Id and 2d, respectively, and 
converted to the CFC13 reference by means of the 
equation, dCFCl3=5CFgCOoH ~ 78. 5ppm. c) The chemical 
shifts were measured from external C6F6

6) and converted 
to values referring to CFC13 by virtue of 5 C F CI 3 =^C 6 F 6 

— 162.9 ppm. d) The more intense signal was assigned 
to trans. 

in G6D6, the more intense upfield signal of l h was 
assigned to the trans isomer (Table 6) in accordance 
with the information from I R spectrum that crystalline 
l h is trans (Fig. 3). T h e 19F N M R data for l h as com­
pared with those for 2 h are consistent with this assign­
ment, the more intense trans signal appearing in slightly 
higher field than the eis signal (Table 10). 

T h e chemical shifts of methine protons in eis- and 
trans-[Pd(bzac)2\ ( lg) are slightly different from each 
other in GDG13. Isomerization reaction between them 
was followed by virtue of these signals and found to 
attain equilibrium at [eis]/[trans] =21\ within one day. 
Both isomers of l g also show different 13G chemical 
shifts except for some of the benzoyl carbons (Table 8). 
T h e 13G N M R spectrum of orange plates of [Pd(hxd)2] 
(If) in CDGI3, which were assumed to be eis based on 
the I R spectra, changed with time to attain equilibrium 
after ca. 6 h at the isomer ratio of 1 : 1. T h e 1 H N M R 
spectra of [Pd(etac)2] ( l i ) showed signal splitting for 
the acetyl methyl and C H 2 - C H 3 protons in GDC13 but 
only for the C H 2 - C H 3 protons in C6D6 . T h e more 
abundant species in CDC13 was tentatively assigned to 
trans by reference to the previous studies on the d8-metal 
chelates of O-ethyl 3-thioxobutanethioate.26) Isomeriza­
tion of l i in CDC13 is rapid, attaining equilibrium within 

10 min at —40 °C.4> T h e 1H N M R spectrum of [Pd-
(etbz)2] ( Ik) also shows coexistence of eis and trans 
isomers in CDC13. 

Assignment of the 1 H and 13G N M R signals for the 
mixed-ligand chelates to each /?-diketonate ligand 
(Tables 7 and 9) was made by reference to the data 
for the respective binary bis-chelates. Methyl protons 
of the acac ligand in [M(acac) (tfac)] ( I n and 2n) 
exhibit two signals in G6D6 due to the unsymmetric 
nature of tfac. Unambiguous assignment of these 
signals to the two unequivalent methyl groups is diffi­
cult, since the trans influence of the trifluoroacetyl part 
relative to the other acetyl part of the tfac ligand is 
not certain on the basis of the present 1 H N M R data. 
Thus in G6D6, the methyl protons in [Pt(acac)(hfac)] 
(2o) resonate at 0.08 ppm upfield compared with those in 
[Pt(acac)2] (2a), whereas the methyl protons in cis-
[Pt(tfac)2] (2h) resonate at 0.07 ppm downfield com­
pared with those in the trans isomer, and the methyl 
signals for aV-[Pd(tfac)2] ( lh ) are observed at 0.04 ppm 
lower field than those for trans. 

T h e mixed-ligand pal ladium(II) and plat inum(II) 
chelates are rather stable in solution, showing no 
appreciable change in their 1 H N M R spectra even after 
one month. O n the other hand, refluxing of dichloro-
methane or methanol solution of two kinds of bis-chelates 
did not give rise to the mixed-ligand chelates, whereas 
the ligand exchange reactions have been reported for 
many/S-diketonate chelates of Cu( I I ) , Al ( I I I ) , I n ( I I I ) , 
Ge(IV), T i ( IV) , Zr ( IV) , Hf( IV) , V( IV) , Fe( I I I ) , 
Co( I I I ) , and Ni(II).2) Thus the geometrical isomeriza­
tion of bis (unsymmetric ß-diketonato)palladium(II) 
complexes seems to proceed via a reaction pathway 
other than the intermolecular mechanism. 
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The Role Played by Water in Spin State Variations among Nickel (II) 
Halide Complexes Containing (1R, 14S)-5,5,7,12,12,14-Hexamethyl-

1,4,8,11-tetraazacyclotetradecane 
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(Received October 21, 1980) 

A complex dihydrate formed with nickel (II) bromide and the title macrocyclic ligand (m&yo-Me6[14]aneN4) 
crystallizes in triclinic space group PÏ and in orthorhombic space group Pcab. The crystal and molecular structures 
of the two crystal modifications have been determined by single crystal X-ray diffraction. In each compound, 
the nickel(II) is surrounded by a square-planar array of nitrogen atoms, giving low-spin complexes. In both 
compounds, water of crystallization and bromide ions are located above the hydrogen atoms of N - H groups and 

t , 
form hydrogen-bonded chelate rings of the type Ni-N-H---Br----H-0---H-N. The N - H groups adjacent to the 
single methyl carbon and the geminal dimethyl carbon interact with bromide ion and water, respectively, in the PI 
form, whereas vice versa in the Pcab form. Water molecules in the present crystals and those in the previously 
reported crystal structure of [Ni(m&jo-Me6[14]aneN4)]Cl2-2H20 are involved in the same type of specific hydrogen-
bonds. Because of the specific hydrogen-bonding effects, the presence of water prevents coordination of not only 
water itself but also halide ions, yielding thereby low-spin four coordinate complexes. 

Nickel(II) halide (Gl~ and Br~) and the title macro-
cyclic ligand form orange low-spin complexes, [Ni(meso-
Me 6 [14 ]aneN 4 ) ]X 2 -2H 2 0 , and violet high-spin com­
plexes, [NiX2(m^o-Me6[14]aneN4)].1 '2) The macro-
cyclic ligand 7n&yo-Me6[14]aneN4 is constrained by steric 
requirements to coordinate in a single plane. From 
their electronic spectra and magnetic properties1) and 
the X-ray analyses on [Ni(m^o-Me6[14]aneN4)]Cl2-
2 H 2 0 and [NiCl2(mwo-Me6[14]aneN4)],3) it has been 
shown that the orange dihydrates are square-planar 
four coordinate complexes having a singlet ground state, 
whereas the violet anhydrides are /ra/u-dihalogeno six 
coordinate complexes having a triplet ground state. 
The solid, orange diamagnetic dihydrates are converted 
upon heating to violet paramagnetic anhydrides.4) 
Conversely, the solid, violet, paramagnet ic anhydrous 
complexes readily revert to [Ni(m&yo-Me6[14]aneN4)]X2-
2 H 2 0 when moisture is available.1) Of particular 
interest is the fact that the low-spin four coordinate 
complexes are dihydrates, whereas the six coordinate 
high-spin complexes are anhydrides. Although water 
has considerably high coordinating ability as compared 
with halide ion, the water molecules in the dihydrates 
are not involved in coordination. 

Spin states of the complexes are affected also in the 
solution states by the presence or the absence of water. 
T h e anhydrous, violet high-spin complex dissolves in 
water to give an orange solution, which indicates that 
the complex turns to the low-spin four coordinate 
complex.1) When the anhydrous high-spin complex is 
dissolved in freshly purified stabilizer-free chloroform, 
almost all the complexes remain high-spin six coordinate, 
but the solution contains a small amount of the four 
coordinate singlet form, giving an equilibrium mixture 
of the low- and high-spin species. T h e amount of the 
singlet species depends on the water content in the 
chloroform solution and increases with an increase in 
the amount of water in solution.5) 

Busch has pointed out the importance of the role 

t Present address: Department of Chemistry, Faculty of 
Science, Nagoya University, Chikusa-ku, Nagoya 464. 

played by water in the spin state variations and proposed 
a model for the interaction between water and the 
complex ions.1»2) 

T h e present study is a part of series of investigations 
on the spin state variations, viz., coordination number 
isomerism among the nickel(II) complexes of the title 
and related macrocyclic ligands.3-7) T h e main feature 
of interest in the present study is the elucidation of the 
role of water in spin-state variations. For this purpose, 
the crystal structures of two crystal modifications of 
[Ni(m^0-Me6[14]aneN4)]Br2-2H2O were determined by 
X-ray analyses. T h e dispositions of the water molecules 
in the vicinities of the nickel(II) ions in the present 
crystals and those in the previously reported crystal 
structures of [Ni(m^0-Me6[14]aneN4)]Gl2-2H2O3) and 
[NiF2(m^ö-Me6[14]aneN4)]-5H207) were examined. 

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

Materials. The bromide dihydrate of the complex ion, 
[Ni(métf0-Me6[14]aneN4)]Br2-2H2O, was prepared from the 
corresponding Perchlorate salt [Ni(/nwo-Me6[14]aneN4)]-
(C104)2

8) by ion exchange (Dowex 1X8). Slow evaporation 
of the eluate from the column yielded mixture of orange needle 
(PÏ) and large reddish orange plate (Pcab) crystals of [Ni-
(m£so-Me6[14]aneN4)]Br2'2H20. The orange and reddish 
orange forms can be separated mechanically under a micro­
scope or more easily in carbon tetrachloride, using the dif­
ference in the crystal densities. The density of neat carbon 
tetrachloride (£>= 1.59 g cm - 3), in which the compounds are 
not soluble, is between densities of the crystals of the reddish 
orange (Z)=1.57 g cm -3) and the orange (Z)=1.62 g cm-3) 
form. The crystals of the compounds consists of 61% of the 
orange and 39% of the reddish orange form. Found for the 
orange (PÏ) form; G, 35.56; H, 7.41; N, 10.24; Br, 30.09%. 
Found for the reddish orange (Pcab) form; C, 35.40; H, 7.44; 
N, 10.11 ; Br, 30.09%. Calcd for NiC16H40N4Br2O2 : G, 35.65 ; 
H, 7.48; N, 10.40; Br, 29.64%. 

X-Ray Analyses. Preliminary X-ray work showed that 
the crystals of the orange complex belong to the triclinic space 
group PÏ, whereas those of the reddish orange complex belong 
to the orthorhombic space group Pcab. Intensities of reflec­
tions were measured on a Rigaku automated four circle dif-
fractometer AFC-5 with graphite monochromatized Mo Ktx, 
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radiation (A=0.71073 Â), the 0-20 scan technique being 
employed. 

For the orange PÏ form, a specimen with dimensions of 
0.40 X 0.44 x 0.36 mm was used for the intensity measure­
ments. A total of 5126 reflections was measured up to 20= 
70°. Of these, 3681 reflections with |F0|>3<r(|F0|) were used 
in the calculations. Crystal data are: Triclinic, PI, Z = l , 
a=8.650(l), 6=9.417(1), c=7.813(l) Â, <x=94.47(l), ß= 
100.07(1), y = 115.39(1)°, £7=557.1(1) Â3, £>x=1.62, Dm= 
1.61g cm-3, ju(Mo Kv.) =46.84 cm-1. 

For the reddish orange Pcab form, a specimen shaped ap­
proximately into a sphere with a diameter of 0.42 mm was 
used for the intensity measurements. A total of 4935 in­
tensities was measured up to 20=70°. Of these, 1938 reflec­
tions with |F0 |^>3<T(|F0 | ) were used in the calculations. Crystal 
data are: Orthorhombic, Pcab, Z = 4 , a—14.146(2), b = 
15.739(2), c= 10.338(2) Â, (7=2301.7(5) Â3, Z)x=1.57, Z)m= 
1.56 g cm-3, //(Mo Kat)=45.40 cm"1. 

The intensity data used in the structure refinements were 
corrected for Lorentz and polarization factors and for absorp­
tions. In the absorption corrections, the specimen of the 
Pcab form was assumed to be a sphere, whereas, for the PÏ 
form, the numerical Gaussian integration method9) was used. 
Both the structures were solved by the heavy atom method and 
refined by a block-diagonal least-squares method. The 

TABLE 1. FRACTIONAL ATOMIC COORDINATES (x 105) AND 

EQUIVALENT ISOTROPIC THERMAL PARAMETERS ( Â 2 ) FOR 

NON-HYDROGEN ATOMS WITH THEIR ESTIMATED 

STANDARD DEVIATIONS 

Atom X y 
A) Atomic parameters for the PÏ form 
Ni 
Br 
N(l) 
N(2) 
C(l) 
G(2) 
C(3) 
C(4) 
C(5) 
G(6) 
C(7) 
C(8) 
O 

B) Atomic 
Ni 
Br 
N(l) 
N(2) 
C(l) 
C(2) 
G(3) 
G(4) 
G(5) 
C(6) 
G(7) 
G(6) 
O 

50000(0) 
91122(4) 
54174(25) 
72047(24) 
30084(37) 
38078(38) 
62160(32) 
80462(31) 
81468(31) 
64483(43) 
50420(38) 

100766(36) 
74235(33) 

50000(0) 
72142(4) 
71608(23) 
52436(23) 
63990(33) 
73363(34) 
78122(28) 
78877(30) 
63116(30) 
95240(33Ï 
67504(35) 
66409(37) 
97034(32) 

g *«,/A' 

50000(0) 
33329(4) 
59263(24) 
64421(23) 
34307(34) 
52526(37) 
78650(28) 
82557(30) 
82000(28) 
82922(39) 
89542(33) 
86415(37) 
37985(34) 

; parameters for the Pcab form 
0(0) 

15510(4) 
-476(25) 
10906(24) 

-10938(33) 
-9183(35) 

1689(30) 
11532(33) 
12810(33) 

1662(42) 
-5712(35) 
22735(42) 

-22326(27) 

The equivalent isotropic 
using the < expression i?eq= 

0(0) 
13181(3) 

-2571(21) 
-7357(20) 

9331(33) 
1189(34) 

-11396(28) 
-13718(27) 
-15291(27) 
-11524(35) 
-17573(33) 
-18691(35) 
-3748(24) 

0.(0) 
21769(6) 
18432(34) 

-3193(32) 
17122(49) 
24296(46) 
23247(43) 
18747(49) 
4493(49) 

38113(50) 
18117(55) 
1991(52) 

51086(37) 

1.8 
3.9 
2.3 
2.2 
3.2 
3.5 
2.5 
2.8 
2.6 
3.8 
3.4 
3.7 
5.3 

2.3 
5.3 
2.9 
2.7 
4.0 
4.3 
3.2 
3.5 
3.5 
5.3 
4.7 
5.6 
5.8 

: thermal parameter is calculated 
=4/3 ( S S apjßu), where the a, 's 

are the unit-cell edges in direct space. 

weighting scheme, «>=[aeount
2+ (O.OlSlFol)2]-1, was employed. 

All hydrogen atoms were located by the difference Fourier 
syntheses, and included in the final refinements with the 
isotropic temperature factors. The scattering factors for 
non-hydrogen atoms were taken from International Tables for 
X-Ray Crystallography.10) For hydrogen atom, the values 
given by Stewart et al. were used.u>_ The final R indices were 
i?=0.046 and Rw=0.05\ for the PÏ form, and £=0.056 and 
Rw—0.046 for the Pcab form, respectively. Atomic param­
eters for each crystal are given in Table 1.12> 

The calculations were carried out on the HITAC M-180 
computer at the Computer Center of the Institute for 
Molecular Science with Universal Crystallographic Computa­
tion Program System UNICS III.13) 

Results and Discussion 

Description of the Molecular and Crystal Structures of 
[Ni(meso-Me6[14]aneNJ]Br2-2H20. In both the 
PI and Pcab forms, the nickel(II) ions are required to 
lie on a center of symmetry. Table 2 lists bond lengths 
and angles within the complex ion in the two crystal 
modifications. As shown in Table 2, the structures of 
the complex ion, [Ni(m&yo-Me6[14]aneN4)]2+, in the PÏ 

TABLE 2. BOND DISTANCES (//Â) AND ANGLES (çty°) WITH 

THEIR STANDARD DEVIATIONS IN PARENTHESES 

The PÏ form The Pcab form 

(A) Bond lengths 
Ni-N(l) 
Ni-N(2) 
N(2)-C(l') 
N(l)-C(2) 
N(l)-C(3) 
N(2)-C(5) 
C(l)-C(2) 
C(3)-C(4) 
C(4)-C(5) 
C(3)-C(6) 
C(3)-C(7) 
C(5)-C(8) 

(B) Bond angles 
N(l)-Ni-N(2) 
Ni-N(l)-C(2) 
Ni-N(2)-C(l') 
Ni-N(l)-C(3) 
Ni-N(2)-C(5) 
C(2)-N(l)-C(3) 
C(l')-N(2)-C(5) 
N(2')-C(l)-C(2) 
N(l)-C(2)-C(l) 
N(l)-C(3)-C(4) 
N(2)-C(5)-C(4) 
N(l)-C(3)-C(6) 
N(l)-C(3)-C(7) 
N(2)-C(5)-C(8) 
C(3)-C(4)-C(5) 
C(4)-C(3)-C(6) 
C(4)-C(3)-C(7) 
C(4)-C(5)-C(8) 
C(6)-C(3)-C(7) 

1.961(2) 
1.947(2) 
1.491(4) 
1.482(4) 
1.508(3) 
1.501(3) 
1.490(4) 
1.528(4) 
1.521(4) 
1.538(4) 
1.523(4) 
1.530(4) 

93.5(1) 
108.6(1) 
106.5(1) 
119.1(2) 
125.5(2) 
113.8(2) 
109.9(2) 
106.3(2) 
107.4(3) 
107.3(2) 
111.9^2) 
110.3(2) 
109.9(2) 
110.6(2) 
117.3(2) 
107.6(2) 
111.9(2) 
109.3(2) 
109.9(3) 

1.949(4) 
1.957(3) 
1.473(6) 
1.495(6) 
1.507(6) 
1.504(6) 
1.501(7) 
1.513(6) 
1.505(7) 
1.537(7) 
1.524(7) 
1.525(8) 

94.0(1) 
110.0(3) 
107.0(3) 
120.5(3) 
122.9(3) 
113.5(3) 
109.9(3) 
107.6(4) 
105.9(4) 
107.9(3) 
111.0(4) 
110.0(4) 
109.5(4) 
111.5(4) 
116.8(4) 
107.9(4) 
111.8(4) 
109.5(4) 
109.8(4) 
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Fig. 1. A perspective drawing of [Ni(wzwo-Me6[14]-
aneN4)]2+ in the crystal structure of the PÏ form. 

and Pcab forms are not significantly different. Figure 1 
shows a perspective drawing of [Ni(meso-Me6[\4]-
aneN 4 ) ] 2 + in the P Ï form, which is essentially the same 
as those in the Pcab form and in [Ni(m^o-Me6[14]-
aneN4)]Cl2-2H20.3> T h e nickel (II) is surrounded by 
four secondary nitrogen atoms of the macrocyclic ligand 
in a single plane, yielding a square-planar, diamagnetic 
nickel(II) complex. T h e average N i - N bond distances 
are 1.954(7) A for the PÏ form and 1.953(4) Â for the 
Pcab form, which are in the normal range for a low-
spin nickel (I I) complex with four planar nitrogen 
donors.3,14»15) T h e macrocyclic skeleton adopts the most 
stable conformation: the six-membered chelate rings 
take the chair form with the C(5 ) -GH 3 bonds in equa­
torial positions; the five-membered rings are in the 
gauche conformation. 

Three significant deviations from tetrahedral angles 
are noted. These are the large angles of N i - N ( l ) - C ( 3 ) , 
N i -N(2) -C(5) , and C(3)-C(4)-C(5) (see Table 2). 
These distortions are in common with six-membered 
chelate rings of metal complexes which have the title 
ligand in planar coordination.3»7 '16) 

Figures 2(a) and 2(b) show dispositions of bromide 

ions and water of crystallization around the complex 
ions, as viewed along the normal to the coordination 
plane, in the PÏ and Pcab forms, respectively. The 
structures around the nickel (I I) ions in the two different 
crystal modifications are very similar to each other as 
depicted in Fig. 2 in the following sense : (i) the bromide 
ions are located above the hydrogen atoms of N - H 
groups and the oxygen atoms of water lie also above 
the hydrogen atoms of the other crystallographically 
independent N - H groups; (ii) bromide ions and water 
molecules are involved in the hydrogen-bonds of the 
type shown in 1, forming hydrogen-bonded chelate 
rings. T h e hydrogen-bond distances are normal (see 
Figs. 4(c) and 4(d)) . Although the N - H - Y ( Y = B r -
or H 2 0 ) interactions in the two structures are very 
similar to each other in their features and lengths, the 
nitrogen atoms involved in such interactions are chemi­
cally different, N ( l ) and N(2) being hydrogen-bonded 
to the oxygen atom and bromide ion, respectively, in the 

PT form, whereas vice versa in the Pcab form. A very 
similar situations has been found for the N - H - - - 0 
interactions around the two crystallographically in­
dependent nickel(II) complexes in the crystals of 
[NiF2(ra^0-Me6[14]aneN4)]-5H2O (see Figs. 4(e) and 
4(f)).7) T h e positions of bromide ions in [Ni(meso-
Me 6 [14]aneN 4 ) ]Br 2 -2H 2 0 are nearer to the axial 
coordination sites than that of the chloride ion in 

(a) (b) 

Fig. 2. Dispositions of bromide ions and water molecules around the nickel (II) 
ion in the crystal structures of the PÏ (a) and Pcab forms (b), as viewed 
along the normal to each of the coordination planes. 
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Fig. 3. Crystal structures of the PI (a) and Pcab forms (b). 

[Ni(ff»jo-Me6[14]aneN4)]Gl2-2H20 (see Fig. 4) . This 
may be related to the fact that [NiBr2(m^o-Me6[14]-
aneN4)] reverts more easily to the bromide dihydrate 
than [NiCl2(m&yo-Me6[14]aneN4)] to the chloride di­
hydrate, when moisture is available.1 '5) 

Stereoscopic views of the crystal structures for the 
PT and Pcab forms are presented in Figs. 3(a) and 3(b), 
respectively. Bromide ions and water molecules are 
further hydrogen-bonded with adjacent water molecules 
and bromide ions, respectively. Through these interac­
tions the adjacent complex ions are held together, but 
the features of the interactions differ in the PÏ and Pcab 
forms. In the PÏ form, the interaction appears to be of 
the type shown in 2, whereas that in the Pcab form, an 
infinite zigzag chain parallel to the c-axis as shown in 3. 
The hydrogen-bond parameters are given in 2, 3 , and 
Figs. 4(c) and 4(d) . All other intermolecular contacts 
appear to be normal both in the two structures. 
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Specific Hydrogen-bonding Effects. The occurence 
of the spin-state variation is invariably associated with 
the presence or the absence of water. One exception 
is the fluoride system in the solid state, trans-[NiF2(meso-
Me 6 [14]aneN 4 ) ] ' 5H 2 0 , where fluoride ions occupy the 
axial coordination sites yielding a high-spin six 
coordinate complex in the hydrate.7) Although water 
has high coordinating ability as compared with halogen 
ions for a nickel (I I) ion in general, no evidence has been 
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Fig. 4. Dispositions of halide ions and water of crystal­
lization in the vicinities of the nickel (II) ions in [NiCl2-
(mwo-Me6[14]aneN4)].2CHCl3 (a),3) [Ni(m«o-Me6[14]-
aneN4)]Gl2.2H_aO (b),3) [Ni(m^o-Mefl[14]aneN4)]Br2. 
2H 2 0 in the Pl(c) and Pcab (d) form, and [NiF2(meso-
Me6[14]aneN4)]-5H20 ((e) and (f)).7) In each com­
pound, the nickel (II) ion sits on a crystallographic 
inversion center. In the fluoride system, there are two 
crystallographically independent complexes.7) Hydro­
gen-bond distances corresponding to the lengths 
between donor and accepter atoms are given in Â. 

reported for coordination of water to a nickel(II) ion in 
the present systems. 

Figure 4 shows the dispositions of water and halide 
ion in the vicinity of the nickel(II) ion found in the 
present study together with those in the crystal struc­
tures of [Ni(m^0-Me6[14]aneN4)]Cl2-2H2O,3> [NiCl2-
(m^o-Me6[14]aneN4)]-2CHCl3 ,3> and [NiF2(m«o-Me6-
[14]aneN4)J -5H20,7> as viewed along each coordination 
plane. Note that all the nickel(II) ions in these com­
plexes lie on centers of symmetry. Therefore, for 
simplicity, only the crystallographically independent two 
nitrogen atoms and a nickel(II) ion are depicted for 
each complex. In the fluoride system, there are two 
crystallographically independent complexes, which are 
shown in Figs. 4(e) and 4(f). Of particular interest in 
Fig. 4 is the fact that the dispositions of water and a 
halide ion and the features of the hydrogen-bond 
framework in the vicinity of the nickel(II) ion are 
very similar to each other in each hydrate. In all the 
hydrates except for the pentahydrate of the fluoro 
complex, water molecules and halide ions are located 
above the hydrogen atoms of N - H groups. As can be 
seen in Figs. 4(b) , 4(c), and 4(d) , hydrogen-bonded 
chelate rings of the type 1 are invariably formed. 

Busch proposed that the halogen ions in the di-
hydrates occupy the axial coordination sites but are 
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displaced from the nickel(II) ion so that the ligand 
field of the halide ions cannot exert on the nickel (I I) 
ions.1) It was found in the present and previous studies 
that neither water molecules nor the halide ions are 
located near the axial coordination sites in the di­
hydrates. T h e specific hydrogen-bond effects such as 
the hydrogen-bonded chelate rings are undoubtedly 
responsible for failure of coordination of the water 
molecule. T h e occurence of such specific interactions 
would be much more favorable over the hypothetical 
occupation by the water molecules at the coordination 
sites. Because of the specific hydrogen-bonding effects, 
the presence of water not only prevents coordination 
of water itself but also prevents halide ions from coor­
dinating, giving low-spin four coordinate complexes. 
Under water free circumstances such as in dry chloro­
form solutions or in solid states of the anhydride, halide 
ions can coordinate to nickel(II) to produce high-spin 
six coordinate complexes. These specific hydrogen-
bonding effects also produce large enthalpy values for 
dehydrations of the hydrates of the present complexes.4»7) 

In the case of the fluoride system, axial coordination 
sites are occupied by fluoride ions even in the hydrate. 
Water molecules are located above the hydrogen atoms 
of all the N - H groups. Hydrogen-bonded chelate rings 
different from the type 1 can be seen in Figs. 4(e) and 
4(f), which contain O - H - F - N i bond. T h e reason 
for the change in geometry is most likely due to the 
ionic size of the fluoride ion. The fluoride ion is too 
small to form hydrogen-bonded chelate ring of the 
t y p e l . In addition, a fluoride ion has high coordinating 
ability as compared with other halide ions for a nickel-
(II) ion.1) 

As described earlier, the spin state variations in 
solutions are also associated with the presence or the 
absence of water. In aqueous solutions or solutions of 
organic solvents containing water, hydrations take 
place around N - H groups. Structural feature of the 

hydration would be similar to the disposition of water 
molecules in solid state shown in Fig. 4. Water molecules 
involved in the hydration would play a role similar 
to water of crystallization in the solid dihydrates to give 
low-spin complexes. 
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The title effect has been investigated with the imidazolyl group either externally added or intramolecularly 
combined. JV-Retinylidenebutylamine was protonated with imidazole derivatives under neutral conditions and 
was absorbed at longer wavelengths compared with carboxylic acids. The absorption peak with the imidazolyl 
group intramolecularly combined was highly affected by the structure, protonated iVa-retinylidene-L-histidine 
octadecylamide having an absorption maximum at 494 nm caused by the inductive effect and the polar imidazolyl 
group. 

The absorption maxima of visual pigments bound to 
opsin by a Schiff-base linkage are observed at 500 nm, 
although the protonated products of synthetic analogues 
absorb at approximately 450 nm. As regards this 
bathochromic shift, a large number of interesting 
observations and theories have been reported: the 
polarizability of the micro environment,1) the electro­
static effect of polar or charged groups in the vicinity 
of the chromophore,2) and the twist or distortion of the 
jz-conjugated system.3) However, there are still many 
unsolved problems. Recently two synthetic models were 
reported which absorb at longer wavelengths by means 
of protonation with trifluoroacetic acid4) or in an 
aqueous hydrochloric acid solution.5) Since native 
photochromic processes proceed under mild conditions, 
we examined the effects of amino acids as protonating 
agents.6) In this paper we intend to deal especially 
with the imidazolyl group of the histidine residue. The 
imidazolyl group is known to be responsible for a 
buffering capacity;7) hence, it may be able to protonate 
the Schiff-base linkage in a physiological p H range and 
to mediate a charge relay system between protonated 
Schiff-base nitrogens and counter anions. O n the basis 
of these assumptions, we have examined the protonation 
of iV-retinylidenebutylamine(Bu-SB) with the salt of 
iV^-benzyloxycarbonyl-L-histidine butylamide (1) plus 
iV-benzyloxycarbonyl-L-alanine (Z-a-Ala) , iVa-octadec-
anoyl-L-histidine (2), and 4,5-imidazoledicarboxylic 
acid monohexadecyl ester (3). As Schiff-base models 
with the imidazolyl group, the following were syn­
thesized, and the absorption maxima of the protonated 
products were determined: 

H 
R = -CH 2 - : 4-SB. -CH2CH2- : 5-SB. 

-CH2CH-CONH-C1 8H3 7 : 6-SB. 
-CH2GH2NHCOCH2GH2-: 7-SB. 
-CH2CH2-NHCO(CH2)5-: 8-SB. 

Exper imenta l 

a//-Jra/w-Retinal was prepared by the oxidation of vitamin-A 
with M n 0 2 and was recrystallized from petroleum ether;8) 
mp 59—60 °G, Amax 367.5, nm, Ex % 1536 in petroleum ether. 
Isomerization to the m-isomer was conducted by the irradi­

ation of all-trans-retmal (1% in petroleum ether) containing 
iodine (1% to retinal), using a 150 W xenon lamp with a UV 
filter fitted as the light source;9) Amax 364.5 nm, E1% 1259 in 
petroleum ether. 

Preparation of Na-Benzyloxycarbonyl-L.-histidinamide: A mix­
ture of iVa,iVim-bis(benzyloxycarbonyl)-L-histidine(Z-His-Z 
6.85 g, 15.5 mmol, the benzyloxycarbonyl group was ab­
breviated as Z) and dicyclohexylcarbodiimide(DCC 3.5 g, 17 
mmol) in GH2G12 (50 ml) was stirred in an ice bath for 45 min, 
filtered, and washed with CH2G12. To the filtrate, alkyl-
amine (31 mmol) in GHG13 (50 ml) was added, the mixture 
being stirred in an ice bath, allowed to stand overnight, and 
then refluxed for 30 min. While hot, the reaction mixture 
was filtered and washed with GHG13. The filtrate was 
dried over Na2S04 , concentrated to about 30 ml, and then 
cooled at —20 °G. The product thus precipitated was 
recrystallized from acetone or ethanol. 1: yield, 62% mp; 
143—145 °G. IR (KBr): 3300 (NH), 3150 (imidazole-NH), 
1690 (carbamate G=0), 1650 cm"1 (amide G=0). 1H-
NMR (GDG13): 0.9—1.5 (m, 7H, GH3GH2GH2-), 3.0 (m, 
4H NH-CH 2 - and imi-GH2-), 4.3 (q, IH, a-GH), 5.2 (s, 
2H, phenyl-GH2-), 6.9, 7.8 (s, 2H, imidazole ring), 7.3 ppm 
(8H, phenyl, NH). Found: G, 62.68; H, 7.32; N, 16.01%. 
Galcd for G18H23N403: G, 62.97; H, 6.31; N, 16.33%. MS 
(m/e): 343 (M+, 11%). iVa-Benzyloxycarbonyl-L-histidine 
octadecylamide: yield, 36%; mp 151—154 °G. 

iVa-Octadecanoyl-L-histidine (2) was prepared with octadec-
anoyl chloride; yield, 45%,; mp 165—180 °C.10> The 4,5-
imidazoledicarboxylic acid monohexadecyl ester (3) was 
obtained by condensation with 4,5-bis(chloroformyl) imida­
zole11) and hexadecyl alcohol; yield, 7 1 % ; mp 167—170 °G. 
In the IR of the salt containing 1 and Z-a-Ala (mp 125—126 
°G), the absorption at 1710 cm - 1 (GOOH) no longer exists, 
and the salt peak is observed at 2000—2750 cm"1. 1H-NMR 
and elemental analyses made it posisble to identify the struc­
ture. 4-(Aminomethyl) imidazole (4) was obtained starting 
with D-fructose via 4-(hydroxymethyl) imidazole, oxidation 
with H N 0 3 to aldehyde, conversion to oxime, and reduction 
with H2 (5% Pd on charcoal) in methanol saturated with 
HC1.12> 

L-Histidine Octadecylamide (6) : To iVa-Z-histidine octadecyl­
amide (2.35 g, 4.4 mmol) in anhydrous acetic acid (5.0 ml), a 
30% solution of hydrogen bromide in acetic acid (5.7 ml) was 
added with vigorous stirring at room temperature. The 
reaction mixture was stirred for 1 h and then poured into 
anhydrous ether (100 ml). 6»HBr was filtered, thoroughly 
washed with ether, and then dissolved in ethanol (10 ml). The 
solution was basified with saturated aqueous Na2C03 . The 
product was extracted with ethanol and recrystallized from 
ethanol-ether, 6: yield, 42%; mp 110—115 °G. Found: G, 
70.79; H, 11.53; N, 13.73%. Galcd for G24H40N4O: C, 
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70.93; H, 11.33; N, 13.79%. 
Preparation of N-(a)-Aminoalkanoyl) histamine (7, 8) : A mix­

ture of Z-ß-Ala (3.94 g, 17.7 mmol) and DGG (4 g, 19.5 mmol) 
in a 1 : 2 mixture of dimethylformamide-acetonitrile (20 ml) 
was stirred in an ice bath for 45 min; the reaction mixture was 
then filtered and washed with dimethylformamide-acetonitrile 
(30 ml). To the nitrate, histamine dihydrochloride (3 g, 
16.1 mmol) and NaOH (0.7 g) in H 2 0 (15 ml) were added in 
one portion; the mixture was vigorously stirred for 5 h, and 
then filtered. The nitrate was concentrated to about 40 ml 
and poured into cold 10_1 M hydrochloric acid (250 ml, 1 M = 
1 mol dm - 3) . The insoluble by-product (DGG urea, Z-ß-
Ala-DGG) was filtered off. The nitrate was basified with 
saturated aqueous Na2GOs and cooled in a refrigerator 
overnight. The product thus precipitated was filtered, 
washed with H 2 0 , and then recrystallized from ethanol-ethyl 
acetate. N-(iV-Benzyloxycarbonyl-/?-alanyl)histamine: yield, 
62%; mp 137—139 °G. N-[co-(Benzyloxyamino)hexanoyl]-
histamine: yield, 82%; mp 111—114 °G. Deblocking of 
the co-amino group were conducted in a manner similar to 
that used for 6. 7: yield, 52%; mp 67—68 °G, Found: G, 
52.89; H, 8.38; N, 29.94%. Galcd for G8H14N40: G, 52.75; 
H, 7.69: N, 30.77%. 8: yield, 67%; mp 44—46 °G. Found: 
G, 59.04; H, 9.50; N, 24.32%. Galcd for GnH2 0N4O: G, 
58.93; H, 8.93; N, 25.00%. 

The Schiff base was prepared by mixing solution of retinal 
(10 -2 M) and imidazole derivatives (10~2 M) in absolute 
ethanol containing 3A molecular sive 1/16 in. pellets at room 
temperature for 8 h in the dark. In the case of 4 and 6, the 
reaction time was prolonged to 24 h. The absorption spectra 
were recorded on a Hitachi 200-10 spectrophotometer, 
using quartz cells 1 mm and 10 mm in path length. The pH 
of the protonating solution (90% aqueous ethanol) was 
measured on a Horiba M-7E pH meter. The calibration 
curve for the protonated JV-retinylidenebutylamine (Bu-
SBH+) satisfied the Lambert Law over the concentration range 
from 1.4x 10"5 to 2.2 X 10"4 M. 

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

Effect of Imidazole Derivatives on the Protonation of N-
Retinylidenebutylamine (Bu-SB). Figure 1 shows the 
degree of protonation plotted against the p H values of 
the solution, in which the p H values were controlled 
by the addition of Z-a-Ala (10~2 M) to 1 (2.5 x 10~3 M) 
in 9 0 % aqueous ethanol. T h e basic nitrogen of imidazole 
ring (N3, pKa 14.5) is, of course, neutralized with Z-oc-
Ala in a polar solvent, and some association may take 
place between 1 and Z-a-Ala. However, the absorption 
peak at 440 nm appeared even under neutral conditions, 
which indicates that undissociated imine hydrogen 

0 50 100 

Degree of protonation/% 

Fig. 1. Protonation of Bu-SB with amino acids. 
0 : With a mixture of 1 and Z-a-Ala, J^ : with Z-a-Ala 
only. 
Bu-SB, 5 x l O " 4 M . 1, 2 .5xlO" 3M. Solvent, 90% 
aqueous ethanol. The arrows indicated the equimolar 
addition of Z-a-Ala to Bu-SB. 

(N x -H of imidazole ring) protonated the Schiff-base 
linkage. 

In a nonpolar solvent such as chloroform, in which 
carboxylic acids with no steric hindrance at the <x-
position (Z-/?-Ala, hexanoic acid) remain almost in 
undissociated or dimeric state, the extent of protonation 
increased upon the addition of 1 ( 5 x l O _ 3 M ) to the 

400 500 

Wavelength/nm 

Fig. 2. Absorption spectra of 6-SB 
1: 6-SB, 2: 6-SBH+, 3: 6-SBH2+. 
3.3 X 10-5 M; solvent, chloroform. 

Concentration, 

TABLE 1. ABSORPTION MAXIMA OF IMIDAZOLE DERIVATIVES 

^ m a x / n m 

4-SB 368 
5-SB 366 
6-SB 370 
7-SB 367 
8-SB 367 

Bu-SB 366 

^ m a x / n m 

468 
467.5 
482 
464 
464 
460 

SBH+ a ) 

AAc)/nm 

100 
101.5 
112 
97 
97 
94 

Absorbance 

0.458 
0.595 
0.305 
0.505 
0.577 
0.848 

^max/nm 

482 
479 
494 
470.5 
466.5 

SBH|+ b) 

AAc)/nm 

114 
113 
124 
103.5 
99.5 

Absorbance 

0.695 
0.747 
0.651 
0.779 
0.790 

a) Monoprotonated Schiff base, b) Diprotonated Schiff base, c) The magnitude of shift against the Schiff base. 
Concentration, 3.3X 10~5M; solvent, chloroform. 
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mixture of Bu-SB (5 X 10~4 M) and Z-ß-Ala (2.5 X 10~3 

M ) . It is possible that the proton transfer from undis-
sociated or dimeric carboxylic acid to 1 took place and 
that the resulting positive charge at the imidazole ring 
promoted the formation of Bu-SBH+. 

T h e protonation with 1 did not appear in ethanol or 
even in its aqueous solution (N 1 - ! ! , pKa 7.2), whereas 
in chloroform a small absorption appeared at about 
470 nm. T h e hydrogen bond at N 3 with a solvent 
presumably aided proton release at the N 1 of the 
imidazole ring. With 2 and 3 existing as an ion pair 
in chloroform, the absorption peaks were slightly shifted 
to longer wavelengths (2, 455 nm, 3 , 458 nm) than tha t 
with Z-a-Ala (450 nm) . The red shift might be ex­
plained by Scheme 1, in which electrostatic energy13) 
between the counter anion and the positive charge on the 
nitrogen of the Schiff-base linkage is decreased by the 
charge-relay system. 

-COO-H-N^-N-H-N = C A | A A 
^ eu 

Scheme 1. 

Absorption Maxima of the Protonated Schiff Base of 
Imidazole Derivatives. T h e W-cis-retinal of rho-
dopsin is bound to an e-amino group of a lynsine, and the 
bathochromic shift is caused by the placement of amino-
acid residues near the protonated chromophore.2) 
Schiff bases (4-SB—8-SB) with different distances 
between the Schiff-base linkage and the imidazole ring 
were synthesized in order to investigate the effect of the 
neighboring group on the absorption spectra. An 
attempt to synthesize a Schiff-base model with the least 
distance, such as a 4-aminoimidazole derivative, was 
unsuccessful because of the weak basicity of the amino 
group at tached to the imidazole ring. I t required 24 h 
to reach the constant absorption maxima of 4-SB and 
6-SB after mixing, and their absorption peaks were 
slightly shifted to longer wavelengths compared with 
others; this shift was caused by the presence of an 
electron-withdrawing group at the a-position.14) With 
one or two equivalents of Z-oc-Ala, a protonated Schiff 
base did not indicate any absorption peaks, but only 
shoulders. With the intention of obtaining more 
obvious results, the protonation was conducted by the 
addition of an ethanolic solution containing one or two 
equivalents of hydrochloric acid to a Schiff base 
( 2 . 5 x l O ~ 2 M ) . Mono- and diprotonated Schiff bases 
were represented by SBH+ and SBH2+ respectively; 
the p H values were 6.4 and 4.5 respectively in aqueous 
ethanol. T h e absorption maximum of the protonated 
N-retinylidene-L-alanine butylamide shifted to the red 
by approximately 106 nm, the magnitude of the shift 
against Bu-SBH+ being large compared with that of the 
unprotonated product (SB: 371—366=5 nm, SBH+: 
477—460=17 nm) . I t seems reasonable to say that the 
carbonyl group at the a-position enhanced the electron-
withdrawing character of the Schiff-base nitrogen. 

The absorbance obtained by the addition of equimolar 
acid components was very small in the case of a Schiff 
base prepared with alkanediamines with short chains 

(ethylene, trimethylene) compared with that of imi­
dazole derivatives. This denotes that the proton 
transfer from a Schiff-base linkage to pr imary amine 
might proceed, while in the latter case the transfer from 
the amphoteric imidazole ring is predominant . T h e 
red shifts caused by the neutral imidazolyl group (4-
SBH+, 5-SBH+) were approximately 7 n m compared 
with the absorption maximum of Bu-SBH+, the magni­
tude of which was almost similar to that of Bu-SB with 
2 and 3 externally added. 

When the amount of acid was increased, the red shift 
was highly affected by the structure: shorter distances 
between two protonated sites might increase the repul­
sion between two cations (Scheme 2), thus bringing 
about an extrusion of the positive charge on the Schiff-
base nitrogen to the ionane ring. T h e interaction of 
separated ions as observed in the absorption maxima 
was calculated over 8 Â on the basis of a molecular 
orbital theory.15) T h e results of this calculation agree 
with those of our experiment, in which the maximum 
length affecting the red shift was six methylene chains 
(hexamethylenediamine-SBH|+ , 463 nm) . T h e shifts 
caused by the protonated imidazole rings were larger 
than those of the corresponding model compounds, 
ethylenediamine-SBH!+ (470 nm) and trimethylenedi-
amine-SBHl + (468 nm) . 

i 

Scheme 2. 

T h e magnitude of shift against the absorption 
maximum of Bu-SBH+ was 19 nm in terms of the 
influence of the protonated imidazole ring and 12 nm 
in terms of the inductive effect of the a-carbonyl group, 
the large shift of 6-SBH2+ being explicable by adding 
the two values. 

When a cw-isomerized retinal was bound to the 
imidazole derivatives, some interaction could be 
postulated between rings (ß-ionane-imidazole) . 
However, the absorption maxima of the protonated 
products were almost consistent with those of the all-
trans-retinal. In actual visual pigments, the twist or 
distortion of the retinal moiety and a complicating 
structure of opsin might cause the red shift up to 580 
nm. I t is experimentally impossible to make a highly 
selective and restrictive model until the complete 
structure is known. We have, therefore, synthesized 
simple models simulating visual pigments, in which the 
absorption spectra shifted toward longer wavelengths 
close to that of rhodopsin. 
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The crystal structure of N-(thioacetyl)tryptamine, a radioprotective agent, has been determined by the X-ray 
method. The crystal is monoclinic, space, group P2x/c with the unit cell dimensions: 0=23.761(5), b = 5.553(1), 
c=8.889(2) A, and /?=94.04(4)°. The structure was solved by the direct method and succesive Fourier syntheses, 
and refined by the block-diagonal least-squares method to give a final Ä-value of 0.072. In the crystal, the molecules 
are held together with van der Waals contacts between the nonpolar groups of adjacent molecules, and an inter-
molecular hydrogen bond between the sulfur and nitrogen atoms of the side chain (N-H---S = 3.322 A). The 
folded conformation observed in this compound could be related to the protection of DNA against irradiation. 

Indolylalkylamines containing sulfur atoms could be 
expected to be radioprotective agents in living cells, 
because other indolylalkylamines such as serotonin and 
tryptamine are well known to act as radioprotective 
agents,1-4) and the sulfur compounds such as cysteine, 
cysteamine and 2-(2-aminoethyl) thiouronium salts are 
also used as radioprotective agents.5-9) Shinoda et al.10) 
examined the relationship between the chemical 
structures of these indolylalkylamines and their effects 
in protecting radiation damage, using mice irradiated 
with X-rays, and confirmed that iV-(thioacetyl) trypt­
amine (TATP) was a potent radioprotective agent. 

During a series of structural studies of the radioprotec­
tive indolylalkylamines,11) we have determined the 
crystal structure of T A T P ; this will be reported in this 
paper. 

Exper imenta l 

Preliminary oscillation and Weissenberg photographs 
showed the space group to be P2x/c. The density was measured 
by the floatation method in a benzene-carbon tetrachloride 
mixture. The unit cell dimensions were refined on a Rigaku 
Denki automatic four-circle diffractometer with graphite-
monochromated Cu KOL radiation. The crystal data are 
shown in Table 1. 

The intensity data were collected, using a single crystal with 
dimensions 0.5 X 0.3 X 0.2 mm, on the diffractometer by co/20 

TABLE 1. CRYSTAL DATA 

Chemical formula 
Molecular weight 
Crystal system 
Space group 
Cell constant 
A/A 

b/A 
elk 
ßl° 
Volume/A3 

Z 
DJg cm"3 

DJg cm"3 

F (0 0 0) 

C12H14N2S 
218.31 
Monoclinic 
P2i/c 

23.761(5) 
5.553(1) 
8.889(2) 

94.04(4) 
1169.8(5) 
4 
1.233(1) 
1.240 
464 

scanning technique within sin 0/A less than 0.595 A - 1 . Scan 
speed was 4°/min, background being measured for 5 s. 

Intensities of 2009 independent reflections were corrected 
for Lorentz and polarization factors, but not for absorption. 
The intensities of four standard reflections, measured every 
100 reflections, showed no deterioration during the course of 
the data collection. 

All numerical calculations were carried out on an ACOS-
700 computer of the Computation Center of Osaka University 
using UNICS program.12) Atomic scattering factors in 
"International Tables for X-Ray Crystallography"13) were 
used. 

D e t e r m i n a t i o n and R e f i n e m e n t 

T h e structure was solved by the direct method 
(program M U L T AN14)). An £ - m a p computed using 
the 160 reflections with | £ | ^ 1 . 2 0 (absolute figure of 
merit =1 .14) revealed the positions of sulfur atom and 
non-hydrogen atoms of the indole ring. T h e coordinates 
of all the remaining non-hydrogen atoms were obtained 
by successive Fourier syntheses. T h e structure was 
refined by a block-diagonal least-squares method. 
From a difference m a p at the stage of i?-value=0.12, 
the positions of all fourteen hydrogen atoms were 

TABLE 3. ATOMIC COORDINATES ( x 104) AND 

THEIR STANDARD DEVIATIONS 

Atom 

N(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
CH8) 
C(9) 
C(10) 
C( l l ) 
N(12) 
C(I3) 
S(13) 
C(14) 

X 

8328(1) 
7779(1) 
7747(1) 
8528(1) 
9086(1) 
9426(1) 
9219(1) 
8656(1) 
8299(1) 
7237(1) 
6707(1) 
6231(1) 
5919(1) 
6049(0) 
5425(1) 

y 

12654(2) 
11757(3) 
9828(2) 
7783(2) 
7938(3) 
9732(3) 

11407(3) 
11265(2) 
9468(2) 
8343(3) 
9515(3) 
8178(2) 
8676(2) 

10946(1) 
7045(3) 

z 

10143(2) 
10008(2) 
9084(2) 
7671(2) 
7409(2) 
8069(2) 
9009(2) 
9279(2) 
8616(2) 
8482(3) 
8748(3) 
8083(2) 
6857(2) 
5713(1) 
6544(2) 



1106 T. IsHiDA, S. SHIMIZU, M. INOUE, K. KTTAMURA, A. WAKAHARA, K. TOMTTA, and M. SHINODA [Vol. 54, No. 4 

TABLE 5. HYDROGEN ATOM COORDINATES ( x 103) 

WITH THEIR STANDARD DEVIATIONS 

Atom 

H(l) 
H(2) 
H(4) 
H(5) 
H(6) 
H(7) 
H(10A) 
H(10B) 
H(11A) 
H(11B) 
H(12) 
H(14A) 
H(14B) 
H(14C) 

X 

847(1) 
747(1) 
828(1) 
927(1) 
984(1) 
946(1) 
727(1) 
719(1) 
671(1) 
682(1) 
616(1) 
554(1) 
521(1) 
512(1) 

y 

1381(3) 
1244(3) 
648(2) 
675(3) 
973(3) 

1269(3) 
662(3) 
834(2) 

1135(3) 
965(3) 
675(3) 
556(3) 
682(4) 
770(4) 

z 

1071(2) 
1051(2) 
719(2) 
669(2) 
784(2) 
953(2) 
909(2) 
724(2) 
817(2) 

1001(2) 
861(2) 
622(2) 
739(3) 
574(2) 

determined (peak height: 0.25—0.40 e-À - 3 ) ; these 
positions were included in subsequent refinements with 
isotropic temperature factors. 

In the later stage of refinement, the following weight­
ing scheme was used: z^=0.71 for F o = 0 . 0 , w=\.0 for 
0 < F o < 1 5 . 0 and H ; = 1 . 0 / [ 1 . 0 + 0 . 0 9 5 ( F O - 1 5 . 0 ) ] for 
F o > 1 5 . 0 . In the last stage of refinement, none of the 
positional parameters shifted more than one-fourth of 
the estimated standard deviations. T h e final Ä-value 
excluding Fo=0 is 0.072. T h e residuals in the difference 
m a p were within the range of ± 0 . 2 e«Â~3. T h e 
observed and calculated structure factors are listed in 
Table 2.15> T h e final positional and thermal parameters 
for non-hydrogen atoms are given in Tables 3 and 4,15) 
respectively. T h e coordinates for hydrogen atoms are 
given in Table 5. 

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

Molecular Structure. T h e bond lengths and angles 
are given in Fig. 1, together with the atomic numbering 
used in this work. Their s tandard deviations are 0.004 
to 0.009 À for lengths and 0.3 to 0.5° for angles. T h e 
bond lengths of N - H or G - H are from 0.87 to 1.13 A. 
T h e equations of the least-squares planes for the indole 
ring and the thioacetyl group and the deviations of 
atoms from these planes are listed in Table 6. 

WICH «m, 

Fig. 1. The bond lengths and angles for non-hydrogen 
atoms. 

TABLE 6. 

Equations of the best planes expressed by m1X+m2Y+ 
m3 Z=d in an orthogonal space 

Plane mj m2 m^ d 
Indole ring 0.I669 -0 .5961 0.7854 6.0448 
Thioacetyl group 0.6013 -0 .6039 -0 .5233 2.0865 

iations (Â) from the best p 
Indole ring 

N(l)* 
C(2)* 
C(3)* 
C(4)* 
C(5)* 
C(6)* 
C(7)* 
C(8)* 
C(9)* 
C(10) 
H(l) 
H(2) 
H(4) 
H(5) 
H(6) 
H(7) 

0.025 
0.011 

- 0 . 0 0 4 
- 0 . 0 2 1 

0.012 
0.005 
0.013 
0.022 

- 0 . 0 2 1 
- 0 . 1 2 0 

0.088 
0.006 
0.022 

- 0 . 0 1 8 
0.014 
0.042 

anes: 
Thioacetyl 

N(12)* 
G(13)* 
S(13)* 
C(14)* 
C(l l ) 
H(12) 

group 
0.019 

-0 .021 
-0 .018 

0.019 
-0 .083 

0.127 

Atoms with asterisks define the plane. 

The bond lengths and angles of the indole ring agree 
well with those found in the related indole derivatives 
within their standard deviations,16) but the bond lengths 
of the side chain are significantly different: the C(10) -
G ( l l ) and C ( l l ) - N ( 1 2 ) bonds are shorter than 1.511 
and 1.463 Â of the average bond lengths found in the 
substituted tryptamine derivatives.16) T h e shortening 
of the N(12)-G(13) bond indicates clearly the contribu­
tion of a resonance form:-N(12)— C(13)— S(13). 

The indole ring is planar within a maximum deviation 
of 0.025 Â at the N ( l ) atom, whereas the G(10) atom 
deviates significantly from the plane, probably due to 
the effect of the crystal packing. T h e thioacetyl group 
is also planar and its plane makes a dihedral angle of 
87.2° to the indole ring. 

T h e conformation of T A T P projected onto the 
indole ring plane is shown in Fig. 2. T h e bond sequence 
of C(3 ) -C(10 ) -G( l l ) -N(12 ) is the extended form, due 

V 
Fig. 2. The conformation of TATP molecule projected 

onto the indole ring. 
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to the at tachment of the thioacetyl group to the N(12) 
a tom; the torsion angles of C ( 2 ) - C ( 3 ) - C ( 1 0 ) - C ( l l ) and 
C(3 ) -C(10) -C( l l ) -N(12) are 12.6° and 176.0°, respec­
tively. A similar conformation is also found in the 
JV-monosubstituted tryptamine such as melatonin.17 '18) 
O n the other hand, the bond sequence of G(l 1 ) -N(12) -
C(13)-S(13) takes the folded form: the torsion angles of 
C(10) -C( l l ) -N(12) -C(13) and C ( l l ) - N ( 1 2 ) - C ( 1 3 ) -
S(13) are —104.4° and 4.9°, respectively. 

Fig. 3. Crystal packing of TATP viewed along the b-
axis. The dotted lines represent possible hydrogen 
bonds. 

Crystal Structure. Figure 3 shows the crystal 
structure viewed down the b-axis, where the hydrogen 
bonds are represented by the dotted lines. T h e indole 
rings related by c-glide form a zig-zag sheet which is 
stabilized by the van der Waals contacts with the 
neighboring sheets related by b-translation and inver­
sion. T h e N ( l ) atom does not take par t in any hydrogen 
bond. The 2-(thioacetylamino)ethyl side chains 
arranged parallel to the c-axis are linked by the hydrogen 
bonds between the N(12) and S(13) atoms (N(12)--
S(13), 3.322 Â, H ( 1 2 ) - S ( 1 3 ) , 2.42 Â, Z N ( 1 2 ) - H ( 1 2 ) -
S(13), 159.8°). 

No stacking between the indole rings and no contacts 
shorter than 3.5 Â were observed. 

The T A T P molecule could exert its radioprotective 
effect in a manner similar to the mechanism proposed 
for indolylalkylamines :19> the formation of the charge-
transfer complex between nucleic acid bases and indole 

ring may protect the formation of peroxide radicals 
of the bases by irradiation. T h e role of the sulfur atom 
is thought to be the stabilization of the charge-transfer 
complex by the hydrogen bond between S(13) atom 
and the hydroxyl group of phosphate backbone of 
DNA, from the C P K model fitting based on the B-type 
DNA. Since the sulfur atom is said to act as a radical 
scavenger,20) it may further protect the cleavage of the 
phosphodiester linkage of DNA. 
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The steric and electronic structures of the most potent uncoupler of oxidative phosphorylation known, SF 
6847, and its derivatives were studied. 1H and 13G NMR measurements showed that the malononitrile moiety 
is not planar with the benzene ring and that its intramolecular motional freedom is reduced on acid dissociation of 
the phenolic proton. The activation energies of the tumbling motion of the malononitrile moiety in the anionic 
forms of SF 6847 and its derivatives were also determined from their XH NMR measured at various temperatures. 
The CNDO/2 and ab initio MO calculations of the model compounds of SF 6847 showed that the planar form is quite 
unstable and that the malononitrile moiety is twisted considerably relative to the benzene ring. The effect of the 
dynamic structure on the acidity of SF 6847 was discussed based on the above results. 

I t is widely known that phenols exhibit a wide 
variety of biological activities, such as fungicidal, 
bacteriocidal and acaricidal effects, probably due to 
uncoupling of the phosphorylation reaction from the 
oxidoreduction reaction in microorganisms and 
organelles.1-4) Among phenols, 3,5-di-f-butyl-4-hy-
droxybenzylidenemalononitrile (SF 6847) was found to 
show the most potent uncoupling activity in mito­
chondria.4) This compound is characterized by being 
hydrophobic and having a strong electron-withdrawing 
group (malononitrile group) and an acid dissociable 
proton (phenolic hydroxyl group). These features are 
common to other potent uncouplers of oxidative phos­
phorylation, such as carbonyl cyanide-/>-trifluorometh-
oxyphenylhydrazone (FCCP), 4,5,6,7-tetrachloro-2-tri-
fluoromethoxybenzimidazole (TTFB) and 5-chloro-3-J-
butyl-2 /-chloro-4 /-nitrosalicylanilide (S-13) .5-7) How­
ever, the structural requirements of uncouplers required 
for their activities are not yet fully clarified, although 
considerable attention has been paid to this problem.8 - 1 2) 

The neutral molecular form of SF 6847 has an 
absorption band at about 365 nm and the anionic 
form has one at about 456 nm.13»14) O n binding of SF 
6847 to mitochondria and liposomes with various 
phospholipid compositions, its absorption spectrum 
changes greatly.13»14) Changes in spectral properties 
are also observed when this compound is dissolved 
in organic solvents or when it forms a dimer.1 3 - 1 7) 
These results suggest that the structural properties of 
SF 6847 change greatly in different circumstances. 
This paper deals with the dynamic structure of SF 6847 
and its derivatives examined by N M R spectroscopic 
and molecular orbital (MO) studies. 

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

All the 3,5-dialkylbenzylidenemalononitriles were prepared 
by the procedure of Horiuchi et Ö/.18> and purified by 
chromatography and repeated recrystallization. 

Fourier-transformed XH and 13C NMR spectra were ob­
tained at 90 MHz and 22.5 MHz, respectively, with a JEOL 
FX-90Q.NMR spectrometer. 

Molecular orbital (MO) calculations were performed 
according to the CNDO/2 method. 19> Since the energy of 
the dissociated forms (anions) of SF 6847 derivatives did 

not converge in the usual CNDO/2 program, we adopted a 
modified program using the density matrix method proposed 
by McWeeny.20) Ab initio (STO 3G) MO calculations were 
also carried out using the GAUSSIAN 70 program.21) The 
standard bond angles and bond lengths were used in the 
calculation referring to the crystal geometry of SF 6847 deter­
mined by X-ray diffractometry.22) 

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

W and 13C NMR. Figure 1A shows the 90 M H z 
1H N M R spectrum of the neutral (undissociated) form 
of SF 6847 in CDC13 at room temperature. From the 
signal intensity in the figure, all the signals are easily 
assigned; Ô 1.46 (*-butyl), 6.04 ( -OH) , 7.65 
(benzylidene), and 7.80 (aromatic). The chemical shift 

rf-H 
-OH 

JL_ 

t-Bu 

TMS 

5 A 
ppm 

-CO2H 

OSS 

ppm 

Fig. 1. 90 MHz 1H NMR spectrum of SF 6847 in CDC13 

(A) and in methanol-*^ containing 0.1 mol dm - 3 

sodium hydroxide (B). 
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N C \ 
> = C H 

N C ' 

d,-DMS0 

A) 

v VCN 

Y ^ « » » » > / W M J ' ' ' « V » « < 1 » » ' " ' ' * ' 

B) 

I CN . 

58« 50 Hz 

-C«fo,), 

-rtcH,)/ 

JL_L JL Jj 

**VW»»A~»«-V, 

100 

ppm from TMS 

Fig. 2. 22.5 MHz 13C NMR spectrum of SF 6847 in 
dimethyl-*/«, sulfoxide (A) and in CDC13 (B). 

of the two aromatic protons (meta to the hydroxyl 
group) is the same in Fig. 1A, and this still exhibited a 
single resonance when the temperature was lowered 
to —90 °C in GDC13 (spectrum not shown). Figure 2 
shows the 13G N M R of the neutral form of SF 6847 in 
GDC13 (A) and in DMSO-</6 (d imethyl-^ sulfoxide) 
(B). The carbon signals were assigned as shown in 
Fig. 2, with reference to the splitting pattern in the 
proton-coupled spectra (spectrum not shown). It is 
noted in the figure that the 2- and 3-carbons are equiva­
lent to the 6- and 5-carbons, respectively. The 1 H and 
13C N M R spectra indicate that the malononitrile moiety 
of the neutral form of SF 6847 does not remain fixed 
in the same plane as the benzene ring. 

On the other hand, the 1H N M R spectrum of the 
anionic form of SF 6847 in alkaline methanol solution 
in Fig. IB shows broad signals of the aromatic protons 
at 6.9 and 8.1 ppm from DSS. Figure 3 shows the 
temperature dependence of the XH N M R spectrum of 
the aromatic protons of SF 6847 in the anionic form. 
As can be seen, the two separate proton signals become 
narrower when the temperature is decreased to 0 °C 
from room temperature (23 °C), while they become 
broad (at 28 °G) and then coalescence into a single 
resonance (at 58 °G) when the temperature is raised 
from 23 °G. These results suggest that the malono­
nitrile moiety of the anionic form is less mobile than 
that in the neutral form. Figure 3 also shows that the 
signal of the benzylidene proton shifts to a higher field 
when the temperature is raised. This is attributable to 
the change of the inter- or intramolecular anisotropic 
shielding effect of the benzene ring in SF 6847 molecules. 

From the temperature dependence of the signal 

,^»jf t iMi u t j /V/ i^v»' tyKsfr^^ v j i Vyj^M. • 

28« 

M/~Jl^l\^f^^^lA*^t~*^.f^^yAf~-tf. .yy^A/v W i . 

•r^Nw», »*^M»' W * - " W A > M " - » 1 ^ — L - ^ u 

: A _ 

0.015 s 

0.05 s 

Fig. 3. (A) Temperature dependent XH NMR spectra 
of the benzylic protons of SF 6847 in methanol-rf4 

containing 0.1 mol dm - 3 sodium hydroxide. (B) Cal­
culated spectra for the mean lifetime (T) indicated. The 
sharp signal in (A) is due to the benzylic proton. 

pattern of the aromatic protons, it is possible to calculate 
the activation energies of the rotational or tumbling 
motion around the C-G bond between the benzene 
ring and the malononitrile moiety. Table 1 gives the 
calculated activation energies based on a simple line-
shaped analysis23) for SF 6847 and its dialkyl derivatives 
(1—5), together with the differences of the chemical 
shifts between the two aromatic protons at low tempera­
tures and the coalescence temperatures. Table 1 

R = H 1 
Methyl 2 
Ethyl 3 
Isopropyl 4 
f-Butyl 5 

indicates that the motional barrier tends to increase 
with increase in the bulkiness of the 3,5-dialkyl groups, 
and that the activation energy (Ea) of the di-^-butyl 

-CH=C< 
CN 

CN 
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TABLE 1. ACTIVATION ENERGIES (£a) IN THE ANIONIC 

FORMS OF SF 6847 (5) AND ITS DERIVATIVES 

Compound R 

1 H 
2 Methyl 
3 Ethyl 
4 Isopropyl 
5 /-Butyl 

Hz 

90 
90 
93 
97 

109 

T'b) 
•* c 

K 

213 
233 
251 
261 
327 

* a 
KJmol- 1 

42 ± 2 
46±2 
50±2 
54±2 
64±3 

A£a
c ) 

KJmol- 1 

— 
4 
4 
4 

10 

a) Difference between the chemical shifts of the two 
aromatic protons at low temperatures, b) Coalescence 
temperature, c) Difference between 2?a values due to 
introduction of an additional carbon atom. 

derivative 5 (SF 6847) is higher than those of derivatives 
substituted with smaller alkyl groups (1—4). It is of 
interest to note that the energy difference of Ea between 
4 and 5 is apparently greater than that between 1 and 2, 
or 2 and 3, or 3 and 4, indicating that the "steric" 
effect of the /-butyl group is significant. 

-160 

J I I I 
30 60 90 

0/° 
Fig. 4. Changes of the total energy with the angle 0 

between the benzene ring and the malononitrile moiety 
in the anionic and neutral forms of 1 calculated using 
CNDO/2 and ab initio (STO 3G) MO calculations. 
The total energy of the planar form (0=0°) is standard­
ized to zero. 

MO Calculation. In order to gain further insight 
into the dynamic structure of the SF 6847 molecule, M O 
calculations were performed for 1. The changes of the 
total energy with the angle 0 between the benzene ring 
and the malononitrile moiety in the anionic and neutral 
forms of compound 1 are shown in Fig. 4. The CNDO/2 
calculation shows that the "planar form" (0=0°) is 
quite unstable and the minimum energy is found at 
about 0 = 4 0 ° for both molecular forms. As shown in 
Fig. 4, essentially the same results were obtained in the 
ab initio calculations, i.e., the planar form is the most 
unstable conformation. However, the position at the 
minimum energy determined by the ab initio calculation 

is slightly shifted giving a greater angle 0 than that in 
the CNDO/2 M O calculation. These M O results show 
clearly that the energy barrier at 0 = 9 0 ° is very small 
in the neutral form of 1 and a little greater in the 
anionic form. Similar angular dependence of the total 
energy based on the M O calculation has also been 
observed with compound 2.17) In view of these results, 
all the compounds in the series of 3,5-dialkyl derivatives 
of SF 6847 (compounds 3, 4, and 5) can be regarded as 
having a similar profile of energy change with 0. 

Dynamic Structure. From the above results ob­
tained by N M R and M O calculations, the following 
conclusions can be drawn concerning the dynamic 
structure of SF 6847 (5) and its derivatives (1—4.) 

(1) The planar conformation (0=0°) is quite 
unstable. 

(2) In the most stable conformation of these 
molecules the benzene ring and the malononitrile 
moiety are twisted. 

(3) The energy barrier at 0 = 9 0 ° is rather small, and 
thus the malononitrile group can tumble beyond the 
barrier at 0=90° . 

(4) The activation energy of the intramolecular 
tumbling motion of the malononitrile moiety is greater 
in the anionic form than in the neutral form. 

Here it should be stressed that the degree of conjuga­
tion between the benzene ring and the malononitrile 
moiety in S F 6847 and its derivatives is quite small in 
solutions. A recent X-ray diffraction study on SF 
6847 (5)22) showed that 5 is almost planar in a single 
crystal. This may be due to the stressed packing of 5 
in the crystal, because of the rather strong intermolecular 
interaction between the benzene ring and the malono­
nitrile moieties of SF 6847 molecules.22) Difference in 
the conformation between in crystalline and in solution 
was also reported for the case of biphenyl.24) 

On Acidity of SF 6847. Next with regard to the 
acidity of SF 6847 and its derivatives, it is well 
known25»26) that introduction of /-butyl groups into a 
molecule near an acidic or basic site causes a large 
change in acidity or basicity of the molecule. The acid 
ionization constants (pA"a) of series of 4-substituted 2,6-
di-/-butylphenols (I) and their unhindered analogues 
(II) in water and methanol have been reported by some 
workers.25»26) It was reported that the hindered 

OH OH 
i 

X: Substituent 

i 
X 

(I) 

i 
X 

(II) 

phenol (I) is a weaker acid than its unhindered analogue 
(II).27'28) However, in the case of X = - C H = C ( C N ) 2 , the 
acidity of the hindered phenol (R=/-butyl, SF 6847) 
is stronger than that of the unhindered one ( R = H , the 
compound 1), i.e., the pA"a for SF 6847 is 6.83 and for 
its unhindered derivatives is 7.25.27»28) This is explained 
as follows. As discussed above, in the dissociated 
(anionic) form the activation energy of the rotational 
motion around the C-C bond between the benzene 
ring and the malononitrile moiety of the hindered 
phenol, SF 6847, is higher than that of the corresponding 
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unhindered phenol {cf. Table 1). Thus , the non-
planarity of the n conjugated system, i.e., the angle 
between the benzene ring and the malononitrile moiety, 
is possibly reduced in the hindered form, accompanied 
with the increase in the activation energy at 0 = 9 0 ° . 
This implies that the conjugation between the benzene 
ring and the malononitrile moiety is greater when di-t-
butyl groups are introduced onto the 3,5-carbons of 
the benzene ring. Consequently the electron-withdraw­
ing power of the malononitrile moiety is stronger in 
SF 6847 than in the unhindered analogue. Thus , the 
/-butyl groups electronically enhance the acidity of 
SF 6847, and this overcomes the steric effect of the bulky 
/-butyl groups which weaken the acidity. Therefore, 
SF 6847 is more acidic than the unhindered derivative. 

It is sometimes pointed out that for exhibiting 
uncoupling activity, the anionic form of ah uncoupler 
should be present in the hydrophobic biological mem­
brane, and thus that a bulky hydrophobic group 
adjacent to the acid dissociable proton and the electron-
withdrawing group is essential for a potent 
uncoupler.7»12»29'30) T h e unique effect of the hydro­
phobic /-butyl group on the acid dissociation of SF 
6847 will explain why SF 6847 is such a very potent 
uncoupler of oxidative phosphorylation. 
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Sensitized photoirradiations of 2-pyridones with tetrachloroethylene or trichloroethylene gave chlorinated 
3-azabicyclo[4.2.0]oct-4-en-2-ones (1) and 2-azabicyclo[4.2.0]oct-4-en-3-ones (2 and 3), 7,7,8-trichloro-2-methyl-
2-azabicyclo[2.2.2]oct-5-en-3-one (4), and other products. The reaction with 1,1-dichloroethylene, though, 
gave only 7,7-dichloro-3-azabicyclo[4.2.0]oct-4-en-2-one. 1, 2, 3, and 4 were reduced by zinc to give 7,8-dichloro-
methyl-3-azabicyclo[4.2.0]octa-4,7-dien-2-one, 2-azabicyclo[4.2.0]octa-4,7-dien-3-ones (7) and 6-chloro-2-methyl-
2-azabicyclo[2.2.2]octa-5,7-dien-3-one respectively. Then, 7 thermally gave valence isomers, 7-azabicyclo[4.2.0]-
octa-2,4-dien-8-ones, which were ^-lactams. 

Photocycloadditions between a,/? : y,<5-unsaturated 
cyclic compounds and unsaturated substances are very 
interesting because of the possibility of valence isomeriza-
tions,1) and 1 : 2-cycloadditions,2) followed by ring 
expansions.3) 2-Pyridone is a typical heterocyclic 
a,/? : y,(5-unsaturated carbonyl compound and has a 
few novel features with regard to its photoreacrions.4) 
T h e objectives of the present research are to synthesize 
the photocycloadducts between 2-pyridones and chloro­
ethylenes, reduce the adducts, and obtain the valence 
isomers. 

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

Photochemical Cyclo additions. All of the prepara­
tive reactions described herein were conducted in 
benzene or methanol with irradiation by means of a 
400 W high-pressure mercury lamp through a Pyrex 
filter. T h e photoadditions with trichloroethylene or 1,1-
dichloroethylene demanded a sensitizer, as aid that with 
tetrachloroethylene. The progress of the reactions was 
traced by means of GC. After concentration, the 
residues were passed through silica-gel columns to give 
products given in Scheme 1. The da ta of the elemental 
analyses and mass spectra indicated that the products 
of the 1, 2, 3 , and 4 b types were the expected 1 : 1 
cycloadducts of 2-pyridones with chloroethylenes, while 
5a was the 1 : 1 adduct between l a and water. 

'6 
R' V 
R = CH, 

CI 

H 

2 ~ \ 
> 

hV 

X-Y-Cl 

X=H, Y=C1 

X=Y=H 

5
 fi 7 >-Y 

4 ^ ! J c i 2 C1 2 AG 

«MY 
l 

R, X, Y 
a: CH3 Cl Cl 

b : CH3 H Cl 

c : CH3 H H 

d : H Cl Cl 
e : H H Cl 

9: H H H 

'&£$& 

2 

R, X, Y 
a: CH3 Cl Cl 
b: CH3 H Cl b: CH3 H Cl 

d: H Cl Cl 
ex: H H Cl e: H H Cl 

( exo ) 
ed: H H Cl 

( endo ) 

o 
Hb 5a 

Scheme 1. Photoreactions and products. 

The 1 H - N M R data of the products are shown in 
Table 1. The products, l a —g , have two absorption 
bands in the range of 1690—1650 c m - 1 (vc=o, vc=c) 
and peaks of ô ca. 6.1 (4-H) and 5.0 ppm (5-H). O n the 
basis of those data, the structures of 3-azabicyclo [4.2.0]-
oct-4-en-2-ones (3,4-adducts), being consisting of [ 2 + 2 ] -
cycloadducts at the C-3 and C-4 positions of 
2-pyridones,5) were determined. The orientational mode 
of the cycloaddition in Scheme 1 was confirmed from 
the 1 H - N M R coupling multiplicities of the angular 
methine protons. 

T h e I R data of ca. 1680 (vc-o) and 1630 c m - 1 (vc=c) 
and the ^ - N M R data of ô ca. 6.0 (4-H) and 6.5 ppm 
(5-H) of 2a, 2b , 2d, 2ex, 2ed, 3b , and 3e are characteris­
tic of the rings of 2-azabicyclo[4.2.0]oct-4-en-3-ones 
(5,6-adducts).6) The orientational features of the 
additions are apparent from the coupling patterns of 
the ^ - N M R data , as is shown in Table 1. As the 
stereoisomers, 2ex and 2ed, suffered no change upon 
treatment with basic alumina, which was used to infer 
the steric structures with regard to bicyclo-alicyclic 
compounds,4) the bridgeheads of these adducts were 
presumed to be cis-forms. The chemical shift (ô) of 7-H 
of 2ex was smaller than that of 2ed. This difference 
is caused by the magnetic-shielding effect of the double 
bond between C-4 and C-5 on 2ex.4) Accordingly, 
the configurations of 2ex and 2ed are, respectively, 
exo and endo, making the 7-C1 an target. 

The 1 H - N M R data of ô 6.6 of two olefinic protons 
(5-H and 6-H) on 4b is characteristic of the ring of 
2-azabicyclo[2.2.2]oct-5-en-3-one, which is a [ 4 + 2 ] -
cycloadduct.6) 5a had an I R peak of 3400 c m - 1 , a 1 H-
N M R peak of ô 3.27 ppm (which disappeared with hot 
D 2 0 ) , which was assigned to an O H group, and no 
1 H - N M R peak of olefinic protons. By means of these 
facts and the characteristic peak of mje 291 ( = M + ) , 
the structural feature was confirmed. The position 
of the O H group was determined by means of the J H -
N M R coupling patterns C/ 4 j 5 =4 Hz) . 

The following properties of the present photoreactions 
consequently thus became apparent . The photoreaction 
with 1,1-dichloroethylene gave one regiospecific 3,4-
adduct . Tha t with trichloroethylene gave 3,4-adducts, 
5,6-adducts, and a [ 4 + 2 ] a d d u c t which was a new 
type of product,4) the main products were 5,6-adducts, 
the regioselectivity of which was varied by the solvents. 
Tha t with tetrachloroethylene gave 3,4-adducts and 
5,6-adducts (main product) ; it also afforded a hydrate 
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TABLE 1. ^ - N M R DATA OF PHOTOREACTION PRODUCTS 

1113 

Compound 
(R, X, Y) 

l a 
(CH3) Cl, Cl) 

l b 
(CH3) H, Cl) 

l c 
(CH3, H, H) 

Id 
(H, Cl, Cl) 

l e 
(H, H, Cl) 

lg 
(H, H, H) 

2a 
(CH3) Cl, Cl) 

2b 
(CH3) H, Cl) 

2d 
(H, Cl, Cl) 

2ex : exo 
(H, H, Cl) 

2ed : endo 
(H, H, Cl) 

3b 
(CH3, H, Cl) 

3e 
(H, H, Cl) 

4b 

5a 

1-H 2-H 3-H 
Coupling const., y/Hz 

Ï7Ô4 37ÎÔ 
7 ; 1,6=10, 4 ,5=8, 5,6=4 
3.80 3.05 
J; 4 ,5=8, 5,6=4 
3.50 3.04 
7 ; 1,6=1,8=4,5=8, 5,6=4 
4.0 7.81 
J; 3,4=6, 4 ,5=8 
3.41 8.00 
J; 3,4=4, 4 ,5=8, 1,6=1,8=7 
3.3 7.84 
J; 1,6=4,5=8, 3,5=5, 5,6=4 
4.73 3.09 
J; 1,6=11, 4,5=10, 5,6=4 
4.68 3.07 
J; 1,6=11, 4,5=10, 5,6=4, 6,7 
4.76 8.38 
J; 1,2=4, 1,6=10, 4,5=9, 4,6= 
4.62 6.6 
J; 4,5=9, 5,6=5, 6,7=7 
4.58 6.5 
J; 1,2=4, 1,6=10, 4,5=9, 6,7= 
4.10 3.04 
J; 1,6=10, 1,8 = 8 (benzene-</6) 
4.66 6.5 
J; 1,8=7, 4,5=10, 6,8=4 
4.48 3.04 
J; 1,6=2, 4,5=6, 4,8=2, 5,6= 
3.98 2.87 

J; 1,6=10, 4,5=4, 

4-H 

6.07 

6.12 

6.12 

6.07 

6.22 

6.08 

6.04 

5.94 
= 4 

5.80 
=2, 5,6=3 

5.92 

6.02 
=9 

6.04 

6.06 

3.66 
10 

5.04 

5-H 

5.04 

5.00 

5.02 

5.02 

5.1 

4.94 

6.45 

6.46 

6.50 

6.58 

6.49 

6.58 

6.50 

6.58 

2.04 
2.10 

6^H 

3788 

3.80 

3.82 

3.9 

3.88 

3.76 

4.05 

3.44 

4.27 

3.31 

3.70 

4.10 

3.94 

6.58 

3.57 

5,6=10 

7-H 

4.54 

4.62 

4.98 

4-OH= 

8-H 
WPPm) 

5.00 

3.27 

4.9 

3.3 

4.82 

4.94 

4.44 

= 3.27 

(DMSCK) 

TABLE 2. RELATIVE PRODUCT RATIO OF THE REACTIONS BETWEEN JV-METHYL-2-PYRIDONE 

AND SUBSTITUTED ETHYLENES IN THE PRESENCE OF XANTHONE OR NOTHING 

C12C=CC12 C1C=CCL C=CCL C1C=CC1 C=C-C02CH3 

Xanthone 
Nothing 

0 .1 a ) 

0.03 
0.5 
0 

6.5 
0 

0 
0 

1.0b) 

a) The solution is, for example, a mixture of pyridone (2.3 mmol), tetrachloroethylene (23 mmol), xanthone (0.61 
mmol), and benzene-acetonitrile (10 : 1) (20 ml), b) Ref. 4. 

of the 3,4-adduct upon prolonged irradiation. All 
these photocycloadditions were promoted by sensitizers, 
Michler's ketone, thioxanthen-9-one, benzophenone, 
and xanthone, all of those triplet energies are over 62 
kcal/mol. This phenomenon was similar to the triplet 
reactions of 2-pyridones with methyl acrylate.4) 

The photoreactivity of JV-methyl-2-pyridone with 
chloroethylenes in the presence of xanthone decreased 
in the following order, as is shown in Table 2 : 1,1-
dichloroethylene > trichloroethylene > t e t r a c h l o r o e t h -
ylene>Jratt5-dichloroethylene, m-dichloroethylene. The 
reactions with both dichloroethylenes gave no product. 
The reaction with the more polar chloroethylene is 
more reactive. Those phenomena are contarry to 
those of 5,6-dihydro-2-pyridone, which was more 
reactive with 1,2-dichloroethylene and which had, 
photochemically, a likeness to oc,ß-unsaturated enones.7) 

Enones add effectively to electron-donating ethylenes, 
and the excited species are rm* triplets. T h e triplet 
species of the present cycloadditions are inferred to 
be the same as those of sensitized cycloadditions between 
2-pyridones and electron-withdrawing ethylenes,4) be­
cause the reactivity was not diminished by protic 
solvents and both the triplet energies were the same. 
The direct photoexcitation of 2-pyridone hardly gave 
the triplet species.4) From the several findings and 
inferrences cited above, it is considered that the excited 
species of 2-pyridones are TITI* triplets and that the 3,4-
positions are more polar than the 5,6-positions. 

In order to determine the true nature of the excited 
state responsible for the present cycloaddition reaction, 
further, detailed mechanistic investigations should be 
done. 

Synthetic Applications. Reductions of Photoadducts: 
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TABLE 3. 1H-NMR DATA OF REDUCED PRODUCTS AND VALENCE ISOMERS 

[Vol. 54, No. 4 

Compound 1-H 2-H 3-H 
(R, X, Z) Coupling const., 7/Hz 

4-H 5-H 6-H 7-H 8-H 
(<5/ppm) 

6a 3.78 3.12 
1,6=4, 4 ,5=8, 5,6=4 

7a 4.50 3.09 
(CH3, Cl, Cl) 1,6=4, 4 ,5=8, 5,6=4 

7b 4.58 3.10 
(CH3, H, Cl) 1,6=6, 4,5=11, 5,6=4, 1,8=0 

7e 4.60 7.36 
(H, Cl, H) 1,6=4, 4,5=10, 5,6=4, 6,7=0 

8b 4.56 2.94 
1,5=2, 1,7=3, 4,5=7, 4 ,8=3 

9a 4.26 6.15 6.15 
(CH3, Cl, Cl) 1,2 = 6, 1,6=11 

9b 4.3 6.0—6.1 
(CH3, H, Cl) 1,2=6, 5,6=4 

9e 4.22 5.8—5.9 
(H, Cl, H) 1,2=4, 1,6=8, 3,4=6 

5.98 

5.96 

6.15 

5.86 

4.27 

(1: 

5.04 

6.55 

6.65 

6.69 

6.57 

3.64 

3.80 

3.70 

3.60 

4.48 
, 2,4-trichlorobenzene) 

6.44 4.4 

6.34 

6.22 

6.86 6.86 

3.04 

3.02 
(DMSO-4,) 

6.12 4.34 6.46 

1 3 . 

1 2HHX 

8b 

Scheme 2. Reductions of photoadducts. 

Mixtures of the photoadducts and zinc dust in the 
solvent were warmed at the refluxing temperature. 
After checking the disappearance of the reactants by 
T L C and the concentration of the filtrate, treatment 
by the use of column chromatography afforded the 
compounds shown in Scheme 2. Tha t is, l a , 2a, 3b , 
2ex, and 4b gave 7,8-dichloro-3-methyl-3-azabicyclo-
[4.2.0]octa-4,7-dien-2-one (6a), chlorinated 2-azabi-
cyclo[4.2.0]octa-4,7-dien-3-ones (7a, 7b , and 7e), and 
6-chloro-2-methyl-2 - azabicyclo [2.2.2] octa- 5,7 - dien - 3 -
one (8b) respectively. T h e structures were confirmed 
by their elemental analyses and the spectral data . The 
increased I R peaks of 1635—1580 c m - 1 and the 1 H-
N M R data in Table 3 were exactly same as had been 
expected. The reactions are the normal eliminations of a 
chlorine molecule by zinc dust. The reactivities were as 
follows: 2a, 3b, 2 e x > 4 b > l a . Tha t of the chlorinated 
2-azabicyclo[4.2.0]oct-4-en-3-one ring is large. 7e in 
refluxed benzene suffered valence isomerization. 

Valence Isomerization of Azabicyclo[4.2.0]octa-4,7-dienes: 
T h e heating of the solution of 7a and 7 b in the solvent 
at 120 °C, and that of 7e at 90 °C, resulted in the 
complete disappearance of the materials and afforded 
7-azabicyclo[4.2.0]octa-2,4-dien-8-ones (9a, 9b , and 9e 
respectively) in high yields ; all were compounds of the 
ß-lactam type. The structures in Scheme 3 were based 
on the I R peaks of 1745—1759 cmr 1 (vc=o of ^-lactam8)) 
and 1635—1648 c m - 1 (vc=c) and on the ^ - N M R 
data of the lower part of Table 3. 

( 8 ) 

6J— 

9 

fc 
a: CH3 

b: CH3 

e: H 

1i 

X, Z 
CI CI 
H Cl 
Cl H 

6a 

Scheme 3. Valence isomerizations of azabicyclo[4.2.0]-
octadienones. 

T h e intermediates of the reactions for 9 from 7 may 
be 2( l / / ) -azocinones (8), which are unstable.9) The 
heating of 9a and 9 b at 180 °C and that of 9e at 120 °C 
gave the respective chlorobenzenes. These phenomena 
bore a close parallel to those shown by the M S data. 

These results were distinctly different from the 
behavior of 6a, which was stable in heating reactions 
up to 190 °C (Scheme 3). 

Exper imenta l 

All the melting points were measured on a Yanagimoto 
Mel-temp apparatus and are uncorrected. The IR, 1H-
NMR, and mass spectra were recorded on JASCO A-3, JEOL 
JNM-MH-100 (100 MHz), and JEOL JMS-01SG spec­
trometers respectively. The 2H-NMR spectra were recorded 
with TMS as an internal standard and CDC13 as the solvent, 
unless otherwise indicated. The reported values are on the 
cm - 1 scale in IR and on the <5 (ppm) scale in ^ - N M R . All 
the photoaddition and synthetic application reactions were 
monitored by the use of GC, which was performed at 170— 
200 °C (column temp) on a Yanagimoto G80 instrument 
using a column of Silicone SE-30 (10%)/Chromosorb W(AW). 

Photoreactions of N-Methyl-2-pyridone. (a) With Tetra-
chloroethylene : A solution of pyridone (45 mmol) and chloro-
ethylene (225 mmol) in 200 ml of methanol was irradiated 
with a Rikö immersion-type 400 W high-pressure mercury 
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lamp through a Pyrex jacket for 31 h. The solvent was then 
removed by the use of a rotary evaporator, and the residue was 
chromatographed on a silica-gel (Wakogel C-200, 200 g) 
column with benzene, diethyl ether, and acetone (in this 
order) as the eluents. The materials obtained from the first 
and second fractions were recrystallized from benzene to give 
l a (mp 110—112 °C, 4%) and 2a (mp 134—135 °C, 4%) 
respectively. The recrystallization of the third fraction from 
acetonitrile gave 5a (mp 186—188 °C, 1%). The photoir­
radiation of the benzene solution of the same reactants, 
containing thioxanthen-9-one (1.5 mmol) as a sensitizer, gave 
l a and 2a in 7 and 16% yields respectively, l a : IR (KBr) 
1663—1650 (sh); MS 109 (M-C 2C1 4 , 100%). Found: C, 
35.03; H, 2.61 ; N, 5.09%. Calcd for C8H7NOCl4: C, 34.95; 
H, 2.57; N, 5.09%. 2a: IR (KBr) 1675, 1630; MS 238 ( M -
Cl, 100%). Found: C, 35.05; H, 2.52; N, 5.08%. 5a: IR 
(KBr) 1665; MS 291 (M+, 5%). Found: C, 32.95; H, 3.24; 
N, 4.88%. Calcd for C8H9N02C14: C, 32.80; H, 3.10; N, 
4.78%. 

(b) With Trichloroethylene: A solution of pyridone (57 
mmol), chloroethylene (570 mmol), and benzophenone (10 
mmol) in 200 ml of benzene was irradiated for 30 h and then 
worked up much as in the procedure described in (a), l b 
(mp 97—100 °C (benzene), 1%), 3b (mp 126—128 °C 
(benzene), 7%), and 4b (oil, 2%) were thus obtained. The 
4b was further purified by repeated column chromatography 
(diethyl ether). The photoirradiation of the methanol solu­
tion of the same reactants containing thioxanthen-9-one 
instead of benzophenone gave l b (2%), 2b (mp 128—130 °C 
(benzene), 4%), and 4b (0.5%). The non-sensitized irradia­
tion in methanol gave no cycloadduct. l b : IR (KBr) 1658— 
1645 (sh); MS 239 (M+, 10%). Found: C, 40.15; H, 3.31; 
N, 5.83%. Calcd for C8H8NOCl3: C, 39.95; H, 3.35; N, 
5.82%. 2b: IR (KBr) 1690, 1633; MS 239 (M+, 1%). 
Found: C, 39.91; H, 3.25; N, 5.72%. 3b: IR (KBr) 1683, 
1623; MS 239 (M+, 2%0). Found: C, 39.98; H, 3.33; N, 
5.82%. 4b: IR (neat) 1690, 1622; MS 239 (M+, 1%). 
Found: C, 39.93; H, 3.34; N, 5.91%. 

(c) With 1,1-Dichloroethylene: A solution of pyridone 
(28 mmol), chloroethylene (280 mmol), and xanthone (7 
mmol) in 200 ml of benzene was irradiated for 6 h and then 
worked up much as in the procedure described in (a). 
Benzene-diethyl ether (2 : 1) was used as the eluent of the 
column chromatography, l c (oil, 28%) was thus obtained. 
IR (neat) 1662; MS 205 (M+, 1%). Found: C, 46.95; 
H, 4.33; N, 6.85%. Calcd for C8H9NOCl2: C, 46.63; H, 
4.40; N, 6.80%. 

Photoreactions of 2-Pyridone. (a) With Tetrachloroethylene : 
A solution of pyridone (40 mmol), chloroethylene (400 
mmol), and benzophenone (13 mmol) in 200 ml of methanol 
was irradiated for 15 h and then worked up much as in the 
procedure of column chromatography described above (a). 
As the eluents, benzene and diethyl ether were used; Id (mp 
172—175 °C, 9%) and 2d (mp 212—218 °C, 16%) respectively 
were thus obtained. Id : IR (KBr) 1692, 1663; MS 259 (M+, 
1%). Found: C, 32.30; H, 1.98; N, 5.36%. Calcd for 
C7H6NOCl4: C, 32.21; H, 1.93; N, 5.37%. 2d: IR (KBr) 
1683, 1623; MS 224 ( M - C l , 5%). Found: C, 32.18; H, 
1.90; N, 5.25%. 

(b) With Trichloroethylene'. A solution of pyridone (57 
mmol), chloroethylene (570 mmol), benzophenone (10 mmol), 
and methanol (200 ml) was irradiated for 23 h, the work-up 
described in (a) (eluents : benzene, diethyl ether, and acetone) 
then gave l e (mp 84—86 °C, 5%), 2ex (mp 172—175 °C, 
9%), 2ed (mp 192—195 °C, 2%), and 3e (mp 155—158 °C, 
7%). 2cx (0.5 mmol) and 2ed (0.05 mmol) were passed 
through a basic alumina (Merck) column (08 mmx 30 mm), 

using chloroform as the eluent, and the solutions were con­
centrated. The 1H-NMR analysis showed that there was 
no change during this treatment, confirming the eis four-six 
ring fusions, l e : IR (KBr) 1670—1650; MS 155 (M-2C1, 
3%). Found: C, 37.08; H, 2.69; N, 6.27%. Calcd for 
C7H6NOCl3: C, 37.12; H, 2.67; N, 6.18%. 2ex: IR (KBr) 
1690, 1623: MS 190 ( M - C l , 10%). Found: C, 37.13; H, 
2.69; N, 6.05%o. 2ed: IR (KBr) 1688, 1618. Found: C, 
37.15; H, 2.67; N, 5.96%0. 3e: IR (KBr) 1679, 1621; MS 
190 ( M - C l , 10%). Found: C, 37.40; H, 2.70; N, 6.02%. 

(c) With 1,1-Dichloroethylene: After the irradiation of a 
solution of pyridone (32 mmol), chloroethylene (320 mmol), 
and benzophenone (6 mmol) in 200 ml of benzene for 32 h, 
the same work-up as above gave lg (mp 139—141 °C, 10%). 
IR (KBr) 1683, 1657. Found: C, 44.23; H, 3.70; N, 6.94%. 
Calcd for C7H7NOCl2: C, 43.78; H, 3.67; 7.29%. 

Reactivities of Photoreactions: After solutions of iV-methyl-2-
pyridone (2.3 mmol), chloroethylene (23 mmol), a pre­
determined amount of sensitizers4* (or none), and benzene-
acetonitrile (10 : 1) (20 ml) in Pyrex reaction tubes (020) 
had been irradiated by the use of a Rikö Rotary 400 W high-
pressure mercury lamp, the relative product ratio was deter­
mined by removing aliquots with a syringe and examining 
them by means of GC. 
Reductions of Photoadducts by Zinc. (a) The Reaction of la: 
A mixture of l a (370 mg) and zinc dust (550 mg) in 20 ml 
of benzene was refluxed for 60 h. After the concentration 
of the filtrate, the precipitate was recrystallized from benzene 
to give 6a (mp 91—93 °C, 67%0). IR (KBr) 1670, 1635; 
MS 203 (M+, 50%). Found: C, 46.83; H, 3.47; N, 6.73%. 
Calcd for C8H7NOCl2: C, 47.09; H, 3.46; N, 6.86%. 

(b) The Reactions of 2a, 3b and 2ex: A mixture of 2a (770 
mg) and zinc dust (700 mg) in 35 ml of benzene was refluxed 
for 4 h. After the concentration of the filtrate, the residue was 
chromatographed on a silica-gel column (benzene, diethyl 
ether) to give 7a (mp 83—87 °C, 75%). IR (KBr) 1740, 
1670, 1615; MS 203 (M+, 30%). Found: C, 46.72; H, 3.64; 
N, 6.76%. Calcd for C8H7NOCl2: C, 47.09; H, 3.46; N, 
6.86%. 

The refluxing of a mixture of 3b (300 mg) and zinc (1.2 g) 
in 20 ml of benzene for 7 h, and of 2ex (720 mg) and zinc 
( 1.0 g) in 50 ml of methanol for 20 h, followed by treatment 
by the use of column chromatography similar to that described 
above, gave 7b (oil, 80%) and 7e (mp 124—128 °C, 45%) 
respectively. 7b: IR (neat) 1663, 1610—1580. Found: C, 
57.05; H, 4.78; N, 8.20%o. Calcd for C8H8NOCl: C, 56.83; 
H, 4.74; N, 8.29%. 7e: IR (KBr) 1674, 1613, 1582; MS 
155 (M+, 3%). Found: C, 54.06; H, 3.94; N, 9.04%. Calcd 
for C7H6NOCl: C, 54.04; H, 3.89; N, 9.00%. 

(c) The Reaction of 4b: A mixture of 4b (140 mg) and 
zinc (400 mg) in 10 ml of benzene was refluxed for 17 h. 
Subsequent treatment similar to that given (b) afforded 8b 
(oil, 58%). IR (neat) 1681, 1623, 1580. Found: C, 56.80; 
H, 4.79; N, 8.36%. Calcd for C8H8NOCl: C, 56.83; H, 4.74; 
N, 8.29%. 

Valence Isomerizations of 7a, 7b, and 7e. (a) The Reac­
tions of 7a and 7b : The heating of 7a (1.0 mmol) or 7b 
(1.0 mmol) in 10 ml of 1,2,4-trichlorobenzene at 120 °C for 5 h 
resulted in the complete disappearance of the starting materials. 
The residues were chromatographed on a silica-gel column, 
with benzene and diethyl ether as eluents, to give 9a (oil, 70%) 
and 9b (oil, 73%) respectively. The reactions, monitored 
by the use of TLC and 1H-NMR, were almost quantitative. 
The 9a and 9b were decomposed by heating them at 180 CC 
in glass tubes to give dichlorobenzene and chlorobenzene 
respectively. 9a: IR (neat) 1759, 1635; MS 203 (M+, 2%). 
Found: C, 47.17; H, 3.50; N, 6.89%0. Calcd for C8H7NOCl2: 



1116 Kenichi SOMEKAWA, RYUSUKE IMAI, Ryuichi FURUKIDO, and Sanetada KUMAMOTO [Vol. 54, No. 4 

C, 47.09; H, 3.46; N, 6.86%. 9b: IR (neat) 1750, 1640. 
Found: C, 56.90; H, 4.85; N, 8.27%. Calcd for C8H8NOCl: 
C, 56.83; H, 4.74; N, 8.29%. 

(b) The Reaction of 7e: A solution of 7e (1.0 mmol) in 
benzene (15 ml) was refluxed for 10 h. The residue was 
chromatographed in a manner similar to the above to give 9e 
(mp 86—90 °C, 45%). The half-life time of 7e was 50 min at 
90 °C, and the generated 9e was decomposed by heating at 
120 °C to give chlorobenzene. IR (KBr) 1745, 1648; MS 
155 (M+, 5%), 112 ( M - N H C O , 100%). Found: C, 53.87; 
H, 3.93; N, 8.87%. Calcd for C7H6NOCl: C, 54.04; H, 
3.89; N, 9.00%. 

The heating reaction of 6a (1.0 mmol) in 1,2,4-trichloro-
benzene (10 ml) was attempted up to 190 °C, and the progress 
was monitored by similar methods. However, no reaction 
occurred. 
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Preparation of Several 1,5,5,11,11-Pentamethyltricyclo-
[6.2.1.02'6]undecane Derivatives 
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1,6-Diketone, available in eight steps from homocamphorquinone, was converted into 1,5,5,11,11-pen ta-
methyltricyclo[6.2.1.02'6]undecan-7-one by treatment with potassium /-butoxide and then lithium dimethylcuprate, 
while a,a-dimethyl-y-valerolactone, prepared in five steps from homocamphor, was converted into 1,5,5,11,11-
pentamethyltricyclo[6.2.1.02»6]undec-2-en-4-one by treatment with diphosphorus pentoxide-methanesulfonic acid. 

Taxinine (1), the major component isolated from the 
Japanese Taxus cuspidata^ has a unique carbon skeleton, 
named " taxane ," containing an 8-membered ring as a 
part of the bicyclo[5.3.1]undecane system. Several 
attempts2 - 4) to synthesize this compound have been 
reported, but none have succeeded. 

In the course of our synthetic approach to this 
skeleton,4) we were faced with the necessity to prepare a 
compound 2 having a 5-alkyl- l ,5 , l l , l l - te t ramethyl-
tricyclo[6.2.1.02»6]undecane system. This compound 
was thought to be derivable from a homocamphor 
framework by creating a 5-membered ring on it. The 
readily available ketone 3, prepared by Büchi et al.5) 
during their investigation of the synthesis of pachouli 
alcohol, was at first attractive, but our preliminary 
attempts at the conversion of 3 into 2 were unsuccessful, 
especially in the introduction of two alkyl groups at 
the C-5 position of the tricyclo[6.2.1.02»6]undecane 
system. 

The present paper will describe the syntheses of two 
1,5,5,11,1 l-pentamethyltricyclo[6.2.1.02 '6]undecane de-

OAc 

OCin ? S 7 

2 R !=CH 3 , R 2 =Alkyl 

3 R!=R2 = 0 

rivatives (26 and 39) as possible model compounds for 
2. T h e synthetic efforts were mainly concentrated on 
the creation of a 5-membered ring with a geminate 
dimethyl group on the homocamphor framework. 

Construction of a 5-Membered Ring Prior to the Introduction 
of a Methyl Group. One of the methods most 
widely used to create the cyclopentane ring is an 
intramolecular aldol condensation of 1,4-diketones. An 
initial effort was directed at preparing a cyclopentenone, 
l , 5 , l l , l l - t e t ramethy l t r i cyc lo [6 .2 .1 .0 2 ' 6 ]undec-5-en-4-
one (14), from the 1,4-diketone 12. T h e preparation of 
12 from the easily avairable unsaturated alcohol 45> is 
shown in Schemes 1 and 2. 

The alcohol 4 was oxidized to the epoxy alcohol 5 by 
treatment with /n-chloroperbenzoic acid. The direct 
dehydration of this epoxy alcohol 5 with phosphoryl 
chloride or thionyl chloride in pyridine gave no fruitful 
results; however, the introduction of a chlorine atom 
was recognized from the analysis of the mass spectrum. 
This is thought to arise from the participation of the 
epoxy group.7) The trouble was overcome by opening 
the epoxy ring prior to the dehydration. Thus, when 
5 was treated with li thium dimethylcuprate in ether, the 
diol 6 was obtained in 8 9 % yield as a result of the 
selective opening of the epoxy ring into a secondary 
alcohol.8) After the secondary hydroxyl group had 
been protected by acetylation, the tertiary one was 
dehydrated with phosphoryl chloride in pyridine to 
give a mixture of an unsaturated acetate 7 and a 

s ^ f 
MCPBA 

CH2C12 

?V1 w \>(CH3: )2CuLi 
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rearranged acetate 8. The mixture, without the separa­
tion of its components, was converted into two diols, 
9 and 10 (49 and 14% yields respectively from 6), 
by hydroboration with diborane.9) The structure of the 
rearranged diol 10 was determined by N M R spectros­
copy. In the N M R spectrum of the diacetate of 10, 
only two tertiary methyl signals are observed, at 0.99 
and 1.04 ppm, while one - C H - O A c group and one 
- C H 2

_ O A c group are recognized at 4.8 and 4.1 ppm 
respectively. The structure was finally confirmed by 
the oxidation of 10 with chromium trioxide to afford a 
^-lactone 11 |>(CC14) : 1740 c m - 1 ; Ô (GDC18) : 4.0 (m, 
1H) and 1.95 (s, 1H)] . The configurations at the newly 
formed asymmetric centers of the major diol are assigned 
as in 9 by considering the less-hindered-side attack of 
diborane.10) 

Cr03.2 Pyr 

C H2 C 12 É \ 
12 13 

•J-

14 

Scheme 2. 

The oxidation of the major diol 9 gave the desired 
1,4-diketone 12 in 72% yield, accompanied by a small 
amount (17%) of a furan derivative 13. When 12 was 
treated with potassium J-butoxide in /-butyl alcohol 
at room temperature (30 min) , 1,5,11,11 -tetramethyl-
[6.2.1.02 '6]undec-5-en-4-one (14) and 6-hydroxy-1,5,11,-
1 l-tetramethyltricyclo[6.2.1.02»6]undec-2-en-4-one (15) 
were obtained in 79 and 9 % yields respectively. The 
methyl group attached to the double bond of the major 
product 14 was recognized at 1.59 ppm in the N M R 
spectrum. The structure of the minor product 15 was 
deduced from the presence of one secondary methyl 
doublet (1.08 ppm, J=l Hz) and one proton singlet on 
the double bond (5.77 ppm) , which has no allylic proton 
coupled to it (cf. 39). T h e stereochemistry of C-2 in 14 
was assigned as is shown by the conformational analysis 
of the molecule. T h e mechanism for the formation of 
15 during the cyclization of the diketone 12 was not 
clarified. 

Several attempts to introduce an alkyl group into the 
C-5 position of 14 were unsuccessful: the treatment of 
14 with allyl bromide-sodium hydride gave a 3-allyl 
derivatives, while a protected 14, the 3,3-butylthio-
methylene derivative, did not react with allyl b romide-
sodium hydride in benzene or diglyme. 

Another approach to the title compound is sum­
marized in Scheme 3. Here, a 1,6-diketone 24 was 
chosen as the precursor because no epimerization at 
C-2 was anticipated during the alkaline cyclization. 

The treatment of homocamphorquinone with cyclo-
hexanol led to the regiospecific production of an enol 

ether 16 in 7 3 % yield, v(KBr) : 1650 and 1600s cm"1 . 
None of the other isomers was detected in the reaction 
product. The structure of 16 was confirmed by reduction 
with lithium aluminum hydride, followed by hydrolysis 
with hydrochloric acid, to convert it into the known 
unsaturated enone 17.11) The lithioacetonitrile, pre­
pared12) from acetonitrile and butyllithium, was treated 
with the enol ether 16 at —78 °C, after which the mix­
ture was brought to room temperature to give a cyano-
methyl enone 18 in 9 5 % yield. The structure of 18 
was determined by comparison of its spectra with those 
of an isomer 20 (see below). The formation of 18 resulted 
from the 1,4-addition of the reagent to an a,/?-
unsaturated ketone. When the reaction was controlled 
at lower temperatures (—25 30 °C), the reaction 
proceeded by means of the 1,2-addition of the reagent; 
the initial product was dehydrated during the isolation 
procedure (silica gel chromatography) to give 19 
exclusively. The N M R spectrum of 19 shows the 
presence of a cyclohexyloxy group (multiplet at 4.2 ppm) 
and two vinylic protons (singlets at 4.53 and 5.53 ppm). 
A similar temperature-dependence of the 1,2- vs. 1,4-
addition of a reagent to an a,/?-unsaturated ketone 
system has recently been reported.13) 

The acid hydrolysis of 19 afforded the desired cyano-
methyl enone 20. The double bond in 20 was readily 
hydrogenated over a palladized charcoal catalyst. The 
configuration of the side chain in the dihydro-compound 
21 was postulated from the known reactions;10) the 
hydrogen approaches 20 from the a-side of the molecule. 

After protecting the carbonyl group with ethylene 
glycol, the acetalized nitrile 22 (mp 83—84 °C) was 
reduced with diisobutyl aluminum hydride,14) after 
which the intermediate imine was hydrolyzed in 
aqueous ammonium chloride, giving an aldehyde 
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[v(CCl4) : 2700 and 1720 cm" 1 ; and <5(CDC13) : 9.7 ppm 
(t, 1H)] in 90% yield. T h e treatment of the crude 
aldehyde with (l-chloroethylidene)triphenylphos-
phorane, a new reagent prepared according to the 
procedure of Seyferth et A/.,15) and the subsequent 
hydrolysis of the acetal group afforded a mixture of 
chlorovinyl ketones, 23 (a mixture of E- and Z-isomers), 
in 70% yield. 23 was then hydrolyzed with concen­
trated sulfuric acid to afford a crystalline 1,6-diketone 
24; mp 59—60 °C; r(KBr) : 1705 and 1690 cm- 1 . 

The cyclization of 24 was effected by the use of potas­
sium J-butoxide to give 1,5,11,11 -tetramethyltricyclo-
[6.2.1.02 '6]undec-5-en-7-one (25); v(CCl4) : 1675 and 
1615cm-1 :d(CGl4) :0.85,0.90,0.96 (each s ,3H) ,and 2.12 
(br. s, 3H) . The enone 25 was unstable, and even when 
it was left in an icebox under nitrogen, some unidenti­
fiable crystalline substances resulted. 25 was, therfore, 
promptly converted into a stable compound, 26; the 
freshly purified 25 was treated with lithium dimethyl-
cuprate to afford the expected 1,5,5,11,11-pentamethyl-
tricyclo[6.2.1.02 '6]undecan-7-one (26) in 9 1 % yield by 
the conjugate addition of methyl to an oc,/?-unsaturated 
ketone.16) 

Introduction of a Geminate Dimethyl Group Prior to the 
Formation of a 5-Membered Carbocyclic Ring. Another 
approach to the title compound was to introduce a 
geminate dimethyl group before the construction of a 
5-membered carbocyclic ring. y-Lactones, such as 
30 and 36, were chosen as the starting materials. 

The allyl group was introduced into the C-2 position 
of homocamphor according to Fried's procedure.17) The 
resulting 27, separated from the dially derivative 28 
by fractional distillation, was subjected to Lemiux's 
oxidation, thus giving a keto acid 29. The methyl 
ester of 29 was then reduced with sodium borohydride in 
methanol, followed by acid treatment, to afford a y-

lactone 30 in 9 0 % yield from 27. The stereochemistry 
of 30 was deduced from the facts that the coupling 
constant, J—5 Hz, between the protons on the ring 
junctures of the lactone ring requires a cis relationship 
of these two protons, and that the hydride in the sodium 
borohydride reduction of 29 attacks from the rear side 
of the molecule.10) T h e methylation of 30 with one 
equivalent of lithium diisopropylamide (LDA)18) and 
methyl iodide afforded a-methyl-y-lactone 31 in a 
quantitative yield. Because of the concave shape of 30, 
reagents were expected to attack exclusively from the 
convex side of the molecule. The further treatment of 
31 with excess LDA-methyl iodide gave dimethyl-y-
lactone 32. The conversion of 32 into a diketone 34 
was achieved by successive treatment with methyl-
li thium in ether, l i thium aluminum hydride in ether, 
and chromium trioxide-pyridine complex in dichloro-
methane. 

Several attempts at the cyclization of 34 to cyclo-
pentenone under alkaline (*-BuOK/*-BuOH, N a H / 
benzene, or N a O H / E t O H ) or acid conditions (Et3N* 
C 6 H 5 COOH/xylene or TsOH/benzene) were unsuc­
cessful. This failure is thought to have arisen from a 
severe steric repulsion in the transition state as a result 
of changing the hybridization of the C-2 carbon from 
sp2 to sp3. These difficulties were finally overcome by 
using the y-valerolactone derivative described in 
Scheme 5 and by cyclizing under acid conditions, where 
the carbon bearing the oxygen atom changes hybridiza­
tion from sp3 to sp2. 

27 
ether 

39 

Scheme 5. 

Allylhomocamphor (27) was treated with methyl-
li thium to give an alcohol 35. T h e stereochemistry of 
35 was deduced from the rear-side attack of the reagent. 
35 was oxidized with potassium permanganate in the 
presence of alkyldimethylbenzylammonium chloride19) to 
afford a y-valerolactone derivative 36. T h e methyla­
tion with LDA-methyl iodide proceeded much as in the 
case of 30 ; the dimethyl derivative 38 was thus obtained 
in a quantitative yield. 

The transformation of y-valerolactone into cyclo-
pentenone had been reported by only Fisini and 
Manjean ; 7a-methylperhydro-2-benzofuranone was con-
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verted into hexahydroindenone by treatment with 
polyphosphoric acid, but in only 2 5 % yield, accom­
panied by the same amount of a rearranged product.20) 
As will be shown in the Experimental section, we used 
diphosphorus pentoxide-methanesulfonic acid, a more 
effective reagent21) than polyphosphoric acid; the yield 
of hexahydroindenone could thus be raised to 5 9 % . 

The treatment of 38 with diphosphorus pentoxide-
methanesulfonic acid at 70 °G for 2 h afforded the 
expected 1,5,5,11,11-pentamethyltricyclo [6.2.1.02>6] -
undec-2-en-4-one (39) in 50% yield; 1>(CC14) : 1700 and 
1605 cm- 1 . Besides five methyl singlets, at 0.78, 0.91, 
0.98, 1.03, and 1.12 ppm, one vinylic proton is re­
cognized at 5.51 p p m ; it couples to an allylic proton 
with a coupling constant of 2 Hz. 

In conclusion, 1,5,5,11,11 -pentamethyltricyclo-
[6.2.1.02>6]undecane derivatives have been successfully 
prepared through two different routes (16—»24—»26 and 
36—>38—»39). Further investigations of the conversion 
of an appropriate intermediate (e.g., 5a-allyl instead 
of 5oc-methyl in 38) to a taxane framework via 2 are in 
progress. 

Experimental 

All the melting points are uncorrected. The NMR spectra 
were obtained with Hitachi H-60 and JEOL MH-100 spectro­
photometers, using TMS as the internal standard; the chem­
ical shifts are given in ô values. The IR spectra were taken 
on a Hitachi 215 grating spectrophotometer. «//-Camphor 
was used in all cases. 

Epoxidation of the Unsaturated Alcohol 4. To a cooled 
mixture of 4 (4.4 g, prepared according to Büchi's procedure5)) 
in 40 ml of dichloromethane there was added a solution of 
m-chloroperbenzoic acid (4.3 g) in 80 ml of dichloromethane. 
After having been stirred overnight at room temperature, the 
mixture was extracted with ether. The extract was washed 
with aqueous sodium hydroxide (10%), water, and brine, and 
was dried over anhydrous sodium sulfate. The subsequent 
evaporation of the solvent afforded a crystalline epoxide, 5 
(4.5 g, 94%), which was recrystaUized from pentane; mp 
61—62 °C; v(CHCl3): 3500, 2950, 1260, and 1240 cm-1; 
(5(GDG13): 0.87 (s, 3H), 0.90 (s, 3H), 1.22 (s, 3H), 2.45 (dd, 
1H, 7 = 4 . 5 and 2 Hz), 2.80 (t, 1H, 7 = 4 . 5 Hz), and 3.17 (m, 
1H). Found: C, 75.02; H, 10.63%. Calcd for G14H2402: 
C, 74.95; H, 10.78%. 

Reaction of 5 with Lithium Dimetkylcuprate.2^ To a suspension 
of 6.46 g (34 mmol) of copper (I) iodide in 40 ml of anhydrous 
ether at 0 °G, there was added 88 ml (68 mmol) of a methyl-
lithium-ether solution over a 15-min period. After 10 more 
min of stirring, a solution of 1.99 g (9 mmol) of 5 in 30 ml of 
ether was added over a 10-min peroid, and the mixture was 
stirred at 0—5 °C for 20 h.8> The whole was treated with 
aqueous ammonium chloride (30 ml), and the products were 
extracted with ether. The extract was washed with water 
and brine, and then dried over anhydrous sodium sulfate. 
The solvent was evaporated to give a crystalline diol, 6, ( 1.93 g 
89%), which was subsequently recrystaUized from ethyl 
acetate to afford a pure 6; mp 104 °C; v(KBr): 3430, 3360, 
2950, 1390, 1380, 1370, 1080, 1060, and 1030 cm"1; <5(CDC13): 
0.85 (s, 3H), 0.95 (s, 3H), 0.95 (t, 3H, 7 - 7 Hz), 1.22 (s, 3H), 
2.7 (br. s, 2H), and 3.9 (m, 1H). Found: C, 74.82; H, 12.00% 
Calcd for C15H2802: C, 74.95; H, 11.74%. 

A Mixture of Two Unsaturated Acetates, 7 and 8. A solu­
tion of 3.15 g of 6 in 15 ml of pyridine and 15 ml of acetic 

anhydride was allowed to react for 17 h at room temperature. 
A subsequent, usual work-up gave 3.68 g of a monoacetat 
v(CCl4) : 3580, 3500, 2950, 1740, 1390, 1370, 1250, 1230, 1110, 
1080, 1020, and 960 cm-1; <5(CDC13): 0.85 (s, 3H), 0.89 (t, 
3H, 7 = 7 Hz), 0.93 (s, 3H), 1.20 (s, 3H), 2.07 (s, 3H), 4.8 
(m, 1H), and 5.1 (m, 1H). The monoacetate (3.68 g) was 
placed in a sturdy flask with 80 ml of pyridine, 16 ml of 
phosphoryl chloride was then added, the flask was stoppered 
tightly, and the contents were heated on an oil bath at 95 °C 
for 6 h. After colling, the dark mixture was cautiously poured 
onto 500 g of ice and stirred briefly. The mixture was extract­
ed with pentane, and the extract was washed with water, 
dried, and evaporated to yield an oil (3.05 g). By chro­
matography on silica gel (50 g), 2.75 g of a mixture of unsat­
urated acetates (7 and 8) were obtained; v(CCl4) : 2950, 1730, 
1630w, 1380, 1370, 1245, 1020, and 960 cm-1. The oil 
showed two peaks on VPC (5% OV-1, glass column 30 X 
1.7 m, 170 °C), but was used directly in the subsequent reac­
tion without any separation of the components. 

Hydroboration of the Mixture of 7 and 8. A solution of 
2.87 g of the mixture (7 and 8) in 50 ml of THF was treated 
with diborane as usual9) to give an oil (2.94 g). The oil was 
chromatographed on silica gel (three times with 20 g each). 
From hexane-ethyl acetate (100 : 10) eluates, 385 mg (14%) 
of 9 were obtained. From hexane-ethyl acetate (50 : 50), 
1.28 g of 10 resulted. 

9, mp 113.5—116 °C (from hexane) ; v(KBr) : 3200br, 1045, 
1005, 980, 970, and 955 cm"1; (5(100 MHz, CDC13): 0.89 (t, 
3H, 7 = 7 Hz), 0.90 (s, 3H), 1.04 (s, 3H), 3.60—3.8 (m, 5H; 
the addition of D 2 0 changes the area to 3H). Found: C, 
74.80; H, 11.95%. Calcd for C15H2802: C, 74.94; H, 
11.74%. 

Diacetate of 9, bath temp 136—139 °C/0.25 mmHg 
(Kugelrohr dist); v(CCl4): 1735 and 1240 cm-1; 0(100 MHz, 
CC14): 0.84 (t, 3H, 7 = 7 Hz), 0.99 (s, 3H), 1.04 (s, 3H), 1.90 
(s, 3H), 1.96 (s, 3H), 4.1 (m, 2H), and 4.8 (m, 1H). Found: 
C, 70.22; H, 9.93%. Calcd for C19H3204: C, 70.33; H, 
9.94%. 

10, mp 131—133.5 °C (from hexane); v(KBr): 3300br, 
1035, and 960 cm-1; <5(100 MHz, CDC13) : 0.81 (s, 3H), 0.86 
(s, 3H), 0.88 (s, 3H), 0.94 (t, 3H, 7 = 7 Hz), 2.9 (br. s, 2H, 
- O H x 2 ) , 3.8 (m, 1H), 3.86 (br. d, 1H, 7 = 6 Hz). Found: 
C, 74.93; H, 12.07%. Calcd for C18H28Oa: C, 74.94; H, 
11.74%. 

Diacetate of 10, bath temp 127—130 °C/0.25 mmHg 
(Kugelrohr dist); v(CCl4): 1730 and 1250 cm"1; (5(100 MHz, 
CC14): 0.83 (s, 3H), 0.88 (t, 3H, 7 = 7 Hz), 0.91 (s, 6H), 
1.91 (s, 3H), 1.97 (s, 3H),4.7 (m, 1H), and 4.82 (br. d, 1 H , 7 = 
6 Hz). Found: C, 70.23; H, 9.99%. Calcd for C19H3204: 
C, 70.33; H, 9.94%. 

Oxidation of 9. To a solution of 300 mg of chromium 
trioxide and 0.49 ml of pyridine in 8 ml of dichloromethane23) 
there was added a solution of 60 mg of 9 in 5 ml of dichloro­
methane in one portion. After stirring for 3 h at room tem-
temperature, the solution was decanted and the residue was 
washed with 10 ml of ether. The combined organic solutions 
were washed successively with 5% aqueous sodium hydroxide 
(3x5 ml), 5% hydrochloric acid (5 ml), 5% aqueous sodium 
hydrogencarbonate (5 ml), and saline, and were dried over 
anhydrous sodium sulfate. The subsequent evaporation of 
the solvent afforded an oil, which was then chromatographed 
on silica gel (5 g). From hexane-ethyl acetate (100:2) , 
29 mg (49%) of a crystalline 11 were obtained. Recrystal-
lization from hexane gave a pure 11; mp 77—78 °C; v(CCl4) : 
1740, 1200, and 1195 cm"1; (5(100 MHz, CDC13) : 0.96 (t, 3H, 
7 = 7 Hz), 1.10 (s, 3H), 1.37 (s, 3H), 1.95 (s, 1H), and 4.0 
(m, 1H). Found: C, 76.28; H, 10.35%. Calcd for C15H2402: 
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C, 76.22; H, 10.24%. 
1,5,11,11- Tetramethyltricyclo[6.2.1.02>6]undec-5-en-one (14). 
By the same procedure as in the case of 10, 9 (240 mg) was 

oxidized with 1.2 g of chromium trioxide. The crude oil was 
chromatographed on silica gel (5 g) to give 38 mg (17%) of a 
furan derivative 13 from the hexane eluates. Pure 13, mp 
65—66 °C (from pentane, at - 7 0 °C); *>(KBr) : 1620, 1560, 
930, and 800 cm-1; 6(CC14): 0.82 (s, 3H), 0.94 (s, 3H), 1.08 
(s, 3H), 1.18 (t, 3H, / = 7 Hz), 2.53 (q, 2H, 7 = 7 Hz), and 
5.62 (s, 1H); Found: C, 82.43; H, 10.27%. Calcd for 
C15H220: C,82.51;H, 10.15%. Furtherelutionwithhexane-
ethyl acetate (10 : 1) gave 171 mg (72%) of 12, *>(CC14) : 1710 
and 1690 cm - 1 ; two peaks on VPC. 

A solution of the diketone 12 (171 mg), without any separa­
tion of the components, in 5 ml of /-butyl alcohol was added to 
a stirred solution of potassium f-butoxide (prepared from 
53 mg of potassium) in 5 ml of /-butyl alcohol, after which 
the mixture was stirred at room temperature for 30 min. 
Water was added, and the products were extracted with ether. 
The ether layer was washed with water and dried over 
anhydrous sodium sulfate. By flash chromatography (hexane-
ethyl acetate=5 : 1), 124 mg (79%) of a cyclopentenone 14 
were obtained. Bath temp: 99—101 °C/0.2 mmHg (Ku­
gelrohr dist); mp 44—46 °C from pentane, at — 70 °C); 
*>(CC14): 1700 and 1645 cm-1; Ô (CC14) : 0.87 (s, 3H), 0.94 
(s, 3H), 1.12 (s, 3H), and 1.59 (br. s, 3H). Found: C, 82.40; 
H, 10.18%. Calcd for C1 5H2 20: C, 82.51 ; H, 10.15%. 

When the residue was eluted with hexane-ethyl acetate 
(3 :1 ) , 16 mg (9%) of 6-hydroxy-l,5,ll,ll-tetramethyltri-
cyclo[6.2.1.02'6]undec-2-en-4-one (15) were obtained in a 
crystalline form; mp 141—142 °C (from pentane); *>(CC14): 
3500, 1700, and 1600 cm-1; 6(CDC13): 0.74 (s, 3H), 1.00 (s, 
3H), 1.08 (d, 3H, 7 = 7 Hz), 1.13 (s, 3H), and 5.77 (s, 1H). 
Found: C, 77.16; H, 9.66%. Calcd for C15H2202: C, 76.88; 
H, 9.46%. 

Preparation of the Enol Ether 16. In a flask fitted with a 
water separator there was placed a solution of 1.03 g of 
homocamphorquinone, 50 mg of /»-toluenesulfonic acid, and 
0.6 ml of cyclohexanol in 90 ml of toluene. The mixture was 
then heated to boiling, the azeotrope composed of toluene 
and water being removed continuously. Several hours later, 
the water separator was filled with a molecular sieve of the 
4A type and heating was continued for 2 more days. The 
solution was washed with 10% aqueous sodium hydroxide 
(10 mix2) , water (10 mix 3), and brine. After having been 
dried over anhydrous sodium sulfate, the solvent was evaporat­
ed to give an oil, which crystallized when chilled in pentane 
(1.1 g, 73%). Recrystallization from pentane gave a pure 
16; mp 74—76 °C; *>(CC14): 1650, 1600, and 1210 cm-1; 
(5(CDC13): 0.94 (s, 6H), 1.07 (s, 3H), 4.1 (br. m, 1H), and 
5.14 (br. s, 1H). Found: C, 77.95; H, 9.98%. Calcd for 
C1 7H2 602 :C 77.82; H, 9.99%. 

Conversion of 16 to the Known Enone 17. A solution of 100 
mg of 16 in 10 ml of dry THF was refluxed for 1 h with LiAlH4. 
After the excess reagents had then been decomposed by the 
careful addition of water, a 5-ml portion of 10% sulfuric acid 
was added and the mixture was stirred at room temperature 
for 30 min. The products were taken up in ether, and the 
ether extract was evaporated to give an oil, which was subse­
quently chromatographed on alumina (10 g). From the 
benzene eluates, 47 mg (75%) of the enone 17 were obtained. 
The NMR spectrum of 17 [6(CDC13) : 0.92 (s, 6H), 1.14 (s, 3H) 
5.88 (dd, 1H, 7 = 10 and 1.5 Hz), 6.73 (d, 1H, 7 = 10 Hz) was 
in accord with the previously reported value.11) 

Treatment of 16 with Lithioacetonitrile. A) At — 25— 
— 30 °C: A solution of 5.25 g (18.4 mmol) of 16 in 25 ml of 

THF was added, drop by drop, over a 5-min period to 4 eq of 
LiCH2CN (prepared from 56 ml of a 1.6 M buthyllithium-
hexane solution and 4.2 ml of acetonitrile in 30 ml of THF 
at —78 °C)12> at —78 °C, after which the mixture was stirred 
at that temperature for 1.5 h. The temperature was then 
raised to —25 °C and stirring was continued for 3 h at —25 

30 °C. A saturated ammonium chloride solution (30 
ml) was added, drop by drop, while the temperature was 
kept below —25 °C by the occasional cooling of the flask. 
Water (30 ml) was added, and an organic layer was separated. 
The aqueous layer was extracted with ether, and the combined 
extracts were washed with a small portion of water and saline, 
and dried over anhydrous sodium sulfate. The evaporation 
of the solvent gave an oil, which was then chromatographed 
on silica gel (150 g). Elutions with 50% benzene-hexane and 
then with benzene gave 3.64 g (64%) of 19. 

19, mp 76—77 °C (from pentane); *>(CC14): 2210, 1610, 
and 1215 cm-1; 6(CC14) : 0.85 (s, 3H), 0.95 (s, 3H), 1.05 (s, 
3H), 4.2 (m, 1H), 4.53 (s, 1H), and 5.53 (br. s, 1H). Found: 
C, 80.08; H, 9.62; N, 5.18%. Calcd for C19H27NO: C, 
79.95; H, 9.53; N, 4.90%. 

B) At Room Temperature: A mixture of 130 mg of 16 and 
10 eq of LiCH2CN was stirred at —78 °C for 1.5 h, at —25 

30 °C for 3 h, and finally at room temperature for 
1 h. By a subsequent work-up as in A), 95 mg (95%) of 18 
were obtained. 

18, mp 67—70 °C (from ether); v(CHCl3) : 2220 and 1670 
cm-1; (5(CDC13) : 0.90 (s, 3H), 0.99 (s, 3H), 1.07 (s, 3H), 3.31 
(d, 2H, 7 = 2 Hz), and 6.00 (br. s, 1H). Found: C, 76.93; 
H, 8.49; N, 6.89%. Calcd for C13H17NO: C, 76.80; H, 
8.42; N, 6.89%. 

Cyanomethyl Enone 20. A solution of 5.13 g of 19 in 
110 ml of methanol and 30 ml of water containing 2 ml of 
coned sulfuric acid was stirred at room temperature for 20 h. 
After the addition of solid sodium hydrogencarbonate (6.3 g), 
the solution was neutralized with aqueous sodium hydro­
gencarbonate and diluted with 80 ml of water. The 20 
thus precipitated (2.18 g) was collected, and the filtrate was 
extracted with ethyl acetate. Evaporating the solvent af­
forded solids, from which a further 0.96 g of 20 was obtained 
by recrystallization from benzene-hexane. The total yield 
was 3.14 g (86%). 

20, mp 117—118 °C (from ether) ; v(KBr) ; 2250, 1660, and 
1610 cm-1; 6(CDC13) : 0.95 (s, 3H), 0.99 (s, 3H), 1.18 (s, 3H), 
3.3 (d, 2H, 7 = 2 Hz), and 6.17 (q, 1H, 7 = 2 Hz). Found: 
C, 76.80; H, 8.44; N, 6.73%. Calcd for C13H17NO: C, 
76.80; H, 8.42; N, 6.89%. 

Hydrogénation of 20. A mixture of 2.17 g of 20 and 1 g 
of 10% Pd-C in 120 ml of ethanol was shaken under a hy­
drogen atmosphere. The hydrogen uptake ceased after 305 
ml of hydrogen had been absorbed (27 h). The catalyst 
was removed by filtration, and the filtrate was evaporated 
to give an oil, which was then purified through alumina (40 g). 
From the benzene eluates, 2.03 g (92%) of 21 were obtained. 

21, mp 114—115 °C (from ether): v(KBr) : 2230 and 1700 
cm"1; (5(CDC13): 0.95 (s, 6H) and 1.10 (s, 3H). Found: C, 
75.80; H, 9.27; N, 6.64%. Calcd for C13H19NO: C, 76.05; 
H, 9.33; N, 6.82%. 

Acetalization of 21. A solution of 3.45 g of 21, 100 mg of 
//-toluenesulfonic acid, and 5 ml of ethylene glycol in 120 ml 
of benzene was heated under reflux via a water separator. 
After 40 ml of an azeotropic distilate had been removed, a 
molecular sieve (4A) was placed in the water separator and 
heating was continued for further 20 h. The mixture was 
then cooled and diluted with water. The organic phase 
thus separated was washed with aqueous sodium hydrogen-
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carbonate, water, and brine. The subsequent evaporation of 
the solvent gave a crude acetal (4.09 g), which was chro­
matographed on alumina (90 g). Elution with hexane-
benzene ( 1 : 1 ) gave 3.38 g (81%) of a solid acetal, 22; mp 
83—84 °C (from pentane); v(KBr): 2240 cm"1; <5(CDC1,): 
0.83 (s, 3H), 0.98 (s, 3H), 1.10 (s, 3H), and 4.85 (m, 4H). 
Found: G, 72.25; H, 9.22; N, 5.42%. Calcd for C15H23N02: 
C, 72.25; H, 9.30; N, 5.62%. 

( l-Chloroethyl)triphenylphosphonium Bromide. According to 
Seyferth's procedure,15) 30 g (0.115 mol) of triphenylphosphine 
and 12.9 g (0.13 mol) of 1,1-dichloroethane in 200 ml of 
anhydrous ether were treated at —30 40 °C by the 
drop-by-drop addition of a butyllithium-hexane solution (0.10 
mol) under vigorous stirring. When the cooling bath was 
then removed and hydrogen bromide was bubbled into the 
flask, the orange colour was immediately lost and white 
solids were formed. The solids were collected on a glass 
filter, washed with benzene and petroleum ether, and dried 
in vacuo at 70 °G overnight. The dried product weighed 44 g. 

The purification was done as follows: a 40-ml portion of 
water was added to 2.0 g of the crude product, and the undis­
solved materials were removed by filtration. The filtrate was 
evaporated to give solids (1.0 g), which were then recrystal-
lized from water (6 ml) to afford 0.5 g of pure (1-chloroethyl)-
triphenylphosphonium bromide. An analytical sample was 
obtained by repeated recrystallizations from water and by 
heating at 100 °G over P2O s in vacuo for 24 h; mp 203—205 °C. 
Found: C, 59.40; H, 4.56%. Calcd for C20H19PClBr: C, 
59.21; H, 4.72%. 

The reagent should be dried at 80 °C in vacuo just before use. 
Conversion of 22 into the Diketone 24. To a solution of 1.00 

g of 22 in 4 ml of toluene, 3.5 ml (1.5 eq) of a DIBAL-H 
solution was added, drop by drop, at — 78 °C, after which 
the mixture was stirred at that temperature for 1 h. Methanol 
(0.3 ml) was then added, the cold bath was removed, and 5 ml 
of a saturated ammonium chloride solution was added. The 
whole was stirred at room temperature for 1 h. The ether 
extract was evaporated to give an oil, from which an oily, 
acetalized aldehyde [900 mg, 90%; v(CCl4): 2700, 1720, and 
1090 cm -1] was isolated by chromatography on silica gel 
(20 g) with benzene-ethyl acetate (19 :1) . The aldehyde 
was used directly in the next reaction without any further 
purification. 

To a suspension of 1.34 g (3.3 mmol) of (1-chloroethyl)-
triphenylphosphonium bromide in 5 ml of THF, 2.2 ml (3.2 
mmol) of a butyllithium-hexane solution was added, drop 
by drop, at — 78 °G, after which the dark red mixture was 
stirred for 30 min at that temperature. A solution of 410 mg 
(1.6 mmol) of the acetalized aldehyde in 2 ml of THF was 
added, and the whole was stirred at — 78 °C for 30 min, at 
room temperature for 30 min, and finally under reflux for 2 h. 
After cooling, 4 ml of 6 M hydrochloric acid was added, 
and the mixture was stirred for 30 min. The products were 
taken up in ether, and the ether extract was evaporated to 
give an oil which contained some triphenylphosphine oxide. 
The residue was heated with 10 ml of hexane, and the hexane 
solution was chromatographed on silica gel (20 g). The 
benzene eluates afforded a mixture of vinyl chloride 23 (295 
mg, 71 % ; two peaks on VPG). The components are separable 
by repeated chromatography (see below). 

A mixture of vinyl chloride, 23(295 mg), was stirred 
overnight with 5 ml of coned sulfuric acid. The red solution 
was then poured onto ice, and the products were taken up in 
ether. The ether extract was evaporated to give an oil, which 
was subsequently purified by flash chromatography (hexane-
ethyl acetate=5 : 3) to afford a crystalline diketone 24 (208 

mg, 76%); mp 59—60.5 °G (from pentane); v(KBr): 1705br 
and 1690 cm-1; Ô (CDG13) : 0.90 (s, 3H), 0.92 (s, 3H), 1.08 
(s, 3H), and 2.12 (s, 3H). Found: C, 76.28; H, 10.27%. 
Calcd for G15H2402: C, 76.22; H, 10.23%. 

Separation of Z and E Isomers of 23. 23 was chromato­
graphed repeatedly on silica gel; two vinyl chlorides were 
thus isolated in a pure state. 

(A) : liquid, (5(CDC13) : 0.91 (s, 6H), 1.06 (s, 3H), 2.03 (br.s, 
3H), and 5.38 (br. t, 1H, J=l Hz). 

The acetal, prepared with ethylene glycol and /»-toluenesul-
fonic acid in benzene, of (A): mp 51—52 °C (from pentane, 
at - 7 8 °C). Found: C, 68.63; H, 9.16%. Calcd for C17H27-
C102: G, 68.32; H, 9.10%. 

(B): liquid; (5(CDC13) : 0.90 (s, 3H), 0.95 (s, 3H), 1.07 (s, 
3H), 2.08 (br. s, 3H), and 5.33 (br. t, 1H, J=l Hz). 

The acetal of (B) : mp 66—67 °C (from pentane, at - 7 8 °G). 
Found: C, 68.23; H, 9.14%. Calcd for C17H27C102: C, 
68.32; H, 9.10%. 

l,5,ll,ll-Tetramethyltricyclo{6.2.1.0^undec-5-en-7-one (25). 
To a stirred portion of potassium f-butoxide ( 1 mmol) in 5 ml 
of f-butyl alcohol, 133 mg (0.5 mmol) of 24 in 2 ml of f-butyl 
alcohol was added, after which the mixture was stirred at 
room temperature for 30 min. The whole was then poured 
into ether, and the solution was well washed with water. 
After drying over anhydrous sodium sulfate and after the 
solvent had been evaporated, a crude oil (120 mg) was chro­
matographed on silica gel (5 g). From hexane-ethyl acetate 
(100 : 1), 107 mg (88%) of an enone 25 was obtained; *(CC14) ; 
1675 and 1615 cm-1; <5(CC14): 0.85 (s, 3H), 0.90 (s, 3H), 
0.96 (s, 3H), and 2.12 (br. s, 3H). 

25 can be purified by flash chromatography (hexane-ethyl 
acetate=10 : 1), but it is apt to change to an unidentified 
crystalline material even when standing overnight under 
nitrogen and in an ice-box. Therefore, freshly purified 25 
was used immediately in the subsequent reaction. 

1,5,5,11,1 l-Pentamethyltricyclo[6.2.1.02>6']undecan-7-one(26). 
To a stirred suspension of 190 mg (1 mmol) of copper (I) 
iodide in 5 ml of dry ether, 5 ml of a methyllithium-ether 
solution (2 mmol) was added, drop by drop, at 0 °C. A 
solution of 107 mg (0.5 mmol) of 25 in 5 ml of ether was then 
added to this almost colorless solution . The resulting yellow 
suspension was stirred for 30 min at 0 °G. After then being 
allowed to warm to room temperature (5 min), the whole 
was poured into 50 ml of a saturated ammonium chloride 
solution. The solids were removed by filtration, and the 
products were extracted with ether. Evaporating the solvent 
gave an oil, which was chromatographed on silica gel (5 g) to 
afford 103 mg (91%) of 26; bath temp 79—83 °C/0.1 mmHg 
(Kugelrohr dist); v(CCl4): 1710 and 1695 cm-1; <5(CC14): 
0.87 (s, 3H), 0.93 (s, 3H), 1.01 (s, 3H), 1.08 (s, 3H), and 1.20 
(s, 3H). Found : C, 81.45 ; H, 11.24%. Calcd for C16H260 : 
C, 81.99; H, 11.18%. 

2-Allylhomocamphor (27). Homocamphor24) (6.66 g) 
was dissolved in 70 ml of xylene, and then 40 ml of the xylene 
was distilled off.17) To the solution, a 4-g portion of 50% 
sodium hydride (washed two times with xylene) was added, 
after which the mixture was refluxed for 2 h. After it had 
then cooled to room temperature, a 8-ml portion of allyl 
bromide was added and the whole was heated to 130 °C, 
whereupon massy precipitates resulted. Heating was con­
tinued at that temperature for 20 h. After the solution 
had then cooled to room temperature, water was added and 
the organic layer was separated. The aqueous layer was 
extracted with ether, and the combined organic extracts were 
washed with water and saline. The subsequent evaporation 
of the solvent gave an oil, which distilled fractionally at 3 
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mmHg to give 2-allylhomocamphor (27) (bp 75—90 °C; 5 g) 
and 2,2-diallylhomocamphor (28) (bp>110 °G). 

27, bp 110—113 °C/8 mmHg; v(CCl4): 3070, 1700, 1635, 
990, and 910 cm-1; (5(CC14): 0.71 (s, 3H), 0.91 (s, 6H), and 
4.7—6.2 (m, 3H); mje: 206 (M+), 191, 163, 95. Found: C, 
81.38; H, 10.62%. Calcd for C1 4H2 20: C, 81.49; H, 10.74%. 

28, bp 113—116 °C/3 mmHg; v(CCl4): 3070, 1695sh, 1685, 
1630, 985, and 910 cm"1; d(CCl4) : 0.78 (s, 3H), 0.93 (s, 6H), 
and 4.7—6.2 (m, 6H). mfe: 246 (M+), 231, 95. 

2-(Carboxymethyl)homocamphor (29). 2-Allylhomocam-
phor (27, 4.1 g) in 500 ml of /-butyl alcohol was mixed with a 
solution of 24 g of N a I 0 4 and 100 mg of K M n 0 4 in I liter of 
water. To the mixture there was then added 40 ml of 5% 
aqueous potassium carbonate, and the whole was stirred at 
room temperature for 2d.25) The products were taken up 
in ether, and the acidic materials were extracted with a 5% 
aqueous sodium hydroxide solution to give a crystalline 29 
(4.4 g, 100%). 

29, mp 94—94.5 °C (from pentane) ; v(KBr) : 3300—2400 
and 1695br cm"1. Found: C, 69.39; H, 8.85%. Calcd for 
C13H20O3:C, 69.61; H, 8.99%. 

y-Lactone 30. 29 (1.0 g) was converted into its methyl 
ester by treating it with ethereal diazomethane. After 
evaporating off the ether, a residual oil (1.07 g) was dissolved 
in 20 ml of methanol and was treated with 400 mg of NaBH4 

at 0 °C. After 2 h, a further 200 mg of NaBH4 was added and 
stirring was continued for another 2 h. Coned hydrochloric 
acid (2 ml) was then added, drop by drop, and the whole was 
stirred for 10 min. After it had then been concentrated to 
a small volume, the products were extracted with ether. The 
extract was evaporated to give a crystalline oil (918 mg), from 
which 772 mg (89%) of y-lactone 30 was collected. 

30, mp 85—86 °C (from pentane); v(KBr): 1755sh, 1735, 
and 1410 cm-1; <5(CDC13): 0.89 (s, 3H), 1.00 (s, 3H), 1.10 (s, 
3H), and 4.08 (d, 1H, 7 = 5 . 5 Hz). Found: C, 74.95; H, 
9.57%. Calcd for C13H20O2: C, 74.96; H, 9.68%. 

a-Methyl-y-lactone 31. To a mixture of 5 ml of dry 
THF and 3.4 ml of a butyllithium-hexane solution (5.6 mmol) 
there was added 0.8 ml (5.7 mmol) of diisopropylamine 
(freshly distilled over NaH) at 0 °C, after which the mixture 
was stirred at that temperature for 45 min.18) The whole 
was then cooled to —78 °C, and 1.03 g (5 mmol) of 30 in 10 ml 
of THF was added, drop by drop, during a 15-min period. 
Some excess methyl iodide (1 ml) was added all at once, and 
the mixture was stirred for 15 min. A saturated ammonium 
chloride solution (5 ml) was added to the mixture, and the 
products were taken up in ether. The ether extract was 
evaporated to give a crystalline residue (1.12 g). Recrystal-
lization from pentane gave oc-methyl-y-lactone 31 ( 1.07 g, 
97%); mp 116—117 °C (sublimable) ; v(KBr): 1750 cm-1; 
<5(CDC13): 0.87 (s, 3H), 0.99 (s, 3H), 1.10 (s, 3H), 1.27 (d, 
3H, 7=7 .5 Hz), and 4.17 (d, 1H, 7 = 5 . 5 Hz). Found: C, 
75.43; H, 9.92%. Calcd for C14H22Oa: C, 75.67; H, 9.97%. 

Dimethyl-y-lactone 32. To lithium diisopropylamide 
(5.6 mmol) prepared as above, 972 mg (4.4 mmol) of 31 in 10 
ml of THF was added, drop by drop, at — 78 °C; the mixture 
was then stirred at that tempreature for 15 min. After 0.5 ml 
of HMPA had then been added, the whole was warmed to 
room temperature and 1 ml of methyl iodide was added. 
After 30 min stirring, 5 ml of a saturated ammonium chloride 
solution was added and the products were extracted with 
ether. The ether was evaporated to give a crystalline oil 
(1.01 g). Crystallization from pentane gave 909 mg (88%) 
of the dimethyl-y-lactone, 32, mp 106—107 °C; v(KBr): 1755 
cm-1; (5(CDC13) : 0.88 (s, 3H), 0.98 (s, 3H), 1.10 (s, 3H), 1.16 
(s, 3H), 1.27 (s, 3H), and 4.13 (d, 1H, 7 = 5 . 5 Hz). Found: 

C, 75.94; H, 10.17%. Calcd for C1 5H2 402: C, 76.22; H, 
10.23%. 

Diol 33. To a solution of 845 mg of 32 in 20 ml of 
dry ether, an excess methyllithium-ether solution was added 
at 0 °C ; the mixture was then stirred unitl 32 disappeared 
(VPC analysis). A large excess (1 g) of LiAlH4 was added 
to the mixture, and the whole was refluxed for 1.5 h. After 
cooling to room temperature, the excess LiAlH4 was carefully 
decomposed by the addition of ethyl acetate, and then an 
aqueous ammonium chloride solution. The ether extract, 
when evaporated, gave crystals (905 mg, 100%). The 
crystals showed two spots on TLC, and two recrystallizations 
from pentane afforded one isomer; mp 94—95 °C; v(KBr) : 
3300br, 1110, and 1075 cm-1; <5(CDC13): 0.82 (s, 3H), 0.89 
(s, 3H), 0.98 (s, 6H), 1.14 (s, 3H), 1.17 (d, 3H, 7 = 7 Hz), 
3.60 (br. d. 1H 7 = 4 Hz), and 3.82 (q, 1H, 7 = 7 Hz). Found: 
C, 75.53; H, 11.91%. Calcd for C16H30O2: C, 75.53; H, 
11.88%. 

Diketone 34. To a stirred solution of 2.4 g (24 mmol) of 
chromiun trioxide and 3.9 g (48 mmol) of pyridine in 60 ml of 
dichloromethane, 490 mg (1.9 mmol) of 33 in 10 ml of di-
chloromethane were added all at once, after which the mixture 
was stirred at room temperature for 15 min. The black 
materials were removed by filtration, and the filtrate was 
evaporated to give a brown residue. The residue was heated 
under reflux with 50 ml of pentane, and the undissolved 
material was removed by filtration. The filtrate was then 
evaporated to give colorless crystals (415 mg). Recrystal-
lization from pentane afforded 280 mg of a diketone 34. The 
mother liquor was chromatographed on silica gel (5 g, hexane-
benzene= 1 : 1) to give a further 78 mg of 34. 

34, mp 114—115 °C; v(KBr): 1690sh and 1685 cm-1: Ô 
(GDG1,): 0.73 (s, 3H), 0.88 (s, 3H), 0.92 (s, 3H), 1.15 (s, 3H), 
and 2.18 (s, 3H). Found: C, 76.59; H, 10.40%. Calcd for 
C16H26Oa: C, 76.75; H, 10.46%. 

y- Valerolactone 36. To a cooled solution (0 °C) of 3.82 g 
of 27 in 60 ml of dry ether, 20 ml of a 5% methyllithium-ether 
solution was added, drop by drop, after which the whole was 
stirred at room temperature for 1 h. An aqueous ammonium 
chloride solution was then added, and the products were taken 
up in ether. Evaporating the solvent gave a crude 35 (3.95 g) ; 
Ô(CC14) : methyl signals at 0.82, 0.92, 1.12, and 1.15. 

To a stirred solution of 3.16 g of K M n 0 4 in 12 ml of water 
and 6 ml of benzene containing 75 mg of R(CH3)2C6H5CH2-
N+Cl-, 1.06 g of the above alcohol 35 was added, drop by 
drop, during a 10-min period. The temperature of the mix­
ture was kept at 35—40 °C during addition. The mixture 
was then stirred at that temperature for 1 h,19) and the precipi­
tates were removed by filtration. The products were divided 
into a neutral part (0.81 g) and an acid part; the former was 
chromatographed on silica gel (10 g) to give a pure lactone 36 
(0.48 g, 45%) in a crystalline form. 

36, mp 95—97 °C (from pentane, in a sealed tube) ; v(KBr) : 
1750 and 930 cm-1; <5(CC14): 0.92 (s, 3H), 1.02 (s, 3H), 1.08 
(s, 3H), 1.34 (s, 3H), 2.0 (d, 1H, 7 = 17 Hz), 2.8 (dd, 1H, 
7 = 1 7 and 7 Hz). Found: C, 75.45; H, 9.70%. Calcd for 
C14H22Oa: C, 75.63; H, 9.97%. 

a.-Methyl-y-valerolactone 37. To a stirred lithium di­
isopropylamide (0.65 mmol) in THF, 135 mg (0.61 mmol) of 
36 in 15 ml of THF were added, drop by drop. After 15 min, 
0.2 ml of methyl iodide was added all at once and stirring was 
continued for a further 15 min. A saturated ammonium 
chloride solution was added, and the products were taken up 
in ether to give crystalline 37 (143 mg, 100%). 

37, mp 72—74 °C (from pentane, sublimable); v(KBr): 
1750 cm-1; <5(CC14): 0.92 (s, 3H), 0.98 (s, 3H), 1.08 (s, 3H), 
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TABLE 1 

Lactone (vi) 

mg 

500 
503 
510 

Yoshinobu INOUYE, Chikara FUKAYA, and Hiroshi KAKISAWA [Vol. 54, No. 4 

REACTIONS OF 7a-METHYLPERHYDRO-2-BENZOFURANONE WITH P2O5-METHANESULF0NIC ACID 

P205-MsOH 

g 
5 
5 
5 

ppA19) 

ppA19) 

tl°C 

80 
50 
30 

70—80 
120 

c 

h 

1 
24 

143 
3 

vacuum dist 

kv c 
u ^ • ^ 

Yield/% 

vii viii 

59 
56 
52 
25 

5 

X>-C 

34 
23 
8 

25 
20 

t> 

Ratio 
vii/viii 

1.7 
2.4 
6.5 
1.0 
0.3 

Some recovery 
12% recovery 

20% indane 

1.42 (d, 3H, J=l Hz), 1.43 (s, 3H), and 2.32 (br. q, 1H, / = 
7 Hz). Found: C, 76.18; H, 10.25%. Calcd for C15H2402: 
C, 76.22; H, 10.24%. 

Dimethyl-y-valerolactone 38. a-Methyl-y-valerolactone 37 
was converted into the dimethyl derivative, 38, in a quantita­
tive yield when treated with excess lithium diisopropylamide 
and methyl iodide in the presence of HMPA. 

38, mp 99—100 °C (from pentane); v(KBr): 1740 cm-1; 
(5(GG14) : 0.88 (s, 3H), 0.90 (s, 3H), 1.08 (s, 3H), 1.23 (s, 3H), 
1.46 (s, 3H), and 1.56 (s, 3H). Found: C, 76.71 ; H, 10.51%. 
Calcd for C16H2602: C, 76.75; H, 10.47%. 

Pz05-Methanesul/onic Acid Treatment of 7a-Methylperhydro-2-
benzqfuranone (vi). General procedure: The lactone (vi) 
was heated at a given temperature with 10 parts (weight) of a 
P205-methanesulfonic acid (l : 10) solution.21) The dark 
red solution was then poured into ice water, and the products 
were taken up in ether. The ether extract was washed with 
water and saline, and dried over anhydrous sodium sulfate. 
In every case, only two products (vii) and (viii) were recognized 
on VPC. The products were separated by column chromatog­
raphy on silica gel. The results are shown on Table 1. 

1,5,5,11,1 l-Pentamethyltricyclo[6.2.L0*<6~\undec-2-en-4-one (39) 
To a stirred solution of 10 g of P205-methanesulfonic acid, 
there was added 395 mg of 38, after which the mixture was 
heated at 70 °C for 2 h. After cooling, the red solution was 
poured into water (50 ml) and extracted with chloroform. 
The chloroform layer was washed with water, aqueous sodium 
hydrogencarbonate, and saline and dried over anhydrous 
sodium sulfate. The subsequent evaporation of the solvent 
gave an oil (380 mg), which was then chromatographed on 
silica gel (20 g). The elution with chloroform afforded 195 
m g (50%) of a cyclopentenone 39 as an oil. 

39, bath temp 83—86.5 °G/0.05 mmHg (Kugelrohr dist) ; 
mp 38—40 °C (from pentane, - 7 8 °C); v(CCl4): 1700 and 
1605 cm - 1 ; <5(CC14; the A values show the pseudocontact 
shift upon the addition of 0.05 eq of Eu-FOD) : 0.78 (s, 3H, 
A 0.17), 0.91 (s, 3H, A 0.52), 0.98 (s, 3H, A 0.07), 1.03 (s, 3H, 
J0.51), 1.12 (s, 3H, zl0.ll), 2.58 (ddd, 1H, / = 2 , 9, and 11.5 
Hz, A 0.38), and 5.51 (d, 1H, J = 2 Hz, A 0.97). Found: C, 
82.68; H, 10.49%. Calcd for C1 6H2 40: C, 82.70; H, 10.41%. 

The present work was partially supported by a Grant-
in-Aid for Scientific Research No. 164147 from the 
Ministry of Education, Science and Culture. 
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Reaction Paths of the Photochemical Electrocyclic Reaction of 
Acrylaldehyde. A Possible Path via a Zwitterion 

Osamu KIKUCHI ,* Hiroshi KUBOTA, and Keizo SUZUKI 

Department of Chemistry, The University of Tsukuba, Sakura-mura, Ibaraki 305 
(Received June 16, 1980) 

The photochemical electrocyclic reaction paths of j-m-acrylaldehyde to oxetene were examined on the basis of 
the potential surfaces obtained by the MINDO/3 CI calculation, and compared with those of the corresponding 
conjugated hydrocarbon system. The strong S0-S2 interaction, which appears in the disrotatory mode of the 
cyclization of butadiene, was not observed in the acrylaldehyde-oxetene system. There appears to be a step-by-step 
path, in which the n—>?r* induced rotation of the methylene group is followed by the ring-closing step. The zwit-
terion in which the positive charge is localized on the terminal carbon atom is involved in this step. Since the er 
lone-pair electrons of the oxygen atom play a key role in the ring-closing step, this path is characteristic of the 
hetero-atom conjugated system and cannot be deduced by analogy or by a simple extension of the concepts estab­
lished for the photoreactions of all-hydrocarbon conjugated systems. The possible decay paths from acrylal­
dehyde in the excited states were also discussed. 

Orbital symmetry arguments1) and calculated reac­
tion paths2) have well elucidated the thermal and 
photochemical electrocyclic reactions of the all-hydro­
carbon conjugated system, l ->2. Little attention, 
however, has been paid to the electrocyclic processes 
of the hetero-atom conjugated system, in which one 
of the terminal methylene groups is replaced by a 
hetero atom. T h e formal photochemical electrocyclic 
reaction of j -m-acrylaldehyde 3—Ht, for example, has 
been considered to proceed by means of a mechanism 
similar to that of .y-cù-butadiene, l ->2, if the 7i—*7i* 

1 2 

C - D° 
3 4 

excited state is involved.3) However, there are two 
essential differences between the 1—>2 and 3—>4 reac­
tions. T h e first is the mode of rotation of the methylene 
groups. In the conjugated hydrocarbon system, the 
disrotatory and conrotatory modes give very different 
shapes of the potential cuves, while there is no distinction 
between these two modes in the 3—HI reaction, since 
only one methylene group is involved in the acrylal­
dehyde-oxetene system. It is thus impossible to consider 
the photochemical reaction mechanism of the 3—Ht 
reaction by simple analogy with the disrotatory cycliza­
tion of the l -»2 reaction. 

T h e second difference is the existence of the lone-pair 
electrons of the terminal hetero atom. Since the lone-
pair electrons are distributed on the a framework where 
the new a bond is being formed, the lone-pair electrons 
should participate in the electrocyclic reaction mecha­
nism of the hetero-atom conjugated system, even if the 
photochemical reaction proceeds from the n—^n* 
excited state. Because of these essential differences, the 
electron behavior during the 3—>4 reaction cannot be 
understood sufficiently well by analogy with the l->2 

reaction; therefore, it is worthwhile to investigate the 
reaction processes of the 3—A. reaction and to compare 
the reaction mechanism with that of the all-hydrocarbon 
system, 1—>2. 

The experimental evidence applicable to the 3—>4 
reaction has been reported by Friedrich and Schuster.4) 
T h e irradiation of 3,4-dimethyl-3-penten-2-one in a 
hexane solution through a Pyrex filter gave no observa­
ble reaction, while the irradiation with Vicor-filtered 
U V light gave cyclic compound, the oxetene. They 
also investigated the thermal ring-opening reaction of 
the methyl-substituted oxetene and compared it with 
that of the cyclobutene derivatives.415) 

In the present study, the potential curves for the 
ground and several excited states of the 3->4 reaction 
were obtained by means of the semi-empirical M I N D O / 
35) CI calculations. O n the basis of these potential 
surfaces, the possible photochemical paths of the 3—Ht 
reaction are discussed. Attention is mostly paid to the 
clarification of the differences between the reaction 
mechanisms of the 1—»2 and 3—>4 reactions, and also 
to the comparison between the theoretical and experi­
mental results. 

M e t h o d o f Calculat ion 

T h e structures of Compounds 1—4 were optimized 
by the SCF (without CI) calculation; Fletcher's variable 
metric method6) was employed. They are shown in 
Fig. 1. T h e potential surfaces for the 1—>2 and 3—Ht 
reactions are the functions of many geometrical variables. 
In the present study, the potential surfaces were calcu­
lated with respect to two independent parameters. One 
of these is the rotation algle, 0, of the methylene group(s). 
All the other geometrical variables were allowed to 
vary simultaneously from their inital to final values. 
This variation is expressed by the second parameter, d, 
which varies from O.O(initial) to l.O(final). In the CI 
calculation, 47 and 43 configuration functions were 
selected from the singly- and doubly-excited configura­
tions for the singlet and triplet states respectively. 
M I N D O / 3 underestimates the strain energy of small 
cyclic compounds, while it overestimates the heats of 
formation of acrylaldehyde and butadiene.5) The 
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Fig. 1. Molecular structures of j-m-butadiene, cyclo-
butene, j-m-acrylaldehyde, and oxetene optimized by 
the MINDO/3 method. Bond lenghts are in Â, bond 
angles are in degrees. 

0° 15° 30° 45° 60° 75° 90° 

n e • 
Fig. 2. Potential energy curves for the disrotatory mode 

of the butadiene-cyclobutene system. All the geometri­
cal variables are varied simultaneously between the 
optimized structures of butadiene and cyclobutene. 

TABLE 1. EXCITATION ENERGIES (eV) OF .y-/raw.y-BUTADiENE 

AND .y-fraW.y-ACRYLALDEHYDE AS CALCULATED BY 

THE M I N D O / 3 CI METHOD 

State 

Butadiene 

*». 
3 \ 
3K 

Acrylaldehyde 
1n—»;r* 
1;r—»;r* 
3;r—»;r* 

MINDO/3 

5.11 
3.35 
3.11 

3.48 
5.70 
3.27 

ab initio2*0 

7.69 
6.22 
4.28 

Obsd 

5.927a) 6.057b) 

4.91*° 
3.207a) 3.327C) 

3.217d) 

6.417<D 

3.017d) 

excitation energies as calculated by M I N D O / 3 CI 
were compared with the experimental values (Table 1). 
Although the M I N D O / 3 and M I N D O / 3 CI calculations 
do not give sufficiently good results for the energetics 
of the present systems, we feel that the present objectives 
can be achieved satisfactorily on the basis of the 
M I N D O / 3 calculations. 

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

Linear Variation of Geometrical Variables, First let 
us consider the concerted path in which the 0 and d 
parameters are changed simultaneously. Figure 2 
shows the potential curves of several electronic states 
for the disrotatory mode of the butadiene-cyclobutene 
system. Their shapes are very similar to those obtained 
previously by semi-empirical2b) and ab initio20) methods. 
Notice two important features which appear in Fig. 2. 
The first is a true crossing at C t which takes place at 
the beginning of the cyclization and which involves 
the jï->jr* singly-excited B2 state and its doubly-excited 
counterpart. The second is an avoiding crossing at C2 

involving the ground state and the n—*n* doubly-

Fig. 3. Potential energy curves for the acryladehyde-
oxetene system. All the geometrical variables are 
varied simultaneously between the optimized structures 
of acryladehyde and the oxetene. 

excited state. T h e cyclobutene formation from the 
n-^7i* state of butadiene can be understood in terms 
of these two crossings; the TZ-^TI* state of butadiene 
populates the W b well through the C t crossing, and this 
well is a leakage channel8) from the excited state to the 
ground state. 

Figure 3 shows the corresponding potential curves 
for the j-aj-acrylaldehyde-oxetene system. In this 
system, there is no distinction between the disrotatory 
and conrotatory modes of the methylene rotation,9) 
and both the thermal and photochemical processes can 
be considered on the basis of these potential curves. 
T h e thermal ring-opening reaction of the substituted 

file:///l.113
file:///l.100
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oxetene has been studied by Friedrich and Schuster.4b) 
T h e activation enthalpy of 1,2,3,3-tetramethyloxetene 
was found to be 100—105 k j m o l - 1 (solvent de­
pendent),40) while that of 1,2,3,4-tetramethylcyclo-
butene is 152 k j mol-1.41*) T h e calculated values 213 
k j m o l - 1 for the oxetene and 242 k j m o l - 1 for cyclo-
butene,10) are somewhat larger than the observed values 
for the substituted compounds. This discrepancy comes 
partially from a deficiency in the M I N D O / 3 approxima­
tion, which overestimates the heats of formation of 
butadiene and acrylaldehyde, while underestimating 
the strain energy of the cyclic compounds. However, 
the faster thermal r ing opening of the oxetene in com­
parison with that of cyclobutene is reflected in the 
calculated values. 

T h e S! and T j states of acrylaldehyde are the singlet 
and triplet n—*n* states which are missing in butadiene. 
T h e S2 and T 2 states are the n-+7Z* states which corre­
spond to the B2 singlet and triplet states of butadiene 
respectively. T h e most important feature observed in 
the potential curves of the acrylaldehyde-oxetene 
system is the absence of the crossings related to the 
doubly-excited configuration; they appear at Cx and G2 

in the case of the butadiene-cyclobutene system. This 
is due to the non-symmetric property of acrylaldehyde 
with respect to the vertical p lane; no crossing occurs 
between the TT2 and nz orbitals. Two new types of 
crossings are observed in the acrylaldehyde-oxetene 
system. They are the C4 crossing between the n—>n* 
and n—*7i* states, and the G5 crossing between S0 and 
Sj states at the later part of cyclization. T h e concerted 
cyclization pa th of .y-cw-acrylaldehyde may be elucidated 
as follows: the reaction proceeds from the n—'m* 
excited state of acrylaldehyde, this state reaches the 
W a well through the G4 crossing, and the non-adiabatic 
transition from W a to the ground state gives the oxetene. 
As will be described later, the W a well is not a clear 
well on the two-dimensional Sx surface, and the transi­
tion from the W a well to the ground state is expected to 
be much more inefficient than that from the Wb well 
to the ground state in the butadiene-cyclobutene 
system. 

T h e n—>TI* excited acrylaldehyde cannot reach the 
W a well because of the high activation energy, and no 
appreciable formation of the oxetene is expected from 
the n—*rc* state of acrylaldehyde. This agrees well with 
the experimental evidences.4b> 

Step-by-step Path via a Zwitterion. T h e rotation 
of methylene occurs easily in the n—>n* excited state 
of acrylaldehyde to give the twisted acrylaldehyde. 
T h e lower electronic states of the twisted acrylaldehyde 
involve the diradical,11) D ^ , and two zwitterions, Z+ 
and Z—12> T h e energies of several states of the twisted 

Z* Z . 

acrylaldehyde are shown in Fig. 4. T h e Z+ zwitterion, 
in which the positive charge is located at the terminal 

V 
5 -

- x 0 
3 D„, 

" ^ 1 Z . 

A -

3 -

2 -

Fig. 4. Energy levels for several lower states of the 
twisted acrylaldehyde. 

carbon atom, can undergo ring closing very easily, 
since a strong attraction is expected between the 
positive charge and the lone-pair electrons of the 
oxygen atom. T h e step-by-step path in which the 

rotation closing c 
z* 

rotation of the methylene group is followed by the ring-
closing is expected to exist. The state correlation 
diagram for this path is shown in Fig. 5.13) As may be 
seen from Fig. 5, the excited Z+ state correlates with the 
ground state of the oxetene. I t can thus be expected 
that, if the Z+ state of the twisted acrylaldehyde is 
formed from the 7t—*ri* excited state of acrylaldehyde, 
the oxetene formation proceeds without any activation 

J> 

Fig. 5. State correlation diagram for the acrylaldehyde-
twisted acrylaldehyde-oxetene system. 

energy or with only a small activation energy. The 
potential curves along the suggested path are shown in 
Fig. 6. T h e molecule has a distinctive zwitterionic 
character between A and C on the Z+ potential curve.15) 
Figure 6 indicates that the internal conversion from the 
Z+ state to the D ^ state occurs efficiently at the twisted 
acrylaldehyde; this results in the reproduction of the 
ground state of acrylaldehyde, and no formation of 
oxetene is expected. However, if the Z+ zwitterion is 
formed from the TV-*TZ* excited state16) and has a high 
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RING CLOSING 
(d) 

* 
c—c 

Fig. 6. Potential curves for the step-wise path of the 
acrylaldehyde-oxetene system. Only three lower 
singlet states are shown. 0 is the rotation angle of the 
terminal methylene and d represents the simultaneous 
change in all the geometrical variables other than 0. 
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vibration energy, it can cyclize to form the oxetene via 
the C7 crossing. 

An important role of the zwitterion has been pointed 
out by Dauben et Ö/.1 4 '1 7) and by Salem18) in the photo­
chemical cyclization of non-symmetric polyenes. In 

-rf 
the 5—>6 reaction, the pr imary step is the photoinduced 
rotation of the terminal methylene, which gives the 
zwitterion. This step is followed by the 1,3 ring closing 
of the anionic allyl group by another rotation about 
the C - C bonds. T h e reaction scheme of the zwitterion 
in the present 3—>4 react ion is clearly different from 
that proposed for the 5—>6 process. In the 3—>4 reaction, 
the ring closing occurs between the positive carbon 
atom and the lone-pair electrons of the terminal hetero 
atom, without another rotation. This path can occur 
only if the terminal atom has the lone-pair electrons 
and is characteristic of the hetero-atom conjugated 
system. 
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Fig. 7. Two-dimensional potential surfaces of (a) S0, (b) Sl5 (c) S2, and (d) Tx states of the acrylaldehyde-
oxetene system. The energies (eV) are relative values with respect to that of the ground state of s-cis-
acrylaldehyde. 
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Two-dimensional Potential Surfaces. T h e potential 
surfaces of several electronic states of the acrylaldehyde-
oxetene system were obtained as the function of two 
geometrical parameters, 6 and d. They are shown in 
Fig. 7. Although two-dimensional surfaces are still 
only a distant approximation of the real multi­
dimensional hypersurfaces, they give much more 
information than one-dimensional ones; they are 
useful as confirmation of and complement to the results 
obtained from the one-dimensional potential curves. 
T h e n—>n* singlet state of acrylaldehyde is located at 
the energy minimum on the Si surface and is stable 
even when the molecular structure is deformed (Fig. 
7-b). An important characteristic of this Si surface is 
the absence of the W a well which appears in one-
dimensional curves (Fig. 3). Instead, the W a well in 
Fig. 3 is a par t of the shallow well, W2 , the minimum 
point of which is located at the C7 crossing point jn 
Fig. 6. T h e transition from the W 2 region to the ground 
state occurs very easily to form the oxetene. 

From Fig. 7-c, it may be seen that acrylaldehyde in 
its ji~»7r* excited state can move around most (O.O<0< 
0.6, and 0 ° < X 9 0 ° ) of the S2 surface. T h e transition 
from the W 3 well to the Sx state produces the normal 
acrylaldehyde or the twisted acrylaldehyde. However, 
Fig. 7-b indicates that the Si species formed from the W 3 

well is capable of access to the W 2 well. In this case, 
the oxetene is formed via the Z+ zwitterion. T h e smallest 
energy separation between the S1 and S2 surfaces is 
observed at the central region of the two-dimensional 
maps ; this region corresponds to the C4 crossing region 
in Fig. 3. T h e strong coupling between Sx and S2 is 
suggested by the calculated CI coefficients, and an 
appreciable transition from S2 to S t is expected in this 
region. As may be seen from Figs. 7-b and 7-c, the Z+ 
zwitterion (corresponding to the W 2 well) is formed 
from the Sx species generated from S2 through the G4 

crossing. From the analysis of the two-dimensional 
surfaces, it is confirmed that there is a pa th through the 
Z+ zwitterion in the 3—»4. photochemical process. 

Figure 7-d shows the potential surface of the T 2 

triplet state. T h e acrylaldehyde side of this surface 
corresponds to the 7i—*n* triplet state of acrylaldehyde. 
T h e rotation of methylene occurs easily in this state and 
gives the twisted acrylaldehyde, the triplet diradical, 
3Dff!t. T h e crossing of this surface with the lowest S0 

state occurs near the W 4 well, and the reproduction 
of the ground state of acrylaldehyde proceeds from the 
triplet T x state through this singlet-triplet crossing. This 
path corresponds to the photochemical cis-trans iso-
merization of acrylaldehyde. T h e intersystem crossing 
rate between the 3D<,* and 1D<„ states is not expected 
to be particularly fast, but the intersystem crossing is 
still an efficient process, since the triplet is at a 
minimum.1 4) 

C o n c l u s i o n 

T h e possible decay paths for the photochemically 
excited j -m-acrylaldehyde have been considered on the 
basis of the potential surfaces obtained by M I N D O / 3 CI 
calculations. Two possible paths have been predicted 
for the photochemical electrocyclic reaction of s-cis-

3D(W4)<— T, (£ ) 

D ( ^ ) — s0(C) — s2 (£) — (c4> —> wa 

s, ( £ ) «— w3 —* w2 (*$.)—so ( n ) 

1 '•(£) 
acrylaldehyde into oxetene. T h e concerted type of 
cyclization proceeds from the TZ—>71* state : acrylaldehyde 
-*S2-»C4—»Wa—»oxetene. T h e step-by-step path, in 
which the Z+ zwitterion is involved, also proceeds from 
the n-*7i* s tate: acrylaldehyde—»S2-»(C4 or W3)—»W2—• 
oxetene. Since no quantitative examinations were 
performed for the transition probability between the 
electronic states, the efficiency of the above two possible 
paths to form the oxetene can not be determined from 
the present study. T h e W a well appearing in the 
concerted path is actually a part of the W 2 well which 
corresponds to the Z+ zwitterion. Therefore, the Z+ 
zwitterion also plays an important role in the concerted-
type pathway. T h e pa th via the Z+ zwitterion proposed 
in this study is a new type of mechanism for the formal 
photochemical electrocyclic reactions. Since the 
lone-pair electrons play a key role in the ring-closing 
step, this path can not be deduced by analogy or a 
simple extension of the concepts established for the all-
hydrocarbon conjugated systems. 
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The direct coupling between N-protected a-dehydroamino acid (1) and N-free a-dehydroamino acid ester 
(2) by the acid-chloride method was carried out to give several dehydrodehydrodipeptides (7). Furthermore, the 
two kinds of dehydrodipeptides with a hydroxyl group, obtained by the coupling of 1 with a serine or threonine 
ester, and that of N-protected serine or threonine with 2, followed by mesylation and subsequent base-catalyzed ß-
elimination gave a number of 7 substances in good yields. The configurational structures of 7 obtained by 
both direct condensation and elimination were found to have (Z,Z)-geometry. 

M u c h attention has been focused on the correlation 
between the structure and the bioactivity of dehydro­
oligopeptides containing one or more a-dehydroamino 
acid (DHA or JAA) 2 ) residues.3-7) Recently, antibiotic 
berninamycin A, a cyclodehydrodecapeptide with two 
dehydrodehydrodipeptide (ZlDHP) sequences and seven 
D H A moieties, has been isolated from a culture of 
Streptomyces bernensis, and the primary structure con­
firmed, by Liesch and Rinehart.8) However, concerning 
the synthesis of zJDHP, few reports have been published 
on its preparat ion by means of the base-catalyzed ß-
elimination or by the direct coupling between two 
different DHA's , these being the indirect and restricted 
preparative methods from unsaturated azlactone.9»10) 

I n a previous communication,11) we briefly reported 
on the synthesis of the N-protected ZlDHP ester by the 
coupling of benzyloxycarbonyl (Cbz) -DHA (1) with 
the N-free D H A ester (2) by the acid-chloride method. 
Here, we wish to report on a method of synthesis 
featuring the base-catalyzed /^-elimination to dehydro-
dipeptide with a leaving group; we wish also to describe 
the direct method in detail. 

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

Coupling of (Z J -DHA with ß-Hydroxy en-Amino Acid. 
In order to prepare a dehydrodipeptide containing a 
Ser or T h r residue at the C- or N-terminus according to 
the method previously reported by us,1»12) first, the 
coupling of 1 with a-amino acid ester was performed. 
T h e (Z) - l compound, as a carboxyl component, readily 
reacted with a racemic Ser or T h r ester by the usual 
peptide synthetic method [mixed anhydride (MA), 
dicyclohexylcarbodiimide (DGC), acid chloride, and 
azide method] to give Cbz-(Z)-a-dehydroaminoacyl-
Ser and - T h r esters (3) respectively, as a colorless syrup 
or crystals, in ca. 70% yields. Therefore, although 
the yield was not significantly different, the preparation 
of 3 by the DGC method was found to be superior to 
tha t by the other methods. I n Table 1, the yield of 3 
by the D C C method is listed. 

O n the other hand, N-protected Ser or T h r was also 
coupled with (Z)-2 as an amine component by the 
similar D G C method to give Gbz-Ser - and - T h r - ( Z ) - a -
dehydroamino acid esters (4) respectively as colorless 

crystals in ca. a 34% yield. However, because of the 
weak basicity of the amino group in the amine com­
ponent, the yield was lower than that of 3, and the 
coupling of the a-dehydrophenylalanine ester with 
Cbz-Ser or - T h r was found to proceed to only a very 
small degree. 

In the I R spectral data, the characteristic differences 
between 3 and 4 could not be recognized. T h e absorp­
tion bands of the hydroxyl and N H (3475—3175 
c m - 1 ) , ester carbonyl (1760—1720 c m - 1 ) , secondary 
amide (1665—1625 c m - 1 ) , and carbon-carbon double 
bond (1670—1620 cm - 1 ) functions are consistent with 
the assignment of the dehydrodipeptide structure. 

T h e chemical shifts and the coupling constants of 3 
and 4 were assigned as is shown in Tables 1 and 2. In 
the N M R spectrum of 3, the signals at ô 4.56—4.76 as 
double doublets or double triplets, at à 7.07—7.53 as 
doublets, and at ô 2.84—3.80 as broad singlets are 
attributable to methine, N H , and hydroxyl protons of 
the oc-AA residue, respectively and the signals at ô 
5.34—6.08, 6.37—7.10, and 6.76—7.52 regions as 
singlets, to vinyl, olefinic, and N H protons of the ZlAA 

R R1 R2 

\ / i 
G CH-OH 

Cbz-NH-C-COOH + H2N-GH-COOY 
1 

R R1 R2 

\ / i 
C CH-OH 

DCC || | 
• Cbz-NH- G -CO-NH-CH-COOY 

3 
R2 R R1 

i \ / 
CH-OH C 

Cbz-NH-CH-COOH + H 2 N-C-COOY 
2 

R2 R R1 

i \ / 
CH-OH C 

• Cbz-NH-CH-CO-NH-C-COOY 
4 

DHA and DHA residues = AAla, JBut, JnorVal, JVal, 
JnorLeu, ^ILeu, and /4Phe; R2 = H and CH3; Y = CH3 

and C2H5. 
Scheme 1. 
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residue respectively. O n the other hand, in the case of 
4, the corresponding signals appeared at ô 4.30—4.35 
(methine) as multiplets, at ô 6.01—6.19 (NH) as 
doublets, and at ô 3.40—3.88 (hydroxyl) as broad 
singlets of the a-AA residue, and at ô 6.55—6.81 and at 
ô 7.96—8.15 (vinyl and olefinic protons) regions as 
broad singlets of the ZlAA residue. As a result, it was 
found that the I R and N M R spectral patterns of 3 
were remarkably similar to those of 4. 

According to the method confirmed previously,1) the 
configurations of 3 and 4 could be readily determined to 
have (Z)-geometry. 

T h e yields, physical constants, and N M R spectral 
data of 3 and 4 are summarized in Tables 1 and 2. 

Preparation of Dehydro-dehydrodipeptides. I n order 
to carry out the following base-catalyzed /^-elimination 
easily, the mesylation of the hydroxyl group in 3 and 4 
was performed. W e followed a procedure reported 

TABLE 1. Cbz-(Z)-JAA-Ser- AND -Thr-OY (3) 

Cbz-zlAA-AA(OH)-OY 

Cbz-ZlAla-Ser-OMe 

Cbz-ZlBut-Ser-OMe 

Cbz-zl nor Val-Ser-OMe 

Qhz-A norLeu-Ser-OMe 

Cbz-zl Leu-Ser-OMe 

Cbz-zlPhe-Ser-OMe 

Cbz-zJAla-Thr-OMe 

Gbz-/JBut-Thr-OMe 

Cbz-^J nor Val-Thr-OEt 

Cbz-Zl norLeu-Thr-OEt 

Cbz-zl Lcu-Thr-OMe 

Cbz-JPhe-Thr-OEt 

Yield*0 

% 

67 

64 

70 

65 

86 

65 

45 

67 

61 

76 

77 

84 

- Mp/°C 

syrup10 

syrup 

syrup 

syrup 

100—101c) 

107—108d) 

syrup 

62—64e:> 

65—66e) 

54—56° 

58—60° 

110—111° 

Formula 

C16H20N2O6 

C17H2aN206 

Ci8H24N206 

G18H24N206 

C21Ha2Na06 

Q6H2oN206 

C17H22N206 

C"i9H26N206 

C2()H28lN 2^6 

Ci9H26N206 

C23H26N206 

Found (Calcd), % 

C H N ( 

NMR 

Dlefinic-
proton Uaz) 

57.45 6.12 8.15 
(57.13 5.99 8.33) 
58.49 6.45 8.03 

(58.27 6.33 8.00) 
59.51 6.82 7.68 

(59.33 6.64 7.69) 
59.42 6.58 7.71 

(59.33 6.64 7.69) 
63.23 5.56 7.11 

(63.31 5.57 7.03) 
57.51 6.23 8.19 

(57.13 5.99 8.33) 
58.21 6.45 7.91 

(58.27 6.33 8.00) 
60.12 7.02 7.44 

(60.30 6.93 7.40) 
61.07 7.28 7.19 

(61.21 7.19 7.14) 
60.51 7.11 7.32 

(60.30 6.93 7.40) 
64.56 6.32 6.86 

(64.77 6.15 6.57) 

6.52q, 
(7.5) 
6.43t, 

(7.3) 
6.45t, 

(7.3) 
6.41d, 

(10.0) 
7.10s, 

5.34t, 
6.08d 
6.56q, 

(7.3) 
6.46t, 

(7.2) 
6.51t, 

(7.5) 
6.37d, 

(10.8) 
7.40— 
7.55^, 

. spectrum, ö 

a-Protonh) 

(7HZ) 

4.62dt, 
(3.0,7.0) 
4.62m, 

4.66m, 

4.66dt, 
(3.0,7.0) 
4.67dt, 

(3.0,8.0) 
4.56dd, 

(2.5,9.0) 
4.56dd, 

(3.0,8.8) 
4.57dd, 

(3.0,8.8) 
4.58dd, 

(3.0,8.8) 
4.61dd, 

(2.8,9.0) 
4.76dd, 

(3.0,9.0) 

in CDG13 

NH 

7.04s, 
7.26d 
7.01s, 
7.26d 
6.82s, 
7.20d 
7.07s, 
7.40d 
6.76s, 
7.24d 
7.07s, 
7.53d 
7.00s, 
7.07d 
7.00s, 
7.09d 
6.86s, 
7.09d 
6.79s, 
7.09d 
7.14s, 
7.40— 
7.55*> 

OH 

3.72 

3.80 

3.20 

3.69 

3.26 

2.94 

3.34 

3.25 

3.20 

2.84 

3.27 

a) Yield by the DGC method, b) Ref. 1. c) Colorless prisms from benzene, d) Colorless prisms from CC14. e) Colorless 
needles from propyl ether, f ) Colorless needles from CC14. g) Overlapped with phenyl protons, h) a-Proton of a-AA 
residue. 

TABLE 2. Cbz-Ser- AND Thr-(Z)-JAA-OEt (4) 

Cbz-AA(OH)-jAA-OEt 

Cbz-Ser-A Val-OEt 

Cbz-Ser-^J nor Leu- OEt 

Cbz-Ser-zlLeu-OEt 

Cbz-Thr-JBut-OEt 

Cbz-Thr-J norVal-OEt 

Cbz-Thr-J Val-OEt 

Cbz-Thr-J norLeu-OEt 

Cbz-Thr-JLeu-OEt 

Yielda> 

% 

51 

26 

33 

21 

25 

50 

28 

38 

- Mp/°CW 

155—157 

64—66 

107—108 

88—90 

99—100 

159—161 

95—97 

100—101 

Formula 

C18H24N206 

C<i9H26N206 

Ci9H26N206 

C18H24N206 

Gi9H26N206 

C19H26N206 

C2oH28N206 

C2oH28Na06 

Found (Calcd), % 

C H N 

59.39 6.58 7.77 
(59.33 6.64 7.69) 
60.25 7.05 7.39 

(60.30 6.93 7.40) 
60.51 7.23 7.34 

(60.30 6.93 7.40) 
59.32 6.79 7.79 

(59.33 6.64 7.69) 
60.51 6.87 7.29 

(60.30 6.93 7.40) 
60.33 7.11 7.23 

(60.30 6.93 7.40) 
60.98 7.32 7.19 

(61.21 7.19 7.14) 
61.23 6.89 7.22 

(61.21 7.19 7.14) 

NMR 

Olefinic-
proton(7Hz) 

— 

6.72t, 
(7.0) 
6.55d, 

(10.0) 
6.81q, 

(7.0) 
6.68t, 

(7.0) 

6.73t, 
(7.0) 
6.55d, 

(10.0) 

spectrum, Ô in CDC 

a-Protonc) NH 

4.30m, 

4.35m, 

4.35m, 

4.30m, 

4.30m, 

4.35m, 

4.30m, 

4.30m, 

6.10d, 
7.96bs 
6.19d, 
8.04bs 
6.10d, 
7.96bs 
6.16d, 
8.15bs 
6.06d, 
8.00bs 
6.Old, 
7.96bs 
6.08d, 
8.10bs 
6.06d, 
7.96bs 

:i3 

OH 

3.40 

3.75 

3.75 

3.70 

3.80 

3.84 

3.88 

3.88 

a) Yield by the DCC method, b) Colorless fibrous from CC14. c) a-Proton of a-AA residue. 
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previously,13) treating a solution of 3 and methanesulfon-
yl (mesyl) chloride in CH2C12 with excess triethylamine 
but , unexpectedly, ZlDHP (7) as a colorless syrup or 
crystals was obtained directly in ca. a 74% yield, 
without any yield of the corresponding mesyloxy inter­
mediates (5). 

O n the other hand, a similar treatment of 4 with 
mesyl chloride gave the corresponding stable mesyloxy 
derivative (6) as colorless crystals in ca. an 8 0 % yield. 
T h e subsequent elimination reaction of the 6 isolated 
purely was attempted in the presence of triethylamine, 
but the reaction did not proceed at all. In consequence, 
the treatment of a solution of 6 in T H F in the presence 
of l,8-diazabicyclo[5.4.0]undec-7-ene (DBU), a stronger 
base than triethylamine, was carried out successfully, 
and the desired 7 was obtained in ca, a 6 5 % yield. 

In the spectrum of 6, the disappearance of the 
hydroxyl absorption and in the 3260—3300 c m - 1 region 
and the appearance of characteristic strong sulfonyl 
function bands in the 1345—1360 and 1160—1190 cm" 1 

regions indicate unambiguously the formation of the 
mesyloxy derivative. Moreover, the I R spectrum of 7 
showed bands in the 3280—3400 and 3200—3300 cm" 1 

regions due to the N H group, bands in the 1680—1728 
and 1500—1540, and 1620—1650 and 1490—1500 cm" 1 

regions due to two secondary amide functions, and a 
weak band in the 1620—1670 c m - 1 region due to the 
carbon-carbon double bond. 

O n the other hand, from the N M R spectral da ta of 7 
listed in Tables 4 and 5, it was found that the signals 
in the ô 4.46—7.74 and 7.61—8.61 regions as broad 
singlets due to two N H protons, and the characteristic 
signals at ô 5.26—6.76 and at ô 6.30—7.24 due to vinyl 
and olefinic protons of the ZlAA-ZlAA moeties respec­
tively, are consistent with the assignment of the dehydro-
dehydrodipeptide structure. In consequence, it can be 
said that the appearance of two olefinic proton signals 
indicates unambiguously the formation of 7. 

As a result, it was found that the I R and N M R 
spectral patterns of 7 derived from 3 via 5 were in fairly 
good agreement with those of 7 from 4 via 6. 

Mes-Cl 

Et3N 

R R 1 R2 

cf GH-OMes 

Cbz-NH-C -CO-NH-CH-COOY 
5 

R R1 

\ / 
G 

R2 H 
\ / 
G 

- Cbz -NH-C-CO-NH-C-COOY 
7 

R2 R R1 

CH-OMes cf 
Mes-Cl | H 

4 • Cbz-NH-CH-CO-NH-C-COOY 
6 

R2 H R Ri 
\ / \ / 
C C 

DBU „ „ 
• Cbz -NH-C-CO-NH-C-COOY 

7 
DHA residues = JAta, JBut, A nor Val, J Val, ZlnorLeu, 
JLeu, and ZlPhe; Y = CH3 and C2H5 

Scheme 2. 

The yields, physical constants, and N M R spectral 
da ta of 6 and 7 are summarized in Tables 3, 4, and 5. 

The geometric structure of 7 could be readily deter­
mined to have (Z,Z)-geometry, since the chemical shifts 
and the spectral patterns of the individual A A A residue 
in 7 were quite similar to the starting, (Z)-configura-
tional 1 and 2.13>14) T h e above determination was 
further confirmed independently by the following direct 
coupling between two different (Z)-DHA's.11> 

The equimolar coupling of (Z) - l as a carboxyl 
component with (Z)-2 as an amine component by the 
usual acid-chloride method gave the desired ZlDHP 
(7) in ca. a 5 0 % yield; its structure was completely in 
agreement with that of 7 derived from 3 and 4 respec­
tively. Therefore, it was further ascertained that the 
(Z)-geometry of the D H A and D H A residues was 
maintained during the peptide-formation reaction and 
the base-catalyzed /^-elimination reaction. 

TABLE 3. Cbz-Ser(Mes)- AND Thr(Mes)-(Z)-ZlAA-OEt (6) 

Cbz-AA(Mes)-ZlAA-OEt 

Cbz-Ser(Mes)-Val-OEt 

Cbz-Ser(Mes)-ZlLeu-OEt 

Cbz-Thr (Mes)-Zl But-OEt 

Cbz-Thr(Mes)-ZlnorVal-OEt 

Cbz-Thr (Mes)-Zl Val-OEt 

Cbz-Thr(Mes)-ZlnorLeu-OEt 

Cbz-Thr(Mes)-ZlLeu-OEt 

Yield 

/o 

80 

78 

75 

85 

88 

80 

76 

Mp/°Ca ) 

135-

107-

131-

130-

159-

132-

127-

-136 

-108 

-132 

-131 

-160 

-133 

-130 

Formula 

Ci9H26N208S 

C2<>H28N208S 

CigÊ^NgOsS 

C2oH28N208S 

^2oH28N208S 

C2iH30N2O8S 

C2iH30N2O8S 

Found (Calcd), % 

C H N 

51.38 6.12 6.38 
(51.58 5.92 6.33) 
52.39 6.17 6.23 

(52.62 6.19 6.14) 
51.45 6.01 6.39 

(51.58 5.92 6.33) 
52.71 6.08 6.19 

(52.62 6.19 6.14) 
52.66 6.38 6.24 

(52.62 6.19 6.14) 
53.88 6.39 5.99 

(53.61 6.43 5.95) 
53.66 6.51 6.12 

(53.61 6.43 5.95) 

NMR spectrum, ö in CDC13 

Olefinic-
proton(JHz) 

— 

6.58d, 
(10.0) 

6.88q, 
(7.0) 
6.74t, 

(7.0) 
— 

6.76t, 
(7.0) 
6.58d, 

(10.0) 

a-Protonb) 

C/HZ) 

4.60m, 

4.60m, 

4.60dd, 
(3.5,8.0) 
4.60dd, 

(3.5,8.3) 
4.52dd, 

(3.5,8.3) 
4.60dd, 

(3.5,8.3) 
4.54dd, 

(3.5,8.3) 

NH 

6.12d 
7.90bs 
6.00d 
7.70bs 
6.00d 
7.86bs 
6.04d 
7.86bs 
5.86d 
7.60bs 
6.00d 
7.86bs 
5.88d 
7.61bs 

a) Colorless needles from CC14. b) a-Proton of a-AA residue. 
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TABLE 4. Cbz-(Z)-ZlAA-(Z)-ZlAA-OY (7) FROM 3 

G b z - J A A - J A A - O Y 

C b z - J A l a - J A l a - O M e 

Cbz-JBut -JAla -OMe 

Cbz-JnorVal -JAla-OMe 

Gbz-A norLeu-J Ala -OMe 

Cbz-JLeu-ZlAla-OMe 

Gbz-JPhe-JAla -OMe 

Cbz-JAla -JBut -OMe 

Cbz-A But-A But-OMe 

Gbz-JnorVal-JBut-OEt 

Chz-A norLeu-J But-OEt 

Chz-A Leu-J But-OMe 

Chz-A Phe-J But-OEt 

a) Colorless needles from GG14. 

P K T A A A A A A O F t 
\̂ »DZ /Jr\t\ ZAr\t\ WILL 

Cbz-A But-A But-OEt 

Gbz-J But-J norVal-OEt 

Cbz-zlBut-JVal-OEt 

Cbz-J But-J norLeu-OE t 

Gbz-J But-J Leu-OEt 

Yield 

% 

62 

63 

62 

76 

91 

86 

65 

71 

76 

69 

86 

79 

. Mp/°C a ) 

syrup 

61—62 

87—88 

100—101 

86—87 

115—116 

syrup 

syrup 

syrup 

syrup 

89—90 

79—81 

Formula 

C 1 6 H 1 6 N 2 0 6 

C 1 6 H 1 8 N 2 0 6 

C1 7H2 0N2O5 

C 1 8 H 2 2 N 2 0 5 

Ci 8 H 2 2 N 2 0 5 

C2 iH2 0N2O5 

C 1 6 H 1 8 N 2 0 6 

C1 7H2 0N2O6 

C 1 9 H 2 4 N 2 0 5 

G2oH2 6Na05 

C2oH2 6N205 

G 2 3 H 2 4 N 2 0 5 

Found (Galcd), % 

G H N 

59.41 5 .23 9 .13 
(59.20 5 .30 9.21) 
60 .33 5 .58 8 .97 

(60.37 5 .70 8 .80 
61 .34 5 .89 8 .44 

(61.43 6 .07 8.43) 
62 .42 6 .56 7 .89 

(62.41 6 .40 8.09) 

62 .56 6 .32 7.97 
(62.41 6 .40 8.09) 
66 .23 5 .12 7.25 

(66.30 5 .30 7.37) 
60 .54 5.81 8.97 

(60.37 5 .70 8.80) 
61 .23 5 .98 8 .55 

(61.43 6 .07 8.43) 
63.11 6 .79 7.59 

(63.32 6.71 7.77) 
63 .89 6 .89 7.57 

(64.15 7 .00 7.48) 
63 .53 6 .68 7 .90 

(64.15 7.00 7.48) 
67 .60 6 .08 7.11 

(67.63 5 .92 6.86) 

. b) Vinyl protons, c) 1-Propenyl protons. 

TABLE 5. Gb2 

Yield 

% 

61 

65 

67 

65 

66 

a) Colorless needles from cyclohexane. 

Mp/°C a ) 

syrup 

syrup 

69—70 

45—46 

67—68 

: - (Z) -JBut- (Z)-

Formula 

Gi 8 H 2 2 N 2 0 5 

G 1 9 H 2 4 N 2 0 5 

G 1 9 H 2 4 N 2 0 5 

C2 0H2 6N2O5 

G2oH26N205 

b) Broad singlet. 

TABLE 6. Gbz-(Z)-ZlAA-(Z)-zlAA-OEt (7) FROM 1 AND 2 

G b z - J A A - J A A - O E t 

Cbz-A But-A But-OEta ) 

Cbz-zlBut-ZlnorVal-OEta>b) 

Gbz-ZlBut-ZlVal-OEta) 

Gbz-ZlLeu-ZlnorVal-OEtb) 

Cbz-JnorVal-JnorLeu-OEt1» 

Cbz-ZlBut-ZlLeu-OEta>b) 

Yield/% 

40 
41 

68 
43 
51 
65 

Mp/°G 

syrup 
syrup 
69—70 
syrupc) 

syrupd) 

67—68 

- J A A - O E t (7) FROM 6 

Found (Galcd), % 

G H N 

62 .45 6 .38 7.97 
(62.41 6 .40 8.09) 

63 .45 6 .88 7 .70 
(63.32 6.71 7.77) 
63 .22 6 .89 7 .98 

(63.32 6.71 7.77 
63 .98 6 .09 7 .48 

(64.15 7 .00 7.48) 
64 .33 6 .89 7.37 

(64.15 7 .00 7.48) 

R H 
\ / 
C 

N M R spectrum, ö in CDG13 

GH2= R-GH= 
Me-CH=C/H z) C/Hz) 

5.26dd, 
6 .18d 

5.36t, 
6 .22d 

5.84d, 
6.60s 
5 .86d, 
6.60s 
6.Old, 
6.76s 

5.95d, 
6.70s 
6 .68q, 

(7 .2) 
6 .77q, 

(7 .2) 
6 .77q, 

(7.2) 
6 .80q, 

(7 .2) 
6 .77q, 

(7 .2) 
6 .82q, 

(7 .2) 

5 .94d b ) 

6.58s 
6 .88q c ) 

(7.4) 

6.43t, 
(7.2) 
6.47t , 

(7.2) 
6 .46d, 

(10.2) 
7.22s, 

5 .36t ,b ) 

6.22d 
6 .55q, c ) 

(7.2) 
6.47t, 

(7.5) 

6.52t, 
(7 .2) 
6.30d, 

(10.2) 
7.24s, 

\ 
N H 

7.51bs 
8.43bs 
7.54bs 
7.67bs 
6.60bs 
8.40bs 
6.63bs 
8.60bs 
6.85bs 
8.61bs 
6.67bs 
8.61bs 
7.54bs 
7.67bs 
6.96bs 
7.78bs 
6.93bs 
7.78bs 

6.76bs 
7.73bs 
6.46bs 
7.61bs 
6.72bs 
7.85bs 

N M R spectrum, ö in GDG13 

CH2= R-GH= 
M e - G H ( J H z ) C/Hz) 

6 .57q, 
(7.2) 
6 .70q, 

(7.2) 
6 .56q, 

(7 .2) 
6 .60q, 

(7 .2) 
6 .70q, 

(7 .5) 

6 .77q, 
(7.2) 
6.77t, 

(7 .5) 

6.71t, 
(7 .5) 
6 .57d, 

(7 .2) 

R1 R2 

\ / 
G 

C b z - N H - G - G O O H + H 2 N - G - C O O 
1 2 

R H Ri R2 

C G 

N H 
(bs)b) 

6.96 
7.78 

7.30 
8 .06 
6 .95 
7.71 
6 .90 
7.75 
6 .96 
7.78 

»Y 

PCIB n || 

• G b z - N H - G - C O - N H - G - G O O Y 
pyridine 

D H A residues = ZlBul 

7 

t, JnorVal, 
J L e u ; Y = GH3 and C2H5 

ZlnorLeu, ZlVal, and 

a) See Table 5. b) Ref. 11. c) Found: G, 65.15; H, 
7.40 ; N, 7.09%. Galcd for G21H28N205 : G, 64.93 ; H, 
7.27; N, 7.21%. d) Found: C, 65.33; H, 7.41; N, 
7.10%. Galcd for G21H28N205: G, 64.93; H, 7.27; N, 
7.21%. 

Scheme 3. 

T h e yields, physical constants, and N M R spectral 
da ta of 7 obtained by the direct coupling are summarized 
in Table 6. 
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Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were recorded with a Hitachi EPI-G3 Spectrometer. The 
NMR spectra were measured with a JNM-PS-100 Spectrom­
eter (Japan Electron Laboratory Co., Ltd.), using tetra-
methylsilane as the internal standard. 

Starting Materials. The starting (Z)-l and (Z)-2 were 
prepared by the methods reported previously.1'11'12) 

Preparation of 3. Into a solution of (Z)-l (10 mmol) 
and the Ser or Thr ester (10 mmol) in DMF (10 ml), we 
stirred DCC (11 mmol) under cooling. After stirring at 
room temperature for 12 h, the dicyclohexylurea deposited 
was filtered off and washed well with ethyl acetate. The 
filtrate was poured into water (70 ml), and the aqueous 
solution was extracted twice with ethyl acetate (60 ml). The 
combined extracts were successively washed with 2% aqueous 
HCl, water, saturated aqueous NaHC0 3 , and water, and 
finally dried over anhydrous Na2C03 . The subsequent 
evaporation of the ethyl acetate under reduced pressure gave 
crude crystals or a syrup, subsequently purified on a silica gel 
column using benzene-ethyl acetate (4 : 1 v/v) to give 3. 
See Table 1. 

Preparation of 4. Into a solution of (Z)-2 (10 mmol) 
and Cbz-Ser or -Thr (10 mmol) in CH2C12 (10 ml), we 
vigorously stirred DCC (11 mmol), portion by portion, below 
0 °C. After stirring at room temperature for 20 h, the reac­
tion solution was worked-up exactly according to the above 
treatment procedure to give 4. See Table 2. 

Preparation of 6. Into a solution of 4 (4 mmol) and 
mesyl chloride (5 mmol) in CH2Cl2 (20 ml) we stirred triethyl-
amine (12 mmol), drop by drop, at 0 °C for 1 h, and then 
the stirring was continued at room temperature for 2 more h. 
The reaction solution was then poured into CH2C12 (50 ml), 
and the resulting solution was washed once with chilled 1 M 
HCl (50 ml) and twice with water and finally dried over 
anhydrous MgS04 . The subsequent evaporation of the 
solvent gave a crude syrupy residue, which was crystallized 
with CC14 to give 6 as colorless needles. See Table 3. 

Preparation of 7. From Ser Derivatives (3) : Into a 
solution of 3 (4 mmol) and mesyl chloride (5 mmol) in CH2C12 

(20 ml) we stirred triethylamine (12 mmol), drop by drop, 
at 0—2 °C for 0.5 h, and then the stirring was continued at 
room temperature for 1.5 more h. Dichloromethane (40 ml) 
was further added to the reaction solution, and the result­
ing solution was washed with chilled 1 M HCl till the washing 
solution reached pH 4 and twice with water, and finally 
dried over MgS04 . The subsequent evaporation of the 
CH2C12 gave 7 as a colorless syrup or crystals. See Table 4. 

From Thr Derivatives (3) : Similarly, the treatment of 3 
(4 mmol) with mesyl chloride (5 mmol) in the presence of 
triethylamine (20 mmol) was worked-up for 1 h; it was then 
stirred at room temperature for 12 h to give a crude syrupy 
substance, which was purified on a silica gel column using a 
mixture of benzene-ethyl acetate ( 3 : 1 v/v) as the eluent to 
give 7 as a colorless syrup or crystals. See Table 4. 

From 6: Into a solution of 6 (4 mmol) in THF (20 ml) we 
stirred DBU (4.5 mmol) under cooling. After stirring at the 

same temperature for 2 h, the evaporation of THF gave a 
crude reaction product; this product was dissolved in ethyl 
acetate (20 ml) and chilled 1 M HCl (40 ml), and then the 
residual solution was well shaked. The organic layer thus 
separated was washed with water and dried over anhydrous 
Na2S04 . After the removal of the ethyl acetate under 
reduced pressure, the residual syrup thus obtained was chro-
matographed on a silica-gel column, using a mixture of 
benzene-ethyl acetate (4 : 1 v/v) as the eluent, to give 7 from 
the second fraction. See Table 5. 

From 1 and 2: Into a solution of 1 (10 mmol) in dry THF 
(20 ml) we successively stirred PC15 (11 mmol), portion by 
portion, at 0 °C and then, after 20 min, a chilled solution 
of 2 (10 mmol) in dry pyridine (15 ml), drop by drop, all 
below 5 °C. The reaction mixture was continuously stirred 
at room temperature for 3 more h, and then the resulting 
solution was poured into ice water (100 ml). The resulting 
aqueous solution was extracted three times with ethyl acetate 
(180 ml). The extracts were washed once with 3 M HCl 
(50 ml) and three times with water (100 ml), and then dried 
over anhydrous Na3S04 . After the evaporation of the ethyl 
acetate under reduced pressure, the residual syrup thus 
obtained was purified on a silica-gel column, using a mixture 
of benzene-ethyl acetate (8 : 1 v/v) as the eluent, to give 7 
as a pure colorless syrup or crystals. See Table 6. 
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The facile conversion of a-dehydroamino acid into a-alkoxy-a-amino acid and its cyclic dipeptide is described. 
The reaction of £-butyl 2-acetylamino-2^alkenoate or l-benzyl-3-ethylidene-2,5-piperazinedione with alcohol, 
water, or acetic acid in the presence of NBS or NCS, followed by reduction with 10% Pd-G, gives £-butyl 2-alkoxy-, 
2-hydroxy-, and 2-acetoxy-2-(acetylamino)alkanoates, and 3-alkoxy-3-ethyl-2,5-piperazinedione respectively. 
All the new compounds were characterized by spectroscopic analysis. 

Recently, increasing interest has been directed to the 
synthesis of ergot alkaloids and cyclic peptide anti­
biotics containing an a-alkoxy- or a-hydroxy-a-amino 
acid moiety as an very important constituent or 
precursor.2-5) 

So far, several syntheses of a-alkoxy- and a-hydroxy-
a-amino acids from a-amino acid6 - 9) and from a-
aminoacrylic acid,10-13) as well as the semi-synthesis of 
6-alkoxypenicillins and 7-alkoxycephalosporins,14) have 
been reported. However, it seems that no facile and 
general synthetic method for a-alkoxy- and a-hydroxy-a-
amino acids and their cyclic dipeptides has yet been 
achieved. 

Previously, we reported briefly on the addition of 
alcohol to a,/?-unsaturated a-amino acid (a-dehydro­
amino acid; DHA) in the presence of iV-bromosuc-
cinimide (NBS).15) In order to apply and extend the 
addition reaction in a more versatile manner, various 
reactions of £-butyl 2-acetylamino-2-alkenoate (1) or 
1 -benzyl-3-ethylidene-2,5-piperazinedione (2,5-pipera-

z i n e d i o n e = P D O ) (21) with several alcohols, acetic 
acid, or water in the presence of NBS or iV-chlorosuc-
cinimide (NCS) have here been studied thoroughly. As 
a result, the synthetic route for a-alkoxy- and a-hydroxy-
a-amino acids and their cyclic dipeptides was established. 

More recently, after the completion of our work,16»17) 
Ottenheijm et al. reported a similar addition of methanol 
to acylimine intermediates.18»19) 

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

OL-Alkoxy-OL-amino Acid. A one-pot reaction of 
D H A ( 1 : a ; R = C H 3 , b ; R = C 2 H 5 ) with an appropriate 
alcohol in the presence of NBS or NCS at room tempera­
ture gave directly the desired £-butyl 2-alkoxy-3-halo-2-
(acetylamino)alkanoate (6—13) in an excellent yield. 
O n the other hand, a similar reaction of £-butyl 2-
acetylamino-2-butenoate ( la ) with water in D M F 
barely proceeded to give £-butyl 2-hydroxy-3-bromo-2-
(acetylamino)butanoate (5a) in a poor yield, whereas 

R-CH=C-COOBu< 

NHCOCH, 

R-CH=C-COOBu< 

N-COCHg 
1 

X 
2; X = Br 
3; X = CI 

R-CH-C-COOBu ' 

X N-COCH, 

X = B r and CI 

/ 

R-CH2-CH-COOBu< 

N-COCH3 

Ô-COCH, 

14 

OR1 

OR1 

R-CH-C-COOBu ' 

X NHCOCH, 

5; X = Br, R1 = H 
6; X = Br, R1 = CH3 

7; X = Br, R1 = C2H5 

8; X = Br, Ri = CH2C6H5 

9; X = Br, R1 = CH 2 CH=CH 2 

10;X = Br, R1 = COCH3 

11;X = C1, R1 = CH3 

12;X = C1, R1 = C2H5 

13; X = CI, R1 = CH2C6H5 

Br OR1 

a; R 

V C - C O O B u 1 

N-COCH3 

• 

CH3, b ; R = C2H5 

R 

Scheme 

-CH 2 -C-COOBu' < 

NHCOCH3 

16; R1 = H 
17; R1 = CH3 

18; Ri = C2H5 

19; Ri = CH2C6H5 

1. 

R-- C - C - C O O B u ' 

Br NHCOCH3 

15 
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the reaction of 1 with glacial acetic acid was worked-up 
similarly to give £-butyl 2-acetoxy-3-bromo-2- (acetyl-
amino) alkanoate (10) in ca. a 5 1 % yield. 

Subsequently, an at tempt at the catalytic reduction 
of bromine at the 3-position of the 5—8 thus obtained 
with 10% P d - C and equimolar triethylamine in meth­
anol was successful; the expected £-butyl 2-alkoxy-2-
(acetylamino) alkanoate (16—19) was thus obtained as 
colorless crystals in a fairly good yield. A similar 
reduction was further applied to £-butyl 3,3-dibromo-2-
alkoxy-2-(acetylamino) alkanoate (15), prepared and 
reported previously,15) using 10% P d - C and two molar 
triethylamine to give 16—19 in an almost quantitative 
yield. 

Moreover, it was found that £-butyl 2-benzyloxy-2-
(acetylamino) alkanoate (19) was hydrogenolyzed with 

10% P d - C in the absence of triethylamine to give 16 
in ca. a 6 0 % yield. 

O n the other hand, in order to prepare independently 
and to confirm the structure of 16—19, £-butyl 2-(N,0-
diacetyl-hydroxyamino) alkanoate (14)20> was subjected 
to the elimination of acetic acid and the subsequent 
addition of alcohol to the acylimine thus formed as an 
intermediate. When a solution in an appropriate 
alcohol was treated with sodium alkoxide, the expected 
elimination-addition reaction was carried out to give 
a-alkoxy derivative, which was found to be completely 
identical with 17 and 18. This method, however, was 
found to be ineffective for the preparation of an a-
hydroxy- or a-benzyloxy-a-amino acid moiety, e.g., 
£-butyl 2-hydroxy- and 2-benzyloxy-2-(acetylamino)-
alkanoate (16 and 19), which were thought to be very 

TABLE 1. J-BUTYL 2-SUBSTITUTED 3-BROMO-2-(ACETYLAMINO)ALKANOATES (5—10) 

Gompd 
No. 

5a 

6a*> 

6b 

7a 

7b 

8ag) 

8b 

9a 

9b 

10a 

10b 

R1 

H 

CH3 

C2H5 

CH2C6H5 

CH2CH=CH« 

COCH3 

Yield/% 

18 

89 

91 

86 

93 

92 

62 

, 80 

80 

53 

49 

Mp/°C 

99.5—100a) 

90—91b> 

syrupc) 

85.5—86.5b> 

syrupc) 

115—116b) 

86—87d) 

85—86b) 

syrupc) 

77—78b) 

82—83b) 

Formula 

G10H18NO4Br 

G11H20NO4Br 

G12H22N04Br 

C17H24N04Br 

G18H26N04Br 

G13H22N04Br 

G12H20NO5Br 

G13H22N05Br 

Found (Galcd), % 

G H N 

40.77 
(40.56 
42.48 

(42.59 

44.40 
(44.46 

52.92 
(52.86 
53.79 

(54.01 
46.69 

(46.44 

42.68 
(42.65 
44.63 

(44.33 

6.00 
6.13 
6.59 
6.50 

6.87 
6.84 

6.30 
6.26 
6.82 
6.55 
6.54 
6.59 

5.94 
5.96 
6.28 
6.30 

4.54 
4.73 
4.32 
4.52) 

4.26 
4.32) 

3.58 
3.63) 
3.62 
3.50) 
3.97 
4.13) 

4.24 
4.14) 
3.98 
3.98) 

NMR spectrum, ö° 

NH 

6.66, 

6.46, 

6.49, 

6.42, 

6.50, 

6.42, 

6.50, 

6.45, 

6.53 
7.06, 

7.11, 

(OH) 

(5.10), 

6.98, 

6.95, 

6.94, 

6.96, 

7.02, 

7.02, 

6.96, 

6.95 
7.24 

7.25 

3-Proton 

4.30 

4.48 
5.30 
4.21 
4.98 
4.43 
5.29 
4.20 
4.98 
4.45 
5.38 
4.27 
5.14 

e) 

5.04 
5.56 
4.71 
5.28 

a) Colorless needles from methanol-water. b) Colorless needles from hexane. c) Unstable, 
ethanol-water. e) Overlapped with allyl protons, f) Measured in CDC13. g) Réf. 15. 

d) Colorless needles from 

TABLE 2. *-BUTYL 2-SUBSTITUTED 3-CHLORO-2-(ACETYLAMINO)ALKANOATES (11—13) 

Compd 
No. 

11a 

l i b 

12a 

12b 

13a 

13b 

R1 

CH3 

C2H5 

CH2C6H5 

Yield/% 

89 

94 

90 

89 

88 

68 

Mp/°C 

83—84° 

syrupb) 

66—69b) 

syrupb) 

107—108c) 

126—I27d> 

Formula 

CnH20NO4Cl 

C12H22N04C1 

C12H22N04C1 

C13H24N04C1 

C17H24N04C1 

C18H26N04C1 

Found 

C 

49.53 
(49.72 
51.56 

(51.52 
51.56 

(51.52 
53.28 

(53.15 
59.53 

(59.73 
60.74 

(60.75 

(Calcd), % 
^ ^ 
H N 

7.56 
7.59 
7.91 
7.93 
7.96 
7.93 
8.09 
8.23 
7.02 
7.08 
7.41 
7.36 

5.27 
5.27) 
5.13 
5.01) 
5.19 
5.01) 
4.62 
4.77) 
4.26 
4.10) 
4.09 
3.94) 

NMR 

NH 

6.45, 

6.52, 

6.48, 

6.54, 

6.42, 

7.02, 

spectrum i, <5e ) 

3-Proton 

6.94, 

6.92, 

6.94, 

6.96, 

6.98, 

6.52, 

4.40 
5.18 
4.12 
4.85 
4.37 
5.17 
4.12 
4.86 
4.40 
5.23 
4.17 
4.95 

a) Colorless needles from hexane. b) Colorless amorphous or colorless syrup purified on a silica-gel column using benzene-
ethyl acetate (15 :1 v/v). c) Colorless needles from ethanol-water. d) Colorless needles from dibutyl ether, e) Measured 
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TABLE 3. *-BUTYL 2-ALKOXY- AND 2-HYDROXY-2-(ACETYLAMINO)ALKANOATES (16—19) 

Gompd 
No. 

16a 

16b 

17a 

17b 

18a 

18b 

19a 

19b 

A ^ 

62 

87 

83 

84 

86 

92 

94 

Yield/% 

B b) G c ) 

65 

97 56 

99 62 

96 21 

93 22 

96 

93 

D d ) 

66 

84 

Mp/°G 

78.5—79.5*> 

69—70g) 

137—138h) 

109—110° 

144.5—145» 

110.5—111° 

90.5—91° 

71.5—72.5° 

Formula 

C10H19NO4 

C n H 2 1 N0 4 

G n H 2 1 N0 4 

C12H23N04 

G12H23N04 

G13H25N04 

G17H25N04 

G18H27N04 

Found (Galcd), % 

G H N 

55.31 8.91 6.44 
(55.28 8.82 6.45) 
57.22 9.23 6.02 

(57.12 9.15 6.06) 
57.36 9.44 6.03 

(57.12 9.15 6.06) 
58.78 9.63 5.53 

(58.75 9.45 5.71) 
58.80 9.34 5.70 

(58.75 9.45 5.71) 
60.31 9.81 5.32 

(60.20 9.72 5.40) 
66.17 8.32 4.56 

(66.42 8.20 4.56) 
67.34 8.50 4.22 

(67.26 8.47 4.36) 

IR 

NH 
(OH) 

(3420) 
3340 

(3420) 
3345 
3300 

3300 

3300 

3310 

3380 

3380 

spectrum, 

GO 

1725 
1655 
1725 
1655 
1745 
1690 
1745 
1690 
1745 
1695 
1750 
1695 
1730 
1675 
1740 
1680 

cm-1 e> NMR,<5° 

3-Proton 
(JR.) 

1.82t 
(7.0) 
2.42m 
1.75m 
2.56m 
1.90m 
2.61m 
1.86m 
2.42m 
1.85m 
2.41m 
1.87m 
2.54m 
1.87m 
2.55m 
1.86m 

NH 
(OH) 

(4.80) 
6.95 

(4.83) 
6.94 
6.64 

6.68 

6.76 

6.81 

6.70 

6.66 

a) From 5—8. b) From 15. 
needles from dibutyl ether. 

c) From 14. d) From 19. e) Recorded in KBr. f ) Measured in GDG13. 
h) Colorless needles from ethyl acetate, i) Colorless needles from hexane. 

g) Colorless 

important segments in many of the natural products 
mentioned above. 

In consequence, a convenient synthetic method for 
a-alkoxy-a-amino acid in a 7 5 % overall yield was 
established by only two steps from D H A (1). 

As is shown in Scheme 1, a formation mechanism of 
5—13 was deduced in which, at first, the substitution 
of halogen to the nitrogen atom of 1 yielded £-butyl 
2-(iV-haloacetylamino)-2-alkenoate (2 and 3), followed 
by the 1,3-shift of the halogen to form £-butyl 3-halo-2-
(acetylimino) alkanoate (4) as an unstable intermediate, 
to which immediately the present protic solvent was 
added. This deduction has already been supported by 
the fact that, to the £-butyl 3,3-dibromo-2-(acetylimino)-
alkanoate isolated stably, we added alcohols to give 
15.15> 

In the I R spectral data of 5—13 and 16—19, the 
characteristic absorption bands of the N H , ester carbo-
nyl, and secondary amide functions appeared in the 
3260—3390, 1730—1760, and 1660—1700 c m - 1 regions 

respectively. Moreover, from the N M R spectral data, 
the disappearance of the characteristic olefinic proton 
signals in the ô 6.59—7.13 region of 1 and the appearance 
of the G-3 proton signals of 5—13 and 16—19 in the ô 
4.12—5.56 and ô 1.66—2.78 regions respectively, 
resonating in a considerably higher magnetic field, are 
consistent with the formation of the a-substituted-a-
amino acid structure. 

The yields, physical constants, and N M R spectral 
da ta of 5—13 and 16—19 are summarized in Tables 1, 
2, and 3. 

3-Alkoxy-2,5-piperazinedione. In order to apply 
extensively and generalize the protic reagent-addition 
utilizing the halogen migration, 3-alkylidene-PDO was 
for instance, employed. Exactly, according to the 
synthetic method for a-alkoxy-a-amino acid, the 
starting 1-benzyl-3-ethylidene-PDO (21), which has 
been prepared by the cyclization of ethyl 2-iodoacetyl-
amino-2-butenoate (20)21) with benzylamine in a good 
yield, was treated with an appropriate alcohol in the 

CH 3 -CH= C - C O O E t HaNCH2CeH, 

NHCOCH2I 

20 

CH3-CH^ X 
i 

,C 

H 
NN 

C ' 

CH2 

NBS 

R-OH 

i 
CH2C6H5 

21 

Br 
i 

C H 3 - C H ^ N ^ 0 

O ' 
i 

CH2 
\ N / 

i 

CH2C6H5 

I 22 

OR {J 
CHo—CHo— C C <o 

Br 
I OR 

Pd-C xc-° CH-3CH-cf 
i i 

nyC CH 

i 

R-OH 

Br 

CH,-CH 
i i * 

n ^ C CH2 

CH2C6H5 CH2C6H5 

25 24 

26; R = H a; R = CH3, b ; R = C2H5, c; R = CH2C6H5 

Scheme 2. 

\c c / U 

n ^ C CH2 

i 
CH2C6H5 

23 
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TABLE 4. I-BENZYL-3-ETHYLIDENE- AND 1-BENZYL-3-ALKOXY-3-ETHYL-PDO (21, 24, 25, AND 26) 

Compd 
No. 

21 

24a 

24b 

24c 

25a 

25b 

25c 

26 

Yield 
% 

62 

88 

82 

61 

92 

90 

89 

90 

Mp/°C 

134— 136a> 

129—I30b> 

133— 134b) 

116— 117c> 

89—90c) 

138—139d> 

137—138c> 

145—146d) 

Formula 

G13H14N202 

C14H17N203Br 

C15H19N2OaBr 

C20H21N2O3Br 

C14H18N203 

C15H20N2O3 

C20H22N2O3 

C13H16N2Oa 

Found (Calc 

C H 

67.84 6.39 
(67.81 6.13 
49.36 5.09 

(49.28 5.02 
50.72 5.45 

(50.72 5.39 
57.61 5.12 

(57.56 5.07 
64.06 6.88 

(64.10 6.92 
64.79 7.24 

(65.19 7.30 
70.89 6.50 

(70.98 6.55 
62.66 6.47 

(62.89 6.50 

=d), % 

N 

12.24 
12.17) 
8.38 
8.21) 
7.72 
7.88) 
6.78 
6.71) 

10.60 
10.68) 
10.08 
10.14) 
8.22 
8.28) 

11.09 
11.28) 

IR spectrum, 

NH 
(OH) 

3180 

3170 

3180 

3200 

3210 

3220 

3180 

3210 
(3260) 

CONH 

1675 

1690 
1670 
1680 
1655 
1690 
1660 
1690 
1645 
1690 
1640 
1680 

1680 
1635 

cm-1 e) 

C=C 

1635 

— 

— 

— 

— 

— 

— 

— 

NMR spectrum 

-CH= 

6.29 

— 

— 

— 

— 

— 

— 

— 

- C H -
(-CH2-) 

4.72 

4.73 

4.78 

(2.02) 

(2.01) 

(2.08) 

(,.96) ^ 

,<S" 

... N 
NH 

(OH) 

9.60 

8.27 

8.16 

8.45 

8.06 

7.72 

7.98 

7.86 
•.8—5.6) 

a) Colorless prisms from ethyl acetate-diethyl ether, 
benzene-hexane. d) Colorless needles from benzene. 

b) Colorless needles from benzene-hexane. c) Colorless prisms from 
e) Recorded in KBr. f ) Measured in CDC13. 

presence of NBS to give l-benzyl-3-(l-bromoethyl)-3-
alkoxy-PDO (24) as colorless crystals in ca. an 80% 
yield. T h e subsequent catalytic reduction of 24 with 
P d - C and triethylamine was also carried out to give 
the desired l-benzyl-3-alkoxy-3-ethyl-PDO (25) in a 
9 0 % yield. 

Furthermore, the catalytic hydrogenolysis of 25 with 
10% P d - C was performed smoothly to give l-benzyl-3-
ethyl-3-hydroxy-PDO (26) in ca. a 9 0 % yield. 

From the above results, the yield of the each step 
from 21 to 26 was found to be excellent ; the overall yield 
reached to ca. 50%. 

As was illustrated in Scheme 2, the formation 
mechanism of 24 was also supposed that the initial 
substitution of bromine to the 4-position of 21 (22), 
followed by the immediate migration to the 2-position 
of exocyclic carbon, gave acylimine (23) ; finally, the 
addition reaction of alcohol to 23 occurred to give 24. 

Judging from the I R and N M R spectral da ta of 21 
and 24—26, the appearance of the carbon-carbon double 
bond at 1635 c m - 1 and the olefinic proton signal at 
à 6.29 in 21 , and the appearance of exocyclic 1-methine 
proton signals resonating at comparatively higher 
magnetic fields (at à 4.72—4.78 in 24 and in the à 
1.96—2.08 region in 25 and 26), indicate unambiguously 
the formation of 3-alkoxy- and 3-hydroxy-PDO 
structures. 

All the new compounds thus obtained gave satisfactory 
results in their elemental analyses as well as in the 
spectroscopy. 

T h e yields, physical constants, and N M R spectral 
data of 21 , 24, 25, and 26 are summarized in Table 4. 

It is noteworthy that the addition reaction of protic 

H 
- C H ^ / N ^ O 

OR 

> I H 
- C H X ^ / N X AO 

Fig. 1. 

reagent via the substitution and the subsequent migra­
tion in one pot is also applicable to linear and cyclic 
acylenamines, as is shown below (Fig. 1). 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were recorded with a Hitachi EPI-G3 Spectrometer. The 
NMR spectra were measured with a JNM-PS-100 Spectrom­
eter (Japan Electron Optics Laboratory Co., Ltd.), using 
tetramethylsilane as the internal standard. 

Preparation of 5a. Into a solution of la (10.0 mmol) 
in water-DMF (15 ml, 1 : 9 v/v) we stirred NBS (11.0 mmol), 
portion by portion, at room temperature for 3 h. The re­
action solution was poured into saturated aqueous NaCl (30 
ml), and then the crystals deposited were collected by filtration. 
The recrystallization of the crystals from methanol-water gave 
colorless needles identified as J-butyl 3-bromo-2-hydroxy-2-
(acetylamino)butanoate (5a). 

Preparation of 6. Similarly, 1 and methanol (20 ml), 
in the presence of NBS, were worked-up for 2 h. The reaction 
solution was concentrated under reduced pressure to give a 
residue, which was subsequently dissolved in diethyl ether 
(30 ml). The resulting solution was washed twice with 
water and then dried over anhydrous Na2S04. The evapo­
ration of the ether gave colorless crystals or a syrup identified 
as f-butyl 3-bromo-2-methoxy-2-(acetylamino)alkanoate (6). 

Preparation of 7. Similarly, a solution of 1 and NBS in 
ethanol (20 ml) was worked-up to give colorless crystals or a 
syrup identified as f-butyl 3-bromo-2-ethoxy-2-(acetylamino)-
alkanoate (7). 

Preparation of 8. A solution of l a in benzyl alcohol (6 ml) 
in the presence of NBS was similarly worked-up for 40 min 
to yield colorless crystals, which were then collected and 
washed with 50% ethanol. The crystals were identified as 
f-butyl 2-benzyloxy-3-bromo-2-(acetylamino)butanoate (8a). 

Similarly, a solution of l b and NBS in benzyl alcohol was 
worked-up. The reaction solution was poured into water 
(250 ml), and then the aqueous solution was extracted three 
times with petroleum ether (180 ml). The combined extracts 
were washed three times with water, dried over anhydrous 
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Na2S04, and then concentrated under reduced pressure to give 
colorless crystals identified as f-butyl 2-benzyloxy-3-bromo-
2-(acetylamino)pentanoate (8b). 

Preparation of 9. A solution of 1 in allyl alcohol (6 ml) 
in the presence of NBS was similarly worked-up for 10 h; to 
the reaction mixture we then added cyclohexane (60 ml). 
The resulting solution was washed twice with water and dried 
over anhydrous Na2S04. The evaporation of the cyclohexane 
under reduced pressure gave colorless crystals or a syrup 
identified as J-butyl 2-allyloxy-3-bromo-2-(acetylamino)-
alkanoate (9). 

Preparation of 10. Into a solution of 1 (10.0 mmol) in 
acetic acid (5 ml) we stirred NBS (11.0 mmol), portion by 
portion, at room temperature for 3 h. To the reaction 
solution thus obtained we added hexane (100 ml). After the 
resulting solution had been washed twice with water, the 
crystals which separated out were collected by filtration. The 
filtrate was further washed twice with water and then dried 
over anhydrous MgS04 . The removal of the hexane gave 
more of the crystals obtained above. The combined crystals 
were recrystallized from hexane to give colorless needles 
identified as J-butyl 3-bromo-2-acetoxy-2-(acetylamino)alkano-
ate (10). 

Preparation of 11. A solution of l a in methanol (40 ml) 
in the presence of NCS ( 11.0 mmol) was similarly worked-up 
for 5 h to give colorless crystals identified as /-butyl 3-chloro-
2-methoxy-2-(acetylamino)butanoate (11a). 

In a similar manner, the reaction of l b with methanol and 
NCS for 24 h gave a syrupy residue, which was then purified 
on a silica gel column, using a mixture of benzene-ethyl 
acetate (15 :1 v/v) as the eluent. The fraction thus obtained 
was concentrated under reduced pressure to give a colorless 
syrup identified as /-butyl 3-chloro-2-methoxy-2-(acetyl-
amino) pentanoate ( 1 lb) . 

Preparation of 12. Similarly, a solution of 1 in ethanol 
(20 ml) in the presence of NCS was worked-up for 20 h to 
give a residual syrup. The crude syrup was purified on a 
silica gel column, using a mixture of benzene-ethyl acetate 
(15 : 1 v/v) as the eluent, to give a colorless amorphous 
substance or a syrup identified as /-butyl 3-chloro-2-ethoxy-2-
(acetylamino)alkanoate (12). 

Preparation of 13. Similarly, a solution of l a and NCS 
in benzyl alcohol (30 ml) was worked-up for 3 h to give 
colorless crystals identified as /-butyl 3-chloro-2-benzyloxy-2-
(acetylamino)butanoate (13a). 

In a similar manner, the treatment of l b with benzyl alcohol 
(10 ml) in the presence of NCS for 24 h gave a reaction solution 
which was then poured into water (400 ml). The resulting 
aqueous solution was extracted three times with petroleum 
ether (150 ml). The combined extracts were washed three 
times with water and then dried over anhydrous Na2S04 . 
The removal of the ether under reduced pressure gave colorless 
crystals identified as /-butyl 3-chloro-2-benzyloxy-2-(acetyl-
amino) pentanoate ( 13b). 

Preparation of 16—19. a) From 5—8: A solution of 
5—8 (5.0 mmol) and triethylamine (5.5 mmol) in methanol 
(70 ml) was reduced in the presence of 10% Pd-C (500 mg). 
After 15 min, the catalyst was filtered off, and the reaction 
solution was concentrated under reduced pressure to give a 
residue, which was subsequently dissolved in chloroform (50 
ml). The resulting solution was washed three times with 
water and then dried over anhydrous MgS04 . The evapo­
ration of the chloroform gave colorless crystals identified as 
/-butyl 2-alkoxy- and 2-hydroxy-2-(acetylamino)alkanoate 
(16—19). 

b) From 15: A similar treatment of 15 (5.0 mmol) with 
triethylamine (10.5 mmol) in the presence of 10% Pd-C (500 

mg) was worked-up to give the expected 16—19. 
c) From 14: Into a solution of 14 (10.0 mmol) in an 

appropriate alcohol (10 ml) we stirred sodium alkoxide (12.0 
mmol) in alcohol (5 ml), drop by drop, below 10 °C. After 
the solution had been stirred for 2 h, the reaction solution was 
concentrated under reduced pressure to give a residue which 
was subsequently dissolved in chloroform (30 ml). The 
resulting solution was washed twice with water and then dried 
over anhydrous MgS04 . The removal of the chloroform gave 
17 and 18. 

Preparation of 16 from 19. A solution of 8 (3.8 mmol) 
in methanol (30 ml) was hydrogenolyzed in the presence of 
10% Pd-C (100 mg) at room temperature for 1 h. After the 
removal of the catalyst, the resultant solution was concen­
trated to give a residual pale yellow syrup. The crude syrup 
was purified on a silica-gel column, using a mixture of benzene-
ethyl acetate (5 : 2 v/v) as the eluent. The fraction was 
concentrated under reduced pressure to give colorless crystals, 
in agreement with the 16 prepared above. 

Preparation of 21. Into a solution of 20 (6.73 mmol) in 
ethanol (20 ml) we stirred benzylamine (16.84 mmol), drop 
by drop, at room temperature. After the mixture had been 
stirred for 3 h, the reaction solution was concentrated under 
reduced pressure to give a residue, which was subsequently 
dissolved in 1 M HCl (50 ml). The aqueous solution was 
extracted three times with benzene (60 ml). The combined 
extracts were washed twice with saturated aqueous NaCl and 
then dried over anhydrous Na2S04 . The removal of the 
benzene under reduced pressure gave colorless crystals 
identified as l-benzyl-3-ethylidene-PDO (21). 

Preparation of 24. Into a solution of 21 (2.17 mmol) 
in an appropriate alcohol (5 ml) we stirred NBS (2.17 mmol), 
portion by portion, at room temperature. After the mixture 
had been stirred for 10 min, the reaction solution was con­
centrated under reduced pressure to give a residue, which was 
then dissolved in chloroform (20 ml). The resulting solution 
was washed twice with water and then dried over anhydrous 
Na2S04 . The removal of the chloroform gave colorless 
crystals identified as l-benzyl-3-alkoxy-3-(l-bromoethyl)-
PDO (24). 

Preparation of 25. A solution of 24 (1.69 mmol) and 
triethylamine (2.03 mmol) in methanol (30 ml) was reduced 
in the presence of 10% Pd-C (170 mg) at room temperature 
for 1 h. After the removal of the catalyst, the reaction solution 
was concentrated under reduced pressure to give a residue, 
which was then dissolved in dichloromethane (20 ml). The 
resulting solution was washed twice with water and then dried 
over anhydrous Na2S04 . The evaporation of the dichlorome 
thane gave colorless crystals identified as 1-benzyl-3-alkoxy-
3-ethyl-PDO (25). 

Preparation of 26. A solution of 1-benzyl-3-benzyloxy-
3-ethyl-PDO (25c; 2.07 mmol) in methanol (40 ml) was 
hydrogenolyzed in the presence of 10% Pd-C (500 mg) at 
room temperature for 24 h. After the removal of the catalyst, 
the resultant solution was concentrated under reduced pressure 
to give colorless crystals identified as l-benzyl-3-ethyl-3-
hydroxy-PDO (26). 
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The Preparation of Optically Active ^S-Keto Sulfoxides by Means of 
an Enantiomer-differentiating Reaction of a-Lithio Aryl 

Methyl Sulfoxides with Chiral Carboxylates1) 
Norio KUNIEDA,* Akira SUZUKI, and Masayoshi KINOSHITA 

Department of Applied Chemistry, Faculty of Engineering, Osaka City University, Sumiyoshi-ku, Osaka 558 
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The reaction of a-lithio aryl methyl sulfoxides with a limited amount of chiral carboxylates (R 2 -CO-0-R*) 
was found to be an enantiomer-differentiating reaction, affording the corresponding optically active /?-keto sulf­
oxides (3), together with optically active aryl methyl sulfoxides which have the opposite configuration. The optical 
purity and the predominant configuration of 3 obtained were assigned by means of a combination of Polarimetrie 
analysis and NMR. The degree of enantioselectivity of this reaction was affected by the nature of the ester moiety 
R2, indicating an increase in optical yields, from 1.3%, where R2 was ethyl (3b), to 70.3%, where R2 was /-butyl (3f ). 
The stereochemical course of the reaction has been discussed by considering a six-membered cyclic transition state. 
Furthermore, the repeated recrystallizations of several /?-keto sulfoxides thus obtained, such as ( —)-3e, ( —)-3f, ( — )-
3g, and ( — )-3p, were found to give the corresponding highly optically pure /?-keto sulfoxides. 

ß-Keto sulfoxides are useful as key synthetic inter­
mediates.2) Previously, we have found that optically 
active /?-keto sulfoxides can serve as good chiral 
precursors in the asymmetric synthesis of optically 
active alcohols.30) The optically active ß-keto sulfoxides 
hitherto reported have generally been prepared by 
either the reaction of carboxylic esters with a-sulfinyl 
carbanions, which are derived from optically active 
sulfoxides,1'30) or by the oxidation of optically active 
/^-hydroxy sulfoxides, which are prepared from optically 
active sulfoxides and aldehydes,3e '4b) exclusive of 
microbiological methods.4) However, these procedures 
involve the rather hard task of synthesizing optically 
active sulfoxides as the starting materials.5) 

During the course of our research concerned with the 
asymmetric induction by the chiral sulfinyl group,3) we 
recently reported that 2 equivalents of a racemic a-
sulfinyl carbanion reacted with a ( — )-menthyl (£)-
arenesulfinate to yield a diastereomeric mixture of 
(R,S)- and (Ä,Ä)-/?-disulfoxides in a ratio of about 
6 : 4.3b) In view of this finding, we considered that 
the reaction of a racemic a-sulfinyl carbanion with a 
limited amount of a chiral carboxylate might provide 
a kinetic resolution of the a-sulfinyl carbanion, together 
with the production of optically active ß-keto sulfoxide. 
As expected, we have now found that the reaction of 2 
equivalents of racemic a-lithio aryl methyl sulfoxides 
(l)8) with chiral carboxylates(2) affords the corre­
sponding optically active ß-keto sulfoxides (3), together 
with the optically active aryl methyl sulfoxides (Scheme 
1 ). We wish herein to report on the application of this 
method to the synthesis of some optically active ß-keto 
sulfoxides and the determination of their optical purities 
and absolute configurations. 

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

To cite a typical reaction, (R)-( — )-menthyl benzoate 
(2h), [<x]£° - 9 0 . 5 ° ( C ? H 5 O H ) , was treated with 2 
equivalents of a-lithiomethyl />-tolyl sulfoxide ( l a ) , 
derived from racemic methyl /Kolyl sulfoxide and 
lithium diethylamide (Et2NLi), in tetrahydrofuran 
(THF) at —78 °C in an atmosphere of nitrogen. After 
2 h reaction, the work-up, followed by a preparative 

O 

2 R1- S -CH2"Li+ 

1 

o 
1) R2-C-0-R* 

2 
2) H 3 0 + 

9 9 9 
R1- S - C H 2 - C - R 2 + R1- S -CH 3 + R*OH 

3 
l a : R1 = />-CH3C6H4 

b : R i = C6H5 

2a: R2 = CH3, R* = (-)-Menthyl 
b : R2 = C2H5, R* = (-)-Menthyl 

R2 = w-C3H7, R* = (-)-Menthyl 
R2 = w-C9H19, R* = (-)-Menthyl 
R2 = *'-C3H7, R* = (-)-Menthyl 
R2 = *-C4H9, R* = (-)-Menthyl 

: C6H1]L, R * = (-)-Menthyl 
:C6H5 , R * = (-)-Menthyl 
:/>-CH3C6H4, R * = (-)-Menthyl 
: o-CH3C6H4, R* = (-)-Menthyl 
= 3,5-(^-C4H9)2C6H3, R* = (-)-Menthyl 
: <x-C10H7, R* = (-)-Menthyl 
= 2,4,6-(CH3)3C6H2, R * = (-)-Menthyl 
: *-C4H9, R * = (-)-Bornyl 
:C6H5 , R * = (-)-Bornyl 
= *-C4H9, R* = ( + )-l-Methylheptyl 
: C6H5, R * = ( + )-l-Methylheptyl 
: C6H5, R* = (-)-l-Methylheptyl 

c: 
d: 
e: 
f 
g:R2 

h: R2 

i: R2: 
j: R2 

k: R2 

1: R2 

m: R2 

n: R2 

o: R2 

p: R2 

q: R2 

r: R2: 

3a: R1--
h: R1-
c: R1-
d: R1-
e: R1 = 
f: R! = 
g:Ri = 
h: R1 = 
i:R! = 
j:Ri = 
k: R1 = 
1 

m 
R1 

R1 

n: R1 

o: R1 

R1 

R1 

= /?-CH3C6H4, 
= /?-CH3C6H4, 
: /?-CH3C6H4, 
= /?-CH3C6H4, 
= />-CH3C6H4, 
: / '"CHgCß^, 
= /?-CH3C6H4, 
= /?-CH3C6H4, 
: />-CH3C6H4, 
-• /?-CH3C6H4, 
= /?-CH3C6H4, 
: />-CH3C6H4, 
: /?-CH3C6H4, 

C6H5, R2 = 
G6H5, R2 = 

= C6H5, R2 = 
= G6H5, R2 = 

CHa 

C2H5 

R2 

R2 = 
R2 = n-C3H7 

R2 = w-C9H19 

R2 = /-C3H7 

R2 = /-C4H9 

R2 = C 6 H n 

R2 = C6H5 

R2=j&-CH3C6H4 

R2 = o-CH3C6H4 

R2 = 3,5-(*-C4H9) 
R2 = a-C10H7 

R2 = 2,4,6-(CH3); 

GH3 

i-G8H7 

^-C4H9 

CfiHj: 

2C6H3 

jC6H2 

Scheme 1. 
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Ghiral 
carboxylates 

(*)-(-)-2a 
(Ä)-(-)-2b 
(Ä)-(-)-2c 
(Ä)- ( - ) -M 
(Ä)-(-)-2e 
(Ä)-(-)-2f 
(Ä)-(-)-2f 
(Ä)-(-)-2g 
(Ä)-(-)-2h 
(Ä)-(-)-2h 
(Ä)-(-)-2i 
(Ä)-(-)-2j 
(*)-( - ) -2k 
(Ä)-(-)-21 
(Ä)-(-)-2m 
(Ä)-(-)-2a 
(Ä)-(-)-2e 
(Ä)-(-)-2f 
(Ä)-(-)-2h 
(Ä)-(-)-2n 
(Ä)-(-)-2o 
(J)-( + )-2p 
(S)-( + )-2q 
(Ä)-(-)-2r 

TABLE 1. 

a-Lithio 
sulfoxides 

îâ  
l a 
l a 
l a 
l a 

l a 

l a 
l a 
l a 

l a 
l a 
l a 
l a 
l a 
l a 
l b 
l b 

l b 
l b 
l a 
l a 
l a 
l a 
l a 

Norio KUNIEDA, Akira SUZUKI, 

REACTIONS 

Base 

Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 

b) 
Et2NLi 
Et2NLi 

b) 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 
Et2NLi 

and Masayoshi KINOSHITA 

OF a-LITHIO SOLFOXIDES (1) WITH CHIRAL CARBOXYLATES ( 2 ) a ) 

Reaction 
time/h 

3 îfc 
2 3b 
2 3c 
2 3d 
3 3e 
5 3f 
5 3f 
2.5 3g 
2 3h 
2 3h 
2 3i 
3 3j 
3 3k 
3 31 
1 3m 
2 3n 
3 3o 
5 3p 
2 3q 
3.5 3f 
3 3h 
2.5 3f 
2.5 3h 
2.5 3h 

Yield/%c) 

89 

93 

90 

92 
90 
85 
76 
96 
94 

90 
94 

70 
80 

82 
60 
80 
83 

83 

92 
81 
93 

72 
90 
90 

£-Keto 

M P
d ) 

+25.0°° 
+ 3.5° 

- 1 3 . 5 ° 
- 1 3 . 2 ° 
- 1 9 . 0 ° 

-185° 
-174° 
- 5 2 . 0 ° 
+ 35.5° 
+ 32.0° 
+43.8° 
+ 20.3° 
+45.1° 
+ 36.0° 
+ 12.0° 
+22.7° 
- 1 2 . 0 ° 

-152° 
+ 50.2° 
- 6 9 . 0 ° 
- 6 8 . 5 ° 
+ 50.4° 
+22.0° 
- 2 1 . 8 ° 

sulfoxides 

Config. 

R 
R 
S 
S 
S 
S 
S 
S 
R 
R 
R 
R 
R 
R 
R 
R 

(S)n 

(S)n 

(Ä)k> 

s 
s 
R 
R 
S 
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%o.p-<0 

12.7*>(12.0)h) 

1.3 
5 .3 
7.1 
7 .4 

70.3(67.5)h) 

66.2 
21.7 
13.4 
12.1 
16.9 
7.6 

26.5 
15.2 
3.8 

14.6^(13.0)h) 

(50.0)h) 

26.2(27.0)h) 

25.8 
19.2 
8 .3 

8.2 

4 

a) In THF at —78 °C. b) (*'-C3H7)2NLi. c) Yields are based on the starting carboxylic esters (2). d) Average values of 
2—7 experiments (in acetone, at 18—30 °C). e) Calculated on the basis of the specific rotations for the corresponding 
authentic jS-keto sulfoxides (see Table 2). f) Determined in methanol. g) This value was calculated using the reported 
specific rotation of (i?)-( + )-a-(/>-tolylsulfinyl)acetate, [a]29+197° (CH3OH) (Ref. 4b). h) Evaluated by NMR using 
Eu(TFC)3. i) Overnight at room temperature, j) Calculated using the reported specific rotation of (i?)-( + )-a-(phenyl-
sulfinyl)acetate, [a]D+156° (Ref. 4a). k) Assigned on the basis of the absolute configuration of methyl phenyl sulfoxide 
which was produced concomitantly by the reaction. 

TLC(diethyl ether), afforded dextrorotatory ot.-(p-
tolylsulfinyl)acetophenone (3h) (93% yield, [a]S° +35 .0° 
(c 0.622, acetone), 13.2% optical purity, (R)-rich) and 
( £ ) - ( - ) - m e t h y l p-to\y\ sulfoxide (92% yield, [a]2,0 

— 19.5° (c 0.995, acetone), 13.4% optical purity). By a 
similar procedure, a series of reactions were conducted 
using thirteen (R)-( — )-menthyl carboxylates ( 2 a — m ) , 
two (R)-( — )-bornyl carboxylates (2n—o), and three 
{R)-( — )- and (£)-( +) - l -methylhepty l carboxylates 
(2p—r) . The results are summarized in Table 1. The 
resultant ß-keto sulfoxides (3a—q), which possess a 
variety of R 2 groups, were characterized by means of 
N M R , IR , mass-spectrum, and elemental analyses. 

In order to get a clue as to the optical purity as well 
as the absolute configuration of the /S-keto sulfoxides 
obtained, we synthesized, as authentic samples, twelve 
dextrorotatory alkyl and aryl a- (/>-tolylsulfinyl) methyl 
ketones (3b—m) by the reactions of oc-lithiomethyl p-
tolyl sulfoxide, which has been derived from optically 
pure (Ä)-( + )-methyl />-tolyl sulfoxide, with the corre­
sponding ethyl carboxylates. The specific rotations of 
the authentic /5-keto sulfoxides are compiled in Table 2. 
Since the formation of carbanions from optically active 
aryl methyl sulfoxides has been known to take place 
without any loss of stereochemical integrity,3b'10»13) and 
since the reaction of the carbanions with carboxylates 

TABLE 2. SPECIFIC ROTATIONS OF THE AUTHENTIC /?-KETO 

SULFOXIDES (j&-CH3C6H4-SO-CH2-CO-R2) 

£-Keto sulfoxides (R2) Specific rotations 
in acetone (c) 

(Ä)-( + )-3b (C2H5) 
(Ä)-( + )-3c (n-C3H7) 
(Ä)-(+)-3d(n-C9H19) 
(Ä)-( + )-3e (z-C3H7) 
(Ä)-( + )-3f(<-C4H9) 
(S)-(-)-3i (<-C4H9) 
(Ä)-(+)-3g (C6Hn) 
(Ä)-( + )-3h (C6H6) 
(S)-(-)-3h (C6H5) 
(R)-( + )-3i (/>-CH3C6H4) 
(/?)-(+ )-3j (0-CH3C6H4) 
(*)-( + )-3k (3,5-(f-C4H9)2C6H3) 
(tf)-(+)-31 (a-C10H7) 
(tf)-(+)-3m (2,4,6-(CH3)3C6H2) 

[a]23 + 265°(0.194) 
[a]?)

2+256o(0.266) 
[a]i5+186.5°(0.222) 
[a]22+258°(0.196) 
[a}25+263°(0.275) 
[a]25-263°(0.300) 
[a]i4+240° (0.224) 
[a]25 + 265.5°(0.264) 
[a]2 5-265° (0.500) 
[a]25+258.5°(0.280) 
[a]20+268°(0.320) 
[a]i5+170°(0.446) 
[a]£,5+237°(0.366) 
[a]i5+319°(0.263) 

is sure to proceed through the complete retention of the 
configuration at sulfur, the dextrorotatory, /9-keto 
sulfoxides synthesized by the above method should be 
in an optically pure form with a (R) -configuration. This 
assignment may also be confirmed by the following 
reaction. Tha t is, the treatment of (/?)-(+)-a-(j&-
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TABLE 3. EFFECTS OF TEMPERATURE ON THE REACTIONS OF l a WITH (—)-MENTHYL CARBOXYLATES (2f AND 2h) IN THF 

(-)-Menthyl Temp /Î-Keto sulfoxides AAG* -AAH* AAS* 
carboxylates °C r -, a) 0 / b> kj mol - 1 kj mol - 1 J K ^ m o l - 1 

LaJD /0° -P -

2f ^^78 3f -185°±7°(3) 7Ö73 ÏJU 3751 - 3 . 4 
- 3 5 -157°±6°(2) 59.7 2.73 

0 -134°±6°(3) 51.0 2.56 
2h - 7 8 3h + 35.5°±2.3°(7) 13.4 0.44 0.58 - 0 . 7 5 

- 3 5 +26.4°±1.2°(2) 9.9 0.39 
0 +21.6°±1.0°(3) 8.1 0.37 

25 -f 19.5°±0.8°(2) 7.3 0.36 

a) Average values of 2—7 experiments. The number of experiments is shown in parentheses, b) o.p. = Optical purities 
which were determined by comparison with the specific rotations for the authentic /?-keto sulfoxides listed in Table 2. 

tolylsulfinyl)acetophenone (3h), [a]£5 +265.5° (acetone), 
with methylmagnesium iodide in T H F yielded (S)-
(—)-methyl />-tolyl sulfoxide, [<x]£5 —145°(acetone) 
(99.3% optical purity) via a normal SN2-type process, 
with a complete inversion of the configuration at 
sulfur.14) In addition, the optical purities, in the cases 
of the authentic 3b , 3e, and 3f, were confirmed with 
the aid of N M R using the chiral-shift reagent tris [3-
(trifluoromet hylhydroxymethylene) - d- camphor ato] euro-
p ium(II I ) [Eu(TFC) 3] (see Experimental). By a 
similar procedure, optically pure (£)-( — )-3f and (£)-
(—)-3h were also prepared using a-lithiomethyl jfr-tolyl 
sulfoxide derived from optically pure (£)-( — )-methyl 
/>-tolyl sulfoxide. 

Accordingly, the optical purities and the predominant 
configurations of the ß-keto sulfoxides listed in Table 1 
were assigned mainly by comparison with the specific 
rotations for the corresponding authentic substances. 
In the cases of 3a, 3f, 3n, and 3p , their optical purities 
were further confirmed by N M R using Eu(TFC) 3 . 

The degree of enantioselectivity of the reaction was 
dependent on the reaction temperature (see Table 3). 
In the reactions of l a with 2f and 2h, the decrease in 
temperature favored the formation of the predominant 
enantiomers, (£)-( — )-3f and (Ä)-( + )-3h respectively, 
and the plot of \\T vs. \n(R)l(S) (for 3h) or \n(S)l(R) 
(for 3f ) gave a linear relationship with a positive slope. 
For both the reactions either the A A / / # value or the 
AAS* value exhibited a negative sign. 

Table 1 reveals that the degree of enantioselectivity 
varies drastically from 1.3% to 70.3% depending on the 
nature of the ester moiety, R2. Generally, the extent 
of the enantioselectivity is higher when the inducing 
chiral moiety is menthyl rather than bornyl and 1-
methylheptyl, and the chiral carboxylates which have a 
bulky R2 group (R 2 =pheny l , naphthyl, 3,5-di-*-butyl-
phenyl, cyclohexyl, or J-butyl) give a relatively high 
degree of enantioselectivity. The best result has been 
obtained from the reaction of (£)-( — ) -menthyl pivalate 
(2f) with l a , affording ( S ) - ( - ) - 3 f of a 70 .3% optical 
purity. 

The reactions of two kinds of (#)-( — )-bornyl carbox­
ylates, 2n (R2=*-butyl) and 2o (R 2 =pheny l ) , with l a 
both gave (S)-rich ß-keto sulfoxides, ( — )-3f and ( —)-
3h. From the reactions of both (£)-( +)- l -methylheptyl 
pivalate (2p) and (£)- (+)- l -methylheptyl benzoate 
(2q) with l a , the (Ä)-rich ß-keto sulfoxides, ( + ) - 3 f 
and ( + ) - 3 h , were produced preferentially. However, a 

reversal in the configuration with the variation in the 
ester moiety, R2, is observed in the series of reactions of 
(R)-(-)-menthyl carboxylates with l a . Tha t is, the 
carboxylates ( — )-2a (R 2 =methy l ) , ( — ) - 2 b ( R 2 = 
ethyl), and ( —)-2h—m (R 2 =ary l ) preferentially react 
with (Ä)-la to yield an excess of (Ä)-ß-keto sulfoxides, 
while the carboxylates ( — )-2c (R 2 =propy l ) , ( — )-2d 
( R 2 = n o n y l ) , ( - ) - 2 e (R 2 =isopropyl) , ( - ) - 2 f (R 2 =*-
butyl), and ( —)-2g(R2=cyclohexyl) preferentially 
react with (S) - l a to afford the (S)-ß-keto sulfoxides in 
excess. 

The oxygen atom of sulfoxides is known to have a 
donor ability towards electron acceptors. 15> Further­
more, in connection with the stereochemistry of the 
electrophilic substitution reactions of a-lithiosulfoxides, 
Marquet et A/.16) and Biellmann et al.11) have proposed 
that an electrophilic assistance (a chelation) by the 
li thium cation on the a-lithiosulfoxides towards the 
electrophiles plays an important role. By considering 
this evidence together with a BAc 2-type of mechanism 
for the reactions of carbanions with carboxylic esters,18) 
it appears that the stereochemical course of this reaction 
can be explained by a six-membered cyclic transition 
state, as in the case of the reaction of (-#)-(+ )-<x-Q&-
tolylsulfinyl)acetophenone with alkyl Grignard reagents 
reported previously.19) Therefore, the stereochemical 
feature of the reaction can be illustrated in terms of the 

Rs 
J Rr, 

RM 

( Ä ) - ( - ) - 2 a - m (Ä)-(-)-2n, o 

Rs 

R ? ^ 0 H O I 

i c i J I** 
/ ^ 1 C6Hi3 

RM 

(Ä)-(-)-2r (5)-(+)-2p,q 

(The symbols Rs, RM, and RL indicate small, medium, 
and large groups respectively.) 

Scheme 2. 



1146 Norio KUNIEDA, Akira SUZUKI, and Masayoshi KINOSHITA [Vol. 54, No. 4 

RM 

RiWp/ u 
(R)-ß-Keto 
sulfoxides 

RM 

\ 
Ri»//to.o/ J, 

R2|Ar 

00-2 + 1 
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following schemes (Schemes 2 and 3). At first, by 
analogy with the empirical model predictions derived 
from Prelog's rule20> and Gram's rule,21) it can be 
recognized that the preferential attack of the oc-lithio-
sulfoxides (1) towards the carbonyl carbon takes place 
from the less hindered diastereotopic face of the chiral 
carboxylates (2), 22> as indicated by the arrows (see 
Scheme 2). Next, the following four reaction paths, 
(a), (a ') , (b), and (b') , involving the respective six-
membered cyclic transitions, A, A', B, and B' , are 
conceivable for the substitution reaction of (R)-2 and 1 
(see Scheme 3). However, the steric requirements in the 
transition states seem to indicate that Path (a) or (b) 
is the most likely possibility, while Paths (a') and (b') 
are unfavorable, since the significantly greater interac­
tions of the arenesulfinyl group vs. the R 2 group or the 
substituents of the chiral alcohol moiety should con­
tribute to the crowding of the transition states A' and 
B'. The (R)-ß-keto sulfoxides will then be produced 
via the transition state A (Path a) , while the reactions 
which proceed via the transition state B (Path b) will 

give the (S)-ß-keto sulfoxides, and the direction and the 
degree of enantioselectivities of the reactions should 
depend upon the magnitudes of the mutual interactions 
among the arenesulfinyl group, the R2 group, and the 
substituents of the chiral alcohol moiety (especially, the 
RM group acts as an effective bulk to influence the steric 
course of the reaction) in the A and B transition states. 
In the cases of the reactions of 1 with (R)(—)-bornyl 
carboxylates (2n and 2o) and (/?)-( — )- 1-methylheptyl 
benzoate (2r), Path b will predominate, since the 
sterical interaction between the arenesulfinyl group and 
the RM group is considered to be smaller than that 
between the arenesulfinyl group and the bulky R2 

group. The reactions of the (R)-(—)-menthyl carbox­
ylates, 2e, 2f, and 2g, which have rather bulkier R2 

groups, will preferentially take place via the transition 
state B to yield the (S) -rich ß-keto sulfoxides as well. 
O n the other hand, in the cases of the reactions of the 
(R)-( — )-menthyl carboxylates, 2a and 2b , which have 
smaller R 2 groups, Path a will predominate, since the 
interaction between the arenesulfinyl group and the 
RM group should be larger than that between the 
arenesulfinyl group and the R2 group in this case. 
Actually, most of the experimental results in Table 1 
agree fairly well with these predictions. The reversal 
in configuration from (R) to (S) in going from 3 b to 3c 
may be attributed to the fact that the differences in 
magnitudes of the interactions of the arenesulfinyl 
group vs. the R 2 group and of the arenesulfinyl group 
vs. the RM group are reversed with the change in the 
R 2 group from ethyl to propyl. O n the other hand, 
contrary to our expections, the experimental results from 
the reactions of (R)-( — )-menthyl carboxylates (2h—m) , 
which have aryl groups, indicate that the reactions 
proceed via the A transition state rather than B. We 
have now considered that , compared with the aryl 
groups, the RM moiety of the menthyl group involving a 
C-2 equatorial hydrogen and a C-l methyl group 
would act more effectively as a steric bulk towards the 
arenesulfinyl group in this case. 

Further investigations, including kinetic experiments, 
are now under way in an effort to obtain detailed 
knowledge of the stereochemistry of the reaction. 

Finally, we have now found that some of the /3-keto 
sulfoxides thus obtained, 3e, 3f, 3g, 3h, 3n, and 3p, 
increase their optical purities upon repeated recrystal-
lizations. As is shown in Table 4, especially, the repeated 
recrystallizations of the partially optically pure 3e, 3f, 
3g, and 3p from a mixture of diethyl ether and hexane 

TABLE 4. RESULTS OF THE REPEATED RECRYSTALLIZATIONS OF SOME /?-KETO SULFOXIDES OBTAINED0 

/J-Keto sulfoxides 
Specific rotation in acetone at 25 °C 

Starting (%o.p.)b) After recrystallization(%o.p.)b) 

- ) - 3 e 
- ) - 3 f 
- ) - 3 g 
+ )-3h 
- ) - 3 p 

- 1 2 . 8 ° (c 0.530) (5.0) 
-180° (c 0.500) (68.4) 
- 5 1 . 0 ° (c 0.680) (21.3) 
+32.3° (*0.690)(12.2) 
-163°(* 0.460) 

-256° (c 0.190) (99.2) 
-262° (c 0.200) (99.6) 
-240° (c 0.331) (100) 
+ 55.0° (c 0.218) (20.7) 
-266° (c0.294)c> 

a) The recrystallization was repeated three times by the use of a mixture of diethyl ether and hexane. b) o.p. = Optical 
purities which were determined by comparison with the specific rotations for the authentic /?-keto sulfoxides listed in 
Table 2. c) A single enantiomer was detected by NMR using Eu(TFC)3. 
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supplied the corresponding /9-keto sulfoxides with 
optical purities higher than 9 9 % . While, the /?-keto 
sulfoxides, 3a, 3b , 3c, and 3j , decreased in their optical 
purities to nearly zero upon repeated recrystallizations 
from diethyl ether or a mixture of diethyl ether and 
hexane. In these cases, the crystals obtained from the 
mother liquid exhibited a larger specific rotation than 
that of the starting /?-keto sulfoxides. 

In summary, we suppose at present that the present 
reaction, in combination with the recrystallization 
procedure, should be satisfactorily applicable to the 
synthesis of optically active /5-keto sulfoxides, provided 
that the appropriate chiral carboxylates are used. 

Experimental 

General. The optical rotations were measured with a 
JASCO DIP-4 type Polarimeter. The IR spectra were obtained 
with a JASCO IR-G type spectrometer. All the melting points 
are uncorrected. The NMR spectra were determined with a 
Hitachi-Perkin-Elmer R-20 or JEOL PS-100 spectrometer; the 
chemical shifts are reported in <5 units, using tetramethylsilane 
as the internal reference. The CD spectra were determined 
for ethanol and cyclohexane solutions with a JASCO ORD/ 
CD-5 spectrophotometer. The mass spectra were taken on 
a JEOL JMS 06 spectrometer. 

Starting Materials. (R) — (+) -Methyl p- Tolyl Sulfoxide 
was prepared from ( —)-menthyl (S)-( — )-/>-toluenesulfinate, 
mp 107—107.5 °C, [a]25 -200°(c 0.520, acetone), and 
methylmagnesium iodide according to the method developed 
by Andersen;6») mp 74.5 °C, [a]20 + 146°(c 0.460, acetone) 
[lit,«b> mp 73—74.5 °C, [<x]D +145.5°(acetone)]. (S)-(-)-
Methyl p- Tolyl Sulfoxide was prepared by the hydrolysis of the 
ethoxysulfonium salt of (R)-( + )-methyl p-tolyl sulfoxide 
according to the method of Johnson and McCants;26) mp 
74.5 °C, [a]2» -146°(<r 0.325, acetone). Racemic Methyl p-
Tolyl Sulfoxide and Methyl Phenyl Sulfoxide were prepared by the 
periodate oxidation of the corresponding sulfides.27) C6H6-
SO-CH3; bp 98—99 °C/1 Torr (1 Torr= 133.322 Pa)(lit,28) 
bp 84 °C/0.25 Torr). />-CH3C6H4-SO-CH3; mp 43 °C (lit,29) 
42—43 °C). (-)-Menthol (Hoei Chemicals, [a]2,0 - 5 0 ° 
(C2H6OH)) and (-)-Borneol (Aldrich, [a]20 -35.3° (C2H5-
OH)) used here are of a commercial grade. (R)-( — ) - and 
(S)-(+)-l-Methylhepty Alcohol were prepared by the resolution 
of racemic 2-octyl alcohol.30) (R)-(—)-l-Methylheptyl alcohol; 
[a]20 -10.1° (c 2.00, C2H5OH)(lit,3°> [«]« _9.9° (neat)). 
(£)-(+)-/-Methylheptyl alcohol; [a]20 +10.0° (c 2.00, C2H5-
OH)(lit,3°) [a]*7 +9.9° (neat)). Optically Active Carboxylates 
were prepared by treating optically active alcohols with the 
corresponding carboxylic acid chlorides in diethyl ether in 
the presence of pyridine. (R) - (—) -Menthyl Corboxylates : ( — ) -
C10H19-O-CO-R2; [R2, mporbp, Specific rotation (c, solvent)], 
CH3(2a); 108.5—109.5 °C/15 Torr (lit, 31> 117.5-118 °C/25 
Torr), [a]*9 -85.0° (1.32, C2HBOH) (lit,34) [a]D -85.23° 
(C2H6OH)), C2H5 (2b); 136 °C/29 Torr (lit,32) 118°C/15 
Torr), [a]20 -81.0° (1.45, C2H5OH) (lit,32) [a]D -76.66° 
(C2H5OH)), n-C3H7 (2c); 152 °C/30 Torr (lit,33) 126 °C/ 
12.5 Torr), [a]20 -76.0° (1.56, C2H6OH)(lit,32) [a]D -72.91° 

(1.00, benzene) (lit,33) [a]20 -70.56° 
145 °C/2 Torr, [a]22 -55.8° (2.00, 
121 aC/13 Torr (lit,33) 116—117 °C 

;i.20, C2H6OH), [a]22 -72.0° (1.00, 
- 72 .05° (benzene)), f-C4H9 (2f); 

JA° -76.4° (1.85, C2H6OH), G,HU 

(2g); 48.3 °C (lit,32) 48 °C), [a]£7 -65.5° (0.531, C2H5OH) 
(lit,32) [a]D -59.11° (G2H6OH)), G6H6 (2h); 54.5 °C (lit,32) 

(C2H5OH)),[a]2 0-72.4° 
(benzene)), C9H19 (2d); 
C2H5OH), t-G8H7 (2e); 
/12 Torr), [a]20 -76.8° 
benzene) (lit,33) [a]20 

124.5 °C/13.5 Torr, [a]20 

55 °C), [a]20 -90.5°(1.53, C2H6OH) (lit,32) [a]20 -83.53° 
(C2H6OH)), /,-CH3C6H4 (2i); 140—141 °C/2 Torr (lit,35> 
196—198°C/11 Torr), [a]22 -85.3° (1.26, C2H5OH) (lit,35) 
[a]20 -89.9° (neat)), o-CH3C6H4 (2j); 145 °C/3 Torr (lit,36) 
213—215°C/25 Torr), [a]20 -81.0° (1.54, C2HBOH) (lit,35) 
[a]20 -84.35° (neat)), 3,5-(f-C4H9)2C6H3 (2k); 167—169 °C/2 
Torr, [a]20 -67.5° (0.550, C2H5OH), a-C10H7 (21); 185 °C/2 
Torr (lit,32) 231—232°C/11 Torr), [a]20 -84.5° (1.59, C2H5-
OH) (lit,32) [a]D -79.08° (C2H5OH)), Mesityl (2m); 156— 
157°C/2 Torr, [a]20 -65.0° (0.735, C2H5OH). (R)-(-)-
Bornyl Carboxylates: ( - ) -C 1 0H 1 7-O-CO-R 2 ; [R2, bp, Specific 
rotation], *-C4H9(2n); 74.0 °C/1 Torr, [a]*5 -39.5° (1.68, 
C2H5OH), C6H5 (2o); 129— 130°C/1 Torr, [a]*,5 -42.7° 
(1.69, C2H5OH). (S)-(+)-l-Methylheptyl Carboxylates: ( + )-
C 8H 1 7-0-CO-R 2 ; [R2, bp, Specific rotation (c, solvent)]; 
*-C4H9(2p); 61.0 °C /l Torr, [a]20 +11.3° (2.00, C2H5OH), 
C6H5(2q); 109°C/1 Torr (lit,36) 171 °C/20 Torr), [a]20 

+ 40.0° (3.04, C2H5OH) (lit,36) [a]20 +33.27° (neat)). 
(R)-(-j-l-Methylheptyl Benzoate; 109°C/1 Torr, [a]20 -40.1° 
(c2.18, C2H5OH). 

Reaction of x-Lithiosulfoxides (1) with Optically Active Carboxyl­
ates (2). A typical procedure is as follows. A 50-ml, 
two-necked, round-bottomed flask containing a magnetic 
stirring bar was equipped with a rubber septum and a nitrogen-
inlet tube. After flusing with dry nitrogen, 15 cm3 of tetra-
hydrofuran (THF) (freshly distilled over LiAlH4), 3.2 cm3 

of a 100 mg/cm3 solution of butyllithium in hexane, and 370 
mg of diethylamine were successively injected into the flask 
through the septum via a syringe at 0 °C. The flask was then 
cooled to — 78 °C with a dry ice-acetone bath, a solution of 
5 mmol of an aryl methyl sulfoxide in 2.5 cm3 of dry THF was 
added, and the solution was stirred vigorously for 30 min. 
A solution of an optically active carboxylate (2) (2.5 mmol) 
in 2.5 cm3 of dry THF was injected via a syringe, drop by 
drop, into the solution. After being stirred for an adequate 
time at — 78 °C (the progress of the reaction was checked 
from time to time by TLC), water (10 cm3) was added; the 
mixture was then acidified (ca. pH 3) with 10% hydrochloric 
acid and extracted with chloroform(3 x 30 cm3). The 
combined extracts were then washed with brine, dried (Na2-
S04) , and evaporated under a vacuum. The residue was 
chromatographed on silica gel using a preparative thin-layer 
chromatoplate. Elution with diethyl ether yielded optically 
active aryl methyl sulfoxide and the corresponding /S-keto 
sulfoxide (3). These products, which exhibited satisfactory 
NMR and IR spectra, were subjected to optical rotation 
measurements. The optical purities and the predominant 
configurations of the ß-keto sulfoxides listed in Table 1 were 
assigned mainly by direct comparison with the specific rota­
tions for the corresponding authentic /3-keto sulfoxides. 

The NMR spectral non-equivalence was observed for the 
enantiomers of several ß-keto sulfoxides in the presence of 

TABLE 5. CHEMICAL-SHIFT DIFFERENCES INDUCED BY E U ( T F C ) 3 

FOR SOME ALKYL-SUBSTITUTED /?-KETO SULFOXIDES 

/?-Keto sulfoxides 

3a 
3b 
3e 
3f 
3n 
3p 

Alkyl groups 

CH3 

C H 2 C r i 3 

CH(CH3)2 

C(CH3)3 

CH3 

C(CH3)3 

AA<5/Hza> 

3.5 
3.8 
2.7 
1.8(5.0)b> 
4.0 
(3.0)b> 

a) AA<5=|A<5R-A5s|Hz. 
dm3 solution in CC14, 
Eu(TFC)3=1.0equiv. 

/?-Keto sulfoxides = 0 . 1 mol/ 
Eu(TFC) 3=0.7 equiv. b) 
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Eu(TFC)3.
37> The chemical-shift differences for the reso­

nances of alkyl substituents of /?-keto sulfoxides are summarized 
in Table 5. The optical purities for 3a, 3f, 3n, and 3p were 
also evaluated from the NMR spectra by the integration of the 
respective signals (see Table 1). 

By careful, repeated recrystallizations of the resulting 3e, 
3f, 3g, and 3p, the corresponding highly optically pure /?-keto 
sulfoxides were obtained. That is, when a 440 mg of ( —)-3f 
( W D 5 —180° (c 0.500, acetone)) was recrystallized three times 
from a mixture of diethyl ether and hexane ( 1 : 3 volume 
ratio), highly optically pure ( - ) -3f (230 mg, [a]25 -262° 
(c 0.200, acetone), 99.6% optical purity) was obtained. Its 
physical properties were found to be identical with those of the 
authentic (£)-( — )-3f. Three recrystallizations of ( — )-3e 
(1.06 g, [a]25 -12.8° (c 0.530, acetone)) and (-)-3g(800 mg, 
[OC]D —51.0° (c 0.680, acetone)) from a mixture of diethyl ether 
and hexane afforded ( - ) -3e (36 mg, [a]25 -256° (c 0.170, 
acetone), 99.2% optical purity) and optically pure ( —)-3g 
(110 mg, [a]25 -240° (c 0.311, acetone)) respectively. Sim­
ilarly, from the partially optically pure ( — )-3p (380 mg, 
[a]25 -163° (c 0.460, acetone)), ( - ) - 3p (146 mg, [a]25 -266° 
(c 0.294, acetone)) was obtained. Although the specific 
rotation for the optically pure ( —)-3p has never been deter­
mined, one enantiomer of 3p is detected by NMR using 
Eu(TFC)3. The /?-keto sulfoxide 3h also increased its optical 
purity upon repeated recrystallizations from a mixture of 
diethyl ether and hexane. Three recrystallizations of ( + )-3h 
(900 mg, [a]25 +32.3° (e 0.690, acetone)), which has been 
prepared by the reaction of l a with ( —)-2h, afforded a 20.7% 
optically pure ( + )-3h(320 mg, [a]25 +55.0° (c 0.218, acetone)). 
However, in the case of 3h, we have not found a solvent for 
recrystallization effective enough to give a highly optically 
pure 3h. 

Preparation of Authentic Optically Active ß-Keto Sulfoxides (p-
CH3C6H4-SO-CH2-CO-R2). The same experimental 
setup as has been described above was used. (/?)-( + )-
Methyl jb-tolyl sulfoxide (1.54 g, 10 mmol) was treated with a 
solution of Et2NLi (prepared from 6.4 cm3 of a 100 mg/cm3 

solution of butyllithium in hexane and 740 mg of diethyl-
amine) in 20 cm3 of dry THF at 0 °C under nitrogen. After 
30 min, a solution of an ethyl carboxylate (5 mmol) in 2.5 cm3 

of dry THF was added, and the mixture was stirred for 1—5 h. 
To the solution was then added water (10 cm3); the mixture 
was acidified (ca. pH 3) with 10% hydrochloric acid and 
extracted with chloroform (3x30 cm3). The combined 
extracts were washed with brine, dried (Na2S04), and evapo­
rated under a vacuum. The residue was chromatographed 
using a preparative thin-layer chromatoplate on silica gel; 
subsequent elution with diethyl ether gave the corresponding 
dextrorotatory /?-keto sulfoxide. The recrystallization of the 
product from diethyl ether or ethyl acetate afforded the 
analytically pure /?-keto sulfoxide. The /?-keto sulfoxides 
obtained by the above procedure exhibited the following 
preperties. 

(Ä)-( + )-3b; mp 68—68.5 °C. [a]23 + 265°(c 0.194, 
acetone). NMR (CDC13) : Ô 1.01 (t, 3H, J = 7 Hz, -CH2CH3) 
2.41 (s, 3H, -CH3) , 2.50 (q, 7 = 7 Hz, 2H, -CH2CH3), 3.76, 
3.82 (dd, 2H, J= 14 Hz,-CH2-), 7.36, 7.53 (dd, 4H, aromatic). 
IR (KBr): 2900, 1704, 1365, 1270, 1105, 1090, 1053, 1029, 
1017, 810 cm-1. UV (C2H5OH) max: 220 nm (log e 3.97), 
245 nm (log e 3.72). CD ([ÖJxlO"4): in C2H5OH 220 nm 
(-10.8), 249 nm ( + 7.55), in cyclohexane 223 nm (-11.2), 
260 nm ( + 5.78). MS: 210 (M+). 

Found: C, 62.65; H, 6.74%. Calcd for C n H 1 4 S0 2 : C, 
62.83; H, 6.71%. 

(Ä)-( + )-3c; mp 60 °C. [a]22 + 256°(<; 0.266, acetone). 
NMR (GDGls): ô 0.87 (t, J=l Hz, 3H, -CH2CH2CH3), 1.56 

(six, J=l Hz, 2H, -CH2CH2CH3), 2.43 (s, 3H, -CH3), 2.48 (t, 
/ = 7 Hz, 2H, -CH2CH2CH3), 3.82, 3.86 (dd, / = 1 4 H z , 2H, 
-CH 2 - ) , 7.43, 7.62 (dd, 4H, aromatic). IR (KBr): 2900, 
1700, 1088, 1033, 1026, 1013, 810 cm-1. UV (C2H5OH) 
max: 218 nm (log e 4.00), 243.5 nm (log e 3.83). CD ([0] X 
10-4): in C2H5OH 220 nm(-9.98) , 248 nm( + 7.18), in 
cyclohexane 223 nm (-12.16), 260 nm ( + 6.45). MS: 224 
(M+). 

Found: C, 64.46; H, 7.24%. Calcd for C12H16S02: C, 
64.25; H, 7.19%. 

(Ä)-( + )-3d; mp 75 °C. [a]£5 +186.5° (c 0.222, acetone). 
NMR(CDC13): ô 0.60—1.70 (b, 17H, -CH2(CH2)7CH3), 
2.44 (s, 3H, -CH3), 2.46 (t, J=l Hz, 2H, -CH2(CH2)7CH3), 
3.80, 3.86 (dd, y = 1 4 H z , 2H, -CH2-) , 7.39, 7.61 (dd, 4H, 
aromatic). IR (KBr): 2880, 1700, 1470, 1090, 1045, 1025, 
1010, 810 cm-1. UV (C2H5OH) max: 217.5 nm (log e 4.04), 
242.5 nm (log e 3.73). CD ([0] x 10~4) : in C2H6OH 220 nm 
(-11.34), 250 nm ( + 7.85), in cyclohexane 223 nm (-15.12), 
258 nm ( + 8.33). MS: 308 (M+). 

Found: C, 69.89; H, 9.15%. Calcd for C18H28S02: C, 
70.09; H, 9.15%. 

(Ä)-( + )-3e; mp 68 °C. [a]22 +258°(c 0.196, acetone). 

NMR (GDG1,): ô 1.01 (d, J=l Hz, 3H, - C H ^ g 3 ) , 1.09 (d, 

J = 7 Hz, 3 H , - C H ^ 3 ) , 2.43 (s, 3H, -CH3), 2.60 (septet, 

1H, -CH(CH3)2), 3.85, 3.97 (dd, J = 1 4 H z , -CH2-) , 7.36, 
7.58 (dd, 4H, aromatic). IR (KBr): 2900, 1696, 1380, 1088, 
1055, 1035, 800 cm-1. UV (C2H5OH) max: 220 nm (log e 
3.94), 245 nm (log e 3.71). CD ([Ö]xl0"4): in C2H5OH 
222 nm (-9.88), 249 nm ( + 6.87), in cyclohexane 224 nm 
(-12.15), 260 nm (+6.54). MS: 224 (M+). 

Found: C, 64.53; H, 7.33%. Calcd for C12H16S02: C, 
64.25; H, 7.19%. 

0R)-(+)-3f; mp 112.5—113 °C. [a]25 +263°(c 0.275, 
acetone). NMR (CDC13) : ô 1.07 (s, 9H, -C(CH3)3), 2.40 
(s, 3H, -CH3), 3.83, 4.15 (dd, J = 1 5 H z , 2H, -CH 2-) , 7.34, 
7.59 (dd, 4H, aromatic). IR (KBr): 2900, 1697, 1360, 1041, 
810 cm-1. UV (C2H5OH) max: 217 nm (log e 3.99), 244 
nm (log e 3.73). CD ([Ö]xl0~4): in C2H6OH 220 nm 
(-12.16), 247.5 nm( + 8.31), in cyclohexane 223 nm 
(-14.22), 261 nm (+7.34). MS: 238 (M+). 

Found: C, 65.26; H, 7.63%- Calcd for C13H18S02: C, 
65.51; H, 7.61%. 

0R)-( + )-3g; mp 113 °C. [a]14 +240° (c 0.224, acetone). 
NMR (CDC13): ô 1.0—2.3 (b, 11H, cyclohexyl), 2.44 (s, 3H, 
-CH3) , 3.85, 4.00 (dd, J= 14 Hz, 2H, -CH 2-) , 7.42, 7.63 (dd, 
4H, aromatic). IR (KBr): 2900, 1697, 1450, 1370, 1087, 
1043, 810 cm"1. UV (C2H5OH) max: 220 nm (log e 3.90), 
245 nm (log e 3.68). CD ([0] x 10~4): in C2H6OH 221 nm 
( - 10.85), 250 nm ( + 7.72), in cyclohexane 223 nm (-12.83), 
262 nm ( + 6.60). MS : 264 (M+). 

Found: C, 68.30; H, 7.70%. Calcd for C16H20SO2: C, 
68.15; H, 7.63%. 

(Ä)-( + )-3h; mp 89 °C. [a]25 +265.5° (c 0.264, acetone). 
NMR (CDC13): ô 2.40 (s, 3H, -CH3), 4.26, 4.51 (dd, J= 
14 Hz, 2H, -CH 2-) , 7.18—7.96 (m, 9H, aromatic). IR 
(KBr): 2950, 1676, 1593, 1447, 1257, 1085, 1062, 1041, 820, 
725 cm-1. UV (C2H5OH) max: 248.5 nm (log e 4.08). CD 
([0]xlO-4): in C2H5OH 217nm (-9.35), 248 nm ( + 6.01). 
MS: 258 (M+). 

Found: C, 69.47; H, 5.33%. Calcd for C15H14S02: C, 
69.74; H, 5.46%. 

(Ä)-( + )-3i; mp 122—122.5 °C. [a]25 +258.5° (c 0.280, 
acetone). NMR (CDC13) : ô 2.39 (s, 6H, 2x -CH 3 ) , 4.27, 
4.53 (dd, y = 1 4 H z , 2H, -CH 2-) , 7.17—7.90 (m, 8H, aroma, 
tic). IR (KBr) : 2920, 1674, 1606, 1300, 1190, 1041, 810 cm"1. 
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Found: C, 70.21; H, 5.82%. Calcd for C16H16S02: C, 
70.56; H, 5.90%. 

(Ä)-(+)-3J; mp 77—77.5 °C. [a]20 +268°(c 0.320, 
acetone). NMR (CDC13) : Ô 2.38 (s, 3H, o-CH3), 2.45 (s, 
3H, />-CH3), 4.29, 4.50 (dd, y = 1 4 H z , 2H, -CH 2 - ) , 7.13— 
7.78 (m, 8H, aromatic). IR (KBr) : 2950, 1666, 1300, 1253, 
1033, 750 cm-1. 

Found: C, 70.38; H, 5.83%. Calcd for C16H16S02: C, 
70.56; H, 5.90%. 

(Ä)-(+)-3k; mp 100.5—101 °C. [ocJJ5 +170°(c 0.446, 
acetone). NMR (CDC13) : Ô 1.32 (s, 18H, 2x-C(CH3)3) , 
2.35 (s, 3H, -CH3), 4.36, 4.56 (dd, J= 14 Hz, 2H, -CH 2-) , 
7.17—7.65 (m, 7H, aromatic). IR (KBr): 2950, 1676, 1058, 
1045, 810 cm-1. U V (C2H6OH) max : 260 nm (log e 4.17). 

Found: C, 74.59; H, 8.27%. Calcd for C23H30SO2: C, 
74.55; H, 8.16%. 
(Ä)-(+)-31; mp 110—110.5 °C. [a]15 +237°(c 0.366, 
acetone). NMR (CDC13): ô 2.32 (s, 3H, -CH3), 4.34, 4.58 
(dd, 7 = 14 Hz, 2H, -CH 2-) , 7.08—8.72 (m, 11H, aromatic). 
IR (KBr): 2900, 1672, 1290, 1080, 1040, 940, 815, 800cm-1. 
UV (C2H6OH) max: 242 nm (log e 4.30),, 320 nm (log e 
3.88). 

Found: C, 73.77; H, 5.35%. Calcd for C19H16S02: C, 
74.00; H, 5.23%. 
(Ä)-(+)-3m; mp 89.5 °C. [a]1,5 +319° (c 0.263, acetone). 
NMR (CDC13) : ô 2.14 (s, 6H, 2 X o-CH3), 2.23 (s, 3H, mesityl 
/>-CH3), 2.38 (s, 3H, p-CH3), 3.98, 4.22 (dd, J = 1 5 Hz, 2H, 
-CH2-) , 6.77 (s, 2H, aromatic), 7.29, 7.55 (dd, J=S Hz, 4H, 
aromatic). IR (KBr): 2900, 1700, 1608, 1087, 1041, 985, 
797 cm"1. UV (C2H6OH) max: 252 nm (log e 3.92). 

Found: C, 71.97; H, 6.75%. Calcd for C18H20SO2: C, 
71.97; H, 6.71%. 

Preparation of (S) -(—)-OL- (p- Tolylsulfinyl) acetophenone (3h). 
Using a procedure similar to that described for (/?)-(-f )-3h, 
the treatment of a-lithiomethyl />-tolyl sulfoxide derived from 
(£)_(_)-methyl />-tolyl sulfoxide (771 mg, 5 mmol) and 
LDA (5 mmol)) with 375 mg (2.5 mmol) of ethyl benzoate 
in 20 cm3 of dry THF at 0 °C afforded levorotatory <x-(/>-
tolylsulfinyl)acetophenone (3h) (565 mg, 87.5% yield) after 
the usual work-up and chromatography on silica gel, with 
elution with diethyl ether. Subsequent recrystallization 
from diethyl ether gave analytically pure (S)-( —)-3h; mp 
89 °C. [a]20 -265° (c 0.500, acetone). NMR (GDG18) : 
ô 2.40 (s, 3H, -CH3), 4.26, 4.51 (dd, J= 14 Hz, 2H, -CH 2-) , 
7.18—7.95 (m, 9H, aromatic). 

Reaction of (K)~( + )-3h with Methylmagnesium Iodide. An 
ethereal solution of methylmagnesium iodide (7 mmol; 1 
mmol/cm3 solution) was added, drop by drop, to a solution 
of 517 mg (2 mmol) of (Ä)-( + )-3h, [a]25 +265.5° (c 0.264, 
acetone), in 50 cm3 of dry THF; the mixture was then stirred 
for 3 h at —5—0 °C under nitrogen, followed by the careful 
addition of 10 cm3 of a saturated solution of ammonium 
chloride. After the separation of the ethereal layer, the 
aqueous layer was extracted with chloroform (3x30 cm3). 
The combined organic layers were dried(Na2S04) and 
evaporated under a vacuum. The subsequent preparative 
TLC of the residue on silica gel, eluting with diethyl ether, 
afforded (£)-(-)-methyl /»-tolyl sulfoxide (62 mg, 20% yield, 
[°0D5 —145° (c 0.300, acetone), together with the recovery of 
370mgof (Ä)-(+)-3h. 
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Reactions of Perfluoro-2-methyl-2-pentene with Carboxylic Acids, 
Alcohols, and Some Cyclic Amides. A New Fluorinating Reagent 
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Perfluoro-2-methyl-2-pentene (PMP) reacts with carboxylic acids, alcohols, and 2-pyridone, giving Michael-
type addition products, l,l,l,3,4,4,5,5,5-nonafluoro-2-trifluoromethyl-3-acyloxypentane, 1,1,1,3,4,4,5,5,5-nona-
fluoro-2-trifluoromethyl-3-alkoxypentane, 1,1,1,3,4,4,5,5,5-nonafluoro-2-trifluoromethyl-3(2-pyridyloxy)pentane, 
respectively, in good yields. In the presence of bases, carboxylic acids give acid fluorides, 1,1,1,4,4,5,5,5-octa-
fluoro-2-trifluoromethyl-3-pentanone, and l,l,l,4,4,5,5,5-octafluoro-2-trifluoromethyl-3-acyloxy-2-pentene (4), 
the yields changing with base, solvent, phase-transfer catalyst, and their combination. In the presence of triethyl-
amine, fluorination occurs exclusively, producing acid fluorides in good yields. Alcohols and 2-pyridone are 
converted into alkyl fluorides and 2-fluoropyridine, respectively, with use of triethylamine as a base with an aprotic 
solvent. The reactions of PMP with 4-pyridone and 6-chloro-2-ethyl-5-methyl-4(3if)-pyrimidone were also 
examined. The fluorination reactions were rationalized by preferential replacement of the vinylic fluorine of 
PMP and a good leaving function of the perfluoro enol group of the intermediates such as 4. 

Since the discovery of oligomerization of tetrafluoro-
ethylene and hexafuluoropropylene, studies on their 
oligomers have drawn much attentions.1-5) Among the 
oligomers, perfuluoro-2-methyl-2-pentene (PMP) (1), 
a dimer of hexafluoropropene, is very susceptible to 
attack by nucleophiles. This high reactivity is attributa­
ble to the mesomeric assistance of the vinylic fluorine, 
the presence of two electrone-withdrawing trifluoro-
methyl groups which stabilize intermediate carbanion 
leading to polarization similar to that in the acid 
fluoride as shown below:6) 

CF3. CF3 

C2FrC-F 

CF3vc,CF3 

C 2 F 5 ^ C2F5^F C2F5' 

o-
4f 

P M P can be regarded as a homolog of perfluoropropion-
yl fluoride. O n the other hand, perfluoro carboxylic 
acid esters are labile since perfluorocarboxylates are 
good leaving groups. Thus, the reaction products of 
P M P with hydroxyl compounds through replacement 
of the vinylic fluorine are also labile and undergo 
further reactions under appropriate reaction conditions. 
We have investigated the reactions of P M P with some 
carboxylic acids, alcohols, and cyclic amides and found 
that P M P acts as a fluorinating agent to replace the 
hydroxyl group with fluorine. 

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

Reactions with Carboxylic Acids. Garboxylate 
anions react readily with P M P (1) either in a dipolar 
aprotic solvent (DMSO, D M F , acetone, or acetonitrile) 
or under nonaqueous phase-transfer catalysis conditions, 
giving acid fluorides (2) in good yields along with 
1,1,1,4,4,5,5,5-octafluoro-2-trifluoromethyl-3-pentanone 
(3), 1,1,1,4,4,5,5,5-octafluoro-2-trifluoromethyl-3-acyl-
oxy-2-pentene (4), 1,1,1,3,4,4,5,5,5-nonafluoro-2-tri-
fluoromethyl-3-acyloxypentane (5), and the H F addition 
product (6) (Scheme 1).5> Further investigation has 
revealed that the reaction products are strongly de­
pendent on the choice of base, solvent, phase-transfer 
catalysts and their combination. 

CF3X /CF2CF3 Rcoo-
C = C 

CF, / XF 

CF3 

CF, / 

HF 

CHCF2CF2CF, 

CF3X _ /CF2CF3 
C-CF 

CF, / \OCOR 

- F -

CF3 \ /CF2CF3 
c=c 

C F / NDCOR 

-> RGOF + 

H+ 2 

CF, 

CF, 
GHCOCF, 

CF, / 

3 \ 

C F / 
CHCFCF2CF3 

OCOR 

5 

Scheme 1. 

T h e results obtained by use of inorganic bases are 
summarized in Table 1. While the reaction of benzoic 
acid in acetone in the absence of base gave the Michael 
type addition product (5) ( R = P h ) in moderate yield 
(run 1), K 2 C 0 3 - a c e t o n e (run 2), K 2 C0 3 - ace ton i t r i l e -
18-crown-6 (run 3), and K 2 C0 3 -benzene-oc tag lyme 
(run 6) reaction systems gave good yields of benzoyl 
fluoride. In the K 2 C0 3 -CH 2 Cl 2 -18-c rown-6 (run 5) and 
K 2 C 0 3 - C H 2 C l 2 - q u a t e r n a r y ammonium salts (runs 9 and 
10) reaction systems, the esters 4 and 5 ( R = P h ) were 
formed concomitantly with benzoyl fluoride. The cases 
are typical for all reactions using N a 2 G 0 3 as a base. In 
spite of the strong interaction of Na+ with 12-crown-4,7> 
no significant difference was observed in the catalysis as 
compared with that of 18-crown-6 (runs 12 and 13). Use 
of C a C 0 3 or GaO led to the exclusive formation of the 
saturated ester 5, the reaction of calcium benzoate 
giving the unsaturated ester 4 selectively. T h e pre­
ferential formation of either the ester 4 or 5 in the 
presence of N a 2 C 0 3 or C a C 0 3 is apparently due to the 
absence of an active fluoride anion in solution because 
of the low solubility of NaF and CaF2 . 

file:///OCOR
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T h e fluorination reactions were rationalized by 
assuming that the reaction goes through the esters 4 
and 5.5> In fact, the reaction of the enol ester 4 ( R = 
PhCH 2) with K F gave the benzoyl fluoride. The 
reaction, however, was slower than that of the saturated 
ester 5 (R = PhCH 2) with K 2 C 0 3 , suggesting that 
intramolecular fluoride transfer is also possible (Path a, 
Scheme 2). The reaction mechanism is similar to that 
proposed in the fluorination reactions by 2-fluoropyridi-
nium salts8) and by picryl fluoride.9) 

c W2k 
C p 3 . OcfoR 

RCOF + 3 

CF3v, 

-H+ 

- F " 

CHÇFCF2CF3 
C F 3 OCOR X 

-C2F5 

CF3'~ ^odoR 

A 
Scheme 2. 

When triethylamine was used instead of inorganic 
bases, the reaction occurred within 1 h, giving acid 
fluorides with tr iethylammonium perfluoro-2-methyl-1 -
ethyl-1-propenolate (7) almost quantitatively. (Scheme 
3 and Table 2) . 

CF3N /CF2CF : 
C = C 

C F / \F 
1 

2 ^ 3 RCOOH, EtaN 

CF3 
RCOF + C=C 

C F / X T NHEt3 
2 7 

Scheme 3. 

Enolate 7 was stable to distillation and characterized 
by mass, IR , 19F N M R , and 1H N M R spectra. Mart ini 
and Schumann10) reported its formation by the reaction 
of P M P with water. 

Employment of insoluble polystyrene-bound tertiary 
amines 8 (Amberlite I R A 68) and 9 gave acid fluorides 
in good yields (Table 2, runs 8—13). Even a catalytic 

H2N(CH3)2 

8 
CH20C2H4N(CH3)2 

9 

amount of the tertiary amine (run 13) gave acid fluorides 
in reasonable yield. The fluorination reactions using 
P M P and the insoluble resins (Table 1, run 10) are 
very simple, acid fluorides being readily obtained solely 
by filtration of the resins and the evaporation of solvent. 

T h e reaction in the presence of triethylamine were 
extended to formic acid and perfluorooctanoic acid but 
were unsuccessful. 

Reactions with Alcohols. Alcohols such as 
methanol, ethanol, and phenol react with P M P in the 

presence of triethylamine, yielding the following 
Michael-type addition products, 1,1,1,3,4,4,5,5,5-
nonafluoro-2-trifluoromethyl-3-alkoxypentane (10) and 
their H F elimination products, 1,1,1,4,4,5,5,5-octafluoro-
2-tiifluoromethyl-3-alkoxy-2-pentene (11) (Scheme 
4).2c> 

GF 3 \ /CFoCF3 

c 
C F / 1 

NEtay» 

: + ROH 
\ F 

CF3 \ CF3 
CHCFCF2CF3 + 

C F / ^ R CF3 

10 

in polar aprotic solvent 

high temp 

Scheme 4. 

/CF2CF3 
C = C 

/ NOR 
11 

RF 

It has been found that P M P fluorinates alcohols in the 
presence of an equimolar amount of triethylamine in an 
aprotic polar solvent at high reaction temperatures, 
giving alkyl fluorides in fair to good yields (Scheme 4). 

When a mixture of 1-dodecanol, P M P , and triethyl­
amine in a 1 : 1 : 1 mole ratio was made to react in 
acetonitrile at 80 °C for 8 h, 1-fluorododecane was 
formed in 2 8 % yield with the enol ether 11 ( R = 
n-C12H25). The yield was almost unchanged even when 
the mole ratio was varied to 1 : 1 : 2 , 1 : 2 : 1 , and 
I : 2 : 2. Reaction of the mixture in 1 : 1 : 1 mole ratio 
was examined in various solvents (Table 3). Dipolar 
aprotic solvents such as D M F and sulfolane, when 
coupled with higher reaction temperatures, were 
favorable for the fluorination of alcohols. 2-Octanol 
was also fluorinated in one-step in moderate yield (runs 
15 and 16). 

T h e course of fluorination reaction can be monitored 
by 19F N M R spectroscopy. In the reaction with 1-
octanol, the perfluoro ethers 10 and 11 (R=n-C 8 H 1 7 ) 
were formed initially in 26 and 56% yields, respectively, 
the prolonged reaction in sulfolane at 120 °C giving 
1-fluorooctane in 74% yield. When the isolated ether 
I I (R=rc-C12H25) was reacted with triethylamine and 
P M P , 1-fluorododecane was formed in 45—58% yields. 
This indicates that the fluorination proceeds via the 
attack of fluoride ion on the perfluoro enol ethers 11. 

In the reactions with benzyl alcohol (runs 17 and 18), 
benzyl fluoride was formed in poor yields. Use of 
potassium carbonate as a base with 18-crown-6 in 
dichloromethane led to preferential formation of the 
perfluoroenol ether 11 ( R = P h C H 2 ) (84% yield). Use 
of excess triethylamine gave rise to the formation of a 
viscous oily product without givin benzyl fluoride 

CF3N /CF2CF3 PhCH2OH 
C = C • 

C F / NF excess NEt3 

1 

CF3N /CF2CF3 NEt8 
C = C + < 11 (R = PhCH2) 

G F / \ 0 " PhCH2NEt3 
12 

Scheme 5. 
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and the enol ether 11. The oily product was identical 
with the product readily obtained by mixing the enol 
ether 11 ( R = P h C H 2 ) with triethylamine, and identified 
as benzyltriethylammonium perfluoro-2-methyl-l-ethyl-
1-propenolate (12) (Scheme 5). 

19F N M R analysis of the reaction of the enolate 12 
with trifluoroacetic acid showed that the ketones 3 and 
13 are formed in a 2 : 1 ratio (Scheme 6). The acid 
degradation of the tr iethylammonium enolate 7 also 
gave the two products.7) Enolate 12 reacts slowly with 
benzyl alcohol, giving the two esters 14 and 15 (Scheme 
6). These facts well explain the low yield of benzyl 
fluoride. 

CF3, 

12—^ C F / 
CHCOCF2CF3 + CF3CH2COCF2CF3 

13 

PhCH2OH PhCH2OCOCF2CF3 + PhCH2OCOCH2CF3 

14 15 

Scheme 6. 

yield in dichloromethane in the presence of potassium 
carbonate and 18-crown-6. When triethylamine was 
employed as a base and the reaction was conducted in 
acetonitrile under reflux for 24 h, 2-fluoropyridine was 
formed in 7 3 % yield with the iV-substituted product 21 
(25% yield) (Scheme 7). Use of D M F as a solvent 
also gave rise to the formation of 2-fluoro pyridine (69% 
yield) after reaction at 120 °C for 2 h. 

GLPC analysis of the course of the fluorination 
revealed that the O-substituted pyridine 20 and the 
iV-substituted 2-pyridone 21 are initially formed, 2-
fluoropyridine being gradually produced at the expence 
of 20. Treatment of 20 with P M P and triethylamine in 
acetonitrile at 80 °C for 12 h gave 2-fluoropyridine in 
9 0 % yield (19F N M R ) . No reaction took place in the 
absence of P M P . The reaction of 19 with triethylamine 
gave 2-fluoropyridine in 7 5 % yield (19F N M R ) . These 
facts clearly indicate that the fluorination occurs 
through the O-substituted pyridines 19 and 20, and that 
active fluoride ion can also be formed by the degradation 
of P M P by triethylamine. 

Reactions with Some Cyclic Amides. It was claimed 
in a Japanese patent11) that 2-pyridone and 4-pyridone 
react with hexafluoropropene in the presence of potas­
sium carbonate, giving the ^-substituted products 16 
and 17, respectively. When 4-pyridone was made to 

O 

/ X 
II I 

CF=CFCF3 

16 

CF=CFCF3 

17 

C = C /== 
CF3N 

C F / \ N 

18 

/CF2CF3 

Vo 

react with excess P M P in the absence of base in acetone 
at room temperature for 48 h, the iV-substituted product 
18 was formed quantitatively with the H F addition 
product 6. However, a similar treatment of 2-pyridone 
in acetone gave O-substituted product, 1,1,1,3,4,4,5,5,5-
nonafluoro- 2 -trifluoromethyl - 3 - (2 - pyridyloxy)pentane 
(19) (Michael-type addition product) in 84% yield. 
Another O-substituted product 20 was formed in 64% 
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H 
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Scheme 7. 

X / / \ M e 23 
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CI 

Scheme 8. 

Fluorination by P M P in the presence of bases was 
extended to two pyrimidinones and cyanuric acid. 6-
Hydroxy-2-methyl-4(3//)-pyrimidinone and cyanuric 
acid were recovered unchanged by the reaction in 
dichloromethane at room temperature for 48 h. By a 
similar treatment of 6-chloro-2-ethyl-5-methyl-4(3i/)-
pyrimidinone with excess P M P in the presence of base, 
the O-substituted product 22 was obtained in good yield 
(Scheme 8). No fluorination was observed even in the 
presence of triethylamine in dry sulfolane. 

Close examination of the early stage of the reaction 
shows that the iV-substituted products having larger 
retention volume are also formed as a mixture of at 
least three isomers, two of which were confirmed to be 
the unexpected eis and trans isomers 23 (Scheme 8). 
The attack of nucleophiles on the trifluoromethyl of 
P M P , i.e. the replacement of the allylic fluorine of P M P 
followed by rearrangement, was also observed in the 
cyclization reaction of P M P with iV,iV-dimethyl-
hydrazine.12) When a mixture of the O-substituted and 
iV-substituted products was treated with triethylamine 
at room temperature, the iV-substituted products 
gradually decomposed into the starting pyrimidinone, 
the O-substituted product 22 remaining unchanged. 

Conclusion. T h e fluorination reactions of P M P 
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consist of two reactions, (a) replacement of the vinylic 
fluorine by carboxylates, alkoxides, or enolates leading 
to the perfluoropropenol esters or ethers, and (b) 
perfluoro enol oxygen-carbon fission followed by 
displacement by fluoride ion. T h e preferential fission 
of the enol oxygen-carbon was also observed in the 
isopropenyl derivatives.13) Tr ie thylammonium fluoride 
formed during the course of reactions in the presence 
of triethylamine might be the source of active fluoride 
ion causing an effective enol oxygen-carbon fission. 
The present fluorination reactions can be conducted 
in conventional glass vessels, the by-products being 

easily separable low-boiling substances and salts. 
Stable, storable, and low toxic P M P can be easily 
prepared from hexafluoropropene and is very easy to 
handle.14) P M P appears to be advantageous as a small-
scale fluorinating reagent as compared with N,N-
diethyl-2-chloro-1,1,2-trifluoroethylamine,15) SF4-amine 
reagents,16) HF-amine reagents,17) and selenium tetra-
fluoride.18) From the fact that most perfluoro enol 
derivatives with boiling points lower than expected are 
stable against distillation, P M P like trimethylsilyl 
chloride is promising as a protecting reagent of hydroxyl 
groups. 

TABLE 1. REACTIONS OF BENZOIC ACID WITH PERFLUORO-2-METHYL-2-PENTENE (PMP) IN 

THE PRESENCE OF INORGANIC BASES WITH AND WITHOUT PHASE-TRANSFER CATALYSIS*0 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 

Base 

— 
K 2 C0 3 

K 2 C0 3 

K 2 C0 3 

K 2 C0 3 

K 2 C0 3 

K 2 C0 3 

PhCOOK 

K 2 C0 3 

K 2 C0 3 

Na2COa 

Na 2C0 3 

Na 2C0 3 

CaC0 3 

CaO 
(PhCOO)2Ca 

Solvent 

CH3COCH3 

CH3COCH3 

CH3CN 
CH.2C12 

GH2G12 

C6H6 

CH2C12 

CH2C12 

CH2C12 

GH2G12 

CH3COCH3 

CH2C12 

CH2G12 

CH3COCH3 

GH3COCH3 

CH2C12 

Phase-transfer catalyst 
(mol %) 

— 
— 

18-crown-6(4%) 
18-crown-6(38%) 
18-crown-6(4%) 
octaglyme(10%) 
octaglyme(14%) 
octaglyme(14%) 

(C8H17)3NCH3C1 
Amberlite IRA-900(42%) 

— 
12-crown-4(10%) 
18-crown-6(10%) 

— 
— 

18-crown-6(10%) 

Reaction time/h 
(Rection temp) 

24 (room temp) 
6 (room temp) 
8 (reflux) 

24 (reflux) 
8 (reflux) 
8 (reflux) 
8 (reflux) 
8 (reflux) 

2 (reflux) 
72 (reflux) 

3 (reflux) 
3 (reflux) 
2 (reflux) 

12 (reflux) 
18 (reflux) 
4 (room temp) 

2 

0 
74 
68 
81 
18 
68 
45 
31 

39 
47 

8 
5 

16 
trace 
trace 
trace 

Yield/% 
Reaction product 

4 and 5 

1(4)35(5) 
b) 

trace 
13 
34 
trace 
52 
43 

48 
21 

28(4) 28(5) 
53(4) 11(5) 
42(4) 13(5) 

3(4) 73(5) 
3(4) 67(5) 

58(4) 13(5) 

total 

36 
74 
68 
94 
52 
68 
97 
74 

87 
68c> 
64 
69 
71 
76 
70 
71 

a) PhCOOH (1.22 g, 10 mmol) and PMP (3 g, 10 mmol) were 
determined, c) Benzoic acid anhydride was formed in 15% yield. 

reacted in the presence of base (10 meq). b) Not 

TABLE 2. FLUORINATION OF CARBOXYLIC ACIDS WITH PMP IN THE PRESENCE OF TERTIARY AMINES'0 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Carboxylic acid 

C6H5COOH 
/>-N02C6H4COOH 
C2H5COOH 
C2H5COOH 
CH3(CH2)4COOH 
CH3(CH2)4COOH 
CH3(CH2)6COOH 
C6H5COOH 
C6H5COOH 
CH3(CH2)6COOH 
CH3(CH2)6COOH 
CH3(CH2)6COOH 
CH3(CH2)6COOH 

Tertiary 
amine 

N(Et)3 

N(Et)3 

N(Et), 
N(Et), 
N(Et)3 

N(Et), 
N(Et), 
resin 8e> 
resin 9° 
resin 8e:> 

resin 9° 
resin 9 ° 
resin 9k) 

Solvent 

CH3COCH3 

CH3COGH3 

CH3C6H5 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

CH3COCH3 

CH3COCH3 

CH3COCH3 

CH3COCH3 

C6H6 

C6H6 

Reaction time/h 
(Reaction temp) 

3 (room temp) 
3 (reflux) 
3 (room temp) 
1 (room temp) 
0.5 (room temp) 
1 (room temp) 
1 (room temp) 
48 (room temp) 
96 (room temp) 
48 (room temp) 
96 (room temp) 

120 (room temp) 
48 (room temp) 

Yield/%w 

RCOF 

86 
73 
60 
96c> 
64 
940 
88« 
68 
42B,h) 
81 
50g.° 
52C>J) 

90c»° 

a) Carboxylic acid(10 mmol) and P M P (10 mmol) were reacted in the presence of triethylamine (10 mmol) , b) Isolated 
yield, c) N M R yields combined with G L P C analysis, d) After distillation three times, e) Amberli te IRA-68 ( 1 g) used 
(amino unit, 56 m o l % ) . f) 0.25 g used (ca. 5 m o l % ) . g) G L P C yield, h) T h e esters (4 the main ester) were formed 
in 12% yield, the unreacted acid (41%) being recovered, i) T h e ester 5 was formed in 3 % yield, the unreacted acid 
(44%) being recovered, j) T h e esters (5 the main ester) were formed in 2 2 % yield, the unreacted acid (26%) being 
recovered, k) 0 . 5 g used (10 m o l % ) . 1) T h e ester 5 was formed in 10% yield. 
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TABLE 3. FLUORINATION OF ALCOHOLS BY PMP AND TRIETHYLAMINE10 

Run 
No. 

î 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

Alcohol 

CH3(CH2)uOH 
CH3(CH2)uOH 
CH3(CH2)uOH 
CH3(GH2)nOH 
CH3(CH2)nOH 
CH3(CH2)nOH 
CH3(CH2)nOH 
CH3(CH2)nOH 
CH3(CH2)nOH 
CH3(CH2)nOH 
CH3(CH2)nOH 
CH3(GH2)uOH 
CH3(CH2)nOH 
CH3(CH2)7OH 
2-octanol 
2-octanol 
C6H5CH2OH 
C6H5CH2OH 

Solvent 

CH3COCH3 

CH3CN 
CH3G6H5 

xylene 
dioxane 
DMF 
DMF 
DMF 
DMF 
DMF 
sulfolane 
sulfolane 
sulfolane 
sulfolane 
sulfolane 
CH3COCH3 

CH3COCH3 

DMF 

Reaction conditions 

Temp/°C 

reflux 
reflux 
reflux 
reflux 
reflux 
120 
120 
130 
140 
150 
120 
130 
140 
130 
130 
reflux 
reflux 
120 

Time/h 

8 
8 
8 
8 
8 
2 
8 
2 
2 
2 
2 
2 
2 
2 
2 
8 

24 
2 

Yield/ %b> 
R-F 

23 
40 
41 
40 
48 
62 
58 
63 
64 
64 
56 

68(67)c) 

73 
75 
39 
36 
12 
15 

a) See Experimental, b) XH NMR yield using triphenylmethane as internal references, c) Isolated yield. 

Experimental 

*HNMR and " F N M R spectra were recorded with a 
JEOL LMN-PS-100 spectrometer, " F N M R spectra being 
obtained in the presence of 1,1,2-trichlorotrifluoroethane as an 
internal standard and peak center positions being given in 
ppm upfield from trichlorofluoromethane. Mass spectra were 
determined with a Hitachi RMU-6E mass spectrometer, GC-
Mass spectra with a Hitachi RMU-6MG spectrometer at 
20 eV connected with a Hitachi M-5201 apparatus using 3 m 
X3mm column of 5% Silicone OV-1 on Uniport KS, and 
IR spectra with a JEOL IR-E spectrophotometer. GLPC 
analysis and preparative scale GLPC were carried out on a 
Yanagimoto G-8 model instrument equipped with a thermal 
conductivity detector. The columns were Silicone SE-30 on a 
Diasolid L (60—80 mesh) (1 .5mx4mm) and Silicone OV-1 
on a Uniport KS (60—80 mesh ) (3 m X 4 mm). 

Materials. Perfluoro-2-methyl-2-pentene (PMP) (sup­
plied from Neos Co. Kobe) was used after distillation. All 
inorganic bases were used after being ground to powder and 
dried in a vacuum oven at 100 °C for 24 h. 6-Chloro-2-
ethyl-5-methyl-4(3if)-pyrimidinone was prepared from pro-
pionitrile, phosgene and hydrogen chloride.16) Amberlite 
IRA-900 (ammonium chloride type) and IRA-68 (tertiary 
amine type) (resin 8) were used after washing and drying. 
Other commercial chemicals were used after purification. 

Preparation of the 2-(Dimethylamino)ethoxy Resin 9. 2-
(Dimethylamino)ethanol (5.5 g, 61.8 mmol) and 40 ml of 
toluene were placed in a 100 ml three-necked flask equipped 
with a magnetic stirrer, reflux condenser, thermometer, and 
an inlet tube for nitrogen gas. Into this was added sodium 
hydride (2.0 g, ca. 42 mmol) under nitrogen. After the 
solution had been stirred at room temperature until the evolu­
tion of hydrogen gas ceased, 3.0 g of chloromethylated poly 
(styrene) (6.48 mmol) (2% DVB) (100—200 mesh) (Nakarai 
Chemical Co.) was added. The flask was then placed in an 
oil bath maintained at 85 °C and the mixture was stirred for 
48 h under nitrogen. The resulting resin (9) was collected 
by filtration, washed successively with 350 ml of 4 : 1 THF : 

H 2 0 and 500 ml of THF, and washed continuously with THF 
using a Soxhlet apparatus for 48 h and then dried in vacuo 
at 100 °C. The resin (3.13 g) was obtained. Found: C, 
86.09; H, 8.00; N, 2.35; CI, 0.29%. Calcd for: C, 85.79; 
H, 8.33; N, 2.61; CI, 0.29%. Calulation is based on chloro-
methyl unit mole of the starting resin, the degree of cross-
linking by 2% DVB, and the unreacted chlorine content of 
the resin. Dimethylamino unit: 1.87 mmol/g-resin (dry). 

Reactions. The technique used in each reaction was 
almost the same. Hydroxyl compounds (10 mmol), base 
(equivalent), and solvent (10 ml) were placed in a 30 ml-flask 
equipped with a magnetic stirrer and a reflux condenser. 
When necessary, phase transfer catalysts (4—56mol%) were 
added. Stirring was started and the slurry was cooled down 
to 0 °C with an ice-water bath. PMP (10 mmol or more) was 
added dropwise and the reaction mixture was then warmed to 
room temperature or higher. After an appropriate reaction 
time the solid products and/or solid catalysts were filtered 
off and the filtrate was concentrated, distilled and analyzed 
by GLPC, ^ N M R , and 19F NMR spectroscopy. In case 
of the reaction mixture containing high-boiling solvent and/or 
ammonium salts, the products were extracted continuously 
with pentane using a liquid-liquid extraction apparatus. 
Most products were known compounds, giving 1H NMR, 
19F NMR, IR, and mass spectra in line with their structures. 
The following are representative examples (Tables 1, 2, and 3.) 

Reaction of Benzoic Acid with PMP in the Presence of K2COs and 
Octaglyme (Table 1 and run 7). Benzoic acid (1.22 g, 10 
mmol), PMP (3g, 10 mmol), K 2 C0 3 (0.7 g, 5 mmol) and 
octaglyme ( 1 g) were made to react in CHaCl2 ( 10 ml) under 
reflux for 8 h. After removal of solvent, the concentrate was 
distilled under reduced pressure, giving two fractions (Fr-1 
2.49 g, Fr-2 0.16 g). GLPC analysis showed that each 
fraction consists of the benzoyl fluoride (2, R = P h ) and 
the ester 4 (R=Ph) . Thus the fractions were quantitatively 
analyzed by GLPC (Silicone SE-30, toluene as an internal 
reference, cf. Table 1). In another reaction under similar 
conditions, a very small amount of the ester 5 (R—Ph) with 
a larger retention volume than that of 4 (R=Ph) , was also 
observed with a trace of an unidentified product having the 
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largest retention volume. 
Reaction of Benzoic Acid with PMP in the Presence of CaC03 

(run 14). Benzoic acid ( 1.22 g) was treated with CaCOa 

(0.5 g) and PMP (3 g) in acetone (10 ml) under reflux for 
12 h. The reaction mixture was concentrated and distilled 
under reduced pressure, giving a distillate (3.2 g). GLPC 
analysis indicated that it consists of the ester 5 (R=Ph) , a 
small amount of the ester 4 (R=Ph) , and traces of benzoyl 
fluoride and an unidentified product. 

Reaction of Benzoic Acid with PMP in the Presence of Triethyl­
amine ( Table 2 and run 1). Benzoic acid ( 1.22 g) was treated 
with triethylamine (1.0 g) and PMP (3 g) in acetone (30 ml) 
at room temparature for 3 h. After removal of solvent, the 
concentrate was distilled under reduced pressure, yielding 
benzoyl fluoride (1.2 g, 86%) and triethylammonium 
perfluoro-2-methyl-l-ethyl-1-propenolate (7) (1.2 g, 30%). 
The latter product gave IR, 19F NMR, and mass spectra in 
line with those of the product obtained by the reaction of PMP 
with triethylamine and water in acetonitrile. (bp 40—55 °C/ 
0.1—0.2 Torr, lit,8) 44.5 °C/0.2 Torr). (1 Torr= 133.322 Pa). 

Reaction of Octanoic Acid with PMP in the Presence of the 
Amberlite-IRA-68 (resin 8) ( Table 2 and run 10). Octanoic 
acid (1.44 g, 10 mmol), PMP (3.0 g, 10 mmol), and Amberlite 
IRA-68 (1 g, 5.6 mmol of the amino unit) was made to react 
in 10 ml of acetone at room temperature for 48 h. The 
reaction mixture was filtered, concentrated, and distilled under 
reduced pressure, giving octanoic acid fluoride (1.31 g, 81%). 

Reaction of Octanoic Acid with PMP in the Presence of the Resin 
9 ( Table 2 and run 13). Octanoic acid (0.144 g), PMP 
(0.3 g), and the resin 9 (0.05 g, 0.1 mmol) were allowed to 
react in benzene (1 ml) at room temparature for 48 h. The 
reaction mixture was filtered, concentrated, and analyzed by 
GLPC and ^ N M R . GLPG analysis showed the disap­
pearance of the starting octanoic acid and the absence of the 
ester 4 ( R = C8H17). On the basis of 1U NMR analysis, 90% 
yield of octanoic acid and 10% yield of the ester 5 (R=C8H17) 
were confirmed. 

Reaction of 1-Dodecanol with PMP in the Presence of Triethyl­
amine ( Table 3 and run 2). A mixture of 1 -dodecanol ( 1.86 g, 
10 mmol), triethylamine (1.0 g, 10 mmol), and PMP (3.0 g, 
10 mmol) was treated in acetonitrile (10 ml) under reflux for 
8 h. After removal of the solvent, the product was extracted 
with pentane using a liquid-liquid extraction apparatus (8 h). 
The extract was concentrated to ca. 20% solution and analyzed 
by 1H NMR spectroscopy. 40% yield of dodecyl fluoride 
was confirmed. By vacuum distillation, a mixture (2.03 g) of 
dodecyl fluoride and l,l,l,4,4,5,5,5-octafluoro-2-trifluoro-
methyl-3-dodecyl-2-pentene (11) was obtained. The latter 
product (ca. 29% yield), confirmed on the basis of 1H NMR 
and GLPC analysis, was isolated by preparative GLPC: IR 
(neat) 2940 (CH2), 1640 (G=C), 1100—1400 (C-F) cm"1; 
MS (70 eV), m/e (rel intensity, fragmentation), 466 « 1 , M+), 
423 « 1 , M+-C 3 H 7 ) , 409 « 1 , M+-C 4 H 9 ) , 395 « 1 , M + -
C5HU), 381 « t , M+-C 6H 1 3) , 281 « 1 , C6Fn) , 259 « 1 , 
C6F90), 181 « 1 , C4F7), 179 « 1 , C4F6HO), 169 « 1 , 
C12H26), 168 « 1 , C12H24), 159 (2, C4F50), 140 (1, C10H20), 
128 (4, C9H20), 119 (1, C2F5), 113 (9, C8H17), 112 (1, C8H16), 
111 (2, C8H15), 99 (14, C7H15), 98 (3, C7H14), 97 (6, C7H13), 
86 (4, C6H14), 85 (31, C6H13), 84 (4, C6H12), 83 (9, C 6 H n ) , 
82 (2, C6H10), 72 (3, C5H13), 71 (79, C 5 H n ) , 70 (8, C5H10), 
69 (15, CF3), 68 (3), 67 (3), 58 (5), 57 (100), 56 (9), 55 (27), 
54 (3), 53 (2), 44 (3), 43 (78), 42 (10), 41 (35), 39 (15): 19F 
NMR (CDC13) (5a=56.9, (5b=60.0, <5C= 114.5, <5d=81.2, J a _ b = 
9.8 ,ya-c=20.2 ,y a _ d =3.3Hz. 

Fluorination of 1-Dodecanol with PMP ( Table 3 and run 12). 
1-Dodecanol (1.86 g, 10 mmol) was treated with triethyl­
amine (1.0 g, 10 mmol) and PMP (3.0 g, 10 mmol) in 5 ml 

CF 3 \ /CF2CF3 

a C = C c d 1 1 ( P = C i 2 H 2 6 ) 

CF, ' XOC12H25 

b 

of sulfolane at room temperature until the reaction mixture 
became homogeneous. The mixture was further reacted at 
130 °C for 2 h. After removal of the low-boiling products, 
the residue was extracted with pentane using a liquid-liquid 
extraction apparatus (6 h). The extarct was distilled to give 
1.26 g of pure dodecyl fluoride (67% yield). 

Reaction of Benzyl Alcohol with PMP in the presence of K2C03 

and 18-Crown-6. To a slurry of benzyl alcohol (0.54 g, 
5 mmol), K 2 C0 3 (0.35 g, 2.5mmol), and CH2C12 (10ml) were 
added PMP (1.5 g, 5 mmol) and 18-crown-6 (0.13 g, 0.5 
mmol). The mixture was refluxed for 4 h. The solid prod­
ucts were filtered and the filtrate was concentrated and distilled 
under reduced pressure, giving 1,1,1,4,4,5,5,5-octafluoro-
2-trifluoromethyl-3-benzyloxy-2-pentene (11) (1.63 g, 84% 
yield) : bp 56 °C/4 Torr; IR (neat) 1640 ((CF3)2C=C), 1100— 
1400 (C-F); MS (70 eV), mje (relintensity, fragmentation), 
388 « 1 , M+), 181 (2, C4F7), 179 (2, C4F6HO), 159 (2, 
C4F50), 119(2, C2F6), 107 (5, PhCH20), 91 (100, PhCH2); 
1 9FNMR (CDC13) <5a=56.6, (5b=59.6, <5C= 114.3, <5d=81.3, 
7a-b=9.5, y a_ c=2o, y a_ d=3.3, y b _ d ^ i , y c _ d ^ < i H Z . 

CF3X /CF2CF3 

a C = C c d i i ( R = p h C H 2 ) 
C F / xOCH2Ph 

b 

Isolation of Benzyltriethylammonium Perfluoro-2-methyl-l-ethyl-
1-propenolate (12). Benzyl alcohol (1.08 g, 10 mmol) was 
treated with PMP (3.0 g, 10 mmol) and triethylamine (1.01 g, 
10 mmol) in dichloromethane (10 ml) at room temperature for 
24 h. The reaction mixture was concentrated and distilled 
under reduced pressure. The distillate (0.723 g) consists of 
the enol ether 11 (R=PhCH2) and the ammonium enolate 
7 as a minor component. The residue is identical with 
benzyltriethylammonium perfluoro - 2 - methyl - 1 -ethyl-1 -pro­
penolate (12), which was obtained quantitatively by the 1 : 1 
reaction of the enol ether 11 and triethylamine in CH2C12: 
IR (neat) 1600 ((CF3)2C=C), 1100—1400 (C-F) cm-1; MS 
(70 eV, DI), mje (rel intensity, fragmentation), 163 (13, PhCH2-
NEt2), 148 (48, PhCH2NEtCH2), 91 (100, PhCH2); ^ N M R 
(CDC13) <5=1.4 (9H, t), 3.2 (6H, q), 4.4 (2H, s), 7.7 (5H, s); 
» F N M R (CDC13) <5a=49.8, <5b=55.3, <5C= 117.3, <5d=81.6, 
7a-b=io.7, ya_c=i9.6, ya_d=i.4, yb_c=2.o, yb_d<i, yc_d 
< l , H z . 

CF3 \ /CF2CF3 

a C=C c d 

C F / \o-PhCH 2NEt 3 12 
b 

The chemical shift at 166.9 ppm observed can be assigned to 
the fluoride ion of triethylammonium fluoride formed during 
the course of reaction. 

Reaction of the Benzyltriethylammonium Enolate 12 with Benzyl 
Alcohol. The ammonium enolate 12 (0.389 g, 0.08 mmol) 
was reacted with benzyl alcohol (0.11 g, 0.1 mmol) in 1 ml 
of CH2C12 at room temperature for 3 d. GC mass analysis 
showed that benzyl perfluoropropionate (14) and benzyl 
3,3,3-trifluoropionate (15) are formed with a small amount 
of benzyl fluoride. Products 14 and 15 were isolated by 
preparative GLPC and analyzed. Benzyl perfluoropro­
pionate (14): IR (neat) 1780 (C=0), 1215, 1155 (C-F), 1025 
(C-O ester) cm - 1 ; MS (70 eV), mje (rel intensity, fragmenta­
tion), 254 (57, M+), 204 (1, M+-C 2F 6 ) , 119 (10, C2F6), 107 
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(11, PhCH20), 91 (100, PhCH2), 90 (93, PhGH); XH NMR 
(GDGls) 6=5.32 (2H, s), 7.34 (5H, s); 19F NMR (CDC13) 6 = 
84 (3F, t), 122.6 (2F, q), y = 1 . 8 H z . Benzyl 3.3.3-trifiuoro-
propionate (15): IR (neat) 1755 (C=0) cm"1; MS (70 eV) 
m/e (rel intensity, fragmentation), 218 (42, M+), 198 (4, 
M + - H F ) , 111 (6, CF3CH2CO), 108 (100, PhCH2OH or 
G3F2H202), 107 (20, PhCH20), 91 (70, PhGH2 or C3F2OH), 
90 (84, PhGH, or C3F20); AH NMR (CDC13) 6=3.16 (2H, 
q, y H _ F =10Hz) , 5.16 (2H, s), 7.34 (5H, s); 19F NMR 
(CDC13) 6=64.3 ( t , y F _ H = 10). 

Reaction of 4-Pyridone with PMP. 4-Pyridone having 
one mole of water of crystalization (0.452 g, 4 mmol) was 
treated with PMP (3 g, 10 mmol) in acetone (10 ml) at room 
temperature for 6 h. GLPG analysis indicated the formation 
of a single product. After the reaction mixture was evaporated 
to dryness, the solid product was purified by sublimation under 
reduced pressure (1 Torr, 120—140 °G), giving l-(perfluoro-
2-methyl-l-ethyl-l-propenyl)-4-pyridone (18) (0.82 g, 55% 
yield): mp 90—93 °G; IR (KBr disk) 1660 (shoulder) ((CF3)2-
C=C), 1635 (C=0) cm-1; MS (70 eV), m/e (rel intensity, frag­
mentation), 375 (10, M+), 356 (1, M + - F ) , 347 (7, M + - C O ) , 
337 (5, M+-F 2 ) , 328 (2, M + - C F O ) , 318 (1, M+-3F) , 309 
(3, M + - C F 2 0 ) , 124 (100, C6H3FNO), 105 (48, C6H3NO), 
96 (59, C6H3FN), 77 (37, C6H3N), 69 (13, CF3), 51 (22, C4H3), 
50 (19, CF2), 44 (100, CH2NO); XH NMR (acetone-</6) 6 1 = 

7.87 (d), 62=6.26 (d), J12 = ca. 9 Hz; 19F NMR (acetone-</6) 
6a=58.1, 6b=60.5, 6C= 112.7, 6d=80.5, y a . b =10.8 , y a _ d = 
9.7, 7 b - d < l , yb-c<l> y c-d = 2.0Hz. The same reaction 
(4-pyridone, 22.6 mg (0.2 mmol) and PMP, 300 mg (1 mmol) 
in acetone-</6 (1 ml) )was monitored by 1H NMR and GLPG 
analysis. Quantitative formation of 6 and 18 was confirmed, 
suggesting that PMP acts as a scavenger of HF. 

CF3 \ /CF2CFj 
a C=C c d 

/ \ / = x 

N >=0 

18 
GF: 

Reaction of 2-Pyridone with PMP in the absence of Base. 
2-Pyridone (0.95 g, 10 mmol) was treated with PMP (6 g, 
20 mmol) in acetone (15 ml) at room temparature for 3 h. 
After removal of the solvent, the unreacted 2-pyridone was 
filtered and the residue distilled unde reduced pressure, giving 
1,1,1,3,4,4,5,5,5-nonafluoro-2-trifluoromethyl-3 (2-pyridyloxy)-
pentane (19) (3.31 g, 84% yield): bp 66—66.5 °C/5 Torr; 
IR (neat) 1600 (ring), 1170—1300 (G-F) cm"1; MS (70 eV), 
m/e (rel intensity, fragmentation), 395 (1, M+), 376 (1, M+ 
- F ) , 356 (1, M+-HF 2 ) , 306 (8, M+-CHF 4 ) , 300 (3, 
C6F12), 281 (27, G6Fn), 231 (35, C6F9), 212 (5, C6H8), 193 
(4, C6F7), 181 (100, C4F7), 162 (2, C4F6), 159 (3, C4F60), 
143 (9, C4F6), 97 (16, C6H4FN), 95 (47, C6H6NO), 78 
(90, C6H4N), 69 (90, CF3), 51 (13, CF2H); ^ N M R (CD-
Cl3) 61 =6.20 (heptulet), 62=6.90 (d), 63=7.76 (mc), 64= 
7.17 (mc), 66=8.21 (dd), y l a = y i b = 8 . 6 , 7 ^ = 8 . 6 , J2Z=ca. 
8, Ju=ca. 8, Ji5 = ca. 5; 19F NMR (GDG13) 6a,6b=60.1 (mc), 
6C=122.1 (m), 6d = 79.5 (d), 6e=115.3 (m), A-c=Jb-c=ca. 
26 , / d _ e =12Hz . 

GF3N 
a C-CF c 

G F / H l \"e 

b <M 

/CFgCFg 

19 

3 

Reaction of 2-Pyridone with PMP in the presence of K2COz and 
18-Crown-6. 2-Pyridone (0.476 g, 5 mmol) was treated 
with PMP (3.0 g, 10 mmol) in CH2C12 (10 ml) in the presence 
of K 2 C0 3 (0.7 g, 5 mmol) and 18-crown-6 (0.15 g, 0.56 mmol) 

at room temparature for 24 h. The reaction mixture was 
worked up as described above, giving 1,1,1,4,4,5,5,5-octa-
fluoro-2-trifluoromethyl-3(2-pyridyloxy)-2-pentene (20) (1.21 
g, 64% yield): bp 57 °C/10 Torr; IR (neat) 1665 ((CF3)2-
G-G), 1600, 1580 (ring), 1100—1300 (G-F) cm-1. MS 
(70 eV), m/e (rel intensity, fragmentation), 375 « 1 , M+), 
356 (8, M + - F ) , 337 « 1 , M+-F 2 ) , 318 (1, M+-F 3 ) , 306 
(68, M+-CF 3 ) , 287 (1, M+-CF 4 ) , 268 (7, M+-CF 6 ) , 237 
(16, M+-C 2 F 6 ) , 218 (2, M+-C 2 F 7 ) , 206 (1, M+-C 3 F 7 ) , 
181 « 1 , G4F7); 159 (1, C4F60), 119 (1, C2F6), 97 (4, 
C6H4FN), 78 (100, C6H4N), 69 (10, CF3), 51 (26, C4H3); 
X HNMR (CDC13) 6X = 8.14 (mc), 62=7.14 (mc), 63=7.74 
(mc), 64=6.96 (d), J12=ca. 4.5, J2Z=ca. 7, JZi = ca. 9 Hz; 
1 9FNMR (CDC13) 6a=57.7, 6b=61.1, 6C=113.4, 6=81 .4 , 
7a-b=9.9, y a _ c =2o. i , y a_d=6.2, y b _ c = i.9, y c _ d = 1.5 H Z . 

a C = C c d 

CF 3 / \ 
b 

20 
O x / N ^ 

, N V 2 

3 

Reaction of 2-Pyridone with PMP in the Presence of Triethylamine. 
2-Pyridone (0.95 g, 10 mmol), triethylamine (1.0 g, 10 mmol) 
and PMP (3.0 g, 10 mmol) were treated in 15 ml of acetonitrile 
under reflux for 24 h. Quantitative analysis by 19F NMR 
using trifluoromethylbenzene as an internal standard revealed 
the formation of 2-fluoropyridine (73%) and l-(perfluoro-2-
methyl-1-ethyl-1-propenyl)-2-pyridone (21) (25%). The re­
action mixture was concentrated under reduced pressure, each 
product being isolated by preparative GLPG (Silicone SE-30) 
and analyzed. 2-Fluoropyridine was identified by IR com­
parison. 1 - (perfluoro-2-methyl-1 - ethyl - 1 - propenyl) - 2 - pyri -
done (21): mp 61—65 °G; IR (KBr disk) 1695 ((CF3)2C=C), 
1610 (ring), 1100—1300 (G-F) ; MS (70 eV), m/e (rel intensity, 
fragmentation), 375 (2, M+), 356 (4, M + - F ) , 318 (19, 
M + - F 3 ) , 306 (33, M+-CF 3 ) , 268 (100, M+-CF 3 ) , 243 (8, 
M+-C 3 F 6 H), 237 (6, M+-C 2F 6 ) , 78 (86, C5H4N), 69 (25, 
CF3), 51 (22, C4H3); AH NMR (CDC13) 61 =6.54 (d), 62= 
7.38 (m), 63=6.24 (t), 64 = 7.0 (d), J12=ca. 10, J2Z=ca. 7, 
JzA = ca. 7, J2i = ca. 2 Hz; 19F NMR (CDC13) 6a = 58.5, 6b = 
61.4, 6C= 110.7, 6d=80.2, y a . b =10.9 , y a_ c=20.7, / a _ d = 
9.8 Hz. 

a G=G c d 

GF / \ 2 1 

b II I 
2 

Reaction of 6-Chloro-2-ethyl-5-methvl-4(3H)-pyrimidinone with 
PMP in the presence of Triethylamine. The pyrimidinone 
(0.518 g, 3 mmol), triethylamine (1.0 g, 10 mmol) and PMP 
(3.0 g, 10 mmol) were reacted in CH2C12 (10 ml) at room 
temparature for 48 h. The reaction mixture was subjected 
to the usual work-up. Pure 6-chloro-2-ethyl-5-methyl-4-
(perfluoro-l-ethyl-2-methyl-l-propenoxy)pyrimidine (22) was 
obtained by vacuum distillation (1.27 g, 94% yield): bp 
5 9 ° C / l T o r r ; IR (neat) 1675 ((CF3)2C=C),' 1610, 1535 
(ring) cm - 1 ; MS (70 eV), m/e (rel intensity, fragmentation), 
452 (19, M+), 433 (7, M + - F ) , 383 (100, M+-CF 3 ) , 
345 (31, M+-CF 5 ) , 334 (17, M+-C2H3F3C1), 171 (6, M+ 
- G 6 F n ) , 155 (40, M + - C 6 F n O ) , 69 (17, CF3); XHNMR 
(GDG18) 6 = 1.25 (3H, t), 2.28 (3H, s), 2.84 (2H, q), 7 = 8 Hz; 
1 9FNMR (GDGls) 6a=57.9, 6b=61.3, 6C= 113.5, 6d=81.7, 

7a-b=io, ya-c=2o.5, ya.d=6.2, yb_d=-i , yb.c=i.3, 
y c _ d =1.5Hz. 
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CF3X /CF2CF3 

a C=C c d 
CF / \ 2 2 

I N 

i 
CI 

Reaction of 6-Chloro-2-ethyl-5-methyl-(3H)-pyrimidinone with 
PMP in the presence, of K2COz and 18-crown-6. The pyri-
midinone (0.518 g, 3 mmol) was reacted with PMP (3.0 g, 
10 mmol) in CH2C12 (10 ml) in the presence of K 2 C0 3 (0.7 g, 
5 mmol) and 18-crown-6 (0.08 g, 0.3 mmol) at room tempara-
ture for 8 h. The reaction mixture was worked up in the 
usual manner, 0.86 g of the oil products being obtained by 
vaccum distillation. GLPC analysis (Silicone OV-1, 120 °C, 
60 ml (H2)/min) showed the formation of one major product 
(retention volume 64 ml) with three minor components 
(retention volume: peak a, 90 ml, peak b, 110 ml, peak c, 130 
ml, peak area ratio a : b : c = l : 4 : 6 ) . Each component 
was isolated by preparative GLPC. The major product was 
identified as 22 and the components b and c as isomers of 
6-chloro-5-ethyl-2-methyl-3-(perfluoro-2-methyl-1 -pentenyl)-
4(3H)-pyrimidinone (23). component b : IR (neat) 1710 
(RfC=CF and C=0), 1605 and 1530 (ring) cm-1. MS (70 
eV), mje (rel intensity, fragmentation), 452 (13, M+), 433 
« 1 , M + - F ) , 383 (1, M+-CF 3 ) , 333 (1, C2F5), 283 (17, 
M+-C 3 F 7 ) , 181 « 1 , C4F7), 171 (1, M + - C , F U ) , 155 (100, 
M + - C 6 F n O ) , 69 (6, CF3); W NMR (CDC13) <5=1.30 (3H, 
t), 2.86 (2H, q), 2.27 (3H, s), J = 8 H z ; 19F NMR (CDC13) 
<5a=57.5, <5b=51.9, <5C= 109.2, <5d= 126.5, <5e = 81.3, y a _ b = 
25.4, ya_c=12.2, y a_d=6.6, / b _ c =10 .3 , y c_ e=10.3Hz. 
Component c: IR (neat) 1710 (RfC=CF), 1610, 1535 (ring) 

CF3X 
a C-CF2CF2CF3 

b \ 23 
M e x / N x / / 0 

n I 
N x ^ E t 

i 
CI 

cm - 1 ; MS (70 eV), mje (rel intensity, fragmentation), 452 
283 (16, M+-C 3 F 7 ) , 181 « 1 , C4H7), 155 (100, M + - C 6 F n O ) , 
69 (5, CF3); ̂ N M R (CDC13) <5= 1.28 (3H, t), 2.30 (3H,s), 
2.85 (2H, q), 7 = 8 Hz; 19F NMR (CDC13) t5a=58.0, ôb= 
53.3, <?c = 109.5, <5d= 127.4, <5e=81.2. The spectrum was less 
amenable to analysis due to the combined effects of many 
unresolved couplings; component a was only analyzed by 
GC-mass spectrum : MS (20 eV) mje (rel intensity, fragment­
ation), 452 (100, M+), 433 (8, M + - F ) , 383 (23, M+-CF 3 ) , 
333 (17, M+-C 2 F 5 ) , 281 (22, C6Fn) , 171 (46, M + - C a F n ) , 
155 (18, M + - C 6 F n O ) , 69 (4, CF,). 
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Sulfonation of 4jfiT-Cyclopenta[cfef]phenanthrene and Its 
Carbonyl Derivative 

Masaaki YOSHIDA,* Makoto KOBAYASHI, Masahiro MINABE, and Kazuo SUZUKI 

Department of Industrial Chemistry, Faculty of Engineering, Utsunomiya University, Ishiicho, Utsunomiya 321 
(Received July 10, 1980) 

The sulfonation of 4//-cyclopenta [<&/"] phenanthrene gave 1-sulfonic acid accompanied by formation of 2-, 3-, 
and 8-analogues. The reaction of 8,9-dihydro derivative with sulfuric acid in acetic anhydride yielded exclusively 
the 2-acid. Also, 4i/-cyclopenta[üfe/"]phenanthren-4-one afforded the 8-acid as the main product, and 1- and 
2-isomers as minor products. The formation of the keto 2-sulfonic acid would be controlled thermodynamically 
and that of the 8-isomer is controlled kinetically. 

The hydrocarbon 4//-cyclopenta[<&/] phenanthrene 
(1) is a characteristic arene. It was the subject of some 
interesting studies at its active methylene1-2) and at its 
C 8 -C 9 bond.3) The reactivity in electrophilic substitu­
tion of 1 differs somewhat from those of phenanthrene 
and of fluorene during nitration,4) bromination,5) and 
acetylation.6) Sulfonation of phenanthrene7) and 
anthracene8) has been investigated in detail and the 
distribution for the reaction products has been described. 

The present work deals with sulfonation of 1, 8,9-
dihydro-4//-cyclopenta[<&/"]phenanthrene (2), and 4 / / -
cyclopenta[fife/"]phenanthren-4-one (3) in order to clarify 
the property of the skeleton of 1 toward electrophile. 

Results and Discussion 

The sulfonation of 1 afforded 4//-cyclopenta[*&/"]-
phenanthrene-1- (4a), -2- (5a), -3 - (6a), and -8-sulfonic 
acids (7a), as is shown in Table 1 (Scheme 1). T h e 
assignment of these compounds was established by 
comparison of their 1 H N M R spectra with those of 
their nitro4) and acetyl analogues.6) The proportion of 
each isomer was determined by comparison of liquid 
phase chromatograms (HLPC) of the ester mixture 
derived from the reaction products with those of pure 
esters, 4b , 5b, 6b , and 7b. The error of the yield was 
within ± 3 (%) as the average of several experiments 
and the error of proportion was smaller than ^ 1 (%) 
of the standard. 

T h e predominant formation of 4a would be explained 
by asserting that the electron density of the 1-position 
is higher than those of the other positions; this accords 
with the other electrophilic substitutions.4-6) 

The proportion of 4a decreases and that of 6a increases 
with elevation of the reaction temperature. In sulfona­
tion of phenanthrene, 1-isomer is obtained moderately 

Scheme 1. (Descriptions a shows X = S 0 3 H and b is X = 
S03Et.) 

at low temperature.7) These results suggest that the 
formation of 4a is controlled kinetically and that of 6a is 
controlled thermodynamically. Acid 6a could be 
stabilized partially due to the hydrogen bond between 
the active methylene and the sulfonyl group at the 3-
position as in the case of 9//-fluorene-l-carboxylic 
acid.9) 

The sulfonation of 2 gave 8,9-dihydro-4i/-cyclopenta-
[fife/"]phenanthrene-2-sulfonic acid (8a) exclusively, as 
occurred with fluorene. Other electrophilic attacks to 
2 behave in the same way. This tendency can also be 
seen in the reaction of l ,2,3,3a-tetrahydro-4#-
cyclopenta [fife/*] phenanthrene with electrophiles. This 
reaction takes place mainly at the 8-position, which 
corresponds to the 5-position of acenaphthene.10) 

The electron density at the 1- and 3-positions of 
ketone 3 would be reduced due to the carbonyl group. 
The reactivity at the 2- and 8-positions may be impor­
tant. Sulfonation of 3 was examined using 30% oleum-

TABLE 1. SULFONATION OF 4//-CYCLOPENTA[*/<?/] PHENANTHRENE (1] 

Agent 

H 2S0 4 

H2SO< 
CISO3H 
CISO3H 
CISO3H 

Reaction conditions 

Solvent 

Ac 20 
Ac 2 0 

dioxane 
dioxane 
dioxane 

Temp 

°C 

0 
30 
15 
60 

100 

Time 

min 

10 
10 
60 
10 
3 

Yield 

% 
14 
58 
24 
22 
29 

4a 

86 
77 
89 
79 
75 

Sulfonic acid 

Proportion/% 

5a 

1 
1 
1 
2 
2 

6a 

12 
21 
10 
18 
22 

7a 

1 
1 

trace 
1 
1 

Recovd 1 

% 

63 
10 
53 
55 
49 
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TABLE 2 . S U L F O N A T I O N OF 4//-CYCLOPENTA[rfç/']PHENANTHREN-4-ONE (3) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Agent 

10% oleum 
100%H2SO4 

100%H2SO4 

100%H2SO4 

100%H2SO4 

100%H2SO4 

100%H2SO4 

90%H2SO4 

80%H2SO4 

Temp 

°C 

40 
40 
40 
40 
60 
80 

100 
120 
160 

time 

20 
20 
60 

1440 
20 
20 
20 
20 
20 

yield 

% 
68 
28 
41 
98 
67 
98 
83 
74 
4 3 a ) 

9a 

* 
* 
* 
1 
* 
* 
* 
* 
2 

Sulfonic acid 

Mono-

proportion/ % 
^ 

10a 

4 
5 
8 
8 
8 
9 

10 
18 
24 

> 

11a 

96 
95 
92 
91 
92 
91 
90 
82 
74 

Di-

yield 

% 
1 
0 
0 
1 
0 
2 
6 
9 

42 

Recovd 3 

°/ /o 

25 
66 
50 

1 
30 
0 
0 
0 
0 

* The yield is smaller than 1 % as the average, a) A trace amount of 12a was found. 

8 0 % sulfuric acid at 0—160 °C for time periods between 
20 min and 24 h. T h e formation of 4-oxo-4i/-cyclo-
penta[d?/]phenanthrene-l - (9a), -2- (10a) and -8-
sulfonic acids (11a) was confirmed by comparison of 
their H L P C with those of pure compounds. Table 2 
shows typical runs of sulfonation of 3. T h e experimental 
error of the yield is smaller than ± 3 (%) and that of the 
proportion is within ±2 (%). 

The major formation of 11a, accompanied by 10a, 
would be expected because of the influence of the 4-
carbonyl group. T h e proportion of 11a decreases with 
extension of the reaction time (runs 2—4), with eleva­
tion of reaction temperature (runs 2, 5—7), and with 
the combination of dilution of the acid and elevation of 
the temperature (runs 1, 6, 8, and 9). O n the contrary, 
the proportion of 10a increases. 

The reaction of 3 using 20% oleum at 0 °C afforded 
11a (72%) and disulfonic acids (5%) . Treatment of 
11a in sulfuric acid at 140 °C yielded 10a. This finding 
would suggest that the formation of 11a is kinetically 
controlled, that the production of 10a is governed 
thermodynamically, and that 10a forms by isomeriza-
tion of 11a under these conditions. 

Notice that the positions thermodynamically con­
trolled, that is, the 3-position of 1 and 2-position of 3, 
correspond to the positions controlled thermodynamical­
ly in naphthalene11) and phenanthrene.12> 

The 7T-7T* transition at ca. 255 nm on U V spectrum 
of 5a shows a larger red shift than those of the other 
derivatives. This would suggest that the resonance is 
enlarged by replacement at the 2-position of 1.5>6> 

The stretching vibrations on I R spectra of 6a and 6b 
show broad and complex peaks due to symmetrical 
and unsymmetrical S -O bonds. The N M R spectra of 
the 4-methylene protons of 6a and 6 b shift to lower 
fields than those of the other isomers. These findings 
may be interpreted as due to a combination of an 
electronic effect and the steric factor between the S 0 2 

group and methylene group. 
The carbonyl absorption of 4-oxo-4//-cyclopenta[</<?/]-

phenanthrene-3-sulfonic acid (12a) shifts in frequency 
about 10 c m - 1 beyond the shifts those of the others; 
the U V shows a blue shift at ca. 370 nm, beyond that 

of the parent 3 . These shifts can be explained by the 
fact that the resonance between the 3-sulfonic acid 
and the 4-carbonyl group is disturbed both sterically 
and electronically. 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were measured on aJASGO IR-G spectrophotometer as KBr 
disks and the *H NMR were determined with a JEOL JNM-
C60-HL spectrometer (60 MHz) in D 2 0 using TSP as internal 
reference for the sulfonic acids or in CDC13 using TMS for 
the esters. The UV spectra were obtained with a JASCQ 
ORD/UV-5 apparatus in H 2 0 with a scanning speed of 0.76 
s/nm. Mass spectra were recorded on a Hitachi RMU-6E 
apparatus by means of a direct inlet system. 

The HLPC data were obtained on an FLC-150 instrument 
(JASCO) equipped with a UV detector using a reversed phase 
partition type SS-10-ODS column (JASCO, 25 cm). The 
elemental analyses of the sulfonic acids show that these crystals 
have waters of crystallization in the range of 1 to 3 mol, 
according to the degree of drying. 

Sulfonation of 4H-Cyclopenta[def~\phenanthrene (1). (a) 
Quantitative Treatment: To a solution of 1 (190 mg, 1 mmol) 
in AcaO (9 ml) there was added a mixture of H 2S0 4 (95%, 
0.1 ml) and Ac20 (1 ml); the resulting mixture was stirred 
for 10 min. After dilution with cold water (100 ml), the 
precipitate was filtered to give unreacted 1. The aqueous 
layer was treated with NaCl and the deposited materials were 
filtered and ion-exchanged over a cation exchange resin 
(Amberlite IR-120). The eluate was evaporated off and the 
residue was extracted with benzene (50 ml). Hexane (150 
ml) was added to the solution and the precipitate was filtered. 
The precipitate was dissolved in water and a part of the 
solution was titrated with aqueous NaOH (2 mmol/1) to 
estimate the total yield of the sulfonic acids. 

An equimolar amount of NaCl was added to the rest of the 
solution, which was evaporated, and the residue was treated 
with POCl3 (2 ml) at 100 °C for 10 min. The reaction 
mixture was diluted with water and the precipitate was 
esterified with EtOH (50 ml) in the presence of pyridine (0.5 
ml) at 5 °C for 3 h. The ester mixture was applied to HPLC 
to determine the ratio of isomers. The mobile phase used 
was (a) 2,2,4-trimethylpentane-EtOAc (89/11 volume ratio) 
or (b) hexane-dioxane (92/8). The retention time and the 
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sensitivity were as follows: 1 (internal standard, 6.1 min for 
a, 6.2 min for b, 1.00), 4b (a, 13.5 min, 0.69), 5b (a, 12.5 
min, 1.00), 6b (b, 11.1 min, 0.60), and 7b (b, 11.8 min, 0.70). 

The reaction mixture of 1 (190 mg, 1 mmol) in dioxane 
(9 ml) with C1S03H (0.2 ml, 3 mmol) in dioxane (1 ml) was 
treated in a manner similar to that described above. 

(b) Separation of 4a: A solution of 1 (1.90 g, 10 mmol) 
in dioxane (50 ml) was refluxed with C1S03H ( 1 ml, 15 mmol) 
for 10 min and the resulting mixture was poured into cold 
water (200 ml) containing NaCl (60 g). The precipitate 
was treated with POCl3 to afford 2.208 g (77%) of the sulfonyl 
chlorides; these were estirified to give 2.065 g (69%) of the 
ethyl esters. The ester mixture was recrystallized from 
benzene-cyclohexane (1/1 volume ratio) to yield 1.082 g 
(47% based on 1) of ethyl 4//-cyclopenta [<&/"] phenanthrene-
1-sulfonate (4b), mp 159.5—160.5 °C; IR, 1350 and 1165 
cm-1; NMR Ô 1.23 (3H, t, 7=7 .2 Hz), 4.11 (2H, q), 4.41 
(2H, s), 7.68—7.93 (4H, m), 8.04 (1H, d, 7 = 9 . 0 Hz, H8), 
8.32 (1H, d, 7 = 7.8 Hz, H2), and 8.44 (1H, d, 7 = 9 . 0 Hz, 
Hfl); MS, m/e, 298 (M+), 269, 244, and 189. Found: C, 
68.51 ; H, 4.81%. Calcd for C17H1403S: C, 68.43; H, 4.73%. 

The mother liquor was evaporated to dryness and the residue 
was dissolved in CC14 (100 ml) and chromatographed on a 
silica gel: the lower band on the column gave 15 mg (1%) 
of ethyl 4//-cyclopettta[de/*]phenanthrene-2-sulfonate (5b), 
mp 167—168 °C; IR, 1349 and 1171cm-1; NMR Ô 1.30 
(3H, t, 7=7 .2 Hz), 4.16 (2H, q), 4.39 (2H, s), 7.64—7.91 
(5H, m), 8.13 (1H, s, H3), and 8.45 (1H, s, Hx); MS, mje, 
298 (M+), 269, and 189. Found: C, 68.57; H, 4.93%. 
Calcd for C17H1403S: C, 68.43; H, 4.73%. 

The upper band afforded 152 mg (7%) of ethyl 4i/-cyclo-
penta[rfçf]phenanthrene-3-sulfonate (6b), mp 98.5—99.5 °C; 
IR, 1354 and 1178 cm-1; NMR ô 1.30 (3H, t, 7=7 .2 Hz), 
4.17 (2H, q), 4.67 (2H, s), and 7.67—8.14 (7H, m); MS, 
mje, 298 (M+), 269, 253, 244, 205, and 189. Found: C, 
68.37; H, 4.86%. Calcd for C17H1403S: C, 68.43; H, 4.73%. 

Sulfonation of8,9-Dihydro-4H-cyclopenta[def]phenanthrene (2). 
A solution of H 2S0 4 (100%, 0.2 ml) and Ac20 (l ml) was 
added to 2 (576 mg, 3 mmol) in AcaO (14 ml). The resulting 
mixture was stirred for 10 min at room temperature. By a 
treatment similar to that given above, 506 mg (56% based on 
2) of ethyl 8,9-dihydro-4//-cyclopenta [<&/"] phenanthrene-2-
sulfonate (8b) was isolated, mp 144—145 °C; IR, 1357 and 
1168cm-1; NMR Ô 1.46 (3H, t, 7=7 .2 Hz), 3.40 (4H, s), 
4.13 (2H, s), 4.30 (2H, q), 7.07—7.40 (3H, m), 7.64 (1H, 
s, Hx), and 7.78 (1H, s, H3); MS, mje, 300 (M+), 271, 245, 
207, and 191. Found: C, 67.80; H, 5.29%. Calcd for 
C17H1603S: C, 67.97; H, 5.37%. 

Sulfonation of 4H-Çyclopenta[deï]phenanthren-4-one (3). 
(a) Quantitative Treatment: A mixture of 3 (204 mg, 1 mmol) 
and H 2S0 4 (1 ml) was shaken for a prescribed time at a 
suitable temperature. After dilution with water, the precipi­
tate was filtered to give unreacted 3. The aqueous layer was 
treated with NaCl and the deposited materials were ion-
exchanged. The eluate was evaporated off and the residue 
was extracted with EtOAc (50 ml). Hexane (150 ml) was 
added to the EtOAc solution. The precipitate formed was 
dissolved in water (200 ml) and submitted to titration and 
HLPC to estimate the yield of acids and the ratio of isomers, 
respectively. The mobile phase used in HLPC comprised 
dioxane (35%) and aqueous Bu4NBr (5 mmol/1, 65%). The 
retention time and sensitivity were as follows : 9a (13.0 min, 
45.5), 10a (14.8 min, 47.1), l i a (11.5 min, 35.3), 12a (9.8 
min, 36.1), disulfonic acids (ca. 5 min, 38.5), and /»-toluenesul-
fonic acid (as reference sample, 5.3 min, 1.0). 

(b) Separation of lib. A mixture of 3 (2.04 g, 10 mmol) 
and H 2S0 4 (85%, 10 ml) was stirred for 50 min at 140 °C. 

After treatment with aqueous NaCl, the sodium salt was 
refluxed gently with POCl3 (40 ml) for 15 min, giving 2.58 g 
(85%) of the sulfonyl chloride. 

The resulting chloride (3.0 g, 10 mmol) was esterified with 
dry EtOH (1000 ml) in the presence of pyridine (40 ml) at 
5 °C for 7 h and the reaction mixture was poured into cold 
water. The precipitate was chromatographed on a silica-
gel column. The lower band afforded 2.24 g (74% based 
on sulfonyl chloride) of ethyl 4-oxo-4//-cyclopenta [<&/"]-
phenanthrene-8-sulfonate ( l ib) , mp 218—219 °C; IR, 1710 
(G=0), 1352, and 1167 cm-1; NMR ô 1.29 (3H, t, y - 7 . 2 Hz), 
4.17 (2H, q), 7.51—8.09 (5H, m), 8.42 (1H, d, 7 = 7 . 8 Hz, 
H7), and 8.55 (1H, s, H9); MS, mje, 312 (M+), 283, 257, 220, 
219, 204, and 203. Found: C, 65.27; H, 3.67%. Calcd for 
C17H1204S: C, 65.37; H, 3.87%. 

The upper band on the column gave 637 mg (22%) of ethyl 
4-oxo-4//-cyclopenta[rfe/"]pherianthrene-2-sulfbnate (10b) mp 
208—209 °C; IR, 1710 (C=0), 1360 and 1173 cm-1; NMR Ô 
1.33 (3H, t, 7=7 .2 Hz), 4.21 (2H, q), 7.64—8.03 (5H, m), 
8.17 (1H, s, H3), and 8.53 (1H, s, Hx); MS, mje, 312 (M+), 
283, 257, 220, 219, 204, and 203. Found: C, 65.29; H, 
3.93%. Calcd for C17H1204S: C, 65.37; H, 3.87%. 

Isomerization of lia. Acid l i a (323 mg, 1 mmol) in 
H 2S0 4 (85%, 1 ml) was heated at 140 °C for 30 min. Upon 
similar treatment to that described above, 5% of 10a and 92% 
of 11a were detected by HLPC. 

Oxidation of Sulfonic Acid Mixture. Hydrocarbon 1 (1.90 
g, 10 mmol) was sulfonated with 20% oleum (2 ml) in dioxane 
(50 ml) under refluxing for 2 h, followed by salting-out, 
chlorination, and esterification. The yield was 787 mg (26% 
based on 1) of the ethyl esters. In addition, 845 mg (44%) 
of 1 was recovered. 

The ester mixture in aqueous EtOH (90%, 110 ml) was 
heated for 6 h and the solution was evaporated off. The 
residue was refluxed with M n 0 2 ( 1 g) in water (50 ml) for 30 
min. After filtration, the filtrate was added to a solution of 
BaCl, (20 g) in water (100 ml) to form the barium salt, which 
was treated with POCl3, followed by esterification with EtOH. 
The keto ester was chromatographed on a silica-gel column 
with benzene. The first eluate afforded 151 mg (5.1% based 
on 1) of ethyl 4-oxo-4//-cyclopenta[<&f]phenanthrene-l-
sulfonate (9b), mp 185—186 °C; IR, 1712 (C=0), 1362, and 
1172 cm-1; NMR ô 1.30 (3H, t, 7=7 .2 Hz), 4.16 (2H, q), 
7.50—8.04 (5H, m), 8.21 (1H, d, 7=7 .2 Hz, H2), and 8.40 
(1H, d, 7 = 9 . 0 Hz, H9); MS, m/e, 312 (M+), 283, 257, 220, 
219, 204, and 203. Found: C, 65.44; H, 3.83%. Calcd for 
C17H1204S: C, 65.37; H, 3.87%. 

The second eluate gave 8 mg (0.3%) of 10b, mp 208—209 
°C. 

The third eluate yielded 43 mg (1.4%) of ethyl 4-oxo-4H-
cyclopenta[dçf]phenanthrene-3-sulfonate (12b), mp 182.5— 
183.0 °C; IR, 1722 (G=0), 1360, and 1182 cm-1; NMR ô 1.40 
(3H, t, / = 7 . 2 Hz), 4.46 (2H, q), and 7.48—8.04 (7H, m); 
MS, mje, 312 (M+), 283, 220, 204, and 203. Found: C, 
65.43; H, 3.66%. Calcd for C17H1204S: C, 65.37; H, 
3.87%. 

Reduction of lib. Ester l i b (312 mg, 1 mmol) in 
EtOH (100 ml) was refluxed with N 2 H 4 -H 2 0 (90%, 0.5 ml) 
for 12 h to give the corresponding hydrazone. The hydrazone 
was warmed in ethylene glycol (40 ml) containing KOH (2 g) 
at 170 °C for 3 min and the mixture was poured into water. 
The precipitate was treated with POCl3 and the chloride was 
converted into ethyl 4//-cyclopenta[de/"]phenanthrene-8-sulfo-
nate (7b), yield 164 mg (55%), mp 137—138 °C; IR, 1351 
and 1171 cm-1; NMR ô 1.25 (3H, t, 7 = 7.2 Hz), 4.12 (2H, 
q), 4.37 (2H, s), 7.64—8.00 (5H, m), 8.19—8.44 (1H, m, 
H7), and 8.64 (1H, s, H9); MS, mje, 298 (M+), 269, 243, and 
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189. Found: G, 68.70; H, 4.67%. Calcd for C17H1403S: 
G, 68.43; H, 4.73%. 

By a similar procedure, 10b (312 mg, 1 mmol) was reduced 
to 5b (196 mg, 66%), and 9a (312 mg, 1 mmol) afforded 4a 
(154 mg, 52%). 

Hydrolyses of the Esters into the Corresponding Sulfonic Acids. 
Ester 4b (298 mg, 1 mmol) was refluxed in EtOH (100 ml) 
containing water (10 ml) for 6 h to give acid 4a, yield 287 mg 
(94%), mp 191—194 °C (dec); IR, 1222, 1165, 1082, and 
1034 cm-1; UVm a x 225 nm (log e 4.47), 249 (4.62), 293 
(3.86), 305 (3.85), 331 (2.95), and 347 (2.87); NMR Ô 3.52 
(2H, s), 7.01—7.51 (4H, m), 7.71 (IH, d, 7 = 9 . 0 Hz, H8), 
8.09 (IH, d, 7 = 7 . 2 Hz, H2), and 8.28 (IH, d, 7 = 9 . 0 Hz, H9); 
MS, m/e, 270 (M+), 205, and 189. 

Acid 5a was obtained from 5b, by a method similar to that 
described above, in a 76% yield, mp 180—183 °G (dec); 
IR, 1205, 1178, 1095, and 1040 cm-1; UV, 216 (4.52), 256 
(4.79), 299 (3.88), 331 (2.54), and 350 (2.40); NMR ô 3.50 
(2H, s), 7.03—7.36 (5H, m), 7.90 (1H, s, H3), and 8.14 (1H, 
s, Hx); MS, m/e, 270 (M+) and 189. 

Acid 6a was derived from 6b, yield 95%, mp 175—179 °C 
(dec); IR, 1257—1128 (broad), 1081, and 1036cm-1; UV, 
225 (4.66), 250 (4.55), 292 (3.96), 304 (3.95), 332 (2.77), and 
348 (2.65); NMR ô 4.24 (2H, s), 7.08—7.51 (5H, m), 7.64 
(1H, d, 7 = 7 . 8 Hz, HO, and 8.02 (IH, d, 7 = 7 . 8 Hz, H2); 
MS, m/e, 270 (M+), 222, 205, and 189. 

Acid 7a was prepared from 7b, yield 78%, mp 179—183 °C 
(dec); IR, 1198, 1080, and 1030cm-1; UV, 226 (4.73), 254 
(4.58), 294 (3.78), 304 (3.75), 333 (2.85), and 351 (2.81); 
NMR ô 3.53 (2H, s), 7.05—7.84 (5H, m), 8.24 (1H, s, H9), 
and 8.29 (1H, d, 7 = 7 . 8 Hz, H7) ; MS, m/e, 270 (M+), 205, 
and 189. 

Acid 8a was obtained from 8b, yield 86%, mp 179.5— 
181.0 °C (dec); IR, 1205, 1180, 1097, and 1035 cm-1; UV, 
211 (4.58) and 282 (4.16); NMR ô 2.83 (4H, s), 3.46 (2H, s), 
6.96—7.23 (3H, m), 8.03 (1H, s, H J , and 8.21 (1H, s, H3); 
MS, m/e, 272 (M+) and 191. 

Acid 9a was derived from 9b, yield 98%, mp 254—256 °C 
(dec); IR, 1708 (G=0), 1256, 1224, 1172, 1084, and 1034 
cm-1; UV, 235 (5.29), 300 (3.79), and 381 (2.58); NMR ô 
6.11—6.93 (5H, m), 7.37 (1H, d, 7 = 9 . 0 Hz, H9), and 7.47 
(1H, d, 7 = 7 . 2 Hz, H2) ; MS, m/e, 284 (M+), 204, and 203. 

Acid 10a was prepared from 10b, yield 93%, mp 225—227 
°G (dec); IR, 1708 (G=0), 1195, 1188, 1094, and 1049cm"1; 
UV, 239 (5.22) and 386 (2.59); NMR ô 6.09—6.81 (6H, m) 
and 7.23 (1H, s, Hx) ; MS, m/e, 284 (M+), 204, and 203. 

The acid 10a was also obtained by the acidic hydrolysis of 
the corresponding sulfonyl chloride in a 79% yield. 

Acid 12a was derived from 12b, yield 95%, mp 249—255 °C 
(dec); IR, 1716 (G=0), 1222, 1204, 1094, and 1034cm"1; 
UV, 238 (4.96), 275 (4.03), 320 (3.76), and 370 (2.37); NMR 
ô 6.60—6.89 (5H, m), 7.23 (IH, d, 7 = 8 . 4 Hz, Hx), and 7.48 
(1H, d, 7 = 8 . 4 Hz, H2) ; MS, m/e, 284 (M+), 204, and 203. 

Acid l i a was prepared from l i b , yield 99%, mp 245—251 
°G (dec); IR, 1706 (G=0), 1231, 1202, 1061, and 1021 cm"1; 
UV, 236 (5.27), 279 (3.94), and 366 (2,38); NMR ô 5.98— 
7.20 (5H, m), 7.29 (IH, s, H9), and 7.68 (IH, d, 7 = 7.8 Hz, 
H7); MS, m/e, 284 (M+), 204, and 203. 
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Enzymatic Oxidation of Alkyl Sulfides by Cytochrome P-450 
and Hydroxyl Radical 
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The oxidation of alkyl sulfides, sulfoxides, and sulfones was examined with either rabbit liver microsomes or a 
reconstituted system containing purified cytochrome P-450, ^-dealkylation being found to take place more readily 
with alkyl sulfides bearing a higher acidic a-hydrogen. Similar results were obtained in the oxidation of alkyl 
sulfides by hydroxyl radical. Both ^-dealkylation and ^-oxygenation products are presumed to be formed via the 
cation radical intermediate. 

N- and O-Dealkylation with hepatic microsomes and 
the reconstituted system with purified cytochrome P-450 
has been studied with many substrates.1) However, S-
dealkylation with hepatic microsomes was observed only 
with a few anticancer agents such as 6-(methylthio)-
purine and its analogues by Mazel et al.2-*) who focused 
their attention on the effect of inhibitors and the 
dependency of inducers on S-dealkylase activity. They 
observed the formation of formaldehyde but not that 
of other products. 6- (Methylthio) purine was reported to 
be metabolized in vivo in man giving 6-mercaptopurine as 
a urinary metabolite.5) However, the product analysis 
was incomplete, and the general nature of ^-dealkylation 
has remained unexplored. We found a markedly large 
structural dependency of alkyl sulfide in the S-dealkyla-
tion with a few biomimetic oxygenase systems.6-7) 

The enzymatic hydroxylation of hydrocarbons 
by cytochrome P-450 which has recently been 
examined,8-9) is suggested to proceed via homolytic 
process involving hydrogen abstruction by iron-bound 
"oxenoid" species such as (P-450«FeO)3+ analogous to 
Compound I of peroxidase.10,11) O n the other hand, 
the oxygenation of sulfur atom of cyclic and acyclic 
sulfides by cytochrome P-450 seems to result by the 
electrophilic attack of active oxygen bound to the 
active site of the heme iron,12) as suggested by Ullrich 
and Düppel.13) We have observed that neither singlet 
oxygen (1Oa) nor hydrogen peroxide is the active 
oxygenating species in view of the lack of inhibition 
with both DABCO (l,4-diazabicyclo[2.2.2]octane, in­
hibitor for singlet oxygen), and catalase in the reaction 
with the reconstituted system.12) 

Chemical oxygenation using model systems has been 
studied,14-17) the best-studied being Fenton's reagent 
(hydroxyl radical) which catalyzes the hydroxylation 
of a variety of substrates.17) 

Gilbert et al.18) and others19 '20) examined the reaction 
of alkyl sulfides with hydroxyl radical generated by 
treating hydrogen peroxide with transition metal ions 
of low oxidation state such as Fe(II) and Ti ( I I I ) by 
means of U V and ESR spectroscopic studies, and found 
that the cation radical intermediate (III) is formed as 
the key intermediate in the reaction of sulfides with 
hydroxyl radical. 

We have extended our study on the oxygenation of 
various sulfides, sulfoxides, and sulfones with phenobar-
bital-induced rabbit liver microsomes and also with a 
reconstituted system of purified cytochrome P-450 in 

order to understand the whole mechanistic feature of 
the enzymatic oxygenation of organosulfur compounds. 
We found that both S-dealkylation and .S-oxygenation 
take place simultaneously, the acidity of a-hydrogen of 
alkyl sulfides playing an important role in determining 
the mode of the enzymatic oxygenation (Scheme 1). 

We also carried out the oxidation of sulfides by 
hydroxyl radical and found that a similar mode of 
oxidation to that in the enzymatic oxygenation takes 
place. 

P-450 
Ar-S-CH2X • 

0 2 , NADPH 

o 

[Ar-S-CH 2 X] * A r - S - C H 2 X 

I [O] (^-Oxygenation) 

OH 

Ar-S-CHX • ArSH + OHGX 

(5-Dealkylation) 

Scheme 1. 

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

Reagents. The following commercial compounds were 
used. NADP+, D-glucose 6-phosphate (G6P), and D-glucose 
6-phosphate dehydrogenase (G6P-DH) (Oriental Yeast); 
16% Titanium trichloride solution (Kanto Chemicals); 30% 
Hydrogen peroxide, diphenyl disulfide, thioanisole, and thio-
phenol (Wako Chemicals). 

Organic Synthesis. All the sulfides except thioanisole, 
diphenyl disulfide, and 4-(/>-chlorophenyl)thiane were pre­
pared by treating thiophenol with alkyl halides in the presence 
of sodium hydroxide in good yields,21) and isolated by Si02 

column chromatography (Merck Kieselgel 60, benzene as 
eluent). 1H NMR (<5-value in CDC13, ppm) PhSCH2COPh22> ; 
4.05 (2H, s), 7.2—7.6 (8H, m), 7.8—8.0 (2H, m): PhSCH2-
C6H4-N02-/>

23>; 4.01 (2H, s), 7.06 (5H, brs), 7.23 (2H, d, 
7=8.0) , 7.93 (2H, d, 7 = 8 . 0 ) : PhSCH2CN24>; 3.44 (2H, s), 
7.3—7.5 (5H, m) : PhSCH2Ph;25> 4.11 (2H, s), 7.25 (10H, brs). 

Deuterated sulfide, PhSCD2COPh, was synthesized by the 
following method. Twenty equivalent of deuterium oxide 
(Merck, min 99.75%) was placed into a pyridine solution 
containing 2 mmol of phenacyl phenyl sulfide (5 ml) under 
argon atmosphere. The mixture was stirred at room tem­
perature for 2 d, acidified (pH^3) by adding 4 M HCl at 
0 °C, and then extracted three times with chloroform (60 ml). 
The chloroform layer was washed with 1 M HCl (20 ml) to 
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remove a small amount of residual pyridine and dried over 
anhydrous magnesium sulfate. Chloroform was evaporated 
under reduced pressure and the deuter ium content of phenacyl 
phenyl sulfide was determined from the XH N M R spectrum 
(95%-D 2 ) . 4-(/>-Chlorophenyl)thiane was prepared by the 
procedure described by Johnson.26) 1H N M R (CDG13) 2.1 
(4H, m) , 2.4 (1H, m) , 2.8 (4H, m ) , 7.10 (2H, d, 7 = 8 . 2 5 ) , 
7.25 (2H, d, 7 = 8 . 2 5 ) . All the sulfoxides used for the reactions 
and authentic samples were synthesized by the oxidation of 
corresponding sulfides with hydrogen peroxide in acetic acid.27) 
X H N M R (CDC13), PhS(0)CH 2 COPh; 2 8 > 4.23 (1H, d ' 7 = 
14.3), 4.25 (1H, d, 7 = 14.3), 8—7.4 (10H, m) : P h S ( 0 ) C H 2 -
C6H4-N02-/>;23> 4.0 (1H, d, 7 = 1 2 . 8 ) , 4.16 (1H, d, 7 = 1 2 . 8 ) , 
7.1 (2H, d, 7 = 9 - 0 ) , 7.4 (5H, brs), 8.05 (2H, d, 7 = 9 . 0 ) : 
PhS(0)CH 2 CN; 2 4 > 3.70 (1H, d, 7 = 1 5 ) , 3.88 (1H, d, 7 = 1 5 ) , 
7.6 (5H, m ) : PhS(0)CH 2 Ph; 2 9 > 4.0 (2H, brs), 7.4—6.9 (10H, 
m ) : PhS(0 )CH 3 ; 3 0 ) 2.68 (2H, brs), 7.3—7.8 (5H, m) , trans-
and m-4-(/>-Chlorophenyl)thiane 1-oxide were separated by 
recrystallization (AcOEt) prior to Al 2 O s column chromatog­
raphy31) (Wako, Alumina activated 200 mesh, A c O E t : 
G H C 1 3 = 4 : 1 as e luent) : trans sulfoxide; 2.0 (4H, m) , 2.7 
(1H, m ) , 2.7 (2H, dt , 7 = 3 . 0 , 12.0), 3.36 (2H, dt , 7 = 2 . 4 , 
12.0), 7.0 (2H, d, 7 = 7 - 5 ) , 7.22 (2H, d, 7 = 7 . 5 ) : eis sul­
foxide; 1.8 (2H, m) , 2.6 (5H, m) , 3.1 (2H, m) , 7.11 (2H, 
d, 7 = 7 . 5 ) , 7.23 (2H, d, 7 = 7 . 5 ) . Sulfones were prepared 
by the t reatment of corresponding sulfoxides with hydrogen 
perox ide in acetic acid.23) a H N M R (CDG13) P h S ( 0 2 ) C H 2 -
C6H4-N02-/>;23> 4.4 (2H, s), 7.3 (2H, d, 7 = 9 . 0 ) , 7.6 (5H, 
m) , 8.13 (2H, d, 7 = 9 . 0 ) : PhS(0 2)CH 3 ; 3 4> 3.05 (3H, s), 7.5 
—7.7 (3H, m ) , 7.8—8.1 (2H, m ) . 

All the substrates were distilled or recrystallized prior to 
use. 1 H N M R spectra described above were recorded on a 
Parkin Elmer Hitachi R 20 (60 M H z ) . 

Preparation of Microsomes, Purified Cytochrome P-450, and 
NADPH-Cytochrome P-450 Reductase. T h e hepatic micro­
somes (cytochrome P-450, 2.54 nmol/mg protein) were ob­
tained from male rabbit (2—3 kg) pretreated with sodium 
phénobarbi tal (50 mg/kg of body weight, each day for 5 d) 
according to the procedure reported,12) the purified cytochrome 
P-450 being obtained by the method of Imai and Sato.35) 
NADPH-cy tochrome P-450 reductase was purified by the 
method of Iyanagi et a/.36) 

Enzyme Assay. T h e standard reaction mixture for 
assaying the S-dealkylation and iS-oxygenation activities was 
made to contain 150—300 [i,mol of the substrates, the hepatic 
microsomes ( 130 mg protein), the N A D P H generating system 
[30 (xmol of NADP+, 300(zmol of G6P (2 Na salt), and 36 units 
of G6P-DH] , and phosphate buffer (pH 7.4, 0.1 M) in a final 
volume of 20 ml. T h e reaction mixture, except for G6P-DH, 
was incubated for 10 min at 36 °C to dissolve the substrates, 
prior to the addition of G 6 P - D H to the mixture. After the 
reaction mixture had been incubated at 36 °C for 2 h in the 
air, the reaction was stopped by adding 10 ml of acetone and 
0.5 M of trichloroacetic acid (to p H 3) to the mixture which 
was cooled at 0 °C for 10 min in order to precipitate protein. 
After centrifugation (3000 rpm) of the mixture for 15 min, the 
supernatant layer was separated, neutralized by adding 
aqueous K O H solution, and then extracted 4 times with 
chloroform (200 ml) . T h e chloroform layer was dried over 
anhydrous magnesium sulfate and concentrated under reduced 
pressure. T h e residue was diluted with acetone and analyzed 
by gas chromatography (GLG: Hitachi 163 Gas Chromatog­
raph, 1 m glass column, 10% SE-30) and thin layer chromatog­
raphy (TLC : Merck, Kieselgel 60-GF2 5 4 , and Aluminiumoxid 
GF-254, 60/E). T h e oxidation products were isolated by 
preparative T L C (chloroform was used as eluent), and identi­
fied by comparison with authentic samples. Formaldehyde 

was determined by the Nash reagent.37) 
Oxidation of Sulfides with Reconstituted System Containing Purified 

Cytochrome P-450. After a mixture of 35 nmol of cyto­
chrome P-450, 38 nmol of the reductase and 0.3 ml of 1% 
detergent (Emalgen 913, K A O - A T R A S Chemicals) had been 
kept standing at room temperature for 5 min, 134 nmol of 
catalase, 22 ml of phosphate buffer (pH 7.4, 0.1 M ) , 250 fimol 
of G6P, 5 ^mol of NADP+, and 36 units of G6P-DH were 
added to the mixture. T h e substrate (480 fxmol) was then 
suspended into the reaction mixture and the whole solution 
was incubated at room temperature for 1 h in the air. After 
the usual work-up, the products obtained were analyzed by 
G L C . 

Measurement of the Difference Spectra Caused by the Addition of 
Substrates to the Purified Cytochrome P-450. Cytochrome 
P-450 (3.6 [AM in 0.1 M of phosphate buffer containing 20% 
glycerol) was placed in 10 m m cuvettes for spectrometric 
recording. T h e substrate was dissolved in methanol (0.5— 
30 jj,l), into which was added the sample solution. T h e same 
volume of methanol was placed in the reference cuvette. 

Analytic Procedure. T h e amount of protein in the micro­
somes was determined by the method of Lowry et a/.38) using 
bovin serum albumine. T h e concentration of cytochrome 
P-450 was determined by the carbon monoxide-difference 
spectrum of dithionite treated liver microsomes. T h e absorb-
ance between 450 and 490 n m (^-^450-490) w a s used for calcu­
lation of cytochrome P-450 content (e, 91 m M " 1 cm"1).39»40) 
T h e concentration of purified cytochrome P-450 was deter­
mined by measuring the absorption of the oxidized form 
(zl^4418_500), which has a molar extinction coefficient of 107 
m M - 1 cm-1.35) ( U V : J A S G O UVIDEC-1) 

Oxidation of Sulfides by Iron (II) Perchlorate-Hydrogen Peroxide 
System. A mixture of sulfide (0.2 mmol) and iron(II) 
Perchlorate (250 mg, 1 mmol) in me thano l -7% perchloric 
acid aqueous solution (10 m l - 5 ml) was stirred at room tem­
pera ture under argon atomsphere for 5 min. 7% Perchloric 
acid (5 ml) containing 0.2 ml of hydrogen peroxide (30% 
solution in water) was then added dropwise slowly to the 
ethanolic solution and the reaction mixture was stirred for 
10 min. T h e reaction mixture was extracted three times with 
chloroform (100 ml) . T h e products were determined by 
G L C and S i 0 2 - T L G (eluent; CHG13). 

Oxidation of Sulfides by Titanium Trichloride-Hydrogen Peroxide 
System. A mixture of sulfide (0.25 mmol) and methanol 
(10 ml) was stirred at room temperature under argon atmo­
sphere for 5 min. T i tan ium trichloride solution (16% solu­
tion, 0.5 ml) was added in one portion to the mixture which 
was stirred for 1 min prior to the addition of hydrogen peroxide 
(30%, 0.2 ml) dissolved in 5 ml of H a O , and the reaction 
mixture was stirred further for 5 min. T h e reaction was 
stopped by adding 30 ml of water and the mixture was 
subjected to the usual work-up. 

Preparation of 180-Labeled Hepatic Microsomes. T h e 
hepatic microsome obtained above was diluted with H 2

l s O 
which contains 1.5% excess 1 8 0 while phosphate buffer was 
prepared with H 2

l s O-conta in ing 1.5% excess 1 8 0 (The British 
Oxygen Company Limited). 

Oxidation of Sulfides by lsO-Labeled Titanium Trichloride-
Hydrogen Peroxide System. Five ml of l sO-labeled (1.5 
a tom % excess) water was used instead of ordinary water. 

18 0-Analyses. All the l sO-labeled substrates were 
placed in a breakable glass tube together with well-dried HgCl 2 

and Hg(GN) 2 . T h e tube was evacuated by diffusion p u m p 
for 15 min, and sealed. T h e sealed tube was heated at 500 °C 
for 12 h. T h e gas ( C 0 2 ) produced was distilled repeatedly 3 
times and transferred into a sampler of the mass spectrometer 
(Hitachi R M U 6 M G ) . T h e 1 8Q-content of carbon dioxide 
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TABLE 1. OXIDATION OF SULFIDES BY MICROSOMES AND RECONSTITUTED CYTOCHROME P-450 

Material ((xmol) System10 Products (nmol/nmol P-450) 

l a 
l b 
l c 

Id 

l e 

Ar-
~\ 

S 
_/ 

If 

(290) 
(180) 
(240) 

(170) 

(170) 

(153) 

A 
A 
A 
B 
A 

B 
A 

2a (100) 3a (5.7)b) 

2b (100) 
2c (78) 5 (44)c> 
2c (33) 5 (4.0) 
2d (30) 3d (30) 4d (91)d> 
5 (60) 
2d (12) 4d (25) 5 (4.3) 
2e (91) 4e (4.7) 5 (100) 

Ar»/ S"'0 A r * / S" (119)e 

2f-t 2U 
66 :34 

a) System A; microsomes, system B; reconstituted system, b) Formaldehyde was measured in a separate experiment 
by using the Nash reagent, c) Isolated yields for the sulfoxides and sulfones by Si02 or A1203 PTLC. d) Yields 
determined by GLC described in Experimental, e) Trans-cis ratio determined by GLC (OV-1, lm glass column). 

was calculated from the height of flat peaks of m/e 44 and 46. 
Measurement of Cyclic Voltammogram. Cyclic voltammo-

grams of substrates were obtained in 0.1 M n-Bu4NC104/ 
CH3CN solution, (scan rate: 300, 150, and 50 mV/s) 
(Hokuto Denko Ltd., Potentiostat Galvanostat HA-301). 

Results 

When the /?-keto sulfide ( le) was incubated with the 
hepatic microsomes, »S-dealkylation and »S-oxygenation 
took place simultaneously, giving aldehyde (4e) and 
diphenyl disulfide (5) as the »S-dealkylated products and 
the corresponding sulfoxide (2e) as the ^-oxygenated 
product (Table 1). Similarly, />-nitrobenzyl phenyl 
sulfide (Id) gave />-nitrobenzaldehyde (4d) together 
with a comparable amount of 5, accompanied by 
sulfoxide (2d) and sulfone (3d) as the ^-oxygenated 
products. This is in contrast to the chemical oxidation 
of the sulfides ( Id , l e ) with hydrogen peroxide or m-
chloroperbenzoic acid which gave only sulfoxides 
(2d, 2e). Compounds 2d and 3d, microsomal oxidation 
products, were separated by A1 2 0 3 -PTLC (eluent; 
CHC13 : A c O E t = l : 1) and identified by comparison 
of mass spectra and GLC with those of authentic samples. 

In the oxidation of thioanisole ( la ) and benzyl 

Ph-S-CH2X 
cyt. P-450 

NADPH/0 2 

• XCHO + 1/2 PhSSPh (S-dealkylation) 

4 5 

ShSCH2X + PhSCH2X (S-oxygenation) 

l s\ 
o 0 0 

2 3 (1) 
X: a = H, b = Ph, c = CN, d = C6H4-N02-/>, e = COPh 
phenyl sulfide ( l b ) , ^-oxygenation was found to take 
place predominantly giving the corresponding sulfoxides 
(2a and 2b) , respectively. 

Thus, in the microsomal oxidation of alkyl sulfides, 
the mode of the reaction appears to depend markedly 
on the structure of the alkyl group; viz., the ratio 

between the »S-dealkylation and the »S-oxygenation was 
found to increase with the increase of the acidity of 
a-hydrogen of the alkyl sulfide. (Tables 1 and 8). This 
trend is analogous to that in the biomimetic oxidation 
of the same sulfides with both C o n ( b z a c e n ) - 0 2 system 
and Udenfriend's system.6»7) 

TABLE 2. RELATIVE S-DEALKYLATION AND S-OXYGENATION 

ACTIVITY OF RABBIT LIVER MICROSOMES 

Additio 

Complete 
system 

Complete 
system 

Complete 
system 

Complete 
system 

ns 

rMs. 

o2 
NADPH generating 

< system 
minus NADPH 

k generating system 
minus Ms. plus 
. boiled Ms 

plus 50% CO 

PhSCTL, 
i 
O 

100 

0 

0 

80 

Products10 

COPh PhSSPh 

100 

0 

0 

71 

a) Products were compared in final yields determined by 
GLC described in Experimental part. 

The requirements for cofactors in the reaction of the 
/?-keto sulfide ( le) are given in Table 2. N A D P H was 
required in the enzymatic reaction while boiled micro­
somes completely lost activities for both .S-dealkylation 
and ^-oxygenation. Carbon monoxide also inhibited 
enzymatic activity for both »S-dealkylation and S-
oxygenation of l e , respectively. This indicates that 
both »S-dealkylation and ^-oxygenation reactions are 
typical oxidation reactions promoted by cytochrome 
P-450. 

Cyanomethyl phenyl sulfide ( lc) and j&-nitrobenzyl 
phenyl sulfide (Id) were metabolized with a recon­
stituted system, containing purified cytochrome P-450, 
NADPH-cytochrome P-450 reductase, 1 % detergent and 
a N A D P H generating system, and retaining similar 
activities for both »S-dealkylation and »S-oxygenation. 



1166 Yoshihito WATANABE, Tatsuo NUMATA, Takashi IYANAGI, and Shigeru OAE [Vol. 54, No. 4 

The sulfide ( Id ) , however, was insoluble in a recon­
stituted system so that the net activity was low, and 
yet the oxidation of I d with the reconstituted cytochrome 
P-450 system was found to proceed in the two types of 
oxidation as denoted by cytochrome P-450. 

P h - S - C H 2 C 6 H 4 - N 0 2 - p 

0 .020 

0 . 0 1 0 

0 

- 0 . 0 1 0 

- 0 . 0 2 0 

- 0 . 0 3 0 

350 

, - - -

400 

• Ph-S-CH2COPh 

^"7"'^~~ _ 

L ^ . .•/*< .i- t ' : r — 

K '•-v. ^ - - i - T ? 5 0 500 nm 

\ 1 

v''7 
\\ / 

Fig. 1. Cytochrome P-450 from phenobarbital-treated 
rabbit were diluted to 3.6 (jimol in 0.1 M phosphate 
buffer. After establishment of a base line of equal 
light absorbance, methanolic solution of sulfide (0.2 
mM) was added to the sample cuvvett. 

When methanolic solutions (0.5—30 yd) of these 
sulfides ( l a—e) were added to the buffer solution of 
purified cytochrome P-450 (2 ml) , and the difference 
spectra with i ron(III) heme were found to be typical 
type I,41-42) having a maximum at 385—390 nm and a 
minimum at 420 nm (Fig. 1 ), suggesting that the mode 
of the whole interaction between the sulfides and the 
hemoprotein is similar during the course of enzymatic 
oxidation. 

The microsomal oxidation of sulfoxides (2a, d) and 
sulfones (3a, d) was performed for further assay of 
both .S-oxygenation and .S-dealkylation (Table 3). 
However, neither sulfoxides nor sulfones, both of which 
possess higher acidic a-hydrogen than the corresponding 
sulfides (see Table 8), underwent facile S-dealkylation, 

TABLE 3. MICROSOMAL OXIDATION OF SULFIDES, 

SULFOXIDES, AND SULFONES 

Material ([j.mol) Products(nmol/nmol P-450)a) Recovered(%) 

l a 
2a 
3a 
Id 

2d 
3d 

(290) 
(330) 
(280) 
(170) 

(180) 
(150) 

2a (100) 4a (5.7)b> 
3a (182) 4a (trace) 

4a (trace) 
2d (30) 3d (30) 4d (91)c) 

5 (60) 
3d (38) 4d (14)c> 

4d (2.8)c) 

67 
64 
95 
75 
75 
89 
96 

a) Isolated yields by Si02 or A1203 PTLG. b) Determined 
in a separate experiment by using the Nash reagent. 
c) Determined by GLC as described in Experimental. 

e.g., /»-nitrobenzyl phenyl sulfoxide (2d) gave both S-
dealkylated product (4d) and S-oxygenated product 
(3d). However, the reaction was slow and the product 
ratio between the former and the latter is ca. 1/3 while 
in the oxygenation of the corresponding sulfide (Id) 
the ratio is ca. 4/3 (Table 3). 

In the reaction of the sulfoxide to sulfone with 
microsomal cytochrome P-450, diphenyl disulfide (5) 
was not obtained as ^-dealkylated product, despite the 
formation of the aldehyde, ruling out the possibility 
of the normal Pummerer rearrangement involving 
sulfoxide as the reaction intermediate for the .S-dealkyla-
tion of sulfide. 

Ph-S-CH,X 
cyt. P-450 

• 

NADPH/Oa 

o 
Î 

P h - S - G H , X 
Pummerer type 

X 
rearragement 

Ph-S-CHX 

OH 

[HsO] CO] 
• PhSH ( + HCHO) 1 PhSSPh 

(2) 

Thioanisole ( la ) and benzyl phenyl sulfide ( lb ) were 
found to react with hydroxyl radical generated by the 
reaction of iron(II) or t i tan ium(II I ) -hydrogen per­
oxide system, giving only S-oxygenated products (2a 
and 2b) in contrast to the oxidation of ( l c—e) , which 
gave both ^-oxygenated products (2c—e) and S-
dealkylated product (4) (Tables 4 and 5). T h e ratio 
of 5/2 increased from l c to l e . This is in line with the 
results given in both the microsomal and the purified 
cytochrome P-450 oxidations of alkyl sulfides (Table 1 ). 
T h e ratio between S-dealkylation and ^-oxygenation 

TABLE 4. THE REACTION OF SULFIDES WITH HYDROXYL 

RADICAL GENERATED FROM IRON ( I I ) PERCHLO-

RATE-HYDROGEN PEROXIDE SYSTEM 

Substrate10 Systemb) Products ((zmol)c) 

l a 
l b 

l c 

I d 

l e 

l f d ) 

A 
A 
B 
C 
A 
B 
G 
A 
B 
G 
A 
B 
C 
A 

2a (14) 
2b (9.3) 
2b (13) 
2b (14) 
5 (0.23) 
5 (0.8) 
5(1 .1) 

2c (7.5) 
2c (6.7) 
2c (8.2) 
2d (8.0) 5 (2.8) 
2d (21) 5(3 .7) 
2d (10) 
2e (4.6) 
2e (24) 
2e (8.2) 
2f-t : 2f-c (87)e> 

80 :20 

5(4 .7) 
5 (4.8) 
5 (4.6) 
5(15) 

a) 0.2 mmol of sulfides were used in all cases, b) System 
A; see Experimental. System B; H 2 0 was used instead of 
7% perchloric acid aq solution. System C; buffer (pH= 
7.0) was used instead of 7% perchloric acid solution. 
c) Determined by GLC and Si02 TLG. d) 212 mg (1.2 
mmol) of sulfide used, e) Determined by GLC (10% 
OV-1, 1 m glass column). 
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TABLE 5. REACTION OF SULFIDES WITH HYDROXYL 

RADICAL GENERATED FROM TITANIUM TRICHLO­

RIDE-HYDROGEN PEROXIDE SYSTEM 

Substratea) Products ((jimol)b) 

î â 2a (250) 
l b 2b (247) 
lc 2c (226) 5 (1 .0) 
Id 2d (109) 5 (2 .0) 
l e 2e (57) 5 (8.5) 

a) 250 (jtmol of sulfides was suspended in all cases. 
b) Determined by GLC and Si02 TLC. 

was found to vary in different media (Table 4, systems 
A, B, and C), while the tendency for S-dealkylation 
remained unchanged. The difference between the 
microsomal and the reconstituted systems can be 
explained on the basis of varying conditions of media 
used. 

When the 9 5 % deuterated sulfide (le-d2, PhSCD 2-
COPh) was incubated with hepatic microsomes in the 
complete system at 36 °C, both S-dealkylation and 
S-oxygenation proceeded concurrently. In this reaction 
only a small kinetic isotope effect (knjkD^\.2) was 
observed while the ratio 5/2 remained nearly the same 
with both l e and le-d2. T h e kulkD values were computed 
approximately by [5/2]/[5-ûf2/2-rf2l f ° r both microsomal 
and Fenton's oxidation. I n the reaction with Fenton's 
system (system A), k-ajk-o was 1.3, being analogous to 
that in the oxidation (Table 6). T h e deuterium label 
of the recovered sulfide (le-d.z) remained in both cases 
(measured by 1H N M R ) . 

When the oxidation of sulfide ( lc) by both the 
microsomal and Fenton's oxidation systems was carried 
out in l sO-labeled phosphate buffer solution, only 1.3 
and 4 .7% of oxygen were found to be incorporated 
into the sulfoxide (2c) from heavy water, H 2

1 8 0 used 
(Table 7). 

TABLE 6. KINETIC ISOTOPE EFFECT FOR THE OXIDATION 

OF PHENACYL PHENYL SULFIDE BY BOTH RABBIT 

LIVER MICROSOMES AND I R O N ( I I ) -

HYDROGEN PEROXIDE SYSTEM 

Substrate PhSCH2COPh PhSGD2COPh 
System / ~ , *i#Da ) 

productsb)2e 5 2e-<4 5-</2 

Microsomes 29 32 27 24 1.2 
Fe(II)-H202 4.6 4.8 3.9 3.2 1.3 

a) Estimated roughly by [5/2e]/[5-<4/2e-rf2]. b) Yields 
measured by GLC (^mol). 

TABLE 7. 180-CONTENTS OF PHENYL METHYL 

SULFOXIDE PRODUCED BY BOTH LIVER 

MICROSOMES AND FENTON'S SYSTEM 

H2
1 80 (A) I O-content from 

used (%) PhSCH3 (B) water (B/Ax 100) 
(%) (%) 

Liver microsomes 1.05a) 0.014a) 1.3 
TiCl3-H202 I.32b) 0.062a) 4.7 

a) Observed values, b) Calculated values (see 
Experimental). 

D i s c u s s i o n 

A multienzyme system containing cytochrome P-450 
located in liver microsomes, and a reconstituted system 
of the purified cytochrome P-450 and its reductase from 
liver microsomes of phenobarbital-treated rabbit and 
N A D P H were found to catalyze readily both S-
dealkylation and ^-oxygenation of common sulfides and 
only sluggishly those of sulfoxides and sulfones. 

The relatively higher acidity of the a-hydrogen is 
required for S-dealkylation, though other factors are 
also necessary, since sulfoxides (2) and sulfones (3) 
having more acidic a-hydrogen are less reactive than 
the sulfides for S-dealkylation (Tables 1 and 8). 

Free radicals are stabilized substantially when the 
central carbon is substituted by a divalent sulfur atom 
but less stabilized by an adjacent a-sulfinyl or a-sulfonyl 
group.43) This is in line with the trend of the Q-values 
of substituted vinyl compounds. Vinyl sulfoxide 
possesses the smallest Q-value in copolymerization as 
suggested by the stability of a-substituted free radicals 
( R S C H R ' > R S ( 0 2 ) C H R ' > R S ( 0 ) C H R ' in Table 8). 
Cyano, /»-nitrophenyl, and carbonyl groups have larger 
(^-values than benzyl, and methyl groups.44) Such a 
free radical-stabilizing effect of sulfenyl group may be 
partially responsible for the facile S-dealkylation 
of sulfides. 

Several substrates, which are deuterated prior to 
hydroxylation at aliphatic sites have been tested with 
hepatic microsomes. Groves et a/.8) suggested that 
hydroxylation by highly purified liver microsomal 
cytochrome P-450 involves the direct hydrogen abstrac­
tion by iron-bound "oxenoid" species (P-450-FeO)3+, 
which is analogous to Compound I of peroxidase,11) 
to generate the carbon radical intermediates on the 
basis of their observed kinetic isotope effects (£H/£D= 
11.5±1)8) and Ä H /Ä: D =114_: 1 for benzylic hydroxylation 
of 1,3-diphenylpropane (and 1,1-dideuterio derivative) 
by Hjelmeland et Ö/.9) 

Sulfides are good substrates for the oxygenation with 
cytochrome P-450 enzyme system to give sulfoxides.12-45) 
Since the "oxenoid" intermediate should be highly 
electron deficient, ^-oxygenation is expected to be 
initiated by an electron transfer from divalent sulfur 
a tom to "oxenoid" species, generating sulfenium cation 
radical. The oxygenation of alkyl sulfides with a highly 
purified cytochrome P-450 gave kinetic evidence for 
one-electron transfer mechanism.46) 

c y t . P-450 (FeO)8+ 
Ar-S-CH3 > 

rate determining step 

o 
Î 

Ar-S-CH3 + (FeO)2+ > Ar-S-CH3 + Fe (III) 

(3) 

In the oxidative dealkylation of tertiary amine by 
enzymes, a similar cation radical intermediate seems 
to be involved.47) T h e oxygenation of aminopyrine by 
horseradish peroxidase has been suggested to involve 
the cation radical intermediate on the basis of ESR 
spectroscopic studies.48) 
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T A B L E 8. pA"a-vALUES OF METHANE DERIVATIVES OF ELECTRON-WITHDRAWING GROUP 

AND THE Q - V A L U E S OF VINYL DERIVATIVES IN RADICAL COPOLYMERIZATION 

Compound P * a Compound 

CH2=CHCOPhb) 

CH2=CH-C6H4-N02-
CH2=CHCNb) 

CH2=CHPhb) 

CH2=CH2
b) 

CH2=CHSCH3
d) 

CH2=CHS(0)CH3
d) 

CH2=CHS(02)CH3
a) 

PhCOCH3
a) 

NCCH3
a) 

PhCH3
c) 

CH3-H
C> 

CH3S(0)ÇH3
c> 

GH3S(02)ÇH3
C) 

PhSCH3
a) 

PhS(02)CH3
a> 

24.7 
31.3 
40.9 
48 
33 
29 
48 
29 

hb) 

1.4 
1.63 
1.78 
1.0 
0.015 
0.34 
0.06—0.01 
0.11 

a) E. Block, "Reactions of Organosulfur Compounds," Academic Press, New York (1978). b) "Kyojugo," ed by 
Kobunshi-gakkai, Baifukan, Tokyo (1975), Vol. 1, p. 396. c) T.H. Lowry and K.S. Richardson, "Mechanism 
and Theory in Organic Chemistry," Harper and Row Publishers, New York (1976). d) W. Tagaki, "Organic 
Chemistry of Sulfur," ed by S. Oae, Plenum Press, New York (1977), p.231. 

- H + 
R2N-CH2R , 

(o r -

R2N-CHR -11+ 

[R2N-CHR] — 

• R2N-CH2R • 

•H«) j 

+ H 2 0 

R2N=CHR • 
- R2NH + RCHO (4) 

OH 

a-Hydroxyl sulfides ( III) are formed as the inter­
mediates via initial electron-transfer, subsequent proton 
removal, and final hydroxylation in the iS-dealkylation 
(Eq. 5), and the formation of the a-sulfenyl radical (II) 
by direct hydrogen abstraction by electron deficient 
(FeO) 3 + is unlikely, since the ease of the S-dealkylation 
was found to be correlated not with the order of radical-
stabilizing effect of a-substituent but with the acidity 
of a-hydrogen of the alkyl sulfides used.49»50) 

R-S-CH2R' 
cyt. P-450 

• 

NADPH/02 

OH 
I H20 

R-S-CHR' • 
(III) 

RSH + R'CHO (5) 

T h e kinetic isotope effect observed for the .S-dealkyla-
tion of phenacyl phenyl sulfide ( le) was rather small 
( £ H / £ D = 1 - 2 ) , differing from the results obtained by 
Groves et al.8) and Hjelmeland et al.9) A similar trend 
was observed in the reaction of sulfides with hydroxyl 

radical (Table 6). 
Hydroxyl radical is an electrophilic species, reacting 

readily with electron rich sulfenyl sulfur, and giving the 
corresponding sulfenium cation radicals. 

R-S-R' + -OH R-S-R + OH- (6) 

The reaction of sulfides with hydroxyl radical has 
been studied extensively by Gilbert et al.18) and 
others19 '20) by means of U V and ESR and is illustrated 
in the following scheme (Scheme 2). 

In this Scheme, step 4 should definitely be accelerated 
by either an electron-withdrawing substituents R ' or 
a group which stabilizes the intermediate radical ( II) , 
or by both. T h e Scheme is in line with our results 
with Fenton's oxidation system. In many ways, the 
reaction of step 4 can be considered as a 1,2 elimination 
of Elcb type,51) and somewhat similar to the Pummerer 
rearrangement which shows a secondary kinetic iso­
tope effect.52) In the oxidation of tertiary amines, the 
deprotonation (Eq. 4) from nitrogen cation radical inter­
mediate gives a kinetic isotope effect (kK/kD=2.2).53) 

Observation on the .S-dealkylation can be interpreted, 
if we assume that the sulfenium cation radical initially 
formed is the common intermediate for both .S-dealkyla-
tion and ^-oxygenation through one electron transfer 
from divalent sulfur atom to the highly electron deficient 
"oxenoid." Electron-withdrawing substituent R ' would 

R-S-CH2R' + -OH 
OH 

diffusion | 
• R-S-CHJ*/ controlled step 

fast -H 2 0 

low sulfide cone. «10-* M) 

A 

R-S=CHR' 

stepl 

high cone. ( > 10"4 M) 

I 
OH 

R-S-CH2R' H+ R-S-CHoR^ t 

R-S-CHR' 

(ID 

step P4 \ 

\ 

R - S - C H ^ -H2Ostep2 \ R - S - C H 2 R ' / step 3 

short lived 
Scheme 2. 

R - S - C H ^ + R - S - C H ^ 



April, 1981] Enzymatic Oxidation of Sulfides by Cytochrome P-450 and Hydroxyl Radical 1169 

Ph-S-CH2R' 

O 
Î 

(P-450-FeO)3+ Ph-S-CH2R' + Fe (III) 

- H + + -

• [Ph-S-CHR' <—• Ph-S=CHR' <—> Ph-S-CHR'] + (FeOH)3+ 

• Ph-S-CH2R' + (FeO)2+ 

S-CF 

(II) 

(a) 

OH 

Ph-S-GHR' + Fe (III) < -— 

(b) 

Ph-S-GHR' + (FeOH)2+ 

Ph-SH ( + R'CHO) 1/2 PhSSPh 

Scheme 3. 

facilitate the a-proton removal to form the a-sulfenyl 
radical (II) which upon subsequent hydroxylation 
would undergo facile hydrolysis to afford the aldehyde 
and thiophenol which is readily oxidized further to 
diphenyl disulfide (Scheme 3). The cyclic voltammo-
grams of sulfides (Fig. 2) show the ready a-proton 
removal from the sulfenium cation radicals as suggested 
by Sato and Kamada.5 6) However, we cannot rule out 
the possibility of pa th (b) in Scheme 3. 

Potential (V us. SGE) 

PhSCH2R'-^U P h S C H 2 R ' - ^ PhSCHR' 

Fig. 2. Cyclic voltammograms for sulfides in GH3CN vs. 
SGE. Cathodic peaks (Rx and R2) suggest the abstr­
action of a proton.68) 

One way to demonstrate the generation of the 
sulfenium cation radical as the reaction intermediate 
by chemical procedure is to examine whether or not 
the oxygen of the sulfoxide formed by both microsomal 
and Fenton's oxidation originates not only from the 
"oxenoid" bound to iron of heme protein but also from 
water. The reaction of the sulfenium cation radicals 
of sulfides with water has been examined somewhat in 
detail and shown by Evans and Blount64) and Mura t a 
and Shine55) to give the corresponding sulfoxides 
stoichiometrically.7) However, in the reaction of 
thioanisole ( l a ) with T i ( I I I ) - H 2 0 2 system, the amount 
of 1 8 0 incorporated into the sulfoxide (2a) was only 

2 R2S+ + H 2 0 • R 2 S-»0 + R2S + 2 H + (7) 

4 .7% of H 2
1 8 0 used. This indicates that the cation 

radical reacts with hydroxyl radical preferentially even 
though the cation radical is surrounded by water of 
the medium. 

T h e incorporation of 1 8 0 into the sulfoxide through 
the microsomal oxygenation was only 1.3% of H 2

1 8 0 
used. In the oxygenation of sulfides with cytochrome 
P-450, the substrate seems to be tightly coordinated to 
the active site ; the amount of water around the reac­
tion site of the enzyme is too small to compete with 
"oxenoid" bound to the enzymatic active site so that 
the 1 8 0 incorporation would be smaller than that with 
Fenton's system. T h e slight incorporation of 1 8 0 into 
the sulfoxide from H 2

1 8 0 water used in the microsomal 
oxygenation suggests that the transient intermediate, 
presumably the sulfenium cation radical , is still tightly 
held in the cavity of the enzyme which lacks enough 
water and eventually reacts oxygen bound to the 
enzyme. T h e 1 8 0 experiment gave no information 
whether the key active sulfur intermediate is the sulfe­
nium cation radical or dication. However, involvement 
of the dication species is quite unlikely in view of our 
earlier work, in which /^-substituted thioanisole deriva­
tives were oxygenated by a reconstituted system of 
purified cytochrome P-450, Vmax>s of oxygenation being 
correlated nicely with Hammet t (revalues rather than 
tf-values (p+=— 0.16), and also with one electron 
oxidation potential of sulfides.46) 

In this study, we found a large structural dependency of 
alkyl sulfide in the S-dealkylation with both microsomal 
and hydroxyl radical oxidation systems. T h e over-all 
reaction may be explained by the generation of cation 
radical species as the common intermediate for both 
S-dealkylation and ^-oxygenation as suggested in the 
enzymatic iV-dealkylation. 
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Field-ionization (FI) and field-desorption (FD) mass-spectroscopic techniques have been applied to the analysis 
of ring-type fractions of coal-derived oil, obtained by liquid chromatography. These techniques produce only the 
molecular ion and its isotopic signals, free from fragment ions, of a molecule, consequently the exact molecular-
weight-distribution profiles of chromatographic fractions. The peak intensities are reproducible within a variation 
coefficient (o/x) of about 5—8% on repeated runs. The number-average molecular weights (Mn) of the ring-type 
fractions, as calculated from the peak intensities, are close to those obtained by means of a vapor-pressure osmometer 
(VPO). These techniques, on the whole, give reliable mass spectra of coal-derived oil, although the isotope-ion 
ratios are overestimated compared to the theoretical natural abundances. The group-type analysis of the ring-type 
fractions has been made on the basis of their mass spectra, and the skeletal structures corresponding to each mass z 
series have been proposed. 

In recent yeras, the shortage in energy resources has 
become a serious problem all over the world. Therefore, 
coal has been recognized again as one of the most 
valuable energy resources, and the development of an 
economical coal liquefaction process has been attempted. 

Coal-derived oil is a mult icomponent mixture of 
aromatic and hydroaromatic hydrocarbons. To date, 
however, there has been very little information on the 
mass distribution of the individual components, and 
coal-derived oil has generally been characterized as 
having an average molecular weight. Since a large 
portion of the coal-derived oil consists of low-volatile 
fractions, such as heavy oil and asphaltene, the use 
of a gas chromatograph-mass spectrometer (GC-MS) 
equipped with an electron-impact (EI) ion source has 
been severely limited. 

O n the other hand, the FI and F D techniques1-2) 
produce only molecular ions and their isotopic peaks 
of the components in a mixture. T h e F D technique 
especially does not require the vaporization process of 
the sample for ionization, in contrast to the EI and FI 
techniques; consequently, it permits the analysis of 
thermally labile or nonvolatile substances. T h e 
usefulness of these techniques has already been proved 
in the analysis of biochemical substances3) and aromatic 
hydrocarbons.4) They can also be expected to be useful 
for the compositional analysis and determination of the 
molecular-weight distribution of coal-derived oil. 

The purposes of the present work are to perform a 
quantitative mass analysis of coal-derived oil and to 
determine the types of hydrocarbons and their distribu­
tion in the coal-derived oil based on group-type analysis. 
The determination of the sensitivity coefficients of the 
hydrocarbons is beyond the scope of this work. 

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

The coal sample used in the present work was obtained from 
Akabira, Hokkaido. The sample was hydrogenated over 
Adkins catalyst at 400 °C for 60 min under an initial hydrogen 
pressure of 100 kg/cm2. The hydrogenated product was 
extracted with hexane in a Soxhlet extractor. The extracted 

coal-derived oil was separated into five fractions on the liquid 
Chromatograph by means of a modification of the Bureau of 
Mines-API 60 method:5) saturates(Fr-P), monocyclic aroma-
tics(Fr-M), bicyclic aromatics(Fr-D), tri- and tetracyclic 
aromatics(Fr-T), and polycyclic aromatics and polar com­
pounds (Fr-PP). The Fr-PP fraction was further subdivided 
into eight fractions by gel-permeation chromatography(GPC). 
The volatile fractions were subjected to FI analysis by the 
direct-inlet method; they were charged into a glass tube with 
active alumina powder. On the other hand, the nonvolatile 
fraction(Fr-PP-8) was subjected to FD analysis by loading 
about 1 (xg of a sample on the emitter with a microsyringe. 
The emitter was prepared by Beckey's method.6) The FI 
and FD mass spectra were measured by means of a JMS-D300 
double-focusing mass spectrometer equipped with an EI/FI/ 
FD-combination ion source(JEOL Ltd). Ions were detected 
through an electrical detector connected to a data-analysis 
system, JMA-2000. The emitter current was kept at 5 mA 
for the FI analysis in order to prevent any condensation of 
the sample on the emitter and was elevated at a rate of 4 mA/ 
min for the FD analysis. The scan speed for the mass range 
oïmjz 100—550 was 5 s/cycle. Scanning was repeated 300— 
400 times in the FI and 40—50 times in the FD. The chamber 
temperature was maintained at 200 °G for the FI and at 60 °C 
for the FD. Throughout this work, homologs are assumed 
to have identical sensitivity coefficients.7) 

The average molecular weight was determined by the VPO 
(Knauer) method. Chloroform was used as the solvent. 

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

Aspects of FI and FD Mass Spectra of Coal-derived Oil. 
Since any ring-type fraction of coal-derived oil is a 
multicomponent mixture, a sample must be introduced 
into an ion source without changing the composition 
of the mixture. However, the boiling points of these 
fractions cover a wide temperature range; therefore, a 
special technique is needed to effect simultaneous 
evaporation. 

Figure 1 compares the total ion-current profiles 
(TICP) with the mass spectra of the Fr-P fraction as 
obtained by means of the FI and F D techniques. T h e 
T I C P in FI with a direct-inlet probe suggests that the 
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Fig. 1. Comparison of total ion current profiles with mass spectra of Fr-P for FI and FD techniques. 

TABLE 1. REPRODUCIBILITY OF PEAK INTENSITIES IN 

THE FI AND FD MASS SPECTRA OF Fr-P AND T 

m/z 
196 
212 
226 
240 
254 
268 
282 
296 
310 
324 
338 
352 
366 
380 
394 

m/z 

192 
206 
220 
232 
246 
256 
258 
270 
282 
284 
298 
312 
324 
336 
350 

(1) 
270.1 
631.3 
742.9 
759.8 
857.5 
1000.0 
983.3 
977.6 
983.3 
955.3 
932.9 
877.1 
684.4 
580.1 
488.8 

(1) 
523.0 
742.1 
665.6 
1000.0 
951.2 
696.5 
916.9 
669.9 
384.8 
589.0 
515.4 
428.4 
350.1 
269.6 
250.6 

Sample 
FI 

(2) 
286.1 
751.3 
831.5 
820.7 
925.0 
1000.0 
914.3 
903.7 
930.5 
906.4 
879.6 
836.8 
716.6 
596.2 
454.5 

Sample : 
FD 

(2) 

544.0 
820.3 
712.1 
1000.0 
952.4 
708.5 
904.6 
677.5 
391.1 
607.3 
521.2 
445.3 
373.2 
266.0 
243.6 

Fr-P 

(3) 

269.5 
735.8 
830.2 
854.5 
965.0 
1000.0 
986.6 
983.8 
994.7 
986.6 
897.6 
816.7 
652.3 
525.5 
396.2 

Fr-T 

(3) 

503.2 
772.7 
704.0 
1000.0 
951.1 
716.4 
918.7 
681.4 
389.0 
624.5 
558.6 
475.8 
367.0 
305.1 
263.9 

*/*(%) 

3.4 
9.2 
6.5 
5.9 
5.9 
0 

4.2 
4.7 
3.5 
4.3 
3.0 
3.6 
4.7 
6.5 
10.5 

*/*(%) 

3.9 
5.1 
3.6 
0 

0.1 
1.4 
0.8 
0.8 
0.8 
2.9 
4.4 
5.3 
3.3 
7.7 
4.1 

sample in a glass tube was not vaporized until the 
probe was heated enough. No residue was found in 
the tube after measurement. In contrast, the TICP 
in FD indicates that the majority of the sample molecules 
had vaporized in vacuo before the mass measurements 
started. The resulting FD mass spectrum reveals the 
absence of volatile components in the low-mass range. 
Thus, the FI technique with the direct-inlet probe was 
found to be suitable for the measurements of the volatile 
fractions,8) which comprise about 30 wt% of coal-
derived oil (hexane extract), while the FD technique 
was found to be suitable for the measurements of 
nonvolatile fractions and polar substances containing 
phenolic O H and nitrogen atoms. 

Few quantitative studies of the FI and FD mass 
spectra of multicomponent mixtures have been 
reported.9-12) The components of coal-derived oil have 
larger and more complex chemical structures than the 
model compounds, and the preparation of a multicom­
ponent "model mixture" for coal-derived oil is practical­
ly impossible. Therefore, we abandoned our attempts 
to estimate the sensitivity coefficients of the components 
and to perform quantitative FI and FD mass analysis 
using the "model mixture." For this reason, the ring-
type fractions of coal-derived oil, which have their own 
structural characteristics, were used as samples in the 
present work. Since the compositions of the ring-type 
fractions used are unknown, the reproducibility of the 
peak intensities, the isotope-ion ratios, and the number-
average molecular weights, as calculated from the 
intensities of the peaks, were studied. 

The reproducibility of the peak intensities in the FI 
and FD mass spectra of the Fr-P and T fractions is 
shown in Table 1. The reproducibility is expressed by 
the variation coefficient (tf/#), defined by the following 
equation : 

/ - /o/ \ 1 0° - * , ) 2 

1 
where x is the arithmetic mean value calculated from N 
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measured values of x-v The variation coefficients of the 
peaks with high ion intensities are approximately 8% 
for FI and approximately 5% for FD. In both spectra, 
the variation coefficients increased with the decrease in 
the peak intensity. On the whole, the reproducibility 
of the FD mass spectra is better than that of the FI mass 
spectra. Both mass spectra generally tended to improve 
the reproducibility of the peak intensity with an increase 
in the amount of ions detected. 

TABLE 2. NUMBER-AVERAGE MOLECULAR WEIGHTS 

AS CALCULATED FROM F I AND F D MASS 

SPECTRA OF Fr-P AND T 

fe 

Fig. 2. Comparison of observed and calculated isotope 
ion ratios. 

The reliability of the peak intensity was investigated 
by comparing the observed and calculated isotope-ion 
ratios. The isotope ratios in the FI mass spectrum of the 
Fr-P fraction are compared with the natural abundance 
(straight line) in Fig. 2. The observed isotope ratios 
are close to natural abundance when the peak intensities 
are high (broken line), but they tended to increase 
with the decrease in the peak intensity. The isotope 
ratios of peaks with small ion intensities are overes­
timated. These tendencies were observed in the FI 
and FD mass spectra of every ring-type fraction. 
Further studies are needed to elucidate the phenomenon. 
As a whole, the intensities of the peaks in the FI and FD 
mass spectra were well reproduced, although the isotope 
ratios deviated slightly from their natural abundances. 

The FI and FD techniques give the molecular-
weight-distribution profiles of mixtures. The reliability 
of the profiles was tested in terms of the number-average 
molecular weight, as calculated from the intensities 
of the mass peaks. The number-average molecular 
weight obtained from the mass spectrum is defined by 
the following equation : 

Mn = 

where Mx is the mass of the i th peak and where Ix 

is the intensity of the i th peak. The number-average 
molecular weights calculated from the FI and FD mass 
spectra of the Fr-P and T fractions are shown in Table 2. 
The molecular weight, like the peak intensity, is re­
produced better in the FD mass spectra than in the FI 
mass spectra. 

Furthermore, the calculated number-average molecu­
lar weights were compared with those measured by the 
VPO method in order to check whether or not the 

Sample : 

1st 
2nd 
3rd 
4th 
5th 
Mean 

Fr-P 
FI 

301 
297 
313 
293 
301 
301 

Fr-T 
FD 

277 
277 
288 
278 
284 
281 

TABLE 3. COMPARISON OF NUMBER-AVERAGE 

MOLECULAR WEIGHTS OF RING-TYPE FRACTIONS 

OBTAINED BY FI/FD-MS AND V P O 

Fr 

P 
M 
D 
T 
PP-8 

Yield 

% 

8.2 
6.4 

10.1 
7.2 
7.7 

FI 
FI 
FI 
FI 
FD 

MS 

301 
273 
231 
283 
332 

Mn 

VPO 

270 
240 
220 
270 
270 

spectral patterns of mixtures corresponded to their 
real molecular-weight distributions. The number-
average molecular weights of the ring-type fractions 
(Fr-P, -M, -D, -T, and -PP-8) were calculated from 
the FI and FD mass spectra in Figure 3 and are sum­
marized in Table 3. The volatile fractions (Fr-P, -M, 
-D, and -T) were measured by FI, and the nonvolatile 
fraction (Fr-PP-8), by FD. In all the mass spectra of 
the ring-type fractions, ions were scarcely detected in 
the mass range below m\z 150, where the appearance of 
fragment ions was anticipated. Table 3 shows that the 
calculated molecular weights of all fractions but Fr-PP-8 
are slightly greater than the VPO values. The overesti-
mation is probably caused by an increase in the sensi­
tivity coefficient with the number of carbon atoms in the 
molecule.7) The great overestimation of the Fr-PP-8 
fraction must be caused by the increase in the sensitivity 
coefficient and by the vaporization of the volatile 
components in this fraction. Table 3 suggests that most 
of the peaks in the mass spectra can be assigned to 
molecular and isotopic ions alone. Thus, the FI and FD 
mass spectra are suitable for the compositional analysis 
and for the determination of the molecular-weight 
distribution of coal-derived oil. 

In conclusion, we advise that the FI technique is 
applied to the analyses of volatile fractions, and the 
FD technique, to the analyses of nonvolatile fractions, 
of coal-derived oil. These techniques provide more 
precise and useful data than those obtained by conven­
tional analytical methods, such as GPG and VPO, and 
may be one of the most powerful tools for elucidating the 
components of coal-derived oil, although several 
problems must be solved before we can obtain fully 
quantitative FI and FD mass spectra. 

Group-type Analysis of Ring-type Fraction. As 
discussed in the preceding section, ring-type fractions 
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of coal-derived oil can be analyzed semiquantitatively 
by the combined use of FI and FD techniques. The 
resulting spectra show their molecular-weight distribu­
tion profiles and number-average molecular weights. 
The group-type analysis based on the molecular weights 
of components should give information on their chemical 
structures. That is, the molecular weight of hydro­
carbon is expressed by the following equation: M= 
12GM+H2M+Z, and the components in coal-derived oil 
can be assigned to several group types by the use of the 
value of z. 

In the present work, the ring-type fractions of coal-
derived oil separated beforehand by liquid chromatog­
raphy were used as samples in order to get more 
detailed structural information. As is shown in Fig. 3, 
the molecular-weight distributions of all the ring-type 
fractions but Fr-PP-8 cover the mass range between 
mjz 150 and 450, with the dominant components of 
the Fr-M, -D, and -T fractions being distributed in the 
low-mass range of mjz 200—250. In the Fr-PP-8 
fraction, the high-mass ions of nonvolatile components 
were detected; this proves that the FD technique is 
suitable for the measurement of nonvolatile components. 

The FI mass spectrum of the Fr-P fraction was 
characterized by the regular occurrence of molecular 

ions and isotopic ions at mjz 14 intervals. These ions 
were assigned to z=2, that is, paraffins. Other ions 
with a small ion intensity can be assigned to £ = 0 , —2, 
— 4 , - 6 , - 8 , and —10, that is, cycloparaffins and olefins. 
Thus, the Fr-P fraction is a mixture of various types 
of paraffins (C13_33), plus small amounts of cyclo­
paraffins and olefins. The mass spectra of the Fr-M, 
-D, -T, and -PP-8 fractions were more complicated than 
Fr-P. The Fr-M fraction consists predominantly of 
alkyl-substituted monocyclic aromatics, such as 
l,2,3,4,4a,9,9a,10-octahydroanthracene ( £ = — 10) and 
1,2,3,4,5,9,10,11,12,15-decahydropyrene (z= —12), and 
is contaminated by small amounts of the components 
in the Fr-P fraction. Judging from the values of z, most 
of the peaks beyond mjz 280 must be paraffins and 
cycloparaffins. The FI mass spectrum of the Fr-D 
fraction is comparatively simple, and the dominant 
components are alkyl-substituted biphenyl (z= —14) and 
alkyl-substituted bicyclic aromatics such as 1,2,3,4-
tetrahydrophenanthrene ( £ = — 14). The components 
of the Fr-T fraction have more complicated skeletal 
structures than Fr-M and -D. The 1 H-NMR spectrum 
of the Fr-T fraction indicates that the average skeletal 
structure of Fr-T is not a cata type such as anthracene, 
but a phenanthrene type.13^ Since the Fr-PP-8 fraction 
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Fig. 4. Distribution of mass z series and an example of probable chemical 
structures for each z value. 

contains the hetero atoms (oxygen and nitrogen), the 
assignments of the peaks must be made by using a high-
resolution mass spectrometer. T h e distribution of the 
mass z series and an example of a probable chemical 
structure for each z value are illustrated in Fig. 4. 

The FI and FD mass analysis of coal-derived oil made 
it possible not only to determine the molecular-weight-
distribution profile, but also to speculate on the skeletal 
structures of components by means of group-type 
analysis. 
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Photolysis of Organic Azides. VI.1* l,4-Diacetoxy-2,3-diazidonaphthalene. 
Formation of Isoquinoline Structure from a,a'-Dicyano-o-xylylene 
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National Chemical Laboratory for Industry, Yatabe-Higashi 1-1, Tsukuba, Ibaraki 305 
(Received July 29, 1980) 

Transient absorbing in the 400—450 nm range was observed in the photolysis of l,4-diacetoxy-2,3-diazido-
naphthalene in rigid matrices at 77 K. The transient was assigned as a,a'-diacetoxy-a,a'-dicyano-o-xylylene by 
comparison with the low-temperature photolysis of the other precursors, 1,2-diacetoxy-1,2-dicyano-1,2-dihydro-
benzocyclobutenes. The three o-xylylene stereoisomers showed differences in the longest-wavelength absorption 
maxima. Continued irradiation of the o-xylylenes converted them to 2-acetoxy-2-methyl[l,3]dioxolo[4,5-c]-
isoquinoline-5-carbonitrile as the result of the reaction of a cyano group with the o-xylylene system and the migration 
of an acetoxyl group. The rate of formation of the isoquinoline in rigid matrices depends on the viscosity of glassy 
solvents and the configuration of the intermediate o-xylylenes. The room-temperature photolysis of the diazide 
gave 2,3-diacetamido-l,4-naphthoquinone as the main product and compounds via the o-xylylene as minor products. 
A mechanism involving two competitive reactions is discussed. 

There has been considerable interest in the structures 
and properties of o-xylylene (o-quinodimethane : 5,6-
dimethylene-l,3-cyclohexadiene) and its various deriva­
tives.2"4) I n a previous paper we reported the formation 
of oc,a'-dicyano-o-xylylenes (1) by the photolysis of 2,3-
diazidonaphthalenes (2) .5) Among the three derivatives, 

R 

X \ > G N hv 

R 

V C N 
i 

R \/\f 
NN3 

R 

1 2 

a : R = H 
b : R = OGOGH3 

c : R = OCH3 

2 b gave efficiently an unknown photoproduct via l b 
by prolonged irradiation at low temperature in rigid 
medium, while continued irradiation of the others, l a 
or l c , resulted in almost no reaction. We now report a 
new photochemical reaction of the o-xylylene system 
at low temperature in rigid medium. 

In addit ion, the room-temperature photolysis of 2 b 
was investigated in connection with the low-temperature 
photolysis. Pearce et 0/.6) found the formation of cis-
and trans-1,2-diacetoxy-1,2-dicyano-1,2-dihydrobenzo-
cyclobutenes (3 and 4, respectively) and l,4-diacetoxy-3-
isoquinoline (5) by the thermal decomposition of 2b . 

O n the other hand, the room-temperature photolysis of 
2 b was quite complicated and considerably different 

from the thermolysis or the low-temperature photolysis. 
A new reaction involving the migration of acyl groups 
to nitreno groups has been found in addition to the 
formation of 3 via l b , while 5 has not been produced. 
T h e mechanism of the room-temperature vs. low-
temperature photolysis will be discussed, and a charac­
terization of the photoproducts will be given. 

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

Low-temperature Photolysis. A rigid glassy solution 
of 2 b in EPA (diethyl ether/isopentane/ethanol, 5 : 5 : 2 ) 
was irradiated at 77 K with a 500-W super high-pressure 
mercury lamp through a 300 nm cutoff filter. Figure 1 
shows the photochemical process followed by absorption 
spectroscopy. The absorbance in the range of 424—450 
n m increased in the early stage of irradiation. At this 
stage, warming of the glassy solution to room tempera­
ture resulted in disappearance of the absorption. This 
transient absorbing in the 400—450 n m range was 
tentatively identified as the a,oc'-dicyano-o-xylylene 
( lb ) in the previous paper,5) by analogy to the low-
temperature photolysis of the parent 2,3-diazidonaph-
thalene. Continued irradiat ion resulted in the disap­
pearance of the absorption in the 400—450 nm range 
and in the appearance of a new absorption in the 355— 
380 nm range. In the cases of the other diazidonaph-
thalenes, 2a and 2c, the conversion from the o-xylylenes, 
l a and l c , proceeded even after prolonged irradiation. 
The secondary photoproduct having absorption bands 
at 355—380 nm was stable at room temperature. By a 
separate irradiation of 2 b on a preparative scale, a 
product with two fewer nitrogen molecules than the 
starting material was isolated in an almost quantitative 
yield. Although the product was presumed to be an 
isoquinoline derivative, on the basis of the IR , 1 H - N M R , 
and 1 3 C-NMR spectra, its final identification was 
difficult because its U V absorption spectrum (longest-
wavelength: Amax 376, 368, 358, 3 5 5 s h n m ) was con­
siderably different from that (Amax 304 nm) of the 
isoquinoline (5) given by the thermal treatment. 
Therefore, an X-ray crystal structure analysis was made 
of a single-crystal grown from dichloromethane-
ethanol. The structure was established as 2-acetoxy-
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Fig. 1. Absorption spectra of 2b in EPA at 77 K before 
( ) and after ( ) irradiation. Numbers refer to 
irradiation times in min. Absorption spectrum (—•—) 
of 2b recorded at room temperature after irradiation 
for 60 min. 

2-methyl[l, 3]dioxolo[4,5 - c] isoquinoline - 5 - carbonitrile 
(6).7> The formation of such an isoquinoline derivative 
by the photolysis in a rigid matrix was quite unexpected. 

at 
- 2 N 2 

inEPA.at77K 

In addition, it is interesting that the electronic absorp­
tion spectra of isoquinoline derivatives depend highly 
on the position of the cyano group and on the presence 
of the dioxolane ring fused with the isoquinoline nucleus. 

Irradiation of 2b at 77 K was carried out in various 
media. The reaction proceeded as in the case of EPA. 
Figure 2 shows the relation between the irradiation time 
and the yield of the secondary photoproduct 6, which 
was measured by monitoring the peak height of the 362 
nm U V absorption due to 6 during stepwise photolysis. 
From a consideration of the viscosity of media as given 
in Table 1, it was found that the rate of formation 
decreased with the increase of the viscosity in a series 
of mixed solvents of isopentane and 3-methylpentane. 
In the case of EPA, the highly efficient formation, 
compared with other nonpolar media, may be attributed 
to solvent polarity. 

Low-temperature photolyses of trans- and râ-1,2-
diacetoxy-1,2-dicyano-1,2-dihydrobenzocyclobutenes (3 
and 4, respectively) were carried out in order to confirm 
the intermediate and to study the mechanism of low-
temperature photolysis of 2b. Figures 3 and 4 show 

Irradiation time/min 

Fig. 2. Relation between the irradiation time and the 
yield of 6 by the photolysis of 2b (0.1 mol m~3) at 77 K 
in various solvents (shown in Table 1). Runs 1 (0)> 
2 O ) , 3 (©), 4 ( # ) , 5 ( • ) , and 6 (A). The yields 
of the compound 6 correspond to the absorbances (A 
362 nm) due to 6. 

TABLE 1. VISCOSITY OF THE MEDIA IN 

THE PHOTOLYSIS OF 2 B AT 77 K 

Run Solvent Viscosity 
(Composition in parts by volume) Pa s Ref. 

, Isopentane, 3-methylpentane 
1 (97 : 3) 
9 Isopentane, 3-methylpentane 
1 (3=2) 

Isopentane, 3-methylpentane 
(1 :9) 
3-Methylpentane 
Methylcyclohexane, isopentane 
(1 :3 ) 

n Ether, isopentane, ethanol 
D ( 5 : 5 : 2) 

8.9x10* a) 

1 .8x l0 7 a) 

2 . 4 x l 0 1 0 a) 

9.4X1010 a) 

1.0x10» b) 

8.0x10* b) 

a) J. R. Lombardi, J. Raymonda, and A. G. Albrecht, 
J. Chem. Phys., 40, 1148 (1964). b) Estimated from Fig. 
2 in the literature: H. Greenspan and E. Fischer, J. 
Phys. Chem., 69, 2466 (1965). 

the photochemical processes of 3 and 4, respectively, 
in EPA at 77 K. As in the case of 2b, the longer-
wavelength transient absorptions appear in the range of 
400—450 nm in the early stage of irradiation, and a 
new absorption in the range of 355—380 nm begins to 
appear with the increase of irradiation time. Moreover, 
the prolonged irradiation with longer-wavelength light 
(>300 nm) results in the increase of that absorption, 
together with the decrease of the 400—450 nm absorp­
tion. The absorption peaks in the 355—380 nm range 
are completely consistent with those of 6. However, 
the peaks of the transients generated from 3 and 4 are 
shifted to slightly shorter wavelengths than those of the 
intermediate generated from 2b. This spectral shift 
could be explained in terms of the different configura­
tions of the o-xylylenes. The intermediate generated 
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Fig. 3. Absorption spectra of 3 in EPA at 77 K before 
( ) and after ( ) irradiation. Numbers 4 and 
10 mean irradiation times (min) with a low-pressure 
mercury lamp, and 30 means irradiation time with a 
high-pressure mercury lamp (20 min) in addition to 
the 10 min irradiation. Absorption spectrum ( ) 
recorded at room temperature after 30 min irradiation. 

from 2 b must be the E,E-form stereoisomer (lb(E9E)) 
of a,oc'-diacetoxy-a,a'-dicyano-0-xylylenes, as described 
in the previous paper5) by analogy to the case of 1,2-
diazidobenzene. T h e intermediates generated from 3 
and 4 are presumed the £,Z-form l b ( £ , Z ) , and the 
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Fig. 4. Absorption spectra of 4 in EPA at 77 K before 
( ) and after ( ) irradiation. Numbers 6 and 
20 mean irradiation times (min) with a low-pressure 
mercury lamp, and 40 means irradiation time with 
a high-pressure mercury lamp (20 min) in addition to 
the 20 min irradiation. Absorption spectrum (—•—) 
recorded at room temperature after 40 min irradiation. 

Z,Z-form lb(Z,Z) or £,£-form lb(E,E), respectively, 
from a consideration of the orbital symmetry rule. 
In the case of 4, the intermediate structure must be 
lb(ZjZ)1, because the absorption peaks generated from 
4 are not identical with those generated from 2b . The 
spectral shifts of these stereoisomers are consistent with 
those of the o-xylylene derivatives. T h e absorbing peaks 
of the o-xylylene stereoisomers are summarized in Table 
2. 

T h e secondary photoproduct from 3 or 4 is identified 
as 6 on the basis of the spectral properties of the crystals 
isolated from a separate irradiation on a preparative 
scale. T h e results of this photochemical reaction show 
that final product 6 is formed by a similar mechanism 
from the different stereoisomers of l b . A plausible 
mechanism which accounts for the formation of the 
isoquinoline (6) is depicted in Scheme 1. 

Although the formation of 6 via l b from 2 b proceeds 
efficiently with the irradiation of a high-pressure 
mercury lamp, the rate of formation of 6 from 3 or 4 
is very slow during irradiation of a low-pressure mercury 
lamp. In particular, the formation of 6 in the case of 
4 occurs in a lower yield, compared with the case of 3, 
after 10 min irradiat ion, as shown in Figs. 3 and 4. 
W h e n the concentration of the intermediate l b was 
increased appropriately after 10 min irradiation, pro­
longed irradiation was carried out with a high-pressure 
mercury lamp ( > 3 0 0 n m ) . However, the rate of 
formation of 6 from 4 was much lower than that of 6 
from 3 or, particularly, from 2b . In the isoquinoline 
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TABLE 2. ABSORBING PEAKS OF O-XYLYLENE STEREOISOMERS (Absorption above 350 nm, at 77 K) 

Substituents Solvent 
Absorbing peaks / nm 

(E,E) (Z,Z) (E,Z) 
a,a'-Diphenyl-3e) 

a,a /-Dicyano-6) 

a,a'-Diacetoxy-
a,a'-dicyano-

Methylcyclohexane 

EPA 

EPA 

465 

/424 
1448 

/432 
\458 
/423 
\444 

455 
/432 
\454 
/415 
\435 

2b 
A) 

h) 

M 

OCOCH3 

vVcN 
ÛCOCH3 

lb(E,E) 
OCOCH3 

V\0C0CH: 

lb(E,Z) 

^N^OCOCH: 

lb(Z,Z) 

Scheme 1. 

formation, the o-xylylene derivatives lh(E,E) and 
l b ( £ , Z ) would have more favorable configurations than 
lb(Z,Z) . The rigid medium at low temperature would 
control large rotational motions in each stereoisomer. 
The rigidity effects of glassy solvents have also been 
observed in the photolysis of 2b, as shown in Fig. 2 
and Table 1. The ^-electrons of the o-xylylene system 
are delocalized by the substitution of the two cyano 
groups, and consequently the aromatization is liable 
to occur. The deactivation of the o-xylylene system by 
the cyano groups is consistent with the fact that the 
attempt to trap l b with dienophiles, such as JV-phenyl-
maleimide or maleic anhydride, has failed. The forma­
tion of the isoquinoline structure is accomplished via 
the dipolar intermediate 7, as shown in Scheme 1. The 
formation of the dioxolane ring is accompanied by the 
formation of the C-N bond, and the cleavage of the 
acetoxyl group follows. Finally, the migration of the 
acetate anion to the positive carbon atom of the 
dioxolane ring proceeds in the cage of rigid medium. 

Although various photochemical and thermal reac­

tions of o-xylylenes have been reported, it is interesting 
that the cyano groups conjugated with o-xylylene system 
participate in the reaction of o-xylylene structure. 
Moreover, it should be noted that the reactions involving 
a large rotational motion and a migration of the large 
acetoxyl group proceed readily in the rigid matrices at 
low temperature.8) 

Room-temperature Photolysis. A methanol solution 
of 2b (0.52 mol m - 3 ) was irradiated at room tempera­
ture with a 400-W high-pressure mercury lamp through 
Pyrex. The photoproducts showed very complicated 
spots on a thin layer chromatogram of silica gel. As a 
major product, 2,3-diacetamido-l,4-naphthoquinone 
(10) was isolated in a 46% yield, together with the 
dihydrobenzocyclobutene 3 (25%) and the compound 
6 (8%). Interestingly, the yield of the dihydrobenzo­
cyclobutene 4 was only less than 1%, and 1,4-diacetoxy-
3-cyanoisoquinoline (5), the main product in the case 
of the thermal decomposition of 2b, was not detected. 

M 

inMeOH 
at R.T. 

•oÊ-ofi-oy 
6 

Irradiation of 2b in hexane gave a new compound 
instead of 10 as a main product, together with 6 as a 
minor product. Its structure was identified as 2,3-
dihydro-2-imino-3-acetylimino-1,4-naphthoquinone (11) 
based on the spectral properties. 

O 

I II I 
X/X/^NCOCHg 

6 
11 

The product distributions were sensitive to the solvent 
used. The results for the room-temperature photolysis 
of 2b in various solvents are summarized in Table 3. 
An unknown photoproduct having U V absorption 
bands at 362 and 285—325 nm was observed in the 
case of hexane, and was the main product in the case 
of benzene. This was not characterized, although it is 
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TABLE 3. ROOM-TEMPERATURE PHOTOLYSIS OF 1,4-DIACETOXY-2,3-DIAZIDONAPHTHALENE (2b) 

Solvent 

Methanol 
2-Propanol 
Diethyl ether 
Benzene 
Hexane 

Concn/mol m - 3 

0.52 
0.52 
0.52 
0.52 
0.26 

Irrad time/min 

120 
120 
90 

120 
30 

3 

25 
18 
15 
6 
3 

4 

1 
trace 

Yield/% 

6 

8 
6 
8 

10 
12 

10 

46 
45 
40 

5 
3 

11 

6 
48 

presumed to be 1,2,3,4-naphthalenetetrone derivative 
( IR absorption bands at 1798, 1725, and 1690 cm- 1 ) . 
I t is certain that the products 3, 4, and 6 were given via 
the o-xylyelene l b , and 10 and 11 were formed by a 
different mechanism. Furthermore, in these room-
temperature photolyses, the dihydrobenzocyclobutene, 
the product via the o-xylylene lh(E,E), was exclusively 
the trans-isomer (3). A consideration of the orbital 
symmetry rule shows that the cyclization of the o-
xylylene is not a photoinduced but a thermal reaction. 

20 40 60 80 100 

Light intensity/% 

Fig. 5. Relation between the decomposed azide 2b and 
light intensity. Photolyses (O) in EPA at 77 K, (A) 
in methanol at room temp, and ( • ) in hexane at room 
temp. 

The dependence of the rate of decomposition of 2b 
on the light intensity was examined. The amounts (%) 
of the decomposed azide were calculated on the basis 
of the measurement of the decrease in absorbance after 
10 s irradiation. T h e results involving the low-tempera­
ture photolysis are shown in Fig. 5. In the previous 
paper,5) it was found that the formation of l a or l c 
from 2a or 2c, respectively, was a monophotonic process. 
Similarly, the decomposition of 2 b in a rigid matrix at 
77 K would lead quantitatively to the o-xylylene l b . 
Therefore, the relationship between the rate and the 
light intensity shows good linearity, suggesting a 
monophotonic reaction. O n the other hand, the 
relationship deviates from linearity and displays down­
ward curvature in the cases of the photolyses in methanol 
and in hexane. This indicates the participation of a 
biphotonic process. Therefore, the formation of 10 
and 11 would be interpreted by the mechanism involving 
the stepwise decomposition of the two azido groups. 

Thus , there are two competitive reactions (Paths (a) 
and (b)) after the first azido group was decomposed. 
The process of the room-temperature photolysis is 
depicted in Scheme 2. 

Path (a) 

OCOCH: 
0-fCH3 

Path(b) 

oir 
ûcocHa 

M 

^YV c o c H 3 

V\AlC0CH3 

Scheme 2. 

In Path (b), the attack of the nitreno groups upon the 
neighboring acetoxyl groups has been observed in the 
thermal decomposition of 1,4-diacetoxy-2-azidoben-
zenes.6) The migration of acyl groups proceeded in a 
high yield (45—89%) for the reported compounds, 
although 5 was given as a main product and 10 was not 
given completely in the thermal decomposition of 2b . 
In the room-temperature photolysis of 2b , the migration 
of the acyl groups (Path (b)) has become the main 
process, taking the place of the formation of the 0-
xylylene (Path (a)) or 5. Along Path (a), the cycliza­
tion to the dihydrobenzocyclobutene has become the 
main process, as a typical reaction of o-xylylene system. 

T h e room-temperature photolysis of 2 b in the 
presence of some additives was carried out in order to 
study the factors governing the two competitive processes 
and the spin state of the nitrene 12. The results are 
summarized in Table 4. The presence of dichloro-
methane (known to enhance singlet processes9)) or 
iodomethane (heavy atom effect) gave nearly the same 
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product distribution as in the case of the direct irradia­
tion (Runs 1 and 2). However, the addition of pyrene 
(a triplet quencher and singlet promoter10)) in methanol 
raised the yield of 10 to 5 8 % , while the yields of 3 and 
6 were decreased (Run 3). T h e addition of benzo-
phenone or acetophenone (triplet sensitizers10)) seemed 
to show no remarkable effects (Runs 4 and 5). Based 
on the results of R u n 3, one could predict that Paths (a) 
and (b) were divided into triplet-derived and singlet-
derived processes, respectively. Tha t is to say, the spin 
state of the nitrene (12) which attacks the neighboring 
acetoxyl group is singlet, whereas the nitrene (12) 
which attacks the remaining azido group is in the triplet 
state. The direct observations of actual precursors 
and quenching rates are lacking, so this conclusion 
cannot be confirmed yet. 

TABLE 4. ROOM-TEMPERATURE PHOTOLYSIS 

OF 2 B IN THE PRESENCE OF ADDITIVES 

Yield/% 
Run Conditions10

 ; ^ ^ 
3 6 10 

~ 1 MeOH/GH2Gl2 (50%) 25 8 46 
2 MeOH/GH3I (10%) 25 6 42 
3 MeOH/Pyrene(8.2molm-3) 3 <1 58 
4 Benzene/Acetophenone (10%) 5 8 5 
5 Benzene/Benzophenone (9.2 mol m - 3) 6 15 <1 

a) Concentration of 2b : 0.52 mol m - 3 . Irradiation time : 
120 min. 

Some differences in the low-temperature vs. room-
temperature photolysis have been found in the processes 
of the attack by a nitreno group upon an acetoxyl group 
and the cyclization of the o-xylylene to the benzocyclo-
butene. The suppression of these processes in the low-
temperature photolysis could be ascribed to a rigidity-
controlled and activation-energy-controlled field. 

Exper imenta l 

Measurements. The melting point is uncorrected. The 
IR and UV/VIS spectra were recorded on Hitachi Model 
260-30 and Shimadzu Model UV-300 spectrophotometers 
respectively. The XH NMR and 13C-NMR spectra were 
recorded on Varian Model XL-100-12 (100 MHz) and JEOL 
Model FX-100 (25 MHz) spectrometers respectively using 
TMS as an internal standard. The mass spectra were recorded 
on a Hitachi Model RMU-6M spectrometer. The micro­
analysis was performed at the Institute of Physical and Chem­
ical Research. 

Materials. 1,4-Diacetoxy-2,3-diazidonaphthalene (2b), 
and eis- and fra7w-l,2-diacetoxy-l,2-dicyano-l,2-dihydrobenzo-
cyclobutenes were prepared according to the literature.6) 

Irradiations of 2b in Rigid Media at 77 K. Irradiation on 
preparative scale was carried out in a doughnut-shaped Pyrex 
vessel (volume: about 160 ml; thickness: 7 mm) which was 
immersed in liquid nitrogen with a 400-W high-pressure 
mercury lamp (Riko UVL-400HA) protected with a transpa­
rent quartz Dewar vessel. A solution of 2b in 160 ml of EPA 
(0.37 mol m -3) was irradiated for 10 min. Upon warming 
to room temperature, the solution was condensed on a rotary 
evaporator. Preparative-TLC (Merck Silica-gel 60 F254) 
analysis of the concentrate gave the starting material (about 

40%) and yellow crystals (55%). The crystals were recrystal» 
lized from dichloromethane-ethanol. Mp 146 °C (dec). IR 
(KBr): 2230, 1778, 1598, 1448, 1440, 1388 cm"1. UV 
(Hexane) : 376 (e 3800), 368 (4500), 358 (4500), 355 sh (4100), 
308 (6200), 296 (4600), 233 (19000) nm. *H-NMR (CDC1») 
Ô: 2.09 (s, 3H, CH3), 2.18 (s, 3H, COCH3), 7.5—7.9 (m, 3H, 
aromatic), 8.20 (s, 1H, aromatic) ppm. 13C-NMR (CDG1,) 
Ô: 21.6 (q), 24.7 (q), 116.0 (s), 119.9 (d), 121.4 (s), 122.0 (s), 
125.5 (d), 125.9 (s), 128.2 (d), 129.3 (s), 130.9 (d), 136.0 (s), 
150.8 (s), 167.0 (s) ppm. MS: m/e 270 (M+), 218, 214, 212, 
211, 186. Found: C, 62.33; H, 3.75; N, 10.45%. Calcd 
for C14H10N2O4: C, 62.22; H, 3.73; N, 10.37%. The struc­
ture of the crystals was determined as 2-acetoxjy-2-methjyl[l)3]-
dioxolo[4,5-c]isoquinoline-5-carbonitrile based on the spectral 
properties as described above and finally on the results of X-
ray crystallography. 

Irradiation for spectroscopy was carried out with a cell 
(path length: 10 mm) which had been immersed in liquid 
nitrogen in a quartz Dewar vessel equipped with optical 
windows on opposite sides. The light source was an Ushio 
USH-500D 500-W super high-pressure mercury lamp which 
transimitted through a 300 nm cutoff filter. 

Irradiation of 3 or 4 in EPA at 77 K. Irradiation on 
a preparative scale was performed in the doughnut-shaped 
quartz vessel which was immersed in liquid nitrogen with a 
160-W low-pressure mercury lamp (Riko UVL-160LA) pro­
tected with a transparent quartz Dewar vessel. A solution 
of 3 in 160 ml of EPA (0.44 mol m~3) was irradiated for 2 h. 
The starting material and yellow crystals were isolated by a 
similar procedure to that for 2b. The crystals were identical 
with those formed by the photolysis of 2b. 

Irradiation of 3 or 4 for spectroscopy was carried out in a 
manner like that described above for 2b. The light source 
was a 15-W low-pressure mercury lamp (Toshiba GL-15). 

Irradiation of 2b in Fluid Media at Room Temperature. Irradi­
ation was performed under bubbling of nitrogen in a conven­
tional immersion well-type reactor (volume: about 1200 ml) 
equipped with a 400-W high-pressure mercury lamp (Riko 
UVL-400HA) through Pyrex. The separation of the photo-
products was performed by the preparative TLC, and the 
yield determination was carried out by UV analysis (Tables 3 
and 4). 

The main photoproduct from the photolysis in methanol was 
precipitated in condensed solution (46% yield). The crystals 
were recrystallized from acetone-methanol, yielding yellow 
needles, mp 249 °C (dec). This product was identified as 
2,3-diacetamido-l,4-naphthoquinone (10) by comparing the 
absorption spectrum with that of an authentic sample11) and 
by the following spectral data. IR (KBr) : 3310 (NH), 1668, 
and 1650 (quinone CO, acetamido CO) cm"1. XH-NMR 
(CDC13) Ô: 2.3 (s, 6H, CH3), 7.6—7.9 (m, 2H, aromatic), 
8.0—8.2 (m, 2H, aromatic), 8.5 (s, broad, NH) ppm. 13C-
NMR (CDCI3) Ô: 23.8 (q), 12o\9 (d), 128.1 (s), 130.8 (s), 
134.3 (d), 167.4 (q) ppm. 

The main product from the photolysis in hexane was 
precipitated in condensed solution (48% yield). The crystals 
were recrystallized from acetone-dichloromethane. Yellow 
crystals, mp 180 °C (dec). It was identified as 2,3-dihydro-
2-imino-3-acetylimino-l,4-naphthoquinone (11) on the basis 
of the following spectral data. IR (KBr): 1674 and 1640 
(quinone CO, acetimino CO) cm"1. MS: m/e 228 (M+), 
186 (M-ketone), 132. ^ - N M R (DMSO-</6) Ô: 2.45 (s, 
3H, CH3), 7.8—7.9 (m, 2H, aromatic), 8.4—8.6 (m, 2H, 
aromatic), 12.8 (broad, 1H, NH) ppm . 13C-NMR (DMSO-</6) 
Ô: 13.1 (q), 120.4 (s), 129.8 (s), 129.9 (s), 132.6 (s), 133.0 (s), 
133.4 (s), 136.0 (s), 151.2 (s), 155.0 (s), 162.9 (s), 176.0 (s) 
ppm. 
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Preparative TLG (Merck Silica-gel 60 F254) of the filtrates 
from the condensed solutions gave the photoproducts shown 
in Table 3. 

The author wishes to thank to Professor Michio 
Kobayashi (Tokyo Metropoli tan University) for helpful 
discussions, Professor Tamaich i Ashida (Nagoya Univer­
sity) and Mr. Yukishige Kitano (Toray Research 
Center) for X-ray crystal structure analyses, and Dr. 
Ikuo Sakai (Toray Research Center) for N M R spectral 
analyses. 
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Kinetic studies have been conducted for the reactions of ethoxytrimethylsilane with benzenesulfinyl chloride and 
aryloxytrimethylsilane with methanesulfinyl chloride. Both the reactions were found to obey second order rate 
equation. A clear negative p value was observed for the reaction of aryloxytrimethylsilane. The solvent effects 
suggested that both the two reactions were quite similar in their mechanisms. Nucleophilic addition of silyl-
oxygen atom to sulfinyl group has been suggested for these two reactions. 

Recently, H a r p p et al. conducted kinetic studies for 
the reaction of alkoxytrimethylsilanes with benzene­
sulfinyl chloride.2) They observed that the reaction was 
rather insensitive to the solvent polarity and sensitive 
to the steric effect of the alkoxyl group. A four-centered 
nonionic transition state (I) has been suggested for the 
reaction. 

RO-SiMe3 + PhS(0)Gl • 

R = Me, Et. 

r ° i 
Ph-S...Cl 

RÖ—SiMe3 _ 
I 

• PhS(0)OR + ClSiMe3 (1) 

The mechanism has widely been accepted to explain 
the course of the reaction involving the I V b element at 
the reaction center,3) however, only few were supported 
by kinetic and/or stereochemical evidences.4-5) Restrict­
ing to bimolecular I V b - V I b bond cleavage reactions as 
expressed by the following general formula (Eq. 2),6) 

=IVb-VIb- + E-Nu • =IVb-Nu + E-VIb-

IVb = Si, Ge, Sn etc. VIb = O, S, Se etc. 

E-Nu = H 2 0 , ROH, RC0 2 H, RX, RCOX, 

RS(0)X etc. (2) 

the reaction of alkoxysilane reported by H a r p p et al. 
is the only one reaction involving the mechanism 
supported by kinetic evidence.2) 

We have reexamined the reaction of alkoxysilane with 
sulfinyl chloride in order to obtain additional kinetic 
aspects of the bimolecular nonionic four-centered reaction, or 
to take a new look at the mechanism and found that 
the reaction involved ionic nucleophilic attack of the 
silyl-oxygen atom. 

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

Examination of the substituent effect of the nonionic 
four-centered reaction would be of interest or important to 
clarify the reaction mechanism. Thus, we tried to 
prepare substituted-benzenesulfinyl chlorides to examine 
the substituent effect of the reaction shown in Eq. 1. 
The substituted-sulfinyl chlorides can be prepared either 
from the corresponding disulfides73) or from sodium 
sulfinates,7b) however, it was found to be difficult to 
prepare them in pure forms enough for kinetic experi­

ments. Alternatively, the reaction of aryloxytrimethyl­
silane with methanesulfinyl chloride was chosen for 
our study. T h e reaction was found to give methane-
sulfinate and chlorotrimethylsilane in nearly quanti ta­
tive yields. 

/>-X-C6H4OSiMe3 + MeS(0)Cl • 

/>-X-C6H4OS(0)Me + Me3SiCl (3) 

T h e rate of the reaction was measured by monitoring 
1 H N M R trimethyl signals of the starting aryloxysilane 
and the formed chlorosilane at t ime. A good second 
order kinetic plot was obtained with satisfactory re­
producibility. T h e results are given in Table 1. 

TABLE 1. RATE OF THE REACTION OF Me3SiOC6H4X-/> 

(0.19 mol/dm3) WITH MeS(0)Cl (0.23 mol/dm3) IN PhCN 

X 

OMe 
OMe 
OMe 
OMe 
OMe 
Me 
H 
Cl 
Br 
N 0 2 

Temp/°Ca:> 

28 
34 
41 
47 
— 
— 
— 
— 
— 
— 

A;/dm3mol_1 s 

1 .62x10^ 
2.35X10-3 

3.25X10-3 

5 . 0 6 x 1 0 ^ 
2.96x10-3 
1 .39x10^ 
1.03X10-3 

6.60x10-* 
6.30X10-4 

7.04X10-5 

-1 Remarks 

A i / * = 4 3 . 9 k J m o l - 1 

A S ^ - l ö l J K - i m o l - 1 

Hammett plot 
p(a) = -l.44 
(r=0.984) 

a) JEOL PS-100, VT Probe was used for measurement of 
activation parameters. Temperatures were calibrated. 
Substituent effect was measured on Hitachi R-20, at 
magnet temperature (36 °C) ; not calibrated. 

The activation parameters appeared as normal 
magnitude for the reactions of this type shown in Eq. 2; 
not part icular from the reactions involving either 5-
coordination of the I V b element8) or nucleophilic attack 
of the V I b atom.9) More clear evidence in support of an 
ionic mechanism for the reaction is the substituent effect. 
A clearly negative p value was observed for the reaction 
in almost the same magnitude with those of the analogous 
reactions of (arylthio) trimethylstannanes with halo-
alkane (— 1.40)9a> and with benzoyl chloride (—1.6)9b) 
in which nucleophilic attacks of the stannyl-sulfur atoms 
have been suggested for the reactions based on kinetic 
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and stereochemical results. T h e value is also pretty 
close to that of sulfonium salt formation which un­
doubtedly involves nucleophilic attack ( —1.2).10) In 
addition to these similarities, the magni tude of the 
entropy of activation is in accordance with that of the 
sulfonium salt formation (—138 J K " 1 mol"1).10) These 
results would suggest a rate-determining nucleophilic 
attack of the silyl-oxygen atom giving oxonium inter­
mediate for the reaction of aryloxytrimethylsilane with 
sulfinyl chloride (Eq. 3). Thus, the mechanism shown 
below would be the most plausible for the reaction. 

Me3SiOAr + MeS(0)Gl 
slow 

c i • 

Me3SiO+-SMe 
i i 

Ar O-

II 
fast 

• Me3SiCl + ArOS(0)Me (4) 

The detailed mechanism leading to the product from 
the onium intermediate (II) is not clear but ionic four-
centered transition state (III) for the step is unlikely based 
on the similarities of the p and entropy values as discussed 
above. 

"Me3Si...Cl 

ArÔ+-S-Me 

6- -
III 

The remaining question is whether the nucleophilic 
addition mechanism is applicable to the reaction of 
H a r p p et al. shown in Eq. 1.8> Different mechanisms 
for the two reactions (Eqs. 1 and 3) are unlikely since 
the nucleophilic mechanism has been suggested even 
for the reaction of less nucleophilic aryloxy-oxygen atom. 
The more nucleophilic alkoxy-oxygen would attack the 
sulfinyl group in the same manner . Solvent effects on 
both the reactions were examined in order to prove 
the similarity of their mechanisms. T h e rates of the 
reactions were measured in various solvents including 
carbon tetrachloride and dichloromethane which have 
been employed by H a r p p et al. T h e effect presently 
observed [£(CH2C12)/£(CC14)=3.8] is in accordance 
with that of them (5) as shown in Table 2.n> 

Both the rates of the reactions were clearly accelerated 
in polar solvents. T h e observed solvent effect for the 
reaction of aryloxysilane [Eq. 3, X = M e O ; A:(Ph6CN/ 

£(CC1 4)=70] is pretty close to that observed for the 
reaction of arylthiostannane with halo-alkane [£(PhCN)/ 
£(C6H e) =ca. 100] in which nucleophilic attack was 
suggested as the mechanism.93) The effect, however, 
appeared substantially smaller for the reaction of 
ethoxysilane (Eq. 1, R = E t ) . The difference in the 
magnitudes of the solvent effects is not clear; may 
perhaps due to difference in charge dereal izat ion in 
the intermediates or in solvations, but both the rates 
in various solvents exhibit clearly linear correlation as 
shown in Fig. 1. The linear correlation (y=0.998) 
would reveal that these two reactions proceed in a 
similar manner i.e., the nucleophilic addition mecha­
nism. T h e nonionic four-center mechanism suggested by 
H a r p p et al.2) has thus been ruled out also for the 
reaction of alkoxysilane (Eq. 1). 

o 
X 
< 

6 V 

4 h 

L 

r 

| THF/ 

i£>CH2Cl 

oecu 

i i 1 — i 

/ 
PhCX O 

P CCl„-PhCN 
/ 1 : 2 

o ccn-PhCN 1 
' 1 : 1 

2 

1 1 1 I 

1 2 3 

*(B)xl0 3 

Fig. 1. Plot of the rates of the reaction A (Eq. 3, X = 
OMe) vs. reaction B (Eq. 1, R = E t ) in various solvents. 

The evidences cited by them in support of their 
mechanism were the solvent effect and the steric effect.2) 
They examined five different solvents but all nonpolar 
ones. They compared their result with that of cheleo-
tropic denitrogenation reaction of a caged diazo 
compound12) in support of their nonionic mechanism. The 
auther claimed that the solvent effect of the reaction of 
alkoxysilane [/j(GH2Cl2)/X:(CeD]12)=9] was pretty close 

TABLE 2. RATES OF THE REACTIONS; Me3SiOC6H4OMe-/> (0.19 mol/dm3) + MeS(0)Cl (0.23 mol/dm3) [A] 

AND MeaSiOEt (0.16 mol/dm3) + PhS(0)Cl(0.20 mol/dm3) [B] IN VARIOUS SOLVENTS AT 36 °Ca> 

Solvent 

CC14 

Tetrahydrofuran 
CH2C12 

CCl4-PhCN (1 : 
CCl4-PhCN (1 : 
PhCN 

l) e ) 

2)o 

Reaction 

k*> 

4.34X10-5 

3.64x10-* 
4.03x10-* 
1.03X10-3 

1.49X10-3 

2 . 9 6 x 1 0 ^ 

[Al b) 

*rel 

1.00 
8.4 
9.3 

24 
34 
68 

k*> 

2.89x10-* 
1.23X10-3 

1.11x10-3 
3.62X10-3 

4.93X10-3 

9 . 2 5 x 1 0 ^ 

Reaction [B] 

*rel 

1.00 
4.3 
3.8 

12.5 
17 
32 

L C) 
rtrel 

I 

5 
— 
— 
— 

a) Hitachi R-20 NMR magnet temperature; not calibrated, b) Reaction A and B are correspond to the reactions shown 
in Eqs. 3 and 1 in the text, respectively, c) Data from Ref. 2 ; initial concentrations were not recorded, d) Second order 
rate in dm3 mol - 1 s -1, e) v/v Mixture. 
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to that of the cheleotropic reaction which was studied 
over a wide variety of solvents and a small solvent effect 
( ^ 15-fold) was noted.2) The effects, however, appeared 
opposite. The rates of the cheleotropic reaction appeared 
no correlation to the solvent polarity; rather accelerated 
in nonpolar solvent (2-Me-heptane) and depressed in 
polar solvent (96% EtOH).1 2) O n the other hand, the 
rates of the reaction of alkoxysilane were apparently 
accelerated in a polar solvent (CH2C12).2) In the present 
study, it was shown to be accelerated more in more 
polar solvent. 

The steric effect of the alkoxy moiety [k(EtO)j 
£(MeO) = 10] indicates that the reaction is sensitive 
to the steric hindrance as they claimed.2) The sensitivity 
to the steric hindrance, however, is also acceptable to 
the steric crowd in the onium intermediate (IV), 
bearing bulky trimethylsilyl group and trigonal bi-
pyramid sulfur functionality. 

o-
Me 3 Si-0 + -S--Ph 

CI 
i 

R 

R = Me, Et, 

IV 

The nonionic four-centered mechanism has been ruled out 
for the reactions of (arylalkoxy)silanes with sulfinyl 
chlorides. None of the bimolecular reactions of this type 
shown in Eq. 2, has been known to proceed via either 
ionic or nonionic four-center transition state which has been 
supported by any evidence. 

Exper imenta l 

Materials. Trimethylphenoxysilane was prepared from 
hexamethyldisilazane (5.0 g) and phenol (4.7 g) in the presence 
of imidazole,2) bp 41 °C/2 mmHg (1 mmHg= 133.332 Pa), 
88% yield. Other aryloxytrimethylsilanes were prepared 
similarly. Methanesulfinyl chloride was prepared by chlorin-
ation of dimethyl disulfide in acetic anhydride,74) bp 38— 
41°C/14mmHg, 84% yield. Benzenesulfinyl chloride was 
prepared from sodium benzenesulfinate and thionyl chloride,7b) 
77 °C/1 mmHg, 95% yield. 

Product Analysis. An equimolar mixture of methanesul­
finyl chloride and trimethylphenoxysilane (10 mmol) in 
dichloromethane (4 ml) was heated at 45 °C for 20 h in a 
sealed tube. The solvent and volatile product were distilled 
off. Only chlorotrimethylsilane was detected in the distillate. 
1H NMR spectrum of the residue was consisted of the signals 
due to the remaining trimethylphenoxysilane and phenyl 
methanesulfinate with trace amounts of impurities which 
probably derived from thermal decomposition of the sulfinate 
ester. Signals were identified by comparing with those of the 
authentic phenyl methanesulfinate prepared from methanesul­
finyl chloride and phenol in the presence of pyridine.13) 
Attempts to isolate the sulfinate from the remaining trimethyl­
phenoxysilane were failed due to its thermal instability. 
Accordingly, the conversion was obtained by integration of 

the NMR signals of the reaction mixture, 70%. Other 
aryloxytrimethylsilanes gave similar results. Substituent, 
reaction conditions, and conversion were: />-OMe, 45 °C 5 h, 
80% ; />-N02, 45 °C 24 h, 50%. 

Kinetics. The procedure is essentially the same as that 
employed for the acyloxyl exchange reaction of acetoxy-
silane.8a) Trimethylphenoxysilane (21 mm3, 0.121 mmol) and 
methanesulfinyl chloride (10 mm3, 0.143 mmol) were dissolved 
in the solvent (600 mm3) and the reaction was monitored by 
following XHNMR trimethyl signals of the starting tri­
methylphenoxysilane (<5 0.27 ppm) and the product, chlorotri­
methylsilane (ô 0.40 ppm) with time. 
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The Nitration of Acylpentamethylbenzenes and 1,3-Diacyltetramethyl-
benzenes Bearing, as the Acyl Components, Pivaloyl, Trichloro-

acetyl, and Tribromoacetyl Groups. Exclusive Attack 
on the Methyl Group at the Most Crowded Site1} 
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When treated with concentrated nitric acid in dichloromethane at room temperature, the title compounds 
undergo an exclusive attack on the methyl group at the most crowded site, giving 6-acyl-2,3,4,5-tetramethylbenzyl 
nitrates, and 2,6-diacyl-3,4,5-trimethylbenzyl nitrates and/or (2,6-diacyl-3,4,5-trimethylphenyl)nitromethanes 
respectively, as the major products. While the predominant mode of the side-chain substitution reactions is 
nitrooxylation for acylpentamethylbenzenes and l,3-dipivaloyl-2,4,5,6-tetramethylbenzene, it shifts to nitration for 
l,3-bis(trihalogenoacetyl)-2,4,5,6-tetramethylbenzenes. Nitrodeacylation is seen to some extent for pivaloyl-
benzenes, but not for trihalogenoacetylbenzenes. The exclusive attack on the methyl group at the most hindered 
position can be explained by a sequence involving the attachment of a nitronium ion at the site meta to the acyl 
group, followed by a proton release from the resulting arenium ion to form a nitromethylenecyclohexadiene inter­
mediate, which is then transformed into the benzylic compounds via a benzyl cation/nitrite anion pair. 

When treated with nitric acid at a low temperature, 
polyalkylated aromatic compounds often suffer the side-
chain substitution to give benzylic compounds in addi­
tion to the normal nuclear substitution products. T h e 
side-chain reaction is characterized by a peculiar 
orientation and high regiospecificity in the products, 
which stand in marked contrast to the ordinary side-
chain substitution occurring through a homolytic 
mechanism. T h e puzzling features of this reaction have 
been a subject of numerous recent studies,2) but its 
mechanism still remains a matter of controversy and 
speculation. Recently, we have made a systematic 
investigation of the nitration of hexamethylbenzene 
and presented the first quantitative data of the product 
distribution; these da ta favor the SVV mechanism, in 
which the side-chain substitution products are formed 
from the methylenecyclohexadiene intermediate through 
the intervention of an ion-pair.3) To obtain further 
information about the character of the reaction, especial­
ly the steric effect of the substituent group on the course 
of the side-chain substitution, a series of acylpenta­
methylbenzenes and l,3-diacyl-2,4,5,6-tetramethyl-
benzenes bearing bulky acyl groups, such as pivaloyl, 
trichloroacetyl, and tribromoacetyl groups, have been 
prepared, and their reactions with concentrated nitric 
acid have been investigated. 

Exper imenta l 

All the melting points were determined on a hot-stage 
apparatus and are uncorrected. The infrared spectra were 
run as Nujol mulls on a Hitachi 215 spectrophotometer, and 
only prominent peaks were recorded. The 1H-NMR spectra 
were measured in chloroform-ö? with a Varian T-60 apparatus 
and a JEOL MH-100 apparatus, using TMS as the internal 
standard, unless otherwise stated. The mass spectra were 
obtained on a Hitachi RMS-4 mass spectrometer, with an 
ionizing current of 70 eV. 

Materials. 1,3-Dipivaloyl-2,4,5,6-tetramethylbenzene (7b) 
was prepared from 1,3-dipropanoylbenzene (6) by repeated 
treatment with potassium f-butoxide and methyl iodide.4) 

Pentamethylpivalophenone (3b). Into a mixture of pivaloyl 

chloride (3.4 g, 28.2 mmol), aluminium chloride (6.5 g, 48.7 
mmol), and carbon disulfide (20 ml), pentamethylbenzene (1; 
5.0 g, 33.7 mmol) in carbon disulfide (15 ml) was stirred 
under ice-salt-bath cooling during the course of 0.3 h. After 
the addition, the brown viscous mixture was stirred for a 
further 0.7 h at room temperature and then decomposed with 
dilute hydrochloric acid. The organic layer was separated, 
the carbon disulfide was removed, and the residual solid 
product was collected by filtration and subjected to chromato­
graphy over silica gel, using hexane as a solvent. The un­
changed hydrocarbon and then the ketone 3b were eluted, 
and the latter was recrystallized from ethanol. White needles, 
mp 129—130 °C. Yield, 2.8 g (42% based on the pivaloyl 
chloride used). 

1,3-Bis (tribromoacetyl) -2,4,5,6-tetramethylbenzene (7d) .5> 
Bromine (8.0 g, 50 mmol) was stirred into a solution of sodium 
hydroxide (8.0 g, 200 mmol) in water (70 ml). The tem­
perature was kept below 10 °C during the addition. To the 
resulting solution, l,3-diacetyl-2,4,5,6-tetramethylbenzene (5; 
1.1 g, 5 mmol) dissolved in benzene ( 15 ml) was added ; the 
mixture was then heated with vigorous stirring at 60 °C, while 
the progress of the reaction was monitored by means of XH-
NMR. After 40 h, a further amount of aqueous sodium 
hypobromite (50 mmol) was added; heating was then con­
tinued for an additional 20 h. The organic layer was then 
separated, washed thoroughly with aqueous sodium hydro-
gensulfite and then water, and dried over magnesium sulfate. 
The solvent was removed, and the residue was recrystallized 
from benzene to give 7d as colorless prisms; mp 195—197 °C. 
Yield, 2.28 g (65%). 

1\3-Bis(trichloroacetyl)-2,4,5,6-tetramethylbenzene (7c) was sim­
ilarly prepared by treating 5 with a large excess of aqueous 
sodium hypochlorite at 60 °G. It was recrystallized from 
benzene to give white needles; mp 138—139 °C. Yield, 
37%. 

Procedures for Nitration of Acylpentamethylbenzenes and 1,3-
Diacyl-2,4,5,6-tetramethylbenzenes. Some typical examples 
are shown below for the nitration of a,oc,oc-trichloropenta-
methylacetophenone (3c) and ],3-bis(trichloroacetyl)-2,4,5,6-
tetramethylbenzene (7c). 

i) : Nitric acid (d=1.5; 0.63 g, 10 mmol) in dichloro­
methane (2 ml) was added to a vigorously stirred suspension 
of 3c (0.50 g, 1.7 mmol) in dichloromethane (4 ml). The 

file:///3-Bis
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mixture was stirred at room temperature for 1.5 h and then 
diluted with water. The organic layer was separated, and 
the aqueous layer was extracted with dichloromethane. The 
combined organic solutions were washed thoroughly with 
water, dried over magnesium sulfate, and evaporated to leave 
a solid residue, which was recrystallized several times from 
hexane to give 4c as white crystals; m p 106—109 °C. Yield 
0.27 g (45%). 

ii) : A suspension of l,3-bis(trichloroacetyl)-2,4,5,6-tetra-
methylbenzene (7c; 1.0 g, 2.35 mmol) in dichloromethane 
(5 ml) was cooled to —10—0 °C, after which fuming nitric 
acid (d=\.5; 1.48 g, 23.5 mmol) was stirred in over a period 
of 5 min. T h e resulting brown mixture was stirred at room 
temperature for 3 h and then diluted with water. T h e 
organic layer was separated and worked up as usual to give a 
light brown, pasty solid, which was then passed through a 
short silica-gel column to obtaine the unchanged substrate 
(0.67 g) and a product mixture (0.151 g). T h e latter was 
then chromatographed on a thin-layer silica-gel plate, using 
hexane as the eluant. Two main bands were scraped off 
from the glass plate and extracted with ether; l,3-bis(tri-
chloroacetyl)-2-nitrooxymethyl-4i5i6-trimethylbenzene (9c; 22 mg, 
6%) was obtained from the fast moving band, and 1,3-bis-
(trichloroacetyl)-2-nitromethyl-5i4fi-trimethylbenzene (8c; 39 mg, 
11%), from the slow moving band. 

In an alternative way, the product mixture was dissolved in 
a minimum amount of pentane, after which the solution was 
kept in a refrigerator for several days. Compounds 8c and 9c 
crystallized out as prisms and needles, respectively and were 
partially separated by hand-picking. 

tained by the similar acylation of 1,2,3,5-tetramethyl-
benzene; after several unsuccessful attempts, it was, 
however, prepared by the exhaustive methylation of 
l,3-dipropanoyl-2,4,5,6-tetramethylbenzene (6) with 
potassium /-butoxide and methyl iodide. oc,a,oc-
Trihalogenopentamethylacetophenones (3c and 3d) and 
1,3 - bis (trihalogenoacetyl) - 2,4,5,6 - tetramethylbenzenes 
(7c and 7d) were obtained following the routes outlined 
in Schemes 1 and 2. T h e halogenation with sodium 
hypohalite of the 2 and 5 ketones proceeded quite slowly, 
and the repeated treatment of partially halogenated 
ketones with a fresh batch of aqueous sodium hypohalite 
was necessary to obtain 7c and 7d in acceptable yields. 
All of these mono- and diketones are well-crystallized 
solids and are poorly soluble in ordinary non-polar 
solvents. 

T h e treatment of acylpentamethylbenzenes 3b—3d 
with an excess of nitric acid (*f=1.5) in dichloromethane 
at room temperature, followed by the chromatography 
of the product over silica gel, gave the corresponding 
6-nitrooxymethyl-2,3,4,5-tetramethylacylbenzenes 4 b — 
4 d in 40—60% yields. T h e characteristic appearance of 
benzylic protons as a pair of doublets at ô 5.0—5.3 and 
5.4—5.5 ppm indicated the presence of a nitrooxymethyl 
group adjacent to the bulky acyl group. Thus , irrespec­
tive of any difference in bulkiness or electron-withdraw­
ing ability, the propensity of the acyl group to direct 
an entering group on the adjacent alkyl side-chain 

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

Acylbenzenes undergo nitration mainly at the 
position meta to the acyl group, as would be expected 
from the deactivating effect of the acyl group. Some 
examples of an acyl group being replaced by a nitro 
group are also well known.6) However, the literature 
so far contains no report on the nitration of fully meth­
ylated acylbenzenes and diacylbenzenes. 

Pentamethylacetophenone (2) reacted slowly with 
concentrated nitric acid in dichloromethane at —5—0 
°G to give a four-component mixture, from which the 
major product was isolated and identified as 6-nitro-
oxymethyl-2,3,4,5-tetramethylacetophenone (4a). O n 
similar treatment, l,3-diacetyl-2,4,5,6-tetramethylben-
zene (5) gave a complex mixture of products, one 
component of which was isolated by T L C and identified 
as 5-nitro-2,3,4,6-tetramethylacetophenone (14). The 
general pattern of the reaction was similar to those 
found in the nitrations of pentamethylbenzoic acid7) 
and pentamethylbenzamide.8) The nitrating agent 
seems to attack the acetyl group partially, making the 
products more complicated and difficult to separate. 

Based on the results obtained from these preliminary 
experiments, we turned to the nitration of the title 
hindered mono- and diketones in order to see if the 
replacement of the acetyl group by a bulky acyl group, 
such as the pivaloyl and trihalogenoacetyl groups, may 
produce any effect on the course of the reaction or the 
product distribution. Pentamethylpivalophenone (3b) 
was obtained by the Friedel-Grafts acylation of penta-
methylbenzene (1) with pivaloyl chloride. 1,3-Dipival-
oyl-2,4,5,6-tetramethylbenzene (7b) could not be ob-
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TABLE 1. PHYSICAL AND SPECTRAL DATA FOR SOME POLYSUBSTITUTED ACYLBENZENES AND 1,3-DIACYLBENZENES 

Compound Mp/°C IR spectra 
^max/cm-1 

!H-NMR spectra 
d/ppm 

Found Calcd 
(%) (%) 

Me 

M e x y \ / C O C X 3 

1 II 
Me/X/ N M e 

Me 

[2] X = H 

[3b] X = M e 

[3c] X = C 1 

[3d] X = B r 

83—85 

129—130 

91—92 

131—133 

1700, 

1690, 

1735, 

1725, 

1300, 1170 

1100,910 

1095, 840, 785 

1090, 910, 795, 740 

COCXg 
M e \ X \ / C H 2 O N 0 2 

I II 
Me / N V / N M e 

Me 

[4a] X = H 100—101 1690, 1615, 1275, 860 

[4b] X = M e 100—101 1690, 1630, 1270, 840 

[4c] X = C 1 

[4d] X = B r 

COCXg 

M e x / \ / M e 
1 II 

M e / W \ N 0 2 

Me 

106—109 

115—117 

1730, 1620, 1270, 1095, 855 
800 

1715, 1630, 1275,850 

[14] X = H 106—108 1690, 1525, 1255, 1155, 840 

[10] X = M e 104—105 1680, 1525, 1090, 920, 850 

COCXg 
I 

M e X / / \ / M e 
I II 

M e ^ X / ^ 0 0 0 ^ 
Me 

[5] X = H 126—128 1695, 1350, 1200 

1690, 1300, 1100,930,910 

1730, 1110,965,850,770 

1720, 1100,950, 780, 730 

[7b] X = M e 166—168 

[7c] X=C1 138—139 

[7d] X = B r 195—197 

COCBr3 

M e \ / \ / M e 
I II 

x / N v / N G O G B r 3 

Me 

[15] X = H 162—165 1730, 1240, 970, 795 

2.07 (s, 2Me), 2.13 (s, 3Me)* 
2.30 (s, MeCO) 
1.17 (s, Me3CCO), 2.02 (s, 2Me),* 
2.15 (s, 2Me), 2.19 (s, Me) 

2.17—2.33 (br. s, 5Me)* 

2.20, 2.23, 2.28 (incompletely* 
resolved, 5Me) 

2.13 (s, Me), 2.23 (s 2Me),* 
2.27 (s, Me), 2.40 (s, MeCO), 
5.32 (s, CH2) 
1.16 (s, Me3CCO), 2.08 (s, Me),* 
2.23 (br. s, 3Me), 5.03 (d, CH2; 
7 = l l H z ) , 5.37 (d, C H 2 ; 7 = 1 1 Hz) 
2.20—2.42 (br. s,4Me), 5.25* 
(d, CH2; 7 = 1 1 . 5 Hz), 5.38 (d, 
CH2; 7 = 1 1 . 5 Hz) 
2.29, 2.33 (incompletely resolved,* 
4Me), 5.35 (d, CH2; 7 = 1 2 Hz), 
5.48 (d, C H 2 ; 7 = 1 2 H z ) 

2.05 (s, Me), 2.15 (s, 2Me),* 
2.18 (s, Me), 2.38 (s, MeCO) 

1.25 (s, Me3CCO), 2.08 (s, Me),* 
2.15 (s, Me), 2.20 (s, 2Me) 

1.98 (s, Me), 2.12(br. s, 3Me),* 
2.35 (s, MeCO) 
1.21 (s, Me3CCO), 1.24 (s, Me3CCO), 
2.00 (s, Me), 2.13 (br, s, 3Me) 
2.23 (s, Me), 2.32 (s, 3Me) 

2.23 (s, Me), 2.40 (s, 2Me), 
2.47 (s, Me) 

c 
H 
C 
H 
C 
H 

82.6 
10.6 
52.9 
5.2 

36.5 
3.5 

82.7 
10.4 
53.2 
5.2 

36.6 
3.5 

C 
H 
N 
C 
H 
N 
C 
H 
N 
C 
H 
N 

61.9 
6.9 
5.5 

65.5 
7.9 
4.5 

44.1 
4.0 
3.9 

32.0 
2.9 
2.7 

62.1 
6.8 
5.6 

65.5 
7.9 
4.8 

44.0 
4.0 
4.0 

32.0 
2.9 
2.9 

C 
H 
N 
C 
H 
N 

65.2 
7.0 
6.3 

68.2 
8.2 
5.2 

65.1 
6.8 
6.3 

68.4 
8.0 
5.3 

C 
H 
C 
H 
C 
H 

79.7 
10.2 
39.5 
2.8 

24.6 
1.8 

79.4 
10.0 
39.65) 

2.9 
24.35) 

1.8 

2.48 (s, 2Me),2.52 (s, Me), 
7.10(s,H a r o m) 

C 23.3 
H 1.5 

23.0 
1.5 
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Compound Mp/°C IR spectra 
^max/cm-1 

1H-NMR spectra 
(5/ppm 

Found 
(%) 

Galcd 
(%) 

[16] X = N 0 2 215—217 1715, 1525, 1240, 790, 760 

COGX3 

M e x / X / C H 2 Y 

Me/X^^GOGXa 

Me 
[9b] X = M e , 143—145 

Y = O N 0 2 

1685, 1635, 1280, 845 

[9c] X=G1, 93—95 1735, 1625, 1270, 840 
Y = O N 0 2 

[9d] X=Br , 163—165 1730, 1615, 1270, 855 
Y = O N 0 2 

[8b] X = M e , 177—178 1690, 1560, 1300, 1090, 940 
Y = N 0 2 

[8c] X=C1 , 217—220 1740,1565,1310,1110,970, 
Y = N 0 2 805, 780 

[8d] X=Br , 199—202 1730, 1565, 1310, 1095, 960, 
Y = N 0 2 775, 730 

2.40 (s, 2Me),2.53 (s, Me) 

1.22 (s, Me3CCO), 1.25 (s, Me3GCO), 
2.17 (s, 2Me), 2.21 (s, Me), 5.00 (d, 
CH2; 7 = 1 1 Hz), 5.06 (s, CH2), 5.15 
(d, CH2; J = 11 Hz) 
2.30 (s, Me), 2.37 (s, 2Me), 5.24 (d, 
GH2; 7 = 1 2 Hz), 5.31 (s, CH2), 
5.43 (d, C H 2 ; 7 = 1 2 H z ) 
2.33 (s, Me), 2.45 (s, 2Me), 5.37 (d, 
C H 2 ; 7 = 1 2 H z ) , 5 .47(s ,CH 2 ) , 
5.68 (d ,CH 2 ; 7 = 1 2 Hz) 
1.23 (s, Me3CGO), 1.27 (s, Me3CGO), 
2.00 (s, Me), 2.12 (s, 2Me), 5.13 
(br. s, CH2) 
2.33 (s, Me), 2.38 (s, 2Me), 5.38 
(d, CH2; 7 = 18 Hz), 5.42 (s, CH2), 
5.51 (d, G H 2 ; 7 = 1 8 H z ) 
2.33 (s, Me), 2.45 (s, 2Me), 5.43 
(d, CH2; 7 = 1 7 Hz), 5.64 (s, CH2), 
5.86 (d, C H 2 ; 7 = 1 7 H z ) 

G 22.0 21.6 
H 1.3 1.3 
N 2.0 1.9 

G 
H 
N 

C 
H 
N 
C 
H 
N 
G 
H 
N 
G 
H 
N 
G 
H 
N 

66.4 
8.3 
3.5 

34.5 
2.2 
2.4 

22.4 
1.5 
1.5 

69.2 
8.5 
4.0 

35.9 
2.4 
2.9 

23.2 
1.5 
1.7 

66.1 
8.0 
3.9 

34.6 
2.2 
2.8 

22.3 
1.4 
1.8 

69.1 
8.4 
4.0 

35.8 
2.4 
3.0 

22.8 
1.5 
1.9 

* Determined in carbon tetrachloride. 

was maintained through the whole series of four acyl-
pentamethylbenzenes 3a—3d. Nitrodeacylation was 
observed to some extent with pivalophenone, 7b , but 
not at all with a,oc,a-trihalogenoacetophenones, 7c and 
7d. By similar treatment, l,3-dipivaloyl-2,4,5,6-
tetramethylbenzene (7b) gave 2,6-dipivaloyl-3,4,5-tri-
methylbenzyl nitrate (9b) as a side product (10—20%), 
in addition to the expected nitrodeacylation product, 
5-nitro-2,3,4,6-tetramethylpivalophenone (10). Only 
the methyl group, flanked on both sides by bulky 
pivaloyl groups, suffered side-chain nitrooxylation. 
Those results, together with those obtained from the 
nitration of acylpentamethylbenzenes, 3b—3d, present 
a striking contrast to the ordinary aromatic substitutions, 
which are quite sensitive to the bulkiness of the sub­
stituent groups. 

T h e action of nitric acid upon the diacyl compounds, 
7c—7d, afforded a mixture of (2,6-diacyl-3,4,5-tri-
methylphenyl) nitromethanes, 8c—8d, and 2,6-diacyl-
3,4,5-trimethylbenzyl nitrates, 9c—9d; the yields, as esti­
mated from the 1 H - N M R peak integration, were 40—45 
% and 20—25%, respectively, based on the unrecovered 
starting materials. With these halogeno-ketones, no 
nitrodeacylation was observed. T h e methyl group 
between two bulky acyl groups was exclusively attacked 
again. I n these cases, however, the major mode of the 
side-chain reaction changed from nitrooxylation to 
nitration. Such a marked change produced by a slight 
modification of the substituent groups was unexpected, 
and we can find no parallel previously in the reported 
literature. 

At room temperature the benzylic protons of the 

tra««-lsomer 

73 °C 100 °C 

A 
Fig. 1. Selected variable temperature 1H-NMR signals 

(100 MHz) for benzylic protons of eisjtrans isomers of 
2,6-bis(tribromoacetyl)-3,4,5-trimethylbenzyl nitrate 
(9d) in o-dichlorobenzene. 

nitrates, 9b—9d and nitromethanes, 8c—8d, appear as 
a peak cluster consisting of one double doublet signal 
and one singlet signal in the 1 H - N M R spectrum (Table 
1). I n the high-temperature spectrum, however, this 
peak cluster converges into a new single peak which 
occurs at the average position of the corresponding 
peaks in the low-temperature spectrum, indicating that 
these nitrates and nitromethanes exist in a pair of stable 
conformations resulting from the cisftrans isomerism due 
to restricted rotation about carbonyl groups. A variable-
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[8] 

COCX, 

M e v ^ ^ C H 2 O N 0 2 

Me 
Me 

[9] 

Ncocx, 

Scheme 3. 

temperature ] H - N M R spectrum of the 9d nitrate is 
shown in Fig. 1. Clearly, at room temperature and 
below 9d exists in the form of eis/trans isomers, the ratio 
of which is estimated to be 2.6 from the peak-area 
integration. T h e details of this interesting isomerism 
will be described elsewhere. 

An examination of the C P K molecular models of the 
7b—7d ketones indicates the difficulty of a direct 
attack by a solvated electrophile on a methyl group 
flanked on both sides by bulky acyl groups. Thus , the 
nitration and nitrooxylation occurring exclusively on 

the methyl group at the most crowded site can be 
explained by the indirect sequence depicted in Scheme 
3 : an ipso attack of a nitronium ion on the most reactive 
ring site of 7 to form the arenium ion (11) is followed 
by a proton release from the activated methyl group 
para to the site of attack to give the triene (12), which 
is then transformed into the benzylic compounds, 8 
and 9 via the assumed ion-pair (13) .3> 

The authors wish to thank Dr. Tetsuo Ohtsuki of 
Kyoto University for measuring the variable-tempera­
ture 1 H - N M R spectra of hindered ketones described 
herein. 
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Synthesis and Reactions of Perylenecarboxylic Acid Derivatives. VIII. 
Synthesis of iV-Alkyl-3,4:9,10-Perylenetetracarboxylic 

Monoanhydride Monoimide 
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The condensations of 3,4 : 9,10-perylenetetracarboxylic dianhydride with alkylamines (isobutyl-, pentyl-, 
hexyl-, and octylamines) were spectroscopically determined. Under all of the reaction conditions employed, 
JV-alkyl-3,4 : 9,10-perylenetetracarboxylic monoanhydride monoimide (2a—d) (alkyl=a; isobutyl, b ; pentyl, 
c; hexyl, d; octyl) were obtained. As the reaction proceeded, the yield of 2a—d increased at an initial stage but 
decreased gradually after reaching a maximum. This maximum yield of 2a—d was: 2a; 85—88%, 2b; 85—89%, 
2c; 78—84%, 2d; 79—85%. The kinetics of the reaction were also examined. 

In general, 3,4 : 9,10-perylenebis(dicarboximide) de­
rivatives are synthesized by the condensation of 
3,4 : 9,10-perylenetetracarboxylic dianhydride (1) with 
amines,1-4) and have excellent resistance to light, heat, 
and solvents. Some of them are used as dyes or pigments. 
In previous papers5'6* we described the preparation of 
unsymmetrical 3,4 : 9,10-perylenebis(dicarboximide)s 
having different substituents on N and N ' atoms by the 
reaction of 3,4 : 9,10-perylenetetracarboxylic monoan­
hydride monoimide (2), which was prepared by the 
condensation of 1 with an alkylamine, with arylamines. 
In the condensation of 1 with alkylamines, higher 
alkylamines appeared to be favorable for the formation 
of 2. This suggests a possibility of selective formation 
of 2 in the condensation of 1 with amines by using 
higher or branched alkylamines. In this paper, we 
report the formation of 2 from isobutyl-, pentyl-, hexyl-, 
and octylamines and the kinetical study of the reaction 
by spectroscopic techniques. 

1 2a~d 3a~d 

R = a; GH2GH(GH3)2, b ; (GH2)4GH3, c; (GH2)5GH3, 

d; (GH2)7GH3 

Exper imenta l 

Materials. 1 was supplied by BASF. Isobutyl-, 
pentyl-, hexyl-, and octylamines were obtained commercially. 

Preparation ofN-Alkyl-3,4 : 9,10-perylenetetracarboxylic Monoan­
hydride Monoimide (2a—d) andN,~N'-Dialkyl-3,4 : 9,10-perylene-
bis(dicarboximide) (3a—d). 2a—d: Into a solution of 
an amine in an appropriate solvent was added 1 with stirring 
at a definite temperature. The mixture was stirred vigorously 
for an appropriate reaction time. The reaction conditions 
for each reaction are given in Table 1. The reaction mixture 
was acidified with 10% hydrochloric acid, and the precipitate 
formed was filtered, washed with water to remove amine, 
dissolved in 1% hot potassium hydroxide, and filtered to 
remove insoluble precipitates of 3a—d. The soluble material 
which remained in the precipitate was again dissolved in 1% 
hot potassium hydroxide. The combined filtrate was heated 
again to dissolved the precipitate which had formed in cooling, 
and filtered to remove the small amount of the floating 

precipitate of 3a—d which had passed through the filter. 
To the filtrate was added potassium chloride until 10% 
concentration, and the precipitated potassium salt of 2a—d 
was filtered. The solid was dissolved in water and acidified 
with 10% hydrochloric acid, and the precipitate formed was 
filtered, washed with water, and dried to yield 2a—d. 

3a—d : 3a—d was prepared by the treatment of 1 with a 
corresponding amine solution at 200 °G for 10 h in an 
autoclave. Unreacted 1 and 2a—d were dissolved in hot 
1% potassium hydroxide solution and removed from the 
precipitate of 3a—d. 

IR, visible spectra, mass spectra, and analysis data are 
given in Table 2. Samples for elementary analysis were 
obtained by a sublimation at 300—350 °G/3—5 mmHg. 

Condensation of 1 with Amines. To a flask containing 1 
0.50 g (1.27 x 10-3mol) and 30 ml solvent (isobutyl- and 
pentylamines; water, hexyl- and octylamines; water : 1-
propanol=2 : 1 and 1:1) , and maintained at the optimum 
temperature in a thermostat was added an amine solution 
20 ml (optimum amine was dissolved in the same solvent) 
maintained at the same temperature with stirring. The 
reaction mixture showed a complicated suspension and not 
a homogeneous solution. This was stirred vigorously to 
maintain a homogeneous solution. Samples were collected 
at regular intervals and acidified with 10% hydrochloric acid. 
The precipitate was centrifuged, dried, and dissolved in 95% 
sulfuric acid, and the absorbances were measured. The 
composition of the reaction mixture were calculated from the 
absorbances. The optimum wavelengths (510 nm and Amax 

of 2a—d and 3a—d) for the determination were decided 
from the standard 95% sulfuric acid solution of 1, 2a—d, and 
3a—d. 

Measurements and Calculations. Paper Chromatography: 
Samples were dissolved in 1 % potassium hydroxide or DMSO, 
placed on the paper, and developed by a mixture of equal 
volumes of 1-butanol, pyridine, 28% ammonia, and water. 

The composition and rate ratio (K) were calculated using 
an IBM 370 computer. Mass spectra were recorded on a 
Hitachi RMU-7M mass spectrometer. Visible spectra were 
recorded on a Hitachi 124 spectrometer for solutions in 
coned sulfuric acid, and IR spectra on a Nippon Bunko 
IR-E spectrometer. 

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

Preparation of 2a—d and 3a—d. Table 1 gives 
the reaction conditions, and the yields of 2a—d and 
the by-product 3a—d. The analytical and spectral 
da ta for 2a—d and 3a—d are given in Table 2. Amax 
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TABLE 1. REACTION CONDITIONS FOR THE PREPARATION OF 3,4 : 9, 10-

PERYLENETETRACARBOXYLIC MONOANHYDRIDE MONOIMIDE (2A D) 

R 

CH2CH(CH3)2 « 

(CH2)4CH3 

(GH2)6CH3 

(CH2)7CH3 

Amine 

concn 
mol/1 

i (0.204) 
(0.304) 
(0.204) 

1 (0.306) 
r (0.204) 

(0.306) 
(0.204) 

I (0.306) 
(0.306) 
(0.306) 

(RNH2) 

ml 
50a) 

50a) 

100a> 
100a) 

50a) 

50a> 
100a> 
100a> 
l00b) 

100c> 

1 
g 

0.500 
0.500 
1.00 
1.00 
0.500 
0.500 
1.00 
1.00 
1.00 
1.00 

Temp 

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 

Time 
min 

220 
210 
220 
210 
210 
180 
210 
180 
420 
420 

Yield/% 

2a—d 

80 > 
80 
80 
80 , 
85 , 
84 
85 
84 ; 
73 
75 

-

2b 

2c 
2d 

3a—d 

9 i 
9 

10 
10 J 
11 ï 
13 
9 

12 J 

3a 

3b 

15 3c 
15 3d 

a) Solvent; H aO. b) Solvent; H 2 0 : «-PrOH=2 : 1. c) Solvent; H a O : n-PrOH=l : 1. 

TABLE 2. ANALYTICAL AND SPECTRAL DATA FOR 3,4 : 9,10-PERYLENETETRACARBOXYLIC 

MONOANHYDRIDE MONOIMIDE (2a—d) AND 3,4 : 9,10-PERYLENEBIS(DICARBOXIMIDE) (3a—d) 

2a—d and 3a—d R 
Found (Calcd) % 

C 

74.77 
(75.16 
75.41 

(75.48 
75.26 

(75.78 
76.32 

(76.33 
76.41 

(76.48 
77.45 

(76.96 
77.31 

(77.40 
77.51 

(78.15 

H 

3.65 
3.83 
3.84 
4.12 
4.19 
4.45 
4.99 
5.00 
5.02 
5.21 
5.60 
5.70 
5.98 
6.13 
6.50 
6.89 

N 

3.09 
3.13) 
3.81 
3.04) 
3.06 
2.98) 
2.98 
2.78) 
5.51 
5.57) 
5.11 
5.18) 
4.96 
5.01) 
4.70 
4.56) 

JSg' /nm 
IR(KBr)yc=0/cm-

Anhydride Imide 

MS/(m/0 
(M+) 

2a CH2CH(CH3)2 

2b (CH2)4CH3 

2c (GH2)6CH3 

2d (CH2)7CH3 

3a CH2CH(CH3)2 

3b (CH2)4CH3 

3c (CH2)5CH3 

3d (GH2)7GH3 

581 

580 

580 

580 

599 

598 

598 

598 

1767 
1725 
1768 
1727 
1765 
1725 
1765 
1725 

1693 
1650 
1695 
1654 
1690 
1650 
1690 
1650 
1691 
1652 
1693 
1651 
1695 
1655 

1690 
1650 

447 

461 

475 

503 

502 

530 

558 

614 

TABLE 3. THE MAXIMUM YIELDS OF 3,4 : 9,10-PERYLENETETRACARBOXYLIC MONOANHYDRIDE MONOIMIDE (2a—d) 

Amine (RNH2) 

R 

Temp 
°C 

Mole ratio of amine; Amine/1 

The maximum yields of 2a—d/% (The reaction time/min) 
4 6 8 10 12 14 24 

CH2CH(CH3)S 

(CH2)4CH3 

(CH2)5CH3 

(CH2)7CH3 

40 

60 

60 

60 

83 
(3600) 

82 
( 420) 

84 
( 630) 

85 
( 480) 

86 
(1800) 

85 
( 260) 

84 
( 660) 

85 
( 540) 

85 
(1380) 

84 
( 180) 

81 
( 480) 

84 
( 480) 

88 
(1140) 

88 
( 180) 

78 
( 340) 

84 
( 350) 

82a> 
( 690) 

87 
( 180) 

78 
( 340) 

83 
( 300) 

87 
( 720) 

89 
( 120) 

77 
( 320) 

82 
( 300) 

88 
( 320) 

69 
( 75) 

71 
( 190) 

79 
( 210) 

1; 1.27 X 10-3 mol/50 ml. a) The maximum yields have not been reached. 

in visible spectra of 9 5 % coned sulfuric acid solution is 
580—581 n m for 2 a — d and 598—599 n m for 3a—d. 
JV-Alkyl substituents in 2 a — d or 3 a — d caused no 
significant difference in the 2 m a x . I R spectra indicate 
that Î>C=O of anhydride and imide both exist in 2a—d, 
and only vc=o of imide exists in 3a—d. Mass spectra 

showed the corresponding molecular ion peak. 
Condensation of 1 with Amine. In the reactions at 

40—80 °G, the reaction mixture, after the amine was 
removed, has been proved to give no other products 
than the 2a—d and 3 a — d by paper chromatography. 
T h e molar ratios, CA /(CA+CM-fCx), C „ / ( C A - f C M - f d ) , 
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240 

Reaction time/min 

Fig. 1. Reaction of 3,4: 9,10-perylenetetracarboxylic di-
anhydride (1) with isobutylamine. 
1; 1.27 X 10-3 mol/50 ml H 2 0 , temp; 60 °G, mole ratio 
(amine/1) ; 10. Q; 3,4: 9,10-Peryleneteracarboxylic 
dianhydride (1), A î N-Isobutyl-3,4: 9,10-perylenetetra­
carboxylic monoanhydride monoimide (2a), • ; N,N'-
Diisobutyl-3,4: 9,10-perylenebis(dicarboximide) (3a). 

C I / ( C A + C M + C I ) , were determined by spectrometry, 
where CA, CM, a n d Ci are the concentrations of 
1, 2a—d, and 3a—d, respectively. Figure 1 shows a 
typical time-conversion curve showing that the reaction 
proceeded in successive manner . The maximum yields 
of 2a—d on the time-conversion cuves, at the best 
temperature, are given in Table 3 for the reactions 
at 40—80 °C. Lower temperatures were favorable for 
selective preparation of 2c and 2d. 

Plots of ln(CA/CAo), where CAo is the initial concentra­
tion of 1, vs. time were linear, and the rate constants 
kx for the reaction of 1 to 2a—d, were calculated from 
the slopes. Then the rate ratios K(=k2lk1)9 where k2 

is the rate constant of 2a—d to 3a—d were calculated 
from Eq. 1.5> Most of the K values in each reaction 
were constant. These results indicated that the reaction 
followed a pseudo first order process of 1—>2a—d—> 
3a—d. 

GM/GA0 = { 1 / ( 1 - * ) H ( C A / C A 0 ) * - (GA/GA0)} (1) 

Figure 2 shows the variation of the maximum yield 
of 2a—d and K with the number of carbon atoms in 
amine. As the number of carbon atoms in amine 
increases, the maximum yields of 2 increase in the 
reaction of 1 with methyl-, ethyl-, propyl-, and butyl-
amines.5) Though there is an increasing of the maximum 
yields of 2 a — b in isobutyl- and pentylamines, it is 
followed by an approximately constant in hexyl- and 
octylamines. It also indicate the pseudo first order 
reaction that the small K value increase the maximum 
yields of 2a—d. 

Figure 3 shows the variation of kx with the number of 
carbon atoms. This result shows that kx decreases with 
an increasing of the number of carbon atoms in all 
amines except octylamine. The reactions with methyl-, 
ethyl-, propyl-, and butylamines gave a similar results.5) 

Lower kx in isobutylamine shows that the steric hin­
drance of alkyl group affects this reaction. The mixture 

4 5 6 7 8 

Number of carbon atoms in amine 

Fig. 2. Variation of the maximum yields of 3,4: 9,10-
perylenetetracarboxylic monoanhydride monoimide (2a 
—d) and K with the number of carbon atoms in amine. 
1; 1.27 X 10~3 mol/50 ml solvent, temp; 60 °C, mole 
ratio (amine/1); 4. The maximum yields of 2a—d: 
O ; butyl-, pentyl-, hexyl-, and octylamines, A î isobut­
ylamine. K: 0 ; butyl-, pentyl-, hexyl-, and octyla­
mines, ±; isobutylamine. 

Number of carbon atoms in amine 

Fig. 3. Variation of kx with the number of carbon atoms 
in amine. 
1; 1.27X 10-3 mol/50 ml solvent, temp; 60 °C. Mole 
ratio (amine/1): 4: O» butyl-, pentyl-, hexyl-, octyl­
amines, £ ; isobutylamine. 10: A ; butyl-, pentyl-, 
hexyl-, octylamines, J^; isobutylamine. 24: • ; butyl-, 
dentyl-, hexyl-, octylamines, • ; isobutylamine. 

of water and propanol was used for the solvent in the 
reaction with hexyl- and octylamines because of their 
poor solubility in water. T h e n the solvent effects have 
to be considered in these amines: the increasing kx in 
octylamine is explained as the effect of the solvent. 
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Catalysis of Metal(II) Acetate-2,2'-Bipyridine Complexes in the 
Aldol Condensations 
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The rate of the condensation of benzaldehyde with excess acetophenone catalyzed by Go(II) acetate-2,2'-
bipyridine complex was obtained by GLG analysis. The rate increased in proportion as the amount of the complex 
catalyst. 2,2'-Bipyridine ligand in the Go(II) complex enhanced the catalytic activity remarkably, though the 
ligand itself had no activity. When the molar ratio of Go(II) : bpy was 1 : 1 or 1 : 2, the highest activity was 
observed. The activation energy of the complex (1 :1 ) catalyzed reaction was calculated as 13.7 kcal/mol. The 
catalysis of the complex behaved like a base catalyst. Briefly, the relation of the complex catalyzed aldol con­
densations with the enzymatic reaction of Glass II aldolase is also described. 

The aldol condensation reactions are generally 
catalyzed by strong acids or bases. In preceding paper, 
we have reported that many kinds of the condensation 
are catalyzed by metal(II) complexes under neutral 
conditions and afford only cross condensation products, 
a,/?-unsaturated ketones, in satisfactory yields.1,2) The 
potent catalysts are complexes of 2,2'-bipyridine (bpy) 
and the first-row transition metal acetates, particularly 
Co(II) , Ni ( I I ) , Cu( I I ) , and Zn( I I ) , and D M F is an 
excellent solvent. 

In this paper, we describe the kinetics of the condensa­
tion of the benzaldehyde with acetophenone in D M F 
containing Co(OAc) 2 -bpy complex and features of 
M(II )ace ta te-bpy complex. As this study might be 
connection with the catalysis of Class I I aldolase 
governing the aldol condensation in microorganism, 
some considerations are also described briefly. 

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

Catalytic Behavior of the Metal(II) Complexes. In 
order to examine the catalytic behavior of the metal 
complexes in the reaction, the condensations of benzal­
dehyde with acetophenone (excess) in the presence of 
Co(OAc) 2 -bpy complex were carried out. In the 
case of this reaction system, dehydration of the addition 
product occurred immediately to give l,3-diphenyl-2-
propen-l-one(chalcone) without any by-product. The 
yields of chalcone were determined by GLC analysis. 

o o o 
II n Co(OAc) 2 -bpy || 

PhCH + CH3CPh • PhCH=CHCPh 
D M F 

(Chalocone) 
The correlation of the yield(%) with reaction time was 
observed as a curve line shown in left hand of Fig. 1 
which is a typical example. The In plot of (a—x) (a: 
initial concentration of the aldehyde, x : concentration 
of the chalcone produced) versus reaction time was 
shown as a straight line (right hand in Fig. 1). This 
meant the first order reaction for the concentration of the 
aldehyde used. The observed rate constant (k'0bSd) w a s 

calculated from the slope. Thus similar reaction profile 
was observed in other examples as mentioned below, 
and therefore, these rate constants were compared to 
elucidate the catalytic activity. 

Firstly, the dependence of k'ohsd on the concentration 
of the complex was examined. The reaction and the 

- 1 . 6 

-2.0 

ff-2.4 

-2.8 U 

-3.2 h 

Time/103 s Time/103 s 

Fig. 1. Reaction profile of the aldol condensation 
catalyzed by Co(OAc)2-bpy(l : l)complex in DMF at 
82 °G. [catalyst] = 0.008 mol/dm3, [benzaldehyde] = 
0.2 mol/dm3, [acetophenone] = 4 mol/dm3. 
a : Initial concentration of the aldehyde, x : concentra­
tion of the chalcone produced. 

catalyst used were similar to that mentioned above, and 
the concentrations of the catalyst employed were 8 
mmol/1, 4 mmol/1, and 2 mmol/1 to that of the aldehyde 
200 mmol/1. The £ ' o b s d x 105 (s"1) were 12.3, 2.66, and 
0.65, respectively, and the reaction rate was dependent 
apparently on the concentration of the complex catalyst. 
Thus , it has been shown that Co( I I ) -bpy complex has 
worked as true catalyst in this reaction. 

Next, the effect of the molar ratio of bpy to the Co (II) 
on the catalytic activity was examined in the similar 
reaction as was shown in Table 1. According to the 
table, it was observed that the activities increased with 

TABLE. 1 EFFECT OF THE MOLAR RATIO OF bpy TO GO (II) 

ON THE RATE CONSTANTS OF THE ALDOL CONDENSATION1 0 

cat= 
(bpy). 
Co(II) ' obsd ' 105/s-

n=0 
n=0.5 
n=\ 
n=2 
n=3 

1.26 
4.83 

12.3 
10.9 
2-65 

a) The reaction of benzaldehyde with acetophenoneb) was 
carried out in DMF at 82 °G. b) [cat] = 0.008 mol/dm3, 
[aldehyde] = 0 . 2 mol/dm3, [ketone]=4 mol/dm3. 
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an increase in the amount of bpy to a certain extent. 
When the molar ratio was n=l or n = 2 , the highest 
activity was observed. However, when the molar ratio 
increased to w = 3 , the activity decreased remarkably. 
The suppressed reaction can be explained in terms of 
that the molar ratio of n = 3 is enough amount to occupy 
the residual vacant coordination sites in Co (II) and that 
bpy as bidentate ligand can coordinate to Co(II) more 
easily than the substrates as monodentate ligand. 
Therefore, the assumption may be made that the reac­
tion proceeds via a mixed ligand complex between the 
substrates and Co(II)-bpyM complexes. 

Furthermore, the effect of the reaction temperature 
on the reaction was examined in the similar reaction 
mentioned above. As the result, the k'ohsdxl05 (s -1) 
were 1.27 at 62 °C, 2.53 at 72 °C and 12.3 at 82 °C, 
respectively. Thus , the correlation of the log k'obsd and 
three different reaction temperatures was shown as a 
straight line in Fig. 2 and the activation energy was 
calculated as 13.7 kcal/mol. 

- 3 . 8 

- 4 . 0 

-i.i 

-4.8 

\ o 

L _ 

o\ 

I -J L^J 
2.85 2.90 2.95 3.00 

T-V10-3 K-1 

Fig. 2. Arrhenius plot for the aldol condensation of 
benzaldehyde with acetophenone catalyzed by Co-
(OAc)2-bpy(l: 1) complex. 
[cat.] = 0.008 mol/dm3, [aldehyde] =0.2 mol/dm3, [ke­
tone] = 4 mol/dm3 in DMF. 

Effects of Kind of the Ligand. T h e complex 
catalyzed aldol condensations are largely affected by 
the kind of ligand in the complex, and such ligand as 
bpy or 1,10-phenanthroline is fairly effective to give 
the reaction products in high yield.2) Therefore, the 
effects of ligands on the catalytic activity of the Co(II) 

TABLE 2. LIGAND EFFECT ON THE RATE CONSTANTS 

OF T H E ALDOL CONDENSATION 

Cat1 *'obsdXl05/s-

Co(II) 
Co(II)-bpy 
Co(II)-en 
Co(II)-4-dm-bpy 
Go(II)-6-dm-bpy 
Mn(II)-bpy 

1.26 
12.3 

1.41 
1.49 
0.33 
0.85 

a) The reaction of benzaldehydeb) with acetophenoneb) 

was carried out in DMF at 82 °C. b) [cat] = 0.008 mol/ 
dm3, [aldehyde] = 0.2 mol/dm3, [ketone] = 4 mol/dm3. 
c) The molar ratio of the ligand molecule to anhydrous 
Co (II) acetate is 1. 

complexes were examined in detail at 82 °C in the 
similar reaction system mentioned above. The k'ohsd 

of the reactions catalyzed by Co(I I ) -L(bpy , en, 4-dm-
bpy, and 6-dm-bpy) complexes and by Co(OAc) 2 

itself are shown in Table 2. 
It is observed that the catalytic activity of Co( I I ) -bpy 

complex in the reaction increases remarkably in com­
parison with the A;'obsd of Co(OAc)2 , while bpy itself 
has no catalytic activity at all. The activity of C o ( I I ) -
ethylenediamine(en) complex is almost similar to that 
of Co (OAc) 2. T h e effect of 4,4'-dimethyl-2,2 '-bipyridine 
ligand(4-dm-bpy) containing methyl groups as electro-
donative substituent is surprisingly low. Furthermore, 
6,6'-dimethyl-2,2'-bipyridine ligand (6-dm-bpy) deac­
tivates the catalytic activity of the complex extremely 
probably owing to steric hindrance of the ligand 
molecule to the reaction. With regard to the enhanced 
effect of 2,2'-bipyridine on the metal complex catalysts, 
seveal studies on other organic catalytic reactions were 
already reported.3) According to their accounts, the 
net plus charge of M(I I ) will increase by jr-back dona­
tion of M(I I ) to 2,2'-bipyridine in the complex, then 
the resulting enhanced coordination force of substrates 
to M (I I) naturally accelerate the reactions. The ligand 
effects on the aldol condensations are also explainable 
by the similar rc-back donation between M( I I ) and bpy. 
Table 2 also shows low catalytic activity of M n ( I I ) - b p y 
complex in comparison with that of Co (II)-bpy complex. 
I t is assumed that this result is due to the different 
stabilities of general complexes in Irving-Williams 
series.4) 

The Feature of the Catalysis. In order to show a 
feature of the complex catalysts, two different reactions 
catalyzed by the complex catalyst were investigated. 
One example is the condensation of benzaldehyde with 
2-butanone. It was known that the base-catalyzed 
reaction gave, preferentially, the condensation product 
at Cx of the ketone, while the acid-catalyzed reaction 
occurred preferentially at C3.

5) In our reaction system 

O O 

PhCH + CH3CCH2CH3 —I 

O 

PhCH=CHCCH2CH3 

(CO 

o 
PhCH=C(CH3)CCH3 

(G.) CV. C3 = 96: 4 

with Co(OAc) 2 -bpy complex, the regioselective conden­
sation product at Opposition was obtained in high yield 
as well as that with base catalysts. 

Another reaction, the decomposition of 4-hydroxy-4-
methyl-2-pentanone, which has been also known to 
take place only by the use of base catalysts,6) was 
examined in the presence of Zn(OAc) 2 -bpy ( 1 : 1 ) 
complex in the N M R tube. It was observed that the 
reaction proceeded smoothly as follows : 

OH O O 
I H Zn(OAc)a-bpy || ^ 2 C H 3 C C H 3 

70 "C, 90 min 

(52%) 
These findings show that the complex catalysts behave 

as a base catalyst. Both reactions do not commonly 

CH3CCH2CCH3 

CHa 
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proceed in the presence of bpy itself. Accordingly, it is 
assumed that the basic function in the complex catalyst 
is not by bpy ligand but by the counter ion, AcO~, of 
the metal salts. I t is widely recognized that the metal 
ion is considered as an acid and the counter ion is 
considered as a base. 

Consideration of the Reaction Process. I t has been 
known that enolization of ketone is the first stage in the 
aldol condensation catalyzed by acid or base.5) In our 
reaction system with M ( I I ) - b p y complexes, H-D 
exchange reaction of acetophenone with deuterium 
oxide in the presence of Zn(OAc) 2 -bpy catalyst was 
carried out in order to ascertain the formation of enolate 

O 

PhCCH, 

OH 
Zn(II)-bpy | 

• PhC=CH2 
70°C, 18 h 

D 2 0 o 
PhCCHnD3_n 

(57%) 

anion. The reaction was remarkably catalyzed and 
the ratio of H-D exchange was 5 7 % determined by 
N M R . When bpy itself was used, however, the reaction 
did not proceed. 

At the second stage, it has been known that the 
reaction of aldehyde with the enolated ketone affords 
/^-hydroxy ketone (aldol type product) . However, the 
compound is easily dehydrated to give <x,ß-unsaturated 
ketone. In order to ascertain the formation of the aldol 
type product, the condensation of benzaldehyde with 
acetone in the place of acetophenone was carried out 
in the presence of Co( I I ) -bpy complex (1 : 1) at 80 °C 
in D M F for 3 h. The reaction gave yellow oil that was 
analyzed by ^ - N M R and GC-MS spectra, and two 
kinds of product, 4-hydroxy-4-phenyl-2-butanone(l) 
and benzylideneacetone(2) were determined as follows: 

O O 

PhCH + CH3CCH3 
Co(II)-bpy 

DMF, 80 °C, 3 h 

OH O O 

PhCHCH2CCH3 + PhCH=CHCCH3 

1 2 

25<y 
NMR: 2.10(CH3) 

MS: 164 (M+) 

11% 
:2 .28(CH 3 ) 
: 146 (M+) 

When the similar reactions were carried out for longer 
time, it was observed that the yields of 1 decreased with 
the increasing yields of 2. Consequently, it was assumed 
that the reaction afforded the product 1 in the first 
instance which was succesively dehydrated to give the 
product 2 as well as acid or base catalyzed reaction. 

Consideration of Coordination. A coordination of 
aldehyde to the metal ion was examined by absorption 
spectroscopy. A solution of nicket(II) acetate in D M F 
showed an absorption maximum at 430 nm as shown in 
Fig. 3. When bpy was added to this solution, an absorp­
tion maximum appeared at 630 nm, which was at­
tributed to the d-d band of N i ( I I ) -bpy chelation. When 
benzaldehyde was added to this solution of N i ( I I ) -bpy 
complex, the absorption maximum at 630 n m shifted 
to 622 nm. The fact might suggest that the carbonyl 
oxygen atom of aldehyde entered the first coordination 
sphere of Ni( I I ) . While, no similar shift was observed 
by addition of acetophenone to the N i ( I I ) -bpy system. 

j'/nm 

Fig. 3. Electronic absorption spectra of nickel (II) 
acetate-bpy-benzaldehyde and nickel (II) acetate-
bpy-acetophenone complexes in DMF. [Ni(OAc)2] = 
0.060 mol/dm3, [bpy] = 0.060 mol/dm3, [aldehyde] = 
0.075 mol/dm3, [ketone] = 0.075 mol/dm3. 

: Ni(OAc)2 (Amax430nm), : Ni(OAc)2-bpy 
(Amax 630 nm) and Ni(OAc)2-bpy acetophenone (Amax 

630 nm), : Ni(OAc)2-bpy-benzaldehyde (Amax 

622 nm). 

Since acetophenone was enolized by M ( I I ) - b p y 
complex, the interaction between acetophenone and 
M ( I I ) seemed to be extremely weak. In other words, 
the ketone may be located in far distance from the 
metal ion. Considering in connection with the results 
described above, the aldol condensation reaction may 
proceed via a coordination of aldehydes to the M ( I I ) . 

I t has been known that aldol condensation in bio­
logical system are catalyzed by aldolase enzymes, Class 
I and II.7) Class I I aldolase is a metalloenzyme contain­
ing Zn(I I ) in the active site. In the reaction of Class I I 
aldolase, however, catalysis of the enzyme has not been 
elucidated enough al though some models of the reaction 
mechanism were presented by biochemists.8-12) There­
fore, our reaction system with Z n ( I I ) - b p y complex may 
present a new example for understanding of the Zn(I I ) 
catalysis in Class I I aldolase from a side of organic 
catalytic reactions. 

Some information withdrawn from our study on the 
catalysis of M ( I I ) - b p y complex are summerized as 
follows : 

(1) 2,2'-Bipyridine ligand in the Co(II) complex 
enhanced the catalytic activity remarkably, though 
the ligand itself had no activity. 

(2) M ( I I ) - b p y complex snowed a feature of basic 
catalyst. Such effect of (1) may be important in the 
metalloenzyme if there is interaction between the metal 
ion and imidazole ring of a histidine residue, since 
imidazole as well as bpy can form rc-bonding by coordi­
nat ing to the M ( I I ) . Ingram reported that Class I I 
aldolase showed a basic catalysis.8) Further , it was 
suggested that the basic group may be an appropriately 
located ß - C O O " of aspartic acid or y - C O O " of glutamic 
acid.8) However, from a viewpoint of our meta l ( I I ) -bpy 
complex catalysis (2), another suggestion that basic 
group is the counter ion of the metal ion being located 
at active center of the metalloenzyme may be permitted. 
Further , a detail investigation of a model reaction of 
Class I I aldolase is now in progress. 
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E x p e r i m e n t a l 

Kinetics of Aldol Condensation. In order to study the 
rate of the aldol condensation of benzaldehyde with aceto-
phenone, a sample of catalyst (for example; Co(OAc) 2 

(0.0142 g, 0.08 mmol) and 2,2'-bipyridine (0.0125 g, 0.08 
mmol)) was weighed into a volumeric flask (10 ml) and D M F 
(3 ml) was added to the flask to dissolve the catalyst. T h e 
solution was stirred at room temperature for 21 h. Benzal­
dehyde (0.212 g, 2 mmol) and acetophenone (4.8 g, 40 mmol) 
were poured in this flask and D M F was added to the mark. 
T h e solution was poured in each ampoule (1 ml x 8). T h e 
sealed ampoules were heated at 82 ° G and were wi thdrawn 
from time to time and then were quenched in a freezer. 
/> -MeO-C 6 H 4 COCH 2 C 6 H 5 as an internal s tandard was 
added to the solution in opened ampoules which were analyzed 
by GLG (column temp at 220 °G, 1 m, Garbowax 20 M ) . 
T h e solution showed only one product (chalcone) other than 
unreacted benzaldehyde and acetophenone. T h e amount 
of chalcone was determined by comparing the relative peak 
area of chalcone vs. the internal s tandard with those of the 
calibration chart . 

Regioselectivity in the Reaction of Benzaldehyde with 2-Butanone. 
A D M F (5 ml) solution of benzaldehyde (1.875 mmol) , 2-
butanone (5 ml) , Go(OAc) 2 (0.300 mmol) , and 2,2'-bipyridine 
(0.300 mmol) was stirred at a reflux temperature for 6 h. 
After the completion of the reaction, the solvent was removed 
in vacuo and the residue was extracted with e ther-water 
system. T h e organic layer was dried over anhydrous sodium 
sulfate and was evaporated to give a mixture of 1-phenyl-1-
penten-3-one (a) and 3-methyl-4-phenyl-3-buten-2-one (b) in 
9 5 % yield. T h e ratio (a) : (b) was 96 : 4 which was deter­
mined by N M R spectra. 

Decomposition Reaction of 4-Hydroxy-4-methyl-2-pentanone 
(DAA). DAA (2 mmol) was added to a solution of 
anhydrous zinc acetate (0.1 mmol) and 2,2'-bipyridine (0.1 
mmol) in DMSCW 6 (0.09 ml) in N M R tube. T h e tube 

was sealed off and heated at 70 °G for 90 min. For the calcula­
tion of the amount of unreacted DAA determined by N M R , 
1,1,2,2-tetrachloroethane as an internal s tandard was added 
to the reaction mixture and DAA was decomposed in 5 2 % . 

H-D Exchange of Acetophenone. A solution of aceto­
phenone (1.0 mmol) , Zn(OAc) 2 (0.1 mmol) , D 2 0 (2.75 mmol), 
and CD 3 CN (0.4 ml) in sealed N M R tube was heated at 
70 °C for 18 h. T h e integration ratio of methyl proton 
versus aromatic proton was determined by N M R and the 
H - D exchanged ratio of methyl group of acetophenone was 
calculated in 5 4 % . 
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The title compounds were prepared to see the effect of an 8-methyl group on the populations and the barriers 
to rotation of rotamers. As expected, the substituent destablized the syn conformation to a considerable extent, 
although the extent appeared to be a little less than that of a 2-f-butylphenyl group. Atropisomers of l-methyl-9-
(8-methyl-l-naphthyl)fluorene were isolated. The barriers to rotation were discussed with reference to related 
compounds. 

In one of the previous papers, we have demonstrated 
that the conformational equilibrium of 9-(2-i-butylphen-
yl)fluorene is lop-sided: since the ground state of the ap 
conformation is so energy-rich that it rotates slowly at 
room temperature, although it can be made, to form 
the corresponding sp isomer, of which isomerization to 
the ap is practically nonexistent at room temperature.2) 
This finding aroused our interest in investigating the 
effect of an 8-methyl- 1-naphthyl group in the 9-position 
of fluorene on the barriers to rotation and population 
equilibriums, because the bulkiness of a £-butyl group 
is often compared with that of an 8-methyl-1-naphthyl 
substituent: the compound may give stable atrop­
isomers. It is also interesting to see how atropisomers 
become stable when we introduce a methyl group into 
1-position of the fluorene ring, since such an operation 
is known to raise the barriers to rotation to a con­
siderable extent.3-4) 

Syntheses of the compounds were carried out in the 
following way. Fluorenones were added to a Grignard 
or a li thium compound derived from l-bromo-8-
methylnaphthalene (1) and the resultant 9-aryl-9-fluoren-
ols (2 and 3) were reduced with hydriodic acid at room 
temperature to afford 9- (8-methyl- 1-naphthyl) fluorenes 
(4 and 5). 

The syntheses afforded an isomer exclusively: 2 gave 
syn A whereas 3 gave anti-5. Thus syn-4 had to be 
converted to anti-4 to examine the barrier to rotation. 
It was accomplished by taking advantage of the fact 
that protonation after lithiation of the 9-position 
proceeds from the less hindered side.2'5) 

This paper reports the findings on the equilibriums 
of rotamers of 9-(8-methyl-1-naphthyl) fluorene and its 
1-methyl derivative in addition to the syntheses and 
compares the barriers and populations of rotamers, 
which are affected by the substituents, with related 
compounds. 

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

syn-9-(8-Methyl- 1-naphthyl)fluorene (syn-4). A solution 
of279mg (1.26 mmol) of l-bromo-8-methylnaphthalene (1)6> 
in 30 mL of tetrahydrofuran was refluxed with 33 mg (1.4 
mmol) of magnesium until most of the magnesium disappeared 
(ca. 3 h). Fluorenone (346 mg or 1.92 mmol) was added to the 
solution in the form of powder and the whole was refluxed 
for 2 h. The resultant mixture was treated in a usual manner 
and the desired product (2) was obtained in 28% yield. 1H 
NMR (CDClg, ô): 1.40 (3H, s), 2.17 (1H, s), 7.0—7.8 (13H, 
m), 8.67 (1H, q). This compound must exist as an anti form 
from the XH NMR data. 

A solution of 100 mg of 2 in 20 mL of acetic acid was 
mixed with 3 mL of 57% hydriodic acid and stirred for 6 h 
at room temperature. The solution was poured into water, 
treated with aqueous sodium dithionite and then with aqueous 
sodium hydrogencarbonate, and extracted with ether. The 
product was chromatographed on silica gel to afford syn-4, 
oil, in 90% yield. The purity was checked by a 1H NMR 
spectrum and a high resolution mass spectrum. MS: found 
(M+) 306.1399; calcd for C24H18, 306.1409. W NMR 
(CDCI3, ô): 3.17 (3H, s), 6.40 (1H, s), 6.62 (1/2H, d), 6.73 
(1/2H, d), 7.0—7.8 (13H, m). 

anti-9-(8-Methyl-1-naphthyl)fluorene (a.nti-4). A solution 
of 20 mg of syn-4 in 0.4 mL of tetrahydrofuran was mixed with 
0.5 mmol of butyllithium in hexane at room temperature. 
The mixture was heated at 60 °C for 3 h and was quenched 
with trifluoroacetic acid. The mixture was quickly treated 
in a usual manner and the product was purified by TLC 
on a silica gel plate at 0 °G. The operation afforded a 
mixture of syn-4 and anti-4 {ca. 3 : 7 ) , which was directly 
used for the measurements of rates of isomerization. The 
following 1H NMR data (CDC13, 8) were obtained by subtract­
ing the signals due to syn-4: 1.32 (3H, s), 5.40 (1H, s). 

anti- l-Methyl-9-( 8-methyl- 1-naphthyl)fluorene (a.nti-5). 
A mixture of 1.2 g (5.4 mmol) of 1 and 95 mg (14 mmol) of 
lithium in 20 mL of ether was refluxed until a reddish brown 
solution was obtained (ca. 2 h). To the solution was added 
1.12 g (5,8 mmol) of l-methyl-9-fluorenone7) in 20 mL of 
benzene over a period of 20 min. The solution was refluxed 
for 3 h and treated in a usual manner. The product was 
purified by silica-gel chromatography to afford 51% oil (3), 
which existed as anti conformation only as judged from its 
!H NMR spectrum (CDC13, Ô): 1.44 (3H, s), 1.54 (3H, s), 
2.30 (1H, s), 6.7—7.9 (12H, m), 8.76 (1H, q). 

A solution of 3 in acetic acid was treated with hydriodic 
acid as described above to afford anti-5, mp 126—128 °C, in 
93 % yield. Found : C, 93.99 ; H, 6.10%. Calcd for G25H20 : 
G, 93.71 ; H, 6.29%0.

 XH NMR (CDC1„ Ô) : 1.32 (3H, s), 1.71 
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(3H, s), 5.36 (1H, s), 6.7—8.0 (13H, s). 13C NMR (CDC13, 
ppm from TMS): 19.3, 21.5, 59.8, 118.0, 120.2, 123.8, 126.8, 
127.0, 127.7, 129.0, 129.4, 129.6, 130.4, 133.1, 134.4, 134.9, 
135.0, 135.6, 135.9, 139.8, 146.3, 148.9. 

syn- l-Methyl-9-(8-methyl-l-naphthyl)fluorene (syn-5). An 
equilibrium mixture of syn and anti forms of 5 was obtained 
by the kinetic study described below. The solution was 
evaporated and the residue was crystallized from dichloro-
methane-hexane. Mp 123—125 °C. Found: C, 93.66; H, 
6.04%. Calcd for C,6H20: C, 93.71; H, 6.29%. XH NMR 
(GDClg, à): 1.90 (3H, s), 3.23 (3H, s), 6.47 (1H, s), 6.8—8.0 
(13H, m). 13C NMR (CDC13, ppm from TMS): 19.4, 27.2, 
50.7, 118.0, 120.0, 124.8, 125.3, 126.2, 126.8, 127.1, 127.4, 
128.5, 128.9, 130.8, 132.1, 133.3, 134.6, 135.7, 137.3, 140.2, 
141.3, 147.6, 149.8. 

Spectral Measurements. 1H NMR spectra were measured 
on a Hitachi R-20B spectrometer and 13G NMR with a JEOL 
FX-60 spectrometer. 13G NMR spectra of syn- and anti-5 
were obtained at —20 °C to avoid isomerization of the latter 
during the measurement. A high resolution mass spectrum 
was obtained with a JEOL JMS-D-300 spectrometer. 

Measurements of Rates of Rotation. Kinetic measurements 
were carried out with solutions of chloroform-*/. Measurements 
which were necessary for both determination of the rates of 
rotation and equilibrium constants were carried out using XH 
NMR spectra where appropriate. In the cases where one 
isomer was so predominant that the errors involved in the 
measurements by the NMR spectra were large, a Waters 
HPLC instrument which was equipped with a UV détecter 
was used for the analysis. The correspondence of the peak 
areas in HPLC to the real populations was checked by com­
paring those with the populations obtained by the NMR 
spectra, where the latter was applicable. The correspondence 
was found to be satisfactory without considering the difference 
in absorption strengths per molecule of the isomers. The 
kinetic data were treated as a reversible unimolecular reaction 
to afford satisfactory results. The errors in rate constants 
are given for 95% confidence intervals in the least squares 
method, adopting t-distribution. 

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

The first problem we wish to discuss is the nomencla­
ture of the conformers concerned. If the fluorene ring 
is unsubstituted or symmetrically substituted, there is 
no problem in designating the rotational isomers by the 
present I U P A C rule E.8) Namely we do have ap and 
sp isomers of 9-(8-methyl-l-naphthyl) fluorene (4) and 
they involve no ambiguities. T h e same is true for 
9-(1-naphthyl) fluorene (6) and9-(2-methyl- l -naphthyl)-
fluorene (8). However, as soon as a methyl group is 
introduced into the 1-position of fluorene, we come 
across a difficulty. One may designate the conformation 
of l-methyl-9-(8-methyl-l-naphthyl)fluorene (5), which 
corresponds to the ap conformation of 4, as ±sc. 
However, there is another conformation which is ±sc 
in this case : if we consider a conformation in which the 
8-methyl-l-naphthyl group eclipses the bond connecting 
C9 and an aromatic carbon of which ring bears no 
substituent, the conformation is also ±sc if the prefered 
side, in the sequence rule,9) of the naphthyl moiety 
is close to the 1-methyl group. This type of ambiguity 
arises always when a conformation involves at least 
one chiral center. We must specify the configuration 
of the chiral center, in addition to the conformation, to 

6 = X = H 
7 : x = C H j 

ap or -sc(R) sp or +ac(R) 
(Only one enantiomer is shown when X is CH3.) 

avoid ambiguities. Thus the conformation becomes 
[—sc(R)] + [+«:(S)].10) In practice, however, comparing 
the ap form of 4 and [—Sc(R)] + [+sc(S)] form of 5 may 
be too complicated in writing and may cause confusion. 
Therefore, in designation of conformations concerned, we 
prefer to commonly use "syri" for the conformation in 
which a prefered group in the sequence rule is synclinal 
to the G 9 -H bond (G 9 -OH in the case of 2 and 3). 
This nomenclature is conventional but is more con­
venient in the present case. 

9-(8-Methyl-l-naphthyl)-9-fluorenols. T h e assign­
ment of the conformation is straightforward, because the 
methyl group substituting the naphthyl moiety is 
expected to give a signal at a high magnetic field in 
the 1H N M R spectrum if it is anti and that, in the syn, 
it must give a signal at a lower field. It is interesting 
to note that the anti isomer overwhelms in 2 and 3 in 
contrast to the fact that,in9-(2-£-butylphenyl)-9-fluoren-
ol, the syn isomer is overwhelming.2) The distribution of 
conformers in 2 and 3 is similar with the cases of other 
9-(2-alkylphenyl)-9-fluorenols. Probably the repulsive 
interaction between the i-butylphenyl group and the 
fluorene ring is much more severe than that between 
the 8-methylnaphthyl group and the fluorene. This 
is reflected in the equilibrium constants of the hydro­
carbons also {vide infra). 

It is well documented that substitution of the 9-
hydrogen in 9-arylfluorenes by other groups decreases 
the barrier to rotation.11) Thus it is not possible to 
isolate rotational isomers of 9-(2-methyl-l-naphthyl) -
9-fluorenol (10), although rotamers of its parent 
hydrocarbon (8) were isolated.2'12) However, Ford 
et al. reported that the introduction of a methyl group 
into the 1-position of the fluorene ring of 10 caused the 
increase in the rotational barrier (in 11) and suggested 
that the barrier would be over 26 kcal/mol (1 k c a l = 
4.18 kj):3) the value is high enough for isolation of 
rotamers at room temperature. Indeed, Kajigaeshi et al. 
were able to isolate one of the rotamers of a benzo-
annelated derivative of 10, the barrier (AG*32S) being 
24.6 kcal/mol.13) 

We found a similar situation for 3, though to a lesser 
degree of enhancement of the barrier. The 1 H N M R 
spectra of the compound suggested the presence of a 
negligible amount of the syn isomer and overwhelming 
population of the anti isomer at room temperature. 
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TABLE 1. KINETIC AND THERMODYNAMIC DATA FOR THE ROTATION ABOUT THE C9-CAr 

BOND OF 9-(l -NAPHTHYL) FLUORENES AND 9- (2-/-BUTYLPHENYL) FLUORENE 

Comopund 
Substituent 

Fluorene Naphthalene 

Rate Constant for 
Rotation (anti-^syn)^ 

( x l Q S s - 1 ) kcal mol - 1 

Equilium 
Constant10 
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a) Numericals in parentheses are temperatures in Kelvin, b) Calculated from available data, c) These values were 
independent of temperatures examined, d) At room temperature and below, e) At room temperature. 

However, on raising the temperature, we found that 
the signal due to the methyl group broadened con­
siderably at about 120 °G to suggest that coalescence 
of two signals took place. T h e barriers to rotation in 
3 is not certain, because we could not detect the signal 
due to the syn isomer, but is of the order of 20 kcal/mol. 

,C(CH3)3 CHs 1 0 ; X = H 

1 i : X = C H 3 

Populations of 9- (8-Methyl-1-naphthyl)fluorene Rotamers. 
Assignment of the conformations was carried out both 
from the 1 H N M R features as described above and from 
the mode of protonation. It is interesting to note that 
the unstable anti form of 5 was prepared preferentially, 
whereas the stable syn-A was the sole product in the 
preparation of 4. This must be caused because 5 gave 
the kinetially controlled product owing to its high 
barrier to rotation whereas 4 gave the thermodynamical-
ly controlled product due to its low barrier to rotation. 
Although the mechanisms of the reaction are not well 
understood, the reaction conceivably proceeds via an 
iodide followed by a reaction with complex iodide 
anions.14) In both cases, a bulky iodide ion is involved 
in the reaction and the approach from the less hindered 
side is favored to produce anti-5. 

Equilibrium constants between the rotamers of 4 
and 5 are summarized in Table 1 together with those 
of related compounds. From the molecular models, 
the 8-methyl group is expected to give severe steric 
interaction with the fluorene ring when the molecule 
has the anti conformation. This effect is apparent if one 
compares the equilibrium constants of 4 and 5 with those 
of the compounds which do not possess a methyl in 
the 8-position but do or do not carry a methyl in a 
position other than 8 of the naphthyl group. T h e 
ground states of 4 and 5 are raised to a considerable 
extent. 

If one compares the equilibrium constants of 4 and 5 
with that of 9-(2-*-butylphenyl) fluorene (12), however, 
one notices an interesting point. T h a t is, although the 

steric effect of the i-butyl group given to the o-position 
of a phenyl group is often compared with that of the 
8-methyl group given to the 1-position of naphthalene 
and the latter is often referred to be larger than the 
former because of rigidity, the da ta in Table 1 suggest 
that the ground state of the anti conformations of 4 and 
5 are, relatively speaking, more stable than that of 
anti-12. 

This is also reflected to the 1 3 C- 1 H coupling constants 
of the N M R spectra: the coupling constants are 115.4 
Hz2) and 120.2 Hz for the anti forms of 12 and 5, respec­
tively. T h e coupling constants in the syn conformations 
of 9-(2-alkylphenyl)fluorenes are reported to be 1 2 8 ^ 1 
Hz2) and the syn form of 5 is no exception. T h e 1 3 C- 1 H 
coupling constant is known to reflect the j -character 
of the carbon orbital:15) the smaller coupling constant 
is due to higher jö-character of the bonding orbital 
concerned. T h e geometry of the 9-carbon of the 
fluorene ring is more flattened than others in the anti 
conformation due to the steric compression between 
the fluorene ring and the J-butyl or 8-methyl group. 
T h e 13C chemical shift data support the idea that the 
C9 configuration has moved toward the trigonal in the 
ûnfr'-conformation of 5 : the chemical shift of the C9 in 
anti-5 is 9.1 ppm down field relative to that in syn-5. 
Therefore the anomaly in the anti conformations must 
be attr ibuted to the steric strain rather than the elec­
tronic effect. 

T h e smaller ^ O - H of the i-butyl compound (12) than 
5 may be taken as a reflection of the fact that the anti 
conformation of 12 has more severe steric interaction 
than anti-5. T h e reason for these phenomena is not 
apparent at present but may be connected to the fact 
that the 8-methyl-l-naphthyl group is th inner than 
the 2-tf-butylphenyl group. 

T h e effect of the 1-methyl group in the fluorene ring 
on the equilibrium constants seems to be very small. 
T h e difference between 4 and 5 may not be taken 
significant. This is in agreement with others4»16) which 
generally show no difference in the equilibrium con­
stants between a parent compound and a 1,4-dimethyl 
derivative. There is but one case, 9-(2-methylphenyl)-
fluorene and its 1,4-dimethyl derivative, which shows a 
significant dependence of the equilibrium constant 
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on the 1-methyl group.2»17) 
Rotational Barriers. Kinetic data of internal 

rotation (anti-^syri) of 4 and 5 are shown in Table 1 
with those of related compounds. I t is interesting to 
note that the introduction of a methyl group into the 
8-position of the 1-naphthyl group raised the barrier 
to a considerable extent relative to the parent hydro­
carbon (6). Since the ground state of anti-ê. is of high 
energy relative to anti-6, the high barrier for anti-é 
must be attributed to the steric repulsion involving 
the C - H group in the 1-position of the fluorene and the 
8-methyl group in the transition state for rotation. 

T h e effect of the 8-methyl group on the transition state 
seems to be larger than that of the 2-methyl in the 
naphthyl moiety, from the molecular model considera­
tions. It seems to be reflected to the relatively high 
barriers to rotation of anti-4. with respect to that of 9-
(2-methyl-1-naphthyl) fluorene (8), when the very 
unstable ground state of anti-\ is considered. Introduc­
tion of a methyl group into the 1-position of the fluorene 
ring caused the increase in barriers of ca. 3 kcal/mol and 
ca. 4 kcal/mol for the pairs of 6 : 7 and 8 : 9, respec­
tively, whereas the increase for the pair of 4 : 5 is 1.3 
kcal/mol. T h e relative unimportance of the 1-methyl 
in anti-5 in determining the barrier height may be 
attributed to two factors. T h e first is the rise of the 
ground state of anti-5: this will make the difference 
in energies between the anti and the transition state 
smaller. T h e second is the geometry of the transition 
state. T h e molecular model indicates that 5 can assume 
a transition state for rotation in which the 8-methyl 
group of the naphthyl avoids the 1-methyl of the 
fluorene. T h e n the transition state for rotation of 5 is 
very similar with that of 4, unlike the case of a pair of 
8 and 9. T h e situation is ra ther close to that of 6 and 
7 pair . Combination of these factors can give the 
smallest difference in barriers to rotation in the pair 
of 4 and 5, if the difference is compared with others in 
Table 1. 
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Emission Spectra of Aromatic Hydrocarbons by Controlled Electron Impact 
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The emission spectra of benzene, toluene, ethylbenzene, xylenes, trimethylbenzenes, cymene, and naphthalene 
were investigated under controlled electron-impact excitation. These aromatic hydrocarbons showed a charac­
teristic band in the 250—400 nm region and several bands of such excited fragment species as H and GH. The 
characteristic bands are similar to those of fluorescence spectra obtained by optical excitation and, thus, were 
assigned to fluorescence emissions of the parent molecules. The intensity of the fluorescence emission of benzene 
decreased at higher electron energies, and fragment emissions became dominant above 100 eV. However, its 
vibrational structure did not change for electron energies of 5—60 eV. This indicates that cascade processes 
from high-lying states are negligible for benzene. The fluorescence emission of naphthalene shifted to a shorter 
wavelength for low electron energies. Together with a theoretical estimation based on the Born approximation, 
cascade effects from higher excited states (S2 and S3) are found to be the major source of the fluorescence emission 
of naphthalene. 

The emission spectrum excited by the controlled 
electron beam provides valuable information for a 
detailed analysis of the mechanism of the excitation and 
fragmentation of molecules at very low pressures where 
the effect of collisions is greatly reduced.1) A large 
molecule does not usually show photoemissions from its 
own excited state, but, instead, shows various fragment 
emissions, since non-radiative processes become more 
dominant for a large molecule. The aromatic molecules, 
however, give intense photoemissions of the parent 
molecules in the ultraviolet region. The emission spectra 
of benzene,2-4) toluene,2'4-5) xylenes,2'5) and naph­
thalene6,7) have been measured, and the similarity of 
their spectra with the fluorescence spectra has been 
pointed out.2 - 7) The spectra and the lifetime of benzene 
emission by electron impact have also been studied.8»9) 

The fluorescence emission of aromatic molecules can 
be observed either by direct excitation into the fluoresc­
ing state or through the cascade process from the 
initially prepared states to the lower fluorescing state. 
These excitation processes have been studied with the 
Bethe theory.10-12) The excitation cross section to a 
particular excited state is proportional to the molecular 
oscillator strength from the ground state to that excited 
state ; on the other hand, the probability of photoemis-
sion from a specified state is expressed by the quan tum 
yield of fluorescence.3'4'6) The cascade effects from the 
S n state to the Sx state may be studied by photoexcita­
tion; however, the electron-impact method can be 
applied to molecules at very low pressures, since a more 
intense beam is available and the cross section is large. 

In the present paper, the emission spectra of nine 
aromatic hydrocarbons are described as an extension 
of previous investigations.2 '6) The electron energy 
dependence of the spectra was studied for two basic 
molecules. The excitation processes of these aromatic 
hydrocarbons are also discussed. 

Exper imenta l 

A schematic diagram of the apparatus is shown in Fig. 1. 
The collision chamber was made of stainless steel, with its 
inside covered with soot to suppress secondary electrons and 
any stray light. Thermal electrons from a tungsten filament 
were accelerated, collimated, and introduced into the collision 

| Photon Counter 

Fig. 1. Schematic diagram of the apparatus. 

region through a hole (4 mm in diameter). The sample 
molecule was jetted into the collision region through a needle 
valve and a multichannel nozzle (0.5 mm x 40). The collision 
chamber was continuously evacuated with two oil-diffusion 
pumps; the base pressure was of the order of 10-7 Torr, 
while the operating pressure was of the order of 10-4 Torr 
(uncorrected ion gauge reading). The photoemission produced 
in the collision region was observed through a quartz window 
at a angle of 90° with respect to the electron beam. 

The emission spectra were observed with a JASCO GT-50 
monochromator equipped with a 1200 grooves/mm grating 
blazed at 300 nm. The photons were measured with an HTV 
R212UH photomultiplier and a Burr-Brown 342IK OP 
amplifier or with an HTV R585 photomultiplier and an NF 
PC-545A photon counter. The wavelength dependence 
of the instrumental response was not corrected. 

All the spectra were measured in a region where the intensity 
was proportional to both the gas pressure and the electron-
beam current. In the case of the 6?lg band of benzene, the 
intensity was linear in the region below 600 [xA and 7.0 x 10-4 

Torr. The effect of secondary electrons was estimated from 
the ratio of the emission intensity of the first negative band of 
N2

+ (391.4 nm) to that of the second positive band of Na 

(337.1 nm);13> the result is shown in Fig. 2. 
AH the compounds used were of a research grade; they were 
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deaerated before use by repeated freeze-pump-thaw cycles. 

10 100 
Electron energy /eV 

Fig. 2. Ratio of the emission intensity of N2 (3371 Â) to 
that of N2+ (3914 Â). O : This work. 

The solid line is the estimated one.13) The result 
indicates the effect of secondary electrons can be ignored 
below ca. 50 eV. The electron-beam current was 1 (xA 
and the gas pressure was 1 x 10~4 Torr. 

R e s u l t s 

The emission spectra of benzene, toluene, ethyl-
benzene, o- and /^-xylenes, mesitylene, 1,2,3-trimethyl-
benzene, />-cymene, and naphthalene by controlled 
electron impact were measured; they are shown in 
Fig. 3. T h e energy of the incident electrons was 40 eV, 
and the spectral resolution was about 1 nm. All the 
aromatic hydrocarbons thus far studied have shown a 
characteristic band in the 250—400 nm region.1) The 
fluorescence spectra taken in the gas phase and in the 
dilute solution were found to correspond well to the 
observed emission spectra. Thus, the characteristic 
bands observed in the present study were assigned to 
the fluorescence transition from the lowest excited 
singlet state (SJ to the ground state (S0) ; in the case 
of benzene, this is the symmetry forbidden 1B2u—

1Alg 

transition.2-4) Since Vroom and de Heer reported that 
the excitation cross sections of the Balmer line from 
various hydrocarbons differ little,14) the relative intensity 
of the fluorescence emission can be estimated approxi­
mately from Fig. 3. 

The spectrum of benzene has a striking dependence 
on the electron energy, as is shown in Fig. 4. The 
photoemission of the parent molecule becomes weaker 
at higher electron energies and almost disappears above 

A 
LLt L 

250 300 350 400 

Wavelength/nm 

450 250 300 350 400 

Wavelength/nm 

450 

Fig. 3. Emission spectra of aromatic hydrocarbons by controlled electron impact. 
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Fig. 4. Electron energy depence of the emission spectra 
of benzene. 

100 eV, as was shown by Smyth et al.V The spectrum 
of naphthalene, however, did not show such a depend­
ence, and the band of its parent molecule could be 
observed even at 300 eV. 

The shape and structure of this fluorescence emission 
were observed at various electron energies, as is shown 
in Fig. 5 for benzene and in Fig. 6 for naphthalene. T h e 
vibrational structure of the benzene emission did not 
change in the optical resolution of 1 n m at 5—60 eV ; 
however, the peak of the band of naphthalene shifted 
to a shorter wavelength for lower electron energies. 

The Balmer series of hydrogen and the B 2 S ~ — X 2 I I 
transition and the A 2A—X 2 I I transition of GH were also 
observed in the 370—440 n m region, as is indicated in 
Fig. 4. In addition, the C 2 S + - X 2 I I transition of GH 
(about 315 nm) and the bands of CH+ (423 nm and 
350—370 nm) were identified in the spectrum of 
benzene taken at a higher sensitivity. T h e Schüler's T 
spectrum of C4H2+ and the G2 Swan bands were also 
observed in the 430—570 nm region.15) 

In all the cases measured, the intensity of the fluores­
cence emissions was directly proportional to the electron-
beam current and to the gas pressure. This indicates 
that the excited states of these aromatic hydrocarbons 
were all produced in a one-electron pr imary collision 
process. 
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Fig. 5. Electron energy dependence of the vibrational 
structure of the fluorescence emission of benzene. 

300 400 

Wavelength/nm 

Fig. 6. Electron energy dependence of the fluorescence 
emission of naphthalene. 

D i s c u s s i o n 

Spectrum of the Fluorescence Emission. T h e emission 
spectrum excited by controlled electron impact resembles 
the discharge spectrum and the equilibrated fluores­
cence;16»17) all of these have a prominent vibrational 
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T A B L E 1. ESTIMATION OF CONTRIBUTIONS OF T H E S l 5 S2 , AND S3 EXCITATION 

PROCESSES TO THE OBSERVED FLUORESCENCE EMISSION 

Si—*S0 

0 2 " " * ^ l — > O Q 

S3"-*»!—>S0 

S2—>S0 

S3—>S0 

EJ6V 

4.9 
6.2 
7.0 
6.2 
7.0 

Benzene 

A 
0.0013 
0.090 
0.90 
0.090 
0.90 

<f>i 

0.16 
< 8 x l 0 - + 

< I 0 " 5 

8 x l 0 - 6 

rf 
1.0 

< 0 . 2 7 
< 0 . 0 3 

0.003 

EJéV 

4.1 
4.7 
6.0 
4.7 
6.0 

Naphthalene 

ft 
0.003 
0.109 
1.3 
0.109 
1.3 

& 
0.75 
0.32 
0.01 

2 x l 0 - 5 

JY5 

13 
176 
52 

0.01 

a) Value relative to the Sx—>S0 process of benzene. —»Radiative process. —>Non-radiative process. 

structure and a broad background continuum. T h e 
present spectrum of benzene, however, clearly indicates 
the 6?lo and 6J1J transitions at 255 and 260 nm, which 
are not appreciable in the equilibrated fluorescence. 
The resonance fluorescence spectrum of benzene reveals 
a group of sharp lines,17-18) whereas the present spectrum 
is broader and has a more vibrational structure. These 
facts indicate that the electron energy is large enough 
to excite many vibronic levels of the Sx state simul­
taneously because of the non-resonant character of the 
electron excitation; however, the pressure is so low 
that the excited molecules undergo no collisional 
deactivation, and the vibrational population is not 
distributed in a 300 K Boltzman distribution. T h e 
electron impact spectrum is, thus, similar to the one 
excited by the irradiation of white light, whose maximum 
photon energy is that of the electrons. 

T h e equilibrated fluorescence of toluene,19) and the 
resonance fluorescence of toluene and xylenes17) have 
previously been reported. T h e comparison of the 
present spectra with them leads to a conclusion similar 
to that in the case of benzene; the emission spectrum 
by controlled electron impact has some vibrational 
structure, including one above the 0-0 transition, and a 
broad background continuum. In the case of naph­
thalene, the vibrational structure becomes very diffuse, 
and the broad background cont inuum consists of the 
major par t of the spectrum. 

The fluorescence emissions of the other hydrocarbons 
may be compared with those of the fluorescence spectra 
taken in solution.20) For all of the aromatic hydrocarbons 
studied, the emission spectra by controlled electron 
impact are more similar to the equilibrated fluorescence 
spectra in the gas phase or to the fluorescence spectra 
in solutions than to the resonance fluorescence in a low 
pressure gas. 

Estimation of Excitation Processes. For most 
molecules, the bulk of the oscillator strength of the 
valence shell electrons lies at very great values of the 
excitation energy.11) Thus, the most important pr imary 
processes of the electron-molecule collisions are high-
lying electronic excitations of the valence electrons. If 
the intramolecular radiationless relaxation is very fast, 
the primarily-excited high-lying states can fall to the 
lowest excited singlet (S-,) state and contribute to the 
observed photoemission. 

When the energy of the incident electrons for the 
excitation substantially exceeds the threshold energy of 
the molecule, the Born approximation is applicable;10-12) 
the cross section of the excitation into the ith level (<r{) 

is expressed by the optical oscillator strength (f) and 
the transition energy (£;) . The probability of photo-
emission from this level is proportional to the fluorescence 
quan tum yield (0i). Thus, the contribution of the 
photoemission process involving the zth level on the 
total photoemission (r{) is given as follows:6) 

Ti = b'oifa = tyJJEu (1) 

where b is a proportionality constant. Thus, Eq. 1 
allows an estimation of the excitation and cascade 
processes with the available spectroscopic parameters. 
In actuality, the transition to a particular excited state 
is not very discrete, and both $x a n d / j are dependent 
on the excitation energy; however, average values can 
be used for an order of magnitude estimation. 

T h e very high-lying states seem not to be important 
for the observed fluorescence emission, since the spectra 
do not change above 7 eV (Figs. 5 and 6). Accordingly, 
the estimation of the cascade processes has been confined 
to the lower three excited states (S l9 S2, and S3). The 
dipole oscillator strength can be obtained from the 
electron energy loss spectrum.21-22) The electron energy 
loss spectrum is closely related with the photoabsorption; 
the optical values23) were used for benzene because of 
the lack of an explicit value o f / in the electron energy 
loss spectrum. The quantum yields were taken from 
the vapor fluorescence of benzene24-26) and naph­
thalene.27-30) T h e results are shown in Table 1. The 
preliminary result6) was revised by using more recent 
spectroscopic parameters. 

Excitation Processes of Benzene and Naphthalene. 
T h e calculation (Table 1) shows that the direct excita­
tion into the Si state is the most important process for 
benzene, while the contribution of the cascade process 
from the S2 and S3 states into the Sx state is more 
predominant for naphthalene. 

T h e observed spectrum of benzene has a characteristic 
vibrational structure, which does not change upon 
5—60 eV excitation. This finding leads to the conclusion 
that the fluorescing Sĵ  state, whose excitation energy 
is about 5 eV, does not originate from a cascading 
process from the higher excited states. The smaller 
contribution of the higher excited states is due to the 
faster photochemical process of benzene and/or the 
direct internal conversion to the ground state, when 
benzene is excited into the S2 or S3 states.24-25) 

T h e vibrational structure of the fluorescence emission 
of naphthalene is less pronounced. T h e intramolecular 
internal conversion from the higher excited states 
causes a high vibrational excitation of the emissive Sx 
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state and makes the appearance of the spectrum more 
diffuse. T h e onset of the emission of naphthalene was 
found at 4.45 eV, which is the spectroscopic energy of 
the S2 state.7) Since a radiationless relaxation of the 
higher excited states results in the formation of the 
vibrationally highly-excited Sx state, the Franck-Condon 
transition energy from such a highly-excited Sx state 
is smaller than that of the directly excited Sx states. 
The peak shift (Fig. 6) can be ascribed to the decrease 
in the contribution of cascading for the low energy 
excitation. The optical measurement also indicated 
that the fluorescence shifts to the red and becomes 
increasingly diffuse as the excitation energy increases.31) 
Thus, the calculated and the observed findings are 
consistent. 

The fact that the intensity of the fluorescence emission 
of benzene decreases rapidly as the increase of the 
electron energy and becomes negligibly small at a 
higher electron energy (Fig. 4) indicates that the major 
process of the excitation is neither a typical optically-
allowed nor a typical symmetry-forbidden transition, 
since a Fano plot of an optically-allowed or a symmetry-
forbidden transition has a positive or a zero slope. 
This finding indicates that another excitation process 
plays a more important role than those calculated. 
Smyth et al.5) suggested the contribution of the resonance. 
Klump and Lassettre32) indicated the importance of an 
electric octupole transition. Whereas, Doering,33) and 
Wilden and Comer34) showed the formation of the 3 E l u 

state in this energy region; Matsuzawa35) calculated 
that the excitation cross section to the 3 E l u state is as 
large as that to the 1 B 2 u state at a low incident energy 
and at a large angle. Such processes may be important 
in the excitation of the fluorescing Sx (1B2u) state of 
benzene. 

The spectroscopic data for other hydrocarbons in 
the vapor phase are so scanty that it is difficult to carry 
out similar estimations for them. However, the spectro­
scopic parameters obtained for the dilute solution often 
agree approximately with those in the gas phase, and 
the oscillator strength and the quan tum yield in the 
dilute solution can be carried over to the rough estima­
tion of the excitation processes. Those of some sub­
stituted aromatic molecules have been discussed in this 
approximation.36 »37) 

The authors with to thank Professor Nobuhiko 
Ishibashi for his encouragment and Morihide Higo for 
his discussion. 
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The Electronic Absorption Spectra of Fatty Acid Mono-, Bi-, and 
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The electronic absorption spectra of fatty acid multilayers with bivalent metal ions were studied in the vacuum 
ultraviolet (VUV) to ultraviolet (UV) energy region below 8 eV; they are due to transitions in the carboxylic 
acid and metal carboxylate moieties. Infrared (IR) absorptions due to the C-O stretching vibration in the carbox-
ylate moiety are also studied. Stearic acid multilayers without metal ions are shown to form hydrogen-bonded 
dimers. The spectra of multilayers with metal ions show a marked dependence on the subphase pH which is 
different for different kinds of adsorbed metal ions. Their VUV spectra are conspicuously dependent on the 
kind of metal ions adsorbed. All the multilayers with alkaline earth metals, metals of the 2B group, transition 
metals, Cu, and Pb have at least two bands in the VUV region, 7.3—6.3 eV. The polarization spectra of the Ba 
stéarate multilayer suggest that the two transitions may be the intramolecular n-n* and n-n* transitions in the 
carboxylate anion moiety. The multilayers with Cu and Pb have another band in the UV region. The spectra 
of the U V bands of the Pb and Cu stéarate mono-, bi-, and multilayers were studied. In the Pb stéarate layers, the 
positions of the UV bands in the bi- and multilayers are the same, but those in the monolayers are at considerably 
shorter wavelengths. The positions of the UV band in the Cu stéarate mono-, bi-, and multilayers are successively 
red shifted. The polarization spectra of the UV bands of the mono- and bilayers showed that they are charge-
transfer bands between the Pb or Cu ion and the coordinated carboxylate moiety. 

In an accompanying paper1) (hereafter we will refer 
to it as I ) , we have shown that the vacuum ultraviolet 
(VUV) absorption spectra of fatty acid multilayers in 
the energy region below 10 eV consist of two parts, a 
strong absorption in the region above 8 eV (Region 1) 
and a weaker absorption in the region below 8 eV 
(Region 2). From the chain length and p H dependences 
of the spectra, we have assigned the absorption in 
Region 1 to the o-o* transitions in the alkane chain 
moiety, and that in Region 2 to the transitions in the 
carboxylic acid and metal carboxylate moieties. 

In this paper, we wish to present the results of our 
detailed studies of the absorption spectra of fatty acid 
multilayers and monolayers in Region 2. Fatty acid 
multilayers prepared on the water subphase containing 
metal ions adsorb the metal ions to a varying extent, 
depending on the p H of the subphase.2 '3) T h e p H 
profile of the metal ion adsorption is characteristic of 
the kind of metal ion. T h e physical properties of fatty 
acid monolayers such as the n-A profiles and the 
surface potential are dependent of the kind and amount 
of adsorbed metal ions. However, little direct informa­
tion has been obtained about the interaction of metal 
ions with carboxylic acid moieties in fatty acid mono-
and multilayers. T h e absorption spectra in Region 2 
of fatty acid multilayers, that are due to the electronic 
transitions in the carboxylic acid and metal carboxylate 
moieties, provide direct information about the interac­
tion of metal ions with fatty acid monolayers. In this 
paper, we will study the p H and metal ion dependencies 
and polarization of the spectra in Region 2. We will 
study also the infrared (IR) absorptions due to the 
carboxylic acid and carboxylate moieties. 

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

Materials. The fatty acids and other materials used 

t Present address: Osaka University of Economics and 
Law, Yao, Osaka 581. 

in the present study were the same as those described in I. 
The spectrograde acetic acid and dichlorodimethylsilane were 
purchased from Nakarai Chemicals, Ltd. Optically fiat 
quartz plates were obtained from the Takahashi Giken Co. 

Methods. Fatty acid multilayers with metal ions and 
pure stearic acid multilayers were deposited on CaF2 plates, as 
has been described in I. Monolayers of Cu stéarate and Pb 
stéarate were deposited on quartz plates with hydrophilic 
surfaces, as has been described by Matsuki et a/.4) Bilayers 
of Cu stéarate and Pb stéarate were deposited on quartz plates 
whose surfaces had been made hydrophobic by rinsing with a 
dichlorodimethylsilane solution.5) All the multilayers and 
monolayers were prepared at 19 ±0.5 °Q 

The measurements of VUV absorption spectra were per­
formed as has been described in I. The IR spectra were meas­
ured on Shimadzu-IRG and JASCO-IRA-2 spectrometers; 
the latter apparatus was five times more sensitive than the 
former. The measurements of the ultraviolet (UV) spectra 
of the monolayers and bilayers of Cu stéarate and Pb stéarate 
were performed on a high-sensitivity spectrometer using the 
single-beam and sample in-sample out technique described by 
Matsuki et a/.4) The apparatus was equipped with a CaF2 

Glan-Thompson prism for measurements of the polarized 
spectra. 

The UV spectra of PbCl2, Pb(CH3COO)2, and Cu-
(CH3COO)2 in water and acetic acid were measured with a 
Shimadzu-UV-180 spectrometer. To minimize the absorp­
tion of the solvent, acetic acid, the spectra were measured for 
solutions of high concentrations in the order of 10~2 M with 
the use of a thin cell, with the path length of 12 microns and 
the cell was made of two quartz plates and a polyethylene 
film spacer. 

All the measurements of the VUV spectra in Region 2 
(below 8 eV) and of the IR specrta in the region from 1000 
cm - 1 to 4000 cm - 1 were performed for multilayers prepared 
by 15 dippings of the substrate. 

The efficiency of the deposition of multilayers may change 
from sample to sample depending on the subphase pH, the 
kinds of metal ions, and the substrate.6-10) In order to avoid 
uncertainty in the deposition ratio, we measured both the 
VUV and IR spectra for each multilayer sample. We 
nomalized the deposition ratio using the 2910 cm - 1 IR band, 
which is attributable to the antisymmetric stretching vibration 



April, 1981] Electronic Spectra of Fatty Acid Layers 1209 

of the CH2 groups in the alkane chain moiety.2-11-13) The 
2910 cm-1 IR band of the Ba heneicosanoate multilayer was 
used as the standard for the normalization of the deposition 
ratio. The Ba heneicosanoate multilayer prepared at a 
neutral pH forms Y layers with a nearly perpendicular 
molecular arrangement.1»13) Its deposition on a CaF2 plate 
coated with Fe stéarate was confirmed by the linearity of the 
VUV14) and IR spectra to the dipping number. The number, 
L, of fatty acid layers deposited on a plate by 15 dippings was 
calculated by means of: 

20 
L = 60 X — X OD(2910 cm"1)/ 

n 
OD(2910 cm - 1 Ba heneicosanoate), 

where n is the carbon number in the alkane chain, we assumed 
the deposition of 4 layers of Ba heneicosanoate on the substrate 
per dipping into the subphase. 

For pure stearic acid and Zn stéarate multilayers with 
molecular arrangements tilted against the normal of the layer 
plane, the intensity of the 2910 cm"1 band was corrected for 
the tilting of molecular axes by the method of Akutsu et a/.15> 

All the VUV and UV spectra of multilayers except for 
Fig. 1 are normalized to the per-layer value. The molar 
extinction coefficient, e, is obtained from the per-layer absorp­
tion, A, by means of: 

e = A-a.N= 12 X 106 X A, 

where N is the Avogadro's number and a is the area (in 
cm2) occupied by a fatty acid molecule, which is estimated 
to be about 20 x 10-16 cm2 from the limiting area in the n-h 
profile of fatty acid monolayers.16»17) 

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

VUV Spectrum of Pure Stearic Acid Multilayer. T h e 
deposition of the pure stearic acid monolayer, which 
was spread on the subphase without any metal ions at 
acid p H (3.1), onto the CaF 2 plate was most uncertain, 
as was mentioned in I. The number of deposited layers 
appropriate for the measurements of the V U V spectra 
in Region 1 was limited to only a few layers because 
of the strong absorption of Region 1, so the intensity 
of the 2910 c m - 1 I R band was too weak to use for the 
nomalization of the deposition ratio. However, in the 
measurements of the spectra in Region 2 much thicker 
multilayers could be used because of the weaker absorp­
tions in that region, so the 2910 c m - 1 I R band could be 
effectively used in the normalization of the deposition 
ratio. T h e pure stearic acid multilayer prepared at the 
acid p H was reported to have a molecular arrangement 
with chain axes tilted against the normal of the layer 
plane by about 30°.12) The V U V spectrum in Region 1 
also gave a tilting angle of about 30°, as has been 
discussed in I. Therefore, in the normalization of the 
deposition ratio, the intensity of the 2910 c m - 1 band was 
corrected for the tilting by assuming the tilting angle 
of 30°. T h e Region 2 V U V spectrum of the pure 
stearic acid multilayer is shown in Fig. 1, as well as the 
spectra of the acetic acid dimer and the monomer in 
the gas state obtained by Barnes and Simpson.18) The 
spectrum of the pure stearic acid multilayer has a band 
at 7.7 eV which resembles, in position and strength, the 
lowest energy band of the acetic acid dimer, but which 
has no absorption in the region near 7.2 eV where the 
absorption of the acetic acid monomer exists. This 

150 
Wavelength/nm 

160 170 180 190 200 210 

8 7 
Photon Energy/eV-

Fig. 1. Spectrum of pure stearic acid multilayer in molar 
extinction scale ( ). The multilayer was prepared 
on the subphase without metal ions at pH 3.1. The 
spectra of acetic acid monomer (-•-) and dimer ( ) 
obtained by Barnes and Simpson18) were also shown. 

shows that the carboxylic acid moieties in the pure 
stearic acid multilayer are not in the monomeric states 
but form hydrogen-bonded dimers. T h e existence of 
hydrogen bonding in pure fatty acid multilayers was 
also suggested by Koyama et al. from the broadness of 
the 1700 c m - 1 I R band.19) 

p H Dependencies of the VUV and IR Spectra of Fatty Acid 
Multilayers with Bivalint Metal Ions. Fatty acid 
multilayers prepared on the subphase with metal ions 
adsorb the metal ions to a varying extent, depending 
on the p H of the subphase.2 '3) Corresponding to the p H 
dependencies of the metal ion adsorptions, the V U V 
spectra in Region 2 of the multilayers show marked 
dependencies on the subphase p H . In Figs. 2a and 3a 
we show the p H dependencies of the Region 2 spectra 
of the arachidic acid multilayers with Sr2+ and Cd2 + 

ions respectively. 

Wavelength/nm 

150 160 170 180 190 200 

Photon energy/eV 
Fig. 2. (a) : The pH dependence of the spectra of 

arachidic acid multilayers with Sr2+ ions prepared on 
the subphases with 10~4 M SrCl2 at pH 6.6 ( ), at 
pH 9.3 ( ) and pH 10.7 ( ). The spectrum 
of pure stearic acid multilayer prepared at pH 3.1 
( ) is also shown, (b) : The difference spectra 
presentation of the spectra in (a) with the reference of 
the pure stearic acid multilayer spectrum. The nota­
tion is the same as (a). 
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Wavelength/nm 
160 170 180 190 200 

8 7 
Phnton energy/eV 

Fig. 3. (a) : The pH dependence of the spectra of ara-
chidic acid multilayers with Cd2+ ions prepared on the 
subphases with 10-* M CdCl2 at pH 6.15 ( ), at 
pH 6.9 ( ) and at pH 8.15 ( ). The spectrum 
of pure stearic acid multilayer prepared at pH 3.1 is 
also shown ( ). (b) : The difference spectra presen­
tation of the spectra in (a) with the reference of the 
pure stearic acid multilayer spectrum. The notation 
is the same as (a). 

At p H 3.1 little adsorption of these ions took place, 
and the spectra in Region 2 were almost the same as 
that of pure stearic acid multilayer. As the subphase p H 
was increased up to the p H region where the adsorption 
of the metal ions took place, however, new bands 
appeared in the energy region around 7 eV, where 
little absorption existed at p H 3.1, and their intensities 
increased with an increase in the p H . To establish 
the shapes of the new bands more clearly, in Figs. 2b 
and 3b we show the difference spectra with reference 
to the p H 3.1 spectra. T h e new bands depend on the 
kinds on metal ions adsorbed. At least two peaks can 
be discriminated for the multilayers with both Sr2+ 

and Cd2+ ions, at 7.10 and 6.95 eV for Sr2+ and at 
7.00 and 6.85 eV for Cd2+. 

We show in Fig. 4 the p H dependencies of the absorp­
tion strengths at the positions of the two peaks. We 
note that the shapes of the spectra had a dependence 
on the p H . T h e relative strength of the lower energy 
peak to the higher energy one increased with the 
increase in the p H . This suggests that the metal ion 
dependent absorption around 7 eV contains contribu­
tions from at least two different molecular species. 

To elucidate the nature of the molecular species 
responsible for the absorption, we inspected the p H 
dependencies of the I R spectra of the same multilayer 
samples in the wavenumber region from 1350 to 1850 
c m - 1 (Figs. 5 and 6). In this wavenumber region, there 
were two bands with marked p H dependencies, the 
broad band at 1700 c m - 1 and the band at 1515 c m - 1 

(Sr2+) or 1546 c m - 1 (Cd2+). T h e intensity of the 1700 
c m - 1 band was maximal at an acid p H and decreased 
with the increase in the p H . Its position was independent 
of the kinds of metal ions adsorbed. T h e 1700 c m - 1 

oc 

O 

>» 
jo 
\ 
Û o 

Fig. 4. (a) : The pH dependences of the intensities of the 
VUV bands at 7.10eV ( ) and 6.95 eV ( ) and 
of the IR band at 1515 cm"1 ( ) of arachidic acid 
multilayers with Sr2+. (b) : Those of the VUV bands 
at 7.00 eV ( ) and 6.85 eV ( ) and of the IR 
band at 1546 cm - 1 ( ) of arachidic acid multilayer 
with Gd2+. 

band can be assigned to the O O stretching vibration in 
the unionized carboxylic acid moiety, because its 
position is identical with that of the C = 0 stretching 
band in the stearic acid crystal.11) The metal ion de­
pendent band at 1515 c m - 1 (Sr2+) or 1546 cm" 1 (Cd2+), on 
the other hand , was absent at an acid pH, but emerged 
in the p H region where the adsorption of the metal 

1400 1600 1800 
Wavenumber/cm"1 

Fig. 5. IR spectra in the region 1850—1350 cm-1 of 
arachidic acid multilayers with Sr2+ ions prepared at 
pH 6.6 (b), at pH 9.3 (c), and at pH 10.7 (d). The 
spectrum of the pure stearic acid multilayer is also 
shown (a). (e) is the base line of the spectra. 
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1400 1600 1800 
Wavenumber/cm-i 

Fig. 6. IR spectra in the region 1850—1350 cm-1 of 
arachidic acid multilayers with Cd2+ ions prepared at 
pH 6.15 (b), pH 6.9 (c), and pH 8.15 (d). The spec­
trum of the pure stearic acid multilayer is also shown 
(a). (e) is the base line of the spectra. 

ions begun to occur, and its intensity increased with 
the increase in the pH. T h e band can be assigned to 
the C O O - antisymmetric stretching vibration in the 
metal carboxylates moiety, because its position is very 

Wa velength/n m 

150 160 170 180 190 200 

close to the position, 1514 c m - 1 or 1548 cm- 1 , of the 
vibration mode in Sr or Cd stéarate crystal respec­
tively.11) T h e intensity of the band, therefore, is 
considered to be proportional to the amount of the 
metal ions adsorbed to the multilayer. 

We show in Fig. 4 the p H dependencies of the 1515 
c m - 1 and 1546 c m - 1 I R bands. One may see in Fig. 4 
that there is a difference in the p H dependencies of the 
V U V and I R absorptions. The strength of the V U V 
absorption relative to that of the I R absorption was 
larger in the lower p H region, where the adsorption of 
the metal ions was incomplete, than in the high p H 
region, where the adsorption of the metal ions had been 
completed. This indicates that a molecular species 
which is present in the p H region with a partial adsorp­
tion of the metal ions contributes to the V U V absorption, 
but not to the I R band. This molecular species is 
considered to be unionized fatty acid molecules 
unhydrogen-bonded in their carboxylic acid moieties. 
As is shown in Fig. 1, the carboxylic acid moieties in 
pure fatty acid multilayers form hydrogen-bonded 
dimers. As the p H of the subphase is increased, a 
fraction of the fatty acid molecules is ionized and 
adsorbs metal ions. Therefore, the hydrogen bonds in 
a fraction of the remaining unionized molecules may 
be broken by the disturbance of the regular structure 
of the multilayer by the partial adsorption of metal 
ions. The unionized fatty acid monomers thus produced 
will have an absorption near 7.2 eV, as judged from 
the absorption spectrum of the acetic acid monomer 
shown in Fig. 1, and will contribure to the V U V 
absorption, but not to the I R band due to the metal 
salts of fatty acids. This mechanism can explain also 
the p H dependent change in the shape of the V U V 
absorption. T h e two peaks in the V U V spectra which 
were most clearly seen in the high p H region are 

150 
Wa velength/n m 

200 250 300 

8 7 6 8 7 6 
Photon energy/eV Photon energy/eV 

Fig. 7. The VUV difference spectra of fatty acid multilayers with alkaline earth metals (a), with 2B 
group metals (b), with transition metals (c), and with Cu and Pb (d). The reference is the spectrum 
of pure stearic acid multilayer prepared at pH 3.1. The metal ions and the pH's of the subphases 
are (a) Mg2+, pH 10.1 ( ), Ca2+, pH 7.6 ( ), Sr2+, pH 10.7 ( ), and Ba2+ at pH 9.6 ( ), 
(b) Zn2+, pH 7.3 ( ), Gd2+, pH 8.15 ( ), and Hg2+, pH 5.4 ( ), (c) Mn2+, pH 8.4 ( ), 
Go2+, pH 8.4 ( ), and Ni2+, pH 5.8 ( ) and (d) Pb2+, pH 5.7 ( ) and Cu2+, pH 5.4 ( ). 
All the subphases contained 10-4 M metal chloride except for the Pb case with 6 x l 0 _ 7 M PbCl2. 
The fatty acids used are indicated in Table 1. In the case of the multilayer with Zn2+ ions, the layer 
number was calculated assuming the tilted arrangement of molecules with the angle 2601»n) against 
the normal of the layer plane. 
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TABLE 1. POSITIONS OF THE ELECTRONIC ABSORPTION BANDS AND THE C O O - ANTISYMMETRIC 

STRETCHING VIBRATIONS OF FATTY ACID MULTILAYERS WITH BIVALENT METAL IONS 

Alkaline earth 
metals 

2B group 
metals 

Transition 
metals 

Others 

Metal 
ions 

/ Mg 

Ca 

Sr 

Ba 

' Zn 
Cd 

• Hg 

Mn 

. Co 
l Ni 
[ Cu 
I Pb 

Carbona) 

number 

17 

17 

19 

20 

17 
19 
17 

17 

17 
17 
17 
17 

Metalb) 

adsorption 

/o 

ÎÔÔ 

50 

100 

50 

100 
100 
50 

100 

100 
100 
— 
— 

Electronic bands 

7.22 

7.15 

7.10 

7.10 

7.30 
7.00 
7.00 

7.10 

7.20 
7.00 
7.20 
7.20 

eV 

7.00 

6.95 

6.95 

6.85 

7.10 
6.85 
6.85 

6.85 

6.95 
6.60 
7.05 
6.30 

4.70 
4.86 

The COO-
band 

cm-1 

1560(b) 
,1540 
4575 
1515(s) 

,1510 
4530 
1540 (s) 
1546 (s) 
1590 (s) 

1560(b) 

1550(b) 
1550(b) 
1590 (s) 
1510(s) 

Crystals'0 

i •"" \ 

The COO- State of 
band/cm - 1 hydration 

1564(b) 3H 2 0 
,1540 
4581 H * ° 
1514 (s) Anhydrous 

1513 Anhydrous 

1540 Anhydrous 
1548 Anhydrous 
1570 Anhydrous 

,1550 (sh) 
4574 H * 0 
1530(b) H 2 0 
1550(b) 2HaO 
1588 Anhydrous 
1512 Anhydrous 

(b) : broad band, (s) : sharp band, (sh) : shoulder, a) The carbon number of the alkane 
multilayer samples, b) Calculated from the intensity of the 1700 cm - 1 IR band, c) The 
stéarate crystals obtained by R. Matsuura.n) 

chain of fatty acids used as the 
IR and hydration data for metal 

considered to be due to the metal carboxylate moieties. 
The absorption due to the unionized monomer 
carboxylic acid moieties is superimposed on them in the 
low p H region, so that a p H dependent change in the 
spectral shape is produced. The swelling near 7.2 eV 
present only in the low p H V U V spectra may be due 
to the absorption of the unionized monomer species. 

Metal Ion Dependence of Region 2 Spectra of Fatty Acid 
Multilayers. T h e Region 2 spectra of fatty acid 
multilayers with bivalent metal ions have a conspicuous 
dependence on the kinds of metal ions adsorbed. We 
show in Fig. 7 the difference spectra of the multilayers 
with metal ions of an alkaline earth group (Fig. 7a), the 
2B group (Fig. 7b), a transition metal group (Fig. 7c), 
and Cu2+ and Pb2+ (Fig. 7d). T h e reference was the 
spectrum of the pure stearic acid multilayer prepared at 
p H 3.1. T h e depositions of the multilayers were per­
formed at the pH 's where the adsorptions of the metal 
ions were almost complete, except in a few cases in 
which the efficiency of deposition was not so good in 
such a p H region. The spectra, therefore, represent 
the absorptions of the metal carboxylate moieties. In 
Table 1 we list the positions of the absorption peaks 
which could be clearly discriminated. 

We measured also the I R spectra of the same samples. 
In Table 1 we list the positions of the I R bands which 
were assigned to the C O O ~ antisymmetric stretching 
vibration in the metal carboxylate moieties. We show 
also the data of the positions of the vibration mode in 
the metal stéarate crystals.11) Several multilayers have 
two bands for the vibration mode that may be ascribed 
to different hydration states. It has previously been 
reported that , in crystals, the band width of the vibration 
mode was broadened by hydration to metal carboxylate 
moieties.11) We show also the qualitative data about 
the band width and the data of hydration in crystals. 
We may see in Table 1 that there are good corre­

spondences between multilayers and crystals in the band 
positions and the states of hydration, as judged by the 
band splitting and the band width. We also show in 
Table 1 the extent of metal ion adsorption in the 
multilayers, as estimated by the intensity of the 1700 
c m - 1 I R band. 

We may see in Fig. 7 and Table 1 that all the 
multilayers have a band in the 7.0—7.3 eV energy 
region. This band may have a common origin in all 
the multilayers. A possible origin is the intramolecular 
n-n* transition in the carboxylate anion moiety. The 
spectrum of the carboxylate anion has not been ob­
tained. Barnes and Simpson suggested, from their 
observation of its absorption edge, that the n-n* transi­
tion of the carboxylate anion may lie near 7.2 eV.18) 
T h e position of the n-n* transition may be shifted a 
little depending on the kind of bound metal ion. 

All the multilayers also have another band in the 
6.3—7.1 eV energy region. The assignment of this 
second band is not clear. In the Ba stéarate multilayer 
it has a polarization perpendicular to the first band, as 
we shall show in the next section. Hence, it may be 
due to an intramolecular transition in the carboxylate 
anion moiety, possibly the n-n* transition. The intensity 
of the n-n* transition may be enhanced by the distortion 
of the n electron orbital caused by the interaction with 
bound metal ions. In the case of the multilayer with 
Pb 2 + , the intensity of the second band is too strong to be 
assigned to the n-n* transition, though, its position is 
shifted to a much lower energy compared to the other 
multilayers. The nature of the second band in the 
multilayer with Pb 2 + may, therefore, be different from 
those of the other multilayers. T o obtain a certain 
assignment of the transitions, further studies seem to be 
necessary. 

T h e absorptions of the multilayers with Cu2 + and Pb 2 + 

extend up to the U V region and have their bands at 
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4.70 and 4.86 eV respectively. The U V band is due to 
the charge-transfer transition between the carboxylate 
anion moiety and the bound metal ion, as we shall 
show later by means of the polarization spectra in the 
U V region. 

The absorption edges of the multilayers with transi­
tion metals and 2B group metals, except for Zn, extend 
to a much lower energy region (up to about 5.5 eV) 
than do the multilayers with alkaline earth metals. 
The low energy tails of the absorptions of those mul­
tilayers may, therefore, contain weak transitions with the 
charge-transfer character. 

Polarization Spectra of the Ba Stéarate Multilayer. 
We show in Fig. 8 the polarization spectra of the Ba 
stéarate multilayer measured with a 45° angle incidence 
of plane polarized lights. T h e absorption of the light 
polarized perpendicularly to the plane of incidence 
(S-polarization) was stronger than that of the light 
polarized parallel to the plane of incidence (P-polariza-
tion) throughout the energy region. The Ba stéarate 
multilayer has been reported to have a layer structure 
with molecular axes arranged perpendicularly to the 
layer plane.13»20-25) Assuming the perpendicular 
molecular arrangement and using Akutsu et al.'s 
method, we calculated the angle, 0, of the transition 
moment against the molecular axis. In the calculation, 
we used as the refractive index, n, of the multilayer 
both the value., n=1 .70 , of quartz near 7.0 eV26) and 
the value, n=1 .50 , of the multilayer in the visible 
region,20) as we have done in I. T h e theoretical value 
of the dichroic ratio, R=ASIAF, where ^4S and AP are 
the absorbances for S and P polarized lights respectively, 
became maximal for 0 = 9 0 ° . T h e theoretical maximal 
value of R is 1.21 for n = 1 . 7 0 and 1.29 for n=1 .50 . 
In all the energies, the observed dichroic ratio was 
close to the theoretical maximal value; for instance, 
Ä=1 .29 at 7.1 eV. Therefore, we can conclude that 
0 = 9 0 ° within the limits of experimental error. 

This result shows that the transitions near 7 eV in the 
Ba stéarate multilayer are intramolecular transitions in 
the carboxylate anion moiety. The n-n* transition in the 
carboxylate anion has its direction along the line 

160 
Wavelength/nm 
170 180 190 200 

7 6 5 
Photon energy/eV 

Fig. 8. Polarized absorption spectra of stearic acid 
multilayers with Ba2+ ions prepared on the subphase 
with 3x 10-6 M BaCl2 at pH 7.2 with 45° angle inci­
dence of the light plane polarized perpendicularly 
( ), or parallely ( ) to the plane of incidence. 

connecting the two oxygen atoms, and the n-n* transi­
tion is perpendicular to the carboxylate plane, so that 
they are polarized perpendicularly to the molecular 
axis. T h e charge-transfer transition between the 
carboxylate anion moiety and the bound metal ion, on 
the other hand, is expected to have its direction of the 
transition moment not perpendicular to the molecular 
axis, because bound metal ions are arranged outside 
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Fig. 9. (a): UV spectra of stearic acid mono- ( ), 
bi- ( ) and multi- ( ) layers prepared on the 
water subhases with 1.2xlO-6M PbCl2 at pH 5.4 
(mono-) and 5.7 (bi- and multilayers), (b) : UV spec­
tra of Pb(CH3COO)2 (0.03 M) in CH3COOH ( ) 
and H 2 0 ( ) solutions and PbCl2 (0.02769 M) 
in H 2 0 (—•—) solution. The path length of the 
cell was 12 microns. 
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Fig. 10. (a): UV spectra of stearic acid mono- ( ), 
bi- ( ) and multi- (—•—) layers with Cu2+ ions 
prepared on the water subphase with 5x lO~ 4 M 
CuCl2 at pH 5.1 for the mono- and bilayers and with 
10-4 M GuCl2 at pH 5.4 multilayer, (b) : UV spectra 
of Cu(CH3COO)2 (0.05 M) inH a O ( ), CH3COOH 
( ) solutions. The path length of the cell was 
12 microns. 
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TABLE 2. THE UV BANDS OF MONO-, BI-, AND MULTILAYERS OF Pb AND CU 

STEARATE AND OF P b AND C u ACETATE AND P b C l 2 IN SOLUTION 

Ion Sample Position/nm OD/layer £a )/mol -1 cm - 1 

Pb 

Cu 

Multilayer 
Bilayer 
Monolayer 
Pb(CH3COO)2 in CH3COOH 
Pb(CH3COO)2 in H 2 0 

PbCl2 in H 2 0 

Multilayer 
Bilayer 
Monolayer 
Cu(CH3COO)2 in CH3COOH 
Cu(CH3COO)2 in H 2 0 

254 
255 
237 
237 
228 
,208 
^225 
263 
260 
254 
245 
235 

3.3X10-3 

2.4X10-3 

1.6X10-3 

— 
— 

— 

2 . 1 x 1 0 ^ 
1.9x10-» 
1.8x10-3 

— 
— 

6300 
6400 
4100 
8700 
8700 

, 11000 

5000 
4600 
4300 
3600 
6600 

a) The molar extinctions of the L B layers were calculated as has been described in the Materials and Methods section. 

the layer plane of the carboxylate anion moieties. The 
above conclusion is considered to be valid for the 
multilayers with alkaline earth metals. However, for 
the multilayers with metal ions of other kinds, further 
studies to check the validity of the assignment are 
necessary because their electronic structures are so 
different from those of alkaline earth metals that their 
interactions with the carboxylate anion moiety may be 
different from the interaction of the alkaline earth metals. 

UV Spectra of Pb Stéarate and Cu Stéarate Mono- and 
Bilayers. As is shown in Fig. 7d, the Pb and Cu 
stéarate multilayers have an absorption band in the 
U V region. T h e U V absorptions of the mono- and 
bilayers as well as those of the multilayers can be 
measured by using the high-sensitivity spectrometer for 
thin layers with the sample-in, sample-out technique 
developed in Kuhn ' s laboratory.27) We show in Figs. 9a 
and 10a the U V spectra of the Pb and Cu stéarate 
mono-, bi-, and multilayers. We also show, in Figs. 9b 
and 10b, the U V spectra of Pb acetate, PbCl2 and Cu 
acetate in acetic acid and water solutions. T h e positions 
and molar extinctions of the U V bands are listed in 
Table 2. 

T h e positions of the U V band in the bi- and 
multilayers with Pb ions were the same, though the 
breadth of the band was a little different, perhaps 
because of the larger light scattering in the bilayer. 
T h e coincidence of the peak position suggests that the 
structure and arrangement of the chromophores in the 
bilayer were unchanged by the formation of multilayer. 
T h e intensity of the absorption was larger in multilayer 
than in bilayer. This hyperchromicity of the multilayer 
may be due to the interlayer excitonic interaction 
of chromophores, as we shall discuss later. T h e peak 
position in the monolayer, on the other hand, was at a 
considerably shorter wavelength than those of the bi-
and multilayers, and the intensity was stronger than 
tha t of the bilayer. This shows that the structure of 
coordination in the Pb carboxylate moieties is different 
between the mono- and bilayers. T h e peak position 
and the band width were almost the same in the mono­
layer and Pb acetate in an acetic acid solution. There­
fore, the coordination of Pb ions in the monolayer is 
considered to be similar to that in an acetic acid solution. 

T h e peak position of the U V band in the Cu stéarate 

multilayer was red shifted a little against that of the 
bilayer, and the absorption intensity was a little stronger 
in the multilayer, showing that the structure and 
arrangement of chromophores in the bilayer are affected 
by the formation of the multilayer. The U V band in 
the bilayer was red shifted against that of the monolayer. 
This indicates that there is a difference between the 
mono- and bilayers in the coordination of Cu ions with 
the surrounding carboxylate anion moieties. The 
position of the U V band of the monolayer was closest 
to the U V band of Cu acetate in the acetic acid solution, 
though it was at a little longer wavelength position. 
Therefore, the coordination of Cu ions in the monolayer 
is considered to be similar to, but not identical with, 
the coordination in the acetic acid solution. 

In order to determine the directions of the transition 
moments of the U V bands in Pb and Cu stéarate mono-
and bilayers, we measured their polarization spectra 
with the 45° oblique angle incidence of plane polarized 
lights, as is shown in Figs. 11 and 12. The absorption 
for the S-polarized light was stronger than that for the 
P-polarized lights, in all the cases. From the dichroic 

Wavelength/nm 

300 400 

Photon energy/eV 

Fig. 11. UV polarization spectra of stearic acid bilayer 
(a) and monolayer (b) with Cu2+ prepared on the 
subphases containing 6 x l O - 7 M PbCl2 at pH 5.4 
and 5.7, respectively. The angle of incidence was 45° 
with the lights plane polarized perpendicularly ( ) 
and parallely ( ) to the plane of incidence. 
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TABLE 3. T H E DIRECTION OF THE TRANSITION MOMENT OF THE UV 

BANDS OF P b AND C u STEARATE MONO- AND BILAYERS 

Ion Layer number R a) R b ) 0d) 

Pb 

Cu 

Monolayer 
Bilayer 
Monolayer 
Bilayer 

1.28 (at237nm) 
1.41 (at255nm) 
1.37 (at254nm) 
1.30 (at260nm) 

1.07 
1.18 
1.15 
1.09 

1.515 
1.505 
1.506 
1.503 

59° 
69° 
65° 
61° 

a) The apparent dichroic ratio at the wavelength in parentheses, b) The dichroic ratio after the correction for the inter­
ference effect.27) c) The refractive index of quartz at the peak position that was used in the calculation as the refractive 
index of the mono- or bilayer. d) The angle of the transition moment against the normal of the layer plane 

3 
wo 
2* 
0> 
>» o \ 1 
o ' O 

0 

x 2 
0) 
>s 

$ 1 
O 
o 

0 

210 

.•' 

,* 

Wavelength/nm 
300 40< 

(a) 

/ \s 
/ S^ V̂ \ 

*' s \ * 
S \%% 

' P \ \ 
\ » 

V 

y"\ ( b ) 

,-'^V l-s 
^/^ \ \ 1 

PV\ 
\ \ 
\ \ 

' •̂ **>— 1 

6 5 4 3 
Photon energy/eV 

Fig. 12. UV polarization spectra of stearic acid bilayer 
(a) and monolayer (b) with Cu2+ prepared on the 
subphase containing 5 X 10~4 M CuCl2 at pH 5.1. The 
angle of incidence was 45° with the lights plane 
polarized perpendicularly ( ) and parallely ( ) 
to the plane of incidence. 

ratios at the peak positions, we calculated the angle, 0, 
of the transition moment against the molecular axis 
(Table 3). In the calculation, the molecular axes were 
assumed to be arranged perpendicularly to the layer 
plane; we used as the refractive index of the mono- and 
bilayers the values of quartz26) at the peak positions, 
since we had no data about the refractive index at the 
peak positions and since quartz had a refractive index 
with a value close to those of the fatty acid multilayers 
at the Na D line, as was mentioned in I. We also made 
a correction for the interference effect27) according to 
Matsuki et al.fi because, in the present systems, chromo­
pores are arranged in a restricted layer. 

The directions of the transition moments are tilted 
against the normal of the layer plane, as may be seen 
in Table 3. From the X-ray data of the Pb stéarate 
multilayer,28) we can estimate as about 40° the angle 
of the direction connecting the Pb ion and the oxygen 
atom in a lead(II) carboxylate complex against the 
normal of the layer plane. This angle is smaller than 
the angles of the transition moment obtained by us. 
However, the X-ray value is not so reliable because of 
the technical difficulty in the X-ray analysis of mul­
tilayers. 

T h e tilting of the transition moments against the 
normal of the layer plane shows that the transitions are 

of a charge-transfer character . T h e same assignment 
was made for the U V bands of PbCl2 and CuCL in an 
aqueous solution.29) 

T h e 0 angle in the Pb stéarate bilayer is larger by 
about 10° than that in the Pb stéarate monolayer. 
This shows that the lead(II) carboxylate complexes in 
the bilayer are distorted compared to the complexes in 
the monolayer in a manner to arrange the Pb ions 
closer to the layer plane of the carboxylate anions. The 
large red shift of the peak position in the bilayer may 
be due to this distortion, that may accompany an 
increase in the coordination number.29) 

T h e 0 angles in Cu stéarate mono- and bilayers are 
nearly the same. T h e small red shift in the peak position 
of the bilayer suggests tha t there may be a small distor­
tion in the copper(II) carboxylate complexes, accom­
panied by the formation of a bilayer. O u r da ta about 
the 0 angle are consistent with the smallness of the red 
shift, but, unfortunately, are not of so high a precision 
as to enable us to detect conclusively such a small 
change in 0 as only a few degrees. 

It was shown that hyperchromicity is produced by the 
excitonic interaction of chromophores when they are 
packed in a head to tail arrangement of their transition 
moments.30»31) T h e hyperchromicity of Pb and Cu 
stéarate multilayers against the bilayers may be due 
to the interlayer excitonic interaction of the Pb and Cu 
carboxylate complexes. T h e tilting of the transition 
moments against the layer plane may produce a head 
to tail like packing of them. The interlayer distance is 
too long to produce a strong excitonic interaction 
between individual chromophores. However, in 
multilayers, chromophores form infinitely wide, two-
dimensional layers, so that the integrated excitonic 
interaction between layers may become strong in spite 
of the weak interaction between individual chromo­
phores. T o elucidate the origin of the hyperchromocity, 
it is necessary to develop theory for excitonic interaction 
and its optical consequences in multilayers. 

T h e authors would like to express their thanks to 
Professor Katsunosuke Mach ida for allowing us to use 
the JASCO-IRA-2 spectrometer in his laboratory and to 
Professor Rizo Ka to for allowing us to use the V U V 
polarizer in his laboratory. 
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The electronic absorption spectra of fatty acid multilayers were measured in the vacuum ultraviolet region 
with an energy below 10 eV. From the chain length dependence of the spectra, the strong absorption (above 8 eV) 
was assigned to the a-o* transitions in the alkane chain moiety, and the weaker one (below 8 eV), to the transitions 
in the carboxylic acid and metal carboxylate moieties. The polarized spectra of the Ba stéarate multilayer showed 
that the band near 8.8 eV was polarized perpendicularly to the alkane chain. The spectra of the stearic acid 
multilayer without metal ions and the multilayer of the Zn stéarate showed that their alkane chains were titled 
against the normal of the layer plane. 

Fatty acid multilayers prepared by the Langmuir-
Blodgett technique1) are excellent objects for the 
measurement of the electronic absorption spectra of 
long alkane chains. In multilayers, the alkane chain 
and carboxylic acid moieties of fatty acids are arranged 
in regular two-dimensional layers, and the number of 
the layer can be controlled at any desired value. This 
property of multilayers makes it possible to measure the 
spectra of long alkane chains, which are difficult to 
measure in crystalline samples. The electronic absorp­
tion spectra of alkane chains and carboxylic acids lie 
in the vacuum ultraviolet (VUV) region. However, 
by depositing multilayers on a LiF or CaF 2 plate, 
spectra up to 10 eV can be measured. In a previous 
paper2) we reported preliminary results for the V U V 
spectra of fatty acid multilayers. The V U V spectra of 
fatty acid multilayers provide information about the 
structures of multilayers and their interaction with metal 
ions, as well as basic information about the electronic 
structures of alkane chains. In this and an accompanying 
paper, we present the results of a systematic study of the 
V U V spectra of fatty acid multilayers. In this paper 
we deal mainly with the contribution of the alkane 
chain moiety in the V U V spectra. Studies of the chain 
length dependence and the polarization of the spectra 
are the main subjects of this paper. The application 
of the V U V spectra to the study of the molecular 
arrangement in multilayers is also made. Studies of the 
spectra of metal carboxylate moieties will be presented 
in an accompaying paper.20) 

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

The crystalline stearic acid (C17H35COOH) was purchased 
from the Merck Go. The arachidic acid (C19H39COOH), 
heneicosanoic acid (C20H41COOH), and behenic acid 
(C2iH43COOH) were purchased from Nakarai Chemicals, 
Ltd. The melting points of theses fatty acids were 70.0 °C, 
76.0 °C, 74.0 °C, and 79.0 °C respectively, they agreed with 
the reported values3) within an error of 1 °C. Guaranteed-
reagent grade metal chlorides and spectrograde benzene were 
purchased from Nakarai Chemicals, Ltd. These chemicals 
were used without further purification. Twice-distilled water 
was used in all the experiments. A single crystal of CaF2 

was purchased from the Hursh Co., Ltd. 
The fatty acid multilayers were prepared according to the 

Langmuir-Blodgett method1) at 19^0.5 °C in a thermostated 

T Present address: Osaka University of Economics and 
Law, Yao, Osaka 581. 

room. The pH of the water subphase was adjusted by the 
use of KHC0 3 , HCl, or KOH. The fatty acids were spread 
on the water surface as a 0.1% (w/v) benzene solution, and 
caster oil was used as the piston oil (pressure, 16.5 dyn/cm). 
Plates of CaF2 cleaved from a CaF2 single crystal by a clean 
razor were used as the depositing plates. The CaF2 plates 
were transparent up to 10 eV; their absorption was confirmed 
to be unchanged by dipping into water. 

The deposition of fatty acid multilayers with bivalent metal 
ions was performed using CaF2 plates coated with one layer of 
Fe stéarate by the Langmuir method4) and on the water 
subphase containing 10~4 M metal chloride at a neutral pH. 
Under these conditions with BaCl2 and CdCl2 multilayers 
were deposited as Y layers.1'4-6) The deposition of multilayers 
was confirmed by the observation of the meniscus of the 
subphase near the dipping plate and by the linearity of the 
VUV absorption strength of the deposited multilayers to the 
number of times the plates were dipped into the subphase.2) 

The stearic acid monolayer on the subphase without metal 
ions at an acid pH could not be deposited on the CaF2 plate 
coated with one layer of Fe stéarate. To make the deposition 
possible, 4 layers of stearic acid with Ba ions were pre-deposited 
on the plate from the subphase with 10~4M BaCl2 at a neutral 
pH. After this treatment of the plate, the deposition of 
stearic acid multilayers at an acid pH became possible, but 
not so surely as the deposition at a neutral pH. From the 
observation of the meniscus when the plate was dipped only 
a few times, the stearic acid multilayer prepared at an acid pH 
without metal ions appeared to be of X-type layers. 

The VUV absorption spectra were measured with a 
Shimadzu-SGV-50 VUV spectrometer (Seya-Namioka type 
with 50 cm focus concave grating blazed at 1500 Â and with 
1200 rulings/mm. Light source, Tousey-type hydrogen dis­
charge arc) . The apparatus was equipped with a beam 
splitter made of grazing incidence mirrors, and both the 
reference and sample signals were recorded. We used as 
the reference a CaF2 plate coated with one layer of Fe stéarate, 
so that the reflection at the surface of the sample plate was 
almost completely compensated for. A spectrum was 
measured after a plate with a multilayer had stood in vacuo 
for about three hours. An LiF polarizer with the Brewster 
angle reflection was used to obtain plane polarized VUV light. 
The polarizer was inserted between the light source and the 
entrance slit of the monochrometer. 

Plates deposited with 8 layers of fatty acid (with 2 dippings 
of the plates for Y-type layers or 4 dippings for X-type layers) 
were used in all the spectral measurements to make the optical 
density in an appropriate range. The background spectra 
due to the pre-coating of the plates were substrated from the 
apparent spectra. All the spectra shown in this paper are 
those normalized to the per-layer value except for that of the 
pure stearic acid multilayer prepared at an acid pH, in which 
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the deposition at each dipping is not sure (see text). 

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

We show in Fig. 1 the V U V absorption spectra of the 
stearic acid, arachidic acid, and behenic acid multilayers 
prepared on the water subphase containing Ba ions at a 
neutral p H . The spectra can be divided into two 
regions; the region of high absorption above 8 eV 
(Region 1), and the region of weaker absorption below 
8 eV (Region 2). The spectra in Region 2 all have the 
same strength and shape, which do not depend on the 
carbon number, n, of the alkane chain moiety. The 
spectra in Region 1, on the other hand, have a broad 
maximum near 8.8 eV, and their strengths increase 
with the carbon number, n, though their shapes are 
homologous. We show in Fig. 2 the n dependence of 
the absorption in Region 1 (at 9 eV) . The multilayers 
were prepared on the subphase containing Ba, Sr, Mg, 
Mn, or Cd ions at a neutral p H . In all the cases, the 
shapes of the spectra in Region 1 were homologous. 
We show in Fig. 2 that the absorption in Region 1 is 
proportional to n except for the stearic acid («=17) 
multilayers with Mn, Sr, or Ba. The absorptions of 
these stearic acid multilayers, which showed deviations 
from the proportionality to n, were found to decrease 
slowly with the time, keeping their spectral shapes 

homologous in the whole wavelength region when they 
were kept in vacuo. This shows that stearic acids in the 
multilayers sublime slowly in vacuo, leading to the 
formation of a skeletal film.4) The sublimation of 
stearic acids from the multilayers can explain the 
deviation from the proportionality to n. 

From these results, we can assign the absorption in 
the Region 1 mainly to the G-G* transitions in the alkane 
chain moiety, and that in Region 2, to the transitions 
in the carboxylic acid and metal carboxylate moieties. 
The absorption edge of polyethylene was reported to 
lie at 7.5 eV. The edge of the strong absorption of 
Region 1 is at the same position as the absorption edge 
of polyethylene, supporting our assignment. 

In order to ascertain the polarization of the <r-a* 
transitions of the alkane chain moiety in Region 1, we 
measured the polarization spectra of a stearic acid 
multilayer with Ba ions prepared at a neutral p H 
(Fig. 3). The polarization spectra of normal incidence 
had no anisotropy, showing that the multilayer was 
uniaxial. The polarization spectra of 45° angle incidence 
showed a stronger absorption for the light with an 
electric field vector perpendicular to the plane of 
incidence (S-polarization) than the light with an 
electric field vector parallel to it (P-polarization) in 
both the regions, 1 and 2. We show in Table 1 the 
photon energy dependence of the dichroic ratio, AS/AF, 
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Fig. 1. Per layer absorption spectra of the stearic acid 
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multilayers prepared on the subphase with 10-4 M 
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the stearic acid multilayer prepared on the subphase 
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TABLE 1. THE ANGLE OF THE TRANSITION MOMENTS OF 

REGION 1 AGAINST THE MOLECULAR AXIS 

6(n Photon 
energy/eV 

8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
8.9 
9.0 
9.1 

R( = AJ 

1.30 
1.29 
1.29 
1.22 
1.22 
1.20 
1.17 
1.16 
1.15 

2=1.70) 

90Oa) 

90Oa) 

9 0 ° a ) 

90Oa) 

90Oa) 

82° 
74° 
72° 
70° 

Ht 7=1.50) 

9 0 ob) 

90° 
90° 
73° 
73° 
71° 
67° 
66° 
65° 

a) The observed value of R exceeds the theoretical value, 
1.21, for 0=90°. b) The observed value of R exceeds 
the theoretical value, 1.29, for 0=90°. 
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in Region 1, where ^4S and AF are the absorption 
strengths for the S and P polarized lights respectively. 
In the present system, the apparant dichroic ratio, 
As/A?, represents the true dichroic ratio because the 
chromophores, i.e., the alkane chains, are distributed 
nearly uniformly in the multilayer, and so no correction 
for the interference effect,7) such as is necessary for 
multilayers with chromophores distributed only in a 
restricted layer, is necessary. 

Stearic acid multilayers with Ba ions prepared at a 
neutral p H have been reported to have a layer structure 
with the molecular axes arranged near perpendicularly 
to the layer plane.1 '4 '6 '8"11) Assuming a perpendicular 
arrangement of alkane chains, and using the method 
of Akutsu et a/.,12) we calculated, from the observed 
dichroic ratio, the angle, 6, between the chain axis 
and the transition moment of the a-a* transition near 
the absorption maximum of Region 1. (Akutsu et Ö/.'S 
method assumes that the alkane chains in a monolayer 
have a uniform uniaxial distribution in their directions, 
with a tilting angle, y, against the normal of the layer 
plane and that the transition moments with an angle, 6, 
against the chain axis, also have a uniform distribution 
around chain axis). The results are shown in Table 1. 
In the calculation of the angle, the value of the refractive 
index, n, in the V U V region is necessary. However, 
no data are available for it, and so we used «=1 .70 , 
that is, the value of quartz near 8 eV.13> Since quartz 
has a refractive index with a value in the visible region 
similar to that of the fatty acid multilayer (n=1.46 for 
quartz and n=1.49—1.51, depending on the mixing 
ratio of stearic acid and metal stéarate, for the fatty 
acid multilayer at the visible wavelength of 5890 
nm4>13)), and has an absorption edge near 7.5 eV, that 
is, close to that of the Region 1 absorption of fatty acid 
multilayers, the refractive index of fatty acid multilayers 
in the V U V region is considered to have a value similar 
to that of quartz. For the sake of comparison, we also 
show in Table 1 the results of the calculation using the 
value of n= 1.50 in the visible region. 

One may see in Table 1 that the dichroic ratio is 
nearly constant and that the angle between the transi­
tion moment and the chain axis calculated with « =1 .7 0 
is nearly perpendicular in the energy region from 8.6 
eV to 8.8 eV. T h e angle calculated with w=1.50 is 
somewhat smaller. It is certain that the refractive index 
is larger in the V U V region than in the visible region 
and that the true value of the angle is larger than the one 
calculated with n=1 .50 . 

Thus, the present measurement of the polarized 
spectra leads to the conclusion that the a-a* transitions 
forming the absorption maximum in Region 1 are 
polarized perpendicularly to the molecular axis. T h e 
dichroic ratio begins to decrease in the higher energy 
region over 9 eV and becomes unity at 9.94 eV. This 
suggests that weak a-a* transitions polarized in a parallel 
direction are present in this energy region or that the 
low energy tail of a strong a-a* transition polarized in a 
parallel direction which may be present in the high 
energy region over 10 eV extends up to this energy 
region. 

Based on the intramolecular exciton theory, 

Partridge estimated that the lowest parallel and perpen­
dicular a-a* transitions in polyethylene lie at 8.16 eV 
and 10.08 eV respectively.14) Therefore, his estimates 
contradict our data. Based on the interband transition 
theory, McCubbin calculated that the lowest three 
transitions in polyethylene lie at 12.6, 13.6, and 16.9 eV 
and that all of them have perpendicular polarization.15) 
T h e calculated peak positions are too high, but the 
direction of the transition moments is consistent with 
our data . 

T h e polarization of the a-a* transitions in Region 1 
can be used for the study of the molecular arrangement 
in fatty acid multilayers. We show in Fig. 4 the normal 
incidence spectrum of the stearic acid multilayer 
prepared on the subphase with Zn ions at a neutral p H . 
T h e spectrum in Region 1 is apparently different from 
that of the stearic acid multilayer with Ba ions, with a 
weaker absorption strength in the energy region near 
8.8 eV. We show in Table 2 the ratio of the absorption 
of the multilayer with Zn to that of the multilayer with 
Ba in the energy region near the absorption maximum. 
The ratio is nearly constant, though there is a weak 
decrease with the photon energy. The difference in the 
spectral shape can be ascribed to the fact that the 
multilayer with Zn ions has a tilting of the alkane chain 
axes against the normal of the layer plane. Assuming 
that the alkane chain axes in the multilayer with Ba 
ions are arranged perpendicularly to the layer plane, 
and that the a-a* transitions near the absorption 
maximum are perpendicularly polarized against the 
chain axis, we calculated from the ratio the angle, 
y, of the tilting of the chain axes in the multilayer with 
Zn ions using the method of Akutsu et al.12) T h e results 
are shown in Table 2. The calculation gives angles of 
tilting in the range from 20° to 28°. T h e X-ray data 
about Ba stéarate and Zn stéarate crystals16) showed 
that the inter-layer distances in these crystals were 
47.5 Â and 42.6 A respectively. T h e inter-layer distance 
of the Ba stéarate crystal is consistent with the perpen­
dicular packing of molecules against the layer plane. 
O n the other hand, the inter-layer distence of the Zn 
stéarate crystal shows that the axes of molecules are 
tilted against the normal of the layer plane. Assuming 
the perpendicular arrangement of molecules in the Ba 
stéarate crystal, the angle, y, of the tilting in the Zn 
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Fig. 4. Per-layer absorption spectrum of the stearic 
acid multilayer prepared on the subphase with 10~4 M 
ZnCl2 at pH 6.5 ( ). The per-layer spectrum of 
the stearic acid multilayer prepared on the subphase 
with 10-* M BaCl2 at pH 6.9 is also shown ( ). 
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TABLE 2. THE TILTING ANGLE OF THE MOLECULAR 

AXIS AGAINST THE NORMAL OF THE LAYER PLANE 

IN THE ZN STEARATE MULTILAYER 

Photon energy/eV *a> y™ 

8Ä Ö79Ö 19° 
8.5 0.87 21° 

8.6 0.85 23° 

8.7 0.82 25° 

8.8 0.80 27° 
8.9 0.78 28° 

a) t is the ratio of the per-layer absorptions of the Zn 
stéarate multilayer to the Ba stéarate multilayer, b) y is 
the tilting angle of the molecular axis calculated from t. 

stéarate crystal is estimated from the cos y=42.6147.5 
relation to be y = 26°. The tilting angle estimated from 
our spectral data is in agreement with this X-ray value. 
We note also that the spectrum of the multilayer with 
Zn ions has the same intensity as that of the multilayer 
with Ba ions at the photon energy of 9.94 eV, just the 
energy where the S and P polarized spectra at the 45° 
incidence of the multilayer with Ba ions have the same 
strength (Fig. 3). This fact is also consistent with our 
interpretation that the change in the spectral shape of 
the multilayer with Zn ions is due to a change of polari­
zation caused by a tilting of the molecular axis. 

The spectrum in Region 1 of a pure stearic acid 
multilayer prepared on the subphase without metal 
ions at an acid p H is also different from that of the 
multilayer with Ba ions, as is shown in Fig. 5. In the 
case of the pure stearic acid multilayer, the deposition of 
monolayers on the plate is not so sure as in the case 
of the multilayers with bivalent metal ions. Furthermore, 
observation of the meniscus showed that the deposition 
occurred in such a manner as to give X-type layers for 
the first several dippings of the plate, but they became 
Y-type layers after several dippings. Therefore, it is 
difficult to determine the number of deposited layers 
in a pure stearic acid multilayer. The multilayers of 
our samples, prepared with only four dippings, are 
too thin to apply the interference and infrared techniques 
in measuring their thicknesses. Therefore, we normalized 
the spectrum of the pure stearic acid multilayer by the 
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Fig. 5. Absorption spectrum of the stearic acid multi­
layer prepared on the subphase without metal ions 
at pH 3.0 ( ). For the normalization of the spec­
trum, see text. The per layer spectrum of the stearic 
acid multilayer prepared on the subphase with 10-4 M 
BaCl2 at pH 6.9 is also shown ( ). 

following indirect method. 
As may be seen in Figs. 3 and 4, the absorption of 

the alkane chain of stearic acid has the same strength 
at 9.94 eV irrespective of the polarization of incident 
light or the tilting of the chain axis. Hence, the photon 
energy of 9.94 eV is considered to be the isosbestic 
point for stearic acid multilayers with different direc­
tions of the 0-0* transition moments. Therefore, we 
normalized the spectrum of the pure stearic acid 
multilayer so as to have the same absorption strength 
at 9.94 eV as the multilayer with Ba ions. 

We show in Table 3 the ratio of the absorption 
strength of the pure stearic acid multilayer thus normal­
ized to the absorption strength of the stearic acid 
multilayer with Ba ions in the energy region near the 
absorption maximum. The ratio is fairly constant in 
this energy region. We calculated from the ratio the 
tilting angle of alkane chain axis in the pure stearic 
acid multilayer (Table 3). The calculation showed 
that alkane chain axes in the pure stearic acid multilayer 
are tilted by about 30° against the normal of the layer 
plane. This tilting is in good agreement with the 
reported value, ^ 3 0 ° , measured with the infrared 
spectra.17) 

TABLE 3. THE TILTING ANGLE OF THE MOLECULAR 

AXIS AGAINST THE NORMAL OF THE LAYER PLANE 

IN THE PURE STEARIC ACID MULTILAYER 

Photon energy/eV fa) fb) 

ëT4 ÖV74 31° 

8.5 0.76 30° 

8.6 0.73 32° 

8.7 0.75 30° 

8.8 0.76 30° 
8.9 0.78 28° 

a) t is the ratio of the per-layer absorptions of the pure 
stearic acid multilayer to the Ba stéarate multilayer. b) 
y is the same as Table 2. 

The spectrum in Region 2 of the stearic acid multilayer 
lacks the absorption near 7 eV which is present in the 
spectrum of the multilayer with Ba ions. The absence 
of the band near 7 eV cannot be explained by the 
tilting of the molecules, rather, it is attributable to the 
difference in the state of the carboxylic acid moiety. 
The former multilayer consists only of unionized stearic 
acids, but the latter is a mixture of Ba stéarate and 
unionized stearic acid.18»19) As we shall show in the 
accompanying paper, the band near 7 eV can be 
ascribed to the Ba carboxylate and unhydrogen-bonded 
carboxylic acid moieties, but the carboxylic acid 
moieties in the pure stearic acid multilayer are hydrogen-
bonded. We stress that the marked p H dependence 
(and the metal ion dependence discussed in the accom­
panying paper) of the absorption in Region 2 support 
the assignment of it to the transitions in the carboxylic 
acid and metal carboxylate moieties. 
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The apparent decay rates of hydrogen and deuterium atoms in the reactions with acetylene-rf0 and -d2 in 
helium in the pressure range from 100 to 800 Torr (1 Torr = 133.3 Pa) have been measured by the pulse radiolysis-
Lyman-a absorption method at 300±2 K. The helium pressure dependence of the rate constants was well inter­
preted in terms of the RRKM theory including a tunneling effect, using the geometry and force constants of the 
activated complex and vinyl radical estimated by the ab initio calculation. (S. Nagase and C. W. Kern, J. Am. Chem. 
Soc, 101, 2544 (1979).) 

The reaction of hydrogen atoms with acetylene has 
been investigated during the last half century.1-10) The 
primary reaction mechanism established may be 
expressed as follows: 

H + C2H2 ±> G2H3* CoHo 

Here C2H3* denotes an energized vinyl radical which 
can re-form reactants or be deactivated to a stable 
vinyl radical by a collision with a third body. 

Recently Keil et al. reported two kinds of experi­
ments:11) one used a mass spectrometer in a flow 
system for the measurement of the rate constants of the 
reactions of H + C 2 H 2 , H + C 2 D 2 , D + C 2 H 2 , and D + 
C2D2 in the pressure range from 1 to 7 Torr , and the 
other used a time-resolved Lyman-a photometric 
method for the measurement of the decay rate of H 
atoms in the reaction with C2H2 in flowing helium in 
the pressure range from 1 to 742 Torr . In order to 
explain the pressure dependence of these rate constants, 
they applied the R R K M theory, in which various 
parameters such as the geometry and vibrational 
frequencies of an activated complex were estimated by a 
somewhat arbitrary method. 

In a previous investigation,12) we measured the rate 
constants of the reactions H + C2H2 , H + C2D2 , D + C2H2 , 
and D + C2D2 , by means of the pulse radiolysis-Lyman-a 
absorption method. In that measurement, the hydrogen 
pressure was varied from 300 to 1200 Torr and no 
pressure dependence of the rate constants was observed. 
In the present study, we used helium as the third body 
and found the pressure dependence similar to that 
observed by Keil et al. 

The recent development of the ab initio calculation 
has been considerable and the potential energy surfaces 
calculated for some simple reactions are believed to be 
not far from the real ones. Nagase and Kern have 
calculated the potential energy surface for the H + C2H2 

reaction and predicted the geometry and force constants 
of the activated complex and of the vinyl radical.13) 
We tried to use these calculated results to explain the 
kinetic isotope effects observed in the present experiments 
in terms of the R R K M theory. In the present calcula­
tion, however, there is an important assumption, which 
should in fairness be stated at the outset. The energy 
barrier for the reaction of H + C 2H 2 calculated by 
Nagase and Kern was 6.2 kcal/mol (1 kca l=4 .184 kj) . 
This value seemed to be too large and was not used in 
the following calculation. 

Exper imenta l 

The apparatus and procedures used in this study are the 
same as those described in a previous paper,14) so we mention 
here only the major features. 

Figure 1 shows the apparatus schematically. A mixture 
of 5 Torr H2 or D2 and a small amount of C2H2 or G2D2 (50— 
130mTorr) diluted with He (100—800 Torr) was irradiated 
with an electron pulse (pulse width, 3 ns ; upper limit of 
energy, 600 keV) generated by a Febetron 706 (Hewlett 
Packard Co.). The time dependence of the concentration 
of H or D atoms was measured by the absorption of Lyman-a 
(121.57 nm for H and 121.53 nm for D). The transmitted 
light was directly detected with a head-on type photomultiplier 
(Hamamatsu TV Co., R976), which was monitored with an 
oscilloscope (Tektronix 465). As has been discussed in 
previous papers,14'15) the optical density used for the measure­
ment is proportional to the atom concentration in this 
technique. 

Oscilloscope 

Fig. 1. Schematic diagram of the apparatus. 

The high-purity dried He (Nihon Helium Go.) was passed 
through a trap filled with molecular sieve 4A at 77 K before 
use. Research grade H2, D2, and G2H2 (Takachiho Shoji 
Go.) were used without further purification. C2D2 was 
synthesized by the reaction of D 2 0 (above 99.99%, Merck 
Go.) with CaC2 (Tokyo Kasei Co.), which was heated at 
about 500 °G for 70 h in vacuum prior to use. The C2D2 

thus obtained was shaken with sulfuric acid for 1 h. The 
mass and infrared spectra showed that the purity of C2D2 was 
better than 99%. 

R e s u l t s 

In the absence of acetylene, practically no change 
of the atom concentration could be observed in the time 
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Fig. 2. The apparent decay rates of H atoms in the H + 
C2H2 reaction (Q), and of D atoms in the D+C 2 D 2 

reaction ( £ ) as functions of the total pressure. Solid 
curves were theoretically calculated. 
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Fig. 3. The apparent decay rates of H atoms in the H + 
C2D2 reaction (O), and of D atoms in the D+C 2 H 2 

reaction ( £ ) as functions of the total pressure. Solid 
curves were theoretically calculated. 

range of 10 ms. while in the presence of 50 mTorr 
acetylene, the atoms decayed completely within 10 ms. 
From this first-order decay curve and the concentration 
of acetylene used, the rate constant of the reaction 
could be estimated. 

Figures 2 and 3 show the rate constants obtained for 
the reactions of H + C 2 H 2 , D + C 2 D 2 , D + C 2 H 2 , and 
H + C 2 D 2 as functions of total pressure. Below 100 
Torr of helium, the atom concentration was too small 
for the measurement of the time dependence. It 
should be noted that the rate constant of the H + C 2H 2 

reaction is strongly dependent upon helium pressure, 
while that for the D + C2H2 reaction is almost independ­
ent of helium pressure. 

Theoret ical Calculat ion 

The treatment of the R R K M theory has been fully 
discussed in a book by Robinson and Holbrook.16) The 
present experiments correspond to one of the chemical 
activations discussed in that book. 

Let us consider the following reaction : 

complex, A* an energized product, and A a stabilized 
product. In the nomenclature used by Robinson and 
Holbrook, the bimolecular rate constant of the reaction 
between R and R ' may be expressed as follows: 

-dE. 1) 
"Jo <o+k(E) 

Here co is the collision frequency between A* and the 
third body, ka(E) the rate constant of the decomposition 
of A*tf(E) the non-equilibrium distribution of energy of 
A*, and k» the bimolecular rate constant in the limit 
of high pressure. 

I n order to calculate these parameters, we have to use 
many approximations, which appear in the R R K M 
theory. Since many different degrees of approximation 
are introduced in the book of Robinson and Holbrook, 
the min imum number of equations used in the present 
calculation will be given below without any detailed 
interpretations. 

<o = ßczp (2) 

z = ffl(87tNJMkT)V* (3) 

Here ßc is the collisional efficiency, z the collision 
frequency at 1 Torr of the third body,/» the pressure, <rd 

the collision radius, // the reduced mass of A* and the 
third body, T the temperature, NA Avogadro's number, 
and k the Boltzmann constant. 

kA(E) = Lr(Qt/Q)[l/hN(E)]x 

Œ K(E-E^)P(E^)] (4) 

D is the reaction path degeneracy and QJ and Q, the 
partition functions for the over-all rotations of At and 
A. The term K(E—E^) is the transmission coefficient, 
which was not discussed in the book of Robinson and 
Holbrook; however, recent theoretical calculations on 
the hydrogen atom-molecule reaction revealed that the 
tunneling effect cannot be ignored even at room tem­
perature, if a hydrogen atom is transferred in the 
reaction.17) There are several ways to estimate the 
tunneling effect. One of the simplest ways is to use the 
transmission coefficient for the inverted parabolic 
potential barrier in one dimension. 

K(E) = ( l + e x p I X S - F o ) / / * ] ) - 1 (5) 

Here V0 is the barrier height and hv is the magnitude 
of the immaginary vibrational quanta . This expression 
has already been discussed by Kato and Morokuma 
in the unimolecular decomposition of C H 2 C H 2 F 
radicals.18) P(EVS) denotes the number of vibrational-
rotational quan tum states of AT with vibrational-
rotational non-fixed energy equal to EVS, h the Planck's 
constant, and N(E) the density of quan tum states of 
A* with energy between E and E+dE. Since in the 
H + C 2 H 2 reaction, no active rotation is involved in At, 
the term P(EVT1) becomes simply P(EV1), a value which 
has been counted directly. The N(E) has been calculated 
by using the Whitten-Rabinovitch approximation: 

N(E) = —Q*-
{E+aEz)

s+r^ 

'-'(&)]• (6) 

Here, 

R + R' u At u A* • A. 

R and R ' denote reactants, At an activated 

(*7y/2 r{s+-jjuhv 

Here, Q,r
 1S t n e partition function for the active rotations 
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in A*, r and s the number of active rotations and 
vibrations, Ez the sum of zero-point energies, v-x the 
frequency of the i-th mode, and E'=E/EZ. According 
to Whitten and Rabinovitch, a, ß, and w can be ex­
pressed as follows: 

a = 1 - ßw(Ef) (7) 

(0A<Ef<\.0)dw/dEf = - (5.00+1.365 E'-»-™)w\ 
(8) 

( 1 . 0 < £ ' < 8 . 0 ) dw/dE' = - (0.60478£/-°-75)w J 

s- 1 s + -^ < „ • > 

Here 0 > and <C^2> are the mean frequency and 
mean-square frequency of A. In the present calculation, 
all vibrations and the rotation around the C - C bond 
in vinyl radical were taken as active. If the rotation 
was taken as inactive, we had to assume an extraor­
dinarily large collision radius. 

The distribution function f(E) can be derived by 
using the principle of detailed balance : 

f(E) = k&(E)K(E)/^\(E)K(E)dE . (10) 

Here K(E) is the Boltzmann distribution function of A. 

K(E) = N(E) exp (-E/kT)/[ N(E) exp (-E/kT)dE (11) 
Jo 

To perform the R R K M calculation, we need the 
moments of inertia and the vibrational frequencies of 
the activated complex and the vinyl radical, the barrier 
height, and the minimum energy of the energized 
product, Em-ln, together with the molecular diameters of 
He (0.257 nm) and the vinyl radical (0.423 n m ) ; the 
latter was assumed to be the average of acetylene and 
ethylene.19) The ad initio calculation of Nagase and 
Kern using the 4-31G basis set provides the necessary 
data . Figure 4 shows the geometry of the activated 
complex and the vinyl radical. Table 1 summarizes 
the moments of inertia and the fundamental vibrational 
frequencies calculated by the GF-matrix method using 

(a) 

171.7° 

0-^<C/0.1224nm
 C 0.1053 

H" 160.5° 

(b) 

the force constants reported. Here it should be noted 
that the activated complexes C 2 H 2 -D* and C 2 H D - H * 

D H 
are different. Similarly two vinyl radicals, T T > C = C / 

D H 
and T T ) C = C / , should be taken as different radicals 
at the temperature of absolute zero, but, in the present 
calculation, these two radicals were assumed to be the 
same, since these two radicals are known to be in 
equilibrium even at 93 K.20> In fact, the partition 
functions for these two radicals are the same in value 
within the limits of the calculation. 

There is some uncertainty in the value of Emïn 

because the heat of formation of vinyl radicals and the 
activation energy for the H + C2H2 reaction have not 
been established. We tentatively adopted 40 kcal/mol 
for the Emin of C2H3*. Since the N(E) value is not 
strongly dependent on Emïn around 40 kcal/mol, the 
adoption of this value does not restrict the conclusions 
of the following discussion. In the present calculation, 
the barrier height V0 was also assumed to be equal to 
^miir Table 1 contains the values of Em[n for other 
isotopic vinyl radicals, which were calculated by taking 
into account the zero-point energies of each vinyl 
radical . 

In order to calculate the absolute values of A:, we need 
the values of A:«, for each reaction. Table 2 summarizes 
the kœ values used in the present calculation. Since we 
have not measured the temperature dependence of the 
rate constants, we will not discuss the kœ values theoret­
ically. 

Reactions of / / + C2H2 and D+C2D2. The calcula­
tion of Eq. 1 is now straight-forward for the H + C 2 H 2 

reaction. An adjustable parameter is the collisional 
frequency ßc in Eq. 3. The upper solid curve shown in 
Fig. 2 was drawn by assuming ßc=0.078. The scattering 
of the experimental results allowed us to estimate this 
value only within the error limit of ± 1 5 % . A similar 
calculation can be carried out for the D + C2D2 reaction. 
The lower solid curve in Fig. 2 was drawn by using the 
same collisional efficiency. 

Reactions of H-{-C2D2 and D-\-C2H2. In these 
reactions, we have to consider two processes for the 
decomposition of energized vinyl radicals: 

H + G2D2 ~-> C2D2H* 

G2D2H* 

0) 

H + G2D2 

D -f G2DH 

C2D2H. 

* » D ( £ ) 

Fig. 4. The geometry of activated complex in the reac­
tion of H+G 2 H 2 (a) and of vinyl radical (b). 

Consequently, the pressure dependence of the decay 
rate of H atoms should be expressed as follows : 

JoO> + *aH(£) + *aD(£) V ^ 

A similar equation can easily be constructed for the 
case of D + C2H2 . The solid curves shown in Fig. 3 
were calculated by using these equations. The same 
collisional efficiency was used. Although the scatter 
of the experimental data precludes any detailed com­
parison between experiment and theory, the trend of 
the pressure dependence could be reproduced by the 
calculation. 
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TABLE 1. PARAMETERS USED FOR CALCULATION 

Species 

G2H3 

C2H3t 

G2D3 

G2D3t 

G2H2D 

Vibrational 
frequencies 

cm - 1 

3421 
3348 
3253 
1642 
1421 
1209 
981 
893 
843 

3645 
3578 
1764 
884 
793 
703 
577 
479 
890i 

2534 
2487 
2365 
1457 
1125 
981 
779 
670 
610 

2798 
2628 
1611 
634 
600 
576 
467 
355 
698i 

3421 
3332 
2403 
1539 
1364 
1109 
937 
827 
763 

Moments of 
inertia 

kgm 2 x 10-47 

4 4 4 
26.25 29.81 3.56* 

26.63 31.97 5.35 

34.91 41.75 6.84* 

38.40 48.61 10.21 

28.43 33.39 4.96* 

Critical 
energy Emln 

kcal mol - 1 

40.00 

38.22 

Vibrational 
^ frequencies 

cm"1 

C2H2—Dt 3645 
3578 
1757 
824 
793 
699 
554 
384 
723i 

C2HD—Ht 3622 
2707 
1687 
764 
705 
585 
577 
478 
858i 

C2D2H 3274 
2533 
2445 
1523 
1355 
1002 
894 
674 
644 

C2D2—Ht 2799 
2628 
1619 
699 
601 
580 
515 
417 
856i 

G2DH—Dt 3605 
2724 
1682 
809 
727 
600 
467 
356 
719i 

Moments of 
inertia 

kgm2X 10 - 4 ' 

/a 4 
30.44 39.33 

30.35 36.16 

33.14 38.10 

35.29 41.15 

34.98 44.23 

\ 
8.89 

5.81 

4.96* 

5.86 

9.24 

Critical 
energy £m i n 

kcal mol -1 

38.39 

36.81 

39.85 

41.44 

•Active rotation. 

Discussion 

TABLE 2. kœ USED FOR CALCULATION 

Reaction £œ/10-13 cm3 molecule-1 s -1 

H+C 2 H 2 

D+C 2 D 2 

D+G 2H 2 

H+C 2 D 2 

4.0 
2.6 
2.5 
4.0 

As has been discussed in a previous paper,12) the 
rate constant of the H + C2H2 reaction we obtained in 
the limit of high pressure is more than twice that 
reported by Payne and Stief (1.56 X 10 - 1 3 cm3 molecule - 1 

s-1).10) T h e result of Keil et al. is consistent with theirs. 
We therefore reconsidered this discrepancy. One 
possible reason is the participation of the reaction of 
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vinyl radicals in the decay of hydrogen atoms in our 
reaction system. 

H + G2H2 ~-> G2H3 ( a ) 

C2H3 + H -> C2H2 + H2 ( b ) 

2 G2H3 -> G2H2 + G2H4 ( c ) 

The apparent decay rate of hydrogen atoms may be 
expressed as follows: 

The correction factor y ranges from 1 to 2. The time 
dependence of [C2H3] can be calculated by the Runge-
Kut t a integration procedure if the ratios of kb/ka and 
kjka and the initial concentration of H and C 2H 2 are 
known. Such calculations have already been made in 
a previous paper, in which the reaction between 
hydrogen atoms and ethylene has been discussed.15) In 
the present experiments, we may approximate that 
A : a ^ 4 x l 0 - 1 3 , A ; b ^ 6 x l 0 - n , and k^M)-11 in units of 
cm3 molecule - 1 s - 1 , and the initial concentration of 
hydrogen atoms is in the order of 1012 c m - 3 and [C 2 H 2 ] , 
larger than 2 x l 0 1 5 c m - 3 . The substitution of these 
da ta gives a y factor of less than 1.1, i.e., no correction 
seems to be necessary. However, the electron pulse-
irradiation might produce an inhomogeneous distribu­
tion of atoms in the reaction cell, which cannot easily 
be estimated. If this occurred, the value of the y factor 
would become close to 2. Consequently, it may be 
safe at present to retain the final conclusion until new 
evidence can be obtained. The measurement of the 
activation energy is now being undetraken. 

i 1 r~- 1 1 1 r 

8 yO 

0.4 h- -j 

°T 1 
o 1 1 I I I I I I I I 

0 200 400 600 800 

Total pressure / Torr 

Fig. 5. Comparison of experiments obtained by Keil et 
al. (%) and by the present work (O) with theoretical 
curve. The value of kœ for the data of Keil et al. was 
assumed to be 1.7 X 10~13 cm3 molecule-1 s_1. 

Comparison with the Data of Keil et al. In Fig. 5, 
we plotted the pressure dependence of the kjk* ratios for 
the H + C2H2 reaction obtained by Keil et al. and by us. 
Both experiments are in fair agreement with theo­
retical curve. According to Keil et al., their R R K M 
calculation well explained this pressure dependence.11) 

This fact probably means that the differences between 
the parameters of the moments of inertia and of the 
vibrational frequencies for the activated complex and 
vinyl radicals are not large enough to cause any differ­
ence in the pressure dependence of the rate constant. 
Since there is an adjustable parameter, ßci in the theory, 
we cannot make a definite comparison. Incidentally, 
Keil et al. took the value of 0.25 for ßc. 

Tunneling Effect. In the above treatment, we 
introduced a tunneling effect into the R R K M calcula­
tion. The calculation without a tunneling effect has 
also been carried out, and similar agreement between 
experiment and theory could be obtained, although 
the adjustable parameter, ßc, increased to 0.21. As far 
as the consistency between experiment and theoretical 
calculation is concerned, no substantial difference could 
be found between including and excluding the tunneling 
effect. Probably this effect will become a crucial 
problem when kœ is discussed theoretically. 
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Chlorination of Polyacrylonitrile and Analysis of Its Products 
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Chlorination of polyacrylonitrile (PAN) was carried out by passing dried chlorine gas through a tetrahydro-
thiophene 1,1-dioxide (sulfolane) solution of PAN or a powdery mixture of PAN with sodium chloride. The 
chlorinated products were examined by comparison with acrylonitrile-a-chloroacrylonitrile (CAN) copolymers 
corresponding to a-chlorinated PANs. In solution the reaction proceeded easily below 100 °C, but due to side 
reactions analysis of the products was difficult. In the powdery mixture hardly any reaction took place below 
100 °C, but in the range 120—140 °C, the reaction proceeded smoothly and its rate became ca. 2.7 times in propor­
tion as its temperature was raised by 10 °C. The chlorinated products were investigated by means of infrared and 
thermal analyses. The chlorinated moiety consists mainly of <x,/S-dichlorinated units, which seem to result from the 
addition of chlorine to the double bonds produced by dehydrochlorination after ß-chlorination. These chlorinated 
products were dehydrochlorinated at lower temperature than acrylonitrile-CAN copolymers, but in many respects 
they resemble each other in the behavior of thermal degradation. 

Grassie and McGuchan1) carried out bulk copoly-
merization of acrylonitrile with a-chloroacrylonitrile 
(CAN) and recognized from the favorable thermoanaly-
tical behavior of the copolymers obtained that the 
copolymers can be used for carbon fiber processing. 
They correspond to the partially a-chlorinated polyacrylo­
nitrile (PAN). Chlorination of PAN remains to be 
investigated. However, if it proceeds preferentially on 
the a-carbon of the PAN molecule, its products should 
assume the same thermal behavior as copolymers. 

Chlorination of PAN was studied in three different 
states: (1) dispersed powder in carbon tetrachloride, (2) 
solute in tetrahydrothiophene 1,1-dioxide (sulfolane), 
and (3) dispersed powder in sodium chloride powder. 
The reaction did not proceed in the first state but the 
chlorinated products could be obtained in the second 
and third states. In this work, these products were 
examined in comparison with acrylonitrile-CAN 
copolymers. 

Exper imenta l 

Preparation of PAN. Two hundred and ninety grams 
of freshly distilled acrylonitrile was dissolved in 400 cm3 of 
JV,7V-dimethylformamide (DMF). This solution and 0.8 g of 
<x,a'-azobisisobutyronitrile (AIBN) dissolved in 40 cm3 of DMF 
were put into a three-necked flask which had been evacuated 
with an oil pump and flushed with nitrogen several times. 
Stirring was started. The temperature inside the flask was 
maintained at 47 °C; it rose to 52 °C immediately after 
addition of AIBN. After 11.5 h, the reaction mixture was 
diluted with 400 cm3 of DMF containing 0.01 g of hydro-
quinone, and then poured into 20 dm3 of distilled water. The 
precipitate was filtered, washed with methanol and distilled 
water at 70 °C, and dried in a vacuum at 50 °C to constant 
weight. The yield was 92.7 g. The intrinsic viscosity, \rf\, in 
DMF at 35 °C was 2.54. 

Preparation of Acrylonitrile-CAN Copolymers. The method 
was reported in a previous work.2) 

Chlorination of PAN in A Solution State. Sulfolane (bp 
122 °C at 4 mmHg (1 mmHg«» 133.3 Pa)) was used as a 
solvent. Chlorination was carried out by passing dried 
chlorine gas at ca. 25 cm3/min through a polymer solution 
consisting of 0.2 g of PAN and 40 cm3 (at 100 °C) of sulfolane. 
The solution was bubbled with nitrogen for 15 min prior to the 
admission of chlorine gas. A magnetic stirrer was used and 

the solution was illuminated with a 100-W National Electric 
street lamp. After the lapse of reaction time (Table 1), the 
reaction system was purged with nitrogen and the solution 
was poured into 1 dm3 of methanol. The precipitate was 
filtered, washed with methanol for 18 h using a Soxhlet 
extractor, and dried at 30 °C in a vacuum oven to constant 
weight. 

Chlorination of PAN in a Solid State. One gram of PAN 
powder was dispersed in 50 g of sodium chloride powder. The 
mixture was thoroughly dried and then charged in a U tube 

TABLE 1. CHLORINATION OF PAN IN A SOLUTION STATE 

Reaction 
temperature 

°C 

55 
80 

110 
120 
120 
135 
135 
135 

Reaction 
time 

h 

10 
10 
10 
3 

10 
2 
3 

10 

Chlorine content 
of product 

wt% 

9.17 
16.10 
22.20 

9.84 
23.70 

6.64 
9.70 

23.10 

TABLE 2. CHLORINATION OF PAN IN A SOLID STATE 

Reaction 
temperature 

°C 

100 
120 
120 
120 
130 
130 
130 
130 
140 
140 
140 
140 
140 
140 

Reaction 
time 

h 

20 
4 
7 

10 
2 
3 
5 

10 
2 
3 
5 
8 

10 
20 

Chlorine content 
of product 

wt% 

4.49 
4.03 
7.32 
9.85 
2.70 
4.35 

10.81 
20.82 

5.73 
10.84 
22.45 
34.84 
42.11 
49.54 
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The process of chlorination was similar to that for solution 
state. The reaction temperature and time are given in Table 
2. After the reaction, the mixture was washed with distilled 
water until no chloride ion could be detected. The product 
obtained was dried in a vacuum at 30 °G to constant weight. 

Chlorine Analysis and Measurement of Infrared Absorption Spectra. 
The methods were reported in a previous work.3) 

Thermomechanical Analysis (TMA). The measurement 
was carried out under tension at a heating rate of 10 °C/min 
with a Shimadzu TMA-20 Thermomechanical Analyzer. The 
sample was cut from the casting film (15—40 jxm thick), the 
measurement being carried out with 5 g load. 

Differential Thermal Analysis (DTA). A Rigaku GAT. 
No. 8001 Thermoflex was used. Fifty milligrams of sample 
was employed in each experiment and heated at a 5 °C/min 
rate under nitrogen. 

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

Infrared Absorption Spectra of Acrylonitrile-CAN Copoly­
mers. Acrylonitrile-CAN copolymers,2) correspond­
ing to a-chlorinated PANs, were studied before 
examining the chlorination of PAN. The infrared 
spectrum of a copolymer, shown in Fig. 1, is similar 
to the combination of spectra of PAN2) and poly(a-
chloroacrylonitrile)3) (PCAN). In the copolymers, the 
bands at 2240 and 500 c m - 1 were chosen as the charac­
teristic bands of acrylonitrile and CAN4) units, respec­
tively. The absorbances and whether the molar extinc­
tion coefficients were affected by copolymerization were 
determined. Each absorbance was normalized by the 
equation 

34.445* \ 
3545.3-34.445*/' ( ' 

where A is the normalized absorbance, a the observed 
absorbance for w mg of sample, and x the chlorine 
content of sample. 

T h e relationship between the number of chlorine 
atoms in 100 monomer units (iVci) and the absorbances 
at 2240 and 500 c m - 1 (A22i0 and A500) is shown in Figs. 2 
and 3 by solid lines. JVci was calculated by the equation 

53.064* _ ,„„ , 

0.3 

x 1 + 

Ncl = 
3545.3-34.445* 

X 100. 

100 

4000 3000 2000 1000 

Wave number/cm -1 

Fig. 1. Infrared absorption spectra of (1) PAN, (2) 
acrylonitrile-GAN copolymer (chlorine content: 20.25 
wt%), and (3) PCAN. 
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Fig. 2. Relationship between the number of chlorine 
atoms in 100 monomer units and the absorbance at 
2240cm"1. %: Acrylonitrile-CAN copolymers. A> 
• , and 0 : Products chlorinated at 120, 130, and 
140 °G, respectively, in a solid state. 
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Fig. 3. Relationship between the number of chlorine 
atoms in 100 monomer units and the absorbance at 
500 cm -1 . The symbols used here are the same as those 
in Fig. 2. 

We see that the result for the band at 2240 cm- 1 

deviates considerably from the combination of absorb­
ances of homopolymers, while at 500 c m - 1 they are 
nearly equal. The chemical environment of acrylonitrile 
units in copolymer changes with position in the chain. 
In such cases, band broadening may occur. However, 
none was observed, indicating that the molar extinction 
coefficient of the 2240 c m - 1 band in the copolymer is 
smaller than that in PAN, and that great care should 
be taken when using the absorbance of the band at 2240 
c m - 1 for determining the mole fraction of acrylonitrile 
units in a chlorinated PAN. 

If only a-chlorination takes place during the course 
of chlorination of PAN, methylene groups do not change 
in number. However, with change in their chemical 
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0 20 40 60 80 100 

Fig. 4. Relationship between the number of chlorine 
atoms in 100 monomer units and the areal intensity of 
methylene scissoring vibration band. The symbols 
used here are the same as those in Fig. 2. Curves 1 
and 2 express the changes which follow a-chlorination 
and the chlorination in a solid state, respectively. Area 
3 is the expected one for ^-chlorination (including ß,ß-
dichlorination). 

100 I 1 | , 

Wave number /cm - 1 

Fig. 5. Infrared absorption spectra of products chlo­
rinated in sulfolane. 
1, 2, 3, and 4: Products chlorinated at 55, 80, 110, and 
135 °G, respectively, for 10 h. : PAN heated at 
150 °G for 10 h in sulfolane under nitrogen flow. 

environment both methylene stretching and bending 
vibrations are affected (Fig. 1). The methylene scissoring 
vibration band appears at 1455 c m - 1 in PAN and 
1430 c m - 1 in PCAN. In the copolymers, the integrated 

intensity of this band, \ A&CRtdv, was calculated in the 

range 1540—1400 c m - 1 (Fig. 4). Here, Ascm is the 
absorbance of methylene scissoring vibration band at a 

wave number (?>). We see from Curve 1 that the inte­
grated intensity increases with the progress of a-chlorina­
tion, being nearly equal to the combination of the 
intensities in PAN and PCAN. 

Chlorination of PAN in a Solution State and Analysis of Its 
Products. The chlorine content and infrared spectra 
of chlorinated products are shown in Table 1 and Fig. 5, 
respectively. In the case of chlorination above 100 °C, 
there is a ceiling in the chlorine content (Table 1). 
Although the 500 c m - 1 band appears, its intensity is 
weak in comparison with that in the copolymer which 
has a corresponding chlorine content (see Fig. 1). In 
addition, strong absorptions are observed in the range 
1800—1500 cm - 1 . The absorptions in the neighborhood 
of 1700 c m - 1 show that cyano groups have been trans­
formed into carboxyl or carbamoyl groups. Since the 
formation of these groups was hardly observed without 
the admission of chlorine gas (Fig. 5), some side reaction 
should proceed simultaneously with chlorination.5) The 
absorption at ca. 1600 c m - 1 shows the progress of 
polymerization of cyano groups. A conspicuous absorp­
tion appears at ca. 810 c m - 1 which seems to correspond 
to the characteristic band appearing in the heat-
treatment of PAN in the air.7) Chlorination is accom­
panied by several side reactions, making the analysis of 
chlorinated products difficult. The side reactions seem 
to cause the above-mentioned ceiling in the chlorine 
content. 

60 80 100 120 140 

Temperature/0 C 

Fig. 6. TMA curves for PAN. 

Chlorination of PAN in a Solid State and Analysis of Its 
Products. Change of Chlorine Content Following Chlorina­
tion: The chlorine content of chlorinated products is 
given in Table 2. It was found that the reaction scarcely 
proceeds at 100 °C. The reaction in a solid state should 
be accompanied by diffusion of chlorine into PAN 
granules. The rate of diffusion in a rubbery material 
is expected to be considerably higher than in a glassy 
one. Figure 6 shows T M A curves for original PAN. 
The rates of extension are equal below 100 °C but start 
to change at 100—110 °C, the glass transition tempera­
ture being ca. 100 °C. The reaction proceeded smoothly 
at 120, 130, and 140 °C. In the reaction at 140 °C, 
one chlorine atom per monomer unit was incorporated 
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after ca. 10 h, chlorination proceeding further. 
T h e degree of chlorination is proportional to the 

weight gain resulting from chlorination, since no side 
reaction which brings about the change in sample 
weight was observed during the course of chlorination. 
The weight gain is expressed by the following equation : 

100 

Weight gain = 34 445 x 
3545.3-34.445 x 

x 100(%), (3) 

where x is the chlorine content of chlorinated PAN. 
The relationship between chlorination time and weight 
gain is shown in Fig. 7. T h e rate of chlorination above 
120 °C becomes ca. 2.7 times in proportion as the 
reaction temperature was raised by 10 °C. 

Time/h 

Fig. 7. Weight gain due to chlorination in a solid state. 
Chlorination temperatures are 120 (A)> 130 ( • ) , and 
140 °C (O)- A dotted line indicates the level of 
weight gain due to substitution of one hydrogen atom 
per monomer unit with one chlorine atom. 

Infrared Analysis of Chlorinated Products: Infrared 
spectra of chlorinated products are shown in Fig. 8. 
No absorption related with side reactions was observed 
except in the neighborhood of 1 600 c m - 1 . New absorp­
tions appearing in the neighborhood of 800 c m - 1 and 
increasing with the progress of chlorination can be 
assigned to C-Cl stretching vibrations. A slight poly­
merization of the cyano groups proceeds simultaneously 
with chlorination but sample weight is changed by 
only chlorination. Thus each infrared absorption band 
can be quantitatively treated by means of the weight 
gain which follows chlorination. 

^22403 ^5003 

a n d ^ s c H . d * were calculated using Eq. 1. 
T h e results shown in Figs. 2, 3, and 4, respectively, 
indicate that a preferential a-chlorination hardly occurs. 
Here, ^-chlorination should be considered. In this case, 
i^scH.d? is an effective measure. When only ß-

chlorination (including ß,/?-dichlorination) proceeds, 
the value should be in Area 3. However, Curve 2 

1800 1600 U 0 0 800 600 

Wave number/cm -1 

Fig. 8. Infrared absorption spectra of products chlorin­
ated in a solid state. 
1, 2, and 3: Products chlorinated at 120, 130, and 140 
°C, respectively, for 10 h. : PAN heated at 130 °C 
for 10 h in sodium chloride powder under nitrogen flow. 

expresses the change of this value which follows chlorina­
tion at 120, 130, and 140 °C. It is in agreement with 
the change in PAN which undergoes nearly equal 
chlorination on both CH 2 and C H groups. If the 
chlorination on C H groups proceeds independently of 
that on CH 2 groups, absorbance of the 500 c m - 1 band 
should become much higher than that in Fig. 3. It 
seems that the chlorinated moiety consists mainly of 
a,/?-dichlorinated units. Figure 2 is not contradictory, 
since the rate of decrease in the absorbance is about 
half of that in a-chlorination. Such a substitution of two 
chlorine atoms per monomer unit would still leave 
many monomer units even if 100 chlorine atoms per 
100 monomer units were incorporated, making further 
chlorination possible. 

Thermal Analysis of Chlorinated Products: Figure 9 
shows the DTA curves for products chlorinated at 130 
and 140 °C for 10 h. The differential temperature, AT, 
is very small, exothermic reaction taking place at a 
temperature lower than that of the reactions in PCAN, 
acrylonitrile-CAN copolymers,1) and PAN. When these 
two chlorinated products were heated at a rate of 
5 °C/min under nitrogen in the D T A apparatus, their 
chlorine contents changed (Table 3). Since the number 
of chlorine atoms in 100 monomer units changes with 
dehydrochlorination following heating, its value, N'cu 

was calculated by the following equation: 

N' — i V c i — 

( 5 3 . 0 6 4 - 2 . 0 1 6 x - ^ W 

3545 .3-36 .461* ' 
X 100, (4) 
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Fig. 9. Comparison in DTA curves between products 
chlorinated in a solid state (1 and 2) and PC AN (3) or 
PAN (4). 1 and 2: Products chlorinated at 130 and 
140 °C, respectively, for 10 h. 

TABLE 3. CHANGE OF CHLORINE CONTENT IN 

CHLORINATED P A N DURING HEATING PROCESS*0 

Sample10 

1 

Temperature 
°C 

Before heating 
127 
149 
172 
197 
222 
259 
320 

Before heating 
156 
185 
217 
251 
284 
320 
390 

Chlorine content 
wt% 

20.82 
18.94 
15.68 
11.53 
8.27 
5.32 
3.25 
1.57 

42.11 
39.57 
35.03 
29.52 
22.03 
18.01 
11.71 
7.20 

a) Heating was carried out at a rate of 5 °C/min under 
nitrogen in DTA apparatus, b) Samples 1 and 2 were 
chlorinated at 130 and 140 °C, respectively, for 10 h in 
sodium chloride powder. 

where x' is the chlorine content of heated sample. The 
values obtained are shown in Fig. 10. From a 
comparison of Figs. 9 and 10, it was found that thermal 
dehydrochlorination starts at about the initiation 
temperature of exothermic reaction. The mode 
resembles that in PCAN and acrylonitri le-CAN copol­
ymers. x»4»8) This indicates that , even in chlorinated 
PANs, the initiation of polymerization of cyano groups 
takes place as a side effect of the thermal dehydro­
chlorination.1) O n the other hand, dehydrochlorination 
in chlorinated PANs occurs at a temperature lower than 
that in acrylonitrile—CAN copolymers1) and PCAN. 
This indicates that ^-substituted chlorine atoms are 
easily dehydrochlorinated at lower temperature than 
a-chlorine atoms. It seems that oc,/?-dichlorinated units 

100 150 200 250 300 

Temperature/0 C 

Fig. 10. Changes of the number of chlorine atoms in 
100 monomer units during heating process. 
1 and 2: Products chlorinated at 130 and 140 °C, 
respectively, for 10 h in a solid state, 3 : PCAN. 

result from the addition of chlorine to the double bonds 
produced by dehydrochlorination after ^-chlorination. 
The dehydrochlorination shown in Fig. 10 is nearly 
completed in both PCAN and slightly chlorinated PAN, 
but not in highly chlorinated PAN before the sample 
temperature reaches 300 °C. This can be interpreted 
by considering the a,/?-dichlorinated unit as a chlorinated 
moiety. A chlorinated moiety is usually easily dehydro­
chlorinated. T h e reaction can be expressed by 

-CH2-C(C=N)-CH-CH(C=N) • 
i i 

CI CI 

-CH=C(C=N)-CH=C(C=N)- -f 2 HCl. 

When dehydrochlorination took place, three new 
infrared absorption bands appeared, corresponding to 
the characteristic bands of dehydrochlorinated PCAN.3) 
However, complete dehydrochlorination is difficult in 
highly chlorinated PAN, since there should be chlorine 
atoms not subjected to intramolecular dehydrochlorina­
tion. An example is the case of chlorine atom 1 or 2 in 

-CH2-C(C=N)-CH-CH(C=N)-CH-C(C=N)-. 
i i i i 

CI CI CI CI 
1 2 

In order to examine the change of thermal behavior 
which follows chlorination, DTA curves were constructed 
for the products chlorinated at 130 °C (Fig. 11). In 
the case of the sample of low chlorine content, AT is 
still fairly high, the exothermic peak temperature 

TABLE 4. CHLORINATION OF PCAN IN A SOLID STATE 

Reaction 
temperature 

Reaction 
time 

Chlorine content 
of product 

°c 
No chlorination 
120 
130 
150 

h 

5 
10 
4 

wt% 

39.37a) 

38.99 
40.45 
38.73 

a) See Reference 9. 
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Fig. 11. DTA curves for products chlorinated at 130 °C 
in a solid state. 
1, 2, 3, and 4: Products chlorinated for 2, 3, 5, and 10 h, 
respectively. 

becoming higher than in PAN. Highly chlorinated 
samples exhibit broad complex exotherms at lower 
temperatures. Such D T A behavior is similar to that in 
acrylonitri le-CAN copolymers.1) Although chlorinated 
PAN differs from acrylonitri le-CAN copolymer in 
chemical structure, they resemble each other as regards 
the mode of thermal degradation. 

Possibility of The Chlorination or Hydrochlorination ofCyano 
Groups: There is a possibility that cyano groups in 
PAN undergo chlorination or hydrochlorination during 

the course of chlorination of PAN in a solid state. It is 
difficult to confirm whether cyano groups are chlorinated 
in the case of PAN; the groups in PCAN9) are not 
chlorinated under similar conditions (Table 4). There 
might be a similarity in the case of PAN. If hydro­
chlorination takes place, a band would appear at ca. 
1690 cm - 1 ,6) but no such band was observed (Fig. 9). 

References 

1) N. Grassie and R. McGuchan, Eur. Polym. J., 9, 507 
(1973). 

2) M. Okamoto and O. Ishizuka, Bull. Chem. Soc. Jpn., 53, 
3012 (1980). 

3) M. Okamoto, G. Aoki, and O. Ishizuka, Nippon Kagaku 
Kaishi, 1977, 103. 

4) M. Okamoto, G. Aoki, and O. Ishizuka, Nippon Kagaku 
Kaishi, 1978, 433. 

5) Hydrogen chloride seems to play an important role in 
the occurrence of its side reaction.6) The greater part of 
hydrogen chloride is produced when sulfolane is chlorinated. 

6) S. Tazuke, K. Hayashi, and S. Okamura, Kobunshi 
Kagaku, 22, 259 (1965). 

7) a) R. T. Gonley and J. F. Bieron, J. Appl. Polym. Sei., 
7, 1757 (1963); b) K. Miyamichi, M. Okamoto, O. Ishizuka, 
and M. Katayama, SenH Gakkai Shi, 22, 538 (1966); c) A. J. 
Clarke and J. E. Bailey, Nature, 243, 146 (1973); d) M. M. 
Goleman and R. J. Petcavich, / . Polym. Sei., Polym. Phys. Ed., 
16, 821 (1978). 

8) N. Grassie and R. McGuchan, Eur. Polym. J., 8, 243 
(1972). 

9) PGAN used here was explained: M. Okamoto, T. 
Suzuki, and O. Ishizuka, Nippon Kagaku Kaishi, 1979, 259. 



April, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1233—1235 (1981) 1233 

Structure of the Galacturonate and Glucuronate Complexes with 
Copper(II) in Aqueous Solution. A Calorimetric Study 

Roberto ARUGA 

Institute of Analytical Chemistry, University of Turin, via P. Giuria 5, 10125 Turin, Italy 
(Received October 13, 1979) 

Heat and entropy of reaction of copper(II) with galacturonate and glucuronate anions have been deter­
mined by calorimetry. The measurements were performed in an aqueous medium at 25 °G and ionic strength 
7= 1 M (NaNOa). The results indicate a bidentate action of the two ligands towards copper. The carboxylate 
group as well as the oxygen atom of the ring, the latter by means of an outer-sphere electrostatic bond, seem to 
interact with the cation. 

Acid polysaccharides are of importance among 
the polyelectrolytes of biological interest.1) Complex 
formation of these polysaccharides with metal ions 
gives rise to particular structures and biological func­
tions. Our knowledge of the structures and bonding 
sites is fragmentary. Data are insufficient for the 
reactions of not only polysaccharides but also the 
corresponding acid monosaccharides such as uronic 
acids. Of the few studies on the metal associations of 
uronic acids in solution, those of Anthonsen et al.2~^ 
and Makridou et al.5) may be cited. As regards 
the bond nature for galacturonate with some metals, 
the results of the above works do not agree. The 
N M R data suggest a tridentate behavior towards 
metal ions of large dimensions, the Potentiometrie 
results indicating a monodentate action with only 
the - C O O - group bound to the metal. The latter 
conclusion, particularly for copper, appears curious. 
Thermodynamic studies on the association between 
this metal and some hydroxy and alkoxy carboxylic 
acids showed that some groups such as ethereal oxygen 
or alcoholic - O H group, in particular positions, can 
form bonds with copper.6>7> 

Taking into consideration the disagreement of these 
conclusions and the absence of calorimetric studies 
on metal-uronic acid reactions, it was thought of in­
terest to extend the calorimetric investigations to 
the reaction of copper(II) with galacturonate and 
glucuronate (Fig. 1). The results obtained refer to 
the aqueous medium at 25 °C and 1= 1 M. 

COO" C00~ 

I II 

Fig. 1. Galacturonate ion (I) and glucuronate ion (II). 

Exper imenta l 

Materials. Gopper(II) nitrate (C. Erba RPE) was 
used. The concentration of metal was determined by com-
plexometric titration with EDTA (0.1 M solution, C. Erba 
RPE). Solutions of the ligands were prepared by D( + ) -
galacturonic acid monohydrate Fluka puriss and D-glucur-
onic acid Fluka purum. The purity of the acids was checked 
by Potentiometrie titration. Inert electrolyte: sodium ni­
trate (C. Erba RPE). 

Equipment. Calorimetric measurements were carried 
out at 25.00 °C with an LKB 8700-2 Precision Calorimetry 
System and an LKB 8726-1 100-ml titration vessel equipped 
with a standard resistor (5012) and a thermistor (2000O). 
The accuracy of the instrument was checked by measuring 
the molar enthalpy of the reaction between tris(hydroxy-
methyl)methylamine and HCl in aqueous solution. The 
calorimeter was also equipped with a Radiometer ABU 
12b autoburet for the addition of titrant. The calorimetric 
experiments were carried out in a room whose temperature 
was kept constant within +0.3 °C. For the pH measure­
ments a Metrohm Compensator E 388 potentiometer was 
used at 25 °C. 

Procedure. For each ligand several sets of measure­
ments of the reaction and dilution heats were carried out, 
each set being performed in the following way. 2.5 + 0.002 
ml of 4 x 10_1 M copper nitrate solution was added in suc­
cession to 88.00 ml of the uronic acid solution contained in 
the calorimetric cell, the heat being measured for each ad­
dition. The pH of the copper solution was made 3.6 + 
0.1 in order to avoid the metal hydrolysis. The ligands 
were partly transformed into sodium salt by adding NaOH 
to pH = 4.55+ 0.02. The ionic strength of all the solutions 
was brought to 1 M with sodium nitrate. The corresponding 
heat of dilution was measured by adding the same amounts 
of copper nitrate solution to 88.00 ml of 1 M NaN03 , without 
ligand, at pH=4.55. The following results were obtained. 
(a) Formation of only the ML+ complex species; in fact, 
the presence of only the ML+ species was shown up to a 
CL/CM r a t l ° °f 2.5) (b) Absence of polynuclear species.6) 
(c) A negligible neutralization heat between H + and O H - . 
The pH value in the cell, after each addition of titrant, 
was measured potentiometrically by means of titration per­
formed in the same manner as the calorimetric one. 

Treatment of the Experimental Data. Owing to the 
pH difference between metal and ligand solutions, a slight 
protonation process of the latter took place. The protona­
tion heat was calculated by means of the acid ionization 
enthalpy of both glycolic acid (0.15 kcal mol-1)8) and acetic 
acid (0.09 kcal mol-1).9) It was found to be lower than 
0.7% of the measured heat, with no influence on the AH° 
values, and was thus neglected. Data for one series of the 
measurements: initial concentration of ligand (d ) and initial 
pH (pHi) in the cell, cumulative volume of titrant added 
( 2 F T ) , pH in the cell (pHf) and concentration of the species 
(CML+s CI,-, CHL) after each addition of titrant, and cumula­
tive heat corrected for the dilution (SQ,c) are given as an 
example in Table 1. 

The molar enthalpy of association was determined from 
the heat (SQ.c) experimentally obtained and the complex 
species concentrations, the latter being obtained from the 
stability constants.5) The calculation of A/ / ° was carried 
out by two methods:7'10) (a) the numerical method of mini­
mization of the error square sum, and (b) the graphical 
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TABLE 1. DATA FOR THE MIXING OF G U ( I I ) WITH GALACTURONATE AND GLUCURONATE SOLUTIONS 

Ligand 

Galacturonate ion 

Glucuronate ion 

TABLE 2. 

L-

Galacturonate 
Glucuronate 
Methoxyacetate 
Ethoxyacetate 
Pyruvate 
Glycolate 
Acetate 

Q 
lO-2 M 

2.50 

2.51 

THERMODYNAMICS 

logiC 

1.81±0.02b> 
1.48±0.03 

1.83 
1.80±0.02 

1.59 
2.17 
1.33 

pHi 

4.57 

4.56 

FOR THE ] 

AT 

-AG° 

ml 

2, 
5 

.505 

.010 

2.505 
5 .010 

REACTION 

25 

a) 

kcal mol"1 

2.46±0, 
2 .01±0, 

.03 

.04 
2.49 

2 .45±0.03 
2.17 
2.96 
1.81 

pHf 

4.33 
4.20 

4.43 
4.31 

: Cu2+ + L-
°G AND / = 1 M 

AH° 
kcal mol - 1 

0.60±0.04 
0.82±0.01 
0 .74±0.04 
0.50±0.02 

-0 .05±0.01 
-0 .35±0.01 

1.24±0.02 

C M L + G L -

10- 3 M 10-

5.81 1 
9.69 1 

4.11 1 
7.00 1 

> CuL+, IN 

AS° 
gibbs mol - 1 

10.3±0.2 
9 . 5 ± 0 . 1 

10.8 
9 .9±0 .1 

7.1 
8.7 

10.2 

2 M 

.73 

.28 

.96 

.60 

^HL 

10-4M 

12.1 
12.1 

6.50 
6.99 

-Sftc 
cal 

0.318 
0.518 

0.309 
0.533 

AQUEOUS SOLUTION 

( log#)/p# a 

0, 
0. 

.57 

.50 
0.56 
0.51 
0.50 
0.62 
0.30 

Ref. 

This work 
This work 

6) 
7) 
6) 
6) 
6) 

a) The results are expressed by means of the thermochemical calorie, equal to 4.1840 absolute J. b) The un­
certainty in each case is given as the estimated standard deviation. 

method derived from the equations of Leden and Fronaeus 
for the overall formation constants. The results agree. The 
entropy was obtained by means of: AS°=l0z(AH°-AGo)/ 
T. 

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

The molar thermodynamic quantities for the reac­
tions of copper(II) with galacturonate and glucuronate 
are given in Table 2. For the sake of comparison, 
the values obtained for a series of monocarboxylic 
ligands6 '7) (under the same conditions of T and I) 
are also given. 

The values in Table 2 for the uronate anions show 
that only the entropy factor is favorable for the as­
sociation but not AH°. The positive values of these 
parameters can be caused by two factors: (a) partial 
solvent destruction accompanying the charge as­
sociation, and (b) the displacement of at least one 
water molecule by carboxylate from the metal hy­
dration sphere.n) Nevertheless, the crystal fields pro­
duced by oxygen coordinating ligands are quite similar 
to those of the water molecules.n) As regards the 
entropy variation, the displacement of one water 
molecule is counterbalanced by the metal-ligand as­
sociation. Consequently it seems that both AH° and 
AS° are mainly influenced by factor (a). 

One of the following arrangements might take 
place as regards the metal-ion interaction: (a) mono-
dentate behavior of the uronate ions, with carboxylate 
group as the only bonding site, the structure being 
proposed on the grounds of the formation constants 
values;5) (b) bidentate behavior, with - C O O - and 
- O H on C-4 as bonding sites; (c) bidentate action 
as in (b), but with - C O O - and the ethereal oxygen 
of the ring taking part in the binding ; (d) a tridentate 
action, by means of - C O O - , - O H on C-4 and the 

oxygen of the ring, the structure being suggested for 
the association of galacturonate with Ca (I I) and 
Eu( I I I ) ions.2) 

Considering the fact that the log K values for uronate 
ions are greater than those for acetate (in spite of 
the latter's greater basicity towards proton), assump­
tion (a) appears to be questionable. For the sake 
of illustration the values of (log K)jpKK are given 
for each ligand (Table 2). The (log K)/pK& ratio 
allows a comparison, for each ligand, between the 
stability of its association with copper and with proton. 
If a ligand acts as a monodentate towards copper 
(i.e., the bond only through carboxylate is formed), 
the other groups in the ligand molecule have the 
same solvent ordering ability both in the case of copper 
and of proton. If a ligand acts as a bidentate towards 
the metal, another hydrophilic group besides car­
boxylate is neutralized by the metal charges. Con­
sequently, the solvent ordering ability of this group 
is different before and after the reaction. In this 
case its external contribution to AG° of association 
with copper differs from that with proton. In the 
same way, the ratio (log K) /pK& should differ as com­
pared with the former case. Therefore the value of 
this ratio should be determined by a mono- or 
bidentate behavior of the ligand towards copper 
(last column, Table 2). For acetate the value is 
0.30, while the other ligands (for which a bidentate 
action was demonstrated) give values in the range 
0.50—0.62. The values of (\ogK)/pK& for uronate 
ions (0.57 and 0.50) tend to discard the hypothesis 
of a monodentate action of galacturonate and 
glucuronate towards copper. 

As regards hypothesis (b), it must be considered 
that in uronic acids the respective positions of - O H 
on C-4 and - C O O ~ are the same as in 3-hydroxy-
propionic acid. The monodentate action of this 
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ligand towards Cu(II) and other bivalent cations, 
and the consequent non-participation of - O H in the 
^-position in the binding of metal were demon­
strated.12 '13) Considering also that - O H group, if 
taking part in complex formation, leads to exothermic 
values of A / / ° (the values for glycolate, Table 2), 
the suggestion in (b) may be unlikely. 

The structure in (d) does not seem very reliable, 
both for the preceding considerations on - O H in ß-
position and for the following reasons. In a tridentate 
structure there is a strong difference in stability be­
tween the galacturonate complex (more stable) and 
that of glucuronate. This might be due to the dif­
ferent positions, in the molecule of the two ligands, 
of the hydroxyl group on C-4, which is axial and 
equatorial, respectively.5) O n the contrary, similar 
values of log K, A / / ° , and AS° (Table 2) lead to the 
conclusion that both uronate ligands have the same 
behavior. Moreover, in the case of galacturonate, 
it was found2) that a structure with three bonding 
sites fits the cations of particular dimensions, as 
Eu(III) and Ca(II) (crystalline radii : 0.95 and 0.99 
Â, respectively), while Cu(I I ) is markedly smaller 
(0.72 Â, Ref. 14). 

The structure given in (c) seems to be probable, 
considering the fact that the respective positions of 
ethereal oxygen and carboxylate group are the same 
as in methoxy- and ethoxyacetate, and that the par­
ticipation of ethereal oxygen in the chelation of Cu(I I ) 
was confirmed for these two ligands.6»7) In this case 
the metal-ethereal oxygen bond appeared to be of 

Glucuronate with Copper 1235 

electrostatic character, and limited to the outer sphere 
of the cation. Similar values of log K, A / / ° , and 
AS 0 between the two uronic and the two alkoxyacetic 
ligands (in particular, the values for galacturonate 
are between those for the two alkoxyacetates), support 
the last hypothesis. 
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Taft's Plot for the Co-pyrolysis of 2-Chloroethyl Compound and 
Methanol on Activated Alumina 

Kiyonori SHINODA 
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(Received August 12, 1980) 

Synopsis. For the co-pyrolysis of 2-chloroethyl 
compounds with methanol on activated alumina, the p* 
value was +0.49, indicating a nucleophilic reaction 
mechanism. 

For the pyrolysis of chloroethanes on activated 
alumina, p* values were negative, indicating an electro-
philic reaction mechanism.1) O n the other hand, 
positive p* values were observed for the elimination of 
hydrogen chloride from chloroethanes with sodium 
hydroxide in ethanol, as well as in the co-pyrolysis with 
methanol on activated alumina.1 ,2) 

T h e effect of the molecular structure on the consump­
tion rate of the substrate was studied by carrying out 
the co-pyrolysis of 2-chloroethyl compounds and 
methanol on activated alumina. 

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

It has been reported that the co-pyrolysis of organic 
chlorides and methanol on activated alumina proceeded 
according to good first-order kinetics.3) Even if two 
organic chlorides were competitively co-pyrolyzed with 
methanol on activated alumina, it seemed reasonable 
to assume that the consumption rates were first-order 
in each substrate. 

! i l i 1 

0 1.0 2.0 

Polar substituent parameter (<r*) 

Fig. 1. Taft's plot for co-pyrolyses of 2-chloroethyl 
compounds and methanol on activated alumina at 250 
°C. 

In order to investigate the effect of the polar nature 
of the substituent upon the reactivity in the co-pyrolysis 
of organic chlorides with methanol on activated alumina, 
Taft's plot was applied to this heterogeneous catalysis: 

log k/k0 = p*o*, (1) 

where kjk0 is the relative rate constant with respect to 
the standard reaction (1,1,2,2-tetrachloroethane in this 
case) and where a* represents the polar substituent 
parameter, which is a measure of the inductive effect.4) 
A linear free-energy relationship was found to exist 
between the reactivity and Taft's a*, as is shown in 
Fig. 1. A value of p* was calculated by the method of 
least squares to be +0 .49 . 

Exper imenta l 

Materials. The 4-chlorobutyronitrile was prepared 
by the reaction of 1 -bromo-3-chloropropane and potassium 
cyanide described in the literature.5) The l-chloro-3-methoxy-
propane was prepared from l-bromo-3-chloropropane by 
modifying the method of Henne and Haeckl.6) All of the 
other reagents used in this work were purchased from the 
Tokyo Kasei Kogyo Co. except for methanol and ethanol, 
which were obtained from Nakarai Chemicals. All the 
chemicals were used without further purification. The 
activated alumina used as catalyst (KHD-24) was supplied 
by the Sumitomo Chemical Co.: the particle diameter was 
in the range from 2 to 4 mm. 

General Procedure for Co-pyrolysis. The flow-type reaction 
system of a previous work7) was used. The organic chlorides 
were mixed with methanol in the volume ratio of 1.0 : 1.0 : 5.0. 
In all runs, two organic chlorides were competitively pyrolyzed 
at 250 °C to check the balance of such volatile products as 
propylene and to keep the effect of the time factor and the 
concentration of methanol constant. 
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Synops i s . T h e title salts with the formula 

[ S - C H R 1 - C H R 2 - S - C = N M e 2 ] ( T C N Q ) n
T ( R S R ^ M e , H ; Et, 

H ; Ph, H ; Me, M e ; and Me, Br; n= 1 and 2) were prepared. 
Electrical resistivities, electronic spectra, and magnetic 
susceptibilities of these salts in the solid state are reported. 

R e c e n t l y , o n e of t h e a u t h o r s r e p o r t e d t h e p r e p a r a t i o n 
of a series of 7 , 7 , 8 , 8 - t e i . r a c y a n o q u i n o d i m e t h a n e ( T C N Q ) 
r a d i c a l a n i o n salts w i t h iV, iV-dia lkyl - l ,3-d i th io lan-2-

i m i n i u m ca t ions , [ S ( C H 2 ) 2 S C = N R 2 ] ( T C N Q ) M
T ( R = 

M e , E t , n-Pr , n-Bu, n - C 6 H 1 3 , a n d rc-C8Hl7; « = 1 a n d 2, 
b u t no t al l comb ina t i ons ) , 1 ' 2 ) w h o s e e lec t r i ca l resistivities 
inc rease w i t h t h e bu lk iness of subs t i t uen t s o n t h e 
i m i n i u m n i t r o g e n a t o m for e a c h series of n=\ a n d 2, 
respectively.2) T h e p re sen t w o r k w a s u n d e r t a k e n to 
e x a m i n e t h e effect of subs t i t uen t s o n t h e d i t h i o l a n e r i n g 
on t h e resist ivi ty of T C N Q / r a d i c a l a n i o n sa l ts . T h i s 
no te r e p o r t s t h e p r e p a r a t i o n a n d t h e e lec t r i ca l resis­
tivities of s o m e s imple a n d c o m p l e x salts of T C N Q T 

r a d i c a l a n i o n w i t h 4 ,5 -d i subs t i t u t ed iV, JV-dimethyl-1 ,3-

d i t h i o l a n - 2 - i m i n i u m ca t i ons , [ S - C H R 1 - C H R 2 - S - C = 

N M e 2 ] ( T C N Q ) n
T ( R 1 , R 2 = M e , H ; E t , H ; P h , H ; M e , M e ; 

a n d M e , B r ; n—\ a n d 2 ) . E l e c t r o n i c s p e c t r a a n d m a g n e t ­
ic suscept ibi l i t ies of these sal ts a r e d e s c r i b e d in t e r m s 
of t h e m o d e s of s t a c k i n g of T C N Q , in t h e solid s ta te . 
F o r t h e sake of a b b r e v i a t i o n , t h e fol lowing n u m b e r s a r e 
used for c o m p o u n d s a p p e a r e d in th is no t e . 

Compound Number R 1 R 2 X 

R i _ C H — S v + 

I C = N M e , 
—CH—ï R2- - S ' 

x-

l a 
l b 
l c 
I d 
l e 

M e 
Et 
Ph 

M e 
M e 

H Br 
H Br 
H Br 
M e PF 6 

Br Br 

Compound Number R 1 R 2 

R 1 —CH—S 
\ I C = NMe 2 

R 2 _ C H — S / 
( T C N Q ) , 

2a 
2b 
2c 
2d 
2e 
3a 
3b 
3c 
3d 
3e 

M e 
Et 
Ph 
M e 
M e 
M e 
Et 
Ph 

M e 
M e Br 

H 
H 
H 
Me 
Br 
H 
H 
H 
Me 

1 
1 
1 
1 
1 
2 
2 
2 
2 

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

Materials. Compounds l a — c were prepared by the 
reactions of sodium dimethyldithiocarbamate, Na(S 2 CNMe 2 ) , 
with 1,2-dibromopropane, 1,2-dibromobutane, and 1-phenyl-
1,2-dibromoethane, respectively, in refluxing acetone by the 
procedure described elsewhere.3) The reaction of Na(S 2 -

CNMe 2) with 2,3-dibromobutane in refluxing acetone yielded 
an oily product, which was dissolved in ethanol, followed by 
the addition of an equimolar ethanol solution of NaPF 6 to 
give white microcrystals of I d . Recrystallization was carried 
out from dichloromethane-petroleum ether (1 : 1). Com­
pound l e was obtained according to the literature method.4) 

Preparation of Simple Salts 2a—e. T o a filtered solution 
of L i+TCNQ T (0.74 g, 3.5 mmol) in boiling ethanol (40 cm3) 
was added a hot ethanol (20 cm3) solution of l a (0.85 g, 3.5 
mmol) . T h e mixture was allowed to stand in a refrigerator 
overnight. The resulting precipitate was collected by filtra­
tion and recrystallized from ethanol to afford purple plates 
of 2a in 8 5 % yield. Similarly, purple needles or plates of 
2 b — e were prepared in 60—80% yields by the equimolar 
reactions of L i+TCNQ* with l b — e , respectively, in ethanol. 

Preparation of Complex Salts 3a—e. To a hot acetonitrile 
(30 cm3) solution of 2a (0.52 g, 1.4 mmol) was added a 
solution of neutral T C N Q (0.29 g, 1.4 mmol) in boiling aceto­
nitrile (30 cm3) . The mixture was allowed to stand in a 
refrigerator overnight, giving black microcrystals of 3a, which 
was recrystallized from acetonitrile, 6 8 % yield. Dark violet 
or black crystals of 3 b — e were obtained similarly in 45—76% 
yields by the reaction of neutral T C N Q with the appropriate 
simple salts in acetonitrile. 

T A B L E 1. M E L T I N G POINT AND ANALYTICAL 

DATA OF THE T C N Q " " SALTS 

Salt Mp(dec) 
°C 

%c 
Found 

(Calcd) 

% H 
Found 

(Calcd) 

% N 
Found 

(Calcd) 

2a 

2 b 

2c 

2 d 

2e 

3a 

3 b 

3c 

3 d 

3e 

174—177 

139—141 

166—168 

166—168 

174—176 

231—233 

218—221 

211—214 

238—240 

185—186 

59 .06 
(58.99) 

59 .75 
(59.98) 
64.51 

(64.46) 
59 .78 

(59.98) 

48 .40 
(48.54) 
62 .84 

(63.14) 

63 .64 
(63.68) 

66.27 
(66.44) 
63.82 

(63.68) 
55.43 

(55.47) 

4.20 
(4.40) 
4.57 

(4.77) 
4 . 1 3 

(4.23) 
4 . 6 0 

(4.77) 

3.22 
(3.39) 

3 .45 
(3.53) 
3 .48 

(3.79) 

3 .38 
(3.50) 
3 .48 

(3.79) 

2 .75 
(2.95) 

19.36 
(19.11) 

18.18 
(18.41) 

16.45 
(16.34) 
18.43 

(18.41) 

15.63 
(15.72) 
22 .02 

(22.09) 

21 .38 
(21.56) 

19.83 
(19.92) 
21 .82 

(21.56) 

19.45 
(19.41) 

Physical Measurements. Electrical resistivities, electronic 
and infrared absorption spectra, and magnetic susceptibilities 
were measured as described previously.2) 

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

All t h e s imp le a n d c o m p l e x salts o b t a i n e d a r e s t ab le 
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TABLE 2. ELECTRICAL RESISTIVITY(p), ACTIVATION ENERGY (EJ, MAGNETIC 

SUSCEPTIBILITY(ZM), AND ABSORPTION MAXIMA (^ m a x ) O F T H E T C N Q / SALTS 

Salt 

2a 
2b 
2c 
2d 
2e 
3a 
3b 
3c 
3d 
3e 

p25°C 

£1 cm 

2 .1x10 s 

1.2x10« 
1.3xl0 7 

2 . 2 x l 0 6 

8 . 8 x l 0 5 

36 
10 
5.1 
3.8 

520 

£aa) 

eV 

0.77 
0.80 
0.46 
0.42 
0.44 
0.068 
0.038 
0.046 
0.11 
0.13 

V 
lO^emu mol - 1 

- 1 . 9 
- 1 . 9 
- 2 . 0 
- 1 . 5 
- 1 . 8 
+ 3.8 
+ 4.3 
+ 1.7 
+ 4 . 9 
+ 7.8 

A m a x 

lO^m-1 

8.3 
11.1 
11.1 
8.5 
8.9 

10.0 11.1 
10.0 11.4 
10.0 11.5 
9.9 10.8 

10.3 11.9 

14.7 
14.1 
14.2 
14.2 
15.2 
15.4 
16.0 

(18.2) 
16.0 
15.4 

23.8 
25.0 
25.4 
24.3 
24.4 
24.6 
25.3 
25.6 
25.4 
25.6 

a) Calculated from the expression p=p0exp(EJkT). b) Measured at room temperature, c) Measured in Nujol mulls, 
and shoulder in parenthesis. 

to air. Plots of log p (p: electrical resistivities as com­
pacted sample) vs. the reciprocal temperature ( 1 / T) for 
each salt show a good linear relation in the 20—90 °C 
range, indicating that all the salts are typical semicon­
ductors in the temperature range measured. The p 
values of simple salts 2a—e and complex salts 3a—e 
at 25 °C (Table 2) are the same order of magnitude 
as or larger by one or two orders of magnitude than 
those of the iminium salts without substituents on the 1,3-
dithiolane ring, [S (CH 2 ) 2 SC=NMe 2 ] (TCNQ) w ' (8.7 x 
105 O cm for n=\ and 3.8 O cm for w=2),1> respectively. 
In view of these results, there may be a trend that the 
introduction of substituents on the 1,3-dithilane ring 
results in occasional increases of the resistivity of the 
TCNÇT radical anion salts depending on the nature of 
substituents, although no detail of the trend is evident 
in this study. 

The electronic absorption spectra of simple salt 2a 
and complex salt 3a in the solid state (Fig. 1) resemble 

*-> 
a> a 
O Z3 
cz 
o >» 
.a i-
o »-
to +-» 

. Q —> 
<C X3 

i _ 

o 

, 1 1 r • 1 "! ' 

/ >k 

, ' / * N ' \ *' \ 2 a 

/ \ / x 

/ * - ' * 
. . 1 . .J 1 1 1 1 — 

25 30 5 10 15 20 

Wavenumber / 103 cm"1 

Fig. 1. Absorption spectra of 2a and 3a in Nujol mulls. 

well those of the iminium salts without substituents 
on the 1,3-dithiolane ring, as one may expect. The 
spectral patterns similar to 2a and 3a were obtained 
for simple salts 2 b — e and complex salts 3b—e, 
respectively, except that the lowest frequency bands 
of 2b and 2c, assignable to charge-transfer (CT) 
transitions between the TCNÇT radical anions,5) are 
shifted to higher frequencies than that of 2a (Table 2). 
In addition, all the complex salts exhibited a broad 
absorption band in the 4000—2500 c m - 1 range, which 
is due to the C T transition between the T C N Q / radical 
anion and neutral TCNQ. 5 ) These results can be 
subjected to the same discussion as that given 
previously,1) which leads us to the conclusion that simple 
salts 2a—e involve the (TCNQJ 2

2 ~ dimer, whereas 
complex salts 3a—e contain monomeric TCNQ7 
radical anions in their columnar structure in the solid 
state. This is consistent with the facts that simple and 
complex salts show diamagnetic and paramagnetic 
properties, respectively, at room temperature (Table 2). 
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Adsorption of Pyranine onto Cationic Liposomal Membranes as 
Evidenced by Fluorescence Polarization* 
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Synopsis. A trianionic fluorescent probe, pyranine, 
was found to bind to positively charged liposomes as evidenced 
by a linear increase in the fluorescence polarization with the 
liposome concentration. Addition of Perchlorate ion reduced 
the polarization of fluorescence, suggesting that perchlorate 
and pyranine compete for the same binding site on the surface 
of cationic liposomal membranes. 

A knowledge of properties of membrane surface is 
essential to understand various phenomena occurring 
on membranes, because in biological systems most of 
events begins with the adsorption of a substance onto 
and permeation into membranes.1) The surface of 
liposomal membranes as well as natural biomembranes 
has been characterized by a variety of techniques such 
as NMR2) or neutron diffraction.3) A focus has been 
on the negatively charged membranes to which cations 
bind through electrostatic interaction with a different 
degree of specificity.4-6) In this work we would like to 
describe the interaction of positively charged liposomes 
with an anionic fluorescent probe, pyranine (trisodium 
8-hydroxy-l,3,6-pyrenetrisulfonate), by means of fluores­
cence polarization. An advantage of utilizing this 
particular probe lies in the fact that it emits strong 
fluorescence at 510 nm and that it can bind to a charged 
membrane surface through the electrostatic interac­
tion.7-8) When the probe adsorbs onto the membrane 
surface the molecular motion of the probe will be 
depressed, possibly giving rise to a significant increase 
in the polarization of fluorescence. 

Exper imenta l 

Pyranine was obtained from Eastman Kodak Co. and its 
purity was assessed before use by TLC on silica gel in butanol-
water (6 : 1 by volume). Its concentration was determined 
on the basis of molar extinction coefficient of 1.02 X 104 M - 1 

cm - 1 (1 M = 1 mol dm -3) at 405 nm. Single-compartment 
liposomes of egg lecithin were prepared as described pre­
viously.9'10) In the preparation of positively charged liposo­
mes, hexadecylamine (20 mol % to lecithin) was added.9) 
The pH of the liposome suspension was adjusted to 5 with 
either 0.6 mM CH3C02H-1.4 mM CH3G02Na or 5.4 mM 
HC104-9.6 mM NaC104. Fluorescence spectra were taken 
on a Hitachi 650-10 spectrofluorometer with 1 nm bandpaths 
for both excitation and emission sides. Fluorescence polariza­
tion was determined on a Union FS-501 fluorescence depolar­
ization instrument which was connected to a Sord Micro­
computer M 200 Mark II. Pyranine was excited at 405 nm 
and its fluorescence polarization was determined at 510 nm") 
The vertical and horizontal components of the emission were 
funneled through a Y-46 cut-off filter (50% transmittance at 
460 nm). Fluorescence polarization is defined by Eq. 1:9) 

P = 
/ y y — W'-^YH 

Tyy + Cf'Iyn 

where Ct is the grating correction factor11) and / stands for the 
collected intensity of fluorescence at parallel and perpendicular 
positions of the polarizer. Subscripts V and cH refer to 
vertical and horizontal beams, respectively. For example, 
7VH means the intensity of horizontal component of fluorescence 
when excited by the vertically polarized beam. All measure­
ments were made at 25.0 °C under aerobic conditions. 

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

T h e polarization of pyranine fluorescence was 
determined in the presence of neutral or positively 
charged liposomes in an aqueous buffered solution 
(pH 5) containing acetate or perchlorate ions (Fig. 1). 

(1) Q — -»HV/-'HH5 

Liposomal Membranes, Part X from this laboratory. 

1 2 3 
CEgg L] /10AM 

Fig. 1. Fluorescence polarization of pyranine as a func­
tion of egg lecithin concentration at pH 5 and 25.0 °C. 
Experiments were carried out using neutral liposomes 
in an aqueous acetate (A) o r perchlorate ( £ ) solution 
and positively charged liposomes in an aqueous acetate 
(A) or perchlorate (O) solution. The concentration of 
pyranine was 2 X 10-6 M in all the runs. 

For neutral liposomes the polarization did not vary over 
the liposome concentration range studied. This trend 
was common to the two salts adopted. These results 
indicate that no significant interaction takes place 
between pyranine and neutral liposomes. In the case 
of cationic liposomes in an acetate buffer, on the other 
hand, the polarization of pyranine fluorescence increased 
linearly with increasing liposome concentration. 
However, this was not the case for the perchlorate 
solution, suggesting that perchlorate ion interferes with 
the adsorption of pyranine onto the liposome surface. 
This was confirmed by the following experiment. When 
sodium perchlorate was further added to a cationic 
liposome suspension containing pyranine and acetate 
ion, the polarization decreased with an increase in the 
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T A B L E 1. E F F E C T O F P E R C H L O R A T E A N I O N O N T H E F L U O R E S ­

C E N C E POLARIZATION OF PYRANINE IN THE EGG LECITHIN 

SINGLE-WALLED AND POSITIVELY CHARGED LIPOSOME 

SUSPENSION AT 2 5 . 0 ° C AND p H 5 a ) 

[NaC104]/M pxW 

Ö 5.0( l . l ) b ) 

2.0X10-3 2.9 
6.1X10-3 1.9(1.2) 

a) A liposome suspension contains 0.10 M NaCl, 1.4 
mM CH3C02Na, and 0.6 mM CH3C02H. [Pyranine] 
= 2 . 0 x l O - 6 M ; [ E g g L ] = 2 . 4 x l O - 4 M . b) Numbers 
in parentheses are /^-values of pyranine in the absence 
of liposomes. 

Perchlorate concentration (Table 1). 
From the result that the polarization of pyranine 

increases in the presence of cationic liposome, it is now 
evident that pyranine binds to the surface of positively 
charged liposomes through the electrostatic interaction 
and consequently the molecular motion of the probe is 
considerably hindered. It is of special interest that 
Perchlorate ion competes for the same binding site 
whereas acetate ion does not. This difference seems to 
arise from the difference in the mode of hydration to 
these anions. It is presumed that the hydration to 
Perchlorate is weaker than that to acetate, because the 
charge derea l iza t ion is more extensive for the former.12) 
This means that the weakly hydrated perchlorate ion 
may more easily form an ion pair with (more strongly 
binds to) the positive site of liposomal membranes. 
Certainly, the binding of these anions to positively 
charged liposomes follows a closely similar order to 
that for their interaction with anion exchange resins13) 
or acetyltetraglycine ethyl ester;14) pe rch lo ra t e^ 
sulfonate>acetate. The high lyophilicity as well as 
trianionic character of pyranine may make the probe 
to show the affinity for the cationic membrane surface. 

It should be mentioned that the emission maxima 
and intensity of fluorescence from pyranine were not 
much affected upon the binding to liposomes. Thus 
the relative ratio of fluorescence intensity in the presence 
and absence of liposomes, 7//0, changed by less than 10% 
over the egg lecithin concentration range ^ 4 0 0 [JLM. 
The relative intensity was also independent of the probe 
concentration at least in a range of 1—5 [JLM. These 
results imply that quenching of pyranine fluorescence 

upon the binding to liposomes is negligible under the 
present experimental conditions. This is in contrast 
to the previous findings in which the concentration 
quenching of fluorescence was observed through the 
ionic probe aggregation on the surface of charged 
membranes.15»16) This also supports the contention that 
hexadecylamine molecules are dispersed evenly in the 
phospholipid bilayers and that no significant phase 
separation occurs even by the adsorption of the poly-
anionic probe. 

We are grateful to Dr. Kaoru Tsujii, Tochigi Research 
Laboratories, Kao Soap Co. Ltd., for his helpful 
comments. This work was supported by a Grant-in-
Aid for Scientific Research No. 447068, from the 
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Synopsis. The solvent effect on the 13G-1H nuclear 
spin-spin coupling constants (VCH) °f halomethanes and 
haloethylenes is calculated by means of the finite perturbation 
theory based on the CNDO/2 approximations incorporating 
the 'solvaton' theory. The results of the calculation explained 
the tendency of the observed solvent effect data in the litera­
ture. 

Nuclear spin-spin coupling constants are known to be 
solvent-dependent,1) and Johnston and Barfield2-4) have 
handled the observed solvent effect on spin-spin coupling 
constants by means of the so-called reaction field 
model,2) the cluster model3) and the rotating-point 
dipole model.4) So far as V C H is concerned, that is, 
they have numerically estimated the solvent effect on 
the VCH values of fluoromethanes only. 

Most recently,5»6) we have quantitatively calculated 
the solvent effect of the one-bond 1 3 C- 1 H coupling 
constant (VCH) by applying the finite perturbation 
theory (FPT)7> with the I N D O and CNDO/2 M O 
methods incorporating Klopman's solvaton theory.8) 
This approach successfully offers a quantitative descrip­
tion of the solvent effects on the V C H values of some 
small organic compounds {e.g., methane derivatives,5) 
acrylonitrile,5) CHC12CHC12,

6> and CHC12CH2C16>). 
In the present work we applied the F P T method which 

we have developed ourselves5»6) to estimate the substitu­

tion effects on the solvent effect of V C H coupling 
constants in such rigid molecules as halomethanes 
(fluoro- and chloro-) and haloethylenes (fluoro- and 
chloro-). The results of the calculation are compared 
with the tendency of the observed solvent effects in the 
literature. 

Results and Discussion 

In all the calculations of this work, S C ( 0 ) S H ( 0 ) — 
2.2240 a.u. was used as the value of the integral product. 

Table 1 shows the results of the calculation of fluoro­
methanes using the experimental values reported by Cox 
and Smith9) and of that on chloromethanes using the 
experimental values obtained by Watts and Goldstein.10) 

It is evident from the results in Table 1 that the 
calculated results agree qualitatively well with such 
observed results as that the solvent-induced change in 
the V C H value increases as the number of substituted 
fluorine or chlorine atoms increases, or that the V C H 
value increases as the dielectric constant (e) of the 
solvent increases. 

It is also evident from Table 1 that the respective 
V C H values increase in the order of mono-, di- and 
trihalogen-substituted compounds, and also that , when 
the number of substituting halogen atoms is equal in 
the molecules under consideration, the fluorine deriva-

TABLE 1. DEPENDENCE OF V C H 

AND CHLOROMETHANES 

SPIN-COUPLING CONSTANTS OF FLUOROMETHANES 

UPON THE DIELECTRIC CONSTANT (fi) 

Solute Solvent 

Gyclohexane 
Acetone 
DMSO 
Gyclohexane 
Acetone 
DMSO 
Gyclohexane 
CC14 

DMF 
Gyclohexane 
CC14 

DMF 
Gyclohexane 
CC14 

GMF 

c 

2TÖ2 
20.5 
46.0 
2.02 

20.5 
46.0 

2.02 
20.5 
46.0 

2.02 
2.23 

35.0 
2.02 
2.23 

35.0 
2.02 
2.23 

35.0 

Ob 

V C H / H Z 

— 
— 
— 

182.10a) 

184.80a) 

186.50a) 

238.10a) 

245.35a) 

247.30a) 

148.58b) 

149.64b) 

150.40b) 

176.48b) 

178.75b) 

180.55b) 

208.11b) 

208.26b) 

216.46b) 

served 
^ 

A V C H / H Z 

0.0 
2.70 
4.40 
0.0 
7.25 
9.20 
0.0 
1.06 
1.82 
0.0 
2.27 
4.07 
0.0 
0.15 
8.35 

Calculated 

V C H / H Z 

161.62 
163.01 
163.16 
197.58 
201.61 
201.87 
257.72 
263.54 
264.15 
148.05 
148.26 
150.20 
160.91 
160.97 
164.69 
178.49 
178.96 
183.57 

_̂^ 
A V ^ / H 2 

0.0 
1.39 
1.54 
0.0 
4.03 
4.29 
0.0 
5.82 
6.43 
0.0 
0.21 
2.15 
0.0 
0.06 
3.78 
0.0 
0.47 
5.08 

CH,F 

CH2Fo 

CHF, 

CHoCl 

CH0CI0 

CHC1, 

a) R. H. Cox and S. L. Smith, J. Magn. Reson., 1, 432 (1969). b) V. S. Watts and J. H. Goldstein, J. Phys. Chem., 70, 3887 
(1966). c) The calculated values represent the differences between the values in the indicated solvent and in cyclohexane. 

1" Permanent address: Minato High School of Technology, 18-13, Nishi-shinbashi 3-chome, Minato-ku, Tokyo 105. 
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TABLE 2. DEPENDENCE OF V C H SPIN-COUPLING CONSTANTS OF CHLOROETHYLENES UPON THE DIELECTRIC CONSTANT(S) 

Observed*0 Calculated 
Solute Solvent 

V C H / H Z A V O H / H Z » V O H / H Z AVCH/HZW 

C<rl2=GC!l2 

«j-G 8H 8Cl 8 

/rfl^-G2H2Gl2 

G2HG13 

Gyclohexane 

D M F 

Gyclohexane 
D M F 

Gyclohexane 

D M F 

Gyclohexane 

D M F 

2.02 

35 .0 

2 .02 

35 .0 

2 .02 

35 .0 

2 .02 

35 .0 

166.3 

167.0 

197.1 

200.1 
198.4 

200 .8 

200 .5 

204.2 

0 . 0 

0 .7 

0 . 0 

3 .0 

0 . 0 

2 . 4 

0 .0 

3 .7 

195.57 

199.36 

203.66 

208.57 

203.21 

207.45 

205.73 

211.48 

0 . 0 

3.79 

0 . 0 

4 .91 

0 .0 

4 .24 

0 .0 

5 .75 

a) V. S. Watts, J. Loemker and J. H. and J. H. Goldstein, J. Mol. Spectrosc, 17, 348(1965). b) The calculated values 
represent the differences between the values in the indicated solvent and in cyclohexane. 

T A B L E 3. 

Solvent 

DEPENDENCE OF V C H SPIN-COUPLING CONSTANTS OF DICHLOROFLUOROETHYLENES 
UPON THE DIELECTRIC CONSTANT(FI) 

Observed*0 Calculated 

V C H / H Z A V O H / H Z W V C H / H Z A V C H / H Z » 

(Z ) -1,2-Dichlorofluoroethylene 
Gyclohexane 
Benzene 
CHClg 
Acetone 
DMF 
DMSO 

Cyclohexane 
Benzene 
GHCI3 
Acetone 
DMF 
DMSO 

2.02 

2 .26 

4 . 6 3 

2 0 . 0 

35 .0 

4 6 . 0 

2 .02 

2 .26 

4 . 6 3 

2 0 . 0 

35 .0 

4 6 . 0 

195.6 

198.0 

199.6 

199.5 

202 .5 

202 .0 

201 .7 

204 .0 

203 .8 

205 .9 

208 .6 

208.1 

0 .0 

2 . 4 

4 . 0 

3 .9 

6 .9 

6 .4 

198.8 

199.4 

201.7 

203 .4 

203.7 

203.7 

(E) -1,2-Dichlorofluoroethylene 
0 .0 

2 . 3 

2 .1 

4 .2 

6 .9 

5 .4 

207 .9 

208 .5 

211 .0 

212 .9 

213 .3 

213 .3 

0 . 0 

0 .6 

2 . 9 

4 . 6 

4 . 9 

4 . 9 

0 . 0 

0 .6 

3 .1 

5 .0 

5 .4 

5 .4 

a) G. L. Bell and S. S. Danyluk, J. Mol. Spectrosc, 35, 376 (1970). b) The calculated values represent the differences 
between the values in the indicated solvent and in cyclohexane. 

tives exhibit a larger V C H value than the chlorine 
derivatives. This may be due to the greater electronega­
tivity of the fluorine atom. This tendency agrees with 
the observed result. 

The calculated results of the solvent effect on the 
V C H calculation of dichloroethylenes and trichloro-
ethylene are tabulated in Table 2 in comparison with 
the corresponding experimental values reported by 
Watts et al.11) It is now clear that the V C H value of 1,1-
dichloroethylene is smaller than those of the 1,2-
dichloroethylenes and that those of its trans- and cis-
forms are nearly equal to each other. It is found that 
the trisubstituted ethylene has a larger V C H value 
than the disubstituted one and that, in both cases, its 
values depend highly on e. 

Table 3 shows the calculated results of the solvent 
effect on the V C H for 1,2-dichlorofluoroethylenes, 
together with the corresponding experimental data 
reported by Bell and Danyluk.12) The (E) form exhibits 
a larger V C H value than the (Z) form, and both values 
depend on e. The calculated results agree well with the 
experimental findings. 

The authors wish to thank Professor Riichirô Chûjô 
of our department for his helpful suggestions and 
discussions. 
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lH NMR Study of Dissociation and Re-association of Apoferritin and Ferritin 
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Synopsis. The processes of dissociation and re-associ­
ation of apoferritin and the protein part of ferritin were investi­
gated by 1H NMR. It was suggested that the re-association 
of ferritin occurs more easily than that of apoferritin. 

Ferritin is an iron storage protein consisting of 24 
subunits around the iron core which is the polymerized 
iron (the composition is ( F e O O H ) 8 ( F e O O P 0 3 H 2 ) ) and 
contains 0—4000 iron atoms.1) Apoferritin, the protein 
part of ferritin (M.W. 445000), can be dissociated to 
subunits by sodium dodecyl sulfate,2) 7 M ( 1 M = 1 
mol dm - 3 ) guanidinium chloride3) and 6 7 % (v/v) 
acetic acid.4) It has been shown that the dissociation 
of apoferritin is reversible ; However a significant degree 
of hysteresis is known to exist in the re-association 
process.5) In a previous paper,6) we have applied the 
technique of nuclear magnetic resonance (NMR) to 
the study of ferritin to discuss the state and role of the 
phosphate group on the surface of the iron core. In the 
present experiment, it will be shown that the processes 
of dissociation and re-association of the protein assembly 
in ferritin and apoferritin can be followed by XH N M R . 
The N M R signal from the protein part can be observed 
only after the protein part dissociates into subunits 
(M.W. 18500). Of special advantage of N M R over 
other methods is the fact that, in the case of ferritin, 
the iron core influences only little the N M R signal of the 
protein. The process of dissolution of the iron core to 
iron(III) ion will also be discussed using the linewidth 
of the peak of solvent water. O n the basis of these 
results, we will discuss a possible role of the iron core 
in the processes of dissociation and re-association of 
ferritin. 

Horse spleen ferritin (Nutritional Biochemicals 
Corporation, twice recrystallized, Cd free) was dialyzed 
against dilute EDTA solution. All reagents used are of 
reagent grade. The concentration of iron was deter­
mined by using atomic absorption6) and that of protein 
by Lowry method.7) 1 H N M R spectra were recorded 
using a J E O L PS-100 spectrometer operating at 100 
MHz. 

The p H of sample solution was changed in either of 
the following two ways : For the study of dissolution of 
the iron core to iron(III) ion, a small amount of ferritin 
solution (0.35 M, as iron) was added to a glycine-HCl 
buffer solution with p H pre-adjusted, and the linewidth 
of the N M R signal of water in the solution was measured. 
Before and after the above treatment, no precipitation 
occurred and very little change in p H was observed. 2) 
For the study of the dissociation of protein part for 
apoferritin and ferritin, the p H of sample solutions was 
changed by dialyzing for 24 h against a 10 m M glycine-
HCl buffer. In the experiment of re-association, the 
solution, which had been dialyzed for 24 h against a 
10 m M glycine-HCl buffer at p H 1.8, was further 
dialyzed for 24 h against the same buffer at higher pH. 

Dissociation of the Protein Assembly in Ferritin and 

Apoferritin. The N M R signal of the protein part 
becomes observable when the p H of solutions of ferritin 
or apoferritin decreases below 3.5, suggesting that the 
protein part dissociates into subunits. The aliphatic 
region of the N M R spectrum of the protein part is 
shown in Fig. 1A. The signal indicated by an arrow 
is presumably due to the methyl groups of leucine, 
isoleucine, and valine. The height of the peak reaches 
maximum below p H 1.8 ; the extent of dissociation of 
the protein part was determined by measuring the 
height of these peaks. The dissociation curves for 
apoferritin and ferritin thus obtained are shown in 
Fig. IB and Fig. 2, respectively; no significant difference 
was observed between ferritin and apoferritin. 

The Process of Dissolution of the Iron Core to Iron (III) Ion. ' 
The red color of the ferritin solution fades when the p H 
decreases below 2.0, where the linewidth of H 2 0 signal 
greatly increases. This is most likely because the iron 
core dissolves and the amount of aqueous i ron(III) 
ion increases at low p H , resulting in a large increase 
in the interaction of water molecule with the para­
magnetic i ron(III) ion. This suggests that the process 
of the dissolution of the iron core to i ron(III) ion may 

o 
ppm 

(B) 

Fig. 1. (A) The aliphatic region of 100 MHz NMR spec­
tra of apoferritin at low pH. The protein concentra­
tion was 12 mg/ml. (B) Dissociation and re-association 
of apoferritin at low pH. 
0 : Dissociation, Q : re-association. 
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o î—^°f-^—a^^t ' 
Fig. 2. Dissociation and re-association of ferritin at low 

PH. 
O - Dissolution of iron core (NMR), Q : (OD410 n m ) , 
A : dissociation, Q : re-association. 

be followed quantitatively by observing the linewidth 
of the water signal. In the present experiment, the 
concentration of the ferritin solutions was 5 m M (as 
iron) ; at this concentration the solution is clear and 
there is no precipitation nor aggregation observed with 
the dissolution of the iron core. The results shown in 
Fig. 2 indicate that the iron core begins to dissolve at 
p H 1.8 and dissolves completely at p H 1.0. This 
process was also followed by the measurement of 
OD 4 1 0 n m and the result is in good agreement with that 
obtained by the N M R measurement. See Fig. 2. The 
results in Fig. 2 suggest that the protein part of ferritin 
begins to dissociate at p H 3.5 and dissociates completely 
at p H 1.8, but the iron core itself remains intact above 
p H 1.8. It is of interest that in a narrow range around 
p H 1.8 the protein part dissociates completely with the 
intact iron core. 

Re-association of Subunits of Ferritin and Apoferritin. 
With an increase in p H of the solutions of ferritin or 
apoferritin where the protein part has been dissociated 
at low pH, the N M R signals of the protein part becomes 
undetectable, suggesting that the subunits re-associate. 
The fraction of re-association was determined from the 
peak height as in the case of dissociation. The re-
association curve of apoferritin is shown in Fig. IB. 
In this experiment, 0.01 M glycine-HCl buffer was used 
in dialysis at p H 1.8 to dissociate and at higher p H to 
re-associate the protein part . A similar experiment 
was carried out using ferritin. The re-association curve 
for ferritin is also included in Fig. 2. The broken line 
is the re-association curve of apoferritin. T h e curve of 
re-association for ferritin, which has already been 
dissociated at p H 1.8, deviates greatly from that for 
apoferritin. This suggests that re-association of the 
protein part occurs more easily in the case of ferritin 
than in the case of apoferritin. 
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Synopsis. The previous graph-theoretical formula 
for London diamagnetism was improved so as to include all 
kinds of cyclic conjugated systems. Bicyclo[6.2.0]decapen-
taene was then found to be diatropic but antiaromatic even 
though the central n bond was elongated. 

Diamagnetic susceptibility due to ring currents is 
one of the key quantities in aromatic chemistry.1) In 
1937 London formulated it in quantum-mechanical 
terms,2»3) so it has been called the London diamagne­
tism.1) Recently I reformulated it4»5) by means of 
Sachs' graph-theoretical theorem.6) The obtained 
formula enabled us to estimate susceptibility contribu­
tions from individual ^-electron rings in a conjugated 
system.5) However, I later found that this formula was 
applicable only to conjugated hydrocarbons with no 
bond alternation. In this note, I would like to generalize 
the graph-theoretical formula for London diamagnetism 
so as to include not only conjugated hydrocarbons with 
appreciable bond alternation but also heterocycles. 

Let us consider the conjugated system G placed 
perpendicularly in the external magnetic field H. The 
ith ^-electron ring in G is denoted by ri5 which is 
identical with the ith ring component in Sachs' 
theorem.6»7) The area of r{ is denoted by &,. For 
simplicity, we define 

eSr. 
®n hc> (l) 

where e, ft, and c are the standard constants with these 
symbols. A characteristic polynomial for G is a function 
of//, so it is denoted by PQ(X,H).*>7) When there is no 
external field, the contribution of r{ to the coefficients 
of the characteristic polynomial is given by7) 

C(r i50) = 2 n ^ , (2) 

Here, ks is a Hückel bond parameter for the sth n bond 
in G, and s runs over all n bonds in r{. If the field H is 
applied to G, it should become4»5) 

C(ri9H) = 2 cos (8rH) U ks. (3) 

With this expression in mind and by analogy with 
Hosoya's way of expanding Hückel secular deter­
minants,8) PQ(X,H) can be expanded as 

PQ(X, H) = RQ(X) - 2 S Ro-tl(X) cos (&TH) II ks 
i s 

+ 22 S Äo-r.-r.(^) COS (&.H) COS (©. H) ft A. II K 
i < j ' J ' J s s 

(4) 

Here, RQ(X) is a reference polynomial defined for G, 
i.e., a characteristic polynomial for the olefinic reference 
structure of G;5 '6 '9) G-rj is a subgraph of G, obtained 
by deleting r{ and all n bonds adjacent to i t ; G-r r r j 
is a subgraph of G, obtained by deleting a pair of 
disjoint ^-electron rings r{ and rj and all n bonds 

adjacent to r{ and/or r j ; the first summation is practiced 
over all ^-electron rings, and the second one over all 
possible pairs of disjoint ^-electron rings. 

Since the applied field H can be treated as a small 
perturbation, 

cos (8TH) «a 1 - ~ ®T*H\ (5) 

By applying this approximation to Eq. 4, the following 
expression can be derived: 

PQ(X,H)=RQ(X) - 2^RG_Ti(X)(l-±6T>H>)I[ks 
i ' I l s 

+ 2 J | f i 0 - r r r j ( i ) { i - }8 r w) (I—I$rj»jy») 

x l l i J U , - ... 

Pa(X, 0) + H* 2 * W * , 0)® r i
2IU 8 . 

t 1 1 c 
(6) 

In deriving the last expression, we used the relationship 
in this form: 

P0(X, 0) = RQ(X) - 2 f\ R0-Tl(X) IÎ A. 

+ 2 2 I ] Ä 0 - r i - r j ( X ) n M U s - . . . . (7) 
i<j J s s 

This is nothing other than a generalized form of Hosoya's 
formula for obtaining PQ(X, 0).8) 

After a simple treatment of Eq. 6, analogous to that 
presented in Ref. 5, the diamagnetic susceptibility 
attributable to the mth orbital is given by 

Xr»=-2ßh PFfy?'to ft.'ÎU (8) 
where X£ is the mth largest root of the equation 
PQ(X, 0 ) = 0 . Then, the overall susceptibility due to 
ring currents is 

Z = 2 S Z m . 
m = l 

(9) 

Here, m0 indicates the highest occupied orbital. Unfor­
tunately, Eq. 8 does not hold for degenerate orbitals. 
In this case, PQ(X, 0) is rewritten as 

pQ(x, o) = uQ(X){x-xm*°y, (io) 
where m* indicates the degenerate orbitals. According 
to the mathematical treatment similar to that of Pullman 
and Pullman,3) the diamagnetic susceptibility attribut­
able to each of these orbitals becomes 

Xm £/«(V)! ' ( ' 
where 

Vo(X)=^Po.rt(X,0)@^Ilke. (12) 

Now the graph-theoretical formulation of London 
diamagnetism has been completed. We can easily 
evaluate the susceptibility of any cyclic conjugated 
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system by means of these expressions, but without 
any knowledge of graph theory. They are really 
applicable to any kind of conjugated systems, including 
heterocycles. 

As an example, it is instructive to calculate the 
susceptibility of the bicyclo[6.2.0]decapentaene con­
jugated system (I). O d a et al. showed that this compound 

k 

I 

has relatively small alternation of the peripheral n bonds 
and a rather elongated central n bond.10) Therefore, 
the susceptibility was calculated as a function of the 
bond parameter of the central n bond (k). The suscep­
tibilities obtained according to Eq. 8 are 0.352 for 
£ = 1 . 0 0 , 0.422 for £=0 .90 , 0.478 for £=0 .80 , 0.523 
for £ = 0 . 7 0 , 0.559 for £=0 .60 , and 0.587 for £=0 .50 , 
all in units of &0

2ß. Here, &0 is e/fic, multiplied by the 
area of the benzene ring, and ß=\ß\. In this connection, 
the resonance energies due to aromatic stabilization9) 
are - 0 . 6 4 2 for £=1 .00 , - 0 . 5 0 9 for £=0 .90 , - 0 . 3 9 6 
for £ = 0 . 8 0 ; - 0 . 2 9 8 for £=0 .70 , - 0 . 2 1 2 for £=0 .60 , 
and —0.137 for £=0 .50 , all in units of ß. These results 
clearly indicate that the bicyclo[6.2.0]decapentaene 
conjugated system is diamagnetic but antiaromatic in 

nature. This conclusion is independent of the magnitude 
of the £ value. Therefore, we might say that this com­
pound is a diatropic antiaromatic compound. Diatro-
picity has been supported by experiment.10) It is note­
worthy that diatropicity and antiaromaticity coexist 
in such a bicyclic conjugated system. 

The use of the facilities of the Hokkaido University 
Computing Center is gratefully acknowledged. 
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The Crystal Structure of Di-//-Bromo-tris(triphenylphosphine)dicopper(II) 
Hisao NEGITA,* Morio HIURA, Yoshihiko KUSHI, Masahiro KURAMOTO, and Tsutomu OKUDA 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Naka-ku, Hiroshima 730 
(Received June 5, 1980) 

Synopsis. The crystal structure of the Cu2Br2-
(PPh3)3* 1.5C6H6 complex has been determined by three 
dimensional X-ray analysis. The crystals are monoclinic, 
and the space group is. P2JC, with unit-cell parameters of a= 
14.122 (3), 4=19.573 (4), c=25.985 (7) Â, ß= 128.99 (1)°, 
and Z = 4 . In the Cu2Br2(PPh3)3 molecule, one copper atom 
is three-coordinate, and the other, four-coordinate. 

It has been known that copper (I) halides form a 
number of complexes with tertiary phosphine. A 
particularly interesting series is the 2 : 3 complexes, 
Gu.2X2(PPh3)3, in which three- and four-coordinated 
copper atoms are both present and in which the 
stabilities of the two atoms are similar.1-3) In this work, 
the bromide complex is investigated by means of the 
X-ray crystal analysis and the structure and bonding 
are discussed in connection with the N Q R study.4) 

Exper imenta l 

Preparation. Cu2Br2(PPh3)3« 1.5C6H6, prepared as has 
been described in the literature,5) was recrystallized from a 
mixed solvent of benzene and heptane (benzene : heptane= 
3 : 1 ) . Found: C, 62.94; H, 4.55%. Calcd for C63H54Cu2-
Br2P3: C, 63.54; H, 4.57%. 

X-Ray Data Collection. All the cell constants were 
determined by a least-squares treatment of the setting of 24 

reflections measured on a Rigaku four-circle diffractometer, 
AFG-5, with Mo KOLX radiation (^=0.70926 Â) ; a= 14.122 (3), 
b= 19.573 (3), c=25.985 (7) Â, £=128.99 (1)°. Z = 4 , and 
calculated density p (calcd) = 1.42 g cm -3 . The intensity 
data were collected by the œ-2d scan technique to a maximum 
2d value of 42° at a scan rate of 16°/min (50 KV, 170 mA). 
The intensities of 4890 independent reflections were collected. 
Reflections for which the intensities were less than three times 
their standard deviations were regarded as "unobserved" and 
were not included in subsequent calculations. Thus, 4538 
independent reflections were used for the structure determi­
nation. Their intensities were corrected for Lorentz and 
polarization factors, but no absorption corrections were made 
since the /^-values were low (#=25.9 cm - 1). 

Structure Determination. The crystal structure was (solved 
by the heavy-atom technique, and the refinement was perform­
ed by a block-diagonal least-squares calculation. The 
quantity minimized was w(\F0\— k\Fc\)

2. Cruickshank's 
weighting scheme was used, where w= l /(fl+|F0j+è|F0 |2), 
with a=6.5 and £=0.019. The atomic scattering factors 
from the International Tables for X-Ray Crystallography6) 
were used. The effects of the anomalous dispersion of the P, 
Cu, and Br atoms for Mo Ka. radiation were included in the 
calculation. The final R value was 0.070. A list of observed 
and calculated structure factors is preserved by the Chemical 
Society of Japan (Document No. 8114). The final atomic 
coordinates are summarized in Table 1. 

TABLE 1. FINAL ATOMIC PARAMETERS FOR Cu2Br2 (PPh3)3.1.5C6H6, 

W I T H ESTIMATED STANDARD DEVIATIONS 

Atom 

<ü\) 
Cu(2) 
Br(l) 
Br(2) 
P(l) 
P(2) 
P(3) 
C( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(36) 
C(41) 
C(42) 
C(43) 
C(44) 
C(45) 
C(46) 
C(51) 
C(52) 
C(53) 
C(54) 

X 

0.58856(12) 
0.74821(12) 
0.55725(11) 
0.74503(11) 
0.4461(3) 
0.7220(3) 
0.9001(3) 
0.3619(10) 
0.4759(12) 
0.4418(15) 
0.3260(15) 
0.2423(14) 
0.2733(13) 
0.3141(9) 
0.2847(11) 
0.1872(13) 
0.1245(14) 
0.1504(13) 
0.2484(12) 
0.4685(10) 
0.5664(13) 
0.5817(16) 
0.5005(15) 
0.4085(14) 
0.3872(12) 
0.5921(10) 
0.4929(12) 
0.3858(13) 
0.3905(13) 
0.4871(12) 
0.5901(11) 
0.7084(10) 
0.6190(12) 
0.6174(15) 
0.7076(14) 

y 

0.18115(8) 
0.21919(7) 
0.28104(6) 
0.10785(6) 
0.1564(2) 
0.1845(2) 
0.2800(2) 
0.2259(6) 
0.2787(7) 
0.3322(9) 
0.3348(9) 
0.2851(8) 
0.2287(7) 
0.1300(6) 
0.0615(6) 
0.0440(8) 
0.0954(8) 
0.1625(8) 
0.1821(7) 
0.0855(6) 
0.0423(7) 

-0 .0186(9) 
-0 .0319(8) 

0.0110(8) 
0.0697(7) 
0.1304(6) 
0.1347(7) 
0.0909(8) 
0.0497(7) 
0.0451(7) 
0.0861(7) 
0.2526(6) 
0.2580(7) 
0.3155(9) 
0.3638(8) 

z 

0.18994(7) 
0.15925(7) 
0.12707(7) 
0.21339(7) 
0.1972(1) 
0.0682(1) 
0.2479(1) 
0.2184(5) 
0.2571(7) 
0.2789(8) 
0.2615(8) 
0.2210(8) 
0.1986(7) 
0.1142(5) 
0.0972(6) 
0.0302(7) 

-0 .0164(8) 
-0 .0008(7) 

0.0664(7) 
0.2484(6) 
0.2717(7) 
0.3093(9) 
0.3194(8) 
0.2988(8) 
0.2608(7) 
0.0094(5) 
0.0092(6) 

-0 .0400(7) 
-0 .0810(7) 
-0 .0794(7) 
-0 .0335(6) 

0.0183(6) 
-0 .0503(7) 
-0 .0853(8) 
-0 .0517(8) 

Atom 

C(55) 
C(56) 
C(61) 
C(62) 
C(63) 
C(64) 
C(65) 
C(66) 
C(71) 
C(72) 
C(73) 
C(74) 
C(75) 
C(76) 
C(81) 
C(82) 
C(83) 
C(84) 
C(85) 
C(86) 
C(91) 
C(92) 
C(93) 
C(94) 
C(95) 
C(96) 
C(101) 
C(102) 
C(103) 
C ( l l l ) 
C(112) 
C(113) 
C(114) 
C(115) 
C(116) 

X 

0.7956(14) 
0.7971(13) 
0.8504(91 
0.9130(10) 
1.0093(11) 
1.0476(12) 
0.9867(12) 
0.8864(11) 
0.9297(10) 
0.8279(11) 
0.8433(13) 
0.9647(13) 
1.0616(12) 
1.0486(11) 
1.0505(10) 
1.0699(12) 
1.1853(13) 
1.2736(13) 
1.2596(16) 
1.1422(14) 
0.8674(10) 
0.8751(13) 
0.8386(14) 
0.7942(14) 
0.7859(14) 
0.8227(11) 
0.5697(15) 
0.5486(14) 
0.4785(15) 
0.0157(24) 
0.1246(24) 
0.2160(22) 
0.1923(22) 
0.0808(28) 

-0.0062(28) 

y 

0.3619(8) 
0.3070(7) 
0.1334(5) 
0.1507(6) 
0.1081(7) 
0.0547(7) 
0.0368(7) 
0.0780(6) 
0.3633(6) 
0.4032(6) 
0.4684(7) 
0.4921(8) 
0.4528(7) 
0.3880(6) 
0.2386(6) 
0.1874(7) 
0.1540(8) 
0.1740(8) 
0.2234(9) 
0.2585(8) 
0.2996(6) 
0.2451(8) 
0.2556(8) 
0.3204(8) 
0.3734(8) 
0.3627(7) 
0.4116(9) 
0.4350(8) 
0.4438(8) 
0.0735(14) 
0.0987(13) 
0.1275(13) 
0.1372(13) 
0.1144(16) 
0.0855(16) 

2 

0.0158(7) 
0.0527(7) 
0.0873(5) 
0.0630(6) 
0.0806(6) 
0.1219(6) 
0.1473(6) 
0.1293(6) 
0.2289(5) 
0.1806(6) 
0.1643(7) 
0.1956(7) 
0.2402(7) 
0.2594(6) 
0.3001(5) 
0.2712(6) 
0.3084(7) 
0.3705(7) 
0.4013(9) 
0.3658(7) 
0.3043(6) 
0.3411(7) 
0.3823(8) 
0.3803(7) 
0.3442(7) 
0.3041(6) 

-0 .0197(8) 
0.0045(8) 
0.0244(8) 
0.4320(13) 
0.4495(13) 
0.5157(12) 
0.5591(12) 
0.5384(15) 
0.4775(15) 
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TAPLE 2. SELECTED INTERATOMIC DISTANCES (A) AND ANGLES (DEG.) FOR Cu2Br2(PPh3)3l .5CH, 

WITH ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Gu(l)-Gu(2) 
Br(l)..-Br(2) 
Gu(l)-Br(l) 
Gu(l)-Br(2) 
Gu(2)-Br(l) 

Distanes 
2.992(2) 
4.009(2) 
2.404(2) 
2.370(2) 
2.569(2) 

Gu(2)-Br(2) 
Cu(l)-P(l) 
Gu(2)-P(2) 
Gu(2)-P(3) 

2.610(2) 
2.190(3) 
2.252(3) 
2.260(3) 

Gu(l)-Br(l)-Gu(2) 
Gu(l)-Br(2)-Gu(2) 
Br(l)-Cu(l)-Br(l) 
Br(l)-Gu(l)-P(l) 
Br(l)-Gu(2)-P(2) 
Br(l)-Gu(2)-P(3) 

Angles 
71.88(5) Br(2)-Cu(l)-P(l) 
71.66(5) Br(2)-Gu(2)-Br(2) 

114.26(6) Br(2)-Gu(2)-P(2) 
116.91(9) Br(2)-Gu(2)-P(3) 
110.76(8) P(2)-Gu(2)-P(3) 
102.27(8) 

127.03(9) 
101.44(5) 
105.41(8) 
102.60(8) 
130.66(11) 

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

Crystals of Cu2Br2(PPh3)3«1.5C6H6 are composed of 
discrete molecular units of Cu2Br2(PPh3)3 and benzene. 
The interatomic distances and bond angles, along with 
their estimated standard deviations, are listed in Table 
2. The molecular structure obtained and the labelling 
of atoms are illustrated in Fig. 1. Two kinds of benzene 
molecules are present in this crystal. One benzene 
occupies interstitial sites in the structure centered at 
1/2, 1/2, 0. In the other benzene, some degree of 
disorder is suggested by the large thermal parameters. 

Fig. 1. View of the molecule Gu2Br2(PPh3)3 (drawn by 
use of ORTEP). The symbol, G, for each carbon atom 
has been omitted for clarity. 

The structure of Cu2Br2(PPh3)3 consists of both three-
and four-coordinated copper atoms. The geometry 
about Cu(I) is approximately trigonal planar, and the 
copper a tom lies 0.183 Â above the plane including 
P ( l ) , Br ( l ) , and Br(2). The C u ( l ) - P ( l ) distance, 
2.190 Â, is nearly equal to the values observed cases 
where only one phosphine ligand is linked to the copper 
atom.7 '8) T h e environment of Cu(2) is distorted in a 
tetrahedral direction, and a marked departure from an 
idealized tetrahedral geometry is seen in the P ( 2 ) -
Cu(2)-P(3) angle, which is 130.66°. T h e Cu(2 ) -P 
distances, 2.252 and 2.260 Â, are longer than the C u ( l ) -
P( l ) distance in the three-coordinated copper atom. 

T h e C u - P distances involving the same kind of 
phosphines are dramatically influenced by the number 
of phosphine ligands bonded to the copper atom, 
whereas they are only slightly influenced by the coor­
dination number of the copper atom.7 '8) In the 63Cu 
N Q R studies of Cu 2 X 2 (PPh 3 ) 3 ( X = C 1 , Br, and I),4) 

the observed quadrupole coupling constant (e2Qjqlh) 
and the orientations of the efg principal axes of the 
three-coordinated copper atoms are mainly interpreted 
in terms of an sp2-hybridization scheme. However, 
the observed frequencies are slightly higher than the 
maximum value expected for the sp2 bonding. This 
discrepancy can be explained in terms of a bonding 
scheme involving 3d orbital mixing. This bonding 
scheme is applicable to the present compound, because 
the bromide complex is similar to the chloride and 
iodide complexes in the molecular structure as well 
as in 63Cu N Q R frequencies. In the case of the four-
coordinated copper atom, the observed low frequency 
can be explained by sp3 mixing only. However, from 
the distorted tetrahedral structure obtained in this 
compound, it seems likely that the Cu—>P back-bonding 
exists and that it contributes to the C u - P distance to 
some extent. 

The Cu-Br distances in the four-coordinated copper 
atom are 0.203 Â (on the average) longer than those 
in the three-coordinated copper atom. In comparison 
with the case of the C u - P distances, the copper-halogen 
distances increase with the copper coordination number. 
In the N Q R studies of the Cu 2 X 2 (PPh 3 ) 3 series, it is 
observed that the e2Qjqjh values of the three-coordinated 
copper atoms decrease from X = C 1 to I. This order is 
the reverse of the expectation for the sp2 mixing scheme. 
This conflict can be explained by the existence of copper 
p^-halogen p^ bonding; this ^-bonding will reduce 
the e2Qqjh value in this order; I > B r > C l . 4 ) Therefore, 
the shortening of the copper-halogen distances in the 
three-coordinate copper atom is considered to be 
caused by the mixture of ^-bonding. 
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Synopsis. The gas-chromatographic behavior of 
chlorinated phenols, m-cresols, and 3,5-xylenols on polar and 
nonpolar columns connected to either FID or ECD has been 
studied. The relative retention times (tR) for individual 
homologous series were determined as a function of the number 
of chlorine substituents in the molecule. It was found, for 
the homologous series of these chlorinated compounds, that a 
relationship between log tR and the number of chlorine substi­
tuents is of only limited use in the identification of individual 
chlorinated phenols. 

Gas-liquid chromatography (GLC) is a rapid, 
specific, and sensitive method for the separation and 
determination of a variety of such volatile compounds 
as organic contaminants in the environment. The 
identification of the chromatographic separated com­
ponents is, though, a complex problem, one which 
requires the use of many standards or a combination 
of gas chromatography and mass spectrometry ( G C -
MS). Some attempts to identify the compounds being 
chromatographed on the basis of their relative retention 
times (tR) have been made, and it has been found that 
the plots of log tR for many substituted phenols,1) 
paraffins,2) and organometalic compounds3) against the 
number of carbon atoms in the molecule give straight 
lines. The corresponding relationships for organo-
chlorine compounds have not yet been established, 
however. 

Chlorination is extensively practiced in waste-water 
treatment in order to disinfect the effluent prior to 
discharge, particularly where the water may subsequent­
ly be used for recreational purposes or as a source of 
potable water. One class of compounds recognized 
as a major source of pollutants in the environment is 
the phenols. Phenols are introduced into the environ­
ment in several ways; directly as industrial effluents 
and indirectly as transformation products from natural 
and synthetic chemicals. It has now became evident 
that the treatment with chlorine of water which has 
been polluted with phenols leads to the formation 
of a variety of chlorinated phenols and quinones.4) 
The aim of the present work is to reveal the relationships 
between the relative retention behavior of chlorinated 
phenols, m-cresols, and 3,5-xylenols and the number 
of chlorine substituents in the phenol ring, using both 
polar and nonpolar stationary phases. We then intend 
to use this relationship to identify the unknown samples 
in the environment. 

Exper imenta l 

The chlorinated derivatives of phenol, m-cresol, and 3,5-
xylenol used for the present work were obtained from various 
commercial sources ; they are summarized in Table 1. These 
compounds were checked by GLC and mass spectrometry and 
were then used without further purification . 

A Model 20-KE gas Chromatograph (Japan Electron Optic 

TABLE 1. CHLORINATED PHENOLS, WZ-CRESOLS, AND 

3,5-XYLENOLS EXAMINED IN THIS INVESTIGATION 

Index 
number Compound Index 

number Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 

13 

Phenol 
2-Chlorophenol 
3-Chlorophenol 
4-Chlorophenol 
2,3-Dichlorophenol 
2,4-Dichlorophenol 
2,5-Dichlorophenol 
2,6-Dichlorophenol 
3,4-Dichlorophenol 
2,4,5-Trichlor ophenol 
2,4,6-Trich lorophenol 
2,3,4,6-
Tetrachlorophenol 
2,3,4,5,6-
Pentachlorophenol 

14 
15 
16 
17 

18 

19 
20 
21 

22 

23 

m-Cresol 
4-Chloro-m-cresol 
6-Chloro-m-cresol 
4,6-Dichloro-m-cresol 
2,4,6-Trichloro-
m-cresol 
3,5-Xylenol 
2-Chloro-3,5-xylenol 
4-Chloro-3,5-xylenol 
2,4-Dichloro-
3,5-xylenol 
2,4,6-Trichloro-
3,5-xylenol 

Laboratory) equipped with an electron-capture detector 
(ECD, 63Ni 10 mCi) and a Shimadzu GC-6A gas Chromatog­
raph equipped with a flame ionization detector (FID) were 
used with nitrogen as the carrier gas. Two coiled glass 
tubes (2 m x 3 mm I. D), one packed with 10% Apiezon L/ 
Chromosorb-W (AW-DMCS, 60—80 mesh) as the nonpolar 
stationary phase and the other packed with 5% DEGS-|-1% 
H3P04/Chromosorb-W (AW-DMCS, 60—80 mesh) as the 
polar one, were used for the present work. 

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

In the present work, both polar and nonpolar 
stationary phases, connected to either F I D and ECD, 
were tested for the direct chromatography of chlorinated 
derivatives of phenol, m-cresol, and 3,5-xylenol. T h e 
tR values for these compounds are presented graphically 
in Figs. 1 and 2 as a plot of log tR against the number 
of chlorine substituents in the molecule. Although 
GLC's of several chlorinated phenols have been reported 
by earlier workers,5) the present results appear to 
be the first detailed G L C data for these compounds. 

Since it is known that plots of log tR for many organic 
compounds against their boiling points give approxi­
mately straight lines,6) the tR values of compounds with 
lower numbers of chlorine substituents and with low 
boiling points may be expected to be smaller that those 
of compounds with higher numbers and high boiling 
points when the compounds are chromatographed on a 
nonpolar column. Figures 1 and 2 show that plots of 
log tR against the number of chlorine substituents in 
the molecule give approximately straight lines for each 
homologous series of these chlorinated phenols, m-
cresols, and 3,5-xylenols, with few exceptions. 

Figures 1 and 2 also show that the smallest tR values 
are found for compounds with chlorine atoms, at least 
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log *R (10% Aplezon-L) 

Fig. 1. Plot of log tR against number of chlorine substi-
tuents in the molecule, using nonpolar column at 200 °C 
and 50 ml/min of N2 as the carrier gas. 
Chlorinated phenols; Q, chlorinated m-cresols; A> 
chlorinated 3,5-xylenols, • • Compound numbers, as 
in Table 1. 
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Fig. 2. Plot of log tR against number of chlorine substi-

tuents in the molecule, using polar column at 160 °C 
and 50 mlmin of N2 as the carrier gas. 
Chlorinated phenols; Q, chlorinated m-cresols; A> 
chlorinated 3,5-xylenols; • • Compound numers, as 
in Table 1. 

one of which is substituted on the ortho-position in the 
phenol ring (Solid lines) in comparison with those of 
the meta- and/or para-chlorinated isomers (dashed 
lines). In addition, these compounds (Points 3, 4, 9, 15, 
and 21) are characterized by larger tR values on the 
polar column than those of the corresponding compounds 
with higher numbers of chlorine substituents. These 
results can be explained in terms of the steric shielding 
of the hydroxyl groups in phenols by chlorine atoms 
substituted on the ortho-position in the phenol ring, 
which prevents the formation of a hydrogen bond 
between the polar stationary phase and the chlorinated 
compounds. 

Unfortunately, poor separations of m-chlorophenol 
from the para-isomer and of 2,3- from 2,4- and 2,5-
dichlorophenol on both polar and nonpolar columns 
were observed, for these compounds have similar 
polarities and boiling points. In addition, the peaks of 
some compounds (e.g., 2,6-dichlorophenol and 2-
chloro-3,5-xylenol) overlapped when a mixture of these 
compounds was chromatographed on both polar and 
nonpolar columns. However, dichlorinated compounds 

among a mixture of mono- and dichloro-derivatives 
with similar tR values on the columns could be assigned 
on the basis of the differences in ECD responses, because 
well-defined ECD peaks are observed for the ng order 
of a sample injected in the column connected to ECD, 
though these were very small E C D peaks for mono-
chlorinated compounds in spite of the (xg order of sample 
injection. 

The response data indicated that the sensitiveties of 
F I D for the chlorinated phenols became smaller with an 
increase in the number of chlorine substituents in the 
molecule, while those of ECD became larger. Similar 
relative ECD responses have been reported previously7) 
for other aromatic halogeno and nitro compounds. 
These results can be explained in terms of the reduction 
of the flame-ionization current with organochlorine 
compounds, or as an increase in the electron-capture 
reactions with these compounds, which were, chromato­
graphed on the column and then introduced into the 
detector.8) 

The apparent differences in the F I D and ECD 
sensitivities for the chlorinated derivatives of phenol, 
m-cresol, and 3,5-xylenol chromatographed on both 
polar and nonpolar columns may also arise as a result 
of peak broadening or narrowing associated with 
increases or decreases in tR. 

These results suggest that both the plots of log /R 

against the number of chlorine substituents and the 
differences in ECD responses for the subject compounds 
can be used to investigate the chemical structure of 
chlorinated aromatic compounds formed during the 
chlorination of a variety of phenol compounds with 
aqueous hypochlorite. 
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Synopsis. The uptake of zinc ion by hydrous man­
ganese (IV) oxide in ammonium chloride solution containing 
zinc ion was investigated. The uptake of zinc ion was found 
to be proportional to the potassium content in the hydrous 
manganese (IV) oxide, the molar ratio of the sorbed Zn2+ to 
the released K+ being ca. 1 : 2. 

Adsorption studies of zinc ion on various kinds of 
anhydrous manganese (IV) oxides have been carried out 
in a 2 MT NH4C1 solution containing zinc ion. An 
adsorption mechanism was postulated in order to 
explain the ion exchange reaction based on a surface 
chelation on the hydrated oxide.1-2) Investigations have 
been carried out on the mode of metal adsorption by 
natural and synthetic manganese (IV) oxides as regards 
the characterization of oxides,2'3) catalysis4) and 
oceanology.5) However, the effect of the chemical 
composition of manganese (IV) oxides on the mode of 
adsorption still remains unclarified. 

Hydrous manganese(IV) oxide obtained by reduction 
and disproportionation of alkaline manganate(V) , (VI) , 
and (VII) solution usually contains a large amount of 
alkali and chemically bound water, exhibiting unusual 
properties differing a great deal from the anhydrous 
manganese (IV) oxides prepared by pyrolysis or oxida­
tion of manganese(II) in acid solutions.6) 

In this study, the uptake of zinc ion by hydrous 
manganese(IV) oxide was investigated and the results 
were discussed in relation to the replacement of potas­
sium ion present in the sorbent. 

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

The measurement of the uptake of zinc ion by hydrous 
manganese (IV) oxide was carried out in a way similar to that 
described by Kozawa.1) The hydrous manganese(IV) oxide 
was dried by heating at 110 °C. 0.1 g of the sample was then 
added to 50 ml of zinc solution prepared by dissolving 0.01 M 
ZnO in 1.5 M NH4C1 (pH 6.8). The hydrous manganese(IV) 
oxide suspended in an Erlenmeyer flask was stirred magnetical­
ly for 18 h at room temperature and then centrifuged. The 
supernatant layer was analyzed for zinc ion by titration. The 
uptake of zinc ion by the hydrous manganese (IV) oxide 
was calculated from the zinc ion concentrations in solution 
before and after the uptake was affected. 

The preparation and characterization of the hydrous 
manganese(IV) oxide sample were the same as reported.6) 

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

The zinc ion uptake data and the chemical composi­
tion of hydrous manganese (IV) oxides are given in 
Table 1, together with those of manganese (IV) oxides of 
other types. 

The uptake of zinc ion by typical amorphous and 
hydrous manganese(IV) oxides (Table 1, 1—4 and 7) 
was extremely high as compared to that of anhydrous 
manganese(IV) oxides (12—14). The hydrous 
manganese(IV) oxides prepared in a solution of high 
p H showed an approximately constant composition with 
the formula K 2 0 - 4 M n 0 2 - 4 H 2 0 . Variat ion in chemical 

TABLE 1. ZINC ION UPTAKE DATA AND CHEMICAL COMPOSITION OF THE MANGANESE (IV) OXIDES 

No. 

Preparation Composition10 

Procedure pH Temp MnO a 

wt% 
x m 
MnO 

K , 0 H , 0 
x Wt% Wt% 

Zn2+ sorbed 
mol/gx 10* 

1 H 2 0 2 reduction of KMn0 4soln b ) 12.8 30 69.4 
2 K2S03 reduction of K M n 0 4 solnb) 12.6 50 68.2 
3 K N 0 2 reduction of K M n 0 4 solnb) 12.1 30 70.1 
4 Disproportionation of K 2 Mn0 4 solnb) 13.0 30 68.8 
5 Disproportionation of K 2 Mn0 4 solnb) 4.1 50 80.5 
6 Disproportionation of K 2 Mn0 4 solnb) 2.5 50 87.1 
7 Disproportionation of K 3 Mn0 4 solnc) > 1 3 50 66.1 
8 2 M H N 0 3 treatment of sample No. 1 < 1 30 87.9 
9 Heating of sample No. 1 — 200 71.0 

10 Heating of sample No. 1 — 300 73.8 
11 Heating of sample No. 1 — 700 76.4 1 
12 (a-MnOa) 89.3 1.97 
13 Qff-Mn02) 99.5 2.00 
14 (7-Mn02) 97.8 1.97 

1.99 
1.98 
1.98 
1.99 
1.94 
1.91 
2.01 
1.89 
1.97 
1.94 

87 

16.9 
18.4 
15.8 
17.7 

14.1 

4, 
19. 
4. 

17. 
17. 
18. 
6. 
0 
0 

13. 
10, 
8 

14. 
8. 

11. 
8.0 
5.3 
3.9 
0.5 
2.2 

18.68 
20.39 
20.24 
20.89 

9.91 
5.71 

21.74 
5.76 

11.52 
6.71 
2.99 
0.53 
0.31 
1.69 

a) The calculated chemical composition of the K 2 0 • 4MnOa • 4H 2 0 formula is 18.3 K 2 0 , 67.7 MnOz and 14.0 HaO(wt%), 
( 1—8 : amorphous, 9—11 : tetramanganese dipotassium octaoxide7)). b) The procedure is given in detail in a previous paper.6) 

c) The reaction was performed by dilution of a (0.2M K3MnO4+10M KOH) solution with large amount of distilled 
water. 

t 1 M = 1 mol dm-3. 
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Fig. 1. Relationship between the uptake of Zn2+ and 
the K 2 0 content of M n 0 2 substances. 
O : Hydrous M n 0 2 (Sample Nos. 1—10), 3 : Heated 
substances (Sample Nos. 9—11), 0 : Crystalline MnOa 

(Sample Nos. 12—14). : (Zn2+ sorbed/K+ con­
tent) m.r. = 0.5. 

composition remarkably influenced the zinc ion uptake. 
For example, the reduction in the K 2 0 content in the 
hydrous manganese (IV) oxides prepared by dispropor-
tionation (5 and 6) and by acid treatment (8) gave rise 
to the reduction of the uptake capacity of zinc ion. 
Potassium in the hydrous manganese (IV) oxide is 
responsible for the zinc ion uptake. It seems that 
potassium ions are replaced by zinc ions via ion-exchange 
mechanism. After the uptake reaction, the hydrous 
manganese (IV) oxide was found to be free from potas­
sium. Figure 1 shows a linear relation between the 
zinc uptake and the K 2 0 content in the hydrous 
manganese(IV) oxide samples. The molar ratio, sorbed 

Zn2+/released K+, is slightly higher than 0.5. This 
can be attributed to the coexistence of H + with K+ on 
the surface of the hydrated manganese(IV) oxide. 
y - M n 0 2 contains only H+ and no K+ (14). 

At p H 6.8, under which most of the Zn 2 + uptake 
reactions took place, ammonium ion dominates accord­
ing to 

flNH, = !Q(pH-9.27) 
Ö N H . + 

Under these conditions, we see that (ZnCl4)2~ is the 
most stable zinc ion. I t seems that the tetrachlorozincate 
ion acts on the hydrous manganese (IV) oxide as a 
bindetate as in the case of a previous study1) in which 
H + instead of K+ was the major concern. 

O n heating, the hydrous manganese (IV) oxide 
gradually crystallized into tetramanganese dipotassium 
octaoxide,7) K 2 M n 4 0 8 (9—11). This caused decrease 
in the uptake capacity of zinc ion. The same trend 
was found in the case of a -MnO a (12), showing a low 
uptake capacity due to its high crystallinity. 

One of us (E. N) wishes to thank Prof. K. N. H a n for 
his helpful discussions. 
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Synopsis. The crystals of K3[Cr(GN)6(OH)].H20 
have been obtained by making [CrCl(NH3)5]Cl2 react with 
KCN, followed by purification on a Sephadex gel column. 

O n the cyano-hydroxo- and aqua-cyano- mixed-
coordinated chromate(I I I ) complexes, there have been 
only a few works reported. 1_4> All the experiments in 
those studies had been made on samples of the complexes 
formed in the aquation process of the [Cr (GN) 6 ] 3 - ion 
in an aqueous solution. 

Accordingly, the works have more or less had diffi­
culties in the isolation as well as in the identification of 
the complexes under consideration, which were yielded 
very scantly and had the property of continuing the 
sequential release of coordinating cyano ligands in an 
aqueous solution. 

By the use of a new method quite different from the 
earlier processes, the present authors have obtained 
K 3 [Cr (GN) 5 (OH) ] -H 2 0 in crystals. This product 
proved to be just the complex which had been presumed 
in one of the reports to have been formed in the reviewed 
aquation process;3) this fact affords solid ground for the 
satisfactory settlement of an intriguing problem with 
regard to the spectrum-identification of the aqua-cyano-
coordinated chromate(I I I ) complexes. 

The unit cell dimensions of the crystal were deter­
mined by means of X-ray diffraction. 

Exper imenta l 

Potassium cyanide (25.5 g, 0.415 mol) and [CrCl(NH3)5]Cl2 

(15.0 g, 0.072 mol) were added to 170 cm3 of water, after which 
the mixture was boiled while being stirred. A considerable 
amount of undissolved [CrCl(NH3)6]Cl2 which was at first 
observed disappered qiuckly at the beginning of the boiling, 
and the solution's color changed from deep-red to orange-
yellow. The temperature of the oil-bath was maintained at 
about 140 °C, and the boiling was continued for 2—3 min 
after the disappearance of the solid [CrCl(NH3)5]Cl2. Atten­
tion must be paid to the reaction time, since if the boiling is 
prolonged, most of the products are decomposed rapidly to 
form a black precipitate, and the desired complex is not 

(Brown) 
Fraction of K3[Cr(CN)6] 
(Yellowish green) 

m 
Fraction of the desired complex 
(Orange-yellow) 
(Light orange-yellow) 

obtained. The reaction mixture was cooled and evaporated to 
about one-half volume by means of a rotary evaporator. The 
concentrate, after the removal of a small amount of the black 
substance, was passed through a Sephadex G-15 gel column 
(5.5x49 cm). The fractionation of the products on the 
Sephadex column is illustrated in Fig. 1. The separated orange-
yellow fraction which contained the desired complex was 
refined twice more by means of the same Sephadex column. 
The purified K3[Cr(CN)5(OH)] solution was then evaporated 
to dryness in a rotary evaporator (the temperature being kept 
below 35 °C) ; 7.6 g of orange-yellow crystals as small needles 
were thus obtained. The crude crystals (2 g) were recrystal-
lized by dissolving them in 2 cm3 of water and by slowly 
evaporating the solution thus formed in a KOH desiccator. 
About two days later, the deposited needle crystals were 
collected by filtration, washed with ethyl alcohol containing 
20% water, and dried in a vaccum desiccator with sodium 
hydroxide: yield, 1.2 g. Analytical result, Found: Cr, 15.28; 
C, 17.72; H, 1.03; N, 21.05; K, 35.0; H 2 0 , 5.3%. Calcd 
for K3[Cr(CN)5(OH)].HaO: Cr, 15.55; C, 17.96; H, 0.90; N, 
20.94; K, 35.1; H 2 0 , 5.4%. The water of crystallization 
was determined by thermobalance analysis although the results 
varied to some extent corresponding to the conditions of 
drying applied to the crystals. The infrared spectrum is 
illustrated in Fig. 2. 

Fig. 1. Separation of the reaction products on Sephadex 
G-15 gel column. 

2500 2000 1600 1200 800 400 

v/cm-1 

Fig. 2. Infrared spectrum of K3[Cr(CN)6(OH)].H20 
in the 4000—400 cm' 1 region. 

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

The complex, [CrCl(NH3)5]Cl2 , was first made to 
react with K C N on the presumption that K 3 [CrCl-
(CN)5] might be obtained, because an analogous 
cobal tate(III) complex, K 3 [CoCl(CN) 5 ] , had been 
prepared5) by making [CoCl(NH3)6]Cl2 react with 5 
mol of K C N . T h e complex isolated from the reaction 
products, however, was found to be not a chloro, but a 
hydroxo, complex, K 3 [ C r ( C N ) 5 ( O H ) ] . In the past, 
the isolation of the pure substance of this complex 
was difficult, as has previously been explained, and the 
crystal could not be obtained. Accordingly, the pro­
perties of the complexes have been solely investigated 
on their aqueous solutions, the identification of the 
complexes being made mainly by means of the electronic 
spectra and the molar ratio, CN~/Cr, of the solution. 
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Fig. 3. Absorption spectra of K3[Cr(CN)5(OH)]-H20 
at pH 10.3 ( ), and at pH 4.2 ( ) in an aqueous 
solution. 

Now, by virtue of the markedly increased yield by 
the new reaction process and the excellent ability of 
Sephadex gel to act as a molecular sieve, the complex 
has been obtained in crystals. 

As a proof of the presence of a O H - l igand in this 
complex, a 0.04 mol dm" 3 (as K 3 [Cr (CN) 5 (OH)] ) 
solution ( p H = 1 0 . 3 ) was titrated with 0.05 mol d m - 3 

amidosulfuric acid. A single break with a pK value 
of 8.8 was observed on the titration curve, indicating 
that the complex was a base with 1 g equivalent/mol. 
When the solution was made acidic, the complex varied 
to K 2 [ C r ( C N ) 5 ( H 2 0 ) ] , and at p H 4.2 the electronic 
spectrum of the solution was observed to have been 
shifted in the direction of the shorter wave length from 

its initial position at p H 10.3, reinforcing our account 
of the O H " ligand, as is illustrated in Fig. 3. 

With respect to the spectrum of the cyano-aqua-
mixedly coordinated complex of chromium (I I I ) , two 
arguments have been advanced by pioneers. The 
spectrum, which is identical to the B curve in Fig. 3, 
has been taken by Schaap et al.1'2) as the spectrum of 
[Cr (CN) 4 (H 2 0) 2 ]~ , while the same spectrum was 
concluded to be that of [ C r ( C N ) 5 ( H 2 0 ) ] 2 - by Jeftic 
and Feldberg.3) To the investigating made by the 
foregoing investigators, however elaborate, the result 
of our work can add adequate evidence which they 
wanted. The presented method would be of great 
value in preparing the authentic sample in crystals in 
quantity. O n the three dimensional X-ray diffraction 
data collected by counter methods, the crystal was 
found to be monoclinic, with a unit cell of the dimen­
sions: Û = 4 . 4 5 , £=8 .29 , £=20.23 Â, /?=105.52°, Z = 2 . 
Details of the crystal structure will be presented in 
another paper. 

The authors are very grateful for the aid of Dr. 
Haruo Ogura, Professor of the Faculty of Pharmaceutical 
Sciences in Kitasato University, in performing the X-ray 
analysis of the crystal. 
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Synopsis. The molecular structure of A-cis-ct-[GrC\2-
(5-picpn)]+ (5-picpn= (S)-N, W-bis (2-pyridylmethyl) propyl -
enediamine) was determined by X-ray analysis, the absolute 
configuration being confirmed to coincide with that assigned 
from the circular dichroism spectrum. 

Two diastereomers, ( + )e?o and ( —)6oo ones of cis-oc-
[CrCl2(S-picpn)]+ complex (S-picpn=(S)-N,N'-bis(2-
pyridylmethyl)propylenediamine), were isolated and 
their absolute configurations assigned from the circular 
dichroism (CD) spectra.1) The present note deals with 
the X-ray structure analysis of a chloride of the more 
stable isomer, (-|-)6oo one, which has been assigned to a 
J configuration from its CD spectrum. 

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

Ruby-red needle-like single crystals suitable for X-ray 
analysis were prepared by slow evaporation of an aqueous 
solution of the complex ( + )^0-[CrCl2(5-picpn)]Cl at room 
temperature. Systematic absence indicated the monoclinic 
space group P2j. Unit cell dimensions obtained by least-
squares refinement of the setting angles of 11 reflections 
measured on a difFractometer were a=8.46 (2), b— 15.68 (1), 
c=7.20 (1) Â and ,8=103.6 (1) °. The observed density 
1.48 g cm - 3 (by flotation in benzene-carbon tetrachloride) 
coincides with the calculated value 1.48 g cm - 3 for Z—2. 
A crystal of the dimension 0.36 x 0.15 X 0.11 mm was used for 
the intensity measurement. Intensities were measured on a 
Rigaku automated four-circle difFractometer with graphite-
monochromated Mo Kcc radiation (A=0.71069 Â). The 0— 
20 scan mode with a scan speed of 4 ''min-1 in 20 was employed. 
The scan range was calculated to be (1.0+0.35 tan0)°. In­
tensities of 1704 independent reflections were collected in the 
range 1.0^20 ^50.0°. Of these reflections 209 were measured 
as |Fo | = 0.0. The intensities were corrected for Lorentz and 
polarization factors. No absorption correction was made 
[fl(Mo Ka) = 1.072 mm-1]. 

The structure was solved by the heavy atom method. The 

positions of chromium and two coordinated chlorine atoms 
were determined from a Patterson map. An electron density 
map based on the phases calculated from these atomic para­
meters revealed all the non-hydrogen atoms. The para­
meters were refined by the block-diagonal least-squares 
program HBLS-5,2' with anisotropic thermal factors. The 
reliability factors Ä = 2 | | F 0 | - | F C | | / 5 ] | F 0 | and Rw=[J]w-
(\F0\-\Fc\)

2/J}w\F0\
2y/2 were 0.077 and 0.088, respectively, 

for 1495 non-zero reflections. The final weighting scheme 
for minimization of ^]w(\F0\ — \Fc\)

2 was w=[a2(F0) + 
0.00022|F0| + 0.00357|JP0|2]-1/2. The positions of the hydro-
genes were not determined. 

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

Final atomic parameters, bond distances and angles 
are given in Tables 1, 2, and 3, respectively. The 
F0—Fc da ta and final thermal parameters are deposited 
as Document No. 8119 at the Office of the Chemical 
Society of J a p a n . T h e quadridentate ligand takes an a 
configuration, the two chloro ligands occupying eis 
positions. There is no significant difference between the 
distances of chromium to amine nitrogens and chromium 
to pyridine nitrogens. Angles N ( l ) - C r - N ( 2 ) of the 
central chelate ring and Cl ( l ) -Cr -Cl (2 ) are 83.9° and 
95.1°, respectively, the coordination geometry being 
slightly distorted from a regular octahedron. 

A stereoscopic view of the complex cation drawn by 
PLUTO 4 ) is shown in Fig. 1. The absolute configuration 
of the complex was determined during the course of 
synthesis from the fact that the asymmetric carbon 
atom C(8) adopts the (S) -configuration,1) without 
using the anomalous dispersion technique. The A 
configuration coincides with that assigned from the CD 
data.1) 

T h e least-squares planes and the dihedral angles 
between the planes are given in Table 4. The two 

CIS 
'CM 

Fig. 1. Stereoview of the complex cation Zf-m-a-[CrCl2(iS
,-picpn)]+ and the 

numbering scheme of the atoms. 
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TABLE 1. FINAL POSITIONAL PARAMETERS AND THEIR 

STANDARD DEVIATIONS (IN PARENTHESES) 

y 5 e q
aVA2 

Cr 
Cl(l) 
Cl(2) 
Cl(3) 
N(l) 
N(2) 
N(3) 
N(4) 
C(l) 
C(2) 
G(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
G(l l) 
G(12) 
G(13) 
C(14) 
C(15) 

0.1947(2) 
0.1647(4) 
0.4313(3) 

-0.1864(6) 
0.1980(11) 

-0.0217(10) 
0.3300(10) 
0.0400(11) 
0.3756(17) 
0.4783(17) 
0.5314(17) 
0.4811(15) 
0.3862(13) 
0.3415(15) 
0.0371(15) 

-0.0258(13) 
-0.1619(12) 
-0.1181(12) 
-0.2387(16) 
-0.1951(17) 
-0.0275(17) 

0.0854(16) 
-0.1933(15) 

0 
0.0850(2) 

-0.0645(2) 
0.2333(2) 

-0.0676(7) 
0.0481(15) 
0.0837(6) 

-0.0916(6) 
0.1631(8) 
0.2090(10) 
0.1773(11) 
0.0980(10) 
0.0497(8) 

-0.0407(9) 
-0.0578(8) 

0.0328(7) 
0.0139(7) 

-0.0722(7) 
-0.1261(9) 
-0.2015(10) 
-0.2201(8) 
-0.1649(8) 

0.0475(10) 

0.4004(2) 
0.1363(4) 
0.3632(5) 
0.3428(7) 
0.6457(13) 
0.4433(12) 
0.5937(14) 
0.2499(13) 
0.5510(20) 
0.6928(22) 
0.8762(22) 
0.9181(20) 
0.7721(17) 
0.8040(16) 
0.6997(18) 
0.6473(15) 
0.2928(15) 
0.2224(15) 
0.1180(19) 
0.0404(23) 
0.0687(21) 
0.1794(17) 
0.6921(17) 

.60 

.82 

.93 

.21 
85 
70 
82 
27 
00 
66 
96 
23 
79 
09 
06 
30 
29 
15 
53 
85 
92 
03 
60 

al £e q is calculated by the method of Hamilton.3* 

TABLE 2. BOND DISTANCES (Â) AND THEIR 

STANDARD DEVIATIONS ( iN PARENTHESES J 

Cr-Cl(l) 
Cr-Cl(2) 
Cr-N(l) 
Cr-N(2) 
Cr-N(3) 
Gr-N(4) 
N(3)-C(l) 
G(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-N(3) 
C(5)-C(6) 

286(3) 
314(4) 
06(1) 
07(1) 
06(1) 
07(1) 
36(2) 

1.38(2) 
1.38(2) 
1.37(2) 
1.39(2) 
1.37(2) 
1.50(2) 

G(6)-N(l) 
N(l)-C(7) 
C(7)-C(8) 
C(8)-C(15) 
C(8)-N(2) 
N(2)-C(9) 
C(9)-C(10) 
G(10)-C(ll) 
C(ll)-C(12) 
G(12)-G(13) 
G(13)-G(I4) 
C(14)-N(4) 
N(4)-C(10) 

1.52(2) 
1.51(2) 
1.53(2) 
1.54(2) 
1.50(1) 
1.51(1) 
1.53(2) 
1.40(2) 
1.39(2) 
1.42(2) 
1.39(2) 
1.35(2) 
1.34(1) 

terminal chelate rings take distorted X envelope confor­
mations. T h e two pyridine rings are nearly planar 
within error and make an angle 75.9° with each other. 
T h e two planes PI and P3 are nearly perpendicular to 
plane P2. T h e central chelate ring CrN(l )C(7)C(8)N(2) 
has a distorted ô conformation with an equatorial 
methyl carbon C(15), carbon C(8) being more deviated 
than C(7) from plane P2. 
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TABLE 3. BOND ANGLES (IN DEGREES) AND THEIR 

STANDARD DEVIATIONS (IN PARENTHESES) 

Cl(l)-Cr-Cl(2) 95.1(1) N(3)-C(l)-C(2) 118.2(13) 
Cl(l)-Cr-N(l) 172.7(3) C(l)-C(2)-C(3) 121.8(15) 
Cl(l)-Cr-N(2) 89.0(3) C(2)-C(3)-C(4) 119.1(15) 
Cl(l)-Cr-N(3) 97.3(3) C(3)-C(4)-C(5) 119.0(14) 
Cl(l)-Cr-N(4) 92.1(3) C(4)-C(5)-N(3) 120.6(12) 
Cl(2)-Cr-N(l) 92.1(3) C(5)-N(3)-C(l) 121.0(11) 
Cl(2)-Cr-N(2) 175.2(3) C(4)-C(5)-C(6) 121.5(12) 
Cl(2)-Cr-N(3) 89.9(3) N(3)-C(5)-C(6) 117.9(11) 
Cl(2)-Cr-N(4) 95.4(3) C(5)-C(6)-N(l) 109.5(11) 
N(l)-Cr-N(2) 83.9(4) C(6)-N(l)-C(7) 113.0(10) 
N(l)-Cr-N(3) 81.7(4) N(l)-C(7)-C(8) 108.3(10) 
N(l)-Cr-N(4) 88.3(4) C(7)-C(8)-C(15) 111.7(11) 
N(2)-Cr-N(3) 92.2(4) C(7)-C(8)-N(2) 107.6(9) 
N(2)-Cr-N(4) 81.8(4) C(15)-C(8)-N(2) 114.5(10) 
N(3)-Cr-N(4) 168.8(4) C(8)-N(2)-C(9) 117.0(8) 
Cr-N(l)-C(6) 110.4(8) N(2)-C(9)-C(10) 110.1(9) 
Cr-N(l)-C(7) 109.7(8) C(9)-C(10)-C(ll) 120.8(11) 
Cr-N(2)-C(8) 108.2(6) C(10)-C(ll)-C(12) 120.0(13) 
Cr-N(2)-C(9) 109.8(6) C(ll)-C(12)-C(13) 117.9(14) 
Cr-N(3)-C(l) 125.0(9) C(12)-C(13)-C(14) 119.0(13) 
Cr-N(3)-C(5) 113.7(8) C(13)-C(14)-N(4) 121.8(12) 
Cr-N(4)-C(10) 114.0(7) C(14)-N(4)-C(10) 120.0(10) 
Cr-N(4)-C(14) 126.0(8) N(4)-C(10)-C(ll) 121.3(11) 

N(4)-C(10)-C(9) 117.7(10) 

TABLE 4. THE LEAST-SQUARES PLANES WITH 

DISPLACEMENTS OF ATOMS FROM THE PLANES (Â) 

X=ax+czcosß, Y=by, and Z=czsinß. 

Plane PI 
-0 .8830^+0 .46157+0 .0863Z= -0 .6157 
Cr 0 N(l) 0 N(3) 0 
C(5) -0 .2925 C(6) -0 .5461 

Plane P2 
0.3815X+0.74557+0.5465Z=1.9013 
Cr 0 N(l) 0 N(2) 0 
C(7) 0.2326 C(15) -0 .2301 C(8) -0 .4572 

Plane P3 
0.0855Z+ 0.5475 7 - 0.8324Z= - 2.2486 
Cr 0 N(2) 0 N(4) 0 
C(9) 0.5033 C(10) 0.2160 

Plane P4 (Pyridine Ring) 
0 .8815Z-0 .39137-0 .2644Z=-0 .0408 
C(l) 0.0020 C(2) 0.0131 C(3) 
C(4) -0 .0373 C(5) 0.0387 N(3) 

Plane P5 (Pyridine Ring) 
0.2433Z+ 0.4896 7 - 0.8373Z= - 2.1955 
C(10) 0.0040 C(l l ) -0 .0042 C(12) 
C(13) 0.0181 C(14) -0 .0193 N(4) 

-0 .0092 
0.0062 

-0.0066 
0.0083 

Dihedral angles between planes (°) 
PI A P 2 93.11 
PI A P3 83.96 
PI A P 4 169.01 
PI A P 5 93.50 
P 2 A P 3 89.19 

P2 A P4 84.27 
P2 A P5 90.01 
P3 A P4 85.34 
P 3 A P 5 9.64 
P4 A P 5 75.87 

4) W. D. Motherwell (1976). PLUTÖ. A program for 
plotting molecular and crystal structures. University Chem­
ical Laboratory, Cambridge, England. 
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Synopsis. The Potentiometrie response behavior and 
selectivity characteristics of ion-exchange membrane electro­
des have been investigated. Nernstian responses were ob­
tained for inorganic anions such as Perchlorate, nitrate, and 
chloride with each form of Selemion ASV membrane. Highly 
selective exclusions of the divalent sulfate and large organic 
sulfonate anions were observed with those membranes. 

There have been many reports on the use of ion-
exchange resins as heterogeneous resin membranes, 
which were made of ion-exchange resins embedded into 
high polymer or silicone rubber binders.1-3) The 
electrodes of these types, however, have not shown good 
selectivity among individual ions and have been of 
little utility. Recently, a hydrophobic anion-exchange 
resin electrode having a wide selectivity range has been 
developed by Jyo et al.4) O n the other hand, a homo­
geneous ion-exchange membrane has never been 
successfully used as an ion-sensing material. Birch and 
Clarke have reported on a surfactant selective electrode 
with an Asahi anion-exchange membrane, which 
showed only a poor response to surfactant anions.5) 

In this paper, the authors examined commercially 
available ion-exchange membranes as ion-sensing mate­
rials and found that these membranes showed linear 
and quick responses for inorganic univalent anions, such 
as perchlorate, nitrate, and chloride over the concentra­
tion range from 10 - 1 M ( 1 M = 1 mol d m - 3 ) to nearly 
10 - 4 M. These membranes exhibited a highly selective 
exclusion of the divalent sulfate and large organic 
anions such as jb-toluenesulfonate (TsO~) and benzene-
sulfonate (PhS0 3 ~) , in contrast to liquid membrane 
electrodes. The differences of the selectivity charac­
teristics among these membranes were discussed 
qualitatively on the basis of their membrane structures. 

Exper imenta l 

Reagents. The ion-exchange membranes used were 
Selemion ASV, AMV, and DMV produced by the Asahi 
Glass Go. Ltd. AMV is an anion permselective membrane for 
the use of electrodialysis, having an ion-exchange site of 
-N(CH3)3

+. ASV is a univalent anion permselective mem­
brane having not only a functional group similar to AMV 
but also a cation exchange site, which can effectively 
repel polyvalent anions.6) DMV is an anion permselective 
membrane for use in diffusion dialysis, having functional 
groups of -NH3+ and >NH2+. Cations, except proton and 
nondissociative organic molecules cannot pass through 
a DMV membrane. The substrates of these membranes are 
made of polystyrene-butadiene copolymer.6) The C104

- , 
N03~, and TsO~ forms of these membranes were made by 
soaking their original chloride forms in an aqueous solution 
of a sodium salt of the objective anion. The air-dried chloride 
form of ASV has been soaked in 1-decanol or nitrobenzene 
for 3 d in order to examine the effects of the impregnated 
solvents on membrane selectivity. Sodium hydroxide and 
/>-toluene-sulfonic acid were used to control the pH of the 
sample solution. 

Apparatus. A membrane electrode of the double junc­
tion type with an outer filling solution of 0.1 M sodium salt of 
each anion was used. The electrode potentials were measured 
by an Orion Digital Ionalyzer Model 601 connected to a 
Matsushita Penrecerder Model VP654A. All measurements 
were carried out by stirring a t25±0 .5°C . 

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

The Potentiometrie response characteristics of C104~, 
N 0 3 - , CI-, and TsO~ forms of ASV and D M V mem­
branes with respect to the sensitivity, slope of the 
calibration curve, and response time are summarized 
in Table 1. Each value listed in the table is a mean 
value of four independent measurements. The AEX-A 

denotes the potential difference between the solutions 
of 10 - 1 M and 10 - 4 M, which was used as an index of 
sensitivity. The slopes were estimated by a regression 
analysis in the concentration range of from 10 - 1 M to 
10 - 3 M. The response time was defined as a period of 
time when the electrode was dipped until the membrane 
potential reached a steady value within ± 0 . 5 mV, and 
was listed as a mean value obtained from 10 - 1 M to 
10-4 M . 

TABLE 1. POTENTIOMETRIC RESPONSE BEHAVIOR 

OF ION-EXCHANGE MEMBRANE ELECTRODES 

Membrane AJ?i_4 Slope Response time 
and form mV mV/pa min 

ASV : C104- 174±3.5 59^8 (L87 
D M V : C 1 0 4 - 160±5.2 58.6 1.4 
A S V : N 0 3 - 168±3.0 60.1 0.54 
D M V : N 0 3 - 159±2.0 59.9 0.82 
A S V : CI- 162±2.4 60.2 0.78 

D M V : CI- 154±3.7 59.1 0.89 
A S V : T s O - 148±6.1 55.9 4.2 
D M V : T s O - 168±4.6 61.0 0.73 

Each form of ASV and D M V , except the TsO~ form 
of ASV, gave the Nernstian response over the concentra­
tion range of from 10 - 1 M to nearly 10~4 M, and 
considerably quick response at concentrations above 
10 - 3 M . ASV was superior to D M V in sensisivity for 
the inorganic univalent anions, while D M V showed a 
better response to TsO~ than ASV did. T h e TsO~ 
form of ASV gave a poor response in both sensitivity 
and response time. This phenomenon was attributed 
not only to the repulsion between the surface cation 
exchange layer and an organic sulfonate anion but also 
to the steric hindrance between the ASV membrane 
and a large organic anion. The response characteristics 
of A M V were almost the same as those of D M V . 

Table 2 summarizes the selectivity characteristics of 
these membranes. The selectivity coefficients, log KfP} 
of the C10 4 - , N 0 3 - , Gl- , and T s O forms of ASV 
and D M V were measured by the separate solution 
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TABLE 2. SELECTIVITY COEFFICIENTS, log A"f2j OF ION-EXCHANGE MEMBRANE ELECTRODES 

Membrane 
and form 

(Sensing anion, i) 

ASV : C104-
DMV : C104-
ASV : N 0 3 -
DMV : N 0 3 -
ASV : Cl-
DMV : Gl-
ASV : T s O -
DMV : T s O -

cio4-
0 
0 

0.60 
0.28 
1.11 
0.37 
1.48 
0.87 

N 0 3 -

- 0 . 7 2 
- 0 . 3 8 

0 
0 

0.27 
0.05 
0.95 
0.48 

Interfering anion, j 

ci-
- 1 . 4 0 
- 0 . 6 0 
- 0 . 2 8 
- 0 . 1 0 

0 
0 

0.48 
0.25 

PhS0 3 -

- 2 . 1 1 
- 0 . 7 3 
- 1 . 2 8 
- 0 . 3 3 
- 0 . 8 5 
- 0 . 2 5 

0.05 
0.03 

TsO-

- 2 . 2 1 
- 0 . 8 0 
- 1 . 7 0 
- 0 . 3 7 
- 1 . 3 5 
- 0 . 3 0 

0 
0 

so4
2-

- 3 . 0 0 
- 1 . 4 0 
- 1 . 5 3 
- 0 . 4 6 
- 1 . 0 9 
- 0 . 4 7 
- 1 . 0 2 
- 0 . 5 8 

Conen of interfering anion; 10_2M 

method. The reproducibility of the value was within 
± 0 . 0 8 . 

The order of the magnitude of the selectivity coeffi­
cients among the univalent anions was C 1 0 4 ~ > N 0 3 ~ > 
C l ~ > P h S 0 3 ~ > T s O ~ . This sequence of interference 
was different from the results reported with the liquid 
membrane electrodes of o-dichlorobenzene, i.e., C 1 0 4 ~ > 
T s O - > P h S 0 3 - > N 0 3 - > C l - . 7 > It was found that 
organic anions, such as P h S 0 3 ~ or TsO~, caused less 
interference with the ion-exchange membranes than 
with the liquid membranes. However, the sequence of 
the interference among the inorganic anions was similar 
to that of the liquid membrane . ASV suffered less 
from the interference of a divalent sulfate anion than 
D M V owing to its univalent permselectivity. The 
selectivity characteristics of these membranes were 
examined more extensively with their chloride forms, 
as shown in Fig. 1. T h e selectivity range was widest in 
ASV and decreased in the order of A S V > A M V > D M V . 
From the results, the degree of quaternization of the 
ion-exchange site seems to exert a smaller effect on the 
selectivity range than the presence of the surface 
cation-exchange site. Almost all organic anions tested 
caused less interference with these membranes than the 
inorganic anions. This result may be attributed to the 
difficulty in diffusion of the large organic anions into 

A S V m 

15 14 13 12 11 
/ / 

\ I / A 
9 8 7 6 5 

/7 \ 
4 3 2 

AMV 

14 15 13 12 

— 
/A / \ \ \ \ \ 

9 8 7 6 5 4 3 2 1 

DMV m 

14 13 12 15 11 

\ \/ / \ 
10 9 7 8 6 5 4 3 2 1 

l o g K 
pot • 

c i - j 

Fig. 1. Selectivity coefficient diagrams of Cl~ form ion-
exchange membranes. 
Interfering anion: (1) G104~, (2) BF4~, (3) SCN~, 
(4) I- , (5) N 0 3 - , (6) Br-, (7) C103", (8) N0 2~, (9) 
Br03~, (10) S04

2~. (11) G8H17OS03- (octyl sulfate), 
(12) PhS0 3 - (benzenesulfonate), (13) TsO~ (/»-toluene-
sulfonate), (14) C8H17S03

_ (1-octanesulfonate), (15) 1-
naphthalenesulfonate. 

these compact membranes owing to their strong interac­
tion with the high polymer chains. 

T h e effect of p H of the sample solution on the 
membrane potentials of the C104~ forms of these 
membranes was examined. ASV sustained a constant 
potential over a wide p H range from 5.0 to 11.0, 
whereas D M V did so only in the range of from p H 6.0 
to 9.0. This difference in the accessible p H range 
between ASV nad D M V is due to the degree of 
quaternization of their ion-exchange sites. 

It has been reported by Jyo et al. that the selectivity 
range of the liquid membrane electrodes were influenced 
more by the membrane solvents than the ion-exchange 
sites.8) The selectivity coefficients of the Cl~ form of 
ASV, however, were affected little by the impregnation 
of the membrane with 1-decanol. Nitrobenzene seemed 
to damage the high polymer chains of ASV. 

In conclusion, though the ion-exchange membranes 
did not show a special advantage in sensitivity and in 
selectivity, in a conventional sense, over the liquid 
membranes, they did seem to have the following 
advantages: A high polymer membrane is very strong 
mechanically and has a very long life time. And in 
particular, a high polymer membrane has the possibility 
of making its selectivity highly specific for a certain ion 
by introducing a particular functional group into the 
high polymer chains, just as ASV showed a specific 
repulsion to divalent sulfate by its surface cation-
exchange site, or to large organic sulfonate anions owing 
to their strong interaction with the high polymer chains. 
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Synops i s . The molecular structure of a-santonin 
chlorohydrin is revised to 5/3-chloro-4a-hydroxysantonin from 
4a-chloro-5a-hydroxysantonin (Hendrickson and Bogard) by 
X-ray analysis of the corresponding 5/?-chloro-4a-methoxy-
santonin. 

H e n d r i c k s o n a n d Bogard 2 ) h a v e r e - e x a m i n e d t h e 
p r o d u c t s de r ived f rom c h l o r i n a t i o n , e p o x i d a t i o n a n d 
s u b s e q u e n t c h a n g e s of a - s a n t o n i n (1) , a n d ass igned 
s t r u c t u r e s to t h e v a r i o u s p r o d u c t s . W e h a v e rev i sed 
the i r s t r u c t u r e of d i c h l o r o - a - s a n t o n i n to 2 , b a s e d o n a n 
X - r a y ana lys i s of t h e d e r i v e d t e t r a c h l o r o - a - s a n t o n i n 

(3)'8) 

I n th is p a p e r w e wish to r e p o r t a fu r the r rev is ion , t h a t 
of s a n t o n i n c h l o r o h y d r i n f rom 4 ' to 4 , o n t h e bas is of a n 
X - r a y ana lys i s of t h e r e l a t e d 5 /? -ch lo ro -4a -methoxy-
s a n t o n i n (5) , a n d t h e r e a d y c o n v e r s i o n ( H I , 90°) of 5 t o 
4. 

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

5ß-Chloro-4a~methoxysantonin (5). Dry chlorine 
was passed into a-santonin (5.0 g) in methanol (20 ml) at 0° 
for 20 min. T h e methanol was evaporated, and the residue 
was crystallized from methanol to give 5 (2.84 g) as colorless 
plates, m p 216—219 °C. Except for the unchanged material, 
no other isomeric products were found by T L C and N M R 
spectral examination of the residue. I R (CHC13) 1782, and 
1691 c m - 1 ; U V ( E t O H ) Amax 231 n m (e=6300) ; NMR(CDC1 3 ) 
Ô 6.30 (1H, d, Jx a = l l Hz , 1-H), 5.89 (1H. d, J21=11 Hz , 
2-H), 4.41 (1H, d , 'y 6 .7= 12 Hz , 6-H), 3.10 (3H, s, O M e ) , 1.69 
(3H, s, 4-Me), 1.48 (3H, s, 10-Me), and 1.23 (3H, d, J=l 
Hz, 11-Me). Found : C, 61.28; H , 6.88; CI, 11.54%; M+, 
312. Calcd for C 1 6H 2 1G10 4 : C, 61.44; H , 6.77; CI, 11 .33%; 
M, 312. 

5ß-Chloro-ecL-hydroxysantonin (4) from 5. A suspension of 
5 (1.0 g) in 5 7 % hydriodic acid (20 ml) was kept heat ing at 
80—90 °C for 10 h. After filtrating the precipitate, water 
was added to the filtrate to give a crystalline precipitate, 
which was dried and chromatographed over silica gel. Elution 
with chloroform gave 4 (0.2 g) , which was recrystallized from 
methanol to give colorless plates, m p and mixed m p 235—237 
°C (dec) with the products prepared by Wedekind and Tet-

tweiler.4) T h e I R and N M R spectra of the two samples were 
identical. No other isomeric products except the unchanged 
starting material were found by T L C and N M R spectral 
examination of the mother liquor. 

Crystallographic Measurement. T h e crystal of 5 belongs 
to the or thorhombic space group P212121, a = 8.458 (7), b= 
27.100 (8), c=6.796 (3) Â, Dm= 1.34 g cm- 3 , Z>c=1.334g 
c m - 3 , and Z = 4 . T h e three-dimensional intensity da ta were 
collected on a Rigaku automatic four-circle diffractometer 
with graphite monochromated Cu Ka radiation . Reflections 
having an intensity exceeding the corresponding s tandard 
deviations by a factor of three were treated as observed. 
981 reflections with 205^139° were retained and corrected 
for Lorentz and polarization factors but not for absorption 
and extinction factors. 

Determination and Refinement of the Structure. T h e struc­
ture was determined by the heavy atom method. From 
the three-dimensional Patterson m a p , the position of the 
chlorine a tom was easily deduced. From the Fourier synthesis 
with the chlorine phases, all the 20 non-hydrogen atoms in the 
asymmetric unit were obtained. T h e oxygen atoms were 
identified by structural consideration. Refinement of atomic 
parameters was carried out by the block-diagonal least-squares 
method, the quanti ty minimized being XJ^O-^OI — | -Ê"c | )

2 , 
with co = 1.0 for all the reflections used . All the hydrogen atoms 
except the 12 hydrogen atoms on the methyl groups were 
located on the difference m a p . T h e final R value was 0.081. 

T A B L E 1. FINAL ATOMIC PARAMETERS ( X 10*) 

AND THERMAL PARAMETERS 

Standard deviations are given in parentheses. T h e Z?eq 

values are the equivalent isotropic tempera ture factors.a) 

Atom x y z Beq/&? 

a) W.C. Hamil ton , Acta Crystallogr., 12, 609 (1959). 

CI 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
G(7) 
C(8) 
C(9) 
C(I0) 
C(l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
O(l) 
0(2) 
0(3) 
0(4) 

5687(4) 
6714(16) 
5195(16) 
3923(15) 
4250(14) 
5946(14) 
6538(13) 
6997(12) 
8418(15) 
7966(14) 
7291(14) 
7159(13) 
5813(15) 
8760(15) 
2909(13) 
7028(18) 
3067(17) 
2653(10) 
5492(9) 
5085(10) 
4403(9) 

3755(1) 
4663(4) 
4797(4) 
4439(4) 
3925(4) 
3765(4) 
3247(3) 
3187(4) 
3522(4) 
4060(4) 
4142(4) 
2626(4) 
2482(4) 
4107(5) 
3546(4) 
2392(5) 
4190(6) 
4550(3) 
2845(3) 
2100(3) 
3969(3) 

7537(5) 
4369(19) 
4699(22) 
4931(17) 
4111(15) 
4894(13) 
4355(15) 
2193(15) 
1752(18) 
2153(19) 
4408(17) 
2110(19) 
3510(17) 
5811(21) 
4628(22) 

51(22) 
1050(19) 
5680(14) 
4738(11) 
3450(14) 
2006(10) 

5.9 
4.1 
4.2 
4.3 
4.4 
3.8 
2.8 
2.9 
4.3 
3.3 
3.8 
3.4 
3.0 
5.0 
2.8 
6.0 
7.1 
5.4 
3.9 
4.0 
4.5 
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TABLE 2. BOND LENGTHS AND BOND ANGLES 

Standard deviations are given in parentheses. 
The final atomic parameters are given in Table 1. Anisotropic 
thermal parameters of non-hydrogen atoms and atomic param­
eters of hydrogen atoms and the complete Fo-Fc data are 
kept at the Chemical Society of Japan (Document No. 8131). 

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

A perspective view of the molecule with numbering 
of the atoms is given in Fig. 1. The bond lengths and 
angles are given in Table 2. No abnormal lengths and 
angles were found in the structure. 

Fig. 1. 
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Bond lengths (//A) 
G(l)-G(2) 1.35(2) 
C(l)-C(10) 1.49(2) 
C(2)-C(3) 1.46(2) 
C(3)-C(4) 1.53(2) 
C(3)-0( l ) 1.23(2) 
C(4)-C(5) 1.59(2) 
C(4)-C(14) 1.57(2) 
C(4)-0(4) 1.44(2) 
C(5)-C(6) 1.54(2) 
C(5)-C(10) 1.56(2) 
C(6)-C(7) 1.53(2) 
C(6)-0(2) 1.43(2) 
Bond angles (<f>l°) 
C(10)-C(l)-C(2) 124(1) 
C(l)-C(2)-C(3) 123(1) 
C(2)-C(3)-C(4) 116(1) 
C(2)-C(3)-0(l) 122(1) 
C(4)-C(3)-0(l) 122(1) 
C(3)-C(4)-C(5) 107(1) 
C(3)-C(4)-C(14) 113(1) 
C(3)-C(4)-0(4) 108(1) 
C(5)-C(4)-C(14) 114(1) 
C(14)-C(4)-0(4) 106(1) 
C(4)-C(5)-C(6) 118(1) 
C(4)-C(5)-C(10) 114(1) 
C(6)-C(5)-C(10) 108(1) 
C(5)-C(6)-C(7) 114(1) 
C(5)-C(6)-0(2) 117(1) 
C(6)-C(7)-C(8) 109(1) 
C(8)-C(7)-C(ll) 121(1) 
C(7)-C(6)-0(2) 105(1) 
C(5)-C(4)-0(4) 106(1) 

G(7)-G(8) 1.54(2) 
C(7)-C(ll) 1.53(1) 
C(8)-C(9) 1.53(2) 
C(9)-C(10) 1.65(2) 
C(10)-C(13) 1.57(2) 
C(ll)-C(12) 1.53(2) 
C(ll)-C(15) 1.54(2) 
G(12)-0(2) 1.32(1) 
C(12)-0(3) 1.21(1) 
C(16)-0(4) 1.43(2) 
C(5)-C1 1.81(1) 

C(7)-C(8)-C(9) 109(1) 
C(8)-C(9)-C(10) 112(1) 
C(l)-C(10)-C(5) 113(1) 
C(l)-C(10)-C(9) 103(1) 
C(l)-C(10)-C(13) 109(1) 
C(5)-C(10)-C(9) 111(1) 
C(5)-C(10)-C(13) 114(1) 
C(9)-C(10)-C(13) 106(1) 
G(7)-G(ll)-G(12) 99(1) 
C(7)-C(ll)-C(15) 116(1) 
G(12)-G(ll)-G(15) 114(1) 
G(ll)-G(12)-0(2) 111(1) 
C(l l )-C(12)-0(3) 125(1) 
0(2)-G(12)-0(3) 124(1) 
C(4)-0(4)-C(16) 115(1) 
G(4)-G(5)-G1 103(1) 
G(10)-G(5)-G1 108(1) 
C(6)-C(5)-C1 105(1) 
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Synthesis of 1,2,3,6,7,8-, 1,3,4,5,6,8-, and 1,2,3,5,6,8-Hexamethoxyxanthene 
Heitaro OBARA,* Jun-ichi ONODERA, Tsutomu SHIBATA, and Kimio SHIBAYAMA 

Department of Applied Chemistry, Faculty of Engineering, Yamagata University, Yonezawa 992 
(Received May 19, 1980) 

Synopsis. Three hexamethoxyxanthene isomers, 
1,2,3,6,7,8-, 1,3,4,5,6,8-, and 1,2,3,5,6,8-hexamethoxyxan-
thene, were synthesized from the condensation products of 
2;6-dimethoxyhydroquinone, 2,5-dimethoxyresorcinol, or 1,2,-
3,5-benzenetetrol respectively with formaldehyde or ethyl 
formate. 

In connection with the synthetic studies of 
carthamin,1) the synthesis of three isomers of hexa­
methoxyxanthene, 1,2,3,6,7,8-, 1,3,4,5,6,8-, and 1,2,3,5,-
6,8-hexamethoxyxanthene (4, 9, and 12), was accom­
plished. Although many methods of preparing xanthenes 
have been known,2) no detailed study has been reported 
on the synthesis of hexahydroxyxanthene derivatives. 
1,2,3,6,7,8-Hexamethoxyxanthene (4) was obtained by 
the methylation of l,3,6,8-tetramethoxy-2,7-xanthene-
diol (3), which had itself been prepared by the dehydra­
tion of 2,2',4,4'-tetramethoxydiphenylmethane-3,3',6,6'-
tetrol (2), obtained by the condensation of 2,6-dimeth-
oxyhydroquinone (1)3> with formaldehyde. Two 
aromatic protons of this symmetrical hexamethoxyxan­
thene, 4, appeared as a singlet at 6.33 ppm in its 1 H - N M R 
spectrum. 

In a similar manner , we at tempted the synthesis of 
1,3,4,5,6,8-hexamethoxyxanthene (9) from 2,5-dimeth­
oxyresorcinol (5),4> however, the at tempt at the 
dehydration of 3,3' ,6,6'-tetramethoxydiphenylmethane-
2,2',4,4'-tetrol (6) was unsuccessful. 

OR2 OR2 OR2 

J •'. - GH., v ' 

R K K X / X Î R 1 

OR2 

1 R1 = Me, R2 = H 
5 R1 = H, R2 = Me 

13 R1 = R2 = H 

Ol IO 
R Ï C K V / M D R 1 R K X X / X Î R 1 

OR2 OR2 

2 R1 = Me, R2 = H 
6 R1 = H, R2 = Me 

R«0 H OR1 

' À Â / R 2 
R5 

HCKX/^CKV^O 
R4 R3 / 

7 Ri = R« = Me, R2 = R6 = H, R3 = R4 = OMe 
10 R1 = R3 = R5 = H, R2 = R4 = OMe, R6 = Me 
14 Ri = R3 = R6 = R« = H, R2 = R4 = OH 
15 R i = R » = R*=R« = H, R2 = R6 = OH 

OMe OR1 

R ' x A A A / R 2 

(Ol IOI 
R^O/X/^O^X/^OR» 

i i 
R5 R4 

3 R1 = R3 = R« = Me, R2 = R7 = OH, R4 = R6 = H 
4 R1 = R3 = R« = Me, R2 = R7 = OMe, R4 = R6 = H 
8 R1 = Me, R2 = R3 = R6 = R7 = H, R4 = R 6 = O M e 
9 R1 = R3 = R« = Me, R2 = R7 = H, R4 = R5 = OMe 

11 R1 = R3 = R4 = R« = R7 = H, R2 = R 5 = O M e 
12 R1 = R3 = R6 = Me, R2 = R5 = OMe, R4 = R7 = H 

Compound 9 and, an unsymmetrical isomer, 1,2,3,5,-
6,8-hexamethoxyxanthene (12), were obtained by the 
methylation of l,4,5,8-tetramethoxy-3,6-xanthenediol 
(8) and 2,5,8-trimethoxy-l,3,6-xanthenetriol (11), respec­
tively, obtained by the hydrogénation of the condensed-
ring compound of 2,5-dimethoxyresorcinol (5) with 
ethyl formate. Two aromatic protons of 9 in the 2- and 
7-positions appeared as a singlet at 6.21 ppm, while 
the 4- and 7-protons of 12 were observed at 6.18 and 
6.48 ppm respectively in their 1 H - N M R spectra. 
Consequently, it is thought tha t the above crude 
condensed-ring compound was a mixture of 6-hydroxy-
1,4,5,8-tetramethoxy- and l,6-dihydroxy-2,5,8-trimeth-
oxy-3i/-xanthen-3-one (7 and 10). 

Compound 12 was also obtained, along with 4, by 
the methylation of the unstable hydrogenated products 
of the crude condensed-ring compound of 1,2,3,5-
benzenetetrol (13) 5> with ethyl formate. The formation 
of 1,2,5,6,8- and l ,2,6,7,8-pentahydroxy-3//-xanthen-3-
one (14 and 15) is also assumed in the above condensa­
tion. 

From these results, significant information regarding 
the synthetic studies of hexamethoxyxanthene deriva­
tives of carthamin6) was obtained. 

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

All the melting points are uncorrected. The XH-NMR 
spectra were measured with a Hitachi R-22 spectrometer 
(90 MHz), using tetramethylsilane as the internal standard. 
The mass spectra were obtained on a Hitachi RMU-6M mass 
spectrometer. 

2,2', 4,4'- Tetramethoxydiphenylmethane-3,3',6,6'-tetrol (2). 
To a mixed solution of 2,6-dimethoxyhydroquinone (1) (3.7 g) 
and formalin (37%) (1.2 g) in ethanol (20 ml), we added one 
drop of coned hydrochloric acid. The reaction mixture was 
allowed to stand overnight, and the resulting colorless needles 
(2) were filtered and washed with water. Mp 180 °G (dec), 
2.4g (63%). Found: C, 57.67; H, 5.80%; M+, 352. Calcd 
for C17H20O8: C, 57.95; H, 5.72%; M, 352. 

l,3,6,8-Tetramethoxy-2,7-xanthenediol (3). A mixed solu­
tion of 2 (240 mg) and phosphoryl chloride (100 mg) in dry 
toluene (140 ml) was refluxed for 2 h. The reaction mixture 
was then washed with water and dried over anhydrous sodium 
sulfate. The solvent was evaporated in vacuo, and the residue 
was chromatographed on silica gel. Elution with benzene-
ethyl acetate ( 4 : 1 ) afforded 3 as light yellow needles; mp 
204 °G (38 mg, 17%). Found: C, 60.81 ; H, 5.45% ; M+, 334. 
Calcd for C17H1807: G, 61.07; H, 5.43%; M. 334. 

1,2,3,6,7,8-Hexamethoxyxanthene (4). A mixed solution 
of 3 (50 mg), dimethyl sulfate (47 mg), and anhydrous potas­
sium carbonate (65 mg) in dry acetone (6.5 ml) was refluxed 
for 10 h. The reaction mixture was then worked up in the 
usual manner, and the crude product was chromatographed 
on a column of silica gel with benzene-ethyl acetate (10 : 1) 
to give 4 (10 mg, 18%) (mp 115—116 °C (from ether-
petroleum ether)) as colorless needles. lH-NMR (GDG1,) ô 3.76 
(2H, s, -CH 2 - ) , 3.82 (12H, s, - O M e x 4 ) , 3.93 (6H, s, -OMe 
X2), 6.33 (2H, s, C4 5-H), Found: C, 62.87; H, 6.12%; M+, 
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362. Calcd for G19H2207 : C, 62.98 ; H, 6.07% ; M, 362. 
3,3',6,6'-Tetramethoxydiphenylmethane-2,2'' ,4,4'-tetrol (6). 

This compound was prepared from 2,5-dimethoxyresorcinol 
(5) and formalin (37%) in a 72% yield by a manner similar to 
that used for 2; mp 195 °C. Found: C, 57.89; H, 5.73% ; M+, 
352. Calcd for G17H20O8: C, 57.95; H, 5.73% ; M, 352. The 
dehydration of this compound by a manner similar to that used 
for 2 was, however, unsuccessful. 

l,4,5,8-Tetramethoxy-3,6-xanthenediol (8) and 2,5,8-Trimethoxy-
1,3,6-xanthenetriol (11). Into a solution of 2,5-dimethoxy­
resorcinol (5) (1.0 g) in ethyl formate (8.0 ml), dry hydrogen 
chloride gas was stirred for 4 h under cooling with ice water. 
The reaction mixture was then allowed to stand for 2 d at 0 °C. 
The resulting deep purple-red ppt (850 mg) was filtered and 
washed with ether. The above condensation product was 
hydrogenated in ethanol (40 ml) with 5% palladium charcoal 
(980 mg) for 6 h. The reaction mixture was then filtered, 
and the solvent was removed in vacuo. The residue was 
chromatographed on a column of silica gel with benzene-ethyl 
acetate ( 2 :1 ) to give 8 (85 mg, 10%) (mp 183 °C (from 
ether-petroleum ether)) from the first eluent. Found: C, 
60.78; H, 5.41%; M+, 334. Calcd for C17H1807: C, 61.07; 
H, 5.43% ; M, 334. Compound 11 (400 mg, 49%) (mp 239°C 
(dec) (from toluene)) was obtained from the second eluent. 
Found: C, 59.72; H, 4.96%; M+, 320. Calcd for C16H1607: 
C, 60.00; H, 5.03%; M, 320. 

1,3,4,5,6,8-Hexamethoxyxanthene (9). A mixed solution 
of 8 (100 mg), dimethyl sulfate (0.12 ml), and anhydrous 
potassium carbonate (200 mg) in dry acetone ( 13 ml) was 
refluxed for 6 h. The reaction mixture was then worked up 
in the usual manner, and the crude product was chromato­
graphed on a column of silica gel with benzene-ethyl acetate 
(10 : 1) to afford 9 (70 mg, 65%); mp 138—139 °C (from 
ether-petroleum ether). *H-NMR (CDC13) Ô 3.65 (2H, s, 
-CH 2-) , 3.82, 3.88, and 3.94 (each 6H, s, - O M e x 6 ) , 6.21 
(2H, s, C2>7-H). Found: C, 62.60; H, 6.14%; M+, 362. 
Calcd for C19H2207: C, 62.98; H, 6.07%; M, 362. 

1,2,3,5,6,8-Hexamethoxyxanthene (12). This compound, 
12, was obtained by the methylation of 11 in a manner similar 
to that used for 9; mp 120—121 °C (from ether-petroleum 

ether). *H-NMR (CDC13) Ô 3.72 (2H, s, -CH2-) , 3.82 (9H, s, 
- O M e x 3 ) , 3.85 and 3.87 (each 3H, s, - O M e x 2 ) , 3.93 (3H, 
s, -OMe), 6.18 (1H, s, C7-H), 6.48 (1H, s, C4-H). Found: 
C, 62.94; H, 6.12%; M+, 362. Calcd for C19H2207: C, 
62.98; H, 6.07%; M, 362. 

1,2,3,6,7\8- and 1,2,3,5,6',8-Hexamethoxyxanthene (4 and 12) 
from 1,2,3,5-Benzenetetrol (13). The condensation product 
(2.6 g) of 1,2,3,5-benzenetetrol (13) with ethyl formate, which 
was obtained in a manner similar to that used for 8, was 
hydrogenated in ethanol (240 ml) with 5% palladium charcoal 
(20 g) for 6 h. The reaction mixture was then filtered, and 
the solvent was removed in vacuo to give an unstable reduction 
product (1.7 g), a mixture of 14 and 15. A mixed solution of 
the above reduction product (100 mg), dimethyl sulfate (0.32 
ml), and anhydrous potassium carbonate (460 mg) in dry 
acetone ( 15 ml) was refluxed for 6 h. The reaction mixture 
was then worked up in the usual manner, and the crude 
product was chromatographed on a column of silica gel 
with benzene-ethyl acetate (10 : 1). From the first eluent, 
4 (59 mg, 44%) (mp 115—116 °C) was obtained. Similarly, 
12 (6.0 mg, 4.6%) (mp 120—121 °C) was obtained from the 
second eluent. 

The authors wish to express their thanks to Mr. 
Kazuaki Sato for the microanalyses. 
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Ammonolysis of JV-Acylpyroglutamic Acid. Permanganate-
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Synopsis. The reaction of iV-acylpyroglutamic acid 
with ammonia proceeds in two pathways. The one results 
in iV-acylglutamine as a product, and the other in pyrogluta-
mic acid and an amide formed from the iV-acyl group. The 
ratio of the yields of the two reactions changes with the iV-acyl 
group, being correlated with the acidity of the carboxylic acid 
from which the iV-acyl group is derived, and also with the 
steric hindrance of the group. 

In a previous paper,1) it was reported that Z - P r o -
OH2> was oxidized to Z - p G l u - O H with K M n 0 4 in 
the presence of strong acid. In further study, it has been 
found that B z - P r o - O H is also oxidized to give Bz-
p G l u - O H , and that the ammonolysis of B z - p G l u - O H 
gives H - p G l u - O H as a main product. The latter 
result is in contrast to the well-known fact that Z -
p G l u - O H is ammonolyzed to give Z-Gln-OH. 3 ) Tha t 
is to say, two pathways seem possible in the ammonolysis 
of ^ - a c y l - p G l u - O H . 

In order to elucidate the factors determining the 
pathway, we synthesized several 7V-acyl-pGlu-OH's 
and their amides, and investigated the relationship 
between the 7V-acyl group and the reaction pathway. 

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

The pathways in the ammonolysis of 7V-acyl-pGlu-
O H are shown in Fig. 1. The reaction proceeds to 
produce 7V-acyl-Gln-OH with accompanying ring-
opening in path I, and H - p G l u - O H and the amide in 
path I I . 

O 
R - C - N-

i 
-GOOH 

NH3/MeOH 

R-GO-NH-GH-GOOH 

GH2 

HN 
* i 

Q/ 

-GOOH + RGONH2 

Fig. 1. 

The results of ammonolysis are summarized in Table 
1. Boc -pGlu -OH gave B o c - G l n - O H quantitatively, 
while p N B z - p G l u - O H gave H - p G l u - O H . The 
products vary with the acidity of the carboxylic acid 
from which the 7V-acyl group was derived. Namely, 
path I I becomes predominant over I with increasing 
acidity of the carboxylic acid. 

When the tosyl group was used as an TV-protector, the 
product was T o s - G l n - O H only, although TosOH is a 
strong acid, showing deviation from the above correla­
tion. 

Ammonolysis of (A) Z - A l a - p G l u - N H 2 and (B) Z -
V a l - p G l u - N H 2 was carried out. In the case of (A), 

T A B L E 1. R A T I O OF T H E PRODUCTS IN AMMONOLYSIS 

OF N-ACYL-pGlu-OH5 0 

Acyl 
group 

Boc 
Z 
Ac 
Bz 
pNBz 

Tos 

JV-acyl-Gln-
OH(Path I) 

1.00 
0.83 
0.60 
0.15 
0.04 

1.00 

H-pGlu-OH „ 4 ) 
(Path II) p A a 

0 
0.17 
0.40 
0.85 
0.96 

0 

AcOH 4.67 (5.84)b) 

BzOH 4.21(5.42)b) 

PNBzOH3.44(4.55)b ) 

TosOH 1.70 

a) Optically active (L-) in case of Boc, Z, and Tos; 
optically inactive in case of Ac, Bz, and pNBz. b) 
Measured in 50% MeOH at 27 °G. 

the peptide bond was cleaved almost quantitatively to 
give Z - A l a - N H 2 and H - p G l u - N H 2 (path I I ) . In the 
case of (B), the reaction proceeded in two pathways, 
giving Z - V a l - N H 2 and H - p G l u - N H 2 (path I I ) , and 
Z - V a l - G l n - N H 2 (path I) in the ratio 7 : 3. 

The pKa of Z - A l a - O H in 5 0 % M e O H at 27 °G was 
determined to be 4.96, smaller than that of BzOH. 
Consequently the result of the ammonolysis of Z - A l a -
p G l u - N H 2 is compatible with that of 7V-acyl-pGlu-
O H . The pKa of Z - V a l - O H was 5.00 under the same 
conditions. It is conceivable that the ammonolysis of 
Z - V a l - p G l u - N H 2 would give a similar result to that 
of Z - A l a - p G l u - N H 2 . However, pa th I in the reaction 
of the valine peptide was not negligible. This shows 
that not only acidity but also steric hindrance of the 
N-acyl group affects the reaction pathway. 

Z - A l a - p G l u - N H 2 and Z - V a l - p G l u - N H 2 used in this 
study were obtained by the oxidation of Z - A l a - P r o - N H 2 

and Z - V a l - P r o - N H 2 by the method reported.1) 

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

All melting points were uncorrected. NMR spectra were 
obtained on a Hitachi-Perkin Elmer R-20A Spectrometer, and 
IR spectra on a Hitachi Grating Infrared Spectrophotom­
eter, Model 215. All iV-acyl-pGlu-OH compounds were 
synthesized by the method reported.3»5) All amino acids in 
peptide amides were of the L-series. 

Ac-pGlu-OH-DCHA: Recrystallized from EtOH-EtOAc; 
yield6) 32%; mp 174—175 °G; NMR (measured as free acid 
in GDG13) à 2.54 (3H, s, CH3-CO), 2.00—2.90 (4H, m, 
CH-CH2-CH2-CO), 4.73 (1H, m, >CH-COOH); IR (KBr) 
1630, 1695, 1735 cm"1 (>G=0). Found: G, 64.83; H, 9.54; N, 
8.11%. Galcd for G19H3204N2: G, 64.74; H, 9.15; N, 7.95%. 

Bz-pGlu-OH: Purified with a column of Sephadex LH-20 
(solvent, benzene-EtOH-H20, 50 : 15 : 1), and recrystallized 
from EtOH-EtOAc; yield6) 38%; mp 142—144 °G; NMR 
(GDGI3-GD3OD) Ô 2.00—2.80 (4H, m, CH-CH2-CH2-CO), 
4.88 (1H, m, >GH-GOOH), 7.20—7.80 (5H, m, C6H5-CO); 
IR (KBr) 1655, 1710, 1730, 1770 cm"1 (>G=0). Found: G, 
61.43; H, 4.63; N, 5.95%. Galcd for G 1 2 H n 0 4 N: G, 61.80; 
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H, 4.75; N, 6.01%. 
pNBz-pGlu-OH: Recrystallized from EtOAc ; yield6) 41 % ; 

mp 180—181 °G; NMR (CDCl3-CD3OD) Ô 1.80—2.80 (4H, 
m, CH-CH2-CH2-CO), 4.92 (1H, m, >CH-COOH), 7.50— 
8.40 (4H, m, N02-C6H4-CO) ; IR (KBr) 1695, 1705, 1750 
cm-1 (>G=0). Found: G, 51.60; H, 3.34; N, 10.23%. 
Galcd for G12H10O6N2: G, 51.81 ; H, 3.62; N, 10.07%. 

Z-Ala-pGlu-NH2: Recrystallized from EtOAc-ether; 
yield7) 38%; mp 156—158 °G; [<x]£6 -67.6° (c 1.0, EtOH); 
NMR (GDGI3-GD3OD) ô 1.37 (3H, d, )CH-CH3), 1.90— 
2.80 (4H, m, CH-GH2-GH2-GO), 4.56 (1H, m, )CH-
CONH2), 5.06 (2H, s, G6H5-GH20), 5.43 (1H, q, N H - à î J -
GO), 7.31 (5H, s, C6H5-CH2) ; IR (KBr) 1670, 1690, 1745 cm"1 

(>G=0). Found: G, 57.79; H, 6.05; N, 12.44%. Galcd for 
C16H1905N3: G, 57.65; H, 5.75; N, 12.61%. 

Z-Val-pGlu-NH2: Purified with a column of silica gel 
(solvent, CHClg-EtOAc, 1:4) , and recrystallized from 
EtOAc-hexane; yield7) 17%; mp 145—147 °G; [a]*6 -33.1° 
(c 1.2, MeOH); NMR (GDGl3-GD3OD) ô 0.80 (3H, d, 
GH-GH3), 1.05 (3H, d, CH-CH3), 1.90-2.80 (5H, m, 
GH-GH2-GH2-GO and CH 3 -àH-CH 3 ) , 4.65 (1H, m, )CH-
GONH2), 5.09 (2H, s, G6H5-GH2-0), 5.50 (1H, m, N H - Î H -
GO), 7.34 (5H, s, C6H5-CH2); IR (KBr) 1670, 1685, 1745 
cm-1 ()C=0). Found: G, 60.08; H, 6.46; N, 11.89%. 
Galcd for G18H2305N3: G, 59.82; H, 6.42; N, 11.63%. 

Method for Ammonolysis and Analysis of Products. To 
1—3 mg of samples was added NH3-saturated MeOH at 0 °G. 
The resulting solutions were allowed to stand at 0 °G overnight, 
and concentrated in vacuo. The products were identified with 
authentic samples8) by TLC9> on Kieselgel 60F-254 plate. 
The products were separated also by preparative TLG.10) 
Silica gel layers at the position containing the products were 
raked up and treated with 6 M HCl for 10 h at 110 °G for 
hydrolysis. The ratios of amino acids in the hydrolyzates 
were determined by an amino acid analyzer (JEOL JLG-6AS). 

We wish to thank Mr. Akira Ide for technical 
assistance and the staff of the Research Laboratory of 
Toyo Jozo Go. Ltd. for elemental analyses. 
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Synopsis. Aromatic halides are dehalogenated by 
heating with NaOH in alcoholic solvents in the presence of 
transition metal salts, such as rhodium (111) chloride or 
palladium (I I) acetate and triphenylphosphine. Bis(penta-
bromophenyl) ether was converted into diphenyl ether in 
2-propanol when treated for 5 h at 355 K with a catalytic 
cycle of more than 80. 

Lately transition metal catalysts have been found to be 
useful for the substitution of aromatic halides.1) 
Dehalogenation is the simplest type of these reactions, 
and many reports on the catalysis of palladium, rhodium, 
or nickel complexes using borohydride, formate, 
alkoxide, or secondary alcohols as the hydrogen source 
have been published.2) These methods in the literature 
usually require low-valent metal complexes or powerful 
reducing agents such as borohydride. There has been 
one report on a dehalogenation catalyzed by rhodium-
(III) chloride using N a 2 C 0 3 in ethanol, but the sub­
strate is limited to such activated halides as a-keto 
halides or benzyl halide.3) In this report we wish to 
present a facile and inexpensive method of dehalogena­
tion. Aromatic halides were heated with sodium 
hydroxide in alcoholic solvents in the presence of 
transition metal salts and triphenylphosphine to give 
dehalogenated aromatic compounds in moderate to 
excellent yields. No previous preparat ion of a low-
valent catalyst or alkoxide was necessary. 

TABLE 1. RHODIUM(III)-CATALYZED DEHALOGENATION 

OF AROMATIC HALIDES*0 

Substrate Solvent Yield of b> 
arènes/% 

Bromobenzene 

Bromobenzene 

4-Bromoanisole 

4-Bromoanisole 

4-Bromoanisole 

jff-Bromostyrene 

3-Bromopyridine 

4-Bromoacetophenone 

4-Bromoacetophenone 

4-Bromobenzoicacid 

4-Chlorobenzoic acid 

1 -Ghloro-1 -phenylethane 

M e O H 

E t O H 

E t O H 

i -P rOH 

E t O H 

E t O H 

E t O H 

E t O H 

E t O H 

E t O H 

E t O H 

E t O H 

30 

78 

65 c ) 

69 

27d> 

65 

64 

15e ) 

25 f ) 

44g) 

o?> 

h 

a) Reactions were carried out at 335 K for 16 h with a 
substrate/catalyst of 50 and a NaOH/substrate of 1.5. 
Catalyst : RhCl3-2P(C6H5)3. b) Determined by gas 
chromatography based on the amount of substrate used. 
c) The reaction temperature was 351 K. d) Na 2C0 3 

was used instead of NaOH; 73 h. e) Accompanied by 
1-phenylethanol (7%). f) Accompanied by diphenylme-
thanol (ca. 25%). g) The NaOH/substrate was 2.5. h) 
The products were ethylbenzene and styrene, with the 
relative ratio being around 1. The yields were not 
determined. 

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

The results for various substrates are listed in Table 
1. The reactivity of bromide is higher than that of 
chloride, and electron-releasing substituents on the 
aromatic ring retard the reaction, as in the case of the 
oxidative-addition reaction of aryl halides with low-
valent transition-metal complexes.4) Palladium ace ta te -
2P(G6H5)3 was a better catalyst than RhCl 3 hydra te -
2P(G6H5)3 . NiBr2[P(C6H5)3]2 or CoCl2 hydrate-2P-
(C6H5)3 was ineffective for the reaction. This trend 
of reactivity is in accordance with that of the reduction 
potential (EQ) of metal salts.5) These observations 
suggest that a low-valent metal complex is generated 
in situ and reacts with aromatic halides to give oxidative-
addition products, which are then reduced by the 
alkoxide ion (or alcohol) according to the scheme 
shown by Eqs. 1—3, where X represents an anion such 
as a halide or acetate ion: 

R'ssCHO- (or R'gCHOH) 
Mn +Xn 

Mcn-2)+Xn_2 + ArY 

- MCn-2)+Xn_2 (1) 

-> M*+(Ar)Xn_2Y (2) 

Mn+(Ar)Xn_2Y + R'2CHO" (or R'2CHOH) 
- Y - (or HY) 

-* MCn~2>+XB_2 + R'2CO + ArH (3) 

There is a substantial difference in the reactivity of 
alcohols, M e O H < E t O H < j - P r O H . T h e slower reac­
tion with N a 2 C 0 3 compared with N a O H suggests that 
N a O H is effective not only in neutralizing the hydrogen 
halide generated, but also in facilitating the reduction of 
metal complexes in some way.6) 

As may be seen from Table 1, the reaction is applicable 
to pyridine derivatives and also to vinyl halides. An 
aliphatic saturated halide such as 1-chloro-l-phenyl­
ethane was dehalogenated to give ethylbenzene, but it 
was accompanied by a substantial amount of styrene, 
the elimination product. T h e reduction of the carbonyl 
group is another side reaction; 4-bromobenzophenone 
gave almost equimolar amount of diphenylmethanol 
and the normal dehalogenation product of benzo-
phenone. 

Polyhalogenated aromatic compounds are dehalo­
genated by this system easily. T h e results are 
summarized in Table 2. Bis(pentabromophenyl) ether 
was converted to diphenyl ether (92% yield) by the 
catalysis of palladium aceta te-2P(C 6 H 5 ) 3 over a 5 h 
period at 355 K with a catalytic cycle of more than 80. 
Although polychlorinated biphenyl (Kanechlor) was 
dehalogenated more sluggishly than the bromide, the 
present reaction is suitable for the purpose of destroying 
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T A B L E 2. DEHALOGENATION OF POLYHALOGENATED AROMATIC COMPOUNDS'0 

Substrate (mmol) Catalyst Time/h Dehalogenation (%)b) 

Bis (pentabromophenyl) ether (1.9) 

Kanechlor 600 (4.3) 

Pd(OAc)a-2P(C6H5)3 5 
Pd(OAc)2-2Pyridine 56 
RhCl3-2P(C6H6)3 21 
RhCl3-2DPEc) 56 
Pd(OAc)2-2P(C6H5)3 45 
RhCl3-2P(G6H5)3 19 

100 
94 
74 
87 
50 
33 

a) The reaction was carried out at 355 K with a 20% excess of NaOH and 0.20 mmol of the catalyst in 10 ml of 
2-propanol. b) Determined by the elemetal analysis of the product (mixture), c) Ethylenebis(diphenylphosphine). 

environment-contaminating aromatic polychlorides, be­
cause highly chlorinated compounds, which are known 
to be difficult to destroy, were dehalogenated preferen­
tially, as is illustrated in Fig. 1 for the dehalogenation of 
2,3,4,5,6-pentachloroanisole. The figure further suggests 
the step-by-step mechanism of the dehalogenation 
reaction. There is no indication of a benzyne inter­
mediate with a simultaneous elimination of two halogen 
atoms. 

l oo •€> 

200 300 tOO 

Reaction Tlme/min 

Fig. 1. Dehalogenation of 2,3,4,5,6-Pentachloroanisole. 
O Pentachloride, A Tetrachloride, 3 Trichloride, 
A Dichloride, and C Monochloride. Pd(OAc)2, 0.27 
mol; triphenylphosphine, 0.39 mmol; NaOH, 22.75 
mol; substrate, 2.30 mmol in 10 ml of 2-propanol at 
355 K. Product distribution was determined by gas 
chromatography. 

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

The palladium acetate was prepared by the method of 
Wilkinson.7) The other reagents were analytical-grade. 

Dehalogenation of Aromatic Monohalides by RhClz-6H20 and 
Triphenylphosphine. RhCl3-6H20 (20 mg), triphenylphos­
phine (40 mg), and NaOH (300 mg) were placed in a flask 
and deaerated. Into the flask we then added 5 mmoles of a 
substrate and 10 ml of a solvent, subsequently the mixture was 

stirred at 335 K for a specified period. The yields were 
determined by gas chromatography. 

Dehalogenation of Bis (pentabromophenyl) Ether. Bis-
(pentabromophenyl) ether 1.78 g (1.9 mmol), NaOH 0.91 g 
(22.8 mmol), and the catalyst (0.2 mmol) were placed in a 
flask, and the mixture was flushed with nitrogen. Deaerated 
2-propanol (10 ml) was then added to the flask, and the 
solution was refluxed for the specified period under stirring. 
The reaction mixture was then diluted with a 10-ml portion 
of H 2 0 and extracted by means of three 10-ml portions of 
hexane. The extract was concentrated and subsequently 
purified on a silica-gel column (hexane) from the base-
promoted condensation products of acetone. The. hexane 
effluent, which contained diphenyl ether and/or partly 
brominated diphenyl ethers, was concentrated and weighed. 
The average extent of dehalogenation was determined by the 
elemental analysis of the residue. The material balance of 
the reaction, as determined from the weight and the extent 
of dehalogenation of the residue, was generally good.8) 

The dehalogenation of Kanechlor was carried out in a 
similar manner except for the amounts of the substrate and 
NaOH. 
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Synopsis. Various carboxylic esters, including some 
with bulky substituents, are prepared in good yields from 
carboxylic acids and alcohols under mild conditions by the use 
of trimethylchlorosilane, dimethyldichlorosilane, methyltri-
chlorosilane, or tetrachlorosilane. 

The esterification of carboxylic acids with alcohols 
is one of the most important reactions in organic 
synthesis, and quite a number of methods have been 
investigated. Among them, 2-halopyridinium salts,1) 
(chloromethylene)dimethylammonium chloride,2) 1-
(sulfonyloxy)benzotriazoles3) and graphite bisulfate4) 
have been used successfully as coupling reagents for 
the reaction. In the course of the study of the reaction 
of acetoxytrimethylsilane with alcohols in the presence 
of hydrogen chloride,5) we found that trimethylchloro­
silane was a convenient reagent for the esterification of 
carboxylic acids with alcohols. 

In this note, we wish to report some results of the 
esterification carried out by the use of chlorosilanes. 
The esterification was performed under the following 
standard conditions: (CH3)3SiCl (1.7 mmol) was added 
to a mixture of R C O O H (3.3 mmol) and R ' O H (5.0 
mmol) in 2-methyltetrahydrofuran. After the reaction 
mixture had been allowed to stand for 15 min at room 
temperature, the products were analysed by GLPC. 
In a neat reaction, the starting homogeneous reaction 
mixture progressively separates into two layers as the 
reaction proceeds. Therefore, the solvent was chosen 
so as to be keep the reaction mixture homogeneous and 
to be favorable for GLPC analysis. 

The results obtained with various carboxylic acids 
and alcohols by the use of trimethylchlorosilane are 
given in Table 1. In all cases, the production of hexa-
methyldisiloxane was confirmed. Although the esterifica­

tion with secondary alcohols is slower than that with 
pr imary alcohols, the yields of all the esters, including 
sterically hinderd isobutyl pivalate, are very high. 
Therefore, trimethylchlorosilane can be said to be a 
very efficient and convenient reagent for the esterifica­
tion of carboxylic acids with primary and secondary 
alcohols at room temperature. When, however, £-butyl 
alcohol and phenol were subjected to a reaction with 
acetic acid in the presence of trimethylchlorosilane, the 
reaction products were complicated and the yields of 
f-butyl acetate and phenyl acetate were only 9 and 19% 
respectively. 

The rate of esterification decreases with the decrease 
in the amount of trimethylchlorosilane added. However, 
it must be emphasized that 1 mol of trimethylchloro­
silane serves to produce more than 1 mol of the ester. 
This indicates that trimethylchlorosilane does not 
participate only as a hydrogen chloride source and/or 
a dehydrating agent in the reaction. When methoxy-
trimethylsilane, which is expected to be formed by the 
reaction of trimethylchlorosilane and methanol, was 
allowed to react with acetic acid in the presence of 
hydrogen chloride, methyl acetate was obtained in 
a 9 3 % yield, along with the production of hexamethyl-
disiloxane. Therefore, the following scheme seems to be 
most probable for the esterification with trimethyl­
chlorosilane : 

(CH3)3SiOR' + HCl 
HCl 

(1) (CH3)3SiCl + R'OH 

RCOOH + (CH3)3SiOR 

RCOOR' + (CH3)3SiOH (2) 

(CH3)3SiOH + R'OH — ^ (CH3)3SiOR' + H 2 0 (3) 

2(CH3)3SiOH • (CH3)3SiOSi(CH3)3 + H 2 0 (4) 

TABLE 1. ESTERIFICATION OF VARIOUS CARBOXYLIC ACIDS WITH ALCOHOLS 
(CHs) jSiCl 

USING (CH3)3SiCl»> R C O O H + R ' O H •RCOOR' 

R R' [(CH3)3SiCl] 
[RCOOH] 

Solvent Reaction 
time 

Yield of 
ester/% 

CH3 

CH3 

CH3 

C2HB 

(CH3)2CH 
C2H6 

(CH3)3C 
(CH3)3C 
CH3 

CH3 

CH3 

CH3 

CH3 

CH„ 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

(CH3) 2CHCH2 

C2H6 

d Jri2=CJrl C»rx2 

(CH3)2CH 
(CH3)2CH 
C2H6(CH3)CH 
c-C6Hn 

0.13 
0.13 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.6 
0.5 
0.5 
0.5 
0.5 

2-Me-THF 
2-Me-THF 
2-Me-THF 
2-Me-THF 
THF 
2-Me-THF 
THF 
2-Me-THF 
2-Me-THF 
2-Me-THF 
2-Me-THF 
2-Me-THF 
2-Me-THF 
n-CnH24 

30 min 
110 min 

15 min 
15 min 
15 min 

100 h 
15 min 
15 min 
15 min 
15 min 
15 min 
24 h 
48 h 
48 h 

72 
87 
97 
95 
98 
93 
91 
90 
92 
92 
37 
93 
95 
81 

a) Reactions were performed at room temperature. 
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In the initial stage of the reaction where alcohol remains 
in a large quantity, Eq. 36> may be faster than Eq. 4. 
However, in the final stage, Eq. 4 may become favorable. 
During the reaction, the alkoxytrimethylsilane produced 
in Eq. 3 participates repeatedly in the esterification of 
carboxylic acid via Eq. 2. 

Other chlorosilanes can be used in this esterification 
as well as trimethylchlorosilane. By using dimethyl-
dichlorosilane ( [ (CH 3 ) 2 SiCl 2 ] / [CH 3 COOH] =0 .25 ) , 
methyltrichlorosilane ( [CH 3 SiCl 3 ] / [CH 3 COOH] =0 .17) 
and tetrachlorosilane ( [S iCl 4 ] / [CH 3 COOH]=0.13) in 
the reaction of acetic acid and methanol, methyl acetate 
was obtained in 98, 97, and 9 6 % yields respectively. 

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

The gas-chromatographic analyses were made by a 
Yanagimoto GCG-5DH apparatus on a 3-m column containing 
30% dioctyl phthalate on Celite 545 or a 2.5-m column 
containing 25% silicon DC-200 on Celite 545, using helium 
as the carrier gas. The NMR spectrum was obtained on a 
JEOL JNM-100 apparatus, with tetramethylsilane as the 
internal standard. 

All of the reagents and solvents were used after distillation. 
The products were identified and estimated by GLPC. 
Commercial materials were used as the standerds except 
for j-butyl pivalate. The j-butyl pivalate used as a standard 
was prepared by the reaction of pivalic acid and j-butyl 
alcohol using (CH3)3SiCl: bp 150 °C, NMR (CC14); Ô 0.92 
(d, 6, CH(CH3)2), 1.15 (s, 9, G(GHa)a), 1-88 (m, 1, CH), 3.72 
(d, 2, OCH2). 

Reaction of Acetic Acid with Methoxytrimethylsilane. 
CH3COOH (1.2 mmol), (CH3)3SiOCH3 (1.2 mmol), dry HCl 
(0.6 mmol), and 2-methyltetrahydrofuran (0.33 cm3) were 
transferred from individual bulbs to a glass tube under a 
vacuum. The tube, after being sealed, was allowed to stand 
overnight at room temperature. The products were analysed 
by GLPC. Methoxytrimethylsilane was prepared from 
trimethylchlorosilane and methanol, using pyridine as the 
hydrogen chloride acceptor. 
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Synopsis. The hydrolysis of i^iV'-dialkyl-S^ : 9,10-
perylenebis(dicarboximide) (alkyl=CH3, CH2CH3, CH2CH2-
CH3, and CH2CH2CH2CH3) with sulfuric acid at 180—200 °C 
gave JV-alkyl-3,4 : 9,10-perylenetetracarboxylic monoan­
hydride monoimide (alkyl = CH3, CH2CH3; 

and CH2CH2CH2CH3). The 
determined spectroscopically. 

kinetics of the reaction were 

Previous work has shown that 3,4 : 9,10-perylene­
tetracarboxylic monoanhydride monoimide (2a—e) can 
be prepared by the condensation of 3,4 : 9,10-perylene­
tetracarboxylic dianhydride (3) with alkylamine.1) The 
condensation of 2a—e with arylamine gave JV-alkyl-iV'-
aryl-3,4 : 9,10-perylenebis (dicarboximide).2) This work 
was undertaken to examine whether 2 b — e could be 
prepared from JVjJV'-dialkyl-S^ : 9,10-perylenebis-
(dicarboximide) ( l b — e ) . 2a was prepared by the 
hydrolysis of 3,4 : 9,10-perylenebis (dicarboximide) 
( la) with sulfuric acid.3) The formation of 2 b — e in 
the hydrolysis of l b — e with sulfuric acid was then 
determined. 

1a^e 

R = a; H, b ; CH3, c; CH2CH3, d; CH2CH2CH3, 
ej GH2Cri2Gri2GrT3 

Exper imenta l 

Materials. lb—e, 2b—e, and 3 were prepared by the 
procedures reported before.1) 

Hydrolysis. A flask containing 50.0 ml of 95%-sulfuric 
acid was set in a thermostated bath at the reaction tempera­
ture. To the flask was added 50 mg of finely powdered lb—e 
with stirring, and the reaction mixture was stirred to provide 
complete mixing. A small amount of the mixture was taken 
at an appropriate time interval. One half of the sample 
was used for measurement of absorbance after dilution with 
95.0%-sulfuric acid and another half of the sample was poured 
into water to precipitate organic materials. These were 
separated by contrifugation, dried, dissolved in 1% potassium 
hydroxide, and analyzed by paper chromatography. 

Measurements and Calculations. Absorbances were 
measured with a Hitachi 101 Spectrophotometer. The 
determination of the reaction mixture and paper chromato­
graphy were carried out as in the experiment reported before.1) 
The calculations of composition or rate ratio K( = k2/k1) were 
made by IBM 370 computer. 

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

In the reactions at 180—200 °C, all the reaction 
mixtures have been proved to contain only three 
components, l b — e , 2b—e, and 3 by paper chromato-

100 200 

Reaction time/mm 
300 

Fig. 1. Reaction of N,iV'-dipropy 1-3,4 : 9,10-perylenebis 
(dicarboximide) (Id) with H2S04 . 
Reaction temp: 180 °C. Q : N,iV'-Dipropy 1-3,4: 9,10-
perylenebis (dicarboximide) (Id), A ; iV-Propyl-3,4: 
9,10-perylenetracarboxylic monoahydride monoimide 
(2d), 0 : 3,4: 9,10-Peryleneteracarboxylic dianhydride 
(3). 

TABLE 1. T H E MAXIMUM YIELDS OF JV-ALKYL-

3 , 4 : 9,10-PERYLENETETRACARBOXYLIC 

MONOANHYDRIDE MONOIMIDE ( 2 b e ) 

JV,JV'-Dialkyl-3,4 : 
9,10-perylenebis-

(dicarboximide) (lb—e) 
R 

l b CH3 

l c CH2CH3 

Id GH2GH2GH3 < 

l e CH2CH2GH2Cri3 « 

Temp 
°C 

( 180 
190 

( 200 
( 180 

190 
i 200 
( 180 
1 190 
i 200 
( 180 

190 
1 200 

Time 
min 

270 
200 
100 
220 
140 
40 

240 
80 
40 

180 
150 
40 

Maximum yield 
of 2b—e 

% 

44 < 
48 
47 J 
55 < 
49 
45 J 
58 i 
56 
50 J 
53 I 
47 
4 0 J 

2b 

2c 

2d 

2e 

graphy. The compositions in the reaction mixture were 
determined by spectroscopy. T h e contents, C I / ( C I + 
CM + CA), CM^CX + CM + CA), and C A / ( d + CM + CA) 

where Cu CM, and CA are the concentrations of l b — e , 
2b—e, and 3, respectively, were obtained from the 
standard absorbances of l b — e , 2b—e, and 3. Figure 1 
shows a typical reaction curve. T h e pattern was similar 
in all reactions. As the reactions proceed, the yields of 
2 b — e initially increased, but decreased after reaching 
a maximum. T h e maximum yields of 2 b — e were 
compared. Table 1 gives the maximum yields of 2 b — e 
in the reactions at 180, 190, and 200 °C. I t is shown 
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that all the values are in the range of 40—60% ; the 
value is the smallest in l b and increases a little at lower 
temperature. The yields of 2 b — e isolated from the 
reaction mixture at 180 °C were 2 b : 3 1 % , 2c : 3 1 % , 
2d : 3 1 % , 2e : 4 1 % . Thus the yields of separable 2 b — e 
are lower than the spectroscopic yields in Table 1, 
because of the difficulty of their separation. 

There was a scattering of the data points on a reaction 
curve as the concentration of l b — e increased over 100 
mg/50 ml sulfuric acid ; this became more serious at 
higher temperature, and was the largest in l b and the 
smallest in Id . In the reaction of la,3) no scattering 
was observed in ten times the concentration (500 mg/50 
ml). This was attributed to the fact that the solubility 
of l b — e , which has an alkyl group, is smaller than that 
of l a . For these reasons, more sulfuric acid is necessary 
for the preparat ion of 2 b — e from l b — e than that from 
l a . 

Plots of ln(Ci/CIO), where CIO is the initial concen­
tration of l b — e , vs. t ime are linear in the reaction of 

TABLE 2. RATE CONSTANT kx AND RATE RATIO K( = k2/k1) 

Reaction temp, 180 °C 

JV,iV-Dialkyl-3,4 : 9,10-perylene- £ x 102 

bis(dicarboximide) (lb—e) —1 . _x— K(=kjk^) 

l b CH3 0.472 0.420 
l c CH2GH3 0.929 0.420 
Id CH2GH2CH3 0.572 0.360 
le CH2CH2CH2CH3 0.920 0.500 

he 50 mg l b — e at 180 °C. The rate constants kl9 for the 
/er reaction of l b — e to 2b—e, were calculated from the 
he slope. The rate ratios K(k2/k1)9 where k2 is the rate 
%, constant of 2 b — e to 3, were calculated from Eq. I.1) 
—e Most of the values in each reaction were constant. 
1, These results indicated that the reaction followed a 

pseudo-first-order process. The rate constants kx and 

Jn cjcl0 = {i/(i-tf)H(c,/cI0)* - (cjclo)} (i) 
rate ratio K are given in Table 2. All the rate constants 

h are in the range of 0.45—0.95 X 10~2 min- 1 , and the 
rate ratio K are in the range of 0.35—0.50. A longer 

p.5 alkyl chain decreased the rate constants and ratios in 
the condensation of 3 with alkylamine,1) but there was 

y no such significant effect of alkyl groups in this reaction. 
All the L values of l b — e were smaller than that of l a 

irv 
(kx = 1.06 x 10~2 min-1).3) Polar substituent constant 

> m a* are : H : +0 .490 , C H 3 : 0.000, C 2H 5 : - 0 . 1 0 0 , 
w-C3H7 : - 0 . 1 1 5 , n-C4H9 : -0 .130. 4 ) The large ^ 

r value in l a is related to the polar effects of N-
substituents. 
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Carbon-13 Chemical Shifts of Polychlorobicyclo[2.2.1]heptene Derivatives 
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Synopsis. The 13G chemical shifts of 5-substituted 
polychlorobicyclo[2.2.1]heptene derivatives were determined. 
The chlorine, 5-endo and 5-exo substituent effects on the 
chemical shifts were discussed. The differences in the C3 

and G7 chemical shifts are shown to be helpful for the identifica­
tion of the endo and exo isomers. A possible operation of the 
interaction of pi electrons with a carbon-chlorine dipole is also 
discussed. 

Because of their rigid molecular structures and fixed 
geometry, bicyclo[2.2.1]heptene derivatives have been 
extensively investigated by means of the 1 H and 13C 
nuclear magnetic resonance methods.1-3) The polar 
substituent effect on the XH and 13C chemical shifts has 
been actively discussed as well as the molecular geometry 
effect on spinrcoupling phenomena. Some chlorine 
nuclear quadrupole resonance (NQR) spectra of 
chlorobicyclo[2.2.1]heptenes were measured, and the 
35C1 N Q R frequencies were discussed in terms of the 
charge density on the chlorine atoms.4 '5) However, the 
13C chemical shifts of chlorobicyclo[2.2.1 Jheptenes seem 
to have been reported only sporadically. In connection 
with our research project concerning high-pressure 
Diels-Alder reactions, we wish to report here some 
results of the systematic 13C N M R examination of 5-
substituted poly chlorobicyclo [2.2.1 Jheptenes. The as­
signment of the Cb-endo and exo isomers by means of the 
13C N M R spectra is one of the purpose of the present 
investigation. Discussion will also be focused on the 
evidence of the interaction of the pi-electrons with a 
carbon-chlorine dipole. 

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

The compounds employed in this work were synthe­
sized by the usual Diels-Alder reactions and are listed 
in the Scheme. The proton chemical shifts of the 
compounds have been given elsewhere.6) All the 
compounds gave nicely resolved 13C N M R spectra. In 
most instances, the assignment of the signals to specific 
carbons was straightforward on the basis of the earlier 
results,1-3) together with off-resonance decoupled 
spectra. In some cases, however, the assignment was 
made by using the substituent parameters of Lippmaa 
et al}) 

Substituent Effect. The introduction of chlorine 
atoms onto Cl9 C4, and C7 induced a pronounced 
paramagnetic effect on the substituted atoms and the 
neighbors. However, the chlorine atoms on C2 and C3 

exerted a diamagnetic influence on the shifts of the 
substituted sp2 carbon atoms. 

For compounds 1 and 1', three carbons are in y-
positions with respect to the 5-substituent, and the 
orientation of the substituent affects the shieldings of the 
y-carbon atoms (C^ C3, and C7). The steric perturbation 
caused by the 5-substituent can be anticipated at C 3 by 

the endo 5-substituent, and at C7 by the exo one. Thus , 
for each endo isomer, the C 3 resonance appeared at a 
higher field than the C3 of the corresponding exo isomer. 
This shielding effect of the endo 5-substituent decreased 
with the increase in the numbers of the chlorine sub-
stituents. O n the contrary, the C7 nuclei were indeed 
shielded by the exo 5-substituent, while the endo 5-
substituent appeared to cause a slight deshielding of the 
C7 atoms.7) These effects increased in the presence of 
the chlorine substituents (except for 5'). These differ­
ences, which are real but small, may provide an 
approach for the assignment of the endo-exo isomer 
pairs. 

Pi Electron-Dipole Interaction. The observed high-
field shifts of the C2 and C3 carbons of the polychloro 
derivatives can be explained in terms of the electromeric 
effect of the chlorine atoms.8) Particularly, the penta-
chloro derivative with the anti chlorine atom on C7(3n) 
exhibited both the C2 and C 3 signals at lower fields than 
the corresponding 7-syn-Cl isomer (4n) did. In contrast, 
the C7 of 3n was observed at a higher field than that 
of 4n. Because the usual inductive and electromeric 
effects of the chlorine a tom are expected to be quite 
similar for 3n and 4n, and because the double-bond 
anisotropy can not explain the difference in the bridged 
methylene 13C chemical shifts of these compounds, this 
observation implies the operation of some sort of charge 
derea l iza t ion from the double bond to the C7 carbon 
atom of the anti isomer (3n). The high solvolytic reac­
tivity of <zwft'-7-norbornenyl chloride has been interpreted 
in terms of pi-participation. In this connection, 
Chihara4) reported the 35C1 N Q R frequencies of anti-1-
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Compound 

TÜL 

l x 
2n 
2x 
3n 
4n 
4x 
5n 

I n 
l x 
2 n 
2'x 
5'n 
5'x 

Gi 

42.7 
41.8 
69.3 
68.8 
72.5 
73.8 
73.3 
78.6 

42.5 
42.0 
68.6 
68.4 
78.2 
78.3 

TABLE 1. 

cT~ 
137.5 
138.1 
134.5 
136.3 
133.4 
131.6 
133.3 
132.5 

138.7 
138.1 
135.5 
136.2 
133.6 
133.8 

CARBON-13 

N O T E S 

CHEMICAL SHIFTS OF BICYCLo[2.2.1] 

HEPTENE DERIVATIVES (ppm from TMS) 

c3 
132.7 
135.9 
131.5 
133.8 
130.7 
128.6 
130.8 
129.7 

133.0 
134.4 
132.2 
132.2 
130.6 
131.7 

c4 
45.7 
46.6 
72.2 
72.4 
75.1 
76.6 
76.9 
81.0 

45.8 
47.6 
71.4 
71.4 
80.5 
79.7 

G5 

43.2 
42.8 
54.0 
51.9 
51.1 
50.9 
50.0 
50.5 

27.1 
27.4 
41.0 
39.5 
38.3 
36.9 

G6 

29.4 
30.4 
41.8 
43.6 
38.5 
39.0 
40.8 
38.3 

32.5 
32.3 
43.6 
44.2 
40.5 
39.0 

c7 
49.7 
46.5 
63.9 
57.9 
77.7 
80.6 
76.3 

102.7 

48.6 
47.4 
61.5 
59.5 

100.7 
100.2 

co2 
173.6 
175.2 
169.2 
170.8 
169.0 
168.6 
170.4 
168.3 
CN 

122.1 
122.2 
116.4 
117.0 
115.2 
114.7 
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-CH 3 

5~n 
51.3 
52.4 
52.4 
52.5 
52.8 
52.9 
52.7 

and ^/z-7-norbornenyl chlorides. T h e results clearly 
showed that the s-character of the carbon orbital in 
the C-Cl bond of the latter was larger than that of the 
former. This conclusion agrees with the 13C chemical 
shifts and Jnc.H values of the G7 carbon atoms.9-10) 
Since this pi-participation involves the transfer of the 
charge from the double bond to the polarized C7-C1 
bond, this participation may be inhibited by the 
chlorine substituents on C2 and C3, which make the 
double bond less nucleophilic. T h e difference in the 
13C chemical shift of C7 between 3n and 4 n is 2.9 ppm, 
whereas that between anti-1- and ^n-7-norbornenyl 
chlorides is 5.4ppm;10> this indicates a weaker pi-
participation for the 2,3-dichlorinated derivative, 3n. 

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

All the 13C NMR spectra were recorded on a JEOL PS-100 
FT spectrometer. The chemical shifts were recorded in ppm 
from TMS. The compounds employed in this work were 
prepared from the corresponding dienes and methyl acrylate 
or acrylonitrile by the Diels-Alder reaction. The details 
were reported elsewhere.6) Each isomeric adduct was 
obtained by preparative glc using a Yanagimoto GCG-3 or 
a Shimadzu GC-6A gas Chromatograph. 
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Synopsis. The reaction of anions derived from Schiff 
bases ( N- (a-methylbenzylidene) aniline and 7V-cyclohexylidene-
aniline) with ethyl iodide or diethyl sulfate in aprotic solvents, 
in the presence of 18-crown-6, is found to give a high ratio 
of N/(N+C) or CI(N+C) alkylation when conducted in 
benzene or in dioxane. 

It is well known that the separation of ion-pairs 
and thus the anion activation can be obtained through 
the selective complexation of cations by organic ligands. 
This is dramatically shown by the enhancement in 
reaction rates by addition of crown ethers1) and 
cryptands to homogeneous or heterogeneous reaction 
media. In previous papers,2»3) we have shown that 
alkylation of sodium 2-naphtholate and sodium 
phenolate, in the presence of macrocyclic polyethers, is 
found to give high ratios of Oj{0-\-C) alkylation when 
conducted in aprotic solvents and in water. Heiszwolf 
et al*) found that ambident anions, derived from the 
reaction of a Schiff base with a strong base, could be 
alkylated with alkyl halide or dialkyl sulfate in aprotic 
solvents and that the nature of the solvent and of the 
alkylating agent played a decisive role in determining 
the reaction course of the ambident anion. Thus, in 
analogy with sodium phenolate or sodium 2-
naphtholate,2»3) it may be expected that in the presence 
of these macrocyclic polyethers the alkylation in solvents 
having low dielectric constants will result in predominant 
formation of the N- or C-alkylation product. Therefore, 
we have investigated the effect of 18-crown-6 on the 
yield and on the Nf{N-\-C) ratios of alkylation products 
in the reaction of anions (2), derived from Schiff bases, 
with ethyl iodide and diethyl sulfate under mild reaction 
conditions. 

The following alkylations of ambident anions (2a and 
2b) derived from Schiff bases ( l a and l b ) with ethyl 
iodide or diethyl sulfate were run in aprotic solvents 
with or without added 18-crown-6 at appropriate 
temperatures. Table 1 summarizes the results of 

alkylation, where the effects of 18-crown-6 on the yields 
and on the Nj(N+C) ratios of the products can be seen. 
As the data in Table 1 show, the addition of 18-crown-6 
to the reaction mixtures affects the Nj{N-\-C) ratios 
of the products to remarkable extents. In the absence 
of 18-crown-6, the reaction of Schiff base with ethyl 
iodide in benzene gave no alkylation products, whereas 
in the presence of 18-crown-6 the reaction occurs to 
give the C-alkyl derivative as the main product. These 
results may be interpreted on the basis that ionization 
of l a did not occur due to the low solubility of sodium 
hydride in benzene. Indeed, we could not observe any 
deep color change of the reaction mixture due to 
ambident anion formation when the reaction of l a 
with sodium hydride was carried out in benzene for 
several h at 80 °C. Furthermore, in the presence of 
18-crown-6, the reactivity of the carbon site is enhanced 
relative to that of the nitrogen site of the ambident 
anion. These results can be explained as follows. 
Sodium hydride is solubilized in benzene to produce a 
"crowned" ion pair, in which N a + is linked coordinately 
to both the crown ether and the more electronegative 
nitrogen atom of the ambident anion. But the possibility 
of C-alkylation due to formation of a free naked anion 
cannot be ruled out. The C-alkylation is thought to 
take place as the main process. 

In the reaction of the ambident anion (2) with diethyl 
sulfate in dioxane, the N\(N+C) alkylation ratio is 
rather low; however, in the presence of 18-crown-6, 
the reaction under similar conditions gives a high yield 
of the 7V-alkylation, together with a low yield of the 
C-alkylation. These finding suggest that in the absence 
of 18-crown-6, the ambident anion (2), in analogy with 
sodium naphtholate2) in dioxane and T H F , exists as ion 
pairs and aggregates of a relatively high order; in the 
presence of 18-crown-6, however, the resulting ambident 
anion exists as an almost free anion due to solvation 
of the "c rowned" sodium cation by dioxane because 
of the 7V-alkylation takes place. In support of this 

TABLE 1. ALKYLATION OF SCHIFF BASES'0 

Substrate 

l a 
l a 
l a 
l a 
l b 
l b 
l b 
l b 

Alkylating 
agent 

EtI 
EtI 
Et2S04 

Et2S04 

EtI 
EtI 
Et2S04 

Et2S04 

Solvent 

C6H6 

G6H6 

dioxane 
dioxane 
G6H6 

C6H6 

dioxane 
dioxane 

18-Crown-6 

presence 
absence 
presence 
absence 
presence 
absence 
presence 
absence 

Ionization 

time temp 
h °G 

25 80 
25 80 
2 80 
4 80 

16 80 
16 80 
2 100 
2 100 

Products, Yield/%b) 

C-
alkylation 

3a 
3a 
3a 
3a 
3b 
3b 
3b 
3b 

58 
0 
5 

56 
67 

0 
7 

52 

„ ^ _ 

N-
alkylation 

4a 
4a 
4a 
4a 
4b 
4b 
4b 
4b 

5 
0 

68 
6 

11 
0 

84 
19 

Total 

63 
0 

73 
62 
78 
0 

91 
71 

NjN+C 
ratio 

0.08 

0.93 
0.10 
0.14 

0.92 
0.27 

a) The alkylations of ambident anions with ethyl iodide or diethyl sulfate were carried out at 15 °C for 60 min. b) These 
results were obtained by GLG. 
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e x p l a n a t i o n , t h e r e a c t i o n i n D i g l y m e , i n w h i c h t h e 
d i s soc ia t ion of sod io -de r iva t ive (2) t akes p l a c e , fails to 
s h o w a n y effect of t h e 18 -c rown-6 o n t h e p r o d u c t r a t i o . 
I t is q u i t e r e m a r k a b l e t h a t C-a lky la t ion of Schiff bases 
p r o c e e d s s m o o t h l y t o afford 3 a a n d 3 b i n g o o d yie lds . 
F u r t h e r m o r e , i n t h e case of l b , t h e y ie ld of JV-alkylation 
p r o d u c t s 4 b ( 8 4 % ) w a s h i g h e r t h a n t h e y ie ld r e p o r t e d 
f rom t h e d e s c r i b e d p rocedures , 4 ) w h e r e a s for l a y ie lds 
w e r e r e l a t i ve ly l o w c o m p a r e d w i t h t h o s e o b t a i n e d b y 
r e p o r t e d m e t h o d s . O u r m e t h o d , h o w e v e r , r e q u i r e s 
m i l d e r c o n d i t i o n s of t h e r e a c t i o n t h a n a l k y l a t i o n b y 
m e a n s of E t 3 O B F 4 i n E t h y l Cel losolve a n d e thy l i o d i d e 
in xylene. 4 ) 

CH-Y 

<Q-N=C-Z 

CHo-Y 

Q-N=C-Z 
Ionization Alkylation 

RX 

R-CH-Y CH-Y 

* ®-N=C-Z + 0"N"^'Z 

R 

CH-Y 

<Q-N-C-Z 

l a Y = H , Z = C 6 H 5 

l b Y,Z = - ( C H a ) 4 -
2 a Y = H , Z = C 6H 5 

2b Y , Z = - ( C H 2 ) 4 -

3a Y = H , Z = C 6 H 5 

3 b Y , Z = - ( C H 2 ) 4 -
4a Y = H , Z = C 6 H 5 

4 b Y , Z = - ( C H 2 ) 4 -

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

T h e products were analyzed on a Hitachi-023 gas chromato­
graphy equipped with a flame-ionization detector. W e used 
a 2 m x 3 m m stainless steel column packed with 60—80 mesh 
Chromosorb-W N A W (washed with acid and treated with 
dimethyldichlorosilane) coated with 2 0 % Apiezon-T (for the 
analysis of alkylation products of TV-(a-methylbenzylidene) -
aniline at ca. TTl °C) or a 1 m x 3 m m stainless steel column 
packed with 60—80 mesh Chromosorb-W N A W (washed with 
acid and treated with dimethyldichlorosilane) coated with 2 0 % 
Versamide (for the analysis of alkylation products of N-
cyclohexylideneaniline at ca. 140 a C ) . 

Materials. N-(a-methylbenzylidene) aniline,5) JV-cyclo-
hexylideneaniline,5) and authentic samples (JV-(a-propyl-
benzylidene) aniline,5) iV-ethyl-iV- (a-methylbenzylidene) -
aniline,6) N- ( 2 -ethy ley clohexylidene) aniline5) and JV-(1-
cyclohexenyl)-iV-ethylaniline6)) were prepared according to 
the procedures described in the literature. Sodium hydride 
and 18-crown-6 were of commercial origin and were used 

without further purification. Ethyl iodide and diethyl 
sulfate were purified by distillation, as were the solvents. 

General Procedure. Typical procedures for the reaction 
of ethyl iodide or diethyl sulfate with N- (a-methylbenzylidene) -
aniline and JV-cyclohexylideneaniline follow. 

Alkylation of N-(x-Methylbenzylidene)aniline with Ethyl Iodide 
in Benzene. Into a 50 ml round-bottomed flask equipped 
with a magnetic stirring bar, 6 0 % sodium hydride in oil 
(7.5 mmol) , N-(a-methylbenzylidene)aniline (6.2 mmol), 18-
crown-6 (7.6 mmol) , and 13 ml of benzene were introduced. 
T h e reaction mixture was stirred at 80 °C. There was 
evolution of hydrogen, which ceased after 25 h. T h e resulting 
turbid brown solution was cooled to 15 °C and ethyl iodide 
(13 mmol) was added with cooling. T h e color changed to 
light yellow at the end of the addition. T h e reaction mixture 
was stirred for a further 1.0 h and then filtered to remove 
inorganic salts and the filtrate was analyzed by G LC. G L C 
analysis revealed the presence of three components, which were 
identified as 4a (5%) , unreacted Schiff base l a (37%), and 
3a ( 5 8 % ) ; the relative retention times of these three com­
ponents were 1.00 : 1.08 : 1.30. 

Alkylation of N-cyclohexylideneaniline with ^ Ethyl Iodide in 
Benzene. A solution of l b (9.2 mmol) and 18-crown-6 
(9.1 mmol) in 20 ml of benzene was stirred with 6 0 % sodium 
hydride in oil (13 mmol) at 80 °C for 16 h. There was 
evolution of hydrogen, which ceased after 16 h. T h e resulting 
turbid yellow-brown solution was then cooled to 15 °C and 
treated with diethyl sulfate (9.3 mmol) . T h e color changed 
to light yellow at the end of the addition of diethyl sulfate. 
After the reaction mixture was stirred for 10 h, the inorganic 
salts were filtered off and the filtrate was analyzed by GLC. 
T h e analysis by G L C revealed the presence of 4 b (11%), l b 
(18%), and 3 b ( 6 7 % ) ; the relative retention times of these 
compounds were 1.00 : 0.28 : 1.20. 
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Azadi-7T-methane Rearrangement Involving an Oxime Group 
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Synopsis. Photoreaction of £*o-6-methoxy-l,5,6-tri-
methyl or e#o-6-methoxy-l,3,5,6-tetramethyltricyclo[3.2.1.-
02'7]oct-3-en-8-one oxime underwent azadi-jr-methane rear­
rangement leading to endo-7-methoxy-2,6,7-trimethyl or endo-
7-methoxy-1,2,6,7-tetramethyltetracyclo[3.3.0.0.2'804>6]octan-
3-one oxime. However, the one-carbon ring enlarged 5,8-
dimethyl-9-methylenetricyclo[3.3.1.02'8]nona-3-en-6-one oxime 
underwent photo-Beckmann rearrangement to afford 5-aza-
2,6-dimethyl-10-methylenetricyclo[4.3.1.02'9]deca-7-en-4-one. 

Oximes undergo photoreactions leading to nitriles1) 
or oxaziridine which rearranges to amides and/or 
lactams (photo-Beckmann rearrangement).2) In a 
previous paper, we reported the photochemical reaction 
of 1,5-dimethyl- and l,3,5-trimethyl-6-methylenetri-
cyclo[3.2.1.02 '7]oct-3-en-8-one oximes ( l a and l b ) . 
These compounds underwent two types of di-jr-methane 
rearrangement to afford 2a, 2b , and 2c. The former two 
photoproducts are considered to be derived from the 
azadi-7r-methane rearrangement involving the oxime 
moiety.3) To examine the complementary effect of the 
ring size and chromophore on the azadi-7r-methane 
rearrangement, we investigated the photochemistry of 
£#>6-methoxy-l,5,6-trimethyl and £w-6-methoxy-l,3,5,-
6-tetramethyltricyclo[3.2.1.02,7]oct-3-en-8-one oximes 
(3a and 3b) and 5,8-dimethyl-9-methylenetricyclo-
[3.3.1.02 '8]nona-3-en-6-one oxime (4), which is an one-
carbon ring enlarged oxime of l a . 

Scheme 1. 

The required oximes 3a, 3b, and 4 were synthesized 
from the known ketones by the standard method (see 
Experimental). Direct preparative irradiation of 3a 
and 3b in anhydrous acetonitrile with 254 nm lamps 
afforded 8a and 8 b in 20% and 57% yields, respectively. 
The N M R spectrum of 8a exhibited four protons of 
cyclopropane ring at à 1.90 (d, 7 = 6 . 0 Hz) , 1.92 (d, 
7 = 6 . 0 Hz) , 2.25 (d, J = 6 . 0 H z ) , 2.29 (d, J = 6 . 0 Hz) 
and hydroxyl proton at ô 8.90 (broad s) in addition 
to the protons of three methyl groups and methoxyl 
group at Ô 1.09, 1.17, 1.35, and 3.26. T h e N M R 
spectrum of 8b exhibited three protons of cyclopropane 
ring at «5 1.44 (d, 7 = 6 . 0 Hz) , 1.82 (d, J=6.0 Hz) , 
2.04 (s) and hydroxyl proton at ô 8.20 (broad s), in 
addition to the protons of four methyl groups and 

methoxyl group at ô 1.06, 1.20, 1.29, 1.35, and 3.29. 
These chemical shifts, the coupling patterns of these 
photoproducts, and the comparison of these data with 
those of 2a, b , c3) and their related compounds7) are 
in good agreement with the proposed structures. The 
formations of 8a, b are ascribed to be an azadi-jr-
methane rearrangement involving the oxime group. 
Since the photorearrangement did not proceed in the 
presence of acetophenone or acetone as the sensitizer, 
the singlet excited state might be involved in the 
photorearrangement of 3a, b . 

1) Hg(OAc)2/MeOH 
la,b > 

2)NaOH/NaBH4 

M e O s > ^ W R 

a : R=H 

8b : R=Me 

Scheme 2. 

O n the other hand , the direct irradiation of 4 in 
anhydrous acetonitrile with 254 nm lamps afforded 5-
aza-2,6-dimethyl-10-methylenetricyclo[4.3.1.02 '9]deca-
7-en-4-one (7) in 60% yield. T h e absorption due to a 
carbonyl group at 1695 c m - 1 suggests the existence of an 
amide function. The N M R spectrum of 7 exhibited 
the existence of a divinylcyclopropane moiety (see 
Experimental) similar to 4. Each signal and coupling 
constant could be assigned with the help of a decoupling 
technique. The relatively high chemical shift at ô 
2.44 (2H, s) for hydrogens of methylene group is 
suggestive of a-methylene of carbonyl group ;2d-e) thus 
the structure of 7 was deduced. This photoproduct 7 
might be derived from the intermediate of oxaziridine 
and subsequent photoinduced migration of an alkyl 
group.2) 

T h e oximes 3a, b which have azadi-yr-methane systems 
in similar skeletons to the oxime l a , b underwent azadi-
jr-methane rearrangement. An attempted photoreaction 
of bicyclo[2.2.1]hept-2-en-5-isopropylimine did not 
undergo azadi-or-methane rearrangement.8) As is shown 
in the present study, the oxime 4 which has two di-7r-
methane systems in the one-carbon ring enlarged 
skeleton, underwent photo-Beckmann rearrangement. 
The present results provide a complementary support 
for the first example of azadi-7r-methane rearrangement 
of l a , b3) as well as suggesting that the azadi-7r-methane 
rearrangement might be controlled by the effect of 
suitable chromophoric interaction and/or the rigidity 
of the molecular framework. 
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E x p e r i m e n t a l 

Preparation of exo-6-Methoxy-l,5,6-trimethyltricyclo[3.2.1.02>7]-
oct-3-en-8-one Oxime (3a). Method A: T o the stirred 
solution of mercury (II) acetate (6.4 g, 20 mmol) in anhydrous 
methanol (40 cm3) was added l a (3.5 g, 20 mmol) . After 
30 min, 20 cm3 of 3 mol d m - 3 aqueous sodium hydroxide, 
then 380 mg (10 mmol) of sodium borohydride in 20 cm3 of 
3 mol d m - 3 aqueous sodium hydroxide were added to the 
reaction mixture. This reaction mixture was stirred an 
additional 15 min and extracted with ether. T h e dried 
(Na 2 S0 4 ) organic portion was evaporated in vacuo, and the 
residue was separated by preparat ive T L C on alumina with 
chloroform as the eluent. T h e first band from the T L C 
plates gave a colorless crystalline solid of 3a : m p 161—163 °G 
(from E t O H ) ; I R (GHC18): 3580, 1680, 1115 c m - 1 ; N M R 
(GDC13): <5 1.00 (3H, s), 1.06 (3H, s), 1.8—2.0 (2H, m) , 1.68 
(3H, s), 3.32 (3H, s), 5.45 (1H, d x d , 7 = 9 . 0 , 3.5 Hz) , 5.96 
( 1H, d x d, J = 9.0, 5.0 Hz) , 8.54 ( 1H, broad s) ; U V (E tOH) : 
240 n m (end absorption, e 4000) ; MS m/e (rel intensity) : 207 
(38, M+), 43 (100). Found : G, 69.43; H , 8.00; N , 6.74%. 
Galcd for C 1 2 H 1 7 0 2 N : G, 69.54; H, 8.27; N, 6.76%. 

Method B: T h e mixture of 5a4>5> (1.78 g, 9.3 mmol) , 
hydroxylamine hydrochloride (1.3 g, 18.6 mmol) , and 5 cm 3 

of pyridine was heated for 4 h at 100 °G. T h e reaction 
mixture was then poured into 50 cm3 of water, followed by 
ether extraction. T h e dried (Na 2 S0 4 ) ethereal portion was 
filtered and evaporated in vacuo to give 1.35 g (70%) of 3a. 

Preparation of exo-6-Methoxy-1,3,5,6-tetramethyltricyclo[3.2.1.-
O^loctS-enS-one Oxime ("3b;. Method A: Exactly the 
same procedure as Method A in the case of 3a was applied 
to l b . T h e colorless crystalline solid of 3 b (47%) was 
obtained: m p 162—163 °G (from E t O H ) ; I R (KBr) : 3226, 
1686, 1111 c m - 1 ; N M R (GDG13) : Ô 1.00 (3H, s), 1.03 (3H, s), 
1.29 (1H, d, 7 = 6 . 0 Hz) , 1.68 (3H, s), 1.70 (overlapped with 
methyl signal, 1H), 1.80 (3H, s), 3.31 (3H, s), 5.13 (1H, m) , 
8.35 (1H, broad s j ; U V ( E t O H ) : 230 n m (end absorption, 
e, 3900); M S mje (rel intensity): 221 (10, M+), 188 (100). 
Found : C, 70.21 ; H, 8.51 ; N, 6.14%. Galcd for G 1 3 H 1 9 0 2 N : 
C, 70.55; H, 8.65; N, 6 .33%. 

Method B : Exactly the same procedure as Method B in the 
case of 3a was applied to 5b,5> and 3 b was obtained in 6 5 % 
yield. 

Irradiation of '3a. A solution of 3a (240 mg, 0.76 mmol) 
in a quar tz vessel with 254 n m lamps (Rayonet Photoreactor, 
MGR-100) in a nitrogen atmosphere. After removal of the 
solvent, the residue was separated by preparative T L C on 
alumina with chloroform-ethyl acetate (5/2) as the eluent 
to give 11 mg of 3a and colorless crystals of 8a (146 mg, 20%) : 
m p 119—120 °G (from E t O H ) ; I R (GHC18): 1580, 1115 
c m - 1 ; N M R (GDC1,) : à 1.09 (3H, s), 1.17 (3H, s), 1.35 (3H, 
s), 1.90 (1H, d, y = 6 . 0 Hz) , 1.92 (1H, d, 7 = 6 . 0 Hz) , 2.25 
(1H, d, 7 = 6 . 0 Hz) , 2.29 (1H, d, 7 = 6 . 0 Hz) , 3.26 (3H, s), 
8.90 (1H, broad s ) ; M S mje (rel intensity): 207 (6, M+), 160 
(100). Found : G, 69.46; H , 8.63; N , 6 .95%. Galcd for 
C 1 2 H 1 7 0 2 N : G, 69.54; H, 8.27; N, 6.76%. 

Irradiation of 3 b . A solution of 3 b (150 mg, 0.68 
mmol) in anhydrous acetonitrile (50 cm3) was irradiated for 
3.6 h in a quar tz vessel with 254 n m lamps in a nitrogen 
atmosphere. After removal of the solvent, the residue was 
separated by preparat ive T L G on silica gel with chloroform-

ethyl acetate (5/2) as the eluent to give 85 mg (57%) of 
8 b : m p 118—120 °C (from E t O H ) ; I R (GHG13): 1580, 1115 
c m - 1 ; N M R (GDC18): Ô 1.06 (3H, s), 1.20 (3H, s), 1.29 
(3H, s), 1.35 (3H, s), 1.44 (1H, d, 7 = 6 . 0 Hz) , 1.82 (1H, d, 
7 = 6 . 0 Hz) , 2.04 (1H, s), 3.29 (1H, s), 8.20 (1H, broad s) ; 
MS m/e (rel intensity): 221 (3, M+), 190 (100). Found: G, 
70.94; H , 8.27; N , 6.36%. Calcd for C 1 3 H 1 9 0 2 N : G, 70.55; 
H , 8.65; N, 6 .33%. 

Irradiation of A. A solution of 46> (150 mg, 0.8 mmol) 
in anhydrous acetonitrile (50 cm3) was irradiated for 3 h in a 
quartz vessel with 254 nm lamps in a nitrogen atmosphere. 
After removal of the solvent, the residue was separated by 
preparative T L G on silica gel with chloroform as the eluent. 
T h e first band from the T L C plates contained 7 (68 mg, 60% 
based on consumed 4 ) : m p 139—140 °G (from E t O H ) ; I R 
(GHC18): 3290, 1695 c m - 1 ; N M R (GDG18): ô 1.06 (6H, s), 
2.25 (1H, t, 7 = 6 . 0 Hz) , 2.41 (1H, d, 7 = 6 . 0 Hz) , 2.44 
(2H, s), 4.77 (1H, s), 4.90 (1H, s), 5.88 (1H, d x d , 7 = 8 . 0 , 
6.0 Hz) , 6.26 (1H, broad d, 7 = 8 . 0 Hz) , 8.95 (1H, broad s ) ; 
M S m/e (rel intensity): 189 (5, M+), 131 (100). Found: G, 
76.45; H, 7.92; N, 7.02%. Galcd for G 1 2 H 1 5 ON: G, 76.15; 
H, 7.99; N , 7.40%. 

Sensitized Irradiation of 3a. Three Pyrex vessels, which 
contained 3a (30 mg, 0.14 mmol) in (a) acetonitrile (10 cm3) , 
(b) acetone (10 cm3) , and (c) acetonitrile contained aceto-
phenone (35 mg, 0.29 mmol) were irradiated with 300 n m 
lamps (Rayonet photoreactor, MGR-100) for 10 h in a 
nitrogen atmosphere. T h e reactions were monitored by G C 
( 5 % SE-30 on Rhromosorb W, 130 °C), but no new peak was 
observed. After removal of the solvents, each of the residues 
was purified by preparative T L G on alumina with chloroform 
as the eluent to give the starting oxime 3a in 8 0 % (a), 8 0 % 
(b), and 9 0 % (c) yield. 

W e t h a n k t h e Sc ience a n d E n g i n e e r i n g R e s e a r c h 

L a b o r a t o r y of W a s e d a U n i v e r s i t y for t he i r f inanc ia l 
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X - N 

E ^ C O a M e , E2 = C02Et 

la: R! = E2, R2=C1 
l b : R ^ E 2 , R2 = OEt 
l c : R!=GN, R 2=C1 
l d : R ^ C N , R2 = OMe 
2a: R! = E2, R2 = C1 
2b: R!=E 2 , R 2 = O E t 
2c: R ^ C N , R 2 = O M e 
3a: R! = E2, R2 = H 
3b: R! = E2, R 2=(£)-CE 1=CHE 1 

3c: R!=CN, R2 = H 
3d: R* = CN, R 2=(£)-CE 2=CHE 2 

E T 

R2 

E 

Studies on Heterocyclic Analogs of Azulene. VIII." Reaction of 2-Alkoxy-
cyclohepta[6]pyrroles with Dimethyl Acetylenedicarboxylate 

Noritaka A B E * and Tarozaemon NISHIWAKI 

Department of Chemistry, Faculty of Sciences, Yamaguchi University, Yamaguchi 753 
(Received October 16, 1980) 

Synopsis. 2-Alkoxycyclohepta[6] pyrroles reacted 
with dimethyl acetylenedicarboxylate to give tetramethyl 2-
alkoxy-3//-2a-azacyclopenta[<?/"]heptalene - 3,4,5,6-tetracarbox-
ylates in benzene and dialkyl 2-(2-alkoxycyclohepta[6]pyrrol-l-
yl)fumarate in alcoholic solvents. 

We have previously reported that ethyl 2-chlorocyclo-
hepta[i]pyrrole-3-carboxylate ( l a ) reacts with dimethyl 
acetylenedicarboxylate (DMAD) in benzene giving 
1-ethyl 3,4,5,6-tetramethyl 2-chloro-3//-2a-azacyclo-
penta[ç/"]heptalene-l,3,4,5,6-pentacarboxylate (2a) via 
a 1,8-dipolar intermediate.2,3> As nature of substituents 
and/or reaction conditions appear to play important 
roles for the cycloadditions of nitrogen-heterocycles with 
DMAD,4) we studied the reactions of 2-alkoxycyclo-
hepta[6]pyrroles with D M A D in both of benzene and 
alcoholic solvents. 

Treatment of ethyl 2-ethoxycyclohepta[£]pyrrole-3-
carboxylate ( lb ) with an excess of D M A D in benzene 
gave 5 9 % yield of 1-ethyl 3,4,5,6-tetramethyl 2-ethoxy-
3//-2a- azacyclopenta[e/"]heptalene-1,3,4,5,6 - pentacar-
boxylate (2b) along with 2 9 % yield of cyclohepta[£]-
pyrrol-2( l / / ) -one (3a).5> T h e structure of 2 b was 
assigned from the similarity of its spectroscopic properties 
with those of 2a.3) When the reaction of l b with D M A D 
was carried out in boiling abs M e O H , dimethyl 2-(3-
ethoxycarbonyl-2-oxo-1,2-dihydrocyclohepta [A] pyrrol-1 -
yl)fumarate (3b) was obtained in 9 4 % yield, whose 
structure was assigned by means of its spectroscopic 
properties as well as elemental analyses. T h e ester 
groups are presumed to have a (E)-configuration from 
the chemical shift of a vinyl proton (<5 = 7.40) [e.g. the 
vinyl proton of dimethyl 2-(2-oxo-l,2-dihydro-l-pyrid-
yl)fumarate is seen at <5=7.05].6> Reaction of 3a with 
D M A D yielded 3b, and this supports the structure. 
Compound 3b was also obtained in excellent yield from 
the reaction of l a with D M A D in abs M e O H . 

Whilst the reaction of 2-methoxycyclohepta[£]pyrrole-
3-carbonitrile ( ld ) with D M A D in benzene proceeded 
less efficiently to give only 2 5 % yield of 2c, with 8 4 % 
of the starting l d being recovered, the reaction in abs 
E t O H is accompanied by transesterification to furnish 
diethyl 2- (3-cyano-2-oxo-l,2-dihydrocyclohepta [b] pyr­
rol- 1 -yl) fumarate (3d) despite the absence of acidic or 
basic materials. Reaction of 3c with diethyl acetylene­
dicarboxylate (DEAD) to give 3d, and this supports the 
structure. 

When the acetylenic ester was absent, 1 did no change 
in an alcoholic solvent. 

It is obvious that the reactions of 2-alkoxycyclohepta-
[b] pyrroles with D M A D give a cycloadduct in benzene, 
but they follow a different course in alcohols. It is 
conceivable that the yilde (4) reacts with an alcohol 
to produce an acetal (5), which must be hydrolyzed to 
cyclohepta[£]pyrrol-2(l/ /)-one (3) by a trace amount 
of water fortuitously present in the reaction mixture. 

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

Melting points were uncorrected. 1H NMR spectra were 
taken with Hitachi R-24B spectrometer (60 MHz) for solutions 
in CDC13 with TMS as internal standard. UV spectra were 
measured for solutions in CHC13 and IR spectra for Nujol 
mulls. Kieselgel 60 was used for chromatography unless 
otherwise stated. Yields are based on consumed starting 
materials. 

Synthesis of lb. l a (1.00 g) was added to a sodium 
ethoxide solution prepared from Na (0.40 g) and abs EtOH 
(20 ml). The mixture was heated under reflux for 2 h, 
cooled, acidified with dil HCl, and extracted with chloroform. 
The extracts were washed with water, dried (Na2S04), and 
evaporated. The residue was chromatographed on alumina 
with benzene-chloroform to give l b [0.914 g, 82%, yellow 
needles (from petroleum ether), mp 68—69 °G. UV™^ 289 
nm (log e 4.67), 335 (3.82), 348 (3.71), 368 (3.61), 424 (3.27), 
428 (3.26). IR 1675 cm-1 ( O O ) . *H NMR 0=1.45 (3H, 
t, 7 = 7 Hz, Me), 1.57 (3H, t, 7 = 7 Hz, Me), 4.43 (2H, q, 
J = 7 Hz, CH2), 4.77 (2H, q, / = 7 H z , CH2), 7.5—7.9 (3H, 
m, H-5,6,7), 8.15—8.4 (1H, m, H-8), 9.1—9.4 (1H, m, H-4). 
Found : C, 68.51 ; H, 6.20 ; N, 5.80%. Calcd for C14H15N03 : 
G, 68.55; H, 6.16; N, 5.71%]. 

Synthesis of Id. 2-Chlorocyclohepta[£]pyrrole-3-carbo-
nitrile7) (lc) (2.00 g) was added to a sodium methoxide 
solution prepared from Na ( 1.20 g) and abs MeOH (50 ml). 
The mixture was heated under reflux for 2 h and worked 
up as for l b to give l d [1.84 g, 94%, yellow needles (from 
MeOH), mp 186—187.5 °C. U V ^ 285 nm (log e 4.65), 
334 (3.72), 347 (3.63), 369 (3.58), 423 (3.25), 430 (3.25). IR 
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2200 cm-1 (CN). 1H NMR 0=4.32 (3H, s, OMe), 7.7—8.0 
(3H, m, H-5,6,7), 8.2—8.5 (2H, m, H-4,8). Found: G, 
71.68; H, 4.41 ; N, 15.25%. Calcd for C n H 8 N 2 0 : C, 71.73; 
H, 4.38; N, 15.21%]. 

Reaction of lb with DMAD. (a) : A mixture of l b 
(1.00 g) and DMAD (4.06 g) in benzene (30 ml) was heated 
under reflux for 8 d. The solvent was evaporated and the 
residue was chromatographed with benzene-ethyl acetate 
(95 : 5) to give l b (0.305 g) followed by 2b (0.873 g, 59%), 
which crystallized from cyclohexane as red prisms, mp 140— 
141 °C [ U V ^ 258 nm (log e 4.37), 320sh (3.89), 465 (4.01), 
IR 1740, 1730, 1710, and 1695 cm-1 (C=0), 1¥L NMR (5 = 
1.37 (3H, t, y = 7 Hz, Me), 1.41 (3H, t, 7 = 7 Hz, Me), 3.72 
(3H, s, OMe), 3.75 (3H, s, OMe), 3.83 (6H, s, OMe), 4.23 
(2H, q, J = 7 Hz, CH2), 4.34 (2H, q, 7 = 7 Hz, CH2), 6.3—6.95 
(3H, m, H-7,8,9), 6.48 (1H, s, H-3), 7.82 (1H, dd, 7 = 1 0 
and 3 Hz, H-10). Found: C, 49.51; H, 6.39; N, 3.18%. 
Calcd for C2 6H2 7NOu : G, 49.43; H, 6.34; N, 3.26%]. Elution 
with ethyl acetate gave 3a (0.147 g, 29%), yellow needles 
(from EtOH), mp 188.5—190 °C (lit,5) mp 189—190 °G). 

(b) : A mixture of l b (1.00 g) and DMAD (4.06 g) in abs 
MeOH (50 ml) was heated under reflux for 4 d. The solvent 
was evaporated and the residue was chromatographed with 
benzene to give l b (0.13 g). Elution with chloroform gave 
3b (1.195 g, 94%), which crystallized from cyclohexane as 
yellow prisms, mp 119—121 °C [ U V ^ 277 nm (log e 4.48), 
432 (4.26), IR 1735, 1695, and 1670 cm-1 (C=0), m NMR 
ô= 1.42 (3H, t, J = 7 Hz, Me), 3.63 (3H, s, OMe), 3.80 (3H, s, 
OMe), 4.43 (2H, q, 7 = 7 Hz, CH2), 6.8—7.75 (4H, m, 
H-5,6,7,8), 7.40 (1H, s, vinyl-H), 9.28 (1H, d, 7 = 1 0 Hz, 
H-4). Found: G, 60.17; H, 4.78; N, 3.79%. Calcd for 
C18H17N07: C, 60.16; H, 4.77; N, 3.90%]. 

Reaction of 3a with DMAD. A mixture of 3a (1.00 g) 
and DMAD (2.00 g) in benzene (80 ml) was heated under 
reflux for 2 d. The solvent was evaporated and the residue 
was chromatographed with chloroform to give 3b (1.030 g, 
78%). Elution with ethyl acetate gave 3a (0.205 g). 

Reaction of la with DMAD. A mixture of l a (1.00 g) 
and DMAD (4.22 g) in abs MeOH (40 ml) was heated under 
reflux for 6 h. The solvent was evaporated and the residue 
was chromatographed with chloroform to give 3b ( 1.465 g, 
98%). 

Reaction of Id with DMAD. (a) : A mixture of Id (1.00 g) 
and DMAD (4.00 g) in benzene (70 ml) was heated under 
reflux for 6 d. The solvent was evaporated and the residue 
was chromatographed with benzene-ethyl acetate (95 : 5) 
to give Id (0.837 g) followed by 2c (0.101 g, 25%), which 
crystallized from cyclohexane as red needles, mp 101—103 °C 

[ U V ^ 285sh nm (log e 4.05), 459 (3.75), IR 2200 (CN) and 
1740 and 1725 cm-1 (C=0), lH NMR (5=3.70 (3H, s, OMe), 
3.73 (3H, s, OMe), 3.80 (6H, s, OMe), 4.30 (3H, s, OMe), 
6.40 (1H, s, H-3), 6.7—7.1 (3H, m, H-7,8,9), 7.6—7.8 (1H, 
m, H-10). Found: C, 59.09; H, 4.39; N, 5.84%. Calcd 
for C23H20N2O9: C, 58.97; H, 4.30; N, 5.98%]. 

(b) : A mixture of Id (0.500 g) and DMAD (2.00 g) in 
abs EtOH (70ml) was heated under reflux for 2d . The 
solvent was evapoated and the residue was chromatographed 
with benzene to give Id (0.140 g). Elution with benzene-
chloroform (1 : 1) gave 3d (0.367 g, 55%), which crystallized 
from ligroine-dichloromethane as yellow leaflets, mp 118—119 
°C [ U V ^ 276 nm (log e 4.37), 430 (4.10), IR 2210 (CN) 
and 1730 and 1690 cm-1 (C=0), 1H NMR 0=1.13 (3H, t, 
7 = 7 Hz, Me), 1.29 (3H, t, 7 = 7 Hz, Me), 4.12 (2H, q, 7 = 
7 Hz, CH2), 4.31 (2H, q, 7 = 7 Hz, CH2), 7.15—7.85 (4H, m, 
H-5,6,7,8), 7.40 (1H, s, vinyl-H), 7.93 (1H, d, 7 = 10 Hz, 
H-4). Found: C, 63.76; H, 4.71; N, 8.46%. Calcd for 
C18H16N205: C, 63.52; H, 4.74; N, 8.23%]. Elution with 
MeOH gave 3c (0.098 g, 29%), yellow needles (from ethyl 
acetate), mp 313 °C (lit.7) mp 313 °C). 

Reaction of 3c with DEAD. A mixture of 3c (0.100 g) 
and DEAD (0.35 g) in benzene (60 ml) was heated under 
reflux for 2 d and cooled. The product crystallized out of 
the solution was collected and recrystallized to give 3c (0.087 
g). The mother liquid was evaporated and the residue was 
chromatographed with chloroform to give 3d (0.016 g, 80%). 
Elution with MeOH gave 3c (0.003 g). 

We thank Dr. Masafumi Yasunami, Tohoku 
University, for N M R spectral determination. 
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Synopsis. It was found that ketones and aldehydes 
can be effectively reduced via catalytic hydrosilylation using 
triethoxysilane and trimethoxysilane in the presence of RhCl-
(PPh3)3 or RuCl2(PPh3)3, followed by ethanolysis or 
methanolysis. 

Reduction of carbonyl compounds via hydrosilylation 
catalyzed by group V I I I metal complexes has been 
extensively investigated.1,2) In most of the previous work 
alkyl- and arylsilanes were employed {e.g., Et3SiH, 
Et2SiH2, PhMe 2SiH, and Ph2SiH2 , etc.), and only few 
examples of the corresponding hydrosilylation by 
alkoxysilanes have been reported to date.3) Recently, 
it has been reported that trialkoxysilanes such as 
(EtO)gSiH and (MeO) 3SiH can be readily prepared 
in large quantities by the direct reaction of silicon with 
the corresponding alcohols.4) With such situation in 
view, we felt it pertinent to explore the reduction of 
carbonyl compounds by these trialkoxysilanes in some 
detail. We report herein our finding that various 
ketones and aldehydes can be smoothly hydrosilylated 
by (EtO)3SiH and (MeO) 3SiH in the presence of 
[RhCl(PPh3)3] or [RuCl2(PPh3)3] as catalyst and that 
alcoholysis of the resultant adducts with the respective 
alcohol gave desired reduction products in good yields. 

Rh (I) or 

RxGOR2 + (R30)3SiH • RiCHR2 

Ru(II) 
OSi(OR3)s 

R3QH 
- RiCHR2^- (R30)4Si (1) 

OH 

Results for the reduction of ketones and aldehydes 

studied in the present work are summarized in Table 1 • 
The addition of (EtO) 3SiH and (MeO) 3SiH to diethyl 
ketone, cyclopentanone, cyclohexanone, acetophenone, 
and benzaldehyde was conducted using the ruthenium 
complex [RuCl2(PPh3)3] as a catalyst. T h e reaction 
in the presence of 0.5 mo l% of the catalyst at tempera­
tures of 60—120 °C reached completion after 3—10 h 
to give the corresponding adducts in high yields. It 
has been reported that the ruthenium(II ) complex 
catalyzes the reaction of Et3SiH and Ph( l -C 1 0 H 7 )SiH 2 

with ketones {e.g., acetophenone) and aldehydes {e.g., 
benzaldehyde), but that it is not as effective a catalyst 
as [RhCl(PPh3)3].5) We found that this particular 
ruthenium complex is much more selective than the 
rhodium(I) complex in the present addition reactions. 
For instance, the ruthenium(II)-catalyzed reaction of 
(EtO)3SiH with acetophenone produced the adduct 
in 8 5 % yield whereas the rhodium(I)-catalysis was 
accompanied by the concurrent formation of a con­
siderable amount of the silyl enol ether. 

Rh(I) 
PhCOGH3 + (EtO)3SiH • 

PhCHCH3 + PhC=CH2 (2) 

OSi(OEt)3 6s i (OEt) 3 

(40%) (27%) 

The desilylation of the resulting silyl enol ethers was 
also studied. The method commonly employed for the 
desilylation involves acid- or base-catalyzed hydrolysis.2) 
However, this method would be inconvenient in the 
present case, because such procedure would result in 
the formation of a complex mixture of siloxanes. This 

TABLE 1. REDUCTION OF KETONES AND ALDEHYDES via THE HYDROSILYLATION BY TRIETHOXYSILANE 

(A) OR TRIMETHOXYSILANE (B) IN THE PRESENCE OF [RhCl(PPh3)3] OR [RuCl2 (PPh3)3]a) 

Carbonyl compound 

~ CH3CH2COCH2CH3 

| > o 

o° 
C9H6COCH3 

CH 5CHO 

A A À O 

À A À o 
\/~ 

Y 0 
<Y 
V 

Silane -

A 

A 

A 
A 

A 

B 

A 

Conditions'1 

Ru, 100 °C, 3 h 

Ru, 60 °C, 5 h 

Ru, 100 °C, 10 h 

Ru, 120 °C, 10 h 
Ru, 120 °C, 6 h 

Rh, 50 °C, 2 h 

Rh, 60 °C, 4 h 

Rh, 70 °C, 3 h 

Product 

CH 3CH 2CH(OH)CH 2CH 3 

O" <>o„ 
C6H5CH(OH)CH3 

CH 5CH 2OH 

X \ / \ / X 0 
1 l_ 

A A A 0 

k> Y 0 
/ Y 
1 1 
! I 

Yield/% 

88 

89 

86 

84 
89 

84 

84(79) 

93 

Y Yv Rh, 70 °C, 5 h 

Rh, 80 °C, 4 h 

Y // 88(75) 

90 

a) [Substrate]/[hydrosilane]/[catalyst] = 1/1.2/0.005. b) For hydrosilylation. c) Determined by GLC (based on the carbonyl compound charged) ; in parentheses 
are given isolated yields. 
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complication arises as a consequence of the high 
susceptibility of the ethoxyl and methoxyl groups on 
silicon to hydrolysis.6) In fact, Kagan and coworkers 
obtained 1-Phenylethanol in at most 6 0 % chemical 
yield (via GLC) from the reduction of acetophenone 
with (EtO) 3SiH in the presence of a supported chiral 
rhodium complex after the treatment of the resulting 
silyl ether with an aqueous HCl-ace tone solution.33) 
We found that the clean desilylation of the adducts of 
(EtO) 3SiH or (MeO) 3SiH can be achieved by 
ethanolysis or methanolysis in the presence of a catalytic 
amount of HCl or N a O H . The counter product, 
(EtO)4Si or (MeO)4Si can be readily removed by 
simple distillation in many cases. Thus, the correspond­
ing alcohols were obtained in excellent yields via the 
hydrosilylation with the trialkoxysilanes. 

- G H - + EtOH • - C H - + (EtO)4Si 

OSi(EtO)3 

- C H - + MeOH 
OH 

„ _CH- + (MeO)4Si (3) 

OSi(OMe)3 OH 
An attempt was also made to reduce <x,/?-unsaturated 

terpene carbonyl compounds with the trialkoxysilanes. 
The regioselective reduction of <x,/?-unsaturated terpene 
ketones and aldehydes via hydrosilylation catalyzed by 
[RhCl(PPh 3) 3] was reported by Ojima and coworkers 
who found that the reduction with monohydrosilanes 
(e.g., Et3SiH) gave only or mainly saturated ketones 
via 1,4-addition while dihydrosilanes (e.g., Et2SiH2) 
afforded allylic alcohols via 1,2-addition.7) More 
recently, it has been also reported by Lappert and Nile 
that the hydrosilylation of trans-crotonaldehyde with 
(EtO) 3SiH in the presence of [RhCl(PPh3)3] proceeds 

RaSiH/Rh , , i t 
- -CH-C=C +-CH-C=C-

-C=C-C- -

Ô 
RsSiHa/Rh 

OSiR3 OH 

• - C H - C H - C -

ÔH (4) 

-C=C-CH • -C=C-CH-

OSiR2H OH 

through 1,4-addition while the same reaction in the 
presence of [Ni(COD) 2 ] takes place via l,2-addition.3b) 
We found that the rhodium(I)catalyzed hydrosilylation 
of several conjugated terpene enones with (EtO)3SiH 
or (MeO) 3SiH also proceeded smoothly in a manner 
of 1,4-addition as in the case of the rhodium-catalyzed 
reduction of crotonaldehyde. Thus, the reduction of 
a-ionone, jS-ionone, citral, and pulegone gave exclusively 
a-dihydroionone, /?-dihydroionone, citronellal, and 
menthone in over 8 0 % yields, respectively. 

Incidentally, the reduction of a,/?-unsaturated terpene 
ketones with trialkoxysilanes seems to show somewhat 
higher regioselectivity compared to that with triorgano-
hydrosilanes ; it was reported that the reduction of 
pulegone with Et3SiH or PhMe 2 SiH gave a mixture of 

,o Rh .o 
+ 

,OH 

(5) 

PhMe2SiH 
(MeO)3SiH 

75 
100 

25 
0 

menthone and the allylic alcohol in a ratio of 50 : 50 
or 75 : 25, respectively.7) 

Exper imenta l 

(EtO)3SiH and (MeO)3SiH were supplied by Mitsubishi 
Kasei Industry Co., Ltd. Ketones and aldehydes were 
commercially available and used without further purification. 
Ethanol and methanol were purified by standard methods.8) 
The complexes [RhCl(PPh3)3]

9> and [RuCl2(PPh3)3]
10> were 

prepared according to literature directions. 
The following reduction products were identified by 

comparison of their physical properties (GLC retention times, 
and IR and NMR spectra) with those of commercial authentic 
samples or literature;11) 3-pentanol, cyclopentanol, cyclo-
hexanol, 1-phenylethanol, benzyl alcohol, a-dihydroionone, ß-
dihydroionone,11) citronellal, and menthone. 

General Procedure for the Reduction of Ketones and 
Aldehydes. All runs were conducted in essentially the same 
manner; therefore, only the reduction of /7-ionone by (MeO)3-
SiH is described in detail. 

A mixture of 9.7 g (50 mmol) of /5-ionone, 7.4 g (60 mmol) 
of (MeO)3SiH, and 0.23 g (0.25 mmol) of [RhCl(PPh3)3] was 
heated at 60 °C for 4 h under nitrogen with stirring. The 
reaction mixture was then poured into methanol (30 ml) 
containing a small amount of sodium hydroxide, and the 
resulting mixture was stirred at room temperature for 12 h. 
GLC analysis of the mixture disclosed the formation of ß-
dihydroionone in 84% yield. Evaporation of the alcohol and 
subsequent distillation gave 7.3 g (79% yield) of the product 
boiling at 93 °C/5 mmHg12) (lit,11) bp. 105 °C/10 mmHg). 

We thank Mitsubishi Kasei Industry Co., Ltd., for 
gifts of trialkoxysilane. 
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Synopsis. Reaction of acid chlorides or thiocar boxy lie 
5-esters with the title reagent in tetrahydrofuran provides 
ketones in good to excellent yields. The coupling reactions 
with allylic halides to form alkene derivatives are also disclosed. 

Synthetic reactions with organoaluminium reagent 
have received considerable attention recently.1) The 
transformation2) of R ' C O C l into R ' C O R fails, however, 
by means of plain R3A1, as they react easily with the 
resultant ketones.3) Now we wish to report that an 
organometallic reagent generated from trialkylalumi-
nium, copper (I I) bis(acetylacetonate), and triphenyl-
phosphine in 2 : 1 : 2 molar ratio reacts cleanly with 
carboxylic acid derivatives to give the corresponding 
ketones, although the identity of the reactive species is 
not known yet.4) 

Addition of trialkylaluminium to a mixture of copper-
(II) bis(acetylacetonate) and triphenylphosphine in 
tetrahydrofuran produced a homogeneous solution. 
The absence of triphenylphosphine resulted in a suspen­
sion which did not react as expected. Treatment of an 
acid chloride with the resulting organometallic reagents 
gave the corresponding ketone in good yield. T h e 
results are summarized in Table 1. T h e reaction 
proceeded similarly with thiocarboxylic S-esters as 
shown in run 4, 5, 9, and 10. The simplicity and 
mildness of experimental conditions make the method 
as useful as other organometallic reagents.2) 

TABLE 1. KETONE SYNTHESIS FROM CARBOXYLIC ACID 

DERIVATIVES BY MEANS OF ORGANOMETALLIC REAGENT 

DERIVED FROM R 3 A 1 - C u (acac) 2 - P P h 3 SYSTEM10 

Run 
R'GOX 

R 
R' X 

Reaction Yield/%b) 

time/h of R'COR 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Ph 

Ph 

CH2=CH(CH2)8-

CH2=C.H.(C.H.2)g— 

CI 

SPh 

CI 

SPh 

Me 
Et 
'Bu 
Me 
Et 
Me 
Et 
'Bu 
Me 
Et 

0.5 
1 
2 
1 
1 
0.5 
1 
1 
I 
1 

95 
88 
55 
76 
80 
90 
91 
71 
92 
88 

a) 2 mol of RjAl, 1 mol of Cu(acac)2, and 2 mol of PPh3 

were employed per mol of R'COX. b) Isolated yields. 

The reagents readily reacted with cinnamyl chloride 
to provide the cross-coupling products as shown:5) 

R 
RsAl-Cu(acac),-PPh3 I 

Ph/x/^c i -— • P h ' \ / ^ R + P h / \ y THF 

R = Me 
R = Et 

88% 
80% 

59:41 
24: 76 

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

The IR spectra were determined on a Shimadzu IR-27-G 
spectrometer; the mass spectra, on a Hitachi RMU-6L 
machine. The NMR spectra were recorded on a Varian 
EM-390H spectrometer, using TMS as an internal standard. 
The analyses were performed at the Elemental Analyses 
Center of Kyoto University. Tetrahydrofuran (THF) was 
dried on benzophenone ketyl and distilled. All the experi­
ments were carried out under an argon atmosphere. Purifica­
tion of the product was performed by preparative thin layer 
chromatography (TLC) or column chromatography on silica 
gel (Merck Kiesel gel 60). ^-Phenyl benzenecarbothioate and 
^-phenyl 10-dodecenethioate were prepared by the reaction 
of the acid chlorides with an excess of thiophenol in pyridine. 

Preparation of Methyl Ketones by Means of Me3Al-Cu(acac)2-
PPh3 System: A dry flask was charged with copper(II) 
bis(acetylacetonate) (0.26 g, 1.0 mmol), triphenylphosphine 
(0.52 g, 2.0 mmol), and THF (10 ml). To the stirred blue 
suspension at — 78 °C was added slowly a hexane solution of 
trimethylaluminium (1.0 M, 2.0 ml, 2.0 mmol). The mixture 
was allowed to warm to 0 °C and stirring was continued until 
the copper(II) salt was completely dissolved and a pale yellow 
homogeneous solution was obtained ( 10 min). A solution of 
acid chloride or thiocarboxylic S-ester (1.0 mmol) in THF 
(2 ml) was added. After stirring at 0 °C for an appropriate 
time described in Table 1, the resulting mixture was diluted 
with ether (10 ml) and the ethereal extracts were washed with 
1 M hydrochloric acid (20 ml) and brine (2x20 ml), dried 
over anhydrous sodium sulfate, and concentrated. The crude 
product was purified by silica gel column chromatography 
(hexane-ether 20 : 1) and distillation under reduced pressure. 

The same procedure was employed for the preparation of 
organometallic reagents from Et3Al and 'BugAl. Dark green 
and dark brown homogeneous solutions were obtained, 
respectively. 

Isobutyl Phenyl Ketone: Bp 85 °C (bath temp, 2 Torr, 1 Torr 
= 133.322 Pa); IR (neat) 2955, 1690, 1600, 1584, 1450, 1365, 
1210, 1005, 750, 688 cm-1; NMR (CC14) Ô 1.02 (d, 6H, / = 
7 Hz), 2.29 (qt, 1H, J=l Hz), 2.76 (d, 2H, J=l Hz), 7.30— 
8.05 (m, 5H); MS m\e (%) 162 (M+, 13), 147 (6), 120 (28), 
105 (100), 77 (54), 51 (24). The compound was identical 
with the authentic sample.6> 

ll-Dodecen-2-one: Bp 85 °C (bath temp, 2 Torr), IR (neat) 
2940, 2860, 1724, 1644, 1358, 1160, 990, 908 cm"1; NMR 
(CCLJ <5 1.15—1.70 (m, 12H), 1.85—2.20 (m, 2H), 2.04 
(s, 3H), 2.32 (t, 2H, 7 = 6 Hz), 4.88 (d, 1H, J = 9 H z ) , 4.94 
(d, 1H, J= 18 Hz), 5.50—6.00 (m, 1H); MS mje (%) 182 
(M+, 1), 124 (6), 82 (13), 71 (27), 58 (63), 55 (35), 43 (100), 
41 (44). 

Found: C, 79.07; H, 12.29%. Calcd for C1 2H2 20: C, 
79.06; H, 12.16%. 

12-Tridecen-3-one: Bp 87 °C (bath temp. 2 Torr); IR 
(neat) 2925, 2850, 1715, 1642, 1460, 1108, 990, 904 cm-1; 
NMR (CCLJ Ô 1.00 (t, 3H, J = 7Hz), 1.15—1.75 (m, 12H), 
1.85—2.15 (m, 2H), 2.15—2.50 (m, 4H), 4.90 (d, 1H, J= 
10 Hz), 4.94 (d, 1H, J = 1 8 H z ) , 5.50—6.00 (m, 1H); MS 
m/e (%) 196 (M+, 1), 167 (6), 149 (11), 139 (8), 85 (26), 83 
(26), 72 (76), 57 (100), 55 (73). 
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Found : G, 79.29; H , 12.58%. Calcd for G 1 3 H 2 4 0 : G, 
79.53; H , 12.32%. 
2-Methyl-13-tetradecen-4-one: Bp 108 °G (bath temp, 2 Torr); 
I R (neat) 2940, 2860, 1712, 1642, 1468, 1365, 988, 905 cm" 1 ; 
N M R (GG14) Ô 0.89 (d, 6H, J=l Hz) , 1.10—1.80 (m, 12H), 
1.80—2.36 (m, 7H) , 5.88 (d, 1H, y = 1 0 H z ) , 5.94 (d, 1H, 
J= 18 Hz ) , 5.50—6.00 (m, 1H) ; M S m/e (%) 224 (M+, 2), 
209 (3), 167 (10), 149 (11), 113 (13), 100 (19), 85 (86), 69 
(25), 67 (22), 58 (80), 57 (100). 

Found : G, 80 .11; H , 12.72%. Calcd for G 1 5 H 2 8 0 : G, 
80.29; H , 12.58%. 

Methylation ofCinnamyl Chloride by Means o/MezAl-Cu(acac)2-
PPhz System: A pale yellow organometallic reagent derived 
from tr imethylaluminium (2.0 mmol) , copper(I I ) bis-
(acetylacetonate) (0.26 g, 1.0 mmol) , and triphenylphosphine 
(0.52 g, 2.0 mmol) in T H F (10 ml) was prepared as described 
above. A solution of cinnamyl chloride (0.15 g, 1.0 mmol) in 
T H F (2 ml) was added slowly to the solution at 0 °G, and the 
resulting mixture was stirred at the same temperature for an 
additional 15 min. T h e mixture was diluted with ether 
(10ml) and the ethereal extracts were washed with I M 
hydrochloric acid (20 ml) and brine ( 2 x 2 0 ml) , dried over 
anhydrous sodium sulfate, and concentrated. T h e crude 
product was purified by preparat ive T L G with hexane as an 
eluent to give two isomeric methylated products (0.12 g, 
88%) whose ratio was determined by GLPG (20% P E G 6000, 
2 m, 100 °G). 1-Phenyl-1-butène (TT= 16.1 min, 59%) and 
3-phenyl-l-butène ( 7 ^ = 6 . 3 min, 41%) were identical with 
the authent ic samples.7> 

T h e same procedure was employed for the coupling reaction 
of cinnamyl chloride and the organometallic reagent derived 

from triethylaluminium. GLPG (20% P E G 6000, 2 m, 100 
°G) indicated two peaks, 7 ^ = 9 . 3 min (3-phenyl-l-peritene, 
76%) and TT=25.7 min (1-phenyl-1-pentene, 2 4 % ) . 
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A new Monte Carlo trajectory method is proposed to estimate the rate constants of elementary molecular 
reactions. In this study, we have introduced the conditional Monte Carlo technique and obtained the following 
advantages. First, the procedure of calculation has been simplified. That is, the trajectory data have been 
accumulated as only one data set, from which the rate constants at any temperature have been reduced easily. 
Secondly, the necessary number of trajectories has been decreased by employing appropriate conditional dis­
tribution functions. Lastly, the error estimation has become possible on a reasonable base. This method has 
been applied to the (H2, H2) direct exchange reaction as an example and the result is reported briefly. 

Karplus, Porter, and Sharma have demonstrated 
the usefulness of the Monte Carlo trajectory method 
through the calculation of the rate constants of the 
(H, H2) exchange reaction.1) Since then, it has been 
frequently applied to the dynamics of various ele­
mentary molecular collisions.2'3) In this procedure, 
the reaction cross sections are first estimated by the 
Monte Carlo trajectory calculation. Then, the rate 
constants are computed from the cross sections by 
the numerical integration method. 

The cross sections are specified by the initial vibra­
tion-rotational quantum state and by the initial trans-
lational energy. Therefore, if we have to take ac­
count of many quantum states to estimate the rate 
constant, the necessary number of trajectory calcu­
lations becomes enormous. Some chemists have tried 
to get away from this trouble, but the results have 
been not so effective.4'5) 

The rate constant was originally defined as propor­
tional to the expected value of the product of the 
relative velocity and the probability that a trajectory 
goes into the reaction channel. This aspect suggests 
that the calculation of cross sections can be bypassed 
and that the reaction rate may be computed directly 
from trajectory data . In this paper, the above idea 
is developed by introducing the conditional Monte 
Carlo method,6) and the new technique is applied 
to the (H2 , H2) direct exchange reaction7) as an ex­
ample. 

React ion Rate Calculat ion by the 
Condit ional Monte Carlo M e t h o d 

In this section, we discuss the development of the 
Monte Carlo trajectory method, using as an example 
the simplest exchange reaction a : A + B C - » b : A B + C . 
Here, the collision system is identified by the vibra­
tion-rotational quantum state of the BC molecule, 
(y, j), and by the relative translational energy Et. 
Other types of reactions can be treated in a similar way. 

The overall thermal rate constant at temperature 
T is defined by 

*"b(T) = K^é^) 1 / 2 ( l T l b~ 1 ( l r o r l S * w + 1 } 

t Visiting fellow. Present address: Department of 
Chemistry, School of Science and Engineering, Waseda 
University, Okubo, Shinjuku-ku, Tokyo 160. 

x e x p (""ê r ) E t d B t ' (i) 

where NA is Avogadro's number, kB is the Boltzmann 
constant, n is the reduced mass of the A + B C system, 
Q,vib and f£ rot are the partit ion functions for the 
vibrational and the rotational motion, Ev and Ej are 
the vibrational and rotational energies of the BC 
molecule a t the quan tum states v and j , respectively, 
g j is the statistical weight of the rotational state j , and 
S&th(Et, j , v) is the reaction cross section at the (Et, 

j , v) state.4) According to the quasiclassical trajectory 
theory, the cross section S&th(Et, j , v) is equal to the 
averaged probability that a trajectory with the (Et9 

j , v) initial state goes into the reaction channel and 
is given by 

ß2Vt
2 i=o Ion3 Jo Jo Jo 

X / à-rj sin 0Pa,b (0, $, <!>> V> l> Et, j , v), (2) 

where / is the orbital quan tum number of the initial 
collision system, Vt is the initial collision velocity, 
(0, 0) and <J> are the orientation angles for the BC 
axis and the instantaneous rotational angular mo­
mentum, respectively, r) is the vibrational phase angle,8) 
and P a b ( ) is the probability that a trajectory 
goes into the reaction channel, a -»b . 

Substituting the above expression for S&th(Et9 j , v) 
in Eq. 1 yields a relation between the rate constant 
and P a b of each trajectory. If we wish to estimate 
directly a rate constant by using the Monte Carlo 
trajectory method,9) the dynamical equations of traj­
ectories are numerically solved according to the initial 
conditions generated from the natural distribution 
functions G's. Then the expression of k&th(T) takes 
the following Monte Carlo integration form:10) 

* a § b ( r ) = 7iNAbm^ S Vt(i) -Pa.bW, (3) 

where bm is the characteristic impact parameter that 
is large enough to include all reactive trajectories, 
i points out the i-th sample in an N-trajectories set, 
and the value of Pa>b(f) becomes 1 for a case that i-th 
trajectory passes through the channel a -»b and is 
0 for the other cases. T o estimate the rate constant 
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at a temperature, we need only perform the Monte 
Carlo integration of Eq. 3. However, if the most of 
Vt(i)P&th(iys are expected to be zero and only a few 
samples with non-zero value contribute to k&th(T), 
this method also requires numerous sample trajec­
tories. 

The conditional Monte Carlo method has been 
proposed to estimate the expected value of a given 
function of a random variable by a comparatively 
small number of samplings.6»11) The values of random 
variables are generated not according to the natural 
distribution functions but to the conditional distribu­
tion functions. The initial state (/, Et, j , v) of a traj-
ectroy is determined by the conditional Monte Carlo 
choice, while all initial phases (0, 0, <f> and y) of the 
BC molecule are determined by the analog Monte 
Carlo choice.11»12) In the introduction of the condi­
tional Monte Carlo method, we first have to set up 
adequate forms of the conditional distribution func­
tions F ' s . Next, the calculations of trajectories with 
the above initial conditions are performed numerically 
and the necessary results are stored in one data set. 
This data set is independent of temperature. Then 
the rate constant at any temperature can be estimated 
by the following equation, which has been transformed 
from Eq. 3 according to the conditional Monte Carlo 
integration: (See Appendix I.) 

k&,h(T) = 7tNAbm*— S Vt(i)P*,h{i)Jt(T), (4) 

where Jt(T) is the Jacobian determinant of the G's 
with respect to the F ' s . If there are strong correla­
tions among the random variables, we have to evaluate 
fully the terms of Jt(T). However, in cases of no 
correlation, as is usually assumed, Jt(T) is simply 
estimated by 

MT) = 
/̂ »orb /̂ »orb 

J7orb Corb 

Gl&(T)-GllU(T) 
77vlb ï?vlb 

r v(i~) r « ( i ) - 1 

G)UT) -GJ&_,(r) 3G(Et(i), T)/dEt(i) 

Fy rot 77rot 

( 0 ~ r / ( 0 - i dF(Eb(i))/dEt(i) 
(5) 

where (G?\ G(Et, T)9 G?\T), GT(T)) and (K r b , 
F(Et), F)°\ Fllh) are the natural and conditional 
distribution functions for (/, Et, j , v), respectively. 
In this procedure, it is expected that the necessary 
number of trajectories is greatly decreased, since the 
rate constant estimation at any temperature requires 
no additional trajectory data, and since the forms of 
the conditional distribution functions may be taken 
so as to decrease the number of samples within the 
limitation of the required accuracy. 

Reasonable error estimates of the calculated rate 
constants are readily possible in the conditional Monte 
Carlo method. If the variances of the sampled data 
set, 0&th(T)2, are calculated, the relative errors of the 
calculated rate constant can be estimated in terms 
of the central limit theorem.13) Then, the deviation 
at the a% confidence level is given by 

I ±Ak(T) I = 0-i(oc/2OO)<T&,h(T)N-V*, (6) 

where the function 0 - 1 is the inverse function of the 
normal distribution function. Here, the sample vari­

ance o&th(T)2 is estimated by the following conditional 
Monte Carlo integration: 

*a.bCT)2= M ^ m 2 ) 2 ^rrj-^J \y^p^MT)Y 

~£vt(i)P&th(i)Ji(T) N i = \ 
(7) 

The conditional distribution functions should be formed 
so as to minimize the above variance. 

Appl icat ion to the (H29 H2) 
Exchange React ion 

We take up the (H2 , H2) direct exchange reaction 
as a typical example among the A B + C D - » A C + 
BD reactions. The determination of the conditional 
distribution functions F ' s for this reaction, the process 
of rate calculation, and the results will be briefly de­
scribed below. 

The Forms of F's. This exchange reaction hap­
pens with higher probability when the large energy 
present originates in vibrational and/or translational 
motions.14) Now, if we adopt the thermal distribu­
tion functions at a representative temperature, there 
are few sample trajectories in the region where the 
reaction probability is comparatively high and the 
effect on the magnitude of rate constant is significant. 
O n the other hand, the reaction probability is nearly 
zero where the density functions take large values 
and the samples are numerous. Therefore, we intend 
to adopt the conditional distribution functions so that 
the number of trajectories does not decrease in the 
high reactive conditions. The forms of F ' s for the 
various modes of motion are separately discussed as 
follows. 

For Vibrational Quantum Number v : Since large vibra­
tional energy is favourable for a trajectory to go into 
the reaction channel, it is desirable to provide many 
samples in the high energy levels. The simplest treat­
ment would be to assign an equal weight factor 
to each vibrational level. Then we construct the 
conditional distribution function in the following simple 
form : 

(u+l)/(vm+\) (0<u< (8) 

where vm denotes the largest vibrational quantum 
number considered in the trajectory calculations and 
vm&x means the dissociation limit of the hydrogen 
molecule, which has been assumed to be the Morse 
oscillator. We must choose the value of vm carefully, 
because a too large vm value gives many sample traj­
ectories that are hardly expected in the thermal dis­
tribution, and because a too small vm value neglects 
the samples necessary for the estimation of the rate 
constant. 

For Rotational Quantum Number j : The rotational 
effect on this reaction is expected to be weak. There­
fore, the conditional distribution function F)ox is as­
sumed to be the thermal equilibrium distribution func­
tion GTjot at a representative temperature TQ. 

Fr = Gr(T0). 
Here, G)°\T) is given by 

(9) 
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GT(T) = drodT)-1 S gj'(2j'+ 1) exp (-Er/kBT), 
j'=o 

drot(T) = S # ' « / ' + 1 ) exp (-Ej>lkBT), 

(10a) 

(10b) 

where the magnitude of statistical weight gj is noted 
in Ref. 15. In the case of homonuclear diatomic 
molecule, the procedure to determine the j -va lue 
from the rotational distribution function F)ot is some­
what complex and is explained in Appendix I I . 

For Translational Energy Et: For the same reason 
as for the vibrational motion, we have employed the 
following conditional distribution function: 

( 1 : EUm<Et 

where Etm is a sufficiently large value of Et, similarly 
to vm. 

For Orbital Quantum Number I: The following form 
is assumed as in the vibrational case, because the 
smaller value of / is expected to give the higher reac­
tion probability: 

* r = (/+i)/(/m+i) (o</</m). (i2) 
Here lm denotes the maximum orbital quan tum num­
ber for a given translational energy and is calculated 
by the following equation if the characteristic impact 
parameter bm is fixed: 

•{l + MfyiEt) 1 / " /*} 1 / ! - ! 
/m = (13) 

Here [ ] i n t means to omit the decimal part . Once 
/ is chosen, the impact parameter b, which is necessary 
for trajectory calculation, is estimated by 

b = h{l(l+l)l2juEt}VK (14) 

We add the remark that a similar technique has al­
ready been applied for the orbital motion.4»16) 

Calculating Procedure. Two F O R T R A N I V pro­
grams were written to estimate the rate constants. 
The first program initializes the trajectories according 
to the given conditional distribution functions, in­
tegrates the Hamilton equation numerically, and then 
writes out the results into a data file. The second 
program reads the trajectory da ta in the file, and 
then estimates the rate constant at an optional tem­
perature by use of Eq. 4. 

The parameter values of the conditional distribu­
tion functions are set to those shown in Table 1. TQ 

shows a representative value in the range of 500 to 
5000 K. The values of vm, Etm, and bm have been 
determined by analyzing the results of the 4000 traj­
ectories test run which has employed sufficiently 
large values for them. The LEPS type potential 

TABLE 1. PARAMETERS ADOPTED IN THE CONDITIONAL 

DISTRIBUTION FUNCTIONS FOR THE ( H 2 , H 2 ) 

DIRECT EXCHANGE REACTION 

:T0=IOOOK 
Et,m= 125 kcal mol-1 

6m = 2.25au 

10° 

10 

A T T < P 9 9 r L l I I I 
H l T T T l M l t t t t 

I I I I I I I I I I I I I I I 
1 2 

10~*N 

Fig. 1. The calculated rate constant of (H2, H2) direct 
exchange reaction at 2000 K vs. the number of sample 
trajectories, N. The error bars depict the 90% con­
fidence limits. 

surface devised by Raff et al.17) and the parameter 
values by Porter et al.^ are used to specify the Hamil ton 
equation of the system. Numerical integration has 
been performed by the Adams-Moulton fifth-order 
predictor, sixth-order corrector method, and the time 
increment is set to 2 x l 0 - 1 6 s . More details of traj­
ectory calculation can be found elsewhere.2 '8) 

Results. The calculated rate constants at a 
temperature of 2000 K are plotted as a function of 
the number of sample trajectories in Fig. 1. The 
confidence intervals at the 9 0 % level are also depicted 
by the error bars, the lengths of which tend to decrease 
with the increase of N. 

Here, we will estimate the necessary number of 
trajectories to at tain accuracy within an order of 
magnitude : 

A*0O ^ n o (15) 
k{T) 

- < 0 . 9 . 

Since the relative error at the a % confidence level 
inherent in the iV-samplings is evaluated by Eq. 6, 
the relative standard deviation o(T)jk(T) can be 
related to Eq. 15 as follows: 

<7(r)/*(r)^O.9#V«/0-i(a/2OO). (16) 

Therefore, we will seek the number N which satisfies 
the above relation. The procedure can be traced 
in Fig. 2, where the calculated o{T)lk{T)^ at T= 
1000 K and 2000 K are plotted against N1/2, and 
three straight lines are drawn to show the equality 
of Eq. 16 for a - 9 0 , 95, and 99 (%) . If a calculated 
point of a(T)lk(T) lies below each line, the k(T) 
value is regarded to have the desired accuracy at 
the corresponding degree of confidence. For instance, 
it can be seen from this figure that 4000 and 18000 
trajectories are enough to reach the 9 0 % level at 
T= 2000 and 1000 K, respectively. 

The Arrhenius plot of the calculated rate constants 
and their 9 0 % confidence limits at 32000 trajectories 
are shown in Fig. 3. This plot tends to be slightly 
concave and an activation energy of ca. 67 kcal/mol 
has been evaluated by fitting the Arrhenius equation 
to this slope. We also note the tendency that the 
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Fig. 2. Plot of o(T)jk(T) vs. N1/*. 
The marks O and A represent the points of o(T)\ 
k(T) at r = 1 0 0 0 and 2000 K, respectively. The 
straight lines A, B, and G mean the limits which 
satisfy the equality of Eq. 16 for a=90 , 95, and 99 
(%), respectively. 
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Fig. 3. Arrhenius plot for the (H2, H2) direct exchange 
reaction. The full line represents the Arrhenius 
plot calculated from 32000 trajectories. Two dotted 
lines show the 90% confidence limits. 

accuracies attained at lower temperatures are poorer 
than those at higher ones. However, such results 
simply come from our choice of conditional distribu­
tion functions. Different tendencies are expected for 
other functional forms. 

In this trial calculation, we have not determined 
the opt imum functional forms of F 's . Generally, a 
great number of test runs would be required to carry 
it out.12) Therefore, we adopted appropriate forms 
of F ' s and performed a reasonable error estimation 
to determine the necessary number of trajectories. 

Conclus ion 

We have presented a new technique for the nu­
merical trajectory calculation of the rate constant for 
the elementary gas phase reaction. The conditional 
Monte Carlo method employed here has provided the 
following advantages. First, the dependence of the 
accuracy of the calculated rate constant on the number 
of sample trajectories has become clearer than that 
found in the conventional way. Next, the estimating 
procedure has become simpler. Tha t is, the traj­
ectory data are put into only one data set, from which 
the rate constant at any temperature can be calcu­
lated immediately. Lastly, even the smaller number 
of trajectories can give a fairly good estimation of 
rate constants, if the conditional distribution functions 
are formed well. Hence, the analysis of the collision 
process of complex molecules may be possible in the 
present method, while the necessary number of cross 
sections grows prohibitively with the increase of the 
intramolecular freedom of reactants in the conven­
tional method. 

One of the authors (M) is most grateful to Professor 
Keniti Higasi of Waseda University for his kind 
encouragement. 

Appendix I. Condit ional 
M o n t e Carlo Integrat ion 

The derivations of Eqs. 4 and 5 are inferred from analogy 
with the expected value of a function P(x,n) of two random 
variables (x, n) which are generated according to natural 
distribution functions G(x) and Gn, where x and n stand for 
continuous and integral values, respectively. The expected 
value of P(x,ri) is given by 

fl(max) /M 

<P(*,n)y= S / P(x,n)dG(x)(Gn-Gn-1)> (Al) 
n=0 JO 

where the integral is a Rieman-Stieltjes type and G-x and 
Gn(ma.x) are defined by 0 and 1, respectively. If we want 
the values of random variables to be generated according 
to conditional distribution functions (F(x), Fn), Eq. Al 
should be reformulated as follows: 

n(raax) /*1 

<P(*,n)>= S P(x)n)J(x,n)dF(x)(Fn-Fn.1)> (A2) 
n = 0 JO 

where J(x,ri) is the Jacobian: 

dG(X) Gn-G»-! 
J(x,n) = (A3) 

dF(x) Fn-Fn-, 

Employing the analog Monte Carlo method,12) we can 
choose an iV-samples set {{xv n(i)), z = l , . . . . , N) from the 
distribution according to the {F(x), Fn) -functions and can 
simultaneously establish the corresponding set (P{xi9n{i)) 
J(xitn(i)), i=\, , N). Then, Eq. A2 is approximated 
by 

<P(*, n)) = - J - S P(*„ fi(f))7(*<, »(f)), (A4) 

where t-th sample values (xi} n(i)) are derived from two 
uniform random numbers f f and 7]t using the following 
equations : 

( 0 £ f , < l ) , 

( 0 ^ J < 1 ) . 
(A5) 



May, 1981] Conditional Monte Carlo Trajectory Method 1287 

Id* 

Appendix II. M o n t e Carlo 
Choice o f the Rotat iona l State 

for H o m o n u c l e a r D i a t o m i c 
Molecule 

The summation in Eq. 10 is first divided into two series 
with even and odd j-number, and these troublesome sum­
mations are carried out in the approximations of integral 
expression8) as follows: 

FT = 0 2 } * - ^ ( 2 / + 1 ) - p ( - ^ g ^ ) 

+ A M / ( 8 * + 6 ) e x p ( - Ä ^ ^ ) 4 (A6) 

where / is the moment of inertia and the upper bounds of 
summations and integrals are limited by j-value. By cal­
culating the above integrals between the interval (0,oo], 
QTot is expressed as 

&rot = Q.rot(even) + £ r o t(odd) , (A7) 

£rot(even) = geYen(2IkBT0/h*), (A8a) 

£ r o t(odd) = goM(WBT0/lP) exp (-H*/IkBT0). (A8b) 

Then, F r / ' is represented by the following formulae: 

FT = ar-o t{arot(even)Fr (even)+ Q. r o t(odd)Fr (odd)}, 

(A9) 

*M+V\ (AlOa) Fr(even) = l - e x p ( - ^ ^ 

F r ( o d d ) = l - e x p ( - Ä 2 ^ - 1 ) ^ + 2 ) 
2Ik*T„ 

(AlOb) 

where Fyot(even) and F"*(odd) are considered to be dis­
tribution functions for even and odd rotational states alone, 
respectively. 

In order to determine the quantum number j , we first 
distinguish whether it belongs to the even or the oddj-series 
by introducing a uniform random number T]. Then, by 
use of another uniform random number £, the value of j 
in the respective series can be assigned as follows: 
if 0<9<Ö, ro t(even)/Q, ro t , even j-series: 

- 1 + (1-J)V« 

J = 

J = (Alia) 

i f &rot(even)/Clrot<27<l, odd J-series: 

£ Jodd 

where A is given by 

A= (8IkBT0/h*)ln$, (A12) 

and [ ]even and [ ]0dd mean to adopt the maximum number 
in the even and the odd integer sequence below the given 
value, respectively. 

The case of heteronuclear diatomic molecule has already 
been treated in Ref. 8. 
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Kinetic Studies on the Strictly Catalytic Acetylation of Mesitylene with 
Acetic Anhydride by HCl and Metal Chlorides in Acetic Acid 
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On the acetylation of mesitylene (1, 0.5—1 mol dm~3) with acetic anhydride (Ac20, 0.5—1.5 mol dm -3) 
at 30—90 °G in acetic acid as solvent, SbCl5, FeCl3, SnCl4, or ZnCl2 (each of 0.02—0.2 mol dm-3) under the 
co-catalytic effect of HCl (0—0.75 mol dm -3) showed a continuous catalytic activity. The product was exclu­
sively 2/,4',6'-trimethylacetophenone for conversions of 1 in the range of 0—90%. The reaction was first order 
with respect to 1 and AcaO. The rate constants were proportional to 1—1.4th power of the concentration of 
the metal chloride. The apparent activation energy was 18.8 kcal mol - 1 for all the catalysts. The catalytically 
active species are thought to be the conjugate acids from the metal chloride and HCl. Relative catalytic activities 
of the metal chlorides varied in parallel with their relative Lewis acid-strengths. 

With a few exceptions,1*'2) the past Friedel-Crafts 
acylations of aromatic hydrocarbons with acid halides, 
acid anhydrides, or acids required3 - 7) more than equi-
molar amounts of metal halides ( M X J to the acyl 
component, because the resulting ketone combined 
with M X n to form a complex.7-8) Although a recent 
patent suggests an acylation by a catalytic amount of 
FeCl3, namely by 0.05—0.1 mol of FeCl3 for each 
mol of acetyl chloride (AcCl),2) the efforts to reduce 
the amount of the catalyst were concentrated on dis­
sociating the complexes by means of elevating the 
reaction temperature beyond the boiling point of the 
starting hydrocarbons, and the yield of ketones was 
not high. 

Catalytic amounts of strong inorganic oxoacids are 
known to catalyze continuously the acetylation of 
thiophene, l b) furan,lb> and anisole9) with acetic an­
hydride (Ac 2 0) . In the case of anisole,9) the addition 
of acetic acid (AcOH) made the reaction mild and 
it prevented the formation of resinous products. 
These results should be compared with conventional 
acylations3'4'1013) which required 2—3 times the molar 
quanti ty of metal halides such as A1C13 to acid an­
hydrides. Solutions of SnCl4 or ZnCl 2 in A c O H , 
without undergoing solvolysis, form complex acids 
with the solvent, e.g., H2ZnCl2(OAc)2 .1 0 a) In the sys­
tem of Z n C l 2 - H C l - A c O H , an acid stronger than 
HC10 4 , H 2 ZnCl 4 arises.11) A Brönsted acid (HY) 
such as H C l , H 2 0 , and A c O H often functions as a 
co-catalyst in the systems of M X n in an aprotic solvent, 
where a conjugate acid H M X n Y with a strong ability 
of proton donation was thought to be the catalytically 
active species.12-15) 

Prior to the present study there has been neither 
a kinetic study of Friedel-Crafts acylation with an­
hydrides, nor a catalytic study of the acylation of 
an aromatic hydrocarbon with anhydrides. Recently 
the authors found a new acetylation of cyclic sesqui­
terpenes with A c 2 0 in the presence of a catalytic amount 
of Z n O or F e 2 0 3 , and HCl in A c O H as solvent.16) 
This paper deals with the kinetic study of the acetyla-
tions of mesitylene (1) with A c 2 0 in the presence of 
catalytic amounts of various metal chlorides (MC1„) and 
HCl in A c O H as solvent. 

Exper imenta l 

Catalysts. ZnCl2 of a guaranteed reagent grade, SnCl4 

and FeCl3 of a purity greater than 99 wt%, and SbCl5 of 
an electronics grade were used as the catalysts without fur­
ther purification. 

Materials. 1 of a purity greater than 98.5 wt% (by 
GLG), and Ac20, AcGl, and AcOH of a guaranteed reagent 
grade were used without further purification. (In one 
particular case, 6 mol dm - 3 HCl was used instead of AcGl, 
water contained in which was predicted to react quantita­
tively with Ac20 to form AcOH.) 

Procedure. The acylation was carried out under an 
atmosphere of dry Na in a 30 ml three-necked flask equipped 
with a condenser which was connected to a bubble column 
sealed with coned H2S04 . N2 was introduced through a 
side arm and discharged through the condenser. The de­
sired amounts of AcGl or 6 mol dm - 3 HCl, Ac20, and 1 
were weighed into a 20 ml-measuring flask, and AcOH 
was added to the mixture to make the total amount 20 ml 
at room temperature. The desired amount of a catalyst 
(MClre) was weighed quickly into the reaction flask and the 
above AcOH solution was added to it. Immediately, the 
mixture was stirred vigorously by a magnetic stirrer in a 
water bath with a thermostat. At each reaction time, 
ca. 1.5 ml sample of the reaction mixture was taken out, 
diluted with 25 ml of 20 wt% NaCl aqueous solution to 
stop the reaction, and extracted with 10 ml of diethyl ether. 
The water layer was extracted again with 10 ml of diethyl 
ether. Both extracts were then combined, washed with 
NaCl-saturated water and, after concentration, used for the 
GLG analysis. Occasionally the N2 flow was stopped. Each 
time, no bubbles were found in the bubble column. This 
showed that any losses of HCl or AcGl from the reactor 
were not substantial. AcGl or HCl (0—0.75 mol dm-3), 
0.5—1 mol dm-3 of 1, 0.35—1.35 mol dm"3 of Ac20, and 
0.02—0.2 mol dm - 3 of a catalyst were used. The reaction 
temperature was between 30 and 90 °G. The reference 
volume of the reaction mixture used to express the concen­
tration of components was taken at 25 °G. 

GLC Analysis. Quantitative analysis was done by 
means of an internal standard method, using a Shimadzu 
GC-6A apparatus on a 1 m x 2 mmçJ column packed with 
5wt% of FFAP on Ghromosorb W,AW-DMGS of 80— 
100 mesh. The column temperature was elevated from 80 
to 250 °G by 10 °C min"1, N2 was used as the carrier at 
40 ml min -1, and the injection temperature was 230 °G. 
Cyclododecane(extra pure reagent) was used as the standard. 
Compositions of products determined by the GLG analysis 
are shown in Table 1. 



May, 1981] Strictly Catalytic Friedel-Crafts Acylation with Anhydride 1289 

TABLE 1. COMPOSITIONS OF PRODUCTS^ 

e/h 

0 
2 
4 
6 
8 

1 

98.5 
26.3 
12.0 
6.8 
3.8 

Contents/wt% 

2 

0 
70.5 
85.1 
89.6 
92.9 

Diacetyl-
mesitylene 

0 
trace 
0.4 
0.5 
0.6 

Othersb> 

1.5 
4.1 
2.5 
3.3 
2.8 

a) At 70 °C, 0 ,0 = 0.500 mol dm-», CAC2o,s = 1.20 mol 
dm-3, CAcC1,s = 0.300moldm-3, and Oeci3,s = 0 -1° 0 m o 1 

dm-3, b) Isomeric trimethylbenzenes, their mono-
acetylated prcducts, and an unknown product are in­
cluded. 

Identification of the Products. From the reaction mix­
ture, 1, 2/,4/,6'-trimethylacetophenone(2), and 2,4-diacetyl-
mesitylene were identified by means of gas chromatography-
mass spectroscopy (Hitachi M-80). 

R e s u l t s 

Rate Equation. All the acetylation runs of 1 
yielded 2',4',6'-trimethylacetophenone (2) exclusively. 
The initial rate of the acetylation was proportional 
to the initial concentration of 1 and also to the sum 
of the starting concentrations of AcCl and A c 2 0 , in 
the reactions with 0.1 mol d m - 3 of FeCl3, 0.5—1 mol 
dm" 3 of 1, 0.35—1.35 mol d m - 3 of A c 2 0 , and 0.15 
mol d m - 3 of AcCl at 70 °C. When HCl and A c 2 0 
were adopted instead of using the equivalent amount 
of AcCl, the rate did not change. I t was estimated 
that AcCl was rapidly solvolyzed by A c O H to form 
A c 2 0 and HCl , and then participated in this reaction: 

AcCl + AcOH ^ = ± Ac20 + HCl. (1) 

Therefore, the rate is proportional to the concentra­
tion of 1 and the effective concentration of A c 2 0 
in the reaction system. The rate of the acetylation was 
defined as dC2/d0 and was expressed by the 2nd order 
rate equation(2) : 

dCJdO = *2OOc2o = *2(CI.O-C2)(CAC,O.B + C A CCI.B-C 2 ) , 

(2) 
where 0, C, k2, and 0 represent the time, the concentra­
tion of the species defined by the suffix, the second 
order rate constant, and 0 = 0 respectively; the suffix 
s represents a starting concentration defined by: {the 
amount of the material or the catalyst used for the 
reaction} X {the volume of the reaction system} - 1 . 
When CI.O^CACJO.S + CACCI.S, integration of Eq. 2 gives 

l°g ((CAO,O,B + CAOCI,B — C2)/(O,0—O)) 

= Ar2ö(CAC2o,s + CAcci,s — O o ) 

+ log ((CAC2O,S + CACCI>8)/0,O). (3) 

The rate equation(2) fitted for reactions by each 
catalyst up to any conversion of 1 in the range of 
0—90%, as illustrated by straight lines in Fig. 1. 
This is consistent with the above estimation that the 
equilibrium in Eq. 1 lies well to the right. This 
also indicates that the concentration of the catalytically 
active species does not change with the formation of 2. 

Therefore, the present reaction medium avoids the 
deactivation of catalysts due to the complex forma­
tion7) between the Lewis acid and the product 
ketone (2). 

Temperature Dependency of k2- In Fig. 2, 
Arrhenius plots for k2 by each catalyst are shown. T h e 
apparent activation energies are the same in all cases, 
i.e., 18.8 kcal mol - 1 . Therefore, relative activities of 
the catalysts must entirely be due to the pre-exponential 
factors of k2. The constant activation energy sug­
gests that each catalyst causes the same change of 
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Fig. 1. Correlations between log((CAC2o,s + CAcci,s—C2) 

/ (o,o—cy), the left h a n d side of E < 3 - 3 a n d e-
0,0=0-500 mol dm-3, CAC20iS= 1.350 mol dm"3, and 
CACCIS,S = 0.150—0.170 mol dm-3. FeCl3 0.100 mol 
dm-3, at 70°C(O), 60 °G(©), 50 °C(©), and 30 
°C(3 ) ; SnCl4 0.102 (D), 0.053 (CD), and 0.023 mol 
dm-3 ( • ) at 90 °C; SnCl4 0.201 (B) and 0.101 mol 
dm-3 ( d ) at 70 °C; SbCl5 0.108 (A) and 0.054 mol 
dm-3 (A) at 70 °C; SbCl5 0.107 (A) at 55 °C. 

Fig. 2. Arrhenius plots of k2 with 0.100 mol dm~3 of 
SbCl5 ( # ) , FeCl3 ( 0 ) , SnCl4 (©), and ZnCl2 (O); 
CACCI, S =0.150 mol dm-3. 
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the structure of species to form an activated complex 
in a rate determining step. 

Dependency on the Catalyst Amount. In Fig. 3, 
the log k2 values are plotted against the log CMCU-S 
of each catalyst. In the linear correlations of slope = 
1—1.4, Fig. 3 shows that each k2 is proportional to 
CVecia.s1,0, Gsbcis.s1,3, or Csncu.s1"4. T h e slopes of 
SnCl4 at 70 and 90 °C are the same. T h e specific 
activity of a catalyst, k2, was estimated by the ex­
trapolation of the straight line to the point where 
CMCI„,S=1 mol d m " 3 in Fig. 3. 

Effect of the Acid Strength of the Catalyst. In 
Fig. 4, log k2' is plotted against the infrared spec­
troscopic shifts in carbonyl stretching frequencies 
(Avco) between free xanthone and its complexes with 
metal halides.17) These Avco values indicate the rel­
ative Lewis acid-strength of the catalysts. T h e cor­
relation in Fig. 4 suggests that Lewis acid-strength 
is an important factor of the catalytic activity. 

Effect of HCl-Concentration. Figure 5 indicates 

Fig. 3. Correlations between k2 and the starting con­
centration of catalysts, CMCln)S. CAcCiiS = 0.150 mol 
dm-3. 
•SbCl 5 , (DFeCl3, and CSnCl4 at 70 °C; 3SnGl4 

at 90 °C. 

50 100 150 200 250 

/4iA;o /cm"1 

Fig. 4. Correlation between specific activity of catalysts, 
k2' at 70 °C and A^co- CAcC1)S=0.150 mol dm-3. 
#SbCl5 , ®FeCl3, and CSnCl4. | - 0 | Z n C l 2 ; the 
estimated value as (kz at CZnCl2)S=0.100)/(0.1001-1-4). 

"O^QOB 

CHci,t/mol dm - 3 

Fig. 5. Effect of CHCi on k2 of FeCl3 at 70 °C. 
CFeci3,s=0-100 mol dm-3. • C A c C l i S = 0; •C I I C i , s = 0. 

the effect of CHC1 on the k2 value of FeCl3. 
HCl concentration was defined as 

T h e total 
the {CA c C l s + 

CHC1)S} value and was denoted by C H C l t . In Fig. 
5, k2 values vary with the CHci,t value roughly along 
the same line. FeCl3 still effected a catalytic activity 
when CHC1 t = 0 . The k2 value appears constant in 
the range of CHC1 i t = 0 — 0 . 0 5 mol d m - 3 , increases pro­
portionally to the increase of CHCli t in the range from 
0.05 to 0.15 mol d m - 3 , and attains approximately a 
maximum when CH C i i t>0.15 mol d m - 3 . 

Figure 5 shows that the catalytic activity of FeCl3 

when C H C l t « 0 . 1 5 mol d m - 3 is 2.4 times as high as 
the one in the absence of HCl . 

D i s c u s s i o n 

Co-catalytic Action of HCl and AcOH on FeClz. In 
Friedel-Crafts acylations, the co-catalytic effects12) of 
Brönsted acid(HY) on a metal halide have not been 
studied. Figure 5 suggests that the co-catalytic activity 
of A c O H is lower than that of HCl . The activity 
order seems parallel to the order of the reactivities 
of Brönsted acids H Y in their hydrogen isotope ex­
change with aromatic solvents in the presence of SnCl4 

found by Satchell:15) namely, H C l > H 2 0 > A c O H . H e 
explained these observations by the co-catalytic effect 
of H Y on SnCl4. 

Figure 5 shows that HCl prevails as the co-catalyst 
when CHC1>t>0.15 mol d m - 3 , and that A c O H prevails 
when C H C l t < 0 . 0 5 mol d m - 3 . Details of the k2 value 
should be expressable by Eq. 4. When CFeci3,s=0.1 
mol d m - 3 , 

k2 = 0.126(1—C[;FeCl3.HGl]/CFeCl3,s) 

+ 0.304 C*[Feci3 •HCi:/CFeGi3) s, (4) 

where [FeCl3-HCl] denotes the catalytically active 
species formed by FeCl3 and HCl . The first term 
of the right hand side represents the co-catalytic effect 
of A c O H ; the second term, that of HCL If [FeCl3-
HCl] consists of FeCl3 and HCl in the stoichiometric 
ratio of 1:1, and if it is formed quantitatively only 
when C H C l t > 0 . 0 5 , then CcFeCi3-Hci: equals the smaller 
value of CFeci3,s or {CH C i t—0.05}. Eq. 4 then agrees 
with the line in Fig. 5. 
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HA1C14 and HAlBr4 are considered to be capable 
of being present in non-polar ternary systems of Lewis 
acid-catalyst/Brönsted acid-co-catalyst/solvent only 
when the solvent functions as a H+-acceptor base.12-14) 
If HCl and/or A c O H function(s) as co-catalyst (s) via 
the conjugate acid(s) HFeCl 4 and/or HFeCl 3 (OAc) , 
they exist as ion pairs AcOH 2

+ FeCl 4
- (3 ) and A c O H 2

+ -
FeCl3(OAc)-.10a '11) This is because the present 
Ac 2 0/AcOH-solvent system is polar and has a low 
dielectric constant, and the dissociation of the acid 
is suppressed.18) 

The equilibrium in Eq. 1 essentially lies to the 
left.10b) When HCl is replaced by a strong acid such 
as perchloric or sulfonic acid, the equilibrium is shifted 
well to the right.9-10*) Like HA1C14 and HAlBr4, the 
conjugate acid HFeCl 4 formed by the interaction of 
Lewis and Brönsted acids presumably functions as an 
exceedingly strong acid and may be non-existent in 
the free state.12-13) Then the observation in kinetics 
that the equilibrium in Eq. 1 lies well to the right 
can be interpreted in terms of the conjugate acid 
formation(5) : 

HCl + FeGlg + AcOH —— AcOH2+FeCl4-. (5) 

Catalytic Action of the FeClz-HCl\AcOH System. In 
the results shown in Figs. 1—4, C H C l t was 0.15—0.17, 
which was greater than {GFeci3,s+0.05} in every case. 
In those cases, k2 of FeCl3 is proportional to CFeci3,s 
but independent of C H C l t ; 7C1>1 is deduced from the 
analyses of Figs. 3 and 5. 

According to Burton and Praill,9) mixtures of per­
chloric and acetic acids which contain protons or 
solvated hydrogen ions, A c O H 2

+ , are not O- or C-
acetylating agents. Addition of A c 2 0 to such mix­
tures leads to the formation of acetylium (Ac+) and/or 
diacetoxyoxonium ion (Ac2OH+) : 

AcOH2+ + Ac20 ; = ± Ac2OH+ + AcOH 

^ = ± Ac+ + 2AcOH. 

These ions are both C-acetylating agents.9) Because 
CA C O H>CAC 2O in the present medium, Ac 2 OH+ is 
estimated to prevail as the acetylating agent.9-10) 
Therefore the acetylation in Scheme 1 is proposed; 
this proceeds via the formation of the diacetoxyoxonium 
ion pair(4) :9>10a) 

Ac20 + 3 ^— Ac2OH+FeCl4- + AcOH (6) ) 
(4) [Scheme 1. 

1 + 4 2 + 3 (7) J 

This mechanism, with the pre-equilibrium(6) lying 
to the left, accounts formally for the observed kinetics 
of the first order dependence on Ac a O, as in the O-
acetylation of 2-naphthol.10a) Provided that K2<\ 
and that Step (7) is rate-determining in Scheme 1, 
the 2nd order rate expression (Eq. 2) is obtained. 
FeCl3 functions strictly catalytically, because 3 is re­
peatedly regenerated. The suggestion by Burton et 
a/.9) that the formation of Ac 2OH+ should be essential 
to the continuous activity of the acid catalysts seems 
to be kinetically proved in the present study. Because 
FeCl3 does not exist in the free state, it does not form 
a complex7) with the product ketone (2). The present 
results also kinetically support the suggestion by 

Har tough and Kosak for the acetylation of thiophene 
and furan that catalytic amounts of Lewis acid catalyst 
are sufficient in the absence of the complex forma­
tion.1) 

Catalytic Actions of SbCl5, SnCli} and ZnCl2. T h e 
same apparent activation energy and the observed 
first order dependency on A c 2 0 suggest that the acet-
ylations by SbCl5 , SnCl4, and ZnCl2 will also proceed 
via a diacetoxyoxonium ion pair like 4. I t seems 
reasonable to postulate that SbCl5, SnCl4, and ZnCl2 

function via steps similar to Scheme 1, as the active 
complex acid catalysts: AcOH2+SbCl6~ and AcOH 2 +-
SbCl 5 (OAc)- , AcOH 2 +HSnCl 6 - and AcOH2+-
HSnCl 5 (OAc) - , or AcOH 2 +HZnCl 4 - and AcOH 2+-
HZnCyOAc)- . 1 0 *- 1 1 ) 

T h e observations in Fig. 3 suggest that the scheme 
of complex acid formation is somewhat different for 
each MCl n . This should be responsible for variations 
in the degrees of the association and the solvation 
of the MCl n ' s , variations in the stoichiometric com­
positions of the complex acids, and variations in the 
magnitudes of the equilibrium constants for the com­
plex acid formations. Meanwhile, the observation of 
Fig. 4 suggests that Lewis acid-strength of MC1„ 
primarily effects the ability of proton donation to 
A c 2 0 . 

Providing that an attack of Ac 2 OH+ on the aromatic 
nucleus is the rate-determining step, and that the 
variation in the overall energy barriers of steps cor­
responding to Steps (6—7) by different MC1W is negli­
gibly small, the same apparent activation energy of 
each catalyst will be realized. 

We wish to thank the Takasago Perfumery Co., 
Ltd. , for its permission to publish this article. 
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An MO Study of the Reaction Mechanism of Photoisomerization 
from Isoxazole via Azirine Intermediate to Oxazole 

Hidetsugu TANAKA, Yoshihiro OSAMURA, Toshio MATSUSHITA, 

and Kichisuke NISHIMOTO* 

Department of Chemistry, Faculty of Science, Osaka City University, Sumiyoshi-ku, Osaka 558 
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The reaction mechanism of photoisomerization of isoxazoles and the wavelength dependent photochemistry 
of azirine intermediates which are the photoisomerization reaction intermediates are investigated theoretically 
by means of ab initio MO-GI calculation. The present calculation shows that the lowest excited singlet state, 
Sl5 of azirine intermediate is an (n-»7r*) state localized at the carbonyl chromophore, while the S2 state is assigned 
to be an (n—>n*) state localized at the ketimine chromophore. Intersystem crossing from Sj to T2 states of azi­
rine intermediate causes the N-G bond rupture of azirine ring and leads to isoxazole. On the other hand, azirine 
intermediate in the S2 state proceeds to the G-G bond break of azirine ring and converts to oxazole via intersystem 
crossing to the T2 state. 

Some of five-membered heterocycles undergo the 
isomerization reactions in which two of ring atoms 
interchange their positions under the influence of U V -
visible light. For instance, 2-substituted thiophenes 
were found to rearrange into 3-substituted thiophenes,1) 
and 1,4-dimethylimidazoles into 1,2-dimethylimidaz-
oles.2) These reactions have been supposed to pro­
ceed via bridged-valence intermediates similar to those 
in the photochemical rearrangements of benzene de­
rivatives. 3) Singh and his co-workers have studied 
the photochemical isomerization of diarylisoxazoles (1) 
to diaryloxazoles (3) and proposed an alternative 

A r i 

/ \ 2537À, % . / N ) 2537Â. / \\ 

2 Arf " 

1 

mechanism which proceeds via the three-membered 
intermediates.4) This reaction is of compelling in­
terest both experimentally and theoretically, since 2-
aroyl-3-aryl-2//-azirines(2) have the reactivity strongly 
depending upon the wavelength of irradiation light.40) 

In the present study, ab initio M O - C I calculations 
have been carried out for isoxazole ( l a ) (a: Arj = 
A r 2 = H , see Fig. 1), 2//-azirine-2-carbaldehyde (2a), 
and oxazole (3a) which are the parent molecules of 
1, 2, and 3, respectively.5) O n the basis of the calcu­
lated results, the reaction scheme and the wavelength 
dependency of the reactivity of 2 are discussed. 

Calculat ions 

Ab initio M O calculations of l a , 2a, and 3a are 
carried out with the STO-3G minimal basis set using 
the GAUSSIAN 70 program package.6) The excited 
states of these species are calculated within the singly 
excited configuration interaction (SECI) procedure. 
In the SECI calculations, all the singly excited con­
figurations are included except the inner-shell ex­
citations. 

The ground-state geometries of l a , 2a, and 3a 
are optimized using the STO-3G minimal basis set. 
Figure 2 shows the optimized geometries and those 

reaction (1) 

AT, 

Arf 
,*'C**N 

LA Ar2 
Arj 

, - ^ N 

reaction (2) 

reaction (3) 

a ; Ai*i - Ar2 - H 

Fig. 1. Steps in the photoisomerization of isoxazole 
to oxazole. 

determined by means of double resonance modulated 
microwave spectroscopy7) in parentheses. The agree­
ment between the calculated and the observed ge­
ometry is satisfactory. 

The numbering of atoms of l a and 2a is as follows. 

J \ 
1 

l a 

H C:*N 

' ^ 

2a 

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

Excited States of la. The energy levels and 
their assignments of the ground (S0) and some low-
lying excited states of l a , 2a, and 3a a t the optimized 
ground-state geometries are shown in Fig. 3. 

Before discussing the mechanism of the reactions 
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H " t 0 8 3 
(1.075) 

1a 

I A 9 ' ï c **62-2 

H"i.Ö8i i267*N 

2a 

H -n.081 
(1.073) 

3a 

Fig. 2. Optimized ground-state geometries of la , 2a, 
and 3a. l a and 3a have a Gs symmetry. Values 
in parentheses are those determined by the experiments, 
see Ref. 7. Units are shown in A and degree. 

(1), (2), and (3) (see Fig. 1), it is of interest to examine 
the relation between the geometrical deformations and 
the state energy variation in the low-lying states of 
l a and 2a. Several geometrical parameters are varied 
independently from the ground-state geometry. In 
l a , it is found that all of three geometrical variations, 
the C 5 - C 4 - C 3 - N 2 torsional angle 6 (by which the N 2 

atom rises from the molecular plane and the O^-Ng 
bond is weakened), the Cs-C^-Cg-Oi torsional angle 
r] (by which the Ox a tom stands up from the molecular 
plane and the Oj-Na bond is weakened), and the 
rotational angle with respect to the perpendicular 

-241.1 

d 

en 
<b 
C 
Hi 

o 

.2 

.3 

.4 

.5 

S , TT+TT* 

T . TT-»-TT* 

— — 4 

T , n+TT* — 

T- TT+TT* 

S_ n+ir* 

T . n-»ir* 

S , n+ir* 

T 3 ir-»-rr* 

T, n+TT* 

Sj TT+TT* 

T . TT+TT* 

S 2 n+TT* S1 n+TT* s * ^ ^ 

T , n-t-TT* 

T 2 TT-»-TT* 

1a 2a 3a 
Fig. 3. State energies of the ground(S0) and some 

low-lying excited states calculated by vertical excita­
tion approximation. 

bisector of the C 3 -N 2 bond y (by which the Oj-Na 
and the C 3 -C 4 bonds are weakened simultaneously), 
give the rather flat potential curves in every excited 
states (see Figs. 4(a)—4(c)) . The results of the in­
dependent geometrical variations show that the minima 
in the potential curves of the Sx state appear at 0— 
12.3° (depth is ca. 1.0 kcal mol"1) , y=17 .2° {ca. 2.3 
kcal mol- 1 ) , and y = 9 . 9 ° {ca. 0.7 kcal mol"1) . 

Excited States of 2a. T1 and Si states of this 
intermediate are (n-*w*) states of the carbonyl chro­
mophore and the T 4 and S2 states are (n->jr*) states 
of the ketimine chromophore. Since the O^Ox and 
the G3=N2 parts are perpendicular to each other, the 
excited states related these parts do not mix. 

There are two ways of the reaction in the excited 
azirine intermediate. One is the N 2 -G 4 bond break 
and the Oj-Na bond formation (reaction (2)), and 
the other is the C 3 -C 4 bond break and the C^-Cg 
bond formation (reaction (3)). T h e former is de­
scribed by the change of the N 2 - C 3 - C 4 bond angle 
ö (which causes the N 2 - C 4 bond scission) and the out-
of-plane torsional angle of the azirine ring (the C 4 -

-241.1 
à 'O AS** 

H-CNè...N 

L So 

30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 

er n/- if 
(a) (b) (c) 

Fig. 4. State energy variations of l a by the deformations of (a) the Cr,-C4-C3-N2 torsional angle 8, 
(b) the G3-G4-G5-0! torsional angle r), and (c) the rotational angle with respect to the perpendicular 
bisector of the N2-G3 bond y relative to the ground-state geometry. 
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3>= 62.2 + £ 
0C = 142.3 + 8 /2 
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W 

(a) 
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£ / ° 

(b) 

30 

d 

P 

•241.1 

(C) 

Fig. 5. State energy variations of 2a by the deformations of (a) the N2-C3-C4 bond 
angle ô, (b) the C3-N2-C4 bond angle e, and (c) the out-of-plane torsional angle of 
azirine ring (the C4-N2-C3 plane) Ç relative to the ground-state geometry. 

N 2 -G 3 plane) Ç. The latter is described by the change 
of the C3-N2-G4 bond angle a (which causes the G 3 -
G4 bond scission) and the geometrical parameter Ç. 
These three geometrical parameters are varied in­
dependently from the ground-state geometry. T h e 
results for some low-lying states are given in Fig. 5. 
Other geometrical parameters are also varied, but 
such geometrical deformations destabilize considerably 
any state. Therefore, only the geometrical parameters 
ô and s can contribute to the initial stage in the reac­
tions (2) and (3). In other words, the character of 
the reaction coordinate is varied from ô or e to C grad­
ually as the reaction proceeds. 

While the Sj state does not mix with the S2 state 
at d = £ = 0 , the geometrical deformations cause the 

mixing of excited states each other. Let us consider 
the mechanism of the N 2 -G 4 bond scission due to 
the geometrical deformation ô. As Fig. 5(a) shows, 
the T1 state becomes more stable at large ô. There­
fore, this state promotes the N 2 -G 4 bond scission. 
Since both the Sx and T x states are (n->jr*) states 
of the carbonyl chromophore, and their energy separa­
tion is rather small, the intersystem crossing (ISG) 
between these states may rapidly occur. Thus , the 
excitation to the Sx state leads to the N 2 -G 4 bond 
scission via ISG to the T1 state. 

O n the other hand, the geometrical deformation 
e makes both the T x and S1 states unstable, while it 
makes the S2 state stable (see Fig. 5(b)) . But the 
T x state becomes much stable at large e. Therefore, 
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Fig. 6. State energy variation of 2a by the rotation of 
GHO group co. When co = 0° or 360°, 2a is s-trans 
form. When co=180°, it is s-cis form. 

the G3-G4 bond scission occurs via ISC from the S2 

to T x states. 
In the ground state, the s-trans form of 2a is slightly 

stable than the s-cis form (ca. 0.5 kcal mo l - 1 ) . How­
ever, the s-cis form is of advantage to initiate the reac­
tions. Energy variation with the rotation of the G H O 
group in the low-lying states is given in Fig. 6. The 
rotational barriers are calculated to be ca. 5.2 kcal 
mol - 1 , ca. 2.6 kcal mo l - 1 , and ca. 5.1 kcal m o l - 1 for 
the S0, S l3 and S2 states of 2a, respectively. These 
energy barriers are rather small and, therefore, might 
obstruct the initiation of reaction. 

Reaction (1) : la-+2a. In order to estimate the 
reaction pa th and the height of the barrier roughly, 
the geometies in the excited states are partly optimized 
(only several geometrical parameters are chosen) along 
the reaction paths which are infered from the results 
of independent variations of geometrical parameters 
given in Figs. 4 and 5. 

I t is well known that the bond break and creation 
cannot be described correctly in terms of singly excited 
configurations only. Thus, all valence singly excited 
configurations and the doubly and triply excited con­
figurations from three highest occupied (HO) M O ' s 
to three lowest unoccupied (LU) M O ' s ( ( S + D + T ) -
EGI) are included in the present optimization pro­
cedure. As a result of partial optimization, the energy 
in Sx state of l a descents along the reaction path. 
O n the other hand, the T1 state has an energy hill 
(the roughly estimated height is about 40 kcal mo l - 1 , 
see Fig. 8), so that this reaction would proceed hardly 
in the triplet state. These results are in good agree­
ment with the experimental results that the reaction 
(1) could not be sensitized with benzophenone, aceto-
phenone, or acetone.4) 

As Fig. 4 shows, the O ^ N g bond of l a becomes 

loose in the excited states. This is in accordance with 
the experiments that the compounds containing the 
O and N atoms adjacently such as isoxazoline deri­
vatives are easily cleft at the O - N bond under the 
influence of UV-visible light.8) 

Let us consider this reaction in terms of the concept 
of orbital interaction.9) The tf-type L U M O in l a 
is the anti-bonding orbital located at the O ^ N g bond. 
When a planar molecule such as isoxazole distorts 
with the out-of-plane motion, the tf-type L U M O 
becomes to mix with the occupied n MO's . In ad­
dition, since both O and N atoms have negative net 
charges and lone pair electrons, they repel each other 
by the electrostatic force. Thus, this force may be 
helpful for the twisting out-of-plane motion at the 
Oi~-N2 bond. This is the same as in the case of per­
oxides and hydrazines in which O - O and N - N bonds 
are broken very easily. In the excited states, the 
orbital mixing easily occurs because the tf-type L U M O 
is close energetically to TZ* orbital and the out-of-
plane distortion easily occurs, so that the Oj-Na bond 
break is promoted. 

At the Sj state of l a , the O ^ N g bond is cleft and a 
biradical might be formed at the N 2 -G 3 -G 4 part . 
Subsequently, the internal conversion (IG) into the 
ground state leads to the ring closure at the N 2 and 
G4 atoms. Consequently, one can expect that the 
Oi~-N2 bond scission and the N 2 -G 4 bond formation 
occur with nearly concerted manner. 

Reaction(2): 2a-*la. As Fig. 5(a) shows, this 
reaction is favor to start from the Sx or T x states which 
are (n->7t*) states localized at the 0 5 = 0 ! chromophore. 
Therefore, in these excited states, electron charge 
density accumulates on the G5 atom. The negative 
charge populated on the G5 a tom might delocalize 
into the tf-type L U M O of the three-membered ring 
which is the anti-bonding orbital (^*C_N) of the N 2 -

G4 bond. Thus, this type of orbital interaction and 
also the strain of the three-membered ring promote 
the N 2 -G 4 bond scission. Since tf*c_c orbital of the 
azirine ring lies much higher than tf*c_N orbital, it 
does not mix with TI*C_0 orbital so efficiently as ^*C_N 

orbital. T h e reaction does not experience nitrene be-

\ 

\ 
c \ . 

/ 1 
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cause one of unpaired electrons is on the O j atom. 
Tha t is, this reaction proceeds by above mentioned 
manner. 

Reaction (3): 2a-*3a. As Fig. 5(b) shows, 
(n-*n*) states of the G3=N2 chromophore, S2 and T 4 

states, become stable with the increase in the C 3 - N 2 -
G4 bond angle, because the hybridization on the N 
atom is varied from sp2 to sp due to the removal of 
an electron from the lone-pair orbital of N atom 
(Walsh's rule).10) Bigot et al have shown that the 
ring opening of 2//-azirine occurs via ISG from x(n-> 
7t*) to 3(n-^7T*) states.11) The present results accord 
with theirs. But this ring opening would not occur 
with retaining the plane of azirine ring. The fol 
lowing motion would be also helpful for the ring open-

3cvl' '«».fç/ K** 
N C — - H 

ing. In fact, the present calculation shows that this 
conrotatory motion gives the descending potential 
curve in the T1 state and leads to the C^-Cg bond 
formation. 

Padwa et al.12) and Schmid et A/.13) have reported 
that 2//-azirines undergo the irreversible ring opening 
at the G-G bond to give nitrile ylides as the reactive 
intermediates. These intermediates can be intercepted 

A P. R3—C=N*=CV ^=t R3—C—N=CV 

F*2 f*2 

with dipolarophiles to form five-membered heterocyclic 
rings or other type of isomers.14) With this analogy, 
Ullman and Singh have proposed nitrile ylide in­
termediates as the precursor of oxazole in the reaction 
(3).4b»15) In order to examine whether the reaction 
(3) proceeds via this intermediate or not, the state 
energy variation due to the deformation of the G 3 -
N 2 -G 4 bond angle of the nitrile ylide intermediate 
X is calculated. The result is shown in Fig. 7. T h e 
decrease of X in the ground state indicates the slow 
energy ascent. One can expect that the nitrile ylide 
intermediate in the ground state transforms to an 
oxazole with relative low activation energy. 

However, the ground-state nitrile ylide has a linear 
structure at the G 3 -N 2 -G 4 part , while the lowest ex­
cited state nitrile ylide is carbenic and has a bent 
structure such as 

The ring opened form of 2a in the triplet state seems 
to be biradical. If the ground-state nitrile ylide is 
formed during the reaction, the bond formation be­
tween 01 and G3 atoms requires too much motion 
of nuclei, which contravenes the principle of least 
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Fig. 7. State energy variation of nitrile ylide inter­
mediate by the decrease of the C3-N2-C4 bond angle %• 
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motion.16) Therefore, it might be concluded that 3a 
is formed without any intermediacy, that is, with 
almost one-step reaction. 

Concluding R e m a r k s 

As Figs. 4 and 5 show, any geometrical deformation 
greatly destabilizes the ground states of both l a and 
2a, which suggests that these reactions hardly occur 
thermally. 

As mentioned above, the azirine intermediate has 
different two reactive states, Sx and S2 states. These 
states are almost localized at the G = 0 and G=N chro-
mophores, respectively, and lead to different reaction 
products each other via different reaction paths. This 
is the reason why the azirine intermediate has the 
wavelength dependent photochemistry. 

From the calculated results, the mechanism of the 
photoisomerization of isoxazole can be summarized 
as follows; 

Reaction (1): Isoxazole in the lowest 1(n->jr*) 
state interconverts to azirine intermediate in the ground 
state through the N 2 - C 3 - C 4 - C 5 torsional deformation 
which leads to the C^-Na bond scission and the N 2 -
G4 bond formation simultaneously. 

Reaction (2) : T h e Sx state of azirine intermediate 
is an (n->7T*) state of the carbonyl chromophore. 
T h e deformation of the N 2 -G 3 -G 4 bond angle in the 
T x state produced through the ISG from the Sx state 
causes the N 2 -G 4 bond rupture. Subsequently, odd 
electrons on the O x and N 2 atoms combine to form 
the Oj-Na bond, leading to the formation of isoxazole. 
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O C° O 
1a 2a 3 a 

Fig. 8. The possible mechanism of the photoisomeriza-
tion of isoxazole to oxazole infered from the present 
(S + D+T)EGI calculation. 

This reaction does not experience nitrene. 
Reaction (3) : Azirine intermediate in S2 state 

which is an (n->n*) state of the ketimine chromophore 
causes the G3-G4 bond rupture by the deformation 
of the G 3 -N 2 -G 4 bond angle. I t is possible to follow 
the conrotatory motion in such a ring opening process. 
T h e transformation to oxazole proceeds via ISG from 
the S2 to T x states. T h e doubly and triply excited 
configurations have an effect of small modification 
in this reaction.5) This reaction does not experience 
any intermediacy. 

The possible reaction path of photoisomerization 
reaction of isoxazoles to oxazoles through azirine in­
termediates can be shown pictorially in Fig. 8. 
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The anion radicals of syn- and and-[2.2](2,6)azulenophane, (1) and (2), [2.2](1,3)azulenophane, (3), and 
[2](l,3)-azuleno[2]paracyclophane, (4), all produced by alkali metal reduction in various solvents, have been 
investigated by ESR and ENDOR spectroscopy. They exist in the ion pair with cations in the solutions, except 
for 4~ which exists in 1,2-dimethoxyethane with Na+. Their ion pairing tendency is appreciably higher than 
that of the naphthalenophane anion radicals. The unpaired electron in these ion pairs localizes mostly on an 
azulene ring (in 1~, 2~, and 3", close to a cation). The polarization effects due to the pairing with the cations 
are much larger than those in the naphthalenophane anion radicals, and increase in the order 1~<2~<3~, in­
dicating that the smaller the inter-layer orbital overlap, the larger the polarizability. The unpaired electron 
of 4~ localizes mostly on the azulene ring even in the free anion. 

Extensive studies have been carried out during the 
past decade on the distribution of unpaired electron 
in the anion radicals of paracyclophanes, because of 
the general interest in the transannular interaction 
in these layered compounds.1 - 9) However, the com­
pounds studied so far contain only alternant hydro­
carbons with a few exceptions. In this paper, we 
describe the result of ESR and E N D O R spectroscopic 
studies on the anion radicals of syn- and anti-[2.2]-
(2,6)azulenophanes (1 and 2), [2.2] (1,3)azulenophane 
(3) and [2](l ,3)azuleno[2]paracyclophane (4), all con­
taining azulene rings. Investigation of these com­
pounds seems significant, since they contain, as aro­
matic moieties, azulene which is a typical non-alternant 
hydrocarbon known to have unique physicochemical 
properties different from alternant hydrocarbons. We 
were interested in the evaluation of the difference 
in the unpaired electron dereal iza t ion found for 1~ 
and 2~ with opposite orientation of the azulene ring. 

Exper imenta l 

Compounds 1, 2, 3, and 4 were synthesized by the method 
reported.10) In order to prepare the anion radicals of the 
compounds, reduction with sodium or potassium in 1,2-
dimethoxyethane (DME), tetrahydrofuran (THF), 2-meth-
yltetrahydrofuran (MTHF), and mixture of the former two 
was carried out. ESR and ENDOR spectra of the anion 

radicals were measured with Varian El 12 ESR and El700 
ENDOR spectrometers. However, no radicals 1~, 2~, and 
3~ could be detected in DME because of their instability 
at ca. —85 °G, the freezing point of the solution. 

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

ESR Spectra. All the ESR spectra of anion 
radicals produced from 1—4 at temperatures below 
— 90 °C in various solvents are well defined (Figs. 
1—4). However, in mixed D M E - T H F with concen­
tration of D M E higher than 3:1 (volume), radical 

K+ in DME:THF(3;1) 

lmT 
Fig. 1. ESR spectra of 1 * observed at — 95 °G in 

a) K+ in DME-.THF (3:1), b) K+ in THF, and c) K+ 
in MTHF, and d) simulated spectrum for c) usinf 
the hf coupling constants in Table 1. 
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K 18-crown-6 
in DME:THF(3:1) 

ImT 
Fig. 2. ESR spectra of T observed at — 95 °G in 

a) K+ 18-crown-6 in DME:THF (3:1), b) K+ in 
DME:THF (3:1), c) K+ in THF and e) K+ in MTHF, 
and d) simulated spectrum for c) using the hf coupling 
constants in Table 2. 

species produced from 1 displayed different hf structure 
and smaller total spread (2.7 mT) than the spectra 
shown in Fig. 1. Furthermore, on reduction with 
sodium, 1 and 2 exhibit spectra due to two different 
radical species, one showing a very broad pat tern 
with no hf splitting and the other a sharp one with 
many hf lines. In all cases, no reliable analysis was 
possible and no radical species could be identified. 

From Figs. 1—4 we see that the spectra of 17 and 
3~ are hardly affected at all by solvents, the spectrum 
of 2~ changing slightly, while that of 4 T , which is 
similar to that of 3~, changes a great deal with solvent. 
T h e spectrum of 4~ also changes with temperature. 
T h e hf pat tern produced with potassium in D M E 
at —50 60 °G is very similar to that in T H F or 
M T H F , but on cooling to ca. —85 °G, the pat tern 
becomes similar to that in D M E with sodium ion. 

ENDOR Spectra. Measurements of E N D O R 
spectra of 1~—4~ were undertaken, but except for 
4T no spectra could be obtained because of insufficient 
radical concentration. A typical spectrum observed 
for 4"r is shown in Fig. 5. 

Analysis of the ESR Spectra. T h e E S R spectra 
of 1~ can be interpreted in terms of six sets of triplet 
splittings, those of 2~ by four sets of triplets and those 
of 3"*" and 4T by two sets each of triplets and doublets. 

1mT 

Fig. 3. ESR spectra of 3 T observed at —95 °G in a) 
K+ 18-crown-6 in DME:THF (3:1), b) K+ in DME: 
THF (3:1), c) K+ in THF, d) K+ in MTHF, and 
e) simulated spectrum for d) using the hf coupling 
constants in Table 3. 

This indicates that the unpaired electrons in 1~, 2~, 
and 3"*" are distributed unequally on the two azulene 
rings in the molecules since the quintet splittings would 
be observed if the unpaired electrons are distributed 
equally on the two azulene rings. The observed dis­
tribution suggests that the anion radicals interact with 
the counter ion in the solutions. 4~ is also considered 
to have interaction with the counter ion. The cou­
pling constants were determined from the ESR and 
E N D O R (for 4T) spectra and assigned to the respective 
protons on the basis of M O calculation {vide infra), 
referring to the hf interaction in the azulene anion 
radical (S"7"), since the relative ratio of the spin den­
sities in the azulene should not change so much by 
the transannular interaction or ion pairing. No cal­
culation was carried out for 3~, but the assignment 
was easily made by comparison with that of 4~, which 
gives very similar ESR spectra. 

MO Calculation for the Hf Coupling Constants. The 
unpaired electron distribution and the hf coupling 
constants of the anion radicals in the ion pair form 
were calculated by the method reported.9) The ge­
ometry of the anion radicals was estimated from the 
X-ray data for the neutral molecules,10) the exchange 
integrals being assumed to be proportional to the 
overlap integrals, and the proportional constant for 
the exchange integrals between the layers one and 
half times the constant within the layers. Only the 
sets of atomic orbitals which gave larger overlap in-



May, 1981] Azulenophane Anion Radicals 1301 

Na i n DME 

1 mT 

Fig. 4. ESR spectra of <T" a) Na+ in DME at - 9 0 °C, 
b) K+ in DME at - 9 0 °C, c) K+ in THF at - 9 5 °G5 

and d) K+ in MTHF, and e) simulated spectrum for 
c) using the hf coupling constants in Table 4. 

28 MHz 

Fig. 5. ENDOR spectrum of 4% K+ in MTHF at 
- 9 5 °G. 

tegrals than 0.02 were taken into account for the 
interlay er exchange integrals. 

The potential energy maps for the cation placed 
at a distance of 0.38 nm above the nearest azulene 
ring were calculated for ion pairs of 1~, 2~, and 4~. 
The results are shown in Fig. 6, together with a similar 
m a p for 5"\ Another model of 4~ examined in which 
the cation was placed above the benzene ring gave 
less stable potential energies. T h e results show that 
the most stable position of cation in 17 is above the 
center of the five-membered ring. The position shifts 
toward the seven-membered ring on going from 17 
to 2~ and then to 4~. 

The spin density distribution and the hf coupling 
constants were calculated11) as a function of the dis­
tance between the cation and the anion radicals by 

" 0 . 8 0 

Fig. 6. Electrostatic interaction energies between a 
cation and anion radicals, a) 1~, b) 2~, c) 4~, and d) 
5~ (in unit of ß). The cation is placed at the distance 
of 0.38 nm from the nearest aromatic plane (drawn 
by solid lines). 

placing the former above the potential min imum points. 
The potential min imum position of the cation has 
been shown to change slightly with distance which 
may cause some effect on the hf constants.12) However, 
such an effect was ignored because it would not be 
so large as to give a wrong assignment of the hf cou­
pling constants. 

Spin Distribution in 1~ and 2~. T h e observed 
proton hf coupling constants could reasonably be as­
signed to the protons (Tables 1 and 2) of the anion 
radicals in the ion pair form on the basis of the above 
calculation. T h e M O calculation showed that the 
hf coupling constants change drastically with the dis­
tances between the cation and the anion radicals. 
T h e calculated coupling constants are for the distance 
0.35 nm which give the best fit with the experimental 
values. 

In order to observe the ESR spectra of l"7" and 7T 
in the free anion state, generation of the anion radicals 

TABLE 1. H F COUPLING CONSTANTS OF 1~ 

Position, 
i 

5, 9 
11 
2 
6, 8 
15, 19 
12 
1 

DME: THF, 
(3:1) 
K+ 

0.557 
0.517 
0.291 
0.251 
0.094 
0.050 
— 

KI/mT 

THF, MTHF, 
K+ K+ 

0.567 0.568 
0.524 0.523 
0.292 0.292 
0.247 0.252 
0.095 0.091 
0.050 0.047 
— — 

Calcda> 

0.6010 
0.5180 
0.2689 
0.1503 
0.1245 
0.0908 
0.0601 

a) The distance between the cation and the anion rad­
ical was taken to be 0.35 nm. 
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TABLE 2. H F COUPLING CONSTANTS OF 7r 

[Vol. 54, No. 5 

Position, i 

5, 9 
11 
2 
6, 8 
15, 19 

DME:THF(3:1), 
K+-(18-crown-6) 

0.5826 
0.5048 
0.3600 
0.2177 

— 

DME: THF, 
(3:1) 

0.5993 
0.5046 
0.3485 
0.2216 

— 

K+ 

|«?|/mT 

THF, K+ 

0.6029 
0.5081 
0.3589 
0.2167 

— 

MTHF, K+ 

0.6095 
0.5187 
0.3633 
0.2139 

— 

Calcda> 

0.6487 
0.5495 
0.2875 
0.1671 
0.1317 

a) The distance between the cation and the anion radical was taken to be 0.35 nm. 

TABLE 3. H F COUPLING CONSTANTS OF 3* 

Position, i 

6 
4, 8 
10 

5, 7 

DME:THF(3:1), 
K+-(18-crown-6) 

0.832 
0.590 
0.362 
0.115 

|«?|/mT 

DME:THF, K+ 
(3:1) 

THF, K+ 

0.840 
0.610 
0.367 
0.110 

MTHF, K+ 

in the presence of 18-crown-6 was examined. How­
ever, the ESR spectrum observed for 2~ was still due 
to the ion pair, and that at tr ibutable to 1~ was not 
observed under these conditions. 

I t is apparent from the hf coupling constants ob­
tained that the unpaired electron largely localized on 
the azulene ring at the cation side. By comparison 
with the hf coupling constants of the azulene anion 
radical (<£,=0.0274 m T , af=0.3948 m T , a4

H
8=0.6219 

m T , a5
H

7=0.1338mT, af =0 .8829 mT),1 3) the unpaired 
electron densities on the azulene ring a t the cation 
side were estimated to be ca. 8 7 — 9 1 % for l"'" and 
8 9 — 9 3 % for 2". The [2.2]( l ,4)naphthalenophane 
anion radical also shows a similar large polarization 
in the spin distribution by the formation of ion pairs.5b> 
In the ion pair of the syn isomer(6T), the unpaired 
electron densities on the naphthalene ring close to a 
cation can be estimated as ca. 72—77% by com­
parison of its hf coupling constants with those of 
naphthalene anion radical.14) The polarization in the 
azulenophane anion radicals is appreciably larger than 
that in the naphthalenophane anion radical. 

T h e hf coupling constants of 11 position in 1^ is 
larger than that for the corresponding position in 2~, 
while that of 2 position in 1 T is smaller than that for 
the same position in 2~, indicating that the unpaired 
electron distribution in 1~ is polarized more from 
the head position (3 position) to the tail (7 position) 
than in X''. 

Spin Distribution in 3~. T h e observed hf cou­
pling constants (Table 3) apparent ly show that the 
unpaired electrons are mostly distributed on one of 
the azulene ring. T h e situation did not change with 
the presence of 18-crown-6. As in 1^ and 2^, the 
observed polarization in the spin distribution can be 
attributed to the ion pairing of the anion radical. 
From a comparison with the hf coupling constants 
of the azulene anion radical, the unpaired electron 

densities on the azulene ring at the cation side are 
estimated to be ca. 9 4 — 9 5 % ; larger polarization than 
that in 1 T and T. 

Spin Distribution in 4~. T h e ESR spectrum at 
— 50 60 °G of 4T in D M E with potassium ion 
is similar to spectra observed for 4~ in T H F or M T H F , 
becoming similar to that observed in D M E with sodium 
ion with lowering in temperature. This suggests that 
4"r in D M E with sodium ion exists mostly as a free 
anion; it is associated with the cation in T H F and 
M T H F , and 4r in D M E with potassium ion is in 
an equilibrium between these two forms. T h e equi­
librium shifts toward the free anion state by lowering 
in temperature. T h e hf coupling constants obtained 
for 4T both in the free anion and in the ion pair are 
given in Table 4. 

We see that the unpaired electrons are distributed 
mostly on the azulene ring even when the anion radi­
cal is in a free anion state. By ion pairing the spin 
density is polarized more from the benzene ring to 
the azulene ring. This indicates that the cation is 
associated with 4T at the azulene ring side, in line 
with the result of calculation of the cation-anion in­
teraction energies. T h e unpaired electron densities 
on the azulene ring are ca. 91—95% in the free anion 
state and ca. 98—99% in the ion pair form. 

In contrast to the increase of spin density of the 
azulene ring as a whole, the density of carbon 10 
is reduced by the interaction with the counter ion. 
Such polarization effect by ion pairing can be shown 
by M O calculation using the ion-pair model in which 
the cation is placed above the potential minimum 
point. The calculation using the other ion pair model 
does not reproduce the observed effect (Table 4). 

Polarization of Unpaired Electron Distribution and the 
Interloper Interaction. T h e unpaired electron in 1"% 
2~, and 3T is localized in one of the azulene rings. 
T h e unpaired electrons in the anion radical of [2.2]-
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TABLE 4. H F COUPLING CONSTANTS OF 4* 

Position, i 

6 
4, 8 
10 
5, 7 
2, lld> 
14, 15d> 
17, 18d> 
1, 12 

DME, 
Na+ 

0.8357 
0.5751 
0.3865 
0.1070 
0.0328 
0.0241 
0.0162 

— 

| a? | /mT 

MTHF, 
K+ 

0.8746 
0.6180 
0.3612 
0.1254 
0.0294 
0.0220 
0.0106 

— 

Calcdb> 

0.8575 
0.6910 
0.2777 
0.1546 
0.0636 
0.0046 
0.0023 
0.0018 

Effect of Cation, A | 

Obsd 

+ 0.0383 
+ 0.0429 
-0 .0253 
+ 0.0184 
-0 .0034 
-0 .0021 
- 0 . 0 0 5 6 

— 

Model Ie) 

-0 .0091 
+ 0.0791 
-0 .0031 
+ 0.0587 
-0 .0283 
- 0 . 0 0 1 8 
-0 .0001 
+ 0.0025 

a?|/mTa> 

Galcdb) 

IIe) 

-0 .0041 
+ 0.0357 
-0 .0141 
+ 0.0094 
-0 .0033 
-0 .0007 
-0 .0001 
+ 0.0057 

III«) 

-0 .0023 
-0 .0391 
+ 0.0011 
-0 .0360 
+ 0.0245 
+ 0.0000 
+ 0.0001 
+ 0.0089 

a) The difference between the hf coupling constants of the free anion state and the ion pair form, b) The 
distance between the cation and the anion radical was taken to be 0.35 nm. c) In models I, II, and III, the 
cation is placed above the center of the five-member ed ring, the potential minimum point and the center of the 
seven-membered ring, respectively, d) The empirical hf coupling constants were tentatively assigned to the 
proton positions. The hf interactions were not observed in the ESR spectra and the coupling constants were 
obtained from the ENDOR specta. 

paracyclophanes with the identical aromatic rings are 
distributed equally on both rings unless there is in­
teraction with a counter ion.1-7) The observed locali­
zation (polarization) might arise from such an inter­
action. The results indicate that polarization due to 
a cation increases in the order 1 T < 2 ^ < 3 ^ . Since 
the geometry of these molecules indicates the decreasing 
order 1~>2 T >3~ in the interlayer n-n interaction,10) 
the observed order of the polarization shows that 
smaller interlayer n-n interaction gives larger polari­
zation in the electron spin distribution. 

The unpaired electron in 1^ and Y is polarized 
to a greater extent than in 6~. Such a difference 
may be attributed to the nature of the two aromatic 
ring systems. 

Tendency to Ion Pairing. While 6~ exists as a 
free anion in T H F with potassium ion,5b) V and 
IT exist in the ion pair form under the same condi­
tions. This indicates that 1^ and 2^ have higher 
tendency of ion pairing than 6~\ I t seems of interest 
to compare the ion pairing tendencies of the azu­
lenophane anion radicals with those of other relating 
anion radicals. By taking into account the fact that 
anion radicals tend to associate more at higher tem­
perature with the alkali metal cations in various sol­
vents in the order L i + < N a + < K + , and D M E < T H F < 
M T H F , the following order for ion pairing tendency 
is estimated: 6" r<fln^'-[2.2](l,4)naphthalenophane^ 
( 7 T ) < : T , T, T, 4 " < n a p h t h a l e n e T ( 8 " ) < 5 \ 1 5 ) Thus , 
the anion radicals corresponding azulene rings have 
higher tendency of ion pairing than the naphthalene 
counterparts. Such a pronounced tendency of ion 
pairing of azulenophane anion radicals may be mainly 
attributed to the nature of the azulene ring which 
tends to accumulate a high negative charge on its 
five-membered ring. The estimated order for the ion 
pairing agrees with the order in the electrostatic in­
teraction energies calculated for the most stable ion 
pair structures for the anion radicals: 6^(0.752) < 
7^(0.787) < r ( 0 . 8 0 2 ) <2T(0.806) < 4^(0.893) <8^(0.895) 
< 5^(0.920).16> 

TABLE 5. CALCULATED SPIN DENSITIES IN 1" AND 2" 

IN THE FREE ANION STATE 

Position 

3 
4, 10 
4a, 9a 
5, 9 
6, 8 
7 

1 T 

0.0729 
-0 .0099 

0.0376 
0.1497 

-0 .0308 
-0 .1338 

2" 

0.0694 
0.0028 
0.0195 
0.1610 

-0 .0372 
0.1382 

Spin Distribution in 1^ and 2""" in the Free Anion State. 
T h e spin density distributions in 1^ and 2~ in the 
free anion state were not clarified experimentally in 
the present work. However, the electron spin dis­
tribution (Table 5) predicted by M O calculation shows 
that the unpaired electron in 2~ is localized more 
on the seven-membered ring than in 1^, in view of 
the finding that in ion pairs the unpaired electron 
in IT is localized more on the five-membered ring 
than in 1""". 
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A sandwich-type photocell was made by placing an electrolyte between two electrodes. A transparent elec­
trode, a glass plate coated with ln 2 0 3 , was used for one electrode. A mixture of chlorophyll and 2-(m-10-hep-
tadecenyl)-6-methoxy-/>-benzoquinone was spread onto this transparent electrode. A Pt plate covered by chloro­
phyll or a mixture of chlorophyll and riboflavin tetrabutyrate was used as the other electrode. The electrolyte 
contained flavin mononucleotide in a phosphate buffer. The potential difference between the two electrodes 
was 314 mV and the maximum photovoltage under illumination was 176 mV. The photocell is compact and 
can produce a photocurrent for more than 90 h. 

Recently there have been many papers concerning 
the energy conversion from light to electricity by 
photocells using a chlorophyll-coated electrode.1 '2) W e 
reported already that the photovoltage and the photo-
current were obtainable by light irradiation on a 
system of a chlorophyll-quinone electrode immersed 
into an electrolyte.3) This system consisted of two 
chambers separated by a porcelain d iaphragm; each 
chamber contained a different electrolyte. The com­
position of electrolyte in each chamber was changed 
when the photoelectrolytic reaction was carried out. 
It was thought that such a photocell had to be made 
of two electrodes immersed into one electrolyte. 

A sandwich-type photocell in which chlorophyll was 
placed between two different species of metals was 
found to generate a photovoltage caused by the dif­
ference of contact potential barrier on the two inter­
faces of chlorophyll and metal.4) If we modeled on 
this system, a photocell using the electrolyte could 
be made in a compact shape. 

This paper will present the results concerning a 
sandwich type photocell in which the electrolyte was 
placed between two different chlorophyll electrodes. 
This should be more compact than the two-chamber-
type photocell, and could be expected to keep the 
composition of electrolyte constant during a cycle in 
which the redox compound in the electrolyte was 
reduced at the cathode and in turn the equivalent 
amount of reduced compound was oxidized at the 
anode to recover the original form. 

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

Materials. Chlorophyll and 2-(cw-10-heptadecenyl)-6-
methoxy-/>-benzoquinone (IQJ were obtained as described 
in the previous paper.5) Riboflavin tetrabutyrate (RTB) 
was made by Wakamoto Pharmaceutical Go. Glutathione 
(abbreviated GSH or GSSG as the reduced or the oxidized 
form), flavin mononucleotide (FMN) and the other chemicals 
were of reagent grade or the best commercially available. 

Photocell. A glass plate coated by l n 2 0 3 containing 
5% Sn02 , or a silver or platinum plate (2 cm X 4 cm each) 
was used as the electrode. One electrode was prepared 
by covering a layer of a mixture of chlorophyll and I Q (molar 
ratio 1:5). The layer contained 0.03 (xmol/cm2 of chloro­
phyll. The other electrode was covered by chlorophyll 
alone or by a mixture of chlorophyll and RTB. A sheet 
of parafilm (American Can Go.; 2 cmX 2 cmx 0.013 cm) 
hollowed out in one part ( 1 cm X 1 cm) was placed on the 
electrode and the hollow was filled by the electrolyte. Then 
another electrode was placed on top of it to set up a sandwich-

type photocell. 
Measurements. The potential was measured by a 

Kikusui Denshi volt-ammeter model 116 connected to a 
recorder. A projector lamp (100 V, 150 W) was used for 
the source of light. The light of shorter wavelength than 
460 nm was cut off by a color filter, V-Y46, and the heat 
wave band was cut off by a water filter. 

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

Various Combination of Electrodes. I t was ob­
served that the photovoltage was generated by photo­
cells made up by various combinations of two elec­
trodes under illumination. The electrolyte used was 
composed of 0.1 M KCl solution containing 1 m M 
G S H and 1/2 m M GSSG. Glutathione was used be­
cause it gave the highest photovoltage among several 
redox compounds in the electrolyte as reported in 
the previous paper. 5> T h e results are summarized in 
Table 1. 

In the case that two l n 2 0 3 electrodes were used 
for the photocell, the potential of the chlorophyll 
electrode was found to shift to a positive state with 
respect to the chlorophyll-1Q, electrode when the light 
was turned on. This is in accord with the result 
in the previous paper.5) The l n 2 0 3 electrode acted 
as an anode in the system of l n 2 0 3 and Ag electrodes, 
but as a cathode in the system of I n 2 O a and Pt elec­
trodes. O n the system of Ag | Chi | electrolyte | Chi, 
I Q J I n 2 0 3 , and the system of l n 2 0 3 | Chi | electrolyte | 
Ch l , IQJP t , the potential differences between two elec­
trodes became lower after the light was turned on, 
because the photopotential of chlorophyll electrode 
against chlorophyll-IQ, electrode was always positive. 

TABLE 1. THE POTENTIALS OF THE PHOTOCELLS OF 

M^Chl 
1 mM GSH 
0.5 mM GSSG 
0.1 M KCl 

Chi, I Q (1 : 5 ) | M 2 

Mi 

l n 2 0 3 

l n 2 0 3 

Ag 
l n 2 0 3 

Pt 

M2 

l n 2 0 3 

Ag 
l n a 0 3 

Pt 
l n 2 0 3 

Potential (mV 

Dark 
(d) 

15 
134 

- 1 7 2 
- 9 8 
175 

Light 
(1) 

84 
225 

- 1 4 9 
- 8 8 
228 

vs. M2) 

Photovoltage 
( l ) - (d) 

69 
91 
23 
10 
53 

3xlOMx? 20—24 °C, 
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The highest photovoltage was obtained with the system 
of l n 2 0 3 | Chi | electrolyte |Ch l , IQJAg . However this 
system was unstable. The photovoltage reduced with 
the lapse of time. Therefore the system of Pt | Chi | 
electrolyte | Chi, I Q J I n 2 0 3 was chosen for this work. 
This system produced a 0.05 (xA/cm2 photocurrent. 
I t was thought that same other redox compound should 
be used instead of glutathione in order to obtain higher 
photovoltage and higher photocurrent. 

The Photocells with FMN in Electrolyte. I t is 
known that F M N can photoexcite and oxidize N A D H , 
EDTA, or catecholamine easily.6'7) Therefore, F M N 
rather than GSSG in the electrolyte might take the 
electron away from the chlorophyll electrode under 
illumination. The photoresponse-time curves of the 
photocell using F M N in the electrolyte were obtained 
and are shown in Fig. 1. Chlorophyll was coated 
on the l n 2 0 3 electrode. Another l n 2 0 3 electrode with­
out coating was used as a counter electrode. T h e 
electrolyte contained 0.1 M KCl and 5 m M F M N in 
all cases. 

The potential-time curve at the top in Fig. 1 shows 
that the potential shifted to a positive state at the 
beginning of light irradiation. Then the potential 
turned over into a negative state. I t was assumed 
that photoexcited F M N might decompose to produce 
some substance whose isoalloxazine ring was reduced 
to form a hydroquinone type.8) If so, the potential 
of the system containing EDTA, which reduced F M N 
under illumination,6) should shift to a negative state 
more rapidly. I t seems that the second curve in 
Fig. 1 sustains the above assumption. In order to 
keep the potential positive, the decomposition of F M N 
had to be avoided. Tryptophan is known to be ef­
fective for the suppression of F M N decomposition.6) 
As seen at the bottom in Fig. 1, the potential of the 
system containing an equimolar mixture of F M N and 
tryptophan remained in the positive state during light 
irradiation. 

A plate of Ag, Pt, or l n 2 0 3 covered by chlorophyll 
was used for one electrode. The other one was lined 

with a mixture of chlorophyll and IQ, on l n 2 0 3 elec­
trode. The electrolyte contained F M N and trypto­
phan. T h e results are summarized in Table 2. The 
potential difference between Ag and l n 2 0 3 electrodes 
was 40 m V under illumination. This value was the 
smallest. The potential difference of the P t - I n 2 0 3 

system was twice as great as that of the I n 2 0 3 - I n 2 0 3 

system. 
I t was found that the magnitude of the photovoltage 

was influenced by the p H of electrolyte. The pH-
photovoltage curves obtained from the system of 
P t | Chi | electrolyte | C h l , I Q | I n 2 0 3 are shown in Fig. 
2. The maximum photovoltage appeared around p H 
7 for the FMN-tryptophan electrolyte. The gluta­
thione result is also shown in Fig. 2. 

For the promotion of electron transfer at the surface 
of the chlorophyll electrode, R T B was mixed with 
chlorophyll on a Pt electrode. R T B was expected 
to relay the electron from chlorophyll on the electrode 
to F M N in the electrolyte. The photo voltages on 
the system of P t | C h l , R T B | F M N , T r p | C h l , I Q | I n 2 0 3 

are shown in Fig. 3. The results show 176 m V as 
the maximum photovoltage and 314 m V as the poten­
tial difference between the two electrodes. 

At the opt imum condition of the above photocell, 
the current shown in Fig. 4 was produced. The 
current began to reduce gradually with the lapse of 
time and finally reached an almost constant value. 

TABLE 2. THE POTENTIALS OF THE PHOTOCELLS OF 

Mj | Chi 
5 mM FMN 
5 mM Tryptophan 
0.1 M KCl 

Chi, I Q (1 : 5 ) | M 2 

M, 

l n 2 0 3 

Ag 
Pt 

M2 

l n 2 0 3 

l n 2 0 3 

l n 2 0 3 

Potential (mV 

Dark 
(d) 

45 
- 2 3 
146 

Light 
(1) 

141 
40 

289 

vs. M2) 
\ 

Photovoltage 
( l ) - (d) 

96 
63 

143 

3x l0 4 l x , 20—26 °G 

.2! 
'S 
o 

Pu 

l ooh 

o 
200 

1 0 0 

1 0 0 

(V 
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2001 
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Fig. 1. The potential-time curves of the photocell 
using FMN in electrolyte. 
In2O3 |Chl|0.1 M KCl, 5 mM FMN, X | l n 2 0 3 . 
X : 1; none, 2; 2.5 mM EDTA, 3; Tryptophan. 
Chi: 0.03 p o l / c m 2 , 20—23 °C? 3 x l 0 4 l x , 

bo 

Ä 100 
o 
% 
o 

Fig. 2. The influence of pH to the photovoltage. 
1 : Pt | Chi 15 mM FMN, 5 mM Trp | Chi, I Q | ln 20 3 , 
2: P t | C h l | l m M GSH, 1/2 mM GSSG | Chi, IQ, | 
ln 2 0 3 , Chi: 0.03 [jtmol/cm2, Ch l : IQ=l :5 , 19—24 °C? 

3 x l 0 4 l x . 
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200, 

Chl-fRTB 

Fig. 3. The influence of molar ratio to the photo-
voltage. 
Pt|Chl, RTB|5 mM FMN, 5 mM Trp (pH 6.7) | Chi, 
IQ, | ln 2 0 3 . Chi: 0.03 (xmol/cm2, Chl : IQ= 1:5, 25— 
31 °C, 3 x l 0 4 l x . 

0.3, 

< 
+-> 
Ö 

U 
U 
3 

0.2 

o.ih 

50 90 

Time/h 

Fig. 4. The photocurrent. 
Pt|Chl, RTB|5 mM FMN, 5 mM Trp (pH 6.7) | Chi, 
IQ, | ln 2 0 3 . Chi : 0.03 [jtmol/cm2, Chi :RTB= 1:1, 
Ghl:IQ.= l:5, 31—32 °C, 3 x l 0 4 l x . 

A steady state was found to exist after the current 
which had been passed reached the theoretical amount 
for the reduction of F M N in the electrolyte (3.5 (JLA 
h) . 

I t is plausible from Fig. 1 that F M N in the elec­
trolyte is reduced at the chlorophyll-RTB electrode 
and the photopotential shifts to a negative state, and 
thus the photocurrent becomes smaller. The reduced 

F M N , which is a strong reducing agent,9) is susceptible 
to being oxidized to reproduce F M N at the chloro-
phyll-IQ, electrode. Therefore it is very possible that 
a steady state was obtained during the photoelectro-
chemical reaction. 

As a conclusion, the electron transfer process of 
the photocell may be the following: 

> e 

Chl+-^L 

Chi 

hv 
# 

Chi \ / 1Q \ ft FMN \ / RTB ^ Jl c h l
 " * N ^ 

- C h l ^ \ I Q / \FMNH2# ^ RTB / \ C h l V ^ ^ 
hv 
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Heterogeneous Reactions of Nitrogen Monoxide on Titanium 
Dioxide Photocatalysts in Solutions 
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Heterogeneous reactions of nitrogen monoxide on illuminated TiOa catalysts in 1 mol dm - 3 HG104 were 
studied by electrochemical analysis. Nitrogen monoxide was reduced to ammonia and hydrazine. The main 
reaction was found to be a chemical reaction of hydroxylamine as a reaction intermediate with nitrogen mon­
oxide to give molecular nitrogen. Nitrate was detected as an oxidation product formed by the counterpart reac­
tion of the reduction of nitrogen monoxide. 

Heterogeneous reactions on semiconductor photo-
catalysts in solutions are of interest in view of solar 
energy utilization. Fundamenta l mechanisms of the 
photocatalysts have been elucidated,1 - 6) and several 
reaction systems in line with the established view have 
recently been reported.7 - 1 4) 

According to Guth and Schrauzer,15) the reduction 
of molecular nitrogen to ammonia and hydrazine takes 
place on illuminated moist T i 0 2 powders with simul­
taneous evolution of oxygen. However, the yield was 
poor. Causes for this might be : (1) the reaction 
terminates in the gas phase, when adsorbed active 
water is consumed, and (2) the reaction requires 
large positive Gibbs energy changes. 

1/2N2 + 3/2H20 • NH3 + 3/402 (1) 

A G 8 - 382.5 kj/mol 

N2 + 2H 2 0 • N2H4 + 0 2 (2) 

A G 8 - 625.7kJ/mol 

In view of thermodynamics, the reduction of nitrogen 
monoxide to ammonia and hydrazine should take 
place more easily. 

NO + 3/2H20 -> NH3 + 5/202 (3) 

AG2°98 = 292.6 kj/mol 

2NO + 2H 2 0 • N2H4 + 20 2 (4) 

A G 8 - 448.1kJ/mol 

The present study was undertaken to investigate 
reactions of N O on illuminated T i 0 2 photocatalysts 
in solution. 

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

A tank NO gas (99.9% purity) was passed through 5 
mol dm - 3 KOH and then through 5 mol dm - 3 H 2S0 4 to 
remove N 2 0 and N 0 2 . 

TiOa powder of the rutile modification (Fuji Titanium 
Go.) was used in a commercially available form and a partial­
ly reduced one. The powder was soaked in a dilute HCl 
solution overnight, washed with twice distilled water several 
times, and then dried in a drying oven. Partial reduction 
was carried out under a stream of H2 at 700 °G for 30 min. 
Platinization of the powder was carried out by means of 
photodeposition.16) The powder was suspended in a HCl 
solution containing H2PtCl6. Illumination with a 500 W 
xenon lamp was carried out under N2 atmosphere until the 
yellow color of the solution completely faded. The amount 
of platinum deposited on the powder surface was 21.8 mg/g 
of T i0 2 , its specific surface area being 14.2 m2/g as deter­

mined by the BET method. The amount of deposited Pt 
was comparable to that required for a monolayer coverage 
of the powder when the surface exposed to solution is the 
(001) face. 

A TiOa single crystal, reduced in a stream of H2 at 600 
°G for 30 min, was used as an electrode as well as a photo-
catalyst. The (001) face was chosen as the electrode surface. 
Platinization of the electrode surface was carried out by 
means of electrodeposition.17) The amount of deposited 
platinum was estimated by measuring the charge passed 
during the course of deposition, and converted into equi­
valent monolayers.17) 

Polarization measurements were carried out in the usual 
beaker type cell or in a H type cell with a potentiostat 
(Hokuto Denko, model HA 101). Experiments of the het­
erogeneous reaction were carried out in a beaker cell of 
ca. 10 ml capacity equipped with a gas inlet in the side wall 
near the bottom and with a gas outlet in the top of the cell. 
Illumination was made with focusing light from a 500 W 
xenon lamp. The powder catalyst was agitated with a 
magnetic stirrer during the course of illumination, NO gas 
being continuously bubbled into the solution. 

Quantitative analysis of NH3, N2H4, NH2OH, N0 3 " , and 
N0 2~ was carried out by colorimetry. Solutions in the 
heterogeneous reaction vessel were transferred to a volumetric 
flask and diluted to 25 ml. In the case of powder photo­
catalysts, the solution was separated from the catalyst by 
filtration, and then diluted to the same volume. The diluted 
solutions were used as the sample solutions. The amount of 
NH3 was determined by the method of Kruse and Mellon.18) 
10 ml of the sample solution was subjected to distillation in 
a micro-Kjeldahl apparatus. The ammonia in the distil­
late was collected in 0.01 mol dm - 3 H2S04 , and determined. 
N2H4 was determined in 10 ml of the sample solution with 
jb-dimethylamminobenzaldehyde.19) For the determination of 
NH2OH,20) 5 ml of the sample solution was mixed with 
1 ml of 10% NaOH, and then with 0.25 ml ethyl acetate. 
After the color of the ester had faded the solution was acidi­
fied with 25% H N 0 3 making the volume of solution 25 
ml. 1 ml of a 8% FeCl3 solution was then added and the 
absorbance was measured at 505 nm. N03~ was deter­
mined by the nitration of sodium salicylate in the presence 
of H2S04.21) In order to eliminate interference from N02~, 
1 ml of the sample solution was diluted to 10 ml, and 1 ml 
of a sulfanilamide solution (1 g of sulfanilamide/100 ml of 1% 
HCl) was added to it. After standing for 15 min, 1 ml of a 
iV-(naphthyl)ethylenediamine solution (0.1 g of iV-(naph-
thyl)ethylenediamine/100 ml of water) was added, and the 
absorbance was measured at 530 nm after shaking for 
20 min.22> 

N2 originated from NO was determined by gas chromatog­
raphy with the use of a helium carrier and a 70 cm length 
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molecular sieve 5 A column. In order to eliminate any 
error introduced by N2 in air, experiments for collection of 
gases were carried out under Ar atmosphere. Since the 
chromatograms of N2 and NOa overlapped at room tem­
perature, the column was cooled down to —76 °G by dipping 
in a mixture of dry ice and acetone, the sample gas being 
then injected. After the chromatogram of Ar appeared, 
the coolant was removed to warm up the column to room 
temperature. During this time, N2, NO, and N 0 2 ap­
peared successively in the chromatograms. 23>24> 

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

Electrochemical Reactions of NO on Ti02 Electrodes. 
According to the results obtained by Dut ta and 
Landoldt on Pt electrodes in 4 mol d m - 3 H2S04,25> 
the electrochemical reduction of N O occurs with two 
waves. The first wave starting at 0.6 V vs. SCE 
was postulated to be due to the formation of an inter­
mediate having an oxidation state identical with that 
of N 2 0 such as H 2 N 2 0 2 or N O - , and the second one 
to further reduction of the intermediate to NH 3 OH+. 
If the intermediate is assumed to be H 2 N 2 0 2 , then 
the reactions are represented by 

2NO + 2H+ + 2e- = H2N202 , (5) 

E° = 0.71 V os. SHE26> 

H2N202 + 6H+ + 4e- = 2NH3OH+. (6) 

E° = 0.39 V os. SHE23) 

Figure 1 shows cyclic voltammograms for the reduc­
tion of N O in 1 mol dm~3 H C 1 0 4 at a Pt electrode. 
Two waves appear by cathodic polarization up to 
0.1 V vs. SCE. The formation of N H 3 O H + is con­
ceivable at potentials equal to or more negative than 
0.1 V vs. SCE. The overall reaction for the reduction 
of N O is then represented by 

NO + 4H+ + 3e- = NH3OH+. (7) 

Steady state current-potential curves obtained at 
the T i 0 2 single crystal electrode are shown in Fig. 
2, and those at a platinized electrode in Fig. 3. 
Measurements were carried out under both N O and 
N 2 atmosphere. T h e cathodic curves were obtained 
in the dark, while anodic ones under illumination. 
The cathodic current is enhanced by introduction 
of N O into the electrolyte, suggesting that the cathodic 

0 0.2 0.4 0.6 

(Potential vs. SCE)/V 

Fig. 1. Current-potential curves of a Pt electrode in 
1 mol dm-3 HG104 under bubbling NO. 
Sweep rate : 50 mV/s. 

reaction is mainly due to the reduction of N O when 
it is present in the solution. T h e enhancement of 
the cathodic current is great when the electrode is 
platinized. O n the other hand, a slight suppression 
of the anodic photocurrent is observed by introduction 
of N O . This seems to be due to the absorption of 
near-ultraviolet light in the electrolyte, causing a de­
crease in light quanta incident on the electrode. As 
shown in Fig. 4, NO-saturated 1 mol d m - 3 H C 1 0 4 

shows relatively high absorption in wavelengths 340— 
400 nm which are effective for excitation of T i 0 2 . 

In order to study the anodic photocurrents, constant 

g 
< 
S 
+-> 
c 

3 

-0.6 Q.H -0.4 -0.2 0 0.2 

(Potential os. SGE)/V 

Fig. 2. Steady state current-potential curves of a single 
crystal TiOa electrode under illumination and in the 
dark. 
Open symbols: under illumination, filled in symbols: 
in the dark. (O, • ) : NO-bubbled 1 mol dm-3 

HC104, ( • , • ) : 1 mol dm-3 HC104 under N2 at­
mospheres. 

U 

-0.4 -0.2 0 0.2 0.4 0.6 

(Potential os. SCE)/V 

Fig. 3. As in Fig. 2, but for Pt(0=lOO)/TiO2 elec­
trode. 
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a 

O 
Hi 

< 

280 380 400 300 320 340 360 

Wavelength /nm 

Fig. 4. Absorption spectra of 1 mol d m - 3 H C 1 0 4 con­
taining oxide species of nitrogen. 
( ) : T h e solution bubbled N O for 5 min, ( ) : 
0.01 mol d m - 3 N a N O a , ( ) : 0.1 mol d m " 3 K N 0 3 . 

p o t e n t i a l e lectrolysis a t 0 .5 V vs. S C E w a s c a r r i e d 
o u t i n 1 m o l d m - 3 H C 1 0 4 i n t h e p r e s e n c e a n d a b s e n c e 
of N O , a n d t h e v o l u m e of gases evo lved f rom t h e 
a n o d i c c o m p a r t m e n t of a n H t y p e cell w a s c o m p a r e d 
w i t h t hose p r e d i c t e d t heo re t i ca l l y f rom t h e fol lowing 
e q u a t i o n o n t h e basis of t h e c o n s u m e d e lec t ro ly t i c 
c h a r g e . 

2 H 2 0 + 4p+ • 0 2 + 4H+, (8) 

w h e r e p+ d e n o t e s a p h o t o - g e n e r a t e d pos i t ive h o l e . 
T h e resul t s a r e g i v e n in T a b l e 1. W h e n N O w a s 
dissolved in t h e e lec t ro ly te , gas e v o l u t i o n w a s a p ­
p r e c i a b l y suppres sed , r e su l t i ng i n a l ow c u r r e n t ef­
ficiency for t h e o x y g e n e v o l u t i o n r e a c t i o n . N o t on ly 
w a t e r b u t also N O s h o u l d p a r t i c i p a t e in t h e p h o t o -
a n o d i c processes . 

R e d u c t i o n of N O gives rise to h y d r o x y l a m i n e . 2 5 ' 2 6 ) 
H o w e v e r , b y c o n s t a n t p o t e n t i a l e lectrolysis of T i 0 2 

T A B L E 1. C U R R E N T EFFICIENCY FOR THE EVOLUTION 

OF OXYGEN AT ILLUMINATED T i 0 2 ELECTRODE 

IN 1 mol d m - 3 H C 1 0 4 WITH AND WITHOUT 

DISSOLVED N O 

Atmosphere 

N2 

NO 

Volume 
of gas 

mT~ 

0.82 
0.52 

Consumed 
charge 

C 

14.1 
15.0 

Current 
efficiency 

% 

100 
60.1 

e lec t rodes in t h e d a r k in N O - s a t u r a t e d solut ions u n d e r 
v a r i o u s p o l a r i z a t i o n cond i t i ons , a m m o n i a a n d h y d r a ­
z ine , b u t n o t h y d r o x y l a m i n e , w e r e p r o d u c e d regard less 
of w h e t h e r o r n o t t h e p l a t i n i z a t i o n of t h e e lec t rode 
w a s m a d e . T h e resul ts a r e g iven in T a b l e 2, in w h i c h 
t h e resul ts o b t a i n e d a t P t e lec t rodes a r e also g iven . 
N o f o r m a t i o n of h y d r o x y l a m i n e w a s fo rmed even b y 
use of P t e l ec t rode . I f w e a s s u m e t h a t b o t h a m m o n i a 
a n d h y d r a z i n e a r e p r o d u c e d b y t h e e l e c t r o c h e m i c a l 
r e d u c t i o n of h y d r o x y l a m i n e , t h e n t h e reac t ions w o u l d 
b e r e p r e s e n t e d b y E q s . 9 a n d 10. W e see f rom t h e 

N H 3 O H + + 2H+ + 2e - - N H 4
+ + H 2 0 , (9) 

E°= 1.35 V vs. SHE28) 

2NH 3 OH+ + H+ + 2e - - N 2 H 5
+ + 2 H 2 0 . (10) 

E° = 1.41 V vs. SHE28) 

resul t s ( T a b l e 2) t h e fol lowing. (1) T h e a m m o n i a 
p r o d u c t i o n increases w i t h a c a t h o d i c shift of t h e elec­
t r o d e p o t e n t i a l . A t t h e e x t r e m e of t h e shift of 0.5 
V vs. S G E , h o w e v e r , h y d r o g e n ev o l u t i o n seems to 
o c c u r c o m p e t i t i v e l y , as j u d g e d f rom t h e onse t p o t e n t i a l 
of t h e c a t h o d i c c u r r e n t i n a lka l i ne solutions.1 7) E v e n 
a t 0 .25 V vs. S G E , t h e s a m e w o u l d b e t r u e for t h e 
p l a t i n i z e d e l ec t rode , t h o u g h t h e c o m p e t i t i o n w o u l d 
o c c u r to a m u c h sma l l e r ex t en t . A d s o r b e d h y d r o g e n 
o n t h e e l ec t rode surface is essent ia l for t h e p r o d u c t i o n 
of a m m o n i a a n d h y d r a z i n e in a p p r e c i a b l e a m o u n t s . 
T h e o r e t i c a l l y , t h e r eac t ions g iven b y E q s . 9 a n d 10 
s h o u l d o c c u r easily, s ince t h e s t a n d a r d e l ec t rode p o t e n ­
t ials a r e pos i t ive . H o w e v e r , t h e a c t u a l r a t e s of t h e 
r e a c t i o n s a r e so low2 7) t h a t a l a r g e o v e r p o t e n t i a l is 
n e e d e d for t h e r e a c t i o n s to o c c u r w i t h a p p r e c i a b l e 
r a t e s . (2) T h e p l a t i n i z e d T i 0 2 is t h e m o s t ac t ive 
for t h e conve r s ion of N O to a m m o n i a a n d h y d r a z i n e . 
Phys ica l a n d c h e m i c a l n a t u r e of t h e depos i t ed p l a t i n u m 
o n T i 0 2 h a s n o t so far b e e n c h a r a c t e r i z e d . A h i g h 
c a p a b i l i t y of s o r b i n g h y d r o g e n m i g h t b e r e l a t e d to 
t h e obse rved h i g h ac t iv i ty , s ince e l ec t rodepos i t ed p l a t ­
i n u m h a s a h i g h ac t iv i ty for t h e h y d r o g e n e lec t rode 
r e a c t i o n . 

J u d g i n g f rom e l e c t r o c h e m i c a l analys is o n t h e r e d u c ­
t ion of N O o n P t e lect rodes , 2 5 ' 2 6 ) t h e r e is n o d o u b t 
as to t h e f o r m a t i o n of h y d r o x y l a m i n e . H o w e v e r , this 
is n o t t h e case in e lec t ro ly te so lu t ions . T h e c u r r e n t 
efficiency for t h e p r o d u c t i o n of a m m o n i a a n d h y d r a ­
z ine , d e t e r m i n e d o n t h e basis of E q s . 7, 9, a n d 10, 

T A B L E 2. ELECTROLYTIC REDUCTION OF N O AT T i 0 2 ELECTRODES IN THE DARK IN 1 mol d m - 3 HG10 4 

R u n No. Electrode 
Potential vs. SCE 

V 

Consumed 
charge 

G 

Produced substance 

N H 3 N 2 H 4 N 2 

(jimol {jimol {jimol 

Total currenta) 
efficiency 

" % 

1 Pt 0 .00 

2 Pt - 0 . 5 0 

3 T i O a - 0 . 2 5 

4 T i O a - 0 . 5 0 

5 Pt(0=lOO)/TiO2
c> - 0 . 2 5 

6 P t (0= lOO) /T iO a - 0 . 5 0 

7 T i 0 9 - 0 . 2 0 

50.0 
12.5 
12.4 
12.5 
12.7 
12.5 
12.7 

0.93 

2.1 
0.60 
2.8 

0.76 
5.13 
0.55 

n.d.b) 

0 .66 

0.12 
0.11 
1.87 
1.87 
0.08 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

34 .1 

0 .90 

12.2 

3.08 
11.5 
14.3 
31.4 
80.3 

a) Calculated on the basis of the determined substance, b) Not determined, c) T i O a electrode covered with 
deposited Pt the amount of which roughly corresponds to 100 monolayers coverage. 
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was found to be low, suggesting that a large fraction 
of the produced hydroxylamine is consumed in another 
reaction. 

Gas bubbles stick to the electrode surface during 
the course of electrolysis even at potentials at which 
no hydrogen evolution is conceivable. The formation 
of N 2 was postulated as a principal reduction reaction. 
For the sake of confirmation determination of N 2 

originating from N O was attempted. Electrolysis was 
carried out in a sealed cell with atmosphere of N O , 
the cell being kept in Ar during the course of elec­
trolysis. After electrolysis at —0.2 V vs. SCE for 30 
h, where the evolution of hydrogen is thermodynami-
cally impossible, N 2 in the sealed cell was determined. 
As expected, N 2 was produced by electrolysis (Table 
2). The reaction schemes for the formation of N 2 

can be given by either one or both of the following 
equations. 

NH3OH+ + 2NO = N2 + H N 0 2 + H3O+, (11) 

A G 0 - -407.6kj /mol 

4/3NH3OH+ + 2/3NO + 2/3H+ = N2 + 2H30+. (12) 

AG*0 = - 2 1 4 . 6 kj/mol 

If the N 2 production is due to the reduction given 
by Eqs. 7 and 11, then the total current efficiency 
for the formation of ammonia, hydrazine and N 2 

amounts to 80 .3%. If Eqs. 7 and 12 are used, the 
value is 106%. 

Table 3 shows the decrease in the amount of 
NH3OH+ by bubbling N O into the solution. The 
results show that even ammonia and hydrazine, when 
produced, are consumed to evolve N2 , causing a de­
crease in current efficiency for the formation of these 
substances. N 0 2 ~ is formed by bubbling N O into 
1 mol dm~3 HC10 4 , possibly by the equation, 

TABLE 4. HETEROGENEOUS REACTION OF NO ON SINGLE 

CRYSTAL T i O o PHOTOCATALYSTa> 

2NO + H 2 0 = NOH + H N 0 2 . (13) 

Heterogeneous Reactions on Ti02 Single Crystal Photo-
catalysts. In heterogeneous reactions on n-type 
semiconductor photocatalysts, reduction process and 
photosensitized oxidation process proceed mainly on 
the non-illuminated and illuminated surfaces, respec­
tively.28»29) Electrochemical prediction of occurring 
heterogeneous reactions can be made by means of 
the current-potential curves of semiconductor photo­
catalysts in the photocatalytic reaction systems,3»4) (Figs. 
2 and 3). The current-potential curve due to the 
reduction of N O intersects with photoanodic curves, 

TABLE 3. DECREASE OF NH2OH, NH3 AND N2H4 

BY CHEMICAL REACTIONS WITH N O 

Sub-

NH 3 

N 2 H 4 

N H 2 O H 
blank«) 

Initial 
(jimol 

27 .6 
112.0 
150.0 

Amountb> 

Final 
(jimol 

13.4 

0 .7 
65 .3 

Decrease 
(jimol 

13.6 

111.3 
84 .7 

Produced 
N 0 2 -
(jimol 

70.7 
59 .9 
83 .9 
55.1 

a) Dissolved in the base solution 1 mol dm - 3 HG104. 
b) Solution volume 5 ml, NO gas bubbled for 2 h. c) 
NO gas bubbled in 1 mol dm"3 HG104. 

T> A Oxidation process 
P t c o v e r a « e Amount of NQ 3 -

[jimol 
(monolayers) 

Reduction process 

Amount 
of NH3 

Amount 
of N2H4 

(jimol (jimol 

0 

100 

300 

9 1 . 0 

36 .5 

2 1 . 4 

0 .96 

2 .93 
1.69 

0 .15 

2 .28 

1.62 

a) Experiments were carried out under illumination, 
made on the platinum-free surface, for 15 h for a solu­
tion volume of 5 ml. 

suggesting that heterogeneous reactions should occur 
on the illuminated T i 0 2 . By comparison of Figs. 
2 and 3 we see that the platinization of T i 0 2 photo­
catalysts mainly effects the reduction process. Ex­
periments were carried out by illuminating the non-
platinized surface, the platinized surface not being 
illuminated. Il lumination was carried out for 15 h 
under bubbling N O into 5 ml of 1 mol d m " 3 HC10 4 , 
and the solution was analyzed for N 0 3 ~ as an oxida­
tion product, and for ammonia and hydrazine as 
reduced ones. The results are given in Table 4. 

The platinized photocatalysts give a lower amount 
of N 0 3 ~ but higher amounts of ammonia and hydrazine 
than the non-platinized catalysts, in line with the 
results given in Table 2 when a comparison of results 
is made at the same potential. 

Heterogeneous Reactions on Powder Photocatalysts: 
The formation of N 0 3 ~ by oxidation and of N H 3 by 
reduction was investigated by using T i 0 2 powder 
photocatalysts. As the photocatalysts, a commercially 
available powder, a partially reduced powder and a 
platinized powder subjected to no reduction were used. 
The degree of platinization was so low as to give a 
monolayer coverage, differing from the cases of single 
crystal catalysts. Photodeposition to give a much 
higher coverage was unsuccessful. 

The results on the heterogeneous reactions on the 
powder photocatalysts are given in Table 5. The 
N 0 3 " production was suppressed but N H 3 production 
seemed to increase with platinization as observed in 
single crystal photocatalysts. However, the effect of 
platinization was not so obvious as in the case of single 
crystal catalysts mainly due to the low coverage of 
deposited Pt. The effects of the partial reduction of 
the catalyst are not clear. The results obtained are 
greatly scattered, making it difficult to give conclusions 
on the effect of illumination time and the amount of 
catalyst loadings on the production of N 0 3 ~ and NH 4

+ . 
Since chemical reactions (Eqs. 11 to 13) are involved 
in the heterogeneous reaction, slight differences in 
bubbling conditions of N O might greatly influence 
the yield. 

The results given in Figs. 4 and 5 indicate that the 
amount of ammonia produced is higher in the powder 
photocatalysts than in the single crystals. The am­
monia production may require the adsorbed hydrogen 
on the catalysts surface. A large surface area of 
powder photocatalysts is advantageous. The attack 



1*1? 

Catalyst 

Unreduced 
T i 0 2 

Reduced 
Ti02b> 

Platinized 
Ti02

c> 

No catalyst 

Hiroshi YONEYAMA, Hisashi 

TABLE 5. HETEROGENEOUS REACTION OF 

Sp. surface 
area 

m 2 g i 

14.2 

16.9 

16.0 

Amount of 
powder 

g 

0 .2 
0 .2 
0.1 

0 .2 
0 .2 
0.1 

0 .2 
0 .2 
0 .1 

SHIOTA, and Hideo TAMURA 

N O ON T i O a POWDER 

Illumination 
time 

h 

8 
15 
15 

8 
15 
15 

8 
15 
15 

13.5 

PHOTOGATALYSTSa) 

N Q 3 -
(jtmol 

40 .7 
4 3 . 9 
71 .4 

18 .4 
26 .3 
31 .0 

6 .79 
8 .04 

10.7 
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N H 3 

(xmol 

5.91 
6 .22 
8 .25 

18.6 
7.66 
1.43 

6 .73 
9.31 
4 .05 

0 .18 

a) Solution: 5 ml of 1 mol dm"3 HC104. b) H2 reduction at 700 °G for 30 min. 
Pt/g of Ti0 2 , corresponding roughly to a monolayer coverage. 

c) Amount of Pt: 21.8 mg 

of N O on the ammonia produced would not take 
place with the same rate in the powder and single 
crystal catalyst systems, since experimental conditions 
differ. 

Summary of the Heterogeneous Reactions of NO. I t 
was confirmed that N O dissolved in 1 mol d m - 3 H C 1 0 4 

undergoes heterogeneous reactions on T i 0 2 photo-
catalysts, the reaction schemes being complicated. 
From the current-potential curves of T i 0 2 single crystal 
electrodes (Figs. 2 and 3), we see that heterogeneous 
reaction takes place on single crystal catalysts following 
electrochemical mechanism. This might be the case 
also for powder photocatalysts, since as regards ZnO3 0) 
and Ti02

1 7 '3 1) there is close similarity in photoelec-
trochemical properties of semiconducting powders to 
those of single crystals. The reaction schemes can 
be estimated on the basis of anodic and cathodic 
reactions at T i 0 2 electrodes. 

The oxygen evolution occurs as the main anodic 
reaction (Table 1). The oxygen evolved would easily 
react with N O to give N 0 2 , and the resulting N 0 2 

would dissolve into solutions to give N 0 3 ~ with a dispro-
portionation reaction. The current efficiency for the 
oxygen evolution decreases in the presence of N O . 
This is partly attr ibutable to the contribution of the 
chemical reaction with N O . The electrochemical oxi­
dation of N O to finally give N 0 3 ~ should also be taken 
into consideration. N O is oxidized to N 0 3 ~ at high 
anodic potentials on Pt electro des.32) 

The oxidation processes are postulated on the basis 
of the electrolysis experiments. The main difference 
expected between the electrolysis experiments and pho-
tocatalytic experiments would result from the dif­
ference in the magnitude of the electric field built 
in the semiconductor surface, the magni tude being 
usually small in the cases of heterogeneous reaction 
systems. The weak electric field enhances the recom­
bination of photo-generated positive holes with elec­
trons as majority charge carriers, resulting in a low 
utilization efficiency of light quanta as demonstrated 
by Ohnishi et Ö/.33) T O our present knowledge this 
effect is the only one expected for the change of surface 
electric field. No change would be predicted in the 
nature of electrochemical reactions when variation 
arises in the electric field of semiconductor surfaces. 

HNp3<—NO,«*-- 02 

Oxidation 
Reduction NO KO 

N, < - < " / " • N 2 

*NH,0H NHj.Nft 

Fig. 5. Schematic illustrations of heterogeneous reac­
tions of NO on illuminated TiOa in 1 mol dm - 3 

HG104. 
Double lines stand for the main reaction path. Solid 
line: electrochemical reaction path, dashed line: 
chemical reaction path. 

If there were any change the proposed reaction schemes 
would then become invalid. 

As a cathodic process which should occur to keep 
the electrical neutrality of the photocatalysts, the reduc­
tion of N O to hydroxylamine would take place. A 
fraction of the hydroxylamine produced escapes from 
the chemical reaction with N O , and is subjected to 
further reduction to ammonia and hydrazine. A part 
of the produced ammonia and hydrazine would be 
decomposed into N 2 by the chemical reaction of N O . 
These routes are illustrated in Fig. 5. 

In view of electrochemistry, the production of am­
monia and hydrazine from N O seems promising in 
the heterogeneous reaction systems on illuminated T i 0 2 

if the entire processes are governed by electrochemical 
mechanisms. Actually, however, several chemical 
reactions are involved, and as a result N 2 is produced 
as the main substance. 

The present study was supported by Grant-in-Aid 
for Scientific Research No. 505008 from the Ministry 
of Education, Science and Culture. 
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The structure factors Sm(Q) over a wide range of 0,(1.7—25 Â -1) for aqueous solutions of DG1 and DBr (ca. 
1 M) at room temperature have been determined by means of LINAG-TOF neutron diffraction. The intra­
molecular structures of D 2 0 and D 3 0 + in the solutions are found to be identical with those in the "revised watery 
model" for water. Applying the subtraction method of analysis to diffraction data for the solutions, we have 
obtained the following results with respect to the structure of the nearest hydration shell around ions in the DG1 
and DBr solutions: (a) D30+ is tetrahedrally coordinated with four water molecules and Gl~ and Br - are octa-
hedrally coordinated with six ones, (b) the O-O distances between the central oxygen atom and that of hydrated 
water molecules for D30+ are 2.88±0.05 Â, (c) the anion-oxygen distances are 3.10 + 0.05 Â for Gl - and 3.21 + 
0.05 Â for Br -, and (d) around cations (D30+) water molecules take the configuration to orient the axis of one 
of the two lone-pair hybrids on a straight line joining an oxygen atom and the cation, while around anions (Gl~ 
and Br~) those take the configuration to orient the vector which bisects the D-O-D angle on a straight line joining 
an oxygen atom and the cation. 

With respect to the structural studies of aqueous 
ionic solutions, X-ray diffraction techniques have been 
widely used and a rather large amount of knowledge 
with respect to the structure of the hydration shell 
around ions have been accumulated. These X-ray 
results are summarized in recent review articles. l j2) 
The results obtained, such as the coordination num­
bers, etc., however, are diverse and no precise deter­
mination of the orientational configuration of hydrated 
water molecules has been made by the X-ray dif­
fraction studies. 

Then, the neutron diffraction method, which has 
a unique advantage for determination of the positions 
of light atoms such as hydrogen (deuterium) contained 
in the molecules within liquids,3) has been applied 
to the study of aqueous solutions. Narten et al. carried 
out X-ray and neutron diffraction studies on aqueous 
LiCl4) and D O 5 ) solutions, and in the latter they 
used a well-known conventional method developed for 
steady state experiment at reactor. Enderby et al., 
using the same reactor conventional method, inves­
tigated aqueous solutions of NiCl2 , NaCl, and 
CaCl2 .2 '6 '7 ) The authors carried out studies on alkali 
chloride (LiCl, NaCl , KCl , and CsCl) solutions by 
the use of a T O F neutron diffraction method at 
LINAC.8 '9) These works have the following remark­
able features. First, the resolving power of neutron 
diffraction in structural studies of aqueous solutions 
has turned out to be superior to that of X-ray dif­
fraction.1»2) The neutron studies are sufficiently ef­
fective to distinguish between various possible ion-
water configurations. Second, for structural studies 
of liquids, the accuracy of a L I N A C - T O F neutron 
diffraction method has been raised in comparison 
with that of the reactor conventional method.8 '9 '1 0 - 1 4) 
Consequently, associated with the proposition of im­
proved correction procedures for inelastic scattering, 
the authors ' works for hydrogenous molecular liquids 
have made it possible to provide more detailed knowl­

edge.8 '9 '13 '14) 
Concerning neutron diffraction data of aqueous ionic 

solutions, there is no definite procedure for the ana­
lysis. Three procedures have been proposed recently: 
the near-neighbor model approach by Narten et al.,*>5) 
the first- and second-order-difference spectroscopy by 
Enderby et a/.,2'6'7) and the subtraction method by 
the authors.8,9) The subtraction method has been 
found to be useful in order to elucidate the structure 
of the nearest neighbor shell around ions in more 
dilute aqueous solutions,8'9) while Enderby et Ö/.'S 
method using isotopes is clearly restricted in its prac­
tical utility.15) As regards the method of Narten 
et al. especially on the fundamental nature of the 
near-neighbor model itself, important criticism has 
been raised by several workers.13 '15 '16) 

In the present paper, the result of a neutron dif­
fraction study on aqueous solutions of DC1 and DBr 
at ca. 1 M is given. With respect to concentrated 
DC1 solutions X-ray17 '18) and neutron5) diffraction 
studies have been made recently. However, the dif­
fraction study for its more dilute aqueous solutions 
has never been carried out, which is required for the 
elucidation of the fundamental structure of hydration. 
Then, in order to investigate the hydrated structures 
around ions in dilute solutions, we have made an 
experiment for ca. 1 M solutions of DC1 and DBr. 

Exper imenta l 

Procedures for Measurements. The experiment was per­
formed by the TOF neutron diffraction method by LINAC 
at Hokkaido University. Details of the apparatus and pro­
cedures were reported.13'19j20) Experimental accuracy has 
been raised to a more satisfactory level by recent improve­
ments: the resolving powder AQIQ of less than a few % 
and the statistical errors of smaller than 1% in the whole 
range of Q, can be easily attained at present (Qj= (4nsind)/ 
A)19»20) 

Measurements on the DG1 and DBr solutions and pure 
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D 2 0 at room temperature (16 °C) were carried out at a 
scattering angle, 2 0 = 9 0 ° . Data for pure heavy water are 
required for analysis of the da ta of aqueous ionic solutions. 
The time-of-flight of neutrons was analyzed by a multi­
channel time analyzer with a channel width of 10 [is. Thin-
walled cylindrical quartz vessels were used as a container 
of samples. 

Samples. Two acid solutions were prepared by the 
addition of deuterated hydrochloric and hydrobromic acids 
with the purity of deuterat ion of 9 9 % to heavy water . T h e 
concentration and density of the DC1 solution at 25 °C were 
1.097 M and 1.125 g cm- 3 , and those of the DBr solution 
were 1.038 M and 1.160 g cm- 3 . 

Corrections and Calibrations of Raw Scattering Data. For 
the determination of the structure factor S m ( Q J , corrections 
for multiple scattering, absorption, background counting, 
and inelastic scattering are necessary and absolute normali­
zation of data was performed by the use of the scattering 
data from a s tandard vanadium rod of the same shape and 
dimensions as those of the sample.8 '9 ,13 '14) Above all the 
correction for the inelastic scattering of neutrons is the most 
important for hydrogenous molecular liquids including light 
nuclei like deuterium. In order to compensate for this 
effect, we can apply the correction method being used suc­
cessfully in our recent studies on liquid D a O and CD 3 -
GOCl.13 ,14 ) In the present study the Placzek correction 
method21) was used in a lower Q region and the Wick cor­
rection method22) in a higher (), region. 

Calibration of absolute values for high Q da ta was per­
formed according to the limiting procedure that Sm(Q_)—> 
S ^ n 2 / ( S ^ n ) 2 a s 0.-*°°, where n ranges over all the nuclei 
in a molecule. Calibration of low Q_ da ta was made by 
overlapping the Sm{QJ) curves in the range 6—10 Â - 1 for 
the two corrected data.14) Thus , combining the da ta sets, 
we obtained the final Sm(Q_) curve for a wide range of Q,, 
1.7—25 A- 1 . In Fig. 1, the Sm(Q) curves of DC1 and DBr 
solutions together with that of D 2 0 are given. 

The resolving powder AQIQ was 0.03 in the Q range 
1—8 A" 1 and 0.04 in the range of Q greater than 10 A"1 . 

I i i i i i i i i i i i i i 
0 4 8 12 16 20 24 

Q/A 1 

Fig. 1. Observed structure factors for DC1 and DBr 
solutions at 1.10 M and 1.04 M, respectively, com­
pared with the factor for D 2 0 . 
O : Sm(Q) observed, : Sm(Q) observed previously 
(for D a O by the authors8 '13) and for DC1 solution by 
Triolo and Narten5)) , : fl(Q.) for D 3 0 and 

"& 0 (QJ f o r D C ! 1 a n d D B r solutions. 

T h e magnitudes of resolution AQ. are shown as triangles 
along the abscissa. T h e statistical error was found to be 
smaller than 1% in the whole range of Q_. 

Results. For the sake of comparison, the Sm(QJ) da ta 
for heavy water reported by the authors (dashed line)8 '13) 
are indicated in Fig. 1 overlapping the present da ta (open 
circles). Two sets of da ta agree fully with each other in 
the range of Q, 1.7—9 A - 1 , though slight differences in the 
main peak at 2 A - 1 and a broader peak at ca. 8 A - 1 are 
observed. Taking experimental uncertainties as well as the 
small difference in temperature into consideration, the 
«SmCQ.) da ta for D 2 0 are found to agree with other da ta 
(Page and Powles'23) and Narten's24) data at reactor, and 
the authors ' at LINAC8-1 3)) . Thus , the reproducibility of the 
neutron da ta for D 2 0 is confirmed with sufficient accuracy. 

Fur thermore , the da ta for hydrochloric acid solution at 
ca. 1 M reported by Triolo and Nar ten (dashed line)5) are 
indicated in Fig. 1 overlapping the present da ta (open 
circles). Their da ta in the figure are normalized to the 
value at the first peak of the structure factor obtained in the 
present work. A small deviation of Triolo and Narten 's 
da ta from ours at 6—10 A - 1 is observed. Values of rms 
deviations for D 2 0 and D 3 0 + in their least-square analysis 
are, thus, supposed to be too large. Except for this point, 
their da ta are found to be essentially identical with our 
da ta in the range of Q,, 1.7—6 A - 1 , and then the reproduci­
bility of the da ta has been confirmed. 

From the above-mentioned fact, reliability of the data 
required to elucidate the structure of the solutions is at tained. 
Thus , with the help of the subtraction method in the ana­
lysis of lower Q_ data , the configurations of water molecules 
within the first hydrat ion shell can be studied, and the mo­
lecular structure of D 2 0 and D 3 0 + within the solutions 
can be determined by the use of the Snx{Q_) da ta in a wide 
range of Q,.14) 

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

Intramolecular Contribution to Sm(Q). T h e s t r u c ­

t u r e fac tor Sm(Q) for m o l e c u l a r l i qu ids consists of 
a n i n t r a m o l e c u l a r c o n t r i b u t i o n S^(QJ) a n d a n in -
t e r m o l e c u l a r o n e S^(QJ), a n d is expressed as 

Sm{d) =Smm(Q.) +Sm<»>(Q.). (1) 

S t r u c t u r e factors for h i g h e r Q. r e g i o n a r e d o m i n a t e d 
b y t h e i n t r a m o l e c u l a r c o n t r i b u t i o n , i.e. Sm(Q)~* 
S2?(Q). T h e n , t h e S£{Q) for t h e D C 1 a n d D B r 
so lu t ions b e c o m e s 

Sm™(Q.) = ( 1 - * + - * - ) / ? ( £ ) + * + / ? ( £ ) + * - / t ( Q . ) -

(2) 

y T ( Q J is t h e i n t r a m o l e c u l a r c o n t r i b u t i o n f rom w a t e r 
m o l e c u l e s c o n s t i t u t i n g a t e t r a h e d r a l p e n t a m e r ( t he 
" r e v i s e d w a t e r y m o d e l " 8 - 1 3 ) ) . / ? ( £ ) a n d / t ( Q , ) a r e 
t h e i n t r a m o l e c u l a r c o n t r i b u t i o n s f rom t h e species con­
s t i t u t i n g t h e first h y d r a t i o n shel l a r o u n d D 3 0 + a n d 
a n i o n s , respect ively . 8 ) x+ a n d x_ a r e m o l e f ract ions 
o f D 2 0 m o l e c u l e s c o o r d i n a t e d i n t h e first shel l a r o u n d 
ca t ions a n d a n i o n s . 

T h e c a l c u l a t e d cu rves / T ( Q , ) for D 2 0 , SiïÇQ) 
for t h e D C 1 so lu t ion , a n d SS'CQ,) for t h e D B r so lu t ion 
a r e i n d i c a t e d i n F ig . 1, in c o m p a r i s o n w i t h t h e o b ­
se rved d a t a . T h e a g r e e m e n t b e t w e e n t h e c a l c u l a t e d 
cu rves a n d t h e obse rved d a t a a t h i g h Q_ r e g i o n ( Q , ^ 
8 A - 1 ) is sa t is factory . T h e a g r e e m e n t in o u r resul ts 
is f ound to b e o v e r a w i d e r r a n g e o f (£ ( 8 — 2 5 A - 1 ) 
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than that in Triolo and Narten's work (8—13 Â"1).5) 
Thus , it has been confirmed that the intramolecular 
structures of D 2 0 within liquid heavy water are speci­
fied by those in the revised watery model.8 '13) Like­
wise, the structures of D 2 0 and D 3 0 + in the DCl 
and DBr solutions at 1 M have been found to be iden­
tical with those in the revised watery model.8 '13 '25) 

Significant differences between the £ m (QJ data of 
D 2 0 and those of DCl and DBr solutions in the lower 
Q region ( < 7 Â - 1 ) can be ascribed mainly to con­
tributions from the ion-water and water-water in­
teractions within the structure of the first hydrated 
shell around ions. 

Structure of the First Hydration Shell around Ions. A 
determination of the structure of the nearest hydra­
tion shell around ions has been made by comparing 
calculated values with observed data according to the 
subtraction method described in the preceding paper.8,9> 
The method was proposed for the analysis of the data 
of comparatively dilute aqueous solutions, and its 
availability for the determination of the structure was 
demonstrated.8 '9) T h e outline of the subtraction meth­
od is as follows. 

where x is the mole fraction of D a O molecules coordi­
nated in the first hydration shell, x=c(n+-\-n_)j55.3: 
n+ and n_ are the coordination numbers around cations 
and anions, respectively, and c is the concentration 
in M . The second term in Eq. 3 is the contribution 
from bulk water outside of the hydration shell, and 
the third one that from pairs between the molecules 
within the shell and bulk water molecules. The 
magnitude of a was estimated to be 1 /2 in a preceding 
paper.9) 

Calculation of ASm(d)i The structure of the 

Determination of ASm(Q)( 

hydration shell is specified by several parameters, such 
as coordination numbers, ion-oxygen distances, 0 - D - -
O distances, and orientational arrangements of water 
molecules around ions. Coordination numbers and 
ion-oxygen distances reported so far are given in 
Table 1 (see also Tables 1 and 2 in Ref. 8). As 
regards the configuration of water molecules around 
ions, two forms, " l inear" and "bifurcated,"8) are as­
sumed for cations where lone-pair electrons are located 
in the vicinity of ions (Figs. 5(a) and (b) in Ref. 8), 
and also for anions where deuterium atoms in the 
vicinity of the ions (Figs. 5(c) and (d) in Ref. 8). 

tained by subtracting the structure factor Sm(Q)D20 

of D a O multiplied by an appropriate fraction from the 
observed total structure factor £m(Q,) t o t a l for solution. 
Thus, in an aqueous solution as dilute as 1 M, the 
remaining factor for the hydrated structure ASm(Q)ohsd 

becomes 

This factor is ob- We calculated ASm(QJ)c&lca for a number of struc-

ASm«2Jobsd = Sm(Q.)tot*i - (i-*)Sm«2,)D2o 

- axSm(d)D2o, (3) 

ture models in which the magnitudes of parameters 
were varied (Table 2). T h e expression for ASm-
(QJcaicd is given Eq. 4 of Ref. 9. 

For each of the DCl and DBr solutions, 42 dif­
ferent types of structures with respect to varieties of 
coordination numbers and orientational configurations 
are assumed. In the case of D 3 0 + , for the tetrahedral 
configuration three cases were taken into consideration: 
1) all peripheral water molecules take the linear con-

TABLE 1. COORDINATION NUMBERS, O-O DISTANCES, AND ION-OXYGEN DISTANCES FOR D30+, PROTON 

( H 3 0 + ) , AND B r - DETERMINED FROM X-RAY ( X ) AND NEUTRON (N) DIFFRACTION STUDIES 

AS WELL AS FROM MOLECULAR DYNAMICS ( M D ) CALCULATION 

Ion 
Coordination 
number 

O - H - O 
distance/Â 

Solute Concentration Method Reference 

D30+ 
Proton 
(H3O+) 

2.52 
2.56—2.75 
2.5—2.6 

HCl, DCl 
HCl 
HCl 

0.58—13.9 m 
2—6 M 

7.48—12.28M 

X, N 
X 
X 

i*> 

ii 
iii 

Ion 
Coordination 
number 

Ion-oxygen 
distance/Â Solute Concentration Method Reference 

Br- 6.6—8.9 

7.4—9.5 

6 
6. 8 

3.37—3.43 
3.36 
3.40 
3.40 

3.287—3.293 
3.316—3.342 
3 .14±0.1 
3 .14+0.1 

LiBr 
NH4Br 
LiBr 
NaBr 
LiBr 
CaBr2 

CuBr2 

NaBr 

3.5 LaBr, 

2.5—10 m 
7 . 3 m 
3.80 M ) 
3 .65M j 

2 .1—5.6M 
1.2—2.0M 

0.056 m 

2.26, 2.95 m 

X 
X 

X 

X 
X 

X 

MD 
X 

IV 

v 

vu 
viii 

x 
XI 

i) Ref. 5. ii) Ref. 17. iii) Ref. 18. iv) R. M. Lawrence and R. F. Kruh, J. Chem. Phys., 47, 4758 (1967). 
v) I. M. Shapovalov and I. V. Radchenko, / . Struct. Chem., 10, 804 (1969). vi) G. Licheri, G. Piccaluga, and 
G. Pinna, J. Appl. CrystaUogr., 6, 392 (1973). vii) G. Licheri, G. Piccaluga, and G. Pinna, Chem. Phys. Lett., 35, 
119 (1975). viii) G. Licheri, G. Piccaluga, and G. Pinna, J. Chem. Phys., 63, 4412 (1975). ix) P. Eisenbager 
and Kincaid, Chem. Phys. Lett., 36, 134 (1975). x) C. L. Briant and J. J. Burton, / . Chem. Phys., 64, 2888 
(1976). xi) L. S. Smith and D. L. Wertz, J. Inorg. Nucl. Chem., 39, 95 (1977). 
a) Triolo and Narten's "structure parameters for the hydrated ions were those found for the most concentrated 
solutions" (Ref. 5) in their study, 
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Coordination 
number, n 

O-O distance/Â Type of configuration around ion 
(Hydrogen-, Non-hydrogen-bonded) 

D30+ 

Ion 

4 (Tetrahedral) 

3 (Pyramidal, Planar) 

2.70—2.94 
(Interval of 0.03) 

(Linear, Linear) 
(Linear, Bifurcated) 
(Bifurcated, Linear) 

Coordination 
number, n Ion-oxygen distance/Â Type of configuration around ion 

ci-

Br-

4 (Tetrahedral) 
6 (Octahedral) 
8 (Cubic) 
4 (Tetrahedral) 
6 (Octahedral) 
8 (Cubic) 

3.00—3.20 
(Interval of 0.05) 

3.15—3.50 
(Interval of 0.05) 

Linear, Bifurcated 

Linear, Bifurcated 

DCl 

Q/A1 

Fig. 2. Changes in the A«S,
m(Q,)caicd with variation of the coordination number for DCl solution. 

O: ASm(QJobsd, : ASm(QJcaicd, tetrahedral (/i+ = 4): (a) rc_ = 4, (b) rc_ = 6, and (c) n-=S, 
pyramidal (w+ = 3): (d) w_ = 4, (e) w_ = 6, and (f) w_ = 8, planar (w+ = 3): (g) w_ = 4, (h) w_ = 6, and 
(i) n- = S. 

figuration, 2) all those take the bifurcated one, and 
3) one non-hydrogen-bonded molecule takes the 
bifurcated one and others the linear, and also for the 
pyramidal and/or planar configurations, two cases, 1) 
and 2), were taken. Distances were varied succes­
sively at intervals of 0.03 Â for the O - O distances 
and 0.05 Â for other ion-oxygen ones. As a whole, 
we calculated the AS m (QJ c a l c d curves for 516 dif­
ferent structure models of the first hydration shell 
in the DGl solution and those for 625 different models 
in the DBr solution, and then determined the best 
structure model by the comparison of A£ m (QJ c a l c d 

with ASm(QJ o b 8 d for both solutions. 
Determination of the Best Fit Model: The procedure 

for determination of the best fit structure model is 
as follows. First the A S m ( d ) c a l c d calculated by the 
above-mentioned procedures were compared by a rough 
estimation with the AS m (QJ o b s d in the range of Q, 
2—5 Â - 1 and the models which gave appreciable 
deviations of the AS m (QJ c a l c d curves from the 
A^m(QJobsd w c r e excluded. Next, for the remaining 
A#m(QJcaicd curves, we calculated the deviations ex­
pressed as 

S = { S [ A ^ m ( a i ) o b s d - A ^ m ( a i ) c a l c d ] 2 } 1 / 2 

/£[ASm(Q.i)obsd], (4) 

where N is the number of data points in the fitting 
region, and used e as a measure for the fitness of the 
model. In the présent study, the fitting region with 
respect to ASm(Q) is taken to be Q=2—7 A"1 . 

In Figs. 2 and 3, the AS m (QJ c a l c d for different 
sets of coordination numbers are compared with the 
*Sm(Q.) obsd data for the DGl and DBr solutions. 
T h e values of e calculated for each case are indicated. 
The em i n is 0.0175 and 0.0347 for the DGl and DBr 
solutions, respectively. Thus, the best fit curve with 
A£m(QJobsd i s obtained in the case of nD 3o+=4 and 
nci-=6 for the DGl solution (Fig. 2(b)) and also 
obtained in the case of WD 3O+=4 and wBr = 6 for the 
DBr solution (Fig. 3(b)) . T h e curves other than the 
best fit one deviate appreciably from the A6*m(Q^)obsd 

(e>£ m i n ) . In the case of WD 3 O + =3, all curves are 
found to deviate from the observed ones (£>£m i n) 
appreciably, and, thus, the structure models with 
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0.04 

s 
in 

0.04 

0.04 h-

(a) n+=4»n_=4 
6 = 0.0731 

<b) n+=4,n_= 6 
Ê= 0.0347 

I I I I 

(c) n + =4,n_ = 8 
6 = 0.0592 

(d) n^=3,n_ = 4 
£-0.0916 

(O n+=3,n_ = 6 
%- 0.0570 

(g) n+=3,n_=4 
6=0.102 

(h) n+=3,n_=6 
£ = 0.0634 

J I 

(i) n+=3,n„=8 
£=0.0628 

Q/A 1 

Fig. 3. Changes in the ASmCQJcaicd with variation of the coordination number for DBr solution. 
O: ASm(Cl)obsd, : ASm(Cl)caicd, tetrahedral (/i+ = 4): (a) w_ = 4, (b) w_ = 6, and (c) w_ = 8, 
pyramidal (w+ = 3): (d) w_ = 4, (e) n- = 6, and (f) w_ = 8, planar (n+ = 3): (g) w_ = 4, (h) w_ = 6, and 
(i) n- = 8. 

WD3O
+ = 3 are rejected. 

For n+=4 and n_ = 6, the AS m (QJ c a l c d curves with 
various magnitudes of the distances (ro-o, rC\--o, and 
rBr-o) are shown in Figs. 4(a)—(d) , together with 

0.04 

a o 
1/3 

0.04 

0.04 

0.04 

r0=2.88A. 

J I I I i ' ' 

J I I I I L 

J I L J I L 

J I l 

0.04 

0.02 

r0=3.10A Ï0.04 

0.02 

J L 

0.05 

0.03 

0.05 

0.03 

0.98 1 1.02 
r/r0 

Fig. 4. Changes in the A«S,
m(Q,)caicd with variation of 

the O-O distance and the ion-oxygen distance for 
DC1 (a, b) and DBr (c, d) solutions, and variation of 
e with distances (a'—d'). 
O : ASm(Cl)obsd5 (a), (c) r 0 - 0 (all other parameters 
are identical with those given in Table 3), : 
2.82 Â, : 2.88 Â, : 2.94 Â, (b) rcl-_0 (all 
other parameters are identical with those given in 
Table 3), : 3.00 Â, : 3.10 Â, : 3.20 Â, 
(d) rBT--0 (all other parameters are identical with 
those given in Table 3), ; 3,15 Â, : 3.25 Â, 

: 3.35 Â. 

the parabolic curves in Figs. 4(a ' )—(d') required for 
locating the value of emin . For the distance r0_0 the 
em i n exists at r 0 = 2 . 8 8 Â in both solutions, and that 
for rc i -o and r B r - o exists at r 0 = 3 . 1 0 Â and r 0 =3.21 
Â in the DC1 and DBr solutions, respectively. If 
we can introduce a range of allowance for e, variations 
of distances can be determined. Then, taking ac­
count of the experimental errors, we set up the range, 
e<0.02 for the DC1 solution and e<0.035 for the 
DBr solution. As a result, the deviations are found 
to be ±0 .05 Â for all the distances. 

In Figs. 5(a)—(d) , the AS^(QJ c a l c d curves with 
various orientational configurations for the same set 
of coordination numbers ( n + = 4 and n_=6) are shown. 
Applying the same criterion (e<0.02 for the DG1 
solution and e<0.035 for the DBr solution) to these 
cases, linear configurations for D 3 0 + and bifurcated 
ones for anions are accepted as the best fit for both 
solutions. 

The AS m (QJ c a l c d curves of the best models thus 
determined are given in Figs. 2(b) and 3(b) for the 
DC1 and DBr solutions, respectively. The magnitudes 
of parameters and orientational configurations for the 
best fit models of the first hydration shell are given 
in Table 3. 

Concerning the configurations of water molecules 
within the first hydration shell around D 3 0 + , it is 

TABLE 3. COORDINATION NUMBERS, O-O DISTANCES, 

ION-OXYGEN DISTANCES, AND ORIENTATIONAL 

CONFIGURATIONS AROUND IONS DETERMINED 

IN THE PRESENT STUDY 

Ion 
Coordination 
number 

O-O and 
ion-oxygen 
distance/Â 

Configuration 
around ion 

D30+ 4 O-O: 2 .88±0.05 Linear 
CI- 6 CI--O: 3 .10±0.05 Bifurcated 
Br- 6 B r - - 0 : 3.21 ±0 .0 5 Bifurcated 
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0.04 

S 
vi 

0.04 

J I I L 

J I I I I I L J I I I I I L 

Q/A1 

Fig. 5. Changes in the A«S'm(Q,)caicd with variation of 
orientational configurations around ions for DCl 
(a, b) and DBr (c, d) solutions. O : ASm{Q)ohsd, 
(a) confifurations around D 3 0 + (all other parameters 
are identical with those in Table 3), : one non-
hydrogen-bonded water molecule takes the bifurcated 
configuration and others are the linear (e=0.0252), 

: all peripheral water molecules take the linear 
configuration (e=0.0175), : all peripheral water 
molecules take the bifurcated configuration (e= 
0.0351), (b) configurations around Cl~ (all other 
parameters are identical with those given in Table 3), 

: bifurcated (e=0.0175), : linear (e=0.0432), 
(c) configurations around D 3 0 + (all other parameters 
are identical with those given in Table 3), : one 
non-hydrogen-bonded water molecule takes the 
bifurcated configuration and others are the linear 
(e=0.0376), : all peripheral water molecules take 
the linear configuration (e=0.0347), : all peri­
pheral water molecules take the bifurcated configura­
tion (e= 0.0507), (d) configurations around Br~ (all 
other parameters are identical with those given in 
Table 3), :bifurcated (£=0.0347), : linear 
(£=0.0554). 

concluded that the " l inear" type8»9) of all water mol­
ecules is predominant for both solutions (Figs. 5(a) 
and (c)). O n the other hand, with respect to the 
configurations around anions, it is concluded that the 
"bifurcated" type8 '9) is predominant for both solutions 
(Figs. 5(b) and (d)). The structure of the first shell 
around Gl~ in the DCl solution is found to be identical 
with those in aqueous alkali chloride solutions pre­
viously determined by the authors.8»9) With respect 
to the coordination number around Cl~, Triolo and 
Narten assigned the value of w c i = 4 in their analysis 
(Ref. 5). However, as clearly seen in Figs. 2(a), (d), 
and (g), the tetrahedral coordination for Cl~ is rejected 
and nci-=6 is assigned. This difference between our 
results and those by Triolo and Narten is attributed 
to the difference in the concentration of solution. 

In the present application of the "subtraction meth­
od" by using Eq. 3 we have taken the magnitude of 

Fig. 6. A^m(a)obsd-A^m(a)caica 
(w+ + w_). 

plotted against 

a for 1/2 described above. In Fig. 6, the differences 
ASm(£L)obsd-ASm(£Ocaicd9) are plotted again against 
(n++n_). The differences are substantially zero with­
in the maximum range of 0.01. This supports the 
adequacy of the assignment of a as 1/2 (see Fig. 8 
in Ref. 9). 
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The dielectric relaxation mechanism of primary alcohols in solutions of various solvents with and without 
a hydrogen-bonding capacity was theoretically studied using the concept of the chemical equilibrium between 
hydrogen-bonded chain multimers and that between the multimers and solvents. The dipole-inversion processes 
originating from the successive rotation of the hydroxyl groups of the hydrogen-bonded multimers were consid­
ered to play the dominant role in the dielectric relaxation of alcohol solutions. By applying the one-dimensional 
random-walk process to the dipole inversion, we estimated the effect of dilution upon the dielectric relaxation 
times of primary alcohol in solution. The results of our calculation appear to explain the experimental data. 

The dielectric relaxation of liquid alcohols was first 
studied by Mizushima1) in 1926; since then, the theo­
retical explanation of its mechanism has become a 
long-standing problem which has never been solved 
clearly.2-4) For the last decade some of the present 
authors have joined in examining the effect of dilution 
on the principal relaxation times of several alcohols, 
using inert solvents (e.g., benzene) as well as those 
with functional groups (e.g., pyridine and dioxane) 
as diluents.5-8) In spite of these studies, it has still 
been difficult to give a simple molecular model for 
the dipole-inversion process of alcohol solutions in 
which various sorts of intermolecular hydrogen-bond 
interactions and steric hindrances are supposed to 
exist.9) O n the other hand, the theoretical explana­
tion of the static dielectric constants of liquid alcohols 
has successfully been performed by several authors.10-12) 
For example, Dannhauser1 3) experimentally determin­
ed the values of the Kirkwood correlation factor,11) 
g, for eight isomers of octanols and analyzed the data 
in terms of the thermodynamic equilibrium constants 
for cyclic-dimer and open-chain mult imer formations. 

Recently we ourselves proposed a new theoretical 
t reatment of the dielectric relaxation process of pure 
liquid alcohols.14) Following Dannhauser 's treat­
ment,13) we assumed that liquid alcohol molecules 
exist in an association equilibrium involving both 
hydrogen-bonded cyclic dimers and open-chain ri­
mers, and, further, tha t each of the n-mers alters or 
reverses its dipole moment by the successive rotation 
of the indivisual hydroxyl group, as is shown in Scheme 
1. This inversion process was assumed to be the 
main mechanism of the dipole relaxation of the hy­
drogen-bonded chain n-mers. Scheme 2 shows an 
intermediate state of the dipole inversion from the 
left multimer to the right one in Scheme 1. The 
hydroxyl group with an asterisk in Scheme 2 indicates 
a rotationally activated state. T h e dipole inversion 
of the n-mers is considered always to originate at the 
terminal molecules because, in order to activate one 
of the terminal segments, it needs to break only one 

'5 ? k ? 3 

+ > -« + 

Scheme 1. 

R R R 

f Y-Y Y 
Scheme 2. 

hydrogen bond, while two hydrogen bonds must be 
broken to activate an intermediate segment. There­
fore, the inversion process can be regarded as the 
most probable process by which the activated state 
propagates from the left end to the right end, or from 
the right end to the left end. In our treatment, we 
applied the one-dimensional random-walk model with 
two absorption walls to these dipole inversion pro­
cesses,15) and concluded that the relaxation time, rn, 
of the n-mer is given by: 

T n = ( » + 1 ) T H , (1) 

where TH is the reciprocal of ku, the rate in which 
the terminal hydroxyl groups of the n-mer are activated 
rotationally. By using Eq. 1 and the values of the 
thermodynamic equilibrium constants for the cyclic 
dimer and chain n-mer formations, we calculated the 
complex permitivities as a function of the angular 
frequency, co, of the field. T h e results are in fair 
agreement with the dielectric dispersion observed for 
liquid 1-heptanol.16) 

Sack also developed a theory for the relaxation 
process of a system containing linear chains of dipoles 
and applied it to explain the high dielectric constants 
and losses of long-chain alcohols in the solid state.17) 
H e assumed that there exists, at most, one discontinuity 
where two anti-parallel arrangements of the hydroxyl 
groups of alcohols face each other, and that the wander­
ing of this discontinuity along each chain is the main 
mechanism of the dipole relaxation. I t was concluded 
that the effective relaxation time of a linear chain 
n-mer is proportional to (n + 1)2. This mechanism, 
however, cannot be applied to the dielectric relaxation 
process of liquid alcohols because, immediately after 
a discontinuous point appears, a pair of anti-parallel 
chains should separate and move away from each 
other in the liquid state. 

In this paper we extend the above-mentioned 
theory to include the effect of the addition of inert 
solvents as well as those with functional groups, which 
form hydrogen bonds, on the dielectric relaxation 
mechanism of alcohols. We also give a theoretical 
prediction regarding the dilution effect on the re-
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laxation times of alcohol solutions. The results are 
compared with the experimental data . 

Sto ich iometry o f Assoc ia t ion 
Equil ibria b e t w e e n Alcohol 

M o n o m e r s and M u l t i m e r s a n d 
b e t w e e n M u l t i m e r s a n d Solvents 

The binary solutions of primary alcohols and solvents 
are assumed to consist of alcohol monomers, Ax ; solvent 
molecules, B; hydrogen-bonded cyclic dimers,t A c ; 
hydrogen-bonded open-chain n-mers, A n , and, if B 
has proton-acceptor groups, open-chain n-mers hy­
drogen-bonded with the solvent at one end, AnB. 
As is the case with pure alcohols, the association equi­
libria can be expressed as follows: 

i ) Cyclic dimer: A2 + Ax ^=± Ac, 
Kn 

ii) open-chain n-mer: An_j + Aj ^ = ± An (»>2), 

where Kc and Kn are the equilibrium constants of 
the formation of the cyclic dimer and the open-chain 
n-mer respectively. When the solvent molecule, B, 
can form a hydrogen bond with the hydroxyl group 
of alcohols, we also assume the following equilibrium 
between An and B: 

iii) addition compound: An -f B ^ * AnB (w>l), 

where Knh is the equilibrium constant of the associa­
tion between An and B. As the mole fraction of 
the solvent molecules with the hydrogen-bond capacity 
is increased, the average degree of the association of 
alcohol multimers is decreased. This can be seen in 
the following stoichiometric calculations. 

The stoichiometric relationships for the association 
equilibria mentioned above have been studied ex­
tensively,13) and the volume fractions18) of A l 5 Ac, 
An , AnB, and B, which are expressed as 0 l 5 0C, 0 n , 
0n b , and 0b , are related to each other by the following 
equations: 

where we assumed that:19) 

(2) 

K = K* K» 

and 

Kh = Klh — Kzh — . . . — Knh — . . . . 

The sum of the volume fractions is equal to one, giving 
this equation: 

S $n + <£c + £ 0nb + 0b = 1 • (3) 

The total mole fraction of the solvent B, xB, can be 
expressed as follows: 

S 0 n b / ( » + l ) + fo = *B- (4) 
« = 1 

From Eqs. 2, 3, and 4, we derive the following tran­
scendental equations: 

t Cyclic trimers, cyclic tetramers, etc. arc not considered 
here? after Dannhauser»13) 

(l+KMMil-Kfa) + Kcfa* + 0b = 1, (5) 

<f>h - {In (l-Kfà + KfayKMK'fa = xB. (6) 

The numerical calculations20) using Eqs. 5 and 6 give 
the <j>x and <f>h values as functions of xB for the assumed 
K, Kc, and Kh values. O n the substitution of the <l>x 

and 0 b values into Eq. 2 we can obtain the 0C, 0 n , 
and <pnh values as functions of xB. 

Dielectr ic Re laxat ion o f Alcohol 
So lut ions 

The dielectric dispersion observed for alcohol solu­
tions is the sum of the contributions from the dielectric 
relaxations of A n , AnB, and Ax (and B, if it is a polar 
molecule.) The cyclic dimer Ac has no permanent 
dipole moment , and it does not contribute to the 
dielectric dispersion. The dielectric relaxation times 
of all the polar solvent molecules are, in general, very 
much smaller than those of the multimers. For this 
reason, the contribution from the solvent can also 
be neglected. We applied the one-dimensional random 
walk model also to the dipole inversion process of 
AnB. The mechanism of its stochastic process, how^ 
ever, is a little different from that of the dipole in­
version process of A n . T h e reason for this is that 
activating the alcohol segment neighboring B requires 
a mechanism different from that required to activate 
one of the end segments in Aw. Therefore, we use 
the T H ' , symbol for the activation of the alcohol seg­
ments at the ends of AnB instead of the symbol, TH , 
for the activation of the end segment of A n . T h e 
relaxation time of the dipole inversion of AnB, rnhi 

is expressed by: 

Tnb = ( * + 1 ) T H ' . (7) 

The weights of the contributions of the multimers, 
A n and AnB, to the dielectric dispersion are propor­
tional to the values of <!>Jn and 0nb/(fl + l ) , which 
represent the proportions of An and A nB respectively, 
and are also proportional to the expected values of 
their squared dipole moments, <jt*n

2> and <jtfnb
2> re­

spectively. In this paper we assume that fxn is ap­
proximately equal to ptnh and that </*n

2) is proporr 
tional to n2.^ O n the basis of these considerations, 
we obtain the following equations: 

p*-p~ =z-A ^ i s n(f>n 

1 1+ÙUT-! „=2l+iû>(w+l)TH 

e* — Coo 

+ s 
n*<f>nh/(n+\) 

n = \ l+iû>(w+l)TH rl- (8a) 

«=1 

= ^ / ( 1 - J W + Kh<f>h[K^I(l-K<f>^ 

-{ïnil-KM + Kfayi&fal (8b) 

where e*, e0, and eoo are the complex, static, and 
limiting high-frequency permitivities respectively. 

tt For an extremely large n, <jE£n
2> and </*Wb2) would be 

proportional to n instead of w2.21) Our calculation, how­
ever, indicates that the average numbers <w>, are 6.6, 8.7* 
and 10.8 for K=20, 30, and 40 respectively. For Aw and 
Anh with these small n values, it is reasonable to assume 
that (fin

2) and <yj£nb
2) are proportional tQ n2< 
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As is well known, the dielectric constants and losses 
of most of the liquid alcohols measured in the low-
frequency region conform very well to the simple 
relaxation pat tern of Debye. (This dispersion is often 
called " the principal dielectric dispersion", and the 
relaxation time corresponding to this dispersion, " the 
principal relaxation time".) O n the other hand, 
some strong deviation from the simple Debye dis­
persion have been detected in the high-frequency 
region.3) If we limit our discussion only to the low-
frequency dispersions or the principal dispersions, we 
can express the measured complex permitivities of 
alcohol solutions by the well-known Debye equation: 

(£*-Êoo)/(e0-*co) = l/(l + iö>Tp), (9) 

where r p is the principal relaxation time. By equating 
the right-hand side of Eq. 8a to that of Eq. 9, rp 

can be calculated as a function of co. The results of 
calculation for several sets of the assumed values of 
K, Kb, Kc, and TH (assuming that rH is equal to T H ' ) 
indicate that the calculated values of rp do not depend 
on co so long as co is less than 1/TH. O n the basis of 
this result, we obtained the analytical equation of 
Tp at the low-frequency limit(: co-*0) as follows: 

TP = Z- 1 { £ n(n+ 1 ) T H 0 „ + S nHK0nhl 
(n = 2 n = \ ) 

= ( T H 0 1 / Z ) [ { 2 + ( l + ^ 1 ) ^ b 0 b } / ( l - ^ i ) 3 - 2 ] , (10) 

where the contribution of alcohol monomers to the 
dielectric dispersion is neglected because rx is much 
smaller than rn and rnb (ri^2). This equation allows 
us to calculate the principal dielectric relaxation times 
of alcohol solutions for the assumed K, Kb, Kc, and 
rH values. 

Effect o f Di lu t ion o n Die lec tr ic 
Re laxat ion T i m e s o f Alcohol 

So lut ions 

When an inert solvent is used as a diluent of alcohol 
solution, it can be assumed that Kh is equal to zero. 
Since primary alcohols associate strongly with each 
other, K is expected to be much larger than one, giving 
the condition K-xA^>\ (xA denotes the total mole 
fraction of alcohol molecules, viz., x A = l — x B ; its value 
is set so as to be always larger than 1/2.) A tentative 
assumption that Kc is equal to zero is also made be­
cause the Kc value of pr imary alcohol was experi­
mentally found to be much smaller than the K value, 
and also because the cyclic dimers do not contribute 
to the dielectric dispersion of alcohol solutions.13) 
Under these conditions, we can derive the analytical 
expression for <J>1 from Eqs. 5 and 6: 

^ = *A/(l + tf*A). (11) 

O n the substitution of Eq. 11 into Eq. 10, we obtain 
an approximate expression for rp defined by Eq. 9: 

T P = 2 ( 1 + * * A ) T H . (12) 

As can be seen from Fig. 1, the observed principal 
dielectric relaxation times of 1 -propanol decrease linear­
ly as the mole fractions of benzene are increased. 
From the variation in the observed principal dielectric 
relaxation times of 1-propanol and 1-butanol caused 

by the addition of benzene,5,6) we can determine the 
values of K and TH . T h e results are summarized in 
Table 1.22> 

When the solvent has a functional group or groups 
which form a hydrogen bond or bonds with alcohols, 
Kb becomes much different from zero. In this case, 
we must use Eq. 10 in order to estimate the principal 
relaxation times of the solutions. Assuming that K 
is equal to 30 {cf. Table 1), we calculated the principal 
relaxation times of 1-propanol as functions of xB, while 
varying the Kb from 0.5 to 30.0. The results are 

TABLE 1. EXPERIMENTAL PRINCIPAL RELAXATION 

TIMES, T P , FOR AN ALCOHOL/BENZENE 

MIXTURE AND ESTIMATED VALUES OF K AND T H
a ) 

1 -Propan 

*A C ) 

1.0 
0.920 
0.886 
0.788 
0.691 

K 

30 

ol (25°C)b) 
•" - . 

T p / p S 

338 
324 
294 
279 
235 

T H / p S 

5.5 

1 -Butanol 

*A 

1.0 
0.899 
0.806 
0.670 
0.620 

K 

41 

(25°C)b> 

Tp/pS 

504 
472 
422 
353 
314 

rH/ps 

6.1 

a) The values of K and TH are evaluated by using the 
least-squares method applied to Eq. 12. b) Ref. 6. 
c) Mole fraction of alcohol. 

,?- 0.51 

#B/Mole fraction 

Fig. 1. Variation of principal dielectric relaxation 
times due to dilution with various solvents. Solid 
curves are theoretical results obtained from Eq. 10 
with A"=30 and A"c = 0. The values of Kh for curves 
(A), (B),. . , (H) are 0, 0.5, 1.0, 2.0, 4.0, 8.0, 15.0, 
and 30.0, respectively. The experimental data are 
for the 1-propanol solutions at 25 °G which are diluted 
with the following solvents.5'6'8) 
• : Benzene, Û : chlorobenzene, # : water, C1 : cam­
phor, 3 : cyclohexanone, A : pyridine, O : 3-pen-
tanone, ®: acetone, ®: dioxane. 
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shown by solid curves in Fig. 1. Into this figure 
we add also the result of calculation for the case when 
Kh is equal to zero. This theoretical curve (i.e., (A)), 
which decreases linearly with the increase in xB, com­
pares well with the data of the principal relaxation 
time observed for the 1-propanol/benzene mixtures. 
Our previous papers5 - 8) have shown that, when solu­
tions are diluted with solvents having a hydrogen-bond 
capacity, the principal relaxation times of the solutions 
change in quite different manners from those in which 
the relaxation times of alcohol solutions change as 
they are diluted with inert solvents. As the results 
summerized in Fig. 1 show, the principal relaxation 
times of mixtures of 1-propanol and solvents with a 
hydrogen-bond capacity do not exibit a linear de­
crease with dilution, and this decrease is more pro­
nounced than that observed for the 1-propanol/benzene 
system. The results of calculation for the Kh in the 
range from 4 to 15 correspond very well to the above-
mentioned observation. 

Conclus ion 

Our mechanism, which was originally proposed to 
explain the anomalous dielectric relaxation behavior 
of pure primary alcohols, has now been extended 
to an examination of the effect of dilution upon the 
principal dielectric relaxation of 1-propanol using both 
inert and hydrogen-bonding solvents. The results ob­
tained so far are in fair agreement with the experi­
ments, confirming that our theory is valid for the 
dielectric relaxation of the liquid primary alcohols. 

We are grateful to Dr. R. J . Meakins for providing 
us with valuable materials on his and Dr. Sack's 
work. 

References 

1) S. Mizushima, Bull. Chem. Soc. Jpn., 1, 47, 83, 115, 
143, 163 (1926); Physik. Z., 28, 418 (1927). 

2) K. Higasi, "Dipole, Molecule and Chemistry,' ' 
Monogr. Ser. Res. Inst. Appl. Elec. Hokkaido Univ., No. 13, 
Chap. 1 (1965). 

3) S. K. Garg and G. P. Smyth, J. Phys. Chem., 69, 
1294 (1965). 

4) J. Grossley, Adv. Mol. Relax. Processes, 2, 69 (1970). 
5) E. Arie, M. Nakamura, H. Takahashi, and K. 

Higasi, Chem. Lett., 1973, 533. 
6) T. Koshii, E. Arie, M. Nakamura, H. Takahashi, 

and K. Higasi, Bull. Chem. SJC. Jpn., 47, 618 (1974). 
7) H. Sato, T. Koshii, H. Takahashi, and K. Higasi, 

Chem. Lett., 1974, 579; 1975, 491. 
8) H. Sato, H. Takahashi, and K. Higasi, Chem. Lett., 

1976, 623. 
9) G. Brot, Ann. Phys. (Paris), 13-2, 714 (1957); J. Chim. 

Phys., 56, 1036 (1959). 
10) P. Debye, "Polar Molecules," Gaemical Catalog 

Co., New York, N. Y. (1929). 
11) H. Fröhlich, "Theory of Dielectrics," Oxford Univ., 

Oxford (1949). 
13) W. Dannhauser, J. Chem. Phys., 48, 1911 (1968); 

see also W. Dannhauser and L. W. Bähe, ibid., 40, 3058 
(1964). 

14) R. Minami, K. Itoh, H. Takahashi, and K. Higasi, 
J. Chem. Phys., 73, 3396 (1980). 

15) S. Karlin, "A First Course in Stochastic Processes," 
Academic Press, New York (1969). 

16) J. Middelhoek and C. J. F. Böttcher, "Molecular 
Relaxation Processes," Chem. Soc. Spec. PubL, 20, 69 (1966). 

17) R. A. Sack, Aust. J. Sei. Res., A5, 135 (1952); Trans. 
Faraday Soc, 59, 1672 (1963); see also R. J. Meakins, ibid., 
58, 1953 (1962). 

18) K. Shinoda, "Solutions and Solubilities," Maruzen, 
Tokyo (1974); P. J . Flory, "Principles of Polymer Chem­
istry," Cornell Univ. Press, Ithaca (1953). 

19) I. Prigogine and R. Defay, "Chemical Thermody­
namics," Longmans Green, London (1954). 

20) G. E. Forsythe, M, A. Malcolm, and C. B. Moler, 
"Computer Methods for Mathematical Computations," 
Englewood Cliffs, Prentice-Hall, New Jersey (1977), Chap. 7. 

21) P. J . Flory, "Statistical Mechanics of Chain Mol­
ecules," John Wiley and Sons, New York (1969), Chap. 1. 

22) A maximum in TP VS. XB curves was observed by 
Sagal23) and Komooka24) for alcohol-cyclohexane solutions. 
This suggests that the nature of benzene as a solvent is dif­
ferent from that of inert solvents, such as cyclohexane and 
hexane.25) We can suspect that the properties of a solvent 
cause the dependency of TH in Eq. 12 upon the atmosphere 
surrounding alcohol molecules or, rather, surrounding the 
end OH group of the molecule. In this case, we can tenta­
tively put TH = TH(A)A:A + TH(B)A:H, where T H (A) is associated 
with the hydrogen-bonded chain in pure alcohols, and T H (B) , 
with that isolated from each other with solvent molecules. 
On the basis of this assumption, we calculated TP VS. XB while 
varying the T H (B) /T H (A) ratio. The result of calculation 
shows a maximum in fair agreement with the observations 
of Sagal and Komooka. 

23) M. W. Sagal, J. Chem. Phys., 36, 2437 (1962). 
24) H. Komooka, Bull. Chem. Soc. Jpn., 45, 1696 (1972). 
25) K. Higasi, Bull. Chem. Soc. Jpn., 25, 159 (1952). 



1324 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1324—1331 (1981) [Vol. 54, No. 5 

Theoretical and Experimental Studies of the Membrane Permeabilities 
to Ions in Liquid Membrane 

Kazuo NOMURA,* Akira MATSUBARA, and Hideo KIMIZUKA* 

Laboratory of Chemistry, College of General Education, Kyushu University 01, 
Ropponmatsu, Fukuoka 810 

ïDepartment of Chemistry, Faculty of Science, Kyushu University 33, Hakozaki, Fukuoka 812 
(Received September 18, 1980) 

A theory for the ion transport across liquid ion-exchange membrane was presented on the basis of nonequi­
librium thermodynamics with the assumptions that the carrier ions and complexes were present only in the mem­
brane phase, and that there was no volume flow and all chemical reactions were at equilibrium. The equations 
for "total" fluxes of membrane-permeable ions at steady state were derived from a set of the equations for "in­
dividual" fluxes of all mobile species present in the liquid membrane where the complexes were assumed to be 
partially dissociated. The "total" phenomenological coefficients were able to be expressed in terms of the "in­
dividual" coefficients. The diffusional and electroconductional membrane permeabilities to a selective ion in 
the liquid membrane-single electrolyte system were found to be in the same form as those in the fixed-site mem­
brane-single electrolyte system, if the mean diffusion coefficient and mean mobility of the free species and its com­
plex were used. The rate constants in the permeation process were also related to the diffusional membrane 
permeability. The experimental examination was made on a liquid cation-exchange membrane-aqueous single 
electrolyte system at 25 °G. The solution of calcium hexadecyl sulfate in 1-octanol and calcium chloride were 
used as the liquid membrane and the electrolyte, respectively. All the measured quantities were consistently 
interpreted by the presented theory. 

Since the carrier model was introduced into the 
transport phenomena across cell membranes, liquid 
membranes having carrier species have been exten­
sively studied by many investigators.1»2) O n the other 
hand, various ion-selective electrodes using liquid 
membranes have been devised and commercialized, 
because of their high selectivity to a particular ion.3) 
Current research has been carried out to provide the 
underlying principle for the separation of metal ions 
by liquid membranes.4»5) 

In spite of numerous experimental works, theories 
proposed for the ion transport across liquid membrane 
are not as many as for the fixed-site membrane . The 
theory of Eisenman and his coworkers6-9) has usually 
been applied to analyze the ion transport phenomena 
through liquid membranes, but it has been derived 
from the Nernst-Planck equation with some assump­
tions. A rigorous theory for the ion transport across 
fixed-site membrane has been presented in a previous 
paper on the basis of nonequilibrium thermodynamics 
without any assumptions concerning the distributions 
of concentration and potential within membrane.1 0) 

In the preceding paper,11) an electrochemical study 
of the ion permeation has been made on a liquid 
membrane-aqueous single electrolyte system. The 
membrane permeabilities to the membrane-permeable 
ion p in the presence and absence of electric current, 
P p and P° , have been estimated according to the 
previous theory.10) A remarkable discrepancy be­
tween P p and P° has been observed and explained 
in terms of the permeability matrix. The theory of 
Eisenman et al. can not distinguish these two per­
meabilities since their theory is based on the Nernst-
Planck equation which possesses only one transport 
coefficient for an ion. 

In the preceding paper,11) the theory of ion trans­
port for the fixed-site membrane has been applied 
to estimate P p and P° in the liquid membrane since 
the equation describing the ion transport can be de­

duced to have the same form for both systems.12) 
However, the entities of physical representations for 
the membrane permeabilities, P p and P° , for the 
liquid membrane are supposed to be different from 
those for thé fixed-site membrane, because the site 
ion as well as the complex is mobile in the liquid mem­
brane. 

Thus a theory for the liquid membrane was present­
ed on the basis of nonequilibrium thermodynamics 
by taking into account the movements of the site 
ions and complexes in the liquid membrane. The 
experimental examination was also made with a liquid 
membrane-aqueous single electrolyte system. 

Theoret ica l 

System and Assumptions. We shall consider the 
ion transport phenomena in the system illustrated in 
Fig. 1. An aqueous phase I is separated by a liquid 
ion-exchange membrane from another aqueous phase 
I I . The membrane phase is bounded by two planes 
normal to the #-axis at # = 0 and x—d. There are 
stagnant layers on both sides of the membrane phase 
and their surfaces are in contact with the phase I 
at x= — a and phase I I a t x—b, respectively. The 
two aqueous phases I and I I are homogeneous be-

Stagnant Layer 

, / 

! J < » 

Phase I I 

-a C 

0m 

Membrane 

) ( 

\ . 

j<">i 

I Phase I I 

' > 
i b 

Fig. 1. Schematic diagram of the liquid membrane-
aqueous electrolyte system. 
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cause of being well stirred. I t is assumed that the 
system is isothermal and in a steady state in which 
there is no volume flow (Assumption 1), and the ion 
fluxes are constant. Moreover, all the chemical reac­
tions are assumed to be at equilibrium anywhere 
within the membrane phase (Assumption 2) and a 
free carrier ion and its electrically neutral complexes 
are present only within the membrane phase (As­
sumption 3). 

Flux Equation for Individual Species. Only coun­
ter- and co-ions can permeate across the liquid mem­
brane, although all the species within membrane are 
mobile. The total flux of a permeable ion is the 
sum of the flux of free species and those of complexes. 
We shall first derive the flux equation for individual 
species in the membrane which will later be 
correlated with the total flux for the membrane-per­
meable species. 

According to nonequilibrium thermodynamics, the 
flux of individual species, j a , is given as a linear func­
tion of all forces that are negative gradients of the 
total chemical potentials 

Ja = ~ ZH.ßVßß, (1) 
ß 

where a and ß refer to all species in the membrane 
and laß indicates a phenomenological coefficient and 
satisfies the reciprocal relation of Onsager. Under 
the condition of chemical equilibrium, we have 

£ i = 2 > r i £ r , (2) 
r 

where the subscript i refers to the electrically neutral 
complex formed in the i-th reaction and vyl denotes 
the stoichiometric coefficient of the free species y in 
the i-th reaction. Since the complex is electrically 
neutral, we have 

Zi = S Z r v r l = 0. (3) 
r 

By substituting Eq. 2 into Eq. 1, the term for the 
force due to the complex can be eliminated, and the 
flux equations for all species can be written in terms 
of the forces for free species as follows: 

ja= -Hl'arVflr, (4) 
r 

where 

I'ar =lar + 2 > r i ' « i . (5) 
i 

The total chemical potential for species a, ßai is 
expressed as10> 

fla = rja + RT In aa + ZaF<p = RT In Ia, (6) 

where 

Va = ßa,0+pVa + eB. (7) 

pa 0 denotes the standard chemical potential; 0, the 
activity; <p, the electric potential; p, the hydrostatic 

pressure; V, the partial molar volume; f, the excess 
free energy; Ä, the absolute activity; and F, the Faraday 
constant. 

By use of local electric potential, <p, and equilibrium 
local electric potential for free ion y, <pr, the gradient 
of fir can be expressed alternatively as 

V£r =ZrFV(<}>-<Pr). (8) 

Using Eqs. 4 and 8, the individual ionic current for 
species a is given by 

ia = ZaFja = - S * ' a r V ( 0 - 0 r ) „ (9) 
r 

where /c'ar denotes a part of electric conductivity pro­
duced by the effective driving force of ion y9 V ( ^ — $ r) 
and given as 

Kar = ZaZ7FH'ar. (10) 

Electric Conductivity for Individual Species. Accord­
ing to Eq. 9, the electric conductivity of species a, 
A:«, is given by13»14) 

t'a = S *«r - S ZaZrFHar = (ZaF)*uaCa, (11) 
7 r 

where ua and Ca denote the absolute mobility and 
concentration of species a, respectively. 

Now, the total flux for each free species in the mem­
brane, J?, may be written as 

Jf=jr + SMi (12) 

where the superscript m refers to the membrane phase. 
When the steady state is at tained, the following rela­
tion can be realized: 

y? = ycr,) = y (r , , ,^yr , (is) 
where J(I) and J(U) denote the fluxes in the stagnant 
layers in phases I and I I , respectively. According 
to Eqs. 12 and 13, the total ionic current for each 
free species, Ir—ZrFJri is seen to be expressed in 
terms of individual fluxes of the free species and of 
the complexes as follows: 

Ir = Z7Fj7 + Z r F S vrlJ\ - i7 + S iY>, (14) 

where iïP represents the par t of the ionic current 
of species y carried by the form of complex i. 

According to Eq. 14, it is seen that the flux of the 
complex contributes to the total ionic currents of 
free species from which the complex is formed even 
when the complex is electrically neutral. By using 
Eq. 4, zcir) can be represented by 

fP = ZrFPrJi - - S ZrZôF*vririôV(<P-<f>ô), (15) 
ö 

where the subscript ô refers to the free species. Ac­
cording to Eqs. 14 and 15, the par t of the electric 
conductivity of species y due to the complex i, £(P, 
can be expressed as 

KP = S ZrZ5F*vriliô - (Z rF)V r iWiCi. (16) 
0 

I t is evident from Eq. 16 that the contribution of 
the diagonal term ln to tccP vanishes when the com­
plex i is electrically neutral. 14> ic^P is correlated 
with the electric conductivity of the complex i, K\, 
as follows: 

*; = s *cin = o, (i7) 
r 

where the superscript y refers to the membrane-perme­
able ion as well as the carrier ion. 

Total-Flux Equation for Free Species y. Sub­
stituting Eq. 4 into Eq. 12, we have under the con­
dition of the steady state 
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where 

Ô 

I'TÔ = I'm + S *>rAV 

(18) 

(19) 

We see in Eq. 19 that the new phenomenological 
coefficient, /'r'5, is expressed in terms of individual 
coefficients, / a / s , and that the reciprocal relation for 
individual coefficients verifies that the /'rVs also 
satisfy the reciprocal relation. 

According to Èq. 18, the total ionic current for 
free species y, Ir, is expressed as 

Ir = - S « n V t f - W , (20) 
Ö 

where 

*? , = ZrZôFHrô = ZôZrF%r = t'ir. (21) 

Total Electric Conductivity for Free Species y. Ac­
cording to Eq. 20, the total electric conductivity for 
ion y, A:'/, is given by 

^ ' - S f ' r V (22) 
Ô 

Substituting Eq. 19 into Eq. 21 and using Eqs. 11 
and 16, Eq. 22 can be rewritten as 

t'i = *'r + S *cin - (Z rF)*(WrC r + S vriufiù . (23) 

Since the carrier species are completely trapped 
within the membrane phase, the total flux as well 
as total electric current of carrier species, Js and 
Js, should be zero at the steady state, i.e., 

J*: = JP = J?" = J^Q, (24) 

and 

/ . = ZSFJS = 0, (25) 

where one kind of free carrier species, s, is assumed 
to be present in the membrane . According to Eq. 
25, the total electric conductivity for the carrier species, 
/c'8', is also zero. Using Eqs. 23 and 17, we obtain 

*'.' = *'. + S *(i8) = * ; - S S *(ir) = 0 (y=jfcs). (26) 
i i r 

By means of Eq. 24, Eq. 18 can be reduced to a 
phenomenological relation 

(27) 7 p = -S#qV/*q , 
q 

where 

/* — /" _ ps sq 
(28) 

and p and q refer to the membrane-permeable ions. 
The reciprocal relation of Onsager can be satisfied 
by l*q as well as frV According to Eq. 27, we have 

/ p = - S ^ V ( ^ - W , (29) 
q 

where 

** = ZpZqF»/*q - ZqZpF2/*p = **p. (30) 

The total electric conductivity for species p , ic'p, given 
by Eq. 22 can also be expressed by using /c*q as 
follows : 

£ p 2il ^pq> (31) 

provided Eq. 26 holds. 
Single Electrolyte System. Now, we shall apply 

our theory to the system in which only a single strong 
electrolyte, Mv'MAv'A, is present in the aqueous phases. 
Moreover, the carrier ion is assumed to react only 
with counter ion to form a neutral complex in the 
membrane phase. As a result, the components present 
in the membrane phase are counter ion, Mz*+, co-
ion, A , Z A ' - ? carrier ion, S12*1-, and complex, C. 

According to Eq. 29, the ionic current can be ex­
pressed as 

/p = - S * ? a V ( 0 - W ( P , q ; M , A ) . (32) 

Therefore, Eq. 23 can be written as 

*'lî = *'« + *(cM) = ( Z M / O ^ M C Ï , 

and 

^ A = = ^ A > 

where 
*'* - (ZMF)2wMCM, ic(

c
M) - (ZMF)2»MwcCc, 

and 

WM = / W M + v M ( l - / ) " c -

(33) 

(34) 

(35) 

(36) 

CM and f denote the total concentration and disso­
ciated fraction of ion M (f= C M / C M ) , respectively, and 
the subscript c refers to the complex. 

If /c*q is independent of the externally applied 
field, Eq. 32 leads to 

/p - / ; = - * ; w - 0 ° ) (p; M> A)> (37) 

where the superscript 0 refers to the zero electric cur­
rent. Under the condition of steady state, Eq. 37 
can be integrated to give 

rb dx 
Vp-Il) — = ~{V-V*), (38) 

where V° denotes the membrane potential at zero 
electric current. Therefore, the ionic membrane con­
ductance of ion p , gp, is expressed as 

1 fb 1 
•= / ——dx. (39) 

J-* *p &> 
The contribution of carrier species to the ionic con­
ductance vanishes outside the membrane. 

At zero electric current, the following relation must 
hold 

/ ! + / ! = o. (40) 

By means of Eq. 40, one of the forces in Eq. 32 can 
be eliminated to give 

n = - * Ï V ( 0 ° - 0 P ) (p; M>A)> (41) 

where 
EC EC , [EC 1 ^ 

o "-PP^qq V^pq; (p, q; M,A) . (42) 

According to Eq. 41 , the flux equation at zero 
electric current is given by 

j i 
(ZvPY 

-VPl (43) 

where P°t denotes the total chemical potential at zero 
electric current. Since Eq. 43 should be of the form 
of the Nernst-Planck equation, it can be written as 
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Jv RT -VPl, (44) rfcWyl 

where Z>p and C\° denote the diffusion coefficient 
and the total concentration of ion p , respectively, and 

*J _ DVC\° (45) 
(ZpF)2 RT 

Comparing Eq. 45 with Eqs. 33, 35, and 36, we have 

and 

where 

# M - f(*)üjJtT = / D M + (1 -f)Do 

DA=f(K)uART, 

™ = l-«^ + -k)* 

(46) 

(47) 

(48) 

and Z>M and Dc denote the diffusion coefficients of 
ion M, and of complex C, respectively. As seen in 
Eq. 48, the total electric conductivity a t zero electric 
current, K°V, is different from the total electric con­
ductivity, £p, unless the cross term /c*q is zero. 
Under the condition of the steady state, Eq. 41 can 
also be integrated to give 

IlPA- = -W°-Vv), (49) 
J -a KP 

where Vp denotes the equilibrium membrane potential 
of ion p. Therefore, A:J, can be related to the ionic 
membrane conductance at zero electric current, gl, 
as follows: 

1 rh 1 

-^=/T^d*- (50) 

Exper imenta l 

The materials, the apparatus and the procedures for meas­
uring membrane potential, membrane conductance and salt 
flux were described in detail in the preceding paper.11) 

Partition of CaCl2 between 1-Octanol and Aqueous Phases. 
The partition ratio, Rwm, was determined as the ratio of 
equilibrium concentration of CaCl2 in 1-octanol phase to 
that in aqueous phase. The measurements were carried 
out both in the presence and absence of carrier species in 
1-octanol phase. Preconditioned 1-octanol was layered on 
the aqueous CaCl2, of which the initial concentration was 
0.964 mol dm - 3 . Whole system was vigorously shaken for 
thirty hours at 25 °G and allowed to stand until both phases 
became clear, then the sample was pipetted from 1-octanol 
phase for determining the equilibrium concentration of 
CaCl2. The concentration was determined with a Nippon 
Jarrell-Ash atomic absorption spectrophotometer Model AA-
8500. The partition ratio obtained for the system without 
carrier species was 1.7 X 10~4 which agreed well with the 
value obtained by the radiotracer method.15) The partition 
ratio for the system with carrier species was 6.2 X 10-4, where 
the concentration of calcium hexadecyl sulfate in 1-octanol 
phase was 2.5 X 10-3 mol dm - 3 . 

Molar Conductivity Measurement of Calcium Hexadecyl Sulfate 
in 1-Octanol. The electric conductivity of calcium hexa­
decyl sulfate in water-saturated 1-octanol was measured by 
use of a Yanagimoto conductivity outfit Model MY-7. The 
measurements were carried out with a pair of Pt-Pt elec­
trodes immersed in 1-octanol solution of calcium hexadecyl 
sulfate at 25 °G. The cell constant, ca. 0.05, was determined 
by use of a standard solution of KCl. The molar conduc-

0 1 2 3 4 5 

10 2 /c /mol 1 / 2 dm" 3 / 2 

Fig. 2. Molar conductivity of calcium hexadecyl sul­
fate in 1-octanol as a function of square root of the 
concentration (O) and Shedlovsky's plot (A). 

tivity is plotted against the square root of concentration in 
Fig. 2. 

The limiting molar conductivity, A°°, and the dissocia­
tion constant, Kh were determined from Shedlovsky's 
plot,16»17) 2/SA vs. C2S2A2yl, where 

S= [z/2+{l + (z/2)2}VT, (51) 

and 

z = 
2 A -VCÄ. ( J 00)3/2 

(52) 

A' is Onsager's coefficient; C, the concentration; y±, the 
mean activity coefficient; and A, the molar conductivity. 
For the calculation of A', the values of viscosity18) and rel­
ative permittivity19) for pure solvent, i.e., ^=0.0721 P and 
e=9.85, were used, respectively. The limiting transport 
number was assumed to be equal to that in water, ^ a = 0.76.2°) 
The mean activity coefficient was calculated by means of 
the Debye-Hiickel equation in which the diameter of sodium 
hexadecyl sulfate, 9.9 Â, was used as an ion parameter. 
The diameter was estimated from its partial molar volume 
in water obtained by the extrapolation of the values for 
sodium alkyl sulfates of C2-C12.

21'22) 
The Shedlovsky plot is also shown in Fig. 2. The values 

of A°° and K{ obtained from the plot were 2.8 S cm2 mol - 1 

and 4.1 X 10-9 mol2 dm-6, respectively. The degree of dis­
sociation, 6, was 0.25 at 2.5 X 10~3 mol dm - 3 , i.e., the con­
centration of calcium hexadecyl sulfate in the liquid mem­
brane studied. 

Diffusion across Water-Octanol Interface. The kinetics 
of diffusion of CaCl2 across the water-1-octanol interface 
was studied, where the concentration of carrier species in 
1-octanol phase was 2.5 X 10 -3 mol dm - 3 . The modified ap­
paratus of the type proposed by Davies23), which is shown 
in Fig. 3, was used. The diffusion area was ca. 12.6 cm2. 
Concentration change in aqueous phase was followed by 
measuring the electric conductance. A known amount of 
preconditioned 1-octanol was layered on the aqueous CaCl2 

solution with the initial concentration of 3 .86xl0 _ 4 mol 
dm - 3 . After the conductance of an aqueous phase became 
constant, 1-octanol solution of CaCl2 was injected into the 
oil phase. The initial concentration of CaCl2 in 1-octanol 
phase was 1.05 X 10 -4 mol dm - 3 . The measurement was 
carried out at 25 °G, and both phases were stirred at the 
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Hi r ^ ^ n Hi 
M=i 

Oil Phase 

Water Phase 1 

II'—« 1 l-l—»1 
1 i —il-F^ 

b a 1 

Fig. 3. Schematic diagram of the glass cell used for 
the measurement of diffusion across the oil-water 
interface, a: Pt-Pt electrodes, b : magnetic spin bar. 

same rate as used for the salt flux measurements. 

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

The membrane permeabilities evaluated from the 
electrical data, P C a and Pcl, and those at zero electric 
current evaluated from the membrane potential and 
flux data, PL and Pôi, have already been reported 
in the preceding paper.11) These values were again 
evaluated in the present study and are shown in 
Fig. 4. The general features of this figure are 
similar to those of the preceding paper, but somewhat 
lower values were obtained with P C a and Pcl, being 
due to lower membrane conductance. After repeated 
measurements, it turned out to be essential for ob­
taining consistent membrane conductance that the 
liquid height of the membrane solution in the reservoir 
was kept constant. We shall, therefore, adopt the 
present results for analyzing the membrane perme­
ability according to the presented theory. 

Since the system is close to equilibrium with respect 
to calcium ion, we have10) 

•* Ca Ä 
RT £Ca 

(ZCaF)2 K a ^ a ) 1 / 2 ' 
(53) 

where superscripts I and I I refer to the aqueous phases 
I and I I , respectively. We shall assume that the 
ion transport is membrane-controlled. From Eqs. 33 
and 39, the ionic conductance, gCa, can be expressed 
in terms of the absolute mobilities and concentrations 
of free calcium ion and its complex: 

1 Td 

£Ca Jo 

dx 
(ZC3iF)2 (wCaCCa + vc&ucCc) 

Combining Eq. 53 with Eq. 54, we have 

1 (Z^F) 2 „fd dx 

Pc, 

(54) 

( Z - F ) 2 - K X I ) V 2 / o
d 

RT (Zc*.F) 2 (WcaQa + VCaUcCc) 

(55) 

Since carrier species are completely trapped within 
membrane , we can obtain from Eq. 26 

(ZsF)*usCs - (ZCaF)VCaWcCc = 0. (56) * s 

Using Eq. 56, the term for the complex in Eq. 55 
can be replaced by that for carrier ion, s, 

'Ca"Ca /mol dm 

Fig. 4. The membrane permeabilities as a function of 
geometric mean of the activities of phases I and II. 
O: PL, • : Pci, A: PCa, A : Pci- The membrane 
permeability to salt, P°a, is also shown, 3 . The con­
centration of CaCl2 in phase II was kept at 4 x 10~3 

mol dm - 3 and that in phase I being varied from 
4 x l 0 " 4 to lO^moldm- 3 . Solid lines indicate P°p 

and P p calculated from Pp q according to Eqs. 6 and 
7 in Ref. 11, respectively. 

1 

Pc& RT 

(ZC*F)* 

(iLany^f1 dx 
(ZCaF)2wCaCCa+(ZsF)2

WsCs 

(57) 

(4a4a)VV ( 5 8 ) 

RT (ZCaF)2wCaCCa+ (ZSF)2£SCS ' 

where u and C denote the mean absolute mobility 
and mean concentration within membrane, respec­
tively. 

From the observed values of d and Rwm, we see 
that the concentration of Donnan salt is negligible 
compared with that of free calcium ion. Under this 
condition, i.e., CCsi>Ccu Eq. 58 can be reduced to 

i>Ca« 
RT Al6C& 

(59) 
(ZCaF)2 (aLalDW 

A'1 - *>Câ Ca + VSAS, (60) 

where Ac& and As denote the molar conductivity of 
calcium ion and of carrier ion, respectively, and Ai is 
the hypothetical molar conductivity that the complex 
would have if it be completely dissociated and is related 
to the observed molar conductivity, A, as follows:24) 

0JA = A. (61) 

The molar conductivity within liquid membrane, 

A, must be independent of the external concentra­
tions, because the total concentration of calcium ion 
within membrance is nearly constant, as stated above. 
Therefore, the dependence of P C a on the external 
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10"° 1 0 ' 

1*1 AW'*'«" dra"3 

Fig. 5. The membrane permeability, PC a (A), and 
the molar conductivity in the liquid membrane estimat­
ed from PCa , A(O), as a function of the geometric 
mean of the activities of calcium ion in the aqueous 
phases I and II . Broken line indicates the molar 
conductivity of calcium hexadecyl sulfate measured 
in the bulk solution. 

concentrations shown in Fig. 5 can well be described 

by Eq. 59. According to Eq. 59, A was calculated 
from PC a and is compared with the molar conductivity 
measured in the 1-octanol solution of calcium hexadecyl 
sulfate in the same figure. We see from this figure 
that the agreement is satisfactory. This result implies 
that the electroconductional process of calcium ion 
is membrane-controlled and the effect of co-ion on 
this process is negligible. 

From Eqs. 45 and 50, the diffusional ionic con­
ductance at zero electric current, gL, can be expressed 
as 

i rb 

£ca J-a 

RT 
-d*. 

(ZCaF)*Z)CaC& — ( 6 2 ) 

The membrane permeability of calcium ion at zero 
electric current is related to gL as10) 

RT gL 
•*Ca ~ (63) 

(ZcaF)s « X I ) 1 ' 2 ' 

when the system is close to equilibrium for calcium 
ion. Combining Eq. 63 with Eq. 62, .Pea is ex­
pressed in terms of the mean diffusion coefficient, 

Z)Ca, and mean total concentration, Chi, as 

DGJC Ca^Ca 

K a ^ C a ) 1 / ^ ' 
(64) 

provided the diffusion of calcium ion is membrane-
controlled. 

According to Eq. 64, D C a was calculated from .Pea 
and is shown in Fig. 6. We see from the small value 
of partitioning of CaCl2 , £ w m = 6 .2x 10~4, and the 
concentrations of external CaCl2 solutions less than 
1 0 - 1 m o l d m - 3 that the concentration of Donnan salt 
is negligible. The mean total concentration of calci­
um ion in the membrane is nearly equal to 2 . 5 x l 0 ~ 3 

mol d m - 3 which is a half of the concentration of mem­
brane site and is almost independent of the external 

/ I I I . 1 / 2 . , . -3 
(aCaaCa ) / m o 1 dm 

Fig. 6. Diffusion coefficient, DC3i, as a function of the 
geometric mean of the activities in phases I and II . 
O: Estimated from the observed Pca. CD.' Estimated 
from Pca calculated from Pp q according to Eq. 6 
in Ref. 11. 

electrolyte concentration. Therefore, the diffusion coef­
ficient of calcium ion in the membrane phase would 
be almost independent of the external concentration 
of CaCl2 . Contrary to the expectation, a remarkable 
concentration dependence was found as shown in Fig. 
6. A similar result has been obtained with an ion-
exchange resin membrane and has been explained by 
assuming the energy barrier at the interface.25) Thus 

the observed concentration dependence of Dc& may 
be attributed to the presence of energy barrier at 
the interface. 

The diffusion of CaCl 2 across the interface was 
studied in the two-phase system of water and 1-octanol 
with carrier species. The flux of calcium ion at zero 
electric current can be expressed by Eq. 44. By sub­
stituting Eq. 6 into Eq. 44, we have 

J Ca. — 
£>CaCca -r 

j V^Ca- (65) 

Integrating Eq. 65 under the condition of steady state, 
we derive the equation for the flux across phase bound­
ary as follows: 

JL = - i> cc b . )Kaexp[(ZC aF^" + ) ? J . - Z c a ^ m - ) ? ? 1 ) / 2 Ä 7 1 

-«S, exp {-{Z^F^ + rj^-Z^F^-^ßRT}}, 
(66) 

where 

i = / j x y/2 r Joa dv (67) 
P c a } \ ^St^-Ca / J -^Ca^Ca 

The integration extends over the boundary region 
interposing the interface. The superscript (b) refers 
to the boundary region, m and w, to the oil and aque­
ous phases, respectively. Equation 66 can be re­
written as26) 

7c°a = -WZ. + *2C?a, (68) 

where 

*i = PcVyc. exp {[(ZCaF^w + ^ a ) 

-(Zc&F<p™ + VZ&)l/2RT}, (69) 

and 
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K = PcVj>c, exp {[(ZC aF^m + ^ a ) 

-{ZoW + iW/UiT}. (70) 

jyCa denotes the activity coefficient of calcium ion. 
Assuming that the degree of dissociation of calcium 

hexadecyl sulfate in the membrane phase is not so 
much affected by the addition of a small amount of 
CaCl2 , the conservation law of mass holds for free 
calcium ion: 

C^v™ + Q a ü
w - Cft 'V* + C & ' V , (71) 

where v denotes the volume of each phase and the 
superscript (e) refers to the equilibrium state. At 
the equilibrium state, we have from Eq. 68 

By means of Eqs. 71 and 72, Eq. 68 can be converted 
into a convenient form:26,27> 

(72) 

dCg 
d* 

= *(CSf>-C&), 

where 

(73) 

(74) 

and t and A denote time and the diffusion area, re­
spectively. By integrating Eq. 73 and replacing the 
concentration with the resistance of aqueous phase, 
R, we have 

Inf — - — j = -ht + const., (75) 

where Re denotes the resistance of aqueous phase at 
equilibrium. According to Eq. 75, k can be obtained 
from the slope of the logarithmic plot shown in Fig. 7. 
By using Eqs. 72 and 74, kx and k2 were estimated 
and it was found that £ 1 = 2 . 8 x 10 - 6 cm s - 1 , and k2 = 
2.3 X 10~6 cm s - 1 . In order to verify the relation of 
Eq. 72, the estimated values of kx and k2 were sub­
stituted into Eq. 68 which was derived without the 
above assumption and JL was calculated. T h e agree­
ment between the calculated and observed y°a's was 
excellent. 

Combining Eq. 69 with Eq. 67, we have 

(76) 

- / 

aCa exp (U/RT) 
àx, 

-OcaQia 

where U denotes the free energy of partition as 

(77) 

t ime 

U = ZC&F<J> + 7]C& - {ZQJF^ + VL) • (78) 

According to a previous paper,25) Z)Ca can be expressed 
as 

£ca = &L exp [(U-E)/RT], (79) 

where DL and E denote the diffusion coefficient of 
calcium ion in bulk phase and the energy barrier 
at the interface, so that E— U could be considered the 
apparent energy barrier for the diffusion of calcium 
ion. Substituting Eq. 79 into Eq. 77, we have 

^ C a _ f «Oa/Coa 

AN fci J Dl 
-d*. (80) 

exp {-EfBT) 

We see from Eq. 80 that yZjkx may almost be inde­
pendent of the concentration of the external aqueous 
phase, since DL, E and acJCl\ can be regarded as 
constant. This agrees well with the experimental ob­
servation28) that kx is almost constant independent of 
the concentration of aqueous phase. 

We shall compare kx with PL determined from 
the salt flux across membrane. There are two in­
terfaces in the liquid membrane-aqueous electrolyte 
system. Thus, the system may be regarded as that 
composed of the two o/w systems. The first consists 
of phase I and a half of the membrane, the second, 
phase I I and another half of the membrane. Ac­
cording to Eq. 76, we find for the former system 

M ^ ) I l f ) T i È ^ <«*> J^Ca 

where —a and d/2 indicate the positions of the surface 
of the stagnant layer and of the middle of the mem­
brane, respectively, and 

Similarly we obtain 

ZcJPW altC&V/* Ç» _ÄCa 

'd/2 DCaC0& 

rSL r / Zc . f l °W<"c ' .Y / a f 
^[""{—T-JKHJZ) L 

2i 

(82) 

(83) 

where b indicates the position of the surface of the 
stagnant layer in phase I I . O n the other hand, the 

1 0 - 6 h 

10 -71 

1 

K 

1 

^rt^—=-
x-U 

i 

X 

i 

** 

s. 

-\ 

10 -3 10 -2 

Fig. 7. Plot of ln(l/Äe— 1/Ä) versus time. 

(aJaaJJ)
1/2/mol dm"3 

Fig. 8. Comparison of PL estimated from kx according 
to Eq. 85 (A) with PL observed in the liquid mem­
brane-aqueous electrolyte system (O). PL calcu­
lated from Ppq according to Eq. 6 in Ref. 11 ((D) is 
also shown. 
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diffusional membrane permeability to calcium ion can 
be obtained from Eq. 65 in a similar way to that 
described previously :10> 

1 (al.all^r ÄCa A ffUs 

'W~ = {lrw) / ~n~c^dx' (84) 

•«Ca \ 'lCa'lCa / J - a ^Ca L 'Ca 

Comparing Eq. 84 with Eqs. 81 and 83, we have 
1 = A e x p ( - Z b a 0 7 2 ) jftexp(Z0afl°/2) (Q5) 

P°ca *ÎI} « H ) ' l ; 

According to Eq. 85, Pea can be estimated from 
kx. The estimated PL is compared with the observed 
PL determined from the salt flux measurement on 
the membrane-electrolyte system in Fig. 8. We see 
from this figure that the estimated value agrees well 
with the observed one. 

Thus the fact that the diffusional membrane perme­
ability is less dependent on the external aqueous con­
centration can be attr ibuted to the presence of an 
apparent energy barrier at interface. The diffusional 
fluxes of ions across liquid membranes have been 
measured by some workers.15»29»30) However, they 
have not fully investigated the concentration depen­
dence of the membrane permeability. 

This research has been supported in par t by a Grant-
in-Aid for Scientific Research No. 247009 from the 
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The reduction of Ag+ ions in X zeolites by hydrogen, the reoxidation of Ag atoms by oxygen, and the forma­
tion of silver particles were studied kinetically. The reduction is suggested to be a catalyzed reaction requiring 
an activation of hydrogen at some specific sites on the basis of the influence of exchange levels and hydrogen pres­
sures on the reduction rates. At elevated temperatures the reduction of Ag+ ions proceeded quantitatively and 
resulted in formations of Ag particles with a diameter between 10 and 25 nm and of highly dispersed Ag clusters. 
The clusters were easy to be reoxidized by oxygen at 473 K or below, while the particles were difficult to revert 
into the zeolite matrix. The diameter of the Ag particles was dependent on the reduction temperature and ion-
exchange level and independent on the reduction time. It is discussed that this is due to the slow nucleation 
and the fast nuclear growth of Ag particles. 

Many efforts have been made to develop finely 
dispersed metal clusters or particles upon reduction 
of transition metal ions in zeolites.1»2) These zeolites 
can be used as highly active and/or bifunctional cat­
alysts for a wide range of chemical reactions. In­
terest was stirred when R a b o et al?) reported an active 
catalyst consisting of Pt metal supported in a Y-type 
zeolite. T o date, X and Y zeolites containing several 
metals such as Ni,4) Gu,5) and Pt3»6) have been well 
investigated. T h e following reaction stoichiometry has 
been suggested to the hydrogen reduction of a metal 

Me*+ + 72xH2 • Me° + xH+ (1) 

ion in the zeolite. Here, M e x + represents a transition 
metal ion. I t is also reported that variations of meth­
ods in preparing supported metal catalysts affect a 
dispersion of the metal particles and an activity of 
the catalyst. 

An endeavor to form small silver clusters or particles 
in or on zeolite framework is very interesting and 
desirable, since silver metal is a highly active catalyst 
for not only the epoxidation reaction of ethene but 
also oxidations of various organic compounds. In 
fact, Kagawa et al.7) reported an active silver catalyst 
which was prepared by the reduction of Ag+ ions 
in X zeolites followed by the dissolution of zeolite 
matrix with a concentrated alkali solution. Tsutsumi 
and Takahashi8) found that Ag+ ions in Y zeolites 
could be reduced to particles of Ag atoms with a di­
ameter 15—30 nm upon a treatment with alkylbenzenes 
and alcohols. Riekert9) reoxidized A g - Y zeolites re­
duced with hydrogen and found the reproduction of 
the original Ag+-Y zeolites. Beyer et al.10) also per­
formed a kinetic and physicochemical study on the 
reduction of Ag+ ions in Y zeolites. Recently, K i m m 
and Serf11) reported the formation of small silver 
clusters in A zeolites without reducing agents. Upon 
an evacuation and oxidation at elevated temperatures, 
Ag+ ions were found to form Ag6 clusters surrounded 
by 8 Ag+ ions. 

Since the number of metal ions exchangeable in a 
unit cell of X zeolites is greater than that of Y zeolites, 
the redox behavior of silver ions in X zeolites is of 
interest though the X-type lattices are less stable 
than the Y-type lattices. In the present paper, there­
fore, a systematic study has been carried out on various 
A g + - X zeolites to clarify the following problems: 

the kinetics of the reduction and reoxidation of Ag+ 
ions in X zeolites, the mechanism of Ag particles 
formation, and the influence of an extent of exchange 
between Ag+ and Na+ ions on the reduction. This 
would serve to further progress in the standardization 
of methods of catalyst preparations. 

Exper imenta l 

Materials. Eight AgNaX samples with different Ag+ 

contents were prepared from Linde NaX zeolite of a compo­
sition Na86(AlO2)86(SiO2)i06- The zeolite was washed with 
diluted NaN0 3 solution in order to eliminate cation de­
ficiency, ion-exchanged in aqueous silver nitrate solutions 
with adequate concentrations,12) washed with water and 
dried at 473 K. The respective exchange levels of Ag+ 
ions were analyzed by conventional analytical procedures. 
The compositions of the samples are summarized in Table 1. 
All the samples obtained were sieved to 30—60 mesh for use. 

Hydrogen, oxygen, and nitrogen gases were of high purity 
grade (above 99.9% purity). Before use in reduction-
reoxidation experiments, these gases were passed through 
a cold trap cooled at the liquid nitrogen temperature for 
removal of a trace amount of water. 

Methods and Procedures. Reduction by hydrogen and 
reoxidation by oxygen were carried out in two ways of a 
static system and a flow system. 

(a) Static System: An uptake of hydrogen could be fol­
lowed accurately as a function of time by measuring the 
pressure drop in a static system. Reoxidation was also 
investigated by measuring the oxygen consumption in the 
same apparatus. The change of pressure was followed on 
a mercury manometer. A liquid nitrogen cold trap was 

TABLE 1. THE AgNaX ZEOLITES USED 

Sample 
Exchange 

level 
(%) 

Number of 
Ag+ ions 
per unit 

cell 

Amount of silver 
supported 

(g-Ag/g-AgNaX) 

AgNaX- 6 
15 
24 
39 
45 
72 
84 
99 

5.6 
14.7 
24.4 
38.6 
45.1 
71.8 
83.8 
98.6 

4.8 
12.6 
21.0 
33.2 
38.8 
61.7 
72.1 
84.8 

0.038 
0.094 
0.149 
0.221 
0.250 
0.357 
0.398 
0.444 
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equipped between a reactor and a vacuum pump to avoid 
a possibility of contamination due to vapors flowing backward 
from the pump. In the reactor, each zeolite sample was 
degassed at 673 K. for more than 1 h, exposed to oxygen 
at the same temperature for more than 30 min, and then 
reevacuated for 5 min. This pretreatment13> was always 
carried out for a fresh sample in order to remove water, 
carbon dioxide, and possible hydrocarbon impurities on 
die zeolite surface. Following the pretreatment, the sample 
was cooled to a chosen temperature in static vacuum and 
exposed to hydrogen at a desired pressure for a prescribed 
time. Subsequently, the sample was evacuated for 30 min 
and subjected to X-ray analysis or reoxidation. Reoxida-
tion was carried out at a prescribed temperature, period, 
and pressure in the presence of oxygen. In this paper, the 
experiments were performed by this procedure unless other­
wise specified. 

(b) Flow System : After being mounted in a reactor, samples 
were purged with nitrogen at ambient temperature and 
an atmospheric pressure, and then heated to a chosen tem­
perature. At that temperature a mixture of nitrogen and 
hydrogen diverted to flow through the reactor. A constant 
flow of the mixture, 30 cm3/min, were maintained for a 
prescribed period. The reduced samples were cooled down 
to ambient temperature in a nitrogen atmosphere. This 
procedure was applied to the study on the formation of 
silver particles under severe reduction conditions. 

Characterization of Samples. In order to ascertain the 
change of the zeolite framework and to determine the average 
size of Ag particles formed, a X-ray diffraction pattern was 
taken on each sample after the reduction or the reoxidation. 
The line width of (111) reflection of the Ag crystal was used 
to determine the average size of the Ag particles by a sim­
plified Scherrer relation. 

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

Kinetics of the Reduction. Amounts of hydrogen 
consumption over AgNaX-45 are shown in Fig. 1 as 
functions of the reaction temperature and time. A 
reduction level was evaluated from a theoretical uptake 
of hydrogen based on Eq. 1. Evidently the rate and 
the amount of hydrogen uptake increased at the higher 
temperatures. At 723 K the sample consumed an 
amount of hydrogen corresponding to complete re­
duction of the Ag+ ions within a few minutes and 
there was no further consumption of hydrogen. In 
each case the catalyst turned black from white with 
a progress of the hydrogen consumption, indicating 
the reduction of Ag+ ions to Ag atoms. The plots 
of the logarithm of initial rates of the reduction, calcu­
lated from the amount of hydrogen consumption for 
10 s, versus reciprocal absolute temperatures be­
tween 273 and 471 K gave a straight line. This 
linearity would indicate that the mechanism is es­
sentially unchanged in the initial stage of the reduc­
tion between 273 and 471 K ; therefore, the apparent 
activation energy was evaluated to be 23 .4±1 .6kJ / 
mol. This value seems to be reasonable because the 
activation energy of reduction of copper ions in X 
zeolites has been reported to be 49 kj/mol14) and 
silver ions are well known to be reduced more easily 
than copper ions. However, it should be noted that 
this value (23.4 kj/mol) might be lower than the 
average value of activation energies for the whole 
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Fig. 1. Kinetic curves of the reduction of AgNaX-45 
at various temperatures. The initial pressure of hy­
drogen was 13.3 kPa. 

silver ions, since first the distribution of Ag+ ions is 
somewhat heterogeneous as suggested by the depend­
ence of the achievable degree of the reduction on 
the reaction temperature, and secondly the extent of 
reduction at 471 K for 10 s was about 5 0 % which 
was too much to measure the initial reduction rate. 

I t was confirmed in a separate experiment that 
the rate of the reduction at 323 K did not depend 
on the partial pressure of hydrogen in the range 6.7— 
40.0 kPa. Beyer et al.10) have reported that the re­
duction rate was proportional to the hydrogen pressure. 
However, it is very difficult to discuss the difference 
between these two results, since there was no descrip­
tion about the pressure range of hydrogen in their 
paper. 

All samples reduced in the experiments of Fig. 1 
were subjected to X-ray analyses. T h e reduction of 
AgNaX-45 at a temperature of 471 K or below did 
not give peaks in the diffraction pattern which are 
at tr ibutable to metallic silver particles. By contrast, 
the diffraction pat tern of the sample reduced at a 
temperature higher than 522 K for 10 min showed a 
significant peak corresponding to the (111) reflection 
of metallic silver particles. These results lead to the 
conclusion that, under such mild reduction conditions 
as a t reatment at 471 K for 10 min, the growth of 
silver particles should not proceed, or should stop 
below ca. 3.5 nm15) in diameter. 

T h e effect of an exchange level on the initial re­
duction rate of Ag+ ions is depicted in Fig. 2. The 
reduction rate was calculated approximately from the 
amounts of hydrogen consumption during an initial 
short period, 10 sec, at 323 K. I t was found that 
the reduction rate exhibited a characteristic correla­
tion with the exchange level; the rate was very small 
for low-exchanged AgNaX zeolites until it increased 
rapidly above ca. 2 0 % of the exchange level. This 
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100 

Fig. 2. Dependence of the initial rate of reduction at 
323 K on the exchange level of silver (I) ions. 

of the hydrogen at the site S. In the reduction process 
of Ag+ ions located in Sx or S^, it might be suggested 
that the generated Ag atoms are centeres for the activa­
tion of hydrogen and a spillover step of a hydrogen 
a tom becomes significant. 

Prior to the reduction experiments water vapor was 
introduced onto the sample which was dehydrated in 
the pretreatment. The reduction process was greatly 
inhibited in the presence of water, as shown in Fig. 
3. This would result from the hydration of the active 
sites S or Ag+ ions itself. 

Kinetics of the Reoxidation. Reoxidation were 
performed on AgNaX reduced by a treatment with 
hydrogen at 573 K for 10 min. The uptakes of oxygen 
are illustrated in Fig. 4 as a function of time at dif-

fact reflects that the reduction rate relates to the dis­
tribution of Ag+ ions on several exchange sites in the 
zeolite framework. Ag+ ions exhibit a tendency to 
occupy the interior sites (Sl or Sx') in dehydrated 
zeolites.16) I t is reasonable that the Ag+ ions located 
at Sj and S^ sites are difficult to be reduced with hy­
drogen. The influence of the exchange level and 
hydrogen pressure on the reduction rates at elevated 
temperatures could not be clarified, since the reduc­
tion rates were too fast to measure it accurately. 

O n the basis of the relation in Fig. 2, the activation 
energy of the reduction process, and the independency 
of the reduction rate on the hydrogen pressure, it 
is likely that the reduction is a catalyzed reaction in 
which the activation of hydrogen at some specific 
site S is required. This mechanism is acceptable 

S + H2 ; = > S-H2 (2) 

x 
o 

S-H2 + Ag+ SH-Ag + H+ 

SH-Ag • SH + Ag 

SH + Ag+ • S-Ag -f H+ 

S-Ag • S + Ag 

(3) 

(4) 

(5) 

(6) 

if the exchange reaction of a Ag+ ion with a H atom 
(Eq. 3) is a rate determining step. This cooperative 
exchange would be the reason for the lower activation 
energy of the process than that of a sole migration 
of univalent cations17) (74.2 and 90.3 kj/mol for Na+ 
and Li+ ions, respectively). This can explain the 
phenomenon shown in Fig. 2 ; that is, the reduction 
rate increased rapidly when Ag+ ions began to situate 
inside or on the periphery of the supercage where 
Eq. 3 would become easy. The active species would 
be hydrogen atoms, since the hydrogen atoms have 
an average diameter small enough (0.1 nm)18) to enter 
in the hexagonal or sodalite cavities through the hexa­
gonal windows whose diameter is 0.22 nm,19) while 
the diameter of hydrogen molecules is 0.24 nm.20) 
Very recently, Che et al.21) have reported that the 
reducing power of hydrogen atoms was higher than 
that of hydrogen molecules. In addition, in work 
on the equilibration of H 2 - D 2 mixture over Y zeolites 
Heylen et al.22) have shown that impurities such as 
iron ions are centers for the activation of hydrogen. 
These two findings support our assumption that the 
reduction is a catalyzed reaction requiring activation 

r-o- without preadsorbed water] 
{_-•- with preadsorbed water 

—o-

20 40 
Reduction Time /min 

60 

Fig. 3. Influence of the water addition on the reduc­
tion process of AgNaX-45 at 323 K. Water was 
introduced at 2.6 kPa into the system prior to the 
reduction and briefly evacuated at reaction tempera­
ture. 
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Fig. 4. Kinetic curves of the reoxidation of AgNaX-45 
pre-reduced at 573 K for 10 min. The numerical 
values in the figure are the reoxidation temperatures. 
The initial pressure of oxygen was 13.3 kPa. 



May, 1981] Redox Behavior of Ag+ Ions in X Zeolites 1335 

ferent temperatures. The reoxidation was slow at low 
temperatures. The achievable degree of reoxidation 
was nearly constant over the temperature range 348— 
473 K. For example, the uptake of oxygen in the 
reoxidation at 348 K for 2 h was 6.61 cm3 STP/g-
AgNaX-45, which was the same as that (6.65 cm3 

STP/g-AgNaX-45) at 473 K for 30 min within the 
experimental error. The apparent activation energy 
of the reoxidation, 20.1+2.0 kj/mol, was calculated 
from the initial rates of Fig. 4 in the manner similar 
to that of the reduction. The extent of the reoxidation, 
evaluated from the amount of consumed oxygen on 
the basis of Eq. 7, was also graduated in Fig. 4. The 

Ag + H+ + 7 4 0 2 > Ag+ + V2H20 (7) 

reoxidation of the sample reduced at 573 K could 
not be achieved completely. 

The stoichiometry of the reduction and reoxidation 
is quantitatively summarized in Table 2. Here, the 
reductions were carried out at two different tem­
peratures for comparison. The amounts of reduced 
Ag+ ions and reoxidized Ag atoms were determined 
by the quantities of the hydrogen and oxygen con­
sumptions, respectively. The silver particles were de­
fined here as the aggregates of silver metal which 
was detectable by X-ray analysis. Its quantities were 
measured by the method described in the following 
section. The remained Ag atoms were treated as 
silver clusters existing in the zeolites. 

The hydrogen reduction of AgNaX-45 at 323 K 
for 30 min resulted in the production of 13.9 Ag atoms 
per unit cell. The formation of silver particles was 
not observed. Upon the treatment of this sample 
with oxygen at 473 K for 10 min, 3.01 cm3 of oxygen 
was consumed and 14.0 Ag atoms were reoxidized to 
Ag+ ions. This value is actually identical with the 
number of the produced Ag atoms. I t is concluded 
that under these experimental conditions the reduc-

TABLE 2. STOICHIOMETRY OF REDUCTION AND 

REOXIDATION OF A g N a X - 4 5 SAMPLE 

Run A B 

Reduction 
Temperature/K 
Time/min 
Uptake of H2/cm3 STP 
Reduced Ag+ ionsa> 

/atoms per unit cell 
j Silver particlesb) 
1 Silver clusters 

323 
30 
5.99 
13.9 

0 
13.9 

573 
10 
14.97 
34.8 

4.0 
30.8 

Reoxidation 
Temperature/K 
Time/min 
Uptake of Oa/cm3STP 
Reoxidized Ag atomsc) 

/atoms per unit cell 
Silver particles^) 

/atoms per unit cell 

473 
10 
3.01 
14.0 

0 

473 
30 
6.65 
30.9 

4.0 

a) This value was evaluated from the amount of 
hydrogen consumption, b) This value was calculated 
from the peak area of a Ag(l l l ) diffraction line, 
c) This value was evaluated from the amount of 
oxygen consumption. 

tion and reoxidation of Ag+ ions in the zeolite are 
completely reversible. In contrast, among 34.8 Ag 
atoms generated by the reduction at 573 K 4.0 Ag 
atoms were found to form silver particles. Upon the 
reoxidation the amount of A g + ions regenerated (30.9) 
is in fair agreement with that of silver clusters before 
the reoxidation (30.8). This is well interpreted by 
finding both amounts of silver particles before and 
after the reoxidation to be the same. These results 
lead to the conclusion that the silver particles re­
mained unchanged even after the treatment of oxygen 
at 473 K and the reoxidation affected only the silver 
clusters presumably located inside the large cavities 
of the zeolite. 

I t is perhaps worthy of remark that there was no 
induction period in the reoxidation process and no 
effect of water addition on the reoxidation rate, in 
contrast to the observations for Ag-Y zeolites reported 
by Beyer et al.10) 

Formation of Metallic Silver Particles. The rates 
of particle formation during the reduction in the 
static system were evaluated from the increment of 
peak areas of A g ( l l l ) diffraction pattern in the range 
522—573 K. The apparent activation energy of the 
particle formation was 74.0±5.8 kj/mol. 

Next the reduction of Ag+ ions was performed under 
severe conditions, i.e., a t reatment with hydrogen at 
673 K and 101.3 kPa for 1 h in the flow system. The 
results were plotted in Fig. 5. T h e amounts of silver 
particles shown in Fig. 5A were essentially equal to 
those obtained when the reduction temperature and 
time were set to 773 K and 5 h. In addition, a good 
linear correlation evidently exists between the amounts 
of Ag+ ions supported in the zeolite and the quantities 

'0 0-1 0-2 0-3 OA 
Amount of Silver Supported /g-Ag- g-AgNaX" 

0 20 40 60 80 100 
Exchange Level of Ag* Ion / •/• 

Fig. 5. Changes of amount of silver particles (A), 
particle diameter (B), and average aggregation dia-
meter(C) with amount of silver supported. Reduc­
tion was performed at 673 K for 1 h by 101.3 kPa of 
hydrogen in the flow system, 
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of silver particles formed. Based on these facts, it 
was concluded that all Ag+ ions were transferred 
into Ag particles. In Table 2, the amounts of Ag 
atoms converted into Ag particles were estimated by 
using this relation as a calibration. 

In the experiments of Fig. 5, an irreversible destruc­
tion of the zeolite framework during the severe re­
duction was indicated by change in X-ray diffraction 
patterns. The diffraction patterns attr ibutable to the 
zeolite structure were eliminated in proportion to the 
exchange level. After the reduction of AgNaX-99, 
for example, the diffraction patterns from the zeolites 
were completely disappeared and the formation of 
an amorphous phase was shown by the appearance 
of very broad and not intense peak. Under mild 
reduction conditions, however, the extent of the de­
struction was not so thorough, though the quantitative 
analysis concerning this phenomenon was not carried 
out. 

The average diameters of the silver particles deduced 
from the line widths are shown in Fig. 5B. The 
diameter varied specifically with the Ag+ ion-exchange 
level. I t was approximately 20 nm for the low-ex­
changed A g N a X samples and decreased gradually 
with an increase in exchange level. T h e diameter 
increased after passing a min imum around 5 0 % of 
the exchange level. T h e particle diameter were in 
the range 10—21 nm under these conditions. This 
value is in good agreement with 21 nm observed by 
Beyer et al.10) and 15—30 n m by Tsutsumi and 
Takahashi.8) Average aggregation diameters were 
evaluated by the following method from the results 
of Fig. 5B. 

Since the crystal lattice of silver is of F. C. C , the 
number of Ag atoms included in a silver particles is 
given by 2TZD±

SI3A3 where D± represents the diameter of 
the silver particles and A is the lattice constant of silver 
crystal (0.4086 nm) . O n the other hand, the number 
of Ag+ ions located in a unit cell of the X zeolite is 
86E, where E is an exchange level of Ag+ ions. There­
fore, writing the lattice constant of the zeolite (2.49 
nm) as B, : all silver ions situated in a volume of the 
zeolite given by (2TZD1

SJ3A3) (B3/86E) were required 
to aggregate in order to form the silver particle. With 
an introduction of D2 as a diameter of a sphere, whose 
volume is the same as that calculated above, Eq. 8 is 

set up and then Eq. 9 is derived. Here, D2 is named 
an average aggregation diameter. This value in­
dicates a range of the migration and aggregation of 
silver in the reduction process to yield a silver particle. 

The results of the calculation using Eq. 9 are shown 
in Fig. 5G. T h e aggregation diameter took a large 
value as 120 n m at the low exchange level and gradually 
decreased with increasing the exchange level. In 
order to understand this phenomenon and gather more 
informations about the process of particles formation, 
following experiments were performed. Amounts and 

Reduction T ime/h 

Fig. 6. Variations of amount and diameter of silver 
particles with reduction time at various temperatures. 
The reduction was performed by hydrogen at 10.1 
kPa on AgNaX-99 in the flow system. 

diameters of silver particles produced by the reduction 
of AgNaX-99 with 10.1 kPa of hydrogen in the flow 
system are plotted in Fig. 6 as functions of the reac­
tion temperature and time. Clearly the amount of 
silver particles increased with the reaction time, while 
the particle diameters remained approximately con­
stant irrespective of the reaction time. Moreover, the 
diameter showed a tendency to become larger at 
the higher temperatures. 

The above observations suggest that in the formation 
of silver particles a step of nucleation is rate-deter­
mining and a process of subsequent nuclear growth 
is relatively fast. T h e constant particle diameters in­
dependent on the reduction time in Fig. 6 would be 
understood as a result of a phenomenon that once 
a nucleus generates, all silver ions located in the ag­
gregation diameter are rapidly gather to its nucleus. 
At the higher reaction temperatures the nucleation 
becomes more difficult because of the unstability of 
nucleus and the rate of the nuclear growth is more 
facilitated. These result in the formation of larger 
particles at the higher reduction temperatures, as 
shown in Fig. 6. In a similar manner to the above, 
the low exchange level of the Ag+ ions makes the 
nucleation more difficult. This is the reason why the 
average aggregation diameter changed with the extent 
of the Ag+ ion-exchange in Fig. 5G. 

Conc lus ions 

T h e reduction of the Ag+ ions and the reoxidation 
of Ag atoms in X zeolites are found to proceed with 
ease, while the silver particles with a diameter of 
10—25 nm produced in the severe reduction are dif­
ficult to be reoxidized. The processes are summarized 
in Eq. 10, where E& represents an activation energy 

£B = 23.4±1.6 £ a = 74.0±5.8 
Ag+ { -> Ag° > Ag (particle) (10) 

£ a=20.I±2.0 

of each step (kj/mol). The reduction requires a 
catalytic activation of hydrogen at specific sites in 
the zeolites. Upon mild reduction some of the reduced 
silver atoms would form clusters in the supercage of 
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the zeolites. The cluster might have a partial charge 
by the participation of unreacted silver ions, in a 
manner analogous to suggestions by Beyer et al.10) 
or Kimm and Seff.11) In the process of the particle 
formation it is suggested that the nucleation is rate-
determining and its rate is varied with the reaction 
conditions. Che et al.21) have recently found that 
Ni 2 + ions in X zeolites were reduced to Ni atoms at 
very low temperatures (77—273 K) by hydrogen at­
oms and that the growth of clusters was achieved by 
gradually heating of the reduced sample above the 
reduction temperatures. These results indicate the 
possibility that the formations of Ag clusters and par­
ticles might be carried out by a migration of Ag atoms. 

The authors wish to thank to Messrs. K. Kuroiwa 
and S. Miyazaki for carrying out some of the kinetic 
determination. 
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The structure of gilvocarcin M, C26H2609, an antibiotic with a novel carbon skeleton, has been determined 
by single crystal X-ray analysis. The space group is P2X with «=15.063(5), b= 16.162(4), c=4.905(2) Â, jS= 
91.47(3)°, and Z = 2 . The structure was solved by direct methods, and least-squares refinement using 1734 
reflexions gave the final R value of 0.054. The title compound is composed of a unique aglycone and a fucofura-
nose, which are linked together through a C-C glycosyl linkage. The furanose ring takes the °E conformation. 

Gilvocarcin M and V are antibiotics produced by 
Streptomyces gilvotanareus and Streptomyces griseologilbus V 
They were called previously DC-38.2) Their struc­
tures have been elucidated on the basis of their chemical 
nature and spectroscopic data.3) T h e structural dif­
ference between M and V is that a methyl group 
at C(22) in the former is replaced by a vinyl group 
in the lat ter . T h e structure of gilvocarcin M and 
the numbering system is shown in Fig. 1. In spite 
of many efforts with various kinds of N M R techniques 
including proton-proton spin decoupling and 1 3C-
N M R with long range selective proton decoupling, 
there has still remained some ambiguity especially 
a round the asymmetric carbons of the furanose. T o 
determine the structure of gilvocarcins unequivocally, 
we have under taken an X-ray analysis of gilvocarcin 
M. This paper will describe the crystal structure of 
the antibiotic. 

Fig. 1. The numbering system of gilvocarcin M. 

E x p e r i m e n t a l a n d Structure 
D e t e r m i n a t i o n 

Yellow prismatic crystals of gilvocarcin M were obtained 

from a DMSO-ethanol solution. A crystal, 0.5 X 0.13 X 
0.05 mm3, was used for data collection on a Rigaku four-
circle automated diffractometer with Ni-filtered Gu Ka ra­
diation. Preliminary unit cell dimensions and space group 
were obtained from oscillation and Weissenberg photographs. 
The space group was determined from systematic absences 
(0A0 for odd k). Accurate cell dimensions were determined 
by a least-squares calculation with 20 values of 16 high-
angle reflexions measured on the diffractometer. Crystal 
data are summarized in Table 1. All independent re­
flexions within the range 20<12O° were collected by use 
of the co-20 scan mode with a scanning rate of 4°(20)min-1. 
Stationary background counts were accumulated for 10 s 
before and after each scan. Periodic checks of the intensity 
values of three standard reflexions showed no significant 
X-ray damage. Corrections for absorption or extinction 
were not applied. Out of 1847 independent reflexions ob­
tained, 1735 for which \FO\>3.0<J(\FO\) were used. 

TABLE 1. 

C26H26O9-0.4C2H6O 
M.W. = 500.9 
P2, 
Z = 2 
a=15.063(5)Â 

6 = 16.162(4)A 
c=4.905(2)A 
£ = 91.47(3)° 
Z>x = 1.393gcm-3 

M(Cu Koc) =21.47 cm-1 

The phases of 339 reflexions with | i i o | ^ h 2 were assigned 
with MULT AN.4) The best set of phases was used to calcu­
late an .E-map, which gave 21 chemically significant peaks. 
Other 15 non-hydrogen atoms were found by the successive 
Fourier syntheses. The structural parameters were refined 
by block-diagonal least-squares with a modified HBLS 
programme. All the hydrogen atoms and a molecule of 
the ethanol solvent without hydrogen atoms were found 
by the difference syntheses. Refinement gave the final R 
value 0.054 for 1734 reflexions. The atoms of the solvent 
molecules with the occupancy of 0.4 were refined isotropically. 
The weighting system used in the final stage was w=0.3 
for | F 0 | < 1.782 and | F 0 | > 17.82, and w= (0.00115(F0)2-
0.12675JF01 + 4.48559)-1 for 1.782<|F0 |^17.82. A strong 
reflexion, 020, was excluded because it seemed to suffer 
from secondary extinction. Atomic scattering factors were 
taken from "International Tables for X-Ray Crystallog­
raphy."5) The final positional and thermal parameters are 
given in Table 2. The tables of anisotropic temperature 
factors and observed and calculated structure factors are 
kept as a Document No. 8132 at the Chemical Society of 
Japan. 
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R e s u l t s and D i s c u s s i o n 

Molecular Structure. Bond lengths and angles 
are tabulated in Table 3. A stereoscopic drawing of 
the molecule is shown in Fig. 2. T h e two bonds 
C(15)-G(16) and C ( 1 8 ) - 0 ( 7 ) , which correspond to 
K region of phenantherene,6) show rather high double 
bond character. There is an intramolecular hydrogen 
bond between 0 ( 5 ) and 0 ( 6 ) atoms; 0 ( 5 ) - 0 ( 6 ) = 
2.547(6) Â, H ( 0 ( 5 ) ) - 0 ( 6 ) = 1.68(7)A, and 0 ( 5 ) -
H - 0 ( 6 ) angle is 141.2°. Although the reason is not 
clear, the C(24) -0 (9 ) length is significantly shorter 
than the C(16) -0 (16 ) . 

The G-G glycosyl bond length, G(6)-C(7) , is some­
what longer than the corresponding values (1.492— 
1.501 Â) in formycin.7) In usual nucleosides G ( 4 ' ) -
O ( l ' ) is significantly longer than C ( l ' ) - 0 1 ( 1 ' ) . I n 
gilvocarcin M, however, G(6 ) -0 (3 ) is significantly 
longer than C ( 3 ) - 0 ( 3 ) . There are two short intra­
molecular non-bonded contacts; 0(3)---C(8) =2.622(7) 
Â and 0 ( 7 ) - C ( 6 ) = 2 . 6 8 2 ( 6 ) A . 

The least-squares planes of interest and the dihedral 
angles between them are tabulated in Table 4. T h e 
aglycone part except the substituents is planar within 

±0 .1 Â. Although every six-membered rings are 
planar, the planarity of the D ring is best (±0 .008 Â) 
and that of the G ring is worst (±0 .035 Â). T h e 
dihedral angles between the rings A and B, between 
rings B and G, and between rings G and D are 1.9, 
2.3, and 2.4°, respectively. These values show a 
smooth convex character of the aglycone part , as 
seen in Fig. 3, the side view of the molecule. T h e 
dihedral angles between the least-squares planes of 
furanose ring and the aglycone par t is 53.5°. 

The 0 ( 3 ) a tom deviates by 0.531 Â from the plane 
determined by the C(3), C(4), C(5), and C(6) atoms, 
and the puckering parameters P and 0m

8) are 94.8 
and 39.9°, respectively. This indicates that the 
furanose ring takes an unusual °E conformation. I t 
is probable that the °E conformation is related to 
the above-mentioned bond length reversion at the 
C ( 3 ) - 0 ( 3 ) and G(6 ) -0 (3 ) bonds. The conformation 
around the C(2)-C(3) bond is gauche-trans, and the 
%cc angle of 19.7° is in the anti region. Torsional 
angles are listed in Table 5. 

Crystal Structure. A stereoscopic drawing of the 
crystal structure viewed along the c axis is shown in 
Fig. 4. There are three intermolecular O H - - - 0 hy­
drogen bonds as listed in Tab le 6. Between the 

T A B L E 2. FRACTIONAL ATOMIC COORDINATES WITH THEIR STANDARD DEVIATIONS AND TEMPERATURE FACTORS 

Atom 

C(l) 
C(2) 
C(3) 
G(4) 
G(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(l l) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 

X 

-0.0849(4) 
-0.0406(4) 

0.0574(3) 
0.1124(4) 
0.2000(3) 
0.1897(3) 
0.2292(3) 
0.1720(4) 
0.1985(4) 
0-2830(4) 
0.3473(3) 
0.3192(3) 
0.3890(3) 
0.4758(3) 
0.4989(4) 
0.4369(4) 
0.5517(4) 
0.4140(3) 
0.5081(3) 
0.5397(3) 
0.5640(3) 
0.6537(4) 
0.6872(3) 
0.6324(3) 
0.7152(4) 
0.7590(5) 

-0.0856(3) 
0.1247(3) 
0.0943(2) 
0.2064(2) 
0.3038(3) 
0.4600(3) 

y 

0.2055(5) 
0.2852(5) 
0.2879(4) 
0.2152(3) 
0.2542(3) 
0.3471(3) 
0.4112(3) 
0.4471(4) 
0.5083(4) 
0.5353(3) 
0.5021(3) 
0.4377(3) 
0.4053(3) 
0.4291(3) 
0.4946(4) 
0.5278(3) 
0.6122(4) 
0.3061(3) 
0.3254(3) 
0.3874(3) 
0.2817(4) 
0.2965(4) 
0.3582(4) 
0.4025(4) 
0.2476(5) 
0.4812(6) 
0.3500(4) 
0.1515(3) 
0.3590(2) 
0.2401(3) 
0.5948(3) 
0.5913(3) 

z BecL or B/A2 

0.0166(19) 
0.1113(14) 
0.0555(12) 
0.1634(11) 
0.2703(10) 
0.1973(10) 
0.3907(10) 
0.5688(11) 
0.7573(12) 
0.7661(10) 
0.5896(10) 
0.3988(10) 
0.2321(10) 
0.2402(9) 
0.4242(10) 
0.5845(10) 
0.8013(14) 

-0.1233(10) 
-0.1118(10) 

0.0683(10) 
-0.2811(10) 
-0.2789(11) 
-0.1044(12) 

0.0649(12) 
-0.4535(12) 

0.2429(20) 
-0.0246(16) 
-0.0341(8) 

0.1823(8) 
0.5590(7) 
0.9560(8) 
0.7694(8) 

6.40 
4.97 
3.63 
3.47 
3.00 
2.96 
2.92 
3.55 
3.75 
3.35 
2.93 
2.66 
2.88 
2.63 
3.34 
3.15 
4.82 
2.67 
2.84 
2.98 
3.26 
3.53 
3.76 
3.45 
8.03 
8.03 
8.92 
4.16 
3.43 
3.54 
4.29 
4.44 

1 Atom 

~~Ô(7) 
0(8) 
0(9) 
HAG(l) 
HBG(l) 
HGG(l) 
HC (2) 
HG (3) 
HG (4) 
HG (5) 
HG (6) 
HG (8) 
HG (9) 
HG (15) 
HAG (17) 
HBG(17) 
HGG(17) 
HG(21) 
HG (23) 
HAG (25) 
HBG(25) 
HGG(25) 
HAG (26) 
HBG(26) 
HGG(26) 
HO(l) -
HO (2) 
HO (4) 
HO (5) 

oet 
G(l)et 
G(2)et 

X 

0.3602(2) 
0.3800(2) 
0.6652(3) 

-0 .165(5) 
-0 .077(5) 
-0 .061(5) 
-0 .057(4) 

0.072(3) 
0.080(3) 
0.254(3) 
0.216(4) 
0.114(3) 
0.158(3) 
0.557(3) 
0.578(4) 
0.552(9) 
0.597(5) 
0.531(4) 
0.750(3) 
0.768(4) 
0.701(5) 
0.739(5) 
0.775(5) 
0.759(4) 
0.764(5) 

-0.062(5) 
0.170(5) 
0.264(4) 
0.368(4) 
0.0302(8) 
0.0250(11) 
0.0469(14) 

y 

0.3430(2) 
0.2557(2) 
0.4619(3) 
0.215(5) 
0.192(5) 
0.151(5) 
0.297(5) 
0.295(3) 
0.187(3) 
0.232(3) 
0.354(4) 
0.435(3) 
0.531(3) 
0.515(3) 
0.643(4) 
0.658(9) 
0.562(1) 
0.240(4) 
0.362(3) 
0.280(5) 
0.240(6) 
0.202(4) 
0.498(5) 
0.464(4) 
0.528(5) 
0.404(5) 
0.168(5) 
0.240(5) 
0.613(4) 
0.0132(8) 
0.0083(12) 
0.0021(13) 

z 

0.0540(7) 
-0 .2808(7) 

0.2373(9) 
-0 .163(17) 
-0 .163(17) 

0.114(16) 
0.303(12) 

-0 .127(9) 
0.330(11) 
0.171(8) 
0.016(11) 
0.592(9) 
0.887(11) 
0.412(9) 
0.634(12) 
1.008(28) 
0.838(15) 

-0.391(12) 
-0 .091(3) 
-0.473(13) 

0.365(16) 
-0.368(14) 
-0.005(15) 

0.273(11) 
0.353(15) 
0.009(15) 

-0.165(16) 
0.590(13) 
0.939(13) 

-0.2667(25) 
0.0333(38) 
0.1974(38) 

Beq or B/Â2 

2.81 
3.31 
4.89 
7.6 
9.4 
8.0 
6.3 
2.8 
3.9 
1.7 
4.7 
2.3 
3.5 
2.9 
5.5 

11.7 
7.6 
6.0 
3.7 
7.0 
9.3 
7.1 
8.8 
4.6 
8.0 
7.8 
9.2 
6.1 
6.0 
5.5 
6.0 

10.1 
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TABLE 3. BOND LENGTHS (//A) AND ANGLES (<f>/°) 

C(l)-C(2) 
G(3)-G(4) 
C(5)-C(6) 
C(3)-0<3) 
G (8)-G (9) 

G(ll)-G(12) 
G(16)-0(6) 
G(13)-G(14) 
G(16)-G(ll) 
C(18)-0(7)-
G(19)-G(20) 
G(21)-G(22) 
G (23)-G (24) 
G(l)et-C(2)et 

G(l)-G(2)-0(1) 
G (2)-G (3)-O (3) 
G (3)-G (4)-O (2) 
G(4)-G(5)-0(4) 
C (5)-G (6)-G (7) 
G (6)-G (7)-G (8) 
G (7)-G (8)-G (9) 
C(10)-C(ll)-C(12) 
G(ll)-G(10)-O(5) 
G(ll)-G(12)-G(13) 
C(14)-G(15)-C(16) 
G(ll)-G(16)-0(6) 
G(12)-G(13)-0(7) 
G (13)-O (7)-G (18) 
G (19) -G (20) -G (14) 
G(19)-G(18)-0(8) 
G(20)-G(19)-G(21) 
G{21)-G(22)-G(25) 
G<23)-G(24)-G(20) 
G(23)-G(24)-0(9) 

1.517(12) 
1.524(8) 
1.549(8) 
1.415(7) 
1.405(8) 
1.455(7) 
1.407(7) 
1.363(7) 
1.413(7) 
1.343(6) 
1.410(7) 
1.373(8) 
1.385(8) 
1.46(2) 
106.5(7) 
108.6(5) 
113.5(5) 
107.8(4) 
118.8(4) 
116.4(5) 
123.0(5) 
118.0(5) 
122.2(5) 
114.7(4) 
120.1(5) 
115.1(5) 
113.4(4) 
122.9(4) 
118.1(5) 
124.1(5) 
122.3(5) 
121.6(6) 
121.3(5) 
121.6(5) 

G(2)-0(l) 
G(4)-G(5) 
C(5)-0(4) 
G (6)-G (7) 
C(9)-C(10) 
G(12)-G(7) 
0(6)-G(17) 
G(14)-G(15) 
G(13)-0(7) 
G(18)-0(8) 
G (20)-G (24) 
G (22)-G (23) 
G(24)-0(9) 
C(2)«-Oa« 
0(1)-G(2)-G(3) 
G(4)-G(3)-0(3) 
G(5)-G(4)-0(2) 
G(6)-G(5)-0(4) 
0(3)-G(6)-G(7) 
G (6)-G (7)-G (12) 
G (8)-G (9)-G (10) 
G(ll)-G(12)-G(7) 
G(10)-G(ll)-G(16) 
G(12)-G(13)-G(14) 
G(15)-G(16)-G(ll) 
G(15)-G(16)-0(6) 
G(15)-G(14)-G(20) 
0(7)-G(18)-G(19) 
C(20)-C(14)-C(13) 
G(18)-G(19)-G(21) 
G(19)-G(21)-G(22) 
G (23)-G (22)-G (25) 
G (24)-G (20)-G (19) 
G (24)-O (9)-G (26) 

1.406(11) 
1.543(8) 
1.435(7) 
1.517(7) 
1.346(8) 
1.421(7) 
1.426(8) 
1.428(8) 
1.394(6) 
1.225(6) 
1.418(8) 
1.399(9) 
1.363(7) 
0.87(2) 
110.8(7) 
105.7(5) 
113.6(4) 
112.7(4) 
108.2(4) 
125.6(5) 
120.2(5) 
119.7(5) 
124.5(5) 
126.3(5) 
124.7(5) 
120.2(5) 
123.5(5) 
118.9(4) 
119.9(5) 
118.2(5) 
121.1(5) 
120.5(6) 
115.6(5) 
120.1(6) 

G (2)-G (3) 
C(4)-0(2) 
C(6)-0(3) 
C(7)-C(8) 
G(10)-G(ll) 
C(10)-O(5) 
G(12)-G(13) 
G(15)-G(16) 
G (14)-G (20) 
G(18)-G(19) 
G (19)-G (20) 
G (22)-G (25) 
C(26)-0(9) 
G(l)-G(2)-G(3) 
G (2)-G (3)-G (4) 
C(3)-C(4)-C(5) 
G(4)-G(5)-G(6) 
G (5)-G (6)-O (3) 
G (3)-O (3)-G (6) 
G (8)-G (7)-G (12) 
G(9)-G(10)-G(ll) 
G(9)-G(10)-O(5) 
G(7)-G(12)-G(13) 
G(13)-G(14)-G(15) 
G(16)-G(ll)-G(12) 
G(16)-0(6)-G(17) 
0(7)-G(13)-G(14) 
G(18)-G(19)-G(20) 
G(7)-G(18)-0(8) 
G (14)-G (20)-G (24) 
G (21)-G (22)-G (23) 
G (22)-G (23)-G (24) 
G (20)-G (24)-O (9) 
C(l)rt-C(2)*-Oa« 

1.509(10) 
1.429(7) 
1.449(7) 
1.371(8) 
1.421(8) 
1.369(7) 
1.447(7) 
1.348(8) 
1.461(7) 
1.451(7) 
1.391(8) 
1.502(10) 
1.445(11) 
113.2(6) 
116.1(5) 
104.8(5) 
103.7(4) 
103.6(4) 
107.0(4) 
118.0(5) 
121.1(5) 
116.7(5) 
125.6(5) 
116.5(5) 
117.5(5) 
117.8(5) 
120.3(5) 
119.5(5) 
117.0(4) 
126.2(5) 
117.9(6) 
121.7(6) 
117.1(5) 
154(2) 

Fig. 2. Stereoscopic drawing of gilvocarcin M. 
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TABLE 4. LEAST-SQUARES PLANES AND DIHEDRAL 

ANGLES (¥/°) BETWEEN THEM 

The asterisked atoms are included in the calculation 
of the planes and the values in the parentheses are the 
deviations (x l0 3 A) from the plane, x, y, and z are 
in Â 

Plane 1. 

Plane 2. 

Plane 3. 

Plane 4. 

Plane 5. 

Plane 6. 

Plane 7. 

C(3)*[-604], G(4)*[-38], G(5)*[-82], 
G(6)*[-192], 0(3)*[ -238] 

0.347 *-0 .008j ; -0 .938z + 0.161=0 
C(3)*[-14] , C(4)*[20], G(5)*[-20], 
G(6)*[13], 0 (3 ) [ -531] 

0.405*-0.154j;-0.901z + 0.599 = 0 
G(7)*[-4] , G(8)*[-4] , G(9)*[7], 
G(10)*[-3], G ( l l ) * [ - 4 ] , G(12)*[8] 

0.211*-0.703j;+0.679z+2.653 = 0 
G(ll)*[19], G(12)*[-8], G(13)*[-10], 
G(14)*[17], G(15)*[-6] , G(16)*[-12] 

0 . 2 0 0 * - 0 . 6 8 3 J ; + 0 . 7 0 3 Z + 2 . 4 9 5 = 0 

0(7)*[25], G(13)*[6], G(14)*[-24], 
G(18)*[-35], G(19)*[15], G(20)*[13] 

0.161*-0.694j;+0.701z+2.816 = 0 
G(19)*[0], G(20)*[4], G(21)*[-5] , 
G(22)*[6], G(23)*[-2], G(24)*[-3] 

0.124*-0.685j; + 0.718z + 3.045 = 0 
G(7)*[10], G(8)*[73], C(9)*[107],C(10)*[57], 
G( l l )* [ -10 ] , G(12)*[-12], G(13)*[-50], 
G(14)*[-61], G(15)*[-98], G(16)*[-80], 
0 ( 7 ) * [ - 4 3 ] , G(18)*[-99], G(19)*[-30], 
G(20)*[-19], G(21)*[23], G(22)*[100], 
G (23)* [99], G (24)* [43], G (6) [ -42 ] , 
O(5)[101], 0 ( 6 ) [ - 9 2 ] , G(17)[24], 
0(9)[59], G(26)[109], 0 (8 ) [ -168] 

0.173*-0.689j;+0.704z + 2.649 = 0 

Dihedral angles (W/°) 

Plane 
1 
2 
3 
4 
5 
6 

2 
9.3 

3 
56.1 
65.3 

4 
54.2 
63.4 

1.9 

5 

53. 

62. 

3. 

2, 

6 
51.3 
60.6 

5.5 
4.5 
2.4 

7 

53. 

62. 
2.7 
1.6 
0.8 
3.0 

Fig. 3. Stereoscopic side view of gilvocarcin M. 

molecules along the c axis, there are two hydrogen 
bonds; 0 ( 2 ) - 0 ( 4 ) and 0 ( 4 ) - 0 ( 8 ) . T h e third hy­
drogen bond is formed between the O ( l ) a tom and 
the oxygen a tom of the solvent ethanol. In other 
par t the molecules are stacked mainly by van der 
Waals interactions. The interplanar separation be­
tween the aglycone moieties along the c axis is 3.45 Â. 

The solvent molecule of ethanol is disordered, which 
might be explained by the large cavity around it. 

Structure Activity Relationship. I t is assumed that 
the biological activity of gilvocarcins comes mainly 
from the interaction of the compounds with DNA.1) 
I t is conceivable from the stereochemical point of 
view, because gilvocarcins have geometrical prerequi­
sites to interact with DNA. T h e dimensions and the 
planarity of the aglycone, and the delocalization of 
n electrons through the aglycone par t are the common 
structural features found in most antibiotics which 
interact with D N A through the intercalation mode. 
I t is interesting that gilvocarcins possess partial struc­
tures corresponding to K region and bay region9) 

TABLE 5. TORSIONAL ANGLES (T/°) 

G(l)-G(2)-G(3)-G(4) -53.5 
G(l)-G(2)-G(3)-0(3) -172.4 
0(3)-G(3)-G(4)-G(5) -20.1 
O (3) -G (3) -G (4) - O (2) -144.6 
G(3)-G(4)-G(5)-G(6) -3.3 
0(2)-G(4)-G(5)-G(6) 121.1 
C(4)-C(5)-C(6)-0(3) 24.9 
0(4)-G(5)-G(6)-0(3) -91.5 
G (5) -G (6) - O (3) -G (3) -39.4 
G (6)-O (3)-G (3)-G (4) 37.7 
G (5) -G (6) -G (7) -G (8) -97.9 
O (3)-G (6)-G (7)-G (8) 19.7 
O(5)-G(10)-G(ll)-G(16) -1.9 
G(15)-G(16)-0(6)-G(17) -6.7 
G (20) -G (24) - O (9) -G (26) -179.5 

0(l)-G(2)-G(3)-0(3) 68.0 
0(1)-G(2)-G(3)-G(4) -173.1 
G (2) -G (3) -G (4) -G (5) -140.6 
G (2)-G (3)-G (4)-O (2) 94.9 
G (3)-G (4)-G (5)-O (4) 116.4 
O (2)-G (4)-G (5)-O (4) -119.2 
G (4)-G (5)-G (6)-G (7) 144.9 
O (4)-G (5)-G (6)-G (7) 28.5 
G (7) -G (6) - O (3) -G (3) -166.4 
G (6)-O (3)-G (3)-G (2) 163.0 
G (5)-G (6)-G (7)-G (12) 83.1 
0(3)-G(6)-G(7)-G(12) -159.3 
G(10)-G(ll)-G(16)-O(6) -0.6 
G(ll)-G(16)-0(6)-G(17) 171.5 
G (23) -G (24) - O (9) -G (26) 1.2 
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Fig. 4. Crystal structure viewed along c axis. 

the compound to DNA. 
A hypothetical way of the intercalation of gilvocarcin 

M between the base pairs in DNA is shown in Fig. 
5. T h e structure of the fragment of the unwound 
DNA is taken from the results of the X-ray analysis 
of ethidium/dinucleoside monophosphate complex.10) 
This figure illustrates that gilvocarcin M has molecular 
dimensions suitable for intercalation between the base 
pairs in DNA. 

Figures 2, 3, and 4 were drawn by T S D : X T A L , 
which is a computer-graphics interactive modelling 
programme for the N O V A 3 computer.11) 
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TABLE 6. HYDROGEN BOND DISTANCES (//A) 

AND ANGLES ( 0 / ° ) 

A-H—B 

0(5)-H I---0(6)1 

0 ( l ) - f f - 0 « n 
0(4)-W-0{Z)m 

0(2)-H I I I---0(4)1 

Symmetry code 
I : ( x y 

I I : ( - * 0.54j> 
I I I : ( * y \ 

z) 
-z) 

.0 + z) 

A - B 

2.547(6) 
2.669(8) 
2.722(5) 
2.770(6) 

Z A - H - B 

141(6) 
142(6) 
168(5) 
149(5) 

Fig. 5. A hypothetical intercalation mode of gilvo­
carcin M between the base pairs in DNA. 

in the aglycone. 
In this connexion, it should be noted that when 

the methyl group at G (22) is replaced by a vinyl group 
(gilvocarcin V) , the activity is enhanced.1) T h e vinyl 
group is of less bulkiness than the methyl group to 
intercalate between the base pairs in DNA. In ad­
dition to the relief of the steric hindrance, the vinyl 
group would electronically increase the reactivity of 
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A general method of the crystal packing optimization is developed for the molecular crystals consisting of 
non-rigid molecules. The intramolecular potential is described as a general harmonic force field in terms of a 
suitable set of internal symmetry coordinates, and the intermolecular potential as a sum of the pairwise atom-
atom interaction terms. The adjustable structure parameters are those among the six cell constants, a, b, c, oc, 
ß, and y, and the translations and the rotations of the molecules which maintain the crystal symmetry. The 
intermolecular force is separated into two parts, one of which determines the location of the center of mass and the 
orientation of the principal axes of each molecule and the other leads to a certain molecular distortion. The 
calculated distortion may be used, in addition to the difference between the calculated and the observed crystal 
structures, as a check point of the reliability of the model potential. The importance of this separation in the 
rigid molecule approximation is pointed out. 

In order to search for the equilibrium structure 
of a given molecular crystal by taking account of 
all the degrees of freedom of atomic motions in the 
asymmetric unit, we should pay attention to both 
the intramolecular (internal) and the intermolecular 
(external) parts of the potential function. Any molec­
ular crystals maintain their structures on the balance 
of the forces expressed as the gradients of these two 
parts. Confining the discussion to those crystals in 
which all the molecules are symmetrically equivalent, 
we shall denote the intramolecular and the inter­
molecular potentials per molecule as ViQ and F e x , 
respectively. The contribution of Vin to the forces 
acting on the atoms may be estimated if the atomic 
displacements on the change from the gaseous state 
to the crystal are known experimentally and also the 
change of Via on the change of state is assumed to 
be negligible. Warshel and Lifson carried out ex­
tensive calculations of this type for a number of hydro­
carbons using the Cartesian coordinates of atoms as 
the working coordinates.1) This method cannot be 
applied to amino acids for which the structures in 
the isolated zwitterionic form are unknown. Neither 
is the rigid molecule approximation applicable in this 
case, since the low-frequency intramolecular vibrations 
of amino acids couple appreciably with the lattice 
modes. The internal rotations around single bonds 
have been taken into account by several authors in 
the conformation analyses of molecular crystals.2'3) 
In a series of studies on vibrational spectra of simple 
amino acids, however, we observed that some of the 
skeletal deformation frequencies were lower than the 
torsional frequencies of the NH3+ and the C H 3 

groups.4-7) 

In this report, we propose a convenient procedure 
of the potential energy minimization for the crystals 
of amino acids and similar non-rigid molecules. Gen­
eral expressions for the increments of the structure 
parameters in the Newton-Raphson iteration are given 
by taking account of the effect of Vin without any 
knowledge on the structure of the isolated molecules. 
Application of the method to a-glycine, L-alanine and 
DL-alanine crystals will be given in the subsequent 
paper. 

T h e o r y 

Molecular Distortion. T h e 3N degrees of freedom 
of motions of a non-linear N atomic molecule may be 
described by a set of 3iV—6 internal symmetry coor­
dinates, denoted in a vector form as Sin, and 6 external 
coordinates, £ e x , representing the translation and the 
rotation of the whole molecule. These coordinates 
can be constructed from the Cartesian displacement 
coordinates x of the atoms through the transformations 

Sia = Biax and Sex = Besx. (1) 

T h e matrix Bin is related to the well known G matr ix 
by 

G = Binm-iBin, (2) 

where m is a 3iVx 3iV diagonal matrix consisting of 
the atomic masses.8) Since £ e x is so chosen as to 
fulfill the Eckart condition and is normalized,9) it 
follows that 

ß i n m - i ß e x = 0 (3) 

and 

tf ex m-i £ e x = E, (4) 

where E is a 6 x 6 identity matrix. Next we denote 
the vector of the external forces along the Cartesian 
coordinates by 

fT = [-dv^idx, -dVojdy,... -dv^/dzNr, 
and introduce the vectors of generalized forces fll 
and ftl corresponding to the coordinates £ e x and 
Sin, respectively. In accordance with Eq. 1, the trans­
formation from the generalized forces to flx is ex­
pressed as 

f? = Bia f\l + £ e x f\l. (5) 

Premultiplying Eq. 5 by G~x Bia m _ 1 and using Eqs. 
2 and 3, we obtain 

f« = ( ? - i ß i n m - i / « (6) 

Similarly, the use of Eqs. 3 and 4 after premultiplying 
by Z?ex m

- 1 leads to 

fll = ß e x m-i / r . (7) 

Equations 6 and 7 enable us to partition the external 



1344 Katsunösuke MACHIDA and Yoshihiro KüRODA [Vol. 54, No. 5 

force into two parts, one tending to distort the molecule 
and the other tending to displace and rotate it. At 
the equilibrium position, fit should vanish while 
fin is not necessarily a zero vector since it can be 
offset by the internal force, fin, which arises from 
a certain distortion of the molecule associated with 
the change of the environment from the isolated state 
into the crystal, i.e., 

ftl = - ^ . (8) 

Kur i t tu and Pawley gave a general expression of 
this distortion in terms of the normal coordinates of 
the free molecule.10) An alternative way, being ap­
plicable to the cases where the molecular structure 
in the free state is unknown, is to express the distortion 
in terms of the internal symmetry coordinates Sin 

of the molecules in the crystal. Denoting such a 
distortion by Sc

in and using Eqs. 6 and 8, we have 
S'lu = - F - i f\l = F - i tf-i Bin m-i /*«, (9) 

where F is the usual potential energy matrix for the 
internal vibrations defined by 

2 Vin = Sin FSin. 

The Cartesian components of the internal force are 
given by 

^" = -8^/1:, (io) 
since fix vanishes from the definition in contrast 
to the case of fit in Eq. 5. W h e n the F matr ix does 
not change on going from the gaseous state to the 
crystal, Se

in represents the structure change of the 
molecule on the change of state. In the procedure 
of Kur i t tu and Pawley,10) one starts from the geometry 
of the undistorted molecule, and calculates the ex­
ternal force iteratively at the varying atomic positions 
until the final balance between Vln of the distorted 
molecule and F e x is attained. O n the other hand, 
the calculation in the present formulation is performed 
once for the distorted molecule, and the structure of 
the isolated molecule is inferred by subtracting iS>ïn 

from the structure in the crystalline state. Obviously, 
our method is valid only for infinitesimal distortions 
while that of Kur i t tu and Pawley is applicable to 
larger ones. An advantage of our method is that 
we can incorporate all the degrees of freedom of atomic 
motions implicitly in the conformation analysis of 
molecular crystals, using the same number of ad­
justable parameters as the rigid molecule approxima­
tion, viz., the lattice constants and the translations 
and the rotations of the whole molecule. 

Changes of Lattice Constants and External Coordinates. 
The potential energy per unit cell of a uniformly 
deformed molecular crystal under a small strain may 
be expressed as 

V = V0 - faa - fxxp + (lj2)(àFaaa+ïpFxxxp) 

+ *FaXxp} (11) 

where a is the strain vector, 

<7 = \_Gxx Oyy &zz O yz &zx &xy\ > 

which leads to the macroscopic deformation of the 
crystal, and xp is the vector of the microscopic Cartesian 
displacements of the atoms in the unit cell.11) We 

retain the linear terms in Eq. 11 considering the cases 
when no minima of the adopted model potential 
correspond to the experimentally determined structure. 
The vector fx is the sum of the external and the in­
ternal forces, and is given by 

fx = fT + f: = (E-Bin G* Bm m-W (12) 

from Eqs. 6, 8, and 10. The matrix Fxx is equivalent 
to the F matrix for the optical active crystal vibrations 
in terms of the Cartesian displacements, and can be 
diagonalized by the transformation into the normal 
coordinates, 

xp = Lxqp. (13) 

In order to determine fa, F00, and FaX in Eq. 11 
and then to calculate the derivatives of V with respect 
to the lattice constants and the external coordinates, 
it is useful to follow the treatment of elastic constants 
of molecular crystals due to Shiro and Miyazawa 
in a slightly modified manner including the linear 
terms.12) 

Specifying each unit cell with an index vector L, 
we can express the Cartesian displacements of the tth 
a tom in the cell L (denoted as the atom Li hereafter) 
of the uniformly deformed lattice as 

xt(L) =Di(L)*+EiXp, (14) 

where <D*(L) consists of the Cartesian coordinates of 
the atom Li evaluated with reference to the origin 
of the cell 0 when a=0, X t°(L), Yt°(L), and Zt°(L), 

viz., 

Di(L) = 

YXf{L) 0 0 0 Zf{L)ß F,°(L)/21 

0 YfiL) 0 Zi°(L)/2 0 ^ ( L ) / 2 , 

L 0 0 Zt°(L) Y?{L)ß Xt\L)l2 0 J 

and the elements of El are given in terms of Kronecker's 
delta as 

(Ei)jk = ^ - y , 3 U - i ) -

The atomic displacement vector for the cell L is ob­
tained by collecting xt(L) columnwise, and is written 
in the form 

x(L) = Dx(L)a + * „ (15) 

where 

DX(L) - ^ÊJD^L). 

The pairwise interaction potential between the atoms 
Oi and L j may be expanded as the power series of 
the relevant Cartesian displacements in the form 

W{rtJ(L)} = V*Hr^(L)} - ftj(L) {xt(0) - X j (L) } 

+ yA(0)-ïyW>^W{*i(0)-*y(L)}, 

(16) 

where rij{L) is the distance between Oi and Lj, and 
the superscript 0 denotes the value when a=0. The 
linear and the quadrat ic coefficients in Eq. 16 are 
given by 

ftJ(L) - - { a ^ / a r 0 ( L ) } V ( L ) 

and 
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Ftj{L) = {dV^Idr^L^iE-e^i^e^iDj/n/iL) 

+ ^V*Jldrij(L)^eiJo(L)etj\L)f 

respectively, where eij°{L) denotes the unit vector 
along the direction from Lj to Oi. Substituting Eq. 
14 into Eq. 16, dividing by 1 +(5 iy and summing over 
all the intermolecular a tom pairs Of and Lj such that 
z < j , we obtain the portion of the potential energy 
in Eq. 11 arising from F e x . Since we are dealing 
with a homogeneous deformation, the contribution 
of Vin to Eq. 11 can be evaluated by writting down 
VlQ for the cell 0 in terms of the Cartesian displace­
ments as 

Vln = -hax(0) + (l/2)ï(0)F„in*(0), 

and substituting Eq. 15. Carrying out these calcula­
tions, we have 

t. = S S (1 +àij)-*DV{L)fii{L) + Dx(0)fx*, (17) 
i£J,L 

Fca = j:j:(l+ôij)-^J(L)Fij(L)DiJ(L) + bx(0)FxJnDx{0) 
i£j, L 

(18) 

and 

i£J,L 

+ D,(0)F„**, (19) 

where 

DU{L) = DUfi) - DJ{L). 

Substituting Eq. 13 into Eq. 11, and using the condi­
tion that the potential energy is stationary with respect 
to the microscopic deformation, we have 

gp = A*Lxfx - A*LxFoXay (20) 

where A is the diagonal matrix of the eigenvalues of 
jfi-i/2 j?^ m,-1/2 corresponding to the genuine normal 
modes, and the eigenvectors for the translations of 
the whole crystal are excluded from Lx. By elimi­
nating qp from Eqs. 13 and 20 and substituting the 
result into Eq. 11, the potential energy is rewritten 
as 

V=V0- (f0-LxA-xLxFaX)o 

+ ^ß)o{Foa-FaXLxA-^1xFaX)a. (21) 

The quadratic par t of Eq. 21 divided by the volume 
of the unit cell gives the matrix of the elastic constants 
as derived by Shiro and Miyazawa.12) 

Let a set of infinitesimal changes of the cell dimen­
sions be denoted in a vector form 

A« = [A« A* Ac Aa Aß Ay]T, 

and those required to eliminate the linear terms in 
Eq. 21 be Aa*. By differentiating Eq. 21 with re­
spect to a and using the transformation 

* = AAa, (22) 

the vector Aa* is derived to be 

Aa* = (fa-fxLxA-1LxFaX){Faa 

-FaXLxA^LxFaX)-^A^ (23) 

Derivation of the transformation matrix A and its 

inverse is given in Appendix. 
The first term of Eq. 20 represents those microscopic 

displacements of the atoms which are required to 
minimize the energy of a stress-free crystal in the 
first-order approximation. These displacements may 
also be expressed in terms of the internal symmetry 
and the external coordinates in the form 

S* = -BinLxA-iLxfx (24) 

and 

S* = -BQXLxA*Lxfx. (25) 

Iterative minimization of the potential energy can 
now be carried out by the Newton-Raphson method 
in which A a * and St* are used as the correction 
vectors. 13> T h e normalized external coordinates are 
not so convenient to visualize the actual position 
and orientation of each molecule in the unit cell. 
Instead, we may use the translations along the principal 
axes of inertia, T±*, !T2*, and 7^*, and the rotations 
around those axes, R±*, R2*, and i?3*. Denoting the 
vector of these quantities as Tt* and introducing a 
6 x 6 diagonal matr ix 

AT-i/a = diag[M-V2 M~V2 M'1/2 I^1/2 7a-V» I^V2], 

where M is the molecular mass and Il9 I2, and 73 are 
the principal moments of inertia of the molecule, 
we have 

fe*x = [7V r 2* T3* R* £2* £3*] = S**M-V*. (26) 

When the unit cell has any symmetry elements, cal­
culation of Eq. 25 for the non-totally symmetric species 
of the factor group can be avoided by using a set of 
properly chosen symmetry coordinates. If all the rota­
tions Rt* are small, the combined rotation is defined 
uniquely as their vector sum, the magnitude of which 
is 

6 = \R1*
2-\-R^2+R3*

2\V2
f 

and the direction cosine between the axis of the rota­
tion and the ith. principal axis is 

h = Äi*/0. 

In the frame of the principal axes, the rotation is 
performed by using the transformation matrix familiar 
in crystallography14) which consists of the diagonal 
elements 

eu = cos0 + /*2(l-cos0) 

and the off-diagonal elements 

Oiy = / i / y ( l -cos0) + ( j - 0 ( - l ) i + V i - y « n O / | i - j | . 

The Cartesian coordinates of the A:th a tom in the 
molecule after the correction of the structure according 
to A a * and Te* are calculated from those before the 
correction, xk°, yk°, and zk°, by 

+ C.j(zk*-zg°)} + T<*\ + (1 + axx) V 

+ oxyy^+ozxzg\ (27) 

where Cxi is the direction cosine between the x axis 
and the ith principal axis, and xg°, yg°, and zg° are 
the coordinates of the center of mass of the molecule 
before the correction, and similar expressions for the 

y and the z components. 
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D i s c u s s i o n 

In the procedure described above, the internal cor­
rection vector S Ta is excluded from the iteration and 
the internal structure of the molecules is accordingly 
kept unchanged throughout the energy minimization. 
If the matrix Lx A'1 Lx is positive definite, the force 
fll tends to vanish when the external correction 
vector ST* diminishes according to Eq. 25, since 

and the matrix Bex Lx A-1 Lx i? e x has an inverse, and 
STn in Eq. 24 is made automatically a zero vector 
at a potential minimum. This condition is fulfilled 
by any model potential for which all the calculated 
lattice frequencies are real. In this respect, the pres­
ent scheme of the crystal packing analysis resembles 
that based on the rigid molecule approximation in 
which the molecular structure can be chosen in the 
same way as that determined experimentally. T h e 
present method affords, however, a useful information 
not available from the rigid molecule approximation, 
i.e., the molecular distortion vector SL, which may 
be compared with the structure data in the gaseous 
state or the results of theoretical calculations on the 
electronic states of the isolated molecule. 

The use of Eqs. 12 and 17 including fl
x
a is essential 

in the calculation of A a * even when the rigid molecule 
approximation is adopted. In this case, the terms 
arising from Viu should be excluded from Eqs. 18 
and 19, and the elements of A and Lx in Eq. 23 related 
to the internal modes should be absent. Since the 
rigid molecule approximation is the limiting case that 
the diagonal elements of F become infinite, the dis­
tortion Sin turns out to be infinitesimal but the product 

fll = -FS'lu 

remains undiminished because it is determined purely 
by the external force. This point has so far been 
overlooked and fT instead of fx has been used as 
the net force acting on the atoms by many investigators 
who have adopted the rigid molecule approximation. 

In contrast to the case of Aa* , the effect of f\l 
on Tt* is expected to be important only for non-
rigid molecules. If we use fT in place of fx in Eq. 

25, it follows from Eq. 5 that 

(28) 

If the internal and the external modes do not couple 
with each other, the matrix of the coefficients of fll 
in Eq. 28 vanishes and fT leads to the same TT* 
as fx does. This condition is approximately fulfilled 
when the crystal consists of nearly rigid molecules, 
whereas there are no simple conditions for the can­
cellation of the contributions of fia to fx and fa in 
Eq. 23. 

In order to check the effect of the internal force 
on the packing analysis of a-glycine, L-alanine, and 
DL-alanine crystals, the correction vectors Aa* and 
T*x were calculated from Eqs. 23 and 25, respectively, 
and also from the same equations in which fla was 
set equal to zero. In this calculation, the atomic 
coordinates, the potential parameters and the ranges 
of the lattice sums were taken in the same way as 
those in our previous studies on the crystal vibrations 
of these amino acids.5'7) As shown in Table 1, the 
correction vectors of each amino acid calculated for 
the cases f*n=£0 and f* n =0 are roughly parallel 
to each other. As to the individual components of 
A a * and T**, however, there is no systematic trend 
in signs and relative magnitudes of the differences 
between the values obtained from the two calculations. 
Some of the components of T*x change quite sensitively 
when fx is replaced by fT, owing probably to the 
coupling between the internal and the external modes. 
These results suggest that we should take account of 
the internal force of non-rigid molecules correctly in 
searching for the crystal structure corresponding to 
the energy minimum for a given model potential. 
Similar consideration may be required when we try 
to adjust the potential parameters in such a way as 
to minimize the correction vectors. 

We wish to express our sincere thanks to Prof. Kenji 
Osaki and Prof. Takeo Matsubara of Kyoto University 
for their valuable advices. The numerical calculations 
were carried out on F A G O M 230-75 and M200 com­
puters at the Data Processing Center of Kyoto 
University. 

TABLE 1. COMPONENTS OF CORRECTION VECTORS A«* AND T*X 

e 
Aa* 
Ab* 
Ac* 
Aß* 
7\* 
T* 

T3* 
R^ 
R* 
R* 

a-

*o 
0.414 
1.013 

- 0 . 2 7 0 
0.032 
0.048 
0.486 

- 0 . 4 9 1 
- 0 . 0 6 3 

0.070 
- 0 . 0 3 6 

•Glycine 

= 0 

0.401 
1.158 

- 0 . 3 5 3 
0.031 
0.049 
0.473 

- 0 . 4 4 4 
- 0 . 0 3 8 

0.072 
- 0 . 0 1 3 

L-

^ 0 

- 0 . 3 5 3 
1.063 
0.082 

0.026 
0.099 

- 0 . 0 9 1 
0.020 
0.010 
0.082 

Alanine 

= 0 

- 0 . 1 4 5 
0.754 
0.107 

0.020 
0.066 

- 0 . 0 2 1 
0.042 
0.037 
0.095 

DL 

^ 0 

1.003 
- 0 . 3 8 8 
- 0 . 4 0 9 

- 0 . 0 2 0 
0.048 

- 0 . 0 0 7 
- 0 . 0 7 0 
- 0 . 0 1 7 

0.133 

-Alanine 

= 0 

0.650 
- 0 . 2 7 8 
- 0 . 3 0 8 

- 0 . 0 1 9 
0.051 

- 0 . 0 0 7 
- 0 . 0 6 0 
- 0 . 0 1 3 

0.131 

Aa*, Ab*, Ac*, and T* are in Â, and Aß* and Rt* are in radian. 
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Let the Cartesian coordinates of the atoms in a unit cell 
be defined in the framework where the x axis coincides with 
the a axis and the y axis lies on the ab plane. T h e n the 
matrix of the transformation from the fractional coordinates 
along the cell axes to the Cartesian coordinates is given by 

Va b cos y c cos ß 1 

C = 0 b sin y — c sin/? cos a* , (Al) 

[0 0 c sin ß sin a* J 

where the asterisk denotes the lattice constants of the re­
ciprocal lattice.14) By labelling the quantities at the equi­
librium unde r vanishing stress with the subscript 0, the 
inverse of C a t the equil ibrium is expressed as 

cos ß0* 

cn-* = 

/ l 

! öo 

0 

0 

cosy0 

a0 sin y0 

1 
b0 sin y0 

0 

a0 sin y0 sin ß0* 

cos a0* 

b0 sin y0 sin a0* 

1 

(A2) 

c0 sin ß0 sin a0* 

T h e elements of the matrix CCÜ~X are related to the strain 
components by 

(CC0-i) fy = ôtJ + oih (A3) 

where ôtj is Kronecker 's delta and the subscripts 1, 2, and 
3 for 0ij represent x, y, and z, respectively.15) Substituting 
Eqs. (Al) and (A2) into Eq. (A3), expanding each of the 
six independent elements of CCÜ~X as a power series of the 
variations of the lattice constants and neglecting the higher-
order terms, we obtain Eq. (22) in the text. T h e transfor­
mation matrix can be factored into two matrices 

Ax = 

where 

P = cot ß0*/sin y0, r = cot a0*, s = sin a0*, 

b = cot ß0 and c — cot y0 

and 

A2 = d i a g l V 1 é0-* 4T 1 ( s i n y o s i n ß , * ) - 1 (sina, ,*)-1 1], 

and is written as A = A1A2. By a straightforward manip­
ulation, an expression for the inverse of Ax was obtained as 

/ 1 

0 

0 

0 

p 
\-c 

0 

1 

0 

r 

cr 

c 

0 

0 

1 

— r 

bis 

0 

0 

0 

— r 

- 1 

0 

0 

0 

0 

-p 
c 

- 1 

0 

0 \ 

c 

~pr 
cr—p 

— r 

-J 

A1~
1 = sm*y0 

(1+c* 

c2 

0 

Pc 
0 

\ -c 

0 

1 

0 

-pc 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 ^ 

c 

0 

p 
0 

- l j 

+ s i n 2 & b2 

0 

0 

— as 

0 0 

0 0 

bs —ab 

bq a{s — bp) ws (bp — s)s qs —a 

— bjs arb bs —ab —1 r 

0 0 0 0 0 0 , 

where 

q = (pr — c)s = cot y0*/sin/?0, a = rs = cosa 0 * 

and 

w — be — rs = cos a0/sin ß0 sin y0. 

Since A2 is diagonal, it follows immediately that 

A^-1 = d i ag [a 0 b0 c0 sin y0 s inß 0 * sin a0* 1], 

and we can express the inverse of A analytically as ^ 4 - x = 
A.2~ Aj- . 
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Intermolecular Potential, Vibrational Spectra, and Structures of Amino 
Acid Crystals. II. »-Glycine, L-Alanine, and DL-Alanine Crystals 

Katsunosuke M A C H I D A , * Akira KAGAYAMA, and Yoshihiro K U R O D A 

Faculty of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606 
(Received November 15, 1980) 

The lattice energies, the deviations of the structure parameters from the model equilibrium, the molecular 
distortions due to the intermolecular interaction and the vibrational frequencies of a-glycine, L-alanine and DL-
alanine crystals were calculated from three sets of parameters for the pairwise atom-atom interaction potential 
functions. By comparing the calculated quantities with the observed ones, the combination of the exp-6 type 
non-bonded potential and the Lippincott type hydrogen bond stretching potential is shown to afford a better 
model of the intermolecular interaction in these crystals than the combination of the Lennard-Jones 6-12 poten­
tial and the general hydrogen bond 10-12 potential. 

Evaluation of the intermolecular forces acting in 
amino acid crystals is an indispensable step for the 
conformational study of proteins. We have recently 
investigated the polarized R a m a n spectra of single 
crystals of glycine (a-form), L-alanine and DL-ala­
nine,1 - 4) and have obtained a common set of potential 
parameters with which the observed vibrational fre­
quencies of these amino acids can be elucidated fairly 
well. The intermolecular potential of amino acid crys­
tal is very complicated, however, owing to the presence 
of many terms due to the exchange repulsion and 
dispersion force, the hydrogen bonding and the Cou­
lomb interaction between atomic charges. Even the 
simplest description of these forces requires too many 
parameters to be estimated from the vibrational spectra 
alone. 

T h e present work has been undertaken to check 
if the potential parameters used in our previous ana­
lyses of the vibrational spectra are compatible with 
the crystal structure itself. By taking account of the 
non-rigidity of the molecule as described in the pre­
ceding paper,5) the lattice energies, the equilibrium 
crystal structures, the molecular distortions due to 
the intermolecular force, the elastic constants and 
the vibrational frequencies have been calculated and 
a modification of a few potential parameters has been 
at tempted. For the sake of comparison, the same 
calculations have been carried out by using the model 
potential proposed by Momany et al. on the basis of 
their extensive analyses of the conformations of amino 
acid crystals.6) 

C a l c u l a t i o n 

T h e potential energy per molecule was written in 
the same functional form as those used in our previous 
analyses of the vibrational spectra of a-glycine, L-
alanine, and DL-alanine crystals.1-4) T h e intramolec­
ular part , ViQ, is the simple Urey-Bradley type quad­
ratic force field supplemented with the diagonal terms 
in the G 0 2 ~ out-of-plane deformation coordinate and 
the internal rotation coordinates around the N - C 
and the C - C bonds.7) The intermolecular part , Vox, 
is the sum of the pairwise potential terms of the three 
types, 

Vx = T S S [-AtJrtJ-* + Blf exp (-Ctfrtf)] 

^ 2 - - T S S ^ exp l-kijrtirij-rWßDijUj-] 

and 

^3 = T S S et*j ertcii/lFKri^/rij, 

where rtj is the distance between the atoms i and j , 
the index i runs over a single molecule and j over the 
others. T h e potential Vx represents the exchange-
repulsion and dispersion interaction for the atom pairs 
H - H , G - H , C - C , O - H ( G ) , and N - O . V2 is 
the Lippincott type stretching potential8) of the hy­
drogen bonds ( N ) H - O , and V3 arises from the Coulomb 
interaction between the atomic charges et and e}. 
T h e vector of the molecular distortion, Sln, the cor­
rection vector for the lattice constants, Aa* , and that 
for the molecular translation and rotation, T « , were 
calculated from Eqs. 9, 23, and 26, respectively, in 
the preceding paper,5) and Vin from 

vln = (i/2)§;nFs;n, 

where F is the potential energy matrix for the intra­
molecular vibrations. The lattice energy was then 
calculated from 

V= Vln+ F e x . 

An order-of-magnitude estimation of the zero point 
energy per molecule was made according to 

6«-3 
V0 = (1/2«) S vTïa\ 

i=\ 

where n is the number of molecules per primitive unit 
cell and vTlai is the calculated value of the ith optical-
active lattice frequency. 

T h e calculation was carried out for two sets of 
potential parameters, Sets I and I I . Both the sets 
consist of the same parameters as those used in our 
unified treatment of the vibrational spectra of ac-
glycine and DL-alanine crystals,4) except that the param­
eters Ai} and Cii for the N - O contact in Set I I were 
taken as 3266.1 k j m o l - 1 Â6 and 37.11 Â - 1 , respec­
tively. The meaning of this adjustment will be given 
in the next section. T h e summation limit for V1 

was taken to be 8 Â. T h e limit of 6 Â used previously 
is sufficient for the convergence of the vibrational 
frequencies, but causes truncation errors up to 10% 
for the lattice energy. According to Williams,9) the 
Coulomb potential V3 was written in the form in­
cluding the complementary error function as a con-
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vergence factor. In a preliminary survey of the 
Coulombic lattice sum, we recognized little indication 
of the convergence of V3 on extending the summation 
limit to 40 Â in the absence of the convergence factor. 
When the convergence constant K was taken to be 
0.20 and 0.05, however, the energy converged with 
enough accuracy at the summation limits of 20 A 
and 40 Â, respectively. We calculated the complete 
Coulomb energies for several representative choices 
of K by Bertaut's method,10) and estimated the errors 
due to the neglect of the reciprocal lattice sum to 
be about 4 k j m o l - 1 for a-glycine and L-alanine crystals 
and about 13 k j m o l - 1 for DL-alanine crystal. T h e 
comparatively large error for DL-alanine may be as­
cribed to the residual dipole moment of the unit cell 
resulting from the polar structure of this crystal.11) 

In order to compare the behaviors of various types 
of the model potential functions, the same calculations 
as described above were carried out for the model 
potential proposed by Momany et al. in their con­
formation analysis of amino acid crystals.6) In these 
authors' model, which will be abbreviated as M C S 
model hereafter, Vx is given by the Lennard-Jones 
6—12 potential, V2 by the general hydrogen bond 
10—12 potential and V3 is written in the form in­
cluding the reciprocal of the effective dielectric constant 
in place of the convergence factor. All the potential 
parameters and the atomic charges were taken from 
the original works.6) 

In the calculation with Sets I and I I , the atomic 
coordinates were taken from the neutron diffraction 
study for a-glycine crystal12) and the X-ray analyses 
for L-alanine13) and DL-alanine11»14) crystals. The posi­

tions of the hydrogen atoms of alanine were then 
adjusted by scaling the bond vectors in such a way 
that the averages of the G - H and the N - H bond 
lengths in each crystal became equal to those in a-
glycine crystal, 1.09 Â and 1.039 Â, respectively. T h e 
same coordinates were used in our previous analyses 
of the crystal vibrations.1-4) The atomic coordinates 
for M C S model were calculated from those for Sets 
I and I I in the following two steps. First we shortened 
the N - H bondlengths of glycine and alanine and 
the G - H bondlengths of glycine to 1.00 Â without 
changing the valence angles and the internal rotation 
angles relevant to these bonds. The lattice constants 
of a-glycine and L-alanine crystals were next changed 
from the experimental values to those reported to 
give the minimum energy of the model potential 
according to the calculation of M o m a n y et a/.6) In 
this adjustment of the lattice constants, the fractional 
coordinates of the center of mass of each molecule 
along the crystal axes were kept unchanged from the 
experimental values. No adjustment of the lattice 
constants were made for DL-alanine crystal. 

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

T h e calculated values of the lattice energies, the 
components of the correction vectors TÎ* and A a * 
and the diagonal elastic constants are listed in Tables 
1 and 2 for the three sets of potential parameters in­
vestigated. T h e contributions of Vin and V0 to the 
total energy are very small compared to those of F e x , 
and may be disregarded at the present level of ap­
proximation. In support of the correctness of our 

TABLE 1. LATTICE ENERGY, COMPONENTS OF A«* AND TfTi AND DIAGONAL ELASTIC CONSTANTS 

OF a-GLYCINE CRYSTAL 

Ämaxb>/A 

tf/Â-1 

F/kJ mol-1 

Fm/kjmol-1 

Fo/kjmol-1 

Aa*/A 
Ab*/k 
Ac*/k 
A/?*/racUan 

T*/k 
T2*/k 
T3*/k 
721*/radian 
/?a*/radian 
i?3*/radian 

C n /kJcm-3 
C22/kJ cm-3 

C33/kJ cm-' 
<744/kJ cm-3 

C55/kJ cm-3 

C66/kJ cm-3 

Set I 

4Ö7Ö 
0.05 

- 2 2 2 . 4 -
7.8 
3.4 

0.421 
0.860 

- 0 . 2 5 1 
0.029 

0.044 
0.504 

- 0 . 5 0 7 
- 0 . 0 7 2 

0.063 
- 0 . 0 3 8 

42.91 
22.71 
46.01 

7.16 
9.18 
4.89 

20.0 
0.20 

-212.4 
6.4 
3.4 

0.423 
0.930 

- 0 . 2 5 3 
0.027 

0.045 
0.494 

- 0 . 4 9 7 
- 0 . 0 6 8 

0.064 
- 0 . 0 3 6 

43.02 
21.74 
45.37 

7.16 
8.95 
4.62 

Set I'a> 

4ÖTÖ 
0.05 

- 2 0 3 . 6 
8.8 
3.1 

0.109 
0.091 
0.061 
0.057 

0.091 
0.031 
0.007 
0.009 
0.099 

- 0 . 0 3 4 

38.98 
22.65 
47.41 

6.17 
9.35 

- 1 3 . 7 3 

Set II 

4Ô7Ô 
0.05 

- 2 1 6 . 0 
4.3 
4.0 

- 0 . 0 0 5 
0.076 

- 0 . 1 6 7 
0.054 

0.016 
0.145 

- 0 . 0 9 8 
- 0 . 0 5 3 

0.076 
- 0 . 0 1 8 

54.38 
32.88 
73.99 

7.88 
12.61 
10.61 

MGS modele 

2ÖTÖ 
0.00 

- 1 0 0 . 3 
1.5 
3.5 

- 0 . 0 4 6 
0.065 
0.018 

- 0 . 0 1 9 

0.063 
- 0 . 0 6 0 

0.008 
0.001 

- 0 . 0 1 0 
0.043 

30.30 
27.25 
69.43 

- 0 . 6 2 
11.56 
8.79 

a) Non-bifurcated hydrogen bond model, b) The summation limit for V3, 
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TABLE 2. LATTICE ENERGY, COMPONENTS OF A«* AND T*., AND DIAGONAL ELASTIC CONSTANTS 

OF L-ALANINE AND DL-ALANINE CRYSTALS 

V 

vin 
Vo 

A#* 
A£* 
A** 

Tf 
T* 
T3* 
R^ 
i?2* 

* 3 * 

C u 
C22 

Q 3 
C44 

C55 

Qe 

SeTl 

- 2 0 2 . 8 
11.8 
3.3 

- 0 . 3 4 5 
0.892 
0.123 

0.026 
0.097 

- 0 . 0 9 5 
0.021 
0.008 
0.082 

16.73 
20.58 
34.04 
6.30 
6.90 
6.57 

L-Alanine 

Set II 

- 1 9 4 . 4 
9.3 
3.7 

- 0 . 2 6 7 
0.159 

- 0 . 0 2 9 

0.035 
- 0 . 0 6 4 
- 0 . 2 3 0 

0.018 
0.012 
0.063 

17.38 
27.39 
44.92 

5.12 
6.48 
5.24 

MGS model 

- 1 0 1 . 2 
2.8 
3.0 

0.255 
- 0 . 0 7 6 

0.025 

- 0 . 0 2 6 
- 0 . 1 5 0 
- 0 . 0 6 0 
- 0 . 0 0 3 
- 0 . 0 3 9 

0.034 

11.00 
27.69 
51.94 

- 0 . 1 7 
3.53 
2.89 

Set I 

- 2 0 0 . 5 
7.3 
3.2 

0.654 
- 0 . 1 6 0 
- 0 . 0 4 5 

- 0 . 0 1 7 
0.045 

- 0 . 0 0 7 
- 0 . 0 5 0 
- 0 . 0 2 6 

0.130 

19.31 
17.60 
36.51 
10.14 
11.59 
6.83 

DL-Alanine 

Set II 

- 1 9 2 . 1 
5.7 
3.5 

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

- 0 . 0 1 3 
- 0 . 1 4 1 

0.029 
- 0 . 0 1 8 
- 0 . 0 4 2 

0.088 

25.07 
18.79 
46.80 
10.24 
10.84 
6.05 

MGS model 

- 5 0 . 1 
5.0 
3.9 

1.041 
- 0 . 5 7 7 
- 0 . 3 8 7 

-0 .017 
- 0 . 2 6 5 

0.047 
- 0 . 0 0 6 
- 0 . 0 4 6 

0.097 

35.13 
13.62 
66.77 

7.22 
6.93 
3.21 

The summation limit for Vs is 40 Â for Sets I and II, and 20 Â for 
A"1. The units are the same as those in Table 1. 

MGS model. K for Sets I and II is 0.05 

algorithm, the lattice energies calculated for M G S 
model are comparable with those reported by the 
original authors.6) Recently, Gaffney et al. have esti­
mated the heat of sublimation of glycine into the 
gaseous zwitterions by adding their mass-spectroscopic 
data of the heat of evaporation to the ab initio energy 
difference between the classical and the zwitterionic 
structures.15) T h e value of ca. 218 k j m o l - 1 obtained 
by these authors agrees very well with the lattice 
energy calculated for both Sets I and I I . 

T h e components of A a * of DL-alanine crystal cal­
culated for MGS model were large because we used 
the lattice constants not adapted to this model. As 
to the components of T*x, MGS model seems to give 
an excellent result al though these degrees of freedom 
have been left out of consideration by the original 
authors in determining the potential parameters.6) 
M G S model were found, however, to give negative 
values of the elastic constant C44 of a-glycine and 
L-alanine crystals, failing to keep these crystals stable 
against the shearing stress along the be (be* for a-
glycine crystal) plane. In such a case, the correction 
vectors A a * and T*x indicate the direction of a path­
way not toward a min imum but toward a saddle point 
on the potential supersurface. A large negative value 
of C66 was obtained for a-glycine crystal when the 
longest hydrogen bond, i.e., one of the bifurcated hy­
drogen bonds with the bond distance 2.365 Â, was 
excluded from V2 of Set I. This hydrogen bond is 
suggested accordingly to play an important role of 
stabilizing the crystal against the shearing stress along 
the ab plane. In a trial calculations without V2 or 
V3, some of C n , C22 and C33 became negative, indicating 
that such a model cannot hold the crystal from ex­

pansion. The correction vector Aa* of L-alanine cal­
culated for MGS model has a fairly large component 
despite the use of the energy-minimizing lattice con­
stants reported by Momany et al.*) A possible origin 
of such a discrepancy between these authors' calcula­
tion and the present result is the effect of the micro­
scopic deformation which partly relaxes the macro­
scopic stress. A slight difference in the assumed mo­
lecular geometry or in the scheme of taking the lattice 
sum may also result in different equilibrium structures. 

For each of the three amino acid crystals, the largest 
of A«*, A6*, and Ac* calculated for Set I is positive 
in sign and is associated with the axis along the longest 
edge of the unit cell. Since about half of the hydrogen 
bonds per unit cell of each crystal are roughly directed 
along this axis, the largest deviation is attributable 
to deficiency of the potential parameters for the hy­
drogen bonds. Only worse results were obtained, how­
ever, in various trials to adjust the parameters in V2 

or to replace the Lippincott potential by the 10-12 
potential. Accordingly, we tried to modify the exp-6 
type potential in Vx related to the N - O contact, 
for which the original parameters had been estimated 
from those for the N---N and the 0 - - - 0 contacts in­
volving no hydrogen bonds.16) After the failure of 
several attempts to change the depth and the curvature 
of the potential curve, Set I I was obtained by shifting 
the minimum to the same internuclear distance as 
that of the 10-12 potential used by Momany et al.*) 
T h e revision was readily carried out by expressing 
the potential in terms of the parameters s, p, and 
H introduced by Taddei et al.,11) and changing only 
p from 3.125 Â to 3.500 Â. As seen from Table 1, 
Set I I was successful in confining all the elements 
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TABLE 3. DISTORTIONS OF SKELETAL DEFORMATION COORDINATES, <5a> AND />,b> 

AND INTERNAL ROTATION COORDINATES, /c> ( iN DEGREE) 

a-Glycine : 

L-Alanine ( 

DL-Alanine < 

, (3(G'-G-N) 
<5(0-C'-0) 

P 
/(G-G'Oa) 

^ «(G-NH3) 

i <5(C'-C-N) 
<5(0-C'-0) 

P 
f(C-C'Oa) 
*(C-NH.) 

k *(C-CH3) 

/ «5(C'-C-N) 
(5(0-G'-0) 

/(G-G'02) 
*(C-NH3) 

, *(C-CH3) 

Theor.d) 

5.65 
- 6 . 2 5 

2.33 
19.15 

- 2 . 4 3 

4.07 
- 6 . 1 0 

3.23 
- 1 6 . 9 5 
- 0 . 7 4 
- 1 . 7 4 

2.11 
- 6 . 2 7 

6.22 
- 1 4 . 1 4 

- 0 . 7 3 
- 6 . 7 0 

Set I«) 

2739 
- 3 . 0 0 

1.75 
7.86 

- 3 . 5 7 

3.22 
- 2 . 9 6 

2.13 
- 1 1 . 4 9 
- 1 . 9 8 

- 1 3 . 9 1 

2.26 
- 2 . 0 4 

1.97 
- 1 0 . 1 3 

- 0 . 0 3 
- 3 . 6 7 

Set IIe) 

Too 
- 2 . 6 1 

0.41 
- 0 . 2 9 
- 1 . 7 3 

2.62 
- 2 . 6 3 

2.25 
- 6 . 4 4 
- 1 . 2 5 

- 1 5 . 2 5 

1.69 
- 2 . 2 4 

2.03 
- 4 . 9 2 

0.75 
- 5 . 0 1 

MGS model6) 

0.54 
- 1 . 5 4 

0.62 
8.44 
0.73 

1.22 
- 1 . 5 8 

0.63 
- 5 . 1 0 
- 1 . 9 6 
- 7 . 1 9 

- 1 . 0 7 
1.08 
1.14 

- 2 . 0 9 
1.54 

- 6 . 3 3 

a) The change of the valence angle shown in the parentheses, b) p = (1/2)[(5(G-G'-0{) — (5(C-C'-Oc)], where Ot 

and Oc are the oxygen atoms at the trans and the eis positions, respectively, of the nitrogen atom, c) The 
definition is given in Ref. 7. /(C-C'02) is zero when Oc is at the exact eis position of the nitrogen atom. 
£(C-NH3) and /(C-CH3) are zero for the staggered conformations. d) The experimental (X-ray or neutron 
diffraction) value minus the ab initio value, e) The lattice sums for V3 were taken as in Table 2. 

of Aa* and T?x within the range between — 0.27 Â 
and 0.16 Â. 

Table 3 shows the calculated distortions of the 
skeletal deformation and the internal rotation coor­
dinates brought about by the balance between the 
internal and the external forces. The distortions of 
the stretching coordinates are all smaller than the 
uncertainty in the corresponding bondlengths reported 
in the literature on the X-ray analyses,11-14) and 
are not given here. For the deformation coordinates, 
an alternative set of Su„ is available from the crys-
tallographic data1 1 - 1 4) by subtracting therefrom the 
theoretical values of the equilibrium structure param­
eters of the isolated zwitterionic glycine based on an 
ab initio L C M O - S G F method.18) T h e signs of all 
the calculated distortions for Sets I and I I agree with 
those predicted from the combination of the results 
of the cristallographie and the quantum-mechanical 
studies. As to the distortions of the internal rotation 
angles, all the signs calculated for Set I agree with 
those derived by assuming that the equilibrium struc­
ture of the isolated zwitterionic amino acids takes 
the staggered conformation around the N - C and the 
(CH 3 ) -C bonds and the planar conformation around 
the C - ( C 0 2 ) bond. Set I I gave the wrong sign to 
the distortion of the internal rotation angle of the 
G 0 2 group of a-glycine crystal, while MGS model 
predicted the sign of this distortion of the three amino 
acids correctly. At present, accuracy of this sort of 
calculation seems to be far from sufficient for discussing 
the difference in the molecular structure between L-
alanine and DL-alanine crystals. 

An iterative search for the minimum of the model 
potential according to the Newton-Raphson method19) 

was carried out by taking the summation limit and 
the convergence constant for Vs as 20 Â and 0.20, 
respectively. This limit was not large enough to dis­
regard the effect of the neglected reciprocal sum, 
but was chosen in order to save computing time. 
Whenever the energy did not decrease in a single 
step, the correction vectors A a * and Ttx were mul­
tiplied by a damping factor 0.5. T h e iteration was 
repeated until all the elements of Aa* and T « became 
less than 0.001 Â for the length and 0.001 radian for 
the angle. Set I failed to give any convergence of 
this procedure for L-alanine, leading to destruction 
of the crystal with negative infinite energy. Diverging 
results were obtained for the three amino acid crystals 
also by using M C S model. T h e success of this model 
for a-glycine and L-alanine crystals reported by 
Momany et a/.6) may be ascribed accordingly to the 
fixing of some degrees of freedom of molecular motions. 
T h e calculated equilibrium structures for the con­
verging cases are described in Table 4 in terms of 
the lattice constants, the coordinates of the centers 
of masses and the Eulerian angles which define the 
principal axes of inertia of the molecules with reference 
to the unit cell axes. T h e maximum and the average 
distances between the calculated and the experimental 
atomic positions are also shown for the sake of com­
parison. Although the Eulerian angles seem to indi­
cate that the calculated and the experimental orien­
tations of the molecules are quite different from each 
other, the average deviations of the atomic positions 
are not too large, expecially for Set I I , in comparison 
with the thermal motions of atoms in usual crystals. 
I t is worth noting that these structures satisfy the 
equilibrium condition for all the degrees of freedom 
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Lattice 
constants 

Coordinates 
of centers 
of masses 

Eulerian 
anglesb> 

Ar/Âc> • 

TABLE 4. 

r fl/Â 
I */A 

[ ßl° 
[ Xglk 

^/A 
I zg/k 

e/° 

> xr 
average 
max. 

EXPERIMENTAL 

Obsd 

5.105 
11.969 
5.465 

111.70 

0.679 
1.411 

- 0 . 0 9 0 

8.64 
48.39 
77.64 

AND CALCULATED STRUCTURE PARAMETERS*1) 

a-Glycine 

Set I 

5.014 
11.991 
5.384 

108.65 

0.806 
1.299 

- 0 . 0 6 0 

2.62 
47.99 
72.17 

0.176 
0.259 

Set II 

5.120 
12.036 
5.569 

109.22 

0.769 
1.357 

- 0 . 0 5 6 

3.16 
46.40 
73.58 

0.132 
0.218 

L-A] 

Obsd 

6.032 
12.343 
5.784 

3.184 
1.641 
2.702 

31.05 
10.95 
52.57 

anine 

Set II 

6.368 
12.127 
5.816 

3.331 
1.642 
2.575 

36.33 
9.91 

44.37 

0.224 
0.286 

AT EQUILIBRIUM 

Obsd 

12.060 
6.05 
5.82 

1.621 
1.662 
1.700 

115.42 
11.96 

120.08 

DL-Alanine 

Set I 

11.574 
6.496 
5.564 

1.591 
1.875 
1.627 

144.92 
10.19 

156.84 

0.355 
0.574 

Set II 

12.133 
6.204 
5.829 

1.636 
1.619 
1.703 

124.77 
11.67 

134.17 

0.127 
0.204 

a) The experimental structures 
Ref. 20 with the convention 
atomic positions. 

are taken from Refs. 11—13. b) The Eulerian angles are defined according to 
that 7 1 > / 2 > / 3 . c) The distance between the experimental and the calculated 

TABLE 5. G 0 2 TORSIONAL FREQUENCIES AND LATTICE FREQUENCIES/CHI-1 

Obsd 

194 
178 
155 

109 
74 
51 

226 

178 
163 
109 
84 
74 
51 

175 
140 
91 

a-Gly 

I 

194 
170 
136 
117 
104 
74 
44 

217 
139 
130 
87 
66 
43 

208 
166 
134 
122 
99 
83 
60 

b u 

210 
170 
140 
112 
83 

cine 

II 

202 
184 
164 
143 
118 
73 
68 

218 
185 
149 
122 
68 
43 

210 
180 
167 
136 
114 
101 
75 

225 
185 
167 
137 
96 

MGS 

229 
177 
145 
119 
95 
55 
34 

231 
188 
146 
69 
57 
10 

230 
191 
146 
117 
96 
68 
27 

230 
164 
133 
114 
95 

Obsd 

190 

137 
112 
103 
47 

192 
157 
138 
112 
103 

144 
112 
86 
73 
48 

190 
137 
128 
103 
98 
47 

L-Alanine 

I 

a 
190 
160 
130 
107 
87 
49 
45 

184 
158 
129 
102 
87 
83 

b2 

193 
137 
123 
99 
80 
76 

b3 

199 
140 
130 
112 
105 
83 

II 

219 
185 
145 
129 
84 
42 
37 

206 
176 
151 
119 
114 
86 

224 
162 
143 
104 
80 
74 

224 
169 
143 
124 
99 
79 

MGS 

111 
200 
145 
127 
85 
34 

0 

245 
193 
171 
130 
106 
91 

252 
181 
137 
117 
80 
65 

247 
194 
162 
126 
93 
64 

Obsd 

180 
145 
115 
102 

150 
122 
117 
90 
72 

180 
160 
145 
115 
98 
90 

150 
115 
98 
90 
72 

DL-

I 

181 
141 
121 
93 
89 
47 

180 
137 
125 
111 
84 
78 

176 
160 
119 
98 
88 
81 
74 

190 
136 
115 
98 
80 
79 

-Alanine 

* i 

bx 

a2 

b2 

II 

205 
170 
136 
122 
79 
40 

211 
164 
141 
107 
93 
77 

204 
171 
148 
111 
105 
84 
70 

214 
171 
122 
106 
77 
74 

MGS 

262 
193 
183 
137 
56 
21 

253 
191 
180 
111 
89 
51 

248 
191 
173 
154 
116 
81 
54 

251 
231 
143 
105 
74 
63 

The calculated frequencies to which the G 0 2 torsional mode contributes dominantly are shown in italics. 



May, 1981] Intermolecular Potential of Amino Acid Crystals. II 1353 

of atomic motions under the influence of the internal 
and the external forces of the model. T h e numbers 
of iterations required to reach the energy minimum 
were 9 to 10 for Set I and 6 to 7 for Set I I , being even 
smaller than the number of the adjustable parameters 
in the latter case. 

The deviation of the calculated lattice constants 
from the observed values in Table 4 differs considerably 
from the initial guess of the corresponding elements 
of Aa* in Tables 1 and 2. T h e inversion of signs 
is encountered in many cases and the structure of 
a-glycine crystal can be predicted by Sets I and I I 
equally well after the iteration. Such discrepancies 
between the initial guess and the final result are at­
tributable to the higher-order elastic constants as well 
as to the correlation between Aa* and Tfx, both 
neglected in the present treatment. 

The calculated and the observed frequencies of the 
lattice vibrational modes and the C O a torsional mode 
are shown in Table 5. In each symmetry species of 
the three amino acid crystals, the C O a torsional mode 
is the lowest-frequency internal mode and apts to 
couple appreciably with the lattice modes. Among 
the three sets of the potential parameters, Set I gave 
the closest fit between the calculated and the observed 
frequencies, and Set I I ranks next. There are sys­
tematic deviations of the calculated frequencies for 
Sets I and I I toward the lower- and the higher-fre­
quency sides, respectively, of the observed values. For 
about half the data in Table 5, the observed frequency 
falls between the corresponding frequencies calculated 
from these two sets. O n the other hand, MGS model 
failed to reproduce the observed frequencies between 
200 and 140 c m - 1 of L-alanine and DL-alanine crystals, 
and led to a vanishing frequency in the totally sym­
metric species of L-alanine. As to the factor group 
splittings of the deformation modes of the alkyl groups, 
the results for Sets I and I I are essentially the same 
as those reported previously.1-3) Compared to these 
sets, MGS model gave too large splittings of about 
30 c m - 1 for the C H 3 asymmetric deformation mode 
of DL-alanine crystal, and too small splittings of about 
3 c m - 1 for the C H 2 bending mode of a-glycine crystal. 
This result seems to reflect the difference in the de­
pendence of d2V/d2r on r between the 6-12 and the 
exp-6 potentials for the H---H contact. By substi­
tuting the potential parameters used in this work, 
we have confirmed that the former falls off more 
rapidly than the latter in the range between 2.3 and 
3.0 Â in which the nearest-neighbor H---H distances 
of the alkyl groups of a-glycine, L-alanine and DL-
alanine crystals are included. 

According to the present calculation, the combina­
tion of the exp-6 type non-bonded atom-atom in­
teraction potential and the Lippincott type hydrogen 
bond stretching potential gives more reasonable results 
with respect to the lattice energy, the crystal structure 
and the vibrational frequencies of the three amino 
acid crystals, than the combination of the Lennard-
Jones 6-12 type and the 10-12 type general hydrogen 

bond potential. There is no assurance, however, as 
to whether the Lippincott potential is the best repre­
sentation of thé hydrogen bond stretching of amino 
acids in general. Furthermore, our choice of the 
parameter re

tj., which is the intrinsic equilibrium dis­
tance of the hydrogen bond, in V2 (2.0 Â)4) is very 
different from the original value of Lippincott and 
Schroeder (0.97 Â),8ft) and is rather similar to the 
equilibrium distance of the 10-12 general hydrogen 
bond potential given by Momany et al.*) Further 
studies on the other amino acid crystals should be 
carried out extensively in order to settle this con­
troversy. 

The numerical calculations were carried out on 
a F A G O M M200 computer at the Data Processing 
Center of Kyoto University. 
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Adsorption of Neutral a-Amino Acids at the Mercury-Aqueous 
Solution Interface and Hydrophobicity Scales of Amino Acid 

Side Chains at the Electrified Interfaces 
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The adsorption of glycine, DL-serine, L-threonine, L-asparagine, L-glutamine, L-valine, L-leucine, L-methio­
nine, and L-tryptophan at the mercury-aqueous sodium fluoride solution interface has been studied by measuring 
differential capacities, potentials of zero charge, pzc, and surface tensions at the pzc. The standard adsorption 
free energies for these amino acids and for the amino acids previously studied have been used to deduce hydro­
phobicity scales of amino acid side chains at positively charged, negatively charged, and uncharged interfaces. 
The hydrophobicity scale at the uncharged interface was basically similar to that of Nozaki and Tanford. When 
the surface was charged positively, the positions of serine and alanine, and of threonine and a-aminobutyric acid, 
in the scale were reversed. This reversion was primarily ascribed to the difference in the positions of maximum 
adsorption potentials between the amino acids with an aliphatic side chain and those with a hydroxyl group in 
the side chain. 

In previous papers we have reported the adsorption 
properties of four a-amino acids with normal hydro­
carbon side chains1) and of phenylalanines2) at the 
mercury-aqueous solution interface. This paper is 
concerned with the adsorption behavior of nine neutral 
amino acids, i.e., glycine, DL-serine, L-threonine, L-
asparagine, L-glutamine, L-valine, L-leucine, L-methi­
onine, and L-tryptophan, at the mercury-aqueous 
sodium fluoride solution interface. 

The pr imary interest of this study is to find a hy­
drophobicity scale of amino acid side chains at the 
electrified interface. In recent years the electrochemi­
cal properties of proteins and enzymes at electrode 
interfaces have been a subject of intense studies.3) 
Increasing attention has also been paid to the behavior 
of proteins and enzymes at the interfaces of two im­
miscible liquids. Since every interface is invariably 
electrified due to electric charges and/or oriented 
dipoles at the interface and the physicochemical prop­
erties of the interface largely depend on its electrical 
state, the hydrophobicity of amino acid side chains 
at electrified interface is expected to give important 
information for understanding electrochemical behavior 
of proteins and enzymes at such interfaces. 

Nozaki and Tanford5) have proposed a hydropho­
bicity scale of amino acid side chains based on the 
solubility measurements of amino acids in water and 
aqueous organic solvents. Aboderin6) used the rel­
ative mobilities of amino acid derivatives in paper 
chromatography to estimate the hydrophobicity of 
amino acid side chains. These hydrophobicity scales 
resort to the physicochemical properties of amino acids 
in homogeneous bulk phases. O n the other hand, 
the depression of the surface tension of the air-aqueous 
solution interface caused by the adsorption of amino 
acids was used by Bull and Breese7) as a measure of 
the hydrophobicity. They found fairly good agree­
ment between their hydrophobicity scale and that of 
Nozaki and Tanford. In the case of air-solution 
interfaces, however, it is not feasible to control its 
electrical state. In contrast, the mercury-aqueous 
solution interface behaves in a certain range of electrode 
potential as an ideally polarized electrode having an 

additional degree of freedom for an electrical vari­
able,8) which enables us to specify and control ac­
curately its electrical state. In addition, the mercury 
in contact with aqueous solution provides an electrode 
surface of hydrophobic nature.9»10) Therefore, the 
transfer free energies of amino acids from an aqueous 
bulk phase to the mercury-aqueous solution interface 
are expected to serve for a measure to estimate the 
hydrophobicity of amino acid side chains at electrified 
interfaces. 

Exper imenta l 

Reagent grade glycine, DL-serine, L-threonine, L-asparagine, 
L-glutamine, L-valine, L-leucine, L-methionine, and L-trypto­
phan were obtained from Nakarai Chem. Co., Japan and 
were twice recrystallized from aqueous ethanol (for glycine, 
serine, and threonine) or from triple distilled water (for 
other amino acids). Sodium fluoride, a standard-reagent-
for-analysis grade from Hashimoto Chem. Co., Japan, was 
used as the base electrolyte without further purification. 

Test solutions were deaerated by bubbling purified nitro­
gen gas through the solution for 30 min and kept under 
nitrogen atmosphere during the measurement. Electrode 
potential was measured against a saturated calomel electrode 
(SGE). Procedures for measuring the potential of zero 
charge, surface tension at this potential, and double layer 
capacity for the amino acids at the dropping mercury elec­
trode-aqueous solution interface are described elsewhere.2) 
All measurements were made at 25 ±0.2 °G. 

R e s u l t s 

T h e potentials of zero charge (pzc) and surface 
tensions at this potential for glycine, DL-serine, L-
threonine, L-asparagine, L-glutamine, L-valine, L-
leucine, L-methionine, and L-tryptophan in 0.500 mol 
l - 1 sodium fluoride are summarized in Tables 1 and 
2. T h e relative surface excesses of the amino acids 
a t the pzc were calculated from the surface tension 
vs. logarithm of the amino acid concentration curves 
by using the basic electrocapillary equation.11) Dif­
ferentiation involved in the calculation was made 
numerically.12) We assumed that the activity of sodi-
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TABLE 1. POTENTIALS OF ZERO CHARGE, xirpZC, OF MERCURY IN CONTACT WITH AQUEOUS 

0.5 m o l 1 _ 1 SODIUM FLUORIDE SOLUTION CONTAINING AMINO ACID AT 2 5 °G 

c 

mol I"1 

0.005 

0 .008 
0.010 

0.012 
0.015 

0.020 
0.025 

0.030 

0.040 
0.050 

0.060 

0 .080 

0.100 

0 .120 

0.150 
0.200 
0 .250 
0.300 

0.400 

0.500 
0.600 

0 .700 

0 .800 

1.000 

Gly 

— 
— 
— 
— 
— 
— 
— 
— 
— 

0.432 
— 
— 

0.432 
— 

0.433 
0.433 

— 
0.433 
0.435 

— 
0.435 

— 
0.437 
0 .440 

L-Try 

0 .596 
— 

0.608 

0.615 

0.615 

0.622 
0 .620 

0 .622 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

DL-Ser 

— 
— 

0.430 

— 
— 

0.430 

— 
— 

0.431 

— 
0.432 

— 
0.433 

— 
0.434 
0.436 

— 
0.438 
0 .440 

— 
— 
— 
— 
— 

L-Thr 

— 
— 
— 
— 
— 

0.431 

— 
— 

0.431 
— 

0.432 
— 

0.432 
— 

0 .434 
0.435 

— 
0.437 

— 
0.438 

— 
0.440 

— 
— 

Epze/V(vs. 

L-Asn 

— 
— 

0.431 

— 
— 

0.431 

— 
0.433 

0 .433 

— 
0.435 

— 
0.437 
0.439 

0.442 
— 
— 
— 
— 
— 
— 
— 
— 
— 

SGE) 

L-Gln 

— 
— 

0.432 
— 
— 

0.434 
— 

0 .434 
0.435 

— 
0.437 

— 
0.439 
0 .440 

0 .442 
0.445 

— 
— 
— 
— 
— 
— 
— 
— 

L-Val 

— 
— 

0.430 

— 
0.430 

0 .430 

— 
0.428 

0.431 
— 

0.427 
— 

0.429 

— 
0.426 
0 .423 
0 .420 
0.417 

— 
— 
— 
— 
— 
— 

L-Leu 

— 
— 

0.432 
— 

0.433 

0 .432 
0 .433 

0.431 

0 .433 

0 .432 
0 .432 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

L-Met 

— 
0.449 

0 .450 
— 

0.452 
0.455 

— 
0.457 

0 .462 
— 

0.465 

0.467 
0 .469 
0 .470 

0 .472 
0 .473 

— 
— 
— 
— 
— 
— 
— 
— 

TABLE 2. SURFACE TENSIONS OF MERCURY AT THE POTENTIAL OF ZERO CHARGE, ypzc, IN 

CONTACT WITH AQUEOUS 0 .5 m o l 1 _ 1 SODIUM FLUORIDE CONTAINING AMINO ACID AT 2 5 °G 

c 

mol I"1 

0.005 

0.008 
0.010 

0.012 
0.015 

0.020 

0.025 

0.030 
0.040 
0.050 

0.060 

0.080 

0.100 
0.120 

0.150 

0.200 
0 .250 

0.300 

0.400 

0.500 
0.600 

0.700 

0.800 

1.000 

Gly 

— 
— 
— 
— 
— 
— 
— 
— 
— 

427.1 

— 
— 

427.1 
— 

427 .2 
427.1 

— 
427.1 

427 .0 

— 
427 .0 

— 
427 .0 

427 .0 

L-Try 

395 .3 

— 
392 .4 

3 9 1 . 6 
389 .8 

388 .4 
3 8 7 . 0 

385 .8 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

DL-Ser 

— 
— 

427 .3 

— 
— 

427 .2 
— 
— 

427.1 
— 

427.1 

— 
427 .0 

— 
427 .0 

426 .9 

— 
426 .8 

426 .7 
— 
— 
— 
— 
— 

L-Thr 

— 
— 
— 
— 
— 

427 .0 

— 
— 

426 .9 

— 
426 .8 

— 
426 .7 

— 
4 2 6 . 4 

426 .3 

— 
426 .0 

— 
425 .3 

— 
424 .5 

— 
— 

yp z c /mN m - 1 

L-Asn 

— 
— 

427 .2 
— 
— 

427 .2 
— 

427.1 
426 .9 

— 

426.7 
— 

426 .2 
426 .0 

425 .7 
— 
— 
— 
— 
— 
— 
— 
— 
— 

L-Gln 

— 
— 

426 .9 

— 
— 

426 .7 

— 
4 2 6 . 4 

426 .2 
— 

425 .7 

— 
424 .9 
424 .5 

424 .0 

423.1 

— 
— 
— 
— 
— 
— 
— 
— 

L-Val 

— 
— 

426 .8 

— 
426 .7 
426 .7 

— 
426 .5 
426 .3 

— 
426 .0 

— 
425 .5 

— 
424 .7 
423 .7 
423 .3 

422 .7 
— 
— 
— 
— 
— 
— 

L-Leu 

— 
— 

426 .5 

— 
426 .5 

426 .3 

426 .2 
425 .8 

425 .7 

425 .2 
4 2 5 . 0 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

L-Met 

— 
424 .2 
423 .6 

— 
422 .5 

4 2 1 . 4 
— 

419 .7 
4 1 8 . 4 

— 
416 .2 
414 .5 

412 .9 

411 .8 

410 .0 

407 .7 
— 
— 
— 
— 
— 
— 
— 
— 



1356 Takashi KAKIUCHI and Mitsugi SENDA [Vol 54, No. 5 

c /mol P 

Fig. 1. Adsorption isotherms of amino acids at the 
mercury-aqueous 0.5 mol 1_1 sodium fluoride solu­
tion interface at the potential of zero charge at 25 °G. 
See Table 3 for abbreviated name of the amino acids 
indicated by each line. 

urn fluoride and the activity coefficients of amino 
acids did not change over the experimental range 
of the amino acid concentration.13) Figure 1 shows 
the relative surface excess of the amino acids, except 
t ryptophan, plotted against their molar concentration. 
T h e relative surface excess of t ryptophan seemed to 
reach a saturation value already at 0.005 mol l - 1 , the 
lowest concentration studied; the surface tension vs. 
logarithm of t ryptophan concentration plot was linear 
between 0.005 and 0.030 mol l"1. T h e slope of this 
plot gave a relative surface excess of 2 . 4 x l 0 ~ 1 0 m o l 
c m - 2 which was in agreement with the maximum sur­
face concentration of 2.5 X 10~10 mol c m - 2 calculated 
from a space filling model (GPK) of the tryptophan 
molecule adsorbed with its aromatic ring plane oriented 
parallel to the electrode surface. Figure 1 also in­
cludes the previous results for DL-alanine, DL-a-amino-
butyric acid, DL-norvaline, DL-norleucine,1) and L-
phenylalanine.2) 

In order to obtain the surface excess of the amino 
acids at the electrically charged interfaces, differential 
capacities of the interface were measured for glycine, 
DL-serine, L-threonine, L-asparagine, L-glutamine, and 
L-methionine as functions of the electrode potential 
and amino acid concentration. Electrocapillary curves 
were obtained by numerical integration of the dif­
ferential capacity vs. electrode potential curves and 
were used to calculate the surface excess of the amino 
acids at various electrode potentials. We chose for 
further analysis the electrode surfaces at —0.1 and 
—0.9 V (vs. SGE) as the representatives of positively 
charged and negatively charged interfaces, respec­
tively. In 0.500 mol l - 1 sodium fluoride base solution, 

c/molP 

Fig. 2. Adsorption isotherms of amino acids at the 
positively charged mercury-aqueous 0.5 mol 1_1 sodi­
um fluoride solution interface ( — 0.1 V vs. SGE) at 
25 °G. 

Fig. 3. Adsorption isotherms of amino acids at the 
negatively charged mercury-aqueous 0.5 mol 1_1 sodi­
um fluoride solution interface ( —0.9 V vs. SGE) at 
25 °G. 

the surface charge densities at —0.1 and —0.9 V 
were determined as 8.9 and —9.3 jxG cm - 2 , respec­
tively. The relative surface excesses of the amino 
acids at —0.1 and —0.9 V are shown in Figs. 2 and 
3 as a function of the amino acid concentration. These 
figures also include the previous results obtained for 
four aliphatic amino acids1) and L-phenylalanine.2) 

Since the bulk concentrations of the amino acids 
used in this study are not high, as much as 1 mol l - 1 

for glycine at the highest, the relative surface excess 
of the amino acid may be regarded as the surface 
concentration of the adsorbed amino acid per unit 
area, f, without introducing significant error.14) Then, 
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TABLE 3. LIMITING SLOPES OF ADSORPTION ISOTHERMS, Brm, AND ADSORPTION FREE ENERGIES OF AMINO 

ACIDS, AGI, AT POSITIVELY CHARGED( —0.1 V ) , UNCHARGED(pzc) AND NEGATIVELY CHARGED(— 0.9 V ) 

MERCURY-AQUEOUS 0.5 m o l 1 _ 1 SODIUM FLUORIDE SOLUTION INTERFACE AT 2 5 °G 

Amino acids 

Glycine (Gly) 
DL-Serine (Ser) 
DL-Alanine (Ala)a) 
L-Threonine (Thr) 
DL-a-Aminobutyric acid (ABA)a> 
L-Asparagine (Asn) 
L-Valine (Val) 
DL-Norvaline (NV)a> 
L-Glutamine (Gin) 
L-Leucine (Leu) 
DL-Norleucine (NL)a) 
L-Methionine (Met) 
L-Phenylalanine (Phe)b) 

BrmX 101«/cm 

- 0 . 1 V 

1.1 
2.1 
1.5 
2.7 
2.4 
8.0 

— 
6.9 

13.0 
— 

17.5 
91.5 

245 

pzc - 0 . 9 V 

0.2 0.3 
0.6 0.6 
1.2 0.7 
1.8 0.7 
2.7 1.7 
5.9 3.7 
9.8 — 

10.2 4.6 
13.0 5.6 
16.2 — 
22.0 15.6 

127.5 36.0 
390 127 

rmxioio°) 
mol cm - 2 

6.6 
5.9 
5.9 
4.2 
5.0 
3.7 
4.3 
4.3d> 
3.2 
3.8 
3.8 
3.7 
3.2 

- 0 . 1 V 

4.4 
2.6 
3.3 
1.1 
1.8 

- 1 . 9 
— 

- 1 . 2 
- 3 . 5 

— 
- 3 . 8 
- 7 . 9 

- 1 0 . 7 

AG°JkJ mol-1 

pzc - 0 . 9 V 

9.0 8.0 

5.8 6.0 
4.0 5.1 
2.1 4.4 
1.5 2.6 
1.2 0.0 

- 2 . 0 — 
- 2 . 1 - 0 . 1 
- 3 . 5 - 1 . 4 
- 3 . 6 — 
- 4 . 3 - 3 . 5 
- 8 . 8 - 5 . 6 

- 1 1 . 9 - 9 . 1 

a) Data from Ref. 1. b) Data from Ref. 2. c) Calculated from GPK model of amino acid, d) Experimental 
value from Ref. 1. 

the relative surface excess vs. concentration curve 
shown in Figs. 1, 2, and 3 can be considered as the 
surface concentration vs. bulk concentration curves for 
the amino acids at the pzc, —0.1 , and —0.9 V, re­
spectively. In dilute concentration region the adsorp­
tion isotherm generally obeyes Henry's law15) 

Be = r/rm, (i) 

where B is the adsorption coefficient, c the bulk con­
centration of an adsorbate and rm the maximum 
surface concentration of an adsorbate. The adsorp­
tion coefficient is related to the standard adsorption 
free energy, AG t, by 

-AGt = RT In B, (2) 

where R is the gas constant and T the absolute tem­
perature. The standard adsorption free energy in 
Eq. 2 is defined as the free energy change accompanied 
with the transfer of an adsorbate from a bulk phase 
at infinite dilution to an adsorption phase at infinite 
dilution. In this definition the adsorption free energy 
of an enantiomer and that of the correponding race-
mate must be the same2) and, hence, will not be dis­
tinguished hereafter» We graphically evaluated the 
limiting slopes of the adsorption isotherms, {^rjdc)c=t^ 
in Figs. 1, 2, and 3 to obtain Brm. The values are 
summarized in Table 3. The maximum surface con­
centrations of amino acids in the fifth column of Table 
3 were calculated by using the GPK model of the 
amino acid molecules adsorbed with their side chains 
oriented parallel to the electrode surface. The AGI 
values evaluated from these data by using Eq. 2 are 
given in the last three columns in Table 3. 

D i s c u s s i o n 

The standard adsorption free energies for glycine 
and a series of aliphatic a-amino acids, alanine, a-
aminobutyric acid, norvaline, and norleucine, at the 
pzc are plotted in Fig. 4 against the number of carbon 

o h 

o nj 
O 
< 

I 

- 5 

-10 

h 

Ala 

A B A / 

1 

Nvo 

1 

N L P 

2 3 
n 

Fig. 4. Standard adsorption free energies of normal 
aliphatic a-amino acids and glycine as a function 
of the number of carbon atom, n, in the side chain. 

a tom in the side chain, n. T h e linear plot in Fig* 
4 provides an experimental basis for dividing the 
standard adsorption free energy of an a-amino acid 
into two contributions, a contribution from a zwit-
terion group and that from a side chain group. The 
decrement of AGI per one methylene group in the 
side chain was found to be 2.9 k j mo l - 1 . This may 
be comparable with 3.3 k j m o l - 1 1 6 ) obtained for the 
adsorption of normal aliphatic alcohols at the mercury-
aqueous solution interface and 3.1 k j m o l - 1 1 7 ) for the 
adsorption of normal aliphatic acids at the copper-
aqueous solution interface. 
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TABLE 4. TRANSFER FREE ENERGY OF AMINO ACID SIDE 

CHAIN, AG? , S, FROM AQUEOUS BULK PHASE TO THE MERCURY-

AQUEOUS SODIUM SULFATE SOLUTION INTERFACE AT 2 5 °G 

AS A HYDROPHOBICITY SCALE OF AMINO ACID SIDE CHAINS 

ON POSITIVELY CHARGED ( — 0.1 V ) , UNCHARGED ( p z c ) , AND 

NEGATIVELY CHARGED (— 0 .9 V ) INTERFACES 

Amino acid si 
chains 

Serine 
Alanine 
Threonine 
a-Aminobutyric 
Asparagine 
Valine 
Norvaline 
Glutamine 
Leucine 
Norleucine 
Methionine 
Phenylalanine 

de 

acid 

- 0 . 1 V 

1.8 
1.1 
3.3 
2.6 
6.3 

— 
5.6 
7.9 
— 

8.2 
12.3 
15.1 

-AGa°,B/kJmol-

pzc 

3.2 
5.0 
6.9 
7.5 
7.8 

11.0 
11.1 
12.5 
12.6 
13.3 
17.8 
20.9 

l 

- 0 . 9 V 

2.0 
2.9 
3.6 
5.4 
8.0 

— 
8.0 
9.4 
— 

11.5 
13.6 
17.1 

The transfer free energy of an amino acid side chain 
from aqueous bulk phase to the interface, AGf.s, 
was calculated by subtracting AG° for glycine from 
AG a for each amino acid. Table 4 summarizes the 
AGf.s values thus estimated at the pzc, —0.1 V and 
—0.9 V (vs. SGE). These series of the transfer free 
energies of the side chains may be regarded as inter-
facial hydrophobicity scales at electrified interfaces. 
The major trend in the series of AGa°,8 at the un­
charged interface (at the pzc) is essentially similar 
to that found by Nozaki and Tanford,5) as illustrated 
in Fig. 5 in which AGa°,8's at the pzc are plotted 
against the transfer free energies of amino acid side 
chains from water to organic solvents, AG«°r.

5) As 
seen in this figure serine, threonine, alanine, valine, 
leucine, and norleucine fall around the straight line 
of unit slope. 

There are, however, a few facts in Table 4 and 
Fig. 5 which do not conform to the results by Nozaki 
and Tanford. In their scale, threonine is less hy­
drophobic than alanine whereas the converse is true 
in the interfacial hydrophobicity scale at the pzc. 
Introduction of a hydroxyl group into a hydrocarbon 
side chain decreases the hydrophobicity of the side 
chain by 1.8 k j mol" 1 (for an alanine and serine pair) 
and 0.6 k j m o l - 1 (for an a-aminobutyric acid pair) . 
These values are appreciably smaller than 3.4 k j m o l - 1 

estimated by Nozaki and Tanford5) as a contribution 
of a hydroxyl group to the transfer free energy. At 
the interface the hydroxyl group of serine or threonine 
is probably only partially dehydrated because a par t 
of the adsorbed molecule should be exposed to the 
aqueous phase, whereas on transfer of the molecule 
from water to nonaqueous solvent the hydroxyl group 
must completely be dehydrated and surrounded by 
nonaqueous medium. Table 4 also shows that gluta-
mine is more hydrophobic than asparagine. This 
is contrary to the result obtained by Nozaki and 
Tanford who found that glutamine was apparently 

i-

7" 

-

h 
Thr#/ 

°Met 

L e * ^ 
Val ^ / 

• 
• 

* 
/ 

/ • A l a 

l I 

°Phe 

• 
• * 

' ' • M L 

t 1 1 

- AG°r/KJ mol"1 

Fig. 5. Plot of the free energies of transfer of amino 
acid side chains from aqueous bulk phase to the un­
charged mercury surface in contact with aqueous phase, 
AG I, s, against the free energies of transfer of amino 
acid side chain from aqueous bulk phase to pure or­
ganic solvents, AGt°r, taken from Ref. 5. 

less hydrophobic than asparagine. They have sug­
gested that the formation of an intramolecular hy­
drogen bond in asparagine molecule in nonaqueous 
phase is responsible to the abnormal position of as­
paragine with respect to glutamine in their hydro­
phobicity scale. In adsorption layer asparagine mol­
ecules will not form an intramolecular hydrogen bond 
but remain to hold hydrogen bonding with adjacent 
water molecules. Figure 5 shows that methionine and 
phenylalanine have higher values of AG£. than those 
expected from the line of unit slope. Since sulfur 
a tom has strong affinity with mercury,18) such a chemi­
cal interaction should be involved in the observed 
high surface activity of methionine. Phenylalanine 
interacts with mercury surface through not only the 
hydrophobic interaction but also the charge transfer 
interaction due to ^-electron in the aromatic ring.2) 
Specific interaction also seems to exist between the 
amide group in asparagine and the mercury surface. 
Among the amino acid side chains studied only as­
paragine side chain showed higher surface activity 
at the negatively charged surface than at the pzc. 

Table 4 shows that when the mercury surface is 
charged either positively or negatively, AGa,8's for 
all the amino acid side chains but asparagine side 
chain at — 0 . 9 V are increased; their surface activity 
becomes lower when the surface comes to bear excess 
charges. T h e change of AGa°,8 with the change of 
the electrical state of the interface is illustrated in 
Fig. 6 for ten amino acid side chains. The effect 
of electrode charge on AGa°,s for alanine, a-amino­
butyric acid, norvaline, and norlecuine, which we 
refer as group I, is appreciably asymmetrical with 
respect to the pzc, but the effect is almost symmetrical 
for serine and threonine (group I I ) . This difference 
in the dependence of AGa

0,8 on electrode charge 
between groups I and I I causes the reversion of the 
mutual positions of serine and a-alanine, and of thre­
onine and a-aminobutyric acid in their interfacial 
hydrophobicity scale at the positively charged electrode 
surface. 
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Fig. 6. Schematic representation of the change of the 
interfacial hydrophobicity of amino acid side chains 
with the change of the electrical state of the mercury-
aqueous 0.5 mol 1_1 sodium fluoride solution interface 
at 25 °G. 

According to the theory of Frumkin19) and Butler20) 
on the adsorption of organic compounds at electrified 
interface, the dependence of the adsorption free energy, 
AG a, of an organic compound on electrode potential 
is described by 

AGI = AGI + RT*{E-Em^)\ (3) 
where AGf.max is AGI at E=Em&x, E the electrode 
potential, £ m a x , the electrode potential at which the 
adsorption maximum occurs, and a the constant re­
presented by 

2RTTm 
(4) 

In Eq. 4 C0 is the double layer capacity in the absence 
of adsorption (0=0) and Cx is the double layer capacity 
at the full coverage of the electrode with adsorbate 
( 0 = 1 ) . T h e maximum adsorption potential in Eq. 
3 is given by21) 

GiiEp^—Ep^) 
G\—GQ 

(5) 

where E&1 and E°zc are the potentials of zero charge 
at 0 = 1 and 0 = 0 , respectively. 

In view of Eqs. 3, 4, and 5, the difference in the 
effect of the electrode potential on AG?,S between 
groups I and I I is probably due primarily to the dif­
ferent values of Em&x for groups I and I I . Group 
I I seems to have Em&x values around the pzc, whereas 
the Em&x values for group I seem to be located in more 
negative potential region with respect to E£cz. The 
presumption of Em&x—E^xc<0 for group I implies1) 
that water dipoles are oriented with their negative 

end pointing toward the electrode surface,9»10) because 
in this group the effective dipole moment of the side 
chain should be small, if any. The more positive 
£ m a ï for group I I compared with that of group I 
indicates the orientation of the hydroxyl group dipole 
with its negative end pointing toward the electrode 
surface. 

According to Eqs. 3 and 4, the change of AGf,8 

with the change of the electrical state of the interface 
depends also on the magni tude of the double layer 
capacities of the interface. T h e double layer capaci­
ties in the presence and absence of the adsorption 
are generally a function of the electrical state of the 
interface due to the change in the orientation mode 
of adsorbed molecules as well as solvent molecules 
in the compact layer of the double layer with the 
change of the electrical state.22) Therefore, the change 
of the capacities may partly contribute to the observed 
dependence of AG2,B on the electrical state of the 
interface. 
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Iron(III) interferes with the operation of a cadmium, lead and copper ion-selective electrode. The cadmium 
ion-selective electrode (GdS/Ag2S) showed a potential shift to the positive direction of more than 100 mV for 
a decade change of iron (III) concentration. However, the exact mechanism for this interference is not known, 
though it is expected to be the oxidation of sulfide ion by Fe(III). The mechanism of interference by iron(III) 
was studied by using the cadmium ion-selective electrode, flow-through cell, pH buffer solutions, Potentiometrie 
titrations, and atomic absorption spectrophotometry measurements. It was found that iron(III) promotes dis­
solution reaction of cadmium ions from the solid cadmium sulfide electrode and that flow conditions of samples 
have no effect on the iron(III) interference. 

An important group of ion-selective electrodes is 
composed of metal sulfide membranes such as pure 
silver sulfide or silver sulfide mixed with other metal 
sulfides (e.g. GuS, PbS, GdS).1) As a rule, these 
electrodes are interfered with by ions which can react 
with the membrane. For example, Ag+ and Hg2+ 
interfere with the determination of Cu2+ with GuS/ 
Ag2S membrane electrode. Other interference is 
caused by the dissolution of the membrane to form a 
soluble complex with some ion in the membrane. 
For example, the cyanide ion interferes with all silver 
salt membranes. Actually, silver salt membranes can 
be used as cyanide ion selective electrode on the basis 
of this phenomenon. Another kind of interference is 
caused by oxidizers. For example, iron (111) oxidizes 
sulfide ions on the electrode membrane and thus af­
fects the membrane potential. 

The effect of oxidation by iron (111) on GdS/Ag2S 
electrode has been noted by Brand et al.?) Mascini 
and Liberti,3) and Kivalo et al.*) In the case of PbS/ 
Ag2S electrode, the potential of PbS electrode changed 
about 59 m V by a decade change in the iron (111) 
concentration.5) By the use of a reductant, i ron(III) 
interference could be eliminated in low level analysis 
of copper(II) ion with GuS/Ag2S electrode.6) The 
effect of i ron(III ) on mixed sulfide electrode (GuS/ 
Ag2S) was used for quantitative determination of iron-
(III) in the range of (10"5—10"2) M (1 M = l mol 
d m - 3 ) iron(III) .7) Kivalo et al. measured the in­
terference of iron (111) on PbS/Ag2S electrode,8) and 
Bixler et al. found a large interference of iron (111) 
on Ag2S electrode.9) 

Under different oxidizing conditions without iron-
( I I I ) , Johansson and Edström discussed corrosion of 
GuS/Ag2S electrode.10) 

The purpose of this work is to study the mechanism 
of oxidation by iron (111) on the GdS/Ag2S membrane, 
by measuring the rate of oxidation reaction by iron-
( I I I ) , the effect of p H buffer solution, the concentra­
tion of i ron( I I I ) , and the amount of Gd(II) which 
was dissolved from GdS-membrane. 

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

Equipment. The electrodes used were Orion cadmium 
electrode 94-48A (GdS/Ag2S) and Orion double junction 
reference electrode 90-02. Potentials were measured with 
an Orion 801A digital pH/mV-meter and recorded with 

a Goerz Servogor RE 511 strip chart recorder. The stabi­
lization of electrode potential was followed with the aid 
of the chart recorder. Potential measurements were made 
either in a dip cell or in a thermostated flow-through cell 
(Fig. 1), both at 298 K. 

Measurements in the Dip Cell: The dip cell was a poly­
ethylene vessel with volume of 2000 cm3. The solution 
was stirred at constant speed with a teflon propellor. 

Measurements in the Flow-through Cell: The reference elec­
trode was dipped in the outlet of the sample solution about 
10 cm from the cadmium ion-selective electrode. Flow rate 
was from 0 cm3 min - 1 to 45.1 cm3 min -1. Possible streaming 
potential was checked by using two calomel electrodes, 
one in the place of the indicator electrode and the other 
in the place of the reference electrode. No streaming poten­
tial developed in the flow-through cell, at any flow rate, 
in the solutions at pH 2, 3, or 5, either in the presence or 
in the absence of iron (III). 

Cadmium ions dissolved from GdS was determined by 
an Hitachi model 518 atomic absorption spectrophotometer 
equipped with a cadmium hollow cathode lamp (229.0 nm). 

Solutions. Chemicals used were of analytical purity. 
The ionic strength of solutions was adjusted to 0.1 M. The 
pH was adjusted with buffers (pH 2; potassium chloride 

Fig. 1. The flow-through cell. 
A: Cadmium ion-selective electrode, B: inlet of the 
solution, C: reference electrode and outlet of the 
solution, D : water to control the temperature (298 K). 

1" Present address: Department of Chemistry, Faculty 
of Medicine, Hamamatsu University School of Medicine, 
Hamamatsu 431-31. 
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and hydrochloric acid, pH 3 and 5; potassium phthalate) 
or by nitric acid and potassium hydroxide (unbuffered 
solutions). The cadmium and iron(III) salts used were 
nitrates. Powder cadmium sulfide was the guaranteed rea­
gent by Nakarai Go. Ltd. 

R e s u l t s 

Figure 2 showed the results of the effect of iron (111) 
in the dip cell at buffered p H 2. T h e very severe 
effect of iron (III) is noticeable from the slope (115 
m V for a decade change of i ron(III) concentration). 
The selectivity coefficient for iron (111) of the cadmium 
electrode (#=[Gd 2+]/[Fe 3+] 2 / 3) was determined with 
the mixed solution method with constant activity of 
Cd 2 + and varying activity of Fe3+ similar to the method 
recommended by IUPAG.11) At p H 2, the value of 
K was 46 mol1/3 d m - 1 . And iron (111) began to in­
terfere at concentrations of about 10 - 6 M . Table 1 
shows the numerical values of the dip cell measure­
ments at p H 2, 3, and 5 (all were buffered solutions). 
As the p H decreased, the effect of i ron(II I ) became 
more severe. This p H effect is attributed to the 
increase of the activity of free iron (111) ion with de­
creasing p H . 

The interference of iron (111) still remained at p H 

> 

-110 
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Fig. 2. The effect of iron (III) on the cadmium elec­
trode in the dip cell in pH 2 buffered solution. Con­
centration of Cd2+ was 10~2 M. 

TABLE 1. THE EFFECT OF pH ON THE INTERFERENCE 

OF IRON ( I I I ) ON THE CADMIUM ELECTRODE 

POTENTIAL IN THE DIP CELL (10~ 2 M C d 2 + ) 

pH 

5.0 
3.0 
2.0 

Slope 
mV 

37.5 
125.0 
115.0 

[Fe3+]a> 
mol dm - 3 

4.57X10-5 

1.59X10-5 

3.16X10-6 

KV 
mol1/3 dm - 1 

7.8 
16 
46 

a) Concentration at the break point.11) b) Selectivity 
coefficient, K= [Cd2+]/[Fe3+]2/3. 

5 (K= 7.8 mol1 / 3 d m - 1 ) , although a large decrease in 
interference could be expected on the ground of p H 
change. At p H 5 the ratio of free iron (111) to the 
hydroxide complex is only 10 - 3-7 in the absence of 
other ligands except OH - . 1 2 ) 

In the dip cell measurement, if the electrode was 
dipped in the i ron(III ) solution for a short time, the 
response time11) (the time until the change of potential 
is less than 1 m V min - 1 ) was short (about 1 or 2 s), 
although the change of the potential to the positive 
direction was large. 

When the electrode was kept in 10 - 6 M i ron(III ) 
solution for a few seconds then rinsed by water, and 
the potential was measured in 10 - 2 M cadmium(I I ) 
solution, the potential was 10 m V lower than expected. 
When the electrode was polished with three succes­
sively finer grades of aluminium oxide (The German 
earth clay Nos. 1, 2, and 3, J e a n Wirtz, Düsseldorf), 
it recovered. 

If the electrode was kept some minutes in iron-
(I I I ) solution (10 - 6 to 1 0 - 4 M ) , its potential in 10 - 2 

M Gd2+ solution was found to have risen considerably, 
sometimes over 200 m V . And the response time11) 
was very long (10 to 20 min) . Slight polishing did 
not restore the potential to its original level. I t was 
only after repeated polishing that the anomaly was 
removed. This result suggests that iron (I I) has an 
interference effect on the deep interior of the GdS 
electrode membrane . 

Measurements in the Flow-through Cell. The flow-
through cell was used to study the effect of the flow 
conditions of the sample solution. Flow conditions 
are more easily and reproducibly effected in a flow-
through cell than in the dip cell. The flow rate had 
no effect on the potential in the presence and absence 
of iron ( I I I ) , either at buffered or unbuffered p H 
solution. T h e response time was as long as 120— 
150 min in the case of unbuffered p H 2 with 10 - 4 

M iron (111). The response time at buffered p H 5 
with 10~ 4 M iron(II I ) was also long (30—60 min) . 
These results suggest that the oxidation of GdS is 
not controlled by the flow conditions in the solution, 
but by the reaction in the inside of solid GdS electrode. 

The effect of i ron(III ) on the cadmium electrode 
was tested in buffered and unbuffered solutions at 
different p H at a fixed flow rate (5 cm3 /min) . T h e 
concentration of Gd2+ was 1 0 - 3 M . Figure 3 shows 
that at p H 2, the effect of i ron(II I ) on the potential 
was very pronounced both in buffered and unbuffered 
solutions, though in buffered solution the effect started 
at about 10 times lower concentration. At p H 5 
there was no interference in unbuffered solution, but 
in buffered solution interference began at 10 - 5 M 
i ron( I I I ) . The behaviour is the same as in the dip-
cell experiments, i.e. buffering of solution preserves 
the attack by iron (I II) on the membrane even at 
higher pH-values. I t seems that by complex forma­
tion of phthalate ion with i ron( I I I ) , i ron(III ) is still 
kept in solution even at p H 5 and the penetration 
of iron (111) into GdS electrode is easy. In fact, in 
unbuffered solution at p H 5 incipient precipitation 
of Fe (OH) 3 could be seen and no interference of iron-
(III) was observed. 
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Fig. 3. The effect of iron (III) on the cadmium elec­
trode in the flow-through cell, at pH 2 and pH 5. 
Concentration of Cd2+ was 10~3 M. Flow rate: 5 
cm3/min. (a): In unbuffered solution. • : pH 2, 
O : pH 5. (b): In buffered solution. I : pH 2, 
• : pH 5. 

Potentiometrie Titrations and Atomic Absorption Spec­
trometry (AAS) Measurements. To determine 
whether the oxidation of GdS by i ron(II I ) takes place, 
a suspension of GdS powder (guaranteed GdS was 
commercially obtained or wet GdS was obtained by 
freshly precipitation from equivalent G d ( N 0 3 ) 2 and 
Na2S) was titrated by iron (111) using plat inum elec­
trode. Titrations were performed in a nitrogen at-
omosphere. No noticeable oxidation of GdS took place, 
regardless of whether the GdS powder was dried or 
freshly precipitated. Obviously the oxidation of GdS 
by i ron(II I ) is slow. O n the other hand, the same 
titration curve of S2~ by iron (111) was obtained as 
was given in Ref. 13. Oxidation of S 2 _ by i ron(II I ) 
takes place rapidly and quantitatively. 

T o measure the dissolution of Cd2+ from GdS, GdS 
powder was mixed with a deaerated solution; after 
one day the solution was filtered, and the concentra­
tion of cadmium in the filtrate was measured. If 
iron (111) was involved, fairly large amounts of Gd 2 + 

were found in p H 2 solution (both for buffered and 
unbuffered solutions). Even in buffered p H 5 solu­
tion, a considerable amount of Cd2+ was found in 
the filtrate, though in unbuffered p H 5 solution, the 

dissolved Cd2+ in the presence of iron (111) was found 
to be just the same as in the absence of i ron(I I I ) . The 
fact that a considerable amount of Cd2+ from GdS 
was found in buffered p H 5 solution in the presence 
of iron (111) supports the assertion that iron (111) and 
phthalate ion form stable complexes which remain 
in the solution. 

D i s c u s s i o n 

If oxidation of cadmium sulfide by iron (111) takes 
place according to the following reaction: 

2Fe3+ + GdS • Cd2+ + S + 2Fe2+ (1) 

the equilibrium constant is obtained to be 2.1 XlO14 , 
by calculating from various standard potentials.14) 
T h e reaction proceeds completely to the right. The 
equilibrium constants for the oxidation of different 
sulfides, calculated by reactions analogous to (1), are 
as follows: PbS, 5.5 XlO1 3 ; GuS, 18; and Ag2S, 7.1 X 
10~9. Ignoring kinetic aspects, one may thus deduce 
that interference of iron (III) is most pronounced at a 
GdS/Ag2S electrode and least pronounced at a pure 
Ag2S electrode. 

From Table 1, the change of the potential for a 
decade change of iron (111) concentration at p H 2 
was 115 m V in the case of cadmium electrode. The 
value of this slope is remarkably larger than those 
in the cases of lead or copper electrodes (59 m V for 
the lead electrode5) and 25 m V for the copper elec­
trode7)). 

In the case of a copper ion-selective electrode, it 
is reported that the potential drifts in the negative 
direction after prolonged use in high concentrations 
of iron(III).7) When the cadmium electrode was dip­
ped in lower concentrations of iron (111) for a short 
time, the potential drifted in the negative direction 
like a copper electrode. When the cadmium electrode 
was kept in high concentrations of iron (111) for a 
few minutes, the potential drifted in the positive di­
rection; extended polishing was needed to remove the 
anomaly. These facts support the conclusions that 
reaction(l) takes place and suggest that the iron(III) 
exerts an influence on the deep interior of the electrode 
membrane , according to the dipping time and con­
centration of iron (111). 

This oxidation reaction(l) was not controlled by the 
flow conditions of iron (111) ; the reaction rate was 
very slow and the reaction proceeded even with the 
complexed i ron(I I I ) . 
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A new and simple method for the determination of ppb levels of copper by electrothermal atomic absorp­
tion spectrometry was established. The main feature of the proposed method is that chelating resin, a precon-
centration agent for copper, is introduced directly as a "resin-suspension" into the carbon tube atomizer without 
drying and weighing of the resin. To a 250 cm3 sample solution containing up to 1.0 (xg of copper, 0.10 g of che­
lating resin (below 400 mesh) is added, and the mixture is stirred for about 20 min. After the separation of the 
resin from the aqueous phase through a membrane filter, 5.0 cm3 of resin-suspension is prepared by adding water 
to the resin. Then, 10 [xdm3 (resin: 0.2 mg) of the suspension is introduced into an atomizer, and the copper 
peak-height is measured under the optimum operating conditions. The calibration graph was linear over the 
concentration range from 0.1 ppb to 4.0 ppb of copper. The relative standard deviation was 2.3% from 10 re­
peated measurements; a mean value of 1.08 ppb copper was obtained for a sea water sample. 

Atomic absorption spectrometry with an electro­
thermal atomizer and a deuterium background cor­
rector is today an useful analytical tool: the deter­
minations of trace metal elements in both liquid and 
solid samples can be carried out rapidly and easily. 
The direct analysis of a solid sample has been applied 
to biological tissues1,2) and plastic containers.3) 

Chitosan,4) a natural chelating polymer with anion-
exchange behavior, has been used for the separation 
of transition elements from alkali and alkaline-earth 
salts. By combining the concentration of vanadium 
(V0 3 ~) on chitosan with the direct introduction of 
its powder into the atomizer, Muzzarelli et al.h"> proposed 
a sensitive method for the determination of vanadium 
in sea water ; however, the method requires the drying 
and weighing of VO a-adsorbed chitosan powder. 
Atomization methods which use direct heating of the 
metal-adsorbed ion-exchange resin have also been ex­
amined as ways to determine copper6) and mercury7) 
concentrations; these methods make it possible to 
analyze an extremely dilute solution, but the precisions 
are not satisfactory. 

For the preconcentration and separation of trace 
metal ions in sample solution, the chelating resin8) 
has been used because of its selectivity in forming 
stable chelates: for instance, Sato et al.9) proposed a 
determination method for copper by Flameless A. A. S. 
which included preliminary treatment by the resin. 

T h e present authors10) have briefly reported a de­
termination method for copper in which chelating 
resin was introduced as a "resin-suspension" into a 
carbon tube atomizer, after the adsorption of copper 
ions on it under a batchwise operation. Highly purified 
chelating resin contains no copper, and its smoke does 
not affect the value of the atomic absorption of copper 
or the base line. The method does not require drying 
and weighing of the resin, nor elution of copper from 
the resin. W e did some experiments on the effect 
of foreign ions on the method : magnesium and calcium 
ions in as small an amount as 0.1 p p m caused lower 
results for the atomic absorption of copper. I t was 
found that the interferences of these ions can be elim­
inated by adding cobalt nitrate to the sample solution; 

there will be no adsorptions of these ions on the resin. 
The proposed method for the determination of cop­

per in a matrix of chelating resin was studied in detail 
and applied to determine copper ion concentrations 
in water samples. 

Exper imenta l 

Apparatus. A Nippon Jarrell-Ash FLA-100 carbon 
tube atomizer was used in conjunction with a Nippon Jarrell-
Ash Model AA-8500 two channel atomic absorption spectro­
photometer. A single-element copper hollow cathode lamp 
(Hamamatsu TV. Go. L-233) was employed as a light source, 
and peak-heights were recorded with a Rikadenki Go. B-34 
recorder. Resin-suspension was injected into the atomizer 
by using a micropipette (Eppendorf Go. Model 3130) fitted 
with disposable plastic tips. A centrifuge tube (volume: 
15 cm3) with a glass stopper was used, and a 5.0 cm3 mark 
was etched on the tube. 

Reagents. All chemicals were of super-special grade. 
Deionized water was passed through a column packed with 
Ghelex-100 (NH4-form, 50—100 mesh) prior to use. 

Standard Copper Solution: The copper stock solution (1000 
ppm) was made by dissolving 0.5000 g of copper metal 
grain (99.99% purity) in nitric acid and then diluting to 
500 cm3 with water. The working solutions were prepared 
by diluting the stock solution properly. 

Chelating Resin: Ghelex-100 (Bio-Rad laboratories, 
Richmond, Calf, Na-form) prepared to grain size below 
400 mesh was used. After the removal of fine particles 
in the resin by décantation, 500 cm3 of 2 mol dm - 3 hydro­
chloric acid was added to about 50 g of resin in a beaker. 
The mixture was stirred for about 30 min, and the resin 
was washed with water by décantation. Then, 500 cm3 

of 4 mol dm - 3 ammonia water was added to the resin, and 
the mixture was stirred for 2 h. The resin was filtered 
through a glass filter (3G4), washed with water, and dried 
in vacuum for four hours at 60 °G. 

Ammonium Tartrate Solution (10%): Ammonium tartrate 
was dissolved in water to give a 20% solution. The solution 
was passed through a column packed with Chelex-100 (NH4-
form), and diluted to 10%. 

Buffer Solution: 0.8 mol dm - 3 sodium acetate solution was 
purified by use of Ghelex-100 (Na-form), and diluted to 
0.4 mol dm - 3 . 0.2 mol dm - 3 acetic acid-sodium acetate solu­
tion was used as a buffer solution (pH: 4.7), 
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Cobalt Nitrate Solution (2.5%): 5.0% cobalt nitrate solu­
tion was purified by use of Ghelex-100 (Go-form), and diluted 
to 2.5%. 

Water Samples. Samples were acidified to about pH 
2 with nitric acid, and stored in polyethylene bottles. 

Analytical Procedure. To a sample solution (250 cm3) 
containing less than 1.0 [xg of copper, 5 cm3 of 2.5% cobalt 
nitrate solution and 10 cm3 of 10% ammonium tartrate 
solution are added. The solution is adjusted to about pH 
5 with (1 + 10) ammonia water and acetic acid, and 5 cm3 

more of buffer solution is added to the solution. Then, 
0.10 g of chelating resin is added to the solution, and the 
mixture is stirred for 20 min by a magnetic stirrer. After 
the resin has been separated from the mixture through a 
membrane filter (pore size: 2.0 \im) or glass filter (3G4), 
the resin is transferred into a centrifuge tube by using about 
10 cm3 of water and the tube is centrifuged. The super­
natant liquid is decanted, being careful to leave the resin 
in the tube, and 5.0 cm3 of "resin-suspension" is prepared 
by adding water to the resin in the tube. Then, 10 (xdm3 

(resin: 0.2 mg) of the suspension, which has been mixed 
thoroughly to prepare a uniformly suspended solution, are 
introduced into a carbon tube atomizer. The atomic absorp­
tion of copper, its peak-height, is measured under the in­
strumental operating conditions shown in Table 1. 

TABLE 1. INSTRUMENTAL OPERATING CONDITIONS 

Operating 
step 

Drying 
Ashing 
Atomization 

Current 
A 

35 
110 
250 

Time 
s 

20 
60 
10 

Mode 

Ramp 
Ramp 
Flash 

Final temp 
°C 

ca. 300 
ca. 1200 
ca. 2500 

Wavelength: 324.75 nm, lamp current: 5 mA, argon gas 
flow rate : 3 dm3/min, damping : 1, sensitivity : 0. 

The calibration graph was linear over the concentration 
range from 0.1 ppb to 4.0 ppb of copper. It was confirmed 
by using standard copper solution that the copper ions in 
a sample solution (250 cm3) are almost all adsorbed by 
the chelating resin (resin-suspension : 5.0 cm3) under the 
conditions of this procedure; that is, the concentration ratio 
is found to be about 50:1. 

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

Ashing of Chelating Resin. Figure 1 shows the 
typical profiles of absorption for copper-adsorbed resin 
and copper-free resin in a carbon tube under the 
instrumental operating conditions. In the case of cop­
per-adsorbed resin, the first peak appeared in an 
ashing step owing to a smoke evolution of the resin, 
and then the second peak, which is based on the at­
omization of copper, was obtained. In copper-free 
resin, although the first peak appeared as before, there 
were neither the second peak nor any absorption by 
the deuterium lamp during the atomization step. 
Therefore, no correction is necessary for background 
absorption in measuring the second peak. 

The Effect of Ashing Current. Figure 2 shows the 
effect of ashing current on the absorbance of copper. 
In the case of copper-adsorbed resin, the absorbance 
at an ashing current of 70 A was higher than those 
at the current range from 100 to 130 A. and the ab-

Fig. 1. Typical profiles of absorption for copper-
adsorbed resin and copper-free resin. 
(a): Gu-adsorbed resin (b) : Cu-free resin (1): Drying, 
(2) : Ashing, (3) : Atomization. 

Final ashing current/A 

Fig. 2. Effect of ashing current on absorbance of copper. 
Resin-suspension : 0.10 g/5 cm3 H 2 0 , injecting volume: 
10 udm3. O : Cu-adsorbed resin (Gu: 0.75 u.g), A : 
Cu-free resin, # : aqueous soin (Cu: 0.75 (xg/5 
cm3). 

sorbance at 140 A was lower. The increase of ab­
sorbance at 70 A is due to an absorption by smoke 
evolution of the resin resulting from an incomplete 
ashing. This is seen by observing that the copper-
free resin also has an absorption at the same current. 
O n the other hand, the decrease of absorbance at 
140 A is due to the loss of copper by its partial vol­
atilization during the ashing step; in the case of an 
aqueous solution, the absorbance of copper also shows 
a similar decrease. As shown in Table 1, an ashing 
current of 110 A was adopted before the atomization 
step. I t was observed that the resin acts as a sensitizer 
for copper during the atomization step; that is, the 
absorbance of copper-adsorbed resin at an ashing cur­
rent of 110 A increases about 3 5 % in comparison 
with that of copper in an aqueous solution. Similar 
sensitization was observed when a fine activated carbon 
was added instead of the resin to the aqueous solution. 
Yoshimura and Noda11) have reported that an ac­
tivated carbon is effective for the deoxidation of metal 
oxides ( C u 2 0 , C u O , P b O a , Z n O , ZnO a ) in the direct 
atomization of these oxides during the flame A. A. S. 

The Effect of the Amount of Chelating Resin and of the 
Stirring Time. We examined the effects of the 
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amount of chelating resin and of the stirring time in 
the procedure on the adsorption of copper on the 
resin. Since the absorbance of copper gave a constant 
value for amounts from 0.05 to 0.50 g, 0.10 g of the 
resin was added to a 250 cm3 sample solution. Stirring 
for 20 min by a magnetic stirrer was sufficient to allow 
copper and cobalt ions to be adsorbed on the chelating 
resin from a sample solution. T h e resin transformed 
into NH4-form was used in the procedure, because 
the rate of adsorption for copper ion on NH4-form resin 
was faster than that on H-form resin. 

The Effect of the Amount of Cobalt. Chelex-1008) 
has a very strong attraction for transition metals. 
The selectivity series for cations in an acetate buffer 
system at p H 5 is: 

Hg2+ > Gu2+> Pb2+ > Ni2 f > Go2 f > Mn2+> Mg2+ = 

Ca2+ > Na+ > NH4+ > H+. 

In general, when a large amount of cobalt ion exists 
in a sample solution containing the resin, magnesium 
or calcium ions are not adsorbed by the resin, but 
a small amount of copper ion is quantitatively adsorbed 
by it. From some experiments, the addition of 5.0 
cm3 of 2 . 5 % cobalt nitrate solution to a 250 cm3 sample 
solution showed satisfactory results for copper ions in 
the presence of about 100 ppm of magnesium ions. 

The Effect of PH on the Adsorption of Copper. As 
is seen in Fig. 3, the absorbance (A) decreased ap­
preciably with the increase in p H , because of in­
complete adsorption of copper due to the formation 
of hydrolysis products such as Cu(OH)+ or Cu(OH) 2 . 
The absorbance (0) also decreased as the p H increased 
from 4 to 7, but those at p H 9 and 10 increased again 
through the formation of ammine complexes such as 
[Gu(NH3)4]2+. T h e absorbance (O) gave a constant 
value over the p H range from 2.5 to 10, because the 
hydrolysis of copper was prevented by the addition 
of 10 cm3 of 10% ammonium tartrate solution. The 
effect of p H on the adsorption of cobalt ion was also 
examined: the amount of cobalt ion adsorbed by the 
chelating resin gave a maximum and constant value 
over the p H range from 4 to 7. Therefore, the buffer 

Fig. 3. Effect of pH on the adsorption of copper. 
Gu: 0.75 [Ag/250 cm3, reagents used for pH adjust­
ment; O : CH3COOH, NHg-water, (NH4)2C4H406, 
• : GH3GOOH, NHg-water, HN0 3 , A : CH3GOOH, 
NaOH. 

solution with p H 4.7 was used in the procedure. 
The Effect of Foreign Ions. The effect of foreign 

ions on the procedure were examined under the pre­
sence of 3.0 ppb copper ion, both in the case of the 
addition of a cobalt nitrate solution and in the case 
of no such addition. T h e experimental results are 
given in Table 2. When the cobalt nitrate solution 
was not added to a sample solution, strontium, iron(II) 
and chromium(III ) ions in small amount such as 
1 p p m gave lower results for the absorbance of copper. 
Further, magnesium and calcium ions interfered re­
markably even at 0.1 ppm. O n the other hand, the 
addition of a cobalt nitrate solution was found to 
be very effective in eliminating the interferences of 
these ions. Most anions did not interfere, even when 
1000 p p m of them were present, regardless of the 
presence or absence of cobalt ion during the procedure. 

TABLE 2. EFFECT OF FOREIGN IONS 

Ion 

— 
Na+ 
K+ 
Mg2+ 
Ca2+ 
Sr2+ 
Ba2+ 
Fe2+ 
Mn2+ 
Ag+ 
Al3+ 

Cr3+ 
Zn2+ 
Pb2+ 
Hg2+ 

Proposed method 
""" "s 

Amount/mg Absorbance 

— 
2500 
2500 
250 
250 
250 
250 
250 
250 
250 
250 

0.25 
25 
2.5 

25 

0.450 
0.455 
0.445 
0.460 
0.458 
0.447 
0.449 
0.459 
0.452 
0.455 
0.451 
0.452 
0.445 
0.443 
0.449 

Without Go2+ 

Amount/mg 

— 
250 
250 

0.0025 
0.0025 
0.025 
0.25 
0.025 

250 
250 

2.5 
0.025 

25 
2.5 

25 

Absorbance 

0.450 
0.438 
0.439 
0.449 
0.446 
0.436 
0.447 
0.452 
0.442 
0.458 
0.441 
0.452 
0.449 
0.455 
0.454 

Copper ion: 0.75 jig, Sample volume: 250 cm3. 
The amount of foreign ions means the amount of those 
ions which does not show any deviation larger than the 
error allowed (of ± 3 % ) from the absorbance (0.450) of 
copper. 

TABLE 3. ANALYTICAL RESULTS OF COPPER 

IN VARIOUS WATER SAMPLES 

Sample Gu added 
Ppb 

Gu found 
ppb 

Town water; 
Ghiyoda-ku, Tokyo 
(Feb. 12, 1980) 

River water; 
Kamuiwatsuka-river 
Hokkaido 
(Aug. 15, 1979) 

Sea water ;a> 
Aburatsubo-bay 
Kanagawa Pref. 
(Nov. 24, 1979) 

Deionized waterb> 

1.0 

3.40 

3.36 

1.08 
2.07 

0.12 

a) Sample was taken about 2 km away from the coast, 
b) Sample volume taken: 1000 cm3, 
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The Determination of Copper in Various Water Samples. 
The results obtained by the procedure for water samples 
are shown in Table 3. The mean copper content 
of a sea water sample was 1.08 ppb from 10 repeated 
measurements and the relative standard deviation was 
2 . 3 % . The content was also confirmed by adding 
known amounts of copper to the sea water ; good 
recovery of these amounts was achieved. Some ex­
periments were performed on different volumes (100, 
500, 1000 cm3) of a sample solution containing 0.75 
(jig of copper ions ; these absorbances of copper agreed, 
within the experimental error allowed, with that ob­
tained by use of a sample volume of 250 cm3. T h e 
proposed method is therefore applicable to the deter­
mination of copper ions in water samples over a wide 
concentration range. T h a t is, the content of a deioniz-
ed water used in this laboratory was determined to 
be 0.12 ppb by using a 1000 cm3 sample volume in­
stead of 250 cm3 as in the standard procedure. 

In addition, it is possible to increase the apparent 
sensitivity for the determination of copper by changing 
the volume (5.0 cm3) of resin-suspension or the volume 
(10 (jidm3) injected into the atomizer. The procedure 
is relatively simple to use, and few chemicals are re­
quired. The proposed technique may be applied not 

only to the determination of copper, but also to that 
of other metals at ppb levels. 
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Two fundamental experiments (to determine vapor pressures and vacuum sublimation-recrystallizing tem­
perature zones) were undertaken on a series of remarkably volatile and thermally stable lanthanoid(III) chelates 
of 2,2,6,6-tetramethyl-3,5-heptanedione (Ln(thd)3) in order to obtain information about their sublimation be­
havior. Vapor pressures of these chelates were measured from 100 to 150 °C by means of a modified Knudsen 
effusion technique. Vacuum sublimation-recrystallizing temperatures were determined by using a sublimation 
apparatus with a continuous temperature gradient along its sublimation tube. The obtained enthalpies of sub­
limation were classified into three groups (La to Gd, Tb and Dy, and Ho to Lu), and the vacuum sublimation-
recrystallizing temperature zones were divided into two sets (La to Tb, and Dy to Lu). The Tb and Dy chelates 
were also found to change thermally from a dimeric form to a monomeric form at a definite temperature. These 
results are explained in terms of the two different crystallizing forms of Ln(thd)3 chelates. Furthermore, the 
regularity in their sublimation behavior is discussed as a function of the atomic numbers of the lanthanoid metals, 
using thermochemical considerations. 

The volatile lanthanoid chelates of 2,2,6,6-tetra-
methyl-3,5-heptanedione are very useful as gasoline 
antiknock additives and catalysts for the removal of 
carbon deposits,1) and as sources of metal chelate 
vapors.2) They are also useful in trace metal analysis 
by gas chromatography and sublimatography.3 - 5) I t 
is therefore important to study the thermal properties 
of these chelates over a wide temperature range. Sicre 
et al. have determined the vapor pressures of the Ln-
(thd)3 chelates (Ln= lan thano id ion, thd=2 ,2 ,6 ,6 -
tetramethyl-3,5-heptanedione) by means of the iso-
teniscope technique over the temperature range of 
150 to 250 °C and have mentioned the regularity in 
their thermochemical behavior.4) Radiochemical stud­
ies on the Ln( thd ) 3 and An(thd)w (An=ac t ino id ion) 
have been carried out by vacuum sublimation method; 
their sublimation-recrystallizing temperature zones 
were found to be in the range of 70 to 150 °G.6) These 
vacuum sublimatographic results prompted us to study 
the vapor pressures of these chelates over the tem­
perature range lower than 150 °C. 

A modified Knudsen effusion method has been 
chosen for the measurements of vapor pressures of 
Eu( thd) 3 and 2 4 3Am(thd)3 chelates over a relatively 
low temperature range (100—150 °G).7) This tech­
nique was found to be effective for a highly specific 
radioactive compound. 

In the present study, the vapor pressure were deter­
mined as a function of temperature for 13 Ln( thd) 3 

chelates by means of the Knudsen effusion technique, 
and their vacuum sublimation-recrystallizing tempera­
tures were also determined by a sublimation apparatus 
with a continuous temperature gradient. O u r pur­
pose was to find what regularity might exist in the 
sublimation behavior. Some aspects of the sublima­
tion behavior of Ln( thd) 3 chelates will be also dis­
cussed. 

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

Preparation of Ln(thd)3 Chelates Labeled with Radioisotope. 
The purified lanthanoid oxides (99.9%) of La203 , P r 6 O n , 

Sm203 , Eu208 , Gd203 , Tb 40 7 , Dy203 , Ho203 , Er203 , 
Tm 20 3 , Lu203 , and Y 2 0 3 were each dissolved in a con­
centrated nitric acid solution. This was heated almost to 
dryness, then diluted with distilled water to make each 
stock solution. The gadolinium chloride of the radioisotope 
153Gd was purchased from The Radiochemical Centre 
(England). Other radioisotopes of 140La, 142Pr, 147Nd, 
153Sm, 152Eu, 180Tb, 159Dy, 166Ho, 169Er, 170Tm, 168Yb, and 
177Lu were produced from an (n,y) nuclear reaction by 
irradiating each lanthanoid oxide with thermal neutrons 
in the reactor of Kyoto University. Yttrium radioisotope 
88Y was produced from a (y,n) reaction by bremsstrahlung 
which was performed by using the LINAG of Tohoku 
University. Each radioisotope was dissolved in a minimum 
amount of concentrated nitric acid. Each radioisotope solu­
tion was added into the above stock solution of the same 
lanthanoid ion to make each solution be labeled with a 
radioisotope. The metal concentration and specific radio­
activity of the solution were 10~2— ÎO"1 M and 103—102 

[iCi/y.g of Ln, respectively. 

The lanthanoid chelates, Ln(thd)3, were prepared by 
the method of Eisentraut and Sievers3) with a slight modi­
fication. The Ln nitrate solution (0.002 mol) labeled with 
radioisotopes was heated to dryness. The residue was dis­
solved in a minimum amount of 99% methanol, and pH 
of the resultant solution was adjusted between 3 and 5 by 
dropwise addition of 2 M NH4OH solution. A solution 
of Hthd chelating agent (0.006 mol) in 10 ml of 99% metha­
nol was then added to the above solution. The mixture 
was adjusted to the desired pH. The precipitate was filtered 
off, dried in a desiccator, then purified by recrystallization 
from chloroform and by two vacuum sublimations. 

Vapor Pressure Measurements. Vapor pressures of the 
Ln(thd)3 chelates were measured by a modified Knudsen 
effusion method. The major modifications from the normal 
Knudsen effusion method were as follows: (1) the Ln(thd)3 

chelate sublimated was collected stepwise at each tempera­
ture; (2) the amount of chelate on a collecting foil was deter­
mined by a radioactivity measurement. This method has 
the advantage that the spurous effluents caused by decom­
position of the sample and/or volatile impurities have no 
corresponding lanthanoid metal and will not be counted. 
The relation between the amount of collected Ln(thd)3 

and the collecting time at a given temperature was linear 
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beyond 5 min, as previously described in a preliminary 
work on the vapor pressure measurement of Eu(thd)3 che­
late.7) The effusion rate of each Ln(thd)3 chelate was 
determined from more than 4 weight-time data points at 
each temperature. For example, a series of measurements 
at the intervals of 5, 15, 8, and 10 min was carried out at 
the same temperature. 

The Knudsen cell was made of 18-8 stainless steel, nearly 
cylindrical, 1.3 cm high, and 1.2 cm in diameter. Orifice 
parameters were photographed and measured on a micro­
scope. An orifice with an area of 0.0021 cm2 and a height 
of 0.032 cm was used.8) The cell was attached to the bottom 
of a molecular still of the cold-finger type. The glass still 
with the above effusion cell was connected to a vacuum 
system. The pressure inside the vacuum line, as measured 
by a penning gauge, Daia Vacuum Engineering Model 
GT-2P, fell below l x 10"3Torr (1 Torr= 133.3224 Pa) with­
in 30 s. The cell containing each Ln(thd)3 chelate sample 
was heated by an oil bath, whose temperature was measured 
by a standard thermometer. The difference in temperature 
between the oil bath and the cell was calibrated by simul­
taneous measurement of the temperature of another cell 
within an enclosed thermometer in the same oil bath. 

The effusion cell was loaded with 50 mg of sample, trans­
ported into the still, and evacuated to a vacuum of 1 X 10-5 

Torr. The cell containing the sample chelate was exposed 
to the argon atomosphere. After the cell was heated for 
1 h at a constant temperature in an argon atomosphere, 
it was evacuated. The effusion chelate gas collected on 
a water-cooled Al foil for more than 5 min. Effusing of 
the chelate gas was stopped by introducing argon into the 
vacuum line. The temperature of the oil bath and the 
collecting time of chelate gas were recorded. The collecting 
foil was replaced with a new aluminum foil. 

The above procedure was repeated for a series of collecting 
intervals at a given temperature; the same repetitions were 
applied to various temperatures. 

The collecting foil was dissolved in diluted hydrochloric 
acid. Radioactivity of each lanthanoid solution was meas­
ured by a Nal(TI) scintillation counter, or by a Ge(Li) 
semiconductor detector. By using the specific radioactivity 
of the sample, the total weight of the collected chelate on 
the foil, W, was calculated. The rate of sublimation, m, 
is obtained by dividing the total weight of the collected 
chelate by the area of the orifice, the collecting time, and 
the Clausing factor: i.e. m=W/atK, where a is the area of 
the orifice, t is the collecting time, and K is the Clausing 
factor.8) 

Measurements of Vacuum Sublimation-reerystallizing Tempera­
tures. A schematic drawing of the vacuum sublimation 
apparatus for the measurement of the vacuum sublimation-
recrystallizing temperatures of the Ln(thd)3 chelates is shown 
in Fig. 1. The apparatus has the advantage that the con­
tinuous temperature gradient along the sublimation tube 
can be obtained by sliding a electric furnace gently (1 °C/cm) 
or steeply (10 °C/cm) along the outer porcelain tube (5.8 
cm in outer diameter and 166 cm in length), which consists 
of a copper tube ( 1.6 cm in outer diameter and 180 cm 
in length) covered with air and aluminum. The sublimation 
tube for introducing Ln(thd)3 sample (10 mg) was evacu­
ated to 1—10xl0_3Torr, and placed in a definite position 
inside the sublimation apparatus. This had been heated 
and held at 180 °C before inserting the sublimation tube. 
The temperature gradients along the sublimation tube at 
various elapsed times are shown in Fig. 2. The sublimation 
of all Ln(thd)3 chelates was carried out for 2 h under the 
above conditions. The radioactivity of the sublimate was 

Fig. 1. Vacuum sublimation apparatus with con­
tinuous temperature gradient. 
A: Electric furnace, B: outer porcelain tube, C: 
enclosed air and Al foil, D: copper tube, E: cooler. 

200. , . , . , . . 1 I , , . . r 

°0 50 100 150 
Distance/cm 

Fig. 2. Temperature gradient along vacuum sub­
limation tube at elapsed time. 
1: 10 min, 2: 20 min, 3: 35 min, 4: 60—120 min. 

scanned along the sublimation tube by sliding it on the 
lead slit of a Nal(Tl) scintillation detector. The highest 
temperature of the deposition zone on the wall of the sub­
limation tube was taken as a relative measure of the vacuum 
sublimation-recrystallizing temperature. 

IR and X-Ray Powder Diffraction Measurements. IR 
spectra of the Ln(thd)3 chelates were obtained with a JASCO 
Model DS-701G spectrometer in the range of 4000 to 400 
cm-1 by using the KBr pellet technique. X-Ray powder 
diffraction data were taken with nickel-filtered Gu Kcc 
radiation and recorded with a Rigaku Denki Diffractometer. 

Results and Discussion 

The rate of sublimation of each Ln(thd)3 chelate 
was constant for collecting times longer than 5 min 
at a given temperature. Figure 3 shows that the 
relationship in the Eu(thd)3 chelate between the weight 
of the collected chelate and the collecting time is 
linear at each temperature, and the slope of the straight 
lines is given as the apparent rate of sublimation of 
the Eu chelate. A slight amount of the collected 
chelate was easily measured by the radioactive tracer 
technique.7) The rate of sublimation of each Ln-
(thd)3 chelate was obtained over the temperature range 
of 100 to 150 °C 

Vapor pressure, P, is calculated from the rate of 
sublimation, m, according to the following equation:8) 

P = m{(2nRT)/M}V2, (1) 

where R is the gas constant; T, the absolute tem­
perature of the sample; M, the molecular weight of 
the effusing gas. The units of m and P were chosen 
in g/(cm2s) and Torr, respectively (1 T o r r = 133.3224 
Pa). The equation 

P= 17.144xm(r/iW)V2 (2) 

is obtained. The vapor pressures of each Ln(thd)3 

chelate were fitted to the following equation: 

l ogP= -(A/T) + B (3) 
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bo 

10 15 20 25 30 

t/min 

Fig. 3. Relation between amounts of collected Eu-
(thd)3 chelate and collecting times at various tempera­
tures. 
A: 125.4 °G, B: 103.7 °G, G: 140.8 °G, D: 115.2 
°G, E: 131.1 °G. 

by a least square method. Heats of sublimation, 
AHT, and entropies of sublimation, AST, were taken 
by equating the above experimental equation to the 
thermochemical equation 

ln(P/760) = (AHT-TAST)/(-RT). (4) 

Thus, A / / T = 2 . 3 0 3 X AR and AS T =2 .303 X Ä(B-log 
760) were obtained. 

The Clausius-Clapeyron plots of a series of Ln-
( thd) 3 (expect T b ( t h d ) 3 and Dy(thd)3) and Y( thd) 3 

chelates are shown and compared in Fig. 4. Table 
1 summarizes the thermochemical constants obtained. 
T h e plots of the T b and Dy chelates were found to 
break at definite temperatures. T h e vapor pressures 

2.4 2.5 

r-vkK-1 

Fig. 4. Clausius-Clapeyron plots 
Y(thd)3 chelates. 

2.6 

11 Ln(thd)3 and 

of these two chelates were measured in more detail 
in the temperature-descending process (160->100 °C), 
and the temperature-ascending process (100->160 °C). 
Figure 5 shows the Clausius-Clapeyron plots obtained 
in both processes for these chelates. Table 2 gives 
their thermochemical constants. The vapor pres­
sures of the Ln( thd) 3 chelates have been found to 
increase with atomic number of lanthanoid ion, ac­
cording to Sicre et alJ^ Figure 4 shows the same 
phenomena. The enthalpies of sublimation of the 
chelates of La to Gd, and H o to Lu are slightly dif­
ferent from those of Sicre et al. 

However, the Clausius-Clapeyron plots obtained in 
the temperature-ascending process of the Tb( thd) 3 

chelate were found to break at 147 °C, where the 
crystal structure of this chelate changed thermally 

TABLE 1. VAPOR PRESSURES AND ENTHALPIES OF SUBLIMATION OF LANTHANOID AND Y CHELATES 

(1 cal = 4.184J) 

Sample 

La2(thd)6 

Pr2(thd)6 

Nda(thd)6 

Sm2(thd)6 

Eu2(thd)6 

Gd2(thd)6 

Ho(thd)3 

Er(thd)3 

Tm(thd)3 

Yb(thd)3 

Lu(thd)3 

Y(thd), 

Aa> 

9382.7 
9333.5 
9248.1 
9440.4 
9400.3 
9242.4 
7978.1 
8041.0 
8159.3 
8145.9 
8085.2 
8211.7 

Ba> 

19.149 
19.553 
19.622 
20.573 
20.496 
20.468 
17.917 
18.202 
18.650 
18.677 
18.672 
18.463 

Error 

% 

4 
3 
3 
3 
2 
3 
2 
3 
3 
3 
3 
2 

Limit 

115—150 
110—150 
105—150 
105—145 
90—160 

100—145 
90—145 
90—145 
90—140 
90—145 
90—140 
90—140 

Am 
kcal mol - 1 

42.9 
42.7 
42.3 
43.2 
43.0 
43.3 
36.5 
36.8 
37.3 
37.3 
37.0 
37.5 

ASi 
cal K- 1 mol"1 

74.4 
76.3 
76.6 
81.0 
80.6 
80.5 
68.8 
70.1 
72.2 
72.3 
72.3 
71.3 

a) Log P(Torr) = - (A/T) + B, 
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Sample 

TABLE 2. VAPOR PRESSURES AND ENTHALPIES OF SUBLIMATION OF Tb AND Dy CHELATES 

(1 cal = 4.184 J) 

Aa> 
Error Limit Am AS°T 

20.238 
17.464 
20.390 
17.627 

% 

3 
3 
6 
3 

°G 

100—147 
100—160 
100—115 
100—140 

kcal mol - 1 

41.5 
36.1 
41.0 
36.3 

cal K- 1 mol"1 

79.4 
66.7 
80.1 
67.5 

Tb2(thd)6 

Tb(thd)3 

Dy2(thd)6 

Dy(thd)3 

9072.6 
7897.3 
8963.8 

7934.2 

a) Log P(Torr) = - (A/T) + B. 

O 

10-' 

io-2 

10r3 

160 

K 

1 

150 

Temperature/°G 

140 
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• • " 1 
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1 1 

-\ 

J 

2.3 2.4 2.5 2.6 2.7 

r-vkK-1 

Fig. 5. Glausius-Glapeyron plots of Tb(thd)3 and Dy-
(thd)3 chelates. 
# : Temperature-ascending process of the Tb chelate, 
O : temperature-descending process of the Tb chelate, 
• : temperature-ascending process of the Dy chelate, 
• : temperature-descending process of the Dy chelate. 

from a monoclinic dimer to an orthorhombic mono­
mer.9) The enthalpy of sublimation of the T b chelate 
in lower temperature range (100—147 °G) was similar 
to those of lighter lanthanoids (La to Gd) , and the 
enthalpy in upper temperature range (147—160 °C) 
resembled those of heavier lanthanoids (Ho to Lu) 
and yttrium. O n the other hand, the Clausius-
Clapeyron plots in the temperature-descending procesess 
did not break at 147 °C and followed a straight line. 
The enthalpy of sublimation obtained from this line 
was the same as those in the upper temperature range 
(147—160 °C) of the ascending process, and almost 
equal to those of heavier lanthanoid chelates. T h e 
sublimation behavior of Dy( thd) 3 chelate is similar to 
that of the T b chelate. The Dy chelate also changed 
its crystal structure at about 115 °C. The thermal 
transitions of the T b and Dy chelates were found to 
be irreversible. The thermal behaviors of the Ln-
(thd)3 chelates were found to be classified into three 
groups: La to Gd, T b and Dy, and Ho to Lu. Figure 
6 gives a relationship between the enthalpy of sub­
limation and the atomic number. The difference in 
enthalpy of sublimation between the lighter lanthanoids 
(La to Gd) and the heavier ones (Ho to Lu) is 6—8 
kcal/mol (1 ca l=4 .184 J ) , which appears to correspond 
to the transition enthalpy of dimer to monomer of 

B 

OH 

<J 

Gd Tb Oy Ho Er Tm Yb 

Fig. 6. Enthalpies of sublimation of Ln(thd)3 as a 
function of atomic number. 

the T b and Dy chelates. 
Partial X-ray powder patterns of the Ln( thd ) 3 

chelates are compared in Table 3. The patterns of 
the lighter lanthanoid chelates of La to Gd were dif­
ferent from those of heavier ones of Ho to Lu and 
yttrium. Erasmus and Boeyens reported the Pr chelate 
to be a monoclinic dimer.10) The crystal structure 
of Er ( thd) 3 and Lu( thd) 3 chelates have also been 
reported to be those of an orthorhombic monomer.11»12) 
T h e crystal structure of the T b chelate is the same 
as those of the lighter lanthanoid chelates. In the 
previous work,9) the freshly sublimated T b chelate 
has been found to change in crystallographic mo­
dification from a monoclinic dimer to an orthorhombic 
monomer at 147 °C, by means of differential scanning 
calorimetric technique and X-ray powder diffraction 
at elevated temperature. T h e breaking point on the 
Clausius-Clapeyron line of the T b chelate corresponds 
to the temperature of its thermal transition. Fresh 
Dy( thd) 3 chelate was obtained in two different X-ray 
crystallographic systems by vacuum sublimation: a 
monoclinic dimer form and an orthorhombic monomer 
form. Vapor of the Dy chelate crystallizes in or­
thorhombic monomer form under the sublimation con­
dition with a gentle temperature gradient, although 
it deposits in the monoclinic dimer form on the, cooler 
of the molecular still if sublimed with a steep tem­
perature gradient (100 °C/cm). Infra-red spectra of 
the freshly prepared lighter lanthanoid chelates were 
different from those of the heavier ones a t 1300— 
1250 cm- 1 , 1250—1100 cm"1 , 970—940 cm"1 , 810— 
770 cm - 1 , and 510—450 cm"1 , as shown in Fig. 7. 
T h e spectral shape of the fresh T b chelate was com­
pared with those of lighter lanthanoid (La, Pr-Gd) 
chelates and found to be identical over the range of 
4000 to 600 cm"1 . O n the other hand, the I R spectra 



1372 Ryohei AMANO, Akiko SATO, and Shin SUZUKI [Vol. 54, No. 5 

T A B L E 3. PARTIAL X - R A Y POWDER PATTERNS OF SOME LANTHANOID AND Y CHELATES (d, Â) 

La2(thd)6 

14.72 w 
13.59 w 
12.22 s 
11.40s 
10.84 s 

9.66 m 
9.11 w 

8.88 w 

4.75 w 
4.67 w 
4.62 w 

Pr2(thd)6 

14.48 w 

11.94 s 
11.25m 
10.84 s 

10.21 w 
9.60 w 
9.20 w 

8.93 m 

5.69 w 
5.38 w 

5.00 w 
4.74 w 
4.67 m 
4.62 m 

Nd2(thd)6 

14.48 w 
13.59 w 
12.02 s 
11.32s 
10.84 s 

9.30 w 

8.93 m 

5.71 w 
5.37 w 

5.00 w 

4.67 m 
4.59 m 

4.32 w 
4.20 w 

Eu2(thd)6 

14.48 w 

11.94 s 
11.32s 
10.91 s 

10.16 w 
9.60 w 
9.30 w 

8.93 m 

5.71 w 
5.35 w 

5.00 w 

4.65 m 
4.58 m 

4.31 w 
4.22 w 

Gd2(thd)6 

14.48 w 

12.05 s 
11.32s 
10.91 s 

10.21 w 
9.66 m 
9.28 m 

8.93 m 

5.73 w 
5.37 w 

5.00 w 

4.67 m 
4.59 m 

4.31 w 
4.19 w 

Tb2(thd)6 

14.48 w 

11.94s 
11.18s 
10.91 s 

10.10 w 
9.60 w 
9.20 m 

8.88 m 

5.71 w 
5.34 w 

4.98 w 

4.64 m 
4.57 m 

4.27 w 
4.21 w 

Dy(thd)3 

10.84 s 

9.30 s 

8.84 m 
7.37 m 
6 .91m 
6.80 m 
5.68 w 
5.37 w 
5.17s 
5.00 m 
4.71 m 
4.64 m 
4.55 s 

4.39 m 

4 . 1 7 m 
4.05 m 

Ho(thd)3 

10.80 s 

9.28 s 
9.06 m 

8.84 s 
7 .37m 
6.91 m 
6.80 m 
5.69 w 
5.35 w 
5.15s 
5.03 m 
4.72 m 
4.64 m 
4.55 m 
4.50 w 
4.39 s 

4.18 m 
4.05 m 

Er(thd)3 

10.79 s 

9.30 s 
9.06 m 

8.84 s 
7.37 m 
6.91 s 
6.83 m 
5.71 w 
5.34 w 
5.15s 
5.03 m 
4.72 m 
4.64 m 
4.58 m 
4.50 w 
4.39 s 

4.21 m 
4.05 w 

Yb(thd)3 

10.77 s 

9.20 s 
9.06 m 

8.79 s 
7.34 m 
6.86 s 
6.80 m 
5.64 w 
5.34 w 
5.11 s 
5.00 m 
4.71 m 
4.61 m 
4.55 m 
4.46 w 
4.39 s 

4.16 m 
4.04 m 

Y(thd)3 

10.77 s 

9.25 s 
9.06 m 

8.84 s 
7.37 m 
6.91 m 
6.80 m 
5.68 w 
5.34 w 
5.15s 
5.02 m 
4.72 m 
4.64 m 
4.57 m 
4.49 w 
4.40 s 

4.18 m 
4.05 m 

s = Strong; m—medium; w=weak. 

hii/i/^vi/lf MfHfl IWr^n 
P~YM^ hhh V v v 

VmY^^W—r~Ar^ $$h^4^^ V V V 
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3!ÄHITVVI 
%PTfTf 

—1 1 1 1 1 i r i i i l 

T A B L E 4. VACUUM SUBLIMATION-RECRYSTALLIZING 

TEMPERATURE RANGES OF LANTHANOID AND Y CHELATES 

1300 1200 1100 1000 900 600 700 600 500 400 
Wave Number/ cm"' 

Fig. 7. I R spectra of the freshly sublimated Ln( thd ) 3 

and Y( thd) 3 chelates. 

of the pre-heated T b and Dy chelates were identical 
with those of the heavier lanthanoid (Ho-Lu) chelates. 

Sample Temperature range/0 G 

La2(thd)6 

Pr2(thd)6 

Nd2(thd)6 

Sm2(thd)6 

Eu2(thd)6 

Gd2(thd)6 

Tb2(thd)6 

Dy(thd)3 

Ho(thd)3 

Er(thd)3 

Tm(thd)3 

Yb(thd)3 

Lu(thd)3 

Y(thd), 

88—141 
88—139 
86—137 
87—129 
79—126 
74—125 
66—117 
46—75 
49—74 
49—74 
48—71 
45—66 
46—67 
52—80 

Vacuum sublimation-recrystallizing temperature 
zones can be observed discretely and reproducibly 
at the higher temperature site of the deposition zone, 
while the tailing appears in its lower temperature 
site. T h e vacuum sublimation-recrystallizing tem­
perature zones of the Ln( thd) 3 chelates are summarized 
in Table 4. Figure 8 shows the plots of the highest 
temperature of vacuum sublimation-recrystallizing zone 
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TABLE 5. CRITICAL VALUES OF LANTHANOID 

AND Y CHELATES 

Sample 

La2(thd)6 

Pr2(thd)6 

Nd2(thd)6 

Sm2(thd)6 

Eu2(thd)6 

Gd2(thd)6 

Tb2(thd)6 

Dy(thd)3 

Ho (thd) 3 

Er(thd)3 

Tm(thd)3 

Yb(thd)3 

Lu (thd) 3 

Y(thd), 

^ i 8 o ° c a ) 

2.7X10-2 

8.9X10-2 

1.6X10-1 

5.4X10-1 

5.6X10-1 

1.2 
1.1 
1.3 
2.0 
2.8 
4.4 
5.0 
6.7 
2.2 

P b) 
- ' v . s . r . ' 

3.0X10-4 

7 . 9 x l 0 - 4 

1.2X10-3 

1.2X10-3 

8 . 6 x l 0 - 4 

1.8x10-3 
1.6x10-3 
6.7x10-« 
8 . 4 x l 0 - 6 

1.1 XlO-5 

8 . 5 x l 0 - 6 

4 . 4 x l 0 - 6 

7 . 8 x l 0 - 6 

1 .6x l0 - 5 

yc) 

9.0X101 

1.1X102 

1.3x10 s 

4.5X102 

6.5X102 

6.7 x10 s 

6.9X102 

1.9x10 s 

2 .4x10 s 

2 .5x10 s 

5.2x10 s 

1.1 XlO6 

8.6x10 s 

1.4x10 s 

a) -P18o°c indicates the pressure of chelate gas which is 
taken as the vapor pressure of the chelate at the tem­
perature of heating site(180°G). b) Pv.s.r. is the 
saturated vapor pressure of the chelate at the highest 
site of vacuum sublimation-recrystallizing temperature. 
c) y is the critical value calculated from the equation, 
y = ^180 oc/^v.s .r . -

as a function of the atomic number of the corresponding 
lanthanoid. The plots can be classified in two distinct 
groups (La to T b , and Dy to Lu) that coincided with 
the two different crystal structures observed from X -
ray powder diffraction patterns. The Dy( thd) 3 chelate 
purified under the gentle temperature gradient be­
longed to a class of heavier lanthanoids. The lighter 
lanthanoids (La to Tb) form a monoclinic dimer 
system, and heavier ones (Dy to Lu) recrystallize in 
orthorhombic form on purification from the vapor 
phase. T h e vacuum sublimation-recrystallizing tem­
perature can be explained on the basis of crystalliza­
tion in the dimeric or monomeric system from the 
chelate vapor. Monomeric chelate gas of the lan­
thanoid will solidify to form a dimer system according 
to either of the following equations: 

2Ln(thd)3(gas) -> Ln2(thd)6(gas) -> Ln2(thd)6(solid), 

(5) 

or 
2Ln(thd)3(gas) -> 2Ln (thd) 3 (solid) -> Ln2 (thd) 6 (solid). 

(6) 

The enthalpies of the above two reactions are larger 
than that of the reaction of monomeric gas to mono­
meric solid. The enthalpy of sublimation of a mono­
meric Ln(thd)3(solid) nearly equals 36 kcal/mol, and 
that of dimeric chelate is about 43 kcal/mol. From 
these results, the difference in the enthalpy of sub­
limation corresponds to the transition enthalpy of the 
following reaction: 

Ln2(thd)6(soid) -> 2Ln(thd)3(solid), (7) 

where the transition enthalpy of the reaction nearly 
equals 7 kcal/mol. In fact, the dimeric T b and Dy 
chelates change to the monomeric chelates endother-
mically.9) The enthalpies of both processes of (6) 

o o 

o o o 
o o 

La Ce Pr Nd Pm S m Eu Gd Tb Dy Ho Er Tm Yb Lu Y 

Fig. 8. Vacuum sublimation-recrystallizing tempera­
tures of Ln(thd)3 as a function of atomic number. 

can be calculated from the thermochemical data ob­
tained in this experiment. The volatilization process 
of the lighter lanthanoid chelate, Ln 2( thd) 6 , is re­
presented by the reverse of reaction (5) or (6). The 
lighter chelate thus requires more energy to vaporize 
than the heavier one. Deposition temperature is 
derived from overall sublimation-recrystallization pro­
cesses. T h e lighter chelate deposits in a higher tem­
perature zone than the heavier one. In general, the 
growth of crystals can be definitely observed at the 
"critical temperature."1 3) Moreover, the ratio y = 
PJPC, where Ph is the pressure of vapor phase and 
Pc is the saturated vapor pressure at the critical tem­
perature, have a characteristic value for each sample; 
this value is called the "critical value."13) The vacuum 
sublimation-recrystallizing temperature in this paper 
corresponds to the critical temperature. The critical 
values have been calculated to the individual lanthanoid 
chelates to find out what regularity may exist in vacu­
u m sublimation-recrystallization behavior; their values 
are given in Table 5. T h e critical values of the 
lanthanoid chelates were classified into two groups 
(La to T b , and Dy to Lu) that coincided with the 
groupings of the vacuum sublimation-recrystallizing 
temperature. To estimate vacuum sublimation-re­
crystallizing temperatures of a variety of /?-diketonato 
chelates, it would be necessary to collect the data of 
vapor pressures over the temperature range of de­
position zone and critical values for these compounds. 
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The Temperature Dependence of the Trapped and Averaged-valence 
State in Mono-oxidized Dialkylbiferrocenes 
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An interesting temperature dependence of the valence state was observed in the Mössbauer spectra of the 
mixed-valence salts of 1', r"-dialkylbiferrocenes, measured at various temperatures from 4.2 K to 300 K. A 
mechanistic consideration of the temperature dependence has been carried out assuming a conformational change 
of the monocation salts induced both by the variation in the temperature and by the kind of counter anion. 

The monocation salts of binuclear ferrocenes are 
so-called "mixed-valence" compounds, in which, for­
mally, two kinds of iron atoms, Fe(II) and Fe ( I I I ) , are 
simultaneously contained. I t is known that the mono-
cation salts can be classified into two types, a trapped-
valence type (or a mixed-valence type, in a narrow 
sense) and an averaged-valence one, by means of 
Mössbauer spectroscopy.1-7) The former type gives 
two different states of irons, corresponding to bi- and 
tervalent irons, while the latter gives iron atoms in 
an equivalent state averaged between these two kinds 
of valence states. As for biferrocene derivatives, vari­
ous monocation salts of biferrocene itself have been 
reported to be of the trapped-valence type,1»4) while 
r , r"-di iodobiferrocenium triiodide is of the averaged-
valence type.4) 

In the present paper, results will be reported on 
the temperature dependence of valence states in mono-
oxidized l ' , l ' " -diethyl- and r , l ' " -dipropylbiferro-
cenes^t investigated by means of Mössbauer spec­
troscopy. 

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

The biferrocene derivatives used in this study are 
listed in Table 1, all the compounds, 1—8, were 
identified by means of elemental analyses (1 and 5 
were also identified by N M R ) , the results of which 
are summarized in Table 2. The Mössbauer data 
for the neutral species, r , r ' ' -d ie thylbiferrocene (1) 
and r , r"-dipropylbi ferrocene (5), are shown in Table 
3, along with the data for unsubstituted biferrocene. 
The Mössbauer spectra of 1 and 5 at 78 K are shown 
in Fig. 1. The Mössbauer parameters of the sub­
stituted biferrocenes are actually identical to those 
of unsubstituted biferrocene at the same temperature, 
indicating that the replacement of hydrogens by alkyl 
groups does not affect the Mössbauer parameters of 
biferrocene. 

The Mössbauer parameters for the dication salts, 
l , , l , , ,-diethylbiferrocenium2+(BF4-)2 (3), l ' , l ' " -d ie thyl-
biferrocenium2+(DDQH-)2 (4), and l ' , l ' " -dipropylbi-
ferrocenium2+(BF4~)2 (8), are listed in Table 4, along 
with those for biferrocenium2 +(BF4

_)2 . The Mössbauer 
spectra of these dication salts, 3, 4, and 8 show broad 

TABLE 1. COMPOUNDS 

t Present address: Research Institute for Polymers and 
Textiles, Yatabe-Higashi, Tsukuba, Ibaraki 305. 

tt The proper name of this type of compound is Y,\'"-
dialkyl-l,r'-biferrocenyl according to the nomenclature fol­
lowed by the tentative IUPAG rule. 

Fe 

nX" 

Compound R x-
ly^-Diethylbiferrocene (1) 
lV'-Diethylbiferroce-

nium+I3- (2) 
r,l'"-Diethylbiferroce-

nium2+(BF4-)2 (3) 
r,l'"-Diethylbiferroce-

nium2+(DDQH-)2 (4) 
r , 1 '"-Dipropylbiferrocene (5) 
1 ', 1 '"-Dipropylbiferroce-

nium+Ig- (6) 
r , 1 '"-Dipropylbiferroce-

nium+(TCNQJ«r (7) 
r , 1 '"-Dipropylbiferroce-

nium2+(BF4-)2 (8) 

C2H5 

G2H5 

0 

1 

2 

2 

I 3 -

BF4-

DDQH- a> 

C3H7 0 

C3H7 1 I3~ 

C3H7 

( T C N Q J r b> 

BF4-

a) DDQH-

C N >o 

CI CI 

HO-<T=Vo-
CN CN 

< 

•CN" 

CN 

'CNV ~ 

CN-

b) (TCNQ 2 r 

CN1 X 
singlet peaks with very small quadrupole splittings, 
which are assignable to the ferrocenium-like tervalent 
iron, although generally no quadrupole splittings are 
found in the Mössbauer spectra of most mononuclear 
ferrocenium salts.8) The 78 K spectra of 3 and 8 
are shown in Fig. 2. The Mössbauer parameters of 
the dications of the diethylbiferrocene, 3 and 4, with 
BF4~ and D D Q H - respectively as the counter ion, 
are essentially identical a t the same temperature. 
Therefore, no effect of the counter anion was found 
on the parameters of these dication salts. These re­
sults agree with the fact that little difference can be 
detected in the Mössbauer parameters of mononuclear 
ferrocenium salts containing various anions as the 
counter ion.8) Furthermore, the Mössbauer param­
eters of 3, 4, and 8 are quite similar to those of bi -
ferrocenium2+(BF4~)2 at the same temperature. Thus , 
no effect of the alkyl substitution was found on the 
Mössbauer parameters of the dications. 
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TABLE 2. ANALYTICAL DATA 

[Vol. 54, No. 5 

Compound 
Galcd(%) Found (%) 

G H G H 

V'-Diethylbiferrocene (1) 
', 1 '"-Diethylbiferrocenium+Ig- (2) a> 
', 1 "'-Diethylbiferrocenium2+(BF4~) 2 (3) 
',1 '"-Diethylbiferrocenium2+ (DDQH-)2 (4)b> 
', 1 '"-Dipropylbiferrocene (5) 
', 1 '"-Dipropylbiferrocenium+Ig- (6) 
', 1 '"-Dipropylbiferrocenium+ (TG NQJ 2" (7) c> 
', 1 '"-Dipropylbiferrocenium2+(BF4~) 2 (8) 

67.64 
35.75 
48.06 
54.46 
69.36 
37.40 
69.62 
49.67 

6.15 
3.25 
4.37 
3.20 
7.12 
3.62 
4.44 
4.85 

67.67 
35.66 
47.99 
54.90 
68.75 
37.49 
69.59 
49.77 

6.39 
3.21 
4.40 
3.40 
6.66 
3.72 
4.52 
4.82 

a) Iodine analysis: Calcd, 47.18%; Found, 47.39%. 
Nitrogen analysis: Galcd, 12.99%; Found, 13.00%. 

b) Nitrogen analysis: Galcd, 6 .35%; Found, 6.40%. c) 

TABLE 3. MÖSSBAUER DATA FOR T, T^-DIETHYLBIFERROCENE (1), V, T^-DIPROPYLBIFERROCENE (5), 

A N D BIFERROCENE 

Compound Temperature/K (5a)/mm s - 1 A ^ / m m s_1 

l',r"-Diethylbiferrocene (1) 

T, 1 "'-Dipropylbiferrocene (5) 

Biferrocene 

300 
78 

300 
78 

298 

78 

a) Isomer-shift data are reported with respect to metallic iron foil, b) See Ref. 9, 

0.45 
0.55 
0.44 
0.55 
0.45b> 
0.45°) 
0.55b) 
0.52c> 

Ref. 9. < :) See Ref. 

2.30 
2.34 
2.30 
2.31 
2.30b> 
2.30c> 
2.34b> 
2.36c> 

17. 

o 

a
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n
e
l/
 

23.0 
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Fig. 1. Mössbauer spectra at 78 K of V, 1'"-diethyl-
biferrocene (1) (top) and T, T^-dipropylbiferrocene 
(5) (bottom). 

Mössbauer measurements of the monocation salt, 
r , r " -d ie thy lb i fe r rocenium + I 3 ~ (2), were carried out 
at ten different temperatures between 4.2 to 300 K. 
The Mössbauer da ta for 2 are summarized in Table 
5, along with those for the related compounds, while 
the spectrum a t each temperature is shown in Figs. 
3 and 4. As can be seen from Figs. 3 and 4, the 
shape of the spectrum greatly depends upon the tem­
perature of the measurement. The spectrum at 4.2 
K consists of inner and outer doublets in a nearly 
1:1 ratio ; these doublets are ascribed to the ferro-
cenium-like tervalent and ferrocene-like bivalent iron 
in 2 respectively. This spectrum is of the typical 

o 
\ 

22.21-

22.0 

21.8 

21.6 

21.4 h 

< • + ••• • • 

S s 
44.0 

43.5 

43.0 

42.5 

42.0 

* w * . 

-
-

» 

•>/••-% 

, 1 

Vw«....^ 

* 

_ I 

.* 

I 

.•.VH'^H^ 

1 1_A 

- 2 0 -1.0 0-0 1-0 2-0 3-0 

Velocity/mm s - 1 

Fig. 2. Mössbauer spectra at 78 K of 1', 1'"-diethyl-
biferrocenium2+(BF4-)2 (3) (top) and r, l '"-dipro-
pylbiferrocenium2+(BF4-)2 (8) (bottom). 

trapped-valence type. With an increase in the tem­
perature, however, the quadrupole splitting of the 
inner doublet increases, while that of the outer doublet 
decreases gradually. Eventually, at 275 and 300 K, 
2 shows typical averaged-valence spectra which consist 
of a single quadrupole doublet. 

The Mössbauer data for r , l ' ' ' -dipropylbiferrocen-
ium + I 3 ~ (6), are summarized in Table 6. The tem­
perature dependence of the Mössbauer spectra of 6 
was found to be very similar to that of 2, but the typical 
averaged-valence spectrum appears at a temperature 
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TABLE 4. MÖSSBAUER DATA FOR 1 ^ ' - D I E T H Y L B I F E R R O C E N I U M 2 + ( B F 4 - ) 2 (3), 1', I^-DIETHYLBIFERROCE-

N I U M 2 + ( D D Q H - ) 2 (4 ) , r , r / /-DIPROPYLBIFERROCENIUM 2 4-(BF 4-) 2 ( 8 ) , AND BIFERROCENIUM2 +(BF4-)2 

Compound Temperature/K (5a>/mm s~ AE^/mm s-

1 ', 1 ,,,-Diethylbiferrocenium2+ (BF4~) 2 (3) 
1 ', 1 ,,,-Diethylbiferrocenium2+ (DDQH-) 2 (4) 

1 ', 1 '"-Dipropylbiferrocenium2+(BF4~) 2 (8) 

Biferrocenium2+ (BF4~) 2 

78 
300 

78 
300 

78 
77 

m foil. 

0.54 
0.38 
0.48 
0.35 
0.54 
0.497b> 

b) See Ref. 1. 

0.17 
0.17 
0.17 

ca. 0.1 
0.14 
0.163e) 

a) Isomer-shift data are reported with respect to metallic iron foil 

113.8 

113.4 

113-0 \ 

112-6 
220 K 
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26.0 

25-8 
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Fig. 3. Mössbauer spectra of 1 ', 1 '"-diethylbiferrocen-
ium+Ig- (2) in the temperature range 4.2—220 K. 

about 25—30 degrees lower than that in the case of 
2, as is shown in Fig. 5. 

As was mentioned in the Introduction, the Möss­
bauer spectra of biferrocenium+I3~ and l ' , l ' " -di iodo-
biferrocenium+I3~ are of the trapped-valence and 
averaged-valence types respectively, neither of which 
is temperature-dependent. Consequently, it is ob­
vious that these monocation salts of the dialkylbi­
ferrocenes, 2 and 6, are an additional type of "mixed-
valence" compound, the valence state of which changes 
from the trapped-valence state to the averaged-valence 
one with the elevation of the temperature. Further­
more, from the Mössbauer spectroscopic behavior of 
the four monocation salts just discussed above, it can 
be said that the valence state of the mono-öxidized 
biferrocene system is greatly affected by the kind of 
substituent on the biferrocene system, while little effect 
of the substitution is found on the Mössbauer param­
eters of the neutral and dioxidized species. 

In previous papers we reported that the mono-
cation salt of tfj-indacenebis(cyclopentadienyliron) was 
the first example of a binuclear ferrocene salt which 
shows a remarkably temperature-dependent Mössbauer 

-1-0 0-0 

Velocity/mm s"1 

Fig. 4. Mössbauer spectra of 1 ', 1 '"-diethylbiferrocen-
ium+I3~ (2) in the temperature range 240—300 K. 

spectrum, that is, a trapped-valence-type spectrum at 
a lower temperature and an averaged-valence-type one 
at higher temperature.9»10) This temperature depend­
ence was interpreted successfully in terms of an elec­
tron-hopping process, in which the thermal electron-
transfer takes place between two iron atoms and the 
electron-transfer increases with the increase in the 
temperature. However, the behavior of 2 and 6 ob­
served in this study cannot be explained by using 
such an electron-hopping process, because the line-
broadening of the Mössbauer spectrum at intermediate 
temperatures, which is characteristic of such a pro­
cess,9»11-13) was not found for 2 and 6. I t was pre­
viously suggested that the difference in valence state 
between biferrocenium+I3~ and r , l ' ' ' -d i iodobiferro-
cenium+I3~ was attr ibutable to the conformational dif­
ference between these monocations.4) I t was also sug­
gested that the diiodo-monocation is in a . trans or 
eis conformation with respect to the iron atoms, which 
would enhance the interaction between the two iron 
centers. The change in valence state observed for 
2 and 6 seems to be understandable according to 
the following assumptions regarding the monocations: 
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that the conformation of the monocation of 2, as well 
as that of 6, at low temperatures (below about 200 K 
for 2) differs from that at high temperatures (above 
about 270 K for 2), and that the latter conformation, 
probably similar to that of the diiodo-monocation, 
causes strong interaction between the two iron atoms, 
tha t is, a full derea l iza t ion of electrons between the 
iron centers. At an intermediate temperature, it can 
be concluded that the conformation of the l ' , l ' " -
diethylbiferrocenium and r , l" ' -dipropylbiferrocenium 
monocation varies gradually from the low-temperature-

TABLE 5 . MÖSSBAUER DATA FOR 1' , r"-DIETHYLBIFERRO-

CENIUM+I3~ (2) 

ä"1 AÜVmm s - 1 f i / j /mm s - 1 Temperature/K 

300 
275 
267 

260 

240 

220 

200 

78 

25 

4.2 

<5a)/mm 

0.47 
0.47 
0.46 
0.45 
0.46 
0.46 
0.46 
0.47 
0.50 
0.50 
0.49 
0.48 
0.57 
0.55 
0.54 
0.54 
0.53 
0.54 

1.17 
1.16 
0.87 
1.42 
0.80 
1.51 
0.68 
1.64 
0.58 
1.72 
0.56 
1.80 
0.50 
1.88 
0.52 
1.91 
0.51 
1.93 

0.27 
0.33 
0.29 
0.27 
0.30 
0.29 
0.31 
0.30 
0.33 
0.30 
0.34 
0.32 
0.36 
0.32 
0.36 
0.34 
0.37 
0.35 

type conformation to the high-temperature-type one 
with an increase in the temperature. 

As indicated by the data cited in Table 6, the 
anion-substituted monocation salt of r , l ' " -d ip ropy l -
biferrocene, 1 ', 1 ' " -d ip ropy lb i f e r rocen ium^TCNQ,^ 
(7), was found to give averaged-valence-type Mössbauer 
spectra, which are not temperature-dependent. As 
has been described above, we found little effect of 
anions on the Mössbauer parameters for the mono­
nuclear ferrocenium salts; this was also demonstrated 
for the dioxidized r , r"-die thylbiferrocene of Möss­
bauer spectra in the present work. The difference 
observed in the temperature dependence of the Möss­
bauer spectra between 6 and 7 may suggest that the 
conformation of the r , l ' "-dipropylbiferrocenium mono-

T 
</) 
E 
£ 
\ 
a 
m 

2.0 

1-5 

1.0 

0-5 

— i 1—-

Ferrocene-like iron 

Ferrocenium-like iron 

-•—• « 

i i 

1 i 

- -o— - ' J*' 
•^•^ 

i i 
100 200 

Temperature/ K 

300 

a) Isomer-shift data are reported with respect to metallic 
iron foil. 

Fig. 5. Temperature-dependence of the quadrupole 
splittings of 1', 1 '"-diethylbiferrocenium+Ig- (2) and 
1 ', 1 '"-dipropylbiferrocenium+I3- (6). 
— • — • — lV'-Diethylbiferrocenium+Ia- (2), 
—O—O— V,1'"-dipropylbiferrocenium+Ig- (6). 

TABLE 6. MÖSSBAUER DATA FOR r,r"-DiPROpYLBiFERRocENiuM+I3- (6) AND 

lV'-DIPROPYLBIFERROCENIUM"1 ( T G N Q ) 2 " i ' (7) 

Compound 

1 ', 1 '"-Dipropylbiferrocenium+I3
- (6) 

1 ', 1 ",-Dipropylbiferrocenium+ (TCNQJ f 

Temperature/K 

300 
260 
240 

220 

200 

160 

78 

4.2 

(7)b> 300 
78 
4.2 

<5a>/mm s_1 

0.44 
0.45 
0.46 
0.46 
0.47 
0.45 
0.49 
0.49 
0.50 
0.50 
0.54 
0.54 
0.54 
0.53 

0.45 
0.52 
0.55 

A£Q/mm s_1 

1.16 
1.16 
0.97 
1.27 
0.78 
1.51 
0.75 
1.68 
0.64 
1.81 
0.60 
1.90 
0.57 
1.92 

0.84 
1.20 
1.27 

Fi/Jmrn s-1 

0.25 
0.33 
0.27 
0.27 
0.32 
0.31 
0.32 
0.31 
0.33 
0.32 
0.34 
0.33 
0.35 
0.33 

0.31 
0.36 
0.43 

a) Isomer-shift data are reported with respect to metallic iron foil, b) The presence of a small amount of the 
dioxidized species of 1,l"'-dipropylbiferrocene was detected. 
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c a t i on in t h e c rys ta l l ine s t a t e is c o n s i d e r a b l y in f luenced 
b y t h e c o u n t e r i on a n d con t ro l s t h e e x t e n t of i n t e r a c ­
t ion b e t w e e n t h e m e t a l cen te r s . 

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

Mössbauer Measurements. As the radioactive source for 
Mössbauer measurements a 57Go(Pt) moving in a constant-
acceleration mode was used. The Mössbauer spectra of 
2, 5, and 6 were obtained by using an Austin Science As­
sociates Mössbauer spectrometer and a proportional counter. 
The other spectra were obtained by using a Shimadzu 
Mössbauer spectrometer and a N a l scintillator. The isomer 
shifts are determined relative to metallic iron foil. T h e 
experimental errors of the Mössbauer parameters are estimat­
ed to be ± 0 . 0 3 mm/s. 

Materials. T h e r , l / "-die thylbi ferrocene 1 was pre­
pared by the Ul lmann coupling of 1-ethyl-l'-bromofer-
rocene,14) which had itself been obtained from the LiAlH4-
A1G13 reduction of 1 -acetyl- l '-bromoferrocene.15) 

The 1 ', 1 '"-dipropylbiferrocene 5 was prepared by the 
Ul lmann coupling of 1-propyl-l '-bromoferrocene, which had 
itself been obtained from the reduction of 1-propionyl-l '-
bromoferrocene. 1-Propyl-l '-bromoferrocene (2.5 g, 8.1 
mmol) mixed with 10 g of copper powder was heated to 
120—130 °G for 18 h in a sealed glass tube. 5 was rapidly 
separated from the starting materials by using column chro­
matography on a lumina; it was then obtained as reddish 
needles upon recrystallization from hexane. M p 67—68 
°G. * H N M R Ô 0.90 (6H, t ) , 1.46 (4H, m) , 2.16 (4H, t ) , 
3.90 (8H, s), 4.16 (4H, t) , and 4.30 (4H, t ) . 

The r , l , , , -d ipropylbi fer rocenium+(TGNQ) 2 "" (7) was 
synthesized according to the procedure used for the prepara­
tion of ferrocenium+(TCNQJ2~,1 6) as follows. T o a re-
fluxing solution of 82 mg (0.4 mmol) of T C N Q , in 30 ml 
of acetonitrile, a 91 mg portion (0.2 mmol) of 5 was added. 
After the reaction mixture had been refluxed for 15 min, 7 
was separated out as blue-black needles, but in a low yield, 
on cooling. 5 did not react with T C N Q , in boiling dichloro-
methane in place of acetonitrile. 

The 1',1 '"-diethylbiferrocenium+Ig- (2), 1', 1 '"-diethyl-
biferrocenium2+ (BF4~) 2 (3), 1 ', 1 '"-diethylbiferrocenium^-
( D D Q H - ) 2 (4), and l , , l , , ,-dipropylbiferrocenium2+(BF4-)2 

of Mono-oxidized Dialkylbiferrocenes 1379 

(8) were synthesized according to the procedures previously 
reported for the preparat ion of the corresponding salts of 
unsubstituted biferrocene.1 '2 '4) 

T h e analytical da ta for all the compounds described above 
are listed in Table 2. 
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The formation of donor-acceptor complexes between MeSnCl3 and 4-substituted pyridines has been inves­
tigated by analyzing the concentration dependence of NMR parameters. The formation of l(MeSnCl3) ^(pyri­
dine) and 1:1 complexes has been proved, and the equilibrium constants {Kx and K2) and complex formation 
shifts (AAB and AAB2)

 a r e determined for the successive formation of these complexes, log Kx and log K2 are 
in a good linear correlation with each other, and they have a tendency parallel with that of pK& of the pyridine 
derivative, suggesting a predominant contribution of o-bonding in the donor-acceptor bond. Both AAB and 
AAB2 indicate a high-field shift on the formation of the complex, which is consistent with the expected electron 
transfer in the donor-acceptor bond. However, AAB varies inversely to the basicity of the pyridines; 
the anisotropy effect of the pyridine ring is suggested as the reason for this. The results are also discussed in rela­
tion to Hammett's substituent constant. 

Among a variety of organometallic compounds, 
organotins are particularly stable and so are widely 
used in industry and in pharmaceuticals. They are 
used, for example, as stabilizers and catalysts for 
synthetic polymers and such biocides as fungicides, 
bacteriostasis, and insecticides.1»2) These facts have 
stimulated recent studies of the related compounds 
by means of modern physical techniques.2 '3) In these 
studies, the physico-chemical properties and geo­
metries of the compounds as well as of their com­
plexes with bases have been the main subject. How­
ever, studies from the standpoint of solution chemistry 
are equally inevitable for a full understanding of the 
nature of these substances. We are interested in the 
intermolecular interaction in solution and have, there­
fore, set about studying the equilibria and thermody­
namics as well as the dynamics of the complex forma­
tion of organotin compounds. 

In the present work the complex formation of methyl-
tin trichloride (MeSnCl3) with several 4-substituted 
pyridines is investigated by means of analyzing the 
concentration dependence of the N M R chemical shift, 
and the equilibrium constant and the complex-for­
mation shift are determined for the 1 (MeSnCl3) : 
1 (pyridine) and 1:2 complexes. T h e results are dis­
cussed in relation to the basicity of pyridines as well 
as to the substituent effect. 

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

The MeSnCl3 and 4-nitropyridine were synthesized from 
Me2SnCl2

4) and 4-nitropyridine iV-oxide5) respectively. The 
other materials were from commercial sources. The 
MeSnCl3 was purified by sublimation under reduced pres­
sure at Ä 3 0 °G. The NMR spectra showed an impurity 
of Me2SnCl2 of less than 1%. The pyridines were distilled 
over BaO under normal pressure (pyridine and 4-methyl-
pyridine) and under reduced pressure (4-acetyl- and 4-
(methoxycarbonyl)pyridines). The 4-cyanopyridine was sub­
limed at « 70 °G, and the 4-nitropyridine was recrystallized 
several times from petroleum ether. The nitrobenzene was 
dried over BaO and distilled under reduced pressure. All 
the materials were stored in desiccators, and all operations 
of the above distillation and sample preparation for the 
NMR measurement were made in dry boxes under a relative 

humidity of <20%. The 1H NMR spectra were observed 
with a Hitachi R-22 spectrometer operating at 90 MHz 
and 34.1 °G. The chemical shifts and coupling constants 
were measured by means of a frequency counter within an 
error of ±0.1 Hz. As an internal reference, «0.02 vol % 
Me4Si was added to the solvent. The calculations were 
done on a NEAG S-900 computer at the Computation Center, 
Osaka University. 

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

MeSnCl 3 is known to form a 1:2 donor-acceptor 
complex with pyridine, as evidenced by the isolation 
of the complex from solution.6»7) Therefore, in in­
terpreting the equilibrium property of these systems, 
it is necessary to take into account the concurrent 
formation of 1:1 and 1:2 complexes. Although equilib­
r ium studies have often been reported with regard 
to the complex formation of methyltin halides,6) there 
have been very few analyses of the simultaneous for­
mation of 1:1 and 1:2 complexes.8) We have made 
a computer program, CONDEP, 9 ) which minimizes 
the standard deviation (a) between the observed and 
calculated N M R parameters—such as the chemical 
shift and the coupling constant—on the basis of the 
equilibrium of 1) A + B = A B , 2) A + 2 B = A B 2 , and 
3) A + B = A B and A B + B = A B 2 . In this program the 
N M R parameter can be measured on the side of either 
A or B, and several selections of the number of adjust­
able parameters are made possible. The calculations 
below are made through the use of this program. 

Composition of the Complex Formed in Solution. J o b 
plots are shown in Fig. 1 for the MeSnCl 3+4-methyl- , 
+4-acetyl- , and + 4-cyanopyridine systems. In the 
MeSnCl 3+4-methylpyr idine system, the errors are re­
latively large in the shift measurement and 2 y(SnH) 
is difficult to observe because of the signal broadening. 
T h e J o b plots of this system are almost the same in 
pat tern when the solvent is changed to GH2G12 from 
nitrobenzene. J o b plots were not obtained for the 
MeSnCl 3 +pyr id ine system because of precipitation 
during the sample preparation. The J o b plots of the 
MeSnCl 3+4-methoxycarbonyl- and + 4-nitropyridine 
systems are similar to those of the MeSnGl 3+4-acetyl-
and + 4-cyanopyridine systems (Figs, l b and le) rç* 
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( a ) 

0.5 

cPy / ( CSn+ cPy} 

( b ) 8 h 

0.5 

cPy / ( CSn+ cPy5 

1.0 

( c ) 4 h 

2 r 

Cpy/(CSn+ Cpy) 

Fig. 1. Job plots for the a) MeSnCl3+4-methylpyridine, 
b) MeSnCl3+4-acetylpyridine, and c) MeSnCl3+4-
cyanopyridine systems. 
CSn and Cpy are molarities of MeSnCl3 and the py­
ridines, respectively. C S n + C p y ~ 0.1 mol dm - 3 . A is 
equal to the variation in NMR parameters from a 
free state of the molecule under observation. R 
indicates mole fraction of the molecule under ob­
servation. A-R is negative for ö (GH3 in base) and 
2y(119SnH), but absolute value is plotted. # : Experi­
mental point for <5H(CH3 in base), A : experimental 
point for 2/(119SnH), O : experimental point for 
<5H(SnCH3). 

spectively. In all these systems, the plots show a 
plateau between 0.6—0.7 mole fraction of the base, 
irrespective of the N M R parameters observed, i.e., 
<5H(SnCH3), <5H(base), and 2J(SnH), supporting the idea 
of the formation of a 1:2 complex in solution as well. 
O n the other hand, the presence of a 1:1 complex 
is only inferred from the mole fraction corresponding 
t o the plateau, which is a little smaller than 0.67. 

This is ascertained below from the simulation of the 
N M R concentration dependences based on several 
models of the equilibrium. Hitherto, little has been 
reported about the 1:1 complex. 

Determination of the Equilibrium Constant and Complex-
formation Shift. T h e equilibrium constant (K) and 
the complex-formation shift (A), the latter being equal 
to the variation in chemical shift when complex for­
mation occurs, can be obtained from the simulation 
of the concentration dependence in the N M R shifts. 
For this purpose, the concentration of MeSnCl 3 is 
held constant a t an appreciably low molarity («0 .005 
M ) , while that of the base is varied. In this manner , 
the concentration dependence of ô (SnCH3) is ob­
tained as depicted in Fig. 2. This is analysed on 
the basis of the equilibrium of 1) A + 2 B = A B 2 and 
2) A + B = A B and A B + B = A B 2 , considering the re­
sults of the above J o b plots, which strongly support 
the 1:2 complex. The calculation based on the A -f-
2 B = A B 2 is shown in Table 1. In this table, the a 

W 

g 160 

M 
x: 

^170 
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/ is 

l f j'y* 

— ,., i 
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i ,.,. 1 

cPy/cSn 

10 

Fig. 2. Concentration dependence of <5H(SnCH3) in the 
systems of MeSnCl3+4-substituted pyridines. 
Substituent: 1; CH3, 2; H, 3; GOGH3, 4; COOCH3, 
5; GN, 6; NOa . CSn is held constant at «0.005 mol 
dm-3. 

TABLE 1. SIMULATION OF THE NMR CONCENTRATION 

DEPENDENCE ACCORDING TO THE EQUILIBRIUM 

OF A+2B=AB 2 

4-Substituent 
in pyridine log/ta> J A * b > a«) 

GH3 

H 
GOGH3 

GOOGH3 

CN 
N 0 2 

5.42 
5.16 
5.22 
4.74 
3.63 
2.85 

26.1 
23.8 
19.4 
20.0 
14.2 
11.4 

1.05 
0.49 
0.44 
0.54 
0.49 
0.54 

a) Equilibrium constants, K, in a unit of (dm3 mol-1)2. 
b) In a unit of Hz. c) a — standard deviation between 
the shifts of observation and calculation(Hz). 



1382 Hideaki FUJIWARA, Fumihiko SAKAI, Miyoko TAKEYAMA, and Yoshio SASAKI [Vol. 54, No. 5 

TABLE 2. SIMULATION OF THE NMR CONCENTRATION DEPENDENCE ACCORDING TO THE EQUILIBRIUM 

OF A + B = AB AND AB + B=AB2 

4-Substituent 
in pyridine tog*!») logiC2a) JABb> ffO 

GH3 

H 
GOCHg 
GOOGH3 
GN 
N 0 2 

4.07±0.63 
3 .66±0.92 
3 .43±0.34 
2 .61±0.04 
1.51±0.01 
1.03±0.01 

3.15±0.11 
2 .79±0.17 
2 .36±0.03 
2 .35±0.06 
1.31±0.01 
0 .83±0.03 

- 6 . 3 ± 1 . 2 
- 5 . 8 ± 0 . 8 
- 6 . 9 ± 0 . 4 
- 9 . 2 ± 1 . 0 

- 1 3 . 9 ± 0 . 2 
- 1 4 . 8 ± 0 . 3 

- 2 6 . 4 ± 0 . 5 
- 2 5 . 3 ± 0 . 4 
- 2 2 . 3 ± 0 . 3 
- 2 1 . 7 + 0.3 
- 2 2 . 0 ± 0 . 3 
- 1 7 . 4 ± 0 . 5 

0.46 
0.31 
0.19 
0.09 
0.08 
0.11 

a) Kx and K2 in a unit of dm3 mol -1, b) In a unit of Hz. c) See footnote c) in Table 1. 

amounts to 0.4—1.1 Hz. Furthermore, the deviation 
between the observed and calculated shifts is found 
to change systematically with the molarity of the 
base. These facts indicate the inadequacy of the 
model adopted. When the equilibrium of A + B = 
ABÇKj) and AB-f B=AB2(ÜT2) is assumed, four param­
eters have to be taken into account, i.e., Kx, K2, 
(3AB, and 6AB2, the latter two being identified as the 
(5H(SnCH3) in the AB and AB2 species respectively. 
Under these conditions, it proved necessary to obtain 
a rough estimate of the four parameters for the simul­
taneous determination of these parameters in the 
simulation. T h a t is, the same final values were not 
always reached if the corresponding initial values were 
considerably changed. This is not the case in the 
above two-parameter calculation; it can be interpreted 
by saying that a small variation in one parameter 
is compensated for by that in others, with the a almost 
unchanged, if the number of adjustable parameters 
is increased.10^ When the concentration of the base 
was increased further in Fig. 2, <5H(SnCH3) was found 
to level off. This ultimate value of <5H(SnCH3) should 
correspond to (5AB2, and so a three-parameter calcu­
lation becomes feasible, eliminating <5AB2 from the 
variables. T h e values of the 4 parameters thus esti­
mated are next used as the initial ones in the four-
parameter calculation. Thus , a final set of all the 
parameters is obtained (Table 2). Errors are also 
estimated in the C O N D E P program for each parameter 
as equal to the 9 5 % confidence range, which makes 
the o2 larger by 1.96 times when a parameter under 
consideration is varied, whereas the others are held 
constant. T h e average of such errors was usually a 
little larger than the reproducibility of each param­
eter in several repeated experiments; it is also de­
picted in Table 2. T h e relatively large o's in the 
MeSnCl 3 +4-methylpyr id ine and +pyr id ine systems 
are due to signal broadening. T h e relatively large 
errors in log Kx are caused by the experimental con­
centration conditions; that is, our experimental con­
centrations were rather suitable for the precise deter­
mination of small values of Kx and K2, but they were 
too high for the large value of Kx to be determined 
more accurately. 

Equilibrium Constant. A linear correlation is ob­
servable between the stability constants of the 1: 1 
and 1:2 complexes (Fig. 3). A least-squares fit by 
means of the y=ax equation proves the satisfactory 
linearity between them: 
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Fig. 3. Plots of log KXK2 and log K2 against log Kx. 
The numbering corresponds to that in Fig. 2. 

\ogKxK2 = 1.78 logKx, a = 0.20. a: 
This equation also implies a linear relation between 
log Kx and log K2, a least-squares fit leading to log 
K2=0.78 log Klf and a =0 .20 . These equations are 
reflections of the colinearity in the free-energy changes 
in the formation of 1: 1 and 1: 2 complexes ; the latter 
equation also means that the absolute value of the 
free-energy change in the second step is decreased 
to ca. 3/4 of that in the first step. Such a simple rela­
tion may be understood as indicative of the absence 
of a particular derivative in the pyridines treated 
here, which exerts a specific steric effect or which 
behaves differently in the complex formation. 

I t may be seen from Fig. 4 that logA"l5 logA"2, 
and log KXK2 change in parallel with p^a.

12> The fact 
that they are not in a strictly linear relation is 
obvious from the plots of log K2, for which the 
experimental accuracy is excellent. Such deviation is 
a little improved if log K2 is plotted against the ef­
fective substituent constant (a) determined from the 
Menschutkin reaction of pyridines with ethyl iodide 
in nitrobenzene13) (Fig. 5). The Hammet t p value 
can be determined from the log K/K0 vs. ~ö plots and 
is 2.9, which is equal to the value for the Menschutkin 
reaction, i.e., 2.94.13) This indicates that the donor-
acceptor bond formation is less sensitive to changes 
in electron density on the N atom than is the dis­
sociation of pyridinium ions (/> = 6.0112) and 6.2414)). 
This is a reasonable result, because the ionicity in the 
present donor-acceptor bond should be smaller than 
that in the N + - H bond of the pyridinium ion. As 
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Fig. 5. Correlation between log Kx and ff in nitroben­
zene. 
The numbering corresponds to that in Fig. 2. tr is 
cited from Ref. 13 and is available for the four deri­
vatives among the ones treated here. 

far as the electron-accepting group is concerned, the 
a -effect is known to be a dominant factor in the 
substituent effect on the dissociation of the pyridinium 
ioni2,i5) a n d o n t n e above Menschutkin reaction.13) 
Therefore, a parallel tendency between the log K's 
and pK& as well as <F can be interpreted as indicating 
dominant o-bonding in the formation of the present 
donor-acceptor complexes. 

T h e distribution curve of MeSnCl 3 is shown in 
Fig. 6 for the MeSnCl 3+4-methylpyr idine and -}-4-
cyanopyridine systems. This figure clearly demon­
strates that an appreciable amount of the 1:1 complex 
is formed in the solution. In Fig. 6a) the distribu­
tion to the free species of MeSnCl 3 rapidly falls off 
with the increase in the molar ratio, CFy/SaC. This 
is responsible for the relatively large error in log Kx 

in this system. If the initial concentration of MeSnCl 3 

is reduced further, the fall-off will become slower, 
making the value of K1 more accurate. However, 

Fig. 7. Plots of AAB and AAB2 against pK&. 
The numbering corresponds to that in Fig. 2. pK& is 
cited from Ref. 12. See text for the definition of 
AAB and AAB2. 

such an experiment is beyond the sensitivity of the 
spectrometer used here. 

Complex-formation Shift. T h e complex-formation 
shifts, AA3 and AAB2, which are defined as AAB— 
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ôAB—ôA and AAB2 = ôAB2 —<^A> a r e aU negative, indi­
cating a high-field shift on the formation of the com­
plex. This is consistent with the expectation from the 
electron transfer in the donor-acceptor bond. When 
AAB and AAB2 are plotted against pK&, a nearly linear 
relation is obtained (Fig. 7). I t is reasonable that 
AAB2 is varied to the high-field side by the more basic 
pyridine derivative. O n the contrary, AAB is seen 
to vary inversely with the basicity of the pyridine 
derivative, al though the plots in Fig. 7 are scattered, 
reflecting the relatively large errors in log Kx. As a 
reason for this inverse dependency, the anisotropy 
of the pyridine ring may be pointed out ; it originates 
from the ring current effect. T h a t the anisotropy 
effect really acts is also suggested by the variation 
of (5H(SnCH3) in Me2SnCl2 , which moves toward the 
low-field side on the addition of pyridine, contrary 
to the case when D M SO or H M P A is added. A 
detailed analysis of this effect will be worthwhile 
for the elucidation of structural problems in solution; 
it will be the subject of further work. 
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The thermal decomposition of sodium nitrate and the effects of several oxides, such as silica, titania, zirconia, 
alumina, and magnesia, on the decomposition were studied up to 900 °G by means of the thermal analysis, gas 
analysis, and chemical analysis of the reaction products. The reaction of sodium nitrate and silica was especially 
investigated in some detail over a wide composition range. The thermal decomposition of sodium nitrate started 
at about 450 °G. The gases formed were 0 2 , NO, and N2, the formation of N2 being detected above 680 °G. 
The thermal decomposition of sodium nitrate was supposed to consist of the following three successive or con­
current reaction processes, according to the degree of the reaction: (I) the decomposition of sodium nitrate to 
nitrite and oxygen, (II) the first-order liquid-phase reaction, with some kind of quantitative relationship between 
nitrate and nitrite, and (III) the formation reaction of sodium oxide, expressed by the Avrami-Erofe'ef equation. 
The (II) and (III) reaction processes can be reasonably interpreted if the existence of the peroxide ion is assumed. 
Acidic oxides, such as silica and titania, were supposed to lower the activation energy of the (III) reaction process 
by forming stable salts with sodium nitrate and/or its intermediate reaction products. The effects of these oxides 
on the thermal decomposition of sodium nitrate could be interpreted by the relative scale of the acidity of oxides. 

Sodium nitrate is one of the most important com­
ponents used in the chemical industry. In recent 
years, it has been used as the source of the sodium 
used in multi-component glass fibers for optical 
waveguides.1) This is because sodium nitrate has some 
advantages, such as oxidation and clarification effects, 
a low melting point, and a low decomposition tem­
perature. However, few studies have been made of 
the reaction of sodium nitrate and several oxides. 
Furthermore, in the studies of the thermal decom­
position of sodium nitrate,2 - 6) there are some disagree­
ment concerning the decomposition temperature and/ 
or the kind of gas formed. 

In the previous paper,7) the following results were 
obtained with regard to the reaction of sodium nitrate 
and silica: (1) the formed gases in this system up to 
800 °G were 0 2 and N O ; (2) 3 to 7 w t % sodium 
nitrite was present in the reaction system just before 
the formation of gas ceased ; (3) the reaction products 
were sodium metasilicate (Na 2Si0 3 ) and disodium dis-
ilicate (Na 2Si 20 5 ) , depending on the silica content in 
the sample mixtures, and (4) the history of preparation 
and the relative surface area of the silica scarcely 
affect this reaction. However, the mechanism of 
the thermal decomposition of pure sodium nitrate 
was not investigated, since this decomposition ap­
peared to be difficult to investigate in view of the 
creep-out of the melt of sodium nitrate from a plat inum 
reaction vessel. In relation to the decomposition of 
sodium nitrate, disagreements among the other work­
ers' paper2 - 6) seem to be caused by not taking account 
of the possibility of the effect of the experimental 
conditions, such as the measuring atmosphere and the 
material of the reaction vessel, on the decomposition, 
and by not setting up precise conditions of gas anal­
ysis. 

In this study, the thermal decomposition of sodium 
nitrate and the effects of silica, titania, zirconia, alu­
mina, and magnesia on the decomposition were in­
vestigated by a simultaneous measurement of thermo-
gravimetry (TG), differential thermal analysis (DTA), 

differential thermogravimetry (DTG) , and gas chro-
matograpy (GC), by which the gas formed could be 
analysed directly in a short t ime. Furthermore, the 
effect of silica addition was investigated over a rela­
tively wide range of silica compositions. 

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

Samples. Reagent-grade sodium nitrate, titania, 
zirconia, and magnesia from the Wako Chemical Industries, 
Ltd., and alumina from the Nishio Industries, Co., Ltd., 
were ground under 100 mesh in an agate mortar and dried 
in an oven at 100 °C. Commercially available a-quartz 
was also ground under 100 mesh by means of a ball mill, 
washed with acid and distilled water, and dried in the oven. 
Sodium nitrate was mixed with one of these oxides by dry-
blending at each run. The composition of sample is indi­
cated by the atomic ratio, X[ ( = i/Na; i==Si, Ti, Zr, Al, 
or Mg), in each sample mixture. 

Apparatus and Procedure. The TG-DTA measurement 
was carried out with a high-temperature thermobalance 
from the Rigaku Denki Co., Ltd. The DTG was carried 
out with a differentiator from the Rikadenki Kogyo Co., 
Ltd., in order to differetiate the TG curve. A GC-2C-type 
gas Chromatograph from the Shimadzu Seisakusho, Ltd., 
was used for quantitative gas analysis, in which silica-gel 
and molecular-sieve 5A were used as the column-packing 
reagents after treatment by the method descrived by Sakaida 
et a/.8> 

The simultaneous measurement of TG-DTA, DTG, and 
GG was carried out as follows. At first ,the sample mixture 
(less than 80 mg) was weighed in a reaction vessel (5 mm 
in diameter, 5 mm in depth), and this vessel was placed on 
a sample holder in the thermobalance; then, the ambient 
gas was introduced into the measuring system and adjusted 
to the desired flow rate (50 cm3 min - 1). Secondly, the 
sample was heated at 20 °G min - 1 and then held at 250 °G 
for about one hour. By this procedure, a trace amount 
of adsorbed water could be removed. The sample was 
then heated up to the desired temperature at the rate of 
5 °G or 20 °C per min. In gas chromatography, argon was 
used as the carrier gas, and the gas formed from the sample 
was introduced into the gas Chromatograph every 2 min 
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It took less than one minute from gas formation to gas sam­
pling. 

On the other hand, the reaction products were identified 
by X-ray powder diffractometry with Gu Ka radiation. 
These reaction products were also used for quatitative anal­
ysis. About 100 mg of the reaction products were dis­
solved in water for one hour and then filtered. The un-
reacted silica was determined from the amount of dissolution 
residue. The silicates and total sodium were determined by 
atomic absorption spectrometry and flame emission spec­
trometry respectively. The sodium nitrate and sodium ni­
trite were determined by using a nitrate-ion electrode from 
the Toa Electronics, Ltd., and by UV spectrometry with 
sulfanilic acid respectively. 

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

Effect of Experimental Condition on the Thermal De­
composition of Sodium Nitrate. In order to inves­
tigate the thermal decomposition of sodium nitrate 
and the effects of several oxides on the reaction, various 
factors which seemed to affect the reaction were in­
vestigated. They are, for example, the amount of 
the sample mixture, the heating rate, the ambient 
gas and its flow rate, and the material of the reaction 
vessel. T h e use of a small amount of the sample 
would result in a better thermal response. Taking 
the accuracy of the measurement into consideration, 
a sample mixture containing 8.5, 10.0 or 17.0 mg of 
sodium nitrate was used. In the binary system of 
sodium nitrate and silica, the similar shapes of the 
T G and D T G curves, and also the similar behavior 
of gas formation, were shown for the sample with the 
same value of XSi in the ranges from 14.5 mg to 58.0 
mg (JfS i=1.0) and from 38.0 mg to 77.0 mg (Xsl=5.0). 
The heating rate and the flow rate of the ambient gas 
scarecely affected the decomposition in the range in­
vestigated here; therefore, they were not important 
experimental factors. I t is well known that a quartz 
or Pyrex-glass reaction vessel affects the decomposition. 
The reason for this is that sodium nitrate reacts with 
these vessels to form stable salts. O n the other hand, 
plat inum and stainless steel vessels seldom affect the 
decomposition; however, a creep-out of the fused 
sample from the vessel sometimes occurs. The re­
activity of the vessels and the creep-out of the sample 
were investigated with plat inum, gold, and two kinds 
of sintered magnesia vessels (MgO-A vessel: pressed 
at 9 . 3 x l 0 3 k g c m - 2 and heated at 1000 °C for one 
day; MgO-B vessel: pressed at 1.85 x 104 kg c m - 2 and 
heated at 1000 °C for two days). There are no ap­
preciable difference among these reaction vessels. 
Figure 1 shows the D T G curves and the behavior 
of the gas formation when a plat inum or MgO-B 
vessel was used. The rate of weight loss, da/dt , is 
the differential of the fraction of weight loss, a, with 
respect to the reaction time, t. Ro2, -#NO> a n d ÄN2 

are the formation rates of 0 2 , N O , and N2 , respec­
tively per mole of sodium nitrate. These results re­
semble each other below 700 °G. If the MgO-B 
vessel affected the decomposition, this behavior when 
a MgO-B vessel is used would be similar to that in 
the reaction of sodium nitrate and magnesia, which 
will be described later. When the sodium nitrate 

N« 0.04 

1 '5 0 , ° 2 

4, J* 0.02 

300 500 700 900 
Temperature / °C 

Fig. 1. DTG curves and the behavior of gas formation 
for the thermal decomposition of sodium nitrate with 
platinum (A) or MgO-B (B) reaction vessel in argon 
atmosphere. The solid line, the interrupted line and 
the dotted line indicate the formation rate of Oa 

(R02), NO (ÄN0), and N2 (ÄNj), respectively. 

was held at a constant temperature, the MgO-B vessel, 
where no creep-out of the melt occurred, was used 
because it required a long time for measurement (for 
example, it took 260 min at 592 °C). 

Then, the effect of the heating atmosphere, such 
as argon, nitrogen, oxygen and air on the reaction of 
the binary system of sodium nitrate and silica was 
investigated at the flow rate of 50 cm3 m in - 1 . Figure 
2 shows the T G curves and D T G curves for the reac­
tion in argon (a) and oxygen (b). T h e T G and D T G 
curves for the reaction in nitrogen showed a shape 
similar to those obtained in argon. In air, they showed 
an intermediate shape between (a) and (b). The 
D T G curve of (b) showed peaks at 730 °C and 755 
°G and shifted to a higher temperature than that of 
(a). From these results, it is evident that the partial 
pressure of oxygen (perhaps also nitrogen monoxide) 
affects the decomposition. 

Thermal Decomposition of Sodium Nitrate. Figure 
3 shows the results of the simultaneous measurement 
of TG-DTA, D T G , and GG on the thermal decompo­
sition after heating at 5 °G min - 1 . The D T A curves 
show the endothermic peaks at 278 °C and 308 °G 
which correspond to the transformation and melting. 
T h e T G and D T G curves indicate that the decomposi­
tion finished at 800 °G. I t is found from the behavior 
of gas formation that, at first, sodium nitrate generates 
0 2 , secondly, O a and N O , and then, over 680 °C, 
0 2 N O , and N2 . O n the decomposition of sodium 
nitrite, the formation of N 2 was scarecely detected, 
so the formation must be caused by the reaction pro-
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500 

Temperature / 

Fig. 2. TG and DTG curves for the reaction of sodium 
nitrate and silica (XSi=1.0) in argon (a) or in oxygen 
(b). 

CM m 

300 500 700 900 

Temperature / °C 

Fig. 3. TG, DTA, and DTG curves, and the behavior 
of gas formation for the thermal decomposition of 
sodium nitrate in argon atmosphere. The solid line, 
the interrupted line and the dotted line indicate 
Ro2, ÄN0, and ÄN2, respectively. 

cess that sodium nitrate directly decomposes or reacts 
with its reaction products. 

Furthermore, the decomposition was investigated at 
various constant temperatures in the range from 592 
°G to 703 °C. Figure 4 and 5 show the T G curves 

40 60 80 100 

Reaction time, t / min 

Fig. 4. TG curves for the thermal decomposition of 
sodium nitrate in argon. 
(a): 592 °C, (b): 611 °C, (c): 625 °G, (d) : 648 °G, 
(e) : 672 °G, (f) : 703 °G. 

20 40 60 80 

Reaction time, t / min 

Fig. 5. The behavior of gas formation for the thermal 
decomposition of sodium nitrate at 648 °G (A) and 
672 °G (B). The solid line and interrupted line 
indicate R02 and ÄN0, respectively. 

and the behavior of gas formation respectively. 
The T G curves in Fig. 4 were analysed by the 

method described by Hancock and Sharp.9) This 
method is based on the Avrami-Erofe'ef equation 
(Eq. 1): 

( - l n ( l - « ) ) V » = k*, (1) 

where a is the fraction reacted, k is the kinetic constant, 
and t is the reaction time. T h e n value is a constant 
peculiar to this type of reaction ; usually, it is an integer 
larger than 2. Hancock showed that, when In (—In 
(1—a)) is plotted against (In t), an approximately 
linear relation is observed for many kinds of solid-
state reactions and the first-order and zeroth-order 
reactions. For the first- and zeroth-order reactions, 
the n slopes equal unity and 1.24 respectively. Figure 
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6 illustrates the In (—In (1—a)) vs. (In t) plots for the 
decomposition of sodium nitrate. Figure 6 shows the 
ranges in which the kinetic equation of the first-order 
reaction is valied (a<0.85) and in which the Avrami-
Erofe'ef equation with n=3 is valid (o£>0.85). In 
the a ranges mentioned above, the T G curves being 

Reaction time, t / min 

10 20 100 200 

Ö - 2 

F 

0 . 3 0 

-4 L 
3 4 

In ( t / min ) 

Fig. 6. ln( —ln(l—a)) versus (In t) plot for the thermal 
decomposition of sodium nitrate. 
(a): 592 °G, (b): 611 °G, (c) : 625 °G, (d): 672 °G, 
(d): 703 °G. 

Ö l . o H 

40 60 

Reaction time, t / min 

Fig. 7. Estimation of TG curves with the kinetic equa­
tion of the first order reaction (A) and Avrami-Erofe'ef 
equation with w=3 (B) for the thermal decomposition 
of sodium nitrate. 

estimated with the kinetic equation of the first-order 
reaction and the Avrami-Erofe'ef equation, Fig. 7 ob­
tained. They give approximately linear plot. The 
kinetic constants were obtained from these slopes. 
From their Arrhenius plot, the apparent activation 
energy was calculated to be 223 k j m o l - 1 for the 
first-order reaction below 648 °G and 243 k j mol" 1 for 
the n=3 range above 672 °G. 

The behavior of gas formation was analysed by 
the method of plotting the formation ratio of O a to 
N O versus oc. They are illustrated in Fig. 8, which 
shows that the formation of O a is remarkable at the 
initial and final stages of the reaction. In the middle 
stage of the reaction, the Ro2IRxo value is nearly con­
stant in the a range from 0.25 to 0.75. This strongly 
suggests that it is reasonable to divide the thermal 
decomposition of sodium nitrate into three successive 
or concurrent reaction processes. From the analysis 
of the solid-state reaction products, it was found that 
the amount of sodium nitrite in the melt increased 
at the initial stage of the reaction and decreased at 
the middle and final stages. The three predominant 
reaction processes in the initial, middle and final 
stages of the reaction may be summalized as follows: 

Process I (predominant in the initial stage); the 
thermal decomposition of sodium nitrate to nitrite and 
oxygen (Eq. 2) 

NaN0 3 = NaN0 2 + l /20 2 . (2) 

This reaction process has been studied by several 
workers.2-6) 

Process I I (predominant in the middle stage); the 
first-order liquid-phase reaction with some kind of 
quantitative relationship between nitrate and nitrite 
in the melt ; the reverse reaction of sodium nitrite 
to form nitrate also occured. This can reasonably 
be interpreted if the existence of sodium peroxide or 

0.2 0.4 0.6 0.8 1.0 

Fraction of weight loss, a 

Fig. 8. The ratio of the formation rate of Oa to NO, 
^O 2 /^NO at various constant temperatures. 
(a): 611 °G, (b) : 648 °G, (c) : 672 °G, (d): 703 °G. 
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hyperoxide as an intermediate during the decomposi­
tion of sodium nitrate is assumed. Paniccia et al.10) 
reported that sodium peroxide was the main basic 
species in (sodium-potassium) nitrate eutectic in vacuo. 
Under the argon flow, peroxide is also considered to 
be the main basic species. This reaction process is 
expressed by the following equations: 

NaN0 2 = l/2Na202 + N O (3) 

Na202 - Na20 + O (4) 

NaNOa + O = NaN0 3 (5) 

Na202 + O = NaO + 02. (6) 

As the equilibrium constant of the I reaction process 
(Eq. 2) increases with an increase in the temperature, 
the i?o2/i?No value of the I I precess will be close to 
0.25, which is the formation ratio of O a to N O in 
Eq. 7: 

NaN0 2 = l /2Na20 + NO + l /40 2 (7) 

Precess I I I (predominant in the final stage) ; the 
reaction process to form sodium oxide. Eq. 1 was 
applied to the solid-state reaction by taking account 
of the nucleation at various places in a crystal and the 
gradual piling up of these nuclei with the progress 
of the reaction. However, in the I I I process, it is 
reasonable to conclude that the reaction proceeds by 
means of a mechanism by which oxide precipitates 
are formed from the melt and the precipitate becomes 
the nuclei of the subsequent reaction. This process 
was remarkable at higher temperatures. 

Effects of Several Oxides on the Decomposition. From 
the viewpoint of the Lux-Flood acid-base theory, so­
dium nitrate is considered to act as a base in the reac-

I i t i 1 I 1 
300 500 700 900 

Temperature / ÔC 

Fig. 9. DTA curves for mixtures of binary system 
including sodium nitrate (0.2 mmol) with ^ = 2 . 0 . 
(a) : Sodium nitrate, (b) : NaN0 3 +Si0 2 , (c) : N a N 0 3 + 
Ti0 2 , (d): N a N 0 3 + Z r 0 2 , (e): NaN0 3 +Al 2 0 3 , (f): 
NaN0 3 +MgO. 

tion with acidic oxides. Therefore, the effects of oxides 
with different acidities on the thermal decomposition 
of sodium nitrate was investigated at a constant heating 
rate. The results obtained are shown in Figs. 9 and 10. 

The D T A curves in Fig. 9 show the relatively large 
endothermic peaks for the reactions at about 700 °G, 
640 °G, and 690 °G in the systems containing silica 
(b), titania (c), and zirconia (d) respectively. In the 
(b) system, the endothermic peak at 575 °G indicates 
the transformation of a- to /?-quartz. 

To understand the effects of oxides in detail, the 
2ZJr values were calculated as one of the scale of the 
acidity of oxides: here, Zi is the charge of the metal 
ion, M z i + , and r is the interatomic distance. T h e 
values of r were calculated from the data of Pauling.11) 
The 2ZJr values express the relative bond strength 
between M z i + and O 2 - , the larger value indicating 
the stronger acidity. These values for several oxides 
are shown in Table 1. In Fig. 10, the behavior of 
the gas formation in the reaction of binary systems 
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Fig. 10. The behavior of gas formation by the reaction 
in binary system containing sodium nitrate (0.2 mmol) 
with Ai=2.0. 
(a) : Sodium nitrate, (b) : NaN0 3 +Si0 2 5 (c) : NaNOa + 
Ti0 2 , (d): N a N 0 3 + Z r 0 2 , (e): NaN0 3 +Al 2 0 3 , (f): 
N a N 0 3 + M g O . 

TABLE 1. 2Z[/r VALUES FOR SEVERAL OXIDES 

Na 2 0 MgO A1203 Z r0 2 T i0 2 Si02 

0.83 1.95 3.26 3.54 3.81 4.71 
weak < acidity » strong 
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containing silica (b), titania (c), zirconia (d), alumina 
(e), and magnesia (f), arranged in the order of acidity, 
is shown. The thermal decomposition of pure sodium 
nitrate (a) is also presented for the sake of comparison. 
Strong acidic oxides, such as silica and titania, re­
markably accelerate the thermal decomposition of 
sodium nitrate ((b) and (c)). In the reaction of 
sodium nitrate and such basic oxides as magnesia 
(f), the formation of O a in the temperature range 
from 500 °G to 600 °G is characteristic. When the 
basic oxides are characterised by the formation rate 
of 0 2 at 600 °G, this decreases in the order of: (f), 
(e), (d), and ( c ) « ( b ) . This trend agrees well with 
the order of acidities in Table 1. From the values 
in Table 1, the behavior of gas formation in the (c) 
system would be expected to show an appearance 
intermediate between (b) and (c), but Fig. 10 shows 
that the reaction in (c) is more accelerated than in 
(b). T h e reason for this is that the titania used in 
this experiment was very fine (the volume avarage 
particle size : 4 ptm). 

Reaction of Sodium Nitrate and Silica. Silica is 
an important material in the glass industry. There­
fore, the reaction in the binary system of sodium nitrate 
(0.1 or 0.2 mmol) and silica was investigated at various 
constant temperatures from 570 °G to 700 °G and 
over a relatively wide range of silica composition. 
T h e results of the analysis of the reaction products 
(J f S i =0.5 to 5.0) were similar to those in the previous 
report.7) Figure 11 shows the behavior of gas for­
mation at 650 °G. When the XSi value is 1.0, the 
range in which the Ro2 and i?N 0 values are both constant 
exists at the reaction times from 12 to 38 minutes. 
Even if the ^ S 1 value is 0.5, the reaction is accelerated 
by silica, and when XSi is 3.0 and 5.0, the reaction 
is more accelerated than the reaction with X S i = 1 . 0 . 
In all cases, a range of nearly constant i?N 0 values was 
observed. Figure 12 shows the D T G curves of these 
systems. They also indicate the increase of the rate 
of weight loss with the increase in the XSi value. T h e 
characteristic acceleration of the reaction was found 
at the final stage of the reaction. T h e peak based 
on this acceleration shifted to the shorter-reaction-
time side with the increase in XSi value, until it could 

not be detected at all at Z S 1 = 5 . 0 . When the (da/ 
d 0 „=0.25 values, which is the rate of weight loss at 
a = 0 . 2 5 , were plotted versus XSi as a scale of the effect 
of silica, Fig. 13 was obtained. The larger XSi value 
gives the larger (da /d t ) a = 0 25 value. Nearly constant 
( d a / d t ) a = 0 2 5 values were obtained at X S 1 ^5 .0 and 
XS 1<1.0. These results indicate that, at XSi=51.0, 
the acceleration of the decomposition reaction of sodi­
um nitrate by the addition of silica is scarcely observed 
in the first stage of the reaction (a<0.25) , but it 
becomes evident with the increase in the XSi value, 
while at XSi=>5.0 the degree of acceleration is almost 
constant. 

10 20 30 

Reaction t ime, t / min 

Fig. 11. Effect of silica on the behavior of gas forma­
tion at 650 °G. 
(a): ZS 1=5.0, (b): XS1=3.0, (c): ZS i=1.0, (d): ZS 1= 
0.5. The solid line and interrupted line indicate 
Ro2 and ÄN0, respectively. 

10 20 30 40 

Reaction time, t / min 

Fig. 12. Effect of silica on DTG curves at 650 °G. (a): XS i=5.0, (b): JTS1=4.0, 
(c): XS i=3.0, (d): XS1=2.0, (e): XS i=1.0, (f): XS i=0.5. 
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TABLE 2. APPARENT ACTIVATION ENERGY, AE, AND 

FREQUENCY FACTOR, k0, FOR THE REACTION 

OF SODIUM NITRATE AND SILICA 

10.0 12.0 

^Si 

Fig. 13. (da/d0«=0.25 (TWL) values for various X$i 
values at 650 °G. (TWL) means the total amount 
of weight loss. 
Open circle: 0.1 mmol NaN03 , closed circle: 0.2 
mmol NaN03 . 

By analysing T G curves by means of Hancock and 
Sharp's method, the n value was obtained as close 
to 3 at o£>0.25. This indicates that the reaction of 
sodium nitrate and silica is expressed by Avrami-
Erofe'ef equation with n = 3 and that the diffusion of 
Na+ into silica («=0 .54 to 0.62) or the phase-boundary 
reaction («=1.07 , 1.11) is not a rate-determining step. 
Thus the mechanism of the reaction of this system is 
considered to be one in which the main basic species, 
sodium peroxide, reacts with a strong acidic oxide, 
silica, and forms the precipitate of silicate, and that 
they then grow in the melt. T h e apparent activation 
energy, Ais, and the frequency factor, k0, are shown 
in Table 2 for various XSi values. T h e increase in 
kQ supports the above-mentioned mechanism. AE is 
lower at Xsl=\.0 and 3.0 compared to that of the 
thermal decomposition of pure sodium nitrate. The 
reason for this is probably that silica, which is a 
strong acidic oxide, reacts with the basic species, 
such as sodium peroxide, and so lowers the activation 
energy of the reaction. Sodium metasilicate and di-
sodium disilicate were identified as the reaction pro­
ducts. I t is easily supporrted that these reaction pro-

0 T\ 
n = 5 1.0 

3.0 
4.0 
5.0 

AE/kJ 

a 

243 
179 
204 
226 
229 

mol - 1 

b 

223 

179 
179 
198 
177 

ln(&0/mir 

a 

26.7 
20.5 
22.9 
25.2 
25.8 

r 1 ) 

b 

25.5 

20.5 
19.9 
22.3 
19.8 

a: a^0.85. 
b : 0.25<a<0.85. 

ducts also affect the decomposition of sodium nitrate. 
At X S i = 4 . 0 and 5.0, a large amount of silicates would 
be formed and precipitated in the melt and at the 
boundary in the early stage on the reaction. These 
silicates are considered to cover a par t of the surface 
of silica and to interfere with the effective contact 
of melt and silica. T h e increase in activation energy 
at X = 4 . 0 and 5.0 might thus be caused. If so, 
about the same value of ( d a / d t ) a = 0 2 5 at X S l ^ 5 . 0 
is considered to result from the competitive effects 
of covering and acceleration. 

Sodium nitrate in this system may be supposed to 
decompose through the reactions expressed in Eqs. 2 
to 6, but silica would react with sodium peroxide 
to form sodium metasilicate via disodium disilicate. 
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Structural Interpretation of Plasma-polymerized Tetrafluoroethylene 
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Structural interpretation of plasma-polymerized tetrafluoroethylene produced in a glow discharge chamber 
is given by referring to 19F-NMR and IR spectroscopy, elemental analysis, and number-average molecular weight 
determination. The polymer is hardly soluble in the usual organic solvents because of its highly branched struc­
ture, making NMR spectroscopy and molecular weight determination impossible. However, the polymer is 
soluble in l,2-dibromo-l,l,2,2-tetrafluoroethane and the following structural interpretation could be obtained. 
The number-average molecular weight is 3600 for the majority of the polymer, consisting of 96 carbon and 129 
fluorine atoms within a unit molecule. The IR spectrum shows evidence of some C=C groups and the 19F-NMR 
spectrum a highly branched and cross-linked structure in which a large number of quaternary carbons are in­
volved in the polymer matrix as compared with CF2 and CF carbons. The plasma-polymerized tetrafluoro­
ethylene has been characterized in a somewhat different way from the plasma-polymerized ethylene, involving 
a small number of quaternary carbons. 

Polymer thin films deposited on solid substrates by 
means of plasma polymerization in which monomer 
gases are exposed to glow discharge have a highly 
branched and cross-linked structure, uniform film 
thickness, and are pinhole free. By selective use of 
the monomer gases we can alter the physico-chemical 
properties of the polymer films, such as surface free 
energy, optical transmittance, and electric specif­
icities.1-3) 

Plasma-polymerized fluorocarbons have an extraor­
dinarily low surface free energy and a good optical 
transparency throughout the visible and infrared re­
gions. Deposition of the plasma-polymer was suc­
cessfully applied to the hydrophobic coating of ion-
crystal windows installed in various infrared instru­
ments and the anti-reflection coating of certain organic 
lenses.4-6) We recently reported the use of tetra­
fluoroethylene (TFE) as a monomer gas by which 
solid materials of fine and complicated structure such 
as ashed residue of biological specimens were effectively 
coated by the hydrophobic plasma-polymer eliminating 
the initial hygroscopic nature and preserving the three-
dimensional microstructures.7) T h e results suggest fur­
ther application of the plasma-polymer to the hydro­
phobic coating of porous surfaces or granular ma­
terials. 

We have undertaken to obtain structural inter­
pretation of plasma-polymerized tetrafluoroethylene 
(PPTFE) mainly by means of 1 9 F-NMR spectroscopy, 
also by infrared and E S R spectroscopy, elemental 
analysis, and number-average molecular weight deter­
mination. This paper reports a hypothetical model 
of the atom configration within the polymer mo­
lecule having average molecular weight. 

Exper imenta l 

Monomer Gas. TFE was stored in a pressure tank 
and supplied to the plasma chamber through a flow meter 
and a needle valve. The purity was confirmed by a gas 
Chromatograph incorporated with a Porapack column giving 
no signal of impurity. 

Plasma System. A schematic diagram of the apparatus 
for the plasma polymerization, which is the same as reported7) 
is shown in Fig. 1. A valve introducing air was incorporated 
with the system for occasional cleaning of the polymer film 
deposited on the inside wall of the plasma chamber by plasma 

H.F . Power 

Fig. 1. Schematic diagram of plasma-polymerization 
apparatus. 

oxidation. The gas pressure in the system was monitored 
by a MacLeod gauge attached to a three-way manifold 
located between the plasma chamber and a rotary pump. 
The plasma in the chamber was initiated and sustained by 
controlling high-frequency electric power supplied from a 
100 W generator operating at 13.56 MHz. Typical operat­
ing conditions for the film deposition were 2—3 ml(l atm)/ 
min for the TFE flow, 20 W for the effective input power, 
and 0.2—0.4 Torr (13.322 Pa) for the gas pressure. Vapor 
pressure osmometer, Knauer Dampfdruck Osmometer; IR 
spectrometer, Shimadzu Model IR-400; ESR spectrometer, 
JEOL Model JES-FE-3X; 19F-NMR spectrometer, Varian 
Model EM-390. 

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

Solubility of PPTFE in Organic Solvents. T F E 
monomer gas was polymerized for 60 min in an empty 
chamber. Solid film was always deposited on the 
inside wall of the chamber under the plasma condi­
tions employed without forming other types of polymer 
such as oil or powder. The solid film deposited in 
the chamber was scraped off and extracted with acet­
one. However, a large portion of the polymer, ob­
viously of higher degree polymer, remained insoluble. 
Various other polar or nonpolar organic solvents were 
examined for removal of the insoluble substance. No 
usual organic solvent was found to be more effective 
than acetone. 

l ,2-Dibromo-l, l ,2,2-tetrafluoroethane(DFl 14B2) was 
found to be an effective solvent, supposedly because 
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of the chemical analogy within the two. T F E could 
be prepared simply by reacting sodium hydroxide with 
DF114B2. 

DF114B2 still left a small fraction of insoluble sub­
stance which suggested an extremely high degree of 
cross-linking. The fraction was rejected from further 
application to N M R or molecular weight determina­
tion. 

The acetone and DF114B2 extracts were vacuum-
evaporated at room temperature. The dried ex­
tracts together with the insoluble residue were weighed 
in order to determine the weight percent compositions 
of the initial polymer substance; acetone ex t r ac t= 
15%, DF114B2 e x t r a c t = 8 1 % . Only 4 % was left as 
insoluble residue. The acetone extract was dark 
brown, the DF114B2 extract and the insoluble residue 
being amber colored. 

The acetone and DF114B2 dissolved the respective 
fractions of the polymer in high concentrations until 
forming viscous fluid, no quantitative solubility could 
be obtained. The solubility was therefore determined 
by use of organic solvents having much less solubility 
to the individual fractions. The powder sample was 
put in a centrifuge tube with an organic solvent. The 
mixture was stirred at room temperature and the 
resulting suspension was centrifuged (3500 rpm) for 
5 min. 5 ml of the supernatant layer was transferred 
to a weighed beaker which was then vacuum-evap­
orated at room temperature. The beaker was weighed 
and the solubility calculated. The solubility data are 
given in Table 1. 

The acetone extract was practically insoluble in 
nonpolar solvents, but somewhat soluble in polar 
solvents. O n the other hand, the DF114B2 extract 
was insoluble in all the solvents examined. The dif­
ference in behavior between the two extracts is prob­
ably due to the shape of the molecules, i.e., the acetone 
extract consisting of smaller molecules is more or less 
polarized due to the branched structure of the plasma-
polymer, while the DF114B2 extract of larger molecules 
exhibits no orientation of the branching effects which 
were dispersed in all directions resulting in a perfectly 
nonpolar characteristic. I t is understandable that the 
acetone extract is somewhat soluble in the polar sol­
vents. 

Thermal Property and Average Molecular Weight. 
Each of the three fractions of the polymer was pow-

TABLE 1. SOLUBILITY DATA OF TWO SOLVENT EXTRACTS 

OF P P T F E IN DIFFERENT ORGANIC SOLVENTS 

TABLE 2. PHYSICAL AND CHEMICAL PROPERTIES 

OF THREE FRACTIONS DERIVED FROM P P T F E 

Solvent Acetone extract DF114B2 extract 
(%) (%) 

Petroleum ether 
Carbon tetrachloride 
Hexane 
Toluene 
Benzene 
Chloroform 
Diethyl ether 
Ethanol 
Methanol 

0.01 
0.01 
0.01 
0.01 
0.00 
0.02 
1.29 
2.71 
1.23 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.01 
0.00 

Fractions 
Item of 

determination Acetone DF114B2 
extract extract 

Insoluble 
residue 

Melting point/°C 

Average 
molecular weight 

Elemental ( F (%) 
composition ( C (%) 

80—105 141—150 190—225 

900 3600 — 

56.4 67.8 64.0 
— 32.0 — 

dered and the individual melting point was measured 
on a hot stage. Melting took place in a wide range 
of temperature, half-liquified point being taken as the 
melting point. T h e results are given in Table 2. 

The insoluble residue showed the highest melting 
point but lower than that of the conventional Teflon 
resin by ca. 100 °G. This is understandable if we 
assume that the P P T F E we obtained has a lower 
molecular weight than that of the conventional Teflon 
and/or the intermolecular force was reduced by the 
three-dimensional molecular structure resulting from 
the high branching of carbon chain developed during 
the course of plasma polymerization. 

Vapor pressure osmometry was carried out for the 
acetone and DF114B2 solutions of respective extracts. 
The number-average molecular weight was calculated 
for the individual polymer extracts employing benzyl 
as a standard (Table 2). The molecular weight of 
the DF114B2 extract was 3600, the majority of P P T F E 
thus not being polymerized as highly as expected.8-10) 
The insoluble residue was polymerized and cross-
linked to a greater extent. 

Elemental Analysis. Elemental analysis was car­
ried out with a carbon-hydrogen-nitrogen analyzer and 
fluorine determination with an oxygen flask. Mean 
values are given in Table 2. Fluorine content of 
P P T F E was significantly lower than that of Teflon, 
supporting the highly branched structure. 

The result of elemental analysis made it possible 
to determine the number of carbon and fluorine atoms 
in a unit molecule when a hypothetical molecule 
having the average molecular weight was assumed. 
For acetone extract we have C:F = 30:30, and for 
DF114B2 extract G : F = 9 6 : 1 2 9 . I t is of interest that 
the F/C ratios of the two extracts were both much 
smaller than the H / C ratio of plasma-polymerized 
ethylene evaluated by Tibbit et al.10) Higher con­
centrations of quaternary or tertiary carbons should 
be assumed for the former molecules. 

IR Spectrum. A pressed KBr tablet was placed 
in the plasma chamber and coated with P P T F E in 
10000 Â thickness. Each of the two extracts and the 
insoluble residue were powdered and mixed with KBr 
to form a tablet. The I R spectrum of the P P T F E 
film (Fig. 2) shows a strong resemblance to that of 
the other three fractions, indicating that the structural 
characteristics of the three fractions of the polymer 
are essentially the same. 

The wide absorption band at 950—1500 c m - 1 was 
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3000 2000 1500 

Wave number/cm -1 

Fig. 2. IR spectrum of PPTFE. 

Fig. 3. Relative signal intensities of ESR spectra of 
freshly prepared PPTFE and its DF114B2 extract. 

assigned to G-F stretching vibration modified by vari­
ous modes of neighboring atom groups. A weak ab­
sorption band at 1540—1800 c m - 1 was tentatively as­
signed to C-G stretching vibration shifting considerably 
to higher wave number induced by the fluorinated 
carbon chain. Similarly the C = 0 absorption band 
appearing usually at ca. 1715 c m - 1 is expected to shift 
towards much higher wave number for the same 
reason. T h e I R spectrum gave no signal of detectable 
C = 0 group. This is in line with the result of elemental 
analysis (Table 2). An intense and single band ob­
served at 740 c m - 1 is at tr ibuted to - C F 2 - bending 
vibration associated to adjacent - G F 3 terminal. 

ESR Spectrum. Freshly prepared P P T F E was 
subjected to ESR spectroscopy. High concentration 
of unpaired spins, a characteristic of plasma-polymers, 
was observed as anticipated. The ESR spectrum of 
P P T F E was sealed in a standard 3.0 m m I .D. quartz 
tube filled with argon (Fig. 3(a)). The ESR signal 
showed a single and almost symmetrical wave form 
with a magnitude of 175 G having a g-value of 2.0038. 
The signal intensity decayed very slowly, reaching 
its half-intensity after 48 days at room temperature. 
A relative intensity of the E S R spectrum of the DF114B2 

extract is shown in Fig. 3-(b). A rough evaluation 
shows that the freshly prepared P P T F E contains ca. 
20 folds higher concentration of free radicals than 
the DF114B2 extract. This can be explained in terms 
of intense intermolecular collisions sustained during 
the course of extraction by the solvent DF114B2 and 

+ 20 0 - 20 - 40 - 60 

ppm 

Fig. 4. 19F-NMR spectra of PPTFE. 

the resulting rapid termination of free radicals in the 
polymer. No quantitative determination was pos­
sible because of the lack of standard material. One 
free radical would be involved in a few plasma-polymer 
molecules.11) In such a large molecule the radical 
site could be ignored for determining the chemical 
structure of the polymer molecule. 

19F-NMR Spectrum. 1 9 F-NMR spectra of the 
acetone extracts were measured with use of trifluoro-
acetic acid as an internal reference (Fig. 4(a)) and 
those of DF114B2 extracts with the DF114B2 itself 
(Fig. 4(b)) . 

The reference peaks are indicated at 0 and 16 ppm 
in the spectra (a) and (b), respectively. Eliminating 
these reference signals, the two spectra exhibit similar 
characteristics. I t seems that the chemical structure 
of the two extracts are basically the same except for 
the difference in molecule size. 

The individual signals were assigned from the lower 
magnetic field to the higher as follows:6) 

Ô 30— 10 ppm GF3-G 

Ô 10— 10 ppm GFg-GF 

Ô 0 10 ppm CF3-CF2 

<5_io 60 ppm GF2 and CF3 

ô - 4 4 ppm -CF2-CF3 

ô - 4 9 ppm -CF2-CF2-

Signal intensities of the CF 3 group derived from the 
DF114B2 extract, the majority of PPTFE, were meas­
ured in order to calculate the relative abundance of 
different modes of adjacent carbon groups. From the 
result the following composition is obtained. 

CF3-C : CF3-CF : CF3-CF2 -= 79 : 16 : 20 

We see that the CF 3 -C group occupies a large ma­
jori ty of the overall CF 3 group within the polymer, 
in contrast to plasma-polymerized ethylene where the 
C H 3 - C H group is the major constituent, hardly any 
of the C H 3 - C group being found in the 1 3 C-NMR 
spectrum.10^ Thus it seems that the molecular struc­
ture of P P T F E consists of irregular sequences of very 
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highly branched aliphatic chains. 
Hypothetical Model of Molecular Structure. If we 

assume that a polymer molecule has the average mo­
lecular weight derived from the DF114B2 extract, an 
interpretation of its chemical structure can be given 
in reference to spectral data and the elemental ana­
lysis. Atom constitution of a unit molecule was calcu­
lated to be 96 carbon and 129 fluorine atoms, the 
existence of some C=C groups being presumed by 
I R spectrometry. 

1 9 F-NMR spectroscopy clarified the constitution of 
fluorocarbon groups in the molecule. The signal in­
tensities of the following underlined groups gave the 
ratio : 

GF3-G : CF3-CF : GF3-GF2 : CF2 + GF = 79 : 16 : 20 : 69 

This indicates that equal numbers of CF 2 and GF 
groups are involved in one molecule. The signal 
intensity of CF 2 + CF could be allocated to CF 2 and 
GF groups with 2/3 and 1/3 portions, respectively. 
If we denote the number of GF3 , GF2 , and GF groups 
within a unit molecule by x, y, and z, respectively, 
the relative abundance of these groups can be obtained. 

79 + 16 + 20 69x2/3 69x1/3 
z = 

= 38 

3 

23 : 23 

Since the number of fluorine atoms in a unit mo­
lecule is 129, we have 

3*+ 2y + z = 129. 

Solving the two equations, we get 

x = 26.8, y = 16.2, z = 16.2. 

The number of quaternary carbon is calculated by 
subtracting the number of carbons belonging to GF3 , 
CF2 , and CF groups from 96 the total number of 
carbon. 

96 - (27 + 16+16) = 37 

Rearranging the data, we get 

GF3 = 27, GF2 = 16, GF = 16, G = 37. 

Signal intensities of CF 3 groups adjacent to different 
carbon groups were allocated in proportion to the 
numbers of adjacent carbon groups. 

GF3-GF2 = 4.5 GF3-GF = 4.5 GF3-G = 19 

The composition of the atom groups within a unit 
molecule is as follws: 

G F 3 - G F 2 = 4—5, CF3-CF = 4—5, GF3-G = 19, 

GF2 = 16, GF = 16, G = 37. 

CF3 

CF3^CF2NJ/CF=CF 

C B = C P N C ; 3 S C J 4 > C P 3 

•CF / F , * l 
V\ 

/ C F 2 

Fig. 5. Atom configuration of PPTFE depicted as 1/4 
portion of unit molecule having average molecular 
weight. 

A hypothetical model of a quarter of a unit mol­
ecule is shown in Fig. 5. 

The structure is not yet established, since the abun­
dance of the C - C group was roughly estimated by 
I R spectroscopy. 

The authors wish to thank Dr. Y. Sugiura for car­
rying out ESR spectroscopy with P P T F E at the Depart­
ment of Pharmaceutical Sciences, Kyoto University. 
They are indebted to Daikin Kogyo Go. Ltd. for 
the supply of T F E as a monomer gas and DF114B2 

as an effective solvent of P P T F E . 
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In order to determine continuously the alkaline phosphatase activity in a serum sample, a Potentiometrie 
method using a newly prepared phosphate ion-selective electrode has been established by the authors for the first 
time. The alkaline phosphatase activity was determined by measuring the concentration of the phosphate ion 
which was liberated by the enzymatic hydrolysis of disodium phenyl phosphate in the presence of alkaline phos­
phatase. The measurement of the phosphate ion with an ion-selective electrode was seriously interfered with 
by protein and the halide ion, but the interference could be removed by covering the electrode surface with a 
cellulose acetate membrane and by separating the chloride ion from a serum sample by gel chromatography. 
The present method was applied to the determination of alkaline phosphatase activity in serum; the results ob­
tained showed a satisfactory correlation with those obtained by the conventional method. The method was 
found to be useful for practical diagnosis based on the activity of alkaline phosphatase. 

The present study was carried out with the object 
of establishing a simple, rapid, and economical method 
by which alkaline phosphatase activity (APA) in a 
transparent as well as an opaque sample solution 
could be determined continuously with a phosphate 
ion-selective electrode (PISE) by the use of an arbitrary 
substrate. 

As can be seen from the following examples, the 
determination of APA is very important in various 
fields, such as biochemistry, analytical chemistry, clini­
cal examination, and diagnosis: 1) APA in serum is 
significant for the diagnoses of cancer of the liver 
and malignant bone tumor, since there seems to be 
a close relationship between APA and the before-
mentioned diseases, and 2) the exact determination 
of APA is indispensable for the enzyme immunoassay, 
in which alkaline phosphatase is used as a labeling 
enzyme. 

In the conventional determination of APA, the meth­
ods proposed by Bodansky,1) Kind-King,2) and Bessey-
Lowry3) have been used. All these methods are based 
on the absorptiometric determination of phosphoric 
acid,1) phenol,2) and /»-nitrophenol,3) which are formed 
by the enzymatic hydrolysis of the corresponding 
substrates in the presence of alkaline phosphatase. 
Nowadays, complicated autoanalyzers designed on the 
basis of these measurement principles are commercially 
available. These methods have, however, the follow­
ing defects: 1) the measurement becomes complicated, 
since coloring and deproteinizing agents are added; 
2) the fluctuation of the blank value is large, since 
the substrate is unstable; 3) the apparatus is com­
plicated and expensive; 4) the method is not applicable 
to opaque samples, and 5) the concentration range 
suitable for the measurement is narrow, less than 
twenty times. 

Though ion-selective electrodes have been used in 
several papers4 - 1 1) for a simple and rapid estimation 
of enzyme activity, no reports have been published 
pertaining to the Potentiometrie determination of APA 
with a PISE. From this standpoint, the authors have 
newly made a PISE and applied it to the continuous 
determination of APA in serum with a simple and 

inexpensive apparatus ; favorable results were obtained. 

Exper imenta l 

Reagents. The buffers and the base solution were 
prepared from analytical-grade reagents without further 
purification. A substrate solution was prepared as a 1.0 X 
10-2 mol/dm3 disodium phenyl phosphate in a buffer solution 
(pH 10.15) consisting of disodium carbonate (3.18 g/dm3) 
and sodium hydrogen carbonate (1.68 g/dm3). The alkaline 
phosphatase was obtained from Sigma, and its standard 
solution was prepared by diluting 1.1 U/mg of alkaline 
phosphatase (Type 1) with distilled water. Sephadex G-
25 was used as a packing agent in gel chromatography. 
Serum samples were offered by the Kyoto Prefectural Uni­
versity of Medicine; their APA values were certified to be 
around the normal values. 

Apparatus. A PISE12) in which trisilver phosphate 
was used as the active substance of a soild membrane was 
built up newly by the authors in order to estimate the amount 
of phosphate ions. A solid membrane composed of trisilver 
phosphate and disilver sulfide in the weight ratio of 4:1 
was found to be the best with regard to the mechanical 
strength, the electromotive force of the electrode, the plasticity 
of the membrane, and the life of the electrode. The elec­
trode responded to the phosphate-ion concentration in the 
range of 1.0xl0~5—1.0X 10_1 mol/dm3. The electrode has 
a serviceable life of at least six months. The determination 
of the phosphate ions was found to be seriously affected by 
chloride, thiocyanate, and sulfite. The other instrumental 
units used were as follows: 1) an Atto Perista mini-pump, 
type SJ 1211; 2) a thermostat manufactured by Netsudenshi 
Kogyo; 3) a Horiba 2535—05 T reference electrode, and 
4) a model VP6521A recorder (Matsushita Communication 
Industrial Co., Ltd.). 

Procedure. The determination of APA was done with 
the apparatus shown in Fig. 1. A 0.5-cm3 serum sample 
is added with a pipette to the top(/) of a 290x8 mm i.d. 
column (a), which is then charged with Sephadex G-25 
and cooled at 0 °C in a thermostat. By passing the sub­
strate solution through the column at the rate of 0.5 cm3/ 
min, chloride and alkaline phosphatase are separated and 
eluted out of the column in the order shown in Fig. 3. The 
portion containing alkaline phosphatase is sent to a Teflon-
made reaction tube by way of a four-way cock(c) at the 
rate of 0.5 cm3/min by means of the pump(è1). Since 
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(i) 

O-

290 

280h 

260 

(h) 

Fig. 1. Schematic flow diagram. 
a: Gel column, bx: pump, b2'> pump, c: four-way 
cock, d: reaction tube (Teflon), e: indicator electrode, 

/ : reference electrode, g: voltmeter, h: inlet, i: ther­
mostat (37.0 °G), j : thermostat (0 °G), k: recorder, 
/: sample, and m: exit. 

the reaction tube, 10 m long and 1 mm i.d., is being held 
at 37.0 ±0.2 °G in a thermostat(i), the enzymatic hydrolysis 
of phenyl phosphate in the presence of alkaline phosphatase 
proceeds to form phosphate ions. The concentration of 
phosphate ions is measured with a voltmeter(g) as an elec­
tromotive force of a cell consisting of a PISE(^) and a re­
ference electrode ( / ) , and its value is recorded with a recorder 
(k). By turning a four-way cock(c) at a definite time after 
the addition of a serum sample, the portion containing chlo­
ride is removed by way of the exit(m), while the substrate 
solution is sent to the reaction tube by means of the pump(£2) 
by way of the inlet (A) at the rate of 0.5 cm3/min. The 
APA in serum is estimated from the calibration curve on 
the basis of the peak height on a recorder chart. 

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

Interference of Serum Proteins. Ion-selective elec­
trodes for chloride and silver ions in which disilver 
sulfide is used as a constituent in an active solid mem­
brane have been reported13»14) to be interfered with 
by about 6 % proteins consisting of albumin, globulin, 
and so on in serum. Since the present PISE is made 
of trisilver phosphate and disilver sulfide, it was ex­
pected to be interfered with by serum proteins. As 
can be seen from Fig. 2, the present PISE was inter­
fered with by albumin in bovine serum (Fig. 2(d)) . 
Therefore, the PISE is not applicable to the deter­
mination of APA in serum without removing the 
interference of protein. 

I t has been already reported15) that the interference 
of protein can be removed by covering a electrode 
with a semi-permeable membrane . Several mem­
branes were tested, but the best result was obtained 
when a cellulose acetate membrane (0.0203 mm thick, 
2.4 nm pore size) was used; the interference of albumin 
was thus almost completely removed (Fig. 2(b)) . In 
all the following experiments, the PISE covered with 
a cellulose acetate membrane was used. 

Removal of Chloride. As can be foreseen from 
the solubility product of silver chloride and silver 
thiocyanate, the PISE is seriously interfered12) with 
by chloride and thiocyanate ions. Since the con­
centration of chloride in serum is about 0.1 mol/dm3 , 

log(Na2HP01|/mol dm~J) 

Fig. 2. Response of the PISE in sample solutions 
containing albumin. 
a: Albumin free, b : covered with cellulose acetate, 
c: covered with nitrocellulose, and d: not covered 
with a membrane. 
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Fig. 3. Gel separation of alkaline phosphatase from a 
chloride ion on a Sephadex G-25 column, 
a: Alkaline phosphatase, b : chloride ion. 

the removal of chloride is indispensable for the deter­
mination of APA in serum. 

The separation of alkaline phosphatase from chloride 
was examined by means of gel chromatography. A 
0.5-cm3 sample solution containing sodium chloride 
(0.1 mol/dm3) and alkaline phosphatase (1 mg/cm3) 
was treated in order to separate its components by 
passing a buffer solution through the column at the 
rate of 0.5 cm 3 /min; the results are shown in Fig. 
3. Here the flow rate of the buffer solution was chosen 
to be maximal so long as the gel particle was not crush­
ed. The amounts of alkaline phosphatase and chloride 
in each 1-cm3 fraction were determined by the ab­
sorption at 280 nm and by the precipitation titration 
based on Mohr 's procedure respectively. O n the basis 
of Fig. 3, the following procedure is recommended 
for the separation of alkaline phosphatase from chlo­
r ide: the eluent obtained from the column (Fig. 1(a)) 
in 0—16 min is introduced into the reaction tube(d), 
and the eluent obtained after 16 min is drawn out 
of the exit(m) by turning a four-way cock(^). By 
this procedure? the portion of chloride-free alkaline 
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phosphatase is sent to a measuring chamber equipped 
with a PISE. 

Calibration Curve. T h e hydrolysis of disodium 
phenyl phosphate in the presence of alkaline phos­
phatase proceeds in accordance with Eq. 1 : 

phosphatase 

G6H5OP03Na2 + H 2 0 > C6H5OH + Na 2 HP0 4 . 

(1) 
I t is possible to estimate the APA by measuring the 
formation rate of phosphate ions, since the APA is 
generally represented by the reaction rate of Eq. 1. 
If the reaction of Eq. 1 proceeds as zero-order with 
respect to the concentration of disodium phenyl phos­
phate, the reaction rate of Eq. 1 is given by the con­
centration of phosphate ions at a definite time. To 
examine whether or not the reaction of Eq. 1 proceeds 
as a zero-order one, a PISE was dipped in a 1.0 X 
10 - 2 mol /dm 3 disodium phenyl phosphate solution 
which contained 5 .5—110U/dm 3 alkaline phosphatase 
and was held at 37.0 °G in a thermostat; the rela­
tionship between the reaction time and the concen­
tration of phosphate ions was thus obtained (Fig. 
4). I t may be concluded from Fig. 4 that the reaction 
of Eq. 1 proceeds as zero-order with respect to the 
concentration of disodium phenyl phosphate, since 
there is a linear relationship between the reaction 
time and the concentration of phosphate ions for 
the APA values of more than 20 U/dm 3 . T h e present 
results, obtained at 10 - 2 mol /dm 3 disodium phenyl 
phosphate, seem to be quite reasonable considering 
that the K m value in the reaction of Eq. 1 is around 
10-3 mol/dm3.16) 

A calibration curve (Fig. 5) was obtained as a peak 
height against each standard solution of alkaline phos­
phatase. T h e curvature corresponding to 2.2—22 U/ 
dm 3 alkaline phosphatase in the calibration curve is 
at tr ibuted to : 1 ) the deviation of an electrode potential 
from the Nernst equation at 10~4—10 - 5 mol /dm 3 phos-

5 10 

TIme/min 

Fig. 4. Relationship between reaction time and Ptot.-
Measured at 37.0 °G in a 1.0 X 10~2 mol/dm3 disodium 
phenyl phosphate solution containing alkaline phos­
phatase. 
a: 5.5 U/dm3, b : 11 U/dm3, c: 22 U/dm3, d: 55 U/ 
dm3, e: 110 U/dm3, P t 0 t , = H 3 PO 4 +H g PO 4 -+HPO 4

2 -
+ PCv»-, 

phate ion (Fig. 2(a) ) ; 2) the deviation of the enzyme 
reaction rate from a zero-order one for the APA values 
less than 20 U/dm 3 , 3) the broadening of a phosphate 
ion peak by the diffusion and/or mixing in a flowing 
solution, etc. For the practical determination of the 
APA, the part of the straight line in the calibration 
curve can be used satisfactorily, since the APA in 
serum is usually more than 20 U/dm 3 . 

Effect of Serum Matrix. To examine whether 
or not the present method can be applied to the deter­
mination of the APA in serum, different APAs were 
added to 0.5 cm3 control serum and their APAs were 
estimated by the present method; the result thus 
obtained are shown in Fig. 6. Figure 6 shows that, 
there was a good relationship between the activities 
of the added alkaline phosphatase and the poten-
tiometrically measured ones. The value at the inter­
section of the straight line on the abscissa in Fig. 6 
corresponded exactly to the APA in the control serum. 
I t became clear from the results that the present method 
could be satisfactorily applied to the determination 
of the APA in serum. 

Serum Samples. The relationship between the 
APA values in serum samples measured by the present 
method and those measured by means of a Hitachi 
autoanalyzer, type 400, based on absorptiometry was 
examined (Fig. 7). As can be seen from Fig. 7, there 
was a fairly good correlation between them; the cor­
relation factor was calculated to be 0.88. 

10 20 50 100 

los(APA/IJ d m - 3 ) 

Fig. 5. Calibration curve. 

\ 100 [ 

25 50 75 100 125 

Fig. 6. Relationship between potentiometrically meas­
ured APA(APAm) and added APA(APAa). 



May, 1981] Alkaline Phosphatase Activity with an Ion-selective Electrode 1399 

APAc/K-AU 

Fig. 7. Correlation between the APAs in serum samples 
measured by the PISE method (APAe) and by the 
conventional method (APAc). 

Judging from the facts tha t : 1) the APA in serum 
sample used in this experiment corresponds to that 
of alkaline phosphatase in a healthy human, and 
2) the APA in a liver patient is much larger than 
that value, the present method can be said to be sen­
sitive enough for a practical diagnosis based on the 
APA. 

According to the present method, it takes about 
30 min for the analysis of one sample. However, 
many samples can be treated effectively and continu­
ously by arranging a number of columns in parallel 
with column (a), because the time-consuming step in 

the present method is the separation of alkaline phos­
phatase from chloride ions. A system by which in­
formation concerning APA is obtained from a much 
smaller serum sample is now being developed. 
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Determination of Hyperoxide in Dimethyl Sulfoxide by Photometric 
Titration with Iodine 
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The concentration of hyperoxide, 02~, in dimethyl sulfoxide (DMSO) was determined by photometric titra­
tion with iodine. The validity of the method was confirmed on the basis of stoichiometry by use of the stand­
ardized hyperoxide solution in the reaction of the complex, MoO(tpp)NGS, with methanol, where TPP denotes 
a,/?,y,<5-tetraphenylporphyrin. 

Hyperoxide solutions prepared from potassium hy­
peroxide solubilized in aprotic solvents by crown ether1) 
have been used for the syntheses of many organic 
compounds2^ and for reactions of metal complexes.3) 
However, for determination of hyperoxide in aprotic 
solvents, only two reliable methods have been re­
ported:4) (1) determination of the dioxygen evolved 
first upon mixing a hyperoxide solution with water, 
then by the addit ion of catalase to the mixed solution,6) 
and (2) measurement of the absorbance at 250 nm of 
the solution of potassium hyperoxide solubilized by 
18-crown-6 ether in DMSO. 7 ) 

In the kinetic study of the reaction of cobalt(III) 
complex with hyperoxide in aprotic solvents, we pro­
posed a simple method for t he determination of hy­
peroxide in D M S O according to the reaction8) 

I2 + 2 0 2 - • 2 I - + 2 0 2 . (1) 

The reaction proceeds quantitatively7) because of a 
large difference in the redox potential of iodine {E° = 
0.54 V)9) and that of hyperoxide ion (E°=— 0 .5— 
—0.6 V).10) T h e validity of the proposed method was 
confirmed by applying the hyperoxide solution to the 
reaction between the complex, M o O ( t p p ) N C S , and 
C H 3 O H in CH2C12 . 

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

Materials. Potassium hyperoxide (KOa, ICN Phar­
maceuticals) and 18-crown-6 (Nippon Soda) were used 
without further purification. Potassium content in the hy­
peroxide specimen was determined to be 95.7% by the 
Kalibor-Zephiramine method.11) The solution of hyperoxide 
was prepared in an argon atmosphere from potassium hy­
peroxide solubilized by 18-crown-6 in DMSO. About 10 h 
is required for the preparation of ca. 10-2 mol dm - 3 solution. 

Reagent grade iodine was purified by repeated sublima­
tion. In order to avoid any loss of iodine in the preparation 
of the standard solution, the following procedure was adopted. 
A small amount of DMSO was taken in a well-stoppered 
volumetric flask, and weighed. A desired amount of iodine 
was carefully taken in the volumetric flask and completely 
dissolved. The amount of dissolved iodine was determined 
from the difference in weight. Then the solvent was added 
to a mark on the flask and mixed to prepare a standard 
solution. Since the absorbance at 365 nm, Amax of the solu­
tion, gradually increases {ca. 10% for 2.0 X 10"3 mol dm"3 

I2 in 3d) , and decreases in the presence of 18-crown-6 {ca. 
5% in 40 h), the standard DMSO solution of iodine should 
always be prepared immediately before use. 

Dimethyl sulfoxide was kept with CaH2 for several days, 
distilled under reduced pressure, and stored in an argon 

atmosphere. The water content in the purified DMSO 
was determined to be less than 0.03% by the Karl-Fischer 
method. 

Dichloromethane was distilled and passed through an 
alumina column. The pre-purified solvent was distilled 
immediately before use. The complexes, MoO(tpp)NGS 
and MoO(tpp)Br, were synthesized.12) 

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

Photometric Titration with Iodine. The concen­
tration of 0 2 ~ in D M S O was determined as follows. 
A 3.00-cm3 hyperoxide solution (2 X lO" 5—9x 10~3 mol 
d m - 3 ) is taken into an optical cell in an argon atmos­
phere. T h e optical cell is sealed at once with a serum 
cap. A small amount of iodine solution ( 5 x l 0 ~ 4 — 
1 X 10 _ 1 mol d m - 3 ) is then injected into the optical 
cell with a 100 m m 3 microsyringe or a micropipet. 
T h e absorbance at 400 nm, X8h of the iodine solution, 
is measured and plotted against the volume of the 
iodine solution injected. A typical change in ab­
sorbance at 400 nm is shown in Fig. 1. The absorbance 
gradually decreases until the end point depicted by 
A in Fig. 1 is reached. After the point A, the ab­
sorbance is measured 15 min after each addition of 
the solution of iodine in order to complete the reaction. 
The concentration of hyperoxide, x, is calculated by 
x=2VC/3, where F i s the volume of the iodine solution 
consumed and C the concentration of iodine. The 
10-fold change in the concentration ratio of 18-crown-
6 and weighed amount of K 0 2 does not affect the 
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Fig. 1. Typical change in absorbance of hyperoxide 
solution at 400 nm by addition of an iodine solution. 
[ IJ 0=3.98 X lO-2 mol dm-3, (a) : [O2"]0=0 and [18-
crown-6]0=6.0x 10~3 mol dm"3, (b) : [O2-]0=3.12 X 
lO-3 and [18-crown-6]0=6.0xl0-3moldm-3 , 
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Fig. 2. Change in spectra for the reaction among 
MoO(tpp)NCS, GH3OH, and 0 2 ~ in CH2C12 con­
taining 2%(v/v) GH3OH, l%(v/v) DMSO, and 
[MoO(tpp)NGS]0=7.54xlO-6moldm-3 at 25 °G. 
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Fig. 3. Molar-ratio method for the 
MoO(tpp)NCS, GH3OH, and 0 2 ~ 
At 452 nm. (b) : At 488 nm. 

reaction among 
at 25 °G. (a): 

determination of 0 2 ~. Reproducibility of the data 
was estimated to be within ± 1 %. 

Reaction among MoO(tpp)NCS, CHs0H, and 02~. 
The solution of hyperoxide was applied to the reaction 
between the complex, M o O ( t p p ) N C S , and C H 3 O H 
in order to confirm the validity of the proposed method. 
When the solution of hyperoxide is added to a dichlo-
romethane solution of the complex, MoO( tpp )NCS, 
containing 2%(v/v) methanol, the spectrum changes 
with isosbestic points at 423 and 472 nm (Fig. 2).13> 
The final spectrum agrees with the spectrum of the 
complex, M o O ( t p p ) O C H 3 , synthesized from the com­
plex, MoO(tpp)Br. The reaction should be written 
as follows. 

MovO(tpp)NCS + GH3OH + 0 2 - > 

KO2 weighed / mg 

Fig. 4. Concentrations of 0 2 ~ in DMSO vs. weighed 
amounts of K 0 2 . Two-fold excess of 18-crown-6 is 
contained over KOa . 

MovO(tpp)OCH3 + H 0 2 + NGS- (2) 

The stoichiometry of the reaction was determined to 

Fig. 5. Decomposition of hyperoxide solution in a 
flask placed in the ultrasonic cleaner (Bransonic, 
B-220, 45 kHz, 100 W). 

be M o O ( t p p ) N C S : 0 2 ~ = l : 1.05 by the molar-ratio 
method (Fig. 3). T h e absorbance at 452 nm, Amax 

of the spectrum of the complex, M o O ( t p p ) O C H 3 , 
increased in proportion to the concentration of O ï 
with an excess of the complex, M o O ( t p p ) N C S , and 
CH3OH. This confirms the high accuracy of the 
determination of O l in D M S O by means of the photo­
metric titration with iodine. 

Stability of 02~ in DMSO. The concentration 
of hyperoxide in a stock solution was ca. 7 0 % of that 
calculated from the weighed amount of K 0 2 , showing 
the decomposition of ca. 3 0 % of 0 2 ~ during the course 
of preparation of the solution (Fig. 4). The concen­
tration gradually decreased ca. 2% ZL day. 

When 1 volume of a 3.51 X 10~3 mol d m - 3 hyperoxide 
solution was accurately diluted to 10 volumes with 
D M S O , a 3.19 x 10 - 4 mol d m - 3 solution was obtained, 
which indicates partial decomposition of 0 2 ~ by the 
addition of D M S O . Thus a hyperoxide solution 
should be standardized immediately before use. 

A decrease in the concentration of 0 2 ~ in D M S O 
was also observed when the solution was treated in 
an ultrasonic cleaner (Fig. 5). 
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It was found that a formose reaction in the presence of small amounts of calcium and D-fructose gave rise 
to three products, 2-(hydroxymethyl)glycerol, 3-(hydroxymethyl) penti toi, and 2,4-bis (hydroxymethyl) penti toi, 
with a high selectivity. Various factors affecting the selectivity were also discussed: [Ca], pH, [D-fructose], the 
reaction temperature, co-catalysts, and metal hydroxides. The amount of formaldehyde relative to [Ga] is the 
most important factor in obtaining the selective formation of the three-branched sugar alcohols. Under these 
reaction conditions, the a,/?-enediol structure is required in an effective co-catalyst for the formose reaction. 2-
(Hydroxy methyl) glycerol, 3-(hydroxymethyl) penti toi, and 2,4-bis(hydroxymethyl)pentitol were formed with 
a high selectivity in the formose reactions catalyzed by KOH, Mg(OH)2, Fe(OH)3, and LiOH. 

In the preceding papers,1 - 3) which dealt with various 
factors affecting formose reactions catalyzed by Ca-
(OH) 2 in a batch reactor, the continuous measurement 
of the oxidation-reduction potential (ORP) of the 
reaction mixture has proven usefull for distinct dis­
crimination among the induction, the sugar-forming, 
and the sugar-decomposing periods by means of an 
O R P minimum and maximum appearing at the end 
of the induction period and at the end of the sugar-
forming period respectively. The Tmln and TmSLX sym­
bols correspond to the times of the end of the induction 
and the sugar-forming periods respectively. 

In the course of our recent kinetic studies of Ca (OH) 2-
catalyzed formose reactions, we found that three kinds 
of branched sugar alcohols, 2-(hydroxymethyl) glycerol 
(2-HG), 2,4-bis(hydroxymethyl)pentitol (2,4-DHP), 
and most probably a diastereomeric mixture of 3-
(hydroxymethyl)pentitol (3-HP), are obtained with a 
high selectivity when most of the dissolved calcium 
ions are removed as hardly soluble salts or stable 
chelates at the end of the induction period (2"mln).4 '5 ) 

CH2OH CH2OH GH2OH 
I I I 

HO-C-CH 2OH HO-G-CH 2OH HG-OH 
I I I 

GH2OH HG-OH HO-G-CH 2OH 
HO-C-CH 2 OH HC-OH 

I I 
CH2OH CH 2-OH 

2-HG 2,4-DHP 3-HP 

When the formose reaction was carried out in the 
presence of small amounts of calcium ions and D-
fructose by adjusting the p H of the reaction mixture 
to 12.0 with potassium hydroxide, it was found to 
give rise to the same products. Under these reaction 
conditions, furthermore, the reaction mixture is homo­
geneous, so the analysis of the reaction is easier than 
in the heterogeneous system. 

The purpose of this paper is to explore the reaction 
conditions which give a similar selective formation 
of the above three kinds of branched sugar alcohols. 
Particular attention is placed on the following factors: 
the calcium-ion concentration; the formaldehyde con­
centration; the kind of promoters, such as D-fructose 
and D-glucose; the D-fructose concentration; the p H 
of the reaction mixture; the reaction temperature, 

and the kind of metal hydroxide. 

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

The apparatus and the experimental procedure were 
virtually the same as those described previously.1,2) The 
formaldehyde solutions were prepared from paraformaldehyde 
by refluxing for 4 h, followed by the nitration of the insoluble 
substances. The reaction was started by adding given 
amounts of CaCl2 and D-fructose, immediately after which 
the pH of the reaction mixture was adjusted with coned 
KOH. The pH of the reaction mixture was maintained 
by adding concentrated aqueous KOH during the reaction. 

The total saccharides were determined using the phenol-
sulfuric acid method6) and were calculated as glucose from a 
previously prepared calibration curve. The sugar yield was 
calculated according to the following equation: Sugar yield 
(%) = [sugars as glucose]/([HCHO]0+ [D-fructose]) X 100. 
The formaldehyde was determined by the method of Bricker 
et al. ;7> only the optical density was measured at 579 nm, 
while the ORP was measured by the method described in a 
previous paper.1) 

The products were trimethylsilylated by Sweeley's meth­
od,8) and the trimethylsilyl (TMS) derivatives were analyzed 
by gas chromatography, as has been described previously.9) 
The products were numbered according to their retention 
time as GP-13, GP-18, etc. The yield of the products 
(GLG%) were given by measuring the peak areas. 

The calcium salts and other reagents were of an analytical 
grade. 

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

Effect of the Calcium-ion Concentration. In the pre­
vious papers,4 '5) it was suggested that the concentration 
of the dissolved calcium ions ([Ga]) at the formose-
forming step was a very important factor in the selec­
tive product formation. I t was found that the formose 
reaction in the presence of small amounts of calcium 
and D-fructose gave rise to similar selectivities (Table 

1). 
Table 1 shows the effects of [Ga] on formose reac­

tions carried out at various pHs (9.5—12.0) of the 
reaction mixture. At any p H , the Tm&x value at 
which the consumption of formaldehyde reaches over 
9 0 % decreases, and the sugar yield increases with 
an increase in the amount of calcium. At [Ga] = 
0.025 M, a similar relationship between jTmax and 
the sugar yield with an increase in the p H of the reac-
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TABLE 1. EFFECTS OF CaCl2 CONCENTRATION ON THE DISTRIBUTION OF PRODUCTS^ 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

pH 

9~5 
9.5 
9.5 
9.5 
9.5 

10.5 
10.5 
10.5 
10.5 
11.0 
11.0 
11.0 
11.0 
11.0 
11.5 
11.5 
12.0 
12.0 

CaCl2 

mM 

25 
350 
500 
650 
900 

25 
50 

100 
250 

5 
10 
25 
50 

100 
5 

25 
5 

25 

T 
•» m a x 

min 

181 
84 
59 
40 

108 
54 
27 

9 

57 
36.5 
12.5 
9.5 

56.0 
8.5 

26.5 
5.5 

Sugar yield 

% 

(20.3)ft 
49.7 
59.1 
58.7 
63.2 
43.3 
55.0 
68.3 
69.1 

(67.3)& 
40.8 
47.1 
65.5 
69.2 
31.8 
55.3 
37.7 
67.5 

2-HG 

12.0 
8.1 
2.6 

c ) 
15.1 
9.1 
9.3 
1.9 

13.3 
12.0 
5.9 
4.5 
9.2 
9.8 
8.4 
4.7 

18 

c ) 
5.2 
3.4 
7.8 

c ) 
5.9 
6.2 
9.9 

c ) 
c ) 

5.9 
9.9 
2.0 
4.5 
3.3 
7.3 

Products 

3-HP 

45.4 
36.5 
39.1 
28.0 
28.6 
24.4 
26.4 

9.4 

23.4 
25.7 
29.6 
21.2 
21.8 
21.4 
22.2 
13.8 

(GLG%) 

25 

4.9 
20.8 
20.0 
18.6 

c ) 
12.2 
15.3 
19.0 

3.0 
4.8 

15.4 
19.0 
4.1 
9.7 
6.1 

10.5 

e) 

2,4-DHP 

18.7 
6.9 
3.1 

c ) 
37.2 
12.7 
1.8 

c ) 

5.14 
23.0 
4.5 
2.5 

47.6 
11.0 
34.4 

7.6 

1 3p ' 

76.1 
51.5 
44.8 
30.0 
80.9 
46.8 
37.5 
12.3 

88.1 
60.7 
40.0 
32.2 
78.6 
42.2 
65.0 
26.1 

a) [HCHO] = 1.0 M; [ü-fructose] =0.01 M; the pH was adjusted by coned KOH; temp = 60°C; total volume = 
200 ml. b) Total yield of 2-HG, 3-HP, and 2,4-DHP. c) GLC was below 1%. d) The number in parentheses 
is the HGHO consumption(%) at the time (min) shown by the subscript, e) 2-HG: 2-(hydroxymethyl)glycerol, 
3-HP: 3-(hydroxymethyl)pentitol, 2,4-DHP: 2,4-bis(hydroxymethyl)pentitol; 18 and 25: products which were shown 
by the peak numbers of 18 and 25 respectively in a gas chromatogram of the TMS derivatives. 

tion mixture is observed (Runs 1, 6, 12, and 18): 
the sugar yield increases as Tm&x decreases. These 
phenomena are in fairly good agreement with the 
results reported previously.2 '3) In this case, it could 
easily be considered that the sugar yield is affected 
by the amount of formaldehyde consumed by the 
Gannizzaro reaction. T h e sugar yield, however, is 
influenced by the product composition: the sugar yield 
decreases with an increase in the total yields of 2-
H G , 3-HP, and 2,4-DHP, which are sugar alcohols. 
A sugar alcohol usually has little reducing power. 
Therefore, the sugar yield which is determined using 
the phenol-sulfuric acid method and calculated as 
glucose is useful only when the product composition 
is similar. 

Here, the total yield (T3 p) of 2-HG, 3-HP, and 
2,4-DHP is used as an indicator of the selectivity 
of the formose reaction. As is shown in Table 1, 
T^p increases with a decrease in the p H of the reaction 
mixture and [Ca] . Although the yields of 2-HG and 
3-HP are not affected by the p H of the reaction mix­
ture, the yield of 2,4-DHP increases greatly with a 
decrease in the p H . The yield of 3-HP is not so much 
affected by [Ca] . The yields of 2,4-DHP and 2-HG 
increase with a decrease in [Ca] , while the yield of 
GP-25, which is one of products shown by the peak 
number of 25 in a gas chromatogram of the T M S 
derivatives,4»5) increases with an increase in [Ca] . 
These results led us to conclude that the formation 
of 2,4-DHP and GP-25 is competitive or that GP-25 
is an intermediate of 2,4-DHP. 

Figure 1 shows the effects of [Ca] on the sugar 
yield, Tm&x, and T3p at given formaldehyde concen-

[CaCl2]/[HCHO] (M/M) 

Fig. 1. Effects of CaCl2 concentration on the selectivity, 
T'max, and sugar yield. 
[D-Fructose] = 0.01 M ; pH=12.0 (adjusted by coned 
KOH); t emp=60°C; total volume=200 ml. T3p, 
[HGHO](M): • , 0.5; A, 1.0; • , 3.0. r m a x , 
[HCHO] (M): O, 0.5; A, 1.0; Q 3.0. Sugar yield, 
[HCHO] (M): 3 , 0.5; /k, 1.0; 3 , 3.0. 

trations. The relationship between T m a x and the sugar 
yield is quite similar to that shown in Table 1. 
Furthermore, the sugar yield increases with a decrease 
in the formaldehyde concentration at the same ratio 
of [ C a ] / [ H C H O ] . This phenomenon is in fairly good 
agreement with the result reported previously.2) 

In Fig. 1, it is clear that the selectivity (T3p) in­
creases with a decrease in [Ca] , and that at any form­
aldehyde concentrations the same [Ca] / [HCHO] ratios 
give similar total yields of 2-HG, 3-HP, and 2,4-DHP 
(T3p). O n the other hand, when the formaldehyde 
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for it diminishes the induction period and offers reaction 
conditions similar to those a t Tmla, which is the time 
of the beginning of the formose-forming step in the 
formose reaction catalyzed by calcium hydroxide.4 '5) 

Therefore, large amounts of 2-HG, 3-HP, and 2,4-
D H P can be easily obtained at one time by starting 
the reaction under the usual conditions ( [Ca(OH) 2 ] = 
0.1 M, [ H G H O ] = 1.0M, and temp = 60 °G), followed 
by continuously adding a given amount of formalde­
hyde and adjusting the p H of the reaction mixture 
after Tmin, at which the O R P curve shows a minimum. 
The details of these results will be presented in a sub­
sequent paper. 

Effect of the Fructose Concentration. In order to 
clarify the functions of D-fructose in the formose reac­
tion, the relationship among the D-fructose concen­
tration, [Ca] , Tm&x) the sugar yield, and the product 
distribution was studied. The results are summarized 
in Table 2. 

At the concentration of calcium ions ([Ca]) below 
5 x 10 - 3 M, an increase in the D-fructose concentration 
led to decrease in Tm&x and to an increase in both 
the sugar yield and T3p. At 2 5 x l O - 3 M of [Ca] , 
T3p increases with an increase in the D-fructose con­
centration; however, the T ,

max and the sugar yield 
are little affected by the D-fructose concentration. 

For a constant D-fructose concentration ( l O x l O - 3 

or 5 0 x l O _ 3 M ) , an increase in [Ca] led to a decrease 
in both T m a x and T3p and to an increase in the sugar 
yield. These phenomena are the same as those de­
scribed previously (Table 1). T3p (2-HG, 3-HP, and 
2,4-DHP) decreases, however, GP-25 increases with 
an increase in [Ga] . 

TABLE 2. EFFECTS OF FRUCTOSE CONCENTRATION1) 

[CaClJ 
mM 

2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

25.0 
25.0 
25.0 
25.0 
25.0 

D-Fructose 
mM 

_ _ 
1 
5 

10 
20 
50 

0 
0.5 
1 
5 

10 
20 
30 
50 

100 
0 

10 
25 
50 

100 

T 
-» m a x 
min 

( 8 i . 9 ) a 
94.2 
56.2 
41.0 
35.0 
20.2 

(86.6)& 
73.2 
56.5 
30.5 
26.5 
22.5 
21.2 
18.0 
12.0 

(77.9)8 
5.7 
6.8 
7.3 
7.1 

Sugar yield 

% 

19.2 
22.5 
23.9 
26.6 
35.7 

19.7 
23.7 
35.6 
37.7 
37.5 
34.8 
41.3 
41.9 

67.5 
65.8 
61.7 
59.3 

2-HG 

7.0 
11.0 
11.3 
12.4 
15.7 

4.9 
5.1 
7.5 
8.4 
8.5 
8.1 

10.6 
7.9 

4.7 
5.0 
5.9 
5.6 

Products (GLC%)d> 

3-HP 

15.9 
10.4 
19.0 
20.7 
18.9 

20.8 
23.0 
21.8 
22.2 
20.7 
22.6 
20.2 
13.4 

13.8 
12.0 
12.6 
14.2 

25 

c ) 
c ) 

4.8 
2.7 
1.8 

6.0 
4.5 
3.1 
6.1 
6.2 
2.1 
4.9 
8.5 

10.5 
12.5 
13.4 
10.7 

2,4-DHP 

43.8 
47.9 
44.1 
46.3 
49.8 

22.3 
27.3 
32.5 
34.4 
38.2 
40.3 
38.4 
33.6 

7.6 
9.7 

15.4 
20.8 

~ ^ 3 P 

66.7 
69.3 
74.4 
79.4 
84.4 

48.0 
55.4 
61.8 
65.0 
67.4 
71.0 
69.2 
54.9 

26.1 
26.7 
33.9 
40.6 

a) [HCHO] = 1.0M; [CaCl2] =0.005 M; [metal hydroxide] = 0.1 M ; [D-fructose] =0.01 M; P H=12.0 (adjusted 
by coned KOH) ; temp = 60°C; total volume = 200 ml. b) pH=11.5, while the other reaction conditions were 
the same as in a), c) GLG was below 1%. d) See Table 1. 

concentration is varied at a given [Ga], the relationship 
between the ratio of [Ca.] / [HCHO] and T3p is also 
similar (Fig. 2) to that described above. These results 
suggest that these branched sugar alcohols of 2-HG, 
3-HP, and 2,4-DHP are end products under these 
reaction conditions and that the ratio of the form­
aldehyde concentration to [Ca] is the most important 
factor in selective formation of these products. In 
this case, however, there is another important factor 
is the selective formation of the three branched sugar 
alcohols, namely, the role of D-fructose as a co-catalyst, 

CO Ö 

C N Ô 2 

•IX 

100^ Hioo 

50 h 

O.Ol 0.02 

[CaCl3]/[HGHO] (M/M) 

Fig. 2. Effects of HGHO concentration on T3V, TmSiX, 
and sugar yield. 
[D-Fructose]=0.01 M; pH=12.0 (adjusted by coned 
KOH); temp=60°C; total volume = 200 ml. T3p, 
[CaCl2] (M): • , 0.005; A, 0.01; • , 0.025. T m a x , 
[CaCl2] (M): O, 0.005; A, 0.01; D, 0.025. Sugar 
yield, [CaClJ (M) : 3 , 0.005; Zk, 0.01; f j , 0.025. 
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Furthermore, the T M S derivative of D-fructose was 
a minor one. In another experiment, ca. 5 0 % of 
added D-fructose was found to decompose or change 
to other compounds in 10 min and ca. 70% of D-
fructose in 20 min under these reaction conditions : 
[D-fructose] = 1 0 x l O - 3 M , [ C a C l 2 ] = 5 X 10~3 M, p H = 
12.0 adjusted by coned potassium hydroxide, and 
temp = 60 °G. These results led us to suggest that 
D-fructose added as a co-catalyst would react with 
formaldehyde or would decompose to some products, 
such as reductone,10) which may then act effectively 
as co-catalysts. 

Time Course of the Selective Formose Reaction in the 
Presense of a Small Amount of Calcium Ions. Figure 
3 shows a typical time course of the formaldehyde 
consumption, the sugar yield, and O R P in the formose 
reaction which gives rise to 2-HG, 3-HP, and 2,4-
D H P with a high selectivity when the reaction is 
catalyzed by potassium hydroxide and a small amount 
of calcium ions in the presence of D-fructose. Form­
aldehyde was consumed at a rather uniform rate, 

a 

B^ 
.5 0>-
UTT 
B-v 

5 «-
R «J 
u bo o s 
X 
o 
E 

100 

5 0 

O 

\_——— -~~~/^^^s~m. 
y i 

~s / Ç) / 
JT jtf 

S* — m . — & " \ . 1 

0 

£T 
, 

ü 
fcD 
< 
in 

- 5 0 0 <A 

> 
J, 
PH 

P4 
O 

10 20 

Time/min 

of HGHO 

30 

consumption, sugar Fig. 3. Time course 
yield, and ORP. 
[HGHO] = 1.0 M ; [CaCl2] = 0.005 M; [D-fructose] = 
0.01 M; pH=12.0 (adjusted by coned KOH) ; temp= 
60 °G; total volume = 200 ml. O : HGHO consump­
tion, &: sugar yield, —: ORP. 

o 

10 20 

Time/min 

; of selective 

30 

formose reaction Fig. 4. Time cou 
products. 
[HCHO] = 1.0 M ; [CaGl2] =0.005 M ; [D-fructose] = 
0.01 M; pH=12.0 (adjusted by coned KOH); temp= 
60 °G; total volume=200 ml. O, 2-HG, A, 3-HP, 
• , 2,4-DHP, • , 25; A, fructose. 

although the usual formose reaction catalyzed by 
calcium hydroxide consumed formaldehyde auto-cata-
lytically.1'11) This consumption curve is also different 
from that given by the formose reaction which is 
catalyzed by calcium oxide in the presence of various 
co-catalysts. 12> 

In this reaction system, the maximum O R P is found 
to be useful for the indicator of the end point of the 
reaction (Tm&x) at which the sugar yield is at its maxi­
mum. The same relationship has been observed in 
the usual formose reaction catalyzed by calcium hy­
droxide alone.1 '11) 

Figure 4 shows the time course of the main products ; 
2-HG, 3-HP, 2,4-DHP, GP-25, and D-fructose. The 
added D-fructose disappears rapidly and becomes of 
minor importance at the end of the reaction, as has 
been described above. 2,4-DHP, 3-HP, and 2-HG 
are formed selectively even at the initial stage. 
Although 2-HG early reaches a constant proportion 
(ca. 10 G L C % ) , 2,4-DHP and 3-HP increase con­
tinuously as the reaction proceeds. 

Quite importantly, GP-25 is formed with a high 
selectivity as one of the initial products ; it then disap­
pears with the simultaneous increase in both 2,4-
D H P and 3-HP. These results suggest that GP-25 
might be an intermediate of 2,4-DHP or 3-HP. 

In our previous paper,13) we have already proposed 
a scheme of possible pathways for the selective forma­
tion of these three branched sugar alcohols (2-HG, 
3-HP, and 2,4-DHP), which may be explained by a 
conventional mechanism14) involving cumulative aldol 
condensations, followed by the cross-Cannizzaro reaction 
of their aldose precursors. In addition, it has been 
already reported that the reduction of 2,4-bis(hydroxy-
methyl)-3-pentulose (2,4-DH-3-P) with sodium boro-
hydride15) or formaldehyde in the presence of a base16) 
give 2,4-DHP. A modified scheme of possible path­
ways for the selective formose formation is proposed 
in Scheme 1. There has previously been no reasonable 
explanation for the occurrence of the selective formose 
reaction. 

GH2OH 
I 

HO-G-CH 2OH 

C=0 2,4-DH-3-P 
I 

HO-G-GH2OH 
I 

GH2OH 

Effect of Reaction Temperature. The formose reac­
tion was carried out at various temperatures; the 
results are summarized in Table 3. Tmax decreases 
with an increase in the reaction temperature, so with 
the decrease in Tm&x the sugar yield increases, as has 
been described previously.2-3) At 80 °G, however, the 
sugar yield is not so high in spite of the short reaction 
time, because the resulting sugars easily decompose 
as a result of the high reaction temperature. Three 
branched sugar alcohols (T3p) are formed with a high 
selectivity (cf. Table 3), although the increase in the 
reaction temperature leads to tendency for T3v to 
decrease. 
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GHO 
I 
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I 
GHOH ; 

I 
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HO-G-GH 2OH 
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GH2OH 
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GHO 
I 
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I 
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HO-G-CH 2OH 

I 
GH2OH 
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I 

HO-C-GH 2 OH 
I 
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L-A 

CC 

GH2OH 

C2 , A 

CH2OH 
I 

-* HO-G-GH 2OH 
I 

CH2OH 

2-HG 

CH2OH 
I 

c=o 
I 

CH2OH 

| c l f A 

GH2OH 
I 

C=0 
I 

GHOH 
I 

GH2OH 
Jc„ A 
CH2OH 

I 
CHOH 
I 
c=o 
I 

GHOH 
I 

GH2OH 
| 2Cl« A 

CH2OH 

G1: Formaldehyde 
C2: Glycolaldehyde 
G 3A : Glyceraldehyde 
GG: Cross-Cannizzaro 

reaction with HGHO 
L-A: L-A rearrangement 
A: Aldol condensation 

L-A 

GHO 

GHOH 
I 
CHOH 

I 
GH2OH 

J C 2 , A 
CH2OH 

I 
CHOH 

I 
H O -C -C H O 

HO-G-CH 2OH HO-G-CH 2OH 
cc I cc I 

HO-G-GH 2OH 
I 

GH2OH 

GHOH < 
I 

HO-G-GH 2OH 

GH2OH 
2,4-DHP 

G=0 
I 

HO-G-GH 2OH 

CH2OH 
2,4-DH-3-P 

CHOH 

CH2OH 

1 CG 

GH2OH 
I 

CHOH 
I 

HO-G-GH 2OH 
I 

GHOH 
I 

GH2OH 
3-HP 

Scheme 1. Possible pathways for the selective formose formation. 

TABLE 3. EFFECTS OF REACTION TEMPERATURE*1) 

Reaction 
°G 

50 
60 
70 
80 

temp •* max 

min 

334 
45 

6.3 
1.0 

Sugar yield 

% 

33.5 
42.1 
49.3 
45.6 

2-HG 

16.8 
13.1 
7.7 

11.7 

] 

3-HP 

27.4 
18.9 
27.7 
18.9 

Products (GLC%) 

25 

16.2 
5.8 
1.0 
1.8 

fc) 

2,4-DHP 

31.0 
45.5 
30.4 
22.3 

n p 

75.2 
77.5 
65.8 
52.9 

a) [HCHO] = 1.0M; [CaCLJ = 0.005 M; [D-Fructose]=0.01 M; pH=11 .5 ; total volume - 200 ml. b) See Table 1. 

O n the other hand, Tambawala et al.11) reported 
that, at 5 0 % and lower conversion levels, the G4 and 
C5 aldose and ketose products are practically pure 
straight chains at 40 °G and practically pure branched 
chains at 60 °C. At higher conversion levels as much 
as 4 0 % branched chains are present at 40 °G. Fur­
thermore, as has been mentioned above, the three 
branched sugar alcohols are formed selectively even 
at the initial stage, at which the formaldehyde con­
sumption is only 10%. I t would be supposed that 
these differences are mainly attributable to the amount 
of calcium ions. At any rate, there is a remarkable 

effect of the reaction temperature, that is, the forma­
tion of GP-25, which might be an intermediate of 
2,4-DHP or 3-HP and which increases with a decrease 
in the reaction temperature. Efforts are under way 
to separate and identify GP-25. The formation of 
GP-25 under various reaction conditions is also under 
investigation in detail. 

Effect of Various Co-catalysts on the Selectivity of Products. 
Since Kusin18) and Langenbeck12) reported that the 
induction period can be eliminated or shortened by 
the addition to the reaction mixture of small amounts 
of carbohydrates, the formose reaction in the presence 
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of carbohydrates or other compounds with an enediol 
form has been studied: the reaction is accelerated to 
a small extent, and the induction period is shortened 
greatly, by the addition of glycolaldehyde and gly-
ceraldehyde; the catalytically active species is not 
the hydroxide of an alkaline earth metal, but its com­
plex with a carbohydrate. 19~21) 

However, there have been few reports which have 
discussed the effects of a formose-reaction-promoting-
co-catalyst on the selectivity of products. Although 
we have already reported the effects of various co-
catalysts on the formose reaction in the presence of 
a small amount of calcium ions,22> a few other co-
catalysts have been investigated in terms of how they 
affect the product distribution. The results are sum­
marized in Table 4. 

As has been described previously,22) the formose 
reaction in the presence of acetoin or benzoin is found 
to give GP-13 and -14 or 1,2-diphenylglycerol respec­
tively with a high selectivity and to give a low sugar 
yield as glucose. From these results, one can easily 
suppose that acetoin and benzoin do not act as co-
catalysts, but only as substrates which are easily hy-
droxymethylated with formaldehyde to give a stable 
and unreactive compound. 

O n the other hand, other co-catalysts give rise to 
similar TT

max values, sugar yields, and product dis­
tributions, although in the case of L-ascorbic acid 
the Tmax is relatively long. In addition, phenacyl 
alcohol was found to form GP-16 (ca. 10 G L C % ) , 
which could not be detected without phenacyl alcohol. 
Hence, these co-catalysts would seem to function simi­
larly to each other both as co-catalysts and substrates. 

Furthermore, when DL-glyceraldehyde or dihydroxy-
acetone is used as a co-catalyst, the total yield of 2-
H G , 3-HP, and 2,4-DHP (T3p) is very high (ca. 80 
G L C % ) . This results led us to assume that DL-
glyceraldehyde and dihydroxyacetone would function 
both as co-catalysts and as substrates which especially 
act as intermediates of the above three branched sugar 
alcohols. 

O n the basis of the above results, we propose that 
the enediol form of a co-catalyst is very important in 

H O O H 
i i 

promoting the formose reaction: the R - C = C - H type 
H O O H 

i i 

is effective, but the 1^ -0=C-R 2 (R l 5 R ^ H ) type is 
not effective in promoting the reaction. The same 
assumption has already been presented by Sakai et 
al.23) The relatively long T'max with L-ascorbic acid 
is attributable to the time necessary to convert an 

H O O H 
i i 

enediol form of L-ascorbic acid, R 1 -C=C-R 2 , to the 
H O O H 

i i 

effective type, R - G = G - H . 
Effect of Various Metal Hydroxides. In the pres­

ence of a slight amount of calcium ions, the formose 
reactions were carried out by various metal hydroxides 
in order to examine the effect of the kind of metal 
cation on the reaction. The results are summarized 
in Table 5. Judging from the results (Tm&x values, 
the sugar yields, and the product distributions), the 
catalytic activity of S r (OH) 2 is very similar to that 
of Ga(OH) 2 . The catalytic activity, furthermore, de­
creases in the following order: Ca(OH) 2 , S r ( O H ) 2 > 
B a ( O H ) 2 > M g ( O H ) 2 . These results are the same as 
those reported by Partridge et al.,2*) who supposed 
that the intermediate complexes must contain a carbo­
hydrate molecule in addition to formaldehyde molecules 
in the coordination sphere of the catalytically active 
cation. In Table 5, furthermore, Mg(OH) 2 , Fe(OH) 3 , 
and P b 2 0 ( O H ) 2 have a longer 7"max than that of the 
control experiment. 

In the cases of G u ( O H ) 2 and L iOH, in spite of 
their short 7T

max values, the sugar yield is low. Pfeil 
et al.25) reported that L i O H catalyzes the Cannizzaro 
reaction rather than the formose reaction. In the 
presence of Cu(OH) 2 , metal copper separated out 
from the reaction mixture, so one can easily suppose 
that C u ( O H ) 2 would be reduced by formaldehyde 
to metal copper and that formaldehyde would be 
oxidized to formic acid. Hence, the low sugar yield 
in these formose reactions is attributable to the large 
consumption of formaldehyde to formic acid. 

2-(Hydroxymethyl) glycerol (2-HG), 3-(hydroxy-

TABLE 4. EFFECTS OF VARIOUS CO-CATALYSTS8-) 

Go-catalyst 

D-Fructose 
D-Glucose 
D-Xylose 
Triose reductone 
DL-Glyceraldehyde 
Dihydroxyacetone dimer 
L-Ascorbic acid 
Phenacyl alcohol 
Acetoin 
Benzoin 

T 
-* max 
min 

26.5 
29.7 
26.9 
32.8 
24.0 
28.6 
50.7 
25.3 

177.0 
94.3 

Sugar yield 

% 

40.0 
34.8 
39.3 
34.7 
35.6 
30.8 
29.4 
39.1 
8.3 

11.2 

2-HG 

8.4 
7.4 
8.1 

10.7 
9.5 

10.1 
10.0 
8.0 

c ) 
c ) 

13 

c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 

14.4 

c ) 

Products (GLC%)°) 

14 

c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 

33.4 

c ) 

3-HP 

22.2 
24.0 
23.2 
20.7 
27.3 
26.4 
24.9 
20.7 

c ) 
c ) 

1,2-DPG") 

c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 
c ) 

89.1 

2,4-DHP 

34.4 
35.0 
31.9 
33.3 
41.4 
45.5 
28.6 
30.7 

c ) 
c ) 

r,P 
65.0 
66.4 
63.7 
64.7 
78.2 
82.0 
63.5 
59.4 

c ) 
c ) 

a) [HCHO] = 1.0M; [co-catalyst] =0.01 M; [CaCl2] = 0.005 M; pH=12.0 (adjusted by coned KOH) ; temp=60°G; 
total volume = 200 ml. b) 1,2-(Diphenyl)glycerol is abbreviated as 1,2-DPG. c) GLC was below 1%. e) See 
Table 1. 
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TABLE 5. EFFECTS OF VARIOUS METAL HYDROXIDES'1) 

1409 

Metal hydroxide 

Mg(OH)2 

Sr(OH)2 

Ba(OH)2 

PbaO(OH)2 

Cu(OH)2 

Fe(OH)3 

LiOH") 

b) 

T 
•*• m a x 

min 

24.0 
36.8 
3.5 
6.8 

76.0 
8.0 

70.0 
10.0 
45.0 

Sugar yield 

% 

44.6 
38.5 
65.7 
63.9 
26.5 

7.7 
14.6 
25.2 
38.6 

2-HG 

12.8 
12.0 
2.5 
2.7 
1.3 
8.8 

19.3 
5.2 

13.5 

18 

c ) 
c ) 

6.3 
6.4 

10.4 
4.1 

c ) 
c ) 
c ) 

Products 

3-HP 

29.0 
31.2 
16.1 
20.8 
22.4 
18.0 
18.8 
44.0 
19.4 

(GLC%)*> 

25 

2.3 
2.1 

12.3 
8.6 
5.5 
4.8 

c ) 
c ) 

5.9 

2,4-DHP 

41.9 
40.8 

7.2 
27.7 

1.3 
18.0 
51.8 
31.6 
46.7 

* 3P 

83.7 
84.0 
25.8 
51.2 
25.0 
44.8 
89.9 
80.8 
79.6 

a) [HCHO] = 1.0M; [CaClJ = 0.005 M ; [metal hydroxide] = 0.1 M; [D-fructose] = 0.01 M; pH=12.0 (adjusted by 
coned KOH); temp=60°G; total volume = 200 ml. b) pH=11.5, while the other reaction conditions were the 
same as in a), c) GLG was below 1%. d) See Table 1. 

methyl)pentitoi (3-HP), and 2,4-bis(hydroxymethyl)-
pentitol (2,4-DHP) are formed with a high selectivity 
( Tgp, 80 GLG %) in the formose reaction catalyzed 
by K O H , Mg(OH) 2 , Fe(OH) 3 5 and L i O H in the 
presence of small amounts of calcium ions and D-
fructose. Especially, F e ( O H ) 3 is found to give 52 
G L G % of 2,4-DHP only. P b 2 0 ( O H ) 2 , furthermore, 
give rise to an unknown product, GP-18; efforts are 
under way to isolate and identify this product. These 
results are in fair agreement with those results5) ob­
tained from a modified formose reaction. 

Under the same reaction conditions as in Table 
5, but without calcium ions, furthermore, the formose 
reaction was found to give a longer Tm&x value than 
that in the presence of calcium ions, but the product 
distributions were quite similar to each other. For 
example, when no metal hydroxide was added, only 
adjusting the p H of the reaction mixture to 12.0 with 
coned K O H a q ; the Tm&x was 182 min ; a t bar ium 
hydroxide, the Tm&x was 23 min. 
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The title compounds were prepared, and their XH- and 13G-NMR spectra were examined. On the basis 
of the data for the benzene-solute collision complexes and the magnitudes of the y shifts, five isomeric con­
formations of the compounds were discussed. 

Recently, a number of conformational analyses of 
ethylene and trimethylene sulfites have been re­
ported.1 - 4) For example, Green and Hellier1) have 
used the I R technique of the S = 0 stretching vibrations 
to study the conformation of trimethylene sulfites. 
They concluded that the higher wave number band 
{ca. 1195 cm - 1 ) is at t r ibutable to the chair form with 
an axial S = 0 function and/or flexible twist forms, 
while the lower wave number band {ca. 1234 cm - 1 ) 
is to be assigned to the chair form with an equatorial 
S = 0 group. Buchanan et a/.4) reported 1 3 C-NMR data 
on trimethylene sulfites and ten alkyl derivatives and 
concluded that these compounds exist in the chair 
form with an axial or equatorial S = 0 function and 
twist conformations. 

In a previous paper,5) we ourselves reported the 
reaction of iV,iV-bis(2-hydroxyethyl) anilines with thio-
nyl chloride giving the 6-phenyl-5,6,7,8-tetrahydro-4i7-
1,3,2,6-dioxathiazocine 2-oxides, which had a structure 
similar to that of the trimethylene sulfite skeleton. 
In order to obtain more stereochemical information 
about the 1,3,2,6-dioxathiazocine 2-oxide system, it 
seems desirable to prepare 1,3,2,6-dioxathiazocine 2-

oxides with a ortho-, meta-, para-substituent on the 
iV-phenyl ring and methyl group on the C-4 and C-8. 
In this paper we wish to report the conformational 
analyses of 4,8-dimethyl-6-phenyl-5,6,7,8-tetrahydro-
\H- 1,3,2,6-dioxathiazocine 2-oxides (1—7) by means 
of N M R spectroscopy. 

<r 
I\i6 

CH3 1, R = H 
2, R=o-GH3 

5, R=o-Gl 
6, R = /w-Cl 

4 3 2 . S ^ 

CH3 

3, R=w-GH3 7, R=/>-Cl 
4, R=/>-CH3 

Exper imenta l 

Measurements. All the melting points are uncorrected. 
All the NMR spectra were determined at 100- and 60-MHz 
with JEOL JNM-PS-100 and JNM-PMX-60 spectrometers 
respectively. The 13C-NMR spectra were obtained using 
a JNM-PS-lOO/EG-100 Fourier transform spectrometer op­
erating at 25.15 MHz, with complete proton decoupling. 
The pulse width and repetition time were 10.2 (JLS for a 45° 
pulse and 6 s respectively. The spectra were observed as 

TABLE 1. CHARACTERIZATION DATA OF THE 1,3,2,6-DIOXATHIAZOCINE 2-OXJDES 

Gompd 
No. 

— 

l b 
l c 
2d 

2e 
3a 
3b 
3c 
4a 
4b 
4c 
5d 

5e 
6a 
6b 
6c 
7a 
7b 
7c 

Yield/% 

18 

8 
6 

23 

5 
2 

13 
6 

50 
8 

17 
12 

15 
5 
7 

15 
9 

20 
21 

Mp/°G 

205.0—206.0 

122.0—122.7 
88.2— 88.8 

109.5—110.0 

— a ) 

137.8—138.0 
80.2— 81.5 
46.1— 47.0 

182.0—182.9 
93.9— 94.1 
78.0— 79.0 
87.5— 89.5 

— a ) 

158.0—158.9 
125.0—125.5 

90.0— 90.6 
163.4—164.2 
99.5—100.0 

137.0—137.3 

IR, S=0 
v/cm -1 

1193 

1190 
1182 
1190 

1200 
1187 
1187 
1200 
1190 
1182 
1192 
1187 

1200 
1202 
1190 
1200 
1195 
1190 
1198 

Found 

G 

56.36 
(56.45) 
56.34 
56.24 
58.09 

(57.97) 
58.56 
57.62 
58.20 
58.21 
57.74 
57.12 
57.65 
49.64 

(49.74) 
49.15 
49.66 
49.44 
49.78 
49.43 
49.45 
49.56 

(Galcd) % 

H 

6.65 
(6.71) 
6.75 
6.80 
7.14 

(7.11) 
7.24 
7.28 
7.14 
7.22 
7.07 
7.35 
7.19 
5.55 

(5.57) 
5.47 
5.57 
5.42 
5.43 
5.51 
5.54 
5.43 

N 

5T42 
(5.48) 
5.47 
5.47 
5.11 

(5.20) 
5.08 
5.15 
5.05 
5.15 
5.18 
5.13 
5.14 
4.89 

(4.83) 
4.93 
4.89 
4.77 
4.78 
4.79 
4.79 
4.88 

a) Liquid. 
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2 mmol cm - 3 solutions in CDC13 with a spectral width of 
6250 Hz (data points : 8192). The chemical shifts were 
referred to the internal TMS as the standard. The IR 
spectra were recorded on a Shimadzu Model 27-G grating 
spectrophotometer on a KBr for the solid materials or on 
a NaCl plate for the liquid materials. 

Compounds. The series of 1—7 was prepared by the 
reaction of the corresponding iV,i\f-bis(2-hydroxypropyl)-
anilines with thionyl chloride, as has been described in our 
previous paper.5) The purification of the crude product 
by the use of a short silica gel column, with hexane or a 
hexane-benzene (1:1) mixture as an eluent, and subsequent 
recrystallization afforded two or three pure isomers as color­
less crystals; these compounds gave satisfactory results for 
mass spectra and elemental analyses. The physical prop­
erties of the compounds of 1—7 are listed in Table 1. 

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

S=0 Frequencies. The I R spectra of 1—7 showed 
a characteristic band of the S=0 function at 1190— 
1200 c m - 1 (Table 1). Trimethylene sulfites prefer the 
chair form with an axial S=0 group, and the same 
conformational preference is found for six-membered-
ring sulfoxides.6»7) In the case of trimethylene sulfites,8) 
the S=0 stretching band at 1190 c m - 1 (GG14) to 1198 
c m - 1 (C6H12) indicates a axial S = 0 conformer, while 
1233 (CS2) to 1234 c m - 1 (C6H12) is a equatorial 
conformer. Twist conformations apparently give in­
termediate values. 

If this consideration can be extended to Compounds 
1—7, the position of the S = 0 stretching band of 1190— 
1120 c m - 1 would indicate a predominance of the axial 
conformer or the twist conformer. 

^H-NMR Spectra. The N M R spectra of the 
heterocyclic protons of 5d, 5e, 7a, 7b , and 7c are 
shown in Fig. 1. The N M R spectra of 7a and 7 b 
consist of four distinct sets of multiplets, at ca. ô 
4.7—4.9(m), 3.7—3.8(q), 3.1 (q), and 1.3—1.4(d), 
for which a straightforward analysis was possible. In 
contrast, in Compounds 5d, 5e, and 7c, the methylene 
protons for H-5 and H-7 gave complicated multiplets 
and were not easily analyzed. Striking differences 
in Compounds 5e and 7c compared with Compounds 
5d, 7a, and 7b are recognizable in the signals of the 
methine protons for H-4 and H-8. T h a t is, two 
kinds of methine protons of H-4 and H-8 for 5e and 
7c appeared at ca. ô 5.1 and 4.6 ppm. We subdivided 
the spectra into five types—A, B, C, D, and E, as 
can be seen in Fig. 1. The spectra of the compounds 
with an ortho-substituent may all be considered to 
belong to types A and B. Similarly, those without 
a substituent or with meta- and para-substituents be­
long to types C, D, and E. The methine proton 
for H-4 and/or H-8 of 5d, 7a, and 7 b shows one set 
of multiplets, while compounds of 5e and 7c show 
two sets of multiplets. We have, therefore, suggested 
that, in the case of Compounds 5d, 7a, and 7b, the 
possible comformations are in the symmetric form, 
while, in contrast, Compounds 5e and 7c are asym­
metric forms. 

From the above considerations, the possible con­
formations of Types A, C, and D are illustrated in 
Scheme 1. For discussing the eight-membered-ring 

_yv^ 

5d(Type A) 

_A^V 

5e(Type B) 

^JtyJ^K^J^ 

7a(Type 0 

I 

7b(Type D) 

LULL 

7c(Type E) 

_i_ 

5 4 3 2 1 0 
ô 

Fig. 1. NMR spectra of the heterocyclic and methyl 
protons of 5 and 7 in GDG13. 

Ph—N 

Scheme 1. Possible conformations of types A, G, and 
D. 
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stereochemistry, we used the nomenclature established 
for cyclooctane.9) 

For the geometry of solute-solvent collision com­
plexes, Ledaal10) proposed a common model with the 
dipole axis of the solute molecule located along the 
sixfold-symmetry axis of a benzene nucleus, with the 
positive end of the dipole nearest, and the negative 
end farthest away from, it. As for the aromatic solvent 
effect on the sulfoxides, our recent papers have also 
described the same type of collision complexes in 
connection with the stereochemistry of the 3-aryl-
1,2,3-oxathiazolidine 2-oxides.11»12) 

Assuming that collision complexes of a similar geome­
try are formed between the benzene molecule (solvent) 
and the S = 0 bond in the compounds for chair-chair 
(GG), boat-boat (BB), boat-chair (BC), and chair-
boat (CB) conformations, the following considerations 

are presented. For the CG conformation, benzene 
association should take place from the H-5 and H-7 
axial protons of the solute molecule, i.e., from the 
positively polarized end of the S = 0 bond. Conse­
quently, the H-4 and H-8 axial protons are strongly 
deshielded. In the BB conformation, the benzene mol­
ecule should be formed from the H-4, H-5 , H-7, and 
H-8 axial protons of the solute molecule ; consequently, 
it is anticipated that all the protons of the heterocyclic 
ring will experience strong shielding effects in a benzene 
solution. Similar considerations are possible for the 
BC and CB conformations. T h a t is, the axial protons 
of H-4, H-5 , H-7, and H-8 are more deshielded than 
the remaining equatorial protons and methyl protons 
for the BC conformation. In the CB conformation, 
all the protons are shielded. 

Table 2 shows the benzene-induced shift (A = 

TABLE 2. 1H-NMR CHEMICAL SHIFTS AND BENZENE-INDUCED SOLVENT SHIFTS FOR 1—7 

Gompd "" 
N o - H-4 H-8 jn.~rr JTL~0 

l a 4.78(m) 
(0.57) 

l b 4.97(m) 
(0.01) 

l c 5.10(m) 4.53(m) 
(0.23) (0.36) 

2d 4.60(m) 
(0.27) 

2e 5.12(m) 4.43 (m) 
(0.09) (0.28) 

3a 4.73(m) 
(0.34) 

3b 4.93(m) 
(0.03) 

3c 5.10(m) 4.57(m) 
(0.12) (0.40) 

4a 4.77 (m) 
(0.42) 

4b 4.95(m) 
(0.01) 

4c 5.15(m) 4.57(m) 
(0.17) (0.39) 

5d 4.60 (m) 
(0.40) 

5e 5.19(m) 4.60(m) 
(0.08) (0.29) 

6a 4.77(m) 
(0.54) 

6b 4.90 (m) 
(0.07) 

6c 5.16(m) 4.53(m) 
(0.28) (0.53) 

7a 4.73(m) 
(0.53) 

7b 4.89 (m) 
(0.13) 

7c 5.13(m) 4.48 (m) 
(0.23) (0.47) 

axi-H 

3.85(q, Jgem = 
(0.57)b> 
3.83(q, Jgem = 

(0.33) 

3.85(q, Jgem = 
(0.51) 
3.80(q, 7„em = 

(0.32) 

3.8l(q,Jgem = 
(0.55) 
3-80(q, Jgem~-

(0.30) 

3.83(q, Jgem = 
(0.63) 
3.80(q, Jgem = 

(0.52) 

3.79(q, Jvem = 
(0.53) 
3.77(q, Jgem = 

(0.54) 

Chemical shifts, ô 

H-5 and H-7 

eq-H 

= 15.7, 7,<e=l)»> 3.08(q, Jvie: 
(0.60) 

= 15.0, Jvte=l) 3.20(q, Jvie--
(0.47) 

3.8—3.1 (m) 
(0.4—0.5) 

3.34—3.01 (m) 
(0.3) 

3.65—2.73 (m) 
(0.3) 

= 15.8, Jvic=\) 3.04(q, Jvic-
(0.49) 

= 16.0, Jvie=\) 3.08(q, Jvic--
(0.42) 

3.98—2.85 (m) 
(0.3—0.4) 

= 15.9, Jvic=l) 3.06(q, Jvic-
(0.65) 

= 16.1, Jvie=l) 3.08(q, Jvic--
(0.35) 

3.81— 2.98 (m) 
(0.4) 

3.45—2.87 (m) 
(0.3—0.4) 
3.77—2.85 (m) 

(0.3) 

= 16.0, Jvic=l) 3 .10(q ,y , i e = 
(0.60) 

= 16.0, y , t e = l ) 3.20(q, Jvte-
(0.59) 

3.9—2.9(m) 
(0.5) 

= 16.0, 7 „ i c = l ) 3.07(q, Jvte~-
(0.63) 

= 16.0, Jvie=l) 3.14(q, Jvie--
(0.53) 

3.7—2.9(m) 
(0.4—0.5) 

= 9.1) 

-8 .5) 

= 9.0) 

= 8.5) 

= 9.0) 

= 9.0) 

= 9) 

= 9.2) 

= 9.0) 

= 8.2) 

GH3-4 GH3-8 

1.38(d, y = 6 . 2 ) 
(0.52) 
1.28(d, 7 = 6 . 2 ) 

(0.36) 
1.37(d, 7 = 6 . 2 ) 

(0.30) (0.45) 

1.20(d, 7 = 6 . 0 ) 
(0.23) 

1.18(d, 7 = 6 - 0 ) 
(0.20) (0.26) 

1.39(d, 7 = 6 . 2 ) 
(0.46) 
1.26(d, 7 = 6 . 2 ) 

(0.40) 
1.42(d, 7 = 6 . 0 ) 

(0.32) (0.47) 

1.38(d, 7 = 6 . 1 ) 
(0.54) 
1.27(d, 7 = 6 . 1 ) 

(0.37) 
1.38(d, 7 = 6 . 2 ) 

(0.31) (0.45) 

1.25(d, 7 = 6 . 0 ) 
(0.40) 
1.23(d, 7 = 6 . 2 ) 

(0.06) (0.25) 

1.25(d, 7 = 6 . 0 ) 
(0.38) 
1.30(d, 7 = 6 . 2 ) 

(0.50) 
1.36(d, 7 = 6 . 1 ) 

(0.35) (0.49) 

1.39(d, 7 = 6 . 2 ) 
(0.54) 
1.32(d, 7 = 6 . 2 ) 

(0.49) 
1.36(d, 7 = 6 . 0 ) 

(0.33) (0.43) 

s 

T> 
XV 

2 . 2 7 ( s ) 
(0.17) 
2 . 3 0 ( s ) 

(0.09) 

2 . 3 2 ( s ) 
(0.09) 
2 . 3 6 ( s ) 

(0.16) 
2 . 3 2 ( s ) 

(0.10) 

2 . 2 3 ( s ) 
(0.02) 
2 . 2 3 ( s ) 

(0.00) 
2 . 2 5 ( s ) 

(0.05) 

a) Coupling constants, Hz. b) Benzene-induced solvent shifts, A = (<5CDCI3
_^C«D«) 
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<5CDCI3—<5C6D8) with the chemical shift of Compounds 
1—7 in CDC13. As can be seen in Table 2, the 4,8-
protons of Compound 7b are deshielded (the mean 
value is ca. + 0 . 1 3 ppm) . Only the CG conformation 
in Scheme 1 is compatible with these observations; 
therefore, compounds of Type D are considered to 
take the CC conformation. The spectra of Compounds 
l b , 3b , 4b , 6b , and 7b may all be considered to belong 
to Type D. O n the other hand, all the protons of 
Compounds 5d and 7a are strongly deshielded (the 
mean values are ca. + 0 . 4 and + 0 . 5 ppm, respectively). 
Therefore, the BB or CB conformation is compatible 
with the above observations discussed for Compounds 
5d and 7a. The differences between the signal pat­
terns of Types A and C may be due to the different 
conformations of Compounds 5 d and 7a. We thought, 
therefore, that, in Type C, the most reasonable con­
formation is BB in Scheme 1. In contrast, in the 
case of Type A, the GB conformation is more suitable 
than the BB conformation because of the steric hin­
drance between the S = 0 group and the ortho-sub-
stituent. The spectra of Compounds l a , 3a, 4a, 6a, 
and 7a may all be considered to belong to Type C, 
and those of Compounds 2d and 5d, to Type A. 

O n the other hand, some possible conformations 
of Types B and E are illustrated in Scheme 2; that 
is, the CG and BB conformations are obtained by 
the replacement of j^n-axial hydrogen by a methyl 
group in the CC and BB conformations in Scheme 
1, while TCB and TBB are twist forms of GB and BB. 
If we consider that the CC or BB conformations in 
Scheme 2 are for Types B and E, the chemical shifts 
of the axial and equatorial methyl protons may be 
said to appear at different positions because of the 
anisotropy of the S = 0 bond. Nikander et al.,2) in 
reporting on chemical shifts for methyl-substituted 
1,3,2-dioxathiane 2-oxides in which the methyl group 
is .yw-axial to the S = 0 bond, said that there is only 
a minor shielding effect relative to its equatorial coun­
terpart. As can be seen in Fig. 1 or Table 2, the 
two methyl groups attached to G-4 and C-8 of Types 
B and E are almost equivalent magnetically in CDC13, 
while the two methine protons are not. Marked dif­
ferences between compounds of Types B and E are 
shown in the benzene-induced shifts of the two methine 

Ph—N^k^ 

"̂ TiT 

\ Me 

yo* 
Me 

0 

J ~v 
^ 0 

Ph' 

H-

H' 
H CC 

protons and two methyl protons attached to C-4 
and/or C-8. For the compounds of Type B, the 
methine and methyl protons attached to G-4 or C-8 
are shielded, while the remaining methine and methyl 
protons are only marginally affected. Judging from 
the examination of the molecular model, the T C B 
conformation will give rise to severe nonbonded in­
teractions between the ortho-substituent of the phenyl 
ring and the S = 0 group. Thus, we concluded that 
compounds of Type B exist in the T C B conformation. 
The spectra of Compounds 2e and 5e may all be 
considered to belong to Type B. O n the other hand, 
in the case of compounds of Type E, two methine 
and methyl protons are shielded. Therefore, it can 
be considered that compounds of Type E exist in the 
TBB conformation. T h e spectra of Compounds l c , 
3c, 4c, 6c, and 7c may all be considered to belong 
to Type E. 

13C-NMR Spectra. The conformations of Com­
pounds 1—7 are further illustrated by means of 
1 3 C-NMR. T h e 1 3 G-NMR chemical shifts for the 
Compounds, 1—7, examined in GDC13 solutions are 
presented in Table 3. T h e assignments of the carbons 
were made on the basis of: (1) the relative signal 
intensity, (2) the off-resonance decoupling technique, 
and (3) a comparison with the published data for 
trimethylene sulfites and ethylene sulfites. 

T h e upfield shifts of 6—9 p p m at G-4 and/or C-8 
of the CC-conformation compared with those in the 
CB and BB conformations are due to the ^-relationship 
between the axial S = 0 and axial hydrogens at the 
G-4 and/or C-8 in Scheme 1. Nonbonded interactions 
between the axial oxygen in CC conformation and 
the axial hydrogens at C-4 and/or C-8 are probably 
sufficient to per turb the electron distribution about 

TABLE 3. 13G CHEMICAL SHIFTS OF COMPOUNDS 1—7 

TCB " TBB 

Scheme 2. Possible conformations of types B and E. 

Compc 
No. 

l a 
l b 
l c 

2d 
2e 

3a 
3b 
3c 

4a 
4b 
4c 

5d 
5e 

6a 
6b 
6c 

7a 
7b 
7c 

I 

G-4 

74.0 
65.3 
67.5 

77.8 
69.7 

74.1 
65.4 
67.8 

74.1 
65.3 
68.1 

77.5 
69.5 

73.7 
65.0 
66.6 

73.7 
64.9 
66.9 

Che 

G-5 or G-7 

60.1 
58.1 

55.9 55.5 

65.0 
61.6 60.2 

60.1 
58.2 

56.0 55.6 

60.1 
58.2 

56.2 55.9 

64.3 
60.0 59.4 

60.0 
58.2 

55.6 55.3 

60.1 
58.3 

55.8 55.6 

mical shifts, ô 

C-8 

74.0 
65.3 
71.2 

77.8 
73.6 

74.1 
65.4 
71.4 

74.1 
65.3 
71.5 

77.5 
73.4 

73.7 
65.0 
70.6 

73.7 
64.9 
70.7 

4-Me or 8-Me 

18^3 
18.4 

19.8 19.1 

18.1 
19.6 19.4 

18.3 
18.4 

19.7 19.1 

18.2 
18.4 

19.7 19.1 

18.1 
19.5 19.2 

18.3 
18.4 

19.8 19.3 

18.3 
18.4 

19.8 19.2 

R 

— 
— 
— 

18.4 
18.6 

22.1 
22.1 
21.9 

20.1 
20.1 
20.1 

— 

— 

— 
— 
— 

— 
— 
.—. 
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C-4 and/or C-8 and increase their shieldings. These 
y-shifts have already been reported for ethylene sulfites 
and propylene sulfites.4»13> For example, Buchanan 
et al.1*) reported upheld shifts of 9.9 and 6.6 ppm at 
C-4 and C-6 of 4-phenyl-l,3,2-dioxathiane 2-oxide with 
an axial S = 0 bond relative to that of the equatorial 
S = 0 type. O n the contrary, the chemical shifts of 
C-4 and C-8 in the T C B and TBB conformations 
appeared a t different positions, as is shown in Table 
3. The upheld shifts in C-4 indicate that the S = 0 
function turned away to the axial hydrogen at C-4. 

We concluded, in the light of all the available evi­
dence, that Compounds 1—7 exist in five conforma­
tions, that is, CC, BB, CB, TCB, and TBB, as is shown 
in Schemes 1 and 2. 

References 

1) G. H. Green and D. G. Hellier, J. Chem. Soc, 1972, 
458. 

2) H. Nikander, V. Mukkala, T. Nurmi, and K. Pihlaja, 
Org. Magn. Reson., 8, 375 (1976). 

3) D. G. Hellier and F. J . Webb, Org. Magn. Resort., 

9, 347 (1977). 
4) G. W. Buchanan, J . B. Stothers, and G. Wood, Can. 

J. Chem., 51, 3746 (1973). 
5) T. Nishiyama, K. Ido, and F. Yamada, J. Heterocycl., 

Chem., 16, 597 (1979). 
6) K. W. Buck, A. B. Foster, W. D. Pardoe, M. H. Qadir, 

and J . M. Webber, J. Chem. Soc, Chem. Commun., 1966, 759. 
7) G. R. Johnson and D. McCants, Jr., J. Am. Chem. 

Soc., 86, 2935 (1964); J . G. Martin and J. J . Uebel, ibid., 
86, 2936 (1964). 

8) D. G. Hellier and F. J . Webb, J. Chem. Soc., 1977, 
612. 

9) F. A. L. Anet and J . Krane, Tetrahedron Lett., 1973, 
5029. 

10) T. Ledaal, Tetrahedron Lett., 1968, 1683. 
11) T. Nishiyama and F. Yamada, Bull. Chem. Soc. Jpn., 

44, 3073 (1971). 
12) F. Yamada, T. Nishiyama, and H. Samukawa, Bull. 

Chem. Soc. Jpn., 48, 1878 (1975). 
13) G. W. Buchanan and D. G. Hellier, Can. J. Chem., 

54, 1428 (1976). 
14) G. W. Buchanan, G. M. E. Gousineau, and T. G. 

Mundell, Tetrahedron Lett., 1978, 2775. 



May, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1415—1419 (1981) 1415 

The Methylation of Nucleic Acids. The Analysis of Methylated 
Ribonucleosides by Means of High-performance Liquid 
ODS-Silica GeP} and Cation-exchange Chromatography 

Toshizumi TANABE, Kiyoshi YAMAUCHI,* and Masayoshi KINOSHITA 

Department of Applied Chemistry, Osaka City University, Sumiyoshi-ku, Osaka 558 
(Received August 2, 1980) 

The quantitative determination of adenosine, guanosine, inosine, cytidine, uridine and their methylated 
derivatives was studied by means of a high-performance liquid chromatographic method using O D S - s ^ g ^ 
cation-exchange, and anion-exchange resins as column packings. The method was applied to the analysis of 
yeast-RNA, which was methylated by trimethyl phosphate at pH 7 and 9. 

Nucleic acids, especially tRNA and m R N A , contain 
a variety of modified nucleosides.2'3) A mutagenic 
study of the action of alkylating agents on nucleic 
acids has shown them to give polymers with various 
alkylated nucleosides.4) T h e rapid and quantitative 
analysis of such rare nucleosides has, therefore, been 
actively sought. Although two-dimensional thin-layer 
chromatography and ion-exchange chromatogra­
phy,2 '5-7) which are coupled with a scintillation-
counting technique, have frequently been employed, 
the chromatographic procedures are complex and time-
consuming. These drawbacks may be avoided by 
utilizing high-performance liquid chromatography 
(HPLC) . There have been reports on the H P L C 
of such major nucleosides as Ado, Guo, Cyd, and 
Urd. 8 - 1 1) However, only a limited number of papers 
have dealt with the H P L C of rare nucleosides of nucleic 
acids.9'12) 

In this paper, we wish to report the H P L C of a 
variety of methylated ribonucleosides, etc., using O D S -
silica gel, cation-exchange, and anion-exchange resins 
as column packings. T h e application of the H P L C 
method to the analysis of the enzymatic hydrolysates 

of methylated R N A will also be described. 

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

T h e following nucleosides were studied for the H P L C 
analysis: Ado, n^Ado , m6Ado, Guo, m x Guo, m 6 Guo, 
m 7 Guo, Ino, m ^ n o , Cyd, m3Cyd, Urd , and m3Urd.1 3) 
T h e methylated substances include not only the con­
stituents of tRNA, but also the products furnished 
easily upon the treatment of R N A with methylating 
agents. In addition to these compounds, 7-methyl-
guanine and the imidazole ring-opened m7Guo14) were 
examined, since m 7 Guo has been known to give the 
former by a depurination reaction, and the latter, 
by hydrolysis under weakly alkaline conditions.15) 

Although previous H P L C studies of the rare nucle­
osides of R N A used ion-exchange columns exclu­
sively,9"12) we found that a ODS-sil ica gel column 
was most useful in fractionating these compounds. 
Of the various solvent systems investigated as the 
mobile phase, a buffer [triethylamine-acetic acid-water 
(0.3-0.3-100 v/v)] containing 2 % acetonitrile gave 
the opt imum results. Figure l a shows a typical elution 

1 .01 

0 . 5 

40 100 

Elution Time / min 

Fiff 1 (a)* ODS silica gel HPLC of a mixture of nucleosides and 7-methylguanine; Ado; 3.33; 
m1Ado, 2.10; m6Ado, 1.81; Guo, 1.77; r^Guo, 2.95; m«Guo, 1.68; m7Guo, 3.00; 7-methyl­
guanine, 1.40; Ino, 3.33; m*Ino, 1.94; Cyd, 3.33; m*Cyd, 3.50; Urd, 3.33; m*Urd, 4.36 
(mmol/1). Injected volume, 15 jil. Solvent, triethylamine-acetic acid-water-acetonitnle= 
0 . 3 - 0 . 3 - 1 0 0 - 2 v/v; pH 8.9; flow rate, 0.73 ml/min; column pressure, 40 kg/cm2. 
ODS silica gel HPLC of imidazole ring opened m7Guo (15 mmol/1). Injected volume, 
15 yl. For chromatographic conditions see Fig. la. 

(b): 
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pattern. T h e addition of acetonitrile to the buffer 
decreased the retention times considerably and resulted 
in a higher sensitivity (or height of the peaks) than 
the same solvent system without the organic solvent. 
T h e increase in the content of the amine in the solvent 
(for instance, triethylamine-acetic a c i d - w a t e r = 0 . 5 — 
0.8-0.3-100 v/v, 2 % acetonitrile) resulted in a de­
creased resolution, especially for Urd , m 3 Urd, m 1 Guo, 
and Guo. The imidazole ring-opened m 7Guo may 
exist as a mixture of various compounds,14) and its 
elution pat tern overlaps with the peaks of Gyd, m3Cyd, 
n^Ado , m ' G u o , etc. (Fig. l b ) . 

This drawback in the silica gel column was, however, 
solved by the use of a cation-exchange column. The 
gradient chromatography achieved by changing the 
solvent was not employed here because of the time-
consuming process needed for the reequilibration of 
the column after each sample application. As the 
mobile phase, an ammonium formate buffer (0.05 
mol d m - 3 with respect to the HC02~~ concentration, 
p H 4.2) gave good results. A typical elution pattern 
furnished by the cation-exchange column is shown 
in Fig. 2a using the sample used in Fig. la . I t is 
apparent that the ion-exchange column complemented 

1.0 -r 

( b ) 

^ ^ 
5 10 15 

Elut ion Time / min 

s Ô1 * a 

AÀ A 
20 25 

Elut ion Time / min 
30 

Fig. 2. (a): Cation-exchange HPLG of a mixture of nucleosides and 7-methylguanine. See Fig. la for 
the sample. Injected volume, 10 [d. Solvent, ammonium formate buffer (0.05 M, pH 4.2); 
flow rate, 0.67 ml/min; column pressure, 75 kg/cm2, 

(b) : Cation-exchange HPLC of imidazole ring-opened m7Guo (15 mmol/1). Injected volume, 
10 yd. For chromatographic conditions see Fig. 2b. 

7 0 1 2 3 4 
Elut ion Time / min 

Fig. 3. (a): Anion-exchange HPLC of a mixture of nucleosides and 7-methylguanine. See Fig. la for 
the sample. Injected volume, 7 yA. Solvent, potassium phosphate buffer (0.03 M, pH 3.9) ; 
flow rate, 1.00/min; column pressure, 50 kg/cm2, 

(b): Anion-exchange HPLC of imidazole ring-opend m7Guo (15 mmol/1). Injected volume, 5 yl. 
For chromatographic conditions see Fig. 3a. 

(c): Anion-exchange HPLC of a mixture of Ado (0.83 mmol/1), Guo (1.37), Ino (0.95), Cyd 
(0.85) and Urd (1.00). Injected volume, 25 jil. Solvent, potassium phosphate buffer (0.03 
M, pH 2.9); flow rate, 0.53 ml/min; column Pressure, 23 kg/cm2. 
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T A B L E 1. RETENTION DATA OF NUCLEOSIDES AND 7-METHYLGUANiNEa) 

1417 

Compound 

Ado 

n^Ado 

m6Ado 

Guo 

m 1 Guo 

m 6 Guo 

m 7 Guo 

Ring-opened 
m 7 Guo 

7-Methylguanine 

I no 

m x Ino 

Cyd 

m 3Cyd 

U r d 

m 3 Urd 

VK, 

3 . 5 

8 .8 

4 . 0 

1.6, 9 .2 

2 . 4 

2 . 4 

7 .0 
— 

3 . 5 , 9 .9 

8 .8 , 1.2 

— 

4 . 2 
8 .7 

9 .2 

— 

Silica gel 
p H 8 .9 

2 7 . 9 (38.2) 

4 . 3 (5 .9) 

9 3 . 4 (128) 

11.3 (15.5) 

21 .3 (29.3) 

78 .1 (107) 

5 .7 (7.8) 

4 . 1 — 1 5 . 3 
(5.6—21) 

15.3 (21.0) 

10.2 (14.0) 

20 .1 (27.6) 

4 . 5 (6.1) 
3 .9 (5.4) 

5 .7 (7.8) 

17.0 (23.3) 

Retent ion volume/ml (time/min) 

Cation resin 
p H 4 . 2 

6 . 4 (10.0) 

17.3 (25.8) 

5 .9 (8.8) 

2 . 9 (4 .4) 

2 . 9 (4 .4) 

1.3 (2.0) 

2 2 . 5 (33.6) 

1 .3—4.2, 11 .7 
( 2 . 0 — 6 . 2 , 17.4) 

11.7 (17.4) 

2 .1 (3.2) 

2 .1 (3 .2) 

12.1 (18.0) 
18 .5 (27.6) 

2 .1 (3.2) 

2 .1 (3 .2) 

Anion resin 
p H 3 . 9 

4 . 2 (4 .2) 
2 . 6 (2.6) 

5 .0 (5.0) 

4 . 2 (4.2) 

4 . 6 (4 .6) 

6 .2 (6.2) 
2 . 6 (2.6) 

4 . 0 — 4 . 9 
(4 .0—4.9 ) 

4 . 8 (4 .8) 

3 .9 (3 .9) 

4 . 1 (4 .1) 

3 .1 (3.1) 
2 . 6 (2 .6) 

3 . 6 (3 .6) 

3 . 8 (3 .8) 

a) See the Experimental section for chromatographic conditions. 

the silica gel column in separating characteristics. 
Thus, the group of compounds which eluted simul­
taneously with the imidazole ring-opened m 7 Guo in 
the silica gel column {vide supra) were resolved fairly 
well by the cation-exchange column except for Urd . 
Although the peaks of m 6Guo, m 1 Guo, Guo, and 
m 3 Urd were overlapped by the complex peaks of 
the imidazole ring-opened m 7Guo, as is shown in 
Fig. 2b, the silica gel column separated these com­
pounds well (Fig. l a ) . 

As is to be expected from the pÄ"a values (Table 
1) of the nucleosides examined, the increase in the 
p H value of the buffer to 4.4—4.6 in the cation-ex­
change column resulted in the peak-coherence of m 6Ado 
with Ado, of Cyd with m 7Guo, and of m^Ado with 
m3Cyd. 

An anion-exchange column, on the other hand, 
was not as useful as the silica-gel column and the 
cation-exchange column. T h e elution patterns of vari­
ous nucleosides are shown in Figs. 3a—3c, using a 
potassium phosphate buffer (0.03 mol d m - 3 with re­
spect to the H 2 P 0 4

_ concentration). T h e retention 
volume (Äv)-difference between the initial peak and 
the last peak was small {ca. 3.7 ml) in comparison 
with the Ry of the initial peak (2.6 ml) . I t thus ap­
peared that the anion-exchange column was suitable 
for the analysis of a mixture of major nucleosides of 
RNA (Fig. 3c). 

The lowest concentration of samples for quantitative 
determination was found to be better than ca. 0.5 
txmol/1 (Rv 3—12 ml)—ca. 8 umol/1 (Ry 15—28 ml) 
for the ODS—silica gel column, ca. 0.5 (xmol/l (RY 

1.3—7 ml)— 5fxmol/l (Ry 11—23 ml) for the cation-
exchange column, and ca. 0.5 umol/1 for the anion-
exchange column. T h e retention data are summarized 
in Table 1. 

As an application of the present H P L G method, 
yeast RNA was methylated with trimethyl phosphate 

T A B L E 2. PRODUCT DISTRIBUTIONS IN THE ENZYMATIC 

HYDROLYSATES OF METHYLATED YEAST R N A A ' B > 

Compound 

Ado (Ino)d> 
n^Ado 
m6Adoe> 
Guo 
m 1 Guo 
m 6 Guo 
m 7 Guo 
Ring-opened m 7 Guo 
7-Methylguanine 
Cyd 
m 3 Cyd 
U r d 
m 3 U r d 

Buffer A°) 

' 
p H 7 

8 5 % 
10 

2 
70 
nd 
nd 
13 
13 
4 

75 
23 
nc 
tr 

-̂
p H 9 

9 0 % 
tr 

8 
50 
25 

3 
tr 
20 

2 
86 
10 
nc 
80 

Buffer Bc> 
s 

p H 7 

9 3 % 
tr 

4 
85 
n d 
nd 

3 
12 
tr 
87 
11 
nc 
tr 

^ 
p H 9 

9 5 % 
nd 
tr 
83 

3 
nd 
nd 
14 
tr 
95 

3 
nc 
11 

a) Anion-exchange HPLC showed that the starting 
yeast RNA contained Ado, Guo, Cyd and Urd in the 
molar ratio of 0.95 : 1.37 : 0.84 : 1. b) Percentages are 
based on the amounts of products against the respective 
major nucleosides in the starting RNA. Tr, nd, and 
nc indicate "a trace yield," c'a compound was not 
detected," and "a yield was not calculated" respectively. 
c) The reaction media; buffer A, KH 2 P0 4 -NaOH 
(0.03 M); buffer B, Tris-HCl (0.05 M). d) See Ref. 
16. e) See Ref. 18. 

at p H 7 and 9, and its enzymatic hydrolysates were 
analyzed. Table 2 shows the relative distribution of 
products against each major nucleosides.16) The values 
were obtained by dividing the peak areas by the re­
spective molar extinction coefficients at 254 nm in 
the eluting buffer and by normalizing the data to 
100% for each major nucleoside (see the Experimental 
section). Although the methylating conditions were 
vigorous, the distribution of the products agreed with 
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t h e g e n e r a l o r d e r of t h e i n c r e a s i n g r e a c t i v i t y of t h e 
a l k y l a t i o n sites of t h e nuc l eos ide res idues in R N A : 4 ' 1 7 ) 
e.g. a t p H 7, m 7 G u o > m 3 G y d > m 1 A d o , m 6 A d o 1 8 ) > 
m 3 U r d , a n d a t p H 9, m 3 U r d > m 1 G u o > m 3 C y d > 
i r ^ A d o , m 6 A d o . I t w a s f o u n d t h a t t h e m e t h y l a t i o n 
of R N A in t h e p h o s p h a t e buffer o c c u r r e d m o r e s m o o t h ­
ly t h a n t h e m e t h y l a t i o n i n t h e tr is buffer . Poss ibly , 
t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e (tris) i n t h e buffer 
s c a v e n g e d t r i m e t h y l p h o s p h a t e b y r e a c t i n g t h e m e t h -
y l a t i n g a g e n t a t a r a t e faster t h a n R N A . I t is a lso 
n o t e w o r t h y t h a t t h e e x t e n t of t h e f o r m a t i o n of m 6 G u o , 
w h i c h m a y b e a n a d e q u a t e m e a s u r e of t h e m u t a g e n i c 
ac t i v i t y of t h e m e t h y l a t i n g agents , 3 ) w a s v e r y sma l l 
w h e n t r i m e t h y l p h o s p h a t e w a s used . 

I n conc lus ion , a v a r i e t y of m e t h y l a t e d nuc leos ides 
c a n b e a n a l y z e d r a p i d l y a n d easi ly b y t h e H P L G 
m e t h o d . O D S - s i l i c a gel a n d c a t i o n - e x c h a n g e c o l u m n s 
a r e espec ia l ly useful for t h e s t u d y of m e t h y l a t e d R N A . 

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

H P L G was run by means of a Toyo-Soda 803 liquid Chro­
matograph with a 254-nm U V flow-cell detector and a 
Milton Roy model 396/2396 piston p u m p (Riviera Beach, 
Florida). All the measurements were carried out at the 
ambient temperature . 

An ODS-si l ica gel column (stainless steel, 0.4 cm x 30 
cm, LS-410-ODS), a cation-exchange column (stainless steel, 
0.4 cm x 30 cm, IEX-510-SP) , and an anion-exchange column 
(stainless steel, 0.4 cm x 30 cm, IEX-260) were purchased 
from the Toyo-Soda Co., Shinnanyo-shi, Hiroshima. 

T h e most frequently employed solvent systems were as 
follows: tr iethylamine-acetic acid-water-acetoni tr i le (0 .3 -
0.3-100-2 v/v), an ammonium formate buffer (0.05 mol 
dm~ 3 with respect to the H G 0 2 ~ concentration, p H 4.2), 
and a potassium phosphate buffer (0.03 mol d m - 3 with 
respect to the H 2 P 0 4 ~ concentration, p H 4.5, 3.9, and 2.9). 

T h e major nucleosides (Ado, Guo, Gyd, Urd , and Ino) 
were commercially available. T h e methylated nucleosides 
(mxAdo, m 6 Ado, m x Guo, m 6 Guo, m 7 Guo, the imidazole 
ring-opened m 7 Guo, m 1 Ino , m 3Cyd, and m 3 Urd) and 7-
methylguanine were prepared in previous experiments17) 
or according to the literature.15) T h e yeast R N A was 
obtained from the Sigma (U.S.A.) Chemical Go. (lot 
R6750). T h e ribonuclease (bovine pancrease) was from 
Miles Laboratory (U.S.A.) (code 36-511, batch 228). T h e 
phosphodiesterase (P-6877, type I I ) and RNAse T 2 (lot 
57c-9510) were obtained from the Sigma (U.S.A.) Chemical 
Go. T h e alkaline phosphatase (36—482) was purchased 
from Miles-Seravac (Gape Town, South Africa). 

Methylation of Yeast RNA. R N A (6 mg) was dissolved 
in a K H 2 P 0 4 - N a O H buffer (1.5 ml, p H 7.0 or 9.0, 0.05 
mol d m - 3 with respect to the H 2 P 0 4

- concentration) or in 
a Tris-buffer (1.5 ml, p H 7.0 or 9.0, 0.05 mol dm" 3 ) . T h e 
solution was mixed with trimethyl phosphate (0.2 g, 1.7 
mmol) and kept at 37 or 55 °G for 12 h. T h e homogeneous 
solution was then concentrated under —10 °G to give a 
residue, which was subsequently washed with ether and 
dissolved in water (0.8 ml) . Ethanol was poured into the 
solution until a cloudy, turbid solution appeared. Sometimes 
a few drops of sodium acetate (3 mol d m - 3 ) were added to 
the solution in order to make the precipitation complete. 
After repeating the precipitation procedure thrice, the pre­
cipitate was dried and subjected to an enzymatic hydrolysis, 
which was carried out in a manner similar to the method 
previously reported.6) 

Quantitative Analysis of the Enzymatic Hydrolysate. T h e 
hydrolysate was dissolved in 2 ml of water, and then 10— 
20 [d of the solution was injected into the Chromatograph. 
T h e sample peaks of the H P L C chart were cut and weighed. 
They were then divided by the respective molar extinction 
coefficient at 254 n m in the eluting buffer in order to obtain 
the molar ratios of the methylated nucleosides against the 
respective major nucleosides. T h e yields of the products 
were calculated from the ra t io; they are shown in Table 2. 

Since the imidazole ring-opened m 7 Guo showed a complex 
elution pat tern, its content (%) in the mixture of products 
was estimated by means of the following equation: 100— 
[yields (%) of m 7 Guo (cation-exchange column), of 7-methyl-
guanine (cation-exchange column), of m 1 Guo (ODS-silica 
gel column), of m 6 Guo (ODS-silica gel column), and of 
unreacted Guo (ODS-silica gel column)] . 

T h e yield of m 3 U r d could not be determined by the afore­
mentioned method because neither the ODS-sil ica gel column 
nor the cation-exchange column gave an isolated peak for 
U r d . T h e yield of m 3 U r d was, therefore, obtained by 
means of this equat ion: 100-a/the amount of U r d in the 
starting RNA, where a is the amount of m 3 Urd in the hy­
drolysate. This last quant i ty was determined as follows. 
T h e ODS-sil ica gel H P L G was run before and after the 
addition of a known amount of m 3 U r d to the hydrolysate; 
a = t h e added amount of m 3 U r d X (the original area of m 3 Urd/ 
the increased area of m 3 U r d ) . 
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CH3 

XNH
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Rib 

ÎI 

X 
HO-^OH}LH 

0 0 
H H 

Rib 

I 
ÇH3 

NH 

CHO 

Rib 

CH3 R i b : 
N-CHO 

c4~or^-D-ribose residue 
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of the adenosine residues in RNA. 

19) T. Uchida and F. Egami, "Procedures in Nucleic 
Acid Research," ed by G. L. Cantoni and D. R. Davies, 
Harper and Row, New York (1966), p. 46. 
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Kinetic Study on the Reaction of (Arylthio)trimethylsilanes with Phenacyl 
Bromide Giving Aryl Phenacyl Sulfides and Bromotrimethylsilane 
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A kinetic study has been conducted on the reactions of (arylthio)trimethylsilanes with phenacyl bromide 
giving aryl phenacyl sulfides and bromotrimethylsilane. Remarkably large positive substituent effect (p — -\-2.2) 
and large negative entropy of activation were observed for the reaction. A mechanism involving 5-coordinated 
silicon intermediate prior to the rate-determining heterolysis of the Si-S bond has been suggested for the reaction 
based on the kinetic results. 

Three different mechanisms are conceivable for the 
cleavage reaction of the group I V b - V I b bond by 
the reaction with haloalkane. Assuming the coordina­
tion ability of the I V b element, a 5-coordinated 
complex would be formed as an intermediate of the 
reaction (path a) . O n the other hand, a nucleophilic 
reaction by the attack of the V I b element is also a 
possible route for the reaction (path b). A mechanism 
involving four-centered transition state is the third 
possibility if the paths a and b occurred simultaneously 
(path c) although this mechanism for a bimolecular 
reaction of this type has recently been suspected by 
us.1) 

= IVb-VIb- + R-X — 

IVb = S i , Ge, S n . . . 

VIb = 0 , S , S e . . . 

X = h a l o g e n 

£IVb-VIb-

X-R 

-*• [=IVb-VIb---R---xJ-

=IVb- - -VIb-

X R 

5lVb-X + R-VIb-

T h e reactions of (alkylthio and arylthio) trimethyl-
stannanes with haloalkanes have been known to be 
the nucleophilic reaction (path b) based on detailed 
kinetic and stereochemical studies.2) Namely the reac­
tion obeys a second order rate equation, apparently 
negative p value (—1.40) of the substituent effect 
of the arylthio moiety, solvent effect on the rate of 
the reaction, relative reactivity of haloalkanes, and 
inversion of the alkyl group of the haloalkane by 
the reaction. 

Me,Sn-SPh + R - X [Me3Sn-S+-R X"] 
i 

Ph 

• PhS-R + Me3Sn-X 

An analogous reaction of thiosilane with haloalkane 
has been known to give halosilane and sulfide which 
then further react with excess haloalkane giving tri-
alkylsulfonium salt.3'4) A silicon analogue of the sul-
fonium salt of the type I had once been reported as 

R3Si-SR' + R " - X > R3Si-X + R ' -S-R" 

R'_S-R" + R" > R'R"2S+X-

an isolable product in the reaction of (butyl thio)-
trimethylsilane with an equimolar amount of iodo­
methane.30) If the silylsulfonium salt was actually 
an isolable product , it would be a definite evidence 

in support of a nucleophilic reaction of the sulfur 
atom. I t has been found, however, to be an erroneous 
result.4) 

Kinetic and stereochemical studies of this reaction 
would be of interest, since if the reaction proceeded 
by the same mechanism with that of the tin analogue,2) 
stereochemistry of the silicon atom may clarify the 
final step of the reaction i.e., the mechanism of the 
step leading to the product from the intermediate 
I. Thus, we have extended our study to the reaction 
of (arylthio) trimethylsilane with haloalkane in order 
to clarify the mechanism and to compare the aspects 
of the reaction with those of the reaction of the tin 
analogue. 

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

Iodomethane was chosen as a typical haloalkane 
for the kinetic study of the reaction with (arylthio)-
trimethylsilane. Although this reaction without the 
use of a solvent gave aryl methyl sulfide and iodo-
trimethylsilane on heating as analogously to the reac­
tion of (alkylthio)silanes,3 '4) the reaction in a solvent 
was found to be sluggish even at high temperature 
and gave mainly unexpected product. Namely, hy­
drolysis by moisture or decomposition of the substrate 
giving hexamethyldisiloxane took place faster than 
the reaction with iodomethane when the reaction was 
carried out in such a nonpolar solvent as carbon tetra­
chloride at 120 °G. In a polar solvent, acetonitrile, 
the consumption of the thiosilane was found to be 
much faster than that in nonpolar solvent, the reaction 
gave a similar complex products. The reaction of 
the thiosilane with benzyl bromide was tried since 
this compound is more reactive than iodomethane 
toward tin analogue of the thiosilane i.e., trimethyl-
(phenylthio)stannane.2) The main product derived 
from the reaction of benzyl bromide was bromotri­
methylsilane but still accompanied with substantial 
amounts of the disiloxane although milder reaction 
conditions gave a better result. 

Me,SiSPh 
RX 

-> Me3SiX + RSPh 
hyd. or decompn. 

-» Me3SiOSiMe3 

Kinetic study of the reaction was thus found to 
be difficult due to instability of the thiosilane and 
our attempts were failed to compare the kinetic and 
stereochemical results of the reaction with those of 
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the tin analogue by using the same haloalkanes. These 
results, however, reveal that the possibility of a kinetic 
study on the reaction of the thiosilane with more 
reactive haloalkane in a polar solvent under mild 
reaction conditions. 

Phenacyl bromide was chosen as one of the most 
reactive haloalkane. T h e reaction of phenacyl bro­
mide with an equivalent of trimethyl(phenylthio)silane 
was carried out at 60 °G in acetonitrile solution. 
Although the formation of the disiloxane was detected, 
even at the beginning of the reaction, the amount 
was found to increase little during the reaction until 
all the starting thiosilane was converted to the bro-
mosilane (5h). The products of the reaction were 
bromotrimethylsilane, phenacyl phenyl sulfide, and 
small amounts of hexamethyldisiloxane and diphenyl 
disulfide. The volatile products were identified by 
GLG and N M R analyses and sulfides were charac­
terized by isolation. 

60 0C, 5 h 
PhSSiMe, + PhCOCH9Br 

in CH3CN 

Me3SiBr + PhCOCH2SPH + (Me3Si)aO + PhaS2 

75% 82% 10% 8% 

The rate of the reaction of trimethyl (phenylthio)-
silane with two equivalents of phenacyl bromide in 
acetonitrile was measured by monitoring 1 H N M R 
trimethyl signals of the thiosilane (<5 0.26 ppm) and 
bromotrimethylsilane (ô 0.57 ppm) a t time intervals. 
A good second order rate constant was obtained with 
tolerable reproducibility ( « ± 1 0 % ) . In order to con­
firm the first order dependency of the rate on the 
concentration of phenacyl bromide, the rate of the 
reaction was measured with different concentrations 
of phenacyl bromide. A clear first order dependency 
was observed. Thus, the reaction was found to be 
second order. Rates of the reactions of several (aryl-
thio)trimethylsilanes were measured similarly. Rates 
were also measured at various temperatures to obtain 
activation parameters. These results are given in 
Table 1. 

An unexpectedly large negative entropy of activation 
was observed for the reaction. A similar large negative 

bo 
o 

-3.5 

-4.0 

o 

°\ 
\ o 

2.9 3.0 3.1 

kK/r 
Fig. 1. Arrhenius plot of the rates of the reaction, 

G6H5SSiMe3+G6H5GOGH2Br (y=0.984). 

value was observed for the reaction of thiostannane 
with haloalkane in a nonpolar solvent (GHC13) but 
it was shown to fall in a smaller negative value when 
the reaction was carried out in a polar solvent 
(PhCN).2) By an analogy, a smaller negative entropy 
value was expected in the present study since a much 
polar solvent (CH3GN) was used. Therefore, the value 
may suggest that the reaction of (arylthio) trimethyl-
stannane with haloalkane differs from that of (arylthio) -
trimethylsilane with phenacyl bromide in the mecha­
nism. 

Substituent effect also suggests that these two analo­
gous reactions are quite different in their mechanisms. 
The results given in Table 1 are best correlated with 
a constants giving a large positive p value ( + 2 . 2 ) 
with tolerable linearity as shown in Fig. 2. T h e 
deviation may be due to the instability of the thio-
silanes.5) T h e positive p value is consistent with a 
5-coordination process and rules out the nucleophilic 
attack of the sulfur atom since the process would 
demand a negative p value as was observed for the 
reaction of the thiostannane with haloalkane.2> The 
magnitude of the p value, however, appeared too 
large to be rationalized only by the formation of the 
5-coordinated silicon intermediate.6) A rate deter­
mining heterolysis of the Si-S bond of the coordinated 
intermediate would be involved in the reaction since 

TABLE 1. RATE CONSTANT FOR THE REACTION OF X-G6H4SSiMe3 (0.56 mol dm -3) WITH PhCOCH2Br IN GH3GN 

Substituent 
X 

H 
H 
H 
H 
H 
H 
p-OGH3 

p-GH3 

p-Gl 
p-Br 
m-Br 

Mol ratio 
-GH2Br/-SSÎE 

1.20 
1.70 
2.16 
3.72 
2.16 
2.16 
2.16 
2.16 
2.16 
2.16 
2.16 

Temp 
°G 

51.5 
51.5 
51.5 
51.5 
61.5 
75.0 
51.5 
51.5 
51.5 
51.5 
51.5 

lO^ /dmSmol^s - 1 

6.09±0.37 
8.90±0.72 
9 .68±0.10 
16 .7±1.1 
15 .6±0 .8 
37.2 + 3.7 
2 .66±0.44 
9.23+0.60 
46 .1±2 .6 
2 8 . 1 ± 4 . 3 

117±10 

ESiosi5a> 
(%) 

— 
— 
3.5 
— 
— 
6.8 
5.0 

13 
10 
20 
10 

Remarks 

54.0, -156b> 

+ 2.2C> 

a) The amount of hexamethyldisiloxane. b) AH" and AS" values in kj mol - 1 and J K mol -1, respectively, c) 
p value against a constant (y = 0.966). 
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O 

- 0 . 5 -

Fig. 2. Hammett plot of the rates of the reaction, 
XC6H4SSiMe3+C6H5COCH2Br in GH3GN at 51.5 °G. 

the value appeared in almost comparable magnitude 
to that of dissociation constants of arenethiols (+2.58).7> 
Thus , the most plausible mechanism for the reaction 
can be formulated as follows: 

Me3SiSAr + PhCOGH2Br 
Me3Si--Br+-GH2GPh-

I II 
ArS O 

II 

slow fast -Me3Si-Br+-GH2GPh-
II 

_ ArS- O . 

I l l 

Me3SiBr + ArSCH2CPh. 

O 

T h e large positive p value observed in the present 
study would be rationalized in terms of the sum of 
those of the first and the second steps i.e., the formation 
of I I and the heterolysis of I I giving III. T h e inter­
mediate I I I would be a short lived tight ion pair which 
collapsed rapidly into the product since a large negative 
entropy of activation was observed in the present 
study even the reaction was carried out in a polar 
solvent. An ionic four-centered transition state (IV) 
leading to the product from I I is an attractive alter-

Me3sr—r-Br+ 

ArS CH2C0Ph 

IV 

native choice to account for the large negative entropy 
value since it has often been considered to suggest 
a cyclic transition state.8) T h e large negative entropy 
value, however, could not be a definite evidence in 
support of a cyclic transition state since all the bi-
molecular reactions of this type which have been 
studied in detail, were found to proceed by non-cyclic 
process regardless of the large negative entropy values.9) 

T h e reaction of thiosilane with phenacyl bromide 
has thus appeared quite different in mechanism from 
that of thiostannane with haloalkane.2) The reason 

for the difference is obscure a t present but higher 
energy release by forming S i -X bond irom Si-S bond 
(ca. 35kcal/moL X = G 1 ) than that of tin (23 kcal/mol, 
X=C1) 1 0 ) may be one of the important factors to 
control the course of the reaction. The high reactivity 
of phenacyl bromide seems to play no important role 
to control the course of the reaction since the opposite 
substituent effects were also found for the reactions 
of benzoyl chloride with (arylthio)trimethylstannanes 
(p = —1.6)11) and with (arylthio)trimethylsilanes (p = 
+2.50) .12> 

Exper imenta l 

Materials. The (arylthio) trimethylsilanes were pre­
pared by the same procedure described previously.6) 
Phenacyl bromide was recrystallized from hexane-chloro-
form before use. Solvents were dried and distilled. 

The Reaction of Trimethyl(phenylthio)silane with Iodomethane 
or Benzyl Bromide. The thiosilane (55 mg, 0.30 mmol) 
and iodomethane (426 mg, 3.0 mmol) were dissolved in 
carbon tetrachloride (total 5 cm3). The solution was divided 
and sealed in glass tubes each containing ca. 0.5 cm3. The 
tubes were heated in a constant temperature bath (120 °G) 
and subjected to NMR analysis at time intervals. After 
heating for 1 h, only a small amount of hexamethyldisiloxane 
(ô 0.07 ppm, 8%) was detected as the product. The for­
mation of iodotrimethylsilane (<5 0.55 ppm) was detected 
after heating for 17 h (5%) accompanied with a large amount 
of the disiloxane (35%). The disiloxane would be formed 
by hydrolysis of the starting thiosilane and the product, 

MeSiSAr and Me3SiI Me,SiOH 

2 Me3SiOH > Me3SiOSiMe3 + H aO 

iodotrimethylsilane or oxidation of them. All the materials 
and the apparatus were dried carefully but the results were 
not improved significantly. A similar result was also found 
by the reaction carried out in a polar solvent of acetonitrile. 
The consumption of the thiosilane was found to be faster 
in this solvent (within 1 h) but the detected product was 
manily the disiloxane. In separate experiments, both tri-
methyl(phenylthio)silane and iodotrimethylsilane were found 
to give substantial amounts of hexameüiyldisiloxane by 
heating at 120 °C in these solvents. 

The reaction of trimethyl(phenylthio)silane (0.06 mol 
dm -3) with benzyl bromide (0.6 mol dm -3) in acetonitrile 
was carried out similarly. The solution was heated at 80 
°G until the thiosilane was consumed giving a mixture of 
bromotrimethylsilane (60%) and hexamethyldisiloxane 

(40%). 
The Reaction of Trimethyl(phenylthio)silane with Phenacyl 

Bromide. The thiosilane (1 g, 5.5 mmol) and phenacyl 
bromide (1.1 g, 5.5 mmol) in acetonitrile (10 cm3) were 
heated at 60 °G for 5 h. Solvent and volatile components 
were distilled off. Bromotrimethylsilane (75%) and hexa­
methyldisiloxane (10%) were identified by GLG and NMR 
analyses of the distillate. Identifications were done by 
comparing the NMR spectra and the GLC retention times 
with those of the authentic samples. The residue was sepa­
rated by chromatography (silica gel, hexane-chloroform). 
Phenacyl phenyl sulfide (82%) and diphenyl disulfide (8%) 
were isolated and characterized. Phenacyl phenyl sulfide; 
Found: G, 73.42, H. 5.30%. Galcd for C I 4H r ,OS: G, 73.65, 
H, 5.30%. 

Kinetics. The procedure is essentially the same with 
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that employed for the reaction of (arylthio)trimethylsilanes 
with carboxylic acids.5) Concentrations of the substrates 
are recorded in Table 1. Temperatures were calibrated 
by measuring chemical shift of 1,2-ethanediol. 
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Asymmetric reduction of prochiral aromatic ketones using a freshly prepared complex derived from NaBH4, 
1/3 equiv of ZnCl2J and l,2:5,6-di-0-isopropylidene-a-D-glucofuranose (1) gives an excess of the corresponding 
(S)-alcohols in substantial optical yields (28—68%). The effects of the NaBH4/ZnCl2/l ratio, temperature, 
solvent, structure of various monosaccharide derivatives, and the metal cation of the reagent on the optical yields 
were examined. 

Asymmetric reduction of carbonyl compounds has 
recently been achieved by use of metal hydrides modi­
fied by chiral compounds such as chiral diols,1) 
amines,2) and a-pinene.3»4) The hydrides would be 
of use for the synthesis of enantiomerically pure mol­
ecules of biological interest. 

However, only a few reports have been made on 
the application of sodium borohydride(NaBH4) to the 
same type of asymmetric reduction, the reagent being 
found to be less effective with ketones,5-8) though 
NaBH 4 is a mild and highly selective reducing agent. 

I t was found that aromatic ketones are asymmetri­
cally reduced by NaBH 4 in the presence of mono­
saccharide derivatives, attempts for selectivity not being 
quite successful.9) Stereoselectivities have been greatly 
enhanced by addition of Lewis acids. W e reported 
on a test of modified reagents derived from NaBH 4 

and Lewis acids such as zinc chloride and aluminium 
chloride in the presence of l,2:5,6-di-0-isopropylidene-
a-D-glucofuranose (1) for the asymmetric reduction of 
aromatic ketones.10) 

x°i 
%^c 

The results show that reaction of NaBH 4 with zinc 
chloride (ZnCl2) affords a reagent, presumably a zinc 
borohydride or the related borohydride species, which 
give higher stereoselectivities than those achieved with 
NaBH 4 alone. 

This paper describes a detailed study of asymmetric 
reduction of prochiral ketones with the reagents pre­
pared from NaBH 4 and ZnCl2 in the presence of 1 to 
establish the opt imum conditions for maximum stereo­
selectivity. The species responsible for the maximum 
asymmetric induction (68%) has been discussed. 

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

Asymmetric Reduction of Ketones with the Reagents Derived 
from NaBH± and ZnCl2 in the Presence of 1 . Addi­
tion of 0.5 molar equiv of ZnCl2 to the suspended 
NaBH 4 in tetrahydrofuran (THF) gave rise to quan­
titative precipitation of NaCl (1 mol) and the for­

mation of soluble borohydride species in the solution. 
Subsequent addition of 2 equiv of monosaccharide 
1 (R*OH) caused evolution of 2.0 mol of hydrogen, 
2.0 equiv of hydride remaining in the reducing agents 
in the solution. No further hydrogen uptake took 
place after 24 h. The reaction of NaBH 4 with ZnCl2 

and subsequent addition of 1 seems to proceed accord­
ing to the equation: 

NaBH4 + 1/2 ZnCl2 —£ 1/2 Zn(BH4)2 + NaCl J, (1) 

1/2 Zn(BH4)2 + 2 R*OH > 

1/2 Zn(BH2(OR*)2)2 + 2H2 f (2) 

Asymmetric reduction of propiophenone was carried 
out with suspension of NaBH 4 in T H F to which ZnCl2 

in varying amounts and a fixed quantity (2 equiv 
to NaBH4) of 1 had been added. The results are 
summarized in Table 1. We see that the stereo­
selectivity increases to a maximum and then decreases 
with addition of ZnCl2 . The reagent formed by adding 
1 /3 mol of ZnCl 2 per mole of NaBH 4 gives optimum 
induction; maximum selectivity as high as 6 8 % was 
obtained. I t was found that all the 1-phenyl-1-
propanols produced with the reagents derived from 
NaBH 4 and ZnCl2 have the (^-configuration, while 

TABLE 1. EFFECT OF THE RATIO OF [ZnCl2]/[NaBH4] 

ON OPTICAL YIELD IN THE PRESENCE OF 1 IN THF 

AT 30 °C 

Ratio 
[ZnCl2]/[NaBH4] 

0 
0.2 
0.25 
0.26 
0.28 
0.30 
0.33 
0.4 
0.5 
1.0 
1.1 

/ 
Chemical 
yield/% 

100 
100 
100 
100 
100 
100 
100 
98 

100 
100 
100 

Produced alcohol 

MS 

- 8 . 3 2 ° 
-16 .74° 
-18 .42° 
-20 .25° 
-25 .96° 
-26 .05° 
-32 .12° 
-27 .65° 
-21 .77° 
- 4 . 7 1 ° 
- 3 . 3 9 ° 

Optical 
yield/% 

18 
36 
39 
42 
55 
55 
68 
59 
46 
10 
7 

Con­
figura­
tion 

R 
S 
S 
S 

s 
s 
s 
s 
s 
s 
s 

a) Based on [a]2D° +47.03° reported by H. Kwart and 
D. P. Hoster, J. Org. Chem., 32, 1867 (1967). 
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TABLE 2. EFFECT OF THE RATIO OF [l] /[NaBH4+l/3 ZnCl2] 

ON OPTICAL YIELD IN THE ASYMMETRIC REDUCTION 

OF PROPIOPHENONE IN T H F AT 30 ° C 

TABLE 3. THE EFFECT OF [PROPIOPHENONE]/[NaBH4 + 

l / 3 Z n C l 2 ] ON OPTICAL YIELD IN THE ASYMMETRIC 

REDUCTION OF PROPIOPHENONE IN T H F AT 30 ° C 

Ratio 

[1] 
[NaBH4+l/3ZnCla] 

0.5 
1.0 
2.0 
3.0 
4.0 

Produced alcohol 

Chemical r -,2o Opt ical 
yield/% LajD yield/% 

100 -11 .21° 24 
100 -19 .33° 41 
100 -32.12° 68 
80 - 8 . 9 5 ° 19 
0 — — 

Con­
figura­
tion 

S 
S 
S 
S 
— 

Ratio 

[propiophenone] 
[NaBH^l/SZnCT,] 

0.3 
0.5 
0.8 
1.0 
1.5 

Chemical 
yield/% 

100 
100 
100 
100 
100 

Produced alcohol 

MS 

-29 .63° 
-29 .16° 
-32 .12° 
-32 .08° 
-13 .54° 

Optical 
yield/% 

63 
62 
68 
68 
29 

Con­
figura­
tion 

S 
S 
S 
S 
S 

the reduction with NaBH 4 alone gives the same al­
cohol of the (R) -configuration in 18% of an optical 
yield. 

The effect of the amount of 1 to the N a B H 4 - l / 3 
ZnCl2 reagent on optical yield was examined (Table 
2). Optical yield increased with the increase in the 
ratio of 1 to the reagent based on NaBH 4 . The maxi­
mum selectivity could be obtained at a ca. 2 molar 
ratio. A marked fall in selectivity took place by 
addition of 3 molar equiv of 1. This is curious since 
the resulting monohydride (b) would be in a more 
steric and chiral environment than the corresponding 
dihydride (a) : 

NaBH4 + !/3ZnCl2 BX 

LH^ \ l j y 

M= Naor 2n 

H H 

L H / X J y ^ 

LH7 \)FTJy 

H OFT 

(a) 

\ / 

|_R*c/ \ ) R \ j y 

(b) 

Further addition of 1 (4 equiv) might remove all 
hydrides on the reagent giving tetrasubstituted al-
koxyborate complex which can not react further. Ad­
dition of 4 equiv of 1 evolved 4.0 mol of hydrogen, 
giving rise to incomplete reduction of propiophenone. 
The stoichiometric quantities of NaBH4 , ZnCl2 , and 
1 were found to be optimum a t l , / l / 3 , / and 2.0, re­
spectively. 

We next examined the dependency of selectivity 
on chemical yield with the complex from NaBH4 , 
1/3 equiv of ZnCl2 , and 2 equiv of 1 and found that 
selectivity is constant until less than one equiv of 
propiophenone to the reagent was used (Table 3). 
However, a significant decrease in the optical yield 
was observed when 1.5 equiv of ketone was used. 
This suggests that of two available hydrides on the 
complex (a) as described above, the first hydride 
would be more effective for the asymmetric induction. 

Optical yields vary with solvent, T H F being the 

TABLE 4. SOLVENT EFFCT ON OPTICAL YIELD IN THE 

ASYMMETRIC REDUCTION OF PROPIOPHENONE WITH A 

REAGENT PREPARED FROM N A B H 4 , 1/3 EQUIV 

OF Z n C l 2 , AND 2 EQUIV OF 1 AT 30 ° C 

Produced alcohol 

Solvent Chemical 
y ie ld /% M2B° 

Optical r 

yieid/% f r " 
THF 
Diethyl ether 
Benzene 

TABLE 5. 

100 
100 
100 

- 3 2 
- 2 2 

12° 
48° 

-14 .48° 

TEMPERATURE EFFECT 

THE ASYMMETRIC REDUCTION 

ON 

68 
48 
31 

OPTICAL 

OF PROPIOPHENONE 

S 

s 
s 

YIELD IN 

IN THF 

Produced alcohol 

Temperature 
°C Chemical 

yield/% MS 
Optical 
yield/% 

Con­
figura­
tion 

50 
30 

0 
- 3 0 

99 
100 
93 

0 

-23 .50° 50 
-32 .12° 68 
-29 .30° 62 

best in stereoselectivity (Table 4). 
The temperature effect on asymmetric reduction of 

propiophenone appeared not to be critical in the 
range 0—50 °G (Table 5). Rise in temperature from 
0 °G to 50 °G caused decrease in optical yield to some 
extent. No reduction took place at —30 °C even after 
108 h. 

The complex from NaBH 4 , 1/3 equiv of ZnCl2 , and 
2 equiv of 1, reduced a variety of aromatic ketones 
in excellent chemical yields with substantial enantio­
meric excesses (^=50%) except for the case of iso-
propyl phenyl ketone. The same complex also re­
duced an alkyl ketone such as isobutyl methyl ketone 
with moderate selectivity. The six ketones were re­
duced with NaBH 4 in the presence of 1 (Table 6). 
I t is apparent from a comparison of the results that 
the complex system is superior to the original system 
with use of NaBH 4 and 1. In each case with the 
complex the (S)-configuration of the alcohols produced 
was opposite that of the alcohols obtained by NaBH 4 

alone in which (R) isomer predominates. 
I n order to determine the structural effect of various 
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T A B L E 6 . A S Y M M E T R I C R E D U C T I O N O F V A R I O U S K E T O N E S 

WITH THE COMPLEX PREPARED FROM N a B H 4 , 1/3 Z n C l 2 , 

AND 2 EQUIV OF 1 IN T H F AT 30 ° C 

O-i 

OQ 

Ketones 

C 6 H 5 C O C H 3 

C 6 H 5 C O C 2 H 5 

C 6 H 5 C O C 3 H 7 

CçHgCOC^Hf-i 

y \ / \ / C O C H 3 

1 P 1 
V V 
C H 3 C O C 4 H 9 - ; 

Chemical 
yield/% 

100 

100 

100 

98 

100 

99 

Produced alcohol 

M2
D° 

- 2 6 . 2 5 ° 

- 3 2 . 1 2 ° 

- 2 5 . 2 9 ° 

- 1 3 . 3 6 ° 

- 2 8 . 4 9 ° 

+ 7.60° 

Optical 
yield/% 

50a> ( 3)») 

68«) (18) 

58d> (14) 

28e> ( 9) 

680 (20) 

37s) ( 3) 

Con­
figura­
tion 

S ( i 2 ) b ) 

S(R) 

S(R) 

S(R) 

S(R) 

S(R) 

a) Based on [a]D +52.5° (CH2C12) reported by U. 
Nagai and T. Shishido, Tetrahedron, 21, 1701 (1965). 
b) Values in parentheses obtained by asymmetric re­
duction with NaBH4 plus 1 in THF. c) Based on 
[a]2D° +47.03° (Acetone) reported by H. Kwart and 
D. P. Hoster, J. Org. Chem., 32, 1867 (1967). d) Based 
on [a]D +43.6° (C6H6) reported by S. Yamaguchi and 
H. S. Mosher, J. Org. Chem., 38, 1870 (1973). e) 
Based on [a]D +47.7° (Diethyl ether) reported by P. A. 
Levene and L. A. Mikeska, J. Biol. Chem., 70, 355 
(1926). f) Based on [a]D -41.9° (Ethanol) reported 
by T. A. Collyer and J . Kenyon, J. Chem. Soc, 1940, 
676. g) Based on [a]D +20.54 (neat) reported by J. 
Kenyon and H. E. Strauss, J. Chem. Soc, 1949, 2153. 

TABLE 7. ASYMMETRIC REDUCTION OF PROPIOPHENONE 

WITH A REAGENT FROM N A B H 4 AND 1/3 EQUIV OF 

ZnCl2 IN THF 30 °C IN THE PRESENCE OF VARIOUS 

MONOSACCHARIDE DERIVATIVES (VALUES IN PARENTHESES 

W E R E OBTAINED IN T H E ASYMMETRIC REDUCTION W I T H 

NaBH4 PLUS 1, 2, 3, 4, 5, OR 6 IN THF 

Monosaccharid 
derivative 

1 

2 

3 

4 

5 

6 

Produced alcohol 

/ 
Chemical r -,8, 
yield/% La-!D 

100 - 3 2 . 1 2 ° 

97 - 4 . 2 3 ° 

100 + 4 . 7 1 ° 

94 - 1 1 . 9 0 ° 

100 + 5 . 2 2 ° 

100 - 7 . 5 2 ° 

Optical 
yield/% 

68(18) 

9(25) 

10(13) 

25 ( 7) 

11 ( 6) 

16( 0) 

Con­
figura­
tion 

S(R) 

S(R) 
R(S) 

S(S) 

R(S) 

S(~) 

monosaccharide derivatives on the reaction, we have 
examined the asymmetric reduction of propiophenone 
with the complexes prepared from NaBH 4 , 1/3 equiv 
of ZnCl2 , and 2 equiv of 2, 3 , 4, 5, or 2/3 equiv of 6 
(2 equiv for O H moiety) in T H F at 30 °G. The 
reactions resulted in complete reduction in all cases. 
T h e enantiomeric excess from each reduction is given 
in Table 7. Selectivity was generally low as com­
pared with that obtained by the complex from 1. 
T h e order of asymmetric induction by the complexes 
from 1 to 6 is not the same as that by NaBH 4 . An 
increase in the stereoselectivity of NaBH 4 by adding 
1/3 equiv of ZnCl2 occurred with 1, but it is not as 

' -f ° 4° 

^fiyO o\iS/Lo 

0° 
TABLE 8. ASYMMETRIC REDUCTION OF PROPIOPHENONE 

WITH REAGENTS FROM VARIOUS METAL BOROHYDRIDES AND 

1/3 EQUIV OF ZNCL2 IN THE PRESENCE OF 1 IN T H F AT 

3 0 ° C (VALUES IN PARENTHESES WERE OBTAINED BY THE 

ASYMMETRIC REDUCTION WITH L I B H 4 , NABH 4 , K B H 4 , 

RbBH4, OR CsBH4 PLUS 1 IN THF AT 30 °C) 

Reagents 

LiBH4+l/3ZnCl2 

NaBH 4+l/3ZnCl 
KBH 4+l/3ZnCl 2 

RbBH 4+l/3ZnCl 2 

CsBH4+l/3ZnCl2 

Chemical 
yield/% 

100 

100 

100 

s 100 

70 

Produced alcohol 

r , M Optical 
La-ID yield/% 

0 0 ( 0) 

- 3 2 . 1 2 ° 68(18) 

- 1 7 . 1 2 ° 36( 5) 

- 2 5 . 0 2 ° 53 (—)a> 

- 2 0 . 6 9 ° 44 (—)a> 

Con­
figura­
tion 

- ( - ) 
S(R) 
S{R) 
S(-) 
S(-) 

a) Chemical yields in both cases were less than 10% 
Optical rotations could not be measured. 

pronounced as with other monosaccharides, 2—6. 
Four additional modified reagents were prepared 

from lithium, potassium, rubidium, or caesium boro-
hydrides and 1/3 equiv of ZnCl2 and were applied 
to the asymmetric reduction of propiophenone with 
subsequent addition of 2 equiv of 1 in T H F at 30 °C. 
The results are summarized in Table 8. We see that 
the reagents from sodium, potassium, rubidium, and 
caesium borohydrides and 1/3 equiv of ZnCl2 have 
emerged as more effective asymmetric reducing agents 
than the corresponding metal borohydrides and pro­
piophenone can be reduced with these reagents in 
good chemical and optical yields, giving product mix­
tures in which the (S) -alcohol configuration predo­
minates. Neither L iBH 4 - l / 3 ZnCl2 nor LiBH4 showed 
asymmetric induction, although the reducing yields 
were quantitative, the order of the influence of the 
metal cation on selectivity being N a > R b > C s ~ K > L i . 
The cause of the effect is not clear so far. 

The rates of reduction by these reagents were much 
greater than those by the corresponding metal boro­
hydrides except for the case when the metal was lith­
ium: chemical yields: 100% with N a B H 4 - l / 3 ZnCl2 

vs. 20%o with NaBH 4 for 2 h ; 100% with K B H 4 - l / 3 
ZnCl2 vs. 2 5 % with KBH 4 for 24 h; 100% with R b B H 4 -
1/3 ZnCl 2 vs. 10% with RbBH 4 for 72 h ; 70% with 
GsBH 4 - l /3 ZnCl2 vs. 5 % with CsBH4 for 72 h. This 
can be, at least, at tr ibuted to the great increase in 
solubility of the metal borohydrides caused by the 



May, 1981] Asymmetric Reduction with NaBH4-ZnCl2 Reagent 1427 

addition of ZnCl2 . The order of reduction rate by 
the reagent, L iBH 4 - l / 3 ZnCl2 > N a B H 4 - l / 3 ZnCl2 > 
K B H 4 - l / 3 Z n C l 2 > R b B H 4 - l / 3 Z n C l 2 > C s B H 4 - l / 3 Z n C l 2 , 
is in line with the order of the reducing strength 
of the metal borohydrides, L i B H 4 > N a B H 4 > K B H 4 > 
RbBH 4 >CsBH 4 . n > 

Examination of the Reaction Species from NaBHé and 
ZnCl2 in the Presence of 1. The complex pre­
pared from NaBH 4 and 1 /3 equiv of ZnCl2 with further 
addition of 2 equiv of 1 reduced propiophenone with 
the highest optical yield (68%). The complex re­
sponsible for the asymmetric induction was examined. 

ZnCl2 (7 mmol) in T H F was added to a suspension 
of 21 mmol of NaBH 4 in T H F at 30 °C. A solid 
was always present during the course of reaction. 
The resulting slurry was stirred at 30 °C for 3 h and 
then filtered. A very small amount of the starting 
zinc compound but no active hydride species was 
present in the solid product. From the result of anal­
ysis this seems to be sodium chloride, yield of which 
is nearly quantitative based on initial sodium amount. 
The filtrate contained ca. 100% of the initial amounts 
of zinc and the active hydrides. The analysis gave 
a N a : Z n : hydride (B-H) : CI of 1.0:1.0:12.3:0, in­
dicating a physical mixture of NaBH 4 and Zn(BH 4) 2 

at 1:1 molar ratio or a double hydride complex of 
NaZn(BH4)3 . The reaction may be represented as 
follows. 

NaBH4 + l/3ZnCl2 

I • 1/3 NaBH4 + 1/3 Zn(BH4)2 + 2/3 NaCl J, (1) 
~~l > 1/3 NaZn(BH4)3 + 2/3 NaCl J, (2) 

If the reaction of NaBH 4 and ZnCl 2 gives a physical 
mixture of NaBH 4 and Zn(BH 4) 2 (Eq. 1), the reaction 
might afford precipitates of NaBH 4 and NaCl, leaving 
Zn(BH4)2 in solution, since NaBH 4 is sparingly soluble 
in THF12> and Zn(BH 4) 2 is soluble in T H F . How­
ever, the reaction actually gave only a "soluble boro-
hydride species" and a precipitate of sodium chloride. 
Thus, the product is not a physical mixture of the 
two simple borohydrides, but may be a soluble double 
borohydride complex, NaZn(BH 4 ) 3 (Eq. 2). 

The double borohydride complex, first prepared by 
Nöth and his coworkers in 1971,13) has been charac­
terized by the 1 1B-NMR, IR-spectra, and elemental 
analysis. The BH4 groups in the reagent are bonded 
via double hydrogen bridges to the central Zn atom. 
The structure is as follows. 

H 1-

vj+:=zn > v 

i "H' 
H 

Further addition of 2 equiv of 1 evolved 2.2 moles 
of hydrogen, 1.8 equiv of hydrogen remaining in the 
complex. The reaction of the reagent with 1 seems 
to take place as follows. 
NaBH4 + 1/3 ZnCl2 > 1/3 NaZn(BH4)3 + 2/3 NaCl j 

2R*OH 

1/3 NaZn(BH2(OR*)2)3 + 2 H2 Î (3) 

The complex formed was soluble in T H F and reduc­
tion with it was homogeneous, in contrast to NaBH 4 

as reducing agent which was sparingly soluble in T H F 
and gave reduction which was heterogeneous, a t least 
in part . 

Additional evidence for a homogeneous reduction 
was given when a suspension prepared from NaBH 4 , 
1 /3 equiv of ZnCl2 , and 2 equiv of 1 was filtered under 
N 2 atomsphere. Addition of propiophenone to this 
clear filtrate resulted in the same asymmetric reduc­
tion obtained with the originally prepared complex. 

Apar t from the asymmetric induction, a comparison 
of the reagent from NaBH 4 and 1/3 equiv of ZnCl 2 

with conventional hydridic reducing agents such as 
NaBH 4 demonstrates the potential utility of the re­
agent in organic reactions. (1) The reagent has a 
selectivity for functional groups similar to that of 
NaBH 4 but acts as a T H F soluble analogue (ca. 4.5 
g/lOOmL at 25 °C) of NaBH 4 allowing selective re­
duction of carbonyl compounds in T H F . Aldehydes 
and ketones are reduced in T H F with much higher 
rates than those with NaBH 4 in the same solvent. 
For example, propiophenone was reduced to the cor­
responding alcohol quantitatively over a 2 h reaction 
period with the reagent in T H F at 30 °C, whereas 
less than 2 0 % of the alcohol was obtained with NaBH 4 

under the same conditions. (2) The reagent can be 
easily modified in a stepwise fashion by various al­
cohols, i.e. even highly hindered alcohols such as 1. 
No similar modification has been proposed for sodium 
borohydride. The highly hindered reagents thus form­
ed indicate the possibility of developing a superior 
reducing agent with a high stereochemical selectivity. 

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

All reactions were carried out under an atmosphere of 
nitrogen. Tetrahydrofuran, diethyl ether, and benzene were 
heated under reflux over sodium metal and distilled from 
lithium aluminium hydride in a nitrogen atmosphere. 
Acetophenone, propiophenone, phenyl propyl ketone, and 
isopropyl phenyl ketone were dried and distilled over calcium 
hydride. Methyl 2-naphthyl ketone was purified by re-
crystallization. Sodium borohydride was purified by re-
crystallization from 2,5,8-trioxanonane. Zinc chloride was 
purified by sublimation and dried at 100 °G. The mono­
saccharide derivatives, l,2:5,6-di-0-isopropylidene-a-D-
glucofuranose 1, l,2:5,6-di-0-cyclohexylidene-a-D-glucofur-
anose 2, l,2:4,5-di-0-isopropylidene-D-fructopyranose 3, 2,3: 
4,5-di-O-isopropylidene-D-fructopyranose 4, l,2:4,5-di-0-
cyclohexylidene-/?-D-fructopyranose 5, and 1,2-O-isopropy-
lidene-D-glucofranose 6 were prepared according to the 
methods reported.14-17) All the substances were stored un­
der a nitrogen atmosphere prior to use. GLPG analyses 
were performed on a Shimadzu GC-6A instrument using a 
Silicone SE-30 prepared column. NMR spectra were meas­
ured on a Hitachi R-22, 90 MHz spectrometer. Optical 
rotations were taken on a Zeiss visual Polarimeter with read­
ing to ±0.02° using a 1 dm cell. IR spectra were meas­
ured with a JASGO IR-G instrument for nujol mulls. Na 
analysis by flame photometry was performed on a Hitachi 
170-30 instrument. Hydrogen evolution was measured by 
Brown's method.18) Zinc was determined by EDTA titra­
tion, halogens (chlorine) by Volhard procedure. 
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General Procedure for Asymmetric Reduction of Propiophenone 
with NaBHé-ZnCl2 Reagent in the Presence of 1 in THF. All 
experiments were carried out under a nitrogen atmosphere, 
transfer being made with a syringe through rubber septums. 
A typical experiment is as follows. T H F suspension of 
ZnCl 2 (3 mmol) was added to a T H F suspension of NaBH 4 

(9 mmol) at 30 °G. After stirring for 3 h at 30 °G, T H F 
solution of 1 (18 mmol) was added. O n addition of 1, 
hydrogen gas evolved slowly. After stirring at 30 °G for 
24 h, hydrogen gas evolution was completed, propiopheone 
(7.2 mmol) then being added drop wise. T h e resulting mix­
ture was decomposed by addition of 2 mol/1 hydrochloric 
acid. T h e hydrolyzed mixture was filtered, the organic 
solvents being removed by evaporation under reduced pres­
sure. T h e resulting aqueous layer was stirred for 1 h in 
order to decompose 1 completely. T h e aqueous mixture 
was extracted with three 10 m L portions of diethyl ether 
and the extract washed with saturated NaCl solution (2 X 10 
m L ) . T h e etheral layer was dried over M g S 0 4 , and con­
centrated to give a crude product which was analyzed by 
GLPG. This was further purified by distillation under 
reduced pressure. T h e optical rotation was measured for 
this purified sample. Absolute configuration and optical 
yield were calculated from known values. 

A number of other asymmetric reductions using different 
reagents such as ketones and sugar derivatives were per­
formed under conditions similar to those described above. 

Reaction of NaBH± with ZnCl2. T H F suspension of 
ZnCl 2 (10 mmol) was added to a suspension of NaBH 4 (30 
mmol) a t 30 °G. T h e resulting slurry was stirred at 30 °G 
for 3 h. T h e solid was separated by filtration under a ni­
trogen atmosphere and dried at room temperature in vacuo. 
T h e filtrate contained 3 3 % and 100% of initial sodium and 
zinc concentrations, respectively. T h e solid product was 
found to be sodium chloride by analysis. T h e filtrate showed 
Na:Zn:hydr id ic hydrogen in the ratio 1:1.00:12.3, analyzed 
by flame photometry, E D T A titration, and hydrogen evolu­
tion measurement, bu t no chloride. 
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The cycloaddition of nitrilimines with 1,2-dibenzoylethylenes gave an unexpected l,3-diaryl-4-benzoylpyrazole 
and benzoic acid, along with an expected cycloadduct, l,3-diaryl-4,5-dibenzoyl-2-pyrazoline, and its dehydro-
genated product, l,3-diaryl-4,5-dibenzoylpyrazole. The elimination of the benzoyl group from the pyrazoline 
followed by dehydrogenation was shown to be the course of the unusual reaction. 

The 1,3-dipolar cycloaddition of diarylnitrilimines 
with olefins is a versatile method for the stereoselective 
and regioselective synthesis of 2-pyrazolines or py-
razoles.1-4) Diarylnitrilimines for the cycloaddition 
with dipolarophiles are usually prepared in situ by 
the dehydrochlorination of hydrazonoyl chlorides with 
triethylamine4) and by the other method.5 '6) 1,2-
Dibenzoylethylenes, with particular reference to their 
geometrical isomerism, have been intensively inves­
tigated by Lutz and his collaborator;7) the ethylenes 
are good dipolarophiles for the investigation of the 
stereochemistry of the cycloaddition.8) 

This paper will report that the cycloaddition of 
nitrilimines with 1,2-dibenzoylethylenes gave 4-ben-
zoylpyrazoles in high yields, along with the expected 
products. For example, the reaction of cù-l,2-diben-
zoylethylene with N- ( jfr-nitrophenyl) -C-phenylnitril-
imine gave the unexpected 4-benzoyl-l-(/?-nitrophenyl)-
3-phenylpyrazole as the sole isolable product in a 
4 8 % yield, with the elimination of a benzoic acid, 
probably from the 4,5-dibenzoyl-2-pyrazoline. There 
is no precedent for the oxidative elimination of benzoic 
acid from 4,5-dibenzoyl-2-pyrazoline. We now wish 
to propose a scheme in which the nucleophilic attack 
of water on the 5-carbonyl carbon of the pyrazoline 
followed by the elimination of benzoic acid yielded 
the 4-benzoylpyrazoline, which then eliminated hy­
drogen of afford the unexpected pyrazole. 

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

The cycloaddition between trans- 1,2-dibenzoyl­
ethylenes and diarylnitrilimines prepared from hy­
drazonoyl chlorides in the presence of an excess of 
triethylamine was carried out in benzene at 80 °G 
for 5 h. The reaction products from the reaction 
mixture were shown to be /raw^-l,3-diaryl-4,5-dibenzoyl-
2-pyrazolines (1), l,3-diaryl-4,5-dibenzoylpyrazoles (3), 
and unexpected 1,3-diaryl-4-benzoylpyrazoles (2) 
(Scheme 1, Table 1. See Tables 2—4 for the nota­
tion of Ar1, Ar2, and Ar3) . 

I t is well-known that the reaction of nitrilimines 
with eis- and frmy-olefins gives 2-pyrazolines stereo-
specifically in high yields.4) With some a>-olefins in 
the presence of a base, however, two possible eis- and 
/ra/u-pyrazolines can be formed by the base-catalyzed 
isomerization of the cù-product to the trans.8*9) The 
pyrazole (2a) was isolated in a 4 8 % yield from the 

t Present address: Institute for Chemical Research, 
Kyoto Universty, Uji, Kyoto 611. 

Ar^C^N-NH-Ar2 Ar3-C-CH=CH-C-Ar3 

I + II II 
Gl O O 

Et 3 N 

Ai^-C-
II 

N 

-C-COAr3 

GH + 

Xr2 

Ar1- G GH-GOAr3 

II I + 
N GH-GOAr3 

Xr2 

1 2 

Ar1-G C-COAr3 

Il II 
N C-COAr3 

Xi2 

3 

Scheme 1« 

TABLE 1. THE REACTION OF DIARYLNITRILIMINES WITH 

1,2-DIBENZOYLETHYLENESA) 

Nitrilimine 

Ar1 Ar2 

Dibenzoyl-
ethylene 

A 3 - C 6 H 5 

Products yield/% 

1 2 3 

G6H5 />-N02C6H4 trans 
G6H5 />-N02C6H4 eis 
p-To\y\ /»-Tolyl trans 

21 47 
48 
91 

10 
trace 

a) The reaction was carried out by Procedure A (see 
Experimental). 

reaction mixture of 7^-(j&-nitrophenyl)-C-phenylnitril-
imine and m-l,2-dibenzoylethylene, while neither cis-
nor frww-pyrazoline (eis- or trans-la) was detected. 
The expected aV-pyrazoline (cis-la) may be directly 
decomposed to 2a, because some of the /raw5--pyrazoline 
(trans-la) would remain in the reaction mixture under 
the conditions if the base-catalyzed isomerization prod­
uct, /raw.y-pyrazoline (trans-la) were an intermediate 
to 2a. 

The N M R spectroscopy is a convenient method for 
establishing the stereochemistry of the adduct (1), 
since the coupling constants between 4- and 5-protons 
indicate whether the adduct is trans (J=6Hz) or 
eis ( 7 = 1 2 Hz),10) although some exceptions are 
known.11) Thus, the trans structure of the expected 
1,3-dipolar cycloadducts, (1) was confirmed on the 
basis of elemental analyses and N M R ( / 4 5 = 6 Hz) 
and I R spectra. 

2-Pyrazolines can be easily aromatized by autoxi-
dation or thermal dehydrogenation, even in the absence 
of oxygen, or by some reagents such as a hydrogénation 
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catalyst, although little is known about these mech­
anisms4 '12) and only a small amount of hydrogen was 
identified.18) T h e pyrazoles (3) were shown to be 
products dehydrogenated from 1 by the following ex­
periment: the treatment of l a in a refluxing toluene 
solution with a suspension of active alumina gave 
3a in a 5 4 % yield. 

T h e structure of the pyrazole (2b) was established 
by elemental analysis (C 2 3H 2 0N 2O), N M R (two tolyl 
methyl at Ô 2.34, H-5 at Ô 8.19) and I R (v0 = o 1635 
cm-1) spectra, and comparison with an authentic 
sample described below. Enamine is a regioselective 
dipolarophile,13) and the reaction of nitrilimines with 
3-dimethylamino-l-phenylpropen-l-one gave unstable 
intermediate pyrazolines, which eliminated dimethyl-

amine to afford pyrazoles (2).14,15) T h e regioselective 
cycloaddition of nitrilimines with ethynyl phenyl 
ketone2 '16,17) and phenyl vinyl ketone13) gave pyrazoles 
(4) and pyrazolines (5) respectively. The alkaline-
potassium hexacyanoferrate(III) oxidation of 5 also 
gave pyrazole (4), a regioisomer of the pyrazole (2a)12) 
(Scheme 2). W e could not find any trace amount 
of 4 in the reaction mixture of the iV-(/>-nitrophenyl)-
C-phenylnitrilimine with dibenzoylethylenes. 

If the reaction of the nitrilimines with trans-di-
benzoylethylene was carried out at room temperature 
under nitrogen by the careful exclution of moisture 
and work-up below 30 °G the expected 1,3-dipolar 
cycloadducts 1 were isolated in high yields (Table 2). 
T h e isolated pure 4,5-dibenzoyl-2-pyrazolines (1) are 

Ar i -C-Cl Et3N 

N 
\ N H 

Ar2 

a 

b 

c 

+ 

+ 

+ 

CH-GOAr3 

II 
CH-NMe2 

GH 
III 
G-COC6H5 

CH2 

II 
CH-GOC6H5 

— > 

—> 

• 

fA r ! -G GH-GOAr3 s 

II 1 
N CH-NMe2 

Ar2 

-Me2NH Ar 1 -

Ar1-G GH 
il II < II II < 
N G-GOG5H5 

Ar2 

A 

Ar1-G CH2 

Il 1 
N CH-GOG5H5 

K3CFe(CN)6] 

-C C-( 
Il II 
N GH 

Ar2 

2 

Ar2 

Scheme 2. 

TABLE 2. PREPARATION OF 2-PYRAZOLINE (l)a) 

Ar1 Ar2 Ar3 Yieldc> 

/o 

Mp 
DG 

IR (KBr) 
vc = 0 /cm-1 

NMR(CDC13) 
<5/ppm 

4-H 5-H 
As/Hz 

l a C6H5 

l e C6H5 

l d 

l e 

l f 

l g 

l h 

l i 

C6H5 

G6H5 

G6H5 

G6H5 

C6H5 

/»-Tolyl 

CRHS 

Ik C J Î , 

/»-N02C6H4 G6H5 

/»-N02C6H4 /»-Tolyl 

/>-N02C6H4 />-ClC6H4 

^-N02C6H4 Mesityl 

GRHR G6H5 

/»-Tolyl 

C6H5 

Mesityl 

G R H K 

/»-Tolyl 

/»-Tolyl 

/»-G1C6H4 G6H5 

/»-G1C6H4 /»-Tolyl 

11 /»-N02C6H4 G6H5 CRHS 

77 

70 

84 

74 

58 

19») 

27b> 

81 

75 

38 

3b) 

160—162 

188—198 

185—194 

210—220 

201—202 

178—183 

161—166 

202—204 

160—165 

190—197 

147—150 

1700 
1675 
1699 
1676 
1708 
1682 
1713 
1709 
1695 
1681 
1695 
1680 
1691 
1685 
1708 

1698 
1680 
1693 
1684 
1699 
1680 

5.38 

5.29 

5.29 

4.99 

5.26 

5.23 

5.26 

4.89 

5.26 

5.24 

5.24 

5.97 

5.86 

5.82 

5.92 

5.75 

5.72 

5.72 

5.67 

5.73 

5.69 

5.89 

a) The preparation was carried out by Procedure B (Experimental), b) Some of the pyrazolines (1) were decom­
posed to 2 or intractable compounds under the conditions, c) Isolated yields shown were not optimized. 
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TABLE 3. DECOMPOSITION OF 1 TO 2 

1431 

Yield/% Pyrazole 2 

Ar1 Ar2 A i 3 

Recovered Ar3GOOH Mp/°G IR (KBr) 
vc=z0/cm-1 

NMR 
(GDG13) 

ô 5-H/ppm 

2a 
2ba) 
2c 
2d 
2e 
2f 
2g 
2i 
2f 
2j 
2k 
21 

G6H5 

/>-Tolyl 
C6H5 

G6H5 

G6H5 

C6H5 

G6H5 

G6H5 

/»-Tolyl 
G6H5 

C6H5 

/>-N02C6H5 

a) Pure lc could 

/>-N02C6H4 

/»-Tolyl 
f N 0 2 G 6 H 4 

/>-N02C6H4 

/>-N02C6H4 

C6H5 

G6H5 

/»-Tolyl 
/»-Tolyl 
/>-ClC6H4 

/>-ClC6H4 

G6H5 

C6H5 

C6H5 

/»-Tolyl 
/>-ClC6H4 

Mesityl 
G6H5 

/»-Tolyl 
G6H5 

Mesityl 
C6H5 

/»-Tolyl 
G6H5 

not be isolated. 

65 

65 
55 
75 
30 
50 
40 
55 
10 
2 

60 

0 

0 
0 
0 
1 

10 
55 
40 
60 
98 

0 

60 

60 
50 
65 
20 
— 
— 
30 
— 
— 
— 

213—214 
130—131 
198—200 
188—190 
180—183 
138—141 
151—155 
149—151 
152—165 
171—172 
183—188 
171—172 

1645 
1635 
1636 
1635 
1667 
1635 
1640 
1639 
1648 
1630 
1640 
1643 

8.39 
8.19 
8.32 
8.40 
8.09 
8.24 
8.24 
8.21 
7.90 
8.20 
8.20 
8.30 

thermally stable up to about 150 °G. However, the 
pyrolysis of 1 about 150 °G or the treatment of 1 
with a base (and moisture) at about 80 °C gave 2 
with appreciable rate. 

To our knowledge, no pyrolysis of 4- or 5- (or 4,5-
di-)benzoylpyrazolines which eliminates a benzoyl 
group to pyrazoles has yet been reported. The cyclo-
adducts of the dibenzoylethylenes with nitrones8a) and 
diazomethane8b) are rather thermally stable. The py­
rolysis of the pyrazolines (1) at 180 °G really gave 
the pyrazoles (2) and benzoic acid. W e tried to 
decompose several /mwj,-2-pyrazolines (1) to 2 ( 3 — 
7 5 % yields) at 200 °G for 10 min (Table 3), although 
the reaction conditions used were not strictly the same. 

One can easily postulate the thermal elimination 
of benzaldehyde from 1 followed by the autoxidation 
of the benzaldehyde to produce the benzoic acid. 
However, all attempts to detect benzaldehyde, for ex­
ample, by VPG, N M R , IR, and M S (the MS of l a 
was superimposable with that of an equimolar mixture 
of the 2a, pyrazole, and benzoic acid), failed except 
for the one case to be described below. The careful 
exclusion of oxygen and moisture from the pyrolysis 
system under nitrogen decreased the yield of benzoic 
acid down to 3 5 % along with a small amount of benzal­
dehyde (up to 10% yield), while the only decomposi­
tion products observed were the pyrazoles (2) and 
benzoic acid under usual conditions under nitrogen 
without strict drying over P 2 0 5 . 

Benzaldehyde has been shown to react easily with 
aniline (or butylamine) to yield 7V-benzylideneaniline 
(or 7V-benzylidenebutylamine). No formation of any 
benzylideneamines in the pyrolysis products of l a in 
aniline (or butylamine) ruled out the formation of 
benzaldehyde as an intermediate. O n the other hand, 
7V-butylbenzamide ( 5 3 % yield) and 2a (62% yield) 
were isolated from the reaction mixture of l a in butyl­
amine at 80 °G for 5 h, while benzoic acid is stable 
under the conditions. Furthermore, moisture and base 
enhanced the decomposition of 1 to 2. The rate 
ratio of the decomposition of wet l a to that of dry 
l a was about 2. The decomposition of 1 to 2 in the 

1 + HoO -GH-GOAr3 — 

I ? G 
/GH—G—Ar3 

^OH 2 

Ar1-G GH-GOAr3 + Ar3GOOH 

/ 

II I 
N GH2 

Xr2 

6 

Scheme 3. 

presence of a small amount of water and triethyamine 
gave the pyrazole (2) in excellent yields (for example, 
2a in an 8 6 % yield from l a ) than the results shown 
in Table 3. Pyrazoline and pyrazole have some basic 
character; thus, the decomposition of 1 to 2 may be 
promoted by self-catalysis. Taking the results in butyl­
amine into consideration, the acceleration of the py­
rolysis rate by water can be explained if we assume 
that a reasonable first step involved the initial nu-
cleophilic attack of water on 5-carbonyl carbon fol­
lowed by the cleavage of the carbon-carbon bond to 
give 4-benzoylpyrazoline (6) (Scheme 3). Several at­
tempts to prepare an authentic specimen of the in­
termediate, 6, or to isolate it from the reaction mixture 
were fruitless; therefore, 6 may be thermally unstable 
and may undergo dehydrogenation to 2. However, 
only a trace amount of hydrogen was detected in 
the pyrolysis products of l a by V P G (activated charcoal 
5 m at 50 °G, carrier gas argon) and so far the fate 
of the hydrogen can not be identified. 

Importance of two benzoyl groups at both 4- and 
5-positions for the facile decomposition of 1 to 2 was 
shown by comparison with a series of 2-pyrazolines, 
where only the 5-position has a benzoyl group 
(Scheme 4). None of the compounds (7a—c) has a 
tendency to decompose thermally up to 250 °G under 
conditions where the pyrolysis of 1 occurs very easily. 
We have so far been able to find any definite explana­
tions of the importance of the two benzoyl groups 
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G 6H& -G C H - R 
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N G H 
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C»H 5 N0 2 (^ - ) C 6 H 4 N 0 2 (p-) 

7a, R = H 
b , R = C 6 H 5 (trans) 
c, R = ^ - T o l y l (trans) 

Scheme 4. 

o n 1 in t h e facile t r a n s f o r m a t i o n of 1 i n t o 2 . O n e 
poss ible e x p l a n a t i o n is t h a t t h e c a r b o n y l - c a r b o n y l in ­
t e r ac t ions b e t w e e n t h e t w o b e n z o y l g r o u p s , a l o n g w i t h 
s ter ic h i n d r a n c e , w o u l d fac i l i ta te t h e r eac t iv i t y of t h e 
c a r b o n y l c a r b o n t o w a r d nuc l eoph i l e s . 

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

All the melting points are uncorrected. T h e I R spectra 
were obtained on a Hitachi 215A Infrared Spectrophotom­
eter. The X H-NMR spectra were measured of a Var ian T-
60A instrument in GDG13 unless otherwise stated, with T M S 
as an internal standerd. T h e column chromatography was 
carried over silica gel eluted with CHG13 . All the new 
compounds reported here gave satisfactory elemental anal­
yses. 

Materials. The JV-arylarenehydrazonoyl chlorides 
were prepared by the method of Huisgen et a/.4'9) T h e 
trans- and m-l ,2-dibenzoylethylenes were prepared by the 
method of Lutz et al.7> T h e phenyl vinyl ketone and ethynyl 
phenyl ketone are commercially available (Nakarai Chem. 
Co.) and were used without further purification. 

Reactions of Diarylnitrilimines with 1,2-Dibenzoylethylenes. 
General Procedure A: iV-(/>-Nitrophenyl)benzohydrazonoyl 
chloride (2.6 g, 9.5 mmol) as a precursor of the N-(p-nitro-
phenyl)-C-phenylnitrilimine was added, in small portions to 
a stirred solution of tom.r-l,2-dibenzoylethylene (2.3 g, 9.5 
mmol) and triethylamine (2 ml) in benzene (50 ml) at 80 
°C over a period of 30 min. The mixture was then stirred 
at 80 °C for 5 h. T h e precipitated triethylamine hydro­
chloride was filtered off, and the filtrate was evaporated 
in vacuo. T h e residue was crystallized from benzene 
to give the 2-pyrazoline (trans-la; 0.96 g, 2 1 % ) . T h e 
filtrate from the crystallization was chromatographed to 
give the pyrazole 2a (1.6 g, 47%) and 3 a (0.45 g, 10%) . 
T h e results are shown in Table 1. l a . Found : C, 73.48; 
H, 4 .59; N, 8 .58%. Calcd for C 2 9 H 2 1 N 3 0 4 : C, 73.25; H , 
4.45; N , 8.84%. 2a . Found : C, 71.89; H , 4 .23; N , 11 .11%. 
Calcd for C 2 2 H 1 5 N 3 0 3 : C, 71.53; H , 4.09; N, 11.38%. 3a . 
Found : C, 73.47; H , 4.22; N , 8 . 9 1 % . Calcd for C2 9H1 9-
N 3 0 4 : C, 73.56; H , 4 .05; N, 8 .88%. 

General Procedure B: A solution of iV-(/>-nitrophenyl)ben-
zohydrazonoyl chloride (1.1 g 4.0 mmol) , £ra/u-l,2-dibenzoyl-
ethylene (0.95 g, 4.0 mmol) , and triethylamine (0.7 ml) in 
dry benzene (50 ml) was stirred at room temperature under 
nitrogen for 2 d. T h e triethylamine hydrochloride thus 

precipitated was filtered off, and the filtrate was evaporated 
in vacuo at below 30 °C. The residue was tri turated with 
cold benzene to give the 2-pyrazoline (trans-Is., 1.5 g, 77%) . 
1 were recrystallized from D M F - H 2 0 without heating. 
T h e results are shown in Table 2. 

Decomposition of 2-Pyrazolines (1). General Procedure: 
l a (0.57 g, 1.2 mmol) was heated in a sublimation apparatus 
at 200 °C for 10 min under reduced pressure (ca. 30 m m H g ) . 
Benzoic acid was thus isolated (0.088 g, 60%) as a sublimate. 
The residue was chromatographed to give 2a (0.29 g, 65%) 
(and the recovered 1). T h e results are shown in Table 3. 

Detection of Benzaldehyde in the Pyrolysis products of la. 
a) By NMR: l a was decomposed at 180 °C for 10 min in 
an N M R sample tube under N2 . T h e peak of benzaldehyde 
(ô 9.9, - C H O ) was not detected, but the peak of benzoic 
acid (Ô 12.7, - O H ) was detected. 

b) By MS: T h e strong peak of benzoic acid (m/e=l22) 
appeared, while that of benzaldehyde (m/e=\06) appeared 
very weak in the mass spectrum of l a . 

c) By IR: A KBr pellet containing l a was heated at 
180 °C for 10 min under N2 . T h e characteristic absorp­
tion of benzaldehyde (v = 2770 cm - 1 ) was not detected. 

d) By VPC: When l a was analyzed by V P C (injection 
temperature 200—250 °C), only a trace amount of benzal­
dehyde was detected. 

e) Decomposition of la after Thorough Drying: l a (0.81 
g, 1.7 mmol) was dried over P 2 0 5 under reduced pressure 
(2 mmHg) for 2 d; then the l a was decomposed at 200 °C 
for 10 min under 2 m m H g in a sealed vessel to give the sub­
limated benzoic acid (0.072 g, 35%) and the benzaldehyde 
(ca. 0.02 g, less then 10%) . The residue was crystallized 
from C H C l 3 - E t O H to give 2a (0.33 g, 5 3 % ) . 

Decomposition of la in Aniline. A solution of l a (0.22 
g, 0.46 mmol) and hydroquinone (0.1 g) in aniline (5 ml, 
distilled over K O H ) was refluxed for 10 min under N2 . 
T h e reaction mixture was then poured into aq N a H C 0 3 

and extracted with benzene. T h e benzene layer was washed 
with aq N a H C 0 3 several times. T h e water layer was sep­
arated, acidified with aq HCl , and extracted with ether. 
The ether was evaporated to give the benzoic acid (0.028 g, 
5 0 % ) . T h e benzene layer was washed with aq HCl several 
times and evaporated in vacuo. The residue was crystallized 
from C H C l 3 - E t O H to give 2a (0.14 g, 6 5 % ) . Neither 
benzylideneaniline nor JV-phenylbenzamide was detected in 
the reaction products by T L C . 

Decomposition of la in butylamine. A solution of l a 
(0.52 g, 1.1 mmol) in butylamine (50 ml, distilled over CaH 2 ) 
was refluxed for 5 h under N 2 . After the amine was evapo­
rated under nitrogen and reduced pressure, the residue was 
distilled to give iV-butylbenzamide (140—170 °C/0.1 mmHg, 
0.10 g, 5 3 % ) . T h e residue of the distillation was crystal­
lized from C H C l 3 - E t O H to give 2a (0.23 g, 6 2 % ) . Neither 
benzoic acid nor iV-benzylidenebutylamine was detected in 
the reaction products by T L C . 

Preparation of Pyrazole (2) from Enamine (Scheme 2a). 
General Procedure: A solution of iV-(/>-nitrophenyl)benzohy-

Ar1 Ar2 

T A B L E 4. 

Ar3 

PYRAZOLE (3) 

Yield M p 

°C 
I R (KBr) 
f c = o / c m - 1 

3 a 

3c 

3e 

3f 

C 6 H 5 

C 6 H 5 

C 6H 5 

CftHK 

/>-N0 2C 6H 4 

/>-N0 2 C e H 4 

/>-N0 2C 6H 4 

G6H5 

C 6 H 5 

/»-Tolyl 
Mesityl 
C 6H 5 

54 
51 
38 
48 

137—139 
143—148 
150—155 
135—136 

1671 
1665 
1641 
1668 
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drazonoyl chloride (1.4 g, 5.1 mmol) , 3-dimethylamino-l-
phenyl-2-propen-l-one (0.90 g, 5.2 mmol) , and triethylamine 
(2 ml) in benzene (30 ml) was refluxed for 6 h. After a 
usual work-up, 2a was recrystallized from G H G l 3 - E t O H 
or D M F - H 2 0 in about a 3 0 % yield. 

Preparation of Pyrazole (3) from Pyrazoline (1). General 
Procedure'. A solution of l a (0.44 g, 0.95 mmol) in toluene 
(50 ml) was refluxed with neutral a luminum oxide (5 g) 
until the solution was discolored (for about 5 h) . T h e 
mixture was then filtered, and the filtrate was evaporated. 
The residue was crystallized from E t O H to give 3a (0.23 g, 
5 4 % ) , which was then recrystallized from E t O H . T h e 
results are shown in Table 4. 

Preparation of 2-Pyrazoline (7). General Procedure: A 
solution of iV-(/>-nitrophenyl)benzohydrazonoyl chloride (1.0 
g, 3.7 mmol) , phenyl vinyl ketone (0.57 g, 4.3 mmol) , and 
triethylamine (2 ml) was stirred at room temperature for 
2 d to give 7a in a 8 8 % yield; m p 242 °G (from E t O H ) . 
I R (KBr) : 1698cm" 1 ( C = 0 ) ; N M R (DMSO-</6) Ô: 3.41 
(dd, J=6 and 18 Hz, 1H, H-4), 4.17 (dd, / = 1 2 and 18 
Hz, 1H, H-4) , 6.42 (dd, 7 = 6 and 12 Hz, 1H, H-5) . 7 b 
from /raw.y-l,3-diphenyl-2-propen-l-one, 6 0 % yield; m p 134— 
141 °G (from E t O H ) . I R (KBr) : 1694cm" 1 ( G = 0 ) ; N M R 
(GDGlg) Ô: 4.66 (d, J=\ Hz, 1H, H-4) , 5.71 (d, J = 4 H z , 
1H, H-5) . 7c from /raw^-l-phenyl-3-/>-tolyl-2-propen-l-one, 
5 3 % yield; mp 204—205 °G (from E t O H ) . I R (KBr) : 
1684 c m - 1 ( G = 0 ) ; N M R (GDG13) Ô: 4.61 (d, J = 4 H z , 
1H, H-4), 5.67 (d, 7 = 4 Hz, 1H, H-5) . 

Preparation of 5-Benzoyl-1-(p-nitrophenyl)-3-phenylpyrazole (4). 
Method A (Scheme 2b) : A solution of iV-(/>-nitrophenyl)-
benzohydrazonoyl chloride (0.69 g, 2.5 mmol) , ethynyl phenyl 
ketone (0.33 g, 2.5 mmol) , and triethylamine (1 ml) in ben­
zene (50 ml) was stirred at room temperature for 20 h. After 
a usual work-up, the pyrazole was isolated in less than a 
10% yield. 

Method B (Scheme 2c) : A solution of 7a (0.26 g, 0.70 
mmol) in E t O H (20 ml) was added to a solution of K3-
[Fe(CN) J (0.53 g, 1.6 mmol) , and K O H (0.2 g) in aqueous 
E t O H (50 ml) at room temperature. T h e mixture was then 
stirred af room temperature for 10 h, poured into 200 ml of 
water, and extracted with benzene. T h e benzene layer was 
washed with water several times and concentrated. T h e 
residue was crystallized from E t O H to give the pyrazole 
(4) in a 2 8 % yield; m p 164 °G (from E t O H ) . I R (KBr) : 

1670 c m - 1 ( G = 0 ) ; N M R (GDG13); Ô: 7.13 (s, 1H, 4-H) . 
Found : G, 71.30; H , 4.04; N , 11 .33%. Galcd for G22-
H 1 5 N 3 0 3 : G, 71.53; H , 4.09; N , 11.38%. 

W e w o u l d l ike to t h a n k Professor D r . M a s a y a O k a n o 

a n d Assoc ia te Professor D r . Sh igeo T a n i m o t o of K y o t o 
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The reaction of 2-ethoxy-1,3-dithiolane with carbonyl compounds such as aldehydes and ketones was in­
vestigated. The reaction proceeded smoothly in the presence of the HgCl2-catalyst to afford 2-substituted and 
2,2-disubstituted 1,3-dithiolanes. The reaction also offers an interesting alternative to the previously reported 
methods of synthesizing 1,3-dithiolanes which involve the acid-catalyzed reaction of carbonyl compounds with 
1,2-ethanedithiol. 

Although the chemistry of 1,3-dithiolanes has been 
extensively studied, together with that of 1,3-di-
thianes,1) little is known about the 2-alkoxy derivatives 
of these compounds, which have been described as 
five-membered cyclic orthodithioformates. This is 
mostly because the derivatives are sensitive to acidic 
reagents, especially to such inorganic acids as hy­
drochloric and sulfuric acids. For example, the ad­
dition of a trace amount of coned hydrochloric acid 
to 2-ethoxy-1,3-dithiolane resulted in an exothermic 
reaction leading to 2,2'-[l,2-ethanediylbis(thio)]bis-
1,3-dithiolane.2) A recent report3) from this laboratory 
has described a new method for the introduction of 
the l,3-dithiolan-2-yl group into some active meth­
ylene compounds. T h e reaction using 2-ethoxy-1,3-
dithiolane proceeded smoothly without a solvent under 
the catalytic action of a metal halide, such as ZnCl 2 

or FeCl3 , and l,3-dithiolan-2-yl derivatives of the 
active methylene compounds could be isolated in mod­
erately good yields. As a broadening of the syn­
thetic scope of 2-ethoxy-1,3-dithiolane, we had chosen 
to react it with such carbonyl compounds as aldehydes 
and ketones. T o date there has been no information 
on any reaction between one of the so-called cyclic 
orthodithioformates and carbonyl compounds. 

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

I t has been observed that the reaction of 2-ethoxy-
1,3-dithiolane with aldehydes or ketones proceeds 
smoothly in the presence of a Lewis-acid catalyst to 
afford either 2-substituted or 2,2-disubstituted 1,3-di­
thiolane respectively. Thus, the successful utilization 
of the readily available 2-ethoxy-1,3-dithiolane in the 
synthetic reaction has been demonstrated. The first 
a t tempt was directed toward establishing the most ef­
fective Lewis-acid catalyst in the reaction. When 2-
ethoxy-1,3-dithiolane was allowed to react with acetone 
in dichloromethane a t room temperature for 16 h, 
in the presence of a Lewis-acid catalyst, the major 
product was 2,2-dimethyl-1,3-dithiolane ( l a ) , accom­
panied by a comparatively small amount of 1-(1,3-
dithiolan-2-yl)-2-propanone (2a). The results of the 
reaction with some different Lewis-acid catalysts are 

• s / 
GH-OG2H5 + GH3GOGH3 

Lewis acid 

— S \ /GH 3 

G + 
— S / M3H3 

la 

• s / 
CH-CH2COCH, 

TABLE 1. REACTION OF 2-ETHOXY-1,3-DITHIOLANE 

WITH ACETONE IN THE PEESENCE OF SEVERAL 

DIFFERENT LEWIS-ACID CATALYSTS 

Runa> Catalyst (mmol) 
Yield/%b> 

la 2ac> 

1 
2 
3 
4 
5 

HgCl2(6) 
ZnCl2(30) 
BF3.Et20(15) 
FeCl3(6) 
A1G13(6) 

60 
44 
52 
60 
45 

0 
17 
12 
3 

21 

a) In all the reaction runs, 30 mmol of 2-ethoxy-1,3-
dithiolane, 30 mmol of acetone, and 40—50 ml of di­
chloromethane were employed. Reaction conditions: 
room temperature, 16 h. b) Determined by gas-chro-
matographic analysis, c) Bp 100—101 °G/2 Torr (lit,4) 
143—145 °G/10 Torr), ^ - N M R , Ô (ppm from TMS, in 
GDG13), 4.77 (t, 1H, GH), 3.20 (s, 4H, SGH2GH2S), 
3.00 (d, 2H, GH2), 2.13 (s, 3H, GH3). Found: G, 
44.20; H, 5.99%. Galcd for G6H10OS2: G, 44.41; H, 
6.21%. 

shown in Table 1. 
As is evident from Table 1, the reaction using HgCl 2 

as the catalyst resulted in the formation of l a in a 
6 0 % yield, while no 2a was produced. Thus, we 
have studied the HgCl2-catalyzed reaction of 2-ethoxy-
1,3-dithiolane with a number of different aldehydes 
and ketones in the hope that the desired 2-substituted 
and 2,2-disubstituted 1,3-dithiolanes (1) could be ex­
clusively made by the reaction with HgCL. The 
results are summarized in Table 2. 

- S x R v 
GH-OG2H5 + O O 

— S / R ' / 
HgCl2 - S \ / R 

G 
I — S / NR/ 

1 

2a 

a R = CH3, R' = CH3 

b R = w-C3H7, R' = H 
c R = CtgHg, R = KJH^ 
d R = G6H5, R = H 
e R=/>-ClC6H4, R' = H 
f R=/>-CH3OC6H4, R' = H 
g R=/>-N02C6H4, R' = H 
h R=/>-(CH3)2NC6H4, R' = H 
i R=->CHOC6H4 , R' = H 
j R-G6H5GH=GH, R' = H 
k R=-CH3CH=CH, R' = H 

1 * > C < = ( C H ^ C < 
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TABLE 2. REACTION OF 2-ETHOXY-1,3-DITHIOLANE 

WITH ALDEHYDES OR KETONES ( R C O R ' ) UNDER 

THE CATALYTIC ACTION OF H g C l 2 

Products 
Run R R' 

Abbreviat ion Yield/% a) 

lb> 
2b) 

3b) 

4b) 

5b> 
6b> 
7C> 
8b> 
9 c ) 

10c> 

II e) 

12c> 

GH3 

rc-C3H7 

^ 6 ^ 5 
G 6 H 5 

/>-ClC6H4 

/>-CH3OC6H4 

/>-N02C6H4 

/>-(CH3)2NC6H, 
/>-CHOC6H4 

C6H5CH=CH 
CH3CH=CH 
-(GH2)5-

GH3 

H 
GH3 

H 
H 
H 
H 

t H 
H 
H 
H 

l a 
l b 
l e 
l d 
l e 
l f 

1g 
l h 
l i 

l j 
l k 
11 

78 
82 
64 
82 
87 
79 
91 
52 
27 
89 
56 
91 

a) All yields refer to isolated products. Some starting 
2-ethoxy-l,3-dithiolane was recovered in all runs, b) 
Carried out without any solvent, c) Carried out in a 
dichloromethane solvent. 

As was originally anticipated, 2-substituted or 2,2-
disubstituted 1,3-dithiolane (1), which is well known 
as a carbonyl-protective group,5) was the sole product 
in the HgCl2-catalyzed reaction. I t was recognized 
by thin-layer chromatography that, even in the run 
involving a low yield of the product, the residue con­
sists of the starting materials containing a small amount 
of an indefinite by-product. I t should also be noted 
that the procedure is simple to carry out and applicable 
to a wide range of aldehydes and ketones. 

I t is obvious that an exclusive C-S bond fission 
occurred in the HgCl2-catalyzed reaction of 2-ethoxy-
1,3-dithiolane. Therefore, the first necessary step in 
the reaction would seem to be the coordination of 
HgCl 2 with one of the S atoms of the ring. Thus, 
a mechanism for the reaction was proposed involving, 
first, the formation of a resonance-stabilized sulfocar-
bonium ion, which would then combine with carbonyl 
carbon. 

This seems probable on the basis of the information 
on the symbiotic effect on the HSAB principle present­
ed by Pearson and Songstad.6) In previous work on 
the reduction of 1,3-oxathiolanes with a mixture of 
LiAlH4 and A1C13 in ether solution, Leggetter and 

TABLE 3. PHYSICAL PROPERTIES AND ANALYTICAL DATA OF 2-SUBSTITUTED 

AND 2,2-DISUBSTITUTED 1,3-DITHIOLANES (1 ) 

Compound Mp (°C) or 
Bp (°C/Torr) 

!H-NMR (5(ppm from TMS, in CDC13; 
Found (Calcd) (%) 

C H N 

laa) 

lba> 

lca> 

lda> 

leb> 

lfc> 

lgb) 

lhd> 

lie> 

ljb> 

68—71/28 
Lit,10) 171/760 
109—110/26 

116—121/2 
Lit,11) 131/3 
176—177/20 
Lit,1«) mp 29 °C 
59—60 
Lit,12) 62 
60—61 
Lit,10) 64—65 

67—69 

100—101 
Lit,13) 105 

148—152/3 

59—59.5 

lka> 60—61/2 

lla) 147—148/30 
Lit,14) 114—115/6 

3.32(s, 4H, SCH2CH2S), 1.77(s, 6H, CH3) 

4.40(t, 1H, CH), 3.18(s, 4H, SCH2CH2S), 2.0— 
1.2(m, 4H, CH2CH2), 1.1—0.8(m, 3H, CH3) 
7.7—7.1 (m, 5H, ArH), 3.36(broad s, 4H, SCH2-
CH2S), 2.09 (s, 3H, CH3) 
7.6—7.1 (m, 5H, ArH), 5.60(s, 1H, CH), 3.7— 
3.0(m, 4H, SCH2CH2S) 
7.5—7.1 (m, 4H, ArH), 5.53(s, 1H, CH), 3.5— 
3.2(m, 4H, SCH2CH2S) 
7.5—7.3(m, 2H, ArH), 6.9—6.7(m, 2H, ArH), 
5.61 (s, 1H, CH), 3.78(s, 3H, OCH3), 3.7—3.2 
(m, 4H, SCH2CH2S) 
8.3—8.1 (m, 2H, ArH), 7.7—7.5(m, 2H, ArH), 
5.67 (s, 1H, CH), 3.7—3.2(m, 4H, SCH2CH2S) 
7.5—7.3(m, 2H, ArH), 6.7—6.5(m, 2H, ArH), 
5.62 (s, 1H, CH), 3.5—3.1 (m, 4H, SCH2CH2S), 
2.90(s, 6H, CH3) 
10.00(s, 1H, CHO), 7.9—7.6(m, 4H, ArH), 
5.64(s, 1H, CH), 3.6—3.3(m, 4H, SCH2CH2S) 
7.30(m, 5H, ArH), 6.53(d, 1H, ArCH), 

6.14(dd, 1H, GH-<^V 5.18(d, 1H, CH), 

3.28 (broad s, 4H, SCH2CH2S) 
5.7—5.2(m, 2H, CH=CH), 5.1—4.9(m, 1H, CH), 
3.23 (broad s, 4H, SCH2CH2S), 1.66(d, 3H, CH3) 
3.27 (s, 4H, SCH2CH2S), 2.1—1.2[m, 10H, (CH2)5] 

44.36 
(44.73) 
48.80 

(48.60) 
61.66 

(61.18) 
59.15 

(59.30) 
49.64 

(49.87) 
56.38 

(56.57) 

47.35 
(47.56) 
58.89 

(58.62) 

56.95 
(57.11) 
63.35 

(63.42) 

49.22 
(49.27) 
55.04 

(55.12) 

7.66 
(7.51) 
8.21 

(8.16) 
6.25 

(6.16) 
5.31 

(5.53) 
4.48 

(4.18) 
5.74 

(5.70) 

4.06 
(3.99) 
6.82 

(6.71) 

4.95 
(4.79) 
5.78 

(5.81) 

7.12 
(6.89) 
8.26 

(8.09) 

6.29 
(6.16) 
5.97 

(6.22) 

a) Purified by distillation, b) Purified by recrystallization (ethanol). c) Purified by recrystallization (hexane). 
d) Purified by both column chromatography and recrystallization (ethanol). e) Purified by both colume chro­
matography and distillation. 
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,—S> 
CH-OC2H5 + HgCl2 

s/ 
"Gl2Hg 

bCiHo VJHOS 
/ 

CH-OC2H6 

CI2Hg 
\ -

CH-OCLH, 
+ ^ 

o d H o d H o i J 

/O-

RV=o 

G / 
R ' / NSCH-CH-S 

CH-OC2H5 
1 + HG02G2H5 

Brown7) have found that the C - O , but not the G-S, 
bond is ruptured. This result suggests that the co­
ordination of AlClg with the O-atom is more favorable 
than the similar coordination of A1C13 with the S-atom. 
The formation of 2a in the reaction of 2-ethoxy-l,3-
dithiolane with acetone, using A1C13 as the catalyst, 
may be explained by a mechanism which involves 
the initial loss of the exocyclic ethoxyl group to give 
the l,3-dithiolan-2-ium ion, and its subsequent attack 
on acetone. A similar coordination with the O-atom 
of 2-ethoxy-l,3-dithiolane leading to 2a occurred in 
the end, but to a lesser extent, when ZnCl2 , B F 3 E t 2 0 , 
or FeCl3 was used instead of the A1C13 catalyst. How­
ever, the major product formed in the reaction using 
these Lewis-acid catalysts is not 2a, but l a , suggesting 
that the C-S bond fission in the starting 2-ethoxy-
1,3-dithiolane is predominant . Because the only avail­
able evidence is that listed in Table 1, we are presently 
unable to establish a reasonable pathway to afford 
l a when these Lewis-acid catalysts are used. At least, 
as to the reaction with A1C13, which has a poor co­
ordination ability with the S atom, l a might also be 
formed by another pa th involving the coordination8) 
of A1G13 with acetone in the initial step of the reaction. 

Such compounds as 2-substituted and 2,2-disub-
stituted 1,3-dithiolanes (1) can serve as protected al­
dehydes and ketones. They are commonly prepared 
by the acid-catalyzed reaction of carbonyl compounds 
with 1,2-ethanedithiol.9) The present reaction offers 
an interesting alternative, because the protected car­
bonyl compounds are formed easily and under non-
acidic conditions by the reaction of 2-ethoxy-l,3-di-
thiolane with carbonyl compounds. 

Exper imenta l 

Preparation of 2-Substituted and 2,2-Disubstituted 7,3-Dithio-
lanes (1). General Procedure: To a mixture of 2-
ethoxy-l,3-dithiolane (30 mmol) and an aldehyde (or ketone) 
(30 mmol) in dichloromethane (40—50 ml), was added HgCl2 

(6 mmol) at 0—5 °G. In some cases (Runs 1, 2, 3, 4, 5, 
6, and 8) the dichloromethane solvent was omitted. The 
mixture was brought to room temperature, stirred for 24 h, 
and then poured into a mixture of ice water and ether. The 
ethereal layer was separated, and then it was combined 
with a dichloromethane extract of the aqueous phase. The 
organic layer was washed repeatedly with dilute aqueous 
NaHG03 , and then with water, and dried (MgS04), a sub­
sequent evaporation of the solvents gave a residue which 
was further purified by distillation, recrystallization or column 
chromatography on silica gel, using ether as the eluent. 
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Oxygen transport by human hemoglobin (Hb) to an electrode surface with hypo-oxygen partial pressure 
has been studied by the Polarographie technique. The oxygen reduction current in Hb solution open to the 
atmosphere increased linearly with Hb concentration up to ca. 2 mM (1 M = l mol dm -3) heme. The current 
was ascribed to free and Hb bound oxygen. The increase in current with Hb concentration was attributed to 
the increasing oxygen supply to the electrode from oxygen bound Hb (oxyhemoglobin ;oxyHb). Changes in 
temperature and pH largely affected the current, corresponding to the change in dissociation rate of oxygen from 
oxyHb. The relation between the current due to oxyHb and the apparent first order rate constant of the dis­
sociation (k) measured by the stopped-flow method implies two different rate-determining steps of oxygen trans­
port by Hb. When k exceeded ca. 60 s_1, the limiting step altered from the dissociation of oxygen to the diffusion 
of Hb molecules. It is concluded that the oxygen transport by Hb on physiological conditions is controlled by 
the diffusion of Hb. The diffusion coefficient of Hb in 20 mM heme as found in erythrocytes was estimated to 
be S.SxlO-Scm^- 1 at 25 °G and pH 7.4. 

For better understanding of the oxygen transporting 
capacity of erythrocytes, it is important to clarify rate-
determining factors of uptake or release of oxygen by 
erythrocytes. Hartr idge and Rough ton1) reported 
that the observed half-time of the oxygen uptake by 
erythrocytes was 40 times greater than that by free 
hemoglobin (Hb) in a rapid mixing continuous flow 
apparatus. Since then, investigators2-4) have sug­
gested that the behavior of oxygen in H b solution, 
particularly in concentrated solutions corresponding to 
those in erythrocytes, should be investigated. T h e 
mechanisms of the association of oxygen with H b 
and also the dissociation, were extensively studied by 
static or kinetic methods.5 - 8) However, few quan­
titative studies have been carried out on the oxygen 
transport by H b , further by erythrocytes to the region 
with hypo-oxygen partial pressure, viz. the transport 
phenomena involving diffusion process. Spectropho­
tomet ry methods which have been used for studying 
various problems of oxygen binding to H b , do not 
seem very effective for the transport phenomena. 

Scholander,9) and Wittenberg1 0 - 1 2) proposed the idea 
of "facilitated oxygen diffusion" for describing the 
oxygen transport by H b in solution. They measured 
the flux of oxygen passing through a millipore filter 
holding H b by gas-liquid chromatography and sug­
gested that the rate-determining factor is the transla-
tional diffusion of H b molecules. Wyman1 3) gave the 
theoretical explanation for the facilitated diffusion. 
However, the conditions for the clear demonstration 
of the diffusion-controlled oxygen transport have not 
so far been established. 

We tried an electrochemical method for covering 
the shortcomings of the previous investigations. In 
our method, an electrode, to which an appropriate 
potential is applied, works as a model of biological 
surface on which oxygen is consumed immediately 
on its arrival, that is, the electrode generates a region 
with hypo-oxygen partial pressure. The diffusion of 
oxyhemoglobin (oxyHb) to the electrode surface may 
result in the dissociation of oxygen from oxyHb and 
the electrochemical reduction of the oxygen. T h e 

oxygen reduction current due to oxyHb (7Hb) cor­
responds to the rate of oxygen transport by H b to 
the electrode surface. Thus, by analyzing the current, 
it is possible to clarify the rate-determining factor 
of oxygen transport in H b solution. T h e electro­
chemical method is also applicable to a relatively 
concentrated solution corresponding to that in ery­
throcytes, since the result obtained by the electro­
chemical method is not restricted by the concentra­
tion of H b in the system. The optical measurements 
can not be applied to a solution of high concentra­
tion of H b , without any modification of the conven­
tional method. 

In this study, we have applied the d.c.-Polarographie 
method with a dropping mercury electrode to H b 
solution. T h e rate-determining steps of oxygen trans­
port to the electrode surface by H b are discussed as 
regards the behavior of the reduction current of oxyjen 
in H b solution. 

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

Materials. Human Hb was prepared from fresh 
blood of donors. Erythrocytes were washed four times 
with 0.9% sodium chloride and hemolyzed by addition of 
an equal volume of distilled water and 0.4 volume of toluene 
and by vigorous shaking for 3 min. A clear Hb solution 
was obtained by centrifuging the mixture at 12000 rpm 
for 10 min. The resulting Hb solution was dialyzed for 
20 h with renewal of a large volume of distilled water several 
times followed by centrifuging at 12000 rpm for 30 min. 
All the operations were carried out at 4 °G. The Hb con­
centration was measured with a Hitachi 323 recording spec­
trophotometer in term of the absorbance of oxyHb at 576 
nm. Concentrated Hb solutions were obtained by centri­
fugal filtration through Amicon GF 25 membrane cones 
(Amicon Co., Lexington Mass.). Methemoglobin (metHb) 
was prepared by adding a slight excess of potassium fer-
ricyanide to the dialyzed oxyHb and was again dialyzed 
for 20 h with renewal of a large volume of distilled water 
several times. Experiments were performed within a week 
from the completion of preparation. Reagents of analytical 
grade were used. 

Polarographic Measurements. Polarogramc were record-
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ed with a Yanagimoto Polarograph Model PA 101. The 
dropping mercury electrode had the following characteristics: 
w=1.91 mgs - 1 , /=5.87s at open circuit in distilled water 
with 60 cm height of mercury reservoir. Saturated calomel 
electrode (SGE) was used as a reference electrode. All 
measurements were carried out in test solutions thermostated 
and under the oxygen partial pressure equilibrated with 
open atmosphere. 

Kinetic Measurements. Over-all first order rate con­
stants of oxygen dissociation from oxyHb were measured 
with a Yanagimoto SPU-1S stopped-flow spectrophotometer 
with a memoriscope. The light path of the cell was 10 mm. 
The dissociation of oxygen from oxyHb was forced by mixing 
Hb solution equilibrated with atmospheric oxygen with a 
sodium dithionite solution. The time course was followed 
by measuring absorbance at 576 nm. In most cases, the 
concentrations of Hb and dithionite after mixing were 50 
JJLM (1 M = l moldm"3) heme and 30 mM, respectively. 
The dithionite solution was freshly prepared for each run 
of experiments. 

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

Oxygen Reduction Current in Hb Solution. Oxygen 
gives two reduction waves at dropping mercury elec­
trode in supporting electrolyte solutions, corresponding 
to the following equations.14) 

0 2 + 2e + 2H+ > H 2 0 2 (1) 

H 2 0 2 + 2e + 2H+ 2H 2 0 (2) 

T h e reduction current increased largely with addition 
of the H b in electrolyte solution open to the atmos­
phere (Fig. 1). The increase of the current gives 
rise to a wave newly appearing between the 1st and 
2nd waves. This may be due to the catalytic reduc­
tion of 0 2 to H 2 0 involving the dismutation of H 2 O a 

to 0 2 and H 2 0 by some catalase or peroxidase action 
of H b itself or a trace amount of a contaminant having 
a catalytic activity,15 '16) at this potential, at which 
only the reduction (1) is expected electrochemically. 
T h e catalytic activities can not alter the value of the 
total reduction current of 0 2 to H 2 0 (at —1.45 to 
— 1.50 V vs. SCE), unless the total oxygen supply 
to the electrode changes. O n addition of m e t H b 
which has no oxygen binding capacity, the total re-
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Fig. 1. Polarograms of oxygen reduction waves in 
electrolyte solutions open to the atmosphere, 
a: Phosphate buffer (0.1 M, pH 7.4), b : a + H b (2.3 
mM heme), c: a+metHb (2.0 mM heme), d: b 
without oxygen. 25 °G. 
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Fig. 2. Dependence of the reduction current of oxygen 
on the concentration of Hb without removing organic 
phosphates (O), stripped Hb (C) and metHb (#) 
in phosphate buffer (0.1 M, pH 7.4) open to the 
atmosphere at 25 °G. 

duction current of oxygen was practically constant, 
though a catalytic phenomenon similar to that of 
H b was observed. Thus, the increase of the total 
current (/) can be attr ibuted to the reduction of oxygen 
transported by H b , since the concentration of free 
oxygen in H b solution should be constant, equilibrated 
with atmospheric oxygen. Considering the oxygen 
transport by H b to the electrode with the above ob­
servations, we can utilize the potential at which the 
2nd wave reaches its limiting current, i.e. from —1.45 
to —1.50 V vs. SCE. The following description deals 
with the 4 electron transfer current of oxygen. 

The dependence of I on the concentration of H b 
is shown in Fig. 2. 7 is seen to increase linearly with 
H b concentration. No appreciable difference between 
H b prepared for the present study and stripped H b 
prepared according to Benesch et al.,11) could be ob­
served. Thus, the subsequent experiments were carried 
out without removing organic phosphates from the 
H b preparation. Since the current in me tHb solution 
was almost constant, the increase of I in H b solution 
might be due to the increasing supply of oxygen to 
the electrode by H b . I t seems that a flux of oxygen 
in H b solution consists of the contributions from both 
free and H b bound oxygen.9-13) The current I might 
consist of the reduction currents of both: 

/ = /oi + 'm» (3) 

where Io2 is diffusion current of free oxygen, and 
7Hb the oxygen reduction current due to oxyHb. From 
Ilkovic equation,18 '19) we have 

J0 l = icD0V*C02) (4) 

where /e=607 nm2 /3 t1^ with rc=4, D0i and Co2 being 
the diffusion coefficient and the concentration of free 
oxygen in the solution equilibrated with the atmos­
pheric oxygen, respectively. In relatively dilute H b 
solution, Do2 and Io2 might be nearly equal to those 
in the medium without H b (*A>2 and *I02, respec­
tively). They can be regarded as constant under 
given conditions. The increase of I is due to only 
the increase of 7Hb, being directly proportional to the 
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concentration of H b presented in heme (Ch e m e) . Thus, 
7Hb can be written as 

•̂ Hb — a ^ h e m e Y , W 

where Y is fractional oxygen saturation of H b . Under 
the present conditions we might put Y = l , since H b 
solutions are equilibrated with the atmospheric oxygen 
partial pressure, a is a factor characterized by the 
rate-determining step of oxygen transport by H b . 

We can postulate two steps for a, (a) the diffusion 
process of H b molecules bound oxygen to the electrode 
and (b) the oxygen dissociation from oxyHb in the 
vicinity of the electrode with hypo-oxygen partial pres­
sure. When (a) is predominant, a might be propor­
tional to the diffusion coefficient of H b (Z)Hb) and 
7Hb might be the diffusion-controlled current. In (b) 
where the rate constant of oxygen dissociation (k) 
is included in a, 7Hb might be the kinetic current.20 '21) 
I t seems that the alteration of the rate-determining 
step is practically caused by change in the rate of 
dissociation, since the Z)Hb value does not change a 
great deal with temperature of p H , as compared with 
the dissociation step. 

For the sake of confirmation we examined the effect 
of temperature and p H on 7Hb, since the oxygen dis­
sociation rate is strongly dependent on the above two 
factors,22'23) in contrast to the rate of oxygen combina­
tion with H b which is little affected.22) 

Effects of Temperature and pH on 7Hb. Figure 3 
shows the linear relationship between 7Hb (Eq. 3) and 
Ch e m e at various temperatures open to the atmospheric 
oxygen. The slope of the curve, IHh/Cheme i.e. a (Eq. 
5) increases with temperature. The plot of a (slope 
of the curve, Fig. 3) against temperature indicates 
that a depends on the oxygen dissociation rate which 
changes with temperature (Fig. 4-a). The relation 
between the reciprocal temperature and logarithms 
of a obtained is shown in Fig. 4-b. When the rate-
determining step of 7Hb is single, a straight line should 
be obtained. However, a bending curve with two 
different slopes was obtained indicating that 7Hb is 
controlled by at least two different steps. The ap-

C h e m e / m M 

Fig. 3. Relation between 7Hb a n d relatively low con­
centration of Hb at various temperatures open to the 
atmosphere. 
a: 40 °C, b : 35 °C, c: 30 °C, d: 25 °C, e: 15 °C, f: 
12.5 °G. Other conditions are the same as in Fig. 2. 
7Hb w a s obtained by subtracting *I02 from /. 

parent activation energy of ' each step was found to 
be 83.7 and 29.7 K J m o l - 1 for the lower and higher 
temperature ranges, respectively. Since the value of 
the former is in line with that of oxygen dissociation 
reported by Gibson23) and Dalziel and O'Brien,24) 
and our Arrhenius plot of stopped-flow data also 
gave 79.1 K J m o l - 1 as the activation energy, one of 
these steps might be oxygen dissociation, which turns 
to another step at the inflection point on the curve 
i.e. about 22 °C (at p H 7.4). 

The change in p H also resulted in the variation in 
a (Fig. 5). The pat tern of the variation is similar 
to that of the Bohr effect25) which reflects the change 
in the dissociation rate of oxygen from oxyHb, and 
gives a symmetrical curve with p iT = 7.0, when k is 
plotted against pH.24) The change in 7Hb with p H 
can be ascribed to that in the rate of dissociation of 
oxygen from oxyHb. In order to clarify the rate-
determining step for 7Hb, effects of temperature and 
p H were examined on the basis of the dissociation 
rate of oxygen at various temperatures or p H . 

Figure 6 shows the relation between a and k ob­
tained by the stopped-flow method, carried out by 

Fig. 4. Effect of temperature on a (a) and plots of 
logarithms of a against the reciprocal temperature 
(b). 
a is 7HbAeme or (J-*/o2)/Ch e me3 and was obtained 
as the slope of the curve in Fig. 3. 

PH 

Fig. 5. Effect of pH on a. 
O: 0.1 M phosphate buffer, 3 : 0.1 M tris-HGl buffer, 
# : 0.1 M acetate buffer. Other conditions are the 
same as in Fig. 2. 
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Fig. 6. Plot of a against apparent first order rate 
constant of oxygen dissociation from oxyHb (k). 
O: Temperature effect at pH 7.4 (see Fig. 4-a), 
# : pH effect at 25 °G (see Fig. 5). Numbers with 
experimental points are temperature (°G) (O) or 
pH (# ) at which a and k were measured by polaro-
graphy and by stopped-flow method, respectively. 

changing temperature at a fixed p H or changing p H 
at a constant temperature. A satisfactory coincidence 
could be obtained for the results of two series of dif­
ferent kinds of experiments. The curve obtained im­
plies two rate-determining factors for oxygen trans­
port by H b to the electrode surface. At relatively 
small k values, where 7Hb is proportional to k, the 
rate-determining step is the dissociation of oxygen. 
When k value exceeds ca. 60 s_1, where 7Hb is not ap­
preciably affected by k, the dissociation is no longer 
rate-determining, and is replaced by the diffusion of 
H b to the electrode. This can be supported by the 
following observation: current / is almost a diffusion 
current in the range beyond the k around 60 s_1, 
while it obviously contains characteristics of kinetic 
current20 '21^ up to the k value. This is in line with 
the idea of Wittenberg11) and Wyman1 3) who treated 
the oxygen transport by H b in terms of translational 
diffusion of H b and the oxygen dissociation from 
oxyHb. A slight increase in a with k in the diffusion-
controlled region can be understood as due to the 
increase in Z)Hb with temperature. T h e diffusion-
controlled transport of oxygen should be confirmed by 
comparing the Z)Hb value estimated from 7Hb with the 
published data. 

In the diffusion-controlled region, Z)Hb is involved 
in a. 7Hb can be expressed from Ilkovic equation,18 '19) 
by 

/ H b - A T A l b 1 / 2 ^ ^ . (6) 

Io2 can not be measured directly, but it can be 
estimated by 

/o2 - (D02l*D02y/**I02, (7) 

where */o2 is / measured in the medium without H b , 
and is given by 

*I02 = K*D0V*C02. (8) 

Combining Eqs. 3, 6, 7, and 8, we obtain 

//*/o, = (D0J*D0l)V* + Cori(Z)Hb/*Z)o2)1/2Cheme. (9) 
T h e value Z)Hb at a given concentration can be es­
timated by means of the equation, substituting D0z 

TABLE 1. DIFFUSION COEFFICIENTS OF Hb(Z)Hb) OBTAINED 

POL ARO GRAPHICALLY AND APPARENT FRST ORDER RATE 

CONSTANTS OF OXYGEN DISSOCIATION FROM O X y H b (k) 

OBTAINED BY STOPPED-FLOW METHOD 

k/s-1 (77°C, pH)a> D^/lO-Tcrrfs-1 

78.4 (25, 7.4b>) 2.8 
81.6 (25, 5.3C>) 9.4 

114.0 (30, 7.4b>) 4.4 
148.4 (25, 6.3b>) 7.0 
209.1 (35, 7.4b>) 6.2 
357.8 (40, 7.4b>) 7.6 

a) Conditions for kinetic measurements. b) 0.1 M 
phosphate buffer, c) 0.1 M acetate buffer. 
Values of k (Fig. 6) are given in increasing order, 
irrespective of experimental conditions. Z)Hb is the 
value corrected for 25 °G, though each actual measure­
ment was carried out at the temperature for the cor­
responding k measurement. 

value for given H b concentration and other measured 
values. In practice, the value Z)Hb in relatively dilute 
concentration range was obtained using a obtained 
experimentally for diffusion-controlled region under 
the assumption of D02 = *Do2*- The value Z)Hb ob­
tained experimentally agrees with the reported values 
6 — 7 x 10~7 cm2 s_1, irrespective of the increase of k 
with either temperature or with p H (Table 1). The 
result might support the validity of the assumption 
that the rate-determining step for 7Hb changes from 
the dissociation of oxygen to the diffusion of H b with 
increase in k. 

A relatively large deviation of the experimental 
point at p H 5.3 and 25 °G in acetate buffer from the 
curve drawn through other experimental points (Fig. 
6) can be explained by the contribution of an apparent 
increase of DHh with the dissociation of tetramer to 
dimer or further monomer of H b (Table 1), since 
such dissociation was observed more readily in acetate 
buffer than in other buffer at p H 5.3.28»29) 

Under the physiological conditions (pH 7.4, 37 °C), 
the oxygen transport by H b is restricted by the dif­
fusion rate of H b molecules (Fig. 6). I t is of interest to 
examine whether the relation (Fig. 6) is also applicable 
to a relatively concentrated solution of H b . Figure 
7 shows the relation between k and a at 18 m M heme 
of H b concentration. A similar relation to that in 
Fig. 6 was obtained, the same k values being used, 

t Equation 9 is simplified as 
/ /*/ ? t =}+ C0l-i(DHb/*D02y/*Cbeme. 

Further modification gives 
C 0 2( / -*/ 0 2) / (C h e m e*/ 0 2) - (DjnPDoJV*. 

Since (I—*Io2)/
Cheme is a (Fig. 4), we have 

ac02/*/02 = (AW*A)2)7
2. 

Thus 
^ = % 2 ( ^ o A 2 ) 2 . 

The value 2.0 X 10~5 cm2 s"1 was used for *Z>02 at 25 °G 
in the present study, since similar values were reported for 
various electrolyte solutions at 20—25 °C.26'27> The CÖ2 

value was taken from International Critical Tables. *I0z 

was obtained experimentally. 
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since the oxygen affinity of H b is little affected by 
the variation of H b concentration.30) The observa­
tion enables us to consider that the behavior of ox­
ygen in a relatively concentrated solution of H b such 
as in erythrocytes is also restricted by the diffusion 
of H b and not by the dissociation of oxygen from 
oxyHb. 

In the following we examine the behavior of oxygen 
in concentrated solution of H b corresponding to that 
in erythrocytes in term of Z)Hb, since the value Z>Hb 

in various concentrations can be calculated by Eq. 
9, when / is diffusion-controlled. 

D H b in Concentrated Solution of Hb. 

100 200 

k/s-1 

300 400 

Fig. 7. Relation between apparent first order rate con­
stant of oxygen dissociation from oxyHb (k) and a 
in a relatively concentrated Hb solution. 
Hb concentration: 18 mM heme, a was obtained 
from the measurements at various temperatures at 
pH 7.4. The k values are the same as in Fig. 6. 
Other conditions are the same as in Fig. 2. 
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Fig. 8. Hb concentration dependence of I/*Io3 (a)> 
and diffusion coefficient of Hb (DKh) (b), in a relatively 
wide concentration range. Z)Hb values were calcu­
lated by using Eq. 8 with COz = 0.26 mM and *DÖ2 = 
2.0 X 10-5cm2s-1 . See the text for detail of estima­
tion of £>Ht>- Other conditions are the same as in 
Fig. 2. 

•Hb t» KJviWMutou M*™™ »J **~. Figure 8-a 
shows the relation between 7/*/o2 and Ch e m e over a 
wide concentration range at p H 7.4 and 25 °C. The 
linear current increase with Ch e m e (Fig. 2 or 3) was 
observed only up to ca. 2 m M of Ch e m e , beyond which 
the current increase, whose maximum was around 
14 m M , was lowered. This can not be attr ibuted 
to the change in oxygen affinity of H b , but to the 
decrease of Z)Hb due to the increase of viscosity of the 
solution with Ch e m e . A similar observation has been 
reported by Wittenberg11) by means of millipore filter 
method. However, no estimation was given on Z)Hb 

in various concentration of H b necessary for the dem­
onstration of the diffusion-controlled oxygen trans­
port. W e can calculate Z)Hb by substituting the If 
*/o2 value (Fig. 8-a) into Eq. 9, since we can expect 
diffusion current for oxygen reduction. In a relatively 
concentrated solution of H b , Do2 can not be identical 
with *Z>o2. Hence, we employed the Z>o2 value used 
by Roughton,2) who estimated it in H b solution, by 
comparison with D of nitrogen in a similar H b solu­
tion. T h e relation between Z)Hb obtained and Ch e m e 

in the present experiments is shown in Fig. 8-b. 
T h e increase of Ch e m e gave rise to a large decrease 
in DHh. T h e intercept on the ordinate of the curve 
passing through points experimentally obtained gave 
ca. 7 x 1 0 ~ 7 cm2 s_1, corresponding to the value known 
as Z)Hb in dilute solution. In 20 m M H b solution, 
viz., equivalent concentration in erythrocytes, Z>Hb is 
ca. 5.8 X 10~8 cm2 s_1. This is in agreement with 
6.4 X 10~8 cm2 s"1 obtained by Kreuzer.31) The fact 
that the Z)Hb obtained is 300 times smaller than *D02, 
suggests that oxygen in erythrocytes can move only 
with about one-three hundredth mobility of oxygen 
outside erythrocytes. 
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Selective Oxidation of Unsymmetrical Thiosulfinic S-Esters to the 
Corresponding Thiosulfonic S-Esters with NaI04

1} 
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Unsymmetrical thiosulfinic S-esters were oxidized with sodium metaperiodate in aqueous media to the cor­
responding unsymmetrical thiosulfonic S-esters nearly quantitatively. The oxidation was accelerated by ad­
dition of a catalytic amount of inorganic and organic acids or halogen. Sulfinic esters were produced competi­
tively along with the thiosulfonic S-esters in the oxidation of thiosulfinic S-esters in aqueous alcohol. However, 
unsymmetrical disulfides were not oxidized selectively to the corresponding unsymmetrical thiosulfonic S-esters 
but a mixture of both symmetrical and unsymmetrical thiosulfonic S-esters was obtained. 

We have recently reported that oxidations of unsym­
metrical thiosulfinic t e s t e r s with peroxy acid3> or 
dinitrogen tetraoxide4) afforded the corresponding sym­
metrical thiosulfonic S-esters which were undoubtedly 
derived by the cleavage of sulfur-sulfur bond. A 
few previous studies3,5) on the oxidations of thiosulfinic 
S-esters with some peroxy acids or peroxides revealed 
that none of these oxidations resulted in the selective 
oxidation of unsymmetrical thiosulfinic S-ester to the 
corresponding unsymmetrical thiosulfonic S-ester with 
no apparent cleavage of sulfur-sulfur bond. The oxi­
dation of linear unsymmetrical thiosulfinic t e s t e r gen­
erally afforded both symmetrical and unsymmetrical 
thiosulfonic S-esters (Eq. 1). Only the oxidation of 
a six-membered cyclic thiosulfinic S-ester with peroxy 
acid was found to proceed without any apparent 
cleavage of sulfur-sulfur linkage to afford two unsym­
metrical thiosulfonic S-esters in good yields.6*) 

O O O O 
to: t t î Î 

RSSR' RSSR' + RSSR' + RSSR + R'SSR' (1) 
•v 4* v v 

o o o o 
In attempts to detect imaginary "a-disulfoxide 

( R S S R ' ) " which is considered to be formed initially 
•l * 

O O 
in the oxidation of thiosulfinic S-ester but too unstable 
to be observed, Barnard5*) and Kice et al.b<i) have 
carried out the oxidation of unsymmetrical thiosulfinic 
S-esters and obtained a mixture of thiosulfonic S-
esters, resulting from the initial oxidation, subsequent 
cleavage of the disulfide linkage, and the recombina­
tion. 

However, surprisingly, when sodium metaperiodate 
(NaI0 4 ) was used as an oxidant, many unsymmetrical 
thiosulfinic S-esters were found to be oxidized selec­
tively to the corresponding unsymmetrical thiosulfonic 
S-esters in aqueous media such as dioxane-water under 
mild conditions, with no apparent cleavage of sulfur-
sulfur bond. This paper describes this new selective 
oxidation in detail. 

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

to be accelerated by addition of a catalytic amount 
of inorganic or organic acid as well as iodine. Selected 
results are listed in Table 1. 

NaIOi Oxidation. When an unsymmetrical thio­
sulfinic S-ester 1 was treated with an equimolar amount 
of sodium metaperiodate, only one product, i. e. the 
corresponding unsymmetrical thiosulfonic S-ester 2, was 
found to be obtained. T h e reaction was also found 

R-S-S-R' 
4 
o 

aqueous solvent 
r.t. , Cat. 

l a R = P h , R' = Ph 

l b R = P h , R'=/>-Tol 

l c R=/»-Tol, R' = Ph 

Id R = P h , R' = Me 
le R = M e , R' = Ph 

O 
t 

-> R - S - S - R ' 
Ï 
O «100% 

If R = Et, R' = Ph 

lg R = P h , R' = Pr _ 

lb. R = M e , R ' = / H 

l i p-Tol, R' = Me ~~ 
l j />-ClC6H4, R' = Me 

(2) 

Following is a typical run. A solution of N a I 0 4 

(1.2 mmol) in water (2.0 ml) was added into a dioxane 
solution (3.5 ml) containing thiosulfinic S-ester (1, 1.0 
mmol) at room temperature. T o the resulting mixture 
a small amount of a catalyst (e. g. coned HCl , 1 or 2 
drop) was added. After stirring the mixture for ca. 
30 min at the room temperature or until the solution 
turned to dark brown, the highly pure unsymmetrical 
thiosulfonic S-ester 2 was obtained nearly quanti ta­
tively by extraction of the reaction mixture. T h e 
product generally showed only one component on 
GG, LG, T L C , or N M R . T h e yield of the product 
was determined by isolation through column chro­
matography or GG. New products were identified 
by comparing their I R and N M R spectra with those 
of authentic samples prepared by a known method7) 
which is the condensation of sulfinic acids and sulfenyl 
chlorides in the presence of a tertiary amine. T h e 
starting thiosulfinic S-ester 1 were prepared by the 
condensation of the corresponding sulfinyl chlorides 
and thiols in the presence of pyridine in carbon tetra­
chloride at a temperature lower than 0 °C, according 
to the method of Backer et a/.8) T h e purification of 
1 was carried out by recrystallization or column chro­
matography, while the identification was performed 
by several spectra and elemental analysis, as described 
in "Experimental Section." 

As shown in Table 1, thiosulfinic S-esters of various 
types were oxidized to the corresponding thiosulfonic 
S-esters without cleavage of sulfur-sulfur linkage. 
Electrophilic catalysts highly accelerated the reaction 
while the reaction usually had a long induction period 
without any catalyst. Yields of the unsymmetrical 
thiosulfonic S-esters were nearly quanti tat ive regardless 
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TABLE 1. SELECTIVE OXIDATION OF UNSYMMETRICAL THIOSULFINIC 5-ESTER WITH NaI0 4 AT 20 °C 

Substrate Solvent Catalyst Time/h Yield of products/% 

l a 

l b 

l e 

I d 

l e 

If 

l g 
l h 

l i 

l j 

dioxane 

GH 3 GN 

GH 3 GN 

dioxane 

dioxane 

dioxane 

dioxane 

dioxane 

CD 3 COOD d > 

CD 3 GOOD d ) 

no 

concd H C l 

I . 
dioxane 

dioxane 

concd H C l 

dioxane 

concd H C l 

no 

no 

26 .0 

< 1 . 0 

0 . 5 

< 2 . 0 

8 .0 

1.0 

1.0 

0 .5 

0 .5 

0 .5 

2a 

2 b 

2c 

2d 

2e 

2f 

2g 
2h 

2i 

2j 

quant. a) 

quant. a) 

quant. a) 

quant.a> 

98b> 

90") 

85*> 

90c> 

quant . a> 

quant.a> 

a) No other product was observed in GC and NMR. b) Isolated yield, c) The yield was determined by GC 
and NMR. d) The reaction was carried out in NMR sample tube; substrate: 0.1 mmol. 

i/mJ L*s*~vA~ ^J u ^ y v AMt**' \tiMv*»*y\. 

t = 4'30" t = 7'20" 10'20" 

* Signals due to undeuterized proton of acetic acid-rf4. 

Fig. 1. Spectral change in NMR spectra in the oxidation of l j with NaI0 4 . 

Cl-^ O >- S - S -Me 
I 
O 

l j 

NalOi 

CD3COOD-D2O, 27 °C 
Gl 

o 
-<ö>i-s-

O 

2j 

Me 

of the substituent. 
No detectable intermediate was observed in the 

N M R study of the oxidation of thiosulfinic t e s t e r 
l j with N a I 0 4 in G D 3 G O O D - D 2 0 as shown in the 
following Fig. 1. Methyl signal at 2.33 ppm (from 
external T M S ) of l j gradually changed to the signal 
a t 2.26 p p m which is identical to that of 2 j . No 
other peak of methyl group was observed in the N M R 
spectra throughout the reaction. An interesting rela­
tionship found between the two unusual chemical 
shifts of 1 and 2 in which the chemical shift of l j is 
lower than that of 2 j , has been re-confirmed.9) 

Effects of Catalyst and Solvent. T h e oxidation 
was found to be accelerated by addition of a catalytic 
amount of organic or inorganic acid or halogen. While 
weaker acids such as acetic and formic acids than 
trifluoroacetic acid (pA"a 1.0) did show little catalytic 
ability, the oxidation was accelerated in acetic acid 
as solvent even without catalyst. Catalysts effective 
in the oxidation are the following: C F 3 C O O H , H 2 S 0 4 , 
H I 0 4 , HG10 4 , HCl , I2 , and Br2, as shown partially 

in Table 2. The catalytic activity of iodine found 
in this reaction was already noticed in the oxidation 
of cyclic disulfide to the corresponding thiosulfonic 
S-ester with K I 0 4 by Field and Kim.10) Solvents 
used were dioxane, acetonitrile, and acetone, all of 
which can mix freely with water. Acetic acid was 
effective not only as a solvent but also as a catalyst 
and hence the best system for the oxidation. Alcohols 
were not effective because the competitive reaction 
of 1 with the alcohols took place, as described later. 

If no catalyst was used, the reaction occurred sud­
denly with coloring by iodine derived from N a I 0 4 

after a long induction period (5—10 h) and finished 
within 1 h as in the case with catalyst, due mainly 
to the catalytic action of iodine accumulated. Figure 
2 indicates the rate of disappearance of l c in the oxida­
tion with N a I 0 4 as monitored by LC. Appearance 
of color of iodine was in accordance with the initiation 
of the reaction. T h e reaction is presumed to be 
an auto-catalyzed reaction with iodine formed since 
iodine increases as the reaction proceeds. 
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TABLE 2. EFFECTS OF CATALYST AND SOLVENT (20 °G) 

Substrate Solvent Catalyst Time/h Yield of products/%a) 

Id 
Id 
Id 
l c 
Id 
Id 
Id 
Id 
Id 
l c 
lc 
l c 
l c 

dioxane 
GH3GN 
acetone 
GH3GN 
dioxane 
acetone 
dioxane 
dioxane 
CH3GOOH 
GH3GN 
CH3GN 
GH3GN 
GH3GN 

no 
no 
no 

HGOOH 
GH3GOOH 

I. 
coned HCl 
GH3COOH 

no 
Br2 

H 2S0 4 

H I 0 4 

GH3CN 

6.0 
5.0 

27.0 
6.0 
6.0 
3.0 
1.0 
2.0 
0.5 
0.5 
1.0 
1.0 
1.0 

2d 
2d 
— 
2c 
2d 
2d 
2d 
2d 
2d 
2c 
2c 
2c 
2c 

92 
92 
—b) 

90 
90 

quant.0) 
93 

quant.c> 
95d) 
95e> 

quant.0 >e) 
quant. °>e) 
quant.0-0) 

a) The yield was determined by GG and NMR. b) Starting 
observed in GG and NMR. d) Solvent ratio: GH3COOH/H20 

material was recovered, c) No other product was 
= 7/4 (v/v). e) The yield was determined by LC. 

ö 
o 

a 
< 

Time/min Time/h 

Fig. 2. Oxidation of thiosulfinic S-ester l c with N a I 0 4 

either with or without catalyst. 
a : Reaction at 17 °G without catalyst, b : reaction at 
0—4 °C with iodine as a catalyst, c : reaction at 20 
°G with HI0 4 , d: reaction at 20 °C with H2S04 , e: 
reaction at 20 °C with HG104, f : reaction at 20 °C 
with iodine or bromine. 

NaI04 

0 ) > " M e 

Reaction in Aqueous Alcohol. The oxidation of 
I d with N a I 0 4 in aqueous alcohol resulted in the 
competitive formation of the sulfinic ester of the alcohol 
along with that of the usual oxidation product of 
thiosulfonic S-ester 2d (Eq. 3). When three different 
alcohols of varying bulkiness, i. e. ethanol, isopropyl 
alcohol and £-butyl alcohol were used as solvents, 
the amount of the sulfinic ester 3 produced was found 

R - S - S - R ' 
4 
o 

1 equiv. NaI04 

R " O H - H 2 0 , r.t., 
5—9 h 

Id (R = Ph, R' = Me), R" = Et 
R" = *-Pr, 
R" = *-Bu 

O 
Î 

R - S - S - R ' + R - S - O - R " (+ R'-S-S-R') (3) 
i 
O 

42% (44)* 
67% 
82% 

i 
O 
3 

39% (47)* 
27% 

7% 
* Reaction catalyzed by coned HCl within 1 h. 

to decrease in the following order: ethanol>isopropyl 
alcohol>£-butyl alcohol, which is the order of bulkiness 
as well as the nucleophilicity of the alcohols used. 
The distribution of products changed little in the 
acid-catalyzed reaction (parentheses). Sulfinic esters 
(3) were not oxidized at all under these conditions. 
GC analysis confirmed that the symmetrical disulfide 
is derived only from the sulfenyl part . T h e disulfide 
was considered to be produced from the thiol formed 
during the reaction involving nucleophilic attack of 
alcohol to 1. T h e thiol thus formed should be oxidized 
immediately to the corresponding disulfide under the 
conditions. 

Reaction of Disulfide with NalO^. When an un­
symmetrical disulfide, methyl phenyl disulfide 5, was 
treated with two molar amount of N a I 0 4 under the 
same conditions, the following two symmetrical thio­
sulfonic ^-esters (6 and 7) were obtained as major 
products which are undoubtedly derived by the cleav­
age of sulfur-sulfur bond, along with P h S S 0 2 M e (8) 
(Eq. 4). By direct observation of N M R spectral 
change in the reaction of 5 with 2 equiv. N a I 0 4 in 
C D 3 G O O D - D 2 0 at 27 °C, the cleavage of sulfur-
sulfur bond was found to occur at the beginning of 
the reaction and is competitive with the oxidation 
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Ph-S-S-Me 
2 equiv. NaIC>4 

d ioxane -H 2 0 , r.t . 

PhSSOaPh + MeSSOaMe + PhSSOaMe 

6 27% 7 25% 8 31% 

(4) 

of sulfur atom, since all the methyl signals of dimethyl 

disulfide and the starting disulfide and those attached 

to sulfinyl and sulfonyl groups were observed simul­

taneously during the reaction. Meanwhile, oxidation 

of a mixture of diphenyl disulfide and dimethyl disulfide 

with N a I 0 4 under the same conditions as in the above 

NMR study, also afforded an unsymmetrical and two 

symmetrical thiosulfonic ^-esters (Eq. 5). 

PhSSPh 9 

MeSSMe 10 

4 equiv. NaI04 

» 
CD3COOD-D2O 

27 °C (NMR) 

PhSS02Me + MeSSOaMe (+ PhSSOaPh) 

8 7 6 

(5) 

Thus, any unsymmetrical thiosulfinic t e s t e r can 
be selectively oxidized to the corresponding unsym­
metrical thiosulfonic t e s t e r nearly quantitatively in 
this oxidation with N a I 0 4 . 

Obviously the oxidation of thiosulfinic t e s te r with 
N a I 0 4 is entirely different from that with peracetic 
acid which proceeds via formation of "a-disulfoxide,"3) 
which is so unstable to collapse immediately yielding 
the corresponding four symmetrical and unsymmetri­
cal thiosulfonic testers by the cleavage of sulfur-
sulfur bond. In fact, in order to confirm the dif­
ference, the oxidations of 3-methyl-l,2-dithiane 1-oxide, 
a six-membered unsymmetrical thiosulfinic tes ter , 
were carried out with both N a I 0 4 and peroxy acid, 
and the clear difference between products of two 
oxidations was confirmed.6) This new selective oxida­
tion of thiosulfinic t e s t e r with N a I 0 4 appears to 
proceed by the nucleophilic attack of the periodate 
on the sulfinyl sulfur atom to form the corresponding 
thiosulfonic S-ester. 

Experimental 

General. Chemicals were of reagent grade unless 
otherwise specified. All melting points were measured by 
Yanaco instrument and were uncorrected. IR spectra were 
taken on a Hitachi 215 spectrophotometer. NMR spectra 
of the compounds were taken with a Hitachi Perkin-Elmer 
R-20 spectrometer in GDG13 using TMS as an internal stand­
ard. Mass spectra were taken with a Hitachi RMU-6MG 
mass spectrometer. Shimadzu GG-6A instrument was used 
for gas chromatography using N2 gas as a carrier gas. High 
pressure liquid chromatography was carried out with Yanaco 
L-1030 instrument using methanol as an eluent. Elemental 
analyses were carried out by the Chemical Analysis Center 
at this university. 

Preparation of Thiosulfinic S-Ester. Both symmetrical 
and unsymmetrical thiosulfinic »S-esters were prepared by 
the method reported by Backer and Kloosterziel8) with 
rather little modification. Namely, addition of a thiol into 
a distilled sulfinyl chloride in CC14 under cooling at a tem­
perature lower than 0 °C gave thiosulfinic S-ester (85—90%). 
The thiosulfinic £-ester was identified by comparing melting 
point with that reported previously, IR spectrum, and NMR 

spectrum, and elemental analysis. 
S-Phenyl Benzenethiosulfinate la: Pale yellow crystals; mp 

69—70 °C (lit,11) 69—70 °G); I~R (CHG13, cm"1) 3055, 1577, 
1475, 1093, and 1060 (S=0). 

S-p-Tolyl Benzenethiosulfinate lb: Pale yellow crystals; mp 
70—71 °C (lit,11) 68 °C); IR (CHG13, cm"1) 3050, 1590, 
1470, 1095, and 1055 (S=0). 

S-Phenyl p-Toluenethiosulfinate 1c: Pale yellow crystals; 
mp 82 °C (lit,11) 83—84 °C); IR (CHC13, cm"1) 3050, 1590, 
1470, 1095, and 1065 (S=0). 

S-Methyl Benzenethiosulfinate Id: Colorless crystals; mp 
26—28 °C; IR (neat, cm"1) 3050, 2975, 2900, 1570, 1470, 
1095, and 1060 (S=0) (lit,12) 1104 (in CC14)). 

S-Phenyl Methanethiosulfinate le: Colorless oil; IR (neat, 
cm-1) 3050, 2980, 2900, 1570, 1470, and 1090 (S=0), 
(lit,12) 1101 (in CC14)). 

S-Phenyl Ethanethiosulfinate If: Pale yellow oil; IR (neat, 
cm-1) 3050, 1575, 1473, 1440, and 1085 (S=0); NMR (CDC13, 
Ô) 1.41 (3H, t, -CH3, J=7.5 Hz), 3.10 (2H, q, -CH2-, 
7=7.5 Hz), 7.20—7.73 (5H, m, arom.). Found: C, 51.53; 
H, 5.50%. Calcd for C8H10OS2: C, 51.58; H, 5.41%. 

S-Propyl Benzenethiosulfinate lg: Colorless oil; IR (neat, 
cm-1) 3050, 2950, 1575, 1470, 1090, and 1060 (S=0); NMR 
(CDC13, Ô) 1.03 (6H, t, -CH3, 7=7.5 Hz), 1.80 (2H, m, 
-CH2- CH3), 3.09 (1H, t, -S-CH2-, HA or HB, 7=6.0 Hz), 
3.12 (1H, t, HA or HB, 7=7.4 Hz), 7.33—7.75 (5H, m, 
arom.). Found: C, 54.08; H, 5.98%. Calcd for C9H12OS2: 
C, 53.96; H, 6.03%. 

S-Cyclohexyl Methanethiosulfinate lh: Colorless oil; IR (neat, 
cm-1) 2970, 2905, 2840, 1440, and 1080 (S=0); NMR (CDC13, 
Ô) 1.05—2.35 (10H, m, ring protons), 2.95 (3H, s, -CH3), 
3.28 (1H, broad s, -S-CH<). Found: C, 47.15; H, 7.85%. 
Calcd for C7H14OS2: C, 47.15; H, 7.91%. 

S-Methyl p-Toluenethiosulfinate li: Pale yellow oil; IR 
(neat, cm"1) 3000, 2900, 1590, 1490, 1085, and 1062 (S=0); 
NMR (CDC13, Ô) 2.38 (3H, s, Ar-CH3), 2.52 (3H, s, -S-CH3), 
7.23 (2H, d, arom., 7=8.3 Hz), 7.54 (2H, d, arom., 7=8.3 
Hz). Found: C, 51.60; H, 5.35%. Calcd for C8H10OS2: 
C, 51.58; H, 5.41%. 

S-Meihyl p-Chlorobenzenethiosulfinate Ij: Colorless oil; IR 
(neat, cm"1) 3070, 2970, 1573, 1470, and 1080 (S=0); NMR 
(CDC13, Ô) 2.53 (3H, s, -CH3), 7.41 (2H, d, arom., 7=8.9 
Hz), 7.63 (2H, d, arom., 7=8.9 Hz). Found: C, 41.03; 
H, 3.19%. Calcd for C7H7C10S2: C, 40.67; H, 3.41%. 

Oxidation of Thiosulfinic S-Ester 1 with NalO^. All 
the reactions were carried out at room temperature (ca. 
20 °C). 

To a stirred solution of thiosulfinic S-ester (1, 1.0 mmol) 
in organic solvent (acetone, acetonitrile, or dioxane, 3.5 ml) 
a solution of sodium metaperiodate (NaI04, 1.2 mmol) in 2.0 
ml of water was added. A small amount of one of catalysts 
(H2S04, HCl, HI04 , CF3COOH, I2, or Br2, one or two 
drop(s) of liquid catalyst, or 3—10 mg of solid catalyst) 
was added to the mixture. Within 1.0 h the solution turned 
to light yellow and gradually changed to dark brown. The 
solution became usually homogeneous but sometimes re­
mained heterogeneous. After disappearance of the starting 
material was confirmed by TLC, the reaction mixture was 
poured into water and extracted three times with chloroform 
(ca. 100 ml) and then organic layer was washed with an 
aqueous sodium thiosulfate solution (sat. 10 ml) and water. 
When chloroform was removed in vacuo after drying the 
organic layer with MgS04, the residue was highly pure 
thiosulfonic »S-ester. Usually GC, LC, and NMR spectra 
showed only one component. Products were identified by 
comparing their IR and NMR spectra with those of authentic 
samples prepared by another method and the structures 
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of new compounds were confirmed by elemental analyses 
besides I R and N M R spectra. 

If no catalyst was used, the oxidation was very slow and 
had a long induction period {ca. 5—10 h ) . However, the 
reaction after the long induction period was nearly as fast 
as the reaction with catalyst and completed within 1.0 h 
after the start of the reaction. 

When acetic acid was used as a solvent, the oxidation 
proceeded as fast as the reaction with catalyst, al though 
the catalytic amount of acetic acid did not accelerated the 
oxidation. In order to remove acetic acid from organic 
extract, the solution was washed with N a H G O s solution 
before washing with a sodium thiosulfate solution. 

The reaction in alcohol as solvent was performed as in 
the above-mentioned oxidation procedure. T h e whole fea­
ture of the reaction was similar to the ordinary oxidation 
and the reaction was also accelerated by addition of catalyst. 
However, the distribution of products, /. e. thiosulfonic .S'­
ester (2) and sulfinate (3), was affected rather little. Yields 
of both 2 and 3 were easily determined by measuring N M R 
spectra of the reaction mixture. T h e structures of the sul-
finates obtained as side products were identified by com­
parison of their I R (S=0) and N M R spectra13) with those 
of authentic samples which were prepared by the reaction 
of sulfinyl chloride and excess alcohol according to the known 
method.14) 

T h e reaction of disulfide with N a I 0 4 was carried out 
using acetic acid as a solvent. T h e reaction procedure 
was also the same as the usual oxidation method mentioned 
above. T h e amount of N a I 0 4 used was two equivalent 
to disulfide. After the disappearance of unsymmetrical disul­
fide 5 or the mixture of symmetrical disulfides 9 and 10 
was confirmed, the usual work-up gave a mixture of both 
symmetrical and unsymmetrical thiosulfonic S-esters which 
were identified by comparing their retention times in GG 
charts and chemical shifts of methyl groups in N M R spectra 
with those of authentic samples. 

S-Phenyl Benzenethiosulfonate 2a: Pink crystals; m p 44— 
45 °G (lit,15) 44—45 °C) ; I R (KBr, cm- 1 ) 3050, 1578, 1471, 
1440, 1325, and 1310 ( S 0 2 ) , 1147 ( S = 0 ) ; M S (70 eV) m\e 
250 (M+, 3 9 % ) , 125 ( M + - P h S O , 100%). 

S-p-Tolyl Benzenethiosulfonate 2b: Colorless crystal; m p 
52 °C (lit,15) 54 °G); I R (CHG13 , cm- 1 ) 3030, 1598, 1450, 
and 1330 ( S 0 2 ) , 1145 ( S = 0 ) ; M S (70 eV) m/e 264 (M+, 
39%) , 139 ( M + - P h S O , 100%). 

S-Phenyl p-Toluenethiosulfonate 2c: Colorless crystals; m p 
78—80 °G (lit,15) 78 °G); I R (CHC13 , cm"1) 3025, 1597, 
1443, 1335 ( S 0 2 ) , 1145 ( S = 0 ) ; M S (70 eV) m/e 264 (M+, 
68%) , 155 ( M + - P h S , 100%). 

S-Methyl Benzenethiosulfonate 2d: Colorless oil; I R (neat, 
cm-1) 3050, 3000, 2920, 1580, 1475, 1445, 1330, and 1302 
( S 0 2 ) , 1142 ( S = 0 ) ; N M R (CDC13, Ô) 2.48 (3H, s, - C H 3 ) , 
7.21—8.08 (5H, m, arom.) . Found : C, 44.92; H , 4 . 1 8 % . 
Galcd for C 7 H 8 0 2 S 2 : G, 44.66; H , 4 .28%. 

S-Phenyl Methanethiosulfonate 2e: Colorless crystals; m p 
85—86.5 °C, I R (KBr, cm- 1 ) 3050, 3000, 2905, 1565, 1465, 
and 1310 (S0 2 ) , 1130 ( S = 0 ) ; N M R (CDC13, Ô) 3.12 (3H, s, 
- C H 3 ) , 7.30—7.83 (5H, m, arom.) . Found : C, 44.87; H , 
4 .25%. Calcd for G 7 H 8 0 2 S 2 : C, 44.66; H , 4 .28%. 

S-Phenyl Ethanethiosulfonate 2£: Colorless crystals; m p 52 
°C (lit,1«) 50—52 °C) ; I R (GHC13, cm"1) 3055, 2975, 2930, 
1575, 1472, and 1326 (SO a) , 1128 ( S = 0 ) ; N M R (GDC13, Ô) 
1.41 (3H, t , - C H 3 , 7 = 7 . 4 Hz) , 3.16 (2H, q, - C H 2 - , 7 = 7 . 4 
Hz) , 7.18—7.75 (5H, m, arom.) . 

S-Propyl Benzenethiosulfonate 2g: Colorless oil; I R (neat, 
cm- 1 ) 3065, 2970, 2930, 2875, 1580, 1330, and ( S 0 2 ) , 1150 
( S = 0 ) ; N M R (CDC13 , Ô) 0.90 (3H, t, - C H 3 , 7 = 6 . 6 Hz) , 
1.62 (2H, m, - C H 2 - C H 3 ) , 2.97 (2H, t, - S - C H 2 - , 7 = 6 . 4 
Hz) , 7.26—8.00 (5H, m, arom.) . Found : C, 49.69; H , 
5 .38%. Calcd for C 9 H 1 2 0 2 S 2 : C, 49.97; H , 5.59%. 

S-Cyclohexyl Methanethiosulfonate 2h: Colorless oil; I R (neat, 
cm- 1 ) 2925, 2850, and 1321 (SO a ) , 1132 ( S = 0 ) ; N M R 
(CDC13 , Ô) 1.10—2.35 (ÎOH, m, ring protons), 3.32 (3H, s, 
- C H 3 ) , 3.48 (1H, broad s, - C H < ) . Found : C, 43.10; H, 
7 . 3 1 % . Calcd for C 7 H 1 4 0 2 S 2 : C, 43.27; H , 7 .26%. 

S-Methyl p-Toluenethiosulfoîiate 2i: Colorless crystals; m p 
59—61 °C; I R (CHC13 , cm- 1 ) 3050, 2915, 1592, 1493, 1335, 
and 1305 ( S 0 2 ) , 1142 ( S = 0 ) ; N M R ( C D 3 C O O D - D 2 0 
(3:1), <5, external T M S ) 2.13 (3H, s, A r - C H 3 ) , 2.21 (3H, 
s, - S - C H 3 ) , 7.08 (2H, d, a rom.) , 7.48 (2H, d, a rom.) . 
Found : C, 47.80; H, 4 .99%. Calcd for C 7 H 1 0 O 2 S 2 : C, 
47.50; H , 4 . 9 8 % . 

S-Methyl p-Chlorobenzenethiosulfonate 2j: Colorless crystals; 
m p 35—37 °C; I R (CHC13 , cm- 1 ) 3080, 3020, 2920, 1578, 
1475, and 1335 ( S 0 2 ) , 1145 ( S = 0 ) ; N M R ( C D 3 C O O D - D 2 0 
(3:1), Ô, external T M S ) 2.32 (3H, s, - C H 3 ) , 7.40 (2H, d, 
arom.) , 7.70 (2H, d, a rom.) . Found : C, 38.01; H , 3 .15%. 
Calcd for C 7 H 7 C10 2 S 2 : C, 37.75; H , 3 .16%. 
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Synthesis of ( + )-ll-Hydroxyabieta-2,8,ll,13-tetraen-l-one 
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Treatment of methyl ( + )-l l-oxo-13/?-abieta-8-en-l 8-oate with copper(II) bromide and lithium bromide 
afforded the corresponding phenol derivative, which was methylated to methyl 1 l-methoxyabieta-8,11,13-trien-
18-oate (7). The same compound was also prepared from methyl ( + )-7,l 1-dioxo-13/?-abieta-8-en-l 8-oate via 
methyl 11 -hydroxy-7-oxoabieta-8,11,13-trien-18-oate, its methyl ether, and methyl 1 l-methoxyabieta-6,8,11,13-
tetraen-18-oate. The Grignard reaction of 7 with phenylmagnesium bromide followed by treatment with lead 
tetraacetate and subsequent oxidation with selenium dioxide afforded 1 l-methoxy-19-norabieta-4(18),8,l 1,13-
tetraen-3a-ol (12), which was converted to 1 l-methoxy-19-norabieta-8,l 1,13-trien-3-one (20) by catalytic hydro­
génation, Jones oxidation, and isomerization. The compound 20 was also obtained by Birch reduction of 11-
methoxy-19-norabieta-4,8,ll,13-tetraen-3-one prepared from 12 via 1 l-methoxy-19-norabieta-4,8,l 1,13-tetraen-
3a-ol. Subsequently, the compound 20 was transformed to 11-methoxyabieta-1,8,11,13-tetraen-3-one (27) by 
a series of reactions: acetalization, demethylation, hydrolysis, acetylation, bromination, dehydrobromination, 
and methylation. Finally, the compound 27 was converted to the title compound, ( + )-l l-hydroxyabieta-
2,8,11,13-tetraen-l-one (1), by oxidation with alkaline hydrogen peroxide, heating with hydrazine hydrate, 
Jones oxidation, and demethylation. Although the synthetic ( + ) - l was shown to be different from natural 
shonanol, the spectral analyses of the synthetic structural isomers showed the structure of shonanol to be 12-hy-
droxy abieta-2,8,11,13-tetraen-1 -one. 

Shonanol is a tricyclic diterpene phenol isolated 
from Libocedrus formosana by Lin and Liu.1) O n the 
basis of spectroscopic studies, they deduced the struc­
ture of shonanol to be 12-hydroxytotara-1,8,11,13-tet-
raen-3-one (I). This structure is unique among the 
naturally-occurring tricyclic diterpenes, in that it con­
tains an a,/?-unsaturated carbonyl group in the A 
ring and a hydroxyl group at the position meta to 
an isopropyl group in the C ring. To make the struc­
tural confirmation, ( ± ) - I had been synthesized in 
our laboratory.2) However, the synthetic ( ± ) - I had 
been shown to be different from natural shonanol 
by spectral comparison. Further studies3) on the syn­
theses of (±)-12-hydroxytotara-2,8,11,13-tetraen-l-one 
( I I ) , ( ± ) -14-hydroxy-12-isopropylpodocarpa-1,8,11,13-
tetraen-3-one ( I I I ) , and (±)- l4-hydroxy- 12-isopropyl-
podocarpa-2,8,11,13-tetraen-l-one (IV) led to the same 
result, whereas the chemical shifts of vinyl protons 
in the N M R spectra of these synthetic I—IV suggested 
that shonanol (<5 5.91 and 6.47 ppm) must have a 
ZlM-oxo moiety (<5 5.95, 5.90 and 6.53, 6.48 p p m in 
those of I I and IV) rather than the proposed A1-
3-oxo one (<5 5.99, 5.94, and 7.54, 7.55 p p m in those 
of I and I I I ) in the A ring of the tricyclic skeleton. 
In this study, ( + ) - l l-hydroxyabieta-2,8,11,13-tetraen-
l-one (1) possessing a hydroxyl group at the position 
meta to an isopropyl group was synthesized starting 
from methyl ( + ) - l l-oxo-13ß-abieta-8-en-l 8-oate (2)4) 
and methyl ( + ) - 7,11 -dioxo-13/?-abieta-8-en-18-oate 
(3),4) to allow a comparison of the physical and spectral 
data with those of natural shonanol. 

T h e 11 -oxo compound (2) was refluxed with copper-
(II) bromide and lithium bromide in acetonitrile5) 
to give methyl 1 l-hydroxyabieta-8,11,13-trien-l8-oate 
(4) and a small amount of methyl 11 -hydroxyabieta-
6,8,11,13-tetraen-18-oate (5), which was also prepared 
from the 7,11 -dioxo compound 3 by the following 
route. Similar treatment of 3 with copper(II) bromide 
and lithium bromide, followed by heating at 100 °C 
with lithium carbonate and lithium chloride in N,N-

1 

m 

dimethylformamide and then at 45 °C with zinc in 
acetic acid, produced methyl 11-hydroxy-7-oxoabie ta -
8,11,13-trien-l 8-oate (6). This 7-oxo compound 6 was 
reduced with sodium borohydride in methanol and 
the resulting alcohol was immediately dehydrated with 
j&-toluenesulfonic acid monohydrate in refluxing ben­
zene to give 5, which was easily converted to 4 by 
catalytic hydrogénation over P tO a . 4 and 6 were 
each methylated at 35—40 °C with methyl iodide 
and sodium hydride in iV,iV-dimethylformamide under 
a stream of nitrogen to give the corresponding methyl 
ether, 76) and 8.6'7) The compound 7 was also ob­
tained by catalytic hydrogénation of methyl 11-meth-
oxyabieta-6,8,11,13-tetraen-18-oate (9), which was pre­
pared by reduction of 8 with sodium borohydride, 
followed by dehydration with /»-toluenesulfonic acid 
monohydrate. T h e Grignard reaction of 7 with phen-
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ylmagnesium bromide at 100—110 °G afforded a gem-
diphenyl alcohol (10), which was treated with lead 
tetraacetate and calcium carbonate in refluxing ben­
zene to give a mixture of J 3 - , J 4 - , and J4(18)-19-nor 
compounds (11) in a ratio of ca. 1: 1: 8. The mixture 
was oxidized at room temperature with selenium di­
oxide and /-butyl hydroperoxide in dichloromethane 
in the presence of salicylic acid8) or with selenium 
dioxide in refluxing aqueous ethanol to yield 11-
methoxy-19-norabieta-4( 18) ,8,11,13-tetraen-3a-ol (12). 
The a-configuration of the hydroxyl group at the C-3 
position in 12 was supported by a signal at ô 4.14 
ppm with half-height width of 5 Hz in the N M R 
spectrum, suggesting the presence of an equatorial 
ß hydrogen. The 3a-ol (12) was isomerized at 100 °G 
with lithium in ethylenediamine under a stream of 
nitrogen to 11 -methoxy-19-norabieta-4,8,11,13-tetraen-
3a-ol (13), which was immediately oxidized with Jones 
reagent to 11 -methoxy-19-norabieta-4,8,11,13-tetraen-
3-one (14). Methylation of this conjugated ketone 
14 with methyl iodide and potassium £-pentyl oxide 
in refluxing benzene under a stream of nitrogen gave 
the corresponding 4,4-dimethyl ketone (15), which 
was reduced with lithium aluminium hydride in ether 
to give ll-methoxyabieta-5,8,ll,13-tetraen-3/?-ol (16). 
The stereochemistry of the hydroxyl group in 16, 
which was expected to be ^-configuration from pre­
viously published results,2'3»9»10) was confirmed by con­
version to the corresponding acetate (17), whose N M R 
spectrum showed a double doublet signal at ô 4.44 
ppm ( y = 6 . 5 and 9 Hz) , suggesting the presence of 
an a hydrogen at the C-3 position. The 3/?-ol 16 
was so unstable that it was gradually transformed to 
a naphthalene derivative (18). The structure of 18 
was also supported by its N M R spectrum. Since 
catalytic hydrogénation of C-5 double bond in 16 

H 
COOMe 

2 R=H2 

3 R=0 

COOMe 

4 R = H2,R*=H 7 R = H2,R'=Me 
6 R=0,R'=H 8 R=0,R'=Me 

tOOMe 

5 R=H 
9 R=Me 

proved to be more difficult than expected, this synthetic 
route was discontinued. Thus , another synthetic route 
was at tempted. 

Catalytic hydrogénation of 12 in ethanol over Raney 
Ni, followed by oxidation with Jones reagent, gave 
11 -methoxy-18-norabieta-8,11,13-trien-3-one (19) and 
its 19-nor isomer (20) in a ratio of 69:2 . The former 
19 was easily isomerized with sodium methoxide in 
refluxing methanol to the thermodynamically-stable 
latter 20 in an almost quanti tat ive yield. The stable 

13 R=*-0H./3-H 
14 R = 0 

15 R = 0 
16 R=o(-Htj5-OH 
17 R = o(-H,j3-OAc 

18 

20 R=0, R'=Me 
21 R=<gl!.R'=Me 

22 R<§lR'=H 

23 R=0.R'=H 
24 R=0,R'=Ac 

25 

: H 

26 27 R=Me 
28 R = H 

29 3 0 R=o(-OH,jÔ-H 

3 1 R=0 

II )Z 
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isomer 20 was also obtained by Birch reduction of 
14 with lithium in liquid ammonia and tetrahydrofuran. 
Acetalization of 20 with ethylene glycol in the presence 
of /»-toluenesulfonic acid monohydrate in refluxing ben­
zene, followed by demethylation of the crude acetal 
(21) with sodium ethanethiolate in refluxing N,N-
dimethylformamide, yielded a phenol derivative (22). 
This compound, without purification, was converted 
to ll-acetoxy-19-norabieta-8,l l,13-trien-3-one (24) by 
hydrolysis with hydrochloric acid in acetone and sub­
sequent acetylation of the resulting ketone (23) with 
acetic anhydride in pyridine. B nomination11) of 24 
in chloroform with bromine in carbon tetrachloride 
at 0 °C, followed by dehydrobromination of the crude 
2-bromo derivative (25) with lithium carbonate and 
lithium bromide in iV,JV-dimethylformamide at 120— 
125 °C, afforded an a,/?-unsaturated ketone (26) which 
was converted to 11-methoxyabieta-1,8,11,13-tetraen-
3-one (27) by refluxing with methyl iodide and potas­
sium f-pentyl oxide in benzene under a stream of 
nitrogen. Demethylation of 27 with sodium ethane-
thiolate in refluxing A^iV-dimethylformamide produced 
11 -hydroxyabieta-1,8,11,13-tetraen-3-one (28), whose 
physical and spectral data were different from those 
of natural shonanol. Subsequently, 1,3-carbonyl trans­
position3 '12) of the a,/?-unsaturated carbonyl group in 
27 was carried out as follows. Oxidation of 27 with 
alkaline hydrogen peroxide in methanol at —10 °C, 
followed by treatment of the resulting epoxy ketone 
(29)13) with hydrazine hydrate in refluxing methanol 
containing a small amount of acetic acid, led to 11-
methoxyabieta-2,8,11,13-tetraen-la-ol (30), which was 
immediately oxidized at 0 °C with Jones reagent to 
afford 11 -methoxyabieta-2,8,11,13-tetraen-1 -one (31). 
T h e 1-oxo compound 31 was finally demethylated 
at 0 °C with boron tribromide in dichloromethane 
to give the title compound, 1 l-hydroxyabieta-2,8,11,13-
tetraen-l-one (1), and 3j5-bromo-11-hydroxyabieta-8, 
11,13-trien-l-one (32) in a ratio of ca. 1:1. Dehydro­
bromination of 32 with lithium carbonate and lithium 
bromide in N,iV-dimethylformamide at 120—125 °C 
produced 1 in an almost quantitative yield. T h e 
structure of 32 was supported by the N M R spectrum, 
which showed signals at ô 2.91 ( IH , dd, J= 12 and 
4.5 Hz) and 3.60 p p m ( IH , dd, J = 1 3 and 12 Hz) 
due to the methylene protons at the C-2 position, 
and at ô 4.04 p p m ( IH , dd, J=\3 and 4.5 Hz) due to 
the methine proton at the C-3 position. The physical 
and spectral data of the synthetic 1 were also different 
from those of natural shonanol. 

Another structural isomer possessing a hydroxyl 
group at the position meta to an isopropyl group 
is 13-hydroxy-11 -isopropylpodocarpa-2,8,11,13-tetraen-
1-one (V), whose isopropyl group should be sterically 
hindered by a methyl group at the C-10 position 
and a carbonyl group at the C-l position. Therefore, 
the chemical shifts and coupling pat tern of the iso­
propyl group in V might be expected to be different 
from those of sempervirol (VI) or ferruginol (VII ) , 
which possess an isopropyl group at the less hindered 
C-l2 or C- l3 position. However, since the reported 
chemical shifts of two methyl groups (6H, d, ô 1.15— 
1.20 ppm) and a methine proton ( I H , hept, ô 3.03— 

.OH 

\ H 

V "vT 

"VEI 

3.30 ppm) of the isopropyl group in shonanol were 
very similar to those14) in VI (ô 1.19 and 3.10 ppm) 
or V I I (ô 1.19 and 3.09 ppm) , the possibility of V 
could also be ruled out. In the N M R spectrum of 
natural shonanol, Lin and Liu1) assigned two singlet 
signals at Ô 6.67 (2H) and 7.30 ppm (IH) to two 
aromatic protons and a hydroxyl proton, respec­
tively. However, we favored an alternative assign­
ment , in which the signal at ô 6.67 ppm was due to 
an aromatic proton and a hydroxyl proton and that 
at ô 7.30 ppm was due to another aromatic proton, 
because I I and IV showed a signal at ô 7.21 ppm3) 
corresponding to an aromatic proton at the C- l l 
position. Consideration of these N M R spectral data 
suggested that shonanol is either 13-hydroxy-12-iso-
propyl or a 12-hydroxy-13-isopropyl derivative. More­
over, it is known14) that V I shows a singlet signal 
at ô 6.18 ppm due to an aromatic proton at the C-l4 
position, while V I I shows the corresponding signal 
at ô 6.68 ppm. 

From these N M R analyses we now propose the 
structure of shonanol to be 12-hydroxyabieta-2,8,l 1,13-
tetraen-l-one (VI I I ) . 

Exper imenta l 

All melting points are uncorrected. The IR and optical 
rotations were measured in chloroform. The NMR spectra 
(90 MHz) were taken in carbon tetrachloride on a Hitachi 
Model R-22 NMR spectrometer using tetramethylsilane as 
an internal standard, unless otherwise stated. The chemical 
shifts are presented in terms of <5 values ; s : singlet, bs : broad 
singlet, d: doublet, bd: broad doublet, dd: double doublet, 
t: triplet, m: multiplet. Column chromatography was per­
formed using Merck silica gel (0.063 mm). 

Methyl 11'-Hydroxy-/'-oxoabieta-8,11,1'3-trien-l'8-oate (6). 
A mixture of methyl 7,1 l-dioxo-13/?-abieta-8-en-l 8-oate (3: 
3.46 g)4> (mp 87—89.5 °G, [a]D +78°), copper(II) bromide 
(4.24 g), and lithium bromide (0.82 g) in freshly distilled 
acetonitrile ( 170 ml) was refluxed for 5 h and then evaporated 
in vacuo. After the addition of a mixture of ether and brine, 
the reaction mixture was extracted with ether. The ether 
extract was washed with brine, dried over sodium sulfate, 
and evaporated to give a brown oil (4.00 g). 

A mixture of the brown oil (4.00 g), lithium carbonate 
(3.70 g), and lithium chloride (3.40 g) in iV,JV-dimethyl-
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formamide (200 ml) was heated at 100 °G for 8 h in a stream 
of nitrogen. After cooling, the mixture was diluted with 
ether, acidified with dilute sulfuric acid, and then extracted 
with ether. The ether extract was washed successively with 
aqueous sodium thiosulfate and brine, dried over sodium 
sulfate, and evaporated to give a dark brown oil (3.81 g) . 

A mixture of the dark brown oil (3.81 g) and zinc dust 
(15.2 g) in acetic acid (95 ml) was stirred at 45 °G for 4 h. 
The reaction mixture was filtered and the filtrate was diluted 
with water, neutralized with sodium hydrogencarbonate, 
and extracted with ether. T h e ether extract was washed 
with brine, dried over sodium sulfate, and evaporated. T h e 
residue (3.58 g) was purified by column chromatography 
on silica gel (380 g), using e ther -benzene (5:95) as the eluent, 
to give 6 (2.50 g : 7 3 % ) , which was recrystallized from ethanol ; 
mp 154—155 °G, m p 180—181 °G after drying at 140—145 
°G; [a]D + 3 8 ° (c 1.17); I R : 3600, 3330br, 1725, 1680, 1610, 
1577cm- 1 ; N M R (DMSO-ûf6); 1.17 (6H, d, / - 7 H z , 
- C H ( C H 3 ) 2 ) , 1.27 and 1.37 (each 3H and s, C 4 - C H 3 and 
G 1 0-GH 3) , 3.61 (3H, s, - G 0 2 G H 3 ) , 6.92 (1H, d, J =2 Hz , 
G 1 2 -H) , 7.28 (1H, d, 7 = 2 Hz, G 1 4 -H) . Found : G, 72.93; 
H , 8.20%. Galcd for G 2 1 H 2 8 0 4 : G, 73.22; H , 8.19%. 

Methyl 11 -Hydroxyabieta-6,8,11,13-tetraen-18-oate (5). 
A mixture of 6 (1.03 g) and sodium borohydride (170 mg) 
in methanol (25 ml) was allowed to stand overnight at room 
temperature. After the addition of acetone (1.0 ml) , the 
solvent was removed in vacuo and the residue was acidified 
with dilute hydrochloric acid. T h e mixture was then ex­
tracted with ether. T h e ether extract was washed with 
brine, dried over sodium sulfate, and evaporated to give a 
curde alcohol (1.07 g) as a pale brown solid. 

A mixture of the crude alcohol ( 1.07 g) and />-toluene-
sulfonic acid monohydrate (20 mg) in benzene (100 ml) 
was refluxed for 2 h. After cooling, the mixture was diluted 
with ether, washed successively with aqueous sodium hy­
drogencarbonate and brine, dried over sodium sulfate, and 
then evaporated in vacuo. T h e residue was recrystallized 
from methanol to afford 5 (0.87 g: 8 9 % ) ; m p 173.5—175 °G; 
[a]D - 3 5 ° (c 1.93); I R : 3600, 3400br, 1720 cm" 1 ; N M R 
(GDG13): 1.18 and 1.39 (each 3H and s, G 4 -GH 3 and G 1 0 -
GH 3) , 1.21 (6H, d, 7 = 7 H z , - G H ( G H 3 ) 2 ) , 3.03 (1H, t, 
7 = 3 Hz, G 5 -H) , 3.65 (3H, s, - G 0 2 G H 3 ) , 4.86 (1H, bs, 
- O H , disappeared on deutrat ion) , 5.64 and 6.43 (each 1H, 
dd, and 7 = 1 0 and 3 Hz, G 6 - H and G 7 - H ) , 6.40 and 6.49 
(each 1H and bs, G 1 2 -H and G 1 4 -H) . Found : G, 76.78; H , 
8.80%. Galcd for G 2 1 H 2 8 0 3 : G, 76.79; H , 8.59%. T h e 
mother liquor of recrystallization was evaporated in vacuo 
and the residue was chromatographed on silica gel (15 g), 
using benzene as the eluent, to give some additional 5 (0.11 g : 

n%)-
Methyl 11 -Hydroxyabieta-8,11,13-trien-18-oate (4). a) : 

A mixture of methyl 1 l-oxo-13/?-abieta-8-en-l 8-oate (2: 
9.49 g)4) (mp 108—110 °G, [a ] D + 1 0 4 ° ( E t O H ) ) , copper(II) 
bromide (11.50g), and lithium bromide (2.23 g) in freshly 
distilled acetonitrile (470 ml) was refluxed for 5 h and then 
evaporated in vacuo. After the addition of a mixture of 
ether and brine, the mixture was extracted with ether. T h e 
ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residual solid (10.37 
g) was recrystallized from ethanol to give 4 (5.30 g : m p 
201—203 °G). A pure sample for analysis was obtained 
by repeated crystallization; m p 203—205 °G; [a]D + 7 7 ° 
(c 1.22); I R : 3600, 3370br, 1720, 1617, 1575cm" 1 ; N M R 
(GDGI3): 1.19 (6H, d, 7 - 7 Hz, - G H ( G H 3 ) 2 ) , 1.29 and 
1.35 (each 3H and s, G 4 -GH 3 and G 1 0 -GH 3 ) , 3.14 (1H, bd, 
J= 12.5 Hz, G 1 / 9-H), 3.68 (3H, s, - G 0 2 G H 3 ) , 4.82 (1H, 
s, - O H , disappeared on deutrat ion) , 6.32 and 6.51 (each 

1H and bs, G 1 2 -H and G 1 4 -H) . Found : G, 76.20; H , 9 .16%. 
Galcd for G 2 1 H 3 0 O 3 : C, 76.32; H , 9 .15%. T h e mother 
liquor of recrystallization was evaporated in vacuo and the 
residue was chromatographed on silica gel (300 g) , using 
benzene as the eluent, to give a colorless solid (4: 1.85 g) 
containing a small amount of 5. Fur ther elution with e the r -
benzene (1:99) afforded the recovered 2 (1.73 g: 18%) . 

b): A mixture of 5 (651 mg) a n d P t O a (100 mg) in 
ethanol (30 ml) was subjected to catalytic hydrogénation 
at room tempera ture . After the usual work-up, the crude 
product was recrystallized from ethanol to give 4 (600 mg : 
9 0 % ) , m p 201—203.5 °G, whose I R and N M R spectra 
were identical with those of the sample prepared in a). T h e 
mother liquor of recrystallization was evaporated in vacuo 
and the residue was chromatographed on silica gel to give 
some additional 4 (61 m g : 9 % ) . 

Methyl 11-Methoxy-7-oxoabieta-8,11,13-trien-18-oate (8). 
A mixture of 6 (344 mg) and 5 0 % sodium hydride (72 mg) 
in J\f,iV-dimethylformamide (6.5 ml) was stirred at room 
temperature for 45 min under a stream of nitrogen. After 
the addition of methyl iodide (0.06 ml) , the mixture was 
stirred at 35—40 °G for 3 h, cooled, and some addit ional 
methyl iodide (0.02 ml) was added . T h e mixture was fur­
ther stirred at 35—40 °G for 5 h, poured into a mixture 
of ice and dilute hydrochloric acid, and extracted with ether. 
T h e ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was purified 
by column chromatography on silica gel (40 g) , using e the r -
benzene (1:99) as the eluent, to give 8 (309 m g : 8 6 % ) , 
which was recrystallized from hexane ; m p 113—114 °G; [a ] D 

+ 60° (c 1.15); I R : 1727, 1680 cm" 1 ; N M R : (GDG13): 
1.25 (6H, d, J=l Hz , - G H ( G H 3 ) 2 ) , 1.30 and 1.38 (each 
3 H and s, G 4 -GH 3 and G 1 0 -GH 3 ) , 3.64 (3H, s, - G 0 2 G H 3 ) , 
3.82 (3H, s, G n - O G H 3 ) , 6.94 (1H, d, 7 = 2 Hz , G 1 2 -H) , 
7.59 (1H, d, J =2 Hz , G 1 4 -H) . Found : G, 73.44; H , 8.39%. 
Galcd for G 2 2 H 3 0 O 4 : G, 73.71; H , 8.44%. T h e I R and 
N M R spectra of 8 were identical with those of an authentic 
sample.7) 

Methyl 11-Methoxy abieta-6,8,11,13-tetraen-18-oate (9). 
A solution of 8 (270 mg) and sodium borohydride (43 mg) 
in methanol (7.0 ml) was allowed to stand overnight at 
room temperature . T h e crude alcohol was then dehydrated 
with />-toluenesulfonic acid monohydrate in refluxing ben­
zene, as described for the preparat ion of 5. T h e crude 
product was chromatographed on silica gel (25 g) , using 
hexane-benzene (1:1) as the eluent, to give 9 (244 m g : 
9 5 % ) ; [a ] D - 1 5 ° (c 1.45); I R : 1717 cm" 1 ; N M R : 1.10 
and 1.33 (each 3 H and s, G 4 -GH 3 and G 1 0 -GH 3 ) , 1.21 (6H, 
d, J=l Hz , - G H ( G H 3 ) 2 ) , 2.89 (1H, t, 7 = 3 Hz , G 5 - H ) , 
3.58 (3H, s, - G 0 2 G H 3 ) , 3.73 (3H, s, G n - O G H 3 ) , 5.55 and 
6.32 (each 1H, dd, J= 10 and 3 Hz, G 6 - H and G 7 - H ) , 6.42 
and 6.48 (each 1H, d, and J =2 Hz , G 1 2 -H and G 1 4 -H) . 
Found : G, 77.45; H , 9 .02%. Galcd for G 2 2 H 3 0 O 3 : G, 
77.15; H , 8 .83%. 

Methyl 11 -Methoxyabieta-8,11,13-trien-18-oate (7). a) : 
A mixture of 9 (190 mg) and P t 0 2 (19 mg) in ethanol (20 
ml) was submitted to catalytic hydrogénation at room tem­
perature . After the usual work-up, the crude product was 
purified by column chromatography on silica gel (20 g), 
using hexane-benzene (1:1) as the eluent, to give 76) (181 
m g : 9 5 % ) ; [a ] D + 8 9 ° (c 1.35); I R : 1718, 1610, 1568 cm" 1 ; 
N M R (GDGI3): 1.22 (6H, d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , 1.27 
and 1.31 (each 3 H and s, G 4 -GH 3 and G 1 0 -GH 3 ) , 3.65 (3H, 
s, - G 0 2 G H 3 ) , 3.77 (3H, s, G n - O G H 3 ) , 6.50 (2H, bs, G 1 2 -H 
and G 1 4 -H) . Found : G, 76.84; H , 9 .50%. Galcd for 
G 2 2 H 3 2 0 3 : G, 76.70; H , 9 .36%. 

b): A mixture of 4 (7.15 g) containing a small amoun t 
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of 5, 5 0 % sodium hydride (5.20 g), and iV,iV-dimethylform-
amide (200 ml) was methylated with methyl iodide (4.0 
ml) as described for the preparat ion of 8. T h e crude product 
was purified by column chromatography on silica gel (350 
g), using hexane-benzene (1:1) as the eluent, to give 7 (3.98 
g) and a mixture (2.42 g) of 7 and a small amount of 9. 

T h e above mixture (2.42 g) in ethanol (14 ml) was hy-
drogenated over P t O a and then purified by column chro­
matography to give 7 (2.14 g) , whose I R and N M R spectra 
were identical with those of the sample prepared in a). 

Grignard Reaction of 7 with Phenylmagnesium Bromide. A 
solution of 7 (344 mg) in dry ether (3.4 ml) was added drop-
wise to a refluxing ethereal solution of phenylmagnesium 
bromide prepared from magnesium turnings ( 194 mg) and 
bromobenzene (1.26 g) in dry ether (3.4 ml) . T h e mixture 
was further refluxed for 2 h and the ether was removed 
in a stream of nitrogen. T h e viscous residue was heated 
at 100—110 °C for 5 h, allowed to stand overnight at room 
temperature , carefully hydrolyzed with a mixture of ice 
and dilute sulfuric acid, and then extracted with ether. 
T h e ether extract wras washed successively with aqueous 
sodium thiosulfate and brine, dried over sodium sulfate, 
and evaporated in vacuo. T h e residue was purified by column 
chromatography on silica gel (65 g), using hexane-benzene 
(1:1) as the eluent, to give a ^m-diphenyl alcohol (10) (373 
m g : 80%) as a colorless solid, which was recrystallized from 
methano l ; m p 191.5—193 °G; [a] D + 1 0 1 ° (c 1.65); I R : 
3580, 1610, 1568, 700 cm" 1 ; N M R : 1.15 (6H, d, J= 7 Hz , 
- C H ( C H 3 ) 2 ) , 1.28 and 1.30 (each 3 H and s, G 4 -GH 3 and 
G 1 0 -GH 3 ) , 2.34 ( I H , s, - O H , disappeared on deutrat ion) , 
3.69 (3H, s, G n - O G H 3 ) , 6.17 and 6.31 (each I H and bs, 
G 1 2 -H and G 1 4 -H) , 6.9—7.9 (10H, m, 2-G6H5) . Found : 
G, 84.84; H , 8 .68%. Galcd for G 3 3 H 4 0 O 2 : G, 84.57; H , 
8.60%. 

Fragmentation of 10 with Lead Tetraacetate. A mixture 
of lead tetraacetate (1.06 g) and calcium carbonate (1.20 
g) in dry benzene (60 ml) was refluxed for 5 min. T o this 
mixture was added a solution of 10 (937 mg) in dry benzene 
(30 ml) . T h e mixture was refluxed for 8 h, cooled, and 
then filtered. T h e filtrate was diluted with ether and the 
solution was washed successively with aqueous potassium 
iodide, aqueous sodium thiosulfate, aqueous sodium hy-
drogencarbonate, and brine. After drying over sodium 
sulfate, the solution was evaporated in vacuo and the residue 
was chromatographed on silica gel (100 g) , using hexane -
benzene (95:5) as the eluent, to give a mixture of A3-, A*-, 
and Zl4(18>-19-nor isomers (11) (508 m g : 8 9 % ) . The N M R 
spectrum of the mixture indicated that it was composed 
of approximately 10% of A3- (Ô 5.34 ppm, G 3 - H ) , 10% 
of Zl4- (ô 1.42 ppm, G 1 0 -GH 3 ) , and 8 0 % of Zl4(18>-19-nor 

i 

compound {ô 4.48 and 4.74 ppm, C H 2 = C - ) . Found : G, 
84.74; H , 10.18%. Galcd for G 2 0 H 2 8 O: G, 84.45; H , 9 .92%. 
T h e above olefinic mixture (11) was recrystallized from 
methanol to afford the pure Zl4(18>-19-nor compound; m p 
8 1 — 82 °G; [a ] D + 2 4 2 ° (c 1.23); N M R : 1.17 (3H, s, G 1 0-
GH 3 ) , 1.21 (6H, d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , 3.01 ( I H , bd, 
J=\2 Hz , C l j 8 - H ) , 3.75 (3H, s, G n - O G H 3 ) , 4.48 and 4.74 

(each I H , bs, and Wl/2=4Hz, GH a =G-) , 6.39 (2H, bs, 
G 1 2 -H and C 1 4 - H ) . Found : G, 84.32; H , 10.15%. Galcd 
for G 2 0 H 2 8 O: G, 84.45; H , 9 .92%. 

11-Methoxy-19-norabieta-4(18),8,11,13-tetraen-3oc-ol (12). 
a): T h e olefinic mixture (11 : 142 mg) was added to a 

stirred mixture of 70% /-butyl hydroperoxide (0.26 ml) , 
selenium dioxide (1 mg) , and salicylic acid (7 mg) in di-
chloromethane (0.3 ml) . T h e mixture was further stirred 
at room temperature for 28 h, diluted with benzene (5.0 

ml) , and then evaporated. T h e residue was dissolved in 
ether and the ether solution was washed successively with 
aqueous potassium hydroxide and brine. After the solution 
had been evaporated in vacuo, the residue was dissolved in 
cold acetic acid (1.0 ml) and dimethyl sulfide (0.25 ml) was 
added slowly with stirring and cooling in a water bath. 
T h e mixture was then stirred at room temperature for 3 h, 
neutralized with aqueous potassium carbonate at 0—5 °G, 
and extracted with ether. T h e ether extract was washed 
with brine, dried over sodium sulfate, and evaporated in 
vacuo. T h e residue was purified by column chromatography 
on silica gel (17 g) , using ether-benzene (1:99) as the eluent, 
to give 12 (95 m g : 6 3 % ) , which was recrystallized from 
hexane ; m p 68—69.5 °G; [a] D + 1 8 6 ° (c 2.59); I R : 3600, 
3420br, 1648, 1610, 1568 cm" 1 ; N M R : 1.01 (3H, s, C 1 0 -
GH 3 ) , 1.21 (6H, d, J=l Hz, - G H ( G H 3 ) 2 ) , 1.92 ( I H , bs, 
- O H , disappeared on deutrat ion) , 3.73 (3H, s, G n - O G H 3 ) , 
4.14 ( I H , bs, P f l / 2 = 5 Hz, G 3 - H ) , 4.55 and 4.90 (each I H 

and bs, GH 2 =G-) , 6.39 (2H, bs, G 1 2 -H and G 1 4 -H) . Found: 
G, 80.20; H , 9 .56%. Galcd for G 2 0 H 2 8 O 2 : G, 79.95; H , 
9.39%. 

b) : A solution of selenium dioxide (566 mg) in ethanol 
(29 ml) and water (0.08 ml) was added dropwise to a stirred 
solution of the olefinic mixture (11 : 2.88 g) in ethanol (29 
ml) at room temperature over a 20 min period. T h e mix­
ture was further stirred at room temperature for 30 min, 
refluxed for 8 h, cooled, and then filtered. The filtrate 
was diluted with ether and the ether solution was washed 
with brine, dried over sodium sulfate, and evaporated in 
vacuo. T h e residue was purified by column chromatography 
on silica gel (320 g), using ether-benzene (1:99) as the eluent, 
to give 12 (1.68 g : 55%) as a pale brown solid, whose I R 
and N M R spectra were identical with those of the sample 
prepared in a). 

11 -Methoxy-19-norabieta-4,8,11,13-tetraen-3-one (14). A 
solution of 12 (1.01 g) in ethylenediamine (70 ml) was added 
to li thium (1.18 g) in ethylenediamine (70 ml) . T h e mix­
ture was heated at 100 °G for 1 h under a stream of nitrogen, 
poured into brine, and extracted with ether. T h e ether 
extract was washed with brine, dried over sodium sulfate, 
and evaporated to give a crude 11-methoxy-19-norabieta-
4,8,11,13-tetraen-3a-ol (13) as an oil (1.00 g ) ; N M R (60 
M H z ) : 1.22 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 1.38 (3H, s, 
G 1 0 -GH 3 ) , 1.74 (3H, s, G 4 -GH 3 ) , 3.65 ( I H , bs, Wl/2=6Hz, 
G 3 - H ) , 3.76 (3H, s, G n - O G H 3 ) , 6.42 (2H, bs, G 1 2 -H and 
G 1 4 -H) . 

A solution of the crude 13 ( 1.00 g) in acetone (60 ml) 
was oxidized with Jones reagent (2.5 M : 3.37 ml) at 0 °G 
for 30 min. After the usual work-up, the crude product 
was purified by column chromatography on silica gel (50 
g) , using ether-benzene ( 1:99) as the eluent, to give 14 
(830 m g : 83%) as an oil; [a] D + 3 6 2 ° (c 1.71); I R : 1650, 
1613, 1570 cm" 1 ; N M R : 1.22 (6H, d, J=l Hz, - C H ( C H 3 ) 2 ) , 
1.61 (3H, s, G 1 0 -GH 3 ) , 1.78 (3H, s, C 4 -GH 3 ) , 3.80 (3H, s, 
G n - O G H 3 ) , 6.44 and 6.48 (each I H and bs, G 1 2 -H and 
G 1 4 -H) . Found : G, 80.25; H , 8.96%. Galcd for G 2 0H 2 6O 2 : 
G, 80.49; H , 8 .78%. 

11-Methoxyabieta-5,8,11,13-tetraen-3-one (15). A solu­
tion of potassium /-pentyl oxide in /-pentyl alcohol prepared 
from potassium (141 mg) and /-pentyl alcohol (7.8 ml) was 
evaporated to dryness and the residual potassium /-pentyl 
oxide was suspended in dry benzene (7.0 ml) . After a 
solution of 14 (596 mg) in dry benzene (18 ml) had been 
added over a 10 min period under a stream of nitrogen, 
the stirred mixture was refluxed for 30 min, cooled, and 
a solution of methyl iodide (0.37 ml) in dry benzene (5.0 
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ml) was added. T h e stirred mixture was further refluxed 
for 2 h, poured into dilute hydrochloric acid, and extracted 
with ether. The ether extract was washed successively 
with aqueous sodium thiosulfate and brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was purified 
by column chromatography on silica gel (60 g), using ben­
zene as the eluent, to give 15 (447 m g : 72%) as a colorless 
solid; I R : 1700, 1612, 1573 cm" 1 ; N M R : 1.22 (6H, d, 7 = 7 

Hz, - C H ( C H 3 ) 2 ) , 1.25 (6H, s) and 1.28 (3H, s) ( -C(CH 3 ) 2 

and G 1 0 -GH 3 ) , 3.36 (2H, bd, 7 = 4 Hz , = C H C H 2 - ) , 3.80 
(3H, s, G n - O G H 3 ) , 5.67 (1H, t, 7 = 4 Hz , G 6 - H ) , 6.46 
(2H, bs, C 1 2 -H and G 1 4 -H) . T h e compound (15) was 
labile and it was immediately subjected to the next reaction. 

11-Methoxyabieta-5,8,11,13-tetraen-3ß-ol (16). A so­
lution of 15 (99 mg) in dry ether (4.0 ml) was added to 
a stirred suspension of li thium aluminium hydride (24.3 
mg) in dry ether (1.5 ml) . The mixture was refluxed for 
1.5 h, poured into a mixture of ice and dilute hydrochloric 
acid, and extracted with ether. T h e ether extract was 
washed with brine, dried over sodium sulfate, and evaporated 
in vacuo. The residue was chromatographed on silica gel 
(10 g), using ether-benzene (1:99) as the eluent, to give 
16 (70 m g : 70%) as an oil; I R : 3610, 3400br, 1610, 1572 

cm- 1 ; N M R : 1.13, 1.18, and 1.41 (each 3H and s, - C ( C H 3 ) 2 

and G 1 0 -GH 3 ) , 1.21 (6H, d, 7 = 7 Hz , - G H ( G H 3 ) 2 ) , ca. 
3.1 (2H, m, G1 ) 3-H and G 3 -H) , 3.28 (2H, bd, 7 = 4 Hz, 
=CHCH 2 - ) , 3.75 (3H, s, G n - O G H 3 ) , 5.78 (1H, t, 7 = 4 
Hz, G 6 -H) , 6.42 (2H, bs, G 1 2 -H and G 1 4 -H) . 

The compound (16) was labile and it gradually trans­
formed into a naphthalene derivative (18); I R : 1705, 1627, 
1572 cm- 1 ; N M R : 1.06 and 1.30 (each 6H, d, and 7 = 7 
Hz, 2-GH(GH 3) 2) , 2.38 (3H, s, - G H 3 ) , 3.82 (3H, s, - O G H 3 ) , 
6.57 (1H, d, 7 = 2 Hz) , 7.01 (1H, d, 7 = 2 Hz,) 7.05 (1H, 
d, 7 = 8 Hz) , and 7.30 (1H, d, 7 = 8 Hz) (aromatic protons). 
Found: G, 80.76; H , 9 .24%. Galcd for G 2 1 H 2 8 0 2 : G, 80.73; 
H, 9 .03%. 

3ß-Acetoxy-11 -methoxyab ieta-5,8,11,13-tetraene (17). A 
mixture of 16 (107 mg) and acetic anhydride (0.5 ml) in 
pyridine (0.5 ml) was allowed to stand overnight at room 
temperature. After the usual work-up, the crude product 
was chromatographed on silica gel (10 g) . Elution with 
benzene gave 17 (77 mg), which was recrystallized from 
hexane; m p 122—122.5 °G; [a ] D + 2 4 ° (c 0.37); I R : 1725, 
1614, 1577 cm- 1 ; N M R : 1.11, 1.22, and 1.44 (each 3 H and 

s, -G(GH 3 ) 2 and G 1 0 -GH 3 ) , 1.21 (6H, d, 7 = 7 Hz, - G H -
(CH3)2) , 1.98 (3H, s, - O G O G H 3 ) , 3.30 (2H, bd, 7 = 4 Hz , 
= C H C H 2 - ) , 3.78 (3H, s, G n - O G H 3 ) , 4.44 (1H, dd, 7 = 9 
and 6.5 Hz, G 3 -H) , 5.84 (1H, t, 7 = 4 Hz , G 6 - H ) , 6.42 and 
6.44 (each 1H and bs, G 1 2 -H and G 1 4 -H) . Found : G, 
77.30; H , 9.19%. Galcd for G 2 3 H 3 2 0 3 : G, 77.49; H, 9 .05%. 

11-Methoxy-18-norabieta-8,11,13-lrien-3-one (19) and 11-
Methoxy-19-norabieta-8,17,13-trien-3-one (20). a): A so­
lution of 12 (365 mg) in ethanol (8.0 ml) was hydrogenated 
using Raney Ni (W-2: 750 mg) at room temperature in 
an atmosphere of hydrogen. T h e crude dihydro compound, 
without purification, was oxidized with Jones reagent (2.5 
M : 1.2 ml) in acetone (20 ml) at 0 °G for 30 min. After 
the usual work-up, the crude product was purified by column 
chromatography on silica gel (40 g), using ether-benzene 
(0.5:99.5) as the eluent, to give 20 ( 9 m g : 2%0) as an oil. 
Further elution gave 19 (250 m g : 69%) as an oil; [a] D + 1 8 8 ° 
(c 2.07); I R : 1700, 1610, 1570cm" 1 ; N M R : 1.16 (3H, d, 
7 = 7 . 5 Hz, G 4 -GH 3 ) , 1.21 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 
1.24 (3H, s, G 1 0 -GH 3 ) , 3.77 (3H, s, G n - O G H 3 ) , 6.42 (2H, 
bs, G 1 2 -H and G 1 4 -H) . Found : G, 80.05; H , 9 .65%. Galcd 
for G 2 0H 2 8O 2 : C, 79.95; H , 9.39%. 

b) : A mixture of 19 (172 mg) and sodium methoxide 
(154 mg) in methanol (10 ml) was refluxed for 1 h, poured 
into dilute hydrochloric acid, and extracted with ether. 
T h e ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was chromato­
graphed on silica gel (15 g) , using e ther-benzene (1:99) 
as the eluent, to give 20 (168 m g : 98%) as an oil; [a ] D + 1 3 8 ° 
(c 0.665); I R : 1698, 1610, 1570cm" 1 ; N M R : 1.05 (3H, 
d, 7 = 7 Hz, G 4 -GH 3 ) , 1.21 (6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 
1.36 (3H, s, G 1 0 -GH 3 ) , 3.77 (3H, s, G n - O G H 3 ) , 6.42 (2H, 
bs, G 1 2 -H and G 1 4 -H) . Found : G, 80.09; H , 9.39%0. Galcd 
for G 2 0 H 2 8 O 2 : G, 79.95; H , 9 .39%. 

c): A solution of 14 (121 mg) in tetrahydrofuran (2.5 
ml) was added to a solution of l i thium (28 mg) in liquid 
ammonia (12 ml) at —33 °G. T h e mixture was stirred at 
this temperature for 1 h, and ammonium chloride (321 
mg) was added. After removal of the ammonia , the residue 
was diluted with water and extracted with ether. T h e 
ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was chro­
matographed on silica gel (12 g), using e ther-benzene (0.5: 
99.5) as the eluent, to give 20 (60 m g : 48%) as an oil; its 
I R and N M R spectra were identical with those of the sample 
prepared in a) and b). 

11 -Acetoxy-19-norabieta-8,11,13-trien-3-one (24). A 
mixture of 20 (170 mg) , ethylene glycol (0.32 ml) , and p-
toluenesulfonic acid monohydrate ( 17 mg) in benzene ( 15 
ml) was refluxed for 4 h. T h e mixture was cooled, diluted 
with ether, and then washed successively with aqueous sodi­
u m hydrogencarbonate and brine. After drying over sodium 
sulfate, the solution was evaporated in vacuo to give a crude 
acetal (21) as an oil. 

A solution of the above crude acetal (21) in iV, JV-dimethyl-
formamide (10 ml) was added to sodium ethanethiolate 
prepared from sodium (92 mg) and ethanethiol (2.0 ml) . 
T h e stirred mixture was refluxed for 2.5 h under a stream 
of nitrogen, cooled, poured into dilute hydrochloric acid, 
and extracted with ether. T h e ether extract was washed 
with brine, dried over sodium sulfate, and evaporated to 
give a crude phenol (22) as an oil. 

A solution of the above crude phenol (22) in acetone 
(15 ml) was stirred with dilute hydrochloric acid (6 M : 
2.0 ml) at room temperature for 1 h. The mixture was 
diluted with ether, washed with brine, and dried over sodium 
sulfate. Evaporat ion of the solution gave a crude keto 
phenol (23) as an oil, which was then acetylated with acetic 
anhydride (1.0 ml) in pyridine (1.0 ml) at room temperature 
for ca. 15 h. After the usual work-up, the crude product 
was purified by column chromatography on silica gel (20 
g) . Elution with e ther-benzene (3:97) afforded 24 (173 
m g : 9 2 % ) , which was recrystallized from hexane; m p 105— 
106 °G; [a ] D + 1 4 1 ° {c 1.37); I R : 1750, 1705, 1620, 1567 
cm" 1 ; N M R : 1.07 (3H, d, 7 = 6 . 5 Hz, G 4 -GH 3 ) , 1.22 (6H, 
d, 7 = 7 Hz , - C H ( C H 3 ) 2 ) , 1.31 (3H, s, C 1 0 -CH 3 ) , 2.23 (3H, 
s, - O C O C H 3 ) , 6.53 and 6.71 (each 1H, d, and 7 = 2 Hz , 
G 1 2 -H and G 1 4 -H) . Found : G, 76.65; H, 8.70%,. Galcd 
for G 2 1 H 2 8 0 3 : G, 76.79; H , 8.59%. 

7 7 -Acetoxy-19-norabieta-1,8,11,13-tetraen-3-one (26). A 
solution of bromine (1 M : 1.25 ml) in carbon tetrachloride 
was added at 0 °G to a stirred solution of 24 (373 mg) in 
chloroform (13 ml) . T h e mixture was further stirred at 
this temperature for 45 min, diluted with ether, and the 
ether solution was washed successively with aqueous sodium 
thiosulfate and brine. Evaporation of the dried solution 
gave a crude 2-bromo derivative (25) as an oil. 

A stirred mixture of the crude 2-bromo compound (25), 
li thium carbonate (211 mg), and li thium bromide (158 mg) 
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in iVjiV-dimethylformamide (15 ml) was heated at 120— 
125 °G for 75 min under a stream of nitrogen. T h e mixture 
was cooled, poured into dilute sulfuric acid, and extracted 
with ether. T h e ether extract was washed with brine, 
dried over sodium sulfate, and evaporated in vacuo. T h e 
residue was purified by column chromatography on silica 
gel (40 g) . Elution with e ther-benzene (2:98) afforded 26 
(205 m g : 55%) as an oil; [ a ] D + 1 9 9 ° (c 2 .05); I R : 1760, 
1670, 1620, 1570 c m - 1 ; N M R : 1.19 (3H, d, J= 6.5 Hz, 
G 4 -GH 3 ) , 1.22 (6H, d, J=l Hz , - C H ( G H 3 ) 2 ) , 1.34 (3H, 
s, G 1 0 -GH 3 ) , 2.27 (3H, s, - O G O G H 3 ) , 5.77 (1H, d, J= 10 
Hz, G 2 - H ) , 6.65 and 6.76 (each 1H, bd, and J=2 Hz , C 1 2 -
H and C 1 4 - H ) , 7.78 (1H, d, J= 10 Hz , C ^ H ) . Found : 
G, 77.07; H , 8 . 0 1 % . Galcd for G 2 1 H 2 6 0 3 : G, 77.27; H , 
8 .03%. 

11 -Methoxyabieta-1,8,11,13-tetraen-3-one (27). A solu­
tion of 26 (129 mg) in dry benzene (5.0 ml) was added to a 
stirred suspension of potassium /-pentyl oxide (prepared 
from potassium (139 mg) and /-pentyl alcohol (3.0 ml) in 
dry benzene (3.0 ml) over a 5 min period under a stream 
of nitrogen. T h e mixture was gently refluxed for 30 min, 
cooled, and a solution of methyl iodide (0.15 ml) in dry 
benzene (1 .0ml) was added. T h e mixture was refluxed 
for 2 h, cooled, and some additional solution of methyl iodide 
(0.15 ml) in dry benzene (1.0 ml) was added . T h e mixture 
was further refluxed for 2 h, cooled, poured into water, and 
extracted with ether. T h e ether extract was washed with 
brine, dried over sodium sulfate, and evaporated in vacuo. 
T h e crude product was chromatographed on silica gel (20 
g). Elution with e ther-benzene ( 1: 99) gave 27 (84 mg : 
6 8 % ) , which was recrystallized from methano l ; m p 84.5— 
85 °G; [ a ] D + 2 0 6 ° (c 0.670); I R : 1660, 1612, 1577 cm" 1 ; 

N M R : 1.11, 1.16, and 1.43 (each 3 H and s, - G ( G H 3 ) 2 and 
G 1 0 -GH 3 ) , 1.21 (6H, d, J=l Hz , - G H ( G H 3 ) 2 ) , 3.86 (3H, 
s, G n - O G H 3 ) , 5.77 (1H, d, y = 1 0 H z , G 2 - H ) , 6.49 (2H, 
bs, G 1 2 -H and G 1 4 -H) , 7.96 (1H, d, y = 1 0 H z , G^U). 
Found : G, 80.71 ; H , 9 .18%. Galcd for G 2 1 H 2 8 0 2 : G, 80.73; 
H , 9 .03%. 

11-Hydroxyabieta-1,8,11,13-tetraen-3-one (28). A stirred 
mixture of 27 (28 mg) and sodium ethanethiolate (prepared 
from sodium (21 mg) and ethanethiol (1.5 ml)) in N,N-
dimethylformamide (3.0 ml) was refluxed for 3 h under a 
stream of nitrogen. T h e mixture was cooled, poured into 
dilute hydrochloric acid, and extracted with ether. T h e 
ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was purified 
by column chromatography on silica gel (5.0 g) , using e the r -
benzene (3:97) as the eluent, to give 28 (16 m g : 6 0 % ) , 
which was recrystallized from methanol ; m p 199—200 °G; 
[a ] D + 1 9 0 ° (c 0.075); I R : 3580, 3280br, 1655, 1610, 1572 
c m - 1 ; U V ( A ^ H ) : 225 nm (e 18900), 283 (2490); N M R 
(GDG13): 1.22 (6H, d, J=7Hz, - G H ( G H 3 ) 2 ) , 1.22, 1.25, 

and 1.53 (each 3 H and s, - G ( G H 3 ) 2 and G 1 0 -GH 3 ) , 5.53 
(1H, bs, - O H , disappeared on deutra t ion) , 5.96 (1H, d, 
J= 10.5 Hz , G 2 - H ) , 6.45 (1H, bd, J= 2 Hz) and 6.59 (1H, 
bs) (G 1 2 -H and G 1 4 -H) , 8.34 (1H, d, J= 10.5 Hz, G ^ H ) . 
Found : G, 80.26; H , 8 .98%. Calcd for G 2 0 H 2 6 O 2 : G, 80.49; 
H , 8 .78%. 

11-Methoxyabieta-2,8,11,13-tetraen-1-one (31). A solu­
tion of 27 (35 mg) in methanol (10.5 ml) was cooled to —10 
°G under a stream of ni t rogen; then 3 0 % hydrogen peroxide 
(0.064 ml) was added, followed by 5 % aqueous sodium 
hydroxide (0.5 ml) . T h e mixture was stirred at — 12 8 °G 
for 4.5 h, poured into dilute hydrochloric acid, and extracted 
with ether. T h e ether extract was washed with brine, 
dried over sodium sulfate, and evaporated to give an epoxy 

ketone (29) as an oil (37 mg) . Without purification, this 
was immediately submitted to the next reaction. 

A mixture of the crude 29 (37 mg), hydrazine hydrate 
(0.17 ml) , acetic acid (0.04 ml) , and methanol (3.7 ml) was 
refluxed for 13.5 h under a stream of nitrogen. After the 
methanol had been evaporated in vacuo, the residue was 
extracted with ether. The ether extract was washed suc­
cessively with aqueous sodium hydrogencarbonate and brine, 
dried over sodium sulfate, and then evaporated to give a 
crude la-ol (30: 37 mg) . T h e crude 30 (37 mg) was oxidized 
with Jones reagent (2.5 M : 0.112 ml) at 0 °G for 15 min. 
After the usual work-up, the crude product was purified 
by column chromatography on silica gel (5.0 g) . Elution 
with benzene gave 31 (15 m g : 43%) as an oil; [a] D + 2 6 6 ° 
(c 1.02); I R : 1695, 1618, 1580 cm" 1 ; N M R : 1.13, 1.19, 

and 1.60 (each 3 H and s, - G ( G H 3 ) 2 and C 1 0 -CH 3 ) , 1.24 
(6H, d, J=l Hz , - G H ( G H 3 ) 2 ) , 3.73 (3H, s, G n - O G H 3 ) , 
5.77 and 6.16 (each 1H, d, and J=\0 Hz, G 2 - H and G 3 -H) , 
6.43 and 6.54 (each 1H and bs, G 1 2 -H and G 1 4 -H) . Found: 
G, 80.55; H , 9 .19%. Calcd for G 2 1 H 2 8 0 2 : C, 80.73; H , 
9 .03%. 

Demethylation of 31. A solution of 31 (10.0 mg) and 
boron tr ibromide (0.015 ml) in dichloromethane (0.50 ml) 
was stirred at 0 °G for 30 min, poured into a mixture of 
ice and water, and extracted with ether. T h e ether extract 
was washed with brine, dried over sodium sulfate, and evap­
orated in vacuo. T h e residue was purified by column chro­
matography on silica gel (5.0 g), using benzene as the eluent, 
to give 11-hydroxy abieta-2,8,11,13-tetraen-1-one (1) (4.7 
m g : 49%) as an oil; [a] D + 4 7 0 ° (c 0.35); I R : 3200br, 1657, 
1615, 1567 c m - 1 ; U V (Ag?) : 222.5 n m {e 15500), 281.5 
(2220); N M R : 1.21 (6H, d, J=l Hz , - G H ( C H 3 ) 2 ) , 1.22 

(6H, s, - C ( G H 3 ) 2 ) , 1.58 (3H, s, C 1 0 -CH 3 ) , 5.88 and 6.56 
(each 1H, d, and J - 1 0 Hz, G 2 - H and C 3 - H ) , 6.37 and 
6.60 (each 1H and bs, G 1 2 -H and C 1 4 -H) . Found: G, 
80.28; H , 8 .93%. Calcd for C 2 0 H 2 6 O 2 : G, 80.49; H , 8.78%. 

Fur ther elution with benzene gave 3/?-bromo-ll-hydroxy-
abieta-8, l l ,13-tr ien- l -one (32) (6.0 m g : 50%) as an oil; 
I R : 3320br, 1690 cm" 1 ; N M R : 1.18 (6H, d, J= 7 Hz, - C H -

(CH 3 ) 2 ) , 1.22 and 1.24 (each 3 H and s, -G(CH 3 ) 2 ) , 1.64 
(3H, s, C 1 0 -GH 3 ) , 2.91 (1H, dd, 7 = 1 2 and 4.5 Hz, C 2 a - H ) , 
3.60 (1H, dd, 7 = 1 3 and 12 Hz, C 2 ) 3 -H) , 4.04 (1H, dd, 
7 = 1 3 and 4.5 Hz , C 3 a - H ) , 5.63 (1H, bs, - O H ) , 6.41 and 
6.52 (each 1H and bs, G 1 2 -H and C 1 4 -H) . 

A mixture of 32 (6.0 mg) , li thium carbonate (8.0 mg), 
and lithium bromide (6.0 mg) in iV,iV-dimethylformamide 
(1.0 ml) was heated at 120—125 °G for 3 h under a stream 
of nitrogen. After the same work-up as described for the 
preparat ion of 26, the crude product was chromatographed 
on silica gel (5.0 g) . Elution with benzene gave a colorless 
oil (4.9 m g : 9 6 % ) , whose I R and N M R spectra were identical 
with those of 1. 

T h e a u t h o r s a r e gra te fu l to A r a k a w a C h e m i c a l Go . 
L t d . for t h e g e n e r o u s gift of ( + ) - 1 3 / ? - a b i e t a - 8 - e n - 1 8 -
oic ac id . 
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Nerol was cyclized to terpinyl chloride or bromide in the presence of TiX4-PhNHMe (1:1) complex (I, X = 
Gl, Br) in dichloromethane at —23 °G, geraniol being converted into geranyl halide by simple halogenation. 
Terminally modified derivatives YCH2C(Me)=CHCH2CH2CMe=CHCH2OH (Y=SiMe3, SnBu3) of (2Z,6£) 
configuration were cyclized by treatment with I to afford limonene in high yields and 100% selectivity. Cycliza­
tion of (2Z) isomers of CH2=CR-CH2CH2CMe=CHCH.2OH ( R = H , Me, Gl) produced seven-membered carbo-
cyclic products in fair yields. The novel procedure has been utilized in the synthesis of nezukone from (2E)-
3-isopropyl-2,6-heptadien-l-ol involving five steps. 

The reaction of diethyl neryl phosphate with orga-
noaluminium reagents R2A1X ( X = O R , N H R , etc.) 
has led to the stereospecific synthesis of limonene 
and similar cyclic terpenes.1) The smooth cyclization 
is ascribed to the combined Lewis acid-base character 
of the reagents.2> We wish to report on the cyclization 
technique of this type which is more efficient and 
much simpler.3) 

Addition of iV^-methylaniline (1.0 mmol) to a solution 
of T iX 4 ( X = C 1 or Br, 1.0 mmol) in dichloromethane 
at 0 °G gave a complex.4) Both the chloride and 
bromide complexes reacted smoothly at —23 °G with 
nerol itself,5) providing terpinyl halides l a and l b , 
respectively, in fair yields. In contrast to the previous 
organoaluminium reactions1) or acid catalyzed solvoly-
tic reactions,6) formal carbocation is thus stabilized 
by halide ion-uptake rather than by proton-loss.7) 

OH 
TiX4-PhNHMe 

CH2C *2 

a: X = CI 
b:X = Br 

1a: 67% 
1b: 6 0 % 

Analogous treatment of geraniol with T i X 4 - P h N H M e 
complex gave the corresponding geranyl halides in 
good yields. The drastic alteration in the course of 
the reaction demonstrates that the steric integrity of 
the allylic double bond is strictly preserved in a possible 
intermediate, allylic carbocation.2) The results are 
similar to those obtained in the reactions of diethyl 
neryl phosphate or diethyl geranyl phosphate with 
organoaluminium reagents R2A1X or R3Al. l a ' lb> The 
T i X 4 - P h N H M e complex provides an efficient method 
for the transformation of allylic alcohols into allylic 
halides as shown below.8) 

Reaction of nerol with TiCl4 alone afforded a com­
plex mixture not containing terpinyl chloride. I t is 
apparent that the 1:1 complex behaves differently. 
The 1:1 molar ratio of TiCl4 and P h N H M e gave 
the best result.9) Several amines were examined for 
the reaction of nerol with TiCl 4 -amine complex with 
reaction conditions and yield of terpinyl chloride as 
follows: JV-methylaniline, 20 min at — 23 °G, 6 7 % ; 
2,2,6,6-tetramethylpiperidine, 20 min at —23 °G, 6 5 % ; 
triethylamine, 1 h at 25 °G, 5 2 % ; 1,4-diazabicyclo-
[2.2.2]octane, 12 h at 25 °G, 4 0 % ; diethylamine, 20 
min at — 23 °G, 3 2 % ; a-methylbenzylamine, 20 min 
at - 2 3 °G, 2 8 % ; pyridine, 3 h at 25 °G, 0%. Several 
other metal chlorides similar to TiCl4 were also ex­
amined. A complex V C l 4 - P h N H M e gave l a in 5 0 % 
yield and AlCl 3 -PhNHMe (38%) was found to be 
marginal. Halides such as ZrCl4 , WG16, and SnCl4 

gave no sign of cyclized products with or without 
an amine. 

The halides l a and l b are slowly decomposed on 
treatment with silica gel in dichloromethane at room 
temperature to give a complex mixture of hydrocarbons 
mainly consisting of limonene and terpinolene. Selec­
tive synthesis of limonene was achieved in the fol­
lowing way.10) Treatment of 2a and 2b with T iCl 4 -
P h N H M e complex resulted in the exclusive formation 
of limonene ascribed to the expected selective elimina­
tion of SiMe3 or SnBu3 groups from terpinyl carboca­
tion.11) This method is superior to the previously 

OH 
TiX4 -PhNHMe^ 

C H 2 C I 2 

X = CI ,Br quant. 

P h ^ S ^ ^ O H 
quant. 

- > P h ^ S ^ ^ C I 

X R Reagent Yield of 
3/% 

2a 
2a' 
2b 
2b' 

SiMe3 

SiMe3 

SnBu3 

SnBu3 

H 
GOGH3 

H 
GOGH3 

TiCl4-PhNHMe/CH2Cl2 

MeAl(OGOGF3)2/hexane 
TiCl4-PhNHMe/CH2Cl2 

MeAl (OGOGF3) 2/hexane 

79 
29a) 
73 
51 

a) Polymeric products were obtained. 
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T A B L E 1. SEVEN-MEMBERED RING FORMATION BY MEANS 

OF T i X 4 - P h N H M e COMPLEXES 

Ti X4 -PhNHMe 
CH2CI2 R 

X Y/% 

H 

H 

Me 

Gl 

Gl 

Br 

Gl 

Gl 

65 

56 

66 

18a> 

a) T h e corresponding allylic chloride was obtained in 
a 5 4 % yield. 

reported one lc) using organoaluminium reagent MeAl-
(OGOGF 3 ) 2 as far as cyclization yields are concerned. 

Treatment of (Z)-allylic alcohols C H 2 = C R - C H 2 C H 2 -
C M e = C H C H 2 O H ( R = H , Me, Gl) with the complex 
T iC l 4 -PhNHMe gave seven-membered ring products 
carrying X on the R-substituted carbon. The novel 
route to cycloheptenes gives satisfactory yields (Table 
1). The (E) -alcohols produce the corresponding al­
lylic halides as in the geraniol case. 

The present method has provided us with a simple 
route to troponoid derivatives, which has been ex­
emplified by the synthesis of nezukone. The trans­
formation of allylic alcohol 4 into the cycloheptenyl 
chloride 5 was easily performed in 6 0 % yield by means 
of T iC l 4 -PhNHMe complex. None of the conceivable 
£N2 type reactions worked at all with the G-Gl bond 
of 5, which was always recovered intact.12) The dif­
ficulty was solved by trapping the Grignard reagent 
derived from 5 with Bu3SnCl and successive oxidation 
by Still's method,13) which provided cycloheptenone 
6 (65%). Nezukone was obtained by simple bromina-
tion-debromination procedure (60%).14) 

SnBu3 

a,TiCI4-PhNHMe;b,Mg; c, Bu3SnCI 

d,Cr03 .2py;e, ( ^ Q ^ H B r 3 

f, LiCI-DMF 

Exper imenta l 

Infrared spectra were determined on a Shimadzu I R 
27-G spectrometer, mass spectra on a Hitachi R M U 6-L 
machine, GLPG analyses on a Yanagimoto G G G 550-F, and 

N M R spectra on a J E O L G-60H or Var ian E M 390H spec­
trometer. T h e chemical shifts are given in ô in p p m with 
T M S as an internal s tandard. Splitting patterns are denoted 
by s, singlet; d, doublet ; t, tr iplet; q, quar te t ; m, multiplet. 
Microanalysis was carried out at the Elemental Analyses 
Center of Kyoto University. All the experiments were 
carried out under an atmosphere of dry argon. Tet rahy-
drofuran was dried by distillation from sodium-benzophenone. 
Th in and thick layer plates were made of E. Merck PF-254, 
and preparat ive columns silica gel E. Merck Art . 7734. 

Reaction between Nerol and TiCl^-PhNHMe Complex. A 
solution of t i tanium tetrachloride in dichloromethane (1.0 M , 
4.5 ml) was added to a solution of iV-methylaniline (0.48 
g, 4.5 mmol) in dichloromethane (5 ml) at 0 °G. No 
evolution of HG1 took place. After 20 min, the resulting 
dark red solution was cooled to —23 °G, treated with nerol 
(0.46 g, 3.0 mmol) , and allowed to stand at —23 °G for 
1 h. Wate r and ether were added and the organic layer 
was washed with 1 M HCl , saturated aqueous solution of 
sodium hydrogencarbonate , and brine, dried, and concen­
trated. Purification by pre-cooled column chromatography 
on silica gel afforded terpinyl chloride l a (0.29 g, 5 7 % 
yield) as a colorless oil: bp 108—109 °G (15 Torr , 1 T o r r = 
133.322 P a ) ; I R (neat) 2930, 1438, 1385, 1368, 1 1 1 8 c m - 1 ; 
N M R (GG14) Ô 1.50 (s, 3H) , 1.55 (s, 3H) , 1.63—2.20 (m, 
10H), 5.33 (m, 1 H ) ; M S m/e (%) 174 (3), 172 (10), 136 
(47), 121 (61), 95 (59), 93 (100). Found : G, 69.33; H , 
10.14%. Galcd for G1 0H1 7G1: G. 69.55; H , 9 .92%. 

Similarly, the reaction between nerol and T i B r 4 - P h N H M e 
complex afforded terpinyl bromide l b (60% yiled) : I R 
(neat) 2950, 1460, 1375, 1358, 1100 c m - 1 ; N M R (GG14) ô 
1.50—1.80 (m, 3H) , 1.63 (s, 3H) , 1.71 (s, 3H) , 1.77 (s, 3H) , 
1.90—2.10 (m, 4 H ) , 5.28 (m, 1H) ; M S m/e (%) 218 (6), 
216 (6), 186 (12), 137 (45), 136 (32), 121 (32), 95 (38), 
93 (52), 81 (100). 

(2Z)-3-Methyl-2i6-heptadien-l-ol and (2Z)-3,6-Dimethyl-2,6-
heptadien-1 -ol. These compounds were obtained accord­
ing to a procedure similar to that for the preparat ion of 
(2Z)-6-chloro-3-methyl-2,6-heptadien-l-ol (7). Separation of 
E and Z isomers was performed prior to a luminium hydride 
reduction. 

5-Chloro-1-methylcycloheptene: Bp 90 °G (20 Torr) ; I R (neat) 
2950, 1450, 1235, 820 c m - 1 ; N M R (GG14) Ô 1.70—2.50 
(m, 11H), 4.17 (m, 1H), 5.50 (m, 1H) ; M S m/e (%) 146 
(10), 144 (27), 109 (33), 95 (33), 93 (100), 91 (27). Found : 
G, 66.42; H , 9.35%>. Galcd for G8H1 3G1: G, 66.43; H , 
9 .06%. 

5-Chloro-1,5-dimethylcycloheptene: Bp 96—97 °G (21 T o r r ) ; 
I R (neat) 2940, 1440, 1365, 1190, 1070, 770 c m - 1 ; N M R 
(GG14) ô 1.60 (s, 3H) , 1.70 (s, 3H) , 1.65—2.63 (m, 8H) , 
5.47 (m, 1H) ; M S m/e (%) 160 (12), 158 (29), 123 (30), 
122 (30), 107 (84), 94 (63), 93 (100). Found : m/e 158.0874. 
Galcd for G9H1 5G1: M , 158.0863. 

(2Z)-6-Chloro-3-methyl-2,6-heptadien-l-ol (7). A solu­
tion of methyl acetoacetate (7.5 ml, 70 mmol) in T H F (250 
ml) was successively treated with sodium hydride (70 mmol) 
and butyll i thium (1.8 M solution in hexane, 40 ml, 72 mmol) 
at 0 °C.15> A solution of 2,3-dichloropropene (5.5 ml, 60 
mmol) in T H F (20 ml) was added to the resulting orange 
solution at — 78 °G. After 3 h at — 78 °C and 30 min at 
0 °G, the mixture was poured into water and extracted with 
ethyl acetate. T h e crude product was dissolved in aqueous 
sodium hydroxide solution (0.9 M , 200 ml) and heated at 
reflux for 70 min. Extractive work-up (ether) gave es­
sentially pure 5-chloro-5-hexen-2-one (6.4 g, 49 mmol) in 
81%) yield. Trea tmen t of the hexenone (2.9 g, 22 mmol) 
with lithiated ethyl trimethylsilylacetate16) (20 mmol, pre-



1458 Akira I T O H , Tadashi SAITO, Koichiro OSHÎMA, and Hitosi NOZAKI [Vol. 54, No. 5 

pared in situ from li thium dicyclohexylamide and ethyl 
trimethylsilylacetate) in T H F (125 ml) at - 7 8 °G for 30 
min and at 25 °G for 30 min gave an E and Z mixture of 
ethyl 6-chloro-3-methyl-2,6-heptadienoate (8) in nearly quan­
titative yield. Pure samples of E and Z isomer were ob­
tained by preparat ive T L G (hexane: e t h e r = 2 : l ) a n d the 
stereochemistry was assingned by the examination of their 
N M R spectra in GG14. 

E-Isomer: Ô 1.25 (t, 7 = 6 . 9 Hz, 3H) , 2.14 (s, 3H) , 2.43 
(bs, 4H) , 4.06 (q, 7 = 6 . 9 Hz , 2H) , 5.12 (s, 2 H ) , 5.60 (s, 1H). 

Z-Isomer: Ô 1.25 (t, 7 = 6 . 9 Hz , 3H) , 1.91 (s, 3H) , 
2.56 (m, 2H) , 2.83 (m, 2H) , 4.06 (q, 7 = 6 . 9 Hz , 2H) , 5.12 
(s, 2H) , 5.60 (s, 1H). 

A solution of 8 (4.4 g, 22 mmol, mixture of stereoisomers) 
in ether (25 ml) was added to a mixture of l i thium aluminium 
hydride (2.1 g, 55 mmol) and a luminium chloride (1.9 g, 
14 mmol) in ether (200 ml) at 0 °G and the mixture was 
stirred for 80 min. Purification by silica gel column chro­
matography (hexane: e t h e r = 2 : l ) gave the title compound 
7 (1.7 g, 11 mmol) in 4 8 % yield along with the E isomer 
(0.86 g, 5.4 mmol, 2 4 % yield). T h e (Z) compound (7): 
bp 118°G (bath temp, 21 T o r r ) ; I R (neat) 3326, 1660, 
1632, 878 c m - 1 ; N M R (GG14) ô 1.74 (s, 3H) , 2.36 (bs, 5H) , 
4.03 (d, 7 = 6 . 6 Hz , 2H) , 5.11 (s, 2H) , 5.41 (t, 7 = 6 . 6 Hz, 
1H) ; M S m/e (%) 144 (2), 142 (6), 129 (26), 107 (41), 91 
(52), 84 (58), 79 (47), 71 (100). Found : G, 59.68; H , 8.10%. 
Galcd for G 8 H 1 3 G10: G, 59 .81 ; H , 8.16%. 

E-Isomer of 7 : N M R (GC14) ô 1.69 (s, 3H) , 2.19—2.57 
(m, 4H) , 4.03 (q, 7 = 6 . 6 Hz, 2H) , 5.17 (s, 2H) , 5.45 (t, 
7 = 6 . 6 Hz , 1H). 

5,5-Dichloro-l-methylcycloheplene. T h e compound was 
obtained in 18% yield by t rea tment of 7 with T i C l 4 - P h N H M e 
complex: bp 60 °G (bath t emp, I T o r r ) ; I R (neat) 2950, 
1445, 1190, 1025, 980, 940, 835, 755, 700 cm" 1 ; N M R (GG14) 
ô 1.70 (s, 3H) , 2.10—2.50 (m, 8H) , 5.50 (t, 7 = 6 . 0 Hz , 
1H) ; M S m/e (%) 182 (2), 180 (10), 178 (15), 119 (20), 
117 (25), 107 (100). Found : G, 53.36; H , 6 .97%. Galcd 
for G8H1 2G12 : G, 53.65; H , 6 .75%. 

(2Z)-1,6-Dichloro-3-methyl-296-heptadiene: I R (neat) 1662, 
1632, 1254, 883 c m - 1 ; N M R (GG14) ô 1.81 (s, 3H) , 2.45 
(bs, 4H) , 4.03 (d, 7 = 7 . 8 Hz , 2H) , 5.19 (s, 2H) , 5.53 (t, 
7 = 7 . 8 Hz , 1H) ; M S m/e (%) 182 (0.3), 180 (2), 178 (3), 
142 (7), 107 (41), 91 (99), 79 (57), 77 (100). 

Reaction between Geraniol and TiCl^-PhNHMe Complex. 
A solution of geraniol (0.31 g, 2.0 mmol) in dichloromethane 
(2 ml) was added to the T i C l 4 - P h N H M e complex derived 
from TiCl 4 (2.2 mmol) and P h N H M e (2.2 mmol) in di­
chloromethane (5 ml) at —23 °G. After 1 h, the mixture 
was diluted with hexane and washed with water and brine. 
Essentially pure geranyl chloride ( N M R analysis) was ob­
tained in quanti tat ive yield after removal of the solvent. 

(2Z,6~E) -3,7-Dimethyl-8-trimethylsilyl-2,6-octadien-1-ol (2a). 
Trea tment of (2£,6Z)-8-acetoxyl-l-bromo-2,6-dimethyl-2,6-
octadiene 917> (1.3 g, 4.6 mmol) with sodium benzene-
thiolate (13.5 mmol) in methanol (20 ml) at 65 °G for 
2 h gave (2Z,6£)-3,7-dimethyl-8-phenylthio-2,6-octadien-l-ol 
quantitatively. T h e sulfide (1.0 g, 4.0 mmol) was dissolved 
in T H F (18 ml) and successively treated with butylli thium 
(1.7 M solution in hexane, 2.8 ml, 4.8 mmol) and ^-butyl-
l i thium (0.85 M solution in hexane, 5.6 ml, 4.8 mmol) at 
— 78 °G. After 15 min, chlorotrimethylsilane (1.5 ml, 12 
mmol) was added and the mixture was stirred for 45 min 
at — 78 °G and for 15 min at 25 °G. Hydrochloric acid 
(1.0 M , 4.0 ml) was added and the mixture was stirred 
for an additional 30 min at 25 °G. T h e crude trimethyl-
silylated sulfide was added to a solution of l i thium (0.16 g, 
23mg-a toms) in ethylamine (5 ml) a t — 70 °G. After 40 

min, ether and methanol were added and the mixture was 
poured into ice-water. Purification by silica gel column 
chromatography afforded 2a (0.49 g, 2.2 mmol, 5 5 % yield 
based on the sulfide) as a colorless oil: bp 122 °G (bath temp, 
0.5 T o r r ) ; I R (neat) 3350, 1665, 1252, 995 c m - 1 ; N M R 
(GG14) ô 0.00 (s, 9H) , 1.41 (s, 2H) , 1.54 (s, 3H) , 1.66 (s, 
3H) , 2.00 (m, 4H) , 3.95 (d, 7 = 7 . 2 Hz, 2H) , 4.91 (m, 1H), 
5.35 (t, 7 = 7 . 2 Hz , 1H) ; M S m/e (%) 147 (4), 143 (3), 141 
(4), 134 (3), 121 (5), 105 (3), 75 (27), 73 (100). Found : 
G, 69.03; H , 11 .51%. Galcd for G1 3H2 6OSi: G, 68.96; 
H , 11.57%. 

( 2Z,6TL) -3,7-Dimethyl-8-tributylstannyl-2f6-octadien-1 -ol (2b). 
A solution of butylli thium in hexane (1.5 M , 6.0 ml, 9.0 
mmol) was added to a solution of hexabutyldistannane 
(5.0 ml, 9.8 mmol) in T H F (30 ml) at - 2 3 °C.18> After 
15 min, the resulting reddish yellow solution was cooled 
to —78 °G and treated with the bromide 9 (0.63 g, 2.3 mmol) 
dissolved in T H F (2 ml) . After 20 min at - 7 8 °G and 
20 min at 0 °G, the mixture was poured into water and ex­
tracted with ether. Purification by pre-cooled silica gel 
column chromatography (hexane: e t h e r = 2 : l ) gave 2 b (0.28 
g, 2 7 % yield) as a colorless oil: I R (neat) 3340, 1650, 1364, 
1001 c m - 1 ; N M R (GG14) ô 0.77—0.95 (m, 15H), 1.08—1.60 
(m, 15H), 1.54 (s, 3H) , 1.71 (s, 3H) , 2.02 (m, 4H) , 3.95 
(d, 7 = 7 . 2 Hz, 2H) , 4.87 (m, 1H), 5.35 (t, 7 = 7 . 2 Hz, 1H) ; 
M S m/e (%) 365 (5), 363 (50), 361 (25), 360 (9), 359 (19), 
358 (8), 357 (12), 69 (100). 

Reaction between 2a and TiCl^-PhNHMe Complex. A 
solution of 2a (0.20 g, 0.88 mmol) in dichloromethane (2 
ml) was treated with the T i C l 4 - P h N H M e complex (1.3 
mmol) in dichloromethane (5 ml) at —23 °G. After 1 h, 
1-dodecene (internal s tandard, 84 mg) was added and the 
mixture was worked up in the usual way. T h e yield of 
limonene (77%) was determined by GLPG analysis (Apiezone 
L 5 % and K O H 1%0 on Ghromosorb W M W dmcs, 2 m, 
85 °G). Reaction between 2 b and the T i C l 4 - P h N H M e 
complex was similarly performed ( — 23 °G, 2 h ) , the yield 
being determined by GLPG. 

Reaction between the Acetate of 2a and Methylaluminium Bis-
(trifluoroacetate). A solution of the acetate of 2a (0.25 
g, 0.94 mmol) in hexane (1ml ) was added to methylal-
uminium bis(trifluoroacetate)1 ) (1.9 mmol, prepared in situ) 
in hexane (2 ml) and the mixture was stirred at 25 °G for 
17 h. T h e yield (28%) was determined by GLPG. T h e 
reaction between the acetate of 2 b and the a luminium reagent 
was similarly performed (25 °G, 21 h ) . 

(2Z)-3-Isopropyl-2f6-heptadien-1-ol (4). Allylation of 3-
methyl-2-butanone dimethylhydrazone and subsequent hy­
drolysis19) afforded 2-methyl-6-hepten-3-one in 5 1 % yield 
based on the hydrazone. T h e ally lie alcohol 4 was obtained 
from this ketone in the usual way. 

5-Chloro-1-isopropylcycloheptene (5). A solution of 4 
(0.80 g, 5.3 mmol) in dichloromethane (3.5 ml) was added 
to the T i C l 4 - P h N H M e complex (8.0 mmol) in dichloro­
methane (15 ml) at 0 ° G . After 15 min at 0 °G and 10 
min at 25 °G, the mixture was worked up . T h e crude 
product was subjected to silica gel column chromatography 
to give 5 (0.55 g, 3.2 mmol) in 6 0 % yield as a colorless oil: 
b p 120 °G (bath temp, 10 T o r r ) ; I R (neat) 1650, 1245, 
830, 790, 735 c m - 1 ; N M R (GG14) ô 0.93 (d, 7 = 7 . 0 Hz, 
6 H ) , 1.5—2.6 (m, 9H) , 4.10 (m, 1H), 5.53 (t, 7 = 6 . 3 Hz, 
1H). Found : G, 69.77; H , 9.70%. Galcd for G10H17G1: 
G, 69.55; H , 9 .92%. 

4-Isopropyl-4-cycloheptenone (6). A mixture of the chlo­
ride 5 (1.0 g, 6.0 mmol) , granular magnesium (0.43 g, 18 
mg-atoms), and ether (8.5 ml) was refluxed for 20 min, 
a solution of tributylstannyl chloride (3.3 g, 10 mmol) in 
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ether (3 ml) being added. After 20 min at reflux, the mix­
ture was poured into saturated aqueous ammonium chloride 
and extracted with ether. T h e crude product was dissolved 
in dichloromethane (25 ml) and added to a mixture of py­
ridine (19 ml, 0.24 mol) and chromium(VI) oxide (12 g, 
0.12 mol) in dichloromethane (300 ml) . After 12 h at 25 °G, 
the mixture was filtered through a pad of G elite 545, the 
filtrate being washed with 5 % sodium hydroxide solution 
(three times), 1 M HCl (three times), and brine. Purifica­
tion by silica gel column chromatography gave 6 (0.60 g, 
3.9 mmol, 6 5 % yield based on the chloride 5) : bp 80 °G 
(bath temp, 3 Torr) ; I R (neat) 1705, 1660, 1460, 1260 c m - 1 ; 
N M R (GG14) Ô 1.00 (d, 7 = 7 . 0 Hz, 6H) , 2.0—2.6 (m, 9H) , 
5.57 (t, 7 = 5 . 7 Hz , 1H) ; M S m/e (%) 152 (M+, 94), 137 
(34), 124 (28), 119 (27), 110 (36), 109 (76), 95 (100). 
Found: m/e 152.1189. Galcd for G 1 0 H 1 6 O: M , 152.1200. 

Nezukone. Pyrrolidone hydrotr ibromide (0.20 g, 0.40 
mmol) was added to a solution of the cycloheptenone 6 
(20 mg, 0.13 mmol) in T H F (5 ml) and the mixture was 
stirred in the dark at 25 °G for 24 h. T h e solvent was re­
moved under reduced pressure and the residue was diluted 
with water (25 ml) and chloroform (10 ml) . T h e aqueous 
layer was extracted with chloroform (10 ml, four times). 
The crude product was dissolved in D M F (5 ml) and the 
solution heated at 150 °G for 1 h in the presence of anhydrous 
lithium chloride (0.10 g) . Wa te r was added and the product 
was extracted with chloroform. Purification by preparative 
TLG (benzene: e t h e r = 2 : l ) gave nezukone (12 mg, 0.08 
mmol) in 6 2 % yield whose spectral characteristics ( IR, 
N M R , MS) were identical with those reported.20) 

F i n a n c i a l s u p p o r t b y t h e M i n i s t r y of E d u c a t i o n , 
Sc ience a n d C u l t u r e , J a p a n e s e G o v e r n m e n t , ( G r a n t -
in -Aid N o . 403022 a n d N o . 375472) is a c k n o w l e d g e d . 
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Carbonylation of amines with carbon monoxide was catalyzed by tellurium to produce corresponding urea 
derivatives, formamides, and molecular hydrogen. The urea formation proceeds according to the equation; 
2RNH2-j-CO —> (RNH)2CO-j-H2. The successful achievement of the catalytic formation of urea derivatives 
would be due to the thermal instability of hydrogen telluride which decomposes to generate elemental tellurium 
and hydrogen. The formation of formamides and hydrogen was found to be suppressed by the addition of nitro­
benzene which did not affect the urea formation. Effects of the reaction time, temperature, pressure of carbon 
monoxide, and additives on this carbonylation reaction are discussed. 

Carbonylation of amines with carbon monoxide to 
produce urea derivatives by the use of S,2) Se,3) 
Fe(GO)5 ,4) AgOAc,5) and inorganic oxidizing agents6) 
has been known to proceed as stoichiometric reaction. 
O n the other hand, in order to carry out this carbonyla­
tion catalytically many studies have been done to 
show the effectiveness of Se,3) transition metals, and 
their complexes of Hg,7) Mn,8) Fe,9), Go,10) Ni,11) Rh,12) 
Pd,13) W,14> Pt.15) 

The reaction of pr imary amines with carbon mon­
oxide in the presence of sulfur gave corresponding 
urea derivatives and hydrogen sulfide2) (Reaction 1). 

2 RNH2 + GO + S (RNH)2GO + H2S (1) 

This reaction gave moderate yields of ureas based 
on sulfur used, and it required high temperature and 
high pressure of carbon monoxide. 

In contrast to the above sulfur dependent reaction, 
under mild reaction conditions selenium3) catalyzed 
the carbonylation of various amines with carbon mon­
oxide and oxygen to afford quantitative yields of urea 
derivatives with high selectivity (Reaction 2). This 

2 RR'NH + GO + 4 -0 ; 

Se 

r. t., 1 atm 
(RR'N)2CO + H 2 0 

(2) 

reaction was shown to consist of the carbonylation 

reaction (Reaction 3), and the oxidative regenera­
tion of the catalyst (Reaction 4). 

2 RR'NH + GO + Se • (RR'N)2CO + H2Se (3) 

H2Se + — 0 2 -> Se + H 2 0 (4) 

In the periodic table, tellurium belongs to the same 
V i a group as oxygen, sulfur, and selenium. The 
present paper describes the novel carbonylation of 
amines with carbon monoxide catalyzed by elemental 
tellurium. The tellurium-catalyzed carbonylation is 
shown characteristically in the simplest mode to form 
the equimolar amounts of ureas and molecular hy­
drogen (Reaction 5). In this reaction, the formation 

Te 

2 RNH2 + GO • (RNH)2GO + H2 (?) 
of formamide derivatives was found to occur (Reac­
tion 6). 

RNH2 + GO • RNHGHO (6) 

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

General Reactions. Butylamine, octylamine, cy-
clohexylamine, and benzylamine were examined for 
this carbonylation reaction. The results are shown in 
Table 1. The equimolar amounts of ureas and mo­
lecular hydrogen were obtained (Reaction 5). Un-

TABLE 1. TELLURIUM-CATALYZED CARBONYLATION*) OF AMINES WITH GO 

Run 

1 
2 
3 
4 
5 
6 
7 

Amine 
(100 mmol) 

n-BuNH2 

w-BuNH2 

n-BuNH2 

w-BuNH2 

w-BuNH2 

w-BuNH2 

n-BuNH2 

Te 
(mmol) 

1 
1 
1 
1 
0.05 
1 
0 

Time 
h 

10 
10 
10 
10 
10 
72 
10 

Urea 
(mmol) 

7.6 
7.7 
7.4 
7.8 
2.9 

22.0 
0.01 

H2 

(mmol) 

7.1 
7.4 
7.0 
7.2 
2.9 

21.0 
0.04 

Formamide 
(mmol) 

10.0 
15.3 
12.5 
17.3 
1.3 

51.8 
0.3 

-NU, 

-NH,b> 

10 

72 

4.1 

12.1 

3.3 

12.2 

7.2 

37.1 

10 
11 
12 

w-OctNH2 

w-OctNH2
c) 

PhCH2NH2 

1 
1 
1 

10 
72 
10 

2.3 
10.0 
4.7 

1.9 
d ) 
5.0 

1.0 
24.8 

1.1 

a) Temp: 140 °G, GO: 30 kg/cm2, b) Cyclohexylamine: 85.1 mmol (10 ml). c) Octylamine: 60.2 mmol (10 ml). 
d) Not determined, 
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less otherwise noted, 1 mmol of tellurium was always 
used, and thus the yields of products (in mmol) cor­
respond to the turnover numbers. For all amines, the 
carbonylation reaction proceeded catalytically. The 
turnover number for the urea formation in R u n 5 
in Table 1, for example, corresponded to 5.8 per hour. 

The reaction of butylamine with carbon monoxide 
in the presence of tellurium catalyst was carried out 
four times under the identical reaction conditions. 
The reproducibility of the formation of 1,3-dibutylurea 
and hydrogen was satisfactory (Runs 1—4). The re­
producibility using octylamine and cyclohexylamine was 
also confirmed fairly good by duplicated experiments. 
In regard to the reproducibility of formamide for­
mation, the yields varied much more than those of 
the urea derivatives and hydrogen. 

In the reaction performed for 72 h, almost all butyl­
amine was consumed to give urea and formamide 
derivatives (Run 6). The mass balance in the carbon­
ylation of octylamine was confirmed nearly 100% 
(Run 11). 

Dialkylamines such as diethylamine and dimethyl-
amine failed to react resulting in the recovery of the 
starting materials. Ammonia and aniline were also 
unreactive under similar conditions. 

Effects of Temperature and CO Pressure. The yields 
of 1,3-dibutylurea increased as the temperature was 
elevated, whereas plots of the yields of hydrogen and 
JV-butylformamide showed the maxima around at 
160 °G (Fig. 1). The temperature higher than 100 
°G was required for the effective performance of the 
catalytic reaction. The change of the reaction tem­
perature caused the similar effects both on the hy­
drogen formation and the formamide formation. This 
fact seemed very suggestive. T h a t is, in both reac­
tions the same species would play important roles; 
which was hydrogen telluride we tentatively con­

sidered. 
The higher pressure of carbon monoxide was ad­

vantageous for all the formation of 1,3-dibutylurea, 
hydrogen, and 7V-butylformamide (Fig. 2). But it 
should be noted that the formamide formation was 
more sensitive to the pressure than the others. 

Effects of Additives. We have reported that ni­
trobenzene was reduced with hydrogen telluride gen­
erated in situ from a luminum telluride and water.16) 
Evidently, the addition of nitrobenzene to the present 
tellurium-catalyzed carbonylation system gave aniline 
in good yield, resulting in the drastic suppression of 
the formation of hydrogen and 7V-butylformamide (Run 
2 in Table 2). T h e value of the reaction constant, 
p, of the H a m m e t t equation for the concurrent re­
duction of nitrobenzenes in the tellurium-catalyzed 
carbonylation system was obtained as + 0 . 8 . These 
results might suggest the presence of hydrogen tel­
luride in this carbonylation. T h e reaction would pro­
ceed as shown in Scheme 1. 

Comparison of the Catalyses by Se and Te in the Urea 
Formation Reaction. We have reported3) that car­
bonylation reaction of amines in the presence of seleni­
um afforded stoichiometric amounts of urea derivatives 
and hydrogen selenide (Reaction 3). By use of seleni­
u m under the typical reaction conditions at 140 °G 
for 10 h, the carbonylation was carried out in a glass 

3 

10 20 30 40 70 80 90 

GO Pressure/kg cm - 2 

Fig. 2. Effect of GO pressure on tellurium-catalyzed 
carbonylation of amines with carbon monoxide. 
Tellurium : 1 mmol, butylamine : 100 mmol, tempera­
ture: 140 °G, time: 10 h. —O—: 1,3-Dibutylurea, 
—A—: hydrogen, —•—: iV-butylformamide. 

Reaction temperature/°C 

Fig. 1. Effect of temperature on tellurium-catalyzed 
carbonylation of amines with carbon monoxide. 
Tellurium: 1 mmol, butylamine: 100 mmol, carbon 
monoxide: 30 kg/cm2, time: 10 h. —O—: 1,3-Di-
butylurea, —A—: hydrogen, —D—: iV-butylform-
amide, 

PhNH2 + H20 

PhNO. 

Te 

HoTe 

RNH2 + CO 

(RNH)2C0 

Scheme 1. Tellurium-catalyzed carbonylation of 
amines with carbon monoxide in the presence of 
nitrobenzene. 
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T A B L E 2. CONTROLLED EXPERIMENTS*) 
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Run 

1 
2b) 

3 
4 
5 

Te 
(mmol) 

1 
1 
1 
1 
0 

Additive 
(mmol) 

— 
PhN0 2 : 10 

— 
Se : 1 
Se : 1 

Time 

72 
72 
10 
10 
10 

Urea 
(mmol) 

22.0 
15.9 
7.6 

19.1 
1.2 

H2 

(mmol) 

21.0 
1.3 
7.1 

14.5 
0.8 

Formamide 
(mmol) 

51.8 
2.0 

10.1 
28.7 
10.6 

PhNH2 

(mmol) 

— 
9.0 
— 
— 
— 

a) n-BuNH 2 : 100 mmol (10 ml) , T e m p : 140 °G, G O : 30 kg/cm2 , b) Unreacted nitrobenzene was not detected 
after the reaction. 

t u b e in se r t ed in a n a u t o c l a v e . T h i s r e a c t i o n g a v e 
t h e s t o i c h i o m e t r i c a m o u n t of 1 ,3 -d ibu ty lu rea to t h e 
used s e l e n i u m w i t h l i t t le f o r m a t i o n of h y d r o g e n . W h e n 
th is i n se r t ed glass t u b e w a s n o t used , m o r e t h a n e q u i -
m o l a r a m o u n t of u r e a to s e l e n i u m ca ta lys t w a s p r o ­
d u c e d ( R u n 5 in T a b l e 2 ) . T h i s resu l t w o u l d b e 
a t t r i b u t e d to t h e w a l l effect of t h e a u t o c l a v e . I n t h e 
t e l l u r i u m - c a t a l y z e d c a r b o n y l a t i o n , n o w a l l effect w a s 
obse rved o n t h e c o n t r a r y . T h e s e resul t s show t h e 
s imi l a r i ty a n d t h e di f ference in t h e ca ta lyses b y seleni­
u m a n d t e l l u r i u m ; b o t h n o n - t r a n s i t i o n m e t a l e le­
m e n t s , s e l e n i u m a n d t e l l u r i u m , c a t a l y z e t h e c a r b o n y l a ­
t ion of a m i n e s w i t h c a r b o n m o n o x i d e , w h e r e t h e 
f o r m e r r e q u i r e s s u i t a b l e ox id i z ing a g e n t s s u c h as oxy­
g e n to g ive w a t e r , w h i l e t h e l a t t e r does n o t w i t h t h e 
p r o d u c t i o n of h y d r o g e n . W i t h r e g a r d to t h e r e a c t i o n 
c o n d i t i o n s , t h e s e l e n i u m - c a t a l y z e d u r e a synthes is w a s 
a c h i e v e d u n d e r m u c h m i l d e r c o n d i t i o n s t h a n t h e o t h e r . 

A Plausible Reaction Path. A t present, w e don't 

h a v e e n o u g h e v i d e n c e to p r o p o s e t h e prec i se r e a c t i o n 
m e c h a n i s m . B u t s o m e of t h e resul ts m e n t i o n e d a b o v e 
m a y h e l p us to d e s c r i b e t h e p l a u s i b l e c a r b o n y l a t i o n 
p a t h b y t e l l u r i u m ca ta lys t , r e fe r r ing to t h e a c c u m u l a t e d 
k n o w l e d g e o n s e l e n i u m c a t a l y z e d c a r b o n y l a t i o n . 
F r o m a close a n a l o g y to t h e s e l e n i u m chemis t ry , 3 ) 
t e l l u r i u m c a t a l y z e d u r e a f o r m a t i o n ( R e a c t i o n 5) 
w o u l d b e bes t e x p l a i n e d b y t h e a s s u m p t i o n t h a t i t 
consists of t w o r e a c t i o n s : o n e , t h e s t o i c h i o m e t r i c r e a c ­
t ion of a m i n e s , c a r b o n m o n o x i d e , a n d t e l l u r i u m to 
p r o d u c e u r e a s a n d h y d r o g e n t e l l u r i d e ( R e a c t i o n 7 ) ; 
t h e o t h e r , t h e d e h y d r o g e n a t i v e d e c o m p o s i t i o n of h y ­
d r o g e n t e l l u r ide to m o l e c u l a r h y d r o g e n a n d a c t i v a t e d 
t e l l u r i u m ( R e a c t i o n 8 ) . T h e a s s u m p t i o n of t h e in -

-> ( R N H 2 ) G O + H 2 T e (7) 

-> H 2 + T e (8) 

2 R N H 2 + C O + T e 

H 2 T e 

t e r m e d i a c y of h y d r o g e n t e l l u r ide in this r e a c t i o n does 
n o t c o n t r a d i c t t h e fo l lowing ev idences , i) P u r e h y ­
d r o g e n t e l l u r i de w a s p r e p a r e d b y t h e r e a c t i o n of a l u m i ­
n u m t e l l u r ide a n d w a t e r . T h u s p r e p a r e d h y d r o g e n 
t e l l u r i de w a s found to d e c o m p o s e q u i t e r e a d i l y to 
its c o m p o n e n t s , m o l e c u l a r h y d r o g e n a n d t e l l u r i u m 
( R e a c t i o n 8 ) . T h i s m a y b e d u e to t h e w e a k b o n d 
e n e r g y b e t w e e n h y d r o g e n a n d t e l l u r i u m r e p o r t e d as 
6 4 kca l /mol . 1 7 ) T h e r e f o r e h y d r o g e n t e l l u r i de m a y wel l 
b e t h e p r e c u r s o r of h y d r o g e n a n d t e l l u r i u m ca ta lys t , 
ii) T h e e q u i m o l a r f o r m a t i o n of u r e a s a n d h y d r o g e n 
s h o u l d b e wel l a c c o u n t e d for b y t h e R e a c t i o n 5. iii) 
T h e f o r m y l a t i o n of n i t r o g e n - h y d r o g e n b o n d w i t h c a r ­
b o n m o n o x i d e w a s also -men t ioned in t h e cata lys is 

b y t h e t r i e t h y l a m m o n i u m sal t of h y d r o g e n se lenide 
a t e l eva ted t e m p e r a t u r e u n d e r C O pressure s imi lar 
to t h e p r e s e n t r e a c t i o n condi t ions . 1 8 ) T h e fo rma t ion 
of f o r m a m i d e s w a s obse rved in t h e t e l l u r i u m ca ta lys t 
sys tem (see T a b l e 1 a n d R e a c t i o n 6 ) . T h e s e results 
m i g h t b e also d u e to t h e cata lysis of h y d r o g e n tel lu­
r i d e . iv) T h e r e w a s found a s imi la r t e n d e n c y in t h e 
t e m p e r a t u r e effects o n t h e yie lds of h y d r o g e n a n d 
f o r m a m i d e s (F ig . 1). T h e s a m e species, w h i c h w e 
s u p p o s e is h y d r o g e n t e l lu r ide , m i g h t b e respons ib le 
for i t . v) T h e a d d i t i o n of n i t r o b e n z e n e i n t o t h e te l lu­
r i u m c a t a l y z e d c a r b o n y l a t i o n sys tem g a v e i m p o r t a n t 
resul ts as m e n t i o n e d a l r e a d y ; a ) n o effect o n t h e u r e a 
f o r m a t i o n , b) t h e d ra s t i c suppress ion o n t h e fo rma t ion 
of m o l e c u l a r h y d r o g e n a n d f o r m a m i d e s , c) t h e p r o ­
d u c t i o n of a n i l i n e , as t h e r e d u c e d fo rm of n i t r o b e n z e n e . 

I n conc lus ion a p r o b a b l e r e a c t i o n p a t h cou ld b e 
r e p r e s e n t e d as s h o w n in S c h e m e 2. 

Te 

0 
RNHCH ,_ ^ H2Te 

RNH2 + CO 

RNH, - ^ ^ - H C > 

(RNH)2C0 

CO 

Scheme 2. A plausible reaction pa th for the tellurium-
catalyzed carbonylation of amines with 
carbon monoxide. 

o 
II 

T h e i n t e r m e d i a c y of te l lu ro l formic ac id , H C T e H , 1 9 ) 
i n t h e f o r m a m i d e f o r m a t i o n r e a c t i o n is still a subject 
to b e solved. 

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

Instruments. Melt ing points were measured with a 
Yanagimoto Micro Melting Point apparatus . I R spectra 
were taken with a Shimadzu IR-400. N M R spectra (60 
M H z ) were recorded on a Hitachi R-24 B. Mass spectra 
were recorded on a Hitachi mass spectrometer, Model R M U -
6E. Analytical gas chromatography was performed with 
a Shimadzu 3BT with thermal conductivity detector, 
Shimadzu 3BF and GG-6A both with flame ionization detec­
tor. 

Apparatus. All carbonylations were carried out using 
50 ml stainless steel autoclaves (SUS-304) purchased from 
Taiatsu Glass Kogyo. In order to eliminate the wall effect, 
the reaction was carried out in a glass tube inserted in the 
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autoclave. 

Materials. Butylamine, cyclohexylamine, octylamine, 
and benzylamine were purchased from Nakarai Kagaku , 
and purified by distillation from K O H just before use. 
Tellurium lump (99.999%) was obtained from Wako 
Junyaku. Tellurium was powdered by use of agate mortar 
and pestle and stored under dry nitrogen in the absence 
of light. T h e reactive gray tellurium had to be used within 
a few weeks, since it gradually turned black becoming inac­
tive for the carbonylation under similar conditions. Carbon 
monoxide (99.99%) was purchased from Neriki Gas in a 
cylinder and used without any purification. G O pressure 
mentioned in this paper refers to that at room temperature . 

Product Analysis. T h e analysis of the gas phase after 
the reaction was performed with a Shimadzu 3BT gas Chro­
matograph using a 3.3 m x 3 m m stainless steel column 
packed with 30—60 mesh molecular sieves 5A and nitrogen 
effluent gas at 150 °G of the oven temperature . T h e ana­
lytical error of hydrogen was less than 2 % . 1,3-Dibutylurea 
was analyzed on a Shimadzu GG-6A using a 70 cm x 3 m m 
glass column packed with 3 % DEGS on acid-washed, base-
treated, DMGS-treated, 80—100 mesh Shimalite W at 150 °G 
of the oven temperature , and diethyl phthala te was used 
as an internal s tandard. Formamides, nitrobenzenes, and 
anilines were analyzed using a 3.3 m x 3 m m stainless steel 
column packed with 2 5 % PEG-20M on acid-washed, 60— 
80 mesh Shimalite W at 200 °G of the oven temperature , 
and dodecane was used as an internal s tandard. 1,3-
Dicyclohexylurea, 1,3-dioctylurea, and 1,3-dibenzylurea were 
obtained after the removal of unreacted amines and formed 
formamides from the reaction mixtures under reduced pres­
sure. Identifications were made based on spectroscopic 
data ( IR, N M R , and Mass measurements) . Melting points 
were in good agreement with those20) of authentic samples. 

Carbonylation of Butylamine (Run 7 Table 7 ) . I n the 
autoclave were placed tellurium (1 mmol, 128 mg) , butyl­
amine (100 mmol, 10 ml) , and a magnetic stirring bar . 
T h e autoclave was flushed with carbon monoxide three 
times and charged at 30 kg/cm2 . T h e autoclave was sunk 
in an oil ba th maintained at 140 °G, and the reaction was 
conducted for 10 h with magnetic stirring. After the reac­
tion, the autoclave was immediately cooled to room tem­
perature with cold water. Then the resulting gas was 
collected in a gas sampler. T h e VPG analysis of the gas 
revealed to contain 7.1 mmol of molecular hydrogen. T h e 
reaction mixture was transferred into a 100 ml flask and 
was allowed to contact with air for 30 min with magnetic 
stirring in order to precipitate tellurium. Products were 
obtained after the removal of deposited tellurium followed 
by the evaporation of the unreacted butylamine. From 
GLPG analyses, 1,3-dibutylurea and iV-butylformamide were 
found to be produced in the yields of 7.6 mmol and 10.1 
mmol, respectively. 1,3-Dibutylurea was recrystallized from 
hexane. 

Carbonylation of Octylamine (Run 7 7 in Table 7). Simi­
larly, the carbonylation of octylamine (60.2 mmol , 10 ml) 
was carried out. 1,3-Dioctylurea was produced as crystals 
(2.48 g, 10.0 mmol) . iV-Octylformamide (114—120 °G/4 
m m H g , 3.90 g, 24.8 mmol) and unreacted octylamine (54— 
5 7 ° G / 1 0 m m H g , 1.68 g 13.0 mmol) were obtained after 
fractionation. 

Carbonylation of Butylamine by Te in the Presence of Nitrobenzene. 
In the autoclave tellurium (1 mmol, 128 mg) , butylamine 
(100 mmol, 10 ml) , and nitrobenzene (10 mmol, 123 mg) 
were placed with a magnetic stirring bar . T h e autoclave 
was then flushed with carbon monoxide three times and 
charged at 30 kg/cm2 . T h e reaction was conducted at 

140 °G for 72 h with vigorous stirring. After the reaction, 
resulting gas was analyzed by VPG, and 1.3 mmol of hydro­
gen was found to be formed. GLPG analyses of the reaction 
mixture, after the removal of tellurium, showed the formation 
of 15.9 mmol of 1,3-dibutylurea and 2.0 mmol of JV-butyl-
formamide. Neither 1 -butyl-3-phenylurea nor 1,3-diphenyl-
urea was detected. 

Competitive Reduction of Nitrobenzene and p-Nitrotoluene in 
This Carbonylation System. T h e autoclave was charged 
with tellurium (1 mmol, 128 mg) , butylamine (100 mmol, 
10 ml) , nitrobenzene (5 mmol, 615 mg) , jfr-nitrotoluene (5 
mmol, 685 mg) , a n d carbon monoxide (30 kg/cm2) . After 
the reaction at 140 °G for 72 h, deposited tellurium was 
removed by filtration. GLPG analyses of the filtrate revealed 
that 2.48 mmol of aniline and 1.81 mmol of />-toluidine 
were formed. 

Carbonylation of Butylamine by Selenium Using a Glass Tube. 
In to a glass tube inserted in the autoclave were placed sele­
n ium (1 mmol, 79 mg) , butylamine (100 mmol, 10 ml) , and 
a magnetic stirring bar . T h e appara tus was charged with 
carbon monoxide at 30 kg/cm2 . After the reaction at 140 °G 
for 10 h, the resulting gas was collected in a gas sampler, 
and little amount of hydrogen was detected by VPG analy­
sis. T h e resulting mixture was transferred into a 100 ml 
flask and the oxidation with air at room tempera ture for 
1 h precipitated selenium. Products were obtained by the 
removal of selenium followed by the evaporation of the 
solvent. GLPG analyses of the products showed the forma­
tion of 1.0 mmol of 1,3-dibutylurea and 1.5 mmol of N-
butylformamide. 

Generation of Pure Hydrogen Telluride. I n a 100 ml 
three-necked glass vessel equipped with a 10 ml dropping 
funnel, a stopper, and a connection tube to a t rapping vessel 
maintained at —196 °G, was placed powdered a luminum 
telluride (29 g, 66 mmol) under nitrogen atmosphere. All 
the appara tus was covered with a luminum foil to eliminate 
the effect of light. Then , 10 ml of water was dropped very 
slowly into the reaction vessel over a period of 1 h. T h e 
reaction was exothermic, so the reaction vessel should be 
cooled with ice. Hydrogen telluride was t rapped at — 196 °G 
as a white solid. W h e n warmed to —78 °G, hydrogen 
telluride began to decompose. As the temperature was 
slowly elevated, hydrogen telluride decomposed below its 
melting point of —51 °G and gray tel lurium remained. 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n t - i n - A i d for D e v e l o p m e n t a l Scient i f ic R e s e a r c h 
( N o . 485215) a n d b y a G r a n t - i n - A i d for E n c o u r a g e ­
m e n t of Y o u n g Sc ien t i s t ( N o . 575561) f rom t h e 
M i n i s t r y of E d u c a t i o n , Sc i ence a n d C u l t u r e . 
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Reactivities of Stable Rotamers. VI. Manifestation of Differential 
Reactivities of the Methyls in a £-Butyl Group 

in Radical Halogenations1,2) 

Shigetaka SEKI, Tsutou MORINAGA, Hiromi KIKUCHI , Tsutomu MITSUHASHI, 

Gaku YAMAMOTO, and Michinori O K I * 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 
(Received November 22, 1980) 

The methyls in a f-butyl group are shown to exhibit different reactivities in radical halogenations, if rotation 
about a (CH3)3C-CXYa bond is frozen. Barriers to rotation of halogenated 9-?-butyl-l,2,3,4-tetrachlorotriptycenes 
are obtained as AH* ca. 32 kcal/mol. The cause of the selectivity in chlorination with sulfuryl chloride was 
discussed by obtaining reactivity data with a variety of compounds and halogenating reagents. It is concluded 
that the neighboring group participation of the peri-halo substituent is responsible for the observed selectivity. 

Reactivities of rotamers drew attention of some in­
vestigators. Gurtin and Hammett3) discussed the prob­
lem from the product ratio and Winstein and Holness4) 
from the reaction rates, when the reaction and the 
equilibration of rotamers are represented by Eq. 1. 

Ax A2 (1) 

Eliel and Ro discussed the matter from the similar 
stand point5) and Zefirov et al. elaborated further.6) 
Although the scheme was mathematically treated by 
Seeman and Farone,7) the solution gives some am­
biguities because the rate constants, k21 and k3i, are 
both arbitrary. As far as the reactivity of a single 
rotamer is not known, this arbitrariness is always in­
volved in the discussion. Winstein and Holness used 
a diastereomeric pair of 4-£-butylcyclohexyl derivatives 
as models of rotamers.4) I t may be assumed that a 
remote i-butyl group should not affect the reaction 
rate to a large extent. The assumption will succeed, 
if we are discussing the rule of thumb, but will fail 
in discussion with quantitative aspects. Therefore, in 
understanding the reactivities of rotamers, which are 
so often present in nonrigid organic molecules, the 
knowledge on the reactivities of respective rotamers 
is absolutely necessary. 

Since we have been able to isolate stable rotamers 
of triptycene and 9-arylfluorene derivatives,8) we have 
felt that comparison of the reactivities will produce 
useful information about those of rapidly exchanging 
systems. Furthermore, the merit of using these sys­
tems instead of using 1-substituted 4-if-butylcyclo-
hexanes is the possibility of introducing a wide variety 
of substituents. Under these expectations, we decided 
to launch a project of studying the reactivities of trip­
tycene and 9-arylfluorene systems. 

As the beginning of the study in the triptycene 
system, we focussed our attention to the reactivities 
of the methyls in a £-butyl group. Chemically idential 
ligands in a group of local C3v symmetry, such as the 
methyls in a £-butyl group, are usually treated non-
distinguishable in organic chemistry, because they are 
usually interchanged rapidly on the laboratory time 
scale by rotation. However, if the rotation of a t-
butyl group is frozen on the laboratory time scale, 
three methyls in a molecule of (CH 3 ) 3 G-GXYZ type 
are all diastereomeric. In a molecule of (CH3)3C-
CXY 2 type, two methyls are enantiotopic and another 

is diastereotopic with any of the enantiotopic pair 
of methyls. In principle, the diastereomeric and di­
astereotopic methyls should show different reactivities 
if the rotation is frozen. This paper reports the mani­
festation of the differential reactivities of the diastereo­
topic methyls in 9-^butyl-l,2,3,4-tetrachlorotriptycene 
(1) and related compounds in radical halogenation 
reactions. 

W = X = Y=Z--C1 
W = X = Y = Z = Br 
W = Z = H, X = Y = C1 
W = X = Y = H , Z = G1 
W - X = Y = Z = H 

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

Spectral Measurement. XH NMR spectra were obtained 
on a Hitachi R-20B spectrometer operating at 60 MHz or 
a Varian EM 390 spectrometer operating at 90 MHz. 

9-t-Butyl-1,2,3,4-tetrachlorotriptycene (1). (a): To a 
suspension of hexachlorobenzene (5.7 g or 20 mmol) in 
350 mL of dry ether was added a hexane solution of butyl-
lithium (20 mmol) under a dry nitrogen atmosphere below 
— 30 °C. To the mixture, which was stirred for 2 h at 
- 3 0 20 °C, was added 2.34 g (10 mmol) of crystalline 
9-£-butylanthracene9> and the whole was heated under reflux 
for 3 h. Lithium chloride was filtered off and the filtrate 
was evaporated. Chromatography of the residue on alumi­
na, using hexane-benzene (10:1) as an eluent, gave 3.3 g 
(72%) of the desired compound, mp 283.5—284.5 ° C 
Found: C, 64.07; H, 4.03; CI, 31.83%. Calcd for C24H18C14: 
C, 64.31; H, 4.05; CI, 31.64%. *H NMR (GDC18, Ô): 
2.20 (3H, s), 2.31 (6H, s), 6.09 (1H, s), 6.90—7.15 (4H, 
m), 7.30—7.45 (2H, m), 7.82—8.15 (2H, m). 

(b) : To a boiling mixture of 1.0 g (4.3 mmol) of 9-t-
butylanthracene and 1 mL of isopentyl nitrite in 50 mL 
of dichloromethane was added a solution of 2.5 g (5.0 mmol) 
of tetrachloroanthranilic acid10> in 20 mL of acetone over 
a period of 2 h. Additional 1.0 mL of isopentyl nitrite 
was added in 2 portions with intervals of 30 min. The 
mixture was heated for further 30 min and evaporated. 
Chromatography of the residue on alumina with 10:1 hexane-
benzene as an eluent afforded 700 mg (36%) of the desired 
compound. 

9-t-Butyltriptycene (5), mp 241—241.5 °C, was prepared 
similarly from 9-/-butylanthracene and anthranilic acid in 
76% yield. Found: C, 93.07; H, 7.24%. Calcd for C24H22: 
C, 92,86; H, 7,14%. *H NMR (CDC13, Ô): 2.06 (9H, 
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s), 5.23 (1H, s), 6.85—7.10 (6H, m) , 7.27—7.48 (3H, m) , 
7.70—8.93 (3H, m ) . 

7,2,3,4-Tetrabromo-9-t-butyltriptycene (2), m p 287—288 °C, 
was similarly prepared from 9-f-butylanthracene and tetra-
bromoanthranil ic acid11) in 8 % yield. Found : G, 46.23; 
H , 2 .83; Br, 50 .78%. Galcd for G24H18Br4: G, 46.05; H , 
2.90; Br, 51 .06%. 1H N M R (CDG13, ô): 1.98 (3H, s), 
2.46 (6H, s), 6.22 (1H, s), 6.97—7.20 (4H, m) , 7.37—7.58 
(2H, m ) , 7.92—8.15 (2H, m ) . 

9-t-Butyl-2,3-dichlorotriptycene (3), m p 184.5—185.5 °G, was 
similarly prepared from 9-f-butylanthracene and 4,5-dichloro-
anthranil ic acid12> in 39 .7% yield. Found : G, 76.28; H , 
4.77; CI, 19.20%. Calcd for G2 4H2 0C12 : G, 75.99; H , 5 .31; 
Gl, 18.69%. ^ N M R (GDG13, «5): 1.99 (9H, s), 5.05 (1H, 
s), 6.65—7.03 (4H, m ) , 7.03—7.35 (2H, m) , 7.39 (1H, s), 
7.78 (1H, s), 7.46—7.90 (2H, m ) . 

Reaction between 9-t-Butylanthracene and Lithiated m-Dichloro-
benzene. T o a solution of 3.54 g (24.1 mmol) of m-
dichlorobenzene in dry ether was added 25.6 mmol of butyl-
l i thium in hexane at —40 °C in 40 min and the mixture 
was stirred for 1 h. 9-f-Butylanthracene (15.2 mmol) was 
added and the temperature was allowed to rise. After the 
mixture was refluxed for 2 h, it was treated as usual and 
the product was separated by careful chromatography. T h e 
following compounds were obtained (given by the order of 
elution from an a lumina column by hexane) . 

9-t-Butyl-4-chlorotriptycene : M p 273 °C, yield 2 1 % . Found : 
G, 83.76; H , 6.08; Gl, 10.40%. Galcd for G2 4H2 1C1: G, 
83.58; H , 6.14; Gl, 10.28%. XH N M R (GC14, ô): 2.06 
(3H, s), 2.08 (6H, s), 5.76 (1H, s), 6.7—7.1 (6H, m) , 7 .1— 
7.5 (2H, m ) , 7.5—7.8 (3H, m ) . 

9-t-Butyl-2(and/or 3) -chlorotriptycene : M p 258—268 °G, yield 
1 1 % . J H N M R (CG14, ô): 2.07 (9H, s), 5.43 (1H, 
s), 6.7—7.1 (3H, m) , 7.1—7.4 (2H, m ) , 7.4—7.9 (6H, m ) . 

9-t-Butyl-l-chlorotriptycene (4) : M p 260.0—260.5 °C, yield 
4 7 % . Found : C, 83.54; H , 6.50; Cl, 10.96%. Galcd for 
G2 4H2 1C1: G, 83.58; H , 6.14; Gl, 10.28%. ^ N M R (GG14, 
ô): 2.03 (3H, s), 2.29 (6H, s), 5.05 (1H, s), 6.6—7.05 (6H, 
m) , 7.05—7.4 (3H, m ) , 7.6—8.0 (2H, m ) . 

T h e assignment of the structures bases on the N M R spectral 
da ta and the consideration that the lithiation of m-dichloro-
benzene should be preferred in 2-position. Namely, 3-
chlorobenzyne should be the main intermediate in this 
reaction to lead to 1-chloro- and 4-chlorotriptycene deriva­
tives. Of these major products, the chemical shift difference 
between the methyls of the f-butyl group should be larger 
i n the 1-chloro derivative than in the 4-chloro derivative. 

Chlorination of 9-t-Butyl-1,2,3,4-tetrachlorotriptycene (1) with 
Sulfuryl Chloride. A solution of 200 mg (0.45 mmol) 
of 1 and 1.2 m L (14 mmol) of sulfuryl chloride in 20 m L 
of chlorobenzene containing 10 mg of dibenzoyl peroxide 
was heated under reflux for 1 h. T h e solvent was evaporated 
and the residue was subjected to dry-column chromatography 
on silica gel, using hexane-dichloromethane (20:1) as an 
eluent, to give fractions containing the starting material 
(Rt 0.4), a ±sc-ap mixture of monochlorinated compounds 
(i?f 0.3), ap isomer of dichlorinated compound (i?f 0.25), 
and ±sc isomer of the dichlorinated compound (Rf 0.2). 
T h e yields were 5, 28, 27, and 2 6 % , respectively in a typical 
run. These compounds were purified by recrystallization 
from tetrahydrofuran-ethanol . 

7,2,3,4- Tetrachloro-9- (2-chloro-7,1-dimethylethyl) triptycene. 
I t was not possible to obtain pure isomers by chromatography 
on silica gel. Chromatography on a lumina partially de­
composed the ±sc form and the ap fraction afforded pure 
ap form, m p 251.5—252.5 °G, on recrystallization from 
chloroform-ethanol. Found : -C, 60.02 ; H , 3.41 ; Gl, 36.89%,. 
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Calcd for C2 4H1 7G15 : C, 59.72; H, 3.55; Gl, 36 .73%. m 
N M R (GDG13, ô): 2.42 (6H, s), 4.58 (2H, s), 6.12 (1H, 
s), 7.00—7.21 (4H, m) , 7.35—7.63 (2H, m) , 7.77—8.13 
(2H, m ) . 

By subtracting the N M R signals of the ap form, the fol­
lowing X H N M R data (GDC13, ô) were obtained for the 
±sc form: 2.14 (3H, s), 2.33 (3H, s), 4.97 (2H, br. s), 6.12 
(1H, s), 7.00—7.21 (4H, m) , 7.35—7.63 (2H, m) , 7.77— 
8.13 (2H, m ) . 

7,2,3,4- Tetrachloro-9- (2-chloro- 7 -chloromethyl- 7 -methylethyl)-
triptycene. ap form, m p 210.5—211.5 °C. Found: C, 
55.51 ; H , 2.97; Gl, 40 .89%. Galcd for G24H16G16: G, 55.75; 
H , 3.12; Gl, 41 .14%. X H N M R (CDC13, 60 MHz, Ô): 
2.19 (3H, s), 5.01 (4H, q, A<5AB=50.0 Hz, y A B = 1 2 . 4 H z ) , 
6.12 (1H, s), 7.03—7.22 (4H, m) , 7.35—7.63 (2H, m) , 7.82— 
8.17 (2H, m) . 

±sc form, m p 221.0—221.5 °G. Found: C, 55.87; H, 
2.97; CI, 4 1 . 4 3 % . Galcd for C 2 4H 1 6Gl t : C, 55.75; H, 3.12; 
Gl, 41 .14%. ! H N M R (GDC13, 60 M H z , Ô): 2.48 (3H, 
s), 4.65 (2H, q, A<5 A B =12.2Hz, J A B = 1 2 . 4 H z ) , 5.00 (2H, 
q, A<5 A B =15.2Hz, y A B = 1 2 . 2 H z ) , 6.12 (1H, s), 7.03— 
7.22 (4H, m ) , 7.35—7.63 (2H, m) , 7.76—8.03 (2H, m) . 

Chlorination of Other 9-t-Bittyltriptycenes with Sulfuryl Chloride. 
T h e reaction was carried out similarly and the following 
results were obtained. 

(a): Chlorination of 9-/-butyl-1-chloro triptycene (4) gave 
a mixture of ap and ±sc forms of monochlorinated com­
pounds, of which separation was tedious. However, as­
signment of the structure and determination of the ratio 
of the products were straightforward because the XH N M R 
spectroscopic features of the rotamers were similar with 
others. T h e following XH N M R data (CG14, 60 M H z , 6) 
were obtained, ap: 2.37 (6H, s), 4.55 (2H, s). ±sc: 2.13 
(3H, br. s), 2.28 (3H, s), 4.97 (2H, q, A<5AB=16.6 Hz, 
y A B = 1 1 . 9 H z ) . 

(b) : Chlorination of 9-*-butyl-2,3-dichlorotriptycene (3) 
gave a 1:2 mixture of ap and +sc forms. Chromatography 
of the product showed some enrichment of the respective 
forms but the final separation was not possible. T h e fol­
lowing XH N M R data were obtained at 60 M H z . ap (GC14, 
<5): 2.12 (6H, s). ap (C6D6 , «5): 1.82 (6H, s). ±sc (GC14, 
Ô): 2.12 (6H, s), 4.65 (2H, q, A<5 A B =14Hz, J A B = 1 2 H z ) . 
±sc (C6D6 , Ô): 1.92 (3H, s), 1.85 (3H, s). 

(c) : Chlorination of 9-i-butyltriptycene (5) afforded a 
mixture of the starting material , 9-(2-chloro-1,1-dimethyl-
ethyl) triptycene and a dichlorinated compound in a 9:70:21 
ratio. T h e mixture was chromatographed on a T L C plate 
using hexane-benzene (20:1) as a developing solvent. The 
chromatography afforded a mixture of ca. 10:1 monochlo­
rinated compound and the starting material . Recrystal­
lization of the mixture from acetone-hexane yielded pure 
9-(2-chloro-1,1-dimethylethyl)triptycene, m p 2 0 1 — 202 °G. 
Found : C, 83.54; H , 5.88; Gl, 10.63%. Galcd for C2 4H2 1G1: 
G, 83.58; H , 6.14; CI, 10.28%. ^ N M R (CDC13, S) : 
2.15 (6H, s), 4.70 (2H, s), 5.22 (1H, s), 6.85—7.10 (6H, 
m) , 7.25—7.48 (3H, m) , 7.56—7.80 (3H, m) . T h e following 
^ N M R data at 60 M H z were obtained for 9-(2-chloro-1-
chloromethyl-1-methylethyl)triptycene from the spectrum of 
a mixture of mono- and dichlorinated compounds (GDC13, 
Ô): 2.27 (3H, s), 4.71 (4H, q, A<5AB=15.7 Hz, J A B = 1 2 . 2 
Hz) , 5.22 (1H, s). 

(d) : Chlorination of 9-£-butyl-l,2,3,4-tetrabromotrip-
tycene (2) afforded a mixture of various products. It was 
not possible to isolate the desired product . 

Bromination of 9-t-buty1-7,2,3,4-tetrachlorotriptycene (1). 
A solution of 100 mg (0.22 mmol) of the triptycene and 
160 mg (1.0 mmol) of bromine in 50 m L of carbon tetra-
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chloride was irradiated with tungsten lamps at room tem­
perature. T h e reaction mixture was worked up as usual 
and the products were submitted to dry-column chromatog­
raphy on silica gel or T L G . Elution with 20:1 h e x a n e -
dichloromethane afforded a mixture of ap- and ±sc-9-
(2-bromo-1,1 -dimethylethyl)-1,2,3,4-tetrachlorotriptycene (i?f 

0.3), a/?-9-(2-bromo-l-bromomethyl-l-methylethyl)-l ,2,3,4-
tetrachlorotriptycene (Rf 0.2), and the ±sc isomer (R{ 0.15) 
of the latter. T h e ±sc form of the monobrominated com­
pound was concentrated up to 9 0 % (as judged by 1H N M R 
spectra) by the chromatography and the following 1 H N M R 
data (GDGlg, ô) were obtained for the two forms, ap: 2.40 
(6H, s), 4.53 (2H, s), 6.10 (1H, s), 6.95—7.16 (4H, m) , 
7.35—7.60 (2H, m) , 7.80—8.15 (2H, m ) . ±sc: 2.14 (3H, 
s), 2.36 (3H, s), 4.93 (2H, br. s), 6.10 (1H, s), 6.95—7.16 
(4H, m) , 7.36—7.60 (2H, m) , 7.80—8.15 (2H, m) . Ele­
mental analyses of the 10:1 mixture , m p 168—169 °G, gave 
the following da t a : G, 54 .51; H , 3.08; Br, 15.02; Gl, 26 .65%. 
Galcd for C2 4H1 7BrCl4 : G, 54.69; H , 3.25; Br, 15.16; Gl , 
26 .90%. 

T h e following XH N M R data were obtained for the dibro-
minated compounds (GDG13, 60 M H z , Ô). ap: 2.23 (3H, 
s), 4.97 (4H, q, A<5AB=43.0 H Z , y A B = 1 1 . 9 H z ) , 6.12 (1H, 
s), 7.02—7.23 (4H, m) , 7.36—7.60 (2H, m) , 7.85—8.10 
(2H, m ) . ±sc: 2.53 (3H, s), 4.58 (2H, q, A < 5 A B = 1 4 . 1 

Hz, y A B = 1 1 . 9 H z ) , 4.96 (2H, q, A<5AB= 14.0 Hz, JAB= 
12.0 Hz) , 6.11 (1H, s), 7.02—7.23 (4H, m ) , 7.36—7.60 
(2H, m) , 7.75—7.99 (2H, m ) . 

Bromination of 9-f-butyltriptycene afforded 9-(2-bromo-1,1-
dimethylethyl)triptycene, m p 212—213 °G. Found : G, 74.24; 
H, 5.34;" Br, 20 .88%. Galcd for G2 4H2 1Br: G, 74.04; H , 
5.44; Br, 20 .52%. ^ N M R (GDG13, Ô): 2.18 (6H, s) 
4.67 (2H, s), 5.23 (1H, s), 6.83—7.10 (6H, m) , 7.27—7.48 
(3H, m) , 7.55—7.90 (3H, m ) . 

Bromination with Bromine-N-Bromosuccinimide. This reac­
tion was carried out similarly with the photobrominat ion 
except that the equimolar iV-bromosuccinimide to bromine 
was added. T h e reaction was faster than that in the absence 
of iV-bromosuccinimide but the products were the same as 
the photobromination. 

Bromination of 9-£-butyl-l,2,3,4-tetrabromotriptycene with 
bromine-iV-bromosuccinimide gave a ca. 10:1 mixture of 
±sc and ap forms of a monobrominated compound of which 
separation was not possible. T h e compound was very labile, 
being decomposed even in chromatography on Florisil, and 
decomposed on standing at room temperature . T h e fol­
lowing 1U N M R data (GDG13, 60 M H z , Ô) were obtained. 
ap: 2.51 (6H, s), 4.48 (2H, s), 6.22 (1H, s). ±sc: 2.08 (3H, 
s), 2.48 (3H, s), 5.03 (2H, q, A < 5 A B = 1 5 . 0 Hz, / A B = 1 1 . 1 

Hz) , 6.22 (1H, s). 
Photochlorination was carried out by irradiating a solution 

of 50 mg of a substrate in 50 m L of carbon tetrachloride 
containing 0.1 mmol of chlorine by tungsten lamps for 10— 
15 min. T h e products were identical with those obtained 
by chlorination with sulfuryl chloride. 

Competitive Halogenation. I t was carried out using the 
same conditions as described in the foregoing paragraphs 
except that equimolar amounts of f-butyltriptycene and a 
halotriptycene were dissolved in carbon tetrachloride or 
chlorobenzene. Analyses of the products were performed 
by X H N M R spectra. 

Determination of the Rotational Barrier. (a) : A solu­
tion was prepared by dissolving 50 mg of 9-(2-chloro-l , l-
dimethylethyl)triptycene (±sc/ap=ca. 3) in 0.5 m L of 1-
chloronaphthalene. T h e solution was placed in an N M R 
sample tube and the tube was sealed after purging the air 
by nitrogen. T h e tube was immersed in a boiling solvent 

T A B L E 1. R A T E CONSTANTS FOR THE EXCHANGE BETWEEN 

AND EQUILIBRIUM CONSTANTS OF +SC AND AP ISOMERS 

OF 1 , 2 , 3 , 4 - T E T R A C H L O R O - 9 - (2 -CHLORO-

1,1 -DIMETHYLETHYL) TRIPTYCENE 

r/°G 
218.5 
208.0 
197.0 
187.0 

ksc-^ap/10 S 

2.39 
1.27 
0.589 
0.259 

K(±sc/ap) 

0.96 
0.96 
0.96 
0.96 

T A B L E 2. R A T E CONSTANTS FOR THE EXCHANGE BETWEEN 

AND EQUILIBRIUM CONSTANTS OF +SC AND AP ISOMERS 

OF 1 , 2 , 3 , 4 - T E T R A C H L O R O - 9 - (2-CHLORO-1 -CHLORO-

METHYL-1 -METHYLETHYL) TRIPTYCENE 

r/°c 
218.5 
208.0 
197.0 
187.0 

ksc^>ap/10 S 

2.20 
0.939 
0.434 
0.202 

K{±sc/ap) 

1.84 
1.80 
1.80 
1.80 

bath and the ± scjap ratio was checked by XH N M R spectra 
at appropria te intervals. T h e solvents (boiling points) used 
for the study were naphtha lene (218.5 °G), ni t robenzene 
(208.0 °G), ethylene glycol (197.0 °G), and trans-decalin 
(187.0 °G). T h e da ta were treated as the first order re­
versible react ion: consideration of Eqs. 2 and 3 gave rate 
constants given in Tab le 1. 

'»'sc—»ap 

h«[1-(,4)r] = -i^{ ï4X (3) 

where a and x are the molar concentrations at t ime 0 and 
t, respectively. From the results shown in Tab l e 1, the 
Eyring plot produced A # « - a j , = 3 2 ± 5 kcal/mol (1 cal = 
4 .18J ) and AS*= —10± 13 e. u. A # ? „ - . . and A S * were 
obtained as 32 ± 5 kcal/mol and — 1 2 ± 1 3 e . u., respectively. 
T h e compound tended to decompose at high temperatures 
on prolonged heating. This seems to cause errors to some 
extent. 

(b) : Similarly the rates of isomerization of 9-(2-chloro-
1 - chloromethyl - 1 - methylethyl) - 1,2,3,4-tetrachlorotriptycene 
were determined and the da ta shown in Tab le 2 were 
obtained. These da ta produced AHZP^SC 3 1 ± 0 kcal/mol 
and AS*—13±0 e. u., respectively. W e may have to 
admit errors as large as those for the monochlorinated com­
pound, al though the errors in the least squares t rea tment 
were small. Decomposition of the substrate on prolonged 
heating occurred to some extent. 

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

Assignment of the Stereochemistry of the Halogenation 
Products. T h e a s s i g n m e n t is s t r a i g h t f o r w a r d b e ­
cause , if i t is a n ap i s o m e r of t h e m o n o h a l o g e n a t e d 
c o m p o u n d , t h e s igna l d u e to t w o m e t h y l g r o u p s a p ­
p e a r s as a s ingle t a n d t h e m e t h y l e n e p r o t o n s g ive a 
s ingle t as wel l , as c a n b e seen f rom t h e N e w m a n p r o j e c ­
t ions . I n c o n t r a s t , ±sc forms g ive t w o s ignals for 
t h e m e t h y l p r o t o n s a n d a n A B q u a r t e t for t h e m e t h y l e n e 
p r o t o n s , if i t is a m o n o h a l o g e n a t e d c o m p o u n d . S i m -
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ilarly, in dihalogenated compounds, ap forms give a 
set of AB quartet because the methylene protons are 
diastereotopic, whereas the ±sc 2 sets of AB quartet 
for the methylene protons. 

ap +sc ap — sc 

monohalogenated dihalogenated 

Barriers to Rotation and Population Ratios. From 
the enthalpies and entropies of activation for rotation, 
we can calculate the life times of the respective rotamers 
at a given temperature. At the highest temperature, 
boiling point of chlorobenzene, we have used, it takes 
about two weeks for effecting the conversion of 5 % 
of one conformer to another, the amount being con­
sidered as the error limit for detection of the change 
by integration of the N M R spectra. Thus we may 
neglect the isomerization, since the reaction is over 
within 1 h. Although not determined, other rotamers 
must also be stable since even 9-(2-phenyl-l , l-di-
methylethyl)-2,3-dichlorotriptycene, a model for com­
pound 2, has a high barrier to rotation.12) This as­
sures that we are directly observing the reactivities 
of respective methyls by comparing the product ratios. 

Population ratios of the rotamers are also interesting. 
At the equilibrium, the population ratio of 9-(2-chloro-
l, l-dimethylethyl)-l ,2,3,4-tetrachlorotriptycene is very 
close to unity. Since the statistical value must be 
±sc/ap = 2.0, the ±sc form is disfavored to some extent. 
Probably the steric factor dominates. In contrast, 
9- (2-chloro-1 -chloromethyl-1 -methylethyl) -1,2,3,4-tetra-
chlorotriptycene gives ±sc/ap values of ca. 1.80 
which are very close to the statistical value. This 
is probably caused by the fact that at least one chloro­
methyl group always flanks the peri-chloro group ir­
respective of the conformation. 

Comparison of the Reactivities of Methyl Groups. The 
following results are the mean values of 3—5 runs. 
Reproducibility of the results was good. 

At the outset, we looked at the reactivities of methyls 
in 9-^-butyl-l,2,3,4-tetrachlorotriptycene (1) with sul-
furyl chloride. The +scjap ratio was 3.2 ± 0 . 2 . Since 
there are two ±sc methyls and one ap methyl, the 
relative reactivity of the ±sc methyl is 1.6 if we take 
the ap methyl as a standard. The formation ratio 
apl±sc of dichlorinated product is in conformity with 
this relative reactivity also: if we assume the relative 
reactivities of 1.6 and 1.0 for the remaining ±sc and 
ap methyls in the monochlorinated compounds, the 
calculated ratio of ap/±sc for the dichlorinated com­
pounds is 0.8, which is in good agreement with the 
observed. The difference in reactivity must be caused 
by the presence of the peri-chloro group, because 
chlorination of 9-£-butyl-2,3-dichlorotriptycene gave a 
2:1 mixture of ±sc and ap isomers. 

Two reasons may be considered for the apparent 
enhancement of the reactivity of the ±sc methyls. 
Since the molecular structure of 9-£-butyl-1,2,3,4-
tetrachlorotriptycene (1) studied by X-ray crystal-
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TABLE 3. EFFECTS OF THE HALOGENATING REAGENT ON 

THE ±sc/ap RATIOS OF 9-(2-HALO-1,1-DIMETHYLETHYL)-

1,2,3,4-TETRACHLOROTRIPTYCENES 

Reagent 

S02G12 

Gl2 

Br2 

Br2-NBS 

l/2(±sc/ap) 

1.6±0.1 
1.0±0.05 
3 .1±0 .06 
1.5±0.1 

lography13) reveals that the peri-chloro and the £-butyl 
groups are tilted away from each other, the ap methyl 
may be pushed into the triptycene skeleton to make 
it less exposed to the external attack of radicals. Or 
else, the peri-chloro group may stabilize the transition 
state for abstraction of hydrogen by radicals. Al­
though the extent of neighboring participation of the 
chloro group in radical reactions is not large, yet it 
definitely exists.14) In order to establish the cause 
for the selectivity, we took advantage of three tech­
niques: changing halogenation reagents to examine 
the change in selectivity, changing the peri-substituent 
to change the extent of neighboring group participa­
tion, and competitive halogenation between 9-^-butyl-
triptycene (5) and a halogen-substituted 9-^-butyltrip-
tycene. 

The effects of changing the halogenation reagent 
on the ± scjap ratio are summarized in Table 3. The 
rate determining step in radical halogenations is the 
hydrogen abstraction.15) Chlorination with sulfuryl 
chloride is known to be a little more selective than 
that with chlorine.15 '16) The product ratio in the 
chlorination with chlorine indicates that the ±sc and 
ap forms are formed almost statistically. If the steric 
reason had dominated, even chlorine would have given 
some selectivity, because the ap methyl should be 
protected sterically. Thus the results favor the chloro-
participation. The neighboring group participation is 
further supported by the fact that bromination with 
bromine gives a very large ± scjap ratio, since the 
bromination is known to proceed with high selec­
tivity.17) The large ±sc/ap ratio suggests lowering the 
energy of the transition state because of the chloro-
participation. If it were the steric reasons that 
preferred the ±sc form in the S02Cl2-chlorination, 
the ratio should not have changed to a large extent. 
iV-Bromosuccinimide is often used to trap hydrogen 
bromide in photobromination of hydrocarbons.16) 
Usually iV-bromosuccinimide is assumed to not par­
ticipate in the halogenation reaction but in trapping 
hydrogen bromide. However, the present results sug­
gest that succinimido radicals participate in hydrogen 
abstraction because the selectivity is inferior to the 
photobromination in the absence of iV-bromosuc-
cinimide. Skell reported recently that succinimido 
radicals sometimes participate in hydrogen abstrac­
tion,18) and this is another example of such a kind. I t 
is also interesting to note that sulfuryl chloride does 
give selectivity to some extent, although Rüssel ob­
served that the difference in selectivity between chlo­
rine and sulfuryl chloride chlorinations vanished in 
aromatic solvents and suggested that a complex be-
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tween the aromatic molecule and the chlorine a tom 
was a true attacking species.19) I t seems that chloro-
sulfonyl radicals participate in hydrogen abstraction 
in this case. 

Now that the bromo group is known to give better 
assistance in radical formation,17) if we introduce a 
bromo substituent in the peri-position, the reactivity 
of the ±sc methyls should be enhanced. In fact, 
the ± sc lap ratio of 9-(2-bromo-l, l-dimethylethyl)-
1,2,3,4-tetrabromotriptycene rose to > 1 0 in b romine-
iV-bromosuccinimide bromination. Thus the results 
support again that the enhancement of the reactivity 
of the ±sc methyls must be attributed to the neigh­
boring group participation of the peri-substituent. 

The results of competitive halogenations are given 
in Table 4. The ±sc/ap ratios observed in the in­
dividual halogenations of the respective compounds 
were reproduced in these reactions. The results sug­
gest that, while the reactivities of the ap methyls are 
uniformly suppressed to some extent, those of the ±sc 
methyls vary widely: while chlorination gives generally 
smaller values than unity, bromination gives larger 
values than that. I t is especially noteworthy that the 
1,2,3,4-tetrabromo compound (2) gives a value as high 
as 4. This is again the indication that the participa­
tion of the peri-substituent is important . 

The less reactivity of the tetrachloro compound (1) 
in chlorination is confusing if one simply assumes the 
neighboring group participation. This phenomenon 
together with the suppressed reactivity of the ap meth­
yls in all halogenations may be attr ibuted to the in­
ductive effect: since the halogenating radicals are 
known to be electron-demanding,20) the tetrachloro 
substituents on a benzeno bridge should suppress the 
reactivity. We have had such an experience in bromi­
nation of 9-allyl-l,2,3,4-tetrachlorotriptycene.21) 

To give further support to this discussion, we have 
carried out halogenations of 9-£-butyl-l-chlorotrip-
tycene (4) which should give less electron-withdrawing 

TABLE 4. RELATIVE REACTIVITIES OF METHYLS 

IN F-BUTYLTRIPTYCENES RELATIVE TO ONE 

OF THE METHYLS IN 9-J-BUTYLTRIPTYCENE 

Halogenating S u b s t i t u e n t s 
reagent 

Relative reactivities 
/ ^N "\ 

±sc ap 

S02G12 

Gl2 

Br2 

Br2-NBS 
Br2-NBS 

1,2,3,4-C14 

1,2,3,4-C14 

1,2,3,4-G14 

1,2,3,4-C14 

1,2,3,4-Br4 

0.95±0.05 
0 .84±0.02 
2 .78+0 .3 
1.16±0.08 
4 . 1 ± 0 . 8 

0 .60±0.03 
0 .83±0.05 
0 .89±0.04 
0 .82±0.04 
0 . 8 ± 0 . 2 

TABLE 5. ±sc/ap RATIOS AND RELATIVE REACTIVITIES OF 

METHYLS IN 9- f -BUTYL-1-CHLOROTRIPTYCENE RELATIVE 

TO ONE OF THE METHYLS IN 9-f -BUTYLTRIPTYCENE 

Halogenation 
reagent 

Gl2 

Br2 

S02G12 

±sc/ap 

2 . 1 + 0 . 1 
7 .8±0 .3 

3 .80±0.04 

Relative reactivities 

±sc ap 

0.94+0.03 0 .92±0.03 
4 . 2 ± 0 . 2 1.05±0.02 

effect than the tetrahalo compounds. The results are 
given in Table 5, where ±sc/ap ratios are taken from 
the reactions carried out individually. Apparently the 
reactivity of the ap methyl is raised relative to the 
tetrahalo compounds. T h e results suggest that the 
inductive effect is important . I t is also interesting to 
note that the ± sc lap ratios are raised relative to the 
tetrachloro compound (1) except the chlorination with 
chlorine. Probably the higher electron-donating abili­
ty of the monochlorobenzeno bridge than the tetra-
chlorobenzo moiety22) is responsible for the phenom­
enon. 

This work was supported by a grant from Toray 
Science Foundation to which our thanks are due. 
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Esterification of Carboxylic Acids by Alcohols with 
2-Chloro-l,3,5-trinitrobenzene as Condensing Agent1} 
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Department of Chemistry, Faculty of Science, Kyushu University, Higashi-ku, Fukuoka 812 
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When mixtures of carboxylic acids or their sodium salts and alcohols were treated with 2-chloro-l,3,5-trinitro-
benzene in the presence of pyridine under mild conditions, the corresponding carboxylic esters were formed. The 
yields and the rates of the ester formation depended on the types of the acids and the alcohols used. 

Though the high reactivity of 2,4,6-trinitrophenyl 
carboxylates (2) in substitution reactions has been 
well recognized,3) the applications of these active esters 
to synthetic reactions are not many because few good 
methods for the general preparat ion of 2 under mild 
conditions are known.4) The kinetic parameters for 
the formation of chloride ion in the aqueous meth-
anolic solutions of 2-chloro-l,3,5-trinitrobenzene (1) 
and sodium carboxylates,5) indicate tha t 1 reacts with 
carboxylates fairly rapidly and that the intermediate 
thus formed, in situ, may be used for the synthetic 
reactions. Wi t tmann utilized 1 in this way for the 
preparat ion of phosphoric acid esters6) and recently 
Inornate et al. 2-fluoro-l,3,5-trinitrobenzene (FTNB) 
for the preparat ion of iV-phenyl amides, carboxylic 
esters, and thiocarboxylic £-esters.7) Several studies 
on the use of other polynitrohalobenzenes are also 
known.8) The present paper describes that 1 is par­
ticularly useful for the synthesis of esters of aromatic 
and aliphatic carboxylic acids. 

0 2 N N 

Y 

0 2 N / 
< : > -

1 Y=C1 

N 0 2 2 Y = O G O R 

3 Y = O H 

Me-
H -

GH2OH 

- O v M e 
— 0 X M e 

Et 
6 

Et 3 N 
1 + 2R1COOH(Na)J > R^COOCOR1 + 3 

benzene 
4 

1 + R1GOOH(Na) + R2OH ——*-* R ^ O O R 2 + 3 
5 

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

Preliminarily, mixtures of sodium carboxylates and 
2-butanol were treated with 1 at room temperature 
in ether, benzene, dichloromethane, acetonitrile, di­
methyl sulfoxide, or hexamethylphosphoric triamide. 
In all cases, the formation of j-butyl carboxylates 
was observed but the esters were always contaminated 
with varied amounts of acid anhydrides. Alternatively, 
when 1, carboxylic acids, and triethylamine were mix­
ed in a 0.5:1:1 molar ratio under the absense of al­
cohols, acid anhydrides (4) were formed in good yields, 
as exemplified in Table 1. 

O n the other hand, however, when carboxylic acids 
or their sodium salts, alcohols, and 1 were mixed 
in pyridine used as the solvent, the corresponding 
esters (5) were formed in good yields, except for the 
esterification of carboxylic acids not branched at the 
a-carbon atom, where the use of a limited amount 
of pyridine in dichloromethane was preferable. Other 
bases such as triethylamine or l,8-diazabicyclo[5.4.0]-
undec-7-ene did not give the good yield and the prod­
ucts were contaminated with deep red substance. 
4-Dimethylaminopyridine, known as an excellent acyl 
transfer reagent,9) was not effective and even retarded 
the reaction. In agreement with the trend in the 
nucleophilic aromatic substitution, the corresponding 
iodo- or bromotrinitrobenzene was less reactive than 
1 and 2,4-dinitrochlorobenzene was almost useless. 

The mechanism of this esterification is not clear 
at present. Inomata et al. described that the esteri-

TABLE 1. FORMATION OF ACID ANHYDRIDES 

Acid 

(GH3)2GHGOOH 

(CH3)3CCOOH 

CH3CHCH2CHCH3
b> 

GOOH GOOH 

2,3,6-(GH3)3G6H2G02Na 

Base 

Et3N 

Et3N 

Et3N 

Solvent 

Benzene 

Benzene 

Benzene 

Pyridine 

Reaction 
time/min 

30 

60 

5 

30 

Products 
(Yield/%) 

[(CH3)2CHC0]2O> 
(96) 

[(CH3)3CCO]2C» 
(98) 

CH3CHCH2CHCH3
a> •«> 

i | 

GO-O-CO 
(99) 

[2,3,6-(CH3)3C6H2CO]20'«) 
(90) 

a) The identity and the yield of the products were determined by GLPG by comparing with the authentic 
specimens, b) w2^jo-2,4-Dimethylglutaric acid (1 mmol) was used per 1 mmol of 1 and 1 mmol of Et3N. c) No 
(//-anhydride was detected, d) Isolated yield. Mp 100.5—101.5 °C. Found: C, 77.16; H, 7.08%. Calcd for 
C20H22O3: C, 77.39; H, 7.14%. 
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fication using FTNB proceeds through the acyl fluo­
rides as the intermediates which undergo the nucleo-
philic attack.7b> O n the other hand, in the esterifica­
tion using 1 the main reaction seems to proceed through 
the acid anhydrides presumably formed from the other 
more reactive intermediates, the active esters (2) and/ 
or acyl chlorides, by the attack of carboxylate anions 
remaining in the mixture. However, the direct attack 
of alcohols on 2 or on acyl chlorides are also considered 
to participate to a varied extent. For example, the 
formation of /-butyl pivalate (entry 7, Table 3) can 
not be explained by the anhydride route alone because 
the reaction between 2-methyl-2-propanol and pivalic 
anhydride in pyridine is extremely slow.10) T h e dif­
ference between the two reagents, 1 and FTNB, in 
the esterification reaction can be easily understood 
when we consider the fact that fluorine atom attached 
to aromatic nucleous is much more reactive than 
chlorine atom in nucleophilic aromatic substitution, 
but that the acyl fluorides are, in turn, comparatively 
sluggish in nucleophilic displacements. In fact, the 
esterifications with FTNB are much slower than those 
with I . " ) 

Aromatic Acids. Common aromatic acids were 
smoothly esterified in pyridine by the procedure ex­
emplified in experimental part (Method A). They 
are summarized in Table 2. The esterification of 
2,3,6-trimethylbenzoic acid by secondary or tertiary 
alcohol was difficult and a considerable amount of 
the acid anhydride was formed (entry 14 and 15, 
Table 2). An alcohol (6)12) having an acid-sensitive 
acetal group could also be benzoylated in good yield. 

Aliphatic Acids Branched at the en-Carbon Atom. T h e 
esters of primary, secondary, and tertiary alcohols 

were prepared by the same procedure as used in the 
above aromatic acid esters. T h e results are sum­
marized in Table 3. Sterically crowded /-butyl 
pivalate was formed only in poor yield and a large 
amount of pivalic anhydride was detected. In order 
to examine the stability of the epimerizable a-carbon 
atom during the reaction, methyl hydrogen meso-2,4-
dimethylglutarate was esterified with 2-methyl-2-
propanol (entry 9, Table 3). T h e ester was obtained 
in good yield but the product was partly epimerized 
(dl:meso = l :10). O n the other hand, the ester of 
secondary alcohol was obtained without any epimeri-
zation (entry 8, Table 3), presumably because of the 
rapidness of the reaction. 

Aliphatic Acid Not Branched at the oc-Carbon Atom. 
When aliphatic carboxylic acids which do not bear 
alkyl substituents on the carbon a tom a to the carboxyl 
group, were esterified by the same procedure as de­
scribed above (Method A) , the products were con­
taminated by reddish brown substance and by some 
unchanged 1. T h e yield of the esters was accord­
ingly not satisfactory (50—60%). Various modifica­
tions were made to improve the yield, and the best 
result was obtained by conducting the reaction in 
dichloromethane using a limited amount of pyridine 
as catalyst (2—3 mole equiv. per 1 mole of 1 ; 
Method B).13) This procedure required much longer 
reaction time and the rate of esterification decreased 
in the order of pr imary alcohols > secondary alcohols > 
tertiary alcohols. They are summarized in Table 4. 

Phenol Esters. The present method was not suit­
able for the preparat ion of phenol esters because of 
the concomitant formation of phenyl 2,4,6-trinitro-
phenyl ether (Table 5). Alternatively, the same ether 

TABLE 2. ESTERIFICATION OF AROMATIC CARBOXYLIC ACIDS 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

15 

Acid 
(2 mmol) 

G6H5G02H 
G6H5G02Na 
G6H6G02Na 
4-N02C6H4C02H 
4-N02G6H4G02H 
4-N02G6H4G02H 
4-N02G6H4G02H 
4-N02G6H4G02Na 
3,5-(N02)2G6H3G02H 
3,5-(N02)2G6H3G02H 
3,5-(N02)2C6H3C02Na 
2,3,6- (GH3) 3G6H2G02H 
2,3,6-(GH3)3G6H2G02Na 
2,3,6-(GH3)3G6H2G02Na 

2,3,6-(GH3)3G6H2G02Na 

Alcohol 
(2.4 mmol) 

2-Butanol 
2-Butanol 
2-Methyl-2-propanol 
Ethanol 
Benzyl alcohol 
2-Propanol 
2-Methyl-2-propanol 
2-Methyl-2-propanol 
2-Propanol 
2-Methyl-2-propanol 
2-Methyl-2-propanol 
Benzyl alcohol 
Methanol 
2-Propanol 

2-Methyl-2-propanol 

Reaction 
time/h 

3 
3 

18 
2 
2 
3 
3 
3 
3 
3 
3 
6 
1 

24 

24 

Yield of 
esters/% 

93a) 
98b) 
85a> 
91e) 
97e) 
93e) 
88e) 
93e) 
98e) 
97e) 
90e) 
9 2 a ) 

96t>), d) 

30e) >f) 
(37% Anhydride) 

6f> 
(44% Anhydride) 

a) Isolated yield of once distilled product, b) Yield was determined by GLPG by comparison with authentic 
sample, c) Yield of crude ester. All these crude crystals melted within one degrees of melting points reported 
in the literature, d) A new compound. Bp 90 °G (bath)/2666 Pa. Found: G, 73.84; H, 7.85%. Galcd for 
G n H 1 4 0 2 : G, 74.13; H, 7.92%. «) The authentic sample was prepared from the sodium salt of the acid and 
isopropyl bromide in HMPA. f) A mixture of ester and anhydride was obtained after preparative TLG. Yield 
was calculated from NMR data. 
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T A B L E 3. ESTERIFICATION OF ALIPHATIC ACIDS BRANCHED AT <X-CARBON ATOM 

Acid 
(2 mmol) 

GH3(GH2)2GHG02H 
1 

GH3 

GH3(GH2)2GHG02Na 
1 

GH3 

(GH3)3GG02H 

GH3GHGH2GHGH3
C) 1 

i i i 
GOOH GOOGHg 

Alcohol 
(2.4 mmol) 

Benzyl alcohol 
Gyclohexanol 
2-Methyl-2-propanol 

2-Methyl-2-propanol 

Benzyl alcohol 
Gyclohexanol 
2-Methyl-2-propanol 

2-Propanol 
2-Methyl-2-propanol 

Reaction 
time/h 

2 
3 
3 

3 

3 
3 

32 

10 min 
3 

Isolated yield of 
esters/% 

95a> 
95 
74 

69 

95 
73(85b>) 
30b> 

(60% Anhydride) 

83d) 
79«) 

Galcd for G 1 3 H 1 8 0 2 a) A new compound. Bp 85 °G (bath)/5599 Pa. Found : G, 75.56; H , 8.80%. 
H , 8.80%. b) Yield was determined by GLPG. c) Methyl hydrogen m^o-2,4-dimethylglutarate, 
was detected, e) T h e ratio of meso-: dl-ester was 10 : 1 (GLPG) . 

G, 75.69; 
d) No dl-ester 

T A B L E 4. ESTERIFICATION OF ALIPHATIC ACIDS NOT BRANCHED AT <X-CARBON ATOM 

Acid 
(1 mmol) 

Alcohol 
(1.1 mmol) 

Benzyl alcohol 
Gyclohexanol 
2-Methyl-2-propanolb) 

Benzyl alcohol 
Gyclohexanol 
2-Methyl-2-propanolb) 

Benzyl alcohol 
Gyclohexanol 

Pyridine 
(mmol) 

2.1 
2.1 
2.1 

3.5 
3.5 
3.5 

3.5 
3.5 

Reaction 
time/h 

20 
30 
60 

15 
25 
50 

15 
25 

Isolated yield of 
esters/% 

96a> 
97a> 
83 

87 
94a) 
84 

CD
 C

O
 

O
D

 C
O

 

Propionic acid 

Valeric acid 

Hexanoic acid 

a) Yield was determined by GLPG. b) Two mmol of 2-methyl-2-propanol was added. 

T A B L E 5. FORMATION OF PHENOL ESTERS 

Acid 

4-N02G6H4G02Na 

GH3(GH2)3G02H 

Reactiona) 
time/h 

3 

40 

Yield/ %b) 

^ s t e r G6H2OG6H5 

66 27 

54 36 

a) T h e salt or acid (1 mmol) , phenol (1 mmol) , and 
1 (1 mmol) were mixed by method B. b) Yields were 
calculated from the N M R data of the mixture of two 
products obtained. 

w a s o b t a i n e d i n 7 3 % yie ld b y m i x i n g 1 a n d p h e n o l 
i n t h e p r e s e n c e of p y r i d i n e . S i m i l a r p r e p a r a t i o n of 
u n s y m m e t r i c a l d i p h e n y l e the r s h a s a l r e a d y b e e n r e ­
po r t ed . 1 4 ) 

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

All reagents employed were dried by appropria te methods. 
Commercial 2-chloro-l,3,5-trinitrobenzene (1) was recrys-
tallized from chloroform to a constant m p 81—82 °G. T h e 
whole procedures were carried out under the exclusion of 
moisture. T h e progresses of the reactions were followed 
by GLPG and the esters formed were identified by comparing 
their N M R spectra with those of the authentic specimens. 

Acid Anhydrides (Table 1). A mixture of 1 (1 mmol , 
245 mg) , carboxylic acid (2 mmol) , and triethylamine (2 

mmol, 276 [il) in benzene (3 ml) was stirred at room tem­
perature . T h e products were identified by the comparison 
of the retention time in GLPG with the authentic specimens, 
and the yields were determined by comparison with ap­
propriate internal standards. 

Esters of Aromatic Acids and Esters of Aliphatic Acids Branched 
at the oc-Carbon Atom (Method A) (Tables 2 and 3). T h e 
typical example is as follows. 1 (2 mmol, 490 mg) was 
added to a stirred mixture of benzoic acid (2 mmol, 244 
mg) and 2-butanol (2.4 mmol , 220^1) in pyridine (2 ml) . 
After stirring for 3 h, an 8 % aqueous sodium hydrogen-
carbonate solution (20 ml) , water (10 ml) , and ether (20 
ml) were added and the whole mixture was stirred until 
the precipitate of pyridine picrate dissolved in the aqueous 
layer. T h e ether layer was separated and combined with 
the second extract (ether, 20 ml) . T h e ether extract was 
washed with water until the yellow color of the solution 
was removed, then twice with 2 % aqueous hydrochloric 
acid (20 ml) and water, and dried with sodium sulfate. 
Distillation of the residue gave j -butyl benzoate in 9 3 % 
yield. 

Crystalline esters (entries 4—13, Table 2) were filtered 
after treating with sodium hydrogencarbonate solution and 
washed well with water . All these crude crystalline esters 
showed correct m p and N M R spectra without further puri­
fication. 

dl-erythro-2,3-Isopropylidenedioxy-2-methylpentyl Benzoate. 
I t was prepared by the method A by stirring the correspond­
ing isopropylidenedioxy alcohol (6)12) (1.05 mmol, 186 mg), 
sodium benzoate (1.05 mmol, 152 mg) , and 1 (1.05 mmol, 
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260 mg) in pyridine (1 nil) at room temperature for 3 h 
in 86% yield. Mp 70.5—71 °G. Found: G, 69.05; H, 
7.97%. Galcd for G16H2204: G, 69.04; H, 7.97%. 

Esters of Aliphatic Acids Not Branched at the oc-Carbon Atom 
(Method B) (Table 4). A typical example is as follows. 
Pyridine (2.1 mmol, 170 \x\) was slowly added over a period 
of five minutes to a stirred mixture of propionic acid (1 
mmol, 75.5 fxl), benzyl alcohol (1.1 mmol, 114.4 {xl), and 
1 (1 mmol, 245 mg) in dichloromethane (2 ml). The mix­
ture was stirred for 20 h at room temperature. The reaction 
mixture was worked up as described in method A, giving 
benzyl propionate in 96% yield. 

Phenol Esters. Garboxylic acid, phenol, and 1 (1 
mmol each) reacted according to the method B (3.5 mmol 
of pyridine). Results were shown in Table 5. In an ex­
periment without the carboxylic acid (40 h), 2,4,6-trinitro-
phenyl phenyl ether was obtained in 73% yield. 

This work was partially supported by a Grant-in-
Aid for Scientific Research No. 443008 from the 
Ministry of Education, Science and Culture. 
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Synthesis and Properties of Bridgehead-substituted Bicyclo[n.2.2] 
Bridgehead Alkenes 
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The bridgehead-substituted bicyclo[w.2.2] bridgehead alkenes (lb—3b) (1, n = 4; 2, n~5; 3, n = 6; h, 
R —OAc) were synthesized based on the oxidative decarboxylation of [w.2.2]propellanecarboxylic acids 
with lead tetraacetate. The parent alkene (la—3a) (a, R = H) and other bridgehead-substituted derivatives 
(lc—3c and Id—3d) (c, R = OH; d, R = G1) were prepared from lb—3b. The examination of the 13G NMR 
chemical shifts of la—c, 2a—c, and 3a—c indicates the presence of electronic interaction between the 
bridgehead double bond (Gr) and the opposite bridgehead carbon (Ga), being the homoallylic position of the 
double bond. From the product study and the kinetic results of the solvolysis of the bridgehead chlorides Id— 
3d, it is indicated that the homoallylic participation of the strained bridgehead double bond to the carbonium 
ion center located at the opposite bridgehead position operates in the solvolysis of Id and 2d. It may be, 
therefore, concluded that highly strained bridgehead alkenes, especially, bicyclo[4.2.2]decene system, show re­
markable homoallylic type a,y-interaction both in the ground state and in the transition state (carbonium ion). 

There has been considerable interest in the chem­
istry of strained bridgehead olefins, especially with 
regard to the development of new efficient methods 
providing an entry to the highly strained molecules 
and the examination of specific physical properties 
and chemical reactivities associated with the distortion 
imposed on the double bond.1) In a continuation 
of the study on the transformation of readily available 
[ft.3.2]propellanones into other important carbocyclic 
ring systems,2) we have recently developed a synthetic 
entry to the bicyclo[w.2.2]bridgehead alkenes ( l b — 
3b) having an acetoxyl group at the opposite bridge­
head position based on the oxidative decarboxylation 
of [n.2.2]propellanecarboxylic acids (4a—6a) with lead 
tetraacetate.3*) In this connection, we wish to report 
here on the synthesis of bicyclo[w.2.2] bridgehead al­
kenes ( la—3a) and the bridgehead-substituted de­
rivatives ( lc—3c) and ( Id—3d) from l b — 3 b , on the 
physical properties, that is, 13C N M R spectra of l a — 
3a, l b — 3 b , and l c — 3 c , and on the chemical re­
activities in the solvolysis of the bridgehead chlorides 
Id—3d. 3) 

Although the 13G N M R spectra of conformational^ 
rigid polycarbocyclic compounds possessing bridge­
head substituents have been extensively studied,4) little 
is known concerning those of highly strained bridge­
head olefins.5) I t is, therefore, of particular interest 
to examine the 13G N M R chemical shifts of a series 
of the bridgehead-substituted bridgehead alkenes l a — 
c, 2a—c, 3a—c in connection with the effect of both 
oxygen substituents at the bridgehead position and 
the ring size (n) on the chemical shifts. The examina­
tion of the chemical shifts of l a — c , 2a—c, and 3a—c 
obviously indicated the presence of electronic interac­
tion between the bridgehead double bond and the 
opposite bridgehead carbon, being the homoallylic 
position of the double bond. These results prompted 
us to investigate the homoallylic interaction between 
the bridgehead double bond and the carbonium ion 
center located at the opposite bridgehead position in 
the solvolysis of the bridgehead chlorides Id—3d.6) 
As a result, the product study and the kinetic results 
of the solvolysis demonstrated the presence of the 

<& ^ cC^S 
la—d 2a—d 3a—d 

a, R = H; b , R = OAc; c, R - O H ; d, R = C 1 

homoallylic participation of the strained double bond 
to the carbonium ion center, especially in the case 
of the most strained bicyclo[4.2.2]decene system (1). 

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

Synthesis. The entry into the bridgehead-sub­
stituted bicyclo[rc.2.2] bridgehead alkene systems was 
based on the oxidative decarboxylation of [rc.2.2]-
propellanecarboxylic acids 4a—6a with lead tetra­
acetate, which were prepared from [rc.3.2]propel-
lanones7) by the ring contraction involving the photo­
chemical Wolff rearrangement. The reaction of 4a— 
6a with lead tetraacetate was carried out in the presence 
of pyridine in benzene solution at 80 °G for 1 h. The 
[6.2.2]propellane 6a gave the intended allylcarbinyl 
type bicyclic acetate 3b, having a bridgehead double 
bond, in 8 1 % yield. In the case of the [5.2.2]propel-
lane 5a, the cyclopropylcarbinyl type tricyclic acetate 
(8b), however, was obtained as the major product 
in 60 % yield along with 13 % of the desired bridgehead 
olefin 2b and small amounts (3%) of [5.2.2]propellene 
(10). Moreover, the [4.2.2]propellane 4a afforded the 
tricyclic acetate (7b) exclusively in 6 8 % yield together 
with 5 % of [4.2.2]propellene (9), but the intended 
olefin l b was not produced at all. These products 
may be derived from the rearrangement of the initially 
formed cyclobutyl cation to allylcarbinyl and/or cyclo­
propylcarbinyl ones. In order to transform the tri­
cyclic acetates 7b and 8 b into the corresponding 
bridgehead alkenes l b and 2b , we first examined the 

9 10 
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vapor phase thermolysis of 7b and 8 b at 350 °G under 
nitrogen stream. Although the thermolysis proceeded 
in high efficiency to give l b and 2b, this process seems 
to be not suited for large-scale preparation of l b and 
2b. We next tried, therefore, the acid catalyzed rear­
rangement of 7b and 8b . After many trials, it ap­
peared that simple treatment of 7b and 8b with acetic 
acid was the best way for this purpose. The bridge­
head alcohols l c—3c were prepared by the lithium 
aluminum hydride reduction of l b — 3 b , and the bridge­
head chlorides Id—3d, being the substrates required 
for solvolysis experiments, were derived from the re­
action of l c—3c with thionyl chloride or phosphoryl 
chloride. The preparation of the unsubstituted hy­
drocarbons l a — 3 a was not straightforward. Thus l a 
was prepared by the elimination of acetic acid by 
means of the vapor phase thermolysis of the saturated 
acetate ( l i b ) (76%) or by the dehydration through 
treating the saturated alcohol ( l i e ) with thionyl chlo-
ride/pyridine (74%), which were derived by the di-
imide reduction of l b and l c , respectively.8) Although 
the similar reduction of 2c afforded 12c, those of 
2b, 3b, and 3c, however, were unsuccessful.9»10) T h e 
bridgehead alkene 2a was prepared, therefore, by the 
dehydration of 12c (80%) or by the thermolysis of 
12b (82%) which was obtained by the acetylation 
of 12c using 4-dimethylaminopyridine/acetic anhy­
dride.11) O n the other hand, 3a was prepared by 
the reduction of the chloride 3d with lithium/^-butyl 
alcohol in 6 7 % yield. All the synthetic scheme is 
summarized in Scheme 1. 

™CNMR Spectra. The 13G N M R chemical 
shifts for the bridgehead-substituted bridgehead al­
kenes l a — c , 2a—c, and 3a—c are listed in Table 1. 
Though it was impossible to assign all the carbons, 
a carbon, olefinic y carbon, and olefinic ô carbon 
(Fig. 1) were unequivocally assigned on the basis ol 

(CH2)n 

Fig. 1. 

the multiplicities of the off-resonance decoupled spectra. 
Therefore, the discussion should be focused on the 
chemical shifts of the above three carbons. The sub­
stituent effects in each ring system, i.e., the chemical 
shift differences between the alkenes having same ring 
system and different bridgehead substituents taking 
the hydrocarbons l a — 3 a as standard, are listed in 
Table 2, and the ring size effects, i.e., the chemical 
shift differences between the alkenes having same sub­
stituent and different ring systems taking bicyclo[6.2.2]-
dodecene systems 3a—3c as standard, are in Table 3. 
As shown in Table 2, the magnitude of the substi­
tuent effects on each carbon is in the order a effects > 
y effects > (5 effects, as might be expected from the 
distance from the substituents to each carbon. The 
magnitude of a substituent effects, which are directly 
related to the electronegativity of oxygen, as well as 
the small degree of ô effects observed for l b — c , 2 b — 
c, and 3 b — c are in accord with the cases of other 
bridgehead substituted alkanes.4) However, by con­
trast to the small downfield shifts for y carbons in 
the bridgehead substituted alkanes,4) the remarkable 
upfield shift was observed for the y carbons in the 
present bridgehead alkenes. Thus , for example, the 
y carbon resonances of l b and l c appeared 4.99 and 
3.98 ppm higher field than that of l a . As can be 
seen in Table 3, most of oc, y, and ô carbons of 
l a — c and 2a—c, except for y carbons of 2a—c, were 
deshielded compared with those of 3a—c, which in­
dicated the increase of steric strain with decrease in 
the ring size (n). 

AcOH 

H02C 

n=4 4a 
5 5a 
6 6a 

n=4 
5 
6 

Pb(0Ad 

^-(CLOAc 

n = 4~6 

He 
12b 

A (-AcOH) 

n = 4,5 

jjc 
2c 
3c 

N2H2 
n = 4,5 

(C^Jk7 
S0Cl2/Py 

n=4,5 
<CH£/0> 

n=4 
5 
6 

1a 
~**s 2a 
/ W 

3a 

11c 
12c Li/t-BuOH 

n = 6 

La 
26 
3d 

Scheme 1. 
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TABLE 1. 13G NMR CHEMICAL SHIFTS OF BICYCLO[W.2.2] BRIDGEHEAD ALKENES la—c, 2a—c, AND 3a—ca) 

Gompd 

l a 
l b 

l e 
2a 
2b 

2c 
3a 

3b 

3c 

R 

H 
OAc 

OH 
H 
OAc 

OH 
H 

OAc 

OH 

a) Measured at 

Ga 

36.51 
88.70 

79.02 
30.82 
86.60 

75.13 
30.33 

86.06 

73.78 

- 1 1 

Gr 

126.86 
121.87 

122.88 
122.80 
119.72 

120.77 
124.06 

120.55 

121.46 

-14°G in GDGlg 

G, 

141.97 
143.00 

141.76 
138.92 
140.71 

139.81 
138.23 

138.60 

138.27 

solution and 

Other carbons 

38.70, 35.37, 32.89, 29.48, 28.87, 27.74, 26.84 
170.70, 40.02, 37.09 (2G), 32.24, 30.14, 27.50, 
25.49, 22.65 
44.83, 40.77, 38.05, 35.94, 27.74, 26.92, 26.19 
37.20, 36.02, 33.58, 28.63, 28.43, 27.09, 24.69, 24. 
170.60, 42.47, 37.33, 36.55, 30.24, 29.40, 27.99, 
27.64, 24.85, 22.70 
46.29, 41.34, 36.47, 33.14, 29.28, 28.26, 27.13, 25. 
38.38, 35.90, 29.89, 29.16, 27.61 (2G), 27.49, 
24.89 (2G) 
170.60, 39.34, 37.33 (2G), 35.76, 32.39, 28.03 (2G), 
25.73 (2G), 22.80 
44.55, 38.74, 37.40 (2G), 35.57, 28.87, 27.41 (2G), 
26.35 

the shifts are in ppm with respect to internal Me4Si. 

,16 

.75 

TABLE 2. SUBSTITUENT EFFECTS ON THE 13G NMR 

CHEMICAL SHIFTS FOR BICYCLO [it. 2 . 2 ] 

BRIDGEHEAD ALKENESa) 

Gompd 

lbb> 
lcb> 

2bc> 
2cc> 

3bd> 
3cd> 

Substituent 

OAc 
OH 

OAc 
OH 

OAc 
OH 

Ga 

52.19 
42.51 

55.78 
44.31 

55.77 
43.45 

cr 
- 4 . 9 9 
- 3 . 9 8 

- 3 . 0 8 
- 2 . 0 3 

- 3 . 5 1 
- 2 . 6 0 

c* 
1.03 

- 0 . 2 1 

1.79 
0.89 

0.37 
0.04 

a) Positive shifts are to lower field and negative shifts 
are to higher field, b) Relative to la . c) Relative to 
2a. d) Relative to 3a. 

TABLE 3. RING SIZE EFFECTS ON THE 13G NMR 

CHEMICAL SHIFTS FOR BICYCLO [ « . 2 . 2 ] 

BRIDGEHEAD ALKENESa) 

Gompd 

l a 
l b 
l c 

2a 
2b 
2c 

Substituent 

H 
OAc 
OH 

H 
OAc 
OH 

Ga 

6.18 
2.64 
5.24 

0.49 
0.54 
1.35 

G r 

2.80 
1.32 
1-42 

- 1 . 2 6 
- 0 . 8 3 
- 0 . 6 9 

G, 

3.64 
4.40 
3.49 

0.69 
2.11 
1.54 

a) Values refer to the differences between the chemical 
shifts of a given compound and those of 3a—3c having 
the same bridgehead substituent. Positive shifts are 
to lower field and negative shifts are to higher field. 

The most significant feature in the 13G N M R spectra 
of the bicyclo[w.2.2] bridgehead alkenes is the remark­
able shielding y effects observed in l b — c , 2b—c, 
and 3b—c. The y anti shielding effects is well known 
for some alicyclic systems and several possible mech­
anisms have been posturated for interpretation of the 
effect such as electrostatic field effect,12) back-lobe in­
teraction of sp3 orbitals on G r with that of Ga-hetero 
atom bond,13) and a,y-hyperconjugative type interac­
tion of free-electron pairs on hetero atom.14) The 
present y effect may also be accounted by one or more 

Fig. 2. 

of the above explanations, because the molecular 
framework of the bridgehead alkenes are considerably 
deformed so that C a and C r are in close proximity 
compared with unstrained saturated bicyclic systems. 
However, in view of the solvolysis behavior of the 
bridgehead chlorides I d and 2d described later, we 
think it more attractive to ascribe the present y effect 
to the interaction of the back-lobe of sp3 orbital of 
G a-oxygen bond with G r p orbital of the distorted 
bridgehead double bond, as shown in Fig. 2. 
Moreover, inspection of molecular models suggests that, 
in agreement with the observed effects, such interac­
tion may be most pronounced in bicyclo[4.2.2]decene 
system (1) because of favorable geometry of the two 
orbitals for the interaction. 

Solvolysis of the Bridgehead Chlorides Id—3d. 
From the standpoint of facility in the identification 
of the solvolysis products, the hydrolysis of the bridge­
head chlorides I d — 3 d was attempted, because the 
expected hydrolysis products, that is, the bridgehead 
alcohols l c — 3 c and 7c—8c should be readily avail­
able. The product study of the solvolysis of I d — 3 d 
was, therefore, carried out in 8 0 % (v/v) acetone-water 
containing 2,6-lutidine buffer. Whereas the solvolysis 
of 3d gave only the unrearranged alcohol 3c, I d af­
forded the rearranged cyclopropylcarbinyl type alcohol 
7c as a sole product, and, in addition, 2d gave 8 7 % 
of the rearranged alcohol 8c and 1 3 % of the unrear­
ranged one 2c. The solvolysis rates of I d — 3 d were 
determined in ethanol solvent, because, unfortunately, 

OH OH ^ 

7c fie l i d 
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T A B L E 4. KINETIC DATA FOR THE ETHANOLYSIS OF THE BRIDGEHEAD CHLORIDES I 'd—3d AND l i d 

Chloride 
Temp a ) W AH* AS* 

°C 

25.0 
20.0 

33.0 
25.0 

33.0 
25.0 

55.0 
40.0 
25.0C> 

S " 1 

1.52X10-4 

7.50x10-5 

1.96x10-* 
7.44x10-5 

3.00x10-5 
1.07x10-5 

4.27x10-5 
6.07X10-6 

7.10X10-7 

^rel kcal m o l - 1 

I d 

2d 

3d 

l i d 

214 

105 

23 .9 1.8 

15.1 

1.0 

21.4 

22.8 

25.9 

- 5 . 9 

- 5 . 0 

+ 4.5 

a) ± 0 . 1 °G. b) The deviations are within 6%. c) Extrapolated value. 

T A B L E 5. SPECTRAL AND ANALYTICAL DATA FOR THE BRIDGEHEAD ALKENES l a — 3 a , l b — 3 b , l c — 3 c , 

AND I d — 3 d AND THE CYCLOPROPYLCARBINYL TYPE TRICYCLIC COMPOUNDS 7 b , 8 b , 7 c , AND 8 c 

Gompd 

lab»c> 

2ad) 

3ae> 

lb f) 

2bs) 

3bh) 

lc1) 

2c1) 

3c» 

ldk> 

2d1) 

3dm> 

7b 

8b 

7cn> 

8c°) 

IR 
v/cm-1 

3030, 

3030, 

3030, 

3040, 
1220 

3040, 
1225 

3040, 
1230 

3350, 
1065, 
3350, 
1060, 
3350, 
1010 
3030, 
730 
3030, 
730 
3030, 
730 
3050, 
1230 
3050, 
1235 
3350, 
1100, 

3350, 
1070, 

1640 

1640 

1640 

1710, 

1710, 

1710, 

3030, 
1030 
3030, 
1020 
3030, 

870, 

870, 

880, 

1720, 

1720, 

3050, 
1030 

3050, 
1020 

MS 
(m/e) 

136 (M+) 

150 (M+) 

164 (M+) 

194 (M+, trace), 
134 (M+-AcOH) 

208 (M+, trace), 
148 (M+-AcOH) 

222 (M+, trace), 
162 (M+-AcOH) 

152 (M+) 

166 (M+) 

180 (M+, trace), 
162 ( M + - H 2 0 ) 

170 (M+) 

184 (M+) 

198 (M+) 

194 (M+, trace), 
134 (M+-AcOH) 
208 (M+, trace), 
148 (M+-AcOH) 

152 (M+) 

166 (M+) 

m NMRa) 
(5/ppm 

1.00—2.60 (m, 15H), 
5.68 (t, J = 7 Hz, 1H) 

1.00—2.80 (m, 17H), 
5.46—5.65 (m, 1H) 

0.90—2.60 (m, 19H), 
5.66 (broad d, J =7 Hz, 1H) 

1.35—2.80 (m, 17H, s at 1.88), 
5.32—5.56 (m, 1H) 

1.05—2.60 (m, 19H, s at 1.75), 
5.36 (broad d, J =8 Hz, 1H) 

1.15—2.80 (m, 21H, s at 1.71), 
5.32 (broad d, J - 8 Hz, 1H) 

1.00—2.65 (m, 15H), 
5.32—5.56 (m, 1H) 
1.05—2.70 (m, 17H), 
5.48 (broad d, J= 7 Hz, 1H) 
0.90—2.70 (m, 19H), 
5.48 (broad d, J = 6 H z , 1H) 
0.95—2.80 (m, 14H), 
5.25—5.40 (m, 1H) 
0.80—2.90 (m, 16H), 
5.25 (broad d, J = 8 H z , 1H) 
0.90—2.80 (m, 18H), 
5.26 (broad d, J = 8 H z , 1H) 
0.92 (d, y = 6 H z , 2H), 
1.13—2.60 (m, 16H, s at 1.74) 
0.36—0.72 (m, 2H), 
1.05—2.60 (m, 18H, s at 1.76) 
0.62 (t, J =7 Hz, 1H), 
0.95 (d, 7 = 7 Hz, 1H), 
1.05—2.60 (m, 14H) 
0.41 (2d, / = 8 H z , 4Hz, 1H), 
0.60 (t, J = 4 H z , 1H), 
1.05—2.40 (m, 16H) 

Found 

c'(%) 

87.71 
(87.92) 

87.73 
(87.40) 

74.55 
(74.19) 

75.08 
(74.96) 

75.20 
(75.63) 

78.82 
(78.89) 
79.21 

(79.46) 
79.63 

(79.94) 
70.53 

(70.37) 
71.64 

(71.52) 
72.94 

(72.52) 
74.01 

(74.19) 
74.77 

(74.96) 
78.53 

(78.89) 

79.13 
(79.46) 

(Galcd) 

H~(%) 

12.00 
(12.08) 

12.27 
(12.15) 

9.54 
(9.34) 

9.68 
(9.74) 

9.93 
(9.97) 

10.76 
(10.59) 
10.78 

(10.92) 
11.10 

(11.18) 
8.89 

(8.86) 
9.26 

(9.28) 
9.64 

(9.64) 
9.42 

(9.34) 
9.86 

(9.68) 
10.60 

(10.59) 

11.13 
(10.92) 

a) XH N M R spectra of l a — 3 a were measured in GDG13 solutions and those of the other compounds were in 
G6D6 solutions, b) Since l a was highly sensitive to oxygen, correct analytical data could not be obtained. c) 
M p 33—35 °G. d) M p 30—32 °G. e) Bp 50—60 °G (bath temp)/20 m m H g , f) Bp 75—78 °G/0 .5 m m H g , g) 
Bp 80—83 °G/0.2 m m H g , h) Bp 85—87 °G/0.3 m m H g , i) Semisolid, j ) M p 84—85 °G. k) Bp 55—65 °G (bath 
temp) / l m m H g ; 13G N M R (GDG18) Ô 141.46 (s), 123.31 (d), 76 .73 (s), 4 6 . 5 5 (t), 41 .64 (t), 38 .23 (t), 36 .40 
(t), 28 .97 (t), 27 .24 (t), 26 .79 (t). 1) Bp 75—85 °G (bath temp)/2 m m H g ; 13G N M R (GDG18) ô 139.53 (s), 
121.25 (d), 75.37 (s), 47 .67 (t), 43 .82 (t), 36 .34 (t), 35 .21 (t), 29 .44 (t), 28 .79 (t), 26 .80 (t), 26 .44 (t). m) 
Bp 102—105 °G/4 m m H g ; 13G N M R (GDG18) ô 138.07 (s), 122.27 (d), 75 .49 (s), 46 .50 (t, 2C), 37 ,36 (t, 3C), 
28 .55 (t), 27 .13 (t), 26 .92 (t, 2G). n) M p 87—89 °C, o) M p 90—92 °G. 
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t h e hydro lys i s r a t e s of I d — 3 d w e r e t oo r a p i d to m e a s ­
ure . 1 5 ) T h e r a t e s of e thano lys i s of I d — 3 d buffered 
w i t h 1 0 % (v/v) o f 2 , 6 - l u t i d ine w e r e l is ted i n T a b l e 
4.16> F o r c o m p a r i s o n , t h e e thano lys i s r a t e s of t h e 
s a t u r a t e d c h l o r i d e ( l i d ) w e r e also d e t e r m i n e d . As 
s h o w n in T a b l e 4 , I d w a s m o s t r e a c t i v e a n d w a s 
so lvo lyzed a t a r a t e 2 1 4 t imes faster t h a n t h e cor ­
r e s p o n d i n g s a t u r a t e d c h l o r i d e l i d . T h e solvolysis r a t e 
o f 2 d w a s a b o u t a h a l f of t h a t of I d b u t w a s stil l c o n ­
s i d e r a b l y g r e a t e r t h a n those of 3 d a n d l i d . T h e 
p r o d u c t s t u d y a n d t h e k ine t i c resul t s i n d i c a t e c lea r ly 
t h e p r e s e n c e of t h e h o m o a l l y l i c p a r t i c i p a t i o n of t h e 
s t r a i n e d b r i d g e h e a d d o u b l e b o n d to t h e c a r b o n i u m 
i o n c e n t e r l o c a t e d a t t h e oppos i t e b r i d g e h e a d pos i t i on 
i n b i c y c l o [ 4 . 2 . 2 ] d e c e n e a n d b i c y c l o [ 5 . 2 . 2 ] u n d e c e n e sys­
t e m s , a l t h o u g h i t m a y b e c o n c e i v a b l e t h a t re l ief of 
l a r g e s t r a i n in t h e g r o u n d s t a t e of I d a n d 2 d m a y 
p a r t i a l l y c o n t r i b u t e to t h e obse rved r a t e e n h a n c e m e n t . 
E x a m i n a t i o n of m o l e c u l a r m o d e l s suggests t h a t , in 
a n a l o g y w i t h t h e case of t h e 1 3 G N M R s t u d y , m o r e 
f avo rab l e g e o m e t r y , b o t h i n d i s t a n c e a n d i n o r i e n t a ­
t ion , c a n b e a t t a i n e d for t h e h o m o a l l y l i c i n t e r a c t i o n 
b e t w e e n t h e v a c a n t p o r b i t a l a t t h e b r i d g e h e a d pos i t ion 
a n d t h e p o r b i t a l of t h e d i s t o r t e d b r i d g e h e a d d o u b l e 
b o n d w i t h d e c r e a s e i n t h e size (n) of t h e bicyclo[w.2.2] 
f r a m e w o r k . T h u s , i t m a y b e c o n c l u d e d t h a t t h e h i g h l y 
s t r a i n e d b r i d g e h e a d a lkenes , espec ia l ly b i c y c l o [ 4 . 2 . 2 ] -
d e c e n e sys tem, s h o w r e m a r k a b l e h o m o a l l y l i c t y p e <x,y-
i n t e r a c t i o n b o t h in t h e g r o u n d s t a t e a n d in t h e t r a n ­
s i t ion s t a t e ( c a r b o n i u m i o n ) . 

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

All the melting and boiling points are uncorrected. I R 
spectra were recorded on a J A S G O I R - G spectrometer. 
Mass spectra were taken by using a Hitachi R M U - 6 E spec­
trometer. XH N M R spectra were obtained on a J E O L 
JNM-PS-100 spectrometer and 13G N M R spectra were on 
a J E O L J N M - F X - 6 0 S spectrometer. Analytical GLG was 
carried out on a Hitachi 163 gas Chromatograph (10% 
FFAP or 5 % SE-30 column) and preparat ive GLG separa­
tion was under taken on a Var ian Aerograph 920 gas Chro­
matograph. T h e spectral and analytical da ta for the bridge­
head alkenes l a — 3 a , l b — 3 b , l c — 3 c , and I d — 3 d and 
those for the cyclopropylcarbinyl type tricyclic compounds 
7b , 8b , 7c, and 8c were listed in Tab le 5. 

Preparation of [n.2\2\Propellanecarboxylic Acids 4a—6a. 
T h e ring contraction of [ra.3.2]propellanones7) were carried 
out by the usual procedure involving the photochemical 
Wolff rearrangement.1 7) Namely, the condensation of 
[rc.3.2]propellanones with ethyl formate using sodium hydride 
in ether18) gave the corresponding hydroxymethylene deriv­
atives ( IR 1670, 1600, 1520, 1180 cm- 1 ) in 80—87% yields 
and subsequent diazo transfer with tosyl azide19) gave the 
corresponding diazo ketones ( IR 2050, 1650 c m - 1 ) in quan­
titative yield. T h e crude diazo ketones were dissolved in 
methanol and the solutions were i rradiated in a Pyrex vessel 
with a 500 W high pressure mercury l amp for 16—20 h. 
T h e solvent was removed under reduced pressure and the 
residue distilled to afford the methyl esters (4b—6b) of 
[n.2.2]propellanecarboxylic acids 4 a — 6 a in 65—85% yields. 
G L C analysis showed that 4 b — 6 b were the mixtures of 
epimers in about 1:2 ratio. 4 b : bp 103—105 °G/10 m m H g ; 
I R 1720, 1165 c m - 1 ; M S m/e 194 (M+) ; XH N M R (CC14) 
(5 1,00—2.72 (m, 14H), 3.04, 3.16 (t, 7 = 8 Hz, 1H), 3.58 

MATSUMOTO, Y. T O B E , and Y. ODAIRA [Vol. 54, No. 5 

0», 3H) . Found : G, 74.17; H , 9 .43%. Galcd for G 1 2 H 1 8 0 2 : 
C, 74.19; H , 9 .34%. 5 b : bp 110—112 °C/5 m m H g ; I R 
1720, 1165 c m - 1 ; M S m/e 208 (M+) ; XH N M R (GG14) Ô 
1.10—2.55 (m, 16H), 3.02, 3.04 (t, 7 = 8 Hz, 1H), 3.59 
(s, 3H) . Found : G, 74.77; H, 9 .79%. Galcd for G1 3H2 0O2 : 
G, 74.96; H , 9 .68%. 6 b : bp 124—128 °G/8 m m H g ; I R 
1720, 1165 c m - 1 ; M S m/e 222 (M+); 1U N M R (GG14) Ô 
1.10—2.56 (m, 18H), 3.08 (t, 7 = 8 Hz, 1H), 3.60 (s, 3H) . 
Found : G, 75.35; H, 10 .11%. Galcd for G 1 4 H 2 2 0 2 : G, 
75.63; H , 9 .97%. 

T h e solutions of the esters 4 b — 6 b and 2 equiv. of potas­
sium hydroxide in methanol were heated at reflux for 3 h. 
T h e solvent was concentrated and the residue was diluted 
with water and washed with ether. The aqueous layer 
was acidified with 6 mol d m - 3 hydrochloric acid and ex­
tracted with ether. Evaporat ion of the ether gave 4a—6a 
(92—93% yield) as colorless viscous oil which solidified 
on standing. I R 3500—2500, 1690, 1220 cm- 1 . The treat­
ment of 4 a — 6 a with ethereal diazomethane gave 4b—6b 
having the similar ratio of epimers to that of the original 
ester mixtures.20) 

Oxidative Decarboxylation of 4a—6a with Lead Tetraacetate. 
T h e solution of 4a—6a , 1.1 equiv. of lead tetraacetate, and 
0.6 equiv. of pyridine in benzene was heated under nitrogen 
at 80 °G for I h. After filtration, the solution was washed 
successively with dilute hydrochloric acid, sodium hydro-
gencarbonate solution, and water and then dried over an­
hydrous sodium sulfate ( N a 2 S 0 4 ) . After evaporation of the 
solvent, the products were analyzed by GLG and the yields 
determined: 4 a ; 7 b (68%,), 9 (5%) . 5 a ; 2 b (13%), 8 b 
(60%) , 10 ( 3 % ) . 6 a ; 3 b (81%J. T h e products were 
separated by preparative GLG. 9 : I R 3030 c m - 1 ; M S 
m/e 134 (M+) ; lH N M R (GG14) ô 1.20—2.00 (m, 12H), 
6.17 (s, 2 H ) . Found : G, 89.20; H , 10.64%. Galcd for 
G1 0H1 4 : G, 89.49; H , 10 .51%. 10: I R 3 0 3 0 c m - 1 ; M S 
m/e 148 (M+) ; XH N M R (CCLJ ô 1.10—2.20 (m, 14H), 
6.14 (s, 2 H ) . Found : G, 89.06; H , 10.92%. Galcd for 
G n H 1 6 : G, 89.12; H, 10.88%. 

Preparation of lb and 2b by the Rearrangement of 7b and 8b 
in Acetic Acid. T h e solution of 7 b and 8 b in acetic 
acid was stirred under nitrogen at room temperature for 
5 and 22 h, respectively, and the progress of the reaction 
was monitored by G L C . The solution was cooled with 
ice and carefully neutralized with aqueous sodium hydroxide 
solution and extracted with ether. T h e ether extract was 
washed with water and dried over N a 2 S 0 4 . Evaporation 
of the solvent followed by distillation afforded l b and 2b 
in 90 and 9 7 % yields, respectively. Analytical sample of 
l b was obtained by preparat ive GLG. 

Preparation of the Bridgehead Alcohols lc—3c and 7c—8c 
by Lithium Aluminum Hydride Reduction of lb—3b and 7b— 
8b. T h e solution of the acetates l b — 3 b and 7b—8b 
in ether was added dropwise to the suspension of lithium 
a luminum hydride (1 equiv.) in the same solvent and the 
mixture was stirred at room temperature for 1 h. Water 
was added dropwise followed by dilute hydrochloric acid. 
T h e organic layer was separated and washed with sodium 
hydrogencarbonate solution and water and then dried 
( N a 2 S 0 4 ) . Evaporation of the solvent gave the alcohols 
l c — 3 c and 7c—8c in 68—80% yields which were purified 
by preparative G L C . 

Preparation of the Bridgehead Chlorides Id—3d. T o the 
solution of l c — 3 c and 5 equiv. of pyridine in benzene was 
added 2 equiv. of thionyl chloride (phosphoryl chloride 
was used in the case of l c ) and the solution was stirred at 
room temperature for 2 h. Water was added carefully and 
the organic layer was washed with dilute hydrochloric acid, 
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sodium hydrogencarbonate solution, and water. After drying 
over N a 2 S 0 4 , the solvent was evaporated to give I d — 3 d 
as light brown oil (45—87% yields). Pure samples of I d — 
3d were obtained by preparative GLG. 

Preparation of lib, lie, and 12c by the Diimide Reduction 
of lb, lc, and 2c. T h e solution of l b , l c , and 2c, 20 
equiv. of 9 0 % hydrazine hydrate, and 0.1 equiv. of copper 
(II) sulfate in ethanol was stirred at room temperature 
while air was bubbled through a syringe. T h e course of 
the reaction was monitored by GLG and the reaction times 
required for completion were within 1 h for l b and l c and 
20 h for 2c. However, the similar reaction of 2b, 3b , and 
3c was unsuccessful.10) T h e solution was diluted with water 
and extracted with ether. T h e ether extract was washed 
with water and dried (Na 2 S0 4 ) . After evaporation of the 
solvent, the products were purified by passing through a 
silica-gel column. Yields of the isolated products were 
71—79%. l i b : I R 1720, 1255, 1230 cm" 1 ; M S m/e 136 
( M + - A c O H ) ; ! H N M R (GG14) S 1.32—2.40 (m, s at 1.84). 
Found: G, 73.45; H , 10.37%. Galcd for G 1 2 H 2 0 O 2 : G, 
73.43; H , 10.27%. l i e : m p 73—74 °G; I R 3350, 1020 
c m - 1 ; M S m/e 154 (M+, trace), 136 ( M + - H 2 0 ) ; ^ N M R 
(CC14) ô 1.40—2.30 (m). Found : G, 77.49; H , 11.86%. 
Galcd for G 1 0 H 1 8 O: G, 77.86; H , 11.76%. 12c: m p 79— 
80 °G; I R 3350, 1060, 1050 c m - 1 ; M S m/e 150 ( M + - H 2 0 ) ; 
i H N M R (GG14) ô 1.35—2.30 (m). Found : G, 78.50; H , 
11.63%. Galcd for C n H 2 0 O : G, 78.51; H , 11.98%. 

Preparation of 12b. T o the solution of 80 mg of 12c 
and 120 mg of 4-dimethylaminopyridine in 2 ml of dichlo-
romethane was added with stirring the solution of 100 mg 
of acetic anhydride in 0.5 ml of dichloromethane and the 
solution was stirred at room temperature for 6 h. T h e 
solution was diluted with ether and washed successively 
with dilute hydrochloric acid, sodium hydrogencarbonate 
solution, and water and dried over N a 2 S 0 4 . Evaporat ion 
of the solvent gave 12b as a clear oil (80% yield). I R 1720, 
1240 cm- 1 ; M S m/e 150 ( M + - A c O H ) ; ^ N M R (GG14) 
ô 1.10—2.40 (m, s at 1.84).22> 

Preparation of the Alkenes la and 2a. (a) By the Vapor 
Phase Thermolysis of lib and 12b: T h e 3 % solution of l i b 
and 12b in hexane was passed through a Pyrex column 
which was heated at 350 °G under nitrogen stream (15 
ml/min) and the end of the column was connected to a t rap 
containing powdered potassium carbonate cooled at —78 ° G 
T h e t rapped solution was filtered and concentrated to give 
l a and 2a as semisolid in 76—82% yields. 

(b) By the Dehydration of lie and 12c: T h e t rea tment of 
l i e and 12c with thionyl chloride/pyridine in the similar 
manner to the chlorination of 2c and 3c afforded l a and 
2a in 74—80% yields. 

Preparation of the Alkene 3a. T h e solution of 900 mg 
of 3d and 3.3 g of £-butyl alcohol in 30 ml of tetrahydrofuran 
was heated at reflux with stirring and to this solution was 
added portionwise 315 mg of li thium cut in small pieces. 
T h e mixture was heated for 3 h and then poured into water . 
The organic layer was separated and the aqueous layer 
was extracted with ether. T h e combined extracts was 
washed with saturated sodium chloride solution and dried 
over N a 2 S 0 4 . Evaporation of the solvent followed by dis­
tillation gave 3a as a colorless oil in 6 7 % yield. 

Preparation of the Bridgehead Chloride lid. 138 mg of 
the alcohol l i e was added portionwise to 1.0 g of thionyl 
chloride and the solution was stirred at room temperature 
for 1 h. Crashed ice was added followed by water and the 
mixture was extracted with ether. T h e extract was washed 
with sodium hydrogencarbonate solution and water and 
dried over N a 2 S 0 4 . After evaporation of the solvent, l i d 

was purified by sublimation ^70 °G/20 m m H g ) : m p 70— 
71 °G; I R 850 c m - 1 ; M S m/e 172 (M+, trace), 137 ( M + -
HG1); i H N M R (GG14) ô 1.15—2.60 (m). Found : G, 69.94; 
H , 9.96%. Galcd for G1 0H1 7G1: G, 70.14; H , 9 .96%. 

Kinetic Measurements of the Ethanolysis of Id—3d and lid. 
T h e solution (0.1 M) of the chlorides and the internal stand­
ard (octadecane or nonadecane) in ethanol containing 10% 
(v/v) of 2,6-lutidine was set in a constant temperature ba th 
and at appropria te intervals aliquots were removed by a 
syringe and the decrease of the chlorides was determined 
by GLG. T h e products of the ethanolysis were isolated 
by preparat ive GLG and the 1H. N M R spectra of them were 
taken, i d gave a single ether which showed a multiplet 
(2H) at ô 0.52—0.98, a triplet at ô 1.21, and a quar te t (2H) 
at ô 3.48 ppm. 2d gave two ethers in a ratio of 3 : 1 ; the 
former exhibited a multiplet (2H) at ô 0.37—0.88, a triplet 
at ô 1.24, and a quar te t (2H) at ô 3.52 ppm, and the lat ter 
a triplet at ô 1.11, a quar te t (2H) at ô 3.28, and a multiplet 
(1H) at ô 5.36—5.52 ppm. 3 d afforded a single ether 
which showed a triplet at ô 1.15, a quar te t (2H) at ô 3.31, 
and a broad doublet (1H) at ô 5.54 p p m . 

Preparative Hydrolysis of Id—3d. T h e solution of I d — 
3 d in 80% aqueous acetone containing 5 equiv. of 2,6-lutidine 
was stand at room temperature over night. T h e solvent 
was concentrated and extracted with ether. T h e products 
were identified by the comparison in GLG retention times 
and I R spectra with those of the authentic samples: I d ; 
7c (96%) . 2d; 8c (80%) , 2c (12%). 3d ; 3c (99%) . 
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were about five times of those in the lutidine containing 
solvent; A;4 0o c=3.05x 10"5, £55<>c=2.00x 10~4 s"1. 

17) J . Meinwald and J . K . Crandal l , J. Am. Chem. Soc, 
88, 1292 (1966), and references cited therein. 

18) C. Ainsworth, Org. Synth., Coll. Vol. 4, 536 (1963). 
19) M . Regitz, J . Rüter , and A. Liedhegener, Org. Synth., 

5 1 , 86 (1971). 
20) 4 a — 6 a thus prepared were mixtures of exo and endo 

epimers, however, the mixtures were used without separation 
for the lead tetraacetate oxidation, because it has been well 
known that the pr imary process of the reaction is the forma­
tion of alkyl radical species followed by further oxidation 
to classical cation intermediates21) and, therefore, the stereo­
chemistry of the acids may be disregarded in the present 
case. 

21) R. A. Scheldon and J . K . Kochi, Org. React., 19, 
279 (1972). 

22) Correct analytical da ta were not obtained for this 
compound because of facile elimination of acetic acid during 
purification by preparative G L C . 
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Chemistry of Dienyl Anions. IV. Geometry of Pentadienyl 
Anions in Solution and in the Solid State Determined 

by Regioselective Trimethylsilylation and NMR 
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The configurational analysis of a series of alkyl substituted pentadienyl anions in THF was examined by 
trimethylsilylation and from the variable temperature 1H- and 13G-NMR spectra. Potassium pentadienide, 
-2-methylpentadienide or -2,4-dimethylpentadienide produced preferentially (Z)-2,4-pentadienyltrimethylsilane 
or its methyl substituted analogues to indicate that these compounds have the "U"-shaped structure in solution. 
By contrast, trimethylsilylation of potassium pentadienide and -2-methylpentadienide in the crystalline state 
produced the (E)- and the (E),(Z)-isomers, respectively, suggesting that the geometry is drastically changed to 
the "W"- or "S"-shaped by the medium effect. The W-shaped structure of potassium 3-methylpentadienide 
in THF and in the solid state is exceptional. Geometry of trapped products of potassium cycloheptadienide 
and -cyclooctadienide is also (Z) but the silylation occurred on the central carbon in contrast to the terminal 
silylation seen for the open-chain pentadienides. Geometry of these dienyl anions determined by NMR below 
— 30 °G was consistent with the result obtained from trimethylsilylation. Superficial conflict between MINDO/3 
prediction and the experimental evidence was reasonably reconciled by considering contact ion pairs for potas­
sium pentadienide in THF and more strongly-solvated ion pairs for the lithium analogues. 

A study of structures and configurational stabilities 
of a series of pentadienyl anions is of particular im­
portance since such carbanions are crucial intermedi­
ates for base-catalyzed equilibration1) of diolefins and 
are valuable organometallic reagents for syntheses.2) 
Several theoretical studies on the geometry of open-
chain pentadienyl anions are now available. Extended 
Hückel calculations by Hoffmann and Olofson3) and 
CNDO/2 by Bushby et al.V predict that the horseshoe­
like "U"-shaped anion should be preferred over the 
zigzag-like " W " - or sickle-like "S"-shaped anions. 
However, Dewar et al.5) recently reported on the basis 
of M I N D O / 3 and M N D O calculations that the W-
shaped structure is more stable than the U- or S-
shaped structure by 2.5—15.5 kj/mol for pentadienyl, 
3-methyl- or 1,3-dimethylhexadienyl anions. Dewar's 
prediction is in accord with the experimental evidence 
obtained by N M R which indicates that lithium pen­
tadienide,6) hexadienide7) and 2-methylpentadienide in 
T H F , and potassium pentadienide8) and hexadienide9) 
in liquid ammonia exist preferentially as W-shaped 
anions. However, Schlosser et al. recently reported 
evidence for the U-shaped structure for the first time 
in the cases of potassium 2-methyl- and 2,4-dimethyl­
pentadienide in T H F based on the geometry of 2,4-
pentadien-1-ol chemically derived from the anions.10) 
Such predominance of the U-shaped structure has 
also been confirmed by us independently for the parent 
potassium pentadienide in T H F from the hydrolysis 
data.11) 

This paper is concerned with 1) the regioselective 
trimethylsilylation of a series of potassium pentadienide 
in T H F to determine the geometry of the pentadienyl 
moiety to confirm Dewar's M O prediction and the 
geometry suggested by Schlosser et al., 2) the direct 
measurement of the geometry in solution by variable 
temperature 1 H- and 1 3 C-NMR, and 3) the medium 
(solution vs. the solid state) and counter-cation de­
pendence of the geometry of a series of pentadienyl 
anions. All the experiments were conducted with use 

of isolated crystalline pentadienyl anions. 

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

Chemical Trapping in Solution and in the Solid State. 
Trimethylsilylation of pentadienyl anions with an equi-
molar amount of chlorotrimethylsilane can be ac­
complished with extreme regioselectivity as has been 
shown in the trimethylsilylation of some nucleophiles.12) 
Potassium pentadienide 1, rubidium pentadienide 2, 
and caesium pentadienide 3 in T H F at 20 °G gave 
(Z)-2,4-pentadienyltrimethylsilane in 88, 90, and 9 2 % 
regioselectivity in 9 5 — 9 8 % yield and at —40 °G in 
9 6 — 9 8 % regioselectivity as evidenced by high resolu­
tion GG, ! H - N M R (Table 1), IR , MS, and the ana­
lytical data (Table 5 in experimental section). Such 
high regioselectivity has also been found in the pro-
tolysis of 1 at 5 °G giving 9 2 — 9 5 % of (Z)-l ,3-pen-
tadiene.11) No product derived from the electrophilic 
attack on the central a tom is formed in either case. 
In contrast, l i thium pentadienide 4 in T H F gave the 
( ^ - i somer exclusively ( 9 8 % yield) at —40 °G. The 
ZjE ratio for 1—3 (98:2) was determined with a high 
resolution gas Chromatograph equipped with a 45 m 
capillary column. The resulting products are ther­
mally stable and no isomerization of (Z)- to (£)-2,4-
pentadienyltrimethylsilane or of the (£ ) - to the (Z)-
isomer occurred by heating to 80 °C for 1 h in T H F . 
The thermal stability permits the isolation of the re­
spective pure isomers (Fig. 1) by distillation or with 
preparative GG. Sodium pentadienide gave a 7:3 
mixture of (Z)- and (Z£)-isomers at 30 °C and a 6:4 
mixture at —20 °C. Thus, the geometry of trapped 
products was successfully controlled by changing the 
counter cation. 

If above anions are present as a single torsional 
isomer and trimethylsilylation occurs equally a t both 
termini (Gj and G5), it would yield just one pair of 
products as shown in Schemes 1 and 2. Based on 
this postulate, the above results are readily explained 
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TABLE 1. !H-NMR CHEMICAL SHIFTS (<5-VALUES) AND COUPLING CONSTANTS (HZ) 

FOR PENTADIENYLTRIMETHYLSILANES IN CDC13 AT 30 °Ca> 

Entry Anion Products (VH(7 1 3 ) C2-H(/2 3) C3-H(734) C4-H C5-H(J45) 

Si-1 

Si-2 

Si-3 

Si-4 

Si-5 

Si-6 

Si-7 

Si-8 

Si-9 

Si-10 

1 

1 

5 

5 

5 

6 

7 

8 

9 

10 

y^J\^r 

/^j"] 

^xr 

J\^\,s\~ 

ÀJ''-
J\J^SI-

\^Jr 

Ov-

1.48 
(d, 7.8) 
1.61 
(d, 8.6) 
1.67(S) 

1.51 
(d, 7.6) 
1.71 
(d, 8.8) 
1.79 ( S) 

1.57 
(d, 8.8) 

1.56 
(d, 8.6) 
5.66 
(d of t, 11.1) 

5.19 
(d of t, 11.4) 

5.48 
(d of t, 10.8) 

2.08(m) 

5.63 
(dof t, 15.2) 

5.47 
(dofd, 10.4) 

— 

5.61 
(dof t, 15.0) 

5.40 
(dof t, 11.3) 

— 

5.30 
(d of t, 9.8) 
5.53 
(t, 8.6) 
5.45 
(d of d, 5.8) 
5.67 
(d of d, 4.1) 

5.77(d) 

6.14 
(d, 7.0) 

5.73 
(dofd, 10 
5.91 
(dofd, 10 
5.75 
(d, 10.8) 
5.98 

(d) 
5.74 
(d) 
5.50(S) 

5.82 
(dofd, 10 

2.50 

(t) 
2.28 
(d of d) 

6.00 
(d, 7.0) 

.0) 

3) 

2) 

6.25 
(d of d of 
6.54 
(d of d of 

6.42 
(d of d of 

— 

— 

— 

6.17 
(d of d) 
6.34 
(d of d) 
5.45 
(d of d) 

5.67 
(d of d, 11 

5.05 
(d, 5.0) 

2.15(m) 

d) 

d) 

d) 

•4) 

4.93 (trans, 16.2) 
4.79(cis, 10.1) 
5.08 (trans, 16.2) 
4.95 (eis, 10.4) 
4.95 (trans, 16.5) 
4.84(cis, 10.4) 

4.87 (gem, 1.8) 
4.80 
4.87 
4.84 
4.80 
4.70 
5.59 
(d of q, 14.5) 
4.96 (trans, 16.9) 
4.79(cis, 10.7) 
5.67 
(d of t, 11.7) 

5.19 
(d of t) 

2.10(m) 

2.08(m) 

- 0 . 0 9 
(CH3-Si) 
- 0 . 0 4 
(CH3-S1) 
0.00(GH3-Si) 
1.74(GH,) 
-0.03(CH3-Si) 
1.80(GH3) 
-O.Ol(CHg-Si) 
1.86(GH3) 
1.71(GHS) 
1.79(GH,) 
1.72(CH3, 7.0) 
-0.05(CH3-Si) 
-0.02(CH3-Si) 
1.66(GH3) 
0.03(GH3-Si) 
2.22(718 = 3.8, CH2) 
0.00(CH2-Si) 
1.21(718 = 6.5, CH2) 
2.37(7„ = 8.1,GH1) 
1.49(CH2) 
0.06(CH3-Si) 
1.44(CH2) 
0.18(CH3-Si) 

a) GHClg was used as an internal standard (assuming to be 7.20 ppm downfield from TMS). 

H4 H 2 \ / 

H5 H3 HH, 

(E) 

(Z) 

CH3Si 

2.0 1.0 0.0 4 0 3.0 

(5/ppm 

Fig. I. XH-NMR spectra (100 MHz, in CDC13) of (Z)- and (E)-2,4-pentadienyltrimethylsilane prepared 
from 1 in THF and in the solid state. 

by regarding the U-shaped structure for 1—3 in solu­
tion and the W-shaped structure for 4. The S-shaped 
anion should produce a ZjE mixture. T o rationalize 
this assumption, the chemical trapping of an unsym-
metrical pentadienyl anion, potassium 2-methylpenta-
dienide 5, was examined in T H F at —20 °C using 
pure single crystals of 5. Indeed, a 11:9 mixture of 
(Z)-4-methyl-2,4-pentadienyltrimethylsilane and (Z)-2-
methyl-2,4 -pentadienyltrimethylsilane was obtained to 
indicate the presence of a single torsional isomer with 
the U-shaped structure. The configuration of the for­

mer was determined from the proton-proton coupling 
constant (described later) observed in the 1 H - N M R 
spectrum (100 MHz) and by the measurement of N O E 
for the latter. This behavior corresponds well to di-
methoxyboration-oxidation sequence of 5 in T H F at 
— 78 °C reported by Schlosser which gave (Z)-4-
methyl-2,4-pentadien-l-ol (41%) and (Z)-2-methyl-2,4-
pentadien-1-ol (22%) implying the U-shaped structure 
in THF.1 0 a) If the anion 5 assumes the endo-S-, exo-
S-, or W-structure, (£)-2-methyl- or (£)-4-methyl-2,4-
pentadienyltrimethylsilane should be accompanied. Ex-



May, 1981] Geometry of Pentadienyl Anions in Solution and in the Solid State 1483 

( Z ) (E ) 
1 M=K 
2 M=Rb 
3 M=Cs 

Scheme 1. 

W-5 ' (E) 

Scheme 2. 

change of the counter cation to lithium changed the 
geometry of the product ; i.e., successive treatment of 
2-methyl-1,4-pentadiene with .y-butyllithium in T H F , 
fluorodimethoxyborane and alkaline hydrogen peroxide 
has been reported to produce both 4-methyl- and 2-
methyl-2,4-pentadien-l-ol.13> The formation of ( £ ) -
isomer favored over (Z)-isomer consistent with the 
trimethylsilylation of 4. Based on these facts, one 
can conclude the structure of 1, 2, 3, and 5 in solution 
to be the U-shaped and 4 to be the W-shaped structure 
in solution. The S-shape may be, thus, excluded for 
1—5. 

A drastic change in geometry of the trapped products 
was found when the medium was changed from solu­
tion to the solid state. The solubility of 1 in T H F 
at 40 °G is 135 g/dm3 and that of 2 and 3 is lower 
than that. Hence the addition of excess pentane or 
octane ( 10 ml) to the saturated T H F solution ( 1 ml) 
at 40 °C brought about quantitative precipitation of 
1—3 (90%) by cooling to —40 °G. Trimethylsilyla­
tion of the resulting suspension of 1, 2, and 3 in pentane 

U-1 w-1 
(in solution) (in the solid state) 

surprisingly produced (£)-2,4-pentadienyltrimethyl-
silane exclusively ( 9 8 % GC yield) in 84, 90, and 
9 2 % regioselectivity at 0 °C and in 9 3 — 9 5 % regio-
selectivity ( ~ 9 5 % yield) at —70 °C in sharp contrast 
to the reaction in solution which gave the (Z)-isomer. 
THF-free pentadienyl anions of 1 and 2, which were 
prepared by heating crystals to 80 °C in vacuo,lu> are 
sparingly soluble in hydrocarbons and showed an ex­
treme regioselectivity in silylation (9 9 % in pentane 
at 0 °G). Li thium compound 4 or its T M E D A com­
plex 4 ' suspended in pentane at 0 °C also produced 
the (£')-isomer exclusively (97%) in line with the 
reaction in solution. No medium effect was observed 
for the lithium analogue. These results clearly in­
dicate the W-shaped structure for 1—4 and 4 ' in the 
crystalline state but the S-shape can not be ruled 
out distinctly from this experiment. Dialkoxybora-
tion-oxidation of 1 in hexane (in the solid state reac­
tion) also produced (£)-pentadien-l-ol exclusively, 10b> 
whereas it was recently found to give (Z)-isomer in 
good yield by reaction in T H F solution in agreement 
with our result.150) Thus, the frequently experienced 
poor reproducibility on the (Z)/(E) -ratio has now 
solved by introducing the concept of the medium 
effect. 

The similar medium effect was found also for 5, 
which gave (£)-4-methyl-2,4-pentadienyltrimethyl-
silane (48%), (Z)-4-methyl-2,4-pentadienyltrimethyl-
silane (12%), and (Z)-2-methyl-2,4-pentadienyltri-
methylsilane (40 %) in the solid state reaction in pentane 
( T H F coordinated to 5 was removed previously at 
80 °G in vacuo). No contamination of (£')-2-methyl-
2,4-pentadienyltrimethylsilane was detected in each 
isolated products. This shows that 5 has predomi­
nantly the &w-S-shaped structure in the crystalline state. 
The exo-S/U-ratio is calculated to be 78/22 if the U-
5 species in the solid state is postulated to give (Z)-
4-methyl- and (Z)-2-methyl-2,4-pentadienyltrimethyl-
silane in 11/9 ratio as was observed in trimethylsilyla­
tion in solution. Protolysis of 5 with water producing 
a ca. 1:1 mixture of (Z)-2-methyl- and 4-methyl-
pentadiene in both media11) gave little information 
on the configuration. 

The steric repulsion between the two methyl groups 
on the 2,4-dimethylpentadienyl anions will lead to 
the U- or S-shaped structure since planar W-form is 
sterically hindered for this anion. Indeed, (Z)-2,4-
dimethyl-2,4-pentadienyltrimethylsilane was identified 
as the almost exclusive product (97% regioselectivity, 
9 6 % yield) from potassium 2,4-dimethylpentadienide 
6 both in solution and in the solid state suggesting 
the presence of the U-shaped single torsional isomer. 
The geometry was determined by the N O E experi­
ment. The U-shaped structure have recently been 
confirmed also by Schlosser et al. by dialkoxyboration-
oxidation of 6 in T H F which results in the exclusive 
production of (Z)-2,4-dimethylpentadien-l-ol.10) 

The trapped product of potassium hexadienide 7 
also comprises one isomer, (2Z,4JE)-2,4-hexadienyltri-
methylsilane (92%) independent of the medium (solu­
tion and the solid state) and hexadiene precursor 
[1,3-hexadiene, 1,4-hexadiene, (EyE) -2,4-hexadiene and 
(Zi,Z)-2,4-hexadiene]. This result suggests the con-
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"'XJL 
(Z) 

S-6 

W-6 

- S I ­
CE) 

exo-U-7 X endo-U-7 

(Z.E) 

exo-S-7 endo-W-7 

figuration of 7 to be either exo-XJ- or ^o-S-shaped or 
their mixture. T h e value of the proton-proton coupl­
ing constant of Ji5, 14.5 Hz, observed in X H-NMR 
(described later) evidently excludes the endo-W-form 
which had been considered for lithium derivative7) 
or 7 in liquid ammonia.9) The planar etido-V-shape 
seems implausible for steric reasons. T h e most striking 
feature of this reaction lies in the predominant attack 
of chlorotrimethylsilane on the pr imary carbon end 
(at Gx). Electrophilic attack on the secondary carbon 
(G5 at tached to C H 3 group) which should give 
l-methyl-2,4-pentadienyltrimethylsilane was absent. 
This regioselectivity is valuable for organic syntheses33*) 
and an insect pheromone was recently prepared uti­
lizing this type of reagent.14) 

The geometry of 3-alkylpentadienyl anions seems 
exceptional. For example, potassium 3-methylpenta-
dienide 8 in solution and in the solid state gave (E)-
3-methylpentadienyltrimethylsilane (in 9 2 — 9 5 % re­
gioselectivity) by trimethylsilylation and (£')-3-methyl-
1,3-pentadiene exclusively (97—99%) by hydrolysis in 
T H F at —30 °C. Their structures were confirmed by 
the lack of N O E and the reaction with maleic anhy­
dride.11) Thus, only 8 gave the (E) -isomer contrary 
to the behavior of other open-chain dienyl anions ( 1 — 
3, 5—7) in solution. T h e difference in geometry may 
be correlated to the strong preference of allylic potas-

endo 

sium for the endo configuration over the exo con­
figuration.15) 

The mode of reaction of pentadienyl anions in a 
cyclic skeleton, e.g., cycloheptadienyl or cyclooctadienyl 
anions, is known to be different from that of linear 
pentadienyl anions.11,16) The former showed a clear 
predominance of the electrophilic attack on the central 
carbon while the latter underwent attack on the ter­
minal carbons reflecting higher charge on G3-atom 
as confirmed by the X H-NMR (described later). Tri­
methylsilylation of potassium cycloheptadienide 9 in 
solution occurred only at the central carbon as ex­
pected and pure (Z,Z)-2,6-cycloheptadienyltrimethyl-
silane was obtained in high yield (99%). Potassium 
cyclooctadienide 10 behaved similarly to 9 but the 
isomerization of (Z,Z)-2,7-cyclooctadienyltrimethyl-
silane into (Z,Z)-1,7-cyclooctadienyl derivative was 
rapid in T H F at 40 °C presumably due to the base 
catalysis. Isomerization of isolated (Z,Z)-2,7-cyclo-
octadienyltrimethylsilane to (Z)-bicyclo[3.3.0]-oct-3-en-
2-yltrimethylsilane by electrocyclization17) was also ob­
served by heating to 200 °C in a column of gas Chro­
matograph (typical percent conversion, 30—40%). 

s ' i -
- S i -

(Z.Z) Co 
•Si-

(Z.Z) (Z.Z) 

endo-W-8 exo-U-8 

Determination of geometry of 1 in liquid ammonia 
by trimethylsilylation was unsuccessful due to the pre­
dominant production of 1,1,1,3,3,3-hexamethyldisil-
azane. To confirm the geometry of pentadienyldi-
methoxyborane, which was postulated by Schlosser et al. 
as the intermediate in dialkoxyboration-oxidation of 
1, we attempted its isolation by distillation but the 
borane compounds were thermally too unstable to 
permit the isolation and were converted to polymeric 
substances above 0 °G. 

Direct Measurement of the Geometry in Solution by XH-
NMR. The variable ^ - N M R spectra (Table 2) 
were measured in T H F - Û ? 8 to obtain direct evidence 
for the configuration of above-mentioned anions and 
to confirm the geometry determined by the regio-
selective trimethylsilylation and hydrolysis. Lithium 
pentadienide 4 and its T M E D A complex, which were 
obtained by direct metalation of 1,4-pentadiene with 
metallic Li11) or butyllithium7) in T H F , are fluxional 
at room temperature but the rotation around the 
C1-C2(G4-G5) and C 2 -C 3 (C 3 -C 4 ) bonds was frozen 
by lowering the temperature below —70 °C (Fig. 
2). T h e proton-proton coupling constant of J^iJu), 
11.9—12.0 Hz observed for 4 ( T H F complex) and 
the T M E D A complex a t —90 °G is essentialy the 
same as that reported by Bates et a/.6) indicating 
the presence of the W-shaped single torsional isomer. 
T h e coupling constant for allylic lithium compounds 



May, 1981] Geometry of Pentadienyl Anions in Solution and in the Solid State 1485 

TABLE 2. XH-NMR CHEMICAL SHIFTS (<5-VALUES) AND COUPLING CONSTANTS (HZ) OF POTASSIUM PENTADIENIDES 

IN THF-dn AT — 4 0 ° C AND RELATED COMPOUNDS3-) 

1 

2 

3 

4 

1 

5 

6 

7 

7 

8 

9 

9 

10 

10 

Geometry 

"lyT 
3 u 

y 
vy1 

2 * w 
V 
^ 
1|: /5 

2*s^V 4 

1 33 1 

\/\y 
i 2 1 k i 

•Q> 
O o 

Counter n „ / r \ 
cation ^ i - H ( / i 2 ) 

K 

Rb 

Cs 

Li 

Kb) 

K 

K 

K 

Kb> 

K 

K 

Kb> 

K 

Kb> 

3.47 (trans, 16.1) 
3.55(cis, 10.6) 
3.40 (trans, 16.4) 
3.58(cis, 10.5) 
3.38 (trans, 16.4) 
3.59(cis, 10.5) 
3.04 (trans, 15.5) 
2.68(cis, 9.1) 
3.01 (trans, 15.1) 
2.58(eis, 9.0) 
3.39(gem, 3.0) 
3.26(gem, 3.0) 
3.32(d, gem, 2.6) 

3.39(d, 15.2) 
3.26(d, 10.0) 
3.01 (trans, 15.1) 
2.45(cis, 10.0) 
2.90 (trans, 15.8) 
2.87 (eis, 10.0) 
3.90(d of t, 9.2) 

3.51(d of t, 9.4) 

3.10(d of q, 8.9) 

2.61 (d of q, 9.3) 

Ga-H(723) 

6.23 
(d of d of d, 8.7) 
6.15 
(d of d of d, 8.7) 
6.12 
(d of d of d, 8.7) 
fi 1 *3 

( d o f d o f d , 11.5) 
6.13 
( d o f d o f d , 11.5) 

— 

— 

6.21 
(d of d of d, 8.6) 
6.09 
( d o f d o f d , 11.5) 
6.20 
(d of d) 
5.86(d of d, 7.8) 

5.67(d of d, 7.8) 

5.87(d of d, 7.2) 

5.65(d of d, 7.0) 

c3-H(y34) 

3.55(c) 

3.50(t) 

3.50(t) 

4.35(t) 

4.35(t) 

3.59 
(d, 9.0) 
3.46 
(q>7i3=1.3) 
3.41 
(d of d, 8.3) 
4.07 
(d, 11.5) 

— 

3.39(t) 

3.14(t) 

2.64(t) 

2.33(t) 

G4-H 

— 

— 

— 

— 

— 

6.18 
(d of d of 

— 

6.05 
(d of d) 
5.84 
(d of d) 

— 

— 

— 

— 

— 

c5-H(y45) 

— 

— 

— 

— 

— 

3.53 (trans, 17.: 
d) 3.50(cis, 11.1) 

3.54 
(d, gem, 1.9) 
4.13 
(d of q, 8.7) 
3.07 
(d of q, 8.7) 

— 

— 

— 

— 

— 

Others 

1)1.92(GH3) 

1.96(GH3) 
1.98(GH3) 
1.93 
(d, 6.2, GH3) 
1.58 
(d, GH3) 
1.57 
(s, GH3) 
2.53 
(m, CH2) 
2.53 
(m, GH2) 
3.10(m,GH2) 
l . l l ( q , 6.0) 
3.11(m, 7.8) 
2.15(m, 5.9) 

a) In ppm downfield from external TMS in THF-d8 (calibrated using the downfield 
3.75 ppm). Data were collected at 100 MHz from the decoupled spectra. b) 
Kloosterziel et al. (Refs. 8, 9, and 20). 

THF peak, assumed to be 
Data in liquid ammonia by 

is known to be 6.5—7.5 Hz for cis-inner bond,16) 
11.5—12.0 Hz for trans-inner bond, 9—10 Hz for cis-
outer bond, and 16—17 Hz for trans-outer bonds. 
The values increased by exchanging the cation to 
potassium; cis-inner bond 8.3—9.1 H z / 8 ) trans-inner 
bond 13 Hz,18) cis-outer bond 9—10 Hz, and trans-
outer bond 16—17 Hz. The increased value may be 
due to the increased C1-C2-G3 angle derived from the 
electrostatic effect of the larger ionic radius of potas­
sium. 

Based on these data, the geometry of a series of 
potassium dienides was analyzed. The N M R signals 
of the protons on G1(C5) and C 3 of parent anion 1 
heavily overlapped with each other and therefore the 
correct coupling constant was measured utilizing potas­
sium 1,1,5,5-tetradeuterated pentadienide2b) in T H F -
ds (Fig. 3). The value of J23 was found for the first 
time to be 9.1 Hz at 60 °C and was frozen out to give 
8.7 Hz below —30 °G. This value clearly shows the 
cis-relationship of the two protons on the C 2 -C 3 and 
C 3 -C 4 bonds. The geometry of 1 in ethereal solution 
was thus shown to be U-shaped in accord with the 
chemical trapping experiment. The rotation around 
the outer bonds, C j -C^Qj -Cg) , is very slow even 
at 60 °G as evidenced by the coupling constant, 
y i 2( trans) = 15.9 Hz, J12(cis) = 10.0 Hz. The values are 
16.1 and 9.9 Hz at - 3 0 °G. The high barrier for 
rotation around the Gj-C^ (estimated to be > 2 5 kcal/ 
mol by Schlosser100)) and G 2-G 3 bonds may account 

for the small temperature dependence of the coupling 
constant variation A / 1 2 (0.2 Hz) and A y 2 3 (0-4 Hz) . 
Such high rotational barriers have recently been re­
ported also for allylic potassium compounds.18) T h e 
behavior of rubidium and caesium derivatives is similar 
to 1 but their coupling constants a t 38 °C are a little 
smaller; / 2 3 = 8 . 9 Hz for 2 and 8.7 Hz for 3. There­
fore the rotational barrier around the C 2 - C 3 bond in 
the pentadienyl anion was estimated to increase with 
the ionic radius of the alkali counter ion, L i < N a < K < 
R b ~ C s in line with the order observed for allylic 
anion system,19) though the line-shape analysis is re­
quired to obtain the exact value, AG. The spectra 
of 1 obtained from (Z)- , (£ ')-l ,3-pentadiene or 1,4-
pentadiene were the same with each other irrespective 
of the geometry of starting dienes. 

Potassium hexadienide 7 was prepared from (E,E)-
2,4-hexadiene, (E)-l, 4- hexadiene, (£')-l,3-hexadiene 
and/or (Z)-l ,3-hexadiene. All of these were heated 
to 70 °G for 30 min. The ^ - N M R spectra of re­
sulting anions 7 were the same independent of the 
geometry of the starting dienes and show the presence 
of two isomers in every cases; &w-U-shaped and pre­
sumably &vo-S-shaped anions in 4:1 ratio. The predom­
inant species was readily assigned to be exo-XJ-shaped 
from the chemical shift and the coupling constant 
obtained from the decoupled spectra (Table 2). The 
proton signals of minor species was too weak to make 
an assignment. However, the extreme stereoselec-
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6.0 5.0 4.0 3.0 

d/ppm 

Fig. 2. Variable temperature 1H-NMR spectra (100 
MHz) of lithium pentadienide 4 in THF-d8. 

tivity observed in trapped products strongly suggests 
the presence of the 6W-S-shaped anion as the minor 
species because only this isomer (except for the above 
exo-U) can provide (Z,JE)-2,4-hexadienyltrimethyl-
silane. T h e 1 H - N M R spectrum of 2-methylpentadienyl 
anion 5 gave only partial information on the geometry. 
T h a t is, y 3 4 is 8.7 Hz below - 3 0 °G. This value 
suggests the U- or endo-S-shaped structure for 5 
and excludes the W- and exo-S-shape. However, we 
can reasonably suggest the U-shaped structure for 5 
because of the result of chemical trapping experiments. 

The chemical trapping of potassium 2,4-dimethyl-
pentadienide 6 clearly shows the presence of the U-
shaped single torsinal isomer in solution. However, 
the chemical shift difference was observed between 
the two terminal proton signals in X H-NMR below 
10 °C (Fig. 4). The double doublet assigned to H-3 
is caused by the H ] - H 3 coupling and H 5 - H 3 coupling, 
not the CH3-H3 coupling, as evidenced from the 
decoupled spectrum. Supposition of the S-shaped 
structure which may explain the N M R data is in 
conflict with chemical t rapping data. Hence, the de­
formed out-of-plane U-shaped or the following helicene-
like U-shaped structure150) is suggested by Schlosser for 

6.0 5.0 4.0 

(5/ppm 

3.0 

Fig. 3. XH-NMR spectra (100 MHz) of potassium 
pentadienide 1 and potassium 1,1,5,5-tetradeuterated 
pentadienide in THF-i8 at —60 °G. 

Hi Hg He 

3.6 3.4 3.2 

<5/ppm 

Fig. 4. ^ - N M R spectra (100 MHz) of potassium 
2,4-dimethylpentadienide 6 in THF-</8 at —40 °G. 

this observation, although they are indistinguishable 
by 1 H - N M R or chemical trapping experiments. The 
spectra simulation with a high resolution spectrometer 
will be required for further discussions. 

The X H-NMR spectrum of 8 also gave little infor-
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of 9 and 10 as Kloosterziel already suggested.20) 
Configurational Studies on Potassium Pentadienides by 13C-

NMR. 1 3 C-NMR chemical shifts provide the best 
measure of the electron density in many delocalized 
carbanions22) and have been successfully employed to 
distinguish the geometry of the isomers considered 
for some lithium pentadienides.5»23) 1 3 C-NMR para­
meters will be useful for configurational analysis of the 
present potassium derivatives since their rotational bar­
riers around terminal- and inner-bonds is higher than 
those for l i thium derivatives as mentioned above. The 
spectra of 1—3, 6, 8—10 (Table 3) clearly shows 
the presence of a single torsional isomer with a sym­
metric structure, U- or W-form, because the chemical 
shift value of C-l or C-2 are equal to that of C-5 or 
C-4, respectively. The W-shaped structure can be 
ruled out from the chemical t rapping experiments and 
the i H - N M R spectral da ta . The chemical shift of 
C-l of 6 is equal to that of C-5 and hence the deformed 
out-of-plane U-shaped structure seems more probable 
than the helicene-like U-shaped one. In the case of 
7, two species were detected in agreement with 1 H -
N M R measurement and the major species is assigned 
to the 6*0-U-shaped anion. 

I t is noteworthy that sodium pentadienide show a 
simple averaged N M R spectrum with three signals 
assignable to C1(C5) , C2(C4) , and C 3 (half-width of the 
signal is 1.1 ppm) at 20—50 °C but those were split 
into several peaks (the half-width, 0.2 ppm) by lowering 
the temperature below —40 °C. One of the best ex­
planation for this is to consider the presence of a 4:1 
mixture of S- and U-shaped anions at —40 °C, because 
this ratio is consistent to the ZjE ratio (42/58) of 1,3-
pentadiene obtained by hydrolysis of sodium pentadi­
enide in T H F at - 4 0 °C. 

O n the basis of the chemical shift data , one can 
conclude that the electron density on C-3 of potassium 

TABLE 3. 13G-NMR CHEMICAL SHIFTS OF POTASSIUM PENTADIENIDES AND RELATED COMPOUNDS 

IN TETRAHYDROFURAN-öf8 AT — 4 0 °Ca> 

Dienyl anions 

1(K) 
2(Rb) 
3(Gs) 

(Na) 

4 (Li)c> 
5(K) 
6(K) 
7(K)b> 
r(Li)c> 
8(K) 
8'(Li)d> 
9(K) 
9'(Li)d> 

10 (K) 

20 °G 
-40 °G 

G-1 

79.2 
80.5 
81.9 
77.7 
77.4 

66.2 
76.9 
77.4 
77.8 
56.7 
68.7 
64.2 
95.3 
S8.9 
SO.8 

G-2 

137.8 
138.7 
139.6 
138.0 
137.7 

143.8 
144.6 
144.5 
144.4 
143.6 
143.2 
146.9 
133.9 
134.5 
138.6 

C-3 

79.6 
80.8 
82.6 
77.7 
77.8 
78.4 
86.9 
80.6 
83.4 
85.4 
81.4 
85.6 
92.1 
76.2 
71.3 
70.7 

C-4 

137.8 
138.7 
139.6 
138.0 
142.3 

143.8 
136.5 
144.5 
141.4 
137.3 
143.2 
146.9 
133.9 
134.5 
139.1 

C-5 

79.2 
80.5 
81.9 
77.7 
77.8 

66.2 
80.3 
77.4 
95.4 
85.7 
68.7 
64.2 
95.3 
98.9 
90.8 

Others 

28.6(CH3) 
28.8(CH3) 
27.1(CH3) 

12.3(GH3) 
10.2 
37.2(C-6, G-7) 
35.6(C-6, G-7) 
16.5 (G-7) 
29.3(G-6, C-8) 

a) In ppm downfield from external TMS in THF-cf8(calibrated using the high-field THF peak, assumed to be 
25.8 ppm). Peak assignments were made in part from an off-resonance decoupled spectrum, b) Major species 
(exo-U). c) Data of W. T. Ford et «/.(Ref. 7). d) Data of R. B. Bates et «/.(Ref. 16). 

mation on the geometry but the presence of the single 
torsional isomer with the W-shaped structure is pro­
posed based on the excellent stereospecificity observed 
in trimethylsilylation and hydrolysis in addition to 
the chemical shift values. The proton-proton coupling 
for the outer bonds (C^-C^ and C4-C5) is frozen below 
— 30 °C and the spectral pattern was unchanged within 
2 Hz on lowering the temperature to —90 °C. T h e 
1 3 C-NMR spectral data at - 4 0 °C (Table 3) also sup­
ports the presence of 8 as the single torsional isomer, 
W- or U-shaped anion. If rapid 1,3-rearrangement 
occurs exceeding the N M R time scale, a mixture of 
the (Z)- and the (E) -isomer should be formed chemi­
cally contrary to the fact. Thus , the extreme pre­
ference of the endo-W form is considered for 8. 

The coupling constants observed for 9 and 10 in 
THF-</8 are essentially the same as those in liquid 
ammonia reported by Kloosterziel.20) The plane de­
fined by C 2 -C 3 -C 4 should never be coplanar to the 
plane made by Cj-Ca-C^ or C 2 - C 4 - C 5 to relieve the 
ring strain.21) Therefore, the decreased coupling con­
stant of y 2 3 (6.8—7.0 Hz) for 9 and 10 compared to 
the value of J2>3 (8.3—9.1 Hz) for open-chain dienyl-
potassium compounds may be rationalized in terms 
of the deviation of dihedral angle H. 2 -C 2 -C 3 -H 3 from 
zero to ca. 20° calculated by the Karplus equation. 
The smaller (5-values of H 3 of 9 and 10 as compared 
with that of 1—8 of the open-chain structure might 
be ascribed to both a larger electron-repelling effect 
of the CH 2 group bound to pentadienide termini and 
a larger torsion around the C 2 -G 3 (and C3-C4) bond 
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pentadienides (1, 5, 6, 9, and 10) is close to or higher 
than those on C-l and C-5, while higher electron 
density lies on C-l and C-5 for lithium derivatives 
(4, 8'). T h a t is, the latter has stronger sp3 character 
on the terminal carbons than the former in T H F . 

Electronic Spectral Studies on Pentadienyl Anions. A-
cyclic and cyclic potassium pentadienides (except 3-
alkylpentadienyl anions) have, thus, been revealed to 
assume the "U"-shaped structure in T H F . T h e re­
maining problems to be solved are why potassium 
pentadienide 1 in liquid ammonia and lithium pen-
tadienide 4 in T H F assume the "W"-shape whereas 
1 in T H F assumes the "U"-shape . T h e geometry of 
potassium hexadienide 7 in liquid ammonia and lithium 
hexadienide (exo-W) is also different from 7 in T H F 
(exo-XJ). 

One of the key factors controlling the geometry 
is the solvation. I t is generally accepted that organo-
lithium compounds having carbanion with extensive 
charge derea l iza t ion exist as solvent-separated ion 
pairs in T H F as evidenced by the strong bathochromic 
shift (24—44 nm) of the absorption maximum in polar 
solvents.23-27^ T h e sodium and higher analogues exist 
as contact ion pairs even in the polar solvents (the 
absorption maximum appears at shorter wavelength 
compared to that of the solvent-separated lithium 
compounds). Similar red shifts are also known for 
sodium naphthalenide and sodium benzophenone 
ketyl.28) However, such cation dependence is ob­
servable only when the anion species have extensive 
^-electron systems; e.g., diphenyl- and triphenylmethyl 
anions,23) 1,1-diphenylhexyllithium,24) diphenyl- and 
triphenylallylic anions,25) 9-fluorenyl and the sub­
stituted fluorenyl anions.26) T h e electronic spectra of 
organoalkali compounds without extensive negative 
charge derea l iza t ion are less sensitive to solvent po­
larity as was found for benzylic-,22) allylic metals,23) 
mono- or dianions of polystyrene, polybutadiene and 
polyisoprene.29) Kinetic studies are sometimes more 
useful for these systems to detect the solvent-separated 
ion pairs.30) Higher negative charge derea l iza t ion 
seems possible on the pentadienyl moiety compared 
to the allylic moiety mentioned above. If the n-
electron system existing in pentadienyl group is suf­
ficient for the extensive charge dereal iza t ion, lithium 
pentadienide 4 should show the bathochromic shift. 
The absorption maxima for 1—4 and the sodium 
analogue in T H F (Table 4), indeed, appeared at 
longer wavelength than that of allylic anions (310— 
320 nm in T H F and benzene).31) However, the ab­
sorption maximum of 4 was observed at shorter wave-

TABLE 4. ELECTRONIC ABSORPTION SPECTRAL DATA 

FOR 1—4 IN THF 

Dienyl anions 

4 (Li) 
(Na)a> 

1 (K) 
2 (Rb) 
3 (Gs) 

^max/nm (e) 

358 (5400) 
365 (5700) 
376 (6200) 
377 (6000) 
379 (5800) 

a) Sodium pentadienide. All the spectra were measured 
at 20 °G. 

Yasuo OHNUMA, and Akira NAKAMURA [Vol. 54, No. 5 

length than that of 1—3, in line with the spectra of 
solvent less-sensitive allylic systems in which the wave­
length for the absorption maxima increased with an 
increase of the radius of counter cations. The ab­
sorption maximum (355 nm) for 4 in hexane at 20 
°C is nearly equal to that in T H F . Therefore, the 
jr-electron system existing in the pentadienyl group 
is concluded to be insufficient to compose the stable 
solvent-separated ion pairs. Other methods are re­
quired to evaluate the solvent-affinity by T H F . 

Effect of Solvent-affinity on the Geometry of Pentadienyl 
Anions. T o estimate the approximate strength of 
the solvation by T H F to pentadienyl metals, the ease 
in dissociation of T H F was examined on heating the 
respective 1:1 T H F complexes11) in vacuo. The 
R b and Cs complexes readily release the T H F mo­
lecule ( > 9 0 % ) on heating the crystals at 60 °C/1 
mmHg1" for 15 min, K complex at 80 °C/1 m m H g for 
30 min (80 % of T H F was released as evidenced by 
GC of the hydrolyzate of octane suspension) while 
lithium and sodium complexes give off no T H F even 
heating them at 120 °C/0.1 m m H g for 2 h. The 
weak interaction of T H F to 1, 2, and 3 was also con­
firmed by washing the crystals of ca. 1:1 T H F com­
plexes of 1—3 ( 1 g) in excess of pentane (40 ml) four 
times at 30 °C, which resulted in the release of 70, 
90, and 9 3 % of T H F , respectively. Lithium de­
rivative 4 gives off no T H F again and sodium derivative 
10—20% of T H F under the same conditions. This 
behavior clearly indicates that the solvent-affinity in­
creases as size of the cation decreases, L i > N a > K > R b ~ 
Cs. Therefore, we can reasonably explain the solu­
tion structure of lithium pentadienide by strongly-
solvated ion pairs and potassium and higher alkali 
metal analogues by contact ion pairs. This inference 
was also supported by X H - N M R of 1—3 which show 
the significant low-field shift of the C1(C5)-proton 
signals by 0.4—0.9 ppm and high-field shift of C3-
proton by 0.8 p p m compared to the corresponding 
signals of lithium derivative 4 in T H F . A similar 
high-field shifts (0.18 ppm) of the terminal proton 
signals caused by the solvation is known for lithium 
1,3-diphenylpropenide.25) The anion 1 in liquid am­
monia should also exist as strongly solvated or solvent-
separated ion pairs because its X H-NMR data (chemi­
cal shifts and coupling constants, see Table 2) cor­
respond well to that of 4 in T H F . Thus, combination 
of chemical trapping, N M R data and the solvent-
affinity will lead to the very important conclusion; 
i.e., pentadienyl anions which exist as strongly-solvated 
ion pairs assume the "W"-shaped structure consistent 
to the M N D O prediction,5) whereas potassium and 
the higher alkali metal pentadienides, which will exist 
as contact ion pairs, favor the "U"-shaped structure. 
Geometry of the pentadienyl anion in the solid state 
is probably controlled by the mode of packing in 
the crystal lattice rather than the solvation effect. 
The lattice energy would cancel the small difference 
in net stabilization energy calculated for the three 
geometries. The X-ray analysis of 1 and 2 with good 
single crystals confirmed absence of the solvation and 
the presence of T H F molecule at the interstitial po-

t 1 m m H g « 133.322 Pa. 
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sition but the intensity data were insufficient to warrant 
definite conclusion on the geometry in the crystalline 
state.32) 

In contrast to pentadienyl anion, bis(2,4-pentadi-
enyl)metal compounds of Be, Mg, and Zn prefer the 
(E)- over the (Z)-structure.2) This behavior is ascrib-
able to their fluxional properties which permit the re­
arrangement of (Z)- to thermally more stable (E)-
configuration by 1,3- or 1,5-shift. The facile control 
of the geometry by changing the medium or exchanging 
the cation will be valuable for organic synthesis. For 
example, the Lewis acid catalyzed regioselective ad­
dition of carbonyl compounds to 2,4-pentadienyltri-
methylsilane has been recently reported.33) The reac­
tion of 2,4-pentadienyltrimethylsilane with lithium 
amide is also useful for introduction of substituents 
to the pentadienyl group.34) 

Exper imenta l 

Potassium pentadienide used at the present work were 
prepared by the procedure previously reported.11) Metallic 
rubidium (99.9% purity) and caesium (99.9%) used for 
the direct metalation of 1,3-dienes were purchased from 
Mitsuwa Pure Ghem. Tetrahydrofuran-ö?8 (99%, Merck Go.) 
and chloroform-^ (99.8%, Merck Go.) were dried over 
Na/K alloy and calcium hydride, respectively, and distilled 

before use. Starting dienes were purchased from Aldrich 
Chemicals or prepared using the reactions previously de­
scribed.2'11) Potassium pentadienide-1,1,5,5-</4 was prepared 
starting from l,4-pentadiene-l,l,5,5-öf4.

2b) GG analysis was 
made with a Hitachi Model 163 gas Chromatograph using 
a capillary column (45 m) OV-1, GW-45, or HB-2000 and 
the separation of the reaction products was done with a 
Variari-Aerograph Model 700 gas Chromatograph using a 
column (4 m) packed with Silicone DG-550. 1H- and 13G-
NMR spectra were recorded on a Varian XL-100 instru­
ment with a VFT-100-620L pulse Fourier transform acces­
sory with the use of a sealed tube. NOE was measured 
using the tube sealed at lO"1 mmHg at 63 K after the solu­
tion was degassed (15—20% of NOE was observed in GDG13 

and 20—25% in acetone-öf6). IR spectra were recorded 
on a Hitachi EPI-2 spectrometer. The absorption spectra 
were run on a JASGO Model UVIDEG-5A spectrometer. 
Elemental analysis for trirhethylsilyl derivatives were carried 
out using a capillary with a Yanagimoto Model MT-2-
GHN analyzer. The mass spectrum wa!s recorded on a 
JEOL JNS-01SG-2 spectrometer. All the procedures were 
carried out in an argon atmosphere using the high vacuum 
technique. 

Trimethyhilylation of Pentadienyl Anions in THF. A 
typical experiment is as follows. To a THF solution (100 
ml) of 1 (0.5 g, 4.7 mmol) in a Schlenk tube was added 
dropwise a THF solution (5 ml) of chlorotrirnethylsilane 
(0.6 ml, 4.9 mmol) over a 30 min period under the magnetic 

TABLE 5. IR, MS, AND ANALYTICAL DATA FOR PENTADIENYLTRIMETHYLSILANE 

Entry 

Si-1 

Si-2 

Si-3 

Si-4 

Si-5 

Si-6 

Si-7 

Si-8 

Si-9 

Si-10 

IR(Neat) v 

C=C 

1638 

1641 

1639 

1638 

1636 

1638 

1646 

1636 

1644 

1640 

GH=GH 

995 
897 
797 

1000 
892 

988 
896 

1036 
962 

1000 
987 
944 

1016 
882 

978 
942 
816 

1082 
989 
885 

896 
791 
751 

909 
882 
756 

/cm - 1 

C-S 

1246, 
852, 

1246, 
850, 

1246, 
862, 

1245, 
860, 

1245, 
860, 
756, 

1256, 
866, 

1245, 
899, 
705 

1257, 
1149, 
840, 

1205, 

1248, 

»i 

1149 
839 

1152 
839 

1152 
836 

1150 
835 

1150 
837 
702 

1164 
839 

1149 
758 

1245 
855 
760 

837 

842 

Massa) 
(Relative intensity) 

140(M, 15), 141 ( M + l , 
142(M + 2, 1) 

140(M, 19), 14(M+1, 
142 (M + 2, 4) 

154(M, 25), 155(M+1, 
156(M + 2, 2) 

154(M, 12), 155(M+1, 
156(M + 2, 3) 

154(M, 14), 155(M+1, 
156(M + 2, 1) 

168(M, 20), 169(M+1, 
170(M + 2, 1) 

154 (M, 17), 155(M-M, 
156 (M+2 , 5) 

154 (M, 18), 155(M+1, 
156(M+2, 1) 

166(M, 10), 167(M+1, 
168(M + 2, 1) 

180(M, 15), 181 ( M + l , 
182 (M + 2, 2) 

4) 

11) 

4) 

6) 

5) 

4) 

7) 

2) 

7) 

8) 

Found(%) 

G H 

68.58 

68.50 

70.03 

70.04 

70.00 

71.13 

69.93 

70.03 

71.87 

73.20 

11.50 

11.49 

11.58 

11.76 

11.61 

11.90 

11.42 

11.58 

10.92 

11.10 

Galcd(%) 

G 

68.49 

68.49 

70.04 

70.04 

70.04 

71.34 

70.04 

70.04 

72.21 

73.25 

H 

11.48 

11.42 

11.76 

11.76 

11.76 

11.99 

11.76, 

11.76 

10.91 

11.18 

a) Relative intensity assuming the fragment of (CH3)3Si as 100. Spectrum was recorded at 70 eV. 
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stirring at — 40 °G). A rapid addition of chlorotrimethyl-
silane should be avoided or it causes the production of 3-
trimethylsilyl-1,4-pentadiene in < 2 0 % yield. T h e solution 
changes from orange to colorless near the equivalence point 
precipitating the salt. T h e mixture was stirred at — 40 °G 
for 30 min and then at 0 °G for 1 h. After condensing 
the solution to 10 ml by evaporation, pen tane (20 ml) was 
added for the complete precipitation of the salt. T h e re­
sulting salt was separated by centrifugation with the use 
of a two-necked glass tube fitted with rubber stoppers p ro ­
tected with a plastic cover. T h e precipitate was washed 
with two portions of pen tane (20 ml) for extraction of the 
products. After the removal of pen tane and T H F from 
the combined solution by evaporation, the remaining (Z) -
pentadienyltrimethylsilane was separated by distillation (143 
° G / 7 6 0 m m H g . GG yield 9 8 % and isolated yield 70— 
7 5 % ) . A series of trimethylsilylated compounds was iso­
lated in the similar manner . Trimethylsilylated products 
from 5, 6, and 9 were distilled at 45 °C/6 m m H g , 55 °G/4 
m m H g and 75 °C/0.5 m m H g , respectively. W h e n the prod­
uct comprises isomers, they were separated into the respective 
isomers with a preparat ive GG. T h e geometries and struc­
tures of the isolated isomers were analyzed by ^ - N M R 
(Table 1) and I R , M S , and the elemental analysis (Table 

5)-
Trimethylsilylation of Pentadienyl Anions in the Solid State. 

Solubility of potassium pentadienide 1 for T H F is relatively 
small ; 135 g/dm 3 a t 40 °G, 27 g/dm 3 at 0 °G and that of 
rubid ium and caesium derivatives, 2 and 3, at 40 °G are 
10.5 and 18.5 g/dm3 , respectively. Li thium and sodium 
derivatives are freely soluble in T H F at 0 °G. T h e addition 
of pen tane or octane (40 ml) to the T H F solution (5 ml) 
of 1, 2, and 3 (7.5 mmol for 1) saturated at 60 °G resulted 
in the quanti tat ive precipitation (90—92%) of the crystals 
by cooling the mixture below —40 °G. T o the resulting 

T A B L E 6. R E S U L T S O F T R I M E T H Y L S I L Y L A T I O N O F P E N T A ­

D I E N Y L ANIONS IN SOLUTION*) AND IN THE SOLID STATEb) 

Anions 

Ï 
lb> 
2 
2b) 

3 
3b> 
4 
4b) 

5 
5b> 
6 
6b> 
7 
8 
9 

10 

Trimethylsilylation 
at 

Ci(C5)7%^ 
98 
99 
97 
99 
98 
97 

100 
95 
99 
98 
97 
95 
99 
93 

2 
3 

G3/% 

2 
1 
3 
1 
2 
3 
0 
5 
1 
2 
3 
5 
1 
7 

98 
97 

{Z)/(E) ratio 
of the 

products 

94/6 
1/99 

98/2 
7/93 

98/2 
4/96 
1/99 
5/95 

99/1 
52/48 
95/5 
92/8 
96/4d> 

5/95e> 
99/1 
99/1 

Total JL U l d l 

yield/%«) 

97 
95 
98 
92 
95 
92 
98 
98 
90 
92 
96 
92 
90 
99 
99 
71 

a) T h e reaction of pentadienyl anions (4.5 mmol) in 
THF( lOOml) with (CH3)3SiCl was carried out at - 4 0 
°G. b) Trimethylsilylation of THF-free pentadienyl 
anions(10 mmol) was done in pentane(30 ml) at 0 °G. 
c) GG yield, d) Rat io of (2Z,4£) -isomer to other 
isomers, e) Rat io of (Z)-isomer to other isomers. 

suspension of 1, 2 or 3 (7.5 mmol) was added dropwise chlo-
rotrimethylsilane (1 ml, 7.7 mmol) in pentane (5 ml) at 
— 70 °G for undergoing the solid state reaction. After con­
tinuing the vigorous magnetic stirring for 1 h, the salt was 
removed by centrifugation at room temperature and tri­
methylsilylated compounds were isolated by distillation. A 
typical isolated yield, 8 5 % (GG Yield, 9 9 % ) . The regio-
selectivity in reactions of 1, 2, and 3 to give the (E) -isomer 
was 93, 95, and 9 5 % respectively. THF-free pentadienyl 
anions 1—3 which were prepared by heating their T H F 
complexes at 80 °G/0.1 m m H g for 40 min were completely 
insoluble in pentane , benzene or diethyl ether. T o a sus­
pension of THF-free compounds 1—3 (10 mmol) in pentane 
(40 ml) was added at — 40 °G chlorotrimethylsilane (1.3 ml, 
11 mmol) dissolved in pentane (5 ml) . The mixture was 
stirred for 2 h at 0 °G. Thus , (£)-2,4-pentadienyltrimethyl-
silane was produced quantitatively (GG Yield, > 9 8 % ) and 
was isolated by distillation (Yield, 9 0 % , regioselectivity, 
9 9 % ) . Great care is necessary in handling the THF-free 
pentadienyl anions because of their flammability in the 
air. T H F complexes of sodium- and lithium pentadienide 
4 were also insoluble in pentane below —40 °G and the 
solid state reactions were carried out in the same procedure 
as described for 1—3. T h e regioselectivity in trimethylsilyla­
tion of a series of pentadienyl anions in solution and in the 
solid state, the (Z)/(E) ratio of the major products and total 
yields were summarized in Table 6. 
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The Use of Grignard Reagents in the Synthesis of Carbohydrates. III.1' 
The One-way Anomerization of Methyl Glycofuranosides 

and the Opening of Their Puranose Rings 
Masajiro K A W A N A , * Hiroyoshi KUZUHARA, and Sakae EMOTO 

The Institute of Physical and Chemical Research, Wako, Saitama 351 
(Received October 14, 1980) 

The anomerization of methyl glycofuranoside derivatives with methylmagnesium iodide or £-butylmagnesium 
bromide occurred in a one-way manner. For example, methyl 5-0-benzyl-/?-D-ribofuranoside (3ß) was con­
verted into the corresponding a-anomer (3a) in a 95% yield when a mixture of 3ß and £-butylmagnesium bromide 
in benzene-ether was heated at about 75 °G to remove the ether; the reverse reaction (from 3a to 3ß) did not 
proceed. The reaction of 3ß with methylmagnesium iodide gave open-chain products (33%), besides 3a (30%). 
Twenty kinds of anomers were tested, and the mechanisms of the reactions were discussed. The cleavage of a 
benzyl- or trityl-protecting group with the Grignard reagent was also observed during the reaction. 

Glycosidic linkages and furanose rings of methyl 
glycofuranosides are generally stable under neutral or 
mild alkaline reaction conditions, whereas, in the pre­
sence of an acid, these furanosides are hydrolyzed, 
anomerized, or converted into the corresponding py-
ranosides, depending upon the conditions used.2) In 
this paper we would like to report the first example 
of the anomerization and furanose-ring opening of 
methyl glycofuranosides using Grignard reagents; two 
preliminary reports of this work have been published.3) 

Mallory et al.*) have reported that the cyclic acetal 
protecting groups in steroids were cleaved by Grignard 
reagents. Recently, Fischer and Horton5) and also 
two of the present authors have found similar reac­
tions in the carbohydrate field. For example,1*1) when 
methyl 5,6-0-cyclohexylidene-3-deoxy-2-C-methyl-/?-
D-tfrafoVzo-hexofuranoside (la-/?) was treated with 4 
molar equiv. of methylmagnesium iodide (MeMgl ) 
in a benzene-ether solution under reflux for 3 h, the 
5,6-O-cyclohexylidene ring of la-/? was cleaved and 
the methyl group was introduced to form the cor­
responding 6-0-(l-methylcyclohexyl) derivative (2a-
ß) in a 7 3 % yield (Fig. 1). We applied this reaction 
to the corresponding G-2 epimer (lb-/?) to obtain an 
expected 6-0-(l-methylcyclohexyl) derivative (2b-/?), 
besides two additional products which had relatively 
large values of the specific rotations with a positive 
sign. This suggested that these two compounds had 
a-D-glycoside structures. O n the basis of a com­
parison of their spectroscopic data with those for 
authentic samples, the one was identified as meth­
yl 5,6-0-cyclohexylidene-3-deoxy-2-C-methyl-a-D-n^o-
hexofuranoside ( la) ,6) while the other was found to 

be the corresponding 6-0-(l-methylcyclohexyl) de­
rivative (2a). l a) The latter could also be obtained 
by the treatment of la with M e M g l . These results 
clearly indicated that the stereocontrolled anomeriza­
tion occurred under strong conditions with the 
Grignard reagent. 

In order to clarify the scope and mechanism of 
this new anomerization, simple sugar derivatives, meth­
yl mono-, di-, or tri-O-benzylated a- and /?-D-pento-
furanosides, were subjected to similar Grignard 
anomerizations. The preparations of the starting ma­
terials will be described in the Experimental section. 
T h e anomeric configurations of pairs of the new methyl 
a- and /?-D-pentofuranosides were determined by the 
comparison of their coupling constants7) of anomeric 
protons (Table 2) and of their optical rotations8) 
(Table 4). 

R e s u l t s 

The results are summarized in Table 1. 
The Reaction of Methyl D-Ribofuranoside Derivatives. 

When methyl 5-O-benzyl-^-D-ribofuranoside (3/?) was 
treated with 5 molar equiv. of M e M g l in a benzene-
ether solution under forcing conditions,105) in which 
the ether was distilled out from the reaction mixture, 
an expected a-anomer (3a) was obtained in a 3 0 % 
yield, along with a 7:3 diastereomeric mixture of 
open-chain products (4) in a 3 3 % yield (Fig. 2). 
As the reaction went on, undissolved materials were 
deposited in a solution rich in benzene, and the reac­
tion mixture became heterogeneous. Under similar 
conditions, 3a gave neither 3/? nor 4. Therefore, 

ofi OMe 

R2 

1a,b-G 

MeMgl (6.3eq) 

PhH-E^O, reflux, 80-85°C, 3 h 

O l oa ,0s 

Me 

HO 

Me 

C/o-
HO 

a.R1 = 0H;R2=Me 
b.R1 = Me;R2=0H 

OMe 

^ M . 

WiMe Vc . . . R2 

1<* 2o( 2 a , b - p 

Fig. 1. The acetal ring-opening reaction and stereocontrolled anomerization of branched-chain deoxy 
sugars. 
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B n O ^ O ™ * 

3(3 

BnO 
X / MeMgl (5 eg), 1.3 h 

HO OH — -&-

-#-

V v BnO-, OH Me 

V > O M e + V / C H OMe 
HO OH HO OH 

3 t f (30%) 

t-BuMgBr (8 .5eq) 
70-75 °Cf 2.5 h. 95 À 

MeMgl -***-

4 (337«,7:3) 

B n O y O M * 

BnO OBn 

MeMgl (12 eg), 3h 

-***-

50 

1 

BnO-i.(k BnO 

V?OMe + 
BnO OBn 

5tf (80%) 

' OMe 
BnO OBn 
X> 

6 (9%) 

- 1 0 0 % 
t-BuMgBr(12eq), 6h . (o(:ß = 6:4) 

-¥- MeMgl -#-

PhH-(Et2Ot)* 80-85°C (bath temp) 

* The ether was allowed to evaporate. 

Fig. 2. The reaction of methyl D-ribofuranoside derivatives with Grignard reagents. 

r 
MeMgl 

- * -

B n O - »0 / W MeMgI(5eqX6h ß n O - i '§ 

\ — / r OMe -*P-

OMe 

+ 
7of 

88% 
t-BuMgBr (9eq) , 70-75 °C, 3.5 h 

70(45%) 

\ 

BnO-i /0H r u / ' 
feHH0CH< 
N - J / OMe 
8 (55%, 71:29) 

j 

BnO 

^V-

0 . t-BuMgBr(12eq)t6h B n O - i / ° \ ? M e 
X 

OMe 
- * -

MeMgl (11 eg), 4.5 h 

1A8%(8: 

9<tf 9ß(n%) 

MeMgl (11 eg), 6h 

6 0 % ( 8 : 2 ) 

BnO-,/0 R 

BnR CH<f 

= 2) 

Me 

OMe 

10a:R=H 
10b:R = Ac PhH-(Et2Of), 80-85 C (bath temp ) 

Fig. 3. The reaction of methyl D-lyxofuranoside derivatives with Griganrd reagents. 

the anomerization took place in a one-way manner. 
In order to obtain 3a exclusively in the present 

reaction, we attempted to use /-butylmagnesium bro­
mide (/-BuMgBr) instead of M e M g l , because the 
former reagent was sterically bulky, so that the for­
mation of the open-chain products would be prevented. 
As expected, the reaction of 3ß with /-BuMgBr pro­
ceeded smoothly to give 3a (95%) as the sole pro­
duct, although it also contained a trace of the starting 
material, judging from T L G analyses and 1H N M R 
spectroscopy. 

Similarly, methyl 2,3,5-tri-O-benzyl-^-D-ribofurano-
side (5ß) reacted with M e M g l to give the correspond­
ing a-anomer (5a, 80%) and open-chain products 
(6, 9%) . T h e reverse reaction (from 5a to 5/?) 
did not proceed. I t should be noted here that, al­
though the anomerization with M e M g l took place 
slower on the perbenzylated anomer (5ß) than on 

the monobenzylated one (3ß), the yield of 5a was 
much better than that of 3a. Some explanations for 
these phenomena will be presented later on. When 
/-BuMgBr was used in this reaction in place of M e M g l , 
the anomerization occurred very slowly and many 
precipitates were deposited during the reaction; after 
6 h, we could not detect any anomers in the organic 
phase. The usual work-up gave a 6:4 mixture of 
5a and 5ß. Under the same reaction conditions, 
5 a did not anomerize. 

The Reaction of Methyl T>-Lyxofuranosides. The 
behavior of M e M g l upon methyl 5-O-benzyl-a- and 
/?-D-lyxofuranosides (7a and Iß) was almost the same 
as that on the corresponding ribose derivatives (Fig. 
3). Thus, la was converted into Iß by the use of 
M e M g l (yield, 45%) and *-BuMgBr (yield, 8 8 % ) ; 
the reaction with the former reagent also gave open-
chain products (8, 5 5 % ) . O n the other hand, Iß 
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did not react with these reagents under conditions 
similar to those used for the conversion of la. How­
ever, the reaction of methyl 2,3,5-tri-O-benzyl-a-D-
lyxofuranoside (9a) with M e M g l provided a 8:2 dia-
stereomeric mixture of open-chain products (10a, 
60%) as the main products; here the benzyloxy group 
originally attached to the C-2 position of 9a was lack­
ing. Starting from 9/?, we also obtained 10a (48%) 
in the same diastereomeric ratio as that from 9a. 

When /-BuMgBr was used instead of M e M g l , only 
an 11 % conversion of 9a to 9/? was accomplished ; 
many precipitates were deposited during this reaction, 
and no anomers survived in the organic phase after 
6 h. The reverse reaction (from 9/? to 9a) did not 
proceed under the same reaction conditions. 

The Reaction of Methyl T>-Xylofuranosides. The 
anomerization of methyl 5-0-benzyl-/?-D-xylofurano-
side (11)?) with M e M g l occurred in a one-way manner 
to give an inseparable mixture of the anomers (11a 
and 11/?, ca. 19%, 1:1) and open-chain products (12a), 
which were isolated as their acetates (12b, 37%) 
(Fig. 4) . With MJuMgBr, only a small percentage 
of the 11/? was converted into 11a. 

When a 3,5-di-O-benzylated derivative (13/?) was 
treated with M e M g l , the reaction smoothly proceed­
ed in a one-way manner to provide the corresponding 
a-anomer (13a, 16%) and open-chain products (14, 
38%) . Similarly, f-BuMgBr was effective for the con­
version of 13)9 to 13a (37%). However, in this case, 
we also obtained an unexpected crystalline ketone 
(15a) in a 5 2 % yield. This compound was further 
converted into its acetate (15b). T h e structures of 
both compounds were tentatively assigned as depicted 
in Fig. 4. 

The behavior of M e M g l or ^-BuMgBr upon methyl-
perbenzylated xylofuranosides (16a and 16)?) was some­
what different from that for 11 and 13 (Fig. 5). Thus, 
16/? reacted with M e M g l to afford a 6:4 diastereo­
meric mixture of open-chain products (17, 19%), but 
6 3 % of the starting /?-anomer was recovered. On 
the other hand, 16a was easily converted into the 
corresponding jS-anomer (16)9, 32%) , along with 17 
(54%, 83:17), the main diastereomer being identical 
with that from 16/?. Both anomers reacted with t-
BuMgBr to afford an anomeric mixture. 

The Reaction of Methyl v-Arabinofuranosides. Only 
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OMe 

H O - ÖH 
13tf 14 38%(55 = 45) 

B n O - j R 
)Bn CH20Me 
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Fig. 4. The reaction of methyl D-xylofuramside derivatives with Grignard reagents. 

PhH-(E ,2Ot).J0 :65°C ( b a t h t e m p ) 

MeMgl (10 eq), 2.5 h. 16ß:63% recov. 

19% (6: A) 
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OMe 3 h - 9 9 % 

- ^ 

OBn 

BnO— -0 ot : ß = 1 : 1 

160 

32%\ 

BnO 0 BnO-i/OH rJf* 
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54% (83:17) 
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PhH-(Et20|), 80-85°C (bath temp ) 

Fig. 5. The reaction of methyl 2,3,5-tri-O-benzyl-D-xylofuranosides with Grignard reagents. 
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perbenzylated anomers, methyl 2,3,5-tri-O-benzyl-a-
and /S-D-arabinofuranosides (18a and 18)?), were ex­
amined (Fig. 6). Upon treatment with M e M g l , both 
anomers were converted into a diastereomeric mixture 
of open-chain products (19a and 19b), which were 
subsequently separated by silica-gel column chromato­
graphy. The selectivity of these reactions was higher 
on 18/? than on 18a. The anomerization was also 
observed by means of T L C analyses, but neither ano-
mer accumulated because of its consumption in the 
ring-opening reaction. Both anomers were anomerized 
with ^-BuMgBr to give an anomeric mixture, the re­
sults being similar to those for the anomerization of 
16. 

The Reaction of Other Methyl D-Ribqfuranosides. 
Methyl 5-0-trityl-/?-D-ribofuranoside (20a-/?) also re­
acted with ^-BuMgBr to produce the corresponding 
a-anomer (20a-a) in a 5 7 % yield (Fig. 7). Since 
the trityl group was labile under the present Grignard 
reaction conditions, some of this group was removed 
from the a-anomer which had been formed during 
the reaction. 

Similarly, methyl 5-deoxy-/?-D-ribofuranoside (20b-
/?) was found to be converted into the corresponding 
a-anomer (20b-a) in a 5 9 % yield; this yield was 
improved to 9 4 % when a small amount of /-butyl 
alcohol was added to a Grignard solution prior to 
the addition of 20b-jff.9> 

BnO 
nO) 

OBn 

18tf 

OMe 

t -BuMgBr(13eq) 
7h , -100% 
0 ( : ß = 7 : 3 r 

7h , 99°/. 
a : (3 = A : 6 

BnO 

MeMgl 
(11 eq) 

5 h 

73% 

BnO OH Me 
T B n O / H / 

V - K OMe 
OBn 

19a, 19b 

( 81 : 19 ) — 
— ( 62 : 38 ) 

0 OMe 

OBn 

180 

MeMgl 
(11 eq) 

3.5 h 

79°/. 

P h H - ( E t 2 0 f ) , 80-85°C (bath temp ) 

Fig. 6. The reaction of methyl 2,3,5-tri-O-benzyl-D-
arabinofuranosides with Grignard reagents. 

RCH2 OMe 

HO OH 

2 0 a , b - ß 

-BuMgBr(5-11eq) 

80-85°C 

RCHo 

r0Me 
R"0 OR* 

20a-c-o( 
a : R = 0Tr , R ' = H . PhH-Et20, reflux, 5 h 577. 

b - - R = H , R ' = H . PhH-(Et20t) , 1.5 h 59% 

t-BuOH(additive), 2.5h 94% 

C:R=HJR'=Ac. 

Fig. 7. The reaction of methyl 5-O-trityl- and 5-
deoxy-/?-D-ribofuranosides with f-BuMgBr. 

D i s c u s s i o n 

The formation of the 7:3 diastereomeric open-chain 
products, 4, from 3ß suggested that the anomerization 
of this anomer proceeded through the opening of the 
furanose ring. A possible mechanism of the reactions 
for the ribose series is illustrated in Fig. 8. The 
magnesium atom of the Grignard reagnet is coor­
dinated with the ring oxygen of the furanoside (A 
or B),la«10> resulting in a weakening of the C^-O bond 
of the furan ring. Furthermore, either the oxygen 
at C-5 or the methoxyl one may participate in this 
coordination.105* When a large amount of the ether 
is distilled out from the reaction mixture, the com-
plexation of the sugar with the Grignard reagent 
comes to be more favorable.4) T h e cleavage of the 
G ^ O bond is thus accelerated to form an open-chain 
intermediate (C), which reacts with a methyl anion 
of M e M g l to yield the diastereomeric products (D). 
When the sterically bulky f-BuMgBr is used, the 
Grignard addition to C is prevented, presumably be­
cause for a steric reason. I t is not clear whether or 
not there is another pathway to form D by the direct 
attack of M e M g l on the anomeric carbon of A or B. 

The ring closure of C gives either the a- or /?-anomer, 
although the presence of a C->A or B pa th has not 
been proved in this case. However, once the a-
anomer (E) is produced, it may attain a high stability, 
probably by the appropriate coordination of the oxy­
gens of the sugar to the Grignard reagent. At the 
end of the anomerization reaction, we observed many 
undissolved materials in the reaction mixture; the 
Grignard complex of the a-anomer precipitated out 
more easily than that of the respective ß-anomer. 
The a-anomers, 3a and 5a, did not react with either 
M e M g l or J-BuMgBr, but were recovered. Therefore, 
the anomerization of 3ß and 5ß occurs in a one-way 
manner, the trans-1,2-anomers being preferably trans­
formed into the respective cis-\,2-anomers. In a pre­
liminary report,3a) the selective ring closure of C to 
E has been proposed, but the present mechanism, 
based on these experimental results, dose not neces­
sarily involve this selectivity. Recently, a catalytic 
anomerization of alkyl per-0-benzyl-/?-D-glucopyrano-
sides with t i tanium tetrachloride has been found by 
Morishima et al.,11) who have also proposed a ring-
opening, reclosure mechanism for the anomerization. 

T h e perbenzylated anomer (5ß) gave a better yield 
for the anomerization with M e M g l than the mono-
benzylated one (3)5). This finding can be explained 
as follows. We have postulated the presence of a 
complex ( C in Fig. 8) as an intermediate for the 
reaction of 5ß with M e M g l . Ohru i et al.12) have 
reported the base-catalyzed epimerization of C-glyco-
sides (Fig. 9) ; for example, 2,3,-0-isopropylidene-5-O-
trityl-jô-D-ribofuranosylacetonitrile is epimerized to the 
corresponding a-C-glycoside via an open-chain inter­
mediate (F), the latter epimer being thermodynamical-
ly more stable than the former one. They have also 
pointed out that the presence of one five-membered 
ring such as an isopropylidene group in F strongly 
favors the formation of a second, fused five-membered 
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? X \ / 
BnO-Mg BnO Mg 

^O^OMe \ <jVOMe 

MeMgl ? 

BnO 

. rOMe R0 -a4 (R) Mg 
E (Ff) A 

BnO-Mgl M P 

R'=Me 

' \ 
BijP-MgX R'Q x 

.0 u © B n O - , / 0 ^ Me 

X_/CH<OMe 
RO OR RO OR 

C / D 
7? 

MeMgl 

Vu 

R=BnorMgX. R'=Meor t-Bu. X = BrorI 

BnO-

= O M e ^ ^ M. 
V- f ^f- VfOMe 

BnO OBn BnQ jOBn 

Mg 
Me NI 

c 

Mg 
Me'NI 

BnOBnO-^^s 

Fig. 8. The possible mechanisms of the one-way anomerization and of the formation of open-chain 
products. 

r TrO 

CHCN 
TrO-

W C H 2 C N 
X 

Fig. 9. The base-catalyzed epimerization 
glycoside reported by Ohrui et al. 

of C-

r m g i2a) T h e t w o intermediates, C and F , are quite 
similar in shape. Therefore, it seems likely that the 
structure of C also fits a cyclization, resulting in the 
preferred formation of complexes (E' , E", . .e tc . ) . O n 
the other hand, it is rather difficult for 3ß to form an 
intermediate similar to C . 

The equilibrium between 3a and 3ß in a boiling 
methanolic solution in the presence of an acid was 
found to be largely on the side of 3ß in a ratio of 20:80. 
Similarly, in the case of 5, the ratio of 5a to 5ß was 
15:85. Therefore, the present one-way anomerization 
is a "cont ra thermodynamic" interconversion13> of more 
stable isomers into less stable ones. 

T h e reaction of all the lyxose and xylose derivatives 
except 16 resulted in the one-way anomerization and/ 
or the formation of the open-chain products according 
to a mechanism similar to that for the ribose series. 
However, the extent of the one-way anomerization 
depended on the structure of the starting furanoside 
and on the reagent. For example, the reactions of 
5ß, 9a, and Uß with /-BuMgBr proceeded very slowly 
and were incomplete; many precipitates appeared dur­
ing these reactions. 

The perbenzylated xylose derivative (16a), which 
had a cis-1,2 relationship, was predominantly trans­
formed, with M e M g l , into the trans-1,2-anomer (16/?), 
while it was apparent that the latter anomer did not 
anomerize. T h e direction of this transformation is in 
contrast with that for the other furanosides, but this 
phenomenon can be explained in terms of the dif­
ference in reaction rates. The reaction of 16a with 
M e M g l is much faster than that of 16/?. In this 
reaction, 16/? may also anomerize to 16a (we could 
observe the presence of a trace of 16a on a T L G plate), 
but the latter anomer is consumed rapidly to form 
the former one and 17. Both anomers, 16 and 18, 
could be anomerized with /-BuMgBr. However, be­
fore the equilibrium of the anomerization was reached, 
these anomers had been precipitated out from the 
reaction mixture. 

When the one-way anomerization did not occur, 
no, or only a small amount of, precipitates were ob­
served at the early stage of the reaction, except that 
the reaction of 16a with /-BuMgBr gave many pre­
cipitates like gels after a few minutes. There may 
be a relationship between the reactivity and the solu­
bility of the Grignard complex of the sugar. 

The newly formed chiral centers in the open-chain 
products have not been determined in the present 
work. In the case of the formation of the open-chain 
products from 16 and 18, the «.y-l,2-anomers showed 
a higher selectivity than did the /r<mr-l,2-anomers; 
the reaction rates for the former anomers were also 
faster than those for the latter. These results suggest 
that the reactions involve the pathways of the direct 
attack of M e M g l on the anomeric carbons of 16a 
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TABLE 1. THE 

Starting 
material 

(mg, mmol) 

lb -0 (170, 

2b-/9 
3a 
3a 

3ß 

3/9 
5a 
5a 

5/9 

5/9 

la 

la 
Iß 
Iß 
9a 

9a 

9/9 

9/9 
11a 
11a 
11/9 

11/9 

13a 
13a 

13/9 

13/9 

16a 

16a 

16/9 

16^ 

18a 

18a 

18/9 

(41, 
(207, 
(211, 

(250, 

(238, 
(150, 
(215, 

(226, 

(215, 

(254, 

(220, 
(120, 
(123, 
(240, 

(220, 

(250, 

(220, 
(230, 
(240, 
(470, 

(250, 

(180, 
(220, 

(195, 

(515, 

(245, 

(250, 

(260, 

(250, 

(240, 

(210, 

(230, 

0.63) 

0.14) 
0.81) 
0.83) 

0.98) 

0.94) 
0.34) 
0.49) 

0.52) 

0.49) 

1.0) 

0.87) 
0.47) 
0.48) 
0.55) 

0.51) 

0.57) 

0.51) 
0.91) 
0.94) 
1.85) 

0.98) 

0.52) 
0.64) 

0.57) 

1.5) 

0.56) 

0.57) 

0.6) 

0.57) 

0.55) 

0.48) 

0.53) 

-way Anomerization of Methyl Glycofuranosides 

REACTIONS OF THE 

Reagent 

(mmol) 

MeMgl 

MeMgl 
MeMgl 
/-BuMgBr 

MeMgl 

/-BuMgBr 
MeMgl 
/-BuMgBr 

MeMgl 

/-BuMgBr 

MeMgl 

/-BuMgBr 
MeMgl 
J-BuMgBr 
MeMgl 

/-BuMgBr 

MeMgl 

/-BuMgBr 
MeMgl 
/-BuMgBr 
MeMgl 

/-BuMgBr 

MeMgl 
/-BuMgBr 

MeMgl 

/-BuMgBr 

MeMgl 

/-BuMgBr 

MeMgl 

/-BuMgBr 

MeMgl 

/-BuMgBr 

MeMgl 

(4) 

(4) 
(8) 
(8) 

(5) 

(8) 
(6) 
(6) 

(6) 

(6) 

(5) 

(8) 
(2.5) 
(5.5) 

(6) 

(6) 

(6) 

(6) 
(6) 
(8) 
(12) 

(8) 

(6) 
(5) 

(6) 

(12) 

(6) 

(6) 

(6) 

(6) 

(6) 

(6) 

(6) 

[RMgX] 
[Sugar] 

6 

29 
10 
10 

5 

9 
18 
12 

12 

12 

5 

9 
5 

11 
11 

12 

11 

12 
7 
8 
6 

8 

12 
8 

11 

8 

11 

11 

10 

11 

11 

13 

11 

SUGAR DERIVATIVES WITH THE 

Solvent 
P h H - E t 2 0 ) 

ml 

5—5 

14—5 
15—10 
15—10 

15—10 

15—10 
15—10 
15—10 

15—10 

15—10 

15—10 

15—10 
7—5 
7—7 

15—10 

15—10 

15—10 

15—10 
18—10 
15—10 
25—20 

15—10 

15—10 
12—8 

15—10 

25—20 

15—10 

15—10 

15—10 

15—10 

15—10 

15—10 

15—10 

Reaction 

Temp*) - T i ™ 

He> 

He> 
H 
L 

H 

L 
H 
H 

H 

H 

H 

L 
H 
L 
H 

H 

H 

H 
H 
H 
H 

H 

L 
H 

L 

H 

H 

H 

H 

H 

H 

H 

H 

3 

6 
2 
2.5 

1.3 

2.5 
6 
6 

3 

6 

6 

3.5 
6 
3.5 
6 

6 

4.5 

6 
6.5 
3 
7.5 

3 

3 
3 

1.5 

3 

1.6 

9 

2.5 

3 

5 

7 

3.5 

GRIGNARD REAGENTS 

1497 

Products0) or recovered 
material Chromatog­

raphy^ 
(mg) Yield/% 

( l b « (10) 
2h-a (68) 

I 2b-£ (32) 
2h-a (13) 
3a (187) 
3a (200) 

( 3a (74) 
J 4 (65) 

(7:3) 
3a (225) 
5a (150) 
5a (208) 

J 5a (180) 
1 6 (20) 

5a + 5ß (214) 
(6:4) 

( 7ß (115) 
{ 8 (105) 

(71:29) 
7ß (194) 
7ß (118) 
Iß (123) 
10a (120) 
(8:2)J) 

( 9« (194) 
{ 9ß (25) 

10a (100) 
(8:2)J) 
9ß (213) 
IIa (222) 
H a (233) 
l l a + (387) k> 
1LÔ+I2a 
(oc:ß=l:\) 
l la+11)9(234) 
nß 
(3:97) 
13a (104) 
13a (225) 

f 13a (32) 
1 H (77) 

(55:45) 
( 13a (188) 
{ 15a (270) 

16£ (78) 
( 17 (138) 

(83:17)m> 
16a+16)9(248) 
(55:45) 

( 16£ (163) 
1 17 (50) 

(6:4)m> 
16a+ 16^(248) 
(1:1) 

( 19a (112) 
{ 19b (70) 

18a+18i9(213) 
(7:3) 

( 19a (153) 
( 19b (35) 

6 
38 
18 
33 
90 
95 
30 
33 

95f) 
100s) 
97e) 

80 
9h) 

A 

A 
D 
D 

i -
D 
D 
D 

i A 

99.5 D 

45 
55*) 

88 
98 

100 
60 

88 | 
H 1 
48 

97 
97 
97 

e) 94 

581) 
102 

1 6 \ 38 ) 

37 ) 
52 { 
32 ) 
54 ) 

99 

63 ) 
19 } 

99 

45 ) 
28 f 

101 

64 ) 
15 

i ° 
D 
D 
D 
A 

A 

A 

D 
D 
D 
D 

D 

A 
D 

A 

A 

G 

D 

G 

D 

G 

D 

G 

(9:1) 

(7:3) 

(1:1) 

(7:3) 

(99:1) 

(6:4) 

(95:5) 

(7:3) 

(9:1) 

(95:5) 

(7:3) 

(1:1) 

(6:4) 

(7:3) 

(1:1) 
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T A B L E 1. (Continued) 

Starting 
material 

(mg, mmol) 

Reagent 

(mmol) 

[ R M g X ] 

[Sugar] 

Solvent 
PhH-Et 2 O a > 

ml 

Reaction 

Tempb> Time 

Products0) or recovered 
material 

(mg) Yield/% 

Chromatog­
raphy*1) 

180 (220, 0.51) *-BuMgBr (6) 

2Oa-0(325, 0 .8) 

2Ob-0(17O, 1.1) 

2Ob-0(17O, 1.1) P) 

i-BuMgBr (6 .4) 

/-BuMgBr (6) 

*-BuMgBr (12) 

12 15—10 H 7 1 8 a + 1 8 0 ( 2 1 7 ) 99 D 
(4:6) 

8 10—10 H e ) 5 20a-a (185) 57n> B (99:1) 

5 15—10 H 1.5 20b-a (100) 59°) B (99:1) 

11 20—20 H 2 .5 2 0 b - a (160) 94 B (99:1) 

a) Dur ing the reaction, the ether was allowed to evaporate from the reaction mixture. b) H : 80—85 °C (bath 
temperature) . L : 70—75 °C (bath temperature) . c) T h e ratios of the diastereomers or anomers were estimated 
by ] H N M R spectroscopy and T L C analyses, d) Each product was isolated by chromatography on a silica-gel 
column with the following solvent systems: A, benzene-ethyl acetate ; B, chloroform-methanol; C, hexane-ether . 
D : T h e crude products were identified by 1 H N M R spectroscopy and T L C analyses. e) A reaction mixture 
was refluxed in a flask equipped with a condenser, f) Contained a trace amount of 3 0 . g) Contained a small 
amount of by-products, h) Diastereomerically almost pure , i) A main diastereomer was crystallized, j ) The 
1 H N M R spectrum of the 10a prepared from 9 a was identical with that prepared from 9 0 . This product (10a) 
was characterized as its acetate (10b). k) l l a , 0 : 1 2 a : = 4 : 6 . T h e product (12a) was isolated as its diastereomeric 
acetate (12b, 8 7 : 1 3 ) ; see Experimental . 1) A large amount of the starting material was decomposed under these 
conditions, m) T h e 1H N M R spectrum of the main isomer obtained from 16a was identical with that of the 
major isomer prepared from 160 . n) Some of the trityl groups in 20a-a were deblocked, o) An unknown by­
product (10 mg) was isolated; see Ref. 9. p) Before the addition of 2Ob-0, a solution of f-butyl alcohol (170mg, 
2 . 3 mmol) in dry benzene (1ml) was added to a Grignard solution. 

a n d 180 , bes ides t h e p a t h w a y s v ia c o m m o n in t e r ­
m e d i a t e s s im i l a r to C in F ig . 8. I t seems l ikely t h a t 
t h e m - 1 , 2 s t r u c t u r e is d e s i r a b l e for t h e d i r e c t a t t a c k , 
p r e s u m a b l y b e c a u s e of s ter ic r easons , t h u s g iv ing a 
h i g h select ivi ty . 

T h e c rys t a l l i ne k e t o n e , 15a , w a s t h e on ly o p e n -
c h a i n p r o d u c t p r o d u c e d b y t h e use of / - B u M g B r . 
T h e f o r m a t i o n of this p r o d u c t resul ts f rom t h e e l i m i n a ­
t i on of a p r o t o n o n t h e c a r b o n a d j a c e n t to t h e G -
O M e g r o u p of a n i n t e r m e d i a t e s imi l a r to C in F ig . 
8, fol lowed b y t h e k e t o n i z a t i o n of t h e r e su l t i ng eno l 
in t h e w o r k - u p s t ep . A l t h o u g h t h e c o n f i g u r a t i o n of 
t h e b e n z y l o x y g r o u p n e x t to t h e k e t o func t ion of 15a 
h a d n o t b e e n d e t e r m i n e d , this c o m p o u n d w a s p r o v e d 
to b e d i a s t e r e o m e r i c a l l y p u r e , j u d g i n g f rom *H N M R 
spec t ro scopy a n d T L C ana lyses . 

T h e p r e s e n t a n o m e r i z a t i o n r e a c t i o n w a s found to 
b e a p p l i c a b l e to 5 - 0 - t r i t y l - a n d 5 -deoxy- r ibose d e r i v a ­
t ives (2Oa-0 a n d 2Ob-0) . U n d e r t h e G r i g n a r d r e a c ­
t ion c o n d i t i o n s , h o w e v e r , s o m e of t h e t r i ty l g r o u p s 
of 2 0 a - a w e r e r e m o v e d . D e b e n z y l a t i o n w a s also o b ­
se rved d u r i n g t h e f o r m a t i o n of 10a . T h e s e findings 
suggest t h e pos ib i l i ty t h a t t h e t r i ty l a n d b e n z y l p r o ­
t e c t i n g g r o u p s in suga r s m a y b e select ively d e b l o c k e d 
u n d e r a p p r o p r i a t e r e a c t i o n c o n d i t i o n s w i t h t h e 
G r i g n a r d r e a g e n t s . 

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

T h e melting points were determined with a Yamato capil­
lary-melting point appara tus and are uncorrected. T h e 
I R spectra were recorded on a Shimadzu IR-27 instrument. 
T h e 1H N M R spectra were recorded on a Var ian HA-100D 
apparatus , with tetramethylsilane as the internal s tandard. 
T h e optical rotations were measured on a Perkin-Elmer 
Model 2 4 I M C Polarimeter. 

Merck silica gel GF 2 5 4 was used for the T L C , and the 
compounds were detected by heating after spraying them 
with a methanol-sulfuric acid-/>-methoxybenzaldehyde (85: 

15:5, v/v) mixture. Merck silica gel 60 (0.063—0.29 mm) 
was utilized for the column chromatography. T h e elemental 
analyses were performed by this Institute. 

T h e XH N M R spectral da ta of the compounds are listed 
in Tables 2 and 3, while their physical properties and the 
results of their elemental analyses are summarized in Table 
4. 

RO 
\^V"k 

RiO 

OMe 

21:R = H 
22-R = Bn 

^ 0 c> 
23 
25 
26 

R1=Ts:R2=H 
R^Bn.-f^H 
R1.R2=Bn 

0 

24 

Materials. In order to obtain new methyl pento-
furanosides, the following sugar derivatives were prepared 
by the conventional methods. T h e oxidation of methyl 
2,3-O-isopropylidene-a-D-mannofuranoside14) with sodium 
metaperiodate, followed by reduction with sodium boro-
hydride, gave methyl 2,3-0-isopropylidene-a-D-lyxofuranoside 
(21), which was then treated with sodium hydride-benzyl 
chloride to yield methyl 5-0-benzyl-2,3-0-isopropylidene-a-
D-lyxofuranoside (22). The deprotection of 22 with an 
acid afforded 7a. Starting from 1,2-0-cyclohexylidene-a-D-
xylofuranose,15) the corresponding 5-O-tosyl (23) and 3,5-
di-O-benzyl (26) derivatives were prepared. An anhydro 
compound (24) was synthesized by the reaction of 23 with 
sodium methoxide. T h e t reatment of 24 with sodium ben-
zylate yielded 5-0-benzyl-l,2-0-cyclohexylidene-<x-D-xylo-
furanose (25), which was then converted into an anomeric 
mixture of 11 by methanolysis. Similarly, an anomeric 
mixture of 13 was obtained from 26. 

General Procedure for the Anomerization and Ring-opening Reac­
tions. Some of the reaction conditions and the results 
are summarized in Tab le 1. A solution of a Grignard reagent 
in ether was prepared from magnesium and an alkyl halide 
in a three-necked flask, and was then diluted with dry ben­
zene. A solution of a sugar derivative (ca. 0.7 mmol) in 
dry benzene (2—3 ml) was added to the stirred Grignard 
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TABLE 2. THE 1H NMR SPECTRAL DATA OF THE SUGAR DERIVATIVES IN CDC13 

Compound 
Anomeric proton Other protons 

Ô 

2b-£a> 4.37 (IH, s) 

3« 4.93 (IH, d, 7 = 4 . 1 Hz) 

3ß 4.80 (IH, s) 

5« 4.86 (IH, br d, 7 = 4 Hz) 

5ß 4.89 (IH, s) 

7« 4.79 (IH, s) 

Iß 4.79 (IH, d, y - 4 . 4 Hz) 

9a 5.00 (IH, d, y = 2 . 4 H z ) 

9ß 4.81 (IH, d, 7 = 4 . 8 H z ) 

11« 4.94 (IH, d, 7 = 4 . 6 Hz) 

11/9 4.81 (IH, s) 

13a 4.95 (IH, d, 7 = 4 . 6 H z ) 

I3ß 4.76 (IH, d, 7 = 2 . 0 Hz) 

16« 4.72 (IH, d, 7 = 4 . 0 Hz) 

16^9 4.89 (IH, d, 7 = 1 . 3 Hz) 

18« 4.93 (IH, brs) 

18/9 4.72 (IH, brd , 7 = 4 H z ) 

20a-« 4.97 (IH, d, 7 = 4 . 0 Hz) 

1.0—2.0 (12H, m, GH2 of cyclohexane ring and H-3,3), 1.05 and 
1.19 (6H, s, G-GH3x2), 3 . 1 - 3 . 5 (3H, m), 3.32 (3H, s, OGH3), 4.09 
(IH, m, H-4), 4.32 (IH, d, 7 = 5 . 3 Hz, OH), 4.72 (IH, s, OH). 

3.47 (3H, s, GH3), 3.59 (2H, d, 7 = 4 . 0 Hz, H-5,5'), 3.80—4.24 
(3H, m), 4.55 (2H, s, GH2Ph), 7.29 (5H, s, phenyl protons). 

3.30 (3H, s, CH3), 3.59 (2H, d, 7 = 4.6 Hz, H-5,5
7), 3.90—4.26 

(3H, m), 4.57 (2H, s, GH2Ph), 7.30 (5H, s, phenyl protons). 

3.38 (2H, m, H-5,5'), 3.44 (3H, s, GH3), 3.70—3.96 (2H, m), 

4.16—4.36 (IH, m), 4.44 (2H, s, CHJPh), 4.60 (4H, m, GH2Phx2), 

7.0—7.6 (15H, m, phenyl protons). 

3.28 (3H, s, GH3), 3.5 (2H, m, H-5,5
7), 3.8, 4.0, and 4.3 (3H, m), 

4.48 (2H, d, 7=3.2 Hz, GH2Ph), 4.54 and 4.62 (4H, s, GH2Phx2), 
7.1—7.4 (15H, m, phenyl protons). 

2.97 (IH, d, 7=9.2 Hz, OH), 3.32 (3H, s, GH3), 3.59—4.01 (3H, 
m, 4.2 (IH, m), 4.5 (IH, m), 4.59 (2H, s, GH2Ph), 7.29 (5H, s, 
phenyl protons). 

2.92 (IH, bid, 7=8 Hz, OH), 3.07 (IH, brd, 7= 10 Hz, OH), 3.37 
(3H, s, GH3), 3.54—3.90 (2H, m, H-5,5'), 3.90—4.30 (3H, m), 
4.57 (2H, s, GH2Ph), 4.29 (5H, s, phenyl protons). 

3.35 (3H, s, GH3), 3.75 (2H, m, H-5,5'), 3.88 (IH, m), 4.11—4.47 
(2H, m), 4.47—4.77 (6H, m, GH2Phx3), 7.23 and 7.26 (15H, s, 
phenyl protons). 

3.41 (3H, s, GH3), 3.57—3.89 (3H, m), 3.98—4.29 (2H, m), 
4.48—4.89 (6H, m, GH2Phx3), 7.26 and 7.28 (15H, s, phenyl 
protons). 

3.44 (3H, s, CH3), 3.74 (2H, m, H-5,5
7), 3.96—4.40 (3H, m), 

4.55 (2H, s, GH2Ph), 7.27 (5H, s, phenyl protons). 

3.33 (3H, s, GH3), 3.51—3.93 (2H, m, H-5,5
7), 3.93—4.20 (2H, m), 

4.35—4.57 (IH, m), 4.58 (2H, s, GH2Ph), 7.29 (5H, s, phenyl protons). 

2.74 (IH, d, 7=7.2 Hz, OH), 3.44 (3H, s, GH3), 3.65 (2H, m, 
H-5,5'), 3.98 (IH, m), 4.14—4.48 (2H, m), 4.50—4.79 (4H, m, 
GH2Phx2), 7.1—7.5 (10H, m, phenyl protons). 

2.36 (IH, d, 7=5.0Hz, OH), 3.36 (3H, s, GH3), 3.7 (2H, m, H-5,5), 
3.9 (IH, m), 4.2 (IH, m), 4.4 (IH, m), 4.54 (4H, m, GH2Phx2), 
7.1—7.4 (10H, m, phenyl protons). 

3.38 (3H, s, GH3), 3.44—3.82 (2H, m, H-5,5'), 4.0 (IH, m), 4.20— 
4.46 (2H, m), 4.46—4.72 (6H, m, GH2Phx3), 7.1—7.4 (15H, m, 
phenyl protons). 

3.38 (3H, s, GH3), 3.68—3.82 (2H, m, H-5,5'), 3.92—4.12 (2H, m), 
4.34—4.46 (IH, m), 4.46—4.70 (6H, m, GH2Phx3), 7.1—7.5 (15H, 
m, phenyl protons). 

3.37 (3H, s, GH3), 3.60 (2H, d, 7=4.7 Hz, H-5,5'), 3.80—4.08 
(2H, m), 4.08—4.33 (IH, m), 4.33—4.65 (6H, m, GH2Phx3), 
7.22 and 7.26 (15H, s, phenyl protons). 

3.30 (3H, s^CHj), 3.44—3.66 (2H, m, H-5,5'), 3.96—4.26 (3H, m), 
4.53 (2H, s, GH2Ph), 4.60 (4H, s, GH2Phx2), 7.24, 7.26, and 
7.28 (15H, s, phenyl protons). 

2.53 (IH, d, 7=8.0 Hz, OH), 2.88 (IH, d, 7=9.4 Hz, OH), 3.03— 
3.43 (2H, q, H-5,5'), 3.46 (3H, s, GH3), 3.83—4.37 (3H, m), 
7.1—7.5 (15H, m, phenyl protons). 
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TABLE 2. (Continued) 

Compound 
Anomeric proton Other protons 

ô Ô 

20a-i9 4.82 (1H, s) 2.31 (1H, br d, J = 6 H z , OH), 2.60 (1H, br d, 7=4Hz , OH), 3.28 

(2H, m, H-5,5'), 3.30 (3H, s, CH3), 3.9—4.32 (3H, m). 7.1—7.6 

(15H, m, phenyl protons). 

20b-a 4.88 (1H, d, 7=4.4Hz) 1.28 (3H, d, 7=6 .4Hz , C-CH3), 3.13 (1H, br d, 7=8Hz , OH), 

3.32 (1H, brd, 7=9Hz , OH), 3.44 (3H, s, OCH3), 3.5—3.7 (1H, m), 

3.9—4.2 (2H, m). 

20b-£ 4.78 (1H, s) 1.35 (3H, d, 7 = 6 . 0 Hz, C-CH3), 3.36 (3H, s, OCH3), 3.7 (2H, 

brs, OHx2), 3.9—4.1 (3H, m). 

20c« 4.75—5.10b> 1.36 (3H, d, 7 = 6 . 6 Hz, C-CH3), 2.10 (6H, s, acetyl protons), 

3.41 (3H, s, OCH3), 4.16 (1H, dd, 7=6 .6 , 4.3 Hz, H-4), 4.75—5.10 

(3H, m, H-1,2, and 3). 

21 4.91 (1H, s, H-l) 1.30 and 1.45 (6H, s, isopropylidene protons), 2.65 (1H, t, 7=6.6Hz, 

OH), 3.32 (3H, s, OCH3), 3.8—4.2 (3H, m), 4.56 (1H, d, 7=6.4Hz, 

H-2), 4.76 (1H, dd, J - 6 . 4 , 3.6 Hz, H-3). 

22 4.90 (1H, s, H-l) 1.29 and 1.42 (6H, s, isopropylidene protons), 3.32 (3H, s, OCH3), 

3.58—3.94 (2H, m), 4.04—4.26 (1H, m), 4.44—4.78 (4H, m), 

7.2—7.4 (5H, m, phenyl protons). 

23 5.84 (1H, d, 7 = 3 . 6 Hz) 1.2—2.0 (10H, cyclohexylidene protons), 2.42 (3H, s, CH3), 2.54 

(1H, d, 7=5 .6Hz , OH), 4.1—4.4 (4H, m), 4.46 (1H, d, 7=3.6Hz, 

H-2), 7.75 and 7.31 (4H, ABq, 7 = 8 . 8 Hz, phenyl protons). 

24 6.26 (1H, d, 7 = 3.6 Hz) 1.2—1.9 (10H, m, cyclohexylidene protons), 4.24 (1H, dd, 7=7 .4 , 

2.0Hz, H-5), 4.72 (1H, dd, 7=7 .4 , 4.4Hz, H-5'), 4.72 (1H, d, 

7 = 3 . 6 Hz, H-2), 5.08 (1H, dt, 7=4 .0 , 2.0 Hz, H-4), 5.20 (1H, d, 

7=4 .4Hz , H-3). 

25 5.96 (1H, d, 7=3.8Hz) 1.2—1.8 (10H, m, cyclohexylidene protons), 3.45 (1H, d, 7=3.4Hz, 

OH), 3.91 (2H, d, 7 = 4 . 0 Hz, H-5,5'), 4.10—4.40 (2H, m), 4.49 

(1H, d, 7 = 3 . 8 Hz, H-2), 4.60 (2H, d, 7 = 2 Hz, CH2Ph), 7.29 (5H, 

s, phenyl protons). 

26 5.91 (1H, d, 7=4.0Hz) 1.2—1.8 (10H, m, cyclohexylidene protons), 3.75 (2H, d, 7 = 6 . 0 Hz, 

H-5,5'), 3.97 (1H, d, 7 = 3 . 2 Hz), 4.3—4.7 (6H, m), 7.24 and 7.26 

(10H, s, phenyl protons). 

a) Measured in DMSO-rf6. b) Did not resolve. 

solution in the flask without a refluxing condenser3b> at Anomer (5ß).xi) To a stirred solution of 3« (350 mg, 
room temperature under an atmosphere of dry nitrogen, 1.4 mmol) in dry benzene (5 ml) and iV,iV-dimethylformamide 
and the mixture was heated at a given temperature for a (2 ml) we added sodium hydride (ca. 60% in oil, 300 mg) 
given period to remove the ether. After cooling, aqueous at room temperature under an atmosphere of dry nitrogen, 
ammonium chloride was added; the mixture was then ex- After 5 min, benzyl chloride (0.6 ml) was added, and the 
tracted with ether. The extract was washed with water, mixture was heated at 75—80 °C (bath temperature) for 
dried (MgS04), and concentrated. The crude products 30 min. After cooling, methanol was carefully added to 
were purified by silica gel column chromatography with decompose the excess sodium hydride. The mixture was 
a given solvent system. then extracted with ether, and the extract was washed with 

Methyl 5-O-Benzyl-oc-D-ribofuranoside (3a) and Its ß-Anomer water, dried (MgS04), and concentrated. The residue was 
(3ß). The method of Tener and Khorana16) was modi- chromatographed on a silica-gel column with benzene-
fied. To a solution of methyl 5-0-benzyl-2,3-0-isopropyl- ethyl acetate (95:5) to give 5a (510 mg, 85%). 
idene-^-D-ribofuranoside16) (970 mg, 3.3 mmol) in methanol A solution of 3ß (460 mg, 1.8 mmol) in dry benzene (25 
(20 ml) and water (4 ml), we added coned sulfuric acid ml) and iV,iV-dimethylformamide (5 ml) was treated with 
(0.2 ml) after which the mixture was heated at 75—80 °C sodium hydride (ca. 60% in oil, 850 mg) and benzyl chloride 
(bath temperature) for 1.5 h with stirring. After cooling, (0.8 ml) under conditions similar to those described above 
the acid was neutralized with calcium hydroxide (500 mg). to give, after chromatography, 5ß in a quantitative yield. 
The undissolved materials were filtered through a Celite Methyl 5-O-Benzyl-oc-v-lyxofuranoside (7a). The meth-
pad and washed with methanol. The combined filtrate od of Shunk et Ö/.18> was slightly modified. To a solution 
and washings were concentrated. The residue was chro- of 22 (4.0 g, 13.6 mmol) in methanol (75 ml), we added 
matographed on a silica-gel column with chloroform-metha- a solution of coned sulfuric acid (0.35 ml) in water (30 ml). 
nol (98:2) to give 3« (160 mg, 19%) and 3ß (550 mg, 66%0). The mixture was refluxed at 85—90 °C (bath temperature) 

Methyl 2,3,5-Tri-O-benzyl-oc-D-ribofuranoside (5a) and Its ß- for 5 h. After cooling, calcium hydroxide (2 g) was added. 
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T A B L E 3. T H E X H N M R SPECTRAL DATA OF THE OPEN-CHAIN PRODUCTS 

Compound*) Ô (in GDG13) 

4 1.21 and 1.24 (3H, d, 7 = 6 . 0 H z , 7 :3 , G-GH 3 ) , 3 .35 (3H, s, O G H 3 ) , 3 . 4 — 4 . 0 (6H, m) , 4 . 5 5 

(2H, s, CH 2 Ph) , 7 .30 (5H, s, phenyl protons). 

6 1.19 (3H, b r d , J = 5 . 8 Hz, G-GH 3 ) , 3 .15 (1H, b r d , 7 = 3 H z , O H ) , 3 .32 (3H, s, O G H 3 ) , 3 . 5 — 

3 .8 (5H, m) , 4 .04 (1H, b r s ) , 4 .50 (2H, s, GH 2 Ph) , 4 . 5 9 (2H, d, 7 = 2 Hz , GH 2 Ph) , 4 . 6 5 (2H, s, 

GH2Ph), 7.23 and 7.26 (15H, s, phenyl protons). 

8b> 1.19 (3H, d, 7=6.4Hz, G-GH3), 3.00, 3.15, and 3.22 (3H, d, 7=4.7, 5.6, 5.2 Hz, OHx3), 
3.32 (3H, s, OGH3), 3.38—3.88 (5H, m), 4.10 (1H, m), 4.54 (2H, s, GH2Ph), 7.28 (5H, s, 
phenyl protons). 

10a 1.13 and 1.16 (3H, d, 7=6.4Hz, 8:2, G-GH3), 2.7—3.2 (2H, brm, OHx2), 3.25 (3H, s, OGH3), 
3.3—3.7 (4H, m), 3.9 (1H, m), 4.1 (1H, m), 4.35—4.70 (4H, m, GH2Phx2), 3.22 and 3.24 
(10H, s, phenyl protons). 

10bc) 1.09 (3H, d, J=6.4Hz, G-GH3), 2.00, 2.02, and 2.06 (6H, s, acetyl protons), 3.30 (3H, s, 
OGH3), 3.46—3.80 (3H, m, -GH(OMe)- and GH2OBn), 2.89 and 4.17 (1H, dd, 7=7.5, 3.8 Hz, 
7=9.8, 2 Hz, 75:25, -GH(OBn)-), 4.46 and 4.48 (2H, s, 25:75, GH2Ph), 4.60 (2H, s, CH2Ph), 

4 . 9 6 — 5 . 3 8 (2H, m, - G H ( O A c ) - x 2 ) , 7 .24 (10H, s, phenyl protons). 

12bd> 1.11 (3H, d, 7 = 6 . 0 Hz, G-GH 3 ) , 2 . 03 , 2 .04 , and 2 .06 (9H, s, acetyl protons), 3 .26 (3H, s, 
OGH 3 ) , 3 .40 (2H, m) , 3 .55 (2H, d, 7 = 5 . 0 Hz, GH 2 Ph) , 4 .50 (2H, s, GH 2 Ph) , 5 .04—5.26 (2H, 

m) , 5 .57 (1H, m) , 7 .28 (5H, s, phenyl protons). 

14 1.10 and 1.20 (3H, d, 7 = 6 . 0 H z , 45 :55 , G-GH 3 ) , 2 . 9 (2H, b r m , O H x 2 ) , 3 .26 and 3 .32 (3H, 
s, 45 :55 , OGH 3 ) , 3 . 3 — 3 . 7 (4H, m) , 3 . 8 — 4 . 2 (2H, m) , 4 .49 (2H, d, 7 = 2 . 0 Hz , GH 2 Ph) , 4 . 6 5 

(2H, s, GH 2 Ph) , 7 .26 (10H, s, phenyl protons) . 

15a 3 .0 (1H, b r s , O H ) , 3 .33 (3H, s, O G H 3 ) , 3 . 4 — 3 . 6 (2H, m, GH 2 OBn) , 4 . 0 — 4 . 2 (2H, m) , 4 .26 

(2H, d, 7 = 2 . 0 H z , GH 2 Ph) , 4 .46 and 4 .61 (2H, ABq, 7 = 1 2 . 0 H z , G O G H 2 ) , 4 . 47 (2H, s, GH 2 Ph) , 

7 .26 (10H, s, phenyl protons). 

15b 2 .01 (3H, s, acetyl protons), 3.32 (3H, s, O G H 3 ) , 3 .63 (2H, d, 7 = 6 . 4 H z , GH 2 OBn) , 4 .17 (2H, 

d, 7 = 2 . 0 H z , GH 2 Ph) , 4 . 34 (1H, d, 7 = 4 . 0 Hz, - G H ( O B n ) - ) , 4 . 4 8 (2H, s, GH 2 Ph) , 4 . 3 — 4 . 9 

(2H, m, GOGH 2 ) , 5 .40 (1H, dt, 7 = 6 . 4 , 4 . 0 H z , - G H ( O A c ) - ) , 7 .26 and 7 .27 (10H, s, phenyl 

protons). 

17e> 1.16 and 1.26 (3H, d, 7 = 6 . 0 Hz, 83:17, G-GH 3 ) , 2 . 89 (1H, d, 7 = 6 . 0 Hz , O H ) , 3 .30 (3H, s, 
OGH 3 ) , 3 .40—3.70 (4H, m) , 3 .76—4.08 (2H, m) , 4 . 4 2 — 4 . 8 2 (6H, m, G H 2 P h x 3 ) , 7 .22, 7 .24, 

and 7.25 (15H, s, phenyl protons). 

19a 1.10 (3H, d, 7=6.0 Hz, G-GH3), 3.22 (1H, brm, OH), 3.32 (3H, s, OGH3), 3.44—3.86 (5H, m), 
4.0 (1H, brs), 4.53 (4H, s, GH2Phx2), 4.67 (2H, s, GH2Ph), 7.22, 7.26, and 7.28 (15H, s, 
phenyl protons). 

19b 1.25 (3H, d, 7 = 6 . 0 Hz, G-GH 3 ) , 2 .73 (1H, b r d , 7 = 6 H z , O H ) , 3 .24 (3H, s, O G H 3 ) , 3 .44—4.10 

(6H, m) , 4 . 4 8 (2H, s, GH 2 Ph) , 4 .55 (2H, d, 7 = 2 Hz , GH 2 Ph) , 4 .67 (2H, s, GH 2 Ph) , 7 .22, 7 .25 , 

and 7 .26 (15H, s, phenyl protons). 

a) The values of the diastereomeric ratios for the open-chain products refer to Table 1. b) A crystalline isomer. 
c) Decoupling experiments showed that one proton (ô 5.26) on the carbon bearing an acetoxyl group coupled 
with a proton (ô 3.75) on the carbon bearing the methyl and methoxyl groups, d) T h e major isomer, e) A 
diastereomeric mixture from 16«. 

The undissolved materials were filtered through a Gelite under an atmosphere of dry nitrogen. The mixture was 
pad and washed with methanol . The combined filtrate heated at 70—75 °G for 3.5 h to remove the ether. T h e 
and washings were concentrated to dryness. The residue usual work-up gave a crystalline product (Iß, 194 mg, 8 8 % ) . 
was dissolved in methanol (100 ml) , and coned sulfuric Its T L G and XH N M R spectral analyses showed that the 
acid (0.7 ml) was added. The mixture was then refluxed product was almost pure . Recrystallization from benzene -
at 80 °G (bath temperature) for 1 h. T h e acid was neu- hexane afforded an analytically pure sample, 
tralized with calcium hydroxide (3 g). The work-up gave Methyl 2,3,5-Tri-O-benzyl-oc-n-lyxofuranoside (9a) and Its ß-
SL syrupy product, which was chromatographed on a silica- Anomer (9ß). T o a stirred solution of la (590 mg, 
gel column with benzene-ethyl acetate (7:3) to provide 2.3 mmol) in dry benzene (10 ml) and iV,iV-dimethylform-
7a (2.1 g, 6 1 % ) . amide (4 ml) we added sodium hydride (ca. 6 0 % in oil, 

Methyl 5-O-Benzyl-ß-n-lyxofuranoside (7ß). A solution 600 mg) at 0—5 °G (bath temperature) under an atmosphere 
of la (220 mg, 0.78 mmol) in dry benzene (2 ml) was added of dry nitrogen, after which the mixture was stirred at room 
to a solution of /-BuMgBr (7.9 mmol) in dry benzene (15 temperature for 30 min. Benzyl chloride (0.8 ml) was then 
ml) and ether (10 ml) at room temperature with stirring added, and the mixture was heated at 75—80 °G (bath 
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temperature) for 30 min. A work-up similar to that used 
for the synthesis of 5 a gave a syrup, which was chromatog­
raphed on a silica-gel column with benzene-ethyl acetate 
(95:5) to afford 9a in a quanti tat ive yield. 

T h e sugar derivative (7/9, 280 mg, 1.1 mmol) was treated 
in a m a n n e r similar to that described above to yield 9/S 
(365 mg, 7 6 % ) . 

Acetylation of the Open-chain Products (10a). Acetic 
anhydride (0.4 ml) was added to a cold (0—5 °C) solution 
of 10a (116 mg, 0.32 mmol) in dry pyridine (2 ml) , after 
which the mixture was allowed to stand at room temperature 
overnight. T h e usual work-up gave a syrup, which was 
chromatographed on a silica-gel column with benzene-ethyl 
acetate (96:4) to afford 10b (130 mg, 9 1 % ) . I R (nea t ) : 
1735 (G=0) cm- 1 . T h e ! H N M R spectrum of 10b showed 
that it consisted of a 75:25 diastereomeric mixture. 

Methyl 5-O-Benzyl-oc-v-xylofuranoside (H&) and Its ß-Anomer 
(llß). A mixture of 25 (1.5 g, 4.7 mmol) and coned 
sulfuric acid (0.2 ml) in methanol (40 ml) was heated at 
65 °G (bath temperature) for 3 h with stirring. After cool­
ing, calcium hydroxide (2 g) was added and the mixture 
was vigorously stirred. T h e undissolved material were fil­
tered through a Celite pad and washed with methanol . 
T h e combined filtrate and washings were concentrated, 
and the residue was chromatographed on a silica-gel column 
with chloroform-methanol (99:1) to give 11a (350 mg, 
29%) and 11/9 (580 mg, 4 9 % ) . 

Acetylation of the Open-chain Products (12a). T h e sugar 
derivative (llß, 470 mg, 1.85 mmol) was treated with M e M g l 
according to the conditions described in Table 1 and ac­
cording to the general procedure for the anomerization 
to yield a syrupy mixture, which consisted mainly of 11a, 
lljS, and 12a in a rat io of 1:1:8, judging from the 1H N M R 
spectroscopy. This mixture (340 mg) was dissolved in dry 
pyridine (5 ml) . T o this solution we then added acetic 
anhydride (2 ml) at 0—5 °C (bath temperature) , after which 
the mixture was allowed to stand at room temperature over­
night. T h e excess acetic anhydride was decomposed by 
iced water , and the mixture was extracted with ether. T h e 
extract was washed with water, dried ( M g S 0 4 ) , and con­
centrated. T h e pyridine was removed by co-evaporation 
with xylene. T h e residue was chromatographed on a silica-
gel column with hexane-e ther (6:4) to give an anomeric 
mixture of methyl 2,3-di-O-acetyl-5-0-benzyl-D-xylofurano-
side (120 mg, 19% based on the starting material) , and 
12b (239 mg, 37%, based on the starting material) . I R 
(nea t ) : 1735 (G=0) cm" 1 . 

Methyl 3,5-Di-O-benzyl-a-v-xylofuranoside (13a) and lis ß-
Anomer (I3ß). T o a stirred suspension of 26 (2.3 g, 
5.6 mmol) in methanol (80 ml) we added coned sulfuric 
acid (0.25 ml) , after which the mixture was heated at 60— 
65 °G (bath temperature) for 6 h. After cooling, calcium 
hydroxide (2.5 g) was added. After the mixture had been 
vigorously stirred, the undissolved materials were filtered 
through a Celite pad and washed with methanol . T h e 
combined filtrate and washings were concentrated, and 
the residue was chromatographed on a silica-gel column 
with benzene-ethyl acetate (9:1) to give 13a (930 mg, 48%) 
and 13/3 (1.0 g, 5 2 % ) . 

Acetylation of the Open-chain Product (15a). A mixture 
of 15a (200 mg, 0.58 mmol) and acetic anhydride (0.8 ml) 
in dry pyridine (3 ml) was stirred at room temperature for 
4 h. T h e usual work-up gave a syrup, which was chromatog­
raphed on a silica-gel column with benzene-ethyl acetate 
(8:2) to give 15b (188 mg, 8 4 % ) . I R (neat ) : 1735 (G=0) 
c m - 1 . 

Methyl 2,3,5-Tri-0-benzyl-a-T>-xylofuranoside (16a) and Its 

ß-Anomer (16ß). From Methyl T)-Xylofuranoside: Sodium 
hydride (ca. 6 0 % in oil, 3.0 g) was added to a stirred solution 
of methyl D-xylofuranoside19) (3.2 g, 19.5 mmol) in dry-
benzene (60 ml) and iV,iV-dimethylformamide (35 ml) at 
0—5 °G (bath temperature) under an atmosphere of dry 
nitrogen, after which the mixture was stirred for 10 min. 
Benzyl chloride (10 ml) was added, and the mixture was 
then heated at 75—80 °G (bath temperature) for 2 h. A 
work-up similar to that described in the synthesis of 5a gave 
a syrup, which was chromatographed on a silica-gel column 
with hexane-e ther (7:3) to afford 16/8 (2.8 g, 33%,) and 
16a (2.3 g, 2 7 % ) . 

From 13a: A solution of 13a (80 mg, 0.23 mmol) in dry 
benzene (1ml ) and iV,iV-dimethylformamide (0.4 ml) was 
treated with sodium hydride (ca. 6 0 % in oil, 60 mg) and 
benzyl chloride (0.1 ml) , in a manne r similar to that de­
scribed for the synthesis of 16a from methyl D-xylofuranoside, 
to give pure 16a (55 mg, 54%) after chromatography. The 
physical properties of this product was identical with those 
of the sample prepared from methyl D-xylofuranoside. 

Methyl 2,3,5-Tri-O-benzyl-a-D-arabinofuranoside (18a) and Its 
ß-Anomer (18ß). T o a stirred solution of methyl D-
arabinofuranoside19) (1.6 g, 0.01 mol) in dry benzene (40 
ml) and iV,iV-dimethylformamide (20 ml) we added sodium 
hydride (ca. 6 0 % in oil, 1.8 g) at 0—5 °C (bath temperature) 
under an atmosphere of dry nitrogen. After the mixture 
had been stirred at this temperature for 5 min, benzyl chlo­
ride (5 ml) was added . T h e mixture was stirred at room 
temperature for 30 min and then heated at 75—80 °C for 
1 h. After cooling, the mixture was treated in a manner 
similar to that described for the synthesis of 5a to give a 
syrup, which was subsequently chromatographed on a silica-
gel column with hexane-e ther (8:2) to afford 18a (1.8 g, 
42%) and 18/S (1.1 g, 2 6 % ) . 

Methyl 5-O-Trityl-a-D-ribofuranoside (20a-a) and Its ß-Anomer 
(20a-ß). T h e method of Leonard et a/.20) was modified. 
T o a cold (0—5 °G) solution of methyl D-ribofuranoside21> 
(5.5 g, 34 mmol) in dry pyridine (70 ml) we added trityl 
chloride (15 g, 54 mmol) , after which the mixture was stirred 
at room temperature for 2 d. After cooling, iced water 
was added and the mixture was extracted with ether. T h e 
extract was washed with water, dried ( M g S 0 4 ) , and concen­
trated. T h e pyridine was removed by co-evaporation with 
xylene. T h e residue was chromatographed on a silica-gel 
column with chloroform-methanol (99:1) to give 20a-a 
(1.8 g, 13%) and 20a-/8 (9.4 g, 6 9 % ) . 

Methyl 5-Deoxy-a-D-ribofuranoside (20b-a) and Its ß-Anomer 
(20b-ß). T h e method of Shunk et a/.18-22) was modified. 
A solution of methyl 5-deoxy-2,3-0-isopropylidene-/?-D-
ribofuranoside23) (1.7 g, 9 mmol) in a mixture of methanol 
(10 ml) and aqueous sulfuric acid (0.2 mol dm^ 3 , 4 ml) was 
refluxed at 85—90 °G (bath temperature) for 85 min. After 
cooling, the acid was neutralized with calcium hydroxide. 
T h e undissolved materials were filtered through a Celite 
pad and washed with methanol . T h e combined filtrate 
and washings were concentrated to give a syrup, which 
was subsequently chromatographed on a silica-gel column 
with chloroform-methanol (95: 5) to afford 20b-a (240 mg, 
18%) and 20b-/3 (780 mg, 5 8 % ) . 

Methyl 2,3-Di-0-acetyl-5-deoxy-a-T>-ribofuranoside (20c-a). 
T o a solution of 20b-a (60 mg, 0.41 mmol) in dry pyridine 
(2 ml) we added acetic anhydride (0.4 ml) , after which 
the mixture was allowed to stand at room temperature over­
night. T h e usual work-up gave a syrup, which was chro­
matographed on a silica-gel column with benzene-ethyl 
acetate (85:15) to give 20c-a (85 mg, 9 0 % ) . I R (neat) : 
1740 (G=0) c m - 1 . 
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T A B L E 4. T H E PHYSICAL PROPERTIES AND ELEMENTAL ANALYSES OF THE SUGAR DERIVATIYES 

AND OPEN-CHAIN PRODUCTS 

Compound^ 

2h-ß 
3a 

3ß 
4b> 

5a 

5£c> 
6 

7a 
Tß 
8 

9a 

9ß 
10b 

11a 
11/? 
12bb> 

13a 
13£ 
15af> 
15b 
16a 
16j9 
17e) 
18a 
18a 
19k 
19b 
20a-a 
20a-/Sh) 
20b-a 
20b-^J) 
20c-a 
21 
22 
23 
24 
25 
26 

Mp/°C 

syrup 

syrup 

syrup 

syrup 

syrup 

syrup 

syrup 

syrup 

103—104 
70.0—71.51) 

syrup 

syrup 

syrup 

64—65e) 
syrup 

syrup 

syrup 
syrup 

79—80d> 
syrup 
syrup 
syrup 
syrup 
syrup 
syrup 
syrup 
syrup 

104—105d) 
glass 
syrup 

40—42k> 
syrup 
syrup 
syrup 

118—119 
syrup 

76—77 
90—91 

W D 

(c, GHG13) 

- 7 5 . 4 ° 

+ 96.5° 

- 4 9 . 6 ° 

+ 15.4° 

+ 77.6° 

+ 25.8° 

+ 23.6° 

+ 110° 

- 7 8 . 0 ° 

- 3 . 8 ° 

+ 17.0° 

- 4 9 . 1 ° 

+ 15.3° 

+ 118° 

- 6 0 . 5 ° 

- 2 6 . 3 ° 

+ 69.8° 
- 4 3 . 2 ° 
- 4 1 . 6 ° 

- 5 . 0 ° 
+ 63.8° 
- 2 2 . 7 ° 
- 2 2 . 7 ° 
+ 46.0° 
- 4 3 . 6 ° 
+ 21.9° 
+ 19.8° 
+ 82.7° 
- 2 6 . 1 ° 
+ 150° 
- 9 3 . 6 ° 
+ 142° 
+ 72.3° 
+ 31.5° 

- 8 . 6 ° 
+ 17.2° 

+ 6.9° 
- 3 9 . 6 ° 

(0.7) 

(0.9) 

(1.5) 

(1.4) 

;i.4) 

(1.2) 
(0.8) 

(1.2) 
(1.0) 

(1.0) 

(1.5) 

(1.2) 
(1.4) 

(1.1) 

(1.1) 

(1.1) 

(1.4) 
(1.3) 
(1.0) 
(1.1) 
(1.3) 
(1.4) 
(1.0) 
(1.4) 
(1.0) 
(1.0) 
(1.0) 
(1.0) 
(1.2) 
(0.1) 
(0.9) 
(0.6) 
(1.1) 
(1.0) 
(1.1) 
(1.2) 
(1.0) 
(1.0) 

Temp/°C 

22 

21 

21 

23 

24 

21 

22 

18 

18 

22 

24 

26 

28 

22 

20 

25 

22 
23 
20 
23 
23 
24 
27 
24 
20 
25 
26 
21 
19 
22 
26 
21 
18 
18 
24 
26 
22 
21 

Formula 

Ci5H2805 

G13H1805 

G13H1805 

G14H2a05 

G27H30O5 

C27H30O5 

C28H3405 

Ci3H1805 

Gi3H1805 

C14H2205 

G27H30O5 

C27H30O5 
^25H 3 2 0 7 

G13H18Os 

Ci3H1 805 

G2oH2808 

C20H24O5 

G20H24O5 

C20H24O5 

G22n26(J6 

C27H3o05 

G27H30O5 

G28H3405 

C27H30O5 

G27H30O5 

G28H3405 

G28H3405 

C25H2605 

C25H26O5 
G6H1204 

G6H1206 

Gi0H16O6 

C9H1605 

Gi6H2205 

C18H2407SD 
GnH 1 60 4 

Gi8H2405 

C25H3o05 

Found 

^ 
C 

62.39 

61.43 

61.23 

62.28 

74.45 

74.74 

74.83 

61.32 

61.43 

62.30 

74.39 

74.38 

67.70 

61.23 

61.23 

60.61 

69.55 
69.58 
69.74 
68.36 
74.53 
74.64 
74.62 
74.63 
74.37 
74.46 
74.54 
73.98 
74.03 
48.261) 
48.65 
51.72 
52.66 
65.11 
56.19 
62.10 
67.56 
73.36 

7%) 
H 

9.82 

7.16 

7.10 

8.15 

6.92 

6.96 

7.64 
7.15 

7.13 

8.20 

6.90 

6.92 

7.28 

7.19 

7.06 

7.01 

7.03 
7.07 
6.87 
6.63 
6.91 
6.96 
7.70 
6.95 
7.02 
7.63 
7.62 
6.45 
6.25 
7.92 
8.18 
6.80 
7.68 
7.28 
6.24 
7.53 
7.53 
7.39 

Galcd 

G 

62.47 

61.40 

61.40 

62.20 

74.63 

74.63 

74.64 

61.40 

61.40 

62.20 

74.63 

74.63 

67.55 

61.40 

61.40 

60.59 

69.75 
69.75 
69.75 
68.38 
74.63 
74.63 
74.64 
74.63 
74.63 
74.64 
74.64 
73.86 
73.86 
48.64 
48.64 
51.72 
52.93 
65.29 
56.23 
62.25 
67.48 
73.14 

1%) 
H 

9.79 

7.14 

7.14 

8.20 

6.96 

6.96 

7.61 

7.14 

7.14 

8.20 

6.96 

6.96 

7.26 

7.14 

7.14 

7.12 

7.02 
7.02 
7.02 
6.78 
6.96 
6.96 
7.61 
6.96 
6.96 
7.61 
7.61 
6.45 
6.45 
8.16 
8.16 
6.94 
7.90 
7.53 
6.29 
7.60 
7.55 
7.37 

a) The values of the diastereomeric ratios for the open-chain products refer to Table 1. b) T h e major isomer. 
c) See Ref. 17. d) Recrystallized from benzene-hexane. e) Crystallized on standing, f) I R (KBr) : 3510 (OH) , 
1728 (C=0) cm- 1 , g) A 83:17 diastereomeric mixture from 16a. h) See Ref. 20. i) T h e experimental error 
was 0 . 3 8 % . This compound, which was volatile and hygroscopic, was further characterized as its acetate (20c-a). 
j) See Refs. 18 and 22. k) Crystallized on standing; hygroscopic. 1) S: Found ; 8 . 3 3 % . Calcd; 8 . 3 4 % . 

Methyl 2,3-O-Isopropylidene-a-D-lyxofuranoside (21). A 
solution of sodium metaperiodate (20 g) in water (150 ml) 
was stirred into a solution of methyl 2,3-0-isopropylidene-
a-D-mannofuranoside14) (10 g, 43 mmol) in dioxane (250 
ml) and water (20 ml) at room temperature . After the 
mixture had been stirred for 2 h, it was extracted with ether 
(750 ml) and the extract was washed with water. Sodium 
borohydride (3 g) was added to the extract. T h e mixture 
was stirred at room temperature for 1.5 h ; then it was washed 
with water and dried ( M g S 0 4 ) . T h e evaporation of the 
solvent gave a syrup, which was chromatographed on a 
silica-gel column with benzene-ethyl acetate (8:2) to afford 
21 (3.6 g, 4 1 % ) . 

Methyl 5-0- Benzyl - 2,3 - O - isopropylidene-oc-D-lyxofuranoside 
(22). T o a solution of 21 (3 g, 15 mmol) in dry benzene 

(50 ml) and iV,iV-dimethylformamide (8 ml) we added sodi­
u m hydride (ca. 6 0 % in oil, 900 mg) at room temperature 
under an atmosphere of dry nitrogen, after which the mixture 
was stirred for 1 h. Benzyl chloride (2.6 ml) was added, 
and the mixture was stirred at room temperature overnight. 
A work-up similar to that described for the synthesis of 5 a 
gave a syrup, which was chromatographed on a silica-gel 
column with benzene-ethyl acetate (95:5) to provide 22 
(4.0 g, 9 3 % ) . 

1,2-0-Cyclohexylidene-5-0-tosyl-cc-D-xylofuranose (23). 
Tosyl chloride (1.42 g, 5.1 mmol) was added to a stirred 
solution of 1,2-O-cyclohexylidene-a-D-xylofuranose15) (1.15 g, 
5 mmol) in dry pyridine (9 ml) at 0—5 °C (bath tempera­
ture) . T h e mixture was stirred at this temperature for 
1 h and then at room temperature for another 1.5 h. T h e 
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usual work-up gave a solid, which was chromatographed 
on a silica-gel column with benzene-ethyl acetate (9:1) 
to afford crystalline 23 (1.59 g, 8 3 % ) . An analytically 
pure sample was obtained by recrystallization from e ther -
hexane. I R (KBr) : 3440 ( O H ) , 1365 (S=0) , 1176 (S=0) 
c m - 1 . 

3,5-Anhydro-7,2-0-cyclohexylidene-a-r>-xylofuranose (24). 
This compound was prepared according to the method 
used for the synthesis of the corresponding isopropylidene 
derivative reported by Levene et al.2i>> T o a solution of 
sodium methoxide (65 mmol) in methanol (50 ml) we added 
23 (5.0 g, 13 mmol) at 0—5 °G (bath tempera ture) , after 
which the mixture was stirred at room tempera ture for 
17 h. After cooling, iced water was added, and the mixture 
was extracted with ether. T h e extract was washed with 
water, dried ( M g S O J , and concentrated to give a syrup, 
which was subsequently chromatographed on a silica-gel 
column with benzene-ethyl acetate (95:5) to afford 24 
(2.6 g, 9 4 % ) . 

5-0-Benzyl-1^2-0-cyclohexylidene-oc-T)-xylqfuranose (25). 
T h e method of Kuzuha ra and Emoto25> was modified. A 
mixture of sodium (2 g) and benzyl alcohol (30 ml) was 
stirred at room temperature until the exothermic reaction 
had finished; the mixture was then heated at 120—125 °G 
(bath temperature) for 4 h. After the mixture had been 
cooled to room temperature , 24 (2.5 g, 12 mmol) was added. 
T h e mixture was heated at 120—125 °C (bath temperature) 
for 3 h. After cooling, iced water was added, and the mix­
ture was extracted with ether, dried ( M g S 0 4 ) , and concen­
tra ted. T h e benzyl alcohol was removed by co-evaporation 
with xylene. T h e resulting syrup was chromatographed on 
a silica-gel column with benzene-ethyl acetate (95:5) to 
give 25 (3.1 g, 8 2 % ) . 

3,5-Di-0-benzyl-1,2-0-cyclohexylidene-a-T>-xylofuranose (26). 
T o a stirred solution of 1,2-O-cyclohexylidene-a-D-xylo-
furanose15> (2.3 g, 0.01 mol) in dry benzene (40 ml) and N,N-
dimethylformamide (5 ml) we added sodium hydride (ca. 
6 0 % in oil, 1.1 g) at 0—5 °G (bath temperature) under 
an atmosphere of dry nitrogen, after which the stirring was 
continued for 30 min. Benzyl chloride (3.2 ml) was then 
added, and the mixture was heated at 70 °C (bath tem­
perature) for 4 h and subsequently treated in a manne r 
similar to that described for the synthesis of 5a to give 26 
as a syrup, which was then crystallized from benzene-hexane : 
3.7 g (90%) . 

Anomerization of 3ß and 5ß with an Acid. A mixture 
of 3ß (75 mg) and coned sulfuric acid (30 mg) in methanol 
(5 ml) was refluxed at 80—85 °G (bath temperature) for 
6 h. Aliquots were analyzed by XH N M R spectroscopy after 
the usual work-up. An equilibrium was reached within 
3 h , the ratio of 3a to 3ß being 20 :80 . 

In a similar way, a mixture of 5ß (99 mg) and coned 
sulfuric acid (30 mg) in methanol (4 ml) was treated for 
24 h. An equilibrium was reached within 6 h (5a:5ß= 
15:85) . 

W e wish to t h a n k D r . H a r u o H o m m a a n d his staff 
for t h e e l e m e n t a l ana lyses , a n d D r . J u n U z a w a a n d 
M r s . T a m i k o C h i j i m a t s u for m e a s u r i n g t h e N M R 
s p e c t r a . W e a r e a lso g ra te fu l to D r . H i r o s h i O h r u i 
for his v a l u a b l e discuss ion. 
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X-Ray photoelectron spectroscopy was used to reveal the surface states of MgO, GaO, and BaO oxides, which 
are catalytically active for ethylene hydrogénation. The catalytic activity of GaO exposed to H aO changed with 
an increase in the temperature of evacuation in a way similar to that of Ga(OH)2 decomposed by heat treatment. 
The photoelectron spectrum of GaO evacuated at 1223 K showed a peak of O Is at 529.6 eV, while those of Ga 
2p3/2 were at 346.3 eV and Ga 2x>1/2, at 349.8 eV. The adsorption of H 2 0 at room temperature gave rise to an 
additional peak of O Is at 532.4 eV and one of Ga 2p3/2 at 348.6 eV, which were attributed to a Ga-O-H struc­
ture. With an increase in the temperature of evacuation from 553 to 1053 K, at which the catalytic activity 
attained a maximum, the latter O Is peak shifted to the lower binding-energy side by 0.4 eV, and the correspond­
ing Ga 2p peak became broader. These spectral variations were ascribable to the formation of O" species. 
Evacuation above 1273 K destroyed both the catalytic activity and characteristic peaks. BaO provided three 
O Is peaks, at 528.5, 530.6, and 532.1 eV, after evacuation at 1373 K; these peaks were assigned to lattice oxygen 
of the oxide, O", and O H - species respectively. The Ba 4d spectra showed correspondingly superposed peaks. 
The XPS peak due to O" was observed only when BaO was evacuated at temperatures high enough to generate 
the catalytic activity. Such spectral features were less pronounced in the case of MgO. The structural analysis 
of GaO showed that the coordinatively unsaturated cations also play a role in the catalytic hydrogénation. On 
the basis of these findings, it was concluded that a combined structure of O" and the cations is responsible for 
the hydrogénation activity. 

I t has been recently established that alkaline earth 
metal oxides became catalytically active for the hy­
drogénation of olefins and dienes when the oxides 
are subjected to heat treatment in vacuo within de­
finite ranges of temperature;1) in the case of olefin 
hydrogénations, the temperature ranges for activation 
were 1200—1400 K for M g O , 850—1200 K for C a O 
and 1200—1400 K for BaO. In our previous stud­
ies,2»3) the mechanism of ethylene hydrogénation on 
such thermally activated CaO2) and MgO3) was ana­
lyzed on the basis of the detailed kinetics as well as 
the deuterium distributions in the reaction with D2 . 
In view of the similarities in the kinetic behavior 
of the reactions on the two oxides, we predicted the 
presence of active sites possessing common features 
in their structures and nature. 

The surface states of alkaline earth metal oxides, 
especially M g O , and their changes upon the adsorp­
tion of electron-donor or acceptor molecules have 
been extensively studied by means of ESR and I R 
techniques,4) but the information so far accumulated 
is not necessarily definitive in elucidating the catalytic 
behavior of the oxides described above. Thus, the 
present study was undertaken in order to characterize 
the surface states of catalytically active M g O , C a O , 
and BaO oxides by X-ray photoelectron spectroscopy 
(XPS), which is capable of revealing the electronic 
state of metals and oxides. A few experiments using 
XPS have so far been done on alkaline earth metal 
oxides in connection with their catalytic properties.5) 
The most interesting aspect of the catalytic behavior 
of these metal oxides is that the activity is lost by 
heat treatment at temperatures higher than the activa­
tion range, but can be recovered by exposing the 
oxides to water vapor and by then re-evacuating at 
temperatures in the activation range. Since these 
phenomena well reflect the characteristics of the active 

sites present on the oxides, it is important to inves­
tigate the changes in the surface states of the oxides 
with H 2 0-adsorpt ion and subsequent evacuation at 
various temperatures. The present work was mainly 
concentrated on C a O because its catalytic properties 
were well clarified in a previous study.2) Scanning-
electron microscopic observation and X-ray diffraction 
were also employed for the structure analysis. 

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

The X-ray photoelectron spectra were recorded at room 
temperature on a Hewlett-Packard 5950A ESGA spectrom­
eter, using monochromatic Al Koc exciting radiation. The 
magnesium, calcium, and barium oxides were prepared 
from the respective hydroxides. The magnesium and cal­
cium hydroxides of an extra pure grade were the same as 
those used in the previous kinetic studies.2»3) Barium hy­
droxide and barium oxide of an extra pure grade were pur­
chased from Wako Chemical Ind. and the Rare Metallic 
Go. respectively. The hydroxides, after being pressed into 
discs and placed on a recessed quartz plate, were transferred 
into the preparation chamber of the spectrometer and sub­
sequently subjected to in situ decomposition into the respec­
tive oxides and then to prolonged evacuation at various 
temperatures up to 1400 K in a vacuum below 3x l0~ 7 

Torr (1 Torr =133.3 Pa). For H 2 0 adsorption, the vapor 
was admitted to the preparation chamber through a leak 
valve. The samples were heated with a halogen infrared 
lamp, Osram 25, which had been placed inside the chamber 
at a distance of 2.5 cm from the sample surface. The ir­
radiation permitted a rapid and fine control of heating over 
a wide temperature range, 400—1400 K. The temperature 
of the smaple surface was monitored by means of a calibrated 
Pt-Pt/13%Rh thermocouple which was brought into contact 
with the samples on the occasion of measurement. The 
experimental conditions of the heat treatment were analogous 
to those used previously in the kinetic studies.2»3) 

The shift of X-ray photoelectron peaks caused by the 
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positive charging of the surface was compensated for, or 
at least minimized, by showering electron beams from a 
"flood gun." The electric current and accelerating voltage 
of the beam were adjusted in the ranges of 0.1—0.5 mA 
and 0—4eV so as to yield peaks with the narrowest full 
width at half maximum(fwhm) as optimum. The G Is 
level of a trace of contaminant carbons, 285.0 eV, was taken 
as a reference. During XPS measurements, the background 
pressure was maintained below 2 X 10~9 Torr. For X-ray 
diffraction and scanning-electron microscopic observation, 
the calcium hydroxide was decomposed and subjected to 
heat treatment in vacuo at various temperatures. The pre-
treated samples were stored in vacuo in a quartz vessel until 
just before measurement. The procedures and apparatus 
used for the measurement of the catalytic activity of the 
oxides were the same as those reported previously.2'3) 

R e s u l t s 

Figure 1 compares the variations in the catalytic 
activity of MgO, 1) GaO,2) and BaO1) for olefin hy­
drogénations when the oxides were subjected to heat 
t reatment in vacuo at various temperatures. These ox­
ides possess different temperature ranges for the genera­
tion of the activity. T h e figure also shows the effect 
of pretreatment upon the recovery of the catalytic 
activity of GaO, which was almost completely de­
activated by evacuation a t 1273 K. The subsequent 
evacuation of the oxide a t 1073 K had no effect at 
all. However, when the oxide was exposed to water 
vapor at room temperature to such a extent that its 
surface was nearly covered by a monolayer, followed 

by evacuation at high temperatures, the activity was 
regained a t around 800 K and attained a maximum 
at around 1073 K. I t should be noted that the H 2 0 -
exposed oxide exhibits a similar pat tern of the cata­
lytic activity vs. the evacuation temperature, although 
the highest activity at 273 K was about a half of the 
original level, 3.6 X 1018 molecules m~2 min- 1 . 

Calcium Oxide. Figures 2 and 3 show the X-ray 
photoelectron spectra in the O Is and Ga 2p regions 
respectively for C a O subjected to various treatments. 
The spectra of GaO evacuated at 1223 K gave a single 
peak of the O Is, A, at 529.6 eV and a pair of Ca 2p3 / 2 

and 2p 1 / 2 peaks, A, at 346.3 and 349.8 eV respectively 
(Spectrum 6 in Figs. 2 and 3). The subsequent ad­
sorption of H 2 0 on the oxide surface a t room tem­
perature produced a new O Is peak, B, with a larger 
fwhm value of 3.0 eV at around 532.4 eV, in addition 
to the original A peak, the fwhm of which was 1.9 
eV. In the Ga 2p region, the adsorption of H 2 0 
gave rise to three peaks, the central one of which 
was apparently derived from a superposition of two 
peaks; the subt rac t ion of the original A peak from 
the superposed spectrum provided a pair of new peaks, 
B, i.e., Ca 2p 3 / 2 at 348.6 and 2p 1 / 2 at 352.0 eV, which 
were similar in fwhm to those of Ga(OH) 2 , 2.0 eV. 
U p o n the evacuation of the catalyst a t 553 K for 
30 min, the intensity of the higher-binding-energy side 
of the O Is B peak diminished; from the difference 
between Spectra 1 and 2, this was regarded as reflecting 
the disappearance of the Bh peak, whereas the Ca 
2p spectra remained almost unchanged. The evacua-

Evacuatlon temperature /K 

Fig. 1. Catalytic activities vs. evacuation temperature. 
Squares and full line: ethylene hydrogénation on 
GaO exposed to H 2 0 and then evacuated. Reac­
tion temperature=2 73 K. The numbers denote the 
experimental sequence; GaO was first evacuated at 
1273 K (No. 1), then at 1073 K (No. 2), and exposed 
to H 2 0 at room temperature (No. 3) followed by 
evacuation (from No. 4 to 6). 
Circles and full line: ethylene hydrogénation on GaO 
prepared by the decomposition of Ca(OH)2. Reac­
tion temperature = 573 K. See Ref. 2. The rate of 
the hydrogénation at 273 K on this 1073 K-evacuated 
CaO was 3.6 X 1018 molecules m~2 min"1. 
Doubly dashed line: ethylene hydrogénation on MgO. 
See Ref. 1. 
Simple dashed line: 1-butène hydrogénation on BaO. 
See Ref. 1. 

533 531 529 
Binding energy/eV 

Fig. 2. X-Ray photoelectron spectra in the O Is 
region of GaO. 
1 : After being evacuated at 1223 K for 30 min, CaO 
was exposed to 5 Torr of H 2 0 at room temperature 
and evacuated at the same temperature, 2: evacuated 
at 553 K for 30 min, 3 : evacuated at 883 K for 30 
min, 4: evacuated at 1053 K for 30 min, 5: Ca(OH)2 

was decomposed and evacuated at 1063 K for 30 
min, 6: evacuated at 1223 K for 30 min. 
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(a) 0 Is 

354 350 316 342 
Binding energy/eV 

Fig. 3. X-Ray photoelectron spectra in the Ga 2p 
region. The pretreatments of CaO with respect to 
spectrum 1 to 6 are the same as those described in 
Fig. 2 except for the absence of a spectrum corre­
sponding to No. 2. 

tion of the sample at 883 K for 30 min, caused signi­
ficant changes in both O Is and Ca 2p spectra; the 
A peak of O Is became broader by 0.4 eV, and the 
position of the O ls-B peak shifted by 0.3 eV to the 
lower-binding-energy side. In the Ca 2p region, the 
substraction of the A peak from the observed spectra 
gave a pair of peaks, the fwhm values of which were 
broader by 0.2 eV than those of C a ( O H ) 2 (Spectrum 
3 in Fig. 3). Further evacuation at 1053 K consider­
ably enhanced the intensity of the O ls-A peak, de­
creasing its fwhm value by 0.2 eV. The B peak of 
Ca 2p became broader. For evacuation at 1273 K, 
these characteristic structures in the O Is and Ca 2p 
regions vanished, and Spectra 6 in Figs. 2 and 3 
were regained. In another experiment in which Ca-
(OH) 2 was decomposed in vacuo at various tempera­
tures up to 1273 K, the spectral features of the ac­
tivated C a O were quite similar to those of the above-
mentioned C a O (cf. Spectra 5 in Figs. 2 and 3). 

The X-ray diffraction of C a O showed that the re­
lative intensities of lines from such index plane as 
(111), (220), and (200) remained nearly unchanged 
on heating in vacuo from 873 to 1073 K, but evacuation 
at 1273 K caused a considerable enhancement of the 
diffraction intensity from the (111) plane, compared 
to that from the (220) and (200) planes. Scanning-
electron microscopic observation also indicated the 
preferential growth of particles, probably related to 
the (111) orientation, upon pre treatment at 1273 K. 

— i — i — i — i — i — i i i i — j i i — i i i — i — 1 _ 

536 534 532 530 523 54 52 50 43 
Binding energy/eV 

Fig. 4. X-Ray photoelectron spectra in the O Is (a) 
and Mg 2p (b) regions of MgO. 1: Mg(OH)2 was 
evacuated at 1373 K for 30 min, 2: exposed to 5 
Torr of H aO at room temperature for 30 min and 
evacuated at the same temperature, 3: Mg(OH)2 

was evacuated at 873 K for 30 min. 

tW~' 534 U 5 3 2 - 1 53Ô ' 5^8 95 93 91 89 87 

Binding energy/eV 

Fig. 5. X-Ray photoelectron spectra in the O Is (a) 
and Ba 4d (b) regions of BaO. 1: evacuated at 1373 
K for 40 min; the observed peak was roughly decon­
volved by assuming that the intensity ratio of the 
A to B peak in the Ba 4d line was the same as that 
in the O Is line, 2: exposed to 3 Torr of H 2 0 at room 
temperature and evacuated at 853 K for 40 min, 
3: exposed to air for a long time. 

Magnesium Oxide. Figure 4 shows the X-ray 
photoelectron spectra of M g O pretreated in various 
ways. The heat treatment of M g ( O H ) 2 in vacuo a t 
873 K gave rise to two peaks in the O Is region, i.e., 
A a t 531.6 and B at 534.0 eV. Further t reatment 
at 1373 K caused an appreciable development of the 
A peak at 531.4 eV and changed the B peak to a small 
one appearing at around 533.7 eV. The exposure of 
the oxide to 4 Tor r of H 2 0 at room temperature for 
30 min resulted in the appearance of a broad peak 
at almost the same position as that of the B peak, but 
its intensity was low. T h e temperature of H 2 0 ad­
sorption was raised to 373 K, but no drastic develop­
ment of the peak occurred. With the M g 2p photo-
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electron peak, no appreciable change was observed 
upon such treatment except for the broadening of 
the peak upon the H 2 0 adsorption. 

Barium Oxide. Figure 5 shows the O Is and 
Ba 4d spectra of BaO evacuated at 1373 K for 40 min. 
I n the O Is region, there existed three peaks, i.e., 
A at 528.5 eV, X at 530.6 eV, and B at 532.1 eV. 
The corresponding Ba 4d spectra also consisted of 
superposed peaks. The adsorption of H 2 0 on the 
oxide at room temperature and the following evacua­
tion at 853 K led to a drastic decrease in the intensity 
of the A peak and the development of a broad B peak 
a t 532.4 eV in the O Is region. With the Ba 4d 
spectra, the corresponding peaks due to 4d5 / 2 and 4d3 / 2 

were still broad, but the doublets were considerably sep­
arated. For comparison, the figure also involves the 
spectra of BaO exposed to air at room temperature; 
the O Is level gave a single peak at 532.3 eV, whereas 
the Ba 4d levels showed well-separated peaks of Ba 
4d5 / 2 at 90.5 eV and 4d3 / 2 at 93.0 eV. These spectra 
were substantially identical with those of Ba(OH) 2 . 

Table 1 summarizes the values of the binding en­
ergies and fwhm of the photoelectron peaks described 
above. 

D i s c u s s i o n 

The adsorption of H 2 0 on the three oxides and 
subsequent evacuation caused similar variations in 

their X-ray photoelectron spectra. Deane et al. studied 
the adsorption of H 2 0 at room temperature on MgO 
by I R spectroscopy and classified the produced surface 
species into several kinds of groups,6) such as 

H H ^ O ^ 
OH H N O ' H i H 

-Mg-O- , -Mg-, and - O - M g - O -

Similar situations are likely to hold for the other al­
kaline earth metal oxides. In Spectrum 1 in Fig. 
2, the close similarities in the binding energy and fwhm 
to those of anhydrated C a O permit us to assign the 
A peak of O Is to the lattice oxygen of the oxide. 
The broad B peak is evidently composed of more 
than one kind of peak and is attributable to the oxygen 
atoms in the hydroxyl groups and adsorbed water, 
by analogy with the above-mentioned I R results, since 
these species are substantially associated with a com­
mon unit structure, G a - O - H , but with slightly dif­
ferent binding energies in their O Is levels. The 
peak on the higher-binding-energy side of the B peak 
is attributable to the oxygen of the adsorbed water, 
because the value of the binding energy was close 
to that of condensed water (534—535 eV) ; the peak 
readily disappeared upon heat treatment at tempera­
tures as low as 553 K. In the Ca 2p region, the three 
peaks were well resolved into the Ga 2p peaks due to 
GaO and C a ( O H ) 2 ; the A peak is evidently to be 
assigned to the Ca ion of the oxide, whereas the B 

TABLE 1. BINDING ENERGIES AND fwhm 

Catalysts 

MgO < 

GaO 

BaO 

Pretreatment 

Evac. at 1373 K 

Exposed to H 2 0 
evac. at r. t. 

and 

Decomp. of Mg(OH)2 

v and evac. at 873 K 

' Exposed to H 2 0 
evac. at r. t. 

Evac. at 553 K 

Evac. at 883 K 

Evac. at 1053 K 

and 

Decomp. of Ga(OH)2 and 
evac. at 1063 K 

^ Evac. at 1223 K 

Evac. at 1373 K 

Exposed to H 2 0 at r. t. 
and evac. at 853 K 

v Exposed to air 

Peaks 

A 
B 

A 
B 

A 
B 

A 
B 
(as 

A 
B 

A 
B , 
A 
B , 
A 
B , 
A 

A 
X 
B 

A 
B 

B 

Bh) 

X 

X 

X 

O Is 

B. E./eV 

531.4+0.1 
533.7±0.2 

531.4+0.1 
533.8±0.2 

531 .6+0 .1 5 
534 .0±0 .1 5 

529.5+0.1 
532 .4±0 .1 5 
533.8±0.2 

529.5 + 0.1 
532 .5±0 .1 5 

529.6+0.1 
532 .2±0 .1 5 

529.4+0.1 
532 .1±0 .1 5 

529.5+0.1 
532 .1±0 .1 5 

529.6±0.1 

528.5+0.1 
530 .6+0 .1 5 
532.1±0.1 

528.7+0.2 
532.4±0.1 

532.3±0.1 

fwhm/eV 

2.5 
1.9 

N
O

 
N

O
 

N
O

 
tn

 

2.5 
1.9 

1.8 
3.0 
1.9 

1.8 
2.3 

11 N
O

 
N

O
 

N
O

 N
O

 

2.0 
« 2 . 0 

2.0 
« 2 . 0 

1.8 

1.4 
1.2 
1.8 

1.3 
« 2 . 3 

1.8 

Cations 

B. E./eV fwhm/eV 

Mg 2p 

51 .0+0 .1 

51 .0+0 .1 

51 .1±0 .1 

Ga 2p3/2 

346.4±0.1 
348 .6+0 .1 5 

346.6+0.1 
348 .8±0.1 5 

346.3+0.1 
348 .5±0 .1 5 

2.2 

2.4 

2.2 

1.9 

2.0 

1.9 
2.0 

1.9 
2.2 

346.5±0.1 1.9 
348.6±0.2 « 2 . 3 

346.5+0.1 
348 .5±0.1 5 

346.3±0.1 
Ba 4d5/2 

«89 .2 

« 9 0 . 6 

« 9 0 . 5 

90 .5±0 .1 

1.9 
2.2 

1.9 

1.6 

1.8 

G 1 s=285.0 eV as reference. 
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peak was considered to combine with hydroxyl groups 
(and presumably involves Ca ions combining with 
adsorbed water). The intensity of the i peak, 7i5 

was evaluated from each peak area and the IJIB 

ratios were calculated to be 0.7 + 0.1 for the O Is 
peak and 0.8±0.1 for Ca 2p peak. From these in­
tensity ratios and the escape depth of the electrons 
ejected, the thickness of the hydroxide layer was es­
timated to correspond to several monolayers. 

The most significant changes caused by evacuation 
at 883 K were the broadening of the O ls-A and Ca 
2p-B peaks and the shift of the O ls-B peak toward 
the lower-binding-energy side. The findings that these 
characteristic variations proceeded further upon evacua­
tion at temperatures up to 1073 K, while the heat 
treatment at 1273 K destroyed the resulting spectral 
fine structures, strongly suggest that a new oxygen 
species is formed on the surface treated in this definite 
range of temperature, viz., 900—1073 K. 

The O Is A and B peaks which were observed after 
the evacuation of M g ( O H ) 2 at 873 K were assinged 
to oxygen of the oxide and hydroxides respectively. 
The separation between the two peaks, 2.4 eV, was 
consistent with the value, 2.5 eV, obtained by Fuggle 
et al. in the case of H207 a> or 02

7b> adsorbed on evap­
orated magnesium films. Upon evacuation at 1373 
K, the A peak developed whereas the B peak changed 
to a small one and merged into the tail of the main 
A peak. The spectral features of the produced oxygen 
species were not so clear as in the case of CaO, but 
it is not unreasonable to expect that these variations 
in the O Is peak upon heating are correlated with 
the process of the catalytic activation. 

The most striking features of BaO treated at 1373 
K, which gives a maximum activity for 1-butène 
hydrogénation,1) were clearly observed in the O Is 
region where three oxygen peaks appeared; from a 
comparison with Spectra 2 and 3, the A and B peaks 
were assigned to oxygen of the oxide and hydroxides 
respectively, whereas the X peak was assigned to a 
new oxygen species. As for the cation, the corre­
sponding Ba 4d photoelectron spectra provided su­
perposed peaks similar to those observed in the Ca 
2p region of the activated CaO. An additional peak 
due to anhydrated BaO was not obtained under the 
present heating conditions; the superposed peaks were 
analyzed by substracting the peaks of hydrated BaO 
(Fig. 5b, 3). This procedure gave rise to a pair 
peak which shifted by 1.4 eV to the lower-binding-
energy side and was assigned to anhydrated BaO. 
Since neither broadening nor shoulder peaks were ap­
preciably observed, the resulting peak appears to be 
insensitive to the influence of the newly-produced oxy­
gen species. 

I t should be noted that there existed a similarity 
in the photoelectron spectra of these oxides when 
they were subjected to the heat treatment by which 
their catalytic activities were generated, in spite of 
the difference in the opt imum temperature for activa­
tion. A recent mass-spectrometric analysis of gases 
evolved during the thermal decomposition of M g ( O H ) 2 

showed that hydrogen and water molecules are re­
leased in the temperature range, 570—970 K, and 

oxygen atoms above 770 K.8) The following processes 
were proposed to occur: 

2 O H - -> 0 - . . . 0 - + H2 and 2 OH" -* O2" + H 2 0 

at a lower temperature, and : 
O H - -> O - + 1/2 H2 and 2 O -> O2" + O 

at a higher temperature. The formation of O - species 
on CaO9) and MgO1 0) upon heat t reatment in vacuo 
was also confirmed by ESR studies. The change in 
surface structures due to this process is not clearly 
reflected in the X P S spectra of M g O , probably be­
cause of the low concentration of the species formed. 
This view is in line with the fact that the density of O -

species was estimated to be less than 1 X101 7 m - 2 

from the quantitative analysis of the hydrogen evolved.8) 
The processes described above are likely to take place 
on C a O and BaO to a greater extent, since the for­
mation of peroxide is more favored in both oxides. 
Accordingly, the broadening of the O ls-A peak of 
C a O after evacuation at 883 K seems to result from 
a contribution of the surface O 2 - species thus formed, 
the binding energy of which is probably not far from 
that of lattice oxygen. The variation in the O H -
band intensity of C a ( O H ) 2 with an increase in the 
evacuation temperature showed that most of the O H 
groups were removed by evacuation up to 773 K, 
but still remained as isolated O H groups even after 
evacuation at 1173K.1 1) By taking the charge dis­
t r ibu ions into account, the B peak of O Is appears 
to be derived from the O - species and the residual 
O H ~ groups. The splitting in energy between O2"" 
and O - levels is not clear in the present case, bu t 
falls within the range of 1.9—2.2 eV, as was also ob­
served in the adsorption of oxygen on NiO and C u 2 0 
surfaces.12) The broadening of the Ca 2p-B peak by 
evacuation at temperatures between 883 and 1053 K 
appears to be brought about as a result of the partial 
conversion of O H ~ species to O - (and surface O 2 - ) 
species; it is likely that the broadening of the B peak 
toward the lower-binding-energy side is due to a con­
tribution from the Ca ions, which combine with these 
oxygen species in place of the hydroxyl group, since 
the binding energies of O Is were in this order; 0 2 _ < 
0 ~ < O H _ and since the Ca 2p level was lower in 
C a O than in Ca (OH) 2 . 

A similar consideration of the activated BaO leads 
to the conclusion that the O Is X peak is associated 
with the O - species. This assignment is supported 
by the results of the X P S study of H 2 0 adsorbed on 
the Fe surface;13) the O Is peak at 530 eV was as­
signed to the chemisorbed oxygen, 03~, and the peak 
a t 532 eV to the O H 5 - species. The findings de­
scribed above for the oxides evidently show that the 
conditions necessary for the catalytic activation are 
also effective in producing the common oxygen species, 
which are coordinatively unsaturated O - and O 2 - . 
The O - species appears to be more responsible for 
the catalysis as a par t of the active sites for the hy­
drogénation, since the density of the surface O 2 - was 
at tenuated with an increase in the catalytic activity 
of C a O , as is shown in the narrowing of the O ls-A 
peak upon evacuation at temperatures from 883 to 
1053 K, and since the active BaO surface provided 
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exclusively the X peak associated with the 0 ~ species. 
Besides, there is evidence that the species is able to 
contribute to the H 2 -D 2 equilibration reaction.14) 

As was shown in a previous study,2) evacuation 
following the calcination of G a ( O H ) 2 in air gave rise 
to a low catalytic activity. This implies that the 
cations in specific positions also play an important 
role in the catalytic hydrogénation, because the U V 
reflectance spectra revealed that the sintering of GaO 
in 0 2 at 1073 K preferentially decreased the intensities 
of the lower frequency bands which relate to ions 
with lower coordinations, indicating the preferential 
destruction of high-index faces and local imperfec­
tions.15) The X-ray diffraction and electron micro­
scopic results for the decomposition of C a ( O H ) 2 de­
monstrated that the C a O produced by evacuation at 
temperatures between 873 and 1073 K was still in 
a crystallographically transient state, retaining many 
cations with a lower coordination, e.g., those located 
at edges and corners, but it changed to an oxide with 
a well-developed (111) orientation upon heat treat­
ment above 1273 K. These findings give support to 
the above view. Furthermore, the contribution of 
incompletely coordinated cations or oxygen-deficient 
sites of GaO to the exchange reaction of butène with 
D 2 has been pointed out.16) Therefore, the con­
solidation of these findings leads to the conclusion 
that the active sites of the oxides are composed of the 
0 ~ species adjacent to the specific cations. This model 
apparently explains the fact that the fraction of the 
active sites was as small as 0 . 5 % of the total surface 
ions.2) 

Evidence for the adsorption of H 2 and C 2H 4 on these 
sites was shown in the ESR study; the E S R signal 
of oxygen adsorbed on M g O and GaO was remark­
ably enhanced by the pre-exposure of M g O to H 2 , 
G2H4 , or CO17) and by that of GaO to H2,

9> and it 
was concluded that such effects were due to the ad­
sorption of these reducing molecules on the coordi-
natively unsaturated ions. These considerations, as 
well as the above-mentioned conclusion as to the 
structure of the active sites, confirm the following 
pathway of ethylene hydrogénation, which was pre­
viously proposed on the basis of the kinetic results:2) 

O - 0 - - H * * I P -
I I H2+C2H4 | /yG^H-i 

- M - 0 - M s • - M - 0 - M s / 

o-
- C 2 H 6 | 

> - M - 0 - M s - , 

where M a denotes a metal cation with a lower 
coordination on such specific sites as edges or 
corners. I t appears likely that this structure of the 
isolated active sites produces heterolytically split hy­
drogen, thus leading to the formation of a yr-allyl 
carbanion proposed as an intermediate in the 1,3-

butadiene hydrogénation on MgO.18) A comparison 
of the intensities of the O Is peaks attributable to 
0 ~ shows that its concentration relative to lattice 
oxygen becomes higher in the order of: B a O > C a O > 
M g O . The above-mentioned structure of the active 
sites predicts that the catalytic activity also increases 
in this order, provided that the contribution of M s is 
similar in the three oxides. This prediction is in 
line with the observed results.1) An X P S study by 
Vinek et al. revealed that the hydroxide layer on M g O 
catalysts is enhanced with the storage time, causing 
a change in selectivity from the dehydrogenation of 
buta-2-ol to dehydration.5) We have at present no 
evidence confirming the contribution of the O H groups 
to the hydrogénation; further study of their role is 
needed. 

The authors are indebted to K. Kasama for his 
assistance in measuring the catalytic activity of CaO. 
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The Magnetic Circular Dichroism of the Conjugated O- and S-Heterocycles 
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The MCD spectra of the monobenzo and dibenzo derivatives of thiophene and furan are reported; especially 
in dibenzofuran, two electronic origins are revealed in its lowest energy absorption band. The quantum-
mechanical calculations of the transition energies and the Faraday parameters elucidate the experimental data 
to a fair extent, suggesting similarities in the electronic structures of the lower-lying excited states of furan and 
thiophen derivatives. 

The oxygen (sulfur) a tom is incorporated into a 
conjugated system so as to form ether (thioether) or 
ketone (thioketone). Sulfur heterocycles of the former 
type have attracted the attention of many authors 
because of their characteristic chemical and physical 
properties. 

=c-x-c= xc=x x=o, s 

Johnstone et al.1) have measured the U V and photo-
electron spectra of molecules containing several sulfur 
atoms located in the five-membered ring part of the 
structure, and have tried to elucidate the observed 
spectra within the framework of semi-empirical S C F -
M O - C I calculations, retaining both the one-center 
and two-center core integral terms as variable param­
eters. They have found reasonable values which re­
produce the observed electronic spectra. The photo-
electron spectra of planar sulfur heterocycles, such 
as benzothiophene, thienothiophene, and benzothia-
diazole have been reported by Clark et al.2) T h e 
ionization potentials calculated by the extended Hückel 
and the PPP method, without 3d atomic orbitals 
in the basis set, give good agreement with the experi­
mental da ta ; this suggests that sulfur 3d-orbital partici­
pation must be very small. The singlet-singlet absorp­
tion spectra of six-membered heterocyclic compounds 
were studied by the use of the PPP method in order 
to make spectroscopic assignments in the U V region.3) 

The U V spectra of thiophenes seem to have thus 
far been discussed in conjunction with those of furans, 
leading to a similarity and correspondence between 
their electronic transitions. Recently, however, Bree 
et al.^ have measured the single-crystal absorption 
spectra of dibenzofuran and shown that the lowest 
absorption band, which seems to correspond to that 
of dibenzothiophene, consists of two electronic transi­
tions; one is polarized along the short axis, and the 
other, along the long axis. Although this point has 
been further investigated by Tanaka,5) the vibrational 
structure has complicated the resolution of the band 
into its two electronic components. 

O n the other hand, the magnetic circular dichroism 
(MCD) technique6) has been recognized to be a power­
ful tool for investigating the electronic structures of 
molecules and their ions in their ground and excited 
states.7) In addition, the M C D technique often reveals 
hidden transitions or resolves heavily overlapping bands 
into their components. However, although simple or­
ganic compounds and their ions have been extensively 
studied,8) the M C D technique has not been applied 
to organic sulfur compounds except for thiophene.9»10) 

Hâkansson and Norden9»10) have demonstrated the 
existence of two transitions with opposite M C D in 
the UV-spectral region of thiophene. 

In this paper, the electronic structures of thiophene, 
furan, and their benzo derivatives are investigated 
from the viewpoint of M C D spectroscopy. O n the 
basis of the U V and M C D spectral da ta and the results 
of the PPP calculation, the electronic states of these 
compounds will be discussed. 

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

The thiophene, furan, benzo \bi] thiophene, benzofuran, di­
benzothiophene, and dibenzofuran were purified by repeated 
distillation or sublimation after recrystallization. Cyclo-
hexane, ethanol, and heptane were used as solvents; all 
were of a spectral grade. 

The MCD spectra were measured with a JASGO J-500G 
recording spectropolarimeter using an electromagnet, while 
the UV spectra were recorded on a HITACHI EPS-3T 
recording spectrophotometer. The magnetic-field strength 
was calibrated with freshly prepared potassium hexacyano-
ferrate(III) and was 1.169T. 

The observed spectrum was resolved into its components 
according to the curve-fitting procedure assuming a Gaussian 
function. The error in estimating the area under the curve 
was less than ± 5 % . The experimental oscillator strengths, 
f and Faraday B terms, B, were extracted according to 
the following equations: 

f= 4 .3792xl0- 9 x* 0 X f ^ d * , 0 ) 

where / a n d B were expressed in units of cgs and (debye)2/?/ 
cm - 1 (/?=Bohr magneton) respectively. 

Theoret i ca l Calculat ions 

The excitation energies, the oscillator strengths, and 
the Faraday B values of the furans and thiophenes 
have been calculated within the framework of the 
PPP approximation,11) including configuration inter­
action (CI) among the 28 singly excited configurations. 
The one-center core and repulsion integrals have been 
evaluated from the valence-state ionization potentials 
and electron affinities using the table of Hinze and 
Jaffé.12) For the sulfur atom, the one-center core 
and repulsion integrals are —16.27 eV and 10.78 eV 
respectively. T h e two-center core and repulsion inte­
grals have been evaluated by the use of the Wolfsberg-
Helmholz13) and Nishimoto-Mataga14) equations re­
spectively. The proportionality constant, A:, in the 
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Wolfsberg-Helmholz equation has been chosen to be 
0.7602 so as to reproduce the observed extrema of 
the M C D spectra of thiophene. 

In the absence of degeneracy, a quan tum mechani­
cal expression for the Faraday B value associated 
with an electronic transition a-^-0 is: 

-ßoa = 4 - / m l s ^ - - m 0 a X m a b + S — - « f r o a X J & J (3) 

where fa.^ and mVi represent the off-diagonal matrix 
elements of the magnetic- and electric-moment oper­
ators respectively, whereas Im stands for taking the 
imaginary par t of the bracketed expression of the 
above equation. T h e denominator vi} is the energy 
difference between the i and j states. The atomic 
orbitals used in the calculation are the Slater AO's 
X, with which the basis set, X1, in the PPP procedure 
is expanded in terms of the overlap integral, S, ac­
cording to this equation:15) 

%i = ZS-V*. (4) 

The molecular geometries of furan and thiophene 
were taken from microwave results,16'17) and those of 
dibenzofuran and dibenzothiophene, from the X-ray 
diffraction data.18 '19) In benzofuran and benzo[£]-
thiophene, the nuclear arrangements were assumed 
to be those of furan and thiophene for the five-mem-
bered ring, while the bondlengths in the six-membered 
ring were taken to be equal, 1.40 Â. 

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

The U V and M C D spectra of furans and thiophenes 
are reproduced in Figs. 1—5. In each figure, the 
full line shows the observed spectrum, while the broken 
lines stand for the curves after the curve-fitting pro­
cedure. 

Thiophene and Furan. In the spectral region 
corresponding to the lowest energy-absorption band 
of thiophene, there have been observed two M C D 
bands ; one is negative at a higher energy, while the 
other is positive, as is shown in Fig. 1. I t is clear 
that there are at least two n-n* electronic origins 
in this region, as has already been pointed out by 
Hâkansson and Norden.9»10) In their calculation, 
based on the P P P method, these two oppositely directed 
M C D bands have nearly equal transition energies 
and Faraday B values which are too large to reproduce 
the experimental values. This comes from the small 

energy gap between the lowest two excited states 
predicted in their calculation. O n the contrary, it 
should be noted that the experimental B values are 
larger for the higher-energy band than for the lower-
energy band, even though cancellation is taken into 
account. 

In Table 1 the theoretical results for thiophene 
are summarized and listed along with the experimental 
da ta . The lowest energy transition is predicted to 
be B2<-A1, with its transition moment directed along 
the long axis, while the second is Aj-^-Aj, with its 
transition moment directed along the short axis. The 
theoretical oscillator strengths and Faraday B values 
seem to reproduce well the relative magnitudes of 
the experimental data . Especially the splitting of the 
first and second excited states is calculated to be 3500 
cm - 1 , in fairly good agreement with the observed 

Fig. I. The MCD (upper) and absorption (lower) 
spectra of thiophene in cyclohexane at room tem­
perature. 

TABLE 1. THE OBSERVED AND CALCULATED SINGLET-SINGLET iz-n* TRANSITION ENERGIES, V, OSCILLATOR 

STRENGTHS, f} AND FARADAY PARAMETERS, B, FOR THIOPHENE AND FURAN 

Molecule 

Thiophenea) 

Furanb> 

vxio-3 

cm - 1 

42.6 
46.1 

41.7 
45.8 

Calculated 

/ 

0.433 
0.002 

0.299 
0.000 

.BxIO5 

ß Debye2 cm 

- 2 0 . 3 7 
28.00 

4.86 
1.38 

Transition 
symmetry 

Ax^-Ai 

B ^ A j 

?UVX10-3 

cm - 1 

43.0 
46.0 

48.5 

/ 

0.115 

0.066 

0.300 

Observed 

^MCDxlQ-3 

cm - 1 

41.5 
45.0 

47.0 

£ x l 0 5 

ß Debye2 cm 

- 1 0 1 . 6 
199.4 

30.0 

a) The experimental values after curve analysis, b) The experimental values from B. Norden, R. Hâkansson, 
P. B. Pedersen, and E. W. Thulstrup, Chem. Phys., 33, 355 (1978). 
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value, 3000 cm"1 . 
Norden et al. observed a negative M C D band at 

47000 c m - 1 and also an onset of the positive M C D 
band in the energy region higher than 50000 c m - 1 

for the broad absorption spectrum of furan, which 
suggests that there are two electronic transitions.10) 

Our calculated results for furan are included in 
Table 1. In the lower-energy region two n-n* transi­
tions assigned to B2<-A! and A1<-A1 are predicted. 
The sign of the B value associated with the first transi­
tion is positive, in agreement with the experimental 
results. As for the excitation energies, however, the 
theoretical values are in disagreement with the ex­
perimental values. 

Benzo\b\thiophene and Benzofuran. T h e U V and 
M C D spectra of benzo[£]thiophene are illustrated in 
Fig. 2. In the highest energy region, two negative 

5 x 1 0 d / c m " 

Fig. 2. The MCD (upper) and absorption (lower) 
spectra of benzo[b]thiophene in ethanol at room 
temperature. 

peaks are observed at ca. 44000 c m - 1 and ca. 46000 
c m - 1 in the M C D spectrum. I t seems to be interesting 
to consider whether they are due to the vibrational 
structure or to different electronic origins. We as­
cribed these bands to the latter, because the PPP 
method calculation indicates that there are two n-n* 
electronic transitions in this energy region. Accord­
ingly, the M C D and U V spectra are resolved into 
four components, assuming Gaussian functions. Then , 
corresponding to four absorption bands of benzo[b]-
thiophene, four M C D bands are observed; their signs 
are all negative except that of the lowest energy band, 
at 34500 cm- 1 . 

The theoretical results for benzo[b]thiophene are 
listed in Table 2, along with the experimental data . 
Calculation gives the transition energies at 33000, 
38600, 45300, and 47200 cm- 1 , in good agreement 
with the observed values of 34500, 39000, 43900, 
and 46500 c m - 1 respectively. Benzo[£]thiophene be­
longs to the point group C s , and these four transitions 
are assigned to A'<-A' polarized on the molecular 
plane. The predicted B values seem to agree well 
with the extracted values both in sign and magnitude. 
Unfortunately, however, the calculation gives a nega­
tive B value associated with the fourth transition, 
while the experiment gives a positive value. The 
further inclusion of the CI neglected in this calculation 
may improve this disagreement. 

As is shown in Fig. 3, the U V and M C D bands 
are blue-shifted in benzofuran. Only two bands are 
observed for benzofuran in the U V region, al though 
there are four bands for benzo[£]thiophene. These 
two bands, however, in the lower-energy region are 
similar to those of benzo[£]thiophene with respect 
to the spectral-band shape and the absorption co­
efficient. At energies higher than 46000 c m - 1 , a strong 
absorption band with a negative M C D is observed. 
As a result, it is expected that the M C D sign sequence 
of benzofuran is +? —> —> which is the same as that 
of benzo[£]thiophene, and benzofuran seems to show 
a band system similar to that of benzo[£]thiophene 
in the whole U V spectral region. 

The calculation predicts that benzofuran has positive 
and negative M C D bands for the first and the second 
transitions respectively. The absolute values of the 
Faraday B term and the oscillator strength associated 

T A B L E 2. T H E OBSERVED AND CALCULATED SINGLET-SINGLET 7T-7T* TRANSITION ENERGIES, V, OSCILLATOR 

STRENGTHS, / , AND FARADAY PARAMETERS, B, FOR B E N Z O [ & ] T H I O P H E N E AND BENZOFURAN 

Molecule 

Benzothiophene 

Benzofuran 

vxio-3 

cm - 1 

33.0 
38.6 
45.3 
47.2 

32.8 
38.6 
44.9 
47.2 

Calculated 

/ 

0.001 
0.565 
0.501 
0.130 

0.001 
0.474 
0.374 
0.041 

BxlO5 

ß Debye2 cm 

- 2 0 . 2 2 
85.91 
81.59 

- 9 2 . 1 4 

- 1 1 . 9 0 
66.52 
71.61 
22.47 

Transition 
symmetry 

A'<-A' 
A'<-A' 
A'<-A' 
A'<-A' 

A'<-A' 
A'<-A' 
A'<-A' 
A'<-A' 

*IJVx10-3 

cm - 1 

34.5 
39.0 
43.9 
46.5 

36.6 
41.5 

— 
— 

/ 

0.019 
0.103 
0.330 
0.098 

0.020 
0.193 

— 
— 

Observed 

£MCDX IO-3 

cm - 1 

34.5 
39.5 
44.2 
45.9 

37.0 
41.6 

— 
— 

£ x l 0 5 

ß Debye2 cm 

- 1 2 . 9 
76.5 

107.7 
38.0 

- 7 1 . 8 
188.5 

(positive) 
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45 40 

yx l0" 3 /cm _ 1 

Fig. 3. The MCD (upper) and absorption (lower) 
spectra of benzofuran in ethanol at room temperature. 

with the first transition are smaller than those asso­
ciated with the second one, which is in good agreement 
with the experimental values. For the second and 
the third transitions, it is found that the relative magni­
tude of the theoretical values for benzofuran is similar 
to that for benzo[6]thiophene. The calculation seems 
to show the similarity between benzofuran and benzo­
le] thiophene, as does the experiment. 

Dibenzothiophene and Dibenzofuran. Figure 4 
shows the observed and resolved spectra for dibenzo­
thiophene. The M C D spectrum is considered to con­
sist of five main bands, with extrema at 32000, 35500, 
38800, 42100, and 44000 cm- 1 . Accordingly, the ob­
served U V spectrum is resolved into three components 
in the spectral range of 37000—46000 c m - 1 , so as to 
give five absorption bands as a whole. In both the 
U V and M C D spectra the lowest energy band is as­
sumed to be single. 

The U V and M C D spectra of dibenzofuran are 
reproduced in Fig. 5. Apar t from the blue-shifts of 
the bands, the observed U V spectrum of dibenzofuran 
seems to have the same profile as that of dibenzo­
thiophene, provided that a shoulder at 43700 c m - 1 

in Fig. 5 corresponds to the third absorption band 
in dibenzothiophene. 

O n the other hand, the M C D spectrum of diben­
zofuran shows a complicated band system different 
from that of dibenzothiophene ; especially in the lowest 
energy absorption region, the M C D spectrum shows 
a fine structure with an alternating sign. These posi­
tive and negative M C D bands may be ascribed to 
either electronic or vibrational origins. In general, 
prominent sign-alternation is observed in the M C D 

Fig. 4. The MCD (upper) and absorption (lower) 
spectra of dibenzothiophene in heptane at room tem­
perature. 
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Fig. 5. The MCD (upper) and absorption (lover) 
spectra of dibenzofuran in cyclohexane at room tem­
perature. 
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T A B L E 3. T H E OBSERVED AND CALCULATED SINGLET-SINGLET 71-71* TRANSITION ENERGIES, V, OSCILLATOR 

STRENGTH, F, AND FARADAY PARAMETERS, B, FOR DIBENZOTHIOPHENE AND DIBENZOFURAN 

Calculated Observed 

Molecule vXlO-3 

/ 
BxlO5/ 

ß Debye2 cm 
Transition 
symmetry 

J ;UV X IO-3 
/ 

yMCD x l ( ) -3 BxlO5 

ß Debye2 cm 

Dibenzo­
thiophene 

Dibenzofuran 

32.6 

34.1 
35.9 
45 
46 
46 

33 
34 
38 
45.8 
46.7 
47.0 

0.001 
0.040 
0.749 
0.066 
0.673 
1.111 

0.000 
0.004 
0.683 
0.080 
0.689 
0.470 

-79.60 
6.60 

170.68 

35.61 
1588.92 

-1444.46 

-18.70 
-3.93 
104.84 
54.72 
261.23 
22.21 

Ax« 

B2< 

B2< 

Ax< 

B2< 

Ax< 

Ax< 

B2< 

B2< 

Ax< 

B2< 

B,< 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

-Ax 

32.0 

35.5 
39.0 
42.4 
43.7 

33.8 
35.7 
40.9 
43.7 
45.8 
47.2a> 

0.031 

0.084 
0.280 
0.463 
0.222 

0.073 
0.231 
0.172 
0.220 
0.441 

32.0 

35.5 
38.8 
42.1 
44.0 

33.6 
35.6 
41.0 
43.6 
45.5 

-87 .8 

95. 
112. 
163. 

-321, 

-298. 
321 
320. 

-116.8 
101.8 

_ a) "UV Atlas of Organic Compounds," Verlag Chemie, Weinheim, Butterworths, London (1967). 

spectra for symmetry-forbidden but vibronically-al-
lowed transitions, such as the B2n<—Alg transition of 
benzene.20> In order to examine the existence of sym­
metry-forbidden transitions, the I N D O / S calculations21) 
were carried out for dibenzofuran. However, neither 
n-n*, a-n* nor 71-0* electronic transitions were pre­
dicted in the energy region lower than 40000 c m - 1 . 
The possibilities of the electronic origins due to n-n*, 
o-n*, and n-o* transitions, and, in turn, the pos­
sibility of the vibrational origin, seem to be quite 
small. The positive and negative M C D bands in 
the lowest energy region are ascribed to two n-n* 
electronic transitions. Considering this in conjunction 
with the positive onset of the M C D spectrum in the 
highest energy region, dibenzofuran can be said to 
show a band system consisting of six main bands (see 
the resolved U V and M C D spectrum in Fig. 5). 

The PPP method predicts two n-n* electronic tran­
sitions in the lowest energy region for dibenzofuran. 
The Ax<—Ax and B2<— A1 transitions are encountered 
at 33600 c m - 1 and 35600 c m - 1 ; they are assigned to 
the first and second M C D bands at 33800 c m - 1 and 
35700 c m - 1 respectively. The calculation gives the 
same results as for the single-crystal absorption spectra 
with regard to the polarization of these transitions.4 '5) 
For the remaining four transitions, the assignments 
are given in Table 3. 

The theoretical results for dibenzothiophene are sum­
marized and listed in Table 3, which shows that two 
71-71* transitions are predicted in the lowest energy 
region; one is at 32600 c m - 1 and the other, at 34100 
cm - 1 . For comparison, a schematic diagram of the 
states for dibenzothiophene and dibenzofuran is given 
in Fig. 6. A very close similarity is found for the 
predominant configuration which contributes to the 
excited state in question. In conclusion, six n-n* 
electronic transitions are theoretically predicted in the 
U V spectral region of dibenzothiophene. 

I t seems reasonable to consider that there exists 
a similarity between dibenzofuran and dibenzothio­
phene as to the n-n* electronic transitions, because 

46.9 

46.7 

45.7 

6 — 9 

7 — 9 

Ax 

Ax 

47.0 

7 — 11 

35.9 

34.1 

32.6 

7 — 8 

5 — 8 

B„ 

Ax 

0.0 Ax 

46.7 

45.8 

7 — 10 

6 — 9 

38.5 

0.0 

6 — 10 

34.5 

33.6 

7 — 8 

5 — 8 

Ax 

Ax 

Ax 

( a ) ( b ) 

Fig. 6. The calculated lower lying excited states in 
dibenzothiophene (a) and dibenzofuran (b). The num­
bers under the bars stand for the main singly excited 
configuration contributing to the CI state. 

both the molecules are iso-7r-electronic ; nevertheless, 
the observed U V and M C D spectra of the former 
consist of six main bands while those of the latter 
consist of five main bands. 

Accordingly, it appears that there is one more 
transition in the lowest spectral region of dibenzo­
thiophene as well as of dibenzofuran. This m a y be 
partially verified by the P P P calculation, which predicts 
two closely separated n-n* transitions in dibenzothio­
phene. One of the two transitions in dibenzothio-



1516 Nobuko IGARASHI, Akio TAJIRI, and Masahiro HATANO [Vol. 54, No. 5 

phene, however, is considered to be so weak as not 
to be observed or as to be hidden by the neighbouring 
transition, which was difficult to resolve even in the 
present M C D work. 

Concluding R e m a r k s 

The lowest absorption band of dibenzofuran is con­
firmed, by the analysis of the M C D spectra and the 
PPP calculation, to be a super position of the two 
n-n* electronic transitions, which is consistent with 
the results of the single-crystal experiments by Bree 
et al.*) and Tanaka.5) For dibenzothiophene, the low­
est absorption band is expected to consist of two tran­
sitions, although the present work was not successful 
in resolving these transitions. 
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Singlet-excitation Migration in Pure Liquid Methyl- and Ethylnaphthalenes 
Takeshi O H N O * and Shunji K A T O 

College of General Education, Osaka University, Toyonaka, Osaka 560 
(Received September 24, 1980) 

The fluorescence quenching of solvent molecules and solute molecules was studied in the alkylnaphthalene 
solvents. The singlet-excited states of the solvent molecules were quenched by l,4-bis(trichloromethyl)benzene 
with the rate parameter of 2.8 x I010 mol - 1 dm3 s_1 at 45 °G. This rate parameter is twelve times as great as 
that of the solute, dibenz[a,e] anthracene, in the solvent, 1-methylnaphthalene. The diffusion constant of the 
excitation migration of the solvent molecule is calculated to be larger (0.35 X 10 -4 cm2 s_1 at 45 °G) than that 
(0.03 X 10~4 cm2s-1) of the solute. The temperature coefficient (22 kj/mol) of the excitation migration is too 
small to explain the migration mechanism on the hypothesis of the "successive association-dissociation reaction 
of excimer" proposed by Birks. The presence of a short-range exciton in the liquid is likely. 

Since pure liquid aromatic hydrocarbons do not 
have such long-range periodicity as molecular crystals, 
it seems difficult to predict, from the point of view 
of exciton diffusion, the migration rate of the electronic-
excitation energy in the molecular liquids,1) while 
Lipsky and Burton suggested exciton diffusion in tolu­
ene.2) 

The solvent-solvent excitation migration in the liquid 
scintillator of toluene-2,5-diphenyloxazole has been at­
tributed to multipole-multipole resonance interaction 
between the solvent molecules, which have been con­
sidered to be free from any kind of aggregation.1) 

However, since the singlet-excited states of many 
aromatic hydrocarbons form excimers which may be 
shallow traps and/or excitons with the shortest possible 
length, the role of the excimer in the excitation migra­
tion can not be neglected. Birks et Ö/.3) proposed that 
a sequence of the rapid association and dissociation of 
an excimer in the singlet-excited state brought about 
the solvent-solvent excitation migration. Though the 
excimer dissociation process (detrapping) should be the 
rate determing step of the excitation migration accord­
ing to their mechanism, it has not yet been examined. 

In this work, the singlet-excitation migration rates 
of several liquid naphthalenes are examined in the 
range from 5 to 75 °C. Two mechanisms of the 
excitation migration, exciton diffusion and the rapid 
association and dissociation of the excimer will be 
discussed. 

Materials. The 1-methylnaphthalene (1-MN, mp: —34 
°G) was purified through a 30-cm column of A1203 followed 
by distillation using a Widmer column under reduced pres­
sure. The 2-methylnaphthalene(2-MN, mp: 35.2 °G) was 
purified by two different methods. The purified sample (A) 
was obtained by three recystallizations from methanol and 
by subsequent simple distillation under reduced pressure. 
The other sample (B) was obtained by distillation using a 
30-cm Widmer column in place of the simple distillation 
under reduced pressure. G. R. grade l-ethylnaphthalene(l-
EN, mp: —3.7 °C) and 2-ethylnaphthalene(2-EN, mp: - 7 . 4 
°C) were used without further purification. 

The dibenz[ß,c] anthracene (DBA) and pyrene were re-
crystallized three times from an ethanol solution, followed 
by sublimation. The l,4-bis(trichloromethyl)benzene-
(TCB), benzophenone, and GBr4 were purified by two times 
recrystallizations from an ethanol solution, and /»-phenylene-
diamine, from a benzene solution. After the GG14 had 

t been refluxed with NaOH, washed with water, and dried 
5 by CaCl2, it was distilled. G. R. grade diphenylamine 
j was used without further purification. 

Measurements. Quenching constant(KSY) : The inten-
s sities of the fluorescence were measured by using a Hitachi 

MPF-2A spectrofluorometer. In the measurement of the 
emission intensity from a sample of a high optical density 

, such as neat liquids, a triangular cell was used so that we 
could see a small illuminated part of the sample cell. In 
order to exclude any error in the measurement, a slit was 

1 inserted between the cell and the condenser lens for emission. 
A N2-substituted sample in the cell was set in a small ther-

} mostat (0—80 °C, ±0.5 °C). 
f The lifetime of the fluorescence was measured by means 
e of laser excitation. One of the lasers was a compact, high-
e power N2-laser with a Blumlein circuit (10 kV, pressure 

of N2: 40 mmHg (1 mmHg= 133.3 Pa), 2 mJ) , which 
t consists of two stainless steel electrodes (3 mm0) 20 mm 
f apart, barium titanate capacitors (Taiyo Yuden, 750x14 
t pF, 25 kV), and a triggered spark gap. The other one was 

a compact, low-power N2-laser (10 kV, 10 uj) containg a 
coaxial cable as a capacitor.4) The high-power laser was 
used for almost allthe samples. The dibenz [a,c] anthracene 
solution was excited by the dye laser (0.02 mol dm - 3 2,5-
diphenyloxazole benzene solution, 368 nm). The fluores-

' cence decay was recorded by using a Tektronix oscilloscope 
; 475 and Fuji X-ray film or Kodak Recording Film 2475. 
: As for 2-EN with the shortest life the low-power laser 

was used while a Tektronix sampling scope 661, and 
Yokogawa 3083 X-Y recorder were used for the detection. 

Determination of the Molar Enthalpy of Excimer Formation. 
Each fluorescence spectrum from 280 K to 350 K of 
liquid naphthalene derivatives consists of a monomer 
band and an excimer band. At temperatures close 
to the melting point of the naphthalenes, the strong 
excimer emission with a peak at 400 nm is the most 
evident (see Fig. 1). As the temperature is raised, 
however, the monomer emission without a fine structure 
becomes stronger than the excimer emission. This 
situation is very similar to the spectral changes in 
1-MN and 2-MN reported by Stevens and Dickinson.5) 

Because both the excimer-formation rate ( # D M [ M ] : 
3 . 5 x l O u s _ 1 ) and the excimer-dissociation rate (kur>

: 

108s"-1)6) are more rapid than the decay rate (kA: 
1 . 8 x l 0 7 s - 1 ) in the case of 1-MN, an equilibrium 
between the monomer and the excimer in the excited 
singlet state exists. T h e monomer-excimer equilibrium 

_ . _ R e s u l t s a n d D i s c u s s i o n 
Exper imenta l 
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40 45 

A/10nm 

Fig. 1. Fluorescence spectra of liquid 1-MN on excita­
tion at 316 nra. 
Solid line: 12 °G, dotted line: 75 °G. The maximum 
intensity of fluorescence is normalized. 

in the excited state is supported by the fact tha t the 
Stern-Volmer quenching constant (Ksv) obtained by 
using the excimer band is the same as that obtained 
by using the monomer band. Further, it is assumed 
that the intensity of the monomer band (or the excimer 
band) is proportional to the product of the excited-
monomer (or the excimer) concentration and the radia­
tive-rate parameter of the excited monomer (or the 

T"1 / lO 'V 1 

Fig. 2. Temperature dependence of the equilibrium 
between the excited species of the monomer and the 
dimer for 1-MN and 2-MN. 
• : 1-MN, O: 2-MN. 

TABLE 1. T H E MOLAR ENTHALPY OF EXCIMER FORMATION 

excimer), kFM (or kFD). From their dependence on Fluorescer Solvent AH/kJ mol"1 Reference 
the temperature, one can obtain the molar enthalpy 
of the excimer formation (AH) by using Eq. 1 ; 

•^352 i a ^ F M 
ln- = ln-

kFD[M] 
AS AH 
~R~+ RT 1) 

where 7352 and Iii0 are the intensity of the monomer 
emission measured at 352 nm and that of the excimer 
measured at 440 nm respectively; a, the apparatus 
constant; [M] , the concentration of the ground-state 
naphthalene, and AS, the molar entropy of the excimer 
formation. Plotting the left term of Eq. 1 against 
reciprocal of the temperature (see Fig. 2) gives a 
linear relation with the slope of AHjR in all cases; 
the values are shown in Table 1. 

The values of AH for 1-MN and 2-MN seem similar 
to the reported values in the ethanol solution,6) and 
the AH value for 1-EN is close to the value measured 
by Christophorou and Carter in the neat liquid,7) 
though smaller values have been reported in a diluted 
heptane solution.8) 

Determination of Excitation-migration Coefficient. 
W h e n the fluorescence of DBA or pyrene is quenched 
by an adequate quencher in liquid naphthalenes, the 
quenching-reaction-rate parameter is given by Eq. 2, 
according to Birks,3) where NQ is Avogadro's number ; 
p, the quenching probabili ty; RAq> the interaction 
distance, and DA and Dq, the diffusion coefficients 
of DBA (or pyrene) and the quencher respectively; 

*q = jAx l0Wo(DA + Dq)RAq. (2) 

When the solvent fluorescence is quenched by the 
quencher, a term based on the excitation migration 
is added to Eq. 2, as Eq. 3 shows; 

1-MN 

2-MN 

1-EN 

2-EN 

Heptane 
Ethanol 
1-MN 

Heptane 
Ethanol 
2-MN 

1-EN 
1-EN 

2-EN 

- 2 9 
- 2 0 
- 1 9 

- 2 9 
- 2 1 
- 1 9 

- 2 6 
- 2 4 

- 2 0 

5 
6 

This work 

5 
6 

This work 

7 
This work 

This work 

V =p4x 103No(Dn + Dq + A)Rm (3) 
where DN and A are the diffusion coefficients of the 
solvent naphthalene and the excitation-migration 
coefficient of the solvent respectively. 

Assuming (i) the values of RAq and Rm to be the 
same, and (ii) the values of DA and DN to be the same, 
one can obtain the value of A from the difference 
between the values of £q and k'q when an efficient 
quencher is chosen (p=l). T h e values of kq and 
k'q are calculated in the usual manner from the Stern-
Volmer quenching constant and the fluorescence-decay-
rate parameter (£d). 

A Stern-Volmer plot is linear in all cases using 
TCB as a quencher (see Fig. 3). The slopes (the 
quenching constants in Table 4) become a little steeper 
as the temperature is increased. While j&-phenylene-
diamine quenches the fluorescence of 2-MN with the 
same efficiency as TCB, diphenylamine, CC14, and 
benzophenone are inefficient quenchers and the quench­
ing constants are a little smaller (see Table 2). 

T h e values of Ksy are sensitive to impurities in the 
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samples. The carefully purified samples, 2-MN(B), 
have larger KSY values than 2-MN (A). In the case 
of 1-MN, the quenching constants obtained by the 
use of TGB as a quencher are dependent on the tem­
perature in a way similar to those in the case of 2-MN 
(see Table 3). For 1-EN and 2-EN, TGB is used 
as a quencher; the measured quenching constants 

[TCB]/10-3 mol-1 dm3 s"1 

Fig. 3. S tern-Volmer plot for the fluorescence quench­
ing of liquid 2-MN by TGB(l) and diphenylamine(2). 
# : 36 °G, V : 45 °G, O: 60 °G, and A : 70 °G. 

are listed in Tables 5 and 6. 
In order to ascertain the product of the molecular 

diffusion constant (Z)A+Z)Q) and the interaction dis­
tance (-RAQ), the quenching constants for one solute 
in the several liquid naphthalenes are necessary at 
the same temperatures. DBA was used as a solute 
for 1-MN and 2-MN, and pyrene, for 1-EN and 2-
EN. The values of KSY are shown in Tables 3,4,5, 
and 6. 

Determination of the Fluorescence-decay-rate Parameter. 
The sampling method and single-pulse method gave 
the same value of the first-order decay-rate pa ram­
e t e r ^ ) . As the temperature rises, kd increases in 
all cases (see the fourth column of Tables 3,4,5, and 
6). The value of kd is sensitive to impurities in the 
sample, as is KSY. The fluorescence lifetime of 2-
MN(A) is 1/3 as long as tha t of 2-MN(B). All the 
kd values measured are very close to or smaller than 
those previously reported: 1 . 7 x l 0 7 s _ 1 for 1-MN at 
20 °G, S x l O ' s " 1 for 2-MN at 40 °C,9) and 2.5 x 
l O ^ - 1 for 1-EN at 20 °G.8) 

kq, kq, D, and A. Both quenching-rate pa ram­
eters for the solute (kq) and the naphthalenes (kq) 
in the liquid naphthalenes are calculated from KSY 

and kd. The values shown in the fifth column of 
Tables 3—6 are based on the KSY, using TGB as a 
quencher; which give the largest values of KSY. The 
kq values are in the order of 109 m o l - 1 dm 3 s _ 1 in all 
cases and are assumed to be diffusion-controlled. This 
is supported by the fact tha t they are similar to those 
(2 X 109 m o l - 1 dm 3 s_1) for the triplet-excited state of 
DBA in liquid 1-MN,10) which were obtained by 
using the most efficient quencher of ferrocene.11) 

Assuming RAq=l nm and p=l for the pair of TGB 

T A B L E 2. QUENCHING CONSTANTS OF FLUORESCENCE IN NEAT METHYLNAPHTHALENE 

USING VARIOUS QUENCHERS (36 °G) 

Fluorescer 

2-MN(A) 

2-MN(B) 

Fluorescer 

1-MN 
DBA 

1-MN 
DBA 

1-MN 
DBA 

1-MN 
DBA 

1-MN 
DBA 

1-MN 
DBA 

Quencher 

[ TGB 
GG14 

[ TGB 
Diphenylamine 
/»-Phenylenediamine 

^ Benzophenone 

TABLE 3. 

T 
~°cT 

12 

20 

32 

45 

60 

75 

RATE 

^sv 

570 
50 

730 
57 

1000 
75 

1200 
91 

1400 
110 

1600 
130 

PARAMETERS 

h 
lO's"1 

1.8 
2.0 

1.9 
2.3 

2.1 
2.3 

2.4 
2.5 

3.0 
2.7 

3.2 
2.7 

^sv 

460 
370 

1300 
560 

1300 
950 

AND < 

K 

QUENCHING 

*q(V) 

i/lO's-1 

4.6 

1.42 

CONSTANTS 

l O ^ m o H d m ^ - 1 

1.0 
0.10 

1.4 
0.13 

2.1 
0.17 

2.8 
0.23 

4.1 
0.29 

5.1 
0.34 

V 

IN 1-MN 

£>A+AJ 
10-6 cm2 s-

1.3 

1.7 

2.2 

3.0 

3.8 

4.4 

/1010 

- i 

mo] 

2 
1 

1 
0 
1. 
1. 

- i 

.1 
8 

8 
77 
8 
4 

io-

dm3 s-1 

A 
5 cm2 s_1 

12 

16 

24 

35 

49 

63 
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TABLE 4. RATE PARAMETERS AND QUENCHING CONSTANTS IN 2-MN 

Fluorescer 

2-MN(A) 
2-MN(B) 
DBA 

2-MN(A) 
2-MN(B) 
DBA 

2-MN (A) 
2-MN(B) 
DBA 

2-MN(A) 
2-MN(B) 
DBA 

Fluorescer 

1-EN 
Pyrene 

1-EN 
Pyrene 

1-EN 
Pyrene 

1-EN 
Pyrene 

1-EN 
Pyrene 

Fluorescer 

2-EN 
Pyrene 

2-EN 
Pyrene 

2-EN 
Pyrene 

2-EN 
Pyrene 

2-EN 
Pyrene 

2-EN 
Pyrene 

T 

36 

45 

60 

75 

TABLE 5. 

T 

15 

25 

40 

55 

70 

TABLE 6 

T 

5 

15 

25 

40 

55 

70 

^sv 

460 
1300 

73 

420 
1400 

84 

390 
1500 

100 

390 
1600 

100 

RATE : 

^sv 

520 
260 

580 
320 

680 
390 

750 
480 

820 
590 

i. RATE 

^sv 

380 
260 

420 
320 

460 
380 

500 
460 

540 
540 

540 
620 

h 
107 s-1 

4.6 
1.4 
2.7 

5.6 
1.7 
2.9 

7.4 
2.1 
3.0 

9.2 
2.4 
2.9 

PARAMETERS 

* d 

lO's-1 

1.8 
0.52 

2.0 
0.53 

2.5 
0.57 

2.9 
0.62 

3.2 
0.64 

PARAMETERS 

h 
107 s-1 

1.7 
0.75 

2.5 
0.76 

3.0 
0.77 

3.4 
0.78 

4.1 
0.92 

5.0 
1.1 

*q(V) 
101 0mol-1dm3s-1 

2.1 
1.8 
0.19 

2.4 
2.3 
0.24 

2.9 
3.1 
0.31 

3.6 
3.8 
0.29 

l O ^ c n ^ s - 1 

2.6 

3.2 

4.0 

3.9 

AND Q U E N C H C H I N G CONSTANTS IN 1 - E N 

*q(V) 
101 0mol-1dm8s-1 

0.93 
0.14 

1.2 
0.17 

1.7 
0.22 

2.2 
0.30 

2.6 
0.38 

AND QUENCHING CONSTANTS 

*q(V) 
101 0mol-1dm8s-1 

0.67 
0.20 

1.0 
0.24 

1.4 
0.29 

1.7 
0.36 

2.2 
0.49 

2.7 
0.65 

DA+DQ 

lO-ßcn^s-1 

1.8 

2.2 

2.9 

3.9 

5.0 

IN 2-EN 

£>A + Aj 
lO^cm^s- 1 

2.6 

3.2 

3.8 

4.8 

6.5 

8.6 

A 
lO^cm^s- 1 

25 
21 

28 
28 

34 
37 

44 
47 

A 
10-6cm2s-1 

10 

13 

19 

25 

30 

A 
lO^cm^s- 1 

6.3 

10 

14 

18 

23 

27 

and DBA at 45 °C, the values of Z)A+Z)Q are calcu­
lated, by using Eq. 1, to be 3 X10" 6 cm2 s_1. O n 
the same assumption, the values of Z) N +Z) Q +yl are 
calculated to be 32 X 10~6 cm2 s_1. Therefore, it is 
concluded that A is 29 X10" 6 cm2 s"1, or about 19 
times as great as the molecular diffusion constant 
in liquid 2-MN. This procedure also gives the A 
values in the other cases; they are shown in the last 
column of Tables 3—6. Though the better-purified 
sample, 2-MN(B), has a longer fluorescence lifetime 
than tha t of 2-MN (A), the A values are quite close 
to those of 2-MN (A). I t can be expected that the 
calculated A values for the unpurified samples, 1-

EN and 2-EN, will be close to the real values. 
These present values of A are similar to those ob­

tained in liquid benzene and alkylbenzenes, in which 
the molecular diffusion constants are of the same order 
as A,3) so that a difference between the unknown 
diffusion constant of benzene in the singlet-excited 
state and tha t of some solute seems to result in a rela­
tively larger error in the calculation of A. I t is also 
noted that A is one-fifth as great as that (10 _ 4 cm 2 

s_1) in the molecular crystal of naphthalene.13) 
Eastman, Smutny, and Goppinger reported a little 
larger value (4.5 X 1010 mol" 1 dm 3 s -1) of the k\ of 
1-EN by using an aromatic quencher, such as sub-
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stituted jfr-quinone, benzophenone, jfr-nitrophenol, and 
jfr-nitrosophenol.12) However, it is very difficult to 
extract the contribution of the excitation migration 
from them because the Förster-type energy transfer 
between 1-EN and the quencher must increase the 
value of k'q. 

The A gradually increases with the temperature, 
as does D. Plotting log A against the reciprocal of 
the temperature, we obtain a curved line, as Figs. 
4 and 5 show. Taking the best-fitting straight line 
through these points, an excitation-migration activa­
tion energy of about 17—22 kj/mol is obtained. 

Effect of Dilution on the Value of \a'q. The dilution 
of 1-MN with hydrogenated naphthalene (cù-decaline) 

/ io; 

Fig. 4. Temperature dependence of the excitation mi­
gration in 1-MN and 2-MN. 
O: 1-MN, # : 2-MN. 

5.6 

1.4 

5". 2 

T.O 

T.8 

O 

• 

-

-

T 

O 

• 

I 

1 

o 
• 

r 

• 
o 

i_ 

0 

1 — 

\ 

• 
3.0 3.2 3.4 

r 1 / ib"3 r 1 

Fig. 5. Temperature dependence of the excitation mi­
gration in 1-EN and 2-EN. 
O: 1-EN, • : 2-EN. 

makes the quenching reaction parameter smaller. 
Figure 6 shows the change in the rate parameter with 
the mole fraction of 1-MN at 20 °C. I t should be 
noted that the rate-parameter increases in the very 
concentrated region, where some of the nearest neigh­
bours are naphthalene itself. Because a collisional sin­
glet-excitation transfer reaction is very efficient, the 
dilution effect suggests a collapse of the large molecular 
assembly responsible for excitation migration with dilu­
tion. This will be discussed further in the next section. 

Mechanism of Excitation Migration. With respect 
to the singlet-excitation migration in neat alkylbenzene, 
two mechanisms of excitation-migration have been 
proposed; the "association-dissociation reaction of an 
excimer"3) and "exciton motion."2) The "association-
dissociation reaction of an excimer"—The formation 
of an excimer between the excited-singlet state of 
Molecule A and the neighbouring molecule, B, is 
followed by its dissociation, resulting in a 5 0 % prob­
ability of Molecule B being in the monomer-excited 
state. The rapidty of the association-dissociation may 
create a large excitation-migration without any molec­
ular displacement. In this case, A is described by 
Eq. 43), where ß is the root-mean-square displacement 
of excitation, and Ke, the equilibrium constant of 
excimer formation: 

A = ß2 

P 

*DM[M] 

6( l+# e [M] ) 

6Ka 
= (ß*/6) exp(-AEMD/RT). 

(4) 

(5) 

If the product of Ke and [M] is much larger than 
unity, Eq. 4 can be approximated to Eq. 5, Because 
Ke is 5.2—20.5 mol" 1 dm 3 6 ) and [M] is about 7 mol 
d m - 3 for 1-MN and 2-MN, the value of A can be 
estimated by Eq. 5 and rewritten using the activation 
energy of the excimer-dissociation process (AEm). 

"Exciton mot ion"—In neat liquid, there is a kind 
of singlet-exciton assumed whose length is shorter than 
that of the molecular crystal because (i) a periodicity 
in the radial and orientational distributions has been 

0.2 0.4 0.6 0.8 

Mole fraction of 1-MN 

Fig. 6. Change of rate parameter for the fluorescence 
quenching of 1-MN diluted by m-decaline at 20 °G. 
The quencher is TGB. 
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T A B L E 7. ACTIVATION ENERGIES OF EXCITATION 

MIGRATION 

Liquid 

1-MN 
2-MN 
1-EN 
2-EN 

-^ex 

kj mol-1 

22 
18 
17 
16 

AH 
kj mol-1 

- 1 9 
- 1 9 
- 2 4 
- 2 0 

A-EMD 

kj mol-1 

32 
33 
— 
— 

AH , a> 
kj mol-1 

- 2 0 
- 2 1 

— 
— 

a) These values were obtained for the ethanol solution 
by B. K. Selinger (Ref. 6). 

recognized for liquid benzene;14»15) (ii) the absorption 
spectrum of liquid benzene has a crystal field K-band 
like tha t of crystal benzene;15) and (iii) the band 
shifts of liquid benzene and 1-EN in the higher-energy 
region from those of the diluted solution have been 
explained in terms of excitonic interaction, as have 
those of the crystal sample.16»17) Therefore, the ex­
citation energy in neat liquid migrates through the 
small exciton, while the length of the exciton is shorter 
than that for the molecular crystal. Though the mono­
mer-excited state is reproduced from a t rap of the 
excimer with a certain temperature, the periodical 
structure of the liquid is destroyed by thermal motion, 
so tha t the excitation migration may not increase 
monotonically with the temperature. The migration 
constant of excitation is described by Eq. 6: 

J = A ( r ) e x p ~ ^ M D , (6) 

where AQ(T) is intrinsic to the exciton and is as de­
pendent on the temperature as is the length of the 
exciton. 

An experimentally determined value of the activation 
energy of the migration process is useful for the diag­
nosis of the migration mechanism. Since a curved 
line is drawn between log A and the reciprocal of the 
temperature, and since the activation energy gets a 
little smaller in the higher-temperature region, "exciton 
motion" is the more reasonable mechanism. I t is 
based on the inference that the migration rate is de­
pendent on both the detrapping and the intrisic exciton 
length, the latter of which gets smaller with a rise 
in the temperature. The values of the apparent acti­
vation energies are smaller than those of the excimer 
dissociation process ( A ^ D ) reported in the case of 
a diluted ethanol solution, as Table 7 shows. Even 
when taking account of the difference between AH 
in the pure liquid and AH' in the ethanol solution, 
AEUB is considered to be approximately equal to 

AE'un—iAH'—AH), whose values are 31 kj/mol in 
the cases of both 1-MN and 2-MN, higher than the 
observed values. 

The smaller activation energy may be caused by 
a decrease in the intrinsic exciton length with a rise 
in the temperature. However, the collapse of such 
a liquid exciton at higher temperatures allows excita­
tion transfer through the association-dissociation reac­
tion mechanism at higher temperatures. 

I t seems that the dilution effect on excitation migra­
tion can be understood on the bases of the exciton 
mechanism. I t is reasonable that the gradual increase 
in £'q with the mole fraction of 1-MN comes from a 
concurrent increase in its exciton length. Alternative­
ly, the "association-dissociation reaction of the excimer" 
mechanism predicts that the value of k\ will be inde­
pendent of the concentration of 1-MN for a concen­
trated solution (0.2 mol d m - 3 ) because of rapid excimer 
formation. 

We wish to thank Dr. T . Okada for permission 
to use the low-power N2-laser and the detection system. 
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Ab initio LGAO MO SCF calculations were carried out on [Co(CN)6]3_. The character of the wave-func­
tions was discussed in terms of the orbital-mixing rule. The radial distribution of electron density obtained from 
molecular orbital (MO) calculation was compared with that obtained from X-ray experiments. On the ioniza­
tion from a metal d-orbital, a significant electronic relaxation was shown to occur, which makes Koopmans' theo­
rem invalid. The calculated excitation energies without a configuration interaction showed a qualitative cor­
respondence with the absorption spectrum. 

The electronic structure of the hexacyanocobaltate 
(III) ion, [Co(CN) 6 ] 3 - , is of interest from both ex­
perimental and theoretical points of view, because 
this ion is the simplest of the typical symmetrical 
complexes in which the back-donation of electrons 
from the metal dn to the ligand pjt orbitals possibly 
takes place.1) This complex has been the subject of 
extensive experimental studies in relation to the elec­
tronic structures in the ground and excited states; 
these studies have included studies of the absorption,2) 
infrared (IR),3 ,4) Raman,5) photoelectron,6,7) and 
NMR8»9) spectra, and X-ray analysis.10,11) A com­
prehensive review of the chemistry of cyano complexes 
has been published.12) 

Recently, a precise X-ray cristallographie study of 
hexamminecobalt(III) hexacyanocobaltate (III) has 
been made by Iwata and Saito,13) who have shown 
the deformation of electron density distribution and 
calculated the electronic charge on the cobalt a tom 
to be 26.8+0.3 for the cyano complex. Previous 
theoretical calculations were done for the electronic 
state of this compound by Kida et a/.14) and by 
Alexander and Gray2) using the Wolfsberg-Helmholz 
approach. The energy-level scheme for the octahedral 
cyanide complexes given by the latter authors have 
shown the following orbital energy sequence: 

ff(GN-) < TT(CN-) < tf(CN-) < an. 

The cobalt charge was estimated to be +0-18 by 
Kida et al. and +0 .41 by Alexander and Gray. The 
aim of the present work is to investigate the cobalt-
ligand interaction, the mechanism of n back-donation, 
and the validity of the application of the Hartree-
Fock method to transition-metal complexes. Results 
are reported for the ground, excited, and ionized 
states of [Co(CN) 6 ] 3 - . 

Computat iona l Method 

The present calculation is of the L C A O M O SGF 
type, using a basis set of Gaussian functions. The 
basis set for Co was chosen as follows. The primitive 
G T F (Gaussian-type function) set, [12s, 6p, 4d] , which 
had been optimized for the 4F state of the neutral 
Co atom,15) was modified by replacing the two most 
diffuse s functions by tighter functions with the ex­
ponents of 0.26 and 0.10 and by adding two supple­
mentary p functions with the same exponents. T h e 
resulting [12s, 8p, 4d] functions were contracted to 

[8s, 6p, 2d], For C and N, [9s, 5p] sets16) were con­
tracted to [4s, 2p] . Thus , 348 GTF's were contracted 
to 158 G T O ' s (Gaussian-type orbitals). T h e ion was 
assumed to be octahedral, and the interatomic dis­
tances were taken as:13) 

Go-G=1.894A, C-N=1 .157A 

The calculations were carried out by using a program 
package called J A M O L 2 written by Kashiwagi et 
Ö/.17) In order to make the integral calculations more 
tractable, an integral approximation scheme based on 
semi-orthogonalized orbitals18»19) was utilized; the 
threshold value for the degree of overlap was set a t 
0.0007. 

Open-shell calculations for the ionized and excited 
states have been performed in the restricted Hartree-
Fock formalism as given by Roothaan.2 0) T h e cor­
responding vector coupling coefficients for the various 
states were calculated according to the reference.21) 
The electron-density m a p was prepared by using the 
program written by Sano and Miyoshi.22) 

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

The results for the orbital energies and populations 
of the ground state of the [ C o ( C N ) 6 ] 3 - ion have been 
reported in previous papers.23-25) 

The Electron Density Associated with the Ground States 
of [Co(CN)s\z~ and CN~. The charge distribution 
of the cyanide ion will first be discussed in order to 
give a basis for the discussion of the electronic structure 
of the complex. The cyanide ion is isoelectronic with 
N 2 and C O , and the molecular orbitals of C N - can 
be expected to be similar to those of C O . The cal­
culated wave-function contours for the valence shell 
of the C N - ion are shown in Fig. I.26) 

The C N - 3<r M O consists of the nitrogen 2s and 
carbon 2s orbitals. The high amplitude in the region 
midway between the atoms is indicative of substantial 
o bonding. In the 4<r M O , a node appears near 
the nitrogen nucleus; this shows that the nitrogen 
2p orbital makes a significant contribution. This M O 
is derived from the nitrogen sp-hybrid orbital mixed 
with the predominantly 2s orbital of carbon, and it 
has approximately the character of the nitrogen lone-
pair orbital. The In M O shows a higher density 
at the more electronegative nitrogen. The highest 
occupied M O ( H O M O ) , 5o, is strongly polarized 
towards carbon. This M O is mostly a carbon sp-
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5 * "ligand symmetry metaT 
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40, 

3iK 
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Fig. 1. The wave-function contours for valence shell 
MO's of the free GN~ ion. The first solid and dotted 
contours show ±0.02, respectively, and neighboring 
contours differ by a factor of two. 

hybrid lone-pair orbital, slightly mixed with the nitro­
gen p orbital. These M O features explain why the 
cyanide ion is coordinated to the metal ion not at 
the nitrogen end, but at the carbon end. The 5a 
M O , H O M O of the free GN~ ion, is primarily of 
the carbon lone-pair, and thus the theory predicts 
tha t the coordination of the cyanide ion to the cobalt 
ion will occur at the carbon end. 

The symmetry-allowed interaction between (CN~)6 

and Co 3 + orbitals in [Go(CN) 6 ] 3 _ is shown in Fig. 
2. Selected wave-function contours for [Co(CN) 6 ] 3 _ 

are shown in Fig. 3. In the formation of [Co(GN)6]3~, 
the tf-type metal 4s (a l g ) , 3d<? (eg), and 4p<7 (t l u) 
orbitals interact with the C N - 4a and 5a orbitals, 
while the rc-type metal 3d:rc (t2g) and 4p:rc (t l u) orbitals 
interact with the CN~ \n and 2n orbitals. According 
to the orbital-mixing rule presented by Inagaki et 
fl/ 27,28) t h e interaction of the | a > and | b > orbitals 
of one system with the | c > orbital of another system 
will result in a perturbed | a ' > orbital consisting of 
the three orbitals with the signs given in Table 1. 

This orbital-mixing rule will now be applied to 
the interactions between the Go a and the C N - 4a 
and 5 a orbitals and between the GOTT and the CN~ 
In and 2n orbitals. The a interaction system will 
be considered first. The order of orbital energies 
in the a system is 4a<5a<Qoa. The new orbital 
of the lowest energy resulting from the interaction 
of Coa with 4a and 5a is of the 4a -\-5a -\-Coa type 
(Case (a)), and the second lowest, of the 5a—4a-\-

U ÊL 

O + 

*< 

%% *.- ~f- P 

ep 

l ce 
Fig. 2. Octahedral symmetry-adapted combinations of 

ligand orbitals (left), and the metal-atom orbitals 
with which they may interact (right). Only one 
orbital or orbital combination is shown from each 
degenerate set. 

Case 

( a ) 
( b ) 
( c ) 

TABLE 1. THE ORBITAL 

Energy level 

£ b > £ a > e c O a 

MIXING RULE27»28) 

Perturbed | a '> orbital 

| a > + | b > + | c > 
| a > - | b > + | c > 
| a > —|b> — | c > 

Coa type (Case (b)). The 7a l g , 6t l u , and 4eg MO' s 
correspond to the M O ' s of the 4a -\-5a -\-Coa type. 
The amplitude of the carbon lone-pair increases 
through the in-phase mixing of 5a into 4a, while 
the amplitude decreases at the nitrogen atom. The 
ligand parts of 6t l u and 4eg are very similar to C N _ 

4a because of the small mixing of C N - 5a. In the 
7a l g , however, CN~ 4a is appreciably modified by 
C N - 5a. The 8a l g , 5eg and 7t l u MO' s correspond 
to the 5a—4a-\-Coa type. This linear combination 
of 5 a and 4a with the opposite sign means that the 
amplitudes are more or less compensated for at the 
carbon atom and intensified at the nitrogen atom. 
In the n interaction system, the energies of the orbitals 
of the t2g symmetry are in the order : Go an < CN~ 
ln<CN~2n. T h e In M O is bonding, and the 2n 
M O is antibonding, with respect to C-N. The lt2 g 

M O consists mainly of Go an. The 2t2g M O öf the 
\n—2n—dn type results from the \n ligand orbital 
through mixing with Go dn and 2n orbitals according 
to the orbital-mixing rule (Gase (c) of Table 1). The 
2t2g M O in Fig. 3 has a node between the cobalt 
and carbon nuclei. This shows that the 2t2g M O 
consists of a minus combination of dn and the do­
minant C N - In. According to the orbital-mixing 
rule, the combination of CN~ 2n with dn in the 2t2g 

M O is bonding; however, the extent of the mixing of 
CN~ 2n is small because of its high energy in com-

file://-/-Coa
file://-/-Coa
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Fig. 3. Selected wave-function contours for valence shell MO's of [Go(CN)6]3~ on the plane containing 
Go and four CN~~. Each set of contours is drawn in a frame of 16 a.u. X 16 a.u. (1 a.u. = 0.529Â= 
52.9 pm). The Go atom is located at the center of the frame, and four G and four N atoms at the 
distances of 3.58 and 5.77 a.u. from the center, respectively. The first solid and dotted contours show 
+ 0.02, respectively, and neighboring contours differ by a factor of two. 

parison with CN~ In. This interaction scheme of 
cobalt cyanide is different from that of dn-n* assumed 
by Alexander and Gray.2) A small contribution of n 
back-donation still exist in [Co(CN) 6 ] 3 - . 

Figure 4 shows the m a p of the electron-density 
difference between [Go(GN) 6 ] 3" and Co3+(d:zr6) plus 
six free CN~ ions. T h e electron density for Co 3 + 

was calculated like tha t of the t2g
6 electron configura­

tion in octahedral symmetry. The C - N bond length 
for the free CN~ was assumed to be the same as that 
in the complex. The CN~ ions were placed along 
three axes (x, y, z, —x, —y, —z) with the same geome­
try as in [Co(CN)6]3~. The solid and broken lines 
denote, respectively, an increase and a decrease in 
the electron density upon complexation. As can be 
seen from the increased electron density around the 

cobalt a tom and the decreased density around the 
ligands, the electron flows from the ligands into cobalt. 
The positive region corresponding to the cobalt a 
orbitals represents an increased electron density at­
tributable to o donation from the ligands. The de­
creased electron density in the dn orbital indicates n 
back-donation. T h e increase in the cobalt charge 
accompanied by o donation is larger than the decrease 
accompanied by n back-donation; thus, the positive 
charge of the cobalt a tom is decreased. The orbital 
populations (3d<7, 1.040; 4s, 0.242; 4p, 0.667; and 
3d7T, 5.885) obtained from the Mulliken population 
analysis of the semi-double-zeta basis set are consistent 
with the map . The electron density in the cyanide 
ligand decreases in the vicinity of the carbon nucleus, 
increases in the outer region of the carbon atom, and 
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Difference Map ([Co(CN)6]3--Co3+-6(CN-)) 
Z = 0.000 

,-•.00 -«.«0 

*l 
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[IX 
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Fig. 4. The electron density difference between [Go-
(CN)6]3_ and Go3+ (with dn6 configuration) plus six 
free CN~ ions. The first solid and dotted contours 
show ±0.0025 e(a.u.)~3, respectively, and neigh­
boring contours differ by a factor of two. 

decreases around the nitrogen nucleus. This shows 
that the cyanide ion is polarized by the positive charge 
of cobalt and that, in the carbon atom, the 2s popula­
tion is decreased and the 2p population is increased. 
In effect, the nitrogen a tom donates an electron density 
to the cobalt a tom through the carbon a tom; only 
slight n back-donation takes place from cobalt to 
nitrogen. 

Comparison with X-Ray Results. In this section, 
the results of our calculation will be compared with 
those of the precise X-ray crystallographic study per­
formed by Iwata and Saito,13) who obtained 26 .8± 
0.3 e as the positive charge on the cobalt atom by 
directly integrating the electron density of the cobalt 
atom. They also showed the asphericity of the dis­
tribution of Go 3d electrons by difference Fourier 
synthesis. 

The results of the present calculation are shown 
in Fig. 5, in which the radial distribution of the electron 
density around the central cobalt nucleus and the 
integrated number of electrons are plotted against 
the radius of the sphere, r. I t is shown that the calcu­
lated radial electron density has a minimum value 
at 0.95 Â from the cobalt nucleus and that the number 
of electrons contained in a sphere of the 0.95 Â radius 
is 24.7. Both of these values are considerably lower 
than the corresponding experimental values of 1.22 
A and 26.8 + 0.3. However, the integration of the 
electron density up to 1.22 Â gives 26.7 electrons, 
in good agreement with the experimental results. A 
fine structure which has not been reported by Iwata 
and Saito is observed: a min imum at 0.3 Â and a 

1.0 2.0 

Distance from cobalt (in a.u) 

Fig. 5. The radial distribution and integrated number 
of electrons around the central cobalt atom. 

maximum at 0.4 Â from the cobalt nucleus. Thermal 
vibrations in the experimental system may blur the 
fine structure and make the effective radii of orbitals 
greater than those for the frozen system assumed in 
the calculation. 

Orbital Energies and Ionization Potentials. The 
sequence of orbital energies for the [Co(CN) 6 ] 3 _ ion 
has already been reported.23) The important finding 
was tha t the ordering: 

tf(CN-) < 3drc < a(GN-) < TT(CN-) 

is different from tha t : 

ff(CN-) < T T ( C N - ) < 3drc 

which has usually been assumed. 
According to Koopmans ' theorem,29) the ionization 

potential (LP.) associated with the removal of one 
electron from a given orbital of a closed-shell system 
is equal to the corresponding orbital energy with 
the sign inverted. Veillard and Demuynck30) reported 
that Koopmans ' theorem is not always valid and that 
it is not possible to rely on Koopmans ' theorem to 
establish the spectral sequence. T h e most consistent 
way to compute ionization potentials is to calculate 
and compare two tGtal energies at the same level 
of approximation for the molecule with N electrons 
and the ion with N—\ electrons. This is called the 
ASGF method. T h e ASGF calculation has been 
carried out in the following way. The energies of 
the electronic state with a hole in a given orbital and 
of the ground state are independently calculated in 
the SCF procedure; then the difference between them 
gives the ionization potential. The calculation has 
been carried out for the electronic states resulting 
from the removal of an electron from the orbitals, 
8a l g , 5eg, l t l g , l t2 g , 8t l u , and l t2 u . The geometry 
in these electronic states has been kept the same as 
that of the iV-electron state; hence, the computed 
ionization energies may be compared with the vertical 
I .P. 

T h e ASGF results are given in Table 2, together 
with the orbital energies in the ground state, 1A.ls. 
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TABLE 2. COMPUTED IONIZATION ENERGIES OF [Co(CN)6p 

Species Orbital from which an 
electron is removed State Energy3-) Computed LP.1 Koopmans' I. P. 

[Co(CN)6]3-

[Co(CN)6p- 8t lu 

Itig 
ltau 

5eg 

8a lg 

lt2g 

*Alg 

2T1U 
2 T l g 
2T" 

X 2 U 
2Eg 
2A lg 
2T 

•" •2g 

-1934.402 

-1934.379 
-1934.378 
-1934.361 
-1934.336 
-1934.280 
-1934.472 

0.023 
0.024 
0.041 
0.066 
0.122 

- 0 . 0 7 0 

0.029 
0.035 
0.052 
0.103 
0.133 
0.250 

a) Values in a.u. b) LP. computed as the difference in the energy values for the ionized and ground states. 
(For the negative value, see the text and Ref. 31.) 

Difference Map (xAlg —hole 8a lg) 
Z = 0.000 

- • . 0 0 - » . » 0 - « . N -J.JO -l.Ofc 0.00 . I . U . I.JO l . M «.«0 • . 

3 a l g 5 e g U 2 u 8 t l u " 2 g 

n ig 

5.0 0.0 

Binding energy/eV 

Fig. 6. Valence shell XPS and ASCF orbital energies. 

T h e ASCF orbital energies decreased in the order: 

3drc(lt2g) > w(GN-) > <r(CN-) 

which is similar to those in previous reports.2-14) T h e 
computed LP . corresponding to the removal of one 
electron from the lt2g(d7r) orbital is negative; tha t 
is, the [Co(CN) 6 ] 2 _ ion in its 2 T 2 g state is shown to 
be more stable than the [Co(CN) 6 ] 3 - ion in its ground 
state, iAjg. However, [Co(CN)6]3~ is stable in actual 
systems, since the trinegative ion is stabilized to a 
greater extent than the dinegative ions by the elec­
trostatic interaction with surrounding cations.31) The 
experimental and calculated ionization potentials are 
compared in Fig. 6, in which the energy of the dn 
orbital is taken as the reference in the comparison 
of the calculated LP . with the X-ray photoelectron 
spectrum. The computed values show a good cor­
respondence with the spectrum. This may support 
a previously proposed assignment for the valence-level 
peaks of XPS.6»7) Koopmans ' theorem may be valid 
when the electronic relaxation upon ionization and 
the change in correlation energy between the initial 
and the ionized states are sufficiently small to be ig­
nored. T h e following discussion will a t tempt to clar­
ify the importance of the electronic relaxation upon 
the ionization of a d-orbital electron. Figure 7 shows 
a map of the electron-density difference between the 
8a l g (located dominantly in the ligands) hole state 
and the ^ g ground state, while Fig. 8 is a similar 
difference m a p for the l t2 g (dominantly metal dn) 
hole state and the ground state. In these maps, the 
solid and broken lines denote, respectively, decreased 
and increased electron density upon ionization. The 
density m a p of 8a l g M O is shown in Fig. 9; it resembles 
the difference m a p for the 8a l g hole state (Fig. 7). 

Fig. 7. The electron density difference between the 
xA lg ground state and the 8a lg hole state. The first 
contours show +0.0025 e(a.u.) -3, neighboring con­
tours differing by a factor of two. The positive and 
negative values represented by the solid and dotted 
curves correspond to decrease and increase in elec­
tron density upon the ionization, respectively. 

This means tha t ionization from the 8a l g orbital is 
accompanied by only a slight relaxation. Thus, 
Koopmans ' theorem is valid for 8a l g M O , which is 
essentially a ligand orbital. The m a p of the lt2 g 

M O function (Fig. 3-e) is significantly different from 
the map of the difference between ^ ^ and 2T 2 g 

states (Fig. 8). The latter shows that a decrease in 
3djr electron density is accompanied by an increase 
in the 3d<r density, indicating an extensive relaxation 
upon ionization. The situation is more clearly dem­
onstrated by Table 3, which shows the orbital popula­
tion differences between the ground and ionized states 
on the semi-double-zeta basis set. The positive value 
shows an increase, and the negative value, a decrease, 
in the electron population caused by ionization. The 
Mulliken orbital populations for 8a l g and lt2 g are 
also given for the sake of comparison. I t should be 
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TABLE 3. CHANGE IN ORBITAL POPULATION UPON IONIZATION 
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2Aig —
 xA lg 

Population 
change 

8a lg MO 
Population 

2T — iA 
x 2g \Mg 

Population 
change 

( »t.« MO \ 
\Population / 

Cobalt 

Atomic 

Carbon 

Atomic 

Nitrogen 

Atomic 

3d<7 

3d7T 

4s 
4p 

charge 

2s 
2pa 
2p7T 

charge 

2s 
2p<7 

2p;r 
charge 

Difference Map 

0.014 
0.001 

- 0 . 0 2 0 
0.005 
0.000 

- 0 . 1 1 6 
- 0 . 2 2 0 
- 0 . 0 7 4 
- 0 . 4 1 0 

0.028 
- 0 . 6 7 6 

0.058 
- 0 . 5 9 0 

PA l K-hole H2S) 

(0.020) 

(0.050) 
(0.127) 

(0.231) 
(0.572) 

0.705 
- 0 . 9 2 0 

0.056 
0.153 
0.007 

- 0 . 6 4 6 
- 0 . 3 4 0 

0.817 
- 0 . 1 6 9 

0.298 
- 0 . 2 1 7 
- 0 . 9 1 9 
- 0 . 8 3 8 

X=0.000 

(0.894) 

(0.092) 

(0.014) 

Z-0.000 

J » 1 » 1 1 1 1 J - J 1 1 1 I l • • I -rr 

Fig. 8. The electron density difference between the 
^ j g ground state and the lt2g hole state. The first 
contours show ±0.01 e(a.u.)~3, neighboring contours 
differing by a factor of two. See also the caption 
to Fig. 7. 

noted that the Go atomic charge is scarcely changed 
by 8a l g ionization or even by the ionization of the 
lt2 g electron, which is dominantly the Go 3djt electron. 
The lt2 g ionization in effect removes an electron 
from the nitrogen atoms, not from the cobalt atom. 
This orbital relaxation explains why the low-lying 
lt2 g electron is most easily ionized and why Koopmans ' 
theorem becomes invalid. 

The Excited States of the d-d Transition. In this 
section we will present some results relative to the 
excited states resulting from d-d transitions. As found 
in many other studies of transition metal complexes,30»32) 
the excitation energy is not merely the difference 

Fig. 9. The electron density map for 8a lg MO. The 
first contour shows 0.0025 e(a.u.)~3, neighboring con­
tours differing by a factor of two. 

between the energies of the occupied and virtual 
orbitals in the ground state. A rigorous way to cal­
culate the transition energy is to achieve separately 
energy minimization for the ground and excited states 
and to equate the difference in their energies with 
the transition energy, E^\ 

where the subscripts i and j refer to the ground and 
excited states respectively. Restricted Hartree-Fock-
type calculations have been performed on the two 
lowest triplet and the two lowest singlet excited states 
derived from d-d transitions, as is shown in Table 4. 
All the calculations were performed on the full octa­
hedral space group. The ordering of the excited levels 
is in good agreement with tha t predicted by ligand-
field theory with empirical parameters.33) However, 

file:///Population
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TABLE 4. TOTAL ENERGIES AND RELATIVE ENERGIES 

OF VARIOUS i-STATES 

State Configration Total energy/a.u. Relative energy/eV 

Aig 
3 T

l g 
X 2 g 

I T 

I T 
x 2g 

t 6 

L2g 
t 6e 1 
4 g c g 
f 5P 1 l2g e g 
f 5 p 1 

t 5 p 1 l2g c g 

-1934.4016 
-1934.3325 
-1934.2928 
-1934.2745 
-1934.2478 

0.0 
1.88 
2.96 
3.46 (3.97)a> 
4.19 (4.77)a) 

a) In the parentheses the experimental values are 
shown. 

the energies calculated for the 1 T l g and xT2g states 
are smaller than the spectroscopic data2) by about 
0.5 eV. Although the Hartree-Foock calculations 
without configuration interactions gave a qualitative 
correspondence with the spectrum, a more elaborate 
t reatment is necessary for a quantitative agreement. 

Conc lus ions 

The electronic structure of the [Go(GN) 6 ] 3 - ion 
has been investigated by the L C A O M O SCF method, 
using a double-zeta basis set of Gaussian orbitals. 
The following results were obtained; 
(1) The interaction of cobalt and cyanide ions can 
be satisfactorily explained in terms of the orbital-
mixing rule. 
(2) The a donation from cyanide to cobalt is the 
dominant interaction, while the n back-donation is 
weak in [Co(GN) 6 ] 3 - . 
(3) Koopmans ' theorem holds approximately for the 
ligand orbitals, but not for the metal 3d orbitals. 
(4) An extensive electronic relaxation occurs during 
the ionization from a metal d orbital. 
(5) T h e calculated value for the number of electrons 
around the cobalt a tom is in good agreement with 
the experimental values. 
(6) The d-d transition energies obtained by the 
Hartree-Fock calculation show a qualitative corre­
spondence with the spectrum. 

The work was partly supported by the Jo in t Studies 
Program (1979—1980) of the Institute for Molecular 
Science. T h e computations reported in this paper 
have been carried out on F A C O M 230-75 computers 
of the Nagoya University Computat ion Center and 
the Hokkaido University Computing Center, while 
the calculation of the electron-density map has been 
carried out on the H I T A C M-180 computer of the 
Institute for Molecular Science. 
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The CD Spectra of Carbonato Complexes of the [Co(CO,)(OfO)(N)J-
and [Co(C03)(N)4]

+ Types and Related Diaqua Complexes1* 
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Five carbonato complexes, [Co(C03)(ox)(tn)]_, cw-[Go(C03)(ox)(py)2]-, «j-«.y-[Co(C03)(NH3)2(py)2]+, 
m-[Co(G03)(en)(py)2]+, cu-[Co(C03)(NH3)2(bpy)]+, and two related complexes, m-[Co(ox)(NH3)2(en)]+ 
and m-[Co(mal)(NH3)2(en)]+, have been prepared and resolved. The solution CD spectra of these resolved 
complexes and those of diaqua complexes derived from the carbonato complexes have been measured. The 
CD spectral comparison in the first absorption band (T lg-band) region has suggested a relation in the sign of the 
Cotton peak between each of the carbonato complexes and the corresponding diaqua complex. Based on this 
relation, the assignments of the absolute configurations for the present complexes have been established. 

I t is known2 '3) that the C D spectra of (—)589[Go-
(G0 3 ) (ox) (en) ] - and (+) 5 4 6[Go(C0 3 ) (en) 2 ]+ exhibit a 
( + ) Cotton peak in the first absorption band (T l g -
band) region, while the spectra for (+) 5 8 9 [Co(ox)(en)-
(H 2 0) 2 ]+ and (+) 5 4 6 [Co(en) 2 (H 2 0) 2 ] 3 +, which are de­
rived from the above carbonato complexes by acid-
hydrolysis, show two peaks, (—) and ( + ) , in the 
T l g -band region. The absolute configurations of these 
carbonato complexes have been assigned to A based 
on a suggestion2'3) tha t the observed ( + ) peak is due 
to the A l g -»E g (D4h) transition component, while the 
absolute configurations of the corresponding d iaqua 
complexes are also assigned to A based on the fact 
that acid-hydrolysis proceeds with retention of con­
figuration. However, the ( —) peak for (+)58g[Go-
(ox)(en)(H 20) 2]+ with C o N 2 0 4 chromophore and the 
( + ) peak for (+) 5 4 6 [Co(en) 2 (H 2 0) 2 ] 3 + with G o N 4 0 2 

chromophore seem to be assignable to the A l g -»E g 

transition component, when the ligand-field strengths 
of N and O are considered. In comparison of the 
CD signs due to the A l g ->E g transition component, 
the sign of the ( — )589 carbonato complex is opposite 
to that of the (+)s89 diaqua complex, while the sign 
of the ( + ) 5 4 6 carbonato complex is the same as tha t 
of the ( + ) 5 4 6 d iaqua complex. These different re­
sults come from the above-mentioned assignments of 
Cotton peaks, suggesting that the assignments are in­
consistent. 

In this work, the preparat ion and resolution of 
some new complexes of the [ C o ( C 0 3 ) ( 0 , 0 ) ( N ) 2 ] ~ and 
[Co(C0 3 ) (N) 4 ] + types have been carried out. O p ­
tically active diaqua complexes have been also derived 
from the resolved carbonato complexes by acid-hydrol­
ysis. In addition, this work has been extended to 
derive optically active oxalato complexes from the 
resolved carbonato complexes by a substitution reac­
tion. The CD spectra of these active complexes have 
been measured and compared. 

Exper imenta l 

Synthesis and Resolution. a) cis-Diamminecarbonatoethyl-
enediaminecobalt(III) Chloride Monohydrate, cis-[Co(C03)-
(NHz)2(en)~\Cl-H20: This complex had been prepared by 
Bailar and Peppard,4) but we found another convenient 
method: to a solution of cu-K[Co(C03)2(en)]-H20 (35 g, 
0.1 mol, in 150 cm3 H 2 0) were added coned aqueous am­
monia (14 cm3, 0.2 mol) and ammonium chloride (5.35 g, 

0.1 mol); the mixture was then stirred at 50 °G until a red 
solution was obtained. The resulting solution, once filtered, 
was charged on a column containing Dowex 50W-X8 resin 
in Na+ form (100—200 mesh, 7 x 8 cm). When the elution 
was carried out with a 0.15 M (1 M = l mol/dm3) NaCl 
aqueous solution, one red band descended. The effluent 
was concentrated to a small volume under reduced pressure; 
after being filtered once, the filtrate was kept in a refrigerator 
overnight. The deposited crystals were recrystallized from 
warm water. The yield was about 10 g. Found: C, 13.34; 
H, 6.12; N, 20.71%. Calcd for [Co(C03)(NH3)2(C2H8N2)]-
C1-H20: C, 13.52; H, 6.00; N, 21.02%. 

Though Hawkins et al. had resolved this complex using 
[Co(S03)2(NH3)2(i?-pn)]- as the resolving agent,5) we re­
solved it with ( —)546[Co(ox)2(en)]_: the racemate (2 g, 
0.008 mol) was dissolved in warm water (5 cm3, ca. 35 °C), 
and (-)546Na[Co(ox)2(en)] (1.3 g, 0.004 mol) was added 
to the solution. On cooling the whole solution in an ice-
bath, a less soluble diastereoisomer containing the (+)s89 
carbonato complex deposited. Recrystallization from water 
was repeated three times. The final yield was about 0.5 
g. Found: C, 19.02; H, 4.86; N, 14.13%. Calcd for 
[Co(C03)(NH3)2(C2H8N2)][Co(C204)2(C2H8N2)]-2.5H20:C, 
18.92; H, 5.08; N, 14.72%. 

b) eis-Diammine(2,2'-bipyridine)carbonatocobalt(III) Chloride 
Dihydrate, cis-{Co(COz)(NH3)i(bpy)^\Cl-2HiO: A solution of 
2,2'-bipyridine (7.8 g, 0.05 mol) in 20 cm3 CH3OH was 
mixed with a solution of m-K[Co(C03)2(NH3)2]-H20 (12.5 
g, 0.05 mol) in 20 cm3 H 2 0 , and perchloric acid (30%) 
was then added dropwise to the mixture until the pH reached 
5.5, with stirring in an ice-bath. After filtering off potassium 
Perchlorate which precipitated, the filtrate was stirred at 
room temperature overnight. The resulting solution, fil­
tered once, was poured into a column containing Dowex 
50W-X8 in Na+ form (100—200 mesh, 5 x 2 0 cm). Upon 
elution with a 0.2 M NaCl solution, only one red band de­
scended. The eluate was concentrated to a small volume 
(ca. 20 cm3). After removal of the sodium chloride by 
nitration, the filtrate was kept in a refrigerator to precipitate 
powdery crystals. The crystals were recrystallized from a 
minimum amount of warm water (ca. 30 °C). The yield 
was about 1.5 g. Found: C, 37.39; H, 4.08; N, 15.35%. 
Calcd for [Co(CO3)(NH3)2(C10H8N2)]Cl-2H2O: C, 37.36; 
H, 4.24; N, 15.84%. 

The (+)546Na[Co(edta)] complex (1.2 g, 0.0029 mol) was 
dissolved in a warm solution of the above racemate (2 g, 
0.0058 mol, in 10 cm3 H 2 0) . When the mixture was cooled 
in an ice-bath and the sides of the vessel were scratched 
with a glass rod, one diastereoisomeric salt of the ( + )589 

carbonato complex precipitated. The recrystallization was 
repeated four times from water. The final yield was about 
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0.5 g. Found : G, 36.64; H , 4.16; N , 11.68%. Galcd 
for [Go(GO 3 ) (NH 3 ) 2 (G 1 0 H 8 N 2 ) ] [Go(G 1 0 H 1 2 N 2 O 8 ) ] .2H 2 O: G, 
36 .41; H , 4 .33; N , 12.14%. 

c) eis • eis - Diamminecarbonatobis(pyridine) cobalt (III) Chloride 
Monohydrate, eis• cis-[Co(C03) (NH3)2(py)2~\Cl-2H20: An ap­
propriate amount of 6 0 % H G 1 0 4 was added dropwise 
to a mixture of K [ C o ( C 0 3 ) 2 ( N H 3 ) 2 ] - H 2 0 (10 g, 0.036 mol, 
in 20 cm 3 H 2 0 ) and pyridine (6 cm3 , 0.072 mol) in an ice-
ba th in order to adjust the p H to 5.5. After filtration, 
the filtrate was stirred at room temperature for some time. 
Some pink crystals deposited. A solution of the crude 
product was poured into a column of Dowex 50W-X8 resin 
in Na+ form. T h e effluent obtained by elution with a 0.3 M 
NaCl was concentrated to a small volume (ca. 10 cm 3) . 
W h e n the solution was kept in a refrigerator, red crystals 
deposited. These were recrystallized from w a r m water {ca. 
35 °G). T h e yield was about 1.0 g. Found : G, 36.07; 
H , 4 .93; N , 15.55%. Galcd for [Go(G0 3 ) (G 5 H 5 N) 2 (NH 3 ) 2 ] -
C 1 H 2 0 : G, 36.23; H , 4.98; N , 15.36%. 

In to a solution of this racemate (3.3 g, 0.009 mol, in 10 
cm3 H 2 0 ) was poured a resolving agent, ( — )5 4 6Na[Co(ox)2-
( e n ) ] - H 2 0 (1.2 g, 0.0038 mol) , with stirring. T h e less solu­
ble diastereoisomer containing the (—)589-isomer of the 
carbonato complex crystallized out when the solution was 
allowed to stand in an ice-bath. This was recrystallized 
from water . T h e final yield was about 0.3 g. Found : 
G, 31.37; H , 4.67; N , 12.82%. Calcd for [ C o ( C 0 3 ) ( N H 3 ) 2 -
(G 5 H 5 N) 2 ] [Go(G 2 0 4 ) 2 (G 2 H 8 N 2 ) ] . 2 . 5H 2 0 : G, 31.35; H , 4.49; 
N , 12.90%. 

d) cis-Carbonatoethylenediaminebis(pyridine) cobalt (III) Chloride 
Monohydrate, cis-[Co(C03)(py)2(en)]Cl-H20: This complex 
was prepared in the same way as described in c) except 
for the use of K[Go(C0 3 ) 2 ( en ) ] H 2 0 (10 g, 0.034 mol, in 
20 cm3 H 2 0 ) . T h e reacted solution, filtered once, was 
chromatographed on a column of Dowex 50W-X8 resin in 
Na+ form (100—200 mesh, 5 x 2 5 cm) using 0.1 M NaCl 
as the eluting solution. T w o bands colored pink and red 
descended. T h e eluate of the red band was collected in 
a fraction, and concentrated to a small volume (ca. 10 cm 3) . 
After filtration, the filtrate was kept in a refrigerator (ca. 
4 h ) . T h e crude precipitates thus obtained were recrystal­
lized from warm water. The yield was about 2 g. Found : 
C, 39.72; H , 5.02; N , 14 .01%. Galcd for [ C o ( C 0 3 ) -
( C 2 H 8 N 2 ) ( C 5 H 5 N ) 2 ] C 1 . H 2 0 : C, 39.95; H , 5.12; N , 14.24%. 

( - ) 5 4 6 N a [ C o ( o x ) 2 ( e n ) ] - H 2 0 (1.6 g, 0.005 mol) was dis­
solved in a hot solution of the racemate (3.9 g, 0.01 mol, 
in 10 cm 3 H 2 0 ) , followed by addition of ethanol (ca. 2 cm 3) . 
T h e mixture was cooled in an ice-bath and the sides of the 
vessel were scratched with a glass rod, whereupon the dia-
stereoisomeric salt of the ( — )5 8 9 carbonato complex deposited. 
T h e salt was collected and recrystallized four times from 
w a r m water (ca. 35 °G). T h e final yield was about 0.7 g. 
Found : C, 34.24; H , 4.40; N , 12.52%. Galcd for [Go(G0 3 ) -
(G 2 H 8 N 2 ) (G 5 H 5 N) 2 ] [Go(G 2 0 4 ) 2 (G 2 H 8 N 2 ) ] . 2H 2 0 : G, 34.16; 
H , 4.52; N , 12.57%. 

e) Sodium Carbonatooxalatotrimethylenediaminecobaltate(III), 
Na[Co(C03)(ox)(tn)]: Trimethylenediamine (7.4 g, 0.1 
mol) and oxalic acid (12.6 g, 0.1 mol) were mixed with 
stirring in an ice-bath, and then ethanol was added until 
t r imethylenediammonium oxalate deposited. This product 
(6.7 g, 0.05 mol) was added to a green solution of 
[ G o ( G 0 3 ) 3 ] 3 - ( G o ( N 0 3 ) 2 . 6 H 2 0 15 g, 0.05 mol scale). T h e 
mixture was stirred at 45 °G until the color of the solution 
became blue-violet, and then the resulting solution was 
concentrated to a small volume under reduced pressure. 
After filtration, the filtrate was chromatographed using a 
column containing Dowex 1X-8 resin in G l - form ( 5 x 

20 cm) and 0.1 M NaCl as the eluent; one blue-violet band 
came out. The eluate was concentrated to a small volume 
under reduced pressure, and after being filtered once, was 
kept in a refrigerator (ca. 1 h ) . T h e crude product thus 
obtained was recrystallized from warm water. T h e yield 
was about 3 g. Found : G, 23.52; H , 3.20; N , 9 .03%. Galcd 
for Na[Co(GO 3 ) (C 2 O 4 ) (C 3 H 1 0 N 2 ) ] : C, 23.68; H , 3.29; N , 
9 . 2 1 % . 

A mixture of the racemate (2 g, 0.006 mol) and ( — )589-
[Go(ox)(en) 2 ] (C 2H 30 2 ) (0.9 g, 0.003 mol) in water (10 cm3) 
was cooled in an ice-bath. Immediately a less soluble 
diastereoisomeric salt of the ( — )589 carbonato complex de­
posited. The recrystallization was repeated five times from 
water . T h e final yield was about 0 .4g . Found: G, 24.10; 
H , 5.09; N, 13.40%. Galcd for [Go(C 2 0 4 ) (G 2 H 8 N 2 ) 2 ] [Co-
(CO 3 ) (C 2 O 4 ) (C 3 H 1 0 N 2 ) ] -3H 2 O: G, 23.93; H , 5.32; N, 
13.95%. 

f) eis - Bis(ethylenediamine)dinitrocobalt(III) e i s - Carbonato-
oxalatob is (pyridine) cobaltate (HI) D ihydrate, eis- [Co (N02) 2 (en) 2] -
cis-[Co(C03)(ox)(py)2\-2H20: T o a concentrated solution 
of m- [Co(C0 3 ) (ox ) (py) 2 ]~ , which was prepared by the 
literature method6) ( C o ( N 0 3 ) 2 - 6 H 2 0 , 15 g scale, 0.05 mol) , 
was added m - [ C o ( N 0 2 ) 2 ( e n ) 2 ] ( C 2 H 3 0 2 ) (8.25 g, 0.025 mol) . 
T h e mixture was kept in a refrigerator until a less soluble 
salt deposited; this was then recrystallized from warm water. 
Found : G, 30.33; H , 4.34; N , 16.24%. Galcd for 
[Co(N0 2 ) 2 (G 2 H 8 N 2 ) 2 ] [Co(G0 3 ) (C 2 0 4 ) (C 5 H 5 N) 2 ] - 2 H 2 0 : C, 
30.36; H , 4.46; N , 16.67%. 

T h e resolving agent ( - ) 5 8 9 [Co(N0 2 ) 2 ( en ) 2 ] I (1 g, 0.0025 
mol) was converted into the acetate with silver acetate (0.4 
g, 0.0025 mol) . T h e compound, [Co(N0 2 ) 2 ( en ) 2 ] [Co(C0 3 ) -
(ox) (py) 2 ] -2H 2 0 (3 g, 0.005 mol) , was dissolved in water 
(30 cm3) and converted into sodium salt by passing the 
solution through a column of Dowex 50W-X8 resin in Na+ 
form. After the column had been rinsed thoroughly with 
water, the whole effluent was concentrated to a small volume 
(ca. 10 cm 3) . T h e concentrate was added to the solution 
of the above resolving agent. When the mixed solution 
was kept in a refrigerator, the precipitates obtained soon 
were optically inactive, and subsequently the desired dia­
stereoisomer containing the ( + )s89 carbonato complex was 
obtained. T h e yield was about 0.05 g. Found : C, 30.33; 
H , 4.34; N , 16.24%. Galcd for [Co(N0 2 ) 2 (C 2 H 8 N 2 ) 2 ] -
[ C o ( C 0 3 ) ( C 2 0 4 ) ( C 5 H 5 N ) 2 ] - 2 H 2 0 : C, 30.36; H , 4.46; N , 
16.67%. 

g) cis-Diammineethylenediamineoxalatocobalt(III) Chloride Mono-
hydrate, c\s-[Co(ox)(NH3)2(en)]Cl'H20: The preparat ion of 
this complex from trans(NH 3)-[Go(Cl) 2(NH 3) 2(en)]Cl has 
been reported.4) I n our work, cw-[Co(C0 3 ) (NH 3 ) 2 (en)]Cl ' 
H 2 0 was used as the starting material . T o a mixture of 
m - [ G o ( C 0 3 ) ( N H 3 ) 2 ( e n ) ] C l - H 2 0 (10 g, 0.04 mol) and 
K 2 C 2 0 4 H 2 0 (7g , 0.04 mol) in water (20 cm3) , was added 
a solution of H 2 C 2 0 4 - 2 H 2 0 (5 g, 0.04 mol, in 10 cm3 H a O) 
dropwise in an ice-bath. The solution was further stirred 
at 40 °G for 3 h. After filtering the solution, the filtrate 
was charged on a column containing Dowex 50W-X8 resin 
Na+ form ( 4 x 2 0 cm). By elution with a 0.1 M NaCl 
solution, one band descended. T h e effluent was concen­
trated to a small volume, and this concentrated solution 
was filtered and then kept in a refrigerator. The red crystals 
which deposited were recrystallized from warm water (ca. 
35 °C). T h e yield was about 7 g. Found : G, 16.26; H , 
5.48; N , 19.15%. Calcd for [Co(C 2 0 4 ) (NH 3 ) 2 (C 2 H 8 N 2 ) ]Cl . 
H a O : G, 16.30; H , 5.43; N , 19.02%. 

T h e [Co(ox) (NH 3 ) 2 ( en ) ]C l -H 2 0 complex (2 g, 0.007 mol) 
was converted to the acetate with silver acetate (1.2 g, 0.007 
mol) . O n adding ( - ) 5 4 6 Na[Co(ox) 2 (en) ] - H 2 0 (1.12 g, 



May, 1981] CD Spectra of Cobalt (III) Complexes 1533 

0.0035 mol) to a solution of the acetate in 20 cm3 water, 
a less soluble diastereoisomer containing the ( + )589 isomer 
of the cation separated out. The salt was recrystallized 
five times from warm water (ca. 35 °C). The final yield 
was about 0.4g. Found: C, 21.49; H, 4.39; N, 14.86%. 
Calcd for [Co(C204)(NH3)2(C2H8N2)][Co(C204)2(C2H8N2)]. 
H 2 0 : C, 21.66; H, 4.34; N, 15.16%. 

h) cis-Diammineethylenediaminemalonatocobalt(III) Chloride 0.5-
Hydrate, cis-[Co(mal)(NH3)2(en)]Cl-0.5H2O: An aqueous 
solution of m-[Co(C03)(NH3)2(en)]Cl.H20 (10 g, 0.004 
mol, in 20 cm3 H 20) was treated in the same way as described 
in g) except for the use of potassium malonate (7 g, 0.04 
mol) and malonic acid (4 g, 0.04 mol). The yield was 
about 4g . Found: C, 20.16; H, 5.75; N, 19.07%. Calcd 
for [Co(C3H2O4)(NH3)2(C2H8N2)]C1.0.5H2O: C, 20.04; H, 
5.67; N, 18.70%. 

This complex was resolved by column chromatography: 
a solution of the racemic chloride complex was charged on 
a column containing Dowex 50W-X8 resin in Na+ form 
(2x40 cm). Elution with a 0.1 M K2[Sb2(é/-tart)2] aqueous 
solution resulted in a partial resolution. The specific rota­
tion of the later effluent was positive at 589 nm. 

Derivation from Optically Active Complex a) (+)5^[Co-
(ox)(en)2]+: The compound, ( + )546[Co(C03)(en)2]( + )546-
[Co(ox)2(en)] was dissolved in water and converted into 
the chloride by passing the solution through a column (5 X 
2 cm) of Dowex 1-X8 resin in Cl~ form. After being washed 
with water, the whole effluent was concentrated to a small 
volume. To the concentrated solution was added a solution 
of H2C204 • 2H 2 0 dropwise in an ice-bath, and then the 
solution was stirred at 40 °C for 3 h. The resulting solution 
was charged on a column of Dowex 50W-X8 resin in Na+ 
form. The elution was carried out with a 0.1 M NaCl 
solution, whereby one band descended. The absorption 
and CD spectral data of this effluent were identical with 
those of (+)546[Co(ox)(en)2]+.3> 

b) (+)589[Co(ox)(NHJ2(en)] + : This complex was pre­
pared in the same way as described in a) except for the use 
of (+)589[Go(C03)(NH3)2(en)]+ instead of ( + )546[Go(C03)-
(en)2]Cl. The effluent showed the same absorption and 
CD spectra as those of (+)589[Co(ox)(NH3)2(en)]+. 

c) (-)5*6[Co(ox)2(en)]-: A solution of H 2 C 2 0 4 -2H 2 0 
was added to a solution of ( — )589[Go(GC)3)(ox)(en)]~ l i t t l e 

by little with stirring in an ice-bath. After the resulting 
solution was stirred at 50 °C for a while, the solution was 
chromatographed on a column of Dowex 1-X8 resin in 
Cl~ form using a 0.1 M NaCl solution. Only one band 
descended. The absorption and CD spectra of this effluent 
was identical to those of ( —)546[Co(ox)2(en)]-. 

Measurement. The absorption spectra in aqueous solu­
tion were recorded with a Hitachi 323 recording spectro­
photometer. In the case of the a.y-[Co(C03)(ox)(py)2]-
complex, the spectrum was measured with a solution passed 
through a cation exchange resin in Na+ form in order to 
remove the counter ion, [Co(N02)2(en)2]+. For the CD 
spectral measurements, a JASCO J-40CS automatic recording 
spectropolarimeter with a JASCO Model J-DPZ data pro­
cessor was used; a JASCO Model DIP-SL automatic Polar­
imeter was used for optical rotation measurements. In both 
cases, samples were converted into the same cations and 
anions as those of the corresponding racemates by means 
of ion-exchange techniques. 

The absorption and CD spectra of the diaqua complex 
species were measured with solutions of the carbonato com­
plexes acidified with 10% HC104. The absorption and 
CD spectra of the acidified solutions were reformed into 
the spectra of the parent carbonato complexes when potassium 

hydrogencarbonate was added to the acidified solutions. 
This result suggests that the acid hydrolyses proceed with 
retention of the configurations. 

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

CD Spectra. The absorption spectra of the new 
complexes are shown in Figs. 1 and 2. T h e C D 
spectra for the complexes of the types [ C o ( 0 , 0 ) 2 -
( N ) J - , [ C o ( 0 , 0 ) ( N ) J + , [ C o ( 0 , 0 ) ( N ) a ( H a O ) J + and 
[Co(N) 4 (H 2 0) 2 ] 3 + ( 0 , O C 0 3

2 - , ox2", and mal 2 " ; 
(N)2=2NH3, 2py, en, tn, and bpy) are shown in Figs. 
3—7, while the numerical da ta are summarized in 
Tables 1 and 2. We are interested in the comparison 
of the C D spectra in the T l g - b a n d region; hereafter, 
only the spectra observed in the region are discussed. 

The C D spectra of (+) 5 4 6[Co(C0 3 ) (en) 2 ]+ , ( + ) 5 8 9 -

2'° vMcJs 

Fig. 1. Absorption spectra of 
[Co(C03)(NH3)2(py)2]+, [Co(C03)-

(en)(py)2]+, [Co(mal)(NH3)2(en)]+, and 
[Co(C03)(NH3)2(bpy)]+. 
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Fig. 2. Absorption spectra of 
[Co(C03)(ox)(py)2]- and [Co(C03)-

(ox)(tn)]". 
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l//lo3cmH 

Fig. 3. CD spectra of 
( + )589[Co(C03)(ox)(tn)]-, ( + )589[Go-

(ox)(tn)(H20)2]+, ( + )589[Go(G03)(ox)(py)2]-, 
and (+)589[Go(ox)(py)2(H20)2]+. 

u/io?cm"' 
Fig. 6. CD spectra of 

(+)589[Co(C03)(NH3)2(bpy)]+, 
(+)589[Co(NH3)2(bpy)(H20)2;p+, (+)589[Co-
(C03)(NH3)2(en)]+, and (-)580[Co(NH3)2(en)-
(H.O)J»+. 
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Fig. 4. CD spectra of 
(-)589[Go(G03)(ox)(en)]-, (+)5 8 9-

[Co(ox)(en)(H20)2]+, (-)B89[Co(CO,)(mal)-
(NH,)J- , and ( + )589[Go(mal)(NH3)2(H20)2]+. 

-"3o 25 
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Fig. 5. GD spectra of 
(-)589[Co(C03)(NH3)2(py)2]+, ( - W C o -

(NH3)2(py)2(H20)2]3+, (+)589[Co(C03)(en)-
(py)2]+, and (-)58»[Co(en)(py)2(H20)2P+. 

[Co(C0 3 ) (NH 3 ) 2 ( en ) ]^ and ( + ) 5 8 9 [ C o ( C 0 3 ) ( N H 3 ) 2 -
(bpy)]+ show one ( + ) peak. O n the other hand , 
the C D spectra of the d iaqua complexes derived from 

Fig. 7. CD spectra of 
( + )546[Go(G03)(en)2]+, ( + )546[Go-

(en)2(H20)2]3+, ( + )589[Co(ox)(NH3)2(en)]+, 
a n d ( + )589[Go(mal)(NH3)2(en)]+. 

the above carbonato complexes show (—) and ( + ) 
peaks from the lower frequncy side. The GD spec­
t rum of (-)589[Go(G03)(NH3)2(py)2]+ shows ( - ) and 
( + ) peaks from the lower frequency side and the 
( + ) peak is dominant . T h e GD spectrum of ( + ) 5 8 9 -
[Go(C03)(en)(py)2]+ shows one ( + ) peak. The GD 
spectra of the diaqua complexes, (—)589[Go(NH3)2-
(py)2(H20)2]3+ and ( - ) 5 8 9 [Co(en)(py) 2 (H 2 0) 2 ] 3 +, de-
rived from the above bis (pyridine) complexes by the 
acid hydrolyses show ( + ) and (—) peaks from the 
lower frequency side. T h e GD spectra of the carbon­
ato complexes suggest tha t the above five carbonato 
complexes have the same absolute configuration. O n 
the other hand, the GD spectra of the diaqua complexes 
suggest that the absolute configurations of the first 
three carbonato complexes are opposite to those of 
the last two carbonato complexes, since the acid hy­
drolyses proceed with retention of the configurations. 
Thus , the relative configurations based on the GD 
spectra of the carbonato complexes don' t agree with 
those based on the GD spectra of the corresponding 
diaqua complexes in the bis (pyridine) complexes. 

The GD spectra of ( - ) 5 8 9 [Go(C0 3 ) (ox) (en) ]+ , 
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TABLE 1. SPECTRAL DATA TABLE 2. SPECTRAL DATA 

Complex 
Absorption 

V a x a ) ( l o g e ) 

CD Absorption CD 
a> (Ac) 

(-)6 8 9[Co(C03)-
(ox)(en)]-b> 

(+)589[Co(ox)(en)-
(H20)2]+", 

(+)589[Co(G03)-
(ox)(tn)]-

(+)589[Co(ox)(tn)-
(H20)2]+ 

(+)589[Go(C03)-
(ox)(py)2]-

(-t)58»[Co(ox)(py)2-
(H20)2]+ 

(-)5 8 9[Co(C03)-
(mal)(NH3)2]-") 

( + ).»[Co(mal)-
(NH3)2(H20)2]+"> 

(+)589[Co(G03)-
(ox)(NH3)2]-<=> 

(+)589[Go(ox)-
(NH3)2(H20)2]+°> 

a) J'max values in 103 

18.1(2.16) 
25.6(2.25) 

18.1(1.94) 

26.2(2.06) 

17.8(2.08) 
25.8(2.29) 

18.2(1.84) 

26.2(2.14) 

18.0(2.14) 
25.6(2.28) 

18.3(1.91) 

25.5(2.14) 

17.8(2.00) 

25.7(2.14) 

18.3(1.72) 

26.4(1.89) 

17.7(2.09) 
25.7(2.18) 

18.2(1.84) 

26.2(2.02) 

17.2(4-3.43) 
23.9(4-0.33) 
25 .9 ( -0 .07 ) 
28.3(4-0.21) 
17 .3( -0 .47) 
19.7(4-0.99) 
23.8(4-0.16) 
27.9(4-0.18) 

18.3(4-1.27) 
23.8(4-0.09) 
25 .8 ( -0 .06 ) 
16 .8( -0 .43) 
19.3(4-0.52) 
26 .0 ( -0 .01 ) 
31 .3 ( -0 .02 ) 

18.4(4-0.87) 
25 .9 ( -0 .10 ) 

17.5(—0.19) 
19.4(4-0.40) 
26 .0 ( -0 .10 ) 

16.5(4-1.21) 
18 .4( -0 .81) 
23.9(4-0.28) 
27.2(4-0.26) 

17 .0 ( -0 .42) 
19.4(4-0.49) 
26.1 ( -0 .04) 

17.3(4-1.74) 
23.6(4-0.22) 
25.8(—0.11) 
28.3(4-0.09) 

16.60(-0 .76) 
19.37(4-0.58) 

cm -1, b) Spectral data are in 
Ref. 2. c) Spectral data are in Ref. 10. 

(+)589[Go(G03)(ox)(NH3)2]-,2) (+ ) 5 8 9 [Co(C0 3 ) (ox ) -
( t n ) ] - and ( + ) 5 8 9 [ G o ( G ° 3 ) ( o x ) ( p y ) 2 ] ~ n a y e all one 
( + ) peak, and those of the diaqua complexes derived 
from the above carbonato complexes have (—) and 
( + ) peaks from the lower frequency side. The CD 
spectrum of (—) 5 8 9 [Co(C0 3 ) (mal) (NH 3 ) 2 ] - 2 ) shows 
( + ) and (—) peaks, in which the ( + ) peak at the 
lower frequency side is dominant. The CD spectrum 
of ( - ) 5 8 9 [Go(mal ) (NH 3 ) 2 (H 2 0) 2 ]+ derived from the 
above malonato complex shows (—) and ( + ) peaks 
from the lower frequency side. The C D spectra of 
these carbonato complexes suggest that the above 
five carbonato complexes have the same absolute con­
figuration. The CD spectra of the corresponding di­
aqua complexes also suggest that the above five car­
bonato complexes have the same absolute configura­
tion. 

Assignment of Transition Component. In order to 
understand the various C D patterns in the T l g -band 

(+)589[Co(C03)-
(NH3)2(en)]+ 

( + )589[Co(NH3)2-
(en)(H20)2]=>+ 

(+)546[Go(G03)-
(en)2]+") 

( + )546[Co(en)2-
(H20)2]'+ -» 

( + )589[Co(C03)-
(NH3)2(bpy)]+ 

( + U [ C o ( N H 3 ) 2 -
(bpy)1(H,0)Jw-

(-)589[Co(C03)-
(NH3)2(py)2]+ 

(-)589[Co(NH3)2-
(py)2(H20)2]"+ 

( + )689[Co(C03)-
(en)(py)2]+ 

(-)689[Co(en)(py)2-
(H20)2]'+ 

(+)689[Co(ox)(NH3)2-
(en)]+ 

(+)689[Co(mal)-
(NH3)2(en)]+ 

a) vm&x values in 103 

Ref. 3. 

*max a ) ( l o g e ) 

19.4(2.08) 
27.9(2.08) 

20.1(1.97) 

27.9(1.96) 

19.4(2.16) 
27.7(2.12) 

20.2(1.92) 

27.7(1.82) 

19.5(2.07) 

20.1(1.82) 

19.4(2.06) 

27.6(2.07) 

19.7(1.83) 

28.3(1.83) 

19.5(2.09) 
27.6(2.09) 

20.1(1.92) 

27.8(1.92) 

19.8(2.03) 
28.1(2.17) 

19.9(1.99) 

28.1(1.99) 

* W a ) (Ae) 

18.8(4-1.53) 
25.5(4-1.30) 
2 7 . 4 ( - 0 . 0 5 ) 
30.1(4-0.11) 

18.1 (—0.17) 
20.6(4-0.22) 
25.3(4-0.01) 

18.7(4-3.70) 
25.6(4-0.27) 
27 .5 ( -0 .10 ) 
29.1(4-0.15) 

1 7 . 9 ( - 0 . 3 ) 
20.6(4-1.05) 
26.5(4-0.20) 
29.4(4-0.15) 

19.0(4-2.03) 
25.3(4-0.25) 
2 9 . 2 ( - 0 . 6 6 ) 

18 .2 ( -0 .29) 
21.1(4-0.66) 
2 6 . 5 ( - 0 . 0 5 ) 
28.8(4-0.11) 

18 .1 ( -0 .59) 
20.3(4-0.92) 
27 .8 ( -0 .28 ) 

17.4(4-0.15) 
19 .8 ( -0 .22) 
26.5(4-0.05) 

20.0(4-1.87) 
2 7 . 4 ( - 0 . 3 6 ) 

17.4(4-0.59) 
19 .8 ( -0 .72) 
25.7(4-0.08) 

19.1(4-1.65) 
25.5(4-0.13) 
2 7 . 5 ( - 0 . 0 4 ) 
29.7(4-0.06) 

18.3(4-0.66) 
22.2(4-0.07) 
25.6(4-0.03) 
27 .2 ( -0 .02 ) 
29.5(4-0.14) 

cm -1, b) Spectral data are in 

plexes, Muramoto et al. a t tempted to analyze the ob­
served patterns into Gaussian curves.2) In this anal­
ysis, the C D curve was resolved into two components 
of opposite sign. The results showed that every pat­
tern was a curve which resulted from the mutua l 
cancellation of a component a t a lower frequency 
and a component at a higher frequency, and that 
the component at the lower frequency never changed 
its CD sign due to the mutua l cancellation. With 
the [Co(0 ,0 ) 2 (N) 2 ] _ - t ype complexes, since the A l g -> 
A2 g (D4h) transition lies a t a higher frequency than 

region for a series of the [ C o ( 0 , 0 ) 2 ( N ) ] - - t y p e com- the A l g -»E g transition, the C D peak at the lower 
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frequency is assigned to the component corresponding 
to the latter transition (i.e. E g component) . From 
this assignment, the dominant peak in the spectrum 
of a [ C o ( C 0 3 ) ( 0 , 0 ) ( N ) 2 ] ~ - t y p e complex is assignable 
to the E g component. Since the C D spectrum of a 
[C o (0 ,0 ) (N) 2 (H 2 0 ) 2 ]+ - type complex shows two Cot­
ton peaks with opposite sign, the peak at a lower fre­
quency is assignable to the E g component. From 
these assignments, the Cotton peak of the A l g -»E g 

transition component for a [ C o ( C 0 3 ) ( 0 , 0 ) ( N ) 2 ] - - t y p e 
complex has the opposite sign to tha t for the corre­
sponding diaqua complex. 

T h e C D spectrum of ( - ) 5 89[Co(C0 3 ) (NH 3 ) 2 (py) 2 ] + 
and that of ( -) 589[Go(NH 3) 2(py) 2(H 20) 2]3+ show ( - ) 
and ( + ) peaks and ( + ) and ( —) peaks, respectively. 
Since the A l g -»E g transition lies at a higher frequency 
than the A l g -»A 2 g one in the case of the [Co(0 ) 2 -
(N)4]+-type complexes, the ( —) peak of the former 
complex and the ( + ) peak of the latter complex are 
both assignable to the A l g -»A 2 g transition component 
{i.e. A2 g component) . 

T h e C D spectra of (+)589[Co(mal)(NH3)2(en)]+ and 
(+) 5 8 9[Co(mal)(en) 2]+ 7> show two peaks of the same 
sign. O n the other hand , the C D spectrum of ( - ) 5 8 9 -
[Co(ox) 2 (NH 3 ) 2 ] _ 2> shows also ( + ) and ( + ) peaks 
and the dojninant peak lies at the lower frequency 
side in the T l g -band region. In the Gaussian anal­
ysis, the C D spectrum of (—)s89[C!o(ox)2(NH3)2]- was 
resolved into a ( + ) component at a lower frequency 
and a ( —) component at a higher frequency. Since 
the major peaks for the above malonato complexs 
with C o N 4 0 2 chromophore lie at a lower frequency 
than the minor peaks, if the observed C D spectra 
are resultant curves from the mutua l cancellation of 
two components, which have opposite signs, and cor­
respond to the A l g -»A 2 g and A l g - »E g transitions, 
the two C D peaks of both malonato complexes are 
residues of the peak corresponding to the A2 g com­
ponent. 

A comparison of the C D spectra of (+ ) 5 4 6 [Go(C0 3 ) -
(en)2]+, ( + ) 5 4 6 [ C o ( o x ) ( e n ) 2 ] V > a n d (+) J S 8 9[Co(mal)-
(en) 2 ] + shows that the intensities of their dominant 
Cotton peaks decrease in the order of the carbonato, 
oxalato, and malonato complexes. Since the ( + ) 
Cotton peak of (+) 5 8 9 [Co(mal) (en) 2 ] + has been as­
signed to the A2 g component, this change can be 
explained by considering that the intensity of the E g 

component, which has a negative sign, increases ac­
cording to the change in the 0 , 0 ligands. Therefore, 
the dominant C D peak of ( + ) 5 4 6 [ C o ( C 0 3 ) ( e n ) 2 ] + is 
also assigned to the A2 g component. 

Since the C D spectra of (+ ) 5 8 9[Go(C0 3 ) (NH 3 ) 2 -
(en)]+, (+) 5 8 9 [Co(ox)(NH 3 ) 2 (en)] + and (+ ) 5 8 9 [Co-
(mal)(NH3)2(en)] + have the same CD patterns as those 
of (+) 546[Co(C0 3 ) (en) 2 ]+, (+)64.[Co(ox)(en)J + and 
(+) 5 8 9 [Co(mal)(en) 2 ]+, respectively, the dominant 
peaks of these diammine-type complexes can be as­
signed to the A2 g component. O n the other hand, 
since the C D spectra of (+) 5 4 6 [Co(en) 2 (H 2 0) 2 ] 3 + and 
(+)58 9 [Go(NH 3 ) 2 (en)(H 20) 2 ] 3+ show ( - ) and ( + ) 
peaks from the lower frequency side, the Cotton peak 
at the lower frequency side in the T l g - b a n d region 
for (+)546[Go(en)2(H20)2]3+ or (+) 5 8 9 [Co(NH 3 ) 2 (en) -

(H 2 0) 2 ] 3 + is also assignable to the A2g component. 
From these discussions, it may be concluded that 

the dominant Cotton peaks for the [Co(0 ,0 ) (N) 4 ]+-
type complexes are not always assignable to the E g 

component and that the sign of the Cotton peak cor­
responding to the A l g -»A 2 g for a complex of the [Co-
(C03)(N)4]+-type is opposite to that for the [Co(N)4-
( H 2 0 ) 2 ] 3 + complex derived from the acid-hydrolysis 
of the carbonato complex. 

Since the CD spectrum of (+)5 89[C!o(C03)(en)-
(py) 2 ] + shows one ( + ) peak in the T l g -band region 
and that of the corresponding diaqua complex shows 
( + ) and (—) peaks from the lower frequency side, 
the ( + ) peak for ( + ) 5 8 9 carbonato complex can be 
assigned to the E g component from the above con­
clusion. O n the other hand, since the CD spectrum 
of (+) 5 8 9 [Co(C0 3 ) (NH 3 ) 2 (bpy) ]+ shows one ( + ) peak 
and that of the corresponding diaqua complex shows 
(—) and ( + ) peaks form the lower frequency side, 
the ( + ) peak for the (+)s89 carbonato complex is 
assignable to the A2 g component. 

These assignments are supported by comparison of 
extrema of the dominant Cotton peaks with the cor­
responding absorption maxima. As given in Table 
2, the extrema of the dominant peaks for the [Co-
(C0 3 ) (NH 3 ) 2 (bpy)]+, [ G o ( 0 , 0 ) ( e n ) 2 ] + a n d [ G o ( 0 , 0 ) -
(NH3)2(en)] + complexes shift to lower frequencies com­
pared with the corresponding absorption maxima, and 
the extremum for the [Co(C03)(en)(py)2]+ complex 
to a higher frequency than its absorption maximum. 
In the case of the [Co(0 ,0) (N) 4 ]+- type complexes, 
the mutual cancellation of the two components, which 
have opposite sign and correspond to the A l g-»A2 g 

and A l g -»E g transitions, would tend to shift the ob­
served extremum for the former component to lower 
energies than the absorption maximum. O n this 
basis, the dominant peaks of the [Co(C0 3 ) (NH 3 ) 2 -
(bpy)]+, [Co(0 ,0 ) (en ) 2 ]+ , and [Co(0 ,0 ) (NH 3 ) 2 (en) ]+ 
complexes are assignable to the A2g component, and 
the dominant peak of the [Co(C0 3 ) (en)(py) 2 ] + com­
plex to the E g component. 

Absolute Configuration. The ( + ) peak of ( + ) 5 4 6 -
[Co(ox)(en)2]+ is assignable to the A2g component 
and the absolute configuration has been known as 
A8> Since the ( + ) peaks of (+) 5 4 6 [Go(C0 3 ) -
(en) J + , (+) 5 8 9 [Co(C0 3 ) (NH 3 ) 2 (en) ]+ , ( + ) 5 8 9 [ C o ( C 0 3 ) -
(NH3)2(bpy)]+, (+) 5 8 9[Co(ox)(NH 3) 2(en)]+, ( + ) 5 8 9 -
[Co(mal)(en)2]+ and (+)5 89[Go(mal)(NH3)2(en)]+ are 
assignable to the A2 g component, the absolute con­
figurations of the above six complexes are assignable 
to A. The facts tha t (+) 5 4 6[Co(ox)(en) 2] + and ( + ) 5 8 9 -
[Co(ox)(NH3)2(en)] + are derived from (+) 5 4 6 [Co-
(C0 3)(en) 2]+ and (+) 6 8 9 [Go(GO,)(NH,) a (en)]+ sup-
port the above assignments. Since the ( + ) peaks 
of (+)589[Co(C03)(en)(py)2]+ and ( - ) 5 8 9 [ C o ( C 0 3 ) -
(NH3)2(py)2]+ are assignable to the E g component, 
the ( + ) Ö 8 9 complex has a A configuration and the 
(—)589 one a S configuration, which is equivalent 
to a A configuration for the bis (chelate) complex. 
There is a question about the assignment of the ab­
solute configurations of these pyridine complexes, be­
cause the dominant peak for the pyridine complexes 
arises from the E g component, and that for other 
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complexes, which contain no pyridine, from the A2 g 

component. Such a difference makes it possible that 
the relationship between the sign of the Cotton peak 
and the absolute configuration differs between a [Co-
(N)4(0)2]- type complex containing pyridine and that 
containing no pyridine ligand. 

Of the [Co(0 ,0 ) 2 (N) 2 ] - - type complexes, (—)546[Co-
(ox)2(en)]~~ has been known to have a A configura­
tion.9) Since the ( + ) peak for this complex is as­
signed to the E g component, the peak corresponding 
to the E g component for this type of complex in A 
configuration may have ( + ) sign. The ( + ) peak 
of (—)589[Go(G03)(ox)(en)]- is assigned to the E g 

component. Therefore, the absolute configuration of 
this (—)589 complex is assignable to A. The fact that 
(—)546[G o(o x)2(en)]- is derived from (—)58 9[Co(C08)-
(ox)(en)]~ supports the above assignment. In the 
same way, since the ( + ) peaks of (+)5 8 9[Co(C0 3 ) -
(ox)( tn)] - and (+)589[Co(C0 3 ) (ox)(py) 2 ] - are both 
assigned to the E g component, the absolute configura­
tions of these two complexes are also assignable to A. 
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Structural Study of Optical Resolution. IX. The Crystal Structure of 
( — )589-Tris(biguanide)cobalt(III) Chloride tf-Tartrate Pentahydrate 

Toshiji T A D A, Yoshihiko KUSHI , and Hayami YONEDA* 
Department of Chemistry, Faculty of Science, Hiroshima University, 

Higashi-senda-machi, Naka-ku, Hiroshima 730 
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The crystal structure of the less-soluble diastereomeric salt, (—)589-[Go(Hbg)3]Gl(i-tart)-5HaO, has been 
determined by X-ray analysis (R=0.056, 1277 reflections). The crystals are orthorhombic, with the space group 
of G222, Z = 4 , a=24.846(5), 6=12.970(2), and c=8.645(2) Â. The main features of the crystal structure are 
as follows: (1) The complex cation and Gl - anion are arranged alternately along the b-axis to form an infinite 
spiral chain. The distances between N(Hbg) and Gl are 3.452 and 3.376 Â. (2) The tartrate ions exist as a 
dimeric unit whose structure closely resembles that of [Sb2(d-tart)2]2-. Through the center of this dimeric unit 
pass three mutually orthogonal twofold axes. (3) There are short contacts between the Hbg ligands and the 
tartrate ions along the twofold axis of the complex; N(A2)—OT3 2.862, N(B2)—OT2 3.116, N(B3)—OT2 
2.754, and N(B4)---OTl 2.963 Â. On the basis of these features, the chiral discrimination mechanism is dis­
cussed. 

I n the previous papers of this series,1-3) the crystal 
structures of the diastereomeric salts composed of A-
[M(en) 3 ] 3 + and d-tartrate ions (a?-C4H406

2~, abbre­
viated as rf-tart), (+)589-[Go(en)3]Br(ä?-tart) -OH^O,1) 
Li{(+)589-[Gr(en) 3 ]}^- tar t ) 2 -3H 20, 2 ) and H { ( + ) 5 8 9 -
[Co(en)3]}(â?-tart)2-3H20,3) were determined. In all 
these crystals there exists a unique face-to-face ion-
pair between the complex and d-taxV, four carbon 
atoms of ü?-tart make a plane which is perpendicular 
to the threefold axis of the complex, and four oxygen 
atoms of d-tart are projecting toward the complex 
and facing the tr iangular face formed by three N H 2 

groups of the complex. From these observations, we 
assumed that such a one-to-one ion-pair formation 
plays a dominant role in the chiral discrimination.3) 
O u r presumption was strongly supported by chro­
matographic separation of enantiomers using the d-
tar t solution as the eluent. The complete separation 
of the enantiomers was accomplished not only for 
[Co(en)3]3 + ,4 ) bu t also for many octahedral complexes 
with three N H 2 groups in their t r iangular face,5>6> 
including electrically neutral fac-[Co(/^alaninato)3].7) 
Consistently with the chromatographic results, the ion-
association constant of rf-tart proved to be greater 
for the A complex than for the â complex.8-12) 

O n the other hand, it was reported that tris-
(biguanide)cobal t(III) , [Go(Hbg)3]3+ (C2H7N5 , abbr . 
Hbg) could be separated into enantiomers via a di­
astereomeric salt containing both chloride and <5?-tart 
anions.13) Here, it is interesting to note tha t the 
less-soluble diastereomeric salt has the [Co(Hbg)3]Cl-
(d-tart) - 5 H 2 0 composition, which is quite analogous 
to that of [Co(en)3]Br(ü?-tart)-5H20. Moreover, in 
both cases, the A complex forms the less-soluble di­
astereomeric salt with f/-tart. The crystal structure 
of the optically active chloride salt, (+)ö89-[Go(Hbg)3]-
C13«H20, has been determined by Snow;14) in it bi-
guanide ligands form almost planar chelate rings. T h e 
N - H bonds in the H b g ligand are presumed to be 
different in nature from those in the ethylenediamine 
ligand. Thus, the chiral discrimination by d-tart in 
the [Go(Hbg) 3 ] 3 + complex is expected to be different 
from that in the [Co(en)3]3+ complex. We also at­
tempted to determine the crystal structure of the less-
soluble diastereomeric salt, (—)589-[Co(Hbg)3]Cl(</-

tart) • 5 H 2 0 , in order to obtain the mode of chiral 
discrimination effected by the d-tart. 

Exper imenta l 

Preparation of Compound. Biguanide sulfate and [Go-
(Hbg)3]Gl3 were prepared by the method given in the lit­
erature.15'16) The less-soluble diastereomeric salt, (—)589-
[Go(Hbg)3]Gl(rf-tart)'SHgO, was prepared by the procedure 
of Ray and Dutt.13) The crystals thus obtained are thin, 
brownish orange plates. The optical purity of the crystals 
was checked by the CD measurement (A«510= — 3.52 and 
Ae452=+4.76).17> Found: G, 19.15; H, 4.94; N, 33.33%. 
Galcd for (-)589-[Go(Hbg)3]Gl(rf-tart)-5H20 (4H20) : G, 
18.89 (19.44); H, 5.55 (5.38); N, 33.04 (34.01)%. 

Crystallographic-data Collection. The unit-cell dimen­
sions and crystal symmetry were initially checked from 
Weissenberg photographs taken with Ni Ka. radiation (K= 
1.6591 Â). The results indicated an orthorhombic mmm 
Laue Symmetry. The systematic absence of hkl reflections 
when A+A;=2w+1 suggested the following possible space 
groups: G222, Cmm2 (Gm2m), and Gmmm. Since the 
sample is optically active, the space group G222 was chosen; 
the later success of the structure determination confirmed 
the wisdom of this selection. 

The intensities and cell dimensions were measured on 
a Rigaku AFG-5 automated four-circle diffractometer with 
Mo K«! radiation (A=0.70926 Â) monochromated by a 
graphite plate. The crystal size used was 0.39x0.19x0.08 
mm. The unit-cell dimensions were refined by a least-
squares treatment of the setting of 22 reflections. The 
crystal data were as follows: orthorhombic, space group 
G222, a=24.846(5), 6=12.970(2), c=8.645(2) Â, Z)m=1.51 
g cm - 3 (by flotation in a chloroform-bromoform mixture), 
Z = 4 , and A-=1.52 g cm -3 . The intensity data were col­
lected in the co-20 scan mode up to 20=55° with the scan 
rate of 16°/min (50 kV, 170 mA). The co scan range was 
(l.O+O.45tan0)°. Of the 1443 unique observed reflections, 
1277 reflections with | F 0 | ^>3a(.F0) were used for the struc­
ture determination. Corrections for the absorption effect 
were neglected (//(Mo Äa) = 7.83 cm -1). 

D e t e r m m a t i o n a n d Ref inement 
o f Crysta l Structure 

Since the number of formula units per unit-cell 
is four and the space group is G222, the central cobalt 
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atom, one nitrogen atom of the [Co(Hbg) 3 ] 3 + cation, 
and the Cl~ anion should lie on a twofold axis. The 
position of the Co atom was determined from a three-
dimensional Patterson map . Subsequent electron den­
sity maps calculated with the phase of the Go atom 
revealed the positions of the remaining non-hydrogen 
atoms. Several cycles of the block-diagonal least-
squares refinement reduced the R value (defined as 
S11FQ | - | Fc 11 / S | F01 ) to 0.070. At this stage, all the 
hydrogen atoms were located from a difference Fourier 
map. The final refinement including these H atoms 
with isotropic temperature factors converged the R 
value to 0.056. The final difference m a p showed no 
peaks higher than 0.4 electron/Â3, and the highest 
peak (ca. 0.4 electron/Â3) remained around the O W 2 
water molecule. 

In the refinement, the quanti ty minimized was 
w(\F0\ —k |F c | ) 2 . The weighting scheme used was 
w=(<rcs

2-\-a\F0\ -\-b\FJ2)-1, where <rCB is the standard 
deviation obtained from the counting statistics for 
each reflection; the values of a and b were 0.2 and 
0.0009 respectively. All the atomic scattering factors, 
with corrections for the anomalous dispersion of Co 
and CI, were taken from the Internat ional Tables 
for X-Ray Crystallography, Vol. IV.18) 

All the computations were carried out by a H I T A C 
8700 computer at the Hiroshima University Informa­
tion Processing Center. The computer programs used 
were F O U R - M M M 1 9 ) and HBLS-IV, with a slight 
modification.20) An O R T E P drawing was carried out 
by the use of a computer system, X T L , in a Syntex 
R3 automated four-circle diffractometer.21) The final 
atomic parameters are listed in Table 1. The aniso­
tropic thermal parameters and complete lists of the 

| F 0 | and \FC\ values have been preserved by the 
Chemical Society of J a p a n (Document No. 8121). 

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

The projections of the crystal structure along the 
c- and b-axes are shown in Figs. 1 and 2 respectively. 
The thermal ellipsoids in these figures are illustrated 
with a 5 0 % probability. T h e crystallographic two­
fold axes of the space group C222 pass through the 
complex, d/-tart, Cl~, and three kinds of water mol­
ecules ( O W 1 , O W 2 , and OW3) . 

Cation Geometry. The bond distances and angles 
for the complex cation are listed in Table 2. These 
values are in good agreement with those reported in 
previous works.14»22) However, there is a small but 
siginificant difference in geometry between the present 
results and those for (+)589-[Go(Hbg)3]Cl3-H20.1 4) 
In both crystals, the planarity of biguanide itself is 
nearly kept, but tha t of the chelate ring as a whole 
(including the metal atom) is lost. The dihedral 
angles between the plane of the biguanide ligand and 
the plane of Co and two donor nitrogen atoms are 
6.9, 6.0, and 12.8° for the (+ ) 5 8 9 - [Co(Hbg) 3 ]C l 3 -H 2 0 . 
T h e mean value is 8.6°. 

In contrast, in the present crystal, a crystallographic 
twofold axis passes through the chelate ring A along 
the direction Co---N(A3), and the dihedral angle 
is only 3.0°. The chelate ring A is approximately 
planar, as is shown in Table 3. O n the other hand, 
the planarity of the chelate ring B is definitely broken 
(Table 3). The corresponding dihedral angle is 16.4°. 
This fairly large difference between their dihedral 
angles suggests tha t the */-tart interacts more strongly 

TABLE 1. POSITIONAL AND THERMAL PARAMETERS FOR 

( - W [ C o ( H b g ) ja(rf.tart) • 5H 2 0 

Atom 

Go 
Gl 
N(A1) 
N(A2) 
N(A3) 
N(B1) 
N(B2) 
N(B3) 
N(B4) 
N(B5) 
G(A1) 
G(B1) 
G(B2) 
GT1 
GT2 
OT1 
OT2 
OT3 
OW1 
OW2 

Beq = 

X y 

0.29836(5) 0.5 
0.25 
0.2435(2) 
0.1591(3) 
0.1671(3) 
0.3526(2) 
0.4322(3) 
0.3823(3) 
0.3356(3) 
0.2997(3) 
0.1922(3) 
0.3870(3) 
0.3370(3) 
0.0338(3) 

-0.0125(3) 
0.0652(2) 
0.0352(3) 

-0.0500(2) 
0.1440(5) 
0.2606(6) 

(Sß)7i*(Un + U 

0.25 
0.4281(5) 
0.3666(7) 
0.5 
0.4265(5) 
0.3323(6) 
0.3231(5) 
0.2580(7) 
0.3933(5) 
0.4315(6) 
0.3639(6) 
0.3285(6) 
0.6337(6) 
0.5550(6) 
0.6422(5) 
0.6848(5) 
0.5645(4) 
0.5 
0.5 

z 

0.5 
0.0924(4) 
0.3886(8) 
0.3240(11) 
0.5 
0.3884(7) 
0.3687(9) 
0.5891(8) 
0.7950(9) 
0.6551(8) 
0.4020(10) 
0.4436(10) 
0.6819(9) 
0.2373(10) 
0.2241(9) 
0.1273(7) 
0.3626(7) 
0.3473(7) 
0.0 
0.0 

22 + ^33) • The anisotropic 

iVA2 

1.92 
3.79 
2.39 
3.87 
3.26 
2.11 
3.29 
2.57 
3.87 
2.35 
2.58 
2.44 
2.30 
2.45 
2.13 
3.16 
3.51 
2.47 
7.66 
9.60 

thermal 

Atom 

OW3 
OW4 
H(NA1) 
H(NA21) 
H(NA22) 
H(NA3) 
H(NB1) 
H(NB21) 
H(NB22) 
H(NB3) 
H(NB41) 
H(NB42) 
H(NB5) 
H(GT2) -
H(OT3) -
H(OWl) 
H(OW2) 
H(OW3) 
H(OW41) 
H(OW42) 

X 

0.3715(6) 
0.4438(3) 
0.255(5) 
0.132(3) 
0.178(4) 
0.133(6) 
0.354(4) 
0.452(4) 
0.428(4) 
0.408(4) 
0.310(4) 
0.358(4) 
0.270(4) 

-0.033(4) 
-0.032(4) 

0.109(6) 
0.249(6) 
0.382(3) 
0.453(3) 
0.451(4) 

y 

0.5 
0.3392(6) 
0.381(10) 
0.380(6) 
0.322(8) 
0.5 
0.442(8) 
0.279(9) 
0.326(9) 
0.275(9) 
0.264(8) 
0.249(10) 
0.390(10) 
0.568(8) 
0.612(8) 
0.573(11) 
0.430(10) 
0.524(7) 
0.380(9) -
0.276(9) 

parameters bave been preserved by the 

z 

0.0 
0.0269(9) 
0.331(14) 
0.344(10) 
0.250(12) 
0.5 
0.296(14) 
0.415(14) 
0.288(14) 
0.632(13) 
0.872(12) 
0.827(14) 
0.714(15) 
0.119(14) 
0.391(13) 
0.002(32) 
0.033(18) 
0.069(11) 

-0.045(15) 
0.002(24) 

*eq/A2 

9.92 
5.06 
4.29 
1.04 
1.88 
4.14 
2.76 
3.71 
3.11 
3.09 
2.60 
3.37 
4.22 
2.85 
2.35 
9.01 
6.02 
1.93 
3.92 
5.03 
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with the H b g B ligand than with the H b g A ligand. 
Indeed, the atoms in the chelate ring B and the a-
hydroxy carboxylate moiety of d-tart lie on nearly 
the same plane, as is shown in Fig. 3. 

Anion Geometry. A crystallographic twofold axis 

Fig. 1. An ORTEP drawing of the contents of the 
unit cell viewed down the c-axis with the numbering 
scheme. Possible hydrogen bonds are indicated by 
broken lines. All atoms are drawn with 50% prob­
ability ellipsoids. Hydrogen atoms are omitted for 
clarity. 

passes through the middle point of */-tart. The bond 
distances and angles for */-tart are listed in Table 2. 
These values coincide with those reported in previous 
works.23) The five non-hydrogen atoms of each a-
hydroxy carboxylate moiety lie approximately on a 
plane, as is shown in Fig. 3. The dihedral agnle 
between the planes of two moieties is 50.8°. This 
value is within the range of hitherto reported values, 
which show a wide variation in many crystals: ca. 
50—75° (av. 66°) for [Sb2(^- tar t)n( / - tar t)2_J2- ( n = l 
or 2) and analogous compounds, and ca. 44—89° (av. 
54°) for d- and /-tartrates.24) 

In addition, a unique dimeric structure of two d-
tar t anions is formed in the present crystal. The 
structure of this dimeric unit and that of [Sb2(*/-
t a r t ) 2 ] 2 _ 25> are compared in Fig. 4. Three mutually 
orthogonal crystallographic twofold axes pass through 
the center of this dimeric unit ( # = 0 , J > = 1 / 2 , z = l / 2 ) . 
The structure of this dimeric unit closely resembles 
tha t of [Sb2(^-tart)2]2~ if two Sb atoms are left out 
of consideration. However, the distances between the 
two hydroxyl oxygen atoms, 3.13 and 3.63 Â, in the 
dimeric unit differ from the corresponding distances, 
3.69 and 3.08 Â, in [Sb2(^-tart)2]2 _ , as is shown by 

a/2 r^@b-(^fc<$-ca 

(©-(0-
Fig. 2. A perspective drawing of the contents of the 

unit cell viewed down the b-axis with the numbering 
scheme. 

TABLE 2. BOND DISTANCES AND ANGLES (e.s.d.'s IN PARENTHESES) FOR ( —)589-[Go(Hbg)3]Gl(^-tart)-5H20 

( a ) Bond distances //Â 

Go-N(Al) 1.911(7) 
Go-N(Bl) 1.913(7) 
Go-N(B5) 1.927(7) 
N(A1)-G(A1) 1.282(11) 
N(B1)-G(B1) 1.272(10) 

( b ) Bond angles 0/° 
N(Al)-Go-N(Al) i i 89.1(3) 
,N(Bl)-Co-N(B5) 88.9(3) 
Co-N(Al)-C(Al) 130.3(6) 
Go-N(Bl)-G(Bl) 127.1(6) 
Go-N(B5)-G(B2) 127.9(6) 
N(A1)-C(A1)-N(A2) 122.5(9) 
N(B1)-G(B1)-N(B2) 124.7(8) 
N(B5)-C(B2)-N(B4) 124.4(8) 

N(B5)-G(B2) 
G(A1)-N(A3) 
G(B1)-N(B3) 
G(B2)-N(B3) 

273(10) 
378(12) 
369(11) 
384(11) 

G(A1)-N(A2) 
G(B1)-N(B2) 
G(B2)-N(B4) 
GT1-GT2 

1.355(13) 
1.358(11) 
1.339(12) 
1.542(12) 

GT1-OT1 
GT1-OT2 
GT2-OT3 
CT2-CT21 

N(A1)-C(A1)-N(A3) 121.9(8) 
N(B1)-C(B1)-N(B3) 122.2(8) 
N (B5) -G (B2) -N (B3) 121.3(7) 
G(Al)-N(A3)-G(Al) i i 126.1 (8) 
G(B1)-N(B3)-G(B2) 125.7(7) 
N(A3)-C(A1)-N(A2) 115.6(8) 
N(B3)-G(B1)-N(B2) 113.1(7) 

N(B3)-C(B2)-N(B4) 
OT1-CT1-OT2 
OT1-GT1-GT2 
OT2-GT1-GT2 
CT1-CT2-OT3 
GT1-GT2-GT21 

OT3-GT2-GT21 

1.235(11) 
1.271(11) 
1.420(10) 
1.555(16) 

114.3(8) 
126.3(8) 
118.3(8) 
115.4(7) 
112.1(6) 
108.0(7) 
110.0(6) 

Roman numerals as superscripts refer to the following equivalent positions, relative to the reference atom at x, 
y, z: i (-x, l-y, z), ii (x, l-y, 1 - z ) . 
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the asterisk in Fig. 4. The central C - C bonds of 
the two d-tart anions in the [Sb2(^-tart)2]2 _ are nearly 
parallel, but those in the dimeric unit are not parallel. 

Crystal-packing Mode. The crystal-packing modes 
viewed down along the c- and b-axes are shown 
in Figs. 1 and 2 respectively. The intermolecular 
distances and angles are summarized in Table 4. 

The complex cation and CI anion are arranged 
alternately along the b-axis, as is shown in Fig. 1. 

T A B L E 3. DISTANCES OF ATOMS FROM LEAST-SQUARES 

PLANES IN ANGSTROMS 

( a ) Complex 
Ring A 

Co - 0 . 0 1 3 
N(A1) - 0 . 0 7 2 
N(A2) 0.077 
N(A3) 0.008 
N(A2)U - 0 . 0 5 9 
N(A1)» 0.064 
C(A1) - 0 . 0 0 9 
G(A1)» 0.017 

Ring B 
Co 
N(B1) 
N(B2) 
N(B3) 
N(B4) 
N(B5) 
G(B1) 
G(B2) 

- 0 . 1 4 0 
0.213 

- 0 . 0 1 7 
- 0 . 2 0 6 

0.098 
0.066 
0.019 

- 0 . 0 2 4 

( b ) 

CT1 
CT2 
OT1 
OT2 
OT3 

Tartrate 

0.015 
0.080 

- 0 . 0 4 7 
0.016 

- 0 . 0 6 1 

Plane equations. Each plane is represented by lx'-\-
my'-\-nz'-\-p = 0 with respect to the orthogonal axes, 
where xf, y', and z' are coordinates in Â. 

/ 
m 
n 

P 

-0 .00628 
-0.68237 

0.73098 
1.29976 

-0.56310 
-0 .65314 
-0 .50629 
10.45853 

0.54287 
-0.72340 

0.42660 
4.62939 

Angles between planes (rings) : A and B, 94.5° ; A and 
B», 95.1°; B and B", 66.2°. 
Roman numerals as superscripts refer to the following 
equivalent positions, relative to the reference atom at 
*> y> z'- ü (x, i -y> i-z). 

Fig. 3. Projecting of Hbg(B) ligand and a-hydroxycar-
boxylate moiety of ^/-tartrate viewed down the direc­
tion of N(B1)..-N(B5). 

Short contacts are formed between the N atoms of 
the H b g A ligand and the G l - anion. T h e arrange­
ment of the complex cation, ( —)5 8 9-[Co(Hbg)3]3 + , and 
C I - can be regarded as an infinite spiral chain along 
the twofold screw, which is parallel to the b-axis through 
the (#=1 /4 , z = l / 2 ) position, as is clearly shown in 
Fig. 2. Figure 5 shows the schematic illustration of 
the present crystal structure. If the complex cation 
and the Cl~ anion are linked alternately, as is shown 
by arrows in Fig. 5, the spiral is left-handed. Here, 
it should be noted that such a spiral arrangement of 
the complex cation, (+) 5 8 9 - [Co(Hbg) 3 ] 3 + , and the C l _ 

anion is also found in the crystal structure of ( + ) 5 8 9 -
[Go(Hbg) 3 ]C l 3 H 2 0 , 1 4 ) but the spiral is the opposite, 
that is, r ight-handed. 

There are short contacts between the H b g ligands 
and the dimeric unit (*/-tart)2

4-, as is shown in Table 
4. I t is worth noting that, while the hydroxyl oxygen 
a tom of the d-tart forms a short contact with the H b g 

*v <&\ 

( a ) ( b ) 

Fig. 4. (a) Structure of the (d-tart) 2
4~ dimeric unit. 

(b) Structure of [Sb2(^-tart)2]2-. Short contacts are 
indicated by broken lines and their values are in Â. 

(^&3^) 

Fig. 5. A schematic drawing of the crystal structure 
viewed down the c-axis. A, B, and B' are biguanide 
ligands. T and CL mean */-tartrate and chloride 
anions respectively. The numerals represent the 
fractional z-coordinates for the center of each mole­
cule. Big open circles indicated empty channels. 
Water molecules are omitted for clarity. 
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T A B L E 4. SELECTED INTERMOLECULAR DISTANCES AND ANGLES 

D-H-.-A 

N(A1)-H(NA1)-
N(A2)-H(NA22). 
N(A2)-H(NA21). 
N(B2)-H(NB21)-
N(B2)-H(NB21). 
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A ligand, the carboxylate oxygen atoms of the d-
tar t form short contacts with the H b g B ligand. All 
short contacts are formed along the twofold axes of 
the complex. 

T h e positions of the water molecules are also shown 
in Fig. 2. There are four kinds of crystallographically 
independent water molecules. Three of them, O W 1 , 
O W 2 , and O W 3 , lie on a twofold axis parallel to 
the a-axis at the ( j ; = l / 2 , z=0) position. The fourth 
water molecule, OW4, occupies the general position, 
bu t its z-coordinate (z=0.0269) is nearly equal to 
zero. Therefore, all the water molecules form a sheet 
on the ab plane at z=0. 

T h e most remarkable feature of the present crystal 
is that a large empty channel with a diameter of ca. 
2.8 Â passes through the (#=1 /2 , y =1/2) position 
along the c-axis, as is shown in Fig. 5. The size of 
the diameter is estimated from the van der Waals 
radii of the N(B2) and O W 4 atoms26) which surround 
this channel. T h e overall crystal-packing mode is 
highly symmetrical in comparison with those of the 
diastereomeric salts of [Co(en)3]3+-*/-tart systems. 

Chiral Discrimination Mode. As has been de-
scrived above, there is no one-to-one intimate ion-
pair of the complex cation and d-ta.vt anion in the 
present crystal. This is a remarkable difference as 
compared with the case of the corresponding ( + ) 5 8 9 -
[Co(en)3]Br(d-tart) - 5 H 2 0 crystal,1) in which a unique 
one-to-one ion-pair, called "face-to-face" close contact, 
has been found. I t has been proposed, on the basis 
of the CD change on the addition of */-tart, tha t d-

tar t probably discriminates the A- and A -forms of 
[Co(en) 3] 3 + through the formation of such a unique 
face-to-face close contact.27) 

An at tempt was then made to see if any change 
in the CD spectrum of the optically active [Co(Hbg) 3 ] 3 + 

in solution is observed upon the addition of */-tart. 
No appreciable change was detected.28) Another at­
tempt was also made to see if the CD spectrum was 
induced for the racemic complex salt by the addition 
of öf-tart, bu t no CD spectrum was observed. We 
also tried to separate the racemic [Co(Hbg) 3 ] 3 + ions 
into enantiomers through an SP-Sephadex ion-ex­
change column, using the d-tart solution as the eluent, 
but no separation was achieved. These facts suggest 
that the individual <f-tart ion can not discriminate 
the chirality of the individual [Co(Hbg) 3 ] 3 + complex 
ion. 

Therefore, it should be considered that the crystal-
packing mode as a whole is responsible for the chiral 
discrimination in the present [Co(Hbg)3]3+-*/-tart sys­
tem. Figure 5 shows the schematic illustration of the 
left-handed spiral chain {-4-[Co(Hbg)3]Cl}«,. A sim­
ilar but right-handed spiral chain is also found in 
the crystal of (+ ) 5 8 9 - [Co(Hbg) 3 ]C l 3 -H 2 0 . Therefore, 
it is reasonable to presume that [Co(Hbg) 3 ] 3 + ions 
have a strong tendency toward the formation of an 
infinite spiral chain in the presence of Cl~ ions. The 
questions are why such spiral chains of the same 
chirality come together to form a crystal, and why 
the crystal is less-soluble in the present case. In 
relation to those points, it must be noted that a layer 
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is formed on the ab plane, linked by hydrogen bonds 
between {J-[Co(Hbg)3]Cl}oo and (*/-tart)2

4_, as is 
shown in Figs. 2 and 5. Between these layers, a 
sheet composed of water molecules is stacked along 
the c-axis; this prevents a strong interaction between 
these layers along the c-axis. Therefore, it can be 
considered that a strong interaction is present only 
in a layer structure of {-d-[Co(Hbg)3]Cl}oo and (d-
ta r t ) 2

4 _ on the ab plane. The strong interaction in 
this layer is probably attr ibutable to the hydrogen 
bonding. If the absolute configuration of the complex 
changes from A to A, the spiral chain would change 
from left-handed to right-handed, and a discrepancy 
would take place on the N - H - - - 0 hydrogen bond­
ing between the right-handed spiral chains, {Zl-[Co-
(Hbg)3]Gl}oo, and the dimeric unit, (*/-tart)2

4~, so 
that a reasonable crystal packing could not be formed 
in this layer. In other words, the </-tart is locked 
by the left-handed spiral chains, {^-[Co(Hbg)3]Gl}oo, 
formed along the b-axis. Therefore, it seems that 
the discrimination of optical isomers in this crystal 
originates in the formation of such a "lock-in-column" 
structure through the strong hydrogen-bond network 
on the ab plane. The crystal structures of several 
less-soluble diastereomeric salts, (+)589~[Ni(bpy)3]2-
Cl2(</-tart) -rcH20,*>) (+)589-[Ru(bpy)3]2Gl2(^-tart) • 

wH2O,30> ZJ-[Co(bpy)3]^-tart-rcH20,30) and ( + ) 5 8 9 -
[Co(tame)2]Cl(d-tart)-5.4H20,31> have been determin­
ed. In these crystals, the dimeric unit of */-tart anions 
is not found. Thus , it is probable that , between the 
{J-[Co(Hbg)3]Cl}oo spiral chain and */-tart anions, 
there is a stereospecific interaction which stabilizes 
the dimeric unit of */-tart anions, and the formation 
of the dimeric unit, (*/-tart) 2

4_ , plays a dominant par t 
in the optical resolution of [Go(Hbg) 3] 3 + , using d-
tart as a resolving agent via the diastereomeric salt. 

We wish to thank the Hiroshima University Infor­
mation Processing Center for its generous allocation 
of computer time and wish to acknowledge a Grant-
in-Aid for Scientific Research from the Ministry of 
Education. 
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iVr,iVr/-Bis(2-hydroxybenzyl)ethylenediamine-iVr,iVr/-diacetic acid (hbed) reacts with iron(III) to form a red 
complex having an absorption maximum at 485 nm. The iron (III) complex is so stable that the maximum ab-
sorbance of the solution is constant over the pH range from 2.5 to 13.2 and a large excess of reagent is not neces­
sary. Beer's law is obeyed up to 1.6x 10~4 mol dm~3 (9 jxg cm~3) of iron (III). The molar absorption coef­
ficient is 3.95 X 103 1 cm - 1 mol -1, and the relative standard deviation for determination of 3.5 jxg cm~3 of iron 
was 0.29%. The molar ratio of iron(III) to hbed was found to be 1:1. The effect of 32 diverse ions was ex­
amined; only colored aqua metal ions interfere. The present method was applied to the determination of iron 
in aluminium alloys. 

Spectrophotometric determination of iron (I II) has 
been extensively studied by many authors.1 - 9) In 
these studies, the method6 - 8) using the reagent 
ethylenediamine-JV,JV''-di(2-hydroxyphenylacetic acid) 
(eddha) is peculiar: the reagent reacts with i ron(III) 
to form a very stable complex (stability constant ca. 
1034); hence the color development is maximal over 
a wide p H range, and a large excess of the reagent 
is not necessary in the determination. These features 
are desirable in spectrophotometric determinations. 

T h e reagent JV,iV'-bis(2-hydroxybenzyl) ethylene-
diamine- JVjiV'-diacetic acid (hbed) gives a red color 
with i ron(III) through the formation of a very stable 
complex whose stability constant is ca. 1040. The con­
stant is the highest of those of iron ( I I I ) complexes. 
Further, the constant is particularly large among met-
a l -hbed complexes. So, in this study, hbed has been 
examined for the spectrophotometric determination of 
i ron( I I I ) . The present method gives accurate re­
sults for i ron(III ) ranging from 1 X 10 - 5 to 1 6 x l 0 - 5 

M ( 1 M = 1 mol d m - 3 ) (0.6—9 ug c m - 3 ) , and has high 
selectivity. 

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

Reagents. hbed Solution: Material hbed-2HCl-2H20 
was prepared by the literature method.10) Found: G, 48.75; 
H, 5.92; N, 5.65; Gl, 14.11%. Galcd for C20H24N2O6-
2HG1-2H20: C, 48.30; H, 6.04; N, 5.64; Gl, 14.25%, 

A 1 X 10~3 M hbed solution was prepared by dissolving 
a weighed amount of the prepared reagent in water.11) 

Iron (III) Solution'. A 0.01 M iron (III) solution was pre­
pared by dissolving guaranteed reagent grade iron (I II) 
nitrate in 0.02 M nitric acid. The solution was standardized 
by edta titration using Variamine Blue B as indicator. This 
solution was diluted with 0.02 M nitric acid as required. 

Iron(II) Solution: A 0.01 M iron(II) solution was pre­
pared by dissolving GR grade iron(II) sulfate in 0.02 M 
nitric acid. The solution was standardized by the following 
procedure. Hydrogen peroxide was first added to the iron-
(II) solution. After the iron(II) was oxidized to iron(III), 
the excess hydrogen peroxide was expelled completely by 
warming the solution. Then the solution was titrated with 
edta, using Variamine Blue B as indicator. 

Water: The ion-exchanged water was distilled with an 
allquartz distillation apparatus. 

Apparatus. Absorbance and absorption spectra were 
measured with a Hitachi Perkin Elmer 139 spectropho­

tometer using 10 mm quartz cells. The pH values were 
measured with a Toa Electronics Model HM-15A digital 
pH-meter. 

Standard Procedure. A sample solution containing up 
to 4 (xmol (230 (xg) of iron (III) is taken into a 50 cm3 

Erlenmeyer flask. Then 6 cm3 of 1 X 10~3 M hbed, 1 cm3 

of 1 M acetic acid, and 2.5 cm3 of 1 M sodium acetate are 
added. After being kept for about three minutes in a boiling 
water bath, the solution is cooled with running water. Next, 
the solution is transferred to a 25 cm3 volumetric flask, and 
diluted to the mark with water (final pH: 5.1). The ab­
sorbance of the solution is measured at 485 nm against water. 

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

Absorption Spectra. The red solution of F e ( I I I ) -
hbed complex had an absorption maximum at 485 
nm. The reagent solution did not absorb light in 
the visible region. 

Effect of p H . The p H of the Fe( I I I ) -hbed 
complex solution was altered by the addition of nitric 
acid, acetic acid, acetic acid-sodium acetate, manni to l -
boric acid-sodium borate, or sodium borate-sodium 
hydroxide buffer system. The absorbance of the solu­
tion at 485 nm remained constant over a wide p H 
range 2.5—13.2, as is shown in Fig. 1. 

Stability of the Color. The color reaction of hbed 
with i ron(III) seemed to take place rapidly, but the 
absorbance of the resultant colored solution increased 
very slowly. However, when the resultant solution 
was heated in a boiling water ba th for about a few 
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Fig. 1. Effect of pH on formation of Fe(III)-hbed 
complex. 
Fe(III): 6 .29xlO"5M (3.51 (xg cm"3), hbed: 1.03x 
10~4 M, wavelength 485 nm, reference: water, / = 
0.1 M. 



May, 1981] Spectrophotometric Determination of Iron (III) 1545 

minutes, the maximum color development was ob­
tained. The color, once developed, was very stable; 
the absorbance remained constant over a period of 
72 h, and the absorbance was not affected by the 
measurement temperature (10—35 °G). Further, the 
reagent solution itself was stable; the concentration 
was unchanged for at least 40 d. 

Effect of hbed Concentration. A constant absorb­
ance was obtained over a [hbed]/[Fe (111)] ratio range 
1.0—6.0. This fact shows that a large excess of re­
agent is not needed for full color development. 

Effects of the Amount of Buffer Solution and Ionic Strength. 
A buffer solution was prepared by mixing 1 M acetic 
acid solution with 1 M sodium acetate solution in 
1:2.5 ratio. The addition of from 1 to 10 cm3 of 
the buffer solution (for 1.5 (xmol of i ron(III) in 25 
cm3 solution) had no effect on the color intensity of 
the i ron(III) complex. The effect of ionic strength 
was also examined. The color intensity of the i ron(III) 
complex did not change in ionic strengths from 0.1 
to 0.4 M. 

Calibration Curve. The calibration curve under 
the conditions described in the standard procedure 
was linear at least up to 1 . 6 x l O ~ 4 M (9 (xg cm - 3 ) 
of i ron(I I I ) . T h e molar absorption coefficient of Fe-
( I l l ) -hbed complex was 3.95 X 103 1 m o l - 1 cm - 1 , and 
the Sandell sensitivity for the absorbance of 0.001 
was 1.41 x 10~2 (xg cm - 2 . The relative standard devia­
tion of the absorbance was 0.29% for 6 . 3 x l O ~ 5 M 
(3.5 (xg cm - 3 ) of i ron(III) (12 determinations). 

Effect of Diverse Ions. The effect of diverse ions 
was investigated, as is shown in Table 1. I t was 
seen that a large excess of colored metal ions inter­
fered to some extent, and other metal ions did not 
interfere even if they were present at a concentration 
of 2000 times that of i ron(I I I ) . The interferences 
from the metal ions such as chromium(II I ) , cobal t(II) , 
nickel(II), and uranyl(II) are considered to be at­
tributed to the absorption of light by the colored 
aqua metal ions, since positive error occurs. 

Composition of the Complex. The results obtained 
by the molar ratio study are shown in Fig. 2. I t 
is seen that i ron(III) forms a 1:1 complex with hbed. 
The same results were also obtained by the continu­
ous variation method. 

Determination of Iron(II). I t seemed that hbed 
reacted with iron (II) and the Fe (I I ) -hbed complex 
formed was oxidized instantly to the red complex 
Fe( I I I ) -hbed . Thus, the determination of iron(II) 
was run by use of the present method. T h e results 
of the three repeated determinations for 1.54 (xmol/ 
25 cm3 of iron(II) were 1.53, 1.54, and 1.53 (xmol/ 
25 cm3 ; iron(II) could be determined without addi­
tion of any oxidizing agent. Consequently, the total 
iron content, iron (II) and iron (I I I ) , is determined 
by the present method. 

Determination of Iron in an Aluminium Alloy. Alu­
minium alloys were furnished by the National Bureau 
of Standards. 85b wrought: Fe, 0.24; Gu, 3.99; Si, 
0,18; Mn , 0.61; Ni, 0.084; Cr, 0 .21; Ti , 0.022; Pb, 
0.021; Mg, 1.49; Zn, 0 .03%. 87a Al-Si: Fe, 0 .61; 
Cu, 0.30; Si, 6.24; Mn, 0.26; Ni, 0.57; Cr, 0 .11; Ti , 
0.18; Pb, 0.10; Mg, 0.37; Zn, 0.16%. 

T A B L E 1. EFFECT OF DIVERSE IONS ON T H E 

DETERMINATION OF IRON ( I I I ) 

Ion 

K+ 
Li+ 
Na+ 
NH4+ 
Rb+ 
T1+ 
Ba2+ 
Be2+ 
Ca2+ 
Cd2+ 
Co2+ 
Cu2+ 

Mg2+ 
Mn2+ 

Ni2+ 
Pb2+ 
Sr2+ 

uo2
2+ 

Zn2+ 
Al3+ 
Ce3+ 
Cr3+ 

La3+ 
Gl-
G104-
F -
N 0 2 -
N 0 3 -
SGN-

so4
2-

Gitrate 
Phosphate 

Added as 

KG1 
LiNOg 
NaN0 3 

NH4G1 
RbNOg 
TINOg 
Ba(N03)2 

Be(N03)2-3H20 
G a ( N 0 3 ) 2 4 H 2 0 
Gd(N03)2-4H20 
Go(N0 3) 2 .6H 20 
G u ( N 0 3 ) 2 3 H 2 0 

Mg(N0 3 ) 2 .6H 2 0 
Mn(N03)2-wH20 

Ni(N0 3 ) 2 .6H 2 0 
Pb(NOg)2 

Sr(N03)2 

U0 2 (N0 3 ) 2 .6H 2 

Zn(N0 3 ) 2 .6H 2 0 
K2A12(S04)4.24H20 
Ge(N03)g.6H20 
Cr(N03)g.9H20 

La(N03)g.6H20 
NaCl 
NaC104 

NaF 
NaN0 2 

NaNOg 
NH4SGN 
Na2SO4-10H2O 
G 6 H 8 0 7 .H 2 0 
NaH 2 P0 4 -2H 2 0 

Amount 
added to 

25 cm3 

(xmol 

3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 

20 
750 
300 

3000 
3000 

750 
750 

3000 
3000 

30 
15 

3000 
3000a> 
3000 

20 
5 

3000 
3000 
3000 
3000 
3000 
3000 
3000 
3000 
1300 
3000 

Iron (III) 
found in 
25 cm3 

(xmol 

Tii 
1.51 
1.51 
1.51 
1.52 
1.51 
1.51 
1.53 
1.52 
1.51 
1.54 
1.4320> 
1.51 
1.51 
1.55 
1.53 
1.53 
1.52 
1.50 
1.55 
1.52 
1.52 
1.50 
1.52 
1.58 
1.53 
1.51 
1.51 
1.52 
1.52 
1.52 
1.51 
1.52 
1.51 
1.50 
1.52 

Iron(III) taken: 1.52 [xmol (84.9 jxg) in 25 cm3 solution. 
a) The pH was adjusted to 3.2. 

0.3 h 

JS o.i \ 

1 2 3 4 
[hbed]/[Fe(III)] 

Fig. 2. Molar ratio plot at 485 nm. 
Fe(III): 6.29xlO"5M, reference: water, pH=5.5 , 
7=0.1 M. 

A weighed amount of the alloy (85b wrought : 
0.5 g, 87a Al-Si : 1.2 g) was taken in a 50 cm3 

Erlenmeyer flask, and concentrated hydrochloric acid 
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TABLE 2. ANALYTICAL RESULTS OF IRON 

IN ALUMINUM ALLOYS 

Sample 
Certified 

(%) 
Found 

(%) 

NBS 85, Wrought 

NBS 87a, Al-Si 

0.24 

0.61 

0.23 
0.24 
0.24 

0.61 
0.61 
0.61 

was added drop by drop. After the dissolving was 
complete, a small amount of concentrated nitric acid 
was added and the solution was boiled gently for 
several minutes. Next, the solution was transferred 
to a 100 cm3 volumetric flask and diluted to the mark 
with water. Then, 3 cm3 of the solution prepared 
was used for determination of iron. In the deter­
mination, the p H was adjusted to 3.2. T h e analyses 
were run three times, starting from the weighing of 
the sample. As shown in Table 2, satisfactory results 
were obtained. 

Conditional Stability Constants. The stability con­
stants for the hbed complexes of i ron(I I I ) , copper(II ) , 
nickel(II), manganese(II ) , cadmium(I I ) , lead(II ) , mag-
nesium(II) , calcium(II) , cobal t ( I I ) , and zinc(II) are 
known.10) Thus , the conditional stability constants12) 
(^M'L'(ML)') f ° r t n e hbed complexes were calculated 
from Eq. I13) with the aid of an electronic computer 
( O K I T A C 5 0 ) . 

K M'L'(ML)' — 
aML(H) [(ML)'] 

[M'][L'] aM(0H)aL(H) 
K* (1) 

where 

«M(OH) = 1 + S /fit(OH)»[OH-]», 
m = l 

«L(H> = 1 + S J&H„L[H+]», 

«ML(H) = 1 + S /WCH+3*. 
t = l 

The formation of an acid 

Here, KUh refers to the stability constant of the com­
plex M L , /?M(oH)m and /?H,L are the over-all stability 
constant of the metal complex with hydroxide ion 
and the over-all protonation constant of the ligand, 
respectively, and / W 4 L is the over-all protolytic 
stability constant of the acid complex MH^L 
/ ' [MILL] \ 

V,=i[MHi_1L][H+])/ 
complex with known constant was taken into con­
sideration. In Fig. 3, the conditional constants calcu­
lated at various p H values are plotted. Figure 3 
shows that the value of the conditional constant of 
Fe ( I I I ) -hbed complex is considerably higher than 
those of the hbed complexes of other metals. 

Conditional stability constants of meta l -eddha com­
plexes were also calculated from the stability con­
stants14,15) of the related complexes, and compared 
with those of the meta l -hbed complexes. The con­
ditional constant of Fe ( I I I ) -hbed complex is higher 
than that of F e ( I I I ) - e d d h a complex, as shown in 
Fig. 3. For other metals, however, the consitional 

Fig. 3. Conditional stability constants, ^M'L'(ML)'} of 
various metal-hbed complexes as functions of pH. 
Metal: 1, Fe(III); 2, Cu(II); 3, Ni(II); 4, Mn(II); 
5, Gd(II); 6, Pb(II); 7, Mg(II); 8, Ca(II); 9, Co(II); 
10, Zn(II). The dotted line shows the conditional 
stability constant of Fe(III)-eddha complex. 

constant of the hbed complex is similar in magnitude 
to tha t of eddha complex. Consequently, it may be 
seen that reagent hbed is superior to reagent eddha 
in the determination of i ron( I I I ) . 

Characteristics of the Present Method. T h e present 
method has high selectively without masking agents 
(Table 1). This is at tr ibutable to the following rea­
sons: (1) the stability constant of Fe ( I I I ) -hbed com­
plex is particularly large among those of metal-hbed 
complexes; (2) the absorption spectrum of F e ( I I I ) -
hbed complex in the visible region differs from those 
of other meta l -hbed complexes, whose spectra are 
similar in shape and magnitude to those of aqua metal 
ions. The precision is relatively high (relative standard 
deviation: 0 .29%); this seems to be attributable to 
the high stability of the developed color. O n the 
other hand, the sensitivity is small. In selectivity the 
present reagent hbed is superior to other reagents, 
e.g., eddha,6) 5-sulfosalicylic acid,16) tiron,17) edta,18) 
and salicylic acid,19) whose sensitivities are also small. 
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Wet oxidation of various water-soluble polymers was carried out with particular attention given to the reac­
tivity of polyethylene glycol. Polymers with high molecular weight were more reactive than their low molecular 
weight analogues or monomer models. It is suggested that the high reactivity of the polymers can be attributed 
to the ease of an intramolecular hydrogen abstraction in the propagation step of oxidation. Bio-degradability 
of the polymers was highly improved by wet oxidation. Wet oxidation is especially effective for the treatment 
of waste water containing water-soluble polymers. 

Wet oxidation of organic compounds is carried out 
under a high pressure of air and at an elevated tem­
perature between 100 ° G and a critical temperature 
of water, 372 °G. This method has been successfully 
applied to the treatment of various sludges,1»2) waste 
water from organic chemicals manufacturing pro­
cess,3) and pulp and paper mill waste matters.4) Under 
appropriate conditions, organic pollutants can be com­
pletely removed. However, the severe reaction con­
ditions require higher running and installation costs 
than other processes, and practical application of this 
method is limited. 

T h e reaction mechanism of the process has not 
been clarified as yet. Mitigation of the conditions 
is desirable by the development of effective catalysts 
or improvement of the process of the operation.5) 
Previously investigation was carried out on the wet 
oxidation of various low molecular weight organic 
compounds including dyes and amides.6 - 8) T h e re­
activity of these compounds is correlated with the 
carbon content in a molecule. Compounds with higher 
carbon content seem to lose carbon monoxide or car­
bon dioxide more easily in the course of their degrada­
tion to refractory lower carboxylic acids, giving rise 
to faster decrease in total organic carbon. If this 
reactivity-carbon content relationship can be applied 
to the wet oxidation of polymers, the reactivity of 
homologous polymers would be independent of their 
molecular weight. 

We have investigated the wet oxidation of water-
soluble polymers with an emphasis on polyethylene 
glycol. Water-soluble polymers are widely used as 
water treatment agents, food additives, antifreeze, and 
in cosmetics. Their discharge into environment might 
cause serious water pollution because some of them 
are inert to biological degradation and accumulate 
in the environment.9) Their complete removal is dif­
ficult when ordinary physicochemical t reatment such 
as adsorption or reverse osmosis is carried out. Im­
provement of the bio-degradability of the polymers 
by the treatment has also been examined. 

Exper imenta l 

Material. Commercial reagents were used without 
further purification. Polyethylene glycol (PEG), polypropyl­
ene glycol (PPG), poly (vinyl alcohol) (PVA), Polyacryl­
amide (PAM), pol (acrylic acid) (PAA), carboxymethyl-

TABLE 1. MOLECULAR WEIGHT OF POLYMERS 

Polymer Molecular weight 

PEG-200 
PEG-400 
PEG-1000 
PEG-2000 
PEG-4000 
PEG-6000 
PEG-20000 
PPG 
PVA 
PAM 
PAA 
CMC 
HEG 
MG 

190—210 
380—420 
950—1050 

1800—2200 
3000—3700 
7800—9000 

24900 
1000 

21500 
485000 

38000 
17500 
82600 
58200 

cellulose (CMC), 2-hydroxyethylcellulose (HEG), and meth-
ylcellulose (MG) were used as the water-soluble polymers. 
Their molecular weights, except for PEG and PPG, were 
determined from the corresponding molecular weight-vis­
cosity relationship.10) The results are given in Table 1. 

Apparatus and Procedure. Deionized water, nitrogen 
(0.98 MPa), and Oxygen (1.96 MPa) were placed in the 
reaction vessel, a 1—1 autoclave equipped with a sample 
injector and a valve for sampling. The vessel was heated 
with an electric furnace. A polymer solution was injected 
through the injector under pressure, the solution being stirred 
magnetically. It was confirmed that the reactions were 
not controlled by the diffusion of oxygen into the liquid 
phase. At appropriate time intervals, an aliquot of the 
solution was withdrawn through a cooling jacket and sub­
jected to analysis. 

The reactivity of polymers was determined on the basis 
of the decrease in total organic carbon during the course 
of reaction. 

Analysis. Total organic carbon (TOG) analysis was 
carried out with a Sumitomo Model GGT-12N TOG an­
alyzer and gas chromatographic (GPG) analysis with a 
Shimadzu GG-6A gas Chromatograph equipped with a flame 
ionization detector using nitrogen as the carrier gas. Poly­
ester FF 10% on Neosorb NFH, 3 m m x 2 m, was used for 
the GPG analysis of ethylene glycol (EG), diethylene glycol 
(DEG), triethylene glycol (TEG) and formaldehyde, and 
chromosorb 101, 3 m m x 2 m, for ethanol and propionamide. 
Ion chromatographic analysis was performed on a Dionex 
Model 10 ion Chromatograph using an anion separating 
column and 2.5 X 10~3 mol dm~3 Na2G03 plus 3.0 X 10~3 
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mol dm-3 NaHGOg as an eluent. Proton NMR spectra 
were taken on a Varian Model T-60A spectrometer using 
tetramethylsilane as a standard and deuteriochloroform as 
solvent, and infrared spectra on a Hitachi Model 215 grating 
spectrophotometer. Molecular weight of PEG was deter­
mined on a Toyo Soda Model HLG-802 UR gel permia-
tion Chromatograph using commercial PEG samples as 
standard. 

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

Effect of Molecular Weight on the Wet Oxidation of 
PEG. Figure 1 shows the time courses of the 
T O G decrease in the wet oxidation of PEG-20000 at 
various temperature. The temperature dependency 
is remarkable as in the oxidation of benzyl alcohol 
reported previously.6) The rate of the reaction was 
found to be independent of the oxygen pressure 
above 0.98 MPa. 

The reactivity of PEG depends upon the molecular 
weight (Fig. 2). Ethylene glycol does not react under 

O 
H 

60 120 
//min 

Fig. 1. Wet oxidation of PEG-20000. Effect of tem­
perature. 
[PEG]0=5000ppm, P(Oa) = 1.96 PMa. (1): 160 °G, 
(2): 180 °G, (3): 200 °G, (4): 210 °G, (5) 220 °G. 

Fig. 2. Wet oxidation of PEG. Effect of molecular 
weight. 
[TOG]0=2500ppm, P(0 2) = 1.96 MPa, 220 °G. 
(1): EG, (2): DEG, (3): TEG, (4): PEG-200, (5): 
PEG-400, (6): PEG-1000, (7): PEG-2000, (8): PEG-
4000 (9): PEG-6000, (10): PEG-20000. 

the conditions, but the reactivity of P E G increases 
with an increase in molecular weight. Although there 
is a max imum in the rate of T O G decrease at a mo­
lecular weight around 2000, PEG with higher mo­
lecular weight is more reactive as compared with its 
low molecular weight analogues. Thus , successive re­
action was carried out with PEG-200 and PEG-20000. 

Accumulation of Acids during the Course of Reaction. 
Figure 3 shows the changes in p H and acid accumula­
tion during the course of wet oxidation of PEG-200 
and PEG-20000. The p H decreases at the initial 
stage of the reaction, recovering gradually. In the 
case of PEG-20000, the change in p H is more rapid 
as compared with PEG-200. The amount of acid 
increases at an early stage of the reaction, then de­
creasing. Both accumulation and decrease of acids 
were faster with PEG-20000 than with PEG-200, which 
can be explained in terms of the difference in mo­
lecular weight. Acids formed from PEG-20000 should 
have higher molecular weight than those from PEG-
200, and should be more reactive. T h e molecular 
weight determined in the course of oxidation of PEG-
20000 was ca. 600 after 5 min, and ca. 300 even after 
30 min. 

Product Analysis. Gas chromatographic analy­
sis of the reaction mixture of the wet oxidation of 
PEG-200 and PEG-20000 showed formation of for­
maldehyde, EG, DEG, and T E G during the course 
of oxidation. The amount of these products, shown 
as functions of the reaction time in Figs. 4 and 5, 
increased with the progress of reaction in the case 
of PEG-200. Oxidation of PEG-20000 gave a large 

H 600 

bo 

400 

o 

*o 

H 200 

60 
t/min 

Fig. 3. pH change and acid accumulation during the 
wet oxidation of PEG-200 and PEG-20000. 
[TOG]0=500ppm, P(0 2 ) = 0.98 MPa, 220 °G. (1): 
PEG-20000, (2): PEG-200, (3): Molecular weight 
of oxidized PEG-20000. 
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£ 
20000 

I 
-Si 
O 10000h 
H 

0_(1) 

t/min 

Fig. 4. Accumulation of EG, DEG, TEG, and formal­
dehyde during the wet oxidation of PEG-200. 
P(0 2 ) = 1.96MPa, 220 °G. (1): Decrease of TOG, 
(2): TEG, (3): EG, (4): DEG, (5): Formaldehyde, 
a) Accumulation of EG, DEG, TEG, and formaldehyde 
is expressed by TOG contained in these compounds. 

10000P 

I 
a, 
g 5000 

f/min 

Fig. 5. Accumulation of EG, DEG, and formaldehyde 
during the wet oxidation of PEG-20000. 
P(0 2 ) = 1.96MPa, 220 °G. (1): Decrease of TOG, 
(2): Formaldehyde, (3): EG, (4): DEG. 
a) Accumulation of EG, DEG, and formaldehyde is 
expressed by TOG contained in these compounds. 

amount of formaldehyde at an early stage of the re­
action, decreasing with the progress of reaction. Only 
trace amount of EG and D E G were detected in this 
case. 

Ion chromatographic analysis of the reaction mix­
ture in the oxidation of PEG-20000 showed the for­
mat ion of formic acid and acetic acid. Proton N M R 
spectra of the oxidation products of PEG-20000 showed 
unresolved signals a t ô 4.4—4.7 and 3.6. A signal 
observed at ô 8.1 was assigned to formyl protons. 
T h e results indicate the formation of formic acid and/ 
or formic esters. Infrared spectra of these products 
indicate the presence of carboxylic acids. 

100 PEG-20000 
0 PEG-200 

l/wt% 

Fig. 6. Go-oxidation of PEG-200 and PEG-20000. 
P(02) = 1.96MPa, Total [TOG]0=2500 ppm, 220 
°G. (1): obsd, (2): calcd. 
a) The rate was calculated from TOG decrease. 

Co-oxidation of PEG-200 with PEG-20000. First, 
the effect of the concentration of the polymers on the 
rate of oxidation was examined. The curves of T O G 
decrease show an induction period (Fig. 2), the rate 
of oxidation being expressed by the mean velocity 
of T O G decrease at the reaction time of 60 min. The 
apparent reaction orders with respect to T O G were 
found to be 1.0 and 0.75 for PEG-20000 and PEG-
200 respectively. 

Figure 6 shows the dependence of the rate of oxida­
tion on the ratio of the concentrations of PEG-200 
and PEG-20000. The calculated line was obtained 
by taking the reaction order into consideration. The 
experimental da ta lie far above this line, suggesting 
that the reaction proceeds in a radical mechanism, 
where active species produced from PEG-20000 attack 
PEG-200. Co-oxidation of reactive compounds with 
less reactive reactants would thus be useful in practical 
waste water treatment. The apparent activation en­
ergy for the oxidation of PEG-20000 was 97.9 k j / 
mol in the temperature range 180—220 °G. 

Mechanism of Product Formation in Wet Oxidation of 
PEG. T h e following scheme is proposed for an 
explanation of the formation of the identified products. 
A radical mechanism seems to support the result. 
Goglev and Neiman reported that the thermal oxida­
tion of PEG proceeds in a radical mechanism in which 
the first step is the formation of hydroperoxide of 
PEG.11) T h e first step would be the formation of 
a hydroperoxide A, which undergoes thermal decom­
position to produce an alkoxyl radical B and a hy­
droxyl radical. The hydroxyl radical is highly re­
active and would give rise to further degradation of 
PEG. 
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-OGH 2 GH 2 0-
heat or 0 2 

-OGH 9GHO- -OCH 2 CHO-

ÔO-

H abstraction 

-> -OGH2GHO > 

ÔOH 

(A) 

H 

-h 
-OCH.-4— C - t - O - + -OH 

" i | b 
o 

(B) 

Hydrogen atom fragmentation at bond c or hy­
drogen abstraction of the intermediate B might lead 
to the formation of an alcohol or an ester, although 
they were not characterized. 

B > -OCHa. + HCOO-
(C) (D) 

|o 2 
H abstraction 

-OCH2OOH 
H abstraction 

OCHaO. 
(E) 

-> -OCH.OH 
H fragmentation 

> -OCHO 
R fragmentation 

~> -OGHaGHaO- + HGHO 
(G) 

fragmentation O2 

/ (F) 
H abstraction / | 

EG, DEG, TEG < / | H 

-OCH2CHO HCOOH 

( I ) (H) 

}o2 

acids 

( J ) 

Fragementation at bond a of the radical B might 
produce formic ester D. The radical C is converted 
into an alkoxyl radical E, which undergoes an alkoxyl 
radical fragmentation (R fragmentation) to give an­
other alkoxyl radical F and formaldehyde G. T h e 
latter might undergo further oxidation to produce 
formic acid H . Alkoxyl radical F would give EG, 
DEG, or T E G by hydrogen abstraction. Radical F 
might also produce aldehyde I, from which carboxylic 
acid J would be formed. 

Fragmentation at bond b of the radical B can ex­
plain the formation of aldehyde and alkoxyl radical ; 
their behaviour would be the same as discussed above. 

B -OGH2GHO + OGH 2GH 20-

Consideration on the Effect of Molecular Weight on the 
Reactivity of PEG. The reactivity of a hydro­
carbon in the autoxidation depends upon the rate of 
the propagation step. 

ROO- + RH • ROOH + R-

This step generally occurs intermolecularly, although 

intramolecular reaction is also possible. Intramolec­
ular hydrogen abstraction via cyclic intermediate oc­
curs easily in the oxidation of acyclic ethers.11»12) I t 
is assumed that intramolecular process plays an im­
por tan t role when the concentration of P E G is low. 
Ease of cyclization depends upon the stability of the 
ring formed and on the activation entropy of cycliza­
tion. In the lactone formation from hydroxy acid, 
five to seven membered rings are easily produced, 
rings with more than fourteen atoms being also pos­
sible.13) I n the oxidation of PEG, cyclic transition 
state with five, six, and more than fourteen membered 
rings including peroxy oxygen atoms seems favorable. 
However, in the oxidation of P E G with a low molec­
ular weight, e.g. PEG-200, intramolecular hydrogen 
abstraction would be difficult after several chain scis­
sions. O n the other hand, P E G with a high mo­
lecular weight holds a long chain during the course 
of oxidation (Fig. 3) and would undergo further in­
tramolecular reaction. 

Although the above explanation is possible for the 
effect of molecular weight on the wet oxidation of 
PEG, it does not necessarily follow that the higher 
the molecular weight, the higher the reactivity. A 
maximum in the reactivity was observed for PEG 
with a molecular weight ca. 2000, further increase in 
molecular weight showing little effect (Fig. 2). This 
suggests that the propagation step is a competition 
between intra- and intermolecular hydrogen abstrac­
tion as Goglev and Neiman indicated.11) Intermo­
lecular reaction should decrease with the increase in 
the molecular weight of PEG as a result of the reduced 
rate in the diffusion of the molecule. 

Wet Oxidation of Other Polymers. Reactivity of 
other polymers in the wet oxidation was also inves­
tigated. I n the case of C M C , HEG, and M C , viscosity 
of the aqueous solution of these polymers was very 
high, making the use of the sample injector impossible. 
Thus, reactions were carried out by heating a sample 
solution under a nitrogen atmosphere followed by in­
jecting oxygen into the vessel. Viscosity and p H of 
the solution decreased during the course of pre-heating, 
indicating that thermal degradation occurred during 
this period. As shown in Fig. 7, all polymers were 
equally or even more reactive than PEG-20000. T h e 
reactivities of PVA, PPG, PAM, and PAA and their 
respective monomer models, ethanol, 1,2-propanediol, 
propionamide, and propionic acid were compared 
(Figs. 8 and 9), the sample injector being used. The 
reactivity of PVA was high, but T O G decrease in 
the oxidation of ethanol was slow, the amount of 
residual T O G being in line with the residual amount 
of ethanol determined by gas chromatography. 
Propionamide gradually decomposed, but T O C re­
mained unchanged. O n the other hand, P A M oxidiz­
ed rapidly. Similar results were observed for PPG 
and PAA. 

The results indicate that the polymers are reactive 
to a greater extent than the corresponding low mo­
lecular weight analogues due to a significant polymer 
effect, and that wet oxidation is particularly effective 
for the treatment of these water-soluble polymers. The 
reactivity-carbon content relationship, observed in the 
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oxidation of low molecular weight compounds, is not 
applicable to the wet oxidation of polymers. 

Improvement of Bio-degradability of Polymers. Syn­
thetic polymers are generally inert to biological treat­
ment. Although PEG can be degraded by some mi­
croorganism, the rate of degradation is low.9) 

We have examined the improvement of bio-deg­
radability of the polymers by wet oxidation. The 
results are given in Table 2. T h e bio-degradability 
is expressed by (BOD5 /GODC r) X100 of the sample 
solution. Although all the polymers examined were 
inert to biological degradation, their bio-degradability 
was remarkably improved by wet oxidation. Treat-

Fig. 7. Wet oxidation of water-soluble polymers. 
P(0 2 ) = 2.94 MPa, [Polymer]0=5000 ppm, 220 °G. 
(1): PEG-200, (2): PEG-20000, (3): PVA, (4): MG, 
(5): PAA, (6): PAM. 

ment for only 5 min considerably improved the re­
activity. After 2 h of oxidation, complete reactivity 
in the biological treatment was attained with PEG-
1000 and PEG-2000. The effects of atmosphere and 
temperature of wet oxidation on the improvement of 
the bio-degradability of PEG-20000 are given in Table 
3. Although degradation of the polymer chain oc­
curs under a nitrogen atmosphere, scarcely any im­
provement in bio-degradability was observed. In­
corporation of oxygen atoms into the reactant is inevi­
table. The bio-degradability was considerably im­
proved by the wet oxidation at 160 °C, although there 

f/min 

Fig. 9. Wet oxidation of PAM and propionamide. 
P(0 2 )=0.98 MPa, [TOG]0=500 ppm, 220 °G. 
(1): Propionamide, (2): Propionamide determined 
by gas Chromatograph and expressed by the TOG 
content, (3): PAM. 

*/min 

Fig. 8. Wet oxidation of PVA and ethanol. 
P(02) = 1.96 MPa, [TOC]0=2500 ppm, 220 °G. 
(1) Ethanol, (2) Ethanol determined by gas Chromato­
graph and expressed by the TOG content, (3) PVA. 

TABLE 2. BIODEGRABILITY 

Polymer 

EG — 
PEG-200 
PEG-400 
PEG-1000 
PEG-2000 
PEG-4000 
PEG-6000 
PEG-20000 
PVA — 
PPG — 
Ethanol 
PAM 
PAA — 

-— 
0 

b> 76.0 
4.0 
0.2 
0 
2.0 
2.0 
6.0 
0.4 
1.0 

c> 1.3 
63.0 

1.0 
1.5 

OF POLYMERS4) 

Reaction time/min 
—'-. 

5 

23.0 
36.0 
51.0 
50.0 
73.0 
57.0 
61.0 
17.0 
33.0 
— 

15.0 
47.0 

v. 

120 

49.0 
65.0 

100 
100 
80.0 
91.0 
64.0 
86.0 
58.0 

53.0 
46.0 

a) Expressed by (BOD5/GODCr) x 100. b) Reaction 
conditions shown in Fig. 3. c) Reaction conditions: 
[Reactant] = 1000 ppm, P(Oa) =0 .98 MPa, 220 °G. 

TABLE 3. BIO-DEGRADABILITY OF PEG-20000.a) EFFECTS OF TEMPERATURE 

AND ATMOSPHERE IN THE TREATMENT OF P E G - 2 0 0 0 0 

Reaction time 
min 

5 
120 

220 °C 
N2*» 

6.0 
8.0 

220 °C 
N2-O20 

61.0 
64.0 

200 °G 
N2-02

c> 

23.0 
38.0 

180 °G 
N2-02°) 

43.0 
62.0 

160 °G 
N2-02

c> 

41.0 
61.0 

100 °G 
N2-02°> 

1.7 
30.0 

a) Expressed by (BOD5/GOD0r) X 100. b) P(N2) = 1.96 MPa. c) P(Oa) = 1.96 MPa. 
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was scarcely any decrease in T O G . Moreover, the 
oxidation at as low as 100 °G was still effective when 
sufficient reaction time as 2 h was employed. This 
shows that wet oxidation under mild conditions is 
sufficient for the improvement of bio-degradability. 
Thus wet oxidation is an effective pre-treatment for 
the biological purification of waste water containing 
those water-soluble polymers. 

We thank Dr. J . Yoshida and Dr. S. Kojiya, Kyoto 
Institute of Technology, for their helpful advice and 
discussions. 
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Anthranilic acid and /»-aminobenzoic acid were oxidized with peroxomonophosphoric acid in aqueous acid 
medium to the corresponding azoxy derivatives. Suitable rate laws for the double bell shaped pH rate profile 
were derived and rationalized on the basis of protonation of the amino group and ionization of the carboxyl group. 
The mechanism of oxidation involves the nucleophilic attack of nitrogen on the electrophilic peroxo oxygen. The 
reactivity of different peroxomonophosphoric acid species has been estimated. 

Reports have been given on the oxidation of 3-amino-
pyridine,1) dimethyl sulfide,2) dimethyl sulfoxide,3) and 
benzaldehyde4) by peroxomonophosphoric acid (PM-
PA). In the oxidation of sulfide, the sulfur functions 
as a nucleophile. While the dimethyl sulfoxide oxida­
tion presents dualistic behavior, sulfur acts as a nucleo­
phile in the acid medium, becoming an electrophile 
in alkaline medium. It is of interest to see whether 
amines which are good nucleophiles act by a mechanism 
similar to that of sulfides. There seems to be no 
kinetic and mechanistic study on the oxidation of 
aromatic amines except for a preliminary work by 
Boyland and Manson5) who screened a number of 
amines towards their reactivity to P M P A to see whether 
they involve oxidative phosphorylation. Recently, 
Oga ta and co-workers6) studied the oxidation of N,N-
dimethylaniline to iV,iV-dimethylaniline iV-oxide and 
determined the relative reactivity of the various species 
of PMPA. We felt it necessary to extend the kinetic 
studies to aromatic amines such as anthranilic acid 
(OAB) and /»-aminobenzoic acid (PAB). We wish to 
report some of the salient kinetic features of the reac­
tion. 

Exper imenta l 

All the chemicals were of analytical grade. Conductivity 
water was used in the preparation of the solutions and as a 
reaction medium. PMPA was prepared by acid hydrolysis 
of K4P208 .7) The concentration was checked frequently by 
iodometry, the self-decomposition being negligible in the pH 
region examined. The acidity was adjusted by adding ap­
propriate amounts of perchloric acid or standard buffers8) 
and measured with a Systronics digital pH-meter 335. Sodium 
Perchlorate was used for adjusting the ionic strength. When­
ever necessary sodium perchlorate was generated by neu­
tralizing the perchloric acid with carbonate free sodium 
hydroxide. Both the aminobenzoic acids were purified by 
recrystallization from water, their melting points (OAB-
144 °C, PAB-191 °G) agreeing with those in literature (OAB-
145 °G, PAB-192 °G). The kinetics was followed by measur­
ing the rate of disappearance of PMPA, the estimation of 
which was made by iodometry in an acetic acid-acetate buffer 
of pH 4—5 with a drop of ammonium molybdate solution.4) 
The rate constants were computed by the usual method and 
were found in duplicate runs to be reproducible within ± 5 % . 
Computations were carried out with a DCM minicomputer 
Microsystem 1121. The IR absorption spectra were recorded 
on a Perkin Elmer 137 spectrophotometer. 

Product Study. PMPA=0.04 mol dm-3 (50 ml) and 
anthranilic acid 0.008 mol dm - 3 (50 ml) were mixed at pH 1.3 
and 45 °C and kept for 48 h. The product azoxybenzene-
2,2'-dicarboxylic acid was extracted with diethyl ether (dark 
brown solid, yield 75%), checked for its purity by TLC and 
identified by its mp 225 °C (uncorrected) and IR (Nujol) : 
1690(s) (ArCOOH) and 1290(s) (N=N—O) cm-1. Under 
similar conditions the product azoxybenzene-4,4'-dicarboxylic 
acid isolated from /»-aminobenzoic acid (a yellow solid, 
yield 80%) was identified by its mp 238 °C (uncorrected) 
and IR (Nujol): 1710(s) (ArCOOH) and 1300(s) (N=N->0) 
cm -1 . 

R e s u l t s 

The kinetics of oxidation of OAB and PAB by PMPA 
in aqueous medium was investigated at 308 K. The 
rate da ta for both OAB and PAB suggest second order 
kinetics at constant acidity, the rate law being 

V = Ä'jAminobenzoic acid]t[PMPA] t, (1) 

where subscript t stands for total concentration and k' 
the observed second order rate constant. 

Effect of Acidity. The kinetics was investigated 
over the p H range 0—7. T h e rate data are summarized 
in Table 1. The plots of log k' vs. p H (Figs. 1 and 2) 
have two bell shaped regions, 0—3 and 3—7. This 
indicates participation of different species of PMPA 
resulting from dissociation (Eqs. 4 and 16) as well as 
different aminobenzoic acid species either resulting from 
protonation of the amino group or dissociation of the 
carboxyl group (Eqs. 3 and 15). 

I t appears that the rate law has to include complex 
H+ dependence for each of the p H regions. I t is 
possible to write the rate law in a general form as 

V= A'[substrate]t[PMPA]t[H+]n, (2) 
where — l < n < C + l . 

Effect of Added Substances. At p H 1 ionic strength 
has little influence on the rate. A marginal influence 
is observed at p H 4.17 (Table 1). The reaction rate 
was found to be insensitive to the addition of radical 
t rapping agents such as acrylamide. No influence was 
observed on rate bv variation of solvents such as acetic 
acid. 

Temperature Variation. Activation parameters 
have been evaluated from the linear Arrhenius plots of 
log k' vs. T-1 by measuring the rates of oxidation at 
four temperatures in the range 308—323 K (Table 2). 
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T A B L E 1. SECOND ORDER RATE CONSTANTS FOR T H E OXIDATION OF AMINOBENZOIC ACIDS BY P M P A 

SPECIES AT 308 K , # = 0 . 4 mol d m - 3 IN AQUEOUS MEDIUM AT VARIOUS p H 

Substrate n H 

/ 1 . 0 

Anthranilic < 
acid 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
6.67 
0.3 
0.6 
0.83 
1.3 
1.7 
2.0 
2.24 
3.33 
3.73 
4.13 
4.17 
4.17 
4.85 
5.32 
5.59 
6.21 

\6 .65 

[Substrate] 
Xl0 3 

mol dm - 3 

5TÎ5 
2.65 
6.50 
9.70 
3.70 
3.65 
3.60 
3.65 
3.74 
3.70 
3.66 
3.64 
3.81 
3.66 
3.75 
3.65 
3.75 
3.57 
3.678 
3.63 
3.85 
3.69 
3.55 
3.62 
3.62 
3.68 
3.68 
3.68 
3.68 
3.59 

[PMPA] 
xlO4 

mol dm - 3 

4.10 
4.62 
4.76 
3.67 
4.31 
8.94 

16.35 
4.37 
4.01 
4.01 
4.06 
4.49 
3.55 
5.36 
5.26 
3.69 
4.37 
4.17 
5.254 
4.17 
3.89 
4.69 
3.68 
4.08 
4.18 
4.51 
5.56 
4.82 
4.05 
2.82 

£ ' x l 0 2 

dm3 mol - 1 s - 1 

5T44 
5.51 
5.48 
5.14 
5.87 
5.01 
5.01 
5.81a ) 

5.56b) 

5.18c> 
5.20d) 

5.03e) 

1.66° 
3.60 
4.98 
5.41 
6.37 
5.60 
4.75 
3.73 
3.75 
4.17 
4.51 
3.86g) 

4.98h ) 

5.84 
4.30 
3.82 
1.89 
1.76 

a) ^ = 0 . 6 5 mol dm-3, b) # = 0 . 1 5 mol dm"3, c) 10% 
mol dm - 3 , f) 
313 K. 

Acrylamide 3.25x10 
j) At 318 K. k) At 323 K. 

_3 mol dm - 3 , g) 

Substrate 

Anthranilic < 
acid 

/>-Amino-
benzoic acid 

AcOH. d) 30% 1 
^ = = 0 . 1 5 mol dm 

1) # = 0 . 6 mol dm-3, m) 20% AcC 

pH 

'6 .96 
7.20 
1.0 
1.0 
1.0 
4.85 
4.85 
4.85 

/ 0 . 0 
0.12 
0.3 
0.52 
0.7 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.89 
1.36 
2.85 
3.39 
3.93 
4.50 
5.31 
5.87 
6-43 

v7.03 

\cOH. 
L-3. h ) 

[Substrate] 
XlO3 

mol dm - 3 

3785 
3.75 
3.73 
3.73 
3.73 
3.64 
3.64 
3.64 
3.87 
3.81 
3.78 
3.78 
3.78 
3.54 
3.54 
3.54 
3.79 
3.70 
3.70 
3.85 
3.65 
3.81 
4.03 
4.03 
3.71 
3.71 
3.71 
4.03 
3.85 
3.85 

[PMPA] 
xlO4 

mol dm - 3 

iTÏÏ 
4.91 
4.15 
4.45 
3.84 
3.27 
2.96 
4.25 
3.83 
3.54 
4.25 
3.49 
4.54 
4.27 
4.67 
5.37 
4.32 
3.86 
4.53 
3.52 
4.35 
3.26 
4.21 
4.08 
4.71 
4.19 
3.62 
3.41 
3.89 
3.48 

e) Acrylamide, 3.1 > 
# = 0 . 8 mol dm - 3 . 

>H. n) 40% AcOH. 

*Xl0 2 

dm3 mol - 1 s - 1 

K28 
1.15 
9.59° 

13.50-» 
21.12k) 

8.69° 
13.36» 
16.19k> 
1.01 
1.12 
1.61 
2.18 
2.88 
6.81° 

11.40J) 

17.23k) 

5.43° 
4.83m ) 

5.41n> 
5.14 
4.40 
4.22 
3.14 
2.99 
3.36 
3.98 
5.46 
2.97 
1.66 
1.09 

HF3 

i) At 

+ 
(M 

9 
+ 
csr 

p H 

Fig. 1. Plots of log k' vs. p H (pH range 0 to 7) for OAB, 
0 experimental points, — theoretical line obtained 
from Eq. 14 for p H 0 to 3 and Eq. 25 for p H 3 to 7. 

p H 

Fig. 2. Plots of log k' vs. p H (pH range 0 to 7) for PAB. 
0 experimental points, — theoretical line obtained 
from Eq. 14 for p H 0 to 3 and Eq. 25 for p H 3 to 7. 

file:///6.65
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TABLE 2. VALUES OF AH* AND AS* FOR THE OXIDATION 

OF AMINOBENZOIC ACIDS IN WATER AND ^ = 0 . 4 

mol dm-3 CALCULATED AT 308 K 

pH 

1.0 
4.85 
1.0 

Substrate 

OAB 
OAB 
PAB 

AH* 
kjmol- 1 

66.6 
55.2 
66.0 

AS* 
J K ^ m o l - 1 

- 5 2 . 4 
- 8 9 . 2 
- 5 5 . 6 

D i s c u s s i o n 

In view of the ra te-pH profile the following equilibria 
seem to be likely in the p H region 0 — 1 . 

BH+ ^ = ^ B + H+ (3) 

where B stands for aminobenzoic acid and BH+ for 
N-protonated aminobenzoic acid. 

H aPO s H 2 P 0 5 - + H+ 

The magnitude of X1(==8.0x 10"2) suggests tha t the 
peracid exists in a neutral form9) as H 3 P 0 5 below p H 1. 
Similarly the protonation equilibria for the amino-
benzoic acids suggest that it may exist both as BH+ 
and B in the p H range 0—1. The inverse first order 
acid dependence in the region indicates the participa­
tion of free aminobenzoic acid bu t not the protonated 
species. The step may involve reaction between the 
neutral species of the substrate molecule and H 3 P 0 5 

only. 
The steps of the reaction below p H 1 may be as 

follows. 

BH+ ; F = ± B + H+ (5) 
and 

B + H 3 P0 5 Products. (6) 

The total concentration of the base can be expressed as 

[ B ] t = [ B ] + [BH+]. 
Hence 

[B]t = [B] + [B][H+] 

or 

or 

[B]t = [B]{1 + [ H + ] / * H } = B ( * H + [ H + ] ) 

[B] [B] t*H 

(* H +[H+] ) . 

Hence the rate is expressed by 

F = ^ [ B ] [ H 3 P 0 5 ] t 

* i 

where 

tc' = 

*H+[H+] 

*'[B] t[H3P05] t , 

[B] t[H3P05] t 

* H + [ H + ] ' 

which can be rearranged to 

1 = 1 [H+] 

(7) 

(8) 

(9) 

(10) 

(H) 

Plot of \jk' vs. [H+] was found to be linear (corr. coeff= 

0.988 and 0.99) in both cases, confirming the rate law. 
The plot gives Kn values of 0.53 and 0.16 and value 
of £ ,=0.071 and 0.054 dm 3 mol" 1 s"1 for OAB and PAB, 
respectively. 

In order to interpret the bell shaped nature of log 
k' vs. p H plot in the p H region 0—3, it seems necessary 
to consider the dissociation of both protonated OAB 
and PAB and that of H 3 P 0 5 to H 2 P 0 5 " as well. 

The other species of peracid, viz. H P 0 5
2 _ and P 0 5

3 _ , 
are not relevant in the p H region under consideration 
since the second and third dissociation constants of 
P M P A are of the order of 10 - 6 and 10 - 1 3 , respectively.9) 
The probable steps of the reaction might be as follows. 

BH+ ; F = ± B + H+ (5) 

B + H 3 P0 5 

B + H 2 P0 5 

Products 

h 
Products 

(4) which lead to the rate expression, 

d[PMPA] t _ ^ H [ H + ] + ^ I ^ H 
d* 

where 

k' = 

* I * H + ( * I + * H ) [ H + ] + [ H + ; P 

= *'[B] t[PMPA] t, 

(6) 

(12) 

[B]t[PMPA]t 

* I * H + ( * I + * H ) [ H + ] + [H+;P. 

(13) 

(14) 

A least-squares solution of Eq. 14 was attempted 
using the reported value of K±. The Kn value obtained 
kinetically from 1 \k' vs. [H+] plot (Eq. 11 ) in the region 
of p H 0—1 was used. kx and k2 values are estimated 
from Eq. 14, the results being summarized in Table 3. 
These values are in line with the order of reactivity 
between peracid species6) ( H 3 P 0 5 > H 2 P 0 5

- ) . In order 
to check the validity of the rate law, the computed 
kx and k2 values were employed to calculate the pH-
log k' profile (Figs. 1 and 2). Agreement between the 
experimental points and theoretical line is satisfactory. 

TABLE 3 

Substrate 

OAB 
PAB 

. RATE CONSTANTS OF DIFFERENT PMPA 

SPECIES IN dm3 moi-1 s_1X 102 

h 

8.1 
6.3 

/c2 

4.1 
3.5 

\ ~ff"^~ 1 

4.02 24.7 1.20 
2.83 23.5 0.88 

kx values from the composite rate law (Eq. 13) com­
pare well with those obtained from the k'-1 vs. [H+] 
plot in the p H region 0—1 where the neuTal species 
of P M P A alone was assumed to be effective. In­
difference of rate to added salt at p H 1 can also be 
rationalized by the steps postulated above. 

T o account for the p H dependence of rate in the p H 
region 3—7, it is reasonable to assume that both the 
substrate as well as P M P A species are dissociated and 
all species resulting from dissociation are involved in 
controlling the ra te . 

B ^ ± B - + H+ (15) 

H 2 P 0 5 - ^ H P 0 5
2 - + H+, K2 = 4.2 x 10-6, (16) 

where B has the same meaning*as before and B~ is 
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N H 2 C 6 H 4 C O O " . 
In the p H region under discussion, the major oxidant 

species9) are H 2 P 0 5 " and H P 0 5
2 " . The total P M P A 

concentration [ P M P A ] t can therefore be assumed to 
consist of H 2 P 0 5 ~ and H P 0 5

2 _ . Similarly, total sub­
strate concentration [B] t can be assumed to be due to 
B a n d B - : 

[ B ] t = [ B ] + [B-] (17) 
and 

[PMPA] t = [H2P05~] + [HP0 5
2 - ] . (18) 

In view of the overall second order dependence at 
constant pH , the steps of the reaction in the p H region 
may be described as 

k3 

B + H 2 P 0 5 - • Products (19) 

B- + H 2 P 0 5 - • Products (20) 
ks 

B + H P 0 5
2 - • Products (21) 

*• 
B- + H P 0 5

2 - • Products. (22) 

These steps also explain the marginal salt effect on the 
rate at p H 4.17 (Table 1). From Eqs. 19—22, the 
rate law can be writ ten as 

d[PMPA] t 

d* 
*3[B][H2P05-] + *4[B-][H2P05-] 

+ *5[B][HP05
2-] + *6[B-][HP05

2-]. (23) 

Equation 23 can be rearranged to give the rate expression 

*3[H+]2+ (k^+k5)K2[H+]+k6K&K2 d[PMPA] t = 

d* 

where 

h' = 

(# a+[H+])(#2+[H+]) 

X [PMPA]t[B]t 

= *'[PMPA] t[B] t, 

*3[H+]2+ {k^+k^KJH+] + k^Kt 

(24) 

(25) 
(*a+[H+])(tf2+[H+]) 

Using the reported values10) of Ka for OAB or PAB, 
the least-squares solution of Eq. 24 yields values of 

jr 
k3, (ké-^-+k5) and k6 (Table 3). Substituting these 

jr 
least square values of ks, (k^-^+k^ and k6 in Eq. 25, 

A 2 

log £'-pH profile was calculated (Figs. 1 and 2). The 
agreement between the experimental points and the 
theoretical line (Figs. 1 and 2) justifies the rate law. 

The values of &3, ( ^ 4 , _ ^ " + ^ ) a n ( ^ k% suggest mini­
mum reactivity for the reaction with H P 0 5

2 _ species 
compared with H 2 P 0 5 ~ which is in agreement with 
the decreasing electrophilicity of H P 0 5

2 _ over H 2 P 0 5
_ . 

We see fair agreement between ks (reaction between B 
and H 2 P 0 5

_ in the p H range 3—7) and k2 (reaction 
between B and H 2 P 0 5 ~ in the p H range 0—3) for both 
the substrates. This is in favour of the rate laws 
postulated to account for the rate variation over the 
entire p H range. 

Mechanism. Polar mechanisms in peroxide reac­
tions have been advanced on the basis11) of a) bi-
molecular kinetics, b) negative entropy of activation, 
and c) insensitivity to radical t rapping agents. 

- N ' 

v 
VX v 

The present reactions confirm the above require­
ments and most probably involve polar transition 
states as shown in the following, 
where R = H 2 P 0 3 , H P 0 3 - , or P 0 3

2 " . 
Another question of importance is the nature of the 

peroxide attack, electrophilic vs. nucleophilic as dual 
character having been observed earlier12»13) depending 
on the electronic environment. The species of P M P A 
namely H 3 P 0 5 , H 2 P 0 5 " , H P 0 5

2 " , and P 0 5
3 " are in the 

decreasing order of electrophilicity. The fact tha t 
these aminobenzoic acids are not oxidized above p H 7 
is strong evidence that the nucleophilic P M P A species 
are ineffective and the reaction essentially involves 
nucleophilic attack by the unprotonated amine on the 
electrophilic peroxo oxygen of the P M P A species. 
The rate should decrease with increase in p H . 

T h e decrease in rate with increase in p H was not 
monotonie; there are two rate maxima-pH profiles, 
one at p H ^ l , and the other at p H ^ 5 , near the pKa 

of the aminobenzoic acid. The rate maximum at p H 
1 presents a situation where the concentration of the 
free base becomes maximum, the estimated KB. value 
b e i n g ^ 0 . 5 3 . The amine is about 8 0 % unprotonated 
at p H 1. The statistical distribution of H 3 P 0 5 and 
H 2 P 0 5 ~ is 55 and 4 5 % respectively. Even when the 
more electrophilic H 3 P 0 5 predominates at still lower 
p H , there is a marked decrease in rate because of the 
decrease in the unprotonated amine. 

The second rate max imum around p H ^ 5 is unusual 
and the fact that this occurs near the pKa of the car-
boxylic acid dissociation is of interest. The mesomeric 
effect taking place in the undissociated acid seems to 
cause a reduced nucleophilicity of nitrogen in I. In 
I I , the carboxylate anion opposes the conjugation 
of amine lone pair and thus most probably increases 
the nucleophilicity of nitrogen. 

co? a, 
-H 

I 

% le 
II 

The formation of azoxybenzene-2,2'-dicarboxylic acid 
from anthranilic acid is of interest. The abnormal 
course of oxidation was recognized in the oxidation 
of 3-aminopyridine by H 2 0 2 / fuming H2S04 ,1 4) Caro's 
acid,15) and PMPA.1) Anthranilic acid is oxidized to 
the phenylhydroxylamine derivative in the rate limiting 
step and its oxidation to the nitroso derivative is fast 
as in the case of aniline, the rate of oxidation of aniline 
to phenylhydroxylamine being about five times lower 
than that of the oxidation of phenylhydroxylamine to 
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nitrosobenzene.16) The formation of azoxybenzene-2,2'-
dicarboxylic acid involves the rapid condensation17) 
between the nitroso and phenylhydroxylamine deriva­
tives which are the reactive intermediates. 
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Synopsis. Monophotonic ionization of N,N,N',N'-
tetramethyl-l,6-pyrenediamine (TMPDA) in acetonitrile was 
studied by means of ns laser photolysis and transient photo-
current measurement. The time dependences of the ab­
sorption of TMPDA cation radical and of the photocurrent 
were different. Photoionization thus occurs through an ion-
pair state. 

Photoionization of N,N,N',N'-tetramethyl-/>-phenyl-
enediamine (TMPD) in organic solvent has been ex­
tensively studied in order to clarify the primary process 
of the photoionization.1) These studies showed that 
biphotonic ionization occurs through excited singlet 
and triplet states as the intermediates in non- or less-
polar solvents. O n the other hand, monophotonic 
ionization was observed in polar solvents such as 
acetonitrile.2) However, the mechanism of the mono­
photonic ionization in such a solvent as acetonitrile 
has not yet been clarified. The difficulty encountered 
in the photolysis of T M P D in organic solvent is tha t 
the triplet-triplet (T-T) absorption of T M P D and 
the absorption of T M P D cation radical are observed 
in the same wavelength region, which makes kinetic 
treatment difficult.1) We noticed that N,N,N',N'-
tetramethyl-l ,6-pyrenediamine (TMPDA) has a low 
ionization potential compared to TMPD, 3 ) and that 
the absorptions of the T -T transition and of the 
T M P D A cation radical are well separated. In order 
to clarify the mechanism of the monophotonic ioniza­
tion, we studied the photoionization of T M P D A in 
acetonitrile by ns laser photolysis and transient photo­
current measurements. 

H3CX / C H 3 

I O I O I 

i 
N 

H3G/ \ C H 3 

TMPDA 

Exper imenta l 

TMPDA was synthesized according to the reported pro­
cedure.4) Acetonitrile was distilled four times in the pres­
ence of phosphorus pentoxide, followed by distillation in 
the presence of potassium carbonate. It was finally dis­
tilled without any additives. In the case of ns photolysis, 

we used a nitrogen laser (peak power of 400 kW and pulse 
width of 5 ns) as an excitation light source, and a Xe-flash 
lamp (3GP-3, EG & G Co., Ltd) as a monitor light. In 
the transient photocurrent measurements, we also used the 
nitrogen laser as an excitation light source. The sample 
cell has two stainless steel electrodes (1.45 cm X 0.95 cm) 
with a spacing of 0.8 cm: 110 V was applied between them. 
Special care was taken not to irradiate the electrodes. A 
load resistance of 1 kO was used: this results in the time 
constant of 0.4 [LS. The sample solution was always 
degassed several times by a freeze-pump-thaw method. 

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

Figure 1 (a) shows the change of the electronic 
absorption spectra of the acetonitrile solution of 
T M P D A after N 2 laser excitation ( [TMPDA] = 3 . 5 X 
10" 4mol/ l ) . We can assign the absorption bands at 
510 and 560 nm as the T - T absorption and that at 
595 nm as the T M P D A cation radical.5) T h e absorp­
tion band longer than 600 nm is probably due to 
the solvated electron.6) Figure 1 (b) shows the change 
of the absorption of T M P D A + at 590 n m with time 
in the ns time range. Although we could not measure 
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Fig. 1. (a) Time dependence of the absorption spectra 
of TMPDA in acetonitrile after N2 laser excitation. 
1, 0.4 jxs; 2, 3 ys; 3, 10 jxs; 4, 18 [is. (b) The change 
of the absorption of TMPDA+ at 590 nm with time. 
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Fig. 2. Transient photocurrent of TMPDA in aceto-
nitrile after N2 laser excitation at 20 °G. 

the absorption spectra of T M P D A + during the initial 
50 ns after the laser pulse excitation because of the 
interference of the fluorescence of T M P D A , we assume 
tha t a T M P D A cation radical be produced imme­
diately after the laser excitation. Figure 2 shows the 
transient photocurrent of the acetonitrile solution of 
T M P D A excited by the nitrogen laser at 20 °C 
( [TMPDA] = 1 .4x lO- 4 mol / l ) . The curve showed 
gradual increase of the photocurrent during the initial 
10 fjis, and then the gradual decay of the current.7> 
The plot of the peak photocurrent against the laser 
light intensity showed a linear relation, thus verifying 
the one-photon ionization of the present system.8) In 
order to see whether photoionization occurs through 
the triplet state or not, we did the photocurrent meas­
urement using a P O P O P dye laser10) (A m a x =418 nm) 
as an excitation light source and anthracene as a 
triplet quencher of TMPDA. 1 1) T h e photocurrent 
measurement of the mixture of the acetonitrile solution 
of T M P D A and anthracene ( [TMPDA] = 1.04 X 10"4 

mol/1, [anthracene] = 1.04 x 10~3 mol/1) showed no ob­
vious reduction of the photocurrent. O n the other 
hand, the flash photolysis in the same system showed 
complete quenching of the T -T absorption. Thus , 
photoionization does not occur through the lowest 
triplet state of T M P D A . 

If the electron were ejected directly by the laser 
pulse excitation in the one-photon ionization, the time-
dependence of the absorption of T M P D A + and photo­
current should coincide. Figures 1 and 2 clearly show 
that this is not the case in the present system. The 
observed difference between the absorption and cur­
rent may be ascribed to a cationic transient, which 
gives no current but shows an absorption similar to 
tha t of TMPDA+. This transient seems to be an 
ion-pair of T M P D A + and an electron (TMPDA+e- ) . 
The ion-pair is produced by the laser pulse excitation 

hv fast 

TMPDA • TMPDA* • TMPDA+e-

ion-pair 

• TMPDA+ + e-

(probably through the singlet excited state) and dis­
sociates thermally into free ions or recombines to 
give neutral T M P D A . One may ask whether an 
ion-pair can exist as long as 10 fjts. I t is noteworthy 
tha t the absorption of the solvated electron is observed 
for about 10 u.s after the laser pulse excitation (Fig. 
1 (a)) . One possibility is that the T M P D A cation 
radical and a solvated electron form an ion-pair. 

We are grateful to Dr. Masaaki Yokoyama, Faculty 
of Engineering, Osaka University, for constructing the 
nitrogen laser. 
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Synopsis. When n-donor solvents are employed, 
charge-tansfer absorption bands become broader on the 
low-energy side, the absorption peaks shifting toward the 
high-energy side. This type of solvatochromism has an 
analogy with that of the n-7T* transitions. 

Despite continued interest in the charge-transfer 
(GT) complexes in the solution phase, various aspects 
of the electronic spectra remain unclarified.1-3) As 
Offen and Abidi pointed out,1) no current theory of 
solvatochromism can be applied assuredly to the GT 
absorption bands. In order to solve the problem, 
the absorption spectra of weak GT complexes were 
reexamined in various solvents. I t was found that 
the GT absorption band changes with solvent. An 
attempt was made to interpret this phenomenon in 
terms of specific solvation. 

In general, unsubstituted aromatic hydrocarbons are 
suitable as donor components for the study of solvent 
effects on binary GT complexes. Bulky substituents 
of the donor molecule suppress solvatochromism to 
some extent.4) Naphthalene and tetracyanoethylene 
(TGNE) best illustrate the donor-acceptor pair for 
the present purpose. Figure 1 shows the electronic 
absorption spectra of the naphtha lene-TGNE complex 
in four solvents. The first two absorption bands appear 
in the visible region, and have been assigned to the 
GT transitions from naphthalene to TGNE.5) These 
GT bands are usually asymmetric in appearance.6) 

The peak of the first GT band moves in a wide 
range when the solvent is changed. There is an 
absorption peak at 17670 c m - 1 in carbon disulfide 
while it shifts to 19800 c m - 1 in acetonitrile. T h e 
difference in energy amounts to 2100 cm - 1 . The peaks 
in the 1,2-dichloroethane and bromoethane solu­
tions are located halfway at 18170 and 18940 cm - 1 , 
respectively. Despite such a large displacement of 
the peak position, the absorption edge remains in 
almost the same position, light absorption beginning 
at ca. 14500 c m - 1 in each solution. All solutions of 
the complex do not exhibit the absorption edge here; 

15 20 25 

Wave number/103 cm - 1 

Fig. 1. Absorption spectra of the naphthalene-TGNE 
complex in carbon disulfide ( ), 1,2-dichloroethane 
( ), brome thane ( ), and acetonitrile (——). 

in solvents, such as hexane, cyclohexane, ethyl acetate, 
and methanol, the absorption edge shifts to ca. 15500 
c m - 1 . However, such a displacement of the edge 
is small as compared with that of the absorption peak. 
T h e first absorption peaks are located at 18980 c m - 1 

in hexane, at 18520 c m - 1 in cyclohexane, at 20200 
c m - 1 in ethyl acetate, and at 20530 c m - 1 in methanol . 
Gonsequently, broadening of the entire absorption band 
occurs as the peak position is displaced to the higher-
energy side. 

When hydrocarbon solvents, such as hexane and 
cyclohexane, are used, the absorption peak apparently 
follows the dielectric theory of solvatochromism.2 '7) 
However, most other solvents affect the GT band in 
quite a different manner . Even when a solvent has 
a large dielectric constant, it often gives rise to a large 
blue shift of the GT absorption band. 1 - 3 ) If we con­
sider that a weak GT complex has a larger dipole 
moment in the excited state than in the ground state,5) 
this is obviously inconsistent with the theory of solvato­
chromism described in terms of the refractive index 
and the dielectric constant of the solvent.8) I t is 
evident that the solvent dependence of the GT absorp­
tion band cannot be applied to the determination 
of the dipole moment of the excited-state complex 
by means of the dielectric theory.9) 

The absorption edge is closely related to the 0-0 
vibronic level of the electronic transition. The first 
absorption band of the naph tha lene-TGNE complex 
in the gas phase begins at 16900 c m - 1 with a peak 
at 21100 cm - 1 .2) The edge shifts to the low-energy 
side by 2400 c m - 1 when the complex is dissolved in 
the solvents given in Fig. 1 ; this indicates tha t both 
the 0-0 and higher vibronic levels move to the red 
in these solvents. The solvent shift caused by the 
dielectric effect, if any, should thus be evaluated as 
an energy shift of a certain {i.e., fixed) vibronic level. 

In principle, the absorption peak is related to the 
Franck-Gondon {i.e., vertical) transition. The shift 
of the GT absorption maximum along with the defor­
mation of the band shape is determined mainly by 
the variation of the Franck-Gondon transition level. 
I t is evident that the first band maximum of the naph­
tha lene-TGNE complex does not always represent a 
fixed vibronic level (Fig. 1). I t is likely tha t the 
0-1 vibronic level is the strongest in saturated-hydro­
carbon solvents.10) However, it seems that the higher 
vibronic levels are more intense in the other solvents 
although they are blurred. A plausible vibrational 
mode taking par t in the first GT band of the naph­
tha lene-TGNE complex is an intramolecular vibration 
with a frequency of about 1300 c m - 1 in the excited 
state. T h e frequency was estimated from the fine 
structure in the GT bands of the saturated-hydro­
carbon solutions.10) 

T h e systematic study so far carried out on weak 
GT complexes has enabled us to distinguish n-donor 
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solvents from other ones. Nagy et al. found that 
the n-donor solvents markedly shift the GT absorption 
band to the blue, and that the electron-donating 
power of the solvent is primarily responsible for the 
anomalous blue shift.3) In line with this, the present 
observation revealed that the broadening of the GT 
band is conspicuous in such n-donor solvents as aceto-
nitrile, ethyl acetate, and methanol. Therefore, it 
seems that the variation of the Franck- Gondon envelope 
is substantially due to the coordination of n-donor-
solvent molecules to the GT complex in the ground 
state.3) 

For example, acetonitrile is highly polar, and the 
molecular dynamics is highly anisotropic in the neat 
liquid.11) An antiparallel arrangement seems to be 
the most probable orientational arrangement in aceto­
nitrile. T h e acetonitrile molecules would, likewise, 
tend to be coordinated selectively to TGNE, since 
the C E N bond moment of T G N E (3.6 D)12) is com­
parable to the overall dipole moment of acetonitrile 
(3.92 D),13) and acetonitrile has a large n-donor abili­
ty.3»14) This suggests that the variation of the Franck-
Gondon envelope can be induced essentially by the 
solvation of the acceptor par t (i.e., T G N E ) . Thus , 
the vibrational mode which contributes to the first 
GT band of the naph tha lene-TGNE complex might 
be ascribed to T G N E . 

T h e above explanation is in line with that of 
McConnell15 '16) given to the blue shift of the n-^r* 
transitions, in which he states tha t the blue shift origi­
nates from the solvent molecules orienting themselves 
around the solute molecule to fit in with the ground-
state charge distribution of the solute molecule. O n 
excitation, if the charge distribution of the solute 
changes drastically (as in the case of n-n* transitions 
and GT transitions alike), the solvent molecules would 
not have the position and orientation to bind most 
strongly with the excited-state charge distribution. 
This would give rise to the blue-shift phenomenon, 
since (relative to a saturated-hydrocarbon solvent) an 
n-donor solvent would give a greater solvation energy 

for the ground state of the solute than for the excited 
state. The resulting absorption peak would become 
much higher in energy than the relaxed excited state. 
This would give rise to the broadening of the absorp­
tion band on the low-energy side. 

In conclusion, the anomalous blue shift, accompanied 
by band broadening, is commonly observed in the 
absorption spectra of weak GT complexes in solution. 
This blue-shift phenomenon seems to have caused 
great confusion in the analysis of solvent shifts.1-3'9) 
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Synopsis. When a two-layer system which con­
sists of water (upper layer) and an aqueous solution (lower 
layer) is heated from one side and cooled from the opposite 
side, a convection starts in each layer. The empirical for­
mula for mass transfer between the convections was studied 
for a system of water containing a mixture of solutes; the 
flux of a solute in the mixture was found to be proportional 
to the square root of the diffusion coefficient of the solute. 
Therefore, solutes with different diffusion-coefficients can be 
separated by two-layer convection. 

When a two-layer system which consists of water 
(upper layer) and an aqueous solution (lower layer) 
is heated from one side and cooled from the opposite 
side, a convection starts in each layer. We have 
already studied the system of a solution of one solute 
and have presented an empirical formula for mass 
transfer between convections.1) From this formula, 
the flux of a solute in a mixture of solutes can be pre­
sumed, under certain conditions, to be proportional 
to the square root of the diffusion coefficient of the 
solute. Therefore, the separation of solutes may be 
done by the two-layer convection for a mixture of 
solutes. The purpose of this investigation is to discuss 
the possibility of the separation of solutes by this meth­
od. 

Theoret ica l 

In a previous paper1) the empirical formula of 
mass transfer was presented for the two-layer convection 
in the case of a solution of one solute. Then, the 
flux, WA, of a solute, A, was expressed by 

WA = a1(Ap1-Apo)D°-5(Acl/Ap2). (1) 

Here, ax is the mass-transfer coefficient; Ap1} the 
density difference between the liquid on the heated 
wall and that on the cooled wall; Ap0, a constant; 
D, the diffusion coefficient of a solute; and A ^ and 
Ap2, the concentration difference and the density 
difference respectively between the solution of the 
upper layer and that of the lower layer. 

In this paper we will discuss the mass transfer in 
the case of a mixture of two solutes. If the tempera­
tures of cooling and heating are constant, (Apx — 
Ap0) is approximately constant for a solution of 
different solutes. Then, the flux, Wx, of a solute, 
x, in a mixture may be expressed as follows: 

Wx = a2D%°s(Acx!Ap2), (2) 

where a2 is the mass transfer coefficient. T h e Z)x
2) 

and the Acx are the values for a solute, x, while the 
A/0 a 1S t n e density difference between the solutions. 
The AcljAp2 was constant for the system of a solution 
of one solute. For that of two solutes, the AcJAp2 

will also be constant if the ratio of the amounts of 
solutes in a layer is constant while the two-layer con­

vection is occurring, or if the amount of a solute, 
x, is very much larger than that of the other solute. 
Generally, the AcjAp2 will be roughly constant for a 
small change of Ap 2. The ratio, WJWy, of the fluxes 
of the two solutes is, then, expressed as follows: 

Wx/Wy = (Z>xZ>y)°-»(A«*/A*y). (3) 

When the Acx is equal to Acy, the WJ Wy is expressed 
as follows: 

WxjW7 = (Dx/Dy)°-5. (4) 

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

The materials and apparatus used in this study were sim­
ilar to those described in a previous paper.1) The nitrates 
were used for the system of a solution of two electrolytes, 
while the chlorides were used for the other system (elec­
trolyte-organic compound). The soluble starch was obtained 
from the Wako Pure Chem. Go. and was used without further 
purification. The temperatures of the heating and cooling 
water were 30 and 20 °G respectively, and the flow speed 
of those waters was 1.6 dm3 min - 1 . The concentration of 
the electrolyte was determined by atomic absorption spec­
trometry, while that of the organic compound was deter­
mined by colorimetry as reported by Dubois et al.3) The 
samples (30—50 mm3) for the determination of the solute 
concentration were taken out from the solution in the middle 
of the upper layer. 

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

We examined the system of a solution of two solutes 
(mass ratio ; 1:1) in order to separate the solutes, 
and investigated the relation between WjWy and 
(DJDy)

0-5. Figure 1 shows a case in which the 
concentrations in the lower layer are low, while the 
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Fig. 1. Variation of concns in upper layer, 
b : K+, • : Gu2+. 
Goncns in lower layer at the start of convections; 
K+: O.lxlO-2 g cm-3, Gu2+: 0.1 X 10-2 g cm -3 . 
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1 : Sucrose-KGl, 2 : D-glucose-KGl, 3 : D-glucose-
NaCl, 4: Cu2+-K+, 5: Pb2+-K+, 6: Gu2+-Pb2+. 

relation between the concentration in the upper layer 
and the time is nonlinear. Figure 2 shows a case 
in which the concentrations in the lower layer are 
high and the relation is linear. If the relation is 
linear, the Wx or W7 can easily be evaluated. There­
fore, subsequent experiments were carried out on the 
systems with the high concentrations. 

100 300 400 200 

f/min 

Fig. 4. Variation of concns in upper layer. 
O: KG1, • : starch. 
Goncns in lower layer at the start of convections; 
KG1: l x l 0 - 2 g c m - 3 , starch: l x l 0 - 2 g c m - 3 . 

As Fig. 3 shows, WJW7 is equal to (Z>x/Z>y)
0-5.2) 

Therefore, Eq. 4 seems to be proper and the separation 
of solutes is possible. 

Figure 4 is the plot for the system of a solution con­
taining an electrolyte (low molecular weight) and a 
starch. T h e electrolyte mainly moves from the lower 
layer to the upper layer. Nevertheless, the starch 
gradually moves to the upper layer. The diffusion 
coefficient of the starch was calculated by means of 
Eq. 4 from the two slopes for each solute. The value 
thus obtained, 0.72 X 10~6 cm2/s, agreed with the order 
of the da ta (0.8 X 10~6 cm2/s) in the literature.4) 

In view of the above results, we conclude that the 
separation of solutes is possible by this method. 
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Spin Densities in the Radical Anion of 3,3'-Bipyridine 
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Synopsis. The ESR spectrum of the radical anion 
of 3,3'-bipyridine has been measured. The hfs constants 
agree with the calculated values based on the spin densities 
using the McLachlan method. 

Although the ESR spectra of the radical anion of 
2,2'-1-4) and 4,4'-bipyridines5~7> are known, the radi­
cal anion of 3,3'-bipyridine has not been investigated 
by ESR tecniques. Therefore, it is of interest to 
measure the ESR spectrum of the radical anion of 
3,3'-bipyridine in order to compare the spin distribu­
tion of this radical anion with those of 2,2'- and 4,4'-
bipyridine. We wish to report here an ESR study 
of the radical anion of 3,3'-bipyridine. 

The radical anion was generated by the reduction 
of 3,3'-bipyridine, which had been prepared from 3,3'-
bipyridine-2,2'-dicarboxylic acids by the method of 
Smith,8) with potassium metal in 1,2-dimethoxyethane 
(DME). This solution was investigated by ESR spec­
troscopy in the temperature range from 85 to —85 °G. 

The intense well-resolved ESR spectrum measured 

Fig. 1. (a) The observed ESR spectrum of the radical 
anion of 3,3'-bipyridine : solvent, DME; counterion, 
K+; at 80 °G. (b) The spectrum simulated by 
means of the hfs constants listed in Table 1 : line-
shape, Lorentzian; linewidth, 0.007 mT. 

a t 80 °G of the radical anion of 3,3'-bipyridine is 
shown in Fig. l a (g=2.0024) . Figure l a consists of 
hyperfine splitting (hfs) constants due to the equivalent 
protons, Ö H = 0 . 6 2 6 , 0.582, and 0.115 m T and the nitro­
gens, 0N=O.O94 m T (see Table 1). Using these param­
eters, the computer-simulated spectrum shown in Fig. 
l b was obtained; it agreed well with the observed 
spectrum. O n the other hand, we could not obtain 
the well-resolved ESR spectra a t temperature lower 
than room temperature. Probably, this is due to the 
overlap of the hfs constants, because these spectra 
have a slight different values from the above hfs con­
stants. I n consequence, we can not yet analyze these 
spectra. 

In order to assign the hfs constants, we have carried 
out M O calculations.9^ The results are summarised, 
together with the observed hfs constants, in Table 
1. T h e most interesting features are the approxi­
mately equal and large hfs constants of the y- and 
s-protons, and the hfs constant of the a-protons, which 
is smaller than the simulated linewidth, 0.007 m T . 

TABLE 1. T H E hfs CONSTANTS OF THE RADICAL ANION 

OF 3,3'-BIPYRIDINE AND ITS CALCULATED SPIN DENSITIES 

Position 

a 
/?(N) 

y 
Ô 

€ 

c 

Calculated spin 
density 

HMOa> 

0.012 
0.055 
0.181 
0.002 
0.157 
0.093 

McLachlanb> 

- 0 . 0 0 6 
0.038 
0.226 

- 0 . 0 4 0 
0.193 
0.089 

Calculated 
hfs constc) 

mT 

0.016 
0.093 
0.632 
0.112 
0.540 

... 

Observed 
hfs constd> 

mT 

... 

0.094 
0.626 
0.115 
0.582 

— 

a) Parameters, hN = 0.7 and kCN=kcc= 1.0. b) Pa­
rameter, A = 0.8. c) Obtained by the use of this 
equation; ax = Qxp, with Q , N = | 2 . 4 5 | and Q , H = | 2 . 8 | 
mT, and using the calculated McLachlan-spin densities. 
d) Potassium-counterion in DME at 80 °C. 

N < 

TABLE 2. THE hfs CONSTANTS OF THE RADICAL ANIONS 

OF BIPHENYL, BIPYRIDINES, AND BIPYRIMIDINE 

Radical anion 
hfs constants/mT 

% « a H0 Û H r 
flH* «H« 

Biphenyla> 
4,4/-Bipyridineb> 
2,2,-Bipyridinec> 
2,2'-Bipyrimidined) 

0.266 0.041 
0.235 0.043 
0.258e) 0.057 
0.141e) 0.015 

0.531 0.041 0.266 
0.364e) 0.043 0.235 
0.470 0.120 0.106 
0.498 0.015 0.141e) 

a), b), c), and d) Values reported in Refs. 10, 6, 4, 
and 11. e) These are the hfs constants of the nitrogen 
atoms. 
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We can recognize the suitability of the assignments 
for the hfs constants (see Table 1) of the radical anion 
of 3,3'-bipyridine, which are compared with the hfs 
constants of various radical anions of biphenyl,10) 2,2'-
and 4,4'-bipyridines,4 '6) and 2,2'-bipyrimidine11) in 
Table 2. T h a t is, the hfs constant of the nitrogens 
for the radical anion of 3,3'-bipyridine is a usual value, 
while the OH«—0 and ÖH«=0.582 m T values are unsual 
in comparison with the hfs constants of other bipyri-
dines. However, the hfs constants agree well with 
the M O calculated values, as is shown in Table 1. 
Therefore, as an example to facilitate comparison with 
the OH« and OH«=0.235 m T of the radical anion of 
biaxial symmetric 4,4'-bipyridine,6) the computed aver­
age value of the hfs constant for the radical anion of 
3,3'-bipyridine is about 0.29 m T and is normal. All 
thing considered, each of the three radical anions of 
bipyridine isomers has a proper hfs constant and a 
different M O calculated spin-density distribution3»6) 
because each molecule containing two nitrogen atoms 
has a different space-coordination.12»13) In conclusion, 
we have found that the ESR spectrum of the radical 
anion of 3,3'-bipyridine consists of the hfs constants 
shown in Table 1, and the spin densities calculated 
using the McLachlan method9) satisfy the experimental 

values. 
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Synopsis. Crystals of the complex, Nd(N03)3-HO-
(CH2CH20)5H, are monoclinic. The Nd atom is coor­
dinated by ten oxygen atoms, four from two bidentate nitrate 
ions and six from a pentaethylene glycol. The pentaethylene 
glycol forms a ring-like structure similar to that of crown 
compounds. 

The preparation of the solid complexes of lanthanoid 
ions with macrocyclic polyethers was reported,1 - 4) some 
structures being determined by X-ray crystallogra­
phy.5 - 7) I t was found that some noncyclic polyethers 
form solid complexes * with lanthanoid nitrates, their 
stability appearing to decrease with increasing atomic 
number of the lanthanoid in contrast to the lanthanoid 
complexes of most ligands.8) This behavior is similar 
to that of the complexes of 18-crown-6,9> and might 
be related to the structures of the complexes. X-
Ray diffraction studies were carried out on the struc­
ture of the complex of pentaethylene glycol (denoted 
by E 0 5 ) with neodymium nitrate, the results of which 
are given in this report. 

Crystals suitable for X-ray study were obtained 
by adding a dilute ethyl acetate solution of neodymium 
nitrate to an ethyl acetate solution of E 0 5 and then 
standing the resulting solution for crystal deposit. 

Crystal da ta : Nd(NO 3 ) 3 - (C 1 0 H 2 2 O 6 ) , F.W. = 568.5, 
monoclinic, space group V2^n, a=8.220(2) Â, b = 
15.072(3) Â, c=17.089(4) A, 0=110.80(2)° , F=1979 .2 
(6) A3, Z ) c a l c d = 1 . 9 1 g c m - 3 for Z = 4 , Z)o b s d=1.90 g 
cm - 3 , / /(Mo Koc) = 2 7 . 2 cm - 1 . 

A crystal was sealed in a 1 m m diam. glass capillary 
because of its deliquescence. Intensity da ta wTere col­
lected with a Rigaku automated four-circle diffract-
ometer using ^-filtered Mo Koc radiation. The 26-co 
scan technique was employed with a scan speed 4°/min 
on 20. A scan range of 1.4° plus 0-dependent dis­
persion term was used. A total of 4189 reflections 
were obtained. Net intensities of 1354 reflections were 
observed as zero. Lorentz and polarization correc­
tions, but no absorption correction, were made. 

The structure was solved by the heavy atom method, 
the atomic parameters except for the hydrogen atoms 
being refined by the block diagonal least squares 
method.10) The weighting scheme applied was as fol­
lows, w=\ if | F J > 2 . 5 ; w=0.3 if | F J < 2 . 5 . After 
several cycles of the calculation with anisotropic tem­
perature factors, the R factor was converged to 0.11. 

Figure 1 shows the structure of the complex 
N d ( N 0 3 ) 3 - H O ( C H 2 C H 2 0 ) 5 H . The bond lengths and 
bond angles are given in Table l.t 

t The complete F0-Fc data and the table of atomic param­
eters are deposited as Document No. 8122 at the Chemical 
Society of Japan. 

Fig. 1. Structure of Nd(N0 3 ) 3 -E05. 
Top: Projection along [001]. Bottom: Projection onto 
[001]. 

The Nd atom is coordinated by ten oxygen atoms, 
four from two nitrate ions and six from a pentaethylene 
glycol ( E 0 5 ) . The coordination polyhedron is similar 
to that based on bicapped-dodecahedron,11) though 
it is irregular. The pentaethylene glycol acts as a 
hexadentate ligand forming a ring-like structure with 
its oxygen atoms. The ring-like structure is similar 
to the structure of so-called crown compounds. The 
six oxygen atoms of E 0 5 are not quite coplanar, 
their shifts from the mean plane being in the range 
0.03—0.83 A. The Nd atom is located near the center 
of the hexagon of the oxygen atoms of E 0 5 . T h e 
angles of 0 ^ - N d - 0 ^ + 1 ( z = l — 5 ) are close to 60° 
(60—63°), while the angle of Oj-Nd-O«. is 67° a little 
higher than the others. This can be attr ibuted to 
the large shifts of the two terminal oxygen atoms from 
the mean plane (0.64 and 0.83 A). Above and below 
this mean plane two nitrate ions coordinate to a Nd 
atom as a bidentate ligands. The angle of Nj -Nd-Ng 
is 169°, the bi-capped units being slightly distorted 
from the ideal form. A third nitrate ion does not 
coordinate to a Nd atom (the nearest N d - O distance: 
4.6 A). 

T h e average N d - O bond length is 2.54 A, which 
is between the bond lengths of L a - O and T b - O (2.6 
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TABLE 1. BOND LENGTHS (//Â) AND ANGLES (0/°) IN THE Nd(N0 3 ) 3 -E05 COMPLEX 

Nd-O bond 

Nd-O(l) 
Nd-O (2) 
Nd-O (3) 
Nd-O (4) 
Nd-O (5) 
Nd-O (6) 
Nd-O (8) 
Nd-O (9) 
Nd-O (11) 
Nd-O (12) 

0 ( 1 ) - C ( 1 ) 
0 ( 2 ) - C ( 3 ) 
0 ( 3 ) - C ( 5 ) 
0 ( 4 ) - C ( 7 ) 
0 ( 5 ) - G ( 9 ) 

2.49(1) 
2.55(2) 
2.58(2) 
2.62(2) 
2.62(2) 
2.48(2) 
2.55(2) 
2.47(1) 
2.52(2) 
2.52(2) 

- C ( 2 ) -
- C ( 4 ) -
- C ( 6 ) -
- G ( 8 ) -
-G(10) 

N-O bond 

N( l ) -0 (7 ) 1.21(2) 
N( l ) -0 (8 ) 1.23(2) 
N( l ) -0 (9 ) 1.28(2) 
N(2)-O(10) 1.20(3) 
N ( 2 ) - 0 ( l l ) 1.23(2) 
N(2)-0(12) 1.26(2) 
N(3)-0(13) 1.23(3) 
N(3)-0(14) 1.22(3) 
N(3)-0(15) 1.25(3) 

C-C or C-O bond 

G(l)-G(2) 
C(3)-C(4) 
C(5)-C(6) 
C(7)-C(8) 
C(9)-C(10) 

0(1)-C(1) 
C(2)-0(2) 
0(2)-C(3) 
C(4)-0(3) 

0(3)-C(5) 
C(6)-0(4) 
0(4)-C(7) 
C(8)-0(5) 
0(5)-C(9) 
C(10)-O(6) 

TABLE 2. TORSION ANGLES ( 

-0 (2 ) 47 
-0 (3) - 5 1 
-O (4) 27 
-0(5) - 4 3 
- O (6) 33 

G ( l ) - G ( 2 ) -
G(3 ) -G(4 ) -
G ( 5 ) - G ( 6 ) . 
G(7 ) -G(8 ) -

1.46(5) 
1.57(4) 
1.36(6) 
1.38(5) 
1.43(4) 

1.41(4) 
1.36(4) 
1.48(4) 
1.41(4) 
1.38(5) 
1.35(5) 
1.45(4) 
1.41(4) 
1.43(4) 
1.43(3) 

\m IN 

C-C-O or C-O-C 

0(1)-C(1)-C(2) 
C( l ) -C(2)-0(2) 
0(2)-C(3)-C(4) 
C(3)-C(4)-0(3) 
0(3)-C(5)-C(6) 
C(5)-C(6)-0(4) 
0(4)-C(7)-C(8) 
C(7)-C(8)-0(5) 
O(5)-C(9)-C(10) 
C(9)-C(10)-O(6) 

C(2)-0(2)-C(3) 
C(4)-0(3)-C(5) 
C(6)-0(4)-C(7) 
C(8)-0(5)-C(9) 

! angle 

113(3) 
108(3) 
105(2) 
108(2) 
118(4) 
114(4) 
114(3) 
109(3) 
114(3) 
114(2) 

114(2) 
109(2) 
109(3) 
116(2) 

O-N-O angle 

0 ( 7 ) - N ( l ) - 0 ( 8 ) 
0 ( 7 ) - N ( l ) - 0 ( 9 ) 
0 ( 8 ) - N ( l ) - 0 ( 9 ) 
O(10)-N(2)-O(ll) 
O(10)-N(2)-O(12) 
0(11)-N(2)-0(12) 
0(13)-N(3)-0(14) 
0(13)-N(3)-0(15) 
0(14)-N(3)-0(15) 

THE PENTAETHYLENE GLYCOL 

- 0 ( 2 ) - C ( 3 ) 160 
- 0 ( 3 ) - G ( 5 ) - 1 7 0 
- 0 ( 4 ) - C ( 7 ) - 1 7 4 
- 0 ( 5 ) - G ( 9 ) - 1 6 0 

G(2)-( 
G(4)-( 
G(6)-( 
G(8)-( 

0 ( 2 ) - G ( 3 ) - G ( 4 ) 
0 ( 3 ) - G ( 5 ) - G ( 6 ) 
0 ( 4 ) - G ( 7 ) - G ( 8 ) 
O(5) -G(9) -G(10) 

123(2) 
121(2) 
116(2) 
123(2) 
122(2) 
115(2) 
123(2) 
117(2) 
121(2) 

- 1 7 2 
- 1 5 4 

165 
- 1 7 9 

and 2.47 Â, respectively) reported for bis(bipyridyl)-
trinitratolanthanoids which are decacoordinate com­
plexes.11»12) The sequence of the bond lengths is rea­
sonable in view of the expected contraction in radius 
for the lanthanoid series. 

The tortion angles in E 0 5 are given in Table 2. 
The conformation around the C H 2 - C H 2 bonds are 
all nearly gauche, while those around the C H 2 - 0 
bonds are all approximately trans. The conformation 
for C H 2 - C H 2 - 0 - G H 2 - C H 2 - 0 - C H 2 is G T T G T T , 
which was reported by Iwamoto13) to be the most 
stable conformation, where T, G, G denote trans, 
gauche, and minus gauche, respectively. Some of the 
angles around the C H 2 - G H 2 bonds are considerably 
lower than 60°. The deviation can be attr ibuted 
to the deformation of the E 0 5 molecule from the 
ideal form in order to mainta in the N d - O distances 
at suitable lengths for coordination. 
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Synopsis. Uridine, inosine, adenosine, and thymi­
dine were methylated selectively at the base moieties by 
the use of trimethyl phosphate or dimethyl sulfate in the 
presence of boric acid. A suppressing effect of boric acid 
on the methylation of the ribose-hydroxyl groups was dis­
cussed briefly. 

Alkylation reactions of nucleosides have been carried 
out in various ways in the search for useful physiological 
activity of the products.1»2) The study has been also 
stimulated by the discovery of a variety of alkylated 
nucleosides from RNA.3) The direct alkylation of 
nucleosides, however, frequently provides a mixture 
of mono- and multialkylated nucleosides, giving a 
desired product in a small yield. 

In this paper we wish to report the selective meth­
ylation of ribonucleosides a t the base moieties by the 
use of trimethyl phosphate (TMP) and dimethyl sulfate 
(DMS) in the presence of boric acid. 

The reactions were carried out by stirring mixtures 
of a nucleoside, T M P or D M S , and boric acid at 
p H > 1 2 and at 25 or 50 °G. T h e reaction sizes and 
results are summarized in Table 1. I t was found 
generally that methylation at the base moieties of 
nucleosides was hardly affected at all by boric acid, 
whereas methylation on hydroxyl groups of the ribose 
moieties (0'-methylation) was suppressed with an in­
crease in the amount of boric acid, the effect reach­
ing its maximum when the amount of boric acid 
used was approximately equivalent to that of the 
nucleosides. For instance, the treatment of uridine 
with T M P in the absence of boric acid produced 
3-methyl-, 3,02 ' -dimethyl-, and 3,03 ' -dimethyluridines 
in 51, 25, and 10% yields respectively; by contrast, 
the reaction in the presence of the acid afforded 
3-methyluridine in a 7 8 % yield and the dimethyl-
uridines in combined yields of only 9 % (Run 1 of 
the Table 1). Although D M S was more reactive 
than T M P , methylation by D M S gave results similar 
to those obtained with T M P . 

The selective methylation at the base moieties of 
ribonucleosides is at tr ibutable to the decreased 0'-
methylation by boric acid. Possibly, the ribose hy­
droxyl groups were deactivated by complex formation 
with the acid (Fig. 1). A similar complex formation 
has been suggested in the phosphorylation of ribo­
nucleosides,4) the acylation of carbohydrates,5) etc.6) 
The N M R spectra of mixtures of ribonucleosides and 
boric acid also indicated a complex structure. Thus , 
the addition of the acid to an aqueous solution of 
a nucleoside considerably shifted the absorption sig­
nals of the ribose-protons, especially 2 '-H and 3'-H. 
Figure 2 shows the N M R spectra of the ribose 
moiety of uridine as an example. 

After the reactions, the boric acid was removed 

HO—| Base 

i^ 
0 W 0 

B 
i 
0 
H 

Fig. 1. 

» I ' ' ' ' I » ' T- • 

k.$ k e 

Fig. 2. ^ - N M R (100 MHz) spectra of the ribose 
moiety of uridine (0.25 mol/1) : (a) in the absence of 
boric acid: (b) in the presence of the acid (0.25 mol/ 
1). 
Solvent: D 2 0 , temperature: 25 °G, pH: ca. 12, spec­
trometer: JEOL PS 100. 3-(Trimethylsilyl)propionic 
acid-rf4 sodium salt was used as the internal standard. 

easily as the methyl ester from the reaction mixtures 
by coevaporation with anhydrous methanol. 

Exper imenta l 

General Methylation Procedure. The reaction sizes and 
conditions are described in Table 1. A mixture of a nu­
cleoside, a methylating agent, and boric acid in water was 
heated at 25 or 50 °G and at p H > 12. The pH value of 
the solution was maintained by the occasional addition of 
1 mol dm - 3 sodium hydroxide. The progress of the meth­
ylation reactions was checked by silica-gel thin-layer chro­
matography (TLG) using the solvents employed previously.2'7) 

The reaction mixture was concentrated and washed with 
benzene or diethyl ether to remove the methylating agent 
unreacted. Anhydrous methanol was then added to the 
residue, and the solution was concentrated under reduced 
pressure. This coevaporation procedure was repeated sev­
eral times to remove the boric acid completely. The 
resulting reaction mixtures were placed in a silica-gel column 
(Merck, 7734, 100—200 mesh) using the solvents indicated 
in Footnote c of Table 1. The yields and mp's of the prin-
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T A B L E 1. METHYLATION OF VARIOUS NUCLEOSIDES IN THE PRESENCE OF BORIC Acroa) 

Nucleoside 

Uridine (U) 

U 

Thymidine (dT) 

Inosine(I) 

I 

Adenosine (A) 

Methylating 
agentb> 

TMP 

DMS 

TMP 

TMP 

DMS 

TMP 

Temp 

°G 

50 

25 

50 

50 

25 

50 

Time 

h 

24 

1 

3 

6 

1 

24 

Products«) 

3-Methyl-Ue> 
3502'(3')_Dimethyl-U 

3-Methyl-U 

3,02'(3'>-Dimethyl-U 

3-Methyl-dTf) 

1-Methyl-Ie> 

1,02'<3')-Dimethyl-I 

1-Methyl-I 

1,02'(3')-Dimethyl-I 

N6-Methyl-A 

02'<3')-Methyl-A 

N6,02'(3')-Dimethyl-A 

UV-Yield/%d> 

B(OH)3 None 

78(68) 

9 

87 (65) 

10 

90 (58) 

91(36) 

4 

90 

8 

20 

8 

7 

51 

35 

43 

49 

88 

50 

40 

65 

33 

trace 

38 

24 

a) Reaction size: nuc leos ide -TMP(DMS)-bor i c a c i d - w a t e r = 1.0 mmol-36(3) mmol-1 .0 mmol -4 ml. See also the 
Experimental section, b) T M P : tr imethyl phosphate. D M S : dimethyl sulfate, c) Mixtures of chloroform and 
methanol were used for the column chromatography: 10—1 (v/v) for 3-methyluridine and 3-methyl thymidine ; 
17—3(v/v) for 1-methylinosine. T h e yield ratios of O2 ' -methylated nucleosides to 0 3 ' -methyla ted nucleosides were 
2.5—3.5, according to the N M R spectra of the reaction mixtures, d) T h e yields in parentheses were based on 
the amounts of products isolated, e) M p : 3-methyluridine, 116—118°G (from ethyl aceta te) ; 1-methylinosine, 
207—208 °G (from e thanol -methanol ) . J . Zemlicka {Collect. Czech. Chem. Commun., 35, 3572 (1970)) reports m p 
of 115—116 °G and 209—210 °G respectively, f) M p 134—134.5 °G (from water) . H . T . Miles, J. Am. Chem. 
Soc, 79, 2565 (1957) reports a m p of 128.5—132 °G. 

cipal products are shown in the table. 
T h e N M R and U V spectra of the isolated products agreed 

with the assigned structures. T h e unisolable products were 
identified by a comparison of the mobilities in T L G and 
the U V spectra of the aqueous extracts of the spots in T L G 
with those of authentic samples2) or li terature values. 
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Photolysis of Sodium Arenesulf onates in Alkaline Dimethyl 
Sulfoxide Solutions1,2) 

Nobutaka SUZUKI,* Kinya I T O , and Yasuji IZAWA 
Chemistry Department, Faculty of Engineering, Mie University, Tsu, Mie 514 

(Received April 21, 1980) 

Synopsis. Photolysis of arenesulfonates in alkaline 
DMSO under air gave the corresponding desulfonation 
products, arènes, presumably via the n-n* excited triplet 
state. 

With respect to the relationship between the photo­
chemical behavior and electronic configuration (n-n* 
or jt-Ti*) of the excited states of the arenesulfonates, 
a report was given on a new photoelimination of SO a 

(desulfonylation) of sodium 9-anthracene-, 1-naphtha­
lene-, and mesitylene-sulfonates ( l a — b and l g ) via 
n-n* excited states, along with photoelimination of 
S 0 3 (desulfonation) via n-n* excited states.2) This 
seems to be the first example of the photodesulfonyla-
tion of sulfonic acids. Oga ta et al.3) reported on a 
photochemical reaction of benzenesulfonic acid in an 
aqueous alkaline solution, giving benzene (16%) and 
biphenyl (1%) and assumed to involve an initial 
radical fission of G-S bond giving Ph« and - S 0 3 H 
radicals. In this report we describe the photolysis 
of arenesulfonates ( la—f) in alkaline D M S O to give 
the corresponding arènes (2) by desulfonation almost 
as the sole product, presumably via the n-n* excited 
state. 

O 
R 

Ar-SOr 
(la-b, lg 

hv - S 0 2 02 J\/\/ 
> (n-n*) > A r - O - > | || || 

A r - O H O ( R 

4a-b) (3b and 3g) 

hv 
(n-n*) 

- so j 
Ar- > Ar-H + Ar-Ar 

(2-) (2a -b ,2g ) (5b) 

a: Ar = g-Anthryl, b : A r = 1-Naphthyl, g: Ar = Mesityl 

Solutions of the sulfonic acids ( l a—f : ca. 5 mmol/1) 
in D M S O with aqueous 1 mol/1 N a O H were irra­
diated with a low-pressure mercury lamp (30W) in 
quartz cells at tap-water temperature. The photo-
reactions were monitored by GLC. The results are 
summarized in Table 1. I t was found that the pho­
tolysis of I d — f gives the parent hydrocarbons (2), 
photodesulfonation products, whereas l a — c yielded 
traces of a quinone (4a), or 1- or 2-naphthol (3b or 
3c) besides the parent hydrocarbons (2a—b) as main 
products. The results significantly differ from those 
obtained by the experiments in aqueous medium. In 
aqueous solutions, photodesulfonylation was distinctly 

Ar-SO-

la—f 
DMSO/H 2 O 

-> (n-n*) Ar-H 

2a—f 

a: Ar=9-anthryl; b : Ar—1-naphthyl; 
c: Ar—2-naphthyl; d: Ar=o-tolyl; 
e: Ar=p-tolyl; and f: Ar—phenyl 

observed for la—b.2> 
D M S O accelerates reactions of anions in contrast 

with the reduced activity of hydrogen-bonded anions 
in protic solvents of comparative dielectric constants.4) 
A (n-n*) excited state is more ionic than an appropriate 
(n-jr*) excited state considered to be biradical. Hence, 
in D M S O , preference of the desulfonation ( -S0 3 ) 
to the desulfonylation ( -S0 2 ) can be expected. 

Steric effect of the sulfonyl group on the peri H 
atom(s) ( l a—b) or the o-methyl group ( Id) can be 
expected for the present reactions by the analogy of 
a similar photoelimination of 9-nitro- and 9-carboxy-
anthracene (6 and 7),5> whose nitro and carboxyl 
functional groups are not coplanar, not being able 
to resonate with aromatic rings5) due to the steric 
hindrance with the peri H atoms. In contrast to 
6 and 7, the sulfonyl group is tetrahedral and the 
hindrance with the peri H atoms would not inhibit 
the coplanarity between one of the three S-O bonds 
and the aromatic nucleus as shown in formula 8. 

H Z H 

AAA 
6: Z = N 0 2 
7: Z = C 0 2 H 

The da ta showing absence or presence of a trace of 
desulfonylation, obtained by changing the arene moie­
ties at tached to the sulfonyl groups for the purpose 
of differentiating the effect of peri H atom on the 
sulfonyl groups (i.e., l a , l b , I d , and If: also l c and 
l e were employed) supported the above interpretation 
on the steric effect. 

I t seems that the arene moieties determine the 
electronic configurations (n-n* or n-n*) of the Si 
and T x excited states of the arenesulfonates and also 
the reaction course. In contrast to the results in 
aqueous solution where desulfonylation and desulfona­
tion of l a proceed via Tx (n-n*) and T 2 (n-n*), re-
spectively,2> quenching experiments of l a — c in D M S O 
with 1,3-pentadiene on the fluorescence (not quenched), 
desulfonation (quenched), and desulfonylation (not 
quenched) revealed that desulfonation occurs via T 
and not S l5 and that desulfonylation might proceed 
via Si in D M S O . T h e results could be explained if 
the desulfonation and desulfonylation in D M S O pro­
ceed via T x (n-n*) and Sx (n-n*), respectively. T h e 
relative stability of n-n* and n-n* excited states of 
l a might be inverted in water and in D M S O . Stern-
Volmer plots of the other sulfonates with 1,3-pentadiene 
to the reaction products suggest that the desulfonation 
proceeds via T1 excited states. Large viscosity of 
D M S O might cause relatively small rates of diffusion 
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of 1,3-pentadiene, and no quenching of the fluorescence 
and desulfonylation. Measurement of viscosity of 
D M S O , however, eliminated the possibility, the ob­
served diffusion constant, £dif# being 3.80 X 109 1/mol, 
which is in the range of tha t of the other organic sol­
vents (^ff. = 109—1010).6> 

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

Fluorescence and phosphorescence spectra were recorded 
on a Hitachi MPF-2A spectrometer and GLG on a 
Yanagimoto Yanaco G-1800F gas Chromatograph. 

Materials. Sodium anthracene-9-sulfonate (la) was 
prepared according to the method worked out by Yura 
and Oda.7> Commercial sodium naphthalene-1- and -2-, 
o- and /»-toluene-, and benzene-sulfonates (lb—If), and 
commercial authenitic samples (2a—f, 3b—f, 4a—b, 4f, 
and 5b) were used. DMSO was distilled in vacuo from 
GaH2. 1,3-Pentadiene was distilled before use in quenching 
experiments. 

General Method for Photolyses of la—f. A solution of 
compound 1 (ca. 5 mmol/1) in DMSO (3 ml) and aqueous 
1 mol/1 NaOH (100 pd) was irradiated with a low pressure 
mercury lamp (30 W, Eikosha; P1L-30) in a quartz cell 
(<j> 10 mm) at tap-water temperature (ca. 15 °G). The 
reaction was monitored at intervals by GLG. The prod­
uct (s) was identified and the yields were determined by 
comparison with the corresponding authentic sample (s) on 
GLG (Table 1). GLG were afforded on 10% Silicone SE-
GE-31 on Diasolid L (60—80 mesh) for la , Id—e, and 
If, and on Apiezon L on Diasolid L, 2.2 m for lb—c. 

Solvent Effect of 1 on Fluorescence and Phosphorescence Spectra. 
The 0-0 bands of fluorescence and phosphorescence spectra 
of la—f were measured in various solvents at 77 K in a 
quartz cell. The results showed the electronic configura-

TABLE 1. PHOTOLYSIS OF Ar-S03Na (la—f) IN DMSO 

Yield/%*) 

1 

l a 

l b 

l c 

Id 

l e 

If 

Goncn 
mmol l - 1 

5.0 
5.0 

[2.9 
[5.0 
5.1 
5.1 
5.3 
5.3 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

Irrad. time 
min 

50 
60 

180 
180 
50 

900 
50 
60 
50 

1820 
50 

1820 
50 

360 

Ar-H 
(2) 

60 

54 
27.9 

3.0 
16.5 
6.7 
8.4 
3.3 

50.0 
2.9 

45.0 
6.7 

50.0 

i i e i u / 7 0 

Ar-OH 
(3) 

n.d.b> 

n.d. 
n.d. 
n.d. 
trace 
n.d. 
trace 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

•*/ 
v 

Quinone 
(4) 

1.8 
2.1 

36.8] c> 
13.2]c> 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

a) Yields based on the starting material used, b) Not 
detected, c) Photolysis in aqueous solution (Ref. 2). 

tions (n-n* or n-n*) of the Sx and Tx excited states of la—f 
to be n-n* for Sx and n-n* for Tv 

Quenching with 1,3-Pentadiene. (a) Quenching on fluo­
rescence of 1 in DMSO (5.0 mmol/1) with various concen­
trations of 1,3-pentadiene (1.3, 2.9, 5.2, 10.3, and 20.7 mmol/ 
1) was observed by means of the MPF-2A spectrometer 
at 25 °G. (b) Quenching on the products of desulfonation 
and/or desulfonylation from 1 in DMSO (5.0 mmol/1) with 
various concentrations of 1,3-pentadiene in air was observed 
by GLG. The kqx values were calculated from the slopes 
of the Stern-Volmer plots.8) The fluorescence and desul­
fonylation of la—c were not quenched, while desulfonation 
of la—c was quenched, the kqr values being 2.6 X 10, 7.4 X 
10, and 5.8x10, respectively. 

Viscosity of DMSO. The viscosity of DMSO used 
was calculated from the equation 

^DMSO = Vn20' (/?DMSO ,^DMSo)/(/?H20 ,^H2o) 

= 8.0049) x I.101410) x 122.3/(0.99567569) x61.0) 

= 17.751 (mpoise), 

the values of tT2o and fo°mo being measured with an Ostwald 
viscometer. From the results the diffusion constant &dif. in 
DMSO was estimated by 

*dif. = BRTßOOOq (1/mol s) = 3.80 XlO9 (1/mol s),11) 

where 

R = 8.314 X 107 erg K"1 mol"1. 
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Synopsis. Diastereoisomeric vitispiranes have been 
synthesized from 2,6,6-trimethyl-l-(3-oxo-l-butenyl)-1,3-
cyclohexadiene by five-step reactions including photooxy-
genation. 

Vitispirane, an odoriferous G13 spiro-ether, was ini­
tially found in the aroma volatiles of grape juice (vine 
sp. Vitis vinifera), as well as in table and fortified wines 
and in distilled spirits.1) Recently OhlofT et al. have 
also isolated vitispirane from the volatiles of a vanilla 
extract and have shown the presence of (2RS,5RS)-
and (2RS,5SR) -vitispiranes (1 and 2) in the vanilla 
extract; their relative configurations were established 
by stereoselective synthesis.2) In relation to our own 
interest in devising simplified approaches to the syn­
thesis of ionone-related flavorants, we have developed 
an alternative synthesis of vitispiranes (1 and 2) from 
an easily accessible dehydroionone 3.3) O u r synthetic 
route is outlined in the following scheme. 

The photosensitized oxygenation of the dehydro­
ionone 3,4) followed by the reduction of the resulting 
peroxide with thiourea,5) provided the cis-dio\ 4.6) 
The subsequent treatment of 4 with dimethyl sulfo­
xide7) at 140 °G for 8 h afforded the crystalline triene 
ketone 5 in a 4 7 % yield. The conjugate reduction 
of the a,/?-unsaturated ketone of 5 with L i A l H ( O M e ) 3 -
CuBr8) in tetrahydrofuran at —20 °G provided the 
diene ketone 6 in a 4 8 % yield. Although a high 
selectivity for 1,4-addition was reported by Semmelhack 
et al. with a variety of cyclic and acyclic a,/?-unsaturated 
ketones,8) the formation of a 1,2-adduct 7 in a moderate 
yield was also observed in the reduction of 5. When 

the reagent prepared from LiAlH 4-CuI 9) was employed, 
the 1,2-adduct 7 was obtained as the major product. 

T h e reduction of 6 with sodium borohydride in 
ethanol gave the diastereoisomeric diene diols, 8 and 
9, in a ratio of ca. 7:1. The pure 8 was obtained by 
the recrystallization of the mixture. The diene diol 
8 was stereospecifically cyclized10) to (2RS,5RS) -viti­
spirane 1 by heating with jb-toluenesulfonyl chloride 
in pyridine, the relative configurations at C-6 and 
C-9 of 8 being established as (6RS,9SR). The filtrate 
fraction was chromatographed to afford a mixture 
containing 8 and 9 in a ratio of ca. 1:1. The ̂ - N M R 
spectrum of this mixture is practically identical with 
tha t of the pure 8 except for a pair of singlets at 5.18 
and 5.20 ppm due to one of the ^ö-methylene protons 
of 8 and 9 respectively. T h e treatment of this mixture 
with jb-toluenesulfonyl chloride afforded (2RS,5RS)-
and (2RS,5SR) -vitispiranes (1 and 2) in a ratio of 
ca 1:1. 

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

The melting points are uncorrected. The following spec­
trometers were used: IR, Hitachi 215; NMR, Varian XL-
100 or JOEL FX-100 (tetramethylsilane as the internal 
standard) ; mass spectra, JEOL D-300. The thin-layer chro­
matography (TLG) was performed on 0.25 mm precoated 
silica gel PF254 (Merck). Silica gel (70—230 mesh, Merck) 
was used for the column chromatography. 

cis-2,6,6- Trimethyl-1 -(3-oxo-1 -butenyl) -2- cyclohexene -1,4 - diol 
(4). A solution of dehydroionone 3 (3.00 g, 15.8 mmol, 
purity 85%) and Rose Bengal (30 mg) in methanol (50 ml) 
was irradiated externally with a high-pressure mercury 
vapor lamp (Toshiba HT-400PL) in a water-cooled (0—5 
°G) apparatus, while oxygen was being bubbled through 
the solution (ca. 30 ml/min). The reaction was essentially 
complete after 25 min. After the addition of thiourea (1.37 
g, 18.0 mmol), the mixture was stirred at 25 °G for 7 h. 
After the subsequent removal of the solvent, the residue 
was chromatographed (benzene-ethyl acetate, 1:1) on silica 
gel to give the m-diol 4 (0.80 g, 28%). 4: IR (neat) 3400, 
1672, 1620, 1098, 1015, 988 cm"1; NMR (GDG13) Ô 0.97 
(s, 3H), 0.99 (s, 3H), 1.65 (t, J= 2 Hz, 3H), 1.60—2.16 
(m, 4H), 2.88 (s, 3H), 4.25 (m, IH), 5.65 (m, IH), 6.43 
(d, 7 = 1 6 Hz, IH), 6.74 (d, J = 1 6 Hz, IH): MS, m/e 224 
(M+), 191, 150, 108, 43. Found: m/e 224.1418. Galcd 
for C13H20O3: M, 224.1412. 

6,6-Dimethyl-2-methylene-1 -(3-0X0-1 -butenyl)-3 - cyclohexen -1 -ol 
(5). A solution of the cis-diol 4 (1.50 g, 6.70 mmol) 
in dimethyl sulfoxide (6.5 g) was heated at 140 °G for 8 h. 
The reaction mixture was then cooled, poured into water, 
and extracted with ethyl acetate. The ethyl acetate ex­
tracts were washed with water and dried over anhydrous 
sodium sulfate. After the removal of the solvent, the 
residue was chromatographed (benzene- ethyl acetate, 7:1) 
on silica gel to give the triene ketone 5 (0.65 g, 47%). 5: 
mp 81— 82 °G; IR (Nujol) 3490, 1785, 1682, 1655, 1595, 
1140, 995, 978, 892 cm"1; NMR (GDG13) Ô 0.92 (s, 3H), 
0.96 (s, 3H), 1.69 (s, IH), 2.06—2.20 (m, 2H), 2.25 (s, 3H), 
5.02 (s, IH), 5.16 (s, IH), 5.62—5.86 (m, IH), 6.08—6.26 
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(m, 1H), 6.43 (d, y - 1 6 Hz, 1H), 6.89 (d, J= 16 Hz, 1H) ; 
M S , m/e 206 (M+), 191, 163, 121, 43. Found : m/e 206.1270. 
Galcd for G 1 3 H 1 8 0 2 : M, 206.1305. 

6 fî-Dimelhyl-2-methylene-l -( 3-oxobutyl) -3-cyclohexen-7-ol (6). 
A solution of l i thium tr imethoxyaluminium hydride in tetra-
hydrofuran (0.659 mol/1, 60.7 ml, 40.0 mmol) was added, 
drop by drop, to a suspension of copper(I) bromide (2.86 g, 
20.0 mmol) in tetrahydrofuran (15 ml) at —20 to —10 °G. 
After 30 min, the resulting dark brown suspension was cooled 
to —20 °G. A solution of the triene ketone 5 (1.03 g, 5.00 
mmol) in tetrahydrofuran (10 ml) was added (ca. 5 min) . 
T h e mixture was then stirred at —20 °G for 50 min, poured 
into cold water, and extracted with ethyl acetate. T h e 
ethyl acetate extracts were washed with water and dried 
over anhydrous sodium sulfate. After the removal of the 
solvent, the residue was chromatographed (hexane-ethyl 
acetate, 5:4) on silica gel to give the diene ketone 6 (490 
mg, 48%) and the triene diol 7 (499 mg, 4 9 % ) . 6 : m p 
60—62 °G; I R (Nujol) 3320, 3025, 1782, 1715 (weak), 
1642, 1600, 1106, 1042, 892 cm" 1 ; N M R (CDG13) Ô 0.8—1.2 
(m, 6H, with two s at 0.88 and 1.06), 1.4—2.6 (m, 10H, 
with a d at 1.62 and a s at 2.14), 4.80—5.16 (m, 2H) , 
5.32—5.68 (m, 1H), 5.90—6.12 (m, 1H) ; M S m/e 208 
(M+), 190, 185, 150, 131, 99, 43. Found : m/e 208.1458. 
Galcd for G 1 3 H 2 0 O 2 : M , 208.1461. 

7 -(3-Hydroxybutyl) -6,6-dimethyl-2-methylene-3-cyclohexen-7-ols (8 
and 9). A solution of the diene ketone 6 (439 mg, 2.11 
mmol) and sodium borohydride (300 mg, 7.93 mmol) in 
ethanol (15 ml) was stirred at 25 °G for 1 h. T h e reaction 
mixture was then poured into water and extracted with 
ethyl acetate. T h e ethyl acetate extracts were washed with 
water and dried over anhydrous sodium sulfate. After the 
removal of the solvent, the crystalline residue was recrystal-
lized from hexane-ethyl acetate to yield 8 (179 mg) . T h e 
filtrate was concentrated and crystallized again from h e x a n e -
ethyl acetate to yield 8 (90 mg) . T h e filtrate was concen­
trated and chromatographed (hexane-ethyl acetate, 2:5) 
on silica gel to give a mixture containing 8 and 9 in a ratio 
ca. 1:1 (91 mg) . T h e total yield of 8 and 9 was 81%0 . 8 : 
m p 141—142 °G; I R (Nujol) 3300, 3020, 1780, 1640, 1598, 
1048, 988, 890 c m - 1 ; N M R (GDG13) Ô 0.88 (s, 3H) , 1.06 
(s, 3H) , 1.16 (d, 7 = 6 Hz , 3H) , 1.26—2.46 (m, 8H) , 3.56— 
3.92 (m, 1H), 5.04 (s, 1H), 5.02 (s, 1H), 5.50—5.72 (m, 1H), 
6.00—6.18 (m, 1H) ; M S , m/e 210 (M+), 192 177, 126, 43. 

Found : m/e 210.1672. Galcd for G 1 3 H 2 2 0 2 : M , 210.1620. 
Vitispiranes (1 and 2). To a solution of the diene 

diol 8 (1.007 g, 4.79 mmol) in pyridine (13 ml) , was added 
/>-toluenesulfonyl chloride (1.57 g, 8.24 mmol) . The mixture 
was then stirred at 0 °G for 18 h, heated at 80 °G for 4 h, 
and cooled to 0 °G. After the addition of water (6 ml) , 
the mixture was stirred at 0 °G for 1 h, poured into water, 
and extracted with e ther-pentane. The organic layers 
were washed with water and dried over anhydrous sodium 
sulfate. After the removal of the solvent, the residue was 
distilled (oil ba th 100 °G/1 Torr) to give (2RS,5RS)-viti-
spirane 1 (812 mg, 8 8 % ) . The mixture of 8 and 9 from the 
previous experiment, upon t reatment under the same con­
ditions, afforded (2RS,5RS)- and (2RS,5SR)-vitispiranes (1 
and 2) in a ratio ofca. 1:1. T h e I R , N M R , and mass spectral 
da ta of 1 and 2 were identical with those of authentic sam­
ples.2) 
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Synthesis and Reactions of Perylenecarboxylic Acid Derivatives. X. 
Synthesis of iV-Alkyl-3,4-perylenedicarboximide 
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Synopsis. JV-Alkyl-3,4-perylenedicarboximides 
(alkyl = methyl, ethyl, propyl, butyl, isobutyl, pentyl, hexyl, 
and octyl) were prepared by the decarboxylation of N-
alkyl-3,4:9,10-perylenetetracarboxylic monoanhydride mono-
imides (same alky Is) in potassium hydroxide solution. 

In a previous publication we reported that the 
3,4-perylenedicarboximide was sulfonated, and that 
the iV-substituted perylene-3,4-dicarboximides could be 
prepared from the sulfonic acid via sulfoperylene-3,4-
dicarboxylic anhydride and iV-substituted sulfoperylene-
3,4-dicarboximide.1) This method may be applicable 
to many kinds of iV-substituted perylene-3,4-dicarb-
oximide preparations, but it includes too many reaction 
steps. 3,4-Perylenedicarboximide was prepared by 
decarboxylation of 3,4:9,10-perylenetetracarboxylic 
monoanhydride monoimide in potassium hydroxide 
solution.2) The present work was undertaken to apply 
the decarboxylation to iV-substituted 3,4:9,10-perylene-
tetracarboxylic monoanhydride monoimides to prepare 
iV-alkyl-3,4-perylenedicarboximide(2a—h) (a lky l=a , 
methyl; b , ethyl; c, propyl; d, butyl ; e, isobutyl; 
f, pentyl; g, hexyl; h , octyl) from N-alkyl-3,4:9,10-
perylenetetracarboxylic monoanhydride monoimide3>4) 
( l a—h) (same alkyls). 

la—h 2a—h 

R = a, methyl; b, ethyl; c, propyl; d, butyl; e, iso­
butyl; f, pentyl; g, hexyl; h, octyl. 

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

The iV-alkyl-3,4-perylenedicarboximides(2a—h) pre­
pared by the decarboxylation of iV-alkyl-3,4:9,10-
perylenetetracarboxylic monoanhydride monoimides 
( l a—h) in potassium hydroxide solution are listed 
in Table 1. Their structures were confirmed by ele­
mental analyses, absorption spectra, and I R and M S 
spectra. These are given in Table 2. All compounds 
could be prepared in 60—80% yield. The raw prod­
ucts of 2a—h were given in good yields. The dif­
ferences of yield are due to the difficulties of recrystal-
lization from solvent. 

All Amax in the visible spectra of sulfuric acid solutions 
are 612—614 nm, and no different ^ m a x values due 
to alkyl group were found. All I R spectra indicate 
vc=0 of imide on 1637—1647 c m - 1 and 1680—1687 
cm - 1 , and no different vc=0 due to alkyl group were 
found either. Mass spectra show the corresponding 
molecular ion peak. Table 3 shows the color, tinting 
strength, and light-fastness obtained by a similar meth-

TABLE 1. REACTION CONDITIONS FOR THE PREPARATION 

OF 3,4-PERYLENEDICARBOXIMIDE ( 2 a — h ) 

Reaction temp: 220—230 °G; Time: 18 h. 

la-

la 
lb 
lc 
Id 
le 
If 

lg 
lh 

-Mg) 
5.0 
6.0 
6.1 
10.0 
5.0 
5.0 
5.0 
5.0 

12% KOH(ml) 

100 
120 
123 
200 
100 
100 
100 
100 

Yield of 2a—h, 

2a 74 
2b 62 
2c 64 
2d 67 
2e 71 
2f 81 

2g 70 
2h 76 

od in previous work.4) Colors were all reddish, and 
the colors of 2b,2c,2e, and 2f were very clear. Tint ing 
strengths of 2b,2e, and 2f were high, and that of 2a 
was the lowest. Light-fastness of iV-butyl compound 
(2d) was the highest and iV-pentyl compound (2f) 
was the lowest. 

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

Material. la—h were prepared by the previous meth­
ods.3'4) 

Preparation of 2a—h. For example, 2a was prepared 
as follows, l a (5.0 g) and 12% potassium hydroxide solu­
tion (100 ml) were heated in an autoclave at 220—230 °G 
for 18 h with stirring. The cooled reaction mixture was 
filtered, and the precipitate was washed with water and 
dried to yield 3.7 g (89%) of crude reddish brown powder 
of 2a. The crude 2a was recrystallized from nitrobenzene-
methanol to obtain 3.0 g (74%) of 2a (mp>300 °G). 2b—h 
were prepared with the same treatment under the conditions 
given in Table 1. The obtained crude yield of 2b—h 
was: 2b, 89%; 2c, 8 1 % ; 2d, 88%; 2e, 77%; 2f, 85%; 2g, 
90%) ; 2h, 90%. The crude 2b—h were recrystallized from 
benzene-methanol : 2b, 2c, 2d, and acetic anhydride-meth-
anol: 2e, 2f, 2g, 2h, respectively. The yields of 2b—h 
were: 2b, 62% (mp 292 °G); 2c, 64% (mp 250 °G); 2d, 
67% (mp 267 °G); 2e, 71% (mp 293 °G); 2f, 81% (mp 
249 °G); 2g, 70% (mp 206 °G); 2h, 76% (mp 190 °C). 

Measurement. Mass spectra were recorded on a Hitachi 
RMU-7M mass spectrometer. Visible spectra were meas­
ured using a Hitachi 124 spectrometer for solutions in coned 
sulfuric acid (95.0%), and IR spectra on a Nippon Bunko 
IR-E spectrometer. 

The prepared pigment (1.00 g) and 20.0 g of sodium 
sulfate were milled with a lab mill for 5 h. The mixture 
was added to water to remove sodium sulfate and then fil­
tered. The residue was dried under vacuum at room tem­
perature. The sample (100 mg), titanium dioxide (2.0 g), 
and boiled oil (1.2 ml) were mixed by a muller for three 
hundred revolutions. The mixture was painted on paper, 
then the tests were carried by the previous methods.5) 



1576 N O T E S [Vol. 54, No. 5 

T A B L E 2. ANALYTICAL AND SPECTRAL DATA FOR 3,4-PERYLENEDicARBOxiMiDE(2a—h) 

2 a — h 
R 

Found (Galcd)% 

G H N 
« V n m 

IR(KBr) 
j>c = 0 / c m - i 

Imide 

MS(m/e) 
(M+) 

2a 

2b 

2c 

2d 

2e 

2f 

2g 

2h 

GH3 

GH2GH3 

(GH2)2GH3 

(CH2)3CH3 

GH2GH(GH3)2 

(CH2)4CH3 

(CH2)5CH3 

(GH2)7CH3 

81.18 
(82.37 

81.97 
(82.54 

81.17 
(82.64 

82.87 
(82.74 

83.12 
(82.74 

82.76 
(82.84 

82.65 
(82.94 

83.31 
(83.11 

3.68 
3.87 

4.06 
4.30 

4.45 
4.68 

4.98 
5.07 

5.06 
5.07 

5.30 
5.41 

5.57 
5.72 

6.29 
6.28 

4.36 
4.18) 

4.17 
4.01) 

4.01 
3.86) 

4.04 
3.71) 

3.81 
3.71) 

3.64 
3.58) 

3.48 
3.45) 

3.25 
3.23) 

612 

613 

613 

614 

614 

612 

615 

615 

1647 

1639 

1642 

1641 

1637 

1642 

1645 

1645 

1687 

1680 

1682 

1680 

1684 

1683 

1680 

1680 

335 

349 

363 

377 

377 

391 

405 

433 

T A B L E 3. PROPERTIES OF 3 ,4 -PERYLENE-

DICARBOXIMIDE (2a—f ) 

2a—f 
R 

2a CH3 

2b CH2CH3 

2c (GH2)2GH3 

2d (CH2)3GH3 

2e GH2CH(CH3)2 

2f (CH2)4GH3 

Color 

Reddish violet 
Orange 
Reddish violet 
Reddish violet 
Orange 
Orange 

Tinting 
strength11) 

T/% 

29 
62 
58 
37 
60 
63 

Light-
fastness1') 

h 

80 
100 
100 
140 
40 
30 
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a) T: Reflactance maxima(750 nm)— minima. 
b) Exposure t ime before beginning to fade. 
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Synops i s . 4-Methacryloyloxymethyl-1,3-dioxolanes 
substituted at the 2 position with perfume and herbicide 
aldehyde residues were synthesized either by acetalization 
or by transacetalization involving 2,3-dihydroxypropyl meth-
acrylate. The effect of the 2-substituent of the dioxolane 
ring on the rate of hydrolysis was remarkable. 

I n t h e course of s tudies to synthes ize p o l y m e r i z a b l e 
ace ta l s b e a r i n g v a r i o u s func t ions c a p a b l e of b e i n g 
re leased b y hydro lys i s , those f rom p e r f u m e a n d v i t a m i n 
a lcohols h a v e b e e n r e p o r t e d . 1,2> I n t h e m e a n t i m e , 
p o l y u r e t h a n e s c o n t a i n i n g t h e a c e t a l l i nkage i n t h e 
p r i n c i p a l cha in 3 ) a n d p o l y a m i d e a t t a c h e d w i t h a c e t a l 
side chains , 4 ) b o t h c o n t a i n i n g a h e r b i c i d e func t ion , 
h a v e also b e e n r e p o r t e d . 

I n this n o t e , w e wish to r e p o r t o n nove l a c e t a l s 
c o n t a i n i n g t h e 1 ,3-dioxolane u n i t c o m p o s e d of t h e 
p e r f u m e o r h e r b i c i d e a l d e h y d e a n d 2 , 3 - d i h y d r o x y p r o p y l 
m e t h a c r y l a t e res idues . 

Ace ta l s 3 a — g w e r e syn thes ized b y t h e a c i d - c a t a l y z e d 
a c e t a l i z a t i o n of 1 a n d 2 a — g ( E q . 1), w h e r e R r e p r e ­
sents a p e r f u m e o r h e r b i c i d e r e s idue in T a b l e 1. 

GH 3 

G H 2 = C - C O O G H 2 - G H - C H 2 + R G H O 

1 L, Lr 2a—g O H O H 

PTS G H , / 0 - G H 2 

-> R - C H | | + H 2 0 
dioxane or benzene \ 0 - G H G H 2 - O O C C = CH 2 

( 3 a - g ) ( i : 

/Gl 

4 a — b 

C I - / V o C H 2 C H ( O E t ) 2 + 1 

( G l ) / = " ~ 

Gl-O 
(Gl)/ 

PTS 

CHCK 

/O—GH2 GH 3 

O C H 2 - G H I i + 2 E t O H 
X ) - C H C H 2 - O O C C = C H 2 

5 a — b (2) 

4a, 5 a : 2,4-Dichloro; 4b , 5 b : 2,4,5-Trichloro 

D i e t h y l ace t a l s ( 4 a — b ) w e r e also e m p l o y e d to 
c o n d u c t t h e /»-toluenesulfonic ac id ( P T S ) - c a t a l y z e d 
t r a n s a c e t a l i z a t i o n as i n d i c a t e d i n E q . 2 . A S o x h l e t 
e x t r a c t o r , t h e t h i m b l e of w h i c h c o n t a i n e d 4 A o r 5 A 
m o l e c u l a r sieves for t h e r e m o v a l of t h e e t h a n o l p r o ­
d u c e d , w a s e m p l o y e d in this case . A l t h o u g h t h e r e p e ­
t i t ion of c o l u m n c h r o m a t o g r a p h y d e c r e a s e d t h e yie lds 
of i sola ted p r o d u c t s (9 a n d 11 % for 5 a a n d 5 b , r e ­
spect ive ly) , a c e t a l convers ions , c a l c u l a t e d f rom t h e X H-
N M R d a t a for c r u d e p r o d u c t 5 a , w e r e 4 7 a n d 5 9 % 
w i t h 4 A a n d 5 A m o l e c u l a r sieves, respec t ive ly , o n 
t h e basis of t h e s t a r t i n g 4 a , i n d i c a t i n g a d v a n t a g e of 
t h e l a t t e r m o l e c u l a r sieves w i t h l a r g e r m i c r o p o r e s . 
T h e conve r s ion for 5 b w a s 5 5 % w i t h 5 A m o l e c u l a r 
sieves, also a m u c h h i g h e r v a l u e t h a n t h e yield ( 1 1 % ) 
of t h e pur i f ied p r o d u c t . 

T A B L E 1. ACETALS SYNTHESIZED ACCORDING TO Eq. 1 

Ab 

2a, 3a 

2b, 3b 

2c, 3c 

2d, 3d 

2e, 3e 

2f, 3f 

2ft 3g 

breviation 

M e O - / ~ \ -

^ - 0 

/ " " V C H = C H -

M e s 
C=CH(CH,). 

M e ' 

Mev 
C=CH(CH,J, 

M e ' 

/CI 

c , - < > 
NCI 

,-CHCHj-

Me 

-C=CH-

Me 

Yie 
Sa­

id of 

28 

39 

23 

25 

21 

8 

10 

Acetalization 

Solvent 

Dioxane 

Dioxane 

Dioxane 

Dioxane 

Dioxane 

Benzene 

Benzene 

Means of 
dehydration 

3A molecular sieves 

3A molecular sieves 

3A molecular sieves 

3A molecular sieves 

3A molecular sieves 

Dean-Stark trap 

Dean-Stark trap 

a) Values for purified products. 

T A B L E 2. HYDROLYTIC RELEASE OF FUNCTIONAL 

ALDEHYDES FROM ACETALS 

Acetals 
Aldehyde released in 

2 h 24 h, % 

3a 

3d 

3f 

3g 

5a 

44 

Trace 

25 

27 

9 

77 

N o v e l 1 ,3-dioxolanes t h u s syn thes ized w e r e s u b ­
j e c t e d to a c i d hydro lys i s , as exempl i f i ed i n T a b l e 2 . 
T h e resul ts i n d i c a t e t h a t t h e k i n d of 2 - s u b s t i t u e n t o f 
t h e d i o x o l a n e r i ng , i.e., a l d e h y d e r e s idue , exer t s a 
r e m a r k a b l e in f luence o n t h e r a t e of hyd ro lys i s : a c e t a l 
3 a b e a r i n g /> -me thoxypheny l g r o u p as R w h i c h s t a ­
bil izes t h e i n t e r m e d i a t e c a r b o c a t i o n p r o d u c e d d u r i n g 
t h e hydro lys i s p r o v i d e s t h e h ighes t r a t e , w h e r e a s , for 
3 d a n d 5 a w i t h a l i p h a t i c R , r a t e s a r e m u c h l o w e r 

R - G H - O -
2 1 

t h a n t h a t for 3 a a n d e v e n c o n s i d e r a b l y l o w e r t h a n 
those for 3 f a n d 3 g w i t h essent ia l ly t h e s a m e re lease 
c o m p o n e n t s as t h a t i n 5 a . T h i s fact i n d i c a t e s t h a t 
t h e re lease r a t e of t h e func t i ona l p o r t i o n c a n b e c o n ­
t ro l l ed h e r e o v e r a w i d e r a n g e b y c h o o s i n g t h e g r o u p 
n e i g h b o r i n g to t h e C-2 a t o m of t h e 1 ,3-d ioxolane 
r i n g . 

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

2,3-Dihydroxypropyl Methacrylate (1). A mixture of 
glycidyl methacrylate (14.2 g, 100 mmol) , 4-i-butylcatechol 
(0.1 g) , H 2 S 0 4 (coned, 0.2 ml) , and water (100 ml) was 
stirred vigorously at room temperature for 24 h. The re­
sulting clear solution was neutralized with an anion-exchange 
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resin (Diaion SA-10A) and freeze-dried to leave a liquid, 
which was distilled under reduced pressure to afford pure 
1 as a colorless liquid (bp 115—120 °C/1.0 mmHg) in 60— 
70% yield. Found : C, 52.41; H , 7.74%. Galcd for C7H1 0-
0 3 : G, 52.49; H , 7 .55%. IR(CG14) 3500, 1720 c m - 1 ; N M R 
(D aO) ô 2.0 (s, 3H, GH 3 ) , 3.5—4.5 (m, 5 H , - C H 2 - C H C H 2 ) , 
5.7 (s, 1H, CH 2=), 6.2 (s, 1H, GH2=) ppm. 

2- (p-Methoxyphenyl) -4-methacryloyloxymethyl-1,3-dioxolane (3a). 
A solution of 1 (1.3 g, 8.1 mmol) , />-anisaldehyde (2a; 
1.1 g, 8.1 mmol) , P T S (0.3 g), and phenothiazine (0.05 g) 
in dioxane (50 ml) was stirred at room temperature for 
24 h under nitrogen in the presence of 3A molecular sieves. 
T h e reaction mixture was diluted with chloroform and 
neutralized with aq N a H G 0 3 by shaking. T h e organic 
layer was dried over anhyd. N a 2 S 0 4 and evaporated in 
vacuo to leave an oil, which was chromatographed on alu­
mina (Wako, 300 mesh, neutral) . Methanol elution provid­
ed an oily product . Found : C, 64.26; H , 7 . 0 1 % . Calcd 
for G 1 5 H 1 8 0 5 : G, 64.73; H , 6 .52%. I R (CHG18) 1710 
c m - 1 ; N M R (CG14) Ô 1.9 (s, 3H, GH 3 ) , 3.3—4.5 (m, 5H, 
- G H 2 - G H C H 2 ) , 3.7 (s, 3H, O C H 3 ) , 5.1—5.8 (m, 1H, acetal 

GH) , 5.6* (s, ' lH , CH 2=), 6.1 (s, 1H, CH 2=), 6.6—7.4 (m, 4H , 
ArH) p p m ; Mass (m/e) 278 (M+). 

Products 3b , 3c , 3d , and 3e, each oily compound, were 
synthesized in the same manner . 

2- (3,4-Methylenedioxyphenyl) -4-methacryloyloxymethyl-1,3-di-
oxolane (3b). Found : G, 61.24; H , 5.92%. Galcd for 
G 1 5 H 1 6 0 6 : G, 61.64; H 5.52%. I R (CC14) 1710 c m - 1 ; 
N M R (GC14) ô 1.9 (s, 3H) , 3.4—4.5 (m, 5H) , 5.1—5.8 (m, 
1H), 5.5 (s, 1H), 5.9 (s, 2H) , 6.0 (s, 1H), 6.5—6.9 (m, 3H) 
p p m ; Mass (m/e) 292 (M+). 

2-Styryl-4-methacryloyloxymethyl-1,3-dioxolane (3c). 
Found : C, 69.65; H, 7.02%. Calcd for C 1 6 H 1 8 0 4 : G, 70.05; 
H , 6 . 6 1 % . I R (GHGI3) 1710 c m - 1 ; N M R (GG14) ô 1.9 
(s, 3H) , 3.3—4.3 (m, 5H) , 4.8—5.3 (b, 1H), 5.5 (s, 1H), 
6.1 (s, 1H), 6.6—6.8 (d, 2H) , 7.0—7.4 (s, 5H) p p m ; Mass 
(m/e) 274 (M+). 

2- (2,6-Dimethyl-5-heptenyl) -4-methacryloyloxymethyl-1,3-dioxolane 
(3d). Found : G, 68.65; H , 8.67%. Calcd for 
G 1 7 H 2 8 0 4 : C, 68.89; H , 8.86%. I R (CC14) 1720 cm" 1 ; 
N M R (CC14) ô 0.8—2.4 (m, 19H), 3.1—4.5 (m, 5H) , 4 .7— 
5.5 (m, 2H) , 5.6 (s, 1H), 6.2 (s, 1H) ppm. 

2-(2,6-Dimethyl-1,5-heptadienyl)-4-methacryloyloxymethyl-1,3-di­
oxolane (3e). Found : G, 69.75; H , 8.48%0. Galcd 
for C 1 7 H 2 6 0 4 : C, 69.35; H , 8.90%. I R (CC14) 1730 c m - 1 ; 
N M R (CC14) ô 0.8—3.0 (m, 16H), 3.1—4.2 (m, 5H) , 4 .5— 
6.1 (m, 3H) , 5.5 (s, 1H) 6.0 (s, 1H) ppm. 

2 - (2,6 - Dichlorophenyl) -4- methacryloyloxymethyl-1,3- dioxolane 
(3f). A mixture of 1 (1.6 g, 10 mmol) , 2,6-dichloro-
benzaldehyde (2f; 1.7 g, 10 mmol) , hydroquinone (0.5 g) , 
P T S (0.5 g), and benzene (100 ml) was refluxed for 2 h 
with a Dean-Stark t r ap fitted. T h e reaction mixture was 
washed with 5 % aq K 2 C 0 3 (200 ml) and dried over anhyd. 
N a 2 S 0 4 , followed by evaporation in vacuo. Silica gel 
(Wakogel C-300) column chromatography conducted on the 
crude product afforded pure 3f as a viscous colorless oil 
(benzene eluate) . Found : C, 52.61; H , 4 .50%. Calcd for 
C 1 4 H 1 4 0 4 C1 2 : G, 53.02; H , 4 . 4 5 % . I R (CHC1,) 1 7 2 0 c m - 1 ; 
N M R (CDGI3) ô 2.0 (s, 3H, CH 3 ) , 3 . 8 ^ . 9 (m, 5H, - C H 2 -
GHGH 2 ) , 5.7 (s, 1H, CH 2=), 6.2 (s, 1H, CH 2=), 6.3, 6.6, 

6.7 (t, 1H, acetal C H ) , 7.2—7.5 (t, 3H, ArH) p p m ; Mass 
(m/e) 317 (M+). 

2- (2,4-Dichlorophenyl) -4-methacryloyloxymethyl-1,3-dioxolane 
(3g). A viscous oil [hexane-benzene (1 :4 v/v) eluate] . 
Found : C, 52.83; H , 4 . 4 1 % . Calcd for C 1 4 H 1 4 0 4 G1 2 : C, 
53.02; H , 4 .45%. I R (GHC13) 1720cm" 1 ; N M R (CDC13) 

«5 2.0 (s, 3H) , 3.8—4.9 (m, 5H) , 5.6 (s, 1H), 6.2 (s, 1H), 
5.9, 6.2, 6.3 (t, 1H), 7.2—7.9 (m, 3H) p p m ; Mass(m/*) 317 
(M+). 

(2,4-Dichlorophenoxy)acetaldehyde Diethyl Acetal (4a). A 
solution of 2,4-dichlorophenol (16 g, 0.1 mmol) and potas­
sium hydroxide (8 g) in methanol (100ml) was evaporated 
in vacuo at 50—60 °G almost to dryness. The residue was 
dissolved in D M F (100 ml) and equimolar bromoacetalde-
hyde diethyl acetal (0.1 mol) was added, followed by stir-
ing at 100 °C for 5 h under nitrogen. The reaction mixture 
was poured into excess aq N a H C 0 3 (500 ml) and the oil 
thus separated was extracted with ether (200 ml) . The 
ether extract was washed first with dil aq N a O H , then with 
water, dried over anhyd. N a 2 S 0 4 , and concentrated in vacuo, 
followed by distillation under reduced pressure to afford 
4 a as a light yellow oil (bp 121—122 °C/0.1 mmHg) in 
3 3 % yield. Found: G, 51.82; H, 5.70%. Galcd for C12-
H 1 6 0 3 C 1 2 : C, 51.79; H , 5 .75%. N M R (CDG13) ô 1.2 (t, 
6H, 2CH 3 ) , 3.2—4.2 (m, 6H, 3CH 2 ) , 4.8 (q, 1H, GH) , 6.7— 
7.5 (m, 3H, ArH) p p m ; Mass (m/e) 278 (M+). 

(2,4,5-Trichlorophenoxy) acetaldehyde Diethyl Acetal (4b). 
A light yellow oil of bp 135—137 °G/0.1 m m H g (30% yield). 
Found : C, 46.02; H , 4 .94%. Galcd for G 1 2 H 1 5 0 3 G1 3 : C, 
46.15; H , 4 . 8 1 % . N M R (CDC13) ô 1.3 (t, 6H) , 3 . 5 ^ . 2 
(m, 6H) , 4.9 (q, 1H), 7.3 (d, 2H) p p m ; Mass (m/e) 312 (M+). 

2- (2,4-Dichlorophenoxymethyl) -4-methacryloyloxymethyl-1,3-di­
oxolane (5a). In a Soxhlet flask were placed 4a (3.1 g, 
10 mmol) , 1 (3.2 g, 20 mmol) , P T S (0.1 g) , hydroquione 
(0.1 g), and chloroform (100 ml) . The flask, fitted with a 
thimble containing 4A or 5A molecular sieves, was heated 
with stirring to reflux for 7 h. The reaction mixture was 
diluted with chloroform (50 ml) , washed with aq Na 2 CO a , 
dried over anhyd. N a 2 S 0 4 , and evaporated in vacuo to 
leave the crude product , which was chromatographed on 
silica gel (Wakogel G-300) to afford a viscous oil in 9% 
yield [benzene-ether (1 :4 v/v) eluate] . Found : C, 51.94; 
H , 4 .85%. Calcd for C 1 5 H 1 6 0 5 G1 2 : C, 52.02; H , 4 .62%. 
I R (GGI4) 1720 c m - 1 ; N M R (CDC1 3 +DMSCW 6 ) ô 1.9 
(s, 3H, GH 3 ) , 3.1—4.3 (m, 7H, 3 C H 2 + G H ) , 4.5—5.2 (b, 
1H, acetal C H ) , 5.5 (s, 1H, CH2=), 6.1 (s, 1H, CH2=), 6.5— 

7.4 (m, 3H, ArH) ppm. 
2- (2,4,5- Trichlorophenoxymethyl) -4-methacryloyloxymethyl-1,3-

dioxolane (5b). A light yellow viscous oil [benzene-
ether (4:1 v/v) eluate; 1 1 % yield]. Found : C, 46.67; H, 
4 .12%. Galcd for C 1 5 H 1 5 0 5 G1 3 : C, 47.18; H , 3.94%. I R 
(GC14) 1730 cm" 1 ; N M R (GDC13) ô 2.0 (s, 3H) , 3.5—4.3 
(m, 7H) , 4.6—5.2 (b, 1H), 5.6 (s, 1H), 6.2 (s, 1H), 6.6— 
7.5 (m, 2H) p p m ; Mass (m/e) 381 (M+). 

Hydrolysis of the Acetals Synthesized. A solution of an 
acetal (1 mmol) , P T S (0.05 g) , and 4-f-butylcatechol (0.01 
g) in T H F - w a t e r (2:1 v/v; 30 ml) was let stand at 20 °C 
for 2 h. The solution was neutralized with solid N a 2 C 0 3 , 
filtered, and evaporated in vacuo. The residue was extracted 
with C H C 1 3 - aq N a H C 0 3 . T h e organic layer was dried 
over anhyd. N a 2 S 0 4 and evaporated in vacuo to dryness. 
The relative strength of either the aldehyde signal produced 
or the remaining acetal G H in the X H-NMR (CDC13) was 
determined for the residue to calculate the value of % hy­
drolysis. T ime of hydrolysis was also prolonged to 24 h. 
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iV-Trifluoroacetylimidazoles as a Reagent for Converting Aldoximes 
into Nitriles under Mild Conditions 

Takashi K E U M I , * Takayoshi YAMAMOTO, Hiroshi SAGA, and Hidehiko KITAJIMA 

Department of Fiber and Color Chemistry, Faculty of Engineering, Fukui University, 
Bunkyo, Fukui 910 

(Received October 29, 1980) 

Synopsis. It was found that JV-trifluoroacetylimi-
dazole was an excellent reagent for the intramolecular dehy­
dration of aldoximes to give nitriles uner mold conditions. 

There are only a few examples of the use of N-
trifiuoroacetylimidazole (TFAI) as an organic syn­
thetic reagent, though it seems to have a great po­
tential. Thus far, it has only been used as trifluoro-
acetylating agent of amines or alcohols1) and as con­
densation agent of amino acids with />-nitrophenol.2> 
We have previously shown that T F A I is useful for 
the condensation of carboxylic acids with aromatic 
hydrocarbons to give aromatic ketones.3) In this paper, 
we wish to report that T F A I is also an excellent re­
agent for the intramolecular dehydration of aldoximes 
(1) to give nitriles (4). 

Many methods are known for converting 1 into 
4, but some of them have disadvantages, such as need­
ing vigorous reaction conditions or tedious work-up 
procedures, having unsatisfactory yields, or needing 
unusual reagents.4-6) For example, recently reported 

trifluoroacetic anhydride is very useful as the reagent;4) 
however, it requires at least two equivalents of a base 
to catalyze the reaction and to remove the acid gen­
erated. 

TFAI converted 1 into 4 under practically neutral 
and mild conditions without any additives. The reac-

RC=N-0H 
ri 

RC=N-^0C0CF3 

r=\ 
N^v^N-C0CF3 

TFAI 

RC=N 
4 

" N ^ ) N - H H - N ^ N - H 

ÖCOCF3 

4a 

4 b 

4c 

4d 

4e 

4f 

4g 

4 h 

4i 

4 j 

4 k 

41 

T A B L E 1. 

R of 4 

Propyl 

Pentyl 

Hexyl 

1-Ethylpentyl 

1 -Propenyl 

Phenyl 

/»-Chlorophenyl 

o-Chlorophenyl 

wz-Nitrophenyl 

/»-Tolyl 

Styryl 

2-Furyl 

NITRILES 

Reaction 
time/h 

2C) 

2C> 

2 

2 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

3 .5 

OBTAINED FROM ALDOXIMES BY T R E A T M E N T W I T H iV-TRIFLUOROACETYLIMIDAZOLE 

Yielda> 
of 4 / % 

99^) 

90 

96 

95 

77 

92 

94 

97 

91 

81 

95 

81 

Bp/°G . 

Found 

117—119 

160 

200 

187—190 

118—122 

190 

[90—91] 

[45—46] 

[113—114] 

215—217 

254—255 

146—150 

or [Mp/°C] 

Reported 

117«) 

1648> 

200.48> 

98—lOO9) 

(50 Torr) 

122«) 

1917> 

[94—96] 7> 

[43—44] 10> 

[117—118] u) 

217.6«) 

253—255«) 

146—1488) 

IR(v /cm-

2220, 

2220, 

2220, 

2210, 

2210, 

2220, 

2210, 

2210, 

2210, 

2220, 

2210, 

2220, 

1450, 

1460, 

1460, 

1460, 

1645, 

1600, 

1590, 

1583, 

1530, 

1610, 

1615, 

1465, 

*) 

1060 

1070 

1170 

1170 

1436 

1490 

1480 

1465 

1355 

1175 

970 

1225 

1 H-NMR(Ö/ppm, GG14) 

0.9—1.3(m, 3H) , 1.5— 1.9(m, 

2H) , 2.2—2.4(m, 2H) 

0.7—1.0(m, 3H) , 1.2—1.9(m, 

6H) , 2.2—2.4(m, 2H) 

0.7—1.0(m, 3H) , 1.1 — 1.7(m, 

10H), 2.3—2.6(m, 2H) 

0.7—1.1 (m, 6H) , 1.2— 1.8(m, 

8H) , 2.4—2.8 (m, 1H) 

1.8—2.0(m, 3H) , 5.3—5.6(m, 

1H), 6.4—6.9(m, 1H) 

7.2—7.7(m, 5H) 

7.3—7.8(m, 4H) 

7.3—7.8(m, 4H) 

7.7—8.0(m, 1H), 8.3(d, 1H, 

7 = 8 Hz) , 8.54(d, 1H, 7 = 8 

Hz) , 8.73(s, 1H) 

2.39(s, 3H) , 7.23(d, 2H, J =8 

Hz) , 7.44(d, 2H, / = 8 Hz) 

5.80(d, 1H, 7 = 16 Hz) , 7.25(d, 

1H, y = 1 6 Hz) , 7.33(m, 5H) 

6.5—6.6(m, I H ) , 7.1—7.2(m, 

1H), 7.55—7.65(m, IH) 

a) The isolated yield of 4. b) Obtained by GLC. c) Ether was used as the solvent for this reaction. In the 
other reactions, THF was used as the solvent. 
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tion is carried out by heating a solution of 1 and T F A I 
(in a molar ratio of 1:1.1 ) in ether or tetrahydrofuran 
under reflux for 2—3.5 h. The results are summarized 
in Table 1. A wide variety of 1 substances, from 
the aliphatic or aromatic to the olefinic, are dehy­
drated by T F A I to give the corresponding 4 substances 
in satisfactory yields. 

The dehydration of 1 is generally considered to 
proceed by means of a base-promoted bimolecular 
mechanism.4) T FAI has a powerful trifluoroacetylat-
ing ability; in addition, as a result of the trifluoro-
acetylation, the reagent generates imidazole (3), which 
can act as a base. Therefore, in the above reaction 
it seems that the trifluoroacetylation of 1 by T F A I 
takes place first to give O-trifluoroacetyl aldoxime (2) 
and 3, followed by the elimination of trifluoroacetic 
acid by the 3 thus yielded to afford 4 and imidazolium 
trifluoroacetate (5). Thus , the reaction system should 
be kept constantly neutral during the reaction. Fur­
ther, conveniently, the by-product, 5, can be easily 
removed from the product, 4, by filtration, because 
it is hardly soluble in cold ether and tetrahydrofuran. 
T F A I is familiar in the field of the peptides chem­
istry2) and is commercially available. Consequently, 
TFAI seems to be an efficient reagent for converting 
1 into 4. 

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

Materials and Measurements. TFAI was prepared from 
imidazole and trifluoroacetic anhydride accoridng to the 
procedure described in the literature.1) The aldoximes were 
prepared by a general method. The solvents used for the 
reactions were dried and distillated over lithium aluminium 
hydride. The IR spectra were recorded on a Hitachi EPI-
S2 Model spectrophotometer. The NMR spectra were 

measured as carbon tetrachloride solutions at 100 MHz with 
a JEOL Model PS-100 spectrometer, using tetramethyl-
silane as the internal standard. 

General Procedure. A typical procedure will be de­
scribed for the preparation of benzonitrile (4f ) : To a solu­
tion of benzaldehyde oxime (0.500 g, 4.1 mmol) in dried 
tetrahydrofuran (6 ml), TFAI (0.745 g, 4.5 mmol) in tetra­
hydrofuran (4 ml) was added, after which the mixture was 
heated under reflux for 3 h. After cooling, the resultant 
precipitates of imidazolium trifluoroacetate were removed 
off by filtration and washed with ether (about 30 ml). The 
combined filtrate was washed with water (about 30 ml x 2) 
and dried over anhydrous sodium sulfate. The solvent was 
then evaporated to obtain 4f (0.400 g, 94%). Bp 190 °G 
(lit,7) Bp 191 °G). 
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Thermal Rearrangement of iV-(Substituted allyl)-l-naphthylamines 
Seisaku INADA* and Ryu-ichiro K U R A T A 
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Ohokayama, Meguro-ku, Tokyo 152 
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Synopsis. The title reaction was examined and the 
results were compared with those of the thermal reaction 
of the corresponding iV-tosyl derivatives. 

In the previous papers,1) we have reported the 
«mzV/o-Claisen rearrangement of JV-tosyl and JV-mesyl 
derivatives of aromatic JV-allylamines which proceeds 
almost quantitatively in JV,iV-dialkylaniline solvent con­
taining a small amount of triphenylphosphine. In the 
course of our studies, it was found that the thermal 
reaction of JV-(substituted allyl)-iV-tosyl-1-naphthyl-
amines (If—h) forms para-rearranged products (3d— 
f) as well as ortho-rearranged ones (2g, 2h) respec­
tively, when the allyl group contains substituents in 
y-position.2) So we were interested to confirm whether 
the thermal reaction of the corresponding JV-(substi­
tuted allyl)-1-naphthylamines was accompanied by the 
para-rearrangement. About iV-allyl-1- ( l a ) and 2-

X 
N - R 

i 

AA 
V 

la: X = H , R: 
l b : X = H, R: 
l c : X = H, R = 
Id : X = H, R: 
le : X = H , R= 
If: X = T s , R: 
l g : X = Ts, R 
l h : X = Ts, R 

: G.H.2Gri=tjri.2 

= CH2C(CH3)=CH2 

CH2CH=CHCH3 

= CH2CH=C(CH3)2 

:GH2GH=GHG6H5 

= CH2CH=CHCH3 

= CH2GH=C(GH3)2 
= Grd2Grd=GrdGgrdg 

X 

NH 

2a: X = H , R=GH2GH=CH2 

2b: X = H , R = CH2C(CH3)=CH2 

2c: X = H, R=CH(CH3)CH=CH2 

2d: X = H, R = CH(G6H5)GH=GH2 

2e: X = H, R=CH2CH=CHC6H5 

2f: X = H, R = H 
2g: X = Ts, R = GH(GH3)GH=GH2 

2h: X = Ts, R=GH(G6H5)CH=GH2 

NHX 

y\A 
R 

X = H, R=GH2GH=GHCH3 

X = H, R=CH2CH=C(CH3)2 

X = H, R=CH2CH=CHC6H5 

X = Ts, R = GH2CH=GHGH3 

X = Ts, R = CH2CH=C(CH3)2 

3a: 
3b 
3c: 
3d 
3e: 
3f: X = Ts, R=CH2CH=CHC6H5 

naphthylamine themselves, Marcinkiewicz et al. report­
ed the formation of ortho rearranged product as sole 
one,3) which have formed the only successful example 
of the aromatic mrano-Claisen rearrangement. 

The amines ( l a — l e ) neat were heated at 260±0 .3 
°C under nitrogen. In general, the thermal reaction 
of these amines gave complicated products, together 
with some amount of tarry matters.4) The reaction 
mixtures from l a — l e were converted to the ones of 
JV-tosylamines by treating them with tosyl chloride 
in pyridine immediately after the reaction and an­
alyzed according to the method previously described. 
T h e results are shown in Table . 

The main products were the ortho rearranged ones 
throughout the reactions except for I d from which 
the deallylated product 2f was formed as the only 
confirmable one. T h e formation of para-rearranged 
products was not observed except 3c formed from 
le.5) I t may be reasonably considered that 3c should 
be formed partially at least via a dissociation-recom­
bination process, since the formation of 2e involving 
a sterically retained cinnamyl group in ortho position 
was also observed. In general, the ortho-rearrange­
ment apparently proceeds via a [3,3]-sigmatropic re­
action as denoted by the examples of the amines con­
taining an asymmetrically-substituted allyl group ( l c , 
l e ) . The results accorded with what we deduced 
about the para-rearrangement in the corresponding 
amzWo-Claisen rearrangement; a steric repulsion be­
tween a tosyl group and a-substituents in an inverted 
allyl group which is involved in the intermediate such 
as 4 formed by the first [3,3]-shift promotes the second 
one to para rearranged products. 

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

IR spectra were determined on a Shimadzu IR-27G spec­
trometer and NMR spectra on a Hitachi R-24 spectrometer; 
chemical shifts are given in <5 with TMS as an internal stand­
ard. N- (Substituted allyl)-1-naphthylamines were obtained 
in excellent yields by the corresponding JV-allylations of 
iV-trifluoroacetyl-1-naphthylamine and the subsequent hy­
drolysis. 

N- (Substituted allyl) -N-trißuoroacetyl-1 -naphthylamines. To 
a stirred mixture of iV-trifluoroacetyl-1-naphthylamine6) 
(80 g, 0.33 mol) and K 2 G0 3 (46.2 g, 0.33 mol) in DMF 
(100 ml) was added the corresponding allyl bromide (0.40 
mol) at room temperature. Then the mixture was stirred 
for 2 h at 60 °G. The usual work up gave the following 
N-(substituted allyl) derivatives in 88—99% yields. 
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T A B L E 1. T H E R M A L REARRANGEMENT OF JV-(SUBSTITUTED ALLYL)-1-NAPHTHYLAMINES (260 °G, neat) 

Start ing material React , t ime/h Recovered (%) Products (%) 

l a 

l b 

l c 

I d 

l e 

1.1 

2 

3 

1.1 

2 

3 

1.1 
2 
3 

1 
2 
3 

1 

2 

3 

58.0 
40.8 
30.0 

65.4 
47.0 
32.7 

6 3 . 8 

48 .1 

35. 

61 

55. 

46. 

47, 

28. 

14.9 

2 a : 

2 b : 

2c : 

3 b : 

2 d : 

30.4 
40.9 
54.5 

21.8 
31.9 
43.5 

17.7 
28.7 
36.4 

_ a ) 

— 
— 

30.8 
37.7 
34.1 

2f: 

2f: 

3a: 

2f: 

2e: 

3.2 
3.3 
5.1 

2.2 
4.4 
€ .4 

£ 

— 
7.8 
9.3 

11.5 

8.7 
14.0 
15.5 

2f: 

3 c : 1.6 

2 .1 

2 .2 

2f: 4 . 7 

7 .5 

9 .5 

a) T h e formation was not observed. See Ref. 5. 

N-Allyl Derivative: M p 4 5 . 5 - ^ 6 °G. I R (KBr) : 1690, 
1210, Ï180, 1150 cm- 1 . Found : G, 64.70; H , 4 .41 ; N , 
4 . 9 1 % . Galcd for G 1 5 H 1 2 F 3 NO: C, 64 .51; H , 4 .33; N , 
5.02%. 

N- (ß-Methylallyl) Derivative : M p 61.5—62 °G. I R (KBr) : 
1690, 1210, 1190, 1145 cm- 1 . Found : G, 65.38; H , 4.77; 
N, 4 .54%. Calcd for C 1 6 H 1 4 F 3 NO: G, 65.52; H , 4 .81 ; N , 
4 .78%. 

N-(y-Methylallyl) Derivative: M p 54.5—55.5 °C. I R 
(KBr) : 1690, 1210, 1190, 1145, 965 cm- 1 . Found : G, 65.49; 

H, 4 .63; N , 4 .66%. Galcd for G 1 6 H 1 4 F 3 NO: G, 65.52; 
H, 4 .81 ; N, 4 .78% 

N-(y,y-Dimethylallyl) Derivative: Bp 119.5—121 °G (1 
m m H g ) . I R (nea t ) : 1690, 1210, 1170, 1150cm- 1 . Found : 
C, 66 .71 ; H , 5.03; N , 4 . 6 5 % . Calcd for C 1 7 H 1 6 F 3 NO: 
C, 66.44; H , 5.25; N , 4 .56%. 

N-(y-Phenylallyl) Derivative: M p 88.5—89.5 °G. I R 
(KBr) : 1690, 1210, 1185, 1155, 9 7 5 c m - 1 . Found : C, 71.14; 
H , 4.78; N , 4 .07%. Calcd for G 2 1 H 1 6 F 3 NO: C, 70.98; 
H , 4.54; N , 3.94%. 

N-fSubstituted ally 1)-1-naphthylamines (la—le). A 
solution of the trifluoracetamide (0.125 mol) in water -e thanol 
(1:3, 400 ml) containing N a O H (8.0 g) was refluxed for 
10 min. T h e usual work u p gave the hydrolyzed products 
in 80—99% yields. T h e melting points and I R spectra 
of the iV-tosylated amines corresponded to those of the au­
thentic samples. 

l a : Bp 120—120.5 °G (2 m m H g ) . M p of H C l salt, 
229.5—231 °C (lit,3) m p 229—230 °C). 

l b : Bp 104.2—104.8 °C (2 m m H g ) . I R (nea t ) : 3475, 
1655, 890 cm- 1 . N M R (CG14) : 1.69 (s, 3H, yS-GH3), 3.58 
(broad s, 2H, a-H) , 4.89 (broad d, J=l Hz, 2H, y-H) . 
Found : G, 85.10; H, 7.48; N , 6 .97%. Galcd for C 1 4 H I 5 N: 
G, 85.24; H , 7.66; N , 7.10%. 

l c : Bp 131—131.5 °G (0.8 m m H g ) . I R (nea t ) : 3450, 
1675, 965 cm- 1 . N M R (CG14) : 1.60 (broad d, / = 4 H z , 
3H, y-CH 3) , 3.53—3.65 (m, 2H, a-H) , 5.48—5.65 (m, 2H , 
ß- and y-H). Found : G, 85.44; H, 7.79; N , 7.10%. Calcd 
for C 1 4 H 1 5 N: G, 85.24; H, 7.66; N , 7.10%. 

I d : Bp 147—148 °C (2 m m H g ) . I R (nea t ) : 3450, 1665 
cm- 1 . N M R (CG14): 1.63 and 1.69 (s, 3H, y-CH3 , resp.), 
3.67 (broad d, J = 6 H z , 2H, a -H) , 5.35 (broad t, J=l 

Hz, 1H, ß-H). Found : G, 85.41 ; H , 8.36; N, 6 .75%. Galcd 
for C 1 5 H 1 7 N: C, 85.26; H, 8 .11; N, 6 .63%. 

l e : M p 83—83.5 °G. I R (KBr) : 3475, 1660, 9 7 0 c m - 1 . 
N M R (CDC13): 3.76 (broad d, J = 5 Hz, 2H, a-H), 5.89— 
6.46 (m, 2H, ß- and y-H). Found : C, 88.22; H , 6.89; 
N, 5 . 5 1 % . Calcd for C 1 9 H 1 7 N: C, 87.99; H, 6.61 ; N , 5.40%. 

Thermal Rearrangement of la—le. A test-tube contain­
ing N- (substituted allyl)-l -naphthylamines (2—3 g) under 
nitrogen was immersed for an appropriate period of time 
in an oil bath, the temperature of which was maintained 
at 260.0 ± 0 . 3 °C. The chilled reaction mixture was dis­
solved in pyridine (25 ml) and tosyl chloride (1.2 equivalents 
to 1) was added. T h e whole solution was stirred at 60— 
70 °C for 6 h and poured into diluted hydrochloric acid 
(1:3). T h e resulting precipitate was filtered, washed with 
diluted hydrochloric acid and water, and dried. The sam­
ples thus obtained were analyzed by the method described 
previously.2) 
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1) S. Inada , S. Hirabayashi , K . Taguchi , and M . 
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ortho-rearranged product 2g and the para-rearranged product 
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Nippon Kagaku Kaishi, 1978, 723. 
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4) For example, 6 spots were at least observed on T L C 
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(1966). 
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Synopsis. The N-H stretching frequencies of the 
title compounds were determined precisely. These amines 
have two absorption bands in the N - H stretching region 
owing to the existence of the rotational isomers. Their 
frequencies were plotted against the Hammett a -constants 
of the substituents, giving a negative p-value. The results 
gave support to the planar (sp2) conformation of the exo-
cyclic nitrogen atom. 

The substituent effect on the N - H stretching (VNH) 
frequencies have been reported for anilines,1 '2) N-
methylanilines,1) anilides,3) and diphenylamines.4) In 
these investigations, the frequencies were plotted a-
gainst the Hammet t o or similar substituent param­
eters standing for their electronic effect. The re­
sults are rather contradictory giving p -values of dif­
ferent signs depending on the substituent (R) on the 
nitrogen atom (Table 1). 

TABLE 1. SUBSTITUENT (X) EFFECT ON THE VNH FREQUENCIES 

OF VARIOUS iV-SUBSTITUTED(R) ANILINES X C 6 H 4 N H R 

R Sign of p Réf. 

H + 1̂ 2 
GH3 + 1 
GOGH3 - 3 
G6H5 borderline 4 
2-G5H4N - this work 

Cf. XG6H4OH - 5 

In our previous report, the contradiction was in­
terpreted by assuming the participation of the two 
competing factors of the opposite direction. The elec­
tron attracting nature of a substituent would decrease 
the electron density on the amino nitrogen atom, 
causing the increase in the s-character of its N - H 
bonding orbital. The increase in the s-character, in 
turn, shortens and strengthens the N - H bond, giving 
rise to a high frequency shift of the *>NH absorption. 
Alternatively, the decrease in electron density of the 
amino nitrogen atom weakens the N - H bond when 
the change in the hybridization is absent. 

O n the other hand, 2-anilinopyridines have been 
shown to have two absorption bands in the vNn region. 
They were assigned to the two planar rotational 
isomers I and II.6) An alternative assignment of these 
two bands to the amino and the imino tautomers (I 
and I I I , respectively) were excluded by the spectro­
scopic evidences.7'8) 

J\ S\ ^ ^N J\ 
^N/^N/^ " V X N / V 

H H 

(I) dl) 

I! I I II 

H 

(III) 

In this report, the hybridization of the &w-cyclic 
nitrogen atom will be discussed from the substituent 
effect on the ?'NH bands of 2-anilinopyridines. 

Experimental 

Infrared spectra were recorded with a Hitachi 225 in­
frared spectrophotometer. The frequencies were calibrated 
by the absorption bands of gaseous water at 3447.09 and 
3442.41 cm - 1 in order to keep the accuracy of the location 
of the band maxima within 0.2 cm-1. The anilinopyridines 
were prepared by the usual procedures. 

Results and Discussion 

The frequencies and the intensities of the ^NH bands 
are given in Table 2. The absorption bands were 
tentatively assigned to the rotamers I and I I , respec­
tively, according to the conclusion in our previous 
report.6) The vNH frequencies, as well as the intensity 
ratios of the two bands, were plotted against the 
Hammet t ^-constants.9) In case when the substituent 
is mesomerically electron-attracting ( + M ) , the o~-
constant is used instead. T h e vNU frequencies of both 
rotamers tend to decrease as the increase of o-values, 
showing negative />-values. A negative />-value has 
been observed with a series of substituted benzamides,3) 
of which nitrogen atoms have been proved to be sp2-
hybridized from other evidences. The results suggest 
that the &vo-cyclic nitrogen atom in 2-anilinopyridine 
is sp2 hybridized. Since the 2-pyridyl group in these 

TABLE 2. THE I>NH ABSORPTIONS OF 2-(SUBSTITUTED 

ANILINO) PYRIDINES 

Substituent 

4-N02 

3-N02 

4-GOOGH3 
3-Br 
3-C1 
4-Br 
4-G1 
3-OCH3 
H 
3-CH3 
4-CH3 
4-OGH3 

"1 

cm - 1 

3412.4 
3416.0 
3416.1 
3416.8 
3417.6 
3417.7 
3417.8 
3418.6 
3418.9 
3418.6 
3419.6 
3419.1 

£1 

1 mol - 1 cm - 1 

97 
69 
89 
95 
85 
91 
86 
90 
92 
92 

102 
94 

"11 

cm - 1 

3441.3 
3445.3 
3443.5 
3446.1 
3446.2 
3446.9 
3446.7 
3447.1 
3446.0 
3447.2 
3447.7 
3448.0 

« i i 

1 mol - 1 cm - 1 

144 
97 
70 
73 
67 
72 
66 
41 
47 
40 
44 
34 
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3450 

1.0 1.2 

Fig. 1. The vNH and log10(ei/en) vs. a plot for 2-(sub-
stituted anilino) pyridines. 

amines is more electronegative than the phenyl groups 
in diphenylamines which shows the borderline /fl­

ame,4) the negative p -values are reasonable. 
T h e SJ/SJI ratios are also correlated with the o-

constants, the rotamer I (giving rise to the lower *>NH 

band) becoming less favorable than the rotamer I I 
when the substituent is electron-attracting. The re­
sults can be explained as follows. In the rotamer I, 
a weak attractive interaction10) keeps the N-H---N 

system nearly coplanar. As a result, the anilino-
pyridine molecule is twisted around the C P h -N bond 
because of the steric hindrance between 3- and 2' 
(or 6')-hydrogen atoms. O n the other hand, the exo-
cyclic nitrogen atom and the phenyl group can be 
coplanar in the rotamer I I . In the latter case, the 
phenyl group with an electron-attracting substituent 
is stabilized by conjugating with the planarly attached 
amino group. Hence, the rotamer I I is more favor­
able than the rotamer I when the substituent is elec­
tron-attracting. 
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Synopsis. The formation of monoesters of the C4-14-
a,co-alkanediol(l) with stearic and/or palmitic acids and 
the consecutive pyrolysis of the monoesters to an eo-alken-
l-ol(2) were effected at 320—350 °C under 260—760 
mmHg** in a backmix flow reactor of a constant volume 
equipped with a fractionating column, through which the 
unchanged 1 was partially recycled. The selectivity in 
the preparations of 2(C6, G10, and C14) was greater than 
79%. 

We found a useful synthetic method to prepare a 
C4_14-a>-alken-l-ol(2) from the corresponding tx,co-
alkanediol( l) . Acid catalyzed dehydrations of an 

HOCH2(CH2)„CH2OH > 

GH2=CH(CH2)w_1GH2OH + H 2 0 

2 
:i) 

alkanol to form the corresponding alkene are generally 
accompanied by migration of the double bond and 
the intermolecular and/or the intramolecular ether 
formations.1) These reactions can not be applied to 
1 in the substantial yield, without the formations of 
alkadienes, the double bond-isomers of 2, and the 
polyethers. 

The vapor phase pyrolysis of acetates at 300—600 
°G is known to be effective for the preparat ion of 
alkenes from the corresponding alkanols without mi­
gration of the double bond.2) Preparation of any co-
alken-1-ol via the esters of alkanediols has not been 
reported. The selective preparat ion of the mono-
acetate of 1 without accompanying the formation of 
the diacetate will be difficult. We used high boiling 
saturated fatty acids 3 i.e., palmitic acid, stearic 
acid, or the mixture of them so that the ester formation 
(Eq. 2) and the subsequent pyrolysis (Eq. 3) to give 
the &>alken-l-ols might be induced concurrently at 
320—350 °C. These steps were operated by means 

1 + RGOOH 
3 

RGOOCH2(GH2)„GH2OH + H 2 0 

RGOOCH2 (CH2)nCH2OH 3 + 2 
(2) 

(3) 

of a backmix3) flow reactor of a constant volume of 
a liquid phase. While H 2 0 and 2 are being taken 
out through the rectification column, 1 is continuously 
supplied to the reactor. Compound 3 initially in­
troduced into the reactor steadily functions like a 
catalyst throughout the operation period. 

Exper imenta l 

A mixture of 24.3 g of stearic acid and 30.9 g of palmitic 
acid, and 61.5 g of 1,10-decanediol(purity 98.2 wt%) were 
placed in a 200-ml flask equipped with a 20 mmç5 X 200 
mm-Vigreux fractionating column of ca. three theoretical 

TABLE 1. IR AND NMR DATA FOR CO-ALKEN-1-OLS(2) 

2 IR(neat) 
" m a x / C m " 1 

NMR (20°/ in GG14 solution) 
Ô 

n = 2 915, 990, 
1643, 3070 

n = 4 910, 995, 
1643, 3070 

n = 8 910, 995, 
1643, 3070 

n=12 910, 995, 
1643, 3060 

4.85—6.09 (ABX, 3H, CH2=CH-), 3.56 
(t, 7 = 6 Hz, 2H, -CH2-CH2OH), 2.44(t, 
d, 7 = 6 Hz, 2H, =CH-CH2-CH2OH), 
3.29(s, 1H, -GH2OH) 

4.75—6.07 (ABX, 3H, CH2=CH-), 3.48 
(t, J =7 Hz, 2H, -CH2-CH2OH), 2.05 
(t, d, 7 = 7 Hz, 2H, =CH-CH2-CH2-), 
1.48(m, 4H, -CH2(CH2)n_2-CH2-), 3.58 
(s, 1H, CH2OH) 

4.74—6.04(ABX, 3H, CH2=CH-), 3.45 
(t, 7 = 6 Hz, 2H, -CH2-CH2OH), 2.02 
(t, d, 7 = 6 Hz, 2H, =CH-CH2-CH2-), 
1.28(b, s, 12H, -CH2-(CH2)W_2-CH2-), 
4.23(s, 1H, CH2OH) 
4.74—6.05 (ABX, 3H, CH2=CH-), 3.46 
(t, 7 = 6 Hz, 2H, -GH2-GH2OH), 2.01 
(t, d, 7 = 6 Hz, 2H, =CH-CH2-CH2-), 
1.27(b, s, 20H, -CH2-(CH2)n_2-CH2-), 
4.13(s, 1H, GH2OH) 

plates connected with a reflux condenser, and refluxed at 
330—350 °G, under 700 mmHg.** The temperature at the 
top of the column initially indicated 295 °G and gradually 
lowered to 265 °G. Then the effluent vapor was started 
to be taken out from the column at a rate of 10 g/h. Con­
currently, 1,10-decanediol was started to be fed to the flask 
at the same rate. The temperature of the effluent vapor 
was maintained by regulating the temperature in the flask 
between 330 and 350 °C as well as by regulating the feed 
rate. From 1500 g of 1,10-decanediol, 126 g of the H 2 0 
layer and 1372 g of the oily part were obtained as the distil­
late. 

The oily part was analyzed by gas chromatography using 
a Shimadzu GG 6A apparatus on a 2 mm0 x 3 m column 
packed with 5 wt% of FFAP on Ghromosorb W, AW-DMCS 
(80—100 mesh). The column temperature was elevated 
from 100 to 230 °C by 10 °G/min, N2 was used as the carrier 
at 50 ml/min, and the injection temperature was 280 °G. 

The oily part was fractionated by a further distillation. 
The main fraction of 869 g was identified to be 9-decen-
l-ol; IR and NMR data are shown in Table 1. Each frac­
tion was characterized by its boiling point and the main 
components were distinguished by their retention times in 
its gas chromatogram by comparison with those of the cor­
responding authentic samples. 

In the same way as above, we prepared 3-buten-l-ol, 
5-hexen-l-ol, and 13-tetradecen-l-ol from the corresponding 
1,4-butanediol(purity 96.9 wt%), 1,6-hexanediol (99.0 wt%), 
and l,14-tetradecanediol(81.3 wt%) in the presence of 

**1 mmHg« 133.3 Pa. 
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TABLE 2. RESULTS OF CONTINUOUS DEHYDRATIONS 

[Vol. 54, No. 5 

1 

(1/3)^ 
Temperature/°C 

reactor 
effluent vapor 

Pressure/mmHg** 
Operation time/h 
Distillate composition1») 

H 2 0 
2 
tetrahydrofuran 
double bond-isomers 
of 2 
alkadienes 
1 (unreacted) 

Bp of 2/°C(mmHg**)c> 
Selectivity/ %d> 
Yield of 2/%e) 

» = 2 

0.8 

330—345 
170 
760 

32 

0.58f) 
0.36 
0.06O 

0.13 
(0.06«) 
0.37 

102(760) 
57 
50 

n = 4 

0.8 

330—350 
204—215 

760 
24 

0.85 
0.64 
— 

0.05 
0.12 
0.19 
74(28) 

79 
71 

n = 8 

1.7 

330—350 
265 
700 
150 

0.81 
0.73 
— 

0.07 
0.01 
0.18 
74(1) 

89 
80 

« = 12 

1.7 

330—340 
235—240 

260 
19 

0.64 
0.49 
— 

— 
0.05 
0.46 

120—122(2.5) 
91 
83 

a) Starting mole ratio of 1 to 3. b) Each content shows the ratio to 1 mol of 1 continuously supplied; a cor­
rected value for the purity of a starting material, c) All boiling points are uncorrected, d) 100 x {(content of 
2)/(1.0 —content of 1)} in the distillate, e) lOOx {2Igoiated/(lfed —^recovered)} after the fractionation, f) Prior to 
the fractional distillation, tetrahydrofuran containing H 2 0 was separated from the oily part, g) No butadiene 
was found. This value denotes twice the amount of dimers of butadiene. 

palmitic acid. 

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

Results are shown in Tables 1 and 2. By means 
of increasing the mole ratio 1/3 in the reactions of 
C6- and C10-alkanediol, the formation of the by-prod­
ucts such as double bond isomers of co-alken-1-ol and 
the alkadienes were suppressed, al though the con­
versions of 1 were decreased. However, the ratio 
should be reduced to the range 0.8—1.0 in order to 
maintain the reaction temperature at 320—350 °G in 
the reactions of 1,4-butanediol and 1,6-hexanediol, 
because boiling points of them were 230 and 250 °G 
respectively at an ordinary pressure. O n the whole, 
the decrease of the carbon number of the alkanediol 
increased the difficulty in the application of this reac­
tion. 

In the case of 1,4-butanediol, the selectivity was 
exceptionally low. There tetrahydrofuran was formed 

as the smaller par t of the by-products. However, it 
should be noticed tha t this result stands in contrast 
to the fact that tetrahydrofuran was a primary product 
in the dehydration of 1,4-butanediol catalyzed by 
HCl.4). 

cü-Alken-1-ols thus produced are important in per­
fumery; e.g., 1-decen-l-ol has been used as the com­
ponent of a rosy odor and 5-hexen-l-ol has a verdurous 
odor. 
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via Organoboranes 
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Synopsis. The reaction of bromine or iodine with 
ate-complexes obtained from trialkylboranes and 3-lithiofuran 
or 3-lithiothiophene gives the corresponding 3-alkylfurans 
or 3-alkylthiophenes in good yields, respectively. 

Heterocyclic compounds with one hetero atom have 
been recognized to be useful precursors and reagents 
for the syntheses of functionalized organic compounds.1) 
Many synthetic procedures of such heterocycles through 
the alkylation of heterocyclic nuclei have been recently 
reported.2 - 9) Especially, novel syntheses by the aro­
matic substitution via organoboranes readily obtain­
able from olefins are being watched with interest.5-9) 
In connection with the synthesis, we reported that 
the reaction of iodine with ate-complexes prepared 
from trialkylboranes and 2-lithiofuran,8) 2-lithiothio-
phene9) or l-methyl-2-lithiopyrrole9) gave regiospecifi-
cally the corresponding 2-alkyl heterocycles in good 
yields (Scheme 1). One may wonder if the reaction 
is applicable for the preparat ion of 3-alkyl heterocycles 
from organoboranes and the corresponding 3-lithio 
derivatives. O n the other hand, it was reported that 
there was a large difference of chemical properties 
between G2 and G3 atoms of furans and thiophenes.10) 

X = 0 ,S , or N-Me 

Scheme 1. 

For instance, in the reaction of butyllithium with 
3-bromobenzof^Jthiophene,11) the following carboxyla-
tion even at — 70 °G gives a mixture of 3-bromobenzo-
[6]thiophene-2-carboxylic acid, benzo[6]thiophene-2-
carboxylic acid, benzo[6]thiophene-3-carboxylic acid, 
3-bromobenzo[£]thiophene and benzo[£]thiophene, in­
dicating that the reaction gives not only the straight­
forward metal-halogen exchange product but also 3-
lithio derivatives as the intermediates. In the course 
of our studies on the aromatic substitution of hetero­
cycles via organoboranes, we attempted the reaction 
of iodine or bromine with the ate-complexes prepared 
from trialkylboranes, butyllithium and 3-bromofuran 
or 3-bromothiophene, and found that the reaction 
proceeds smoothly without any difficulty to give regio-
specifically the corresponding 3-alkylfurans or 3-al­
kylthiophenes in good yields. The results of reactions 
with representative trialkylboranes are summarized 
in Table 1. 

In the present reaction, trialkylboranes with bulky 
alkyl groups such as isobutyl, .y-butyl, and cyclopentyl 
seem to give high yields of corresponding 3-alkyl 
heterocycles. One of the possible procedures for the 
synthesis of such 3-substituted heterocycles may involve 
the reaction of 3-lithio derivatives with alkyl halides. 

O u r experiment on the reaction of propyl bromide 
with 3-lithiothiophene formed from 3-bromothiophene 
and butyllithium, gave only a trace amount of 3-
propylthiophene. Moreover, the synthesis of 3-^-alkyl 
heterocycles by the same method should be hopeless, 
because secondary alkyl halides readily undergo com­
petitive elimination reactions.12) O n the other hand, 
the present reaction is free of this limitation. Secon­
dary groups appear to be introduced more readily 
than primary groups, as indicated in Table 1. In 
the case of 3-alkylthiophene synthesis, bromine was 
found to be more effective as the electrophile than 
iodine. 

T A B L E 1. S Y N T H E S I S O F 3 - A L K Y L F U R A N S O R 3 - A L K Y L ­

T H I O P H E N E S BY THE REACTION OF ATE-COMPLEXES 

( 2 a OR 2 b ) WITH IODINE OR BROMINE 

Heterocycle 

3-Bromofuran 

3-Bromothiophene 

a) All products 
ytical data and ; 

Organoborane 
R3B, R 

Butyl 
Butyl 
Isobutyl 
Isobutyl 

j-Butyl 
.r-Butyl 
j-Butyl 
Cyclopentyl 
Hexyl 

Butyl 
Butyl 
Isobutyl 
Isobutyl 

j-Butyl 
j-Butyl 
Cyclopentyl 
Cyclopentyl 
Hexyl 
Hexyl 

: Alkyllithium 
(Solvent) 

BuLi (EuO) 
MeLi (THF) 
BuLi (Et20) 
MeLi (THF) 
BuLi (Et20) 
MeLi (THF) 
/-BuLi (THF) 
BuLi (Et20) 
BuLi (Et20) 

BuLi (Et20) 
BuLi (Et20) 
BuLi (Et20) 
BuLi (Et20) 
BuLi (Et20) 
BuLi (Et20) 
BuLi (Et20) 
BuLi (Et20) 
BuLi (EtaO) 
BuLi (Et20) 

TT , Products*) 
Halogen ( Y i e l d ^ ) 

h 

Br2 

I, 
Br, 

h 
Br2 

I, 
Br2 

I . 
Br, 

h 

3-Butylfuran (66) 
3-Butylfuran (47) 

3-Isobutylfuran (61) 
3-Isobutylfuran (61) 
3-j-Butylfuran (91) 
3-j-Butylfuran (85) 
3-j-Butylfuran (68) 

3-Cyclopentylfuran (76) 
3-Hexylfuran (67) 

3-Butylthiophene (64) 
3-Butylthiophene (11) 
3-Isobutylthiophene (66) 
3-Isobutylthiophene (9) 
3-j-Butylthiophene (75) 
3-j-Butylthiophene (77) 
3-Cyclopentylthiophene (81) 
3-Cyclopentylthiophene (29) 
3-Hexylthiophene (54) 
3-Hexylthiophene (11) 

were either compared with authentic samples or exhibited anal-
jpectra in accodance with the assigned structures, b) Based on 

the organoborane used and determined by VPC. 
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T h e r e a c t i o n m e c h a n i s m , a l t h o u g h n o t e x p l o r e d i n 
de ta i l , c o u l d b e c o n s i d e r e d to p r o c e e d t h r o u g h t h e 
fo l lowing p a t h w a y ( S c h e m e 2 ) . 

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

Materials. All the chemicals and solvents were pur i ­
fied by distillation before use. Trialkylboranes were pre ­
pared by the usual procedure.1 3 ) 3-Bromofuran was pre­
pared by the Nazarova 's method.14) 

T h e I R and N M R spectra were taken on a Hitachi-Perkin-
Elmer Model 125 spectrophotometer and Hitachi R-22 
spectrometer at 90 M H z using tetramethylsilane as an in­
ternal s tandard. 

General Procedure. A representative procedure for the 
preparat ion of 3-^-butylfuran is as follows. A dry 50 ml 
round-bot tomed flask equipped with a condenser, a septum 
inlet and a magnetic stirring bar was flushed with nitrogen. 
In the flask was placed 3-bromofuran (3 mmol, 0.27 ml) 
and anhydrous ether (5 ml) under nitrogen gas. T h e n 
butyll i thium (3 mmol, 1.54 ml of a 1.95 M solution in ether) 
was added dropwise at — 78 °C to form 3-lithiofuran.15> 
T h e mixture was stirred for 30 min. After metallation was 
complete, tri-j-butylborane (3 mmol, 1.5 ml of a 2 M solution 
in T H F ) was added to the mixture at — 78 °G, followed by 
stirring for 30 min. T h e solution was allowed to warm 
to 0 °G and then stirred again for 30 min. Finally, a solution 
of iodine (3 mmol , 0.726 g in 10 ml of ether) was fed in 
at —78 °G. T h e reaction mixture was allowed again to 
w a r m to room tempera ture and stirred for 2 h. In order 
to remove the residual organoborane, the mixture was treated 
with 3 M aqueous sodium hydroxide (2 ml) , followed by 
a dropwise addit ion of 3 0 % hydrogen peroxide (1 ml) . 
T h e product thus obtained was extracted three times with 
ether and the combined organic layer was dried over magne­
sium sulfate. VPG analysis (15% Silicone DG-550 on 
Unipor t B, 120 °G) indicated tha t 2.73 mmol ( 9 1 % , based 
on tri-5-butylborane) of 3-J-butylfuran had been obtained. 
An analytically pure material was obtained by preparat ive 
VPG (15% Silicone DG-550 on Unipor t B, 3 m) with Var ian 
Autoprep Model-2800. 

Identification of the Products. 3-Butylfuran: n2
D° 1.4705. 

Found : C, 77.02: H , 9 .85%. Galcd for G 8 H 1 2 0 : G, 77.37; 
H , 9 .74%. Mass; m/e=\24 (M+). I R ( n e a t ) ; 3150, 1520, 
885, 780 cm- 1 . NMR(GG1 4 ) : Ô, 0.95 (3H, t, 7 = 7 . 0 Hz) , 
1.50 (4H, m) , 2.42 (2H, t, 7 = 7 . 0 Hz) , 6.20—7.30 (3H, 
m ) . 

3-Isobutylfuran: «2
D° 1.4580. Found : G, 77.26; H , 9 .68%. 

Galcd for G 8 H 1 2 0 : G, 77.37; H, 9 .74%. Mass; m/*=124 
(M+). I R ( n e a t ) ; 3150, 1515, 885, 7 8 0 c m - 1 . NMR(GC1 4 ) ; 
Ô, 0.95 (6H, d, 7 = 6.0 Hz) , 1.90 (1H, m) , 2.34 (2H, d, J= 
7.0 Hz) , 6.20—7.30 (3H, m) . 

3-s-Butylfuran: «2
D° 1.4595. Found : G, 77.14; H , 9 .86%. 

Galcd for C 8 H i a O : G, 77.37; H , 9 .74%. Mass; m/e=l24 
(M+). I R ( n e a t ) ; 3150, 1515, 885, 7 8 5 c m - 1 . NMR(CC1 4 ) ; 
Ô, 0.95 (3H, t, / = 7 . 0 Hz) , 1.20 (3H, d, 7 = 7 . 0 Hz) , 1.57 
(2H, m) , 2.58 (1H, m) , 6.25—7.30 (3H, m ) . 

3-Cyclopentylfuran: «2
D° 1.4660. Found : C, 79.19; H , 

8 .71%. Calcd for G 9 H 1 2 0 : C, 79.37; H , 8 .88%. Mass; 
m/*=136 (M+). I R ( n e a t ) ; 3150, 1510, 885, 780 cm- 1 . 
NMR(GG1 4 ) ; Ô, 1.35—2.18 (8H, m) , 2.87 (1H, m) , 6.22— 
7.30 (3H, m ) . 

3-Hexylfuran: n2
D° 1.4820. Found : C, 78.73; H , 10 .61%. 

Galcd for G 1 0 H 1 6 O: C, 78.89; H, 10.59%. Mass; m\e= 
152 (M+). I R ( n e a t ) ; 3150, 1515, 885, 780 cm- 1 . N M R 
(CG14); Ô, 0.90 (3H, t, 7 = 6 . 0 Hz) , 1.17—1.78 (8H, m) , 
2.30 (2H, t, 7 = 7 . 0 Hz) , 6.20—7.30 (3H, m ) . 

3-Butylthiophene: n*D° 1.5680. Found : G, 68.45; H , 8.70%. 
Galcd for G 8 H 1 2 S: G, 68.51; H , 8 .51%. Mass; mje=l40 
(M+). I R ( n e a t ) ; 3120, 1460, 850, 680 cm- 1 . NMR(GG1 4 ) ; 
Ô, 0.90 (3H, t, 7 = 7 . 0 Hz) , 1.30—1.72 (4H, m) , 2.63 (2H, 
t, 7 = 7 . 0 Hz) , 6.80—7.22 (3H, m ) . 

3-Isobutylthiophene: n2
D° 1.5475. Found : C, 68.38; H, 

8.37%. Galcd for G 8H 1 2S: G, 68.51; H , 8 .51%. Mass; 
mje=l40 (M+). I R ( n e a t ) ; 3120, 1465, 855, 6 9 0 c m - 1 . 
NMR(GG1 4 ) ; Ô, 0.93 (6H, d, 7 = 6 . 0 Hz) , 1.93 (1H, m) , 
2.52 (2H, d, 7 = 7 . 0 Hz) , 6.80—7.25 (3H, m) . 

3-s-Butylthiophene: n2
D° 1.5490. Found : G, 68.66; H, 

8.72%. Galcd for C 8 H 1 2 S; G, 68.51; H , 8 .51%. Mass; 
m/e=l40 (M+). I R ( n e a t ) ; 3120, 1460, 850, 6 8 0 c m - 1 . 
NMR(GG1 4 ) ; Ô, 0.83 (3H, t, 7 = 6 . 0 Hz) , 1.22 (3H, d, 7 = 
7.0 Hz) , 1.57 (2H, m) , 2.73 (1H, m) , 6.80—7.25 (3H, m) . 

3-Cyclopentylthiophene: n% 1.5642. Found : C, 70.84; H 
7.90%. Calcd for G 9 H 1 2 S: G, 71.00; H, 7.94%. Mass; 
m/*=152 (M+). I R ( n e a t ) ; 3120, 1450, 860, 680 cm- 1 . 
NMR(CG1 4 ) ; Ô, 1.47—2.23 (8H, m) , 3.05 (1H, m) , 6.80— 
7.25 (3H, m) . 

3-Hexylthiophene: rc2
D° 1.5790. Found : C, 71.43; H , 9 .48%. 

Galcd for G 1 0H 1 6S: G, 71.36; H, 9.60%. Mass; m/e=168 
(M+). I R ( n e a t ) ; 3120, 1460, 855, 680 cm- 1 . NMR(GG1 4 ) ; 
Ô, 0.90 (3H, t, 7 = 6 . 0 Hz) , 1.15—1.78 (8H, m) , 2.63 (2H, 
t, 7 = 7 . 0 Hz) , 6.80—7.25 (3H, m) . 
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Transmission of Low-energy Electrons through Thin-films 
of Benzene and Hexane at 80 K 
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Transmission spectra of low-energy electrons (0—15 eV) for 10—100Â films of benzene and hexane have 
been measured at 80 K. Resonances are clearly indicated by electron current / t transmitted through the dielectric 
as a function of the incident electron energy Vu displayed as dlJdV, vs. Vt. When the film thickness of hexane 
was increased, the height of the first peak (due to injection of electrons in the film) decreased drastically and a 
second peak appeared and grew strongly. From the energy of the second peak, the bulk electron affinity ( — V0) of 
thin film was estimated. The V0 values for hexane and octane are 0.9 and 1.0 eV, respectively. 

The excitation of gas-phase molecules by electron 
impact has often been studied by a variety of techniques 
ranging from low-energy threshold excitation1 '2) to 
energy loss spectroscopy,3-ö ) using both high- and 
medium-energy electrons. Threshold excitation tech­
niques of Schulz1) and Compton et alV are similar in 
that the yields of low-energy electrons produced by 
resonant electron impact processes are measured either 
by the t rapped electron method or by the SF6 scavenger 
technique.2) 

Applications of electron impact techniques to thin 
organic films have previously been restricted to the 
measurements of energy loss spectra of high-energy 
electrons transmitted through thin films of polymers.6-7) 
Since the optical selection rules are relaxed for excitation 
by low-energy electrons,8) it is not possible to extrapolate 
results from energy loss spectra involving high-energy 
electrons to processes involving low-energy electrons. 

Recently, Hiraoka and Hamill9-14) and Sanche15-16) 
reported a simple method for measuring the electronic 
levels of molecules supported as ultrathin films on a 
metal surface at 77 K.9 - 1 4) The film was bombarded 
by a beam of low-energy electrons, and the current 
transmitted through the film(/ t) was measured as a 
function of the incident electron e n e r g y ^ ) . This 
method was found particularly useful for detecting 
optically forbidden electronic transitions. 

A similar apparatus was constructed. The main 
objective of this work is to relate the energy dependence 
of the transmission features to specific interactions 
occuring in films of benzene and hexane. 

Exper imenta l 

A schematic diagram of a prototype spectrometer housed in 
a stainless steel high-vacuum system (ULVAC, EBD-50M) 
maintained at ^ 2 x 10-7 Pa appears in Fig. 1. An electron 
gun used is a commercial TV gun (The Japan Lamp Industrial 
Co., LTD.) consisted of an einzel lense and an indirectly 
heated oxide-coated cathode. The gun is mounted in a 
grounded stainless steel cylinder. The angle of incidence of 
the electron beam to a metal target is normal. 

A schematic diagram of the spectrometer system used for 
the measurement of electrons transmitted through thin solid 
films is shown in Fig. 2. Differentiation of the transmitted 
current It with respect to the incident electron energy Vl is 
accomplished electronically by superimposing a small a.c. 
voltage (0.3 V peak-to-peak at 78 Hz) on the base cathode 
voltage and synchronously detecting the resulting a.c. signal 

Fig. 1. Schematic diagram of the spectrometer. 

^—[AH-

Fig. 2. Schematic arrangement of the apparatus used 
for measuring the electron current transmitted through 
the dielectric film F to the stainless steel support S at 
«a 80 K. Other components include a lock-in amplifier 
L, a ramp function generator R, a recorder XY, and an 
electrometer A. 

at the target with a lock-in amplifier (NF Circuit Design 
Block Co., LTD. model LI-573). An X-Y recorder plot of 
the magnitude of the a.c. signal vs. the the cathode potential 
provides the transmission spectrum, dIJdVi vs. Vt. 

The sample was deposited as a thin film on the stainless 
steel block (face 3.6x2.0 cm2) cooled by circulating liquid 
nitrogen. The temperature of the metal block was measured 
by an iron-constantan thermocouple which was spot-welded 
on the metal block. A sample was admitted to the vacuum 
chamber through a variable leak valve. The film thickness 
was estimated by establishing a given partial pressure of a 
sample vapor in the vacuum chamber for a specific time, 
assuming a sticking probability of unity. The pressure gauge, 
which reads the ion current of an ion pump, was calibrated 
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for nitrogen. Because almost all of organic compounds have 
larger ionization cross sections than nitrogen, the reading of 
the pressure gauge must be higher than the actual pressure of 
an introduced organic compound at the ion pump. However, 
the position of the pressure gauge was far from the metal block, 
and the effective pressure at the metal block could be higher 
than the pressure at the ion pump. Thus the value of the 
film thickness given in this work should be considered as only 
a roughly estimated one. The film thickness was changed by 
changing the deposition time with the constant vapor pressure 
at 10-5 Pa. It has not been known whether films are crystal­
line or amorphous, but the randomness in the solid was sug­
gested for benzene film at 77 K.17> 

In the previous works,9-14'17) the incident electron current of 
10~9—10-8 A with a beam spot of «»1 mm in diameter was 
used, where it was found that the condensed films of organic 
compounds were very sensitive to electron bombardment. 
The spectrum dJJdVi vs. 7, for the bare metal block often 
showed apparent difference before and after the measurement 
of an aromatic sample, indicating that a metal surface was 
contaminated by the radiolytic products. The metal block 
had to be cleaned every time after the measurement of an 
aromatic sample. Saturated molecules gave less radiolytic 
products than aromatic compounds under the same experi­
mental conditions. 

In this experiment, the incident electron current of <[2 X 
10~9 A with a larger beam spot was used in order to reduce 
the radiation damage of a film. The diameter of the aperture 
for electrons in the end wall of the cylinder was 5 mm. The 
size of the beam spot could be roughly estimated by observing 
weak blue luminescence from thin-film benzene bombarded 
by electrons with the energy of 15—20 eV. The observed 
faint luminous lobe was about 13 mm in diameter. Thus the 
current density should be at most 2 X 10~9 A/cm2. Matsushige 
and Hamill measured the yields of decomposition products 
from multilayer films of cyclohexane and hexane caused by 
low-energy electron irradiation.18* They found the G valuest 
to be s«0.5 for electron energies of 10—20 eV. With decom­
position yields of this magnitude, a monolayer of the hydro­
carbons could be decomposed in 100 h under the conditions 
of our study. The spectrum for bare metal block did not 
change under repeated measurements for aliphatic and 
aromatic compounds, in agreement with the results of Matsu­
shige and Hamill.18) 

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

Benzene. The transmission spectra d / t /dFj vs. 
V{ for benzene are shown in Fig. 3. The film thickness 
was changed from 2 to 10 L . n The spectrum of the 
metal block is also shown in the Figure, which was 
measured before the organic sample was deposited. 
The temperature of the metal block was «^80 K. 

The spectra of benzene are in excellent agreement 
with the result obtained by Hiraoka and Hamill,10) 
indicating a good reproducibility of the present method. 
In Fig. 3 are also shown the trapped electron spectrum19) 
and the energy loss spectrum of 300 eV electrons20) for 
comparison. These spectra serve to establish the energy 

t The G value refers to the number of molecules of a 
product formed on irradiation per 100 eV of energy absorbed. 

ft The amount of the gas admitted in the vaccum chamber 
is expressed in Langmuir units (1 L = 1 X 10"6 Torr s). When 
the sticking probability is unity, the surface will be covered by 
approximately one monolayer with 1 L gas admission. 
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Fig. 3. The dependence of dlJdV^ vs. V^ for metal block 
and benzene. The film thickness was changed from 2 
to 10 L. The trapped electron spectrum19) and the 
energy loss spectrum of 300 eV electrons20) are also 
shown for comparison. 

shift of the spectrum d/ t /dFj vs. V-v The best fit locates 
the zero of the incident electron energy at the onset of the 
first peak. 

The strong bands appear in the spectrum d/ t /dFj 
vs. V\ at 3.9 and 4.6 eV in Fig. 3 which correspond to 
energies lost by exciting benzene to the 3 B l u and xB2u 

states, respectively. These optically forbidden transition 
bands are even larger than the optically allowed 
1Elu<—1Alg transition band at 7 eV, indicating the 
major advantage of the electron impact over the photon 
spectroscopy for its ability to induce optically forbidden 
transitions. 

Another weak events are also observed as a shoulder 
of the first peak and two small peaks in the range 
1.5—3.0 eV. Although the shoulder peak corresponds 
approximately to the peak at 1 eV in the trapped 
electron spectrum which is due to the transient negative 
ion formation, the relative intensity of the shoulder 
peak is much smaller than the peak at 1 eV in the 
trapped electron spectrum, and the assignment of this 
peak would not be so straightforward. The origins of 
events in the range 1.5—3.0 eV were not well understood 
either. A further investigation for the detailed analysis 
of the spectra is now in progress. 

I t is evident from Fig. 3 that the 2 L film is thick 
enough to give a characteristic transmission spectrum 
of benzene and the spectra of thicker films did not show 
any marked dependence on the film thickness up to 10 L. 
This suggests that the interaction of low-energy electrons 
with only a few monolayers from the surface of benzene 
film gives the characteristic transmission spectrum. In 
addition, the onset of the first peak and the positions 
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of peaks in transmission spectra appear at almost the 
same energies with increasing the film-thickness from 
2 to 10 L. This indicates that the charging of electrons 
in the film is negligible for the present experimental 
conditions. 

Since the first peak of the spectrum for the metal block 
describes a crude electron energy distribution function 
with the high-energy tail at the onset, the detailed 
examination of the change of the first peak after the 
dielectric film is deposited on the metal surface would be 
helpful for understanding the interaction of low-energy 
electrons (0—2 eV) with dielectrics. As shown in Fig. 3, 
there is almost no difference in shape (height and half-
width) between the first peak for the metal block and 
those for benzene for 2—10 L. It is noteworthy that 
the acceptance coefficients for electrons at low energies 
are nearly the same for benzene and the stainless steel 
metal block. Only the difference is the appearance of a 
small shoulder peak at ^ 1 eV and the sharp negative 
peak at ^ 1 . 3 eV in the benzene spectra which are not 
observed for the stainless steel metal block. 

0 2 4 6 8 10 12 14 
INCIDENT ELECTRON ENERGY/eV 

16 

Fig. 4. The dependence of dIJdVl vs. V{ for benzene. 
The film thickness was changed from 10 to 50 L. 

In Fig. 4 is shown the change of spectra when the film 
thickness was increased from 10 to 50 L. T h e height 
of the first peak decreases only gradually with increasing 
the film thickness. The peaks of the spectra show only 
very small positive shifts with increasing the film 
thickness up to 25 L. Above 30 L, the positive shifts 
become more evident possibly due to the charging of the 
film. 

Hexane. The transmission spectra are shown in 
Fig. 5. T h e film thickness was changed from 2 to 30 L. 
The zero of the energy scale is arbitrary. Contrary to 
the spectra of benzene, the first peak decreases drastically 
and the second peak at ^ 1 . 4 eV grows strongly as the 

INCIDENT ELECTRON ENERGY / eV 

Fig. 5. The dependence of dlJdVt vs. V{ for metal block 
and hexane. The film thickness was changed from 2 
to 30 L. 

> 
< 
> 

8.55xlO ,2A 

0 1 2 3 4 5 
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Fig. 6. Spectra of octane in the energy range 0—3 eV 
with the incident electron current changed from 8.55 x 
10-12 to 1.33xl0"9 A. 

film thickness is increased. At 30 L, the first peak 
shows up as only a small shoulder peak of the second 
peak. Such a marked change of the spectra with an 
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HEXANE 

(4L) 

INCIDENT ELECTRON E N E R G Y / e V 

Fig. 7. Temperature programmed spectra following the 
adsorption of hexane on the stainless steel metal block 
at 77 K. The heating rate is 10 K/min. 

increase of the film-thickness was also observed for 
octane (Fig. 6), but not for benzene and other aromatic 
compounds. These characteristic low-energy events of 
hexane may be related to the interaction of electrons 
with the bulk of the solid film, i.e., the cluster of 
molecules. 

Figure 7 shows spectra of the temperature dependence 
following the adsorption of hexane (4 L) on the metal 
block at 77 K. T h e heating rate is 10 K/min. As the 
temperature is increased, the intensity of first peak in­
creases gradually with an expense of the second peak. 
The spectrum at 147 K coincides with that of the metal 
block, indicating that all samples are desorbed from the 
metal block at this temperature. T h e observed rapid 
desorption suggests the weak adsorption of hexane on 
the stainless steel substrate. Madey and Yates observed 
two peaks at 150—175 K and 277 K in the temperature 
programmed desorption spectra following the adsorption 
of cyclohexane on Ru(001) at 80 K.2]) They concluded 
that the state at 150—175K is due to a condensed 
multilayer and that at 227 K is due to C6H1 2 adsorbed 
in the first monolayer in contact with the Ru(001) 
substrate. In Fig. 7, the rapid change of spectra is 
observed from 77 to 126 K, but the spectra at 126 and 
136 K are almost exactly the same, suggesting that 
these spectra are those for the monolayer of hexane on 
the metal substrate. The multilayer should be exhausted 
in this temperature range because the vapor pressure 
of hexane at 126 and 136 K are about 1 x 10~4 and 
1 X 10~3 Pa, respectively. The second peak of spectra 
for 126 and 136 K is still observed but it shows the 
positive shift by 0.3—0.4 eV with respect to the peak 
of multilayer films. The coverage of hexane monolayer 
at these temperatures could not be estimated under the 
present experimental conditions. 

Bulk Electron Affinity. As shown in Figs. 3 and 5, 
the low-energy events of benzene are very different 
from those of hexane in the range 0.5—2.0 eV. J n t h e 
case of benzene, the first peak does not show a marked 
film-thickness dependence and a sharp negative peak 
is observed at «»1.3 eV. O n the contrary, a rapid 
decrease of the first peak accompanied by a strong 
growth of the second peak is observed for hexane as the 
film-thickness is increased. These experimental results 
suggest the existence of the positive energy barrier in 
hexane thin film and the negative one in benzene thin 
film for the injection of electrons from the vacuum into 
the film. If the positive energy barrier for hexane is 
due to the temporal charging of the film, the spectra 
should be dependent on the amount of the incident 
electron current at least to some extent. Figure 6 shows 
the spectra of octane in the energy range 0—3 eV with 
the incident electron current changed from 8.55 X 10 - 1 2 

to 1.35 X 10 - 9 A. It is apparent from the Figure that 
the shape of the spectra does not change with an increase 
of the incident electron current more than two orders 
of magnitude. Thus the energy barrier for the incident 
electrons can not be attributed to the one generated by 
charging in the film. We would like to conclude that 
energy barrier is an intrinsic one for each compound, 
i.e., the bulk electron affinity. 

In Fig. 6, the gradual positive shifts of the spectra are 
observed with the increase of the incident electron 
current. This is not due to the charging of the film. 
When the film thickness is <;10 L, the spectra of organic 
compounds generally do not show any observable peak 
shifts under repeated and prolonged irradiation of the 
electron beam of «^10-9 A. T h e shifts observed in Fig. 6 
is a manifestation of the positive shifts of the current-
voltage characteristic curve of the electron gun. The 
positive shift is always observed when the voltage of the 
draw-out electrode in front of the cathode is increased 
in order to get more electron current. 

For an electron of energy E in the condensed medium, 
the Schrödinger equation is 

[ - £; V2 + r ] V = EV, (1) 

where V is the one-electron potential exerted by the 
unperturbed medium. When the potential Vis periodic 
from one sphere to another and spherically symmetric 
inside the sphere, only one radial equation needs to be 
solved, so that the ground state eigenvalue E of Eq. 1 
can be uniquely defined. Springett et o/.22) calcu­
lated the energy levels of an excess electron in mul-
tiatom system by using a Wigner-Seitz model to ob­
tain a spherically symmetric potential. In the Wigner 
-Seitz model each atom is replaced by a sphere of 
radius r s given by 

where n is the number density. The wave function (p is 
smooth inside rs, and V is the pseudopotential approxi­
mated as oo for r O and Up for r > 5 . This pseudopotential 
excludes the excess electron from the hard core radius 
a of the atom. Up is the polarization potential from the 
atom inside and the atoms outside rs which is approxi-
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mated by 

".-^[H'+HT- (3) 

where a is the isotropic polarizability. Then, Eq. 1 
may be solved to yield 

ftn0 E=U0 + 
2m u0 + r0, (4) 

where the electron wave vector k0 is obtained from the 
Wigner-Seitz boundary condition (d^/dr)r=rs=0, which 
gives the equation 

tan kQ (rB—ä) = k0rs, (5) 

and T0 is the zero point energy which arises because 
the excess electron is excluded from the hard core 
region of radius in each Wigner-Seitz sphere. The 
lowest energy eigenvalue E of Eq. 1 is the ground state 
energy of an excess electron in the medium (F0), i.e., 
an energy required for injection of an electron from the 
vacuum into the medium. The bulk electron affinity 
of the medium corresponds to — V0. 

The positive bulk electron affinity may be assigned 
for benzene film. When the bulk electron affinity of the 
film is positive, the energy level o f an excess electron 
( V0) in the film is lower than that of the vacuum. In 
such a case, the electrons see the "negative" energy 
barrier when they enter the film from the vacuum, and 
the injection peak of electrons (the first peak) should 
not be very different from that of the bare metal block, 
in good agreement with the experiment. On the other 
hand, the excess electron in the film see the "positive" 
energy barrier for escaping into the vacuum. For a 
spherically-asymmetric distribution of elastically scat­
tered electrons in a film, with a negative VQi the quantum 
mechanical reflection coefficient at the film-vacuum 
interface may be given by ^ H ^ o l / O ^ o l + ^ i ) } 1 7 2 , 
where Ex is the energy of electrons.16) According to 
this theory, the backscattered current will show an 
increase as the energy of incident electrons increases 
because it is easier for injected electrons in the film to 
overcome the positive energy barrier ( — V0) and escape 
the film into the vacuum at higher incident electron 
energy (E{)9 i.e., the effective reflection coefficient at 
the film-vacuum interface will decrease with an increase 
of the energy of electrons. This might explain the 
observed negative peak at ^ 1 . 3 eV in the benzene 
spectrum. 

The low-energy events observed for hexane and octane 
can be explained reasonably if the negative bulk 
electron affinity is assigned for these compounds. Figure 
8 shows the schematic potential distribution along the 
axis of the spectrometer and the spectrum, d/ t/dFi 
vs. Vv for a film whose bulk electron affinity is negative 
( 0 < V0). Because of the positive energy barrier of the 
film for the incident electrons, the injection peak of 
electrons (the first peak) should be much smaller than 
that of the metal block, and the transmitted electron 
current should show a sharp increase as a second peak 
in the spectrum, d/ t/dFi vs. V-v when the energy of the 
incident electrons exceeds the positive energy barrier, 
in all good agreement with the experimental results. 

If the observed low-energy events are manifested by 
the bulk electron affinity of the films, it might be 

Fig. 8. The schematic diagram of the potential distribu­
tion along the axis of the spectrometer. The space 
between the electron gun and the metal block is field-
free. The bulk electron affinity of the film shown in 
the figure is negative. The spectrum of hexane, 
d/t/dFj vs. Vi} is shown along the potential axis in the 
right part of the figure. Fj is the accelerating voltage. 
V0 represents the ground state energy of excess-electrons 
in the film. The value of the bulk electron affinity 
corresponds to — V0. 

possible to estimate the bulk electron affinities from the 
spectra dIt/dVi vs. V\. The spectrum is a convolution 
of the current-voltage characteristics of an electron gun 
7 ( F ) , and the energy dependent acceptance coefficient 
of electrons for the film F(V). F(V) may be affected 
by many factors such as the bulk electron affinity, the 
density and the structure of the film, density of trapping 
sites and the distribution of the well-depth of trapping 
sites, etc. Because so many factors are involved in the 
low-energy events of the spectra, it would be difficult 
to determine the bulk electron affinity unequivocally. 
Here the bulk electron affinity (~V0) is tentatively 
estimated by the energy difference of the first peak for 
the metal block and the second peak of the spectra for 
hexane and octane, which are —0.9 and — l.OeV, 
respectively. 

The positive bulk electron affinity could be estimated 
by the amount of the positive shift of the spectrum if the 
reference peak is available for the determination of the 
energy scale. For benzene, the horizontal axis of Fig. 3 
is the energy for the trapped electron spectrum19) and the 
energy loss spectrum of 300 eV electrons.20) With this 
scale, the energy of the transmission spectrum is increased 
by 0.3 eV to establish a coincidence between structures 
present in these spectra. Thus the bulk electron affinity 
of benzene film could be estimated as about 0.3 eV 
(F 0 i s - 0 . 3 eV). 

For solid hydrocarbons, no direct experimental V0 

determinations have been reported so far. Jortner's 
calculations22»23) give nearly equivalent V0 values for 
solid and liquid argon. On the other hand, recent 
experiments by Noda et al. have shown that V0 increases 
with decreasing temperature in liquid ethane.24) Recent­
ly Grand and Bernas25»26) measured V0 for solid hydro­
carbons indirectly by measuring the ionization potential 
of a solute in various polar and nonpolar rigid solvents. 
Their indirectly measured V0 for rigid hexane is 0.98 
eV, in good agreement with our value (0.9 eV). 

The Springett, Jortner and Cohen model for calculât-
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ing VQ (Eq. 4) was originally developed for rare gas 
liquids22) but has been applied to hydrocarbons.24»27) 
For liquid hexane, U0 and T0 can be calculated as 
—2.4 and 1.77 eV, respectively, and thus V0 is 
—0.63 eV. The experimental value of V0 in liquid 
hexane by photoelectric work function measurements is 
0.04 eV,28) which is much smaller than the value in 
rigid hexane. Grand and Bernas26) also found that the 
77 K V0 values appear significantly greater than the 
ones measured at 298 K (liquid) by 0.7—1.0 eV. 
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The Adsorption of Basic a-Amino Acids in an Aqueous 
Solution by Titanium (IV) Oxide 
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T i 0 2 showed a pronounced activity in the adsorption of basic a-amino acids, such as L-lysine and L-arginine, 
in an aqueous solution. The adsorptive activity of T i 0 2 containing sulfate ions was lower than that of the sulfate 
ion-free TiOa, and it was suppressed by phosphate ions. The pH of the aqueous solution hardly affected the 
adsorption, while the heat-treatment of TiOa above 500 °C noticeably lowered the adsorption. The Langmuir 
equation was applicable to the adsorption of L-lysine, showing that the amount of saturated adsorption was about 
0.7 mmol/g TiOa heat-treated at 500 °C. The heat of adsorption of L-lysine, as determined from the adsorption 
isotherms at 10, 30, and 50 °C, was 2257J/mol. A linear relationship was observed between the amount of L-
lysine adsorbed and that of the surface OH groups. 

The removal of excess a-amino acids in the blood is 
required for the treatment of certain kidney diseases.1) 
The use of activated carbon has been an important 
removal method. I to2) has observed a marked adsorp­
tion of the basic amino acids, such as lysine, histidine, 
and arginine, by animal charcoals, and Wunderly3) 
has obtained adsorption isotherms for phenylalanine, 
leucine, serine, and aspartic acid on animal and sugar 
charcoals. However, a systematic investigation of the 
adsorption of amino acids on Darco G-60 lignite 
charcoal by Cherdelin et al.** indicated that activated 
carbon was not effective for the adsorption of all kinds 
of a-amino acid, for the absence of the aromatic group 
in amino acids decreased the adsorption. Aliphatic 
amino acids, having a high solubility in water, can be 
expected to be better adsorbed by an adsorbent which 
is more polar than activated carbon. 

In recent years, T i 0 2 and its hydrate have been 
extensively used as catalysis,5) catalyst-carriers,6) and 
ion-exchangers.7) They have also been observed to be 
excellent adsorbents for uranium in sea water.8) 
However, no studies dealing with the adsorptions of 
a-amino acids by T i 0 2 have been reported. The use 
of T i 0 2 as an adsorbent for a-amino acids is, though, a 
matter of considerable interest because of its extremely 
low solubility in water, its nontoxicity, and its 
amphoteric nature. 

In this paper, we wish to report our results concerning 
the activity of T i O a in the adsorption of basic a-amino 
acids in aqueous solutions. The adsorptive activities 
of alumina and activated carbon for a-amino acids were 
also examined for reference. 

Exper imenta l 

Preparation of the Samples. Two T i 0 2 samples were 
prepared: one by the hydrolysis of titanium tetraisoproxide 
(Wako Chemical Co.) at room temperature (designated as 
S-l), and the other, by the hydrolysis of titanium oxide sulfate 
(Nakarai Chemical Co.) at the temperature of boiling water 
(designated as S-2). After repeated washings and décanta­
tions, both samples were dried in air at 120 °C for 10 h. 
Although the complete removal of the sulfate ion was confir­
med by the use of a BaCl2 aqueous solution, S-2 contained a 
considerable amount of bound sulfate ion (for example, 0.5 
mmol/g after heat-treatment at 400 °C). Therefore, in most 
experiments, S-l was employed. Only in experiments relating 

to the effects of the heat-treatment temperature was S-2 used. 
The alumina was prepared by the hydrolysis of aluminum 

isopropoxide (Wako Chemical Co.), followed by washing with 
water and drying at 120 °C. The activated carbon« used were 
the commercial products of the Kureha Chemical Co. (MU 
and MU-E). 

The various amino acids used in this study were commercial 
reagents of a special grade prepared by the Kokusan Kagaku 
Co. 

Determination of the Amount of Surface OH Groups. The 
amount of surface OH groups was determined by a modifica­
tion of Boehm's method.9) The amount of OH on S-l sample, 
which was heat-treated at 500 °C, was 0.7 mmol/g TiOa . 

Method of Adsorption. One or 2 g of the adsorbent were 
added to 50 or 200 ml of an amino solution of 400 or 200 mg 
dm - 3 , and then the mixture was continuously shaken for 3 h at 
30 °C using a shaker. Prior to the adsorption, the TiOa and 
A1203 were ground so as to pass through a 150-mesh sieve 
and then fabricated to granules of a 14—20 mesh size under a 
pressure of 40 MPa. The solutions were buffured at pH 7.3 
by using KH 2 P0 4 and Na2HP04 . To ascertain the effect of 
pH, KH2P04 /Na2HP04 ratio was adjusted to give the solution 
pH values of 5.2 and 8.3. On the other hand, to find the 
effect of the phosphate-ion concentration on the adsorption, 
its concentration was adjusted to 0.025, 0.050, and 0.083 mol 
dm - 3 . The adsorption isotherm was determined in deionized 
water, since phosphate ions affected the adsorption of amino 
acid. 

Analysis. The analysis of the amino acids was carried 
out by using a Total Carbon Detector (Toshiba-Beckmann 
Co., Type 915) or the ninhydrin method.10) 

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

Comparisons of Adsorptive Activities of Adsorbents for Amino 
Acids. The results obtained for the adsorption of 
various types of a-amino acid are listed in Table 1. T h e 
adsorptive activities of other metal oxides, such as Z r 0 2 , 
M g O , and S i0 2 , were also examined, but their activities 
appeared to be considerably less than that of T i O a . 

As is shown in Table 1, T i O a exhibited the highest 
activity for the adsorption of all the basic amino acids 
except L-tryptophan. Its activity for the neutral or 
acidic a-amino acids was far less than those of activated 
carbons. The high activities of T i 0 2 in the adsorption 
of L-lysine-HCl and L-ornithine • HCl may be due to 
the high degree of hydrolysis of these salts in solution. 

Effects of Phosphate Ion and pH on Adsorption. A 
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TABLE 1. EFFECT OF ACID-BASE PROPERTY OF 

AMINO ACID ON ADSORPTION 

100 

Adsorbate 

Neutral 
Glysine 
L-Alanine 
L-Valine 
a-Amino-

isobutyric acid 
DL-Leucine 
L-Isoleucine 

Acidic 
DL-Glutamic acid 
DL-Aspartic acid 

Basic 
L-Lysine 
L-Arginine 
L-Histidine 
L-Tryptophan 

Salt 
L-Lysine «HCl 
L-Citrulline.HCl 
L-Ornithine-HGl 

Degree of ad 

Al203
b> 

18.5 
22.2 
12.9 

0 

0 
20.6 

0 
0 

12.0 
1.8 
8.6 
7.8 

1.1 
0 

15.3 

S-lb> 

22.9 
21.5 
16.9 

0 

0 
0 

0 
0 

83.4 
72.6 
86.2 
18.1 

73.4 
11.9 
87.1 

sorption/% 

Activated < 
^̂  

MU-LE 

24.4 
25.0 
50.6 

18.1 

84.1 
81.6 

20.8 
18.1 

20.5 
73.5 
92.2 
100 

24.9 
83.9 
26.1 

a) 

:arbon 
A 

MU-L 

23.3 
16.5 
46.0 

15.8 

79.5 
84.8 

22.6 
12.2 

15.1 
71.1 
94.3 
99.5 

20.7 
80.4 
14.2 

a) Adsorption temperature: 30 °G; time: 3 h; initial 
concentration of amino acid : 400 mg/1 ; phosphate 
buffer: pH 7.3 (0.033 mol/1). b) Heat-treated at 
150 °G for 3 h immediately before use. 

considerable change in the pH of the solutions was 
observed during the course of adsorption. The adsorp­
tion experiments in phosphate buffer solutions were 
carried out at pH values close to that of the blood. 
However, since the phosphate ion is adsorbed on T i 0 2 , n ) 

the effect of the phosphate ion on the adsorption of 
amino acid was examined, together with the effect of 
the pH of the solutions. L-Lysine was selected as 
representative of aliphatic and basic a-amino acids 
because of the ease of analyzing. 

As is shown in Fig. 1, both the rate of adsorption and 
the amount of L-lysine adsorbed at the equilibrium 
were reduced by the presence of the phosphate ion. In 

24 

Fig. 1. 

1 2 3 4 
Adsorption time / h 

Effect of pH on adsorption. 
L-Lysine (20 mg) and S-l (2 g) were added to 50 ml of 
the solntions buffered at pH 5.2 (0)> 7.3 ( # ) , and 8.3 
(A)« A Denotes the result of the adsorption carried 
out in deionized water. 

a> 
c 

I 
80 

7 60 

40 

£• 20 
X 

0 25 50 75 100 
Concentration of PO*" / m m o l f 1 

Fig. 2. Effect of concentration of phosphate ion on 
adsorption. S-l (1 g) was added to 50 ml of the solu­
tion buffered at pH 7.3, and the adsorption was carried 
out 5 h. Other conditions were the same as those in 
Fig. 1. 

the absence of the phosphate ion, the pH of the solution 
dropped from the initial value of 9.7 to 7.4 after 24 h. 
However, the effect of the pH on the adsorption of the 
amino acid was slight in the pH range of 5.2—8.3 
when the concentration of phosphate ion was kept 
constant. The amount of L-lysine adsorbed at the 
equilibrium decreased linearly with the increase in the 
phosphate concentration as is shown in Fig. 2. This 
fact suggests that the a-amino acid and the phosphate 
would be adsorbed on identical sites. Thus, it appeared 
that the adsorption of the a-amino acids proceeded in 
competition with the phosphate ion. However, a 
preferential adsorption of the amino acid on T i 0 2 was 
observed at higher phosphate concentrations (0.0033 
mol dm - 3 ) and at dilute amino acid concentrations 
(0.0027 mol dm- 3 ) . 

0 200 400 600 800 1000 
Concentration of L-lysine / mmol l"' 

Fig. 3. Adsorption isotherm of L-lysine in deionized 
water. Adsorption were carried out for 70 h at 10 °G 
(O), 30 °G ( # ) , and 50 °G O ) . Other conditions 
were the same as those Fig. 2. 

Adsorption Isotherms in Deionized Water. Figure 3 
shows the adsorption of L-lysine at 10, 30, and 50 °G. 
The effect of the temperature on the adsorption was 
slight. As is shown in Fig. 4, a linear relation was 
obtained between the logarithm of the equilibrium 
constant of adsorption, Kci and \/T. Here, the equilib­
rium constant was calculated by dividing the amount 
of the amino acid adsorbed by that in the solution at 
the equilibrium (i.e., about 1000 mg dm - 3 ) . At this 
concentration, the surface of T i 0 2 appeared to be 
saturated almost completely with the amino acid at 
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0.28 

0.26 

0.24 

n oo 

" / 

- / 

/ 

iL, Î ! 1 
3.1 3.5 3.3 

r'/kK"1 

Fig. 4. Linear relationship between l /Tand log Kc. 
Kc denotes the equilibrium constant of adsorption of 
L-lysine. 

these temperatures. The heat of adsorption, / / a , was 
calculated to be 2257 J/mol by using the van't Hoff 
equation ; this value indicates a weak interaction of the 
amino acid with the T i 0 2 surface. 

The linear relation between the concentration of L-
lysine and the value of the concentration divided by the 
amount of adsorption at the equilibrium (Fig. 5) 
indicates that the Langmuir adsorption equation is 
applicable. The values of the mohomolecular adsorp­
tion, Vm9 were calculated to be 0.70 (at 10 °G), 0.67 
(at 30 °C), and 0.65 (at 50 °C) mmol/g from the 
reciprocal of the slope, namely, AC/A(C/V), shown in 
Fig. 5. 

10 

> 
ö 5h 

0 200 400 600 800 1000 
C / m g 1" 

Fig. 5. Application of Langmuir equation to the adsorp­
tion shown in Fig. 3. 

Effects of Heat-treatment Temperature of Ti02 and the 
Amount of Surface OH Groups on the Adsorptive Activity. 
Figure 6 shows the effects of the heat-treatment tempera­
ture of S-1 and S-2 on the adsorption of L-lysine. The 
adsorptive activity of S-1 showed a maximum at 150 °G, 
which is close to the dehydration temperature (160 °G) 
of titanium hydroxide or Ti02*H20.1 2> Almost all the 
adsorptive activity was lost upon heat-treatment at 
700 °G, which is the temperature of the conversion from 
anatase to rutile.12) 

The adsorptive activity of S-2, which contains sulfate 
ions, also decreased with the increase in the heat-
treatment temperature. However, the adsorptive 
activity of S-2 was less than that of S-1, and it was lost 

r~ 

; 

r_ 

» 
,<* 

/ 
<? 

» / 

S / 
D 

1 1 1 I J 1 

200 400 600 
Treatment temperature / ° C 

Fig. 6. Effect of heat-treatment temperature of TiOa on 
adsorption. 
One gram of S-1 (O) or S-2 ( # ) was added to 50 ml of 
the buffered solution containing 2000 mg of L-lysine 
per litter, and the adsorption were carried out for 50 h 
at 30 °G. 

upon heat-treatment at 500 °G. Since it has been 
established that T i 0 2 containing sulfate ions has acid 
sites,13) the adsorptive activity of T i 0 2 toward a-amino 
acid is not related merely to the surface acidity. If the 
sulfate ions in T i 0 2 diffuse to the surface at higher 
temperature and are lost as S 0 3 at about 600 °G,14> 
the surface of S-2 treated at temperatures near 600 °G 
may be covered by sulfate ions, which are then decom­
posed to S 0 3 at slightly higher temperatures (about 
600 °G). These sulfate ions on the T i 0 2 surface possibly 
depress the adsorptive ability due to Ti4+ ions, O 2 -

ions, and/or O H groups on the surface, resulting in the 
observed decrease in the adsorptive activity. Since it 
is known that the Brönsted acid sites due to O H groups 
on the T i 0 2 surface are able to interact with N H 3 and 
pyridine,15) the O H groups may react also with amino 
acids through the interaction with lone-pair electrons 
of the N atom. The amount of surface O H groups was 
determined, therefore, to find the correlation between 
O H and the adsorptive activity. 

o>3.0 

200 400 600 
Treatment temperature/°C 

800 

Fig. 7. Effect of heat-treatment temperature of T i0 2 on 
the amount of surface OH groups. 

Figure 7 shows that the amount of surface O H 
groups was at its maximum when the sample was heat-
treated at 150 °G, as was the activity of adsorption 
(Fig. 6). The linear relation between the amount of 
adsorption and the amount of surface O H groups 
shown in Fig. 8 indicates that the adsorptive activity of 
T i 0 2 is largely dependent on the amount of surface O H 
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TABLE 3. ACID-BASE PARAMETERS OF SOME BASIC 

AMINO ACIDS IN AN AQUEOUS SOLUTION1«0 

1.0 2.0 3.0 
Amount of OH groups / mmol g"1 

Fig. 8. Amount of L-lysine adsorbed vs. amount of surface 
OH groups for S-l. 

groups. The amount of monomolecular adsorption of 
amino acid on T i 0 2 was calculated as 0.65—0.70 
mmol/g T i 0 2 in the preceding section. This value 
almost coincides with the amount of surface OH 
groups on T i 0 2 treated at 500 °G; the amount is shown 
to be 0.72 mmol/g T i 0 2 in Fig. 7. This fact further 
supports the view that the adsorptive activity depends 
on the surface OH groups. 

According to Kobayashi et a/.,11) T i 0 2 heat-treated 
at 160 °C showed a maximum activity for the adsorption 
of phosphate ions. This temperature (160 °G) almost 
coincides with that at which the amount of O H was 
at its maximum, suggesting that the phosphate ions also 
may be adsorbed on the surface O H groups. The 
suppression of the adsorption of L-lysine by phosphate 
ions is possibly due to the competition between the 
phosphate ions and the amino acid for the interaction 
with surface O H groups. 

TABLE 2. COMPARISON OF ADSORPTIONS OF 

VARIOUS AMINO ACIDS 

Adsorbate 

a-Aminoiso-
butyric acid 

DL-a-Amino-
butyric acid 

y-Amino-
butyric acid 

L-Lysil-
L-lysine.2HGl 

Degree of ad 

Al203
b ) 

1.4 

0 

8.7 

5.3 

S-lb> 

10.9 

15.7 

38.2 

7.9 

sorption/% 
_ s 

Activated c 

MU-LE 

21.8 

32.1 

26.8 

45.3 

a) 

:arbon 

MU-L 

22.9 

33.2 

29.1 

47.9 

a) The adsorptions were carried out in deionized 
water. Adsorption temperature: 30 °C; time: 5 h; 
initial concentration of amino acid*: 400 mg/1. b) 
Heat-treated at 150°G for 3h immediately before use. 

Effect of Structure of Amino Acid on the Adsorption. 
In order to obtain some structural interpretation of the 
adsorption, the adsorption of three kinds of amino 
butyric acid were carried out under the same conditions. 
Table 2 shows the results, including also those of the 
dimer of L-lysine. y-Amino acid is preferably adsorbed 
over a-amino acid, indicating that the end position is 

Amino acid 

Lysine 

Arginine 

Histidine 

Tryptophane 

P*al 

2.18 

2.17 

1.82 

2.38 

P^a2 

8.95 
(a-Amino) 

9.04 
(a-Amino) 

6.00 
(Imidazol) 

9.39 

P^a3 

10.53 
(e-Amino) 

12.48 
(Guanigino) 

9.17 

pHi 
9.74 

10.76 

7.58 

5.88 

more favored for the interaction than is the a-position. 
The difference in the activity for the interaction between 
the a and y position may be ascribed, at least in part, 
to steric factors. Also, the fact that the iso-type isomer 
and the dimer were adsorbed by less butyric acid than 
normal would seem to support this explanation. 

Behavior of Lysine on the Ti02 Surface. In aqueous 
solutions, most amino acid molecules take one of these 
forms, NH3

+RGOOH, NHJRGOO", or NH 2 RGOO-, 
depending on the pH of the solution. The dissociation 
constants of the carboxyl group (pK&i) and amino 
groups (pK&2, pK&s) in various basic amino acids listed 
in Table 3, together with the isoelectric points (pHï). 
The pHj values show that lysine and arginine should 
exist as cations in the pH range (5.2—8.3) of this study. 
For example, lysine should exist in the form of R+, as is 
shown below. 

NH© 

(GH2)4 

N H © - C H - C O O H 

(R2 +) 

NH® 

(GH2)4 

NH©-CH-COO© 

(R+) 

NH© 

(CH2)4 

NH 2 -GH-GOO© 

(R + - ) 

N H 2 

(GH2)4 

NH 2 -CH-COO© 

(R-) 

As is generally known, basic amino acids, which exist 
as cations in a neutral solutions, are selectively adsor­
bed by weakly acidic ion-exchange resins.17) Accordin­
gly, T i 0 2 may show a high adsorptive activity for lysi­
ne and arginine, for the surface O H groups on T i 0 2 

show weak Brönsted acidity.5) On the other hand, 
Al2Of3, which has only Lewis acidity,18) did not show 
a high adsorptive activity for the basic amino acids. 

The fact that y-aminobutyric acid was preferably 
adsorbed over a a-type isomer (Table 2) suggests that 
the activity of co-NHJ is higher than that of a-NH3 . 
Thus, the adsorption of lysine on T i 0 2 is considered to 
proceed as follows: 

-Ti-OH + H3N©-(GH2)4-GOO© 
1 1 

NH3 

• Ti-©0-©N-(GH2)4-GH-GOOH 

NH3 

The authors wish to thank the Tokyo Laboratory of 
the Kureha Chemical Go. for the supply and analysis 
of some amino acids; they are also grateful to Mr. 
Atsumu Nishimura for helpful discussions of the experi­
mental results. 



June, 1981] Adsorption of Basic Amino Acids by T i 0 2 1599 

References 

1 ) K. Sanjo et al., Jinko Jinzo, 5, 231 ( 1976). 
2) T. Ito, J. Agric. Chem. Soc, 12, 204 (1936). 
3) K. Wunderly, Helv. Chim. Acta, 17, 523 (1934). 
4) V. H. Gheldelin and R. J. Williams, J. Am. Chem. Soc, 

64, 1513 (1942). 
5) S. Okazaki, "Kinzoku-sankabutsu To Fukugo-sanka-

butsu," ed by K. Tanabe, T. Seiyama, and K. Fueki, 
Kodansha, Tokyo (1978), p. 102. 

6) S. Okazaki, Kagakukogyo, 22, 56 (1978). 
7) V. V. Pekrek, Talanta, 19, 219 (1972); G. H. Wirguin 

and A. A. Yaron, J. Appl. Chem., 15, 445 (1965). 
8) N. J. Keen, Chem. Ind., 1977, 579; N. Ogata, Nippon 

Kaisui Gakkaishi, 30, 3 (1976). 
9) H. P. Boehm, Angew. Chem., 78, 617 (1966). 

10) N. Takahashi, "Seikagaku Jikken Koza," ed by Nippon 
Seikagakukai, Tokyokagakudojin, Tokyo (1978), Vol 1 (II), 

p. 69. 
11) E. Kobayashi, M. Sugai, and M. Higuchi, Nippon 

Kagaku Kaishi, 1979, 39. 
12) J. Barksdale, "Titanium, Its Occurence, Chemistry, and 

Technology," The Ronald Press. Co., New York (1966), p. 71. 
13) A. Kurosaki and S. Okazaki, Nippon Kagaku Kaishi, 

1976, 1816; K. Morishige, H. Hattori, and K. Tanabe, Bull. 
Chem. Soc. Jpn., 48, 3088 (1975). 

14) T. Ghinone and S. Okazaki, Nippon Kagaku Kaishi, 1978, 
1327. 
15) G. D. Parfitt, J . Rambotham, and G. H. Rochester, 

Trans. Faraday Soc, 67, 841 (1971); 67, 1500 (1971). 
16) H. R. Mahler and E. H. Cordes, translated by F. 

Egami et al., "Basic Biological Chemistry," Tokyokakudojin, 
Tokyo (1973), p. 43. 

17) K. Satake, "Tanpakushitsu," Asakurashoten, Tokyo 
(1975), p. 25. 

18) H. Pines and W. O. Haag, J. Am. Chem. Soc, 82, 2471 
(1960); E. P. Parry, J. Catal., 2, 371 (1963). 



1600 ® 1981 The Chemical Society of Japan Bull Chem. Soc. Jpn., 54, 1600—1605 (1981) [Vol. 54, No. 6 

The Equilibrium and the Vibrational Spectra of the 
/-Butylamine-Chloroform System 
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The thermodynamic constants, AH° and AS°, of the f-butylamine (TBA)-chloroform-</ system in carbon 
tetrachloride are obtained from the analysis of the Raman intensities observed in the C-D stretching region of 
chloroform-*/, while the AH° on the associated species of TBA'CDC13 and (TBA)2«CDC13 are evaluated to be 
— 14.2 and — 22.6 kj/mol respectively. The IR or Raman spectrum of a solid sample, adjusted by the rapid 
cooling of a gaseous or liquid one respectively, with the TBA: chloroform ratio of ^ 1 is compared with that of TBA 
in the gaseous, liquid, or solid state; it is confirmed, on the basis of the assignments of the observed frequencies, that 
the solid sample consists almost entirely of the associated species of TBA«CHC13. Only one associated species of 
(TBA)2«CHC13 is also obtained by the crystallization of the gaseous sample with the molar ratio of 2.0. The NH2 

group vibrations in TBA.CHC13 or (TBA)2 'CHC13 are related intimately in their frequencies and band shapes to 
those in gaseous or solid TBA respectively. 

J-Butylamine (TBA) associates itself1) and forms a 
weak hydrogen bond with chloroform. O n account of 
those properties of TBA, we are interested in the 
thermodynamic properties of the present system. Here, 
we try to evaluate the thermodynamic constants, AH° 
and AS°, by means of an analysis of the R a m a n inten­
sities of the C - D stretching region of the system, using 
carbon tetrachloride as a solvent; hereafter, we will 
denote an associated species (TBA) m «(CHCl 3 ) n as a 
m : n species. 

There are many studies of the vibrational spectra of 
self-associated species in the solid state by using the 
matrix-isolation technique, but no spectrum of a solid 
composed of two kinds of molecules capable of the 
formation of a weak hydrogen bond has yet been 
reported, as far as we know. We report here, on the 
basis of assignments of the vibrational spectra, that the 
solid sample made by the rapid cooling of a liquid or 
gaseous sample with a TBA : chloroform ratio of ^ 1 
or Ä*2 consists almost entirely of the 1 : 1 or 2 : 1 species 
respectively. Although part ial information on the 
structure or the bonding of associated species is obtained 
from the vibrational spectra of an equilibrium system 
in the liquid state, it is, of course, apparent that more 
definite information is obtained from those of a solid 
consisting of the associated species. 

We here assign the I R and R a m a n spectra of the 1 : 1 
species and the I R spectrum of the 2 : 1 species, by 
referring to those of the related compounds (CX3)3CY, 
where X refers to H or D , and Y to OH,2) CN,3> or 
halogen,4 - 6) and compare the N H 2 group vibrations of 
the two species with those of gaseous or solid TBA. 

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

TBA or carbon tetrachloride was purified by distillation 
after drying with anhydrous calcium oxide or calcium chloride 
respectively. Chloroform was also purified by distillation 
after removing the ethanol, while commercially obtained 
chloroform-^/ was used as it was. The liquid Raman samples 
were adjusted in vacuo, so the molarity was determined by 
assuming that n=PV/RT and by the volumetry of a liquid 
sample adjusted at 233 K by Hg; the molarities of TBA and 
chloroform-*/ in the carbon tetrachloride solution were, respec­
tively, for three samples: (i) 3.72 and 1.93, (ii) 2.87 and 2.73, 

and (iii) 1.99 and 3.83. The Raman spectra were observed in 
the range from 223 to 244 K by adjusting them within±0.5 K 
by the use of ethanol and liquid nitrogen. 

The solid IR sample was obtained by the deposit of a gaseous 
sample with a molar ratio of Ä=PTBA/PCHC1| on a KRS-5 
plate cooled at 77 K in a cryostat; the spectrum was then 
observed without any annealing. The solid Raman sample 
was obtained by the rapid cooling of a liquid sample with an 
adequate R, and the Raman spectrum was observed at 113±2 
K. The IR or Raman spectrum of solid TBA was also observed 
in the same way. 

The IR spectrum was observed by using a JASGO-IRA 
spectrometer in the range of 4000—330 cm -1 , and the Raman 
one, by using a JASCO-R800 spectrometer and a 514.5 nm 
line of the Ar+ ion laser with the power of 200 mW. The 
observed frequencies were calibrated by those of a polystyrene 
film or indene for the IR or Raman spectrum respectively; 
they are believed to be accurate within ± 2 cm -1 . 

T h e E q u i l i b r i u m o f the TBA-Chloroform-rf 
S y s t e m i n Carbon Tetrachlor ide 

The polarized R a m a n spectrum of the C - D stretching 
region of Sample (i) at 223 K is given in Fig. 1, together 
with the one analyzed by two Foight functions7»8) by 
means of the least-squares method. The higher and lower 
frequency components in Fig. 1 are assinged to the C - D 
stretching mode of the CDC13 monomer (hereafter, 

y/cm -1 

Fig. 1. The observed Raman spectrum (solid line) of 
the C-D stretching region of Sample (i) at 223 K. Two 
Foight functions analyzed are given by the broken lines. 
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CDClg) and the associated species respectively. T h e 
peak shift Avc_D obtained from the analyzed band 
origins is 61.5—57.0 c m - 1 in the order of the increase 
in temperature for Sample (ii). T h e observed relative 
intensity, IR0, is defined by SmJSu, where Smn and SM 

are the band areas obtained from the parameters of the 
Foight functions for the associated species and CDC13 

respectively; it is summarized in Table 1, where /R.O 
is found to be distributed over the sufficiently wide 
region of 5.69—0.73. 

Under the assumption that some associated species 
give the lower frequency band, we analyze 7B,o as 
follows : The equilibrium constant is defined by : 

TABLE 2. T H E VALUES OBTAINED FOR 

AH°, AS0, AND ß 

Km* = 
Cmn (J) 

Q m.Q n ' » / 

where Ct, CM, and Cmn are the molarities of TBA, 
CDCI3, and the m : n species respectively in the equilib­
r ium state. Ä"mn relates to AH° and AS° as follows : 

In Knm = -AHURT + AS°mJR. (2) 

The molarity of each species in the equilibrium state 
in the presence of some associated species is determined 
by using an iterative Newton method.9) T h e calculated 
relative intensity, IRC, is defined by: 

•JR.C — SßmnCmn/Cj, (3) 

where ßmn is the intensity ratio of each m : n species to 
CDClg, and the summation is carried out for all the 
associated species with chloroform. 

T h e values of AH0, AS°, and ß are adjusted by the 
least-squares method on the assumption that these 
parameters are constant in the range of temperature 
and concentration used here. The results obtained by 
taking Ku and K21 into consideration are given in 
Table 1. If only Kn is used, 7B.c disagrees as a whole 
with TR.O- T h e results obtained using Kllt K21, and K20 

are not better than those in Table 1. T h e N H 2 proton 
chemical shift of TBA1) in cyclohexane at 24.5 °C has 
been analyzed by using only K30, whose value is 2.3. 
An attempt to take K30 into consideration results, 
however, in less convergence. Since there should be 
small amounts of the species other than the 1 : 1 and 

TABLE 1. T H E OBSERVED AND CALCULATED 

RELATIVE INTENSITIES 

Sample T/K B.O [R,C 

(i) 

(Ü) 

(iii) 

244 
238 
233 
229 
223 
244 
238 
233 
229 
223 
244 
238 
233 
229 
223 

3.72 
3.92 
4.47 
4.99 
5.69 
1.41 
1.52 
1.56 
1.66 
1.80 
0.73 
0.75 
0.78 
0.82 
0.85 

3.56 
4.06 
4.47 
4.91 
5.62 
1.50 
1.62 
1.70 
1.79 
1.91 
0.69 
0.72 
0.75 
0.77 
0.80 

ASA 

àffû 
AS2l 
fin 
fin 

- 1 4 . 2 
- 5 8 . 5 
- 2 2 . 6 
- 9 0 . 3 

1.78 
0.62 

AHm°lk] mol-1, ASm°/J K-1 mol-1 

2 : 1 species under such high molarities of TBA and 
chloroform as are used here, the disagreement of about 
5 % found between IR0 and 7B,c may, thus, be caused by 
not taking them into account. 

T h e adjusted values for the parameters are given in 
Table 2, where AH°n is —14.2 kj/mol, larger than the 
-17 .0 1 0 ) or - 1 9 1 1 ) kj /mol reported for the 1 : 1 species 
of triethylamine with chloroform. AI>C-D observed here 
is smaller than the 79 cm" 1 n> reported for the 1 : 1 
species of triethylamine with chloroform. These facts 
reflect well the basicities of the two amines. A//21 
suggests that A//20 is about —8.4 kj/mol if the dimer 
has such an open-chain structure as is found in the 2 : 1 
species to be shown later. T h e values of ß indicate that 
the intensity of the C - D stretching in the 1 : 1 or 2 : 1 
species is, respectively, stronger or weaker than that in 
CDClg. This means that the intensity depends on the 
spatial structures of the associated species; the C - D 
stretching frequencies of these species are nearly the 
same as those treated here. 

y/cm-1 

Fig. 2. The Raman spectra of the C-H and CC13 stretch­
ing regions of TBA and the TBA-chloroform system, 
(a) Gaseous TBA, (b) the liquid sample with Ä=0.66 
at 212 K, (c) the solid sample with Ä=0.97 at 113 K, 
and (d) the solid sample with Ä=0.50 at 113 K. 



1602 Isao KANESAKA, Mitsue IZUMI, Misaki MITSUISHI, and Kiyoyasu KAWAI [Vol. 54, No. 6 

Th e Vibrat iona l A s s i g n m e n t 
o f t h e 1 : 1 Spec ies 

The Confirmation of the 1 : 1 Species in R ==»/. In 
Fig. 2 the R a m a n spectra of the C - H and CC13 stretching 
regions of the TBA-chloroform system in the solid and 
liquid states are compared with those of TBA in the 
gaseous state. By a comparison of Fig. 2-c (Ä=0.97) 
with 2-a (gas) or the spectrum of solid chloroform,12-14) 
the weak bands at 3008 and 667 c m - 1 in Fig. 2-c are 
assigned to the C - H stretching mode and the CC13 

symmetric stretching mode of excess chloroform respec­
tively (hereafter, H * denotes the hydrogen atom of 
chloroform), and the strong bands at 2895 and 657 
c m - 3 , to those of chloroform in the associated species. 
This assignment for excess chloroform is further 
confirmed by comparing the spectra in Fig. 2-c with 
those in Fig. 2-d (Ä=0.50) , where the bands at 3005 
and 669 c m - 1 are relatively intensified. Similarly, by 
an examination of the R a m a n bands in the 1200—1280 
c m - 1 region, the two weak bands at 1211 and 1202 
c m - 1 observed for the sample with Ä = 0 . 5 0 are assigned 
to the C - H * bending of excess chloroform, and the 
band near 1277 c m - 1 observed for the samples with 
i ?=0 .97 and 0.50, to that of chloroform in the associated 
species. The fact that bands due to excess chloroform 
are weak in the sample with R=0.97 is, thus, explained 
by the relation of 0 .97TBA+CHC1 3 -+0.97TBA-CHC1 3 

+0.03CHC1 3 , with reference made also to the fact 
that there is no appearance of the bands characteristic 
of the 2 : 1 species, which will be discussed later. Thus, 
the solid sample with R=0.97 is found to consist mostly 
of the 1 : 1 species. 

Most of the bands observed in the I R spectrum for the 
solid sample with Ä = 1 . 0 3 are nearly consistent in their 
frequencies with those in the R a m a n spectrum with 
R=0.97, as is shown in Table 3, which indicates that 
the solid I R sample also consists mostly of the 1 : 1 
species. Thus , the bands observed in both spectra for the 
solid samples with R^l are to be assigned on the basis 
of the 1 : 1 species, except for several weak ones regarded 
as other species. 

The Band Due to Chloroform. From the assign­
ment of the bands due to chloroform described above 
and given in Table 3, it is found that the C - H * stretching 
mode shifts to frequencies lower by 113 c m - 1 than that 
of the isolated molecule, and the C - H * bending mode 
to ones higher by about 70 c m - 1 , while, of the vibrations 
of the CC13 group, only the CC13 symmetric stretching 
mode shifts lower by about 10 c m - 1 . These shifts can 
be explained reasonably by the interaction of chloro­
form with TBA through the hydrogen atom of the 
former with the nitrogen a tom of the latter. Of the 
degenerate vibrations of chloroform in the 1 : 1 species, 
only the C - H * bending splits into two bands, whose 
separation is 13 c m - 1 . O n the other hand, the observed 
site splittings of excess chloroform in / ?=0 .50 are nearly 
the same as the respective ones of solid chloroform.12 '13) 

The Bands Due to the NH2 Group. If chloroform 
interacts with TBA in the way described above, one 
can expect that the spectral features on TBA in the 
1 : 1 species will differ from those on solid TBA, especial-

T A B L E 3. T H E OBSERVED FREQUENCIES (f /cm - 1) AND 

THEIR ASSIGNMENTS OF THE 1 : 1 SPECIES 

Raman (Ä=0.97) 

3351 m 

3287 s 

3008 w 
2955 vs 
2936 m 
2905 sh 
2895 vs 
2880 sh 
2865 sh 
2854 s 
2771m 
2704 m 

1589 w 

1472 w 
1460 m 
1451 w 
1447 m 

1323 m 
1292 w 

1277 m 

1248 m 
1222 m 
1203 sh 

1112w 
1043 w 
999 w 

945 m 
927 m 
915 m 
902 w 
893 m 

776 vw 
755 w 
744 s 
667 w 
657 vs 

458 m 

366 s 
345 m 
320 w 
261s 
114w 
85 sh 
65 s 
52 sh 
33 w 

I R ( Ä = 1 . 0 3 ) 

3358 w 
3326 vw 

3244 w 
3168 w 

2955 s 
2937 sh 

2898 s 

2866 m } 

2510 m 
1585 s 
1563 m 
1470 s 
1460 m 

1392 m 
1371s \ 
1366 s J 
1318m 

1284 m \ 
1271m J 
1245 s 1 
1221s J 

1127w 
1110w-m 
1040 s 
1000 w 
964 w 
946 s 

918 w } 

894 vs 
873 sh 

754 vs 

662 s 
482 b,w 
459 s 
410 b,w 
369 s 
346 w 

Assign. 

NH2 sym. str. 
D 
NH2 sym. str. 
D 
D 
C-H* str.a> 
CH3 asym. str., 2 E 
CH3 asym. str., Ax 

CH3 sym. str., Ax 

C-H* str. 

CH3 sym. str., E 

1447x2=2894 
1392+1371 = 2763 
1392+1323=2715 
1271x2=2542 
NH2 bend. 
1245+320=1565 
CH3 asym. bend., E 
CH3 asym. bend., E 
CH3 asym. bend., A2 

CH3 asym. bend., Ax 

CH3 sym. bend., Ax 

CH3 sym. bend., E 

C-N str. 
945 + 345=1290 

C-H* bend. 

CC3 asym. Str., E 

C-H* bend.a> 
D 
NH2 twis. 
CH3 asym. rock., E 
CH3 asym. rock., A2 

D 
CH3 sym. rock., Ax 

CH3 sym. rock., E 

458x2 = 916 
NH2 wag. 
D 
CC13 asym. str.a) 

CC13 asym. str. 
CC3 sym. str., A t 

CC13 sym. str. a> 
CC13 sym. str. 
D 
CCN bend., E 
D 
CC13 sym. bend. 
CC3 asym. bend., E 
NH2 tors. 
CC13 asym. bend. 

N - H s t r . 

a) Excess chloroform. 
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ly in the regions characteristic of the NH2 group. The 
strong and medium Raman bands at 3287 and 3351 
cm - 1 are assigned to the NH2 symmetric and asymmetric 
stretching modes respectively. They are the frequencies 
characteristic of the non-hydrogen bonded NH2 group 
and are in a frequency region lower by 28 cm - 1 than 
those of gaseous TBA. 

The weak Raman band at 1589 cm-1 and the medium 
one at 893 cm - 1 have their IR counterparts at 1589 
and 894 cm - 1 respectively; the former is assigned to the 
NH2 bending mode, and the latter, to the wagging mode. 
In Fig. 2-a, the band at 811 cm -1 , which is a highly 
polarized one without any rotational structures,15) is 
assigned to the NH2 wagging mode, and the weak one at 
799 cm-1, to a combination band, 345+458=803 cm-1. 
The weak Raman band at 1112 cm - 1 in Table 3, whose 
IR counterpart is at 1110 cm -1 , is probably to be 
assigned to the NH2 twisting mode rather than to be 
regarded as a combination band, because this band is 
considerably influenced by circumstances; it shifts to 
higher frequencies in solid TBA or the 2 : 1 species, as is 
shown in Table 4, though the NH2 twisting mode of 
methylamine16) or hydroxylamine17) has been estimated 
from ab initio calculations to be about 1250 cm -1 . The 
NH2 torsion of gaseous TBA has been assigned to the 
strong IR band at 245 cm-1.18) For the 1 : 1 species, 
there is no Raman band in this region, but a weak one 
at 320 cm -1, which is not attributable to any of the 
skeletal bending modes. We assign this band to the 
NH2 torsion of the 1 : 1 species. The NH2-group 
frequencies thus assigned to the 1 : 1 species are sum­
marized in Table 4, along with those for TBA and the 
2 : 1 species. 

TABLE 4. THE VIBRATIONAL FREQUENCIES 

(P/cm-1) OBSERVED FOR THE NH2 GROUP 
OF T B A IN SEVERAL STATES 

Stretching 

Bending 

Twisting 

Wagging 

Torsion 

Gas 

IR Raman 

3379 
3319 3315 

1624 1629 

1111 1106 

814 811 

245ft> 

a) From Ref. 18. 

1 : 1 I 

IR 

3358 

1585 

1110 

894 

Species 

Raman 

3351 
3287 

1589 

1112 

893 

320 

Solid 

IR 

3333 
3253 
3165 
1612 
1602 
1127 

966 
894 
480 
404 
396 
339 

Raman 

3333 
3249 
3163 
1608 

1131 

964 
894 
482 
404 

2 : 1 
Species 
IR 

3328 
3248 
3168 
1609 
1584 
1130 
1109 
963 
877 
498 
415 

The Bands Due to CH3 Groups. By referring to the 
theoretical19'20) and experimental2'3) studies of the P-R 
separation, some typical bands observed with P-R 
separations of about 23 and 20 cm - 1 for TBA can be 
regarded as the parallel and perpendicular ones respec­
tively. These separations indicate that TBA has a 

slightly asymmetric oblate top, as would be expected 
for this molecule. 

The vibrational modes of the methyl groups of the 
1 : 1 species can be approximately interpreted as 
referring to the normal modes of such molecules with 
three methyl groups as trimethylacetonitrile3) or 
[(CH3)3A1C1]-.21> 

The medium band at 2936 cm - 1 (Fig. 2-c) corre­
sponds to the medium band at 2945 cm - 1 (Fig. 2-b), 
which is a polarized band, and the very strong band at 
2955 cm' 1 (Fig. 2-c) splits into two sharp bands, at 
2961 and 2951 cm ' 1 (Fig. 2-d). The former is assigned 
to the CH3 asymmetric stretching mode (Aj), and the 
latter, to the CH3 asymmetric stretching modes (E) 
accidentally degenerated from two more bands. There 
is no Raman band in the CH3 symmetric bending region 
of the 1 : 1 species, but there are three IR bands whose 
spectral features correspond well to those of the IR-
nitrogen-matrix spectrum of i-butyl alcohol.2) The 
assignment of the bands due to the CH3 rocking can be 
confirmed by examining the spectra for gaseous TBA 
in Fig. 3, where the IR or Raman band at 941 cm - 1 

v/cm-1 

Fig. 3. The IR (upper) and Raman (lower) spectra of 
the CH3 rocking region of gaseous TBA. 

has a parallel-type envelope or a sharp Q, branch 
respectively and is assigned to the symmetric rocking 
mode (Aj). This assignment correlates well with that 
in *-butyl alcohol2) or trimethylacetonitrile,3) but not 
to that in £-butyl chloride.4) The Aj mode of ^-butyl 
chloride has been assigned to the band at 1155 cm - 1 on 
the basis of the normal coordinate analysis ; it is notice­
ably higher than those of the three related compounds. 
This fact may be explained in terms of the vibrational 
coupling between the CH3-rocking and the C-X-
stretching mode (X = C1, NH2, OH, or CN). 

The Band Due to the Skeleton of TBA and the Lattice Modes. 
The CG3 symmetric stretching mode is assigned to the 
strong Raman band at 744 cm - 1 , and the GC3 asym­
metric ones, to two medium Raman bands at 1222 
and 1248 cm-1. The C-N stretching mode is assigned 
to the Raman band at 1323 cm -1 , which is a polarized 
band in liquid TBA. These stretching frequencies 
correlate well with those in f-butyl alcohol2) or trimethyl­
acetonitrile,3) but not with those in i-butyl chloride.4) 
The CC3 asymmetric deformation and CCN bending 
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vibrations are assigned to two medium R a m a n bands, 
at 345 and 458 c m - 1 respectively, by comparing them 
with the I R or R a m a n bands in gaseous TBA; two 
bands with strong rotational structures15) are observed 
at 351 and 450 cm" 1 in the R a m a n spectrum, and also 
two band with a perpendicular-type envelope at 347 
and 447 c m - 1 in the I R one. 

A weak R a m a n band is observed at 428 or 429 cm" 1 

in liquid or solid TBA respectively; it may be assigned 
to the C C 3 symmetric bending mode. However, we 
could observe no band in this region of either the I R or 
R a m a n spectrum in the 1 : 1 species. 

There are five R a m a n bands in the region of lattice 
vibrations of the 1 : 1 species. The strong band at 65 
c m - 1 can reasonably be assigned to the hydrogen-
bonded N - H stretching mode, because .there is no 
band in that region of solid TBA and chloroform.12»13) 
The I R bands denoted by D in Table 3 are at tr ibutably 
to the species with excess TBA. 

T h e 2 : 1 Species 

One can expect, by analogy with the previous section, 
that the solid sample with R^2 consists mainly of the 
2 : 1 species. The I R spectrum of the solid sample with 
R=2.0 is given for the stretching, wagging, and torsion 
regions of the N H 2 group in Fig. 4, in which the stretch­
ing region has nearly the same spectral features as those 
observed for solid TBA in Fig. 5. A sharp band at 
about 3330 c m - 1 in Fig. 4 or 5 lies almost in the middle 
of the two N H 2 stretching frequencies of the 1 : 1 
species; it is assigned to the non-hydrogen-bonded N - H 

H I I I 1 I 1 » - » « 1 

3100 3200 1000 900 800 500 400 

î»/cm-1 

Fig. 4. The IR spectrum of the NH2 stretching, wagging, 
and torsional regions of the solid sample with Ä=2.0 at 
77 K. 

fFM 
I « i 1 j « ' 

3400 3200 500 400 300 

v/cm-1 

Fig. 5. The IR (upper) and Raman (lower) spectra of 
the NH2 stretching and torsional regions of solid TBA 
at 77 and 113 K respectively. 

stretching mode. The other two bands have band shapes 
characteristic of the hydrogen-bonded stretching modes. 
We assign them to the two components of the Fermi 
resonance of the hydrogen-bonded N - H stretching 
mode, with an overtone of the N H 2 bending mode, and 
propose that solid TBA has a polymeric chain structure 
consisting of bridged TBA, which has both hydrogen-
bonded and non-hydrogen-bonded N - H groups, and 
that the 2 : 1 species has bridged and terminal TBA, 
b-TBA, and t-TBA, such as : 

t-Bu 

(t-TBA) V X V / H ' 

t-Bu (b-TBA) 

T h e I R bands due to the N H 2 stretching modes of t-TBA 
are still expected to be as weak as those of TBA in the 
gaseous state or the 1 : 1 species. 

A strong band at 877 cm" 1 is assigned to the N H 2 

wagging mode, which is observed at 894 c m - 1 for the 
1 : 1 species. From this fact, it is concluded that this 
sample consists almost entirely of the 2 : 1 species as 
expected. 

There are some bands characteristic of the 2 : 1 
species, including the band mentioned above. Two 
bands, at 1609(b) and 1584(t), 1130(b) and 1109(t), or 
963(b) and 877(t) c m - 1 , are assigned to the bending, 
twisting or wagging modes respectively of the N H 2 

groups, while the bands indicated by b in parentheses 
can be attributed to b-TBA, and those by t, to t-TBA, 
with reference to the bands observed for solid TBA or 
the 1 : 1 species. Of the two bands at 498 and 415 
c m - 1 , the former is assigned to the N H 2 torsion of b-
TBA, while the latter may be a component of the Fermi 
resonance of the N H 2 torsion of b-TBA with the other 
mode, because this frequency is too high to be assigned 
to the N H 2 torsion of t-TBA as against 320 c m - 1 in the 
1 : 1 species. T h e two G-N stretching modes are at 
1332 and 1316 cm- 1 . 

From the fact that the frequencies due to chloroform 
of the 2 : 1 species are nearly in accord with those of 
the 1 : 1 species, the basicity of an open-chain dimeric 
TBA is found to be almost equal to that of the monomeric 
one. T h e TBA in the present study is classified into non-
bridged and bridged types. T h e wagging mode in non-
bridged TBA shifts to the higher-frequency region in 
the order of gaseous TBA, the 2 : 1 species, and the 
1 : 1 species; a similar shift can be expected for the 
torsion, though it is not observed for the 2 : 1 species. 
O n the other hand, the NH 2-group frequencies of 
bridged-TBA of the 2 : 1 species correlate well with 
those of solid TBA. 
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Molecules in the Poly(vinylalcohol) Gel Medium 
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It was shown that a pair of spectra is observed for each solute in the medium of poly(vinylalcohol) gels swollen 
in water. Each of the spectra was assigned as originating from the solute in the PVA gel itself and that in the 
bulk solution surrounding the gel. It was concluded that the chemical shift difference is primarily explained in 
terms of the difference in the volume susceptibility of the PVA gel and the bulk solution. It was observed in the case 
of nicotinamide adenine dinucleotide (NAD) that the chemical shift differences are different for different functional 
groups. We suggest that this observation reflects a contribution from intermolecular interaction between PVA 
gel and the NAD molecule. 

In a previous work from this laboratory we have 
shown that in poly(vinylalcohol) (PVA) gels rotational 
diffusion of nitroxide radicals is strongly dependent 
upon the pore size of the gels.1) In order to characterize 
ln detail the PVA gel as a medium we have measured XH 
N M R spectra of a various kinds of solute molecules. 
The present paper reports an analysis of 1 H N M R 
spectra which are given by solute molecules in the 
PVA gels. Interactions between solute molecules and 
the PVA gel will briefly be described using nicotinamide 
adenine dinucleotide (NAD) which is flexible in shape 
and is expected to exhibit a p H dependent interaction 
with the PVA gel. 

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

PVA Gels. When an aqueous solution of PVA is irradi­
ated with y-rays at sufficient dose, the polymer molecules 
interlink each other, and insoluble gels are formed. It is 
known that a degradation process rather than cross-linking 
occurs predominantly when PVA solution is subject to ionizing 
radiation. When it is irradiated in the presence of water, 
however, a cross-linking type of reaction occurs, and a gel 
is formed in the following manner.2) Upon y-ray irradiation, 
water molecules are turned into free radicals, which react with 
the protons of PVA. This reaction occurs above the critical 
concentration; the gel formation does not occur below the 
critical concentration even upon prolongated irradiation. 
The critical concentration is approximately 0.36 g/100 ml for 
PVA with an initial degree of polymerization of 1740.2) The 
gel prepared by a total dose of irradiation below 1 X 106 rads 
was like a paste. When the total dose was above that level, a 
rubber-like substance was formed; the gels formed with higher 
doses of irradiation were of higher density and more elastic. 
The gels sometimes contain small bubbles, which are mainly 
H2 gas developed during the gel formation. The gel was 
usually colorless, sometimes pale yellow. It is chemically 
stable. It is stable even when it is heated with boiled water 
in an autoclave at 150 °C for one hour, and retains its original 
shape on boiling in 0.1 M HCl solution or in 0.1 M NaOH 
solution at 100 °G for 3 h.2) When it was dried, it shrinked 
remarkably and turned into a hard colorless or pale yellow 
substance. When the dried gel is immersed in water, it is 
swollen back and the original color and shape were restored. 
However, the color was changed into yellow or light brown 
when it was swollen in alkaline solution (pH^>ll) or in 
DMSO. In the gel form, the size of the average diameter of 

t Present address : Department of Chemistry, Faculty of 
Science, Chiba University, Chiba 260. 

the holes in the network can be calculated using 

</> = 2.5 x ( 5 - ' x l O » * K 3 7 x l O ' x C \ 

where R is the amount of the total dose in Rads and C is the 
concentration of PVA (g/100 ml).2) It should be noted that 
the diameter is represented by a distribution function and 
that <7^> does not represent any definite size of the hole. It 
should rather be, therefore, regarded as only one of the 
variables which describe the density of the gel. We also 
defined CGEL, which is the gel concentration 

where W0RIG *S t n e weight of the original gel and WDRY is 
that of the dried gel. 

Preparation of PVA Gel. PVA, with an average degree 
of polymerization of 2000, was purchased from Wako Pure 
Chemicals. Twenty grams of the PVA powder were suspended 
in 1 L water and stirred while heating until dissolved. Then 
the solution was stirred another 10 h to be homogenized. 
Glass tubes filled with the aqueous solution were fixed on a 
brass stand and were irradiated by y-ray. The y-irradiation 
was performed using three different furnaces A, B, and C at 
Japan Atomic Energy Institute, Tokai, Japan Atomic institute, 
Takasaki and institute for Atomic Energy, The University of 
Tokyo, respectively. Because the gel contracts during form­
ation, as mentioned above, the diameter of glass cylinder 
must be chosen according to the total dose of irradiation 
fitting the prepared gel to a 5 mm OD NMR sample tube. 

Although all of the glass tubes and the aqueous solution 
became brown after the irradiation, the gels remained colorless. 
The gels were washed with distilled water several times, 
immersed in distilled water and left there overnight to exchange 
the colored water in the gels for distilled water. Then a 
3—4 cm cylinder was cut out from the prepared gel and 
dried at 50—60 °C in vacuo for 20 h. If the temperature is 
above 70 °C, dried gels become yellow. The dried gel was 
soaked in sample solutions in 5-mm OD NMR tubes and kept 
at least for one night at room temperature. Then they swelled 
back to their original size. The time, which is necessary 
for PVA gels to be swollen back to the original size, depends 
strongly on temperature and solvent. In aqueous solution, it 
took a few hours in hot water, 10 h at 23 °C, 3 d at 10 °C, 
more than a week in the refrigerator and about a week in 
DMSO at room temperature. Although the gels which were 
irradiated using furnaces A and B were homogeneous for NMR 
measurements, the gels prepared using furnaces C were not 
suitable for NMR. They often tore to small pieces. Even 
when they did not, they contained a number of bubbles. In 
the case of furnace C, homogeneous gels finally could not be 
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prepared at any PVA concentration, any degree of polymeri­
zation and any dose rate examined. Degassing before irradi­
ation also did not work. A possible reason for the difference 
between the gels prepared using furnaces A and B and that 
by furnace C is a difference in the temperature at which 
irradiation was made. In the case C, the temperature was 
at 30—50 °C, whereas in the cases of A and B the temperature 
was maintained at 10—30 °C. Therefore, it may be concluded 
that the temperature below 30 °C is a necessary condition for 
obtaining homogeneous gels that are suitable for NMR 
measurements. 

Reagents. NAD was purchased from Kojin (Lot No. 
2113) and used without further purification. All other 
chemicals were of reagent grade. 

NMR Measurements. The concentration of NAD was 
10—100 mM. The pH was adjusted by DC1 or NaOD. 
All pH values reported are uncorrected meter readings of 
D 2 0 solution made with an electrode standardized by using 
H 2 0 buffers. PVA gels were prepared by 30 MRads irradi­
ation and CGEL=23.7%. A 3-cm cylinder was cut out from 
the prepared gels and dried in vacuo. The dried gels were 
immersed in 5-mm OD NMR tubes and kept at least one night 
at room temperature until they were swollen back to their 
original size. When the pH was above 8, NAD decomposed 
within 10 h, and the color of the solution turned into brown. 
NMR spectra were obtained at 100 MHz with a JEOL PS-100 
spectrometer in the correlation mode.3) Typically 100 
transients (409.6 Hz/3.0 s) were accumulated to improve the 
signal to noise ratio. A Bruker HXS-360 spectrometer was 
used to apply the magnetic field to the direction which is 
perpendicular to that in the case of a conventional electro­
magnet. All chemical shifts are given in ppm relative to 
internal DSS. The probe temperature was 29 °C. 

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

An N A D - P V A gel system gives a spectrum as shown 
in Fig. 1. Beside a broad signal of the methylene protons 
of the PVA molecule, all the signals consist of doublets ; 
in each pair, the signal at lower field is broader than 
that at higher field. For the assignment of each of these 
signals, a small amount of Fe 3 + ion was added from the 

adenine H-8 

pyridine H-2 . 

V 
adenine H-2 adeni 

DSS 

9.5 9.0 8.5 8.0 0.5 

ppm 
Fig. 1. 100 MHz ! H N M R spectrum of NAD. The 

upper and lower spectra correspond to NAD in the PVA 
gel medium and aqueous solution, respectively. Open 
and closed symbols indicate signals due to the solutes 
in the PVA gel and in the surrounding solution, respec­
tively. 

top of the gel in an N M R tube. After addition of Fe3 + , 
each higher field signal instantaneously broadened and 
became unobservable. In contrast to this, the lower 
field signals started to show some broadening only 
after several hours. This result indicates that the signals 
at higher field arise from the molecules in the solution 
surrounding the PVA gel (Hereafter the solution will 
be referred to as the surrounding solution) and that the 
signals at lower field arise from those in the PVA gel. 

Hereafter, the chemical shift for a signal due to the 
solutes in the PVA gel relative to the corresponding 
signal of that in the surrounding solution will be simply 
referred to as a chemical shift difference. 

It was conformed that with an N M R spectrometer 
using a superconducting magnet signals due to solutes 
in PVA gel appear at higher field relative to those of the 
surrounding solution. The direction of the magnetic 
field of a superconducting magnet is perpendicular to 
that of a conventional magnet . It may be concluded, 
therefore, that the chemical shift difference is primarily 
due to the difference in the volume susceptibility of the 
PVA gel and the surrounding solution.4) 

It was observed that the chemical shift differences for 
each doublet were clearly different. This fact suggests 
that , in addition to the volume susceptibility effect, a 
contribution to the observed shift due to an inter-
molecular interaction between PVA gel and solutes 
exists at least to some extent. T h e chemical shift 
difference (A<5) will be written as 

A(5 = A(50 + A(515 (1) 

where A<50 is the chemical shift difference which 
would be given only by the difference in the volume 
susceptibility of two media, A%v, and Aô± is the devia­
tion of the observed chemical shift difference from Aô0. 

Two independent methods can be used to estimate 
A(50 and Aôv T h e magnetic field Hn experienced by a 
nucleus may be given by5) 

Hn = H0-hh1 + h2 + hz-h A4, (2) 

where H0 is the applied external magnetic field; hx is 
dependent upon the shape of the sample tube and the 
bulk susceptibility of the sample and the sample tube. 
h2 is the contribution due to magnetization external 
to the Lorentz sphere, i.e., 

! = y nXv^09 (3) 

where %v is the volume susceptibility of the molecule. 
In the case of spherical samples, the contribution 
(hx + h2) is given for a conventional electromagnet (4) 
and a superconducting magnet (5), respectively, by 4 ) 

Ai + h2= + -7T^XyH09 

Ai + h2 = -7lXvH0> 

(4) 

(5) 

A3 is an intermolecular interaction effect, and A4 is the 
intramolecular chemical shift in an isolated molecule. 
From Eqs. 4 and 5 the observed chemical shift differences 
A(50bS for an electromagnet and a superconducting 
magnet, respectively, are given by 

A(5ob8d = | -7rAz + A(51 (6) 
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A<5, obsd - y^A% + A($i, (7) 

where Ax=Xl* — %?ut is the difference in the bulk 
susceptibility between in and outside the PVA gel and 
A(5X is the chemical shift induced by the intermolecular 
interactions. Equations 6 and 7 can be solved simul­
taneously to give Ax and A ^ . 

Alternatively, Ax and Aôx can be evaluated by using 
only one kind of magnet.5) In this case we assume a 
mathematically idealized system, i.e., one regards the 
PVA gel and sample tube as an infinitely long perfect 
coaxial cylinder. In the absence of sample spinning, the 
observed N M R spectrum gives two maxima. The 
separation of the maxima (Av (Hz)) is a linear function 
of the difference in the volume susceptibility of both 
media which is given by5) 

AX = 4™0AzWr)*, (8) 

where r is the radius of inner boundary of the tube, a is 
that of the PVA gel and v0 is a fixed radiofrequency (100 
MHz in the present case). With sample spinning, the 
N M R spectrum of the surrounding solution collapses 
to a single line. Figure 2 is a spectrum of H 2 0 in the 
PVA gel. Spectra A and B are obtained without and 
with spinning, respectively. The difference in volume 
susceptibility of a sample can be obtained from this 
separation. The shape of signals were found to depend 
strongly on the mapping of heterogeneity in the magnetic 
field due to imperfections in the PVA gel system. If 
measurements are carefully performed in the same 
manner, the values of Ax obtained in this way become 
quite reproducible within 0.005 ppm. 

In Fig. 3, the chemical shift differences are shown for 
H 2 0 , DSS, and glycylglycylglycylglycine(Gly4) as a 
function of CGEL. In the case of DSS, A6 was in excellent 
agreement with Aô0 throughout the entire range of CGEL 
examined. Aô of DSS depends slightly upon tempera-

^"^HS^t^lfrfMff 

0.2 -0.2 

ppm 
Fig. 2. 100 MHz *H NMR spectra of water in the PVA 

gel system. A and B are obtained without and with 
spinning, respectively. 
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Chemical shift differences for H 2 0, DSS, and 
versus PVA concentration GGEL. 
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Fig. 4. Titration curves of A ^ of NAD. 
0 : Adenine H-2, A • adenine H-8, + : pyridine H-2. 

ture. As the temperature rose, Aô0 increased; the slope 
of Aô0l(llT) was quite similar for any sample and for 
any pH. This fact suggests that Aô0 depends on tempera­
ture but not on pH. 

As Fig. 4 shows, Aôx of the three protons of NAD are 
dependent upon pH. Each curve gives a quite similar 
pKa of approximately 4. The chemical shifts of the 
adenine signals presumably reflect protonation of N-l 
at pKa 3.8.6) This result may be interpreted in terms 
of an intermolecular interaction between NAD and 
PVA gel. 

We are grateful to Prof. Michael Rode for his helpful 
comments and discussion. 
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Silica-adsorbed Mg(OH)2 was treated thermally and hydrothermally. The resulting change in the adsorption 
layer was followed, and the effects of the adsorbed silica on the change in the bulk (Mg(OH)2, MgO) were examined. 
(1) Thermal treatment: The dehydration temperature of Mg(OH)2 increased with an increase in the amount of 
silica adsorbed, and it was higher by 25 °C for Mg(OH)2 adsorbing silica above 0.4 mmol/g than for pure Mg(OH)2. 
The amorphous silicate of the adsorption layer on the Mg(OH)2 surface was transformed into forsterite (Mg2Si04) 
and chain or sheet-like silicate over the temperature range of 870—1100 °C, and the presence of the silica inhibited 
the sintering and crystallite growth of the MgO grains. At 1400 °C, these products were all transformed into 
forsterite, and the presence of the silica had little effect on the crystallite growth. (2) Hydrothermal treatment : 
Below 360 °C, the amorphous silicate on the surface crystallized as serpentine (Mg3Si206(OH)4), and the crystallite 
growth of Mg(OH)2 was inhibited. Above 420 °C, on the other hand, the silicate was transformed into forsterite 
through serpentine-like silicate, and the crystallite growth of Mg(OH)2 was promoted. The change in the crystallite 
size of the bulk by the treatment was interpreted mainly in terms of the behavior of the silicate on the surface. 

O u r previous works1 '2) have shown that soluble silica 
was chemisorbed at temperatures under 100 °C, forming 
- M g - O - S i - bonds on the M g ( O H ) 2 surface, and that 
the resulting surface had properties like magnesium 
silicate gels, e.g., a relatively large amount of acidity and 
adsorptive properties for Methylene Blue and Methyl 
Red. The behavior of the silica-adsorbed M g ( O H ) 2 upon 
the thermal and hydrothermal t reatment is interesting 
from the viewpoint of the process of the formation of 
ceramics and the mechanism of producing magnesium 
silicate minerals. 

In this work, the transformation of the magnesium 
silicate on the M g ( O H ) 2 surface by thermal and 
hydrothermal t reatment was observed. In addition, 
the effects of adsorbed silica were investigated on : ( 1 ) 
the dehydration temperature of M g ( O H ) 2 , (2) the 
crystallite growth of the dehydration product, M g O , 
upon the thermal treatment, and (3) the crystallite 
growth of the M g ( O H ) 2 upon the hydrothermal 
treatment. 

In some of the earlier works the effect of impurities on 
the dehydration temperature of Mg(OH)2

3»4) and the 
effects of the addition of foreign materials on the 
sintering of M g 0 5 _ 8 ) have been investigated. However, 
there has been no investigation placing emphasis on the 
behavior of the silicate. 

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

Samples. The silica-adsorbed Mg(OH)2 used as the 
starting material was prepared in a previously reported way.2) 
The silica gel used for chromatography (Wako Pure Chemicals) 
was dissolved in hot water, and then the silica solution was 
adjusted to a concentration of about 100 ppm. Mg(OH)2 

powder (Kanto Kagaku) was suspended in this solution and 
was allowed to adsorb the soluble silica while being stirred at 
500 rpm at 80 °C. The amount of silica adsorbed was deter­
mined by the decrease in the silica concentration in the solu­
tion. The silica concentration was determined colorimetrical-
ly by the usual molibdate yellow method. The aqueous silica 
was soluble in monomeric unit form, Si(OH)4, since the value 
of the silica concentration did not vary when the solution was 
treated with a 0.1 mol/1 NaOH solution. The non-adsorbed 
Mg(OH)2 which was used as a reference standerd was immersed 

in distilled water at 80 °C for 8 h before use in order to have 
the same history as the silica-adsorbed Mg(OH)2. Its surface 
area was about 30 m2/g. 

Experimental Procedures and Apparatus. The thermal 
treatment were carried out by the use of an electric furnace in 
the air at 430 °G for 4 h, 870 °C for 3 h, 1000 °C for 2 h, 
1200 °C for 1 h, and 1400 °C for 1 h respectively. The 
hydrothermal treatment was carried out using a modified 
Morey-type autoclave with a fill ratio of water of 50% and a 
heating rate up to a fixed temperature of 75 °C/h. 

The dehydration temperatures of the samples was measured 
by differential thermal analysis (DTA). The DTA was 
carried out using a Rigaku 8002 Thermal Analyser with a 
thermobalance. The sample (about 10 mg) was packed in 
a platinium dish, while the same weight of A1203 was packed 
in a reference dish; the heating rate was 10 °C/min. 

The crystallite size of MgO and Mg(OH)2 obtained was 
determined by the X-ray line-broadening method,9) using 
diffraction peaks from the (110) and the (0001) planes respec­
tively. The aspect of the samples was observed by means of 
an Hitachi S-430 scanning electron microscope (SEM). The 
samples submitted to treatment were examined by IR spectro­
scopy and X-ray diffractometry. The IR spectra were 
observed by the KBr tablet method; the tablet was made up 
of 2 mg of the sample and 150 mg of KBr. A Hitachi EPI-G 
IR Spectrometer and a Rigaku XGG-20 X-ray Diffractom-
eter were used for the measurement. 

The specific surface area of the sample was determined by 
applying the BET method to the nitrogen-adsorption data 
obtained at the temperature of liquid nitrogen, assuming the 
cross-sectional area of a nitrogen molecule to be 16.2 Â2. 

R e s u l t s a n d D i s c u s s i o n 
Part 1. T h e r m a l Behavior 

The Effect of Adsorbed Silica on the Dehydration of 
Mg(OH)2. Figure 1 shows DTA and T G curves 
for pure M g ( O H ) 2 and a typical silica-adsorbed Mg-
(OH) 2 . T h e position of the endothermic peaks shows 
that the dehydration of the latter takes place at a 
higher temperature than that of the former. In addition 
to the rise of the dehydration temperature, the DTA 
curve for the silica-adsorbed sample had a small exo­
thermic peak at about 850 °C which was assigned to the 
reaction of M g O with silica. Both the T G curves 
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Fig. 1. TG and DTA curves for pure Mg(OH)2 ( ) 
and silica-adsorbed Mg(OH)2 ( )• 

gradually declined with an increase in the temperature 
after the dehydration occurred at about 400 °C. Such 
a phenomenon has often been observed in various 
hydroxides and minerals containing water; it can be 
attributed to residual essential water or OH groups. 

350 500 400 450 
Temperature (°C) 

Fig. 2. DTA curves for pure Mg(OH)2 and Mg(OH)2 

with various amount of adsorbed silica. Amount of 
adsorbed silica (mmol/g): (a), Non adsorption; (b), 
0.097; (c), 0.34; (d), 1.26. 

Figure 2 shows the change in the position and shape 
of the endothermic peak with a variation in the amount 
of silica adsorbed. The dehydration temperature 
increased with the increase in the amount of silica 
adsorbed, and the shape of the endothermic peak 
apparently varied from singlet to doublet for these 
silica-adsorbed Mg(OH) 2 . This peak separation 
suggests that the two-step dehydration of Mg(OH) 2 was 
induced by the adsorption of silica. Weber and Rustum 
Roy10) have observed a two-step dehydration of Mg-
(OH) 2 and presumed it to result from the formation of 
an intermediate phase in the dehydration process. Ball 
and Taylor11) asserted the formation of an intermediate 
phase with a spinel-like structure (e.g., (MgO) 3 «H 2 0) 

resulting from cation migration during dehydration. In 
this study, the intermediate phase was not observed by 
means of X-ray diffractometry. This bimordal DTA 
curve, therefore, is not ascribed to the structure change, 
but it indicates that the dehydration process following 
the release of the resulting H 2 0 from the Mg(OH) 2 

particle is surely affected by the adsorbed silica. 

Fig. 3. 

0.2 0.4 0.6 0.8 1.0 1.2 
Amount of adsorbed silica (mmol/g) 

Effect of amount of adsorbed silica on dehydra­
tion temperature of Mg(OH)2 

Figure 3 shows the relation between the amount of 
silica adsorbed and the dehydration temperature. The 
dehydration temperature rose greatly with the increase 
in the amount of silica up to about 0.4 mmol/g, although 
above this amount it rose only slightly. The Mg(OH) 2 

particles used were observed microscopically to be disk­
like crystals with a well-developed (0001) plane. 
Consequently, it may be said that the crystal consists 
only of an approximate (0001) plane with respect to 
the estimate of its surface area. The number of Mg 
atoms exposed on the surface can, therefore, be calcu­
lated from the specific surface area and the array of Mg 
atoms on the (0001) plane.12) On the other hand, it can 
reasonably be considered from the structure of the (0001) 
plane that two silica molecules combine with three Mg 
atoms on the surface of Mg(OH) 2 . Thus, the amount 
of silica adsorbed required to form a monolayer on 1 g 
of the used Mg(OH) 2 is calculated to be 0.34 mmol/g. 
This amount corresponds to the quantity of about 0.4 
mmolg"1 observed as a characteristic amount in the 
relation between the dehydration temperature and the 
amount of silica adsorbed. In other words, it can be 
said that the dehydration temperature of silica-adsorbed 
Mg(OH) 2 rose appreciably until the surface was 
completely covered with a monolayer of silicate, while 
it rose only slightly when the surface had an excess of 
silica. The rise in the dehydration temperature may be 
accounted for as follows. The dehydration of Mg(OH) 2 

has been interpreted as an inhomogeneous mechanism 
in which the reaction takes place through the two steps 
of nucleus formation and growth.13) The nucleus 
formation is known to be mainly initiated at such sites 
as grain boundaries or defects on the surface (i.e., step, 
kink, and pit).14) Since these sites are also atcive in the 
adsorption of silica, some of them are occupied by the 
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silica molecules in the case of silica-adsorbed M g ( O H ) 2 . 
T h e decrease in the active sites forces a delay in the 
rate of nucleus formation. In addition, the grain surface 
covered with the silica obstructs the release of the H 2 0 
molecules formed by the decomposition. This effect 
may be compared with the rise in the decomposition 
temperature of M g ( O H ) 2 due to an increase in the water-
vapor pressure.15) 

The Change in Surface Products. In a previous 
study,2) it has been found that the silica-adsorbed 
M g ( O H ) 2 has surface properties and a structure similar 
to those of magnesium silicate gel. In addition, when 
magnesium silicate gels were calcined above 870 °C, 
forsterite (Mg 2 Si0 4 ) and a small amount of enstatite 
(MgSi0 3 ) were produced in the case of a S i O a / M g O 
ratio below 1, while mainly enstatite was produced in 
the case of a ratio above 1. Since the silica-adsorbed 
samples have a large excess of M g O , the silicate layer 
on the surface is presumed to be transformed into 
forsterite by thermal treatment. 

1000 800 1000 800 
Wave number (cm" ) 

Fig. 4. The changes of IR spectra of silica-adsorbed 
Mg(OH)2 by thermal treatment. Amount of adsorbed 
silica (mmol/g): (a), 0.19; (b), 1.26. 

is based on the fact that an amorphous material consist­
ing of a - M g - O - S i - bond, forsterite, and enstatite is 
insoluble in a NH4C1 solution, but M g O is soluble.17) 
T h e residue in the solution was filtered and dried. The 
residue was identified by I R spectroscopy and X-ray 
diffractometry. When the spectrum for the residue is 
compared with that for the parent sample, the absorp­
tion pattern in the region of 800—1000 c m - 1 which was 
assigned to forsterite did not change; the slight 
absorption peaks in the region of 1000—1100 cm - 1 , 
however, changed to larger, broad absorption bands 
ranging from 1010 to 1090 cm - 1 . O n the other hand, 
the X-ray diffraction pat tern of the residue was assigned 
to forsterite and an amorphous material. Therefore, it is 
reasonable to assume that the additional bands are due 
to an amorphous material, which is an incomplete chain 
or sheet^like silicate. 

100 F 

0 0.2 0.4 0.6 0.8 1.0 1.2 
Amount of adsorbed silica (mmol/g) 

Fig. 5. Effect of amount of adsorbed silica on crystallite 
size of bulk MgO at various treatment temperatures. 

Figure 4 shows the change in the I R spectra by 
thermal treatment for M g ( O H ) 2 with a different 
amount of the silica. I t was found from the I R spectra 
that, when the samples were heated at 1000 °C, forsterite, 
which is composed of nesosilicates, was formed. In 
addition to the absorption spectrum for forsterite, some 
additional bands were observed in the region from 1000 
to 1100 cm"1 . I t is known that nesosilicates with a 
three-dimensional structure of single S i 0 4

4 - usually 
exhibit their absorption in the region of 800—1000 
cm - 1 ,1 6) while chain silicates {i.e., enstatite) or sheet 
silicates {i.e., talc (Mg3Si4O1 0(OH)2)) do so in the region 
of 1000—1100 cm - 1 . In order to examine the route 
of the appearance of the additional bands in the region 
of 1000—1100 c m 1 , the following procedure was carried 
out. T h e silica-adsorbed samples heated above 1000 °C 
were treated with a 5 % NH4C1 solution until the bulk 
M g O had been removed completely. This treatment 

The Effect of Adsorbed Silica on the Crystallite Growth 
of the Dehydration Product MgO. Figure 5 shows the 
crystallite size of M g O at various treatment tempera­
tures. T h e crystallite size of M g O was not influenced 
by the adsorbed silica at a little above the dehydration 
temperature of M g ( O H ) 2 , but over the temperature 
range of 870 to 1200 °C it became smaller with an 
increase in the amount of silica adsorbed. At a tem­
perature of 1400 °C, at which sintering evidently 
begins,18) it became independent of the adsorbed silica. 

Moreover, the thermal changes in pure M g ( O H ) 2 and 
silica-adsorbed M g ( O H ) 2 were observed comparatively 
by the use of the SEM. As may be seen from the photo­
graphs in Fig. 6, there was no difference between pure 
M g ( O H ) 2 and silica-adsorbed M g ( O H ) 2 before heat 
t reatment (Figs. 6(a) and 6(d)). After the treatment 
at 1000 and 1400 °C, the apparent grain of M g O 
from pure M g ( O H ) 2 grew; it was much larger than 
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c) 1400X 

Fig. 6. SEM microphotographs of the samples treated thermally at 1000 and 1400 °C. 
bed Mg(OH)2. (d), (e), (f): Silica-adsorbed Mg(OH)2. 

(a), (b), (c): Non-adsor-

the crystallite measured by the X-ray method. There­
fore, the apparent grain seems to be an aggregate of 
crystallites formed by their sintering. O n the other 
hand, the size of M g O from silica-adsorbed M g ( O H ) 2 

(amount of silica adsorbed ; 1.26 mmol/g) was relatively 
similar to the crystallite size, as is shown in Fig. 5. 

From these results, the thermal behavior of M g ( O H ) 2 

and M g O can be explained as follows. An untreated 
pure M g ( O H ) 2 powder was observed by means of the 
SEM as a layered aggregate of disk-like grains 20 to 50 
nm thick in the direction of the c-axis. The thickness 
of a single grain observed was in good agreement with 
the crystallite size as measured by the use of the X-ray 
line broadening method. Therefore, the single grain 
observed seems to be a single crystal of M g ( O H ) 2 . The 
dehydration product of the aggregate is also considered 
to be an aggregate of single crystals keeping the same 
crystallographic orientation with each other, since the 
dehydration of M g ( O H ) 2 is a topotactic reaction.11»19) 
The rise in the temperature leads to a grain growth 
resulting from the disappearance of the grain boundary 
upon the sintering of these single crystals. This grain 
growth may be limited to the size of the aggregate 
consisting of single grains with the same crystallographic 

orientation. The presence of a silicate layer on the 
grain surface will result in lowering the motion of the 
grain boundary because of its hindrance to the surface 
diffusion and the grain boundary diffusion. This 
hindrance will depress the grain growth and the forma­
tion of a polycrystal by sintering. At temperatures above 
1300 °C (the so-called T a m m a n temperature of M g O 
(melting point, 2800 °C)), atoms or ions on the surface 
and in the bulk M g O are easy to diffuse. In addition, 
the silicate layer has been transformed into a forsterite 
crystal with a three-dimensional construction. I t is, 
therefore, considered that the grain growth of the 
silica-adsorbed samples is not distinguishable from tha t 
of pure sample, since the silicate can no longer inhibit 
the motion of the grain boundary. 

Part 2. H y d r o t h e r m a l Behav ior 

The Change in the Surface Product. The silica-
adsorbed M g ( O H ) 2 indicated the I R absorption spectra 
of magnesium silicate gels-like material to be as has been 
described in the previous paper.2) The hydrothermal 
t reatment at 250 °C for 72 h changed them into absorp­
tion bands near 960, 1010, and 1080 cm- 1 , which are 
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Fig. 7. IR spectra of silica-adsorbed Mg(OH)2 treated 
hydrothermally at 250—440 °G for 0—144 h. 

assigned to a compound having the sheet silicate group. 
The absorption bands became sharp upon treatment at 
360 °C for 144 h. The results are shown in Fig. 7. On 
the basis of the data proposed by Brindley et a/.20) and 
the spectrum of serpentine synthesized in our laboratory, 
these IR spectra were assigned to serpentine. Above 
420 °C, a serpentine-like spectrum was observed in the 
beginning of the treatment, but it was transformed 
into the absorption spectra of forsterite, which was 
characterized by four absorption peaks in the 800—1000 
c m - 1 region, upon subsequent treatment. The surface 
products obtained below 360 °C were easily isolated 
by dissolving the bulk Mg(OH) 2 with a 5% NH4C1 
solution or a dilute acid solution. The isolated silicate 
was identified by the use of X-ray diffractometry and 
IR spectroscopy. The IR spectra of surface products 
were hardly changed by isolation; therefore, the 
serpentine-like spectra are attributable to a poor 
crystalline serpentine. 

The phase diagram of the S i 0 2 - M g O - H 2 0 system 
described by Bowen et al.21) shows that, under relatively 
low water-vapor pressures, serpentine is stable below 
380 °C, while above that point forsterite is stable. The 
phase boundary of the serpentine and forsterite formed 
hydrothermally from the silica-adsorbed Mg(OH) 2 was 
comparable to the phase boundary presented by Bowen 
et al. Talc was not formed, even if the ratio of the 
silica molecules and Mg 2 + ions in the surface layer had 
the stoichiometric relationship of talc. It was found 
that the kind of magnesium silicate produced by 
hydrothermal treatment does not depend upon the 
composition of the silicate layer on the surface, but 
upon the composition of the sum of the silicate layer 
and the bulk. 

The Change in the Surface Area. The effects of the 
amount of silica adsorbed and the treatment tempera­
ture on the surface area of silica-adsorbed Mg(OH) 2 are 
shown in Fig. 8. As has been described in the previous 
paper,2) the chemisorption of soluble silica on the 
surface of Mg(OH) 2 led to an increase in the surface 
area; the increase was attributed to the formation of 
micro pores on the surface (see the "Untreated" curve 
in Fig. 8). The surface area was more or less decreased 
by hydrothermal treatment over the temperature range 
from 250 to 440 °C. It was found, from the measurement 
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Fig. 8. The change of surface area by hydrothermal 
treatment for 72 h. 

of the N2-adsorption isotherms of the samples and the 
t-plots22> derived from this isotherm, that the decrease 
in the surface area by the treatment is mainly attributa­
ble to the disappearance of the micro pores. However, 
on treatment above 420 °C, the surface area of the 
silica-adsorbed samples became smaller than that of 
the non-adsorbed sample. This reduction in the surface 
area cannot be interpreted only in terms of the disap­
pearance of the micro pores. It will be discussed in the 
following section. 

The Growth of the Crystallite of Mg(OH)2. The 
change in the crystallite size of the bulk Mg(OH) 2 by 
the treatment was followed as a function of the time at 
various temperatures. The crystallite size of pure 
Mg(OH) 2 was not appreciably affected by the treat­
ment, while that of silica-adsorbed Mg(OH) 2 was 
dependent on the treatment temperature. The growth 
of the crystallite of silica-adsorbed Mg(OH) 2 did not 
proceed below 300 °C, but above 360 °C it proceeded 
with the treatment time. Moreover, the crystallite 

0 0.2 0.4 0.6 0.8 1.0 1.2 
Amount of adsorbed silica (mmol/g) 

Fig. 9. Effect of amount of adsorbed silica on crystallite 
size of bulk Mg(OH)2 at various treatment temperature 
for 72 h. 
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Fig. 10. SEM microphotographs of the samples treated hydrothermally at 300 and 440 °C. 
(a), (b), (c): Non-adsorbed Mg(OH)2. (d), (e), (f): Silica-adsorbed Mg(OH)2. 

growth at various temperatures was investigated with 
respect to the effects of the amount of adsorbed silica, 
as is shown in Fig. 9. The crystallite size at a tempera­
ture below 300 °G decreased with an increase in the 
amount of silica adsorbed, while above 360 °C. on the 
contrary, the size increased with the amount of silica 
adsorbed. In other words, the adsorbed silica con­
tributes to inhibiting the growth of the crystallite of 
M g ( O H ) 2 up to 300 °C, while above 360 °C it serves to 
promote it. 

The non-adsorbed and the silica-adsorbed M g ( O H ) 2 

treated at various temperatures were observed com­
paratively by the use of the SEM. The microphoto­
graphs are shown in Fig. 10. As may be seen from the 
photographs, the grain of non-adsorbed M g ( O H ) 2 did 
not grow throughout the treatment from 250 to 440 °C, 
while the grain of silica-adsorbed M g ( O H ) 2 grew in 
thickness at the temperature of 440 °G. This increase 
in grain size corresponds to the change in the crystallite 
size of M g ( O H ) 2 shown in Fig. 10, and also to the 
change in the surface area shown in Fig. 8. Therefore, 
the grain is considered to be a single crystal. 

These phenomena may be explained as follows. The 
surface of the M g ( O H ) 2 grain will still be covered by 
the silicate layer under t reatment at temperatures below 
300 °C. It was found, from the determination of the 
Mg2+ ion in the hydrothermal solutions, that the 
presence of the silicate layer tends to decrease the rates 
of the dissolution and solubility of M g ( O H ) 2 . This 
decrease seems to have resulted in the slower crystal 
growth of M g ( O H ) 2 , since its growth is considered to 
be a solution growth based on the dissolution and 
recrystallization of M g ( O H ) 2 . However, at tempera­
tures above 360 °C, the silicate layer changed into a 
crystalline silicate (serpentine or forsterite), with a 
three-dimensional growth. T h e silicate may exist in 
the isolated state, and so may no longer coat the surface 
of M g ( O H ) 2 grain. In order to confirm whether or not 
the characteristic crystal growth of silica-adsorbed Mg-
(OH) 2 is due to the presence of the isolated silicate, a 
mixture of pure M g ( O H ) 2 and a synthesized serpentine 
(or forsterite) was treated hydrothermally above 360 °C. 
I t was found that the M g ( O H ) 2 crystal hardly grows at 
all under these conditions. Therefore, the growth is 
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not due to the presence of the silicate crystal, but the 
process of the crystallization of the silicate layer makes 
some contribution to the growth. Unfortunately, it is 
difficult to make this phenomenon clearer using our 
limited experimental procedure. 
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The Crystal and Molecular Structure of the Photodimer of Biphenylene 
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The molecular structure of the photodimer of biphenylene has been determined by X-ray crystal analysis. 
The crystals are triclinic, with eight molecules in a unit cell with dimensions of a= 15.061, b= 17.687, £=13.091 A, 
a = 108.91, ^=98.52, and y=89.71°; the space group is PÏ. 6625 unique intensity data were collected on a four-
circle diffractometer with LiF-monochromated Gu KOL radiation. The structure was solved by the symbolic-addi­
tion method using 8 symbols, and refined by the block-diagonal least-squares method. The final R value was 0.101. 
The molecular structure thus obtained corresponds to syn-\3,14 : 15,16-dibenzotricyclo[6.4.2.22'7]hexadeca-
1,3,5,7,9,11,13,15-octaene. Of the four crystallographically-independent molecules, two have approximately 
the G2v symmetry, while the remaining two are somewhat deformed, their symmetry being nearly G2. The mole­
cules are held together mainly by van der Waals interactions. 

In 1968, Goldman and Ruden reported that , on 
ultraviolet irradiation, biphenylene (1) in refluxing 
hexane affords a dimer to which they assigned the 2 
structure.1) However, an X-ray study of the octa-
hydrodimer2) showed that this photodimer might 
correspond to 3, not 2. In order to determine the 
structure unambiguously, we have now undertaken an 
X-ray crystal analysis of the photodimer itself. 

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

The biphenylene dimer (mp 257—267 °G (dec) (lit,1) mp 
255—265 °G (dec))) was prepared by the reported method.1) 
The size of the sample used for the X-ray measurement was 
about 0.5 X 0.5 X 0.25 mm3. The crystal data are summarized 
in Table 1. The cell dimensions and reflection intensities 
were measured on a Rigaku four-circle diffractometer using 
Cu KOL radiation (A= 1.5418 A) monochromated with an LiF 
crystal. The intensity measurement was made by the 0-20 
continuous-scan technique at a 26 scan rate of 2° min - 1 ; 
the background was measured for 20—30 s at each end of the 
scan range. Three standard reflections, measured at intervals 
of every 62 reflections, showed no significant decrease in 

TABLE 1. T H E CRYSTAL DATA 

Triclinic 
Space group 
Gell dimensions 

V 
Z 
Dx 

ßi(Cu KOL) 

M.W. 304.39 

PÏ 
a=15.061(3)A 
£=17.687(4)A 
c=13.091(4)A 
a=108.91(3)° 
ß= 98.52(3)° 
y = 89.71(3)° 
3259.2 A3 

8 
1.241 gem- 3 

4.98 cm-1 

intensity during the course of data collection. The intensities 
were corrected for the Lorentz and polarization factors, but 
not for the absorption or the extinction effect. In the range 
of 26 values up to 140°, 6625 unique structure factor 
magnitudes above the Za (F) level were selected for the structure 
determination. 

Structure D e t e r m i n a t i o n 

The structure was solved by the symbolic-addition 
method.3) T h e space group was assumed to be P Ï ; this 
choice was later confirmed by a successful refinement. 
Of the phases of the 1016 reflections with \E\ values 
above 1.70, 408 were expressed in terms of 8 symbols. 
Since one of the 28 possible combinations of the symbol 
values led to a phase set showing a low RK value of 
0.240 ( Ä K = 2 I | £ 0 I - * | £ C I I / 2 I £ O I ) and a nonzero q 
value*) of 0.368 fa=l-2|£jkl(l23A^I/2l ^ w l ) / 

h k k 
S | F Ä | ) , this phase set was further extended by the use 
A 

of 1827 \E\ values above 1.40; the Rk and q values thus 
became 0.288 and 0.496 respectively. An F -map based 
on 1632 phases afforded two superimposed molecular 
arrangements which were related to each other by the 
center of symmetry, and each of which might be taken 
as centrosymmetric. These molecular arrangements 
could be easily resolved from a consideration of the 
molecular packing. 

T h e structure thus obtained was refined by the 
block-diagonal-matrix least-squares method. After all 
the 64 hydrogen atoms had been located in a difference 
Fourier map , a further least-squares refinement was 
done including the hydrogen atoms with isotropic tem­
perature factors. T h e weighting scheme used was as fol­
lows: w=ll{a(F)2 exp(AX*+BY*+CXY+DX+EY)}, 
where X=\FQ\ and F = s i n 0/A. T h e A, B, C, D, and E 
coefficients are constants whic h were determined from 
the (AF) 2 values; ^4=0.2254x 10~4, 5 = 8 . 2 1 9 , C = 
0.05559, D= - 0 . 0 1 3 8 7 , and E= - 7 . 7 7 0 . T h e final R 
value was 0.101. T h e final atomic parameters are listed 
in Table 2. T h e tables of the anisotropic temperature 
factors and hydrogen parameters, and those of the 
observed and calculated structure factors, are kept at 
the Chemical Society of J a p a n (Document No. 8126). 

T h e calculations were performed on a F A C O M 
230-75 computer at the Hokkaido University Computing 
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TABLE 2. THE FINAL ATOMIC PARAMETERS AND ESTIMATED STANDARD DEVIATIONS 

The coordinates are multiplied by 104. 

Atom *e q
a ) /A2 

G(A1) 
G(A2) 
G(A3) 
G (A4) 
G(A4a) 
G(A5) 
G(A6) 
G(A6a) 
G(A7) 
G(A8) 
G(A9) 
G(A10) 
G(A10a) 
G(A11) 
G(A12) 
G(A12a) 
G(A13) 
C(A14) 
G(A15) 
G(A16) 
G(A17) 
G(A18) 
G(A19) 
G(A20) 
G(B1) 
G(B2) 
G(B3) 
C(B4) 
G(B4a) 
G(B5) 
G(B6) 
G(B6a) 
G(B7) 
G(B8) 
G(B9) 
C(B10) 
C(B10a) 
G(B11) 
G(B12) 
G(B12a) 
G(B13) 
G(B14) 
G(B15) 
G(B16) 
G(B17) 
G(B18) 
G(B19) 
G(B20) 

- 870(4) 
- 625(4) 
- 579(4) 
- 761(4) 
-1022(4) 
-1290(4) 
- 738(3) 

162(4) 
968(4) 

1755(4) 
1723(4) 
924(4) 
131(4) 

- 791(4) 
-1355(4) 
-1055(4) 
-2346(4) 
-2986(4) 
-2963(4) 
-2280(4) 
-1005(4) 
-1171(4) 
-1198(4) 
-1071(4) 
- 552(4) 
-1305(4) 
-1471(4) 
- 862(4) 
- 105(3) 

634(3) 
798(3) 
236(3) 

- 384(3) 
- 870(4) 
- 752(4) 
- 122(4) 

352(3) 
1069(3) 
949(4) 

74(4) 
1732(4) 
2056(4) 
1860(4) 
1292(4) 
1679(4) 
2340(4) 
2467(4) 
1970(4) 

2142(3) 
2940(3) 
3227(3) 
2734(3) 
1938(3) 
1332(3) 
788(3) 
749(3) 
984(3) 
965(3) 
687(3) 
427(3) 
460(3) 
214(3) 
754(3) 

1629(3) 
591(3) 
771(4) 

1103(3) 
1312(3) 

71(3) 
- 663(3) 
- 973(3) 
- 648(3) 

5174(3) 
5345(3) 
5055(4) 
4556(3) 
4364(3) 
3881(3) 
3170(3) 
2797(3) 
2162(3) 
1848(3) 
2151(4) 
2778(3) 
3116(3) 
3759(3) 
4478(3) 
4674(3) 
5053(3) 
5223(3) 
4926(3) 
4347(3) 
2788(3) 
2730(3) 
3017(3) 
3474(3) 

1241(5) 
1821(6) 
2917(6) 
3503(5) 
2948(5) 
3460(5) 
3577(4) 
3213(5) 
3880(5) 
3464(6) 
2330(6) 
1660(5) 
2062(5) 
1420(5) 
1302(5) 
1818(5) 
927(6) 

1546(6) 
2730(6) 
3534(6) 
3864(5) 
3118(5) 
1957(6) 
1188(5) 
8480(5) 
7885(6) 
6778(6) 
6210(5) 
6790(5) 
6281(5) 
6400(4) 
6954(4) 
6419(5) 
7026(6) 
8122(6) 
8679(5) 
8104(5) 
8579 (4) 
8467(5) 
7927(5) 
8609(6) 
7824(6) 
6644(6) 
5941(6) 
6192(5) 
6960(6) 
8146(6) 
8870(5) 

5.14 
5.30 
4.84 
4.17 
3.65 
3.60 
3.33 
3.78 
4.38 
5.39 
5.66 
4.90 
3.78 
3.78 
4.32 
4.03 
5.36 
6.27 
5.45 
5.08 
4.05 
4.44 
4.94 
4.72 
4.81 
5.72 
5.46 
4.36 
3.41 
3.28 
2.98 
2.86 
3.82 
5.02 
5.26 
4.62 
3.29 
3.42 
3.58 
3.65 
5.50 
5.65 
5.34 
4.82 
4.14 
4.85 
5.22 
5.14 

Atom 

G(G1) 
G(G2> 
G(G3) 
G(G4) 
G(G4a) 
G(G5) 
G(G6) 
G(G6a) 
G(G7) 
G(G8) 
G(G9) 
G(G10) 
G(G10a) 
G(G11) 
G(G12) 
G(G12a) 
G(G13) 
G(G14) 
G(G15) 
G(G16) 
G(G17) 
G(G18) 
G(G19) 
G(G20) 
G(D1) 
G(D2) 
G(D3) 
C(D4) 
G(D4a) 
G(D5) 
G(D6) 
G(D6a) 
G(D7) 
G(D8) 
G(D9) 
G(D10) 
G(D10a) 
G(D11) 
G(D12) 
G(D12a) 
G(D13) 
G(D14) 
G(D15) 
G(D16) 
G(D17) 
G(D18) 
G(D19) 
G(D20) 

X 

5937(4) 
6750(4) 
6787(4) 
6009(4) 
5191(3) 
4308(3) 
3752(3) 
4008(3) 
4257(4) 
4457(4) 
4382(4) 
4130(4) 
3956(3) 
3651(3) 
4223(4) 
5141(3) 
3908(4) 
3786(4) 
3851(4) 
4024(4) 
2774(4) 
2092(4) 
2038(4) 
2662(4) 
5526(4) 
6293(4) 
6452(4) 
5830(4) 
5068(3) 
4334(4) 
4178(3) 
4752(3) 
5365(4) 
5838(4) 
5692(4) 
5072(4) 
4597(3) 
3881(4) 
4019(4) 
4909(3) 
3265(4) 
2931(4) 
3107(4) 
3659(4) 
3316(4) 
2643(4) 
2500(4) 
2965(4) 

y 
2930(3) 
3017(4) 
3300(3) 
3481(3) 
3366(3) 
3529(3) 
2921(3) 
2069(3) 
1556(3) 
765(4) 
513(3) 

1016(3) 
1808(3) 
2412(3) 
3019(3) 
3085(3) 
3764(3) 
4469(3) 
4733(3) 
4366(3) 
3006(3) 
2832(3) 
2557(4) 
2401(3) 

-1497(3) 
-1044(3) 
- 810(3) 
-1029(3) 
-1487(3) 
-1736(3) 
-2508(3) 
-3149(3) 
-3543(3) 
-4141(4) 
-4362(3) 
-3981(3) 
-3362(3) 
-2917(3) 
-2149(3) 
-1717(3) 
-1631(3) 
-1095(3) 
- 852(3) 
-1106(3) 
-2800(3) 
-3214(3) 
-3444(3) 
-3313(3) 

z 

1602(5) 
2259(6) 
3374(6) 
3829(5) 
3178(5) 
3587(4) 
3490(5) 
2976(5) 
3582(5) 
2994(6) 
1896(6) 
1281(5) 
1856(5) 
1309(5) 
1409(5) 
2026(5) 
1148(5) 
1917(6) 
3089(6) 
3817(5) 
3598(5) 
2814(6) 
1611(6) 
960(5) 

1498(5) 
2104(6) 
3206(6) 
3771(5) 
3183(5) 
3681(5) 
3574(5) 
2983(5) 
3495(5) 
2857(6) 
1743(6) 
1222(5) 
1853(5) 
1394(5) 
1488(5) 
2046(5) 
1327(6) 
2134(6) 
3312(6) 
4004(5) 
3772(6) 
2994(6) 
1820(6) 
1129(6) 

^ e q
a ) / A 2 

4.59 
5.37 
5.32 
4.42 
3.44 
3.40 
3.60 
3.56 
4.77 
6.05 
6.01 
4.52 
3.44 
3.60 
3.60 
3.70 
4.30 
5.58 

. 5.06 
4.24 
4.71 
5.38 
5.83 
4.85 
4.73 
5.13 
5.15 
4.60 
3.39 
3.60 
3.56 
3.36 
4.27 
5.56 
5.50 
4.62 
3.34 
3.85 
3.88 
3.63 
5.32 
5.62 
5.50 
4.91 
4.88 
6.04 
5.90 
5.63 

a) «ßeq=87r2(w1
2+w2

24-w3
2)/3, where ut is the root-mean-square deviation in the i-th principal axis of the 

thermal ellipsoid. 

Center, using our own programs. The atomic scattering 
factors were taken from the Internat ional Tables.5) 

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

T h e molecular framework thus obtained is shown in 
Fig. 1. T h e bond distances and angles are listed in 

Table 3, while the torsion angles are given in Fig. 2. 
From these results, it is concluded that the biphenylene 
dimer has the 3 structure. As may be seen in Fig. 2, 
of the four crystallographically-independent molecules, 
the A and C molecules have approximately the C2 v 

symmetry, while the B and D molecules are somewhat 
deformed, their symmetry being nearly C2. The mean 
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Fig. 1. A perspective view of the A molecule, and the 
numbering system of atoms. Carbon atoms are 
represented as thermal ellipsoids enclosing 50% 
probabilities. For the sake of clarity, hydrogen atoms 
are omitted. 

values of the equivalent bond distances and angles for 
the four molecules are given in the last column of Table 
3, the C2V symmetry being assumed for all these 
molecules. 

The mean lengths for the C(4a)-C(5) and C(5)-C(16) 
bonds, 1.499 and 1.500 À, show that there is no appre­
ciable conjugation between the C(5)=C(6) double bond 
and the benzene ring or the C(13)=C(14)-C(15)=C(16) 
diene part.6) This can be explained by the fact that the 
mean magnitudes,for the C(12a)-C(4a)-C(5)-C(6) and 
C(6)-C(5)-C(16)-C(15) torsion angles are 74 and 101° 
respectively. On the other hand, the mean length for 
C(14)-C(15), 1.450 Â, indicates that the C(13)=C(14) 
and C(15)=C(16) double bonds are thoroughly 
conjugated. 

The central cyclooctatetraene ring takes a tub form. 
The bridging by the conjugated diene systems causes a 
close approach between the C(5)=C(6) and C(l 1)=C(12) 
double bonds; the average distance between the mid­
points of these bonds is 2.67 Â, while the corresponding 
average for the C(4a)-C(12a) and C(6a)-C(10a) bonds 
is 2.85 Â. Because of this approach, the C(5) -C(4a)-
C(12a) bond angle is somewhat shrunk, its mean value 
being 115.2°. The conjugated diene system further 
brings about a remarkable out-of-plane bending 
deformation7) of the C(5)=C(6) and C(11)=C(12) 

C(I9) 

C(I8) 

C(I4) 

C(I6) 

C(I9) 

CÜ8)1 

C(I4) 

'C(I5) 

ÖI6) 

C(I9) 

C(I8)' lai5) 

C07) 

C(20) 

C(I6) 

ai3) 

C(l9)i 

«18)' 

Fig. 2. The torsion angles (0/°) for the tricyclo 
[6.4.-2.22'7]hexadeca-l,3,5,7,9,11,13,15-octaene skele­
tons. Only the torsion angles relevant to atoms which 
form the same ring are given in the ring. 

TABLE 3. THE BOND DISTANCES (//A) AND ANGLES (0/°), WITH THEIR STANDARD DEVIATIONS 

The standard deviations given in parentheses refer to the last decimal position. 

C(l)-C(2) 
C(3)-C(4) 
C(7)-C(8) 
C(9)-C(10) 
C(l)-C(12a) 
C(4)-C(4a) 
C(6a)-C(7) 
C(10)-C(10a) 
C(2)-C(3) 
C(8)-C(9) 
C(4a)-C(12a) 
C(6a)-C(10a) 
C(4a)-C(5) 
C(6)-C(6a) 
C(10a)-C(ll) 

Mol. A 

1.391(7) 
1.387(10) 
1.371(9) 
1.364(8) 
1.408(10) 
1.387(7) 
1.366(7) 
1.368(9) 
1.349(10) 
1.398(11) 
1.394(8) 
1.419(8) 
1.521(9) 
1.496(8) 
1.499(7) 

Mol. B 

1.369(9) 
1.394(8) 
1.391(10) 
1.393(8) 
1.405(8) 
1.378(8) 
1.390(6) 
1.373(10) 
1.355(10) 
1.344(10) 
1.394(8) 
1.411(8) 
1.501(7) 
1.474(8) 
1.485(7) 

Mol. C 

1.366(8) 
1.381(9) 
1.416(8) 
1.399(10) 
1.384(8) 
1.366(7) 
1.404(10) 
1.402(7) 
1.373(10) 
1.347(11) 
1.417(8) 
1.377(8) 
1.497(8) 
1.512(7) 
1.504(9) 

Mol. D 

1.391(7) 
1.402(10) 
1.386(8) 
1.376(9) 
1.382(9) 
1.383(7) 
1.379(8) 
1.406(7) 
1.351(10) 
1.364(11) 
1.393(8) 
1.385(8) 
1.498(9) 
1.500(7) 
1.500(8) 

Meana) 

1.386(5) 

1.386(4) 

1.360(7) 

1.399(5) 
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Table 3. (Continued) 

C(12)-C(12a) 
G(5)-G(6) 
G(ll)-G(12) 
G(5)-C(16) 
G(6)-C(17) 
G(ll)-G(20) 
G(12)-G(13) 
G(13)-G(14) 
G(15)-G(16) 
G(17)-G(18) 
G(19)-G(20) 
G(14)-G(15) 
G(18)-G(19) 
G(2)-G(l)-G(12a) 
G(3)-G(4)-G(4a) 
G(6a)-G(7)-G(8) 
C(9)-C(10)-C(10a) 
G(l)-G(2)-G(3) 
G(2)-G(3)-G(4) 
G(7)-G(8)-G(9) 
G(8)-G(9)-G(10) 
G(4)-G(4a)-G(12a) 
G(7)-G(6a)-G(10a) 
G(6a)-G(10a)-G(10) 
G(l)-C(12a)-G(4a) 
G(4)-C(4a)-G(5) 
G(6)-G(6a)-G(7) 
G(10)-G(10a)-G(ll) 
G(l)-C(12a)-G(12) 
G(5.)-C(4a)-G(12a) 
G(6)-C(6a)-G(10a) 
C(6a)-C(10a)-C(ll) 
G(4a)-G(12a)-G(12) 
G(4a)-G(5)-G(6) 
G(5)-C(6)-G(6a) 
G(10a)-G(ll)-G(12) 
G(ll)-G(12)-G(12a) 
G(4a)-G(5)-G(16) 
G(6a)-G(6)-G(17) 
G(10a)-G(ll)-G(20) 
C(12a)-C(12)-C(13) 
G(6)-C(5)-G(16) 
C(5)-C(6)-C(17) 
G(12)-G(ll)-G(20) 
G(ll)-G(12)-G(13) 
G(12)-G(13)-G(14) 
G(5)-C(16)-G(15) 
G(6)-C(17)-G(18) 
G(ll)-G(20)-G(19) 
G(13)-G(14)-G(15) 
G(14)-G(15)-G(16) 
G(17)-G(18)-G(19) 
G(18)-G(19)-G(20) 
G-Hb) 

G-G-H(Benzene)b) 

G=G-H (Octaene)b) 

C-G-H (Octaene)b) 

Mol. A 

1.515(7) 
1.300(8) 
1.306(8) 
1.510(8) 
1.506(9) 
1.505(8) 
1.499(8) 
1.323(10) 
1.316(8) 
1.345(7) 
1.346(11) 
1.464(11) 
1.434(9) 
118.9(6) 
119.3(6) 
121.5(6) 
121.8(6) 
121.0(7) 
121.2(5) 
118.7(5) 
120.1(6) 
120.1(6) 
119.8(6) 
118.0(5) 
119.5(5) 
125.9(5) 
125.9(5) 
127.3(5) 
125.1(5) 
114.0(4) 
114.3(4) 
114.7(5) 
115.3(6) 
119.8(5) 
120.9(6) 
120.4(5) 
118.7(5) 
113.3(5) 
114.5(4) 
114.7(5) 
115.3(5) 
125.2(6) 
123.5(5) 
123.2(5) 
124.4(5) 
126.7(6) 
128.3(7) 
122.8(6) 
124.5(5) 
132.6(6) 
130.8(6) 
133.6(7) 
134.4(5) 
1.04(1) 

120(1) 
119(1) 
112(1) 

Mol. B 

1.494(8) 
1.334(8) 
1.334(8) 
1.495(9) 
1.506(7) 
1.485(8) 
1.512(8) 
1.316(11) 
1.339(7) 
1.335(9) 
1.349(9) 
1.446(10) 
1.451(10) 
118.9(6) 
119.0(6) 
119.6(5) 
120.0(6) 
122.7(6) 
119.5(6) 
121.1(5) 
120.4(7) 
121.5(5) 
119.0(5) 
119.8(4) 
118.4(5) 
124.5(5) 
124.4(5) 
126.2(5) 
124.6(5) 
113.8(5) 
116.5(4) 
113.8(5) 
116.9(5) 
120.3(6) 
122.6(5) 
120.5(5) 
121.2(5) 
114.2(5) 
115.4(5) 
114.4(5) 
115.4(5) 
123.4(5) 
120.8(5) 
122.9(5) 
121.7(5) 
126.3(5) 
123.8(7) 
125.5(6) 
124.9(6) 
134.2(5) 
132.5(7) 
133.3(5) 
132.5(6) 

Mol. G 

1.479(7) 
1.328(8) 
1.340(8) 
1.486(7) 
1.503(8) 
1.490(8) 
1.522(9) 
1.357(8) 
1.312(10) 
1.299(8) 
1.329(10) 
1.440(11) 
1.480(11) 
121.9(6) 
120.6(6) 
117.2(6) 
117.1(6) 
119.3(6) 
120.5(5) 
121.1(7) 
122.3(5) 
119.7(5) 
121.0(5) 
121.2(6) 
118.0(5Ï 
124.9(5) 
123.0(5) 
123.4(5) 
127.3(6) 
115.5(4) 
115.9(5) 
115.3(4) 
114.7(5) 
119.5(4) 
120.4(5) 
118.5(5) 
120.9(6) 
115.5(5) 
114.2(4) 
115.0(5) 
115.6(4) 
123.2(5) 
123.7(5) 
124.4(5) 
121.9(5) 
123.9(6) 
125.3(5) 
127.3(6) 
126.4(6) 
134.3(7) 
133.0(5) 
131.8(6) 
132.6(5) 

Mol. D 

1.508(7) 
1.343(8) 
1.336(8) 
1.506(8) 
1.488(9) 
1.493(8) 
1.489(8) 
1.331(9) 
1.322(10) 
1.349(8) 
1.299(11) 
1.443(11) 
1.440(11) 
118.7(6) 
119.1(6) 
118.6(6) 
119.0(6) 
122.1(7) 
119.7(5) 
121.8(6) 
120.2(6) 
120.6(6) 
120.6(5) 
119.9(5) 
119.8(5) 
124.6(5) 
123.9(5) 
124.7(5) 
123.6(5) 
114.7(4) 
115.5(5) 
115.4(4) 
116.4(5) 
121.3(5) 
121.2(5) 
121.1(5) 
120.3(5) 
113.4(5) 
115.1(4) 
114.2(5) 
115.7(4) 
123.1(5) 
122.0(5) 
122.6(5) 
122.1(5) 
124.5(6) 
124.8(6) 
125.8(7) 
126.3(6) 
134.8(6) 
132.9(6) 
132.8(7) 
132.9(5) 

Mean&) 

1.499(3) 

1.328(6) 

1.500(3) 

1.329(4) 

1.450(5) 

119.5(4) 

120.7(3) 

119.8(3) 

125.0(3) 

115.2(2) 

120.5(3) 

114.7(2) 

123.0(3) 

125.4(3) 

133.1(3) 

a) The mean value calculated for the four molecules on the assumption that they all have the G2V symmetry. 
The standard deviation was estimated from the formula: a2=I,(xi—x)2/n(n— 1). b) The mean value for the 
four molecules. 
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Fig. 3. The crystal structure viewed along the c axis. 

T A B L E 4. T H E PROJECTIONS {<j>j°) OF THE BOND ANGLES 

ALONG THE C(5)=C(6) OR C ( l 1)=C(12) BOND 

(1) Along C(5)=C(6) 
C(4a)-C(5)-C(16) 
C(6a)-C(6)-C(17) 

(2) Along C(11)=C(12) 
C(10a)-C(ll)-C(20) 
C(12a)-C(12)-C(13) 

A 

164.2 
167.5 

164.4 
164.6 

B 

162.2 
166.6 

161.6 
164.4 

C 

163.9 
164.0 

162.6 
165.1 

D 

161.9 
164.3 

162.3 
163.9 

ethylenic groups (see Table 4) ; the average for the 
projected angle of C(4a)-G(5)-C(16) along the G(5)= 
G(6) double bond is 164°. 

O n the other hand, the restricted approach between 
the C(5)=C(6) and G(11)=C(12) double bonds results 
in an enlargement of the C(12)-C(13)=C(14) and 
C(13)=C(14)-C(15) bond angles; the averages for these 
bond angles are 125.4 and 133.1° respectively. Such a 
way of deformation of the two bond angles can be 
reproduced by the following simple calculation. If one 
assumes that the C(12)-C(13)=C(14)-C(15)=C(16)-
G(5) moiety has the C2 v symmetry, the C(5)—G(12) 
distance, /, is expressed by: 

l=lx- 2/2 cos Qx + 2/3 cos (0!+02), (1) 

where llt l2, and ls are the C(14)-C(15), C(13)=C(14), 
and G(12)-C(13) distances respectively, and where dx 

and 08 are the G(13)=G(14)-G(15) and C(12)-C(13)= 
C(14) angles respectively. If, as a first approximation, 
the change in the bond distortion of the C(5) and G(12) 
terminal atoms is neglected, the variable part of the 
strain energy due to the bond-angle deformation, AE, is 
given by: 

AE=k {(0X-0,,)8 + (02-0o)8}, (2) 
where k is the force constant for the deformation of the 
C=C-C bond angle and where 0() is the strainless C=C-C 
bond angle, for which 120° is assumed in the present 
calculation. When the average observed values of 

1.450, 1.329, 1.500, and 2.675 Â are used for ll3 l2, /3, 
and / respectively, AE is minimized at 61= 132° and 0 2 = 
127° under the conditions of Eq. 1. These dx and 02 

values are in good agreement with their respective 
observed values. For 0j = 02=12O°, (d//30,) is greater 
than (dljd62) by a factor of 1.886, while (dAEIdßJ is 
equal to (dAE/dd^) ; that is, the enlargement of 0j can 
separate the C(5) and C(12) atoms more effectively 
than that of 02. This explains why, in both the observed 
and calculated geometries, 0X is greater than 02. 

In all four molecules, the G(14) and G(15) atoms 
deviate slightly from the least-squares plane for the 
G(5), G(12), C(13), and G(16) atoms onto the side of 
the benzene ring (C( l ) , G(2), G(3), C(4), C(4a) , and 
G(12a)) ; the average for the dihedral angle between 
this plane and the least-squares plane of the C(13)= 
C(14)-C(15)=G(16) par t is 3.9°. 

T h e crystal structure viewed along the c axis is shown 
in Fig. 3. The orientations of the four independent 
molecules are somewhat different from one another. 
All the intermolecular contacts correspond to the 
normal van der Waals interactions. 
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The molecular structure of grayanotoxin XIX, C20H30O3, has been determined by means of X-ray crystal 
analysis. The crystals are triclinic, with two molecules in a unit cell with dimensions of a= 10.406, b= 10.648, c= 
8.003 Â, oc=90.00, 0=94.25, and y— 102.76°; the space group is PI. 2671 unique intensity data were collected on 
a four-circle diffractometer with Ni-filtered Gu Kct radiation. The structure was elucidated by the Monte Carlo 
direct method, using the 50 strongest reflections as the starting set. The block-diagonal least-squares refinement 
reduced the R value to 0.038. The structure obtained corresponds to 14-deoxygrayanotoxin VII. The two 
independent molecules exist in different conformations: one has a half-chair A-ring, and the other, an envelope 
A-ring. In both molecules, the B-ring takes a conformation intermediate between the chair and twist-chair forms, 
and the C-ring adopts a boat conformation. The crystal consists of infinite hydrogen-bonded molecular chains 
along the c axis. 

A number of diterpenoids, such as grayanotoxins,1-2) 
leucothols,3) and grayathols,4) have thus far been 
isolated from Leucothoe grayana Max. In this paper, we 
wish to report on the X-ray structure determination and 
molecular geometry of grayanotoxin (hereafter G) X I X , 
a new minor constituent from the same plant. 

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

Isolation of G XIX. Grayathol A was crystallized from 
a diethyl ether solution of the unknown-compound-containing 
fraction (81 mg)6) obtained from the crude extract aï Leucothoe 
grayana Max. The chromatography of the filtrate on silica 
gel (1 g) afforded G XIX (21 mg) in a 5 x 10"7 % yield from 
dried leaves; mp 132—133 °C (recrystallized from diethyl 
ether), [a]D - 1 2 ° (c 1, MeOH); IR (Nujol) 3496, 3370sh, 
1658,1637 cm-1; XH-NMR (CDCI,) 1.05,1.29 (each3H,s), 1.69 
(3H, d, J = 2 H z ) , 3.00 (1H, q, J A X + B X =8+11 Hz), 3.60 
(IH, q, J A X + B X = 2 + 7 Hz), 3.73 (1H, q, y A X + B X = 4 + H 
Hz), 4.91, 5.04 (each IH, s), 5.18 (IH, bs) ; MS mje 318 (M+). 
Found: C, 74.91 ; H, 9.37%. Calcd for C20H30O3: C, 75.43; 
H, 9.50%. The !H-NMR spectrum was recorded on a Hitachi 
R-20B spectrometer, using TMS as the internal reference. 
The chemical shifts are given on the ô scale (s=singlet, d = 
doublet, q=quartet, bs=broad singlet). The IR spectrum 
was obtained on a JASGO Model IR-S spectrophotometer. 

X-Ray Measurement. A colorless single crystal cut into 
a cube with an edge of about 0.3 mm was used. The crystal 
data are summarized in Table 1. The cell dimensions and 

TABLE 1. T H E CRYSTAL DATA 

C20H30O3 
Crystal system 
Space group 
Cell dimensions 

V 
Z 
Dx 

MCu Koc) 

M.W. = 318.46 
Triclinic 
PI 
a = 10.406(2) A 
b= 10.648(2) A 
c=8.003(2)A 
a=90.00(7)° 
£=94.25(3)° 
y =102.76(2)° 
862.4 A3 

2 
1.226 g cm-3 

5.99 cm-1 

reflection intensities were measured on a Rigaku four-circle 
diffractometer with Ni-filtered CnKa radiation (40 kV, 60 
mA, X = 1.5418 A). The 0-20 continuous-scan technique was 
applied at a 0 scan rate of 8° min-1; the background was 
measured for 5 s at each end of the scan range. Three 
standard reflections, measured at intervals of every 60 reflec­
tions, showed no significant decrease in intensity during the 
course of data collection. The intensities were corrected for 
the Lorentz and polarization factors, but not for the absorption 
or the extinction effect. In the range of 20 values up to 125°, 
2671 unique structure factor amplitudes above the a(F) level 
were selected for the structure determination. 

Structure D e t e r m i n a t i o n 

T h e structure was elucidated by the Monte Carlo 
direct method,6) using the 50 strongest reflections as the 
starting set. In order to extend the tentative phase set 
derived from successively-generated random numbers, 10 
cycles of the tangent procedure were performed by the 
use of 556 \E\ values above 1.30. Since the 208th phase 
set gave a low RK value of 0.296 {RK=J}\\E0\~k\Ec\\j 
Y1\E0\) and a moderate q value of 0.424 ( ? = S | £ A | 

(\lï\EkEh-k\^p{2m(4>k + ^-k)}\l^\EkEh.k\)inEkh\), 6 
* * A 

additional cycles of the tangent procedure were carried 
out using 604 \E\ values above 1.25; the Rk and q 
values were 0.299 and 0.356 respectively. An is-map 
based on 560 phases afforded all the 46 non-hydrogen 
atoms. 

The structure thus obtained was refined by the 
block-diagonal-matrix least-squares method, first with 
isotropic and then with anisotropic temperature factors. 
After 57 of the 60 independent hydrogen atoms had been 
located in a difference Fourier map, further least-
squares refinement including these hydrogen atoms with 
isotropic temperature factors was carried out. The 
weighting scheme used was as follows: u;=l/-(ff(F)2exp-
(AX*+BY*+CXY+DX+EY)}, where X=\FQ\ and 
7 = s i n 0 / ; . The A, B, C, D, and E coefficients are 
constants which were determined from the (AF)2 values. 
In this manner, the R value reached 0.038. The final 
atomic parameters are listed in Table 2. The table of 
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TABLE 2. THE FINAL ATOMIC PARAMETERS AND ESTIMATED STANDARD DEVIATIONS 

The coordinates of the non-hydrogen and hydrogen atoms are multiplied by 104 and 103 respectively. 
(1) The non-hydrogen atoms. 

Atom 

0(A1) 
0(A2) 
0(A3) 
G(A1) 
G(A2) 
G(A3) 
G(A4) 
G(A5) 
G(A6) 
G(A7) 
G(A8) 
G(A9) 
G(A10) 
G(A11) 
G(A12) 
G(A13) 
G(A14) 
G(A15) 
G(A16) 
G(A17) 
G(A18) 
G(A19) 
G(A20) 

X 

6513(3) 
7452(2) 
6259(3) 
5728(3) 
5412(4) 
5323(3) 
5177(4) 
6092(3) 
5905(3) 
6672(3) 
6083(3) 
6442(3) 
6708(3) 
5362(4) 
4627(4) 
4465(3) 
4587(3) 
6583(3) 
5672(3) 
5777(4) 
5610(6) 
3724(4) 
7734(4) 

y 
8506(3) 
7991(2) 
8460(2) 
6037(3) 
6322(3) 
7732(3) 
8142(3) 
7378(3) 
7235(3) 
6310(3) 
4854(3) 
4263(3) 
5194(3) 
3074(3) 
2228(3) 
3025(3) 
4434(3) 
4129(3) 
3108(3) 
2110(4) 
9613(4) 
7670(5) 
5243(4) 

z 

4043(3) 
7370(3) 

10241(3) 
6592(3) 
4732(4) 
4631(4) 
6454(4) 
7489(4) 
9367(4) 

10232(4) 
10021(4) 
8378(4) 
6949(4) 
7769(4) 
9106(4) 

10674(4) 
10200(4) 
11475(4) 
11874(4) 
13161(5) 
6719(5) 
6797(5) 
6060(5) 

^eqa)/A2 

5.38 
3.44 
3.61 
2.41 
3.59 
3.24 
3.59 
2.64 
2.79 
2.91 
2.56 
2.75 
2.73 
3.55 
3.78 
3.18 
2.80 
3.00 
3.19 
4.36 
6.51 
5.42 
4.31 

Atom 

O(Bl) 
0(B2) 
0(B3) 
C(B1) 
G(B2) 
G(B3) 
G(B4) 
G(B5) 
G(B6) 
G(B7) 
G(B8) 
G(B9) 
G(B10) 
G(B11) 
G(B12) 
G(B13) 
G(B14) 
G(B15) 
G(B16) 
G(B17) 
G(B18) 
G(B19) 
G(B20) 

X 

312(2) 
-969(2) 

222(3) 
518(3) 
563(4) 

1121(3) 
1321(3) 
360(3) 
590(3) 

-187(3) 
335(3) 

-180(3) 
-498(3) 

828(4) 
1598(4) 
1932(3) 
1847(3) 

- 104(3) 
812(3) 
785(4) 

1026(5) 
2770(4) 

-1595(3) 

y 

-1847(2) 
-1332(2) 
-1821(2) 

675(3) 
326(3) 

- 894(3) 
-1307(3) 
- 648(3) 
- 526(3) 

329(3) 
1793(3) 
2370(3) 
1452(3) 
3606(3) 
4469(3) 
3686(3) 
2281(3) 
2491(3) 
3530(3) 
4493(4) 

-2776(4) 
- 749(4) 

1400(3) 

z 

-1978(3) 
1468(3) 
4400(3) 
1025(3) 

- 825(4) 
- 887(4) 

973(4) 
1895(4) 
3808(4) 
4618(4) 
4529(3) 
2876(4) 
1381(3) 
2369(4) 
3800(4) 
5342(4) 
4834(4) 
5980(4) 
6483(4) 
7821(5) 
1121(4) 
1584(5) 
406(4) 

BJA* 
3.64 
3.24 
4.19 
2.47 
3.56 
3.02 
3.14 
2.63 
2.81 
2.80 
2.40 
2.52 
2.41 
3.33 
3.69 
3.03 
2.84 
2.83 
3.01 
4.28 
4.87 
4.31 
3.44 

a) Beq=Sn2 (w1
2+W22+w32)/35 where ut is the root-mean-square deviation in the t-th principal axis of the thermal ellipsoid. 

(2) The hydrogen atoms. 

Atom0 

H(OAl) 
H(OA2) 
H(OA3) 
H(A1) 
H(A2a) 
H(A2b) 
H(A3) 
H(A6) 
H(A7a) 
H(A7b) 
H(A9) 
H(Alla) 
H(Allb) 
H(A12a) 
H(A12b) 
H(A13) 
H(A14a) 
H(A14b) 
H(A15) 
H(A17a) 
H(A17b) 
H(A17c) 
H(A19a) 
H(A19b) 
H(A19c) 
H(A20a) 
H(A20b) 
H(OBl) 
H(OB2) 

X 

635(5) 
753(4) 
717(5) 
492(3) 
440(5) 
613(5) 
451(3) 
484(3) 
672(3) 
762(3) 
727(3) 
470(4) 
578(3) 
371(4) 
507(4) 
361(4) 
403(3) 
435(3) 
759(4) 
667(4) 
577(4) 
519(5) 
311(5) 
338(4) 
344(5) 
832(4) 
796(4) 

- 48(5) 
-109(3) 

y 
847(5) 
812(4) 
863(5) 
562(3) 
563(4) 
622(4) 
782(3) 
694(3) 
651(3) 
649(3) 
403(3) 
340(3) 
260(3) 
181(4) 
153(4) 
261(4) 
453(3) 
497(3) 
430(4) 
227(4) 
128(4) 
212(5) 
808(4) 
782(4) 
679(5) 
475(4) 
585(4) 

-200(5) 
-192(4) 

z 

303(7) 
641(5) 

1047(6) 
705(3) 
439(6) 
412(6) 
392(4) 
951(4) 

1143(4) 
986(4) 
864(4) 
710(5) 
712(4) 
866(5) 
945(5) 

1126(5) 
920(4) 

1111(4) 
1194(5) 
1376(5) 
1261(6) 
1402(6) 
603(6) 
787(6) 
653(6) 
630(5) 
509(5) 

-165(6) 
221(4) 

B/A* 

8.8(14) 
4.9(9) 
8.1(13) 
2.2(6) 
6.7(11) 
6.1(10) 
4.0(8) 
3.7(7) 
3.2(7) 
2.8(6) 
2.8(6) 
4.2(8) 
4.1(8) 
5.4(10) 
5.1(9) 
5.5(9) 
3.5(7) 
3.2(7) 
4.7(9) 
5.6(10) 
6.7(11) 
8.2(13) 
6.8(11) 
6.6(11) 
8.4(13) 
5.9(10) 
5.0(9) 
7.1(12) 
4.2(8) 

Atom 

H(OB3) 
H(B1) 
H(B2a) 
H(B2b) 
H(B3) 
H(B6) 
H(B7a) 
H(B7b) 
H(B9) 
H(Blla) 
H(Bllb) 
H(B12a) 
H(B12b) 
H(B13) 
H(B14a) 
H(B14b) 
H(B15) 
H(B17a) 
H(B17b) 
H(B17c) 
H(B18a) 
H(B18b) 
H(B18c) 
H(B19a) 
H(B19b) 
H(B19c) 
H(B20a) 
H(B20b) 

X 

33(4) 
138(4) 
104(4) 

- 42(4) 
198(3) 
154(3) 

- 14(4) 
-114(3) 
-101(3) 

148(3) 
29(4) 

252(5) 
107(4) 
271(3) 
230(3) 
217(3) 

-100(4) 
3(4) 

89(5) 
156(4) 
116(4) 
164(5) 

7(4) 
339(5) 
298(4) 
311(5) 

-226(4) 
-179(3) 

y 
-185(4) 

115(3) 
99(4) 
6(3) 

- 76(3) 
- 18(3) 

17(3) 
13(3) 

259(3) 
324(3) 
415(4) 
491(5) 
512(4) 
399(3) 
217(3) 
177(3) 
213(4) 
420(4) 
542(5) 
455(4) 

-302(4) 
-313(5) 
-320(4) 
-115(4) 
-105(4) 

24(5) 
197(4) 
93(3) 

z 

549(5) 
146(4) 

- 124(5) 
- 131(4) 
- 142(4) 

408(4) 
581(5) 
436(4) 
310(4) 
165(4) 
159(5) 
345(6) 
420(5) 
582(4) 
390(4) 
579(4) 
644(5) 
852(5) 
733(7) 
861(5) 
225(5) 

39(6) 
73(5) 
92(6) 

280(5) 
153(7) 
65(5) 

-73(4) 

£/A2 

5.5(9) 
4.2(8) 
5.0(9) 
4.1(8) 
3.3(7) 
3.0(7) 
4.0(8) 
3.8(8) 
2.5(6) 
3.2(7) 
4.3(8) 
7.5(12) 
4.5(9) 
3.6(7) 
3.6(7) 
2.6(6) 
4.5(8) 
4.7(9) 
9.5(15) 
6.1(10) 
5.4(9) 
7.0(12) 
5.3(9) 
7.0(12) 
6.3(11) 
8.1(13) 
4.7(8) 
3.7(7) 

a) The hydrogen atoms are denoted by the number of the non-hydrogen atom to which they are attached, suffixed 
by a, b, or c where necessary. 
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the anisotropic thermal parameters and that of the 
observed and calculated structure factors are kept at 
the Chemical Society of J a p a n (Document No. 8128). 

The calculations were performed on an A C O S 700 
computer at the Institute for Protein Research, Osaka 
University, and on a F A C O M 230-75 computer at the 
Hokkaido University Computing Center. T h e atomic 
scattering factors were taken from the International 
Tables.7) 

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

Molecular Structure. T h e skeletons of the two 
independent G X I X molecules, A and B, are illustrated 
in Fig. 1. The bond distances and angles and the 
torsion angles are given in Table 3 and Fig. 2 respec­
tively. From these results, it is concluded that G X I X 

has the 1 structure. 
The five-membered A-ring in the A molecule takes a 

half-chair form with an approximate two-fold rotation 
axis through the C(A2) atom, while that in the B 

I (GXIX) : R i s < ° H *2 S H 

2(GXVIII): R,= 0 R2= OH 

3 (Gil ) : R = H 

4(GXVI) : R«Ac 

TABLE 3. T H E BOND DISTANCES (//A) AND ANGLES (0/°), WITH THEIR STANDARD DEVIATIONS 

The standard deviations given in parentheses refer to the last decimal position. 
(1) The bond distances. 

C(l)-C(2) 
C(l)-C(5) 
C(l)-C(10) 
C(2)-C(3) 
C(3)-C(4) 
G(3)-0( l ) 
C(4)-C(5) 
C(4)-C(I8) 
C(4)-C(19) 
C(5)-C(6) 
C(5)-0(2) 
C(6)-C(7) 
C(6)-Q(3) 

(2) The bond angles 

C(2)-C(l)-C(5) 
C(2)-C(l)-C(10) 
C(5)-C(l)-C(10) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-0(l) 
C(4)-C(3)-0(l) 
C(3)-C(4)-C(5) 
C(3)-C(4)-C(18) 
C(3)-C(4)-C(19) 
C(5)-C(4)-C(18) 
C(5)-C(4)-C(19) 
C(18)-C(4)-C(19) 
C(l)-C(5)-C(4) 
C(l)-C(5)-C(6) 
C(l)-C(5)-0(2) 
C(4)-C(5)-C(6) 
C(4)-C(5)-0(2) 
C(6)-C(5)-0(2) 
C(5)-C(6)-C(7) 
C(5)-C(6)-0(3) 
G(7)-G(6)-0(3) 
C(6)-C(7)-C(8) 

Mol. A 
1.545(4) 
1.555(4) 
1.512(5) 
1.527(5) 
1.551(5) 
1.439(4) 
1.575(5) 
1.541(5) 
1.529(6) 
1.534(4) 
1.432(4) 
1.533(5) 
1.440(4) 

Mol. A 

105.0(2) 
116.6(3) 
115.2(2) 
107.5(3) 
105.2(3) 
110.6(3) 
109.5(3) 
101.7(3) 
111.8(3) 
107.3(3) 
113.4(3) 
111.8(3) 
110.4(4) 
102.1(2) 
110.4(2) 
111.8(3) 
116.8(3) 
110.1(2) 
105.9(2) 
113.6(3) 
111.7(2) 
108.9(2) 
117.8(2) 

Mol. B 
1.533(4) 
1.552(4) 
1.521(5) 
1.538(5) 
1.565(4) 
1.419(4) 
1.567(5) 
1.532(5) 
1.536(5) 
1.533(4) 
1.430(4) 
1.519(5) 
1.437(4) 

Mol. B 

103.0(2) 
115.1(3) 
116.0(2) 
107.5(3) 
106.2(3) 
111.4(3) 
115.5(2) 
103.0(3) 
111.4(3) 
107.6(3) 
114.0(3) 
111.4(3) 
109.3(3) 
102.8(2) 
113.0(2) 
106.4(2) 
116.5(3) 
108.8(2) 
108.8(2) 
114.7(3) 
105.1(2) 
110.4(3) 
117.4(3) 

G(7)-C(8) 
G(8)-C(9) 
C(8)-C(14) 
C(8)-C(15) 
C(9)-C(10) 
G(9)-C(ll) 
C(10)-C(20) 
C(ll)-C(12) 
C(12)-G(13) 
G(13)-G(14) 
G(13)-G(16) 
G(15)-G(16) 
C(16)-C(17) 

G(7)-G(8)-G(9) 
G(7)-G(8)-G(14) 
G(7)-G(8)-G(15) 
G(9)-G(8)-G(14) 
C(9)-C(8)-C(15) 
G(14)-G(8)-G(15) 
G(8)-G(9)-G(10) 
G(8)-G(9)-G(ll) 
C(10)-C(9)-C(ll) 
C(l)-C(10)-C(9) 
C(l)-C(10)-C(20) 
G(9)-G(10)-G(20) 
G(9)-G(ll)-G(12) 
G(ll)-G(12)-G(13) 
C(12)-C(13)-C(14) 
G(12)-G(13)-G(16) 
G(14)-G(13)-G(16) 
G(8)-G(14)-G(13) 
G(8)-G(15)-G(16) 
C(13)-C(16)-C(15) 
G(13)-G(16)-G(17) 
G(15)-G(16)-G(17) 

Mol. A 
1.540(4) 
1.562(4) 
1.539(4) 
1.519(4) 
1.515(4) 
1.547(4) 
1.318(5) 
1.535(5) 
1.555(5) 
1.528(5) 
1.510(5) 
1.331(4) 
1.496(5) 

Mol. A 

113.4(2) 
115.4(3) 
110.4(2) 
110.0(2) 
107.0(3) 
99.4(2) 

115.0(3) 
111.1(3) 
109.2(2) 
116.5(3) 
122.5(3) 
121.0(3) 
117.6(3) 
112.2(3) 
109.4(3) 
108.2(3) 
101.6(2) 
100.8(3) 
111.8(3) 
108.1(3) 
122.7(3) 
129.0(3) 

Mol. B 
1.537(4) 
1.567(4) 
1.545(4) 
1.529(4) 
1.515(4) 
1.564(4) 
1.324(4) 
1.528(4) 
1.550(5) 
1.532(5) 
1.514(5) 
1.331(4) 
1.489(5) 

Mol. B 

112.5(2) 
116.0(3) 
111.1(2) 
110.2(2) 
106.6(3) 
99.3(2) 

115.1(3) 
111.1(2) 
108.3(2) 
117.2(2) 
123.0(3) 
119.7(3) 
116.7(3) 
112.3(3) 
110.5(3) 
108.4(3) 
100.9(2) 
100.6(3) 
111.4(3) 
108.4(3) 
122.1(3) 
129.3(3) 
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rX(20) 
CO 0 

*0(3) 

0(1) 

C(I7) 

B 
Fig. 1. Perspective views of the A and B molecules. Each 

non-hydrogen atom is represented as a thermal ellipsoid 
enclosing a 50% probability. 

molecule has an envelope form with an approximate 
mirror plane through the C(B5) atom. Although the 
former conformation permits the formation of the 
intramolecular hydrogen bond, 0 ( 2 ) - H - - - 0 ( l ) (see 
Table 4), the latter is unfavorable for this hydrogen 
bonding, the O(Bl)- 0 (B2) distance being 3.248(3) Â. 
Consequently, the 0 ( B 2 ) H hydroxyl group forms a 
considerably bent hydrogen bond with the 0 (B3) atom 
of the same molecule; the 0 ( B 2 ) - H - 0 ( B 3 ) angle is 
121°. Since, in the G X V I I I (2) molecule8) having 

C(3) 

iC(l3) 

C(I6) 

ai5) 

Fig. 2. The torsion angles (0/°) of the A-, B-, C-, and 
D-rings. Only the torsion angles relevant to atoms 
which form the same ring are given in the ring. The 
values for the B molecule are given in parentheses. 

almost the same ring conformation as the B molecule, 
the 0 ( 2 ) H hydroxyl group donates its proton to the 
exocyclic double bond, C(10)=C(20), the present 
0 ( B 2 ) - H - 0 ( B 3 ) interaction will be nearly as weak 
as the O - H - r c hydrogen bonding.9) The 0 ( 1 ) - C ( 3 ) -
C(4)-C(18) torsion angles in the A and B molecules 
are 38.9 and 20.4° respectively; the resulting difference 
in torsional strain results in a difference of 6.0° between 
the 0 (1 ) -C(3 ) -C(4 ) bond angles in the two molecules. 

As is found also in other grayanotoxins, 2—4,8»10»11) 
the C(4)-G(5) bonds in the A and B molecules are 
somewhat lengthened. This bond lengthening is 
probably due to the steric repulsions between the 
C(18)H3 and 0 ( 2 ) H groups and between the C(19)H3 

and C(6)H groups: C ( A 1 8 ) - 0 ( A 2 ) , 2.871(7); C(A19) 
•••C(A6), 3.061(6) ;C(B18)- 0 ( B 2 ) , 2.872(6); C(B19)--
C(B6), 3.034(5) Â. These steric repulsions further 
result in a distortion of the C(4)-C(18) and C(4)-C(19) 
bonds; the C(5)-C(4)-C(18) and C(5)-C(4)-C(19) 
bond angles are larger than the C(3)-C(4)-C(18) and 
C(3)-C(4)-C(19) bond angles by 1.6 and 4.5° respec­
tively for the A molecule, and by 2.6 and 3.8° respective­
ly for the B molecule. 

In both molecules, the seven-membered B-rings adopt 
conformations intermediate between the chair form 

Fig. 3. The crystal structure viewed along the c axis. 
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characterized by the mirror plane through the C(5) 
atom and the twist-chair form characterized by the 
two-fold rotation axis through the C(9) atom. The 
corresponding torsion angles of these two B-rings are 
in good agreement with each other except for the three 
bonds associated with the A-ring atoms. If the present 
B-rings are considered to be of the chair form, the 
interaction between axial groups at the C(7) and C(10) 
atoms corresponds to the severe 3a-3'a repulsion in the 
chair cycloheptane.12) However, since the C(10) atom 
forms a double bond with the C(20), the conformations 
of these B-rings are free from the 3a-3'a repulsion; 
hence, they are probably more stable than the B-ring 
conformations in G II10) and XVI.1 1) 

The six-membered C-rings in both A and B molecules 
take boat conformations similar to that of the C-ring 
in G XVII I . 8 ) O n the other hand, it has been found 
that, in all of the G I,13) I I , and X V I molecules where 
the C(15)-C(16) bond is a single bond, the C-rings 
possess the chair conformation. These facts suggest 
that the C-ring conformation depends largely on the 
nature of the C(15)-C(16) bond. Force-field calcula­
tions14) for 6-methylbicyclo[3.2.1]octane and 6-methyl-
bicyclo[3.2.1]oct-6-ene showed that, if the influence of 
the B-ring is neglected, the transformation of the C(15) -
C(16) single bond into the double bond can reduce 
the chair-boat enthalpy difference of the C-ring by 1.8 
kcal/mol, but that it cannot reverse the relative stabilities 
of the two C-ring conformations.8) Accordingly, in 
order fully to understand the conformational behavior 
of the C-ring, the force-field calculations including the 
B-ring are now in progress. 

TABLE 4. T H E HYDROGEN BONDS, X-H-- Y 

Z Z X . Y H . . Y X - H - . Y 
* ilk //A 0/° 

( 1 ) Intramolecular 
0(A2) O(Al) 2.863(4) 2.19(4) 145(4) 
0(B2) 0(B3) 2.676(3) 2.13(3) 121(3) 

(2) Intermolecular 
O(Al) 0(A3) a ) 3.034(3) 2.23(6) 171(5) 
0(A3) 0(B2)b ) 2.938(4) 2.03(5) 165(5) 
0(BI) 0(A2)c) 2.950(3) 2.24(5) 140(4) 
0(B3) 0 (Bl ) d ) 2.894(3) 2.03(4) 171(4) 

The symmetry codes are as follows: a) x, y, — 1 + z', 
b) 1-M, 1+y, \ + z\ c) - 1 + * , -\+y, - \ + z\ d) 
x,y> 1 + s. 

Crystal Structure. The crystal structure viewed 
along the c axis is shown in Fig. 3. The details of 
hydrogen bonding are given in Table 4. The A and B 
molecules are connected by the 0 ( A 3 ) - H - 0 ( B 2 ) and 
0 ( B 1 ) - H - 0 ( A 2 ) hydrogen bonds, forming a dimer. 
These hydrogen-bonded dimers are further held together 
by the intermolecular hydrogen bonds, 0 ( A 1 ) - H - -
0 ( A 3 ) and 0 ( B 3 ) - H - O ( B l ) , to form a double 
molecular chain. The present crystal consists of such 
infinite hydrogen-bonded molecular chains along the c 
axis. 
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The Characteristic Behavior of Recoil Tritium Atom in Solid Neopentane 
at 77 K. The Application of a Hot Zone Model 
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The behavior of recoil tririum atoms in solid neopentane containing a small amount of alkane has been studied 
at 77 K by means of ESR spectroscopy and radio-gas chromatography. Though it was reported that the H (or D) 
atoms produced in the radiolysis and photolysis of solid neopentane react selectively with the solute alkane, the T 
atoms neither diffuse into the matrix at 77 K nor react selectively with the solute alkane. Most of the recoil T 
atoms react in their own track. The results are explained by a hot-zone model. The radius and the duration 
time of the hot zone are estimated to be ^*60 Â and ^ 1 0 - 1 0 s respectively. 

Tritium-technology in fusion reactors requires the 
elucidation of the behavior of hot tritium atoms in solid 
materials, which involve the integrity of the constructing 
materials as well as a trit ium inventory. So far many 
studies have been undertaken on the hot tritium reaction 
in the gas phase, and the fundamental reaction modes 
have well been established,1) but many fewer studies 
have been reported for the solid phase. In the condensed 
phases, there exist two important factors controlling the 
final product-distributions. One is the rapid collisional 
stabilization of excited primary products, and the other 
is a cage effect. The latter effect, due to the confinements 
of both radicals and a thermalized atom, constitutes 
one of the central interests in the condensed phases. 
However, it has been verified experimentally that the 
cage effect is much less important in the hot trit ium 
atom because of its small size and because of the high 
probability of diffusing out from the cage wall.2) For 
example, the change from the high-pressure gas phase 
to the liquid leaves the H substitution reaction by T in 
1,2-dichloro-1,2-difluoroethane almost unaffected.3) 
Furthermore, the increase in the yield of c-C4H7T, found 
in the phase change of deuterated cyclobutane from gas 
to a liquid or to a solid was well interpreted by the rapid 
collisional stabilization of excited c-C4D7T* molecules 
in the condensed phase.4) 

Recently, the behavior of H (or D) atoms, produced 
by the photolysis of hydrogen iodide or by the y-
radiolysis of alkane, have been studied in the solid alkane 
at 77 K.5) When hydrogen atoms with an initial kinetic 
energy of 2—3 eV are produced in solid neopentane 
containing a small amount of alkane at 77 K, they 
migrate through the solid matrix and abstract hydrogen 
atoms selectively from the solute alkane. The selective 
hydrogen-atom abstraction has the following charac­
teristic features : ( 1 ) The ratio of the rate constant for 
the hydrogen atom abstraction from the solute to that 
from the solvent (^Soiute/^soivent) 1S 700 for neopentane-
alkane mixtures at 77 K. (2) The selective hydrogen-
atom-abstraction reaction by H or D atoms in the 
neopentane-alkane mixtures at 77 K becomes more 
favored with a decrease in the initial energy of the H 
or D atoms. (3) The selective hydrogen atom abstraction 
is suppressed above a certain temperature (140 K ) . (4) 
The selective hydrogen-atom abstraction is effectively 
caused by both H and D atoms: there exists no definite 
isotope effect between them. Thus, it can be expected 

that the T atom in the energy range of the photolysis 
and the radiolysis also reacts selectively with solute 
alkanes at 77 K if the T atom migrates through the 
matrix at that temperature. 

The recoil trit ium atoms produced by the 6Li(n,a)T 
reaction have an initial energy of 2.7 MeV. After the 
consequences of collisional energy losses, they enter 
the reaction-energy range and react there. However, 
certain fractions of them continue to escape reactions 
and finally become thermalized T atoms. In the cooling 
processes down to thermalization, the T atoms must 
pass through the energy range of 2—3 eV, which is 
equal to the initial energies of the hydrogen atoms 
formed in the photolysis. The effects of scavengers, 
such as 0 2 and Br2, on the recoil T-atom reaction in 
CH4,6) C2H6,7) and z-C4H10

la) systems indicated that 
30—40% of the total recoil T atoms are thermalized in 
the gas phase. 

The question raised here is whether or not such T 
atoms can migrate through the solid alkane at 77 K, 
as the hydrogen atoms formed in the photolysis can. 
Here, in order to solve this problem, the reactions of T 
atoms were studied in neopentane-alkane mixtures. 
Although the preliminary experiments8) provided no 
evidence for the selective H abstraction reaction of 
recoil T atoms, the failure in the observation might have 
been because the sample temperature was raised during 
the neutron irradiations. In the present experiments, 
the sample temperature during the irradiation was 
checked through the ESR measurements of radicals 
formed concomitantly. The results obtained were 
analyzed by comparison with the characteristic features 
of the behavior of the H (or D) atoms formed in the 
photolysis and radiolysis. 

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

The LiF, used as the target for 6Li(n, <x)T, was purchased 
from the Johnson Mathey Chemicals. The mass-spectroscopic 
analysis showed that the 6Li/7Li ratio in the LiF is 0.04. The 
neopentane and propane were more than 99.9 mol % and 
99.7 mol % respectively in purity. At least 95% of the 
isobutane-2-e/j (i-G4H9D) was correctly labeled with the 
deuterium at the tetriary position. The 2-methyW3-propane-
l,l,l,3,3,3-c/6 (i-G4D9H), supplied by Merck Sharp and Dohm, 
Canada, Ltd., has a listed isotopic purity of 98 mol %. 

In order to make solid neopentane-alkane-LiF mixtures, 
the liquid mixtures were immersed rapidly in liquid nitrogen. 
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H atoms, produced by the radiolysis of neopentane, react 
effectively with the alkane solute to form alkyl radicals. The 
yields of the alkyl radicals increase with an increase in the 
concentration of the solute alkane.5C> Thus, most of the 
alkane solute may be dissolved uniformly in the neopentane 
matrix at 77 K. A part of the LiF may be dissolved in the 
neopentane matrix, while the rest is precipitated in the solvent. 
Thus, T atoms may be produced from the dissolved LiF as 
well as the precipitated LiF. 

The reagents were sealed into a quartz cell. The sealed 
cell was inserted into a polyethylene capsule packed with 
powered dry ice. Subsequently, the capsule was immersed in 
liquid N2 until it reached an equilibrium and was then im­
mediately irradiated in the pneumatic tube of the JRR-4 
reactor of the Japan Atomic Energy Research Institute. The 
neutron flux and the dose rate of y-rays from the reactor were 
3 X 1013 n cm-2 s-1 and 2 X 108 rad h"1 respectively.9) At the 
end of the irradiation, some capsules were immersed in liquid 
N2 to make them ready for the subsequent ESR measurements. 

The free radicals of the irradiated samples were measured at 
77 K with a JEOL-PE3X ESR spectrometer at a microwave 
power level of 0.2 mW, which did not result in a saturation 
of the signals of the alkyl radicals. The tritiated products were 
analyzed by means of radio-gas chromatography. A 5-m 
ferric oxide y-alumina column at 77 K was used for the sepa­
ration of HT and DT, and a 3-m Parapak Q, column at 380 K, 
for the organic products. The two columns were combined 
by means of a double-column technique,10) in which a whole 
sample can be injected at a time. 

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

ESR Spectra of Irradiated Sample. Figure la shows 
the ESR spectrum of a W * Ö - C 5 H 1 2 - Z - C 4 H 9 D ( 2 mol % ) -
LiF mixture irradiated at 77 K in the reactor. The 
spectrum of eight lines, indicated by arrows ( j ), is 
ascribed to the *-C4H9 radical.11) The spectrum of three 
broad lines, indicated by arrows (J>), is ascribed to the 

Fig. la. ESR spectrum of irradiated /^0-C5H12-*-C4H9D-
(2 mol %)-LiF mixture at 77 K with a reactor for 15 s 
at a dose of 0.8 Mrad. b. ESR spectrum of irradiated 
/i*o-C5H12-i-C4H9D(2 mol %) mixture at 77 K with 
}>-rays of Co-60 at a dose of 0.1 Mrad. 

/i^o-C5Hn radical.11) The unsymmetrical spectrum, 
indicated by arrows ( j ) , is due to a color center of 
irradiated quartz. Figure l b shows the ESR spectrum 
of a rcé?0-C5H12-z-C4H9D(2 mol %) mixture y-irradiated 
at 77 K with Co-60. T h e spectrum consists of spectra 
of /#0-C 5 H u and /-C4H9 radicals. The amount of the 
J-C4H9 radical is about 3 0 % of the total radical yield. 
Similarly, C3H7 or J-C4D9 radicals are remarkably 
produced in the y-radiolysis of neo-C5H12 containing 
C3H8(2 mol %) or z-C4D9H(2 mol %) at 77 K. 

A comparison of Fig. l a with Fig. l b makes it obvious 
that the neutron-irradiation of the ^o-C5H1 2-z-C4H9D-
(2 mol % ) - L i F mixture gives approximately the same 
ESR spectra of neo-C5Hll and /-G4H9 radicals as in the 
y-irradiation. This is reasonable since, during the 
neutron-irradiation in the reactor, the sample is also 
exposed to a high dose of y-rays. The chemical damage 
caused by the recoil T and 3 He atoms amounts to 
only 1—2% of that caused by y-rays. 

According to the previous studies,5) the J-C4H9 

radicals are produced by the selective hydrogen-atom-
abstraction reaction by H atoms produced from the 
radiolysis of neopentane (Reactions 1 and 2) : 

n*0-C5H12 > neo-CsHn + H (1) 

H + Î - G 4 H 9 D HD + *-C4H9. (2) 

10 20 30 
Irradiation time/ s 

Fig. 2 
C5H12-f-C4H9D(2 mol % 
against irradiation time. 

Yield of f-C4H9 radical in the irradiation of neo-
LiF mixture with a reactor 

Figure 2 shows the effect of the irradiation time in the 
reactor on the amount of the *-C4H9 radical produced 

the irradiated W * O - C 5 H 1 2 - Ï - C 4 H 9 D ( 2 mol % ) - L i F in 
mixture. The amount of the *-C4H9 radical increases 
almost linearly up to an irradiation time of 15 s, while 
the amount decreases drastically at 40 s. In the case 
of an irradiation time of 40 s, most of the *-C4H9 radicals 
may disappear as a result of the elevation of the tempera­
ture of the sample during the irradiation.12) Thus, a 
sample temperature of near 77 K is assured within the 
irradiation time of 15 s, during which time the selective 
hydrogen-atom-abstraction reaction by T atoms can 
proceed. Therefore, the irradiation of the samples in 
the reactor was restricted to within 15 s. 

Recoil T Atoms in Neopentane-Alkane Mixtures at 77 K. 
Table 1 shows the yields of tritiated products in the 
neopentane-alkane mixtures at 77 K. T h e D T / H T 
ratio in the n*o-C5HI2-*-C4H9D(2 mol %) system is only 
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TABLE 1. YIELDS OF TRITIATED PRODUCTS OF THE RECOIL TRITIUM REACTION IN NEOPENTANE AT 77 K 

Irradiation 
Sample10 time 

s 

n*o-C6H12-i-C4H9D(2) 40 
n*o-C5H12-t-C4H9D(2) 15 
^o-C6H12-f-C4H9D(2) 4 
neo-C5H12-*-C4D9H(2) 15 
r*0-C6H12-C3H8(2) 15 
n*o-C6H12-f-C4H10(2)-DI(0.5) 15 
/wo-C5H12 15 

HT 

42 
37 
37 
38 
40 
45 
36 

DT 

1 
2 
2 
I 

1 

Relative yield/% 

CH3T 

14 
16 
— 
15 
14 
14 
15 

R T b > 

2 
2 

— 
3 
2 
3 

pc) 

4 
4 

— 
4 
6 

— 
7 

neo-G6HnT 

37 
39 
— 
39 
38 
37 
42 

DT/HT 

0.020 
0.055 
0.056 
0.029 

0.022 

a) The unit of concentration in mol% is shown in parentheses. LiF (0.05 g/1 g of solvent) is added to all 
the samples. The yields at the irradiation time of 15 s are the mean values of three or four runs, and the 
errors are about 10%. b) RT represents a tritiated solute, such as i'-G4H9T, i-C4D9T, or C3H7T. c) P may 
be z-C4H7T. d) Since not all the tritiated products were analyzed in this sample, it is assumed that the yield 
of hydrogen (HT+DT) is equal to that of n*o-C6H12-i-C4H9D(2 mol%) at the irradiation time of 15 s. 

0.055 for the irradiation time of 15 s. 
Now, we will try to estimate the D T / H T ratio from 

the previously accepted mechanisms. Though the recoil 
T atoms have an initial energy of 2.7 MeV, a part of 
them may continue to lose energy through a series of 
collisional deactivations to the energy range of the 
H (or D) atoms produced by the photolysis. The 
scavenger study showed that about one-third of the 
total recoil T atoms are deactivated.13 '6 '7* If the 
deactivated T atoms (Tt)

13> behave in a manner similar 
to that of H (or D) atoms in the photolysis, they should 
migrate through the ngo-G5H12-z-C4H9D mixture and 
react selectively with the isobutane solute (Reaction 3) :6> 

CH3 CH3 

T t + CH3-C-CH3 > DT + CH3-C-CH3 (3) 
i 

D 

Furthermore, the possibility of the occurrence of 
Reactions 4 and 5 can be dismissed on the basis of the 
following results of H-atom reactions in the photolysis : 

ÇH3 
T t + GH3-C-GH3 

i 
D 

CH3 

HT + CH3-C-CH2 . 
i 

D 
(4) 

GH3T + QHeD. (5) 

When H atoms are produced by the photolysis of H I 
in the n^o-C5H12-î-C4H9D mixtures at 77 K, only £-C4H9 

radicals are produced by Reaction 3.5b> The isobutyl 
or propyl radicals, which should be formed in Reactions 
4 and 5, were not observed by ESR spectroscopy in the 
reaction of H atoms with i-C4H9D at 77 K. Thus, 
most of the T t atoms can be expected to react with 
i-CJl^D to form D T by means of Reaction 3. 

The amounts of hot T atoms with a high energy (Th) 
are about 60—70% of the total-recoil T-atom reactions 
in alkanes.la'6>7> These T atoms react with alkane by 
means of abstraction, replacement, and fragmentation 
reactions. Since the ratio of the D atom to the H atom 
in the neo-C5îi12-i-CJi9D(2 mol %) mixture is only 
0.002, the hot T h atoms in the abstraction reaction 
react virtually with the H atom to form H T by means 
of Reaction 6 : 

Th + neo-C5H12 

(z-C4H9D) 
HT + G5HU. 

(C4H8D) 
(6) 

Thus, the maximun yield of H T is less than 60—70% 
of the total tritiated products. T h e T t atoms, the 
amounts of which are about 40—30% of the total recoil 
T atoms, form D T by means of Reaction 3. 

Therefore, the ratio of D T to H T can be expected to 
be higher than 0.4: 

DT = 40 - 30% 
HT < 60 - 70% 

0.4. (7) 

T h e expected ratio (DT/HT) dose not coincide at all 
with the experimental value (0.055) in Table 1. The 
quite low value of the experimental D T yield indicates 
that most of the T t atoms neither diffuse into the 
neopentane matrix at 77 K nor abstract D atoms 
selectively from î-C4H9D. 

Hot-zone Model for Recoil- T-atom Reactions. If the 
thermalization process of recoil-T atoms in the solid 
phase is approximately the same as that in the gas phase, 
the question arises of why the thermalized recoil T t 

atoms do not diffuse into the neopentane matrix at 77 K. 
The hot-zone model, proposed previously by Seitz 
et a/.,14) Harbott le et Ö/.,16> and others,16) gives a hypo­
thetical explanation for this question. The ratios of 
the rate constants ( A ^ H Q D / A W O S H « ) for hydrogen-atom 

600 

fc o 
400 

Q 
CT> 

200 

100 200 
Temperature/ K 

Fig. 3. Temperature effect of rate constants(A80lute/£solvent) 
for hydrogen atom abstraction by hydrogen atom pro­
duced by the UV-photolysis of n<?o-C6H12-i-C4H9D(2 
mol %)-HI(0.5 mol %) [mixture. The values are 
estimated from the results of previous papers.6b>5d) 
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abstraction by H atoms in the photolysis of w^o-C6H12-
*-C4H9D-HI mixtures were determined previously,5b'5d> 
and they are summarized in Fig. 3. T h e ratio of the rate 
constants, which represents the selectivity of the abstrac­
tion reaction, decreases drastically with an increase in the 
temperature. The selective hydrogen-atom-abstraction 
reaction in a neopentane matrix is suppressed at tem­
peratures higher than 140 K, which is the transition 
point of solid neopentane. 

A recoil-T-atom produces a " t rack ," i.e. "continuous 
spurs," around its trajectory. If the temperature of the 
track is much higher than 77 K and the T atom reacts 
in its track, the T t a tom does not abstract a D atom 
selectively from solute *'-C4H9D, but it may react with 
solvent m?o-C5H12 and free radicals in the track. 

We can estimate the size of a hot zone from the 
negative temperature effect on the selective hydrogen-
atom-abstraction reaction. A cylindrical hot-zone model 
is used for a h igh-LET track produced by a recoil T 
atom. T h e excess temperature distribution (7*ex) in 
space (r) and time (t) is given for this geometry by : 

Tex = T0{l+4dtlr0*)-i e x p [_r7(ro
2+4<50], (8) 

where T0 is the initial temperature excess on the track 
axis and where r is the distance from it.17) T h e quanti ty 
r0 denotes the size parameter of the track cylinder, 
where 0.56 r0 corresponds to the mean radius of the 
track. If S denotes the energy loss per unit length, then 
T0 is given by the equation T0=Sj(npc r0

2) , where p 
and c are the density and the specific heat of the solid. 
Equation 8 is, in principle, the same as that proposed 
by Seitz et al.1** except that the size of the initial track 
is considered according to the method of Mozumder.17) 
The quanti ty d, called the thermal diffudivity, equals 
KJpc, where K denotes the heat conductivity. 

Recently the experimental and theoretical results on 
the stopping powers and path lengths of hydrogen and 
helium have been summarized by Ziegler.18) T h e path 
lengths of the D atom and the 4He atom with 1 keV 
through carbon are 160 Â and 100 Â respectively. I t 
is assumed here that the length of the T atom with 
1 keV through hydrocarbon is 130 À. Thus, the 
average stopping power (S) is 7.7 e V Â - 1 . T h e heat 
conductivity (*), the specific heat (c), and the density 
(p) of solid neopentane at 77 K are 1.4x 10~3 J s"1 cm" 1 

deg"1 , 19> O.SOJg-Meg- 1 , 2°) and 0.72 g c m ' 3 respec­
tively. According to the experimental and theoretical 
studies of radiation chemistry, the radii of the track 
produced by /S-rays are about 15 Â in water17) and 25 A 
in methanol21) respectively. Thus , two values of 20 
and 40 Â are tentatively taken here for the size param­
eters of the track (r0). Since the selective hydrogen-
atom-abstraction reaction in the m?o-C5H12-*'-C4H9D 
mixture is suppressed at 140 K (cf. Fig. 3), the lower 
limit of the temperature of the hot zone is assumed to be 
140 K. Then , Tex= 1 4 0 - 7 7 = 6 3 K. If the excess 
temperature ( Tex) at the boundary of the hot zone is 
63 K, the radius (r) of the hot zone can be calculated by 
Eq. 8 as a function of the duration time (/). 

Figure 4 shows the size of the hot zone. T h e maximum 
radius and the duration time of the hot zone are found 
to be «»60 Â and Ä ^ 1 0 - 1 0 S respectively, both of which 
values are roughly independent of the initial size 

°< r— """ / \ \ 

°> / \\ 

"o ' ;1 
SZ ; 

"5 '• 

| 2 o ; 
or I J I 

°,ö'3 IÖ'2 10" 1Ö'° 
Duration time / s 

Fig. 4. Time dependence of hot zone produced by recoil 
T atom in solid neopentane. 

, A size parameter (r0) of a track is 20 Â. 
, A size parameter (r0) of a track is 40 Â. 

parameter (r0) of the track. The radius increases with 
an increase in the duration time from 10~13 s to 3 X lO"11 

s, and then decreases drastically at 10~10 s. The increase 
in the radius is caused by the diffusion of the initial 
energy deposited by a recoil T atom. T h e subsequent 
drastic decrease in the radius is due to the cooling of 
the hot zone. Most of the recoil T atoms may react in 
this hot zone within «=d0~10 s, while only a few of them 
diffuse out of the zone. 

Amount of T Atoms Leaking out of the Hot Zone. 
Though most of the recoil T atoms react in the hot zone, 
some of them may diffuse out of the zone. Now, we will 
a t tempt to estimate the upper limit of T t atoms which 
may leak out of the zone. Table 1 shows the volatile 
tritiated products in the neopentane system. As no 
polymeric products are produced in a butane system,2) 
most of the activity in the neopentane system may also 
appear in a volatile form. Thus, the yields in Table 1 
represent roughly the overall reaction products. 

T h e most possible reaction of the T t atoms which 
diffuse out of the hot zone is a selective hydrogen-
atom-abstraction reaction with the alkane solute in the 
neopentane matrix at 77 K. For example, the T t atom 
reacts with *"-C4H9D in the n^o-C5H12-i-G4H9D(2 mol %) 
mixture to form D T (Reaction 3). The D T yield, 
however, amounts to only 2 % of the total tritiated 
products. 

There is a possibility that T t atoms may migrate 
through the matrix and recombine with trapped 
radicals produced by the radiolysis of the sample. In 
order to examine this possibility, the reaction of T 
atoms has been studied in the m?o-C5H12-C3H8(2 mol %) 
system. The ESR measurements of this mixture, after 
it has been y-irradiated at 77 K, verified the production 
of a large amount of G3H7 radicals. If the G3H7 radicals 
are also produced by reactor-irradiation, the T t atoms 
would recombine with the trapped C 3H 7 radicals. 

T t + C3H7 > C3H7T. (9) 

The yield of C 3 H 7 T is only 2 % of the total tritiated 
products {cf. Table 1). Since C 3 H 7 T may also be 
formed by the substitution reaction of hot T atoms with 
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G3H8, the amount of T atoms which recombine with 
the trapped C3H7 radicals is much less than 2 % . 

There is also the additional possibility that the T t 

atoms react with the trapped radicals by means of a 
disproportionation reaction. T h e disproportionation 
reaction between an H atom and a butyl radical occurs 
at such a low temperature as 90 K.22> T h e ESR measure­
ment of the y-irradiated m?0-C5H12-î-C4D9H(2 mol %) 
mixture shows the predominant formation of C 4D 9 

radicals. I t is expected that the G4D9 radicals are also 
produced by the reactor-irradiation. If the T t atoms 
migrate through the n<?0-C5H12-/-C4D9H mixtures at 
77 K and react with the trapped C4D9 radicals by 
means of the disproportionation reaction, D T should 
be formed by Reaction 10: 

T, + C4D9 • DT + G4D8. (10) 

Table 1 shows that the yield of D T is only 1% of the 
total tritiated products. 

The effect of a radical scavenger, such as DI , has also 
been studied in the « ^ O - C 5 H 1 2 - Î - C 4 H 1 0 - D I mixtures at 
77 K. It is expected that the T t atoms may react with 
DI , with the resultant formation of D T : 

T t + DI • D T + I. (11) 

Table 1 shows that the yield of D T is only 1 % of the 
total tritiated yield. This result also indicates that the 
amount of the diffusively mobile T atoms may be 
quite small. 
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Brillouin Scattering Study of Clathrate Hydrate Formation in 
Acetone-Water Solution 
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Light scattering spectra have been observed for binary solutions of acetone and water at 24, 34, and 
44 °G in the concentration range of 0<>AC<;0.25, where xAC is the mole fraction of acetone. The hypersonic 
velocities and the adiabatic compressibilities at 4.5 GHz were obtained from the observed values of Brillouin shifts. 
The observed concentration and temperature dependencies of the adiabatic compressibility were interpreted by 
assuming the existence of clathrate hydrate-like local structures in the solutions. The adiabatic compressibilities 
for binary solutions of *-butyl alcohol (TBA) and water were used as reference data. A comparison is made between 
the local structure formed in the ace tone-water solution and that in the TBA-water solution. 

Molecules such as tetrahydrofuran, /-butyl alcohol 
(TBA), and acetone are known to form solid clathrate 
hydrates.1»2) Recently, Iwasaki et al. have observed the 
concentration and temperature dependencies of the 
mean-square concentration fluctuations for the binary 
solutions of TBA-water by means of light scattering.3) 
In their study, the existence of local structures of the 
type (H 2 0) /TBA ( /^20) has been suggested. The 
results of the X-ray diffraction analyses for the structure 
of solid clathrate hydrate have contributed to the 
following picture for the mixing state of the TBA-water 
mixtures. In the concentration range of 0 < # T B A < 0 . 0 5 , 
a TBA molecule forms a polyhedron which is surrounded 
by water molecules; the polyhedra are dispersed in 
water (#TBA *S t n e rnole fraction of TBA). In the 
concentration range of 0 . 0 5 < * T B A < 0 . 15, aggregates of 
several polyhedra are dispersed in TBA. At #TBA~0.05, 
the number of molecules which take par t in the clathrate 
hydrate formation becomes a maximum. 

We believe that the above picture can be applied to 
the other aqueous solutions of non-electrolytes which 
are known to form solid clathrate hydrates. In the 
present study, the mixing state for the acetone-water 
system will be discussed through the observation of 
hypersonic velocity obtained from the Brillouin scatter­
ing measurements. Hypersonic velocity affords informa­
tion about the structuring of a solution. For the T B A -
water system, Stone et al. have shown that the hypersonic 
velocity takes a maximum value at #TBA—0.05.4) As 
the number of molecules which take par t in the clathrate 
hydrate formation becomes maximum at this concen­
tration for the TBA-water system, the characteristic 
concentration dependence of the hypersonic velocity 
seems to originate from the formation of the local 
structure of the type suggested by Iwasaki et al. An 
acetone molecule also forms a solid clathrate hydrate at 
about —35 °C.5) We will interpret the concentration 
dependence of the hypersonic velocity or the adiabatic 
compressibility of the acetone-water solution based on 
the assumption that clathrate hydrate-like local struc­
tures exist in the solution. The mean-square concentra­
tion fluctuations could not be obtained accurately for 
the present system because the Rayleigh intensity 
arising from the concentration fluctuation is not so 
strong as that arising from the entropy fluctuation. 

Exper imenta l 

The light scattering spectrometer used in the present study 
was designed and constructed in our laboratoly. Figure 1 
shows the schematic diagram of the spectrometer. The 
light source is a He-Ne laser (NEC GLG 5800) which produces 
50 mW power at 632.8 nm. The laser beam is irradiated on 
a sample cell made of quartz. The scattered light at 90° is 
directed into a piezoelectrically driven Fabry-Perot interferom­
eter (Burleigh RG 110). After being passed through the 
interferomer, the light is focussed by a telemeter lens into a 
pinhole. The central spot of the interferometer ring system 
is then detected by a photomultiplier (HTV R-649). The 
photomultiplier signal is amplified, discriminated, and then 
put into a multichannel analyzer (Gamberra Series 30) by 
which the spectra are averaged over many times. A stabiliza­
tion system (Burleigh DAS 10, RG 43) was used for the 
elimination of the axial drift of the interferometer cavity and 
for maintaining the parallelism of the étalon. The free 
spectral range was 0.625 cm"1 and the finesse was about 20. 

He-Ne LASER 
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SYSTEM 
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Fig. 1. Block diagram of the light scattering spectrom­
eter. 

Acetone was purchased from Wako Pure Chemical In­
dustries, Ltd., and used after distillations. Water was distilled 
after being passed through an ion exchange resin. The binary 
mixtures of acetone-water were made dust-free by the use of 
Millipore filter FG with a pore size of 0.2 (xm. The tempera­
ture of the sample was controlled by a high temperature cell. 
A temperature constancy of ±0.5 °G was obtained with the 
apparatus. The light scattering spectra were observed at 24, 
34, and 44 °G. The refractive index of the sample was 
measured by means of an Atago Abbe refractometer; the 
results are shown in Table 1. 

file:///PHRAGM
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TABLE 1. VALUES OF REFRACTIVE INDICES (n) AND 

DENSITIES (p) USED FOR THE CALCULATIONS 

Of U3 AND K3 

Ö 
0.0200 
0.0346 
0.0493 
0.0600 
0.0793 
0.0966 
0.1256 
0.1480 
0.2002 
0.2490 

24 °G 34 °G 44 °G 24 °G 34 °G 44 °G 

1.3326 
1.3368 
1.3400 
1.3427 
1.3450 
1.3476 
1.3497 
1.3530 
1.3555 
1.3584 
1.3612 

3314 
3355 
3362 
3407 
3430 
3452 
3478 

1.4505 
3522 
3551 

3299 
3338 
3365 
3388 
3407 
3432 
3448 
3475 
3495 
3518 

1.3573 1.3538 

0.9972 
0.9890 
0.9832 
0.9760 
0.9734 
0.9675 
0.9618 
0.9525 
0.9448 
0.9291 
0.9145 

0.9940 
0.9854 
0.9790 
0.9730 
0.9680 
0.9613 
0.9555 
0.9452 
0.9372 
0.9203 
0.9041 

0.9905 
0.9810 
0.9740 
0.9678 
0.9620 
0.9555 
0.9488 
0.9378 
0.9293 
0.9110 
0.8950 

a) Ref. 9. 

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

Hypersonic Velocity and Adiabatic Compressibility. 
The sound velocity, vs, and the adiabatic compressibility, 
Ksi at 4.56 GHz were obtained from the observed 
Brillouin shifts, Av} by the relations6) 

CÀQ 

and 

8 2n sin (0/2) 

^=Wp)~\ 
where c is the velocity of light, A0 the wavelength of the 
incident light in a vacuum, n the reftactive index of the 
sample, 0 the scattering angle, and p the density.9) In 
Figs. 2 and 3, the observed vs and KS are plotted against 
the mole fraction of acetone, #Ac5 for different tempera­
tures. It is seen from these figures that vs (or KS) takes 
a maximum (or minimum) value at xAC~0.1 for 24 °G 
and #AC—0.05 for 44 °G. These results suggest that 
some sort of long-range structures are formed in the 
binary solution of acetone-water, especially in the 
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Fig. 2. Concentration dependence of hypersonic velocity 
for acetone-water system at 24, 34, and 44 °G. 

0 0.1 0.2 0.3 
mole fractron of acetone 

Fig. 3. Concentration dependence of adiabatic com­
pressibility for acetone-water system at 24, 34, and 44 
°C. 

concentration range around # A c=0 .1 . 
Mixing State of Acetone-Water Solution. X-Ray 

diffraction analysis has shown that an acetone molecule 
forms a solid clathrate hydrate with several water 
molecules at about —35 °G.5) The chatacterstic 
concentration dependence of vs or A:S may arise from 
the clathrate hydrate-like local structure formation in 
the solution. If the composition of such a structure is 
of the type A ( H 2 0 ) / where A is acetone, * s is expected 
to take a minimum value at xAC=l/(l-{-l)i because the 
number of the molecules which do not take par t in the 
clathrate formation becomes minimum at ^ A C = l/(/-f-1). 
Figs. 2 and 3 show that the number ratio of water 
molecules to acetone molecules in the local structure 
(we will call this ratio R, from now on) is about 10 at 
24 °G and about 20 at 44 °G. 

It has been established that water molecules in a solid 
clathrate hydrate form polyhedra, each of which 
encages a guest molecule.1 '2) More than 24 water 
molecules are necessary to form a polyhedron which 
can encage a molecule as large as an acetone molecule. 
In the case of a solid hydrate, however, several polyhedra 
share one of their faces (we will call this "association of 
polyhedra") and, therefore, R can become less than 24. 
For example, R is 7% or 5% for "structure I " and 
17 for "Structure IL"1»2) As R obtained from the 
observed *s is 10 at 24 °G, it may be concluded that 
polyhedra associate to some extent in the solution at 
this temperature. 

If the concentration of acetone is very low, however, 
association of polyhedra cannot be expected. Therefore, 
R may be 24 or more. As the concentration increases, 
it is expected that the polyhedra begin to associate with 
each other near #Ac~0.04 because almost all the 
water molecules form polyhedra at this concentration. 
T h e slowing down of the gradient change of *s near 
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#A C~0.05 at 24 °G may reflect this situation. 
In the concentration range of 0 .05<# A c<0.1 , *s 

continues to decrease with the increase of #Ac- This fact 
suggests the growth of the local structures with the 
increase of the concentration. With the increase of xAC 

up to 0.1, the association degree of the polyhedra 
increases and, therefore, R decreases down to 10. Since 
an acetone molecule is known to form a solid clathrate 
hydrate of the Structure I I (R=\7), at least 17 water 
molecules are thought to be necessary to form a stable 
local structure of a clathrate hydrate type. Therefore, 
the local structure formed at xAc—0.1 (R=\0) may be 
more unstable than the local structure formed at xAC~ 
0.05 (R=20). In fact, A:S increases as the temperature 
increases near # A c~0 .1 , while * s is almost independent 
of the temperature near #Ac~0.05. 

In the concentration range of # A C > 0 . 1 , * s increases 
rapidly with the increase of the concentration. This 
suggests that the number of acetone molecules which 
are not encaged by water molecules increases with the 
increase of #AC. Thus, it can be imagined that the as­
sociated polyhedra begin to be separated by acetone 
molecules at # A C ~ 0 . 1 . 

Burton has measured the ultrasonic velocity at 1 M H z 
for the acetone-water solution at 27 °G and found that 
vs takes a maximum value at #AC~0.05.7> However, our 
results at 4.5 GHz show that vs takes a maximum 
value at #A C~0.1 at room temperature. This difference 
is considered to come from the fact tha t the life-time of 
the local structure, r , is dependent of concentration, 
r at #AC — 0.1 may be much shorter than the period of 

0.1 0.2 0.3 
mole fraction of TBA 

Fig. 4. Concentration dependence of adiabatic compres­
sibility for *-butyl alcohol (TBA)-water system at 17, 
27, and 45 °G calculated from the hypersonic velocity 
data of Stone et al.V 

the ultrasonic wave, but may be longer than that of 
the hypersonic one. O n the other hand, r at #Ac—0.05 
may be longer than the period of the ultrasonic wave. 

Comparison with TBA-Water System. Stone et al. 
have measured the hypersonic velocity for the TBA-
water system at 6 GHz . Figure 4 shows the adiabatic 
compressibility for the system calculated from their 
sound velocity data . I t is seen from the figure that A:S 

takes a minimum value at #TBA *S about 0.06 (at 17 °C), 
0.05 (at 27 °C), or 0.045 (at 45 °G). These data can be 
reduced to the R values of 16 (at 17 °C), 19 (at 27 °C), 
and 21 (at 45 °G). Iwasaki et al. have obtained the R 
values of 1 7 ± 2 at 17 °G and 21 ± 2 at 65 °C from the 
analyses of the concentration dependence of the concen­
tration fluctuation.3) The R value at 17 °C obtained 
from the adiabatic compressibility is in agreement with 
that obtained from concentration fluctuation at the same 
temperature. Moreover, those R values obtained from 
the measurements of the adiabatic compressibility and 
the concentration fluctuation have similar temperature 
dependences. These facts confirm the R values obtained 
for the acetone-water system in our present study. The 
R value for the acetone-water system at room tempera­
ture is smaller than that for the TBA-water system. 
This difference seems to come from the difference 
between acetone and TBA in the size of the hydrophobic 
group of the molecule. T h e number of molecules which 
can encage an acetone molecule may be smaller than 
that for a TBA molecule.8) 

Figures 3 and 4 also show that the minimum values of 
*s for the acetone system are larger than those for the 
TBA system. This difference may also originate from 
the difference in hydrophobicity between acetone and 
TBA. T h e more hydrophobic a solute molecule is, the 
more stabilization energy is required for dissolution. 
Thus , the hydrate-like structure for the TBA system 
becomes more stiff than that for the acetone system. 

The authors wish to express their sincere thanks to 
Mr . Nobuyuki I to for his helpful advice on the construc­
tion of the light scattering spectrometer. 
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Elementary Patterns in Protein-Nucleic Acid Interactions. II.t 
Crystal Structure of 3-(Adenin-9-yl)propionamide 

Midori TAKIMOTO,* Akio TAKEN AK A, and Yoshio SAS AD A 

Laboratory of Chemistry for Natural Products, Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama 227 
(Received November 8, 1980) 

In order to study adenine-amide interactions, 3-(adenin-9-yl)propionamide has been synthesized and its 
crystal structure examined. The crystals are monoclinic, the space group being P2i/a, with unit-cell dimensions 
of a=25.668 (1), 6=8.025 (1), c=4.684 (1) A, ß= 103.54 (1)°, and Z = 4 . The adenine bases are linked along 
the two-fold screw axis through the hydrogen bonds, N(6)H---N(1) and N(6)H---N(7). The amide group is 
hydrogen-bonded to N(3) of adjacent adenine moiety, the distance NH--N(3) being 3.055 Â. The model fitting 
by computer graphics indicates that this binding scheme could be an elementary interaction pattern between the 
amide group in protein and adenine in the minor groove of double helical DNA. 

Studies have been carried out on elementary patterns 
in protein-nucleic acid interactions using model crystals 
with the anticipation that their specificity might arise 
from the interaction between purine-pyrimidine bases 
and amino acid residues supported sterically and 
electronically by their three-dimensional structures. 
Several elementary patterns due to hydrogen bonds 
have been found in the following combinations : cytosine-
carboxyl,1-4) adenine-indole,5-6) and adenine-carboxyl 
group.7) 

Attempts were made to extend the study to the 
adenine-glutamine or asparagine system. These amino 
acids contain an amide group in the side chain and 
significance of their interaction with nucleic acid base 
was proposed.8»9) In order to examine the intermolecular 
hydrogen bonds between adenine and amide moieties, 
we have synthesized a new compound, 3-(adenin-9-yl)-
propionamide and examined its crystal structure. 

Exper imenta l and Structure 
D e t e r m i n a t i o n 

3-(Adenin-9-yl)propionic acid, synthesized from adenine 
and 0-propiolactone by the method of Kondo et al.,10) was 
converted into ester in CH3OH solution saturated with HCl 
and then into amide in NH3/CH3OH. The amide formation 
was confirmed by elemental analysis and IR spectrum (<5N_H 

1600 cm -1, amide group). By slow evaporation, prism 
crystals were obtained from water-methanol (1 : 1) solution 
at room temperature. Oscillation and Weissenberg photo­
graphs showed the space group to be WJa.. Density was 
measured by flotation in a mixture of cyclohexane and carbon 
tetrachloride. A crystal, 0 .3x0.5x0.1 mm in size, was 
mounted on a Rigaku automated four-circle diffractometer. 
Nickel-filtered CuÜToc radiation (A= 1.54178 A) was used. 
The accurate unit-cell dimensions were determined by least-
squares calculation with 20 values of 40 high-angle reflexions. 

TABLE 1. CRYSTAL DATA 

3- ( Adenin-9-yl) propionamide 
C ^ o N e O 
Space group : P2x/a 
a=25.668( l )A 
6=8.025(1) A 
c=4.684( l )A 
0=103.54(1)° 

£7=938.1(1) A3 

Z = 4 
Z>x=1.46 gem- 3 

Dm= 1.46 gem- 3 

Crystallographic data are summarized in Table 1. 
Intensity data were collected on the diffractometer by 

means of cu/20 scanning (8°<20<115°), the scan speed being 4° 
(in 20) min - 1 and scan width 0.9° (in co) plus ctj-cc2 divergence. 
Five reference reflexions monitored periodically showed no 
significant intensity deterioration. Corrections were made 
for Lorentz and polarization factors, but not for absorption 
effects. A total of 1280 independent reflexions were obtained, 
175 of which had no net intensities: the observational threshold 
value, Flim, was 1.69. The standard deviations were estimated 

TABLE 2. FRACTIONAL COORDINATES AND ISOTROPIC 

TEMPERATURE FACTORS 

The B values with < > are the equivalent isotropic 
temperature factors calculated from anisotropic ther­
mal parameters using the equation B=Qn2 £(£/].+ U2 

+ Uz)ß, where Uu U2, and Uz are the principal 
components of mean square displacement matrix U. 
Values in < > are anisotropicity defined by (£(#— 
ÜrPUtfßyi*. The e.s.d.'s in ( ) refer to last dec­
imal places. 

t Part I of this series is Ref. 5. 

Atom 

N(l) 
C(2) 
N(3) 
C(4) 
C(5) 
C(6) 
N(6) 
N(7) 
C(8) 
N(9) 
C(l l ) 
C(12) 
C(13) 
N(13) 
0(13) 
H(2) 
H (6 A) 
H(6B) 
H(8) 
H(I1A) 
H(11B) 
H(12A) 
H(12B) 
H(13A) 
H(13B) 

X 

0.28388(9) 
0.3200(1) 
0.35669(9) 
0.3535(1) 
0.3181(1) 
0.2819(1) 
0.2453(1) 
0.32743(9) 
0.3675(1) 
0.38475(9) 
0.4332(1) 
0.4794(1) 
0.5297(1) 
0.5689(1) 
0.53325(8) 
0.319(1) 
0.224(1) 
0.244(1) 
0.384(1) -
0.424(1) 
0.437(1) 
0.489(1) 
0.470(1) 
0.597(1) 
0.565(1) 

y 

0.5192(3) 
0.5599(4) 
0.4652(3) 
0.3075(3) 
0.2456(3) 
0.3597(3) 
0.3221(3) 
0.0772(2) 
0.0420(4) 
0.1751(3) 
0.1864(4) 
0.2404(6) 
0.2860(4) 
0.3501(4) 
0.2627(3) 
0.681(3) 
0.403(4) 
0.223(3) 

-0.062(3) 
0.269(3) 
0.071(4) 
0.150(4) 
0.338(4) 
0.397(3) 
0.365(4) 

z 
0.7473(5) 
0.5953(7) 
0.5157(5) 
0.6099(6) 
0.7663(6) 
0.8375(6) 
0.9881(6) 
0.8253(5) 
0.7041(7) 
0.5681(5) 
0.4528(7) 
0.6945(7) 
0.5952(6) 
0.7988(6) 
0.3422(4) 
0.533(5) 
1.023(7) 
1.068(6) 
0.704(5) 
0.283(5) 
0.372(6) 
0.840(8) 
0.801(7) 
0.751(6) 
0.987(6) 

5/A2 

3.3<9> 
3.7<8> 
3.3<8> 
2.9<6> 
2.8<5> 
2.9<6> 
3.6<18> 
3.3<13> 
3.7<11> 
3.2<9> 
3.5<13> 
4.5<26> 
3.6<11> 
4.4<23> 
5.9<42> 
1.0(6) 
3.1(9) 
1.6(8) 
0.8(6) 
1.0(6) 
2.9(8) 
5.8(2) 
4.9(1) 
2.1(8) 
3.3(9) 
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by the equation <r2(F0)=<rj?(F0) + qF0
2, where <rp(F0) was 

evaluated by counting statistics and q (6.8 X 10-6) was derived 
from the variations of the monitored reflexions.11) 

The structure was solved by the symbolic addition pro­
cedure, the parameters being refined by the block-diagonal 
leasts-quares method. The quantity minimized was S^G^ol~~ 
|F0 |)2, where w=\j{o2(F0)). All the hydrogen atoms, found 
on a difference map, were included. The zero-reflexions, 
for which \Fe\^>Flim, were included in the least-squares 
calculation by assuming F0=Fllm and w=w(Flim), The 
final R value was 0.049 for 1170 reflexions with F0>3a(F0); 
the maximum shift of parameters in the last cycle was 0.02tf 
for C, N, and O, and 0.1 a for H. Atomic scattering factors 
were taken from "International Tables for X-Ray Crystal­
lography".12) Atomic parameters are given in Table 2, and 
the observed and calculated structure factors in Table 3.13) 

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

Molecular Structure. Bond distances and angles 
are shown in Fig. 1. Bond angles involving hydrogen 
atoms are given in Table 4, and the least-squares 
planes of adenine and amide moieties in Table 5. 
Figure 2 shows a stereoscopic view of the 3-(adenin-9-yl)-
propionamide molecule. T h e bond lengths and angles 
of the adenine ring are in good agreement with those 
found in 9-methyladenine14) and other related com­
pounds.35) T h e adenine moiety is planar with maximum 
shift of 0.009 Â for C(5) and C(8) from the least-squares 
plane. 

The dimensions of the amide group is similar to those 
in L-asparagine monohydrate (neutron study),16) and 
L-glutamine (neutron study).17) Small differences might 
be related to the strengths of the hydrogen bondings. 
A comparison of the dimensions of amide group is given 
in Table 6. 

H(6A) 

TABLE 4. BOND ANGLES (0) INVOLVING HYDROGEN 

ATOMS OF 3-(ADENIN-9-YL) PROPIONAMIDE 

H(2) 

JHU3Q 

Fig. 1. Atomic numbering of 3-(adenin-9-yl) propion­
amide with bond lengths (//A) and angles (0/°). 
E.s.d.'s are 0.006 A and 0.3° for C, N, and O atoms, 
and 0.04 A for H atoms. Bond angles involving H 
atoms are given in Table 4. 

N(l)-C(2)-H(2) 
N(3)-C(2)-H(2) 
C(6)-N(6)-H(6A) 
C(6)-N(6)-H(6B) 
H(6A)-N(6)-H(6B) 
N(7)-C(8)-H(8) 
N(9)-C(8)-H(8) 
N(9)-C(11)-H(11B) 
N(9)-C(11)-H(11A) 
N(11A)-C(11)-H(11B) 
C(12)-C(11)-H(11B) 
C(12)-C(11)-H(11A) 
C(11)-C(12)-H(12A) 
C(11)-C(12)-H(12B) 
C(13)-C(12)-H(12A) 
C(13)-C(12)-H(12B) 
H(12A)-C(12)-H(12B) 
C(13)-N(13)-H(13A) 
C(13)-N(13)-H(13B) 
H(13A)-N(13)-H(13B) 

115(2) 
116(2) 
118(2) 
122(2) 
120(3) 
127(2) 
120(2) 
105(2) 
106(2) 
109(2) 
114(2) 
113(2) 
109(2) 
112(2) 
107(2) 
107(2) 
107(3) 
121(2) 
121(2) 
117(3) 

TAKLE 5. LEAST-SQUARES PLANES AND DEVIATIONS 

OF ATOMS FROM THE PLANES 

X, 7, and Z are in A along a*, 6, and c, respectively. 
Plane 1 (ethyl chain) 

0.264(l)AT-0.9538(9)7+0.143(5)Z= 1.31(2) 
Plane 2 (adenine plane) 

0.6557(5)AT+0.2236(7)7+0.7212(5)Z= 10.243(2) 
Plane 3 (amide group) 

0.365(2)^-0.9164(8) 7+0.165(2)Z=2.65(3) 

Deviations (//A) 
Plane 1 

N(9)* - 0 . 0 6 0 
C( l l )* 0.053 
C(12)* 0.067 
C(13)* - 0 . 0 6 0 
N(13) - 0 . 1 9 0 
0(13) - 0 . 0 3 1 

Plane 2 
N(l )* 
C(2)* 
N(3)* 
C(4)* 
C(5)* 
C(6)* 
N(7)* 
C(8)* 
N(9)* 
N(6) 
C(l l ) 

0.005 
- 0 . 0 0 1 

0.002 
- 0 . 0 0 2 
- 0 . 0 0 9 
- 0 . 0 
- 0 . 0 0 1 
- 0 . 0 0 9 
- 0 . 0 0 1 

0.001 
0.209 

Plane 3 
C(12)* 
C(13)* -
N(13)* 
0(13)* 
C(l l ) -

0.001 
-0.003 

0.001 
0.001 

-0.163 

* Atoms included in the calculations of the least-
squares plane. 

T h e ethyl chain linking the adenine ring with the 
amide group is nearly planar within 0.067 Â. The 
torsion angles of N ( 9 ) - C ( l l ) - C ( 1 2 ) - C ( 1 3 ) and C ( l l ) -
C(12)-C(13)-N(13) are -170 .0 (3 ) ° and 173.3(3)°, 
respectively. 

Crystal Structure. T h e crystal structure viewed 
down the c axis is shown in Fig. 3. Hydrogen bond 
lengths and angles are given in Table 7. Adenine 
moieties are arranged so as to form ribbons along the 
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Fig. 2. Stereoview of 3-(adenin-9-yl)propionamide with 50% probability ellipsoids for the non-hydrogen atoms. 

TABLE 6. DIMENSIONS OF THE AMIDE GROUPS (//A) 

3-(Adenin-9-yl) L-Asparagine»> L . G l u t a m i n e x 7 ) 
propionamide monohydrate 

G=0 
C-N 
c-c 

1.224(4) 
1.319(4) 
1.516(6) 

1.251(8) 
1.352(6) 
1.513(7) 

1.228(3) 
1.332(2) 
1.509(2) 

two-fold screw axis through the hydrogen bonds, N(6)H--
N ( l ) and N(6)H---N(7). T h e arrangement is the same 
as that found in 3-(adenin-9-yl) propionic acid7) and 
5 '-O-acetyladenosine. 18> 

The amino group in amide is hydrogen-bonded to 
N(3) of the adenine moiety in the molecule related by 

inversion. T h e same kind of hydrogen bonding is 
found in 3-(adenin-9-yl)tryptamide crystal, in which 
the secondary amide of the peptide bond is a donor of 
hydrogen bond to N(3) of adenine moiety. 

In the present crystal, the N(13)H---N(3) hydrogen 
bond links adenine ribbons in an anti-parallel mode to 
each other to form a sheet. T h e molecular sheet resem­
bles that found in the 3-(adenin-9-yl) propionic acid 
crystal, though in the latter the linkage is the O-H— 
N(3) hydrogen bond, the adenine ribbons being parallel 
to each other. 

T h e remaining hydrogen atom of the amide group 
participates in the hydrogen bond N(13)H---0(13) 
between the amide groups to link the molecular sheets 
(Fig. 4) . 

TABLE 7. HYDROGEN BOND DISTANCES AND ANGLES OF 3-(ADENIN-9-YL) PROPIONAMIDE 

Standard deviations are given in parentheses. 

C(6)-N(l) d-H(6B) 125.4(9) 
C(2)-N(l ) d -N(6) 107.7(2) 
C(2)-N(l) d-H(6B) 112.5(9) 
N(13)-H(13A)..-N(3)b 158(3) 
N(13)--N(3)-C(4)b 134.9(2) 
H(13A)-N(3)-C(4)b 137.5(8) 
N(13)-..N(3)-C(2)b 115.0(2) 
H(13A)-N(3)-G(2)b 112.4(8) 
N ( 3 ) b - N ( 1 3 ) - 0 ( 1 3 ) a 151.3(1) 
0(13)4...N(13)-C(13) 101.0(2) 
G(13)-N(13)-.-N(3)b 107.4(2) 
C(13)-0(13)»...N(13) 153.8(2) 
N(13)-H(13B)...0(13)a 146(3) 
H(13B)...0(13)-C(13)a 143.9(1) 

Symmetry codes 
(a) X)y, l + z 
(b) 1-x, l-y, \-z 
(c) 1 / 2 - ^ , 1 / 2 + ^ , 2 - ^ 
(d) 1 / 2 - * , - 1 / 2 + ^ , 2 - * 

Distances 
N(6)..-N(7)c 

H(6A)-N(7)C 

N ( 6 ) - N ( l ) d 

H(6B) -N( l ) d 

N(13)-N(3) b 

H(13A)-N(3) b 

N(13)..-0(13)* 
H(13B)-0(13) a 

Angles 
N(6)-H(6A)..-N(7) 
N(6)-N(7)-C(8) c 

H(6A)..-N(7)-C(8)* 
N(6).-N(7)-C(5)c 

H(6A)-..N(7)-C(5)C 

C(6)-N(6)-.N(7)C 

N(7)c-..N(6)...N(l)d 

N(l) d -N(6)-G(6) 
N(6)-H(6B)-N(l ) d 

C(6)-N(l) d -N(6) 

Ilk 
3.033(4) 
2.15(3) 
2.905(4) 
2.06(3) 
3.055(4) 
2.21(3) 
2.983(4) 
2.18(3) 

W 
170(3) 
125.1(2) 
127.1(9) 
128.7(2) 
127.5(9) 
123.8(2) 
101.8(1) 
134.3(2) 
161(3) 
128.8(2) 
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Fig. 3. Crystal structure of 3-(adenin-9-yl)propionamide projected along the c axis. 

Fig. 4. Crystal structure of 3-(adenin-9-yl)propionamide projected along the b axis. 

v-C v-C 

Fig. 5. Fitting model between amide group of the side chain of protein and adenine moiety paired with thy­
mine residue in the minor groove of double helical DNA. (Conformation A) 

Elementary Pattern of Interaction between Adenine and Amide 
Group. In order to see if the binding mode between 
adenine N(3) and amide group N(13) is an elementary 
pattern of protein-nucleic acid interactions, we have 
tried to fit the binding geometry into a minor groove 
of the double helical DNA by an interactive computer 
graphics ; atomic coordinates of DNA were taken from 
the work of Arnott and Hukins.19) 

In DNA (A form), the amide side chain of amino 
acid fitting into adenine N(3) with the observed binding 
geometry (Table 8)3> is free from any steric hindrance 
as shown in Fig. 5. However, the groove is not very 

large and the rotation of the amide group about the 
N(13)H—N(3) hydrogen bond (60°) gives rise to a 
close contact between 0 ( 1 3 ) and the ribose ring of the 
neighbouring nucleotide. 

On the other hand, in DNA (B form) with a much 
narrower minor groove the amide side chain fitting 
into adenine N(3) gives rise to an abnormal contact 
between N(13) and oxygen atom of the ribose ring of 
the neighbouring nucleotide. Even after considerable 
adjustments of torsional angles and bond angles a close 
contact of 2.5 Â still remains. Conformational change 
of DNA should be introduced. 
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TABLE 8. BINDING PARAMETERS BETWEEN ADENINE 

AND AMIDE GROUP IN F ig . 5 

Interaction bond distance 

IJk 
Bond angle 

eJW/° 
0|c,m/° 

Torsion angle&) 

0ijki/° 

<f>mJ° 
0klmn/° 

3.055 

115 
107 

176 
275 
203 

Atoms in adenine Atoms in amide group 

i N(l) 1 N(13) 
j C(2) m C(13) 
k N(3) n C(12) 

a) Values for the molecules related by inversion. 

Figures 1, 3, 4, and 5 were drawn by T S D : X T A L 
and T S D : MODL,2 0) computer-graphics interactive 
modelling programmes for N O V A 3 computer. The 
present work was supported in part by a Grant-in-Aid 
for Scientific Research from the Ministry of Education, 
Science and Culture. 
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The solid-state photogalvanic cells involving photochemically deposited metals as active materials are presented. 
As these cells have many excellent features as compared with usual photogalvanic cells in which both the cathodic 
and anodic materials are dissolved in solution, they will promise a novel storage system for the conversion of solar 
energy to electrical energy. A typical two-compartment cell: Ti0 2 , aqueous Ce(S04)2-Ce2(S04)3 | |aqueous 
AgN03 , Pt could be charged by the irradiation of 300—400 nm light on T i0 2 . The deposited silver on a platinum 
black storage electrode has almost the same electrochemical properties as the silver metal electrode and is capable 
of recharging after a nearly complete discharge. 

Although good efficiencies in solar energy conversion 
have been achieved with solid-state devices, especially 
with a pn-}unction solar cell, energy conversion of light 
in electrochemical cells based on the photovoltaic effect 
at the semiconductor-liquid interface has still attracted 
considerable attention.1-2) Fujishima and Honda have 
shown that water photolysis occurs in a photoelectro-
chemical cell using T i 0 2 as a photosensitive electrode, 
together with taking out the electrical energy through 
an external load (photoelectrolysis cell).3) When a 
suitable redox couple is dissolved in the electrolyte 
solution, the chemistry occurring in the cell having a 
n-type semiconductor electrode can be represented by 
the two half-cell reactions: oxidation of the reduced 
form at the photoelectrode and reduction of the oxidized 
form at the dark electrode, respectively. Light energy 
is thus converted to electrical energy with no net 
chemical changes in the whole cell (photovoltaic cell).4) 
Since Becquerel first discovered the photogalvanic 
effect,5) a number of papers on the subject appeared 
in the scientific literature.6 - 8) However, the energy 
conversion efficiency in the conventional photogalvanic 
cells which make use of the photochemically generated 
species in an electrolyte solution as active materials is 
not so high due mostly to wasteful recombination 
reactions. T h e photoelectrolysis cell of Fujishima and 
Honda can produce hydrogen and oxygen from water, 
which are both useful active materials of the fuel cell. 
O n the practical aspect, it seems to be most convenient 
to store the light energy as solid-state active materials 
at the electrode surface. We want to call such cells as 
solid-state photogalvanic cell in a sense that light energy 
is stored in solid state and in situ before taking out 
electrical energy at any time. We expect that these 
cells will show more excellent properties of the conver­
sion and storage of light energy than the conventional 
photogalvanic cells because of their relatively compact 
size and ease to prevent wasteful reactions of active 
materials. There have been only few reports on such 
cells until now. Zaromb et al. proposed the cyclic 
photogalvanic silver halide cells: Pt, Ag-AgX, aqueous 
FeX 3 -FeX 2 , Pt ( X = G 1 , Br).9) Recently, Hodes et al. 
have investigated the photoelectrochemical storage cell : 
CdSe; S/S2- couple, Ag2S-Ag.10> 

We have investigated the photoreduction of Ag+ at 
the surface of either Z n O or T i 0 2 by means of 365 n m 
light which belongs to the fundamental absorption 
band of them and observed that the quan tum yield 

of the reaction is about 10"1 and that general feature 
of the reaction is elucidable by a local cell model.11) 
While Z n O suffers irreversible decomposition by positive 
holes in the course of the reaction, T i O a is fairly stable 
and decomposes water into oxygen. Therefore, the 
photochemical reaction at T i 0 2 surface may be regarded 
as conversion of light energy to the chemical energies 
represented by Ag+/Ag couple (0.80 V vs. NHE) and 
0 2 , H + / H 2 0 couple (1.23 V at p H = l ) . If we construct 
a photocell so as to separate the photochemical reaction 
at T i 0 2 surface; an anodic reaction at T i 0 2 photo-
electrode ( 0 2 evolution) and a cathodic reaction (Ag 
deposition) at a storage electrode, we can indeed store 
the light energy in situ as active materials of the galvanic 
cell ready to convert to electrical energy any time. 
Cyclic discharge and photoelectrochemical recharging 
of the cell are easily accessible by switching the T i 0 2 

electrode to an inert counter electrode and vice versa. 
One of the merits of this cell is a decreased internal 
resistance as the electrodes are not made of non-metallic 
materials such as AgX and Ag2S which were used by 
Zaromb et al. and Hodes et al., respectively. If we make 
use of anion specific membrane to separate the solutions 
of two half cells, we can employ various combinations 
of cathodic and anodic materials. The present study 
is aimed at a preliminary examination of the possibility 
of various solid-state photogalvanic cells by using T i 0 2 

as a photoelectrode. 

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

T i 0 2 film electrode was prepared by heating a plate of tita­
nium in a fire of town gas at about 1600 K for 300 s according 
to Fujishima et a/.12) Titanium oxide of ca. 2 fxm in thickness 
and more than 10 cm2 area could be easily formed on titanium 
metal. Photoelectrochemical behavior of the oxide film 
electrode was somewhat inferior to T i 0 2 single crystal elec­
trode. The maximum photocurrent of the former electrode 
in UV-region was less than the latter one. An experimental 
cell is schematically indicated in Fig. 1. A storage electrode 
(A) and a counter electrode(C) are both made of platinum 
black disc. Anion specific membrane ACH-45T (Tokuyama 
Soda Co. Ltd.) separated the solutions of two half cells. A 
T i 0 2 electrode (P) was connected with A-electrode directly or 
through an external load under photoelectrochemical charging, 
and then exchanged to C-electrode on discharge by two 
switch terminals. The electrolyte solution in the compart­
ment of P- and G-electrodes consisted of aqueous solutions of 
K N 0 3 plus HNO3, Ce4+/Ge3+ couple, or Fe3+/Fe2+ couple. 
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Fig. 1. Schematic representation of the solid-state photo-
galvanic cell with three electrodes. 
P: T i 0 2 electrode, A: Pt-Pt electrode (5.5 cm2), 
C: Pt-Pt electrode (1.0 cm2), M: Anion specific 
membrane, L: External load composed of variable 
resistance box, SW1, SW2: switches. 

That in the A-electrode compartment ordinarily comprised 
K N 0 3 plus either Ag+ or Cu2+. When we examined an 
applicability of AgCl/Ag, Cl~ couples as a storage electrode, 
AgCl electrode of ca. 0.1 cm2 area was prepared according 
to Zaromb et a/.9) All potentials given in this paper are 
measured versus a normal hydrogen electrode (NHE). 

As the light source, a high pressure 500-W mercury lamp 
(Ushio Denki Co. Ltd.) was used in combination with an 
interference filter UV-D2 (Toshiba Co. Ltd.) and water 
filter to select 300—400 nm light. The number of photons 
incident on the cell was 1.9 X 10" cm"2 s - 1 according to the 
trioxalatoferrate(III) actinometry.13> Photoelectrochemical 
charging was achieved by irradiating on about 3 cm2 area of 
T i 0 2 electrode through the electrolyte solution. The photocur-
rent was measured by the voltage across a resistance box, 
which was recorded on an electrometer TR-84M (Takeda 
Riken Co. Ltd.) or a recorder EPR-100A (Toa Electronics 
Co. Ltd.). The current-voltage characteristics of the cells 
before and after charging were determined in a similar manner 
at 298 K in the darkness. The amounts of electricity passed 
through the circuit on the photoelectrochemical charging and 
discharge were obtained by the integration of the current 
monitored continuously as the voltage across a constant 
resistance. The amount of silver atoms deposited on a storage 
electrode was determined with an aid of a Jarrel-Ash AA-780 
atomic absorption spectrophotometer. The optical density 
measurement of the solutions containing Ce^/Ce3"1" couple has 
been carried out by using a MPS-5000 spectrophotometer 
(Shimadzu Seisakusho Co. Ltd.). All solutions were prepared 
from reagent grade chemicals purchased from Nakarai Chemi­
cals Co. Ltd. 

R e s u l t s 

Possibility of Solid-state Photogalvanic Cell. We have 
searched for a possibility of several combination of 
active materials which can be charged photoelectro-
chemically. With a reference of our former study on 
the photoreduction of Ag + at the semiconductor 
surface,11) we at first examined the solid-state photo­
galvanic cell involving oxygen and silver as active 
materials: T i 0 2 , H N 0 3 | |Ag+, Pt (cell I ) . T h e electrolyte 
solutions comprised 1 M H N 0 3 plus 1 M K N 0 3 for a 
compartment of T i O a electrode and 1 M A g N O s plus 
1 M K N 0 3 for a compartment of the storage electrode, 
respectively. Figure 2 shows the curve of photocurrent 
against photovoltage in light. Photocurrent flowed 
from a storage electrode to T i O a electrode. The net 
electrochemical reactions will be as follows: 

Vph/V 

Fig. 2. Curve of photocurrent, ipb, against photovoltage, 
Vph, for the TiOa photocell: T i0 2 , HN03 | |Ag+, 
Pt. 

T i 0 2 + Av • e- + p + (1) 

Ag+ + e - — Ag (2) 

2H 2 0 + 4p+ • 4H+ + 0 2 , (3) 

where e~ and p+ denote an electron and positive hole, 
respectively. T h e photocurrent under a short-circuit 
condition was ca. 1 m A, which corresponds to an 
apparent quan tum efficiency of about 1 % (The number 
of electrons passed per s divided by the number of 
incident photons for 300—400 nm region per s). T h e 
open-circuit photovoltage was about 0.28 V. After 
illuminating the cell for 7200 s (the electricity flowed 
was 7.2 C), the discharge current from the counter 
electrode to the storage electrode was measured. The 
current-voltage curve of this cell was compared with 
that of a reference cell having a silver metal electrode 
of nearly equal surface area (Fig. 3). Except for some-

Output voltage/V 
Fig. 3. The current-voltage characteristics for cells; Pt, 

HN03 | |Ag+, Pt, O - O , and Pt, HN03 | |Ag+, Ag, 
O ' - ' O - A: After charging, B: after nearly complete 
discharge. 

what smaller short-circuit current, the current-voltage 
characteristics of the photogalvanic cell is not so inferior 
to the reference cell. Furthermore, we could hardly 
take out electrical energy from the cell either before 
the charging or after a nearly complete discharge. 
Therefore, we confirmed that this cell can be photo-
electrochemically charged and that the contribution of 
a different hydrogen ion concentrations in the two cell 
compartments will be negligible. 

I n order to employ an active material more positive 
than 0 2 , H + / H 2 0 couple, we next examined a photo-
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galvanic cell: T i O a , Ce4+/Ce3+ couple ||Ag+, Pt (cell I I ) . 
T h e electrolyte solutions comprised 5 x l O - 2 M Ce2-
(S0 4 ) 3 , 0.1 M C e ( S 0 4 ) 2 plus 1 M H N 0 3 for a compart­
ment 'of P-electrode and 0.1 M A g N 0 3 plus 1 M K N 0 3 

for A-electrode, respectively. The current flowed from 
a storage electrode to T i O a on irradiation. Silver a tom 
was deposited at plat inum black according to Eq. 2. 
Positive hole at the T i 0 2 can oxidize Ce3 + according to 
Frank and Bard.14) After il luminating the cell for 3600 s 

Ce3+ + p+ • Ce 4 + (4) 

(2.6 C), the current-voltage curve of the cell was 
measured and compared with that of a reference cell 
having the same silver electrode as mentioned before 
(Fig. 4). Two cells show almost the same features. T h e 
open-circuit voltage nearly coincides with a difference 
of the standard electrode potentials of Ag+/Ag and 
Ce4+/Ce3+ (1.61 V) couples. 

Q2 0.4 
Output voltage / V 

Fig. 4. The current-voltage characteristics for cells; Pt, 
Ce4+/Ce3+ couple||Ag+, Pt, O—0> and Pt, Ce4+/ 
Ce3+ couple||Ag+, Ag, O ' O -
A: After charging, B: after nearly complete discharge, 
C: after recharging. 

With an aim to employ an active material more 
negative than Ag+/Ag couple, we constructed a cell: 
T iO a , Fe3+/Fe2+ couple | |Cu2+, Pt (cell I I I ) . Electrolyte 
solutions comprised 1 . 0 x l O _ 2 M F e S 0 4 plus 1.09 M 
K N 0 3 for P-electrode and 2 . 5 x l 0 ~ 2 M C u S 0 4 plus 
1.1 M K N 0 3 for A-electrode, respectively. This cell 
was capable of photoelectrochemical charging in 
agreement with an induction from the former work of 
Wrighton et al.15) We charged the cell for 6600 s (2.3 G) 

Cu2+ + 2e" • Cu (5) 

Fe2+ + p+ • F e 3 + (6) 

and then measured the current-voltage curve. Figure 5 
gives a comparison of a deposited copper electrode with 
copper metal electrode of 2.2 cm2 area. T h e current-
voltage curves of the two cells resembled each other but 
the open-circuit voltage of them was somewhat smaller 
than the difference of the standard electrode potentials 
of Cu2+/Gu (0.34 V) and Fe3+/Fe2+ (0.77 V) couples. 

We finally intended to employ a AgCl/Ag,Cl~ couple 
(0.22 V) and constructed a cell: T i O a , Fe3+/Fe2+ couple 
11KCl, AgCl,Pt (cell IV) with a reference of the former 
study of Zaromb et al.9) The electrolyte solutions 
contained 1 . 0 x l O - 2 M FeCl2 plus 0.2 M KCl for P-
electrode and only 0.2 M K C l for A-electrode, respec-
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Fig. 5. The current-vol tage characteristics for cells; Pt, 
Fe3+/Fe2+ couple ||Cu2+, Pt, O—<0> and Pt, Fe3+/Fe2+ 
couple||Cu2+, Cu, O ' O -
A: After charging, B: after nearly complete discharge. 

01 Q2 
Output voltage / V 

Fig. 6. The current-vol tage characteristics for cells; Pt, 
Fe3+/Fe2+ couple || KCl, AgCl, Pt, O — O , and Pt, Fe3+/ 
Fe2+ couple||KCl, Ag/AgCl, O ' O 
A : After charging, B : after nearly complete discharge. 

tively. Irradiation of T i O a extended the photocurrent to 
induce cathodic decomposition of AgCl: 

AgCl + e- • Ag + CI" (7) 

accompanied with reaction (6). After illumination for 
4200 s (0.21 C), we measured the current-voltage 
characteristics. Figure 6 gives a comparison of the 
Ag/AgCl electrode established in this manner with a 
commercial Ag/AgCl reference electrode HS-305D (Toa 
Electronics Co. Ltd.) . The current-voltage curve of the 
former cell seems to be superior to the latter, although 
a direct comparison of the discharge current may be 
difficult because of a different surface area of them. 

Energy Storage in the Cell II Using Ce4+ICe*+ Redox Couple. 
In order to obtain a most convincing proof of the true 
photoelectrochemical charging with a typical photo-
galvanic cell, we illuminated the cell I I for varying 
irradiation time over a 110 12 resistance. T h e electrolyte 
solution of the compartment of A-electrode was the 
same as in Fig. 4 throughout this item. T h a t of a T i 0 2 

compartment contained 5 x l O _ 3 M Ce 2 (S0 4 ) 3 , 0.6 M 
H N 0 3 plus 0.5 M K N 0 3 . The magnitude of silver 
atom deposited at the A-electrode was compared with 
the net charge stored which was determined by integrat­
ing the total photocurrent on irradiation (Fig. 7). A 
linear plot obtained is in agreement with the charging 
reaction of Eq. 2. It is observed that the greater part 
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"5 1& 
Charge stored / C 

Fig. 7. Relation between the net charge stored in and 
the quantity of silver deposited on a Pt-Pt electrode for 
a cell: Pt, Ce4+/Ce3+ couple||Ag+, Pt. 

of the photocurrent was consumed for the silver reduc­
tion at the A-electrode, because a slope of the straight 
line in this Figure is 0.94. T h e apparent quan tum 
efficiency of silver deposition was about 1%. T h e 
power efficiency of this cell for 300—400 nm light was 
roughly estimated from the product of the apparent 
quantum efficiency of charging current and the ratio 
of energy level difference of Ag+/Ag and Ce4+/Ce3+ 
couples (0.81 eV) to the band-gap energy of T i O a 

(3.05 eV). It was about 0 . 3 % . We next tried to detect 
an increase of Ge4+ in the T i 0 2 compartment. The 
concentration of Ge4+ was determined spectrophotom-
etrically by measuring the optical density at 375 n m 
corresponding to the absorption tail of this ion. The 
solutions in the cell were the same as those in Fig. 7. 
Ce4 + initially increased with time and then reached 
some stationary value after a prolonged irradiation. 
For example, the amount of oxidized Ce3 + corresponded 
initially to 9 8 % of the net charge at 3.7 G charging but 
only to 2 2 % after 10 G charging. 

The relation between the charge stored on illumina­
tion and withdrawn in the darkness was examined by 
using two electrolyte solutions in the T i 0 2 compartment, 
either the same as in Fig. 4 or 2.5 x 10-3 M Ce 2 (S0 4 ) 3 , 
0.6 M H N 0 3 plus 0.5 M KNO3. It is observed that 
although a discharge current over a 1 k l l resistance had 
initially a constant value of ca. 0.7 mA, it then successive­

ly 20 a0 40 
Charge stored / C 

Fig. 8. Dependence of the net charge withdrawn on the 
charge stored in the two different Pt, Ce4+/Ce3+ couple 11 
Ag+, Pt cells. 
A: 5 x l O - 2 M Ce2(SO4)3+0.1 M Ce(S04)2 without 
stirring, B: 2.5 x 10~3 M Ce2(S04)3 with stirring. 

ly decreased without stirring of a Ce4+/Ce3+ half cell 
by a suitable stirrer. Such tendency was more evident 
for the cell containing smaller initial concentration of 
this couple. Figure 8 gives a plot between the net charge 
stored and withdrawn determined by integrating the 
total current before an above-mentioned fall-off region 
of the discharge current. From the slope, it is found that 
ca. 18% of the charge stored could be withdrawn as a 
nearly constant discharge current from cell A even 
without stirring. Furthermore, even from cell B which 
had smaller initial Ce4 + /Ce3 + concentration than cell A, 
up to 78% of the charge stored could be extracted only 
with a stirring by a magnetic stirrer. 

We finally confirmed that the cell with the same 
electrolyte solution as in Fig. 4 could be recharged by 
many times after nearly complete discharge. A typical 
result is included in the same Figure. 

D i s c u s s i o n 

Photoelectrochemical charging of the solid-state 
photogalvanic cells having a T i O s photoelectrode was 
achieved with four different storage modes. According 
to an energetic consideration, it seems to be promising 
at sight to employ a combination of active materials: 
those which have as negative electrode potentials as 
the conduction-band edge and those which have as 
positive electrode potentials as the valence-band edge 
of the surface of the photoelectrode. In this respect, 
Ag+ /Ag-Ce 4 + /Ge 3 + combination is superior to Ag+/Ag-
0 2 , H + / H 2 0 one. Moreover, Cu2+/Cu-Fe3+/Fe2+ and 
AgGl/Ag,Cl~-Fe3 + /Fe2 + combinations may also treasure 
up some possibilities. However, H 2 evolution at the 
cathode and 0 2 evolution at the anode during photo-
electrochemical charging strongly limit the choice of 
arbitrary redox couples in aqueous solution. A 
decreased charging current, as expected from a local 
cell consideration, may give an additional criterion for 
the choice. 

So far as our experiments, solid-state photogalvanic 
cell of type I I seems to be most excellent with regard 
to the short-circuit current and open-circuit voltage. 
Moreover, almost all the photocurrent could be stored 
as deposited silver. In the darkness, an active material 
Ge4 + could be stored over a long time at the open-circuit 
condition, because thermal reduction of Ce4 + by water 
is rather slow at room temperature.16) In this respect, 
Ce4+/Ce3+ couple seems to be superior to, say, Co 3 + /Co 2 + 

one, as Co3 + is reduced by water in the darkness.17) 
Indeed, there are several problems to be solved with 
this cell. T h e power efficiency of the cell seems to be 
not so large at present. However, it will be due mostly 
to the reduced quan tum efficiency of anodic photocur­
rent of T i O a film electrode employed here. So that, 
we may expect a considerable improvement if we 
operate a refined electrode under an opt imum condition. 
Appearance of a stationary concentration of Ce4 + with 
irradiation time suggests an existence of competition 
processes of the formation and disappearance of this 
ion. I t may be due at least in par t to both the bulk 
photochemical reactions of Ce4+ and Ge3+ even in 
300—400 nm region18 '19) and to the filter effect of 
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incident light on T i 0 2 by Ce4+. The effect of stirring 
of Ce3 + ,Ce4 + /Pt half cell in Fig. 8 suggests that discharge 
current will be limited by some reasons at this part 
of the photogalvanic cell. To overcome these difficulties, 
several efforts are undertaken at present. 

In the silver halide cell of Zaromb et al.,*) the energy 
of light absorbed by, say, AgCl was converted to the 
chemical energy by the following reaction: 

AgCl + Fe2+ • Ag -f CI" + Fe3+. (8) 

A serious drawback of this cell was that it could operate 
satisfactorily only in light because there exist several 
self-discharge reactions in the darkness. With regard 
to this, cell I V may be an extension of their cell. 

Though T i 0 2 electrode is photochemically stable, 
spectral response of it is mostly in the ultraviolet. With 
regard to this point, the photoelectrochemical storage 
cell of Hodes et al.10) using CdSe photoelectrode seems 
to be superior to ours. However, as CdSe suffers the 
irreversible decomposition reaction unless operated in 
the alkaline solution containing a suitable redox couple 
such as S/S 2 - , the choice of active materials stable in 
alkaline solution will inevitably be reduced in 
consequence. Apart from an application of some other 
photoelectrode having smaller band-gap energy, the 
design of the solid-state photogalvanic cells which are 
capable of in situ storage of both anodic and cathodic 
materials is under way. 
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The propagators of the chain molecules with and without the bond alternation are expressed in terms of trigono­
metrical functions. These expressions are convenient to practical manipulations. For exercises, the total energy, 
charge density and bond order are calculated. 

In the previous paper,1) we have developed a pro­
pagator theory for the Hückel model or in the tight-
binding approximation. Useful methods to obtain the 
propagators of general networks have been presented, 
and propagators have been finally expressed as poly­
nomials in terms of the energy parameter z. This 
analytical form being convincing from the theoretical 
viewpoints, is not so convenient for various application. 
As has been done in the simple examples of I, the actual 
calculations always need the contour integrals around 
the poles. If we use the polynomial expressions for 
propagators, it is difficult for us to find poles except the 
simplest cases. Therefore we give the compact analytical 
forms to the propagators in terms of trigonometrical 
functions. Then we calculate the charge density, bond 
order and total energy of the systems under considera­
tion. Mathematical tools are almost due to the Goulson's 
old paper,2) which is not so far in spirit from the present 
modern treatment. 

Propagators o f Linear Chain M o l e c u l e s 
w i t h Equal Bond D i s t a n c e 

In this section, the propagator of the linear chain 
molecule with same atoms and with equal bond length 
is investigated. The transfer integral between the 
nearest sites is scaled to be unity and if necessary it 
will be recovered by the dimensional analysis. T h e 
linear chain molecule with n sites are numbered as 
Fig. 1. T h e propagator of this system has been given in 
I as 

Gn(0)~l=z-
1 

z — 
z — 

z -

, - 1 - 1 - 1 

where Gn(0) is the (0,0) matrix element of the Green's 
function operator of this chain. 

0 1 2 • • • k-1 k . . . n-1 

Fig. 1. Linear chain molecule. 

T h e continued fraction more general than Eq. 1 

Sn=b0 + -^- - 5 L ... ^ L 
*1 + *2 + + *n-l 

is expressed as3) 

Sn = An_xIBn_x. (3) 

Here Ak and Bk satisfy the recurrance formula 

B> 
A-k-\ Ak_. 

ßk-i Bk-\ 

with 

^o / U / , Uo / U 
In our case, bk and ak in Eq. 2 are simply 

b0 = b1 = b2 = ... = z, 

ax = a2 = az= ... = — 1, 

and then 

Ak = zAk_x — Ak_2, 
Bk = zBk_x — Bk_2, 

with the initial conditions 

A0 = z, A1 = z i - 1, 
B0 = 1 , Bx = z. 

We have a theorem : If it holds that 

$k = W*-i + aSk_2, ($! and S2 are given) 

the polynomial defined by 

S(x) = 1 -f £x* + ,S2x
2 + ... 

is calculated as 

S{X) = l-ibl+a*) A + & - * > * + f o - M i - « ) « a > - (11) 

T h e proof is very easy and omitted. 
Applying this theorem to Ak and Bk, we can find 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

A(x)=l + A0x + Axx* + ... =J£]An_1x
n 

1 _ " sin (»+1)0 
1-zx+x* &> sin0 

(!) and 

z = 2 cos 0 

B(x) = 1 + Bxx + B2x* + ... = 2 V 

1 = ^ sin (»+1)0 
l - * x + * 2 n^o sinO 

(12) 

(13) 

(14) 

(2) 

From Eq. 12 and Eq. 14 we can obtain 

Ak_1 = s in(£+l )0 /s in0 
Bk_j. = sin *0/sin 0 (15) 

and 

G?(0) = A^JB^ = sin (»+ l)0/sin »0. (16) 

I t should be mentioned that the replacement of Eq. 13 
is safely permitted, because any site of this chain is 
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connected only to two nearest neighbors, and the value 
of z does not exceed 2. 

The next problem is to obtain any diagonal element 
of the propagator, Gn(k). If we employ a method 
composing the propagator,1) it yields that 

G?(k) = G~lk(0) - Gk(0) (17a) 

_ sin (ft-f 1)0 sin 0 H7b) 
~~sin(/i-A;)0sin(A;+l)0' 

The relation (17a) is nothing but the Dyson equation 
in the site representation. 

The off-diagonal element of propagator, Gn(k,Jc+l) is 
expressed as 

Gn(k,k+l) = Gn(k)Gn(k+l,[k]) - . Gn(k+l[k+l-l]) 
= Gn(*)Gn-*-i(0) - Gn_*_,(0), (18) 

where Gn(p[q]) is the p-th diagonal element, when the 
2-th site is omitted. Note that the transfer integral is 
scaled to be unity. Using Eq. 17b in Eq. 18, we can 
easily obtain 

sin(tt-A;-/)0sin (£+1)0 
sin (n+ 1)0 sin 0 

We now turn to evaluation of the charge density, bond 
order and total energy. 

The charge density at &-th site is written as 

Gn(k,k+l) (19) 

^ ) = ^àzGn{k;z), (20) 

where integration is carried out along the so-called 
Coulson contour shown in Fig. 2a. In evaluating Eq. 
20, we want to use the expression (17b) for Gn. Then 
we have to examine how the contour and poles are 
mapped onto the ö-plane by the relation (13). Let 

z = x+\y, 0 = <p + i</>, (21) 

so that 
x + \y = 2 (cos <p cosh <j) — i sin <p sinh <p). (22) 

The results obtained are displayed by Fig. 2b. The 
corresponding positions on the contours between two 
are indicated by 0 . How the poles are mapped is 
also explained in the figure caption in the case of the 
six members ring. We note first of all that while the 
contour turns round once in the z-plane, it goes round 

0 

\ 

x® 

© 

* 

1 

*> i 

* © 

©< 
*»* 

/ 

(9) 

© 

% 
9 

0 
(a) (b) 

Fig. 2. (a) Contour in z-plane; Poles are those of the six 
member ring, (b) Contour in 0-plane; Poles are trans­
feree as 2-»0; l-*7r/3, -nß\ - l - > 2 ^ / 3 , - 2 ^ / 3 ; - 2 - > 

twice in the ö-plane, so that we need the additional 
multiplicative factor, 1/2. Second, every pole in the 
z-plane splits into two except ones of values 0 = 0 and n. 
However we need not worry about this behavior since 
the pole strength at any pole correctly produces the 
result. 

Using Eq. 17b and Eq. 20, we obtain 

>sin(tt-A;)0sin(A+l)0 
sin (n+ 1)0 

where poles are 
0r = :7rr/(/i+l), r = ± 1 , ± 2 , — , dt». 

Hereafter we confine ourselves to the simplest case of 
the so-called half-filled band, i.e., the levels with \n\<>nl2 
being occupied. The contour integral in Eq. 23 yields 
(the spin factor, 2 is included) 

^k) = Ûiàr- (23) 

(24) 

çn(k) 2 ^2 sin(n-A:)0rsin(A:+l)0r 

r^i/2 (n+ 1) COS (/I-f l)0r 

n 2 aÇ , n r (n-2k-l\ 
rt+i; n + l 

= 1. 

Here we have used the relation 

2 ( - l ) ' - 1 COS AT 

(25) 

i - + (~ l) r cos ^ i l i */2 cos 4r 2 -r v i 2 / 2 (26) 

and see that in the second term of Eq. 25, the terms 
except with r = l vanish. Note that qn(k) is independent 
of *. 

The bond order, qn(k,k+l) is given by Eq. 19 as 

qn(k,k+l) = ^jc
d^n(*,*+/;*) 

2m)c 

sin (k+1)0 sin (n-k-l)0 . 
sin («+1)0 ' l Z / ; 

In the similar way but a little tedious calculations lead 
to 

sin ln/2 
qn(k,k+l) 

n+l h sin/:7r/2(/i+l) 

sin(2A:+/+2W2 
sin(2A:+/+2W2(»+l) i 

If we here put 

k = S-l, k + l = t - l , 

the above becomes 

1 f sin (t—s)n/2 

(28a) 

qn(s- 1,1-1) 
n + l [sin (t—s)n/2(n+l) 

sin (t+s)n!2 } 
sin(*+jW2(»+l)J ( 2 8 b ) 

as usual. From this expression, we can clearly conclude 
that qn(s—l, t—l) vanishes for the cases that (t—s) is 
even, i.e., between the starred atoms, or between the 
unstarred atoms. 

The total energy of the present system, E is 

Tr UcdZZG»iZ) (29) 

d0 
cos 0 sin (n—k)d sin (k+1)0 

sin (»+1)0 
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n/2 
= 4^3 COS 0r 

= 22%(0 r ) . (30) 

In obtaining this result, we have made the ^-summation 
at the beginning, using the relations, 

7» 

. (n+l)x . nx / . x 
= S l n

 2 sin —J sin — 

(n+l)x . nx / . x 
= « « -— . ' sin — / sin —. cos #& = cos (31) 

Propagator o f R i n g Molecu le w i t h 
Equal Bond D i s t a n c e 

We shall obtain the propagator of the ring molecule 
shown in Fig. 3. For simplicity, the number of atoms, 
n is assumed to be 4 m + 2 , m=l ,2 , - - - Employing the 
method1) to build up the ring propagator from the chain 
propagator, we get 

K\0) = G?(0) - Gn(l[0]) - Gn(l,n[0]) 

- Gn(n[0]) ~ Gn(n,l[0]) 

= G?(0) - 2Gn_1(0) - 2Gn_1(0,*-2) 

= sin 20 _ 2 f s in (n- l )Ö sin 0 1 
sin 0 1 sin nd sin «0 J 

= _ 2 sin (wfl/2) sin 0 
_ cos («0/2 ) 

The poles of Rn are 

u^-u.,.,±(f-i),f 

(32) 

(33) 

Fig. 3. Ring molecule. 

Now we calculate the charge density, bond order 
and total energy for the case of the half-filled band. 
The charge density at any site is given by 

q»(0) = ^cdzRn(0;z) 

_ 1 f cos («0/2) , , 
~ 4ni)c sin(n0/2)' (**} 

The integration along the contour shown in Fig. 2b is 
easily carried out as 

tf(0) = 7 2 1 = 1, 
tl Poles 

(35) 

where the fact has been used that the number of poles 
corresponding occupied levels, Le.\dr\<jJiß is n/2. T h e 
spin summation is also done. 

In order to estimate the bond order, ^„(0,A;), we need 

the off-diagonal element of the ring propagator, which 
is 

Rn(0,k) = Rn(0)Rn(l,k[0]) + Äw(0)Än(n-l,A[0]) 

= ^ ( 0 ) ^ ( 0 , * ) + R^G^^n-k-1), (36) 

where the first and second terms correspond to the 
clockwise and anticlockwise propagations in Fig. 3, 
respectively. Using Eq. 32 and Eq. 19 in Eq. 36, we get 

Rn(0,k) = = ^ {sin (n-k)6 + sin kB}. (37) 
4sin2 -n- sin 0 

Thus a little tedious but straightforward calculations 
yield 

_J_f 1 
^(0,*) = -r-71 d0 —5 {sin (n-k)0 + sin kd} 

^lJc 2 sin2 Y 

2 , , ,. , .-, sinAzr/2 
n2 v sin kn\n 

2 sin for/2 (38) 
n sin knjn ' 

where, in the second line, the first and second terms are 
contributions from the clockwise and anticlockwise 
pathes, respectively. T h e final result clearly shows that 
in the alternant hydrocarbons the bond order vanishes 
between the starred atoms or between the unstarred 
atoms, i.e., k is even. In the case of k=\, 

q*(0,1) = — cosec —. 
n n 

T h e total energy is given as 

_ _J_f j f l cos 0 sin nd 
~ n Am)c sin2 (»0/2) 

4 ji 
cosec —. 

n 

(39) 

(40) 

Linear Cha ins w i t h Bond 
Al ternat ion 

Linear polyenes actually show the bond alternation. 
If we consider phenomena concerning with linear 
polyene, it is natural to start with systems with the bond 
alternation. In this sense, it seems instructive to inves­
tigate the propagators for these molecules. Those which 
we are now considering are shown in Fig. 4. 

T h e propagator of the chain molecule and chain 
radical are denoted G2n and F2n+i, respectively, where 

0 1 2k-1 2k 2k+1 . . . 2ru1 

-e- --- •£> O . - - -

0 1 2 . • • 2k-1 2k 2k*1 . . . 2n 

Fig. 4. Chain molecule G2rtH2n+2 and chain radical 
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indices give the number of the carbon atoms. The 
resonance integrals corresponding to the double and 
single bonds are written as ß* and ß. 

As has been done in Eq. 1, G2n{0) is given as 

0*2 

Gi*(0) = z -

z — 
z — 

ß*2 

= z + 

If we divide both sides by 

— ß** -
Z 

Z + 

+ z + 

~ßß*, it yields that 

-y'1 

where 

and 

y = ß*lß, 

(41) 

(42) 

(43) 

(44) Gin = GJ^/ßß*, z=zl*JW-

Hereafter the dimensionless G2n and z are rewritten as 

G2M and z. Namely, instead of Eq. 42 

G£(0) = z + =ï ~ " - 1 

z + 

Similarly, for the radical 

V 
FlUM = z + 

+ 

—y 
+ z + 

(45) 

If we write G^O) and J V ^ O ) as 

G?(0) = AU %(0) = f • 

(46) 

(47) 

T h e same treatments as has been done from Eq. 2 to 
Eq. 7 yield, 

A% = z 
A* = z2-y 
At = z3- ziy+y'1) 
A* = z*- z^y+y-1) + y2 

A* = z5- 2z*(y+y~1) + z{y2+\+y~2) 
A* = z«- z'&y+y-1) + z2(3y2+y~2) - y* (48a) 

B* = l 
B* = z 
B* = z-- y-1 

B* = à - z(y+y~l) 
B* = z*- z2(y+2y~1) + y~2 

B* = z*- 2z*(y+y~1) + z{y2+\+y~2) (48b) 

In the above interchanging y and y 1 , we can obtain 
the similar expressions for Ak and Bk, 

Ak = At(y++y-i) 

Bk = B*(y~y-L). (49) 

Also we can observe 

Ak = B*+1 

Bk = AU- (50) 

From relations, Eqs. 48 and 49, we can immediate­
ly obtain the recurrance formulae : 

At = zAk.x - yAU 

Ak=zAU-y~1Ak_i (51) 
and 

Bt = zBk_x - y-^BU 

Bk = zBU ~ yBk-v 

If we eliminate A in Eq. 51, we obtain 

At + AUiy+y-'-z*) + AU = o. 

Entirely same relations hold for Ak, Bk*, and Bk. 
Now we can use the theorem given by Eq. 9 and 

Eq. 11. Let 

A*(x) = 1 + Afx + Afx* + - . + A&-X** + 

and put 

b = z2 — y — y'1, a = — 1 

in Eq. 9, it yields that 

(52) 

(53) 

(54) 

(55) 

A*(x) = 

Here we put 

1 + y~xx 
1 - {z2-y-y~x) x + x2' 

z2 = y + y~l + 2 cos 0 

and obtain 

A*(x)^±^^e x*(\+y^x) 
n=o sin 0 

= ^ fsin (n+ 1)0 + sin WO 1 ,w 

n=o\ sin 0 sin 0 J 

Combining this and Eq. 54, we get 

.* _ [sin (»+1)0 , -tsinnfl] 

Similar analysis for B*n-i enables us to get 

(56) 

(57) 

Btn-i = z 
sinn0 
sin0 

Remembering relations in Eq. 50, we obtain 

• " « » i — 2n+l — Z-
_ sin (n+1)0 

sin0 

B _ .* _ sin (»+1)0 , sinn0 

(58) 

(59a) 

(59b) 

(60a) 

(60b) 

Consequently, the propagators of systems shown in Fig. 
4 are 

G£(0) = {sin(n+1)0 + y~l sin nB}jz sin nd, (61) 

^an+i(0) =z sin(n+ l)0/{sin(n+1)0 + y-1 sin nd}. (62) 

I t is noted that once 6?2~„1(0) is given, we can im­
mediately obtain Fïn+i(0) by the following relation 

F£+iQ) = i V ( 0 ) - y-1 G2n(0), (63) 

and vice versa. Note tha t Fï1(Q)=z. 

S o m e Proper t i e s o f Linear Chains 
w i t h Bond Alternat ion 

Since we have written the propagators of linear chains 
with bond alternation in the previous section, we now 
move to get some physical properties by use of them. 
T h e poles of propagators give the single particle energies : 
for example in the case of the chain with 2n members 
the relation 

sin(«+1 )0r + y-1 sin 0r = 0, (64) 

determines the single particle energies. The roots of 
Eq. 64 cannot be obtained easily, but if y is not so far 
from unity, the solution has been approximately 
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obtained as2'4) 

r = l , 2 , - , 2 » , (65) 

where the first term stands for the case with equal bond 
distance, and the second for the correction in this case. 

For further steps, we need the expressions of G2n(2k), 
Gtn(2k+l), F2n+l(2k) and F2n+l(2k-\). For example, 
G2M(2A;) is given as (see Fig. 4) 

Cii(2A) = G ä - „ ( 0 ) - y-i G2k(0). (66) 

From this and similar equations for others, we obtain 

r-wt\ - sin 0{sin(ra+ 1 ) 0 + y 1 sin nd} , f i? * 
c 2 n W - zski {n_k)d{sin{k+ i ) 0 + y - i sinkd} ' { ' 

Gtf(2*-1) 

_ sin 0{sin(n+1)0+y~1 sin nd} , f i- , , 
~ <ssin/t0{sin(n-it+l)0+y-1sin(n-A;)Ö} ' [ ' 

z sin (ra+1)0 sin 0 
{sin(*+ l )0+y sin kd} {sin(n-*+ l)0+y-x sin («-*)»} ' 

(68a) 

J«+i(2A) 

« + i ( 2 A - 1 ) = w ^ V n f - * u* (6 8 b) 
2 n + u ' 2Sin(n—Ä+l)0sinA0 ' 

where 2=2(6 ) is shown in Eq. 57. 
77œ Tote/ Energy of the 2n Chain. This is given 

by 

? 2 n + 1 (2*- l ) = - J ^ £ d * F 2 n + 1 ( 2 * - l ; z) 

- 1 C J asin(w-A+l)0sinA0 
= ^ T J c sin (»+1)0 ' ( ? 2 ) 

where poles are 

6r = m/(n+l), (73) 

and those with r=±\,±2,---,±.n are doubly occupied 
and r = + ( n + l ) are singly occupied. In the course 
of the contour integration, we can observe that the 
contribution from the terms with r= = f c : (n+ l ) vanishes, 
and that from others exactly gives 

W ( 2 * - D = l , (74) 

which is independent of A;. Here we have also used the 
relation (26). 

I t is naturally expected to be 

q2n+1(2k) = 1, (75) 

but the proof seems tedious because of the rather 
complicated expression of Eq. 68a, and the z2 term 
which appears in the denominator of the contour 
integrand. Briefly speaking, our proof is as follows: we 
separate the numerator into two parts, the first with 
z2 as a common factor and the second not. We can 
show the contribution from the second to the integration 
vanishes. Concerning the first, the integration is 
carried out as well as in the case of q2n+1(2k— 1), and 
yields the result (75). We expect a simpler proof. 

The Bond Orders of the 2 n + l Chain. We inves­
tigate the bond order between the sites 2k— 1 and 2k, 
which concerns with the double bond as indicated in 
Fig. 4. This is given by 

T h e integration contour in this case is the same as 
Fig. 2b, if the two points n\2 and — n\2 are replaced 
by n and — TZ, respectively. Also note that the integra­
tion in Eq. 69 includes the spin sum. T h e summation 
with respect to k is made and then followed by the 
contour integration : 

E2n = 2 ± 
r~-n 

4 Ö r ) [ y {cos(n+ l)0 r+y-i cos ndr} - ± | ^ {1 + y - i cos 0r} J 

(77) 

(n+1) cos (n+ l)0 r+y~x cos n0r 

Then using the relation (64), we can get 

E2n= ±z(6r) = 2±z(6r), 
r--n r=l 

(70) 

(71) 

namely, we find the usual description that the levels 
with r = l ~ n are doubly occupied. For numerical 
estimation, Eq. 65 should be invoked. 

In the case of the 2n chain, we have been unable to 
give the simple and compact expressions for the poles 
of the propagator, which enable us difficult to carry 
out the contour integration. Therefore in the following 
we confine ourselves to treat the 2n-\-1 chain, or radicals. 

The Charge Density at the (2\a-\)-th Site of the 2 n + l 
Chain. This is given simply by 

in which 

F 2 n + 1 (2* -1 , 2k) = F2n+1(2k)y-V* G2Cn-„(0) 

sin kdjy1'* sin{n-k+ \)d+y-V* sin{n-k)d} 
sin 0sin(n+l)0 

Accordingly it follows that 

qin+1(2k-l,2k) = 

_-J_C _d0_ sin kBjyV* s i n (n -*+ l)fl+y-V» sin(n-*)0} 
4jriJc2(0) sin (n+ 1)0 

Since the term, ziß) is regular at the poles, 

0 r = « r / ( » + l ) , r = 1,2, • . . , ( «+! ) . 

T h e integration is easily carried out to yield, 

q2n+1(2k-l,2k) = 

2 £ i H ^ i { y i / 3 s i n 0 r + y - ^ s i n ( / ; + l ) 0 r } . 
n + 1 r=i z{vr) 

T h e similar result is also obtained for q2n+1(2k,2k-\-\) 
which concerns with the single bond: 

q2n+1(2k,2k+l) = 

2 £ s in(&+l)0 r { y l / 2 s . n ^ + „ s . n ( A + 

W + 1 r - l Z\Pr) 

In deriving these, we ignore the cut arisings from 
ziß) = 0 . If one worrys about this, the part ial integration 
with respect to z should be done at the beginning. This 

(78) 

(79) 

(80) 
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procedure moves z(ß) from the denominator to the 
numerator . T h e n tedious but straightforward calcula­
tions leads to the same results. For the case of y = l , 
namely, with the equal bond length, it is simple task 
to get 

W r , r + 1 ) = - ^ { c o t ^ + C - D - c o t ^ } (85). 

from Eq . 80 or Eq . 81 . 

Concluding R e m a r k s 

We have presented some expressions for propagators 
of the chain molecules in the Hückel approximations. 
One may say that in deriving the physical quantity, 
e.g., the charge density, the usual quan tum chemical 
method is much simpler. However we can expect that 

in the future application, the propagator approach 
enables us to treat many problems in a quite general 
aspects and provide powerful devices to quantum 
chemical problems. 

References 

1) S. Aono and K. Nishikawa, Bull. Chem. Soc. Jpn.9 53, 
3418 (1980). This is referred to as I hereafter. 

2) G. A. Coulson, Proc. R. Soc. London. Ser. A, 164, 383 
(1938). 

3) "Handbook of Mathematical Functions," ed by M. 
Abramowitz and I. A. Stegun, Dover Publications (1970), p. 
19. 

4) J . E. Lennard-Jones, Proc. R. Soc. London, Ser. A, 158,280 
(1937). 

5) G. A. Goulson et al., "Dictionary of jr-Electron Calcu­
lations," Pergamon press (1965). 



June, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1651—1657 (1981) 1651 

Dynamic Properties of the Phosphorescent Triplet State of 
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A variety of optically detected magnetic resonance (ODMR) experiments have been performed on the lowest 
excited triplet state of 9//-thioxanthen-9-one at 1.4 K. The absorption and phosphorescence excitation spectra were 
also measured to supplement the ODMR studies. The results were analyzed to determine the mechanisms respon­
sible for the radiative decay and intersystem crossing processes. The z sublevel has large activity in vibronic 
bands due to non-totally symmetric vibrations. The intensity mainly comes from mechanisms involving vibronic 
coupling between xn,n* and xn,n* states. The y sublevel is selectively affected by the introduction of the sulfur 
atom, because of the increased importance of spin orbit coupling with W ,ri* state which is largely localized on the 
thioether group. 

Detailed information about the magnetic and spectro­
scopic properties of the lowest triplet states of aromatic 
carbonyls1-13) has been accumulated in recent years, 
particularly by means of optically detected magnetic 
resonance ( O D M R ) spectroscopy. In the case of 
aromatic carbonyls having the lowest triplet states of 
7t,7i* type, these properties have been shown to vary 
markedly depending on the molecular structure, the 
nature of environments, and the energy separations 
between the 3TZ,71* state and sn,7t* state (A£TT) or the 
^,71* state (A2?ST). However, in the case of 9i /-xanthen-
9-one (we shall use the popular name, xanthone, 
hereafter) where AEj? is rather large and the carbonyl 
group is rigidly held to the planar ^-electron system, 
Chakrabart i and Hirota17) have shown that the radiative 
and non-radiative properties are very different from 
those found in other carbonyls such as benzaldehydes 
and acetophenones. 

The aims of the present paper are to study dynamic 
properties of the lowest triplet state of 9//-thioxanthen-
9-one (we shall use the popular name, thioxanthone, 
hereafter) in comparison with those of xanthone1 4 - 1 9) 
and to elucidate the mechanism of dynamical processes 
of the state. 

Exper imenta l 

Xanthone, thioxanthone, and bis (4-bromophenyl) ether 
(DDE) were purified by recrystallization followed by exten­
sive zone refining under vacuum. Hexane, heptane, and 
octane of spectroscopic grade (Tokyo Kasei Co., Ltd.) were 
used without further purification. Crystals were grown by 
the Bridgman method from the melts. 

X=0 9H-Xanthen-9-one 
(Xanthone) 

X=S 9H-Thioxanthen-9-one 
(Thioxanthone) 

-D'-E' 

i T 

2E 

-D*E 

1. 

The experimental set up for optical and magnetic reso­
nance spectroscopic experiments was essentially the same as 
that reported previously.20»21) The absorption spectra were 
measured on solutions in 1 cm path quartz cells by a 
Hitachi type 556 spectrophotometer at room temperature. 

The molecular structures of xanthone and thioxanthone 
are shown in Fig. 1 together with the axis system used in this 
study and the zero-field (zf) splitting pattern which will be 
described below. 

R e s u l t s 

Absorption Spectra. Figure 2 shows the absorption 
spectrum of thioxanthone observed in hexane at room 
temperature in comparison with that of xanthone. The 
intensity of the whole spectrum of thioxanthone is 
approximately halved as compared with that of xan­
thone, and each band shifts by about 3000 cm" 1 to the 
red, showing that the excited 71,71* states lower their 
energy by sulfur substitution. 

Phosphorescence Excitation Spectra. The phosphor-

CD 
e 
e 

CM 

E u 

v>à 

Thioxanthone 

Xanthone 

Fig. 1. Molecular structure, axis system, and scheme of 
zero field splitting. 

400 300 200 
WAVELENGTH /nm 

Fig. 2. The absorption spectra of thioxanthone ( ) 
and xanthone ( ) in hexane at room temperature. 
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Phosphorescence Excitation Spectra of Thioxanthone at 4.2 K 
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Fig. 3. The phosphorescence excitation spectra of 
thioxanthone at 4.2 K. 
a) and b) neat crystal, c) in DDE, and d) in 
xanthone. 

S, - 50 Excitation Spectra 

Thioxanthone in heptane at 4.2 K 

site I 

site 0 

escence excitation spectra of thioxanthone in several 
host crystals are shown in Fig. 3. The excitation 
spectrum of the thioxanthone neat crystal starts at 
22340 c m - 1 , which is about 60 c m - 1 higher than that 
of the origin of the phosphorescence spectrum. This 
indicates that the phosphorescence of the neat crystal, 
to be discussed below, originates from traps. There 
are a strong absorption band at 24980 c m - 1 and a 
shoulder at about 24740 cm 1. In the D D E and xan­
thone host crystals, the absorption at 22340 c m - 1 is not 
observable, but other two absorption bands are clear.22) 
The absorption at 24980 c m - 1 is assigned to the 
1A1(TZ,71*)+-S0 absorption by considering the position 
of the first band in Fig. 2 and the excitation spectrum 
in heptane shown in Fig. 4. The absorptions starting 
at 24740 and 22340 c m - 1 are assigned to the transitions 
of *A2(n,7Z*)<—S0 and *A1(TZ,7Z*)+-S0, respectively. 

The excitation spectra of thioxanthone obtained in 
normal alkanes are complicated because of superposition 
of the spectra coming from multiple sites. The spectra 
coming from the sites are separated by using site selective 
monitoring technique. As an example, the spectra 
of the two major sites in heptane are shown in Fig. 4. 
The site higher in energy is referred to as site I, and 
the site lower as site II. 

The phosphorescence excitation spectrum obtained 
in hexane is also shown in Fig. 5. Table 1 compares 

: - \ 
_J ^ X y V 
380 370 

WAVELENGTH / n m 
360 

Fig. 4. The single site excitation spectra of thioxanthone 
in heptane at 4.2 K. 
Site I (upper) and site II (lower). 

Phosphorescence Excitation Spectrum 

Xanthone in hexane at 4.2 K 

370 360 350 340 
WAVELENGTH /nm 

330 

Fig. 5. The phosphorescence excitation spectrum of 
xanthone in hexane at 4.2 K. 

TABLE 1. THE ENERGY LEVELS OF LOWER LYING EXCITED STATES AND THE ENERGY 

SEPARATIONS BETWEEN 37T, 71* AND 3rt, 71* STATES ( A - E T T ) AND BETWEEN 
37T, 71* AND x n, 71* STATES ( A ^ S T ) (iN UNITS OF C m - 1 ) 

*n, n* (At) 
3«, n* (A 2 ) 

1«, TT* (A 2 ) 

%, 71* (A x ) 

A-ß-TT 

A£ST 

in neat crystal 

22 340 
24 740 

24 980 
2400 

>2640 

Thioxanthone 

in DDE 

22 270a 

24 640 

24 900 
2360 

>2630 

in xanthone 

22 280a 

24 670 

24 910 
2390 

>2630 

in hexane 

23 215a 

26 437 

>3222 

Xanthone 

in neat crystal 

25 228 
26 689 
27 750 

1461 
>2522 

in hexane 

25 723* 

26 848 
29 534 

very small 
1125 

a) Obtained from the phosphorescence spectra. Others were determined from the phosphorescence excitation 
spectra. 
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the locations of the lower lying excited states of xanthone 
and thioxanthone determined from the excitation 
spectra. The energy levels for xanthone are essentially 
identical with those reported.14»17) Most results for 
thioxanthone are new. 

ODMR Experiments. Two strong M I D P signals 
at 3.088 and 1.098 GHz were observed for the emission 
of the traps in the thioxanthone neat crystal. Third zf 
transition at about 1.99 GHz could be observed by 
monitoring the emission at the 0,0 band. In view of the 
results of the other 37i,7i* aromatic carbonyls so far 
studied,1-9) the ordering of the sublevels is reasonably 
assigned as T z > T y > T x in energy. T h e x sublevel is 
the slowest decaying one. This assignment will be 
verified further by the unique behavior of the middle 
sublevel. Therefore, the zf transitions at 3.088 and 1.098 
GHz are assigned as the Tz«-»-Tx and Ty«-»-Tx transitions, 
respectively. T h e O D M R transitions of thioxanthone 
observed in the D D E and xanthone host crystals are 
also assigned in a like manner. It is worthy to note 
that in the case of these three crystal systems, the total 
decay rates of the y and z sublevels are almost similar 
and large. 

In the case of thioxanthone in hexane, on the other 
hand, only two positive P M D R signals were observed 
at 1.179 and 1.373 GHz. T h e third transition could 
be observed only slightly by the M I D P method at about 
2.6 GHz. Since there is a strong likelihood that the x 
sublevel is the slowest decaying one, the signal at 1.179 
GHz is attributed to the Ty«->-Tx transition and the 
signal at 1.373 GHz to Ty<->TZ. Two different sets 
of the zf O D M R transitions were observed for thioxan­
thone in heptane. T h e site selective experiment leads 
to the conclusion that site I is associated with the 
transitions at 1.186 and 1.376 GHz, and site I I at 1.176 
and 1.373 GHz. 

The two sets of the O D M R signals corresponding to 
two distinct emitting species were observed for xanthone 
in the D D E host. T h e properties of these emitting 
species in the D D E host are very similar to those of 
the two traps observed in the xanthone neat crystal.17) 

T h e total decay rates kh relative steady state popula­
tions Nj°, and relative populating rates i^ of the spin 
sublevels ( i = x , y, z) were measured by the M I D P 
method. The relative radiative decay rates kf were 
obtained for the 0,0 and vibronic bands at 0—670 c m - 1 . 
The results are summarized in Table 2. 

Phosphorescence and Sublevel Emission Spectra. T h e 
phosphorescence spectra of thioxanthone in alkanes 
were obtained under steady state excitation conditions. 
T h e spectrum obtained in hexane is shown in Fig. 6 
in comparison with that of xanthone. T h e latter is 
resolved much better than the spectrum in the 
literature.18) Unlike in hexane, where only one major 
site is evident, the phosphorescence spectra in heptane 
and octane appear as no less than two-site emission. 

Phosphorescence in hexane at A.2 K 

a _ 
'E 

Xanthone 

2 l 

390 400 410 420 

Thioxanthone 

S-' o 

[/—~J I ^ J MAOVAJ' 

coo 
«run 
into 

430 440 450 
WAVELENGTH 

460 
/nm 

470 

Fig. 6. The phosphorescence spectra in hexane at 4.2 K. 
a) Xanthone and b) thioxanthone. 

T A B L E 2. T H E KINETIC AND MAGNETIC PROPERTIES OF THE SPIN SUBLEVELS OF zn, n* STATES 

OF XANTHONE AND THIOXANTHONE 

\D\lcm~1 

\E\lcm-1 

kj*-1 

y*-1 
^ / s - 1 

PJ% 
Pyl% 
PJ% 
kz

Tlk/ 0a> 
670b) 

v/y o° 
670w 

traps in 
crystal 

0.0847 
0.0183 
10.5 
12.1 
0.26 

51 
47 

2 
0.06 
0.70 
0.01 
0.02 

in DDE 

0.0825 
0.0185 
9.8 
10.5 
0.31 

54 
43 

3 
0.10 
1.10 
0.01 
0.04 

Thioxanthone 

in 
xanthone 

0.0853 
0.0177 
10.2 
9.4 
0.31 

57 
40 

3 
0.11 
1.13 
0.01 
0.05 

in 
hexane 

0.0655 
0.0197 
1.28 
9.9 
0.78 

23 
59 
18 

0.13 
0.38 
0.08 
0.24 

in he 
Site I 

0.0657 
0.0197 
1.51 
8.2 
1.23 

33 
43 
24 

0.02 
0.15 
0.03 
0.11 

ptane 
Site II 

0.0654 
0.0196 
1.56 
9.5 
1.23 

31 
49 
20 

0.06 
0.22 
0.04 
0.16 

Xai 

in 

Site I 

0.1352 
0.0181 

12.0 
1.70 
0.77 

1.2 
5.5 

0.20 

ithone 

DDE 

Site II 

0.1111 
0.0188 

15.0 
1.42 
0.50 

1 
8.3 

0.31 

a) Ratio obtained at the 0—0 band, b) Ratio obtained at the 0—670 cm"1 band. 
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Phosphorescence Spectra 

Thioxanthone in heptane at 4.2 K 

site I 

^ 

site A 

m m in 

in o 
<D in 
in 10 

^ d liX^^1*^^^ 
430 440 450 

WAVELENGTH / n m 
460 

Fig. 7. The single site phosphorescence spectra of thio­
xanthone in heptane at 4.2 K. 
Site I (upper) and site II (lower). 

As an example, the emission spectra of sites I and II 
in heptane obtained by using the site selective excitation 
technique are shown in Fig. 7. 

Much clear information can be obtained through 
separated sublevel emission spectra measured by means 
of the MIDP spectrum method reported previously.20) 
Figure 8 shows the sublevel emission spectra of thioxan­
thone in hexane. Vibrational analysis of the spectrum 
is made by reference to the vibrational data for the 
compounds with related structure.26^28) The vibronic 
bands found at 0—1650 and 0—1598 cm"1 are due to 
the C = 0 and C=C stretching modes of ax symmetry, 
respectively. The band at 0—590 c m - 1 is also due to 

the totally symmetric mode, the combinations of which 
with the other modes have a certain intensity in the 
phosphorescence spectrum. 

By considering the intensity behavior, the rest of 
bands of a considerable intensity may be attributed 
to the non-totally symmetric modes. The vibrations 
such as 670 and 810 c m - 1 are considered as the same 

Thioxanthone at 4.2 K 

Neat Crystal 

450 460 470 480 490 500 

in Xanthone 

450 460 470 480 
WAVELENGTH /nm 

490 500 

Fig. 9. The phosphorescence spectra at 4.2 K. 
a) Thioxanthone traps in the neat crystal, b) thioxan­
thone in DDE, and c) in xanthone. 

Thioxanthone in hexane at 1.4 K Thioxanthone in neat crystal at 1.4 K 

^"^^^A^Jl 
' • ' L 

430 440 450 
WAVELENGTH /nm 

460 

Fig. 8. The sublevel phosphorescence spectra of thio­
xanthone in hexane at 1.4 K. 

450 460 470 
WAVELENGTH /nm 

480 490 

Fig. 10. The sublevel phosphorescence spectra of thio­
xanthone traps in the neat crystal at 1.4 K. 
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vibrations appearing in the spectrum of xanthone. In 
view of the infrared activity,28) these vibrations are 
surely assigned to the out of plane vibrations of bx 

symmetry in the case of xanthone. The vibrational 
modes such as 430 and 720 c m - 1 , more intense in the 
y sublevel spectrum than z, may be considered also as 
the out of plane vibrations probably of a2 symmetry. 

The phosphorescence spectra of thioxanthone also 
obtained in various crystals are shown in Fig. 9. T h e 
sublevel emission spectra obtained for traps in the neat 
crystal are shown in Fig. 10. T h e vibrational modes of 
211, 423, 674, and 813 c m - 1 , corresponding to 
frequencies 210, 403, 669, and 813 c m - 1 observed in 
hexane, also appear in the z sublevel spectrum. 

The phosphorescence spectra of xanthone are 
measured in alkanes and in the D D E host crystal. 
Although the spectra in heptane and octane appear as 
multi-site emission, the vibrational feature is very 
similar to that in hexane, shown in Fig. 6. As in the 
case of the xanthone neat crystal,17) the phosphorescence 
spectrum in D D E appears to consist of the superposition 
of the spectra with different origins, one at 25023 c m - 1 

and the other at 24890 cm- 1 . 

D i s c u s s i o n 

Total Decay Rate and Zero Field Splitting. The 
decay rate of the y sublevel, £ y = 1 2 . 1 s_1, for traps 
in the thioxanthone neat crystal is larger by a factor 
of about six than that for traps in the xanthone neat 
crystal.17) Such a remarkable change in the decay 
rate of the y sublevel must be due to the heavier nucleus 
S instead of O. In fact, the effective one electron spin 
orbit coupling constant for the 3p electrons of a S atom 
is expected to be much larger than that for the 2p 
electrons of an O atom.26) Accordingly, the mixing 
with a 1B1(a',?r*) state which is largely localized on 
the ether or thioether group may play a considerable 
role in determining ky's of both compounds in addition 
to the mixing with the 1Bl(ff,?r*) state, largely localized 
on the carbonyl group. This conclusion may be 
supported by the fact that the value of ky of xanthone 
is considerably larger than the decay rates due to the 
mixing with V,:^* state commonly found in other 
systems such as quinoxaline23) and naphthalene.24) 
Furthermore, the above consideration confirms the 
assignment of the middle sublevel to y and verifies the 
zf splitting pattern of Fig. 1. 

In the systems of thioxanthone traps in the neat, 
DDE, and xanthone crystals, the decay rates of the x 
sublevel are considerably smaller as compared with 
those of substituted benzaldehydes.1 '7 '8) This seems to 
indicate that neither the 3n,^* admixture into the 
lowest zn,n* state via vibronic coupling nor the deviation 
from the planarity contributes to kx. A similar conclu­
sion has been obtained for xanthone in crystalline 
hosts.17) In the systems of thioxanthone in alkanes, 
however, relatively large values of kx are obtained. 
The reason for this is not clear at present, but a possible 
contribution from spin-lattice relaxation is not complete­
ly eliminated in the alkane systems. 

In xanthone it was shown that spin orbit mixing with 
1n,?r* state is mainly responsible for the decay from the 

z sublevel, because ra ther large AisTT is unfavorable 
for mixing with 3n,?r* state.17) This is also true for 
thioxanthone. Both AisTT and A ^ T become large 
by introduction of sulfur instead of oxygen. However, 
the decrease in kz observed in the thioxanthone neat 
crystal is not so large as that expected from the increase 
in AÜVT and rather seems to reflect the increase in 
A2iST. Therefore, rather small difference in kz between 
xanthone and thioxanthone observed in the neat 
crystals seems to confirm the above inference. 

I t is notable that the total decay rates of the z sublevel 
of thioxanthone in alkanes are much smaller than those 
obtained in the crystal systems, clearly indicating that 
the mixing with xn,n* state is reduced largely in hexane. 
This may be a consequence of larger value of AiisT 
and/or smaller value of spin orbit matrix element, 
G=<Or,7r* | Hso I « ,TT*> , than in crystal system. 

T h e \D\ values of thioxanthone traps in the neat 
crystal and in the D D E and xanthone hosts are small 
compared with that of xanthone.17) By assuming that 
the value of the spin orbit coupling matrix element, 
G, is similar to that estimated for a series of benzal­
dehydes; G 2 = 9 0 cm-2,5-8) the difference in the spin 
orbit contribution to D of xanthone and thioxanthone 
is predicted to be about 0.037 c m - 1 . This value seems 
to be in agreement with the observed difference in D. 
Thus, the change in the spin orbit contribution is 
responsible, at least partly, for the change in D. Fur ther 
reduction in \D\ observed when the environment is 
changed to alkanes suggests that the energy difference, 
AZSTT, becomes much larger in these matrices. 

Intersystem Crossing. There is a distinct difference 
in the populating rates between the systems of thioxan­
thone in alkanes and in the other host crystals. Since 
the lowest excited triplet and singlet states of thioxan­
thone are n,n* states of Ax orbital symmetry, all the 
three sublevels require vibronic spin orbit mechanisms, 
when the intersystem crossing is assumed to proceed 
directly from Sj to Tx. However, if the T2{ni7t*) state 
lies lower than S l5 it is necessary to consider an indirect 
process, namely S1->T2->T1 , which may make a 
contribution toward populating of the z sublevel. 

In the case of thioxanthone traps in the neat crystal 
and in the D D E and xanthone hosts, the populating 
pattern of the sublevels is characterized by high selec­
tivity for the y and z sublevels, relative to the x sublevel. 
I n these host crystals, the T2(n,7i*) state is located lower 
than Sj. T h e high selectivity for the z sublevel, therefore, 
indicates clearly that the indirect process plays a role 
in the populating process of the z sublevel. 

In the case of thioxanthone in hexane and heptane, 
on the other hand, A£"TT is much larger than in the 
D D E and xanthone host crystals, as described in the 
preceding section. As a result, the T 2 and Sj states are 
expected to interchange position. If this is the case, 
the significant decrease in the relative populating rate 
of the z sublevel on going from in the host crystals to 
in alkanes is surely ascribed to the vanishment of the 
indirect process and also to the decrease of the vibronic 
interaction between the n,7i* and n,n* states in singlet 
and/or triplet manifolds resulting from the increase of 
the energy separations. 
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As discussed in the preceding section, there is a good 
reason to expect that the mixing between the 3AX and 
t-B^o^Ti*) states is effective. In addition, there is also 
evidence for considerably large b x vibration band 
activity in the y sublevel emission (Table 2). Thus , 
the large activity of the y sublevel with respect to the 
intersystem crossing process can be interpreted as a 
consequence of, for the main, large spin orbit coupling 
terms between the 3AX and 1B1(<r',7r*) states and also 
vibronic coupling matrix element between the XA± and 
1 B 1 states. 

Radiative Processes. Radiative Decay from the z 
Sublevel: The mechanisms governing the radiative decay 
from the z sublevel of *n,n* aromatic carbonyls so far 
studied7 '8-10-13) may be classified as follows. 

(1) Direct spin orbit mixing with the ^n,n* state 

(2) Direct configurational mixing with the zn,n* 
state 

T 2 ( % , 71*) * - H e l -*T,(»II , 71*) < - H s o - * l7l, 71* 

(3) Herzberg-Teller type vibronic spin orbit mixing 

(a) T,(*n, **) — Hv — Tz(
3n, n*) « - H80 — ht, n* 

(b) Tz(*7i, 7i*) * - Hso -* H, n* « - Hv - • ln, n* 

It has been shown that the relative importance of these 
is much dependent on the systems chosen. 

In xanthone, Ghakrabart i and Hirota17> have shown 
that mechanisms (1), (2), and (3a) are not main ones 
and that only mechanism (3b) may be considered to be 
important for the emission of the z sublevel. A similar 
conclusion holds commonly for thioxanthone, but some 
more detailed information can be obtained by comparing 
the results with those of xanthone. 

Mechanism (1) is important rather than mechanism 
(2) in the 0,0 band emission from the z sublevel. This 
inference can be derived from the facts that the relative 
intensity of the 0,0 band in the z sublevel emission is 
insensitive to the change in A£T T from 1461 c m - 1 for 
xanthone to 2400 c m - 1 for thioxanthone and that the 
z sublevel emits only weakly at the 0,0 band even in 
the system of xanthone in hexane where AisTT is relative­
ly small. 

With respect to xanthone, Chakrabar t i and Hirota 
have suggested, on the basis of the phosphorescence 
polarization da ta by Pownall and Huber,14> that such 
strong bands as found at 0—670 c m - 1 likely gain 
intensity by the following mechanism.17) 

T2(
3rc, n*) « - H s o - % 7i*(A2) * - Hv(Dl) -> hi, rc*(B2) 

As mentioned above, the out of plane vibrational modes 
such as 670 and 810 c m - 1 of thioxanthone can be 
assigned to the vibrations of bx symmetry. T h e observa­
tion that these vibrations appear strongly in the z 
sublevel spectra of thioxanthone seems to give a good 
proof of the validity of the mechanism suggested by 
Chakrabart i and Hirota. 

The a2 vibrational modes such as 430 and 730 c m - 1 

appear only weakly in the z sublevel spectrum of 
thioxanthone. These vibrations are still of quite low 
intensity in the case of xanthone where AEi? is much 
smaller than that of thioxanthone. This indicates 

that also the vibronic bands involving the a2 vibrations 
should gain intensity by mechanism (3b) rather than 
(3a). 

Radiative Decay from the y Sublevel: In the case of 
zn,n* aromatic carbonyls, the y sublevel emission was 
ascribed to the direct mixing with the hf,n* state, 
largely localized on the carbonyl group7»12) 

T^n,n*) ^B.^-^^,71*^). 

The y sublevel emission of xanthone has also been 
explained with this mechanism.17) 

In xanthone, however, the ether group participates 
in the ̂ -conjugation. I t is therefore necessary to consider 
the importance of one center terms on the O atom of the 
ether group in spin orbit coupling matrix element in 
addition to the above mechanism. T h e y sublevel is 
expected to couple with 1B1(ff',^*), where a' orbital 
has a large contribution from in-plane non-bonding 
orbital of sp2 hybrid type in the ether group. Since the 
effective one electron spin orbit coupling constant for 
sulfur is much larger than for oxygen,26) the contribution 
of the mixing with ^ ( a ' , ^ * ) state is more important 
in thioxanthone than in xanthone. In fact, there is 
evidence that the radiative activity of the y sublevel 
increases dramatically in going from xanthone to 
thioxanthone as given in Table 2. In addition, the 
vibronic bands involving non-totally symmetric vibra­
tions appear with some intensity in the y sublevel 
spectrum. I t is likely that the vibronic interaction in 
singlet manifolds involving the ^(f f ' j j r*) and xn,n* 
states is the main source for the emission in these bands, 
ra ther than the vibronic interaction in triplet manifolds. 
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A new method for molecular conformational analysis using photoelectron spectral data was developed and 
applied to alkyl-substituted styrènes as an example. The dihedral angle between the phenyl ring and the olefinic 
group planes, 0, in each molecule is evaluated by comparing the observed difference between the first and the 
third vertical ionization energies, AEfc3, with the empirically estimated A-Efc8 vs. 0 curve, the alkyl substituent 
effect being taken into account by the first order perturbation theory. The new method gives reasonable results 
consistent qualitatively with those given by other former methods. 

As a part of our program to investigate the steric 
hindrance effect on molecular photoelectron spectra 
and the application of photoelectron spectroscopy to 
molecular conformational analysis,1) in this paper a new 
method for conformational analysis by photoelectron 
spectroscopy is presented and applied to some ß-
alkylstyrenes and related compounds as an example. 

T h e simplest method for molecular conformational 
analysis by photoelectron spectroscopy is at present 
that by Maier and Turner.2) They estimated empirically 
the dihedral angles in molecules by the composite 
molecule type consideration on the H M O level taking 
into account the interaction between two group orbitals 
only, that is, in their method the conjugative interaction 
of these two group orbitals with other group orbitals 
are completely neglected throughout the calculations. 
T h e new method presented in this paper is devised to be 
applicable even to the cases where this type of interac­
tion is not negligible. 

T h e relations between the molecular conformations 
and photoelectron spectra of some styrènes have formerly 
been studied by us lc) and Maier and Turner.2 0) During 
the course of our photochemical study of /?-alkyl-
styrenes3) it was found that the accurate conformational 
da ta of these molecules useful for the interpretation 
of photochemistry are still completely lacking. This 
is the reason why alkylstyrenes are revisited here. 

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

Measurements. The photoelectron spectra were recorded 
with the He I resonance line as the excitation source in the 
same way as described formerly.1*5) 

Materials. w-ß-Methylstyrene4) and w-ß-ethylstyrene4) 
were obtained by hydrogénation of 1-phenylpropyne and 
1-phenylbutyne, respectively, on Pd/C in ethyl alcohol and 
purified by column chromatography. *ra/tf-/S-Methylstyrene4) 
and *ra/w-/S-ethylstyrene4) were prepared by dehydration of 
the alcohols obtained through the reaction of acetaldehyde and 
benzaldehyde, respectively, with the appropriate Grignard 
reagents. A mixture of eis- and *rafu-/M-butylstyrene was 
synthesized according to Ref. 5 and the eis- and trans-isomer 
were isolated by column chromatography. The purities of 
the samples were checked by gas chromatography and their 
molecular structures were identified by NMR spectroscopy. 
These styrènes were distilled under reduced pressure just 
before use. 

C o m p utat ional 

T h e GNDO/S6) calculations of styrene, s-trans-
butadiene, and naphthalene were carried out with a 
F A C O M 230-75 computer at the Institute of Physical 
and Chemical Research. All the necessary atomic 
integrals and parameters were taken from or estimated 
according to Ref. 6. 

T h e structural parameters of s-trans-buta.diene and 
naphthalene were taken from Ref. 7 and those of styrene 
were assumed as follows: 

T h e C=C and the C - H bond lengths of the phenyl 
group were assumed to be 1.397 Â and 1.084 Â, respec­
tively, on the basis of the data for benzene.7) The G=G, 
the C - H bond lengths of the vinyl group, and the C-C 
bond length between the phenyl and the vinyl groups 
were assumed to be 1.337 Â, 1.08 Â, and 1.483 A, 
respectively, by consulting the da ta for s-trans-
butadiene.7) All the C - C - C and the C - C - H bond 
angles were assumed to be 120°. 

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

Photoelectron Spectra. The photoelectron spectra 
of eis- and trans-ß-methyl-, ethyl-, and /-butylstyrene 
measured in this study are shown in Figs. 1, 2, and 3. 
T h e vertical ionization energies of the lower energy 
bands of these compounds obtained from the spectra 
are summarized in Table 1 with those of the related 
compounds. 

T h e first three bands of/S-methyl-, ß-ethylstyrenes, or 
franj-/?-/-butylstyrene are well separated from one 
another, their vertical ionization energies being rather 
close to those of styrene, and are safely correlated with 
the first three bands of styrene,10) from the top respec­
tively. T h e first and the third bands of styrene,10) 
respectively, correspond to the ionizations from the two 
molecular orbitals approximately expressed as the 
anti-bonding and the bonding types of combinations 
of the benzene ring e lg(S)-like group orbital with the 
vinyl group occupied n orbital. Here e l g(S) denotes 
one of the doubly degenerate e l g n orbitals of benzene, 
and is symmetrical with respect to the mirror plane 
passing the 1- and the 4-position and perpendicular 
to the benzene ring. O n the other hand, the second 



June, 1981] A New Method for Conformational Analysis by Photoelectron Spectroscopy 1659 

t-Bu 

Fig. 1. Photoelectron spectra of m-ß-methylstyrene and 
/ranj-ß-methylstyrene. 

8 9 10 11 12 13 14 15 
Ej leV 

Fig. 2. Photoelectron spectra of £w-/?-ethylstyrene and 
fra/w-/?-ethylstyrene. 

band corresponds to the ionization from the orbital 
composed almost completely of the benzene ring 
e lg(A)-like orbital. Here e l g(A) denotes the other e l g 

orbital of benzene which is antisymmetrical with respect 
to the mirror plane mentioned above. The ionization 
energies of and the splitting between the first and the 
third bands of styrene are, therefore, quite sensitive 
to the dihedral angle, 0, between the vinyl group and 
the benzene ring planes, while the second ionization 
energy is almost indifferent to the change in 0 because 
of its completely localized nature on the benzene ring 
as visualized in Fig. 4 of Ref. le. 

In the case of «j-/3-/-butylstyrene the second and the 
third bands are evidently highly overlapping with each 
other, and it is quite natural to consider that this has 

t-Bu 

8 9 10 11 12 13 14 15 
E|/eV 

Fig. 3. Photoelectron spectra of «j-/?-f-butylstyrene and 
trans-ß-t-butyhtyrene. 

TABLE 1. VERTICAL IONIZATION ENERGIES, Eiy, 

OF STYRENES A N D RELATED COMPOUNDS 

Compound 

Styrenea) 

2-Methylstyrenea) 

3-Methylstyrenea) 

4-Methylstyrenea) 

a-Methylstyrenea) 

m-/?-Methylstyrene 
fra/w-/?-Methylstyrene 
cis-ß-Etby\ styrene 
fraw.y-/?-Ethylstyrene 
«,y-/?-J-Butylstyrene 
tam.y-/?-f-Butylstyrene 
2,4-Dimethylstyrenea) 

2,6-Dimethyls tyrenea) 

Propylene10 

Ethylbenzenea) 

/ 
Band 1 

8.49 
8.53 
8.37 
8.20 
8.52 
8.48 
8.34 
8.54 
8.30 
8.85 
8.18 
8.22 
8.48 
9.744 
8.78 

£, 

2 

9.27 
8.99 
8.98 
9.11 
9.18 
9.18 
9.09 
9.16 
9.09 
9.27 
9.05 
8.80 
8.62 

9.27 

v/eV 
^y+ 

3 

10.55 
10.37 
10.34 
10.24 
10.12 
10.26 
10.25 
10.02 
10.19 
9.5C) 

10.10 
10.11 
10.04 

i 

11 
11 
11 
11 
11 
11 
11 
11 
11 

\ 
\ 
.52 
.22 
.27 
.29 
.26 
.30 
.46 
.24 
.37 

10.91 
11 
11 
11 

.02 

.06 

.04 

a) Réf. le. b) Ref. 8. 
imate one because of the 
the second and the third 

c) This value is the approx-
heavy overlapping between 

bands of m-/?-/-butylstyrene. 

been caused by the heavy steric hindrance effect of the 
bulky /-butyl group. But one should be careful in the 
point that the electronic effect of /-butyl group is also 
contributing to the lower ionization energy shift of the 
third band of m-/3-/-butylstyrene when compared to 
styrene. Similar care is more or less important for the 
other bands and for the other alkyl-substituted styrènes 
also. 

In the following we use the observed differences 
between the first and the third vertical ionization 
energies of alkyl-substituted styrènes, A£{v3, for the 
estimation of the dihedral angles, taking into account 
the electronic effect of the alkyl groups. 

Conformational Analysis by Photoelectron Spectroscopy. 
The calculational steps of the new method for conforma­
tional analysis by photoelectron spectroscopy are 
described in the following. 
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Fig. 4. Twist angle, 0, dependence of calculated orbital 
energy difference between the highest and the third 
highest occupied n orbitals for styrene, Ae1'3, (curve A) 
and that of difference between the first and the third 
vertical ionization energies of styrene, AEtf, estimated 
using curve A and formula (1) (curve B). 

At first S C F M O calculations including all valence 
electrons are carried out for various twist angles of the 
parent compound. In this study we carried out C N D O / 
S6) calculations of styrene itself for the twist angle from 
0° to 90° at the intervals of 15°. 

T h e calculated energy difference between the highest 
and the third highest occupied n orbitals of styrene, 
Ae1-3, is plotted against 0. Thus we get the Ae(ö)1«3 vs. 0 
curve (curve A in Fig. 4). 

In most cases this type of curve deviates more or less 
from the corresponding A£' i v(ö)1 '3 vs. 0 curve. T o 
estimate the realistic AEiv(0)l>3 vs. 0 curve, in this 
paper we transform curve A in Fig. 4 by the following 
simple formula: 

A£ l y(0)M = ûAe(0)x'3 + b [1) 

Here a and b are constants and are evaluated by using 
the experimental AEtf of styrene as A£' iv(0o)1>3 and the 
difference between the first ionization energies of 
propene8) and ethylbenzene lc> as A£,

iv(90°)1>3. Styrene 
itself is p lanar in the ground state according to the 
R a m a n spectral study. 9> The a and b values thus 
evaluated are —0.586 and 0.603 eV, respectively. 
Now we get curve B in Fig. 4. 

The A£' i v(ö)1 '3 vs. 0 curve obtained above takes into 
account effectively the effect of the interactions of the 
two molecular orbitals under consideration with other 
orbitals. This curve B is expected to simulate rather 
well the real A£'iv(0)1«8 vs. 6 curve, especially in the 
small 0 region because styrene, which is known to be 
planar in the ground state as mentioned before, was used 
as the reference compound for 0 = 0 ° . 

By the way, the following equation can simulate well 
curve B in Fig. 4 if we adopt the same A£ i v(0°)1»3 and 
A£ ,

i v(90°)1 '8 values as in the case of formula (1) : 

A£ l T(0)i.» = 

V{AEiv(90°y>*y+ [{A£ l v (O
0)1'3}2 - {A^M0)1»»}»]«»» 6 

(2) 
This equation can easily be derived by the composite 
molecule type consideration on the H M O level taking 
into account the interaction between two group orbitals 
only. This means that in the case of styrene the two-
orbital model is not bad approximation. 

Returning to the main story, for the conformational 
analysis of alkyl-substituted styrènes, we must correct 
curve B by taking into account the alkyl substituent 
electronic effect. This effect on the ionization energies 
can be estimated by the following formula according 
to the first order perturbation theory:10»11) 

- AElyJ = gqi qa + m ç qßy + h (3) 

Here AEivj denotes the j-th. vertical ionization energy 
change caused by alkyl substitution, C]k the \m atomic 
orbital coefficient of the atom k in the j-th. molecular 
orbital, being calculated by the CNDO/S method in 
this study, a the alkyl-substituted carbon atom(s) and 
ß the carbon atom(s) adjacent to the atom a. The 
parameter m is a kind of damping factor and is put 
equal to 1/3 by consulting the result in Ref. 10. Though 
the g and h values for methyl and /-butyl groups have 
already been given in Ref. 11, we reevaluated these 
parameter values by the least square method using the 
recent ionization energy data with those for ethyl group. 

T h e compounds and the vertical ionization energy 
data used for the evaluation of g and h are as follows: 

For methyl group, the first ionization energies of 
ethylene,8) its methyl,8) eis- and /rawj-l,2-dimethyl 
derivatives,8) .r-Zra/w-butadiene,12) its 1-methyl12) and 
1,4-dimethyl derivatives,12) benzene,13) toluene, ld) and 
m-xylene. ld) 

For ethyl group, the first ionization energies of 
ethylene,8) its ethyl derivative,8) s-trans-buta.diene,12) its 
4-ethyl derivative,12) benzene,13) ethylbenzene, l c) and 
the first three ionization energies of naphthalene, 8.15, 
8.88, 10.00 eV,10> those of 1-ethylnaphthalene, 7.91, 
8.72, 9.68 eV, and those of 2-ethylnaphthalene, 7.94, 
8.63, 9.83 eV. 

For /-butyl group, the first ionization energies of 
ethylene,8) its /-butyl derivative,8) propylene,8) its cis-
and trans-t-butyl derivatives,8) three isomers of di-/-
butylethylenes,8) benzene,13) and the first two ionization 
energies of /-butylbenzene.11) 

T h e g and h values with the mean square errors, and 
the mean square error for AEivj thus obtained are for 
methyl group, 1.04°±0.042 eV, -O.OO'iO.OS1 eV, 
± 0 . 0 6 4 e V ; for ethyl group, l.SOöiO.OS1 eV, 0 .00 3 ± 
0.008 eV, ± 0 . 0 2 3 eV; for /-butyl group, 1.338±0.046 eV, 
0 .00 2 ±0.03 5 eV, ± 0 . 0 8 4 e V , respectively. 

Thus we can estimate the A£' i v(ö)1 '3 vs. 6 curve for 
each alkyl-substituted styrene by correcting curve B in 
Fig. 4 for alkyl substituent effect by applying formula 
(3) to the highest and the third highest occupied n 
orbitals of styrene. For example, we get the curve 
shown in Fig. 5 in the case of 2-methylstyrene. 

Now it is quite easy to estimate the twist angle 6. 
By comparing the observed AE}? value of 2-methyl­
styrene, for example, with the curve shown in Fig. 5 



June, 1981] A New Method for Conformational Analysis by Photoelectron Spectroscopy 1661 

Obsd-

15 30 45 
0/° 

60 75 90 

Fig. 5. Estimated twist angle, 0, dependence of difference 
between the first and the third vertical ionization 
energies of 2-methylstyrene, AEfc* with observed AEfc*. 
Broken lines denote the mean square error. 

TABLE 2. DIHEDRAL ANGLES, 0, IN STYRÈNES 

Compound 

2 -Methylstyrene 
3-Methylstyrene 
4-Methylstyrene 
a-Methylstyrene 
a.y-/?-Methylstyrene 
frartj-/?-Methylstyrene 
aj-/?-Ethylstyrene 
fra/w-/?-Ethylstyrene 
aj-/?-*-Butylstyrene 
*ranj-/?-f-Butylstyrene 
2,4-Dimethylstyrene 
2,6-Dimethylstyrene 

UPS 

This work 

38±2 
1 8 ± i . 
H±îî 
29±6 
22±6 
12±ï, 
38±J 
12±4 
7 2 e ) 

8±i4 

41 ±8 
68±12 

M.-T 

22 

38 

(0) 

55 

0/° 

uvs 
.a) S.b) B.-S.c) 

31 28 

(0)d) 

33 
35.2 
(0) 

30.7 
54 

a) Ref. 2b. b) Ref. 14. c) Ref. 15. d) The values in 
the parentheses are the assumed ones, e) This value 
is the approximate one. See footnote c) for Table 1. 

the twist angle 0 of 2-methylstyrene is estimated to be 
38° ±80. The error limits for 6 were approximately 
estimated from the mean square error for A£ ivy 
multiplied by V2T The dihedral angles of the other 
molecules were also estimated in the same way and are 
summarized in Table 2. 

In the case of 3-methyl-, 4-methyl-, trans-ß-methyl-, 
and trans-ß-t-butyhtyrene, the error ranges for 6 include 
0° as shown in Table 2, and in the case of trans-ß-
ethylstyrene the lower error limit is not so far from 0°. 
These results are reasonable because trans-ß-alky\ 
substitution can not be considered to cause any steric 
hindrance effect upon the benzene ring parts in these 
cases. These reasonable results support the validity of 
the method developed here. 

The 0 value for cw-ß-ethylstyrene given in Table 2 is 
slightly larger than that for m-/?-methylstyrene, and that 

for m-/?-J-butylstyrene is far larger than that for cis-ß-
ethylstyrene. These tendencies are also reasonable. 

Suzuki14) estimated the twist angles of some styrènes 
from the U V absorption band energies in solution by 
the H M O level consideration. Braude and 
Sondheimer15) estimated the angles from the U V 
absorption spectral intensities on the assumption of 
e/e0=cos 2Q where e and e0 are the molar absorptivity 
of the conjugation band of the alkylstyrene in question 
and that of the corresponding planar reference system, 
respectively. Maier and Turner2b> estimated the twist 
angles for 2-methyl-, a-methyl-, and 2,6-dimethylstyrene 
by the two-orbital model consideration on the H M O 
level mentioned before. The twist angles of some 
styrènes estimated by these authors are also summarized 
in Table 2. The general tendency of the calculated twist 
angles in this paper seems to correspond roughly to 
those by the other methods mentioned above. 

T o our regret there are at present no accurate data 
on the conformations for these alkyl-substituted styrènes 
as yet. T h e 6 values predicted here may be useful as 
guiding data until accurate conformational da ta become 
available. 
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Polarized Raman spectra of single crystals are observed for the room-temperature phase NH4N03(IV). The 
spectra in the low-frequency lattice vibration region as well as in the internal vibration region are well interpreted 
based on D2h

13 structure. Raman spectra of powdered samples are measured at various temperatures covering 
whole phases NH 4 N0 3 I—V. A characteristic feature of Raman spectrum is clarified for each phase. An abrupt 
spectral change occurs in the phase transition, indicating a first order transition. The splitting of Ag and B l g 

components of v3 (asymmetric stretching mode of N0 3 ~ ion) in NH 4 N0 3 is quite large, due to the strong interionic 
interaction between NH4+ and N0 3 ~ ions. 

In our previous paper we discussed the lattice vibra­
tions and phase transitions of K N 0 3 and N a N 0 3 

crystals.1) In relation to the study on a series of alkali 
nitrates, the investigation on N H 4 N 0 3 is significant, 
from the viewpoint of the behavior of N 0 3 ~ ion in the 
crystal as well as that of N H 4

+ ion. There have been 
several reports on the phase transition of N H 4 N 0 3 and 
it has been shown that the phase transition at high 
temperature is caused by the order-disorder on the 
rotational motion of N 0 3 ~ ion and the following 
crystalline modifications exist:2-5) 

Phase I cubic 169°G—126°G 

Phase II tetragonal 126°C— 80°C 

Phase III orthorhombic 80°C— 32°C 

Phase IV 

Phase V 

orthorhombic 

tetragonal 

32°G 18°G 

below -18°G 

T a n g and Torrie measured polycrystalline R a m a n 
spectra from room temperature down to U K and 
discussed I V ^ V phase transition.6) James et al. also 
discussed I V ^ V phase transition as well as I I I ^ I V 
phase transition,7) based on their R a m a n data measured 
in the temperature range 210 K—320 K. Iqbal seemed 
to suggest the existence of an additional phase VII,8) 
for which no evidence was found by T a n g and Torrie.6) 
The study on the high-temperature phases by R a m a n 
measurement was made by ös te r lund and Rosen,5) 
whose spectra seem however insufficient. Théorêt and 
Sandorfy measured the infrared spectra of solid crystal­
line films in the temperature range 169 °C 190 °C 
and obtained four different spectra corresponding to the 
I, I I , IV, and V I I phases.9) In all of these studies 
polycrystalline samples were used for the spectral 
measurement and thus a definite assignment of the 
observed bands to the symmetry species could not be 
done by the polarization measurement. 

We at tempted a thorough spectroscopic study at 
various temperatures covering whole phases and 
clarified a characteristic feature of R a m a n spectrum 
in the low-frequency lattice vibration region for each 
phase. Polarized R a m a n spectra of single crystals were 
measured for the room temperature phase I V to give a 
characterization of the lattice vibrations. A supple­
mentary far infrared transmission measurement was also 

t Present address: Shin-Etsu Handotai Co., Ltd., Isobe, 
Annaka, Gunma 379-01. 

made. We present here these results and specify how 
the successive phase transitions in N H 4 N 0 3 are reflected 
on the vibrational spectra. 

Exper imenta l 

Single crystals of NH 4 N0 3 were grown by slow evaporation 
of saturated aqueous solution at room temperature. Needle­
like crystals of ^ 5 mm length along a-axis of NH4N03(IV) 
were obtained. 

Raman spectra were recorded with a JRS 400 T triple 
monochromator using a standard 90° scattering configuration. 
The 514.5 nm line from Ar ion laser (Lexel, model 95) was 
used for excitation. For the measurement of polarized 
spectra, the natural shaped crystals were used without any 
polishing. At the transition temperatures these crystals 
cracked, probably due to the change in crystal structure, and 
therefore in the measurement for the high and low-temperature 
phases the powdered samples were employed. 

Far infrared spectra were measured by a Hitachi 070 far 
infrared interferometer. 

Crysta l Structure a n d Factor 
Group Analys i s 

The room temperature phase I V is orthorhombic 
with the space group D 2 h

1 3 and two formula units per 
unit cell (z=2). The phase I I I is also orthorhombic 
but it has four formula units per unit cell and its space 
group is D2 h

1 6 . The structures of these phases I I I and 
I V are sketched in Fig. 1. The low-temperature phase 
V is non-centric tetragonal with the space group C4

3 

and £ = 8 . The high-temperature phase I I is also 
tetragonal with the space group C4 v

2 and z=2. The 
phase I has a CsCl-type structure with z=\ in a cubic 
unit cell. The results of factor group analysis based on 
the space groups mentioned above are summarized in 

oN OO ONHJ; 
yf\\ 

: ' 'i 

j. 

% 

m%t 

~, / 

^ 
•* / 

NH4N03UV) NHAN03(ffl) 

Fig. 1. Structures of NH4N03(IV) and (III) crystals. 
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TABLE 1. FACTOR GROUP ANALYSIS FOR NH 4 N0 3 CRYSTALS10 

1663 

NH4NO,(V) (T< 
C4

3 

A 
B 
E 

N t 

52 
52 
56 

NH4NO,(IV) ( - 1 
D 2 h " 

Ag 

B lB 

B2g 

B3g 

K 
B lB 

Bj„ 

Bau 

N t 

9 
8 
7 
3 
3 
7 
8 
9 

NH4N03(III) (32 
D 2 h " 

\ 
B i g 

B2g 
B3g 

Au 

Biu 
B 2 u 
B 3 u 

N t 

16 
11 
16 
11 
11 
16 
11 
16 

NH4N03(II) (80 ° 
G 4 V

5 

Ax 

A2 

Bx 

B2 

E 

N t 

5 
2 
4 
1 
9 

- 1 8 ° C ) C 4
3 * = 8 

Na 

1 
0 
1 

N0 N t r . 

51 9 
52 10 
55 13 

[ 8 ° G < T < 3 2 ° C ) D 
Na 

0 
0 
0 
0 
0 
1 
1 
1 

N ro .b) N ln 

10(5) 
10(5) 
14(7) 

13 ~ _ 0 2h <• — £ 
N0 N t r . 

9 
8 
7 
3 
3 
6 
7 
8 

° G < T < 8 0 ° G ) D 2 h 

Na 

0 
0 
0 
0 
0 
1 
1 
1 

N0 

16 
11 
16 
11 
11 
15 
10 
15 

G < T < 1 2 6 ° G ) C4v 

Na 

1 
0 
0 
0 
1 

N0 

4 
2 
4 
1 
8 

2 
2 
2 
0 
0 
1 
1 
1 

1 6 ^ 4 

N t r . 
4 
2 
4 
2 
2 
3 
1 
3 

5 z=2 
N t r . 

1 
1 
1 
0 
3 

x* ro. 

0 
2(1) 
2(1) 
2(1) 
2(1) 
2(1) 
2(1) 
0 

Nro.
b> 

2(1) 
4(2) 
2(1) 
4(2) 
4(2) 
2(1) 
4(2) 
2(1) 

N ro 

0 
1 
0 
1 
2 

(N0 3 

12 
12 
12 

NIn. 

N h 

. 

-) 

(NOs 

3 
2 
1 
0 
0 
1 
2 
3 

,(NO 

4 
2 
4 
2 
2 
4 
2 
4 

Nin. 

Nm. 

r) 

•s i 

(NH4
+ 

20 
20 
16 

N,n 

) 
c 

(a,b) 

.(NH4+) 

4 
2 
2 
1 
1 
2 
2 
4 

NIn.(NH4+) 

( N O r ) 

3 
0 
3 
0 
3 

6 
3 
6 
3 
3 
6 
3 
6 

c 

Activity 

aaa+abb> «cc (IR) (R) 
a aa~«bbJ aab ( R ) 
(abc ,aca) ( IR) (R) 

Activity 

aaa> abb> «cc ( R ) 

«.b (R) 
«ae (R) 
«be (R) 

C (IR) 
b (IR) 
a (IR) 

Activity 

«aa> <*bb> «ce ( R ) 

«ab (R) 
«ac (R) 
«be (R; 

c (IR) 
b (IR) 
a (IR) 

Activity 

a a a +a b b , acc (IR) (R) 

<*aa-abb (R) 

«ac (R) 
(a,b) (abc,aca) (IR) (R) 

a) N t ; total freedom, N a ; acoustic modes, N0; optical active modes, N t r ; translational lattice modes, N 
rotational lattice modes, N ln (N03~) ; internal modes 
Raman active modes. (IR) ; infrared active modes, b) 
of NH4

+ ions. 

of NO3-, Nin# (NH4+) ; internal modes of NH4+, (R); 
Values in parentheses denote the rotational freedom 

Table 1. No R a m a n active mode exists for the structure 
of the phase I. 

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

Low frequency Lattice Vibration. In this region we 
may expect primarily the rotational and translational 
lattice modes of N 0 3 ~ ion. The rotational modes of 
N H 4

+ ion are expected in the region higher than 300 
cm -1 .10) The polarized R a m a n spectra below 300 c m - 1 

at room temperature are shown in Fig. 2, which arise 
from the phase IV. The observed frequencies and 
assignments to the symmetry species based on D 2 h

1 3 

structure are listed in Table 2. In the spectra of 
powdered sample shown in Fig. 3, three bands around 
90 cm- 1 , 140 cm"1 , and 170 cm" 1 are observed at 29 °C, 
which correspond to the three intense bands at 85 c m - 1 

(B2g), 139 c m - 1 (B2g), and 170 cm" 1 (B3g), respectively, 
observed in the polarized spectra. O n referring to 
Table 1, the 170 c m - 1 band (B3g) is unambiguously 

NHAN03(IV) 

B3g(bc) 

B2g(ac) 

Big (ab) 

Ag (bb) 

Ag (aa)Jl 
Ag (cc)J!i 

300 200 

Fig. 2. Polarized Raman spectra of NH4N03(IV) crystal 
in the low-frequancy lattice vibration region. 
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TABLE 2. OBSERVED FREQUENCIES IN cm - 1 OF NH4N03
a ) 

[Vol. 54, No. 6 

NH4N03(V) 
IR R Rb) 

(77 K) (77 K) ( U K ) 

NH4N03(IV) 
IR R 

(room temperature) 

NH4N03(III) 
R 

(32 °G) 

NH4N03(H) 
R 

(81 °G) 

43 
65 
69 
78 
89 
102 
104 

119 
140 
160 
190 

*240 

48 
61 
73 
85 

98 

110 
135 
138 
161 
189 

201 

230 

709 
728 

1057 
1288 
1389 

1415 

1419 
1447 
1458 

49 
62 
75 
84 
87 
96 
98 
112 
135 
140 
162 
185 
191 
203 
207 
231 
245 
726 

1321 
1406 

1427 
1451 

T(NO)3 

R(N03) 

T(NHJ-) 

} -

h 
Vi 

3 

830 
1046 

*1350 

*4 

*3 

1450 

58(Blg) T b(N0 3) 

60(Ag) T a(N0 3) 

85(B2g) T c(N0 3) 

60 
58(B2g) T a c(N0 3) 

68(Ag) T a c(N0 3) 

100(Ag) R b(N0 3) 
90(Ag) T a(N0 3) ^120 

139(B2g) R b(N0 3) 128(Blg, B3g) R a(N0 3) 

170(B3g) R a(N0 3) 

*200 220(Blg) TC(NH4
+) 

717 715(Ag,Blg)„4 

*2 

1043(Ag) vx 

1415(Blg) 
1418(Ag) 
1461 (Blg) 

1289(Ag) j y s 

1418(Ag) j p / 

715 y4 710 
717 722 

1050 vx 1050 
1320} 
.1355 r 3 

.1410 }-• 

a) T and R denote translational and rotational lattice modes, respectively. vx—v4 : internal modes of N 0 3
_ 

ion. y4': internal mode of NH4
+ ion. b) Observed values by Tang and Torrie.6) 

(HMD 

200 100 200 1.00 200 100 
P/cm"*1 y/cm**1 v/cm"1 

Fig. 3. Raman spectra of powdered samples at various 
temperatures in the low-frequency region. 

assigned to the rotational lattice mode of N 0 3 ~ ion 
about a-axis, while the 85 c m - 1 (B2g) and 139 c m - 1 

(B2g) bands are assigned to the translational mode along 
c-axis and the rotational mode about b-axis, which are 
more or less coupled with each other. The B l g rotational 
lattice mode about c-axis might be very weak since the 
polarizability does not change singnificantly for the 
rotation about an axis perpendicular to the N O s plane. 

300 200 100 
v/cm"1 

Fig. 4. Far infrared transmission spectrum of NH4N03-
(IV) (Nujol mull). This spectrum is recorded by the 
single-beam operation. The low transmissivity around 
0 and 400 cm-1 is due to the efficiency of the beam­
splitter. 

Other four weak bands 58 c m - 1 (B l g) , 60 c m - 1 (Ag), 
90 cm"1 (Ag), and 220 c m - 1 (B lg) observed in the 
polarized spectra are assigned to the translational 
lattice modes. Among them the 220 c m - 1 (B lg) band is 
associated with the NH 4

+ translational mode, since in 
the Raman spectrum of K N 0 3 no band is observed 
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around 200 cm - 1 . Furthermore in the far infrared 
transmission spectrum shown in Fig. 4 a broad band 
around 200 c m - 1 is observed, which also exists in the 
far infrared spectrum of NH4G1. 

The Raman spectra at various temperatures in Fig. 3 
reveal an abrupt spectral change in the phase transition 
as expected for a first order transition. This can be 
seen more clearly in the frequency change with tempera­
ture shown in Fig. 5. 

-200 -100 0 100 
Temperature/°G 

Fig. 5. Temperature dependence of Raman frequencies 
in NH4N03 . 

First we discuss the spectra of high-temperature 
phases, österlund and Rosen showed in their Raman 
spectra the phase III was not observed but the phase IV 
was converted directly to the phase II at 50 °C.5> In 
our measurement the spectrum at 81 °C in Fig. 3(b) 
is considered to arise from the phase II. However, in 
the temperature range 32 °C—80 °C we have the 
spectrum which is different from those of both phase II 
and IV and this corresponds to the spectrum of phase 
III. The spectrum of phase III is also confirmed by 
the single crystal spectrum of N H 4 N 0 3 - K N 0 3 mixed 
crystal which takes the same structure as N H 4 N 0 3 -
(III).11) 

In the spectrum of phase II two bands are observed. 
As the temperature is raised these bands shift to lower 
frequency and show no anomalous behavior as the 
II—»I transition is approached. Actually at 113 °C no 
band is observed. In the phase I, N 0 3 ~ , and NH4+ 
groups are freely rotating and are described to have a 
spherical symmetry, resulting in the CsCl-type structure 
of N H 4 N 0 3 ( I ) . No Raman band is observed as expected 
from this structure. 

Next we discuss the spectra of the low-temperature 
phase V. As seen in Figs. 3 and 5, an abrupt spectral 
change corresponding to the phase transition I V ^ V is 
observed around —50 °C, which is lower than the 
generally accepted temperature —18 °C. Probably a 
supercooling state is produced. The cooling rate in our 
measurement is ^ 0 . 5 K/min. Our measurement is 
made down to 77 K but no evidence is found for another 
low-temperature phase VII . Our result at 77 K is in 
agreement with that at 11 K by Tang and Torrie,6) who 
also could not find phase VII . 

Table 2 summarizes the observed frequencies in 
various phases. 

NH^N03(IV) 

(cc) _ _ * 2 0 - y | | 

1500 K00 1300 10501030 720 700 
y/cm"1 

Fig. 6. Polarized Raman spectra of NH4N03(IV) crystal 
in the internal vibration region. 

Internal Vibrations of NOz~ and NH^ Ions. The 
polarized Raman spectra in the internal vibration 
region at room temperature are shown in Fig. 6, which 
can be interpreted based on D 2 h

1 3 crystal symmetry. 
The correlation between the D 3 h ( N 0 3

_ free ion) and 
the D 2 h

1 3 ( N H 4 N 0 3 crystal) is as follows : 

D3 h(N03- ion) C2v(site sym.) D2h"(NH4N03) 

A2" 

E' 

\ 

*i(* 

"«(s 

M* 

Ag+B3 u d050cm-!) Ax 

* 830 cm-1) B2 

*1350 cm-1)^ Ax 

\ { ^ 720 cm-1) J Bx 

As for NH 4
+ ion the following correlation exists : 

Td(NH4+ ion) C2v(site sym.) D2h
13(NH4N03) 

A, 

A 

B2g + Blu 

Ag+B3 u . 

B l g+B2 u 

A+B3 U 

E v2' 
A + B ; '3u 

V(Ä»1450cm-7 

A2 

A, 

Bi 

B2 

B3g+Au 

Ag+B3 u 

B1K+B: 

B9t 

2u 

In the spectra of Fig. 6, the 1043 cm"1 band (vj : Ag) 
and the 715 c m - 1 band (i>4 : Ag) are observed as 
expected from the correlation diagram. The 715 c m - 1 

band is also observed in the (ab) scattering configura­
tion, which corresponds to the v4(B l g). 

In the region 1250 cm"1—1500 cm"1, the vs of N 0 3 " ion 
and v4' of NH 4

+ ion are expected. On referring to the 
correlation diagram, the 1289 c m - 1 and 1418 c m - 1 

bands observed in the (bb) configuration are assigned 
to the vz(Ag) and v4'(Ag) respectively, and the 1415 
c m - 1 and 1461 c m - 1 bands observed in the (ab) configu­
ration are assigned to the vz(Blg) and vé'(Blg) respec­
tively. 

The splitting of the A g and B l g components of the vz 

(asymmetric stretching mode of N 0 3 " ion) in N H 4 N 0 3 -
(IV) is 126 cm - 1 , which seems abnormally large 
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compared with ^ 1 0 cm" 1 in K N 0 3 ( I I ) . In N H 4 N 0 3 -
(III) this splitting is ^ 3 5 c m - 1 (see Table 2). In the 
N H 4 N 0 3 - K N 0 3 mixed crystals (NH4)- cK1 . - cN03 which 
will be discussed in the following paper, the v3 splitting 
is ^ 4 0 c m - 1 . The large splitting of v3 may be caused 
by the strong interionic interaction between NH4+ 
and N 0 3 ~ ions. The neutron diffraction measurement 
by Choi et al. showed that in N H 4 N 0 3 ( I V ) the hydrogen 
bond is formed between the hydrogen in N H 4

+ ion and 
one of the oxygens in N 0 3 ~ ion.12) This kind of hydrogen 
bond also exists in N H 4 N 0 3 ( V ) , which gives rise to the 
large splitting of vz in the low-temperature phase V as 
observed by Tong and Torrie.6) A crystallographic 
study suggests that the phase transition I I I ^ I V is 
related to the hydrogen bonding, which is reflected on 
the splitting of vz. James et al. suggested that the bands 
at 1289 c m - 1 and 1415 c m - 1 are the transverse and 
longitudinal components of vz and the structure of phase 
I V is non-centric due to the observation of such a 
polar mode in the R a m a n spectrum.7) However, their 
interpretation is highly unlikely since as seen in Fig. 6 
polarized R a m a n spectra of single crystals for various 
scattering configurations do not reveal any T O / L O 
character and they can be interpreted based on D2h13 

structure as mentioned before. 

In conclusion, the structural change can be sensitively 
probed by studying the R a m a n active lattice modes 
in the low-frequency region. An abrupt spectral change 
occurs in the phase transition, indicating a first order 
transition. T h e spectra of single crystals for the room-

temperature phase IV, in the low-frequency region as 
well as in the internal vibration region, are reasonably 
interpreted based on D 2 h

1 3 structure. 

A part of this investigation was supported by a grant 
of Yamada Science Foundation. 
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Raman Scattering and Phase Transition of NH4NO3-KNO3 Mixed Crystals 
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NH 4 N0 3 -KN0 3 mixed crystals, ( N H ^ K ^ N O j , (*=0.88, 0.75, and 0.61), are prepared by evaporation 
of aqueous solutions of ammonium nitrate and potassium nitrate. Polarized Raman spectra of single crystals of 
mixed crystals are observed at room temperature and are interpreted based on the NH4N03(III) type D2h

16 struc­
ture. Raman spectra of powdered samples are examined at various temperatures and it is shown that the NH4N03-
(IV) type phase which is a room-temperature phase of NH 4 N0 3 is not realized in the mixed crystals. In (NH4)0#88-
K0.12NO3, NH4N03(III) type is converted to NH4N03(V) type around - 1 2 0 ° C In the spectra of high-tempera­
ture phase of mixed crystals, only one broad band in the region 100 cm-1—120 cm-1 is observed, which corresponds 
to KN03(I) or KN0 3(III) type structure. 

In alkali nitrates, R b and Cs salts, where the ionic 
radii of the cations are larger than that of K+ ion, take 
the CsCl type structure at high temperatures as in 
N H 4 N 0 3 , while Li and Na salts consisting of smaller 
cations take the distorted NaCl type structure. K N 0 3 

is ferroelectric in its phase I I I , which has not been 
known in other univalent nitrates. The ionic radius of 
NH4+ ion is slightly larger than that of K+ ion, and the 
effect of the substitution of NH4+ ion for K+ ion and the 
phase transition of N H 4 N 0 3 - K N 0 3 mixed crystals have 
been studied in relation to ferroelectricity.1-4) I t is 
considered that at high temperatures mixed crystals 
take the K N 0 3 ( I I I ) type structure, which is ferro-
electric, as well as K N 0 3 ( I ) type, from the study on the 
temperature dependence of the lattice constant.2 '3) 
An X-ray crystallographic study showed that the room-
temperature structure of mixed crystals is the N H 4 N 0 3 -
(III) type.5) As for the low-temperature structure no 
crystallographic study has been reported. 

O n these backgrounds we attempted spectroscopic 
studies on the phase transition of N H 4 N 0 3 - K N 0 3 

mixed crystals. In the preceding paper we studied 
R a m a n scattering and phase transition of N H 4 N 0 3 and 
clarified a characteristic spectral feature for each 
phase.6) In the present investigation R a m a n spectra 
of single crystals of N H 4 N 0 3 - K N 0 3 mixed crystals at 
room temperature are studied and the structural changes 
at high temperatures are examined spectroscopically. 
Furthermore an elaborate measurement of temperature 
dependence of R a m a n spectra at low temperatures is 
made to find whether an abrupt spectral change 
associated with the phase transition exists, since so far 
no study has been done as to the phase transition at low 
temperatures. 

Another objective of this study is to make a definite 
vibrational assignment of N H 4 N 0 3 ( I I I ) for which 
single crystal spectra could not be obtained, by using 
the results of N H 4 N 0 3 - K N 0 3 mixed crystals of 
N H 4 N 0 3 ( I I I ) type structure. 

Exper imenta l 

(NH^a-K^NOa mixed crystals were prepared by evapora­
tion of aqueous solutions of ammonium nitrate and potassium 
nitrate of appropriate molar ratio in a desiccator at room tem-

t Present address: Shin-Etsu Handotai Co., Ltd., Isobe, 
Annaka, Gunma 379-01. 

perature. The initial crops in each solution which precipitate 
in microcrystalline form were removed from this solution and 
subsequently single crystals began to grow. Thus uniform 
solid solutions of NH 4 N0 3 and K N 0 3 were obtained. All 
these crystals grew as a long needle whose axis coincides with 
the b-axis of the NH4N03(III) type crystal. It was confirmed 
from the X-ray powder diffraction measurement that these 
mixed crystals have the same structure as that of NH4N03(III) . 
The molar ratio of mixed crystals was determined by chemical 
analysis. 

In the preparation of (NH^K^-pNOg mixed crystals by 
evaporation of aqueous solutions, the molar ratio (*) of NH4-
N 0 3 amounts to the value in the range 0.96>*>0.60 for the 
produced crystals. The mixed crystals with the x value in the 
range 0.60^>x^>0.04 are not produced from aqueous solutions 
at room temperature. (It is reported that the crystal with 
*<0.04 is isomorphous with K N 0 3 (II)1»5)). 

We prepared the following three kinds of mixed crystals : 

Molar ratio of NH 4 N0 3 Molar ratio of NH4NOs 

in aqueous solution in mixed crystal 

0.9 0.88 
0.8 0.75 
0.7 0.61 

Spectral measurements were performed in the procedure 
described in the preceding paper.6) 

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

Temperature Dependence of Raman Spectra of Poly crystalline 
Samples. Figure 1 shows the R a m a n spectra of 
powdered samples of (NH4)^K J_ j CN03 mixed crystals 
(x=0 .88 , 0.75, and 0.61) at room temperature, com­
pared with those of N H 4 N 0 3 at 32 °C, which corresponds 
to the spectrum of N H 4 N 0 3 ( I I I ) as discussed in the 
preceding paper.6) The spectra of the above three 
kinds of mixed crystals are similar to that of N H 4 N 0 3 -
( I I I ) , confirming the crystallographic conclusion that 
(NH4)^K1_A :N03 (#>0.6) at room temperature takes 
the N H 4 N 0 3 ( I I I ) type structure with the space group 
D 2 h

1 6 (*=4).5) R a m a n frequencies of (NH4)0 # 8 8K0 .1 2NO3 

at various temperatures in the process of cooling and 
heating from room temperature are shown in Fig. 2. 

In the low-temperature spectra, a phase transition is 
found around - 1 2 0 °C for (NH4)0 .8 8K0 .1 2NO8 , while 
for the other two kinds of mixed crystals no sudden 
change in the spectra is found. Figure 3 shows the 
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( N H J x K 1 - X N 0 3 A ( P ° w d e r ) 

Room temp. 

X = 1 :32*C 

200 100 
v/cm"1 

Fig. 1. Raman spectra of powdered samples of (NH4)X-
K1_xN03 mixed crystals at room temperature. For 
NH 4 N0 3 (x= 1) the spectrum at 32 °C is given. 

-200 100 -100 0 
Temperature/°C 

Fig. 2. Raman frequencies at various temperatures for 
(NH4)0#88K012NO3 mixed crystal. 

(NH / - ) x K 1 _ x N0 3 (powder) 

Liq. N2 temp. 

( N H J x K ^ x N O g (powder) 

Liq. N2 temp. < 

200 100 200 100 
v/cm_1 v/cm-1 

Fig. 3. Raman spectra of powdered samples of (NH4)X-
Kj.^NOa mixed crystals at liquid-N2 temperature. 

Raman spectra at liquid-N2 temperature. From Fig. 
3(a), it is shown that the low-temperature phase of 
(NH4)0#88K0#12NO3 takes the N H 4 N 0 3 ( V ) type structure 
(low-temperature phase of N H 4 N 0 3 ) . It should be 
noted that in this mixed crystal N H 4 N 0 3 ( I I I ) type-> 
N H 4 N 0 3 ( V ) type phase transition occurs without 
passing through N H 4 N 0 3 ( I V ) type structure unlike 

N H 4 N 0 3 crystal. As seen in Fig. 3(b), for the mixed 
crystals with # = 0 . 7 5 and # = 0 . 6 1 , the room-temperature 
structure of N H 4 N 0 3 ( I I I ) type is still retained at 
liquid-N2 temperature. However, it might be possible 
that a supercooling state is produced in these mixed 
crystals. 

Next we see the spectra of high-temperature phase. 
It is generally accepted that the following phase transi­
tions exist in the mixed crystals at high temperature:3) 

NH4N03(III) type 
105°C—125°C 

75°C—115°C 

KN03(III) type 
«130eC 

sl20°C 
KNO,(I) type 

The spectra of high-temperature phase are shown in 
Fig. 4. In the high-temperature spectra, only one broad 
band with the peak around 100 cm"1—120 cm"1 

is 
observed, which is assigned to the N 0 3 ~ ion rotational 
lattice mode of C3 v

5 (z=l) or D 3 d
5 (z=l) structure. 

K N 0 3 ( I ) t y p e ^ K N 0 3 ( I I I ) type phase transition is not 
revealed in the spectra markedly. 

Polarized Raman Spectra of Single Crystals. Figure 
5 shows polarized Raman spectra of single crystals for 
(NH4);cK1_ArN03 mixed crystals at room-temperature 
in the low-frequency lattice vibration region. As the 
ratio of N H 4 N 0 3 decreases, the observed bands shift 

(NH^)xK1_xN03:KN03(I)type (NH^K^xNC^: KN03(ni)type 

200 100 200 100 
v/cm"1 v/cm"1 

Fig. 4. Spectra of high-temperature phase of (NH4)X-
K1-<rN03 mixed crystals. 

< N H A ) Q . 8 8 K 0 . 1 2 N 0 3 ( N H A ) 0 7 5 K 0 2 5 N 0 3 (NH 4 ) 0 6 1 K0.39NO3 

200 100 200 100 2ÖÖ JÖÖ 

i'/cm"1 v/cm"1 v/cm"1 

Fig. 5. Polarized Raman spectra of single crystals of 
(NH4)xK1_xN03 mixed crystals (Low-frequency region). 
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TABLE 1. OBSERVED RAMAN FREQUENCIES 

IN cm-i OF (NH4)xK1_xN03
a) 

= lb) 

58 

68 

100 

128 

715 
717 

1050 
1320 

1355 

1410 

*=0.88 

59 
63 
65 
71 
88 
93 
105 
131 
135 
714 
719 
830 
1048 
1320 
1330 
1354 
1360 
1418 

*=0.75 

60 
64 
66 
73 
88 
93 
109 
133 
136 
714 
719 
830 
1048 
1325 
1330 
1356 
1365 
1422 

*=0.61 

63 
65 
65 
76 
88 
93 
115 
135 
139 
714 
719 
830 
1048 
1330 
1335 
1360 
1373 
1425 

Assignment based 
on D2h

13 

(B2g) Tac(N03") 
(Blg) T b (NO,-) 
(B3g) T b (NO,-) 
(Ag) Tac(N03") 
(Ag) Tac(N03") 
(Blg) T b (NO,-) 
(Ag) R b (NO,-) 
(Blg) R a (NO,-) 
(B3g) R a (NO,-) 

(B^B3.) U 4 

(Ag) r 4 

(Ag) 
(Ag) 

(Ba.) ) 
(A*} 

(Blg) h 
(B2g) > 
(Ag) 

a) T and R denote translational and rotational lattice 
modes, respectively. vx—v4: internal modes of N0 3 ~ 
ion. y4': internal mode of NH4

+ ion. b) Powdered 
sample at 32 °C. 

to the higher frequency, which reflects the crystallo-
graphic result that the lattice constants become smaller. 
Table 1 summarizes the vibrational frequencies together 
with the mode assignments. 

In N H 4 N 0 3 ( I V ) crystal reported in the preceding 
paper, it was found that the lattice mode about a-axis of 
N 0 3 ~ ion (Ra) is observed as a single band while that 
about b-axis (Rb) is accompanied by a band due to the 
translational lattice mode which is coupled with the 
rotational mode and strengthens its intensity. In the 
NH 4 N0 3 ( I I I ) type crystal a similar feature is seen, but 
somewhat in an approximate description. One of the 
oxygen atoms (OJ in N 0 3 ~ ion is located in the mirror 
plane in NH 4 N0 3 ( I I I ) crystal (refer to Fig. 1 of the 
preceding paper6)). Although NOj is not exactly 
parallel to the a-axis of crystal, we designate approxi­
mately the rotational mode about the NO^axis, Ra, 
and that about the axis perpendicular to the N O r a x i s 
and in the N 0 3 ~ plane, Rb. In the NH 4 N0 3 ( I I I ) 
type D2h16 structure, Ra belongs to the B l g and B3g 

species and Rb to the A g and B2g species. As seen in 
Fig. 5, in the spectrum of the a scattering configuration 
(Ag), two strong bands are observed, while in the 
spectra of the ab (B lg) and be (B3g) configurations one 
strong band is observed with a very weak band around 
60 cm-1 . The spectral feature revealed in N H 4 N 0 3 ( I V ) 
crystal and (NH 4 ) ,K,_ ,NO a crystal of the NH 4 N0 3 ( I I I ) 
type, that the rotational lattice mode about a-axis is 
observed as a single band while that about b-axis 
coupled with the translational mode as two bands, is 
characteristic of the orthorhombic structure. In the 
crystals possessing C3-axis perpendicular to N 0 3 ~ plane, 
such as K N 0 3 ( I ) , K N 0 3 ( I I I ) , and N a N 0 3 ( I ) types, the 
rotational modes about a- and b-axes are degenerate 

1500 1400 1300 ' 10501030720 700 
v/cm"1 

Fig. 6. Polarized Raman spectra of single crystals of 
(NH4)0 88K0 1 2 N0 3 mixed crystal (Internal vibration 
region). 

and a single band corresponding to E g species is ob­
served, as seen in the high-temperature phase of mixed 
crystal. 

Next we discuss briefly the polarized Raman spectra 
in the internal vibration region in Fig. 6. Based on the 
spectra of six kinds of scattering configurations, the 
observed bands are assigned straightforwardly to the 
symmetry species of D 2 h

1 6 factor group as shown in 
Table 1. The splitting of v3 ( N 0 3 asymmetric stretching 
mode) in mixed crystals is within ^ 4 0 cm - 1 , comparable 
with 35 c m - 1 in N H 4 N 0 3 ( I I I ) , which indicates that in 
the N H 4 N 0 3 ( I I I ) type structure no strong hydrogen 
bond is formed between NH 4

+ and N 0 3 ~ ions unlike 
in the case of N H 4 N 0 3 ( I V ) and N H 4 N 0 3 ( V ) type 
structures. 

To sum up, polarized Raman spectra of single crystals 
of mixed crystals at room temperature are interpreted 
based on the N H 4 N 0 3 ( I I I ) type D 2 h

1 6 structure. In 
NH 4 N0 3 ( I I I ) itself single crystal spectra could not be 
obtained due to the crack of crystals at phase transition 
N H 4 N 0 3 IV-»III. Therefore it is significant that a 
vibrational assignment of the spectra of powdered 
sample for N H 4 N 0 3 ( I I I ) can be done on comparing 
with the single crystal spectra of mixed crystals at room 
temperature. The N H 4 N 0 3 ( I V ) type phase which is a 
room-temperature phase of N H 4 N 0 3 is not realized 
in the mixed crystals. In some mixed crystals, the 
N H 4 N 0 3 ( I I I ) type is converted directly to the N H 4 N 0 3 -
(V) type around — 120 °C, without passing through the 
N H 4 N 0 3 ( I V ) type. At high temperatures, only one 
broad band in the region 100 cm"1—120 c m - 1 is ob­
served, which corresponds to K N 0 3 ( I ) or K N 0 3 ( I I I ) 
type structure. 

The authors wish to express their sincere thanks to 
Prof. Takei, The Research Institute for Iron, Steel and 
Other Metals, Tohoku University, for permitting us 
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Mechanism of the Current Doubling Effect. I. The ZnO Photoanode 
in Aqueous Solution of Sodium Formate 
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Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, 
Hongo, Bunkyo-ku, Tokyo 113 

^Department of Industrial Chemistry, Nagoya Institute of Technology, Gokiso, Showa-ku, Nagoya 466 
(Received December 18, 1980) 

Current doubling mechanism of the photoanodic reaction of sodium formate at the ZnO electrode is 
re-examined. Quantitative analysis of the reaction products revealed that ZnO electrode corroded during the 
current doubling reaction, which has not been previously reported. However, zinc ions were formed with about 
50% of current efficiency. Carbon dioxide, instead of oxygen, was formed during the reaction. These experi­
mental observations strongly suggested mechanism proposed by earlier workers were incorrect. A new mechanism 
is proposed. 

The anodic photoreaction of a Z n O electrode in an 
inert electrolyte solution is known1,2) as a dissolution 
reaction ( Z n O + 2 p + - > Z n 2 + + l / 2 0 2 ) , in which the 
current efficiencies of Zn2 + dissolution and oxygen 
evolution are each 100%. 

However, when formic acid, aldehydes or alcohols 
are added to the electrolyte solution, Morrison et A / . 3 - 6 ) 
found that the anodic photocurrent of a Z n O single 
crystal doubled, and they proposed a current doubling 
mechanism. Subsequently, similar effects were reported 
on other semiconductor electrodes. Gerischer et al. 
observed7'8) current doubling behavior on a single 
crystal CdS electrode when aldehydes or alcohols were 
added to the electrolyte. T a m u r a et a/.9-10) found that 
the photooxidation current for a T i 0 2 single crystal 
electrode increased with the addition of alcohols. Bard 
et a/.11-15) studied the oxidation of acetate ions, both on 
an irradiated T i O a electrode and on T i O a powders, and 
they named the reaction the Photo-Kolbe Reaction. 
Using irradiated p-type G a P electrode, Memming 
showed16-17) that S 2 0 8

2 - , H 2 0 2 , or /»-benzoquinone were 
current-doubling agents under cathodic polarization. 

According to the mechanism proposed by Morrison 
et Ö/. ,3-6) holes formed by photoirradiation of an n-type 
semiconductor react with a current doubling agent R 
to give R+ , which then donates an electron to the 
conduction band and becomes R2 + . In this case, the 
dissolution reaction of Z n O is suppressed. 

However, our preliminary study18) with the Z n O 
electrode shows that while typical current doubling 
agents such as formate ion or ethyl alcohol made the 
photoanodic current increase, oxygen evolution could 
not be observed and zinc ions were detected in the 
electrolyte solution after photoelectrolysis. The quantity 
of zinc ions dissolved was almost equivalent to the 
quantity of holes flowing to the Z n O surface. These 
facts indicate that the current doubling effect may not 
always follow Morrison's mechanism. 

In this paper we re-examine the mechanism of current 
doubling. Using a poly crystalline Z n O electrode and 
H C O O - as the current doubling agent, we present 
quantitative data on the magnitude of photocurrent, 
the amount of zinc ions dissolved, and the amount of 
oxygen and C 0 2 formed. 

Exper imenta l 

Polycrystalline ZnO Electrode. A polycrystalline ZnO 
pellet was made by pressing the powder (reagent grade) with 
a pressure of 0.5 t/cm2 and then heating it for 3 h at 1300 °C 
in air.19> Its diameter was 17 mm and the thickness about 2 
mm. After an ohmic contact was made with an In-Ga alloy, 
a lead wire was connected with Silver Epoxy, and then all 
surfaces except one were covered with an epoxy resin. 

Electrochemical Reaction on Illuminated Polycrystalline ZnO 
Electrode. Current-potential and photocurrent-time be­
havior of the ZnO electrode were measured with a poten-
tiostat (Nikko Keisoku NPG 301), with a saturated calomel 
electrode as the reference electrode and platinum as the 
counter electrode. Irradiation was carried out with the 
light from a 500 W high pressure mercury lamp with a quartz 
lens and a filter (Toshiba Kasei UVD2) to pass wavelengths 
around 360±30nm. The electrolyte contained Na2S04 or 
KN0 3 , and HCOONa was employed as a current doubling 
agent. A potassium nitrate agar salt bridge separated the 
cell compartments containing the ZnO and the Pt electrodes. 
All chemicals, were reagent grade. The experimental 
setup is shown in Fig. 1. 

To elucidate the reaction mechanism, quantitative analyses 
of the products (Zn2+, 0 2 , H 2 0 2 , and C0 2) , which could be 
predicted by the photoanodic reactions on the ZnO electrode, 
were carried out, as follows: Zn2+ ions, which were formed as 
the result of photoanodic reaction of ZnO electrode, were 
quantitatively analysed photometrically20) using the absorp-

Fig. 1. Experimental setup. 
1: 500W high pressure Hg lamp, 2 : lens, 3 : filter, 4 : 
optical window, 5: sintered ZnO electrode, 6: electro­
lyte, 7: Pt electrode, 8: electrolyte, 9: salt bridge, 
10: SCE, 11: potentiostat, 12: potential sweeper, 13: 
recorder, 14: stirrer, 15: 0 2 detector. 
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tion peak (A=570 nm) of complex between Zn2+ and Xylenol 
Orange at pH 6.O. The amount of dissolved oxygen was 
measured with an oxygen meter (Ishikawa Seisakusho DG) 
and a gas-chromatography (Ohkura Denki). The amount 
of G 0 2 formed after photoelectrolysis was determined by 
making the electrolyte solution pH 12 with highly purified 
NaOH, then adding an aqueous BaCl2 solution, and finally 
weighing the BaC03 . For this measurement we used K N 0 3 

as the electrolyte. Hydrogen peroxide was quantitatively 
analyzed with permanganate. 21> 

Results 

The current-potential curves obtained using a 
polycrystalline Z n O electrode were almost the same as 
those obtained previously using a single crystal Z n O , 
as shown in Fig. 2. With addition of formate ions to the 
supporting electrolyte solution, a saturated photoanodic 
current increased. 

0 +1 +2 
(Potential vs. SGE)/V 

Fig. 2. The current-potential curves of a polycrystalline 
photoanode. 
1: 0.4 M KN0 3 , 2: 0.4 M HCOONa+0.4 M K N 0 3 

(1 M == 1 mol dm-3), 3: in dark. 

Table 1 shows the results of photocurrent densities, 
current efficiencies of Zn2+, oxygen, H 2 0 2 , and C 0 2 

formation. With addition of H C O O N a , photocurrent 
increased up to almost twice. However, the amounts 
of dissolved Zn 2 + were almost the same, that was, the 
current efficiencies of dissolution of Zn2+ were the half. 
Figure 3 shows amounts of dissolved Zn2+ and current 
efficiencies of Zn 2 + against time. At any irradiation 
time current efficiencies were almost the half. This 
indicates that Zn2+ ions were dissolved in the equivalent 

Time/min 

Fig. 3. Amounts of dissolved Zn2+ and current efficiency 
of Zn2+ against time. 
Electrolyte solution: 0.4 M HCOONa +0.4 M KN0 3 , 
0 : in dark, O : under irradiation (density of photocur­
rent: 17.5 mA cm~2). 

" 0 

Time /min 
Fig. 4. Detection of oxygen. 

1 : ZnO photoanode (+1.0 V vs. SGE) in 0.4 M KN0 3 

(t=4.1 mA), 2: Pt anode (oxygen evolution reaction) 
in 0.4 M KNO3 (i=4.1 mA), 3: ZnO photoanode 
(+1 .0V vs. SGE) in 0.4 M HGOONa+0.4 M KN0 3 

(t= 7.8 mA), 4: without electrolysis (blank test; t=0) 
A/ is in proportion to the dissolved oxygen. 

quanti ty of the numbers of the holes formed in the 
valence band by the light excitation. It means that 
under irradiation of the constant intensity of light, the 
rates of dissolution of Zn 2 + were almost the same with 

TABLE 1. QUANTITATIVE ANALYSES OF PRODUCTS ON A POLYCRYSTALLINE ZnO PHOTOANODE 

Reactants 
Photocurrent 

density 
mA cm-2 

The amount 
of Zn2+ ions 
dissolved in 

150 ml anolyte 
for 10 min 

10"5M 

Current efficiencies 

Zn0+ 
(1) (2) 

H 2 0 2 GO, 

0.01 M HCOONa 
0.1 M HCOONa 
0.4 M HCOONa 
0.4 M Nal 

4.62 
5.94 
8.78 
9.14 
3.42 

2.91 
2.44 
2.69 
2.79 
0.00 

1.03 
0.67 
0.50 
0.50 
0.00 

1.02 

0.00 
0.00 
0.00 

0.91 
0.67 
0.00 
0.00 
0.00 

0.0 

0.0 

0.00 
0.37 
0.51 
0.55 
0.00 

Supporting electrolyte: 0.4 M KN0 3 , Applied potential: + l . O V w . SCE, Irradiation wavelength : 360+30 n m. 
a) (1) : By the oxygen meter, (2) : by gas chromatography. 
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and without the presence of H C O O N a , even photocur-
rent increased with it. O n the other hand, with addition 
of concentrated H C O O N a increase of oxygen was not 
observed, as shown in Table 1. The results of the 
quantitative analysis of dissolved oxygen versus time are 
shown in Fig. 4. The quantity of oxygen produced 
versus time upon irradiating the Z n O in 0.4 M K N 0 3 

and with a photocurrent i = 4 . 1 X 10~3 A/cm2 is shown 
in Curve 1. About the same oxygen versus time relation­
ship was obtained without irradiation by substituting 
the Z n O electrode with a Pt electrode and with an 
oxidation current of 4.1 x 10~3 A/cm2 (Curve 2). The 
latter conditions correspond to electrolysis of water. 
With the addition of H C O O N a the photocurrent 
increased, and at a high enough concentration (^>10~2 

M) the photocurrent was almost double the value 
obtained with the inert electrolyte alone. This addition 
of H C O O N a decreased the rate of oxygen during 
photolysis to essentially zero as shown in Curve 3. 
Finally, a blank run was made without electrolysis but 
with irradiation of the Z n O electrode in an electrolyte, 
with or without H C O O N a , and the results show 
essentially a zero oxygen evolution rate (Curve 4). 

Formation of H 2 0 2 , which was reported by Hauffe 
and Range22) during the photooxidation of Z n O 
electrode, was not detected with and without H C O O N a , 
as shown in Table 1. 

The amount of the formation of C 0 2 was almost the 
half compared with the charge flowed, but nearly close 
to that calculated by the charge based on the increased 
part of photocurrent in the presence of H C O O N a . 

As shown in the last column in Table 1, we analyzed 
the products when iodide ions were added to the 
electrolyte solution. The photocurrent decreased to less 
than the value only in the supporting electrolyte, 
because iodine formed absorbed light quanta . Both 
current efficiencies of Zn2 + dissolved and C 0 2 formation 
became to zero, and also increase of 0 2 dissolved was 
not detected. The behavior can easily be understood6) 
that holes formed in the valence band reacted preferen­
tially with I~ ions, resulting in suppression of dissolution 
ZnO. 

D i s c u s s i o n 

According to Morrison's current doubling mecha­
nism,3-6) the holes formed by irradiation of a semi­
conductor react with H C O O - , to give H* and C 0 2 ; 

HCOO- + p+ • H ' + C0 2 . (1) 

The H * formed as an intermediate donates an electron 
to the conduction band : 

H* • H+ + e~. (2) 

Therefore, the net current doubling reaction is 

HCOO- + p+ • H+ + C 0 2 + e-. (3) 

Recently, Harbour and Hair,23) using the spin trap­
ping technique, detected C O O T as an intermediate of the 
photocatalytic reaction occurring on Z n O powder 
irradiated in an aqueous solution containing formate or 
oxalate ions. They proposed a new mechanism in which 
C O O x donated an electron to the conduction band as 
follows, 

H C O O - + P+ • H+ + COOT (4) 

COOT • C 0 2 + e~. (5) 

In this case the net reaction is the same as Eq. 3. 
T h e above mechanisms assume that Z n O is not 

photooxidized to Zn2+. However, the results in Table 1 
show that we observed Zn2+ in the electrolyte solution 
after photoirradiation when the photocurrents was 
increased, even in the presence of H C O O - . When 
H C O O - was present, the current efficiency of Zn 2 + 

formation was about 0.5, but the current efficiency 
would be almost 1.0 if we used the same value of photo­
current observed without H C O O " addition. 

Can we explain these facts from the Morrison's 
mechanism ? One possibility is that the H+ formed by 
Eq. 3 reacts chemically with the Z n O , 

ZnO + 2H+ • Zn2+(aq) + H 8 0 . (6) 

However, it may be very difficult for H+ formed on the 
Z n O surface to attack the Z n O lattice. In an alternative 
and more probable mechanism, an intermediate oxygen 
species, O*, which is assumed to be one of the inter­
mediates of the simple dissolution reaction of Z n O , 
reacts with H C O O - to produce an active ' C O O -

radical ; 

ZnO 4- 2p+ • Zn2+ + O* (7) 

O* + 2HCOO- • 2COOT + H 2 0 . (8) 

Then, C O O " can donate an electron to the conduction 
band, as in Eq. 5, 

2COOT • 2C0 2 + 2e~. (9) 

By combining Eqs. 7, 8, and 9 we obtain the net reaction, 

ZnO + 2p+ + 2HCOO-

• Zn2+ + H 2 0 + 2C0 2 + 2e-. (10) 

T h e experimental results shown in Table 1, e.q. the 
current efficiencies of the products Zn2 + , 0 2 , and C 0 2 , 
can be explained if Eq. 10 is valid for the current 
doubling effect. For example, with H C O O N a present 
in solution, the current efficiencies for Zn2+ and C 0 2 

are observed to be almost 0.5, in accordance with the 
stoichiometry of Eq. 10. 

Conc lus ion 

Mechanism of current doubling reaction of formate 
ion was re-examined by using a polycrystalline Z n O 
photoanode. From the quantitative analyses of the 
products of the current doubling reaction, a new 
mechanism is proposed; 

ZnO + 2p+ + 2HCOO-

• Zn2+ + H 2 0 + 2C0 2 + 2e-. 

The Z n O electrode corrodes during the current doubling 
reaction. 
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Temperature Dependence of Thermal Positive Ion Production 
through Dissociation of Polyatomic Molecules 
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The production of a thermal positive ion (M+) from a polyatomic molecule (MX) incident upon a heated 
metal surface is investigated theoretically as a function of surface temperature (T). The quantitative expression 
of the ion emission current (i+) of M+ at a constant incident flux (;N) of MX is found to change according to the 
condition whether the work function (0) of the surface is higher or lower than the first ionization energy (J) of M 
and also to the degree of dissociation (y) of MX on the surface. Namely, 
(1) Whenç i— / > 0 , 

.+ ^ (Kt for y « 1. 

~ U t T-V4 e x p ^ - ^ f j for y < 1. 

(2) When <f> - I < 0 , 

f * . e x p [ ^ ^ J f a r y « l . 

1 ~ U r - ^ e x p ^ - ^ / 2 ] f o r y < l . 

Here D is the bond dissociation energy of MX and K's are virtually independent of T. In any other cases i+ cannot 
be expressed in such a simple form. The particular temperature regions corresponding to y ;=« 1 or y<^ 1 are evaluated 
for given sets of N, D, I, and <j>. 

When a beam of an atom (M) with a small value of 
the first ionization energy ( / (M)) is impinged upon a 
positively biased metal surface at a high temperature, a 
positive ion (M+) is emitted after attaining the following 
equilibrium on the surface. 

M ^ = ± M + + e-. (1) 

This phenomenon is usually called thermal positive 
ion emission or positive surface ionization, and has long 
been investigated both experimentally and theoretically 
by great many workers. Nowadays, in consequence, it 
is generally accepted that the ionization coefficient 
(a+(M)) of M is described by Saha-Langmuir 's equa­
tion.1'2) 

. , . . . n(M+) w+ f 0 - J ( M ) 1 /ox 
a+(M) s ~nW = ^ CXP

 [RT } (2) 

Here n(M+) and /z(M) are the numbers of M+ and M 
emitted per unit time from unit surface area, respectively, 
w+jw° the statistical weight ratio of M+ to M, <f> the work 
function of the surface, R the gas constant, and T the 
absolute temperature of the surface. T h e enthalpy 
change (AHj) due to the surface reaction (M—•M++e-) 
is equal to — (0—/(M)) , which is naturally included in 
Eq. 2. The ionization efficiency is usually given by 

»-(M) = ^ M ! l = , ( M ) *<M+> 
P K } ~ N(M) K n(M) + n(M+) 

where iV(M) and <r(M) are the incident flux per unit 
time per unit surface area and the accommodation 
coefficient of M, respectively. 

The ion current collected with a Faraday cage is 
generally expressed by 

*+(M) = eSy(M+) N(M) ß+(M). (4) 

Here e, S, and r] (M+) are the elementary electric charge, 

the area of the ionizing surface, and the collection 
efficiency of M + , respectively. Substitution of Eqs. 3 and 
2 in Eq. 4 yields 

, C 1 f o r a + ( M ) > l . (5) 

k f l + 4 e x p f f ^ i r for neither 
•+(M) « J L w+ ^ rJJ 

j a+(M) > 1 nor o+(M) < 1. (6) 

Here C1 is given by 

C1 = eS J?(M+) a(M) JV(M). (8) 

Clearly the quantitative expression of i+(M) changes 
according to the value of o+(M), and it is AHV of 
course, that is included in the Boltzmann factor govern­
ing the thermal positive ion production from the 
incident atom M. When a + ( M ) > l , however, z+(M) is 
virtually independent of both AHX and T, as shown by 
Eq. 5. When a+(M) is neither much larger nor much 
smaller than unity, Eq. 6 indicates that the slope of an 
emission plot (logi+(M) vs. 1/7*) is not constant. O n 
the other hand, such a plot as is based on Eq. 7 yields 
a straight line, the gradient (G) of which is equal to 
- (0 .434 /Ä) Atfj. Only when a + ( M ) < l , therefore, it 
is possible to determine 7(M) 3 - 6 ) or ci6"9) from G. 

Such emission of the positive ion M+ is observed also 
when a beam of a molecule (MX) including the same 
element M impinges upon the surface. In the case of 
this molecular beam incidence, however, M+ is emitted 
after attaining Equilibria (9) and (1) on the ionizing 
surface, and the ion production processes are more 
complicated than those in the case of the atomic beam 
incidence described above. 

MX ; = ï M + X. (9) 

T h e enthalpy change (AH2) due to the surface reaction 
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( M X - > M + + X + e - ) is equal to - ( ^ - / ( M ) - D ( M X ) ) , 
where Z)(MX) is the bond dissociation energy of M X . 
The temperature dependence of the collected ion current 
(i+(MX)) of M + thus produced from M X has long been 
investigated experimentally by many workers.1 '2) T h e 
theoretical investigation of the dependence, however, 
has not yet fully been made, and a quantitative expres­
sion of z+(MX) as a function of T seems not to be de­
rived theoretically or empirically by any workers. Con­
sequently, the quantitative relation between i+(MX) and 
AH2 also seems to be left unknown, in contrast to the 
case of the atomic beam incidence described above. 
From analogy with Eqs. 6 and 7, it may possibly be infer­
red that none other than AH2 can be included in the 
Boltzmann factor governing the production of M + from 
M X . T h e validity of this inference, however, should 
be checked rigorously on the basis of thermochemistry. 
Previously one of the present authors made a theoretical 
study of thermal negative ion production from incident 
molecules.10-11) A theoretical model developed in the 
previous work may probably be useful for solving the 
above problems, too. 

From the viewpoints described above, the present au­
thors have applied the theoretical model to the thermal 
positive ion production from polyatomic molecules. In 
consequence, they have found that i+(MX) is expressed 
as a function of T by seven different equations according 
to the ionization coefficient and to the degree of dissocia­
tion of M X , and also that the Boltzmann factors in 
some of the equations include AHX, AH2/2, or ( A i / 1 + 
AH2)/2, as opposed to the above inference that AH2 

alone is included. 
This paper describes the theoretical investigation 

leading to the above findings and also illustrates an 
application of the present theory to several sample-
surface systems. 

Theoret i ca l 

Expression of the Ionization Coefficient. I n a similar 
way as in the previous work,10 '11) let us consider an 
isothermal airtight metal vessel, inside of which 
Equilibria (9) and (1) exist. If the density of the 
charged particles is so small that the space-charge effect 
may be neglected, then Eqs. 10—12 are derived from 
thermochemical considerations. 

P ( M ) f ( X ) _ / ( M ) / ( X ) 
P(MX) /(MX) CXpL RT J" (10) 

P(M+)P(e-) _ / ( M + ) / ( c - ) r - I ( M ) | ( n ) 

P(M) / ( M ) 

P ( e - ) = / ( e - ) e x p ^ J . 

T J" 

(12) 

Here P(Y) a n d / ( Y ) are the equilibrium vapor pressure 
and the partition function, respectively, of the particle 
Y, and 0 is the work function of the surface of the vessel. 

T h e flux of Y evaporating per unit time from a unit 
area of the surface is given by 

/ ( Y ) = ^ ( Y ) 
JK ' {2nM(Y) R 77 1 / 2 ' 

(13) 

where NA and M (Y) are Avogadro's number and the 
molecular (or atomic) weight of Y, respectively. In 

surface ionization, however, free evaporation occurs in a 
vacuum. Strictly speaking, therefore, P(Y) should be 
corrected with a factor of the evaporation coefficient 
(e(Y)).12) Consequently, the flux of Y emitted from an 
ionizing surface is 

»(Y) = e(Y) 7(Y). 

From Eqs. 10—14 we obtain Eqs. 15—17. 

»(M) w(X) _ NAp(MX) f AS°{MXy] 
«(MX) r o _ .. o - r t ,« e x P 

(14) 

(15) 

{2nnR 77»/« " ^ I R J 

xexpf^fMX)]. 

C2^(M)exp[™]. (17) 

Here A£°(MX) and AS°(M) are the standard entropy 
changes due to the dissociation and the positive ion 
production, respectively; and /o(MX), p(M), and fi are 
given by e(M) e(X) /e (MX), e(M+)/e(M), and M(M) x 
M ( X ) / M ( M X ) , respectively. Essentially C2 is equal to 
w+jw° because Eq. 2 is derived on the implicit assump­
tion /o(M) = l. If the flux of M X or M impinging 
separately upon the same ionizing surface is so small 
that 0 may be regarded essentially constant without 
being affected by adsorption of M X or M, then the 
ionization coefficient a+(MX) given by Eq. 16 is equal 
to a+(M) by Eq. 2. 

Under such a steady-state condition that all of the 
particles evaporate from the ionizing surface immediate­
ly after attaining Equilibria (9) and (1) on the surface, 
the following relations hold. 

«(M) + n(M+) = »(X) = <r(MX) y(MX) JV(MX). (18) 

«(MX) = { l - y ( M X ) } <r(MX) JV(MX). (19) 

Here tf(MX) is the accommodation coefficient of M X 
incident upon the ionizing surface, and represents the 
fraction of the M X molecules attaining Equilibria (9) 
and (1) on the surface. Namely, 

= »(MX) + «(M) + „(M+) 
K } ~ N(MX) 

T h e ionization efficiency is given by 

(20) 

WMX) ^ ^ = .(MX) „(MX) , ffff^ . (21) 
JV(MX) 

Eqs. 16 and 18 yield 
_ <T(MX)y(MX)i\T(MX) 

" ^ l + a+(MX) (22) 

By substituting Eqs. 18, 19, and 22 in Eq. 15, we obtain 

S ) = { 1 + " t ( M X ) } Ä ' (23) 

or 

y ( MX) = Q + «*(MX)}1? 

1 + {1 + a+(MX)} J"-} (24) 

Here 
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ATA p(MX) 
b = exp 

'A^°(MX)1 

J" 

(25) 

(26) 
a (MX) N(MX) {In n Ä}1/2 ~" r L Ä 

Again, it should be noted that Eq. 2 is based upon 
simplifying assumptions such as |0(M) = 1 and <r(M) = l 
but is nevertheless approved widely as a quantitative 
expression of a+(M) in usual surface ionization, where 
the electric field drawing out M+ from the surface is so 
weak that Schottky effect may be neglected. When 
potassium halide molecules impinge upon a rhenium 
surface, for example, /?+(KX) is virtually unity in the 
range 1200—1900 K.13> This result may give evidence 
that both <r(KX) and |0(KX) are essentially unity in 
the above cases. In addition, cesium chloride molecules 
are completely accommodated on both iridium and 
carburized iridium surfaces.14) 

Judging from the experimental results described just 
above, it may be reasonable at least with alkali halide 
molecules to regard that both <x(MX) and /o(MX) are 
virtually unity in usual surface ionization. In a narrow 
temperature range usually covered in positive surface 
ionization, therefore, b given by Eq. 26 may be regarded 
essentially constant for a constant value of N ( M X ) . 

Expression of the Ion Emission Current. The ion 
current collected with a Faraday cage is expressed by 
Eq. 27, which is derived from Eq. 21. 

i+(MX) = e S ?(M+) N(MX) ß+(MX) 

- ™ » > Ï £ S ^ (27) 

where Cz is 
C3 = e S ç(M+) <r(MX) N(MX). (28) 

Since C3 may be regarded constant for a fixed value of 
JV(MX), it is essentially upon y (MX) and a+(MX) that 
i+(MX) depends. First, therefore, Eq. 27 will be 
treated as a function of y (MX) . 

(A) Equation 24 indicates that y(MX)Äal when 
{ l + a + ( M X ) } 5 > 4 . In this case Eq. 27 becomes 

o+(MX) 
*+(MX) « C, (29) 

1 + a+(MX) 

In usual surface ionization the measurement of i+(MX) 
is accompanied with an error of about ± 5 % , and 
hence a prerequisite for Eq. 29 may be written down 

y (MX) ^ 0.95 or {1 + a+(MX)> B >; 18. (30) 

(B) When y ( M X ) < l , Eq. 23 reduces to 

y (MX) ^ [{1 + a+{MK)}BY'K (31) 

Substitution of Eq. 31 in Eq. 27 yields 

a+(MX) 
i+(MX) % C3 5V2 (32) {I +a+(MX)y/*' 

Consideration of the experimental error mentioned 
above leads to the conclusion that a prerequisite for 
Eq. 32 may be set up 

y (MX) % [{1 + a+(MX)>5]V2 ^ 0.098. (33) 

(C) When y (MX) is intermediate, namely, 

0.95 > y(MX) > 0.098 or 

18 > {1 + o+(MX)}5 > 0.0095, (34) 

i+(MX) cannot be approximated adequately in such a 

simple form as in Eq. 29 or 32. In this case, t+(MX) is 
expressed in a complex form by Eq. 35, which is obtained 
by substituting Eqs. 16 and 24 in Eq. 27. 

I+(MX) = CT-/* F(D exp [ > - J ' M ] - g < M X > ] . (35) 

Here 
_ eSV(M+) NAp(M) p(MX) 

4 ~ 2{2rc M RY/2 

X e x p [ M m i A ^ M X ) l (36) 

F(T) •{ 1 + - 1. (37) 4 y/2 

It should be noted that Eq. 35 holds not approximately 
but exactly for any values of y (MX) and a + ( M X ) . 

Consideration of the Ionization Coefficient. Secondly, 
let us treat z+(MX) as a function of a + ( M X ) . 

(A) Equation 16 indicates that a+(MX) is much 
larger than unity when 0—7(M)>;10 kcal mo l - 1 . 
Because R T is less than about 3 kcal m o l - 1 in a tem­
perature range (1100—1800 K) usually covered in 
positive surface ionization, and also because C2 is about 
1/2 for alkali metal or its salt, which is the most typical 
sample material in positive surface ionization. Under 
the above condition we obtain Eqs. 38 and 39 from 
Eqs. 29 and 32, respectively, while no simple equation 
other than Eq. 35 holds for the intermediate values of 
y ( M X ) . 

C3 for y ( M X ) > ; 0.95. (38) 

> - ; ( M ) - D ( M X ) 1 

»>(MX) 

Here C= is 

c4 r-v2F(r)exPn 

[X 
R T 

for 0.95 > y (MX) > 0.098. 

L\ 

for y (MX) ;S 0.098. 

G = 
_ eS7}(M+) {NAa(MX) N(MX) p(M) p(MX)}1/2 

X exp 

{2 n M R}1'* 

rAS°(M) + AS°(MX)>1 

(35) 

(39) 

(40) 
2 Ä ) ' 

(B) Under the condition that <j>— I(M)£ —10 kcal 
mol - 1 , a+(MX) in the usual temperature range is 
negligibly small compared with unity, and hence Eqs. 
41 and 42 are obtained from Eqs. 29 and 32, respectively. 
Similarly as in the case (A) described just above, it is 
only Eq. 35 that holds for the intermediate values of 
y ( M X ) . 

C. e x p ^ ~ 7 ^ M ) j for y(MX) £ 0.95. (41) 

c47^F(r)^(tM^a] 
for 0.95 > y (MX) > 0.098. (35) 

C7 T-U* exp j V - / ( M ) ^ P ( M X ) / 2 j 

for y (MX) <. 0.098. (42) 

Here C6 and C7 are given by Eqs. 43 and 44, respectively. 

C6= eSy{M+) <r(MX) JV(MX) p(M) exp f ^ ^ ^ l . (43) 

-(MX) 
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r _ e Sy(M+) p(M) {NA p(MX) <r(MX) JV(MX)]J/2 

7 ~ {2 n n Ry* 

x e x p rA5°(M) + AS°(MX)/2 X (44) 

i+(MX) 

(G) When | 0 - / ( M ) | < 10 kcal mol"1 , the condi­
tion that neither a + ( M X ) > l nor a + ( M X ) < l holds in 
the usual temperature range so long as the allowable 
error due to approximation is restricted to less than 
about ± 5 % . In this case, Î ' + ( M X ) is expressed as 
follows : 

C„G(r)eXp[«] 
for y (MX)>; 0.95. (45) 

c,r-,r,7)„p(HM«)j 
for 0.95 > y (MX) > 0.098. (35) 

c7 r-v,G(r)v2exp[tI(M^(MX^j 

for y (MX) <, 0.098. (46) 

Here G(T) is given by 

G ( r ) , [ . + C s e x p [ t f ! ) ] ] - \ (47) 

Equations 45 and 46 are derived from Eqs. 29 and 32, 
respectively. So long as | 0 — / ( M ) | < O 0 kcal mol - 1 , 
therefore, i + (MX) cannot be expressed in such a simple 
form as in Eq. 38, 39, 41 , or 42. 

Evaluation of the Degree of Dissociation. For the 
reasons described just below Eq. 26, the factors <r(MX), 
|o(M), and /o(MX) may be assumed to be unity, and 
hence Eqs. 48—50 may be obtained from Eqs. 23—26. 

y(MX)2 _ 2.67 x 1025 

1 - y(MX) ** JV(MX) •{> r>V2 

X exp [ S ^ X ) j exp 
'-D(MX)*} 

R T J 
1 fora+(MX) < 1. 

/r i fAS°(Mn 

(l+exP^-^—J 

(48) 

exp {^m 
for neither a+(MX) < 1 nor a+(MX) > 1. (49) 

e x p [ ^ ] e X p [ t f £ ) f „ ^ ( M X ) » l . (50) 

Here the first figure on the right hand side includes the 
factor 1.013 x lO 6 , which is necessary because the 
entropy changes refer to a standard gaseous state for 
P(Y) = 1 atm. At a + ( M X ) > l , y (MX) depends strongly 
upon 0 in contrast to the other cases, as may be easily 
understood from Eqs. 48—50. Obviously Eq. 50 is 
exp[{0 - I(M) + AS°(M) T}/R T] times as large as 
Eq. 48, thereby indicating that the dissociation of M X 
is promoted at a+(MX) > 1. I n a high temperature range 
where y (MX) is close to unity, of course, y (MX) is 
virtually independent of the factors such as iV(MX), 
D ( M X ) , / ( M ) , and <}> included in Eqs. 48—50, as will 
be illustrated below (see Fig. 1). 

T o take concrete examples, let us consider that a beam 
of N a F strikes single crystal surfaces of Mo(100), W(100), 
W(110), and I r ( l l l ) , the work functions of which are 

1.0 

OR 

0.6 

0.4 

0.2 

0 

~ 0-95 y£~-f-rf^yy< 

(1)/ (2)/(3)|(4) (5)/ ^6) 

! 1 ! 1 
/ / / / / 
/ / / / 1 

j j i 
/ '' / ' 1 

_ / /J{ y/V 0.098 

1000 1200 
T /K 

1400 1600 

Fig. 1. Temperature dependence of the degree of dis­
sociation of NaF on several surfaces. 
Curves (1), (2), and (3); iV(NaF) = 1010 molecules 
c m ^ s - 1 on the surfaces of I r ( l l l ) , W(110), and 
W(100) or Mo(100), respectively. Curves (4), (5), and 
(6); JV(NaF) = 1012 molecules cm-2 s"1 on the sur^ 
faces of I r ( l l l ) , W(110), and W(100) or Mo(100), 
respectively. 

T A B L E 1. T H E BOUNDARY TEMPERATURES (T 0 0 9 8 AND T095) CORRESPONDING TO y (NaF) 

= 0 . 0 9 8 AND 0 . 9 5 , RESPECTIVELY, UNDER VARIOUS EXPERIMENTAL CONDITIONS. 

, JV(NaF) Curve r 
^nrfirp ™ .T+fNnFW P« b) „1 1„„ :„ 1 0.088 
o u n a c e 1 1 1 1 " K^o-n ) r^q. molecules in —c? 

k c a l m o l - i c m _ 2 s _! p J g < , K 

-*0.95 
K 

Mo(l00) 

W(l00) 

W(ll0) 

I r ( l l l ) 

100 
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l x l O - 4 — 3 x l 0 - 3 48 

lx lO-3—ix lO- 2 48 

7.8—2.7 49 

300—25 50 

1010 
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1010 

1012 

1010 
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1010 
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(3) 
(6) 
(3) 
(6) 
(2) 
(5) 
(1) 
(4) 
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1340 
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1290 
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1430 
1620 
1430 
1620 
1380 
1560 
1280 
1450 

a) The values of a+(NaF) calculated for 1100—1800 K by using Eq. 16. b) The equation employed to 
evaluate the boundary temperatures. 
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100,15> 105,15> 124,16> and 13217> kcal mol"1 , respectively. 
Since 7(Na) is 118 kcal mol - 1 , it is concluded from Eq. 
16 in the usual temperature range (1100—1800 K) that 
«+ (NaF)< l for both Mo(100) and W(100), that 
a + ( N a F ) > l for I r ( l l l ) , and that a+(NaF) is inter­
mediate for W(110). The values of y(NaF) at various 
temperatures are calculated with the above surfaces by 
using Eqs. 48—50. The thermochemical data for 
A£°(Na), AS°(NaF), and D(NaF) are cited from Refs. 
18 and 19. T h e results thus obtained for y(NaF) are 
shown in Fig. 1. T h e boundary temperatures (T0m09S 

and r0 .9 5) corresponding to y(NaF) =0 .098 and 0.95, 
respectively, at JV(NaF) = 1010 or 1012 molecules cm" 2 s - 1 

may be read off in Fig. 1. T h e temperatures thus 
evaluated are summarized in Table 1, which shows that 
both r0 - 0 9 8 and T0M depend upon TV(NaF) and also 
upon a+(NaF) unless a+(NaF) is much smaller than 
unity. The three temperature regions (T^TQm098i 

7Vo98< T< ro.95> a n d ^ ^ 0 . 9 5 ) a r e hereafter referred 
to as TL, Tu, and TH, respectively. As may be seen in 
Fig. 1, y(NaF) at T > ; 1 7 0 0 K is essentially constant at 
about unity without depending upon both JV(NaF) and 
the nature (0) of the ionizing surface employed. In the 
temperature range below about 1600 K, however, 
y(NaF) at JV(NaF)= constant depends upon 0 unless 
a+(NaF)<Cl, as already stated above. 

Therefore, the following results (A)—(C) are obtained 
when the present theory as to molecular beam surface 
ionization is applied to the above sample-surface 
systems at iV(NaF) = 1012 molecules cm" 2 s_1. 

(A) For the N a F - I r (111) system where a+ (NaF) > 1, 

C3 at TH >; 1450 K. (38) 

c4r-i/2F(r)exp[^^] 

at 1450 > TM > 1200 K. 

I Ch T-V4 exp [ y ^ ] at TL <: 1200 K. 

i+(NaF) 
(35) 

(39) 

(B) For the NaF-Mo(lOO) or NaF-W(lOO) system 
where o + ( N a F ) < l , 

'-A//n 

t+(NaF) 

C 6 e x p [ - ^ J a t r H ^ 1 6 2 0 K . 

C4 T-V2 F(T) exp [ = ^ j 

at 1620 > TM > 1340 K. 

at Th <> 1340 K. 

(41) 

(35) 

(42) 

(C) For the NaF-W( l lO) system where neither 
«+ (NaF)> l nor oc+(NaF)<l, 

C6 G(T) exp [^—^A at TH >; 1560 K. (45) 

at 1560 > T M > 1290 K. (35) 

c7 r-v* G(r)v- exP [ ~ ^ ~ j ^ ' ] 

i+(NaF) 

at TL ^ 1290 K. (46) 

Characteristics of the Emission Plots. All of the 
factors CL—C7 in the above equations are virtually 
independent of T because, a, p, and AS° may be regarded 
constant in a narrow temperature range usually covered 
in positive surface ionization and also because N is 
usually kept constant throughout the course of a run. 
O n the other hand, both F ( T ) and G(T) depend upon 
T. T h e characteristics of an emission plot (log i+(M) vs. 
\jT) for atomic beam surface ionization is already 
outlined below Eq. 8. Similarly those for molecular 
beam surface ionization will be summarized in this 
section. 

Equation 35 indicates that an emission plot of 
log|)'+(MX) T1 '2] vs. I IT does not yield a straight line 
in the region TM, irrespectively of the value of a+(MX). 
Also when a+(MX) is neither much smaller nor much 
larger than unity, no straight line is obtained in any 
temperature range if log t+(MX) or log|>'+(MX) T1/4] is 
plotted against 1/7", as may readily be understood from 
Eq. 45 or 46. In the case of a + ( M X ) < l , on the other 
hand, the emission plots (log i+ (MX) vs. \jT and 
log|)'+(MX) TV*] vs. \/T) owing to Eqs. 41 and 42, 
respectively, yield straight lines except in Tu so long 
as 0 is constant in the temperature range covered in a 
run. T h e gradients of the plots are equal to — (0.434/7?) 
x AT/i and -(0A34/R)(AH1 + AHt)/2 in the ranges TH 

and Th, respectively. Similarly the gradients in the 
case « + ( M X ) > 1 are constant for a constant value of 
<f> and are equal to null and — (0.434/7?) A772/2 in TK 

and 7Y, as may be proved from Eqs. 38 and 39, respec­
tively. In any case, therefore, the gradient of an emission 
plot (log[i+(MX) 7""] vs. 1/ T where n = 0 , 1/4, or 1/2) is 
never equal to —(0.434/7?) A7/2 in any temperature 
range. If log[i+(MX) r i / 2 / F ( T ) ] instead of log[x+(MX) 
x P / 2 ] is plotted against 1/T, on the other hand, a 
straight line is obtained even in Tu when <f> is constant, 
and its gradient is equal to —(0.434/7?) A772, as may 
readily be concluded from Eq. 35. In a similar way, 
straight lines with a different slope are obtained in TH 

and r L if l o g [ i + ( M X ) / G ( r ) ] and log[t+(MX) T^j 
G ( 7 y / 2 ] are plotted against \\T according to Eqs. 45 
and 46, respectively. For making the plots, however, 
the accurate values of JV(MX), A772, AS 0 (MX) , and 
AS°(M) and of AHX and AS°(M) are required to 
evaluate F(7") and G(7"), respectively. 

These characteristics of the above various emission 
plots should be taken into consideration when an 
experiment of molecular beam surface ionization is 
made to confirm the present theory or to determine 0, 
7 ( M ) , o r 7 ) ( M X ) . 

Experimental Confirmation of the Present Theory. In 
this section the conclusions derived theoretically in this 
work will be compared with experimental results 
obtained by other workers in order to verify the present 
theory. 

When o+(MX) is much larger than unity and also 
y (MX) is essentially unity, ß+(MX) defined by Eq. 21 
is virtually unity and hence i+(MX) is independent of 
T, just as concluded by Eq. 38. This conclusion may 
be supported strongly by the experimental result that 
f+(MX) is essentially constant in a high temperature 
region when a molecular beam of alkali halide (KCl, 
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KBr, K I , or GsCl) impinges upon a surface of Re13) or 
Pt.2°) 

In the cases other than both « + ( M X ) > 1 and 
y (MX)«» l , the characteristics of the plots described 
in the preceding section may afford a quite simple 
method to experimentally confirm the present theory. 
Namely, the gradient determined experimentally under 
a certain condition (e.g., a + ( M X ) > l and y ( M X ) < l ) 
may be expected virtually equal to the value (e.g., 
— (0.434/Ä) AHJ2) predicted by the corresponding 
theoretical conclusion (e.g., Eq. 39). 

When atomic and molecular beams including a 
common alkali element (Li, Na, or K) impinges 
separately upon the same polycrystalline surface 
(Re, Ir, or Pt) , the temperature dependence of i+(MX) 
shows a strong resemblance to that of i+(M) in a region 
above a certain temperature (Te).20-22* A similar 
result is obtained with potassium halide-tungsten 
systems.23) These results may suggest with the region 
that (a) y ( M X ) is approximately unity, (b) the tempera­
ture dependence of both i+(MX) and i+(M) is governed 
by the common Boltzmann factor including AHlt and 
hence (c) i+(MX) is expressed by Eq. 41 or 45 at T^>TC-
Below Tc, on the other hand, a large difference in 
temperature dependence appears between t+(MX) and 
t+(M), and this difference is concluded to arise from 
incomplete dissociation of MX.21«22) Unfortunately the 
experimental data reported in Refs. 20—23 are not 
available enough to obtain a definite answer to the 
question whether the gradient of the emission plot such 
as log[t+(MX) T 1 / 2 / F ( r ) ] vs. 1 / T o r log[t+(MX) T1'*] 
vs. \\T is equal to that predicted by the present theory. 
Firstly because the accurate value of 0 below Tc is 
unknown, and secondly because the quantitative 
relation between i+(MX) and T in each run is not 
described in detail but is shown roughly in a figure 
where a relative value of i + ( M X ) is plotted against T. 
In addition, the comparison of Tc with T0t96 is not 
useful for confirming experimentally the present theory 
because there is no evidence that the value of <f> in the 
ranges both above and below Tc is constant and also 
identical between the atomic and molecular beam 
surface ionizations. T h e workers20-23) have neither 
employed single crystal surfaces nor tried to plot 
log[i+(MX) Tn] against \\T for each of the sample-
surface systems under study. Accordingly, they seem 
to have eliminated the possibility of finding the following 
consequences (a)—(c) ; when 0 remains unchanged in 
the whole temperature range investigated in a run, 
(a) the plot shows a line having constant, inconstant, 
and constant gradients in the high, middle, and low 
temperature regions (TH, Tn, and TL), respectively, 
and hence (b) the quantitative expression of i+(MX) 
changes according to the condition y ( M X ) > 0 . 9 5 , 
0 . 9 5 > y ( M X ) > 0 . 0 9 8 , or y(MX)^0.098, and also (c) 
the boundary temperatures (T0m9S and T0.098) depend 
largely upon D ( M X ) and N(MX) in the case «+(MX) 
< 1 but strongly upon AHZ and JV(MX) in the case 
a + ( M X ) > l . 

I t should be emphasized that a clean surface of single 
crystal is homogeneous with respect to 0 and that the 
value of <j> effective for thermal positive ion emission 

is equal to that for thermal electron emission, in contrast 
to a polycrystalline surface.8'12«17'24) Therefore, the 
possible dependence of 0 upon T during sample beam 
incidence upon the single crystal surface under study 
may be checked definitely by monitoring electron 
emission current soon after and/or before running 
positive surface ionization. In other words, the value of 
0 or its change may be determined from a Richardson 
plot without depending upon any da tum obtainable 
from a Saha-Langmuir plot. This merit of single 
crystal over polycrystal may be quite helpful for confirm­
ing experimentally the theoretical predictions made in 
this work. 

In conclusion, none of the published experimental 
data that are known to the present authors is available 
for confirming sufficiently the present theory as to the 
temperature dependence of i'+(MX) especially in the 
region T<T095. 

Conclus ions 

T h e theoretical investigation described above may 
be summarized as follows: 

(1) In usual positive surface ionization where 
iV(MX) is kept constant during the study of temperature 
dependence, the quantitative expression of i+(MX) 
varies according to the values of both y (MX) and 
a+(MX) , and hence to the temperature region TLi Tu, 
or TH. 

(2) When a + ( M X ) » l and also y ( M X ) < l , i+(MX) 
is a function of both ÜT-1'4 and the Boltzmann factor, 
the numerator of which is not —AH2 but —A//2 /2. 
Consequently, the gradient of an emission plot 
(log[t'+(MX) T1'*] vs. \/T) in the region Th is equal to 
(O.434/Ä){0 - / ( M ) - D(MX)}/2 . 

(3) In such a high temperature region that y (MX) 
may be estimated to be essentially unity, it is not A/ / 2 

but A/ / x that is included in the Boltzmann factor 
governing the production of M+ from M X , and hence 
temperature dependence of z'+(MX) is essentially the 
same to that of i + (M) when <j> is virtually identical 
between the atomic and molecular beam surface 
ionizations under study. 

(4) When both a + ( M X ) « l and y ( M X ) < l , i+(MX) 
is proportional to both T - 1 / 4 and the Boltzmann factor, 
the numerator of which is neither —AHX nor —A//2 but 
is — ( A / / 1 + A / / 2 ) / 2 . In consequence, the gradient of a 
plot (log[i+(MX) T1'*] vs. \fT) is equal to (0.434/Ä) 
X{0 - / ( M ) - D ( M X ) / 2 } . 

(5) When neither y ( M X ) « l nor y ( M X ) < l , i+(MX) 
cannot be expressed by a simple equation, and a plot 
(log[t'+(MX) r 1 ' 2 ] vs. \\T) does not show a straight 
line in the region Tu even if a + ( M X ) » l or a + ( M X ) < l . 

(6) When neither a + ( M X ) > l nor a + ( M X ) < l , 
i+(MX) is not expressed in a simple form, and hence 
the gradient of a plot (log[t'+(MX) Tn] vs. \\T where 
n = 0 , 1/2, or 1/4) is not constant in any temperature 
region (TH, TM, or TL). 

(7) Under any condition the gradient of a plot 
(log[»+(MX) Tn] vs. 1 fT) is never equal to - (0 .434/ /?) 
xA//2. 

(8) Under the condition that (a) a + ( M X ) > l and 
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y ( M X ) < l , (b) a + ( M X ) « l and y ( M X ) ^ l , or (c) 
a + ( M X ) < l and y ( M X ) < l , either <f> or / ( M ) can be 
determined from the gradient (G) of a plot (log[i+(MX) 
X T"] vs. \jT) while such a determination in atomic 
beam surface ionization is available only at a+(M)<Cl. 
Determination of Z)(MX) from G, however, can be 
made under the condition (a) or (c) alone. 

(9) For a + ( M X ) < l , y (MX) is essentially independ­
ent of the value of a+ (MX) . In any other cases, however, 
y (MX) increases with increase in a+(MX) . 

To the best of the present authors ' knowledge, neither 
theoretical nor experimental investigation arriving at 
the above conclusions (1)—(9) except (3) has yet 
been carried out. 

The present work was supported by a Grant-in-Aid 
for Scientific Research No. 364150 from the Ministry 
of Education, Science and Culture. 
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Electrochemical Fixation of Molecular Nitrogen on p-Type Gallium 
Phosphide Photocathode 

Masashi KOIZUMI, Hiroshi YONEYAMA,* and Hideo TAMURA 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka 565 
(Received September 11, 1980) 

Electrochemical fixation of molecular nitrogen to ammonia and hydrazine at p-type GaP photocathodes 
was studied in nonaqueous electrolytes containing either one of titanium tetraisopropoxide, titanium trichloride, 
vanadium trichloride, or chromium trichloride and a trace amount of water. Positive evidences for the nitrogen 
fixation were obtained in these electrolytes, but the current efficiency was quite low, and usually less than 1%. 
It is suggested from the present study that there are a variety of choices of electrolyte systems for the nitrogen fixation. 

The fixation of molecular nitrogen to ammonia and 
hydrazine under mild ambient conditions has been an 
important subject in chemical research fields. The most 
intensive studies have been done on nitrogen fixation 
via nitrogen complexes, which are summarized in a 
recent review.1) 

The fixation of N 2 by a photoelectrochemical process 
was reported in 1978 by Dickson and Nozik,2) who 
used an electrolyte system reported by V a n Tamelen 
and his coworkers,3-5) i.e., t i tanium tetraisopropoxide in 
l,2-dimethoxyethane(glyme) which was originated from 
previous studies on nitrogen fixation via nitrogen 
metallo-organic complexes.3) An essential component 
of the electrolyte is judged to be t i tanium tetraiso­
propoxide which can bind and ionize N 2 when reduced 
to a divalent species in the course of the electrolysis. 
Electrochemical fixation of N 2 was also reported to be 
possible if N 2 is subjected to a silent discharge prior 
to bubbling into aqueous electrolytes of sulfuric acid or 
potassium hydroxide,6) but this approach should be 
excluded from nitrogen fixation under mild conditions. 

I t is known from redox potentials of Ti3+/4+ and 
T i 2 + / 0 in aqueous solutions7) that T i ( I I ) is a strong 
reducing agent. T h e Ti ( I I ) species originated from 
ti tanium tetraisopropoxide in glyme must also have a 
high reducing power. T h e idea has then developed 
that from an electrochemical point of view the chemical 
species having a reducing power comparable to that 
of the T i ( I I ) species may work effectively to fix N2 . We 
tested Cr ( I I ) , V( I I ) as well as T i ( I I ) , and found that 
nitrogen fixation is possible on illuminated p-type G a P 
cathodes with assistance of these reducing agents. 
Although obtained current efficiencies for the nitrogen 
fixation were very low, the results obtained in the 
present study suggested that there are a variety of 
choices of solvent-electrolyte systems to fix N 2 by the 
photoelectrochemical process. 

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

1,2-Dimethoxyethane (glyme), propyrene carbonate (PC), 
methanol, acetonitrile, and 7V,iV-dimethylformide (DMF) were 
chosen as the solvent of electrolytes into which A1C13 as an 
indifferent electrolyte and either one of the redox agents, 
Ti[OCH(CH3)2]4, TiCl3, VC13, or CrCl3 were dissolved. In 
the case CrCl3, GrCl2 was also dissolved in a small amount 
to raise its solubility. We arbitrarily chose the concentration 
of the redox agent to be 10 mmol per 50 ml of the solvent. 
However, the solubility was often found to be too low to 
satisfy this standard, necessitating the use of a much lower 

concentration. The solubility of A1G13 was also often too low 
in the presence of the redox agents of the chloride form to 
dissolve 15 mmol to 50 ml of the redox solutions. Among 
the solvents used, PC, with which major experiments of the 
present study were carried out, was purified first by passing 
through molecular sieve 3A columns, then by twice distilla­
tion under 5—10 mmHg (1 mmHg = 133.332 Pa). Methanol 
and acetonitrile were distilled before use. The other solvents 
were used without purification of commercially available 
reagent grade chemicals. 

An Al plate and a p-type GaP wafer were used as an anode 
and a cathode, respectively. The preparation of the GaP 
cathode, the area of which was ca. 0.5 cm2, was already 
reported.8) The electrolytic cell made of quartz was equipped 
with a water cooled jacket, gas inlet and outlet. The electrode 
was set in a sealed cell with a silicone rubber stopper which 
positioned ca. 2 cm above the electrolyte. An electrolyte 
bridge was inserted into the electrolytic cell through the stopper 
from an air-tight another cell which was filled with the same 
electrolyte. An electrical connection between the latter cell 
and an S CE reference was made by using a salt bridge. By 
placing the one more cell between the electrolytic cell and the 
reference electrode, probable contamination from the reference 
electrode was believed to decrease. 

All the insertion points of the stopper were sealed with 
silicone rubber cement to keep the cell assembly air-tight. N2 

was bubbled into the electrolyte after purification with a flow 
rate of ca. 5 ml/min. The purification was done by successively 
passing N2 through an alkaline pyrogallol solution, sulfuric 
acid, water, a column packed with CaCl2 and a column 
packed with silica gel. Prior to flowing into the electrolyte, 
the nitrogen gas was pre-saturated with the same solvent as 
used in the electrolyte. The effluent gas from the cell was 
passed through a 0.05 mmol dm - 3 H 2S0 4 trap before exiting 
to atmospheres. Light from an 1 kW xenon lamp was focused 
to a diameter of ca. 15 mm by using a glass lenz, by which 
light of wavelengths longer than 350 nm struck on the electro­
lytic cell. The intensity of the beam was ca. 2 W, as deter­
mined by a power meter (Coherent Radiation, model 201), 
and water at room temperatures was flowed through the water-
cooled jacket to prevent evaporation of the electrolyte. 

Ammonia was analyzed by the method of Kruse and 
Mellon.9> Both the electrolyte and the acid trap was analyzed. 
For this purpose, the electrolyte was protonated with 20 ml of 
0.05 mol dm - 3 H 2 S0 4 under air-tight conditions. A known 
portion of the solution was subjected to distillation in a micro-
Kjeldahl apparatus after adding 10 ml of 30% NaOH to the 
acidified solution. The ammonia in the distillates was col­
lected in 0.05 mol dm - 3 H2S04 , and its amount was deter­
mined. The solution in the acid trap was also subjected to 
the almost same distillation. Hydrazine was determined for 
the protonated electrolyte solutions. By adding 30% NaOH 
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to the acidified solution, metal salts in the solution precipitated. 
After the filtration, the hydrazine in the filtrate was deter­
mined with />-dimethylaminobenzaldehyde.10> 

The current efficiency f) for the formation of NH 3 and N2H4 

was determined by using Eq. 1 ; 

V = 
Moles of NH3(N2H4) produced 

Coulombs consumed in the electrolysis 
69480x3(4) 

(1) 

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

Ammonia Production in Glyme Containing Three Different 
Redox Agents. In order to investigate whether or 
not the combination of glyme and t i tanium tetraiso-
propoxide is essential as the electrolyte solution to fix 
N 2 to NH 3 , glyme solutions containing TiCl 3 and VC13 

were tested. Current-potential curves of the Al anode 
and the p-type GaP cathode are shown in Fig. 1, from 
which it is shown that the onset potential of the anode 
was negative of that of the illuminated cathode, indicat-
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Fig. 1. Current-potential curves for photoelectrochemi-
cal cells using an Al anode and a p-type GaP cathode in 
three kinds of glyme solutions. Electrolyte; (a): 0.5 
mol dm-3 Ti[OCH(CH3)2]4 and 0.75 mol dm"3 A1C13, 
(b) : 0.2 mol dm"3 TiCl3 and 0.3 mol dm~3 A1C13, and 
(c) : 0.07 mol dm-3 VC13 and 0.06 mol dm"3 A1C13. 

ing that photoelectrochemical cells can be constructed. 
The principal anodic reaction is the dissolution of A l , 
and the oxidation of the reduced form of the redox 
electrolyte, which is produced at the illuminated 
cathode as its main reaction, must be superposed on the 
dissolution reaction of the anode. T h e main reaction 
at the individual electrode is then given by Eqs. 2 and 3 ; 

Al anode: Al = Al3+ + 3e~ (2) 

p-type Gap cathode: 30x + 3e~ = 3R (3) 

where Ox and R represent an oxidant and a reductant 
of a redox couple, respectively. When the photoelectro­
chemical cell was operated under short-circuited 
conditions, the initial photocurrent usually decreased 
with illumination time, suggesting that the electrode 
potential of the p-type GaP cathode varied under the 
short-circuited conditions. In order to eliminate 
ambiguities introduced by such a nonsteady behavior of 
photocurrents, experiments were carried out under 
potentiostatic control. 

Table 1 shows results obtained in glyme solutions. 
In the first row of the table, the results for t i tanium 
tetraisopropoxide are given. This electrolyte was already 
used by Dickson and Nozik.2) The results for TiCl 3 

and VC13 electrolytes are shown in the second and third 
rows, from which it is known that ammonia is produced 
in these electrolytes with a rate almost comparable 
to that in the t i tanium tetraisopropoxide electrolyte. 
Since there is no doubt concerning nitrogen fixation 
with the electrolyte of glyme-t i tanium tetraisoprop­
oxide,2) the glyme-TiCl 3 and glyme-VCl 3 electrolytes 
must also be effective for nitrogen fixation, even though 
the produced amount was very tiny. 

The current efficiency for the formation of ammonia 
was quite low for all the glyme solutions used. A large 
fraction of the charge given in the table must have been 
consumed to reduce the oxidizing agents of the redox 
couples, i.e., T i ( I I I ) to Ti ( I I ) for TiCl3 , V ( I I I ) to V( I I ) 
for VCI 3 , and Ti ( IV) to Ti ( I I ) via T i ( I I I ) for t i tanium 
tetraisopropoxide. If a Pt cathode was used instead of 
the p-type GaP, no fixation of N 2 was found to occur, 
as shown in the fourth row of Table 1, suggesting that 
photosensitization seems to be important for nitrogen 
fixation. 

Nitrogen Fixation Using a Variety of Redox Solutions. 
In order to catch information on whether or not glyme 
is essential as the solvent of electrolytes, TiCl 3 solutions 
in different media were tested. As the media, aqueous 
0.05 mol d m - 3 H 2 S 0 4 , methanol and PC were chosen. 
Results obtained for these electrolytes are shown from 
the second to fourth rows of Table 2. In the case of the 
aqueous electrolyte, the hydrogen evolution preferen-

TABLE 1. FIXATION OF N2 AT P-TYPE GaP CATHODE IN GLYME CONTAINING REDOX AGENTS 

Redox species 

Ti[OCH(CH3)2]4 

TiCl3 

VC13 

VCl3
b) 

Its concn 

0.5 
0.2 
0.07 
0.07 

A1C13 

(M) 

0.75 
0.3 
0.06 
0.06 

Onset potentia 
V ~ 

Anode 

- 0 . 2 7 
- 0 . 3 
- 0 . 3 6 
- 0 . 8 

vs. SCE 

Cathode 

0.59 
0.3 
0.8 

- 0 . 1 

Electrolysis 
potential 
vs. SCE 

V 

- 0 . 2 
- 0 . 3 
- 0 . 3 
- 0 . 3 

Charge 
C 

45.5 
62.8 
60.4 
60.6 

NH3 

produced 
mol 

0.80 
1.98 
0.97 
0 

Current eff. 
Ö7 
/o 

0.51 
0.91 
0.46 
0 

a) 1 M = 1 mol dm~3. b) A Pt cathode was used intead of the p-type GaP. 
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TABLE 2. FIXATION OF N2 ON P-TYPE GaP CATHODE IN SEVERAL REDOX SOLUTIONS 

Electrolyte 

Medium 
(50 ml) Redox species Its amount 

mmol 
A1C13 
(mmol) 

Onset potential 
vs. SCE 

V 

Electrolysis 
potential vs. 

SCE 

Amount fixed Current eff. 
Charge 

C 

Anode Cathode NH 

% 

NH3 N2H4 

Glyme 
0 . 0 5 M H 2 S O 4 

Methanol 
PC 
PC 

PC 

DMFa ) 

CH3CN*> 

TiCl3 

TiCl3 

TiCl3 

TiCl3 

VC13 

CrCl3+ 
CrCl2 

CrCl3+ 
CrCl2 

VC13 

10 
25 
10 
3 
5 

10 
1 
5 

0.5 
ca. 8 

(saturated) 

15 
37. 
15 
4. 
7. 

15 

7. 

ca. 8 

5 -

5 -
5 -

0.3 
1.0 
1.16 
0.3 
0.25 

0.3 
0 
0.24 
0.4 
0.5 

62.8 
71.3 
14.9 
44.5 
77.7 

1.98 
0.0 
0.20 
0.45 
0.26 

u.d. 
u.d. 
u.d. 
0.16 
u.d. 

0.91 
0 
0.39 
0.29 
0.10 

u.d. 
u.d. 
u.d. 
0.13 
u.d. 

- 0 . 3 0.5 

5 - 1.0 0.0 

0.43 0.62 

- 0 . 3 

- 0 . 5 

- 0 . 5 

26.8 0.24 0.08 0.26 0.12 

54.0 0.19 0.0 0.034 0.0 

7.2 0.14 u.d. 0.19 u.d. 

a) Only NH3 and N2H4 trapped in a 0.05 mol dm"3 H 2 S0 4 trap were determined. 

dally took place, as judged from occurring no color 
change of the electrolyte, resulting in no nitrogen 
fixation. O n the other hand, methanol and PC solutions 
containing TiCl 3 were found to be effective for nitrogen 
fixation, al though the current efficiencies of these 
electrolytes were very low. In these electrolytes, the 
color of electrolytes which are characteristics of dissolved 
T i ( I I I ) were gradually changed in the course of electro­
lysis. Then , the suggestion was given that the divalent 
state of the redox agents is necessary for nitrogen 
fixation to occur. When analyses of hydrazine were 
made for a T iC l 3 -PC solution, a positive result for its 
formation was obtained, as shown in Table 2. I t is 
known from positive results on nitrogen fixation in 
glyme, methanol and PC solutions that the nature of the 
solvent does not play a primarily important role in 
determining whether or not nitrogen fixation takes place. 

The results mentioned above give the suggestion that 
there are a variety of choices for combinations of 
solvents and electrolytes to fix N 2 in photoelectro-
chemical processes at p-type GaP cathodes. In order 
to have experimental evidences for this, additional 
experiments were performed. Results obtained are 
summarized from the fifth to eighth rows of Table 2. 
In the cases of D M F and acetonitrile solutions, it was 
found that these solvents brought about errors in the 
determined amounts of N H 3 in the distillates due to 
contribution of nitrogen originated from the solvent 
molecules. By this reason, the results for these solutions 
were obtained only for the acid t rap. I t is noticed from 
the obtained results that nitrogen fixation is possible 
in all the nonaqueous electrolytes tested. 

Effects of the Concentration of Electrolyte on Nitrogen 
Fixation. T h e current efficiency for the formation 
of ammonia was investigated as a function of the 
electrolyte concentration. PC was chosen as the solvent 
and TiCl 3 and A1C13 as the electrolytes. T h e molar 
ratio of TiCl 3 to A1C13 was arbitarily fixed to 2/3. The 
electrolysis was conducted for 2 d at potentials almost 
equal to those obtained under short-circuited conditions 
of the photoelectrochemical cells, which were influenced 
by the electrolyte concentration as suggested in the 
captions of Fig. 2. Figure 2 shows the current efficiency 
for ammonia production (the ordinate in the left hand 

J 
I 
p 

m 

TICI3 ° 0 l 1 0-2 
AICI3 0 0 .15 0 , 3 

Concentration of electrolyte/mol dm - 3 

Fig. 2. Effects of the electrolyte concentiation in PC 
solutions on the current efficiency for NH3 production 
and initial photocurrent at the p-type GaP cathode at 
potentials close to those obtained under short-circuited 
conditions. The potential (V vs. SCE); a: - 0 . 3 V, 
b : - 0 . 3 V, c: - 0 . 2 V, d: - 0 . 2 V, and e: - 0 . 5 V. 

side) and photocurrents obtained in the initial stage of 
the electrolysis (the ordinate in the right hand side) 
as a function of the electrolyte concentration. The 
magnitude of the cathodic photocurrent in the initial 
stage of electrolysis was affected by the electrolyte 
concentration. T h e current value decreased gradually 
from those shown in this figure with polarization time 
probably due to some change in surface conditions of 
the electrode, as already mentioned. Nevertheless, Fig. 2 
gives a strong suggestion that the current efficiency for 
ammonia production increases with decreasing the 
cathodic photocurrent. 

Such a dependency of the current efficiency for 
ammonia production on the magnitude of cathodic 
photocurrent will be obtained if either one of the 
following conditions is fulfilled. (1) N 2 is easily reduced 
but its solubility is so low that the rate of N 2 reduction 
is determined by mass transport control of N2 . Since 
the photocurrent is increased with an increase in the 
electrolyte concentration due to high reducibility of the 
redox agents, the current efficiency is decreased with 
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increasing the electrolyte concentration. (2) The 
concentration of N 2 in the electrolyte is relatively high, 
but the amount of reducible N2 , which may be bound 
to the reduced form of the redox agents, is quite low so 
that the supply of the reducible N 2 to the electrode is 
limited. In this case, the current efficiency depends 
on the electrolyte concentration as in the case (1). (3) 
The rate of the electrochemical reduction of N 2 is quite 
low and hence almost fixed at a fixed polarization 
potential regardless of the electrolyte concentration. 
Since the photocurrent is increased with increasing the 
electrolyte concentration, the current efficiency de­
creases in the electrolyte concentration. 

No one will believe that the first case is valid. It is 
well known that nitrogen molecuoes are very stable. 
Furthermore, it was ascertained that the concentration 
of dissolved N 2 in the electrolyte was in a range of that 
usually chosen in kinetic studies of electroactive species. 
For example, a gas chromatographic analysis of N2-
saturated PC, which was carried out by using a molecu­
lar sieve 5A column at 180 °C, showed that the solubility 
of N 2 is 5.6 mmol d m - 3 . Such a solubility will be high 
enough to give an photocurrent of an order of mA c m - 2 

if N 2 were easily reduced, as judged from the reduction 
of oxygen in aqueous solution which has a comparable 
solubility, i.e., ca. 12 mmol d m - 3 . As a result, if the 
case ( 1 ) is valid, a much larger current efficiency should 
be obtained. 

As already shown above, V ( I I ) , T i ( I I ) , and Cr( I I ) 
can assist the reduction of N 2 at illuminated GaP 
cathodes. This seems to imply that there is some 
interaction of N 2 with the reduced form of the redox 
agents. However, the interaction will not be so high 
as to destroy the N - N bond in a nitrogen molecule, 
because if the bond breaking would occur, no photo-
sensitization at the GaP cathode would be required for 
nitrogen fixation. In order to investigate whether or 
not the case (2) is the most important rate controlling 
factor, experiments were carried out in electrolytes 
containing a relatively high amount of the reducing 
agents. T h e amount of N 2 bound to the reduced form 
of the redox agents, if any, must be proportional to the 
concentration of the reducing agent. If the case (2) is 
valid, therefore, the current efficiency will be high for 
an electrolyte rich in the reductant. The experiments 
were carried out in A1C13-PC solutions into which either 
TiClg or VC13 was dissolved, and the solutions were pre-
electrolyzed by using an Al anode and a Pt or an 
illuminated p-type GaP cathode to prepare Ti ( I I ) or 

V( I I ) in the solutions. When the G a P cathode was 
used, the pre-electrolysis was conducted under Ar 
atmospheres. By the pre-electrolysis, the electrolytes 
changed their color, indicating that the reduced form 
of the redox agents became rich. At this stage, the 
p-type GaP cathode was polarized under illumination 
in the prepared electrolytes into which N 2 was con­
tinuously bubbled. Results obtained in these experi­
ments are shown in Table 3. According to this table, 
the current efficiency for production of ammonia was 
not increased by the pre-electrolysis of the electrolytes, 
suggesting that the concentration of N 2 bound to the 
reductant , if any, does not affect significantly on the 
reduction of N2 . I t follows then that the case (3) seems 
to be most probable as the rate controlling factor for 
the electrochemical reduction of N2 . 

Effects of Water as an Impurity in the Electrolyte on the 
Production of Ammonia. As a proton source of the 
ammonia formation, attention was focused to water 
dissolved in the electrolytes. It was shown by the Kar l -
Fischer titration method that T iC l 3 -PC solutions 
contained 0.29 mg of water for 1 ml of 0.02 mol d m - 3 

TiClg and 0.20 mg for the same volume of 0.01 mol d m - 3 

TiCl3 . These contents correspond to the water concen­
tration of 0.016 and 0.011 mol d m - 3 , respectively. If 
1 ml of water was intentionally added to 50 ml of the 
solution, the water concentration increased to 1.1 
mol d m - 3 . According to results obtained by using these 
aquated PC solutions, the current efficiency was found 
to be influenced by the water content and was high for 
solutions of high concentrations, as Table 4 shows. 
However, it was found that by adding water to PC 
solutions, the chloride salts in the electrolyte were 
hydrolyzed, giving rise to precipitates. As a result, 
the conductivity of solutions decreased. By this reason, 
more negative potentials were chosen for the electrolysis 
of the intentionally aquated solutions. Nevertheless, 
the initial current for the electrolysis was still small 
compared to that obtained for solutions of no intentional 
water. As already shown in Fig. 2, the current efficiency 
for nitrogen fixation was increased by decreasing the 
current density for electrolysis. Therefore, the 
enhancement of the current efficiency by introducing 
water into PC solutions may be ascribable at least in 
part to the decreasing effect of the current density. 
Although a simple conclusion may not be drawn from 
the results given in Table 4, it will be of no doubt that 
a trace amount of water in the electrolyte can act as a 
proton source for nitrogen fixation. 

TABLE 3. FIXATION OF N2 IN ELECTROLYTES CONTAINING RELATIVELY 

HIGH AMOUNT OF REDUCING AGENTS' 0 

Redox species 

VCI3 
TiCl3 

VCI3 

Its amount 
mmol 

5 
1 
1 

A1C1, 
(mmol) 

7.5 
10 
5 

Preelectrolysisb) 

Potential vs. SCE 
V 

- 0 . 2 (GaP) 
- 1 . 0 (Pt) 
- 0 . 4 (Pt) 

Charge 
C 

19.4 
172 
100.5 

Electrolysis 

Potential vs. SCE 

v 
- 0 . 2 
- 0 . 3 
- 0 . 4 

Charge 
C ~ 

4.85 
37.8 
2.36 

NH3 

((xmol) 

0.12 
0.13 
0.05 

/o 

0.60 
0.10 
0.59 

a) The solvent of all the electrolytes was PC. b) The pre-electiolysis was carried out by using an Al anode 
and a Pt or an illuminated p-type GaP cathode. In the case of the GaP cathode, the pre-electrolysis was 
conducted under Ar atmospheres. 
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TiCl3 

(M) 

TABLE 4. 

A1C13 H 2 0 
(M) (M) 

EFFECTS OF WATER ON AMMONIA PRODUCTION AT P-TYPE GaP CATHODE IN PC SOLUTIONS 

Onset potential vs. SCE Electrolysis potential Initial C h a r Amounts of NH3 

* vs. SCE current ° produced 

Anode" Cathode V ^ C m " 2 , i m o 1 

Current 
eff. 

% 

0.02 0.03 0.016 - 0 . 2 7 0.45 
0.02 0.03 1.1 - 0 . 8 0.4 
0.01 0.015 0.011 - 0 . 2 0.8 
0.01 0.015 1.1 - 0 . 7 7 0.3 

-0.2 
-0.5 
-0.2 
-0.7 

430 
200 
300 
110 

17.9 
14.3 
4.6 
3.72 

0.24 
0.27 
0.15 
0.19 

0.39 
0.55 
0.94 
1.48 

(Potential vs. SGE)/V 

Fig. 3. Voltammograms at a Pt electrode at 0.2 V/s for 
two kinds of redox electrolytes, (a) : PC containing 
0.1 mol dm-3 VC13 and 0.5 mol dm"3 LiC104, (b) : PC 
containing 0.05 mol dm - 3 TiCl3 and 0.05 mol dm - 3 

LiC104. The couple of waves a and a' are related to 
the redox reaction of M (III)/M (II), and those of b 
and b ' to the reaction of M(II)/M(0). 

Peak Potentials of Redox Agents. Qualitative 
information on the reducing power of the redox agents 
used were compared by measuring peak potentials of 
voltammograms for the redox reactions at a Pt electrode. 
The electrolytes used contained not A1C13 but LiC104 

as an indifferent electrolyte, being different from those 
used in the experiments of nitrogen fixation. If A1C13 

was used, obtained voltammograms were ill-defined 
compared to those obtained in LiC104 . By using LiC10 4 

as the indifferent electrolyte, the obtained results may 
not directly be applicable to the electrolyte systems used 
for the experiments of nitrogen fixation, but qualitative 
information is believed to be still useful. 

Two examples of voltammograms are shown in 
Figs. 3(a) and (b), which were obtained in VC13-PC 
and TiCl 3 -PC solutions, respectively. The waves a and 
a' in these figures are connected to the redox reactions 
between the trivalent and divalent states, b ' to the 
deposition of the metal ions of the divalent state, and b 
to the re-oxidation of the depositied metal to give 
dissolution. The voltammograms were also obtained 
for other electrolytes used in the experiments for nitrogen 
fixation at 0.2 V/s, and obtained results of peak potentials 
for individual redox reaction are collected in Table 5. 

According to the obtained results, the separation 
between Epc and EV3L is larger than that expected 
theoretically for a reversible system, which is 0.057 V,12) 
suggesting that the value of the peak potentials are varied 
by the sweep rate chosen for all the electrolytes given in 
this table. Therefore, rigid comparison of the peak 
potentials with each other will be of no significance. 
However, if one assumes that the redox potentials will 
be obtained as average values of Epc and Ep3i, it 
becomes then possible to compare these values with 

TABLE 5. PEAK POTENTIALS OF VOLTAMMOGRAMS FOR REDOX REACTIONS USED FOR NITROGEN FIXATION EXPERIMENTS 

Solvent 

Glyme 
Glyme 
CH3OH 
PC 
Glyme 
PC 
PC 

Redox agent 

Ti[OCH(CH3)2]4 

TiCl3 

TiCl3 

TiCl8 

VC13 

VC13 

CrCl3 

Its 
concn 

0.1 
0.1 
0.1 
0.05 
0.1 
0.1 
0.02 

(Peak potentials vs 

M(III)/M(II) 

* P C 

- 0 . 6 5 
- 0 . 6 5 
- 0 . 5 
- 0 . 3 
- 0 . 7 
- 0 . 6 5 
- 0 . 4 5 

* P a 

- 0 . 3 
0.05 

- 0 . 0 8 
- 0 . 1 
- 0 . 1 

0 
- 0 . 4 

. SCE)/Va> 

N?(II)/M(0) 

* P C 

- 1 . 5 
n.d.b) 

n.d. 
- 1 . 1 
- 1 . 4 5 
- 1 . 8 
- 1 . 4 

* p a 

- 0 . 9 3 
n.d. 
n.d. 

- 0 . 8 
- 1 . 0 5 
- 0 . 9 4 

n.d. 

a) The electrolytes contained 0.5 mol dm-3 LiC104 except for glyme-TiCl3 and glyme-VCl3 where its 
concentration was 0.3 mol dm - 3 . Sweep rate: 0.2 V/s. b) Not determined due to no appearence 
of the peak in the voltammogram. The cathodic current increased monotonically with increasing 
cathodic polarization in these cases. 
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one another. By such comparisons, it can be roughly 
said that the redox potential of T i ( I I I ) /T i ( I I ) are 
not greately different among the kind of solvents chosen 
and that the reducing power of vanadium and chromium 
ions are also comparable to that of t i tanium ions. This 
observation seems to give a basis on the finding that 
nitrogen fixation occurs with almost the same degree in 
all the redox electrolytes given in Table 5. 

Conclusion. I t has been revealed from the present 
study that nitrogen fixation occurs when the following 
conditions are fulfilled. (1) Ti tanium, vanadium and 
chromium ions are in the divalent state. (2) The 
electrolytes contain a trace amount of water as an 
proton source. (3) The cathode can photosensitize 
the reduction reaction. The fact that the redox agent 
of a high reducing power is essential for nitrogen fixation 
seems to suggest that there is some interaction between 
the redox agent and nitrogen molecules before nitrogen 
is reduced, as already discussed above. Then the 
following schemes are evolved as the most probable 
path for nitrogen fixation. 

M(III)(solv)n - ^U M(II)(solv)n 

+ N2 

• M(II)(solv)n...N2 

M(II)(solv)n...N2 + 6H 2 0 
+6e-, - 6 0 H -

• M(II)(solv)n + 2NH3 
photosensitization 

where M(II I ) (solv) n and M(II)(solv) n represent 
solvated redox agents having trivalent and divalent 
states, respectively. The experimental results obtained 
in the present study were rather scattered, as noticed 
from comparison of the current efficiency for a variety 
of redox agents, but the scatters are believed to have 
been brought about partly by different experimental 

conditions such as different electrolyte and water 
concentrations and partly by errors in determination 
of the amounts of ammonia and hydrazine due to very 
small amounts of production of these substances. If 
these are taken into consideration, the results obtained 
in the present study will be much enough to suggest that 
there are a variety of choices of electrolyte systems for 
nitrogen fixation at illuminated p-type G a P cathodes. 

The present study was supported by Grant-in-Aid 
for Scientific Research Nos. 412212 and 505008 from 
the Ministry of Education, Science and Culture. 
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Studies on Electrode Processes of Stabilized Zirconia Cell System 
by Complex Impedance Method 
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Three kinds of materials, Pt, Ag, and La0#5Sr0#5CoO3, were applied to stabilized zirconia as electrodes 
and the electrode behavior was investigated by means of the complex impedance method. The impedance arc 
due to the electrode/stabilized zirconia interface was always depressed semi-circles. Impedance behavior was 
strongly dependent on the electrode materials. Assuming that the impedance arc could be interpreted by a 
parallel R-C circuit, the interface resistance R{ and the interface capacitance Q were determined. The apparent 
activation energy determined from the slope of the plots of log RL vs. 1/7" was nearly the same for the same 
electrode material. (Ag electrode : 92 kj/mol and Pt electrode : 201 kj/mol). The oxygen pressure dependence of 
Q and RL was also investigated. Although Q was virtually independent of the oxygen partial pressure P0 , RL was 
proportional to P0f

2fz for Ag electrodes and Pof1^ for Pt electrodes. The rate-determining step was supposed to 
be the dissociation of oxygen molecules into atoms for Ag electrodes, and the dissociation of oxygen molecules or 
one of the subsequent steps for Pt electrodes. 

The complex impedance method has been widely 
used to study the solid state cell systems.1-8) This 
method provides an important tool for separating the 
impedance due to interfacial phenomena from that due 
to bulk properties of solid state cells. 

So far, a lot of works have been carried out by this 
method to investigate the polarization processes at the 
stabilized zirconia/electrode interface.1-7) However, 
results by different investigators were often inconsistent. 
This would be partly due to the scarcity of experimental 
evidence on the relationship between the interface 
behavior and electrode materials. 

T h e purpose of the present study is to elucidate the 
influences of the nature of electrode materials on the 
polarization process by the complex impedance method. 

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

The electrolyte used in the experiments was 8 m/o yttria-
stabilized zirconia disks supplied by Toray Industries, Inc. 
The diameter of the sample was 10 mm. Three different 
thickness, 1, 5, and 10 mm, were used in order to separate bulk 
properties from the interfacial ones of the stabilized zirconia 
cell. Both faces of stabilized zirconia disk were polished with 
No. 2000 emery paper and rinsed with alkaline cleaning 
solution. 

The electrodes were prepared in various ways. Three 
kinds of electrode materials, Pt, Ag, and La0 5 Sr0 5 Go0 3 were 
applied to both faces of stabilized zirconia disks. The methods 
of preparation are listed in Table 1. Sputtered electrodes were 

TABLE 1. ELECTRODE MATERIALS AND 

METHOD OF PREPARATION 

Electrode material Method of preparation 

Platinum 

Silver 

La0.5Sr0 5 Co0 3 

Sputtering 
Evaporation 
Decomposition of H2PtCl6 

Paste with glass flux 
Paste without glass flux 

J Paste with glass flux 
I Sputtering 

Paste without glass flux 

prepared by means of RF sputtering (1500 V, 5x 10~2 Torrt 
argon, 10—180 min) from a nominally pure foil of Pt or Ag. 
Evaporation was carried out by means of the electron beam 
melting furnace. Pt electrodes from H2PtCl6 were obtained 
by repeated application of H2PtCl6 aqueous solution 
subsequently followed by firing to drive off H 2 0 and Gl2 gas. 
Pastes with glass flux were commercial materials from Tanaka-
Matthey (Pt paste: 760A, Ag paste: FSP-306). Platinum 
paste without glass flux were prepared using Pt powder and an 
organic suspending medium. La0 5Sr0 5Co0 3 was prepared 
by mixing La2(G03)3, SrC0 3 and CoC03 , and firing the 
mixture at 1100 °G for 8 h. La0#5Sr0 5Go03 thus obtained was 
then ground into powder and mixed with organic suspending 
medium. Then the paste of La0#6Sr0 5 Co0 3 was applied on 
both faces of stabilized zirconia. Platinum gauze (200 mesh-
cm -1) connected with a Pt lead wire was dipped into the 
La0#5Sr0 5Co0 3 paste. Then, the paste was dried and fired 
at 1200 °G for 12 h. As current collectors, Ag gauze was 
used for Ag electrodes and Pt gauze for other electrodes. 
The gauze was pressed to electrodes by two very porous 
alumina disks to make sure the good contact. 

Measurements were made in the temperature ranges, 500— 
900 °G for the cells with Pt electrodes, 350—800 °G for those 
with Ag electrodes and 400—1200 °G for those with La0#5Sr0 5-
Go0 3 electrodes. 

The complex impedance measurements were performed over 
the frequency range of 20 kHz to 5 Hz by means of a phase 
sensitive detector (Complex Impedance Meter 7010, Toho 
Technical Research Co.). In the frequency range from 1 Hz 
to 0.001 Hz Lissajous figure method was used. In this method 
the sine wave voltage was applied to the combination of 
the cell and a standard resistance in series by a sine wave 
generator (WAVETEK Model 184). The input and output 
signals were displayed simultaniously on an X-Y recorder, 
and the impedance of the cell was determined from the di­
mensions of Lissajous figures. The oxygen partial pressure 
(1—10~4 atm) was controlled by mixing oxygen and pure 
argon gas. 

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

Effects of Electrode Materials on Interface Impedance. 
Pt Electrode : Figure 1 gives the impedance plots of the 

specimens with various types of Pt electrodes measured 

t 1 T o r r = 133.322 Pa. 
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a=39v 
Z'/kQ 

a =32 

Z'/kQ 

Fig. 1. Impedance plots of the cell with Pt electrodes. 
(A): V ; evaporated Pt, O ; sputtered Pt, V ; Pt from 
H2PtCl6. (B) : 0 ; Pt paste with glass flux, • ; Pt paste 
without glass flux. (G) : Pt paste without glass flux, 
• ; before annealing at 1300 °G for 72 h, Q ; after 
annealing at 1300 °G for 72 h. 

in air. Stabilized zirconia disks used were 5 m m in 
thickness. The semi-circular arc corresponds to the 
impedance at the electrode/stabilized zirconia interface. 
Figure 1 (A) shows the impedance plots of specimens 
with Pt electrodes from evaporation, sputtering or 
decomposition of H2PtCl6 . The centers of semi-circles 
are not on the real axis. Therefore, the results cannot 
be fully interpreted by an equivalent circuit of a parallel 
R-C combination. The depression angle a represents 
the deviation of the center of circle from the real axis. 
Two intercepts of the arc with the real axis give the 

resistivity of the equivalent circuit of the interface 
impedance.1 '2»10) The difference R{ between these 
intercepts is the sum of the interface resistances at 
cathode and anode. In the present study, the voltage 
applied to the electrode was kept below 10 m V in order 
to avoid non-linearity between the current and the 
overvoltage, and the polarization resistances at both 
electrodes are therefore supposed to be equal. 

Figure 1 (B) gives the impedance plots of specimens 
with Pt paste electrodes with or without glass flux. It 
is evident that glass flux depresses the impedance arc, 
especially in the right side of arc, which means that the 
curvature of arc in the low frequency region is smaller 
than that in the high frequency region. 

Figure 1 (C) shows the effects of the annealing on the 
impedance plots for the specimen with Pt paste electrode 
without glass flux. Plat inum paste without glass flux 
was applied on the faces of stabilized zirconia and fired 
at 900 °G for 3 h and then at 1300 °G for 72 h. Curves 
1 and 2 in the figure were impedance arcs measured 
before and after the annealing at 1300 °C respec­
tively. It is apparent from the figure that the long 
period annealing has resulted in a noticeable increase 
in interface resistance and a depression of semi-circle. 
This may be due to the decrease in the three phase 
boundary (lines where the electrode, electrolyte and gas 
phase meet) and the decrease in the interconnected gas 
channels in the Pt electrode. So far, the depression of 
impedance arc has been accounted for by the contribu­
tion of Warburg impedance.2) T h e decrease in the vol­
ume of open pores in electrode accompanies the decrease 
in diffusion flux of gaseous species. Accordingly, the 
contribution of Warburg impedance to the interface 
impedance increases. Likewise, the addition of glass 
flux is supposed to decrease the diffusion flux and to 
cause the increase in the depression angle. 

Fig. 2. Temperature dependence of a. 
V : Pt from H2PtCl6, # : Pt paste with glass flux, 
• : Pt paste without glass flux annealed at 1300° G 
for 72 h, O : sputtered Pt, V : evaporated Pt, • : Pt 
paste without glass flux. 

Figure 2 shows the depression angle a against tempera­
ture for various types of Pt electrodes in air. The 
electrodes with relatively thin films, for example the 
sputtered or evaporated electrodes, seem to have 
somewhat small depression angle. But in the case of 
Pt paste electrodes with glass flux, correlation was not 
observed between the electrode thickness and the 
depression angle. 



1690 Jun SASAKI, Junichiro MIZUSAKI, Shigeru YAMAUCHI, and Kazuo FUEKI [Vol. 54, No. 6 

a 
N 

a 

N 

Q5 
(B) 

1.0 / 

,'-' 

15 /XN 

500 °C 
air 

20 

45° ' 42'-

Fig. 3. Impedance plots of the cell with Ag and La0 5-
Sr0 5 Co0 3 electrodes. 
O : Ag paste with glass flux, A : sputtered Ag, 
A : Lao.5Sro.5Co03. 

Ag Electrode: Figure 3 shows the impedance plots of 
the cells with Ag electrodes and La 0 5Sr0 5 C o 0 3 electrode 
measured in air. Stabilized zirconia disks used were 
5 m m in thickness. Although only one arc was observed 
at high temperature (above 550 °C), below 550 °C the 
second arc appeared in the high frequency region for 
both Ag and La0 -5Sr0 5 G o 0 3 electrodes. Impedance 
measurements on specimens with different thickness of 
electrolyte showed that the high frequency dispersion is 
dependent on the electrolyte thickness but independent 
of the method of preparat ion of Ag electrodes. Ac­
cordingly, the arc of high frequency region would cor­
responds to the impedance of grain boundary.1 - 8) 

The arc in the low frequency region would corresponds 

t/°C 

1200 , 1000 , 

Fig. 4. Plots of log R{ vs. 1/ T. 
• : Pt paste without glass flux annealed at 1300 °C 
for 72 h, 0 : sputtered Pt, + : evaporated Pt, V= Pt 
from H2PtCl6, A= La0.5Sr0 5Co03 , %: Pt paste with 
glass flux, • : Pt paste without glass flux, O : Ag paste 
with glass flux, A : sputtered Ag. 

to the interface impedance. Silver electrodes prepared 
from Ag paste with glass flux gave a more depressed arc 
in the low frequency region than the sputtered one at 
temperatures below 500 °C. In the case of Ag and 
La 0 5Sr0 5 C o 0 3 electrodes, the interface resistance Ri 

is given from the two intercepts of impedance arc with 
the real axis in the low frequency region. 

Figure 4 shows the plots of log R-x against \\T for 
various kinds of electrodes. The broken line indicates 
the bulk resistance of stabilized zirconia measured in 
this study. Since the grain boundary impedance is 
negligible above 550 °C, the bulk resistance is deter­
mined from the intercept of the impedance arc with 
the real axis at high frequency region. When the grain 
boundary impedance arc appears below 550 °C, the 
bulk resistance is determined from the extrapolation 
to high frequency in the grain boundary region.2) As 
can be seen from the figure, Ag electrodes have relatively 
low interface resistance. La0 5Sr0 5 C o 0 3 is a mixed 
conductor which has high ionic conductivity as well 
as high electronic conductivity.9) So, it is expected 
that oxygen dissolves into the oxide electrode and is 
ionized at the electrode/electrolyte interface. This 
means that the reaction area is much larger than that 
of three phase boundary. But, the experimental results 
did not show any evidence of low interface resistance. 

From Fig. 4, it is evident that the same metal 
has nearly the same activation energy. This fact 
suggests that the rate-determining step of the electrode 
processes is the same for the same metal in a temperature 
range studied. I t was found that the activation energy 
for Pt electrodes is about 201 kj/mol and that for Ag 
electrodes is about 92 kj/mol. 
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Fig. 5. Temperature dependence of log Cj. 
A* Lao.sSro.gCoOa, A = sputtered Ag, 0 : A g paste 
with glass flux, V : Pt from H2PtCl6, f j : Pt paste 
without glass flux annealed at 1300 °C for 72 h, 0 : Pt 
paste with glass flux, ^ : evaporated Pt, • : Pt paste 
without glass flux, O : sputtered Pt. 

Figure 5 shows log Q against temperature for various 
kinds of electrode materials, where Q is the interface 
capacitance calculated from the impedance plots 
assuming that the interface impedance is approximated 
by R-C parallel circuit. I t is obvious that the interface 
capacitance is independent of the temperature and 
strongly dependent on the preparation of electrode. 
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L d i 

: resistance of electrode reaction 

: double layer capacitance 

: diffusional impedance 

(low frequency) 

z.. 
Chigh. frequency) 

R, : resistance of diffusion 

C^ : capacitance of diffusion 

Zw : Warburg impedance 

Fig. 6. Equivalent circuit of interface impedance. 

Sputtered or evaporated Pt electrodes show small 
capacitance. Since Q is considered to be proportional 
to the contact area at the electrode material/electrolyte 
interface, the small capacitance would be explained as 
the low contact area. 

Equivalent Circuit and Oxygen Pressure Dependence of 
the Interface Impedance. As shown in Figs. 1 and 3, 
the impedance arcs for various kinds of electrodes are 
depressed. Therefore they cannot be accounted for by a 

Z'/kQ 

Z'/kQ 

Fig. 7. P0t dependence of impedance plot. 
(A) : Pt from H2PtCl6. P0Jztm A ; 1.0, A ; 2.0 x 10"1, 
# ; 1.1 xlO- 2 , O ; 8 .5xl0- 4 . (B): sputtered Ag 
P0,/atm A ; 3.0X10-2, A ; 1.1 XlO-2, # ; 2.1 XlO-3, 
O ; 6.5x10-*. 

parallel R-C combination. 
According to Franklin,10) when the gas diffusion in 

pores of electrode is slow, the equivalent circuit is as 
shown in Fig. 6. In this equivalent circuit, Z d expresses 
the impedance due to diffusional process of gaseous 
oxygen in pores, which is approximated by Warburg 
impedance in the high frequency region and by a 
parallel Rd-Cd circuit in the low frequency region. 
Accordingly, the interface resistance is represented by 
the sum of the diffusional resistance Rd and the electrode 
reaction resistance Rr. Therefore, the higher one 
of Rd and Rr determines the interface resistance. Since 
Rd is proportional to l/-Po2 and Cd is proportional to 
Po2, the PQ2 dependence of the impedance plots elucidate 
the contribution of Rd and Cd. 

Figure 7 gives the change in the impedance plots 
with oxygen pressure for specimens with Pt electrode 
from H 2PtCl 6 and sputtered Ag electrode. T h e interface 
resistance R{ increases as the P02 decreases. However, 
the capacitance obtained by assuming the parallel R-C 
circuit was found to be independent of the P0z as shown 
in Fig. 8. Probably, the capacitance would correspond 
to the double layer capacitance in Fig. 6. 

1 
S 3 
o 
fc :L 

— 2 
bO 

j2 

1 

A 

V 

A A 

V 

, 

A 

V 

<7 

, 

& 

-i -2 
log (Po2/atm) 

Fig. 8. P0z dependence of log Ct. 
A : Sputtered Ag (400 °C), V= Pt from H2PtCl6 (800 
°G). 

Figure 9 (A) shows the P02 dependence of the interface 
resistance of Pt electrodes. T h e interface resistance is 
proportional to Po2~

1/4> irrespective of electrode prepara­
tion. Bauerle's1) results on sputtered Pt electrodes show 
a tendency of saturation with the increase in P0v 

Figure 9 (B) shows the same plot for the sputtered 
Ag electrode. T h e interface resistance is proportional 

to iV2/JJ-
From the results shown in Fig. 9, under low over-

voltages the interface resistance of both Pt and Ag 
electrode is attr ibuted to the resistance of electrode 
reaction Rr in Fig. 6. 

Electrode Reaction. As indicated in the preceding 
section, the interface impedance can be approximated 
by the parallel Rr (resistance of electrode reaction) -Cdi 

(double layer capacitance) circuit in spite of the depres­
sion of the impedance arcs. Unlike Cdl, Rr was found 
to be sensitive to temperature and oxygen pressure. 
One may consider 1 jRT to be a measure of the rate of 
over-all electrode reaction. The over-all electrode 
reaction consists of several elementary steps given in 
Table 2. T h e value of n in the form of \/Rr °c P0z

n, 
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Bauerle" 
(sputtered Pt) 

T A B L E 2. ELEMENTARY REACTION STEPS AND THE 

VALUE OF N, CHARACTERISTIC OF RATE-

DETERMINING STEP 

log (PoMm) 

logiPJatm) 

Fig. 9. P0t dependence of log R{. 
(A) : • ; Pt paste without glass flux annealed at 1300 °C 
for 72 h, V ; Pt from H2PtCl6. (B) : Sputtered Ag. 

characteristic of each rate-determining step is also given 
in Table 2. If step (I) is rate-determining, l//? r 

should be proportional to Po2 (n=l). From the results 
obtained in this work, l / /? r is not proportional to Po2-
So, this adsorption process is considered to be not rate-
determining. When the step (II) is rate-determining 
and the adsorption of oxygen obeys Langmuir 
isotherm, n is supposed to take values from 1 to 0. 
Similarly, n would take values from 1/2 to 0, when step 
(III) or (IV) is rate-determining. Results of the present 
work indicate that n is 2/3 for Ag electrodes. Moreover, 
Buttner and his co-investigators11) have found that 

Elementary step n in 1/RT oc P0» 

I 0,(g) «± 0 2 (ad) 1 
II 02(ad) «± 2 0 (ad) 1—0 

III Surface diffusion of O(ad) 1/2—0 
IV 0 ( a d ) + 2 e «± O2" 1/2—0 

oxygen is strongly adsorbed on the surface of Ag. From 
these results, the rate-determining step of the electrode 
processes on Ag electrodes is supposed to be the dissocia­
tion of adsorbed oxygen molecules into atoms. 

For Pt electrodes, n was found to be 1/4. According 
to Fryburg and Petrus,12) at temperatures and oxygen 
pressure studied, the surface of Pt would be completely 
covered with a tightly bound monolayer of oxygen 
atoms. So, we could assume the weakly adsorbed 
molecular oxygen. If the adsorption is Langmuir 
type, the rate-determining step would be the dissociation 
of oxygen molecules into atoms or either one of the 
subsequent steps. 

References 

1) J. E. Bauerle, J. Phys. Chem. Solids, 30, 2657 (1969). 
2) Y. Suzuki and T. Takahashi, Denkt Kagaku, 39, 406 

(1971). 
3) E. Schouler, M. Kleitz, and G. Déportes, J. Chim. 

Phys., 70, 923 (1973). 
4) E. Schouler, G. Giroud, and M. Kleitz, J. Chim. Phys., 

70, 1309 (1973). 
5) E. Schouler and M. Kleitz, J. Electroanal. Chem. Inter-

facial Electrochem., 64, 135 (1975). 
6) N. Matsui, Surf. Sei., 86, 353 (1979). 
7) P. Fabry, E. Schouler, and M. Kleitz, Electrochim. Acta, 

23, 539 (1978). 
8) S. H. Ghu and M. A. Seitz, / . Solid State Chem., 23, 297 

(1978). 
9) H. Obayashi and T. Kudo, "Application of Solid 

Electrolytes," ed by T. Takahashi and A. Kozawa, JEG Press, 
Ohio, U.S.A. (1980), p. 106. 

10) A. D. Franklin, J. Am. Ceram. Soc, 58, 465 (1975). 
11) F. H. Buttner, E. R. Funk, and H. Udin, J. Phys. Chem., 

56,657 (1952). 
12) G. C. Fryburg and H. M. Petrus, / . Electrochem. Soc, 

108, 496 (1961). 



June, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1693—1698 (1981) 1693 

The IR Spectra of CsxV205 (x=0-0.66) 
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The IR spectra of Cs-vanadates (C=[Gs]/[V]-0—0.332) were recorded in the 650—1200 cm"1 region. 
In the V 20 5 , which had cautiously been purified, the V=0 stretching band was found at 1022 cm - 1 , and the V-O-V 
stretching band, at 815 cm - 1 . Upon the addition of Gs, sharp new bands began to appear at 965 cm - 1 at C= 
0.0042 and also at 1000 cm-1 at C= 0.0120, and a shift in the 815-cm-1 band was found. Finally, at C= 0.332 the 
original 1022-cm-1 band was replaced by the 965 and 1000 cm - 1 bands, the intensity ratio (-̂ es/Aooo) of which was 
2.0. The X-ray diffraction pattern of the last sample was in agreement with that of CsV308. The IR and the 
X-ray results suggest that the CsV308 phase appears at around C= 0.004. Based on the band shifts of 1022—»965 
and 1000 cm -1 , the force constant and the bond strength of V=0 in GsV308 were discussed. With respect to 
the band shift in the 815-cm-1 region with the increase in the Gs content, the corretion of A? to G1/3 is shown in 
C<0.020. 

V 2 0 5 has a layer structure and has large channels 
along the b- and c-axes,1-3) through which oxygen ions 
can be easily taken into and/or out of the lattice.4) 
The property of the vanadium oxide as a catalyst has 
been discussed in relation to such a structural feature 
and behaviour of the oxygen ion.4 - 8) V 2 0 5 can also 
take many kinds of metal ion into the channels to form 
"vanadium bronzes;" the physico-chemical properties 
vary delicately and complicatedly depending upon the 
kind and the concentration of metal ions.9) Recently, a 
big change was found in the catalytic properties of V 2 0 5 

when a commercial V 2 0 5 (guaranteed grade) was 
cautiously purified.10) This finding forces us to think 
that it is very important to control a small amount of 
impurities for a clear study of the catalytic activity and 
the catalytic property of vanadium oxide. 

Now a series of studies of the effects of alkali metal-
addition (Li-Cs) on the physico-chemical and the 
catalytic properties in V 2 0 5 has been started. Upon 
the addition of Cs, the largest effects were found on the 
catalytic activity leading to ethanol decomposition and 
on the band shift in the V - O - V stretching in the I R 
spectrum.11) These results could easily be expected 
because the Cs atom has the lowest ionization potential 
and the largest ionic radius of the alkali metals. 
However, the details of the structural change of V 2 0 5 

upon alkali-metal addition have not yet been made 
clear. In the present paper, the changes in the V = 0 
and the V - O - V bonding properties in the original V 2 0 5 

lattice upon the addition of Cs are examined in especial 
detail. The I R spectra of the Cs-vanadates, the Cs 
content of which was controlled over a wide range, were 
measured for the purpose. 

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

The Cs-vanadates were prepared from Cs2C03 (guaranteed 
grade) and NH 4 V0 3 which had been purified cautiously12) 
by the following procedures. The NH 4 V0 3 was immersed 
into a aq. soin, of Cs2G03, dried at 120° C, and calcined in 
air at 600 °C for 16—20 h. The Cs-contents of the samples 
are summarized in Table 1. The Cs-5 sample was prepared 
by grinding Gs-1 and Cs-7 well in an agate mortar, followed 

* Present address: Department of Applied Chemistry, 
Faculty of Science and Engineering, Kinki University, 
Higashi-Osaka, Osaka 577. 

TABLE 1. CS-CONTENT OF CS-VANADATES 

Sample Cs-content ([Cs]/[V]) 

Pure-V206 0.0000 
Cs-1 0.0013 
Gs-2 0.0042 
Cs-3 0.0120 
Gs-4 0.0203 
Cs-5 0.100 
Cs-6 0.168 
Cs-7 0.332 

by heat treatment at 623 °C for 12 h and then by fusing at 
700 °C for 6 h. The Cs-6 sample was prepared by grinding 
Cs-1 and Cs-7 well followed by heat treatment at 610 °C for 
24 h; it was then fused at 623 °C for 12 h. 

The IR spectra of the Cs-vanadates were recorded in the 
frequency range from 650 to 1200 cm - 1 by the normal KBr-
disk method. The IR spectrometer used was JASCO, Model 
DS-402 G. The X-ray powder diffraction was checked on 
five samples : pure-V2Oe and Cs-4—Cs-7. The X-ray diffract-
meter used was Rigaku Denki, Model 2001 ; Cu JCoc-radiation 
(at 35 kV) and an Ni-filter were used. 

R e s u l t s 

T h e I R spectra of the pure -V 2 O s and the C s -
vanadates are shown in Fig. 1. In the spectrum of the 
pure-V205

8»13) a sharp band assigned to the V = 0 
stretching vibration and a broad band assigned to 
V - O - V stretching are seen at 1022 and 815 cm" 1 

respectively (Fig. 1-a). T h e spectrum changes with the 
increase in the Cs-content (C=[Cs] / [V] ) : with C= 
0.0042 a new sharp band begins to appear at 965 c m - 1 

(Fig. 1-c) and with C=0.0203 , one also appears at 1000 
c m - 1 (Fig. 1-e). In the samples with contents higher 
than C= 0.0203, the bands at 965 and 1000 c m - 1 were 
intensified with the Cs-content without any change in 
the frequencies. With C—-0.332, finally, the original 
band at 1022 c m - 1 disappeared and was completely 
replaced by the bands at 965 and 1000 cm" 1 (Fig. 1-h). 

O n the other hand, the broad band at 815 c m - 1 

became broader and shifted toward the low frequencies 
from C=0.0013 to 0.0203 with the addition of Cs ions. 
I n the samples with contents higher than C=0.100, the 
band split further into two peaks. With C=0 .332 , 
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1200 1000 800 600 Wcnrr' 

0.0013 

0.0042 

0.0120 

0.0203 

1200 1000 800 600 P/cnr« 

FREQUENCY /cm-' 

Fig. 1. IR spectra of CsxV205 (x=0—0.664), recorded 
in the frequency range of 1200—650 cm -1 . Spectrum 
a shows IR spectrum of the original V 20 5 , which was 
cautiously purified :12) the bands at 1022 and 815 cm - 1 

have been assigned to the V=0 and the V-O-V stretch­
ing, respectively.8) The frequencies of the bands in the 
spectra b—h are summarized in Table 2. 

finally, the band at 815 c m - 1 seems to be replaced by 
the bands at 742 and 780 c m - 1 . The frequencies of all 
the bands in the spectra shown in Fig. 1 are summarized 
in the third column of Table 2. 

The X-ray diffraction patterns of the p u r e - V 2 0 5 and 
the Cs-4—Cs-7 samples are shown in Figs. 2-a—e. The 
pat tern of Gs-4 (at C=0.0203) is almost the same as 
that of the pure-V2O s ,

3) except for a very weak line 
appearing at 27.4° and a small change in the intensities 
between the corresponding peaks (Figs. 2-a and b) . 
Strong lines appear at 20.3 and 41.3° in the diffraction 
patterns of Cs-5 and Cs-6. Both samples were prepared 

(a) Pure-VeOs 

(b) C.-4 : 
((CsMVJ)*0.0203 

• I 
(c) C.-5 
(rcsv(vj)-o.ioo 

i_L 

CSXVSOT ; 

(x*0.35)*> 

(d) Cs-6 
([Cs]/(V])*0.I68 

22 

CsxVzOs : 

(x*0.30) 

JLuxa 

JUL 
(e) C.-7 ; 
(lCs]/[ VI) «0.332 

-•1— 
CsVsOe ili 

2 6 - * 10° 
il . I ,71 1 il i 

Ä . U3-

J i r. ; I * 

I l |. • • i I 1 1 

ÜU 
20° 30° 40° 50° 

Fig. 2. The X-ray powder diffraction patterns of the 
pure-V2Os and CsxV205 (*=0—0.664). For com­
parison the X-ray powder patterns of Cs-vanadates, 
already reported,14-16* were added in Figs. 2-c, d, and e. 
In Gs-4 the patterns is almost agreement with that of 
the pure-V2Os except for a little difference in the 
relative intensities. In Cs-7 the main lines of the pat­
tern is agreement with that of Gs-hexavanadate. In 
Cs-5 and Cs-6 the very strong lines were seen at 20.4 
and 41.2°, which have not been reported yet. 

by mixing p u r e - V 2 0 5 with Cs-7, followed by fusing 
and recrystallizing. Thus , the "preferred orientation" 
toward the (010) plane may be expected in the samples. 
The lines at 20.3 and 41.3° shifted just a little bit from 
those at 20.2 and 41.2°, which are ascribed to the 
diffraction from the (010) and the (020) planes respec­
tively in pu re -V 2 0 5 . These shifts might be caused by 
the formation of a non-stoichiometric phase of Cs^VgC^ 
(x : too small). 

In Cs-5, besides the lines at 20.3 and 41.3°, the very 
weak lines at 21.7, 26.2, 31.0, 32.4, and 47.3° correspond 
to the diffraction from pure -V 2 0 5 . The weak lines at 

TABLE 2. T H E FREQUENCIES OF THE V=0 AND THE V-O-V STRETCHING BANDS IN THE 

IR-SPECTRA OF P U R E - V 2 0 5 AND Cs-VANADATES, AND THE BAND SHIFT 

( A y ) OF THE V - O - V STRETCHING UPON Cs-ADDITION 

Samples 

Pure-V2Os 

Cs-1 
Cs-2 
Cs-3 
Cs-4 
Cs-4 
Cs-5 
Cs-6 
Cs-7 

Cs-content 
([Cs]/[V]) 

0 
0.0013 
0.0042 
0.0120 
0.0203 
0.0203 
0.100 
0.168 
0.332 

Frequencies/cm 

V=0 stretching 

1022 
1017 
1017 
1020 
1023 
1021 
1022 
1020 

— 

• — 

— 
— 
— 

1000 
1001 
1000 
999 

1000 

— 
— 

966 
965 
965 
965 
965 
965 
965 

- l 

V-O-V 

815 
818 
808 
806 
797 
803 
795 
790 
780 

stretching 

750 
743 
742 

AE/cm-1 

0 
- 3 

7 
9 

18 
12 
— 
— 
— 
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27.5 and 24.2° correspond well to the strong lines in 
Cs-7, which are ascribed to the diffractions from the 
(021) and the (210) planes in C s V 3 0 8 respectively. 
However, no lines accord with the diffraction from 
Cs x V 3 0 7 (x: 0.35), given for comparison in Fig. 2. 
Thus, Cs-5 may be regarded as a composite phase of 
V 2 0 5 and C s V 3 0 8 or Cs^VgOg (x: too small) and 
CsV 3 0 8 . In Cs-6, the lines other than those at 20.3 
and 41.3° which correspond to the diffraction from 
V 2 0 5 , appear at 21.7, 31.0, and 47.8°. T h e lines at 
24.1, 27.4, 32.8, and 34.5° accord with the main lines 
of Cs-7. However, unknown lines appear at 25.5 and 
25.8° in this samples, although they are very weak. No 
lines correspond to the diffraction from Cs^VgOg 
(*=0.3) , given also for comparison in Fig. 2-d. This 
evidence suggests the formation of a new phase other 
than a mixed phase of V 2 0 6 and C s V 3 0 8 or Cs^.V205 

(x: too small) and GsV 3 0 8 . 
Finally, it is noteworthy that the diffraction at 27.5° 

was found in Cs-4 (at C= 0.020), which is ascribed to 
the diffraction from the (021) plane in CsV 3 0 8 . This 
suggests that C s V 3 0 8 phase can be already formed in 
such a low concentration as C= 0.020 with Cs-addition 
to pu re -V 2 0 5 . 

The main lines of the diffraction in Cs-7 are complete­
ly in agreement with the pattern of CsV 3 0 8 , but none 
of the minor lines correspond to that of the Cs-vanadates 
reported hitherto. Thus, the Cs-7 sample consists of the 
Cs-trivanadate (CsV3(D8), accompanied by a small 
quantity of an unknown compound. 

D i s c u s s i o n 

The V=0 Stretching Bands. T h e peak intensities 

io22> Aooo> of the bands at 1022, 1000, and 965 cm" 1 (I: 

and 7965) were estimated by drawing a base line smoothly 
under the bands in the spectra of Fig. 1. The intensities 
of the bands and the intensities normarized by the use 
of It (/io22+/iooo+^965) a r e summarized in Table 3. 

TABLE 3. INTENSITY CHANGES IN THE V=0 

Samples 

Gs-2 
Cs-3 
Cs-4 

Cs-5 
Cs-6 
Cs-7 

STRETCHING BANDS UPON Cs-APDITION 

p T T T •'1022 AoOO htb 
I-* •'1022 •'1000 •'065 j J 1 

i t i t 1l 
0.0042 0.639 — 0.037 0.946 — 0.054 
0.0120 0.397 — 0.042 0.904 — 0.096 
0.0203 0.487 0.054 0.136 0.719 0.080 0.201 

0.549 0.059 0.103 0.772 0.083 0.145 
0.100 0.492 0.124 0.301 0.536 0.135 0.328 
0.168 0.677 0.405 0.672 0.386 0.231 0.383 
0.332 0 0.514 1.095 0 0.319 0.681 

The normalized intensities are plotted against the Cs-
content in Fig. 3. The (7965// t) and (I1000IIt) grow 
linearly with the Cs-content, but the ratio of 7965 to 
71000 remains constant at about 2 in the range of C = 
0.020—0.332. When the curves of (7965//t) and (I1000/Jt) 
vs. C are extrapolated to C = 0 , they cut the vertical axis 
while keeping the ratio constant at about 2. O n the 
other hand, at contents lower than C= 0.020, the curve 
of (/965//t) os. C cuts the point of origin. Figure 3 

(11022/It) 
( 1 9 6 5 / I t ) 
(I.ooo/It) 

© ^ 

0.1 0.2 0.3 
Cs-Content «C»]/tVD 

Fig. 3. The changes in the intensities of the original 
band at 1022 and the new bands at 1000 and 965 cm-1 

with the increase in the Cs-content. In the Cs-content 
higher than C= 0.020 the ratio of (7965//t) to (I1000IIt)

 i s 

kept constant at about 2.0. 

indicates that the fashion of the Cs-insertion in the 
range of C=0—0.012 differs from that in C = 0 . 0 2 0 — 
0.332. 

According to the X-ray analysis described above, 
Cs-5 and Cs-6 were regarded as mixtures of V 2 0 5 and 
CsV 3 0 8 , while the C s V 3 0 8 phase seems to co-exist with 
the V 2 0 5 phase in Cs-4. Tha t is, the CsV3O s-content 
in the V 2 0 5 increases with the Cs-addition in the range 
of (7=0.020—0.332, until finally the unified C s V 3 0 8 

is formed at C= 0.332. The X-ray results correspond 
completely to the I R results that the intensities of the 
bands at 1000 and 965 c m - 1 increase linearly with the 
Cs-content without any changes in the frequencies. 
Therefore, the bands at 1000 and 965 c m - 1 can be 
ascribed to the characteristic bands of C s V 3 0 8 . 

The results of the X-ray analysis by Walterson 
et A/.1 4 '1 5) showed that the Cs ion occupies one kind of 
site in Cs^VgO, ( x - 0 . 3 5 ) , but in Cs^V 2 0 5 (x-0.3) it 
occupies two kinds of sites, the ratio of which is 2 : 1. 
Evans et al.11) also showed, in C s V 3 0 8 , two kinds of 
Cs-occupation, the ratio of which was 2 : 1 . The ratio 
of the Cs-occupation corresponds well to the intensity 
ratio of the bands at 965 and at 1000 c m - 1 (I96SII1000) 
in the samples of Cs-4—Cs-7. Thus, the bands at 965 
and 1000 c m - 1 could be ascribed to the stretching bands 
of V = 0 groups, affected by the nearest-neighbored Cs 
ions, which are placed in two kinds of sites. 

An application of the Bond-Strength-Bond-Length-
Parameters of Brown an Shannon to the band shifts from 
1022 to 1000 and to 965 c m - 1 will now be tried. The 
bond strength, S, is defined as Eq. 1 ; 

S = S^R/R»)-». (1) 

T h e bond strength is evaluated as S= 1.848 for the V = 0 
bond in p u r e - V 2 0 5 by the use of the values in Table 3 
of Ref. 1 8 : S 0 = 1 . 2 5 , Ä 0 = 1.700, and tf=4.8. T h e 
V = 0 bond length, R, was regarded as 1.567 Â, which 
is the average of the values given by Ketelaar,1) 
Byström,2) and Bachmann.3) T h e bond strength, S, 
is assumed to be proportional to the force constant, k. 
Thus, the IR-frequency, f, is proportional to S1/2 
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because the /== (k/fi)1/2 relation, holds, where n denotes 
a reduced mass. From the isotope shift of the V = 0 
stretching band with the replacement of i e O for 1 8 0 , 
the reduced mass for the band has been regarded 
exactly as 16.18) This means that the oxygen ion bonds 
to a large body with an infinite mass. For this reason, 
the V = 0 stretching mode is prevented from the interup-
tion of the other modes, thus giving a very sharp band. 
The same situation could remain in the V = 0 groups 
of such Cs-vanadates as Cs-3—Gs-7 because the bands 
at 965 and 1000 c m - 1 of the samples are also very sharp, 
as is the original band at 1022 c m - 1 . 

The changes in the bond strength and the subsequent 
changes in the V = 0 bond length with the Cs-addition, 
therefore, can be estimated exactly from the band shifts 
from 1022 to 1000 and 965 cm" 1 based on the relation, 

focS1'*. For the shift from 1022 to 1000 cm"1 , 
(1000/1022) = {5(1000)/1.848}1/2, 

where the 1.848 value is 5(1022), which was evaluated 
above for the V = 0 bond in p u r e - V 2 0 5 ; thus, the bond 
strength corresponding to the band at 1000 c m - 1 , 
5(1000), became 1.769. For the shift from 1022 to 
965 cm- 1 , 

(965/1022) = {5(965)/1.848}1/2. 

Thus, the bond strength corresponding to the band at 
965 cm"1 , 5(965), became 1.648. By substituting the 
values of 5(1000) and 5(965) into Eq. 1, the V = 0 bond 
lengths corresponding to the bands at 1000 and 965 
cm"1 , Ä(1000) and Ä(965), were estimated as 1.581 
and 1.605 Â respectively. These values are consistent 
with the V = 0 bond distances in the C s V 3 0 8 , 1.575 
and 1.624 Â, as deduced from X-ray analysis by Evans 
et al.11) This agreement confirms that , in CsV 3 0 8 , the 
V = 0 stretching band is subjected to shifts from 1022 
to 1000 and 965 c m - 1 by the Cs ions in two different 
sites. 

Recently, Blasse19) found a linear correlation between 
the T i - O symmetric stretching frequencies in titanates 
of several metals and the bond strength, P, as estimated 
by Pauling's Electrostatic Valence Rule. T h e linear 
correlation means that the bond strength, P, is propor­
tional to the square root of the force constant, because 
the P oc f= (kjn) lj2 relation holds. Under the assumption 
o f / « : 5 according to Blasse, the bond lengths of the V = 0 
are estimated as 1.574 and 1.586 Â by a procedure 
similar to that described above. T h e values are less 
consistent with those in C s V 3 0 8 than those estimated 
above under the assumption o f / ° c 5 1 / 2 . From a physical 
analogy, the bond strength seems to correspond directly 
to the force constant itself rather than the square root 
of the force constant. In Fig. 1 in Ref. 19 by Blasse, 
the plots of P1/2 against f seem, in fact, to give a better 
linearity than that of P aga ins t / . 

The crystal structure of the Gs-vanadates ( C = 
0.100—0.50) has been determined by X-ray diffrac­
tion;14-17 '20-21) the V = 0 bond length has also been 
estimated. T h e bond length expands linearly with the 
Gs-content, as is indicated by the open circles in Fig. 4. 
The bond lengths estimated above at C=0 .332 are 
shown by the closed circles. They are located near the 
linear line. 
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î <& 

1.50 
I 1 

~i—r 
M 

S «S 

Ga-
^ 8 

8 

1 J _ 

~ n — n 
1 1 

~| 

j%r\ 

A 

__l jJ 
0 O.I 0.2 0 3 0.4 0.5 0.6 

Cs-Content ( [CJ /M) 

Fig. 4. The expansion of the V=0 bond with the Cs-
addition to V 2 0 5 . The open circles indicate the V=0 
bond lengths for the Cs-vanadates :CsxV3O7(x%0.35),14) 
CsxV2O6(*^0.3),16> CsV308,"> Cs2V5O13,

20> andCsV2-
05,21) which have been determined by the X-ray anal­
ysis. The closed circles at C= 0.332 indicates the V=0 
bond lengths, estimated by the application of the 
Bond-Strength-Bond-Length parameters by Brown 
and Sahnnon to the band shifts from 1022 to 1000 and 
to 965 cm -1 . The closed circle at C—0 indicates the 
reference for the estimation of the V=0 bond length 
mentioned above and the values (1.567 Â) is the average 
of the values determined by Ketelaar,1) Byström et al.,2> 
and Backmann et a/.3> 

1.80 

V40t 
VtOe V»Or I V«Ois Vt04 VtOe V»Or I 

it LA A L 1.50 
0 0.5 1.0 

V4+-Content ( [ V4+] / ( [V4+] + [V5+] ) ) 

Fig. 5. The expansion of the V=0 bond with the reduc­
tion of V 20 6 . In V 2 0 6 the average of the values by 
Ketelaar,1) Byström et a/.,2> and Backmann et a/.,3> and 
in V 2 0 4 the value by Anderson25) were given. In the 
intermediate phases, V307,

22> V409,
23> and V6013,

24> 
the V4+-content was evaluated under the assumption 
that the V-ions take a mixed valency of V4+ and V5+. 
In the phases there are two or three kinds of the V=0 
group and thus the averages of the V=0 bond length 
were given. 

Therefore, it is confirmed that Gs-ions occupy two 
kinds of sites, which are close to the V = 0 groups in 
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the C s V 3 0 8 crystalline lattice, and that the bond 
strengths of the V = 0 groups are weakened by the Cs 
ions inserted; thus, the stretching frequency decreases 
from 1022 to 1000 cm" 1 and to 965 cm"1 . 

With the reduction in V 2 0 5 , the V 0 6 polyhedral 
unit changes in symmetry from a distorted trigonal 
bipyramid toward an octahedron.12) T h e V = 0 bond 
expands linearly with the reduction, as is shown in 
Fig. 5; the expansion in the V = 0 bond is accompanied 
by a decrease in the valence state of the vanadium ion 
and then by a change in the symmetry around the 
vanadium ion. In other words, the bond expansion 
is caused by the formation of the V 4 + ion, that is, V 4 + = 0 . 
The curve of the V = 0 bond length vs. the V4 +-content 
in Fig. 5 corresponds well to that of the V = 0 bond 
length vs. the Cs-content in Fig. 4. The complete 
transfer of electrons from alkali metals such as Li and 
Na to vanadium ions has, in fact, been observed in 
alkali-vanadates by N M R and ESR spectrometry.26) 
With Gs-vanadates, electron transfer could occur more 
favorably because Cs atom has the lowest ionization 
potential of all the alkali metals. Therefore, it can be 
concluded that the expansion in the V = 0 bond by the 
Cs-addition is caused not only by its steric effect, but 
also by the electron transfer from Cs to the vanadium 
ion to form the V 4 + = 0 group. 

The V-O-V Stretching Bands. With respect to the 
V - O - V stretching vibration in pure -V 2 0 5 , the original 
band itself was too broad. The band broadened further 
and also shifted toward the low frequencies upon the 
Cs-addition. The band shifts from 815 c m - 1 , Av, are 
summarized in the last column of Table 2. In the 
three samples of C=0.100—0.332, in which the band is 
split into two peaks, the band shift could not be 
estimated. The plot of Av vs. C is shown in Fig. 6-a. 
In the range of C=0—0.020, there is a good correlation 
between the band shift, Av, and the cubic root of the 

O.OI 0.02 
Cs-Content UCsVLVl) 

Fig. 6. The band shift of the V-O-V stretching (Av) 
with the Cs-content (C) in the region of C=0—0.020; 
a) the plot of AP VS. C, b) the plot of Ai? vs. C1/3. 

Cs-content, C1/3, as is shown in Fig. 6-b. 
In samples of Cs-4—Cs-6, the phases of V 2 0 5 or 

Cs : r V 2 0 5 and C s V 3 0 8 co-exist, as was clearly shown 
above in the discussion of the V = 0 stretching band. In 
Cs-3 (C=0.012) the characteristic bands of C s V 3 0 8 

appear at 965 and 1000 cm"1 . In Cs-2 ( C = 0.0042), 
the 965 cm" 1 band appeared, but the 1000 cm" 1 band 
did not appear ; it might have been masked under the 
steep part of the 1022 cm" 1 band of pure-V 2 O s . If so, 
C s V 3 0 8 would already be formed in such a low concen­
tration as C=0.0042. In such a situation, the broadening 
and the shifts in the 815 c m ' 1 band might arise for the 
mixing of the 815 cm" 1 by V 2 O s with the 780 and the 
742 c m - 1 by C s V 3 0 8 even though it is very weak. 
Furthermore, the intensities of the 780 and the 742 cm" 1 

bands grow relatively with the increase in the Cs-
content; thus, the band shifts may be expected to 
become larger. 

In fact, the region where the non-stoichiometric phase 
of CSJVJJOS ( x = t o o small) can exist stably and the 
Cs-content, at which the C s V 3 0 8 phase begins to 
appear, can not be exactly determined in the present 
paper. Therefore, even in the region of C=0—0.020, 
where the linear correlation of Av to C1 /3 holds as is 
shown in Fig. 6-b, the x in the CsxV2Ob could not be 
simply regarded as varying with the changes in the 
Cs-content. The physical meanings of the correlation 
can not be discussed further. 

T h e author wishes to express his appreciation to Mr . 
Shinichi Ishikawa and Mr. Tetuo Yamamoto for their 
measurements of the I R spectra, and to Professor Keiji 
Kuwata for his continued interest in this work and for 
his valuable suggestions. 
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Kinetic studies of the oxidation of o-, m-, and/»-benzenediols (H2A) by tris(l,10-phenanthroline)iron(III) 
were made in dilute perchloric acid solution at an ionic strength of 1.0 mol dm - 3 at four temperatures between 10 
and 30 °C. The second-order rate constants (k0) which follow the observed rate law of —d [Fe(phen)3

3+]/d£=£0[Fe-
(phen)3

3+] [H2A] were determined under varied conditions. The order of the rate constants was m-<^o-<^/>-benzene-
diols, with the ratio being approximately 1 : 103 : 10*. By the application of the Marcus theory to the kinetic 
parameters obtained, the standard redox potentials of the dihydroxyphenyl radicals (H2A+) were estimated in 
0.11 mol dm - 3 perchloric acid solution to be 1.41, 1.10, and 0.97 V for m-, o-, and/»-benzenediols, respectively. 
The energies of the highest occupied molecular orbitals for the H2A molecules (eHOMo) were calculated to be —0.4468, 
—0.4332, and —0.4224 a.u. for m-, o-, and /»-benzenediols, respectively. The differences of the total electronic 
energies between H2A+ and H2A molecules (A-ET) were calculated to be 0.4183, 0.4033, and 0.3957 a.u. for m-, o-, 
and /»-benzenediols, respectively. Thus, the standard redox potentials of the free-radicals estimated are found 
to be well correlated with the HOMO energies and also with the differences of the total electronic energies between 
the cation radicals and the parent molecules. 

The application of the Marcus theory1) to kinetics of 
the reactions involving organic and inorganic substrates 
has given satisfactory results in the explanation of the 
observed kinetic parameters. An application of Marcus 
theory to the investigation of the kinetic data in the 
outer-sphere electron transfer reactions allows an 
estimation of the redox potentials of the unstable free-
radicals of organic molecules.2'3) The present paper 
demonstrates the kinetics of the outer-sphere electron 
transfer reactions of o-, m-, and /»-benzenediols with 
tr is(l ,10-phenanthroline)iron(III) , and explains the 
estimation of the standard redox potentials of those 
free-radicals by means of the application of Marcus 
theory to the kinetic parameters obtained. We calculated 
the energy of the highest occupied molecular orbitals 
( H O M O ) of each benzenediol and the difference in the 
total electronic energy between the cation radical and 
the parent molecule, by using C N D O / 2 MO.5) The 
correlation between the theoretically calculated energies 
and the standard redox potentials estimated by the 
application of Marcus theory to the kinetic parameters 
is discussed in the present paper. 

Exper imenta l 

Chemicals. Reagent-grade o-, m-, and /»-benzenediols 
from Wako Pure Chemical Co. Inc., were used without 
further purification. The solution of each reagent was pre­
pared just before use. Tris( 1,10-phenanthroline) iron (III) 
Perchlorate was prepared by oxidizing tris ( 1,10-phenan-
throline)iron(II) with lead(IV) dioxide in dilute sulfuric acid 
solution; after removal of lead(IV) dioxide and lead(II) 
sulfate, the Perchlorate salt of the tris (1,10-phenanthroline)-
iron (111) was precipitated by the addition of sodium Per­
chlorate solution. The solid obtained was recrystallized from 
aqueous Perchlorate solution. A stock solution of tris (1,10-
phenanthroline) iron (111) was prepared by dissolving the Per­

chlorate salt in 70% (v/v) perchloric acid. The stock solution 
of the blue solution having an absorption maximum at 600 nm 
was very stable in perchloric acid and no appreciable de­
composition occurred for at least 3 months at room tempera­
ture in the dark. Sodium Perchlorate, used for adjusting 
ionic strength, was recrystallized twice from aqueous solution. 
Deionized water was distilled with and without addition of 
some permanganate in a glass still. 

Kinetic Measurements. The kinetic experiments were 
carried out with a Union Stopped Flow Spectrophotometer 
RA-401 by following the increase of the absorbance at 510 nm 
due to the tris(l,10-phenanthroline)iron(II) of a reaction 
product. The concentrations of m-benzenediol were kept at 
least 10-fold larger than those of tris (1,10-phenanthroline)iron-
(III) in order to ensure pseudo-first-order conditions. In most 
of the reactions of o- and jb-benzenediols with tris (1,10-phe-
nanthroline)iron(III), second-order conditions were adopted 
because these reactions were extremely fast under the condi­
tions of excess benzenediols with respect to tris (1,10-phen-
anthroline) iron(III). The rate constants were evaluated by 
treating an average-kinetic curve for 10 runs, the Stopped-Flow 
apparatus being equipped with a micro-computer system for 
memorizing and averaging the multiple runs. The acidity 
was kept constant at 0.055, 0.11, or 1.0 mol dm - 3 in perchloric 
acid. The ionic strength was adjusted to be 1.0 mol dm~3 

by the addition of sodium Perchlorate solution. The 
temperature (with ±0.1 °C) of the cell housing was regulated 
by circulating the thermostated water. 

R e s u l t s 

Stoichiometry. By the titration of 2.6 X 10 - 5 mol 
d m - 3 t r is( l ,10-phenanthroline)iron(III) with o- or p-
benzenediol monitoring the absorbance at 510 nm due 
to tr is( l ,10-phenanthroline)iron(II) , the stoichiometry 
was determined to be 2 : 1 for [Fe(phen)3

3+] : 
[bezenediol]. Thus , the stoichiometric equation is 
written as Eq. 1 : 
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2 Fe(phen)3
3+ + H2A • 2 Fe(phen)3

2+ + A + 2H+, (1) 

where H 2A indicates a benzenediol and A, a quinone. 
T h e stoichiometry for the reaction between m-benzene-
diol and tr is(l ,10-phenanthroline)iron(III) was not 
determined by the titrimetric method due to the slow 
reaction. A large excess of m-benzenediol was necessary 
for the reaction to proceed completely. 

Kinetics of Reaction. The kinetic runs were 
carried out in the acid solutions so that the acid dissocia­
tion of benzenediols could be completely neglected.4) 
For the reactions of o- and/^-benzenediols with tris (1,10-
phenanthrol ine) i ron(III) , when pseudo-first-order con­
ditions were adopted, plots of In (Aœ—At) vs. t were 
linear for at least 8 0 % of a whole reaction. Moreover, 
when the reaction was started at a second-order condi­
tion of [Fe(phen) 3

3 +]=2[H 2 A], plots of l/(A„-At) vs. t 
were also linear for at least 6 0 % of a whole reaction. 
This confirms the first-order dependence of each 
reactant and the stoichiometry given in Eq. 1. Thus, 
the following empirical rate law can be wri t ten: 

-d[Fe(phen)3
3+]/d* = *0[Fe(phen)3

3+][H2A], (2) 

where k0 is the observed second-order rate constant. 
In case of the reaction between m-benzenediol and tris-
( l ,10-phenanthrol ine) i ron(II I ) , plots of In {A„—At) vs. 
t were linear for the initial periods of about 2 0 % of a 
whole reaction and gradually deviated from the straight 
line under a pseudo-first-order condition. Thus, the 
rate constants in this case were evaluated by using the 
initial slope. The second-order rate constants obtained 
were, within the experimental error, constant irrespec­
tive of the reactants over the wide ranges of 5.0 X 10 - 5 to 
5.0 x 10"2 mol d m " 3 m-benzenediol and of 1.2 X 10"6 to 
2.0 x 10"5 mol d m " 3 t r is( l ,10-phenanthrol ine)iron(III) . 
However, when tr is(l ,10-phenanthroline)iron(II) was 
added to the reaction solution before starting the 
reaction, the rate of reaction decreased according to the 
amounts of tris (1,10-phenanthroline) iron (I I ) added. 

Unless the amounts of tris(1,10-phenanthroline)iron(II) 
exceeded about 10% of the tris (1,10-phenanthroline)-
i ron(II I ) concentrations, the rate constants obtained 
from the initial slope of In {Aœ—At) vs. t were not 
influenced. 

Temperature Dependence. The observed second-
order rate constants k0 at varied temperatures were 
determined under given conditions. The forward rate 
constants kx in Reaction 3 (and Eq. 5) are tabulated in 

TABLE 1. TEMPERATURE DEPENDENCE OF THE RATE 

CONSTANTS AT AN IONIC STRENGTH OF 1 . 0 m o l d m - 3 

Temp 
°G 

ÏÔ 

15 

20 

25 

30 

m-
Benzenediola) 

1Q-3*! 
dm3 mol - 1 s - 1 

6.9d> 
4.5 e ) 

0.7° 
10.3d) 

6.0e ) 

1.1° 
13.4d> 
8.8e) 

1.0" 
18d) 

11.0e) 

2.6f> 

0-

Benzenediolb) 

10~« *! 
dm3 mol_1 s _1 

9.3d ) 

8 7 e) 

6.5° 
11.6d) 

10.6e) 

7.0° 8.2° 
15.0d> 
13.2e) 

9.2° 
17.7d> 
16.2e) 

10.9° 

p-
Benzenediolc) 

IP"7*! 
dm3 mol_1 s -1 

12.0d> 
9.5e> 
6.3° 

13.9d) 

11.6e> 
7.2° 

16.4d) 

12.8e> 
8.2° 

17.3d) 

15.0e) 

10.2° 

a) The initial concentrations of m-benzenediol and 
tris (1,10-phenanthroline) iron (III) were 2.0 X 10 -8 and 
7 .0x 10~6 mol dm~3, respectively, b) and c) The 
initial concentrations of benzenediols and tris (1,10-
phenanthroline)iron (III) were 7 .0x 10~6 and 1.4x 
lO^moldm- 3 , respectively, d), e), and f) indicate 
the results in 0.055, 0.11, and 1.0 mol dm - 3 per­
chloric acid, respectively. 

®̂ 105 g.\ ̂  1NTRAMOLECULAR 
''"' \ HYDROGEN BOND 

ortho meta 

-0.4468 a.u. 
0.4183 a.u. 

para 
-0.4224 a.u. 
0.3957 a.u. 

-0.4332 a.u. 
0.4033 a.u. 

Fig. 1. The structures of the benzenediols calculated by the CNDO/2 MO, and the values of £HOMo (negative val­
ues in the above) and AET (positive values in the below). The small empty circle denotes the hydrogen atom. 
The G-C distance of 1.40 A and the G-H length of 1.08 A in the benzene are common to the three molec­
ules. The structure of the cation (H2A+) is assumed to be the same as that of the neutral molecule (H2A). The en­
ergy unit is a.u., where 1 a.u. = 2625.7 kj mol"1. The larger eH0U0 in the absolue and the larger AET correspond to 
the more difficult oxidation. 
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TABLE 2. KINETIC PARAMETERS FOR THE OXIDATION OF m-, o-, AND /»-BENZENEDIOLS BY TRIS (1,10-

PHENANTHROLINE)IRON(III), AND THE ESTIMATED REDOX POTENTIALS (E0)^ 

Benzenediols 

m-

0-

P-

kj mol-1 

42d) 

4 1 e ) 

57» 
2 9 d ) 

2 8 e ) 

23° 
15d) 

19e> 
19° 

A 5 * e ) 

J K ^ m o l " 1 

-28d> 
_ 3 2 e ) 

10» 
-10 d > 
- 1 5 e > 
- 3 5 » 
-36 d > 
- 2 5 e > 
- 2 8 » 

AGf2 

kj mol-1 

39.2d) 

40.4e> 
45.0» 
22.0d> 
22. Ie3 

23.0» 
15.7d> 
16.2e) 

17.3» 

AG°12 

kj mol-1 

31.8d) 

33.5e ) 

39.8» 
3.52d) 

3.71 e ) 

5.42» 
- 9 . 5 7 d ) 

-8.44e> 
- 6 . 0 2 ° 

E° 
V 

1.39d> 
1.41e> 1.39e>g> 
1.47» 
1.10d) 

1.10e> 1.07e»« 
1.12» 
0.96d) 

0.97e) 0.94e .« 
1.00» 

a) r x = 4 . 0 x 10-10 m for benzenediols; r 2 = 7 . 0 x 10-10 m for Fe(phen)3
3+/2+; >*12 = 80.8 kj mol-1; the potentials 

estimated for the reaction H2A++éT <± H2A; the error of E° is ±0 .01 V. b) The error is ± I kj mol-1, c) 
The error is ± 4 J K.-1 mol -1, d), e), and f) indicate the results in 0.055, 0.11, and 1.0 mol dm - 3 perchloric 
acid at an ionic strength of 1.0 mol dm"3, g) Evaluated by using A Gft—23 and AG£2=20 kj mol"1 (see 
Text). 

Table 1, where the observed rate constants k0 are equal 
10 2 * ! (V.l.). 

Calculation of £HOMO and AET. To evaluate the 
oxidation potential theoretically, a CNDO/2 MO5) 
calculation was made for o-, m-, and /»-benzenediols and 
the corresponding dihydroxyphenyl radicals. T h e 
following two energies may be compared to the redox 
potentials determined experimentally. One is the energy 
level of the highest occupied molecular orbital of the 
neutral species (ÊHOMO)- This gives the ionization 
potential of benzenediols of H2A species. The other is 
AET) the difference of the total electronic energies 
between the neutral molecule and its cation radical of 
H 2 A f . The AET corresponds to the energy required 
to cause H2A—>H2A++e - , and is described as A2sT= 
£ T ( H 2 A + ) - £ T ( H 2 A ) . The value of ET of the radical 
was computed by using the U H F M O . For the calcula­
tion of £HOMO and E?, the geometries of the molecules 
were determined through the optimization of the 
functional group ( - O H par t ) . T h e structure of the 
benzene ring was fixed throughout this work. The 
geometries determined in this way are exhibited in Fig. 
1, together with the pictures of £HOMO and AET. 

D i s c u s s i o n 

Tris(l ,10-phenanthroline)iron(III) is an one-electron 
oxidizing agent. Thus, the non-complementary oxida­
tion reactions are expected to occur through two 
successive one-electron transfer reactions, as follows: 

H2A + Fe(phen)3
3+ ;=L± H2A+ + Fe(phen)3

2+, (3) 

H2A+ + Fe(phen)3
3+ — ^ Fe(phen)3

2+ + 2H+ + A. (4) 

Assuming the steady state conditions for the concentra­
tions of H 2 A f species, the following rate equation can be 
derived : 

-d[Fe(phen)3
3+]/d* 

L | A2[Fe(phen)3
3+] 

Â;_1[Fe(phen)3
2+] + £2[Fe(phen)3

3+]J 

X A1[H2A][Fe(phen)3
3+]. (5) 

When the condition of £2[Fe(phen)3
3+]>Â;_1[Fe(phen)32+] 

is satisfied, Eq. 5 can be represented by the empirical 
rate law of Eq. 2 with relationship of k0=2 kv These 
conditions were fulfilled for the reactions of o- and 
/»-benzenediols with tr is( l ,10-phenanthroline)iron(III) 
for at least 8 0 % of a whole reaction, and for the reactions 
of m-benzenediol with tr is( l ,10-phenanthroline)iron(III) 
for about 2 0 % of a whole reaction. In the reaction of 
m-benzenediol, the rate of reaction decreased with 
increasing the ratios of [Fe(phen)3

2+]j/[Fe(phen)3
3+] t-, 

and the value of k^Jk2 was approximately 0.7. Accord­
ing to the Marcus theory1) for the outer-sphere electron 
transfer reaction, the excess free energy of activation 
for a cross reaction (AG*2) varies with the standard 
free energy change (AG°2) for the redox step, as shown 
in Eqs. 6 and 7 : 

AG?2 = co12 + A12(l + AG°2/A12)
 2/4, (6) 

A12 = 2(AG*-«,1 1 + AG*2-a,22)s (7) 

where AG ft and AGf2 are the activation free energies 
for the self-exchange electron-transfer reactions, and con 

and co22 represent the work terms involved in the same 
reactions; co12 is the work term required to bring the 
reactants onto the activated complex. T h e work terms 
can be evaluated from Eq. 8 : 

wu 
_ ZxZ2e* 

exp [-*r,j], (8) 

where Zx and Z 2 are the formal charges of reactants, e 
is the electron charge, Ds is the static dielectric constant, 
r;j is the distance of the closest approach of the reactants 
in the activated complex, and K is the reciprocal Debye 
radius. According to the Marcus theory,1) the parameter 
A12 is equal to A0+Aj, where A0 is the solvent reorienta­
tion term and A} is the contribution term from the 
inner-sphere change in bond lengths and angles in the 
molecules. When X{ is negligible, then A12 is set to be A0, 
which is represented as Eq. 9 : 

K = 
2rx 

+ ^r --^-)(Aer, (9) 

where rx and r2 are the radii of the reactants, r12 is the 
distance between the reacting centers in the activated 
state and can be approximately set as (r1-\-r2), n is the 



1702 Masaru KIMURA, Shinichi YAMABE, and Tsutomu MINATO [Vol. 54, No. 6 

refractive index of the medium, Ds the static dielectric 
constant, and Ae the charge transferred. By assuming 
7^=4.0 x 10 - 1 0 m for o-, m-, and ^-benzenediols6»7) and 
r2 = 7 .0x 10 - 1 0 m for tris(l ,10-phenanthroline)iron-
(III),8) n=1.342,9> and Z>s=78.5,10> the value of X0 is 
calculated to be 80.8 k j mol - 1 . The work terms for the 
forward reaction of Eq. 3 are evaluated to be zero for 
(o12 and (On, and 0.08 k j m o l - 1 for co22 at an ionic 
strength of 1.0 mol d m - 3 at 25 °C. The activation free 
energy AGf2 is described as follows: 

Zexpl-AGfJRT], (10) 

where Z is the collision frequency in solution and is usu­
ally taken as 1011 at 25 °C. Thus , the AGf2 for the for­
ward reaction of Eq. 3 are determined by using the data 
in Table 1. By using the parameters obtained, the value 
of AG°l2 can be evaluated by Eq. 6. T h e AG°2 allows 
the estimation of the standard redox potentials of the 
cation radicals of o-, m-, and jfr-benzenediols. By using 
£ o(Fe(phen) 3

3 + / 2 +)=1.06 V,11) the values of the standard 
reduction potentials of the cation radicals were 
estimated; these are shown in Table 2. T h e potentials 
of the radicals could be estimated without knowledge 
of the contributions of AGfu AGf2, coll9 and co22- The 
rate constant for the self-exchange reaction of tris (1,10-
phenanthrol ine)iron(III) and -(II) has been reported 
to be larger than 3 X 107 dm 3 mol" 1 s"1 at 25 °C.12> 
Meisel13) has reported that the observed self-exchange 
rate constants for a series of reactions between the 
organic radicals and the parent molecules fall in the 
range of 1 X 107 to 1 X 109 dm 3 m o l - 1 s - 1 . If we adopt 
the values of 3 x 107 dm 3 m o l - 1 s _ 1 for k22 of Fe­
r n e n ) 3

3+/2+ and 1 X 107 dm 3 mol" 1 s"1 for ku of H 2A+ / 
H2A, the activation free energies of AG& and AG ft are 
evaluated to be 20 and 23 k j mol" 1 for Fe(phen) 3

3 + / 2 + 

and H 2 A + /H 2 A from Eq. 10, respectively.14) This leads 
to the value of 86 k j m o l - 1 for A12. Therefore, we can 
determine the values of E°(H 2 A t /H 2 A) to be 1.39, 1.07, 
and 0.94 V in 0.11 mol d m - 3 perchloric acid solution 
for m-, o-, and jfr-benzenediols, respectively. These 
values are in good agreement with the corresponding 
ones which are estimated without using AG ft and AG2* 
and neglecting Xx (refer to Table 2). The values of 

2s0(H2A+/H2A) increased slightly with increasing acidity 
in m- and jfr-benzenediols. This may indicate some 
contributions of Reaction 11, which involves a simul­
taneous transfer of an electron and a proton : 

HA' + H+ + e- 5=± H2A. (11) 

The Marcus theory1) holds for a reaction which occurs 
adiabaticly by the outer-sphere electron transfer reac­
tion, and thus, the activation entropy is expected to be 
close to zero. Although the collision frequency (Z) is 
generally assumed to be 1011 dm 3 m o l - 1 s - 1 in solution, 
the pre-exponential factor deviates sometimes from the 
value, indicating some contribution of a non-adiabatic 
reaction. The activation enthalpy and entropy AH* 
and AS* can be determined by assuming K = \ in 
Eyring's absolute rate equation : 

k = K £f- exp [AS*/R] exp [-AH*/RT], (12) 
h 

where K is the probability of the electron-transfer 
within the activated complex. The values of AH* and 
AS* were estimated by assuming ic = 1 ; they are listed 
in Table 2 together with the other parameters. 

It is of interest to interpret theoretically the order of 
the redox potentials of o-, m-, and jfr-benzenediols and 
to compare them to those estimated experimentally. 
Since the environment effect such as the solvent effect 
on the potentials is expected to be almost the same 
among these isomers, the differences of the genuine 
electronic properties must be related to the order of 
the redox potentials. According to the results in Fig. 1, 
both £HOMO and AET indicate that the ease for the 
oxidation is in the order of m-<o-</?-. This trend is 
well correlated with that obtained experimentally by 
the application of Marcus theory to the kinetic param­
eters. The order of these potentials is ascribed to the 
positional difference of the O - H group. T o apply 
the orbital interaction scheme to this analysis, benzene-
diol is regarded as a system of phenol and O - H group. 
In this respect, the H O M O of benzenediols is mainly 
composed of the highest occupied M O of phenol (homo) 
and the p* atomic orbital on the oxygen of the O - H 
group. Thus, £HOMO is determined by the extent of this 
orbital interaction. Examining the shape of homo in 

META 

THESE ELECTRONS ARE 

TAKEN OFF (OXIDIZED) 

MOST EASILY ^ 

PARA 

"i O O • ( OO ' 

homo(n)/ 

H 

oo ^ 
\H0M0-1 , 

N o o ' 

^- o o ••' 
' O O \ 

O-H 
-o o-

Fig. 2. Schematic sketch of the orbital interaction between homo of phenol and the pn atomic orbital of the O-H 
group. The HOMO levels of benzenediols (eHOMo) a r e determined by the extent of this orbital interaction. The 
degree of the interaction is ascribed to the coefficient attached to the atomic orbital of homo, the coefficient being 
shown by the absolute value in this figure. 

file:///H0M0-1
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Fig. 2, one may find that the para position has the 
largest coefficient (0.51), the ortho is of the second (0.33 
or 0.34) and the meta is of the smallest one (0.21 or 0.20). 
Since the position with the large coefficient undergoes 
the large extent of the orbital interaction (the bigger 
energy splitting in Fig. 2), the order of the coefficients 
should be reflected in that of «HOMO. This prediction 
is confirmed by the comparison of the values of «HOMO 
in Fig. 1. Thus, the order of the ease of oxidation may 
be interpreted in terms of the orbital interaction and 
the origin of the difference of £HOMO is basically the 
same as the ortho, para orientation for the nucleophilic 
substitution onto the benzene ring of phenol. 

This work was partly supported by a Grant-in-Aid 
for Scientific Research B (No. 447039) from the Ministry 
of Education, Science and Culture. 
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Tri-o-tolylphosphine reacts with bis(trifluoroacetylacetonato)palladium(II), Pd(tfac)2, to convert one of the 
chelating ligands into the unidentate state, resulting in Pd(tfac)(tfac-0)P(o-tolyl)3. The reaction was studied by 
a spectrophotometric method. The equilibrium constant was determined at several temperatures, K being 1.38 
X 103, 4.35 x 103 dm3 mol - 1 and more than 109 dm3 mol - 1 in benzene, dichloromethane, and methanol, respectively, 
at 25 °G. In the presence of excess phosphine, the reaction proceeds as a pseudo first order reaction to attain 
equilibrium. The forward and reverse rate constants, kx and A_l5 were obtained as 0.172 dm3 mol"1 s - 1 and 
1.22 X l O ^ s - 1 in benzene and 2.28 dm3 mol - 1 s - 1 and 4.9 x 10-4 s_1 in dichloromethane at 25 °C, respectively. 
In methanol the forward rate was measured under irreversible pseudo first order conditions and conforms with the 
usual two term rate law, Aobsd/s-1 = 2x 10-3+56.6[P(o-tolyl)3]. The remarkable dependence of K and kx on the 
nature of solvent is related to the hydrogen bonding interaction between the carbonyl group of the coordinated 
tfac anion and a solvent molecule. 

The kinetic study in a previous paper1) of the reactions 
between bis(acetylacetonato)palladium(II) and alkyl-
amines (L) to afford the mixed-ligand cationic com­
plexes of the [Pd(acac)L2](acac) type revealed that 
Pd(acac)(acac-C3)L is not an intermediate in this 
reaction but is formed via the above outer-sphere 
complex.** A complex such as Pd(acac)(acac-O)L 
containing an O-unidentate acetylacetonate anion is 
then supposed to be involved as an intermediate in the 
reaction pathway, although it is not sufficiently accumu­
lated to be detected spectrophotometrically. 

Mercury(II)2 '3) and silicon(IV)4,5) complexes contain­
ing an oxygen-bonded /?-diketonate anion as a unidentate 
ligand have been reported. Recently the reactions of 
bis(acetylacetonato)platinum(II) with triethylphos-
phine6) at low temperature « —10 °C) and with 
piperidine7) at 70 °C were found to give the Pt(acac-O) 2-
L2 complexes. Similarly the reaction of dimethyl-
(acetylacetonato)gold(III) with tricyclohexylphos-
phine8) and reactions of bis (trifluoroacetylacetonato) -
plat inum(II) and -pal ladium(II) with tri-o-tolylphos­
phine9) also gave the O-bonded /?-diketonato complexes. 
The present paper reports on the kinetic and equilibrium 
studies of the reaction between bis (trifluoroacetyl­
acetonato) palladium (II) and tri-o-tolylphosphine. 

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

Materials. Tri-o-tolylphosphine was recrystallized from 
ethanol and stored under nitrogen. Methanol and benzene 
were dried with Linde Molecular Sieves 3A and 4A, respec­
tively, and distilled before use. Dichloromethane was stored 
over sodium carbonate, dried with Linde Molecular Sieve 
4A, and distilled. Water contents of these solvents were 
determined with an MCI digital water microanalyzer CA-01 
to be 3—4xl0- 3 mol dm"3 for methanol and 1— 2 x l 0 ~ 3 

mol dm - 3 for benzene and dichloromethane. 
Bis(trifluoroacetylacetonato)palladium(II), Pd(tfac)2, was 

** In this paper, acac and tfac represent the acetyl­
acetonate and trifluoroacetylacetonate anions, respectively, 
chelating a metal ion through two oxygen atoms, while acac-O, 
tfac-O, and acac-C3 refer to the oxygen-bonded and central-
carbon-bonded states, respectively. 

prepared according to Okeya et a/.10) by reacting sodium 
hexachlorodipalladate(II) with trifluoroacetylacetone in meth­
anol containing sodium carbonate. Found: C, 29.13; H, 
1.94%. Calcd for C10H8O4F6Pd: C, 29.11 ; H, 1.95%. 

Trifluoroacetylacetonato (trifluoroacetylacetonato- 0) (tri-o-
tolylphosphine) palladium(I I), Pd(tfac)(tfac-0)P(o-tolyl)3, was 
also prepared by the method of Okeya et a/.9) A solution 
in benzene (20 cm3) of Pd(tfac), (0.602 g, 1.46 mmol) and 
P(o-tolyl)3 (0.456 g, 1.50 mmol) was stirred for 1 h and then 
concentrated to ca. 3 cm3 by evaporation under reduced 
pressure. Petroleum ether (bp ca. 40 °C) was added dropwise 
to the concentrate to deposit an orange precipitate in an 85% 
yield, which was recrystallized from benzene-petroleum ether. 
Found: C, 52.07; H, 4.11%. Calcd for C31H2904PF6Pd : 
C, 51.92; H, 4.08%. 

Measurements. For the kinetic and equilibrium studies, 
absorbance at 380 nm was used which involves negligible 
contribution by uncoordinated P(o-tolyl)3. In benzene and 
dichloromethane, Pd(tfac)2 (8—24 x 10~5 mol dm -3) was al­
lowed to react with excess P(o-tolyl)3 (8—21 X 10~4 mol dm-3) 
and the pseudo first order rate to attain the equilibrium was 
determined. In methanol, the equilibrium shifts further to right 
and a large excess of the phosphine (1—4x 10-3 mol dm -3) 
was used to measure the irreversible first order rate. The 
reverse reaction of Pd(tfac)(tfac-0)P(o-tolyl)3 in benzene to 
produce Pd(tfac)2 was also followed spectrophotometrically, 
and the first order rate constant was obtained by analyzing 
the initial stage of reaction. Spectral measurements were 
carried out with a Hitachi EPS-3T recording spectrophotom­
eter and a Union stopped-flow rapid-scan spectrophotometer 
RA-1300. 

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

Equilibria of the Reaction. When a mixture of 
Pd(tfac)2 and P(o-tolyl)3 was stirred in benzene or 
dichloromethane for 24 h, the following reaction 
attained equilibrium. Concentrations of both the 

Pd(tfac)2 + P(o-tolyl)3 

^ Pd(tfac) (tfac-O)P(o-tolyl)„ K (1) 

pal ladium(II) complexes were calculated from their 
absorption spectra shown in Fig. 1. Values of the 
equilibrium constant K thus obtained in both solvents 
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Fig. 1. Absorption spectra of Pd(tfac)2 (curve 1) and Pd-
(tfac) (tfac-O) P(o-tolyl)3 (curve 2) in benzene. 

TABLE 1. EQUILIBRIUM CONSTANTS OF THE 

REACTION BETWEEN P d ( t f a c ) 2 AND 

P(o-tolyl)3 (Eq. 1) 

Solvent 
Temp 10-3 K AH° AS° 

C6H6 

CHoClo 

K 

318 
308 
298 
288 
298 
293 
288 
283 

dm3 mol - 1 

0.680 
0.958 
1.38 
2.00 
4.35 
5.33 
7.28 

10.4 

kj mol" J K ^ m o l " 1 

-27 .4±0 .2 - 3 2 . 0 ± 0 . 6 

-41 .2±2 .1 - 6 8 . 7 ± 7 . 1 

at several temperatures are listed in Table 1. The 
plot of In K against l/T gave good straight lines (Fig. 2), 
from which the thermodynamic parameters were 
calculated and included in Table 1. Similar experiments 
in methanol were not successful for determining the 
equilibrium constant because of its too large value. 
Conversely, a methanol solution of Pd (tfac) (tfac-O) P(o-
tolyl)3 was kept in a 5-cm cell and degree of the phos-
phine dissociation was determined. In this way the 

value of K in methanol at 25 °C was estimated to be 
larger than 109 d m 3 mo l - 1 . 

As is seen in Table 1, reaction (1) is exothermic and 
the K value depends remarkably on the nature of 
solvent, increasing in the sequence, benzene<dichloro-
methane<Cniethanol. The dangling carbonyl group of 
the unidentate tfac ligand might be stabilized by 
interaction with the hydrogen-bonding solvent. Even 
in the presence of a large excess of the phosphine, 
however, the product complex shows no sign of further 
substitution, whereas tricyclohexylphosphine (PCy3) 
reacts with Pd(tfac)2 to afford not only Pd(tfac)(tfac-O)-
PCy 3 but also [Pd(tfac)(PCy3)2](tfac).9) The large steric 
requirement of P(o-tolyl)3 seems to make the bisphos-
phine complex thermodynamically unfavorable. 

Kinetics of the Reaction in Benzene and Dichloromethane. 
When Pd(tfac)2 reacts with P(o-tolyl)3 in benzene or 
dichloromethane, absorption spectrum of the solution 
changes with time, exhibiting an isosbestic point at 
348 nm, to reach a final spectrum corresponding to an 
equilibrium mixture of the two complexes. The plot 
of l n (^—A«) against time gave a straight line covering 

TABLE 2. T H E PSEUDO FIRST ORDER RATE CONSTANT 

FOR EQUILIBRIUM ATTAINMENT 

OF REACTION(I) AT 25 °C 

Solvent 
104 [Complex] 

mol dm - 3 
103[Phosphine] 103 k{ 

CHoClo 

CHoOH 

1.360 

2.176 

1.978 

1.954 

2.356 

obsd 
mol dm - 3 

0.8140 
1.161 
1.380 
1.715 
2.105 
0.8610 
1.151 
1.435 
1.628 
1.805 

1.557 
1.984 
2.536 
2.602 
3.569 

s-1 

0.262 
0.320 
0.363 
0.415 
0.485 
2.44 
3.12 
3.75 
4.20 
5.59 

90.6 
116 
146 
148 
206 

c 

Fig. 2. Plot of In K for reaction (1) in benzene (line 1) and dichloromethane (line 2) against l/T. 
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Fig. 3. Plot of the pseudo first order rate constant for the 
equilibrium attainment of reaction (1) in dichloro-
methane (line 1) and benzene (line 2) at 25 °C against 
the concentration of P(o-tolyl)3. 

absorbances of the solution at 380 n m at time / and 
equilibrium, respectively. Thus the rate of reaction is 
expressed by Eq. 2 and the pseudo first order rate 
constant kohsd increases with the concentration of 
P(o-tolyl)8 (Table 2). 

rate = *obsd[Pd(tfac)2] (2) 

T h e plots of 
^obsd against concentration of the phos-

phine give straight lines (Fig. 3) in line with the equation 

*obsc = AxEPfo-tolyl) J + £_!• (3) 

TABLE 3. FORWARD AND REVERSE RATE CONSTANTS 

FOR REACTION ( 1 ) AT 2 5 ° C 

Solvent 103£0/s- kjâm* mol -1 s -1 1 Wk.Js -i 

G6H6 

CH2CI2 
C H 3 O H 2 ± 1 

0.172±0.002 
2.28 ±0 .01 
56.6 ± 0 . 6 

1.22±0.02 
4 . 9 ± 0 . 2 

more than three half-lives. Here At and Am represent 
T h e forward and reverse rate constants, kx and k-x 

obtained from the slope and intercept of the straight 
line, respectively, are given in Table 3. Both the forward 
and the reverse reactions are faster in dichloromethane 
than in benzene. T h e values of K=kx/k-x calculated 
from these rate constants in benzene and dichloro­
methane are 1410 and 4650 dm 3 mol - 1 , respectively, at 
25 °C, showing satisfactory coincidence with those 
obtained from the equilibrium measurements (Table 1 ). 

When a solution of Pd(tfac)(tfac-0)P(o-tolyl)3 in 
benzene (ca. 10 - 4 mol d m - 3 ) is left to stand, the phos-
phine molecule is expelled from the coordination sphere 
to produce Pd(tfac)2. The reaction attains equilibrium 
after decomposition of ca. 9 0 % of the mixed-ligand 
complex (Fig. 4). Values of the first order rate constant 
£_! obtained by analyzing the early stage of the reaction 
at a few temperatures are given in Table 4. T h e kx 

values at each temperature were calculated by combin­
ing the value of k_x with that of K. The values of kx 

and ÄL.J at 25 °C thus obtained coincide with those 

m 

o~, 

Wavelength/nm 

Fig. 4. Change with time of the absorption spectrum of a 
solution of Pd(tfac)(tfac-0)P(o-tolyl)3 in benzene at 
25 °C, curves 1 and 2 representing the spectra 5 min and 
24 h after commencement of the reaction, respectively. 
The initial concentration of the starting complex was 
1.360x10-* mol dm-1. 

T A B L E 4. T H E RATE CONSTANTS AND ACTIVATION 

PARAMETERS IN BENZENE 

Temp 
K 

298 

308 
318 

AH*/kJ mol-1 

AS*U K-1 mol-1 

10 *! 
dm3 mol - 1 s-1 

1.71&> 
1.72±0.02e ) 

1.94"° 
2.60a> 

14±3 
- 2 1 0 ± 1 0 

10*k_x 

s-1 

1.24±0.01b ) 

1.22±0.02c) 

2.03±0.02 b ) 

3.82±0.04 w 

42 ± 3 
- 1 8 0 ± 1 0 

a) Calculated by combining the values of k_x and 
K at each temperature, b) Determined directly 
by following the reverse reaction of (1). c) Deter­
mined by following the equilibrium attainment of (1). 

determined under the reversible reaction conditions. 
T h e activation parameters related to kx and k_x in 
benzene were obtained from the Eyring plot and are 
included in Table 4. The data used for calculations 
are insufficient to allow detailed discussion, but the small 
values of AH* associated with kx accords with the fast 
rate of reaction (1), AS* being largely negative as is 
expected for the associative mechanism. Even AS* 
for the reverse k_x reaction is largely negative and might 
be related with the intramolecular nucleophilic attack 
of the dangling trifluoroacetyl group on the central 
metal atom. The differences between the kinetic 
parameters, A (A//*) and A (AS*), for the forward and 
reverse processes of reaction ( 1 ) coincide with AH° and 
AS° determined by equilibrium studies. 

Kinetics of the Reaction in Methanol. The reaction 
in methanol was carried out under the irreversible 
pseudo first order conditions employing a large excess 
of P(o-tolyl)3. T h e plot of kohsd thus obtained (Table 2) 
against the concentration of P(o-tolyl)3 gives a straight 
line (Fig. 5). The intercept of the straight line can not 
be the reverse rate contrary to the case for the reaction 
in benzene and dichloromethane (Fig. 3), since the 
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Fig. 5. Plot of the pseudo first order rate constant for the 
forward reaction of (1) in methanol at 25 °C against 
the concentration of P(o-tolyl)3. 

equilibrium constant in methanol was estimated to be 
greater than 109 dm 3 mol - 1 . The rate thus follows the 
two term rate law: 

Aobsd = *o + /:1[P(0-tolyl)3]. (4) 

This type of rate equation is widely applicable to the 
ligand substitution reactions of square planar com­
plexes,11) the first term being attributed to the nucleo-
philic attack of a solvent molecule on the complex. 
In the case of Fig. 3, the intercept was entirely ascribed 
to the reverse rate, giving a consistent value of equilib­
rium constant. Thus the solvent path is not involved 
in the forward reaction in benzene and dichloromethane, 
but contributes a little to the reaction in methanol 
which has higher coordination ability. 

The rate constant kx for the reagent path also depends 
remarkably on the nature of solvent, decreasing in the 
sequence C H 3 O H > C H 2 C l 2 > C 6 H 6 (Table 3). The 
ratio of rates in methanol and benzene, 330 : 1, is larger 
than that (180 : 1) observed for the reaction of Pd(acac) 2 

with dipropylamine.1) Such a solvent effect might be 
related to the difference in hydrogen-bonding ability. 
A solvent molecule might interact with a carbonyl 
group of the coordinated tfac anion, enhancing the one 
bond cleavage of the chelated ligand. Of the three 
kinds of solvents, methanol has the highest tendency of 
hydrogen bonding and dichloromethane possesses weak 
hydrogen donating ability.12) 

The change of spectrum during the course of reaction 
(1) in each solvent shows a distinct isosbestic point, 
indicating that the five-coordinate intermediate is not 
accumulated enough to be detected spectrophotom-
etrically. Bis(hexanuoroacetylacetonato)palladium(II) 
reacts with P(o-tolyl)3 to afford Pd(hfac)2P(o-tolyl)3, 
which was confirmed by X-ray analysis to have a 
squarepyramid structure with the phosphine at a basal 
position.13) O n the other hand, Pd(acac) 2 does not 

react with P(o-tolyl)3 at all.9) T h e three related Pd-
(/S-dik) 2 complexes show substantially different tendency 
of reaction with P(o-tolyl)3. 

The starting complex Pd(tfac)2 was reported to have 
the trans configuration in solid but exist as a mixture 
of eis and trans (1 : 3) in C6D6.

10> As to the structure 
of the reaction product, there exist the following two 
possibilities and the ^ N M R spectrum in CDC13 

showed that the isomer ratio «>(Me, L)/frww(Me, L) in 
equilibrium is 1/5.9) 

H C 
3 ^ > C - O x /P(o-tolyl)3 

H C f >Pd< 
> C = 0 / x OC(CH 3 ) = CHCOCF3 

F , C / 
m(Me, L) 

H , a 
;C— CK yyy,— w v /OC(CH3) = CHCOCF3 

H C f >Pd< 
> C = 0 / \P(o-t 

F 3 C / 
trans(Me, L) 

*((M0lyl), 
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The reaction products obtained by heating a mixture of ZnO and carbon in a S 0 2 stream at various tempera­
tures were examined. The possible reactions during the above process were also examined. When a mixture of 
ZnO and carbon was heated in a SOa stream, the formation of ZnS was observed above 600 °C. At 800 °C, all 
the ZnO used was converted to ZnS. Sulfur was also obtained outside the heating zone, and its amount increased 
markedly above ca. 750 °G. The ZnS formed was a mixture of oc-ZnS and ß-ZnS regardless of the reaction tempera­
ture. The process of formation of ZnS can be represented as follows : the reaction between carbon and S 0 2 occurs 
at first to form sulfur. Above ca. 600 °C, the reaction between ZnO and the sulfur occurs to form ZnS. In addition 
to these reactions, the reduction of ZnO with carbon occurs slightly to form zinc, which then reacts with sulfur to 
form ZnS. 

The chemical process for synthesizing metal sulfides 
from the oxides using sulfur dioxide (S0 2 ) as a sulfidizing 
agent is not only interesting from the viewpoint of the 
synthesis itself, but also important for the development 
of S 0 2 utilization. In this work, the reaction process 
between zinc oxide (ZnO) and S 0 2 in the presence of 
carbon was examined in order to understand the above 
chemical process. 

Regarding the reaction between Z n O and S 0 2 in the 
presence of carbon, little information has been available 
apar t from the work of Pechkovskii,1) who reports that 
zinc sulfide (ZnS) is formed at 650—800 °C by heating 
a mixture of Z n O and carbon in a S 0 2 stream and that 
91 .8% of the charged Z n O is sulfidized at 800 °C by 
using a 4 : 1 mixture of carbon and Z n O (molar ratio). 
The formation process of ZnS and the modification of 
ZnS formed have not been described. 

In this work, the reaction products between Z n O and 
S 0 2 in the presence of carbon at various temperatures 
were examined. T h e reactions between Z n O and 
carbon, between Z n O and gaseous sulfur in a S 0 2 

stream, and between zinc and gaseous sulfur in a S 0 2 

stream were also examined in order to elucidate the 
reaction process between Z n O and S 0 2 in the presence 
of carbon. 

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

The ZnO used was prepared by the thermal decomposition 
of tetrazinc monocarbonate hexahydroxide monohydrate 
(Zn4C03(OH)6«H20), which was prepared by adding am­
monium carbonate solution to zinc nitrate solution, at 600 °C.2> 
The carbon was prepared by the thermal decomposition of the 
guaranteed reagent D-glucose. The above materials were used 
as powders under 150 mesh. Zinc (guaranteed reagent, sandy 
form) was used after washing with acetone and with dilute 
hydrochloric acid. Gaseous S 0 2 was dried by passing it 
through coned H 2 S0 4 and over P 20 5 . 

A mixture of ZnO and carbon at a specified ratio in a 
quartz boat (length: 72 mm, width: 16 mm, depth: 9 mm) was 
placed in a transparent quartz reaction tube (inner diameter: 
28 mm, length: 1000 mm). Gaseous S0 2 was then introduced 
into the reaction tube. The sample part was positioned in the 
middle of a tubular electric furnace (heating length : 300 mm) 
maintained at a specified temperature for 1 h. The tempera­

ture of the sample part was controlled within ± 2 °C. After 
heating, the sample was held at 100 ° G for 1 h in an argon 
stream in order to release the adsorbed S 0 2 on unreacted 
carbon.3) The reactions between ZnO and carbon in an 
argon stream, between ZnO and gaseous sulfur in a S0 2 

stream, and between zinc and gaseous sulfur in a S0 2 stream 
were examined in a similar manner. 

The X-ray analysis of the sample was performed with an 
X-ray powder diffractometer equipped with a proportional 
counter using Ni filtered Cu radiation. 

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

Reaction Products between ZnO and S02 in the Presence of 
Carbon. Prior to the examination of the reaction 
products between Z n O and S 0 2 in the presence of 
carbon, the thermogravimetry of Z n O in a S 0 2 stream 
was carried out in the temperature range up to 900 °C. 
The sample of Z n O (0.3 g) was heated at a rate of 
2.5 °C/min and the flow-rate of S 0 2 was maintained at 
50 cm3 /min. The sensitivity of the quartz helix used 
was approximately 72 mm/g. No weight change was 
observed, and the sample after the heating was found 
by X-ray analysis4) to be unreacted Z n O . These results 
indicate that Z n O does not react with S 0 2 . 

The products obtained by heating a mixture of 2.00 g 
of Z n O and 1.20 g of carbon at various temperatures 
for 1 h in a S 0 2 stream at a flow-rate of 100 cm3 /min 
were examined. The results are shown in Table 1, 
together with the weight changes in the samples. The 

T A B L E 1. PRODUCTS OBTAINED BY HEATING A 

MIXTURE OF Z N O AND CARBON IN A S O A 

STREAM AT VARIOUS TEMPERATURES 

Amount of sulfur 
obtained outside 
the heating zone/g 

Temp 
/°C 

Weight 
change/% 

Sample in the boat 

550 
600 
650 
700 
750 
800 

+ 0.1 
4- 1.5 
+ 2.1 
+ 2.7 
- 3.0 
- 2 4 . 9 

ZnO 
Z n O » Z n S [ a > £ ] 
ZnO » Z n S [a>£] 
ZnO>ZnS[a>£] 
Z n S [ a > £ | > Z n O 
ZnS[a>£ | 

Trace 
Trace 

< 0 . 0 1 
< 0 . 0 1 

0.24 
1.59 

Note; a=a-ZnS, £=0-ZnS. 
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sample in the boat was identified by X-ray analysis.4-6) 
The modification of the ZnS formed is represented in 
the brackets. 

The formation of ZnS was observed above 600 °C, 
and no unreacted Z n O was observed at 800 °C. Sulfur 
was obtained outside the heating zone throughout the 
temperature range in this experiment, and the amount 
of sulfur markedly increased above ca. 750 °C. The 
sample weight also markedly decreased above ca. 750 °C. 
The slight increase in the sample weight at 550 °C was 
due to the adsorption of the sulfur formed by the 
reaction on the unreacted carbon.3) 

The ZnS formed was a mixture of a-ZnS (high-
temperature form, hexagonal) and /?-ZnS (low-tempera­
ture form, cubic) at all temperatures. 

Chemical analysis of the sample in the boat at 800 °C 
showed that the atomic ratio of zinc to sulfur3) to be 
1.00. From this result, it is confirmed that all the Z n O 
used was sulfidized at 800 °C. 

Reaction Process between ZnO and S02 in the Presence of 
Carbon. To elucidate the reaction process between 
Z n O and SO a in the presence of carbon, the following 
experiments were carried out under conditions similar 
to those described in the preceding paragraph. 

Reaction between ZnO and Carbon: The experimental 
results obtained by heating a mixture of Z n O (2.00 g) 
and carbon (1.20 g) in an argon stream (100 cm3/min) 
for 1 h at various temperatures are shown in Table 2. 

TABLE 2. EXPERIMENTAL RESULTS FOR THE REACTION 

BETWEEN Z N O AND CARBON IN AN ARGON STREAM 

Temp 
/°C 

Weight 
loss/% 

Amount of Zn obtained 
outside the heating 

zone/g 

Conversion 
of ZnO to 

Zn/% 

600 
650 
700 
800 

0.1 
0.2 
0.3 
1.1 

Detectable 
0.001 
0.003 
0.021 

Not calculated 
< 0 . 1 

0.2 
1.3 

The samples after heating at all the temperatures were 
found to be unreacted Z n O by X-ray analysis. Zinc 
deposited outside the heating zone above 600 °C was 
dissolved in dilute nitric acid, and was determined by 
chelatometric titration.7) The percentages of Z n O 
converted to zinc were calculated from the amounts 
of the zinc deposited. 

These results indicate that a slight reduction of Z n O 
with carbon to zinc occurs above ca. 600 °C under the 
conditions in this experiment. 

Reaction between ZnO and Sulfur in a S02 Stream: As 
seen from Table 1, when the mixture of Z n O and carbon 
was heated in a SO a stream, sulfur was formed. The 
reaction between carbon and SO a occurs even at 
350 °C to form sulfur. This reaction proceeds markedly 
above ca. 700 °C, as reported by the present authors.3) 
Therefore, the reaction between Z n O and sulfur was 
examined in a SO a stream. 

Z n O (2.00 g) was heated in a stream of SO a containing 
a specified amount of gaseous sulfur at various tempera­
tures for 1 h. The gaseous sulfur was formed by heating 
liquid sulfur and was carried by a stream of S 0 2 (100 

cm3 /min) . Based on the experimental results for the 
reaction between carbon and S 0 2 , reported by the 
present authors,3) the amounts of sulfur introduced at 
various temperatures were controlled to be 0.01 g for 
the experiments below 550 °C, 0.03 g at 600 °C, 0.25 g 
at 700 °C, and 1.90 g at 800 °C, since the experimental 
conditions (the amount of carbon, the flow-rate of S 0 2 , 
etc.) in this work were identical to those for the experi­
ment on the reaction between carbon and S 0 2 . The 
results are shown in Table 3. The percentages of Z n O 
converted to ZnS shown in Table 3 were calculated 
from the weight gains in the samples. 

TABLE 3. PRODUCTS OBTAINED BY HEATING ZnO IN A 

STREAM OF S O a CONTAINING GASEOUS SULFUR 

Temp 
/°C 

Sample in the boat Conversion of 
ZnO to ZnS/% 

550 
600 
700 
800 

ZnO 
Z n O » Z n S [ a > £ ] 
ZnO>ZnS[a>£] 
Z n S [ a > # ] > Z n O 

— 
2 

12 
74 

These results and the fact that Z n O does not react 
with S 0 2 as described above show that the reaction 
between Z n O and sulfur proceeds above ca. 600 °C 
to form ZnS under the conditions in this experiment. 
The ZnS formed was a mixture of a-ZnS and /?-ZnS, 
similar to the ZnS obtained by the reaction between 
Z n O and S 0 2 in the presence of carbon as described 
above. 

Reaction between Zinc and Sulfur in a S02 Stream: As 
mentioned in the previous paragraph, on heating Z n O 
and carbon, Z n O was slightly reduced with carbon to 
form zinc above ca. 600 °C. It has been briefly reported 
in the early literature8) that zinc powder vigorously 
reacts with sulfur in a S 0 2 atmosphere. But no details 
of the reaction were given. 

The products obtained by heating zinc (1.00 g) at 
various temperatures for 1 h in a stream of S 0 2 (100 
cm3/min) containing a specified amount of sulfur were 
examined. The amounts of sulfur introduced were 
controlled so as to be the same as those in the experiment 
on the reaction between Z n O and sulfur in a S 0 2 

stream described above. The experimental results are 
shown in Table 4. 

TABLE 4. PRODUCTS OBTAINED BY HEATING ZINC IN A 

STREAM OF S O A CONTAINING GASEOUS SULFUR 

Temp 
/°C 

Sample in the boat Conversion of Zn 
to ZnS/% 

350 
400 
500 
600 
700 
800 

Zn 
Z n » Z n S [ £ | 
Z n » Z n S | j 9 ] 
Zn > ZnSljff] 
Zn > ZnSljff] 
Zn > ZnS[£| 

— 

< 1 
1 
2 
3 
6 

These results show that on heating zinc in a stream of 
S 0 2 containing gaseous sulfur, the reaction between 
zinc and sulfur proceeds above ca. 400 °C to form /?-ZnS. 
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Although there has been a report9) which describes 
that Z n O , ZnS, Z n S 0 4 , and Z n S 0 4 - Z n O are formed 
on heating zinc and SO a in a sealed tube at 500—800 °C, 
the formation of these compounds except ZnS is not 
observed in this experiment. 

From the above-mentioned experimental results, the 
reaction process between Z n O and S 0 2 in the presence 
of carbon can be represented as follows : O n heating a 
mixture of Z n O and carbon in a SO a stream, the 
reaction between carbon and S 0 2 occurs at first to 
form sulfur. Above ca. 600 °C, the reaction between 
Z n O and the sulfur occurs to form ZnS. In addition 
to these reactions, the reduction of Z n O with carbon 
occurs slightly to form zinc, which then reacts with 
sulfur to form ZnS. 

It has been reported that the ß^a. transition tempera­
ture of ZnS is 1020 °C.10> T h e temperature range in 
this work was below the transition temperature, and 
/5-ZnS was only formed by the reaction between zinc 
and sulfur in a S 0 2 stream, as shown in Table 4. While, 
the ZnS formed by heating the mixture of Z n O and 
carbon in a S 0 2 stream was found to be a mixture of 
a-ZnS and /?-ZnS, as shown in Table 1. T h e percentages 
of a-ZnS and ß-ZnS were calculated to be a-ZnS 
7 5 % and /S-ZnS 2 5 % at 700 °C, and a-ZnS 70% and 
£-ZnS 30% at 750 and 800 °C, by the method reported 
by Bansagi et al. (the reproducibility: ca. ±2 .5%) . n > 
Also, the ZnS formed by the reaction between Z n O 
and sulfur in a S 0 2 stream was found to be a mixture 
of a-ZnS and /?-ZnS, as shown in Table 3. And the 
percentages of a-ZnS and ß-ZnS were calculated to be 
a-ZnS 70% and ß-ZnS 3 0 % at 700 and 800 °C. 

The variation of the modification of ZnS, formed by 
heating the mixture of Z n O and carbon in a S 0 2 

stream or by the reaction between Z n O and gaseous 
sulfur in a S 0 2 stream, with the reaction time (0.5—3 h) 
was examined. The ZnS formed by both processes was 
a mixture of a-ZnS and /?-ZnS, and the wide variation 
in the percentages of a-ZnS and ß-ZnS with the reaction 
time was not observed. 

Regarding the formation of a-ZnS in the temperature 

range at which ß-ZnS is stable, it has been reported 
that when Z n O having the wurtzite (a-ZnS) structure is 
present in ZnS, the metastable growth of a-ZnS can be 
promoted below the /fc±a transition temperature,12) 
and that on heating /?-ZnS mixed with a small amount 
of ZnO12) or CdS,13) both having the wurtzite structure, 
a part of the /?-ZnS is transformed into a-ZnS even 
below the /fc^a transition temperature. Considering 
the above reports, the formation of a mixture of a-ZnS 
and /?-ZnS observed in this work is due to the presence 
of Z n O during the formation of ZnS. 

The present work was partially supported by a Grant-
in-Aid for Scientific Research No. 555306 from the 
Ministry of Education, Science and Culture. 
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Reactions of 2-phenyl-4,4-dimethyl-2-oxazoline with lithium tetrachloropalladate(II) and palladium (II) 
acetate give dichlorobis(2-phenyl-4,4-dimethyl-2-oxazoline,3-JV^palladium(II) and a cyclopalladated binuclear 
complex, di-//-acetato-bis[2-(4/,4,-dimethyl-2,-oxazolinyl) phenyl, 1-C,3'-JV*]dipalladium(II), respectively. The 
latter complex is readily converted by a metathetical reaction with lithium chloride into its chloro-bridged analogue. 
The chloro-bridged complex reacts with triphenylphosphine to give the corresponding mononuclear ^-bonding 
palladium complex. All the complexes prepared in this study were characterized by means of IR and NMR 
spectroscopies. 

Following the first report of the intramolecular 
cyclopalladation of azobenzene and JV^iV-dimethyl-
benzylamine,1) there has been considerable interest in 
the intramolecular cyclometalation of nitrogen, phos­
phorus, and sulfur donor ligands by transition metals.2) 
The cyclometalation reaction of 2-aryloxazolines with 
butyllithium proceeds regiospecifically and nearly 
quantitatively to the formation of an ortho-lithiation 
product.3»4) One might, therefore, expect 2-aryloxa­
zolines to undergo cyclopalladation. In this paper, we 
wish to report on the intramolecular cyclopalladation 
reaction of 2-phenyl-4,4-dimethyl-2-oxazoline (1) and 
2- (3,4-dimethoxyphenyl) -4,4-dimethyl-2-oxazoline (2) 
in the formation of acetato-bridged binuclear complexes. 

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

In the presence of sodium acetate, the reaction of 1 
with lithium tetrachloropalladate(II) in methanol at 

room temperature gave dichloro-bis(2-phenyl-4,4-di-
methyl-2-oxazoline)palladium(II) (3), which has no 
palladium-carbon tf-bonding. The N M R spectrum 
could not be measured because of the low solubility 
of 3 in all common solvents. However, the structure of 3 
was consistent with the results of the elemental analysis 
and the I R spectrum of the compound. T h e I R bands 
of the aromatic ring C - H out-of-plane deformation 
vibrations suggest the modes of ring substitution.5) The 
bands of the starting material 1 are observed at 745 and 
695 c m - 1 , corresponding to five adjacent ring hydrogens. 
T h e bands of complex 3 are observed at 750 and 690 
cm - 1 . This indicates the presence of monosubstituted 
benzene ring. Furthermore, complex 3 also shows 
y(Pd-Cl) at 350 c m - 1 , the position characteristic of 
£ran,y-[PdCl2L2],

6) and y ( O N ) was shifted to lower 
frequencies (1630 cm-1) compared with 1 (i>(C=N) = 
1650 c m - 1 ) . Judging from these results, complex 3 
contains two moles of 1 as ligands coordinated only with 

j^C"^ 
^ 

t 

II 

) \ / CH3 

Br 

*t=R2 -H 

: Rt *=R2=-0CH3 

/ Or 
Ph3P 

9 ' * / = *2 = H 

Fig. 1. 
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a nitrogen donor site, but does not contain a cyclo-
palladation moiety, and may have a trans-configura­
tion with 1 as a N-donor. 

O n the other hand, the reaction of 1 with equimolar 
quantities of pal ladium(II) acetate in acetic acid at 
reflux produced the desired er-bonded palladium 
complex (4), whose I R spectrum exhibited two strong 
absorption bands due to bridging acetato ligand at 1570 
and 1410 cm - 1 .7) Moreover, the I R spectrum in 4 
exhibits a band about 725 cm" 1 which is characteristic 
of ortho-disubstituted benzene ring. The lithium 
aluminum hydride reduction of 4 gave 1, whose mass 
spectrum was identical with that of an authentic 
sample, while the lithium aluminum deuteride reduction 
of 4 gave 2-(phenyl-2-d)-4,4-dimethyl-2-oxazoline (5). 
O n the basis of elementary analysis and the characteriza­
tion of the derivatives from 4, the complex was assigned 
to a binuclear cyclopalladated complex, di-//-acetato-
bis[2-(4 ' ,4 ' -dimethyl-2 '-oxazolinyl)phenyl, l -C ,3 ' - iV] -
dipal ladium(II) . It is noteworthy that even in the 
presence of acetate ion, 1 reacted with tetrachloropal-
ladate(II) ion to give only the addition product 3 and 
with pal ladium(II) acetate to produce the cyclo­
palladated complex 4, similar to the case of l-ethyl-2-
phenylimidazole.8) The N M R spectrum of 4 was also 
in good agreement with the proposed structure, and the 
methyl resonance of bridging acetato ligand showed a 
sharp singlet at <5 2.22 together with two weak resonances 
at 2.15 and 2.28 ppm. These resonances were ascribed 
to two geometrical isomers, as shown in Fig. 2;9 ) the 
former was due to two magnetically equivalent methyl 
protons in an ab-hg type and the latter were due to 
non-equivalent methyl protons in an ab-gh type (the 
isomer ratio ab-hg : a b - g h = 4 : 1. approximately). 

. x ix.) c;><^><) 
«b-hg tm ab„gh , / / ) # 

c 
= 2-[4',4'-Dimethyl-2'-oxazolinyl]phenyl,l-C, S'-N-

N 

Fig. 2. Geometrical isomers of 4. 

The complex 4 was smoothly converted by meta-
thetical reaction with lithium chloride in acetone into 
its chloro-bridged analogue, di-//-chloro-bis[2-(4',4'-
dimethyl-2 '-oxazolinyl) phenyl, 1 -C, 3 '- N] dipalladium (I I) 
(6). The IR spectrum in 6 exhibits a band at 730 
c m - 1 which can be assigned to the C - H deformation 
mode of an ortho-disubstituted benzene derivative. In 
the far-IR spectrum of 6, there are two bridged Pd-Cl 
stretching absorptions at 270 and 245 cm"1 . The N M R 
spectrum of the complex was also in agreement with the 
proposed structure. T h e singlet at 1.51 ppm corresponds 
to the methyl group, the singlet at 4.36 ppm corresponds 
to the methylene group, and a typical ABCD system at 
6.86—7.56 ppm corresponds to the o-phenyl group in 
2- (4,4-dimethyl-2-oxazolin-2-yl) phenyl moiety. The 4'-
or 5'-H was observed at Ô 6.98 (2H) and 7.31 ppm (2H) 
as a double triplet due to coupling with other ring 

protons. The 6'-H and 3'-H appeared at 6.86 (2H) 
and 7.56 ppm (2H) as a double doublet due to coupling 
with 4'- and 5'-H, respectively. The coupling constants 
were 3 ' / H H = 7.0 H Z and 4 ' / H H = 1.5 Hz. Moreover, the 
complex 6 underwent a typical bridge-splitting reaction 
with triphenylphosphine to give a monomeric triphenyl-
phosphine derivative (7). These results indicate unam­
biguously that the complex 4 has the cyclopalladated 
structure of 1. In the far-IR spectrum of 7, a band at 
295 c m - 1 was assigned as the y (Pd-Cl) frequency, by 
comparison with the corresponding bromo derivative 
(9) which was derived from the bromo-bridged complex 
(8). Crociani et al. reported that the y (Pd-Cl) 
frequencies trans to an aromatic nitrogen atom and an 
ary-carbon one fell in the range of 353—321 and 299— 
280 c m - 1 , respectively.10) The chloride ligands in 7, 
therefore, are located trans to a carbon donor. 

O n the other hand, the reaction of 2 with equimolar 
amounts of pal ladium(II) acetate in acetic acid at 
reflux, followed by treatment with lithium chloride, 
gave di-yu-chloro-bis [2- (4',4'-dimethyl-2 '-oxazolinyl) -
4,5-dimethoxyphenyl, 1 - C, 3 '- N] dipalladium (I I) (10). 
The I R spectrum in the complex 10 exhibits a band near 
860 c m - 1 which is characteristic of 1,2,4,5-tetrasub-
stituted benzene ring. In addition, the N M R spectrum 
in the region of aromatic absorption displays two 
singlets at 6.73 and 6.98 ppm. The infrared frequencies 
and the coupling constants in the N M R spectrum are 
all in agreement with the proposed structure 10 rather 
than with 10a . Meyers and Mihelich4) had reported 
that ortho-lithiation of 2 with butyllithium led to the 
formation of 1,2,3,4-tetrasubstituted phenyllithium de­
rivative (10b). It is noteworthy that 2 reacted with 
pal ladium(II) acetate to produce the 1,2,4,5-tetrasub-
stituted benzene derivative (10). The complex 10 also 
shows a quite low y (Pd-Cl) frequency at 240 cm"1 ; 
this band disappears on metathesis with lithium bromide, 
and yields the bromo analogue product (11). Further­
more, the complex 10 underwent the typical bridge-
splitting reaction with triphenylphosphine to afford 12. 

The reactions of cyclopalladation products from a-
aryl-nitrogen derivatives with numerous reagents have 
been reported.2) In the presence of triethylamine, 
complexes 6 and 10 reacted with methyl vinyl ketone 
in toluene at 100 °C, leading to the formation of 1-
(2-acetylvinyl) -2- (4,4-dimethyl-2-oxazolin-2-yl) benzene 
(13) and l-(2-acetylvinyl)-2-(4,4-dimethyl-2-oxazolin-2-
yl)-4,5-dimethoxybenzene (14), respectively. 

Exper imenta l 

Materials. All the melting points are uncorrected. 
2-Phenyl-4,4-dimethyl-2-oxazoline (1) and 2-(3,4-dimethoxy-
phenyl)-4,4-dimethyl-2-oxazoline (2) were prepared according 
to the method described by A. I. Meyers et a/.11) 

Measurements. The IR spectra were measured on KBr 
disks (4000—650 cm -1) and nujol mulls mounted on thin 
polyethene windows (700—200 cm-1) with Hitachi 215 and 
EPI-L spectrometers. The NMR spectra were determined 
in CDC13 with a Hitachi R-22 spectrometer (90 MHz), using 
TMS as the internal standard (<5, ppm). The mass spectra 
were obtained on a Hitachi RMU-6M mass spectrometer, 
using a direct insertion probe at an ionization energy of 70 eV. 



June, 1981] ff-Bonded Palladium(II) Complexes of 2-Aryl-4,4-dimethyl-2-oxazolines 1713 

The molecular weight was determined in CHC13 with a 
Hitachi 115 vapor pressure osmometer. 

Dichlorobis(2-phenyl-4,4-dimethyl-2-oxazoline) palladium (II) (3). 
A solution of 1 (2.0 g, 11.4 mmol) in 50 cm3 of methanol was 
added to a solution of lithium tetrachloropalladate (II) (1.31 g, 
5 mmol) in 50 cm3 of methanol at room temperature for 15 h. 
The yellow precipitate which formed immediately was filtered 
and washed with several portions of methanol. The solid (2.3 
g, 88% yield based on Li2PdCl4) was insoluble in all common 
solvents: mp 245—248 °C (dec). IR: 1630 (coordinated 
C=N), 750, 690 (monosubstituted benzene ring), and 350 cm - 1 

(vPd-Cl). Found: C, 49.75; H, 4.79; N, 5.16%. Calcd for 
C22H26Cl2N202Pd: C, 49.97; H, 4.95:; N, 5.29%. 

Di-\L-acetato-bis{2-(4',4'-dimethyl-2'-oxazolinyl)phenyl, 1-C, 3'-
~N]dipalladium(II) (4). To a solution of palladium(II) 
acetate (1.3 g, 5.7 mmol) in acetic acid (30 cm3) was added 1 
(1.0 g, 5.1 mmol) in acetic acid (30 cm3) at room temperature. 
After refluxing for 1.5 h, the resulting mixture was diluted 
with water and extracted with chloroform. The chloroform 
extracts were concentrated and chromatographed on silica gel. 
A yellow band eluted by chloroform was collected and the 
solvent was evaporated. Recrystallization from benzene gave 
0.8 g of 4 as yellow crystals: yield 46% based on 1, mp 135— 
137 °G (dec). IR: 1625 (coordinated C=N), 1570, 1410 
(bridging acetate), and 720 cm - 1 (o-disubstituted benzene 
ring). NMR: Ô 1.55 (s, 12H, CH3-C), 2.15, 2.22, and 2.28 
(each s, 6H, CH3 of acetato group), 4.38 (s, 4H, -CH 2 - ) , 
6.96—7.55 ppm (m, 8H, Ar-H). Found: C, 45.74; H, 4.34; 
N, 3.97%; mol wt (in CHC13), 665. Calcd for C26H30N2O6-
Pd2: C, 45.82; H, 4.43; N, 4.12% ; mol wt 679. 

Reduction of 4 with Lithium Aluminium Hydride. Lithium 
aluminium hydride (0.02 g, 0.5 mmol) in anhydrous ether (50 
cm3) was slowly added to a suspended solution of 4 (0.66 g, 
1 mmol) in anhydrous ether (100 cm3). The resulting black 
mixture was stirred at room temperature for 6 h ; then water 
(10 cm3) was added with cooling. The ether layer was 
washed with water and dried over anhydrous MgS04 . After 
removal of the solvent, 1 was obtained as a pale yellow oil 
and the IR, NMR, and MS spectra were identical with those 
of the authentic sample.12) IR: 1650 cm-1 (C=N). NMR: 
Ô 1.24 (s, 6H, CH3-), 3.95 (s, 2H, -CH 2 - ) , 7.31 (m, 3H, Ar-
H), and 7.89 ppm (m, 2H, Ar-H). MS: 175 (M+). Calcd 
for C nH 1 3NO: M, 175. 

Reduction of 4 with Lithium Aluminium Deutende. The 
reduction of 4 (0.66 g) in anhydrous ether with lithium 
aluminium deuteride (0.02 g) was carried out as in the preced­
ing experiment; this gave a pale yellow oily product which 
can be identified as 2-(phenyl-2-d)-4,4-dimethyl-2-oxazoline 
(5) on the basis on the following evidence: IR: 1650 cm - 1 

( O N ) . NMR: Ô 1.24 (s, 6H, CH3-), 3.95 (s, 2H, -CH 2 - ) , 
7.31 (m, 3H, Ar-H). 7.89 ppm (m 1H, Ar-H). Found: C, 
74.31 ; H, 7.94; N, 7.88% ; M+, 176. Calcd for CuH1 2DNO : 
C, 74.40; H, 7.99; N, 7.94%; M, 176. 

Di-\L-chloro-bis[2-(4', 4''-dimethyl -2' - oxazolinyl)phenyl, 1- C, 3'-
N]dipalladium(II) (6). A mixture of lithium chloride 
(0.10 g, 2.4 mmol) and 4 (0.78 g, 1.16 mmol) in acetone (50 
cm3) was stirred at room temperature for 10 h. The evapora­
tion of the solvent gave a pale yellow solid, which was washed 
with water and diethyl ether. The solid was purified by 
passing through a short silica gel column with chloroform, 
and 0.72 g of 6 was obtained as pale yellow crystals; yield 98% 
based on 4, mp 175—178 °C (dec.) IR: 1620 (coordinated 
O N ) , 730 (o-disubstituted benzene ring), 270, and 245 cm"1 

(bridged Pd-Cl). NMR: «J 1.51 (s, 12H, CH3-), 4.36 (s, 4H, 
-CH2-) , 6.86 (d-d, 2H, 6'-H), 6.98 (d-t, 2H, 4'- or 5'-H), 7.31 
(d-t, 2H, 5'- or 4'-H), and 7.56 ppm (d-d, 2H, 3'-H). Found : 
C, 41.69; H, 3.73; N, 4.27% ; mol wt (in CHC13), 624. Calcd 

for C22H24Cl2N202Pd2: C, 41.80; H, 3.82; N, 4.43%; M, 632-
Reaction of 6 with Triphenylphosphine. Triphenylphos-

phine (0.24 g, 0.92 mmol) was added to a suspension of 6 
(0.29 g, 0.46 mmol) in 30 cm3 of benzene. A clear solution 
formed immediately; this was concentrated after stirring for 
10 h at room temperature. The evaporation of the solvent 
gave a pale yellow solid, which was purified by passing through 
a silica gel column with chloroform. 0.52 g of chloro-
[2-(4',4'-dimethyl-2'-oxazolinyl)phenyl, 1-C, 3'-N](triphenyl­
phosphine) palladium (II) (7) was obtained as pale yellow 
crystals: yield 98%, mp 181—183 °C (dec). IR: 1630 
(coordinated C=N), 740 (o-disubstituted benzene ring), 750, 
690 (mono-substituted benzene ring), and 295 cm - 1 (terminal 
Pd-Cl). NMR: ô 1.67 (s, 6H, CH3-), 4.34 (s, 2H, -CH2-) , 
6.72—7.11 (m, 4H, Ar-H), and 7.24—7.75 ppm (m, 15H, 
Ar-H). Found: C, 60.11; H, 4.57: N, 2.33%; mol wt (in 
CHC13), 565. Calcd for C29H27CINOPPd: C, 60.22; H, 
4.70; N, 2.42%; M, 578. 

Di-\i-bromo-bis[2-(4',4''-dimethyl-2'-oxazolinyl)phenyl, 1-C,3'-
N]dipalladium(II) (8). The complex 6 (0.2 g) suspended 
in acetone (50 cm3) was treated with lithium bromide (0.2 g), 
and the mixture was warmed at reflux for 6 h. The resulting 
orange red solution was evaporated to dryness under reduced 
pressure. After silica gel column chromatography with 
chloroform, recrystallization from benzene-hexane gave pale 
yellow crystals of 8; yield 60% based on 6, mp 186—188 °C 
(dec). IR: 1620 (coordinated C=N) and 730 cm-1 (o-
disubstituted benzene ring). NMR: <5 1.52 (s, 12H, CH3-), 
4.36 (s, 4H, -CH 2 - ) , and 6.90—7.54 ppm (m, 8H, Ar-H). 
Found: C, 36.89; H, 3.31; N, 3.85%; mol wt (in CHC13), 
695. Calcd for C22H24Br2N202Pd2: C, 37.05; H, 3.39; N, 
3.92%; M, 713. 

Bromo[2-(4 ', 4 '- dimethyl -2 ' - oxazolinyl) phenyl, / - C, 3 '- N] (tri­
phenylphosphine) palladium (II) (9). The reaction of 8 with 
triphenylphosphine was carried out in the same way as 
described for 7, and pale yellow crystals of 9, mp 198—200 °C 
(dec), were produced in 57% yield. IR: 1625 (coordinated 
O N ) , 740 (o-disubstituted benzene ring), 750, and 690 cm-1 

(mono-substituted benzene ring). NMR: <5 1.67 (s, 6H, 
-CH3), 4.35 (s, 2H, -CH 2 - ) , 6.75—7.13 (m, 4H, Ar-H), and 
7.26—7.73 ppm (m, 15H, Ar-H). Found: C, 55.81 ; H, 4.30; 
N, 2.17%; mol wt (in CHC13), 615. Calcd for C29H,7-
BrNOPPd: C, 55.92; H, 4.36; N, 2.24; M, 622. 

Di-[i-chloro-bis[2-(4 ',4 '-dimethyl-2 '- oxazolinyl)- 4,5-dimethoxy-
phenyl, 1-C, 3'-N]dipalladium(II) (10). To a solution of 
palladium(II) acetate (1.23 g, 5.5 mmol) in acetic acid (20 
cm3) was added the compound 2 (1.15 g, 5.0 mmol) in acetic 
acid (15 cm3) at room temperature. After refluxing for 1 h, 
the resulting mixture was treated with an aqueous solution 
of lithium chloride (5.0 g) in water (20 cm3) for 10 h at room 
temperature. The reaction mixture was diluted with water 
and extracted with several portions of chloroform. The 
combined extracts were washed with water, dried over 
anhydrous MgS04 , concentrated, and chromatographed on 
silica gel. The product 10 (0.90 g, 45% yield based on 2) 
was obtained as pale yellow crystals from benzene-hexane: 
mp 245—248 °C (dec). IR: 1620 (coordinated O N ) , 860 
(1,2,4,5-tetra-substituted benzene ring), 270, and 240 cm-1 

(bridged Pd-Cl). NMR: ô 1.62 (s, 12H, -CH3) , 3.82 (s, 6H, 
-OCH3) , 3.91 (s, 6H, -OCH3) , 4.37 (s, 4H, -CH 2 - ) , 6.73 (s, 
2H, Ar-H), and 6.98 ppm (s, 2H, Ar-H), Found: C, 41.44; 
H, 4.21; N, 3.63%; mol wt (in CHC13), 746. Calcd for 
C26H32Cl2N2OePd2: C, 41.51; H, 4.28; N, 3.72%; M, 752. 

Di-\L-bromo-bis\2-( 4',4'-dimethyl -2'- oxazolinyl) - 4,5- dimethoxy-
phenyl, 1-C, 3'-N]dipalladium(II) (11). The reaction of 
10 with lithium bromide in acetone was carried out in the same 
way as described for 8, and pale yellow crystals of 11, mp 
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242—245 °C (dec), were produced in 65% yield. IR: 1620 
(coordinated C=N) and 860 cm-1 (1,2,3,5-tetra-substituted 
benzene ring). NMR: ô 1.64 (s, 12H, -CH3) , 3.82 (s, 6H, 
-OCH3), 3.93 (s, 6H, -OCH3), 4.38 (s, 4H, -CH 2 - ) , 6.75 (s, 
2H, Ar-H), and 6.99 ppm (s, 2H, Ar-H), Found: C, 37.06; 
H, 3.77; N, 3.28% ; mol (in CHC13), 810. Calcd for C26H32-
Br2N206Pd2: C, 37.12; H, 3.83; N, 3.33%; M, 821. 

Chloro[2-(4f,4f-dimethyl-2'-oxazolinyl)'4,5-dimethoxyphenyl, /-C, 
3'-N](triphenylphosphine)palladium (II) (12). The reaction 
of 10 with triphenylphosphine was carried out in the same way 
as described for 7, and pale yellow crystals of 12 were obtained; 
mp 225—227 °C (dec). IR: 1620 (coordinated C=N), 860 
(1,2,4,5-tetrasubstituted benzene ring), 750, 690 (monosubsti-
tuted benzene ring), and 290 cm"1 (terminal Pd-Cl). NMR: 
Ô 1.65 (s, 6H, -CH3) , 3.80 (s, 3H, -OCH3) , 3.89 (s, 3H, 
-OCH3) , 4.36 (s, 2H, -CH 2 - ) , 6.75 (s, 1H, Ar-H), 7.01 (s, 
1H, Ar-H), and 7.25—7.73 ppm (m, 15H, Ar-H). Found: 
C, 58.19; H, 4.81 ; N, 2.05% ; mol wt (in CHC13) 626. Calcd 
for C31H31ClN03PPd: C, 58.32; H, 4.89; N, 2.19; M, 638. 

Reaction of 6 with Methyl Vinyl Ketone. In a closed vessel, 
a mixture of the complex 6 (1.26 g, 2 mmol) and methyl vinyl 
ketone (6 mmol) and triethylamine (0.60 g, 6 mmol) in toluene 
(50 cm3) was stirred for 5 h at 80 °C under a nitrogen atoms-
phere. The reaction mixture was cooled and filtered to 
remove precipitated palladium, and the filtrate was evaporated 
in vacuo. The residue was dissolved in ether, which had been 
washed with water and dried over anhydrous MgS04 . After 
removal of the solvent, purification of the crude product by 
column chromatography (silica gel-hexane) gave l-(2-acetyl-
vinyl)-2-(4,4-dimethyl-2-oxazolin-2-yl)benzene (13), a pale 
yellow oil, in 45% yield based on 6. IR (oil film) : 1680 (C= 
O), 1650 (G=N), 1620 and 950 cm-1 (trans -CH=CH-). 
NMR: ô 1.33 (s, 9H, -CH3), 4.10 (s, 2H, -CH 2-) , 6.94—7.40 
(m, 5H, Ar-H+-C=CH-CO-) , and 7.55 ppm (d, 1H, - C H -
C-CO-). Found: C, 74.96; H, 6.91; N, 5.70%; M+, 243. 
Calcd for C15H17N02: C, 75.05; H, 7.04; N, 5.76% ; M, 243. 

Reaction of 10 with Methyl Vinyl Ketone. The reaction 

of 10 with methyl vinyl ketone was carried out in the same way 
as above, and l-(2-acetylvinyl)2-(4,4-dimethyl-2-oxazolin-2-
yl)-4,5-dimethoxybenzene (14), a pale yellow oil, was obtained 
in 38% yield. IR (oil film): 1675 (-C=0), 1650 (-C=N), 
1620, and 950 cm"1 (trans -CH=CH-). NMR: ô 1.31 (s, 9H, 
-CH3), 3.89 (s, 3H, -OCH3), 3.91 (s, 3H, -OCH3), 4.07 (s, 
2H, -CH 2-) , 6.85 (d, 1H, -C=CH-CO-), 7.27 (s, 1H, Ar-H), 
7.47 (s, 1H, Ar-H), and 7.53 ppm (d, 1H, -CH=C-CO-). 
Found: C, 67.19; H, 6.88; N, 4.53; M+, 303 Calcd for 
C17H21N04: C, 67.31 ; H, 6.98; N, 4.62% ; M, 303. 
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The electrochemical behavior of Fe(II) in neutral thiocyanate solutions has been investigated at a dropping 
mercury electrode (DME). It was found that Fe(II) in neutral thiocyanate solutions gave a catalytic Polarographie 
wave at potentials prior to the main Fe(II) reduction wave. The mechanism of the catalytic process involves the 
chemical reduction of thiocyanate ions with Fe(OH)2 aq at the electrode surface. Controlled potential electrolysis 
suggests that the reduction of thiocyanate ions proceeds with the formation of sulfide and cyanide ions. Sulfide 
ions produced at the electrode surface can react with Fe(II) diffusing to the electrode to form FeS. The discharge 
of this is responsible for the catalytic current, while cyanide ions have no essential role in the catalytic process. 
The effects of surface active substances and iodate ions on the catalytic wave are also discussed. 

A number of papers have been devoted to the study 
of the electrode reactions of the iron group metal ions 
occurring in thiocyanate solutions.1-4) Electrode 
reactions of these systems at a mercury electrode are 
quite complex, due to the low solubility of these metals 
in mercury.5 - 8) 

In the electroreduction of Ni(II) or Co(II) from 
thiocyanate solutions, catalytic Polarographie currents 
are observed at D M E . There are, however, conflicting 
ideas concerning the origin of the catalytic wave. 
Itabashi et al. proposed a mechanism involving the 
cyclic regeneration of Ni(II ) or Co(II) by the oxidation 
of electrodeposited metals with thiocyanate ions.9-11) 
O n the other hand, Krogulec et al. explained the 
catalytic current of the Ni (II)- thiocyanate system in 
terms of the discharge of hydrogen ions on metallic 
nickel.12) However, there seems to be agreement that , 
with Ni(II) or Co(II) present, the reduction of thio­
cyanate ions proceeds with the formation of sulfide and 
cyanide ions at the mercury surface. 

The formation of sulfide ions was also observed during 
the electroreduction of Go(II) in thiosulfate solutions.13) 
According to Baranski and Galus,14) the reduction of 
transition metal ions in solutions containing sulfur-
containing organic compounds resulted in the formation 
of sulfide ions at the mercury surface. 

Stojek and Kublik investigated the process of the 
reduction and reoxidation of Fe(II) in neutral thio­
cyanate solutions at a stationary mercury electrode.15) 
During the course of the investigation, they observed a 
small prewave preceding the usual Fe(II) reduction 
wave. However, they have given no detailed discussion 
about the reaction mechanism. 

In the present paper we report the characteristics of 
the catalytic current of Fe(II ) in neutral thiocyanate 
solutions. A possible explanation for the catalytic 
process is proposed. 

Exper imenta l 

Apparatus. All Polarographie measurements were 
performed with a Princeton Applied Research Polarographie 
analyzer, model 174, and were recorded with a Riken Denshi 
X-Y recorder, model D-8CP. The controlled potential 
electrolysis was carried out with a Yanagimoto potentiostat, 
model V-8. The working electrode for the controlled potential 

electrolysis was a mercury pool with a surface area of approxi­
mately 7 cm2. Potentials were measured against a saturated 
calomel electrode (SCE) with the use of a Kikusui Electronics 
digital voltmeter, model 156-A. The dropping mercury 
electrode (DME) had a flow rate of 1.95 mg s - 1 and a drop 
time of 4.32 s in a 0.1 M KCl solution with an open circuit. 
The pH of the solutions was measured with a Hitachi-Horiba 
pH meter, model M-7. Dissolved oxygen was removed from 
the solution with nitrogen. The cell was immersed in a 
water bath maintained at (25±0.1) °C. 

Reagents. All chemicals were of analytical reagent 
grade and were used without further purification. All 
solutions were prepared from redistilled water. 

R e s u l t s 

Prewave of Fe(II)-Thiocyanate System. A d. c. 
polarogram of l .OmMt Fe(II) in 0.1 M NaSCN (pH 
5.5) is shown in curve a of Fig. 1. A prewave appears 
at about 0.2 V more positive than the main Fe(II) 
reduction wave. The current of the prewave was 
independent of the height of the mercury reservoir, 
indicating that the electrode process was kinetically 
controlled. 

The relationship between the catalytic wave height 
and p H of the solution is shown in curve a of Fig. 2. 
The catalytic wave was obtained in the p H range 
4.8—8.2 under the above conditions. By buffering the 
solution, however, the catalytic wave disappeared 
completely without any surfactant. With an Fe(II ) 
concentration of 1 m M , the catalytic wave first increased 
with thiocyanate concentration up to 0.1 M and then 
decreased above this thiocyanate concentration. 

Effect of Iodate Ions on the Catalytic Wave. With 
iodate ions present, there appeared an increase of the 
catalytic current in unbuffered thiocyanate solutions. 
The reduction of iodate ions proceeds as follows : 

I 0 3 - + 3H 2 0 + 6e = I - + 6 0 H -

T h e iodate reduction process was a source of hydroxide 
ions, and buffering of the solution caused the catalytic 
wave to disappear under these conditions. 

T h e effect of iodate concentration on the catalytic 
current is shown in Fig. 3. For iodate concentrations 

t 1 M = 1 mol dm"3. 
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-1.1 -1.3 

(E vs. SGE)/V 

Fig. 1. D. c. polarograms of 1.0 mM Fe(II) in (a) 0.1 M 
NaSCN (pH 5.5), (b) 0.1 M acetate buffer (pH 5.9) 
containing 0.2 mM Na2S. 

Fig. 2. Relationship between pH and catalytic current 
of 1.0 mM Fe(II) in (a) 0.1 M NaSCN, (b) solution (a) 
with 0.01% decylamine, (c) solution (a) with barbital 
buffer and 0.01% decylamine. 

exceeding 0.04 m M , the catalytic current obtained in a 
0.5 M NaSCN solution became practically equal to that 
obtained in a 0.1 M NaSCN solution. The result in 

0.02 0.04 0.06 0.08 

lodate concentration / mM 

0.1 

Fig. 3. Catalytic currents of 1.0 mM Fe(II) as a func­
tion of iodate concentration in (a) 0.1 M NaSCN (pH 
5.6), (b) 0.5 M NaSCN (pH 6.1). 

Fig. 3 suggests that the increase in p H in the vicinity 
of the electrode leads to the increase of the rate of the 
catalytic reaction. 

Effect of Surfactant on the Catalytic Wave. The 
catalytic wave was practically unaffected by the presence 
of an anionic surfactant such as sodium dodecyl sulfate. 
However, the presence of a cationic surfactant like 
decylamine resulted in the appearance of the catalytic 
wave even in buffered solutions, and caused the current 
increase in unbuffered media. 

0.002 0.004 0.006 0.008 0,01 
Decylamine concentration / % 

Fig. 4. Catalytic currents of 1.0 mM Fe(II) as a function 
of decylamine amount in (a) 0.1 M acetate buffer and 
0.1 M NaSCN (pH 5.9), (b) 0.1 M NaSCN (pH 6.0). 

T h e effect of the amount of decylamine on the catalytic 
current is given in Fig. 4. In the solution containing 
0.1 M acetate buffer and 0.1 M NaSCN, the current 
increased gradually on increasing the amount of 
decylamine up to 0 . 0 1 % , while it reached a limiting 
value when 0.002% decylamine was present in the 0.1 M 
NaSCN solution. Hence, most of the following experi­
ments were carried out in a solution containing 0 .01% 
decylamine. 

In the presence of 0 . 0 1 % decylamine, the catalytic 
wave was observed in the p H range of 3.6—8.5 and 
5.1—9.1 in unbuffered and barbital buffer solutions, 
respectively (curves b and c in Fig. 2). 
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- 0 . 9 - 1 , 1 - 1 , 3 - 1 . 5 - 1 . 7 

(E vs. SCE)/V 

Fig. 5. D. c. polarograms of 1.0 mM Fe(II) in 0.1 M 
acetate buffer (pH 5.9), 0.1 M NaSCN and 0.01% 
decylamine with (a) natural drop, (b) a drop time of 
0.5 s. 

Figure 5 shows d. c. polarograms of 1.0 m M Fe(II) 
in the solution containing 0.1 M acetate buffer (pH 5.9), 
0.1 M NaSCN, and 0 .01% decylamine, using natural 
drop and forced drop (*=0.5 s) methods. No catalytic 
wave was observed with a drop time of 0.5 s. I t is well 
known that catalytic and kinetic currents can be 
minimized or eliminated with rapid DME.1 6 1 7> From 
comparison of a with b in Fig. 5, it follows that the 
catalytic wave was obtained at potentials before the 
reduction of aquairon(II) ions reached its limiting 
plateau. This result clearly shows that the catalytic 
reaction takes place under the conditions where 
aquairon(II) ions exist at the electrode surface. 

Effect of Thiocyanate and Fe (II) Concentrations on the 
Catalytic Wave. Figure 6 presents the relationship 
between the catalytic current and thiocyanate concen-

0.1 0.2 0.3 O.H 

NaSCN concentration / M 

Fig. 6. Catalytic currents of 1.0 mM Fe(II) as a function 
of thiocyanate concentration in (a) 0.1 M acetate buffer 
(pH 5.9), (b) 0.1 M NaC104 (pH 6.0). Each solution 
contains 0.01% decylamine. 

1 2 3 

Fe( I I ) concentration / mM 

Fig. 7. Catalytic currents as a function of Fe(II) con­
centration in 0.1 M acetate buffer (pH 5.9) and 0.01% 
decylamine containing (a) 0.1 M NaSCN, (b) 0.5 M 
NaSCN. 

trations. In buffered solutions, the catalytic current 
increased with thiocyanate concentrations up to 0.1 M. 
Above this concentration, the current went through a 
maximum and then decreased. In unbuffered solutions, 
however, the current increased over the thiocyanate 
concentration range studied. 

Figure 7 shows the catalytic currents as a function 
of Fe(II) concentration. As can be seen, the wave 
height was dependent on Fe(I I ) concentration, although 
it was not a linear function. 

D.c. Polarography of Fe (II) in an Acetate Buffer Containing 
Na2S. T o identify the Fe(II ) species responsible 
for the catalytic current, d. c. polarograms of Fe(II) 
in neutral solutions containing sodium sulfide were 
also recorded. As an example, curve b in Fig. 1 shows a 
d . c . polarogram of 1.0 m M Fe(II) in 0.1 M acetate 
buffer (pH 5.9) containing 0.2 m M Na 2 S. There 
appeared a prewave preceding the main Fe(II) reduc­
tion wave. T h e kinetic character of the prewave was 
verified by its dependence of the height of the mercury 
reservoir. Both catalytic waves of Fe(II ) obtained in 
thiocyanate and sulfide solutions are very similar in 
appearance in d. c. polarography, suggesting that the 
same species of Fe(I I ) is responsible for the catalytic 
currents. In this case, however, an addition of decyl­
amine had no effect on the catalytic current. 

In cyclic voltammetry at a hanging mercury drop 
electrode ( H M D E ) , I tabashi recently found a similar 
prewave of Fe(II ) in unbuffered perchlorate solutions 
containing Na 2 S; he ascribed the prewave to the 
reduction of FeS.18) 

Pulse Polarography for an Anodic Scan. Normal 
pulse polarograms for anodic scans of 1.0 m M Fe(II) 
in 0.1 M NaSCN (pH 6.0) are shown in Fig. 8. When 
the initial potential was set at —1.5 V, no oxidation 
current of iron was obtained, as shown in curve a. 
However, when the initial potential was chosen at a 
potential where the catalytic wave appeared (at —1.15 
V) , an oxidation current was observed with a half-wave 
potential of —0.53 V. 

O n the basis of cyclic voltammetry, Stojek and Kublik 
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(E vs. SGE)/V 

Fig. 8. Normal pulse polarograms for anodic scans of 
1.0 raM Fc(II) in 0.1 M NaSGN (pH 6.0). Initial 
potential, (a) - 1 . 50 V, (b) - 1.15 V. Drop time, 2 s. 

suggested that metallic iron electrodeposited at potentials 
of the catalytic wave stayed on the mercury surface, 
while iron deposited in the main reduction wave 
penetrated into the electrode.15) The result obtained 
by pulse polarography seems to be in line with their 
observations and shows that , in the potential region of 
the catalytic wave, Fe(II) is reduced to metal which 
stays on the electrode surface. 

Controlled Potential Electrolysis. For the purpose 
of elucidating the reaction mechanism, controlled 
potential electrolysis experiments were carried out with 
25 ml of a 2.0 m M Fe(II) solution in 0.5 M NaSCN 
(pH 5.3) containing 0 . 0 1 % decylamine at a potential 
of —1.25 V. After the solution was carefully deoxy-
genated, the electrode potential was held at —0.9 V to 
remove any remaining traces of oxygen dissolved in the 
solution. The p H of the solution increased during the 
electrolysis and the precipitation of Fe (II) as the 
hydroxide was observed. This result is in accord with 
the work of Stojek and Kublik, who explained this 
behavior in terms of the decomposition of water on an 
electrodeposited metallic iron. Hence, the following 
experiments were performed in acetate buffer solutions. 

Electrolysis was carried out with a 25 ml solution 
containing 2.0 m M Fe( I I ) , 0.1 M acetate buffer 
(pH 5.9), 0.5 M NaSCN, and 0 . 0 1 % decylamine at 
— 1.25 V. During the course of the electrolysis, gas 
evolution was observed on the mercury surface. The 
gas was introduced into a 0.25 M N a O H solution and 
was analyzed by d. c. polarography. The polarogram 
obtained showed a single anodic wave with a half-wave 
potential of —0.36 V, which corresponded to that of 
cyanide ions. A black solid was obtained on the mercury 
surface after the progress of the electrolysis. After the 
black solid was washed carefully with distilled water, it 
was dissolved in a 5 M H 2 S 0 4 solution. Bubbles of gas 
were observed. The Polarographie analysis revealed 
the presence of sulfide ions in the solutions. The sulfuric 
acid solution was treated with thiocyanate ions and the 
solution turned red on the addition of hydrogen peroxide. 
This result indicates that the black solid is FeS. 

The electrolysis of 1.0 m M Fe(II) in a 0.1 M acetate 
buffer (pH 5.9) containing 0.8 m M Na2S was also 
performed at a potential of — 1.20 V. There appeared 

a black solid on the mercury surface. Analysis of the 
black compound according to the procedure mentioned 
above showed the presence of FeS, suggesting that the 
prewave was due to the reduction of FeS. 

D i s c u s s i o n 

The catalytic current can not be ascribed to the 
formation of Fe(II) - thiocyanate complexes, since Fe(II) 
and thiocyanate ions form only a weak complex, 
FeSCN+,19) and the increase of thiocyanate concentra­
tions is not necessarily related to the increase of the 
catalytic current. As shown in Fig. 7, on the other 
hand, the catalytic current is closely related to the Fe(II) 
concentration. 

Wells and Salam investigated the hydrolysis of Fe(II) 
in perchlorate media.20) According to them, Fe(OH)+ 
exists in equilibrium with Fe2 + at about p H 3. Above 
p H 4, the predominant species is F e ( O H ) 2 a q , which is 
converted slowly to a hydrated dimer. Since such 
polymerization reactions are known to be slow,21) we 
can assume that the predominant species of Fe(II) in 
the p H range where the catalytic wave appears is 
Fe(OH)2 faq which has a much stronger reducing ability 
than Fe2+.22> 

Controlled potential electrolysis shows that thio­
cyanate ions are reduced to Sulfide and cyanide ions in 
the presence of Fe( I I ) . The formation of these ions by 
the reduction of thiocyanate ions has also been observed 
in the solution of either Ni(II) or Co(II).4 '9-1 2) Taking 
account of the resemblance of the catalytic wave of 
Fe(II) in thiocyanate solutions to that in sulfide media, 
we can ascribe the current to the discharge of FeS 
formed at the electrode surface. In an attempt to check 
the effect of cyanide ions on the catalytic reaction, 
sodium cyanide was added to the thiocyanate-free 
Fe(II) solution. The presence of cyanide ions only 
caused the decrease of the main Fe(II) reduction wave 
and no contribution of Fe (I I ) -cyanide complexes in the 
catalytic process could be observed. 

Wroblowa et al. observed that the adsorption of 
thiocyanate ions on the mercury electrode occurred 
in the potential region of the catalytic wave.23) 

O n the basis of these observations, the reaction 
mechanism of the pe( 11)-thiocyanate system can be 
written as the following sequence of reactions : 

SGNgulk > SGN-ds 

2Fe(OH)2iaq + SCN-ds + 2 0 H " 

• 2Fe(OH)3 + GN- + S2~ 

Fe2+ 4- S2- FeS 
2e 

Fe(0)n + S2~. 

The fact that the catalytic current is greatly enhanced 
by the presence of iodate ions can be accounted for by 
the increase of Fe (OH) 2 a q in the vicinity of the elec­
trode. In the absence of iodate ions, hydroxide ions 
produced by the decomposition of water on the metallic 
iron are available for the formation of F e ( O H ) 2 a q 

at the electrode surface. As shown in Fig. 2, therefore, 
no catalytic wave may be observed in buffered media 
below p H 5. However, we cannot fully explain why we 
can obtain greater catalytic currents in buffered media 
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than in unbuffered media. 
As long as the electrode potential is more positive 

than the main Fe(II) reduction potentials, aquairon(II) 
ions are continuously supplied at the electrode surface 
and can react with hydroxide ions and sulfide ions. 
At the limiting plateau of the main Fe (II) reduction 
wave, on the other hand, the formation of either 
Fe(OH)2,aq or FeS becomes impossible because of the 
direct reduction of aquairon(II) ions to the metal. 
As shown in Figs. 1 and 5, therefore, no catalytic current 
is observed in the limiting region of the main Fe(II) 
reduction wave. 

It is possible to assume that, in the potential region 
of the catalytic wave, FeSCN+ adsorbs on the electrode 
surface, and in the adsorbed state it stimulates the 
catalytic reaction. O n the basis of this adsorption 
process, however, we cannot explain the effect of the 
surfactants on the catalytic wave. Thus we excluded 
the participation of this process in the overall electrode 
reaction. 

The effect of decylamine on the catalytic current may 
be attributed to the formation of a bridge between 
thiocyanate ions, the positively charged surfactant, 
and the negatively charged mercury surface. The 
adsorption of thiocyanate ions onto the mercury surface 
may thus take place more easily. 

The present investigation was partially supported by 
a Grant-in-Aid for Scientific Research No. 554170 
from the Ministry of Education, Science and Culture. 
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Preparation and Properties of Monoalkylnickel(II) Complexes NiRfNRiR^Lß 
Having Imido, Imidazolato, or Methyl Phenylcarbamato-iV Ligand 
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Reactions of dialkylnickel(II) complexes NiR2L2 1 (R=CH 3 , C2H5; L = l / 2 bpy(2,2'-bipyridine), 1/2 dpe 
(l,2-bis(diphenylphosphino)ethane), PEt3) with compounds having acidic N-H bonds (succinimide, phthalimide, 
diacetamide, pyromellitimide (1,2 : 4,5-benzenebis(dicarboximide)), imidazole) gave corresponding monoalkyl-
nickel(II) complexes having Ni-N bond formulated as NiR(NR1R2)L2. A reaction of NiMe2(PEt3)2 with GH3OH 
and phenyl isocyanate gives NiMe(N(Ph)COOMe)(PEt3)2. The IR, NMR, and visible spectroscopic studies 
of the complexes indicate that the electronegativity of Ni is enhanced by the replacement of one of the two R groups 
in 1 with the NRXR2 ligand. NMR spectra of complexes of a type NiMe(NR1R2)(PEt3)2 show that they have 
ira«j-configurations. Thermolyses of the monoalkylnickel(II) complexes start at temperatures higher by 80—100 
°C than those of 1, liberating RH, R-R, and olefin R(-H). Exposure of monoethylnickel(II) complexes to air 
releases ethylene as the main gaseous product. Reactions of the complexes of a type NiR(phthalimido)L2 with 
R'X (R'=C 6H 5 , C6H5CH2) and C6H5COCl produce JV-alkyl- or iV-arylphthalimide and ketone C6H5COR, 
respectively. 

Although a number of compounds having metal-
nitrogen (M-N) covalent bonds have been prepared 
with various transition metals such as Ti , V, and Mo,1 '2) 
only a few reports3 - 5) have appeared on the preparation 
of compounds having N i - N covalent bonds. We 
previously reported in preliminary form the preparation 
and some chemical properties of monoalkylnickel(II) 
complexes with a succinimido or phthalimido ligand 
by reactions of dialkylnickel(II) complexes with the 
imides :6) 

/COR 1 /COR 1 

NiR2L2 + HN > RNi[N ]L2 + RH. (1) 
^COR1 ^COR1 

We have expanded the work by using other several 
active N - H compounds such as pyromellitimide (1,2 : 
4,5-benzenebis(dicarboximide)) and imidazole to obtain 
the corresponding monoalkylnickel(II) complexes with 
the covalent N i - N bond. 

This paper deals with details of the preparation, 
characterization, spectroscopic data, and chemical 
properties of the monoalkylnickel(II) complexes with 
succinimido, phthalimido, or the other iV-ligands. In 
connection with the preparation of the monoalkylnickel-
(II) complexes having the iV-anionic ligands, we also 
report the preparat ion of a monoalkylnickel(II) complex 
with a methyl phenylcarbamato-iV ligand by treating 
NiMe 2 (PEt 3 ) 2 with C H 3 O H and P h - N = C = 0 . 

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

Preparation of Complexes. Dialkylnickel(II) com­
plexes, NiR 2 L 2 ( R = C H 3 , C 2 H 5 ; L = l / 2 bpy (2,2'-
bipyridine), PEt3 , 1/2 dpe (l,2-bis(diphenylphosphino)-
ethane)) , react smoothly at room temperature with 
imides including succinimide (pÄ"a=9.67 '8)), phthal­
imide (pA"a = 9.98)), diacetamide, and pyromellitimide 
to give monoalkylnickel(II) complexes with covalent 
N i - N bonds in medium to high yields (52—94%) with 
evolution of 1 mol of R H per NiR 2 L 2 : 

/COR 1 / R 
NiR2L2 + HN • L2Ni + RH. (1) 

COR1 

l a : NiMe2(bpy) 2—11 
l b : NiEt2(bpy) 
l c : NiMe2(PEt3)2 

Id : NiMe2(dpe) 
NiMe(suc) (bpy) *ra/w-NiMe(pht) (PEt3)2 

2 7 
NiMe(pht)(bpy) NiMe(suc)(dpe) 

3 8 
NiEt(suc)(bpy) NiMe(pht)(dpe) 

4 9 
NiEt(pht) (bpy) *ra™-NiMe[N(COCH3)2] (PEt,)a 

5 10 
trans-NiMe(suc) (PEt3)2 

6 
/ C O x X \ / G O x 

trans, /rarw-NiMe(PEt3)2-N | || N-NiMe(PEt3)2 

^CCKX/^CCX 
11 

sue = Succinimido. pht = Phthalimido. 
Me = Methyl. Et = Ethyl. 

Addition of excess imides afforded the same products 
and further replacement of the R ligand in NiR-
[ N C C O R ^ j L g by the - N C C O R 1 ^ ligand did not 
proceed. A reaction of l c with iV-phenylbenzamide also 
led to liberation of 1 mol of C H 4 per l c with formation 
of a pale brown complex whose I R spectrum suggests 
the formation of a complex of a type NiR(NR 1 R 2 )L 2 . 
However, isolation of the complex was not feasible. 

The reaction expressed by Eq. 1 generally proceeds 
more rapidly with l c than with the other dialkylnickel-
(II) complexes with bidentate ligands (see Table 1). 
N M R spectroscopic studies of l c indicate that the PEt3 

ligand in l c rapidly exchanges with free PEt3 , partly 
liberated from l c into solution, presumably through a 
dissociative mechanism involving formation of a three 
coordinate intermediate. The formation of the three 
coordinate species in solution seems to account for the 
high reactivities of l c toward the imides. 
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Employment of compounds with less acidic N - H 
bonds such as benzimide (pK3i = \3—148)), diphenyl-
amine (p^Ta=237)), and methyl phenylcarbamate did 
not lead to the formation of NiR^NRiR2)!^, but addi­
tion of imidazole with a pKa value of 14.58> leads to the 
formation of a polymeric monoalkylnickel(II) complex: 

NiMe2(PEt3)2 + 

l c 

Me . 

i \ = / n 
PEt3 

12 

(2) 

It is known that the N - H bond in imidazole ring has 
high reactivities toward metals such as Hg,10) Cu,3) and 
Ni3> to form complexes of a type M(G3H3N2)mXM, in 
spite of its weak acidity. 

Although methyl phenylcarbamate did not react with 
NiR2L2 to give a complex with the -N(Ph)COOMe 
ligand, the complex with the -N(Ph)COOMe ligand 
can be prepared through a different reaction pathway: 

NiMe2(PEt3)2 + MeOH + Fh-N=C=0 
l c 

- C H 4 
PEt3 

Me-Ni-N / 
Ph 

PEt 
13 

\COOMe. 
(3) 

The reaction most probably proceeds through insertion 

of phenyl isocyanate into a N i - O bond in an inter­
mediate species, NiMe(OCH3)(PEt3)2: 

l c + MeOH 

PEt3 

[Me-Ni-OMe] 

PEt, 

+Ph-N=C=0 
- 13. (4) 

Several examples of insertion of isocyanates into metal-
alkoxy bonds to form the M - N compounds are 
known.11»12) 

Table 1 shows preparative conditions, yields, melting 
points, and analytical data of the complexes 2—13. 

The bpy-coordinated complexes are reddish brown 
and PEt3 or dpe-coordinated complexes are yellow or 
yellowish. The complexes with the bidentate neutral 
ligand (bpy, dpe) have moderate stabilities to air in 
solid, whereas those with the PEt3 ligand are very 
sensitive to air even in the solid state. All of the com­
plexes are very sensitive to air in solutions. 

Characterization of the Complexes. IR, NMR, and 
visible spectroscopic data are summarized in Table 2. 

IR Spectra: The v(C=0) bands of succinimide (1700 
cm - 1 ) , phthalimide (1755 cm - 1 ) , diacetamide (1965 
c m - 1 ) , and pyromellitimide (1700 cm - 1 ) are shifted to 
lower frequencies by 50—130 c m - 1 on complex forma­
tion, and the shift is accounted for by asumming electron 
migration from Ni to the imido ligands. The magnitudes 
of the shifts are comparable to those observed with 
Pd,13) Pt,13) and Gu14) imido complexes which have 

TABLE 1. PREPARATIVE CONDITIONS, YIELDS, AND ANALYTICAL DATA OF COMPLEXES 2—13 

Complex80 

NiMe (sue) (bpy) 
2 

NiMe (pht) (bpy) 
3 

NiEt (sue) (bpy) 
4 

NiEt (pht) (bpy) 
5 

/fww-NiMe(suc)-
(PEt3)2 6 
fra>w-NiMe(pht) 
(PEt3)27 
NiMe(suc) (dpe) 

8 
NiMe(pht)(dpe) 

9 
fra>w-NiMe[N-
(COMe)2](PEt3)2 

10 
trans, frûrw-Ni2Me2-
(PEt3)4[CflH2(CO)4-
NJ 11 
[NiMe(NC3H3N)-
(PEt3)]n12 
NiMe(N(Ph)-
COOMe)(PEt3)2 

13 

Preparative 

NiR2L2 Temp 
mmol °C 

0.37 

2.1 

1.3 

0.97 

3.3 

0.37 

1.1 

1.0 

1.8 

2.3 

0.71 

1.0 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

0°C 

conditions 

Solv. Time 
ml h 

THF 
(2) 

THF 
(4) 

THF 
(4) 

THF 
(4) 

Ether 
(6) 

Ether 
(2) 

THF 
(4) 

THF 
(4) 

Ether 
(5) 

Ether 
(10) 

Ether 
(5) 

Ether 
(3) 

24 

24 

24 

24 

0.5 

0.5 

24 

24 

0.5 

3 

0.2 

18 

Yield 
% 

89 

87 

79 

87 

94 

82 

79 

74 

52 

80 

97 

55 

Color1» 

r.b. 

r.b. 

r.b. 

r.b. 

y.b. 

y-

y-

y-

y-

Orange 

y-

y-

Mpc) 

°c 

190 
(dec) 
230 

(dec) 
175 

(dec) 
190 

(dec) 

76—77 

158 
(dec) 
220 

(dec) 
200 

(dec) 

67—68 

195 
(dec) 

175 
(dec) 

] 

C H 

Found (Calcd) (%) 

N R/Nid) 

55.4 4.5 12.8 
(55.4) (4.6) (12.8) 
60.1 3.8 11.0 n QQ 

(60.7) (4.0) (11.2) U , y ö 

56.2 4.8 12.2 Q 

(56.2) (5.0) (12.3) u* y* 
60.7 4.2 10.4 

(61.6) (4.4) (10.8) 
49.3 9.7 

(50.0) (9.1) 
55.5 8.5 

(55.3) (8.2) 
65.2 5.5 

(65.3) (5.5) 
68.9 5.0 
(68.0) (5.1) 

e) e) 

51.1 8.4 
(51.8) (8.2) 

3.5 
(3.4) 

3 ' ° 0 93 (3.1) U*y^ 
2.6 

(2.5) 
2.3 

(2.3) 

e) 

3.5 
(3.4) 

46.4 8.3 10.2 0.95 
(46.4) (8.2) (10.8) 

55.0 9.1 
(54.8) (9.0) 

3.0 
(3.0) 

Imi/Nid) Mw 

0.99 

0.92 

352 
(408) 

0.99 

a) suc=succinimido. pht=phthalimido. b) r.b. = reddish brown, y.b.=yellowish brown. y.=yellow, c) dec= 
decomposed, d) Moles of RH and imide per Ni liberated on acidolysis of the complex, e) Micro analysis of 10 
was not feasible since it is very sensitive to air, thus 10 was identified by NMR spectroscopy. 

file:///COOMe
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TABLE 2. SPECTRAL DATA OF COMPLEXES 2—13 

[Vol. 54, No. 6 

lR a ) 

Complex . ^ ^ 
*H-NMR <5/ppmb> 

Ni-R Ni-NRiR2 

^ P f H j - N M R « 
5/ppm 

Visible 
i/nm 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1630* 
1235 
765 

1655* 
1600 
725 
1620* 
1610* 
1230 
1620* 
1350 
1230 
1650* 
1300 
725 
1620* 
1340 
1220 
1610* 
1350 
1240 
1650* 
1375 
1305 
1640* 
1600* 
1305 

1645* 
1380 
1295 
1080 
1035 
740 
1650* 
1330 
760 

-0.08 (3H, s) 

0.00 (3H, s) 

0.61(3H,t, 7 Hz, CH3) 
0.90(2H,q,7Hz,CH2) 

0.63(3H, t, 6 Hz, CH3) 
0.96(2H,q,6Hz, GH2) 

-0.74(3H, t, 10 Hz, 
CH3) 

-0.30 (3H, t, 10 Hz, 
CH3) 

-0.03 (3H, dd, 
7 Hz and 5 Hz) 

0.06 (3H, dd, 
7 Hz and 5 Hz) 

-0.78 (3H, s) 

2.64 (4H, s) 7.4 (2H, m) 
7.8—8.2 (5H, m) 
8.36(1H, d, 6 Hz) 

7.2—8.4(12H) 
(Overlapped to each other) 

2.64(4H, s) 7.4 (2H, m) 
7.9 (5H, m) 

8.35 (1H, d, 6Hz) 
7.2—8.4 (12H) 

(Overlapped to each other) 

2.24(4H, s) 0.9—1.5(30H,m) 

7.04 (2H, m) 0.8—1.6(30H, m) 
7.73 (2H, m) 

2.17 (4H,s) 2.12(4H, d, 17 Hz, CH2) 
7.5 (12H, m,/>-CH5) 
7.8 (8H,m) 
2.14 (4H, d, 17 Hz, CH2) 

7.2—8.2 (24H) 
(Overlapped to each other) 

2.57 (6H, s) 0.8—1.1 (30H, m) 

498 (THF) 
479 (CH2G12) 

512 (THF) 
530 (Toluene) 
495 (CH2C12) 
492 (CH2Cla) 

36.1 

- 1 . 0 6 (3H, t, 10Hz)d> 2.42 (6H,s) 1.0—1.6 (30H, m)d) 

- 0 . 8 8 (3H, t, 10 Hz) 7.50 ( lH,s) e) 

Not measurable due to poor solubilities in solvents. 

- 0 . 8 8 (3H, t, 9 Hz) 3.80 (3H, s, CH3) 0.92 (qui, 7 Hz) 
6.98 (1H, t, 8 Hz, 1.24 (m) 30H 

/>-C6H5) 
7.43 (2H, t, 8 Hz, 

m-C6H5) 
9.12 (2H, d, 8 Hz, 

o-C6H5) 

31.3 

a) Strongest three peaks are given. The absorption peaks with an asterisk are assigned to v(C=0). b) Measured 
at r.t. s = singlet, d=doublet, t=triplet, q=quartet, qui=quintet. Solvent: CD2C12 for 2, 3, 4, 5, 8, and 9; C6D6 

for 6, 7, 10, and 13; THF-rf8 for 11. c) From external H 3 P0 4 (downfield positive), d) In acetone-rf6 at —60 °C. 
e) Signals of the PEt3 ligand are overlapped with signals of impurities of THF-ds. 

covalent M - N bonds. The covalency of the N i - N 
bonds in 2—9 is supported by negligible electric con­
ductivities ( y l = 0 . 1 7 - 0 . 8 0 S c m 2 ) of CH2C12 solutions 
of the complexes. The possibility that one of the two 
N - H bonds in pyromellitimide remains intact is excluded 
not only on the basis of the analytical data given in 
Table 1 but also by the absence of v(N-H) bands in 
the I R spectrum. 

The I R spectrum of 12 resembles those of polymeric 
Hg(II)10> and T1(III)15> complexes with the imidazolato 
ligand, showing bands characteristic of the imidazole 
ring at 1480 and 1080 c m - 1 and no band associated 
with an N H group. The insolubility of 12 in common 
organic solvents suggests a polymeric structure which 
has been proposed for the Hg(I I ) and Tl ( I I I ) complexes : 

- fN N-Ni —N N-Ni-
N==/ Me ^ ^ Me 

Coordination of only one PEt3 ligand to Ni in 12 is 
consistent with the polymeric structure. 

The I R spectrum of 13 shows a similar pattern to that 
of methyl phenylcarbamate except for the N - H region, 
showing v(C=0) and v(C-O) bands at 1650 and 1330 
c m - 1 , respectively, and no v(N-H) band. The I R 
data together with N M R data given in Table 1 support 
the formation of 13. 

NMR Spectra: Patterns of ^ - N M R spectra of 
complexes 2—11 and 13 are consistent with the formula­
tion of the complexes as given in Table 1. The CH 3 

signals of 2, 3, 6—11, and 13 appear at normal positions 
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where C H 3 signals of methylnickel(II) complexes 
appear.4»16»17) 1 H - N M R spectra of 4 and 5 show GH 2 

signals of the ethyl ligand at lower field than GH 3 

signals, in contrast to the N M R spectrum of NiEt2(bpy) 
l b which shows the GH 2 signal (ô 0.8 ppm) at higher 
field than the C H 3 signal (ô 1.1 ppm).17) Since it is 
known18) that the chemical shift difference between 
the GH 2 and C H 3 signals (J=ôcn2—<5CH3) increases 
linearly with the increase in the electronegativity of the 
atom to which the ethyl group is attached, the appear­
ance of the GH 2 signal at the lower magnetic field can 
be taken as an indication of an increase in electro­
negativity of nickel through replacement of the Et 
ligand of l b by the electron-withdrawing imido ligand. 

As described above the PEt 3 ligand of NiMe 2 (PEt 3 ) 2 

l c rapidly exchanges at room temperature with free 
PEt3 in solutions partly liberated from l c and therefore 
the 3 1 P- 1 H coupling is not observable for the N i - C H 3 

signal of l c , whereas the N i - G H 3 signals of 6, 7, 11, 
and 13 clearly show the 3 1 P- 1 H coupling, indicating 
that the PEt 3 ligand in the complexes is bonded to Ni 
on N M R time scale. The difference in the dynamic 
behavior between l c and complexes of the type NiR-
(NR 1R 2)(PEt 3) 2 is accounted for by the increase in the 
electronegativity of nickel through the replacement of 
the Me ligand by the NR*R2 ligand, since electron-
donating ligands such as PEt 3 are expected to bond to 
the central atom more strongly when the electro­
negativity of the central atom increases. Triplet patterns 
of the N i - G H 3 signals in the NiR(NR 1R 2 )L 2 - type 
complexes indicate not only that the complexes have a 
trans configuration but also that the complexes have 
monomeric structures, since if the complexes have 
multi-nuclear structures, the coupling patterns will 
become more complex. For 6 the monomeric structure 
has been established by cryoscopic measurement of the 
molecular weight (Table 1). 

The methylene protons of the succinimido ligand in 
«V-complexes 2, 4, and 8 appear as a sharp singlet, 
indicating that the four hydrogens in the succinimido 
ligand are magnetically equivalent either due to rapid 
rotation of the imido ligand around the N i - N bond or 
due to accidental coincidence of chemical shifts. The 
GH2-signal of 4 appears as a sharp singlet even at 
- 3 0 °C. 

Each of ^ P ^ H I - N M R spectra of 7 and 13 shows only 
one sharp signal and this also supports that the two PEt3 

ligands bonds tightly to Ni occupying the trans position 
to each other. 

Visible Spectra: Solutions of the monoalkylnickel(II) 
complexes with the bpy ligand have very strong (e = 
3 X 103) adsorption bands at about 500 nm, which are 
assignable to Ni—>bpy GT-bands. The dialkyl complexes 
l a and l b , show the Ni-*bpy CT-bands of lowest 
transition energy at about 650 nm. The blue shift of the 
GT-band from 650 nm to 500 nm on the replacement 
of the Et ligand by the imido ligand is associated with 
the lowering of the highest occupied level of Ni due to 
the electron-withdrawing imido ligand.21) 

Chemical Properties. Thermolysis, Acidolysis, and 
Degradation in Air: Complexes NiR(NR 1 R 2 )L 2 have 
remarkably high thermal stabilities as shown in Table 1. 

Their thermolyses start at temperatures by 80—100 °G 
higher than those of the starting dialkylnickel(II) 
complexes NiR2L2 .17a '19 '20) For example, 3 begins to 
decompose at 230 °C, the temperature being one of the 
highest decomposition temperatures among dialkyl- and 
monoalkylnickel(II) complexes reported to date.4) 
Even if the alkyl group has /J-hydrogens as in 4 and 5, 
the complexes is thermally stable up to 175 and 190 °G, 
respectively. 

In cases of Ni -bpy complexes the starting dimethyl-
and diethylnickel(II) complexes decomposes mainly 
through unimolecular reductive elimination process,21) 

NiR2(bpy) • R-R. (5) 

R = Me, Et 

The marked enhancement of the thermal stability by 
the replacement of one of the ethyl ligands by the imido 
ligand may be attr ibuted to the lack of the low energy 
intramolecular reductive elimination pathway with 
NiR(imido)(bpy) . Thermolyses of 2 and 3 give G2H6 

as the main product (Table 3), suggesting a bimolecular 
process in the thermolyses. Thermolyses of 4 and 5 
afford d i s p r o p o r t i o n a t e products, G2H4 and C2H6 , 
which are considered to be formed through a ^-elimina­
tion process, 

NiEt(imido)(bpy) • [NiH(imido)(bpy)] + C2H4. (6) 

[14] 

I + NiEt(imido)(bpy) 

C2H6 

Mechanisms involving coupling between metal hydrides 
and metal alkyls have been proposed for thermolyses 
of a few transition alkylmetals.22) Evolution of C H 4 

and G2H4 as main products together with some ethane 
(Table 3) in the thermolysis of a mixture of 2 and 4 
(ca. 1 : 1 ) supports the /J-elimination mechanism shown 
above and suggests further that the hydride intermediate 
[14] reacts with the methyl 2 and the ethyl complex 4 
to form methane and ethane. In thermolysis of com-

I • C H 4 

TABLE 3. PRODUCTS OF THERMOLYSIS OF 

NiR(imido)(bpy)a) 

Gaseous products (mol/Ni) 
Complex v 2R/Nib) 

CH4 C2H6 C2H4 

R=Methyl 
2 0.19 0.35 — 0.89 
3 0.09 0.39 Trace 0.87 

R=Ethyl 
4 — 0.40 0.53 0.93 
5 — 0.24 0.36 0.60 

2 (0.16 mmol) ÖTT1 (TÖ7 Ô7Ï4 
-j- 4 (0.19 mmol) mmol mmol mmol 

a) At 220—230 °C, in solid in a vacuum, b) 2 R = 
CH4+2(C2H6+C2H4) for methyl complexes, =C 2 H 6 

+ C2H4 for ethyl complexes. 
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TABLE 4. PRODUCTS OF THE REACTIONS OF NiR(imido)L2 WITH ORGANIC HALIDES (R'X AND R'COX)&> 

No 

1 
2 
3 
4 

6 

Complex 

3 
4 
6 
7 

7 

Organic 
halide 

C6H5CH2Brb> 
C6H5CH2Brb> 
C6H5CH2Brb) 

C6H5Brb> 

C6H6COClc) 

Temp 
°C 

100 
50—60 
30 
120 

r.t. 

Time 
h 

1 
6 
0.8 
1 

12 

Products (%-yield/Ni) 
/ ^ ""*~S. 

R'-Imide R-R' Others 

83 
51 
29 
95 

RCOR' 
71 

74 
51 
66 
30 

C2H4 (6) 
Bibenzyl (26) 

a) 0.2—0.4 mmol of the complex was used, b) In JV,JV-dimethylacetamide (1 ml), c) In THF (0.5 ml). 

plexes containing the PEt 3 ligand, the amount of G2H4 

evolved sometimes exceeded 1 mol/Ni. T h e evolution 
of excess G2H4 seems to be due to thermal degradation 
of the PEt 3 ligand on Ni. Evolution of more than 1 mol 
of G2H4 per Ni was observed also in the thermolysis of 
complexes with the dpe ligand. 

As described above complexes 2—13 do not react 
with excess HNR 1 R 2 , al though a complex having a 
composition of Ni (phthalimido)2(bpy) is known.5) The 
poor reactivities of the monoalkylnickel complexes seem 
to be attr ibutable to decrease in nucleophilicity of nickel 
or the Ni-bound alkyl group by bonding of the electron-
withdrawing NR*R2 ligand. Treatment of the mono­
alkylnickel (I I) complexes with stronger acids such as 
CHgGOOH, HCl , and H 2 S 0 4 , however, leads to 
acidolysis of the N i - R bond to liberate R H quantitative­
ly (Table 1). Imides are also released from complexes 
of a type NiR(imido)L 2 on the acidolysis by dry HCl. 

Complexes 2—13 are decomposed on exposure to air 
as described above. In cases of the ethylnickel com­
plexes, 4 and 5, they generate C 2H 4 as the main gaseous 
product on exposure to dry air, 

e.g., 4(solid) -f- dry air 

• C2H4(40%/Ni) + C2H6(trace). (8) 

T h e fact suggests that ß-hydrogen elimination process is 
promoted by interaction of the complex with dioxygen 
or by direct interaction of ß-hydrogens with oxygen. 
I R spectrum of the residue shows strong y (O-H) 
absorption band, implying the presence of an N i - O H 
or N i - O O H bond in the residual substance. 

Reactions with Organic Halides: Reactions of complexes 
NiR(imido)L 2 with alkyl or aryl halides R ' X give N-
alkyl or -aryl imides with formation of alkanes R - R ' 
(Table 4). Relative reactivities of N i - N and N i - R 
bonds toward R ' X varies with the complex and R ' X 
employed. For example, the N i - C H 3 bond in 6 reacts 
smoothly with C 6H 5CH 2Br to liberate ethylbenzene in a 
6 6 % yield, whereas only 2 9 % of the imido ligand is 
alkylated. An opposite trend is observed for the reaction 
of 7 with C6H5Br, whereas both the N i - C and N i - N 
bonds in 3 are reactive toward C6H5CH2Br. Occurrence 
of the reaction of 7 with C6H5Br to liberate JV-phenyl 
phthal imide stands in contrast to the known poor 
reactivity of potassium phthalimide against aryl halides 
in Gabriel synthesis of amines, and the reaction may be 
applied to prepare arylamines from phthalimide and 
aryl halides. A reaction of 7 with C 6 H 5 COCl affords 
ketone C H 3 C O C 6 H 5 in 7 1 % yield, accompanied by 

decarbonylation from C 6 H 5 COCl to afford benzene 
and biphenyl. A similar reaction of 9 also affords the 
same ketone with a lower yield (18%/Ni) . 

Reactions of NiR(imido) (bpy) with dihalomethanes 
afford R C H 2 C H 2 R , R C H 2 R , R C H 3 , and olefin R(-H)= 
C H 2 (e.g., propylene from ethyl complexes) besides 
normal degradation products (R-R , R H , and R(-H)).2 3) 
The formation of the unusual products can be accounted 
for by assuming insertion of CH 2 carbene formed from 
CH 2 X 2 into the N i - R bonds. 

Reactions with Unsaturated Compounds: Complexes of 
the type NiR (imido) L2 (2, 4, 7, 8) initiate polymeriza­
tion of acrylonitrile to yield polyacrylonitrile in high 
yields ( > 7 0 % ) . Attempts to yield a copolymer from 
butadiene and acrylonitrile were not successful and 
only homopolymers of acrylonitrile were obtained. 
Methyl methacrylate is polymerized by 4 to give 
syndiotactic poly(methyl methacrylate) (Bovey's a 
value24) =0.17) in a 3 5 % yield. Vinyl monomers 
with less electron-withdrawing substituents such as 
styrene and vinyl acetate were not polymerized by NiR-
(imido)L2 . The trend is similar to the polymerization 
of vinyl monomers initiated by isolated transition metal 
alkyls and hydrides.25> Acetylene was trimerized by 7 to 
benzene and propionaldehyde was dimerized to EtCH= 
C M e C H O by 2. 

Exper imenta l 

General and Materials. All reactions were carried out 
under nitrogen or argon or in vacuum by using Schlenk type 
tubes. Complexes la—Id were prepared according to 
literature.17'19'21) The compounds with N - H bonds were used 
as purchased from Tokyo Kasei Co. Ltd. Solvents were dried 
over Na wires or CaH2, distilled under N2, and stored under 
an atmosphere of N2. 

Analyses and Spectroscopic Measurements. Microanalysis of 
C, H, and N was performed by Mr. T. Saito in our laboratory 
with a Yanagimoto CHN Autocorder Type MT-2. The 
melting point was measured in a sealed glass capillary. 
Amounts of gases evolved during reactions or thremolysis were 
measured with a Toepler pump and analyzed by GLC using 
a Shimadzu GC-3BT gas Chromatograph. Identification and 
quantitative analysis of organic compounds were carried out 
by NMR spectroscopy and GLC. 

IR and NMR spectra were recorded on a Hitachi Model 295 
infrared spectrophotometer and a JEOL JNM-FS-100 spec­
trometer, respectively. Visible spectra were obtained by 
using a Hitachi Model 200-20 spectrophotometer. Electric 
conductivities of the CH2C12 solutions of complexes were 
measured by a Toa Model CM-5B conduct meter. 
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Preparation of Complexes. NiMe(suc)(bpy) 2 and NiMe-
(pht) (bpy) 3 : THF (2 cm3) was added to a mixture of l a (91 
mg, 0.37 mmol) and succinimide (38 mg, 0.38 mmol). Stir­
ring the solution for 1 d at room temperature gave a reddish 
brown precipitate, which was recrystallized from CH2C12-
hexane to give 109 mg (89%) of 2. Evolution of CH4 (0.94 
mol/Ni) was observed during the reaction. 

A similar reaction of l a (500 mg, 2.1 mmol) with phthal-
imide (300 mg, 2.1 mmol) in THF (4cm3) and recrystallization 
from CH2Cl2-hexane yielded 670 mg (87%) of 3. 

NiEt(suc)(bpy) 4 and Other Complexes with sue or pht Ligand 
5—9: THF (4 cm3) was added to a mixture of l b (350 mg, 
1.3 mmol) and succinimide (130 mg, 1.3 mmol). Stirring 
the solution at room temperature for 1 d gave a reddish brown 
precipitate with evolution of C2H6 (0.92 mol/Ni). The red­
dish brown precipitate was recrystallized from CH2Cl2-hexane 
to yield 344 mg (79%) of 4. 

The other complexes were prepared in similar manners 
under conditions listed in Table 1. Solvents for recrystalliza­
tion were diethyl ether for 6 and 7 and a mixture of CH2C12 

and hexane for 5, 8, and 9. 
tran&-NiMe(diacetamido)(PEtz)2 10: Diethyl ether (5 cm3) 

was added to a mixture of l c (580 mg, 1.8 mmol )and diacet-
amide (180 mg, 1.8 mmol) at —10 °C. On warming the 
solution to room temperature, a smooth reaction occurred with 
vigorous evolution of CH4. A red solution was obtained after 
30 min and cooling the solution to Dry Ice temperature gave 
520 mg of yellow crystals. Recrystallization from diethyl 
ether gave 270 mg (52%) of 10. 

trans, trans- Ni2Me2(pyromellitimido) (PEt3)2 11: Diethyl 
ether (10 cm3) was added to a mixture of l c (740 mg, 2.3 mmol) 
and pyromellitic diimide (240 mg, 1.2 mmol) at —20 °C and 
then the mixture was warmed to room temperature. Stirring 
the mixture for 3 h at room temperature afforded a yellow 
precipitate, which was collected by filtration and recrystallized 
from THF to yield 760 mg (80%) of 11. 

[NiMe(imidozolato) (PEt3)]n 12: Diethyl ether (5 cm3) was 
added to a mixture of l c (230 mg, 0.71 mmol) and imidazole 
(49 mg, 0.72 mmol). Stirring the solution at room tempera­
ture caused precipitation of a yellow solid with evolution of 
GH4. The precipitate was washed thoroughly with diethyl 
ether, THF, and toluene to yield 170 mg (93%) of 12. The 
complex was insoluble in diethyl ether, benzene, toluene, THF, 
ethyl alcohol, acetone, and iV,JV-dimethylformamide. 

NiMe (methyl phenylcarbamato-N) (PEtJ 213: A diethyl ether 
(3 cm3) solution of l c (330 mg, 1.0 mmol) was solidified by 
cooling to —196 °C and then phenyl isocyanate (0.11 cm3, 
1.0 mmol) and methyl alcohol (0.041cm3, 1.0 mmol) were 
added by microsyringe at —196 °C. The mixture was 
warmed to 0 °C and the solution was stirred for 18 h at the 
temperature to give a homogeneous yellow solution. Evolu­
tion of CH4 (0.86 mmol) during the reaction was observed. 
Cooling the yellow solution to — 78 °C afforded yellow crystals, 
which were separated by filtration and recrystallized from 
diethyl ether to yield 260 mg (55%) of 13. 

Thermolysis, Acidolysis, and Degradation in Air. A Schlenk 
type tube containing 44 mg (0.13 mmol) of 2 was connected 
to a vacuum line and evacuated. The tube was immersed in 
an oil bath and the temperature of the oil bath was raised to 
210 °G. After 2 h, evolution of 0.025 mmol (0.19/Ni) of CH4 

and 0.048 mmol (0.35/Ni) of C2H6 was observed. Ther-
molyses of other complexes were carried out in similar 
manners. 

A Schlenk type tube containing a diethyl ether (0.5 cm3) 
solution of 3 (30 mg, 0.080 mmol) was connected to a vacuum 
line and evacuated. Dry HCl (excess) was introduced to the 
vessel and the mixture was stirred for 1 d at room temperature 

to obtained 0.074 mmol of CH4 and 0.080 mmol of phthal-
imide. Acidolyses of other complexes were carried 
similarly. 

A Schlenk type tube (25 cm3) containing 4 (120 mg, 0.35 
mmol) was evacuated, and then dry air (1 atm) was 
introduced. After 11 h a brown powder (120 mg) was 
obtained with evolution of 0.14 mmol of C2H4. IR spectrum 
of the brown powder showed strong v(O-H) and v(C=0) bands 
at 3400 and 1590 cm -1 , respectively. Elemental analysis of 
the brown powder roughly agrees with a composition of Ni-
(OOH)-(succinimido)(bpy) (Found: C, 46.7; H, 3.9; N, 
11.2%. Calcd: C, 48.6; H, 3.8; N, 12.1%). A reaction 
of 4 with dry air in diethyl ether and those of 5 in solid and in 
solution afforded similar results. 

Reactions with Organic Halides. Benzyl bromide (0.063 
cm3, 0.53 mmol) was added to a iV,iV-dimethylacetamide 
solution of 3 (79 mg, 0.21 mmol). Stirring the solution at 
100 °C for 1 h gave a green precipitate with formation of N-
benzylphthalimide (0.17 mmol, 83%/Ni). Reactions of the 
Ni-phthalimido complexes with benzyl bromide or bro-
mobenzene were carried out similarly under conditions listed 
in Table 4. 

Benzoyl chloride (0.059 cm3. 0.51 mmol) was added to a THF 
(0.5 cm3) solution of 7 (46 mg, 0.10 mmol). Stirring the 
solution for 12 h at room temperature produced 0.071 mmol 
of acetophenone, 0.031 mmol of benzene, and 0.008 mmol of 
of biphenyl. 

Reactions with Unsaturated Compounds. Acrylonitrile 
(3.3 g) was added to a vessel containing 2 (33 mg) by trap-
to-trap distillation in a vacuum. Almost all of acrylonitrile 
was polymerized on standing the mixture for 40 min at room 
temperature. After 2 h the polymer was dissolved in N,N-
dimethylformamide and precipitated by pouring the solution 
into HCl-methyl alcohol to yield 2.5 g (74%) of polyacrylo-
nitrile. Other polymerizations were carried out similarly. 

Acetylene (500 cm3, 1 atm) was introduced into a vessel 
containing a THF (1 cm3) solution of 7 (24 mg, 0.052 mmol). 
Stirring the solution for 30 min at room temperature gave a 
black precipitate. After 2 d formation of benzene (0.72 mmol) 
was observed. 

Propionaldehyde (3.0 g, 51 mmol) was added to a vessel 
containing 2 (76 mg, 0.23 mmol). Stirring the solution for 
12 h at room temperature gave a viscous pale green solution, 
in which 0.65 g (6.6 mmol) of EtCH=C(CH3)CHO was 
contained as determined by GLC. 
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Oxidized Rubredoxin Models. Iron (III) Complexes of Z-Cys-
Ala-Ala-Cys-OMe and Z-Ala-Cys-OMe 

Norikazu UEYAMA, Michio NAKATA, and Akira NAKAMURA* 

Department of Macromolecular Science, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received November 29, 1980) 

Oxidized rubredoxin models using Fe(III) ion and cysteine-containing peptide as Z-Cys-Ala-Ala-Cys-OMe 
were synthesized in solution and characterized by the absorption, CD, MCD, and EPR spectra. The Fe(III)/Z-
Cys-Ala-Ala-Cys-OMe complex exhibits similar CD spectra as well as absorption, MCD, EPR spectra to native 
oxidized rubredoxin. Thus, the model complex has a similar electronic configuration and core structure to that 
of native protein. From the comparison with the result of Fe(III)/Z-Ala-Cys-OMe complex, the tetrapeptide 
complex probably has a relatively stable chelate structure with the hairpin turn conformation of the tetrapeptide. 

Iron-sulfur proteins play important roles in biological 
electron-transfer and oxygenation reactions.1,2) These 
proteins have two major classes. One is a rubredoxin 
type, [Fe(SR) 4 ]" ' 2 - (SR denotes cysteine thiolate), 
which has one or two independent active sites per 
molecule. Its active site is constructed by one iron atom 
with four cysteine thiolate groups but without inorganic 
sulfide. The X-ray crystallographic studies on oxidized 
rubredoxin from Clostridium pasteurianum revealed that 
the iron atom is coordinated by the four cysteine 
thiolates with distorted tetrahedral geometry.3) T h e 
other is ferredoxin type, which has also one or two active 
sites per molecule. Each active site consists of two or 
four iron atoms with the same number of inorganic 
sulfide (S2-) to form [Fe 2 S* a (SR) 4 ]" - (n=2 or 3) or 
[Fe 4 S* 4 (SR)J* - ( / i= l , 2, or 3) cluster, respectively (S* 
denotes inorganic sulfide), and each cluster is coor­
dinated by four cysteine thiolates. Very recently the 
existence of new type ferredoxin, [3Fe3S*], was sug­
gested.4) 

It is interesting that amino acid sequence, - C y s - A - B -
Cys-, exists at the metal binding site of many iron-sulfur 
proteins. In such cases, it is supposed that conforma­
tional restriction due to the steric effects caused by side 
chains of the two amino acid residues, A and B, inter­
posed between the two cysteine residues may contribute 
to the stabilities of chelate rings, the determination 
of the geometries around the metal ion, and the revela­
tion of the enzymatic activities. Although many model 
studies for iron-sulfur proteins have been reported,5 - 1 0) 
the roles of the protein or chelating units as ligands in 
controlling metal ion activities still remain ambiguous. 
I t is presumed that the model studies by the use of 
peptide complexes possessing partial amino acid 
sequences of native metalloenzymes give significant 
informations about the roles of proteins. The prepara­
tion of cysteine-containing peptide-iron complexes so 
far investigated,6 '8 '10) however, has employed sequencial 
oligopeptides such as {Gly-Cys-Gly)M which possess 
no sterical restriction by the side chains of two amino 
acids interposed between two terminal cysteine residues. 
For example, Rydon et Ö/.8) reported the rubredoxin-like 
complex formation between Fe (III) and Ac<Gly-Cys-
Gly>„NH2 («=1—4) but these complexes were very 
unstable to result in the oxidation of thiols by Fe (III) 
ion under strictly unaerobic conditions whereas native 
rubredoxin is stable under such conditions. Denatured 
rubredoxin11»12) in 80 or 90% aqueous dimethyl sulfoxide 

(DMSO) exhibits a similar absorption spectra to that 
of native protein and it is stable under unaerobic condi­
tions. These informations indicate that the stability of 
[Fe(SR) 4 ] _ chromophore is dependent on the amino 
acid sequence of the active site as well as the whole 
protein environment. In native rubredoxin,1) two well-
separated tetrapeptide units at the binding site, Cys(6)-
Thr-Val -Cys(9) and Cys(39)-Pro-Leu-Cys(42) for C. 
pasteurianum rubredoxin, should take specific conforma­
tions by interactions of side chains of the two amino 
acid residues interposed between two terminal cysteine 
residues, of course with the aid of the other peptide 
sequence, to form a stable chelate complex and to 
prevent the oxidation of thiols by Fe( I I I ) ion. In view 
of importance of identity of amino acid residues in 
native metalloenzymes, these simple models such as 
Rydon's models are not sufficient in discussion of the 
role of amino acids in the structures and functions of 
iron-sulfur proteins. Thus we took the tetrapeptide such 
as Z -Cys -Ala -Ala -Cys -OMe in order to establish basic 
informations about the points mentioned above. 

In this report, we describe the formation of [Fe(SR)4]~ 
moiety with cysteine-containing peptides. In particular, 
spectroscopic properties of Fe ( I I I ) /Z -Cys -Ala -Ala -
Cys -OMe complex are discussed on the basis of its 
relevance to rubredoxin. 

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

Peptide Syntheses. The syntheses of peptides were 
carried out by mixed anhydride method using isobutyl chloro-
formate as a coupling reagent by stepwise elongation from 
C-terminus and cysteine thiolate group was protected 
by acetamidomethyl group. The detail will be reported 
separately. The SH-free peptides, Z-Ala-Cys-OMe and 
Z-Cys-Ala-Ala-Cys-OMe, were prepared by the reaction 
of the corresponding S-blocked peptides with Hg(II) and H2S. 

Complex Formation. All operations were carried out 
under argon atmosphere. Dimethyl sulfoxide and triethyl-
amine were degassed and distilled before use. Iron(III) 
chloride hexahydrate was of commercial grade. 

The metal salt and 4 molar equivalents of SH-groups based 
on the cysteine contents of cysteine-containing peptide were 
dissolved in DMSO. The addition of an equimolar amount 
of triethylamine for one SH-group to the solution gave a 
deep red-violet solution. The color faded gradually in the 
absence of air, especially for Fe(III)/Z-Ala-Cys-OMe 
complex. 
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Physical Measurements. Absorption and circular dichro-
ism (CD) spectra were measured on a JASGO UVIDEG-5A 
and a JASGO J-40 spectrometer, respectively. Magnetic 
circular dichroism (MGD) spectra were measured on a JASCO 
J-20 spectrometer equipped with an electromagnet in field 
strength of 1.5 T and corrected for the zero-field circular 
dichroism. Electron paramagnetic resonance (EPR) spectra 
were recorded on a JEOL JESFE IX with 100 kHz magnetic 
field modulation using Mn(II) as ^-marker (g= 1.981). 
Absorption, CD, and MGD spectra were recorded at room 
temperature whereas EPR spectra at 77 K. The values of 
e, Ae, and AeM were based on the molar concentration of 
Fe(III). 

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

Addition of triethylamine to a D M S O solution of 
cysteine-containing peptide and iron (III) chloride gave 
a deep red-violet solution. The resulting Fe (III) 
complex of cysteine-containing peptide were charac­
terized with absorption, CD, M C D , and E P R spectra 
in solution. Figures 1 and 2 show the absorption and 
CD spectra of Fe (III) /pept ide complex, respectively, 
together with those of native oxidized rubredoxin 
from C. pasteurianum13 ^ for comparison. The CD 
spectrum of native rubredoxin14) was converted from 
wave-number-linear scale in the original paper to 
wavelength-linear scale and was reproduced in Fig. 2. 
The CD spectra of other rubredoxins from different 
organisms show similar spectral pat tern to C. 
pasteurianum rubredoxin.15) 

The Fe(III) /Cys-containing peptide complexes 
showed absorption maxima at 355 and 495 nm, which 
are typical for the oxidized rubredoxin. These spectral 

500 600 
WAVELENGTH/nm 

Fig. 1. Absorption spectra of Fe(III)/Cys-containing 
peptide complexes. 

: Fe(III)/Z-Cys-Ala-Ala-Cys-OMe complex in 
DMSO, : Fe(III)/Z-Ala-Cys-OMe complex in 
DMSO, -•-•-: oxidized rubredoxin (C.pasterurianum) in 
Tris buffer. The spectrum of the native protein (W. 
A. Lovenberg and B. E. Sobel, Proc. Natl. Acad. Sei. 
U.S.A., 54, 193 (1965)) was inserted together with our 
spectra for comparison. 

500 600 
WAVELENGTH/nm 

Fig. 2. CD spectra of Fe(III)/Cys-containing peptide 
complexes. 

: Fe(III)/Z-Cys-Ala-Ala-Cys-OMe complex in 
DMSO, : Fe(III)/Z-Ala-Cys-OMe complex in 
DMSO, .-oxidized rubredoxin (C.pasteurianum) in 
Tris buffer. The spectrum of the native protein (W. A. 
Eaton and W. Lovenberg, "Iron-Sulfur Proteins," ed 
by W. Lovenberg, Academic Press, New York and 
London (1973), Vol. II) was converted to wavelength-
linear scale and was inserted together with our spectra 
for comparison. 

patterns disappeared gradually due to the oxidation 
of thiols by the Fe (III) ion. Rydon et al.8) reported that 
the rubredoxin-like spectra of Fe(I I I ) /Ac{Gly-Cys-
Gly>MNH2 (T2=1—4) complex disappeared rapidly and 
after 5 min no typical spectra were observed in visible 
region under strictly unaerobic conditions. In our 
study, F e ( I I I ) / Z - A l a - C y s - O M e complex was more 
unstable toward the autoxidation of thiols than Fe (HI ) / 
Z -Cys -Ala -Ala -Cys -OMe. The half-life times of 
absorbance at 495 nm of Fe (III) /peptide complexes were 
about 22 and 10 min for the Z-Cys-Ala-Ala-Cys-
O M e complex and the Z-Ala -Cys -OMe complex, 
respectively. 

The E P R spectra at 77 K showed signals at g = 4 . 0 
and 4.2 for Fe ( I I I ) /Z -Cys -Ala -Ala -Cys -OMe complex 
and F e ( I I I ) / Z - A l a - C y s - O M e complex, respectively, 
whereas oxidized rubredoxin at g=4.3.1> It is clear 
that these peptide complexes have high-spin d5 Fe (III) 
structure under an approximately tetrahedral environ­
ment surrounded by four cysteine thiolates identical 
with the core structure of the active site of oxidized 
rubredoxin. 

The M C D spectra also supported the conclusion but 
there was a little difference between dipeptide and 
tetrapeptide complex. The M C D spectrum of oxidized 
rubredoxin in the visible region has two dispersion 
type bands with crossover points at 382 and 495 nm, and 
a positive and negative bell-shaped bands at 565 and 
357 nm, respectively.14) Both dispersion type bands were 
assigned to the Faraday A terms, while the bell-shaped 
bands were assigned to the Faraday B terms.14) 
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Hatano et a/.9) investigated the M C D spectra of 
Fe(II I ) complexes of various simple dithiols such as 
1,2-ethanedithiol, 1,4-butanedithiol, 1,6-hexanedithiol, 
and o-xylene-a,a'-dithiol. They reported that Fe ( I I I ) / 
1,6-hexanedithiol complex has very similar M C D 
spectral pattern to that of oxidized rubredoxin and, 
consequently, a similar core structure, whereas Fe ( I I I ) / 
1,2-ethanedithiol complex has very different spectral 
pattern from that of oxidized rubredoxin. The complex 
of 1,2-ethanedithiol was reported to exhibit no dispersion 
type band at around 490 nm but a positive bell-shaped 
band at 590 nm ascribed to the Faraday B terms, and 
this indicates that this complex had a binuclear form, 
[Fe(SCH2GH2S)2]2

2~, with five sulfur atoms coordinated 
to each Fe (III) ion, and its geometry was distorted 
trigonal bipyramidal around the high-spin Fe (III) ion 
with coupling interaction between iron atoms confirmed 
with X-ray crystallographic study.16) 

400 500 600 
WAVELENGTH/nm 

700 

Fig. 3. MCD spectra of Fe(III)/Cys-containing peptide 
complexes. 

: Fe(III)/Z-Cys-Ala-Ala-Cys-OMe complex in 
DMSO, : Fe(III)/Z-Ala-Cys-OMe complex in 
DMSO. 

Figure 3 shows the M C D spectra of the Fe ( I I I ) / 
peptide complexes. T h e M C D spectra of the di- and the 
tetrapeptide complexes in 400—700 nm region have 
similar spectral pattern. T h e dispersion type bands with 
crossover points at around 380 and 490 nm were 
assigned to the Faraday A terms and the positive bell-
shaped band at around 540 nm to the Faraday B term 
tentatively. In the shorter wavelength below 400 nm, 
however, the complex of Fe ( I I I ) /Z -Cys -Ala -Ala -Cys -
O M e had a negative bell-shaped band at 355 nm which 
was assignable to the Faraday B term. Similar M C D 
was observed for oxidized rubredoxin. O n the other 
hand, F e ( I I I ) / Z - A l a - C y s - O M e had a positive M C D 
band. Such difference has also been reported between 
Fe(III)/1,6-hexanedithiol and Fe(III) / l ,4-butanedi thiol 
or o-xylene-a,a'-dithiol complexes by Hatano et Ö/.9) 
They suggested that the M C D spectra of the dithiol 

Fe ( I I I ) complexes at around 350 nm reflect the chelate 
ring size. 

In our case, the potential difference between Z - C y s -
Ala -Ala -Cys -OMe and Z - A l a - C y s - O M e , affects the 
geometry of [FeS4] core (S denotes cysteinyl sulfur 
a tom). T h e fact that Z -Cys -Ala -Ala -Cys -OMe can 
coordinate to Fe (III) ion as a chelating dithiolate 
ligand should be considered. The Fe(I I I ) /pept ide 
complexes have monomeric [FeS4] core structure as 
inferred from the M C D measurements and the core 
structure of Fe ( I I I ) /Z -Cys -Ala -Ala -Cys -OMe complex 
thus resembles to that of oxidized rubredoxin more 
closely than F e ( I I I ) / Z - A l a - C y s - O M e complex. 

Although the absorption, M C D , and E P R spectra 
of Fe(II I ) /pept ide complexes did not show so large 
differences between the dipeptide and the tetrapeptide 
complexes, the CD spectra exhibited very different 
spectral pat tern between them (Fig. 2). The CD 
spectrum of Fe ( I I I ) /Z -Cys -Ala -Ala -Cys -OMe complex 
was very similar to that of oxidized rubredoxin in 
visible region while the intensity was ca. 1/10. For 
oxidized rubredoxin the transitions at 565 and 494 nm 
have been assigned by M O treatments to the charge 
transfer transitions from occupied ligand 7r-orbitals to 
Fe d-orbitals.17) T h e similarity in the CD spectra 
between oxidized rubredoxin and Fe ( I I I ) /Z -Cys -Ala -
Ala -Cys -OMe complex in these transitions suggests that 
not only geometry of the [FeS4] core but also the major 
parts of the orientations of Fe-S-C^ (Cß denotes 
cysteine ß carbon) groups resembles each other. The 
differences in the CD patterns and the CD strength 
between F e ( I I I ) / Z - C y s - A l a - A l a - C y s - O M e and Fe-
( I I I ) / Z - A l a - C y s - O M e complexes suggest that the 
[FeS4] core is formed for the dipeptide complex similar 
to the tetrapeptide complex but the orientations of the 
Fe-S-C^ groups largely differ from the tetrapeptide 
complex because the CD spectra are generally very 
sensitive to both the identity of asymmetric ligands and 
their orientations relative to the metal. 

Bair et a/.18) studied the electronic properties of the 
active site of rubredoxin by ab initio methods. They used 
[Fe (SH) 4 ] _ / 2 _ as a model complex for the rubredoxin 
active site and examined several different sets of S - F e - S -
H dihedral angles. They found that energy separation 
of the d-d transitions is sensitive to the dihedral angle 
of the S-H bonds, and that the orientations of the S 
lone pairs pointing toward Fe ion, which are strongly 
influenced by the positions of the S-H bonds, directly 
affect the splitting energies of the Fe d-orbitals and thus 
play important roles in determining the redox properties 
of the Fe site. So it is expected that the tetrapeptide 
complex has different redox properties and also catalytic 
activities from the dipeptide complex. 

We have studied P d ( I I ) / Z - C y s - A l a - A l a - C y s - O M e 
complex and revealed that the tetrapeptide coordinates 
to Pd(I I ) at two cysteine thiolate groups as a cw-chelate 
ligand from the conformational analyses of the peptide 
using 1 H - N M R spectra.10) Othe r related di-cysteine 
peptides that we have also examined, Z -Cys -Ala -Cys -
O M e , Z - C y s - V a l - V a l - C y s - O M e , and Z -Cys -Gly -
P ro -Cys -OMe, were not able to take such stable 
chelate structure. These results allow us to conclude 
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that the tetrapeptide, Z -Cys -Ala -Ala -Cys -OMe, 
prefers a folded structure like a hairpin turn to form a 
stable SjiS-aj-chelate Pd(I I ) structure which has rigid 
square planar geometry. Stability of such chelate 
structures should be influenced by the identity and 
sequence of amino acids intervening the two terminal 
cysteine residues. It is reasonable to think that the 
conformational restriction toward chelate ligand caused 
by tetrahedral metal ion as Fe (III) is looser than by 
square planar metal ion as Pd ( I I ) . Thus , a macro ring 
chelate structure probably exists for F e ( I I I ) / Z - C y s -
Ala -Ala -Cys -OMe system although direct evidences 
such as X-ray structure are lacking. 

In conclusion, the C D spectrum as well as the absorp­
tion, M C D , and E P R spectra of F e ( I I I ) / Z - C y s - A l a -
A la -Cys -OMe complex is similar to those of oxidized 
rubredoxin. The tetrapeptide complex has the 
mononuclear [Fe(S-C/})4]~ structure similar to the 
rubredoxin active site and probably has the chelate 
structure although the amino acid sequence is différent 
from the native protein except for two terminal cysteines. 
The tetrapeptide complex was more stable than the 
dipeptide complex. This is interesting in connection 
with the fact that mononuclear Fe (III) complex with 
monodentate thiolate ligand such as benzenethiolate 
anion has not been isolated whereas corresponding 
bidentate chelate complex, [Fe(ö-xylene-a,a'-di-
th io la te ) 2 ] - , is isolated.7) Conceivably, Z -Cys -Ala -
A l a - C y s - O M e chelated to Fe (III) ion takes a relatively 
stable conformation by the interaction between side 
chains of the alanyl residues to resist the oxidation of 
thiols. I t is presumed that a tetrapeptide unit such as 
Cys-Gly-Gly-Cys lacking such interaction takes more 
flexible conformation and consequently the stability of 
the complex will decrease even if a chelate structure 
exists. 

The roles of amino acid residues intervening the two 
terminal cysteine residues on the geometry and stability 
of active site of native enzyme is now being investigated 
using oligopeptides having the same sequence as the 
native enzyme active site. 

The authors wish to express their thanks to Assistant 
Professor Mikiharu Kamach i of Osaka University for 
measuring the E P R spectra and Professor Yoichi 
Shimura, Osaka University, for his kindly offering the 
M C D equipment. 
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Copper (II) acetate reacts with pyridine and quinoline bases in dioxane giving rise to adduct compounds, 
which were characterized by UV and EPR techniques. The reaction is formulated as follows: 

Kn 
Cu2(OAc)4+L ^ = ± Gu2(OAc)4L, 

where L denotes a free base and K21 is an adduct formation constant. Values of KiX range from 12 for quinoline 
or 2-picoline to 146 mol - 1 dm - 3 for 4-ethylpyridine. A linear free energy relationship is observed between the 
adduct formation and the protonation of bases in water except for sterically crowded bases. 

Considerable interest has been shown in synthesis 
and physical properties of copper (I I) carboxylates and 
of their adduct compounds with Lewis bases.1-3) 
Usually copper (I I) carboxylates and their adducts with 
pyridine bases have absorption maxima at about 370 
nm, and the effective magnetic moments of these 
compounds are less than the spin-only value at room 
temperature. This has been taken as an indication of 
a dimeric structure, which is well established by X-ray 
diffraction studies for copper (I I) acetate monohydrate4) 
and its pyridine adducts in a solid state.5) 

Copper(II) carboxylate retains the dimeric structure 
also in solvents with weak solvating power and low 
dielectric constant, such as ethanol,6»7) dioxane,7»8) 
acetic acid,9) benzene,8»10) and chloroform.10) O n the 
other hand it dissociates into monomers in strongly 
solvating solvents such as water and pyridine. T h e latter 
solvent, having strong coordinating ability, breaks the 
dimeric structure despite a rather low dielectric constant 
(6=12) . At any rate dielectric properties may play 
an important role in the dissociation of the dimer.11) 
Few quantitative investigations have, however, been 
carried out on reactions of these compounds in solu­
tion,10-12) as compared with a number of works on 
their physical properties in a solid state.1-3) 

In this paper we report the reaction of copper (I I) 
acetate with pyridine and quinoline bases in dioxane 
(6=2.2) . 

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

Reagents. Dioxane: Anhydrous tin(II) chloride was 
added to dioxane (G. R., Wako Pure Chemical Ind. Ltd.) to 
remove peroxides and the solution was distilled after refluxing 
for about 10 h. The distillate was then refluxed over sodium 
for about 10 h, followed by distillation. The water content of 
the dioxane thus purified was found to be 3.2 X 10 -3 to 2.1 X 
10-2 Mtt by the Karl-Fischer method. 

Copper(II) Acetate Solution in Dioxane: G. R. anhydrous 
copper(II) acetate (Wako Pure Chemical Ind. Ltd.) was 
washed with dioxane several times before use. The solution 
was standardized compleximetrically with 4-(2-thiazolylazo)-
resorcinol as an indicator.13) 

Pyridine and Quinoline Bases: All bases were distilled under 

t Present address : Nalco-Hakuto Chemical Co. Central 
Research Laboratory, Betsumei, Yokkaichi 510. 

ft Throughout this paper: 1 M = 1 mol dm - 3 . 

atmospheric or reduced pressure over sodium or potassium 
hydroxide. 

Measurements. All measurements were made at 2 5 ^ 1 
°C unless otherwise noted. 

Absorbance was measured on a Union Giken spectropho­
tometer Model SM-401 (absorption curve) or on a Carl Zeiss 
spectrophotometer Model P M Q I I (at 650 nm). 

Electron paramagnetic resonance spectra were obtained with 
a JEOL ES-SCXA X-band spectrometer. 

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

An apparent molar extinction coefficient remained 
constant at 650 nm for a solution containing copper(II) 
acetate alone over the concentration range from 3.7 x 
10 - 4 to 4 . 6 x l O - 3 M ( e 0 = 2 2 0 ± 5 M - 1 c m - 1 t t t ) . This 
indicates retention of the dimeric structure. Absorption 
spectra are shown in Fig. 1 for a copper (I I) ace ta te-
pyridine system, and similar ones are observed for the 
other bases employed. Addition of a base gives rise to a 
considerable change in absorption in the visible region, 
in contrast to virtual invariance of the shoulder dis­
cernible at about 370 nm. Since all the bases used in 
the present study do not absorb in these regions, this 
spectral behavior may be accounted for by coordination 
of the base to an apical position of a copper(II) dimer 
without dissociation into monomers.10) 

This argument is substantiated by the fact that the 
red shift of the band I in solution corresponds well to 
that in a solid state on addition of pyridine,8) which is 
summarized in Table 1. 

Presence of isosbestic points in Fig. 1 suggests only 

TABLE 1. ABSORPTION MAXIMA OF PYRIDINE ADDUCTS 

speciesa) 

Cu2(OAc)4 

Cu2(OAc)4L 
Cu2(OAc)4L 
Cu2(OAc)4 

Cu2(OAc)4 

Cu2(OAc)4L 

Band Ib) 

682 
718 
680 
662 
665 
708 

Band IIb ) 

370 
370 
370 
373 
370 
375 

State 

Solidc) 

Solidc) 

Solide 
In dioxane 
In dioxane 
In dioxane 

Ref. 
_ d T 

d) 
0 
d) 
g) 
d) 

a) L represents pyridine, b) The wavelength expressed 
in nm. c) Nujol mull, d) The present work, e) Reflec­
tance spectra, f ) 8b. g) 8a. 

ttt Extinction coefficients and molarities are both based on 
formula weights. 
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0.16 

0.08 

I Y^^~~^^^ 

i 
AA = 0.1 

— i 

\ 

q 

350 450 550 600 A/nm 700 800 
Fig. 1. Absorption spectra of the solutions of copper (II) acetate and pyridine. 

CC u=1.993x 10-3 M. CL /CC u=(l) 0, (2) 0.614, (3) 2.47, (4) 6.16, (5) 8.65, (6) 10.5, (7) 14.8, (8) 24.7. 
The figure at right is diminished in scale on the abscissa by a factor of 2.5. 

one chemical equilibrium between a base and the 
dimeric acetate. Therefore the main reaction may be 
formulated as follows: 

K*n 

Cu2(OAc)4 + nL ; = ± Cu2(OAc)4Ln, (1) 
where L denotes a free base and K2n is the constant 
for the equilibrium (1). Unless the base concentration 
is considerably high, a 1 : 1 complex will predominate 
(n=\). Let D and D L stand for Cu 2 (OAc) 4 and 
Cu 2 (OAc) 4L respectively, then consideration of stoichio­
metric relations gives the following expressions : 

A = 2e0[D] + 2e21[DL] (2) 

A0 = e0CCvi (3) 

CCu = 2[D] + 2[DL] (4) 

CL = [L] + [DL], (5) 

where A and A0 are the absorbances at 650 nm in the 
presence and in the absence of a base, e0 and e2i t n e 

molar extinction coefficients of D and DL. CCu and CL 

represent the total concentrations of copper and a base, 
respectively. 

Combination of these equations leads to : 

QJU^L _ 1 j Q i fit A—A0 

A-
•^cufi _ 1 \ Q i fi* A — A0 I 
i-A0 e21-e0l

 L _ r 2 2(e21-e0) J 

+ "^2l(e21 e0J 
(6) 

Plots of the left-hand side against [Ch+CMI2 — (A-A0)l 
2(e21—e0)] yielded a family of straight lines as was 
expected, with e21 roughly chosen. A better extinction 
coefficient e21 and an adduct formation constant K2l 

were obtained from the gradient and the intercept of 
the straight line (Fig. 2). 

Formation of the I : 1 adduct D L was confirmed in a 
more general fashion. 

An apparent molar extinction coefficient may be 
expressed in the following way : 

_ A _ e0+e2nK2n[Lr 
C M l + *2n[L]« 

Transformation of Eq. 7 gives 

(7) 

log (e0—e) = log (e0—e2n) + !<>g f -
*2n[L]n 

l + K2n[LY)' ( 8 ) 

A plot of log (e0—e) against log [L] may be compared 

Fig. 2. Linear plot for change in absorbance at 650 nm. 
y=CCnCJ(A-A0), x=CÎJ+CJ2-(A-A0)/2(e21-eQ). 
See Eq. 6. 
O : 4-Ethylpyridine, CCu = 2.447X 10"3 M, Q : 3-ethyl-
pyridine, CC u=2.148x 10~3 M. 

IUT 

o 

i-U 

1.5 

1.0 
X i 

n=2 

_ J 1 

rCO-^n=1 

LJ 
-3.0 -1.5 -2.5 -2.0 

logCLD 

Fig. 3. Curve-fitting of change in absorbance at 650 nm 
for 4-ethylpyridine (Eq. 9). 
[L] was refined with the computer and CC u=2.447x 
lO-3 M. 

with a family of normalized curves with different 
parameter n, that i s j ;= log [pnl(l+pn)] as a function of 
x=\ogp. As is evident from Fig. 3, the best fit curve is 
obtained when n=l, and the values of e21 and K21 were 
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TABLE 2. ADDUCT FORMATION CONSTANTS 

Base 

Pyridine 
2-Picoline 
3-Picoline 
4-Picoline 
2,4-Lutidine 
3,5-Lutidine 
3,4-Lutidine 
2,6-Lutidine 
3-Ethylpyridine 
4-Ethylpyridine 
Collidine 
Quinoline 
Isoquinoline 

KJM-i 

83±9 
12±6 
98±21 

114±13 
25±6 

132±9 
137±22 

0 
97±13 

146 ± 6 

f) 
12±1 
73±1 

eax/M^cm-165 

136±5 
116±3 
131±4 
138±4 
126±4 
129±4 
127±3 

139±5 
134±4 

144±3 
135±4 

P*a 

5.19a> 
5.95a> 
5.66a) 

6.00a> 
6.74a> 
6.09a> 
6.47a> 
6.71a> 
5.70b) 

6.02M 

7.59c) 

4.93d> 
5.46d) 

Protonation constants p/Ca refer to 25 °C and /*=0 
M unless otherwise noted. 
a) H.-H. Perkampus and G. Prescher, Ber. Bunsen-
j>es. Phys. Chem., 72, 429(1968). b) H.C. Brown and 
X. R. Mihm, J, Am. Chem. Soc., 77, 1723 (1955). c) 
H. C. Brown, D. Gintis, and H. Podall, J. Am. Chem. 
Soc, 78, 5375 (1956). d) A. Albert and J. N. 
Phillips, J. Chem. Soc, 1956, 1294. e) At 650 nm. 
f ) Too small to evaluate. 

determined by the curve-fitting method. 
These values were further refined by the least squares 

method with an electronic computer F A C O M 230-75 
at Computation Center of Nagoya University. The 
final results are summarized in Table 2. 

The experimental data were also treated by plotting 
graphically the spectral change at 650 nm as well as 
by refining with the computer, dissociation of the dimer 
being assumed as the main reaction. Then the predom­
inant reaction might be written as follows : 

Cu2(OAc)4 + 2nL ^=± 2Cu(OAc)2L„. (9) 

' 2 102CL/M 3 * 

Fig. 4. Change in absorbance at 650 nm with the con­
centration of 3-ethylpyridine. 
a) C0tl=3.22lx 10-3 M. b) CCu = 2.148x 10~3 M. 
O refers to the experimental value. : Calculated 
curve assuming DL alone, : calculated curve 
assuming ML alone. It was drawn with tentative 
values of ^ = 78.8 M"1 and en= 156 M"1 cm-1 (see 
text). 

Cu(ox)7 

Cu^OAc^ 

Fig. 5. EPR spectra of dioxane solutions at room tem­
perature (about 20 °C). 
a) : Copper(II) 8-quinolinolate (CCu = 6.10x 10~5 M), 
b): C p y = 0 M , c): Cpy =2.62 X 10"2 M, d) Cp y=2.472 

X 10-1 M. 
The concentration was 2 .39 2 x l0 _ 3 M in copper(II) 
acetate except for a). 

The assumption of a monomer formation alone results 
in a systematic deviation of the calculated curves from 
the experimental data for 3-ethylpyridine as shown in 
Fig. 4. T h e dotted lines are drawn with tentative values 
of K'n and £n14> that gave the best fit to the data on 
assuming only the Eq. 9. In the case of pyridine, 
however, the dissociation reaction also accounts for the 
spectral change satisfactorily when n=\. 

This finding prompted us to an electron paramagnetic 
resonance study. A solution containing copper(II) 
acetate alone did not exhibit any E P R spectra other 
than ones characteristic of the dimeric structure, while 
typical copper (I I) spectra began to appear on addition 
of pyridine at concentrations higher than those used 
in the U V study (Fig. 5). Analysis of spin concentration 
was carried out for a monomeric form by double 
integration of the spectra.15) Copper(II) 8-quinolinolate 
in dioxane was selected as a standard, since the shape 
of E P R spectra is similar to those of monomeric copper-
(II) acetate. Table 3 indicates that the monomeric 
concentration [ML] thus determined experimentally is 
much lower than the value of [ML] ' , which was tenta­
tively estimated with K'11 = \l.3 M'1 (cf. Eq. 9). 

Fig. 6. EPR spectra of copper(II) acetate monopyridine 
adduct in dioxane at 99.3 K. 
Cp y=2.472x 10-1 M and CCu = 2x 10~3 M. 
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TABLE 3. COMPARISON OF MONOMERIC AND DIMERIC SPECIES a ) 

[Vol. 54, No. 6 

No. 

1 
2 
3 
4 
5 
6 

10 CJM 

0.131 
0.262 
0.524 
0.786 
1.236 
2.472 

103[ML]'/Mb) 

1.05 
1.62 
2.09 
2.24 
2.33 
2.38 

104[ML]/M 

0.24 
0.35 
0.71 
1.00 
1.13 
1.69 

103[DL]/M 

0.609 
0,811 
0.969 
1.035 
1.089 
1.140 

[L]/M 

0.0125 
0.0254 
0.0514 
0.0775 
0.1225 
0.2461 

log (tfu/M-i) 

- 2 . 2 0 
- 2 . 3 1 
- 2 . 0 8 
- 1 . 9 9 
- 2 . 1 0 
- 2 . 0 7 

a) L, ML, and DL denote pyridine, Cu(OAc)2L, and Gu2 (OAc)4L, respectively. The concentration of copper-
(II) acetate was maintained at 2 .392x 10~3 M. b) [ML]' was calculated using a tentative value of K22

 = 

11.3 M-1 (see text). 

Fig. 7. Linear free energy relationship between the 
addition of bases to dimeric copper acetate and the 
protonation of bases. 
1): Quinoline, 2): 2-picoline, 3): 2,4-lutidine, 4): iso-
quinoline, 5) : pyridine, 6) : 3-picoline, 7) : 3-ethyl-
pyridine, 8): 4-picoline, 9): 3,5-lutidine, 10): 4-ethyl-
pyridine, 11): 3,4-lutidine. 

In brief, monomeric species appear appreciably only 
when a base concentration becomes much higher. The 
last column in Table 3 shows experimental quotients 
7C11 = [ML] 2 / [D][L] 2 , which are roughly constant (log 
K11=-2.\±0A). 

T h e E P R spectra at room temperature (about 20 °C) 
gave merely an average value of g, which was deter­

mined as g=2 .142 from Fig. 5. Therefore spectra were 
also measured at 99.3 K for a dioxane solution, and 
£X = 2.063 and £// = 2.309 were obtained (Fig. 6). These 
values give £ = 2 . 1 4 8 in a fair accord with the above 
value found at room temperature, and are compared 
with the values £x = 2.065, £y = 2.070, and £ z =2.362 for 
the crystal of Cu2(OAc)4Py2.16> Distortion from the O h 

symmetry with an elongation along the z axis is expected 
in the monomeric Cu(OAc)2Py, because g//]>g±]>2.17) 

For most bases the formation constant of the 1 : 1 
adduct log K21 increases linearly with pKa of a base as 
illustrated in Fig. 7. Among the pyridine bases ex­
amined, however, 2-picoline and 2,4-lutidine have 
abnormally low formation constants, possibly because 
of the steric hindrance of 2-methyl group. More 
crowded 2,6-lutidine and collidine hardly react with 
copper (I I) acetate. The steric effect of an adjacent 
benzene ring is also observed with quinoline. 

Similar relations are also observed in other systems, 
such as copper(II)-/?-diketone,18_20> oxovanadium(IV)-
ß-diketone,21) and 2,3-butanedionebis(benzoylhydra-
zonato) nickel (II)22) complexes with pyridine or quin­
oline bases. A linear free energy relationship is also 
found between the adduct formation constant for 
copper (I I) acetate (log K21) and that for bis(acetyl-
acetonato)oxovanadium(IV) (log Kx) with pyridine or 
quinoline bases. Linearity holds, however, for all bases 
including the sterically crowded ones, as shown in Fig. 8. 

Contrary to exclusive formation of a 1 : 2 adduct 
DL 2 in a solid state, a 1 : 1 species D L predominates in 

2-0 

10 

1 

^d 

3 ^^^ 

—« 1 i L. 

9 | 

<°A 

10 20 30 
logKx 

Fig. 8. Linear free energy relationship for the addition reactions of bases. 
K21 refers to dimeric copper(II) acetate and Kx to bis(acetylacetonato)oxovanadium(IV). 
1): 2-Picoline, 2): quinoline, 3): 2,4-lutidine, 4) : isoquinoline, 5): pyridine, 6): 3-picoline, 7): 4-picoline, 8) : 3,5-
lutidine, 9): 4-ethylpyridine. 
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dioxane. This is rather unusual when compared with 
the reactions in other solvents. In anhydrous acetic 
acid, for example, copper acetate dissociates into 
monomer at early stage on addition of lithium acetate9) 
and pyridine,23) with rapid dissappearance of the 
shoulder at 370 nm. Extraction of copper (II) with an 
aliphatic long chain carboxylic acid also revealed 
existence of a monomer M L as well as a dimer D L in 
the presence of pyridine in benzene.12) 

Adduct formation may be interpreted in terms of 
substitution of a solvent molecule, bound to an apical 
site of the dimeric copper (I I ) , by a base which has 
stronger coordination power than dioxane. 

The authors are greatly indebted to Dr. W. Mori , 
Osaka University, for helpful discussions in interpreting 
the EPR data, and also to Mr . T . Seto, Nagoya Univer­
sity, for performing the EPR measurement. This 
research was financially supported by a Grant-in-Aid 
for Scientific Research No. 347029 from the Ministry 
of Education, Science and Culture ( Japan) . 
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Syntheses and Characterizations of /*-Dicarboxylato-bis[penta-
amminecobalt(III)] Complexes 

Hiroshi OGINO,* Keiichi TSUKAHARA,* Yoshiyuki MORIOKA, and Nobuyuki TANAKA 

Department of Chemistry, Faculty of Science, Tohoku University, Aoba, Aramaki, Sendai 980 
(Received December 22, 1980) 

Five new complexes, [(NH3)5Co(dicarboxylate)Co(NH3)5]X4 (dicarboxylate=oxalate, succinate, pimelate, 
fumarate, and maleate; X = C104

_ or Cl~), were synthesized by the reactions of [Go (hydrogen dicarboxylate)-
(NH3)5](C104)2 with [Co(NH3)5(H20)](C104)3 and characterized by chromatographic behavior and electronic 
and NMR techniques. When maleate was used as the dicarboxylate, the formation of [(NH3)5Go(fumarate)Co-
(NH3)5]

4+ as well as [(NH3)5Co(maleate)Co(NH3)5]4+ was observed. The IR and Raman spectra of [(NH3)5Co-
(oxalate)Co(NH3)5]4+ indicate that the symmetry of the oxalate ion in the complex may be approximated by D2h. 

The syntheses of a series of //-dicarboxylato-bis-
[pentaamminecobal t ( I I I ) ] complexes were reported by 
Duff,1) where malonic, glutaric, adipic, malic, phthalic, 
citraconic, and itaconic acids were used as the /*-
bridging ligands. However, the synthetic procedure of 
Duff is time consuming, that is, it takes a week or more. 
O u r at tempt to prepare /*-malonato-bis[pentaammine-
cobal t ( I I I ) ] complex using Duff's procedure failed. 
Furthermore, synthesis of the simplest complex of this 
series, [ ( N H 3 ) 5 C o ( 0 2 C C 0 2 ) C o ( N H 3 ) 5 ] X 4 , has not been 
reported. 

This paper reports the syntheses and characterizations 
of the bis[pentaamminecobal t ( III)] complexes contain­
ing //-oxalate, malonate, succinate, pimelate, fumarate, 
and maleate ligands.2) Some observations on the 
products of the reaction of [Co(Hdic)(NH3)5]2+ with 
[ C o ( N H 3 ) 5 ( H 2 0 ) ] 3 + are also described. 

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

Materials. The complexes [Co(NH3)5(H20)](C104)3 

and [Co(Hox)(NH3)5](G104)2 were prepared by the published 
methods.3»4) The other complexes containing Hdic, [Co-
(Hdic)(NH3)5](G104)2, were prepared by the published 
method with slight modifications:5»6) The H2dic (0.2 mol) was 
dissolved into 200 cm3 of water containing NaOH (0.2 mol). 
After the addition of [Go(NH3)5(H20)](G104)3 (0.02 mol), 
the temperature of the solution was kept at 70—75 °C for 
3 h, and then the solution was cooled, and diluted to 3 dm3 

with water. The solution was poured into an SP-Sephadex 
G-25 column (4.5 cm x 35 cm). The desired species was eluted 
out with a 0.1 M NaC104 solution of pH 2—3 adjusted with 
HC104 (1 M = 1 mol dm-3).7) Small amounts of [Co(NH3)5-

(H20)]3+ and [(NH3)5Co(dic)Co(NH3)5;r (y ie ld=2-3%) 
remained in the column. The eluate was evaporated to a small 
volume with a rotary evaporator whereupon red crystals 
of [Go(Hdic)(NH3)5](G104)2 were obtained; yield 80—90%. 

Syntheses of yi-Dicarboxylato-bis[pentaamminecobalt( HI)] Perchlo­
rates. The complex [Co(Hdic)(NH3)5](C104)2 (0.01 mol) 
was dissolved into 150 cm3 of water. The pH of the solution 
was adjusted to 4 with NaHG03 . To this solution was added 
0.01 mol of [Co(NH3)5(H20)](C104)3. The solution was kept 
at 70—75 °C for 2—3 h and then cooled to room tempera­
ture. After diluting the solution to 1.5 dm3 with water, the 
pH was adjusted to 3 with HG104. This was poured into 
the SP-Sephadex C-25 column. The adsorbed species were 
eluted with NaC104 solutions of pH 2—3 adjusted with HC104. 
Major species on the column were identified as [Co (Hdic)-
(NH3)5]2V) [Co(NH3)5(H20)]3+, and [(NH3)5Co(dic)Co-
(NH3)5]4f. Detailed product distribution will be given in 
Results and Discussion. The [(NH3)5Co(dic)Co(NH3)5]4+ 
was eluted with a 0.4 M NaC104 solution,9) after the species 
less charged than 4 + had been eluted out. The eluate was 
evaporated to a small volume with a rotary evaporator 
whereupon red crystals of the Perchlorate salt were obtained. 
The recrystallizations were made from water. The chloride 
salt of [(NH3)5Co(ox)Co(NH3)5]4+ was obtained when 0.4 M 
KCl solution was used in place of the 0.4 M NaC104 eluant. 

The analytical data for the complexes are given in Table 1. 
Apparatus. Electronic spectra of the complexes in 

aqueous solutions were recorded on a Union-Giken SM-401 
spectrophotometer. 1H-NMR spectra (in D 2 0 containing 
0.1 M D2S04 , with sodium 2,2-dimethyl-2-silapentane-5-
sulfonate as the internal standard) were obtained by the use 
of a Varian A 60 spectrometer and a JEOL MH-100 spectrom­
eter. 13G-NMR spectra were recorded on a Varian XL-200 
at a frequency of 50 MHz (D20 lock) in the proton noise 
decoupled mode. The solubility of the Perchlorate salts of 

TABLE 1. 

Compound 

ANALYTICAL DATA OF THE COMPLEXES 

Found(Calcd)(%) 

C H N 

[Go(Hpim)(NH3)5](G104)2 

[(NH3)5Co(ox)Co(NH3)5](G104)4 

[(NH3)5Co(ox)Co(NH3)5]Cl4 

[(NH3)5Co(malo)Co(NH3)5](C104)4.2H20 
[(NH3)5Co(suc)Co(NH3)5](C104)4 

[(NH3)5Co (fum) Co(NH3)5] (ClO4)40.5H2O 
[(NH3)5Co(male)Co(NH3)5](C104)4.2H20 
[(NH3)5Co(pim)Co(NH3)5](C104)4.3H20 

16.58(16.74) 
3.01(3.10) 
4.51(4.63) 
4.50(4.37) 
6.26(5.99) 
6.11(5.94) 
5.89(5.75) 
9.71(9.36) 

5.43(5.23) 
4.01(3.91) 
6.11(5.84) 
4.23(4.41) 
4.46(4.28) 
4.20(4.12) 
4.25(4.35) 
4.82(5.17) 

14.05(13.95) 
17.93(18.10) 
26.87(27.04) 
17.06(17.00) 
17.62(17.47) 
17.23(17.31) 
16.78(16.76) 
15.19(15.60) 

1" Present address : Department of Chemistry, Faculty of Science, Shimane University, Nishikawatsucho, Matsue 690. 
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TABLE 2. NUMERICAL DATA FOR THE ELECTRONIC SPECTRA OF THE COMPLEXES 

PREPARED IN THIS WORK AND RELATED COMPLEXES 

Compound Medium Amax/nm(e/M"1 cm"1)a) Ref. 

[(NH3)5Co(ox)Co (NH3)5](C104)4 H^Ö 505(156), 344sh(240), 274sh(4690), This work 
220sh(23700) 

[Co(Hox)(NH3)5](C104)2 p H < 2 . 5 505(73.0) 1 
P H 7 . 5 505(76.0) J 

[(NH3)5Co(malo)Co(NH3)5](C104)4.2H20 H 2 0 505(174), 352(135), 228(24900) This work 
[Co(Hmalo)(NH3)5](C104)2 0 .05MHClO 4 505(74.9), 350(58.2) 11 
[(NH3)5Co(suc)Co(NH3)5](C104)4 H 2 0 505(158), 353(120), 227(24400) This work 
[Co (Hsuc)(NH3)5](C104)2 0.05 M HC104 505(68.2), 355(54.8) 11 
[(NH3)5Co(fum)Co(NH3)5](ClO4)4.0.5H2O H 2 0 504(170), 351(142), 232(36700) This work 
[Co(Hfum)(NH3)5](C104)2 pH 1—10 502(75.3), 351(61.8) 12 
[(NH3)5Co(male)Co(NH3)5](C104)4.2H20 H 2 0 505(160), 353(131), 229(25800) This work 
[Co(Hmale)(NH3)5](C104)2 H 2 0 502.5(76.8), 351(66.5) 13 
[(NH3)5Co(pim)Co(NH3)5](C104)4.3H20 H 2 0 504(152), 353(122), 229(23600) 1 
[Co(Hpim)(NH3)5](C104)2 0.1 M HC104 505(76.3), 355(60.9) J W o r K 

a) sh=Shoulder. 

the //-dicarboxylato complexes into D 2 0 was found to be 
too low for the measurement of the NMR spectra. These 
complexes converted to the chloride salts with the aid of 
Dowex 1 X-4 resin in the chloride form, because the chlorides 
were found to be much more soluble than the Perchlorates. 
The IR spectra (KBr disks) were recorded on a Hitachi 
EPI-S2 spectrometer. Raman spectra of [(NH3)5Co(ox)Co-
(NH3)5](C104)4 were recorded on a JEOL JRS-400T spec­
trometer. The 488 nm line of an Ar-ion laser (150 and 250 
mW of power) was used as a light source. The spectra were 
measured in the solid state with KBr as a support. The 
rotating sample technique was employed to avoid decomposi­
tion. 

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

Formulation of the Complexes. The analytical 
results of the [(NH 3) 5Co(dic)Co(NH 3) 5]X 4 shown in 
Table 1 are compatible with the assigned formulation. 
The positions of the absorption maxima due to the d-d 
transitions are characteristic for the [CoN 5 0] chromo-
phores (Table 2) and the molar absorption coefficients 
( e /M - 1 cm - 1 ) are approximately 2 times larger than 
those of the corresponding [Co(Hdic)(NH3)5]2+ com­
plexes. The dimeric complex ions showed flow rates 
on a Sephadex column such that the ions must be the 
4 + charged species.14) 

The i H - N M R spectra of [(NH3)5Co(dic)Co(NH3)5]4+ 
showed only two N H 3 peaks at 2.90—2.94 ppm (6H) 
and 3.86—3.93 ppm (24H) (Table 3). This result also 
supports the //-dicarboxylato-bis [pentaamminecobalt-
( I I I ) ] formulation, because the two peaks can be 
assigned to trans-NH^ and m - N H 3 to the //-dicarboxylate 
ion, respectively, on the basis of the assignment reported 
for the spectra of [CoX(NH3)5]M+ complexes.15»16) The 
!H-NMR spectra of [Co(Hmale)(NH3)5]2+ and [Co-
(Hfum)(NH3)5]2+ showed AB splitting patterns due to 
the presence of CH=CH protons. Chemical shifts 
(coupling constants) were 6.10 and 6.43 ppm (JK-K = 
12.0 Hz) for the Hmale complex and 6.53 and 6.75 ppm 
C/H-H = 1 6 . 0 H Z ) for the Hfum complex. In the spectra 
of [(NH3)5Co(male)Co(NH3)5]4+ and [(NH3)5Co(fum)-
Co(NH3)6]4+, each complex showed a singlet signal for 

TABLE 3. NUMERICAL DATA FOR THE J H - N M R SPECTRA 

OF [(NH3)5Co(dic)Co(NH3)5]4+ COMPLEXES 

Chemical shift (5/ppm 
die / ~ > 

trans-NRs cis-NHz G - H n 

"ox̂  2.93 3.93 — 
malo 2.90 3.90 3.33(CH2) 
sue 2.90 3.86 2.46(CH2GH2) 
pirn 2.92 3.89 2 .19 ,2 .26 ,2 .34 

triplet (GH2COO) 
1.12—1.64 
multiplet (GH2GH2GH2) 

fum 2.94 3.92 6.45 (CH=CH) 
male 2.94 3.92 6.11 (CH=CH) 

TABLE 4. NUMERICAL DATA FOR THE 13C-NMR SPECTRA 

OF [(NH3)5Co(dic)Co(NH3)5]4+ COMPLEXES^ 

die ox malo sue pirn fum male 

0 2 G - 165.8 181.3 186.8 188.5 178.3 179.3 
0 2 C C - — 49.1 34.5 38.7 135.2 130.4 
0 2 C C C - — — — 25.8 — — 
02CCCC — — 29.0 — — 

a) Dioxane (5=67.4 ppm vs. tetramethylsilane) was 
used as the internal standard. Chemical shifts were 
referenced to tetramethyl silane, downfield shifts 
having positive values. 

the CH=CH protons which is compatible with the 
assigned formulation. 

As expected from the symmetric nature of the com­
plexes, the 1 3 C-NMR spectra showed only one signal 
for the //-ox complex, two signals for the //-malo, //-sue, 
//-fum, and //-male complexes, and four signals for the 
//-pirn complex (Table 4). 

Product Distribution of the Reaction of [Co(Hdic) (NHZ)^\-
(ClOJ2 with [Co(NHJ5(H20)](ClOJ3. Figure 1 
shows a chromatogram for the solution produced in the 
reaction between [Co(Hox)(NH3)5]2+ and [Co(NH 3) 5-
(H0O)]3+. The distribution of the species formed in the 
reaction of [Co(Hdic)(NH 3 ) 5 ] (C10 4 ) 2 with [Co(NH3)5-
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Fig. 1. Chromatogram for the solution produced in the 
reaction between [Go(Hox)(NH3)5](C104)2 and [Co-
(NH3)5(H20)](C104)3. The bands A, B, C, and D 
correspond to [Co(ox)(NH3)5]+, [Co(Hox)(NH3)6]2+, 
[Co(NH3)5(H20)P+, and [(NH3)5Co(ox)Co(NH3)5]*+, 
respectively. The preparative scale was one-fourth 
of that given in Experimental. Heating time of the 
mixture was 4 h. The chromatography was made 
with an SP-Sephadex C-25 column (02.6x40 cm). 
The pH of the eluant was asjusted to 3 with HCl. 
Absorbance was measured at 505 nm with a flow-cell 
of 0.5 cm optical length. 

( H 2 0 ) ] ( C 1 0 4 ) 3 was determined semi-quantitatively. 
The results are shown in Table 5. In the case of ox, 
malo, male, or pirn system, a small amount of a violet 
species was detected at the lowest band. T h e species 
could be eluted out very easily with a 0.1 M NaC10 4 

solution and hence the charge of the species was con­
sidered to be 1 + . For the ox and malo systems, the 
species were characterized as chelated complexes 

[Co(dic)(NH 3) 4]+ from a comparison of the electronic 
spectra with published data.17-18) 

In most systems, the amounts of [Co(Hdic)(NH3)6]2+ 
which remained unreacted were less than those of 
[Co(NH 3 ) 5 (H 2 0)] 3 + unreacted. This suggests the 
simultaneous occurrence of the dimerization reaction 
with [ C o ( N H 3 ) 5 ( H 2 0 ) ] 3 + and the aquation reaction 
of the [Co(Hdic)(NH3)5]2+. 

The 1 H - N M R spectra of the starting material penta-
amminemaleatocobalt(III) complex did not show a 
detectable amount of pentaamminefumaratocobalt(III) 
complex « 2 % ) . However, the formation of [(NH3)5-
Co(fum)Co(NH 3) 5] 4 + was observed in the male system. 
Therefore, the ,u-fum complex is thought to be formed 
by the isomerization of [(NH3)5Co(male)Co(NH3)5]4+. 

IR and Raman Spectra. I R spectra of all the 
dimeric complexes show intense bands in the regions of 
1300—1400 c m - 1 and 1600—1650 cm- 1 , which can be 
assigned to the C O stretching vibrations, though these 
bands are obscured by the overlap of the N H 3 deforma­
tion vibrations.19) T h e deuterated //-ox complex 
exhibits three C O stretching absorptions, i.e., at 
1625 (strong), 1435 (weak), and 1302 c m - 1 (strong). 
Table 6 shows the I R and R a m a n spectral data 
of [ ( N H 3 ) 5 C o ( o x ) C o ( N H 3 ) 5 ] ( C 1 0 4 ) 4 and related 
compounds. The I R spectral pattern of [(NH3)5Co(ox)-
Co(NH3)5]4+ is quite similar to that of free C 2 0 4

2 ~ 
whose symmetry is known to be D 2 h and hence the 
symmetry of the oxalate ion in the complex may be 
approximated by D 2 h . A strong R a m a n band at 1438 
c m - 1 can be assigned to vibration of ag mode. A weak 
I R band at 1435 c m - 1 may be also assigned to the 
vibration of ag mode which appears by the lowering 
of symmetry in a crystal. 

T h e complexes [(NH3)5Cr(ox)Cr(NH3)5]4+ and 
[(NH 3 ) 5Co(ox)Co(NH 3 ) 4 (H 20)] 4+ have been prepared 

T A B L E 5. 

Order of 
elution 

PRODUCT DISTRIBUTION OF THE REACTION OF [Co(Hdic ) (NH 3 ) 6 ] 2 + WITH [ C o ( N H 3 ) 6 ( H 2 0 ) ] 3 + a ) 

D i c a r b ° X > ' l a t e b > Conen of 

ox oxc ) malo sue fumd) male pirn 

1 [Co(dic)(NH3)4]+ 3 — *> 
2 [Co(Hdic)(NH3)5]2+ 87 72 
3 [Co(NH3)6(H20)]3+ 90 70 

4 [(NH3)5Co(dic)Co(NH3)5]4+ 10 24 

> 5 Complexes which were trJ) trJ) 

not characterized 

1.5 
32 

120 

12 

0 
80 
90 

15 

0 
73 
76 

20 

t r n 

87 
96 

41) 

trf>«> 
e) 
e) 

8 

0 44k,i) tr(pink) tr(violet) tr(pink) —e) 

0 7k,m) tr(pink) trn) 

0.4k.p) 

0.1 MNaC10 4 

0.1—0.2MNaClO 4 

0 .3MNaClO 4 

0.4MNaClO 4
q ) 

0.5—1 MNaC10 4
r ) 

a) The reaction conditions are the same as those given in Experimental, unless otherwise indicated, b) The 
numerical values given in this table denote the yields(%) which were calculated by means of the following 
relation : yield= (mol of the indicated species) x 100/(mol of [Co(Hdic) (NH,)6] (C104)2 ( = mol of [Co (NH3)5-
(H20)](C104)3) used as the starting material). Symbol "tr" denotes a trace amount, c) The reaction 
conditions are given in Fig. 1. The gradient elution was made with KCl solution, d) Two species (trace 
amounts) were found between fractions [Co(Hfum)(NH3)6]2^ and [Co(NH3)6(H20)]3+(Amax=524 and 357 nm) 
and between fractions [Co(NH3)5 (H 2 0)] 3 + and [(NH3)6Co(fum)Co(NH3)5]4+ ( ^ = 5 0 6 and 532 nm). e) 
Not determined, f) The species is assigned tentatively to the chelated complex [Co(dic)(NH3)4]+. g) X^^ 
=515 nm. h) The yield of [(NH3)5Co(fum)Co(NH3)5]4+. i) The yield of [(NH3)sCo(male)Co(NH3)6]*+. 
j) ^„^=505 and 345 nm. k) The yield was calculated on the assumption that the species is a monomer. 
1) ^ = 5 0 8 and 353 nm. m) ^ = 5 0 9 and 353 nm. n) ^ = 5 1 2 and 354 nm. p) ^ = 5 0 4 and 350 
nm. q) For fum system, 1.0 M CH 3C0 2H-1.0M CH3C02Na buffer solution was used, r) For fum system, 
1 M HCl was used. 
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TABLE 6. NUMERICAL DATA FOR THE IR AND RAMAN BANDS OF OXALATE IONS IN VARIOUS COMPOUNDS'15 

FreeC204
2-b> [(NH3)5Co(ox)-

CO(NH 3 ) 5 ]*+ 

IR Raman IRe ) Raman 

[(NH3)5Cr(ox)-
Cr(NH3)5]4+ c) 

IR 

[(NH3)5Co(ox)Co(NH3)4-
(H2C-)]4+ d> 

IR 

1664 s (blg) 
1627 s (b2u) 1625 s 

1450 s, 1485 s (ag) 1435 w 1438 s 
1338 s (b3u) 1302 s 

1705 s 
1620 m, 1680 s 

1395 s, 
1240 s 

1721ms, 1701 s 
1629 vs, 1670 ms 
1430 s, 1439 vs 
1250 m, 1276 ms 

a) vs=Very strong; s=strong; m=moderate; w=weak. Numerical values are wave numbers/cm-1. b) 
From Ref. 20. c) From Ref. 21. d) From Ref. 22. e) Deuterated sample. 

and characterized in two laboratories.21-22) T h e I R 
spectral patterns of these complexes are quite different 
from that of [(NH3)5Co(ox)Co(NH3)5]4+. T h e sym­
metry of the oxalate ion in [ (NH 3 ) 5 Cr(ox)Cr(NH 3 ) 5 ] 4 + 

has been assigned to C2v
21) and that in [(NH3)5Co(ox)-

Co(NH 3 ) 4 (H 2 0)] 4 +, to C2 v or C2.
23> 
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Electron-transfer Reaction from Sodium Benzenethiolate to Acceptors 
Assisted by Photo-excited Tris(2,2,-bipyridine)ruthenium(II) 
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(Received May 12, 1980) 

The photo-excited tris(2,2'-bipyridine)ruthenium(II) (Ru(bpy)3
2+*) was effectively quenched by sodium 

benzenethiolate in acetonitrile (Stern-Volmer constant=4860 dm3 mol"1). The flash photolysis of a solution 
containing Ru(bpy)3

2+ and benzenethiolate (excitation wavelength (A)>480 nm) produced transient species absorb­
ing ca. 510 nm; this species was identified as Ru(bpy)3

+ and decayed with first-order kinetics with £=3.0 s"1. This 
slow decay of Ru(bpy)3

+ implies that the back-electron-transfer reaction was suppressed. The decay of Ru(bpy)3
+ 

was accelerated by the addition of water, suggesting the possibility of the reaction between Ru(bpy)3
+ and water, 

though no H2 was detected. The steady irradiation of a solution containing Ru(bpy)3
2+, benzenethiolate, and an 

electron-acceptor produced the radical anion of the added acceptor, which was detected with ESR spectroscopy. 

Recently there has been considerable interest in 
photo-induced electron-transfer reactions in a solution 
containing Ru(bpy)3

2+ from the viewpoint of solar 
energy conversion.1 '6) Ru(bpy)3

3+ and Ru(bpy)3+ 
generated by the electron-transfer quenching of photo-
excited tris(2,2'-bipyridine)ruthenium (Ru(bpy)3

2 +*) 
(Eqs. 1 and 2) are thermodynamically capable of 

Ru(bpy)3
2+* + Q ==± Ru(bpy)3

3+ 4- 07 (1) 

Ru(bpy)3
2+* + Q, ^ = ± Ru(bpy)3+ + Q* (2) 

oxidizing water to 0 2 and of reducing water to H 2 , 
respectively. However, the practical utility of these 

Ru(bpy)3
2+ + e- ^ = ± Ru(bpy)3+ El/2 = - 1.33 V*> 

Ru(bpy)3
3+ + e- ==± Ru(bpy)3

2+ E l / 2 = +1.29 V«> 
reactions is limited by the energy-wasting back-electron-
transfer of Eqs. 1 and 2.8"10) One approach to suppress­
ing the back-electron-transfer reaction is to remove the 
quenching products by rapid irreversible reactions 
coupled with quenching processes. 

We have found that the life-time of Ru(bpy) 3 +can be 
elongated when benzenethiolate is used as the electron-
donor for the quenching of Ru(bpy)3

2+*. T h e thiyl 
radical formed in the electron-transfer from benzene­
thiolate to Ru(bpy) 3

2 + * can disappear upon rapid 
dimerization into disulfide,11) which has a high redox 
(more negative) potential,12) leading to the result that 
the back-electron-transfer can be suppressed. This 
paper reports the photo-induced reduction of Ru(bpy) 3

2 1 

in the presence of sodium benzenethiolate and the 
electron-transfer reaction from the Ru(bpy) 3

+ generated 
to some organic electron-acceptors. 

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

T h e quenching experiments of the luminescence of 
Ru(bpy) 3

2 + * by sodium benzenethiolate were carried out 
in a highly degassed acetonitrile solution. The emission 
maximum of Ru(bpy)3

2+* was not shifted by the addition 
of benzenethiolate, and only the intensity of emission 
(I) decreased. The plot of I0/I vs. the concentration of 
benzenethiolate (Stern-Volmer plot) is shown in Fig. 1. 
T h e Stern-Volmer quenching constant, X s v = 4 8 6 0 dm 3 

mol - 1 , was obtained from the slope in Fig. 1. The 
quenching-rate constant (kq) was calculated to be 
5.7 X 109 dm 3 m o l - 1 s"1 from the Stern-Volmer constant, 

2.0 

Na + ] / mol dm"3 

Fig. 1. Stern-Volmer plots for the quenching of the 
Ru(bpy)§+* luminescence (610 nm) by sodium ben­
zenethiolate in acetonitrile. [Ru(bpy)3

2+= 1.4 X 10~5 mol 
dm~3, excitation at 450 nm. 

500 550 

Wavelength / nm 

650 

Fig. 2. Transient absorption spectrum in flash photolysis 
of acetonitrile solution containing Ru(bpy)3

2+ (1 X 10~5 

mol dm -3) and sodium benzenethiolate ( l x l 0 _ 4 m o l 
dm-3). 

assuming that the rate constant for the natural deactiva­
tion of Ru(bpy) 3

2 + * (k0) is 1.18 x W s " 1 in acetonitrile.13) 
The flash photolysis of acetonitrile solutions containing 

Ru(bpy) 3
2 + ( 1 — 4 x 10-5 mol dm~3) and benzenethiolate 

( 1 — 5 x 10 - 4 mol d m - 3 ) gave the transient absorption 
spectrum shown in Fig. 2, which was assigned to Ru-
(bpy)3

+ . Similar spectra have been reported in pulse-
r adiolysis, 14> laser-photolysis, 15> and electrochemical 
studies.7) The absorbance of transient species at a 
given wavelength was not changed on repetitive flashing 
(up to 20 flashes were tested). The photoanation 
reaction of Ru(bpy) 3

2 + by thiocyanate has been reported, 
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although the quantum yield is low.16) O u r above 
results concerning repetitive flashing and both the 
absorption and emission spectra showed that such a 
photoanation reaction did not occur. T h e transient 
species decayed with first-order kinetics and had a 
long life-time ( T = 1 / A : = 3 3 3 ms). These results imply 
that the back-electron-transfer reaction was effectively 
suppressed, because the decay of Ru(bpy)3+ by the back-
electron-transfer reaction should obey second-order, 
equal-concentration kinetics.13) W h e n Eu(I I ) or 
aromatic amine was used as a quencher, the decays 
of Ru(bpy)3+ obeyed second-order kinetics, and the rate 
constants were 2.7 X 107 for Eu(II)17> and 107—1010 

dm 3 m o l - 1 s - 1 for amines.13) Whit ten et a/.18) have found 
the very long-lived Ru(bpy)3+, which was generated by 
the quenching of Ru(bpy) 3

2 + * with triethylamine in 
dry acetonitrile. Since the triethylamine cation radical 
formed in the quenching as a counterpart of Ru(bpy) 3

+ 

was removed by an irreversible reaction with a solvent 
(GH3GN), the back-electron-transfer reaction was 
almost entirely avoided. The irreversible reactions and 
their products were complex, whereas the irreversible 
product in our system was diphenyl disulfide, which 
could reproduce benzenethiolate (see below). 

The results obtained here can be explained by a 
mechanism (Eqs. 3—6) in which the Ru(bpy)3+ formed 
in the reductive quenching of Ru(bpy) 3

2 + * (Eq. 4) may 
transfer an electron to disulfide, not to thiyl radicals 
(back-electron-transfer reaction), which dimerize each 
other to disulfide with kd= 109 dm 3 mol - 1 s-1 (Eq. 5) :n> 

Ru(bpy)3
2+ ; = * Ru(bpy)32+* 

*0 

Ru(bpy)3
2+* + PhS-

PhS- + PhS- —^ 

Ru(bpy) 3++PhS-

PhSSPh 

Ru(bpy)3+ + PhSSPh 

Ru(bpy)3
2+ + PhS" + PhS« 

(3) 

(4) 

(5) 

(6) 

The pseudo-first-order rate constant for the decay of 
Ru(bpy) 3

+ varied upon an added concentration of 
diphenyl disulfide (Fig. 3), showing the occurrence of 
an electron-transfer reaction, as is shown in Eq. 6. 
The rate constant (£et) for the electron-transfer reaction 

A 8 

104xCPhSSPhD /moldm" 3 

Fig. 3. Dependence of first-order rate constants for the 
decay of Ru(bpy)3

+ (510 nm) on the concentration of 
added diphenyl disulfide. 

«vvV* n^#m 

Fig. 4. ESR spectra of duroquinone radical anion (a) 
and benzil radical anion (b) in acetonitrile. 

T A B L E 1. PHOTO-INDUCED ELECTRON-TRANSFER FROM 

SODIUM BENZENETHIOLATE IN T H E PRESENCE OF 

R u ( b p y ) 3
+ IN ACETONITRILE 

Acceptor (X) £1/2/Va> Formation of XT 

Duroquinone 
Acenaphthene-

quinone 
Benzil 
9-Fluorenone 
Azobenzene 

- 0.6923> Yes, aH = 1.88 G (Septet) 

- 0 . 9 6 Yes, g=2.0045(Multiplet) 

- 1 . 2 1 Yes, g=2.0048(MuItiplet)2*> 
- 1 . 2 6 Very small 
- 1 . 3 6 No 

a) vs. SCE and used (/i-C4H9)4NC104 as a supporting 
electrolyte in acetonitrile. 

was found to be 9.6 X 104 dm 3 mol" 1 s - 1 . This slow 
electron-transfer reaction is due to the high redox 
potential of diphenyl disulfide (Epeak = —1.6 V vs. 10~3 

moldm-3Ag+/Ag).1 2> 
The steady irradiation (wavelengths longer than 510 

nm) of an acetonitrile solution containing Ru(bpy) 3
2 + , 

benzenethiolate, and an electron-acceptor produced the 
radical anion of the added acceptor, which was detected 
with ESR spectroscopy (Table 1) (e.g., the ESR spectra 
of duroquinone and benzil radical anions are shown in 
Fig. 4). As can be seen from Table 1, acceptors with a 
potential more positive than the E1/2 of the Ru(bpy)3

f / 
Ru(bpy) 3

2 + couple (E1/2= —1.33 V vs. SCE) were 
reduced to radical anions. T h e irradiation in the 
absence of either Ru(bpy) 3 +or benzenethiolate produced 
no acceptor's radical anion, and the mixing of Ru-
(bpy)3

2 + , benzenethiolate, and acceptor in the dark 
produced no radical anion, either. The results suggest 
the following electron-transfer cycle: 
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hU > 510 nm 

RS" \ Ru<bpy)|\ . XT 

| / 2 R S S R ' ^ R u ( b p y ) ; ^ ^ X 

where X is an electron-acceptor. Benzenethiolate 
could be reproduced with the reduction of disulfide.19) 
The RS "/RSSR redox couple is known to be biologically 
important in an electron-transport system in ferredoxin 
or other iron-sulfur proteins.20) 

0.2 0.3 

CH20D/cm 3 

Fig. 5. Effect of added water on the rate constants for the 
decay of Ru(bpy)3

+ (510 nm) ; total volume was 10 cm3. 

Although the decay of Ru(bpy)3+ was accelerated by 
the addition of water (Fig. 5), the formation of H 2 could 
not be detected.21) Meyer et al.*) have reported that 
there was no production of H 2 in the reaction of water 
with Ru(bpy)3+, whereas the reaction with Ru(bpy)3° 
could produce H2 . This has been explained by the 
difference in two-electron reducing capability between 
Ru(bpy)3+andRu(bpy) 3 0 : 

Ru(bpy)3+ ^ = ± Ru(bpy)3
3+ + 2e~ 

E = 0.00 V vs. NHE 

Ru(bpy)3° ; = ± Ru(bpy)3
2+ + 2e" 

£ = -1 .42 Vw. NHE. 

Although our system could not succeed in the formation 
of H 2 , the electron-transport cycle described above 
shows the possibility of applying this system to other 
reduction reactions. An experiment for the application 
to the photo-galvanic cell of this system using the 
Ru(bpy)3+/Ru(bpy)3

2+ couple is also undertaken. 

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

Ru(bpy)3Cl26H20 was synthesized according to published 
procedures.22) Commercially available (reagent-grade) ac­
ceptors (duroquinone, acenaphthenequinone, benzil, 9-
fluorenone, and azobenzene) were recrystallized twice from 
ethanol and sublimed under high vacuum (about 10 -3 Pa). 
The preparation of sodium benzenethiolate was described 
previously.19) The concentration of benzenethiolate in 
acetonitrile was determined from the absorbance at 298 nm 
(e= 1.8X 104 dm3 mol"1 cm"1). The solutions for the experi­
ments of the flash photolysis, the quenching, and the ESR 
measurement were prepared by a high-vacuum-line tech­

nique.19) The prepared sodium benzenethiolate solution was 
introduced through a breakseal to a solution containing 
Ru(bpy)3

2+ and acceptor which had been degassed by the 
freeze-thaw-cycle method. 

The quenching experiment of Ru(bpy)3
2+* by benzene­

thiolate was carried out with a Shimadzu RF 501 fluorescence 
spectrophotometer. The FSR measurements were carried 
out with a Varian E-4 ESR spectrometer. The steady 
irradiation for the photo-ESR study was obtained using a 
500-W xenon lamp. The light shorter than 510 nm was cut 
off with a filter (Toshiba L-51). 

The flash apparatus delivered a flash with an energy of 98 J 
and a half-peak duration of 10 jxs from xenon lamps. The 
filter was used to cut off flash light shorter than 480 nm. 
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Synthetic Studies of Rif amy eins. III.15 The Partial Synthesis of Rifamycin 
Ansa-chain Compounds from Their Degradation Productst 
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The ansa-chain compound methyl [methyl 2,4,6,8,10,ll,12,13,14-nonadeoxy-4,6,8,10,14-penta-C-methyl-3-O-
methyl-L-mflwwo-jff-D-^ö/ö^o-(ll£,13Z)-ll,13-pentadecadienopyranosid]uronate (la) and its (Ä)-2-bromo derivative, 
lb , were transformed into the corresponding 7,9-diacetate 3a and 3b or the 7,9-acetonide 7a and 7b. The ozonolysis 
of 3a or 3b gave methyl 7,9-di-0-acetyl-2,4,6,8,10-pentadeoxy-4,6,8,10-tetra-C-methy 1-3-O-methyl-L-möttwo-ß-D-
£ötoo-undecodialdopyranoside-(l,5) (4a) or its (Ä)-2-bromo derivative (4b) respectively. The Wittig condensation 
of 4b with (methoxycarbonylmethylene)triphenylphosphorane, followed by debromination with tributylstannane, 
afforded methyl [methyl-7,9-di-0-acetyl-2,4,6,8,10,11,12-heptadeoxy-4,6,8,10-tetra-C-methyl-3-O-methyl-L-möwwo-
/?-D-£ö/ö£Jo-(2i)-ll-tridecenopyranosid]uronate (6a). The diisobutylaluminium hydride reduction of 6a, followed 
by acetonation, gave methyl 2,4,6,8,10,11,12-heptadeoxy-7,9-O-isopropylidene-4,6,8,10-tetra-C-methyl-3-O-methyl-
L-manno-ß-D-galacto-(E)-l l-tridecenopyranoside-(l,5) (10a). The allylic alcohol, 10a, was converted into the allylic 
bromide, 12a, which then yielded the triphenylphosphonium bromide, 13a. The Wittig condensation of the 
reactive ylide generated from 13a with methyl pyruvate afforded a 4 : 5 mixture of 7a and its 132i-isomer. The 
partial synthesis of l a was accomplished by the selective hydrolysis of the 7a isolated from the mixture. 

The ansa-chain compound la,2> corresponding to the 
25-deacetylated ansa-bridge portion, 2, of rifamycin B, 
O, S, and SV, has recently been obtained via its (R)-2-
bromo derivative, l b , itself produced by the novel 
degradation of 25-deacetylrifampicin. During the course 
of our studies of the synthesis of la,1) a degradation-
reconstruction program of l a and l b has been under­

go J - R f T 
hMe 

7|-0H 
-Me 

MeOi . . 

MeO-^ 

Mel 

OMe 

MeOOC-

HOH 
MeH 

J. 
Me 

27 i 
MeH 

AcO-hs 
kMe 

23hOH 
h M e 

H ( H 2 i 
MeH 

Me 

19 

1a R=H 2 

1b R=Br 

taken to secure materials for establishing the structure 
of the synthetic intermediate, 4a or 6a, and to survey 
the practical methods for the construction of l a starting 
with 4a or 6a. This paper will describe the partial 
degradation of l a or l b to their synthetic intermediates, 
4a, 4b , 8a, and 8b , and the partial synthesis of l a or 
l b from the degradation products via the intermediates, 
6a, 9a or 9b , and 10a or 10b, by Wittig reaction. 

The acetylation of l a with acetic anhydride in 
pyridine afforded a mixture of the diacetate, 3a (15%), 
and its 13is-isomer, 3'a (22%), and a mixture of the 
monoacetate of l a (20%) and its 13£-isomer (18%). 
The structures of the isomeric products were confirmed 
by the ^ - N M R data. O n the contrary, the acetyla­
tion of l b with acetic anhydride and 4-dimethylamino-
pyridine (DMAP) in ethyl acetate gave the diacetate, 

t Presented at the AGS/GSJ Chemical Congress, Honolulu, 
Hawaii, April 6, 1979; Organic Abstract No. 481. 

3b, as the sole product in a 9 0 % yield.3) Both l a and 
l b were smoothly acetonated with 2,2-dimethoxypropane 
(DMP) in acetone containing a small amount of sulfuric 
acid to afford the 7,9-acetonides, 7a and 7b , in 9 9 % and 
76% yields respectively. Although it is unclear why the 
bromine atom situated far from the unsaturated system 
of the molecule of l b prevents its 13 Z-geometry from 
geometrical isomerization during acetylation, the un­
saturated system of a free ansa-chain compound such 
as l a seems to be less stable than that of the intact 
ansa-chain in rifamycins. 

DERIVERTIVES(^) FROM 

ANSA CHAIN COMPOUNDS 

MeOOC 

A c O -
M e -

3a 

- M e 
- O A c 
- M e 

,3b 

0 -
M e -

7a 

- M e 

- M e 

,7b 

M . - / 3'a 7'a,7'b 
COOMe 

CHO 4a,4b 8a,8b 

cr^o 5a, 5 b 

COOMe 
6a,6b 9a,9b 

a: z = 

MeO 

b:z= Me0 

Me 

The ozonolysis of a mixture of 3a and 3'a with ozone 
and dimethyl sulfide in dichloromethane4) gave the 
aldehyde, 4a, in a 77% yield: this is a strategic inter­
mediate in the synthesis of l a . The direct t reatment of 
4a with ethylene glycol and jfr-toluenesulfonic acid in 
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acetonitrile failed, however, to afford the ethylene 
acetal, 5a, because of the simultaneous hydrolysis of the 
cyclic methyl acetal moiety of 4a, and so the following 
alternative process was necessary. The ozonolysis of 
3b, followed by the treatment of the resulting aldehyde, 
4b , with ethylene glycol, gave the crystalline ethylene 
acetal, 5b , in a 5 3 % yield; on selective hydrolysis with 
70% trifluoroacetic acid (TFA), this then provided 4 b 
in a quantitative yield. The debromination of 5 b with 
tributylstannane afforded plates of 5a in a 6 4 % yield 
after recrystallization. Attempts to obtain 4a by the 
selective hydrolysis of the ethylene acetal group of 5a 
were all unsuccessful. From these results, it was found 
that 5a was not a synthetic precursor suitable for 4a, 
while 5 b was a useful precursor for 4b . The useful 
derivative, 6a,5) was obtained in a 9 5 % yield by the 
debromination of 6b , which had itself prepared by the 
Wittig condensation of 4 b with (methoxycarbonyl-
methylene)triphenylphosphorane in an 8 4 % yield. The 
ozonolysis of 7a or 7b, followed by the Wittig condensa­
tion of the resulting aldehyde, 8a or 8 b with the phos-
phorane, gave 9a or 9 b in an 88 or 70% yield respec­
tively. 

We examined the possibility of the formation of 7a 
via the allylic alcohol, 10a, from 6a or 9a. At the same 
time, the transformation of 9 b into 7b via 10b was also 
examined, taking into account the fact that 7b might 
be more stable than 7a in the geometrical isomerization 
of an unsaturated system. The treatment of 6a with 
diisobutylaluminium hydride (DIBAL) in toluene led 
to the corresponding triol, which, without purification, 
was acetonated with D M P in D M F containing p-
toluenesulfonic acid to afford 10a in a 7 3 % yield. The 
reduction of 9a or 9 b with DIBAL in toluene gave 10a 
or 10b in a 70 or 9 6 % yield respectively. At first, the 

6a 

•Me 
:0 
Me 

h Me r 

9a,9b 
HCT 

10a,10b 

CHO 

1 1 b 

H Me 
0 
Me 

OH 
Me H 

12a,12b:R=Br 

13a ,13b: R^pphjßr 

condensation of the phosphonate anion generated from 
dimethyl [ l-(methoxycarbonyl)ethyl]phosphonate (14) 
with the oc,/?-unsaturated aldehyde, l i b , which had been 
obtained in a 6 2 % yield by the oxidation of 10b with 
chromium trioxide in hexamethylphosphoric tr iamide 
(HMPA),6) was examined. The reaction was carried 
out in T H F at —75 60 °G to afford, predominantly, 
the undesired llis,13is-isomer 7 'b in an 8 3 % yield, ac­
companied by a small amount of 7b (1.5%) [Reaction 1]. 
The structure of 7 'b was confirmed by the 1 H - N M R 

data . This reaction was highly stereoselective, and 
similar results have been reported in a recent paper;7) 
therefore, it was conclusively disadvantageous for the 
formation of the desired 1 lis,13Z-isomer 7b. 

O 

l i b + (MeO)2PCHC02Me 

Me 
NaH 

>2Me -f 

T H F 

13a 

13b 

• 

, -65°C 

BuLi 

7b + 7 b 
(1.5o/0) (82.6%) 

7a + 
(28%) 

THF,-75°C - , 

(39%) 

7 a 
(34%) 

7 b 

(42%) 

(1) 

(2) 

House and Rasmusson8) reported that the Wittig 
condensation of [ 1 - (methoxycarbonyl) ethylidene] tri -
phenylphosphorane with acetaldehyde gave a 27.6 : 1 
mixture of methyl tiglate and methyl angelate, while the 
reaction of ethylidenetriphenylphosphorane and methyl 
pyruvate provided a 2.13 : 1 mixture of tiglate and 
angelate. As the second approach to 7a or 7b, we 
condensed methyl pyruvate with the reactive ylide 
formed from a triphenylphosphonium salt, such as 13a 
or 13b. The allylic alcohol, 10a or 10b, was then 
transformed into the corresponding allylic bromide, 12a 
(79%) or 12b (90%), by treatment with mesyl chloride 
and a mixture of triethylamine, lithium bromide, and 
dichloromethane.9) The reaction of 12a or 12b with 
triphenylphosphine in benzene afforded 13a or 13b in a 
quantitative yield. The phosphonium bromide, 13a or 
13b, was treated with butyllithium in T H F at —75 °C 
and then allowed to react with methyl pyruvate at the 
same temperature to give a 4 : 5 mixture of 7a and 7 'a 
or an 1 : 1 mixture of 7b and 7 'b in a 62 or 8 1 % yield 
respectively (Reaction 2). The desired condensation 
product, 7a (28%) or 7b (39%), was separated from 
the isomer, 7 'a or 7 'b , by alumina-column chromatog­
raphy or by preparative layer chromatography (PLC) 
on silica gel, which was identical with the aforesaid 
corresponding sample. The structure of isomeric 
product, 7'a, was confirmed by the 1 H - N M R data. 

A recent publication10) described a new stereospecific 
process for the conversion of an aldehyde to a 5-sub-
stituted (2Z,4is)-2-methyl-2,4-pentadienoic acid via the 
lactone of 5-substituted 5-hydroxy-2-methyl-2-pentenoic 
acid. This reaction process, reported after our work had 
been completed, is undoubtedly better than our five-step 
process starting with 4a, provided that the new process 
is applicable to 4a for the synthesis of l a . Although 
Reaction 2 seems to be almost non-stereoselective, it is 
noteworthy that the reaction yielded a significant 
amount of (Z)-olefins compared with Reaction 1. 
Furthermore, when the Wittig reaction (2) is carried 
out by an intramolecular version11) for the purpose 
of the construction of the medium ring of unsaturated 
lactone or the macrocyclic lactam ring of rifamycins, 
it may be expected that the tendency to form the 
desired (Z)-olefin is strengthened, because the formation 
of the intermediate betaine with the erythro configura­
tion,12) the precursor of (Z)-olefin, might be kinetically 
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more favored in the intramolecular cyclization of the 
lactone or the lactam than in the intermolecular 
reaction. 

The last step of the synthesis of l a was the selective 
deacetonation of 7a, which was effected with 5 0 % 
difluoroacetic acid (DFA) at 0 °C to afford l a in an 
8 0 % yield. The treatment of 7 b with 90 % T F A at 
0 °G gave l b , which could then be converted into l a 
by debromination.2) 

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

The melting points were determined on a micro hot-stage 
Yanaco MP-83 and are uncorrected. The specific rotations 
were measured with a Carl Zeiss photoelectric Polarimeter. 
The 1H-NMR spectra were determined in GDG13 with 
either a Varian A60 or EM-390 spectrometer, using TMS as 
the internal standard. The TLC was performed on Merck 
TLG plates, 60F-254 0.25 mm. The PLC was carried out on 
precoated PLC plates (20 X 20 X 0.5 mm) of Merck Kieselgel 
60F-254. The column chromatography was performed on 
silica gel, Wakogel G-200. In general, evaporation was 
conducted under reduced pressure below 30 °C. 

Methyl [Methyl 7,9-Di-O-acetyl-2,4,6,8,10,11,12,13,14-
nona-deoxy-4,6,8,10,14-penta-C-methyl-3-0-methyl-L-m3Lrmo-ß-i>-
galacto ( 1 iE, 13Z) -11,13-pentadecadienopyrarwsid\ uronate (3a) 
and 13E-Isomer (3'a). A mixture of la (253 mg, 0.590 
mmol), acetic anhydride (1.35 ml, 14.3 mmol), and dry 
pyridine (2.5 ml) was allowed to stand at 40 °G for 6 d. The 
mixture was then poured into ice water and extracted with 
ether. The ether layer was washed with water and a saturated 
aqueous NaCl solution, dried, and evaporated. The residue 
was chromatcgraphed on silica gel (30 g) with 10: 1 benzene-
acetone to afford the following four fractions : 3a, 45 mg 
(15%); R{ 0.37 (8:1 benzene-acetone); mp 132—133 °G 
(ether); [a]*9 +30° (c 1.0, MeOH) ; UVm a x (EtOH) 262 
nm (e 23100); IR (KBr) 1732, 1710, 1641, and 1607cm"1; 
XH-NMR (5=0.8—1.1 (12H, m, 4, 6, 8, and 10-Me), 1.94 
(6H, broad s, 14-Me and OAc), 2.01 (3H, s, OAc), 3.32 and 
3.34 (each 3H, each s, OMex2) , 3.76 (3H, s, GOOMe), 
4.7—5.2 (3H, m, H-1,7, and 9),5.68 (1H, dd, H- l l , J10 u = 
8.9 Hz, Jtl 1 2= 15.0 Hz), 6.32 (1H, m, H-13, J1213= 11.0 Hz, 
7 1 3 M e =1.9Hz) , and7.08 (1H, dd, H-12) [Found: C, 63.16; 
H,*8.52%. Galcd for C27H4409: G, 63.26; H, 8.65%]; 3'a, 
68 mg (22%); R( 0.33; mp 146—147 °G (acetone); [a]*1 

- 3 3 ° (c 0.9, MeOH); UVmax (EtOH) 263 nm (e 26600); 
IR (KBr) 1732, 1703, and 1641 cm"1; *H-NMR (5=0.8—1.1 
(12H, m, 4, 6, 8, and 10-Me), 1.94 (6H, broad s, 14-Me and 
OAc), 2.01 (3H, s, OAc), 3.32 and 3.34 (each 3H, each s, 
OMex2) , 3.73 (3H, s, COOMe), 4.7—5.2 (3H, m, H-1,7, 
and 9), 5.91 (1H, dd, H- l l , J10 n = 8.2 Hz, Jn 1 2=14.8Hz), 
6.34(1H, dd, H-12, J1213=10.4Hz), and 7.10 (1H, m, H-13, 
yi3,Me=l-5Hz) [Found: G, 63.08; H, 8.44%. Galcd for 
G27H4409: G, 63.26; H, 8.65%]; monoacetate of la, 54 mg 
(20%); Rf 0.24; *H-NMR (5=1.96 (3H, s, 7 or 9-OAc), 5.74 
(1H, dd, H- l l , y i l l 2 = 1 5 H z , y i 0 1 1 =9 .0Hz) , 6.34 (1H, dd, 
H-13, y i 2 > 1 3=11.0Hz), and 7.09 (1H, dd, H-12), and mono-
acetate of 13£-isomer of la, 49 mg (18%) ; Rt 0.21 ; 2H-NMR 
(5=1.96 (3H, s, 7 or 9-OAc), 5.91 (1H, dd, H- l l , Ju 1 2= 
14.7 Hz, 7 1 0 1 1 =8.0Hz) , 6.34 (1H, dd, H-12, J1213='l0.0 
Hz), and 7.11 (1H, dd, H-13, 713,Me=1.0 Hz). 

(R) -2-Bromo Deivative (3b). A mixture of l b (199 mg, 
0.393 mmol), acetic anhydride (0.371 ml, 3.93 mmol), DMAP 
(106 mg, 0.864 mmol), and ethyl acetate (2 ml) was stirred 
at 45 °G for 24 h. The mixture was then diluted with ethyl 
acetate (18 ml) and washed with saturated aqueous KHS0 4 , 

NaHGOg, and NaCl solutions successively, dried, and evapo­
rated. The residual brown syrup (270 mg) was chromato­
graphed on silica gel (23 g) with 8: 1 benzene-ethyl acetate 
to afford 3b (210 mg, 90%) as a colorless syrup: [a]*9 +16° 
(c 0.77, MeOH) ; UVmax (EtOH) 264 nm (e 21300) ; IR (GG14) 
1737, 1641, and 1605 cm"1, *H-NMR (5=0.88—1.08 (12H, 
m, 4, 6, 8, and 10-Me), 1.93 (6H, s, 14-Me and OAc), 2.00 
(3H, s, OAc), 3.16 (1H, dd, H-3, 7 2 3 = 3 . 0 H z , 7 3 4 =10 .0 
Hz), 3.35 (6H, s, OMex2) , 3.74 (3H, s, GOOMe), 4.28 
(1H, dd, H-2, Jx 2=1.5 Hz), 4.8—5.1 (3H, m, H-1,7, and 
9), 5.64 (1H, dd, H- l l , y i o l l = 9.0Hz, / u „=15.1 Hz). 
6.30 (1H, m, H-13, /1 2 ,1 3=10.7 Hz, Jlz M e = l H z ) , and 7.07 
(1H, dd, H-12). 

Found: G, 54.53; H, 7.18; Br, 13.27%. Galcd for C27H43-
09Br: C, 54.82; H, 7.33; Br, 13.51%. 

Methyl 7,9-Di-0-acetyl-2,4,6,8,10-pentadeoxy-4,6\ 8,10-tetra-
C-methyl- 3-O-methyl-L-ma.rmo-ß- D-galacto-undecodialdopyranoside-
(1,5) (4a). A mixture of 3a and 3'a (74 mg, 0.144 mmol) 
was dissolved in dry dichloromethane (3.68 ml), and then the 
mixture was cooled to — 75 °C. Ozonolyzed oxygen gas 
(475 ml) containing 0.287 mmol of ozone was passed through 
the solution at the rate of 23.8 ml/min. To the resulting 
solution was added dimethyl sulfide (0.105 ml, 1.44 mmol) at 
the same temperature. The mixture was gradually warmed to 
room temperature over the period of 3 h and then washed 
with water and a saturated aqueous NaCl solution, dried, and 
evaporated. The residual syrup was chromatographed on 
silica gel (3 g) with 8: 1 benzene-acetone to give 4a (46 mg, 
77%) as a pale yellow syrup: *H-NMR (5=0.85—1.15 (12H, 
m, 4,6,8, and 10-Me); 2.02 and 2.04 (each 3H, oach s, OAcx 
2), 3.32 and 3.37 (each 3H, each s, OMex2) , 4.8—5.5 (3H, 
m, H-1,7, and 9), and 9.50 (1H, d, H-l 1,710>ll = 3.3 Hz). 

(R)-2-Bromo Derivative (4b) audits 11-Ethylene Acetal (5b). 
A sample (163 mg) of 3b was ozonolyzed by the procedure 
described in the preparation of 4a and then worked-up to 
afford the crude aldehyde, 4b, as a syrup. A mixture of the 
crude 4b (137 mg), ethylene glycol (0.153 ml), anhydrous 
/>-toluenesulfonic acid (4.8 mg), and dry acetonitrile (1.4 ml) 
was stirred at room temperature for 0.5 h. The reaction 
mixture was then poured into ice-cooled water containing 
NaHGOg (2.3 mg) and extracted with chloroform. The 
extract was washed with a saturated aqueous NaCl solution, 
dried, and evaporated. The residual syrup (218 mg) was 
chromatographed on silica gel (20 g) with 4 : 1 benzene-ethyl 
acetate to give 5b (78 mg, 53%) as a colorless solid. 
Recrystallization from 1 : 1 acetone-hexane afforded needles 
of 5b: mp 142—143 °G; [a]*0 - 4 7 ° (c 0.96, MeOH) ; IR (KBr) 
1737 cm-1; *H-NMR (5=0.92, 0.95, 0.98, and 1.00 (each 3H, 
each d, 4,6,8, and 10-Me, 7 = 7 Hz), 2.02 (6H, s, OAcx 2), 
3.17 (1H, dd, H-3, y2 3 =3.5 Hz, J3 4 = 9.9 Hz), 3.37 (6H, s, 
OMex2) , 3.7—4.0 (4H, m, -OCH 2 CH 2 0- ) , 4.35 (1H, dd, 
H-2, y i > 2 =1.6Hz) , 4.73 (1H, d, H- l l , 710,n = 3.4 Hz), 4.92 
(1H, d, H-l) , and 5.0—5.4 (2H, m, H-7 and 9). 

Found: C, 51.30; H, 7.16; Br, 14.71%. Calcd for G23H39-
09Br: C, 51.21; H, 7.29; Br, 14.81%. 

A sample (65 mg) of 5b was dissolved in 70 (v/v) % aqueous 
TFA (0.65 ml) and allowed to stand at 0—2 °G for 20 h. The 
reaction mixture was then poured into cold chloroform and 
neutralized with solid NaHCO s . The organic layer thus 
separated was washed with water and a saturated aqueous 
NaCl solution, dried, and evaproated to give a practically 
pure sample of 4b (60 mg, 100%); *H-NMR (5=0.94, 0.99, 
1.02, and 1.10 (each 3H, each d, 4,6,8, and 10-Me, 7 = 6 . 5 
and 7.0Hz), 2.01 and 2.03 (each 3H, each s, OAcx2) , 3.17 
(1H, dd, H-3, J2 3 =3.4 Hz, y 3 4 =10 .1Hz) , 3.37 (6H, s, 
OMex2) , 4.34 (1H, dd, H-2, 7 1 2 = 1 . 5 H z ) , 4.91 (1H, d, 
H-l) , 4.9—5.2 (1H, m, H-7 or H-9), 5.39 (1H, dd, H-7 or 
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H-9, 7 = 2 . 0 and 9.4 Hz), and 9.56 (1H, d, H- l l , 710,n = 3.2 
Hz). 

11-Ethylene Acetal (5a). To a solution of 5b (81 mg, 
0.150 mmol) in dry benzene (2.0 ml) was added tributyl-
stannane (0.048 ml, 0.180 mmol) and <x,a'-azobisisobutyloni-
trile (AIBN) (4.9 mg, 0.03 mmol). The mixture was then 
stirred at 60 °G for 6 h under argon. The reaction mixture 
was evaporated, and the residue (198 mg) was chromato-
graphed on silica gel (10 g) with 3: 1 benzene-ethyl acetate 
to afford 5a (44 mg, 64%) as a colorless solid. Recrystalliza­
tion from 1: 2 acetone-hexane gave colorless plates : mp 113— 
114 °C; [<x]J° - 8 5 ° (c 1.0, MeOH); IR (KBr) 1731cm"1; 
^ - N M R 6 = 0 . 8 6 - 1.08 (12H, m, 4, 6, 8, and 10-Me), 1.2—1.7 
(1H, m, H-2ax), 2.05 (6H, s, OAcx2) , 3.35 and 3.37 (each 
3H, each s, OMex 2), 3.8—4.0 (4H, m, -OGH 2 CH 2 0-) , 4.76 
(1H, d, H- l l , 7x0,11 = 3.5 Hz), and 4.7—5.4 (3H, m, H-1,7, 
and 9). 

Found: G, 59.74; H, 8.57%. Galcd for G23H40O9: G, 
59.98; H, 8.75%. 

Methyl [Methyl 7,9-Di-0-acetyl-2-bromo-2,4,6,8,10,11,12-
heptadeoxy-4,6,8,10-tetra-C-methyl-3-O-methyl-L-g\ycero-L-talo-ß-
L-manno-(E)-1 l-tridecenopyranosid~\uronate (6b). To a solu­
tion of the crude sample of 4b (60 mg) in dry benzene (1.2 ml) 
was added ( methoxy car bony lmethylene)triphenylphosphorane 
(61 mg, 0.182 mmol). The mixture was refluxed for 3 h 
under argon and then evaporated. The residual syrup was 
chromatographed on silica gel (7 g) with 6: 1 benzene-ethyl 
acetate to afford 6b (56 mg, 84%) as a colorless solid. 
Recrystallization from ether gave needles of 6b: 131—133 °G; 
[a]*2 - 3 4 ° (c 0.88, MeOH); IR (KBr) 1731 and 1662 cm"1: 
*H-NMR (5=0.91-1.12 (12H, m, 4,6,8, and 10-Me), 2.00— 
2.04 (each 3H, each s, OAcx2) , 3.20 (1H, dd, H-3, 72>3= 
3.3 Hz, 7 3 4=10.5 Hz), 3.40 (6H, s, OMex2) , 3.75 (3H, s, 
GOOMe),'4.38 (1H, dd, H-2, 7 i , 2 = l . l Hz), 4.96—5.20 (3H, 
m, H-1,7, and 9), 5.83 (1H, d, H-12, 711>12=15.6 Hz), and 
6.83 (1H, dd, H- l l , 710 u - 9 . 0 Hz). 

Found: C, 52.50; H, 7.13; Br, 14.38%- Calcd for C24H39-
09Br: G, 52.27; H, 7.13; Br, 14.49%. 

Methyl [Methyl 7,9-Di-0-acetyl-2,4,6,8,10,11,12-heptadeoxy-
4,6,8,10-tetra-C-mthyl~3-O-methyl-L-ma.nno-ß-D-ga\3LCto-(E)-ll-
tridecenopyranosid]uronate (6a). A solution of 6b (137 
mg, 0.248 mmol), tributylstannane (0.080 ml, 0.298 mmol), 
and AIBN (8 mg, 0.05 mmol) in dry benzene (2.7 ml) was 
stirred under argon at 60 ° G for 3 h, and then the solvent was 
removed. The residue (300 mg) was chromatographed on 
silica gel (12 g) with 3: 1 benzene-ethyl acetate to give 6a 
(111 mg, 95%) as colorless crystals. Recrystallization from 
hexane afforded colorless needles: mp 100—101 °G; [a]*,7 

- 6 1 ° (c 1.22, MeOH); IR (KBr) 1728 and 1653cm"1; W-
NMR (5=0.8-1.1 (12H, m, 4, 6, 8, and 10-Me), 1.41 (1H, 
ddd, H-2ax, 72ax>2eq=11.0Hz, 72ax,3=9-0 Hz, / l i U x = 3.6 
Hz), 2.00 and 2.04 (each 3H, each s, OAcx2), 3.35 and 3.37 
(each 3H, each s, OMex 2), 3.76 (3H, s, GOOMe), 4.75—5.25 
(3H, m, H-1,7, and 9), 5.84 (1H, d, H-12, 7n, i2= 16.0 Hz), 
and 6.86 ( 1H, dd, H-11, 710 H=8 .9 Hz). 

Found: G, 60;94; H, 8.37%. Galcd for G24H40O9: G, 61.00; 
H, 8.53%. 

Methyl [Methyl 2,4,6,8,10,11,12,13,14-Nonadeoxy-7,9-O-iso-
propylidene-4,6,8,10, M-penta-C-methylS-O-methyl-L-manno-ß-B-
galacto- ( 1 iE, 13Z) -11,13-pentadecadienopyranosid] uronate (7a). 
To a stirred solution of l a (538 mg, 1.26 mmol) and DMP 
(0.308 ml, 2.52 mmol) in dry acetone (11 ml), was added a 
0.1 % H 2S0 4 solution in acetone (0.54 ml) under ice-cooling. 
After standing at 0 °G for 3 h, the mixture was neutralized 
with solid NaHGOg. The insoluble material was filtered and 
washed with acetone. The filtrate and washings were 
combined and evaporated. The residual brown syrup (698 

mg) was chromatographed on silica gel (22 g) with 10: 1 
benzene—ethyl acetate to afford 7a (583 mg, 99%) as a syrup: 
[a]» - 2 0 ° (c 0.75, MeOH); UVmax (EtOH) 266 nm (e 
11400); IR (CG14) 1705 and 1631 cm"1; *H-NMR (5=0.8-
1.1 (12H, m, 4,6,8, and 10-Me), 1.27 and 1.30 (each 3H, each 
s, GMe2), 1.95 (3H, d, 14-Me, Ju Me=1.0 Hz), 3.23 (1H, m, 
H-3, 7 3 4=10.0 Hz), 3.35 (6H, s, OMex2) , 3.76 (3H, s, 
GOOMe), 4.82 (1H, dd, H-l , 7i,2ax = 3.2 Hz, / l i l e q = 1 . 4 
Hz), 5.98 (1H, dd, H- l l , 7io n=6 .0 Hz, Jn 12=15.0 Hz), 
6.40 (1H, dd, H-13, 712>13= H.O Hz), and 7.16 (1H, dd, H-12). 

Found: C, 66.61; H, 9.29%. Galcd for C26H4407: C, 
66.64; H, 9.46%. 

(R)-2-Bromo Derivative of 7a (7b). A sample (205 mg) 
of l b was acetonated by the procedure described in the prepa­
ration of 7a and then worked-up. The crude syrup (281 mg) 
of 7b was chromatographed on silica gel (22 g) with 17: 1 
benzene-ethyl acetate to afford a pure sample (168 mg, 76%) 
of 7b as a syrup: [a]J7 +4° (c 0.70, MeOH); UVmax (EtOH) 
267 nm (e 23000); IR (CC14) 1709, 1640, and 1601cm"1; 
*H-NMR (5=0.88-1.04 (12H, m, 4,6,8, and 10-Me), 1.27 
and 1.30 (each 3H, each s, GMe2), 1.96 (3H, s with a little 
long-range coupling with H-13, 14-Me), 3.20 (1H, dd, H-3, 
7 3 4 = 7 . 5 Hz, 72 3=3.1 Hz), 3.38 (6H, s, OMex2) , 3.76 (3H, 
s, COOMe), 4.39 (1H, dd, H-2, Jx 2=1.5 Hz), 4.97 (1H, d, 
H-l) , 5.98 (1H, dd, H- l l , 7io,n=7.0 Hz, / U i l l = 1 5 . 4 H z ) , 
6.40 (1H, dd, H-13,7i2,i3= HO Hz), and 7.17 (1H, dd, H-12). 

Found: G, 57.32; H,' 7.84; Br, 14.37%. Galcd for C26H43-
07Br: C, 57.04; H, 7.92; Br, 14.59%. 

Methyl [Methyl 2,4,6,8,10,11,12-Heptadeoxy-P' ,9-O-isopropyl-
idene-4,6,8,10-tetra- C-methyl-3- O -m^^Z-L-manno-^-D-galacto-
(E)-ll-tridecenopyranosid]uronate (9a). Ozonized oxygen 
gas containing 1.11 mmol of ozone was passed slowly through 
a solution of 7a (260 mg, 0.555 mmol) in dry dichloromethane 
(13 ml) at — 75 °G. To the resulting solution was added 
dimethyl sulfide (0.1 ml, 5.55 mmol) at the same temperature. 
The mixture was gradually warmed to room temperature, 
washed with water and a saturated aqueous NaCl solution, 
dried, and evaporated. The resulting crude aldehyde 8a 
(207 mg) was dissolved in dry benzene (4 ml). To this was 
added (methoxycarbonylmethylene)triphenylphosphorane (225 
mg, 0.675 mmol), and the mixture was refluxed for 4 h under 
argon. After the removal of the solvent, the residual syrup 
was chromatographed on silica gel (20 g) with 4 : 1 benzene-
ether to afford 9a (209 mg, 89%) as a colorless syrup: [a]J7 

- 3 5 ° (c 0.71, CHG13); IR (GC14) 1713 and 1625cm"1: *H-
NMR (5=0.8-1.0 (12H, m, 4,6,8, and 10-Me), 1.26 and 1.30 
(each 3H, each s, CMe2), 3.37 (6H, s, OMex2) , 3.74 (3H, 
s, COOMe), 4 .8-4 .9 (1H, m, H-l), 5.85 (1H, d, H-12, Ju 1 2= 
15.6 Hz), and 7.04 (1H, dd, H- l l , J10ill = 7.2 Hz). 

Found: G, 64.56; H, 9.26%. Galcd for G23H40O7: C, 
64.46; H, 9.41%. 

(K)-2-Bromo Derivative of 9a (9b). A sample ( 168 mg) 
of 7b was ozonolyzed by the procedure described in prepara­
tion of 9a to afford a crude aldehyde, 8b ( 138 mg). A solution 
of this sample of 8b (138 mg) and (methoxycarbonylmethyl-
ene)triphenylphosphorane (204 mg) in dry benzene (2.9 ml) 
was refluxed for 5 h under argon. The reaction mixture was 
then evaporated, and the residue was chromatographed on 
silica gel (20 g) with 15: 1 benzene-ethyl acetate to give 9b 
(109 mg, 70%) as a colorless syrup: [a]*5 - 1 2 ° (c 0.64, 
MeOH) ; IR (GG14) 1728 and 1658 cm"1; *H-NMR (5=0.88-
1.05 (12H, m, 4,6,8; and 10-Me); 1.27 and 1.30 (each 3H, 
each s, GMe2), 3.38 (6H, s, OMex2) , 3.37 (3H, s, GOOMe), 
4.37 (1H, dd, H-2, J2 3=3.2 Hz, Jx 2=1.5 Hz), 4.97 (1H, d, 
H-l) , 5.83 (1H, dd, H-12, 7 n 1 2= 15.9 Hz, J10 „ = 1 . 0 Hz), 
and 7.01 (1H, dd, H- l l , J10 n = 7.3 Hz). 

Found: C, 54.22; H, 7.64j Br, 15.47%. Galcd for C23H39. 
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0 7 B r : C, 54.44; H , 7.75; Br, 15.75%. 
Methyl 2,4,6,8,10,ll,12-Heptadeoxy-7,9-0-isopropylidene-4,6,-

8,10-tetra- C-methyl- 3-0- methyl-L-mzumo-ß-D-galacto- (E)-ll-
tridecenopyranoside-(l,5)(10a). (A): A 27.5 ( W / W ) % 
DIBAL in hexane (0.460 ml, 0.803 mmol) was added dropwise 
to a stirred cooled solution ( - 7 5 °C) of 9a (172 mg, 0.401 
mmol) in dry toluene (17.2 ml) . Once the addition of the 
DIBAL was complete, the reaction mixture was stirred at — 75 
°C for 30 min. I t was then warmed to 0 °C, and to this 
mixture 5 0 % aqueous acetic acid (0.08 ml) and ethyl acetate 
(4 ml) were added successively. T h e resulting insoluble 
matter was filtered through Celite and washed with ethyl 
acetate. T h e combined filtrate and washings were evaporated. 
The residual syrup (180 mg) was chromatographed on silica 
gel (8g) with 2 : 1 benzene-ethyl acetate to afford 10a (112 
mg, 70%) ^ a colorless syrup: [a]"6 - 3 0 ° (c 1.16, CHC13) ; 
i H - N M R 0 = 0 . 8 - 1 . 0 (12H, m, 4,6,8, and 10-Me), 1.29 and 
1.33 (each 3H, each s ,GMe 2 ) , 2 .23(1 H , ddd, H-2eq, 72eq>2ax 
= 13.1 Hz , J 2 e q > 3 =4 .7 Hz , y i > 2 e q = 1 . 6 H z ) ; 3.40 (6H, s, 
O M e x 2 ) , 4.0—4.2 (2H, m, H - 1 3 x 2 ) , 4.86 ( I H , dd, H - l , 
Jx üax= 4 - 0 H z )> a n d 5.7—5.8 (2H, m, H- l 1 and 12). 

Found: C, 66.22; H , 9 .87%. Calcd for C 2 2 H 4 0 O 6 : C, 
65.97; H , 10.07%. 

(B): T o a stirred solution of 6a (75 mg, 0.158 mmol) in 
dry toluene (3.7 ml) was added dropwise 27 .5% DIBAL in 
hexane (0.040 ml, 0.07 mmol) at — 75 °C. After being 
stirred at the same temperature for 10 min, the reaction 
mixture was warmed to 0 °C and treated with a 5 0 % aqueous 
acetic acid (0.079 ml) and ethyl acetate ( 1 ml) . After the 
removal of the resulting insoluble mat ter by filtration, the 
filtrate was evaporated to give a colorless syrup (52 mg, 92%) 
of the triol. A mixture of the crude triol (52 mg) , D M P (0.036 
ml, 0.29 mmol) , and dry D M F (0.52 ml) was stirred a t room 
temperature for 5 h. T h e mixture was then neutralized with 
triethylamine and evaporated. T h e residue was chromato­
graphed on silica gel (5 g) with 2 : 1 benzene-ethyl acetate to 
afford 10a (43 mg, 7 3 % ) . 

(R)-2-Bromo Derivative of 10a (10b). A solution of 9 b 
(96 mg, 0.189 mmol) in dry toluene (9.6 ml) was treated with 
a 27 .5% DIBAL in hexane (0.215 ml, 0.378 mmol) a t - 7 5 °C 
for 10 min and then worked-up by the procedure described in 
the preparat ion of 10a from 9a. T h e crude syrup of 10b 
(108 mg) thus obtained was chromatographed on silica gel 
(10 g) with 3 : 1 benzene-ethyl acetate to afford a colorless 
syrup of 10b (87 mg, 9 6 % ) : [a]*2 - 7 ° (c 1.40, M e O H ) ; 1 H -
N M R 0 = 0 . 8 9 - 1 . 0 3 (12H, m, 4,6,8, and 10-Me), 1.27 and 
1.31 (each 3H, each s, CMe 2 ) , 3.20 ( I H , dd, H-3 , 7 3 4 = 7 . 1 
Hz, J2 3=3 .1 Hz) , 3.39 (6H, s, O M e x 2 ) , 4.0—4.2 (2H, m, 
H - l 3 x 2 ) , 4.39 ( I H , dd, H-2, J l j 2 = 1.5 Hz) , 4.98 (1HS d, H - l ) , 
and 5.65—5.79 (2H, m, H-11 and 12). 

Found : C, 54.89; H, 7.98; Br, 16.38%. Calcd for C2 2H3 9-
O eBr: C, 55.11; H , 8.20; Br, 16.67%. 

Methyl 2-Bromo-2,4,6,8,10,11,12-heptadeoxy-7,9-O-isopropyl-
idene-4,6,8,10-tetra- C -methyl-3- O -methyl-i^-glycero - L - talo - ß - L-
manno- ( EJ - / 1-tridecenodialdopyranoside- ( 1,5) (lib). A 
mixture of chromium trioxide (71 mg, 0.716 mmol) and dry 
H M P A (0.21 ml) was stirred at room temperature for 2.5 h, 
and a solution of 10b (172 mg, 0.358 mmol) in H M P A (0.34 
ml) was then added. Stirring was continued for 1 week at 
room temperature, after which the mixture was poured into 
ice water and extracted with ether. T h e ether layer was 
washed successively with a 5 % aqueous N a O H solution, water, 
and a saturated aqueous NaCl solution, dried, and evaporated. 
T h e residue was chromatographed on silica gel (8.3 g) with 
10 : 1 benzene-ethyl acetate to give l i b (106 mg, 62%) as a 
colorless crystal. Recrystallization from ether-petroleum 
ether afforded colorless needles of l i b : m p 129—130°C; 

[a] 2 5 - 1 0 ° (c 0.96, M e O H ) ; I R (KBr) 1689 and 1634cm" 1 ; 
X H - N M R 0 = 0 . 9 4 , 0.98, 1.01, and 1.05 (each 3H, each d, 
4,6,8, and 10-Me, 7 = 6—7 Hz) , 1.27 and 1.32 (each 3H, each s, 
CMe 2 ) , 3.23 ( I H , dd, H-3 , J2 3 = 3 . 1 Hz , / 3 4 = 9 . 9 H z ) , 3.39 
(6H, s, O M e x 2 ) , 4.40 ( I H , dd, H-2, Jx 2 = 1 . 6 Hz) , 4.98 ( I H , 
d, H - l ) , 6.14 ( I H , ddd, H-12, Jllil2=15.9 Hz , 7 1 2 , 1 3 =7 .7 Hz , 
J10 1 2 = 1.0 Hz) , 6.96 ( I H , dd, H - l 1, Jw n = 6 . 5 Hz) , and 9.53 
( I H , d, H-13) . 

F o u n d : C, 55.38; H , 7.64; Br, 16.50%. Calcd for C2 2H3 7-
0 6 B r : C, 55.35; H , 7.81; Br, 16.74%. O n column chromatog­
raphy, unchanged 10b (37 mg, 22%) was recovered. 

13E-Isomer of 7b (7'b) ; Condensation of lib with 14. T o 
an ice-cooled suspension of N a H (3.6 mg, 0.082 mmol ; 5 5 % 
dispersion in mineral oil) in dry T H F (0.27 ml) , 1413> (15 mg, 
0.074 mmol) was added, and the mixture was stirred at room 
temperature for 1 h. I t was then cooled to — 75 °C, and a 
solution of l i b (29.6 mg, 0.062 mmol) in dry T H F (0.3 ml) 
was added. Stirring was continued at —60 65 °C for 1 h . 
T h e reaction mixture was then poured into ice water and 
extracted with ether. T h e extract was washed with a saturated 
aqueous NaCl solution, dried, and evaporated. T h e residue 
was preparatively thin-layer chromatographed on Merck 
Kieselgel 60-F254 (0.5 mm) with 25 : 1 and 30 : 1 benzene-
ethyl acetate (two passes), to afford 7 b (0.5 mg, 1.5%) and 
7 'b (28 mg, 8 3 % ) : [a] 2 0 0° (c 0.78, M e O H ) ; U V m a x (E tOH) 
266 n m (e 28800); I R (CC14) 1711 and 1641 cm" 1 ; X H - N M R 
0 = 0 . 8 8 - 1 . 0 5 (12H, m, 4,6,8, and 10-Me), 1.27 and 1.30 
(each 3H, each s, CMe 2 ) , 1.94 (3H, d, 14-Me, 7 1 3 M e = 1 . 0 
Hz) , 3.20 ( I H , dd, H - 3 , y 3 4 = 7 . 1 H z , y 2 3 = 3 . 0 H z ) , 3.38 
(6H, s, O M e x 2 ) , 3.77 (3H, s, C O O M e ) , 4.38 ( I H , dd, H-2 , 
J 1 > 2 = 1 . 6 Hz) , 4.97 ( I H , d, H - l ) , 6.03 ( I H , dd, H-11 , Ju 1 2 = 
15.0 Hz, y i o > 1 1 = 6.0 Hz) , 6.42 ( I H , dd, H-12, J1% 1 3 = 10.0 H z ) , 
and 7.19 ( I H , dd, H-13). 

Found : C, 57.37; H , 7.97; Br, 14.26%. Calcd for C 2 6H 4 3 

0 7 B r : C, 57.04; H , 7.92; Br, 14.59%. 
Allylic Bromide (12a) and Triphenylphosphonium Salt (13a). 

Triethylamine (0.05 ml, 0.315 mmol) and lithium bromide 
(20 mg, 0.23 mmol) were added to a solution of 10a (83 mg, 
0.21 mmol) in dichloromethane (1 .6ml) , and then the new 
mixture was cooled at 0 °C. T o this cooled suspenion, mesyl 
chloride (0.02 ml, 0.24 mmol) was added under stirring. 
Stirring was continued at 0 °C for 1 h at room temperature 
for 12 h. T h e reaction mixture was then diluted with acetone, 
and the precipitates were filtered off using Celite and washed 
with ethyl acetate. T h e filtrate and washings were combined 
and evaporated to afford a yellow syrup. T h e syrup was 
chromatographed on silica gel (Kieselgel 60, 8 g) with 9: 1 
hexane-ethyl acetate to give 12a (77 mg, 80%) as a colorless 
crystalline solid: X H - N M R 0 = 0 . 8 - 1 . 0 (12H, m, 4, 6, 8, and 
10-Me), 1.28 and 1.32 (each 3H, each s, CMe 2 ) , 3.36 (6H, s, 
O M e x 2 ) , 3.9—4.0 (2H, doublet like, H-13 and 13'), 4.85 
( I H , m, H - l ) , and 5.7—5.9 (2H, m, H- l 1 and 12). A solution 
of 12a (30 mg, 0.06 mmol) and triphenylphosphine (17 mg, 
0.065 mmol) in dry ether (0.3 ml) was stirred under argon 
at 30 °C for 2 d. T h e resulting solid was separated from 
ether by décantat ion and tr i turated with ether to afford a 
colorless powder of 13a (46.5 mg, 100%) ; I R (KBr) 1430, 
1110, 1000, 730, and 710 cm- 1 . 

Allylic Bromide (12b) and Triphenylphosphonium Salt (13b). 
By the procedure described in the preparat ion of 12a, a sample 
(91 mg) of 10b was converted into a crude bromide ,12b, which 
was then purified by column chromatography, using Kieselgel 
60 (10 g) with 50: 1 benzene-ethyl acetate, to afford a practi­
cally pure sample of 12b (93 mg, 90%) as colorless needles: 
m p 126—127 °C ; ^ - N M R 0 = 0 . 9 7 (doublet like, 12H, 
4, 6, 8, and 10-Me), 1.27 and 1.31 (each 3H, each s, CMe 2 ) , 
3.20 ( I H , dd , H - 3 , J2 3 = 3 . 5 Hz , J 3 4 = 6 . 6 H z ) , 3.40 (6H, s, 
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OMe x 2), 4.40 (1H, dd, H-2, Jlt2= 1.6 Hz), 4.99 (1H, d, H-1), 
and 5.69—5.87 (2H, m, H- l l and 12). A solution of 12b 
(92 mg, 0.17 mmol) and triphenylphosphine (89 mg, 0.339 
mmol) in dry benzene (0.28 ml) was stirred under arogn at 
55 °G for 5 d. After the subsequent removal of the solvent 
by evaporation, the resulting solid was washed with hexane by 
trituration to afford a colorless powder of 13b (136 mg, 100%) : 
IR (KBr) 1440, 1118, 998, and 724 cm"1. 

Wittig Condensation of Methyl Pyruvate with Triphenylphosphorane 
Generated from 13a or 13b. (A) : A 1.6 M butyllithium 
in hexane (0.027 ml, 0.043 mmol) was added, under argon, 
to a stirred, cooled solution ( — 75 °G) of 13a (46.5 mg, 0.064 
mmol) in dry THF (0.5 ml). After the solution had been 
stirred at — 75 °G for 1 h, to the deep red solution was added 
a solution of methyl pyruvate (4.4 mg, 0.043 mmol) in dry 
THF (0.1 ml). Stirring was continued at - 7 5 °G for 0.5 h, 
and then it was evaporated. Ether was added to the residual 
syrup, and the precipitates were, filtered off and washed with 
ether. The combined filtrate and washings were then evapo­
rated to afford a yellow syrup (40.3 mg). The crude product 
was purified by PLC with 1 0 : 1 benzene-ethyl acetate to give 
a mixture of 7a and its 132i-isomer, 7 /a(11.9mg). The 
mixture was chromatographed on alumina (Woelm grade I, 
1 g) with 3: 1 benzene-chloroform to afford 7a [Rf 0.51 (2: 1 
hexane-ether, two passes)] as a colorless syrup [4 mg (28%)] 
and 7'a [R{ 0.49 (2: 1 hexane-ether, two passes)], also as a 
colorless syrup [5 mg (34%)]: [a]*0 - 9 ° (c 1.29, MeOH); 
UVm a x (EtOH) 266 nm (e 35700); IR (CC14) 1709 and 1641 
cm-1; ^ - N M R (5=0.85—1.05 (12H, m, 4, 6, 8, and 10-Me), 
1.27 and 1.31 (each 3H, each s, GMe2), 1.95 (3H, d, 14-Me, 
7i3 Me= 1-5 Hz), 3.34 (6H, s, OMe x 2), 3.75 (3H, s, GOOMe), 
4.81 (1H, dd, H-1, y l i U x = 3 . 5 Hz, y M e q = 1 . 5 Hz), 6.4 (1H, 
dd, H- l l , Ju i a = 14.6 Hz, J10 u = 6.2 Hz), 6.40 (1H, dd, H-12, 
7i2 13=10.0 Hz), and 7.17 (1H, dd, H-13). 

Found: G, 66.37; H, 9.45%. Galcd for G26H4407: G, 
66.64; H, 9.46%. 

(B): A 1.6 M butyllithium in hexane (0.089 ml) was 
added, under argon, to a stirred, cooled solution ( — 75 °G) 
of 13b (77 mg) in dry THF (0.77 ml). After the mixture 
had been stirred at —75° G for 15 min, methyl pyruvate 
( 19 mg) was added to the deep-red solution. The solution 
immediately turned pale yellow. It was then poured into 
ice-cooled water, and the mixture was extracted with chloro­
form. The extract was washed with a saturated aqueous 
NaCl solution, dried, and evaporated. The residue (116 mg) 
was preparatively thin-layer chromatographed on two PLC 
plates (in two passes) with 25: 1 and 30: 1 benzene-ethyl 
acetate to afford 7b [Rf 0.47 (15: 1 benzener-ethyl acetate)] 
as a pale yellow viscous syrup [21 mg (40%)] and 7'b [Rf 

0.42 (15: 1 benzene-ethyl acetate)] also as a pale yellow 
viscous syrup [22 mg (42%)] ; these two substances were found 
by 2H-NMR analysis and TLG to be identical with the 
corresponding authentic samples. 

Methyl [Methyl 2,4,6,8,10,11,12,13,14-Nonadeoxy-4,6,8,10,14-
penta-C-methyl-3-O-methyI-L-manno-ß- D-galacto (11 E, 13Z) -
ll,13-pentadecadienopyranosid]uronate (la). A sample of 7a 

(15 mg) was dissolved in 50 (v/v)% aqueous DFA (0.15 ml), 
after which the mixture was stand at 0 °G for 25 min. The 
solution was then neutralized with solid NaHC0 3 and extract­
ed with ether. The extract was washed with a saturated 
aqueous NaCl solution, dried, and evaporated. Chromato­
graphic purification using silica gel (1 g) with 3: 2 benzene-
ethyl acetate afforded l a (11 mg, 80%) as a colorless syrup; 
this syrup was identical with the authentic sample. 

(K)-2-Bromo Derivative of la (lb). A solution of 7b 
(27 mg) in 90 (v/v) % TFA (0.27 ml) was kept at 0 °C for 
15 min. The subsequent removal of the solvent, followed 
by column chromatography on silica gel (2.5 g) with 3: 1 
benzene—ethyl acetate, gave a pale yellow syrup of l b (25 mg, 
100%), whose ^ - N M R , IR, and UV spectra were identical 
with those of the authentic sample. 

We wish to thank Mr . Saburo Nakada for carrying 
out the microanalyses and the Daiichi Seiyaku Co., 
Ltd., for the kind supply of rifampicin. The authors are 
also grateful to the Institute of Microbial Chemistry 
for its financial support. 
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The reaction of 4/-methoxyacetophenone with manganese (III) acetate in the presence of ammonium chloride 
yielded 2-chloro-4/-methoxyacetophenone (2a) and 2,2-dichloro-4/-methoxyacetophenone (3a). The reaction 
of 2a with these reagents gave 3a, 4,-methoxy-2,2,2-trichloroacetophenone, and l,4-bis(4-methoxyphenyl)-2,2,3,3-
tetrachloro-l,4-butanedione (8a). The reactions of 2a and 2-bromoacetophenone with manganese(III) acetate 
yielded the corresponding 2,3-dihalo-l,4-diphenyl-l,4-butanediones, l,4-diphenyl-2-halo-2-butene-l,4-diones3 2,3-
dihalo-2-butene-l,4-diones, 2,2-dibromoacetophenone, and 8a. The reaction pathways are discussed. 

It has been reported that the reaction of acetophenone 
with oxygen in the presence of manganese (III) acetate 
in butyric acid gave benzoic acid.1) The reactions of 
aliphatic and cyclic ketones with manganese (III) 
acetate have also been reported to give a-acetoxy 
ketones as the major product when the reaction was 
conducted under nitrogen.2) The reactions of ketones 
with manganese (111) acetate in the presence of olefins 
have been reported by many investigators.2-6) It 
seems that the chloride ion, in place of olefins, oxygen 
and acetate ion, will react with the benzoylmethyl 
radical formed from acetophenone. The acetophenone 
derivatives examined are 4 /-methoxyacetophenone ( la ) 
and 2-chloro-4'-methoxyacetophenone (2a). The reac­
tions were carried out in boiling acetic acid. The struc­
ture of the reaction products were determined by means 
of the study of their IR, N M R , and mass spectra, by 
elemental analyses, and by comparison with authentic 
samples. 

When l a was oxidized with manganese (III) ace ta te -
ammonium chloride in acetic acid containing acetic 
anhydride, 2-chloro-4'-methoxyacetophenone (2a) and 
2,2-dichloro-4 /-methoxyacetophenone (3a) were ob­
tained (Table 1, Entries 2—9), in contrast to the 

reaction in the absence of ammonium chloride (Entry 1), 
which gave 2-acetoxy-4'-methoxyacetophenone (2b) 
and jb-anisic acid (4a). The yields of 2a were first 
increased and then decreased with the increase in the 
oxidant, while the yields of 3a were increased (Entries 
2, 4, and 8). T h e total yields decreased with a higher 
molar ratio of the oxidant to the substrate, because of 
the formation of a number of undefined products. It 
was also found that acetic anhydride added to the 
reaction mixture effected the yield of 3a more than that 
of 2a (Entries 3, 4, 5, and 6), al though no rational 
explanation could be given. Lithium chloride and 
hydrochloric acid were also employed as chloride-ion 
sources; the results are shown in the table (Entries 10 
and 11). It could be assumed that the reaction is 
initiated by the formation of the benzoylmethyl radical1) 
( la in Scheme 1), which captures the chloride ion in 
the presence of manganese (I II) acetate, but this is the 
least possible because it is difficult for the three species 
to get together at one time. It seems reasonable to 

ArCOCH2* + C\- + Mn(III) 

• ArCOCH2Cl + Mn(II) 

assume that the chloride ion either forms a complex 

TABLE 1. T H E REACTIONS OF 4/-METHOXYACETOPHENONE (la) AND 2-CHLORO-4 /- METHOXYACETOPHENONE 

(2a) WITH MANGANESE (III) ACETATE IN THE PRESENCE OF AMMONIUM CHLORIDE IN ACETIC 

ACID CONTAINING ACETIC ANHYDRIDE AT THE REFLUX TEMPERATURE 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Substrate 

l a 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
2a*> 
2a 

Mol; 
of su 
oxid 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Reaction conditions 

ar ratio 
ibstrate : 
ant : Ac20 

: 2 : 0b) 

:2 : 8 
: 3 : 6 
: 3 : 12 
: 3 : 24 
: 3 : 48 
: 4 : 8 
: 4 : 16 
: 4 : 32 
: 3 : 12c) 

: 3 : 40d) 

:2 : 4 
: 3 : 6 

Time 
min 

60 
12 
17 
15 
10 
7 

22 
20 
15 
12 
10 
11 
21 

2 a ^ 

33 
34 
38 
40 
25 
16 
22 
16 
16 
15 
— 
— 

Products 

2b 3a 

24 
7 

26 
21 
14 
2 

29 
45 
28 
22 
18 
47 
41 

(yield/%) 

4a 

22 

a) 

5a 

10 

~ 8 a 

4 

Recovered 
substrate 

/o 

40 
49 
39 
28 
30 
52 
25 
14 
40 
20 
25 
57 
13 

a) The yields are based on the amount of the substrate used. b) The reaction was carried out in the absence 
of ammonium chloride. c) Lithium chloride (20 mmol) was used in place of ammonium chloride, d) 12 M 
Hydrochloric acid (9 mmol) was used in place of ammonium chloride. 
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TABLE 2. T H E REACTIONS OF 2-HALOACETOPHENONES (2a AND 2C) AND 2,2-DIHALOACETOPHENONES (3a AND 

3 c ) WITH MANGANESE(III) ACETATE IN ACETIC ACID AT THE REFLUX TEMPERATURE 

Entry 

1 
2 
3 
4 
5 
6 

Substrate 

2a 
2c 
2c 
2c 

2c+3c b ) 

3a9) 

Reaction conditions 

/ 
Molar ratio 
of substrate : 
oxidant : AcaO 

1 :2 
1 : 1 
1 :2 
1 :2 
1 :2 
1 : 1 

0 
0 
0 
8 
0 
0 

Time 
min 

95 
14 
45 
25 
60 
65 

3 

0 
9 
8 
4 

— 
— 

Products 

4 8 

10 8 
0 0 
0 0 
0 0 
0 0 
0 37 

(yieid/%; 

9 

9 
12 
8 
6 
1 
0 

10 

40 
8 

23 
20 
12 
0 

~ " l l 

5 
0 
8 
3 

21 
0 

R f* fovprf* d 
substrate 

% 

0 
31 
0 
2 

5 j o I 2d) 

25 

a) The yields are based on the amount of the substrate used, 
of 2c. d) The recovery of 3c. 

b) A mixture of 1 mmol each, c) The recovery 

with manganese (111) acetate such as [Mn(OAc) 3 Cl] _ 

or replaces some of the acetate ions to form Mn(OAc)3_M-
Clw, which then reacts with l a . In fact, the visible 
spectrum of manganese (I IT) acetate in acetic acid 
showed a maximum at 470 nm (e 288) which was shifted 
to 530 nm (shoulder, e 439) by the addition of lithium 
chloride. It has been reported that a similar shift was 
caused by the addition of potassium acetate.7) 2a can 
be further chlorinated in the same way to 3a and 5a 
(Table 1, Entries 12 and 13, and Scheme 1). 

The reaction of l a with chlorine in acetic acid gave 
3'-chloro-4'-methoxyacetophenone (6) and 2,3'-dichloro-
4'-methoxyacetophenone (7), along with 2a. The 
absence of the nuclear chlorinated compounds among 
the manganese (I II) ace ta te-ammonium chloride oxida­
tion products from l a eliminated the pathway in which 
the chloride ion is oxidized to chlorine, with the latter 
then reacting with l a to give 2a and 3a. Other 
nucleophiles, such as methanol and benzoic acid, failed 
to react with l a , and 2 b was obtained in poor yields 
(10 and 6% respectively). When ammonium bromide 
was used, bromine was liberated. 

When 2-chloro-4 /-methoxyacetophenone (2a) was 
treated with manganese (111) ace ta te-ammonium 
chloride, l,4-bis(4-methoxyphenyl) -2,2,3,3-tetrachloro-
butanedione (8a) was obtained, together with 3a and 
4'-methoxy-2,2,2-trichloroacetophenone (5a) (Entry 13). 
8a can be formed by the dimerization of the benzoyl-
dichloromethyl radical ( I l i a ) , which is derived from 
3a by the action of manganese (I II) acetate. This led 
us to examine the reactions of 2a and 2-bromoaceto-
phenone (2c) with manganese (I II) acetate. 

When 2-bromoacetophenone (2c) was oxidized with 
manganese(III) acetate, 2,2-dibromoacetophenone (3c), 
2,3-dibromo-l,4-diphenyl-l ,4-butanedione (9c), 2-
bromo-l,4-diphenyl-2-butene-l,4-dione (10c), and (E)-
2,3-dibromo-l,4-diphenyl-2-butene-l,4-dione ( l i e ) were 
obtained (Table 2). The yields of the reaction products 
depended on the molar ratio of the oxidant to the 
substrate (Entries 2 and 3) and were decreased by the 
presence of acetic anhydride, which shortened the 
reaction time considerably (Entry 4). In boiling acetic 
acid, 9c was converted to 10c with the loss of hydrogen 
bromide. The configurations of 9c and 10c could not 
be determined. When 1 : 1 mixture of 2c and 3c was 
oxidized with manganese(III) acetate, l i e was obtained 

in an increased yield, at the expense of decreased yields 
of 9c and 10c (Entry 5). The reaction pathway may be 
explained as follows. The reaction of 2c with manganese-
(III) acetate gives the benzoylbromomethyl radical 
( l i e ) , which dimerizes to 9c. The dehydrobromination 
of 9c yields 10c. He , on the other hand, reacts with the 
hydrogen bromide now present in the reaction mixture 
to give 3c. The benzoyldibromomethyl radical ( IIIc) , 
which is formed from 3c by manganese (I II) acetate, 
reacts with l i e to give IVc. The dehydrobromination 
of IVc gives l i e . The reaction of 2-chloro-4'-methoxy-
acetophenone (2a) with manganese (III) acetate in 
acetic acid gave similar products except for the presence 
of 8a and the absence of 3a among the reaction products. 
The difference in the product distributions in Entry 11 
of Table 1 and in Entry of Table 2 may be ascribed to 
the difference in the chloride-ion concentration. 3a 
was converted to 8a with manganese (I II) acetate 
(Entry 6). These values are shown in Scheme 1. 

It is thus concluded that the benzoylmethyl radical 

Mn(lll) ( . "i 
ArCOCH 3 > |ArCOCH 2 | 

1a l a 

X",Mn(lll)r 
ArCOCHX- < ArCOCHX 

X",Mn(lll) 

MnOli; 

3a ,c 

I Mn(lll) 

[ArCOCXal 
CI, Mn(lll) 

> ArCOCCI3 

Hla.c 

I 
5a 

ArCOCH2X 

2a,b,c 

i 
ArCOaH 

4 a 

ArCOCH-CHCOAr 
i i 
X X 

9a,c 

sjla.c 

CI CI 
ArCO-|—|-COAr 

CI CI 

8a 

X X 
ArCO-|—|COAr 

X H 

IVa.c 
I 

ArCOCX=CXCOAr 

11a,c 

ArCOCH=CXCOAr 

10a,c 

Scheme 1. a: Ar=4-methoxyphenyl, X=G1; b : Ar=4-
methoxyphenyl, X = O A c ; c: Ar=phenyl, X=Br . 
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(la) and the benzoylhalomethyl radicals (Ha and l ie ) 
derived from the corresponding acetophenone with 
manganese (III) acetate can react with the halide ion 
in the presence of manganese (III) acetate to give 2a, 
3a, 3c, and 5a, and that the benzoylhalomethyl radicals 
(Ha, l i e , I l i a , and I I Ic) tend to dimerize to form 8a, 
9a, 9c, 10a, 10c, 11a, and l i e in low halide-ion concen­
trations. 

Experimental 

All the 1H NMR spectra were recorded with a Hitachi-
Perkin-Elmer R 24 spectrometer, with tetramethylsilane as the 
internal reference. The IR spectra were taken for the chloro­
form solution on a JAS GO grating spectrometer, while the UV 
spectra were recorded for the methanol solution with a Hitachi 
EPS-3T spectrophotometer. The mass spectra were recorded 
with a JMS-01 SG-2 instrument. The melting points were 
determined with a Yanagimoto micro-melting point apparatus 
and were not corrected. 

Acetophenones. The 4/-methoxyacetophenone (la) and 
2-bromoacetophenone (2c) were commercial samples from 
Wako Pure Chemical Industries, Ltd. The 2-chloro-4/-
methoxyacetophenone (2a)8) and 2,2-dichloro-4'-methoxy-
acetophenone (3a)9) were prepared by the standard proce­
dure. 

Oxidations of 4'-Methoxyacetophenone (la) and 2-Chloro-4'-
methoxyacetophenone (2a) with Manganese (HI) Acetate-Ammonium 
Chloride. The general procedure for the oxidations of 
l a and 2a with manganese (III) acetate-ammonium chloride 
was as follows. A mixture of l a (or 2a) (2 mmol), manganese-
(III) acetate dihydrate,10) acetic acid (20 ml), acetic anhyride 
and ammonium chloride (19 mmol) was heated under reflux for 
the time shown in Table 1. After the removal of the solvent 
in vacuo, 2 M hydroric acid (40 ml) was added to the reaction 
mixture and the mixture was extract with benzene (30 ml). 
The benzene solution was washed with aqueous sodium hydro-
gencarbonate and then evaporated in vacuo. The resulting 
liquid was chromatographed on TLG (Wakogel BIO), with 
benzene or chloroform as the developing solvent. The yields 
are summarized in Table 1. 

2-Chloro-4,-methoxyacetophenone (2a) : Mp 100—102 °G 
(GG14) (lit,8> mp 101—102 °G) ; IR 1700 and 1710 cm"1; NMR 
(GDG13) 0=3.83 (3H, s, OGH3), 4.58 (2H, s, -GH2-) , 6.95 
(2H, m, H(3/) and H ^ ) , and 7.91 (2H, m, H(2/} and H ^ ) . 

2,2-Dichloro-4'-methoxy acetophenone (3a) : Mp 78—79 °G 
(GG14) (lit,9) mp 74—75 °G); IR 1700 and 1718 cm"1; NMR 
(GG14) 0=3.82 (3H, s, OGH3), 6.43 (1H, s, >GH-), 6.79 (2H, 
m, H(3/) and H ^ ) , and 7.90 (2H, m, H(2/} and H(6/)). 

4'-Methoxy-2,2,2-trichloroacetophenone (5a) : Liquid (lit,11) 
mp 33—34.5 °G); IR 1720 cm"1; NMR (GG14) 0=3.86 (3H, 
s, OGH3), 6.87 (2H, m, H ( ^ and H(5/}), and 8.20 (2H, m, 
H(2') and H(6/)). 

1,4-Bis(4 - methoxyphenyl)- 2,2,3,3- tetrachloro -1,4- butanedione 
(8a): Mp 145—146 °G (GG14); IR 1708 cm"1; UV Amax 

229 (12000) and 304 nm (25900) ; NMR (CDC13) 0=3.84 (6H, 
s, 2 X OGH3), 6.89 (4H, m, H^/,, H(3//)? H ^ , and H^//)), and 
8.25 (4H, m, H(2/)? H^,/), H^/,, and H(l//,). Found: G, 49.33; 
H, 3.34%. Galcd for G18H14G1404: G, 49.57; H, 3.24%. 

Chlorination of 4f-Methoxy acetophenone (la) with Chlorine in 
Acetic Acid. Through a solution of l a (1 g) in acetic acid 
(10 ml), chlorine gas was passed (The weight of the chlorine 
absorbed was 0.5 g), after which the solution was left at room 
temperature for 30 min. After the removal of the acetic acid 
in vacuo, the resulting mixture was chromatographed on TLG, 
with benzene as the developing solvent, giving unchanged 
l a (74 mg, 7%), S'-chloro^'-methoxyacetophenone (6) [237 

mg, 19%, mp 73—74 °G (MeOH) (lit,12) mp 71—73 °G)], 2a 
(358 mg, 29%), and 2,3'-dichloro^'-methoxyacetophenone 
(7) [207 mg, 14%, mp 89—90 °G (EtOH); IR 1700 cm"1; 
NMR (GDGI3) 0=3.96 (3H, s, OCH3), 4.62 (2H, s, -CH 2-) , 
7.00 (1H, d, y = 8 . 0 Hz, H^/j), 7.75—8.05 (2H, m, H ^ and 
H (e/,). Found: G, 49.43; H, 3.79%. Galcd for C9H8C1202: 
G, 49.34; H, 3.68%]. 

Oxidation of Acetophenones (la, 2a, 2c, 3a, and 3c) with 
Manganese (III) Acetate. The general procedure for the 
oxidation of acetophenones was as follows. A mixture of an 
acetophenone (2 mmol), manganese(III) acetate dihydrate, 
and acetic acid (40 ml) was heated under reflux until the 
color of the manganese (III) ion disappeared. The reaction 
mixture was then worked-up in a manner similar to the above. 
The yields are summarized in Table 2. 

Oxidation Products of la. 2-Acetoxy-4'-methoxyacetophenone 
(2b): Liquid (lit,13) mp 58—59 °G; IR 1718 (C=0) and 
1760cm"1 (OAc); NMR (GG14) 0=2.08 (3H, s, OAc), 3.73 
(3H, s, OCH3), 5.07 (2H, s, -CH 2-) , 6.78 (2H, m, H ^ and 
Hc5/,), and 7.73 (2H, m, H ^ and H ^ ) . 

p-Anisic Acid (4a) : Mp 185 °G. 
Oxidation Products of 2a. l,4-Bis(4-methoxyphenyl)-2,3-

dichloro-l,4-butanedione (9a): Mp 190—191 °G (dec) (CC14); 
IR 1696 cm"1 (G=0); UV AmaK (e) 229 (16600) and 300 nm 
(35000); NMR (GDC13) (5=3.85 (6H, s, 2xOCH 3 ) , 5.68 
(2H, s, >GH-), 6.93 (4H, m, H(8/)f H(3„)5 H(5,)5 and H(5/,,), 
and 8.00 (4H, m, H ^ , H^//), H(6/), and H ^ ) . Found: 
G, 58.56; H, 4.45%. Galcd for G18H16G1204: G, 58.87; H, 
4.39%. 

l,4-Bis(4-methoxyphenyl)-2-chloro-2-butene-l,4-dione (10a) : 
Liquid; IR 1680 cm"1 (G=0); UV Amax (e) 227 (14600) and 
305 nm (19900); NMR (GG14) 0=3.68 (s, OGH3), 3.72 (s, 
OGH3), 6.65—6.95 (m, H(3,)5 H(8//„ H(5,)5 and H^//,), 7.12 (s, 
=GH-), 7.30 (s, =GH-), and 7.6—7.9 (m, H(2,)5 H(2/,)5 H(6,)5 

and H(6//)). The presence of two singlets with nearly equal 
intensities at (5=7.12 and 7.30 indicated that this substance 
was a mixture of (Z)- and (E)-isomers in a 1 : 1 molar ratio. 
MS m/e 330 (M+), 295 (M+ - G l ) , 223 (M+ -C 6 H 4 OCH 3 ) , 
207, 195 (M+ -GOG6H4OGH3) , 135 (CH3OC6H4CO+), 107, 
and 92. 

l,4-Bis(4-methoxyphenyl)-2,3-dichloro-2-butene-l,4-dione (11a) : 
Mp 132.5—134 °G (GG14); IR 1680 cm"1 (G=0); UV Amax 

(e) 228sh (15200) and 309 nm (25800); NMR (GG14) 0=3.78 
(6H, s, 2 X OGH3), 6.80(4H, H ^ , H ^ , H ^ , and H ^ ) , and 
7.68 (4H, m, H(2/)5 H(2//)5 H ^ and O ^ : Found: G, 59.02; 
H, 3.62%. Galcd for G18H14G1204: G, 59.20; H, 3.86%. 

/, 4-Bis(4-methoxyphenyl)-2, 2, 3, 3-tetrachloro-l, 4-butanedione 
(8a) : Mp 145—146 °G. 

Oxidation Products of 2c. 2,2-Dibromoacetophenone (3c) : 
Liquid (lit,14) mp 36—37 °G); IR 1695 and 1718 cm"1; NMR 
(GG14) 0=6.55 (1H. s. >GH-), 7.2—7.7 (3H, m, H(3,)5 H(4,)5 

and H^,)), and 7.9—8.2 (2H, m, H ^ and H ^ ) . 
2,3-Dibromo-l,4-diphenyl-l,4-butanedione (9c) : Mp 180—182 

°G (dec) (GG14); IR 1710 cm"1 (G=0); UV Amax (e) 264 
nm (24200); NMR (GDG13) 0=5.99 (2H, s, >GH-), 7.2—7.8 
(6H, m, Hçg/), H(3//)} H(4/)} H(4//)} H ^ , and H^//)), and 8.0— 
8.25 (4H, m, H ^ , H ^ j , H(6/„ and H^/ , ) . Found: G, 48.20; 
H, 3.07%. Galcd for G16H l2Br202: G, 48.52; H, 3.05%. 

2-Bromo-l,4-diphenyl-2-butene-l,4-dione (10c): Liquid; IR 
1690 cm"1 (0=O) ; UV Amax (e) 270 nm (20200) ; NMR (CC14) 
ö=7.2 —7.7 (6H, m, H ^ , H(3//)} H(4/} H(4//)? H(5/)? and 
HC5")), 7.60 (1H, s, =GH-), and 7.7—8.0 (4H, m, H ^ . H(2//)5 

Hc6/„ and H^z/j); MS m/e 314 (M+), 235 (M+ - B r ) , 105 
(PhCO+), and 77 (Ph+). 10c could be a mixture of (Z)- and 
(E) -isomers. 

(E)-2,3-Dibromo-l,4-diphenyl-2-butene-l,4-dione (lie) : Mp 
208—210 °G (GGl4-light petroleum) (lit,15>16) mp 213 °C); 
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IR 1685 cm-1 (G=0); UV Amax (e) 266 (16600) and 293 nm 
(shoulder) (6220); NMR (GG14) 0=1.2-7.7 (6H, m, H(3,)5 

H^//), H(4/)5 H(4//)5 H ^ , and H ^ ) , and 7.7—7.95 (4H, m, 
H(2/), H(2/,)} H(6/)} and H (,//,). Found: G, 49.07; H, 2.66%. 
Galcd for G16H10Br2O2: G, 48.77; H, 2.56%. MS m/e 392 
(M+), 313 (M+ - B r ) , 129 (PhCOCHC+), 105 (PhCO+), and 
77 (Ph+). 

Oxidation Products of a Mixture of 2c and 3c. 
2,3-Dibromo-l,4-diphenyl-l,4-butanedione (9c): Mp 180—182 

°G (dec). 
2-Bromo-l,4-diphenyl-2-butene-l,4-dione (10c) : Liquid. 
(E)-2,3-Dibromo-l,4-diphenyl-2-butene-l,4-dione (lie) : Mp 

208—210 °G. 
Oxidation Products of 3a. l,4-Bis(4-methoxyphenyl)-

2,2,3,3-tetrachloro-l,4-butanedione (8a) : Mp 145—146 °G. 
Dehydrobromination of 9c. A solution of 9c (40 mg) in 

acetic acid ( 1 ml) was heated under reflux for 35 min. The 
reaction mixture was then worked-up as has been described 
previously, giving 10c (18.5 mg, 45%) identical with the 
sample obtained by the reaction of 2c with manganese(III) 
acetate dihydrate, and also unchanged 9c (12 mg, 30%). 

We wish to thank Professor J . F. W. McOmie of 
Bristol University, England, and Assistant Professor 
Fumiaki Kai of the Depar tment of Chemistry, 
Kumamoto University, for their helpful discussions, and 
Mr . Shuichi Ueda at the Taiho Pharmaceutical Co., 
Tokushima, for his measurements of the mass spectra. 
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Multiple Paths for Photo-alkylation and -alkoxylation of 3-Pyridine-
carboxylic Ester in Alcohol. Simultaneous Contribution of 

Several Kinds of Excited States 
Akira SUGIMORI,* Etsuo TOBITA, Yasuyuki KUMAGAI, and Gen P. SATÔ 

Department of Chemistry, Faculty of Science and Technology, Sophia University, Kioi-cho 7-1, Chiyoda-ku, Tokyo 102 
(Received August 27, 1980) 

UV-irradiation of methyl 3-pyridinecar boxy late (1) in acidic alcoholic solutions brings about the alkoxylation 
and alkylation at the pyridine ring. Photoalkylation occurs in several paths : 1 ) alkylation initiated by the triplet 
Ti-71* state, 2) alkylation initiated by the triplet n-7t* state of the carbonyl moiety of the ester group, 3) alkylation 
initiated by an exciplex between a free base form of 1 and a pyridinium form of 1, and 4) alkylation promoted by 
chloride ions. Photoalkoxylation originates from a singlet excited state of 1. In the photoreactions of 1 in strongly 
acidic methanolic solutions acidified with H2S04 , three kinds of excited states (two kinds of triplet states for alkyla­
tion and a singlet state for alkoxylation) contribute simultaneously. 

Photochemical reactions of azaaromatic compounds 
with alcohols have been extensively investigated.1) 
Previously we reported alkylation and alkoxylation in 
the photoreactions of pyridinecarboxylic acid deriva­
tives.2) Stermitz et al. explained the photoalkylation at 
a- and y-positions of the pyridine ring according to the 
mechanism of hydrogen abstraction by excited 
protonated pyridines from alcohol, followed by the 
geminate radicals and dehydration.3) Gastellano et al. 
proposed a mechanism for photoalkylation via the 
monophotonic hydrogen abstraction by n-rc* state-
pyridine in neutral alcoholic solutions, and via biphotonic 
electron transfer in alcoholic solutions acidified with 
HCl.4) In the latter case they did not detect the forma­
tion of Gl atoms. We report here that the photoalkyla­
tion and photoalkoxylation of 3-pyridinecarboxylic ester 
in alcohol proceed in several different pathways.5) T h e 
3-pyridinecarboxylic ester-alcohol system is a very 
interesting system in which several excited states of the 
same multiplicity contribute simultaneously. ß,y-
Unsaturated ketone is another system in which 3(TZ-TZ*) 
and 3(n-:rr*) contribute simultaneously.6) 

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

The UV-irradiation of methyl 3-pyridinecarboxylate 
(1) in alcohols in the presence of mineral acids brings 
about two types of substitution by the groups derived 
from the solvent alcohols: alkylation and alkoxylation. 
The substitution occurs at the a- and y-positions of the 
pyridine ring. In the methanolic solutions acidified 
with sulfuric acid, two alkylation products (2a and 3a) 

X \ / C O O C H 3 Av (254 nm) 

1 

R 

X \ / C O O C H 3 

I II 

2 
^ / C O O C H a 

I II 

4 

ROH-HgSO« 

a, R = CH3 

b, R = C2H5 

y \ / C O O C H 3 

I II 

3 
X \ / C O O G H 3 

R O ^ N / 
5 

and two alkoxylation products (4a and 5a) are formed 
by the irradiation with 254 nm light. 

T h e yields of the products are linear with the irradia­
tion time, as exemplified by the photoreaction under 
the conditions of [1] = 1 X 10~2 mol dm~ 3 and [ H 2 S 0 4 ] = 
5 x l O - 2 mol d m - 3 (Fig. 1). 

20 40 60 
Irradiation timç/min 

Fig. 1. Relation between the product yield and the 
irradiation time. Irradiated with 254 nm light in 
methanol. 
[1]= 1 X 10-2 mol dm-3 ; [H2S04] = 5x 10~2 mol dm-3. 

A :2a , —A— :3a , - - ( > • - : 4a, 
. . # . . . : 5a. 

T h e photo-alkylation and -alkoxylation of 3-pyridine­
carboxylic ester are dependent upon the reaction 
conditions: 1) the concentration of the substrate, 2) the 
mineral acid added, 3) the concentration of the added 
acid, 4) the nature of the solvent alcohol, and 5) 
additives. 

Figure 2 shows the dependences of photoreactions on 
the concentrations of sulfuric acid at 1 x 10 - 3 , 3 x 10 - 3 , 
and 1 X 10 - 2 mol d m - 3 concentrations of methyl 3-
pyridinecarboxylate. 

As is seen typically in Figs. 2—3, the acidity depen­
dence of the photoreactions of 1 is complex, with photo­
alkylation and -alkoxylation competing. T h e region 
where photoalkylation is effective is divided into two 
parts. 

In the higher acidity region (Region B), alkylation 
and alkoxylation are comparable. T h e peak of alkyla-
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0 
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2-2 

8f 
4 
2 

2-3 

10" 
H2SOA]/moldm-3 

Fig. 2. Dependence of the photoreactions of 1 on the 
concentration of H 2 S0 4 (irradiation time, 60 min). 
2-1: [l] = l x l 0 - 3 m o l d m - 3 , 2-2: [l] = 3x 10"3 mol 
dm-3, 2-3: [ 1 ] - 1 X 10"2 mol dm~3, 

A :2a , — A — : 3 a , — Q — : 4a, 
• ••••••: 5a. 

10 10"J 10" 10"' 

[\/2 H2SoJ/moldm" : 

10' 10' 1 
[HCl]/moldm"3 

Fig. 3. Relation between the molar absorption coeffi­
cients of 1 and the concentration of mineral acids. 
__ A __ : [ l ]=10- 3 moldm- 3 , — 0 ~ : [l] = 3 x l 0 " 3 

mol dm - 3 . 

tion in the lower acidity region (Region A) moves 
depending on the concentration of the substrate (1). 
As the concentration of 1 becomes lower, the acid 
concentration which gives the peak becomes lower and 
the peak height goes down. 

The acidity dependence of the molar absorption 
coefficient of 1 in methanol (Fig. 3) indicates that 1 
exists in the pyridinium form in Region B. In Region A 
the pyridinium form and the free base-form of 1 coexist. 

104 [Anthracene]/mol dm"3 

Fig. 4. Effect of anthracene on the photoreactions of 1. 
[1] = 1 X 10"2 mol dm-3 ; [H2S04] = 5 X 10"2 mol dm"3, 
—A—: 2a. — A — : 3 a , - . - Q - - : 4a, 
••••••• :5a. 

The excited states responsible for the photo-alkylation 
and -alkoxylation in the higher acidity region were 
assigned by the effects of additives, solvents, and 
temperature. 

Figure 4 shows Stern-Volmer plots for the quenching 
by anthracene, a triplet quencher (i£T=176 k j mol - 1 ) . 
Because anthracene absorbs the light of 254 nm com­
petitively with the substrate, the quan tum yields are 
normalized on the basis of the light absorbed by the 
substrate by the following formula: 

^\<j> = L/Y, 

v _ Yield in the presence of quencher 
Yield in the absence of quencher 

_ Light absorbed by the substrate 
Light absorbed by the substrate 

-f Light absorbed by the quencher 

The Stern-Volmer plots indicate that the alkylation 
and the alkoxylation originate from triplet and singlet 
exited states, respectively. Furthermore, the different 
dependences of anthracene on the two alkylation 
reactions suggest that the product alkylated at a- and 
y-positions originate from the triplet excited states of 
different character. 

This view is supported by the temperature dependence 
of the photoreactions. Figure 5 is the plot of In (relative 

1.5 

1.0 

0.5 

0 

0.5 

—<r o 

A^ 

3.3 3.4 

loVyK"1 

^o-^-o- -

^ t " " " A ^ 

35 3.6 

Fig. 5. Temperature dependence of photoreactions of 1. 
Relative yield=yield of product/yield of 2a. 
— A — : 3 a , - - O — - : 4 a , . . . # . : 5a. 
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TABLE 1. EFFECTS OF ADDITIVES ON THE PHOTOALKYLATION AND ALKOXYLATION OF 1 

[1] = 1 X 10~2 mol dm - 3 ; Irradiation time, 50 min. 

Additive 

— 
Benzene 
Naphthalene 
Anisole 
Oxygen 

[Additive] 
mol dm-3 

— 

10-1 

10-2 

io-2 

[H2SOJ = 5x 10 
106 [Product] 

Alkylation 

2a 

3.7 
1.6 
0.9 
1.8 

3a 

6.1 
3.3 
5.4 
3.3 

~3 mol dm 
/mol dm-

Alkoxyli 

4a 

2.7 
0.0 
0.0 
0.0 

t - 3 

-3 

ition 

5a 

0.5 
0.0 
0.0 
0.0 

1 :H2SO4]= 
106[Produ 

Alkylation 

2a 

1.8 
3.1 
2.7 
1.3 
0.0 

3a 

2.7 
5.8 
9.3 
1.8 
0.0 

5x 10-2moldm-3 

ct]/mol dm-3 

Alkoxylation 

4a 5a 

7.9 1.1 
6.6 1.1 
6.6 0.5 
6.5 1.0 
1.4 0.5 

TABLE 2. DEPENDENCE OF PHOTOREACTIONS 

OF 1 ON ALCOHOL 

[l] = 2 x l 0 - 2 m o l d m - 3 . 
[H2S04] = 1.5 X 10-1 mol dm-3. 

0/ a) Yield of product/% 

Alcohol Alkylation Alkoxylation 

Methanol 
Ethanol 

7.1 
0.0 

9.5 
31.6 

8.8 
2.0 

3.8 
0.7 

a) Yields are based on the quantity of 1 consumed. 
Analysis was done by means of TLC and NMR. 

yield) vs. the reciprocal of temperature ; the slope of the 
plot gives the difference in the activation energies 
between a given reaction and the standard reaction 
(in this case the formation of 2a) . 

The plots for the two alkoxylation reactions have the 
same temperature dependence, whereas the photo-
alkylations at a- and y-positions differ in temperature 
dependence. 

The effects of benzene, naphthalene, and anisole 
(Table 1) (small effects on the photoalkoxylation, large 
effects on the photoalkylation, and different effects on 
the two alkylation reactions) also support the view. 

The results obtained in the irradiation in ethanol are 
compared with those in methanol (Table 2). The 
irradiation in ethanol depresses the alkoxylation, but 
the change in the ratio of the isomers is small. Alkylation 
becomes dominant and the product ethylated at the 
6-position is selectively formed. The solvent effect 
indicates that the triplet states responsible for the alkyla­
tion at the 6-position and the 4-position are of n-jr* 
and Ti-Ti* character, respectively. 

As the photoreactions occur in acidic solutions, the 
ri-Ti* state should not be the excitation of the electrons 
at N atom, because the lone pair electrons are donated 
to a proton. However, the excitation of the lone pair 
electrons located at O atom of the ester C = 0 is possible. 
In the UV-irradiation of 2-pyridinecarboxylic ester in 
methanol, methylation occurs at the 5-position.5) This 
indicates the participation of the excited C = 0 moiety in 
the alkylation. The hydrogen abstraction by the excited 
C = 0 of the ester group (or the electron transfer followed 
by the proton transfer) has been reported for some 
aromatic esters.7) These facts suggest that the excitation 

of the ester C = 0 can contribute to the photoreactions 
of 3-pyridinecarboxylic ester. If the excitation of a 
non-bonding electron of C = 0 is taken into account, 
the alkylation at the 6-position can be explained as is 
shown in Scheme 1. 

^ N C O O M e 

H 
3 (n-7r* )of C=0 

OH 
i 

OMe 
•CH20H 

H. 
HOCH; :Cr 

OH 
t OMe -H 2 0 

M e V 

COOMe 

Scheme 1. 

The alkylation at the 4-position can be explained by 
the reaction of n-n* state through the mechanism 
proposed by Stermitz et al.3) 

The results of quenching, solvent effects, and tempera­
ture dependence show that the two alkoxylation products 
are due to the same excited state. Alkoxylation occurs 
presumably via the nucleophilic attack of alcohol to the 
polar, singlet excited-state substrate. 

The fact that, in Region A, pyridinium and free base 
forms of 1 coexist suggest that the alkylation in Region 
A is brought about by the cooperation of the pyridinium 
and free base forms. 

The effects of benzene, naphthalene, and anisole on 
the photoalkylation in Region A are different from those 
in Region B (Table 1). This also suggests that the 
mechanism for alkylation reactions in Regions A and B 
are different. 

We propose two mechanisms for alkylation in Region 
A : via an excited complex between the excited pyridi­
nium and the ground-state free base and via that 
between the excited free base and the ground-state 
pyridinium; these are shown in Scheme 2. 

In the Scheme, Py and P y H + stand for the free base and 
pyridinium forms of 3-pyridinecarboxylic esters, respec­
tively. K is the equilibrium constant and k'% are the 
rate constants of the corresponding reactions, and eA 

and £B are the molar absorption coefficients of the 
pyridinium and free base forms of 1 at the wavelength 
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/gA[PyH+] 
2 *A[PyH+] + *B[Py] 

Mechanism A 
K 

Py + H+ ^ = ± PyH+ 

PyH+ ^ = ± (PyH+)* 

(PyH+)* + Py - ^ (PyHPy+)* 

(PyHPy+)* • PyH+ + Py 

(PyHPy+)* • • Alkylation product 
Mechanism B 

K 
Py + H+ ^ = ± PyH+ 

py^Py* *,_ i^m 
*'-! 

k%' sA[PyH+] + eB[Py] 
M 

Py* + PyH+ • (PyHPy+)* 

(PyHPy+)* —U PyH+ + Py 

(PyHPy+)* • • Alkylation product 

Scheme 2. 

of the irradiating light ("intensity, I). 
T h e mechanisms A and B can explain a) the appear­

ance of the peak for the alkylation at an acid concentra­
tion and b) the fact that the peak height (maximum 
quan tum yield) increases with the increase in the 
substrate concentration. 

According to mechanism A, the quan tum yield of the 
product (0) is: 

* 
*[H+] 

*4 "I" *5 n-2\ *_2(1 + #[H+]) + kzc JT[H+] + «B/«A 

where c= [Py] + [PyH+]. 
The quan tum yield of the photoreaction reaches the 

maximum at [H+]n,ax : 

w , at [H+]n The maximum quan tum yield, <f>, 

k*c 

0max = 

IS 

k-2 

!^a(l+*i£) + ( l+«' h('+?y^(i+fï k*c] 
A \ k-2/ \ ^A/ k-2) \ k$l 

max value thus obtained is 0 at c=0 and increases The0 
monotonously with c to reach the limiting value of 
(1 +A;4/A;5)"

1. A similar conclusion can be deduced from 
mechanism B. 

Mechanisms A and B can explain qualitatively the 
results shown in Fig. 2, where the vertical axis is ex-

TABLE 3. EFFECT OF LITHIUM CHLORIDE ON THE 

PHOTOREACTION OF 1. Irradiation time, 10 min. 

[1] 
mol dm - 3 

l x l O - 3 

l x l O - 3 

l x l O " 2 

1 X lO"2 

[HCl] 
mol dm-3 

l x l O - 2 

1 X lO"2 

1 X 10-2 

1 X lO"2 

[LiCl] 
mol dm - 3 

1 

1 

[Alkylation 
product] 

10-5mol 
dm - 3 

2a 3a 

1.8 2.2 
3.4 4.5 

11.8 17.3 
14.4 20.4 

[Alkoxylation 
product] 

10-5mol 
dm - 3 

4a 5a 

3.7 0.5 
0.9 — 
5.2 0.3 

10"" 10"' 1 
[HCl]/mol dm -3 

Fig. 6. Dependence of the photoreactions of 1 on the 
concentration of HCl (irradiation time, 60 min). 
6-1: [I] = l x l 0 - 3 m o l d m - 3 , 6-2: [l] = 3x 10~3 mol 
dm-3, 6-3: [1] = 1 X 10"2 mol dm-3, 

A : 2a, — A — : 3a, - . - ( > . - : 4a, 
•••#•••: 5a. 
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Fig. 7. Absorption spectrum in the flash photolysis 
of the 3-pyridinecarboxylic acid-HCl-H20 system. 
Spectrum of 2 (xs after the flash. [3-Pyridinecarboxylic 
acid] = 5 X 10-4 mol dm-3, [HC1] = 1 mol dm"3. 

pressed in the concentrations of the products formed 
after 60 minutes' irradiation. The values are propor­
tional to the quan tum yields for the products. No direct 
evidence for the participation of an excited complex is 
obtained, because methyl 3-pyridinecarboxylate is not 
fluorescent under any conditions. At present we have 
no experimental results from which we decide which 
mechanism actually operates. 

Dependences of the photoreactions on the concentra­
tion of hydrochloric acid are shown in Fig. 6. The 
presence of hydrochloric acid depresses the alkoxylation 
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and instead promotes the alkylation. The inhibition 
of alkoxylation and the promotion of alkylation are 
remarkable in the higher concentration region of 
hydrochloric acid. 

The promotion of alkylation by hydrochloric acid 
can be attributed to the participation of chloride ions; 
the addition of lithium chloride promotes the alkylation 
and depresses the alkoxylation (Table 3). 

As the mechanism for the promotion of alkylation by 
chloride ions, two paths are conceivable: the accelera­
tion of intersystem crossing by the external heavy atom 
effect and/or a reaction involving chloride ions. At 
present we can not conclude which mechanism operates. 
However, the results of the flash photolysis favor the 
latter mechanism. 

In the microsecond flash photolysis of aqueous 3-
pyridinecarboxylic acid acidified with hydrochloric acid 
(photolyzing light, emission from Ar; duration of a 
flash, 4 pis; energy of a flash, 10 J ) , a transient absorption 
was observed at Amax = 340 nm, which is similar to that 
of C12

T reported by Anbar and Thomas.8) 
The promotion of alkylation by chloride ions thus can 

be explained by a mechanism via chlorine atoms formed 
in the electron transfer from chloride ions to the excited 
pyridinium, which should undergo electrophilic alkox­
ylation in the absence of chloride ions. The alkylation 
of 3-pyridinecarboxylic ester via chlorine atoms should 
proceed as in Scheme 3. 

The photoreactions of 3-pyridinecarboxylic ester in 
the region of higher concentration of acids are sum­
marized in Scheme 4. 

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

Materials. Commercial methyl 3-pyridinecraboxylate 
(GR grade reagent of Tokyo Kasei Co.) was purified by 
vacuum distillation. Mp, 36—37 °C. Anthracene (standard 
reagent for elemental analysis made by E. Merck Co.) was 
used for the quenching experiment. 

UV-irradiation. Methanolic or ethanolic solutions con­
taining methyl 3-pyridinecarboxylate (10~3 —10~2 mol dm - 3) , 
sulfuric acid or hydrochloric acid (10~5—1 mol dm - 3) , and 
the additive in the quenching experiment were deaerated by 
bubbling nitrogen or argon for 30 min before irradiation. 
The solutions were irradiated with a low pressure mercury 
lamp in a merry-go-round type irradiation apparatus normally 
at 32 °C. 

Isolation and Identification of Products. After the irradia­
tion the solution was concentrated under reduced pressure. 
The solution was neutralized with sodium hydrogencarbonate 
and the products were extracted repeatedly with dichloro-
methane. The products were separated by means of thin-
layer chromatography (plate, GF254 (Type 60) of E. Merck 
Co.; developing solvent, ethyl acetate-dichloromethane 1 : 1 
v/v). 

Methyl 2-methoxy-3-pyridinecarboxylate (4a), liquid (lit,9) 

28—29 °C), IR, 2980, 2950, 2850 (C-H), 1732 (ester C=0), 
1270, 1130, 1082 (C-O-C), and 790 cm"1 (bending of C-H 
in the pyridine ring); NMR(CDC13) 6 = 8.27 (IH, dd, 7=5 .1 
and 2.5 Hz, H at the 6-position), 8.09 (IH, dd, 7 = 7 . 9 and 
2.5 Hz, H at the 4-position), 6.92 (IH, q, 7 = 7 . 9 and 5.1 Hz, 
H at the 5-position), 4.09 (3H, s, OCH3), and 3.91 (3H, s, 
COOCH3). 

Methyl 6-methoxy-3-pyridinecarboxylate (5a) was identified 
by the accordance of its NMR spectra with those obtained by 
Deady et A/.10) 

Methylation products (the products methylated at 4- and 
6-positions) could not be isolated by means of TLC. Methyl 
6-methyl-3-pyridinecarboxylate (3a), one of the methylation 
products, was identified by the accordance of NMR and GLC 
with those of the authentic sample synthesized by the method 
of Graf. n> The other component in the mixture was identified 
NMR-spectroscopically. The following NMR spectra were 
ascribed to methyl 4-methyl-3-pyridinecarboxylate (2a). 
NMR(CDCy 6=9.10 (IH, s, H at the 2-position), 8.52 (IH, 
d, 7 = 6 . 0 Hz, H at the 6-position), 7.15 (IH (IH, d, 7 = 6 . 0 
Hz, H at the 5-position), 3.9 (COOCH3), and 2.6 (GHS). 

The corresponding ethylation and ethoxylation products 
were identified by comparing their NMR and IR spectra with 
those of the corresponding methylation and methoxylation 
products. 

•j 
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COOMe hi; 
'(1) 
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_> r ^ N COOMe r ^ j COOMe 
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Determation of the Yields of Products. After the irradiation 
the reaction mixture was concentrated under reduced pressure 
and was neutralized with sodium hydrogencarbonate. The 
products were extracted with dichloromethane and were 
analyzed by means of GLC (column, 3 m column of PEG 20M 
(10%) on Celite 545; column temperature, 165 °C) with a 
Shimadzu gas-chromatograph Model GC-6A. The gas-
chromatographic sensitivy of each compound was determined 
by using the solution of the known concentration. For 2a, 
which could not be obtained in pure form, the same sensitivity 
as for 3a was presumed. 

Flash Photolysis. The experimental detail of the flash 
photolysis has been described elsewhere. 12> 

The authors wish to express their thanks to Dr. Horst 
Hermann and Mrs. Ch. Rul ing of Institut für Strahlen­
chemie im Max-Planck-Institut für Kohlenforschung in 
West Germany for the measurement of flash photolysis 
and Professor L. W. Deady of La Trobe University in 
Australia for sending us the spectral da ta of pyridine-
carboxylic acid derivatives. 
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Cyclization of Isothiosemicarbazones. IV.1} Synthesis of the 
[l,2,4]Triazolo[l,5-c]pyrimidine Ring System 

Chiji YAMAZAKI 

Department of Chemistry, School of Hygienic Sciences, Kitasato University, Kitasato, Sagamihara, Kanagawa 228 
(Received October 29, 1980) 

Condensation of isothiosemicarbazones with ethoxymethylenemalononitrile gave 2,3-dihydro[l,2,4]triazolo-
[1,5-c] pyrimidines in moderate to high yields. The 2,3-dihydro compounds were readily oxidized in dimethyl 
sulfoxide to give the corresponding [l,2,4]triazolo[l,5-c]pyrimidines. 

Isothiosemicarbazones (1) are polyfunctional nucleo-
philes for the reaction with a-halo carbonyl compounds 
leading to the formation of nitrogen-containing hetero-
cycles.1'2) T h e internal nitrogen (N-2) o f l preferentially 
attacks the halogen-bearing carbon of the halo com­
pound to displace the halide and is considered to be a 
softer nucleophilic center3) than the terminal nitrogen 
(N-4). O n the other hand, N-4 invariably becomes 
attached to the carbonyl carbon whether it is unsub-
stituted2) or monosubstituted.1) In the present work, an 
attempt was made to initiate the cyclization of 1 at 
N-4 by the reaction with ethoxymethylenemalononitrile 
(2) and to examine the formation of a six-membered 
heterocycle. If 1 reacts with 2 at N-4, 3,4-disubstituted 
isothiosemicarbazone (3) might initially be formed, 
undergoing intramolecular cycloaddition to give a 1-
(alkylidene- or benzylideneamino)-5-cyano-6-imino-2-
mercapto-l,6-dihydropyrimidine derivative (4) in a 
similar way to that for pyrimidine formation from S-
alkylisothioureas.4) 

I t was found that the reaction of 1 with 2 leads 
directly to the formation of 2,3-dihydro[l,2,4]triazolo-
[1,5-c] pyrimidines (5) and that, when R 2 is hydrogen, 
the dihydro compound (5) easily undergoes oxidation 
to [l,2,4]triazolo[l,5-£]pyrimidines (6) (Scheme 1). 
Among many condensed pyrimidine derivatives, few 
examples are known for the preparation of [1,2,4]-

triazolo[l,5-£] pyrimidines,5) no reports having been 
published on a one-step synthesis of the bicyclic pyrimi-
dines from an open-chain, flexible molecule. This 
paper deals with the preparat ion and structure of 
a new series of 2,5-disubstituted and 2,2,5-trisubstituted 
8- cyano - 2 , 3 - dihydro [1,2,4] triazolo [ 1,5 - c ] pyrimidines 
(5a—n) and 2,5-disubstituted 8-cyano[l,2,4]triazolo-
[1,5-c] pyrimidines (6a—i). 

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

T h e reaction was performed by allowing a solution of 
1 and 2 in a 1 : 1.15 molar ratio in benzene to stand at 
room temperature (Procedure A). Except for 5i and 
5n, most of 5 crystallized out of the reaction mixture 
in a substantially pure form, yields depending in part 
on the reaction period. For example, 5a was obtained 
in 9 7 % yield after the reaction mixture had been left 
to stand for one week, but the yield decreased to 82 and 
5 6 % with the elapse of 18 and 3 h, respectively (Table 1). 
Prolonged periods of time, however, may cause discol­
oration of the product, analytically pure compounds 
being obtained within no more than 1 d. T h e reaction 
can also be performed by heating a mixture of 1 and 
2 (1 : 1.15) at 95—100 °C in the absence of solvent 
(Procedure B). T h e melted mixture rapidly solidifies 
within a few minutes, giving 5 in 55—86% yields after 

R \ /SR3 

C = N - N = C 
R2/ NNH2 

1 

R1 

a: C6H5 

b : O-C1C6H4 

C:/>-C1C 6H 4 

d: 2,6-Gl2C6H3 

e: o-CH3OC6H4 

f:/>-CH3OC6H4 

g:^-CH3OC6H4 

h:/>-CH3OC6H4 

i : 2,6-Cl2C6H3 

J :C 6 H 5 

k : C H 3 

1: G6H6 

m:/>-ClC6H4 

n: C6H6 

+ EtO-CH=C(CN)2 • 

R2 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
CH3 

CH3 

CH3 
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Scheme 1. The reaction of isothiosemicarbazones with ethoxymethylenemalononitrile. 
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TABLE 1. 2,5-Di- AND 2,2,5-TRISUBSTITUTED 8-CYANO-2,3-DIHYDRO[1,2,4]TRIAZOLO[1,5-C]PYRIMIDINES 

Comod Found (Galcd) (%) 
^ompa yield/% Procedure Mp/°G Formula , , 

iNO* C H N 

181—182(dec)a> G 1 3 H n N 5 S 

162—175b>c) G13H10C1N5S 

159—159. 5 a ) C13H10C1N5S 

191d ) G13H9G12N5S 

162—163b ) C 1 4H 1 3N 5OS 

193—194a>f> C 1 4H 1 3N 5OS 

141—170a>c) C 1 6H 1 7N 5OS 

151 b ) C 1 6H 1 5N 5OS 

174— 175d) C 1 5 H n Cl 2 N 5 S 

160.5—161.5b> G19H15N5S 

180.5—181.5h) G9HnN5S 

157(dec)J> G14H13N5S 

176 (dec)k> C16H18ClN5OS 

200.5—201.5(dec)h> C19H15N5S 

a) An analytically pure compound obtained without recrystallization. b) Light yellow needles from EtOH-
MeCN (1 : 1). c) Homogeneous on TLC (Kieselgel 60 F254 plate, CHC13 containing 5% by volume of 
MeOH), partial oxidation during the course of melting point measurement presumably responsible for the wide 
melting range, d) Yellow prisms from EtOH-MeCN ( 1 : 1 ) . e) MeCN used in place of benzene, f) 
Substantially converted into 6f on recrystallizing from EtOH-MeCN ( 1 : 1 ) . g) Refluxed in benzene for 
30 min. h) Light yellow needles from 80% aqueous EtOH. i) Refluxed in EtOH for 30 min. j) An 
analytically pure compound obtained by drying in vacuo the initially formed product solvated with one 
molecule of EtOH. k) Yellow needles solvated with one molecule of EtOH. 

5a 

5b 

5c 

5d 

5e 

5f 

5g 

5h 

5i 

5 j 

5k 

51 

5 m 

5n 

56—97 

76—82 

92 

86 

86 

64e)—87 

63—70 

71—80 

80 

70 

77 

70 

60 

86 

A 

A 

A 

B 

A 

A 

A 

A 

B 

A,B 

g) 

i) 

A 

B 

57.93 
(57.98 
51.38 

(51.40 
51.43 

(51.40 
46.18 

(46.17 
56.32 

(56.18 
56.16 

(56.18 
58.73 

(58.72 
59.04 

(59.07 
49.48 

(49.46 
65.97 

(66.07 
48.91 

(48.86 
59.39 

(59.35 
52.83 

(52.82 
65.90 

(66.07 

4.19 
4.12 
3.28 
3.32 
3.30 
3.32 
2.65 
2.68 
4.29 
4.38 
4.35 
4.38 
5.23 
5.20 
4.62 
4.65 
3.00 
3.04 
4.53 
4.38 
4.99 
5.01 
4.66 
4.63 
4.98 
4.99 
4.37 
4.38 

26.33 
26.01) 
23.26 
23.06) 
23.23 
23.06) 
20.98 
20.71) 
23.58 
23.40) 
23.44 
23.40) 
21.46 
21.41) 
21.61 
21.53) 
19.49 
19.23) 
20.51 
20.28) 
31.74 
31.66) 
24.99 
24.72) 
19.27 
19.25) 
20.39 
20.28) 

Compd 
No. 

TABLE 2. 

Yield/% 

2,5-DISUBSTITUTED 8-CYANO[1 ,2,4]TRIAZOLO[1 ,5-C]PYRIMIDINES 

Found (Calcd) (%) 
MrthnH Mn/°C F o r m n l i ^ 

C H N 

6a 

6b 

6c 

6d 

6e 

6f 

6g 

6i 

57 

50 

61 

82 

50 

53 

50 

56 

256a> 

226—226.5a> 

213—214b> 

261—262c) 

192—193b) 

238—239d> 

191.5—192e) 

140.5—142.5° 

G13H9N5S 

C13H8C1N5S 

C13H8C1N5S 

C13H7C12N5S 

G14HnN5OS 

C14HnN5OS 

G16H15N5OS 

C15H9C12N5S 

58.44 
(58.42 
51.70 

(51.74 
51.72 

(51.74 
46.35 

(46.49 
56.62 

(56.55 
56.32 

(56.55 
58.82 

(59.07 
49.65 

(49.73 

3.42 
3.39 
2.61 
2.67 
2.71 
2.67 
2.13 
2.10 
3.60 
3.73 
3.64 
3.73 
4.62 
4.65 
2.58 
2.50 

26.46 
26.21) 
23.32 
23.21) 
23.31 
23.21) 
21.03 
20.83) 
23.72 
23.56) 
23.88 
23.56) 
21.42 
21.53) 
19.19 
19.34) 

a) Colorless needles from EtOH-pyridine (1 :1) . b) Colorless needles from benzene-EtOH (1:1) . c) Pale 
yellow needles from EtOH-pyridine (1:1). d) Pale yellow needles from EtOH-MeCN (1:1). e) Colorless 
needles from 80% EtOH. f) Colorless prisms from benzene-EtOH (1 : 1). 
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TABLE 3. PARTIAL SPECTRAL DATA ON 2,5-DISUBSTITUTED AND 2,2,5-TRISUBSTITUTED 

8-CYANO-2,3-DIHYDRO[1,2,4]TRIAZOLO[1,5-C]PYRIMIDINES 

Compd No. 

5b 
5c 
5e 
5f 
5g 
5h 
5i 
5j 
5k 
5W6

e> 
51 
5 W 3 ° 
5 m 
5n 

IR (KBr) 
VcN/cm-1 

2220 
2220 
2230 
2225 
2215 
2230 
2220 
2215 
2225 

2210 

2220 
2210 

Mass spectra, m/e I 

M+ 

303(17) 
303(30) 
299(35) 
299(55) 
327(66) 
325(15) 
263(9) 
345(15) 
221(10) 
227(6) 
283(5) 
286(2) 
317(4) 
345(5) 

M + - R 2 

302(28) 
302(56) 
298(100) 
298(100) 
326(100) 
324(37)b> 
362(7) 
344(1 l ) d ) 

206(100) 
209(100) 
268(100) 
268(100) 
302(100) 
268(100) 

(rel int) 

M + - R 1 

192(100) 
192(100) 
192(88) 
192(69) 
220(50) 
218(34) 
218(100) 
268(11) 
— 
— 

206(41) 
209(16) 
206(42) 
— 

^ N M B 

SCH2 

— 
— 
— 
__ 

3.13a ) 

3.85c) 

3.90c> 
4.49 

— 
— 
— 
— 
— 
— 

L spectra 

SCH3 

2.50 
2.53 
2.53 
2.51 

— 
— 
— 
— 

2.50 
2.50 
2.50 
2.51 
2.52 
2.55 

<5/ppm (from 

H-2(7/Hz) 

6.52(9.3) 
6.28(9.7) 
6.42(9.1) 
6.20(10.0) 
6.19(9.5) 
6.20(9.8) 
7.15(9.4) 
6.27(9.5) 

— 
— 
— 
— 
— 
— 

TMS in DMSO-<4) 

H-3C//HZ) 

7.49(9.3) 
7.30(9.7) 
7.20(9.1) 
7.08(10.0) 
7.07(9.5) 
7.10(9.8) 
7.85(9.4) 
7.23(9.5) 
6.47 
6.46 
6.90 
6.90 
7.22 
7.18 

H-7 

8.05 
8.04 
8.06 
8.04 
8.01 
8.04 
8.13 
8.10 
8.00 
7.97 
8.02 
8.02 
7.71 
8.07 

a) Triplet, y = 6 . 9 Hz. b) Base peak allyl cation (m/e 41). c) Doublet, J=6.2 Hz. d) Base peak tropylium 
ion (m/e 91). e) R 1 =R*=CD 8 . f) R 2 =CD 3 . 

TABLE 4. PARTIAL SPECTRAL DATA ON 2,5-DISUBSTITUTED 8-CYANO[1,2,4]TRIAZOLO[1,5-C]PYRIMIDINES 

Compd No. 

6c 
6d 
6e 
6e-rf3

a) 

6f 

»4° 
6g 

a) R 3=CD 3 . 

IR (KBr) 
W e m - 1 

2225 
2240 
2240 

2230 

2240 

b) Triplet, y = 7 . 

Mass spectra, m/e 
' 

M+ 

301(24) 
335(83) 
297(85) 
300(61) 
297(100) 
300(100) 
325(100) 

1Hz. 

M+-R 1 CN 

164(69) 
164(100) 
164(49) 
167(56) 
164(21) 
167(27) 
192(6) 

(rel int) 

+ 
R1C=NH(D) 

138(9) 
172(24) 
134(6) 
135(9) 
134(29) 
135(27) 
134(31) 

*HNMR spectra 
(from TMS in CF; 

SCH2 

— 
— 
— 
— 
— 
— 

3.64b> 

SCH3 

3.01 
3.00 
3.01 

— 
3.01 

— 
— 

<5/ppm 
3COOD) 

H-7 

9.00 
8.98 
9.07 
9.06 
9.03 
9.03 
9.00 

washing with appropriate solvents. Procedure B was 
satisfactory for l i and I n from which no 5 was obtained 
by Procedure A. With ketone isothiosemicarbazones I k 
and 11, refluxing in benzene or E t O H gave good 
results. The reaction of aliphatic aldehyde isothiosemi­
carbazones ( 1 : R 1 = Et or rc-Pr, R 2 = H , R 3 = M e or p-
G1G6H4GH2) with 2 under these conditions gave a 
complex mixture from which no expected product was 
isolated. Attempts to cyclize benzaldehyde 4-methyl-
or 4-phenylthiosemicarbazone were unsuccessful with 
total recovery of the starting thiosemicarbazone. 

In view of the high yields of hindered compounds 
(5d, 5i and 5n) , no steric factor may be involved in the 
2,3-dihydro-l,2,4-triazole ring formation. Although no 
intermediate has been detected on the N M R time-scale 
in the reaction carried out in C6D6 , C5D5N or d imethy l -^ 
sulfoxide (DMSO-t/6), the reaction should proceed 
through a 3,4-disubstituted isothiosemicarbazone (3). 
In line with the proposed intermediacy, the reaction of 
l a with ethyl ethoxymethylenecyanoacetate gave the 
open-chain product 7, the structure of which was 
established by elemental analysis and spectral data, 
particularly by the large coupling constant between 
N 4 H and the methine proton (J= 13.2 Hz).6) If a 

l a + EtO-CH=G 
.COOEt 

^GN 

/• SMe 
PhCH=N-N=C /COOEt 

\NH-CH=C 

7 

nucleophilic attack of N-2 in 3 on the cyano carbon had 
occurred, 4 would have been formed which might 
consecutively undergo intramolecular addition of the 
6-imino group to the azomethine double bond at the 
1-position giving 5, although the ring closure of 4 to 5 
is disfavored according to the rules proposed by 
Baldwin.7) A mechanistic study on the ring formation 
is now being continued with related compounds includ­
ing 7. 

Intramolecular hydrogen bonding between the N 4 H 
and the carbonyl oxygen in 7 might stabilize the 

/SMe /R 4 

Ph-CH=N-N=C /CH=GX 
\ N C-OEt 

\ H . . . O ' 
8: R 4 = C N 
9: R 4 =COOEt 
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conformation 8 and prevent N-2 from approaching the 
cyano group. T h e resulting insusceptibility to cycliza-
tion makes it possible to isolate 7 at the open chain 
stage. In the infrared spectrum of 7, N 4 - H and the 
carbonyl stretching frequencies (vNH 3195 and vC=0 
1690 cm - 1 ) observed at 4 x 10~3 mol d m - 3 in carbon 
tetrachloride were comparable with those of 9 (vNH 
3195 and vC=0 1697 cm-1) obtained at the same 
concentration in carbon tetrachloride. T h e diester 9, 
however, exhibited an additional carbonyl band at a 
higher frequency (yC=(D 1730 c m - 1 ) . This band can 
unambiguously be assigned to the free stretching 
vibration of the remaining ethoxycarbonyl group which 
is not involved in the internal bonding. The anomalously 
downfield resonance (lower than ô 12 ppm) of the N 4 H 
protons of 7 and 9 in chloroform-*/ might also account 
for the hydrogen bond.8) 

Oxidation of 5 (R2 = H) to the corresponding [1,2,4]-
triazolo[l,5-c]pyrimidines (6) was performed simply by 
leaving a solution of 5 in D M S O in an open vessel to 
stand at ambient temperature (Method A), a relatively 
insoluble 6 crystallizing out of the solution. In another 
procedure, the reaction between 1 and 2 was conducted 
in the absence of solvent, and the crude 5, without 
isolation, was dissolved in D M S O to give 6 in moderate 
overall yields (Method B). The oxidation was also 
carried out with i ron(III ) chloride in aqueous acetic 
acid with poor yields of 6 (Method C), although 6i 
was obtained only by this procedure in satisfactory 
purity. Some of 5 in which R 1 is unsubstituted or para-
substituted phenyl group were particularly susceptible 
to oxidation and could not be recrystallized without 
contamination with the oxidized product. 

T h e structures of the compounds 5 and 6 have been 
established on the basis of spectral measurements and 
elemental analyses. Partial spectral data are given in 
Tables 3 and 4 together with those for certain deuterated 
compounds. In mass spectrometry, molecular ions were 
obtained for all the compounds 5a—n, with the intensity 
depending upon steric crowding at the 2-position 
(2—65%). Abundant ions M+-R 1 and M+-R 2 observed 
in the spectra of 5 characterized the 2,3-dihydro-l,2,4-
triazole structure. T h e fragmentation pathways were 
confirmed by the mass spectra of deuterated compounds 
of 5a, 5k, and 51, in which R2 is D, CD3 , and CD3 , 
respectively. T h e dehydrogenated compounds 6 
showed a much more intense peak for M + ion than that 
of 5, indicating their extended conjugation systems 

(24—100%). A characteristic fragment ion R ^ N H 
(6—31%) observed in the spectra of 6 should be formed 
by hydrogen transfer from R 3 group to N-3 probably 
through a six-membered transition state as evidenced 
by the spectra of trideuterated compounds of 6b , 6e, 
and 6f ( R 3 = C D 3 ) , confirming the proposed arrange­
ments of 5 and 6. In N M R spectroscopy, two protons 
H-2 and H-3 on the dihydro-l,2,4-triazole ring of 5 
(R2 = H) appear as two AB-type doublets with coupling 
constants of 9.1—10.0 Hz. T h e peak assignment is 
based on the observation that the upfield resonance 
collapses to a singlet while the downfield one disappears 
on addition of me thano l -^ . T h e spectrum of 2-
deuterated 5a ( R 2 = D ) lacks the upfield resonance, 

exhibiting the H-3 proton as a singlet. The chemical 
shift values of the H-2 proton in 5 are ca. 2.0 ppm higher 
than those of the azomethine proton in the corresponding 
isothiosemicarbazones, reflecting rehybridization of the 
carbon atom (C-2) from sp2 in 1 to sp3 in 5. The 2-
methyl protons of 5 k — m ( R 2 = M e ) resonate at 0.6—0.7 
p p m higher than those of the corresponding I k — m , 
also indicating the rehybridization of C-2. In line with 
the rehybridization of C-2, the anisotropic deshielding 
(0.43 ppm in DMSO-</6) of phenyl protons ortho to the 
azomethine double bond in l a disappears in 5a which 
exhibits only a single signal for the phenyl protons at 
ô 7.36. T h e effect recommences in 6a in which the 
ortho protons (H°) of 2-phenyl group are deshielded 
by 0.49 ppm (trifluoroacetic acid-<f) relative to the 
remaining aromatic protons (Hm'p) due to the resonance 
interaction with the heteroaromatic ring system.9) 
Substantially constant values of the chemical shifts of 
H-7 proton in 5 or 6 when R ^ R 3 were widely changed 
in structure are in line with the assigned structures. 

Exper imenta l 

General. Melting points were taken in open glass 
capillaries and are uncorrected. Infrared spectra were 
recorded on a Hitachi EPI-G2 or 260-30 spectrophotometer, 
and calibrated by comparison with a standard polystyrene 
film sample. Proton nuclear magnetic resonance spectra were 
obtained with a Hitachi R-24 spectrometer at 60 MHz. Unless 
otherwise stated, chemical shifts are given in parts per million 
(ô scale) downfield from internal tetramethylsilane (TMS). 
Solvents used are DMSCW6 for 2,3-dihydro-l,2,4-triazolo 
compounds (5) and trifluoroacetic acid-rf for 1,2,4-triazolo 
compounds (6). The mass spectra (75 eV) were recorded on a 
JMS-D100 mass spectrometer. Ethoxymethylenemalono-
nitrile (2) (Aldrich Chemical Co. Inc.) was used after removal 
of insoluble substances in benzene at room temperature. 

Isothiosemicarbazones. The compounds la—n were 
prepared by the method reported.8) S- (Methyl-rf3)isothiosemi­
carbazones were obtained by using methyW3 iodide in place 
of methyl iodide in the usual procedure. Other deuterated 
isothiosemicarbazones were similarly prepared from the cor­
responding deuterated carbonyl compounds, acetone-rf6 

(CD3COCD3), acetophenone-a,a,a-rf3 (C6H5COCD3), and 
benza\dekyde-formyl-d (C6H5CDO). New compounds are: 
2,6-dichlorobenzaldehyde 5-allylisothiosemicarbazone (li) : 
pale yellow prisms (from i-Pr20), mp 99—101 °C; NMR 
(CDCI3) 0=3.76 (2H, dt, 7 = 6 . 5 and 0.8 Hz, SCH2), 5.5—6.3 
(5H, m, CH2=CH and NH2), 7.06—7.45 (3H, m, aromatic), 
8.62 (1H, s, CH=N). Found: C, 45.54; H, 3.79; N, 14.83%. 
Calcd for CUHUC12N3S: C, 45.84; H, 3.85; N, 14.58%. 
/»-Chloroacetophenone S-methylisothiosemicarbazone (lm) : 
colorless needles (from aqueous EtOH), mp 231 °C (HBr salt) ; 
NMR (CDC13) (free base): 0=2.38 (3H, s, CCH3), 2.47 
(3H, s, SCH3), 5.41 (2H, bs, NH2), 7.30 (2H, d, J = 8 . 3 Hz, 
aromatic), 7.75 (2H, d, J = 8 . 3 Hz, aromatic). Found: C, 
37.30; H, 3.96; N, 13.30%. Calcd for C10H13BrClN3S: C, 
37.22; H, 4.06; N, 13.02%. Benzophenone S-methyliso-
thiosemicarbazone (In) : colorless fine needles (from EtOH), 
mp 135.5—136 °C; NMR (CDC13) (5 = 2.20 (3H, s, SCH3), 
5.35 (2H, bs, NH2), 7.35 (5H, s, aromatic), 7.21—7.73 (5H, 
m, aromatic). Found: C, 66.95; H, 5.57; N, 15.91%. Calcd 
for C15H15N3S: C, 66.90; H, 5.61; N, 15.61%. 

8-Cyano-2,3-dihydro-5-methylthio-2-phenyl[l,2,4]triazolo[l,5-c]-
pyrimidine (5a) (A Typical Example of Procedure A). A solution 
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of l a (0.19 g, 1 mmol) and 2 (0.14 g, 1.15 mmol) in benzene 
(1 ml) was allowed to stand at room temperature. After ca. 
30 min, yellow prisms began to separate and the reaction was 
allowed to proceed for 18 h. T h e crystals were collected by 
filtration, washed with benzene, and air-dried, giving 0.22 g 
(82%) of analytically pure 5 a ; m p 181—182 °C (dec); I R 
(KBr) 2220 (CN) cm" 1 ; N M R (5 = 2.53 (3H, s, SCH 3 ) , 6.26 
(1H, d, 7 = 9 . 7 Hz , H-2), 7.24 (1H, d, / = 9 . 7 Hz , H-3) , 7.36 
(5H, s, aromatic) , 8.04 (1H, s, H-7) ; M S , mje (rel intensity), 
269 (29) (M+), 268 (56) (M+ - H ) , 192 (100) ( M + - C 6 H 6 ) . 

The 2-deuterio compound of 5a was similarly obtained from 
benzaldehyde-^örm^W .S-methylisothiosemicarbazone [ P h -
CD=N-N=C(SMe)NH 2 ] as yellow prisms, m p 181 °C (dec); 
N M R <5=2.51 (3H, s, SCH 3 ) , 7.20 (1H, s, H-3) , 7.34 (5H, s, 
aromatic), 8.03 (1H, s, H - 7 ) ; MS, mje (rel intensity), 270 (25) 
(M+), 268 (40) (M+ - D ) , 193 (100) (M+ - C 6 H 5 ) . 

8-Cyano-2-(2,6-dichlorophenyl)-2,3-dihydro-5-methylthio[l,2,4]-
triazolo[l,5-c]pyrimidine(5d) (A Typical Example of Procedure B ) . 
A mixture of I d [hydriodide, m p 200—200.5 °C (dec) (lit,10) 
m p 209—211 °C (dec)) ; Found : C, 27.88; H , 2.60; N, 11.00%. 
Calcd for C9H1 0C12IN3S: C, 27.71; H , 2.58; N , 10.77%] 
(0.26 g, 1 mmol) and 2 (0.14 g, 1.15 mmol) was heated on a 
boiling water bath to melt the solids. The liquid formed, 
still of low viscosity, was thoroughly agitated in order to 
confirm complete homogeneity. T h e mixture rapidly solidi­
fied within 30 s and heating was continued for 5 min to allow 
the by-product E t O H to evaporate. After cooling, the solid 
was tri turated with acetone, collected by filtration, washed 
with acetone, and air-dried to give 0.29 g (86%) of 5d as yellow 
crystalline powder, m p 175—178 °C. This was recrystallized 
from an E t O H - M e C N mixture ( 1 : 1 by volume) giving 
sparkling yellow prisms, m p 191 °C ; I R (KBr) 2220 (CN) 
c m - 1 ; N M R (5=2.55 (3H, s, SCH 3 ) , 7.14 (1H, d, 7 = 9 . 7 Hz , 
H-2) , 7.43 (3H, s, aromatic) , 7.79 (1H, d, 7 = 9 . 7 Hz, H-3) , 
8.09 (1H, s, H-7) ; M S mje (rel intensity), 337 (8) (M+), 336 (7) 
(M+ - H ) , 192 (100) (M+ - C 6 H 3 C 1 2 ) . 

When Procedure A was applied to the preparat ion of 5d, 
a product, m p 189—190 °C, was obtained in 6 5 % yield after 
standing for 6 h. 

8-Cyano-5-methylthio - 2-phenyl[l, 2,4]triazolo[l, 5- c]pyrimidine 
(6a) (A Typical Example of Method A ; One-step Synthesis from 
Isothiosemicarbazones). A mixture of l a (0.1 g, 0.52 mmol) 
and 2 (0.07 g, 0.58 mmol) was heated in an open vessel on a 
boiling water ba th with constant shaking, the ethanol formed 
being allowed to evaporate for 5 min. T h e resulting crystal­
line mass was dissolved still hot in D M S O ( 1 ml) and the solu­
tion was allowed to stand at room temperature for 1 d. The 
separated crystals were collected by filtration, washed with 
D M S O and water and then air-dried, giving analytically 
pure 6a in 5 7 % overall yield as colorless needles, m p 255.5— 
256 °C. Recrystallization from an E tOH-pyr id ine mixture 
(1 : 1 by volume) gave colorless needles, m p 256 ° C ; I R (KBr) 
2220 (CN) c m - 1 ; N M R <5=3.00 (3H, s, SCH 3 ) , 7.73 (3H, m, 
Hm>p of phenyl), 8.22 (2H, m, H° of phenyl), 9.02 ( l H , s , H-7) ; 
MS,ffl/« (rel intensity), 267 (100) (M+), 164 (85) (M+ - C 6 H 5 -

CN), 104 (31) ( C 6 H 5 C Ü N H ) , 103 (27). 

2-(o-Chlorophenyl) -8-cyano-5-methylthio [1,2,4] triazolo [1,5- c]py-
rimidine (6b) (A Typical Example of Method B). A solution 
of 5 b (0.1 g) in D M S O ( 1 ml) was allowed to stand at room 
temperature for 1 d and separated crystals were collected by 
filtration, washed with D M S O and water and then air-dried, 
giving 6 b in 5 0 % yield as colorless needles, m p 226—226.5 °C. 
Recrystallization from an E tOH-pyr id ine mixture (1 : 1 by 
volume) did not change the m p or appearance. I R (KBr) 
2230 (CN) c m - 1 ; N M R <5=3.00 (3H, s, SCH 3 ) , 7.50—8.07 
(4H, m, aromatic) , 9.04 (1H, s, H-7 ) ; M S , mje (rel intensity), 

301 (66) (M+), 266 (53) (M+ - C I ) , 164 (24) (M+ - C 1 C 6 H 4 -

CN) , 138 (29) (C1C6H4C=NH), 137 (100). 
The 5-methylthio-rf3 compound of 6 b was obtained from 

the corresponding tr ideuterated 5 b by Method B as colorless 
needles, m p 225—226 ° C ; N M R (5 = 7.48—8.07 (4H, m, 
aromatic) , 9.04 (1H, s, H-7 ) ; M S , mje (rel intensity), 304 
(100) (M+), 269 (84) (M+ - C I ) , 167 (95) (M+ - C 1 C 6 H 4 C N ) , 

139 (33) ( C 1 C 6 H 4 C Ü N D ) . 

5-Allylthio-8-cyano-2-( 2,6- dichlorophenyl) [l,2,4]triazolo[l,5- c ] -
pyrimidine (6i) (Method C). T o a solution of 5i (0.09 g, 
0.25 mmol) in A c O H (2 ml) was added 0.5 ml of a solution 
containing 1 mmol/ml of iron (I I I) chloride in 6 0 % aqueous 
A c O H and the mixture was allowed to stand at room tempera­
ture with occasional agitation for 10 d. After being 
diluted with water, separated crystals (0.07 g) , m p 127—140 
°C, were recrystallized from a b e n z e n e - E t O H mixture ( 1 : 1 
by volume) to give 0.05 g (56%) of 6i as colorless prisms, m p 
140.5—142.5 ° C ; I R (KBr) 2230 (CN) cm" 1 ; N M R (5=4.26 
(2H, d, 7 = 6 . 6 Hz , SCH 2 ) , 5.26—6.34 (3H, m, CH=CH 2 ) , 
7.55 (3H, s, aromatic) , 8.95 (1H, s, H - 7 ) ; M S , mje (rel inten­
sity), 361 (61) (M+), 190 (80) (M+ - C 1 2 C 6 H 3 C N ) , 172 (25) 

(C12C6H3C=NH), 121 (100), 41 (77) (allyl cation). 
Benzaldehyde 3-Methyl-4-[2-cyano-2-(ethoxycarbonyl)vinyl]isothio-

semicarbazone (7). A mixture of l a (0.19 g, 1 mmol) , 
ethyl ethoxymethylenecyanoacetate (0.19 g, 1.15 mmol) , and 
benzene (0.5 ml) was heated at 70 °C for 1 h. O n cooling, 
the separated solid was collected by filtration, washed with 
E t O H and air-dried, giving 0.27 g (84%) of 7 as pale yellow 
crystalline powder, m p 140—143 °C. Recrystallization twice 
from E t O H provided pale yellow needles, m p 145 °C ; I R 
(CC14) 3195 (NH) , 2220 (CN), 1690 ( C = 0 ) cm" 1 ; N M R 
(CDC13) (5=1.39 (3H, t, 7 = 7 . 2 Hz , C H 2 C H 3 ) , 2.60 (3H, s, 
SCH 3 ) , 4.34 (2H, q, 7 = 7 . 2 Hz , C H 2 C H 3 ) , 7.43 (3H, m, Hm^ 
of phenyl), 7.69 (1H, d, 7 = 1 3 . 2 Hz , N H = C H ) , 7.90 (2H, m, 
H° of phenyl) , 8.47 ( l H , s , CH=N) , 12.40 (lH,d,J=ca. 13 Hz , 
N H - C H ) . 

Found : C, 56.97; H , 5.09; N , 17.52% ; M+, 316. Calcd for 
C 1 5 H 1 6 N 4 0 2 S : C, 56.96; H , 5.10; N , 1 7 . 7 1 % ; M, 316. 

Benzaldehyde 3-Methyl- 4-[2,2- bis (ethoxycarbonyl) vinyl] isothio-
semicarbazone (9). A mixture of l a (0.19 g, 1 mmol) and 
diethyl ethoxymethylenemalonate (0.22 g, 1 mmol) in benzene 
(0.5 ml) was refluxed for 4 h, the solvent being evaporated. 
Recrystallization of the crystalline residue from E t O H gave 9 
as pale yellow prisms (0.27 g, 7 4 % ) , m p 99—100 ° C ; N M R 
(CDC13) (5=1.31 (3H, t, 7 = 7 . 0 Hz , C H 2 C H 3 ) , 1.36 (3H, t, 
7 = 7 . 0 Hz , C H 2 C H 3 ) , 2.60 (3H, s, SCH 3 ) , 4.18 (2H, q, J= 
7.0 Hz , C H 2 C H 3 ) , 4.29 (2H, q, 7 = 7 . 0 Hz , C H 2 C H 3 ) , 7.41 
(3H,m, Hm>p of phenyl) , 7.88 (2H, m, H° of phenyl), 8.22 (1H, 
d, 7 = 1 3 . 3 Hz , C H - N H ) , 8.42 (1H, s, CH=N) , 12.28 (1H, d, 
J= 13.3 Hz, C H - N H ) . 

Found : C, 56.11 ; H , 5.83; N , 11.67% ; M+, 363. Calcd for 
C l 7 H 2 1 N 3 0 4 S : C, 56.19; H , 5.83; N, 11 .57%; M , 363. 

T h e a u t h o r wishes to t h a n k Miss Y o k o I s h i z u k a for 

ass i s tance in t h e p r e p a r a t i o n of c o m p o u n d s . 
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Nucleophilic attack of the WNNH2 group in the hydrazido(2-) complex [WF(NNH2)(dpe)2][BF4] (dpe=Ph2-
i 1 

PCH2CH2PPh2) on succinyl dichloride gives a novel ethanedioylhydrazido(2-) complex, [WF(NNCOCH2CH2CO)-
(dpe)2][BF4]. X-Ray structural analysis shows that the carbon, nitrogen, and oxygen atoms of the ethanedioyl-
hydrazido(2-) ligand lie nearly in the same plane, indicating sp2 character of the nitrogen atom bearing the two 
carbonyl groups. Phenyl isocyanate also undergoes nucleophilic attack by the hydrazido(2-) complex [MBr-
(NNH2)(dpe)2]Br ( M = M o or W) to yield the phenylsemicarbazido(2-) type complex, [MBr(NNHCONHPh)-
(dpe)2]Br. Treatment of the semicarbazido(2-) complex with triethylamine gives a new diazenido complex 
[MBr(NNCONHPh) (dpe) J . 

Many hydrazido(2-) complexes containing the 
M N N H 2 moiety have been isolated by the reaction of 
dinitrogen complexes [M(N2)2L4] ( M = M o or W ; L = 
phosphine) with acids.1,2) These complexes are impor­
tant intermediates in the reduction of ligating dinitrogen 
to both ammonia3) and hydrazine.4 - 6) T h e X-ray 
structural analyses of [MoF(NNH2)(dpe)2][BF4]2> and 
[WCl(NNH2)(dpe)2][BPh4]7) show that the M - N - N 
bond distances give a bond order greater than unity, 
the M - N bond distances being in line with considerable 
multiple bonding between the metal and nitrogen. This 
result is interpreted in terms of two resonance structures 
(i) and (ii). The basicity of the terminal nitrogen in 

r + /Hi r_ + +/Hi 
M ^ N - N <—• M±=N=N 

L X HJ [ X H ' 
(i) (Ü) 

the M N N H 2 moiety is, thus, expected to be weaker 
than that of hydrazine and amines. However, hydrazido-
(2-) complexes, [MF(NNH 2)(dpe) 2][BF 4] and [MX-
(NNH 2)(PMe 2Ph) 3] ( M = M o or W ; X = C 1 or Br), 
have been found to undergo condensation with a variety 
of aldehydes and ketones in a similar way to that for 
hydrazines, giving diazoalkane complexes containing 
the M=N-N=CRR' moiety.8"11) In this paper, we 
wish to describe other nucleophilic reactions of 
hydrazido(2-) complexes with succinyl dichloride and 
phenyl isocyanate. 

Exper imenta l 

All reactions were carried out under pure nitrogen atmos­
phere. Solvents were purified by the usual methods, thor­
oughly dried, and distilled under nitrogen atmosphere. Com­
mercial succinyl dichloride, phenyl isocyanate, triethylamine, 
and sodium tetraphenylborate were used without further 
purification. The complexes frarc.y-[Mo(N2)2(dpe)2]

1'12> trans-
[W(N2)2(dpe)2],

1) [WF (NNH2) (dpe)2][BF4],»> [MBr(NNH2)-
(dpe)2]Br ( M = M o or W),1) and [WBr(NNH)(dpe)2]

1> were 
prepared by the methods reported. IR spectra were deter-

t Preparation and Properties of Molybdenum and Tung­
sten Dinitrogen Complexes 15. For part 14 of this series, 
see M. Hidai, T. Takahashi, I. Yokotake, and Y. Uchida, 
Chem. Lett., 1980, 645. 

mined with a Hitachi 215 spectrometer, 1H-NMR spectra of 
the complexes [MBr(NNHCONHPh)(dpe)2]Br ( M = M o or 
W) with a Hitachi R-600 FT-spectrometer because of low 
solubility, and spectra of the other complexes with a JEOL 
PS-100 spectrometer. Analytical data are given in Table 1. 

[WF(NNCOCH2CH2CO)(dpe)2\[BFi\. To a yellow 
solution of [WF(NNH2)(dpe)2][BF4] (255 mg, 0.228 mmol) 
in dichloromethane (7.5 ml) was added succinyl dichloride 
(0.21 ml, 8 mol equiv.) at room temperature, and the mixture 
was stirred for 20 h. The red solution obtained was concen­
trated under reduced pressure to about half its volume, hexane 
(10 ml) then being added to precipitate the pinkish red crude 
product (246 mg, 90%). The product was recrystallyzed 
from chloroform-hexane (3—8 ml) and then chloroform-ether 
(3—6 ml) to give pure crystals which were dried in vacuo (97 
mg, 35%). Suitable crystals for X-ray analysis were selected. 

[MoBr( NNHCONHPh) (dpe) 2 ] . To a brown suspension 
of [MoBr(NNH2)(dpe)2]Br (322 mg, 0.315 mmol) in tetra-
hydrofuran (10 ml) was added phenyl isocyanate (0.28 ml, 
8 mol equiv.), and the mixture was stirred at refluxing tem­
perature for 10 h. The green supension obtained was filtered 
off and the residue was crystallyzed from dichloromethane-
hexane (15—15 ml). Green crystals were filtered off, washed 
with hexane, and then dried in vacuo (171 mg, 45%). 

[WBr(NNHCONHPh)(dpe)2]Br. This complex was 
prepared by the same method as described above for molybde­
num analogue. From 219 mg of [WBr(NNH2)(dpe)2]Br was 
obtained 114mg of [WBr(NNHCONHPh)(dpe)2]Br as red 
crystals in 47% yield. 

[MoBr(NNCONHPh) (dpe) 2 ] . To a stirred green suspen­
sion of [MoBr(NNHCONHPh)(dpe)2] (49 mg, 0.041 mmol) 
in tetrahydrofuran (3 ml) was added triethylamine (5.7 (JLI, 
1 mol equiv.) After 2 h, to the orange homogeneous solution 
obtained was added ether (6 ml), affording orange crystals of 
[MoBr(NNCONHPh)(dpe)2] which were filtered off, washed 
with ether and dried in vacuo (23 mg, 50%). 

[WBr(NNCONHPh)(dpe)A. 1): From 216 mg of 
[WBr(NNHCONHPh) (dpe)2]Br was obtained 64 mg of [WBr-
(NNCONHPh)(dpe)2] as orange crystals in 32% yield by the 
same method as described above for the molybdenum an­
alogue. 

2) : To a yellow suspension of [WBr(NNH) (dpe)2] (95 mg, 
0.087 mmol) in tetrahydrofuran (5 ml) was added phenyl 
isocyanate (76 (xl, 8 mol equiv.) and the mixture was stirred 
at refluxing temperature for 2 h. From the brown solution 
obtained, red crystals of [WBr(NNCONHPh)(dpe)2] were 
precipitated by addition of ether, which were filtered off, 
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TABLE 1. ANALYTICAL AND SPECTROSCOPIC DATA OF THE NEW COMPLEXES 

[Vol. 54, No. 6 

Complex 
Found (Galcd)(%) 

C H N 

IR (cm-1)10 

y(C=0) y(N-H) <5(N-H) 
iH-NMR <5/ppmb) 

[WF(NNCOCH2CH2CO)(dpe)2] [BF4] 

[MoBr(NNHGONHPh) (dpe)a]Br 

[WBr(NNHGONHPh) (dpe)2]Br 

[WBr(NNDGONDPh) (dpe)2]Br 

[WBr(NNHGONHPh) (dpe)2] [BPh4] 

[MoBr (NNGONHPh)(dpe)2].l/2THFe) 

[WBr(NNGONHPh) (dpe)2] • ethere) 

55.80 
(56.12) 
58.68 

(58.96) 
55.16 

(54.94) 

64.05 
(65.20) 
62.47 

(63.33) 
58.67 

(58.99) 

4.33 
(4.37) 
4.67 

(4.62) 
4.19 

(4.31) 

4.82 
(4.94) 
5.23 

(5.05) 
4.69 

(5.02) 

2.20 
(2.34) 
3.41 

(3.50) 
3.15 

(3.26) 

2.60 
(2.75) 
3.60 

(3.63) 
3.28 

(3.28) 

1720 

1715 

1710 

1700 

1690 

1630 

1620 

3170 
2730c) 

3180 
2800c> 
2300 
2150 
3300d> 
3380d) 

1530 

1540 

1360 

1530 

3380d) 1510 

3400d) 1510 

2.0(s) GOGH2 

1.5(s) GONH 
11.7(s) MNNH 
1.5(s) GONH 

10.5(s) MNNH 

4.7(s) MNNH 
5.2(s) GONH 

5.6(s) GONH 

5.7(s) GONH 

toSiMe4. s = Singlet, c) Broad, d) Nujol mulls, very weak, e) Deter-a) KBr disk, b) In GD2G12, relative 
mined from 1H-NMR spectra. 

washed with ether and then dried in vacuo (8 mg, 7%). 
[WBr(NNHCONHPh)(dpe)2][BPht\. A solution of 

[WBr(NNHGONHPh)(dpe)2]Br (280 mg, 0.217 mmol) in 
dichloromethane (18 ml) and a solution of sodium tetraphenyl-
borate (297 mg, 4 mol equiv.) in dichloromethane-tetrahydro-
furan (5—5 ml) were combined and stirred at room tempera­
ture. After 2 h, the reaction mixture was evaporated to 
dryness in vacuo, and the residue was extracted by dichloro­
methane (3 ml). Addition of hexane (5 ml) to the extract 
gave red crystalline solid of [WBr(NNHGONHPh)(dpe)2]-
[BPh4], which was filtered off, washed with hexane, and then 
dried in vacuo (221 mg, 67%). 

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

Dinitrogen complexes [M(N2)2(dpe)2] and [M(N 2 ) -
(RCN)(dpe) 2 ] (M = Mo or W ; R = a r y l ) react with acyl 
or aroyl chlorides to give acyl- or aroyldiazenido 
complexes, [ M C l ( N N C O R ' ) ( d p e ) J (R'=acyl or aroyl), 
which, on treatment with hydrochloric acid, are 
converted into acyl- or aroylhydrazido(2-) complexes, 
[MCl(NNHCOR , ) (dpe) 2 ]Cl . 1 3 ' 1 4 ) The latter complexes 
are also obtained by nucleophilic reactions of the 
h y d r a z i d o ( 2 - ) complex [WCl(NNH 2 ) (dpe) 2 ]Cl with 
acyl halides.15) We have found that the hydrazido 
( 2 - ) complex [WF(NNH 2)(dpe) 2][BF 4] reacts smoothly 
with succinyl dichloride to give ethanedioylhydrazido 
(2 — ) complex as follows. 

CICOCHjäCHaCOCl 

[WF(NNH2)(dpe)2][BF4] • 
O 
n 

C1 — OT-T 

[WF(NNX | 2) (dpe)2][BF4] + 2HG1 
\ G - G H 2 

n 
O 

1 

When an excess of succinyl dichloride was added to 
an orange solution of [WF(NNH 2)(dpe) 2][BF 4] at room 
temperature, a red solution was obtained after ca. 20 h, 

from which pink crystals of [ W F ( N N C O C H 2 C H 2 C O ) -
(dpe)2][BF4] (1) were isolated. When adipoyl dichloride 
and phthaloyl dichloride were used instead of succinyl 

dichloride, no analogous products were obtained, 
probably because of steric effects. Treatment of another 
complex, [WBr(NNH2)(dpe)2]Br, with succinyl dichlo­
ride did not proceed satisfactorily under the same 
conditions. The lower reactivity of the latter is caused 
by the lower nucleophilicity of the terminal nitrogen 
atom relative to that of [WF(NNH2)(dpe)2][BF4] , as 
estimated by the (5-value of the hydrazido protons in the 
XH-NMR spectra ([WBr(NNH2)(dpe)2]Br: 6.3 ppm;1) 
[WF(NNH 2 ) (dpe) 2 ] [BF 4 ] : 4.5 ppm9)). 

In the I R spectrum of 1, a strong absorption band 
assignable to v(C=0) was observed at 1720 c m - 1 , higher 
by 25 c m - 1 than that of succinimide. This shows that 
the carbonyl groups in complex 1 have no single bond 
character and the lone pair electrons on the terminal 
nitrogen atom do not flow over the carbonyl groups. 
Four succinyl protons appeared in the XH-NMR 
spectrum at 2.0 ppm as a singlet peak, indicating that 
four protons are completely equivalent. 

X-Ray analysis was performed to determine the 

CN2 
CN3 

Fig. 1. Perspective view of [WF(NNGOCH2GH2CO)-
(dpe) 2] [BF4]. The shapes of the atoms on this drawing 
represent 50% probability contours of thermal motions. 
The bond angles are as follows: W-N1-N2= 174.16°, 
N1-N2-GN1 = 120.50°, N1-N2-GN4= 125.85°, CN1-
N2-GN4= 113.64°, N2-GN1-01 = 122.01°, GN2-
CNl -Ol = 123.99°, CN2-CN1-N2= 113.86°. 
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structure of ethanedioylhydrazido(2 — ) ligand. However, 
since a good crystal could not be obtained, the final 
residuals were R = 0 . 1 0 9 and R w = 0 . 0 9 7 using block-
diagonal least squares with anisotropic thermal factors 
for nonhydrogen atoms, and further refinement was no 
longer carried out.16) 

Analysis shows that this complex has an octahedral 
geometry with the ethanedioylhydrazido (2 — ) ligand and 
fluoride anion in a trans position (Fig. 1 ). The W - N - N 
linkage is essentially linear. From the result of angle 
summations around the terminal nitrogen and two 
carbonyl carbon atoms, it is concluded that two nitrogen, 
four carbon, and two oxygen atoms lie in the same plane. 
This indicates that the terminal nitrogen atom is 
predominantly sp2 hybridized. Considering the fact 
that the lone pair electrons on the terminal nitrogen 
do not flow over the carbonyl groups, the canonical 
structures (iv), rather than structure (v), might take 
part in the formation of structure (iii) to some extent. 

r o 

WËN-N J 

0 

/ 

\ 
(iiî) ^ 

r « " 
W*N=N J 

0 J 
(iv) 

ô 1 

WÉN-NO 
II 

0 J 
(v) 

We have found that hydrazido(2 —) complexes [MBr-
(NNH2)(dpe)2]Br ( M = M o or W) react with phenyl 
isocyanate to give the semicarbazido type complexes 
[MBr (NNHCONHPh) (dpe)2]Br. 

The reaction is understood as the nucleophilic 
addition of the terminal nitrogen in the hydrazido(2 —) 
ligand to the electron-defficient carbon in phenyl 
isocyanate. 

When the hydraz ido(2 - ) complexes [MBr(NNH 2 ) -
(dpe)2]Br suspended in tetrahydrofuran were treated 
with excess phenyl isocyanate at refluxing temperature 
for 10 h, the semicarbazido type complexes [MBr-
(NNHCONHPh)(dpe) 2 ]Br precipitated from the reac­
tion mixture as a green (M = Mo) or red ( M = W ) solid. 
The complexes were obtained as pure crystals by 
crystallization from dichloromethane-hexane. In their 
I R spectra (Table 1), strong absorption bands charac­
teristic of the amide group were observed (M = M o : 
v(C=0) = 1715cm - 1 , (5(N-H) = 1 5 3 0 c m - 1 ; M = W : 
v (C=0) = 1710 cm- 1 , Ô(N-H) = 1540 cm" 1 ) . As regards 
the tungsten complex, frequencies assigned to y(N-D) 
and (5(N-D) were observed on deuteration by D 2 0 . 
The shift to low frequency and the peak broadening 
of the N - H stretching bands are interpreted in terms 
of hydrogen bonding between the proton and bromide 
anion. This hydrogen bonding seems to be formed 
between the more electropositive hydrazido proton and 
bromide anion; the lower stretching band is due to the 
N H moiety in the N N H and the higher one to that in 
the amide group. The existence of hydrogen bonding 

is also supported by the result obtained from the XH-
N M R spectra of these complexes (Table 1), that is, 
N N H protons were observed at 11.7 ppm for Mo and 
10.5 p p m for W. The shift to a lower field from the 
usual N H region is due to the hydrogen bonding with 
bromide anion. Similar observations have been reported 
for [WHClBr(NNH 2)(PMe 2Ph) 3]Br 6) and [WBr-

(NNH 2 )L(PMe 2 Ph) 3 ]Br ( L = N ^ ^ - M e etc.).1*) O n 

the other hand, the amido protons appeared at relatively 
high field ( M = M o and W ; 1.5 ppm) which may be 
explained by the shielding effect of the phenyl groups 
of dpe ligands. Analogous results have been found in 
the methyl protons of the complex, [WF{NN=C(CH 3 ) -
CH 2COCH 3>(dpe) 2] [BF4] - THF9) and [WBr{NN=C-
(CH3)CH3>(dpe)2]Br.1«) 

When the semicarbazido type complex [WBr-
(NNHCONHPh)(dpe) 2 ]Br was treated with excess 
sodium tetraphenylborate, anion exchange took place 
to afford the red complex [ W B r ( N N H C O N H P h ) -
(dpe)2][BPh4]. Since hydrogen bonding between N N H 
proton and the anion no longer exists in this complex, 
the N H stretching band in the I R spectrum and the 
N H resonance in the X H-NMR spectrum appear in the 
usual neutral N H region. The amido proton is observed 
at 5.2 ppm in the X H-NMR spectrum, lying in the 
common amido proton region. The cleavage of the 
hydrogen bonding might give rise to the conformational 
change, the amido proton being freed from the position 
shielded by the phenyl groups of dpe ligands. Spectro­
scopic data are summerized in Table 1. 

The semicarbazido type complexes [ M B r ( N N H C O N -
HPh)(dpe) 2]Br (M = Mo or W) easily react with a weak 
base such as triethylamine to afford the new diazenido 
complexes [MBr(NNCONHPh) (dpe ) 2 ] . Strong absorp­
tion bands characteristic of the amide group were 
observed in the I R spectra, and amido protons appearing 
in the common amido region in the X H-NMR spectra. 
The relatively low v(C=0) frequencies observed ( M = 
M o : 1630 c m - 1 ; M = W : 1620 cm - 1 ) as compared with 
the semicarbazido type complexes (M = M o : 1715 c m - 1 ; 
M = W : 1710 cm - 1 ) can be explained by the large 
contribution of the structure (vii), which is formed by 
the electron flow from the metal to the carbonyl group. 

M±=N=NX 
C-NHPh 

ii 
O 

MfeN—N: 
^C-NHPh 

i 

o-
(vi) (vii) 

T h e combination of resonance structures has been 
proposed for the diazenido complex, [MoCl (NNCOPh) -
(dpe)2].14»19) Spectroscopic data of the new diazenido 
complexes are also given in Table 1. 

This diazenido complex, [WBr(NNCONHPh)(dpe) 2 ] , 
can also be prepared by way of another route. The 
diazenido complex, [WBr(NNH)(dpe) 2 ] , obtained by 
the reaction of [WBr(NNH2)(dpe)2]Br with triethyl­
amine, reacts with phenyl isocyanate to give the complex 
[WBr(NNCONHPh)(dpe) 2 ] . This shows that the 
terminal nitrogen atom of the N N H ligand also has 
considerable nucleophilicity.20) These synthetic routes 
are summarized as follows. 
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[MBr(NNH2)(dPe)2]Br — - I l > [MBr(NNHCONHPh)-
(dpe)2JBr 

1 NEt3 1 NEta 

[MBr(NNH)(dPe)2] — ^ [MBr(NNCONHPh)-
(dpe)2J 

As regards the nucleophilicity of the N N H ligand, 
Colquhoun has found that the N N H ligand in the 
complexes [WX(NNH)(dpe) 2 ] ( X = F or Br) undergoes 
nucleophilic attack to 2,4-dinitrobenzene to give the 
dinitrophenylhydrazido complexes or, by successive 
deprotonation, dinitrophenyldiazenido complexes.21) 

The authors are grateful to Dr. Takashi Tatsumi for 
recording F T - N M R and Mr. Masayuki Nishina for 
experimental assistance. 
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A Convenient Synthesis of Condensed Cyclopentane System. Annelation 
by Intramolecular 1,3-Dipolar Addition of Nitrones 
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Department of Chemistry, The University of Tsukuba, Sakura-mura, Niihari-gun, Ibaraki 305 
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Intramolecular 1,3-dipolar addition reactions of nitrones were investigated. Four alkenyl nitrones were 
studied: 2-allyl-, 2-(3-butenyl)-, 2-(4-pentenyl)-, and 2-(9-decenyl)-iV-methylcyclohexanimine iV-oxides. Among 
these, 2-(3-butenyl)-iV-methylcyclohexanimine iV-oxide was found to cyclize most smoothly, giving a perhydro-
indene derivative as a single regio- and stereoisomer. A perhydroazulene derivative was obtained by cyclization 
of 2-(3-butenyl)-iV-methylcycloheptanimine iV-oxide. 

1,3-Dipolar addition reactions are currently of 
interest in the synthesis of natural products. The 
reaction between nitrones and olefins is frequently 
applied for the synthesis of alkaloids.1) Both intra-2) 
and intermolecular3) 1,3-dipolar reactions are used, 
depending on the target molecules. Usually nitrones 
react with olefins stereo- and regiospecifically,4) giving 
versatile 1,3-dipolar adducts. When a nitrone reacts 
intramolecularly with an olefin group as in the following 
system, a new carbocyclic ring is formed along with an 
isoxazolidine ring. 

CH3 

Fig. 1. 

In order to develop a new annelation method, the 
authors studied the cyclization of the compounds 
5—8,5) each of which has both a nitrone and an olefin 
group in the same molecule. These nitrones were easily 
prepared by treatment of the corresponding alkenyl-
cyclohexanones 1—4 with iV-methylhydroxylamine. 

CT 
C H , 

' 2 > n ^ 
1 ; n - l 

2 ; n » 2 

3 ; n - 3 

4 ; n = 8 

CH 

( C H 2 ) n ^ 

5 ; n = 1 
6 ; n = 2 
7 ; n = 3 

8 ; = 8 C H , 

CCÀ. 
. i CH 3 

OAc 

C H . 

Fig. 2. 

When the nitrone (5) having an allyl side chain was 
heated in refluxing benzene, it decomposed into a 
complex mixture, from which the expected cyclization 
products, 10 and 11, could not be extracted. However, 
when 5 was allowed to stand at room temperature for 
one week, an unexpected oxazine (9) was obtained 
in 4 3 % yield. The structure was assigned on the basis of 

spectroscopic data of 9 and its acetate (12), which was 
produced by the treatment of 9 with acetic anhydride 
in pyridine. 

A possible mechanism for the formation of 9 is 
suggested by the equation in Fig. 3. 

HO 9H3 

0 - H 

cfei CH3 

CH3 

Fig. 3. 

However, the nitrone (6), carrying a butenyl side 
chain, cyclized at room temperature to yield the expected 
cycloadduct (13) in a quantitative yield. In this case, 
neither the regioisomer (16) nor the oxazepine analog 
of 9 was formed; the reaction afforded a stereochemical-
ly single product. 

Attempts to cleave the N - O bond with catalytic 
hydrogénation (on Pd/C or P t 0 2 ) were unsucessful. 
Irradiation6) of U V light (high pressure mercury lamp 
using a Pyrex filter) on a hexane solution of 18 in the 
presence of fluorenone gave rise to an oxazine (21) in 
3 9 % yield. The oxazine ring of 14 was cleaved with 
li thium aluminium hydride to give an amino alcohol 
(15). T h e N - O bond of 13 was cleaved more effectively 
with t i tanium(III ) chloride, to yield the same compound 
(15). 

0 , C H 3 

Fig. 4. 

The stereochemistry of 13 was tentatively described as 
17; thus, the most favorable transition state leading to 
13 seemed to be 6a, because it permitted the maximum 
overlapping of the n orbitals of the nitrone and the side 
chain olefin groups. 

Unlike 6, the nitrone (7) resisted cyclization at room 
temperature for one week. However, when 6 was 
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CH3 
\ „0 

ay-
6 CH3 

^ N 0 

CO 

JUL. 

13 CH, 14 

NH y-OH LiAlH^ 

16 15 

Fig. 5. 

CH. 

OCT 
Fig. 6. 

refluxed in benzene for 16 h, it gave rise to a 1 : 1 
mixture of the intramolecular adducts, 18 and 19. 
These adducts were separated by column chromatog­
raphy. 

T h e nitrone (8), which has a 9-decenyl side chain, 
gave no cyclized product. Thus , heating of 8 at 60 °C 
for 24 h resulted in the recovery of 8, and heating at 
120 °C for 1 h brought about decomposition. 

From these results, a system bearing the 3-butenyl 
side chain such as in 6 was considered to be most 
suitable for annelation which would result in the 
formation of a cyclopentane ring. In order to confirm 
the utility of this annelation, we tried to synthesize a 
perhydroazulene system, which is a common skeleton 
of some sesquiterpenes. 

A mixture of 2-(3-butenyl) cycloheptanone (20) and 
iV-methylhydroxylamine in methanol was heated at 
reflux. T h e N M R of the reaction mixture showed a 
strong N-methyl signal ((5 = 3.67) due to the nitrone (21) 
after several hours. This signal gradually decreased, 
and it completely disappeared after 44 h ; an intense 
N-methyl signal ((5=2.52) due to the cyclized product 
(22) remained. By simple purification, a perhydro­
azulene compound (22) was isolated in 84% yield as a 
single product. 

CO 
20 

CHO 

24 

Fig. 7. 

Although the N - O bond of substituted isoxazolidine 
or isoxazolidinium can be cleaved by reduction with 
zinc-acetic acid,7) li thium aluminium hydride,8) or 
catalytic hydrogénation,9) these methods are not 
suitable for the compounds having easily reducible 

functions such as halogens, ketones, or esters. We 
found that the N - O bond of 22 can be cleaved by 
simple treatment with t i tanium(III) chloride in refluxing 
ethanol, affording an amino alcohol (23). Treatment 
of 23 with chromium trioxide-pyridine hydrochloride 
complex10) effectively yielded 24, Thus the nitrone-
annelation would provide a new method for syntheses of 
hydroazulene derivatives. 

Exper imenta l 

1H-NMR spectra were recorded on a Hitachi H-60 instru­
ment, TMS being used as an internal standard (ppm). IR 
spectra were taken on a Hitachi EPS-3T spectrometer. Mass 
spectra were obtained with a Hitachi RMU-6M spectrometer. 

da-Hydroxy^^-dimethyl-S^^a^ôJ^^a-octahydro^H-l^-ben-
zoxazine(9). To a solution of iV-methylhydroxylamine 
hydrochloride (889 mg, 10.6 mmol) in 5 ml of methanol was 
added a solution of potassium hydroxide (664 mg, 11.5 mmol) 
in 3 ml of methanol, followed by the addition of allylcylohexa-
none (865 mg, 6.27 mmol). The mixture was stirred 
overnight, and diluted with ether. The precipitate was 
removed by filtration, and the filtrate was concentrated to 
give crude 5 (830 mg) as an oil; IR(GHG13) 3300 (H20), 
1640, 990, and 910 (-GH=GH2), 1590 (nitrone) cm"1; NMR 
(GDGlg) <5=5.75 (IH, m), 5.00 (2H, m), 3.75 (3H, s, CH3-
N(-»0)=), 2.5—0.8 (1 IH, m). The crude nitrone 5 (830 mg) 
was allowed to stand at room temperature for 7 d. The 
resulting oil was chromatographed on silica gel, giving allyl-
cyclohexane (650 mg), the unchanged nitrone 5 (298 mg), and 
a mixture of the oxazine stereoisomers 9 (316 mg, 43% from 
allylcyclohexanone):bp59°G/0.3Torrt;IR(film) 3450 (OH), 
1015 (G-O) cm-1; NMR(CDC13) (5=4.28 (IH, s, OH), 2.60 
(3H, s, N-GH3), 2.50 (IH, m, CH3-CH-N), 1.05 (3H/2, d, 
7 = 6 . 5 Hz, GH3-GH-N), 0.97 (3H/2, d, 7 = 6 . 5 Hz, isomeric 
GH3-GH-N), 2.0—1.0 (12H, m); 13G-NMR(GDG13) 98.14(s), 
61.69(d), 61.54(d), 43.70(d), 43.55(d), 42.88(q), 35.62(t), 
35.47(t), 35.31(t), 35.14(t), 28.97(t), 28.81(t), 25.83(t), 25.70-
(t), 23.19(t), 23.04(t), 22.84(q), 19.03(q). Found: G, 64.49; 
H, 10.15; N, 7.25%. Galcd for G10H19NO2: G, 64.83; H, 
10.34; N, 7.56%. 

By repeated chromatography of the diastereomeric mixture 
9 (500 mg) using benzene-ethyl acetate (10 : 1) as an eluting 
solvent, one isomer of 9 was obtained as a colorless oil (45 mg) : 
NMR(CDC13) 6=2.60 (3H, s), 2.50 (IH, m), 1.05 (3H, d, 
7 = 6 . 5 Hz); 13C-NMR(CDC13) 98.21(s), 61.54(d), 43.54(d), 
43.88(q), 35.46(t), 35.13(t), 28.80(t), 25.79(t), 23.04(t), 19.03-

(q). 
2- [2- (N-Acetoxymethylamino) propyl] cyclohexanone (12). A 

solution of diastereomers(9) (73 mg, 0.40 mmol) in 2 ml of 
pyridine was treated with acetic anhydride (2 ml), and the 
mixture was allowed to stand overnight. After the usual 
work-up, the resulting oil (91 mg) was chromatographed on 
silica gel, giving 12 (66 mg, 73%) as an oil: IR(GHG13) 1750 
(AcO), 1700 (G=0) cm-1; NMR(GDG13) 6=3.05 (IH, m, 
GH-N), 2.72 (3H, s, GH3-N), 2.02 (3H, s, AcO), 1.08 (3H, 
d, 7 = 6 . 5 Hz), 2.5—1.0 (1 IH, m). 

Hydrolysis of 12 with potassium hydroxide in methanol 
afforded a diastereomeric mixture 9 in a quantitative yield. 

Attempt at Cyclization of 5. The nitrone 5 exhibited a 
strong absorption band at 3300 cm - 1 in its IR spectrum due to 
water. The nitrone in this state was labile to heat; thus, 
vaccum distillation at 65 °G/0.15 Torr produced a distillate, 
which showed at least six spots in TLG. The NMR spectrum 

t 1 Torr =133.322 Pa. 
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of the distillate showed no singlet at 3.73 ppm due to the 
JV-methyl group of 5. Similarly, a complex mixture was 
obtained when 5 was heated in refluxing benzene. By 
chromatography of the product, minor amounts of 9 and 2-
aliylcyclohexanone were isolated. However, the expected 
cyclization product, 10 or 11, was not detected. 

12-Methyl-l l-ox-12-azatricyclo[7.3.0.O^dodecanef 13). 
Treatment of 2-(3-butenyl)cyclohexanone 2 with JV-methyl-
hydroxylamine afforded crude nitrone 6: IR(film) 3300 (H20), 
1635, 990, 910 (-GH=GH2), 1590 (nitrone) cm"1; NMR-
(CDC13) <5=4.10 (1H, t, J = 8 . 0 Hz), HA of 0-CHAHB -CH x ) , 
3.48 (1H, dd, J = 3 . 5 , 8.0 Hz, HB of 0-GHAHB-CH x) , 2.63 
(3H, s, CH3-N), 2.7—1.0 (14H, m); MS (70 eV), mje (rel 
intensity), 181 (M+, 100), 138 (72), 135 (84), 127 (77). An 
analytical sample was obtained by short-path distillation: bp 
98—103 °C/17 Torr. Found: C, 72.79; H, 10.45; N, 7.65%. 
Calcd for C u H 1 9 NO: C, 72.88; H, 10.56; N, 7.72%. 

l-Methylamino-9-( hydroxymethyl) bicyclo[4.3.0]none (15). 
A solution of 13 (194 mg, 1.07 mmol) in 40 ml of hexane was 
irradiated for 18 h in the presence of fluorenone (23 mg, 0.13 
mmol) with a high pressure mercury lamp (450 W) using a 
Pyrex filter. After removal of the hexane, the residue was 
chromatographed on silica gel. Elution with benzene gave 
fluorenone; further elution with benzene-ethyl acetate (3 :1 ) 
gave 14 as an oil in a pure state (TLC). IR(film) 3300 (NH) 
cm-1; NMR(CDC13) (5=4.35 (2H, s, N-CH 2 -0 ) , 3.70 (2H, 
m, CH 2 -0) , 1.85 (IH, s, NH), 2.5—0.8 (14H, m). The 
oxazine 14 (49 mg, 0.27 mmol) was treated with lithium 
aluminium hydride (50 mg, 1.3 mmol) in 5 ml of tetrahydro-
furan, and the mixture was stirred at room temperature 
overnight. The excess hydride was decomposed with water, 
15% sodium hydroxide solution, and water, the precipitate 
being filtered. The filtrate was concentrated, and the residue 
was crystallized from ether, affording needles (33.8 mg, 68%) : 
mp 188—190 °C; IR(KBr) 3325 (OH and NH); NMR-
(CDCy (5=3.78 (2H, br.s, NH and OH), 3.68 (2H, d, J= 
5.0 Hz, CH 2 -0) , 2.42 (3H, s, GH,-N), 2.3—1.0 (14H, m). 
An analytical sample was obtained by bulb-to-bulb distil­
lation: bp 130°C/2 Torr. Found: C, 72.23; H, 11.69; 
N, 7.30%. Calcd for C u H 2 1 NO: C, 72.08; H, 11.54; N, 
7.64%. 

13-Methyl-12-ox-13-azatricyclo\8.3.0.0^«}tridecane (18) and 
12-Methyl-ll-ox-12-azatricyclo[8.2.l.O^tridecane (19). The 
nitrone 7 was prepared from the pentenylcyclohexanone 3 by 
a method similar to that described above. A solution of the 
nitrone 7 (2.2 g, 11.3 mmol) in benzene (100 ml) was heated 
under refluxing in a nitrogen atmosphere for 16 h. The 
solvent was evaporated, and the residue (2.51 g) was chro­
matographed on silica gel. Elution with benzene-ethyl 
acetate (10 : 1) produced 19 (260 mg, 11.8%), a mixture of 
19 and 18 (820 mg, 37.3%), and 18 (162 mg, 7.4%). Analyti­
cal samples were prepared by short-path distillation: 18: 
60 °C/2 Torr; NMR(C6D6) (5=3.98 (IH, dd, 7 = 10.0, 7.0 Hz, 
CH 2 -0) , 3.47 (IH, dd, 7=9 .0 , 7.0 Hz, CH 2 -0 ) , 2.43 (3H, 
s, GH3-N). Found: C, 73.92; H, 10.95; N, 7.48%. Calcd 
for CnH2 1NO: C, 73.79; H, 10.83; N, 7.17%. 19: 80 °C/2 
Torr: NMR(C6D6) (5=4.45 (IH, m, CH-O), 2.43 (3H, s, 
CH3-N), 1.96 (IH, dd, 7=12.5 , 8.5 Hz, CHAHB-CH-0) , 
1.65 (IH, dd, 7 = 12.5, 2.5 Hz, CHAHB -CH-0) . Found: C, 
73.91 ; H, 10.92; N, 7.43%. Calcd for C12H21NO: C, 73.79; 
H, 10.83; N, 7.17%. 

Attempt at Cyclization of the Nitrone 8. 2-(9-Decenyl)-
cyclohexanone 8; bp 112—125 °C/13 Torr, was prepared in 
78% yield by treating the pyrrolidine enamine of cyclohex-
anone with 10-iodo-l-decene. The decenylcyclohexanone 8 
(213 mg, 0.9 mmol) was dissolved in methanol (6 ml), and 
JV-methylhydroxylamine hydrochloride (178 mg, 2.1 mmol) 

was added. The solution was treated with a solution of 
potassium hydroxide (171 mg, 3.1 mmol) in methanol ( 1 ml), 
and the reaction mixture was heated at refluxing temperature 
for 18 h. The mixture was diluted with ether, the precipitate 
was filtered, and the filtrate was concentrated to a brown oil 
(202 mg). The formation of the nitrone 8 was confirmed by 
the absence of the carbonyl absorption in the IR spectrum, 
and the appearance of a singlet at ô 3.75 (3H) due to iV-methyl 
of the nitrone group in the NMR. The oil was heated in 
benzene at 60 °C for 24 h. The NMR spectrum of the product 
exhibited no signal at ô 3.75. Although the product was 
cautiously chromatographed on silica gel, no cyclization 
product could be isolated. 

13-Methyl-12-ox-13-azatricyclo[8.3.0.0^7]tridecane (22). 
A solution of 2-(3-butenyl)cycloheptanone 20 (520 mg, 3.13 
mmol), iV-methylhydroxylamine hydrochloride (449 mg, 3.74 
mmol), and potassium hydroxide (238 mg, 4.24 mmol) in 
methanol (20 ml) was heated at refluxing. After 4 h, a small 
portion of the reaction mixture was taken out. The NMR 
spectrum exhibited a singlet at ô 3.67 due to the iV-methyl 
group of the nitrone 21, together with a singlet at ô 2.52 due 
to the JV-methyl group of the cyclization product 22. The 
reaction mixture was heated for an additional 44 h, and diluted 
with ether. The precipitate was filtered and the filtrate was 
concentrated. The residual oil was distilled with a Kuhgel-
Rohr apparatus, affording 22 (514 mg, 84% from 20) : NMR 
(CDCI3) (5 = 3.82 (IH, t, 7 = 8 . 0 Hz, 0-CH A H B -CH x ) , 3.23 
(IH, dd, 7 = 4 . 5 , 8.0 Hz, 0-CH A H B -CH x ) , 2.52 (3H, s, CH3-
N). An analytical sample was obtained by short-path distil­
lation: I40°C/17 Torr. Found: C, 73.65; H. 10.92; N, 
7.00%. Calcd for C12H21NO: C, 73.79; H, 10.83; N, 7.17%. 

10-Hydroxymethyl- l-(methylamino) bicyclo[5.3.0]decane (23). 
To a solution of 22 (435 mg, 2.2 mmol) in ethanol (80 ml) was 
added 20% aqueous titanium(III) chloride solution (22 ml), 
and the mixture was allowed to reflux under an argon atmos­
phere overnight. The solvent was removed on a rotary 
evaporator, and the pH of the residual mixture was brought 
to 14 with a potassium hydroxide solution. The alkaline 
mixture was continuously extracted with ether for 24 h, and 
the ethereal extract was concentrated. The resultant oil was 
distilled with a Kuhgel-Rohr apparatus, giving 23 (302 mg, 
89%) as a colorless oil: bp 170 °C/4 Torr; IR(film) 3300 cm"1; 
NMR(CDC13) (5 = 3.73 (2H, m, CH 20) , 3.08 (2H, s, NH and 
OH), 2.34 (3H, s, CH3-N). Found: C, 72.75; H, 11.69; N, 
6.81%. Calcd for C12H23NO: C, 73.04; H, 11.74; N, 7.09%. 

Bicyclo[5.3.0]dec-l(10)-ene-10-carbaldehyde (24). A solu­
tion of the alcohol 23 (30 mg, 0.15 mmol) in dichloromethane 
(1.5 ml) was treated with chromium trioxide-pyridine hydro­
chloride complex (41 mg, 0.34 mmol), and the mixture was 
stirred at room temperature for 1 h. The mixture was diluted 
with ether, and water was added. The organic layer was 
separated, dried, and concentrated. After column chromatog­
raphy of the residue on silica gel, a colorless oil 24 (12 mg, 
52%) was obtained: IR(film) 2710, 1660 (CHO) cm-1; 
NMR(CDC13) 0 = 9.96 (HCO). High resolution mass spec­
trum: Found, M. W. 164.1185; Calcd for C n H 1 6 0 , 164.1197. 
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Thermal Rearrangement of 0-Acyl-iV-[2-(methylthio)-
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Several 0-acyl-iV-[2-(methylthio)benzoyl]-A^butylhydroxylamines (1) were prepared and their thermal 
decompositions were studied. The thermal decomposition of 1 at 200 °C in o-dichlorobenzene gave JV-/-butyl-2-
(acyloxymethylthio)benzamide (4), the carboxylic acid derived from the acyl part of 1, and 2-*-butyl-l,2-benzo-
thiazol-3(2H)-one as the main products, together with small amounts of 4//-3,l-benzoxathiin-4-one, JV-f-butyl-2-
(methylthio)benzamide, methyl ester of the carboxylic acid, and JV-f-butylamide. The benzamide (4) was found 
to be an initial product of the thermolysis and the subsequent decomposition gave the carboxylic acid and other 
products. Pummerer type reaction, via acylaminosulfonium ion as the intermediate, was suggested for the thermal 
decomposition of 1 since similar products were also obtained by the Pummerer reaction ofiV-f-butyl-2-(methylsulfin-
yl)benzamide with acylating reagents. 

.W,0-Diacylhydroxylamines have been known to 
react with nucleophiles both at the carboxyl carbon 
atom and at the nitrogen atom depending on the nature 
of the nucleophiles. In general, nucleophiles such as 
amines,2) sulfide,3) alkoxide,1 '3) azide,3) and cyanide 
ions3) attack the carboxyl carbon atom of the N,0-
diacylhydroxylamines. O n the other hand, Oh ta et al. 
have shown the substitution reaction at the nitrogen 
atom by the reaction of 0-acetyl-iV-benzoyl-JV-(4-
methoxyphenyl)hydroxylamine with phenols, pyrrole, 
and indoles.4) In the previous paper, we have reported 
that iV,0-diacyl-iV-/-butylhydroxylamines were decom­
posed thermally to afford amides and carboxylic acids 
in good yields. A mechanism involving nucleophilic 
substitution at the nitrogen atom has been suggested 
for the thermolysis of the hydroxylamines.1) 

Meanwhile, formations of acylaminosulfonium salts 
by the nucleophilic substitution at the amide-nitrogen 
atom have been known for the reaction of iV-haloamides 
with dialkyl sulfides.5) In this connection, thermolysis 
of a JV,0-diacylhydroxylamine bearing a nucleophilic 
group at an appropriate position would take place by a 
different way, that is, an intramolecular substitution. 
Thus, we have prepared several N,0-dia.cy\-N-t-
butylhydroxylamines (1) and studied their thermal 
decompositions. An intramolecular substitution reaction 
at the nitrogen atom by the methylthio-sulfur a tom has 

been found as was expected. 

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

Preparation of 0-Acyl-N-[2-(methylthio)benzoyl]-N-t-
butylhydroxylamines (1). Several title hydroxyl­
amines (1) were prepared by the acylation of O-acyl-
JV-*-butylhydroxylamines (2) or JV-[2-(methylthio)-
benzoyl]-iV-£-butylhydroxylamine (3) with correspond­
ing acyl chlorides in the presence of pyridine (Scheme 1). 
Syntheses of l a and l b were performed by the reactions 
of 2-(methylthio) benzoyl chloride with 2a and 2b , 
respectively, in good yields. By the reaction of 2c and 
2d, l c and I d , however, were obtained, respectively, 
in only poor yields. Alternatively, l a was hydrolized 
giving 3 which was acylated by appropriate acyl 
chlorides giving l c — e in satisfactory yields. Yields, 
physical properties, and analyses of 1 are summarized 
in Table 1. 

Thermal Decomposition of N,0-Diacyl-N-t-butylhydroxyl-
amine (1). O n heating at 200 °C for 25 h in o-
dichlorobenzene, 7 8 % of l a was decomposed to give 
iV-f-butyl-2-(benzoyloxymethylthio) benzamide (4a), 
benzoic acid (5a), 2-*-butyl-l,2-benzothiazol-3(2//)-
one (6), 4//-3,l-benzoxathiin-4-one (7), N-*-butyl-2-
(methylthio) benzamide (8), methyl benzoate (9a), and 
JV-*-butylbenzamide (10a). The yields of the products 

0/COCl 

^SCHa 

f-Bu-NH-O-CO-R 

2a—b 

t-Bu 

XX/CO-N-OH 
I II 
X/ X SCH 3 

3 

l a and 2a R = Ph 
l b and 2b R = />-CH3-CflH4 

l c R' = />-N02-C6H4 

t-Bu 

X \ / G O - N - 0 - C O - R 

X / X S C H 3 

la—b 

t-Bu 

1) NaOH-MeOH 
2) HCl 

R'-COCl X\ /CO-N-0 -CO-R ' 
I II 
X / X S C H 3 

le—e 

Id R' = ^-C1-C6H4 

l e R' = CH, 

Scheme I. 
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T A B L E 1. Y I E L D S A N D P H Y S I C A L P R O P E R T I E S O F 0-ACYL-iV-[2-(METHYLTHio)-

BENZOYL] -iV-f-BUTYLHYDROXYLAMINES ( l a e ) 

Compd 

la 

l b 

l c 

Id 

l e 

Starting 
compd 

2a 

2b 

3 

3 

3 

Yield 
% 

83 

69 

82 

80 

86 

Mp(Bp) 
°G 

116.5—117.5 

70.5— 71.5 

119.0—120.0 

97.0— 98.0 

(156—157/3 mmHg)tt 

IR (KBr) 
^ ( G ^ / c m - 1 

1760, 1640 

1750, 1650 

1760, 1670 

1760, 1650 

1790, 1660 

Found (Calcd) (%) 

G 

66.37 
(66.45) 
67.27 

(67.20) 
58.58 

(58.75) 
60.33 

(60.39) 
59.95 

(59.76) 

H 

5.98 
(6.16) 
6.43 

(6.49) 
5.13 

(5.19) 
5.30 

(5.34) 
6.89 

(6.81) 

N 

4.02 
(4.08) 
3.75 

(3.92) 
7.30 

(7.21) 
3.57 

(3.71) 
5.01 

(4.98) 

ttThrough this paper 1 mmHg= 133.322 Pa. 

*-Bu 

X \ / G O - N - 0 - G O - P h 
I II 
X / X S C H 3 

l a 

200°C, 25 h 

o-Dichlorobenzene 

{ X \ / C O - N H - / - B u 
i II 
X / ^ S C H j - O - C O - P h 

4a( 37%) 

X \ / C O x 

| || N-t-Bu 

6 (21%) 

X\ /CO-NH-<-Bu 
I II 
X / X S C H 3 

8 (7%) 
Ph-CO-NH-t-Bu 

10a (3%) 

O 

Ph-C0 2 H 

5a (35%) 

y \ / C O s 
I ii 
^ v / X S - C H 2 

7 (3%) 

Ph-C0 2CH 3 

9a (2%) 

Scheme 2. 

were estimated by means of GLC (Scheme 2). 
The structures of the products were ascertained on 

the basis of the spectral and chemical evidences. The 
N M R spectrum of 4a in carbon tetrachloride showed 
singlets at Ô 1.38 (9H) and Ô 5.57 (2H), broad singlet 
at ô 6.10 (1H), and multiplet at around ô 7.1—8.1 (9H). 
The characteristic amide and ester bands of 4a were 
observed at 3290 ( N - H ) , 1720 (ester C = 0 ) , 1630 
(amide C = 0 ) , and 1540 cm" 1 (N-H) in its I R spectrum. 
In addition, the structure of 4a was confirmed by 
comparision these physical properties with those of an 
authentic sample prepared by the reaction of N-t-
butyl-2-(methylsulfinyl)benzamide (11) with benzoic 
anhydride. 

The N M R spectrum of 6 in carbon tetrachloride 
showed a singlet at ô 1.68 (9H) and aromatic proton 
signals at ô 7.3—8.0 (4H). The I R spectrum of 6 
consisted with amide carbonyl absorption at 1650 c m - 1 . 
The elemental analysis also did not conflict with the 
structure. The compound 6 was synthesized by a 
different route. Namely, the reaction of iV-£-butyl-2-
(methylsulfinyl)benzamide (11) with acetyl or thionyl 
chlorides gave 6 in good yields. The structure of 7 
was confirmed by comparing physical properties with 
those of the authentic sample prepared by the method of 
Numata and Oae.6> 

TABLE 2. THERMAL DECOMPOSITION OF 0-ACYL-JV-[2-

(METHYLTHIO)BENZOYL]-JV^-BUTYLHYDROXYLAMINES 

AT 2 0 0 °G IN 0-DICHLOROBENZENE ( 0 . 1 m o l / d m 3 ) 

Gompd 

l a 
l a 
l b 
l b 
l c 
Id 
l e 
l e 

Time 
h 

25 
50 
25 
50 

7 
25 
25 
50 

Conversion 
— 
/o 
78 
94 
67 
85 

100 
96 
56 
70 

4 

37 
11 
30 
22 

Products yield/% 

5b) 

35 
60 
14 
51 

50c) 23 
44 

7 
6 

43 
d) 

d) 

6 

21 
36 
30 
38 
9 

26 
20 
28 

7 8 

3 7 
7 11 
2 4 
3 6 
7 2 
7 7 
2 1 
5 7 

a) 

9 

2 
1 
1 
2 
1 
2 

d) 

d) 

10 

3 
9 
2 
5 

11 
4 

d) 

d) 

a) Based on the starting 1. Estimated by GLC. b) 
The amounts of the acid were estimated after 
methylation with diazomethane. c) Isolated yield. 
d) Not determined. 

The rearranged products (4b—e) were obtained 
similarly together with 5, 6, 7, 8, 9, and 10 by the 
thermal decompositions of l b — e . These results are 
summarized in Table 2. Physical properties and 
analyses of 4 are summarized in Table 3. 

Inspection of the results given in Table 2 reveals that 
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TABLE 3. PHYSICAL PROPERTIES OF JV-*-BUTYL-2-(ACYLOXYMETHYLTHIO)BENZAMIDES 

1783 

Compd 

4a 

4b 

4c 

4d 

4e 

Mp 
°C 

85.0— 86.0 

91.0— 92.0 

120.5—121.5 

83.0— 84.0 

69.5— 70.5 

(N-H) 

3290 

3300 

3310 

3290 

3350 

IR (KBr) P/cm-1 

(Ester C=0) 

1720 

1720 

1720 

1720 

1730 

» 
(Amide C=0) 

1630 

1640 

1640 

1630 

1660 

Found (Galcd) (%) 

C 

66.47 
(66.45) 
67.05 

(67.20) 
58.94 

(58.75) 
60.38 

(60.39) 
60.00 

(59.76) 

H 

6.26 
(6.16) 
6.44 

(6.49) 
5.19 

(5.19) 
5.29 

(5.34) 
6.95 

(6.81) 

N 

4.02 
(4.08) 
4.00 

(3.92) 
7.24 

(7.21) 
3.77 

(3.71) 
5.01 

(4.98) 

the rates of the decompositions of 1 were affected by the 
substituent of the O-acyl group. Electron-withdrawing 
groups accelerated the reaction. Namely, the thermal 
decomposition of l c which has 4-nitrobenzoyl group, 
completed within 7 h on heating at 200 °C, while, 33 
and 4 4 % of the starting materials were recovered by 
the decompositions of l b and l e , respectively, under 
the same reaction conditions. T h e yields of 4 were 
found to be depressed by prolonged heating as shown in 
Table 2. In a control experiment, 4a was found to be 
decomposed under the same reaction conditions (200 
°C, 25 h) giving 5a, 6, 7, 8, and 10a in 46, 6, 7, 10, and 
5 % yields, respectively, with 6 0 % decomposition of the 
starting material. These results suggest a successive 
decomposition of 4 giving the products, 5—8 and 10, 
for the decomposition of 1, although the yield of 6 from 
4 (6%) could not account for that from 1 (21%). 

A probable mechanism leading to the rearranged 
product, 4, from 1 would involve an intramolecular 
nucleophilic attack of sulfur atom on the nitrogen atom 
giving acylaminosulfonium salt, 12, as the intermediate. 
The salt 12 would afford 4 by subsequent Pummerer 

rearrangement via ylid 13. An alternative possible 
pathway leading to 4 from 12 may involve attack of the 
anion on the sulfur giving sulfonium salt 14 and proton 
migration would give the ylid 15. Pummerer rearrange­
ment of 15 may afford 4 as shown in Scheme 3. Direct 
formation of the sulfonium amide 14 by the attack of the 
sulfur on the ester oxygen of 1 seems to be unlikely by 
considering differences in leaving abilities of carbox-
ylate and amide anions, and also in electronegativities 
of oxygen and nitrogen atoms. In fact, acceleration of 
the rate by the electron-withdrawing substituent on 
the O-acyl group is in accordance with the proposed 
mechanism involving the carbooxylate ion as the leaving 
group. 

As mentioned above, another pathway would be 
required to account for the yield of 6. This may be a 
demethylation reaction of the acylamisosulfonium ion 
(12) by a nucleophile. The formation of methyl ester 
(9) by the decomposition of 1 would support this prosess. 

Pummerer Reactions of N-t-Butyl-2-(methylsulfinyl)benz-
amide (11). In order to prove the intermediacy 
of the acylaminosulfonium ion (12) for the thermolysis 
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of 1, Pummerer reaction of 11 with acylating reagents, 
such as benzoic anhydride, acetic anhydride, acetyl 
chloride, and thionyl chloride were examined. In 
Pummerer reaction of 11, the acylaminosulfonium ion 
12 and/or the sulfonium salt 14 would be the inter­
mediate. T h e sulfoxide 11 was heated at 180 °C for 
10 h with 1.2equiv. of benzoic anhydride in o-
dichlorobenzene. T h e product 4a (55%) was obtained 
together with small amount of 6 as was expected. T h e 
reaction of 11 with acetic anhydride gave 4e and 6 
similarly. O n the other hand, the reaction of 11 with 
acetyl chloride or thionyl chloride proceeded at room 
temperature affording 6 in good yields. When excess 
of thionyl chloride was added to carbon tetrachloride 
solution of 11, the N M R signals of /-butyl protons 
(d 1.47, s) and S-methyl protons (ô 2.73, s) disappeared 
and new signals appeared at ô 1.73 (s), 1.80 (s), 2.99 (s), 
and 3.70 (s). During the reaction, the intensities of the 
signals at ô 1.80 and 3.70 decreased and the signals at 
ô 1.73 and 2.99 increased. T h e down field shift to à 1.80 
and 3.70 of the /-butyl and S-methyl signals, respectively, 
would apparently due to a positive charge which in 
turn suggest the formation of acylaminosulfonium ion 
(12) as the intermediate. After about 20 min, the 
signals at ô 1.80 and 3.70 disappeared and the ratio 
of the intensities of the signals at ô 1.73 and 2.99 was 
about 3 : 1 . These signals were assigned to be /-butyl 
protons of 6 and methyl protons of chloromethane, 
respectively. 

The reaction of 11 with acylating reagents can be 
explained by the mechanism shown in Scheme 4. T h e 
sulfonium salt 16, initially formed by the reaction of 11 
with acylating reagents gives 12 and/or 14,7) then 
rearranges to 4 by Pummerer reaction.8) In the reac­
tions of 11 with acetyl and thionyl chlorides, the acyl­
aminosulfonium ion (12) is attacked by chloride ion 
giving 6 and chloromethane. Thus, the intermediacy 
of the acylaminosulfonium ion (12) for the thermal 
decomposition of 1 has been confirmed by the Pummerer 
reaction of the corresponding sulfoxide. 

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

All the melting points and the bioling points are uncorrected. 
The IR spectra were recorded on a Shimazdu IR-430 infrared 
spectrometer. The NMR spectra were recorded on a Varian 
EM-360 spectrometer using TMS as the internal standard. 

Preparation of 0-Acyl-N-[2-( methylthio) benzoyl]-N-t-butylhydrox-
ylamines (1). Typical Procedure (a) : A solution of 2-
(methylthio)benzoyl chloride (58.0 g, 300 mmol), O-benzoyl-
JV-f-butylhydroxylamine (58.0 g, 310 mmol),1) and pyridine 
(25.0 g, 320 mmol) in dry benzene (200 cm3) was stirred at 
75 °C for 20 h. The reaction mixture was washed with aq 
NH3, dil NaOH, dil HCl, and water, and then dried over 
Na2S04 . The solvent was evaporated in vacuo, and the 
residue was recrystallized from benzene giving la (86.0 g, 
83%). 

By the reaction of 0-(4-methylbenzoyl)-iV-J-butylhydroxyl-
amine1) with 2-(methylthio) benzoyl chloride, l b was prepared 
similarly. 

(b): A solution of iV-[2-(methylthio)benzoyl]-iV-*-butyl-
hydroxylamine (3) (12.0 g, 50 mmol), 4-chlorobenzoyl 
chloride (10.5 g, 60 mmol), and pyridine (4.7 g, 59 mmol) in 
dry benzene (150 cm3) was stirred at 75 °C for 20 h. The 
reaction mixture was washed with aq NH3, dil NaOH, dil 
HCl, and water, and then dried over Na2S04 . The solvent 
was evaporated in vacuo and the residue was recrystallized from 
CH2Cl2-petroleum ether giving Id (15.2 g, 80%). 

By the same procedure, l c and l e were prepared by the 
reaction of 3 with 4-nitrobenzoyl chloride and acetyl chloride, 
respectively. The yields and physical properties are sum­
marized in Table 1. 

Preparation of N-[2-( Methylthio) benzoyl]-N-t-butylhydroxylamine 
(3). A solution of NaOH (10.0 g, 250 mmol) in water 
(40 cm3) was added to a solution of l a (34.3 g, 100 mmol) in 
methanol (200 cm3). The mixture was stirred at room tem­
perature for 3 h. After evaporation of the solvent, the 
residue was dissolved in water (200 cm3), washed with diethyl 
ether, and acidified with HCl. The separated crystals were 
extracted with CH2C12, and the organic layer was washed 
with aq NaHCOg and water, and then dried over Na2S04 . 
The solvent was evaporated and the residue was recrystallized 
from benzene to give 3 (19.7 g, 82%); mp 145.0—146.0 °C. 
Found: C, 60.36; H, 7.31 ; N, 5.78%. Calcd for C12H1702S: 
C, 60.22; H, 7.16; N, 5.85%. IR: (KBr) 3150 (O-H) and 
1600 cm-1 (C=0). NMR: (CDC13, Ô) 1.38 (9H, s), 2.48 (3H, 
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s), 7.1—7.4 (4H, m), and 8.33 (1H, s). 
Thermal Decomposition ofl. A solution of 1 in o-dichloro-

benzene (0.1 mol/dm3, 10 cm3) was sealed in a degassed tube 
and then heated in a constant-temperature bath at 200 °C. 
The tube was opened and 60 mg of biphenyl was added to the 
reaction mixture as an internal standard. The mixture was 
subjected to GLC analysis. In order to estimate the yield of 
carboxylic acid, an excess of an diethyl ether solution of diazo-
methane was added to a portion of the sample, and the mixture 
was allowed to stand for 1 h. After the evaporation of the 
ether in vacuo, the reaction mixture was subjected to GLC anal­
ysis. The following five columns were used ; a 45 cm column 
packed with Silicone GE SE-30 (5%) on Shimalite W to 
analyze la, 1, Id, 4a, 4b, and 4d; a 1 m column packed 
with Silicone GE SE-30 (5%) on Shimalite W to analyze 
le, 4e, 6, and 8; a 2 m column packed with Apiezon Grease 
L (30%) on Gerite 545 to analyze 6, 7, 8, 9b, 10a, 10c, and 
lOd; a 2 m column packed with Thermon 1000+H3PO4 (5 + 
0.5%) on Chromosorb W to analyze 9c, and a 5 m column 
packed with polyethylene glycol 20 M (25%) on Shimalite 101 
to analyze 9a and 9d. 

For the isolation of the products, the thermal decomposi­
tions of 1 were carried out in a large scale. Typical procedure 
was as follows: A solution of l c (2.000 g, 5.15 mmol) in o-
dichlorobenzene (40 cm3) was sealed in a degassed tube and 
heated at 200 °C for 7 h. The reaction mixture was washed 
with aq Na2CC*3 and water. The alkaline solution was acidi­
fied with HCl to give 5c (65 mg, 8%). The organic layer 
was dried over Na2S04 and the solvent was evaporated in 
vacuo. The residue was chromatographed on silica gel with 
CH2C12 to give crude 4c, 6, and 7. The crude 4c was purified 
by recrystallization from ethanol (820 mg, 41%). The 
crude 6 and 7 were purified by preparative GLC. 

Thermal Decomposition of 4a. A solution of 4a (343.4 mg, 
1 mmol) in o-dichlorobenzene (10 cm3) was sealed in a deassed 
tube and then heated in a constant-temperature bath at 200 °C 
for 25 h. Biphenyl (60 mg) was added to the reaction mixture 
as an internal standard. The mixture was subjected to GLC 
analysis. 

Preparation of N-t-Butyl-2-(methylthio)benzamide (8). A 
solution of 2-(methylthio)benzoyl chloride (37.3 g, 200 mmol) 
in dry benzene (100 cm3) was added to a solution of f-butyl-
amine (30.7 g, 420 mmol) in dry benzene (200 cm3) with 
stirring. The mixture was refluxed for 1 h, washed with dil 
HCl, aq NaHC03 , and water, and then dried over Na2S04 . 
The benzene was evaporated, and the residue was recrystal-
lized from benzene-petroleum ether giving 8 (38.1 g, 85%); 
mp 133.0—134.0 °C. 

Preparation ofN-t-Butyl-2-(methylsulfinyl)benzamide (11). 
A solution of sodium metaperiodate (21.4 g, 100 mmol) in 
water (80 cm3) was added to a solution of JV-*-butyl-2-(methyl-
thio)benzamide (8) (22.3 g, 100 mmol) in methanol (200 cm3). 
The mixture was stirred for 3 h at room temperature. The 
reaction mixture was filtered and the filtrate was condensed 
to dryness. Water (50 cm3) and CH2C12 (150 cm3) was 
added to the residue, and the organic layer was separated. 
The extract was dried over Na2S04 and the solvent was 
evaporated. The residue was recrystallized from CH2C12-
petroleum ether to give 11 (22.1 g, 92%) ; mp 150.0—151.0 °G. 
Found : C, 59.93; H, 7.34; N, 5.78%. Calcd for C12H17N02S : 
C, 60.22; H, 7.16; N, 5.85%. IR (KBr): 3250 (N-H) and 
1640 cm-1 (C=0). NMR: (CDC13, Ô) 1.48 (9H, s), 2.86 
(3H, s), 6.57 (1H, broad s), and 7.4—8.2 (4H, m). 

Reaction of 11 with Acid Anhydrides. A mixture of 11 
(2.4 g, 10 mmol) and benzoic anhydride (2.7 g, 12 mmol) in 
o-dichlorobenzene (20 cm3) was refluxed for 10 h. The 
solvent was removed in vacuo, and the residue was dissolved 

in diethyl ether (50 cm3), washed with aq NH3, Na2C03 , and 
water. The ether was evaporated after being dried over 
Na2S04 and the residue was chromatographed on silica gel 
with CH2C12 as the eluant to give a mixture of 4a and 6. The 
mixture was recrystallized from CH2Cl2-petroleum ether 
giving 4a (1.9 g, 55%). 

The reaction of 11 with acetic anhydride was carried out in 
the same manner as mentioned above giving 4e (1.7 g, 60%). 

Reaction of 11 with Acetyl Chloride. Acetyl chloride (0.9 g, 
10 mmol) was added to a solution of 11 (2.4 g, 10 mmol) in 
CH2C12 (20 cm3). The mixture was allowed to stand over 
night at room temperature, washed with aq NH3 and water, 
and dried over Na2S04 . The solvent was removed and the 
residue was distilled under reduced pressure to give 6 ( 1.6 g, 
77%); bp 165—166 °C/2.5 mmHg (lit,9) bp 142 °C/0.5 
mmHg). The distillate was recrystallized from petroleum 
ether; mp 57.0—58.0 °C. Found: C, 63.66; H, 6.55; N, 
6.66%. Calcd for C uH 1 3NOS: C, 63.74; H, 6.32; N, 6.76%. 
IR (KBr): 1650 cm"1 (C=0). NMR (CC14, Ô): 1.67 (9H, s) 
and 7.2—8.0 (4H, m). 

Reaction of 11 with Thionyl Chloride. Thionyl chloride 
(1.8 g, 15 mmol) was added to a solution of 11 (2.4 g, 10 mmol) 
in CH2C12 (20 cm3). The mixture was allowed to stand for 
1 h at room temperature, washed with aq Na 2 C0 3 and water, 
and then dried over Na2S04 . The solvent was removed and 
the residue was distilled under reduced pressure to give 6 
(1-6 g, 77%). 

Preparation of 2- (Methylsulfinyl) benzoic Acid. Sodium 
metaperiodate (25.7 g, 120 mmol) in water (80 cm3) was 
added to a solution of 2-(methylthio) benzoic acid (20.0 g, 
119 mmol) in methanol (250 cm3). The mixture was stirred 
for 4.5 h at room temperature and filtered. The filtrate was 
condensed to dryness and the residue was recrystallized from 
methanol-water to give 2-(methylsulfinyl)benzoic acid (18.4 g, 
84%) ; mp 170.0—171.0 °C (dec) [lit,10) mp 172 °C (dec)]. 

Preparation of 4H-3,l-Benzoxathiin-4-one (7). A mixture 
of 2-(methylsulfinyl)benzoic acid (5.0 g, 27 mmol) and acetic 
anhydride (4.1 g, 40 mmol) was refluxed for 15 h. The 
excess acetic anhydride was removed by distillation. The 
residue was dissolved in diethyl ether and washed with aq 
NaHC0 3 and water. The solvent was removed after being 
dried over Na2S04 , and the residue was recrystallized from 
CCl4-petroleum ether giving 7 (3.9 g, 87%) ; mp 47.0—48.0 °C 
(lit,11) 47 °C). IR (KBr): 1720cm"1 (C=0). NMR (CC14, 
Ô) : 5.38 (2H, s), 7.1—7.5 (3H, m), and 8.0—8.3 (1H, m). 

Preparation of N-t-Butylbenzamide (10a). A solution of 
benzoyl chloride (14.0 g, 100 mmol) in dry benzene (50 cm3) 
was added to a solution of J-butylamine (18.0 g, 246 mmol) 
in dry benzene (150 cm3) with stirring. The reaction mixture 
was refluxed for 1 h, washed with aq NH3, dil HCl, aq Na2COa, 
and water, and then dried over Na2S04 . The solvent was 
removed, and the residue was recrystallized from CH2C12-
petroleum ether giving 10a (17.2 g, 97%) ; mp 134.0—135.0 °C 
(lit,12) mp 134.0—134.5 °C). 

By the same procedures. 10b—d were prepared by the 
reactions of f-butylamine and the corresponding acyl chlorides. 
10b: mp 115.5—116.5 °C. 10c: mp 159.0—160.0 °C. lOd: 
mp 137.0—138.0 °C. 
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The catalytic hydrogenolysis of C3—G5 alkanes on LaCo03 perovskite oxide was found to show a highly 
selective formation of methane in the temperature range of 350—620 K. The reaction order with respect to the 
hydrocarbon pressure was unity in every hydrogenolysis, whereas the hydrogen order increased from zero for 
propane to 1.0 for butane and isobutane and to 2.0 for pentane, isopentane, and neopentane. The activation 
energies of the reactions ranged from 120 for propane to 32 kj mol - 1 for butane. The reaction of propane or 
butane with D2 on LaCo03 provided large fractions of methane [D3] and [D4], but a negligible amount of deuterium-
exchanged alkanes. An equilibrium among the gaseous H2, HD, and D2 was reached. These hydrogenolyses are 
described by a mechanism involving the almost concurrent repture of all the carbon-carbon bonds in the alkanes 
by the attack of adsorbed hydrogen atoms, and were proposed to be catalyzed by a synergetic effect; the C 0 3 + ion is 
effective in breaking the C-C bond, whereas the La3+ and O 2 - ions serve to supply hydrogen atoms to the decom­
posed species. The reaction of propene or butènes with hydrogen produced the corresponding alkanes and methane. 
The kinetic analyses showed that the fractions of methane produced consecutively via the alkanes amounted to 16% 
for propene and to more than 93% for butènes. The observed pressure dependence and deuterium distributions 
in the alkene hydrogénation were interpreted in terms of the associative mechanism. The correlation between the 
structures of the reactant molecules and of the active sites present on LaCo03 was briefly discussed. 

In the first paper of this series,1) we reported the 
noteworthy catalytic properties of LaCoOg for the 
hydrogenolysis of ethylene and ethane. This mixed 
oxide exhibited a stable and high catalytic activity and 
retained its original perovskite structure even after 
several runs in a reducing atmosphere. At reaction 
temperatures above 420 K, the ethylene hydrogenolysis 
to form methane was found to proceed in a consecutive 
way via ethane as a stable intermediate, accompanied by 
a minor side-reaction of the direct methane formation. 
The X-ray photoelectron spectroscopic studies em­
phasized the importance of the trivalent state of the 
cobalt ion in rupturing the C-C bond, and the active 
structures were proposed to be composed of the (110) 
plane. 

The catalytic hydrogenolysis of C3—C1 0 hydrocarbons 
has been extensively studied on transition-metal 
catalysts,2-6) but no detailed kinetic analyses have yet 
been done well because of complexities in the product 
distributions and because of the fast deactivation of the 
metal catalysts during the hydrogenolysis. In view of 
the remarkable selectivity and stable activity of LaCoO s , 
it is of interest to examine the hydrogenolysis of alkanes 
and alkenes with longer carbon or side-carbon chains. 
Furthermore, we can expect that the employment of a 
variety of reactant molecules with different stereo­
chemical conformations might be useful in obtaining 
information on the structure and distributions of the 
active sites exposed at the perovskite surface. In the 
present work, therefore, we investigated the hydrogeno­
lysis of propene, butènes, and a series of alkanes from 
propane to pentane isomers by performing detailed 
kinetic studies, which were supplemented by a tracer 
work using D2 . 

Exper imenta l 

The preparation of the mixed oxide perovskite, LaCoO 3, was 
described in the previous paper.1) This perovskite catalyst 
was activated by heating in vacuo in the temperature range 

of 600—800 K in order to obtain a constant catalytic activity; 
the activity was reproducible enough for more than ten 
successive hydrogenolysis runs of G2—C5 hydrocarbons, 
except for that of acetylene. 

The reaction of hydrocarbons with hydrogen was studied in a 
closed circulating system at temperatures between 350 and 
620 K in the pressure range of 5—30 Torr (1 Torr= 133.3 Pa) 
for hydrocarbons and in that of 50—150 Torr for hydrogen. 
The procedures of kinetic study and of the analysis of the 
deuterium-distributed reactant and products in the reaction 
with D2 were much the same as those employed previously.1) 

Reactant gases such as hydrogen (99.98% in purity), 
deuterium (containing less than 0.4% HD), propene (99.9%), 
propane (99.9%), butènes (99.0%), and butane (99.7%) were 
purchased from the Takachiho Shoji Go. and were used 
without further purification. Pentane and isopentane of an 
extra pure grade, obtained from the Wako Chemical Co., and 
neopentane from the Tokyo Kasei Co., were distilled and then 
subjected to several freeze-evacuation-thaw cycles to remove 
gaseous impurities. 

R e s u l t s 

Hydrogenolysis of Alkanes. In the temperature and 
pressure ranges employed here, the hydrogenolysis of 
C 3 to C5, i.e., propane, butane, isobutane, pentane, 
isopentane, and neopentane, on L a C o O a produced only 
methane as a product. Neither the corresponding alkenes 
nor the fragmented hydrocarbons were detected in the 
gas phase. . T h e rates of hydrocarbon consumption fell 
within the same order of magnitude, 0.5—1.5 x 1013 

molecule s_ 1 c m - 2 at 573 K, irrespective of the alkanes, 
except for the case of butane, which gives a higher rate 
of 7 X 1013 molecule s_ 1 c m - 2 . T h e kinetic analysis of 
the reaction showed that the reaction orders with respect 
to the hydrocarbon pressure, i>cnH2n+i) were unity for 
all the reactions. Figure 1 shows the dependence of 
the rate on the hydrogen pressure, Pn2; the hydrogen 
orders increased with the number of carbon atoms 
involved in the reactant hydrocarbons and were found 
to be 0.0, 1.0, and 2.0 for the reactions of C3H8 , C4H10 , 



1788 Kenji ICHIMURA, Yasunobu INOUE, and Iwao YASUMORI [Vol. 54, No. 6 

v 

1 
8> 

13.8 

13.4 

13.0 

12.6 

" 

-

1 

7/ 
• l i t 1 

1.6 1.8 2 . Ö 2 . 2 2 . 4 

Fig. 

log (PH2/Torr) 

Dependence of rate upon hydrogen pressure in 
the hydrogenolysis of G3—G5 alkanes. 
0 : G3H8» © : W-QH10, 3 : z-C4H10, 
P H C = 10 Torr, Reaction temperature=573 K. 

n-G5Hv 

1.7 1.8 1.9 2 . 0 

io3 r-VK-1 

Fig. 2. Arrhenius plots of alkane hydrogenolysis. 
0 : O f t , f): n-C4H10, (f: z-C4H10, G3H8, J) : 
>HC=11 Torr, P H t =100 Torr. 

W-C5H12, 

TABLE 1. KINETIC PARAMETERS IN THE HYDROGENOLYSIS 

OF G2 TO G5 ALKANES ON L a C o 0 3 

Reactions 

G 2 H 6 + H 2 »-2GH4 

C3ri8 -j- 2H 2 • 3Cri4 

n-C4H10 + 3H2 • 4GH4 

*-C 4C 1 0+3H 2 >4CH4 

n-C 5 H 1 2 +4H 2 >5CH4 

z-C 5 H 1 2 +4H 2 >5CH4 

C ( C H 3 ) 4 + 4 H 2 . 5GH 4 

Reaction 
ordera) 

m n 

1.0 - 0 . 5 

1.0 0 . 0 
1.0 1.0 
1.0 1.0 

1.0 2 . 0 

1.0 2 . 0 
1.0 2 . 0 

Activatior 
energyb) 

k j m o l - 1 

35 
120 
32 
71 

55 
38 

102 

L Rate c ) 

molecule 
s - 1 cm ~2 

l . O x l O 1 3 

1.5 
7.2 

0 .5 

1.5 
1.0 
0 . 9 

a) ± 0 . 1 , Rate=*eP-nH2n+2i>32 (573 K). b) ± 3 . 
c) PH 2= 100 Torr, PcnH2n+2= 10 Torr, d) See Ref. 1 

and C5H1 2 respectively. T h e Arrhenius plots of the 
reaction are demonstrated in Fig. 2. The values of the 
activation energy and other kinetic parameters are 
summarized in Table 1, together with the previous 
results on ethane hydrogenolysis. It should be noted 
that the activation energy was remarkably high for 
propane and neopentane, but low for ethane, butane, 
pentane, and isopentane hydrogenolysis. An inter­
mediate value was obtained for isobutane hydrogenolysis. 

Table 2 shows the deuterium distributions in the 
reactant and products in the reaction of propane and 

butane with D 2 at 573 K and compares them with the 
results for ethane hydrogenolysis. A common distribu­
tion pattern was observed in these three reactions; 
at conversions of 16—23%, an equilibrium among H2 , 
H D , and D 2 in the gas phase is established. The forma­
tion of the deuterium-exchanged ethane, propane, and 
butane was negligibly small, whereas the product, 
methane, consisted mainly of [D3] and [D4] species. 

Hydrogenolysis ofPropene and Butènes. The reaction 
of propene with hydrogen at 573 K produced a con­
siderable amount of methane, together with propane 
at the initial stage of reaction. This behavior contrasts 
with the predominantly consecutive formation of 
methane which was observed in the case of ethylene 
hydrogenolysis. 

T h e reaction of 1-butène, trans-2-butène, or cis-2-
butene with hydrogen at 573 K underwent rapid 
isomerization, followed by the formation of butane and 
then methane ; the ratio of the produced butène isomers, 
R(cis-2-butene/trans-2-butene), R(aV-2-butene/1 -butène), 
and /?(£r<my-2-butene/l-butène), were determined to be 
1.0, 1.8, and 1.8 respectively. These ratios remained 
almost unchanged until the disappearance of the 
reactant butène. Table 3 shows the deuterium distribu­
tions of the reactant and products in the deuterogenation 
of propene and 1-butène at 573 K. There existed 
common features in the distributions for both reactions; 

TABLE 2. DEUTERIUM DISTRIBUTIONS IN THE REACTION OF G2—G4 ALKANES WITH D2 AT 573 K ON LaCo03 

Reaction 

Conversion/% 

Gases 

C2H6 + D2
a> 

15 

C2H6 GH4 H 2 

C3H8+D2
b> 

16 

G3H8 GH4 H 2 

n-C4H10+D2
c> 

23 

C4H1Ü CH4 H 2 

Distributions -

f Do 
D t 

D 2 

D 3 
1 D 4 

98 

1 
1 

0 
0 
6 

21 
73 

0 .7 

14.7 
84 .6 

98 

2 

0 
0 
7 

20 
73 

1 

17 

82 

98 

2 

0 

2 
9 

34 
55 

3 
27 
70 

a) PD= 117 and P C 2 H 6 = 10 Torr, b) PD 2=97 and P C 3 H 8 = 11 Torr, c) P, C 2 H 6 D 2 " 
: C 3 H 8 - D2" = 9 7 a n d P C 4 H l 0 = l l Torr. 
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TABLE 3. DEUTERIUM DISTRIBUTIONS IN THE REACTION OF PROPENE AND 1-BUTÈNE WITH D2 AT 573 K ON LaCoOo 

Reaction 

Gases 

Distributions < 

/ D» 
D l 
D2 

D3 

D4 
1 D , - D 8 

G3H6 

27 
31 
27 
13 
2 

C3H6+D2
a> 

C3H8 

4 
30 
44 
19 
3 
0 

GH4 

0 
3 

10 
19 
68 

H2 

0.1 
5.4 

94.5 

1-G4H8 

37.6 
37.0 
19.0 
5.3 
1.1 
0 

m-2-C4H8 

44.6 
35.9 
14.0 
4.5 
1.3 
0 

1-C4H8+D2 

trans-2-C4H8 

45.6 
36.7 
13.7 
3.7 
0.5 
0 

b) 

H-C4H10 

17.5 
35.0 
32.5 
12.5 
2.5 
0 

GH4 

0 
0 
0 

12 
88 

H2 

0.2 
8.4 

91.4 

a) <PC 3 H 6
= 11 a n c l ^D 2

 = 9 6 Torr; conversion = 11%. b) -Pi-c^Hs^ll anc* ^ D 2
 = 9 7 Torr; conversion=71%. 

the gaseous composition of H 2 , H D , and D 2 nearly 
reached equilibrium. Propene and 1-butène used as 
reactants gave rise to wide distributions of deuterium 
ranging from [D0] to [D4] . The products involved 
deuterium-exchanged propane and butane distributed 
from [D0] to [ D J . The subsidiary isomerization of 
1-butène during hydrogenolysis gave eis- and trans-2-
butènes possessing almost the same distributions of 
deuterium. Methane contained highly-exchanged 
methane [D3] and [D4], in which the fraction of the 
latter species amounted to as much as 70—90% of the 
total methane. 

In the reaction of acetylene with hydrogen, ethylene 
was the only product, and the catalytic activity was 
drastically decreased during the course of reaction. T h e 
initial rate was about one hundredth that of ethylene 
hydrogénation at 473 K. 

D i s c u s s i o n 

The features of the hydrogenolysis of propene and 
butènes on LaCoOg are similar to those of ethylene 
hydrogenolysis in that there existed no products other 
than methane and the corresponding alkanes (except 
for the butène isomers). Thus, the change in the 
gaseous compositions of the reactant and products as a 
function of the time was analyzed by the same procedure 
as was used in the previous study of the ethylene 
hydrogenolysis i1) 

GnH, 2n 

^•n"2n+2 

/ H 2 MH 2 \ II 

'+ nCH 4 . 

I / H 2 MH 2 

( « - 1 ) H 2 

(1) 

III 

By assuming that the reaction order with respect to the 
partial pressure of respective hydrocarbons was unity, 
the following rate equation can be derived for the 
consumption of the alkene and alkane under the 
conditions of an excess of hydrogen : 

dPc n_2n _ _ ( £ i + £2) PCnu2n 
dt 

dPt C»H2n+2 — Ir P _ k P 

dP< CH4 _ 
dt — « ( ^ C n H 2 n + ^ C n H 2 n + 2 ) } 

(2) 

(3) 

(4) 

where k\ denotes the rate constant for Process i in 
Scheme (1). The values of kx as parameters were 
determined by applying the non-linear least-squares 

method so as to give the curves best-fitting the experi­
mental plots. For the reaction with propene, the 
determined values were ^ = 0 . 0 2 3 , £ 2 =0 .123 , and k3= 
0.167 h" 1 at 573 K ( P H 2 = 1 0 0 Torr ) , which indicates 
that the fraction of the direct hydrogenolysis via Process 
(II) is about 84%. 

1.7 1 .8 1 .9 

103 r -VK- 1 

2.0 

Fig. 3. Arrhenius plots of kt. 

0 : * i , » : * a , • : * a -

Figure 3 shows the temperature dependence of k{; 
the values of the activation energy, Ea, for Process (I), 
( I I ) , and (III) were determined to be —33, 52, and 
119 k j m o l - 1 respectively. The analysis of the reaction 
with different initial hydrogen pressures provided the 
hydrogen order of unity for both Process (I) and (II) 
and of zero for Process ( I I I ) . These results are sum­
marized in Table 4. It should be noted that the rate, 
the activation energy, and the rate equation for Process 
(III) were in substantial agreement with the respective 
values in the propane hydrogenolysis (cf. Tables 1 
and 4). 

Since there was no marked difference in the observed 
rates of the hydrogénation of 1-butène, Jraw.y-2-butene, 
and m-2-butene, the average of these rates could be 
employed as that of butène hydrogénation. T h e kinetic 
analysis gave the values of ^ = 0 . 0 4 0 , £ 2 ^0 .003 , and 
#3=0.95 h - 1 at 573 K, indicating that the fraction 
of the direct formation of methane from butène was 
about 7%. As is demonstrated in Tables 1 and 4, 
there also exists a good agreement in the kinetic param­
eters and reaction rates between Process (III) and 
butane hydrogenolysis. These close coincidences give 
support to the analytical procedure employed here for 
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T A B L E 4. K I N E T I C PARAMETERS IN THE HYDROGENOLYSIS OF PROPENE AND BUTÈNES 

Reaction 

C3H6 + H2 

C4H8+H2 

Patha) 

I 
II 

III 

I 
II 

I II 

Rateb) 

molecule s -1 cm ~2 

0.18x1013 
0.96x1013 
1.3 Xl0i3 

0.31x1013 
^0.03x1013 

7.4 Xl0i3 

Reaction order0 ) 

m 

1 
1 
1 

1 
1 
1 

Hd ) 

1.0 
1.0 
0.0 

1.0 

1.0 

Activation energy*0 

kj mol-i 

- 3 3 
52 

119 

- 3 3 

32 

a) See text, b) Under the standard conditions; reaction temp=573 K, P£2=100 Torr, P£nH2w= 10 Torr, and 
Pc°nH2n+2=10Torr. c) Rate=£'eP£cPS2. d ) ± 0 . 1 . e) ± 4 . 

the propene and butène hydrogenolysis. 
The previous kinetic study of the ethylene hydrogéna­

tion1) over L a C o O s revealed that the reaction proceeded 
mainly on the La and O ions via the associative mecha­
nism and that, as the reaction temperature increased, 
the slow step varied from the dissociative adsorption 
of hydrogen to the hydrogénation of an ethyl radical. 
T h e reaction orders and the way of deuterium distribu­
tion in the present hydrogénation of propene and 
butène were quite similar to those observed in the 
ethylene hydrogénation in the high-temperature region. 
Thus, we can safely adopt the associative mechanism as 
well as the same active-site structure for both reactions, 
and the rate equation is given1) by: 

(5) R h ^ ^ s t t ^CnH2n 
PH2 — k PCnH2n ^H2> 

in a simplified form, where kh is the rate constant for 
the hydrogénation of the half-hydrogenated species. 
The constants, Kh, Ka, and Ks, denote, respectively, 
the equilibrium constants for the adsorption of hydrogen, 
the adsorption of alkenes, and the surface reaction 
between adsorbed alkenes and a hydrogen atom. This 
equation accords well with the experimental pressure 
dependence. 

Alkane Hydrogenolysis. T h e hydrogenolysis of 
alkanes has thus far been mostly confined to those 
catalyzed by transition-metal catalysts;2) these reactions 
are characterized by negative orders with respect to 
PH2 and, generally, by a wide variety of products, 
coinsisting of fragmented hydrocarbons, except for the 
selective formation of methane in the case of Ni.6»7) T h e 
proposed mechanism involves the dissociative adsorption 
of alkanes, liberating a hydrogen atom on the surface, 
followed by the step-by-step scission of carbon-carbon 
bonds. T h e most striking features in the present 
hydrogenolysis on L a C o O s are the high reaction order 
with respect to PH 2 and the formation of only methane 
as the product. Neither the other fragmented nor 
dehydrogenated hydrocarbons were produced in the 
gas phase. Therefore, it is evident that the catalysis by 
this perovskite is essentially different from those by 
the transition metals, and so the above-mentioned 
mechanism can not be applied to the present reaction 
system. 

T h e deuterium distributions in the reaction of the 
alkanes with D 2 showed a common feature irrespective 
of the alkanes employed: large amounts of methane 
[D3] and [D4] were produced even at the initial stage 

of hydrogenolysis, whereas the fractions of the deuterium-
exchanged alkanes were negligibly small. These results 
clearly indicate that the adsorption of alkanes is irrevers­
ible, but the surface species thus produced undergo a 
rapid hydrogen exchange. Another important finding 
is that the reaction order with respect to the alkane 
pressure was unity in all cases, but the hydrogen order 
increased with the number of carbon atoms in the 
alkanes, independently of their molecular structure (i.e., 
0.0, 1.0, and 2.0 for the hydrogenolyses of C3H8 , G4H10, 
and G5H12 respectively). The value of —0.5 obtained 
previously for the ethane hydrogenolysis is also in line 
with this tendency.1) It should be noted that such a 
variation in the hydrogen order is not observed for the 
alkane hydrogenolysis on the transition-metal catalysts. 
These findings on the present hydrogenolysis indicate 
that the slowest elementary step involves not only the 
simultaneous rupture of the C-C bonds to produce 
monocarbon species, but also the attack of hydrogen 
atoms, the number of which is strongly related to that 
of the resulting monocarbon species. 

A comparative study of hydrogenolysis by perovskite 
compounds, such as LaA103 , LaFeO s , and LaCoO s ,

8) 
and by component oxides, such as L a 2 O s and CoaOg,1) 
revealed that only LaCoOg and C o 2 0 3 can accelerate 
the hydrogenolysis; this indicates that the cobalt ion 
plays an impotant role in breaking the C-C bond. The 
study also showed that L a 2 O s can effectively catalyze 
the H 2 -D 2 equilibration reaction as well as ethylene 
hydrogénation, indicating the capability of adsorbing 
hydrogen dissociatively.1) These findings lead to the 
consideration that the peculiar activity of L a C o 0 3 arises 
from the synergetic effect of La, Co, and O ions ; the 
Co ion is responsible for the C - C bond rupture, whereas 
the La and O ions contribute mainly as sites for supply­
ing hydrogen atoms to the decomposed species. Further­
more, the application of X-ray photoelectron spectro­
scopy to the active and deactivated LaCoOg catalysts 
showed that the presence of a trivalent cobalt ion rather 
than a divalent one is essential for the activity.1 '8) 
Accordingly, we would like to propose the following 
mechanism as the most plausible pathway for the 
reaction of the C3 to C5 alkanes, which involves surface 
intermediates analogous to those suggested in the ethane 
hydrogenolysis : 

H2 

H2 

2H(a) 

2H(a*) 

(6) 

(7) 
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CnH2n+2 + 2(»-2)H(a) • 

2GH3(a*) + (»-2) [H-GH,(a ) . . .HJ (8) 

(9) 

(10) 

GH3(a*) ^ = ± CH2(a*) + H(a) 

[ H - C H 2 ( a ) - H ] ; = ± CH3(a) + H(a) 

CH3(a) ^ = ^ CH2(a) + H(a) 

CH3(a*) + H(a) • CH4 

[ H - C H 2 ( a ) - H ] • CH4 

where the symbols (a*) and (a) represent the adsorbed 
species on the Go3 + ion and those on the other sites 
respectively. The surface species, [ H - C H 2 ( a ) " H ] , 
denotes a precursor of desorbing methane. T h e absence 
of deuterium-exchanged alkanes in the gas phase 
suggests that Step (8) is rate-determining, and the 
following rate equation is given to the hydrogenolysis 
by assuming that the requisite number of the site on the 
Co3 + ion is two for the selective adsorption of methyl 
groups in the alkane molecules: 

where 0V* denotes the fraction of the vacant Co3 + sites, 
and OH, the fractions of the La3+ and O 2 - sites, occupied 
by hydrogen atoms. Provided that the fraction of the 
sites covered with hydrocarbon species is negligibly 
small, these fractions can be expressed, respectively, as ; 

0* = \/(l+VK*T^) (12) 
and 

en=VK^P^J(l+VK^P^2), (13) 

where Kh* and Kh are equilibrium constants. After 
introducing Eqs. 12 and 13 into Eq. 11, the rate equation 
is written as ; 

R = k6K%-2PGnllzn+2PvL22/ 

O W * * / ^ ) 2 (1 W/^PHP 2 0 1 - 2 *- (I4) 
Under the conditions of a strong hydrogen adsorption 

on the Co3* sites, l<V /A'h*PH2» and a weak adsorption 

on the other sites, \y*/KhPH2, Eq. 14 is simplified to ; 

R — L 
K* 

p pn-S 
^ C n H 2 w + 2 rH2 

(15) 

For normal and side-chain alkanes with the three to 
five carbon atoms, the observed pressure dependences 
of the rate are well represented by Eq. 15. Step (8) 
might proceed rapidly in a consecutive way involving 
the step-by-step C - C bond scission, but it is regarded as 
being a simultaneous step, as far as the kinetics is 
concerned, and the surface intermediates produced are 
not desorbed in the gas phase. In the above-mentioned 
mechanism, the surface Co3 + ion favors the adsorption 
of the methyl group rather than the methylene group. 
This is not unexpected, since a similar selective adsorp­
tion occurred on the Cr3+ ion in a-Cr203.9> The forma­
tion of highly deuterium-exchanged methane is ascrib-
able to the rapid hydrogen exchange between mono-
carbon species, such as methyl and carbene, as is shown 
in Step (9). T h e presence of surface carbene as an 
intermediate is possible, since this species was recently, 
by means of ultraviolet photoelectron spectroscopy, 
confirmed in the adsorption of C 2H 2 on the Ni (110) 
surface.10) 

The formation of methane via the direct hydrogenolysis 

of propene was expressed by a rate equation of the first 
order with respect to both the hydrogen and propene 
pressures (Table 4) ; the hydrogen order was different 
from that observed in the case of propane hydrogenolysis. 
One possible interpretation for this pressure dependence 
might be given by assuming the same surface inter­
mediates as those described in Step (8). This assumption 
leads to this pa thway; 

C3H6 + 4H(a) • 2CH3(a*) + [H-CH 2 (a ) . - .H] . (16) 

Thus, it follows that the insertion of a stoichiometry 
number, « = 4 , of hydrogen atoms into Eq. 15 provides 
the same rate equation as the observed one. 

T h e alkane hydrogenolysis showed a variety of 
activation energies, as is demonstrated in Table 1 ; Ea 

is high for propane and neopentane, intermediate for 
isobutane, and low for pentane, butane, isopentane, 
and ethane. I t is difficult at present to give a clear 
interpretation for this variation, especially the extremely 
high value for propane. One might argue that the 
C - C bond between methylene groups in alkanes 
dissociates more readily than that between methylene 
and methyl group and that , thus, the number of the 
C H 2 group in the respective alkanes would govern the 
activation energy of reaction. This view, however, is 
unlikely, because the energy difference between those 
bonds (13 k j mol - 1)1 1) is too small to explain the large 
variation in E^, and no correlation between them exists. 
T h e following consideration of the conformation of 
alkane molecules and the L a C o O s surface appears to be 
useful. In previous studies,1'8) the (110) plane of L a C o O s 

was supposed to be active for the hydrogenolysis because 
of the high density of the exposed Co, La, and O ions. 
T h e distance between the adjacent surface Co ions 
is 5.42 Â. The carbon-atom chain of butane or higher 
alkanes is long and flexible enough to interact with two 
Co ions in a bridged form, as shown in Fig. 4. Although 
the La3+ and 0 2 ~ ions fail to adsorb alkanes dissociative-
ly, both ions are likely to accommodate the methyl and 
carbene groups formed as a result of the bond rupture. 
Thus, such bridged adsorption makes the nearby La3+ 
and O 2 - ions effective in supplying hydrogen atoms to 
the decomposed species, thus lowering the activation 
energy. O n the other hand, propane and neopentane 
can hardly take the bridged configuration because of 
their smaller size and less flexible shape. T h e adsorption 

Fig. 4. Schematic representation of butane configura­
tion on the (110) plane of LaCo03 . 
# : La3+, O : O2", # : Co3+, O: carbon atom, o : 
hydrogen atom. 
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of these molecules on a single Co ion results in a larger 
steric hindrance, which makes the activation energy 
higher. In this regard, the small Ea in the ethane 
hydrogenolysis is exceptional, but presumably due to a 
lesser extent of the steric hindrance. As for the propane 
hydrogenolysis, the extremely larger Ea seems to be 
related to the specificity in the propene hydrogenolysis; 
i.e., the direct methanat ion of propene was remarkably 
favored, compared to those of the ethylene and butène 
hydrogenolyses. This consideration is certainly sup­
ported by the fact that the Ea of the direct methane 
formation from propene was as low as 52 k j mol - 1 . 

In order to reveal the peculiar behavior of propene 
and propane in the hydrogenolysis reaction, further 
information on the adsorbed states of the hydrocarbons 
on L a C o 0 3 is needed; a thermal-desorption study is 
now in progress. 
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Conformational Change of Poly(L -lysine) by Sodium Octyl Sulfate 
as Studied by Stopped-flow Circular Dichroism Method 
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Circular dichroism (CD) studies were made on the conformational changes of poly(L-lysine) (PLL) induced 
by sodium octyl sulfate (SOS). The conformation of PLL has a negative double maximum characterizing the 
a-helix in 4.0—6.0 X 10-3 mol/dm3 SOS solutions. At a higher concentration of SOS, PLL takes the ^-structure, 
the random coil remaining below it. These conformational changes were followed by measuring ellipticities at 
192, 207, and 221 nm according to a CD stopped-flow method. The rate constant was ca. 2.7 x 10"1 s"1 for the 
coil-helix transition, the transition rate from coil to ^-structure being high depending on SOS concentration. The 
/S-structure was attained by adding a small amount of 1-octanol to the a-helical PLL in 5.0 X lO"3 mol/dm3 SOS. 
The effect of the surfactant on the triphasic conformation changes is discussed in terms of hydrophobic environment. 

Conformational changes of polypeptides and proteins 
have been extensively studied by circular dichroism 
(CD) measurements. Poly(L-lysine) (PLL) has been 
frequently selected as a typical substance because of its 
diversity in conformations.1-3) Satake and Yang gave 
an evidence that PLL adopts /^-structure in the presence 
of sodium alkyl sulfates which have longer hydrocarbon 
chains than 10 carbons. They obtained a distorted CD 
spectrum reminiscent of a-helix,3) which should show a 
characteristic CD spectrum with a double negative 
maximum. It has not been clarified which conformation 
PLL takes in a SOS solution. This paper reports the 
SOS concentration dependence of PLL conformation 
as well as the kinetics of conformational changes studied 
by the CD stopped-flow method. 

Exper imenta l 

The surfactant, SOS, was prepared from 1-octanol (purity: 
99%, Aldrich Chemical Co.) by the method of Dreger et a/.,4> 
and recrystallized twice from 2-propanol and once from pure 
water. The critical micelle concentration of the surfactant 
was determined to be 148 mM (as concentration unit, 1 M = 
1 mol/dm3, is used) at 25 °C by means of electric conductivity 
in agreement with that reported.6) The hydrobromide salt 
of PLL (degree of polymerization : 140, Sigma Chemical Co.) 
was converted into hydrochloride by dialysis against 0.1 M 
HCl and then water. The concentration of PLL was deter­
mined by colloid titration.6'7) 

Measurements of CD were carried out with a JASCO-
J500A spectropolarimeter (Japan Spectroscopic Co.) equipped 
with a DP-501 data processor. The data processor was 
partially modified to follow rapid reactions. The sampling 
time required for 5 data points/nm on a chart in both X and Y 
directions was selected from 1.0x10-* to 1.0 X 10"1 s for 
kinetic measurements. The stopped-flow measurements by 
CD detection were carried out with a rapid mixer (Union 
Giken Co.) and a specially designed observation cell whose 
lightpath length and incident area being 1.0 mm and 1.0 cm2, 
respectively. The dead volume beyond the mixer was calcu­
lated to be 250 (xl for the stopped-flow system. The stopped-
flow system was driven by ca. 2.0 kg/cm2 compressed air. 

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

Figure 1 shows typical CD spectra of PLL in the 
absence and the presence of 5.0 m M SOS and the 

190 200 210 220 230 240 250 
X/nm. 

Fig. 1. Typical CD spectra of PLL solutions in the 
absence (curve I) and the presence (curve II) of 5.0 mM 
SOS and the difference CD spectrum between them 
(curve III) at 20 °C. Curve IV represents the CD 
spectrum of PLL in 7.5 mM SOS solution. The 
concentration of PLL was 2.8 X 10-4 M. The thickness 
of cell used was 1.0 mm. The time constant and the 
scanning speed of spectropolarimeter were 1.0 s and 20 
nm/min, respectively. These spectra are averaged over 
8 repetitions. 

difference C D spectrum between them. T h e conforma­
tion of PLL in the SOS concentrations between 4.0 and 
6.0 m M seems to be the a-helical structure charac­
terized by a double negative maximum. Satake and 
Yang reported that the C D spectrum of poly(L-
ornithine) (PLO)-sodium dodecyl sulfate (SDS) complex 
is characteristic of a helical conformation with a double 
negative maximum, but the P L O - S O S and P L L - S O S 
complexes display the C D spectrum with a negative 
maximum at 225 nm and a shoulder near 210 nm 
suggesting a helical conformation.3) The CD spectrum 
of P L L - S O S complex closely resembles that of P L O -
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Fig. 2. Plots of [0]192 ( # ) and [0]221 (O) vs. concentra­
tion of SOS at 20 °C. These data were obtained 
from the measurements under the same experimental 
conditions as stated in Fig. 1. 

SDS complex in their work. The magnitude of ellipticity 
of the PLL-SOS complex around 220 nm is considerably 
smaller than that of ordinary a-helical PLL.1»2»8»9) It 
is not clear whether this is due to an environment effect 
of the bound surfactant ions on the rotational strength 
of the n-n* transition as pointed out by Grourke and 
Gibbs10) and Satake and Yang,3) or incomplete helix 
formation due to very low SOS concentration. 

Figure 2 shows the dependence of residue ellipticities, 
[0]1 9 2 and [0]22i <>n SOS concentration. PLL is seen 
to be a-helical only in the range 4.0—6.0 mM SOS, 
taking disordered structure and ̂ -structure below and 
above the SOS concentration range, respectively. 

The conformational change of the PLL induced by 

TIME 
Fig. 3. Typical traces of ellipticity changes at 192 (a), 

207 (b), and 221 nm (c) at 20 °G. The trace (a) is 
average of 32 repetitions and the traces (b) and (c) are 
averages of 8 repetitions. The final concentrations of 
PLL and SOS were 2.8 X 10~4 M and 6.0 mM, respec­
tively. 

Fig. 4. Semilogarithmic first order plots for the approach 
to equilibrium on the three time courses in Fig. 3. The 
quantities representing |[Ö]f —[ö]f=00| are expressed in 
units in (a) 1 x 10"3, (b) 2xl0~ 3 , and (c) 5x l0" 4 

degree, respectively, on the basis of best fit curve drawn 
on time course in each case. 

SOS was followed by CD changes at 192 (wavelength at 
which the positive maximum appears in the difference 
CD spectrum directly obtained by use of a data proces­
sor; dotted curve III, Fig. 1), 207 and 221 nm (wave­
lengths at which the negative maximum appears in 
SOS solution, Fig. 1 ). Typical time courses are given in 
Fig. 3. As anticipated from the changes in the CD 
spectra (Fig. 1), the ellipticity at 192 nm changed from 
negative to positive, the negative ellipticities at 207 and 
221 nm increasing with time. Although only half of 
the total ellipticity change with time near new equilib­
rium was observed at each wavelength due to the 
large dead volume of the stopped-flow system, the 
directions of the ellipticity changes with time at the 
three wavelengths were in line with the changes 
expected from the CD spectra (Fig. 1). This result 
and the identical rate constants calculated at three 
wavelengths led us to conclude that the observed 
process is the conformational change of PLL from 
the disordered structure to the a-helix, free from any 
possible artifacts which might be occasionally observed 
in stopped-flow measurements.11) The forward rate 
constant for the conformational change from the 
coil to a-helix was determined by assuming that the 
conformational change of PLL is a first order reaction. 
The first order plot gives a linear relationship between 
\[0]t — [0]f=»| and time, t (Fig. 4). The time courses 
at the three wavelengths approximately gave the same 
rate constant, k being almost independent of the SOS 
concentration between 4.0 and 6.0 mM (Fig. 5). 

5 6 7 8 
S 0 S / I 0 " 3 M 

Fig. 5. Dependence of rate constant, k on SOS concentra­
tion at 20 °C. The rate constants were obtained 
from time courses at 192 (O), 207 (©), and 221 nm 
(%). Final concentration of PLL was 2.8 X 10~4 M. 
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210 230 
X/nm 

250 

Fig. 6. Changes of CD spectrum of PLL in 5.0 mM SOS 
by addition of small amounts of 1-octanol at 20 °C. 
Numerical values in the figure denote concentrations 
of the 1-octanol in mM. 

MOLAR RAT)0(°q
c™OL) 

0.5 1.0 S ° S|.5 

2 4 6 
OCTANOL/I0'*M 

Fig. 7. Plots of [0]197 (©), [0]2O7 (•)> a*d [0]221 (O) vs. 
concentration of 1-octanol and molar ratio of octanol/ 
SOS at 20 °C. The concentration of SOS was 5.0 mM. 

On the other hand, PLL adopts the ^-structure above 
7.0 mM SOS. Addition of a small amount of 1-octanol 
to a-helical PLL in 4.0—6.0 mM SOS caused the ß-
structure as shown in Fig. 6. The residue ellipticities at 
197, 207, and 221 nm, [0]197, [0]2O7, and [0]221 vs. 1-octanol 
and 1-octanol/SOS molar ratio plot is shown in Fig. 7. 
Above the octanol/SOS molar ratio=0.5, [0]i97, [9]207> 
and [0]221 gradually change with increase in the ratio 

of octanol/SOS. The PLL conformation is in a delicate 
balance between the coil, a-helix, and ^-structure state. 
A slight change in circumstances may cause the inter­
change among the three states. Bound SOS neutralizes 
the charges on PLL, giving rise to ordered structures, 
especially a-helix at first. Increased degree of binding 
gives more hydrophobic atmosphere to the host polymer, 
the ^-structure being enhanced. Addition of octanol also 
gives the a-helical PLL-SOS complex a more hydro­
phobic atmosphere, making it adopt the ^-structure. The 
tendency that more hydrophobic environment favors 
^-structure is seen in Satake and Yang's study in which 
alkyl sulfates longer than SOS exclusively bring about 
the ^-structure.3) Alkyl sulfates bound to the charged 
sites on polymer would be in contact with each other 
more efficiently on the ^-structure than the a-helix, 
since the alkyl sulfates are implanted radially on the 
a-helix, while they are oriented in the same direction 
on the ^-structure. Such a difference in mutual contact 
is also reflected on a binding isotherm which is much 
steeper for the ^-structured polypeptide than the a-
helical one.12) 

<D 

de
gr

e 
\ 
> h-
o 
h-
Q_ 
_J 
_J 
LU 

WH 
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51 
cvi 

+ 
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WwftAu, : i 
1.0s 

(b) J\ 

TIME 
Fig. 8. Typical traces of ellipticity changes at 192 (a) 

and 221 nm (b) at 20 °C. The traces (a) and (b) are 
averages of 16 and 8 repetitions, respectively. The 
final concentrations of PLL and SOS were 2.8 X 10~4 M 
and 7.5 mM, respectively. 

The ellipticity changes with time were observed 
above 7.0 mM SOS (Fig. 8). The change seems to be 
due to the conformational change of PLL from coil to 
^-structure, the rate constant sharply increasing with 
SOS concentration (Fig. 5).13> There is no possibility 
that PLL passes through the a-helical state before 
attaining ^-structure in the higher SOS concentration 
range, since no corresponding process was observed in 
such time courses as shown in Fig. 8. The disordered 
structure of PLL directly turned to the ^-structure. 

The octanol-induced conformational change of PLL 
was followed by the CD stopped-flow method. Typical 
time courses are shown in Fig. 9. The directions of the 
ellipticity changes in this case, as expected from a 
comparison of curve II with curve IV in Fig. 1, were 
reversed in contrast with those in the conformational 
change from the coil to a-helix or ^-structure. Most 
of the total ellipticity change could be observed through-
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VlME 
Fig. 9. Typical traces of ellipticity changes at 192 (a) 

and 221 nm (b) at 20 °C. This is the case of mixing 
PLL solution containing 5.0 mM SOS with a solution 
of 5.0 mM SOS containing slight amounts of 1-octanol. 
The final concentrations of the PLL and the octanol 
were 2 .8x lO - 4 M and 7.8 mM, respectively. The 
traces (a) and (b) are averages of 8 and 2 repetitions, 
respectively. 

out the time courses at these wavelengths, since the 
rate was one order of magnitude lower than those of the 
other two processes, the coil to a-helix or /^-structure. 
The observed processes in Fig. 9 reflect the conforma­
tional change of PLL, from the a-helix to ^-structure. 
The time courses at 192 and 221 nm gave an identical 
rate constant, 7 . 2 x l 0 - 2 s ~ 1 at 20 °C. Such a slow 
process would be responsible for destruction-reconstruc­
tion mechanism : a-helix is unfolded and then the highly 
ordered ^-structure is constructed. The conformational 
change of PLL from coil to ^-structure was also observed 
in mixing the PLL solution with 5.0 m M SOS solution 
containing 7.8 mM 1-octanol (both final concentrations). 
The observed time courses in this case also gave a 
similar rate constant, 5 . 5x 10"1 s"1, to those obtained 
in the conformational change from coil to /^-structure 
in the presence of 7.0 m M SOS. The process may 
proceed without passing through a-helix, implying lack 
of destruction of a-helix. 

The rate constants for three kinds of conformational 
changes of PLL in SOS solution seem to be low as 
compared with the reported values for conformational 

changes of polypeptides.14) The difference is probably 
due to the characteristic situation in surfactant solutions 
as follows. The binding of SOS to PLL causes a dis­
charge of the cationic groups of PLL, but the amount of 
bound SOS is not enough to discharge all of them. 
The surfactants are forced to move from the first 
binding sites to other vacant sites with the progress of 
conformational change of the polypeptide, since the 
bulky hydrophobic groups of surfactants should find 
minimal free energy in order to reconcile the structure 
formation with maximal contact between the hydro­
phobic groups of bound surfactants and the hydrophobic 
parts of the polypeptide. Such rearrangements of bound 
surfactants to the polypeptide require a much longer 
time in comparison with conformational change induced 
by proton which is more effective than the surfactant in 
reactivity and mobility because of its small size. The 
conformational change of polypeptide in the surfactant 
solution seems to occur accompanied by strong 
interaction. 
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Electronic structures of uracil and its anions were theoretically investigated by a modified CNDO-CI method. 
Theoretical results were in good agreement with the observed spectra of uracil and of both the uracil-3-ide and 
uracil-1-ide anions, indicating that the second n-n* band of uracil may tentatively be assigned to the 215 nm 
band observed in circular dichroism spectrum, and that the lowest singlet and triplet states of uracil are n-n* and 
71-Ti* states, respectively, in accord with the observed solvent dependence on emission properties. The first n-n* 
band of uracil-1-ide anion was correctly predicted by the method at longer wavelengths than the corresponding band 
of uracil-3-ide anion. For the purpose of comparison, a modified INDO-CI, CNDO/S-CI, and a modified n-
SCF-MO-CI methods were also applied to the molecules under consideration. The results were only partly 
successful in predicting the observed spectra. 

Electronic structures and spectra of pyrimidinic 
nucleic acid bases and their model compounds have been 
studied extensively from experimental and theoretical 
points of view.1-2) As for uracil and thymine, electronic 
spectra were predicted less satisfactorily by the semi-
empirical calculations1-7) compared with the results for 
other pyrimidinic bases.1 '2 '8) This is partly because the 
ff-core charge in atomic valence state usually taken to be 
an integral number in ^-electron approximation 
changes significantly in the actual molecule by redis­
tribution of tf-electrons over the whole molecule,9) and 
is partly related to the unestablished band assignment 
concerning the 215 nm band observed in circular 
dichroism (CD) spectrum of uridine.10) 

The ordering of the lowest n-n* and n-n* states is 
important in understanding the photophysical properties 
of nucleic acid bases. Fluorescence and phosphorescence 
lifetimes and quantum yields of uracil and thymine were 
found to be largely affected by a variety of solvents.11) 
T h e experimental results strongly suggested that in 
aprotic solvents the lowest singlet state is of highly 
forbidden character.11) Theoretical investigation of the 
lowest excited state is necessary in order to interpret the 
photophysical properties of uracil. 

Studies on the electronic structure of anionic species 
are few.1'4,9'12) In aqueous alkaline solution, uracil 
exists as a mixture of two monoanionic species (i.e., 
uracil-3-ide and uracil-1-ide anions) of comparable 
amounts.1) The electronic spectra of these monoanions 
differ from each other, particularly in the nearest 
ultraviolet (UV) region.13-14) T h e relative positions of 
the first n-n* band of the anions could not be predicted 
correctly by the CNDO/S calculation.9) 

Under these circumstances, in order to interpret 
satisfactorily the experimental results, the electronic 

structures of uracil and of its anions have been inves­
tigated by a modified C N D O - C I method15) by 
employing new semiempirical parameters for C, N, and 
O atoms. T h e calculated results have been compared 
with the observed results and also with the theoretical 
ones calculated by CNDO/S-CI method,16) a modified 
I N D O - C I method,17) and a modified rc-SCF-MO-CI 
method9»18) which considers the effect of ff-core charge 
in the ^-electron approximation. 

Theoretical 

Modified CNDO-CI Method. A modified C N D O -
CI (mCNDO-CI) method15) was applied by evaluating 
the two-center Coulomb repulsion integrals by 
Nishimoto-Mataga approximation.19) T o choose the 
best semiempirical parameters, various sets of the 
bonding parameters (ß°'s) and one-center Coulomb 
repulsion integrals (^AA'S) which consider several atomic 
valence states of C, N, and O atoms were tested in the 
preliminary calculations of benzene, pyridine, pyrrole, 
aniline, formaldehyde, and phenol. Considering the 
agreement with the observed orbital sequences21-25) and 
transition energies,26-30) the semiempirical parameters 
listed in Table 1 were finally employed in the present 
paper. In the course of the preliminary calculations, 
it was found that the adoption of the Nishimoto-Mataga 
equation instead of the Klopman's equation20) results 
in an SCF procedure that often converges very slowly 
and sometimes practically does not converge at all. 
Taking the one-center Coulomb repulsion integrals of 
ff-AO's to be equal to those of jr-AO's, as in the case of 
C N D O / S method,16) is in some cases necessary and in 
others effective in improving convergence of the SCF 
procedure. T h e parameters for N atom were mainly 

TABLE 1. ONE-CENTER COULOMB REPULSION INTEGRAL (y^JcV) AND BONDING PARAMETER 

(ßl/eV)) FOR H , C, N , AND O ATOMS USED IN THE MODIFIED C N D O - C I METHOD 

H 

12.85 
-12 .0 

<T-AO 

10.60 
-16 .8 

C 

7T-AO 

10.60 
- 1 2 . 1 

M O 

12.03 
- 2 3 . 2 

N 

ji-AO 

12.03 
-16 .4 

ff-AO 

14.67 
- 3 1 . 4 

O 

n-AO 

14.67 
- 2 0 . 4 

t Present address: Department of Image Science and Engineering, Faculty of Engineering, Chiba University, Chiba 260. 
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determined from the calculated result of pyridine. 
Somewhat different parameters for N atom are 
acceptable in pyrrole and aniline, but for simplicity of 
the following calculations the same set of the semi-
empirical parameters were used for all the valence states 
of N atom. 

T h e (I+A)/2 values needed for the evaluation of one-
center core matrix elements,15»31) U^, were taken to 
be the same as the original values31) for C and N atoms, 
and for O atom to be 24.390 eV for the 2s A O and 8.111 
eV for the 2px , 2p y , and 2p z AO's as in a previous 
paper.15) 

In the configuration interaction (CI) treatment, 40 
singly excited n-n* and a-a* configurations, 23—25 
singly excited n-o* configurations, and 20 singly excited 
ii-TZ* and 0-71* configurations were taken into account. 

Modified Tt-SCF-MO-CI (mPPP) Method. In 
order to avoid the problems which appear in the 
description of anionic forms of heterocyclic molecules 
within the original rc-SCF-MO-CI (Pariser-Parr-Pople) 
method,32»33) the modification in view of polarizable 
tf-core was introduced9) in the evaluation of core 
integral, W{, core potential, Vi, and resonance integrals, 
ßij. T h e modified diagonal and off-diagonal el-
ements9'18»34) of the ^-electron Hartree-Fock matrix are 

' - ( • + • * ) 

+ 

[ - / < - (ni-\)yu]+ 1/2 Pt0it 

àz; aM'+?w Yju 

and 

4I+o-5(f+ ÖZ 

z >)] WPtjVtj, 

where Zt is the formal core charge with integral number 
in the valence state of isolated atom, i, and bZx stands 
for the change of tf-charges introduced by redistribution 

of tf-electrons over the whole molecule. The symbol 
ic denotes the empirical "scaling" parameter which 
has been fixed9) to be 0.85 in the present calculation. 

A more precise expression for the diagonal element, 
Fa, which includes penetration integrals shows that 
the expression for the one-center Coulomb integral for 
the difinite atom i (i.e., from which a proton was 
removed) in the anionic species differs from that in the 
neutral species. The integral for atom i in the anion 
decreases mainly by the penetration integral between 
atom i and removed proton. For a series of hydroxy-
pyridines,34) the decrease of the integral for N atom was 
calculated to be of the order 2.7—3.1 eV. In the 
present calculation for the uracil anions, an average 
value of 3.0 eV was taken as the decrement of the 
integral for the N 3 or Nx atom. This means that in the 
case of the anions, the ionization potential, It, for N 3 

or Nx a tom was increased by 3.0 eV compared to the 

C ^ 1.07 XL' 

.01 

H 
Fig. 1. Molecular structure of uracil, numbering of 

atoms, and coordinate system. 

TABLE 2. SINGLET AND TRIPLET TRANSITION ENERGIES (1A^/eV AND 3AE/eV) AND OSCILLATOR 

STRENGTHS ( / ) CALCULATED AND OBSERVED FOR URACIL 

Assign­
ment 

n - 7 i * 

n - 7 i * 

71-71* 

n-7r* 

n-7t* 

7T-7T* 

71-R* 

7T-7T* 

n - 7 T * 

it-e* 

a-n* 
-K-o* 

7T-7T* 

Tl-G* 

*AE~ 

5.28 

5.95 
6.17 
6.59 

7.38 

mCNDO-CI 

*AE 

2.74 
3.62 

2.80 
5.34 
5.81 

3.66 
4.01 
5.72 

6.67 
6.67 
7.09 
7.31 

6.64 
7.60 

/ a ) 

0.001 (z) 
0.000 (z) 
0.359 (y) 
0.0004(z) 
O.OOOi(z) 
0.095 (xY) 
0.176 (Xy) 
0.283 (xY) 
0.004 (z) 
0.010 (z) 
0.004 (z) 
0.061 (z) 
0.007 (x) 
0.013 (z) 

GNDO/S-GI 

3.42 
4.09 
5.42 
6.19 
6.81 
6.34 
6.54 
7.26 

7.49 

7.49 

0.214 

0.048 
0.108 
0.264 

0.057 

INDO-C 

!A£~^ 

3.65 
4.37 
5.13 
6.52 

5.88 
6.29 
6.57 

3 A£ 

3.20 

3.21 

4.25 

: i 
—-\ 

/ 

0.0004 

0.000 
0.371 
0.0004 

0.199 
0.379 
0.496 

mPPP 

5.00 

5.78 
5.92 
6.49 

0.288 

0.221 
0.385 
0.518 

Obsd 

*A£ ( / ) 

5.08b>4.79 (0.16)c) 

5.77d) 

6.05b) 6.14 (0.26)c) 

6.63b) 6.85c) 

a) Oscillator strength is calculated for the singlet manifold. The direction of transition moment is shown in 
parentheses, x-, y-, and z-axes being taken as is shown in Fig. 1. When the transition moment has both x-
and y-components, the larger one is designated by capital letter. x-Gomponent with negative sign is 
designated as x, and y-component, as y. b) Observed value in the vapor phase; Ref. 39. c) Observed 
value in aqueous solution at pH = 7; L. B. Clark and I. Tinoco, Jr., J. Am. Chem. Soc, 87, 11 (1965). d) 
Observed value in the CD spectrum of uridine; Ref. 10. 
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value of Ii for the neutral molecule. The two-center 
Coulomb repulsion integrals were evaluated by the 
Nishimoto-Mataga equation. The other semiempirical 
parameters adopted in the present m P P P method are 
the same as used previously.35»36) In the CI treatment, 
all the singly excited configurations were taken into 
account. 

Molecular Structure. Considering the results of 
X-ray crystal analysis37) and of theoretical calculation,38) 
molecular structure of uracil was assumed as is shown in 
Fig. 1. T h e molecular structures of uracil-3-ide and 
uracil-1-ide anions were assumed to be the same as 
the one of the neutral molecule, except that one proton 
bonded to N 3 and Nx atoms, respectively, was removed. 

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

The electronic structures of uracil calculated by 
mCNDO-CI , CNDO/S-CI , I N D O - C I , and m P P P 
methods are presented in Table 2. Comparison of the 
result calculated by m C N D O - C I method with the 
observed spectrum in the vapor phase39) and with the 
CD spectrum10) strongly suggests that the first, third, 
and fourth n-n* states predicted at 5.28, 6.17, and 
6.59 eV, respectively, can be assigned to the 244 nm 
(5.08 eV), 205 nm (6.05 eV), and 187 n m (6.63 eV) 
bands in the vapor phase,39) respectively. The weak 
second n-n* band predicted at 5.95 eV may correspond 
to the 215 nm (5.77 eV) band in the CD spectrum.10) 

As tabulated in Table 2, I N D O - C I and m P P P 
methods predict that the transition energies for n-n* 
states agree semiquantitatively well with the result by 
mCNDO-CI method, but the transition intensity to 
the second n-n* state is not weak. CNDO/S-CI method, 
on the other hand, predicts the second n-n* band being 
weak, although the calculated transition energies for 
Tt-Tt* states are high. The theoretical result presented 
by only one of the above three methods is not conclusive 
to support any assignments of the spectrum (see Ref. 1 
for more detailed discussion of the excited states of 
uracil), bu they altogether suggest that the assignment 

TABLE 3. OCCUPIED MOLECULAR ORBITAL ENERGIES/CV 

CALCULATED AND OBSERVED FOR URACIL 

Assignment 

* i 

n i 

7T2 

n2 

* 3 

Obsda> 

9.55 
10.15 
10.65 
11.12 
12.63 

Calcdb> 

mCNDO CNDO/Sc> 

9.56 
9.82 

10.29 
10.37 
13.24 

9.57 

10.57 

11.Ox 
11.5! 
13.40 

INDOd) 

11.4. 
12.00 

12.4, 
12.87 

18.77 

a) Vertical ionization potential (7V) taken from Hel 
photoelectron spectrum; Ref. 41. b) Minus sign of 
the occupied orbital energy (e) is omitted. From 
Koopmans' theorem, Iy=—e holds, c) Ref. 42. 
d) Ref. 41. 

based on m C N D O - C I method mentioned above is a 
plausible one for uracil. 

The ordering of the lowest n-n* and n-n* states is 
important to understand the photophysical properties of 
pyrimidine bases.11) In m C N D O - C I method, calculated 
transition energies for n-n*, 0-n*, and n-o* states 
correspond to those of the triplet manifold.15) 
Preliminary calculation of formaldehyde by m C N D O -
CI method has shown that the calculated transition 
energy (2.31 eV) of the lowest n-n* triplet state is 
^ 0 . 7 eV lower than the observed value (3.0 eV).40) 
Considering this underestimation of transition energy 
of the n-n* triplet state, nearly degenerate n-n* and 
Tt-Tt* triplet states of uracil predicted at ^ 2 . 8 eV by 
m C N D O - C I method can be ordered as the TI-TI* state 
being the lowest triplet in agreement with the suggestion 
by Becker et al.11) The singlet-triplet separation of n-n* 
state is expected to be ^ 1 eV or less. In the singlet 
manifold, the n-n* state is predicted to be lower than 
the first n-n* state. This agrees with the prediction 
based on fluorescence lifetime measurement.11) 

In Table 3, the orbital energies calculated by m C N D O 
method are compared with the observed and theoretical 
values reported previously.41»42) T h e predicted order of 
the occupied molecular orbitals, ri^>ri^>ri^>n^>n, is in 

TABLE 4. SINGLET AND TRIPLET TRANSITION ENERGIES (1A-E/eV AND 3A£/eV) AND OSCILLATOR 

STRENGTHS ( / ) CALCULATED A N D OBSERVED FOR URACIL-3-IDE ANION 

Assign­
ment 

n-n* 
n-n* 
n-7i* 

71-71* 

n-7i* 

71-71* 

n-n* 
71-71* 

11-71* 

71-71* 

Tl-O* 

a-n* 
71-71* 

a-a* 

*A£ 

4.57 

5.14 

5.80 

6.36 

6.94 
7.06 

mCNDO-CI 

*A£ 

2.39 
3.64 
3.82 

3.31 
4.80 

3.73 
5.54 

2.84 
6.29 

5.13 
6.69 
6.81 

6.25 
6.91 

/ a ) 

0.000 (z) 
0.002 (z) 
0.000 (z) 
0.111 (xy) 
0.001 (z) 
0.023 (xY) 
0.012 (z) 
0.728 (y) 
0.004 (z) 
0.136 (Xy) 
0.013 (z) 
0.0002(z) 
0.025 (xy) 
0.016 (y) 

GNDO/S-GI 

3.24 
4.31 
4.45 
4.19 
5.41 
5.24 
5.94 
6.06 
6.40 
7.04 

0.032 

0.013 

0.637 

0.093 

INDO-CI 

*A£ 

3.28 
4.34 
4.79 
4.30 

4.82 

6.05 

6.82 

3 A£ 

3.14 

3.18 

3.79 

/ 
0.0003 

0.000 
0.000 
0.102 

0.020 

1.218 

0.209 

mPPP 

iAiT~> 

4.72 

5.33 

5.38 

5.82 

0.025 

0.395 

0.454 

0.664 

Obsdb) 

1àff / 

4.68 0.15 

^ 5 . 4 C ) 

> 5 . 8 

a) See footnote (a) in Table 2. b) Observed value for l-methyluracil-3-ide anion; Ref. 13. c) Shoulder. 
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TABLE 5. SINGLET AND TRIPLET TRANSITION ENERGIES (xA^/eV AND 3AE/éV) AND OSCILLATOR 

STRENGTHS ( / ) CALCULATED AND OBSERVED FOR URACIL-1-IDE ANION 

Assign­
ment 

n-7i* 

n-7i* 

n-71* 

71-71* 

71-71* 

n-7i* 

n-7i* 

71-71* 

11-71* 

Tl-O* 

71-71* 

n-7i* 

71-71* 

n-7i* 

!AE~ 

4.38 
5.59 

6.15 

6.65 

6.87 

mCNDO-CI 

*AE 

3.11 
3.48 
4.00 

2.89 
3.52 

5.68 
5.80 

5.21 
6.28 
6.50 

4.39 
6.81 

6.31 
7.33 

/ a ) 

0.001 (z) 
0.0004(z) 
0.003 (z) 
0.347 (xY) 
0.246 (x) 
0.003 (z) 
0.000 (z) 
0.044 (y) 
0.012 (z) 
0.016 (z) 
0.030 (xy) 
0.001 (z) 
0.115 (xy) 
0.001 (z) 

GNDO/S-GI 

3.85 
4.13 
4.44 
4.31 
5.74 
6.39 
6.66 
6.75 
6.98 

6.93 

0.220 
0.172 

0.002 

0.034 

INDO-GI 

*A£~ 

3.67 
4.85 
5.45 
4.50 
5.62 

6.28 

6.62 

3 A£ 

3.40 

2.88 
3.88 

/ 
0.001 
0.001 
0.001 
0.431 
0.352 

0.220 

0.130 

mPPP 

iAiT~~/ 

4.41 
5.52 

5.93 

6.44 

0.366 
0.278 

0.175 

0.635 

Obsdb) 

1Ai~"~? 

4.39 0.17 
5.69 0.17 

a) See footnote (a) in Table 2. b) Observed value for 3-methyluracil-l-ide anion; Ref. 13. 

good agreement with the result by photoelectron 
spectroscopy.41»42) 

T h e dipole moment of the ground state calculated by 
m C N D O method is 4.60 Debye,** in agreement with 
the observed value (4.16 Debye in dioxane).43) 

Tables 4 and 5 present the calculated results for 
uracil-3-ide and uracil-1-ide anions, respectively. As 
can be seen from the tables, the agreement between the 
observed13'14^ and predicted values for uracil-1-ide anion 
is satisfactory by all the methods presented here, but 
the spectrum of uracil-3-ide anion13»14) can be predicted 
satisfactorily only by m C N D O - C I method. I t is worth 
noting that the first TC-TC* band of uracil-1-ide anion is 
correctly predicted at longer wavelengths than the 
corresponding band of uracil-3-ide anion only by 
m C N D O - C I and m P P P methods. CNDO/S-CI method 
as well as I N D O - C I method failed to predict the first 
Ti-TZ* band position of uracil-3-ide anion. Very recent 
calculation using CNDO/S-CI method4) has predicted 
correctly the absorption band positions of both mono-
anions of uracil ; however the authors have not described 
the details of the parametrization of the method. 

This work was initiated during the stay of J .S.K. 
at the Institute for Solid State Physics> the University of 
Tokyo. J .S.K. wishes to thank the J a p a n Society for the 
Promotion of Sciences for support of his stay in J a p a n . 
This work was also supported in par t by the Polish 
Academy of Sciences within the project 09.7. The 
authors wish to express their thanks to Professor Saburo 
Nagakura, the University of Tokyo, for valuable 
discussions, and to Dr. J . Lipiiiski, Technical University, 
Wroclaw, Poland, for calculation of the spectra of 
uracil and its monoanions by means of his modified 
I N D O - C I method. 
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The Structure of Liquid Water by Neutron Scattering 
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A comprehensive analysis of the structure of liquid water was performed by combining neutron and X-ray 
diffraction data. A formula expressing the structure factor of fluids composed of small molecular clusters was 
obtained and applied to the analysis. In the interpretation of the diffraction data, the tetrahedral pentamer 
model as an aggregate of the regular tetrahedral pentamers is considered to be the best structure model of liquid water 
from the excellent agreement between calculated structure factors and experimental data. Some critical discussions 
about other structure models were made. 

Recent diffraction studies of liquid water have 
brought much valuable information on the structure 
of the liquid. Among them, the followings are distin­
guishable: X-ray diffraction studies by Nar ten and 
Levy1) and Hajdu et al.,2) electron diffraction studies by 
Ka iman et a/.,3) and neutron diffraction studies by Page 
and Powles,4) Narten5) and the authors.6»7) However, 
the conclusions drawn from the diffraction results by 
these workers are found to be contradictory to each 
other. The most important reason for the circumstances 
is, of course, the "complexity" of the liquid structure 
of water and the lack of the reasonable general method 
of analysis for diffraction data by liquids. At the 
present stage of the development of studies in this field, 
the combined and comprehensive interpretation of 
diffraction results8) is strongly required. 

Concerning the X-ray studies, observed intensity data 
agree well with each other in the low (grange « 5 Â - 1 ) , 
though, for large Q,, marked discrepancies are found 
there, for example, between the data reported by Hajdu 
et al.2) and that by Nar ten et a/.1»9) In addition, the 
proposed structure models in those papers are considered 
to have implausible aspects in several respects: Hajdu's 
model consists of a fundamentally anisotropic nearest 
neighbor arrangement of water molecules10) and 
Narten 's earlier model ("interstitial model") in 19679) 
has a "largely extended lattice structure." 

With respect to the neutron studies, the observed 
structure factors are found to agree virtually with each 
other, taking the differences of the experimental method 
into consideration.6»7) However, the conclusions on the 
structure model of water are largely inconsistent with 
each other.4 - 6) T h e authors mentioned earlier the 
cause of the marked discrepancies.6»7) I t has turned out 
that Narten 's "near-neighbor model" is physically 
unacceptable and also that Page and Powles' conclusion 
disproving all the structure models treated is too severe. 
We analyzed the neutron da ta using a "revised watery 
model ," which is a modification of Page and Powles' 
"watery model ." However, the agreement between 
calculated and experimental structure factors was still 
insufficient.6'7) 

Despite these incompatible results, it has become 
certain through those recent X-ray and neutron diffrac­
tion studies that the most dominant local environment 
of a water molecule within liquid water is nearly 
tetrahedral on the average. Furthermore, a large 
amount of information accumulated so far by various 

experimental11) and theoretical studies12-15) have also 
ascertained the fact. However, further knowledge on the 
nearest neighbor coordination shell remains quite 
undetermined. Concerning the nearest neighbor 
coordination number, for example, it has been believed 
to be slightly larger than 4 since the pioneering study 
by Morgan and Warren, while according to the recent 
study by Hajdu et al., it is smaller than 4, though slightly. 

The major reason for the existence of those contra­
dictory circumstances stated here is supposed to be 
attributed to the inadequacy of the method of analysis 
as well as to the experimental difficulties. Thus, we 
have attempted to perform a combined analysis of the 
neutron and X-ray diffraction data from various sources 
including our own, and then to propose a structure 
model of liquid water. The main purpose of our present 
analysis is the direct confirmation of the basic structural 
entities by the combined interpretation of neutron and 
X-ray diffraction data through the presentation of a 
new method of analysis. Though the number of the 
nearest neighbor coordination is believed to be nearly 
equal to 4, it is not sure whether the average configura­
tion of the nearest neighbor molecules is regular-
tetrahedral or not. In another word, it is still a central 
problem whether the regular tetrahedral pentamer is 
the primary entity (of course, on the average) or not. 
This is the most important point as the object of debate 
with respect to the structure model of liquid water. The 
details of the present analysis are written in the following. 

Neutron and X - R a y Diffract ion Data 

For the present purpose, we used the X-ray diffraction 
da ta of Nar ten et al.1*9) and of Hajdu et al.2) As to the 
neutron diffraction our own data was used. 

Neutron Diffraction Data. In addition to the 
structure factor Sm(Q) data in the low Q, region 
« 1 0 A-1),6»7) the factors in the higher Q, region 
( < 2 5 Â - 1 ) were obtained by L I N A C - T O F neutron 
diffraction method.16) Details of the experimental 
apparatus have been stated in the preceding papers 
together with the correction and calibration proce­
dures.6» 7»16) The neutron structure factor Sm(Q) over a 
wide range of Q, (1—25 Â - 1 ) obtained by combining 
the low Q, data with the higher Q, data,17) are shown in 
Fig. 1. The Sm(Q) data in the low Q region, 1—8 Â - 1 , 
agree well with those reported previously, though the 
slight differences of a main peak at 2 Â - 1 and a broader 
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Fig. 1. Observed neutron structure factors Sm(Q) for 
heavy water at room temperature (15±1°C), 
compared with the calculated intramolecular structure 
f a c t o r e d ) . 
O : Sm(Q,) observed : $£>«£) calculated (r0D = 
0.98 Â, rDD=1.60Â, and DOD angle= 109.5°). 

Fig. 2. Observed X-ray intensity function Ix (Q). 
O- /X(Q.) by Narten rt al. (20 °C),M> * : Jx(d) by 
Hajdu et al. (25 °C).2> 

peak at ca. 8 Â - 1 are observed.6-7) I t is noticeable tha t 
the Sm(Q.) data for D 2 0 obtained by the authors at 
LINAC are found to agree virtually with Page and 
Powles' and Narten ' data at reactor, taking the experi­
mental uncertaint ies as well as the small difference 
in temperature into consideration. T h e reproducibility 
of the neutron data in the low Q, region is thus confirmed 
with sufficient accuracy. 

X-Ray Diffraction Data. Many X-ray diffraction 
data of liquid water have been reported. Among them, 
the data of Narten et al.1'9) and those of Hajdu et al.2) 
are available for the present purpose. "Molecular" 
modified intensity functions given in those papers are 
shown in Fig. 2. T h e two data are found in good 
agreement with each other in the low Q, range, though 
marked discrepancies are observed in the higher Q_ 
range ( Q ^ ö A - 1 ) . 

= Nm&Sm{Q.), (1) 

Theoret i ca l P r o c e d u r e s o f Ana lys i s 

Coherent Neutron Structure Factor. T h e coherent 
neutron scattering cross-section (d<r/di2)coh is given in 
the static approximation by 

da 
dQ 

where 2 , = 2 ^ n - Equation 1 defines the coherent 
n 

neutron structure factor Sm(Q) for molecular liquid.4) 

Nm is the number of molecules in the sample and bn 

the scattering length of nucleus n. 2 is over all the 

nuclei in the molecule. Q(=k0—ks) is the scattering 

vector and |QJ = (£=(4a5/A)sin0, where k0 and Ârsare the 
incident and scattered wave vectors, respectively. 

In this study we at tempt to determine the best 
structure model of water for the interpretation of its 
diffraction data . For that purpose, we will give here a 
general expression of Sm(Q) for liquid which can be 
regarded as an aggregate of small clusters composed of 
molecules. The derivation of the Sm(Q) is as in the 
following. 

Structure Factor S'm(Q.) for Fluids Composed of Molecular 
Clusters. T h e coherent neutron structure factor 
Sm(Q) in Eq. 1 is given in general by 

Sm{Q) = Nm-^~\^ S baibD1 exp (i£.rnin i)>, (2) 
i * j ni.nj 

where i and j label molecules in a liquid and n} denotes 

the n-th nucleus in the molecule i. r ^ j is the vector 
distance between the nuclei nj and nj5 and bn\ the 
scattering length of nucleus n;. We sum over all the 
scatterers in the Nm molecules in the system. 

Then , in the right hand side of Eq. 2, the separation 
of the contribution of atom-pair interactions within the 
clusters from the "inter-cluster" contribution is per­
mitted in general, because a liquid can always be 
regarded virtually as an aggregate of small clusters of 
various sizes. We have 

sm«l) =fHQ) 

+ J v n - ^ - « < s 5J E U - „ ™p (i5.7BI.ni,)> (3) 

and 

fHd) = NuTV-'Gl 5J S * a i A , ' . « P (iQ,.?nianiO>, (4) 
a u.i'o m«.m'« 

where 1 and 1' label molecules within a given cluster, 
and 1„ denotes the 1-th molecule in the cluster a. T h e 
transformation of Eq. 2 to Eq. 3 is only mathematical 
and it should be noted that the two equations are 
physically identical. 

Let us use rciaiß to denote the vector distance from the 
center of the molecule \a to that of the molecule 1̂ . 

Since rnianiß = rciaiß — rCnia-\-rcmß where rCma is the 
vector distance from the center of the molecule 1„ to 
its n-th nucleus within the cluster a, Eq. 3 is written as 

Sm(d) =fï{Q.) + A'm-1-S-»<S S exp (ig.7eUI,) 
«*ß i«.i,? 

exp[i2-(-? c n i .+r c n i , ) ]>. (5) 

Equation 5 is quite general, and we now consider 
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the case of a system consisting of identical clusters, each 
of which is composed of Nc molecules. Further, we 

assume that r«iia, rCmß, and rc\»\ß are all stasistically 
independent. T h a t is, the molecules belonging to 
different clusters are assumed to be orientationally-
uncorrelated. Then , Eq. 5 becomes 

Sm(Q.) =Md) + ^ m - ^ - 2 < S S e x p (i(L.7cialß)> 

X E i n < e x p (i£.?cn)>]2, 
n 

= fï{&) + 2--2[I]^<exp (i(l-7cn)>rNm-i 
n 

x[<gjexp(iS^cij)> 

- ^ - < S , e x p (iî-rc l l,)>]} (6) 

where rcn is the vector distance from the center of a 
molecule to its n-th nucleus. 

Thus , we can write the Sm(Q) as in the form, 

sm(d) =Md) +/,u(d)[So(a)-/,(a)-i], (7) 
fttd) = 2-*N9-i<J} S bnibni, exp (i J.Tnini,)>, (8) 

1.1' n i . n i ' 

ftviQ.) = 2 - 2 E* n <exp (ig. ?„)>]», (9) 
n 

Soid) = 1 + tfm-KSJ exp (ia-rcIj)>, (10) 

and 

Aid) = ^ c - K U exp (i£-"ci.')>, (11) 
1 * 1 ' 

where fï(Q) is the contribution of atom-pairs within 
the cluster, SC(Q,) t n e molecular-centers structure factor 
of the liquid,/^ (QJ a factor resulting from the molecular-
center pairs within the cluster, and f2v(QJ a factor 
resulting from the completely uncorrelated orientational 
configuration between molecules. 

In the following of this section the formula for the 
analysis of diffraction da ta will be given according to 
the theoretical procedure described above to examine 
structure models of liquid water. 

Regular Tetrahedral Pentamer Model. We will give 
here the Sm(Q) for the regular tetrahedral pentamer 

Fig. 3. The structure of the regular tetrahedral pentamer 
model with the C2v symmetrical coordination. Om 

indicates oxygen in the m-th molecule with the pent­
amer and Dm n the n-th deuteron in the m-th molecule. 
The dotted line denotes the hydrogen bond. 

model where the structural unit as the basic entity of 
liquid water is the regular tetrahedral pentamer. In 
the model water is considered to be an aggregate of the 
pentamers on the average which are packed to give 
the density of 1 g/cm3. T h e central oxygen atom in the 
pentamer is tetrahedrally surrounded by four oxygen 
atoms at the corners of a regular tetrahedron, each pair 
of the central and peripheral oxygens being connected 
by a straight hydrogen bond (Fig. 3). 

In this case, Eq. 7 becomes 

sm(d) = s>m(d) +Âv(d)\.{sc(d)-sTM)}-1l (12) 
where the intra-pentamer contribution Sïà((D(=fï{Q.)) 
is18) 

SMQ.) = S™«1) + 0.092S£°?«£) + 0 . 4 2 2 ^ ( 0 . ) 

+ 0 . 4 8 6 ^ ( 0 . ) , (13) 

and 

/ i u ( d ) = 2-2lbo+2bDY0D(d)Y. (14) 

Sm^QJ is the intramolecular contribution and the 
S%${Q.) (= /3 (a ) 1 9 ) ) 5 ^ D p 5 (d ) , and S™»(Q.) are the intra-
pentamer part of the contributions of the O - O , O - D , 
and D - D pairs, respectively. Tn n /(QJ=/0(Qrn n /)exp-
(—ynn/Q2), where i 0 (x )= s m x /x> »W is the distance 
between the n-th and n'-th nuclei, and 2ynn, the mean-
square variation to the distance rnn/. Thus, we can 
calculate the Sm(Q_) by using Eq. 12. Each term in 
Eqs. 12 and 13 will be specified in the following. 

T h e Sm^QJ for heavy water molecules is 

S£(d) = 2 , - 2 [ V + 2 V + 4 M D r O D ( d ) + 2 V ^ D D ( a ) ] . (15) 
For the regular tetrahedral pentamer model as shown 

in Fig. 3 the S£$(Q) becomes 

S™(d) = ^\2Y00(d) + 3Y0i0t(d)]- (16) 

In order to obtain the expression of the S^(QJ and 
SmDp(Q), we consider two extreme cases with respect 
to the orientation of the peripheral molecules within 
the pentamer: the one orientation where deuterium 
atoms of those molecules are located in the positions 
of the C2 v symmetry (Fig. 3) and the other orientation 
where the peripheral molecules are rotating freely 
around the axis on a straight line joining the central 
and peripheral oxygens. 

Thus, for the C2 v symmetry cluster the contributions 
of the intra-pentamer O - D and D - D pairs, S^(d) 
and S$$((l), become 

S™(d) = •jl2Y0lDtl(d) + KYolT>.Xd) + Y0iv„(d)} 

+ ^Y0tVii(d)+Y0lT)„(d)}] (17) 

and 

S™(d) = ^[±{YD,lT>Jd) + YDllDtl(d)} 

+ YDliD„(d)^YDltD„(dnYT)iiDii(d) 

+ 2{yD„ lDtl(Q,)+yD. lD„(ci)} 

+ 4rFDilDll(a)+yDllDll((i)+ir
DllDil(ci)>],(i8) 

respectively. For the model with freely rotating peri­
pheral molecules, we assumed that the positions of six 
deuterons at a larger distance within the peripheral 
molecules are reduced approximately to the positions 



June, 1981] Structure of Liquid Water by Neutron Scattering 1805 

of peripheral oxygens on the average. Then , the 
STp(d) and SS°/(Q) can be written as 

S™(d) = j[21o,D„((l) + 3^D„((l) + 6Fo(Dl,((l) 

+ 970,o,(d)] (19) 

and 

S™«1) = •^•[IrD. lD.I((l)+8yo.D..((l)+10Fo.D..(a) 

+ 3Y0i0,((l)], (20) 

respectively. 
Finally, for the Sc(d) required in the calculation of 

the inter-pentamer contribution (the second term in 
the right hand side of Eq. 12), we can use the observed 
X-ray intensity data assuming the molecular center to 
be at the oxygen nucleus. 

Interpretat ion o f E x p e r i m e n t a l D a t a 

We calculated first the total neutron structure factor 
Sm(Q) for the tetrahedral pentamer model using Eqs. 
12—20, compared the calculated curves with the 
experimental data. 

Calculation of the S&fQ). The intra-pentamer 
contribution ££ (&) (the first term of Eq. 12) was 
calculated by using Eq. 15 together with Eqs. 16—20, 
and the curves obtained at each stage of the calculations 
were compared with the corresponding experimental 
data. 

The intramolecular contribution S ä ^ Q J calculated by 

20 22 24 

Q / Â"' 

structure factor Fig. 4. Calculated intramolecular 
SmKQ.) f o r heavy water. 

: SnfiQ) for the averaged intramolecular param­
eters (rOD=0.98Â, rD D=1.60Â, and DOD angle= 
109.5°) and that for the revised watery model,6«7) (e= 
0.0047), : S£>(Q) for the vapor molecule (r0D = 
0.96 Â, rDD=1.52A, and DOD angle= 104.5°), (e= 
0.0057), : S™(Q) for the heavy ice-I molecule 
(r0 D= 1.01 Â, rDI,= 1.65 Â, and DOD angle= 109.5°), 
(e=0.0061). e is a measure for indicating the devia­
tions of S^iQ) from the experimental data, and it is 
expressed as16> 

e = -çih [sm(o.i)obsd - s - f f c a i ) " ] ? ^ [sm(Q.i)obsd]> 
where iVis the number of data points in the fitting range 
of (1,8—25 A-1. 

use of Eq. 15 are shown in Fig. 4 for four possible cases 
assumed for the intramolecular structure: (1) the 
intramolecular oxygen-to-deuteron distance rOD=0.96Â 
and the deuteron-to-deuteron distance rDD=1.52Â, 
corresponding to the molecule in the vapor when all 
the DOD angle is 104.5°, (2) rOD=1.01 A and rDD = 
1.65 A, corresponding to the molecule in heavy ice-I 
when all the DOD angle is 109.5°, (3) the earlier 
"revised watery model,"6>7>16> and (4) the equally 
weighted average values, r0D = 0.98 A andr D D =1.60Â, 
when all the DOD angle is taken to be 109.5°. The 
S™(d) calculated for the case (3) is found to be quite 
identical with that for the case (4) over all range of d-
For the calculated curves (Fig. 4) in comparison with 
the observed data (Fig. 1), the best fit curve with 
observed Sm{Q) for the larger Q, region (Q^oA" 1 ) is 
obtained in the cases (3) and (4). The calculated S£>{Q,) 
curve for the case (4) is indicated in Fig. 1. Then, in 
the analysis of diffraction data in the following sections, 
we shall use the values of the case (4) for intramolecular 
parameters. 

Q / A~ 

Fig. 5. The comparison between the calculated [1 + 
•Sm°p(Q.)] a n d t h e observed X-ray intensity function 

/*(£)• 
O : Observed IX{Q) byNarten et a/.,1-9) : calcula­
ted [ 1 + 5 ^ ( 0 , ) ] for the regular tetrahedral pentamer 
model. 

The S^(d) was calculated by using Eq. 16. T h e value 
of distance r00 for the hydrogen-bonded O - D - O was 
taken to be 2.85 A from various sources,1.2.5'9.12'15.20-21) 
and the O - O - O angle was taken to be the tetrahedral 
angle (109.5°). The factor S%%(d) is also known from 
X-ray diffraction. The X-ray diffraction pat tern is 
almost completely determined by oxygen-oxygen pairs 
only. Then , the calculated values of [ 1 + £ £ £ ( & ) ] for 
the model proposed can be compared with the X-ray 
data . T h e function [ l+Sm°p(QJ] calculated from Eq. 
16 is shown in Fig. 5 together with the total experi­
mental data . T h e calculated curve is in agreement 
with the data of Nar ten et al. on the whole, except for 
the deviation in the first peak at 2.1 A - 1 and that in 
the range of Q,=4-.5—6 A - 1 . T h e main contribution 
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Q /A* 

Fig. 6. The comparison between the calculated S^iO.) 
for the regular tetrahedral pentamer model and the 
observed neutron structure factor Sm(Q,). 
Q: Observed Sm(Q), : calculated S^Q) for the 
C2v symmetry structure, : calculated S^{Q.) for 
the freely rotating structure. 

to the diffraction da ta at low Q, region (Q,<2 A"1) 
comes from the long range interactions of molecules 
and so the contribution from the interaction pairs 
between pentamers is expected to recover the deviation 
of the first peak. Then, the result of the analysis of 
X-ray data suggests the essential effectiveness of the 
regular tetrahedral pentamer model. 

In order to obtain the S&.(Q), the calculation of 
STptQJ and S^(d) as the intra-pentamer contribu­
tion is required further, and we performed it for the 
C2 v symmetry model by using Eqs. 17 and 18, and also 
for the freely rotating model by using Eqs. 19 and 20. 
The S&(Q) thus obtained are shown in Fig. 6 together 
with the total experimental data . As clearly seen in 
Fig. 6, the curve for the freely rotating model is slightly 
deviated from that for the C2 v symmetry model, but, 
except for the first peak region ( Q , ^ 3 A - 1 ) which is 
attributed to the long range (inter-pentamer) interac­
tions of molecules, the agreement between the two 
calculated £m(Q,) curves and the experimental data is 
essentially satisfactory. T h e comparison between the 
calculated S&(QJ and the observed total Sm(Q) shows 
that the structure factor of liquid water is well-
reproduced by the S&(Q) only except for the lower Q, 
region ( Q , ^ 3 Â - i ) , that is,Sm(Q)~S&((l) for Q>,3 A- 1 . 

Calculation of the Total Structure Factor Sm(Q). 
In the calculated values shown in Figs. 5 and 6 the 
contribution from the inter-pentamer atomic pairs 
(the second term in Eq. 12) is not contained. In order 
to estimate that contribution, we calculated the second 
termfn(Q)[S0{Q.) -S%>(Q.)-1] using Eqs. 14 and 16 
for the / 2 U ( (5 ) and S<£$((1) together with the observed 
X-ray intensity da ta for the SC(Q). Its values are shown 
in Fig. 7 as a dash-dot line. As seen in Fig. 7, the inter-
cluster term contributes only in the lower Q, region, 

a^3 A-1. 
The total Sm(Q) curves thus calculated as the sum of 

Fig. 7. The comparison between the calculated Sm{Q) 
for the regular tetrahedral pentamer model and the 
observed neutron structure factor Sm{Q). 
O : Observed Sm(Q), : calculated Sm(Q) for the 
C2v symmetry structure, : calculated Sm(Q.) for 
the freely rotating structure, : fzv(Q.)-[Sc(Q.) — 
«>(£) -1 ] -

all terms described in the preceding items by using 
Eq. 12 together with Eqs. 13—20 for the two orienta­
tional arrangements (the C2 v symmetry model and the 
freely rotating model) are shown in Fig. 7 in comparison 
with the observed Sm(Q). T h e agreements between 
the calculated curves and the scattering data are 
excellent on the whole, though the detailed shape of 
Sm(Q) is less well-reproduced for the freely rotating 
model compared with the C2 v model. T h e result 
suggests that the extent of orientational correlation of 
liquid water lies between these two extremes. 

We see that the behavior of the curve near 4 A - 1 is 
essential for the adequacy of the model as stated in 
Page and Powles' paper.4) From this point of view, it is 
noticeable that the agreement with respect to the bump 
at ca. 4 A - 1 is achieved satisfactorily without any 
adjustable parameters. Especially, in addition to this 
agreement concerning the bump at ca. 4 A - 1 , the 
excellent agreement with respect to the first peak 
justifies the assumption that liquid water is composed 
of the aggregate of the regular tetrahedral pentamers on 
the average. Thus, we can conclude from the present 
result that the regular tetrahedral pentamer model is 
considered to be one of the best structure models of 
liquid water. 

P i s c u s s i o n 

Comparison with the Page and Powles' Analysis.*) 
Page and Powles' analysis of the neutron diffraction 
data of liquid heavy water has a marked feature in 
which the orientational correlation between molecules 
is separated from the positional one between molecular 
centers. This separation is exact when there is no 
orientational correlation for any intermolecular distances 
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(the completely uncorrelated orientation model), and 
then, the structure factor ^ ( Q , ) becomes 

Sm(d) = / i ( d ) + / . o ( a ) [ 5 o ( d ) - l ] , (21) 
where 

/ i ( a ) = 2--a<|I]*nexp(i£.rcn) |*>. (22) 

fx{Q) is identical with SS)(Q.) in the present paper. O n 
the other hand, Eq. 12 is rewritten as follows, 

su«l) = S£(d) +Av(Q.){.s0{d)-i] 

+ [S^(d)S^((l)-f2V((l)S^((l)l (23) 
T h e third term in Eq. 23 clearly originates from the 
orientational correlation of molecules within the clusters 
(see Appendix). 

From the comparison of Eq. 23 with Eq. 21, the 
feature of our present analysis can be understood. T h e 
most important point is the presence of additional terms 
in Eq. 23 resulting from the pentamer structure. The 
terms vanish for the completely-uncorrelated orientation 
model and then Eq. 23 reduces to Eq. 21 . 

In another extreme of Page and Powles' treatment, 
that is, for the completely-correlated orientation model 
(Eq. 7 in Ref. 4), the Sm(Q.) was expressed as 

•S»(d) = / i ( f t ) + / 2 c ( Q J [ S c ( Q , ) - a (24) 

The orientational correlation between molecules was 
introduced through the replacement of/2 U(QJ by/2c(Q,)-
This is compared with the feature in our model that the 
third term in Eq. 23 expresses directly the correlated-
orientation effect between molecules within clusters. 
Page and Powles' assumption of complete correlated 
orientation which is independent of the distance apart 
is, however, too severe in principle. In the analysis 
carried out by Page and Powles, they could not succeed 
to reproduce the bump at 4 Â - 1 in the Sm(Q) curve 
calculated, and they rejected all the model treated 
in their paper. T h e most important reason for their 
failure is considered to lie in their procedure of analysis. 

Interstitial Model. We examine the "interstitial 
model," which consists of the regular tetrahedral 
pentamers and non-hydrogen-bonded monomers, where 
the positions of its monomer oxygens are restricted to 
the four triad axes of the regular tetrahedron formed 
by pentamer oxygens. Then, one tetrahedral pentamer 
plus iVj monomers (N-^4:) is regarded as the basic 
structure unit of this model. 

The X-ray intensity function Ikn(Q) which corre­
sponds to [ 1 + / 3 ( Q J ] in Eq. 7 becomes 

/ ? ( £ ) = 1 + S™{Q.) + {Nc
l
+Ni) C2(iV1—1)Y0l0t(d) 

+2i\tfiwa)+roioXa)+r0lo.(Q.)}], 
[JV;=1, 2, 3, and 4) (25) 

where Nc is the number of molecules within a cluster, 
being taken to be 5 for the pentamer. O; denotes the 
oxygen atom of the interstitial molecules. The number 
of interstitial molecules N{ per pentamer is considered 
to be not larger than one practically.11-22) Then, for the 
present purposes, it is sufficient for us to take into 
consideration the following two cases only: iVj=l and 
2. The calculated Ixn{Q) curves are shown in Fig. 8 
in comparison with the experimental data . T h e two 

Q/ A 

Fig. 8. The comparison between the calculated /xn(QJ 
for the interstitial model with variation of the number 
of interstitial molecules JVj and the observed X-ray 
intensity function IX(Q). 
O : Observed Ix(d) by Narten et a/.,1»9) : calculated 
^ n (&) M = l ) , - - : calculated / * ( & ) (tf, = 2). 

PxiQ,) curves deviate appreciably from the experimental 
data, and thus, the interstitial model should be rejected. 

Comment on Narten's Near-neighbor Model. T h e 
authors pointed out formerly tha t Narten 's later model 
(the "near-neighbor model") was physically unac­
ceptable despite its success in the calculation of QSm(Q) 
curves because several unplausible parameters were 
used.6) Here, we discuss the defect of Narten 's model in 
comparison with the present analysis. 

Narten's near-neighbor model consists of a tetrahedral 
arrangement of molecules around a central molecule 
and a continuum region outside of the discrete near-
neighbor structure.5) In the calculation of Sm(Q) by 
this model, the contribution of atomic pairs at various 
distances from a central molecule were summed up, 
where the molecule was taken as the origin. Accordingly, 
the contribution of the atomic pairs between the 
peripheral molecules within the discrete structure, for 
example, is not contained substantially in the calculation 
of the contribution of the discrete structure. In this 
respect, Narten's model differs from our te trahedral 
model essentially. As the result, the curve calculated 
from the discrete structure only is found to deviate 
largely from the observed data . Thus, there appears 
an intensive contribution from the continuum region 
beyond a distance rc taken as a measure of the extent 
of the discrete structure as described in his paper,23»24) 
and the latter contribution is found to play a dominant 
role for the overall agreement between the calculated 
Sm(Q) and the observed data by using rc as a disposable 
parameter . 

According to the same procedures as described in 
Narten's paper,5»23) we calculated Sm(Q) using quite 
identical parameters except for the value of rc, its 
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magnitude being not specified in those papers.5-23) 
As reported previously by the authors,6) a practically 
complete fit of the calculated Sm(Q) curve with the 
observed data was obtained for the assignment of rc = 
3 Â. For values larger than 3 Â a good fit was not 
obtained. Thus, in the analysis using Narten 's near-
neighbor model, the fitness of the calculated curve 
with the observed data is influenced decisively by the 
assignment of the value rc.

6,25) Nar ten stated later in 
his review24) that " the contribution of longer distances 
can be estimated as arising from a uniform distance 
distribution starting at rc, the radius of sphere of volume 
(iV+l)/|00 , p0 being the bulk density of liquid water. 
Using Eq. 7 (in his review; Ref. 24) and adjusting by 
least squares the distance r0 and the mean-square 
variations in both r0 and rc, we find tha t a value of 
iV=4.4 gives the best agreement with the experimental 
curves for water at all temperatures ." According to 
this description the magnitude of rc is given to be about 
3 Â from the relation: (#+l ) / i0 0 =(4rc /3) r c

3 using N= 
4.4. Considering from the size of the discrete structure, 
however, the magnitude of rc = 3 Â is clearly too small 
and physically unacceptable, of course. 

Thus , from all the consideration described above 
Narten 's model should be said to be implausible physical­
ly in spite of its successful appearance. 

Concluding R e m a r k s 

A general expression of the neutron structure factor 
for liquid regarded as an aggregate of small molecular 
clusters was obtained. The equations derived are widely 
applicable to liquids for analyzing diffraction data under 
due assumptions. We applied it to water and obtained 
the following conclusions : 

1) The regular tetrahedral pentamer model is the 
best as a structure model of water in interpreting 
neutron diffraction data combined with X-ray results, 

2) The interstitial model composed of tetrahedral 
pentamers and unbonded monomers is rejected because 
of the large deviations of calculated curves from experi­
mental data , 

3) Narten's near-neighbor model can not be 
accepted, because it is impossible to obtain calculated 
structure factor fitted with experimental data without 
assigning unreasonable value to its main disposable 
parameter rc, 

4) Page and Powles' (completely-correlated) orienta­
tion model has turned out to bring a too severe restric­
tion with respect to orientational correlation compared 
with the authors ' model which is considered to be the 
main reason of the deviation of their calculated curves 
from experimental data . 

Appendix 

In the right hand side of Eq. 6, we can separate the intra­
molecular terms from the intermolecular contributions. Then, 
Eq. 6 becomes 

sm(d) =f1(d) + / , u ( Q . ) [ 5 o ( d ) - i ] 

+ 2'-aiVc-
1{<yS exp (7cl l,)5X*n,' exp [ig- (7eai-7cni,)]> 

1*1' ni .m' 

- < S e x p (ig.7ell,)>G*„<exp (ig-7cn)>]2>. 
1*1' n 

The third term in Eq. 23 corresponds to the last term of this 
equation which means the orientational correlations of mole­
cules within the clusters. 
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The rate constant, kBt, for the stripping of bis(2,4-pentanedionato)beryllium from inert solvents into water 
or a mixed solvent of water with a miscible organic solvent, such as ethylene glycol, methanol, acetonitrile, and 
pimethyl sulfoxide, was determined and discussed in connection with the dissociation rate constant, kd, of the 
chelate in the aqueous phase and the liquid-liquid partition coefficient, P, of the chelate. The kst=kJ(\-\-P) 
relationship was found to hold true in all systems studied. The solvent effect of the aqueous mixed solvents on kA 

was discussed in terms of the transfer activity coefficient. 

The solvent extraction technique is widely employed 
in analytical chemistry to separate or concentrate a 
metal ion in an aqueous phase by removing it into an 
organic phase. Kinetic studies of a solvent-extraction 
mechanism of metal ions have been carried out by many 
workers. The rate-determining step of a chelate 
extraction has, in many cases, been reported to be a 
chelate-formation process in an aqueous phase.1) T h e 
importance of an interfacial reaction for chelate forma­
tion has recently been pointed out for the extraction 
of calcium with bis(2-ethylhexyl)hydrogenphosphate2> 
and copper with o-hydroxybenzaldehyde oximes.3) O n 
the other hand, the process of removing a metal com­
pound from an organic phase into an aqueous phase, 
say stripping, is also important for an effective separa­
tion between metal ions.4) However, on the stripping 
rate and the mechanism of the metal chelate there 
is no detailed information at present. 

In this study, the rate and mechanism of the stripping 
reaction of the /9-diketonato complex have been inves­
tigated utilizing bis(2,4-pentanedionato) beryllium as an 
example of the ß-diketonates ; it was chosen because of 
its moderate substitution lability and its simple dissocia­
tion behavior.5) The stripping rate of the metal ion is 
expected to be influenced by the partition coefficient 
of the metal chelate and the dissociation behavior of the 
chelate in the aqueous phase. Therefore, the solvent 
effect of an aqueous phase is particularly interesting. 
In this study, various mixed solvents were used for the 
strip solution, i.e., water-ethylene glycol, wa te r -
methanol, water-acetonitrile, and water-dimethyl sulf­
oxide. The stripping mechanism and solvent effect 
were studied from the measurements of the stripping 
rate constant, the hydrolysis rate constant in the aqueous 
phase, and the partition coefficient of the chelate. T h e 
partition coefficient is not only a measure of the extract-
ability of a chelate from a nonpolar phase into a polar 
phase, but also a measure of the solution free-energy 
difference of the chelate in given solvents. With this 
in view, the kinetic solvent effect of the mixed solvent 
on the stripping rate will be discussed by correlating 
the rate constant with the partition coefficient. 

Exper imenta l 

Chemicals. Bis (2,4-pentanedionato ) beryllium (II) 
(Dotite, G. R.) was purified by vacuum sublimation at 80 °G. 
Organic solvents of dodecane, heptane, carbon tetrachloride, 

ethylene glycol, methanol, acetonitrile, and dimethyl sul­
foxide were purified by ordinary methods.6) Reagent-grade 
perchloric acid was used without further purification. Sodium 
Perchlorate commercially purchased was purified by re-
crystallization. Redistilled water was used throughout. The 
stock solution of the acid was standardized by sodium 
carbonate titration. The mixed solvent of water and organic 
solvent was prepared by weight. The ionic strength in the 
aqueous phase used was adjusted to 0.1 M (1 M = 1 mol dm -3) 
by the use of sodium Perchlorate. 

Kinetic Measurements. The stripping rates of beryllium 
were observed by means of an ordinary batch method, except 
for the experiment in the carbon tetrachloride/water system. 
An organic solution of Be(acac)2 (10~4 M) was agitated with 
an aqueous phase. The shaking speed of the partition tube, 
which contained 5 ml for each phase, had to be as high as 
430 tpm to establish a rapid mass transfer across the inter­
face. Under these conditions, the observed stripping rate 
reflects purely the chemically rate-controlled process. In 
practice, a shaking rate of 460 tpm was adopted for all measure­
ments. The stripping-rate constant was calculated from the 
absorbance decrease in the chelate in the organic phase. 
The absorbance change was observed intermittently at given 
shaking-time intervals. Although the absorption maximum 
of Be(acac)2 in an inert solvent is at 293 nm, the absorbance 
change was observed at 310 nm to prevent any interference 
due to acetylacetone produced from the hydrolysis of the 
chelate. For the kinetic experiment in the carbon tetra­
chloride/water system, the continuous partition method, 
described previously in detail,7) was applicable because of the 
large difference in the densities of the two phases. Fifty y.\ 
of 0.03 M Be(acac)a in carbon tetrachloride was spiked into 
the two-phase system which had been agitated in a continuous-
partition vessel. The decrease in the absorbance of the 
complex in the organic phase, observed at 310 nm soon after 
the injection, was recorded as a function of the time. A 
first-order analysis of the results gave the stripping-rate con­
stant. The sample preparation and the batch experiment 
were carried out in a thermostated room at 2 5 i l °C. 

The rate of the acid hydrolysis of Be(acac)2 in the aqueous 
phase was observed photometrically. The absorbance change 
at 310 nm was observed as a function of the time after the 
injection of 15 (xl of a 0.01 M dioxane solution of Be(acac)2 

into 3 ml of an aqueous solution contained in an optical cell 
thermostated at 25 i 0.1 °C. The reproducibility of the rate 
constant thus determined is within ± 5 % . 

Partition Experiment. The partition coefficient of Be-
(acac)2 was determined by means of the kinetic method at 
25±1°C. A 5-ml portion of an organic solution of the 
chelate was agitated with an equal volume of the aqueous 
phase for a given period, and then the absorbance of the 
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organic phase was observed. From the absorbance change 
observed at four different periods at least, the absorbance at 
t=0 was estimated by extraporation and has then used to 
calculate the partition coefficient. All of the photometric 
measurements in this study was performed by means of a 
UVIDEC-2 or Hitachi 356 spectrophotometer. 

R e s u l t s 

Stripping in Inert Solvent/Water Systems. Stripping-
rate constant, kst, in the carbon tetrachloride/water 
system is shown in Fig. 1 as a function of the hydrogen-
ion concentration in the aqueous phase. T h e kst is 
linearly proportional to [H+] in the concentration range 
from 0.001 M to 0.004 M. T h e observed rate constants 
for the acid hydrolysis of Be(acac)2 , shown in Fig. 2, 
are also linearly proportional to [H+] in the concentra­
tion range from 0.001 M to 0.012 M and coincide with 
those reported by Pearson and Moor.6) T h e stripping 
da ta obtained in the three inert solvent/water systems 
are summarized in Table 1. T h e partit ion coefficients 
of Be(acac)2 greatly depend on the solvents, and the 
stripping-rate constant appears to be proportional to 
the partition coefficient. 

0 2.0 4 0 

tH*3 / lO" 3 moldm" 3 

Fig. 1. Correlation between A;st and hydrogen ion con­
centration in aqueous phase. Organic phase: CC14. 

Stripping in Dodecane/Water-Organic Solvent Mixture. 
The stripping-rate constants in the systems of dodecane/ 
water-organic solvent mixtures at a constant hydrogen-
ion concentration of 0.001 M are shown in Fig. 3. 

H 0 4 

4 8 12 

£H*3/ 10-3moldm-3 

Fig. 2. Plot of kd vs. hydrogen ion concentration for the 
acid hydrolysis of Be (acac)2. 
A : Pearson and Moore (1966), Q: this work. 

0.08 

0.06 

0.04^ 

0.02H 

Fig. 3. Effect of aqueous mixed solvent on the stripping 
rate constant. [H+] = 0.001 M. 

The stripping-rate constant is found to be greatly 
affected by the co-solvent. Remarkably, in system of 
the both H 2 0 - E G and H 2 0 - M e O H , the kst's increase 
with an increase in the mole fraction of the co-solvents. 
The rate constants for the solvolysis also greatly depend 
on the mixed solvent, as is shown in Fig. 4, where an 
increase of k& in the H 2 0 - E G system is noticeable. 
In the mixed solvent systems also, the kd raises with an 
increase in the hydrogen-ion concentration, as is shown 
in Fig. 5. The variation of the partition coefficient 
of Be(acac)2 with the mole fraction of the co-solvent in 

TABLE 1. T H E PARTITION COEFFICIENTS, P, THE DISSOCIATION RATE CONSTANTS, kd, AND THE 

STRIPPING RATE CONSTANTS, A;st, OF Be(acac)2 AT 25 °G 

Organic 
solvent 

Acid concen-
tration/Ma) kjs- Ws-1 

ast ,calcd/ /s - l b ) 

Dodecane 

Heptane 

Carbon 
tetrachloride 

0.0010 
0.0020 
0.0005 
0.0010 
0.0020 
0.0010 
0.0020 
0.0030 
0.0040 

[.61 

3.15 

70.8 

0.115 
0.220 

0.060 
0.115 
0.220 

0.115 
0.220 
0.337 
0.478 

0.0471 
0.0876 

0.0145 
0.0258 
0.0535 

0.00192 
0.00347 
0.00501 
0.00722 

0.044 
0.084 

0.015 
0.028 
0.053 

0.0016 
0.0030 
0.0047 
0.0067 

a) / = 0.1 M by NaC104. b) ksl =**/(!+/»). 
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0.15 

0.10 

0.05 

Fig. 4. Effect of aqueous mixed solvent on the rate 
constant of dissociation of Be (acac)2. [H+] = 0.001 M. 
7=0.1 M by (H, Na) C104. 
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Fig. 5. Plot of kd vs. hydrogen ion concentration. 

Fig. 6. Variation of partition coefficient of Be (acac)2 

with solvent composition. 
Organic phase: dodecane. Aqueous phase: Q; H 2 0 -
EG, • ; H 2 0-DMSO, A : H 2 0-MeOH, # ; H 2 0-AN. 

the mixed-solvent phase is shown in Fig. 6. A maximum 
in the partition coefficient was observed in the dodecane/ 
H 2 0 - E G system. 

D i s c u s s i o n 

Mechanism of the Stripping Reaction. As is shown in 
Figs. 1 and 2, both kst and kd depend on the hydrogen-
ion concentration. T h e plot of kst against kd showed 
a simple linear relationship, kst = C kd, where C is a 
proportional constant. Therefore, we assumed the 
following scheme for the stripping reaction : 

Be(acac)2>org ; = ± Be(acac)2>aq (1) 

Be(acac)2 + H+ • Be(acac)+ + Hacac. (2) 

Processes 1 and 2 are represented by the partition 
coefficient, P=[Be(acac ) 2 ] o r g / [Be(acac ) 2 ] a q , and the 
dissociation rate constant, kd, respectively. The rate 
equation for the stripping reaction : 

-d[Be(acac)2]org/d* = *st[Be(acac)2]org (3) 

gives the relation among kst, kd, and P: 

kst = kJ(\+P). (4) 

Equation 4 strongly supports the proportionality 
between kst and kd observed experimentally. According 
to this equation, kst was calculated and compared with 
the observed one. The results for the three solvent 
systems axe listed in the last column of Table 1. The 
agreement between A:st,calcd and kst is satisfactory; this 
confirms the proposed scheme of Eqs. 1 and 2. For the 
mixed solvent systems also, the linear relationship 
between kst and £ d / ( l + P ) was confirmed, as is shown 
in Fig. 7, and the proposed mechanism was supported. 

0.10, 

0.05 

0.05 0.10 
^ / ( 1 + ^ / s - 1 

Fig. 7. Correlation between A;st and A;d/(1+P). 
Solid line represent an expected relation with unit slope. 
Organic phase: dodecane. Aqueous phase: Q; H 2 0 -
EG, • ; H 2 0-DMSO, A ; H 2 0-MeOH, # : H 2 0-AN. 

Solvent Effect on the Acid Solvolysis. Equation 4 
indicates that the solvent effect on the stripping rate is 
due to the effects on the dissociation rate and the 
partit ion equilibrium. T h e partit ion coefficient of 
Be(acac)2 in the dodecane/aqueous mixed solvent 
system is related to the transfer-activity coefficient, ys, 
of Be(acac)2 from water to a mixed solvent by means of 
Equation 5:8) 

ys = PIP» (5) 
where the subscript o denotes the reference value 
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observed in a pure-water system. On the other hand, 
the rate equation for the acid hydrolysis can be repre­
sented by the following equation under the conditions 
of a dilute acid concentration : 

-d[Be(acac)2]/d* = *[H+][Be(acac) J , (6) 

where A; is a constant in the equation of A;(j=A;[H+]. In 
terms of the transfer-activity coefficient, the solvent 
effect on the dissociation rate can be represented by the 
next equation:9) 

W , o = ^ H + / A 5 (7) 
where yH+ and y* are the transfer-activity coefficients 
from water to a mixed solvent of proton and the transi­
tion state. Equation 7 shows that the solvent effect 
of the mixed solvent on kd can be represented by the 
three transfer-activity coefficients of ys, j>H

+> and y*. 
The substitution of Eq. 5 for ys in Eq. 7 gives the next 
equation : 

log (yJyK+) = log (P/P0) - log (kjkdt0). (8) 

The values of log (y*lyn+) calculated from the above 
equation are plotted in Fig. 8 for the four mixed-

0.4 

Fig. 8. Variation of log (y±lyn+) with solvent composi­
tion. 

solvent systems. This figure shows that log (ydyn+) 
decreases in the order of H 2 0 - D M S O > H 2 0 - E G > 
H 2 0 - M e O H > H 2 0 - A N in every solvent composition 
studied and that the value of the ratio ofy*/yK+ is larger 
than unity for H 2 0 - D M S O and smaller than unity 
for the other systems. The large value ofy*/yK+ observed 
in H 2 0 - D M S O system can be explained by the small 
value ofyK+ in the mixed solvent.10) However, for the 
H 2 0 - E G and H 2 0 - M e O H systems, the reported order 
of J>H+, i.e., H 2 0 - E G > H 2 0 - M e O H , 1 1 ' 1 2 ) is in disagree­

ment with the order of —log (y*lyn+) in the two systems. 
This suggests that the solvent effect on yK+ is not the 
only factor governing the solvent effect on the solvolysis 
of Be(acac)2, the variation in y* with the solvent com­
position being also an important factor. At the present 
stage, the evaluation ofj># is difficult because of the lack 
of reliable data for yK+. However, a test of the correla­
tion between log (y*lyu+) and log ys will be worthwhile 
in order to get a clue as to the solvent effect on the 
transition state. Figure 9 shows the linear proportionality 
of log (y*lyn+) to log ys in the three systems except 
H 2 0 - D M S O , which shows a curved line with a 

oh 

DC 

- 0 . 4 

5 ' - 0 . 8 

- Î . 2 

— ,., 
H20-DMSO f 

• 

hfeO-AN^ 

i 

m' 

1_ 

•MeOH 

* H20-EG J 

t j 1 

0.4 -1.6 -1.2 -0.8 -0.4 0 

logys 

Fig. 9. Correlation between log 0>#/?H
+) anc* log^s-

maximum and a great difference from the others. 
Because the transition state in the acid hydrolysis can 
be expected to be a positively charged species, log j># 

can be expected to include the two contributions to 
solute-solvent interaction, i.e., ionic and nonionic 
interaction. The linear relationship, shown in Fig. 9, 
suggests that the ionic contributions to logj># and log 

yK+ may be compensated for each other and/or be propor­
tionate to logj>s which is a measure of the nonionic 
interaction between Be(acac)2 and a polar solvent. The 
great discrepancy in the plot in H 2 0 - D M S O suggests 
a strong proton affinity of the mixed solvent.10) 

The hydrogen-ion-concentration dependence of kd in 
the H 2 0 - E G (Z S =0.30) and H 2 0 - D M S O (Z s =0.30) 
mixed solvents was discussed according to the general 
scheme proposed for the acid hydrolysis of acetyl-
acetonates in an aqueous solution:5) 

Be(acac)2 ; = ± Be(acac)(acac/) (9) 
k-i 

Be(acac)(acac/) + H+ ; = ± Be(acac)(Hacac)+ (10) 

Be(acac)(Hacac)+ Be(acac)+ + Hacac, (ii) 

where (acac') denotes a half-bonded acetylacetone. This 
mechanism is represented by the next equation : 

= ÄL.X 1 

[H+1 
+ 1T (12) 

Following Eq. 12, the dissociation-rate constants in 
H 2 0 - E G and H 2 0 - D M S O systems, shown in Fig. 5, 
were analyzed. An intercept of the linear plot between 
k^1 and [H+]"1 gave the values of kx; 0.75 s"1 for H 2 0 -
D M S O (Z s =0 .30 ) and 1.10 s"1 for H 2 0 - E G (XS= 
0.30). Both of these values are smaller than the reported 
value in an aqueous solution, 6.5 s-1.5) The decreasing 
order of kx values: H 2 0 ( P = 1 . 6 1 ) > H 2 0 - E G (Xs= 
0.30) ( P = 1 . 2 8 ) > H 2 0 - D M S O (Z s =0 .30) (P=0.58) 
corresponds to that in the partition coefficient. This 
indicates that the larger the solvation free energy of 
Be(acac)2 in the mixed solvent, the slower the rate of 
the Be-O bond rupture. 

In this study, the kinetic mechanism of the stripping 
of Be(acac)2 was elucidated. For the purpose of practical 
separation using the stripping method, a solvent system 
with a smaller P value and a larger kd value is promised 
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from the present results. A further investigation of the 
other metal chelates will provide insight into the 
solvent's role in the solvolysis of metal chelate and into 
the separation mechanism of metal ions in extraction 
chromatography. 
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Twenty-eight cobalt(III) complexes of these types: [Co(LL)3]
3+ and [CoXX(LL)2]n+ (LL=2,2'-bipyridine or 

1,10-phenanthroline, and XX=2CN~, 2N02~, ethylenediamine, 2NH3, glycinate ion, 2HaO, C204
2-, C0 3

2 - , 
2SCN-, 2N3-, 2CH3COO-, 2C1~, or 2Br-), were prepared, and their 13C NMR spectra were recorded. Most 
of the resonances in the complexes were assigned mainly by the technique of selective proton decoupling. In the 
bpy complexes, the chemical-shift difference between corresponding carbon atoms was the greatest in the C-6 and 
C-6' pair. The phen complexes also gave parallel results. The main factor responsible for the chemical-shift 
differences of the C-6 and C-6' pair is explained as resulting from the difference in a-bonding ability between the 
pyridyl group and the ligand, X. 

Recently the 13C N M R technique has been widely 
used as a useful tool in investigating the structures of 
organic1) and organometallic compounds.2) T h e 
application of 13C N M R to the study of transition-metal 
complexes is also increasing, but it has not yet been 
systematized. T h e spectra of 13C N M R were reported 
for the complexes containing a quadridentate ligand 
(trimethylenediamine-iV,iV'-diacetate, ethylenediamine-
Jv,N'-diacetate ion) and a bidentate ligand (2,2'-
bipyridine, 1,10-phenanthroline, etc.) by Gailey et a/.3) 
and for the plat inum complexes . containing 2,2'-
bipyridine and various diamines by Erickson et al.*) 
However, there exists a partial disagreement between 
the two sets of assignments ; i.e., the assignments for the 
C-3 and C-5 carbons of 2,2'-bipyridine differ. 

The present study was undertaken in order to ascertain 
the assignments of the 13C N M R spectra of a series of 
bis-type cobal t (III) complexes, [CoXX(LL) 2 ] M + , where 
LL=2,2 ' -b ipyr id ine or 1,10-phenanthroline and where 
X X represents unidentate ligands or a bidentate ligand, 
and in order to find the relationship between the 
chemical shift and the nature of the second ligand, X. 

Exper imenta l 

Materials. Preparation of 2,2'-Bipyridine Complexes: Most 
of the 2,2'-bipyridine complexes were prepared according to 
the literature, with a minor modification. The dichloro 
complex was prepared by the method of Vlcek.8> The 
carbonato complex, [Co(C03)(bpy)2]+, was prepared by the 
reaction of K3[Co(C03)3] with 2,2'-bipyridine; it was then 
used as the starting material for the preparation of diaqua, 
oxalato, and diacetato complexes.6) The dinitro, dithio-
cyanato, and diazido complexes were prepared by Maki's 
method with the modification that m-[CoCl2(bpy)2]Cl or 
m-[Co(H20)2(bpy)2](C104)3 was used as the starting material 
instead of the compound reported as "frwu-[CoCl2(bpy)2]Cl".7> 
Each crude complex was adsorbed on a small amount of SP-
Sephadex C-25. Elution with 0.1 M ( l M = l m o l dm-3) 
NaCl, followed by the evaporation of the eluent with a rotatory 
vacuum evaporator, gave each pure substance. The glycinato 
complex was prepared by the method of Murakami et a/.8) 
and subsequently purified by using a column of SP-Sephadex 
C-25, with 0.3 M NaCl as the eluent. 

Ethylenediaminebis ( 2,2'-bipyridine) cobalt (III) Chloride, [Co (en) 
(bpy)2]Cl3'4H20: The carbonato complex, [Co(COa)-
(bpy)2]Cl-H30, weighing 0.97 g (2 mmol), was dissolved in 

4.2 cm3 of 1 M HCl with heating at about 50 °C, and then 
0.53 g (4 mmol) of ethylenediamine dihydrochloride, 0.15 
cm3 (2.3 mmol) of ethylenediamine, and 0.1 g of active 
charcoal were added. After it had stood overnight, the 
resulting yellow solution was filtered. The filtrate and wash­
ings were collected, and the cationic species were adsorbed 
at the top of a column of SP-Sephadex C-25 (120 cm long 
and 3 cm in diameter) and eluted with a solution of sodium 
pyrophosphate (pH=6.7). The first fraction was found to 
contain a mixture of [Co(bpy)3]3+ and [Co(en)(bpy)2]3+. 
They were separated on a column of SP-Sephadex C-25, 
using a 0.5 M NaCl solution as the eluent. 

Found: C, 43.81 ; H, 5.17; N, 13.69; H 2 0 , 11.87%. Calcd 
for C22H32N604Cl3Co: C, 43.33; H, 5.29; N, 13.78; H 2 0 , 
11.82%. Absorption spectrum f w / c m " 1 (log e) 21600 
(2.00). 

cis-Diamminebis ( 2,2'-bipyridine) cobalt (III) Perchlorate, cis-
[Co(NHz)2(bpy)2\(ClOjz-2H20: This complex was pre­
pared and separated in a manner similar to that used in the 
preparation of the ethylenediamine complex. 

Found: C, 32.49; H, 3.38; N, 11.34; H 2 0 , 4.86%. Calcd 
for C20H26N6O14Cl3Co: C, 32.45; H, 3.54; N, 11.36; H 2 0 , 
4.87%. Absorption spectrum P ^ / c m " 1 (log e) 21700 (1.82). 

cis-Dicyanobis(2,2"-bipyridine) cobalt (III) Chloride, cis-[Co-
(CN)2(bpy)2]Cl-4.5H20: Into a solution of 1.38 g (2 m-
mol) of [Co(bpy)3]Cl3.3H20 in 10 cm3 of water, 0.1 g of active 
charcoal and 0.27 g (4.15 mmol) of KCN were stirred. Al­
though the reaction seemed to take place within about five 
minutes, the solution was kept in a refrigerator overnight. 
It was then filtered to remove the charcoal, which was washed 
several times with hot water. The filtrate and washings 
were collected, and the cationic species in the solution were 
adsorbed on a small amount of SP-Sephadex C-25. The 
adsorbed species were eluted with 0.1 M hydrochloric acid, 
and the eluate was evaporated almost to dryness. The residue 
was washed with a small amount of cold water. It was then 
recrystallized from hot water and air-dried at room tempera­
ture. 

Found: C, 48.77; H, 4.20; N, 15.74; H 2 0 , 14.91%. Calcd 
for C22H25N6045ClCo: C, 48.95; H, 4.67; N, 15.57; H 2 0 , 
15.02%. Absorption spectrum ^ ^ / c r a " 1 (log e) 26000sh. 
(2.2). 

c\s-Dibromobis( 2,2'-bipyridine) cobalt (III) Perchlorate, cis-
[Co£r2(%Ja]C/04: To a solution of 1.41 g (2 mmol) of 
[Co(H20)2(bpy)2](C104)3 in 1.5 cm3 of water, 2 cm3 of a 2 M 
KBr solution and 50 cm3 of ethanol were added. After the 
mixture had stood overnight in a refrigerator, it was filtered 
and the filtrate was evaporated to dryness with a rotatory 
vacuum evaporator at a bath temperature of 60 °C. The 
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residue was redissolved in about 150 cm3 of hot ethanol, and 
then, to the nitrate, an ethanol solution of LiC104-3H20 was 
added to give the Perchlorate crystals. 

Found: G, 37.57; H, 2.19; N, 9.11%. Galcd for C20H16-
N404Br2ClGo: G, 38.10; H, 2.56; N, 8.89%. 

Preparation of 1,10-Phenanthroline Complexes: The complexes, 
[Co(phen)3]Cl3.4H2CV> [Co(CN)2(phen)2]C1.4H20,7> [Co-
(H20)2(phen)2](N03)3.2H20,i°) [Co(SCN)2(phen)2]NCS,"» 
[Co(C03) (phenJJCl .SHîA^and [GoBr2(phen)2]Br. 3 H 2 0 , n ) 

were prepared by the known methods. For the other 
complexes, the methods were essentially the same as those 
used for the preparation of the corresponding 2,2'-bipyridine 
complexes. The diammine complex was prepared by a 
method, which was different from that previously reported.12) 

c\s-Diamminebis( 1,10-phenanthroline) cobalt (HI) Chloride, cis-
[Co(NH3)2(phen)2]Cl3-3H20: The complex, [Co(N03)2-
(phen)2]N03, was prepared by heating [Co(H20)2(phen)2]-
(N03)3 in an air bath at 110 °G for 4—5 h. The dinitrato 
complex, weighing 1.0 g, was added to 20 cm3 of dimethyl 
sulfoxide, taking up sufficient ammonia gas. The resulting 
yellow solution was kept at room temperature for 2—3 h and 
then diluted with 30 cm3 of water. The complex was ad­
sorbed on a small amount of SP-Sephadex G-25 and eluted 
with 0.5 M HCl. The eluate was concentrated by evapora­
tion, and then the chloride of the complex was precipitated 
by adding ethanol to the concentrated solution. 

Found: G, 47.36; H, 4.26; N, 13.70; H 2 0 , 8.67%. Galcd 
for G24H28N603Cl3Go: G, 46.96; H, 4.60; N, 13.69; H 2 0 , 
8.80%. Absorption spectrum v^Jcm'1 (log e) 21600 (1.87). 

Identification of the Complexes. The complexes prepared 
were identified by comparing their electronic absorption 
spectra with those reported in the literature. The spectra 
of the dicyano and dibromo complexes were different from 
the reported ones; i.e., the latter complex showed no maxima 
in the d-d band region, but only some undefined shoulders. 
The absorption maximum of the dicyano complex is given 
above. The elemental analyses were performed on dicyano, 
dibromo, and newly prepared compounds. The water con­
tents were also determined by measuring the weight loss 
under the conditions of 100 °G and 20 mmHg. 

It is well established that bis-type cobalt (III) complexes 
of 2,2/-bipyridine or 1,10-phenanthroline take only the (re­
configuration because of the repulsion between the ligands. 
The eis configuration of all the present complexes was con­
firmed by the 13C NMR spectra, as will be discussed later. 

Physical Measurements. The electronic absorption spectra 
were measured using a Shimadzu MPS-50L spectrophotom­
eter. The 13G NMR spectra were measured at 15.04 MHz 
on a JEOL JNM-FX60 spectrometer equipped with a Fourier 
transform accessory under the condition of a noise-modulated 
proton decoupling. A sweep width of 2500 Hz, a pulse width 
of 9 [LS (corresponding to the tipping angle of about 90°), 
and a pulse interval of 3 s were employed. The free-induc­
tion signal derived after each pulse was accumulated in a 
JEOL JEG-980A computer (8K). From approximately 500 
up to 60000 accumulations were made for each spectrum. 
The ambient temperature was 35 °G. The solvents used were 
H 2 0 , CHC13, GH3N02 , GH3OH, and a mixture of GH3N02 

and DMSO, and the concentrations of the samples were 0.3 M 
or lower depending on the solubilities. The spectra were 
obtained from samples contained in 10-mm-diameter tubes; 
D 2 0 in an inner coaxial tube 5-mm in diameter was used to 
provide a field-frequency lock signal. The external standard 
used was a dioxane-tetramethylsilane (TMS) mixture con­
tained in a capillary (approximately 1-mm). Dioxane had 
a lvalue of 67.37 (downfield from TMS). All the chemical 
shifts are given relative to TMS, with a digital resolution 

of 0.6 Hz. 
Selectively proton-decoupled 13C NMR spectra were also 

measured for 2,2'-bipyridine (in GDC13), [Go(bpy)3]Gl3 (in 
D 20) , m-[GoGl2(bpy)2]Gl (in DMSO-</6), and m :[Co(CN)2-
(bpy)JGl (in D20) in 5-mm-diameter tubes. Prior to each 
13C NMR measurement, the XH NMR spectrum of the same 
sample solution was recorded at 59.80 MHz. The internal 
standards used were TMS for the free ligand and sodium 
trimethylsilylpropanesulfonate (DSS) for the complexes. 

In order to avoid the dissociation of the unidentate ligand 
and to obtain a sufficient solubility of the complex, nitro-
methane and dimethylsulfoxide were used as the solvent 
instead of water in some cases. The solvent effects on the 
13C NMR spectra of 2,2/-bipyridine complexes were measured 
for dicyano, dinitro, carbonato, diacetato, and tris-type com­
plexes. In general, carbon resonance positions shifted to 
fields higher by 0.3—0.4 ppm for nitromethane solutions 
than for aqueous solutions. The greatest solvent effect was 
observed in the chemical-shift difference between the G-6 and 
C-6' signals of the diacetato complex ( 1.07 ppm in the aqueous 
solution and 2.24 ppm in the nitromethane solution) ; the 
second largest was the G-6 and G-6' pair of the carbonato 
complex (1.83 ppm in the aqueous solution and 2.62 ppm 
in the nitromethane solution). However, these large changes 
are exceptional. The solvent dependence of the chemical-
shift differences is small in other resonances of these complexes 
and in all the resonances of the other complexes. 

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

T h e 13C N M R spectra with noise-modulated and 
selective proton decoupling are given in Fig. 1 for 2,2'-
bipyridine dissolved in deuterated chloroform and for 
[Co(bpy) 3 ]Cl 3 -3H 2 0 in deuterium oxide. T h e three 
signals appearing in the lower field in the proton-
decoupled bipyridine spectrum were identified as those 

[Co(bpy)3]3+ 

6 A 5 3 
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Fig. 1. Noise-modulated and selective proton-decoupled 
13C NMR spectra of [Go(bpy)3]Gl3 in D 2 0 and 2,2'-
bipyridine in GDG13. (a) and (a'): Noise-modulated 
spectra, (b) and (b') : H-3 proton-decoupled spectra 
irradiated at 536 Hz from DSS and 501 Hz from TMS, 
respectively, (c) and (c') : H-5 proton-decoupled spectra 
irradiated at 475 Hz from DSS and 434 Hz from TMS, 
respectively. 
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of C-2, C-6, and C-4, in agreement with the 
literature.M.iM*) The assignment of the C-4 signal was 
confirmed by comparing the spectral feature with that 
of 4,4'-dimethyl-2,2'-bipyridine (Fig. 2). The low 
intensity of the signal appearing at the lowest field is 
consistent with the absence of hydrogen atoms at tached 
to C-2. The two signals appearing at the higher fields 
were identified as those of C-5 and C-3 in the order 
shown in Fig. 1 by measurement with selective proton 
decoupling (Figs, l b , b ' , c, and c'). 

T h e assignments are consistent with those of Erickson 
et al.fi but different from those of Gailey et al.z) in the 
C-3 and C-5 signals. 

I 1 bpy 

-4r~ 
64 

4-4 dmbpy 

5 3 

J | [Co(bpy)31
3 

j j _ 
[Co(dmbpy)3]

3 

* 
2,4 

f • f f • 
2 446 6 

| | | [CoC03(bpy)2r 

| [CoCQ3(dmbpy)2l' 

55, 

160 150 140 130 120 

Fig. 2. Noise-modulated 13G NMR spectra of 2,2'-
bipyridine and 4,4/-dimethyl-2,2,-bipyridine (dmbpy) 
in GHGlg, and their complexes in H 2 0 . 

In Fig. 2, schematic comparisons of the 13C N M R 
spectra are made between bipyridine and its 4,4'-
dimethyl derivative, and also between their cobalt ( III) 
complexes. T h e arrows under the spectra of the dimethyl 
derivative and its complexes show the positions of the 
signals predicted on the assumption that the methyl 
substitution at the 4 sites of bipyridine and its complexes 
would result in chemical-shift changes of the same 
magnitudes as those resulting from the corresponding 
substitution in pyridine.1) T h e signals of the 4,4'-
dimethyl derivative and its complexes appear near the 
predicted positions. Thus , each signal may be assigned 
as indicated by the nearby arrow. 

The 13C N M R spectra due to aromatic carbons of the 
[ C o X X (bpy) 2]n +-type complexes are listed in Fig. 3 
in the order of the decreasing wavenumber of the first 
absorption band of the complex. As expected, each of 
the five resonance lines found in [Co(bpy)3]3+ splits into 
two in the [CoXX (bpy) 2]M+-type complexes, except for 
the carbonato complex, in which the splitting was not 
detected in the C-2 and C-3 signals. The spectra of the 
1,10-phenanthroline complexes also exhibit patterns 
similar to those of the bipyridine complexes. The 
assignment of the spectra of 1,10-phenanthroline and its 
complexes was made in a manner similar to the case of 
bipyridine, excepting that the C-5 and C-7 resonances 
of the complex can not be unambiguously differentiated. 
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Fig. 3. Noise-modulated 13G NMR spectra of cobalt(III) 
complexes of 2,2,-bipyridine and 1,10-phenanthroline 
in aqueous solutions. 
a) : Nitromethane solution, b) : dimethyl sulfoxide solu­
tion, c) : methanol solution, d) : nitromethane-dimethyl 
sulfoxide (1:1) solution. 

For the convenience of a ready comparison with bi­
pyridine, the numbering system given below is here 
used for 1,10-phenanthroline: 

In both series of complexes, the magnitude of the 
splitting, i.e., the chemical-shift difference between 
corresponding carbon atoms, is the largest between C-6 
and C-6 r. 

It is well-known that diamagnetic shielding due to the 
ring current of the pyridyl group causes a drastic shift 
of proton resonances toward a higher field.15) Therefore, 
in the present complexes, [CoXX(bpy) 2 ] M + and [CoXX-
(phen)2]M + , it can be expected that the H-6 proton 
lying above the plane of the pyridine ring of a neighbor­
ing ligand group resonates at the highest field, and the 
H-6 r proton lying near the expansion of the pyridine 
plane, at a lower field. 

Taking these facts into account, the C-6 and C-6r 

signals of the spectra of [CoCl2(bpy)2]Cl and [Co(CN)2-

al.fi
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(bpy)2]Cl were assigned by the selective proton-decou­
pling technique. When each complex was irradiated with 
the resonance frequency of the H-6 proton at the 
highest field, one of the 13C signals at a lower field in the 
C-6 region split into two, while the other, at a higher 
field, remained unsplit; the latter is identified as a C-6 
signal. This C-6 carbon nucleus is situated next to the 
nitrogen atom at the trans site of X in [CoXX(bpy) 2]M + . 
Thus, for all complexes of the [CoXX(LL) 2 ] M + type 
( L L = b p y or phen), the resonances at the higher field 
may be assigned to C-6, and those at the lower field, to 
C-6'. 

The chemical shifts of 13C N M R were also measured 
of JV,JV'-bis(2-pyridylmethyl)ethylenediamine (penp) 
complexes, cw-a-[CoXX(penp)]"+ ( X X = 2 C N - , en, 
2NH3 , 2 H 2 0 , 2N 3- , 2C1", and 2Br~), in which two 
pyridyl groups are located in positions trans to each 
other. The signal of the pyridyl C-6 of each complex of 
this series appeared near the C-6' signal of the corre­
sponding bis(bipyridine) complex.16) This is consistent 
with the assignment given above for the C-6' signal. 

The difference between the C-6 and C-6' chemical 
shifts in [CoXX(LL) 2 ] M + might be due to diamagnetic 
shielding, analogously to the cases of H-6 and H-6 ' . 
However, the observed shift differences are too large 
to be attributed to this effect only. 

Recently, Nakashima et al.17) gave a theoretical 
equation for use in calculating the chemical shift of a 
ligand proton under the influence of the paramagnetic 
anisotropy of the central cobal t ( IH) ion of a complex. 
The chemical-shift differences estimated for the present 
phenanthroline complexes after Nakashima et al.xl) are 
much smaller than the observed splittings; thus, the 
paramagnetic anisotropy of the cobalt(III) ion cannot 
be the main cause of the chemical-shift differences 
observed between the corresponding atoms of each 
ligand. 

26*10 

Fig. 4. A plot of the chemical-shift difference of C-6 and 
C-6' carbons vs. the vmax value of the first absorption 
band of the complex, [CoXX(bpy)2]n+. 

When the difference between the C-6 and C-6' 
chemical shifts is plotted against the wavenumber of 
the first absorption band for each complex of the 
[CoXX(LL)2]M+ type (LL = bpy or phen) , a roughly 
linear relationship can be observed (Fig. 4). The 
dinitro and dicyano complexes, however, greatly 
deviated from the linear relationship. This may be 
due to the strong ^-interaction of N 0 2

- and CN~. 
Thus, the difference between the C-6 and C-6' chemical 
shifts seems to be related to the ff-donating ability of the 
ligand, X X . For other carbon atoms, however, no 
simple relationship was observed between the chemical-
shift difference and the ligand-field strength. 

The present work was supported in par t by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education, Science and Culture. 
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A kinetic study of the aluminium ion-assisted aquation of CoF(NH3)5
2+ was carried out. The pseudo-first-

order rate constant obtained can be expressed as £0bsd=*Ai[A13+L where £A1=(1.6±0.2) X 10~3 dm3 mol"1 S"1 

(7=2.0 mol dm-3, 25 °C). The reaction rate is independent of the pH in the (pH)ob8d<3.3 range, in contrast 
with the pH-dependent rate for the CrF(NH3)5

2+-Al3+ system. The different behavior between CoF(NH3)5
2+ 

and CrF(NH3)5
2+ in aquation can be explained in terms of their electronic structures, as calculated on the basis 

of the CNDO/2 method. 

There has been much interest in the reactions of the 
metal ion-assisted aquations of transition-metal com­
plexes.1) We ourselves have been studying this type of 
reaction from the point of view that this is a good and 
simple model to explain the mechanism of an inorganic 
reaction.2-3) 

In a previous paper, we reported the kinetics for the 
aluminium ion-assisted aquation of the pentaammine-
fluorochromium(III) ion and attr ibuted the p H de­
pendency of the reaction rate to an easy protonation of 
CrF(NH3)5

2+.3) T h e present paper is concerned with 
an aluminium ion-assisted aquation of CoF(NH 3 ) 5

2 + , 
which showed a p H dependence entirely different from 
tha to fCrF(NH 3 ) 5

2 + . 
Different behavior has also been observed between 

CrF(NH3)5
2+ and CoF(NH 3 ) 5

2 + in their spontaneous 
aquation.3»4) In order to understand the differences, the 
C N D O / 2 calculation has been carried out on these 
complexes. 

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

Materials. Fentaamminefluorocobalt(III) nitrate was 
prepared according to the literature.6) The nitrate was con­
verted to Perchlorate by the addition of NaC104. The purity 
of the crystals was confirmed by means of SP-Sephadex 
column chromatography with spectrophotometric detection. 
Found: Co, 15.80; N, 18.90; H, 3.93%. Calcd for [CoF-
(NH3)5](C104)2: Co, 16.28; N, 19.34; H, 4.17%. 

The preparation of sodium Perchlorate and aluminium 
Perchlorate and the confirmation of their purity were carried 
out as previously described.3) 

The other chemicals used were guaranteed reagents from 
Wako Pure Chemicals Industries, Ltd. 

Kinetic Procedure. Kinetic measurements were made in 
a manner similar to that previously described.3) The con­
centration of the complex was controlled to 5.0 x 10 -3 mol 
dm - 3 . The absorbance changes were followed at 330 nm 
for all the sample solutions. The pseudo-first-ordt r rate 
constants were determined by plotting ln(Dt — DJ) against 
the time, where D% and Z>„ are the absorbances at the time t 
and at an infinite time respectivey. 

pH Measurements. The procedure of pH measurements 
has been described previously.3) We used this relation: 
(pH)ob8d-Hog[H+] = -0 .21 for a 0.1 mol dm-3 A1(C104)3 

solution. The pH of the sample solution was controlled by 
mixing a 0.2 mol dm-3 A1(C104)3 solution with a NaOH 
solution of an appropriate concentration. 

19F NMR Measurements. A JEOL FX 60Q, spectrom­
eter was used in the pulse Fourier transform mode at 56.26 

MHz, with a deuterium lock to obtain the 19F spectra. The 
water used in the sample solution was doubly distilled; it 
contained 5% by volume D 2 0 to provide a lock signal for the 
NMR spectrometer. The sample temperature was controlled 
to 30± 1 °C, and the concentration of the complex was con­
trolled to 0.05 mol dm - 3 . All samples were examined in 
5-mm tubes using BF3(C2H5)20 as an external reference. 
The values of the chemical shifts obtained with reference to 
the external BF3(C2H6)20 was converted to those with re­
ference to F" (in a neutral aqueous solution); the latter will be 
designated by ô below. 

Calculat ions 

In the present calculation, the standard values6) are 
used for the CNDO/2 parameters associated with the 
H, N, and F atoms. T h e parameter values for the Co 
and Cr atoms, including those previously reported,7) 
are summarized in Table 1. T h e geometries of the 
complexes are given by the experimental data:8) 1.97 
A ( C o - N ) , 1 .87Â(Co-F) , 2 . 0 6 Ä ( C r - N ) , 1.96A (Gr-
F) , and 1.01 A ( N - H ) . 

TABLE 1. CNDO/2 PARAMETERS 

l/2(/„ + 4,)/eV*> 

- j8 ; /eV b ) 

c„c) 

4s 
4p 

1 3d 
4s 

| 4p 
1 3d 
f 4s, 4p 
1 3d 

Cr 

3.909 
0.876 
4.822 

15.70 
3.52 

23.00 
1.31 
2.48 

Co 

4.17 
1.16 
5.839 

17.10 
4.76 

28.00 
1.423d> 
2.83d) 

a) Clack's parameter.6) 1^ : ionization potential. 
Ap : electron affinity, b) ß° : bonding parameter. 
c) CP •' orbital exponent, d) Zemer's parameter.15) 

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

Alz+-assisted Aquation. The aquation of CoF-
(NH3)5

2+ yielding CoOH2(NH3)6
3+ was promoted by 

aluminium ions. The spectrum of the sample solution 
changed with the time, showing isosbestic points at 
360 and 506 nm, which indicates that no by-products 
were formed. Table 2 shows that the pseudo-first-order-
rate constant obtained is approximately proportional 
to the aluminium-ion concentration, i.e., £ o b s d = 
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T A B L E 2. DEPENDENCE OF THE RATE CONSTANT ON 

THE CONCENTRATION OF THE ALUMINIUM ION 

(The ionic strength is controlled to 2.0 
mol dm-a by NaC104; at 25 °C, 

pH 2.5, and [complex] = 
5.0x10-* mol dm-«.) 

[AP+] 
mol dm-3 

0.030 
0.050 
0.10 
0.15 
0.20 

^Obsd/S-1 

4.54X10-5 

7.59x10-5 
1.57xl0- 4 

2.46x10-* 
3.58x10-* 

*obsd 

[Al3+ 
=p/dm3 mol - 1 s-1 

1.51x10-« 
1.52x10-3 
1.57X10-« 
1.64x10-3 
1.79x10-3 

£A1[A13+], where AA 1=(1.6±0.2) X 10~3 dm 3 mol"1 s '1 . 
The small systematic variation in kAi may result from 
the change in the perchlorate concentration (1.91—1.40 
mol d m - 3 ) for the solutions of equal ionic strength. 
Considering the results of Swaddle and Jones4) and of 
Chan,9) we can write the total rate constant as: 

*obsd = *0 + *H[H+] + *A1[A13+], 

where * 0 = 3 . 3 x 10~7 s"1 4) (2.44 x 10-7 s-1 •)), * H = 5 . 2 X 
1 0 - 4 d m 3 m o l - 1 s - 1 9 ) at 35 °C and 7=0.112—0.12 mol 
d m - 3 . Under the present conditions, the first and 
second terms can be neglected in comparison with the 
third term. 

The dependency of the reaction rate on the p H is 
shown in Fig. 1, together with the degree of hydrolysis 
of aluminium ions.10) Previous results for the CrF-
(NH3)5

2+-A13+ reaction are also depicted for comparison. 
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Fig. 1. pH dependence of the pseudo-first-order rate 
constants for CoF(NH3)6

2+-Al3+ system (—O—) an<* for 
CrF(NH3)5

2+-Al3+ system (—#—),3> and the degree 
of hydrolysis of aluminium ions ( ).10> The hy-
droxyl number means the [OH_]/[Al3+] ratio in hydro­
lysis products. Aveston (Ref. 10) gave the degree of 
the hydrolysis as a function of log[H+], which is trans­
formed to (pH)obsd (see pH measurements in the text). 
The experimental conditions for the reaction rates are : 
[complex] = 5.0 X 10"3 mol dm"3, [A1(C104)3] = 0.10 
mol dm - 3 , and at 35 °C, and for the hydrolysis: [Al-
(ClO4)3]=0.10 mol dm-3, at 25 °C. 

A distinct difference exists in the reactivity between the 
chromium(II I ) and cobalt(III) complexes. The 
chromium(II I ) complex was considered to be easily 
protonated at the site of the fluoro ligand, and the 
complex is blocked from the approach of aluminium 
ions in the p H region lower than 3.0.3) O n the other 
hand, the present results show that the cobal t (III) 
complex is not so easily protonated as the chromium-
(III) complex and that the contribution of the 
protonated species to the reaction can be neglected even 
at a p H lower than 3.0. The reaction rate decreases 
with an increase of p H above (pH) o b s d = 3.4, where a 
marked change occurs in the degree of hydrolysis of 
aluminium ions. According to Aveston10) and Turner,11) 
the formation of polycationic complexes begins to occur 
around this p H region, and their reactivity may be 
considerably smaller than that of Al3+ or A10H2+. 

T A B L E 3. SECOND-ORDER RATE CONSTANTS AT 

VARIOUS TEMPERATURES 

( [complex] = 5 .0 x 10 -3 mol d m - 3 , 

[Al3+] = 0 . 1 0 m o l d m - « . ) 

t/°C kjdm* mol-1 s~* 

20 
25 
30 
35 
40 

4.9x10-* 
1.2x10-3 
1.7x10-3 
2.6x10-3 
4.2x10-3 

Table 3 lists the rate constants at different tempera­
tures; those rate constants give the values of A / / # and 
AS" as 74 ± 5 k j mol - 1 and — 72 ± 15 J mol - 1 K" 1 respec­
tively. O n the other hand, the activation parameters 
for the electron-transfer reaction, CoF(NH 3 ) 5

2 ++Fe 2 +-» 
C o 2 + + F e F 2 + + 5 N H 3 , are A / / # = 5 6 k j mol - 1 and A S # = 
—96 J mol - 1 K-1.12) T h e comparison of the AS" values 
for the aquation and the reduction satisfies the general 
tendency that more stringent geometrical conditions 
have to be satisfied in the reduction.13) 

1 9F NMR Study. T h e 19F N M R signal of CoF-
(NH3)5

2+ cannot be detected even by 5000 scans for a 
0.15 mol k g - 1 solution of the complex. However, when 
an excess of aluminium ions was added to the solution 
of the cobalt(III) complex, a signal appeared which 
was assigned to the A1F2+ species (chemical shift «5= 
—36.1 ppm from F -).1 4) As the reaction proceeds, the 
signal grows and approaches a constant height. This 
change corresponds to the formation of A1F2+ in the 
CoF(NH 3 ) 5

2++Al 3+->CoOH 2 (NH 3 ) 5
3++AlF 2+ reaction. 

When the aluminium-ion concentration was so low as 
to be compared with the CoF(NH 3 ) 5

2 + concentration 
([Al3+]/[CoF(NH3)6

2+]<5), an additional peak ap­
peared. This peak had a chemical shift 0.65 p p m lower 
than that of the A1F2+ peak and was assigned to A1F2+.14) 
All the kinetic studies were, therefore, carried out in the 
concentration range of [Al3+]/[CoF(NH3)5

2+]>5, where 
the formation of by-products can be disregarded. 

Electronic Effects on the Aquation of CrF(NH3)^+ and 
CoF(NHz)5

2+. In the spontaneous aquation of 
CrF(NH 3 ) 5

2 + , the ammonia ligands are more easily 
displaced than the fluoro ligand, but the tendency 
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TABLE 4. THE CALCULATED BOND ORDERS ASSOCIATED 

WITH METAL-LIGAND BONDS 

CrF(NH3)5
2+ CoF(NH3)6

2+ CrFH(NH3)5
3+ 

Cr-F Cr-Na> Co-F Co-Na> Cr-F Cr-Na ) 

<r-Donation 
4s-2s 0.238 0.260 0.235 0.258 0.217 0.267 
4s-2p, 0.242 0.221 0.250 0.242 0.129 0.226 
4Pff-2s 0.357 0.340 0.360 0.351 0.334 0.350 
4p„-2p<, 0.384 0.318 0.417 0.355 0.213 0.338 
3d,-2s 0.134 0.184 0.116 0.178 0.178 0.196 
3d,-2p, 0.620 0.322 0.645 0.323 0.253 0.359 

jr-Donation 
3dÄ-2pff 0.101 — 0.0 — 0.061 — 

a) The N atom here refers to the cis-N atom to F~, 
because cw-[CrF(OH2)(NH3)4]

2+ is the main product 
in the spontaneous aquation of CrF(NH3)5

2+ (Ref. 
3). 

is reversed in CoF(NH3)5
2+.4,9> These results suggest 

that the C r - F bond is stronger than the C r - N bond, 
but C o - F is weaker than Co-N. T h e strength of the 
metal-ligand bond can be measured by the correspond­
ing bond order. Table 4 lists the calculated bond orders 
of the complexes. T h e results show that the 3dff-2pff 

interaction strengthens the C r - F bond, but makes no 
contribution to the Co-F bond, which explains the 
significantly greater stiffness of the C r - F bond as 
compared with the Co-F bonds. O n the other hand, the 
bond-order values show only a slight difference between 
C r - N and Co-N. Therefore, it is possible that C r - F is 
stronger than C r - N , but Co-F is weaker than Co-N, 
although a simple comparison of bond orders cannot 
predict which is the stronger between bonds of different 
types, i.e., between ionic M - F and ion-dipolar M - N . 

As has been stated above, CrF(NH3)6
2+ is more easily 

protonated than CoF(NH 3 ) 5
2 + . This can be explained 

by the greater value of the net negative charge of F in 

TABLE 5. T H E CALCULATED NET CHARGES OF 

CrF(NH3)5
2+ AND CoF(NH3)5

2+ 

M (Cr or Co) cis-N F 

CrF(NH3)5
2+ 

CoF(NH3)6
2+ 

+0.653 
+ 0.480 

- 0 . 2 0 2 
- 0 . 1 8 3 

-0.387 
-0.342 

the chromium complex than in the cobalt analogue, 
as is shown in Table 5. T h e experimental results can 
also be explained qualitatively from the viewpoint of 
electronegativities; the less electronegative chromium 
forms a more ionic bond and the F linked to Cr should 
be more easily protonated than that bonded to Co. 
Therefore, the p H dependency of the aquation in the 
CrF(NH 3 ) 5

2 + -Al 3 + system can be well understood. 
Table 4 also gives the results for the protonated 

complex, CrFH(NH3)5
3+, for the sake of comparison. 

Although it shows that the C r - F bond is considerably 
weakened by the protonation, this is not well reflected 
in the experimental results shown in a previous paper:3) 
the ammonia ligands in CrF(NH 3 ) 5

2 + are more easily 
removed than the fluoro ligand at p H 2, where most of 
the CrF(NH3)5

2+ should be protonated (log /CH=3.0). 
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Thermal Reactions of Metal Complexes under Quasi-isothermal and 
-isobaric Conditions. IL1} Formation of Triamminetrihalogeno-

chromium(III) Complexes via the Decomposition of Hexa-
ammine, Pentaamminehalogeno, and trans-Tetra-

amminedihalogeno Complexes2) 

Hitoshi UENO, Akira UEHARA, and Ryokichi TSUCHIYA* 

Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa 920 
(Received October 2, 1980) 

The thermal decomposition of the following chromium(III) complexes was investigated in the solid phase by 
means of Q-derivatograph under quasi-isothermal and -isobaric conditions (Q-conditions) and D-derivatograph 
under dynamic conditions (D-conditions) : [Cr(NH3)6]X3, [CrX(NH3)6]Y2, and *ra>w-[CrX2(NH3)4]Y, where X 
and Y are chloride and/or bromide ions. The complexes were finally converted into triamminetrihalogeno com­
plexes [CrBrxCly(NH3)3] (x+y=3; x andy=0, 1, 2, or 3) under Q-conditions but decomposed in complicated 
ways under D-conditions. All the triamminetrihalogeno complexes thus obtained have w^r-configuratio n with 
respect to the positions of the three halide ions. 

Methods for preparing triamminetrihalogenochro-
mium(II I ) complexes are usually based on the use of 
[Cr(0 2 ) 2 (NH 3 ) 3 ] in aqueous media3) or that of thermal 
decomposition of ammine complexes in open systems.4) 
However, the former is considerably troublesome while 
the latter has the disadvantage that thermal reactions 
in open systems do not always proceed uniformly to give 
pure products. The thermal reactions of metal complexes 
have been reported to proceed reproducibly and 
uniformly under quasi-isothermal and -isobaric condi­
tions (Q-conditions) ,*) and the intermediates and the 
final products in each reaction step can be obtained in 
remarkably pure constitution.6) 

This paper deals with the investigation of (1) the 
thermal decomposition of various amminechromium-
(III) complexes under Q-conditions as well as dynamic 
conditions (D-conditions)1) and (2) the possibility of the 
formation of triamminetrihalogeno complexes. 

The reactions in this work are classified as follows 
according to the final products: (A) Formation of 
[CrCl3(NH3)3] from [Cr(NH3)6]Cl3 , [CrCl(NH3)5]Gl2 , 
and *ran*-[CrCl2(NH3)4]Cl; (B) formation of [GrBr3-
(NH3)3] from [Cr(NH3)6]Br3 and [CrBr(NH3)5]Br2 ; (G) 
formation of [CrBrCl2(NH3)3] from [CrBr(NH3)5]Cl2 , 
*ranj-[CrCl2(NH3)4]Br, and /ra/u-[CrBrCl(NH3)4]Cl; and 
(D) formation of [CrBr2Gl(NH3)3] from [CrCl(NH 3) 5]-
Br2and ^«j - [CrBrCl(NH 3 ) 4 ]Br . 

Exper imenta l 

Preparation of Complexes. The complexes except for 
the mixed halogeno complexes were prepared according to 
known procedures. 

[Cr(NH3)6]Gl3 (I),«) [Cr(NH3)6]Br3 (II),') and [CrCl-
(NH3)5]G12 (III)8) were obtained by the methods reported. 

[CrCl(NH3)6]Br2 (IV) was prepared by adding NaBr to 
an aqueous solution of [CrCl(NH3)6]Cl2 (III). 

foww-[CrCl2(NH3)4]Cl (V) and trans-[CrCl2(NH3)4]Br (VI) 
were obtained by the acid cleavage of rhodochromic chloride 
[(NH3)6Gr(OH)Cr(NH3)6]Cl6.») 

[GrBr(NH3)6]Br2 (VII) was prepared by the method of 
Linhard and Weigel.10> 

[CrBr(NH3)6]Cl2 (VIII) was obtained by the addition 
of NH4C1 to [CrBr(NH3)5]Br2 (VII) in ice-cooled water. 

towtf-[CrBrCl(NH3)4]Cl (IX) and toww-[CrBrCl(NH3)4]Br 
(X): Chloroerythrochromic bromide [(NH3)5Cr(OH)CrCl-
(NH3)4]Br4 prepared from the corresponding chloride9) was 
added to a mixture of 60% HC104 and coned HBr (2:1) in 
a loosely stoppered flask. The mixture was left to stand at 
room temperature for 2 h. The solid product was collected 
and washed with a small amount of 1 M HC104. Bright 
green Jra/u-[CrBrCl(NH3)4]C104 thus obtained was converted 
into *ra>w-[CrBrCl(NH3)4]Cl.nH20 and *ra?u-[CrBrCl(NH3)4l-
Br-nHjjO with a saturated solution of NH4C1 and coned 
HBr, respectively, and then collected and dried at 100 °C 
for 5 and 2 h to give the anhydrous chloride and bromide, 
respectively. Analytical data for the mixed halogeno 
complexes are given in Table 1. 

Measurements. The thermal reactions were traced on 
MOM D- and Q-derivatographs.1) Measurements by D-
derivatograph were carried out in a constant flow of nitrogen 
at heating rate 1 °C min -1. The electronic spectra were 
measured in powder state with a Hitachi EPU-2A spectro­
photometer equipped with a standard Hitachi reflection 
attachment (Type R-3). 

T A B L E 1. ANALYTICAL DATA FOR STARTING COMPLEXES 

Complex 

[CrCl(NH3)5] Br2 (IV) 
[CrBr(NH3)6]Cl2 (VIII) 

*ra/u-[CrCl2(NH3)4]Br (VI) 
tam*-[CrBrCl(NH3)4]Cl (IX) 
tamj-[CrBrCl(NH3)4]Br (X) 

H (%) 
y " V 

Found Calcd 

4.60 4.51 
5.31 5.21 
4.47 4.43 
4.63 4.43 
3.85 3.80 

N 
, 

Found 

21.08 
24.23 
20.66 
20.43 
17.83 

(%) 
-̂  _ 

Calcd 

21.05 
24.31 
20.66 
20.66 
17.75 

Cr 

Found 

15.32 
17.91 
18.97 
19.22 
16.26 

(%) 
^ . 

Calcd 

15.64 
18.05 
19.18 
19.18 
16.48 
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Fig. 1. Q-derivatograms of complexes I ( ), I II 
( ), and V ( ) together with D-derivatogram of 
complex I (—•—). 

Results and Discussion 

Formation of Triamminetrihalogeno Complexes. (A) 
Formation of [CrCls(NHZ)3] from [Cr(NHJ6]Clz (I), 
[CrCl(NH3)5]Cl2 (III), and trans-[CrCl2(NH3)4]Cl (V). 
Figure 1 shows the Q,-derivatograms of complexes I, 
I I I , and V together with the D-derivatogram (TG 
curve only) of complex I. As seen from the D-derivato­
gram of complex I, a monotonous decrease takes place 
and no plateau is obtained in the T G curve, indicating 
that the complex decomposes gradually in a complicated 
manner with no formation of uniform products. Since 
this tendency was found in all the other complexes, 
their D-derivatograms are omitted in the following 
discussion. 

O n the other hand, the Q-derivatogram of complex I 
shows a gradual weight loss at 150—242 °C due to the 
evolution of 1 mol of ammonia (Found: 7 . 6 1 % ; Galcd: 
6.52%), and then an abrupt weight loss takes place at 
242 °G until a plateau is attained. The total weight 
loss is 18.69% approximately agreeing with that 

(19.58%) calculated for the formation of [CrCl3(NH3)3] . 
T h e original yellow color turned green at this stage. 
T h e results suggest that complex I undergoes deammona-
tion to be converted into [CrCl3(NH3)3] via [CrCl-
(NH3)5]C12 without forming [CrCl2(NH3)4]Cl. 

T h e Q-derivatogram of complex I I I shows rapid 
evolution of 2 mol of ammonia in a narrow temperature 
range (250—260 °G), after which a clear plateau is 
obtained, the complex turning green from red. T h e 
net weight loss (13.77%) coincides with the value 
calculated for the formation of [CrCl3(NH3)3] (13.99%). 

In the Q-derivatogram of complex V, a sharp change 
in weight takes place nearly isothermally (230—250 °C) 
until a distinct plateau appears. The weight loss in 
7.73% which is close to that (7.50%) calculated for 
1 mol of ammonia. 

The analytical data for the triamminetrihalogeno 
complexes are summarized in Table 2. The observed 
and calculated values agree, indicating that [CrCl3-
(NH3)3] is obtained under Q-conditions irrespective of 
the starting complex. 

100 200 300 4 0 0 

Temp/°C 

Fig. 2. Q-derivatograms of complexes II ( ) and VII 
( )• 

TABLE 2. ANALYTICAL DATA FOR TRIAMMINETRIHALOGENO COMPLEXES PRODUCED 

( ):Calcd 

Triammine complex Starting complex H (%) N (%) Gr (%) 

(A) 
m*r-[CrCl3(NH3)3] 

(B) 
mer- [CrBr3(NH3)3] 

(C) 
m*r-[CrBrCl2(NH3)3] 

(D) 
mer- [CrBr2Cl(NH3)3] 

[Cr(NH3)6]Cl3 

[CrCl(NH3)5]Cl2 

I *ranj-[CrCl2(NH3)4]Cl 

[Cr(NH3)6]Br3 

[CrBr(NH3)5JBr2 

[CrBr(NH3)5]Gl2 

tom.v-[CrCl2(NH3)4lBr 

I fra>u-[CrBrCl(NH3)4]Cl 

[CrCl(NH3)5]Br2 

fraw-[CrBrCl(NH,)JBr 

4.19 
(4.29) 
4.24 

(4.29) 
4.30 

(4.29) 
2.53 

(2.62) 
2.40 

(2.62) 
3.50 

(3.54) 
3.52 

(3.54) 
3\61 

(3.54) 
2.99 

(3.02) 
3.07 

(3.02) 

19.78 
(20.04) 
20.01 

(20.04) 
19.61 

(20.04) 
11.82 

(12.24) 
12.29 

(12.24) 
16.40 

(16.54) 
16.91 

(16.54) 
16.70 

(16.54) 
14.61 

(14.09) 
14.23 

(14.09) 

24.69 
(24.82) 
24.84 

(24.82) 
25.02 

(24.82) 
14.64 

(15.16) 
14.95 

(15.16) 
20.50 

(20.47) 
20.31 

(20.47) 
20.15 

(20.47) 
17.66 

(17.42) 
17.52 

(17.42) 
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(B) Formation of [CrBrz(NHZ)3] from [Cr(NH3)6]Br3 

(II) and [CrBr(NH3)b]Br2 (VII). Figure 2 shows 
the Q-derivatograms of complexes I I and V I I . They 
give patterns similar to those of the foregoing chlorides I 
and I I I , respectively. The first gradual weight loss for 
complex I I (250—303 °C) is due to the evolution of 
1 mol of ammonia (Found: 4 . 9 5 % ; Calcd: 4.31%) and 
the second rapid weight loss is due to the evolution of 
2 mol of ammonia. The T G curve then reaches a 
plateau. The overall weight loss (12.50%) agrees with 
that (12.94%) calculated for the formation of [CrBr3 

(NHJJ. 
Complex V I I gives only one rapid weight loss step 

corresponding to the liberation of 2 mol of ammonia 
(Found: 8.97%; Calcd: 9.02%). The formation of 
[CrBr2(NH3)4]Br was not detectable in the decomposi­
tion pathways of both the complexes. 
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Fig. 3. Q-derivatograms of complexes VIII (-

( ) , a n d I X ( — ) . 
-) , VI 

(C) Formation of [CrBrCl2(NH3)3] from \CrBr(NH3)5]-
Cl2 (VIII), tra.ns-[CrCl2(NH3)t]Br (VI), and trans-
[CrBrClfNHJ^Cl (IX). The Q-derivatograms of 
complexes V I I I , VI , and I X are shown in Fig. 3. 
Complex V I I I evolves 2 mol of ammonia nearly 
isothermally (275—285 °C), and complexes V I and I X , 
2 mol of ammonia at 267—280 °C and 253—290 °C, 
respectively. The observed weight loss due to the 
evolution of ammonia is 11.62% (Calcd: 11.81%) for 

complex V I I I , 6.26% (Calcd: 6.27%) for complex V I 
and 6.34% (Calcd: 6.27%) for complex I X . The 
analytical data indicate that all the final products have 
exactly the same composition as [CrBrCl2(NH3)3] 
(Table 2). 

(D) Formation of [CrBr2Cl(NH3)3] from [CrCl(NH3)b]-
Br2 (IV) and trans-[CrBrCl(NH3)t\Br (X). We 
see from Fig. 4 that complexes I V and X evolve 2 mol 
(Found: 5 .46%; Calcd: 5.39%) and 1 mol (Found: 
10.26%; Calcd: 10.22%) of ammonia, respectively, at 
270—290 °C to form [CrBr2Cl(NH3)3] . 

Configuration of Triamminetrihalogeno Complexes Obtained. 
Two configurations are possible for the t r iammine­
trihalogeno complexes, facial and meridional with 
respect to the positions of the three halide ions (or three 
ammonia molecules). Such distinction in [CrX3N3] 
chromophore (X denotes halide ion and N nitrogen 
atom) has been achieved from electronic spectral 
measurements.43»11) fac-Form. has two bands, whereas 
m^r-form has three in d-d transition region, a weak 
band due to the spin-forbidden transition (4A2g—>2Eg) 
appearing in lower wavelength region ( ^ 1 3 X 103 cm - 1 ) 
being characteristic of m^r-form. 

Figures 5—8 show the electronic spectra of [CrCl3 

(NH 3 ) 3 ] , [CrBr3(NH3)3] , [CrBrCl2(NH3)3] , and [CrBr2-
C1(NH3)3]. The triamminetrihalogeno complexes 
obtained from ^ran^-dihalogeno complexes have the 
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Fig. 5. Electronic spectra of [Cr013(NH3)3] produced 
from complexes I ( ), III ( ), and V ( ). 

Fig. 4. 
( 
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Q-derivatograms of complexes IV ( ) and X 
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Fig. 6. Electronic spectra of [CrBr3(NH3)3] produced 
from complexes II ( ) and VII ( ). 
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Fig. 7. Electronic spectra of [CrBrCl2(NH3)3] produced 
from complexes VIII ( ), VI ( ), and IX ( ). 

10 15 20 25 

i>/103 cm - 1 

Fig. 8. Electronic spectra of [CrBr2Cl(NH3)3] produced 
from complexes IV ( ) and X ( ). 

possibility to take only m^r-configuration. All the 
spectra have one weak and two strong bands, indicating 
that all the triamminetrihalogeno complexes are in mer-
configuration. 

TABLE 3. ABSORPTION MAXIMA FOR 

TRIAMMINETRIHALOGENO COMPLEXES 

Complex 

m*r-[CrCl3(NH3)3] 
m*r-[CrBrCl2(NH3)3] 
méKCrBr2Cl(NH3)3] 
m*r-[CrBr3(NH3)3] 

Maxima 
("A -> *Eg) 

v/cm -1 

13400 
13100 
12900 
12800 

Maxima 
(<A2g -+ <T2g) 

j ' / c m 4 

16700 
16200 
16000 
15600 

T h e absorption maxima due to 4A2g—>2Eg and 4A2g—> 
4 T 2 g transitions are given in Table 3. The absorption 
maxima due to 4A 2 g-* 4T 2 g are shifted to the lower 
energy region according to spectrochemical series in the 
order [CrCl3(NH3)3] ->[CrBrCl2(NH3)3]-> [CrBr2Cl-
(NH 3) 3]-»[CrBr 3(NH 3) 3] . Two structures are possible 

for méT-[CrBrCl2(NH3)3] and mer-[CrBr2Cl(NH3)3] : viz., 
cis-form and trans-form regarding chloride and bromide 
ions, but the question is still pending. 

Summary of Thermal Reaction Pathways. The 
hexaammine complexes are converted into pentaam-
minehalogeno and then triamminetrihalogeno complexes 
without forming tetraamminedihalogeno complexes. 
The pentaamminehalogeno complexes undergo deam-
monation in one step to yield triamminetrihalogeno 
complexes, without forming tetraamminedihalogeno 
complexes. Why no tetraamminedihalogeno complexes 
can be produced in the reaction pathways of hexa­
ammine and pentaammine complexes is easily under­
standable from a comparison of the formation tempera­
ture of triamminetrihalogeno complexes : 

[CrCl(NH3)5]Cl2 • [CrCl3(NH3)3] 250—270 °G 

frfliw-[CrCl2(NH8)4]Cl • [CrCl3(NH3)3] 230—250 °G 

[GrBr(NH3)5]Cl2 • [CrBrCl2(NH3)3] 275—285 °G 

frfliw-[CrBrCl(NH8)4]Cl • [CrBrCl2(NH3)3] 253—273 °G 

[CrCl(NH3)5]Br2 • [GrBr2Gl(NH3)3] 290—300 °G 

*r0/w-[CrBrCl(NH3)4]Br • [GrBr2Gl(NH3)3] 270—290 °G. 

The temperatures of the tetraamminedihalogeno 
complexes are lower than those of the corresponding 
pentaamminehalogeno complexes. Thus, even though 
the tetraamminedihalogeno complexes are produced in 
each reaction pathway, they are immediately decom­
posed, forming triamminetrihalogeno complexes. 

T h e authors are grateful to Hungar ian Optical Works 
and Kubota Trading Co. for the use of Q-derivatograph. 
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Binuclear Metal Complexes. XXXIX.1} Synthesis and Properties of 
Binuclear Copper(II) Complexes with [2-(2-Pyridyl)ethylamino]-

alkanols and [2-(2-Pyridyl)ethylthio]alkanols 
Masaaki NAKAMURA, Masahiro MIKURIYA, Hisashi OKAWA,* and Sigeo KIDA 

Department of Chemistry, Faculty of Science, Kyushu University 33, Hakozaki, Higashi-ku, Fukuoka 812 
(Received January 31, 1981) 

Di-//-alkoxo-bridged binuclear copper(II) complexes, Cu(py-3-3-nno)X, Gu(py-3-2-nso)X, and Cu(py-3-3-
nso)X (X=C1, Br, C104, N0 3 , PF6, BF4), have been synthesized and characterized, where Hpy-3-3-nno, Hpy-
3-2-nso, and Hpy-3-3-nso denote 3-[2-(2-pyridyl)ethylamino]-l-propanol, 2-[2-(2-pyridyl)ethylthio]ethanol, and 
3-[2-(2-pyridyl)ethylthio]-l-propanol, respectively. It was found that 2-[2-(2-pyridyl)ethylamino]ethanol (Hpy-
3-2-nno) cannot form di-/i-alkoxo-bridged binuclear copper (I I) complexes owing to the high strain in the fused 
ring system. These complexes exhibited a band at 22000—27000 cm - 1 characteristic of the di-yU-alkoxo-bridged 
structure, the bands for Cu(py-3-2-nso)X and Cu(py-3-3-nso)X being lower in frequency compared with those 
for Cu(py-3-3-nno)X. Antiferromagnetic interaction was stronger and reduction potential (Cu(II)-Cu(II)—>• 
Cu(I)-Cu(I)) was higher for Cu(py-3-3-nso)X than those for Gu(py-3-3-nno)X. Cu(py-3-3-nso)Cl and Cu-
(py-3-2-nso)Br showed two reduction waves at about +0.15 and —0.4 V vs. SCE. These results were discussed 
in terms of the structure in solution on the basis of conductivity measurements. 

Di-^-alkoxo-bridged binuclear copper(II) complexes 
containing a thioether sulfur as a donor atom are of 
interest as models of Type I I I copper proteins. In the 
preceding papers of this series,2-6) we have reported 
preparations and properties of di-^-alkoxo-bridged 
binuclear copper (I I) complexes with the nso- and sno-
type ligands (Fig. 1 ). Substitution of thioether sulfur 
for aliphatic amino nitrogen resulted in 1) a red shift 
of the characteristic band of di-//-alkoxo-bridged 
binuclear copper(II) complexes in the near ultraviolet 
region (this band being assigned to the p* (O)—KU- (Cu) 
charge transfer band 7 - 9 ) ) , 2) an enhancement in 
antiferromagnetic spin-exchange interaction between the 
two copper(II) ions, 3) a positive shift of the copper-
(II)—»-copper(I) reduction potential, and 4) a strain 
relaxation in the fused ring system of the binuclear 
skeleton. 

AAIA X A A 
L Ä /Cux J ! Cu Cu J X2 

R R X W , ^ R L^J H | 

(a) (b) 

Fig. 1. Complexes of (a) Cu(R-2-m-nso)X (m=2, 3) and 
(b) Cu(R-2-3-sno)X. 

In order to further investigate the nature of binuclear 
copper(II) complexes with sulfur-containing ligands, 
new binuclear copper(II) complexes, Cu(py-3-m-nso)X 
( X = C 1 , Br, C10 4 , N 0 3 , BF4^, PF 6 ; m = 2 , 3) (Fig. 2a) , 
of 2-[2-(2-pyridyl)ethylthio]ethanol (abbreviated as 
Hpy-3-2-nso) and 3-[2-(2-pyridyl)ethylthio]-l-propanol 
(Hpy-3-3-nso) have been prepared and their spectral, 
magnetic, and electrochemical properties were compared 
with those of Gu(py-3-2-nno)X and Cu(py-3-3-nno)X 
( X = C 1 0 4 , BF4, PF6) , where Hpy-3-2-nno denotes 
2-[2-(2-pyridyl)ethylamino]ethanol and Hpy-3-3-nno 
3-[2-(2-pyridyl)ethylamino]-l-propanol (Fig. 2b). 

(CH2)m f \ /CHgJm ( \ 

/"A A /N=\ / A A .Nn 
< Cu Cu > X2 < <* Cu > X2 

(a) (b) 

Fig. 2. Complexes of (a) Cu(py-3-m-nso)X (m=2, 3) 
and (b) Cu(py-3-m-nno)X (m=2,3). 

Another purpose of this study is to examine the effect of 
substitution of pyridine-nitrogen for alkyl amine group 
in binuclear copper(II) complexes of diaminoalcohols. 

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

Preparation of the Ligands. Hpy-3-2-nno and Hpy-3-3-
nno were prepared by the reaction of 2-vinylpyridine with 2-
aminoethanol and 3-amino-l-propanol, respectively.10> 
Similarly, Hpy-3-2-nso and Hpy-3-3-nso were prepared by 
the addition of 2-mercaptoethanol and 3-mercapto-l-propanol 
to 2-vinylpyridine, respectively. 

Preparation of the Complexes. Cu(py-3-3-nno)X (X=ClOi} 

BFJ. The preparation was exemplified by Cu(py-3-3-
nno)C104. To a solution of Hpy-3-3-nno (0.5 mmol) in 
absolute ethanol (10 cm3) was added a solution of copper(II) 
Perchlorate hexahydrate (0.5 mmol) in absolute ethanol 
(20 cm3). To this mixture was added triethylamine to pre­
cipitate a blue solid. It was collected by filtration and 
recrystallized from methanol. 

Cu(py-3-3-nno)PFe. A mixture of Cu(py-3-3-nno)-
C104 (0.5 mmol) and KPF6 (0.5 mmol) in acetonitrile (20 cm3) 
was stirred for 2 h at room temperature. The solvent was 
evaporated, and a remaining blue precipitate was collected 
by filtration and recrystallized from methanol twice to give 
deep blue needles. 

Cu(py-3-2-nso)Xand Cu(py-3-3-nso)X (X=ClOA, CI, Br, N03, 
BFJ. The compounds were prepared by a method 
similar to that for Cu(py-3-3-nno)C104. They were recrystal­
lized from methanol. 

Cu(py-3-2-nso)PF6 and Cu(py-3-3-nso)PF6. These were 
prepared by the reaction of Cu(py-3-2-nso)C104 and Cu(py-
3-3-nso)C104 with KFF6 in acetonitrile, respectively. 
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TABLE 1. ELEMENTAL ANALYSES OF COMPLEXES 

Complex 

Cu(py-3-3-nno)C104 

Cu(py-3-3-nno)BF4 

Cu(py-3-3-nno)PF6 

Cu(py-3-3-nso)C104 

Cu(py-3-3-nso)PF6 

Cu(py-3-2-nso)Cl 
Gu(py-3-2-nso)Br 
Cu(py-3-2-nso)C104 

Cu(py-3-2-nso)N03- l/2CH3OH 
Cu (py-3-2-nso) BF4. H 2 0 
Cu(py-3-2-nso)PF6.1/2H20 

H 

4.39 
4.61 
4.02 
4.06 
3.60 
4.40 
3.77 
3.69 
4.48 
4.14 
3.49 

Found (%) 

G 

34.90 
36.42 
30.99 
33.52 
29.70 
38.22 
32.81 
31.13 
34.78 
31.05 
27.01 

N 

8.14 
8.49 
7.29 
3.89 
3.43 
4.90 
4.21 
3.99 
8.62 
4.12 
3.52 

H 

4.42 
4.59 
3.90 
3.93 
3.49 
4.30 
3.71 
3.50 
4.36 
4.02 
3.28 

Galcd (%) 

C 

35.10 
36.44 
30.98 
33.43 
29.67 
38.43 
33.19 
31.31 
35.24 
30.83 
27.04 

N 

8.18 
8.50 
7.22 
3.90 
3.46 
4.98 
4.30 
4.06 
8.65 
3.99 
3.50 

Carbon, hydrogen, and nitrogen analyses were carried 
out at the Service Center of Elemental Analysis, Kyushu 
University. The results are given in Table 1. 

Measurements. Infrared spectra were measured with a 
Hitachi grating infrared spectrophotometer Model 215 in the 
region 4000—650 cm - 1 on a KBr disk and on a nujol mull. 
Electronic spectra were measured with a Shimadzu multi­
purpose spectrophotometer Model MPS-5000 in methanol 
solutions and on solid samples. Magnetic susceptibilities were 
measured by the Faraday method in the temperature range 
from liquid nitrogen temperature to room temperature. The 
apparatus was calibrated by the use of [Ni(en)3]S203.11) All 
the susceptibilities were corrected for the diamagnetism of the 
constituting atoms by the use of Pascal's constants.12) Effec­
tive magnetic moments were calculated by the equation, 
//eff=2.828 \/(xA—MxJT1, where XA is the atomic magnetic 
susceptibility and Ncc is the temperature-independent para­
magnetism. Normal pulse polarography (NPP) and dif­
ferential pulse polarography (DPP) were measured with 
a Yanagimoto voltammetric analyzer Model P-1000 in N,N-
dimethylformamide (DMF) containing 0.1 mol dm - 3 tetra-
ethylammonium Perchlorate at room temperature using a 
three-electrode cell. The saturated calomel electrode (SCE) 
was used as a reference, which was connected to a sample 
solution through a salt bridge. A dropping mercury electrode 
was used as a working electrode. The counter electrode was 
platinum coil. Conductivity was measured with a Yanagimoto 
conductivity outfit Model MY-8 for methanol and N,N-
dimethylformamide solution. The cell constants were deter­
mined by the use of NaCl and KBr.13»14) 

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

Among the binucleating ligands utilized in this study, 
Hpy-3-3-nno, Hpy-3-3-nso, and Hpy-3-2-nso formed 
di-//-alkoxo-bridged binuclear copper (I I) complexes. 
O n the other hand, we were unsuccessful in isolating 
Cu(py-3-2-nno)X using Hpy-3-2-nno. T h e product 
obtained by the reaction of Hpy-3-2-nno and copper(II) 
halide was supposed to be C u ( H 2 N C H 2 C H 2 0 ) X 
(X=ha logen ide ion)9) on the basis of elemental analyses 
and cryomagnetic properties, and this was confirmed 
by comparing the infrared spectrum of the product with 
that of the authentic sample obtained from 2-amino-
ethanol and a copper(II) halide. Thus , it is evident 
that Hpy-3-2-nno cleaved into 2-aminoethanol and 2-
vinylpyridine in this reaction. T h e complex, Cu-

B \V°\/ ' 
P Cu (t4) Cu 

Fig. 3. Representation of the fused chelate-ring system, 
p-q-(4)-q-p, for binuclear complexes of alcoholic 
tridentate ligands. 

(py-3-2-nno)X, should have a 6-5-(4)-5-6 fused ring 
system (Fig. 3) which is generally thought to be stable 
in the complexes with the fully saturated ligands, such 
as HR-3-2-nno.7 - 9) However, the terminal six-membered 
chelate ring of Cu(py-3-2-nno)X must be small in size 
and may be comparable to the five-membered ring of a 
saturated ligand, because of short bond-distance in 
pyridine ring. So far, binuclear copper(II) complexes 
with a 5-5-(4)-5-5 fused ring system have not been 
obtained using diamino alcohols,15-19) owing to a high 
strain in this system. A similar strain should exist in 
the 6-5-(4)-5-6 fused ring system of Cu(py-3-2-nno)X, 
and should be responsible for the cleavage of Hpy-3-2-
nno and the formation of strain-free Cu(H 2 NCH 2 -
C H 2 0 ) X . 

O n the other hand, we were successful in isolating 
Cu(py-3-2-nso)X, although it has the same 6-5-(4)-5-6 
fused ring system as Cu(py-3-2-nno)X. It is to be 
noticed that the chelate ring system in Cu(py-3-2-nso)X 
contains a thioether group. Previously, we showed that 
the binuclear copper(II) complexes, Cu(R-2-2-nso)X 
(HR-2-2-nso=2- (2-dialkylaminoethylthio) ethanol), pos­
sessing a fully saturated 5-5-(4)-5-5 fused ring system 
can be isolated, because of a high flexibility in bond 
angle and large coordination bond distance of the 
thioether sulfur atom.5) I t is likely that a similar 
strain-releasing effect contributes to the formation of 
Cu(py-3-2-nso)X. 

Since no band attributable to OH-stretching vibra­
tion was observed, the alcoholic oxygen should be 
deprotonated and coordinated to copper. The shift 
of the 990 c m - 1 band of free pyridine to higher frequency 
showed the coordination of pyridine nitrogen. The 
bands due to ClO-stretching vibration in Cu(py-3-3-
nno)C10 4 and Cu(py-3-3-nso)C104 were observed at 
1070 c m - 1 . Practically no splitting of the bands indicates 
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TABLE 2. BAND MAXIMA OF ELECTRONIC SPECTRA OF COMPLEXES (V/103 cm-1) 

Complex 

Cu(py-3-3-nno)C104 

Cu(py-3-3-nno)BF4 

Cu(py-3-3-nno)PF6 

Cu(py-3-3-nso)C104 

Cu(py-3-3-nso)PF6 

Cu(py-3-2-nso)Cl 
Cu(py-3-2-nso)Br 
Cu(py-3-2-nso)C104 

Cu(py-3-2-nso)N03. l/2CH3OH 
Cu (py-3-2-nso) BF4 • H 2 0 
Cu(py-3-2-nso) PF6.1 /2H 2 0 

Reflectance 

s 
25.6 
26.5 
20.5 
23.3 
23.5 
22.2 
21.7 
23.1 
23.8 
24.1 
23.3 

s 

16.7 
16.7 
17.2 
17.4 
17.2 
14.5 
14.2 
16.1 
15.4 
15.9 
16.3 

Methanol solution (log e) 
f 

26.7(3.06) 
26.5(3.14) 
26.7(3.13) 
25.0(2.95) 
24.8(3.02) 
25.3(2.99) 
24.8(3.03) 
24.6(3.02) 
24.7(3.15) 
24.5(3.11) 
24.4(3.16) 

' 
15.7(1.89) 
16.3(1.95) 
16.0(1.94) 
16.4(1.97) 
16.3(2.05) 
16.3(2.09) 
15.3(2.19) 
15.4(2.07) 
15.5(2.20) 
15.6(2.45) 
15.6(2.24) 

tha t the perchlorate ion is free from coordination.20) 
O n the other hand, the ClO-stretching vibration of 
Cu(py-3-2-nso)C104 splits into three components at 
1120, 1030, and 930 cm"1 . This indicates the coordina­
tion of the perchlorate ion to the copper(II).20) T h e 
NO-stretching band of the nitrate ion in Cu(py-3-2-
n s o ) N 0 3 - l / 2 C H 3 O H was observed at 1320 and 1380 
cm - 1 , suggesting non-coordination of the nitrate ion 
to the metal.21) 

3.0h 

2,0h 

1 * / 

/ / / 
/ / / 

l>f \ / 

. / 
__,L'' I 1 1 

I .Oh 

Fig. 4. Electronic absorption spectra of ( )Cu(py-3-
3-nno)PF6, ( ) Cu (py-3-3-nso)PF6, and (—) Cu 
(py-3-2-nso) PF6 in methanol. 

Electronic spectra of the complexes were measured in 
methanol and i\T,iV-dimethylformamide solutions and 
on powder samples. Results are given in Table 2. 
Typical examples of absorption spectra are shown in 
Fig. 4. Spectra in solution and in solid state resemble each 
other, indicating essentially the same structure in solid 
and in solution. The band in the 14000—17000 c m - 1 

region can be assigned to d-d transition band. The d-d 
band of Cu(py-3-2-nso)X is slightly lower in frequency 
compared with those of Gu(py-3-3-nso)X and Cu(py-
3-3-nno)X in solid state. This suggests tha t the coordina­
tion geometry around the copper ion in Gu(py-3-2-nso)X 
is distorted from square plane. Among these complexes, 
the d-d band of Gu(py-3-2-nso)Gl and Gu(py-3-2-nso)Br 
is notably low in energy. Recently, we determined 
the crystal structure of Cu(GH3-2-2-nso)Br by the X-ray 

diffraction method.5) The structure consists of alkoxo-
bridged binuclear units, Gu2(GH3-2-2-nso)2Br2, where 
bromide ions coordinate to copper (I I) ions and the 
coordination geometry around each copper ion is a 
distorted square pyramid. As already mentioned, the 
strain in the fused ring system of Cu(py-3-2-nso)X is 
similar to that of Cu(R-2-2-nso)X. Hence, it is likely 
that Cu(py-3-2-nso)X ( X = G 1 , Br) takes a distorted 
square pyramidal structure similar to tha t of Cu(CH 3 -
2-2-nso)Br. T h e band with a relatively large intensity 
(e=1000—2000) in the 24000—27000 c m - 1 region is 
known to be characteristic of the di-^-alkoxo-bridged 
binuclear copper(II) structure. Kida et al. have assigned 
this band to the pff (O)—>do-(Cu) charge transfer 
transition.7 - 9) This is observed around 26000 c m - 1 in 
the case of Gu(py-3-3-nno)X, while the GT band for 
Cu(py-3-3-nso)X and Cu(py-3-2-nso)X appeared in the 
region 22000—25000 c m - 1 . Therefore, the p* (0 ) -> 
do- (Gu) charge transfer band shifts by 3000—4000 c m - 1 

to lower frequency when one of the amine nitrogen is 
replaced by a thioether sulfur. T h e present result is 
in line with our previous findings that the thioether 
substitution for amino group causes a red-shift of the 
charge-transfer band in di-^-alkoxo-bridged binuclear 
copper(II) complexes. 

The magnetic susceptibilities were measured over the 
temperature range 80—300 K. T h e magnetic moments 
per copper atom are all subnormal at room temperature 
and decrease with lowering of temperature, indicating 
the existence of an antiferromagnetic spin-exchange 
interaction between a pair of copper(II) ions. T h e 
temperature dependences of magnetic susceptibility for 
Cu(py-3-3-nso)C104 and Cu(py-3-3-nno)BF4 are shown 
in Fig. 5 as examples. These magnetic behaviors can be 
interpreted in terms of the Bleaney-Bowers equation,22) 

ZA = 
_ Ng*ß* 

3kT w e x P ( - 2 y / * r ) +iVa, (1) 

where XA is susceptibility per copper atom and other 
symbols have their usual meanings. The —2J (the 
energy separation between the spin-singlet ground state 
and the spin-triplet excited state) and No. values were 
obtained by the best-fit of the experimental suscep­
tibilities to the Eq. 1, assuming g at 2.10. The results 
are given in Table 3. Table 3 also includes the effective 
magnetic moments of the complexes at room tempera-
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e? 

T/K 

Fig. 5. Temperature-dependences of magnetic suscepti­
bility of (O) Cu (py-3-3-nso) C104 and (Q) Cu (py-3-
3-nno) BF4. 

TABLE 4. HALF-WAVE POTENTIALS OF NORMAL PULSE 

( N P P ) AND DIFFERENTIAL PULSE ( D P P ) 

POLAROGRAPHIES ( V VS. S C E ) 

Complex NPP DPP 

Cu(py-3-3-nno)C104 

Cu(py-3-3-nno)BF4 

Cu(py-3-3-nno)PF6 

Cu(py-3-3-nso)C104 

Cu(py-3-3-nso)PF6 

Cu(py-3-2-nso)Cl 
Cu(py-3-2-nso)Br 
Cu(py-3-2-nso)C104 

Cu(py-3-2-nso)N03. l/2CH3OH 
Cu (py-3-2-nso) BF4. H 2 0 
Cu(py-3-2-nso)PF6.1/2H20 

- 0 . 4 0 
- 0 . 4 0 
- 0 . 4 2 

- 0 . 4 3 
- 0 . 3 9 - 0 . 4 2 
- 0 . 4 0 - 0 . 4 2 

- 0 . 0 9 
- 0 . 0 9 

+0 .16 - 0 . 5 6 
+ 0.11 - 0 . 5 6 

- 0 . 0 6 
- 0 . 0 9 
- 0 . 0 8 
- 0 . 0 9 

TABLE 3. 

Complex 

MAGNETIC DATA OF COMPLEXES 

„ a> 

B M 
- 2 J 
c m - 1 

Noc 
c.g.s 

xlO6 

mol"1 

Cu(py-3-3-nno)C104 

Cu(py-3-3-nno)BF4 

Cu(py-3-3-nno)PF6 

Cu(py-3-3-nso)C104 

Cu(py-3-3-nso)PF6 

Cu(py-3-2-nso)Cl 
Cu(py-3-2-nso)Br 
Cu(py-3-2-nso)C104 

Cu(py-3-2-nso)N03- l/2CH3OH 
Cu (py-3-2 -nso) BF4. H 2 0 
Cu(py-3-2-nso)PF6.1/2H20 

0.88 
0.87 
0.67 
0.61 
0.47 
1.63 
1.48 
1.26 
0.83 
0.71 
0.48 

510 
540 
700 
705 
850 
170 
225 
300 
550 
650 
850 

60 
60 
40 
50 
60 
90 
60 
60 
60 
65 
60 

a) Magnetic moment at room temperature. 

ture. The — 2 / values for Cu(py-3-3-nno)X ( X = C 1 0 4 , 
BF4, PF6) range from 510 to 700 cm - 1 , which are 
comparable to the —2J values for the binuclear copper-
(II) complexes with aliphatic diaminoalcohols.9) There­
fore, we can not detect any marked effect of pyridine 
nitrogen donation on antiferromagnetic spin-exchange 
interaction in di-//-alkoxo-bridged binuclear copper(II) 
complexes. It is to be noted that the — 2 J values of 
Cu(py-3-3-nso)X (750—850 cm - 1 ) are much larger than 
the values of Cu(py-3-3-nno)X. Thus, antiferromagnetic 
spin-exchange interaction betweem the two copper(II) 
ions becomes stronger upon substitution of the sulfur 
donor atom for the nitrogen donor atom. A similar 
trend was already noticed in Cu(R-2-3-nso)X and Cu-
(R-2-3-sno)X.2"6) The -2 J values of Cu(py-3-2-nso)X 
seem to depend on X. Namely, the complexes containing 
CI, Br, or C104 ion have smaller —2J values compared 
with other complexes containing N 0 3 , BF4, or PF6 ion. 
Since the infrared and electronic reflectance spectral 
data evidenced the coordination of the anion X, 
the complexes Cu(py-3-2-nso)X ( X = C 1 , Br, C104) 
should have a five-coordinate structure whose 

( ĈuC /CiT ") skeleton is much distorted from a coplane. 

Since spin-exchange interaction is known to be highly 
dependent on planarity around the metal, this distor­

tion must be the main reason for the reduction in the 
exchange integral of Cu(py-3-2-nso)X (X=C1, Br, 
ClOJ. 

The results of normal pulse polarography (NPP) and 
differential pulse polarography (DPP) are listed in 
Table 4. The reduction from Cu(II)-Cu(II) to Cu(I) -
Cu(I) for Cu(py-3-3-nno)X occured at —0.4 V vs. SCE. 
These reduction potentials are comparable to those of 
the binuclear complexes with the aliphatic diamino­
alcohols.4) Therefore, it seems that the reduction 
potential from Cu(II)-Cu(II) to Cu(I)-Cu(I) is little 
affected by substitution of aromatic amine nitrogen for 
aliphatic amine nitrogen. The reduction of Cu(py-
3-3-nso)X ( X = C 1 0 4 , PF6) at - 0 . 1 0 V vs. SCE positive­
ly shifted by ca. 300 mV relative to reduction potentials 
of Cu(py-3-3-nno)X. As was already pointed out in the 
preceding paper,4) the positive shift of the Cu(II) -
Cu(II)-»Cu(I)-Cu(I) reduction potential implies that 
the optical electronegativity24) of copper(II) ion in­
creases when a sulfur atom is introduced as a donating 
atom. Electrochemical property of Cu(py-3-2-nso)X 
( X = C 1 0 4 , N 0 3 , BF4, and PF6) resembles that of 
Cu(py-3-3-nso)X, showing a two-electron reduction at 
about —0.10 V. On the other hand, Cu(py-3-2-nso)Cl 
and Cu(py-3-2-nso)Br showed two reduction waves at 
+ 0 . 2 and —0.60 V, and + 0 . 1 0 and —0.40 V, respec­
tively. These complexes bear a marked electrochemical 
resemblance to Cu(R-2-2-nso)X ( X = C 1 , Br),4) which 
also showed two one-electron reductions at + 0 . 1 5 — 

+ 0 . 2 0 and - 0 . 3 0 0.50 V vs. SCE. The controlled-
potential electrolysis4) showed that Cu(R-2-2-nso)X 
( X = C 1 , Br) was reduced stepwise as Cu(II)-Cu(II) 
->Cu(II)-Cu(I)-»Cu(I)-Cu(I) . Accordingly, it is 
assumed that Cu(py-3-2-nsb)Cl and Cu(py-3-2-nso)Br 
are also stepwise reduced. In order to clarify the 
reasons for the difference in electrochemical behaviors 
between the two groups of the binuclear complexes, i.e., 
those undergoing two one-electron reductions and those 
undergoing one two-electron reduction, conductivities 
were measured in methanol and JV,iV-dimethylform-
amide. The results are shown in Table 5. The conduc­
tivities of Cu(py-3-2-nso)C104 and Cu(py-3-2-nso)PF6 

clearly indicate that they are 1 : 2 electrolyte in the 
solutions.23) Since two copper(II) ions in a molecule 
are equivalent in solution, we can reasonably understand 
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TABLE 5. MOLAR CONDUCTIVITY, AH, OF COMPLEXES 

AT 10-3 mol dm - 1 IN METHANOL AND N,N-

DIMETHYLFORMAMIDE ( ß - 1 C m - 2 m o l - 1 ) 

Complex 

Cu(en)2(C104)2 

Cu(py-3-2-nso)Cl 
Cu(py-3-2-nso)Br 
Cu(py-3-2-nso)C10, 
Cu(py-3-2-nso)PF6. 

i 

1/2H20 

MeOH 

204 
107 
124 
195 
198 

DMF 

146 
74 
72 

the one two-electron reduction of these complexes. O n 
the other hand, the conductivities of Cu(py-3-2-nso)Cl 
and Cu(py-3-2-nso)Br are about one half of those of 
Cu(py-3-2-nso)C104 and Cu(py-3-2-nso)PF6 , implying 
that they are 1 : 1 electrolyte in methanol and N,N-
dimethylformamide. This suggests that these complexes 

^ X 

exist as [ > C u C u < ] X in solution, where two 

inequivalent copper(II) ions are reduced at different 
potentials. In general, copper(II) ions with a distorted 
coordination geometry have a high reduction poten­
tials.25) Therefore, it is likely that the reduction waves 
at + 0 . 1 h 0 . 2 V and —0.4 0.6 V are due to the 
reduction of the five-coordinate copper(II) ion and the 
four-coordinate copper(II) ion, respectively. In relation 
to this result, conductivities of Cu(R-2-2-nso)X ( X = C 1 , 
Br) were also measured in iV,JV-dimethylformamide. 
The result again demonstrated the existence of 1 : 1 
electrolyte in solution. Thus, we may conclude that 
Cu(py-3-2-nso)X ( X = C 1 , Br) as well as Cu(R-2-2-nso)X 
( X = C 1 , Br) contains a five- and a four-coordinate 
copper(II) ions in solution, which are reduced at 
Ä S + 0 . 1 5 and % - 0 . 5 V , respectively. 
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Higher-carbon carbohydrates, undecose, and dodecose derivatives have been synthesized by base-catalyzed 
addition between nitro sugar and sugar aldehydes. The addition reaction of 3,5-0-benzylidene-6,7-dideoxy-
l,2-0-isopropylidene-7-nitro-a-D-£/uco-heptofuranose (3) with 2,3 : 4,5-di-O-isopropylidene-D-arabinose yielded 
two isomeric dodecose derivatives. The analogous addition of 3 with 2,4-0-ethylidene-D-erythrose afforded an 
undecose derivative. 

The nucleoside antibiotics tunicamycins exhibit 
broad-spectrum anti tumor activity.1) They have a 
unique common structure, consisting as they do of 
uracil, fatty acids, and an undecose derivative named 
tunicamine as the carbohydrate moiety, together with 
JV-acetyl-D-glucosamine. The tunicamine is, in turn, 
bound to the uracil residue, designated as the tunicamin-
yl uracil5) (Scheme 1). 

H H H OH 

RHN 

OH OH 

Tunicamine R=0H R'=H R*=H 

Cf^N' 

^ A , 9 H H/CH3 

Tunicamycins R= £ J R = ~ c | f c ( C H z ) n C \ cH 3 

n = 8.9,10,11 

H0CH2 0 

R = 

Scheme 1. 

L HO' 

The higher-carbon carbohydrates, such as undecose 
and decose derivatives, have been found in other 
nucleoside antibiotics, anthelmycin (hikizimycin),2»3) 
and sinefungin.4) 

Since carbon-chain elongation toward the higher-
carbon carbohydrates has not been well established, a 
synthesis of tunicamine is an attractive challenging 
target for a carbohydrate chemist. In synthetic chemi­
stry, several methods of preparing higher-carbon sugar 
have been described in the literature.6-10) More recently, 
two undecose derivatives have been prepared by a 
method involving the condensation of galactose 6-
phosphorane with two pentose aldehydes.11) A 
hexadecose derivative has been synthesized by the 
oxidative dimerization of acetylenic sugar, followed by 
catalytic hydrogénation.12) 

As one of the methods of lengthening a carbon-chain 
in carbohydrates, the base-catalyzed addition of nitro-
alkanes with aldehyde has been applied;1 3 - 1 6) such 
reactions have been widely used for ascensions of sugar 
chains.17-19) However the reagents are restricted to low-
molecular-weight nitro compounds, such as nitro-
methane,20) nitroethane,21) and nitroethanol.22»23) 
Furthermore, neither the reaction of nitro sugar with 

aldehyde nor that of nitro sugar with sugar aldehyde has 
been described in the literature as a synthetic approach 
to a higher-carbon carbohydrate. Therefore, as a 
preliminary synthetic study toward the tunicamine, the 
possibility of the formation of higher-carbon sugar by 
the addition reaction between nitro sugar and sugar 
aldehyde has been explored. In the present article 
we wish to report the development of addition reactions 
for undecose and dodecose derivatives. 

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

The addition of 3,5-0-benzylidene-6,7-dideoxy-l,2-
O-isopropylidene-7-nitro-a-D-^/wco-heptofuranose (3) to 
2,3 : 4,5-di-O-isopropylidene-D-arabinose24) (4) and 2,4-
O-ethylidene-D-erythrose25) (9) afforded dodecose (5 and 
6) and an undecose derivative (10) respectively. 

As a starting material, the readily accessible 3,5-0-
benzylidene-1,2-0- isopropylidene - a- D - glucofuranose26) 
(1) was used. The oxidation of 1 by the Pfitzner-MofTatt 
method27,28) afforded 3,5-0-benzylidene-l,2-0-isoprop-
ylidene-a-D-£/tt£o-l,6-dialdo-l,4-furanose, which was fur­
ther converted to the 7-nitro compound (2) in a 6 1 % 
yield by adding ni tromethane in the presence of sodium 
methoxide in methanol. 

The dehydration of 2 with acetic anhydride in 
chloroform, followed by hydrogénation with sodium 
borohydride, produced the 6-deoxy-7-nitro compound 
(3) in a 4 7 % yield. 

When 3 reacted with the arabinose derivative, 4, in 
the presence of sodium methoxide, a mixture of two 
isomeric dodecose derivatives (5 and 6) was obtained 
in a 4 4 % yield after chromatography. Attempts were 
made to isolate each compound, but only 6 was isolable 
as crystals. T h e structure of 6 was established by 1 H 
N M R and I R as 3,5-0-benzylidene-6,7-dideoxy-l,2: 
9,10 : l l ,12-tr i -0- isopropylidene-7-ni t ro-a-dodeco-l ,4-
furanose. 

The catalytic hydrogénation of the mixture of 5 and 
6 in ethyl acetate in the presence of Raney nickel 
afforded a crude mixture of reduction products. T h e 
subsequent N-acetylation of this mixture, followed by 
chromatography, produced two crystalline JV-acetyl-
aminodideoxydodecoses (7 and 8) in 51 and 24% yields 
respectively. 

T h e structures of 7 and 8 were determined by means 
of the 2 H N M R and mass spectra. The ^ N M R 
spectrum of 7 revealed 18 proton signals at Ô 1.2—1.5 
attributable to the three O-isopropylidene groups, and a 
sharp singlet of 3-protons at ô 1.85 attributable to the 
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acetamido group. The mass spectrum of 7 yielded the 
molecular ion peak [M+] at m\e 593 and the fragmenta­
tion peak [M+—15] at m\e 578. T h e 1H N M R spectrum 
of 8 showed patterns of the signals similar to those 
observed for 7. The mass spectrum of 8 gave the same 
ion peaks at mje 593 and 578. Concerning the stereo­
chemistry of the two newly introduced chiral centers 
on C-7 and 8 of the compounds, four diastereomers are 
theoretically possible, but these configurations have not 
yet been established. 

An analogous addition reaction was carried out 
between 3 and 9 to give a mixture of the two products. 
Only the main component (10) was isolated as homoge­
neous crystals in a 3 2 % yield by chromatography. The 
catalytic hydrogénation of 10 in the presence of Raney 
nickel, followed by iV-acetylation, afforded the JV-acetyl-

aminodideoxyundecose (11). 
I t has been demonstrated by the present study that a 

higher-carbon carbohydrate is prepared by a base-
catalyzed addition between a nitro sugar and a sugar 
aldehyde. T h e reaction proceeds quite smoothly and 
can be used as a general method for the synthesis of 
higher-carbon complex carbohydrates. 

Experimental 

General Methods. The melting points were taken in 
capillary tubes in a liquid bath and are uncorrected. Solutions 
were concentrated under reduced pressure below 50 °C. The 
IR spectra were measured with a Hitachi 225 spectrophotom­
eter and are expressed in reciprocal centimeters. The XH 
NMR spectra were obtained on a Varian EM-360A (60 MHz) 
spectrometer. The chemical shifts are reported as <5 values 
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in parts per million relative to tetramethylsilane as an internal 
standard. The mass spectra were obtained with a Hitachi 
RMU-6MG spectrometer. The TLC was performed on 
precoated silica gel 60 F-254 plaques (Merck, Darmstadt; 
Art. 5715, 0.25 mm thickness). The silica-gel columns used 
for chromatography utilized Wako gel C-200 (Wako Pure 
Chemical Industries, Ltd.). 

3,5-O-Benzylidene-l-deoxy-1,2 - O - isopropylidene- 7 - nitro - a - DL -
glycero-D-gluco-/te/Mo-l,4-;/«rflrao.ye (2). Into a solution of 
3,5-O-benzylidene-1,2-0- isopropylidene - a - D - glucofuranose26> 
(1, 2.0 g) in benzene (8 ml) and dimethyl sulfoxide (16 ml) 
we stirred dichloroacetic acid (0.4 ml), dicyclohexylcarbo-
diimide (2.0 g), and pyridine (0.8 ml) under ice cooling. After 
the mixture was stirred for 5 h at an ambient temperature, 
a suspension of oxalic acid (2.0 g) in methanol (2.0 ml) was 
added to the solution. The mixture was then diluted with 
cold water (20 ml) and extracted with chloroform. The 
chloroform layer was washed with a NaHC0 3 solution and 
brine, dried over Na2S04 , and concentrated. To a solution 
of the residue in methanol (20 ml) we added nitromethane 
(6 ml) and 1 M methanolic sodium methoxide (6.5 ml). 
After standing I h, the solution was neutralized with Amberlite 
IR-120B (H+) resin and concentrated. The resdiue was 
chromatographed on a silica-gel column using 1:10 (v/v) 
2-butanone-toluene ; the product was then recrystallized from 
benzene-cyclohexane to give 1.45 g (61%) of 2; mp 176.5— 
177.5 °C, [a]24 - 5 8 ° (c 0.5, chloroform). IR(KBr) 3520 
(OH), 1565, 1395 cm-1 (N02). 

Found: C, 55.30; H, 5.74; N, 3.64%. Calcd for C17H21-
N 0 8 : C, 55.58; H, 5.76; N, 3.81%. 

3,5-0-Benzylidene-6,7-dideoxy-1,2-0-isopropylidene-7-nitro - a - D -
g\uco-hepto-l,4-furanose (3). Into a suspension of 2 
(1.28 g) in chloroform (22 ml) we stirred acetic anhydride 
(1.56 ml) and pyridine (0.8 ml). After 5 h, the chloroform 
solution was washed with a NaHC0 3 solution, and cold 
water, dried over Na2S04 , and concentrated. NaBH4 (0.8 g) 
was added to a solution of the residue in ethanol (30 ml). 
After 1 h, the solution was neutralized with Amberlite IR-
120B (H+) resin and concentrated. The residue was re-
crystallized from ethanol to give 614 mg (47%) of 3; mp 

(c 1.0, chloroform). IR(KBr) 1555, 

Calcd for C17H21-

11,12-tri-O-isopropyl-
To a solution 

154 °C, [a]24 +89° 
1387 cm-1 (N02) . 

Found: C, 58.07; H, 5.97; N, 3.93%. 
N 0 7 : C, 58.11 ; H, 6.02; N, 3.99%. 

3,5-0-Benzylidene-6,7-dideoxy-1,2: 9,10 : 
idene-7-nitro-OL-dodeco-i,4-furanose (5 and 6). 
of 3 (0.5 g) and 2,3: 4,5-di-0-isopropylidene-D-arabinose24> 
(4, 1.6 g) in methanol (4 ml) and tetrahydrofuran (3 ml) we 
added 1 M methanolic sodium methoxide (2 ml) under ice 
cooling. After 3 h at an ambient temperature, the solution 
was neutralized with Amberlite IR-120B(H+) resin and con­
centrated below 30 °C. The residue was chromatographed 
on a silica-gel column using 20: 1 (v/v) chloroform-ethyl 
acetate. Fractions homogeneous on TLC (Rf 0.25) in 5: 1 
(v/v) chloroform-ethyl acetate gave 75 mg of 6 as crystals; 
mp 149—150 °C, [a]23 +38.4° (c 0.55, methanol). IR(KBr) 
3440 (OH), 1560, 1385 (NO,), 760, 705 cm-1 (C6H6). 

Found: C, 57.58; H, 6.58; N, 2.47%. Calcd for C28H39-
N 0 1 2 : C, 57.82; H, 6.76; N, 2.42%. 

Compound 5 (Rt 0.34 on TLC) was not obtained as pure 
crystals. The total yield of the mixture of 5 and 6 was 44% 
(361 mg). 

7-Acetamido-3,5-0-benzylidene-6, 7-dideoxy-l, 2: 9,10: 11,12-tri-
0-isopropylidene-oi-dodeco-l,4-furanose (7 and 8). A solution 
of the mixture of 5 and 6 (75 mg) in ethyl acetate (5 ml) was 
hydrogenated in the presence of Raney nickel at an initial 
H2 pressure of 2.7 kg/cm2 for 18 h. The catalyst was then 
filtered off, and the filtrate was concentrated. The iV-acetyla-
tion of the residue with acetic anhydride (0.3 ml) in methanol 
(3 ml) was followed by purification by column chromatog­
raphy, using 1: 1 (v/v) chloroform-ethyl acetate, to give 
39 mg (51%) of 7 and 18 mg (24%) of 8. 

7: M p 126—127 °C, [a]23 +24.6° (c 0.3, methanol), Rt 0.29 
on TLC in 1: 2 (v/v) chloroform-ethyl acetate. lH NMR 
(CDC13) Ô 1.2—1.5 (m, 18, 3C(CH3)2), 1.85 (s, 3, NAc), 
5.84 (s, 1, benzylidene CH), 5.98 (d, 1, J l i 2 = 3 H z , H- l ) ; 
mass spectrum m/e 593 [M+], 578 [M+-15] . ' 

Found: C, 60.46; H, 7.27; N, 2.39%,• Calcd for C30H43-
N O u : C, 60.70; H, 7.30; N, 2.36%. 

8: Mp 188—189.5 °C, [a]23 +60.8° {c 0.67, methanol) 
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Rf 0.18 on TLC in the same solvent, *H NMR (CDC13) 
Ô 1.3—1.5 (m, 18, 3C(CH3)2), 1.96 (s, 3, NAc), 5.84 (s, l, 
benzylidene CH), 6.00 (d, 1, Jx 2 = 3 Hz, H-l) ; mass spectrum 
m/e 593 [M+], 578 [M+-15] . 

Found: C, 60.46; H, 7.21; N, 2.37%. Calcd for C30H43-
N O u : C, 60.70; H, 7.30; N, 2.36%. 

3,5-0-Benzylidene-6,7-dideoxy-9,11-O - ethylidene - /, 2- O - isopro-
pylidene-7-nitro-cc-i>'Undeco-1,4-furanose (10). Into a solution 
of 3 (368 mg) and 2,4-0-ethylidene-D-erythrose26> (9, 300 mg) 
in tetrahydrofuran (3 ml) and methanol (2 ml) we stirred 1 M 
methanolic sodium methoxide (1.2 ml). After 3 h, the 
reaction solution was worked up analogously to the prepara­
tion of 5 and 6 to give 167 mg (32%) of 10 as crystals; mp 
81— 83 °C, [a]i6 +33.4° (<; 0.35, methanol). IR(KBr) 3430 
(OH) 1555, 1380 cm"1 (N02), XH NMR(CDC13) <5 1.33, 
1.50 (2s, 6, C(CH3)2), 5.60 (s, 1, benzylidene CH), 6.00 (d, 
1, y i t 2 = 3 H z , H-l), 7.33 (broad s, 5, C6H6). 

Found: C, 55.79; H, 6.30; N, 2.88%. Calcd for C23H31-
N O n : C, 55.53; H, 6.28; N, 2.82%. 

Two components were detectable on TLC in the crude 
product, but the other component was not obtained as a pure 
crystalline product. 

7-Acetamido-3,5-0-benzylidene-6, 7-dideoxy-9,11 -O-ethylidene-
1,2-O-isopropylidene-cc-D-undeco-1,4-furanose (11). A solution 
of 10 (101 mg) in ethyl acetate (3 ml) was hydrogenated and 
subsequently worked up analogously to the preparation of 7 
and 8 to give 48 mg (46%) of 11; mp 85—86 °C, [a]£4 +8.4° 
{c 0.5, methanol). IR(KBr) 3390 (OH), 1650 cm"1 (C=0). 
1U NMR (CDC13) Ô 1.27 (d, 3, 7 = 4 . 5 Hz, ethylidene CH3), 
1.33, 1.50 (2s, 6, C(CH3)2), 1.73 (s, 3, NAc), 5.62 (s, Î, benzyl­
idene CH), 5.98 (d, 1, y i 2 = 3 H z , H-l), 7.37 (broad s, 5, 
C«H5). 

Found: C, 59.06; H, 6.97; N, 2.97%. Calcd for C25H35-
NO10: C, 58.93; H, 6.92; N, 2.74%. 

The authors wish to thank Professor Gakuzo Tamura , 
Tokyo University, for his helpful suggestions. They also 
wish to express their appreciation to Mr . Mikio 
Munakata , Meiji Seika Kaisha, Ltd., for the mass 
spectral data , to Mr. Saburo Nakada for the elemental 
analyses, and to Mr. Hiderou Kitasato for some ex­
ploratory experiments related to the work descrived 
herein. 
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Treatment of tetrakis(ALbenzyloxycarbonyl)-6"-0-tritylkanamycin A with sodium hydride in JV,JV-dimethyl-
formamide, followed by chromatography, afforded 4',6' : 3",4"-, and 4',6' : 2",3"-bis (cyclic carbamate) and 3",4"-
and 2",3"-mono(cyclic carbamate) (2, 3, and others). The structures of the position isomers 2 and 3 were deter­
mined by the NMR spectra at 500 MHz of their JV-tosyl-O-acetyl derivatives. 

Simultaneous protection of vicinal trans-equatorial 
amino and hydroxyl groups of amino sugars is very 
advantageous in aminoglucoside synthesis. For this 
purpose we previously reported an efficient and facile 
procedure1-2) involving formation of a cyclic ca rbamate ; 
this procedure has been widely applied. In this paper, 
we describe the separation and structural determination 
of the isomeric carbamate derivatives of kanamycin A 
as an example of the carbamate formation of complex 
aminoglycosides. 

One method2) for the preparat ion of cyclic carbamate 
is to treat an JV-benzyloxycarbonyl derivative with 
sodium hydride in JV,N-dimethylformamide (DMF) . In 
the case of kanamycin A, 4 ' ,6 ' : 2",3"-bis(cyclic 
carbamate) and/or 4 ' ,6 ' : 3",4"-bis(cyclic carbamate) 
are expected to be formed by this t reatment . 

Tetrakis ( 7V-benzyloxy car bonyl) kanamycin A3) gave 
several products which could not be separated4) by 
chromatographic separation in pure states owing to 
their low solubility in common organic solvents. Similar 
t reatment of tetrakis(JV-benzyloxycarbonyl)-4",6"-0-
cyclohexylidenekanamycin A3) did not improve the 
purification. In order to enhance the solubility of the 
products, we introduced a trityl group and prepared 
tetrakis(7V-benzyloxycarbonyl)-6"-0-tritylkanamycin A 
(1). This compound was soluble in most common 
organic solvents. Trea tment of 1 with sodium hydride 
in D M F , followed by separation of the products by 
column chromatography, gave two isomers of mono-
(4,4'; 10% in total) and di-carbamates (2 and 3, 6 2 % 
in total in the ratio of about 5 : 2 ) . All products isolated 
showed the absorption peak at 1760 c m - 1 , indicating the 
presence of a five-membered cyclic carbamate.1) N M R 
spectra and elemental analysis showed that 2 and 3 
had two benzyloxycarbonyl groups and 4 and 4 ' had 
three. 

In order to determine the structures of 2 and 3, 
several derivatives were prepared. When 2 or 3 was 
hydrolyzed with a limited amount of bar ium hydroxide, 
the cyclic carbamate rings were cleaved selectively to 
give the same product, l,3-bis(N-benzyloxycarbonyl)-6"-
O-tritylkanamycin A. Tosylation of the product gave a 
di-iV-tosyl derivative (5). Acidic hydrolysis (with 8 M 
aqueous H C l - E t O H = l : 1 at 100 °C) of 5 followed 
by detection by T L C of the hydrolyzates showed a 
single ninhydrinpositive spot for 2-deoxystreptamine, 
but no spots corresponding to 6-amino-6-deoxy- and 
3-amino-3-deoxy-D-glucose or their glucosides were 
observed. This indicates the location of the tosyl groups 
of 5 at 6'- and 3"-amino groups; it is therefore clear 
that the same amino groups in 2 and 3 are protected 

by the cyclic carbamates. This result was further 
supported by another experiment. Catalytic hydrogeno-
lysis of the benzyloxycarbonyl groups of 2 and 3, 
followed by tosylation of the products, gave 1,3-di-JV-
tosyl derivatives (7 and 11). O n cleavage of the cyclic 
carbamates followed by acidic hydrolysis, those deriva­
tives gave 3-amino-3-deoxy- and 6-amino-6-deoxy-D-
glucose (detected by T L C ) , a result which supports 
the structures of 7 and 11. 

The structures of the position isomers 2 and 3 were 
clarified by high-resolution N M R spectra of their tri-O-
acetyl derivatives. Acetylation of 2 and 3 in the usual 
manner gave the tri-O-acetyl derivatives (8 and 12). 
In the N M R spectra of 12 at 200 MHz, H-2 ' appeared 
as a quartet at ô 5.35, ( 7 = 3 . 5 and 10 Hz), and, H-3 ' 
and H-4" appeared as triplets at ô 6.27 ( 7 = 1 0 Hz) and 
5.76 (J =9 Hz) . The assignments were made from 
their shift and J values and suggested that the five-
membered cyclic carbamate of 12 is formed between the 
3"-amino and 2"-hydroxyl groups; therefore, 8 was 
deduced to have the 3",4"-carbamate structure. These 
results were further verified by the N M R spectra at 
500 M H z of 9 and 13, which were obtained from 8 and 
12 by catalytic hydrogenolysis followed by JV-tosylation. 
In the N M R spectrum of 9, H-2 ' and H-2" appeared as 
quartets at ô 5.30 and 5.51, respectively, and H-3 ' 
appeared as a triplet at 5.80. In the N M R spectrum 
of 13, H-2 ' appeared as a quartet at ô 5.30 and H-3 ' 
and H-4" appeared as triplets at 6.04 and 5.69. These 
assignments were confirmed by the decoupling method. 
These results clearly showed that 9 and 13, and con­
sequently 2 and 3, have the 3",4"-iV,0- and 3",2"-iV,0-
carbonyl structure, respectively. It is noteworthy that 
the yield of the 3",4"-iV,0-carbonyl derivative (2, 38%) 
dominates over that of 3",2"-derivative (3, 15%) in 
contrast to the results for the 3",2"-7V,0-carbonyl 
structure given by K u m a r et a/.4) Debenzyloxycarbonyl 
derivatives (10 and 14) could not be obtained in pure 
state from 2 and 3, but they will be usable as key 
intermediates for derivations of the 1- and 3-amino 
groups of kanamycin A. 

Similarly, the minor products 4 and 4 ' were deter­
mined to be monocarbamates. The mixture of 4 and 
4 ' was subjected to sequential mild alkaline hydrolysis 
and iV-tosylation to afford 3"-JV-tosyl derivative (6). 
Acid hydrolyzate of 6 showed, on T L C , two ninhydrin­
positive spots of 2-deoxystreptamine and 6-amino-6-
deoxy-D-glucose, suggesting that cyclic carbamate was 
formed at the 3"-amino group. When the mixture of 
4 and 4 ' was hydrogenated and then tosylated, two 
products (15 and 16) were obtained in a ratio of 2.4 : 1. 
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N M R spectra and elemental analysis of 15 and 16 
showed that each has three tosyl groups. Decarbama-
tion of 15 and 16 with bar ium hydroxide, followed by 
acidic hydrolysis, gave 3-amino-3-deoxy-D-glucose as 
the sole ninhydrin-positive product (checked by T L C ) , 
showing that 4 (and 4') is 3",2"- or 3",4"-cyclic 
carbamate. The position of the cyclic carbamate in 
4 and 4 ' remains unsolved. 

Exper imenta l 

XH-NMR spectra were recorded at 90, 200, and 500 MHz 
with Varian EM-390, Varian XL-200, and Bruker WM-500 
spectrometers, respectively. TLC was performed on Wakogel 
B-5 and E. Merck silica gel with sulfuric acid spray for detec­
tion and on microcrystalline Avicel SF (Funakoshi Co.) with 
the spray of 0.5% ninhydrin in pyridine. In the latter case, 
the solvent system of 1-butanol-pyridine-water-acetic acid 
( 6 : 4 : 3 : 1 ) was used as developer. For column chromatog­
raphy, silica gel (Wakogel C-200) was used. On the descrip­
tion of reprecipitation, substance was dissolved in the first-

cited solvent, and precipitated by adding the last-cited solvent. 
1,3,6',3"- Tetrakis(N-benzyloxycarbonyl)-6''-0-tritylkanamycin A 

(1). To a solution of tetrakis(JV-benzyloxycarbonyl)-
kanamycin A3> (3.00 g) in dry pyridine (30 ml), trityl chloride 
(4.14 g, 2 mol equivalents for the starting material) was added 
and the solution was kept at room temperature for 18 h. The 
solution showed, on TLC with chloroform-ethanol (15 : 1), a 
major spot at Rt 0.3 (1). After addition of water (3 ml), the 
solution was poured into an ice-cold aqueous saturated sodium 
hydrogencarbonate (300 ml) with stirring. The mixture was 
extracted with chloroform (100 mix4) and the chloroform 
solution was washed with aqueous sodium hydrogencarbonate 
and concentrated with several additions of toluene to give a 
pale yellow solid (6.76 g). The solid was chromatographed 
over silica gel with benzene as the developer to remove tri-
phenylmethanol, then with ethyl acetate-chloroform (7 : 1) to 
elute 1, 2.98 g (80%). The solid was reprecipitated from 
chloroform-hexane, [<x]£5 +64° (c 1, dioxane). 

Found: C, 65.35; H, 5.96; N, 4.39%. Calcd for C69H74-
N 4 0 1 9 : C, 65.60; H, 5.90; N, 4.44%. 

Reaction of 1 with Sodium Hydride in DMF (Formation of 2, 3, 4, 
and 4'). To an ice-cold solution of 1 (20.1 g) in dry 
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DMF (200 ml), 50% oily sodium hydride (5.02 g, 6.6 mol 
equivalents for 1) was added under nitrogen atmosphere and 
the mixture was stirred at 5 °G for 13 h whereupon a slurry 
resulted. On TLG with chloroform-ethanol (7 : 1), the 
slurry showed four spots: Rf 0.36 (trace), 0.30 (4, minor), 0.24 
(3, minor), and 0.21 (2, major). The slurry was poured into an 
ice-cold 1% acetic acid solution (1.61) and the mixture was 
extracted with chloroform (0.51x4). The chloroform solu­
tion was washed with aqueous sodium hydrogen carbon ate and 
water, dried over sodium sulfate and concentrated with several 
additions of xylene to give a syrup, which was washed with 
ether. The resulting pale brown solid (16.9 g) was charged 
on a silica gel column and eluted with chloroform-ethanol 
(8 : 1). From the earlier fractions, a mixture of l,3,6'-tris-
( JV-benzyloxycarbonyl) -3", 2" - N, 0 - carbonyl - 6" - 0 - tr itylkana-
mycin A (4) and its 3",4"-iV,0-carbonyl isomer (4') were 
obtained, 1.79 g (10%). This mixture was reprecipitated 
from chloroform-ether, [oc]£5 +60° (c 1, dioxane) ; IR (KBr): 
1760 (five-membered cyclic carbamate), 1700, 1520 cm - 1 . 

Found: C, 64.45; H, 5.77; N, 4.81%. Galcd for C62H66-
N 4 0 1 8 : G, 64.46; H, 5.76; N, 4.85%. 

From the middle fractions, a solid of l,3-bis(iV-benzyloxy-
carbonyl)-6',4': 3", 2''-di-iV,0-carbonyl-6''-0-tritylkanamycin 
A (3), 2.56 g (15%), was obtained. Since the solid was 
slightly contaminated with 2, 4, and 4', it was purified by 
column chromatography and then reprecipitated from 
dioxane-water, [a]** +46° (c 1, dioxane); IR (KBr): 1760 
(five-membered cyclic carbamate), 1700, 1510 cm -1 . 

Found: G, 62.21; H, 5.47; N, 5.15%. Galcd for G55H58-
N 4 0 1 7 - H 2 0 : G, 62.02; H, 5.68; N, 5.26%. 

From the last fractions, a solid of l,3-bis(iV-benzyloxy-
carbonyl)-6',4': S^^^-di-^O-carbonyl-e^-O-tritylkanamycin A 
(2), 6.33 g (38%), was obtained. Since the solid was slightly 
contaminated with 3, it was further purified by column 
chromatography and then reprecipitated from chloroform-
ether, [a]*5 +55° (c 1, dioxane); IR (KBr): 1760, 1700, 1510 
cm -1 . 

Found: G, 63.32; H, 5.71; N, 5.33%. Galcd for G55H58 

N 4 0 1 7 : C, 63.09; H ; 5.58; N. 5.35%. 
From the fractions between the middle and the last fractions, 

an additional mixture of 2 and 3 (1.50 g, 9%) was obtained. 
l,3-Bis(N-benzyloxycarbonyl) -6', 3"-di - N - tosyl - 6" - O-tritylkana-

mycin A (5). a) From 2: To a solution of 2 (101 mg) in 
aqueous acetone (1 : 10, 5.5 ml), Ba(OH)2»8H20 (37 mg) was 
added; the mixture was then stirred at 60 °G for 26 h. More 
Ba(OH)2*8H20 (15 mg) was added and the mixture was 
stirred for an additional 3 h. The resultant mixture showed, 
on TLG with chloroform-methanol-8% ammonia (1 : 1 : 1, 
lower layer), spots ofi?f 0.36 (trace), 0.22 (trace), 0.13 (major), 
and 0.05 (slight). After introduction of carbon dioxide, the 
mixture was filtered and the solid was washed thoroughly with 
dioxane. The filtrate and the washings were combined and 
concentrated to give a solid, 94 mg. To an ice-cold solution 
of the solid (94 mg) in aqueous dioxane ( 1 : 6 , 2.5 ml). 
anhydrous sodium carbonate (24 mg) and tosyl chloride (42 
mg) were added and the mixture was stirred at 5 °G for 15 h. 
On TLG with chloroform-ethanol (15 : 1), the mixture showed 
spots of R{ 0.39 (trace), 0.34 (trace), 0.20 (5, major), and 0.05 
(slight). The mixture was poured into ice-water and the 
precipitate was filtered, washed with water and ether, and 
dried. The solid (94 mg) was chromatographed over silica 
gel with chloroform-ethanol (15 : 1). Concentration of the 
fractions containing only 5 gave a colorless solid, 42 mg (32%), 
[a]J5 +60° (c 1, chloroform); IR (KBr): 1710, 1520, 1320 
("aSS02), 1150(i>sSO2) cm - 1 ; ^ - N M R (pyridine-^) : Ô2A0 
and 2.12 (each 3H s, GH3 of Ts). 

Found: C, 61.52; H, 5.77; N, 4.18; S, 4.98%. Galcd for 

G67H74N4019S2: G, 61.74; H, 5.72; N, 4.30; S, 4.92%. 
b) From 3 : Compound 3 (58 mg) was treated as described 

above to give a solid of 5, 23 mg (31%), [a]** +63° (c 1, 
chloroform). The IR and 1H-NMR spectra were super­
imposable with those of 5 obtained in a). 

1,3,6'- Tris(N-benzyloxycarbonyl) - 3" -N- tosyl- 6" - O - tritylkana-
mycin A (6). To an solution of a mixture of 4 and 4' (99 
mg) in aqueous dioxane (2 : 3, 5 ml), Ba(OH)2 .8H20 (28 mg) 
was added and the mixture was stirred at 60 °G for 14 h. The 
resultant mixture was then treated as described for 5 to give a 
colorless solid, 92 mg. The solid was then treated with tosyl 
chloride (19 mg) and anhydrous sodium carbonate (11 mg) as 
described for 5 to give a solid of 6, 50 mg (46%), [<x]£5 +53° 
(c 0.8, chloroform); IR (KBr): 1710, 1520, 1320 (vas S02) , 
1150(vs S02) cm - 1 ; ^ - N M R (pyridine-^) : Ô 2.11 (3H s, GH3 

ofTs). 
Found: C, 63.37; H, 5.94; N, 4.16; S, 2.28%. Galcd for 

C68H74N4019S i : G, 63.64; H, 5.81 ; N, 4.37; S, 2.50%. 
6',4' : 3,,,4,,-Di-N,0-carbonyUl,3-di-N-tosyl-6,,-0-tritylkanamycin 
A (7). To a solution of 2 (53 mg) in aqueous dioxane 
(1 : 5 , 3ml), 0.2M aqueous hydrochloric acid was added 
until the pH became 4—5 ; the solution was then hydrogenated 
in the presence of palladium black at room temperature for 1.5 
h. During the reaction, pH was maintained at 4—5 by 
occasional additions of diluted hydrochloric acid. Palladium 
black was removed by filtration. To the ice-cold filtrate, 
anhydrous sodium carbonate (20 mg) and tosyl chloride (22 
mg) were added and the mixture was stirred at 5 °C for 15 h. 
The reaction mixture showed, on TLG with chloroform-
ethanol (7 : 1), a major spot at Rf 0.2 (7). Concentration to a 
small volume followed by addition of water gave a solid, which 
was washed with water and ether, and dried. The solid (46 
mg) was chromatographed over silica gel with the same solvent 
system to give 7, 42 mg (76%), [a]*5 - 3 ° (c 1, dioxane); IR 
(KBr): 1760, 1700, 1330, 1160cm-1. The absorption peak 
for amide II ( ^ 1510 cm -1) disappeared; ^ - N M R (pyridine­
' s ) : Ô 2.31 (6Hs, GH3ofTs). 

Found: G, 58.33; H, 5.50; N, 4.88; S, 5.72%. Calcd for 
C33H58N4017S2: C, 58.55; H, 5.38; N, 5.15; S, 5.90%. 

2,,3',2"-Tri-0-acetyl-l,3-bis(W-benzyloxycarbonyl)-6',4' : 3n,4"~ 
di-NiO-carbonyl-6n-0-tritylkanamycin A (8). To a solution 
of 2 (327 mg) in dry pyridine (6 ml), acetic anhydride (0.4 ml) 
was added and the solution was kept at room temperature for 
25 h. The solution showed, on TLG with chloroform-ethanol 
(7 : 1), a single spot of 8 (Rf 0.43). After addition of water 
(0.4 ml), the solution was concentrated in vacuo and the chloro­
form solution of the concentrate was washed with aqueous 
potassium hydrogensulfate and water, dried (Na2S04), and 
concentrated to give a colorless solid 332 mg (91%), [a]J5 

+ 80° (c 1, dioxane); ^ - N M R (pyridine-^): ô 1.73, 2.00, 
2.23 (each 3H s, Ac). 

Found: C, 62.52; H, 5.60; N, 4.61%. Galcd for C61H64-
N4O20: C, 62.45; H, 5.50; N, 4.78%. 

2',3',2"-Tri-0-acetyl-6',4f : 3'/'4*'-di-N,O-carbonyl-1,3-di-N-
tosyl-6"-O-tritylkanamycin A (9). To a solution of 8 (228 mg) 
in aqueous dioxane (1 : 10, 11 ml), 1 M hydrochloride acid 
was added until it became weakly acidic (pH^4) ; the solution 
was then hydrogenated in the presence of palladium black for 
2 h. During the reaction, pH was maintained at ^ 4 by 
occasional additions of 1 M hydrochloric acid. The solution 
was filtered and water (3 ml) was added. To this solution, 
anhydrous sodium carbonate (70 mg) and tosyl chloride (91 
mg) were added, and the mixture was treated as described 
for 7 to give a solid of 9 (after chromatography with chloro­
form-ethanol 15 : 1), 144 mg (61%), [a]*5 +73° (c 1, 
dioxane); IR (KBr): 1760 (broad), 1330, 1160cm-1; 1H-
NMR (pyridine-^) (at 500 MHz): ô 1.61, 2.01, 2.28, 2.32, 
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2.38 (each 3H s, Ac and CH3 of Ts), 3.31 (1H t, Jb, 6 , a= 
y6,a,6,b= 10 Hz, H-6' a), 3.41 (1H dd, y5„,6„ a=6 Hz, J^„h= 
10.5 Hz, H-6"a), 3.49 (1H dd, / 5 " , 6 „ b =3 Hz, 76„a ,6„b= 10.5 
Hz, H-6"b), 3.76 (1H, ddd, 76,b,NH = 4.5 Hz, 75,,6,b=6.5 
Hz, J6^h= 10 Hz, H-6'b), 4.34 (1H, t, y3, 4 , = y 4 , 5 , = 10 Hz, 
H-4'), 4.96 (1H, dt, y4,,5,=y5<.6<a=10Hz, /5 ,6 ,b=6.5 Hz, 
H-5'), 5.300 (1H, m, H-5"), 5.51 (1H, dd, y r , 2 „ = 3.5Hz, 
y2„ f 3„=10.5Hz, H-2"), 5.302 (1H, dd, y r , 2 , = 4 H z , y2 , ,3 ,= 
10 Hz, H-2'), 5.80 (1H, t, Jy 3 , = / 3 , 4, = 10 Hz, H-3'), 6.33 
(1H, d, y r > 2 , = 4 H z , H-1'), 6.47 (1H, d, Jlf,t2„ = 3.5Hz, 
H-1"). The signals assignable to H-5" cculd only be discerned 
after resolution enhancement. 

Irradiation at ô 5.30 (H-2' and 5") collapsed the quartet of 
H-6"a to a doublet, the quartet of H-6"b to a doublet, the 
triplet of H-3' to a doublet, and the doublet of H-1 ' to a 
singlet. Irradiation at ô 5.51 (H-2") collapsed the doublet of 
H-T to a singlet. Irradiation at ô 6.33 (H-1') collapsed the 
quartet of H-2' to a doublet. Irradiation at ô 6.47 (H-T) 
collapsed the quartet of H-2" to a doublet. 

Found: C, 58.02; H, 5.51; N, 4.35; S, 4.84%. Calcd for 
C59H64N4O20S2: C, 58.41; H, 5.32; N, 4.62; S, 5.29%. 

6',4'\ 3",4"-Di-N,0-carbonyl-6"-0-tritylkanamycin A (10). 
Compound 2 (550 mg) dissolved in ethanol-acetic acid (97 : 3, 
28 ml) was hydrogenated with palladium black as described 
before. Filtration followed by concentration gave a solid 
which was thoroughly washed with ether to give 10, 366 mg. 
The solid was slightly contaminated with an impurity of R{ 

0.39 (on TLC developed with the lower layer of chloroform-
methanol-20% acetic acid=5 : 7 : 5; cf10, 0.33). IR (KBr) : 
1760 (five-membered cyclic carbamate), 1700 cm - 1 (six-
membered cyclic carbamate). No peak for amide II (near 
1520 cm"1).4) 

6', 4' : 3V"-Z>i'-N, O-carbonyl-1, 3-di-N-tosyl-6"-0-tritylkan-
amycin A (11). Compound 3 (55 mg) was hydrogenated 
and tosylated as described for 7. The crude solid (46 mg, 
81%) obtained was chromatographed over silica gel with 
chloroform-ethanol (7 : 1) to give pure 11, 34 mg [a]J5 —1° 
(c 1, dioxane); Ir (KBr): 1760, 1700, 1330, 1160cm"1; XH-
NMR (pyridine-^) : ô 2.30 (6H s, CH3 of Ts). 

Found: C, 58.84; H, 5.52; N, 5.05; S, 5.72%. Calcd for 
C53H58N4017S2: C, 58.55; H, 5.38; N, 5.15; S, 5.90%. 

2',3',4"-Tri-0-acetyl-l,3-bis(N-benzyloxycarbonyl)-6',4' : 3",2"-
di-N,0-carbonyl-6ff-0-tritylkanamycin A (12). Compound 3 
(331 mg) was acetylated as described for 8 to give a solid of 
12, 344 mg (93%), [a]** +87° (c 1, dioxane); ^ - N M R 
(pyridine-^) (at 200 MHz) : ô 1.60, 1.77, 1.99 (each 3H s, 
Ac), 5.35 (1H, dd, Jv 2, = 3.5Hz, y2,,3,= 10Hz H-2'), 5.43 
(2H, AB q, C6H5CH2ÖCO, J= 12 Hz), 5.53 (2H s, C6H5-
CH2OCO), 5.76 (1H, t, 7 = 9 Hz, H-4"), 6.06 (1H, broad s, 
H-1"), 6.27 (1H t, 7 = 10 Hz, H-3'), 6.31 (1H, d, 7 = 3 . 5 Hz, 
H-r). 

Found: C, 62.21, H, 5.52; N, 4.56%. Calcd for C61H64-
N4O20: C, 62.45; H, 5.50; N, 4.78%. 

2',3',4"-Tri-0-acetyl-6'34' : 3",2"-di-N,0-carbonyl-1,3-di-N-
tosyl-6"-O-tritylkanamycin A (13). Compound 12 (246 mg) 
was hydrogenated and tosylated as described for 9. The 
crude solid (183 mg, 72%) was chromatographed over silica 
gel with chloroform-ethanol (15 : 1) to give pure 13, 173 mg 
(68%), [a]*5 +66° (c 1, dioxane); IR (KBr): 1750 (broad), 
1330, 1160 cm"1; ^ - N M R (pyridine-^) (at 500 MHz) : ô 
1.61, 1.78, 2.01 (each 3H, s, Ac); 2.32, 2.36 (each 3H, s, CH3 

of Ts), 3.13 (1H, dd, 75„,6„a = 4 Hz, J^t6„b= 10.5 Hz,H-6"a), 
3.369 (1H, dd, 75<<.6<<b=2 Hz, 7 r . a . r . b =10.5 Hz, H-6"b), 

3.374 (1H t, 75<.6<a=/6<a.6<b=10Hz, H-6'a), 4.41 (1H, t, 
7a' .4'=/4' .5'=10Hz, H-4'), 4.86 (1H, ddd, Jv.,,..b=2 Hz, 
75«.6"a=4Hz, 7 4„, 5„=10Hz, H-5"), 5.22 (1H, d t , / , . . , . „= 
6.5 Hz, 75<.6<a=74<.5<=10Hz, H-5'), 5.30 (1H, dd, Jv 2 ,= 
4Hz, 72,,3,= 10Hz, H-2'), 5.69 (1H, t, Jz„tv,=Jt„t5„=10 
H-4"), 6.04 (1H, t, 72<.3<=y3<.4< = 10Hz, H-3'), 6.14 (1H, 
d, J i ' .2 '=4 Hz, H-1'), 6.49 (1H, d, Jv.tV. = 2 Hz, H-1"). 

Irradiation at ô 4.86 (H-5") collapsed the quartet of H-6"a 
to a doublet, the quartet of H-6"b to a doublet, and the triplet 
of H-4" to a doublet. Irradiation at ô 5.22 (H-5') collapsed 
the triplet of H-4' to a doublet. Irradiation at ô 5.30 (H-2') 
collapsed the triplet of H-3' to a doublet and the doublet of 
H-1 ' to a singlet. Irradiation at ô 5.69 (H-4") collapsed the 
octet of H-5" to a quartet. 

Found: C, 58.13; H, 5.38; N, 4.35; S, 5.13%. Calcd for 
C59H64N4O20S2: C, 58.41; H, 5.32; N, 4.62; S, 5.29%. 

6',4': 3",2"-Di-N,0-carbonyl-6"'-O-tritylkanamycin A (14). 
Compound 3 ( 105 mg) was hydrogenated as described for 10 
to give a solid 14 (75 mg). The solid was slightly cont­
aminated with an impurity of Rf 0.39. (TLC with the lower 
layer of chloroform-methanol-20% acetic acid=5 : 7 : 5; 
cf. 14, 0.33) ; IR (KBr) : 1760, 1700 cm"1. No peak for amide 
II was observed. 

3\T'-(and 3",4"-)N,0-Carbonyl-l,3,6'-tri-N-tosyl-6*'-O-trityl­
kanamycin A (A Mixture of 15 and 16). A mixture of 4 
and 4' (526 mg) was hydrogenated and tosylated as described 
for 7. The reaction mixture showed, on TLC with chloroform-
ethanol (7 : 1), spots of Rf 0.46 (trace), 0.34 (15, major), and 
0.23 (16, minor). Concentration gave a syrup, which was 
washed with water and ether, and dried to give a solid. It 
was chromatographed over silica gel with chloroform-ethanol 
(12 : 1) to give 15, 234 mg (42%) and 16, 97 mg (18%). 

15: MS5 +32° (c 1, dioxane) ; IR (KBr) : 1760, 1320, 1160 
cm-1; XH-NMR (dioxane-</8-D20=9 : 1): ô 2.43 (6H, s, CH3 

of Ts), 2.47 (3H, s, CH3 of Ts). 
Found: C, 58.02; H, 5.59; N, 4.41; S, 7.69%. Calcd for 

C59H66018S3: C, 58.31; H, 5.47; N, 4.61 ; S, 7.91%. 
16: [a] J5 + 16° (c 1, dioxane) ; IR (KBr) : 1760, 1320, 1160 

cm-1; XH-NMR (dioxane-</8-D20 = 9 : 1): ô 2.42 (3H, s, CH3 

of Ts), 2.49 (6H, s, CH3 of Ts). 
Found: C, 58.04; H, 5.71; N, 4.34; S, 7.61%. 

The authors with to express their deep thanks to 
Prof. H a m a o Umezawa of the Institute of Microbial 
Chemistry for his encouragement. We are also indebted 
to Analytica Corp. (Tokyo) and Bruker Messtechnik 
G m b H for measurements of 200 and 500 M H z N M R 
spectra, respectively. 
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Syntheses of iV-Substituted 3,3,4-Triaryl- and 3,3,4,4-
Tetraphenyl-2-azetidinones 
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The reactions of 2-diazo-l,2-diphenylethanone with Schiff's bases Ar-CH=N-R gave new substituted 2-azeti-
dinones together with l,r,4,4'-tetraphenyl-2,2'-azinodiethanone. 2-Diazo-l,2-diphenylethanone reacts with 
iV-benzhydrylidene-W-phenylurea to give l-(phenylcarbamoyl)-3,3,4,4-tetraphenyl-2-azetidinone. 

The cycloaddition of diphenylketene with anils is 
known to form 2-azetidinones.1) Diphenylketene, in 
these cases, has been generated either thermally by 
dehydrohalogenation of suitable acid chlorides with 
tertiary bases2) or photochemically from diazo ketone.3) 
On the other hand, diphenylketene has been known 
to add on carbon-oxygen double bond in <x,/?-unsaturated 
ketones to give ß-lactones.4) We now report the cyclo­
addition of diphenylketene, generated in situ by thermal 
decomposition of 2-diazo-l,2-diphenylethanone (1), 
with Schiff's bases 2a—g leading to N-alkyl-2-azeti-
dinones 3a—g in fair yields. The reaction of diphenyl­
ketene with JV-benzhydrylidene-JV'-phenylurea (5), 
having three reactive sites (C=N, C=Ö, and NH), has 
shown that C=N group is attacked by diphenylketene 
in preference to either C=0 group or NH group. The 
products, 3a—g, show extraordinary stability amongst 
^-lactams6) towards common degradative reagents. 

Results and Discussion 

An equimolecular mixture of 2-diazo-l,2-diphenyl-
ethanone (1) and JV-benzylideneisopropylamine (2a: 
Ar=C6H5 , R=CH(CH3)2) was heated to reflux in dry 
benzene for 12 h under stream of nitrogen. The reac­
tion product was separated by fractional crystallization 
from hexane-ethanol (1 :1 ) and vacuum distillation ; it 
consisted of l,r,4,4'-tetraphenyl-2,2'-azinodiethanone 
(4, 2%) and l-isopropyl-3,3,4-triphenyl-2-azetidinone 
(3a, 85%). An authentic sample of product 4 was 
prepared according to method reported6) for comparison 
(IR, NMR, and also melting point). The structural 
assignment of 3a was made on the basis of its analytical 
and spectral data. 

Similar treatment of Schiff's bases 2b—f gave 2-
azetidinones 3b—f, identified on the basis of their 
analytical and spectral data, together with ketazine 
(4, 3—5%) in each case. 

The racemic N-benzylidene-a-methylbenzylamine 
(2g) on similar treatment gave two products, a white 
crystalline solid 3g (81%) and a yellow crystalline 
solid, identified as ketazine 4 (3%). The white crystal­
line solid, mp 94—95 °G, showed absorption band at 
1740 (C=0, ^-lactam2)) cm-1 in IR spectrum. The 
NMR spectrum of product exhibited two doublets at 
ô 1.47 and 1.92, two quartets at ô 4.32 and 5.01 and one 
singlet at ô 5.02 which may be due to presence of two 
enantiomeric forms of product 3g. This would be 
expected as the starting Schiff's base 2g is racemic. 
The elemental analyses and spectral data agree with 
assigned structure, ( ± ) l-(a-methylbenzyl)-3,3,4?tri-

phenyl-2-azetidinone (3g), to the product. 
The products 3a—g were found to be unaffected on 

treatment with ordinary alkali or acid, whereas, N-
aryl-2-azetidinones reported earlier6) have been known 
to undergo hydrolysis. The formation of products 
can be explained as in Scheme 1. 

Ph-C=N=N A P h - C : +i P h - C = N - N = C - P h 

P h - C = 0 

1 

-N. Ph-C = 0 P h - C = 0 0 = C - P h 

4 
Wolff rearrangement 

PhN w 
C=G=0 

P h ' 

3a 
3b 
3c 
3d 
3e 
3f 
3g 

Ar 
C6H5 

G6H6 

/>-CH3OC6H4 

/>-ClC6H4 

/,-N02C6H4 

HCH 3 ) 2 NC 6 H 4 
G«H6 

Scheme 1. 

Ars p u 
C=N-R y n 

2a-g P h - G - C = 0 

* H - G - N - R 
i 

Ar 

3a—g 

R 
GH(CH3)2 

CH(C6H6)2 

CH(G6H6)2 

CH(C6H5)2 

CH(C6H6)2 

GH(C6H6)2 

CH(CH3)CaH6 

Thermal decomposition of 1 may lead to benzoyl-
phenylcarbene which may combine with 1 to form 
ketazine 4. The benzoylphenylcarbene has been known 
to undergo Wolff rearrangement to give diphenyl­
ketene7) which on reaction with C=N bond of Schiff's 
bases 2a—g may lead to 2-azetidinones 3a—g through 
the collapse of a possible zwitterionic intermediate. 
A similar intermediate has been proposed in the reac­
tion of diphenylketene and iV-benzylideneaniline giving 
N-phenylimidate.8) 

When JV-benzhydrylidene-JV'-phenylurea (5) was 
allowed to react with 1, in an analogous manner, a 
white crystalline solid (70%) was obtained. The 
substituted urea 5 contains three possible reactive sites 
viz. G=N, C=0, and NH groups. It is known that 
interaction of ketene with C=N, C=0,i and NH groups 
leads to the formation of ^-lactam,8) /9-lactone9) (which 
on decarboxylation gives corresponding olefin) and 
acetyl derivative10) of NH group, respectively. The 
presence of an absorption bands at 1760 cm -1, charac­
teristic of a ^-lactam11) and 1710 (C=0, CONHn>) 
cm -1, absence of an absorption band between 1700 
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Ph O 

PhN ° P h - G - N - G - N H - P h 
1 + G = N - G - N H - P h • | | 

Ph/ P h - G - G = 0 
5 ' 
3 Ph 

6 
and 1600 c m - 1 in I R spectrum and absence of a signal 
between ô 6—5 in N M R spectrum strongly support 
the assigned structure, 1 - (phenylcarbamoyl) -3,3,4,4-
tetraphenyl-2-azetidinone (6), to the product. It 
appears that diphenylketene adds exclusively on the 
C=N bond in preference to either C = 0 or N H bonds. 
The N H bond in an amide does not react with diphenyl­
ketene.10) 

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

Melting points have been determined in capillaries on 
Büchi melting point apparatus and are uncorrected. The 
IR spectra were measured in Nujol mull on a Perkin-Elmer 
720-spectropho tome ter. The NMR spectra were recorded 
on Varian A-60 MHz spectrometer in CG14/GDG13 with TMS 
as an internal standard. 

Materials. The aldehydes were obtained from BDH, 
India and 1,12>-methylbenzylamine,13> benzhydrylamine,14) 
and iV-benzhydrylidene-iV'-phenylurea16) were prepared ac­
cording to reported methods. 

Preparation of Schiff9s Bases 2a—g. General Procedure: 
The Schiff's bases 2a—g were obtained by mixing equimolar 
amount of aldehyde and amine at room temperature. In 
all the cases, except 2a where purification was done by vacuum 
distillation, the products were purified by fractional crystal­
lization from ethanol. Yield: 80—85%. 

Preparation of 2-Azetidinones 3a—g. General Procedure: 
A mixture of 0.01 mol of 1 and 0.01 mol of a Schiff's base 
2a—g was heated to reflux in 80 ml of dry benzene (free 
from thiophene) for 12 h under stream of nitrogen. The 
reaction mixture was kept overnight. The solvent was re­
moved on rotatory evaporator and residual matter was 
crystallised from ethanol to give 2-azetidinone 3a—g. From 
the mother liquor l^'^^'-tetraphenyl^^'-azinodiethanone 
(4, 2—5%), mp 202—303 °G (lit,6) mp 202 °G) [UV (EtOH, 
nm): 255 and 315; IR (Nujol, cm"1): 1680 (G=0) and 1601 
(C=N-N=C); NMR (GDG13, Ô ppm): 8.30—7.20 (m, H, 
aromatic protons). Found: G, 80.35; H, 5.12; N, 6.83%. 
Galcd for G28H20N2O2: G, 80.75; H, 4.84; N, 6.73%] was 
recovered by evaporation of solvent and recrystallization of re­
sidual matter from hexane-ethanol (1 : 1 ). 

1-Isopropyl-3,3,4-triphenyl-2-azetidinone (3a) A yield of 
85% obtained, bp 165/0.01 mmHgt (mp 102—103 °G). UV 
(EtOH, nm): 250, 255, and 260; IR (GG14, cm"1): 1740 
(0=0, ^-lactam); NMR (GG14, ô ppm): 7.75—6.90 (m, 15H, 
aromatic protons); 5.31 (s, IH, GH, ring); 3.81 (Sept, IH, 
GH, isopropyl, J = 7 H z ) ; 1.37 and 1.15 (a pair of doublets, 
6H, GH3, isopropyl, J=7Hz). Found: C, 84.66; H, 6.72; 
N, 4.07%. Galcd for G24H23NO: G, 84.45; H, 6.74; N, 
4.11%. 

1-Benzhydryl-3\3,4-triphenyl-2-azetidinone (3b). A yield 
of 78% was obtained, mp 159—160 °G. UV (EtOH, nm) : 
250, 255, and 260; IR (Nujol, cm"1): 1742 (G=0, ^-lactam); 
NMR (GG14, ô ppm) : 7.73—6.87 (m, 25H, aromatic protons) ; 
5.61 (s, IH, GH, benzhydryl) ; 5.45 (s, 1H, GH, ring). Found: 
G, 87.50; H, 5.64; N, 3.24%. Galcd for G34H27NO: G, 
87.74; H, 5.80; N, 3.01%. 

t I m m H g ^ 133.322 Pa. 

1-Benzhydryl- 3,3-diphenyl- 4- (p-methoxyphenyl) - 2-azetidinone 
(3c). A yield of 6 1 % was obtained, mp 129—130 °G. 
UV (EtOH, nm) : 260, 265, and 270; IR (Nujol, cm"1) : 1730 
(G=0, ^-lactam) and 1250 (G-O-G); NMR (GG14, ô ppm): 
7.70—7.00 (m, 20H, aromatic protons) ; 6.80 and 6.65 (A2B2q, 
4H, aromatic protons, J=SHz); 5.67 (s, 1H, GH, benz­
hydryl); 5.27 (s, IH, GH, ring); 3.67 (s, 3H, GH, OGH3). 
Found: G, 84.83; H, 5.74; N, 3.04%. Galcd for G36H29N02: 
G, 84.84; H, 5.85; N, 2.83%. 

1-Benzhydryl- 3,3-diphenyl-4- (p-chlorophenyl) - 2-azetidinone (3d). 
A yield of 59% was obtained, mp 145—146 °G. UV (EtOH, 
nm): 250, 260, and 270; IR (Nujol, cm"1): 1735 (G=0, ß-
lactam) ; NMR (GG14, ô ppm) : 7.83—7.03 (m, 20H, aromatic 
protons); 6.97 and 6.71 (A2B2q, 4H, aromatic protons, J== 
9Hz); 5.65 (s, IH, GH, benzhydryl); 5.27 (s, 1H, GH, ring). 
Found: G, 81.79; H, 5.34; N, 2.72%. Galcd for C34H26-
NOG1: G, 81.68; H, 5.20; N, 2.80%. 

1-Benzhydryl-393-diphenyl-4-(p-nitrophenyl) -2-azetidinone (3e). 
A yield of 61% was obtained, mp 206—207 °C. UV (EtOH, 
nm): 278; IR (Nujol, cm"1): 1735 (G-O, ^-lactam), 1520 
and 1350 (N02) ; NMR (GDG13, ô ppm) : 8.05—7.00 (m, 24H, 
aromatic protons); 5.91 (s, IH, GH, benzhydryl); 5.57 (s, 
IH, GH, ring); Found: G, 79.80; H, 5.50; N, 5.45%. Galcd 
for G34H26N203: G, 80.00; H, 5.09; N, 5.49%. 

1-Benzhydryl- 3, 3-diphenyl-4- (p-dimethylaminophenyl) - 2-azeti­
dinone (3f). A yield of 62% was obtained, mp 150— 
151 °G. UV (EtOH, nm); 265: IR (Nujol, cm"1): 1730 
(G=0, 0-lactam) ; NMR (GG14, ô ppm) : 7.70—7.00 (m, 20H, 
aromatic protons) : 6.75 and 6.48 (A2B2q, 4H, aromatic 
protons, 7 = 9 Hz); 5.51 (s, IH, GH, benzhydryl); 5.17 (s, 
IH, GH, ring); 2.82 (s, 6H, GH, -N(GH3)2). Found: G, 
85.48; H, 6.54; N, 5.72%. Galcd for G36H32N20: G, 85.67; 
H, 6.29; N, 5.51%. 

1- (cL~Methylbenzyl) - 3,33 4-triphenyl-2-azetidinone (3g). A 
yield of 8 1 % was obtained, mp 94—95 °G. UV (EtOH, 
nm): 255, 260, and 265; IR (Nujol, cm"1): 1740 (G=0, ß-
lactam) ; NMR (GG14, ô ppm) : 7.67—6.90 (m, 20H, aromatic 
protons); 5.05 (s, 1H, GH, ring); 5.01 and 4.32 (a pair of 
quartets, IH, GH, GH(GH3)G6H5, J = 7 H z ) ; 1.92 and 1.47 
(a pair of doublets, 3H, GH, GH(GH3)G6H6, J = 7 H z ) . 
Found: G, 85.90; H, 6.45; N, 3.32%. Galcd for G29H25NO: 
G, 86.35; H, 6.20; N, 3.47%. 

Attempted Ring Opening of 3a—g. A mixture contain­
ing 0.20 g of 3a, 15 ml of 85% ethanol and 1 ml of concen­
trated hydrochloric acid was heated to reflux for 30 h. After 
the usual work up 0.18 g (90%) of starting material was 
recovered. Similar treatment of 3a—g with either 40% 
aqueous alkali (potassium hydroxide or sodium hydroxide) 
or saturated ethanolic potassium hydroxide solution resulted 
in recovery of starting material almost quantitatively. 

Preparation of l-(Phenylcarbamoyl)-3s3,4,4-tetraphenyl-2-azeti-
dinone (6). A mixture of 0.01 mol of 1 and 0.01 mol of 5 
was heated to reflux in 80 ml of dry benzene (free from thio­
phene) for 8 h under stream of nitrogen. The reaction 
mixture was kept overnight. The solvent was removed on 
rotatory evaporator and residual matter was recrystallized 
from ethanol to give a white crystalline solid 6 (70%), mp 
200—202 °G. UV (EtOH, nm): 235, 250, and 260; IR 
(Nujol, cm-1): 3310 (NH), 1760 (G=0, ^-lactam) and 1710 
(G=0, GONH-); NMR (GDG13, ô ppm): 9.10 (b, IH, NH, 
D 2 0 exchangeable); 7.83—7.05 (m, 25H, aromatic protons). 
Found: G, 82.77; H, 5.42; N, 6.01%. Galcd for G34H26-
N 2 0 2 : G, 82.59; H, 5.26; N, 5.68%. 

We are thankful to Professor B. M. Shukla for pro­
viding the facilities and to C.S.I.R., New Delhi, for 
grant of a fellowship to SBS. 
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Application to Michael Additions 
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A series of chiral onium salts derived from (L)-(-{-) -methionine have been examined for the catalysis of Michael 
additions in phase-transfer conditions. The chemical yields are high, but no asymmetric induction was observed. 
Catalyst 6 represents the first example of an onium salt anchored to a polimeric matrix having a higher catalytic 
efficiency than its soluble counterpart. 

In the last few years much interest has been aroused 
by stereoselective syntheses under phase-transfer con­
ditions in the presence of chiral "onium salts" as 
catalysts.1) The quaternary ammonium salts, usually 
derived from ephedra or cinchona alkaloids, must have 
a hydroxyl group in the ß-position to the "on ium" 
function in order for asymmetric induction and/or 
kinetic resolution1»2) to be observed. In the search for 
new chiral phase-transfer catalysts, we have now pre­
pared onium salts containing the SO group as an asym­
metric centre. The behaviour of the sulfinyl group, 
compared to other chiral groups, is indeed particularly 
influenced by ligands very different from each other 
from a stereoelectronic point of view; an oxygen, a 
lone pair and two aryl or alkyl groups. This accounts 
for the high conformational preference of sulfoxides 
as well as the high stereoselectivity in reactions involv­
ing chiral or prochiral groups a or ß to the sulfur 
moiety.3) 

For this reason we have investigated the behaviour 
of the chiral onium salts (1—2), derived from ( L ) - ( + ) -
methionine, in a series of reactions carried out under 
phase-transfer conditions. These are the Michael 
additions of nitromethane to trans-cha\cone and of 
thiophenol to 2-cyclohexen-l-one, [Reactions A and B 
respectively] and the addition of methyl vinyl ketone 

H 

P h - G = G - G - P h + GH3N02 • 
i ii 

H O 

Ph-GH-GH2-GO-Ph (Reaction A) 

CH 2 N0 2 

O 
II 

PhSH + 

GH2=GH-G-GH3 + 

\ / N S P h 

8 

(Reaction B) 

II 
O 

6 
CO.CH. 

O 
II 

X \ / \ GH2-GH2-C-GH3 

)< (Reaction C) 
G02GH3 

to methyl 1-oxoindan-2-carboxylate (Reaction C). 
For the sake of comparison the same reactions have been 
performed in homogeneous medium in the presence 
of catalytic amounts of catalysts 3 and 4. The effect 
of the binding of the catalyst to a polymeric solid sup­
port [catalysts 5 and 6] has also been examined. 

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

Synthesis of the Catalysts. All catalysts were pre­
pared starting from commercial ( L ) - ( + )-methionine 
(10), [a ]& +28 .7° . 

C H . - S -

GH, 

( + )N(Me)2GH2Ph 

1 Gl-

- S -GH2-GH2-GH-GH2OH 

6 ( + )N(Me)2CH2Ph 

2 Gl-

GH3- S -CH 2 -CH 2 -CH-CH 2 OH 

NMe2 

CHa 

GH, 

GHa 

The onium salt 1 was prepared by methylation of 
( + )-10, followed by reduction to give the alcohol 3 
and quaternarizat ion of the latter with benzyl chloride 
(Scheme 1). 

Similarly 2 was obtained by methylation of dia-
stereomerically pure4) (L)-methionine-öf-.S'-oxide (12), 
followed by esterification with diazomethane to give 
14, which was reduced to the alcohol 4 with LiAlH4 

and quaternarizated to 2 with benzyl chloride (Scheme 

The catalysts 5 and 6 supported on a polymeric 
matrix were prepared by reaction of alcohols 3 and 4 
with chloromethylated polystyrene in anhydrous D M F 

S-

6 

s-

* 

s-
II 
II 

o 

-CH2 

GH2 

GH2 

-CH2-CH-CH2OH 

NMe2 

4 

-CH2-CH-CH2OH 

(+)N(Me)2CH2-(g) 

5 Gl-

-CH2-CH-CH2OH 
i 

( + )N(Me)2CH2-® 

6 CI-



1842 Stefano BANFI, Mauro CINOQUINI, and Stefano COLONNA [Vol. 54, No. 6 

GH,- S -GH 9 -CH 9 -CH-COOH 

NH, 
10 

TABLE 1. MICHAEL ADDITIONS AT ROOM TEMPERATURE 

IN THE PRESENCE OF CHIRAL CATALYSTS 

1—6 IN TOLUENE AS SOLVENT 

CH 3 - S -GH 2 -CH 2 -GH-COOH • 

NMe2 

11 

CH„- S -GH 2-CH 2-CH-CH 2OH 

NMea 

Scheme 1. 

CH3- S -CH 2 -CH 2 -CH-GOOH 

Ô NH9 

12 

CH 3 - S -CH 2 -GH 2 -CH-COOH • 
n i 

O NMe2 

13 
* 

GH3— S —CH2—CH2—CH—G02GH3 • 

Ö NMe2 

14 

CH 3 -S-CH 2 -CH 2 -CH-CH 2 OH > 2 

6 NMe2 

4 

Scheme 2. 

as solvent (see Experimental) . 
Michael Additions. T h e reactions with catalysts 

1, 2, 5, and 6, were carried out at room temperature 
under solid-liquid phase-transfer conditions in toluene 
as solvent in the presence of an excess of solid K F . In 
the case of catalysts 3, 4 the reactions were performed 
in the same solvent and in the absence of the inorganic 
salt. 

The results collected in the Table show that con­
version into the Michael adducts is more efficient under 
phase-transfer conditions with catalysts 1, 2 than in 
homogeneous medium with catalysts 3 and 4. The 
difference is particularly noticeable in the nitromethane 
addition to trans-chalcone ; a reaction which occurs 
only in the presence of the onium salts and potassium 
fluoride. I n homogeneous medium methioninol S-
oxide (4) is a more efficient catalyst than the correspond­
ing sulfide (3). 

As far as soluble "on ium" salts are concerned, 
catalyst 1 is more efficient than catalyst 2 in the nitro­
methane addition to toz/w-chalcone, whereas the latter 
is more efficient in the addition of thiophenol to 2-
cyclohexen-1-one. Both 1 and 2 gave similar results 
in the Michael addition of methyl vinyl ketone to methyl 
l-oxoindan-2-carboxylate. The same behaviour was 
observed with catalysts 5 and 6 supported on a polimeric 
matrix. I t should also be pointed out that in Reac­
tions A and B the yields obtained with catalyst 6 are 
equal or higher than those obtained with the corre­
sponding soluble onium salts (2). To the best of our 
knowledge this is the first example of an onium salt 

d n t i i v i t — 

Reaction Aa) 

(3) 0 
(1) 99 
(5) 75 
(4) 0 
(2) 35 
(6) 54 

(15) 50 

Yield/% 

Reaction Bb) 

40 
68 
93 
54 
87 
96 
80 

Reaction Gc) 

45d> 
88e) 

85« 
57» 
86d) 

89« 
99*> 

a) Nitromethane 75 mmol, trans-chalcone 5 mmol, 
catalyst 0.5 mmol, 3 d; KF 7.5 mmol in the case of 
"onium" catalysts, b) Thiophenol 5 mmol, 2-cyclo-
hexen-1-one 6.25 mmol, catalyst 0.02 mmol, 4 h; 
KF 7.5 mmol in the case of "onium" catalysts, 
c) Methyl vinyl ketone 4 mmol, methyl 1-oxoindan-
2-carboxylate 2 mmol, catalyst 0.025 mmol, KF 2.5 
mmol in the case of "onium" catalysts, d) For 3 d. 
e) For 20 h. f ) For 4 d. g) For 3 h. 

supported on a polimeric matrix having a catalytic 
efficiency comparable to that of the corresponding 
soluble onium salt.5»6) 

The last relevant feature of the new phase-transfer 
catalysts 1 and 2 in comparison with the "classical" 
iV-dodecyl-iV-methyl-ephedrinium bromide (15),*) is 
that they give higher conversions into the Michael 
adducts in Reactions A and B, but they are less active 
than 15 in the reaction of methyl vinyl ketone with 
methyl l-oxoindan-2-carboxylate (Reaction G).7> This 
suggests that among these catalysts there is selectivity, 
depending on the nature of the Michael donors and 
acceptors. 

Finally the polymer supported catalysts 5 and 6, 
as is normal for this type of reactions, are easily removed 
from the reaction mixture by a simple filtration and 
retain their catalytic efficiency after several reactions.6) 
Although it was hoped that the optically active catalysts 
1—6 might lead to asymmetric induction in the chiral 
Michael adducts, unfortunately all samples were 
obtained in a racemic form.8) These results were 
particularly frustrating in the case of catalysts 2, 6 in 
view of the known ability of the sulfinyl group to promote 
asymmetric induction.3-9) 

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

General. Optical rotations were measured on a Perkin-
Elmer 241 polarimeter. Infrared spectra were recorded on 
a Perkin-Elmer 377 spectrometer. *H and 13C NMR spectra 
were recorded on a Varian HA 100 and/or a Varian A 390 
instrument. 

Materials. (L)-Methionine-d-iS'-oxide was prepared 
according to the literature; [<x]£° +127° (c 1.15, 1 mol dm"3 

HCl); lit,*) [a]*4 + 131° (c 1.8, 1 mol dm"3 HCl). It has the 
(S,S) absolute configuration.*) Methyl l-oxoindan-2-carboxy-
late was obtained by literature methods.10) 

N,N-Dimethyl-(i.)-methionine. (L)-( + )-Methionine (10) 
was methylated by reductive condensation with formaldehyde 
and hydrogen in the presence of palladized charcoal for 18 h 
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according to Bowman.11) The product, obtained in 86% 
yield, had mp 186 °C, [a]*0 +57.0° (c 1, H 2 0) lit,12) mp 187 °C, 
[a]20 +57.9° (H20). 

N,N-Dimethyl-(i,)-methioninol. Boron trifluoride etherate 
(12.2 mmol) was added dropwise under nitrogen at room 
temperature to a stirred suspension of sulfide 11 (10 mmol) 
and NaBH4 (12.2 mmol) in anhydrous tetrahydrofuran 
(40 ml). The mixture was stirred for 15 h, then a second 
aliquot of boron trifluoride (12.2 mmol) and NaBH4 (12.2 
mmol) was added. The mixture was stirred for 48 h, then 
ethanol (10 ml) was added and the suspension was acidified 
to pH 1 with 3 mol dm - 3 hydrochloric acid. The mixture 
was evaporated off in vacuo. Water (15 ml) was added to 
the residue. 

The insoluble material was filtered off and NaOH was 
added to the solution up to pH 10. Extraction with diethyl 
ether and evaporation of the solvent afforded the title com­
pound in 75% yield. It had n%° 1.4949, [a]20 +35.0° (c 1.1, 
GH2G12). Compound 3 had been previously obtained13) 
by reduction of iV,JV-dimethyl methionine methyl ester with 
LiAlH4. 

Benzyldimethyl ( 3-Methylthio- 1-hydroxymethylpropyl) ammonium 
Chloride. Compound 1 was obtained by reaction of 3 
(2.75 mmol) with benzyl chloride (2.8 mmol) in ethanol 
(15 ml) at 50 °C for 24 h. After evaporation of the solvent 
under vacuum and treatment of the residue with pentane, 
compound 1 was obtained (67%), < 1.5605, [a]20 +26.9° 
(c 4.95, EtOH). Found: C, 58.00; H, 8.30; N, 4.83%. 
Calcd for C14H24ClNOS: C, 58.02; H, 8.35; N, 4.83%. 

N,N-Dimethyl-(i.)-methionine-d-S-oxide. Sulfoxide 12 
was methylated as described above in the case of sulfide 10 
with a 5 h reaction time. Compound 13 (81%) had mp 
196—197 °C, [a] 1° +141.0° (c 1.1, 1 mol dm"3 HCl). Found: 
C, 43.40; H, 7.78; N, 7.23%. Calcd for C7H1 5N03S: C, 
43.50; H, 7.82; N, 7.25%. 

N,N-Dimethyl-(i.)-methionine-d-S-oxide Methyl Ester. Acid 
13 (27 mmol) was dissolved in methanol (50 ml), cooled at 
0 °C, and esterified with an ethereal solution of diazomethane. 
The usual work up afforded the crude ester which was puri­
fied by column cromatography (Si02, CH2Cl2/CH3OH 9:1) . 
Compound 14 (80%) had mp 55—57 °C, [a]20 +20.9° (c 2.1, 
CH2C12). Found: C, 46.27; H, 8.25; N, 6.71%. Calcd for 
C8H17N03S: C, 46.35; H, 8.27; N, 6.76%. 

N,N-Dimethyl-(i,)-methioninol-d-S-oxide. Ester 14 (4 
mmol) was added at 0 °C under nitrogen to a stirred suspen­
sion of LiAlH4 (6 mmol) in anhydrous diethyl ether (40 ml). 
The mixture was stirred at room temperature for 6 h, monitor­
ing the reaction by IR. Excess of hydride was destroyed and 
the mixture was evaporated off. The residue was extracted 
with dichloromethane and the organic layer evaporated off. 
The alcohol 4 (78%) had mp 58—61 °C, [a]20 +100.4° (c 1.04, 
CH2C12). Found: C, 46.70; H, 9.56; N, 7.75%. Calcd for 
C7H17N02S: C, 46.89; H, 9.56; N, 7.81%. 

Benzyldimethyl ( 3-Methylsulfinyl- 1-hydroxymethylpropyl) ammo­
nium Chloride. Onium salt 2 was obtained by reaction 
of 4 with benzyl chloride with a 48 h reaction time as described 
above in the case of 1. Compound 2, a viscous oil, (66%) 
had [a]20 +51.1° (c 2.0, CH3OH). Found: C, 55.02; H, 
7.88; N, 4.60%. Calcd for C14H21C1N02S: C, 54.98; H, 
7.91; N, 4.58%. 

Poly(styrene-divynilbenzene) Onium Salts (5 and 6). 
Equimolecular amounts of commercial anion-exchange resin 

in the chloride form Biobeads S-Xl (Cl~) ; exchange capacity 
1.25 mequiv. Cl/g and sulfide 3 or sulfoxide 4 were heated at 
60 °C under stirring in DMF as solvent (10 ml for 1 mmol 
of substrate) for 3 d. 

The resin was filtered off, washed with absolute ethanol, 
water, 1 mol dm - 3 HCl, water, absolute ethanol, and an­
hydrous diethyl ether. The exchange capacity of 5 and 6, 
determined by Volhard's method, were 1.156 and 0.84 
mequiv Cl/g, respectively. 

Michael Additions. Michaels additions of nitromethane 
to trans-chalcone, of thiophenol to 2-cyclohexene-l-one, and 
of methylvinyl ketone to methyl 1-oxoindan-2-carboxylate 
in homogeneous and phase-tranfser conditions were carried 
on according to procedures described in the literature.2a>14) 
Reactions with polymer supported catalysts 5 and 6 were per­
formed as the corresponding reactions in the presence of 
soluble onium salt, except that at the end of the reaction the 
catalysts 5 and 6 were removed by simple filtration. Adducts 
7—9 had physical and spectroscopic properties identical to 
those of reference samples prepared according to known 
procedures. 2a>14) Compounds 7, 8, and 9, obtained by using 
15 as catalyst had [a]f78-9.8° (c 2, CH2Cl2),

2a> [a]^ 8 - 2 .0 ° 
(c 2, C6H6),

2a> and [a]2
78 -2 .56° (c 2, C6H6); 3.3% e.e.»> 
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2-Aryl-4-(ethoxycarbonyl)oxazolidines and thiazolidines (1) were prepared from the corresponding a-amino 
acid ethyl esters containing either hydroxyl or mercapto groups in the /^-position by fusion with some aromatic 
aldehydes. Dehydrogenation of 1 with JV-bromosuccinimide gave the corresponding oxazoles and thiazoles. 
The- oxazolidines and thiazolidines gave Mannich bases on interaction with />-nitrobenzaldehyde and piperidine. 
Acetylation of 1 gave the corresponding iV-acetylderivatives, which on fusion in the presence of anhydrous ZnCl2 

undergo cyclization, giving the corresponding bicyclic compounds, 5,6,7,8-tetrahydro-l//,3//-pyrrolo[l,2-c]-
oxazole (or thiazole)-l,3-diones. 

Fusion of the ß-hydroxy and/or ß-mercapto-a-amino 
acid ethyl esters (L-serine, 3-phenyl-DL-serine, L-
threonine, or L-cysteine) with aromatic aldehydes such 
as benzaldehyde, />-anisaldehyde, />-chlorobenzaldehyde, 
and/or />-nitrobenzaldehyde gave the corresponding 
oxazolidines or thiazolidines 1 rather than azomethine 
derivatives (2). 

R-CH CH-COOEt R-CH-CH-COOEt 

II II 
X NH XH N 

\ / II 
CH CH-Ar 

I 
Ar 

1 2 
X = 0 or S; 
R = H, CH3 or C6H5; 
Ar = C6H5, />-CH3OC6H4, />-ClC6H4, />-N02C6H4, or 

/>-BrC6H4. 
Structure 1 is apparent by elemental analysis data, 

U V , and I R spectral data , the latter two reasonably 
agreeing with those of the comparable compounds.1>2> 
The alternative structure 2 for the products is excluded 
by the absence of the N M R signal near ô 7.5 ascribable 
to azomethine. 

T h e oxazolidines and/or thiazolidines (1) on treat­
ment with acetyl bromide in glacial acetic acid af­
forded JV-acetyl derivative (3) whose I R spectra showed 
an absorption band at 1570 c m - 1 due to the amide 
group ( )NGOCH 3 ) but no N H stretching vibration 
band. O n treatment with piperidine and />-nitro-
benzaldehyde (1) gave the corresponding Mannich 
base (4). 

R-CH CH-COOEt R - C = C - C O O E t 

I I / - \ I I 
X N - C H - N > X N 
\ / A x \ ^ f A ? 
Ar V Ar 

N 0 2 

4 5 
T h e oxazolidines and thiazolidines (1) were con-

t Presented in part at the 7th International Congress 
of Heterocyclic Chemistry, University of South Florida, 
Tampa, Florida, U.S.A., August 1979. 

verted into the corresponding oxazoles and thiazoles 
(5) on dehydrogenation using j^-bromosuccinimide in 
boiling carbon tetrachloride. The I R spectra of the 
oxazoles and thiazoles (5) showed no N H band but 
an apparent shift in the ester group was observed 
at 1735—1750 c m - 1 due to conjugation with the double 
bond at C4-C5.3> The C=N absorption band at 1590— 
1550 c m - 1 is affected by substituents on aryl moiety 
at G2 ; />-nitro group causes a decrease in wave number 
down to 30 c m - 1 , whereas />-methoxyl group causes 
an increase up to ca. 10 cm - 1 . In addition, charac­
teristic absorptions of oxazole ring4) were observed 
in the range 1190—1250 cm"1 . 

jTV-Acetyloxazolidines and/or thiazolidines (3) un­
dergo cyclization by fusion with anhydrous zinc chloride 
affording 5,6,7,8-tetrahydro-1H, 3H- pyrrolo[l,2-c] ox­
azole (or thiazole)-l,3-dione (6) whose I R spectra 
showed no absorption of (COCH 3 ) group, but a broad 
band at 3300 c m - 1 due to associated O H group, con­
firming the assumption that the bicyclic structure 6 
exists in the enolic form rather than its diketonic 
tautomer (7). T h e cyclization reaction seems to pro­
ceed according to the following mechanism. 

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

All melting points are uncorrected. IR spectroscopic 
analysis was carried out on a Pye-Unicam IR spectrophotom­
eter, Model SP 200 G, UV absorptions were measured 
on a Pye-Unicam UV spectrophotometer, Model SP 8000, 
using 95% ethanol as a solvent. NMR spectra were taken 
with a Varian T-60 instrument in deuterochloroform with 
tetramethylsilane as an internal standard. 

Amino Acids Ethyl Esters. Prepared in more than 
80% yield by the general method described by Fischer5) 
and used without further purification in the preparation 
of the oxazolidines and/or thiazolidines. 

Preparation of Oxazolidine and/or Thiazolidine Derivatives (1). 
The amino acid ethyl ester (0.01 mol) was heated with the 
appropriate aldehyde (0.011 mol) in an oil bath at 80—90 
°C for 2 h. Extraction with ethyl acetate gave the 
corresponding 2-aryl-4-(ethoxycarbonyl) oxazolidines and/or 
thiazolidines (1) which was purified by column chromatog­
raphy using 1X 50 cm column of Davison 950 silica-gel, 
slurry packed with hexane and eluted with benzene-hexane 
(3:1 v/v). The results are given in Table 1. 

Acetylation of Oxazolidines and Thiazolidines (3). Acetyl 
bromide (0.01 mol) was added to the oxazolidine or thia-
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O 

R-GH CH-C-OEt 
I I 

X N - G - G H 3 \ / II 
GH O 

I 
Ar 

Anhyd. ZnCl2 R-CH 

0-ZnCl2 

:—CH-C-OEt 

1 :\ X N—CMCH2 

\ / I 
GH OH 
1 

Ar 

R-CH-
1 

Compound 
No. 

l a 

l b 

l c 

Id 

l e 

If 

lg 

l h 

l i 

l j 

Ik 

11 

l m 

In 

—GH— -cSU _ 
X N GH 

\ / \S 
GH C 
1 1 

Ar OH 

6 

X 

O 

O 

O 

O 

O 

O 

O 

O 

O 

S 

S 

s 

s 

s 

R - G H — 
1 

- G H — C ^ 
1 1 

X N GH2 

CH G 

Ar O 

7 

O 

- Z n C l 2 
- E t O H 

TABLE 1. 2-ARYL-4-(ETHOXYCARBONYL) OXAZOLIDINES 

R 

H 

H 

H 

H 

GH3 

GH3 

GH3 

GH3 

C6H5 

H 

H 

H 

H 

H 

Ar 

C6H5 

/>-CH3OC6H4 

/,-ClC6H4 

/>-N02C6H4 

G6H6 

/,-CH3OC6H4 

/>-ClC6H4 

/>-N02C6H4 

/>-ClC6H4 

G8H5 

/,-CH3OC6H4 

/>-ClC6H4 

/>-BrC6H4 

/>-N02C6H4 

Yield 

% 

85.9 

87 

86.2 

88.7 

85 

86.7 

89.27 

94 

98.1 

80.1 

82.3 

81.5 

83.3 

82.6 

«'J 

T . 5522 

1.5522 

1.5440 

1.5605 

1.5210 

1.5592 

1.5500 

1.5435 

1.5530 

1.5532 

1.5718 

1.5855 

1.5528 

1.5608 

v(NH) 
cm - 1 

3370 

3350 

3360 

3380 

3370 

3300 

3320 

3300 

3320 

3400 

3400 

3420 

3400 

3410 

R-CH—UJti— 
1 1 

X N 

OR THIAZOLIDINES 

v(COOEt) Molecular 
cm - 1 formula 

172Ö 

1730 

1700 

1730 

1740 

1730 

1700 

1730 

1730 

1740 

1730 

1730 

1730 

1735 

G12H1503N 

C13H1704N 

G12H1403NC1 

C12H1405N2 

C13H1703N 

C14H1904N 

C13H1603NG1 

C13H1605N2 

C18H1903NC1 

G12H1502NS 

C13H1703NS 

G12H1402NC1S 

G12H1402NBrS 

C12H1404N2S 

OT-ZnCl2 

-C-OEt 

GH2 

LH 

Analysis 
(Calcd/Found) 

C H 

65.14 
65.08 

62.15 
62.12 

56.36 
56.32 

54.13 
54.08 

66.36 
66.36 

63.38 
63.50 

57.88 
57.86 

55.71 
55.70 

64.96 
65.02 

60.76 
60.74 

58.42 
58.40 

53.04 
53.01 

45.57 
45.55 

51.06 
51.08 

6.83 
6.80 

6.82 
6.78 

5.48 
5.49 

5.30 
5.28 

7.28 
7.26 

7.22 
6.98 

5.94 
5.96 

5.75 
5.73 

5.71 
5.42 

6.37 
6.34 

6.41 
6.38 

5.16 
5.18 

4.43 
4.46 

5.00 
4.98 

% 

N 

6.33 
6.35 

5.57 
5.58 

5.48 
5.51 

10.52 
10.56 

5.95 
5.95 

5.28 
5.30 

5.19 
5.21 

10.00 
10.02 
4.21 
4.22 

5.90 
5.90 

5.24 
5.26 

5.16 
5.16 

4.43 
4.45 

9.93 
9.94 

zolidine derivative (1) (0.01 mol) in glacial acetic acid (30 
ml) and the solution was refluxed for 3 h. The reaction 
product was poured in cold dilute sodium hydrogencarbonate 
solution; the solid deposited were collected, washed with 
water and crystallized from ethanol to give the correspond­
ing iV-acetyl oxazolidines or thiazolidines (3). The results 

are given in Table 2. 
Cyclization of N-Acetyloxazolidines and Thiazolidines: Forma­

tion of 5,6,7,8- Tetrahydro-1H,3H-pyrrolo[1,2-c]oxazole-1,3-diones 
and Their Thiazole Analoges (7). JV-Acetyloxazolidine or 
thiazolidine (3) (0.01 mol) was fused with anhydrous zinc 
chloride (0.0125 mol) in an oil bath at 180 °G for 20 min. 
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Compound 
No. 

3a 
3b 
3c 
3d 
3e 
3f 

3g 

X 

o 
o 
o 
o 
s 
s 
s 

R 

H 
H 
H 
H 
H 
H 
H 

M. Z. A. BADR, M. M. ALY, A. M. FAHMY, and M. E. Y. 

TABLE 2. N-ACETYLOXAZOLIDINES AND 

Ar 

G6H5 

/>-CH3OC6H4 

/>-ClC6H4 

/,-NOaC6H4 

/>-ClC6H4 

/»-BrC6H4 

/>-N02C6H4 

Yield 

% 

72.2 
75 
74.4 
75.6 
67.3 
64.2 
67.9 

Mp 

170—172 
167—169 
168—169 
165 
195 
120—122 
205 

v(NCOCH3) 
cm - 1 

1670 
1670 
1670 
1660 
1650 
1600 
1670 

MANSOUR 

THIAZOLIDINES 

f(COOEt) 
cm"1 

1747 
1750 
1745 
1750 
1720 
1750 
1740 

Molecular 
formula 

C14H1704N 
C16H1905N 
C14H1604NG1 
G14H1606N2 

G14H1603NC1S 
G14H1603NBrS 
C14H1605N2S 

[Vol. 

Galcd 

5.32 
4.78 
4.71 
9.09 
4.47 
3.91 
8.64 

54, No. 6 

N% 

Found 

5.30 
4.73 
4.53 
8.88 
4.50 
3.87 
8.62 

TABLE 3. 5,6,7,8-TETRAHYDRO-1/^3//-PYRROLO[1,2-C]OXAZOLE OR THIAZOLE-1,3-DIONES 

Com­
pound X R 

No. 
Ar Yield Mp KC=Q) y(G=G) »(OH) Molecular 

% °C cm-1 cm-1 cm-1 formula 

Analysis 
(Calcd/Found) 

% 

H N 

7a O H C6H5 78.3 

7b O H />-CH3OC6H4 80.3 

7c O CH3 />-CH3OC6H4 76 

7d S H />-ClC6H4 78.2 

320 

245 

242 

220 

1680 

1700 

1700 

1700 

3010 3300 

3020 3300 

3020 3300 

3020 3320 

C 1 2 H n 0 3 N 

C13H1304N 

C14H1504N 

C19H inO,NClS 

66.35 
66.34 
63.15 
63.12 
64.36 
64.34 
53.83 
53.80 

5.10 
5.08 
5.30 
5.28 
5.79 
5.76 
3.79 
3.81 

6.45 
6.45 
5.67 
5.68 
5.36 
5.35 
5.23 
5.24 

TABLE 4. OXAZOLE OR THIAZOLE DERIVATIVES 

Compound ^ R 
No. Ar 

Yield 

/o 

Mp v(C=C) v(C=N) Molecular 
>C cm -

1 cm"1 formula 

Analysis 
(Calcd/Found) 

% 

C 

66.35 
66.33 

63.15 
63.14 

57.25 
57.22 

54.96 
54.92 

61.80 
61.76 

59.31 
59.25 

51.80 
51.74 

H 

5.10 
5.08 

5.30 
5.28 

3.97 
3.98 

3.84 
3.84 

4.75 
4.75 

4.94 
4.97 

3.62 
3.61 

N 

6.45 
6.46 

5.67 
5.67 

5.56 
5.55 

10.68 
10.66 

6.01 
6.00 

5.32 
5.34 

10.07 
10.06 

5a O H C6H6 70.7 

5b O H />-CH3OC6H4 73.5 

5c O H />-ClC6H4 74.7 

5d O H />-N02C6H4 76.4 

5e S H C6H5 72.9 

5f S H />-CH3OC6H4 72.2 

5g S H />-N02C6H4 75.5 

75 

105 

98 

125 

116 

95 

3030 

3050 

3050 

3050 

3050 

3050 

98—99 3040 

1580 C i a H n 0 3 N 

1590 C13H1304N 

1590 C12H10O3NGl 

1550 C12H10O6N2 

1580 G^H^OaNS 

1595 C13H1303NS 

1550 G12H10O4N2S 

TABLE 5. MANNICH BASES CONTAINING OXAZOLIDINE OR THIAZOLIDINE MOIETY 

Compound 
No. 

4a 
4b 
4c 

X 

O 
O 
S 

R 

GH3 

H 
H 

Ar 

/>-CH3OC6H4 

/>-ClC6H4 

G6H5 

Yield 

% 

72 
67 
55.5 

Mp 
°C 

142 
128 
135 

*(NQ2) 
cm - 1 

1350, 1560 
1370, 1570 
1300, 1500 

r(GOOEt) 
cm - 1 

1750 
1700 
1700 

Molecular 
formula 

G2eH3306H3 

C24H2806N3C1 
C24H2904N3S 

N c 

Calcd 

0.69 
8.87 
9.23 

% 

Found 

8.68 
8.87 
9.26 
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The mixture was treated with cold dilute hydrochloric acid, 
the solid formed being collected by filtration. Crystal­
lization of the solid from dilute acetic acid gave 5,6,7,8-
tetrahydro-l//,3//-pyrrolo[l,2-c]oxazole-l,3-diones or their 
thiazole analoges (7). The results are given in Table 3. 

Dehydrogenation of Oxazolidine and Thiazolidine Derivatives 
by N-Bromosuccinimide : Formation of Oxazole and Thiazole 
Derivatives (5). JV-Bromosuccinimide (0.02 mol) and 
benzoyl peroxide were added to the oxazolidine or thia­
zolidine derivative (0.01 mol) dissolved in carbon tetrachlo­
ride (100 ml) and the solution was refluxed for 6 h. The 
reaction product was filtered off in order to separate the 
succinimide and the filtrate was concentrated. The oxazole 
or thiazole derivatives (5) obtained were crystallized from 
petroleum ether (40—60 °C). The results are given in 
Table 4. 

Preparation of Mannich Bases (4). A mixture of 2-
aryl-4(ethoxycarbonyl)oxazolidine or thiazolidine (0.01 mol) 

/>-nitrobenzaldehyde (0.01 mol) and piperidine (0.02 mol) in 
ethanol (50 ml) was refluxed for 6 h. The reaction product 
was poured onto ice, washed with petroleum ether (40—60 
°C) several times and extracted with ether. The Mannich 
bases (4) were crystallized from dilute acetic acid. The 
results are given in Table 5. 

References 

1) Z. Badr, R. Bonnett, T. R. Emerson, and W. Klyne, 
J. Chem. Soc, 1965, 4503; Z. Badr, R. Bonnett, W. Klyne, 
R. L. Swan, and J. Wood, ibid., 1965, 2047. 

2) E. D. Bergmann, Chem. Rev., 53, 309 (1953); F. Bergel 
and M. A. Peutherer, / . Chem. Soc, 1964, 3963. 

3) J. R., Dyer, "Application of Absorption Spect," 
Prentice Hall Inter. Inc., London (1965), p. 43. 

4) V. V. Somayajulu and N. V. Subba, Curr. Sei. 
(India), 25, 86 (1957). 

5) E. Fischer, Ber., 34, 433 (1901). 



1848 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 1848—1851 (1981) [Vol. 54, No. 6 

Dielectric Relaxation Processes in Some Substituted Amides 
in Dilute Solutions 

S. K. SAXENA,1" J . P. SHUKLA, and M . G. SAXENA* 

Physics Department Lucknow University, Lucknow, 226007, India 
(Received May 16, 1980) 

The dielectric measurements have been carried out in the microwave region (3.1 cm) over a range of tem­
peratures on propionamide, iV-methylpropionamide, iV,JV-dimethylpropionamide, and iV-ethylacetamide. All 
the molecules except propionamide exhibit high value of distribution parameter. The dielectric dispersion, 
when resolved by Higasi, Koga, and Nakamura method gives two relaxation times T(1) and T(2) widely dif­
ferent from each other, suggesting the two separate processes occurring in the system. The enthalpies for dif­
ferent processes involved have been evaluated by the Eyring equations. The comparison with NMR data of 
enthalpy to Ai/r(i)> which is related to the process other than molecular, suggests that the rotation of-NR2 group 
around the carbonyl carbon nitrogen bond is not feasible. The observed result indicates that this may be due 
to group inversion process. These results are in agreement with the earlier investigations of Saxena et al. on some 
substituted amides and of Phillips on JV,iV-dimethylamide using proton resonance spectra. The substituted 
amides in dilute solution of benzene exhibit some association with the benzene molecules. 

Leader and Gromley1) reported a remarkable varia­
tion in the dielectric constant in the amides and sub­
stituted amides. The high values of dielectric constant 
of monosubstituted amides were suggested to be due 
to their association as a chain polymerisation. Since 
his initial work, a series of investigations have been 
carried out by several workers.2-10) Jo rdon et al.11) 
recently confirmed Debye behaviour for formamide, 
I toh et al.12^ for JV-methylacetamide and Srivastava 
et al.13) for dimethylformamide. Brown and Price14) 
have ruled out the molecular flexibility in dimethyl-
acetamide. Karamyan and Shakhparonov15) confirm­
ed a long frequency dispersion region for ^-substi­
tuted amides with much smaller amplitude at m m wave­
length. In order to study the possibility of molecular 
flexibility and to ascertain the thermodynamics of 
dipolar relaxation Misra et al.16) recently made a study 
of JV-methylformamide, JV-methylacetamide, dimethyl­
formamide, and dimethylacetamide in the dilute solu­
tion of benzene over a range of temperatures. The 
enthalpies of different relaxation processes observed 
suggest the possibility of molecular and group in­
version processes in the above molecules. Due to 
interesting results observed in the case of JV-substituted 
amides, a further study in this direction has been 
undertaken. The molecules chosen are propionamide, 
JV-methylpropionamide, dimethylpropionamide, and JV-
ethylacetamide so that the effect of propionyl (CH 3GH 2-
CO) group in different substituted amides could be 
studied. The possibility of molecular association as 
pointed out by other workers8»10) has also been ex­
amined. 

Exper imenta l 

The chemicals were of purest quality available and the 
physical properties were checked against literature values. 
The solvent used in the measurements was benzene (A. R. 
Grade) obtained from B. D. H., England and was distilled 
twice before use. The dielectric constant e' and dielectric 
loss e" at X- band have been measured by the technique 
given by Dakin and Works.17) The static dielectric constant 

t On leave from Department of Physics, D.B.S. College, 
Kanpur, India. 

e0 was measured by dipolmeter and dielectric constant at 
infinite frequencies £<» was determined from the measured 
refractive indices of the system (eoo = flJ). The slopes a0, 
a', a", and ÛOO, the most probable relaxation time T0H and 
the distribution parameter V have been evaluated using 
Higasi method.18) The details of determining these param­
eters and the dipolemoments have been reported in our 
earlier paper.19) The dielectric absorbtion has been further 
resolved by using Higasi et al. method20) in terms of two 
seperate relaxation processes T(1) and T(2) where T(2) stands 
for the molecular relaxation process and T(1) is associated 
with the group process being an implicit function of r19 T2, 
and the weight factor C2. The parameter T(0) stands for 
the average relaxation time given by [T(0) = l / r ( l ) , T(2)] 
and T0 is the average relaxation time (Cole-Cole method) 
as reported in the literature.14) Eyring equations21) have 
been utilised to evaluate the thermodynamical parameters. 
The enthalpies associated with different modes of relaxa­
tion have been evaluated by plotting the relaxation times 
against l/T. The dipolemoments calculated using Higasi 
method18) have been compared with the literature values 
(Table 2). 

D i s c u s s i o n 

The distribution parameter 'a ' has been found to 
be low in the case of propionamide but its value is 
sufficiently high in the case of other three N- sub­
stituted amides indicating the flexibility of all the three 
molecules under microwave field. The dielectric dis­
persion is further resolved by Higasi et al. method20) 
in terms of molecular relaxation time T ( 2 ) and the 
relaxation time associated with group relaxation time 
T ( 1 ) . The T ( 1 ) ( = 23.7 ps) and r(2) ( - 3 0 . 5 ps) are 
not widely different from one another in the case of 
propionamide. Thus a single Debye dispersion seems 
to occur for the above molecule. Further T ( 2 ) and 
TO H calculated by Higasi method18) are close to each 
other for propionamide, suggesting that the molecular 
process and the overlapped process are similar to one 
another in this molecule. The observed single Debye 
dispersion for this molecule is in agreement with the 
earlier results of Jordon et al11) on formamide. 

The most probable relaxation time TOH at 297 K 
for JV-methylpropionamide ( = 2 2 . 8 ps) and JV-ethyl-
acetamide ( = 26.2 ps) can be compared with our 
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T A B L E 1. VALUES OF a0) a', a", ««> FOR THE SAMPLES IN BENZENE AT DIFFERENT TEMPERATURE 

USING HIGASI METHOD1 8) 

Compound 

Propionamide 

iV-Methylpropionamide 

iVjiV-Dimethylpropionamide 

JV-Ethylacetamide 

T/K 

313 
321 
329 

289 
297 
305 
313 

289 
297 
305 
313 

297 
305 
313 
321 

aQ 

18.10 
21.00 
15.40 

23.50 
21.05 
19.04 
15.70 

22.2 
19.0 
18.0 
15.4 

36.4 
33.0 
26.6 
24.6 

a 

4.00 
6.15 
5.71 

8.00 
8.20 
9.60 
8.90 

8.30 
8.00 

10.00 
10.30 

13.00 
12.30 
13.50 
15.00 

a" 

6.10 
8.00 
6.70 

8.00 
7.50 
7.30 
6.90 

8.7 
8.3 
7.4 
7.0 

13.5 
12.9 
10.5 
10.00 

floo 

0.363 
0.606 

- 0 . 2 8 9 

- 1 . 1 8 
- 0 . 5 3 
- 0 . 3 3 
- 0 . 3 1 

- 1 . 0 0 
- 0 . 6 8 
- 0 . 1 8 
- 0 . 2 5 

- 0 . 7 2 
- 0 . 7 1 
- 0 . 4 3 
- 0 . 2 5 

T A B L E 2. RELAXATION TIMES AND DIPOLEMOMENT USING HIGASHI METHOD1 8) 

AND CORRESPONDING ACTIVATION PARAMETERS 

Compound T/K TOH 
M AFt AHe AS e 

Debye k j mol" k j m o l - 1 J m o l - 1 deg" 
Mm 

Debye 

Propionamide 

iV-Methylpropionamide 

iV,iV-Dimethylpropionamide 289 

iV-Ethylacetamide 

313 
321 
329 

289 
297 
305 
313 

289 
297 
305 
313 

297 
305 
313 
321 

0.08 
0.07 
0.00 

0.24 
0.22 
0.18 
0.09 

0.17 
0.14 
0.12 
0.02 

0.19 
0.15 
0.16 
0.10 

37.8 
30.0 
21.4 

26.4 
22.8 
15.8 
13.6 

21.8 
19.2 
14.2 
11.5 

26.2 
23.1 
15.6 
12.0 

3 .56 

3.72 

4.0 

5.0 

(13 .6—14.2) 

(10 .6—12.2) 

22.5 

18.2 

(25 .2—27.0) 

(20 .0—24.3) 

3.47 

3 .59 

(11 .2—11.7) 14.2 ( 8 . 1 — 9.6) — 

(11.7—12.7) 19.1 (21 .3—23.1) — 

T A B L E 3. RELAXATION TIMES T ( 1 ) , T ( 2 ) , AND T ( 0 ) AND ENTHALPY OF ACTIVATION 

AHT(D, AHT(2), and AHT(0) USING HIGASI, K O G A , AND NAKAMURA METHOD2 0) 

Compound 

Propionamide 

iy-Methylpropionamide 

iV,JV-Dimethylpropionamide 

iV-Ethylacetamide 

T/K 

313 
321 
329 

289 
297 
305 
313 

289 
297 
305 
313 

297 
305 
313 
321 

r(l) 
ps 

27.6 
23.7 
18.4 

14.3 
14.1 
12.0 
12.3 

15.4 
15.7 
12.7 
11.4 

16.2 
16.3 
12.4 
10.8 

T(2) 

ps 

38.0 
30.5 
23.7 

31.8 
27.7 
21.3 
16.2 

26.3 
21.8 
17.8 
12.0 

29.6 
26.4 
20.5 
15.8 

T(0) 
ps 

32.4 
26.9 
20.9 

21.3 
19.8 
16.0 
14.1 

20.1 
18.5 
15.0 
11.7 

21.9 
20.7 
15.9 
13.1 

Atfr(1, 
kj mol-1 

16.6 

8.1 

10.9 

A#r(l, 
kj mol"1 

22.5 

21.3 

15.9 

21.3 

A/U, 
kj mol-1 

21.3 

13.7 

12.8 

15.3 
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previous results16) on iV-methylformamide ( = 1 7 . 8 p s ) 
and JV-methylacetamide ( = 1 8 . 0 ps). The observed 
results are supported by the earlier observations of 
Dannhauser and Johari9) establishing that the relaxa­
tion times show specific dependence on the shape and 
size of alkyl group attached to the carbonyl or amino 
group. The TOH for dime thy lpropionamide ( = 21.8 
ps) can be compared with our earlier work16) on di­
methylformamide ( = 18.1 ps) and dimethylacetamide 
( = 2 5 . 6 ps). The value is comparatively high as 
regards to r0 (6.0—8.4 ps) reported for dimethyl­
acetamide by Brown and Price14) in benzene at 293 
K. The longer value of relaxation time seems to 
result from the association of disubstituted amide. 
The association in amides has been observed by many 
earlier workers.8»10) Further, T ( 1 ) and T ( 2 ) are widely 
different for all the three iV-substituted amides showing 
the non rigid behaviour of these molecules in the 
microwave region. 

The enthalpies corresponding to T ( 1 ) , T ( 2 ) , T ( 0 ) , 
and TO H processes have been evaluated. A/ / r d) and 
A//T(2) are widely different from each other except 
in case of propionamide, showing again the flexible 
nature of the molecules in the microwave field. 
A//rOH for N-ethylacetamide ( = 19.1 k j mol- 1 ) , JV-
methylpropionamide ( = 1 8 . 2 k j mol - 1 ) are comparable 
with those JV-methyl acetamide ( = 14.9 k j mol - 1 ) and 
JV-methyl formamide ( = 14.2 k j mol - 1 ) observed in our 
earlier study.16) Further A//rOH for dimethylpropion-
amide ( = 14.2 k j mol - 1 ) can be compared with the 
values for dimethylformamide ( = 13.7 k j mol - 1 ) and 
dimethylacetamide ( = 1 2 . 8 k j mol - 1 ) reported in our 
previous work.16) The enthalpies for A//rOH and 
A// r(2) are almost equal, showing the probability of the 
molecular process being predominant. The enthalpy 
AZ/rd) for iV-methylpropionamide could not be evalu­
ated due to irregular variation of T ( 1 ) . However, the 
observed value of A/ / r d) for iV-ethylacetamide and for 
dimethylpropionamide which represent a process other 
than molecular has been found to be small when 
compared with the enthalpy of activation for internal 
rotation o f - N R 2 group ( > 4 0 k j mo l - 1 ) , reported using 
N M R data.22»23) Therefore, this value can not be 
assigned to the internal rotation of - N X R (where 
R = C H 3 , C2H5 , and X = H , CH ? ) . This, however, 
could be assigned to the group inversion process of 
R and X substituents from their respective position 
within the - N X R group. This is in agreement with 
our earlier investigations on iV-substituted amide16) and 
with the studies of Phillips24) using proton resonance 
spectra of iV,iV-dimethylamides. 

The dipolemoments of all the four molecules have 
been evaluated by Higasi method18) and they agree 
well with the literature values25-27) wherever available. 
The slightly higher value of dipolemoments may be 
due to the association and the interaction of benzene 
with, JV-subsituted amide. The observed association 
is in agreement with the earlier studies of many 
workers8»10) and such interactions in the dilute solution 
of benzene have been prodicted by Ellision and 
Mayer.28) 

The free energy of activation has been found to 
be almost of the same order in all the molecules and 

the entropy values of them have been found to be 
positive. These have been reported in Table 2. 

Conclus ion 

All the amides studied including propionamide fol­
low Debye behaviour. The propionamide has been 
found to behave as a rigid molecule. This is in agree­
ment with the earlier work of Jordon et al.11) on form-
amide. 

It is observed that iV-substituted amides give rise 
to a high value of the distribution parameter, indicat­
ing that the three systems exhibit flexible behaviour 
which is supported by two discrete relaxation times 
T ( 1 ) and T ( 2 ) . There appears to be a possibility of 
group inversion in amides, which is in agreement 
with our previous work16) and also with the studies 
of Phillips,24) using proton resonance spectra of N,N-
dimethylamide. 

Also a close study of the molecular process shows 
that in iV-substituted amides the relaxation time varies 
according to the shape and size of the alkyl group 
attached to the carbonyl or the amino group. This 
agrees well with the studies made by Dannhauser 
and Johari.9) In almost all the cases investigated, 
the relaxation times associated with the molecular 
process and with the overlapped process have been 
found to be longer than the values expected for such 
species. The dipolemoments have been calculated and 
found to be slightly higher than the literature values. 
This indicates the possibility of association of the 
amide molecules with the solvent benzene. The higher 
value of dipolemoment in dilute solution of benzene 
has been reported in an earlier study by Worsham 
and Hobbs8) in iV-substituted amide. 

One of us (SKS) is grateful to University Grant 
Commission, New Delhi, India for the award of fel­
lowship and financial assistance. 
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Kinetics and Mechanism of Hydrolysis of Ruheman's Purple in the 
Absence and Presence of Micelles in Aqueous Medium 
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The mechanism of acid hydrolysis of Ruheman's purple has been investigated and the effect of micelles on 
the rate has been examined. First order rate constant for the hydrolysis reaction decreases linearly with de­
creasing hydrogen ion concentration up to pH 3 and levels off thereafter with no reaction occurring above pH 
7. Increasing ionic strength decreases the rate in accordance with the Bronsted-Christiansen equation. The 
salt effect in the dipole-dipole reaction is probably a reflection of the fast equilibrium steps involving ions pre­
ceding the rate-determining step. Solvents like ethylene glycol and dioxane have no effect, indicating that the 
rate-determining step of the reaction does not involve ionic species. A mechanism of the reaction has been pro­
posed which is consistent with our observed results. In the presence of micelles the reaction rate was strongly 
inhibited by the cationic micelles of hexadecyltrimethylammonium bromide, whereas anionic micelles of sodium 
dodecyl sulfate showed a slight enhancement. The micellar data have been analyzed on the basis of available 
models. 

The reaction of amines with ninhydrin yields a 
color product, Ruheman ' s purple sometimes errone­
ously referred to as "azine-bis-indandione. This reac­
tion has immense biological and analytical signi­
ficance as it serves as a model for several biochemical 
reactions that occur in the metabolism of deamination 
and transpeptidation1 '2) as well as it is involved in 
the most common method for the analysis of amino 
groups.3,4) The course and mechanism of ninhydrin 
reaction has been extensively studied by Friedman 
and Williams5) who investigated the effect of various 
parameters on the formation of Ruheman 's purple. 
However, the mechanism of reverse reaction, namely 
the decolorization reaction, of Ruheman s purple in 
the presence of acids has not been investigated in 
detail. We have undertaken a systematic analysis 
of the kinetics and mechanism of decolorization reac­
tion of Ruheman ' s purple in the hope that the data 
on the reverse reaction might provide insight into 
the ninhydrin reaction. 

T h e reaction responsible for the hydrolytic instability 
was also studied in the presence of cationic micelles 
of hexadecyltr imethylammonium bromide (CTAB), so­
dium dodecyl sulfate (SDS), and poly(oxyethylene) 
(23) 1-dodecanol (Brij-35, Lauromacrogol) . Micelles 
are known to affect the rates of reactions due to several 
factors by differential distribution of the substrates 
inside and outside the micelles and by perturbing 
the thermodynamic parameters of the reaction.6) The 
interpretation of the mechanism of catalysis or inhibi­
tion of reaction rates by micelles has received con­
siderable attention in view of the analogies drawn 
between the micellar and enzyme-catalysis. The rate 
of the present reaction is considerably inhibited in 
the presence of cationic micelles of CTAB. The data 
obtained have been analyzed quantitatively on the 
basis of available models. 

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

Ruheman's purple (RP) was prepared by the method 
of Ruheman.11) The product was further purified by em­
ploying a method similar to that of Davidson.12) The final 
product was obtained as ammonium salt. Sodium dodecyl 
sulfate obtained from Fisher Scientific Co. was recrystallized 

twice from 95% ethanol.13) CTAB (extra pure, Sisco Re­
search Laboratories) was crystallized twice with hot methanol-
ether13) before use. HCl and KCl of analytical grade(B.D.H.) 
were used without further purification. Organic solvents 
(analytical grade, B.D.H.) were further purified by the 
usual methods14) before use. 

The hydrolysis was studied using a Beckman DU spectro­
photometer at the absorption maximum of RP (570 nm). 

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

Reaction in the Absence of Micelles. First order 
rate constant for the reaction of R P in acidic medium 
was found to increase linearly with the increase in 
the hydrogen ion concentration (Fig. 1). Graphical 
analysis of the results gave the value of second order 
rate constant £ ' = 0 . 9 4 m o l - 1 dm 3 s_1, comparable to 
that obtained earlier by Sattar and Chaturvedi15) 
(£ '=0 .86 m o l - 1 dm 3 s_ 1). However, when the reac­
tion was studied over the p H range 2—11, the initial 

6h 

'</> 
à 
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OILLJ I f I i I _ J 
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ton*cH+ 

Fig. 1. Variation of first order rate constant with H+ 
ion concentration in mol dm - 3 for the hydrolysis of 
RP at 25 °C in acid medium in the presence and 
absence of surfactants. (O) Aqueous medium; (A) 
in presence of 2 X 10~3 mol dm"3 CTAB; (D) in pres­
ence of 0.01 mol dm-3 SDS. Value of n is 3 in pres­
ence of CTAB and 1 in the other two cases. 
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TABLE 2. EFFECT OF SOLVENTS ON THE HYDROLYSIS 

OF R P IN ACID MEDIUM AT 25 °Ca> 

Fig. 2. Variation of first order rate constant with pH 
for the hydrolysis of RP at 25 °G at constant ionic 
strength (0.20). 

TABLE 1. EFFECT OF IONIC STRENGTH ON THE 

REACTION RATEa> 

a) Concentration of H + ion = 3 x 10~3 mol dm-3. 

linear dependence of rate on p H faded at p H » 3 . 
No hydrolysis of R P was observed at p H > 7 (Fig. 
2). This pattern of change in the rate with increase 
in p H differs from that observed by Cordes and Jencks16) 
for the hydrolytic scission of )G=N- bond in schiff 
bases. They observed a rate maximum with the 
increase in p H followed by a p H region where the 
rate was unaffected by the increase in p H . In the 
reaction of R P no change in the reaction rate was 
observed with the change in R P concentration at 
fixed H + ion concentration. This shows that the 
reaction rate is independent of the initial R P con­
centration. 

Dependence of the R P reaction on neutral salts 
added was investigated. Reaction rate was found to 
decrease with the increase in the ionic strength of 
the medium (Table 1) at constant H+ ion concen­
tration. Use of the following equation which is an 
approximation of Bronsted-Christiansen equation17 '18) 
gives the impression as if the reaction is taking place 
between two oppositely charged ions. However, despite 

log* = l o g * o + 1 + i / - (i) 

the applicability of above equation, observed salt effect 
seems to be secondary salt effect, a purely thermo­
dynamic effect, arising from the change in activity 
of the dissociable reactant species. I t seems that the 
salt effect is a reflection of the equilibrium steps in­
volving ions occurring prior to the rate determining 

Composition 
of solvent 

(v/v) 

Jfc'/mol-1 dm3 s-1 

Acetone Dioxane Ethylene glycol 

5% 
10% 
15% 
20% 
25% 
30% 
40% 

0.85 
0.78 
0.72 
0.67 
0.65 
0.69 

0.84 
0.84 
0.84 
0.82 
0.84 
0.88 

0.91 
0.91 
0.92 
0.92 
0.92 
0.92 
0.90 

a) Concentration of H + ion = 4 X 10 -3 mol dm - 3 . 

1.6h 

1.2P 

M 

0.003 
0.023 
0.043 
0.083 
0.263 
0.363 
0.443 

103k/s-x 

3.258 
2.802 
2.123 
2.111 
1.746 
1.631 
1.554 

M 

0.523 
0.603 
0.763 
0.843 
0.923 

lO^ / s - 1 

1.503 
1.517 
1.401 
1.381 
1.259 

'3C 

+ 08 
- t 

0.4 

3.1 

Fig. 3. Effect of temperature on the hydrolysis of RP. 
Plots of log k' vs. l/T. (O) ^=0 .001 ; (A) /i= 
0.501; (D) 25% (v/v) acetone; ( • ) 36% (v/v) ethylene 
glycol. 

step in the overall mechanism (vide infra).1*) The 
magnitude and direction of secondary salt effect on 
reaction rate depends on concentration terms that 
appear in the overall rate expression. 

The effect of solvents on the reaction rate was studied 
in the presence of 5—30% (v/v) of acetone, dioxane, 
and ethylene glycol in aqueous medium (Table 2). 
Reaction rate was found to be independent of increasing 
concentration of ethylene glycol and dioxane but a 
slight decrease was observed in the presence of acetone. 
The solvent effects give a positive indication that the 
rate determining step of the reaction involves no ionic 
species. 

Effect of temperature on the reaction rate was 
studied in the range 288—320 K at ionic strength 
of 0.001 and 0.501. In order to examine the in­
fluence of temperature on the specific solvent effect, 
studies were carried out in 2 5 % acetone and 3 6 % 
(v/v) ethylene glycol, which have the same dielectric 
constant. The reaction rate was found to follow the 
Arrhenius equation (Eq. 2) under all the four ex­
perimental conditions (Fig. 3). Graphical analysis of 
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TABLE 3. THERMODYNAMIC QUANTITIES OF ACTIVATION FOR THE HYDROLYSIS OF RP AT 25 °G 

Thermodynamic Aqueous medium Acetone Ethylene 

quantity 

E"/kJ mol-1 

AGVkJmol-1 

Z/mol - 1 dm3 s-1 

AS"ß K-1 mol-1 

AH"/kJ mol"1 

^ = 0.001 

66.9 
92.0 
2.8X108 

- 8 7 . 8 
66.9 

^ = 0.501 

79.5 
92.0 
1.9xl01 0 

- 5 4 . 4 
75.3 

25% (v/v) 

54.4 
92.0 
3.1x10« 

- 1 2 5 . 5 
37.6 

giycoi 
36% (v/v) 

54.4 
87.8 
5.0x10« 

- 1 2 5 . 5 
37.6 

log k versus 1 / T plot gave the value of activation energy 
E" which was then used to calculate other activation 
parameters, AG", AS", AH", and Z, using Eqs. 
3—5. The values of the parameters at 25 °C are 

log k' = log Z - E"/2.303RT (2) 

AG* - 2.303RT (log ^ L _ _ l o g ^ (3) 

AS" = 2 . 3 0 3 Ä ( l o g Z - l o g ( e ^ ) ) 

AH" = AG" + TAS" 

(4) 

(5) 

given in Table 3. High negative entropy values —90.8 
J K - 1 m o l - 1 and - 5 5 . 2 J K - 1 mol" 1 at ^ = 0 . 0 0 1 and 
0.501, respectively, suggest bimolecular nature of the 
rate determining step.20* Moreover, activation ener­
gies obtained for isodielectric mixture of 2 5 % acetone 
(55.6 k j mol-1) and 3 6 % ethylene glycol (54.8 k j 
mol - 1 ) are similar, reflecting the fact that the decrease 
in rate observed in the presence of acetone is due 
to nonelectrostatic terms generally associated with the 
effect of solvent on the reaction rate.21) 

A tentative reaction mechanism for the hydrolysis 
of R P , proposed by Friedman and Williams,5* is given 
in Scheme 1. No justification other than the product 
analysis has been given by these authors. Moreover, 
the proposed mechanism can not explain the observed 
deviation from the linear relationship observed at 
p H ^ 4 . Another objection to proposed mechanism is 
that R P is known to be strongly acidic (piCa of R P 
is almost equal to that of H 2 S 0 4 ) puTa<0,5> hence, 
even in fairly strong acidic solution ( p H « 2 ) R P will 
remain in ionic form and no protonation can occur 
at the negatively charged oxygen. We propose a 
reaction mechanism (Scheme 2) which is consistent 
with our observed results. At relatively low p H , 
when concentration of H+ ion is much higher than 
that of R P , attack of water on the zwitterionic species 
to give a-hydroxy amine intermediate [x] seems to 
be the rate determining step. This is supported by 
the high negative value of entropy (—87.8 J K - 1 mol - 1 ) 
and also by the absence of any significant solvent 
effect. T h e observed salt effect, though unusual for 
a dipole-dipole reaction, is not unique for a reaction 
between two dipoles, where a fast equilibrium step 
preceeds the rate-limiting step. For example, Sinha 
and Katiyar22) and others23) has also observed a pro­
nounced salt effect on the color-fading reaction of 
rosaniline. Though this reaction is ion-dipole reac­
tion, it could be cited as an example because theore­
tically an ion-dipole reaction like a dipole-dipole reac­
tion, should show no pronounced salt effect. Such 

O O o 
/\.A ;k/\ H* /v 

v/ o o-
-\y 

o 

o o o 
A A O H / k / \ H2O / V A A / \ i o i V-N-/ i o i <— i o i >N-< i o i v V Ù V v \ / V V v 

o " o o o 
I 
I > Products 

Scheme 1. 

o o o o 
/ V A / V \ H* / v ; + ; v \ 

o o- o " o-

/ V 
IOI 

v 

o o 
X OH Jk 

Il i l II 

o n o 

IOI 

v/ 

o 

fa, 
11 H 2 0 

o 
\ O H A A 

-> Products 

Scheme 2. 

salt effects might be due to reflection of fast equilibrium 
steps involving ions, in the overall reaction mechanism 
as pointed out by Hine.19) The observed deviation 
from the linear behavior at p H > 4 can also be ex­
plained by the proposed mechanism. At higher pH, 
concentration of H + ion and R P become similar, and 
the rate of formation of zwitterion progressively de­
creases with the increase in p H . No reaction takes 
place at p H > 7 because of absence of first protonation 
step. 

Reaction in the Presence of Micelles. Change in 
absorption maximum from 570 nm to 579 nm was 
observed in the presence of 0.01 M GTAB. However, 
no such shift was detected in the presence of 0.02 M 
SDS or 0.01 M Brij-35. This indicates binding be­
tween R P and GTAB micelles. The reaction was 
studied at different surfactant concentrations keeping 
the hydrogen ion concentration constant in each case. 
An inhibition of reaction rate was observed in the 
presence of cationic surfactant (GTAB) whereas the 
reaction rate was slightly enhanced in the presence of 
anionic micelles of SDS. However, no definite trend 
of reaction rate emerged in the presence of nonionic 
surfactant of Brij-35 (Fig. 4). At fixed SDS or CTAB 

file:///OHAA
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CDxK)2 

Fig. 4. Effect of surfactant concentration (mol dm -3) 
on the reaction rate at 25 °C. (O) GTAB; ( • ) 
SDS; and (A) Brij-35. 

concentration, a linear increase in reaction rate was 
observed with increase in hydrogen ion concentration 
(Fig. 1). 

Surfactant micelles provide an unusual medium 
which may affect the reaction rate in more than one 
way:7-10»23) (a) a decrease in entropy of the reactants 
arising due to their binding on the micellar surface, 
i.e., by virtue of relatively higher concentration of 
reactants in micellar phase in comparison to bulk 
phase, (b) a high degree of closeness attained by react­
ants in the micellar phase, and (c) relative stabiliza­
tion or destabilization of substrate arising due to 
electrostatic and hydrophobic interaction between sub­
strates and micelles. Moreover, in the hydrolysis of 
RP , the micelles may affect the first equilibrium step 
where proton gets associated with anion to give zwit-
terion or the subsequent rate determining attack of 
water molecule to form an a-hydroxy amine. I t ap­
pears that in the presence of C T AB, because of favor­
able hydrophobic as well as electrostatic interactions 
the anionic imine gets bound with the surface of cat-
ionic micelle, shifting the protonation equilibrium 
towards the lefthand side, retarding the reaction rate. 
However, in the presence of SDS, hydrophobic forces 
oppose the electrostatic repulsion. However it seems 
that a fraction of anionic substrate does bind with 
the anionic micelles, where it is more prone to proton 
attack, and hence a slight acceleration in the reaction 
rate is observed. Thus the effect of micelles on the 
reaction is consistent with the mechanism we proposed. 

Quantitative Treatment of the Micellar Data. Sim­
ple kinetic model proposed by Menger and Portnoy24) 
(Scheme I I I ) was applied to explain quantitatively 

K 
Dn + S ; = 

Products Products 

D „ S 

Fig. 5. Variation of (k^/k^—l) with the surfactant 
concentration (mol dm -3) for the hydrolysis of RP 
at 25 °C in the presence of CT AB. 

the effect of cationic and anionic micelles on the reac­
tion rate. This kinetic scheme provides the following 
rate equation: 

£ _ = _(Cl,-a»c), (7) 

where k^, is the observed rate constant and kw and 
km are the rate constants in aqueous and micellar 
pseudophases, respectively. K is the equilibrium con­
stant for the association of substrate S with micelle 
D n , N is the aggregation number and CD is the stoichio­
metric surfactant concentration. This equation pre-

k —k 
diets a linear relationship between - ^ — ~ and CD. 

m * 
However, for micellar inhibited reaction we can further 

assume that A:m=0.8> Hence, we obtain 

r-1 = ^ ' (8) 

T h e results obtained in the presence of GTAB were 
analyzed using Eqs. 7 and 8. Slope of the straight 
line thus obtained (Fig. 5) gives the value of K/N, 
which was further utilized to calculate the fraction 
(a) of R P present in the micellar phase by means of 

1 
K/N = 1 — a CD — cmc ' (9) 

Scheme 3. 

T h e values of KfN, cmc, and a for the acidic hydro­
lysis of R P in the presence of GTAB correspond to 
1.36 x 104 mo l - 1 dm3 , 1.32 x 10"5 mol d m " 3 and 99.27%, 
respectively. Since the effect on the reaction rate 
is very small, no quantitative analysis was carried out 
for the catalysis observed in the presence of SDS. 

Recently, Piszkiewicz25) has proposed a different 
kinetic scheme based on the observed sigmoidal de­
pendence of rate constant on surfactant concentration. 
According to his model (Scheme 4) a substrate molecule 
combines with n detergent molecules to form a catalytic 
aggregate. 
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S + «D S-D, 

Products Products 

Scheme 4. 

Mathematical formulation based on this scheme gives 

YoJhl^L) = n log [D] - log tfD, (10) 

which predicts a linear relationship between log (k^,— 
kw)l{km-k*) and log [D] with a slope equal to n. 
In this equation [D] is the total detergent concentra­
tion, Kj, the dissociation constant of surfactant-sub­
strate complex and n the index of cooperativity. This 
equation gives a set of parameters which have a dif­
ferent significance from that obtained from Menger 
and Portnoy's scheme,24) e.g. at log (k^,—kjl(km — 
k*)=0, n log [ D ] = l o g KD. Also at log (k,-kw)l{km-
kl/l)=0, catalysis by the surfactant shows one-half 
of its maximum effect, the value of log [D] at this 
concentration being designated by log [D]5 0 . Another 
parameter which can be used to compare the effect 
of micelles is the index of cooperativity V . Double 
log plot for the hydrolysis of R P in presence of 
CTAB is shown in Fig. 6. For the CTAB inhibited 
reaction, when km is assumed to be zero, the values 
of log [D] 5 0 and n obtained from the plot correspond 
to —4.0 and 2.66 respectively. 

Successful application of both the kinetic schemes 
to the hydrolysis of R P in the acid medium is not 
surprising. Though the two schemes are based on 
different assumptions, the final mathematical equations 
based on them are similar (Eqs. 7 and 10). How­
ever, the kinetic parameters associated with these equa­
tions have quite different significance. Piszkiewicz's 
model draws its strength from a model used for 
enzyme catalysed reactions showing positive homotropic 
interaction (also called positive cooperativity). Positive 
cooperativity is reflected in the value of n, the index 
of cooperativity. In the micellar systems, the value of 
n reflects the average number of surfactant molecules 
associated with each substrate molecule. Another useful 
parameter which we obtained by the application of 
Piszkiewicz's model is log [D]6 0 , the concentration of 
surfactant where it shows half of its maximum effect. 
O n the other hand the scheme of Menger and 
Portnoy24) is based on the distribution of substrate 
into micellar and aqueous pseudophases and has been 
extensively applied to micelle catalysed and micelle 
inhibited reactions. I t puts more emphasis on the 
interaction between the substrate and micellar aggre­
gation, whereas Piszkiewicz's model gives prominence 
to interaction between substrate and surfactant mol­
ecule. Hence the simultaneous application of both 
models provides a better insight and understanding 
of micellar effects on the reaction rate. 
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A theoretical analysis of two aspects of the mechanism of reductive elimination is presented—how the choice 
of central metal and peripheral ligands affects the activation energy for reductive elimination from a four-coordinate 
MR2(PR3)2 complex and how ligand asymmetry controls cis-trans rearrangements and elimination pathways pro­
ceeding through three-coordinate intermediates. The following conclusions emerge: (1) In the four-coordinate 
complex, the better the <7-donating capability of the leaving groups, the more facile the elimination ; (2) Stronger 
donor ligands trans to the leaving groups will increase the barrier to elimination; (3) The reductive elimination 
barrier in four-coordinate complexes is controlled by the energy of an antisymmetric b2 orbital, which in turn 
depends on the energy of the metal levels. The activation energy for such direct reductive elimination should be, 
and is, substantially lower for Ni than for Pt or Pd ; (4) T-shaped trans PdLR2, arising from dissociation of L in 
PdL2R2, will encounter a substantial barrier to polytopal rearrangement to eis PdLR2, which in turn has an open 
channel for reductive elimination of R2; (5) If the leaving groups are poor donors, cis-trans isomerization in the 
three-coordinate manifold should be easier than elimination. 

T h e coupling of two alkyl moieties into an alkane, 
e.g. (1), is a reaction efficiently accomplished by a 
number of d8 transition metal centers—Ni (I I ) , Pd ( I I ) , 

(1) 

P t ( I I ) , Au( I I I ) . But the simple form of the summary 
equation (1) for this process masks a multi tude of 
mechanistic choices. Let us examine some of the pos­
sibilities in Scheme 1. 

R-R' Si'1" 
R ^ | —R 

X 

ptcio] R'X 

L ) < = L>cL 

I Ni(ll)| 

Pt(ll) 
pddi 
Nidi. 
AuOII) 

ßor Y 

elimination 

|Pt(ll) 

R R 
mi/ . 

Pdfll) 

ML3 

+ 
R-R 

ML2 

+ 
R-R 

Scheme 1. 

ML 

+ 
R-R 

The most common starting point for these reactions 
is a preformed square-planar 16 electron, d8 dialkyl 
(or tri-or tetraalkyl for Au (III)) complex which appears 
in the middle of the Scheme. T h e two other ligands, 
marked L, are typically phosphines. Depending on 
the size and electronic characteristics of the phosphine 
substituents one may observe associative or dis­
sociative steps away from the four-coordinate complex. 
Both elementary processes have been clearly demon­
strated in the Grubbs system, where M = N i ( I I ) and R 2 

is a tetramethylene bridge.1«2) Evidence is in fact in 
hand for the dissociative step in most such reactions. 

T h e four-coordinate complex eliminates R - R cleanly 
and easily in the Ni (I I) case only. For Pd(I I ) the 
work of the Yamamoto3) and Stille4) groups and for 
Au (I II) of die Kochi group5) has produced kinetic 
evidence for elimination from a three-coordinate inter­
mediate. P t ( I I ) apparently does not eliminate R - R 
readily.6) T h e Whitesides group63) has demonstrated 
ß or y elimination (where feasible) through a three-
coordinate intermediate, while Puddephat t and 
coworkers7) have found elimination reactions, but only 
after oxidative addition of an R X . 

No stereochemical implications were meant to be 
drawn from Scheme 1. In fact the mechanistic pos­
sibilities are enriched by the range of equilibrium 
geometries and polytopal rearrangements available to 
the various intermediates. Some of the geometrical 
extremes are drawn in 1—9. For the square-planar 

S<rL 

3 4 

geometry one has available the eis and trans isomers 1 
and 2, and indeed the mechanism of elimination from 
either starting point has been studied. Some recent 
theoretical work8) on the Grubbs system has focussed 
on another possible low-spin intermediate—the C2 v cis-
octahedral fragment 3. And at least for Ni(I I ) one has 
to worry about the tetrahedral, presumably high-spin, 
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alternative 4. Even more geometrical isomers are avail­
able for a five-coordinate structure—here we remind 
ourselves only of the underlying geometries, the trigonal 
bipyramid 5 and the aquare pyramid 6. For the 
three-coordinate geometry the idealized trigonal D 3 h 

geometry 8 might seem to be the geometry of choice. 
But for reasons that are well understood,5*5) this most sym­
metrical structure is unlikely, and instead we must ex­
amine " T " and "Y"-shaped C2 v deformations, 7 and 9. 
Mind you, these are only idealized geometrical extremes-
the real molecules will certainly depart , to a variable 
degree, from these structures. 

O u r goal is a comprehensive theoretical understand­
ing of this reaction type. Theoretical analyses of 
reductive elimination exist—the early and important 
work of Pearson9) and of Braterman and Cross,10) the 
more comprehensive and detailed approach of 
Âkermark and coworkers11)—to mention some of the 
studies of this reaction. We ourselves have contributed 
an analysis of competitive elimination from three- and 
four-coordinate alternatives in the Au( I I I ) system,50) 
and in work to be published still have investigated the 
nickellacyclopentane fragmenations.8) All of these 
studies, those of others and ours as well, encounter one 
fundamental problem: The reductive elimination is sym­
metry-allowed for many [not all) polytopal geometries of the 
three-, four-, and five-coordinate structures of Scheme 1. Why 
then does one metal choose one route, while a second metal opts 

for another? We will try to give a partial answer to this 
question in this paper. We will also show how the 

electronic asymmetry of the ligand set controls the 
detailed mode of alkane elimination. 

Reduct ive E l iminat ion f r o m eis Four-
coordinate C o m p l e x e s 

The basic reaction, eis d8 L 2 MR 2 to d10 L 2 M and R2, is 
symmetry-allowed for a least motion C2 v departure.8-11) 
A schematic correlation diagram to a bent ML 2 (the 
adjustment in making M L 2 linear is minor) is shown in 
Fig. 1. As usual these correlation diagrams abstract 
reality by proceeding from a semi-localized starting 
point in which only orbitals essential to the reaction are 
included.12) Thus in the present case the orbitals in 
the diagram for L 2 MR 2 are the five d-block orbitals of 
the metal and the two a orbitals of the M R 2 unit. For 
M L 2 + R 2 we have the R 2 a and <r* levels and the five 
metal d orbitals. The reality must be that these orbitals 
are not so simple and substantial mixing between the 
orbitals illustrated, as well as with others, not included 
in the figure, must occur. The purpose of these dia­
grams is to decide whether a level crossing does or does 
not occur—the actual details of the levels we will learn 
from a full calculation. 

There is nevertheless one general feature of this al­
lowed reaction that is evident from the figure and that 
we will return to later. This is the required evolution 
of one M R 2 bonding orbital, b 2 in symmetry,13) into 
a primarily metal d orbital of the same symmetry, i.e. 
xy in a linear ML 2 . This is indicated in 10->11. Note 

Fig. 1. Schematic correlation diagram for the elimina­
tion of R-R from a square-planar d8 transition metal 
complex ML2R2. The reaction pathway maintains 
C2v symmetry. 

11 

the loss of M - R bonding and electron transfer to the 
metal implied by this correlation. These will be im­
portant . 

O u r detailed analysis of the elimination reaction was 
carried out by means of extended Hückel calculations, 
with parameters specified in Appendix I. In several cases 
three degrees of freedom were studied, as illustrated in 
12: the angle between the leaving groups, <p; the separa-

r M 

D X y X 
R R 

12 

tion from the metal to these leaving R's, r; and the angle 
between the remaining, ligands, 0. As in our previous 
study of the Au( I I I ) system50) we found that the es­
sential features of the elimination were revealed in 
angular variations alone, i.e. changes of 6 and <p at 
constant M - R separation. This is just as well, for the 
extended Hückel method is not good at representing 
correctly degrees of freedom in which distances are 
varied. 

The ligands of course play a vital role in determining 
the feasibility of any reductive elimination. We carried 
out calculations with P H 3 and C H 3 ligands. These 



June, 1981] Reductive Elimination of d8-Organotransitionmetals 1859 

led us to focus on the a donor or acceptor strength of 
the ligands. Our interpretation was easiest made on a 
still simpler "hydride model ." Here the ligands were 
simply hydrogen Is functions with modified valence 
state ionization potentials. W e called the two extremes 
A and D. A and D are hydrogen atoms, the Is orbital 
energies of which are set to be —14.34 and —11.75 
eV, respectively. The value —14.34 eV is the calculat­
ed orbital energy of a lone pair in P H 3 and — 11.75 eV 
corresponds to that of a lone pair in CH3~. Thus A~ 
may be a model for P H 3 and D " for CH 3 " . Or one 
can regard A as a poor donor ligand and D as a strong 
donor ligand. 

Fig. 2. Potential energy surface for variation of the two 
D-Pd-D angles, 0 and <p, in planar PdD4

2-. The 
energy contours are in electron volts relative to the 
square-planar geometry (0=^=90°) . A line with 
arrows indicates a reaction path corresponding to the 
elimination of D2 from PdD4

2~. 

A potential energy surface in 6 and <p for the elimina­
tion of D 2 from PdD4

2~ is illustrated in Fig. 2. The 
reaction pa th is shown by a line with arrows. In 
general the surface is quite analogous to that computed 
earlier by us for Au(CH 3) 4- 5 b> — 0 lags somewhat be­
hind <p. Corresponding energy surfaces for the depar­
ture of A2 and D2 from PdA2D2 are illustrated in Fig. 3. 

As these surfaces show, the reactions of these model 
compounds have a saddle point at around 6= 100—110°, 
<p=4:0—50°. When the two leaving ligands are gradually 
removed (r increased) at the point 0 = 1 1 0 ° <p = 30°, 
no additional energy barrier was found. Thus each 
potential surface represents sufficiently well the reductive 
elimination reaction of a corresponding compound. 
The calculated activation energies for PdD4

2~, PdD2A2
2~ 

(A leaving), and PdA 2 D 2
2 - (D leaving) are 0.65, 

2.7 (A2 leaving), and 0.20 eV (D2 leaving), respec­
tively. We should not rely on these numbers in a 
quantitative sense, partly because we used the very 
simplified hypothetical hydride model (we will discuss 
this later), and partly because the calculational method 
is rather primitive. However the observed trends are 
quite suggestive. Here are two conclusions: (1) The 
better the o-donating capability of the leaving groups, the more 
readily the elimination reaction proceeds. (2) Stronger donor 

Fig. 3. Potential energy surface for variation of the two 
angles, 0 (A-Pd-A) and <p (D-Pd-D), in planar Pd-
D2A2

2-. The energy contours are in electron volts 
relative to the square-planar geometry (0=^=90°) . 
A line with arrows corresponds to reaction paths for D2 

elimination, 
right. 

lower left, and A2 elimination, upper 

ligands which are trans to the leaving groups give a higher 
barrier for the elimination reaction. 

T h e potential energy surface for NiA2D2
2~ is shown 

in Fig. 4, in which the leaving groups are the stronger 
donors D. Although this model compound is just the 
Ni analogue of PdA 2 D 2

2 - , the calculated potential 
surface of NiA2D2

2~ is quite different from that of 
PdA2D2

2". While the elimination reaction of PdA 2 D 2
2 -

has a small but obvious energy barrier along the reaction 
coordinate, the reaction pathway of the Ni analogue is 

0* ] 

Ni 

Fig. 4. Potential energy surface for variation of the two 
angles, 0(A-Ni-A) and ^(D-Ni-D), in planar NiA2-
D2

2 -. The energy values on the contours are in electron 
volts relative to the square-planar geometry (6=<p= 
90°). A line with arrows indicates a reaction path for 
D2 elimination from NiA2D2

2 . 
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• • » « » • i i i i I 
9 0 7 0 5 0 3 0 9 0 7 0 5 0 3 0 

r Y° 
Fig. 5. Computed Walsh diagrams for PdA2D2

2-(left) and NiA2D2
2-

(right), for decrease of the D-M-D angle <p. The A-M-A angle is 
kept at 90°. The 2b2 orbital is vacant. 

merely downhill in energy and has no barrier. 
Why is there such a different pat tern for PdA 2 D 2

2 _ 

and NiA2D2
2 _? T h e answer must lie, ultimately, in the 

Pd 4d vs. Ni 3d orbital energies. T h e effect is traced 
through Fig. 5, a set of Walsh diagrams. Each of the 
diagrams shows the variation of the important molecular 
orbital levels as a function of D - M - D (M = Pd or Ni) 
angle <p (90—30°), while A - M - A angle is kept at 90°. 
There are seven levels shown in Fig. 5. To make the 
correspondence to the schematic correlation diagram 
of Fig. 1 we can say that five of these seven levels are 
the d-block or bit als and two are M - D bonding orbit als. 
T h e reality is not so simple—there is extensive d e r e a l ­
ization in some of the symmetry types. a2 and bx are 
simple, pure metal yz and xz, unaffected by the elimi­
nation. 2a! and 3ax contain substantial d character, 
z2 and x2 — y2. But in fact they are par t of a trio of a± 

orbitals which includes \SLV We can think of these 
orbitals as derived from localized z2, x2 — y2 and the 2LX 

M - D a bond combination. As the angle <p closes, one 
of the three a^s goes down in energy and ends up as the 
a bonding M O of D2 . Obviously the main stabilization 
which drives the elimination reaction is in these a± 

orbitals. However, the contribution to the total 
energy change of the three a.x orbitals is quite similar 
in the Pd and Ni compounds. Thus the ax set does 
not differentiate between the two metals. 

There are two b 2 orbitals in Fig. 5. We can think of 
them as bonding and antibonding M - D , A o combina­
tions, alternatively the higher orbital of the two could 
be thought of as that metal orbital, xy, which is de­
stabilized by the square planar ligand field. Decreasing 
<p destabilizes both l b 2 and 2b2 . T h e unoccupied 2b2 

correlates to the eliminated D 2 <r* level 13, while the 
occupied l b 2 correlates to an MA 2 orbital which is 

nearly pure xy, 14. The latter correlation was the 
one alluded to earlier, 10—>11.14> 

13 

14 

There is no level crossing for elimination of D 2 in 
either the Pd or the Ni case, confirming the simplified 
analysis of Fig. 1. T h e contrast between the potential 
energy surfaces for the two metals (Figs. 3 and 4) arises 
from the difference in slope of the l b 2 orbitals. As <p 
decreases 1 b 2 of PdA 2 D 2

2 _ is singificantly more pushed 
up than that of NiA 2D 2

2 - , producing an energy barrier 
in the elimination of D 2 from the Pd compound. 

T h e differential l b 2 destabilization may arise from 
two causes—decreasing M - D bonding and increasing 
D - D antibonding. Either way, it would be anticipated 
that if the D Is orbital component in l b 2 is large, the 
destabilization of l b 2 will also be large. Indeed the 
calculated D Is orbital contribution in l b 2 is 54% for 
Pd and 3 8 % for Ni at ^ = 9 0 ° , which accords with the 
larger destabilization of the Pd l b 2 level. 

There is another way of analyzing this effect. The 
l b 2 orbital of MA 2 D 2 is constructed in 15 from the anti­
symmetric D 2 combinations interacting with a bent MA 2 

fragment. This interaction carries in it a substantial 
fraction of the M - D bond energy. Since the resulting 
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15 

l b 2 level of MA 2 D 2
2 _ correlates to the b 2 of MA 2 in 

the D 2 elimination step, a greater energy difference 
between the MA 2 D 2

2 _ b 2 level and the MA2
2~ b 2 level 

would be associated with a greater activation energy 
for the reaction. The computed energy differences 
of the b 2 level are 2.1 eV for Pd and 1.3 eV for Ni. 
This is exactly what would be required to explain the 
different energy pattern of the Pd and Ni eliminations. 

We have assigned the effect of the b 2 levels, but in 
fact it can be traced deeper. T h e b 2 level in the MA2

2~ 
fragment left behind is mainly a metal d orbital. I t 
is higher for Pd than for Ni because the Pd and Ni d 
parameters are in that order. T o probe this explana­
tion we performed a numerical experiment in which D 2 

2.0 

1.0 

0.0 

-1.0 

A ^ 9 0 ^ 

Pd 

1_ ..!_. ... t._ 

-9.0 

/ -10.0 X ^ 

-11.0 

-12.0 

V \ N 
-14.0 \ ] 

t l 1 

Fig. 6. The total energy of the hypothetical palladium 
complex PdA2D2

2- as a function of the D-Pd-D angle 
<p. Potential curves for various choices of the "Pd" 
4d ionization potential are superimposed, so that all 
curves are referred to an arbitrary zero of energy at 
^=90° . 

was eliminated from a MA 2 D 2
2 - , where the M carried 

the Pd orbitals but with a variable 4d valence state 
ionization potential. T h e results shown on Fig. 6 clearly 
illustrate the dependence of the activation barrier on 
the metal d energy. 

There is a temptat ion here to correlate the M - D bond 
strength, formed in part by this b 2 interaction, with 
increased activation energy to reductive elimination. 
Some thought about the matter, with the help of dia­
gram 15, shows that the relationship is not so simple. 
When the A 2 M orbital is higher in energy than the 
antisymmetric combination of D orbitals, a more 
destabilized MA 2 b 2 would lead to a weaker M - D bond, 
while at the same time it would give a larger energy gap 
between b 2 levels of MA 2 and MA2D2

2~. T h e numerical 
experiment, varying M H i i ? that we described above, 
is useful in testing this supposition. Figure 7 shows 
how the P d - D overlap population does not increase 
monotonically with higher Pd 4d energy, but peaks 
at the position of resonance with the D 2 antisymmetric 
combination. Thus, the energy gap is not always an 
index of the thermodynamic stability of an M - D bond, 
but it can be an index of the "kinet ic" stability of 
MA2D2

2~" to reductive elimination. 

-14 -12 -10 

Pd 4d Energy (eV) 

Fig. 7. Pd-D overlap population in the hypothetical 
palladium complex PdA2D2

2- as a function of the 
valence state ionization potential of the Pd 4d level. 

Our third conclusion: A lower positioning of the MA2 b2 

orbital facilitates the reductive elimination of Z>2. A lower 
MA2 b% energy will be given by a lower metal d orbital energy. 

While our major focus was the difference between Ni 
and Pd, we have also studied, albeit in abbreviated 
form, the Pt case. A model P tA 2 D 2

2 - elimination 
surface gives a barrier slightly higher than in the Pd 
case. T h e Pt 5d parameters place it between Ni and 
Pd, but closer to Pd. T h e b 2 orbital is 5 0 % on the D 2 

ligands at ^ = 9 0 ° , a value again close to that computed 
for Pd. These theoretical findings are in accord with 
the experimental observation of difficult reductive 
elimination from Pt complexes. 

O u r next objective was to move from the model 
MA 2 D 2 structures to more realistic models. T o this 
end we examine reductive elimination of ethane from 
Pd(PH 3 ) 2 (CH 3 ) 2 , Pd(CH 3 ) 4

2 - , and Ni(PH 3 ) 2 (CH 3 ) 2 . 
T h e essence of our orbital symmetry considerations for 
the hydride model system should and does carry over 
to those more complicated systems. Then our interest 



1862 Kazuyuki TATSUMI, Roald HOFFMANN, Akio YAMAMOTO, and John K. STILLE [Vol. 54, No. 6 

lies in a rough theoretical estimate of the activation 
energies. In describing the elimination of ethane, we 
must consider the elongation of the P d - C distance and 
the rocking motion of the methyl groups in addition to 
the variation of C - P d - C angle <p and P - P d - P angle 0. 
Full geometry optimization was beyond our means, so 
we constructed two hypothetical reation coordinates. 
In the first path, the P - M - P angle 0 (see 16) is fixed 

16 

at 90°, while the C - P d - C angle <p and the rocking angle 
a between the local three fold axis of the methyl group 
and the P d - C bond extension were varied simultaneously 
(90—30° for <p, 0—60° for a ) . At the same time the 
P d - C distance was stretched by Ar. The second reac­
tion coordinate allowed 0 to open from 90° to 150° 
while the above mentioned geometrical variations took 
place. We present the results for the second reaction 
path, the one which allows the M ( P H 3 ) 2 remnant more 
freedom, in Fig. 8. The first reaction pa th differs only 
in destabilization of the product side. 

It is clear from Fig. 8 that the calulated activation 
energies for ethane elimination are in the order Pd-
(CH 3 ) 4 2->Pd(PH3) 2 (CH3) 2 >Ni(PH3) 2 (CH 3 ) 2 . This 

PH, 8° PH, 

/ \ / \ 
Ni 

/ > \ 
CH, T CH, 

Fig. 8. Total energy changes along the hypothetical 
reaction path for elimination of ethane from Pd-
(CH3)42-, Pd(PH3)2(CH3)2, and Ni(PH3)2(CH3)2. In 
the reaction path the three angles and the M-C (of a 
leaving CH3) distance, which are defined in 16, are 
varied simultaneously. The reaction path is defined 
by the values or 0, <p,oc, and r given at the bottom. 

trend accords with our previous conclusions (2) and (3) 
based on the hydride model calculations. Estimated 
activation energies (second, more complete reaction 
coordinate) are around 2.9, 1.7, and 0.6 eV for Pd-
(CH3)42-, Pd(PH 3 ) 2 (CH 3 ) 2 , and Ni(PH 3 ) 2 (CH 3 ) 2 re­
spectively. These numbers are all larger than the 
computed activation energies of the corresponding 
hydride models, PdD 4

2 - , PdD2A2
2", and PdA2D2

2", 
probably because of the bulk of the C H 3 groups and/or 
P d - C H 3 bond weakening necessitated by the rocking 
motion. 

We have investigated briefly the possibility of direct 
elimination of R 2 from a trans-PdR2L2 system through a 
quasi-tetrahedral transition state. The energy required 
to achieve such a geometry is very high, and we think 
this reaction mode is unlikely, at least for Pd(II) or 
P t ( I I ) . 

Whether a given four-coordinate complex in Scheme 
1 eliminates R2 or chooses another path, possibly ligand 
dissociation, depends on the relative activation energies 
of the various processes. Unfortunately extended 
Hückel calculations are not reliable for such a com­
parison. Nevertheless we believe that our calculations 
on model compounds provide a theoretical framework 
for understanding why the Ni complexes eliminate 
alkanes from the four-coordinate geometry, whereas 
their Pd (and Pt) analogues do different things. 

Reduct ive E l iminat ion f r o m Three-
coordinate C o m p l e x e s . 

Kinetic studies of eis Pd(II)4»3) dimethyls and Au(III) 
trimethyls5) indicate that elimination is preceded by a 
dissociative step. The resulting M L R 2 intermediate is a 
representative of the intriguing d8 M L 3 class of com­
plexes. The geometrically attractive trigonal planar 
structure (7) for these molecules turns out to be Jahn-
Teller unstable in the low-spin configuration. Distortions 
to T or Y shaped structures (8 or 9) ensue. The structure 
of the potential energy surface is summarized in 17.5b> 
Both T and Y shaped structures should be more stable 
than the trigonal geometry, but which alternative is 
the absolute minimum cannot be easily predicted. 
Whichever conformation is preferred, interconversion 

S 
i 
L3 ^ 

' \ M - L 2 

L3 

Li — M' 

L ^ - u 

M 
\ L' ^ L, „ ̂  L / 

3 

V 

17 
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of isomeric C2 v equilibrium structures (if the ligands 
differ) is most unlikely to occur through the D 3 h hill in 
the middle, but may proceed easily by sweeping through 
less symmetrical C s waypoints along the periphery 
of the Jahn-Teller wheel. Direct structural evidence 
for deformation of d8 M L 3 complexes is hard to come by 
because of the coordinative unsaturation of such 14 
electron complexes. If ligand steric bulk is used to 
stabilize such complexes, one has to worry that the 
very same ligand property will also per turb the equili­
brium geometry from its idealized form. One case 
where one can see a clear T deformation is for Rh-
(PPh,),+.»> 

What if the ligand set is substantially asymmetric, 
as in the Pd(CH 3 ) 2 (PR 3 ) 2 decompositions studied by 
the Stille and Yamamoto groups ? If phosphine dis­
sociation occurs we are led to a three coordinate PdR2-
PR 3 complex. T h e ligand isomerization scheme 17 
simplifies to 18. By symmetry the right-hand side of 18 
is identical to the left. We will soon present a detailed 
analysis of this polytopal surface. For the moment let 
us assume that the scheme summarizes the experimental 
possibilities and see how it fits the available experimental 
data. 

S 
*M — R 

XPR3 

1! 
\ / R 
NT 
\ 

PR3 

R — M — R 
I 

PR3 

\ 
I 
I 
I 
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PR3 
i 
i 
i 

^ 

R—M 

PR/ 

/ r 

H 

^ R R ^ 

I 
PR, 

18 

/ 
PR3 

Least-motion departure of a phosphine from eis 
Pd(CH 3 ) 2 (PR 3 ) 2 brings one into a T-shaped entry point 
in 18, at 4 o'clock. I t is easy to imagine a minor 
rearrangement to the Y-shapped conformer at 6 o'clock. 
This geometry is an obvious exit channel for elimination 
of R2. Alternatively elimination could proceed direct­
ly from the T-shaped entry point. 

Now consider the trans isomer of Pd(CH 3 ) 2 (PR 3 ) 2 . 
Departure of a phosphine leads one into 18 at 12 o'clock. 
Elimination from there is most unlikely. If the general 
features of the M L 3 surface were preserved one would 
nevertheless expect an easy transit around the J a h n -
Teller wheel to 6 o'clock, the ethane exit channel. 
Apparently this does not happen, trans Dialkyl Pd 
complexes appear to be quite stable to simple reductive 
elimination, and instead often undergo ^-elimination 
where that process is possible. Where reductive 
elimination occurs it is preceded by isomerization to the 
eis form, assisted either by polar, coordinating solvents,4) 

Fig. 9. Potential energy surface calculated for PdD3~ 
varying the two D-Pd-D angles a and ß. The energies 
of the contours are in electron volts relative to the 
T shape. 

or by addition of the eis isomer, in an autocatalytic 
process.3) Obviously the simple picture of unrestricted 
motion around the r im of 18 needs modification. We 
decided to investigate the effect of ligand electronic 
asymmetry on polytopal rearrangements in the three-
coordinate manifold. 

Again we first employ the hydride model, as we did 
for the four-coordinate complexes. Thus the d8 molec­
ules studied were PdD3~, PdDA2~, and PdAD 2 - . T h e 
characteristic features of the Jahn-Tel ler surface that 
we first delineated for Au(CH 3 ) 3 are preserved in the 
PdD 3~ surface (Fig. 9). A high hill of D 3 h geometry 
is in the center surrounded by three descending ridges 
of Y-shaped geometry. Each of three equivalent T-
shaped minima is in a round valley between the two 
ridges and has two open channels leading to reductive 
elimination. T h e activation energy for the elimination 
is about 0.1 eV, while the energy barrier for isomeriza­
tion from one T-shape to another amounts to 0.4 eV. 

T h e topology of the potential surface is explained by 
orbital diagram 19. T h e half-filled e' level immediate-

19 
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ly shows the Jahn-Tel ler instability of the D 3 h geometry. 
When PdD 3~ is distorted to a T-shape, one of the e' 
components, " A " , is stabilized by decreasing P d - D 
antibonding interaction and eventually becomes a pure 
Pd d orbital. O n the other hand, the distortion to a 
Y-shape stabilizes another component, " S " of e'. But 
it is not by so much, because some P d - D antibonding 
character still remains in the " S " component in the Y 
geometry. This is why the T-shape is more stable 
than the Y. 

Potential surfaces for PdAD2~ and PdDA2~ are 
shown in Fig. 10. P d A D 2 - will be a model for Pd-
(PR 3 ) (CH 3 ) 2 . In spite of the reduced symmetry, 
these surfaces maintain the basic electronic properties 
of the more symmetric PdD3~. The trigonal geometry 
is on a hill, and two kinds of approximate T-shapes 
are local minima. 

Let us try to understand the relative stability of the T 
and Y shapes in these less symmetrical systems. We 
know from 19 that T is basically more stable than Y. 

Fig. 10. Potential energy surfaces calculated for Pd-
AD2-(top) and PdDA2~ (bottom), varying the two 
angles a(A-Pd-D) and J?(D-Pd-D or A-Pd-A). 
The energies of the contours are in electron volts rela­
tive to the T shape in which one wing is occupied by 
D and another wing by A. 

Wha t is required is a procedure for evaluating sub­
stituent site preferences in T and Y. In the T form the 
occupied e' component is " A " (see 19) which has some 
ligand contribution on the wings of the T and so pro­
duces the charge distribution 20. In the Y shape " S " 
is occupied, and that forces the charge imbalance shown 
in 21 . This is all relative to the trigonal form, where 
one can think of both orbitals equally occupied, by 
symmetry the same electron density on all ligands. 

S+ 

-8" 

8+ 

20 

8-

21 

Now we reason that more electronegative substituents 
(poorer a donors, better o acceptors) will preferentially 
go where there is an excess of electron density.16) The 
opt imum substitution patterns that follow are presented 
in 22 and 23. We can now summarize our qualitative 

D 

22 

A 

23 

expectations for the relative stabilities of the asymmetric 
T and Y shapes, in Scheme 2. Beside some of the 
structures we place one or more arrows. Each indicates 
a stabilization, a solid arrow for the inherent greater 
stability of the T , a dashed arrow for fulfilling to a 
variable extent, the desired substitution pattern sum­
marized in 22 or 23. There is good qualitative agree­
ment between Scheme 2 and the computed surfaces of 
Fig. 10. 

11 ̂
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Scheme 2. 

T h e triangular potential energy surfaces of Fig. 10 
contain a great deal of interesting information. First 
note that reductive elimination of D 2 from 24 is just 
downhill in energy, while steep and high energy barriers 
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A , D D , A 

D-* A-* 

24 25 

block the elimination of A2 from 25. The same trend 
was observed in reductive elimination from the four-
coordinate system (conclusion (1))—i.e. a stronger a-
donor is a better leaving group. T h e similarity be­
tween the three- and four-coordinate systems can be 
traced in some detail, but the argument will not be 
presented here. 

Another interesting consequence of the electronic 
asymmetry of A and D ligands to be seen from Fig. 10 
is the creation of substantial energy barriers to a transit 
around the Jahn-Teller wheel. The activation energy 
for going from trans-PdAD2~ 26 to m - P d A D 2

- , 27, is 

A D 

26 27 

0.75 eV, and that for the reverse isomerization is 1.1 eV. 
Corresponding activation energies for PdDA2~ are 0.6 
and 0.3 eV. Thus conclusion (4) : T-shaped trans-
PdLR2, which might be produced by liberating L from trans-
PdL2R2, will encounter a substantial energy barrier to rearrange­
ment of cis-PdLR2, which has an open channel for reductive 
elimination of R2; and (5) : When the leaving groups are poor 
donors, A, cis-trans isomerization between two T-shaped 
geometries should be much easier than elimination of A2. 
If R is a strong a donor and L is a poor donor or an acceptor 
then the rearrangement from the trans-derived three-coordinate 
structure to the cis-derived one (motion from 12 o'clock to 4 

CHS 

Fig. 11. Potential energy surface calculated for Pd-
(PH3)(GH3)2 varying the two angles a(P-Pd-G) and 
/?(C-Pd-C). The energies of the contours are in 
electron volts relative to the T shape defined by A 
below the triangle. 

in 18) will not be facile. 
These are model calculations. They were supported 

by detailed examination of a surface for valence tauto-
merism in Pd(PH 3 ) (CH 3 ) 2 , Fig. 11. P - P d - C angles 
a and C - P d - C angle ß are varied. Note the presence 
of three T-shaped minima, and an activation energy 
of 0.5 eV for the trans-+cis Pd(PH 3 ) (CH 3 ) 2 isomeriza­
tion and 0.8 eV for the reverse reaction.23) A hypothe­
tical reaction coordinate for ethane elimination from 
T- and Y-shaped conformations was also studied, 
modelled after the first reaction coordinate of the four-
coordinate complex, discussed above. The results of 
such a calculation are shown in Fig. 12. As one might 
have guessed from the surfaces in which only angles 
are varied, the elimination need not proceed directly 
from a Y-shaped locus. Instead one can start out from 
a T-geometry and pay no greater price in activation 
energy. The computed activation energy to ethane 
formation along this highly simplified reaction path 
is 1.1 eV. The general features of this Pd(PH 3 ) (CH 3 ) 2 

calculation are in accord with the conclusions we 
reached on the hydride models. 

Fig. 12. Total energy changes along the hypothetical 
reaction path for the elimination of ethane from Pd-
(GH8)8- and Pd(PH3)(CH3)2. The reaction path is 
the same one as that defined in Fig. 8, except that 
the angle 6 is not included here. The solid lines are 
for the elimination reaction from the T shape while 
the dashed lines are for that from the Y shape. 

Please return to Scheme 1, the starting point of our 
analysis. We have tried to elucidate but two aspects 
of the mechanism of reductive el imination—1. how 
changing the metal or the electronic properties of the 
ligands affects the activation energy for reductive 
elimination directly from the four-coordinate complex 
and 2. how ligand electronic asymmetry controls poly-
topal rearrangements, and thereby cis-trans isomeriza­
tion and elimination, in the three-coordinate manifold. 
So much more remains to be understood. 

W e are grateful to J . Jorgensen for the drawings, to 
E. Stolz for the typing to the National Science 
Foundation for its support of this work through Research 
Grant C H E 7828048, and to the Exxon Education 
Foundation, some earlier work on P tXY 2 isomerizations 
had been carried out in our group by D. L. Thorn . 
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TABLE 2. C o v CHARACTER TABLE USED IN THIS W O R K 

Appendix I 

Our calculations are of the extended Hiickel type17) with 
a weighted ifjj approximation.18) The Coulomb integrals 
and orbital exponents are listed in Table 1. The metal 
parameters were taken from the following sources: Exponents 
of Ni 3d orbitals were taken from the work of Richardson 
et al.,19) while those of Pd 4d, 5s and 5p, and Pt 5d orbitals 
were from the Basch and Gray orbitals.20) Other exponents 
are those given by previous work.21) The if u 's for Pt21> and 
Ni22) are the same as those used previously. For Pd charge 
iterations were performed on foww-Pd(CH3)2(PH3)2 assuming 
a quadratic dependence of metal i /u ' s on charge. 

TABLE 1. EXTENDED HUCKEL PARAMETERS USED 

IN THE CALCULATIONS 

Parameters 

Ni 3d 
4s 
4p 

Pd4d 
5s 
5p 

Pt 5d 
6s 
6p 

C 2s 

2p 
P 3s 

3p 
H Is 
" D " Is 
"A" Is 

HJcV 

- 1 3 . 4 9 
- 9 . 1 7 
- 5 . 1 5 

- 1 2 . 0 2 
- 7 . 3 2 
- 3 . 7 5 

- 1 2 . 5 9 
- 9 . 0 7 7 
- 5 . 4 7 5 

- 2 1 . 4 
- 1 1 . 4 
- 1 8 . 6 
- 1 4 . 0 
- 1 3 . 6 
- 1 1 . 7 5 
- 1 4 . 3 4 

Orbital exponent10 

5.75(0.5798)4-2.30(0.5782) 
2.10 
2.10 
5.983(0.5535)+2.613(0.6701) 
2.190 
2.152 
6.013(0.6334)+2.696(0.5513) 
2.554 
2.554 
1.625 
1.625 
1.60 
1.60 
1.3 
1.3 
1.3 

a) For the d functions a double zeta expansion was 
used. The expansion coefficients are given in 
parentheses. 

Geometrical assumptions included the following: C-H 
1.09, P-H 1.42, Ni-C 2.02, Ni-P 2.23, Pd-C 2.05, Pd-P 
2.30, Ni-D(A) 1.60, Pd-D(A) 1.65, Pt-D(A) 1.75Â; PH3 and 
CH3 tetrahedral. 

Appendix II 

There is no unique way to define the coordinate system 
in the molecules under study. The "classical" choice for a 
four-coordinate complex, 28, is tied to D4h symmetry. It 

makes the destabilized d orbital the familiar-sounding dx2_y2. 
But the axis system of 28 is cumbersome if one wishes to study 
a reductive elimination that preserves C2v symmetry, for the 
C2 axis preserved is not one of the axes of 28. Neither are 
dxz and dyz appropriate symmetry adapted linear combina­
tions. 29 would be more appropriate, but it in turn loses 
the mnemonic connection to the classical square-planar crystal 
field. We choose to compromise, using 30. This retains 

Ax 
A2 

Bx 

B2 

E 

1 
1 
1 
1 

G2(y) 

1 
1 

- 1 
- 1 

a(yz) 

1 
- 1 

1 
- 1 

<r(xz) 

1 
- 1 
- 1 

1 

the z axis where the four-fold axis used to be, and allows the 
use of dxz and dyz. The price we pay is that the destabilized 
d orbital is dxy, not dx2_y2. And we have to use the non­
standard character table, Table 2. 
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Series of trans- and m-dialkylpalladium(II) complexes having tertiary phosphine ligands (L) of various basicities 
and bulkiness have been prepared and their thermolysis and isomerization mechanisms in solution have been 
studied. Examination of the cause of selective formation of «j-dialkyl isomers by using alkyllithium revealed a new 
type of trans to eis isomerization promoted by the alkyllithium. A process involving the formation of a trialkyl-
palladate intermediate is proposed as a mechanism for the trans to eis isomerization. Evidence to support the 
mechanism has been obtained by experiments using LiCD3. Thermolysis of m-PdR2L2 has been demonstrated 
to proceed through a unimolecular process initiated by a rate-determining dissociation of L to produce a three-
coordinate "m-PdR2L" which reductively eliminates the R groups. Addition of free ligand to the system con­
taining m-PdMe2L2 effectively blocks the reductive elimination pathway thus forcing the complex to be thermo-
lyzed by a route involving liberation of methane. The second, novel type of trans to eis isomerization reaction 
proceeding via an intermolecular methyl transfer process has been discovered. As the crucial intermediate in 
the process a methyl-bridged complex formed between the partly dissociated three-coordinate species and un­
dissociated complex has been postulated. Thermolysis of *rarcj-PdMe2L2 has been found to proceed via initial 
isomerization to the eis form followed by reductive elimination. The trans-cis isomerization equilibrium greatly 
favors the eis form for complexes having phenyl-substituted phosphines. For the PEt3-coordinated palladium 
dimethyl, however, an equilibrium transjeis ratio of 1.2 is reached at 39 °C. Factors influencing the stability of 
the palladium alkyls having the tertiary phosphine ligand are discussed on the basis of the present results as well 
as comparison of the thermolysis behavior of trans-PdEt2h2 and other transition metal alkyls. The presence of 
an energy barrier between the dissociated T-shaped intermediates trans-PdMe^L and m-PdMe2L has been assumed. 
A unimolecular reductive elimination pathway proceeding from the T-shaped cw-PdMe2L intermediate through 
a Y-shaped transition state consistently accounts for the thermolysis as well as isomerization behavior of the trans-
and m-PdMe2L2. 

Despite the abundance of organic reactions promoted 
by palladium and its compounds,1) the fundamental 
studies on the behavior of alkylpalladium compounds, 
which may be regarded as key compounds in the Pd-
promoted reactions, are still scarce.2'3) By studying 
the decomposition mechanisms of palladium alkyls 
having stabilizing ligands such as tertiary phosphines, 
one can expect to get important information concerning 
the factors controlling the cleavage of the P d - C bond 
and the subsequent C - C coupling reactions of the 
alkylpalladium complexes coordinated with the stabiliz­
ing ligands. The recent study by Stille and co-workers 
contributed to unveil part of the decomposition mecha­
nisms of dialkylpalladium complexes having tertiary 
phosphine ligands,2) but obviously more studies are 
required for understanding fundamental properties of 
the palladium alkyls. 

As continuation of our effort to clarify the behavior 
of various transition metal alkyls,4) we have prepared 
series of eis- and trans-dialkylbis(tertiary phosphine)-
pal ladium(II) and have studied the chemical properties 
of these complexes. Examination of the thermolysis 
mechanisms of these isolated eis and trans complexes 
provides us a rare opportunity to study the crucial roles 
of the tertiary phosphine ligands in enhancing the 
stability of transition metal alkyls, affecting the thermo-

** Present address: Department of Materials Chemistry, 
Faculty of Engineering, Yokohama National University, 
Tokiwadai, Hodogaya-ku, Yokohama 240. 

lysis pathways, and determining the configurations of 
these complexes. In the previous paper we confirmed 
that trans-PdR„L2 ( R = E t , Pr", and BuM; L=va r ious 
tertiary phosphines) is thermolyzed through clean ß-
elimination pathways, liberating 1: 1 mixtures of alkane 
and alkene. The reactions were shown to proceed 
predominantly from undissociated four-coordinate 

R \ / L thermolysis 
Pd •—-> alkane + alkene 

1 / \ R 
(R=Et , Pr", and Bu") 

species.5) It was noted that the presence of the free 
tertiary phosphine ligands had small effect in hindering 
the thermolysis, and we proposed a thermolysis mecha­
nism involving distortion from the square-planar con­
figuration to facilitate the /^-hydrogen elimination. 

In the present paper we report the results of our 
mechanistic studies on thermolysis of eis- and trans-
PdMe 2L 2 , and of a.r-PdEt2L2 and on trans-cis isomeriza­
tion of the dimethylpalladium complexes. In contrast 
to the minor inhibition effect of tertiary phosphine 
ligands on /5-elimination reaction of trans-Pd^L..^ ( R = 
Et, PrM, BuM), a pronounced inhibition effect of tertiary 
phosphine ligands on reductive elimination of the alkyl 
groups from cw-PdR2L2 type complexes was revealed. 
Two new types of trans-cis isomerization reactions were 
discovered. The behavior of these palladium alkyls 
was found to have some similarities with that of AuR 3 L 
type complexes6) which liberate the coordinated tertiary 
phosphine ligand in order to initiate reductive élimina-
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tion of the alkyl groups and isomerization between 
trialkylgold isomers having different alkyl groups. 

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

Preparation ofeis- and tva,ns-PdR2L2. Employment 
of suitable synthetic methods has been found to lead to 
selective production of eis- and £ra/tf-PdR2L2. The 
trans isomers can be conveniently prepared by treating 
Pd(acac)2 (acac=2,4-pentanedionato ligand) with A1R2-
(OEt) ( R = M e , Et, PrM, BuM), or more preferably with 
Àl 2R 3(OEt) 3 , in the presence of tertiary phosphines 
(Method A, Eq. I).3»5) The trans isomers obtained by 
Method A are sometimes contaminated with eis isomers 
which may be removed by recrystallization. The eis 
isomers are prepared by alkylating PdCl2L2 with alkyl-
lithium (Method B, Eq. 2).7> For some complexes 
having basic tertiary phosphines such as PEt 3 where the 
preparation of a eis isomer by Method B is not suitable, 
a ligand exchange reaction of PEt3 with another eis 
isomer provides an indirect route to selectively prepare 
the eis isomer (Method C, Eq . 3, Scheme 1). 

Method A 

Pd(acac)2 + excess AlR2(OEt) or Al2R3(OEt)3 + 2L 
EtaO 

trans-FdK2L2 ( + a'j-PdR2L2) ( 1 ) 

TABLE 1. LIST OF ISOLATED PdR2L2 

-70toO°C 

(i-v) 
(R=Me, Et, Prw, Bun; L=PEt 3 , PMe2Ph, PEt2Ph, 
PMePh2, PEtPh2) 

Method B 

PdCl2L2 + excess LiR 
Et2o 

0° C to room temp 
-> m-PdR2L2 (2) 

(2-5) 
(R=Me, Et; L=PMe2Ph, PEt2Ph, PMePh2, 
PEtPh2) 

Method C 

m-PdMe2(PMePh2)2 + PEt3 

(4a) 
EtaO 

room temp 

Scheme 1. 

oj-PdMea(PEt8)2 (3) 

(la) 

Employment of the chelating diphenylphosphinoethane 
(dpe) ligand gives the eis isomers by the spatial constraint 
posed by the chelating ligand even by using Method A. 
The isolated dialkylpalladium complexes are listed 
in Table 1 with reference to the preparative methods. 
For differentiation of the isomers we use the Roman 
letters for describing the trans isomers and gothic Arabic 
numbers for representing the eis isomers. 

Characterization of the complexes has been made on 
the basis of elemental analysis and I R and N M R 
spectroscopy. The characteristic I R and 1 H N M R 
data of the dimethyl- and diethylpalladium complexes 
are given in Table 2 (for further details of characteriza­
tion, see Experimental par t ) . 

The trans-cis Isomerization of PdMe2L2 Promoted by 
Alkyllithium. Examination of the cause of the 

Compound 

Configuration R 

~ Me 

trans < 

Et 

rc-Pr 

rc-Bu 

Me 

eis I Et 

Me 
Et 
n-?r 

L 

PEt3 

PEt2Ph 
PMePh2 

PEtPh2 

PEt3 

PMe2Ph 
PEt2Ph 
PMePh2 

PEtPh2 

PEt3 

PMe2Ph 
PMePh2 

PMe2Ph 

PEt3 

PEt2Ph 
PMePh2 

PEtPh2 

PMe2Ph 
PEt2Ph 

dpeb) 

dpeb) 

dpeb> 

la 
I l i a 
IVa 
Va 

lb 
l i b 
I l l b 
IVb 
Vb 

Ic 
l ie 
IVc 

l id 

l a 
3a 
4a 
5a 

2b 
3b 

6a 
6b 
6c 

Methoda) 

Ä 
A 
A 
A 

A 
A 
A 
A 
A 

A 
A 
A 

A 

C 
B 

A, B 
B 

B 
B 

A 
A 
A 

a) See Scheme 1. b) dpe=Ph2PCH2CH2PPh2. 

selective production of the eis and trans isomers by using 
different experimental methods led us to the discovery 
of a new type of isomerization reaction. The ethyl 
as well as the methyl complexes show similar behavior. 
Here we deal mainly with the trans-cis isomerization of 
the methyl complexes, since the isomerization of the 
ethyl complexes are essentially similar but complicated 
by their thermal instability. 

The *ra/tf-PdMe2(PEt2Ph)2 ( I l i a ) was found to iso-
merize readily to the eis isomer (3a) in high yield on 
treatment with two equivalents of LiMe in ether for 
2 h at room temperature. The LiMe was removed by 
hydrolysis after the isomerization was complete. Treat-

MeN /PEt2Ph 
Pd 

LiMe M e x / P E t 2 P h 

P h E t 2 P / x M e EtaO, room temp M e 7 N P E t 2 P h 

(Ilia) 

Pd 
/ \ 
(3a) 

(4) 

ment of the trans isomer ( I l i a ) with 1.5 equivalents 
of AlMe 2(OEt) under similar conditions did not give 
any eis isomer and the unreacted I l i a was recovered. 
It was further established that treatment of trans-Pd-
(CH 3 ) 2 (PEt 2Ph) 2 ( I l i a ) with an equimolar amount 
of L iCD 3 in ether at room temperature gave the eis 
isomer (3a') containing the CD 3 group after removal 
of the methyllithium by hydrolysis. Thermolysis of 3a ' 
at 60 °C in toluene containing dimethyl maleate, the 
presence of which serves to cause the clean thermolysis 
of the dialkyl complexes (vide infra and Ref. 5), released 
CD3CD3, CH3CD3, and CH3CH3 in a molar ratio 
of 0.18; 0.48: 0.34. Methyl scrambling was also ob­
served in the reaction of a^-Pd(CH 3 ) 2 (PEt 2Ph) 2 with an 
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TABLE 2. IR a ) AND *H NMRb> DATA OF PdR2L2 (R=Me, Et) 

IjOm 

R 

, Me 

trans i Et 

^ 
, Me 

eis ' 

Et 

pound 

L 

PEt3 Ü 
PEt2Ph I l i a 
PMePh2 IVa 
PEtPh2 Va 

PEt3 lb 
PMe2Ph l ib 
PEt2Ph 11 lb 
PMePh2 IVb 
PEtPh2 Vb 

PEt3 l a 
PEt2Ph 3a 
PMePh2 4a 
PEtPh2 5a 

PMe2Ph 2bm ) 

PEt2Ph 3bm ) 

IR Data 

Pd-R grou 

<5(C-H) 

U3Ö 
1135 
1140 
1140 

1145, 1360 
1135, 1350 
1135, 1350 
1140, 1355 
1140, 1355 

1120 
1120 
1125 
1123 

1130, 1150, 1355 
1130, 1148, 1352 

P 

^i(Pd-C) 
455 
462 
460 
450 

455 
452 
440 
455 
455 

465, 487 
478, 505 
475, 510 
470, 515 

475, 490 
470, 505 

P 

-Cllf" 
-0 .61( t ) d ) 

-0 .55 ( t ) e ) 

- 0 . 9 1 (t)" 
-0 .82( t ) e > 

o 
0.92(t)g) 

1.31(t)*> 
0.41(t)k> 

0.55(t)k> 

0.07(q)J> 

0.17(q)J> 
0.10(q)» 
0.15(q)» 

1.20(br)k> 
1.15(t)k> 

XH NMR Datac) 

d-R 

" ^ C H , -

— 
— 
— 
— 

0.33(q)8) 

0.36(q)*> 
0.71(q)g) 

0.05(q)k> 
0.17(q)k> 

— 
— 
— 
— 

1.02(br)k> 
0.99(br)k) 

^ 
P-R 

-c£T*~ 
1.10(qui)g> 

1.17(qui)B) 

1.92(t)h> 
1.13(qui)*> 

1.12(qui)g> 
1.68(t)h) 

0.92 (qui) g> 
1.99(t)k> 
1.23 (qui)k) 

1.16(dt)° 
1.04(dt)° 
1.58(d)e> 
1.09(dt)° 

1.38(d)0 

0.88(dt)k> 

-CH 2 -

1.75(m) 
2.17(m) 

— 
2.31(m) 

1.82(m) 
— 

1.92(m) 
— 

2.41(m) 

1.79(m) 
1.89(m) 

— 
1.81(m) 

— 
1.80(m) 

a) KBr disc, in cm-1, b) 100 MHz, chemical shifts are in ô values (ppm) with respect to Me4Si as an external 
or internal standard (down field positive). Solvent: acetone-</6 (la, I l ia , lb , l i b , l a , 3a, 4a, 5a, 2b, 3b); 
toluene-rf8 ( IHb); CD2C13 (IVa, Va, IVb, Vb). Temp (°G) : 25 (la, I l ia , lb , l a , 3a, 4a); - 2 0 (l ib, I l lb , 
5a), —40 (IVa, Va, IVb, Vb, 2b, 3b). c) Multiplicity abbreviations are: d, doublet; t, triplet; q, quartet; 
qui, quintet ; m, multiplet ; dt, doublet of triplets. Coupling constants in Hz : d) 5.5. e) 5. f ) 6. g) 8. h) 2. 
i) 3y(HH) = 7, 3J(PH) = \4. j) Abnormal quartet, see Ref. 3. k) Coupling constants are obscured due to 
broadening, e) Chemical shift is obscured due to the signals of P-C-CH3 protons, m) Chemical shifts of these 
complex were determined by using XH-{31P} NMR. 

equimolar amount of LiCD3 . Thermolysis of the 
isolated m-PdMe 2 (PEt 2 Ph) 2 containing the GD 3 group 
librated CD 3CD 3 , CD 3GH 3 , and C H 3 C H 3 in a molar 
ratio of 0 .13 :0 .40 :0 .47 . Since the calculated ratio 
of the deuterated and undeuterated ethanes expected 
on the assumption of r andom scrambling of the methyl 
groups in the 1: 1 mixture of the methylpalladium and 
the trideuterio methyllithium is 0 .11 :0 .45 :0 .45 , and 
the separate experiment has established that the thermo­
lysis of 3a proceeds via a unimolecular process as dis­
cussed later, the results indicate that complete inter-
molecular scrambling of the methyl groups takes place 
on treatment of the trans- or a.y-PdMe2(PEt2Ph)2 with 
methyllithium. 

Based on these results, we propose the following 
isomerization mechanism, which accounts for the 
predominant formation of the eis isomers when alkyl-
lithiums are employed as the alkylating agent for pre­
paration of the palladium alkyls. In this scheme, 
approach of the methyl anion toward the square-planar 
complex, forming an ionic penta-coordinated species 
(A) from which the tertiary phosphine ligand is displaced 
to give a square-planar trimethylpalladate inter­
mediate, (B) seems to be a reasonable assumption.8) 
Ensuing coordination of the phosphine ligand to the 
square-planar intermediate would displace one of the 
methyl groups, reforming a square-planar dimethyl 
complex. If the displacement reaction by L dispels 
the methyl group situated at the eis position to the 
remaining L, the regenerated complex formed through 
the intermediate (A') in Scheme 2 would have the eis 
configuration, whereas displacement of the methyl 

Scheme 2. Proposed mechanism for the trans-cis 
isomerization of PdMe2L2 promoted by methyl­
lithium. 

group (Me') trans to the remaining L in (B) would 
revert the square-planar intermediate back to the 
initial trans configuration. If one assumes that the 
trans effect of the methyl group in the intermediate 
(B) is greater than that of L, the preferential formation 
of the eis configuration may be reasonably explained. 
An alternative scheme involving a trigonal-bipyramid 
containing the phosphine ligands in axial positions as an 
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intermediate corresponding to (A) is also conceivable, 
although in that case pseudo rotation by a Berry mecha­
nism should be invoked to account for the trans-cis 
isomerization and consequently the mechanism is less 
straightforward than the one proposed in Scheme 2. 
The proposed mechanism is reminiscent of the isomeriza­
tion mechanism of MC12(PR3)2 ( M = P d , Pt) promoted 
by PR3.9) Although there has been no report on prep­
aration of alkylpalladate type complexes, the assump­
tion of the intermediate alkylpalladate does not seem 
unreasonable in view of the reported examples of the 
corresponding alkyl analogs of nickel, platinum, and 
gold.10) 

TABLE 3. GASES EVOLVED ON THERMOLYSIS OF PdR2L2 

(R=Me, Et)a) 

Run Compound 
Evolved gas ratio 

R(-H) RH RR Others 

Total" 
amounts 

f p ^ p t w i T T Ï ~ °-04 0.96 c) (PEt2Ph)2 (Ilia) 
frarw-PdMe,-
(PMePh2)2(IVa) 
trans-PdMe2-
(PEtPh2)2(Va) 
m-PdMe2-
(PEt2Ph)2(3a) 
cz*j-PdMe2-
(PMePh2)2(4a) 
cw-PdMe2-
(PEtPh2)2(5a) 
«j-PdMe2-
(dpe)(6a) 

o taww-PdEV 
0 (PMe2Ph)2(IIb) 

— 0.08 0.92 c) 

— 0.05 0.95 c) 

— 0.01 0.99 c) 

— 0.04 0.96 c) 

— 0.01 0.99 c) 

— 0.02 0.98 c) 

0.49 0.51 — — 

9 (SSSSfnib) ° 4 9 °-49 ° 0 2 

,n m-PdEt2-
1U (PMe2Ph)2(2b) 
., m-PdEt2-
11 (PEt2Ph)2(3b) 
. 0 m-PdEt2-
" (dpe)(6a) 

trace trace 1.00 

trace trace 1.00 

0.41 0.41 0.18 

0.98 

0.86 

0.83 

0.96 

0.96 

0.91 

0.86 

0.95 

1.03 

0.94 

0.85 

0.90 

a) [Complex]ÄKO.05 mol/1. Solvent; benzene (Runs 
1, 3, and 4) ; toluene (Runs 2 and 5—12). Additive; 
dmm (0.17 mol/1). Thermolysis temp (°C); 60 (Runs 
1—7 and 12); 55 (Run 8); r.t. (Runs 9—11). 
b) Total amounts (mol/mol of complex) = [(1/2){R-
(-H) + R(H)}+RR]/(complex), c) Evolution of a 
trace amount of C2H4 was observed. 

Thermolysis Mechanism of PdR2L2. In the previ­
ous papers thermolysis of PdR 2 L 2 in the solid state3) 
and of frww-PdR2L2 ( R = E t , PrM, BuM), in solution5) 
has been reported. Having established procedures for 
selective synthesis of the eis- and trans-alkyh, we now 
examine the thermolysis behavior of these complexes 
in solutions. Table 3 summarizes the distribution of 
hydrocarbons produced in thermolysis of various 
palladium methyls and ethyls. For obtaining quanti ta­
tive data regarding the thermolysis of palladium alkyls 
it is essential to carry out the thermolysis under condi­
tions which allow the complete liberation of the alkyl 
groups and prevent the precipitation of palladium metal 

in the reaction system. Otherwise, accurate measure­
ment of the amounts of the liberated hydrocarbon 
products is hindered and release of the tertiary phos-
phine by decomposition of the phosphine-coordinated 
palladium complexes prevents the thermolysis of the 
remaining palladium alkyls and may severely distort 
the thermolysis kinetics. As it has been proved quite 
useful in the thermolysis study of trans- PdR2L2,5) addi­
tion of dimethyl maleate (dmm) into the system con­
taining the palladium alkyl under investigation serves 
quite satisfactorily to t rap the L2Pd(0) complexes 
displacing all of the olefin produced by /^-elimination and 
prevents the undesirable side reactions which may 
liberate the tertiary phosphine ligand to affect the 
thermolysis course. It has been confirmed that addi­
tion of d m m did not alter the rate of thermolysis of the 
palladium alkyls. Table 3 indicates that thermolysis 
of trans- and a>-PdMe2L2 liberates cleanly almost all 
of the methyl groups as ethane accompanied by forma­
tion of a small amount of methane and a negligible 
amount of ethylene (Runs 1—7). When the trans- or 

PdMe9L, 
thermolysis 

(trans and eis) 
dmm 

Pd(dmm)L2 + CH3CH3 + CH4 + CH2CH2 (5) 

(>0.95) « 0 . 0 5 ) («0) 

aV-PdMe2L2 were thermolyzed in the presence of free 
tertiary phosphines, the thermolysis course releasing 
ethane was severely hindered, making methane the 
main thermolysis product, albeit in small quantities as 
shown in Table 4. Thermolysis of «,y-Pd(CD3)2-
(PMePh 2) 2 in C6D6 at 60 °G in the presence of 0.25 
mol/1 of PMePh 2 liberated methane composed of 9 8 % 
of GD 3 H and 2 % of CD 4 . T h e results suggest that the 
hydrogen abstraction is taking place probably via a 
process involving an orthometallated intermediate when 
the «^-dimethyl complex is thermolyzed in the presence 
of free phosphine. 

In contrast to the liberation of ethane and ethylene 
in a 1: 1 ratio on thermolysis of frmy-PdEt2(PMe2Ph)2 

T A B L E 4. T H E EFFECTS OF ADDITION OF ^-PHOSPHINES 

ON THE THERMOLYSIS OF P d M e 2 L 2
a ) 

Com- [PRJ CH4 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

pound 

4a 
4a 
4a 
4a 
4a 

Va 
Va 
Va 
Va 
Va 

b) (mol/1) 

dmm (0.052) 
PMePh2 (0.025) 
PMePh2 (0.050) 
PMePh2 (0.125) 
PMePh2 (0.250) 

dmm (0.052) 
PEtPh2 (0.047) 
PEtPh2(0.117) 
PEtPh2 (0.140) 
PEtPh2 (0.234) 

[Complex] 

0 
0.5 
1.1 
2.8 
5.8 

0 
1.0 
1.2 
2.8 
3.1 

G2H6 

0 
39 
72 

231 
838 

0 
3.2 
5.3 
8.1 

10.1 

a) Total amounts of evolved gases were below 5% 
except for Runs 1 and 6. b) 4a, m-PdMe2(PMe-
Ph2)2; Va, /ra«j-PdMe2(PEtPh2)2. c) dmm, di­
methyl maleate. 
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( l ib ) and *ra/u-PdEt2(PEt2Ph)2 ( I l lb ) (Runs 8 and 9 
in Table 3 and Ref. 5), thermolysis of m-PdEt 2 (PMe 2 -
Ph) 2 (2a) and m-PdEt 2 (PEt 2 Ph) 2 (3b) in toluene con­
taining d m m (Runs 10 and 11 in Table 3) gave almost 
quantitative amounts of butane, the reductive elimina­
tion product of the palladium diethyls. The dichotomy 

Et 
I thermolysis 

L-Pd-Et • Et-Et 
i 

L 

(6) 
(L = PMe2Ph, PEt2Ph) 

Et 
I thermolysis 

L-Pd-L • C2H6 + C2H4 
i 

Et 
(L=PMe2Ph, PEt3, PEt2Ph, PMePh2, PEtPh2) 

of the thermolysis products of the palladium diethyls 
depending on the configuration of the isomer is intrigu­
ing. The fact that the reductive elimination of the 
cis-aXkyh is hindered whereas the ^-elimination pathway 
of the trans-alkyh is not hindered by addition of free 
phosphines suggests that the tertiary phosphine ligand 
is serving to stabilize the ôr-dialkyls by blocking the 
route leading to the three-coordinate species, whereas 
the phosphine does not block the site for ^-elimination 
of /raw.r-PdEt2L2 to take place. The results are in con­
flict with the generally held view that the tertiary 
phosphine's role is merely to block the site for the /?-
elimination to take place.11) 

In contrast to the occurrence of reductive elimination 
of the ethyl groups from f&r-PdEt2L2 having the mono-
dentate phosphine ligands, the thermolysis of eis-
PdEt2(dpe) having the bidentate ligand (6b, R u n 12 
in Table 3) liberated ethane and ethylene together with 
butane, indicating that both ^-elimination and reduc­
tive elimination pathways are operative. Thermolysis 
of £w-PdMe2(dpe), however, gave ethane, the reductive 
elimination product. The reason for the different 
thermolysis behavior of 6 b is not clear. 

The occurrence of the reductive elimination of ethyl 
groups from aV-Pd(CH2CD3)2(PMe2Ph)2 without in­
volvement of H - D scrambling in the deuterated ethyl 
groups was confirmed by examination of the 1 H N M R 
of the deuterated butane formed on thermolysis. It 
was revealed that the proton content in the methyl and 
methylene groups in the butane produced on thermo­
lysis was 7 and 9 3 % respectively. 

Kinetic Study of Thermolysis of cis-PdMc2(PMePh2)2 

(4a). In order to obtain further information on 
the thermolysis mechanism of the f&r-dialkyl isomers, 
the thermolysis of a > P d M e 2 ( P M e P h 2 ) 2 (4a) was 
followed by measuring the evolved amount of ethane 
produced on thermolysis of 4a in diphenylmethane 
containing dmm. Complex 4a was chosen because 
of the stability of the eis isomer concerning the iso-
merization to the trans isomer as well as the convenient 
temperature range where the thermolysis proceeds 
at reasonable rates for the kinetic measurement. The 
thermolysis is first order in the palladium dimethyl 
concentration up to the decomposition of 80—90% 
of the complex (Fig. 1). The thermolysis is severely 
hindered by addition of small amounts of free PMePh 2 

Fig. 1. 

Time/min 

Pseudo-first order plots for thermolysis of cis-
PdMe2(PMePh2)2 in Ph2CH2 containing 0.087 mol/1 
of dmm at 45.0 °C. [Complex] ̂ 0.025 mol/1. Additive 
(PMePha, mol/1) : 1) 0.00; 2) 1.25 x 10-»; 3) 2.50x 10"3. 

TABLE 5. THE EFFECTS OF ADDITION OF VARIOUS LIGANDS 

ON THERMOLYSIS RATES OF m-PdMe2(PMePh2)2 (4a) 

Run Additive (mol/1) 

1 dmm (0.087) 
2 dmm (0.17) 
3 dmm (0.35) 
. dmm (0.087) 
* PMePh2 (0.75X10-3) 

dmm (0.087) 
D PMePh2 (1.25X10-3) 
- dmm (0.087) 
b PMePh2 (2.50X10-8) 
7 dmm (0.087) 
1 Pyridine (0.15) 
ft dmm (0.087) 
0 AsPh3 (0.033) 

a) [Complex]^0.025 mol/1, at 45.0 °C, 

103 *ob8d/s-i 

1.1 
1.1 
1.2 

0.21 

0.15 

0.08 

0.59 

0.37 

in Ph2CH2. 

to the system. The pseudo-first-order rate constant 
kobsd of thermolysis of 4a under various experimental 
conditions are summarized in Table 5. As can be 
seen from Table 5 the thermolysis rate was not affected 
by the amount of d m m added to the system, whereas 
the addition of PMePh 2 , pyridine, and AsPh3 suppressed 
the thermolysis. T h e retardation effect of pyridine 
and AsPh3 was smaller than that of PMePh 2 . Plot­
ting of the 1 /&obsd value vs. the concentration of PMe-
Ph2 added to the system gave a straight line (Fig. 2). 
T h e results suggest that the thermolysis proceeds 
through a dissociative pathway involving the three-
coordinate intermediate formed on partial dissociation 
of the phosphine ligand from a>-PdMe2(PMePh2)2 as 
represented in Scheme 3. Assumptions of the ligand 

Me 
L-Pd-Me 

i 
L 

^ 
+ L, k-t 

Me 

Pd-Me 
i 

L 

C2H6 

Scheme 3. Theromlysis mechanism of m-PdMe2L2 

(L=PMePh2). 
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KPtPMePhJ/moll"1 

Fig. 2. Plots of l/*ob8d vs. [PMePhJ in thermolysis of 
m-PdMe2(PMePh2)2 (4a) in Ph2CH2 containing 0.087 
mol/1 of dmm at 45.0 °C. [4a] ̂ 0.025 mol/1. 

dissociation as the rate-determining process and of the 
steady-state approximation for the concentration of the 
three coordinate intermediate in Scheme 3 leads to 
the kinetic equations (7) and (8) which are in agreement 
with the experimental results as shown in Figs. 1 and 2. 

d[cw-PdMe2L2] 
dt 

1 

k\k% 

*-l[L]+*2 
|>w-PdMe2L2] (7) 

(8) 

Retardat ion effect of AsPh3 and pyridine is also accom­
modated by the mechanism shown in Scheme 3. The 
corresponding aV-diethyl analog (2b) behaved similarly. 
An almost quantitative amount of butane was liberated 
on thermolysis of 0.077 mol/1 of 2 b at 55 °C for 5 h in 
toluene containing dmm. The thermolysis was severe­
ly hindered in the presence of 0.17 mol/1 of PMe 2 Ph 
under otherwise the same conditions and only ca. 2% 
of butane per complex was released. 

In order to see the effect of tertiary phosphine on 
the stability of the palladium dimethyls having various 
tertiary phosphine ligands, pseudo-first-order rate con­
stant was measured for each complex in the absence 
of the added phosphine. The results summarized in 
Table 6 reflect both electronic and steric effects of the 
phosphine ligands on stability of the palladium di­
methyls. Comparison of the thermolysis rate constants 

TABLE 6. THERMOLYSIS RATES OF m-PdMeoL«,*0 

L 

PEt3 

PEt2Ph 
PMePh2 

PEtPh2 

0/ob) 

132 
136 
136 
140 

P*ac ) 

8.65 
6.78 
4.65 
4.91 

103*o b s d /s- i 

0.42 
0.53 
1.1 
2.0 

a) [Complex]^0.025 mol/1, at 45.0 °C, in Ph2CH2 

containing 0.087 mol/1 of dmm. b) See Ref. 20. 
c) See Ref. 21. 

of 3a and 4a having the phosphine ligands of similar 
cone angles but different basicities indicate that the 
more basic ligand is more strongly attached to the 
methyl complex giving rise to a slower thermolysis 
rate. O n the other hand, the PEtPh2-coordinated 
complex (5a) having a larger cone angle than PMePh 2 

but a similar basicity is thermolyzed at a higher rate 
than the PMePh2-coordinated complex (4a) as a con­
sequence of the steric bulkiness. The PPh3-coordinated 
complex is more unstable than 5a and the thermolysis 
rate measurement was not at tempted. The PEt3-
coordinated complex is much more stable as expected 
from its high basicity and low steric bulkiness than the 
complexes coordinated by phenyl-substituted phos-
phines. Comparison of the thermolysis rate constant 
of the PEt3-coordinated complex with thermolysis rate 
of other complexes, however, was not feasible because 
of the considerably high rate of the cis-trans isomeriza­
tion occurring concurrently with the thermolysis (vide 
infra). The thermolysis of PdMe2(dpe) (6a) at 80 °C 
in diphenylmethane was almost completely suppressed 
by addition of about 2 equivalents of dpe. Since the 
dpe ligand usually serves as a better coordinating ligand 
than the mono phosphines, the previously mentioned 
formation of ethane and ethylene and not of butane 
as the main thermolysis product of PdEt2(dpe) (6b) 
may be partly due to reluctance of the partial dissocia­
tion of the dpe ligand from 6b . Thermolysis without 
partial dissociation of the ligand may force the complex 
decomposed by another route. I t is noteworthy that 
addition of the phosphine ligand in thermolysis of 
NiMe2(dpe)12> showed no inhibition effect, suggesting 
a difference in the thermolysis mechanisms of the nickel 
and palladium congeners. 

T h e unimolecular thermolysis pathway of the eis 
palladium alkyls was further supported by examining 
the thermolysis product of a mixture of aV-Pd(CH3)2-
(PMePh 2 ) 2 (4a) and a>-Pd(CD3)2 (PMePh 2 ) 2 in a molar 
ratio of 0.90: 1.00. The ethane formed on thermolysis 
of the mixture contained CD 3CD 3 , CD 3 CH 3 , and 
C H 3 C H 3 in a ratio of 0.47: 0.05: 0.48, indicating that 
scrambling of the methyl groups constitutes only a 
minor process in thermolysis of 4a. Stille and co­
workers have obtained evidence supporting the involve­
ment of the methyl group in PMePh 2 in thermolysis of 
4a.13> The formation of the minor amount of CD 3 CH 3 

may have arisen from such a process since thermolysis 
of m-Pd(CD 3 ) 2 (PMePh 2 ) 2 evolved about 5 % of CH 3 -
CD 3 but the thermolysis result of the mixed CH 3 - and 
CD3-complexes clearly indicates intramolecular coupling 
of the eis dimethyl groups as the main process. Further 
support of the unimolecular process in thermolysis 
of m-P d R 2 L 2 was provided by the negligible formation 
of propane on thermolyses of mixtures of a.r-PdMe2-
(PMePh 2 ) 2 and a.r-PdEt2(PMe2Ph)2 . 

trans-cis Isomerization of PdMe2L2 and Mechanism of 
Thermolysis of trans-PdMe2L2. In contrast to the 
thermolysis behavior of a^-PdMe2L2 which is decom­
posed by a unimolecular reductive elimination mecha­
nism, the thermolysis of /raw.r-PdMe2L2 deviates from the 
first-order rate law and shows a marked acceleration 
in the thermolysis rate as the thermolysis proceeds. 
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100 

§ 

2 
§ 
U 

50 + 

0 15 
Time/min 

Fig. 3. Time-conversion curves and pseudo-first order 
plots for thermolysis of fom,y-PdMe2L2 in Ph2CH2 con­
taining 0.087 mol/1 of dmm at 62.0 °C. L=PEt 2Ph 
(Il ia, — • — ) , PMePh2 (IVa, — O—), PEtPh2 (Va, 

trans-Pd-P-Me 

trans-Pd-Me 

Conversion 

. 0"/. 

-J Jv 

-34% 

-72V. 

-96 °/. 

Fig. 4. XH NMR spectral change of trans to eis isomeriza-
tion of PdMe2(PMePh2)2 in CDaCl2 at 36.0 °C. 

This indicates the presence of an autocatalytic thermo­
lysis process. The typical time-conversion curves of 
thermolysis of trans-FdMe2L2 ( I l i a , IVa, and Va) are 
shown in Fig. 3. Further examination of the thermo­
lysis reactions of the *ra/tf-PdMe2L2 type complexes 
revealed the initial isomerization of the trans isomer to 
the eis isomer from which the reductive elimination 
proceeds. By selecting the proper complex and suit­
able reaction conditions the thermolysis of the palladium 
dimethyl can be kept minimal and the trans-cis isomeriza­
tion can be conveniently observed. Figure 4 illustrates 
the typical change of the 1H N M R spectrum of trans-
PdMe 2 (PMePh 2 ) 2 (IVa) to a*-PdMe2(PMePh2)2 (4a) 
at 36 °C in CD2C12. The initial N M R spectrum shows 
the P d - M e as well as the methyl signals of PMePh 2 as 
singlets, suggesting exchange between the phosphine 
ligand liberated from the toz/tf-PdMe2(PMePh2)2 and 
the phosphine ligand coordinated to palladium. The 
liberation and recoordination of the phosphine ligand 
is a reversible process at this stage, retaining the trans 
configuration since cooling of the solution gives a triplet 
pat tern for the methyl signals of the methyl groups 
bonded to palladium in the trans form. When the 
solution is kept at 36 °C the signals due to the trans 
isomer decrease. This is accompanied by increase of 
the signals characteristic of the eis isomer. During the 
isomerization process no change of the chemical shifts 
of the signals due to the trans and eis isomers was ob­
served. The isomerization was free of thermolysis up 
to the 8 0 % conversion. Beyond that stage, formation 
of ethane in a minor amount was noticed, revealing 
the occurrence of a slow thermolysis. 

Time/min 

Fig. 5. Time-conversion curves of isomerization of trans-
PdMe2(PMePh2)2 (IVa) to m-PdMe2(PMePh2)2 (4a) 
in CD2C12 at 36.0 °C. 

Initial concentration/mol 1" 

Additive 
Run IVa 

4a PMePh« 

1 
2 
3 
4 
5 
6 

0.067 
0.107 
0.064 
0.069 
0.071 
0.090 

0 
0 
0.027 
0.059 
0.114 
0 

0 
0 
0 
0 
0 
0.050 
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For the PMePh2-coordinated dimethylpalladium 
complex the equilibrium lies on the side of the eis form. 
Leaving the acetone-*/6 solution containing the cis-
PdMe 2 (PMePh 2 ) 2 (4a) at room temperature for one 
week led only to the slow decomposition of 4a without 
any sign of cis-trans isomerization. With increasing 
replacement of the phenyl groups in the tertiary phos­
phine ligand by alkyl groups a noticeable effect on the 
cis-trans equilibrium becomes apparent. Although the 
equilibrium for the PdMe 2 (PMePh 2 ) 2 type complex 
lies far on the side of the eis form in CD2C12 and in 
acetone-*/6, the PEt3-coordinated dimethylpalladium 
complex undergoes cis-trans and trans-cis isomerization 
slowly reaching an equilibrium of trans I cis =1.2 after a 
few days at room temperature. For 3a having the 
less basic and more bulky PEt 2Ph ligand than PEt3 , 
cis-trans isomerization was also observed with an quili-
br ium trans I cis ratio of 0.20 at room temperature in 
acetone-*/6. Apparently both steric and electric factors 
are involved to determine the cis-trans equilibrium, but 
the electronic factor may be dominant in influencing the 
equilibrium, as judged from the higher trans ratio at 
equilibrium of the PEt2Ph-coordinated complex than 
that of the PMePh2-coordinated complex, both phos-
phines having the same cone angle. 

For the dimethylpalladium complex coordinated with 
PMePh2 , kinetic studies concerning the trans to cis iso­
merization have been made by pursuing the decrease 
of the P d - M e signal in the 1 H N M R spectra of the 
trans form IVa measured in CD2C12 at 36.0 °C. This 
system is free from the reverse, cis to trans isomerization 
and the time-conversion curves, as reproduced in Fig. 5, 
shows a typical autocatalytic acceleration effect. The 
trans-cis isomerization rate is increased with increase 
of the initial concentration of the trans form IVa (Runs 
1 and 2 in Fig. 5) and the rate is particularly enhanced 
on addition of the increasing amount of the cis form 
(4a) to the system (Runs 3, 4, and 5). The isomeriza­
tion was markedly suppressed by adding free PMePh 2 

to the system (Run 6). 
Further examination of the trans-cis isomerization 

using the deuterated dimethylpalladium complex re­
vealed scrambling of the methyl groups during the 
isomerization process. Examination of the thermolysis 
product liberated from m-PdMe 2 (PMePh 2 ) 2 , derived 
by isomerization of trans-Pd(CHQ)2(PMePh2)2 in CH2C12 

at 30 °C for 2 h in the presence of an equilmolar amount 
of «^-Pd(CD3)2(PMePh2)2 , revealed that the ratio 
of CD 3 CD 3 : CH 3 CD 3 : C H 3 C H 3 in the evolved ethane 
was 0.29: 0.46: 0.25, indicating the complete scrambl­
ing of the methyl groups. Since it has been already 

^^-Pd(CH3)2(PMePh2)2 N 

+ 
m-Pd(CD3)2(PMePh2)/ 

v 30 °C, 2 h 

CH2C12 

-> a'j-PdMe2(PMePh2)2 

60 6C 

toluene 
-> CD3CD3 + CH3CD3 + CH3CH3 (9) 

(0.29) (0.46) (0.25) 

confirmed that the thermolysis of the mixture of cis-
Pd(CH 3 ) 2 (PMePh 2 ) 2 and m-Pd(CD 3 ) 2 (PMePh 2 ) 2 pre­
dominantly gives CD 3 CD 3 and CH 3 CH 3 , the above 
result clearly indicates the involvement of an inter-

molecular process causing the exchange of the methyl 
groups. Since it has been established on the basis of 1 H 
N M R spectrum that frmr-PdMe2(PMePh2)2 is partly 
dissociated with retention of the "trans" configuration 
in solution without rapid transformation into the cis 
configuration, it is reasonable to assume the presence 
of an energy barrier between the three-coordinate 
species having the methyl groups at mutually trans 
positions (T ' form in the following equations) and 
another three-coordinated species having the methyl 
groups at mutually cis positions ( C ) : O u r next task 
is to find a reasonable mechanism which allows the 
complex led to the cis form with the assistance of the cis-
PdMe 2 L 2 or /raw.r-PdMe2L2 with involvement of the 
methyl scrambling. 

Since there is no precedent of the trans-cis isomeriza­
tion proceeding by an intermolecular mechanism to 
our knowledge, examination of various isomerization 
models merits the consideration. In the first place, 
the intramolecular isomerization mechanism is excluded 
on the basis of the kinetic results and the intermolecular 
scrambling experiment. Secondly, inhibition of the 
isomerization by addition of free phosphine supports a 
mechanism involving the partial dissociation of the 
phosphine ligand from the square-planar complex with 
exclusion of other mechanisms involving association 
of non-dissociated four coordinate species. Thirdly, a 
bimolecular mechanism between two three-coordinated 
species formed by the ligand dissociation is unlikely on 
the ground of kinetic results. After exclusion of these 
other possible mechanisms we are left with the follow­
ing mechanism to account for the isomerization of trans-
PdMe 2 L 2 promoted by cw-PdMe'2L2 . As the inter-

(10) 

Me 
I K 

L-Pd-L ^ = ± 

Me 
(T) 

' Mel 

L-Pd 1 + 
MeJ 
(TO 

L-Pd-Me' 

Me 
(CO 

Me' 

+ 

L 

Me" 
1 

-Pd 

Me 

+ L 

(TO 
Me' 

1 k 
-Pd-L • 

1 
L 

(C) 

L-Pd-Me' 

Me 
+ 

(co 
L 

fast | 

L • L-Pd-Me 
Me 
(C) 

Me' 

Me-Pd-L 
1 

L 
(C) 

f 

(11) 

(12) 

Scheme 4. Proposed mechanism for trans-cis 
isomerization of fom.y-PdMe2L2 promoted 
by m-PdMe2L2. 

mediate in the crucial intermolecular reaction (11) we 
postulate the formation of the following methyl bridged 
species, which on cleavage of the original methy l -
palladium bonds may give the dissociated (CO and 
undissociated m-dimethyl (C) complexes. Rapid co­
ordination of the free phosphine ligand to the unsaturat-
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Me" 
1 

—Pd 

1 
Me_ 

( T r ) 

Me' 

+ Me '—Pd—L • 

L 

(C) 

_ 

^ 

" Me' 1 

VT* JPd—L 

'£» 

L pd— "~" ' 
1 

Me 

Me» 
I 1 

+ Me—Pd—L 
I 
L 

(13) 

( C ) (C) 

ed species ( C ) completes the isomerization, giving the 
product cù-PdMeMe'Lg (Eq. 12). Retention of the 
eis configuration of the added eis isomer after departure 
from the bridged species (D), in which a trigonal 
bipyramidal structure is assumed, is in agreement with 
the generally observed retention of configuration in 
the other isomerization reactions of square-planar 
transition metal complexes.8) Since the methyl group 
has a greater trans effect than the tertiary phosphine, 
cleavage of the methyl group in the position trans to the 
terminal methyl group as shown in D is reasonable. 
The rapid coordination of the free phosphine to the 
split-out species ( C ) leading to the square-planar eis-
PdMe 2 L 2 (Eq. 12) is a likely process in view of the 
absence of broadening of the ^H N M R signal of the 
palladium bonded methyl groups in m-PdMe 2 L 2 . 

The trans-cis isomerization strongly favors the eis 
form for complexes having phosphines with the phenyl 
groups as discussed previously. For these cases assump­
tion of Scheme 4, in which rapid equil ibrium for Eq. 10, 
the rate determining step for Eq. 11 and the subsequent 
rapid t rapping of the ( C ) in Eq. 12 are involved, leads 
to the kinetic expression given by Eq. 14. 

d[T] = 

d* 
*[T'][C] (14) 

Since [ T ] 0 + [ C ] 0 = [ T ] + [C] , where [ T ] 0 and [C] 0 

stand for the initial concentrations of the trans and eis 
isomers and [T] and [C] the concentrations of the 
isomers at t ime t, [C] may be expressed as 

[C] = [T]0 + [C]0 - [T]. (15) 

From Eq. 10 it follows 

K= [T'][L]/[T] where [T'] = [L] and 

From Eqs. 14, 15, and 16 

"^S1 = ^ X ^m([T]o+[C] 0 - [T] ) 

J[T]0vTïT( 
d[T] 

- -\'y Kdt. , V [ T ] ( [ T ] 0 + [ C ] 0 - [ T ] ) 

From Eq. 18 the following equat ion is derived: 

ln (Vmo+tci.+vTfi)2 

(16) 

(17) 

(18) 

[C] 
-k<jKVmo+[c-]0-t 

i l n ( V [ T ] o + [ C ] , W [ T ] 0 ) * 
[C]0 

(19) 

Plots of In ( V [ T ] 0 + [ C ] 0 + \ / [ T ] ) 2 / [ C ] vs. t as com­
puted from the time-conversion curves shown in Fig. 5 
are straight lines as shown in Fig. 6 up to about 60— 

0 50 100 150 
Time/min 

Fig. 6. Plots of ln ( V T O T Ï ^ W [ T ] ) 2 / [ C ] vs. t in 
trans to eis isomerization of PdMe2(PMePh2)2. 

8 0 % conversions. The values obtained by dividing 
the slopes of these lines in Fig. 6 by — \ / [ T ] 0 + [ C ] 0 

give a constant value (1.0±0.1) X 10~3 s"1 mol" 1 ^ 1-1/2 
corresponding to kVkx in a reasonable agreement with 
each other value. Thus the isomerization of the trans 
isomer to the eis isomer catalyzed by the eis isomer can 
be explained by assuming the mechanism shown in 
Scheme 4, at least for the most part where the accelera­
tion effect is observed. 

The initial period of isomerization, however, where 
the eis isomer is not present, remains to be explained by 
the other mechanism than the one involving the eis 
isomer. If the slow isomerization of the three-coordi­
nate T ' complex to C complex shown below is excluded 

" Me" 

L-Pd 

Me 
* 

L 
(T') 

Me 

L-Pd-Me 

(C) 

(19) 

even in the initial period, the remaining reasonable 
mechanism to account for the isomerization in the 
initial period is the one assisted by the undissociated 
trans isomer itself. Experimentally it is difficult to get 
evidence to prove or disprove mechanisms given by 
Eq. 19 or Eq. 20 for the initial period where the iso­
merization rate is small. The acceleration effect 
observed by increasing the initial concentration of the 
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trans isomer suggests an intermolecular mechanism such 
as Eq. 20. The much enhanced acceleration of the 
isomerization by addition of the eis isomer (e.g. R u n 3 
in Fig. 5 in comparison with R u n 2 in which the total 
concentration is higher than in R u n 3) suggests that 
the reaction proceeds mainly by a mechanism involving 
acceleration by the eis isomer (e.g. Scheme 4). For the 
eis to trans isomerization, which was noticeable for the 
PEt3-coordinated complex l a and to a lesser extent for 
the PEt2Ph-coordinated complex 3a, a mechanism 
following the reverse course of the trans to eis isomeriza­
tion as expressed by Scheme 4 may be operative. 

With the information concerning the trans to eis 
isomerization we are now in a situation to resume the 
discussion on the thermolysis behavior of the trans 
palladium dimethyls at elevated temperatures as shown 
in Fig. 3. As can been seen from the figure, the thermo­
lysis rate is markedly accelerated as the reaction pro­
ceeds. These results combined with those on the 
thermolysis of m-PdMe 2 L 2 previously discussed suggest 
that the thermolysis of trans-PdMe2L2 proceeds after 
its isomerization to the ( C ) type three-coordinate 
intermediate. This intermediate is also formed by 
partial dissociation of the ligand in thermolysis of cis-
PdMe2L2 as shown in Scheme 5. 

Me—pa—Me 
I 

L 

(T) 

-L 
Me—Pd—Me 

I 
L 

( T 1 ) 

/ / y Me-Me 

Me 
I 

Me—Pd—L 
I 

L 

<Ç> 

isomerization 

Me 

Me—Pd 
+L 

Me-Me 

L 

(C) 

Scheme 5. Proposed mechanism of reductive 
elimination of methyl group from trans- and 
cw-PdMe2L2. 

It is noteworthy that the three-coordinate "eis" type 
complex ( C ) has a moderate stability without being 
immediately thermolyzed by a reductive elimination 
pathway. The results suggest intervention of another 
type of three-coordinate species connected with the 
transition state for the reductive elimination. A 
plausible candidate for the species formed by the rear­
rangement of configuration from the T-shaped species 
( C ) is a planar Y-shaped complex from which the 
alkyl groups are reductively eliminated. A similar 
intermediate has been invoked in explanation of the 

Me 

Me—Pd 
i 
L J 

( C ) 

'Me—Me' 

I 
. L 

PdL + Me-Me (21) 

thermolysis and isomerization behavior of AuR 3 L type 
complexes.6) 

It is intriguing to note the similarity between thermo­
lysis mechanisms of the alkyl complexes of Group I 
transition metal, AuR 3 L, and of Group V I I I transition 
metal, PdMe 2L 2 . Furthermore, comparison of the 
thermolysis behavior of PdR 2 L 2 with that of NiR 2 L 2 

and PtR 2 L 2 reveals the contrasting difference in thermo-
lyses of these three, Group V I I I dialkyls. Pertinent 
characteristics in thermolysis patterns of the three 
dialkyls are as follows. (1) Reductive elimination of 
NiMe2(bpy)14> and NiMe2(dpe)12> is not hindered by 
the presence of free ligand. This suggests that the 
reductive elimination from the four-coordinate species 
can proceed without ligand liberation in contrast to 
the striking inhibition effect of the phosphine ligand on 
thermolysis of m-PdR 2 L 2 . (2) Thermolysis of cis-
PtR 2 L 2 by a jö-hydrogen elimination pathway is severe­
ly hindered by addition of a free phosphine,15) whereas 
the thermolysis of tawj-PdEt2L2 proceeding also through 
a /^-hydrogen elimination pathway is not hindered by 
the presence of the free phosphine.5) 

Attempting to clarify the difference in the thermolysis 
behavior of «V-PdMe2L2 and a'j-NiMe2L2, Tatsumi and 
Hoffmann recently performed extended H M O calcula­
tions.16) Their results explain most of the thermolysis 
behavior of cû-PdMe2L2 and aV-NiMe2L2 and suggest 
the presence of an energy barrier between the T-shaped 
"trans" form ( T ) and "eis" form ( C ) . The i r calcula­
tion indicates that a lower energy barrier is found for 
reductive elimination via the Y-shaped species rather 
than directly from the undissociated complex or from 
C intermediate in the case of palladium dialkyls, 
whereas the reductive elimination from the undissociated 
NiMe 2 L 2 complex may take place with a lower energy 
barrier than the case for m-PdMe 2 L 2 . 

On Factors Influencing the Stability of Palladium Alkyls. 
In discussion of the factors influencing the stability 

of transition metal alkyls one of the most important 
information regarding the roles of the supporting ligands 
such as tertiary phosphines and organic nitrogen bases 
may be obtained by careful kinetic studies of the thermo­
lysis mechanism of the isolated transition metal alkyls. 
I t has been established in the previous report5) that the 
tertiary phosphine ligand does not serve in blocking the 
^-hydrogen elimination pathway effectively in the 
thermolysis of /rarw-PdEt2L2 but rather the bulky 
ligands destabilize the P d - E t bonds. The present 
study, however, indicates that thermolysis of the cis-
dialkylpalladium complexes proceeding through a re­
ductive elimination pathway can be severely hindered 
by the presence of free tertiary phosphines. In the 
thermolysis involving the ligand dissociation the nature 
of the ligands and that of the alkyl groups give mutual 
influence on the ease of cleavage of the P d - P R 3 bond 
and Pd-alkyl bonds. Although the intrinsic bond 
strength of the Pd-E t bond may certainly differ from 
that of the P d - M e bond, the principal factor in deter­
mining the stability of the phosphine-coordinated cis-
palladium dialkyls, may be sought in the ease of release 
of the phosphine ligand. The ethyl group situated at 
the trans position to one of the phosphine ligands may 
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h a v e g r e a t e r trans l a b i l i z i n g effect t h a n t h e m e t h y l 
g r o u p i n t h e r a t e - d e t e r m i n i n g p h o s p h i n e d i s soc ia t ing 
process . T h i s w o u l d e x p l a i n t h e g r e a t e r s t ab i l i t y of t h e 
d i m e t h y l c o m p l e x e s t h a n t h e c o r r e s p o n d i n g d i e t h y l 
c o m p l e x e s . 

T h e resul t s o b t a i n e d i n t h e p r e s e n t s t u d y as wel l 
as t h e p r e v i o u s o n e p r o v i d e p e r t i n e n t i n f o r m a t i o n no t 
on ly a b o u t t h e fac tors c o n c e r n i n g t h e s t ab i l i t y of p a l ­
l a d i u m alkyls b u t a lso r e g a r d i n g p a l l a d i u m - c a t a l y z e d 
r e a c t i o n s c a u s i n g t h e C - C b o n d c o u p l i n g . A l t h o u g h 
t h e a c t u a l ca t a lys t sys tems , b e i n g c o n s t i t u t e d of a series 
of e l e m e n t a r y s teps , a r e m u c h m o r e c o m p l i c a t e d t h a n 
t h e s i m p l e t h e r m o l y s i s of t h e i so la t ed p a l l a d i u m d ia lky ls , 
p a r t of t h e roles of t h e a d d e d l i g a n d s m a y b e c o n n e c t e d 
w i t h t h e effect of t h e l i g a n d o n r e d u c t i v e e l i m i n a t i o n 
of d i a lky l s as d iscussed h e r e . 

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

All manipulations were carried out under an atmosphere 
of nitrogen or argon, or in vacuo. Solvents were dried in the 
usual manner , distilled, and stored under a nitrogen atmos­
phere. 

Infrared spectra were recorded on a Hitachi 295 spectro­
meter using KBr pellets. *H N M R spectra were measured 
on a J E O L PS-100, FX-100, and PMX-60 spectrometers. 
*H N M R signals are referred to Me4Si as internal or external 
s tandard. Analysis of the gases evolved by the reactions was 
carried out by gas chromatography (Shimadzu GC-3BF) 
after collecting gases using a Toepler p u m p , by which the 
volumes of gases were also measured. Analysis of the gases 
dissolved in solution was also carried out by gas chromato­
graphy (Shimadzu GC-6A) after collecting the volatile matters 
in the reaction solution by a t rap-to-trap distillation. Micro 
analyses (C and H) were carried by M r . T . Saito of our 
laboratory using Yanagimoto C H N Autocorder Type MT-2 . 
Analysis of the pal ladium content was performed by colori-
metric method using l-nitroso-2-naphthol as a color-producing 
reagent.17) T h e complete ionization of the pal ladium in the 
complex was achieved by treating the sample with a hot 
aqua regia. 

Triethylphosphine (Strem) was used as purchased. Di-
methylphenylphosphine, diethylphenylphosphine, diphenyl-
methylphosphine, and diphenylethylphosphine were prepared 
by the reactions of PPhCl 2 and PPh 2Cl, respectively, with 
R M g X ( R = M e , X = I ; R = E t , X = B r ) . 1,2-Bis(diphenyl-
phosphino) ethane (dpe) was prepared by the literature method 
starting from PPh3.18> 

fom.y-PdMe2(PEt3)2 ( l a ) , m-PdMe 2 (dpe) (6a), cw-PdEt2-
(dpe) (6b), and m-PdPr* 2 (dpe) (6c) were prepared by the 
reactions of Pd(acac) 2 , AlR 2 (OEt) ( R = M e , Et, P r n ) , and 
tertiary phosphines according to the method described pre­
viously.3) A series of trans-YdR^ ( R = E t , L = PEt 3 ( lb ) , 
PMe 2 Ph ( l i b ) , PEt 2 Ph ( I l l b ) , PMePh 2 ( IVb) , PEtPh 2 (Vb) ; 
R = P r » , L = PEt 3 (Ic) , PMe 2 Ph (He) , PMePh 2 ( IVc) ; R = 
Bun , L = P M e 2 P h ( l i d ) ) were also prepared by the reactions 
of Pd(acac) 2 , A lR 2 (OEt ) , and tertiary phosphines.3»5) 

Preparation of tT2ms-PdMe2(PEt2Ph)2 (Ilia) (Method A). 
T o the heterogeneous red mixture of Pd(acac) 2 (2 g, 6.6 mmol) , 
PEt 2 Ph (3 ml, 17.1 mmol) and E t 2 0 (40 ml) cooled to - 7 0 °C, 
a hexane solution of AlMe 2 (OEt) (5 ml, 19 mmol) was 
added dropwise. O n raising the temperature of the mixture 
gradually, it became homogeneous at —30 °G. T h e solution 
was stirred for several hours at 0 °C. After concentrating 
the solution to ca. 10 ml, the solution was cooled to —70 °C 
overnight to yield a white precipitate of /rarc.y-PdMe2(PEt2-

Ph) 2 ( I l i a ) , which was filtered, washed with a small amount 
of E t 2 0 at the same temperature and dried in vacuo. It was 
confirmed that the crude product of complex I l i a contained 
only trans isomer by means of I R spectroscopy. T h e product 
was recrystallized from acetone to yield white crystals of I l i a 
(1.5 g, 4 9 % ) . Similarly obtained was fra;w-PdMe2(PEtPh2)2 

(Va) by using PEtPh 2 in place of PEt 2Ph. Complex Va was 
recrystallized from T H F - C H 2 C 1 2 (yield, 6 5 % ) . 

/ra;w-PdMe2(PMePh2)2 ( IVa) was also prepared in a 
similar way from Pd(acac)2 , PMePh 2 , and AlMe 2 (OEt) . 
T h e crude complex first isolated from the reaction system, 
however, was a mixture of trans isomer (IVa) and eis isomer 
(4a). These two isomers were separated by extraction with 
acetone, in which the eis isomer is readily dissolved. T h e 
trans isomer (IVa) and the eis isomer (4a) were recrysrallized 
from T H F - C H 2 C 1 2 and acetone, respectively (yield; IVa, 
1 4 % ; 4a , 32%) . 

Characterization of these complexes was carried out by 
means of I R and XH N M R spectroscopy, and elemental 
analysis. Anal. ( I l i a ) Found : C, 56 .3 ; H , 8.2%. Calcd for 
C 2 2H 3 6P 2Pd: C, 56.4; H , 7 .7%. (IVa) Found : C, 62 .1 ; 
H , 5 .9%. Calcd for C 2 8H 3 2P 2Pd: C, 62.6; H , 6 .0%. (Va) 
F o u n d : C, 64.0; H , 6 .5%. Calcd for C 3 0H 3 6P 2Pd: C, 63.8; 
H , 6 .4%. (4a) Found : C, 63.2 ; H, 6 .5%. Calcd for C28H32-
P 2 Pd: C, 62.6; H , 6 .0%. 

Preparation of ck-PdMe2(PEt2Ph)2 (3a) (Method B). 
T o the heterogeneous yellow mixture of Jra;w-PdCl2(PEt2Ph)2 

(3.5 g, 6.8 mmol) and E t 2 0 (40 ml) containing a small amount 
of PEt 2 Ph {ca, 0.2 ml) , E t 2 0 solution of MeLi {ca. 60 mmol) 
was added at — 30 °C. T h e system was stirred at room 
temperature to give a heterogeneous pale yellow mixture 
containing a white precipitate of LiCl. Stirring was continued 
for 2 h. Evaporation (by pumping) of the ether phase, 
after hydrolysis at 0 °C, afforded a crude product of m-PdMe 2 -
(PEt 2 Ph) 2 (3a) as confirmed by I R spectroscopy. The crude 
product was recrystallized from E t 2 0 to yield white crystals 
of 3a (2.7 g, 8 5 % ) . Similarly obtained by Method B was 
m-PdMe 2 (PMePh 2 ) 2 (4a) and m-PdMe 2 (PEtPh 2 ) 2 (5a)-
These complexes (4a and 5a) were recrystallized from acetone 
(yield; 4a , 4 8 % ; 5a, 7 1 % ) . 

Characterization of 4a was carried out by means of I R 
spectroscopy. Characterizations of 3a and 5a were carried 
out by means of I R and XH N M R spectroscopy, and elemental 
analysis. Anal. (3a) Found : C, 56.2; H , 8.0%. Calcd for 
C 2 2H 3 6P 2Pd: C, 56.4; H , 7 .7%. (5a) Found : C, 63.5; H , 
6 .5%. Calcd for C 3 0H 3 6P 2Pd: C, 63.8; H , 6 .4%. 

Preparation of cis-PdMe2 (PEtz) 2 (la) by the Ligand Exchange 
Reaction of cis-PdMe2(PMePhJ2 (4a) with PEtz (Method CJ. 
T o a white heterogeneous mixture of m-PdMe 2 (PMePh 2 ) 2 

(4a) (0.53 g, 0.99 mmol) and E t 2 0 (4 ml) , PEt 3 (3.4 mmol) 
was added at room temperature to instantly yield a pale 
yellow clear solution. Evaporation of solvent by pumping 
afforded a pale yellow oil, which was washed with hexane 
at — 70 °C to yield a white precipitate of m-PdMe 2 (PEt 3 ) 2 

( l a ) . T h e product was filtered, washed with a small amount 
of E t 2 0 at - 7 0 °C, and dried in vacuo (0.19 g, 52%) . 
Characterization of l a was carried out by I R and 1 H N M R 
spectroscopy, and elemental analysis. Found : C, 45.7; 
H , 9 .9%. Calcd for C 1 4H 3 6P 2Pd: C, 45 .1 ; H , 9 .7%. 

Preparation of cis-PdEt2(PMe2Ph)2 (2b) (Method B). 
T o a Schlenk tube containing the mixture of PdCl 2 (PMe 2 Ph) 2 

(1.6 g, 3.4 mmol) and EtLi (solid state) (0.28 g, 7.7 mmol) 
cooled at — 70 °C, E t 2 0 (30 ml) containing a small amount of 
PMe 2 Ph was added. O n gradually raising the temperature 
the mixture became homogeneous at — 20 °C. Stirring the 
solution at —20 °C for several hours yielded LiCl as a white 
precipitate, the amount of which increased gradually. After 
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concentration of the mixture to ca. 3 ml, hexane (30 ml) 
was added to the system at —10 °C. T h e solution was col­
lected by nitration at the same temperature . Concentration 
of the filtrate to ca. 5 ml yielded a pale yellow precipitate, 
which was filtered, washed with a small amount of hexane 
at — 70 °C and dried in vacuo. T h e product was recrystallized 
from cold E t 2 0 containing a small amount of PMe 2 Ph to 
yield white crystals of cw-PdEt2(PMe2Ph)2 (2b) (26%) . 
Similarly obtained was m-PdEt 2 (PEt 2 Ph) 2 (3b) by the use 
of PdCl2 (PEt2Ph)2 in place of PdCl 2 (PMe 2 Ph) 2 (13%) . 
Since these complexes are too unstable for microanalysis, 
their characterization was carried out by means of I R and 
XH N M R spectroscopy, macroscopic analysis of Pd, and 
determination of the amount of e thane evolved on acidolysis 
with coned H 2 S 0 4 . Anal. (2b) Found : Pd, 24 .5%. Calcd 
for C 2 0H 3 2P 2Pd: Pd, 2 4 . 1 % . (3b) Found : Pd, 2 1 . 1 % . 
Calcd for C 2 4H 4 0P 2Pd: Pd, 21 .4%. T h e amounts of ethane 
evolved by acidolysis with coned H 2 S 0 4 (mol/mol of complex) : 
2b , 2.0; 3b , 1.9. 

Characterization of trans- and cis-PdR2L2 by XH NMR and 
IR Spectroscopy (see also Table 2). T h e XH N M R spectrum 
of tamj-PdMe2L2 gives a triplet for the P d - M e groups whereas 
that of cw-PdMe2L2 gives rise to a characteristic pat tern of a 
distorted quartet (A 3 XX'A 3 ' pattern).3) Other spectral 
patterns helping the assignment are a quintet pat tern for 
the trans isomers and a doublet of triplets pat tern for the 
eis isomers having tertiary phosphine ligands with ethyl 
group (s), and a triplet pat tern for the trans isomers and a 
doublet for the eis isomers containing tertiary phosphine 
ligands with methyl group (s). 

(A) (B) 

lib (trans) 

S(C-H) 2b(ds) 

1200 1000 (cm-1) 1200 1000 

Fig. 7. Characteristic I R absorptions due to <5(C-H) of 
P d - R groups of trans- and cw-PdR2L2 (KBr disc). 
(A) trans- and w - P d M e 2 ( P M e P h 2 ) 2 . (B) trans- and cis-
PdEt 2 (PMe 2 Ph) 2 . 

The I R spectra also serve in diagnosis of the isomers. T h e 
trans isomers show only one v(Pd-C) band in the range of 455 
to 462 c m - 1 whereas the eis isomers give two v(Pd-C) bands 
in the region of 465 to 515 c m - 1 . Other characteristic bands 
helping to differentiate the eis and trans isomers are those 
arising from the C - H deformation of the Pd-bonded alkyl 
groups as shown in Fig. 7. T h e <5(C-H) vibration of the 
methylpalladium complexes gives a single absorption at 
1120 c m - 1 for the eis isomers and 1140 c m - 1 for the trans 
isomers, whereas the <5(C-H) of the ethyl complexes gives 
two absorptions at 1130 and 1150 c m - 1 for the eis isomers 
and a single band at 1140 c m - 1 for the trans isomer. Since 

these absorptions are relatively unper turbed by the tertiary 
phosphine ligands, observation of these bands helps to deter­
mine the configuration of the isomers. 

Mass Spectral Analysis of Deuterated Ethanes. E thane 
produced by thermolysis was collected by using a Toepler 
p u m p through a dry i c e - E t O H t rap in order to avoid contami­
nation by the solvent, and analyzed by mass spectrometer. T o 
obtain accurate cracking patterns for each component , 
authent ic samples of C2D6 , CH 3 CD 3 , and C 2 H 6 were prepared. 
C H 3 C D 3 was prepared by the acidolysis of fra/tf-Pd(CH2CD3)2-
(PMePh 2 ) 2 (isotopic purity, 97%)5> with coned H 2 S 0 4 . 
C H 3 C H 3 was used as purchased (Takachiho Chemical Indus­
try) . C2D6 was prepared by cracking w - P d ( C D 3 ) 2 ( P M e -
Ph 2 ) 2 at 60 °C in toluene containing d m m . Since the deute­
rated ethane thus produced contains a small amount of 
CH 3 CD 3 , the true fragmentation pa t te rn of C D 3 C D 3 was 
obtained by subtracting the contribution of peaks due to 
C H 3 C D 3 using the independently obtained fragmentation 
pat tern of CH 3 CD 3 . T h e results of mass spectral analysis 
were reproducible within ± 5 % . 

Reactions of trsnxs-PdMe2( PEt2Ph) 2 (Ilia) with MeLi and 
AlMe2(OEt). T o a homogeneous E t a O solution (4 ml) 
of fcww-PdMe2(PEt2Ph)2 ( I l i a ) (0.25 g, 0.53 mmol) , an 
ether solution of MeLi (1.1 mmol) was added by means of a 
syringe at room temperature and the system was stirred for 
2 h at the same temperature . After hydrolysis at 0 °C, the 
solvent was evaporated from the solution to leave a white 
precipitate, which was washed with a small amount of E t a O 
and dried in vacuo (0.23 g, 9 3 % ) . T h e product was identified 
as cw-PdMe2(PEt2Ph)2 (3a) on the basis of the I R and XH 
N M R spectroscopy. 

O n the other hand, the reaction of I l i a (0.098 g, 0.21 mmol) 
with AlMe 2 (OEt) (0.39 mmol) in E t 2 0 (2 ml at room tem­
perature for 2 h yielded only franj-PdMe2(PEt2Ph)2 (0.090 g, 
92%) after concentration of the solution, washing with hexane 
at — 70 °C, and drying in vacuo. Characterization of the 
product was carried out by I R spectroscopy. 

Reactions of trans-PdMe2( PEt2Ph) 2 (Ilia) and cis-PdMe2-
(PEt2Ph)2 (3a) with CD3Li. T o a homogeneous E t 2 0 
(2 ml) solution of toz;w-PdMe2(PEt2Ph)2 ( I l i a ) (0.16 g, 
0.34 mmol) , CD3Li (isotopic purity, 99%) (0.37 mmol) was 
added by means of a syringe at room temperature . T h e 
system was stirred for 2 h at the same temperature . After 
hydrolysis at 0 °C, the solvent was removed by pumping to 
yield a white precipitate (0.14 g) . T h e precipitate was 
identified as m-PdMe 2 (PE t 2 Ph) 2 containing C D 3 groups on 
the basis of the I R spectrum (t-(C-D) (KBr disc) = 2190, 2080, 
and 2030 c m - 1 ) . E thane evolved on thermolysis of the reac­
tion product in toluene (2 ml) containing d m m (50 |xl) at 
60 °C was collected and analyzed by mass spectrometry, 
and the ratio of CD 3 CD 3 , CH 3 CD 3 , and C H 3 C H 3 in the 
e thane was found to be 0.18: 0.48: 0.34. 

O n the other hand, the reaction of m - P d M e 2 ( P E t 2 P h ) 2 

(3a) (0.15 g, 0.31 mmol) and CD 3Li (0.32 mmol) in ether 
(2 ml) at room temperature for 2 h also gave cw-PdMe2-
(PEt 2Ph) 2 containing C D 3 groups as a white precipitate after 
hydrolysis at 0 °C (0.13 g) . T h e e thane evolved on thermo­
lysis of the reaction products in toluene (2 ml) containing 
dimethyl maleate (50 \i\) at 60 °C was determined to be con­
sisted of CD 3 CD 3 , CH 3 CD 3 , and C H 3 C H 3 in a molar ratio 
of 0.13: 0.40: 0.47 as measured by mass spectrometry. 

Preparation and Thermolysis Products of cis-Pd(CD3)2(PMe-
Ph2)2. m-Pd(CD 3 ) 2 (PMePh 2 ) 2 was prepared by the 
reaction of PdCl 2 (PMePh 2 ) 2 and CD3Li (isotopic purity, 
99%) in a similar manner to the preparat ion of 4a and was 
identified by means of I R and XH N M R spectroscopy: v(C-D) 
(KBr disc) = 2 2 0 0 , 2090, and 2040 cm" 1 . In X H N M R 
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spectrum (100 MHz, in acetone-d6, at room temperature), 
the complete absence of the signal due to Pd-CH3 was con­
firmed. 

It was confirmed by mass spectrometry that ethane evolved 
on thermolysis of w-Pd(CD3)2(PMePh2)2 at 60 °C in toluene 
(2 ml) containing dmm (50 \d) consisted of GD3CD3 and 
CH3CD3 in a molar ratio of 0.95: 0.05. 

Thermolysis of the mixture of m-Pd(CD3)2(PMePh2)2 

(0.061 g, 0.11 mmol) and m-Pd(CH3)2(FMePh2)2 (0.067 g, 
0.12 mmol) in toluene (2 ml) containing dmm (50 ^1) at 
60 °C gave CD3CD3, CH3CD3, and CH3CH3 in a molar 
ratio of 0.47: 0.05: 0.48. 

Preparation and Thermolysis Products of cis-Pd(CH2CDs)2-
(PMe2Ph)2. CD3CH2Li was prepared by the reaction 
of CD3GH2Br (isotopic purity, 97%)19> with Li in pentane. 
cw-Pd(CH2CD3)2(PMe2Ph)2 was prepared by the reaction 
of PdCl2(PMe2Ph)2 and CD3CH2Li in a similar manner to 
the preparation of 2b and was characterized by means of IR 
and *H NMR spectroscopy: *>(C-D) (KBr disc)-2170, 2145, 
2095, and 2040 cm"1. In XH NMR spectrum (100 MHz, 
in acetone-rf6, at — 40 °G), only a signal due to Pd-CH2 was 
observed as broad A2XX'A'2 pattern. 

Butane produced by thermolysis of m-Pd(GH2CD3)2-
(PMe2Ph)2 in toluene containing dmm at room temperature 
was collected by means of GLC after collecting the volatile 
materials in thermolysis solution by the trap-to-trap distilla­
tion. In XH NMR spectrum (100 MHz, in C6D6, at room 
temperature) of collected butane, the ratio of methyl and 
methylene protons was 7: 93. 

Kinetic Studies of Thermolysis of PdMe2L2. A 30 ml 
Schlenk tube containing a Ph2GH2 solution (4 ml) of the 
complex (about 0.05 g) and the additive (dmm or tertiary 
phosphine) was sealed with a gas-tight rubber serum cap 
and evacuated. The Schlenk tube was placed in a thermo-
statted bath (HAAKE F2) controlled to ±0.5 °C. The rate 
constants for thermolysis of the complex were obtained by 
measureing the amount of ethane evolved with time. The 
amount of ethane was confirmed by means of GLC using 
ethylene as an internal standard. 

Kinetic Studies of trans to eis Isomerization of PdMe2(PMePh2) 2. 
The appropriate amount of trans-PdMe2(PMePh2)2 (IVa) and 
and m-PdMe2(PMePh2)2 (4a) or PMePh2 were placed in 
a weighed NMR tube and the tube was connected to a vacuum 
line with a Teflon joint. After evacuation, CD2C12 was 
transferred by the trap-to-trap distillation. The amount of 
transferred CD2C12 was determined by weighing, and con­
centrations of the complexes and PMePh2 were determined 
by measuring the weight of CD2C12 added. The sealed tube 
was placed in a thermostatted NMR probe (± 1.0 °C). The 
amount of IVa on isomerization was determined by measuring 
the ratio of the area of Pd-Me signals of IVa and 4a. 

Reaction of trans-Pd(CH3)2(PMePh2)2 and cis-Pd(CD3)2-
(PMePh2)2. To a Schlenk tube containing trans-Pà-
(CH3)2 (PMePh2)2 (IVa) (0.072 g, 0.13 mmol) and m-Pd-
(CD3)2 (PMePh2)2 (0.076 g, 0.14 mmol), CH2C12 (2 ml) was 
added by means of a syringe to yield a clear pale yellow 
solution. After stirring the system for 2 h at 30 °C, the 
solvent was removed by pumping to yield a white precipitate 
of a.r-PdMe2(PMePh2)2 containing CD3 groups (0.14 g). 
Identification of the product was carried out by IR spectro­
scopy. Thermolysis of the reaction product in toluene (2 ml) 
containing dmm (50 \L\) at 60 °C liberated CD3CD3, CH3CD3, 
and CH3CH3 in a molar ratio of 0.29: 0.46: 0.25. 

This work was supported by a Grant-in-Aid for 
Scientific Research No. 555340 from the Ministry of 
Education, Science and Culture. 
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Synopsis. The crystal structure of the title compound 
has been reinvestgated and refined to a final R factor of 0.057 
for 1286 independent reflections. The six-membered ring 
takes a chair-form. All the three methyl groups are in the 
equatorial position. The mean values are 1.818 Â and 1.513 
Â for the S-C and C-C distances respectively, and 101.3° 
and 108.5° for the C-S-C and S-C-S angles respectively. 

The structure analysis of /Î-TTA has been reported 
by Valle et a/.1) and by the present authors.2) T h e 
intensity data used in these works were collected by the 
photographic method, however, so the molecular 
geometry obtained was not accurate. Recently, the 
structure analysis of a -TTA using three-dimensional 
intensities collected by the counter-technique was 
reported by the present authors.3) T h e crystal structure 
of j#-TTA was, therefore, reinvestigated for comparison 
with that of a-TTA. 

Exper imenta l 

The single crystals of /3-TTA used in the analysis were 
obtained by the slow evaporation of an acetone solution. 
They are transparent prisms elongated along a principal axis, 
having approximately square cross sections. 

The cell constants were determined by the least-squares 
method using various sets of high-angle reflections on a dif-
fractometer. The crystal data are as follows: C6H12S3, F. W. 
= 180.4, orthorhombic, space group ^ 2 ^ , a= 13.437(13), 
0=4.740(5), c=14.688(15)Â, F=935.4(1.6)Â3, Z)m=1.274g 
cm-3, Z>c=1.280gcm-3, ,u(Mo Jt„) = 7.17 cm"1. 

A prismatic crystal of 0.3x0.5x0.8 mm was mounted 
on a four-circle diffractometer (Rigaku AFC-III) with Mo 
Ka from a graphite monochrome ter, and the intensities were 
collected for the independent 1614 reflections within 20<6O°, 
using the œ-26 scan technique with a scanning speed of 4° 
min"1 in 20, while 324 reflections with | F 0 | < 3<J(F) were 
designated as unobserved. Corrections for background and 
the Lorentz-polarization factor were made, but corrections 
for the absorption or the extinction were omitted. 

The atomic parameters determined in the previous work2) 

TABLE 1. ATOMIC COORDINATES ( X 104) AND EQUIVALENT 

ISOTROPIC TEMPERATURE FACTORS 

S(l) 
S(2) 
S(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 

X 

2237(2) 
3937(1) 
2032(1) 
3573(6) 
3379(5) 
1866(5) 
4070(7) 
3663(7) 

775(6) 

y 

1602(5) 
3904(4) 
1755(5) 
1789(17) 
1995(16) 

-318(15) 
2988(25) 
3549(21) 

-1088(22) 

z 
711(1) 

1863(1) 
2759(1) 
889(5) 

2813(5) 
1728(5) 

53(6) 
3675(5) 
1628(6) 

* e q / A 2 

5.34 
4.58 
4.94 
4.92 
4.42 
4.75 
7.20 
5.90 
6.13 

were used as input into the block-diagonal least-squares pro­
gram on a computer CDC-6600 in the Century Reserch 
Center Co., Tokyo. At the stage of R=0.096, the hydrogen 
atoms were located, assuming the tetrahedral angle for each 
carbon atom and a bond length of 1.09 Â for each C-H bond. 
Further refinements were made with block-diagonal least-
squares using anisotropic thermal parameters for the non-
hydrogen, and isotropic B values for the hydrogen, atoms. 
After six cycles, convergence was attained with Ä=0.057. 
The final coordinates and equivalent isotropic temperature 
factors for the non-hydrogen atoms are given in Table 1.** 

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

The thermal vibration ellipsoids4) scaled to a 50% 
probability, together with the atomic numbering, are 
shown in Fig. 1. The intramolecular interatomic 
distances and angles involving the non-hydrogen atoms 
are given in Table 2. T h e mean S-C length is 1.818 A, 
the C - S - C angles are 100.2—102.6° (mean 101.3°), 
and the S-C-S angles are 112.3—114.1° (mean 113.5°). 
The mean values reported previously were: S-C, 
1.814 A; C - S - C , 98.9°; S -C-S , 114.7° in the unsub-
situted 1,3,5-trithiane,5) 1.818 A, 101.89°, 113.09° in 
a-TTA.3) 

Fig. 1. The thermal vibration ellipsoids of non-hydrogen 
atoms drawn by ORTEP.4> 

The triangle formed by three sulfur atoms is regular, 
the averaged length being 3.040 A (3.029 A in a-TTA). 

** The complete tables of the anisotropic thermal para­
meters, the F0-Fc data, the least-squares planes, and the 
torsion angles are deposited as Document No. 8138 at the 
Office of the Editor of the Bulletin, the Chemical Society of 
Japan. 
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TABLE 2. INTRAMOLECULAR INTERATOMIC DISTANCES(/) 

AND ANGLES <J> INVOLVING THE NON-HYDROGEN ATOMS 

Estimated standard deviations are given in parentheses. 

nk *r 
s( i ; 
s(2; 
s(2; 
s(3; 
s(3; 
s ( i ; 
G (4; 
C(5] 
c(6; 
S(l) 
S(2) 
S(3) 
c(4; 
c(5; 
G (6) 
S(l) 
S(3) 
S(2) 

-G(4) 
-G(4) 
-G(5) 

) -C(5) 
-G(6) 
-G(6) 
-G(7) 
-C(8) 
-G(9) 
...S(2) 
...S(3) 
. . .S(l) 
...G(5) 
...G(6) 
...G(4) 
...G(5) 
...G(4) 
...G(6) 

1.816(8) 
1.815(8) 
1.823(7) 
1.816(7) 
1.820(8) 
1.818(8) 
1.508(12) 
1.514(10) 
1.518(10) 
3.045(3) 
3.053(3) 
3.022(3) 
2.840(10) 
2.807(10) 
2.789(10) 
3.452(7) 
3.440(7) 
3.434(7) 

G(6)-
G(4)-
G(5). 
S( l ) -
S(2)-
S(3)-
S( l ) -
S(2)-
S(2)-
S(3)-
S(3)-
S ( l ) -
S(l). 
S(2). 
S(3). 
G(4). 
G(6). 
G(5). 

- S ( l ) 
-S(2) 
-S(3) 
-G(4) 
-G(5) 
-G(6) 
-G(4) 
-G(4) 
-C(5) 
-G(5) 
-C(6) 
-G(6) 
..S(2) 
•S(3) 

-S ( l ) 
•G(5) 
•G(4) 
•G(6) 

-C(4) 
-G(5) 
-G(6) 
- S ( 2 ) 
- S ( 3 ) 
- S ( l ) 
-G(7) 
-G(7) 
-G(8) 
-G(8) 
-G(9) 
-G(9) 
...S(3) 
- S ( l ) 
-S(2) 
..C(6) 
-G(5) 
-G(4) 

100.2(3) 
102.6(3) 
101.1(3) 
114.0(4) 
114.1(4) 
112.3(3) 
109.9(6) 
108.3(6) 
107.2(5) 
108.5(5) 
109.2(5) 
107.8(5) 
59.4(1) 
60.2(1) 
60.4(1) 
59.2(3) 
59.8(3) 
61.0(3) 

The other triangle formed by three ring-membered 
carbon atoms is also regular, with a length of 2.812 Â 
(2.833 Â in <x-TTA). 

The C - C bond distances are in the range of 1.508— 
1.518 Â, with a mean of 1.513 Â, shorter than the 
previously reported values (1.58 Â by Valle et al.1) and 
1.572 Â by the present authors2)). However, it agrees 
with the lengths of C-C e q (from a ring-membered 
carbon to a methyl carbon in the equatorial position) in 
a -TTA (1.514 and 1.524 Â). The S - C - C bond angles 
are in the range of 107.2—109.9°, with a mean of 108.5°, 
in accordance with the value of a -TTA (107.60°). 

The conformation of the chair-form can clearly be 
seen from the alternative change of sign assigned to 
each torsion angle. The averaged value of the endocyclic 
torsion angles is 65.0° (in absolute values), showing a 
good agreement with the 64.9° in a -TTA. The 
calculated exocyclic torsion angles (174.4° as a mean 
in absolute values) show that all three methyl groups 
are co-ordinated in an equatorial . In a -TTA they are 

O 1/4 

JZ4, 

_J J ^ 

Fig. 2. The molecular packing viewed down b, showing 
all intermolecular distances (the non-hydrogen atoms) 
of less than 4.10 A. 

C e q , and 68.3° for the 175.2° as a mean for the C -
C---Cax, rotation. 

The molecular packing, together with intermolecular 
interatomic distances less than 4.10 Â, are shown in 
Fig. 2. The shortest contact is 3.67 Â between C(7) 
and C(9) at ( l / 2 + # , 1/2—y, z). Since this is shorter 
than the van der Waals contact between two methyl 
groups, the rotations of the methyl groups may be 
hindered. 
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Enthalpies of Fusion of Intermediate Compounds, KMgCl3, K2MgCl4, 
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KGd3Cl10, and KDy3Cl10 
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Synopsis. The enthalpies of fusion were measured on 
the intermediate compounds of the binary systems of KCl and 
some other chlorides. These were compared with the values 
calculated using Cp of the component salts according to the 
additivity. The enthalpies of fusion measured were in good 
agreement with calculated in K2LaCl5 and K2BaCl4. 

Some intermediate compounds have been known in 
such binary systems of KCl and some rare earth chlorides 
as of KCl and alkaline earth chlorides. Enthalpies and 
entropies of fusion of these compounds are thermo-
dynamically valuable on obtaining theoretical under­
standing of phase diagrams of these binary or ternary 
molten chloride systems. In the present work, heats 
of fusion were measured using a differential scanning 
calorimeter (DSC) on some intermediate compounds 
of the binary systems of KCl and some other chlorides 
and were compared with values calculated using Cp 

(heat capacity at constant pressure) of component 
salts. 

Exper imenta l 

Starting raw materials used were KCl, alkaline earth 
chlorides (MgCl2, CaCl2 , SrCl2 , and BaCl2), and rare earth 
chlorides (LaCl3, PrCl3 , NdCl3, GdCl3, and DyCl3). In these 
chlorides , KCl , CaCl2, SrCl2, and BaCl2, were of reagent 
grade and separately demoistured by heating under the 
reduced pressure of about 10~3 Torrt at slightly below their 
melting points for 5—10 h. These were then heated to the 
molten states and after cooling, they were sealed in test tubes 
in Ar atmosphere till use. 

On the other hand, MgCl2 and rare earth chlorides which 
were prepared according to the similar procedure in the 
previous paper,1) were sublimated to purify at about 1000 °G 
for 8—10 h under vacuum using the apparatus described 
elsewhere.2) 

The chlorides were weighed in the mole ratios 1-1, 2-1, 
and 3-1 corresponding to the compositions KMgCl3 , KCaCl3 , 
K2MgCl4 , K2BaCl4 , K2SrCl4 , K2LaCl5 , K3PrCl6 , K3NdCl6, 
KGd3Gl10, and KDy3Gl10. All kinds of mixtures were 
weighed in a dry box with purified N2 gas and heated in a 
quartz tube ( 15* X 300mm) at about 50 °G lower than the 
melting point in an electric furnace under vacuum, and then 
raised temperature to melt in Ar atmosphere. After melting 
thoroughly, the mixtures were solidified in the inclined quartz 
tube and kept in sealed test tubes. 

These samples were ground to 100—300 mesh in an agate 
mortar in a dry box with purified N2 gas. Enthalpies of 
fusion of the samples were measured using DSG on about 
20 mg in a platinum pan (5* X 5mm) in Ar atmosphere of a 
flow rate of 50 ml/min at heating rate of 10 °G/min. The 
enthalpy was measured from the equation 

AH = KA/M, 

where AH is an enthalpy of fusion per unit weight of a sample, 

M a weight of a sample, A an area of peak on a recording 
chart, and K an apparatus constant. As the apparatus 
constant K was dependent on temperature, it was determined 
on calibration curve about heat of transition of some NBS-
ICTA** standard materials, that is Ag2S04 (transition temp: 
412 °G, heat of transition : 6.09 cal/g), K 2S0 4 (583 °G, 11.13 
cal/g), and K 2Cr0 4 (665 °G, 12.62 cal/g). 

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

The results obtained were summarized in Table 1. 
Experimental enthalpies were measured from endo-
thermic peaks of DSC curves. T h e calculated values 
were derived as follows. 

TABLE 1. EXPERIMENTAL AND CALCULATED ENTHALPIES 

OF FUSION OF THE INTERMEDIATE COMPOUNDS 

IN BINARY COMPONENT SALTS 

,-, j T x ,. „. Enthalpies of fusion End components Intermediate r - ^ — 
compounds k c a l m ° r i 

Against KCl (mp/K) _ "j "^~? . 
5 v F / ' Exptl Additive value 

MgCl2 K2MgCl4(688) 8~9 2ÏÏ4 
MgCl2 KMgCl3 (754) 7.9 15.7 
BaCl2 K2BaCl4(932) 16.4 15.8 
CaCl2 KCaCl3(1021) 16.6 13.0 
SrCl2 K2SrCl4(865) 13.6 14.6 
LaCl3 K2LaCl5(902) 25.0 25.4 
PrCl3 K3PrCl6(938) 20.1 30.7 
NdCl3 K3NdCl6(961) 22.6 30.8 
GdCl3 KGd3Gl10(833) 13.5 
DyCl3 KDy3Cl10(830) 19.9 

In each binary system, the heat capacities of the end 
component salts at their melting points were extrapolated 
to the melting point of the corresponding intermediate 
compound. The enthalpy values for the compound 
were estimated from those for the binary compounds 
by the relation 

A / / C , T = ÛA//A ,T + bAHBtT, (1) 

(aA+bB^>AaBb = C) 

where AH is heat of fusion and T the melting point of 
the compound C. And 

A//AiT = A//A,mp + f ACpdT, (2) 
Jmp 

where, ACP is represented by the relation in the reaction 
A ( s ) = A ( l ) , 

A C p = C p ( l ) - C p ( s ) . (3) 

T h e melting points, heats of fusion, and heat capacities 

t 1 Torr= 133.322 Pa. 
** NBS-IGTA: National Bureau of Standard-Interna­

tional Circular Thermal Analysis. 
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TABLE 2. HEAT CAPACITIES (Cp), HEATS OF FUSION (Lf), AND MELTING 

[Vol. 54, No. 6 

POINTS OF THE SUBSTANCES USED 

Substance 

KCl (s) 
KCl (1) 
MgCl2 (s) 
MgCl2 (1) 
BaCl2 (s) 
BaCl2(l) 
CaCl2 (s) 
GaGl2 (1) 
SrGl2 (s) 
SrCl2 (1) 
LaGl3 (s) 
LaGl3 (1) 
PrCl3 (s) 
PrGl3 (1) 
NdCl3 (s) 
NdGl3 (1) 
GdGl3 (s) 
DyCl3 (s) 

Mp/°G 

772 

714 

962 

772 

873 

855 

786 

760 

609 
654 

Z,f/kcal mol - 1 

6.35±0.1 

10.3 ± 0 . 3 

4.0 ± 0 . 1 

6.8 ± 0 . 1 

3.8 ± 0 . 2 

13.0±0.2 

12.1±0.2 

12.0±0.2 

9.6 
7 

cP= 
a 

9J39 
16.00 
18.90 
22.10 
26.61 
24.96 
17.18 
24.70 
18.2 
26.2 
22.4 
32 
21.8 
32 
22.8 
31 

=a+bT+c T2/cal deg ^moi 
r 

103 b 

5720 
— 

1.42 
— 
— 
— 

3.04 
— 

2.44 

— 
9.4 

— 
8.4 

— 
7.4 

— 

10-6 c 

0/77 
— 

- 2 . 0 6 
— 
— 
— 

- 0 . 6 0 
— 
— 
— 
— 
— 
— 
— 
— 
• — • 

l-i 
v 

Temp range/K 

298—mp 
mp—1200 
298—mp 
mp—1500 

1198—mp 
mp—1339 
600—mp 
mp—1700 
298—mp 

of the end component chlorides were shown in Table 
2#3-5) 

In the systems of K C l - L a C l 3 and K C l - B a C l 2 , the 
experimental enthalpies of the compounds of K 2 LaCl 5 

and K2BaCl4 were in good agreement with the calculated 
and value of K2SrCl4 were relatively good. These 
compounds were all 2 : 1 in mole ratio. 

T h e deviation of the experimental enthalpies from the 
additivity were very small, especially in K 2 LaCl 5 and 
the experimental were only 0.4 kcal/mol lower than the 
calculated. 

Holm et al*) studied the binary system of KCl -MgCl 2 

using a drop-calorimeter and reported that the melting 
points and enthalpies of fusion of the compounds were 
705 K, 10.75 kcal/mol and 755 K, 10.33 kcal/mol in 
K 2 MgCl 4 and KMgCl 3 , respectively. 
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Kinetics of the Hydrolysis of Zeolite 4A Surface by the 
Pressure-jump Relaxation Method 

Tetsuya IKEDA, Minoru SASAKI, Raymond D. ASTUMIAN, and Tatsuya YASUNAGA* 

Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Naka-ku, Hiroshima 730 
(Received December 2, 1980) 

Synopsis. Single relaxation was found in the basic 
zeolite 4A suspension by the pressure-jump method. The 
relaxation phenomenon was attributed to the hydrolysis of 
the zeolite 4A surface and the kinetic parameters were 
obtained. 

One important property of zeolite 4A is the existence 
of sodium ion in surface cage-like structures from where 
ion exchange with other cations such as Ca2 + , K + , and 
N H 4

+ 1_3) occurs. It has been determined by surface 
electrical conductivity measurements and by infrared 
absorption spectra4-6) that these cages are terminated 
by surface hydroxyl groups. In solid catalysis the cage 
of the zeolite plays an important role, giving rise to ion 
sieve effects, and thus the determination of the mecha­
nism of the ion exchange, as well as that of the specific 
adsorption of ions into the cage, is of major importance 
in understanding the ion sieve action in the ion exchange 
of the zeolites. However, hydrolysis of the surface 
hydroxyls also occurs, varying the charge density on the 
framework of the zeolite, and so the dynamic behavior 
of these hydroxyls, which differs greatly from that of 
y-alumina or t i tanium dioxide7»8) must be clarified 
before the mechanism of ionic adsorption and exchange 
can be well understood. In this paper we present the 
results of pressure-jump relaxation experiments on the 
kinetics of zeolite 4A surface hydrolysis. 

Exper imenta l 

Zeolite 4A (Na20'Al203'2Si02'wH20) was purchased 
from the Toyo Soda Co., and was purified as previously 
described.8) X-Ray diffraction patterns before and after 
purification showed no change. Aqueous suspensions of 
zeolite 4A with NaOH were prepared under nitrogen atmos­
phere and the measurements were performed with particle 
concentration of 30 g/dm3 at 25 °G after equilibration for 1 d. 

The pressure-jump apparatus used is the same one reported 
previously.8) The time constant of the pressure-jump was 
within 80 y.s. 

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

Kinetic measurements were carried out by the 
pressure-jump method with conductivity detection on 

en 

\ 

0 5 10 

COH'3 / 10'3moldm"3 

Fig. 1. Dependence of the reciprocal relaxation time on 
the equilibrium concentration of OH" in the zeolite 
4A-NaOH system at particle concentration of 30 g/dm3 

and 25 °G. 

basic aqueous suspensions of zeolite 4A and a single 
relaxation process of decreasing conductivity with 
decreasing pressure on the order of s was observed only 
above the pH—11.5. Figure 1 shows the concentration 
dependence of the reciprocal relaxation time, T- 1 , and 
it may be seen that T _ 1 increases with increasing concen­
tration of hydroxide ion. Since the sodium ion can 
enter into the cage of zeolite as mentioned above, one 
of plausible mechanisms of the relaxation phenomenon 
observed may be the base catalyzed adsorption-desorp-
tion process of the sodium ion. However, in the system 
to which te t ramethylammonium hydroxide was added 
as the base in the same manner , where the tetramethyl­
ammonium ion can not enter into the cage,9) the same 
relaxation phenomenon was observed. Therefore, it 
is clear that the relaxation observed is due to the 
interaction between the hydroxide ion and the active 
sites on the zeolite surface. 

In order to clarify the mechanism of the relaxation, 
the concentrations of the surface group, SOH, and the 
dissociated surface group, SO", existing on the zeolite 

TABLE 1. STATIC AND KINETIC DATA IN AQUEOUS SUSPENSIONS OF ZEOLITE 4A AT 25 °G 

[OH"] 
lO^moldm- 3 

2.63 
4.57 
6.76 
9.12 

11.8 

10 
[SOH] 

-s mol dm - 3 

3.1 
2.2 
1.1 
1.0 
0.8 

10-
[so-] 

-2 mol dm - 3 

1.54 
1.63 
1.74 
1.75 
1.77 

T - 1 

s - i 

0.88±0.10 
1.06±0.13 
1.47±0.09 
1.80±0.13 
1.91±0.12 

-PK 

3.28 
3.21 
3.37 
3.28 
3.27 
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surface were determined from the adsorption isotherm 
of hydroxide ion10) and are listed in Table 1. For the 
hydrolysis of the hydroxyl group on the framework of 
the zeolite 4A surface in basic region, the following 
scheme can be written 

H 

Al Si + O H ' 
/ \ / \ 

SOH 

kl O x / O x / O 
— - Al" Si + H 2 0 , (1) 
k.x / \ / \ 

SO" 

where kx and k-x are the rate constants of the adsorption 
and the desorption of hydroxide ion, respectively. 
Henceforth, we use S O H and S O " for the two surface 
species, as indicated above. In the present p H region, 
as can be seen from Table 1, the zeolite surface may be 
assumed to be fully occupied by the dissociated surface 
group, with the value of the equilibrium constant 
calculated from ^ ( = [ S O - ] / [ S O H ] [ O H - ] ) being nearly 
constant. The constancy of the piCs supports the 
validity of the above assumption. Thus, in the deter­
mination of the mechanism we ignored the effect of the 
variable surface potential. Under the constant surface 
potential, the equation of T _ 1 in the above scheme is 
given by 

with 

T-i - ^([SOH] + [OH"l) + V_l9 

^_1 = ^_1[H20]. 

(2) 

(3) 

The plot of T_1 vs. the concentration term of Eq. 2 yields 
a straight line as shown in Fig. 2. The linearity of this 
plot confirms the plausibility of the mechanism assumed 
above. From the slope and the intercept of the line, 
the values £ 1 = 1 . 6 x 102 mol" 1 dm 3 s"1 and A: ,_1=8.7x 
10 - 2 s_ 1 respectively, were obtained and the value of 
negative log of the kinetic equilibrium constant, pK', 
was determined to be —3.26 from the ratio of the 
obtained rate constants. 

The kinetic equilibrium constant is in good agreement 
with the static equilibrium constant obtained from the 
adsorption isotherm. Therefore, this fact also justifies 
the mechanism described above. Thus, we are led to 
the conclusion that the relaxation phenomenon observed 

\ 

0 5 10 
([SOH] + [OH"])/10~3 mol dm-3 

Fig. 2. The plot of T _ 1 VS. the concentration term in 
Eq. 2. 

can be attributed to the adsorption-desorption process 
of O H " , i.e., hydrolysis on the zeolite 4A surface. 
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The Spectrophotometric Determination of Zirconium (IV) by Solvent 
Extraction with Trioctylphosphine Oxide and Benzophenone 

Yasumasa SHIGETOMI and Takehiro KOJIMA* 

Department of Chemistry, Okayama College of Science, Ridai-cho, Okayama 700 
(Received August 30, 1980) 

Synopsis. The colorimetric determination of zirco­
nium (IV) was investigated by means of liquid-liquid extrac­
tion, where zirconium in a nitric-acid solution was quantitati­
vely extracted into molten TOPO-benzophenone at about 
60 °G. The organic phase solidifies on cooling and is sepa­
rated and dissolved in methanol. The addition of an ethanolic 
solution of l-(2-pyridylazo)-2-naphthol to this solution yields 
as intense red colour. 

Recently, spectrophotometric determination has 
again, because, with it one is able easily, come to be of 
interest to determine a number of metals without 
difficulty. However, one of the major problems is the 
lack of the specificities of any chromogenic agents except 
bathophenanthroline, 1,10-phenanthroline, etc. O n the 
other hand, tributyl phosphate (TBP), tributylphosphine 
oxide (TBPO), and trioctylphosphine oxide (TOPO) 
are well known as selective extractants. 1_4> Also, 
solvent extraction by using naphthalene or benzo­
phenone has the disadvantage that it must be carried 
out at a comparatively high temperature (70 °C), but 
it has the merit that metal ions can be extracted with 
less volume than when a liquid solvent is used, for, upon 
cooling, the organic phase separates out as a solid.5-8) 

In this investigation, we studied the selective spectro­
photometric determination method of zirconium, com­
bined with such a selective extraction and a conventional 
colour development.9) 

Exper imenta l 

Reagents and Apparatus. All the reagents were of an 
analytical grade. The standard zirconium(IV) solution was 
prepared by dissolving 0.2767 g of zirconium nitrate in ion-
exchanged water and by then diluting the solution to 100 cm3. 
Stock solutions of the other metal salts were prepared by 
dissolving salts in 0.1 mol dm - 3 hydrochloric acid or nitric 
acid. The trioctylphosphine oxide (TOPO), tributyl­
phosphine oxide (TBPO), tris(2-ethylhexyl)-phosphine oxide 
(TEHPO), and triphenylphosphine oxide (TPPO) were used 
without further purification. The absorbancy curves of the 
solution contained in a 1-cm matched-glass cell were measured 
with a Hitachi 101 spectrophometer. 

Procedure. Transfer a solution containing 0—230 (xg 
of zirconium into a 100-cm3 Erlenmeyer flask with a tight-
fitting stopper, and adjust the acidity of the solution to 2 mol 
dm"3 with nitric acid. Add 100 mg of TOPO and 300 mg 
of benzophenone. Heat the flask on a water bath at about 
60 °C untile the TOPO phase melts completely, and then 
shake it vigorously for 2 min. Remove the flask from the bath, 
cool the molten extractant rapidly while stirring in cold water, 
and separate the resulting solidified extract in granular form 
from the aqueous solution by filtration. Wash the extract 
several times with water and transfer it to a 10-cm3 volumetric 
flask containing 1 cm3 of a l-(2-pyridylazo)-2-naphthol (PAN) 
solution and 0.5 cm3 of a triethanolamine solution. Dilute 
the solution to the mark with methanol. Shake well and 

measure the absorbance of the solution at 545 nm against a 
reagent blank. 

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

Extraction with Various Extractants. T h e extrac­
tion was carried out through the procedures using 
T O P O , TBPO, T E H P O , and T P P O . T O P O and 
T B P O would seem to be suitable extractants. However, 
T B P O interferes with the colour development of 
zirconium with PAN. Therefore, we used T O P O as an 
extractant in the following experiments. Also, we 
simultaneously examined the effect of acidity on the 
extraction. Zirconium was extracted quantitatively 
from more than 2 mol d m - 3 nitric acid. Its extractability 
from a hydrochloric-acid solution is not so much as 
that from a nitric-acid solution; for instance, the 
extraction percentage in a 2 mol d m - 3 nitric-acid 
medium showed more than 99%, while that at hydro­
chloric acid reached only 5 5 % at 50 °C, though it 
increases with an increase in the temperature and, at 
80 °C, reaches 9 9 % . 

Effect of Amount of TOPO. T h e experiments were 
carried out at temperatures ranging from 50 to 90 °C 
in order to examine the relation between the amount of 
T O P O and the extraction percentage. It was found 
that the elevation of the extraction temperature causes 
the extractability to increase slightly, and that adding 
more than 100 mg of T O P O brings to about a quanti ta­
tive extraction. Further, naphthalene and biphenyl 
were investigated as diluents instead of benzophenone ; 
however, naphthalene is not sufficiently soluble in 
methanol, and so it interferes with the colour developing 
because of forming a opaque solution. 
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Fig. 1. Absorption curves. 
A: 4.6 ppm Zr(IV) vs. reagent blank (TOPO), B: 4.6 
ppm Zr(IV) vs. reagent blank (TBPO), C: 4.6 ppm 
Zr(IV) vs. reagent blank (TEHPO), D: reagent blank 
vs. ethanol, PAN: 1.0 cm3, buffer: 0.5 cm3. 
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Absorption Spectra. Figure 1 show the absorption 
spectra of the reagent blank and of the PAN-zirconium-
(IV) complex in a benzophenone-methanol solution 
resulting from taking in 46 (xg of zirconium through the 
above procedures. The magnitudes of the absorbance 
are in this order: T O P O , TBPO, and T E H P O ; this 
order is compatible with that of the extraction percen­
tage. However, no quantitative relation was observed 
between these values. For instance, the T B P O complex 
is as extractable as the T O P O one, but the absorbance 
of the former is only two-thirds that of the latter. We 
may suppose that T B P O complex is more stable than 
the T O P O complex; therfore, the exchange reaction 
does not proceed not so much as in the T O P O complex. 
Further, we examined how the absorbance varied as a 
function of the amount of tr iethanolamine or PAN 
added. T h e addition of 0.5 cm3 of 10% triethanolamine 
as a buffer sufficed to develop the colour of the zirconium 
complex. Also, the colour intensity showed a plateau. 
Adding a large amount of a PAN solution causes the 
reagent blank to have a colour of a strong intensity. 
Therefore, the determination was carried out by 
adding 1 cm 3 of a 0 . 1 % PAN solution to 10 cm3 of 
a zirconium solution. 

Choice of Solvent. Tests were made with verious 
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Fig. 2. Effect of the various solvents. 
A: CH3OH, B: C2H5OH, G: DMF, D: (CH3)2CO. 
Conditions Zr(IV) : 4.6 ppm, PAN: 1.0 cm3, buffer: 
0.5 cm3, TOPO: 100 mg, benzophenone: 300 mg. 

solvents in dissolving mixtures of the complex and 
benzophenone. Such a mixture is soluble in many 
organic solvents, such as methanol, ethanol, N,N'-
dimethylformamide, and acetone, but dissolving with 
cyclohexane, isobutyl methyl ketone, and chloroform 
formed an opaque solution. Furthermore, to these 
solutions are also added 1 cm3 of a 0.1 % PAN solution. 
T h e spectra observed are shown in Fig. 2. T h e absor­
bance is higher in methanol than in the others. 

Effects of Diverse Ions. Possible interference was 
looked for by placing 46 (xg of zirconium in 25 cm3 of a 
2 mol d m - 3 nitric-acid solution. One milligram of the 
following cations gave no interference; Mg( I I ) , Ca( I I ) , 
Sr( I I ) , Ba(I I ) , Y( I I I ) , La ( I I I ) , Ce( I I I ) , Nd( I I I ) , 
C r ( I I I ) , M n ( I I ) , Cu( I I ) , Zn( I I ) , Al ( I I I ) , Fe( I I I ) , 
V(V) , Co(I I ) , and Ni( I I ) , but Sc(III) and U(VI) gave 
considerable positive interference. As has been 
mentioned above, the apparent molecular absorptivity, 
1.24 x 104 cm3 mol c m - 1 , we obtained is not so large as 
that10) obtained by combining with the colour develop­
ment and the solvent extraction with dibutyl hydrogen-
phosphate. However, zirconium can be determined 
up to 10 - 5 mol d m - 3 , as it can be easily concentrated 
two hundred times by means of the proposed extraction, 
though allowance must be made for large volumes by 
shaking for a longer times and by using larger amounts 
of the extractants. 
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Dual-wavelength Spectrophotometric Determination of Trace Amounts 
of Phosphate in the Presence of Large Amounts of 

Silicate Using Molybdenum Blue 
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Synopsis. A method is described for the determina­
tion of trace amounts of phosphate in the presence of large 
amounts of silicate. It is based on the difference in the 
absorption spectra of molybdenum blues formed from 
phosphate and silicate using a dual-wavelength spectro­
photometer. The difference in absorbances at 797.3 nm and 
825.0 nm is proportional to phosphate concentration over the 
range 1.60 X 10"7 to 7.00 X 10"5 M (1 M = l mol dm"3). 

The spectrophotometric determinations of phosphate 
based on the formations of molybdophosphoric acid 
and molybdenum blue have been widely used. Though 
many different applications of these methods have been 
proposed,1) difficulties are often encountered when two 
or more ions which can form molybdenum blue are 
present simultaneously. Many studies on the separation 
of phosphate from silicate have been reported. Fujinaga 
et al.2) studied a solvent extractive separation of phos­
phate from silicate based on the difference in the 
behavior of molybdophosphoric acid and molybdosilicic 
acid toward the mixed solvents of 1-butanol-
cyclohexane-water and of 1-butanol-isobutyl methyl 
ketone-water. Recently, a kinetic method for the 
simultaneous determination of phosphate and silicate, 
based on the difference in the formation rate of molyb­
denum blue was reported.3) This method needs a 
careful control of the conditions. The present authors 
have developed a method for the determination of trace 
amounts of phosphate in the presence of large amounts 
of silicate based on the difference in the absorption 
spectra of molybdenum blue formed from phosphate 
and silicate using a dual-wavelength spectrophotometer. 

Exper imenta l 

Materials. Molybdenum (VI) solution (1.00 X 10"1 M) 
was prepared by dissolving 12.09 g of sodium molybdate 
dihydrate in 500 ml of redistilled water. Working solutions 
were prepared by dilution with redistilled water to the desired 
concentrations. Molybdenum (V) (Mo204

2+) Perchlorate 
solution was prepared as reported in a previous paper.4) The 
concentration of molybdenum (V) solution was determined 
spectrophotometrically using the molar extinction coefficient 
(e= 103) at 384 nm.5) The stock solution of molybdenum(V) 
Perchlorate was stored in a refrigerator. Before use the stock 
solution was diluted to each desired concentration. This 
molybdenum(V) solution was stable for at least two months. 
Phosphate solution was prepared from sodium dihydrogenphos-
phate dihydrate, and silicate solution by fusing pure silica with 
anhydrous sodium carbonate. All the other chemicals were 
of analytical grade. 

Apparatus. A Hitachi 356 type dual-wavelength spec­
trophotometer was used for the measurements of difference in 
absorbances at two different wavelengths.6) 

General Procedure for the Determination of Phosphate. For 
each run, 2 ml of 1.0 M perchloric acid, 8 ml of 2.00 X 10"2 M 

molybdenum (VI), 6 ml of 1.60 X ÏO"2 M molybdenum (V) in 
2.0 M perchloric acid, and 3 ml of 4.00 X 10-4 M phosphate 
and 5 ml of 3.34 x 10~3 M silicate solutions were pipetted into 
a 50-ml measuring flask. After dilution to 50 ml with redistilled 
water, the solution was thermostated for 20 min at 80 °C. 
Below 8.00xlO~7M phosphate, the thermostating time was 
50 min at 80 °C. The difference in absorbances at 797.3 nm 
and 825.0 nm was measured by a dual-wavelength spectro­
photometer; two wavelengths were chosen: 825.0 nm, which 
is the absorption maximum of the molybdenum blue from 
phosphate; and 797.3 nm, at which the molydenum blue from 
silicate gives the same molar extinction coefficient as that at 
825.0 nm. 

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

Absorption Spectra of Molybdenum Blue Formed from 
Phosphate and Silicate. The absorption spectra of the 
molybdenum blue formed from phosphate and silicate 
with a mixture of 1.80 x l O - 3 M molybdenum(V) and 
3.20 x l O - 3 M molybdenum(VI) in 0.28 M perchloric 
acid are shown in Fig. 1 ; the spectrum was measured 

Wavelength/nm 
Fig. 1. The absorption spectra of molybdenum blues. 

(A): 1.60xlO-5M phosphate, (B) : 2 .00xlO- 4 M 
silicate (Si02+), both with 3 .20x l0" 3 M Mo(VI), 
1.80xlO-3M Mo(V), 0.28 M HC104. The absorp­
tion spectra (A) and (B) were measured after thermo­
stating 20 min at 80 °C. 

after the solution had been thermostated for 20 min 
at 80 °C. The absorption maximum of molybdenum 
blue from phosphate appears at 825 nm (curve (A)). 
Curve (B) is the absorption spectrum (^max 810 nm) of the 
molybdenum blue from silicate. The thermostating for 
20 min at 80 °C provides complete formation of molyb­
denum blue from phosphate, but only a partial forma­
tion of molybdenum blue from silicate, because of the 
small rate of molybdenum blue formation. T h e effect 
of the perchloric-acid concentration on the formation 
of molybdenum blue from phosphate showed that the 



1890 N O T E S [Vol. 54, No. 6 

maximum absorbance was obtained in the range from 
0.20 to 0.41 M with 2.90 x 10~5 M phosphate, 1.76 x 10~3 

M molybdenum(V), and 3 . 2 0 x l O - 3 M molybdenum-
(VI) by thermostating at 80 °C for 20 min. T h e rate 
of the formation of molybdenum blue from silicate 
decreases with the increase in the perchloric-acid 
concentration in the range from 0.25 to 5.0 M. For 
concentrations below 0.20 M perchloric acid, molyb-
denum(VI) reacts with molybdenum(V) to give 
isomolybdenum blue. In this work the perchloric-acid 
concentration of the reaction solution was adjusted to 
0.28 M, and the reaction solution was thermostated for 
20 min. Almost the same concentrations of molyb­
denum (V) and molybdenum(VI) as used previously 
for the determination of phosphate4) were adopted for 
the determination of phosphate using a dual-wavelength 
spectrophotometer. 

Calibration Curve. T h e calibration curve was 
obtained by the general procedure for the determination 
of phosphate. T h e calibration curve is linear in the 
phosphate range of 1.60 x IO-5 to 7.00 x 10~5 M (0—1.0 
full scale), 1 . 8 0 X 1 0 - 6 — 8 . 0 0 x l O - 6 M (0—0.1 full 
scale), and 1.60 x 10~7—8.0x 10~7 M (0—0.01 full 
scale). 

TABLE 1. DETERMINATIONS OF PHOSPHATE IN 

THE PRESENCE OF 3 . 3 4 X 10~4 M SILICATE 

bath . After neutralization with sodium hydroxide 
solution and dilution to 100 ml with redistilled water the 
solution was filtered. T h e phosphate concentration was 
determined by the general procedure. The phosphate 
concentration was found to be 7.0 X 10 - 6 M. 

P0 4
3 -added /M 

6.3X10-7 

2.4x10-« 
6 . 3 x l 0 - 6 

9.8x10-« 
3.0X10-5 

P0 4
3 - found/M 

5 . 8 x l 0 - 7 

2.3x10-« 
6.6x10-« 
9.7x10-« 
2.9X10-5 

Error/% 

- 9 . 2 
- 4 . 2 

4.8 
- 1 . 0 
- 3 . 3 

[Mo(V)] = 3.20x 10-3 M, [Mo(V)]=l .80x 10-3 M, 
[HClO4] = 0 .28M. 

Table 1 shows the results of the determination of 
phosphate in the presence of 3.34 x l O - 4 M silicate. 

Effect of Diverse Ions. The effect of diverse ions 
on the determinations of phosphate was previously 
examined in detail.4) In the present work, these effects 
were not reexamined. Metal ions such as Mg 2 + , Ca2 + , 
Mn2+, Co2+, Ni2+, Zn2+, Cd2+, Pb2+, Hg2+, Fe3+, Al3+, 
Cr3+ , and U 0 2

2 + do not interfere with the determination 
of phosphate, in concentrations up to ca. 100 molar 
amounts. T h e presence of more than 500 molar amounts 
of Fe3+ can be tolerated by adding sodium hydrogen-
sulfite solution. The presence of an equimolar amount 
of As(V) interferes somewhat with the determination 
of phosphate. 

Determination of Phosphate in the Hinuma River. 
One liter of the sample was evaporated to 100 ml. A 
10 ml of 1.6 M H N O 3 was added to the solution, and 
then the solution was evaporated to 20 ml on a sand 

Wavelength/nm 
Fig. 2. The absorption spectra of molybdenum blue. 

(A): 12 ml of the 10-fold concentrated sample, condi­
tions as for Fig. 1. (B) : Absorption spectrum obtained 
by the subtraction of the spectrum of molybdenum blue 
obtained using the determined phosphate concentration 
from a curve (A). 

Curve (A) in Fig. 2 is the absorption spectrum of the 
molybdenum blue formed by the general procedure 
for the color development of molybdenum blue. Curve 
(B) is the absorption spectrum obtained by subtraction 
of the absorption spectrum of the molybdenum blue 
prepared using the phosphate concentration determined 
from curve (A). The spectrum coincides with that of 
the molybdenum blue from silicate. A trace amount 
of phosphate in the Hinuma River, which contains 
large amounts of soluble silicate, was determined by the 
present method. 

T h e method described here will be widely applicable 
to the determination of phosphate in samples containing 
silicate. 
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Synopsis. Dihydrogenphosphates of primary and 
secondary aliphatic alcohols as well as phenol were prepared 
by a very simple procedure with pyrophosphoric acid. £-Butyl 
and benzyl dihydrogenphosphates could be obtained by a 
slight modification of the reaction conditions. For the purpose 
of phosphorylation pyrophosphoric acid was more reactive 
than orthophosphoric acid. 

Organic phosphoric acid esters play a very important 
role in many fields of organic and biological chemistry, 
and they are attractive objectives in synthetic organic 
chemistry. Various synthetic methods and reagents for 
phosphorylation have been used.1) Pyrophosphoric acid 
(abbreviated below as PPA) as well as polyphosphoric 
acid has been used as a phosphorylating agent by many 
workers. To elucidate and utilize the presumed remark­
able phosphorylating ability of PPA,2) we also studied 
its reaction with various alcohols and phenol. Mere by 
mixing and warming with equimolar PPA, primary 
and secondary aliphatic alcohols as well as phenol 
afforded the dihydrogenphosphates, which were isolated 
as Ba salts and identified as anilinium salts (Table 1). 
The effect of temperature on the yield of phosphate was 
studied with reference to E t O H , and the highest yield 

was obtained at ca. 90 °C. Bisethylation became 
apparent above the temperature and the yield of 
diethyl ester gradually increased from 1.4% (80 °C) to 
7.8% (140 °C). Orthophosphoric acid (100%) gave 
E t O P 0 3 H 2 in only 2 . 3 % yield at 90 °C.3) This result 
clearly indicated the higher reactivity of PPA than 
H3PO4. With regards to secondary alcohols, con­
siderable dehydration occured at higher temperature to 
decrease the yield of R O P 0 3 H 2 . 4 ) £-Butyl and benzyl 
alcohols did not give the desired phosphates by the 
simple procedure. But in the presence of CC13CN and 
2 molar Et3N, phosphorylation proceeded successfully 
to yield dihydrogenpyrophosphates, which were isolated 
as cyclohexylammonium salts and converted to anilinium 
hydrogenphosphates by ion exchange and concomitant 
hydrolysis (Table 1). The active phosphorylating agent 
was probably the imidoylpyrophosphate, which was 
formed from the PPA dianion and CC13CN and reacted 
with alcohols to give pyrophosphates and trichloro-
acetamide.10 '6) 

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

Apparatus and Measurements. The melting points were 

TABLE 1. PHYSICAL PROPERTIES OF THE ANILINIUM HYDROGENPHOSPHATE ROP0 3 H 2 • CfiH5NH 

R Mp/°C iH-NMR, ö from DSS 
(in D20) 

IR (cm-1) 
Ö (N-H) 

(P=0) v(C-O-P) »(N-H) 

CH3 

CH3CH2 

CH3Cai2C!H2 

CH 3 ( CH2) 2GH2 

HOCH2CH2 

(CH3)2CH 

CH3 
1 

C2H6CH 

Cyclohexyl 

Phenyl 

(CH3)3C 

Benzyl 

166—167 
(167—168)a) 

164—165 
(164—166)a) 

150—152 
(137—139)a) 

144—148 
(138—140)a) 

127—128 

171 
(160—162)a) 

158—159 

166—168 
(168— 169)a) 

169—170 
(171—175) 

139—143 dec 

151—154deca»b) 

3.58(3H, d , 7 H P = 1 0 H z , CH3),7.53 
(5H, s, aromatic) 
1.26 (3H, t, y = 7 Hz, CH3), 3.93 
(2H, ap. quin, 7 = 7 Hz, 7 H P = 8 Hz> 
CH2), 7.50 (5H, s, aromatic) 
0.90 (3H, t, 7 = 7 Hz, CH3), 1.62 
(2H, ap. sex, 7 = 7 Hz, CH2), 3.83 
(2H, ap quar, 7 = 7 Hz, 7 H P = 8 H Z , 
CH 2 -0 ) , 7.50 (5H, s, aromatic) 
0.92 (3H, br, t, CH3), 1.13—1.93 (4 
H, m, CH2), 3.85 (2H, ap. quar, 
7 H p = 7 H z , CH20) 
3 .53-4.20(4H, m, CH2), 7.50 (5H, 
s, aromatic) 
1.25 (6H, d, 7 = 6 Hz, CH3), 4.20— 
4.53 (1H, m, 7 H p = 8 H Z , methine) 
7.23—7.72 (5H, m, aromatic) 
0 .90(3H, t ,7=7Hz,CH 3 ) , 1.23(3H, 
d, 7 = 6 Hz, CH3), 1.40—1.86 (2H 
m, CH2), 3 .93 -4 .72 (1H, m, me­
thine), 7.16—7.77(5H, m, aromatic) 
0.80—2.20 (10H, m, CH2), 3.56— 
4.31 (1H, m, methine), 7,06—8.03 
(5H, m, aromatic) 
6.92—7.45 (5H, m, aromatic) 
7.47—7.92 (5H, m, aromatic) 
1.41 (9H, s, CH3) 
7.01—7.83 (5H, m, aromatic) 
4.93 (2H, d, 7 H P = 7 . 4 H Z , GH,), 
7.27—7.70 (10H, m, aromatic) 

1240 

1220 

1222 

1230 

1245 

1230 

1235 

1215 

1230 

1250 

1225 

1025 
1055 

1020 
1045 

1030 
1070 

1030 
1060 

1030 
1090 

1035 

1015 

1025 
1060 

1040 

1015 
1075 

1050 

2900 
1505 

2880 
1495 

2870 
1500 

2890 
1500 

2900 
1500 

2960 
1500 

2870 
1500 

2910 
1500 

2860 
1495 
2900 
1505 
2860 
1500 

a) See Ref. 5. b) Corresponding dianilinium salt was reported, but we could not obtain it. 
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measured on a Yanagimoto MP-J3 apparatus and corrected. 
The I R spectra (KBr) were obtained on a J A S C O IR-S 
spectrometer. The 1 H - N M R spectra were recorded on a 
J E O L P M X - 6 0 spectrometer in D 2 0 using DSS as an internal 
standard, unless otherwise stated, and given in <5 units. 

Procedures and Results. Pyrophosphoric acid was pre­
pared from 8 6 % H 3 P 0 4 (199 g) and P 2 0 5 (188 g) as colorless 
crystals (360.8 g, 97.3%).7> T h e spectral da ta and melting 
points for all the anil inium hydrogenphosphates were sum­
marized in Table 1. All the compounds described in this 
paper gave satisfactory elementary analyses. T h e equivalent 
weights of Ba salts determined by acid t i tration (Methyl 
Orange) were in good agreement with the calculated values. 
Dihydrogenphosphates of pr imary and secondary aliphatic 
alcohols and phenol were prepared by essentially the same 
procedure described below for the typical ethyl alcohol case. 

Ethyl Dihydrogenphosphate: Ethanol (5.0 g, 108.5 mmol) was 
added dropwise to PPA (18.36 g, 103.2 mmol) with stirring. 
T h e mixture was warmed up to 90 °C and kept for 60 min. 
After cooling down and dilution with water (80 ml) , the 
reaction mixture was neutralized with saturated aqueous 
B a ( O H ) 2 (Phenolphthalein) and the precipitated B a 3 ( P 0 4 ) 2 

was filtered. Carbon dioxide was bubbled into the filtrate 
until the red color of indicator disappeared. T h e n the 
mixture was again filtered to remove BaCO a and concentrated 
under reduced pressure. T h e residue was tr i turated with 
E t O H to obtain E t O P O a B a as colorless crystals (21.8g, 
76 .9%). T h e Ba salt (3 g) was dissolved in water (200 ml) 
and treated with N a 2 C 0 3 (1.22 g) . After removal of BaCO a , 
the filtrate was subjected to ion exchange (Amberlite C G 120 
H+ form) to yield the free dihydrogenphosphate. T h e eluent 
was mixed with a slight excess aniline and concentrated under 
reduced pressure. T h e crude crystals (1.76 g) of anil inium 
ethyl hydrogenphosphate were washed and recrystallized with 
acetone. As an alternative and simple procedure, the salt 
could be prepared by t reatment of E tOPO a Ba with equimolar 
anil inium sulfate in water. Anilinium diethyl phosphate ; m p 
72—75 °C; I R : 2860 (vNH3), 1500 (<5NH3j, 1200 (*P=0) , 
1050 ( y P - O - C ) c m - 1 ; *H-NMR (CDC13, T M S ) : 1.21 (t, J= 
7 Hz , 6H, CH 3 ) , 3.92 (ap. quin, J = 7 H z , J H P = 8 H z , 4H, 
CH 2 ) , 7.03—7.50 (m, 5H, aromatic) , 9.36—9.83 (m, 3H, N H ) . 

2-Hydroxyethyl Dihydrogenphosphate: Crude Ba salt (4.74 g), 
obtained as a mixture of mono-, bis-, and cyclic phosphates 
by the reaction (1 h) of H O C H 2 C H 2 O H (2.23 g, 35.5 mmol) 
and PPA (6.24 g, 34.7 mmol) at 100 °C, was mixed with 
B a ( O H ) 2 (3.43 g, 20 mmol) in water (150 ml) and heated to 
reflux for 30 min. After cooling down, the mixture was 
neutralized (Phenolphthalein) with C 0 2 and filtered to remove 
B a C 0 3 . T h e filtrate was concentrated under reduced pres­
sure and the residue was t r i turated with methanol to crystal­
lize the desired salt, H O C H 2 C H 2 O P 0 3 B a (4.92 g, 5 1 . 1 % ) ; 
cyclohexylammonium salt; m p 165—167 °C.1C) 

The Yields of Other Ba Salts were Shown Below with the Reaction 
Temperatures o/Synthses: Methyl, 65 °C, 80 .6% ; propyl, 90 °C, 
84 .3% ; butyl, 90 °C, 70.6% ; isopropyl, 90 °C, 60 .9% ; j -butyl , 
50 °C, 30.7% (60 °C, 10.5% ; 90 °C, 0%) ; cyclohexyl, 80 °C, 
4 9 . 5 % ; phenyl, 70 °C, 2 2 . 3 % . 

t-Butyl Dihydrogenphosphate: To the mixture of PPA (5.08 g, 
28.5 mmol) and CC13CN, Et 3N (5.77 g, 57.1 mmol) was 
added. f-Butyl alcohol (8.44 g, 114.1 mmol) was added 
dropwise to this mixture and warmed at 35 °C for 60 min with 
stirring. The reaction mixture was poured into cyclohexyl-
amine (20 g, 200 mmol) in acetone (200 ml) and stored in a 
freezer overnight. Light yellow precipitates obtained were 

washed with chilled acetone and recrystallized from E t O H 
(100 ml) containing cyclohexylamine (10 ml) . By a usual ion 
exchange followed by neutralization with aniline, the salt was 
converted to the anil inium salt, which was recrystallized from 
acetone (0.78 g, 11.1%.) The crystals were identical with 
the authentic specimen synthesized.61*) 

Benzyl Dihydrogenphosphate: The mixture of PPA (5.15 g, 
28.9 mmol) , CC13CN (25.2 g, 175 mmol) and Et 3 N (5.84 g, 
57.8 mmol) was stirred for 60 min at room temperature. 
Benzyl alcohol (12.50 g, 115.7 mmol) was added to the mixture 
and heated to 75 °C for 2 h with stirring . The reaction mixture 
was poured into water and extracted with ether. The aqueous 
layer was mixed with cyclohexylamine (20 g, 200 mmol) and 
concentrated in vacuo. The residue was recrystallized from 
water (60 ml) to yield the bis (cyclohexylammonium) dibenzyl 
pyrophosphate. Vacuum concentration of the mother liquor 
afforded the cyclohexylammonium dibenzyl phosphate, 
which was recrystallized from ace tone-H z O (2 : 3 v/v). Both 
of the crystals were converted to the free acids by ion exchange 
and neutralized with aniline to yield dianil inium dibenzyl 
pyrophosphate (1.39 g, 8 .8%, m p 151—153 °C ; *H-NMR: 
4.83—5.10 (m, 4H, CH 2 ) , 7.20—7.68 (m, 20H, aromatic)) 
and anil inium dibenzyl phosphate (1.00 g, 9 . 3 % , m p 115— 
117 ° C ; *H-NMR (CDC13, T M S ) : 5.78 (d, J H P = 7 H Z , 4H, 
CH 2 ) , 6.93—7.42 (m, 15H, aromatic) , 8.03—8.45 (m, 3H, 
NH 3 ) ) respectively. The aqueous solution (160 ml) of free 
dibenzyl pyrophosphate (2.24 mmol) was refluxed for 2 h to 
obtain the benzyl dihydrogenphosphate, which was identified 
as anil inium salt (1.6 mmol).6»6*) 

T h e a u t h o r s a r e g ra te fu l t o M r . M a s a y u k i W a t a n a b e 
for h is ass i s tance in pur i fy ing t h e a n i l i n i u m benzy l 
h y d r o g e n p h o s p h a t e . 
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Synopsis. 7-Bromo-6i/-benz[ft/]azulen-6-one, 7-Chloro-
6i/-benz[ft/]azulen-6-one and its derivative were prepared in 
four steps starting from tetrahydroacenaphthene. Formation 
of the corresponding cations in strong acid is suggested on the 
basis of XH NMR and UV spectra. 

6//-Benz[a/]azulen-6-one (A), one of the isomers of 
phenalenone (B),1) was synthesized from acenaphthene,2) 
but although its physical properties were reported no 
*H N M R spectral da ta were given on its cation. Because 
of the poor yield, chemical and biological properties 
have not been examined. We wish to report an alterna­
tive preparation of the title compounds in good yields, 
together with the XH N M R and U V spectra of their 
cations in strong acid. 

«JU 
( A ) 

<r-> 

( B ) 

The reaction of 2tf,3,4,5-tetrahydroacenaphthen-5-one 
(l)3) with triethyl orthoformate in the presence of a 
catalytic amount of />-toluenesulfonic acid gave enol 
ether (2) as colorless crystals. Dihalocyclopropanation4) 
of 2 proceeded smoothly by using chloroform and 
bromoform in the presence of potassium /-butoxide in 
cyclohexane to give dihalocyclopropyl ethers (3a) and 
(3b) as colorless needles in 7 3 % and 2 5 % yields, respec­
tively. Treatment of 3a and 3 b with silver nitrate in 
aqueous methanol5) afforded ring expanded halo enones 
(4a) and (4b) as colorless needles in 64% and 6 6 % 
yields, respectively. Treatment of 4a with o-chloranil 
in refluxing benzene gave a trace amount of the desired 
fully conjugated compound (5a) together with colorless 
crystals (6), presumably formed by cyclo-addition of the 
ene moiety of 4a with ö-chloranil.6) Dehydrogenation of 
4a was achieved by using 2,3-dichloro-5,6-dicyano-/>-
benzoquinone (DDQJ in refluxing dioxane to give 5a 
as reddish needles in 7 5 % yield. Bromo compound 

4 b also gave (5b) under the same reaction conditions. 
Dehydrogenation of 4a with iV-bromosuccinimide 
(NBS) afforded 2-bromo-7-chloro compound (7) as 
deep red needles in 5 8 % yield. Its structure was 
assigned by comparison of XH N M R spectra with those 
of 5a . The fact that the treatment of 5a with NBS 
resulted only in the recovery of the starting material is 
significant as regards the mechanism of formation of 7. 
The *H N M R and U V spectra of 5a, 5b , and 7 in 
strong acid such as coned sulfuric acid suggest the 
formation of cations 5a ' , 5b ' , and 7', respectively. T h e 
chemical shifts of 5a, 5b , and 7 in coned H 2 S 0 4 are 
about 0.6—1.6 ppm lower than those in CDC13 (Table 
1). T h e U V spectra of these compounds in the acid 
show absorption maxima at around 550—600 nm, in a 
greater wavelength by ca. 200 nm than those in E t O H . 
These cations regenerated the original ketones quanti ta­
tively when diluted with a large amount of water. 

E t 0 

( I ) 

Q 

( 3 d ) X= CI 

( 3 b ) X = Br 

( 4 a ) X = CI 

( 4 b ) X = Br 

CI 

H S O , 
O 

( 5 a ) x = ci Y = H ( 5 a ' ) 
( 5 b ) X = B ,Y = H ( 5 b ' ) 

( 7 ) X= CI, Y = Br ( 7 ' ) 

( 6 ) 

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

Mass Melting points and boiling points are uncorrected, 
spectra were measured on a JEOL JMS-OISG-2 mass 

TABLE 1. *H NMR DATA OF 5a, 5a', 5b, 5b', 7 AND T 

Hx 
<5/ppm (Multiplicity, J/Hz) 

H2 H3 H4 H5 H8 H0 

5a 

5a' 

5b 

5b ' 

7 

T 

6.40 
(d,5.6) 
7.07 
(d,5.6) 
6.55 
(d, 6.0) 
7.05 
(d, 6.0) 
6.82 
(<0 
7.60 
(») 

6.77 
(d,5.6) 
7.50 
(d,5.6) 
6.97 
(d, 6.0) 
7.55 
(d, 6.0) 

7.37 
(m) 
8.10 
(m) 
7.50 
(m) 
8.10 
(m) 
7.28 
(m) 
8.12 
(m) 

8.05 
(m) 
8.78 
(m) 
8.20 
(m) 
8.75 
(d,7.2) 
8.00 
(m) 
8.80 
(d,8.0) 

7.59 
(d,8.8) 
9.10 
(d, 10.2) 
8.07 
(d,8.0) 
9.35 
(d,9.6) 
7.66 
(d, 10.0) 
9.30 
(d, 10.0) 

6.64 
(d,8.8) 
8.25 
(d, 10.2) 
6.70 
(d,8.0) 
8.10 
(m) 
6.80 
(d, 10.0) 
8.44 
(d, 10.0) 

0.67—1.61 

0.50—1.40 

0.78—1.64 
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spectrometer, IR spectra on a JASCO IRA-1, UV spectra 
on a Hitachi EPS-3T spectrometer, and XH NMR on a JEOL 
JNM-MH-100 (100 MHz) and Hitachi R-24B (60 MHz) 
spectrometer in deuteriochloroform and coned sulfuric 
acid containing tetramethylsilane and dichloromethane as 
an internal standard, respectively. 

2a,3-Dihydro-5-ethoxyacenaphthene (2). Triethyl orthofor-
mate (72 ml, 0.44 mol) and /»-toluenesulfonic acid (0.72 g) 
were added at 25 °G to a solution of ketone (2)3> (28 g, 0.16 
mol) in dry ethanol (540 ml). The mixture was stirred at 
room temperature for 12 h and then distilled under reduced 
pressure to give 33 g (98%) of enol ether (2) ; bp 110—112 °C/ 
5 Torr, (1 Torr= 133.322 Pa), which crystallized on standing. 
Recrystallization from ethanol gave colorless needles; mp 
79—81 °C. IR (neat) 2950, 1630 cm"1; m NMR (GDC13) Ô 
7.85—7.20 (m, 4H), 4.70 (q, 2H, 7 = 7 . 2 Hz), 3.52 (m, 4H), 
2.40 (m, 1H), 1.45 (t, 3H, 7=7 .2 Hz), 1.52 (m, 1H); MSm/« 
200 (M+). Found: G, 83.93; H, 7.79%. Calcd for C1 4H1 60: 
G, 83.96; H, 8.05%. 

Dichlorocyclopropanation of 2. Potassium f-butoxide (20 
g, 18 mmol) was added to a solution of 3.7 g (19 mmol) of 
2 in 90 ml of dry cyclohexane, and the solution was cooled 
to 10 °C in an ice bath. Freshly distilled chloroform (50 g, 
42 mmol) was then added to the solution over a period of 12 h. 
After addition of 100 ml of water, the mixture was extracted 
with chloroform and worked up in the usual way. The 
crude product was chromatographed on silica gel (hexane and 
benzene, I : 1) to give 4.8 g (73%) of 3a, which was recrystal-
lized from hexane to give colorless needles; mp 98—100 °C; 
IR (KBr) 3020, 2950, 1540 cm-1; ^ N M R (GDG13) à 7.42 
(m, 3H), 3.52 (q, 2H, 7=7 .2 Hz), 3.12 (m, 1H), 2.86 (m, 
3H), 2.32 (m, 1H), 2.04 (m, 1H), 1.52 (m, 1H), 1.16 (t, 3H, 
7 = 7 . 2 Hz); MS mje 284 (M+). Found: C, 63.70; H, 5.79%. 
Calcd for C15H16C120: G, 63.62; H, 5.70%. 

Dibromocyclopropanation of 2. The dibromo compound 
(3b) was prepared from 2 (6.0 g 30 mmol) by the same 
method as described above in 25% (2.6 g) yield. It was 
then recrystallized from hexane to give colorless needles; mp 
101—102 °C; IR (KBr) 2960, 1460 cm"1; ' H N M R (CDC13) 
<5 7.08 (m, 3H), 3.40 (q, 2H, 7 = 8 Hz), 3.04 (m, 1H), 2.76 
(m, 3H), 2.24 (m, 1H), 1.44 (m, 1H), 1.14 (t, 3H, 7 = 8 Hz); 
MS mje 372 (M+). Found: C, 48.13; H, 4.31%. Calcd for 
C15H16Br20: C, 48.42; H, 4.33%. 

7-Chloro-l,2,6,9,9a-pentahydrobenz[cd]azulen-6-one (4a). A 
solution of silver nitrate (18 g, 116 mmol) in 530 ml of water 
was added to a solution of 3a (7.3 g, 26 mmol) in 1.51 of 
ethanol, and then the resulting solution was refluxed for 24 h. 
After being worked up in the usual way, the crude product 
was chromatographed on silica gel (benzene) to give 3.6 g 
(64%) of 4a and 2.4 g (33%) of 3a. A pure sample of 4a was 
obtained by recrystallization from hexane as colorless needles; 
mp 66.2—68 °C; IR (KBr) 1640, 1610 cm"1; »HNMR 
(CDG13) Ô 7.78 (d, 1H, 7 = 8 Hz), 7.14 (m, 3H), 3.52 (m, 1H), 
2.29 (m, 2H), 2.44 (m, 3H), 1.72 (m, 1H); MS mje 220, 218 
(M+). Found: C, 71.13; H, 5.15%. Calcd for C1 3HnC10: 
C, 71.40; H, 5.07%. 

7-Bromo-l,2,6,9,9a-pentahydrobenz\cd~\azulen-6-one (4b). 
The bromo compound (4b) was obtained from 3b (2.6 g) by 
the same method as described above in 66% (1.2 g) yield. It 
was then recrystallized from ethanol to give colorless needles ; 
mp 87.5—89.5 °C; IR (KBr) 1640, 1610 cm-1; »HNMR 
(CDC13) Ô 7.80 (d, 1H, 7 = 8 Hz), 7.32 (m, 3H), 3.52 (m, 1H), 
2.88 (m, 2H), 2.40 (m, 3H), 1.66 (m, 1H); MS mje 264, 262 
(M+). Found : C, 59.18 ; H, 3.94%. Calcd for C13HnBrO : 
C, 59.34; H, 4.21%. 

7-Chloro-6YL-benz[cd]azulen-6-one (5a) A solution of 4a 

(1.5 g, 6.7 mmol) and DDQ, (3.7 g, 16 mmol) in 50 ml of dry 
dioxane was refluxed for 30 h. The resulting solution was 
chromatographed on silica gel (benzene) to give 0.39 g (30%) 
of 5a and 0.98 g (66%) of 4a. The yield of 5a was 75% 
accumulatively after repetation of the reaction three times with 
recovered 4a. Recrystallization from ethanol gave red 
needles; mp 109—111 °C; IR (KBr) 1620, 1600, 745cm"1; 
UV (EtOH) nm (log e) 240 (4.55), 283 (4.08), 335 (3.43), 
385 (4.01); MS mje 216, 214 (M+). Found: C, 72.48; H, 
3.18%. Calcd for C13H7C10; C, 72.74; H, 3.29%. 

5a': UV (coned H2S04) nm (log e) 251 (4.45), 284 (4.17), 
292 (4.19), 332 (3.43), 348 (3.48), 402 (3.08), 422 (3.95), 
590 (2.59). 

7-Bromo-6H-benz[çd]azulen-6-one (5b). A solution of 4b 
(0.81 g, 3.1 mmol) and DDQ (1.9 g, 8.2 mmol) in 28 ml of dry 
dioxane was refluxed for 12 h. The resulting solution was 
worked up by the same method as described above to give 5b 
in 11% (0.09 g) yield and 0.02 g (3%) of recovered 4b. 
Recrystallization from ethanol gave deep red needles; mp 
123—124.5 °C; IR (KBr) 1610, 1600, 1590 cm"1; UV (EtOH) 
nm (log e) 236 (4.60), 275 (4.09), 280 (4.11), 337 (3.83), 385 
(4.07); MS m/e 260, 258 (M+). Found: C, 59.98; H, 3.00%. 
Calcd for C13H7BrO: C, 60.26; H, 2.72%. 

5b ' : UV (coned H2S04) nm (log e) 245 (4.60), 270 (4.36), 
291 (4.75), 330 (3.55), 364 (3.31), 408 (3.81), 418 (3.90), 427 
(3.96), 450 (3.43), 470 (2.95), 560 (2.59). 

2-Bromo-7-chloro-6H-benz[cd]azulen-6-one (7). A solution 
of 3.1 g (1.4 mmol) of 5a and 5.0 g (2.8 mmol) of NBS in 
45 ml of CC14 was refluxed for 3.5 h under irradiation with 
a 100-W tungsten lamp. The reaction mixture was cooled, 
filtered and chromatographed on silica gel (benzene) to afford 
2.4 g (58%) of 7, which was recrystallized from ethanol to 
give deep red needles; mp 171—174 °C; IR (KBr) 1610, 1590, 
755 cm-1; UV (EtOH) nm (log e) 280 (4.19), 336 (3.90), 384 
(4.12); MS mje 294 (M+). Found: C, 52.93; H, 1.81%. 
Calcd for C13H6BrC10: C, 53.19; H, 2.06%. 

T: UV (coned H2S04) nm (log e) 244 (4.49), 269 (4.45), 
287 (4.61), 327 (3.70), 360 (3.52), 540 (2.94). 

Cycloadduct of 4a with o-Chloranil. A solution of 1.0 g 
(4.5 mmol) of 4a and 2.7 g (11 mmol) of o-chloranil in 35 ml 
of dry dioxane was refluxed for 30 h. The solution was 
cooled, filtered and chromatographed on silica gel (benzene) 
to give 0.61 g (29%) of 6 and a trace amount of 5a. Recrystal­
lization from acetone gave colorless needles; mp 250 °C; IR 
(KBr) 1700 cm-1; *H NMR (DMSO-</6-TMS) Ô 7.50—6.90 
(m, 4H), 2.30—1.70 (m, 7H) ; MS mie 468 (M+). Found: C, 
49.08; H, 2.45; Cl, 38.20%. Calcd for C ^ H ^ O : C, 
49.12; H, 2.45; Cl, 38.16%. 

This research was supported by a Grant-in-Aid for 
Scientific Research No. 53232 from the Ministry of 
Education, Science and Culture. 
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Synopsis. An a-glucosylation of phenols with 2,3,4,6-
tetra-0-benzyl-a-D-glucopyranose is described. This uses a 
mixture of />-nitrobenzenesulfonyl chloride, silver trifluoro-
methanesulfonate and triethylamine in dichloromethane in a 
two-stage treatment. 

Continuing our study of glucosylation using 2,3,4,6-
tetra-O-benzyl-a-D-glucopyranose (l),1) we have found 
a novel a-glucosylation of phenols in two stages, as 
shown by Eq. 1. Although there have been several 
procedures reported for a-glucosylation of phenols,2) 
the recommended one seems to give the product only 
in low yields.3) 

\ b . I.NsCl+AgOTf + EtjN 
b < > \ ^ A 2.ArOH 

b \^ -^ [+ b\--^\-0ArJ 

Eq-1 

TABLE 1. RESULTS OF GLUCOSYLATION OF 

2-METHYLPHENOLa) 

Run 

23 
24 

2 
25 
26c) 

2 7d) 

Reaction time/hb) 

0.1 
0.5 
3.0 
5.0 
3.0 
3.0 

Yield/% 

a-Anomer /?-Anomer 

21 
42 
47 
46 
46 
14 

7 
14 
16 
17 
19 
17 

When 1 was pre-treated with an equimolar mixture 

a) The first stage was conducted at —10 °G for 0.5 h. 
b) Reaction time for the second stage, c) An excess 
amount (5.0 equiv.) of the phenol was used, d) An 
equimolar mixture of the phenol and triethylamine in 
dichloromethane was used. 

of />-nitrobenzenesulfonyl chloride, silver trifluoro-
methanesulfonate, and triethylamine in dichloromethane 

TABLE 2. YIELDS AND PHYSICAL DATA OF ARYL TETRA-0-BENZYL-a-D-GLUCOPYRANosiDEs 

R u n 
XN.U1I1 

r~ 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Phenol 

Phenole) 

2-Methylphenolg) 

2-Ethylphenolg) 

2-Isopropylphenolg) 

2-f-Butylphenolg) 

2-Methoxyphenolg) 

3-Methoxyphenolg) 

4-Methoxyphenol° 
2 -Ethoxyphenolg) 

2-Fluorophenolg) 

2-Phenylphenole) 

3- (Methoxycarbonyl) phenol0 

4- (Methoxycarbonyl) phenol0 

4- (Dodecyloxycarbonyl) phenol0 

4- (Benzyloxycarbonyl) phenol0 

4- (Phenoxycarbonyl) phenole) 

3-NitrophenoIe} 

4-Nitrophenole) 

2,6-Dimethylphenole) 

2,6-Dimethoxyphenole) 

l-Naphthol° 
2-Naphthole) 

Code 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Yield 
% 

63h) 

47» 
38 
44 
28 
50 
47 
52 
35 
43 
48 
48 
40 
51 
45 
46 
38 
32 
14» 
30 
50 
66 

Solv.a) 

HI 
HG 
HG 
HG 
HG 
BB 
HG 
HG 
BB 
BB 
BB 
BB 
HG 
BB 
BB 
HG 
HC 
BB 
HI 
BB 
HG 
HG 

Mp/°Cb> 

— 
69—70 (n) 
55—56 (n) 

— 
— 

86—87 (n) 
— 
— 

78—79 (n) 
75_76(p) 

— 
87—88 (n) 

— 
— 
— 
— 
— 

98—99 (n) 
— 

74_75(1) 
92_93 (p) 
70—71(n) 

M D W C ) 

+ 82°(2.0) 
+ 84° (0.5) 
+ 78° (0.8) 
+ 73°(0.6) 
+ 71°(1.4) 
+ 74° (0.6) 
+ 77° (0.7) 
+ 92°(1.0) 
+ 71°(0.4) 
+ 67°(0.3) 
+ 58°(2.1) 
+ 95°(1.0) 

+107°(1.0) 
+ 71°(0.8) 
+ 83°(1.8) 

+ 102°(0.8) 
+ 90°(0.8) 

+ 131°(0.4) 
+46° (0.8) 
4-84° (1.4) 
+ 72°(0.8) 
+ 98°(1.3) 

3o fC- l d ) 

ppm 

95I 
96.1 
95.9 
96.1 
95.0 
97.0 
95.4 
96.3 
96.9 
97.6 
96.5 
95.5 
95.2 
95.1 
95.2 
95.8 
95.9 
95.6 
99.5 
97.9 
96.3 
95.3 

a) Solvent systems for chromatography :BB=benzene-butanone, HC=hexane-chloroform, HI=hexane-diisopropyl 
ether, b) n=Needles, p=prisms, l=leaves. c) At 20 °G in GHG13. d) In GDG13 with TMS. e) A super­
saturated solution of the phenol in a small amount of the solvent was injected into the vessel, f ) The phenol was 
added into the vessel during the short time the stopper was removed, g) The phenol was injected into the vessel. 
h) The £-anomer (2ß), 21% : mp84.5—86 °G; [ a ] D -9° (c 1.0, CHC13); Ö 101.6 (G-l) (Found: G, 77.70; H, 6.50 
% ) . i) The^-anomer (3ß), 16%: mp 106—107 °G; [a ] D -7° (c 0.7, GHG13); Ô 101.2 (G-l) (Found: G, 77.70; H, 
6-66%). j) The^-anomer (20ß), 17%: mp 140—141 °G; [a]D+25° (cl.0, GHG13); Ô 104.1 (G-l) (Found: G, 
78.19; H, 6.86%) 
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TABLE 3. ANALYSIS OF ARYL TETRA-O-BENZYL-

A-D-GLUCOPYRANOSIDES 

Found (%) Calcd (%) 
Code Mole formula .—-—. .—-—. 

C H C H 

at —10 °C l a) and then reacted with phenol, we found 
that phenyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranoside 
(2) was formed predominantly. This is in contrast 
with the fact that a similar glucosylation of alkanol with 
1 gave /5-anomer preferentially.13-13) The ratio of 
anomers measured by 1H N M R spectroscopy in the 
case of 2-methylphenol was constant throughout the 
reaction (Table 1). Various phenols were glucosylated 
with 1 in a similar way (Table 2). Except for 2,6-
dimethylphenol, a-glucosides were formed prepondantly. 
But in the reaction of 1 with tr iethylammonium 2-
methylphenolate, the /?-glucoside was formed in a 
significant yield. 

O u r procedure is useful for preparing a compound 
such as 4-phenoxylcarbonylphenyl a-D-glucopyrano-
side (25), which was prepared through glucosylation of 
the phenol with 1 and subsequent catalytic hydrogenol-
ysis to remove benzyl groups. 

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

Specific rotations were measured at 20 °G in a I-dm cell. 
Column chromatography was carried out on silica gel (Kanto 
Kagaku). Silica gel (Merck, No. 7731) was used for TLC. 

General Procedure for Glucosylation. To a mixture of 1 

(270 mg, 0.5 mmol), /»-nitrobenzenesulfonyl chloride (122 mg, 
0.55 mmol), and silver trifluoromethanesulfonate (141 mg, 
0.55 mmol) in dichloromethane (2.7 ml), triethylamine (77 (xl, 
0.55 mmol) was added at —10 °C. After stirring for 0.5 h, a 
phenol (0.65 mmol) was added to the mixture, which was then 
stirred for 3 h at 0 °C. After filtration the reaction mixture 
was chromatographed using appropriate solvent systems 
(Table 2) to give aryl 2,3,4,6-tetra-O-benzyl-a-D-glucopyran-
oside. Usually, the /S-anomer was isolated as a by-product. 

Anomeric Phenyl 2,3,4,6-Tetra-O-acetyl-a.- and ß-v-glucopy-
ranosides 24 and 24 ß. An anomeric mixture (70 mg) of 
2 and 2ß (Run 1) was hydrogenated in acetic acid (3 ml) 
containing water (1ml), methanol (3 ml), and palladium 
black (80 mg, Wako) at 340 kPa, acetylated with acetic 
anhydride and pyridine, and then chromatographed using 
benzene containing butanone (gradient) to give first 24 (35 
mg): mp 113—114 °G; [a]D +165° (c I, CHC13) [lit,4) mp 
115 °C; [a]™ +169.7° (c 2, CHC1,)], and then 24£(8mg) : 
mp 124.5—125.5 °C; [a]D - 2 1 ° (c 0.6, CHC13) lit,4) mp 
125—126 °C; [«]*> -22.5° (c 2, CHC13). 

4-(Phenoxycarbonyl)phenyl cn-v-Glucopyranoside (25). Com­
pound 17 (60 mg, 0.8 mmol) was hydrogenated in acetic acid 
(3.7 ml) containing methanol (3.5 ml), water (1.2 ml), and 
palladium black (60 mg) at 340 kPa overnight, purified chro-
matographically using chloroform containing methanol (20%), 
and crystallized from ethanol to give 25 (26 mg, 84%) : 155— 
157 °C; [a]D +151° (c 0.7, MeOH). Found: C, 60.04; H, 
5.38%. Calcd for C19H20O8: C, 60.63; H, 5.36%. 

Alternative Synthesis of 2 and 2ß. A mixture of phenyl 
a-D-glucopyranoside (60 mg, 0.23 mmol), benzyl bromide 
(Tokyo Kasei 0.86 ml), barium oxide (1.08 g), and barium 
hydroxide octahydrate (0.42 g) in iV,7V-dimethylformamide 
(1.2 ml)5) was stirred at 25 °C overnight, filtered, and evapo­
rated in vacuo. The residue was chromatographed using 
benzene containing butanone (2%) to give 2 (53 mg, 56%), 
[a]D +83° (c 3.0, CHC13). 

Phenyl ß-D-glucopyranoside4) (0.54 g, 2.1 mmol) was con­
verted in a similar way into 2ß (0.44 g, 34%) : mp83.5—85 °C; 
[a]D - 1 3 ° (c 0.4 EtOH), - 1 2 ° (c 1.0, CHC13) [lit,«) mp 82 
°C; [a]i8 -13.5° (EtOH)]. 
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2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

C40H40O6 

C4iH4206 

C42H4406 

C43H4606 

C44H4806 

C41H4207 

C41H4207 

C41H4207 

C42H4407 

C4oH39F06 

C46H4406 

C42H4208 

C42H4208 

C53H6408 

C48H4608 

C47H4408 

C40H39NOg 

C40H39NO8 

C42H4406 

C42H4408 

C44H42O15 

C44H4206 

77.29 6.53 77.90 6.54 
77.94 6.70 78.07 6.71 
78.01 6.87 78.23 6.88 
78.05 7.06 78.39 7.04 
77.60 7.41 78.54 7.19 
75.57 6.23 76.14 6.55 
75.66 6.64 76.14 6.55 
75.38 6.60 76.14 6.55 
76.18 6.69 76.34 6.17 
75.42 6.18 75.69 6.19 
79.50 6.64 79.74 6.40 
74.71 6.21 74.76 6.27 
74.15 6.40 74.76 6.27 
76.59 7.75 76.78 7.78 
76.34 6.39 76.78 6.17 
76.06 6.32 76.61 6.02 
72.17 6.00 72.60 5.94 
72.33 6.24 72.60 5.94 
77.43 7.06 78.23 6.88 
74.46 6.75 74.53 6.55 
79.18 6.25 79.25 6.35 
79.07 6.30 79.25 6.35 



June, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 1897—1898 (1981) 1897 

A Convenient Preparation of Some iV-Alkylcarbazoles and iV-Alkylacridones 
Hisao NISHI,* Hisao KOHNO, and Toshihiro KANO 

Department of Applied Chemistry, Faculty of Engineering, Saitama University, Shimo-Okubo, Urawa 338 
(Received October 24, 1980) 

Synopsis. N- Alky lat ion of aromatic compounds 
involving nitrogen heterocycles such as carbazole and acridone 
with alkyl halide in the presence of caustic solution and benzyl 
triethyl ammonium chloride (BTEAC) as a phase-transfer 
catalyst readily proceeded under mild conditions. These 
results show that this procedure is effective for the preparation 
of the title compounds in high yields. 

A few investigations of iV-alkylation of aromatic 
compounds involving nitrogen heterocycles with alkyl 
halide under phase-transfer catalytic conditions have 
been reported. Makosza,1) for example, synthesized 
some JV-alkylindoles and iV-butylcarbazole by the use 
of phase-transfer catalysis in more than 8 0 % yield 
under mild conditions. O n the other hand, Kricka 
et al.2) studied the synthesis of 7^-alkylcarbazoles, which 
were prepared by the reaction of carbazole, alkyl 
halide, and thallium(I) ethoxide under mild conditions. 

Recently, Galy et al.z) have reported the reaction of 
acridone with alkyl halide by the use of the phase-
transfer catalysis under severe conditions (refluxing in 
toluene for 5 d) . This procedure afforded a mixture of 

OçO + R-X 
BTEAC 

507. NaOHaq. 

II I ^ + R-X 

2 

BTEAC 
50% NaOHaq. II I 

N 
R 

Scheme 1. 

7V-alkylacridones (41—65%) and O-alkyl-acridones. 
In the course of our synthetic studies of nitrogen 

heterocycles as intermediates of dyes and pigments, we 
have at tempted to extend the phase-transfer catalytic 
reaction on N-alkylation of carbazole and acridone 
derivatives. We selectively obtained the desired N-
alkyl compounds in high yields under milder conditions 
than those in Gary's procedure. JV-Alkylation takes 
place as shown in Scheme 1. 

The results are summarized in Table 1. 

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

The products were identified by the examinations of their 
melting points and N elemental analysis. Typical procedures 
are as follows : 

9-Methylcarbazole (3a). To a mixture of 10.03 g (0.06 
mol) of carbazole, 35 ml of aqueous 50% sodium hydroxide, 
5 ml of benzene as a solvent and 410 mg (1.8 mmol) of BTEAC, 
a 5.6 ml (0.09 mol) of methyl iodide was added dropwise under 
stirring. It was continued at room temperature for 2 h. The 
reaction mixture was poured into hot water and left overnight 
at room temperature. The precipitated solid was collected, 
washed with water and dried. Recrystallizations from ethanol 
afforded 8.95 g of colorless plates (mp 88—89 °C) in the 
yield of 82.3%. 

10-Methylacridone (5a). Methyl iodide (1.64 ml, 0.0263 
mol) was added dropwise under stirring to a mixture of 3.42 g 
(0.0175 mol) of acridone, 13.5 ml of aqueous 50% sodium 
hydroxide, 13.6 ml of ethyl methyl ketone as a solvent, and 
120 mg (0.527 mmol) of BTEAC, and was stirred at 55—60 °C 
for 3 h. The reaction mixture was poured into hot water, and 
separated solid worked up in the manner used for 3a. Recrys­
tallizations from ethanol provided 3.30 g of pale yellow needles 
(mp 200—201 °C) in the yield of 82.7%. 

TABLE 1. PREPARATIONS OF SOME JV-ALKYLCARBAZOLES AND JV-ALKYLACRIDONES 

Compound 
No. f>*> 

3a 
3b 
3c 
3d 
3e 
3f 
5a 
5b 
5c 
5d 
5e 

RX 

CH3I 
C2H5Br 
H-C3H7Br 
w-C4H9Br 
PhCH2Cl 
V-»Xi 2 = d H 2^ï* 2 ^ 1 

CH3I 
C2H5Br 
n-C3H7Br 
H-C4H9Br 
PhCH2Cl 

RXa> 
l o r 4 

1.50 
1.50 
1.25 
1.25 
1.25 
1.50 
1.50 
1.50 
1.50 
1.50 
1.20 

Temp 
°C 

r.t. 
r.t. 

55—60 
70—75 
70—75 

r.t. 
55—60 
55—60 
6 5 - 7 0 
70—75 
70—75 

Time b) 

h 

2 
2 
1 
1 
1 
2 
3 
2 
2 
1 
1 

Products yield/% 
(Lit) 

82.3(78) 
86.2(85) 
81.0(72) 
86.5(71)e> 
92.0(97) 
74.3(67) 
82.7(45) 
79.3(45) 
75.1(43) 
80.0(65) 
75.7(63) 

Mp/°Cc»d) 

(Lit) 

88—89(87) 
67—68(67—68) 
48—49(50) 
58—59(58) 

118—119(118—119) 
55—56(56) 

200—201(201) 
158—160(158) 
131—132(130) 
97_98(98) 
180—181(181) 

Appearance 

Colorless plates 
Colorless needles 
Colorless needles 
Colorless needles 
Colorless needles 
Colorless plates 
Pale yellow needles 
Yellow plates 
Yellow prisms 
Yellow needles 
Yellow needles 

a) Molar ratio, b) r.t. 
Trans. 1, 1972, 2292. 
Rocz. Chem., 49, 1203 
case of carbazole and 

: Room temperature, c, d) Carbazole : L. J. Kricka and A. Ledwith, J. Chem. Soc, Perkin 
Acridone: J. P. Galy and J . Barbe, Synthesis, 1979, 944. e) Yield 84%, M. Makosza, 
(1975). f) Molar ratio of BTEAC and 1 or 4 is 0.03 : 1. g) Solvent is benzene in the 
is ethyl methyl ketone in the case of acridone. 
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2) L. J. Kricka and A. Ledwith, J. Chem. Soc, Perkin 
References Trans. 1, 1972, 2292. 

3) J. P. Galy and J. Barbe, Synthesis, 1979, 944. 
1) M. Makosza, Rocz. Chem., 49, 1203 (1975). 
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Homogeneous Hydrogénation of a,j8-Unsaturated Ketones and Aldehydes 
Catalyzed by Co2(CO)8-Di(tertiary phosphine) Complexes 

Kazuhisa MURATA* and Akio MATSUDA 

National Chemical Laboratory for Industry, Tsukuba Research Center, Yatabe, Tsukuba, Ibaraki 305 
(Received November 26, 1980) 

Synopsis. The cobalt complexes modified by some 
di (tertiary phosphine) s as ligands were found to be much more 
active catalysts than Co2(GO)8 for the hydrogénation of a.,ß-
unsaturated ketones and aldehydes under hydroformylation 
conditions. 

When an oc,/?-unsaturated ketone or aldehyde is 
treated with a cobalt catalyst under hydroformylation 
conditions, the olefinic linkage is hydrogenated rather 
than hydroformylated.1) However, since the rate of 
hydrogénation is much slower than that of hydrofor­
mylation, little attention has been paid to the cobalt-
catalyzed hydrogénation. 

Recently, we reported that complexes prepared in situ 
from Co 2 (CO) 8 and various di(tertiary phosphine)s are 
more active catalysts for the homogeneous hydrofor­
mylation of methyl acrylate than Co2(CO)8.2) We find 
that these cobalt complexes can be successfully used as 
catalysts effective for the hydrogénation of <x.,ß-
unsaturated ketones and aldehydes to give the corre­
sponding saturated carbonyl compounds. We describe 
here the results of some of our studies on the hydrogéna­
tion under hydroformylation conditions. 

The results are listed in Table 1, where the initial 
rate of the reaction was taken as a measure of the 
catalytic activity. T h e hydrogénation of 2-butenone 
( la ) preferentially occurred under the experimental 
conditions to give 2-butanone (2a) in high yield; the 
catalytic activity of Co2(CO)8-l ,2-bis(diphenylphos-
phino) ethane (diphos) complex was ca. 30 times or 
above that of Co2(CO)8

3> (Compare Runs 3 and 6). 
The reaction can proceed even at a temperature as low 
as 50 °C (Run 7). Co 2 (CO) 8 -diphos system was 
effective for the hydrogénation of l b , 3a, and 3 b (Runs 

-5* 

CH2=C-COCH3 
i 

R 

CH2=G-GHO 
i 

R 

- CH3CH-GOCH3 
R 

2 

CH3CH-CHO 
1 

R 

1 .0 2 . 0 3 . 0 

[a: R = H , b : R = C H 3 ] 

Co2(CO)8/mmol 

Fig. 1. Effect of catalyst concentration on k\& or foa. 
Diphos/Co2(CO)8=0.75 (const). 
Toluene 50 ml, substrate 50 mmol, CO/H 2 = 1100 kg/ 
cm2 (const.), temp 110°C. 
— O — : 1 a , — A— :2a . 

TABLE 1. HYDROGÉNATION OF <X,/?-UNSATURATED KETONES AND ALDEHYDES UNDER 

HYDROFORMYLATION CONDITIONS 

Toluene (solvent) 50 ml, substrate 50 mmol, C O / H 2 = l , 
total pressure 100 kg/cm2 (const.), temp 120 °C. 

Run No. 

1 
2 
3 
4 
5 
6 
7« 
8 d ) 

9 
10 
11 
12 
13 
14 

Substrate 

l a 
l a 
l a 
l a 
l a 
l a 
l a 
l a 
l b 
l b 
3a 
3a 
3b 
3b 

Diphos/Go2(CO)8 
(mmol/mmol) 

1.5/1.0 
1.0/1.0 
0.75/1.0 
0.5/1.0 
0.25/1.0 
0/1.0 
2.0/4.0 
0/4.0 
0.5/1.0 
0/1.0 
1.0/2.0 
0/2.0 
1.0/2.0 
0/2.0 

Time 
min 

180 
40 
15 
15 
30 

240 
500 
500 

30 
225 

20 
180 
20 

120 

Initial ratea) 

mmol min - 1 

0.02 
1.0 
2.4 
2.2 
0.85 
0.07 

— 
— 

1.2 
0.12 
2.5 
0.15 
2.4 
0.26 

min-1 

— 
— 

0.09 
— 
— 
— 
— 
— 
— 
— 

0.095 
— 
__ 
— 

Products 
(yield/%)c 

2a(l . l ) 
2a(75) 
2a(80) 
2a(78) 
2a (65) 
2a(31) 
2a(91) 
2a(1.3) 
2b(80) 
2b(65) 
4a (74) 
4a (44) 
4b(82) 
4b(66) 

a) See text, b) The "k" denotes the first order rate constant, 
d) The reaction was carried out at 50 °C. 

c) Based on substrate initially introduced. 
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0.2 
»H 
i 
Ö 

'a 
J 
^ 0 . 1 
o 

0 1 ^ « « L—I 

0 50 100 150 

Pm or Pco/kgcm-2 

Fig. 2. Effect of partial pressure of hydrogen or GO. 
Toluene 50 ml, substrate 50 mmol, temp 110 °G, Co2-
(CO)8 1 mmol (la), 2 mmol (2a), diphos 0.75 mmol 
(la), 1.5 mmol (2a). 
— O — : l a (^00 = 50 kg/cm2, const.), —A—: 2a (Pco 

= 50 kg/cm2, const.), — # — : l a (P H 2 =50 kg/cm2, 
const.), —A—: 2a (P H 2 =50 kg/cm2, const.). 

9, 11, and 13). 
In the hydroformylation of methyl acrylate, the 

maximum activity has been achieved when the molar 
ratio of diphos to Co 2 (CO) 8 was ca. 0.5—0.75.2> The 
results listed in Table 1 (Runs 1—6) are similar to this. 
T h e effect of phosphine structure on the activity was 
examined : the order of reactivity was in accordance with 
that of hydroformylation.4) 

Using l a and 2a, kinetic behaviors were briefly 
examined. The rate of hydrogénation exhibits a first 
order dependence on the concentration of l a or 2a, the 
rate constant k\K or k^ being calculated (See Table 1 
(Runs 3 and 11)). Good Arrhenius plots of the constants 
provide the apparent activation energies of 12.3 kcal/ 
mol with respect to ki& and 9.1 kcal/mol to £2» (tempera­
ture range: 90—120 °G). 

As shown in Fig. 1, these constants increase with 
increase in Co 2 (GO) 8 concentration. Also, plots of the 
constants vs. part ial pressure of hydrogen reveal first 
order behaviors, while those vs. GO pressure give zero 
order (Fig. 2). These observations are identical with 

those described in the hydroformylation, with the 
exception of the GO pressure effect (Figs. 1, 2). 

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

Materials. Phosphines and toluene were obtained 
commercially and used with no further purifications. All 
a,ß-unsaturated carbonyls were distilled prior to use. 

Reaction Procedure. A catalyst solution containing 
Co2(CO)8 (1—4 mmol), phosphine (0.25—2 mmol), and 
substrate (50 mmol) in toluene (50 cm3) was placed in a 
stainless-steel autoclave (100 cm3), which was subsequently 
charged with a mixture of H2 and GO (ca. 1/1 ratio).6> The 
reaction was carried out at 120 °G under 100 kg/cm2 of total 
pressure (const.) and aliquot samples were withdrawn from 
the vessel at several reaction times and analyzed by GLG 
(determination of the initial rate, Table 1 ). 

Kinetic measurements were performed as follows. The 
hydrogénation system described above was brought to the 
desired reaction temp and the total pressure was kept constant 
during the reaction by supplying hydrogen from a 100 ml 
pressure storage vessel through a pressure regulator. The 
amount of hydrogen consumed was calculated from the 
pressure drop in the storage (Figs. 1 and 2). 

References 

1) R. W. Goetz and M. Orchin, J. Org. Chem., 27, 3698 
(1962); R. W. Goetz and M. Orchin, J. Am. Chem. Soc, 85, 
2782 (1963); H. Adkins and G. Krsek, ibid., 71, 3051 (1949). 

2) K. Murata and A. Matsuda, Bull. Chem. Soc. Jpn., 53, 
214 (1980). 

3) It has been reported that in the absence of phosphine 
the hydrogénation is slow (See Table 1, Run 6), because a 
stable jr-oxapropenyl complex (A) is formed.1) Therefore, the 
phosphine ligand may play an important role in further 
hydrogénation of (A) to form the products, but there is no 
more evidence at the present time. 

4) D i p h o s ( 2 . 2 ) > P h 2 P G = G P P h 2 ( 1 . 5 ) > m - P h 2 P G H = 
CHPPh2(1.0)>PhP(CH2CH2PPh2)2(0.64) > Ph2P(CH2)3PPh2 

(0.40)>Ph2PGH2PPh2(0.16)>Ph2P(GH2)2AsPh2(0.14)>none 
(0.07) >PPh3(0.04) (numerical values refer to the initial rate 
in Table 1). 

5) In the absence of GO, a perfect decomposition of 
Co2(CO)8 occurred. 
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Photolysis of Dispiro-substituted 3-Thioxo-l-cyclobutanones 
Koji KIMURA,* Yoshihiro FUKUDA, Toshihiko NEGORO, and Yoshinobu ODAIRA 
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Synopsis. Photolysis of dispiro-substituted 3-thioxo-l-
cyclobutanones in dichloromethane or even in methanol gave 
rise to the photoisomerization to afford thiolactones 
preferentially. 

As part of our studies on the photolysis of 1,3-cyclo-
butanediones, we previously reported1) that three 
primary competing photochemical processes,2) consisted 
in a-fission, /?-fission (cycloelimination), and ring 
expansion (the formation of a-oxacarbene), were 
markedly affected by the ring size of spiro alicyclic 
groups substituted at the 2- and 4-positions of the diones. 
In this connection, our interest is focused on the effect 
of the ring size of 2,4-dispiro alicyclic substituents on 
the photochemical behavior of 3-thioxo-l-cyclo-
butanones, being similar in structure to 1,3-cyclobutane-
diones. However, little is known concerning the photo­
chemistry of 3-thioxo-l-cyclobutanones except for only 
one report on the photooxygenation of 2,2,4,4-tetrameth-
yl-3-thioxo-l-cyclobutanone to give the corresponding 
1,3-cyclobutanedione.3) 

Accordingly, we wish to report in the first place on the 
alternative photochemical behavior of dispiro-substituted 
3-thioxo-l-cyclobutanones, compared with that of the 
corresponding 1,3-cyclobutanediones. In addition, the 
effect of the ring size of 2,4-dispiro alicyclic substituents 
on the product-formation is mentioned. 

When 12-thioxodispiro[4.1.4.1]dodecan-6-one ( la ) 
was irradiated in dichloromethane in a degassed sealed 
Pyrex tube at — 70 °C for 50 h,4) photoisomerization 
took place to afford the unsaturated thiolactone (3a) 
almost quantitatively. Moreover, photolysis of l a 
under the similar conditions in methanol,5) a good 
trapping agent of an a-oxacarbene intermediate, led 
to the formation of 3a (26%) along with the ring-
expanded acetal (5a, X = S , 38%) via an a-oxacarbene 
intermediate (C, X = S ) . 6 ) Since the most preferential 
photoprocess of cyclobutanones or cyclobutanediones in 
methanol is widely known to be the ring expansion via 
an a-oxacarbene intermediate,2) it is very significant 
that the photoisomerization takes place appreciably 
even in methanol. In the similar irradiation of the 
dichloromethane solution of 14-thioxodispiro[5.1.5.1]-
tetradecan-7-one ( l b ) , the photoisomerization also 
proceeded predominantly. In this case, however, the 
formation of the unsaturated thiolactone (3b, 6%) was 
minor and, interestingly, the saturated thiolactone (4b, 
46%) was obtained as the major product. Furthermore, 
photolysis of l b in methanol afforded 4 b (40%), 
accompanied by the ring-expanded acetal (5b, X = S , 
23%) . O n the other hand, no formation of 3 b was 
observed. 

The photolysis of l a and l b may be considered to 
proceed in the following scheme. 

Unlike the case of the corresponding dispiro-1,3-
cyclobutanediones (2a and 2b) , the preferential 
occurrence of photoisomerization in l a and l b , regard-

'QÇG*^-
(C) 

©toay~Ä höfcHH^ÖYCh'-
1 X=S a: n=S 

b: n=6 

Scheme 1. 

less of the ring size of spiro substituents and solvents, 
may be explained on the basis of the great differences 
in contribution between two canonical formula of the 
radical of allylic structures, (6A') and (6B'), which are 
each part of 1,4-biradical intermediates, that is, the 
1-acyl 4-cycloalkyl biradical (A, X = S) and the 1-acyl 
4-thiyl biradical (B, X = S), derived from the initial 
a-fission of l a and l b . 

6 
7 

X= 
X= 

= S 

=o 

R 

- ^ II 

X 
(A') 

< > 
R 

\ t?// 

x. 
(BO 

Of two canonical formula, (6A') and (6B'), the 
contribution of (6B') to the radical of allylic structure, in 
which the unpaired electron is localized on sulfur atom, 
is greater than that of (6A'), because radical stabiliza­
tion energies7»8) are strongly influenced by the electro­
negativity of the atom bearing the unpaired electron 
and the stabilization energies of a series of structually 
related oxygen, carbon, and sulfur centered radicals 
increase in this order. Consequently, it appears that 
(B, X = S ) would form thiolactone (3) by ring closure. 
In the case of 7, on the contrary, the contribution of 
(A') is greater than that of (B').9»10) Therefore, in the 
case of 1,3-cyclobutanediones (2), no isomerized product 
was obtained. In conclusion, the difference in the 
electronegativities of sulfur and oxygen plays a key role 
in determining the reaction pathways after the photo­
chemical a-fission. 

In addition, it was found that the ring size of spiro 
alicyclic groups substituted at 2- and 4-positions affected 
the process of product-formation in a striking manner . 
In order to clarify the photochemical conversion of 3 b 
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into 4b , 3 b was irradiated in dichloromethane or 
deuterodichloromethane under the similar conditions. 
As expected, the photochemical hydrogen abstraction 
of 3 b proceeded smoothly to give 4b , and, moreover, 
the N M R spectrum of reaction product in dichloro­
methane showed the doublet peak (ô 2.92, 1H) assigned 
to the signal of the methine proton at tached to the 
position a to the sulfur a tom in 4b , whereas, in the case 
of deuterodichloromethane, such peak was absent. 
Concerning the high reactivity of 3 b toward hydrogen 
abstraction, it is not clear at present, but we tentatively 
infer that the rotation around the double bond of 3 b 
in the excited state may be fairly restricted owing to the 
nonbonded interaction of hydrogens between the 
adjacent two cyclohexyl substituents, just like the 
photochemically excited triplet olefin.11) Further study 
on the above photochemical hydrogen abstraction is 
now undertaken. 

Experimental 

Materials. 12-Thioxodispiro[4.1.4.1]dodecan-6-one (la) 
and 14-thioxodispiro[5.1.5.1]tetradecan-7-one (lb) were 
prepared by the modification of the method of Krapcho.12) la, 
mp 35—36 °G; IR (KBr) 1780 cm"1; NMR (CC14) Ô 1.9 (m, 
16H); Mass (m/e) 208 (M+); UV (MeOH) A ^ 241 (e, 7160), 
326 (90), 513 (8), 527 nm (8); Found: G, 69.21; H, 7.71; S, 
15.53%. Galcd for C12H16OS: G, 69.18; H, 7.74; S, 15.39%. 
lb , mp 113—114 °G (lit,12> 113—115 °G); IR (KBr) 1765 
cm-1; UV (MeOH) A ^ 237 (e, 8940), 326 (104), 514 nm (8). 

General Irradiation Procedure. A solution of l a or l b 
(0.2 mol dm - 3) was irradiated in a degassed sealed Pyrex tube 
at —70° G for 40—50 h. After the solvent was evaporated, 
the residue was chromatographed on silica gel and was 
subjected to purification by preparative GLG. The yields 
were determined by GLG analysis (10% FFAP). 

Irradiation of la. In CH2Cl2: Preparative GLG afforded 
the isomeric product (3a) almost quantitatively. 3a, IR 
(neat) 1770, 1675 cm"1; NMR (CC14) Ô 1.6—2.8 (m, 16H); 
Mass (m/e) 208 (M+), 180; Found: G, 69.23; H, 7.69; S, 
15.51%. Galcd for C12H16OS: G, 69.18; H, 7.74; S, 15.39%. 

In MeOH: Analysis of the photolysate by GLG revealed the 
isomeric product (3a, 26%), the ring-expanded acetal (5a, 
38%), and the unidentified product (16%). 5a, IR (neat) 
1180, 1085, 1015 cm-1; NMR (CC14) ô 1.4—2.2 (b, 16H), 
3.3 (s, 3H), 4.7 (s, 1H); Mass (m/e) 240 (M+), 207, 180; 
Found: G, 65.16; H, 8.39; S, 13.34%. Galcd for G13H20O2S: 
G, 64.96; H, 8.39; S, 13.42%. 

Irradiation of lb. In CH2Cl2 : Analysis of the photolysate 
by GLG revealed the following products: the unsaturated 
thiolactone (3b, 6%), the saturated thiolactone (4b, 46%). 
3b, IR (neat) 1760, 1675 cm"1; NMR (CC14) ô 1.4—1.8 (m, 
20H); Mass (m/e) 236 (M+), 208; UV (CH2C12) 268 nm (e, 
69); Found: G, 71.28; H, 8.39; S, 13.61%. Galcd for 
G14H20OS: C, 71.14; H, 8.53; S, 13.56%. 3b was also 
confirmed by the comparison of the sample which was synthe­
sized by the treatment of l b with sodium methoxide. 4b, 
IR (neat) 1755 cm"1; NMR (CC14) ô 1.1—1.8 (m, 21H), 
2.9 (d, 1H); Mass (m/e) 238 (M+), 210; Found: G, 70.44; H, 
9.46; S, 13.23%. Galcd for G14H22OS: G, 70.54; H, 9.30; 

S, 13.45%. Irradiation of 3b in GH2G12 at - 7 0 °G for 2 h 
gave 4b, on the other hand, reflux of 3b in GH2G12 failed to 
form 4b. 

In MeOH: Saturated thiolactone (4b) and the ring-
expanded acetal (5b) were obtained in 40% and 23% yields, 
respectively, along with trace of methyl cyclohexanecarbox-
ylate. 5b, IR (neat) 1230, 1130, 1100 cm"1; NMR (CG14) ô 
1.2—2.2 (m, 20H), 3.4 (s, 3H), 5.1 (s, 1H); Mass (m/e) 268 
(M+), 237, 208; Found: G, 67.29; H, 8.87; S, 11.58%. Galcd 
for C15H2402S: G, 67.12; H, 9.01; S, 11.95%. 

Quantum Yield Measurement. The quantum yields for 
disappearance of la and l b were measured according to the 
method of Jones13) by employing a merry-go-round apparatus 
and valerophenone as the actinometer.14) 
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Synopsis. Heterohelicenes up to 15 rings were 
resolved by high performance liquid chromatography (HPLC) 
on silica gel covalently linked with a chiral charge transfer 
complexing agent 2-(2,4,5,7-tetranitro-9-fluorenylideneamino-
oxy) propionic acid (TAPA). The efficiency of resolution was 
discussed in terms of the helical structure of heterohelicenes. 

In the course of our work on heterohelicenes, optical 
resolution was found to be necessary, since their 
chiroptical properties require isolation of the pure 
enantiomers. Mikes et al. reported the resolution of 
helicenes by H P L C on a short column containing chiral 
reagents which function as a selector,1) and achieved 
resolution for carbohelicene series. However, they 
examined only a few heterohelicenes containing sulfur 
atoms in a molecule, separation between enantiomers 
being poor. 

N02 N02 

H3C |, 

(PM+M15] (SM+)-TAPA 

Fig. 1 

We describe here a better resolution of heterohelicenes 
up to 15 rings consisting of alternant thiophene and 
benzene nucleus (Fig. 1) by H P L C with a chiral TAPA-
bonded silica-gel column. TAPA is a chiral charge 
transfer (CT) complexing agent in which tetranitro-
fluorenylidene moiety provides a strong binding power, 
oxypropionic acid moiety playing the chiral recognition 
for the electron donating heterohelicenes. 

The chromatogram of [7] to [15] heterohelicenes 
(Fig. 2) was obtained by using a 30 cm silica-gel (5 \L) 

Fig. 2. Chromatogram of heterohelicenes. Column: 
11% (S)-(+)-TAPA bonded on 5 JJL silica gel, mobile 
phase: 50% dichloromethane-hexane. 

TABLE 1. RESOLUTION OF HETEROHELICENES BY 

HPLC USING A (£)-( +) -TAPA-BONDED 

SILICA-GEL COLUMN 

Heterohelicene W 

[7] 

[9] 

[11] 

[13] 

[15] 

5.97 
6.42 
8.24 
9.38 

16.88 
18.09 
19.68 
21.20 
19.15 
23.02 

1.076 

1.138 

1.072 

1.077 

1.202 

2990 
-2980 
3760 

-3700 
4440 

-4550 
8170 

-8290 
b) 
b) 

a) r=k'_/k'+, where k'_ is k' for a minus enantiomer 
and k'+ for a plus enantiomer. b) Amount separated 
too small to measure [a]|J0. 

column linked with 1 1 % (£)-( + ) - T A P A . The param­
eters for resolution are given together with the optical 
rotations of alternatives isolated by the preparative 
H P L C in Table 1. T h e capacity factor k' denoting the 
ratio of partition coefficients between stationary and 
mobile phase depends upon the strength of C T interac­
tion of a selector with a selectand. Higher heterohelicene 
having more powerful electron donating ability gave a 
larger k' value. (6,)-( + )-TAPA interacted more 
strongly with (Af)-(-) -heterohel icene than with its 
antipode. 

[5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 

1.2 

! 1.1 

carbohelicene 

[7] 
-I-

heterohelicene 

[9]- [11] [13] [15] 
-f-

300 360 420 480 540 600 660 720 780 840 

internal angle/deg. 

Fig. 3. Relationship between resolution factor and 
internal angle of helicenes. The data for carboheli-
cenes were quoted from the literature.*) 
O - Heterohelicene, %: carbohelicene. 
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T h e absolute values of [a]ioo for each antipode were 
almost the same, indicating that satisfactory separation 
was achieved. [a]|?0 increased abruptly with an 
increase in the number of rings. 

Figure 3 shows the relationship of the resolution 
factor r against the internal angle evaluated by allocating 
45° for a thiophene ring and 60° for a benzene ring.2) 
T h e curve for heterohelicenes as well as that for 
carbohelicenes have no monotonically increasing slope 
with the progression of helix, but a concave in the 
range 540°—720° where separation is worse. T h e range 
of angle corresponds to a helix possessing 1—1.5 turns. 
This might be explained in terms of the steric repulsion 
of the methyl group at tached to an asymmetric carbon 
atom of TAPA against the terminal ring of helicenes, 
in which a chiral recognition is effectuated. T h e steric 
repulsion should give a predominant influence on the r 
value, since this value refers to the difference in the 
diastereomeric interaction of TAPA with each enan-
tiomer. O n the other hand the k' values are mainly 
determined by the strength of C T interaction. [11] 
and [13] heterohelicene have a relatively large k', but 
small r value, as compared with those of [9] and [15] 
respectively. Thus, helicenes of the helical structure 
with 1.5—2 turns undergo a stronger C T interaction 
owing to the smaller repulsion, resulting in smaller 
chiral selection from TAPA. 

Exper imenta l 

Materials. The synthesis of heterohelicenes has been 
reported.3) Chiral ( # ) - ( - ) - and (S)-(+)-TAPA were pre­
pared according to the method of Block and Newman.4) 
Aminated silica gel (5 (JL, Polygosil 60-5 NH2, Macherey-
Nagel Go.) was used as a fixer of TAPA. Silica gel covalently 
linked with chiral TAPA was prepared according to the 
method of Mikes.1) A TAPA content in the silica gel was 
calculated from the nitrogen content obtained by elemental 
analysis. 

Apparatus. HPLC system (Model 204, Waters assoc.), 
slurry packing apparatus (Model 124, Chemco), and columns 
(0.39 cm O. D. x 30 cm I. D. and 0.8 cm x 25 cm) were used. 
Optical rotations were measured on an automatic recording 
spectropolarimeter (Model J-20A. Japan Spectroscopic Co.). 

This work was supported by Grant-in-Aid No. 
447010 from the Ministry of Education, Science and 
Culture. 
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The Stability of the Supersaturation State in Optical Resolution 
by the Preferential Crystallization Procedure 
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In the optical resolution process of DL-serine m-xylene-4-sulfonate dihydrate by the preferential crystallization 
procedure, the stability of the supersaturation state of the unseeded isomer was investigated in connection with 
the cooling conditions. The experiment was initiated with the model solution and was then extended to the 
actual resolution process. The metastable region of the unseeded isomer on a two-dimensional diagram with 
the supersaturation degree and cooling time could be divided into the first and the second metastable regions. 
The limits of the first and the second metastable regions were expressed by a supersaturation degree and by an 
area on the diagram respectively. Both limiting values were constant, independent of cooling speed and the 
lowest arrival temperature, if the conditions for the crystallizer, the initial concentration of the DL-form, the 
amount of the seed crystals, and the degree of stirring were fixed. 

The advantages of the optical resolution of DL-
amino acids by the preferential crystallization pro­
cedure have been well recognized, and many DL-
amino acids have been resolved successfully by this 
procedure.1 - 5) Although several requirements must be 
fulfilled to achieve the resolution by this procedure, 
it is most important that the racemic modification 
be crystallized as a racemic mixture and not as a 
racemic compound. The resolution is carried out in 
the following manner. The crystals of a desired 
isomer (for example, L-isomer) are seeded into a su­
persaturated solution of a racemic modification. Only 
the L-isomer crystallizes preferentially, and the crys­
tallized L-isomer is separated in an appropriate manner 
from the mother liquor before the spontaneous crys­
tallization of the unseeded D-isomer. During the pref­
erential crystallization, the same amount of the D-
isomer as that of the crystallized L-isomer remains 
in the liquid phase as a supersaturation state. After 
a certain time, however, the unseeded D-isomer also 
begins to crystallize spontaneously because of the limi-

spontaneôus 
inoculation crystallization 
of L-isomer concentration of D-isomer 

Time 

inoculation 
of L-isomer 

preferential Wk spontaneous 
crystallization crystallization 
of L-isomer of D-isomer 

> 5» 

D L D L D L 

Fig. 1. Time course of optical resolution process by 
preferential crystallization procedure. 

| I : D- or L-Isomer in solution, ÜH : crystals of 

L-isomer, {^^: crystals of D-isomer. 

tation of the stability of the supersaturation state. 
The situation in this process is shown in Fig. 1. 

T o avoid the crystallization of the unseeded D-
isomer, and to crystallize only the desired L-isomer 
in an optically pure form, it is also important to know 
the limitations of the stability of the supersaturation 
state of the D-isomer, especially the starting time of 
the spontaneous crystallization of the unseeded D-
isomer. Although a few non-quantitative descriptions 
of the stability of supersaturation in the preferential 
crystallization process have appeared,6 - 8) no quan­
titative study of the prediction of the waiting time 
for the spontaneous crystallization of the unseeded 
isomer has yet been reported. 

In our previous report on the optical resolution 
of DL-serine,1) DL-serine m-xylene-4-sulfonate dihydrate 
(DL-Ser-mXS-2H 20) was found to form a racemic 
mixture and to be easily resolved by the preferential 
crystallization procedure. In the present experiment, 
the stability of the supersaturation state of the unseed­
ed isomer was investigated in order to predict the 
waiting time for the spontaneous crystallization of the 
unseeded isomer in this optical resolution process. 
Although the stability of the supersaturation state is 
influenced by various factors, it was examined under 
a variety of cooling conditions, i.e., cooling speed and 
the lowest arrival temperature, which are the most 
important factors in industrial operations. The ex­
periments were initiated with the model solution, as­
suming a situation of the resolution process, and then 
extended to the actual resolution process. 

Mater ia l s and M e t h o d s 

Materials. Optically active and racemic Ser-
m X S - 2 H 2 0 were prepared according to the previous 
report1) and dried at 35 °G in a chamber with a relative 
humidity of 6 7 % . 

Apparatus and Cooling Methods. A 2/-cylindrical 
glass vessel with a jacket was employed as the crys­
tallizer. Schematic drawings of the crystallizer and 
their dimensions are shown in Fig. 2. The solution 
was stirred at 210 rpm with poly (vinyl chloride)-pad­
dle and cooled under the various cooling patterns 
shown in Fig. 3, which were achieved by using a Ghino 
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Fig. 2. Schematic drawings of the crystallizer and 
their dimensions (in millimeter). 
A: Poly (vinyl chloride)-agitator, B: glass-thermistor 
(diameter, 6 mm), C: glass-baffle plate, D: jacket. 

Time / h 

Fig. 3. Gaoling patterns and supersaturation degree. 
The solution is saturated with D-Ser-mXS-2HaO at 
20 °G (CD=0.360g/g water). Cooling speed is 1/4 
°G per min ( ), 1/6 °G per min ( ), or 1/8 
°G per min ( ). 

program setter, PMS-2, and a Chino electronic re­
cording controller, ET-2p (Chino Works Ltd., J a p a n ) . 
The ranges of experimental variables for cooling were 
as follows : cooling speed, 1 /4, 1 /6, and 1 /8 °G per 
min; the lowest arrival temperature, 12, 13, 14, 15, 
16, 17, and 18 °G. 

Analysis of Solution. T h e total concentration of 
D- and L-isomers in the sample solution, C D + C L [g/ 
g (water)], was determined from the standard curve 
and the refractive index which was measured with a 
Karl Zeiss immersion refractometer, where CD and 
CL are the concentrations of D- and L-isomers [g/ 
g (water)] respectively. 

The concentration of the optical isomer (for ex­
ample, D-isomer) existing in excess, CD-CL [g/g(water)]5 

was obtained by the measurements of the rotation 
angle of the sample solution, its density, and the total 
concentration of D- and L-isomers according to the 
following calculation. The specific rotation of the D-
isomer existing in excess in the solution is expressed as: 

[«]» = 100 x - , 
€ o: 

where a is the rotation angle and where c is the weight 
in grams of the D-isomer existing in excess per 100 ml 
of solution, c is expressed as: 

0.6T-

0 .4h 

0.2' 

0 0.2 0.4 0 .6 
D-Ser'mXS-2H20 (g /g wa te r ] 

Fig. 4. Solubility of L- and D-Ser • mXS • 2HaO in the 
coexisting system. 

: Solubility curve for L-isomer, : solubility 
curve for D-isomer, O : at 5 °G, • : at 10 °G, A : 
at 20 °G, A: at 25 °G, O : at 30 °G. 

c = 100 x Q D - Q, 
(2) ( l + C D + CL)/</' 

where d is the density of the solution. 
T h e value of the specific rotation of D-Ser «mXS* 

2 H 2 0 was observed to be [a]s
D

6= 4-5.787° under the 
conditions employed (0.5 < C D + C L < 1.0, 0 < C D — C L < 
0.12g/g(water)) . From Eqs. 1 and 2, C^—C^ is ex­
pressed as: 

<x(l+CD + CL) 
Gjy — C^ — 

5.787d (3) 

From Eq. 3, C^—C^ can be obtained by measuring 
the values of a, d, and Cn-\-Ch. The optical rotation 
was measured in a 1-dm tube at 35 °G with sodium 
light by means of a Perkin-Elmer 141 automatic Polar­
imeter. The density was determined with a hydrom­
eter. 

The concentrations of the D- and L-isomers, CD 

and CL, were calculated from the values of C^+C^ 
and CD—CL respectively. 

Determination of Waiting Time. T h e waiting time 
for the spontaneous crystallization of the D-isomer was 
determined by measuring the concentration of the D-
isomer, and the time when the concentration decreased 
by 0.002 [g/g(water)] was taken as the starting time 
of the spontaneous crystallization. Also, a sudden 
spontaneous crystallization could be determined by 
visual observation. 

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

Solubility of L- and D-Ser • mXS • 2H20 in the Coexisting 
System. Mixtures of L- and D-isomers in various 
proportions were dissolved in water at an elevated 
temperature and equilibrated at different temperatures. 
The concentrations of both the isomers in the equi­
librium solution were determined. The equilibrium 
compositions of the coexisting system are shown in 
Fig. 4. T h e figure shows tha t : (i) the solubility of 
an optical isomer is little influenced by the concen­
tration of the opposite isomer coexisting in the solu-
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TABLE 1. COMPOSITION OF MODEL SOLUTION 

Solution No. I II III IV 

D-Ser-mXS-2H20 (g) 
L-Ser-mXS-2H20 (g) 
Water (g) 
Ratio of L/D 

468 468 468 468 
468 393 351 295 
1300 1300 1300 1300 
1.00 0.84 0.75 0.63 

Each solution was saturated with the D-isomer in the 
presence of various amounts of the L-isomer at 20 °G. 

tion, (ii) the solubility of the racemic modification is 
nearly equal to the sum of the individual solubilities 
of both isomers, and (iii) the saturated solution of 
the racemic modification no longer dissolves an op­
tical isomer. These properties show that DL-Ser-
m X S * 2 H 2 0 crystallized from water forms a typical 
racemic mixture and that there is no appreciable in­
teraction between the two isomers on the respective 
solubilities. Therefore, the supersaturation degree for 
each optical isomer was expressed as CB — CS (for the 
D-isomer) or Ch—Cs (for the L-isomer) [g/g(water)], 
regardless of the concentration of the coexisting op­
posite isomer, where Cs [g/g(water)] is the solubility 
of the D- or L-isomers at a given temperature. From 
Fig. 4, the solubilities of optically active and racemic 
Se r -mXS*2H 2 0 could be expressed as a function of 
the temperature, t, by following empirical formulas 
over a range from t=5 to 30 °G respectively: 

logCs = 2.34 x 10-2/ _ 9.12 x 10-*, 

logCSR = 2.48 x 10-2 / - 6.39 x 10-1, 

where CSR [g/g(water)] is the solubility of DL-Ser-
m X S - 2 H 2 0 . 

Stability of Supersaturation in Model Solution. The 
First Metastable Region and Its Width, SY\ Assuming, 
in the resolution process of DL-Ser-mXS*2H20, that 
the L-isomer is preferentially crystallized, while the 
D-isomer remains in the initial concentration as a 
supersaturation state, the model solutions were pre­
pared as is shown in Table 1. The mixtures of the 
D-isomer and the L-isomer in different proportions 
were dissolved by heating at 35 °G. The solutions 
were saturated at 20 °G with the D-isomer in the pres­
ence of various amount of the L-isomer. The solu­
tions were cooled at various speeds (1/4, 1/6, and 1/8 
°G per min) to given temperatures ranging from 12 
°G to 18 °G, as is shown in Fig. 3, under a constant 
stirring speed; 0.2 g of D-Ser -mXS-2H 2 0 (28—35 
meshes) was added at 20 °G in the course of cooling. 
The addition of the crystals was preferable for the 
reproducibility of the waiting time. No significant 
decrease in the concentration of the D-isomer attri­
butable to the growth of the added crystals was ob­
served until the spontaneous crystallization of the su­
persaturated D-isomer took place. In other words, 
the first significant decrease in the concentration was 
mainly attributed to the spontaneous crystallization 
of the D-isomer. Under the above cooling conditions, 
the temperature of the solution was recorded and the 
waiting time for the D-isomer was determined. The 
range in the waiting times observed in these experi­
ments was from 30 min to about 15 h. One example 

20 40 
Time / min 

Fig. 5. Time course of supersaturation degree of D-
isomer in model solution. The model solution I 
described in Table 1 was cooled at 1/4 °G per min 
to 14 °G and maintained, at 14.°C 

: Temperature of solution, : solubility of 
D-isomer (Cs) at the temperature of solution, —O— 
O—: concentration of D-isomer (CD), N : the point 
occurring a large spontaneous crystallization, A: the 

area given by A~ j (CB — Cs)dd. 

of the time course for model solution I is shown in 
Fig. 5, indicating that the supersaturation degree of 
the D-isomer, (CD—CS), increases with a decrease in 
the temperature and that a large spontaneous crys­
tallization of the D-isomer begins suddenly at the 
point N (time On, 50 min) . This point, N , varied 
with the cooling speed and with the lowest arrival 
temperature. T h a t is to say, it varied not only with 
the cooling speed, but also with the maximum su­
persaturation degree, (CD—C s)m a x , depending on the 
lowest arrival temperature. 

T o obtain the relationship between the waiting 
time, dn, and the cooling conditions described above, 
a certain area, A, expressed as a shaded par t in Fig. 5 
was considered. T h e area may be expressed mathe­
matically as follows: 

pen 
A = J (CD - Cs) d0 [g • min/g(water)]5 (4) 

where 6 is the time and where On is the time when 
spontaneous crystallization is observed at point N. In 
this study, the A area was graphically eva.uated. 

For each model solution shown in Table 1, the 
evaluation of A was carried out under various cooling 
conditions. The logarithm of A was plotted against 
(CD —C s ) m a x on semilogarithmic graph paper. The 
results obtained when the cooling speed was 1/4 °C 
per min are shown in Fig. 6. In the case of any model 
solution, the log A decreased linearly with (CD—C s)m a x , 
but the slope of the straight line changed at the point 
o f (Q>—Q)maX

 = 6 - 6 X l 0 - 2 [g/g(water)], expressed as 
Sz in Fig. 6. Furthermore, the figure shows that the 
value of A is markedly large when (CD—C s)m a x is 
lower than Sv In this range, the spontaneous crys­
tallization of the D-isomer did not occur for a longer 
time, and the supersaturation state was more, stable 
than in the other range. Thus , the region where 
the supersaturation degree is within St was termed 
" the first metastable region". 

eva.ua
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Fig. 6. Relationship among A, Si, Su, and (CD — C s)m a x 

in model solution. The solutions were cooled at 
1/4 °G per min to given temperatures ranged from 
12 °G to 18 °G. 

A=fdn(CD-Cs)dd, £ i i = r # n ( C D - C B - Ä ) < / 0 . 
Jo Jo 

O : Model solution I (CL/CD= 1.00), # : model 
solution II (CÏJ/CB = 0.84), A : model solution III 
(CL/CD = 0 .75) , A : model solution IV (CL/CD = 0.63). 

Fig. 7. Illustration of the first and the second meta­
stable regions. The experiment was the same as 
that in Fig. 5. Si represents the width of the first 
metastable region, Su represents the area of the 
second metastable region. 

The Second Metastable Region and Its Area, Su: In 
the above experiments, the supersaturation was re­
latively unstable in the region where the supersatura-
tion degree was higher than Sr Then, an area, Su, 
expressed as a shaded par t in Fig. 7, was considered. 
This may be expressed mathematically as follows: 

pen 
Sn = j a ( C D -Cs-Si)d8 [g.min/g(water)], (5) 

HH l . O i 

m 
4-1 

o 
o 

3 o.8 
> 
> 
H 
cd 

S 0.6 

\ R 

_! .._.. 

\ # 

1 1 

where the integration is restricted to cases of C^—C^ 

sv 

1.0 0.8 0.6 

Solute composition (CL/CJ)) 

Fig. 8. Relationship between the value of iSn and 

cL/cD . 
Cooling speed: O; 1/4 °G/min, • ; 1/6 °G/min, A; 
1/8 °G/min. 

In this paper, the value of Su was graphically eval­
uated. The logarithm of Sn is plotted against (CD— 
C s ) m a x in Fig. 6. The figure indicates that the values 
of Su for the solution with a constant ratio of CJCD 

are constant independent of the maximum supersat­
uration degree, with the exception of the case when 
(CD—C s)m a x closely approaches Sr However, these 
values decreased with a decrease in the ratio of CL/ 
CD. The relationship between Su and the ratio of 
CJCD is shown in Fig. 8. 

Also, in case where the cooling speed was 1/6 or 
1 /8 °C per min, the values of SI and Sn themselves 
were the same as those at the cooling speed of 1/4 
°G per min, as is shown in Fig. 8. Generally, it may 
be concluded that the values of Sz and Su are constant, 
independent of the cooling speed and the lowest ar­
rival temperature. Thus, the region shown as a shaded 
par t in Fig. 7 was termed " the second metastable 
region," and its area was expressed as Su. 

Ting and McCabe9) and also Tanimoto et al.10) 
found that two points existed in the supersaturation 
region for magnesium sulfate or copper sulfate. One 
was the first supersaturation point, where new nuclei 
was first observed, while the other was the second 
supersaturation point, where a sudden increase in the 
rate of formation of new crystals was observed. The 
conception of the first and second metastable regions 
in the present paper seems to correspond to the con­
ception proposed by them. In fact, at a supersatura-
tion degree lower than SI9 the spontaneous crystalliza­
tion did not occur for a long time. In the second 
metastable region, where the integral in Eq. 5 is within 
Su, the spontaneous crystallization was rarely observed 
for a period sufficient to achieve the optical resolu­
tion by the preferential crystallization procedure. In 
the supersaturation region where the integral in Eq. 
5 is beyond SII9 a large amount of crystals appeared 
suddenly and grew rapidly. 

Stability of Supersaturation in Actual Resolution Process. 
A Correction of the Su Value by the Ratio of the "L-Isomer 
to the D-Isomer: T h e above experiments with the model 
solutions were carried out when the initial ratios of 
CJJC-Q were different, as is shown in Table 1, but the 
ratio in each individual solution was kept constant 
during the experiment. Under such conditions, the 
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1.0 iU— » « ' 

1.0 0.8 0.6 
S o l u t e composi t ion ( C L / C D ) 

Fig. 9. Relationship between correction factor f and 
cL/cD . 
Cooling speed: O; 1/4 °C/min, # ; 1/6 °G/min, A ; 
1/8 °C/min. 

value of Su was found to be constant, independent 
of the cooling speed and the lowest arrival tempera­
ture. However, it decreased with a decrease in the 
initial ratio of CJCD, as is shown in Fig. 8. O n the 
other hand, in the actual resolution process, the ratio 
of CJCB is the solution decreases gradually with the 
progress of the preferential crystallization of the L-
isomer. Therefore, in order to estimate the value of 
Su in the actual resolution process, the Su shift re­
sulting from the change in the ratio of CJCD should 
be compensated for. From the data of Fig. 8 showing 
the relationship between Su and CJCB, the correction 
factor, f9 was determined so that the values of / . • 
SUi became constant: 

where / i and SIItl are the values off and Sn respectively 
when the ratio of CJCD is i, and where SIItl is the 
value of Su when the ratio of CJCB is 1.00. The 
relationship between the correction factor, f9 and the 
ratio of CJC^ is shown in Fig. 9. In order to extend 
the rule obtained on the model solutions to the actual 
resolution process, in which the ratio of CJCB changes 
from moment to moment, the evaluation of the Su 

value in the actual resolution process should be carried 
out by using the correction factor, fy and the Su value 
in the actual resolution process should be expressed 
by the following equation: 

Sn= ['"/(Cv-Cs-Sdaß [g.min/g(water)], (6) 

where the integration is restricted to cases of Cjy — Cg^i 
Sx and where f is a function of the ratio of CL/CD, 
which changes from moment to moment with the 
progress of the preferential crystallization of the L-
isomer. In this paper, the Sn value may be graphi­
cally evaluated from the sum of the individual f^ 
(CD—Cs—S^) -Ad values between zero and on by using 
the fi shown in Fig. 9. 

Super solubility in Actual Resolution Process: According 
to the above manner, the values of Su were deter­
mined in the actual resolution process, in which the 
L-isomer was preferentially crystallized from the su­
persaturated solution of DL-Ser-mXS-2H 2 0 and the 
D-isomer remained in a supersaturated state. 

Time / min 

Fig. 10. An example of time course of actual resolution 
process. The solution consisting of 936 g of DL-
Ser-mXS-2H20 and 1300 g of water was seeded 
with 2 g of L-Ser-mXS-2H20 (100—200 meshes) at 
20 °G, and was cooled at 1/4 °G per min to 14 °G. 

: Temperature of solution, : solubility of 
D-isomer at the temperature of solution, — # — # — : 
concentration of L-isomer, —O—O—: concentration 
of D-isomer, N: the point occurring a large spon­
taneous crystallization. 

A mixture of DL-Ser • m X S • 2 H 2 0 (936 g) and water 
(1300 g) was dissolved by heating it at 35 °G for 1 h. 
The saturation temperature of each isomer in the 
solution was 20 °G. The solution was then seeded 
with 2.0 g of L-Ser -mXS-2H 2 0 (100—200 meshes) 
at 20 °G and subsequently cooled at the cooling speed 
of 1/4 °G per min to a given temperature at a constant 
stirring speed. During the preferential crystallization 
of the L-isomer, the temperature was recorded and 
the concentration of each individual isomer was meas­
ured. In this case, a good reproducibility of the 
waiting time was obtained, though the crystals of the 
D-isomer were absent, because the crystals of the L-
isomer were always present during the preferential 
crystallization of the L-isomer. The range of the wait­
ing times observed in these experiments was from 30 
min to about 15 h. One example of the time course 
of an actual resolution process is shown in Fig. 10. 
In the same manner as was described in connection 
with the model solution, the A area in Eq. 4 was graphi­
cally determined. The logarithm of A obtained under 
various cooling conditions was then plotted against 
the maximum supersaturation degree, (CD—C s)m a x , on 
semilogarithmic graph paper. The results are shown 
in Fig. 11. The log A changed linearly with (CD— 
C s ) m a x , but the slope of the straight line was changed 
at the point of 6.6 X 10~2 [g/g(water)], which is shown 
as #! in the figure. This result was similar to that 
obtained for the model solution. 

In the region where the supersaturation degree was 
higher than 6.6 X l O - 2 [g/g(water)], the value of Su 

expressed by Eq. 6 was graphically evaluated in in­
dividual experiments. The values were then plotted 
against (CD—C s)m a x in Fig. 11, much as in the case 
of the model solution. The figure shows that the 
Su values thus obtained were constant 4.49 [g-min/g 
(water)] , independent of (CD—C s)m a x , with the excep­
tion of the case where (Cij—Cs)max closely approached 
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A = fBn(CD-Cs)dd, Su = [""/(Cv-Cs-S^dd. 
Jo Jo 

Cooling time (6) 

Fig. 12. Time course of supersaturation degree of D-
isomer and relationship between the first and the 
second metastable regions. 

: Increase in supersaturation degree of D-isomer 
due to cooling, Bn: starting time of spontaneous cry­
stallization of D-isomer. Si and Sn are constant, 
independent of cooling speed and the lowest arrival 
temperature. 

Sv However, the value of Su in the actual resolution 
process, 4.49 [g-min/g(water)] , was different from 
that of the model solution, 1.00 [g-min/g(water)] . 
This discrepancy in the Su value for the D-isomer is 
considered to arise from the following difference. In 
the case of the model solution, a small amount of 
crystals of the D-isomer was added to obtain the re­
producibility. O n the other hand, in the actual re­
solution process, the crystals of the D-isomer were 
absent, though the crystals of the L-isomer were 
present. 

Consequently, the conception for the supersaturation 
state of the model solution was found to be applicable 

to the actual resolution process. 
The results obtained in the actual resolution process 

of DL-Ser-mXS-2H 2 0 can be summarized as follows; 
they are illustrated in Fig. 12. 

(1) The metastable region on a two-dimensional 
diagram with the supersaturation degree of the un­
seeded D-isomer and cooling time could be divided 
in two regions, the first metastable region and the 
second metastable region. 

(2) The first metastable region was the one where 
the supersaturation degree was lower than a constant 
value, 6 ' 1 =6 .6x 10 - 2 [g/g(water)]. In this region, no 
spontaneous crystallization was observed for about 
4 h or more. 

(3) The second metastable region was the one 
where the supersaturation was stable for a certain 
time (within 4 h) . This range was limited by the 
constant value of the integral in Eq. 6, £ n = 4 . 4 9 [g-
min/g(water)] . In other words, no spontaneous crys­
tallization took place until the integrated area of 
the supersaturation degree as a function of the cooling 
time reached 4.49 [g-min/g(water)] . 

(4) The limiting values of both the first metastable 
region and the second metastable region were con­
stant, independent of the cooling speed and the lowest 
arrival temperature. 

Although the present work was carried out under 
fixed conditions with respect to type of crystallizer, 
the initial concentration of DL-form, the amount of 
seed crystals, and the degree of stirring, the meta­
stable region of the unseeded isomer existing as a 
supersaturation state in the actual resolution process 
of DL-Ser-mXS-2H 2 0 could be quantitatively defined. 
Then, the preferential crystallization should be 
achieved in the second metastable region. If the in­
crease in supersaturation degree due to cooling the 
solution and the change in the ratio of the L- and 
D-isomers due to the preferential crystallization of L-
isomer can be predicted, it is also possible to predict 
the waiting time for the spontaneous crystallization 
of the unseeded D-isomer. Our study of the predic­
tion will be reported next. 
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The Prediction of the Optical Resolution Process by the Use 
of the Preferential Crystallization Procedure 
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In the optical resolution of DL-serine m-xylene-4-sulfonate dihydrate by the preferential crystallization pro­
cedure, the prediction of the resolution process was studied. The solution saturated with the DL-form at 20 °G 
was cooled under a programmed cooling pattern and was seeded with the L-isomer. The decrease in the concen­
tration of the L-isomer during the process was predicted by a conventional calculation method. Then, the waiting 
time for the spontaneous crystallization of the D-isomer was predicted by using the limiting values of the first and 
the second metastable regions, which were discussed in a previous report. As a result, a good agreement was 
obtained between the predicted results and the experimental results. 

In the previous report,1) the waiting time for the 
spontaneous crystallization of the unseeded isomer was 
investigated in an at tempt to perform successfully the 
optical resolution DL-serine m-xylene-4-sulfonate di­
hydrate (DL-Ser-mXS-2H 20) by the preferential crys­
tallization procedure. As a result, it was found that 
the spontaneous crystallization of the unseeded isomer 
did not occur until the value of Su expressed by the 

equation of Sn= I f(CD— Cs—S^dO reached a con­
stant value independent of the cooling speed and the 
lowest arrival temperature. Here, ST and Su are the 
limiting values of the first and the second metastable 
regions for the unseeded D-isomer respectively: CD, the 
concentration of the D-isomer ; Cs, the solubility of the 
D-isomer; f, the correction factor approximated by 
CD/CL; 6, the cooling t ime; and On, the waiting time 
for the spontaneous crystallization of the unseeded D-
isomer. Therefore, the waiting time for the spon­
taneous crystallization of the unseeded D-isomer might 
be predicted if the increase in the supersaturation de­
gree due to cooling and the decrease in the concen­
tration of the seeded L-isomer due to preferential crys­
tallization were previously known. 

In the present paper, the decrease in the concen­
tration of the seeded L-isomer in the optical resolution 
process of DL-Ser-mXS-2H 2 0 under given cooling 
conditions was predicted according to the usual meth­
ods.2-4) Then, the waiting time for the unseeded D-
isomer, On, was predicted from the above equation 
by using the values of Sj and Sn determined in the 
previous report. As a result, a good agreement 
was obtained between the predicted results and the 
experimental results. 

Mater ia l s and M e t h o d s 

Materials, Apparatus, and Analytical Methods. The 
materials, experimental apparatus, analytical methods, 
expression of the supersaturation degree, and opera­
tion of the preferential crystallization procedure were 
described in the previous report.1) 

Cooling Methods. The solution for preferential 
crystallization was cooled under cooling patterns pre­
viously programmed. Two cooling patterns were used. 
One was cooled at the rate of 1 /8 °G per min and 
maintained at 12.0 °G. The other was cooled at 

the rate of 1/2 °G per min and maintained at 14.5 °G. 
Prediction of the Decrease in the Concentration of the Seeded 

"L-Isomer, CL. The crystal growth rate of the seed­
ed L-isomer in the process of preferential crystalliza­
tion can be expressed as the following general equa­
tion:2"4) 

- ^ ~ = aK(Ch-Cs)n, (1) 

where CL is the concentration of the L-isomer; K, 
the overall crystal-growth coefficient; a, the surface 
area of the crystals; n, the crystal-growth rate order; 
and Cs, the solubility of the L-isomer as a function 
of the temperature, t. The value of a increases with 
the growth of the seed crystals. In this report, it 
was assumed that a increased in proportion to {W\ 
W0)2/3 '2) namely: 

a= (W/W0)*/*-a0, (2) 

where W0 is the initial weight of the seed crystals, 
W is the weight of the crystals at time 6, and a0 is 
the initial surface area corresponding to W0. 

Substituting Eq. 2 into Eq. 1 gives: 

dCr ( W \2/3 

—t=Kwil -*•&-<*>'. (3) 
Taking logarithms, Eq. 3 gives: 

iog I ("T) / ("W) 2 / 3 | = n log ( C L _ C S ) + l o g a ° K - ( 4 ) 

Equation 4 means that the plot of log {( —dCL/d0)/ 
(W/W0)

2/3} against log(CL—Cs) is a straight line, and 
that the values of n and a0K can be evaluated from 
the slope and the intercept of the straight line respec­
tively. In order to determine the values of a0K and 
n, the time course of the decrease in CL was obtained 
under the following conditions. The supersaturated 
solution of DL-Ser-mXS-2H 2 0 (936 g) and water (1300 
g) was maintained at a constant temperature of 14.5 
°G or 12.0 °G, seeded with 2 g of L-Ser -mXS-2H 2 0 
(100—200 meshes), and allowed to crystallize. From 
the slope of the tangent on the time course of the de­
crease in CL, the value of (—dCJdO) was determined. 
The value of W was calculated from the decrease 
of CL. A plot of \og{(-dCJdd)l(WIW0)

2/*} against 
l°g ( Q , - Q ) g a v e a straight line, as is shown in 
Fig. 1. Then, the values of n and a0K could be 
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Fig. 1. Plots of log{(-dCL/d0)/(W7Wg2/3} against 
log (CL-CB) . 
O: 14.5 °G, • : 12.0 °G. 

determined from the straight line; they were w=2[ —] 
and a 0 # = 6 . 4 9 x l 0 - 2 [ m i n - r | . 

O n the other hand, the relationship between Cs 

in Eq. 3 and t was already obtained in the previous 
report at the following empirical equation: 

logCs = 2.34 x 10-2* _ 9.12 x 10-1. (5) 

Since the solution is cooled under a programmed 
pattern, t is already given. Therefore, Cs is known. 

Consequently, the decrease in CL due to preferential 
crystallization can be predicted by means of calcula­
tions based on Eq. 3 on the assumption that the n 
and K obtained above are constant during the pref­
erential crystallization procedure. 

Prediction of Waiting Time for the Spontaneous Crys­
tallization of the v-Isomer, On. The previous re­
port showed that the supersaturation state of the un­
seeded D-isomer in the actual resolution process on 
the solution saturated with DL-Ser-mXS-2H 2 0 at 20 
°C was stable until the value of Su in Eq. 6 reached 
4.49 [g-min/g (water)] . 

Su= f'nf(CD-CQ-SI)dd, (6) 

where the integration is restricted to cases of Cp—C^ 
ST; f is the correction factor against the change in 
the ratio of CJCW which may be empirically approx­
imated by f=CJCIj, judging from the result of our 
previous report. 

The values of ST and Su are known to be 6.6 X 10~2 

[g/g(water)] and 4.49 [g-min/g(water)] respectively; 
CD is the initial concentration until the spontaneous 
crystallization takes place, Cs is obtainable from Eq. 
5, and / is also obtainable because CL is obtained 
from Eq. 3. Therefore, the waiting time for the 
spontaneous crystallization of the D-isomer can be 
predicted by calculating on from Eq. 6. 

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

As an example, it was assumed that the optical 
resolution of DL-Ser-mXS-2H 2 0 was carried out as 
follows. DL-Ser-mXS-2H 2 0 (936 g) was dissolved in 
water (1300 g) by heating it at 35 °C for one hour 
in a 2/-cylindrical glass vessel. The solution was then 

Fig. 2. Comparison between calculated results and 
experimental data in the optical resolution process 
of DL-Ser-mXS.2H20. 

: Calculated curve, O, # : experimental data 
of concentrations of D-isomer (O) and L-isomer (# ) , 
I : predicted point of spontaneous crystallization of 
D-isomer, : temperature curve programmed so 
as to cool at the rate of 1/8 °G per min to 12 °G. 

stirred at a constant speed (210 rpm), subsequently 
cooled at the rate of 1/8 °C per min, and thereafter 
maintained at 12.0 °G. Two grams of L-Ser-mXS-
2 H 2 0 (100—200 meshes) was seeded at 20 °C in the 
course of cooling, and only the L-isomer was pref­
erentially crystallized. 

In order to calculate the decrease in the concen­
tration of the L-isomer according to Eqs. 3 and 5, 
the numerical values of the constants in those equa­
tions were obtained as has been described in the sec­
tion on Materials and Methods. The product of the 
overall crystal-growth coefficient and the surface area 
of the seed crystals, a0K, was 6.49 X 10"2 [min-1] ; the 
crystal-growth rate order was n=2 [—]. 

Under the present experimental conditions, the initial 
values of CL, CD, and W were 0.360 [g/g (water)], 
0.360 [g/g(water)], and 0.00154 [g/g(water)] respective­
ly. Using these values and according to Eqs. 
3 and 5, the decrease in CL due to the preferential 
crystallization of the L-isomer under the programmed 
cooling pattern described above was calculated. The 
calculated result for the decrease of CL is shown in 
Fig. 2. 

T o predict the waiting time for spontaneous crys­
tallization, On, the value of Su was caluclated accord­
ing to Eq. 6. T h e waiting time, On, at which the 
value of Su reached 4.49 [g-min/g(water)] was 104 
[min]. Tha t is, it was predicted that the spontaneous 
crystallization of the unseeded D-isomer would occur 
104 min after the time of inoculation of the L-isomer, 
as is shown in Fig. 2. 

O n the other hand, the actual resolution was carried 
out under the same conditions as have been described 
in the above illustrative example. The experimental 
data are also plotted, together with the predicted 
results, in Fig. 2, indicating that these were in good 
agreement. 

As another example, the prediction of the pref­
erential crystallization process was carried out on the 
assumption that the solution was cooled at the rate 
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Fig. 3. Comparison between calculated results and 
experimental data in the optical resolution process 
of DL-Ser.mXS-2H20. 

: Calculated curve, O, # : experimental data 
of concentrations of D-isomer (O) and L-isomer ( # ) , 
I : predicted point of spontaneous crystallization of 
D-isomer, : temperature curve programmed so 
as to cool at the rate of 1/2 °C per min to 14.5 °C. 

of 1/2 °G per min and thereafter maintained at 14.5 
°G. The results (0rc=148 [min]), predicted in the 
manner described above, and the experimental data 
are shown in Fig. 3, indicating that these were also 
in good agreement. 

These results show that the our quantitative ap­
proach to ascertaining the limit of the metastable 
region in the preferential crystallization process is 
proper and that the waiting time for the spontaneous 
crystallization of the unseeded isomer can be suc­
cessfully predicted. Although we did not study the 
optimization of the optical resolution process of DL-
Ser m X S - 2 H 2 0 , it seems to be possible to do so by 
the method presented here. It would also be in­
teresting to learn whether such a prediction method 
can be applied for the optical resolution processes of 
other racemic mixtures. 
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Procedures to evaluate rigorously the rate constants in the animations of chloromethylated polystyrene which 
are accompanied by acceleration and deceleration have been developed. The calculated fractional conversions 
in the reaction of chloromethylated polystyrene with 2-amino-l-butanol in dioxane, accompanied by acceleration, 
and the reaction with triethylamine in dimethyl sulfoxide, accompanied by deceleration, are proved to be in good 
agreement with the observed ones. The activation parameters of these reactions, in addition to the kinetic data 
in iVjiV-dimethylformamide, support the conclusion that the acceleration and the deceleration are due to the for­
mation of the hydrogen bond and to the electrostatic effect from the neighboring groups in the respective transition 
states. 

The rate constants of the chemical reactions of ploy-
mers with small molecules in homogeneous solutions 
sometimes increase or decrease during the reactions, 
as observed in the aminations of chloromethylated 
polystyrene (CMPS) . Although the reaction of 
CMPS with 2-amino-l-butanol in iV,iV-dimethylform-
amide (DMF) and dimethyl sulfoxide (DMSO) fol­
lows the second-order kinetics, the rate constant in­
creases during the reaction in dioxane.2) Such ac­
celeration was also observed in the amination of 
CMPS with diethanolamine in dioxane and it was 
considered to be caused by the hydroxyl groups of 
the already-aminated neighbors in the macromole-
cule.3) Similar acceleration was reported by Drägan 
et al.A) in the reaction of C M P S with 1-dimethylamino-
3-propanol and 1-dimethylamino-2-propanol in di­
oxane and dimethylacetamide. Tsuchida and Irie5) 
observed the acceleration during the reaction of CMPS 
with y-picolin in D M F . 

O n the other hand, the rate constant of the reaction 
of C M P S with butylamine decreases during the re­
action in dioxane, though the reaction in D M F fol­
lows the second-order kinetics.6'7) Such deceleration 
was also observed in the reaction of C M P S with di-
ethylamine in both dioxane and D M F and in the 
reaction with diethanolamine in both D M F and 
D M S O . The deceleration in these reactions was con­
sidered to due to the steric effect of the already-aminat­
ed neighboring groups.3 '8) 

The reaction kinetics in polymer solutions which 
deal with the deceleration was first proposed by Fouss 
et a/.,9) who studied the quaternization of poly(4-
vinylpyridine) with butyl bromide in sulfolane and 
propyrene carbonate. Since then, deceleration during 
the quaternization of poly(vinylpyridine) in sulfolane 
has been investigated kinetically by many investi­
gators,10-13) who ascribed it to the steric hindrance 
or the electrostatic effect by the already-reacted groups 
in the polymer. But the quaternization of triethyl­
amine with CMPS in D M F was reported to obey 
the ordinary second-order rate equation by Noda and 
Kagawa.1 4) Yet the deceleration in D M F was ob­
served in the quaternization of poly(4-dimethylamino-
styrene) with methyl iodide by Arcus and Hall15) and 
in the quaternization of poly(4-vinylpyridine) with 
benzyl chloride by Tsuchida and Irie;5) Kawabe and 
Yanagita3) observed also that the quaternization of 

poly [4- [bis (2-hydroxyethyl) aminomethyl] styrene] with 
methyl iodide decelerated in an aqueous D M F solu­
tion. 

The aminations of CMPS accompanied by the de­
celeration were previously reported by Kawabe and 
Yanagita3»6-8) to conform to a modified second-order 
rate equation. Recently the present author has also 
found that the quaternization of triethylamine with 
C M P S in D M S O is accompanied by deceleration and 
that the reaction kinetics conforms to the modified 
rate equation. In the amination of CMPS with 2-
amino-1-butanol, which is accompanied by accelera­
tion, however, the conformity of the kinetic data to 
a similarly modified second-order rate equation was 
not so excellent, as reported previously.2) This reac­
tion is re-examined and a procedure to evaluate the 
rate constants rigorously is described in this paper. 
T h e activation parameters of these reactions will be 
discussed in relation to their reaction mechanism. 

Exper imenta l 

Materials. Chloromethylated polystyrenes (chlorine 
content: 21.4—22.8%, degree of chloromethylation: 0.89— 
0.97, molwt: about 1 X 105) were prepared and purified by 
the procedures described in previous papers.2'6) (R)-2-
Amino-1-butanol was prepared as reported previously.2) 
Triethylamine and solvents were of reagent grade and were 
distilled before use; they were proved to be pure by their 
refractive indices. 

Kinetic Measurements. The procedures of the kinetic 
measurements in the amination of CMPS and benzyl chlo­
ride were the same as those described previously.2'6) The 
temperature of the reaction mixture was kept constant within 
+0.1 K. The initial concentration of chloromethyl group 
was 0.04 mol dm - 3 , that of 2-amino-l-butanol was 0.40— 
0.86 mol dm - 3 , and that of triethylamine was 0.04 mol dm - 3 . 

Rate Equat ions 

All the reactions of benzyl chloride with 2-amino-
l-butanol and triethylamine conform to the second-
order rate equation, Eq. 1. The reactions of CMPS 
with both amines in D M F also conform to Eq. 1 : 

where a is the initial concentration of the amines; 
b, that of the chloromethyl groups; x, the concentra-
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Fig. 1. Amination of GMPS with 2-amino-l-butanol 
in dioxane at 333.2 K. 

tion of chloride ions at time t; and where <x=x/a and 
ß=x/b. 

Amination of CMPS with 2-Amino-l-butanol in Dioxane. 
The second-order rate constant of the reaction of 
CMPS with 2-amino-l-butanol (k in Eq. 1) increases 
as the reaction proceeds, and A; is a linear function of 
ß:2> 

k = k0(l+mß), (2) 

where k0 and m are constants. O n the basis of a 
model which represents the neighboring-group effect, 
ß was expressed by Eq. 3 under the condition that a 
large excess of the amine is present (a>#):2) 

ß = 1 _ A' exp (-3kiat) - B' exp (-k2at), (3) 

h2t=Tt-C (ß>lß), (5) 

where A' = (kx-k2)l(3kx-k2), B'=2kxl(3kx-k2), D' = 
3-2k2/kx, and C ' = l n [ ( l - z ' / « i ) / ( l - z 7 * ) ] / ( a - * ) -
k2r'; x and x' are the values of t and x when xx~ 
£/3. The k2 value was obtained from the plot of Tt 
against t by virtue of Eq. 5 within the range ß>lj3, 
while kx was obtained on the basis of Eq. 4 by the 
use of the k2 value and an approximate value of kx 

which was determined by Eq. 1 in the range ß< 
1/3. 

The over-all course of the reaction was expressed 
on the basis of Eq. 3 by the use of the kx and k2 values 
thus obtained; however, the agreement between the 
calculated and observed values was not so excellent.2) 
To explain this discrepancy, the following points need 
clarification: (i) evaluation of kx and k2, (ii) conditions 
of the reaction, (iii) the character of the group in­
teraction, and (iv) the model from which the rate 
equations are derived. 

Let us first re-examine the estimation of the rate 
constants. Taking a glance at Fig. 1, where ß is 
divided into ßx{=xxjb) and ß2(=x2Jb) by Eq. 6, we 
realize that the over-all reaction rate is still controlled 
by kx in a range far beyond the ß value of 1/3; ßx is 
given by 

ß1 = xx\b = [1 -exp (-3kxat)]/3. (6) 

This may arise owing to the facts that k2>kx, where 
kx and k2 are the rate constants of the elementary 

reactions which are independent of the neighboring 
group and under the influence of it respectively, and 
that the elementary reaction characterized by kx takes 
place in a range where ß is still larger than 1/3. The 
k2 value obtained simply by means of Eq. 5 will have 
to be corrected in this case, since it does not represent 
the genuine k2. 

From Eq. 3, we obtain 

(7) 
k2t = — In X'\a = ÄgF, 

X'= [ ( 1 - / ? ) - 4 ' e x p (-3kiat)]/B'. 
The kx value used in the computation is first obtained 
from a linear plot of kj against t in a range o f / 5 < l / 3 
on the basis of Eq. 4. After repeating the computa­
tion according to Eq. 7, one may obtain finally a 
linear plot of k2t against t, which starts from the origin 
and covers data in a whole range of ß; the corrected 
value of k2 is thus obtained from the slope of this 
line. The value of kx may further be corrected, if 
necessary, on the basis of the following equations, 
which are derived also from Eq. 3 : 

(8) 
kxt = - In Y'\3a = ÏÏJ, 

Y' = [ ( l - j S ) - ß ' e x p (-k2at)]/Af. 
After repeating the computation, the final plot of 
kxt against t will be represented by a straight line 
which starts from the origin and covers the whole 
range of ß. When neccesary, one may repeat the 
computations by means of Eqs. 7 and 8 until fixed 
values of kx and k2 are obtained. In the following 
section of this paper, it is shown that, in the anima­
tion of GMPS with 2-amino-l-butanol, Eq. 7 yields a 
somewhat greater k2 value than that determined on 
the basis of Eq. 5, though Eqs. 4 and 8 yield the same 
kx value. 

Quaternization of Triethylamine with CMPS in DMSO. 
The present author has found that the second-order 
rate constant (k in Eq. 1) of the reaction of CMPS 
with triethylamine decreases with the progression of 
the reaction and that the kinetic data fit Eq. 9; the 
equation was derived previously on the assumption 
that the reactivity of a group present between two 
already-reacted neighboring groups decreases owing 
to neighboring-group interaction :3) 

ß = 1 - A exp (-2kxat) - B exp (-k2at), (9) 

k*t = -DkblnT^k^ iß<lw> w 
k2t = kt-C (j»>l/2), (11) 

where A = {kx-k2)l(2kx-k2), B=kx(2kx-k2), D=2-
k2/kx, and C=[(l-xla)l(l-xlb)H(a-b)-k2T; r and 
X are the values of t and x when xx~b\2. Not only 
the present quaternization reaction but also many 
amination reactions of CMPS accompanied by de­
celeration fit Eq. 9 with kx and k2 values estimated 
by Eqs. 10 and 11.3>6.8) This may be understood by 
referring to Fig. 4 (also refer to Fig. 9 in Ref. 6), where 
ß of the reaction at 303 K is divided into ßx and ß2 

by virtue of the equation; 
ßx= [ 1 - e x p ( - 2 M ) ] / 2 . (12) 

Since kx>k2 in these cases, kx is no longer an important 
kinetic parameter in a range beyond ß>\/2. In cases 
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TABLE 1. KINETIC PARAMETERS IN THE AMINATION OF GMPS WITH 2-AMINO-1-BUTANOL IN DIOXANE*) 

_ Rate constants x 105/dm3 mob 1 s-1 

Temp 
IS. KQ ÄJ Ä2 AT2 

(Eg. 2) (Eg. 8) (Eg. 5) (Eg. 7) 

313.2 0.933 0.960 2.20 2.72 
323.2 1.87 1.88 4.62 5.38 
333.2 3.50 3.77 8.02 10.8 
343.2 6.30 6.32 15.5 18.2 

EJkJ mol-i 5 6 . 8 ± 0 . 3 56 .8+1 .1 57.3 + 1.2 57 .3±1 .1 
log^b) 4 .45±0.05 4 .46±0.18 4 .90+0.19 4 .99±0.17 

a) a = 0.86 mol dm - 3 , 6 = 0.043 mol dm~3. b) A is expressed by dm3 mol - 1 s -1. 

Fig. 2. Amination of GMPS with 2-amino-l-butanol 
in dioxane. 

where kx{k2 is not large, however, the agreement be­
tween observed and calculated values may not be 
so excellent. Rigorous treatment of this kinetics then 
requires the correction of k2 and also kx, if necessary, 
on the basis of the following equations which are 
derived from Eq. 9: 

kzt= -\nXla = kJ, | 

X=[(l-ß)-Aexp(-2kiat)yB, J 

kyt = - In Y/2a = kj, ) 

Y=[(l-ß)-Bexp(-k2at)yA. J 

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

Amination Kinetics of CMPS and Benzyl Chloride with 
2-Amino-l-butanol in Dioxane. The previously re­
ported kinetic data of the amination of CMPS with 
2-amino-l-butanol in dioxane ( a=0 .86 and 6=0 .043 
mol dm - 3 ) 2 ) have been re-examined by the procedures 
described in the preceding section. T h e rate con­
stants kx and k2, evaluated on the basis of Eqs. 7 and 
8, are listed in Table 1. Although the numerical 
values of k± thus obtained are the same as those ob­
tained by means of Eq. 4 and also the same as the 
k0 values obtained by Eq. 2, the k2 values are a little 
greater than those obtained by Eq. 5. The plots of 
ß against t represented by the solid lines in Fig. 2 
are calculated on the basis of Eq. 3 ; they are in good 
agreement with the observed values represented by 
the circles. I n the figure, the dotted lines are the 

TABLE 2. RATE CONSTANTS IN THE AMINATION OF BENZYL 

CHLORIDE WITH 2-AMINO-L-BUTANOL IN DIOXANEA> 

a 
mol dm - 3 

0.396 
0.656 
1.055 

0.400 
0.656 
0.860 

0.400 
0.656 
0.860 

AxlO5 

dm3 mol - 1 s - 1 

2.53 
3.00 
4.10 

6.23 
7.17 
8.00 

14.5 
15.8 
16.8 

a) 6 = 0.041—0.044mol dm-3. 

previously reported ones, which were computed by 
using the k2 values determined by means of Eq. 5. 
I t may therefore be concluded that the disagreement 
between the calculated and observed values shown 
in the previous paper2) originated in the fact that the 
evaluation of the rate constants, especially k2, was not 
accurate. This correction of k2, nevertheless, does not 
cause any change in activation energy, E&, though 
the frequency factor, A, for k2 (Eq. 7) is a little greater 
than that for k2 (Eq. 5). 

The second problem we concern ourselves with is 
the effect of the reaction conditions, such as the initial 
concentration of 2-amino-l-butanol and the reaction 
temperature. Although the amination kinetics of 
benzyl chloride fits Eq. 1, k has been found to be 
dependent on the initial concentration of 2-amino-l-
butanol, a> as shown in Table 2. The kinetic data 
in the amination of GMPS in various conditions have 
been treated on the basis of Eqs. 2, 4, 5, 7, and 8; the 
results are summarized in Table 3. The table shows 
that the k0 values, which are equal to the kx values 
obtained on the basis of both Eq. 4 and Eq. 8, are 
also dependent on a, and that the k2 values obtained 
by Eq. 5, which are almost equal to the k values ex­
trapolated to ß=l according to Eq. 3, are independent 
of a. The agreement between the calculated and ob­
served ß values is better when the k2 values obtained 
on the basis of Eq. 7, instead of Eq. 5, are used. 

Tables 2 and 3 indicate that k of benzyl chloride 
is equal to k0 of C M P S at the same a and that they 
increase a little with a, while k2 of C M P S is independent 
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TABLE 3. RATE CONSTANTS IN THE AMINATION OF CMPS WITH 2-AMINO-1-BUTANOL IN DIOXANE8-) 

Temp 
K mol dm - 3 

Rate constants X 105/dm3 mol - 1 s - 1 

(Eq. 2) (Eq. 5) (Eq. 7) 

333.2 

348.2 

363.2 

0.400 
0.656 
0.859 

0.400 
0.656 
0.860 

0.400 
0.656 
0.860 

1.77 
1.55 
1.24 

1.89 
1.61 
1.43 

1.83 
1.72 
1.57 

2.68 
2.95 
3.50 

6.42 
7.13 
7.75 

14.5 
15.8 
16.9 

7.52 
7.50 
8.02 

18.8 
20.8 
18.7 

41.0 
43.5 
42.0 

10.8 

25.1 

56.7 

a) 6 = 0.040 mol dm-3. 

2-5h 

•>* 2-0 

1-5h 

1-0 

I I I I I 

/ * 348K 

y^^^—"*—"^363K 

^ i i l i 

'-

TABLE 4. INTRINSIC RATE CONSTANTS IN THE AMINATION 

OF BENZYL CHLORIDE AND C M P S WITH 2-AMINO-

1-BUTANOL IN DIOXANE 

0-2 0-4 0-6 08 LO 
fl/mol dm - 3 

Fig. 3. Dependence of rate constants on a in the 
amination of CMPS (k0, O) and benzyl chloride 
(k, # ) with 2-amino-l-butanol in dioxane. 

of a. Figure 3 shows that k and k0 increase linearly 
with a according to the relation: 

(k0 a n d * ) = * l n t ( l + t f a ) , (15) 

where kint and K are constants. The numerical values 
of kint and K are listed in Table 4 ; E& for kint is greater 
than that for k0 in Table 1. Consider that the hydroxyl 
group of 2-amino-l-butanol can form a hydrogen 
bond, in a non-polar solvent such as dioxane, with 
the chlorine of the chloromethyl group in the tran­
sition state to accelerate the reaction. Then an ex­
pression similar to Eq. 15 is easily derived according 
to the theory of transition states, on the assumption 
that two kinds of activation complexes coexist, the 
ordinary one and the hydrogen-bonded one. The 
physical meaning of the constants in Eq. 15 may 
thus be realized by considering that klQt corresponds 
to the intrinsic rate constant independent of the hy­
drogen bond and K is a measure of the force of the 
hydrogen bond. 

The acceleration during the amination of C M P S 
may be explained by assuming that it is caused by 
the intramolecular hydrogen bond between the hy­
droxyl group of the already-aminated neignbor and 
the chlorine in the transition state. Provided that 
the intramolecular hydrogen bond is stronger than 
the intermolecular hydrogen bond, k2 will be inde­
pendent of a. The ratio, k2/kint, is also interpreted 
as a measure of the intramolecular hydrogen bond. 
Table 4 indicates that both K and k2jkiQt decrease 

Temp 
K 

333.2 
348.2 
363.2 

JSJkJ mol-
log Ja> 

ÄlntXlO*5 

dm3 mol - 1 s - 1 

1.58 
4.83 

12.4 
1 69.1 + 1.0 

6 .04±0.16 

K 
mol dm - 3 

1.41 
0.74 
0.42 

K 
^int 

6.80 
5.17 
4.56 

a) A is expressed by dm3 mol - 1 s-1. 

TABLE 5. KINETIC PARAMETERS IN THE QUATERNIZATION 

OF TRIETHYLAMINE WITH C M P S AND BENZYL 

CHLORIDE IN DMF 

Temp 
K 

303.2 
318.2 
333.2 

£a/kJ mol-i 
log Ja> 

ÄXlOs/dn^mol-is-1 

CMPS Benzyl chloride 

3.58 2.07 
9.22 5.38 

22.0 13.4 

50 .8±0 .1 52 .3+0 .5 
4 .31±0.02 4 .32+0.08 

a) A is expressed by dm3 mol"1 s -1. 

with the increase of temperature; this is not incon­
sistent with the assumption of the hydrogen bonds. 

Quaternization Kinetics of Triethylamine with CMPS and 
Benzyl Chloride in DMF. In D M F , the quaterniza­
tion of triethylamine with CMPS as well as with benzyl 
chloride fits to the ordinary second-order rate equa­
tion, Eq. 1. T h e results are shown in Table 5. 

Quaternization Kinetics of Triethylamine with CMPS and 
Benzyl Chloride in DMSO. Although the qua­
ternization of triethylamine with benzyl chloride fits 
Eq. 1, that with C M P S is accompanied by deceleration 
and its rate constants are computed on the basis of 
Eqs. 10, 11, and 13. The results are summarized 
in Table 6. Equation 13 gives slightly smaller values 
of k2 than those obtained by Eq. 11. The plots of 
ß against t calculated on the basis of Eq. 9, represented 
by the solid lines in Fig. 4, are in excellent agreement 
with the observed values represented by the circles. 
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TABLE 6. KINETIC PARAMETERS IN THE QUATERNIZATION OF TRIETHYLAMINE WITH CMPS 

AND BENZYL CHLORIDE IN D M S O 

Temp 
K 

303.2 
318.2 
333.2 

£a/kJ mol-1 

log^b> 

a) The rate constant 

Solvent 

*a> 
(Eq. 1) 

1.01 
2.60 
5.87 

4 9 . 2 ± 0 . 5 
4 .49±0.08 

of benzyl chloride. 

TABLE 7. 

Amine 

Rate constants X 104/dm3 mol - 1 s - 1 

* i 
(Eq. 10) 

1.83 
4.47 
9.87 

47 .2±0 .2 
4 .39±0.04 

b) A is expressed by dm3 mol -

h 
(Eq. 11) 

1.05 
2.35 
5.95 

48 .6±2 .1 
4 .38±0.35 

1s-\ 

ACTIVATION PARAMETERS AT 298.2 Ka> 

Chloride AS* 
J K - 1 

AH* 

kj 

h 
(Eq. 13) 

0.853 
2.21 
5.18 

50 .5±0 .2 
4 .63±0.03 

AG* 

kj 

Dioxane 2-Amino-l-butanol 

DMF Triethylamine 

DMSO Triethylamine 

CMPS, kx 

K 

BCa> 
CMPS 

BCa> 
CMPS, kx 

168+3 
158±3 
138±3 

•171±1 
•171+0.3 

167±2 
•169±1 
•165+1 

54.3 
54.8 
66.7 

49.8 
48.4 

46.7 
44.7 
48.0 

104.4 
101.8 
107.7 

100.7 
99.3 

96.6 
95.1 
97.1 

a) BC: benzyl chloride. 

< * * . 

4 6 8 10 
t/h 

Fig. 4. Amination of CMPS with triethylamine in 
DMSO. 

Activation Parameters. T h e activation param­
eters of the reactions are listed in Table 7. In 
dioxane the AG* values for k-y and k2 are lower than 
that for kint owing to their lower AH" values; this 
fact supports the assumption that the hydroxyl group 
of 2-amino-l-butanol in the solution or the already-
aminated neighbor in the polymer forms the inter-
or intramolecular hydrogen bond with the chlorine 
of the chloromethyl group in the transition state. O n 
the other hand, the lower AG* value for k2 than for 
kx is ascribed to the higher AS" value; this suggests 
that the intramolecular hydrogen bond is formed in 
preference to the intermolecular one because the former 
is favorable with respect to entropy. 

In the amination with 2-amino-l-butanol of a de­
finite concentration, a, the AG* values of both C M P S 

and benzyl chloride are the same, since k0 (or A )̂ 
of CMPS is equal to k of benzyl chloride, as shown 
in Fig. 3. In the quaternization of triethylamine in 
D M F , the AG* of CMPS is lower than that of benzyl 
chloride owing to its lower A / / * ; the same trend 
is noticed also in D M S O , when one compares the 
AG* and A / / * values of benzyl chloride and CMPS 

T h e present work finds that the quaternization of 
triethylamine with CMPS in D M F conforms to the 
ordinary second-order rate equation, as was already 
reported by Noda and Kagawa,14) whereas Arcus and 
Hall15) found that the quaternization of poly(4-di-
methylaminostyrene) with methyl iodide in D M F was 
accompanied by deceleration. They concluded that 
this deceleration was caused by the accumulation of 
positive charges on the polymer. Arcus and Hall16) 
also noticed the reduction of rate during the qua­
ternization of poly(4-vinylpyridine) with butyl bro­
mide in sulfolane, as had been reported by Coleman 
and Fouss,17) though they found that the reaction 
followed the second-order kinetics in D M F . I t is 
interesting to note that the quaternization of poly-
(vinylpyridine) with butyl bromide and the qua­
ternization of triethylamine with CMPS have the 
similar feature that they behave "normal ly" in D M F 
but "autodecelerate" in more polar solvents, such as 
D M S O and sulfolane.18) In these cases, the decelera­
tion may be explained by the electrostatic effect of 
the neighboring quaternary groups rather than by 
the steric obstruction by the neighbors. T h e more 
polar the solvent is, the more easy the ionization of 
quaternary ammonium chloride formed by the reac-
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tion on the polymer may become. As the reaction 
proceeds, the formation of a positive activation com­
plex may become more difficult owing to the elec­
trostatic effect of the positive charges of the neighboring 
quaternary ammonium groups. Table 7 indicates 
that, in the quaternization of triethylamine in D M S O , 
the AG" for k2 is higher than that for k1} owing to 
the higher AH*. 

Table 7 indicates also that AG* values of the qua­
ternization in D M S O are lower than those in D M F 
owing to the lower AH* values. T h e same fact was 
also found in the amination of GMPS and benzyl 
chloride with 2-amino-l-butanol and diethanol-
amine.7»21) This may be explained, as discussed in 
a previous paper,1) by assuming that the positive ac­
tivation complex is stabilized by solvation in dipolar 
aprotic solvents and that the solvated complex is 
more stable in D M S O than in D M F . 

The author wishes to express his thanks to Dr. 
Masaya Yanagita for his valuable discussions. H e is 
also grateful to Mr . Masaaki Kodera and Mr. Yukio 
Uesugi for their generous assistance in carrying out 
the measurements. 
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NQR Zeeman Study of Bis(triphenylphosphine)copper(I) Bromide 
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Zeeman effects of 63Cu and 81Br NQR spectra of bis (triphenylphosphine) copper (I) bromide, GuBr(PPh3)2, 
have been studied at room temperature. The asymmetry parameters and the quadrupole coupling constants 
(e2dq/h) have been found to be 0.113 and 64.58 MHz for 63Cu and 0.518 and 105.91 MHz for 81Br. The large 
asymmetry parameter of the 81Br NQR line is caused by the 7r-bonding character of the copper-bromine bond. 
The bonding scheme between the copper and bromine atoms is discussed on the basis of the obtained directions 
of the electric field gradient axes. 

A trigonal planar coordination is occasionally seen 
in copper (I) compounds, though it is rarely found 
in the other transition metal complexes. The X-ray 
analysis of CuBr(PPh3)2-0.5C6H6 (PPh 3 =tr iphenyl ­
phosphine) has shown that the CuBr(PPh3)2 molecule 
is monomeric and the coordination geometry about 
its copper atom is trigonal planar.1) N Q R (nuclear 
quadrupole resonance) is very useful for the study 
of bonding character in copper (I) halide compounds, 
since both copper and halogen atoms have nuclear 
quadrupole moments. The 63Cu N Q R frequency in 
CuBr(PPh3)2-0.5C6H6 has been reported.2) 

In the present study, both the 63Cu and 81Br N Q R 
lines were observed for two compounds, CuBr(PPh3)2 

and CuBr(PPh3)2-0.5C6H6 . Furthermore, since 63Gu 
and 81Br both have a nuclear spin 7 = 3 / 2 , a Zeeman 
study of N Q R was carried out to determine the nuclear 
quadrupole coupling constant e2QqzJh, the electric 
field gradient (efg) principal axes x, y, z, and asym­
metry parameter (qxx — q77)lqzz- These can be used 
to describe more explicitly the nature of the bonding. 

Exper imenta l 

CuBr(PPh3)2-0.5C6H6 was prepared according to the 
method described by Davis et al.1) CuBr(PPh3)2 was ob­
tained by recrystallization from the ethanol solution of GuBr-
(PPh3)2.0.5G6H6. Found: G, 66.05; H, 4.38%. Calcd for 
GuBrP2C39H33: G, 66.25; H, 4.56%. Found: C, 64.37; 
H, 4.66%. Galcd for GuBrP2G36H30 : G, 64.72; H, 4.54%. 
A single crystal of GuBr(PPh3)2 was obtained by the 
Bridgman-stockbarger method. 

The NQR spectrometers used were super-regenerative 
oscillators employing a frequency modulation or a Zeeman 
modulation mode. The resonance lines due to four iso­
topes: 63Gu, 65Cu, 79Br, and 81Br were assigned on the basis 
of the known quadrupole moment ratios, Q,(63Gu)/Q,(65Gu) = 

1.0806 and &(79Br)/&(81Br) = 1.1974. The Zeeman effect 
on the resonance line was examined by means of the zero-
splitting cone method at room temperature with the mag­
netic field of about 2.5 X 10~2 T. The Zeeman-split signals 
were displayed on an oscilloscope. The magnetic field 
orientation for the zero-splitting was determined in polar 
coordinates (0, 0), where 0 is the azimuthal angle and & 
is the polar angle. 

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

The observed frequencies are listed in Table 1. 
The crystal structure for the benzene solvated com­
pound CuBr(PPh3)2-0.5C6H6 is available,1) but that 
for unsolvated CuBr(PPh3)2 is not. From the small 
difference in both 63Cu and 81Br N Q R frequencies, 
however, it is reasonable to consider that the mo­
lecular structure of the unsolvated crystal is essentially 
the same as that in the solvated crystal, that is, the 
individual CuBr(PPh3)2 molecules are monomeric and 
have the trigonal planar coordinations in the un­
solvated crystal. 

The zero-splitting patterns obtained for both the 
63Cu and 81Br nuclei of CuBr(PPh3)2 are shown in 
Fig. 1. From these zero-splitting patterns the asym­
metry parameters {t]) and the directions of the efg 
axes were obtained. The quadrupole coupling con­
stant e2QqzJh can be calculated by substituting the 
value of TJ in the following relation: 

» = (e2£?zz/2A)(l+9a/3)1/2- (1) 

The values of e2QqzJh derived in this way are listed 
in Table 1. For comparison, Table 1 includes the 
63Gu and 81Br N Q R frequencies of (Bu4N)GuBr2 ( B u = 
G4H9) reported by Bowmaker et al.3) (Bu4N)CuBr2 

has a linear dibromocuprate(I) ion, so that the asym­
metry parameters of Cu and Br atoms are assumed 

TABLE 1. 63Gu AND 81Br N Q R PARAMETERS FOR BIS(TRIPHENYLPHOSPHINE)COPPER(I) 

BROMIDE AND D I B R O M O C U P R A T E ( I ) COMPOUNDS 

Compound 

GuBr(PPh3)2 

GuBr(PPh3)2. 
0.5 C6H6 

(Bu4N)CuBr2
a> 

Nucleus 

63Gu 
81Br 
63Cu 
81Br 
63Gu 
8 i B r 

Frequency/MHz 

298 K 77 K 

32.36 
55.28 

32.16 
52.88 

28.25 
60.35 

33.93 
56.63 

33.66 
55.53 

28.85 
62.6 

V 

0.113+0.005 
0.519+0.003 

0b> 
0b> 

e*Q,qjh 
MHz 

64.58±0.02 
105.91±0.02 

56.50 
125.2 

a) Ref. 3. b) The asymmetry parameter was assumed to be zero. 
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Fig. 1. The zero-splitting patterns of the 63Gu and 
81Br NQR lines in CuBr(PPh3)2. 

to be zero. 
One of the interesting features obtained from the 

Zeeman experiments is the large asymmetry param­
eter, 0.519, for the bromine atom. In this complex 
the bromine atom is considered to link to only one 
copper atom, as in the solvated compound. How­
ever, the obtained, asymmetry parameter is too large 
for a singly-bonded halogen atom. Accordingly, we 
can consider that the extraordinarily large asymmetry 
parameter results from the existence of the 7r-bond. 
Since the trigonal copper atom is considered to form 
sp2-hybridized orbitals, the p z orbital of copper is 
nonbonding, and can be used for jr-bonding with 
ligands. In the previous N Q R study and X-ray 
analysis of Cu 2 X 2 (PPh 3 ) 3 ( X = C 1 , Br, and I),4-5) it 
was suggested that the p„-pff double bonding must 
occur in the bonds between copper and halogen atoms. 
In the present study, this suggestion has been con­
firmed by the large asymmetry parameter obtained 
for the bromine atom. The Zeeman study using a 
single crystal, furthermore, has revealed the relative 
orientations of the efg principal axes for both the 
63Cu and 81Br atoms, i.e., the efg x-, y-, and z-axes 
for the Br atom are along the z-, y-, and x-axes for 
the copper atom, respectively, as shown in Fig. 1. 
The z-axis of terminal halogen atom, in general, points 
along its bond direction. In the case of trigonal 
planar copper atoms it has become apparent from 
the Zeeman studies of KCu(CN)2,6> Cu2Cl2(PPh3)3 , 
and Cu2I2(PPh3)3

4> that the efg z-axis of the three 
coordinated copper atom is perpendicular to the plane 
formed by three ligands. Therefore, both the y- and 
x-axes of the copper atom lie on the coordinate plane. 
O n the basis of these results, the directions of the 
principal efg axes for both nuclei could be determined 
in a discrete molecule CuBr(PPh3)2 , as shown in Fig. 
2. The x-axis direction of the bromine atom is parallel 
to the z-axis direction of the copper atom, that is, 
it is perpendicular to the ligand plane. The y-axis 
direction of the bromine atom is normal to both its 
x-axis and its z-axis. This situation is similar to those 
of the trigonal planar species BBr3 and BI3,

7>8> which 
have p^-p^ double bondings. 

For the Gu-Br bond, one simple bonding model 
is proposed. The p x , p y , and p z orbitals at the bro­
mine atom are taken to be pointed toward the efg 
x-, y-, and z-axes, respectively. T h e p z orbital forms 
a ff-bond with one of the sp2-hybridized orbitals on 

Fig. 2. The orientations of the efg principle axes for 
the copper and bromine atoms in the CuBrP2 portion 
of the GuBr(PPh3)2 molecule. 

the three-coordinated copper, and the p x orbital can 
form a jr-bond with the remaining p orbital on the 
copper atom. T h e p y orbital is thought to have little 
interaction with the orbitals of the copper atom, so 
we can assume that the p y orbital of the bromine 
atom does not take par t in the Gu-Br bond formation. 
Then, e2QqzJh and the asymmetry parameter (rj) are 
given by 

e*QqJe*Qq0 = Nz - (Nx + Ny)/2, (2) 

V = 3{Nx-Nr)/2[Na-{Nx + N7)fZ\, (3) 

where e2Qq0/h is the quadrupole coupling constant 
for one 4p electron of the 81Br, and iVx, iVy, and Nz 

denote the number of electrons in the p x , p y , and p z 

orbitals of the bromine atom, respectively. Assuming 
Ny=2, the occupation numbers iVx and Nz are calcu­
lated, to be iV x= 1.943 and Nz= 1.807. This Nz value 
is compared with the 81Br N Q R data of the centro-
symmetric CuBr2~ ion,3) in which Nz= 1.812 at 298 
K, assuming that the bromine atom is singly bonded 
to the copper(I) atom (Nx=Ny=2). 

Bersohn9) has shown that the Townes and Dailey 
analysis of the halogen coupling constants leads to 
the following relationship between the fractional n-
bonding character, 77, and the coupling constants 

77 = (2/3) ( ^ £ ^ 0 ^ ) 0 ? ) . (4) 

T h e partial rc-bonding character calculated according 
to this equation is 5.7%. This value is significantly 
smaller than the jr-bonding character of the trigonal 
planar BBr3 and BI 3 molecules: 13 .3% and 15.6% 
for the boron-bromine and boron-iodine bonds, re­
spectively,7'8) although the asymmetry parameter of 
CuBr(PPh3)2 , ^=0 .519 , is slightly larger than those 
of the boron trihalides, 9 = 0 . 4 5 for BBr3 and 17=0.456 
for BI3.7 '8) Thus , the small jr-bonding character of 
the Cu-Br bond results from the fact that the e2QqzJ 
e*Q,q0 ratio of the bromine atom in CuBr(PPh3)2 is 
significantly smaller than those of BBr3 and BI3 . 
Therefore, it is concluded that the ionic character of 
the copper-bromine bond is larger than those of the 
boron-bromine and boron-iodine bonds. 

O n the other hand, the Gu atom in GuBr(PPh3)2 

has a larger value of e2Qqzz/h (64.58 MHz) than that 
of the three-coordinated copper atom in Cu2Br2(PPh3)3 

(55.82 M H z at room temperature) in which the copper 
atom is linked by one triphenylphosphine and two 
bromine atoms. The e2Q,qzJh of an sp2 hybridized 
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copper a tom is considered to be caused by the 4p 
valence electron donated from three ligands. I t is 
well known that a triphenylphosphine ligand is a 
better donor than halogen atoms. Therefore, the 
larger value of e2QqzJh found in GuBr(PPh3)2 is ex­
plained by the increase in the number of the coor­
dinate phosphine ligands, from one to two. In ad­
dition, although the efg y-axis was nearly along the 
G u - P bonding direction in the case of Gu2Br2(PPh3)3, 
the y-axis direction in GuBr(PPh3)2 is normal to the 
bisector of the P - G u - P angle. This finding is con­
sistent with the idea that the copper (I) a tom receives 
more electrons from the triphenylphosphine ligand than 
the halogen atom. 
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The ESR spectra of the paramagnetic species generated electrochemically from a,/?,y,(5-tetraphenylporphina-
tocobalt(II), [Co11 (tpp)], have been observed under the conditions of low-temperature, in chlorinated or non-
chlorinated solvents, and in the presence of various supporting electrolytes. From the ESR parameters obtained, 
three different paramagnetic species, [Com(tpp)]2+(X-)2, [Gom(tpp)]2+(Y-)2, and [Coni(tpp)]2+(X-)(Y-), have 
been confirmed. The ESR spectrum of thermally and optically accessible paramagnetic species in the solution 
of chlorotetraphenylporphinatocobalt(III) has been reproduced by the pertinent combination of solvent and 
supporting electrolyte, and well interpreted by assuming the formation of [Go in(tpp)]2+(Gl_)2. Arguing from 
a correlation between the hfcc of cobalt and nitrogen nuclei in this species, a spin-polarization mechanism is pro­
posed to interpret the cobalt hfcc. 

The application of electrochemical techniques to the 
study of biologically important metal-complexes has 
some advantages over the usual physico-chemical tech­
niques: One is a selective formation of paramagnetic 
species by applying a pertinent potential comparable 
to the Polarographie half-wave potential (E1/2) of the 
compound under consideration, and another is a close 
correlation of the electrochemical reaction with the 
biological redox reactions.1 '2) O n the other hand, 
the ESR measurements are very powerful for the 
detection of paramagnetic species.2-3) I t is quite nat­
ural, therefore, to combine these techniques for a 
more quantitative investigation of the metal-complexes. 

One of the present authors (H.O.) recently develop­
ed a simple two-electrode cell using a helix for variable 
temperature ESR measurements which has several ad­
vantages over the commonly used electrolysis cell for 
ESR in obtaining the spectra of unstable radicals.4) 
Using the cell, we have succeeded in obtaining ESR 
spectra from which the paramagnetic species oxidized 
electrochemically in the solution of [Co n ( tpp)] could 
be identified as a rc-cation radical of six-coordinate 
[ C o m ( t p p ) ] 2 + having two axial ligands. 

I t has been reported previously5) that [Co m ( tpp)]+-
(Cl~) is a five-coordinate Go(III) complex of tpp 
which has a square-pyramidal structure with the chlo­
rine atom at the apex. Subsequent XH FT-NMR 6 ) 
and ESR7) studies have shown that this complex in 
chlorinated solvents changes partially into paramag­
netic species by thermal and light activations. The 
formation of this species in the solutions occurs re-
versibly with small enthalpy difference. Such be­
havior of [Co m ( tpp)]+(Cl-) can be related to the 
enzymatic reactions of metalloporphyrins and their 
related compounds. In order to obtain a complete 
understanding about the behavior of [Gom ( tpp)]+-
(Cl~), it is necessary first to identify the paramagnetic 
species generated thermally in the solution of the 
complex. Secondly it is desirable to determine the 
molecular and electronic structures of this species. 

In this paper we first describe the three kinds of 
spectra obtained by electrochemical oxidation of [Co11-
(tpp)] and [Co i n( tpp)]+(Cl-) in chlorinated and non-
chlorinated solvents, using various supporting elec­

trolytes, and explain the results by an axial-ligand 
effect on the 7r-cation radical of [Go n I ( tpp) ] 2 + . Sec­
ondly, the identification of the paramagnetic species 
formed thermally in the solution of [Go i n( tpp)]+(Cl-) 
is given. Thirdly, the molecular and electronic struc­
tures of the species are discussed based on the ESR 
parameters obtained experimentally. 

Model compounds such as are treated here are 
sometimes amenable to a more detailed ESR investiga­
tion than the bilogical system itself. Therefore the 
definitive E S R characterization of the compound can 
provide a framework for understanding the spin states 
and the electronic structures of active sites of the 
biological system. 

Exper imenta l 

[Gon(tpp)], [Com(tpp)]+(Cl-), and pyridine-coordinated 
[Co in(tpp)]+(Cl-), [Coni(tpp)]+(Cl-)(py), were prepared 
using the methods described previously.5'8) They were 
identified by elemental analysis and absorption spectra. 
Commercially available dichloromethane(DCM), 1,1,2,2-
tetrachloroethane(TGE), and propionitrile(PGN) of special 
grade were dried with Woelm 200 neutral alumina. 
Tetrabutylammonium chloride (TBG1), tetrabutylammonium 
tetrafluoroborate(TBFB) of special grade for polarography 
were dried in vacuo before use. Electrochemical oxidation 
of 10-2 mol solution flushed with pure nitrogen gas after 
degassing by the freeze-thaw-pumping cycle was carried 
out inside the cavity, using the cell consisting of a helix and 
a gold wire going through the inside of the helix. The 
details of the cell construction were given previously.4) It 
should be noted here that no reference electrode was used, 
in order to simplify the electrolysis apparatus. Alterna­
tively, as an indicator of the electrochemical reactions we 
used the minimum voltage, Va, applied between two elec­
trodes, at which the ESR spectrum of the radicals generated 
during the electrolysis appears. The cyclic voltammogram 
of [Go11 (tpp)] was measured using a Hewlett-Packard 3310A 
function generator in conjunction with a Princeton Applied 
Research 173 Potentio-Galvanostat equipped with I/V con­
verter, Model 176. The ESR spectra were taken with 
a JEOL PE-3X spectrometer equipped with a temperature 
controller. The g-value of the Cr(III) ion in MgO used 
as the secondary standard for the determination of g-value 
was calibrated as 1.9800±0.000I by that of potassium ni-
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trosylbis(sulfate) (K2(S03)2NO, 2.0057). 

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

Oxidation of [Coll(tpp)] and [CollI(tpp)]+(Cl-J. 
The cyclic voltammogram of [Go n( tpp)] in benzonitrile 
with TBFB showed three one-electron reversible oxi­
dation steps corresponding to Ex/2 vs. SGE. Here the 

0.45 V 
[Go"(tpp)] > [Co"i(tpp)]+ 

(0.52 V) 

1.13V 

(1.19V) 

1.41V 
» 

(1.42 V) 

[Com(tpp)]2+ 

[Gom(tpp)]3+ 

Scheme 1. 

values in parentheses are the data reported by Wolberg 
and Manassen.9) The neutral species [Co n ( tpp)] (1) 
is paramagnetic, with spin 1/2 compatible with a 
square-planer 3d7 configuration, but can not be de­
tected by ESR measurements in solution, because of 
its short spin-lattice relaxation time. T h e first and 
third oxidation products are expected to be diamag-
netic species with the configurations (3d)6(a2 u)2 and 
(3d)6(a2u)°, respectively; indeed, no ESR signal was 
observed. Therefore, only the second oxidation prod­
uct, [Go m ( t pp ) ] 2 + , takes part in the ESR spectrum. 

[Co m ( tpp)]+ (2) requires a counter ion with which 
a five-coordinate complex (3) is expected to be formed 
(see Scheme 2, Eq. 1). Because 3 is diamagnetic, 
we can not directly observe its formation by the 
ESR measurements; but we can presume the forma­
tion of 3, because the five-coordinate complex for­
mation after one electron oxidation of 1 was well 
established by X-ray diffraction of [Co m ( tpp)]+(Cl- ) 
single crystal.5^ Further support for Eq. 1 is available 
in the complexes [M n ( tpp ) ]+(X- ) ( M = M g and Zn).10) 
Eq. 2 postulates an equilibrium between two five-
coordinate complexes formed in the presence of two 
different anions in solution. If the association power 
of Y~ is stronger than that of X - , the equilibrium 
proceeds to the right hand side of Eq. 2. When 
species 3 is oxidized further at the voltages between 

/ co(ir) l - ^ l Co+(in)/-±^ / cc.+ ( m ) / ( 1 ) 

1 2 3 
X~ y~ 

/ co+(nr)/ + Y" s v / co+(m)/+ x~ ( 2 ) 

3 4 

X~ X~ ^r x" ^ + 

/ c i + (m) / -ze_J c l ^ m V - J ^ y c' + (nr)7 ( 3 ) 

3 

x~ + 

"T 
Y 

5 6 

X~(Y~) + 

/ co+(m)/ + x~(0 s y co+(m)/ + Y~(x*) ( 4 ) 

t~ X~(Y~) 

6 7 

Scheme 2, 

Fig. 1. The ESR spectrum of the paramagnetic species 
generated by electrochemical oxidation of [GoII(tpp)] 
in PCN at — 70 °G (a). Supporting electrolyte: 
TBFB. Simulation (b) assumes one cobalt aCo = 
6.00 G and four nitrogens aN=1.85G. 

1.1 and 1.4 V SGE the first ligand oxidation proceeds 
(Eq. 3). In a manner similar to Eq. 1, the rc-cation 
radical (5) produced is followed by the formation of 
a six-coordinate complex (6) with the anion Y~. If 
X~ (Y~) exists sufficiently in excess, or the association 
power of X - (Y~) is sufficiently stronger than that of 
Y~ (X~), the equilibrium of Eq. 4 proceeds to the 
right hand side. As the result of two one-electron 
oxidations of 1 or one-electron oxidations of 3 in var­
ious atmospheres, it is presumed that three different 
paramagnetic species: [Go i n ( tpp)] 2 + (X~) 2 , [Go m -
( tpp)] 2 +(X-)(Y-) , and [Go I I I(tpp)]2+(Y-)2 are gen­
erated. 

[Com(tpp)]2+(X-)2(X=BFt and CIO J. 1 was 
dissolved in chlorinated solvent, D G M or TGE, or 
non-chlorinated solvent, PGN, including a supporting 
electrolyte with a weak-ligand anion such as C104~ 
or BF4~. After the temperature of the solution of 
PGN with BF 4 - was decreased to —70 °G, the voltage 
applied between the two electrodes was increased until 
the ESR signal could be observed on a recorder with 
the modulation amplitude of 4 G. * * As the voltage 
reached Fa , corresponding to the second oxidation, 
an ESR signal (g=2.0034) with partially resolved hy-
perfine structure (hfs) appeared, as shown in Fig. la . 
V& depended on the combination of solvent and sup­
porting electrolyte:4) For example, 2.5 V for PGN 
with BF 4 - or G104", 1.7 V for D G M with BF4", and 
1.3 V for T G E with BF4~. When the temperature 
was increased to —50 °G, the spectrum showed ap­
preciable broadning and coincided with that reported 
in the literature.9) When D G M and TBPG(TBFB) 
were used as solvent and supporting electrolyte, re­
spectively, the g-value and the hyperfine coupling 
constant (hfcc) of 59Go of the spectrum were very sim­
ilar (see Table 1). As the temperature of the solu­
tion was increased above —50 °G, a new signal su­
perposed to the original one appeared. The g-value 
and the peak-to-peak width AH of this signal were 

** 1 G = 1 0 - 4 T , 
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TABLE 1. ESR PARAMETERS OF [Goin(tpp)]2+(X)(Y) AT - 7 0 °G 

Axial 

X 

BF4-
G104-
BF4-
G104-
Gl-

Gl-
Gl-

BF4-

py 

ligands 

Y 

BF4-
G104-
BF4-
G104-
Gl-

Gl-
Gl-

Gl-
Gl-

Solvent 

DGM 
DGM 
PGN 
PGN 
DGM 

(DGM 
PGN 
TCEb> 

(TGE 
DGM 
DGM 

(±0.0002) 

2.0024 
2.0026 
2.0034 
2.0034 
2.0028 
2.0029 
2.0035 
2.0047 
2.0048 
2.0052 
2.0056 

10-* T 

39.6 
37.7 
44.6 
44.7 
80 
82) 
85.5 
79.0 
77) 
49.0 
63.8 

Go 

5.3 
5.0 
6.0 
6.0 

10.3 

11.0 
10.0 

6.6 
8.0 

hfcc/10-4T 

N 

— 
— 

1.85 
1.85 
2.8 

2.6 
— 

— 

3 5 G 1 

— 

2.2 

2.2 
— 

— 

a) Total peak-to-peak width including hfcc. b) Data at room temperature. The values in parentheses are the 
data of the paramagnetic species in the solution of [Gom(tpp)]+(Gl-). 

2.0052 and 49 G, respectively. This paramagnetic 
species was identified as a mixed-ligand complex at­
tached by one chlorine anion, as will be discussed 
later. 

The small variations of the hfcc of cobalt and g-
values in Table 1 can be attributed to the solvent 
and axial-ligand effect, as was extensively investigated 
in the ion-pairs of aromatic hydrocarbon anion rad­
icals with counter ions.11) The spectrum simulation 
of Fig. l a was carried out using a C o =6.0 G for one 
cobalt and <zN=1.85G for four nitrogens (Fig. l b ) , 
which led to the best fit to the experimental data . 
We note here that the Lorentzian line shape with the 
line-width of 3.5 G is used and the unresolved hfs 
due to eight equivalent protons of phenyl rings (aH = 
0.3 G)n> are included; the contribution of the protons 
attached to the meso-phenyl rings to the line-width 
is also taken into account. This procedure was useful 
in improving the spectrum simulation. T h e £-value 
and AN of this paramagnetic species are very close to 
those of [M n ( tpp) ]+ ( M = M g , Zn, and Gd), as was 
already reviewed by Fajer and Davis.10) Such a nice 
coincidence of these values indicates that the para­
magnetic species generated by the oxidation of 1 is 
a jr-cation radical similar to [M n ( tpp)]+. Further, the 
value of aN measured at temperatures below —60 °G 
guides us to the quantitative discussion of the spin 
distribution in the highes occupied molecular orbitals 
( H O M O ) of the porphyrins. 

[Co™(tpp)¥+(Y-)2(Y=Cl). The ESR spec­
trum of the radical obtained by the electrochemical 
oxidation of 1 in D C M or PGN at 1.4 V, changing 
the anion of electrolyte from BF4~(C104~) to an in-
termediate-ligand, G l - , was somewhat different from 
those mentioned above. T h e most resolved spec­
t rum measured at —70 °C is shown in Fig. 2 together 
with simulated ones. The spectra measured at tem­
peratures above —50 °C agreed entirely with that 
of the paramagnetic species derived thermally from 
[Com ( tpp)]+(Gl-) in DGM.7) In Fig. 2a, one can 
recognize hfs in addition to the hfs due to 59Go, which 
could be resolved at temperatures below —60 °C. The 
hfcc were determined by comparing the observed spec-

Fig. 2. The ESR spectrum of the paramagnetic species 
generated by electrochemical oxidation of [Gon(tpp)] 
in DGM at — 70 °G (a). Supporting electrolyte: 
TBG1. Simulation (b) assumes one cobalt aCo= 
10.3 G and four nitrogens aN=2.80 G. Simulation 
(c) assumes one cobalt «C o=10.3G, four nitrogens 
aN=2.80 G, and two chlorines Ö 3 5 C 1 = 2 . 2 0 G (Ö 3 7 C 1 = 
1.80 G). Contribution of the isotope to the spectrum 
is included. 

t rum with the simulated ones. Figures 2b and 2c 
were obtained using a C o =10.3 G and <zN=2.80 G with­
out and with the hfcc due to two chlorine atoms, 
respectively. In both cases the contribution of the 
unresolved proton hfcc (an=0.3 G) is taken into ac­
count. Figure 2c was obtained by the superposition 
of two simulation spectra, corresponding to the ex­
istence of two chlorine isotopes (a35C1=2.20 G and 
a31cl=l.80 G) . Figure 2b is similar to the observed 
one, but the intensity sequences of the absorption 
lines and the tails of both wings of the spectrum do 
not coincide with the observed spectrum. The sim­
ulated spectrum, Fig. 2c, which includes the splittings 
due to two chlorine nuclei, coincided excellently with 
the observed one. The values of hfcc used for the 
simulations are listed in Table 1, with the measured 
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Fig. 3. The ESR spectrum of the paramagnetic species 
generated by electrochemical oxidation of [Com(tpp)]-
2+(Cl-)(py) in DGM at - 9 0 °G. Supporting elec­
trolyte: TBG1. 

g-values. The detection of the hfs due to two equiv­
alent chlorines in addition to those due to 59Go and 
14N reflects unequivocally the fact that two axial posi­
tions of 3 are occupied by chlorine anions. Thus 
the radical generated by the oxidation of 1 in D G M 
and PGN with Gl~ is identified as a jr-cation radical 
of six-coordinate [Co l n ( tpp) ] 2 + , having two chlorine 
anions as axial ligands. 

I t was established in the metal complexes of meso-
tetraphenylporphyrins10) that meso-positions carry 
large spin density, whereas the nitrogen splittings (flN = 
1.2—1.9G) show about 2 0 % of the total spin with 
only limited variations in ÖN. The nitrogen hfcc in 
[Go m ( tpp)] 2 + (Gl~) 2 is a little large compared with 
those of [Go l n ( t pp ) ] 2 +(X- ) 2 (X=BF 4 and G104) and 
of [ M n ( t p p ) ] + ( M = M g , Zn, and Cd) , but it is rea­
sonable to conclude that the unpaired electron is 
mostly localized in a2u orbital of the porphyrin ligand. 
The metal hfcc of 10.3 G reflects only a small un­
paired electron density, of the order of 0.01.10> The 
large Rvalue and 59Go hfcc of [Gom ( tpp)] 2+(Gl-) 2 , 
compared with those of [ C o m ( t p p ) ] 2 + ( X - ) 2 ( X = B F 4 

and G104) , may indicate that the chlorine ligation 
enhances the localization of spin density at nitrogens, 
which leads to the large spin polarization at the cobalt 
nuclei. 

[Colu(tpp)Y+(Cl-)(Z) (Z=py and BF-J. The 
possible alternative species generated by the oxidation 
of 1 is the one in which different ligands are present 
in the two axial positions. Such a configuration of 
the ligands could first be visualized by the oxidation 
of pyridine-coordinated [Go i n ( tpp) ] + (Gl _ ) , in which 
one of the two ligand positions is strongly masked by 
a pyridine molecule. Figure 3 shows the spectrum 
of the paramagnetic species obtained by the oxidation 
of [Go i n(tpp)]+(Gl-)(py) in D G M with Gl" ( F a = 2 . 0 
V) . T h e hfs due to 59Go could only be resolved at 
temperatures below — 50 °G ( f l C o =8.0G) . The g-
value, 2.0056, was appreciably larger than those de­
scribed above. 

T h e oxidation of [Gom ( tpp)]+(Gl-) in D G M with 
BF4~, on the other hand, showed the spectrum due 
to the new radical species with g-value of 2.0052 and 
peak-to-peak width of 49 G, which was superimposed 
on that of [Co m ( tpp)] 2 +(Cl-) 2 . I t was found from 
the temperature variation of the spectrum that these 
two species are in equilibrium. Therefore, one can 
conclude that the new signal corresponds to the [Go111-
( tpp)] 2 + (Gl _ ) (BF 4 - ) , which shows larger g-value and 
smaller 59Go hfcc, compared with those of [Go111-
( tpp)] 2 +(Gl _) 2 . We note here that this signal could 
also be observed when [Go n( tpp)] in D G M with BF4~, 
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Fig. 4. Temperature dependence of the ESR spectrum 
of [Gom(tpp)]2+(Cl-)2 in DGM generated by elec­
trochemical oxidation at —20, —35, and — 70 °G 
(a, b, and c, respectively). 

the condition without chlorine anion, was oxidized 
at temperatures above —50 °G. This means that the 
radical substracts the chlorine anion from the solvent 
used. 

Consequently, [Go i n ( tpp)] 2+(X") 2 ( X = B F 4 and 
G104) showed a nearly free g-value and small 59Go 
hfcc of 5.0 to 6.0 G. T h e Rvalue of [Com ( tpp)] 2+-
(Gl~)2 is also very close to the free g-values, but the 
hfcc of 59Go is about twice as large as those of the 
former. T h e mixed-ligand complex can be charac­
terized by a large g-value compared with those de­
scribed above, although the value of the hfcc of 59Go 
is in the middle. 

7i-Cation Radical of [CoUI(tpp)]2+ Formed Thermally in 
the Solution of [Colu(tpp)]+(Cl-J. The solution of 
[Gom ( tpp)]+(Gl-) in chloroform, DGM, and T G E 
(10~3 mol d m - 1 ) showed an ESR spectrum at room 
temperature even in the presence of air.7) The spec­
t rum showed reversible temperature dependence, the 
enthalpy difference being about 4 k j mol - 1 . By com­
paring the spectrum in D G M with that of [Go m -
(tpp)]2 +(Gl~)2 in D G M oxidized electrochemically at 
temperatures above —50 °G, as shown in Fig. 4, we 
could unequivocally identify the species as [Go i n-
(tpp)]2+(Gl-)2 . O n the other hand, [Gom( tpp)]+-
(Gl~) in T G E exhibited the temperature dependent 
ESR spectra, which were nicely reproduced by the 
electrochemical oxidation of [Gom(tpp)]+(Gl~) in 
T G E with Cl~. Comparison of the ESR parameters 
of this spectra with those listed in Table 1 leads to 
an equilibrium between two species 

[Coni(tpp)P+(Cl-)2 + S ;F± [Go"i(tpp)]2+(Cr-)(S) + CK 

S: Solvent molecule (5) 

T h e details of the experiments described here will 
be given separately. 

The Electronic Configuration of [Colu(tpp)']2+. As 
was already pointed out, the observation of the hfs 
due to 35G1 in addition to those due to 59Co and 14N 
led to the definite electronic structure and wave function 
of the radical. I t was well established that the neutral 
species [Co n ( tpp)] is paramagnetic with an effective 
electron spin 1/2 with a square-planer 3d7 configura­
tion: (3d f f)

4(3dxy)2(3dz2)1. T h e two-electron oxida-
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tion product, on the other hand, showed definite free 
radical parameters which can be interpreted by a 
formal electronic configuration (3dJ 4 (3d x y ) 2 ( a 2 u ) 1 : 
a2u jr-orbital has a spin distribution characterized by 
the appreciable localization (76%) at meso-carbon 
atoms, followed by 2 0 % spin density at four nitrogen 
atoms. This spin distribution was experimentally con­
firmed by the observation of four nitrogen hfcc of 
1.85 to 2.8 G in our case. The nearly free g-value 
of the radical tells us that 3d orbitals do not contribute 
to the H O M O of the radical. The almost isotropic 
hfcc due to 59Co indicates that the configuration of 
the central metal-ion is mainly (3d f f)

4(3dxy)2 and the 
contribution to the hfcc is almost due to the Fermi 
contact term polarized by the spin on the neighboring 
jr-orbital of the ligand. 

One can consider the following mechanism to in­
terpret 59Go hfcc: 1) The spin polarization of o-
electron in the Co-N bonds by the «r-electron spin 
density on the nitrogen nuclei produces a spin density 
at the cobalt nucleus : This is essentially an extension 
of McGonnell relation12) developed originally to in­
terpret the proton hfcc in the fregment of G-H. I t 
should be noted that in this case the spin density at 
the Go nucleus is of opposite sign to that of the spin 
density at the rc-orbital of the N atoms. 2) The direct 
overlap of the Co atomic orbital with the crc-orbital of 
the ligand induces a net plus spin density at the Go 
nucleus. The ?r-orbital of tpp on which the unpaired 
electron resides has a nodal plane which coincides 
with the tpp molecular plane. Therefore, it is neces­
sary to deviate from this plane for the Go atom to 
have the direct overlap. Then one can describe the 

«Co a S 

«Co = ftgico X P& + CC, (6) 

where Q^-oo is a proportionality constant and a means 
a contribution from the direct overlap. 

Figure 5 shows a correlation between aCo and aN 

listed in Table 1, in addition to those of other Co(I I I ) 
porphyrins reported previously.9 '13 '14) We assume here 
that the sign of aCo of Go (III) meso-substituted por­
phyrin cation radicals is negative. The data points 
are not so many, but one can conclude that the aCo 

is roughly expressed by a linear function of aN, which 
results in a linear relationship between aCo and p*, 
because aN is usually expressed as aN=QZxp*— 
SQ,NCX<oCl and |OCi^0 for the a2vL orbital of tpp. 
î 

It is now difficult to explain quantitatively the varia­
tion of the aCo depending on the axial ligands and 
solvent used, but we can regard its variety as the result 
of the spin-polarization mechanism in the clouds of 
the a2u ^-orbital of tpp, which changes according to 
the axial ligands and the solvent molecules. 
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Collision induced intersystem crossing (slow fluorescence quenching and phosphorescence induction) from 
selected vibronic levels of pyrazine in S^nrc*, B3U) was investigated. It was found that slow fluorescence quench­
ing rate at the zero point level exceeds the hard sphere collision rate several times and rapidly approaches it as 
the excitation energy is increased. On the other hand, phosphorescence induction rate was found to be nearly 
equal to the collision rate and to have little excitation energy dependence. These differences were discussed 
on the basis of the collision induced relaxation mechanisms. 

In the past decade, the photophysical properties of 
the electronic excited states of polyatomic molecules 
in an isolated molecular condition have been studied 
extensively both from experimental and theoretical 
points of view and the concept of the intramolecular 
radiationless transition has been established. O n the 
basis of the understanding of the unimolecular pro­
cesses, the subsequent problem to be studied seems 
to be the collision induced intramolecular relaxations 
which are essentially important in understanding the 
photochemical reactions. Despite the importance of 
the collision induced processes, the theoretical inter­
pretation does not seem to be successful yet. This 
comes from, (1) the lack of the accumulation of the 
experimental results which are worthwhile to be analyz­
ed theoretically and, (2) the difficulty in dealing with 
the intermolecular interaction as the perturbation due 
to the collision. 

Spectroscopic and dynamical properties of Sx (mr*, 
^ u ) pyrazine have been investigated thoroughly by 
many workers.1-20) Individual vibronic levels of Sx 

up to 1000 c m - 1 from the 0-0 band have been as­
signed by the absorption,1 - 7) SVL fluorescence13'14) and 
pre-resonance R a m a n scattering works.8-12) Under the 
collision free condition, the fluorescence of pyrazine 
from the Sx state exhibits bi-exponential decay that 
is typical of the intermediate strong coupling mole­
cule as reported by Lahmani et ö/.16) In pyrazine, 
the short-lived component of the fluorescence has the 
lifetime shorter than 10 - 9 s and the long-lived one 
is of the order of 10 - 7 s. 

When one looks at the effect of collision on the 
prompt fluorescence, one is able to study the vibra­
tional relaxation within Sx manifolds. T h e vibrational 
mode dependence of V-V transfer rate has been in­
vestigated by us on the selected vibronic levels of 
Sx pyrazine.21) 

The long-lived fluorescence derives from the in­
teraction of Sj with the isoenergetic triplet ro-vibronic 
levels. T h e effect of the collision appears on the two 
optical phenomena, i.e., (1) the quenching of the 
slow fluorescence and (2) the induction of the phos­
phorescence from Tj_. In the present work, we have 
investigated the excitation energy dependences of the 
quenching rate of the slow fluorescence and the in-

t Present address: Department of Chemistry, Faculty of 
Science and Technology, Keio University, Hiyoshi, Kohoku-
ku, Yokohama 223. 

duction rate of the phosphorescence under the SVL 
excitation condition. T h e amount of the energy loss 
within the triplet manifolds by a collision has been 
also obtained under the assumption of the step-ladder 
relaxation model. 

Exper imenta l 

As an exciting light source, the second harmonics of a 
tunable dye laser (Rh-640) pumped by a Molectron nitrogen 
laser (UV-22) was used. Either RDP or ADA was used 
as an SHG crystal. The emission intensity was measured 
by an HTV-R-562 photomultiplier averaged by a boxcar 
integrator (Brookdeal 9415 and 9425). In order to dis­
tinguish fluorescence from phosphorescence, a Nikon P-250 
monochromator of 6 nm slit width with a fixed wavelength 
(345 nm for fluorescence or 390 nm for phosphorescence) 
was placed in front of the photomultiplier. Moreover, a 
delay time of the boxcar integrator was adjusted to get the 
best separation between them. As a collision partner, iso-
pentane whose pressure extends from 0 to 20 Torr (1 Torr= 
133.322 Pa.) was added to 2 X 10~2 Torr pyrazine. The gas 
pressure was measured by a Baratron 222A capacitance 
manometer. Pyrazine was purified by vacuum sublima­
tions and spectral grade isopentane was used without 
further purification. The samples were degassed by the 
freeze-thaw cycles prior to the experiments. 

By varying the excitation wavelength up to 1000 cm - 1 

above the 0-0 of SJ-SQ absorption and the pressure of iso­
pentane, wavelength and pressure dependences of the fluo­
rescence and the phosphorescence were measured by the 
following procedures. As mentioned above, the fluorescence 
contains the prompt and slow components. The former 
component is affected only by adding high pressure gas 
exceeding 100 Torr. Still the latter one is sensitive to the 
trivial amount of a foreign gas and is quenched completely 
in the presence of 20 Torr isopentane. Then, the intensity 
of the long-lived fluorescence Is{(P) at the pressure P(P<20 
Torr) is given by 

hf(P) = Ius(P) ~ hi5(P=20 Torr). 
Where I3ih{P) is the fluorescence intensity observed at 345 
nm with the spectral slit width of 6 nm. The phospho­
rescence of pyrazine at the pressure P as denoted IPh(P) 
is dispersed around 390 nm and is overlapped with the fluo­
rescence. By noting the fact that the phosphorescence is 
induced by collisions, the phosphorescence component is 
extracted from the total emission observed at 390 nm by 
the following correction. 

IMP) = W ) - W P ) x ^ 3 9 0 ^ 

hwiP) is the total (phosphorescence and fluorescence) emis-
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sion intensity at 390 nm and I3i5(P) is the fluorescence 
intensity observed at 345 nm at the pressure P. The emis­
sion intensity at 390 nm extrapolated at zero pressure /390-
(P=0) contains only the fluorescence. Thus, the second 
term of the above equation gives the fluorescence component 
at 390 nm at the pressure P. 

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

The observed fluorescence and phosphorescence in­
tensities against the excitation wavelength and the 
foreign gas pressure inform us of three physical quan­
tities of the collision induced relaxation. They are, 
the slow fluorescence quenching rate, the phospho­
rescence induction rate or the vibrational relaxation 
rate within the triplet levels and the energy removed 
per an effective collision. First, the kinetic scheme 
is given to describe the collision induced relaxation 
processes from Sx pyrazine. Then, the experimental 
results will be discussed on the basis of the kinetic 
scheme. 

The Kinetic Scheme. Temporal behavior of the 
excited state of an intermediate size molecule like 
pyrazine has been described quan tum mechanically 
by Lahmani et a/.16) van der Werf et ö/.23> have adopted 
a kinetic scheme to explain the electronic relaxation 
of biacetyl. In the present wotk, the kinetic descrip­
tion was used for the evaluation of the above mentioned 
physical quantities from the experimental data. 

Bi-exponential dacay of an excited intermediate size 
molecule with strong S-T coupling is described by 

1/Tfl ~ JST, (1) 

l/*f2 = 7n - h/N + 7T. (2) 

r f l and Tf2 are the lifetimes of the fast and slow fluo­
rescence, respectively. zlST stands for the coupling 
strength between a vibronic level of the singlet state 
and N triplet levels. Total decay widths of a S state 
and a T state are defined as y and y which are given 
as superpositions of individual decay channels by 

7s = Ts + JS T + ySSo, (3) 

yT = r T + yTSo. (4) 

Here P s and P T are the radiative widths of the S and 
T states, respectively. ySSo and yTSo indicate the non-
radiative decay widths between S and S0 and between 
T and S0, respectively. yn represents the total decay 
width of (iV+1) quasistationary states which are form­
ed by the interaction between a S state and N triplet 
states ( iV«103) . X implies the mean value of the 
physical quantity X. Because AST is much larger 
than yn, the influence of the collision appears mainly 
on the yn or yT values at relatively low pressure ( < 2 0 
Torr) . Tha t is to say, the collisional perturbation 
affects only the long-lived fluorescence with a negligible 
influence on the prompt component as described by 

yv(P) = 7 T ( P = 0 ) +*qP> (5) 

where k„ is the quenching rate constant of the slow 
fluorescence and is obtained by the following Stern-
Volmer relation. 

Fig. 1. Step-ladder scheme of vibrational relaxation 
within triplet manifolds. Symbols are defined in 
the text. 

Here 7s f(P) represents the intensity of the slow fluo­
rescence at the pressure P . 

I t is already known that the phosphorescence of 
pyrazine is the induced one by collisions after the 
excitation of a Sj vibronic level. T h e pressure de­
pendence of the collision induced phosphorescence in­
tensity informs us of the vibrational relaxation rate 
within the triplet manifolds and the amount of the 
removed energy per an effective collision by assuming 
the step-ladder relaxation model as illustrated in Fig. 
1. In the figure, ki represents the unimolecular decay 
constant from the triplet manifolds and k\ is the col­
lision induced vibrational relaxation rate. AE stands 
for the removed energy by an effective collision. Then, 
the intensity of the collsion induced phosphorescence 
at the pressure P is given by 

lj*(P) = QfrlljXP/fa+ftP). (8) 

Here n is the number of the effective collisions to in­
duce the phosphorescence. 0 p h indicates the quan tum 
yield of the phosphorescence. T h e reciprocal of the 
/ p h (P) in Eq. 8 can be expanded in the form of the 
power series of P - 1 up to the n-th. order. kx values 

I~i{P) = C(l+ocP-1 + ßP-2+-) (9) 

i = l 
(10) 

(H) 

I l f(P=0)/ / i f(P) = l+AsP 

Af = £qTf2 

(6) 

(7) 

can be obtained experimentally only at the initial 
( i = l ) and the final ( i=n) level of the step-ladder 
relaxation from the known slow fluorescence and phos­
phorescence lifetimes, respectively. hi for the inter­
mediate step was estimated from the semilogarithmic 
plot of kv against the excess energy from T x . As will 
be discussed in the later section, the removed energy 
by a collision was found to be around 1200 cm - 1 , 
kv decreases rapidly as the vibrational relaxation pro­
ceeds to the lower step. O n the other hand, k\ can 
be assumed to have no appreciable energy dependence 
as has been found in Sj pyrazine.21) Thus, the re­
lation k.jkri>ki+1lkj+1 may hold for each step. Under 
these assumptions, Eqs. 10 and 11 can be approximat­
ed as 
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T A B L E 1. T H E RATE CONSTANTS OF SLOW FLUORESCENCE QUENCHING AND PHOSPHORESCENCE INDUCTION 
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Fig. 2. Stern-Volmer plot of slow fluorescence intensity 
from the zero point level of Sv P indicates iso­
pentane pressure. The slope gives the A£ value in 
Eq. 7. 

oc(E) =k1(E)/kUE), (12) 

ß{E) = k1(E)k2(E- AE)/kl(E)kl(E~AE) 

= <x(E)oc(E-AE). (13) 

First, the reciprocal of the phosphorescence intensity 
is plotted against the inverse of the pressure. T h e 
linear slope and the deviation from the linearity give 
the values a and ß. Because l/A^ is the experimentally 
observed lifetime of the long-lived fluorescence from 
a selected vibronic level of S l5 the vibrational relaxa­
tion rate k\ can be evaluated from the a and the k± 

values. In the next step, a and ßjtx. values are plot­
ted against the excitation energy. T h e energy separa­
tion that gives the identical values of a and ß/oc cor­
responds to the removed energy AE per an effective 
collision. 

The Slow Fluorescence Quenching Rate. By use 
of the Eqs. 6 and 7, the slow fluorescence quenching 
rates for the individual vibronic levels of Sx pyrazine 
were evaluated on the basis of the observed slow fluo­
rescence intensities 7gf(0) and IBt(P). T h e result is 
illustrated in Fig. 2 taking the 0-0 band excitation 
as an example. kq and At values for the individual 
levels are tabulated in Table 1. One notices easily 
that kq values in the excitation around the 0-0 band 
exceed several times the hard sphere collision value 

1JT 
Q. 

P / Torr" 

Fig. 3. Phosphorescence induction after the excitation 
in the zero point level of Sx. Ip^T1 is plotted against 
P-1 (—•—). The region of 0—2 Torr-1 is expanded 
and its slope gives a value in Eq. 12. The deviation 
from the linearity is also plotted (—•—) in the 
from of the function Z)(P) = {/ph-1-(l + a P- 1 )} 1 / 2 and 
its slope (V ß) gives ß value in Eq. 13. 

( « 107 s - 1 T o r r - 1 ) . Moreover, the value decreases rap­
idly to reach the hard sphere collision one as the ex­
citation energy is increased. 

The Vibrational Relaxation Rate within the Triplet 
Levels. As the intensity of the slow fluorescence is 
decreased by collisions, the phosphorescence from T± is 
induced via the collision induced vibrational relaxation 
from the higher triplet levels. Thus, one can evaluate 
the vibrational relaxation rate from the pressure de­
pendence of the phosphorescence induction. In Fig. 3, 
the reciprocal intensity of the phosphorescence is plot­
ted against the inverse pressure taking the 0-0 band 
excitation as an example. The a value that contains 
the information of two body collision gives us the 
vibrational relaxation rate within the triplet mani­
folds. k\ values obtained from the a values for the 
individual vibronic levels of S1 are of the order of 
the hard sphere collision rate as seen in Table 1. They 
do not exhibit appreciable variation as the excitation 
energy is increased, which is in contrast to kq. 

Discussion on the Slow Fluorescence Quenching and the 
Phosphorescence Induction Mechanisms. As seen in the 
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500 1000 , 
(E - EocKcm"1 

1500 

Fig. 4. Excitation energy dependence of the collision 
induced relaxation rate constant. Slow fluorescence 
quenching rate kq(—O—) and phosphorescence in­
duction rate k\(•••#•••) are shown. The calculated 
hard sphere collision rate ( ) is shown for com­
parison. The ordinate is the rate constant in 107 s - 1 

Torr - 1 scale and the abscissa is the vibrational energy 
above the zero point level of Sa in cm - 1 unit. 

previous sections, the evaluated kl's and £q's differ 
greatly each other in their magnitudes and excitation 
energy dependences. This indicates that the quench­
ing of the long-lived fluorescence and the induction 
of the thermally equilibrated T x phosphorescence are 
caused by different collision processes. As discussed 
already in the previous section, the slow fluorescence 
is quenched by the relaxation of the excited molecule 
from the interaction region of the width AST to the 
non-interacting one where there is no strong activity 
of emitting the radiation. Because AST is of the order 
of 10 - 2 cm -1,16 '17^ even a single rotational relaxation 
is enough to cause the slow fluorescence quenching. 
This may explain the observed large value of kq in 
contrast to kl. I t is also suggested that the optical 
experiment by the use of an ordinary optical cell at 
low pressure ( « 1 0 - 3 T o r r ) does not satisfy the iso­
lated molecule condition and that the condition will 
be met only by a molecular beam. The results of 
the lifetime measurement of the slow fluorescence of 
pyrazine under the supersonic expanded beam con­
dition will be published soon.22) 

In going from the lower to the higher energy side, 
kq tends to the hard sphere collision value as seen 
in Fig. 4. Van der Werf et al. have found the similar 
behavior of £q values in biacetyl and explained it in 
terms of the overlap of the emitting regions in the 
higher vibronic levies. However, in pyrazine the over­
lap cannot be expected in the region up to 1000 c m - 1 

above the 0-0 level of Sj because each vibronic state 
in that region is well defined as viewed from the ab­
sorption and SVL fluorescence studies. Recently, ro­
tational level dependence of the slow fluorescence has 
been reported by Baba et a/.18> Strong j dependence 
of the slow fluorescence intensity and decaying rate 
has been found in the supersonic beam which will 
be published elsewhere.22) The excitation energy de­
pendence of £q values is now under investigation from 

1.0 4 

o.i 4-

> " ' \ ß(E) 

500 1000 
(E - Eoo)/cm_1 

1500 

Fig. 5. Vibrational energy removed by an effective 
collision. 

that point of view. 
T h e vibrational relaxation rate kl within the triplet 

mainfolds of pyrazine has the value around the hard 
sphere collision one as seen in Fig. 4 and Table 1. 
They are as comparably large as the vibrational re­
laxation rate within S1} which is seen in Table 1 of 
our previous paper.21) In the figure and table, grad­
ual decrease of kl is seen as the excitation energy 
is increased, which is in conflict to the expectation 
that kl may increase in the higher energy side due 
to the increase in the vibrational state density and 
the anharmonicity. I t should be noted that kl stands 
for the overall rate of the vibrational relaxation from 
the level i and contains the relaxation rates of various 
removed energy even though the effective energy loss 
AE has been evaluated to be 1200 cm- 1 . T h e re­
laxation among the triplet levels both of which are 
located above the 0-0 of Sx commences to occur 
increasingly as the excitation wavelength is increased 
from the 0-0 to the higher vibronic level of S r In 
that energy region, the non-radiative decay rate es­
timated from the slow fluorescence lifetime does not 
exhibit appreciable energy dependence. Thus it is 
suggested that the kjkj(i^2) terms make non-neg-
ligble contributions to a in addition to kjkl in Eq. 12. 
This results into the apparent decrease of kl in the 
higher vibronic level excitation. 

The Removed Energy by an Effective Collision. In 
Fig. 5, a and ßjx values are plotted against the ex­
citation energy. From that figure, the amount of the 
energy loss per an effective collision was evaluated 
to be «1200 c m - 1 . T h e value is qualitatively in 
agreement with those of biacetyl in the triplet levels23) 
and j!?-difluorobenzene in S^24) This gives us the 
qualitative picture of the relaxation that the excited 
pyrazine molecule undergoes 3 or 4 effective collisions 
before it reaches the phosphorescence emitting level 
of T 2 . To confirm the picture, it seems necessary to 
find a hot phosphorescence from the higher vibronic 
level of T x pyrazine. 

Comparison of the Present Results with Those by Lahmani 
et al. In the work by Lahmani et Ö/. ,1 5 '1 6) At 

and ApU ( = l / a ) values have been evaluated by using 
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SF6 as the collision partner. As to the former value, 
the present result is in good agreement with their 
result. However, with regard to the ^4ph, our value 
exceeds several times that by Lahmani et al. This 
comes from the fact that the collision partner in the 
present work is isopentane instead of SF6 . In other 
words the rotational relaxation (or the relaxation of 
the small energy loss) is insensitive to the shape of 
the collision partner because the long range interac­
tion governs the relaxation, which is reflected in the 
large value of kq. Still, because the vibrational re­
laxation rate is of the order of the hard sphere col­
lision, the intermolecular coupling that induces the 
relaxation of the large energy loss of 1200 c m - 1 is 
restricted to the shorter range one which is sensitive 
to the difference in the molecular shape. 

Prof. I to and Dr. Mikami are acknowledged for 
their stimulating discussion and suggestions. 
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The chloride-water mixture and the chloride-water-acetone mixtures were studied by measuring the 35G1 
NMR spectra. From the line-width analyses, it has been concluded that the line-widths of the chloride solu­
tions are affected only by the nearest neighbours of the chloride ions, which makes it possible to study the interac­
tion between the chloride ion and the solvent molecules microscopically. The problem concerning the ion pair 
formation in solutions was discussed. It has been shown that the observation of the concentration dependence 
of line-widths can be very powerful method for the detection of contact ion pairs formed in the solutions. 

The behaviour of electrolytes in solution has multi­
fold importance in solution chemistry. The change 
in the solution structures caused by the addition of 
electrolytes affords important clue for elucidating the 
structures of the solutions and the interaction between 
solvents and solutes. Many physicochemical and bio­
logical properties of electrolyte solutions can also be 
interpreted in terms of the equilibria between ionic 
species. 

Conductivity measurements are the conventional and 
the most well-established means for investigating equi­
libria in ionic species. This method, however, is not 
of universal validity for elucidating various phenom­
ena. Since the conductivity is a macroscopic property, 
it has limitations in elucidating the behaviour of elec­
trolytes at the molecular level. Besides, theoretical 
formulae which describe the conductivity in an ionic 
solution are valid only in highly dilute concentrations 
(c< 10 mmol d m - 3 ) . 

O n the other hand, the recently developed multi-
nuclear F T - N M R technique can be expected to give 
information on electrolyte solutions from a different 
point of view. First, the information obtained can 
be discussed at the microscopic level and should pro­
vide direct information about the first nearest neigh­
bours. Secondly, information over a wide range of 
concentrations (from several mmol d m - 3 to several 
mol d m - 3 ) is made available by this method of meas­
urement. Thirdly, by selecting the nucleus to ob­
serve, one can get information about individual ions 
in the presence of many different ions. These char­
acteristics give this method a great potentiality for 
investigating a complex mixture of ionic species, 
although the theoretical interpretation of data has not 
yet been fully established. 

The relaxation time of a nucleus having a quadru-
pole moment, such as 35G1, 1 7 0 , and 14N, is controlled 
by the quadrupolar relaxation. If the rotation is 
much faster than the observing frequency co, the line 
width can be expressed as:1) 

where %a is the asymmetric parameter ; e2qQ, the 
quadrupole coupling constant; q, the electric field gra­
dient at the nucleus; d , the quadrupole moment ; 
rc, the correlation time of a chloride ion, and h, Planck's 
constant. Ignoring the asymmetric factor ( 0 < % a < 

1), the line-width is considered to be proportional 
to the product of the square of the quadrupole coupling 
constant and the rotational correlation time. There­
fore, after an appropriate estimation of the rotational 
correlation time, the line-width should give informa­
tion about the magnitude of the quadrupole coupling 
constant or about the electric field gradient, q, at 
the nucleus. 

I t is well known that a quadrupole coupling constant 
depends largely on the ionic character of the bond 
in question.2) For instance, the values of the quadru­
pole coupling constants of KCl , T1G1, ICI, and Br Gl 
are 0.04, 15.8, 82.5, and 103.6 M H z respectively, while 
the differences in the electronegativities of the atoms 
forming these bonds are 2.35, 1.75, 0.50, and 0.20 
respectively. One can notice the clear tendency that 
the quadrupole coupling constant increases as the 
ionic character of the bond decreases. Thus, the line-
width in 35G1 N M R is a powerful tool for investigating 
the bond character involving chlorine atoms. In fact, 
the line-width is only about 10 Hz in aqueous sodium 
chloride, where chlorine exists as an ionic form, while 
it reaches as much as 14.5 kHz in carbon tetrachloride, 
where chlorine forms a covalent bond. 

One of the intriguing applications utilizing this 
dramatic change of line-width is to see the environment 
of chloride ions in solution discussed above. Stengle 
et al. reported the line-widths of several Perchlorates in 
various organic solvents, and they discussed the effect 
of solvents on the dissociation of ions.3) Baldeschwieler 
et al. applied the line-broadening phenomena caused 
by the exchange of chloride ions between different 
environmental sites to the quantitative analysis of the 
active sites in the proteins.4) 

In the present study, we have examined the factors 
which affect the 3 5 G1NMR line-widths of electrolyte 
solutions and attempted to analyze the line-widths 
quantitatively in terms of the equilibria of the ionic 
species. 

Exper imenta l 

The acetone and all the electrolytes were commercially 
available in a guaranteed grade, and they were used without 
further purification. The water was distilled and passed 
through an ion-exchange resin. 

The 35G1 NMR spectra were recorded on a Varian FT80A 
spectrometer at 7.794 MHz. For a spectral width of 4000 
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Hz and an aquisition time of 0.1 s, 800 data points are avail­
able in the time-domain spectra. The Fourier number 
was kept at 16384. About 5 x l 0 4 transients were accu­
mulated to give a good S/N ratio for the 3%(w/w) solution 
of electrolytes. A weighting function was not applied to 
avoid the artificial broadening of the line-widths. The 
errors in measuring a half-line-width were estimated to 
be ± 3 % . The temperature variation was less than ±0.5 
°G. 

The viscosity was measured by means of a Tokyo Keiki 
VISGONIG ED. The errors in measuring the viscosity 
were ±0.005 cP. 

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

Estimation of the Correlation Time of Rotational Motion. 
The half-line-width, Av, of the 35G1 N M R spectrum 
is expressed by Eq. 1. In order to get information 
only about the ion pairing of the chloride ions in 
an aqueous solution from the line-width measurements, 
TC should be estimated in advance. The value of 
rc is given by the following equation, using Stokes' 
formula : 

TC = VrjjkT, (2) 

where V is the volume of a chloride ion; y, the viscosity; 
k the Boltzmann constant, and T, the temperature. 
We neglect the volume change of a chloride ion, 
although it may vary slightly as the concentration 
is changed. 

In practice, we calculated a viscosity-corrected half-
line-width, Av°, as follows using the measured half-
line-width, Av, and the viscosity, rj: 

A*° = AvKvMo), (3) 

where Av is the observed half-line-width; rj is the 
viscosity, and 370 is equal to l cP ( l P = 0 . 1 P a s ) . Here­
after, we will use this newly defined half-line-width for 
the discussion of the behaviour of a line-width. 

Concentration Dependence of the Line-widths in the Aqueous 
Tetraethylammonium Chloride and the Aqueous Potassium 
Chloride Systems. The concentration dependences 
of Av and Av° in the aqueous tetraethylammonium 
chloride and the aqueous potassium chloride systems 
are shown in Figs. 1 and 2. The concentration 
dependences of f] in both systems are shown in Fig. 
3. 

The Line-width in Dilute Solutions: We could measure 
the 3 5 C1NMR spectra with a reasonable S/N ratio 
( > 5) up to a solution of several mmol d m - 3 in both 
systems. We found that the line-width is about 12 
Hz in this highly dilute concentration range. Since 
the salts dissociate perfectly in this concentration range, 
we may conclude that the line-width of the "free 
ion" is ca. 12 Hz. Here, the "free ion" means the 
chloride ion being solvated only by water molecules 
and not interacting with cations. 

The Line-width in the Concentrated Solutions: Let us 
consider the aqueous potassium chloride system first. 
Within the concentration range studied, potassium 
and chloride ions can exist partly as "solvent separated 
ion pairs." In 3.8 mol d m - 3 aqueous potassium chlo­
ride solution, which is the most concentrated solution 
studied, the molar ratio of (potassium ion) : (chloride 

X 
© 

• ! -H 

I 

Ö 
"•3 

Concentration of Et4NCl/mol olm"3 

Fig. 1. Concentration dependence of the half-line-
width in the aqueous tetraethylammonium chloride 
sysmtem at 30 °C. 
(O): The observed value, (# ) : the viscosity cor­
rected value (see Eq. 3 in the text). 

0 1 2 3 
Concentration of KCl/mol dm - 3 

Fig. 2. Concentration dependence of the half-line-
width of the aqueous potassium chloride system at 
30 °C. 
(O) : The observed value, (# ) : the viscosity corrected 
value (see Eq. 3 in the text). 

> i h 

0 1 2 3 A 
Concentration of chloride/mol dm - 3 

Fig. 3. Concentration dependence of the viscosity coef­
ficient in the aqueous tetraethylammonim chloride 
system (# ) and in the potassium chloride system 
(O) at 30 °C. 
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ion) : (water) is about 1:1:13. Therefore, each ion 
is surrounded by only six or seven molecules, and 
there are no excess free-water molecules left; that 
is, the ions are separated from each other by two 
layers of water molecules. One might think that this 
would increase the line-width to some extent. Never­
theless, the line-width remains ca. 12 Hz throughout 
the concentration range studied. Here, we may draw 
the important conclusion that the line-width of chloride 
ions in "solvent separated ion pairs" is also 12 Hz. 
In other words, the line-width of a chloride ion is 
not affected by the other cations which are separated 
from the ion in question by at least two layers of water 
molecules. Tha t is, the line-width is determined only 
by the nearest neighbours of the chloride ions.5) 

Next we shall consider the behaviour of the line-
width in the aqueous tetraethylammonium chloride 
system. As is shown in Fig. 1, the line-width varies 
remarkably with the change in the concentration, 
which is in good contrast to the concentration de­
pendence of the line-width observed for the aqueous 
potassium chloride system (see Fig. 2). I t is said 
that tetraethylammonium ions and chloride ions partly 
exist as "contact ion pairs" in aqueous solutions.6) 
Taking this into account together with the above 
conclusion that the line-width is affected only by 
the nearest neighbours of chloride ions, we may con­
clude that the concentration dependence of the line-
width in Fig. 1 originates from the formation of "con­
tact ion pairs," in which the chloride ions associate 
directly with tetraethylammonium ions. I t is easily 
recognized that the line-width is larger when a "con­
tact ion pai r" is formed because the electric field gra­
dient at the nucleus must become larger, and this 
causes a rapid quadrupolar relaxation. 

Quantitative Consideration of the Line-widths.^ In 
highly dilute aqueous tetraethylammonium chloride 
solutions, the following equilibria may be realized:7) 

Et4N+ + Cl-(HaO)„ ç = ± Et4N+(H20)MCl- ;==± 

E ^ + C l - O ^ O ) , . , + H aO, (4) 

where Kx and K2 are the association constants defined 
as: 

T A B L E 1. T H E CONCENTRATION DEPENDENCE OF 

CONDUCTIVITY IN AQUEOUS TETRAETHYLAMMONIUM 

CHLORIDE AT 25 °C 

The data are cited from Landolt-Börnstein. 

(5) 
K, = [Et4N+(HaO)raCl-]/[Et4N+][Gl-(HaO)K], 

K2 = [Et4N+Cl-(H20)w_1][HaO]/[Et4N+(H20)raGl-]. 

According to the conclusion of the previous section, 
the line-width of the chloride ion in a "solvent sepa­
rated ion pair ," E t 4 N + ( H 2 0 ) n C l - , should be nearly 
equal to that of a "free chloride ion," which we will 
represent as Avt from now on. O n the other hand, the 
line-widths of "contact ion pairs ," E t 4 N+Cl- (H 2 0) n _ 1 , 
which we express as Avp here-after, should be much 
larger than Avf. T h e observed line-widths may, then, 
be expressed as:8) 

Av = ( l -a )Avp + «Avf (6) 
with 

a = ([C1-(H20)M] + [Et4N+(H20)wGl-])/CEUNC1, (7) 

where £Et4Nci is the concentration of tetraethylam­
monium chloride. In order to confirm that the be­
haviour of ion pairing of chloride ions can be known 
through the line-width measurements, we calculated 

Concentration 
104£/mol dm~3 

0.1 
0.5 
0.7 
1.0 
2.0 
5.0 

10.0 

6.919 
11.76 
12.09 
17.33 
26.94 
34.74 
44.79 

Conductivity 
A/D,-1 cm2 mol-1 dm3 ^ 

109.14 
108.93 
108.84 
108.69 
108.28 
107.43 
106.53 

106.7 
106.0 
105.8 
105.4 
104.4 
103.8 
103.0 

TABLE 2. THE PARAMETER VALUES USED FOR THE 

CALCULATIONS OF K& AND KX 

A0= 109.1 D,-1 cms mol-i dm3 

r = 2 9 8 . 1 6 K 
D = 78.57 Debye 
^ = 0.895 0? 

fl=8Â 
<? = 4.770xl0- 1 0esu. 

K„ = 3.7 mol-1 dm3 

a = 8 Â 
r = 2 9 8 . 1 6 K 
e = 4.770xl0-1 0esu. 
Z>=78.3Debye 

^ = 3.14 mol-1 dm3 

#2 = 9.8 mol-1 dm3 

Av{ and Avp using Eqs. 6 and 7. 
T h e equilibrium constants, Kt and K2, can be cal­

culated by the use of the Matesich method.7) First, 
the apparent association constant, K&i is calculated 
from the conductivity data of Table 1 by the method 
of Fuoss and Krauss:9) 

iCa = c(ion pairs)/(cRlN+){cCi-(H2o)n) 

= ^ ( 1 + ^ / ^ 0 ) , (8) 

and K± is estimated by using the Fuoss-Eigen equa­
tion.6) As a result, K2 can be calculated by sub­
stituting the observed values of K& and Kx into Eq. 
8. T h e equilibrium constants finally obtained, Ä"a, 
K±, and K2, and the parameters used in the calculation 
of K& and Kx are summarized in Table 2. 

T h e line-widths in this system were measured under 
the same conditions as those used for the electric-
conductivity measurements; that is, the temperature 
was kept at 25 °G, and the concentrations of the salts 
were smaller than, or nearly equal to, 10 mmol d m - 3 . 
T h e viscosities of these solutions are 0.89 cP, which 
equals that of pure water at 25 °G. 

The degree of dissociation, a, was calculated at 
six different concentrations (see Table 3), and the 
intrinsic line-widths, Avp and Avt, were determined 
by the least-squares method using Eq . 6. T h e cal­
culated values are ; A v p = 5 4 6 ± 1 9 5 Hz9) and Avf= 
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T A B L E 3. T H E CONCENTRATION DEPENDENCE OF T H E 

LINE-WIDTHS IN AQUEOUS TETRAETHYLAMMONIUM 

CHLORIDE AT 25 °G 

The observed viscosities are 0.089 cP in all solutions. 

Concentration of 
Et4N+Gl/mol dm-3 Av/Hz Av°fHz 

3.16 
4.78 
5.99 
8.42 
9.27 

11.9 

11.1 
11.82 
11.9 
12.4 
12.45 
13.2 

12.5 
13.3 
13.4 
13.9 
14.0 
14.8 

0 1 2 
Concentration of Et4NCl/mol dm-3 

Fig. 4. Concentration dependence of the half-line-
width of the tetraethylammonium chloride-aqueous 
acetone system at 30 °G (the mole fraction of acetone 
is 0.14). 
(O) : The observed value, ( # ) : the viscosity corrected 
value (see Eq. 3 in the text). 
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0 0.5 1.0 
Concentration of KCl/mol dm~~3 

Fig. 5. Concentration dependence of the half-line-
width of the potassium chloride-aqueous acetone sys­
tem at 30 °C (the mole fraction of acetone is 0.14). 
(O) : The observed value, ( # ) : the viscosity corrected 
value (see Eq. 3 in the text). 

11.6+0.3 Hz. T h e obtained line-widths of "free ions" 
or "solvent separated ion pairs" are reasonably close 
to those estimated in the former sections; the line-
width of "contact ion pairs" also seems to be rea­
sonable, because the line-width is about 380 Hz in 
a pure acetone solution of tetraethylammonium chlo­
ride, in which the contribution of "contact ion pairs" 
is known to be significant ( a~0 .3 ) . 

T h e above consideration confirm our approach and 
so we propose this line-width-measurement method 
as a convenient and straightforward method for judging 
whether or not chlorine ions form "contact ion pairs" 
in aqueous solutions. 

Line-width in the Tetraethylammonium Chloride and 
Potassium Chloride in an Aqueous Acetone System. The 
concentration dependences of the line-widths in tetra­
ethylammonium chloride and potassium chloride in 
the aqueous acetone systems were also observed: the 
results are shown in Figs. 4 and 5, where the mole 
fraction of acetone is fixed at 0.14. 

W e can point out from the concentration depend­
ence of the line-width in the tetraethylammonium 
chloride system that "contact ion pairs" are also formed 
in this system, while the concentration-independent 
line-width in the potassium chloride system indicates 
that in this system, "contact ion pairs" do not con­
tribute to any detectable extent. 

Aside from this, we can point out two peculiar 
phenomena in Figs. 4 and 5. T h e observed values 
of the line-widths ( ~ 6 0 Hz) in the potassium chloride 
system are larger than those in the aqueous solution, 
and the line-width of the tetraethylammonium chloride 
system in the very dilute solutions (~70 Hz) is also 
larger than that in an aqueous solution (12 Hz) . 

T o make clear the reason for these peculiar phe­
nomena, we also measured the line-width by changing 
the fraction of acetone in an aqueous acetone solution. 
T h e results are shown in Figs. 6 and 7. The observed 
line-width becomes broader according to the increase 
in the fraction of acetone in both cases. 

There are at least two possible explanations. One 
is that the acetone molecules enter the first coordina­
tion sphere of chloride ions to make the electric field 
gradients at the nuclei larger; the other is that acetone 
molecules break the structure of the first coordination 
sphere, which results in the breaking down of the 
spherical symmetry around the chloride ion. The 
M O calculations may shed light upon this problem, 
and so investigations along this line are now under 
way. 

Line-width Broadening Due to Common-ion Effect. If 
our interpretation that the line-width broadening is 
caused by the existence of the "contact ion pai r" 
in the equilibria is correct, the 35G1 line-width should 
be broadened by adding other salts containing the 
common ion, that is, the tetraethylammonium ion, 
judging from the mass-law effect. Therefore, we meas­
ured the change in the 35C1 line-width of tetraethylam­
monium chloride by adding tetraethylammonium bro­
mide. One should notice that the added bromine 
has a dual effect on the ionic equilibria. T h a t is, 
because of the mass-law effect, it makes the concen­
tration of "paired species" larger on one band, while 
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0 0.5 
Mole fraction of acetone 

Fig. 6. Dependence of the half-line-width of the tetra­
ethylammonium chloride-aqueous acetone system on 
the mole fraction of acetone at 30 °G (the concentra­
tion of tetraethylammonium chloride is 0.1 mol dm - 3) . 
(O) : The observed value, ( • ) : the viscosity cor­
rected value (see Eq. 3 in the text). 

0 0.2 0.4 
Mole fraction of acetone 

Fig. 7. Dependence of the half-line-width of the 
potassium chloride system on the mole fraction of 
acetone at 25 °G (the concentration of potassium 
chloride is 0.2 mol dm - 3) . 
(O) : The observed value, (# ) : the viscosity cor­
rected value (see Eq. 3 in the text). 

on the other it makes "paired species" dissociate to 
"free ions" as a result of an increase in the ionic 
strength of the solution. 

The results are shown in Fig. 8. A tendency for 
the line-width to increase is clearly recognized. This 
shows that the net effect of the added common ion 
in this case results in the increase in the concentration 
of "contact ion pairs," which in turn causes the line 
broadening in the 3 5 C1NMR. 

Summary. In summary, the line-widths of 35G1 
N M R spectra are found to reflect the circumstances 
of the first coordination sphere around chloride ions 
quite sensitively. T h e dependence of the line-widths 
on the concentration of ions can afford important 
information on "contact ion pa i r" formation. By ana-

0 1 2 
Concentration of Et4NBr/mol dm - 3 

Fig. 8. Dependence of the half-line-width of the aque­
ous tetraethylammonium chloride system on the con­
centration of tetraethylammonium bromide. 
(O): The observed value, (#) : the viscosity corrected 
value (see Eq. 3 in the text). 

lyzing the concentration dependence of line-widths 
in the dilute concentration range, we have proposed 
values of the intrinsic line-width of the "contact ion 
pa i r" ( A v p = 5 4 6 ± 1 9 5 H z ) and that of "free ions" 
or "solvent separated ion pairs" (Av f =11 .6±0 .3 Hz) . 

This methodology may be found to be quite unique 
when it is compared with the conventional one based 
upon conductivity data. While the latter can dis­
tinguish "free ions" from "ion pairs ," our present 
method distinguishes a "contact pa i r" from a "solvent 
separated" one. 

T h e 35G1 N M R method promises to afford fruitful 
information on solvation or ion pairing phenomena 
from the point of view of the microscopic aspects 
over the range from dilute to highly concentrated 
solutions. 
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into Eq. 1, e2q Q, can be calculated to be 3 MHz, assuming 
T C = 1 ps. As for "contact ion-pairs" (A^=300Hz), e2qQ 
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Light Scattering Study of the 12-Hydroxyoctadecanoic Acid 
and Benzene Mixture in the Gel State 
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The structure of the 12-hydroxyoctadecanoic acid-benzene gel was studied by the use of the light scattering 
spectrometer. The scattering angular dependence of the scattering intensity and the time correlation function 
of the electric field were measured. It was found that the coarse mesh network and the fine mesh network coex­
ist in this gel. The former was detected by the intensity measurement, while the latter was detected by intensity-
fluctuation spectroscopy. The usefulness of the light scattering technique was emphasized. 

A measurement of light scattered by the fluctuation 
of a dielectric constant is a preferred method for 
studying a molecular arrangement in a dimension 
of several hundred or several thousand angstroms. 
Gels are interesting objects to study by the light scat­
tering method, as has been shown by the reports of 
Prins et al.1) and Tanaka et al?) on the structure deter­
mination of the agarose or Polyacrylamide gel. 

In the present work, we study a gel made of 12-
hydroxyoctadecanoic acid (12HOA hereafter) and ben­
zene in order to examine the structure utilizing the 
features of the light scattering method. The 1 2 H O A -
benzene gel has already been studied in detail by 
Tachibana et al. using the X-ray diffraction method, 
circular dichroic spectroscopy, an electron microscope, 
and other methods.3) According to their conclusions, 
the 12HOA molecules construct fiber-like crystallites 
in which 12HOA molecules are aligned to form a 
chiral smectic structure. These fiber-like crystallites 
enmeshing the gel may be thinner than 10—100 nm, 
as estimated from the observation of the dried gel 
(the solvent having been evaporated) under an electron 
microscope. 

The purpose of the present study is to get direct 
information about the structure of network constructed 
by the fiber-like crystallites. Using the light scattering 
method, we can study the structure of the gel state 
without evaporating the solvent. We measured the 
angular dependence of the scattered light intensity 
and the time correlation function of the electric field 
of the scattered light. The light is scattered essentially 
by the crystallites in this gel. 

Exper imenta l 

A schematic diagram of the light scattering spectrometer 
constructed in this laboratory is shown in Fig. 1. The 
light source is an argon-ion laser (Spectra-Physics Model 
165-09). The scattering angle, 6, is varied by adjustable 
mirrors, M1 and M2, and is defined by two pinholes, Px 

and P2, with a diameter of 1 mm. Px and P2 are approxi­
mately 50 cm apart from each other. The incident light 
is focused into a sample cell (12 X 15 X 16 mm3) made of 
fused quartz. 

The photomultiplier tube, PM, has a S-20 response 
(Hamamatsu TV, R-374) and is operated at 840 V at room 
temperature. The photomultiplier, and the output power 
is integrated at a time constant of 1 s and is read out on an 
oscilloscope. The autocorrelation function of the photo-
current is observed by means of a 400-channel correlation 

Fig. 1. The block diagram of the light-beating spec­
trometer. 

and probability analyzer (KANOMAX, S AI 43A). 
All the measurements were performed at 24 ± 1 °C. The 

power of the incident light was controlled within 60—15 
mW by the use of ND filters in order to avoid any tempera­
ture elevation in the sample. 

12HOA was purified from commercial products following 
the method described in the literature.4) The purity was 
ascertained to be more than 99% by observing the presence 
of the methyl ester by gas chromatography. The concen­
tration of 12HOA in this gel was about 33 mmol dm"3. 

12HOA was dissolved in benzene at 50 °G. Then, it 
was made dust-free by the use of a millipore filter FG of 
0.1 [xm pore size and was injected into the sample cell. This 
sample was cooled down from 50 °G to 24 °G with the cooling 
rate of 2 °C/h. Further, the sample was left for about one 
day at 24 °G. The gel finally obtained was an aggregate 
of spherulitical domains, as has been reported by Tachibana 
et al?) For the actual measurement, we used a gel whose 
spherulitical domains were larger several centimeters in 
diameter so that we could avoid the reflection effect at the 
boundaries of these domains. This gel was transparent to 
the human eye. 

For the polarization measurements, Glan-Thompson prisms 
(1x1 cm2 in section) were used to define the polarization 
direction of the light. 

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

The power spectrum of the light scattered from 
the gel corresponds to the fluctuation of the dielectric 
constant in space and time, as expressed by these 
relations:5) 
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I(ff, a>) = l-j(ß%(q9 t)Ès(q, 0)>e»-«d# 

with 

= ~[\[<Aesi(r, t)Ae,i(0, 0)eiS-?d»rel"«d* 

Aesi = ivAe-räi 

y(«r, 0 = J<Aesi{r, t)Aesi(0, 0)>ei«-r cPr, 

(1) 

(2) 

(3) 

and 
A = kiElV/16n2B?El, (4) 

where Es(q,t) is the electric field of the scattered light 
at time t and for a scattering vector, q, Aes i the ele­
ment of the dielectric-constat fluctuation tensor, Ae; 
ns and n., the directions of the electric field of the 
scattering and incident light respectively; V, the scat­
tering volume; ks, the wave vector of the scattered 
light in the medium; E0, the electric field of the i-
component of the incident light; R, the distance be­
tween the scattering volume and the detector, and 
e0, the macroscopic dielectric constant; the suffixes 
i and s identify the polarization directions of the in­
cident and scattered lights respectively. 

Integrating Eq. 1 over the frequency, one gets: 

1(g) =^<Af s i ( r )A £ s I (ö)>ei5-?d 3 r , (5) 

which shows that the integrated intensity of a Rayleigh 
line can afford information about the dielectric-con­
stant fluctuation. 

O n the other hand, the photo-current correlation 
function, <i(0*(°)>> is related to the field correlation 
function by this formula:5) 

</(0«(0)> ex (\E(q, 0)|2> + \(E(q, t)-E(q, 0)>|" (6) 

so long as the optical field obeys Gaussian statistics. 
A comparison of Eqs. 1 and 6 leads to the conclusion 
that it is possible to obtain the square of the field 
correlation function experimentally, because we can 
observe the photocurrent correlation function with the 
use of our instrument, in which an analog correlator 
is installed. 

Angular Dependence of the Intensity of the Scattered Light. 
We consider here only the intensity of the light scat­
tered from the isotropic fluctuation of the dielectric 
constant, because the intensity of the depolarized com­
ponent is only about 8 % that of the polarized one 
in this gel. Although several kinds of fluctuations 
can cause the dielectric-constant fluctuation, the ex­
istence of the fiber-like crystallites of 12HOA has 
the decisive effect. Other fluctuations—for example, 
the thermally excited density fluctuation of a solvent 
and the density and orientation fluctuation of 12HOA 
in each crystalline, have negligibly small effects on 
the fluctuation of the dielectric constant. 

If we expand the exponential term in the right-
hand side of Eq. 5 and neglect the terms higher than 
cubic, we obtain these relations: 

1(g) = ^ (<Ae(r)A*(0) W l — ^ < w ) (7) 

0 1 2 3 A 5 
ç2/10»cm-2 

Fig. 2. The scattering intensity against q2 for the 33 
mmol dm-3 12HOA-benzene gel at 24 °G. 

with 

Rc
2 =[ <Ae{r)Ae(0)yr*d*rlf (Ae(r)Ae(0))d*r. (8) 

Ra is called a correlation length of the fluctuation 
and corresponds to the mean size of the mesh of the 
gel network, made of 12HOA in the present system. 
Rc can be estimated by using Eq. 7 if we measure 
the intensity of the scattered light as a function of 

T h e observed intensities are plotted against q% in 
Fig. 2. The scattered-light intensity is nearly constant 
in the range of 3.0 X 1 0 9 < ^ 2 < 8 . 0 x 109 and then in­
creases as q2 increases in the range of 3.0xl09><72 

(see Fig. 2). We have to put a large uncertainty 
in the final "correlation length" value because we 

could not measure I(0)=AJ <A£(ö)Ae(r)>d3r with 

sufficient accuracy. This arises from the existence 
of the stray light which is inevitable for small-angle 
measurements. In addition, the neglections of the 
higher-order terms of Eq. 7 can be a source of con­
siderable uncertainty for the Rc value. However, it 
may be reasonable to conclude that the "correlation 
length of fluctuation" or the size of mesh in this gel 
is in the order of a few thousand angstroms. 

Intensity Fluctuation Spectroscopy of the Scattered Light. 
The intensity fluctuation of the light scattered from 
the gel originates from various types of motions: (1) 
the relative motions between the solvent and the 
fiber-like crystallites which construct the gel network; 
(2) the relative motions of the 12HOA molecules in 
the crystallites, and (3) the relative motions of the 
solvent molecules. T h e correlation functions, y(q,t), 
of the dielectric constant fluctuation caused by these 
relative motions can be expressed by this relation:5) 

y(g, t) ocexp(-f»Z)0, (9) 

where q is the scattering vector and D is the param­
eter describing the rapidity of the motion, the dimen­
sion of which is [^]2/[T']- I n the case of the relative 
motion of Type (3), D is estimated from the thermal 
diffusivity of liquid benzene, to be in the order of 
10 - 3cm2 /s .6) In the case of the relative motion of 
Type (2), D can be in the order of 10 - 6 cm2/s, which 
is estimated from the elastic constant, K, and the 
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a) 6=25.0° 

b) 6 = 13.0° 

0 1 2 3 4 
t / m s 

Fig. 3. The observed correlation function for the 33 
mmol dm-3 12HOA-benzene gel at 24 °C. The scat­
tering angles are: a) 25° and b) 13°. 

5 % Polyacrylamide gel 

e =13.0° 

t / ms 

Fig. 4. The observed correlation function of the 5% 
w/w aqueous Polyacrylamide gel at 24 °G with the 
scattering angle of 13°. 

viscosity, i}y for the ordinary smectic A-type liquid 
crystal through the relation: Dc^K\r}?) Furthermore, 
the scattered light strongly depolarized in this case, 
because this fluctuation is caused by the orientation 
of the mesophase molecules. O n the other hand, 
the D-value for Type (1) has been known to be in 
the order of 10~7 cm2/s, as estimated from the longi­
tudinal compressional modulus, G, and the friction 
constant, f, observed for Polyacrylamide gel through 
the relation: D = G/f.2) Therefore, these three dif­
ferent modes can be observed separately if we adopt 
an appropriate experimental set-up for the actual 
measurement of the correlation function. 

Figure 3 shows some typical examples of the ac­
tually observed current correlation function, which 
corresponds to the electrical field of the polarized 
component of the light scattered from the 1 2 H O A -
benzene gel. The correlation function of the depo­
larized component could not be observed in this case, 
because the intensity of the depolarized component 
was negligibly small in comparison with that of the 
correlation function in the aqueous Polyacrylamide 
gel (5 % w/w). One of the results is illustrated in 
Fig. 4. In the case of the aqueous Polyacrylamide 
gel, we could observe the correlation function with 
a good reproducibity from any scattering volumes 
in the sample. From Eqs. 1, 6, and 9 it can be seen 
that the time-dependent par t of the current correlation 

Fig. 5. The structure of the netweork constructed in 
the 12HOA-benzene gel (schematic). A is several 
thousand Angstroms which corresponds to the wave­
length of the incident light. 

function is related to the correlation function of the 
dielectric constant as: 

<i(t)i(0)}tœexp(-2q*Dt). (10) 

The D-value was obtained for the Polyacrylamide 
system as (2.2 + 0.2) X 10~7 cm2/s from the least-squares 
fitting to Eq. 9, which agrees well with the observation 
of Tanaka et al. (D = (2.4±0.1) X 10~7 cm2/s). 

In the case of the 12HOA-benzene gel, D was 
obtained as (0.97+0.24) x 10~7 cm2/s. The relatively 
large uncertainty attached to the D-value arises from 
the poor S/N ratio of the observed correlation function. 
As the magnitude of D is as large as that of the Poly­
acrylamide gel, we can conclude that the scattered 
light from the 12HOA-benzene gel reflects the relative 
motions of Type (1), that is, the relative motion be­
tween the solvent and the crystallites. T h e mesh of 
the network made from the crystallites should be 
much finer than the wavelength of the incident light. 
I t must be emphasized that the correlation function 
was not always observed in the 12HOA-benzene gel; 
that is, the appearance of the correlation function 
was dependent on the position of the scattering volume. 
This may reflect the situation that the network with 
the fine mesh is not dispersed homogeneously in the 
sample, quite different the situation in the aqueous 
Polyacrylamide gel. 

Concluding Discussion. According to the results 
reported in the previous paragraphs, a network with 
rather complicated structures is formed in the 1 2 H O A -
benzene gel. T h e integrated intensity data and the 
current correlation function show that there are two 
kinds of networks in this gel. One is a network with 
a mesh of a few thousand angstroms (obtained from 
the intensity da ta) , and the other is one with a much 
finer mesh (from the correlation function). 

Tachibana et al. observed fiber-like crystallites whose 
thickness was 10—100 nm in the dried gel (the solvent 
being evaporated) under an electric microscope. The 
network with a mesh of a few thousand angstroms 
may be constructed from such fiber-like crystallites. 
As the thickness of the fiber-like crystallites is 10— 
100 nm, and as those crystallites contain no solvent,3) 
the fiber might be very hard. Therefore, they cannot 
entangle themselves with each other densely, thus 
forming a rather coarse network. These fibers which 
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form the coarse network are linked together here 
and there by smaller networks with a fine mesh. These 
fine networks are dispersed inhomogeneously in the 
gel: that is, there might be some areas in which the 
fine networks are stretched densely and others in 
which the fine networks are not stretched. In Fig. 
5 we visualize the structure of the network formed 
in the 12HOA-benzene gel schematically. The ex­
istence of the fine network has not been noticed before 
in the 12HOA-benzene gel. W e believe the existence 
of this fine network is essential for the formation of 
the gel phase, because the solvent molecules can be 
trapped in this fine network much more easily than 
in the coarse network. 

Incidentally, the present work has emphasized the 
importance of the light scattering study for the deter­
mination of complicated structures in materials, be­
cause we are able to choose appropriate regions of 
time and space for the measurements of the intensity 
and the correlation function of the electric field of 
the scattered light. 

The authors of this report wish to express their 
thanks to Professor Taro Tachibana for suggesting 
to them this interesting system (12HOA). 
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The encapsulation of krypton is realized with zeolite A, having compositions ( K ^ - ^ M ^ - A with 1.11< 
*^3.78, at temperatures lower than 300 °G and a pressure of 3.7 X 106 Pa. This encapsulation condition is much 
milder than the usual one, 350 °G and 4.2 X 108 Pa, which is adopted in industry. Such lowerings of the en­
capsulation temperature and pressure are caused by bivalent cations introduced through ion-exchanges. The 
result is an experimental evidence to the existence of the ion-loosening, effect proposed in preceding papers. 

Zeolite A has, at the center of its unit cell cube, 
a large cavity which is nearly spherical with a diameter 
of 1.14 nm and can accomodate sorbed molecules. 
This cavity is surrounded by six 8-membered oxygen 
rings, which are on {100} faces of the cube and con­
stitute windows to the cavity. In commercial molec­
ular sieves 3A and 4A, all of these windows are blocked 
by potassium and sodium ions, respectively.1) The 
molecular sieving characters of these zeolites are pri­
marily determined by the size of the aperture of the 
partially-blocked windows. The effective size of the 
aperture, however, depends upon temperature. At 
higher temperatures, a situation is realized that larger 
molecules, which are not sorbed at lower temperatures, 
are able to be sorbed. If the temperature is lowered 
after the large molecule being sorbed at higher tem­
perature, the windows are closed and the sorbed 
molecules are encapsulated.2) 

An example of the practical use of the encapsulation 
is that of radio-active 8 5Kr into 3A zeolite, for com­
mercial distributions. I t is a large merit that a lead 
container, required as a radiation shield, becomes 
very small for such a compactly encapsulated 8 5Kr. 
Usually, krypton is encapsulated into 3A at 350 °G 
and a pressure of 4.2 X 108 Pa.3»4) 

I t is expected that the encapsulation temperature 
and pressure are lowered by the ion-loosening tech­
niques presented in the preceding papers.5»6) T h e 
techniques consist in increasing the temperature de­
pendence of the window size by introducing bivalent 
cations onto 6-membered oxygen rings. In the pres­
ent paper, results of the krypton encapsulation are 
reported, which prove the ion-loosening effect. 

Exper imenta l 

The starting material was commercial sodium-A zeolite 
of powder form, manufactured by Toyo Soda Go. or Union 
Carbide Go. Sodium-A zeolite was treated at 80 °G with 
an 1 mol dm - 3 aqueous solution of KCl, repeatedly, to 
obtain K12-A. Resultant K12-A was further treated with a 
solution containing KCl and MnGl2, of 0.2 total normality, 
where M n is Ga, Go, Mn, or Zn. The composition of the 
zeolite was determined by the usual chemical analysis and 
atomic absorption spectrometry. The zeolite used contained 
M n ions less than 4 per unit cell. 

The dehydration process of the zeolite was studied with 
a quartz spring balance. The weight of the sample de­
creased to 75% of the initial one after vacuum baking-out 
for 2 h at 300 °G. After this treatment, no change was 

observed in the crystallinity of the sample with X-ray dif­
fraction techniques. This degree of the dehydration, we 
judged, is appropriate to the practical use of the zeolite 
as an adsorbent. In the following experiments, the sample 
zeolite was dehydrated at 300 °G for 2 h under vacuum. 

The sample zeolite (3—5 g) was packed in a conventional 
autoclave(300 cm3) and dehydrated. Then, krypton gas at 
a pressure of 3.7 X 106 Pa was introduced into the autoclave, 
held at 300 °G, and sorbed into the zeolite. After a waiting 
time of 60 min, the system was slowly cooled under the 
pressure, to room temperature, and then a residual gas of 
a high pressure was evacuated from the dead space in the 
autoclave. The amount of gas encapsulated in the zeolite 
was measured by a thermal desorption method. The auto­
clave was heated at a rate of about 1.3 °G min-1, and the 
amount of evolved gas was caught, through a flexible stain­
less steel tube, into a messcylinder placed upside-down in 
a water-filled vessel. 

R e s u l t s 

Figuers 1 and 2 show the amount of krypton de-
capsulated as a function of temperature. The total 
amount encapsulated, Vtotm, depended sharply upon 
the content of calcium in the zeolite as shown in Fig. 
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Fig. 1. Amount of Kr decapsulated as a function of 
temperature. 
Curve I : (K6.76Ca2.62)-A, Curve I I : (K7.84Ca2.08)-A, 
Curve I I I : Na12-A, Curve IV: (K5.81Na6.19)-A. 
Conditions of encapsulation: 300 °C, 3 .7x l0 6 Pa. 
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0 100 200 300 
Decapsulation temperature/°C 

Fig. 2. Effect of encapsulation condition to the amount 
encapsulated with (K6>76Ca2>62)-A. 
Curve I : 300 °G, 3 .7x l0 6 Pa, Curve I I : 150 °C 
3 .7xl0 6 Pa, Curve I I I : 300 °C, 1.7x10« pa. 

0 1 2 3 4 5 6 
Number of Ca per unit cell 

Fig. 3. Effect of calcium content to the total amount 
of encapsulation. 

3. At a composition of 4.5 Ca per unit cell (repre­
sented by a chain line), the completely unblocked, 
say, open window starts to manifest itself.7) Since 
krypton can freely pass through such an open window, 
Vtot should drastically decrease over this critical con­
tent. Experimentally, however, the value of Vtot , 
starts to decrease when calcium content exceeds 3 
per unit cell. To realize a maximum encapsulation, 
the content of calcium must be considerably smaller 
than 4.5 per unit cell. 

Other bivalent cations, such as Co2 + , Mn2+, and 
Zn 2 + , have the effect as Ca 2 + . Results are shown 
in Fig. 4. 

D i s c u s s i o n 

T h e diameter of krypton is slightly larger than that 
of the aperture in the K+-blocked window. In order 
that a visiting krypton atom is sorbed into the large 
cavity, the blocking K+ must be pushed aside to make 

bo 

in 
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Fig. 4. Encapsulation with various kinds of (K, Mn)-A 
zeolites. 
Curve I : (K7>08Co2>46)-A, Curve I I : (K6t52Mn2.74)-A, 
Curve I I I : (K5.58Zn3>21)-A. Conditions of encapsula­
tion: 300 °C, 3 .7x l0 6 Pa. 

distance from 
the window plane 

(a) ( b ) 

Fig. 5. Potential experienced by the window-blocking 
K+. 
(a) Potential in K12-A zeolite, (b) Potential in 
(K,Mn)-A zeolite. 

a way for the visitor. In other words, an activation 
energy is required in krypton sorption. The magni­
tude of the activation energy is primarily determined 
by the potential experienced by the blocking K+. 
T h e activation energy is large if the radius of curvature 
is small in the valley of the potential surface, while 
small if the radius is large. With this in view, we 
schematically represent the concerned potential forms 
for K12-A and (K ,M n ) -A zeolites in Fig. 5. The 
abscissa, z, denotes the distance from the window 
plane, and zQ the position of the potential valley in 
(K ,M n ) -A . A permanent widening of the aperture 
results from a large value of z0, while a temperature 
dependent one does from an increase in the radius 
of curvature. Such an aperture widening, due to 
bivalent cations, is named as an ion-loosening effect. 
The ion-loosening may increase with the increasing 
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content of M11.8) Thus, krypton can easily pass 
through K+-blocked windows if the content of M n 

exceeds 4 per unit cell, as shown in Fig. 3. 
In the last place, let us discuss a problem of the 

storage of 8 5Kr which is released in the reprocessing 
of nuclear fuel. The container tank must be air­
tight and have a thick wall. (K ,M n ) -A zeolite cannot 
be used for such a purpose, since the zeolite will be 
destroyed by radiations from 85Kr.tt However, it may 
be used as a transient storager. For instance, zeolites 
encapsulating 8 5Kr are installed in an air-tight vessel 
of thin wall, and then vessel is concreted by cement 
before the zeolites are seriously damaged by the radia­
tion. This packing process may considerably be eco­
nomical than the usual direct containment with a 
thick vessel of corrosion-resistive metal. 

tt Penzhorn and his coworkers are trying to encapsulate 
permanently.9) In their case, zeolite A is structurally 
changed, and the situation is very different from ours. 

with (K,Mn)-A Zeolites 1945 
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The electronic absorption spectra of 2,6-bis(dicyanomethylene)-2,6-dihydronaphthalene (11,11,12,12-
tetracyano-2,6-naphthoquinodimethan; TNAP) and its anion radical (TNAP -) were studied. The absorption 
bands of the solution spectra of TNAP0 and TNAP - were successfully assigned to the electronic transitions which 
were calculated by the use of molecular orbital method. The polarized absorption and reflection spectra were 
measured on the single crystals of Na-TNAP and (methyltriphenylphosphonium) (TNAP) 2 [(MTPP)(TNAP)2]. 
The low-lying electronic excitations of these complexes are quite similar to those of the corresponding tetracyano-
quinodimethan (TCNQJ salts. 

The discovery of the low-dimensional metallic 
behavior of organic charge-transfer salts such as 
tetrathiafulvalene-tetracyanoquinodimethan ( T T F -
T C N Q J 1 ) strongly stimulated research concerning the 
physical properties of related organic charge-transfer 
salts and the synthesis of new organic electron donors 
and acceptors. 

2,6 - Bis( dicyanomethylene) - 2,6 - dihydronaphthalene 
(11,11,12,12- tetracyano - 2,6 - naphthoquinodimethan ; 
TNAP) was synthesized by Diekmann et al. and shown 
to be a strong acceptor.2) The simple salts of T N A P 
were found to have higher conductivities than the 
analogous T C N Q , salts,2) and H M T S F - T N A P (2,2'-
bi[2,4 - diselenabicyclo[3.3.0]octan - 2 - yl idene]-TNAP) 
was found to have very high electrical conductivity 
at room temperature.3) For understanding the elec­
tronic behaviors of those T N A P complexes, it is neces­
sary to accumulate the da ta concerning the electronic 
structures of T N A P complexes. 

In the present study, we have investigated the 
polarized absorption and reflection spectra of the single 
crystals of the simple salt, N a - T N A P , and the 
complex salt, (methyltriphenylphosphonium) (TNAP) 2 

[ ( M T P P ) ( T N A P ) J . 

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

TNAP was synthesized by the procedures described in 
the literature2'4'5) and purified by recrystallization from 
an acetonitrile solution. The complexes, Na-TNAP and 
(MTPP)(TNAP)2 were obtained according to the method 
described in the literature.2»5) 

Polarized absorption and reflection spectra were measured 
on very small single crystals by use of the microspectropho-
tometric apparatuses for the transmission and reflection 
spectroscopies. The details of those apparatuses and the 
procedure of measurement have been described elsewhere.6'7) 
All spectra were obtained at room temperature. 

Absorption spectra of solutions were measured using a 
Hitachi EPS-3 spectrometer. 

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

Electronic Transitions of TNAP Molecule and TNAP~ 
Ion. In order to interpret the crystal spectra 
of T N A P complexes, it is of essential significance to 
know the electronic transitions in T N A P molecule 
and T N A P " ion. In Fig. 1, we show the solution 
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Fig. 1. The solution spectra of (a) TNAP molecule 
and (b) TNAP - ion in the acetonitrile solutions. 
The vertical lines represent the results of the SGF-
MO-GI calculations. The arrows represent the di­
rections of the transition moments. 

spectra of T N A P 0 and T N A P " , obtained from ace­
tonitrile solutions of T N A P and K T N A P . T h e ob­
served wave numbers, molar extinction coefficients, 
and oscillator strengths of absorption bands are listed 
in Table 1. T o find out the assignments of the ob­
served absorption bands, we carried out SCF-MO-CI 
calculations on the n electron systems of the molecule 
and ion of TNAP.8) T h e results are also included 
in Table 1. T h e predicted transitions are indicated 
in Fig. 1, with the vertical lines, the length of which 
is proportional to the predicted oscillator strengths, 
the directions of transition moment being shown with 
an arrow. 

In the solution spectrum of TNAP 0 , there appears 
a strong absorption band at 2 1 . 1 x l 0 3 c m - 1 which 
is completely isolated from other weak absorption 
bands. T h e molecular orbital calculation predicted 
that the transition (1) had a strong oscillator strength 
(2.47) and was separated far from other transitions 
as shown in Fig. la . Therefore, the absorption band, 
N l 5 is unambiguously assigned to the transition (1). 
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TABLE 1. WAVE NUMBERS, MOLAR ABSORPTION COEFFICIENTS, AND OSCILLATOR 

STRENGTHS OF LOCAL EXCITATION BANDS OF T N A P 0 AND T N A P -

TNAP0 

TNAP-

Transition 

Nx 

A2 

A. 

A3 

jja) 

103 cm-

21.1 

9.0 

10.6 

11.8 

18.8 

19.3 

23.9 

Obsd 

e b ) 

1 1 mol - 1 cm - 1 

79600 

84400 \ 

30400 | 

7500 J 
14200 ) 

15000 ) 

32800 

/c> 

0.94 

0.38 

0.18 

0.32 

Transition 

(1) 

(1) 

(2) 

(3) 

(4) 

v$) 

103 cm-1 

16.6 

7.7 

17.0 ) 

18.8 J 

25.0 

Galcd 

/ e ) 

0.82 

0.16 

0.12 

0.12 

Dominant^ 
configuration 

6au<-5bg 

6au<—5bg 
and 
vibrational 
structures 

6bg<—6au 

7bg<^6au 

8bg<—6au 

a) Wave numbers, b) Molar absorption coefficients, c) Oscillator strengths, d) Wave numbers, e) Oscillator 
strengths which are divided by 3 in order to compare them with the experimentally obtained values from the 
solution spectrum, f) The dominant configuration of the wave functions of the ground states in TNAP0 and 
TNAP- ion are represented as follows respectively; 

TNAP°: r0=(lau)2(lbg)^(2au)2(3au)2(2bg)2(3bg)2(4bg)^(4au)2(5au)2(5bg)2(6au)0, 
TNAP-: ^0=(lau)2(lbg)^(2au)2(3a02(2bg)2(3bg)2(4bg)n4au)2(5au)2(5bg)2(6au)H6bg)0(7au)0(7bg)0(8bg)0. 

to z 
« 

TABLE 2. WAVE NUMBERS OF ABSORPTION BANDS 

IN THE SPECTRA OF Na«TNAP 

- i 1 1 1— 

15 20 25 30 

WAVE NUMBER / 103cnf1 

Fig. 2. Polarized absorption spectra of the single crystal 
of Na-TNAP. 

The direction of the transition moment is almost 
parallel to the long axis of the molecule. The spectral 
features in this region are quite similar to those of 
T C N Q 0 except that the excitation energy of T N A P 0 

is lower by about 3 x l 0 3 c m _ 1 as compared with 
T C N Q 0 . 

The solution spectrum of T N A P - ion is more com­
plicated than that of TCNQ," ion. We will denote 
the absorption bands as A l 3 A2, and A3, respectively, 
in the order of increasing wave number, as shown 
in Fig. lb . The structure of the band A1 is similar 
to the vibrational structure of the absorption band 
of T C N Q , - ion which has been assigned to the transition 
from the highest doubly occupied molecular orbital 
to the top-most singly-occupied molecular orbital. We 
can assign this band to the transition (1). The ab­
sorption band A2 is broad and has a shoulder in the 
low wave number edge as shown in the inset of Fig. 

Absorption 
bands 

B 

C 
D 
E 

v&) 
103 cm-1 

< 5 

14.5 
21.0 
28.0 

Transition character 

GT : (TNAP)-(TNAP)- - • 
(TNAP) ° (TNAP)2-

LE : Ai 
L E : A2 

LE : A3 

a) Wave numbers. 

lb . Probably it is composed of two electronic transi­
tions. We will tentatively assign the band A2 to 
the superimposition of the transitions (2) and (3). 
The band A3 can be assigned to the transition (4) 
by comparing the observed energy and oscillator 
strength of this band with the calculated results. 

NaTNAP. N a - T N A P is expected to be a 
salt composed of Na+ and T N A P - . Light-green plate­
like crystals of this complex can be obtained from 
the acetonitrile solution. Since the crystal structure 
has not been known, the absorption spectra of the 
crystal were observed with the light polarized parallel 
and perpendicular to the elongated axis (/// and 
±1) of the crystal. The observed spectra are shown 
in Fig. 2. The wave numbers of the observed bands 
are listed in Table 2. The jjl spectrum exhibits a 
strong absorption band below 5 X 103 c m - 1 (B). There 
is no absorption band in this region in ±1 spectrum. 
Thus the absorption band (B) is completely polarized 
in the direction of the /-axis which is likely to be 
the stacking axis of T N A P - . We cannot expect any 
local excitation band associated with an intramolec­
ular transition of T N A P - in this region. Thus the 
observed absorption band (B) must be the one arising 
from the charge transfer (CT) between T N A P - ions. 

I n the region above 9 x l 0 3 c m - 1 , the /// spectrum 
shows no absorption band although the _l_/ spectrum 
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Fig. 3. Polarized reflection spectra of the single crystal 
of (MTPP) (TNAP) 2 measured on the (001) plane 
and the projection of TNAP molecules in the crystal 
onto (001) plane. 

shows three absorption bands (C, D, and E) . By 
comparing this ±1 spectrum of Na»TNAP with the 
solution spectrum of T N A P " , we can conclude that 
14.5X103 (C), 2 1 . 0 x l 0 3 ( D ) 5 and 2 8 . 0 x l 0 3 (E) cm" 1 

bands are the local-excitation bands corresponding 
to the 9— 11.8X103 ( A J , 18.8—19.3 X 103 (A2) and 
23.9 XlO 3 (A3) c m - 1 bands in the solution spectrum 
of T N A P - ion, respectively. T h e relative intensity 
of the band D is very weak in comparison with the 
solution spectrum. I t seems to be due to the dif­
ference of the direction of transition moment between 
the transition (2) and (3). 

The local excitation bands G, D, and E are located 
at wave numbers higher by about 4 — 5 x l 0 3 c m - 1 as 
compared with the corresponding absorption bands 
of the solution spectrum of T N A P - ion. This is 
just the magnitude of the shift that is often found in 
the crystal where the intermolecular charge-transfer 
interaction is taking place between the constituent 
radical ions.9) 

(MTPP) (TNAP) 2. T h e crystal structure of 
this complex has been revealed by Sanz and Daly.10) 
I t is triclinic. In this crystal, T N A P molecules are 
arranged in groups of the four molecules which are 
almost parallel and equally spaced (3.30 Â) with each 
other. I n other words, the crystal is composed of 
T N A P tetrads. T h e molecules between two consecu­
tive tetrads are 3.46 Â apart . There is not significant 
difference in the molecular geometries of the four 
molecules in a tetrad. 

T h e reflection spectra were measured on the (100) 
and (001) planes. O n the (001) plane, the spectra 
were measured with the light polarizations, parallel 
to b and a axes (//b and //a) and perpendicular to 
b and a axes ( ± b and ± a ) . O n the (100) plane, the 
spectra were measured with the light polarizations 
parallel to b and c axes (//b and //c) and perpendicular 
to b and c axes (_Lb and _Lc). The observed reflection 
spectra are shown in Figs. 3 and 4 with the projections 
of T N A P molecules. The absorption spectra directly 
measured by the transmission method are shown in 

n 1 1 r 
10 15 20 25 

WAVE NUMBER /103 cm-1 

Fig. 4. Polarized reflection spectra of the single crystal of (MTPP) (TNAP) 2 measured on the (100) 
plane and the projection of TNAP molecules in the crystal onto (100) plane. 
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TABLE 3. WAVE NUMBERS OF ABSORPTION BANDS 

DERIVED FROM THE DISPERSION ANALYSIS OF 

THE REFLECTION SPECTRA OF ( M T P P ) ( T N A P ) 2 

July, 1981] Absorption and Reflection 
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WAVE NUMBER /10 3 cm" 1 

Fig. 5. Polarized absorption spectra of the single crystal 
of (MTPP) (TNAP) a. 

Fig. 5. Although we were not able to determine 
the observed cristallographie face directly, it is likely 
to be the (001) plane since it is in satisfactory agreement 
with the absorption spectra derived from the dispersion 
analysis of the reflection spectra obtained on the (001) 
crystal face. Therefore, we can consider that the 
spectra shown in Fig. 5 and the //a and J_a spectra. 
The wave numbers of the observed bands are listed 
in Table 3. The absorption spectra of this salt in 
the region lower than 17 X 103 c m - 1 is quite similar 
to that of (MTPP)(TCNQ,) 2 when we shift the spec­
trum of ( M T P P ) ( T C N Q J 2 by about S x K ^ c m - 1 to 
higher wave number. The solution spectra of T N A P 0 

and T N A P - are quite similar in nature with the spectra 
of T C N Q 0 and T C N Q r , respectively, and the general 
feature of the crystal structure of (MTPP) (TNAP) 2 

are almost the same as that of (MTPP) ( T C N Q ) 2. 
Therefore, we can interpret the electronic spectrum 
of (MTPP) (TNAP) 2 in analogy with that of (MTPP) -
(TCNQ,)2 . We have previously examined the tem­
perature dependency of the reflection spectrum of 
(MTPP) ( T C N Q ) 2 and proposed an interpretation of 
the observed spectrum.11) Using this result, we can 
assign the band A to the C T transition of the type 
TNAP°TNAP—^TNAP-TNAP 0 , the band B mainly 
to the local excitation of T N A P - (Ax) and the band 
C to the C T transition from the second highest oc­
cupied molecular orbital of T N A P - to the lowest 
unoccupied molecular orbital of TNAP 0 , which ap­
pears with an increased intensity by borrowing the 
intensity from the strong lowest transition of TNAP 0 . 

Let us examine the transition in the region about 
2 0 x l 0 3 c m _ 1 . The absorption spectrum measured on 
the (001) plane shows one absorption band in this 
region. The reflection spectra of the (001) crystal 
face also shows only one dispersion at the corresponding 
region. However, the c-polarized reflection spectra 
in the (100) crystal face shows that another dispersion 
( D J is superimposed on the dispersion D 2 as shown 
in Fig. 4. This result means that the direction of 
the transition moment of T)± band is different from 

Absorption 
bands 

A 

B 
C 

Dx 
D2 

E 

v3-) 

103 cm-i 

< 5 

7.2, 8.5(sh) 
15.0 
18.5 
21.0 
27.0 

Transition character 

(TNAP)°(TNAP)--> 
(TNAP)-(TNAP)0 

LE : mainly A1 

GT : See the text 
LE:A 2 (transition (3)) 
LE:A 2 (transition (2)) 
LE : A3 and Nx 

a) Wave numbers. 

that of D 2 band. Since the direction of the transition 
moment of D 2 is almost parallel to those of C and E, 
D x must be attr ibutable to the local excitation band 
associated with the transition (3) of T N A P - , whose 
transition moment was predicted to be different from 
other transitions by the molecular orbital calculation 
as illustrated in Fig. l b . 

The absorption band E seems to correspond to the 
superimposition of the lowest transition of T N A P 0 

and the transition (4) of TNAP~. 
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Ti02-supported noble metal catalysts, such as Pt-, Pd-, and Rh-Ti0 2 , are much more active for the NO-GO 
reaction in the presence or absence of H 2 0 , H2, and 0 2 than the corresponding A1203- or other supported cata­
lysts. They are effective even in an oxidative gas composition range for the NO-GO-(H 2 0) -H 2 -0 2 reaction, 
producing no NH3 in the NO-GO-H 2 0 reaction. Comparison of the catalytic activity and properties of Pt-
T i 0 2 with those of other supported catalysts suggests that the higher activity of the Ti02-supported catalysts could 
be attributed to their ability to activate NO molecules by the dissociative adsorption at lower temperatures. 

The reduction of N O in automotive exhaust over 
supported Pt group catalysts has been extensively in­
vestigated by many workers, A1 2 0 3 being commonly 
employed as the catalyst support.1 - 3) However, few 
studies have been made on supports other than A1 2 0 3 

or Al203-based materials. As a result, no supports 
more effective for N O - C O reaction than A1 2 0 3 are 
known. In the present investigation, a few types of 
T i 0 2 were employed as a support for noble metals 
such as Pt, Rh , Pd, and R u and their catalytic activi­
ties for the N O - C O reaction in the presence or absence 
of H 2 0 , H 2 , and 0 2 were determined and compared 
with those of the corresponding Al203-supported cata­
lysts. Various supported Pt catalysts such as P t - T i 0 2 , 
P t - A l 2 0 3 , P t - S i 0 2 , and P t - S i 0 2 - A l 2 0 3 were also em­
ployed, the catalytic activities and properties of the 
catalysts and supports being measured and compared 
with each other, and the role of the T i O s support 
in the catalytic activity was discussed. 

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

Catalyst Support. TiOa(a) : Ti02(anatase) was pre­
pared by neutralization of HGl-acidic solution of TiCl4 

(Oosaka Titanium Co., Ltd., pH=0.1—0.2, 3.8 mol dm~3 

TiCl4) with ammonia water (1 mol dm -3) up to a pH ca. 
6, followed by washing of the precipitate obtained with 
water several times, drying at 393 K for 18 h, and calcination 
in air at 823 K for 4 h. Ti02(a-s) : Ti02(anatase) con­
taining a very small amount of S0 4

2 _ was prepared from 
the TiCl4 solution according to a procedure similar to that 
of Funaki and Saeki.5> The resulting T i 0 2 was calcined 
in the air at 823 K for 4 h. Ti02(r-HSA) : Ti02(rutile) 
with higher BET surface area as compared with the conven­
tional rutile type T i 0 2 was prepared from the TiCl4-solution 
by evaporation followed by drying and air calcination. 
Ti02(r-LSA) : Ti02(rutile) with low BET surface area was 
prepared from Ti02(a) by air calcination at 1273 K for 
5 h. The BET surface area of TiOa(a), TiOa(a-s), TiOa 

(r-HSA), and Ti02(r-LSA) were 78, 73, 16, and 1 m2 g -1 , 
respectively. Al203(y), Si02-Al203 , Si02 , MgO: These sup­
ports were prepared by the same procedure as reported6). 
Calcination was carried out in the air at 873 K for 4 h. The 
BET surface area of A1203, Si02 , Si02-Al203 , and MgO 
were 240, 150, 265, and 50 m2 g -1 , respectively. 

Catalyst. Supported noble metal catalysts (Tables 1— 
3) were prepared by impregnation of the support materials 
such as Ti02(a) , AlaOs(y) with a solution of H2PtCl6 • 6H 20, 
RhCl3-3H20, RuCl3-3H20, or PdCl2, and subsequent evap­
oration and drying at 393 K for 18 h. Before the activity 

test, the catalysts were activated in situ by reduction with 
H2 at 773 K for 1 h, followed by the purge of hydrogen 
in the reactor with oxygen-free dry helium at the same tem­
perature for 1 h. 

Reaction and Analysis. The reaction was carried out 
by use of the conventional flow system with a fixed bed 
of catalyst under gas compositions, NO(3*%), GO(3*%), 
H2O(0*—6%), H2(0*—6%), O2(0*— 6%), and Imbal ­
ance*), where * denotes a standard gas composition. The 
flow rate of the reactant/helium gas mixture was kept at 
100 cm3 min -1. The reaction temperature ranged from 423 
to 673 K, being mostly fixed at 573 K. The composition 
of the product gas was determined by gas chromatography 
and mass spectrometry. 

Measurement of Catalytic Properties. The structure of 
support materials was determined by an X-ray powder dif­
fraction method. The BET surface areas of the supports or 
catalysts were measured by a high speed surface area analyzer 
(Shimadzu Micromeritics). The number of surface Pt atoms 
of the supported Pt catalysts was estimated by conventional 
H 2 - 0 2 pulse titration. Adsorption experiments for NO and 
GO were carried out in a gas adsorption heat analyzer (Tokyo 
Riko GAG-2) connected to a vacuum system equipped 
with mercury and oil manometers and a calibrated pirani 
vacuum gauge. Heat of adsorption and gas uptakes can 
be measured calorimetrically and volumetrically. Tempera­
ture programed desorption (TPD) experiments were carried 
out in a vacuum system equipped with a pirani gauge and 
a mass spectrometer under the following conditions. One 
gram of the sample was put in a quartz tube. After reduc­
tion of the sample with H2 at 773 K for 1 h and subsequent 
outgassing at the same temperature for several hours 
(Activation Method I), NO was adsorbed to the sample 
at room temperature and 1.33 X 103 Pa, followed by evacua­
tion at room temperature for 20 min. The temperature 
then rose in vacuo with a constant rate of 10 K min -1. The 
total pressure response of the gas desorbed from the sample 
was measured with a pirani gauge, the composition of the 
gas being monitored periodically with a mass spectrometer. 
The following activation method (Activation Method II) 
was also employed. Before the NO-adsorption, the sample 
which had been activated by Activation method I was oxi­
dized with 0 2 at 773 K for 10 min, evacuated at the same 
temperature for 10 min, reduced with H2 at 493 K for 15 
min, followed by evacuation at 493 K for 5 min and then 
at 623 K for 20 min. 

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

The catalytic activities of various supported Pt cata­
lysts for the N O - G O reaction were measured and 
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Catalysts 

Pt-TiOa 

Pt-Ti0 2 

(r-LSA) 
Pt-Al203(y) 

Pt-Si02-Al203 

Pt-Si02 

Pt-MgO 

TABLE 

NO b> 
conversion 

% 

100 
(100) d> 

1 

100h> 
(85)d.h> 
16 

9 

10 

Reduction of NO with GO over 

1. CATALYTIC 

Turn over 
frequencyb>°> 

s-1 

>2.75 
(>2.75) 

« 0 . 4 7 

>0 .55 
(«0 .45) i ) 

0.17 

0.21 

« 1 . 1 

ACTIVITIES 

Selctivity 
to N2

b> 

% 

85 
(85) 

— 

57 
(57) 
46 

39 

68 

Pt-TiOa Catalysts 

A N D PROPERTIES OF SUPPORTED 

BET area 
mag"1 

65 

1 

240 

270 

150 

50 

Surface Pt 
atoms6) 
1018 g - i 

1.7 

0.1 

8.9 

4.4 

2 

0.2 

P t CATALYSTS 

Gas adsorptionf) 

Uptakes*?) 
10~ö mol g-1 

NÖ~~~CO 

3.3 
(2.5) 

6.4 
(1.2) 

Small 

6.6 
( 0) 
3.8 

(0.5) 
3.1 

(0.7) 
1.1 

(1.2) 

4.2 
( 0) 
1.5 

( 0) 
0.5 

( 0) 
0.1 

( 0) 

1951 

Heats 

NO 

33 
(29) 

46 
( - ) 
10 

( 6 ) 
9 

( - ) 
21 

(31) 

GOs 

89 
(70) 

27 
( - ) 
29 

( - ) 
55 

( - ) 

( = ) 
a) Pt 1 wt%. b) At 573 K, NO, CO: 3%, He: 94%, 100 cm3 min-1, catalyst: 0.3 g. c) The values were 
roughly estimated by the relation: Turn over frequency (s-1) = apprant rate of NO consumption (mol s-1)/surface 
Pt (mol), after 10 min. d) After 60 min. e) From an H 2 - 0 2 pulse titration method, f) At 298 K. g) The 
values in ( ) correspond to those for the supports themselves, h) The decrease in the catalytic activity is due 
to the formation of surface NGO species. 

TABLE 2. COMPARISON OF ACTIVITIES OF TIO-SUPPORTED 

METAL CATALYSTS WITH THOSE OF A1203-SUPPORTED 

ONESa> 

Support Promoter 
NO conversion/% 

523 K 573 K 623 K 

TiO, Rh 
Pd 
Pt 
Ru 

9 
25 

« 2 
« 0 

76 
30 
9 

« 1 

100 
45 
21 
10 

Al203(y) Rh 
Pd 
Pt 
Ru 

50 
17 
6 

« 1 

100 
40 
10 
6 

a) NO, CO, 3%, He 94% flow rate 100cm 3min-\ 
catalyst: 0.01 g(l wt%). 

compared with each other. Conversion of N O dis­
tinctly depends on the support materials and decreases 
in the following order in the reaction temperature 
range 423—623 K : Pt-TiO2(a-s)[100*, 9 8 * * ] > P t -
TiO2(a)[100*, 96**]>Pt -TiO 2 ( r -HSA)[100* , 87**]> 
Pt-Al2O3(y)[100*, 25**] > P t -S i0 2 -A l 2 0 3 [16*] > P t -
MgO[10*] > Pt-SiO a [9*] > P t - T i O a ( r - L S A ) [ « l * ] > 
Pt-Al 2O 3(a)[0*] . The numeral in [ ] represents the 
% conversion of N O , after 10 min from the start of 
reaction, at 523 K and at WjF=3 X ÎO"3 g min cm" 3 

(*) or at J 4 7 F = 4 x l O - 4 g m i n c m - 3 ( * * ) . The se­
lectivity to N 2 also depends on the support meterials 
(Table 1). T iO a , even a rutile type, unless its surface 
area is extremely small, gives better results. Similar 
carrier-effects were obtained when Rh , Pd, and R u 
were employed instead of Pt. T h e catalytic activities 
of the TiO a-supported noble metal catalysts are com­
pared with those of the Al203-supported ones in 
Table 2. 

TABLE 3. ACTIVITIES OF Pt-Al203(y), Pt-TiOa(a), 

AND Pd-Ti02(a) CATALYSTS FOR N O - C O - H 2 0 

OR N O - C O - H 2 - 0 2 REACTION 

% Conversion % Yield of 
Catalyst Reaction of NO or ^ v 

(NO + N0 2 ) (N2 + N 20) NH3 

Pt-Al tO,(y) 
Pt-Ti02(a) 
Pt-Al203(y) 
Pt-Ti02(a) 
Pd-Ti02(a) 
Pd-TiOa(a) 

A 
A 
B 
B 
B 
G 

72 
100 
100a> (35)*.c) 
100a> (49)b) 
100*) (67) t» 
99a> (75) b) 

52 
100 
35 
49 
67 
75 

20 
0 
0 
0 
0 
0 

Reaction conditions, temperature: 573 K, flow rate: 100 
cm3 min-1; A: NO, GO 3%, H 2 0 1.7%, He 92.3%, 
J47F=3xlO- 3 gmincm- 3 , after 150 min; B: NO, CO, 
0 2 3%, H2 5%, He 86%, W/F= 1 x 10-« g min cm-3, 
after 5 min; C: NO, CO 2%, H2 3%, 0 2 5%, He 
88%, 14^/^=2 Xl0- 4 g min cm-3, a) Conversion of NO 
including a non-catalytic reaction: N O + (l/2)02—>N02. 
b) Conversion of (NO+ N0 2 ) . c) The catalytic activity 
gradually decreased with increase in the time on 
stream. 

TiO a-supported noble metal catalysts show higher 
catalytic activity and selectivity to N2 . In addition 
they have the advantage of (a) producing very minor 
N H 3 in both N O - G O - H 2 0 and N O - G O - H 2 0 - H 2 - 0 2 

reactions and (b) working effectively even in a rather 
oxidative gas composition range for the N O - C O -
( H 2 0 ) - H 2 - 0 2 . Examples are given in Table 3. We 
see that P t -T iO a ( a ) gives no N H 3 when the N O - G O 
reaction is carried out in the presence of H a O vapor. 
Pd-TiOo, which has a significant catalytic activity 
for the N O - G O reaction even around 473 K, is a 
very active for the N O - G O - ( H 2 0 ) - H 2 - 0 2 reaction 
when the ratio of O a to H 2 is near 2, while P t -Al 2 0 3 (y ) , 
which is a conventional catalyst gives rise to high 
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300 400 500 600 
r / K 

Fig. 1. TPD profiles for NO-preadsorbed catalysts and 
support. 
a: Pt-AlaO,(y),* b : Pt-Ti02(a),* c: Ti02(a),* d: 
Pt-TiOa(a),** T: Temperature, R: Response of 
desorbed gas. 
NO was adsorbed at 293 K after Activation Method 
I(*) or after Activation Method II(**). 

: NO, : N2J : N 2 0 . 

concentration of N H 3 in the N O - C O - H 2 0 reaction 
under the same conditions, not working effectively 
in such an Oa-rich region. 

Some catalytic properties of the supported Pt cata­
lysts are summarized in Table 1. T h e surface area 
of Pt depends on the support. Pt on TiO a (a) is less 
dispersed than that Al 20 3 (y) or S i 0 2 - A l 2 0 3 . Baker 
et al., who studied the particle size of Pt on the thin 
film of t i tanium oxide, aluminium oxide, etc. by means 
of electron microscopy have shown that the mean 
particle size of Pt in the Pt - t i tan ium oxide (Ti 4 0 7 ) 
sample reduced with H 2 below 825 K is almost the 
same as that of Pt in the Pt -a luminium oxide sample4.) 
The disagreement of the relative dispersion of Pt 
may fall in the difference in the method of preparation. 

Comparison of the catalytic activities with the BET 
surface area of the catalyst and with the number of 
Pt surface atoms (corresponding to the surface area 
of Pt metal particles dispersed over the supports) 
or roughly estimated turn over frequencies for the 
consumption of N O (Table 1 ) led us to the conclusion 
that the surface area of Pt as well as that of the catalyst 
is not always a dominant factor in the catalytic activi­
ty. In other words, the catalyst with larger BET 
area or Pt surface area does not necessarily exhibit 
higher activity although the low catalytic activity of 
Pt-TiO a(r-LSA) might be attributed to the low surface 

area of Pt. Table 1 indicates that the highly active 
catalysts, P t -Al 2 0 3 (y) and P t -T iO a ( a ) , are charac­
terized by their higher heat of a adsorption for N O 
and also by both high N O and GO uptakes, while 
the other less active catalysts lack either one or both 
of the terms. For example, the lower activity of 
P t -S iO a and P t - S i 0 2 A l 2 0 3 might be due to their 
poor ability to activate N O molecules compared with 
P t -Al a 0 3 (y) and P t -T iO a ( a ) , since they have lower 
heat of adsorption for N O . 

In order to clarify why P t -T iO a (a ) is more active 
than P t -Al 2 0 3 (y ) , in particular at lower temperatures, 
temperature programmed desorption (TPD) experi­
ments with respect to the NO-preadsorbed Pt -Al 2 0 3 (y) 
and P t - T i 0 2 ( a ) were carried out. T h e results are 
shown in Figs, l a and l b , respectively. For P t -
Al 2 0 3 (y) , there is a relatively sharp desorption peak 
of N 2 around 503 K, which was formed from the N O 
molecules adsorbed on the catalyst. The result closely 
agrees with that reported by Unland who concluded 
that the dissociation of N O on Pt-Al 2 0 3 (y) occurs 
above 503 K.6 - 8) O n the contrary, the T P D spectrum 
for P t -T iO a ( a ) , in our case, was found to differ from 
that for P t -Al 2 0 3 (y ) , the spectrum being characterized 
by the following two points: (a) N2-desorption occurs 
at lower temperatures around 373 K, indicating that 
N O molecules dessociate on P t - T i 0 2 ( a ) at much lower 
temperature on P t -Al 2 0 3 (y ) , and (b) the spectrum 
of N2-desorption spreads over a wide temperature 
range. This might be due to the heterogeneity of 
the active site on the P t -TiO a (a ) catalyst. 

I t should be noted that N 2 and N 2 0 are formed 
not only by the reaction between the adsorbed N O 
molecules and Pt but also by the reaction between 
those and the TiO a (a) support, since the support is 
probably reduced to some extent during the course 
of activation with H 2 at 773 K and adsorbs N O mole­
cules. In fact an E P R experiment showed the pres­
ence of T i 3 + in the TiO a (a) support activated by 
Activation Method I. NO-preadsorbed TiO a(a) gave 
a T P D spectrum consisting of N2 , N 2 0 , and N O (Fig. 
le ) . A comparison of Figs, l b and lc , however, 
suggests that both N 2 and N 2 0 are formed mostly 
by the reaction between the adsorbed N O molecules 
and Pt, especially above 423 K. A T P D experiment for 
a P t - T i 0 2 ( a ) catalyst which had been previously ac­
tivated by Activation Method I I was carried out (Fig. 
Id) . An E P R experiment revealed that the concentra­
tion of T i 3 + in P t -T iO a ( a ) activated by Activation 
Method I I is negligible-less than one tenth of that in 
the P t -T iO a (a ) sample activated by Activation Method 
I. This indicates that Activation Method I I gives an 
almost fully oxidized TiO a (a) support. I n fact a T P D 
experiment showed that nither N 2 nor N 2 0 is liberated 
from NO-preadsorbed TiO a (a) previously activated 
by Activation Method I I . O n the contrary, the Pt 
surface area of the P t -T iO a ( a ) catalyst activated by 
Activation Method I I was close to that of P t -T iO a (a ) 
activated by Activation Method I. These results in­
dicate that the P t - T i 0 2 ( a ) catalyst activated by 
Activation Method I I consists of almost completely 
reduced Pt and almost fully oxidized TiO a (a ) . No 
reaction between N O and the fully oxidized TiO a (a) 
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support can be expected, the formation of N 2 and 
N 2 0 shown in Fig. Id being ascribed to the reaction 
between N O and Pt on the T i 0 2 ( a ) support. 

I R studies on the surface N C O species formed 
on the catalysts during the course of N O - G O reaction 
showed that the N G O species is formed on T i 0 2 -
supported catalysts at lower temperatures than on 
the corresponding Al203-supported catalyst. T h e 
N C O species, for example, was observed not on Pt— 
Al203(y) at 473 K but on P t - T i 0 2 ( a ) at the same 
temperature. The result suggests that the dissociation 
of N O occurs on the Ti0 2 -suppor ted ones, since the 
N C O seems to be produced by the reaction between 
a C O molecule and an adsorbed N atom formed by 
the dissociation of an adsorbed N O molecule. 

The big difference in catalytic activity between 
P t - T i 0 2 ( a ) and the other suppored Pt catalysts is 
not attributed to the difference of the surface area 
of Pt but to that of the NO-dissociation ability of 
the catalysts. The reason why the Ti0 2 -suppor ted 
catalysts easily dissociated N O at lower temperature 
than the others is still unknown. However, an ex­
planation is that the NO-dissociation ability might 
be due to the high concentrations of free electrons 
of the T i 0 2 support or T i 3 + ions having thermally 
emissive electrons; probably, the back donation of 
one of these electrons into a jr* (antibonding) orbital 
of the adsorbed N O molecule through the dispersed 
Pt metal on T i O a weakens the N - O bond. 

In conclusion, T i 0 2 , either anatase or rutile unless 

its surface area is extremely low, was found to be 
a most effective support for different noble metal 
catalysts in the N O - C O reaction even in the presence 
of H 2 0 , H 2 , and 0 2 . The high catalytic activity 
of the Ti0 2 -suppor ted catalyst could be attributed, 
at least, to its ability to activate N O molecules by 
dissociative adsorption at lower temperatures. 

This work was supported by Grant-in-Aid for Special 
Project Research. 

References 

1) J. Wei, Adv. CataL, 24, 57 (1975). 
2) E. Echigoya, Kagaku, 33, 338 (1977). 
3) R. L. Klimish, Preprints of Papers for the Japan-

U.S.A. Seminar on Catalytic NO* Reactions 2—4 November 
1975 Susono, Japan. 

4) R. T. K. Baker, E. B. Prestridge, and R. L. Garten, 
J. CataL, 56, 390 (1979). 

5) K. Funaki and Y. Saeki, Kogyo Kagaku Zasshi, 59, 
1291, 1295 (1956). 

6) R. Nakamura and E. Echigoya, Bull. Jpn. Petrol. 
Inst., 14, 187 (1972). 

7) M. L. Unland, J. Phys. Chem., 77, 1952 (1973). 
8) M. L. Unland, J. CataL, 31, 459 (1973). 
9) H. Arai, Hyomen, 14, 427 (1976). 

10) S. Okazaki, "Kinzoku-sankabutsu To Fukugo-
sankabutsu," ed by K. Tanabe, T. Seiyama, and K. Fueki, 
Kodan-sha, Tokyo (1978), p. 104. 



1954 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jfm., 54, 1954—1959 (1981) [Vol. 54, No. 7 

The Structure of the Cyclodextrin Complex. X. Crystal Structure 
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The crystal structure of the a-cyclodextrin-benzaldehyde (1:1) complex hexahydrate, G36H60O30 • G7H60 • 
6H 20, was determined by the X-ray method. The crystal is monoclinic, the space group being P2j with Z = 
2. The cell dimensions are 0=7.932(1), è=13.500(l), c=24.704(2) A, and 0=90.85(1)°. The structure was 
solved by means of a Patterson map and a trial-and-error method combined with the rigid-body least-squares 
technique. Refinement was carried out by the block-diagonal least-squares method to the final R-value of 0.057 
for 4565 reflections. a-Cyclodextrin molecules are stacked along the a axis in a head-to-tail fashion to form a 
channel-type structure. The a-cyclodextrin ring is tilted by an angle of 11.5° against the channel axis. Ad­
jacent a-cyclodextrin molecules along the channel are linked by hydrogen bonds between the primary hydroxyl 
groups and the secondary hydroxyl groups, and 0(2)---water---0(6) hydrogen-bond bridges. The guest benz­
aldehyde molecules are aligned inside the a-cyclodextrin column. The benzene ring is inserted into the a-cyclo­
dextrin ring from the secondary hydroxyl side, while the carbonyl group is in the van der Waals contact with the 
primary hydroxyl side of the next a-cyclodextrin. The guest plane is nearly parallel to the channel axis, making 
an angle of 71.2° against the plane through six glycosidic oxygen atoms. Spaces between a-cyclodextrin columns 
are filled with water molecules. Many hydrogen bonds are observed among hydroxyl groups of a-cyclodextrin 
and water molecules, forming a hydrogen-bond network in the crystal. 

Interaction of cyclodextrins with drugs has received 
considerable attention because the complexation may 
increase their solubility and chemical stability.1) I t 
was recently found that the photolysis and oxidation 
of benzaldehyde are significantly retarded by cyclo­
dextrins,2) several crystal structures of a-cyclodextrin 
complexes with benzene derivatives having been in­
vestigated by the X-ray method.3-6) In this paper, 
the crystal structure of the benzaldehyde complex 
is discussed. 

Exper imenta l 

a-Cyclodextrin and benzaldehyde in a 1:1 molar ratio 
were dissolved in degassed water at 80 °G. The solution 
was sealed under nitrogen and then cooled slowly to room 
temperature, colorless plate-like crystals being obtained. 
Experiments were carried out in the dark to avoid photolysis 
and oxidation of benzaldehyde. Measurements of lattice 
parameters and intensities were carried out on a Rigaku 
automatic four-circle diffractometer with graphite raono-
chromated Gu Ka radiation; 4565 independent reflections 
with \F0\>3a(F) were collected up to 150° in 20 by a 0-20 
scan technique. No corrections were made for absorption 
and extinction. 

Crystal Data: G36H60O30 - G7H60 • 6H 2 0, F.W.= 1187.1, 
monoclinic, space group P2i, Z = 2 , a=7.932(l), 0=13.500(1), 
c=24.704(2) A, £=90.85(1)°, 7=2645.1 A3, £>x= 1.490, 
jDm=1.495g-cm-3. 

D e t e r m i n a t i o n a n d Ref inement o f 
the Structure 

T h e orientation of the a-cyclodextrin molecule in 
the crystal was easily deduced by inspection of a 
Patterson map . The position of the molecule was 
determined by the trial-and-error method. T h e posi­

tional and orientational parameters of each glucose 
residue were corrected by the rigid-body least-squares 
method. Benzaldehyde and water molecules were 
found on Fourier and difference-Fourier maps. A 
primary hydroxyl group (0(6 ,G1)) of a-cyclodextrin 
and a water molecule (W2) were statistically disor­
dered. Their occupancy was estimated from an elec­
tron-density map , but the results were not refined. 
Seventy-three hydrogen atoms were found on a dif­
ference-Fourier map . T h e refinement of the structure 
was carried out by the block-diagonal least-squares 
method. The quantity minimized was 11w(\F0\ — 
| F C | ) 2 , with w=l.O for all the reflections, the final 
Ä-value being 0.057. The atomic scattering factors 
were taken from "International Tables for X-Ray 
Crystallography."7) T h e atomic coordinates are given 
in Table 1. Tables of anisotropic temperature factors 
of non-hydrogen atoms, atomic parameters of hydrogen 
atoms, observed and calculated structure factors, bond 
distances, angles, and conformation angles in a-cyclo­
dextrin are kept at The Chemical Society of J a p a n 
(Document No. 8135). 

Descr ip t ion of the Structure 
a n d D i s c u s s i o n 

Outline of the Structure. The structure and num­
bering scheme of the complex are shown in Fig. 1, 
the atom numbering for a-cyclodextrin being the same 
as that used in the m-nitroaniline complex.6) The 
a-cyclodextrin molecule is in the shape of a distorted 
hexagon, and is stacked along the a axis in the head-
to-tail mode to form a typical channel-type structure 
(Fig. 2). The guest benzaldehyde molecule is linearly 
arranged in the channel, being fixed by the van der 
Waals force. 
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T A B L E 1. FINAL ATOMIC COORDINATES ( X 104) AND 5 e q
a) (BfA2) OF NON-HYDROGEN ATOMsb> 

1955 

C(1,G1) 
C(2,G1) 
G (3, Gl) 
C (4, Gl) 
G (5, Gl) 
G (6, Gl) 
0(2,G1) 
0(3,G1) 

0(4,G1) 
0(5,G1) 
0(6A,G1) 
0(6B,G1) 

G(1,G2) 
C (2, G 2) 
C (3, G2) 
C (4, G2) 

C (5, G2) 
C (6, G 2) 
0(2, G 2) 
0(3, G 2) 
0(4, G 2) 

0(5,G2) 
O (6, G 2) 

G(1,G3) 
C (2, G 3) 
C (3, G 3) 

G (4, G3) 
C (5, G3) 

C (6, G 3) 
0(2, G 3) 
O (3, G3) 
0(4,G3) 
0(5, G3) 
0(6, G 3) 
C(1,G4) 

C (2, G4) 
C (3, G 4) 
C (4, G4) 
G (5, G4) 
G (6, G4) 
O (2, G 4) 

X 

-255(8) 

-1766(7) 
-1781(7) 
-99(6) 
1313(7) 
3057(8) 

-3285(5) 
-3088(5) 
-195(4) 
1248(5) 

3338(12) 
4189(11) 
1222(7) 

-454(7) 
-1128(7) 

168(7) 
1943(7) 
3336(8) 

-1594(6) 
-2519(6) 
-496(5) 
2375(5) 
4852(5) 
2173(7) 
696(8) 

72(7) 
1526(7) 
2996(7) 
4584(8) 

-586(6) 
-1186(6) 

890(5) 
3478(5) 

4976(7) 
2037 (7) 
676(8) 

344(7) 
1997(6) 
3287(7) 
5028(7) 

-826(6) 

y 

4863(-) 
4418(4) 
4754(5) 

4517(4) 
5014(5) 
4753(7) 

4696(4) 
4231(4) 
4933(3) 
4634(4) 
3665(9) 
5503(11) 
8382(5) 
7997(5) 
7177(5) 
6399(5) 
6829(5) 

6072 (6) 
8806(4) 
6741(4) 
5898(3) 
7606(3) 
6426(4) 
11225(5) 
11355(5) 
10348(5) 
9768(4) 
9705 (5) 

9247(6) 
11928(4) 
10519(4) 
8802 (3) 
10675(3) 
9725 (5) 
10752(5) 
11422(5) 

11131(4) 

11116(4) 
10456(5) 

10476(6) 
11347(4) 

z 

1074(2) 

1360(2) 
1943(2) 
2227 (2) 
1908(2) 
2131(2) 
1086(2) 
2220(2) 
2753(1) 

1360(2) 
2140(6) 
1913(5) 

295(2) 
61(2) 

417(2) 
558(2) 
696(2) 
636(3) 
17(2) 

126(2) 
1025(2) 
329(2) 
884(2) 
1754(2) 
1355(2) 
1161(2) 
921(2) 
1326(2) 
1081(3) 
1601(2) 
749(2) 
806(1) 

1502(2) 
588(2) 
3883(2) 
3636(2) 

3046(2) 
2731(2) 
3019(2) 
2774(3) 

3946(2) 

£eq/A
2 

3.38 

3.14 
2.88 

2.64 
3.26 
4.74 
4.12 
3.82 
2.66 
3.70 
6.96 
6.63 
3.36 
3.23 

3.32 
3.13 

3.07 
4.40 
4.24 
5.00 
3.12 
3.39 
5.15 
3.24 
4,03 
3.58 
2.84 
3.22 
4.60 
5.37 
4.97 
3.14 

3.37 
6.43 
3.09 
3.34 

2.87 
2.56 
3.04 
4.46 

4.29 

0(3,G4) 
O (4, G 4) 

0(5,G4) 
0(6,G4) 
G(1,G5) 
G (2, G 5) 
C (3, G5) 

G (4, G5) 
C (5, G5) 
C (6, G 5) 

0(2,G5) 
O (3, G5) 
0(4,G5) 
0(5, G5) 

0(6, G 5) 
C(1,G6) 
C (2, G 6) 
C (3, G6) 

G (4, G6) 
C (5, G 6) 
C (6, G 6) 

O (2, G6) 
O (3, G6) 
0(4,G6) 
0(5, G 6) 

0(6, G 6) 
C(1,BA) 
C (2, BA) 
C (3, BA) 
C(4,BA) 
C (5, BA) 
C (6, BA) 
C(7,BA) 

0(1,BA) 
O(Wl) 
0(W2A) 
0(W2B) 
0(W3) 
0(W4) 
0(W5) 
0(W6) 

X 

-755(5) 
1591(5) 

3505(4) 
5735 (5) 
1167(7) 
-122(7) 
-202(7) 
1550(6) 
2827 (7) 
4658(8) 

-1731(5) 
-1211(5) 
1363(4) 
2775(5) 
5208(5) 

192(7) 
-1178(6) 

-1101(6) 
679 (6) 
1920(6) 
3764(6) 

-2787(5) 
-2243(4) 

631(4) 
1807(4) 
4214(5) 

-3464(10) 
-2535(13) 
-812(13) 
-96(11) 

-961(12) 
-2637(10) 
-5337(15) 

-6114(10) 
5591(10) 
5162(9) 
6029(16) 
6020(8) 
6256(6) 

5192(14) 
6388 (8) 

y 

11841(4) 
10714(3) 
10793(3) 
11444(5) 
7134(5) 
7898(5) 

8752(4) 
9178(4) 
8356(5) 
8698(5) 
7402(3) 
9556(3) 
9782(3) 
7601(3) 
9167(4) 
4316(4) 
4458(4) 
5500(5) 
5762(4) 
5573(4) 
5759(5) 

4272 (3) 
5560(3) 
6798(3) 
4554(3) 

5188(4) 
7678(6) 
7891(9) 
8043 (7) 
8007(9) 
7822(8) 
7628(7) 

7511(12) 
7653(10) 
2476(7) 
8564(6) 
8378(10) 
11803(5) 
12450(4) 

11258(9) 
8179(4) 

z 

2788(2) 
2212(1) 

3574(2) 
2785 (2) 
4668(2) 
4857 (2) 

4458(2) 
4360(2) 
4238(2) 
4210(1) 
4872(2) 
4648(2) 
3885(1) 
4641(2) 

4678(2) 

3198(2) 
3623(2) 
3845 (2) 
4040(2) 
3588(2) 
3738(2) 
3374(2) 
4295 (2) 
4157(1) 
3423(2) 

4194(2) 
2464(2) 
2950(3) 
2923(4) 
2436(4) 
1974(7) 
1989(3) 

2433(6) 

2872(4) 
1885(3) 
-364(3) 
-873(5) 

823(3) 
3756(2) 
4717(4) 

5649(2) 

^eq/Â
2 

3,56 
2.78 

3.12 
5.13 
2.89 
3.05 
2.67 
2.54 
2.41 
3.94 
4.01 
3.72 
2.61 
3.02 
4.68 
2.72 
2.73 

2.86 
2.47 
2.61 
3.31 
3.35 
3.36 
2.36 
2.81 
4.19 
5.38 
8.36 
9.79 
7.51 
6.97 
5.68 

11.53 

14.26 
10.14 
4.33 
5.16 
7.51 
4.84 
14.70 

6.62 

a) B^WiU^Uz+U^ß where U1} U2, and 
factors for 0(6A, Gl) , 0(6B, Gl) , 0(W2A), 

U3 are the principal components of U matrix, b) The occupancy 
and 0(W2B) are 0.5, 0.5, 0.6, and 0.4, respectively. 

Conformation of oc-Cyclodextrin. Average bond 
distances and angles in six glucose residues are shown 
in Fig. 3. T h e G-G bond distances are in the range 
1.518—1.533 À. The G( l ) -G(2) and G(4)-G(5) bonds 
are somewhat longer than the C(2)-C(3) and C ( 3 ) -
G(4) bonds. The anomeric G - O bonds (1.411 and 
1.414 Â) are shorter than the other G - O bonds (1.421— 
1.437 À). The G(3 ) -C(4 ) -0 (4 ) and G(6 ) -G(5 ) -0 (5 ) 
angles are relatively small, the G(4)-G(5)-G(6) angle 
(113.7°) being large. The same tendency has been 
observed in the uncomplexed a-cyclodextrin and in 
the a-cyclodextrin complexes with some other guests.3»8) 
The larger C(4)-C(5)-C(6) angle may be ascribed 
to the repulsive interaction between the G (6) methylene 

group and the adjacent glucose residue. The G(4 ) -
0 ( 4 ) - G ( l ' ) glycosidic oxygen angles are in the range 
117.7—119.7° in good agreement with those of other 
a-cyclodextrin complexes.3-6»8) Except for the G l and 
G2 residues, the primary hydroxyl group is in the 
gauche-gauche conformation. The G2 residue has the 
hydroxyl group with the gauche-trans conformation, the 
primary hydroxyl group of the G l residue being statis­
tically disordered showing the gauche-gauche and gauche-
trans conformations for 0(6A,G1) and 0(6B,G1) , re­
spectively (Fig. 1). 

The hexagonal a-cyclodextrin ring is elliptically dis­
torted owing to the inclusion of the planar molecule, 
as seen from the diagonal distances measured between 
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TABLE 2. GEOMETRICAL DATA FOR <X-CYCLODEXTRIN RING 

I. 0(4)—0(4) distances 

Fig. 1. Structure and numbering scheme of the a-
cyclodextrin-benzaldehyde complex hexahydrate. 
The water molecules are shown by Wl , W2A, W2B, 
W3, W4, W5, and W6, in which W2A and W2B 
denote the disordered W2 water. The disordered 
primary hydroxyl group of the Gl residue is denoted 
by 06A and 06B. Intermolecular contacts less than 
3.1 Â are shown by thin lines. 

Fig. 2. Schematic drawings of the packing feature of 
a-cyclodextrin in the crystal. 

0 ( 3 ) , / 

Fig. 3. Average bond distances (//A) and angles (0/°) 
over six glucose residues. Standard deviations in 
parentheses were estimated according to the equation: 

6 
<7 = [ S (*i—s)2/5]1/2> where xt réfères to the bond 

*=i 

distance or angle in the z'-th glucose residue, and 
% is the average value. 

Distance (//A) Distance (//A) 

0 (4 ,G1) . 
0 (4 ,G1) . 
0 (4 ,G2) . 
0(4 , G3). 
0 (4 ,G4) . 

••0(4, G2) 4.466 
- 0 ( 4 , G6) 4.328 
. .0(4, G3) 4.110 
••0(4, G4) 4.357 
- 0 ( 4 , G5) 4.327 

0 (4 ,G5) . 
0 (4 ,G1) . 

0 (4 ,G2) . 
0 (4 , G3). 

»0(4 , G6) 
. .0(4, G4) 
»0(4 , G5) 
. .0(4, G6) 

4.126 
8.047 
8.905 
8.714 

II. Torsion-angle index (I), tilt-angle (II), glycosidic 
oxygen angle (III), and the angle made by the planes 
through 0(4 ' ) , C(l), G(4), and 0(4) (IV) 

Residue 1(0/°) II (0/°) III(0/ e lV(çi/°) 

G l 
G2 
G3 
G4 
G5 
G6 

117 
143 
122 
123 
140 
122 

19.5 
19.9 
15.7 
10.9 
11.8 
18.3 

118.8 
117.8 
118.4 
117.7 
119.7 
119.3 

27.6(G1-G2) 
13.3(G2-G3) 
13.0(G3-G4) 
12.2(G4-G5) 
15.4(G5-G6) 
14.0(G6-G1) 

TABLE 3. LEAST-SQUARES PLANES AND DEVIATIONS 

OF ATOMS FROM THE PLANE 

The plane equation is of the AX+BY+CZ=D from, 
where X, Y, and Z are the coordinates in A unit 
along the a, b, and c* axis, respectively. 

I. The plane through six 0(4) atoms 
0 .980X- 0 .196T- 0.049Z= - 1 . 8 7 8 

Gl 0.089 G4 0.013 
G2 - 0 . 1 9 2 G5 - 0 . 1 2 0 
G3 0.144 G6 0.066 

II. Benzaldehyde 
- 0 . 1 4 0 X + 0 . 9 7 9 7 - 0 . 1 4 4 Z = 9 . 6 9 7 

Gl - 0 . 0 3 9 G5 0.047 
C2 - 0 . 0 3 4 G6 - 0 . 0 2 8 
C3 - 0 . 0 1 5 G7 - 0 . 0 4 0 
C4 0.031 O l 0.078 

the glycosidic oxygen atoms in Table 2. The con­
formation of each glucose residue is affected by such 
distortion. T h e distance between the adjacent gly­
cosidic oxygen atoms is in the range 4.110—4.466 
A. The 0 ( 4 ) « " 0 ( 4 ) distance is closely related to 
the conformation of pyranose ring characterized by 
the torsion-angle index.3) T h e shorter 0 (4) - - -0(4) 
distance gives the large torsion-angle index. This is 
ascribed to the smaller conformation angles of C ( 2 ) -
C(3)-C(4)-C(5) and C ( 3 ) - C ( 4 ) - C ( 5 ) - 0 ( 5 ) and the 
larger angles of 0 ( 5 ) - C ( l ) - C ( 2 ) - C ( 3 ) and G ( 5 ) - 0 ( 5 ) -
G( l ) -G(2 ) . 

A tilt-angle between the plane through six glycosidic 
oxygen atoms and the plane through 0 ( 4 ' ) , C ( l ) , 
G(4), and 0 ( 4 ) atoms of each glucose residue was 
proposed as a convenient measure to describe the 
orientation of each glucose residue relative to the 
macro-cyclic ring.9) In the benzaldehyde complex, 
the tilt-angles are in the range 10.9—19.9, the average 
value being 16.0°. These values are similar to those 
found in the m-nitroaniline complex,6) but considerably 
larger than those of complexes with other aromatic 
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Fig. 4. A stereo-drawing of the packing feature of the complex with associated water 
molecules. Thin lines denote intermolecular contacts less than 3.1 Â. 

H(C5,G5) 

0aG5i-J^°----H ^ 

-$>.''"£?/.--raïf 

H(C3,"G5> 

H(C5,G2) 

^ 3 < * , 

^. ̂ / » ^ 

»V 331.--0(M>G2) 

^ 
.&s&>. Jc& 

SH(C3,G2) 

S$ 

' *C(6) 

H(C6A,G2) Us,. 

& cf*. 
• J % 

C(6,G6) ' 
3.3t 

"Ml) 
' i * • \ 

i 

n0> 
!^C(7) 

C(6,G5) 

«ol 4 V 

CC1.BA) H(M,BA) 

Fig. 5. Bond distances (//Â) and angles (0/°) in 
benzaldehyde and selected intermolecular distances 
(//Â) between a-cyclodextrin and benzaldehyde. 
Estimated standard deviations in benzaldehyde are 
given in parentheses. 

guests (average values of 10—120).9) Since the packing 
of a-cyclodextrin in the crystal is nearly the same in 
the complexes with w-nitroaniline and benzaldehyde, 
we propose another example to support the suggestion 
that the tilt-angle is largely determined by the packing 
of a-cyclodextrin in the crystal. 

The 0 ( 2 ) - " 0 ( 3 ) contact between the adjacent glu­
cose residues is also important to interpret the a-
cyclodextrin conformation. The greatest 0 ( 2 ) - - 0 ( 3 ) 
distance is 3.695 Â observed between the G l and G2 
residues, while the other 0 ( 2 ) — 0 ( 3 ) distances are 
in the range 2.857—2.994 Â. We see from Table 2 
that the C ( 4 ) - 0 ( 4 ) - C ( l ' ) angle scarecely affects the 
0 ( 2 ) — 0 ( 3 ) distance; the greatest 0 ( 2 ) — 0 ( 3 ) dis­
tance is observed between the most tilted residues, 
but the 0 ( 2 , G 2 ) - - 0 ( 3 , G 3 ) distance is the smallest 
in spite of the large tilt of the G2 and G3 residues. 
The 0 ( 2 ) - " 0 ( 3 ) distance is more sensitive to the 
angle made by two planes through 0 ( 4 ' ) , G( l ) , G(4), 
and 0 ( 4 ) of the corresponding glucose residues. T h e 
largest angle of 27.6° is found between the G l and 
G2 residues, while the other values are in a relatively 

small region (12.2—15.4°) in accordance with the 
distribution of the 0 ( 2 ) — 0 ( 3 ) distances. 

cc-Cyclodextrin-Guest Interaction. Figure 5 shows 
bond distances and angles in benzaldehyde and inter­
molecular distances between a-cyclodextrin and benz­
aldehyde. There is no unusual value in bond dis­
tances and angles in benzaldehyde, the planarity of 
the molecule being fairly good (Table 3). The a-
cyclodextrin ring includes about two-third of the ben­
zene ring, while the carbonyl group protrudes from 
the secondary hydroxyl side and is inserted into the 
next a-cyclodextrin ring from the primary hydroxyl 
side (Fig. 4) . The benzaldehyde molecule is tilted 
towards the G l residue, making an angle of 71.2° 
against the 0 ( 4 ) plane. The value differs signifi­
cantly from those found in the a-cyclodextrin complexes 
with benzene derivatives, in which the aromatic plane 
is nearly perpendicular to the 0 ( 4 ) plane.3»5) In 
those complexes, the benzene ring is deeply inserted 
into the a-cyclodextrin ring. The benzaldehyde plane 
is nearly parallel to the G(3,G2)—G(3,G5) diagonal. 
The relatively short hydrogen--hydrogen contacts are 
observed between the benzene ring and the G (3) 
methine groups; H ( C 3 , G 5 ) - H ( C 3 , B A ) of 2.09 A and 
H ( C 3 , G 2 ) - H ( C 5 , B A ) of 2.23 Â. Such a short inter­
molecular distance is also found between the benz­
aldehyde molecules; H ( G 4 , B A ) - 0 ( 1 , B A ) of 2 .44Â. 
It is noteworthy that the carbonyl group does not 
form a hydrogen bond with a-cyclodextrin, and the 
benzaldehyde molecule is fixed in the a-cyclodextrin 
ring by the van der Waals contact. In the a-cyclo­
dextrin complexes with other aromatic guests, the 
guest molecule is hydrogen-bonded to the next a-
cyclodextrin or adjacent water molecules. Although 
the inclusion geometry of the sodium benzenesulfonate 
complex is similar to the benzaldehyde complex, the 
sulfonato group of the guest is hydrogen-bonded to 
primary hydroxyl groups which are in the gauche-trans 
conformation.4) In the benzaldehyde complex, the 
nearest primary hydroxyl group is in the gauche-gauche 
conformation, being oriented in the opposite direction. 
The carbonyl group is so deeply inserted into the 
a-cyclodextrin ring that it can not form a hydrogen 
bond with the primary hydroxyl group even when 
it is in the gauche-trans conformation. 
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csinß 

Fig. 6. Crystal structure viewed down the a axis. 

Fig. 7. Crystal structure viewed down the b axis. 

0(Î,GH)—-H-0(2,G5) 

Fig. 8. A schematic drawing of the hydrogen-bond 
network in the crystal. Arrows indicate the direction 
of the O-H bond. Intermolecular 0 - - -0 contacts 
less than 3.0 Â are shown by broken lines. 

Molecular Packing and Hydrogen Bonds. Crystals 
of the a-cyclodextrin-benzaldehyde complex are built 
up of the stack of a-cyclodextrin molecules along 
the a axis to form endless columns. The projections 
of the crystal structure are shown in Figs. 6 and 7. 
T h e a-cyclodextrin molecule is nearly parallel to the 
a axis, being tilted by 11.5°. The guest benzaldehyde 
molecules are aligned inside the column with their 
planes parallel to the ac plane; the angle between 
these planes is 11.7°. T h e repetition unit along the 

TABLE 4. HYDROGEN-BOND DISTANCES (IfA) AND ANGLES 

(<j)j°) AND INTERMOLECULAR DISTANCES (//Â) 

LESS THAN 3.0 Â 

Estimated standard deviations are in the ranges 0.006— 
0.008 Â for the distance, 0.06—0.10 Â for the distance 
involving the hydrogen atoms, and 1.0—4.0° for the 
O-H—O angle. 

0 H 
0(2,G1)-H(02,G1) 
0(2,G1)-H(02,G1) 
0(3,G1)-H(03,G1) 
0(2,G2)-H(02,G2) 
0(2,G2)-H(02,G2) 
0(3,G2)-H(03,G2) 
0(6,G2)-H(06,G2) 
0(2,G3)-H(02,G3) 
0(3,G3)-H(03,G3) 
0(6,G3)-H(06,G3) 
0(2,G4)-H(02,G4) 
0(3,G4)-H(03,G4) 
0(6,G4)-H(06,G4) 
0(2,G5)-H(02,G5) 
0(3,G5)-H(03,G5) 
0(6,G5)-H(06,G5) 
0(2,G6)-H(02,G6) 
0(3,G6)-H(03,G6) 
0(6,G6)-H(06,G6) 
0(W3) -HU.V3) 
0(W3) -H(2,W3) 
0(W4) -H(1,W4) 
0(W4) -H(2,W4) 
0(W6) -H(1,W6) 
0(W6) -H(2,W6) 

0(3,G1) 
0(3,G1) 
0(3,Gl) 
0(6,Gl) 
0(3,G3) 
0(6,G3) 
0(5,G5) 
0(6,G5) 
0(W2B) 

Code 
None 
a 
b 
c 
d 
e 
f 
g 
h 

0 
0(W2A) 
0(W2B) 
0(2,G6) 
0(W2A) 
0(W2B) 
0(6,G2) 
0(2,G1) 
0(3,G4) 
0(2,G2) 
0(W3) 
0(3,G5) 
0(6,G4) 
0(W1) 
0(W6) 
0(6,G5) 
0(W5) 
0(W4) 
0(2,G5) 
0(3,G6) 
0(W1) 
0(W2A) 
0(2,G4) 
0(6,G4) 
0(6,G6) 
0(W4) 

0(6A,G1) 
0(6B,G1) 
0(W1) 
0(W1) 
0(W3) 
0(W2A) 
0(W5) 
0(W6) 
0(W3) 

(e) 
(e) 

(b) 
(b) 
(b) 
(b) 

(b) 
00 
(b) 
(b) 

(d) 

(b) 
(c) 
(g) 
(b) 

(h) 
(f) 

(b) 
(b) 
(b) 

(b) 

(h) 

(g) 

0-H 
1.09 
1.09 
0.99 
0.96 
0.96 
0.78 
1.08 
0.96 
.0.86 
0.91 
1.05 
1.08 
1.05 
1.10 
0.81 
1.04 
1.02 
1.10 
0.92 
1.32 
1.00 
0.94 
1.19 
0.78 
1.11 

Symmetry operator 
x, 
X 

-1+x, 
x, 

-1+x, 
-x, 
1-x, 
1-x, 
1-x. 

-
-

y, 
i+y, 
y. 

i+y, 
i+y. 

-1/2+y, 
1/2+y, 

-1/2+y, 
-1/2+y, 

DISTANCES 
H-..0 
1.89 
1.85 
1.88 
1.83 
2.03 
2.08 
1.86 
2.01 
2.23 
2.29 
1.94 
1.91 
1.63 
1.64 
2.11 
2.29 
1.74 
1.82 
1.96 
1.51 
2.20 
1.87 
1.62 
2.20 
1.69 

1 

1 

0-..0 
2.767 
2.855 
2.857 
2.746 
2.933 
2.855 
2.804 
2.939 
2.950 
2.825 
2.994 
2.836 
2.623 
2.663 
2.891 
2.825 
2.747 
2.891 
2.862 
2.802 
2.791 
2.789 
2.782 
2.783 
2.761 

2.940 
2.854 
2.715 
2.490 
2.822 
2.832 
2.885 
2.919 
2.680 

z 
z 
z 
z 
z 

-z 
-z 
-z 
-z 

ANGLES 
0-H-..0 
135 
152 
168 
158 
157 
174 
144 
169 
141 
111 
176 
142 
157 
154 
162 
111 
169 
165 
169 
163 
116 
165 
166 
132 
162 

column axis (7.932 Â) is almost the same as that of 
the m-nitroaniline complex (8.054 Â) , but shorter by 
0.3 Â than that of the sodium benzenesulfonate com­
plex. Since the channel axis is perpendicular to the 
two-fold screw axis, the a-cyclodextrin molecule of 
the symmetry-related column is arranged up-side-down. 
These a-cyclodextrin columns are closely packed in 
the crystal, spaces between columns being filled with 
water molecules. 

So far, no details of hydrogen-bond scheme have 
been described in the a-cyclodextrin complexes with 
the channel-type structure.4,5) A number of hydro­
gen-bonding contacts were defined in the benzalde­
hyde complex since most of the hydrogen atoms were 
found. Five intramolecular hydrogen bonds are 
formed between the adjacent glucose residues: 0 ( 3 , 
G 1 ) - H - 0 ( 2 , G 6 ) , 0 ( 3 , G 3 ) - H - 0 ( 2 , G 2 ) , 0 ( 2 , G 3 ) -
H - 0 ( 3 , G 4 ) , 0 ( 2 , G 4 ) - H - 0 ( 3 , G 5 ) , and 0 ( 3 , G 6 ) -
H - " 0 ( 2 , G 5 ) . No hydrogen-bonding contact is ob­
served between the G l and G2 residues, but they 
are linked by the 0 ( 3 , G 2 ) - H . " 0 ( 6 , G 2 ) - H - . - 0 ( 2 , G l ) 
hydrogen bonds. The adjacent a-cyclodextrin mole­
cules along the channel are connected by the direct 
hydrogen bonds and hydrogen-bonding linkages in­
volving water molecules. The G2, G4, G5, and G6 
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residues are linked by the 0 (3 ) - - -0 (6 ) hydrogen bond. 
In the G2, G4, and G5 residues, the 0 ( 3 ) hydroxyl 
group donates the hydrogen atom, while the 0 ( 6 ) 
hydroxyl group acts as a donor in the G6 residue. 
Although no hydrogen atom of the 0 (6A,G1) and 
0(6B,G1) hydroxyl group was found, the intermolec-
ular distance (Table 4) indicates that they are hydro­
gen-bonded to the 0 (3 ,G1) hydroxyl group of the 
adjacent a-cyclodextrin. The 0 ( 2 ) hydroxyl groups 
are also involved in the hydrogen bonds connecting 
the adjacent a-cyclodextrins. T h e 0 (6 ,G2) hydroxyl 
group donates the hydrogen atom to 0 ( 2 , G 1 ) . 0 ( 2 , 
G4) and 0 (6 ,G4) are linked through the 0 ( 2 , G 4 ) -
H - 0 ( W 4 ) - H - 0 ( 6 , G 4 ) hydrogen-bond bridge. 

Water molecules are located in two intermolecular 
spaces. W l , W2A, W2B, and W 3 fill the space en­
circled by the G l , G2, and G3 residues. W2 is statis­
tically disordered, occupying two positions. The water 
molecules are linked by the 0 ( W 1 ) - - H - 0 ( W 3 ) - H - - -
0 ( W 2 A ) hydrogen-bond bridge. Although no hydro­
gen atoms of the W2B water molecule were found, 
the 0 ( W 3 ) - - 0 ( W 2 B ) distance of 2.680 Â suggests a 
hydrogen-bond formation. W4, W5, and W6 occupy 
the space encircled by the G4, G5, and G6 residues. 
W4 and W6 are connected by the 0 ( W 6 ) - H — 0 ( W 4 ) 
hydrogen bond, W5 being isolated and only hydrogen-
bonded to 0 ( 6 , G 5 ) . 

In the crystal, a hydrogen-bond network is con­
structed by circles and chains of hydrogen bonds 
(Fig. 8). The four-membered hydrogen-bond circle 
is formed by 0 ( 2 , G 5 ) , 0 (3 ,G6) , 0 ( 6 , G 6 ) , and W6. 
0 (2 ,G4) , 0 ( 3 , G 5 ) , 0 ( 6 , G 5 ) , 0 ( W 6 ) , and 0 ( W 4 ) form 
a five-membered ring, but the circle is not closed 
since the 0 ( W 6 ) and 0 (6 ,G5) forms no hydrogen 
bond in spite of a suitable distance of 2.919 Â. In 
the five-membered ring composed of 0 ( 3 , G 1 ) , 0 ( 2 , G 6 ) , 
0 ( W 4 ) , 0 (6 ,G4) and O ( W l ) , the 0 ( W 1 ) - H bond 
should be oriented to 0 (3 ,G1) to close the circle. 

T h e a-cyclodextrin packing in the present crystal 

resembles that in the Tw-nitroaniline complex, but their 
crystal property is quite different; the crystal of the 
m-nitroaniline complex easily breaks up in the air. 
This may be mainly due to the conformation of G l , 
G2, and G3 residues and water molecules hydrogen-
bonded to them. The primary hydroxyl group of 
the G l residue in the benzaldehyde complex is dis­
ordered and that of the G2 residue is in the gauche-trans 
conformation. O n the other hand, in the m-nitro-
aniline complex, the primary hydroxyl groups of the 
G2 and G3 residues are disordered, and the gauche-
gauche conformation is found in the G l residue. Four 
water molecules in the m-nitroaniline complex are 
located in the same positions as those of W 3 , W4, 
W5 , and W6 in the benzaldehyde complex, but the 
other two water molecules occupy different sites. 
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A reasonable method for determination of thermodynamic properties of alumina hydrates from their solu­
bility data in alkaline pH range was presented and applied to the solubility data of gibbsite in NaOH solutions 
with success. When log(KB/aw), where Ks^mnmAl and aw is the activity of water, was plotted against a Debye-
Hiickel function of the ionic strength I, /V2/(l-f B^J1/2), a linear relationship to moderately high ionic strengths 
was found over the range of temperatures from 40 to 110 °C, having the theoretical Debye-Hückel limiting slope 
and the intercept of log K% at 1=0. Assuming the same ionic size parameters, a1 = a2, the solubility product 
(Kl) of gibbsite was found to depend upon temperature up to 110°G as follows: logK°a = — 4064/JT— 1.54 or 
—4023/JP—1.65. At high ionic strengths above 1.0, log (KJa^) showed positive deviations from the straight 
line, which may be attributed to the formation of complex ions, e.g., Al20(OH)6

2 - , or the dehydration of 
Al(OH)4- to A10(OH)2- and A102- ions. 

The solubility of alumina hydrates such as gibbsite, 
boehmite, and diaspore in aqueous solutions is very 
important not only for alumina production by the 
alkaline or acid process, bu t also for quantitative un­
derstanding of aqueous geochemistry of aluminous min­
erals. 2-15> Furthermore, the thermodynamics of A l -
H 2 0 system is much useful in considering the cor­
rosion and passivation of aluminium in water.16) A 
number of solubility data of gibbsite in alkaline solu­
tions have been reported by many investigators.2-13) 
A purpose of most previous solubility studies is to 
determine precisely the standard thermodynamic prop­
erties of gibbsite and hydroxy-aluminium ions in aque­
ous solubtions. Unfortunately, these results do not 
agree well with each other; for example, as the ionic 
solubility product of gibbsite at 25 °G, Kittrick6) and 
May10) reported the values of 5.01 X 10 - 1 6 and 8.94 X 
10~15, respectively. 

Russell, Edward and Taylor2) calculated an equi­
librium constant (K-^ and its temperature dependancy 
from their solubility data of gibbsite in N a O H solu­
tions from 40 to 170 °G, assuming that activity coef­
ficients of O H ~ and A102~ ions are equal to each 
other, i.e., y0Jl-=yA10-; 

Al(OH)3(s) + OH-(l) = A!Oa-(l) + 2H20(1), (1) 

Kx = Curt/Con, (2) 
logKl = -1605/T + 4.11, (3) 

where CA1 and C0H are the equivalents per liter of 
aluminate and hydroxide ions, aw is the activity of 
the water in the molar fraction unit, and Kl is the 
value derived by extraporating Kx to zero N a O H 
concentration at a given temperature. There are some 
doubtful problems in the Russell's method for deter­
mining X ? ; firstly, the differences in the ion size and 
interactions between the ions and water were neglected, 
assuming that the activity coefficients of A lO^ and 
O H ~ ions are the same. Secondly, the values of aw 

for N a O H solutions at 25 °C were used for sodium 
aluminate and hydroxide solutions at higher tem­
peratures up to 170 °G without any correction. Finally 
the aluminate ion was expressed in the form of A 1 0 2

_ . 
T h e purpose of this work is to determine the ther­

modynamic properties of gibbsite in N a O H solution 
from its solubility data by a more reasonable method 

according to the Debye-Hückel theory. 

Theoret ica l 

According to various studies on the sodium alu­
minate and hydroxide solutions, the most probable 
structure of the aluminate ion is tetrahedral Al(OH) 4 ~ 
ion at low aluminium concentrations, which, at higher 
concentrations, becomes dehydrated A102~~ ion.17-19) 
Therefore, it is reasonable to express the dissolution 
process of gibbsite as follows; 

Al(OH),(s) + H20(1) = H+(l) + Al(OH)4-, (4) 

K°B = aHöAi/ßw = ^s • ri2/«w, (5) 

where Ks=mHmM, yl=yHyAl,
 an<^ mi 1S m e molality 

of species i. O n the other hand, for the dissociation 
of water, 

H20(1) = H+(l) + OH-(l), (6) 

KZ = aHa0n/aw = iCwy2"/aw, (7) 

where K^ = mBm01l and yt^y^ïon- From Eqs. 5 and 
7 a general equation (8) for alumina trihydrates 
can be derived, introducing a new function, f ( / ) , of 
ionic strength ( / ) . 

/ ( / ) = log (J»A1/»IOH) + l o g # ° 

= logKl + 21og (y2/7 l). (8) 

I t should be noted that f(7) is independent on the 
activity of water. Figure 1 gives relationships be­
tween f (/) and I which were calculated from the solu­
bility data of gibbsite reported by Russell et al.2) and 
K^. values20) at a given temperature. 

Using the extended Debye-Hückel equation with 
added terms, we can express the mean activity coef­
ficient (yL) as follows; 

log 7l = -AtIV*/(l +BtaiW) - cj - dj*, (9) 

where At is the theoretical limiting Debye-Hückel 
slope, Bt a parameter depending upon temperature 
and dielectric constant of solvent, ax an ion size 
parameter, and cY and dt are adjustable parameters. 
Substituting Eq. 9 into Eq. 8, 

/ ( / ) = logtf° + 2AJWIL/Q+B&P/*) 

-1/(14-jBtfla/V»)] + CI + DP, (10) 

where C=2{c1—c2) and D=2(d1—d2). The problem 
is to decide the five parameters, K°} aly a2, C, and 
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TABLE 1. TEMPERATURE DEPENDENCY OF K°, K°, C, AND D 

1961 

No. t/°G 
Case 1 Case 2 

logKl 

- 1 4 . 5 1 
- 1 3 . 7 6 
- 1 3 . 3 6 
- 1 3 . 0 3 
- 1 2 . 7 3 
- 1 2 . 4 2 
- 1 2 . 1 5 
- 1 1 . 7 7 
- 1 1 . 5 4 
- 1 1 . 1 6 

CxlO 2 

3.44 
6.94 
3.20 
4.82 
4.61 
3.97 
4.27 
5.24 

11.18 
7.37 

D x l O 3 

4.11 
1.78 
4.99 
2.66 
3.61 
3.29 

- 0 . 5 7 
5.68 

- 3 . 8 9 
10.31 

log*? 

- 0 . 9 7 
- 0 . 7 4 
- 0 . 5 7 
- 0 . 4 4 
- 0 . 3 2 
- 0 . 1 8 
- 0 . 0 5 

0.08 
0.09 
0.30 

logKl 

- 1 4 . 5 5 
- 1 3 . 7 5 
- 1 3 . 3 8 
- 1 3 . 0 4 
- 1 2 . 7 4 
- 1 2 . 4 4 
- 1 2 . 2 2 
- 1 1 . 8 3 
- 1 1 . 5 1 
- 1 1 . 2 6 

CxlO 2 

5.98 
6.18 
5.68 
5.94 
6.14 
5.72 
6.80 
9.04 
9.24 

13.71 

log*? 

- 1 . 0 1 
- 0 . 7 4 
- 0 . 5 9 
- 0 . 4 5 
- 0 . 3 3 
- 0 . 1 9 
- 0 . 1 2 

0.02 
0.12 
0.20 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

40 
60 
70 
80 
90 

100 
110 
130 
150 
170 

2 4 6 8 
Ionic strength ( I ) 

Fig. 1. Relationships between f(7) and ionic strength (/) 
according to Eq. 8. 

D to get the best statistical fit for the data given in 
Fig. 1. 

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

Most of solubility measurements of gibbsite in alkaline 
solutions presented up to date were carried out at 25 
°G. Lyapunov reported interesting results showing an 
effect of NaCl addition on the solubility of gibbsite 
at 60 and 95 °G, but the range of conditions of solu­
bility measurements was limited.11) The Russel's data 
seems to be the most useful solubility data of gibbsite 
in the range of higher temperature and N a O H con­
centrations. The method presented here, therefore, 
was applied mainly to the Russel's data. 

The Case of the Same Ion Size Parameters. As­
suming the same ion size parameters, i.e., a1=a29 as 
did May10) or Smith,21) Eq. 10 can be simplified into 
a following equation: 

/ ( / ) = logKl + CI + DP (Case 1). (11) 

Table 1 gives log K°B, C, and D obtained by the least 
square calculations for Eq. 11. Furthermore, Fig. 1 
shows good straight line relationship between f (/) and 
I in the range of low ionic strengths, that is, 

Temp/ °C 
W 130 100 80 60 40 
~~J—i 1 1 — r ^ - \ — i — i — i 1— 

2.2 2A 2.6 2.8 3.0 3.2 

103 K /T 

Fig. 2. Temperature dependencies of log K° and log 
K% from 40 to 170 °G for the case 1. 

/ ( / ) = \ogKl + CI (Case 2) . (12) 

Table 1 also gives the values of log K°s and C for Eq. 
12. 

Figures 2 and 3 show temperature dependency of 
the ionic solubility product of gibbsite for the case 
1 and 2, respectively. Good linear relationships be­
tween log K°B and \jT can be observed in the range 
of 40—110 °G. 

logK°B = - 4 0 6 4 / r 

logK°s = - 4 0 3 2 / r 

1.54 (Case 1), (13) 

1.65 (Case 2). (14) 

According to Eqs. 13 and 14, the values of log K% 
at 25 °G become the same value of —15.18, which 
is very close to the value of —15.30 reported by 
Kittrick,6) being considerably lower than the value 
of —14.05 presented by May.10) Based on the AGI 
value of —1151.9 kj/mol selected for gibbsite by 
Parks,8) the standard Gibbs free energy of formation 
(AG?) for A l ( O H ) 4 - ion is calculated to be —1302.5 
kj/mol. The heat of reaction of Eq. 4 was found 
to be 77.4 — 77.8 k j between 40 and 110 °G, and to 
have a tendency to decrease at temperature above 
110 °C. 

For the following reaction of gibbsite with O H ~ ion, 

file:///ogKl
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Fig. 3. Temperature dependencies of log K% and log 
K% from 40 to 170 °G for the case 2. 

Al(OH)3(s) + OH-(l) = Al(OH)4-(l), (15) 

K% = ÖAl/ßOH, (16) 

using Eqs. 5 and 7, K% is given by 

K%=K\IKl. (17) 

Table 1, Figs. 2 and 3 also show the values of log K°, 
and its temperature dependency in the range from 
40 to 110 °C is given as follows; 

\ogK% = - 1 5 9 8 / r + 4.10 (Case 1), (18) 

logK°t = - 1 5 6 7 / T + 3.98 (Case 2). (19) 

According to Eq. 18 or 19, the heat of reaction of 
Eq. 15 is 30.1—30.5 k j . 

The Case of Different Ion Size Parameters. In 
order to evaluate effects of the ion size parameters, 
ax and a2, on log K%, we assumed conveniently c2 = 
d2 = 0 for the dissociation of water. Then, from Eqs. 
7 and 9. 

log (tfw/«w) = log Kl + 2AtP/*/(l + i W 1 / 2 ) . (20) 

Using Ks=mHmA1=Kyr(mAllm01I) and Eq. 20, 

log (tfs/aw) = log K° + log (mA1/ffl0H) 

+ 2AtP/*l(l+BtatIV*). (21) 

At a given temperature, the value of log (KJaw) de­
pends upon the concentration ratio, (»zA1/m0H), at 
equilibrium and the ion size parameter, a2, for H+ 
and O H - ions. Figure 4 shows plots of log (KJaw) 
and /V2 / ( l + 1 .51 / i / 2 ) a t 70 °C with fll=4.5A and 
various values of a2 from 3.5 to 6.0 Â. I t is obvious 
from Fig. 4 that log (KJav) and slopes of curves 
increase with decrease in the a2 value. 

O n the other hand, from Eqs. 5 and 9, 

log ( t f B / 0 - logKl + 2AJV*/(l+Bta1IV*) 

+ 2q /+2</ 1 / 2 . (22) 

According to the Debye-Hückel theory, generally a 
plot of log(KJaJ vs. /V2/ ( l + J g t a 1 / i / a ) produces a 
straight line at low Ionic strengths with the theoretical 
limiting slope, 2At, and the intercept of log K% at 
1=0, and the last two terms becomes important only 

-13.0 

0.3 0.4 0.5 

yr/ ( i + i.5i/D 
Fig. 4. Plots of \og(Ks/ayr) vs. 7V2/(1 +1.51/V2) at 

various values of a2 in the case of a1=4.5 Â and 70 °C. 

-11.0 

-11.5 h 

-12.0 h 

-12.5 h 

-13.0 h 

0.3 0.4 

/T7(1* B t a , / D 
0.5 

Fig. 5. Plots of log(KJaw) vs. P/2/(l+BtaiP/2) at tem­
peratures of 70, 80, 90, and 100 °G in the case of ax= 
4.5 Â and aa=5.0 Â. 

at higher ionic strengths. Figure 5 shows a plot of 
log (KJaJ vs. IWftl+B&W*) at 70, 80, 90, and 
100 °G in the case of ^ = 4 . 5 Â and a 2 = 5 . 0 Â.24> 
Similarly, Fig. 6 shows a plot of log (KJaJ) vs. 71/2/ 
( l - b S ^ / V » ) at 60 °G, which were calculated from the 
Russell's data in N a O H solutions and the Lyapunov's 
data in both N a O H and ( N a O H + N a C l ) solutions. 
I t is obvious from Figs. 5 and 6 that the straight line 
relationships hold at ionic strengths as high as 1.0, 
and that these slopes are very close to the theoretical 
values, 2At, of 1.09, 1.11, 1.14, 1.16, and 1.19 at 60, 
70, 80, 90, and 100 °G, respectively. T h e Lyapunov's 
data in N a O H and ( N a O H + N a C l ) solutions are able 
to be represented by the same curve as shown in Fig. 
6, and gives log K° = —13.60 at 1=0, which differs 
a little from a value of log K°s = —13.73 for the 
Russell's data . 
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-12.8 

1 î Russell (O) 

-12.9p 2 « Lyapunov 
NaOH ( « ) 

~ -13.0 
of 

o 
-13.1 

-13.2 

-13.3 

-13.4 
0.35 0.40 0.45 0.50 

N/T7(1 • 1.50/T) 
0.55 

Fig. 6. Plots of log(Ks/aw) vs. /Va/( 1 +1.50/1/*) at 60 °G 
obtained from the Russell's data2) and the Lyapnov's 
data11) in the case of ^ = 4 . 5 A and a 2=5.0A. 

At ionic strengths above 1.0, log (KJaw) shows pos­
itive deviations from the straight line. Such positive 
deviation at high ionic strengths was also observed 
in C a ( O H ) 2 - N a N 0 3 - H 2 0 2 2 ) or N i S 0 4 - C o S 0 4 - ( N H 4 ) 2 -
S 0 4 - H 2 0 2 3 ) system, and was considered to be at­
tributed to the formation of complexes. Moolnaar 
concluded from Infrared, Raman , and 23Na and 27A1 
N M R spectra of sodium aluminate solutions that at 
aluminium concentrations below 1.5 M , the tetrahedral 
Al(OH) 4 ~ ions exist as the predominant aluminium-
bearing species in the solution and that at aluminium 
concentrations of about 1.5 M and above, Al (OH) 4 ~ 
condenses to form A l 2 0 ( O H ) 6

2 ~ ion.19) In a detailed 
study of the saturated vapour pressures exerted by 
sodium hydroxide and aluminate solutions, Dibrov 
advanced evidence for the aluminate ion undergoing 
dehydration to the meta-aluminate ion A102~ at high 
concentrations of 1 5 % N a 2 0 and above: 

Al(OH)4- > A10(OH)2- + H 2 0 > 

A102- + 2 H 2 0 . (23) 

From the above discussions it is reasonable to con­
sider that the positive deviation from the straight line 
may be attributed to the formation of complex ion 
such as A l 2 0(OH) 6

2 ~ and/or the dehydration of Al-
(OH)4~, leading to decrease in the activity coefficient 
of aluminate ion. This presents a striking contrast 

to increase in the activity coefficient designated by 
the salting-out effect.20) The similar application of 
the method presented in this paper to alumina mono-
hydrates is currently performed with success. 
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The infrared diffuse reflectance spectra of GaC0 3 dispersed in KBr and Si were measured over a wide con­
centration range. The relation between relative reflectance and concentration varies with dispersing medium. 
The relation follows the Kubelka-Munk (K-M) equation only in the low concentration region. The deviation in 
the high concentration region from the K-M equation changes with wavelength and dispersing medium. The 
results over the whole concentration range can be interpreted by means of a modified K-M equation in which 
the difference in the scattering coefficients between the sample and the dispersing medium is taken into account. 
The tendency of scattering coefficients of CaC0 3 , KBr, and Si calculated by the modified Kubelka-Munk equa­
tion agrees with that of refractive indexes. 

T h e diffuse reflectance spectroscopy is widely used 
in the ultraviolet and visible regions.1) T h e infrared 
diffuse reflectance spectroscopy would also be useful, 
several equipments having been succesfully devel­
oped. 2>3) We have constructed an emissionless in­
frared diffuse reflectance spectrometer (EDR) for in 
situ determination of reacting species on catalyst sur­
face at elevated temperature.4) Several theories have 
been proposed for the quantitative interpretation of 
the diffuse reflectance spectra.5 '6) T h e Kubelka-Munk 
equation is most widely used for analysis, bu t it should 
be regarded as a limiting law which holds only in a 
low concentration range.6) A convenient equation is 
desirable for quantitative analysis over a wide con­
centration range. 

We would like to show that the infrared diffuse reflec­
tance spectra over the whole concentration range can 
be interpreted by means of a modified K - M equation, 
and that the factor determinig the intensity of ab­
sorption band is not only the absorption coefficient 
but also the scattering coefficient of the sample in 
the high concentration region. 

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

Fine powder of commercial calcium carbonate was used 
without further purification. Potassium bromide crystals 
for spectroscopy (Japan Spectroscopic Go.) and silicone 
wafers (99.9999%, Shin-Etsu Chem. Go. Ltd.) were ground 
to fine powder and used as dispersing media. Mixtures 
of the sample and a dispersing medium with predescribed 
ratios were packed in a sample holder, and the spectra were 
measured with an emissionless infrared diffuse reflectance 
spectrometer (Japan Spectroscopic Co., EDR-31) at an 
ambient temperature and at 200 °C. The details of the 
spectrometer were reported.4) 

R e s u l t s 

Figure 1 shows typical diffuse reflectance spectra 
of mixture of C a C 0 3 and KBr. The absorption bands 
at 873 and 711 c m - 1 can be ascribed to characteristic 
vibrations of carbonate ion, and the band at 2520 
c m - 1 to a combination band.7) Even when the con­
centration of C a C 0 3 was as low as 0.19%, the ab­
sorption bands were conspicuous. The band inten­
sities increase with increase in concentration, but the 
relation between band intensity and concentration dif­

fers with wavelength. The band intensity of 100% 
CaCOg at 2520 c m - 1 was much greater than that of 
10% G a C 0 3 ; the difference in band intensity at 873 
c m - 1 was not so great. O n the other hand, the dif­
ference in band intensity between 0.19% and 1% 
C a C 0 3 samples was greater at 873 c m - 1 than that 
at 2520 cm - 1 . T h e relation between band intensity 

) I 1 I U 1 L_ 
2800 2400 900 800 700 

Wave number/cm -1 

Fig. 1. IR diffuse reflectance spectra of CaC0 3 

dispersed in KBr. Wt fraction of CaC0 3 : (1) 0%, 
(2) 0.19%, (3) 1.0%, (4) 10%, and (5) 100%. 

100| 1 I 1 

80r- 1 

0 I I I U 1 — L _ 
2800 2400 900 800 700 

Wave number/cm -1 

Fig. 2. IR diffuse reflectance spectra of CaC0 3 

dispersed in Si. Wt fraction of CaC0 3 : (1) 0%, 
(2) 1.0%, (3) 10%, (4) 40%, and (5) 100%. 
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J _ 

X*7 \ 

10 

0.001 0.01 0.1 
Weight fraction of CaC0 3 

Fig. 3. Variation of relative reflectance with wt fraction 
of CaC03 . Wavenumber and dispersing medium: 
(1) 2520 cm-1 in Si, (2) 711 cm"1 in Si, (3) 873 cm"1 

in Si, (4) 2520 cm-1 in KBr, (5) 711 cm"1 in KBr, 
and (6) 873 cm"1 in KBr. Solid marks, at 200 °C; 
and empty marks, at ambient temp. 

and concentration changes with dispersing medium. 
When Si was used as a dispersing medium, the band 
intensity changes a great deal with concentration in 
the high concentration region, as shown in Fig. 2. 
The difference in band intensity between 10% and 
100% samples was much greater than that shown 
in Fig. 1. The band intensity does not change much 
with concentration in the low concentration region. 
The absorption bands of the 0 .15% sample at 2520 
and 711 c m - 1 could not be observed. 

The variation of band intensity with dispersing me­
dium is shown in Fig. 3, in which the relative reflec­
tance, defined as the ratio of reflectance at peak min-
imun to the reflectance of pure dispersing medium, 
is plotted against the weight fraction of C a C 0 3 in 
a mixture of C a C 0 3 and the dispersion medium. 
With increase in concentration the relative reflectance 
decreases remarkably in the low concentration region, 
when KBr is used as the disperison medium. In the 
case of Si, the relative reflectance decreases remark­
ably in a high concentration region. In both cases, 
the relative reflectance at 2520 cm" 1 decreases in a 
higher concentration region as compared with that 
at 873 and 711 c m - 1 (the results at ambient tem­
perature 0 ? at 200 °G # ) . Agreement between re­
sults indicates that the quantitative relation in the 
emissionless diffuse reflectance spectrometer does not 
change with temperature. 

In the K - M theory, the reflectance is related to 
the absorption constant K and the scattering constant 
S of the mixture of the sample and dispersion me­
dium : 

f(R) 
( I - * ) 2 

2R 
K 

(1) 

where f (R) is the Kubelka-Munk function and R the 
absolute reflectance. In practice, the relative reflec­
tance r defined as above is used in place of R. The 
following assumptions are usually made. The ab­
sorption constant K is equal to the product of the 
absorption coefficient s8 and the concentration X of 

o.i 

0.01 

s 

<ÏM 
44 

m'a s '' 

\/ U s P / 
a/"9<Dyv 

/ r p 

^ / ' / ' 

j _ 
0.001 0.01 0.1 1 

Weight fraction of CaC0 3 

Fig. 4. Variation of K-M function with wt fraction 
of CaC0 3 . For the symbols, see the legend of 
Fig. 3. 

the sample, and the scattering constant S is equal 
to the scattering coefficient of the scattering medium 
<rm. Thus, we have 

( 1 - r ) 2 esX 
/to (2) 

Figure 4 shows the relation between the logarithm 
of the K - M function and the logarithm of the sample 
concentration. In all cases, the plots give straight 
lines with the slope of unity only in the low concen­
tration region. This is in line with the fact that the 
K - M equation is regarded as a limiting law which 
holds only in the low concentration region. The plots 
deviate from the straight lines in the high concen­
tration region depending on the wavelength and dis­
persion medium. 

Hecht6) found that the reflectance in the ultraviolet 
and visible regions sometimes follows the Rozenberg 
equation, though a constant in the equation is too 
large to be physically interpreted. The results in the 
present study do not follow the Rozenberg equation, 
according to which the second derivarive of the re­
flectance with respect to the concentration should be 
positive. In the infrared diffuse reflectance spectra 
of N a C 0 3 , N a N 0 3 , and N a 2 S 0 4 dispersed in K I , 
Ishii et al.2) found a linear relationship between the 
reflective absorbance and logarithm of the concentra­
tion in the low concentration region. The intensities 
of absorption bands at 711 and 873 c m - 1 of C a C 0 3 

in KBr appeared to obey their relation in the low 
concentration region, but not the intensities of the 
other bands. 

D i s c u s s i o n 

In the K - M theory it is assumed that the absorp­
tion constants of a mixture of the sample and the 
dispersion medium is proportional to the concentra­
tion of the sample and the scattering constant is in­
dependent of concentration. However, both constants 
would depend on the concentrations of both sample 
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Fig. 5. Reciprocal plot of K-M function vs. wt frac­
tion of CaC0 3 dispersed in KBr. ( 0 , # ) 873 cm"1, 
( Q B ) 2520 cm-1, and (A,A) 711cm-1. 
Solid marks, at 200 °G; and empty marks, at ambient 
temp. 

Fig. 6. Reciprocal plot of K-M function vs. wt frac­
tion of CaC0 3 dispersed in Si. For the symbols, 
see the legend of Fig. 5. 

and diepersion medium.6»8) Thus, the K - M equation 
should be written as 

lr o&X-\- ö-m(l— X) 

where os and tfm are the scattering coefficients and 
es and em the absorption coefficients of the sample 
and the dispersion medium, respectively. The ab­
sorption coefficient of the dispersion medium can be 
neglected, when the dispersion medium has no char­
acteristic absorption. Thus we have 

( 1 - r ) 2 _ yX 
/to - 2r 1 + (Ô-1)X' 

(4) 

where ô is the ratio of the scattering coefficient of the 
sample to that of the dispersing medium, ^ s / ^ m , and 
y is the ratio of the absorption coefficient of the sample 

TABLE 1. RATIO BETWEEN ABSORPTION AND SCATTERING 

COEFFICIENTS 

Band position 711cm-1 873 cm-1 2520 cm-1 

y(CaC03-KBr)a> 
(5(CaC03-KBr)b> 

y(CaC03-Si) 
(5(CaC03-Si) 

tfKBr/<7siC) 

<7KBr/tfSid) 

9.5 
6.0 

0.73 
0.52 

0.087 
0.076 

15.0 
13.5 

1.20 
1.30 

0.096 
0.080 

2.40 
1.30 

0.23 
0.10 

0.077 
0.096 

a) £CaC03/tfKBr. b ) <TCaC03/^KBr. C) } > ( C a C 0 3 - S i ) / 
y(CaC03-KBr). d) (5(CaC03-Si)/(5(CaC03-KBr). 

to the scattering coefficient of the dispersion medium, 
£s/tfm. Equation 4 indicates that the plot of the in­
verse K - M function against the inverse concentration 
would give a straight line. 

1 (5-1 

/to • + -
1 

yX 
(5) 

Figures 5 and 6 show the relations between the 
inverse K - M function and the inverse weight fraction. 
We see that the plots give straight lines. Although 
the intercepts are not obvious, they can not be 
neglected; the scattering constant of the mixture 
changes with the concentration of sample. 

The constants in Eq. 5 were calculated from the 
slopes and the intercepts (Figs. 5 and 6), and are 
given in Table 1. The curves (Fig. 4) calculated by 
substituting the constants into Eq. 4 agree with the ex­
perimental results over the whole concentration range. 
In the ratios of the scattering constant of KBr to that 
of Si (Table 1), two groups were calculated from 
the ratio of y in the C a C 0 3 - S i mixture to that in 
the C a C 0 3 - K B r mixture and from the corresponding 
ratio of à dit each wavelength. The ratios thus ob­
tained agree with each other, i.e., <7KBr/<7gi=0.086± 
0.010. The scattering coefficient varies with the re­
fractive index, shape, size and the packing of the 
particles.2»5) The refractive index of KBr is ca. 1.52 
in the present wavelength region, and that of Si, ca. 
3.42. The fact that the refractive index of KBr is 
smaller than that of Si is in line with the result that 
the scattering coefficient of KBr is smaller than that 
of Si. The effect of the shape and the size of par­
ticles also would be significant. The reflected light 
from the powder layer consists of the specularly re­
flected light at the surface of the powder layer as well 
as the diffusely reflected light.9) The refractive index 
might have a predominant effect on the specular re­
flection and the shape and the size of powder on the 
diffuse reflection. The ratio of scattering coefficient 
of KBr to that of Si is fairly constant, but the ratio 
of the scattering coefficient of C a C 0 3 to that of the 
dispersing medium varies with the wave length. This 
is in line with the fact that the refractive index of 
the substance which absorbs the light changes with 
wavelength in a complicated manner near the ab­
sorption band.1) 

In the K - M equation, the K - M function is pro­
portional to the sample concentration (Eq. 2). Thus 
the Kubelka-Munk spectrum, or the plot of the K - M 
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function against wavenumber, would be the same as 
absorbance spectrum in transmission spectroscopy. Ac­
tually, however, discrepancy has been observed both 
in the ultra-violet and visible regions6) and the in­
frared region.3) Equation 4 indicates that the in­
tensity of the absorption band in the diffuse reflec­
tance spectrum also depends on the scattering coef­
ficient of the sample, especially when the sample con­
centration is high. Since the scattering coefficient of 
the substance which absorbs the light appears to vary 
with the wavelength near the absorption band, the 
Kubelka-Munk spectrum is not always the same as 
the absorbance spectrum. 

The modified K - M equation would also be useful 
in the ultraviolet and visible regions. The deviation 
of the K - M function from linearity appears to be 
greater in the ultraviolet and visible regions than in 
the infrared region. The variation of the scattering 
coefficient with the substance might be large in the 

ultraviolet and visible regions. 
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Sulfide, thiosulfate, and polysulfide ions in their mixtures were determined potentiometrically with a silver-
nitrate standard solution. These three species can be precisely determined from two titrations for each sample 
with the coefficient of variation of 0.3% at the concentration level of 5 x 10~4 M (1 M = l mol dm~3). One ali­
quot is titrated, after making the titrand acidic with an acetate buffer (pH=4), to get the end points of the sulfide 
and thiosulfate ions respectively, in the presence of free sulfur. The other is titrated, after the sulfitolysis of the 
sample solution, to show the end points of the sulfide and thiosulfate (the original thiosulfate plus the thiosulfate 
which is formed from polysulfide) ions in the presence of excess sulfite. The addition of calcium nitrate is effective 
in making the end points clear and accurate. This method was applied to determine these species in lixiviation 
water of blast-furnace slag. 

Elemental sulfur dissolves in an alkaline solution 
of sulfide to form polysulfides i1) 

xS + S2- • Sî;x. (1) 

In addition, sulfur2) reacts with alkali hydroxide to 
produce sulfide, polysulfide, and thiosulfate through 
the following equation: 

(4+2*)S + 6 0 H - > 2SJ;X + S203
2- + 3 H 2 0 . (2) 

Therefore, there are many cases which involve these 
three species together, e.g., sulfide, thiosulfate, and 
polysulfide, in such solutions as the lixiviation water 
of blast-furnace slag.3»13) 

One sulfur atom in each polysulfide ion is denoted 
as sulfide sulfur(S2_), while the rest of the ion(Sa?) 
is denoted as polysulfide sulfur (or dissolved sulfur).11) 

Various methods, such as Potentiometrie,4»5) biam-
perometric,6) and iodometric methods,2) to determine 
S2~, S203

2~, and Sx in a polysulfide solution have 
already been presented. Blasius and his co-workers3»14) 
determined sulfur compounds in the lixiviation water 
of blast-furnace slag by photometric and titrimetric 
methods. Most of these methods are, however, rather 
complicated and time-consuming because of the neces­
sity of separation, masking, and several titrations. Papp 
and Havas7) determined these three species potentio­
metrically by using a sulfide-ion-selective electrode as 
the indicator; they added an excess amount of sulfite 
to the sample solution, and the resultant S203

2~, 
equivalent to the Sx, was titrated with a mercury(II) 
chloride solution. Although this method is simple 
and useful, there are some problems, such as water 
pollution due to waste mercury and the necessity of 
masking the excess sulfite ions with formaldehyde. 
I t was previously reported8»9) that S 2 0 3

2 _ in the pres­
ence of large amounts of S 0 3

2 ~ could be titrated with 
the silver ion by utilizing the formation of thiosul-
fatoargentate or silver sulfide in an acidic solution 
without masking S 0 3

2 ~ with formaldehyde. Sulfide, 
S203

2~, and S 0 3
2 ~ could also be determined10) directly 

by the three successive argentimetric titrations of the 
same sample solution in the presence of calcium nitrate. 
Sulfide and Sx in a polysulfide solution could be deter­
mined11) after the cyanolysis of the polysulfide, but 
the end points were affected by the presence of S203

2~. 

In these investigations, silver-silver sulfide, silver-silver 
iodide, and silver-ion-selective electrodes were used. 

The present paper reports a method of determining 
S2 _ , S .̂, and S 2 0 3

2 _ in a synthetic polysulfide solution 
and the lixiviation water of blast-furnace slag by 
argentimetric Potentiometrie titration with silver-silver 
sulfide, silver-silver iodide, and saturated-calomel elec­
trodes. The advantage of this method is that the 
contents of these three species can be determined 
from two titrations for each sample. One aliquot is 
titrated, after making the titrand acidic with an acetate 
buffer ( p H = 4 ) , to give the end points of S 2 _ and 
S 2 0 3

2 _ in the presence of elemental sulfur. The other 
is titrated, after the sulfitolysis of the sample solution, 
to give the end point of S2~ and that of S 2 0 3

2 _ plus 
Sj. in the presence of sulfite: 

S Î « -^-> HS- + S„ (3) 

SI;» + *S032- > S2- + *S203
2-, (4) 

S203
2- + Ag+ > Ag(S203)- . (5) 

Exper imenta l 

Reagent and Apparatus. All the chemicals used were 
of a reagent grade. Oxygen-free redistilled water was used 
for the preparation of all solutions. The stock solution 
of polysulfide was prepared and stored by a method described 
previously.11) Working solutions were prepared by the fur­
ther dilution of the stock solution. 

An automatic recording Potentiometrie titrator, Hiranuma 
RAT-101, with a silver-silver sulfide or a silver-silver iodide 
electrode, together with a saturated calomel electrode, was 
used. 

Procedure. Assay of S2~ and S203
2~ in S%-+t: Place a 

definite amount of a sample solution in a titration cell 
containing 10 ml of oxygen-free water and a 1-cm-thick 
liquid-paraffin layer. Add, successively, 2 ml of 1 M calcium 
nitrate, acetic acid, or acetate buffer to adjust the pH to 
4 and oxygen-free water to make the volume up to about 
100 ml, which should then be gently poured against the 
wall of the cell so that air bubbles are not entrained. Titrate 
this solution potentiometrically with 0.1 M silver nitrate 
solution using a silver-silver sulfide indicator electrode until 
the titration curve shows a sudden change, which corresponds 
to the end point for S2~ (Fig. 1, I-A). Then replace the 
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TABLE 1. DETERMINATION OF SULFIDE AND THIOSULFATE IN POLYSULFIDE SOLUTIONS 

[S«] [S2CV-] Difference/% Coefficient of variation/% 

M 

5x10-* 
5x10-4 
5x10-4 
5 x l 0 - 4 

5 x 10-5 

5x10-4 
5x10-4 
5 x 10-4 

Titrant: 0 

mg 

0.5 
1.6 
3.2 
5.0 
0.16 
1.6 
1.6 
1.6 

1 M AgN03 . 

M 

5x10-4 
5x10-4 
5x10-4 

2.5x10-4 
5 x l 0 - 5 

10-4 
2.5x10-4 

10-5 a) 

S 2 - t » 

+ 0.3 
- 0 . 3 
+ 0.3 
+ 0.2 
+ 1.1 
- 0 . 4 
- 0 . 2 
+ 0.5 

Each value is the average of 4 titrations. 

s 2 o 3
2 - c> 

- 0 . 5 
± 0 . 0 
+ 0.9 
± 0 . 0 
+ 1.9 
+ 0.3 
+ 0.7 
+ 5.8 

s2-
0.3 
0.3 
0.1 
0.1 
0.3 
0.2 
0.1 
0.1 

a) Standard addition method. 

S2Cy>-

0.3 
0.3 
0.3 
0.5 
0.7 
0.2 
0.5 
3.7 

b) Compared 
with the mercury(II) chloride method.7) c) Compared with the iodometric method.2) 
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Fig. 1. Potentiometrie titration curves for sulfide, 
polysulfide-sulfur, and thiosulfate in polysulfide solu­
tion. 
Sample solution: 100 ml of 5 x 10"* M Na2Sx+1 (S°= 
1.6 mg) and 5 x l O - 4 M Na2S203. 
1: Without sulfitolysis. Titration medium: 10~2 M 
Ca(N03)2 and 2 x l 0 - 2 M acetate buffer (pH=4). 
2: With sulfitolysis. Titration medium: 10"2 M 
Ca(N03)2 and 0.1 M NH3 up to the end point related 
to S2-, then pH 1.5—3 (with 0.5 M H2S04). 
I : Ag-Ag2S electrode, I I : Ag-AgI electrode. A: S2~, 
B: S203

2-, C: S°. 

indicator electrode by a silver-silver iodide and continue 
the titration until the end point for S2Oa

2- (Fig. 1, 1-B) 
is reached. 

Assay of S*~ and Sx in S^: Add 10 ml of 0.5 M sodium 
sulfite and 30 ml of oxygen-free water to a sample solution 
which has been prepared in the manner described above. 
Heat this to about 50 °C and then allow it to stand for 3 
min. Cool the solution below 15 °C. Add 10 ml of 1 M 
ammonia and 2 ml of 1 M calcium nitrate, and bring the 
total volume to about 100 ml with oxygen-free water. Ti­
trate this solution with 0.1 M silver nitrate by using a silver-
silver sulfide indicator electrode until the titration curve 
shows a sudden change for S2_ (Fig. 1, 2-A). Then adjust 
the pH to 1.5—3 with 0.5 M sulfuric acid and continue 
the titration until the end point for S203

2_ plus Sx is reached 
(Fig. 1, 2-C) by using a silver-silver iodide indicator elec­
trode. 

The S2_ (free sulfide plus the sulfide bound by polysulfide) 
content is obtained by the use of the end point (A). The 
original S203

2_ content is calculated from the difference 
between (A) and (B). The Sx content (measured as S203

2_) 
is estimated by (C) minus (B). 
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Fig. 2. Effect of calcium ion on the titration curves 
for sulfide and thiosulfate in polysulfide solution. 
Sample solution: 100 ml of 5 x 10"4 M Na2S*+1 (S°= 
1.6 mg), 5 x l 0 - 4 M Na2S203 and 2 x l 0 - 2 M acetate 
buffer (pH=4). 
1: Without Ca(N03)2 , 2: With 10"2 M Ca(N03)2 

I : Ag-Ag2S electrode, I I : Ag-AgI electrode. 

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

Determination of Sulfide, Thiosulfate, and Polysulfide-Sulfur 
in a Synthetic Polysulfide Solution. Figure 1 shows 
some typical titration curves. Acetate buffer ( p H = 
4) and calcium nitrate were added in order to isolate 
elemental sulfur and to get clear and accurate end 
points for S2~ and S203

2~. Calcium nitrate may be 
considered to have a coagulating action to the ele­
mental sulfur isolated from the S 2 ^ and silver sulfide 
produced during the titration. Figure 2 shows the 
effect of calcium nitrate on the titration of sulfide 
and thiosulfate ions in a polysulfide solution. The 
end point of S 2 0 3

2 _ was obtained by the formation 
of thiosulfatoargentate. The solution was protected 
from the evolution of hydrogen sulfide by covering 
it with a liquid-paraffin layer. Table 1 shows the 
results thus obtained from solutions with various con­
centrations. The S 2 _ and S 2 0 3

2 - contents ranging 
from 10-4 to 5 x l O ~ 4 M in the polysulfide solution 
could be determined with a good accuracy and re­
producibility. 

O n the other hand, the Sx in polysulfide solution 
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TABLE 2. DETERMINATION OF SULFIDE, THIOSULFATE, AND POLYSULFIDE-SULFUR 

[S2-] 
M 

5x10-* 
5x10-* 
5 x 10-* 
5x10-* 
5 x l 0 - 5 

5x10-* 
5x10-* 
5x10-* 

[ S ° L 
mg 

0.5 
1.6 
3.2 
5.0 
0.16 
1.6 
1.6 
1.6 

[s2o3
2-] 

M 

5x10-* 
5x10-* 
5x10-* 

2 .5x10-* 
5 x l 0 - 5 

10-* 
2 .5x10-* 

10-5 a) 

S2- b>c> 

+ 1.1 
+ 0.5 
+ 0.3 
+ 1.3 
- 1 . 1 
+ 0.8 
+ 0.1 
+ 0.6 

Difference/% 

S 0 C ) 

+ 0.5 
+ 0.2 
- 0 . 2 
- 2 . 6 
+ 4.3 
- 1 . 3 
+ 0.4 
- 1 . 1 

s2o3
2-*> 

- 0 . 5 
± 0 . 0 
+ 0.9 
± 0 . 0 
+ 1.9 
+ 0.3 
+ 0.7 
+ 5.8 

Coefficient of variation/% 

s2-
0.1 
0.1 
0.1 
0.3 
0.6 
0.2 
0.2 
0.2 

S0 

0.5 
0.3 
0.3 
0.2 
0.5 
0.3 
0.4 
0.2 

s 2o 3
2 -

0.3 
0.3 
0.3 
0.5 
0.7 
0.2 
0.5 
3.7 

Titrant : 0.1 M AgN03 . Each value is the average 4 titrations, a) Standard addition method, b) The result 
determined after sulfitolysis. c) Compared with the mercury (II) chloride method.7) d) Compared with the 
iodometric method.2) 

TABLE 3. DETERMINATION OF SULFIDE, THIOSULFATE, AND POLYSULFIDE-SULFUR 

IN LIXIVIATION WATER OF BLAST-FURNACE SLAG 

S2- (mM) S° (mM) S2CV- (mM) 

Sample I II II I I 

Found*) C.V.b) Found») C.V.b> Found») C.V.b> Found») C.V.b> Found») C.V.b> Found») C.V.b> 

A 
B 
C 

2.00 
1.35 
2.93 

0.2 
0.5 
0.5 

1.99 
1.30 
2.87 

0.4 
0.6 
0.4 

3.91 
3.36 
3.06 

0.7 
0.9 
0.7 

3.92 
3.44 
3.14 

0.6 
0.5 
0.5 

8.09 
8.27 
8.10 

0.4 
0.3 
0.3 

8.07 
8.27 
8.32 

0.3 
0.3 
0.4 

I : Iodometric method2-12). I I : Proposed method, a) Average of 4 titrations, b) Coefficient of variation. A 
sample solution was prepared by immersing 450 g of blast-furnace slag in 450 ml of demineralized water for 4 d. 

0 4 8 J2 16 30 

Time/d 

Fig. 3. Variation of sulfide, thiosulfate and polysulfide-
sulfur in lixiviation water with the lapse of time. 
Sample: Slag(700 g) + Demineralized water(300 ml). 
Sample was placed in a dark room at 30 °C. 
- 3 - : S2-, - O - : S203

2-, - # - : S,«-(S«). 

was determined after converting it to S 2 0 3
2 _ through 

a reaction with S 0 3
2 _ . An excess amount of S 0 3

2 -

had no effect on the determination. The resulting 
solution was first titrated, after the addition of am­
monia and calcium nitrate, to get the end point of 
S2 _ , and then, after adjusting the ti trand p H to 1.5— 
3, the titration was continued until the end point of 
S 2 0 3

2 _ (the original S 2 0 3
2 _ plus the S 2 0 3

2 - produced 
from Sx) was attained. Any mixture containing each 
of the three species in various concentrations could 
be determined by the proposed method with a good 
accuracy and reproducibility, as is shown in Table 
2. T h e analytical values for S^ in S 2 ^ were identical 

to those determined by the mercury(II)-chloride 
method.7) 

The presence of sodium hydroxide, sodium carbonate, 
and sodium sulfate (the concentration of each being 
2 . 5 x l O ~ 2 M ) did not disturb the determination. 

Determination of Sulfide, Thiosulfate, and Polysulfide-
Sulfur in Lixiviation Water of Blast-furnace Slag. The 
lixiviation waters were prepared by immersing 450-g 
portions of three different examples of blast-furnace 
slag (A, B, and G) in 450 ml of demineralized water 
for 4 d. Each lixiviation water was covered with a 
liquid-paraffin layer to prevent air oxidation. The 
contents of S2 _ , S 2 0 3

2 _ , and Sx in the lixiviation waters 
were then determined by the proposed method, and 
the values were compared with those obtained with 
other methods.2»12) The results are shown in Table 
3. When a 700-g portion of blast-furnace slag was 
immersed in 300 ml of water, the concentration varia­
tions of S2~, S 2 0 3

2 _ , and Sx in the lixiviation water 
with the lapse of time were as is shown in Fig. 3. 

T h e present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education, Science and Culture. The authors wish 
to express their thanks to Mr . Masaru Hiraiwa of the 
Fukuyama Works of Nippon Kokan Co., Ltd., for 
his kind offer of the blast-furnace slag. 
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Cellulose thin-layer chromatographic separation of chlorophyll a, b , and c, pheophytin a, b , and c, Zn ( I I ) -
and Cu (II)-complexes of protoporphyr in- IX dimethyl ester (PPDE) was studied by using a light pet ro leum-
acetone developing solvent system. T h e h # f values of me ta l -PPDE chelates were found to be virtually linearly 
related with the electronegativities-to-radius ratio (En/ri) of central-metal ions. T h e h.Rf values of metallo­
porphyrins become progressively greater with increase in En/r i values of the central metal . This suggests that a 
dominant factor influencing the hi? f values of metal-porphyrins is the extent of electron transfer from the four 
nitrogens and/or the ^-electron system of porphyrin to central metal. 

M e t a l l o p o r p h y r i n s h a v e b e e n w i d e l y i nves t i ga t ed b e ­
c a u s e of t he i r b io log ica l a n d c h e m i c a l i m p o r t a n c e . 1 ' 2 ) 
R e c e n t l y p o r p h y r i n s h a v e also b e e n used as a c h e l a t i n g 
a g e n t for ana lys i s of t r a c e m e t a l s s ince free p o r p h y r i n s 
a n d the i r m e t a l c h e l a t e e x h i b i t i n t e n s e f luorescence 
a n d / o r c h a r a c t e r i s t i c color.3) M e t a l che l a t e s c o u l d b e 
fu r the r u t i l i zed for ana lys is b y a p p l y i n g t h i n - l a y e r 
c h r o m a t o g r a p h y ( T L C ) . I t is b e i n g w i d e l y used for 
t h e s e p a r a t i o n a n d pur i f i ca t ion of m e t a l l o p o r p h y r i n s . 
I n this p a p e r , t h e c h r o m a t o g r a p h i c b e h a v i o r of c o b a l t -
( I I ) a n d ( I I I ) , n i c k e l ( I I ) , c o p p e r ( I I ) , z i n c ( I I ) , 
m a g n e s i u m (I I ) , a n d i r o n ( I I I ) c o m p l e x e s w i t h P P D E , 
a n d m a g n e s i u m ( I I ) ( = c h l o r o p h y l l a ) , c o p p e r (I I ) , 
a n d z i n c ( I I ) p h e o p h y t i n a che la t e s o n cel lulose l a y e r 
is de sc r i bed , c o n s i d e r i n g t h e d o m i n a n t fac tor con­
t ro l l ing t h e m o b i l i t y . 

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

Materials. Chlorophyll a and b : Pigments were ex­
tracted from spinach with a methanol-acetone (1 :1 , v/v) 
mixed solvent. After partial purification according to the 
dioxane method,4) the complexes were separated by chro­
matography of the crude chlorophyll extract on a glucose 
column. 

Chlorophyll cx and cz: T h e compounds were isolated from 
Undar i a pinnatifida and Sargassum racemosum, respectively, 
according to the Jeffrey method.5) 

Pheophytin a, b, c1} and c2 : T h e compounds were prepared6) 
from their original chlorophylls by shaking an ethereal 
solution of the chlorophyll with 1 3 % hydrochloric acid 
(w/w) for 5 min. 

Cu and Zn Pheophytin a: These were prepared by heating 
pheophytin a and five-fold excess of zinc and copper acetate 
in ethanol at 40 °C, for 10 min. 

PPDE and Its Metal Chelates: T h e carboxyl side chain 
of protoporphyrin I X (Midori Jüji Co., Ltd.) was esterified7) 
with methanol containing 5 % (w/v) concentrated sulfuric 
acid at 0 °C. After esterification, the ester was crystallized 
from methanol-chloroform solution. 

Metal Insertion: Cobalt, nickel, and magnesium P P D E 
were prepared by the JV,iV-dimethylformamide method as 
described by Adler et al.,*) using metal chloride. After 
reaction in JV,iV^dimethylformamide, the crude product was 
crystallized by addition of water and cooling. Insertion 
of zinc, copper, and iron to P P D E was carried out by heating 
the porphyrin with a metal salt [zinc acetate, copper acetate, 
and iron(II) chloride] in chloroform-ethanol, 40 °C for 
30 min. After heating, the metalloporphyrin was crystal­

lized by removing chloroform in a stream of nitrogen. 
Purification of Metal Chelates: Purification of Ni, Co, and 

Z n chelates was carried out on a calcium carbonate column 
with chloroform eluent. After evaporation of the eluate 
to a small volume, the metalloporphyrins were crystallized 
by addition of ethanol. Crude M g - P P D E was chromato-
graphed on a cellulose column with a light-petroleum: ace­
tone (20 :3 , v/v) eluent. Crystallization of Mg-chelate from 
benzene-chloroform solvent was then repeated three times. 

Stationary Phase. Thin-layer chromatography was per­
formed with commercial cellulose plates (Merck precoated 
cellulose plate Art. 5716, 5 x 2 0 cm). 

Chromatographic Procedure. O n e [d solution of samples 
(PPDE and its metal chelates; 0.04 {Ag/ml in chloroform, 
chlorophylls, and their derivatives; ca. 0.05 [Ag/ml in diethyl 
ester) was spotted with a 10 (d micro-syringe at a point 3 
cm from the lower edge of T L C . After air-drying, the 
chromatograms were developed (10 cm/ca. 14 min) in thin-
layer chambers lined with filter paper, in which the atmos­
phere had been equilibrated with developing solvent for 
15 min before the plates were inserted. Light-petroleum: 
acetone (20:3, v/v) was chosen as a developing solvent, 
in view of results obtained for (1) light-petroleum (bp 50— 
80 °G) .-acetone (20:3, v/v), (2) light-petroleum : l-propanol 
(24:1, v/v), and (3) light-petroleum:chloroform (7:3, v/v). 
After developing, the chromatograms were air dried and 
examined in daylight and under ultraviolet light (365 nm) . 

R e s u l t s 

A typ ica l c h r o m a t o g r a m of P P D E a n d its m e t a l 
che l a t e s o n cel lulose p l a t e is s h o w n in F ig . 1. T h e 
h i? f v a lue s o b t a i n e d for s e v e n t e e n p o r p h y r i n s der iv ­
a t ives a r e g i v e n i n T a b l e 1. P o r p h y r i n s w i t h c a r b o x y l 
s ide c h a i n , p h e o p h y t i n c a n d N i - p r o t o p o r p h y r i n I X 
etc., d i d n o t m o v e f rom t h e o r ig in of c h r o m a t o g r a m 
w i t h a l i g h t - p e t r o l e u m : a c e t o n e ( 2 0 : 3 , v /v ) solvent sys­
t e m . M o r e p o l a r so lvent systems such as l i g h t - p e t r o ­
l e u m : ace tone ( 7 : 3 , v /v ) a n d d i m e t h y l p y r i d i n e : w a t e r 
system9) shou ld b e used i n o r d e r to s e p a r a t e t h e a b o v e 
c o m p o u n d s . H o w e v e r , p o r p h y r i n der iva t ives w i t h 
c a r b o x y l side c h a i n s h o w e d ex tens ive ta i l ing a n d w e r e 
n o t s e p a r a t e d f rom e a c h o t h e r o n t h e c h r o m a t o g r a m 
in t h e m o r e p o l a r so lvent sys tems. 

F r e e p o r p h y r i n s a r e r e a d i l y esterified w i t h a alcohol7) 
o r d i a z o m e t h a n e , 1 0 ) t h e esters be ing h y d r o l y s e d w i t h o u t 
d e g r a d a t i o n . T h e esters a r e m o r e l ipoph i l i c t h a n t h e 
free p o r p h y r i n s , as i n d i c a t e d b y the i r solubi l i ty i n 
o r g a n i c so lvents . T h e es ter of p r o t o p o r p h y r i n I X w a s 
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100 TABLE 1. hi?f VALUES AND IDENTIFICATION UNDER 

U L T R A V I O L E T L I G H T OF P O R P H Y R I N S AND 

T H E I R CHELATES 

Fig. 1. Thin-layer chromatogram of PPDE and its 
metal chelates. 
Solvent system; light petroleum :acetone=20:3, v/v. 
TLG; Merck precoated cellulose plate. 
1: Go-PPDE, 2: Ni-PPDE, 3: Gu-PPDE, 4: Zn-
PPDE, 5: Mg-PPDE, 6: PPDE. 

uu 

SO 
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40 
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/ / Cu 
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/ / Zn / / 

„ / / Mg o/ / 
/ A> Zn 

/ / o 
/ 

/ Mg 

l l 1— 1 1 

1 2 3 4 

En / r i x 102 

Fig. 2. Relationship between En/ri and TLG h.Rf values 
of metalloporphyrins. 
En: Pauling's electronegativity value, ri: Effective 
ionic radius, : Metal-PPDE chelate, : Metal-
pheophytin-a chelate. 

therefore used for the thin-layer chromatographic 
studies. 

Since the h.Rf values of the chromatogram were 
reproducible to about ± 2 on repeated runs, porphyrins 
having hRf values with a difference of over four were 
separated perfectly. Under ultraviolet light (365 nm) 
the separated spots exhibited either a characteristic, 
very intense red fluorescence (Zn, M g - P P D E , and 
PPDE, chlorophylls, and their derivatives, except G u -
pheophytin a) or a dark one against the lighter back­
ground of the rest of the plate. The lower limits of 
detection were about 1 ng for the fluorescent sub­
stances, and 10 ng for non-fluorescent porphyrin metal 
complexes. As shown in Table 1, PPDE and N i -
PPDE were not separated completely, but they could 
be clearly distinguished by their different behavior 
under ultraviolet light (365 nm). The former (hR{: 
75) appeared as a black spot, the latter (h.R{ : 74) 
showing red fluorescence. 

Compound 

Pheophytin a 
Pheophytin b 
Pheophytin c 
Protoporphyrin IX 
Chlorophyll a 
Chlorophyll b 
Chlorophyll c 
Cu-Pheophytin a 
Zn-Pheophytin a 
Protoporphyrin IX 

dimethyl ester 
Co-Protoporphyrin IX 

dimethyl ester 
Ni-Protoporphyrin IX 

dimethyl ester 
Cu-Protoporphyrin IX 

dimethyl ester 
Zn-Protoporphyrin IX 

dimethyl ester 
Mg-Protoporphyrin IX 

dimethyl ester 
Fe-Protoporphyrin IX 

dimethyl ester 

hR{ valuea> 

86 

72 

0 

0 

36 

21 

0 

77 

46 

74 

85 61 

75 

68 

33 

20 

28 

Identification13) 

red-f 
red-f 
red-f 
red-f 
red-f 
red-f 
red-f 
non-f 
red-f 

red-f 

non-f 

non-f 

non-f 

red-f 

red-f 

non-f 

a) : Solvent system; light-petroleum: acetone ( 2 0 : 3 , 
v/v). b) : In ultraviolet light the separated zones 
exhibited either a red fluorescence or a dark one 
against the lighter background of the rest of the plate. 
TLC: Merck precoated cellulose plate (14 min/10 cm). 

Go-PPDE has two varieties of hR{ values depending 
on the preservation time of the chloroform solution 
of Go-PPDE. The h.R{ value of the freshly prepared 
solution of Go-PPDE was 85, but after being left to 
stand, it was 61 , tailing being observed. 

D i s c u s s i o n 

The relationship between the individual metals of 
the porphyrin chelates and the hR{ values on cellulose 
T L G was studied. As shown in Fig. 2, the hR{ values 
of the metal chelates were proportional to the En/ri 
values of the central metals, where En is the Pauling 
electronegativity values11) of the elements, irrespective 
of their oxidation state, and ri is the effective ionic 
radii cited from the recent compilation by Shannon 
and Prewitt.12»13) Assuming that the En/ri value of 
the central a tom is a measure of field strength, the 
extent of electric transfer from four nitrogens of por­
phyrin to central atom increased with increase in 
En/ri values. T h e charge transfer would make the 
metal a tom nearly neutral, and the total positive 
charge of the central atom might be dispersed over 
the surrounding ^-electron system of porphyrin.14) The 
more delocalized bond between the metal and ligand 
of the chelates leads to less dipole-dipole interaction 
between the chelate to cellulose and higher solubility 
of the chelate in the developing solvent, and accordingly 
a larger hR{ value. 
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Go-PPDE shows two kinds of mobility (hi?f value). 
The hR{ values 61 and 85 could be assigned respec­
tively to low (II) and high (III) oxidation state of 
cobalt ion for the following reasons. (1) The ionic 
radius of the cobalt in the two kinds of complexes is 
estimated to be 65 and 53 pm from the hRf values 
61 and 85, respectively. (2) Cobal t ( I I ) -porphyrins 
are briefly oxidized to higher oxidation state(III) com­
plex by air.16) (3) The oxidation potentials of metallo-
porphyrins are Fe : —0.32, Go: + 0 . 5 2 , and Ni : 
+ 1.00.17) Although the data could not be applied 
directly to this T L G condition, they indicate that 
the oxidation states of Go, Fe-porphyrins are easily 
changed by the change in the conditions. It should 
be expected that cobalt in the crystal of Go( I I ) -PPDE 
is air oxydized during storage, but reduced gradually 
in chloroform. 

Fe -PPDE, which have a more sensitive oxidation-
potential to the conditions than Go-porphyrin, moved 
more slowly than expected. T h e reason for the de­
viation from h/? f-En/ri relationship is not clear. 

Conclus ion 

The mobility (h/?f values) of metalloporphyrin di­
methyl esters on cellulose T L G is closely correlated 
to the En/ri values of central metal. The En/ri value 
determines the extent electron transfers from nitrogen 
to central metal, and it will be a dominant factor to 
control the mobility of metalloporphyrin. Thus the 
hR{ values of the metalloporphyrin dimethyl esters 
can be used for identification and also for metal deter­
mination of chelates with unknown central metal. 
These findings have prompted a study of chromatog­
raphic behavior of metalloporphyrin in non-aqueous 
developing solvent systems. 
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of Science and Technology, Kinki University, and 
Dr. Masayuki Tabushi, College of Medical Technology 
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The Depth Profiling of Glass Surfaces by Mass Spectrometry 
Using Neutral-particle Bombardment 

Akira IINO and Atsushi M I Z U I K E * 

Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464 
(Received October 9, 1980) 

Glass surfaces are bombarded by energetic neutral argon atoms or oxygen molecules, and the resulting sput­
tered ions are mass-analyzed. This technique has a higher depth resolution than conventional secondary-ion 
mass spectrometry. Quantitative depth-concentration profiles of sodium and potassium in the top layer of the 
surface (within several tens of nanometers of the surface) of Pyrex glass are obtained by the proposed technique. 

To mass 
spectrometer 

Fig. 1. Apparatus for mass spectrometry with neutral-
particle bombardment. [~_"j indicates the parts at­
tached to a Hitachi IMA-2 ion microanalyzer. 
1 : Primary-ion source, 2 : accelerator electrode, 3 : 
ion beam, 4: electrostatic deflection electrodes (4 
pairs), 5: neutral-particle beam, 6: condenser lens, 
7: aperture, 8: objective lens, 9: sample. 

TABLE 1. OPERATING CONDITIONS 

Depth profiles of glass components, especially of 
univalent ions, in the glass surface layer are quite 
useful in studies of the physical chemistry of glass 
surfaces and glass technology. Recently, secondary-
ion mass spectrometry (SIMS),1 - 3) Auger electron 
spectrometry (AES) using ion beams for etching,4) 
and ion-beam-induced radiation5) have been applied 
to the depth profiling of glass surfaces. In the top 
layer of the surface (within several tens of nanometers 
of the glass surface), however, discrepancies3-5) have 
been found among the profiles of the alkali ions ob­
tained by these techniques. These facts suggest that 
all the techniques using ion bombardment are still 
qualitative in the top layer of the surface. 

By the energetic ion or electron bombardment of 
glass, the surfaces become charged, and the resulting 
electric field may cause a migration of the univalent 
ions in the glass. Additionally, preferential sputter­
ing, knock-on effects, and primary-ion implantation 
may be caused by ion bombardment within the top 
layer of the surface. These phenomena may distort 
the original depth-concentration profiles in glass and 
may change the secondary-ion yields, thus resulting 
in the discrepancies described above. McCaughan 
and Kushner6) investigated the migration of sodium 
in thin silicon dioxide films on silicon by the ra­
dioactive-tracer technique. Neutral-particle bombard­
ment gave less sodium migration than ion bombard­
ment by at least four orders of magnitude, and less 
migration than ion bombardment with electron flooding 
(spraying) by at least two orders of magnitude. These 
results suggest that the migration of univalent ions 
in glass may be disregarded if mass spectrometry using 
neutral-particle bombardment7) is used for depth pro­
filing. Although the effects of preferential sputtering, 
knock-on effects, and primary-particle implantation 
cannot be reduced, it is shown in the present work 
that mass spectrometry using neutral-particle bom­
bardment is more useful than conventional S IMS for 
obtaining quantitative depth-concentration profiles of 
sodium and potassium ions in the top layer of the 
surface of borosilicate glass. 

Exper imenta l 

Apparatus. A Hitachi IMA-2 ion microanalyzer was 
modified for neutral-particle bombardment, as is shown in 
Fig. 1. The neutral-particle beam was obtained by re­
moving ions by electrostatic deflection electrodes (515—530 
V)8> from the primary beam consisting of ions and neutral 
atoms or molecules probably produced by ion-neutral par-

Bombarding particles Bombarding-beam Sputtering 
and their energies spot diameter rate 

keV mm nm h_ 1 

Ar« 4 l 5 " 
A r 7 1 20 
A 4 0.3 73 
A r 7 0.3 160 
O2

0 7 1 12 
02+ 7 0.3 110 

Other conditions: source gas, 99.99% argon or 99.7% 
oxygen; primary-ion current, 50 nA; sample-chamber 
pressure, 3 x 10~5 Pa; secondary-ion accelerating voltage, 
3kV; electron-multiplier voltage, 2.5 kV. 

tide reactions and recombination. The spot diameters of 
the neutral atom or molecule beam were adjusted by means 
of apertures of 0.3, 0.5, 1, and 3 mm. The operating condi­
tions of the microanalyzer are listed in Table 1. The ion 
intensities of boron, sodium, aluminium, silicon, and potas­
sium were measured intermittently by means of manual 
magnetic scanning. For SIMS, electron flooding was started 
10 s before the ion bombardment to eliminate the charge 
accumulation. 

The depth of the craters formed on glass surfaces by sput­
tering was measured with a Mizojiri Kogaku Model II 
multiple-beam interferometer (Hg 546.1 nm, magnification 
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Fig. 2. Depth profiles of fracture-exposed surfaces of borosilicate glass R501. 
* : A maximum peak sometimes appears, û : Depth where the ion intensities reach steady 
values. 

40X), with a maximum error of ± 3 nm. An Olympus 
Model MF microscope (magnification 100—400X) with a 
Model MF-NIG Nomarski interference contrast attachment, 
and a Hitachi-Akashi Model MSM-2 scanning electron 
microscope (magnification 2000—10000X) were used for 
the observation of the glass surfaces. 

Materials. Japanese standard-reference-material boro­
silicate glass R501 rods (79.9 Si02 , 13.2 B203 , 3.88 Na 2 0, 
2.17A1203, 0.30K2Owt%, 6mm0XlOOmm) were cut 
into ca. 8-mm lengths. The fracture-exposed surfaces 
were smooth under optical and electron microscopes. Pyrex 
glass sheets (81 Si02 , 13B203 , 3.9 Na 2 0, 2.2 Al203, 0.5 
K 2 Owt%, thickness; 1mm) were annealed, etched ca. 1 
[xm with 1.4 M hydrofluoric acid-1.3 M sulfuric acid at 
20 ± 3 °G for 15 min, washed with water, and dried in a 
silica-gel desiccator. 

Interdiffusion of Potassium and Sodium Ions. In a 50-ml 
silica glass beaker, 17.8 g of potassium nitrate and 6.4 g of 
sodium nitrate (70 KNO3-30 NaNO s mol%) were melted 
and thoroughly mixed at 270±1 °G. A 30-mm-square piece 
of a Pyrex glass sheet was immersed in the molten salt to 
effect the interdiffusion of potassium and sodium ions in 
the glass. The piece was then withdrawn, cooled, washed 
in water, and dried in a silica-gel desiccator. After the 
interdiffusion no change was observed on the glass surfaces 
under optical and electron microscopes. 

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

Bombardment by Neutral Atoms and Molecules. The 
fracture-exposed surfaces of borosilicate glass R501 
were bombarded by the neutral atom (Ar°), the neutral 
molecule (OS), or the ion (Ar+, 0 2

+ ) beam, and the 
resulting sputtered ions were mass-analyzed. Figure 
2 shows the depth profiles thus obtained. The con­
centrations of boron, sodium, aluminium, silicon, and 
potassium in the top layer of the fracture-exposed 
surfaces can be assumed to be constant.9) The ion 
intensities of these elements, however, change with 
the increase in the depth in the top layer of the surface. 
T h e depth where the ion intensities reach steady values 
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Fig. 3. Depth profiles of fracture-exposed surface of 
borosilicate glass R501 after electron flooding (1.5 
keV, 25 [iA) for 5 min. 

is smaller in the neutral-atom or -molecule bombard­
ment than in SIMS. This suggests a higher depth 
resolution in the former technique. In SIMS, primary 
ions with energies as low as 3 keV produced insuf­
ficient secondary ions for mass spectrometry, and lower 
primary-ion densities on the sample surface did not 
improve the depth resolution. Bombardment with 
neutral argon atoms is mainly used in the present 
work, because there is little difference in depth resolu­
tion between the argon-atom and the oxygen-molecule 
bombardment and because the sputtering rate is larger 
in the former. 

In S IMS, in addition to ion bombardment , electron 
flooding may distort the depth profiles. The latter 
effects are shown in Fig. 3. Compared with Fig. 
2(b), the ion intensities of sodium and potassium 
relative to silicon remarkably decreased upon electron 
flooding. 

Calibration Graphs. To obtain quantitative 
depth-concentration profiles from the observed depth 
profiles in the top layer of the surface, calibration 
graphs were constructed by the use of the borosilicate 
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.9 
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o 

(a ) 
K(4keVAr ) 

TAandykeVArl 

( b ) K ( 4 k e V A r ° W N a ( 4 a n d 7 
keV Ar0) 
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0 1 2 3 
Goncn/atomic % 

Fig. 4. Calibration graphs. 
(a) For sodium and potassium concentrations at 10 
nm (4keVAr°) and 20—30 nm (7 keV Ar°) from 
surfaces. (b) For surface sodium and potassium 
concentrations. 

glass R501 and standard samples reported previously.2) 
For obtaining sodium and potassium concentrations, 
at 10 and 20—30 nm from the surfaces, for 4 and 7 
keV Ar° bombardments respectively, the steady values 
of the ion-intensity ratios, 7s(

23Na+)//s(
28Si+) and 

/ s(
39K+)// s(

28Si+), were plotted against the sodium and 
potassium concentrations {Fig. 4(a)} . For obtaining 
the sodium and potassium concentrations at the sur­
faces, the ratios of the maximum ion intensities of 
sodium and potassium to the steady values of the 
silicon-ion intensity, 7m(23Na+)//s(

28Si+) and 7m(39K+)/ 
7s(

28Si+), were plotted against the sodium and potas­
sium concentrations {Fig. 4(b)}. All the calibration 
graphs were straight lines passing through the origin; 
the scattering of the points was less than ± 1 0 % . Also, 
no day-to-day variation in the calibration graphs was 
observed. 

Depth-concentration Profiles. Figure 5 shows the 
quantitative depth-concentration profiles in the top 
layer of the surface of potassium-treated Pyrex glass 
sheets. The profiles obtained by the proposed tech­
nique (solid lines) are in good agreement with the 
calculated profiles (broken lines). The latter were 
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* ^ B 
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^tjNa 
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2 V 
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Depth/nm 

Fig. 5. Depth-concentration profiles after interdifTusion 
of potassium and sodium in Pyrex glass at 270 °G for 
(a) 1 min and (b) 7 min. 
dm : 7 keV Ar°, O * : 4 keV Ar°. Solid line : meas­
ured. Dashed line: calculated. —: Sum of K and 
Na (measured). 

calculated by using the interdifTusion coefficients re­
ported previously2) and the equilibrium surface con­
centrations of sodium and potassium as measured with 
a glass sheet immersed in a molten 70 K N O 3 - 3 0 N a N 0 3 

m o l % bath at 270 °C for 1200 min. 
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Reactions of the bis(^-diketonato)palladium(II) complexes with various nitrogen bases (L) afforded [Pd(/?-
dik)L2] (/?-dik), [PdL4]Qff-dik)2, or [PdQ5-dik)Q5-dik-C)L] according to the natures of L and j?-diketonate anions. 
Less basic ligands such as 1,1,1,5,5,5-hexafluoro- and l,l,l-trifluoro-2,4-pentanedionates are readily removed by L 
to the outer sphere. Tendency of preferring the central-carbon-bonded state of the /?-diketonate anion is related 
with the keto-favoring nature of its conjugate acid. Excess primary amines and pyridines can displace both of 
the /?-diketonate ligands but secondary amines only one. These two types of compounds containing the 2,4-
pentanedionate anion in the outer sphere undergo prompt deuteration of methine and amine protons by GDG13. 
Tribenzylamine and 2,6-diphenylpyridine react with bis(l,l,l,5,5,5-hexafluoro-2,4-pentanedionato)palladium(II) 
to afford orthometallated products. 

/9-Dicarbonyl compounds constitute a group of the 
most popular ligands and usually form the 0,0'-
chelate as a monoanion with almost all metal ions.1) 
In recent years, reactions of the bis (/5-diketonato)pal­
l a d i u m ^ ) and -plat inum(II) complexes with Lewis 
bases have been examined and found to give prod­
ucts involving the ß-diketonate ligand of various bond­
ing modes as shown in Fig. 1. Compounds 7 con­
taining the central-carbon-bonded 2,4-pentanedionate 
anion (acac-C3) were obtained by the reactions of 
[Pd(acac)2] with bases such as pyridine, diethylamine, 
and triphenylphosphine,2) bu t the kinetic and equi­
librium studies of the reactions between [Pd(acac)2] 
and alkylamines revealed that compounds 7 are pro­
duced via the outer-sphere complex 4.3> Primary 
amines give rise to 5.4> Complexes of type 6 were 
obtained by the reactions of [Pt(acac)2] with piper-
idine5) and triethylphosphine,6) and the precursor com­
plex of type 3 was isolated in the reaction of bis (1,1,1-
trifluoro-2,4-pentanedionato)palladium(II), [Pd(tfac)2], 
with tertiary phosphines.7) T h e established examples 
of 2 are [M(hfac)2L], where hfac stands for an 0,0'-
chelated 1,1,1,5,5,5 - hexafluoro - 2,4 - pentanedionate 
anion and L=tri-o-tolylphosphine for M = P d ( I I ) and 
Pt ( I I ) , and L=tricyclohexylphosphine for M = P t ( I I ) . 8 ) 
Complexes 8 have been reported for [Pd(etac-C2)2L2] 
( L = p y , 2-Me-py, PhCH 2 NH 2 , BuNH 2 , and l/2bpy)9> 
and [Pt(acac-C3) 2(py)2],1 0 ) where etac represents anion 
of l-ethoxy-l,3-butanedione (ethyl acetoacetate). 

I n a previous paper we reported preparation and 
characterization of the palladium (I I) and plat inum(II) 
complexes of various /?-dicarbonyl compounds.11) The 
present paper is concerned with the reactions of [Pd-
(ß-dik)2] (1) with a number of nitrogen bases (L) 
which are listed in Table 1. Various combinations 
of L(a—u) and bis-chelates (1A—II) as well as a 
mixed-ligand chelate [Pd(acac)(tfac)] ( IM) were ex­
amined and especially the reactions of 1A—ID were 
investigated in detail. 

tt On leave from Ravenshow College, Guttack-3 (Orissa), 
India. 

TABLE 1. /?-DIKETONATE AND NITROGEN-BASE 

LIGANDS USED 

jS-Diketonate anion Abbr. Symbol 

Base(L) 

NH3 

MeNH2 

EtNHa 

rc-PrNH2 

BzNH2 

Y2en 
Me2NH 
Et2NH 
pip 
BzNHMe 
Bz2NH 

Symbol 

a 
b 
c 
d 
e 
f 

g 
h 
i 

j 
k 

Base(L) 

Bz3N 

py 
2-Me-py 
3-Me-py 
4-Me-py 
4-Me2N-py 
2,6-Ph2-py 
l/£bpy 
l/2(4,4'-Me2. -bpy) 
^(2,9-Me2-phen) 

Symbol 

/ 
m 
n 
o 

P 
q 
r 
s 
t 
u 

a) Bz: benzyl, pip: piperidine, bpy: 2,2'-bipyridine, 
phen : 1,10-phenanthroline. 

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

Table 2 lists decomposition temperature and ana­
lytical data of complexes 4, 5, and 7 which were ob­
tained by reactions of 1 either with neat liquid L or 
with L in appropriate solvents. The tendency of ni­
trogen bases to ligate pal ladium(II) is very strong 
and primary amines and pyridines displace both of 
the /?-diketonate ligands to produce complexes 5. I t 
is difficult to isolate the intermediate products 4 in 

2,4-Pentanedionate 
1 -Phenyl-1,3-butanedionate 
1,1,1 -Trifluoro-2,4-pentanedionate 
1,1, l,5,5,5-Hexafluoro-2,4-

pentanedionate 
3-Phenyl-2,4-pentanedionate 
1,3-Diphenyl-1,3-propanedionate 
2,2,6,6-Tetramethyl-3,5-

heptanedionate 
1,1,1 -Trifluoro-4- (2-thienyl) -

2,4-butanedionate 
1 -Ethoxy-1,3-butanedionate 

acac 
bzac 
tfac 

hfac 
Ph-acac 
dbm 

dpm 

tta 
etac 

A 
B 
G 

D 
E 
F 

G 

H 
I 



July, 1981] Reactions of [Pd(/?-dik)2] with Nitrogen Bases 1979 

Gompd 

4A^) 
4Ah 
4Aib> 
4Bi 
4Cg 
4Ch 
4Ci 
4Cj 
4Ck 
4Cs 
4Dg 
4Di 
4Ds 
4Dt 
4Du 
4Mb 
4Mh 
4Mi 
5Aaa) 
5Abe> 
5Acc> 
5Adf) 
5Ae 
5Afa> 
5Ba 
5Bb 
5Bc 
5Bd 
5Be 
5Bfa> 
5Ca 
5Cb 
5Cc 
5Cd 
5Ce 
5Cfb> 
5Cmd> 
5Da 
5Db 
5Dc 
5Dd 
5Dm 

5Dt 
5Ed 
5Fd 
5Gd 
5Hm 
5Ho 
5Hp 
5If 
5Mb 
7Ag 

7Be 

T A B L E 2. N E W L Y 

Dec temp 

°C 

« r . t. 
86—88 
54—56 
89—91 
ca. 75 
ca. 64 
ca. 130 
ca. 133 

106—108 
ca. 122 

g ) 
105—115 

ca. 160 
140—145 

g ) 
ca. 92 
ca. 85 

135—137 

g ) 
< r . t . 
« r . t. 
78—82 

g ) 
g ) 

120—123 
< r . t . 
« r . t. 
95—97 

124—126 
177—178 
175—213 

g ) 
93—95 

150—153 
129—130 
202—203 
59—61 

125—127 
ca. 106 

100—120 
ca. 100 

97—100 
(subi) 

164—166 

150—152 

g ) 
150—152 
115—125 

g ) 

g ) 

g ) 

g ) 
ca. 80 
(subi) 

134—136 

PREPARED COMPLEXES, [Pd (/?-dik) L J (j?-dîk) (4), [PdL4] (/f-dik) 2 

AND [Pd^-dik) Qff-dik 

C 

39.28(39.03) 
48.00(47.95) 
48.84(48.73) 
60.26(60.15) 
33.86(33.45) 
38.51(38.68) 
41.39(41.21) 
47.73(47.68) 
56.52(56.55) 
42.01(42.23) 
27.63(27.53) 
34.79(34.77) 
35.52(35.30) 
37.56(37.49) 
39.51(39.55) 
33.99(34.26) 
42.78(42.82) 
44.55(45.42) 
29.87(29.39) 
35.40(39.21) 
43.96(43.77) 
51.07(50.38) 
62.23(62.25) 
36.99(36.49) 
48.02(48.34) 

e ) 
55.24(55.21) 
57.61(57.78) 
67.68(67.24) 
49.46(49.27) 
25.10(24.99) 
31.14(31.32) 
36.46(36.46) 
40.63(40.71) 
54.31(54.26) 
30.67(30.53) 
46.02(45.87) 
19.34(19.23) 
26.13(26.08) 
31.16(30.85) 
35.01(34.91) 
43.23(43.05) 

46.13(45.94) 
58.75(58.91) 
63.92(63.91) 
57.58(57.56) 
49.90(49.98) 
52.11(52.13) 
51.88(52.13) 

e ) 
34.44(34.83) 
41.06(41.21) 

60.61(60.51) 

-C)L] (7) 

Found (Galcd)(%) 

H 

7.37 (7.49) 
8.15 (8.05) 
7.84 (7.77) 
7.30 (6.73) 
4.45 (4.41) 
5.32 (5.41) 
5.22 (5.19) 
4.61 (4.62) 
4.72 (4.75) 
2.79 (2.84) 
2.68 (2.64) 
3.46 (3.50) 
1.52 (1.49) 
1.98 (2.00) 
1.96 (1.94) 
4.99 (5.03) 
6.61 (6.59) 
6.09 (6.29) 
7.31 (7.40) 
6.85 (7.99) 
8.63 (8.77) 
9.75 (9.49) 
6.86 (6.87) 
7.18 (7.44) 
6.01 (6.09) 

7.67 (7.61) 
8.06 (8.18) 
6.41 (6.35) 
6.27 (6.55) 
4.14 (4.19) 
5.28 (5.26) 
6.12 (6.12) 
6.82 (6.83) 
5.27 (5.27) 
4.71 (4.76) 
4.37 (4.20) 
2.78 (2.90) 
3.50 (3.44) 
4.32 (4.31) 
5.11 (5.06) 
2.68 (2.65) 

2.99 (2.95) 
8.44 (8.43) 
7.52 (7.41) 

10.67(10.52) 
3.26 (3.26) 
3.92 (3.91) 
3.90 (3.91) 

6.65 (6.47) 
6.07 (6.05) 

5.11 (5.08) 

(5), 

N 

6.48 (6.50) 
6.29 (6.21) 
5.68 (5.68) 
5.08 (4.68) 
5.68 (5.57) 
4.98 (5.01) 
4.76 (4.81) 
4.24 (4.28) 
3.40 (3.47) 
5.00 (4.93) 
4.66 (4.59) 
4.06 (4.06) 
4.11 (4.14) 
4.05 (3.98) 
3.98 (3.84) 
6.60 (6.66) 
5.51 (5.55) 
5.07 (5.30) 

13.86(13.70) 
10.31(10.07) 
11.27(11.34) 
9.69 (9.59) 
7.52 (7.64) 

12.53(12.16) 
11.01(11.28) 

9.32 (9.20) 
8.23 (8.42) 
6.76 (6.54) 
9.56 (9.58) 

11.61(11.66) 
10.48(10.44) 
9.63 (9.45) 
8.54 (8.63) 
6.67 (6.66) 

10.50(10.17) 
7.16 (7.15) 
9.08 (8.97) 
8.86 (8.69) 
8.02 (7.99) 
7.42 (7.40) 
6.74 (6.69) 

6.23 (6.30) 
8.10 (8.09) 
6.85 (7.10) 
8.34 (7.90) 
6.39 (6.48) 
6.10 (6.08) 
6.06 (6.08) 

11.74(11.60) 
3.91 (4.01) 

2.54 (2.61) 
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Compd 

7Bi 
7Bm 
7Bn 
7Bq 
7Ci 

Dec temp 
°G 

148—149 
120—130 
130—131 
166—169 
127—129 

G 

58.14(58.43) 
59.08(59.13) 
60.00(59.84) 
58.82(58.86) 
36.27(36.20) 

Found(Calcd)(%) 

H 

5.66(5.69) 
4.56(4.56) 
4.88(4.83) 
5.11(5.12) 
3.86(3.85) 

N 

2.80(2.73) 
2.91(2.76) 
2.80(2.68) 
5.13(5.08) 
2.83(2.81) 

a) Dihydrate. b) Monohydrate, c) Hemihydrate. 
instability, f) Hemietherate. g) Not determined. 

d) Trihydrate. e) The analysis is unsatisfactory because of 

2 

0 V ±̂ = 
L ' 0 0 

• XX 

ÎJ 
> ? 0 S 0 0 + U 

2LÎJ 

Fig. 1. The schematic sequence of reactions 
complexes and Lewis bases, L. 

/ N k L + 2L r 1 

C X (3-dik) < > [ML4](ß-dik)2 

1 4 5 

between the bis(^-diketonato)palladium(II) 

TABLE 3. CHARACTERISTIC IR BANDS IN NUJOL OF REPRESENTATIVE COMPLEXES 

Gompd v(NH) v(C=-0)+v(C==C) Gompd v(NH) v(G==0)+v(G--=G) 

4Ah 

4Ai 

4Bi 

4Ci 

4Cs 
4Di 

4Ds 
4Dt 

4Mb 

4Mi 

5Aa 
5Ad 
5Ba 
5Bd 

3060 s 

3110 s 

3070 m 

3108 m 

3170 vs 

3220 s, : 

3110 m 

3180 vs, 
3140 vs, 
3230 vs, 
3169 vs, 

3120 s 

br 
3080 s 
3080 s 
3103 s 

1604 vs, 1573 vs, 1543 s, 
1517 vs 
1609 vs, 1578 vs, 1525 vs, 
1500 vs 
1604 vs, 1585 s, 1552 vs, 
1510 vs 
1636 vs, 1604 vs, 1575 m, 
1524 s, 1504 m 
1598 vs, 1542vs,br 
1679 vs, 1634 vs, 1604 s, 
1553 vs, 1540 s 
1681 vs, 1525 m 
1680 s, 1615vs,br, 1563 vs, 
1526 m, 1510 w 
1649 vs, 1583 vs, 1566 vs, 
1530 vs 
1639 vs, 1602 w, 1573 s, 
1546 s, 1520 s 
1609 vs, 1505 vs 
1608 vs, 1500 vs 
1600 vs, 1565 s, 1506 vs 
1624 s, 1599 vs, 1572 s, 

5Ca 
5Cd 
5Cm 
5Da 
5Dd 
5Dt 
5Ed 

5Fd 

5Gd 
5Hm 
5Mb 

7Ad 

7Ai 

7Bi 

7Ci 

3260 vs, 3120s 
3180 s, 3120 m 

3340 m, 3160 s, br 
3230 vs, 3150s 

3170 vs, 3100 vs 

3170vs, 3085 vs 

3165 vs, 3100 vs 

3150 vs, br 

3250 s, 3180m 

3130 w 

3130 m 

3150 w 

1640 vs, 
1638 vs, 
1635 vs, 
1670 vs, 
1662 vs, 
1678 vs, 
1620 s, : 
1508 s 
1601s, : 
1504 s 
1601 vs, 
1625 vs, 
1645 vs, 
1500 s 
1682 vs, 
1519 vs 
1675 vs, 
1543 m, 
1704 m, 
1608 vs, 
1710 vs, 
1518s 

1512 s 
1505 m 
1555 vs, 1505 s 
1590 vs, 1525 s 
1630 s, 1524 m 
1530 vs, br 

L598vs, 1560 vs, 

1590 vs, 1530 m, 

1584 vs 
1573 s, 1506 vs 
1605 vs, 1525 s, 

1640 s, 1575 vs, 

1628 w, 1570 vs, 
1520 vs 
1679 s, 1638 s, 
1572 s, 1523 vs 
1660 m, 1604 vs, 

1508 s 

these cases except 4Mb. O n the other hand secondary 
amines can not form complexes of type 5 because 
of their steric requirement, but result in 4. 

Transformation of the 0,0 ' -chelated 2,4-pentane-
dionate ligand (acac) to the central-carbon-bonded 
state was first found by Baba et al.2) for the reactions 
of [Pd(acac)2] with bases in dichloromethane. T h e 
equilibrium study of the [Pd(acac) 2 ] -Et 2 NH system 
showed that the equilibrium is almost completely 
shifted to 4 in methanol, but is favorable to 7 in di­
chloromethane.3) Preparation of complexes 7 in the 

present study was therefore carried out mainly in 
dichloromethane. 

X-Ray analysis of [Cu(dmed)2(hfac)2] (dmed = N,N-
dimethylethylenediamine)12) and [Cu (en) 2] (acac) 2 • 
2H 2 0 1 3 ) revealed that the ß-diketonate anions occupy 
the apical positions though the G u - O distances (2.79 
Â) are too long to be considered as the coordination 
bond in either case. O n the contrary, the X-ray 
crystal structure of [Pd (acac) (Et2NH)2] (acac) (4Ah) 
determined by Kasai and his collaborators at —170 
°G showed that the acac anion does not lie on the 
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Compd --. 

K{3-dik 

1700 1600 1500 1700 1600 

j'/cm" 1 

1500 1700 

Fig. 2. IR spectra in Nujol of [Pd(0-dik) J (1), [PdQff-
dîk)OMîk-C»)(pîp)] (7), [Pd(jMik)(pip)J(j0-dik) (4), 
and [Pd(PrNH2)4]Qft-dik)2 (5) together with those of 
K(/?-dik) hydrate for comparison. 

apical position, but stands aside of the coordination 
plane, forming hydrogen bonds with the ligated amine 
groups.14) Compound 4Ah is not stable at room 
temperature even in the solid state, but looses grad­
ually the volatile amine ligand to convert into 7Ah. 

Infrared Spectra, Characteristic I R bands of 
some representative mixed-ligand complexes are listed 
in Table 3. The bands in the 1700—1500 cm" 1 re­
gion which are assigned to the *>(C—O) + r ( C — C ) 
vibrations are most useful for distinguishing the bond­
ing mode of ß-diketonate anions in metal complexes. 
Figure 2 exemplifies these I R bands for some acac, 
tfac, and hfac complexes. Substitution of the methyl 
group in acac with the electron-attracting trifluoro-
methyl group raises frequency of the v(C=0) band 
in each type of complexes. Thus the highest-frequency 
band in this region is observed at 1595 and 1591 c m - 1 

for *raw-[Pd(tfac)2] (1C) and [Pd(hfac)2] ( ID) , re­
spectively, 30 c m - 1 higher than 1563 c m - 1 for [Pd-
(acac)2] (1A). The central-carbon-bonded /?-diketon-
ate ligand in 7 has the keto structure,2) and absorbs 
in the 1700—1650 c m - 1 region. The absorption bands 
for the ß-diketonate anions in the outer sphere appear 
in the frequency region lower than those for the car­
bon-bonded /?-diketonate and higher than those for 
the chelated one. Thus the spectra of compounds 
5 are quite similar to those of K(^-dik), although 
the spectra of 4 are more composite since the com­
plexes contain /?-diketonate anions in both the inner 
and outer spheres (Fig. 2). 

In crystals of [Pd (acac) (Et2NH)2] (acac) (4Ah), the 
C - O distance of the chelated acac anion is 1.277(5) 
A, nearly the same as that in [Pd(acac)2] (1.275(4) 

A).14) In accordance with this situation, the v(C=0) 
frequency (1573 cm - 1 ) assignable to the former car-
bonyl bond is not so different from that (1563 cm - 1 ) 
for the latter. O n the other hand the v(C=0) fre­
quency ( 1604 cm - 1 ) due to the acac anion in the 
outer sphere conforms with the shorter C - O distance 
(1.246(5) A) 14> and is close to 1610 cm" 1 of K(acac) 
hydrate in which the C - O distance is 1.25(2) A.15) 

Secondary amines coordinated to pal ladium(II) in 
complexes 4 exhibit single r ( N - H ) band in the 3180— 
3060 c m - 1 region, whereas pr imary amines in com­
plexes 5 and 4 M b show two bands in the 3250— 
3030 c m - 1 region. 

^H NMR Spectra. Table 4 lists the m N M R 
data for complexes 5. In the case of the plat inum(II) 
complexes, for instance [Pt(py)4](hfac)2 , absence of 
coupling to 195Pt of 1H9

 1 3C, and 19F atoms in hfac 
confirms that the hfac anions are not coordinated to 
the metal ion but exist in the outer sphere as counter 
anions.4) T h e /?-diketonate anions involved in 5 ex­
hibit only one set of !H signals, indicating that the 
two anions in each complex are environmentally equiv­
alent. These data do not necessarily certify that they 
exist in the outer sphere. However, the methyl and 
methine protons of [Pd(NH3)4](tfac)2 (5Ca) resonate 
at 2.22 and 5.38 p p m from internal DSS in D 2 0 (Table 
4). The chemical shifts coincide with those of K(tfac), 
indicating that 5Ca dissociates completely in D 2 0 . 
Proton signals from the ammine ligands were not 
observed because of rapid H-D exchange with D 2 0 . 

In spite of their salt-like structures, most of com­
plexes 4 and 5 are not soluble in water, but dissolve 
in organic solvents and the ß-diketonate anions seem 
to be associated with the cation in solution. Thus, 
for instance, molecular weights determined in di-
chloromethane at 25 °C of 4Ch, 4Ci, and 5 D m are 
534, 551, and 811 in fair agreement with the calculated 
values 559, 583, and 837, respectively. The amine 
protons of complexes 4 and 5 resonate generally at 
substantially lower field than those of the correspond­
ing neutral complexes 7. The amine signal from 5Ad 
for instance, is shifted downfield by 2.6 p p m compared 
with that from 7Ad in C6D6 . Similarly the amine 
protons of 4Ag, 4Ai, and 4Ci resonate at lower field 
in C6D6 by 3.2, 3.2, and 3.4 p p m than the correspond­
ing complexes 7, respectively. Thus the hydrogen-
bonding interaction between the coordinated amine 
and the ß-diketonate anion in the outer sphere as 
revealed in crystals14) persists in solution and is stronger 
in the case of compounds 4 than in 5. The sequence 
of chemical shift (ppm) of the propylamine protons 
in CDC13, 5Bd(5 .8)>5Ad(5 .6)>5Cd(5 .3)>5Dd(4 .9) , 
reflects the relative strength of hydrogen bonding by 
the /?-diketonate anions in accordance with the ba­
sicity sequence,16) bzac^-acac> tfac> hfac. 

The methyl protons of /?-diketonate anions in 5 
resonate at about 0.3 p p m higher field than those in 
the corresponding parent bis-chelates,11) reflecting the 
higher charge density in the former than in the latter. 
Complexes 5Ae, 5Be, and 5Ce exhibit the methyl 
proton signals at extraordinarily high field. The phen­
yl ring of benzylamine in these complexes may exert 
the anisotropic shielding effect. I t is strange that 
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TABLE 4. ^ N M R DATA FOR COMPLEXES 5, [PdL4](jg-dik)a
a> 
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Gompd 

5Ab 
5Ac 

5Ad 

5Ae 
5Bb 
5Bc 

5Bd 

5Be 
5Ca 
5Cb 

5Cc 

5Cd 

5Ce 

5Cm 
5Dd 
5Dm 

5Ed 
5Fd 
5Gd 
5Hm 
5Mb 

5Mc 

Solventb) 

i 
i 
ii 
i 
ii 
vi 
i 
ii 
i 
ii 
i 
ii 
i 

viii 
i 
ii 
i 
ii 
i 
ii 
i 
ii 
iii 
vii 
i 
i 

i 
i 
i 

vii 
i 

ii 

Me 

1.76 
1.67 
1.84 
1.71 
1.90 
1.68 
1.26 
2.04 
1.88 
2.02 
1.83 
2.09 
1.38 
2.22 
1.90 
1.75 
1.82 
1.73 
1.85 
1.77 
1.32 
1.32 
1.35 
2.47 

1.49 

jff-dik 

Ph or t-

7.9m, 7. 
7.7m, 7. 
7.9m, 7. 

•Bu 

,1m 
,1m 
,1m 

7.6m, 7.2m 
8.0m, 7. 
7.1m 

7.7m, 7. 
1.00 

thienyl protons6) 
1.78 
1.93 
1.82 
1.75 

-acac-
-tfac-
-acac-
-tfao 

2m 

l m 

GH 

5.001) 
4.97D 
5.26 
5.02D 
5.37 
5.0 
4.51D 
6.02 
5.69D 
5.97 
5.64D 
6.07 
5.171) 
5.38 
5.36D 
5.55 
5.39 
5.70 
5.46 
5.75 
4.61 
4.86 
4.69 
5.97 
5.92 
6.00 

Ph : 7.1m 
6.33D 
5.33D 
4.70 
5.10 
5.43 
5.27 
5.70 

NH2 

5.4D 
5.51) 
5.8 
5.6D 
Ô.Oi 

5.60 

6.5D 
6.0 
5.8D 
6.0 
5.8D 
6.22 

6.5D 

d ) 
5.05dD 
5.18d 
5.2 
5.4 
5.3 
5.5 
5.9 
6.0 
6.0 

4.9 

5.8 
6.0i) 
5.5D 

5.3 

5.9 
5.3 

Lc> 

Other 

Me : 2.42 t, br[6] 
Et : 2.6 br, 1.13t(7) 
Et :2 .5 5 br , 1.27t(7) 
Pr : 2.52 br, 1.60 m, 0.861(7) 
Pr : 2.67 br, 1.8 m, 0.961(7) 
Pr : 2.56br, 1.5m, 0.861(7) 
GH2 : 3.70br, Ph : 7 .3m 
Me : 2.11 t, br[7] 
Et : 2.57br, 1.11 t(7) 
Et : 2.47br, 1.21 t(7) 
Pr : 2.5 br, 1.5 m, 0.741(7) 
Pr : 2.66br, 1.80 m, 0.82 t(7) 
GH2 : 3.56br, Ph : 7.1 m 

Me : 2.37 t[6] 
Me : 2.041[6] 
Et : 2.6 br, 1.07t(7) 
Et : 2.4br, 1.13t(7) 
Pr : 2.54br, 1.47 m, 0.85 t(7) 
Pr : 2.53br, 1.67m, 0.881(7) 
GH2 : 3.57br, Ph : 7 .1m 
GH2 : 3.55br, Ph : 7 .2m 
GH2 : 4.0 br, Ph : 7.2 m 

e ) 
Pr : 2 .5 3 br , 1.45 m, 0.85t(7) 
py : 9.81 dd(5 and 2), « 7 . 6 m , 

« 7 . 4 m 
P r : 2 . 6 b r , 1.5 m, br, 0.941(7) 
Pr : 2.5 br, 1.5 m, br, 0.63 t(7) 
Pr : 2.5 br, 1.4br, 0.761(7) 

e ) 
Me : 2.43 t[6] 

Et : 2.5 br, 1.20t, br(7) 

a) Chemical shifts in ppm from internal Me4Si in various solvents except D 2 0 in which sodium 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS) was used as internal referrence. b) Solvent: i ) GDG13, ii) C„D6, iii) (GD3)2GO, 
iv) (GD3)2SO, v ) GD3OD, vi) GD2G12, vii) py, viii) D 2 0 . c) Figures in parentheses and brackets g ive / (GH-
GH) and J (CH-NH), respectively, in Hz. The NH2-proton signals are usually broad, d) The H-D exchange 
reaction occurs with the solvent, e) Indiscernible due to overlapping with other signals. 

compounds 5Cd and 5 D d give the molecular-weight 
values of 1330 and 1522, respectively, in dichloro-
methane at 25 °G which are equal to twice the cal­
culated values. T h e molecular weight of 5Ad also 
exceeds the value (665) calculated for monomer, de­
pending substantially on concentration: 720—855 for 
0.01—0.1 mol (monomer) dm- 3 . The 19F N M R spec­
t rum (one signal at 77.7 ppm upfield from GFC13 in 
CH2G12) and the 13G N M R data of 5Dd which will 
be described later indicate that the two hfac anions 
are magnetically equivalent as was shown by the 1H 
N M R spectrum. The dimeric structures of these com­
pounds are very interesting and X-ray analysis of 
5Dd is now in progress. 

Compounds 5Mb and 5Mc which were prepared 

by the reactions of [Pd(acac) (tfac)] ( IM) with meth-
ylamine and ethylamine, respectively, exhibit two sets 
of methyl and methine signals assignable to the acac 
and tfac anions in the outer sphere. I t is interesting 
that 5Mc shows two amine-proton signals at 5.9 and 
5.3 ppm in G6D6, presumably distinguishing the hy­
drogen-bonding with acac and tfac anions, although 
5 M b gives only one N H 2 signal in CDC13 . 

Table 5 lists the 1 H N M R data for complexes 4. 
In accordance with the proposed structure, compounds 
4A, 4B, 4C, and 4 M exhibit two sets of proton signals 
from both ^-diketonate anions in inner and outer 
spheres. T h e signal assignment was made by refer­
ence to data for the parent bis-chelates11) and com­
plexes 5 (Table 4) . Results obtained for the related 
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TABLE 5. 1H NMR DATA FOR COMPLEXES 4, [Pd(ß-dik)L2](£-dik)a> 

Gompd 

4Äg 

4Ah 

4Ai 

4Bi 
4Cg 

4Ch 

4Ci 
4Cj 

4Ck 

4Cs 
4Di 

4Dt 

4Du 

4Mb?) 
4Mhe) 

4Mi&> 

Solvente 

i 
ii 
iii 
i 
ii 
iii 
iv 
V 

vi 
i 
ii 
ii 
i 
ii 
vi 
i 
ii 
ii 
i 

ii 

i 
ii 
i 
i 
ii 
i 

iii 

i 
i 
ii 
ii 

^-dik(IS) 

GH3 GH 

1.93 
1.51 
2.03 
1.98 
1.61 
1.99 
1.98 
2.02 
1.96 
1.92 
1.60 
1.75 
2.14 
1.38 
2.15 
2.13 
1.37 
1.42 
2.17 

1.24 

2.12 
1.05 
2.47 

1.93 
1.96 
1.55 
1.59 

5.27d> 
4.87 
5.53d) 
5.38d) 
5.00 
5.51 
5.54 
5.55d> 
5.39 
5.22d> 
4.95 
5.68 
5.86 
5.41 
5.80 
5.78 
5.32 
5.42 
5.73 

5.28 

5.73 
5.22 
6.14 
6.26 
5.85 
6.08 br 

5.96 

5.43d) 
5.35 
4.85 
4.94 

£-dik(OS) 

GH3 GH 

K83 
2.05 
1.75 
1.98 
2.11 
1.79 
1.80 
2.02 
1.88 
1.83 
2.12 
2.21 
1.96 
1.97 
1.91 
1.99 
1.91 
1.99 
2.01 

1.96 

1.82 
2.02 
2.25 

2.41 
2.07 
1.95 
2.02 

5.02d> 
5.38 
4.98d) 
5.04d> 
5.45 
4.92d> 
4.70 

d ) 
4.92 
5.03d) 
5.47 
6.12 
5.45 
5.85 
5.32 
5.40 
5.67 
5.89 
5.43 

5.87 

5.50 
5.93 
5.44 
5.89 
6.35 
6.08 br 

e ) 

5.37d> 
5.31d) 
5.67 
5.95 

NH 

dT" 
7.7 
7.4d> 
7.1d> 
8.12 

7.5d) 
6.54 

d ) 
7.24 

7.0d> 
7.8 

e ) 
7.1d> 
7.4 
6.9 
7.1 
7.5 
7.46 

7.5 

8.1 

7.8 
8.3 

6.90 
6.88 

5.3d) 
6.55

d) 
7.1 
7.2 

Lc) 

Other 

Me :2 .40 
Me : 2.31 br 
Me : 2.42 br 
Et : 2.6 m, 1.53 t(7) 
Et : 2.7 m, 1.52 t(7) 
Et : 2 .6m, 1.49t(7) 
Et : ca. 2 .5m, 1.43t(7) 
Et : 2 .6m, 1.53t(7) 
Et : 2.5 m, 1.49t(7) 
pipO : 3 . 2 , 2.7, 1.4* 
pipf) : 3.7, 2.7, 1.37 

pipO : 3 . 6 , 2.75, 1.37 

Me : 2.43d[5.5] and 2.40d[5.5] 
Me : 2.12 d[6] 
Me : 2.41 d[6] and 2.37 d[6] 
Et : 2.55m, 1.52t(6.5),and 1.49t(6.5) 
Et : 2.4 m, 1.35 t(6.5) 
pipf) : 3.3, 2.5, 1.25 
Me : 1.80d[5] and 1.72 d[5] 
GH2 : 3 .5—3.1m; Ph : 7.26br 
Me : 1.86d[5] and 1.74d[5] 
GH2 : ca. 3 . 3 m ; Ph : 7.4m, 7 .0m 
GH2 : 3 . 3 m ; Ph : 7.23m, 7.13m 
GH2 : 3 . 5 m ; Ph : 7 .3m 
bpy : 8.9—7.3 m 
pipf) : 3 .4d, 2.8, 1.51 
pipf) : 3.1 d, 2.32q, 1.1 
bpy : H3»3' 9.14br, H5»5' 7.46d,br(6), 

H6»6' 8.08(6), Me4»4' 2.65 
phen : H3»8 8.77 d(8), H4»7 7.80 d(8) 

H5 '6 8.05, Me2»9 3.04 
Me : 2.41 d[6.5] and 2.23d[6.5] 
Et : 2 .6m, 1.51 t(7) 
Et : 2.5 m, 1.42 t(7) 
pipf) : 3.4, 2.7, 1.3 

a—e) Same as footnotes for Table 4. IS and OS abbreviate inner and outer spheres, respectively, f) Chemical 
shifts refer to H2»6(equatorial), H2»6(axial), and H3»4»5(equatorial) in this sequence. Signals are all broad and 
those for H3»4»5 (axial) are indiscernible, g) The acac anion exists in IS and tfac in OS. 

platinum(II) complexes such as [Pt(/?-dik)(pip)2](ß-
dik)5) were also helpful. Thus the methyl and me thine 
protons resonating at higher field in CDC13 were as­
signed to the ß-diketonate anion in the outer sphere. 

It is noticed in Table 4 that the methyl and methine 
resonances from the acac (5A) and bzac (5B) com­
pounds are shifted downfield by 0.14—0.26 ppm and 
0.28—0.43 ppm, respectively, in C6D6 as compared 
with those in CDC13. In the case of the tfac com­
pounds (5C), the methine protons are shifted in the 
same direction by 0.19—0.31 p p m but the methyl 
protons show slight upfield shifts by 0—0.15 ppm in 
G6D6. The same trend is observed for ß-diketonate 
anions in the outer sphere of compounds 4 (Table 5). 
On the contrary, the methyl and methine resonances 
from the chelated ß-diketonate ligands are shifted 
upfield by 0.32—0.42 p p m and 0.27—0.40 ppm for 
acac (4A) and by 0.57—0.93 and 0.45—0.51 p p m for 

tfac (4C), respectively. 
Pinnavaia and Fay17) compared the methyl and 

methine chemical shifts for [M(acac)4] and [M(tfac)4] 
[ M = Z r , Hf, Ge, and Th) as well as for free ligands 
in G6D6 with those in GDG13 and GG14. All signals 
were shifted upfield in G6D6 ; the methyl signals from 
enol tautomers of acacH and tfacH by 0.39 and 0.89 
ppm, and the methine signals by 0.48 and 0.60 ppm, 
respectively. T h e metal chelates showed the same 
trend but the shifts were less pronounced. The au­
thors ascribed the solvent effect to the diamagnetic 
anisotropy of the benzene ring and the especially 
large upfield shifts for the free ligands were supposed 
to result from a sandwiching of the planar enol mol­
ecules between the benzene molecules. 

The present data are quite different from theirs, 
the upfield shifts for the chelated ligands being much 
pronounced and the effect on the counter anions being 
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TABLE 6. ^ N M R DATA FOR COMPLEXES 7a> 
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> d / H Me(Ph or CF3) 

t> V*T* o 

Compd 

7Ab 
7Ad 
7Ae 
7Ag 

7Ah 
7Ai 
7Ak 

7Bc 

7Bi 

7Bm 

7Bn 

7Bq 

7Cg 

7Ch 

7Ci 

7Ck 

Solvent b> 

ii 
ii 
ii 
i 
ii 
i 
ii 
ii 

i 

ii 

ii 

i 

ii 

i 

i 

ii 

ii 

ii 

ii 

jets] 
[trans] 

1 
1 
1 
1 
6 
7 
3 
2 
5 
3 
3 
2 

5 
3 
3 
4 
1 
2 
3 
2 
3 
2 
1 
1 

Isomerf) 

eis 
trans 
eis 
trans 
eis 
trans 
eis 
trans 
eis 
trans 

eis 

trans 

eis 
trans 
eis 
trans 
eis 
trans 
eis 
trans 
eis 
trans 
eis 
trans 

Chelated ß-dik 

a 

1.71 
1.72 
1.73 
1.91 
1.66 
1.96 
1.75 
1.67 

2.09 
Ph 

1.79 
Ph 

1.80 
Ph 

1.99 
Ph 

1.69 
Ph 

(1.93 
11.89 

Ph 

2.00 
Ph 

1.39 

1.44 

2.14 

1.51 

1.43 

b 

1.75 
1.75 
1.73 
1.92 
1.71 
1.97 
1.75 
1.81 

Ph 
2.16 

Ph 
1.89 
Ph 

1.97 
Ph 

2.12 
Ph 

1.87 

Ph 

(2.12 
(2.06 

Ph 
2.10 

1.46 

1.48 

2.21 

1.52 

1.43 

GH 

5.08 
5.09 
5.08 
5.251) 
4.98 
5.34d> 
5.06 
5.06 

5.96 
5.96 
5.87 
5.87 
5.79 
5.79 
5.97 
5.95 
5.90 
5.85 
(5.94 
(5.92 
(5.97 
(5.86 
6.00 
5.96 
5.30 
5.30 
5.43 
5.38 
5.81 
5.81 
5.49 
5.51 
5.43 
5.39 

C-Bonded 
£-dik 

Me GH 

2.17 
2.19 
2.11 
2.16 
2.07 
2.19 
2.10 
1.81 

2.31 
2.31 
2.19 
2.22 
2.19 
2.23 
2.47 
2.38 
2.83 
2.64 
(2.41 
12.37 
(2.37 
12.22 
2.54 
2.44 
1.87 
1.92 
1.94 
1.99 
2.34 
2.33 
1.96 
1.92 
1.53 
1.54 

4.56 
4.57 
4.55 
4.47d> 
4.49 
4.52d> 
4.59 
4.32 

5.36 
5.30 
5.54 
5.51 
5.77 
5.74 
5.00 
5.17 
5.23 
5.39 
(5.10 
14.92 
(5.13 
15.07 
4.98 
5.10 
4.80 
4.76 
4.85 
4.75 
4.94 
4.92 
4.98 
5.01 
4.65 
4.52 

NH 

3.4 
3.4 

e ) 
3.9 
4.5 
3.4 
4.6 
5.1 

d ) 

e ) 

4.8 

3.7 

3.5 

3.54 

4.04 

e ) 

Lc> 

Other 

Me : 2.02 t[7] 
Pr : 2 .4m, 1.4 m, 0.73 t(7) 
GH2 : 3.5 br 
Me : 2.25 d[6] 
Me : 2.02 d[6] 
Et : 2 .6m, 1.32t(7) 
pips) : 2.8—2.3, 1.2 
GH2 : 4.Od, 3.4d(AB quartet) 
Ph : 7.5m, 7 .0m 

GH2 : 3.6 br 

GH2 : 3.6 br 

pips) : 3.1—2.4, 1.2 

py : 8.6„m, 8 . 0 m 

py : 8.72 m, 6.5 m 

Me : 2.19 
(2 91 P y : 8 « 6 m , ca. 7 .9m 

M e : 12:75 
NMe2 : 2.10 
py : 8.16d(7), 6.49 d(7) 
Me : 1.73 d[6] 
Me : 1.72d[6] 

GH, : 2 . 1 m , * { £ £ ! £ ; < * $ 

pips) : 2.78, 1.64 

pips) : 2.6, 1.1 

GH2 : ca. 3 .6m 

a—e) Same as footnotes for Table 4. f) eis and trans mean m (Me, L) and trans (Me, L), respectively. 
Chemical shifts refer to H2>6 and H3>4'5, respectively. Signals are all broad. 

reversed. Benzene molecules may exert the diamag-
netic anisotropic effect on the chelated /?-diketonate 
ligand by sandwiching the coordination plane. The 
/?-diketonate anion in the outer sphere is oblique to 
the coordination plane, forming hydrogen bonds with 
amine ligands.14) Thus the methyl and methine pro­
tons of the counter anion may experience the para­
magnetic anisotropy of the benzene rings. 

Since the tfac ligand is unsymmetric, two alkyl-
amines in complexes 4C are not environmentally equiv­
alent. Thus two sets of the alkyl proton signals from 
the amine ligands are observed for 4Cg, 4Ch, and 
4Cj. In the reactions of [Pd(acac) (tfac)] ( IM) with 
nitrogen bases, two types of products, [Pd(acac)L2]-
(tfac) and [Pd(tfac)L2] (acac) are conceivable. How­
ever m N M R spectra indicate that the former type 

of products were obtained exclusively in each case 
(4Mb, 4Mb, and 4Mi in Table 5), reflecting the 
substantial difference in basicities of the acac and 
tfac anions. 

Complex 4Dt exhibits only one broad methine pro­
ton signal at 6.08 ppm in CDC13 at room temperature. 
T h e signal becomes sharper with increasing tempera­
ture probably by virtue of enhanced exchange be­
tween the two hfac anions in inner and outer spheres. 
The base L 2 (4,4'-Me2-bpy) freed by reaction (1) 
may attack 4Dt to give rise to 5Dt in reaction (2). 

[Pd(hfac)L2](hfac) ; r=^ [Pd(hfac)2] + L2 (1) 

[Pd(hfac)La](hfac) + L2 ^ = ± [PdL4](hfac)2 (2) 

Compound 5Dt was isolated (Table 2) but its N M R 
spectrum is not determined because of poor solubility. 
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Fig. 3. 1H NMR spectra of GDG13 solutions containing 
[Pd(tfac)2] and various amounts of pyridine, the 
[pyridine]/[complex] molar ratio being 1.0(1), 1.5(2), 
3.0(3), 6.0(4), and 11.0(5). 

Averaging of the hfac anions in 4Dt may be realized 
either by reaction (1) alone or by both of (1) and (2). 
A similar exchange of tfac anions in [Pd(tfac)(PPh3)2]-
(tfac) was also noticed,18) but the interrelation between 
the rate of exchange and the natures of /?-diketonate 
and base ligands has not been studied. 

The 1H N M R data for complexes 7 are collected 
in Table 6. Spectra in CDC13 of the acac complexes 
7A are similar to those reported for analogous com­
plexes containing triphenylphosphine, pyridine, diethyl-
amine, and N-methylbenzylamine as L2) except that 
the chemical-shift difference for the two methyl groups 
of the chelated acac ligand is quite small in the present 
complexes 7. By reference to the previous work2) 
the signal at the highest field in CDC13 was assigned 
to the methyl group (a) located at the position eis 
to L and the lower-field signal to the methyl group 
(b) trans to L. The 6H signal around 2 p p m is easily 
assigned to methyl protons of the carbon-bonded acac 
ligand, of which the methine proton resonates at 
higher field than that of the chelated acac ligand.2) 

Since the bzac and tfac ligands are unsymmetric, 
two geometrical isomers, m(Me ,L) and trans(Me,L) 
are conceivable for 7B and 7C. In fact proton signals 
from these complexes exhibit splitting. The higher-
field one of the two methyl signals from the chelated 
ß-dik was assigned to the cw(Me,L) isomer based on 
the above consideration and the equilibrium quotient 
m(Me,L)/^ö/w(Me,L) was determined as the signal 
area ratio. Complexes 7B except 7Bi showed a single 
set of proton signals assignable to a.y(Me,L) imme­
diately after dissolution, but new signals ascribable 
to trans (Me,L) grew with time at the expense of the 
cw(Me,L) signals to attain an equilibrium. The rate 
of geometrical isomerization depends on the nature 
of L, 7 B m and 7Bn attaining equilibrium within 3 

and 30 min, respectively, but 7Be requiring ca. 10 h. 
The [eis] I [trans] equilibrium quotient is 1 for 7Be 

containing benzylamine as L and is larger than 1 for 
7Bm, 7Bn, and 7Bq containing pyridines, while the 
trans(Me,L) isomer is slightly more favorable for the 
piperidine complex, 7Bi. In the case of 7C, the 
trans(Me,L,) isomers are favorable except for 7Ci and 
7Ck. Complexes 71 containing nitrogen bases as L 
also favor the /ra?w(Me,L) form.9) 

Attainment of the isomerization equilibrium is ac­
celerated by a free ligand L. Figure 3 shows 1H N M R 
spectra of solutions containing [Pd(tfac)2] (1C) and 
various amounts of pyridine. T h e spectrum in the 
presence of an equimolar amount of pyridine shows 
at tainment of equilibria (3) and (4). About 8 0 % of 

[Pd(tfac)2] + py 
1C 

[Pd(tfac)(tfac-C3)py] 
7Cm 

CF0 

CH, 

CH„ 
7 d H £ 

(3) 

(4) 

trans(Me,L)-7Cm «j(Me,L)-7Cm 

1C is converted into 7 C m and the eis (Me,.L)/ trans-
(Me,L) ratio is ca. 2 /1 . With increasing amount of 
pyridine, the methyl signals at 2.11 and 2.21 p p m 
become broader. When three times moles of pyridine 
is added, equilibrium (3) is almost completely shifted 
to right. The two methyl signals from the chelated 
tfac are also lost and instead a new signal is observed 
at 2.16 ppm, the chemical shift being close to the 
weighted mean of the values for two isomers. Thus 
the geometrical isomerization (exchange of the coor­
dination sites) (Eq. 4) is assisted by free ligand and 
becomes fast on the N M R time scale at higher pyridine 
concentrations. Increased temperature also accel­
erates the isomerization, the eis- and trans(Me,L) signals 
in the presence of equimolar pyridine coalesce at 
higher temperatures. 

Various mechanisms have been proposed for the 
cis-trans isomerization of square planar complexes.19) 
The fact that the rapid isomerization occurs only in 
the presence of free pyridine does not accord with 
the dissociative mechanism via a three coordinate inter­
mediate.20) T h e double displacement mechanism19) as 
is expressed by Eq. 5, where R represents the central-
carbon-bonded /?-diketonate ligand, is most widely ac­
cepted as the mechanism for the free-ligand catalyzed 

H-t Pd 

CH0 

+ L 
CF0 

CH 

Os A 
Pd 

- 0 ' N L 

3 

4Cm 

(5) 

trans(Me,L)-7Ctn 4Cm «j(Me,L)-7Cm 

isomerization. T h e reactions of [Pd(acac)2] with alkyl-
amines to produce complexes 7A were also found to 
proceed via the outer-sphere complex 4A, the acac 
anion in turn replacing L as a carbanion.3) If this 
mechanism is operative in the present case, that is, 
if the geometrical isomerization occurs rapidly on the 
N M R time scale via the forward and reverse reactions 
(5), environment of the carbon-bonded tfac and that 



1986 

Compd 

5Äd 

5Bd 

5Cd 

5 D d 

5 D m 

[K]-tfacd> 

[K]-hfacd> 

S. 

Solvent 

GD2G12 

G6D6 

G6D6 

GDGlg 

GDGI3 

GDG13 

GDGI3 

GDGlg 

O K E Y A , H . 

T A B L E 7. 

y 

G H 3 

2 8 . 8 
(123) 

29 .0 
(123) 

29 .6 
(125) 

29 .5 
(126) 

2 9 . 8 
(126) 

SAZAKI, M . O G I T A , T . 
B . K . MOHAPATRA 

TAKEMOTO, Y. O N U K I , Y. NAKAMURA, 
, and S. K A W A G U C H I 

1 3 G N M R DATA FOR SOME OF COMPLEXES 5 , 

GF 3 

1 1 9 . 2 q 
[289] 

1 1 7 . 6 q 
[290] 

1 1 8 . 7 q 
[292] 

1 2 0 . 2 q 
[291] 

1 1 8 . 3 q 
[291] 

£-dik 
^_ 

G H 

97 .7 
(152) 
98 .1 
(151) 

96 .1 
(152) 

9 2 . 8 
(158) 

87 .6 
(163) 

85 .2 
(159) 

9 2 . 4 
(153) 

8 4 . 6 

GHgGO 

187.5 

187.4 

189.6 

194.6 

194.6 

GF 3 GO 

1 6 8 . 2 q 
[30] 

176.Oq 
[33] 

1 7 4 . 4 q 
[30] 

1 6 8 . 9 q 
[27] 

1 7 3 . 7 q 
[31] 

[PdL4](/?-dik)2a> 

-~. 
P h G O 

183.0°) 

/ G" 

4 8 . 3 
(138) 

4 8 . 5 
(135) 

4 8 . 5 
(136) 

4 7 . 9 
(137) 

4 7 . 9 
(139) 

152.3 
(188) 

[Vol. 

Lb) 
^ 

C* 

24^8 
(ca. 128) 

2 4 . 8 

24 .9 
(129) 

24 .2 
(128) 

2 4 . 3 
(125) 

126.5 
(170) 

54, No. 7 

C 

11.8 
(123) 

11.9 
(124) 

12.0 
(127) 

11.3 
(126) 

10.9 
(127) 

139.4 
(167) 

a) Chemical shifts in ppm from internal Me4Si. Figures in parentheses and brackets give y(C-H) and y(G-F) 
in Hz, respectively, b) Symbols for carbon atoms are given referred to nitrogen, c) Resonances for the phenyl 
carbons are: quaternary G 144.7, o-G 127.4 (ca. 158), m-G 127.8 (ca. 158), and p-C 129.1 (159) ppm(Hz). 
d) [K] denotes a potassium ion surrounded by 18-crown-6, [K(18-crown-6)]+. 

of the tfac anion in the outer sphere should be averaged. 
As is seen in Fig. 3, new signals grew at 2.26 and 5.69 
p p m when increasing amount of pyridine was added 
to 7Cm. These signals are assigned to the methyl 
and methine protons of the tfac anions in the outer 
sphere of [Pd(py)4](tfac)2 (5Cm). Compound 4 C m 
is not so stable as to be detected spectroscopically, 
bu t converted into 5Cm. The discrepancy in the 
*H chemical shifts in this reaction mixture from those 
(2.47 and 5.97 ppm, respectively) for pure 5 C m in 
pyridine (Table 4) may be ascribed to the difference 
in the solution media. Thus the signals from the 
tfac anions both carbon bonded and in the outer 
sphere are separate and sharp, indicating that the 
exchange between these two types of tfac anions is 
not fast on the N M R time scale, even though the 
m(Me ,L) and trans(M.e,L) configurations are rapidly 
averaged. Therefore the consecutive displacement 
mechanism is not realized in this case. 

As an alternative mechanism for the geometrical 
isomerization (Eq. 4), we propose a rapid coordina­
tion site exchange of the five-coordinate square-pyr­
amid intermediate as is exemplified in Eq. 6 by moving 
the unidentate ligands. Of course twisting of the 
chelate ring may be involved as well. This mech-

1 p< 
V R̂ 

+L yOx / L fc YON ON X 
PcT 

(K IN. 
R 

X 
L 

0 N n ^ R 

Pd 
(K N_ 

-L 

•X 
ON ,R 

Pd 
0/ N_ 

(6) 

anism was first proposed in order to rationalize the 
dynamic behaviors in solution of [M(hfac)2P(o-tolyl)3] 
(M = Pd and Pt).8) The exchange between apical and 
equatorial positions will occur via a trignal-bipyramid 
intermediate more easily than the Ray-Dut t twist in 

octahedral complexes.21) Averaging of environments 
in solution of both halves of the 1,10-phenanthroline 
molecule in [P tCN(phen) 2 ]N0 3 , which has a similar 
square-pyramid structure with a cyanide ligand in 
the basal plane, was also explained by virtue of an 
analogous mechanism.22) 

Complex 7Bn containing 2-methylpyridine as L 
shows additional 1:1 splitting of each proton signal 
besides the splitting due to the geometrical isomerism 
(Table 6). This additional splitting is caused by 
hindered rotation of the bulky ligand around the P d - N 
bond and the two sets of signals are assigned to the 
following two rotamers similar to those postulated for 
the central-carbon-bonded ester ligand in complexes 
71 containing 2-methylpyridine and 2,6-dimethylpyr-
idine as L.9) At higher temperatures, signals merge 
into one set for an equilibrium mixture of geometrical 

isomers. 

Me^ f/"'\ Me 

Ph-CO 

.0— \ -^N ' . 
pdV^ v 
/ Me 

Ph-C0 

13CNMR Spectra. Table 7 lists the 13C N M R 
data for some of complexes 5 containing propylamine 
or pyridine as L together with the da ta for [K(18-
crown-6)](tfac) and [K(18-crown-6)](hfac) for com­
parison. The chemical shift of each carbon atom of 
the tfac and hfac anions involved in 5 is close to that 
of free anions separated from the potassium ion by 
virtue of the crown ether. The methyl carbons in 
5 and free anions resonate at lower fields than those 
in the parent bis-chelates (25.4, 28.2, and 26.8 ppm 
for 1A, I B , and 1C), and the trifluoromethyl carbons 
than those in I D (114.7 ppm).11) O n the other hand, 
the methine carbons are shifted to upfield as compared 
with those in the corresponding bis-chelates (101.6, 
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TABLE 8. 13G NMR DATA FOR SOME OF COMPLEXES 4, [Pd(jff-dik)L2]Q?-dik)a> 

1987 

4Ah 

Solvent 
GH3 

acac (IS) 

GH GO GH7~ 

acac (OS) 

GH " G O 

Et2NH 
/ * s 

GH 2 G H 3 

GDGL 

G»DB 

26.2 
(128) 
26.0 
(128) 

100.8 
(159) 
100.8 
(159) 

186.3 

186.3 

28.8 br c ) 188.8 br 
(125) 
29.7 97.4 186.5 
(125) (150) 

46.5 
(136) 
46.5 
(135) 

14.2 
(125) 
14.0 
(121) 

4Ci in G6D6 

GH3 GF3 

tfac 

GH GH3GO GF3GO C" 

pipb> 

Cß c 
IS 

OS 

27.5 
(129) 

30.1 
(125) 

118.1 
[284] 

120.6 
[290] 

97.3 
(164) 

92.5 
(157) 

194.1 

194.7 

167.4 
[33] 

169.2 
[29] 

51.1 
(140) 

26.5 
(128) 

f24.1d) 
24.0 
(128) 

4Di in GDG13 

hfac (IS) 

GF3 GH 

116.5 92.7 
[284] (168) 

4Dt in GDG13 

hfac 

GF3 GH 

117.1 88.4br 
[287] 

GO 

175.4 
[36] 

GO 

175.0 br 
[34] 

GF3 

118.1 
[290] 

C2 ,C4 

157.3 
156.2 

hfac (OS) 

GH 

86.3 
(162) 

4,4'-

G3, G5 

128.0 
127.9 

GO 

175.5 
[32] 

Me2-bpy 

G6 

145.6 

G" 

51.8 
(140) 

GH3 

21.8 

pipb> 

C* 

26.4 
(128) 

C 

23.7 
(129) 

a, b) Same as footnotes for Table. 7. c) Indiscernible, d) Splitting due to unsymmetry of the tfac ligand. 

7Bq 

7Ci 

TABLE 9. 13G NMR DATA FOR COMPLEXES 7Ah, 7Bq, AND 7Ci IN CDCl3
a> 

u r1 5 

3{: Pd 3<: Pd c °H , 

5 iP° 
C°H. 

Gompd 

7Ah 

Gompd 

G\ 

26.8, 
(128) 

C1 

eis{tte,L) 

Chelated acac 

G5 G2, G4 

27.0 186.3, 186.6 
(128) 

Chelated j?-dikc> 

Ga C3 G4 G5 

C3 

100.2 
(158) 

C6 

transit ï .L) 

C-Bonded acac 

G6, C10 

31.2 
(127) 

C-Bonded ß-

C7 G8 

G7,C9 

202.4 

•dikc> 

G9 G10 

G8 

48.7 
(145) 

G" 

c*-

46.0 
(136) 

Lb> 

C^ 

Lb> 

W 

Cß 

14.0 
(127) 

NCH3 

CIS 

trans 

trans 

27.7 
27.9 

28.2 
(128) 

28.6 
(129) 

188.2 
187.5 

97.1 
97.1 

178.5 
179.5 

194.6 96.2 167.9 
[ « 2 ] [33] 

(164) 
194.6 96.6 167.4 

[ « 2 ] [33] 
(164) 

137.2 
138.2 

117.8 
[284] 

117.4 
[284] 

31.2 
31.2 

31.4 
(128) 

31.4 
(128) 

206.8 
206.5 

44.5 
44.0 

200.3 42.0 
(147) 

200.4 41.1 
(146) 

196.7 
196.5 

183.3 
[33] 

183.6 
[33] 

140.9 
140.8 

116.5 
[293] 

116.5 
[293] 

150.2 
150.2 

50.6 
(141) 

50.3 
(141) 

107.6 
107.5 

27.9 
(132) 

27.8 
(132) 

154.4 
154.4 

23.8 
(128) 

23.8 
(128) 

39.1 
39.1 

a, b) Same as footnotes for Table 7. c) The phenyl-ring carbons except the quaternary carbon resonate in the 
127.0—130.8 ppm region. 
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the acac anion in the outer sphere become smaller, 
and instead the CHC1 3 signal grows with time. The 
H-D exchange reaction attains equilibrium within 
several minutes in the case of 4Ag and 4Ah, and after 
about 13 min for 4Ai. T h e reaction is also detected 
by 13G N M R spectroscopy. Besides the H-D exchange, 
complexes 4A change spontaneously to 7A, attaining 
equilibria during several days. Figure 4 exemplifies 
the change with time of the methine proton signals 
from complex 4Ah. The spectrum at 4 h after dis­
solution involves signals attributable to 7Ah, of which 
the one due to the methine group of the carbon-bonded 
acac ligand is much weaker than the other from that 
of the chelated acac. This fact indicates that the 
carbon-bonded acac originated from the counter anion 
of 4Ah in accordance with the previous kinetic evi­
dence (Eq. 7).3> Deuteration of the methine group 

ll_ 
H? ti--) 

4.0 

Fig. 4. Change with time of the methine proton signals 
from 4Ah in CDC13 at room temperature. 

98.5, 97.8, and 93.8 p p m for 1A, I B , 1C, and ID).11) 
I t should be noted that the values of V ( G - F ) for 
compounds 5 and the free hfac anion (290—292 Hz) 
are larger and the V ( G " F ) values (30—33 Hz) are 
smaller than 284 and 37 Hz, respectively, for [Pd-
(hfac)2]. In contrast to the case of ^ N M R spectra, 
13G resonances of /?-diketonate anions in C6D6 make 
no appreciable difference from those in CDC13 and 
CD2C12. 

Similar 13G N M R data for some of compounds 4 
are collected in Table 8. Each complex except 4Dt ex­
hibits two sets of 13G signals assignable to ß-diketonate 
anions in the inner and outer spheres. Based on the 
above criteria, the upfield methyl and trifluoromethyl 
signals and the downfield methine signal for each 
complex are assigned to the coordinated /?-diketonate 
ion. I t is noteworthy that the \ / ( C - H ) values for 
methine carbons of the coordinated /?-diketonate are 
5—10 Hz larger than those for the anion in the outer 
sphere. In the case of 4Ci and 4Di, the V ( G - F ) 
values for the tfac and hfac ions in the outer sphere 
are larger than those for the coordinated anions. Then 
the GFgCO carbons with lower 2J(C-F) values are 
ascribed to the anion in the outer sphere. Compound 
4Dt shows dynamic behavior. The environments of 
two hfac anions are averaged on the N M R time scale 
as was evidenced by the XH N M R signal for the 
methine proton. Both of the chemical shifts and the 
y ( C - F ) values are intermediate for those for hfac 
anions in inner and outer spheres. I t is not certain 
why the 13G signals from the acac anion in the outer 
sphere of 4Ah are broad. Various solvents were ex­
amined but the signals were always broad except in 
C6D6 . 

The 1 3 C N M R spectrum of [Pd(acac)(acac-C3)-
(Et2NH)] (7Ah) resembles that of [Pt(acac)(acac-C3)-
(py)] reported by I to et al.10) Spectra of 7Ah were 
recorded in several solvents (Table 9) and no ap­
preciable solvent effect is noticed. Compounds 7Bq 
and 7Ci exhibit two sets of the ß-diketonate signals 
caused by the unsymmetry of the bzac ligand. Ac­
cording to the 1H N M R information, a set of more 
intense signals was assigned to the cw(Me,L) isomer. 

The H-D Exchange Reactions of Complexes 4 and 5 
with CDC/3.23) When complexes 4A are dissolved 
in CDCI3, the proton signals due to N H 2 and C H of 

Et, 

4Ah 

•o^ CDU. 

fast 

\ Et2 
h r 0 s N-D-

H. P<. °i° 
. r "2 J. ^ 

n 
„>%Ä 7Ah 

(7) 

in the chelated acac anion is much slower, requiring 
about three days for completion. It may be ac­
complished by the exchange of acac anions in the 
inner and outer spheres as shown by Eq. 8. 

[Pd (acac) (Et2NH) 2] (acac*) ^ 

[Pd(acac)(acac*)] + 2Et2NH 

[Pd(acac*) (EtaNH) J (acac) (8) 

A similar reaction of 4Cg with CDC13 is much 
slower, attaining equilibrium after about ten days. 
Transformation to 7Cg does not occur. Because of 
the unsymmetric tfac chelate, two dimethylamine mol­
ecules exhibit two separate doublets at 2.40 and 2.43 
p p m with J ( N H - C H 3 ) = 5 . 5 H z (Table 5), which are 
transformed to singlets on deuteration of the N H 
proton. Amine ligands in other 4C complexes are 
not deuterated by CDC13 . The hfac complex 4Di 
does not react either. 

Complexes 5 react with CDC13 in a similar manner 
but the rate is slower than 4. Necessary time for 
equilibrium attainment is about three days, two days, 
several hours, and less than 1 h for 5Ab, 5Ac, 5Ad, 
and 5Ae, respectively. Transformation to 7A also oc­
curs at the same time. Compounds 5Bd and 5Be 
attain the exchange equilibria within 16 and several 
hours, respectively, accompanied by the reactions to 
7B. Complex 5Cb requires more than twenty days 
for completion of the reaction. Complexes 5Cc, 5Cd, 
5Ce, and 5Dd are neither deuterated, nor transformed 
to 7. 

Amine protons and the methine proton of the tfac 
anion in the outer sphere of 4 M b and 4 M b attain the 
H-D exchange equilibria within several hours, but 
deuteration of the methine group of the chelated acac 
ligand requires more than four days. Substitution of 
the chelated acac ligand by the tfac anion via the 
pathway analogous to Eq. 8 seems more difficult than 
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Compd 

TABLE 10. 1 H N M R DATA FOR SOME 4C AND 5C COMPOUNDS IN TRIFLUOROACETIC ACID1) 

Chelated tfac 

GH, GH 

L*>> 

NH Other 

tfacH 

GH, GH 

4Ch 
4Cj 
5Ca 
5Ce 
5Cf 
tfacH 

2.26 
2.26 

6.14 
5.91 

3.7 
3.2 
2.90 
3.2 
4.13 

Et : 2 . 8 m , 1.63 t(7), and 1.61 t(7) 
Me : 1.85br; GH2 : 3.6 br; Ph : 7.29 

GH2 : 3.51 br; Ph : 7.28 
GH2 : 2.9 br 

2.35 
2.23 
2.27 
2.23 
2.29 
2.29 

6.25 
5.88 
5.98 
5.95 
6.01 
6.00 

a) Chemical shifts in ppm from internal DSS. b) The NH resonances are all broad. The figure in parenthesis 
is J(GH-CH) in Hz. 

by the acac anion. 
Deuteration of the coordinated amine and the ß-

diketonate anion in the outer sphere proceeds con­
currently, and the rate seems to be greater for com­
plexes containing stronger hydrogen bonds, since the 
reaction proceeds faster for 4 than for 5 and for more 
basic /?-diketonate than for less basic anion. Kinetic 
study of deuteration by CDG13 of cationic pal ladium(II) 
alkylamine complexes containing various counter anions 
is now in progress and the following mechanism is 
tentatively proposed at present (Eq. 9). 

1 /R i 
-Pd-N'-H-f-0-
L i R 

r ' ,R1 
-Pd-N: 

L i RJ 

(e-dik H) 

+ CDCL I I /R 
V | -Pd-N:R "J 

, D CCI 3 

(ß-dik H) 

r • /Ri 
-Pd-N: 

L i RJ 

(ß-dik D) 

- CHCl, 

+ CDC1, 

1 ,R 
-Pd-N rD-NR 

r • ,i 
-M-N--

•D CCI, 

CHCL I i ,R 
- ^ -Pd-<-D-

I R 
(9) 

Chloroform can be regarded as an acid and de-
tritiation of C3HC13 in aqueous solution by hydroxide 
ion24) and amines25) has been investigated. Dehaloge-
nation of chloroform by ethylenediamine was also 
presumed to be initiated by proton abstraction from 
chloroform by the diamine.26) Although solutions of 
alkylamines in CDG13 show no sign of H-D exchange, 
complexes 4, 5 or their precursors [Pd(/?-dik)2] can 
catalyze the reaction.23) Proton transfer from the co­
ordinated amine to the /?-diketonate anion in the 
outer sphere is presumed to reach equilibrium quickly 
and the concerted reaction among the amide center, 
GDC13 and /?-dikH may be the rate-determining step. 
The deuterated amine molecule will be readily sub­
stituted by amine in solution to accomplish the cata­
lytic cycle. 

Anion Exchange of Compounds 4 and 5. In order 
to test validity of the proposed mechanism (9) for 
deuteration of compounds 4 and 5 by GDG13, sub­
stitution of the jff-diketonate ions in the outer sphere 
with other appropriate anions is desirable. As a pre­
liminary trial some anion exchange reactions have 

been examined. Addition of silver nitrate to a solu­
tion of 5 C m in pyridine resulted in [Pd(py) 4 ] (N0 3 ) 2 

in a 6 2 % yield, and 4Ah reacted with equimolar 
K(tfac) in aqueous solution to give 4 M h in a 7 2 % 
yield. Thus the /?-diketonate ion in the outer sphere 
is easily replaced by other anions. Table 10 lists 
the XH N M R data for some 4C and 5C compounds 
in trifluoroacetic acid. The methyl and methine pro­
ton signals assignable to tfacH are observed, indicat­
ing that the tfac anion in the outer sphere was com­
pletely protonated by the acid. The exact chemical 
shifts of GH 3 and GH are more or less different from 
those of authentic tfacH, but the identity was con­
firmed in each case by addition of the authentic sam­
ple. O n being left in trifluoroacetic acid for a long 
time, compound 5Ce decomposed gradually to give 
rise to the benzylammonium ion. 

Relative Stabilities in Various Bonding Modes of ß-Dike-
tonate Anions. T h e reactions of [Pd(/?-dik)2] (1) 
with excess nitrogen bases are exothermic and it de­
pends on the natures of both the /?-diketonate ligand 
and base employed which of compounds 4, 5, 7, and 
8 is produced preferentially. When the chelating 
ligand is the acetylacetonate or other ß-diketonate of 
weaker basicity, pr imary and secondary amines afford 
5 and 4, respectively. Basicities of both types of 
amines are not so different and the steric requirement 
of secondary amines seems to make 5 unfavorable. 
Although 2,2'-bipyridine reacts with I D to afford sole­
ly 4Ds , 4,4'-dimethyl-2,2'-bipyridine produces either 
of 4Dt and 5Dt depending on the mole ratio of the 
reactants. Increased basicity of the latter ligand might 
overcome the steric disadvantage of the bis (bpy)-com­
plexes 5. 

Tert iary amines do not react with 1 probably be­
cause their bulkiness is both kinetically and ther-
modynamically unfavorable for the ligand substitu­
tion. Tribenzylamine did react with I D not to afford 
a ligand-substituted product but to produce an ortho-
metallated complex 9DZ. 2,6-Diphenylpyridine also 
gave a similar product 9Dr. The *H and 13C N M R 
assay revealed that the hfac anion worked as a proton 
acceptor to result in hfacH (Eq. 10). In recent years 
a great many articles have appeared concerning ortho-
metallated compounds, or "organometallic intra­
molecular-coordination compounds."27) Thus the re­
action of lithium tetrachloropalladate(II) with N,N-
dimethylbenzylamine in methanol gave di-//-chlorobis-
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TABLE 11. EQUILIBRIUM CONSTANTS*) ESTIMATED BY X H NMR SPECTROSCOPY IN G D G 1 3 AND G6D6 

AT ROOM TEMPERATURE: 

4 ^ 7 + L, Kx = [7]V[4] ; 5 — 7 + 3L, K2 = [7]V[5] 

L 

Me2NH 
Et2NH 

Pip 

MeNH2 

EtNH2 

w-PrNH2 

BzNH2 

py 

2x 
2x 

l x 

acac 

> 4 (2.6) 
2.4 («0 ) 
3 . 2 (0.2) 

io-3 

10-3 (9 xlO-7) 
(lxio-8) 

10-2 

6x 

bzac 

Kx 

(3x l0- 2 ) 

« 2 X 
IO-6 « 8 X 

10-
10-

ß-

-s) 

-') 

dik 
_, v 

< 2 

tfac 

« 0 (1x10-2) 
« 0 («0) 
« 0 («0 ) 

xio-««7xio-
Ä 0 ( Ä 0 ) 

« 0 («0) 
(2x l0- 6 ) 

> 8 x l 0 - 2 

7) 

hfac 

« 0 

Ä 0 ( Ä 0 ) 

« 0 

a) The figures in parentheses were determined in G6D6. The lower- and upper-limit values accompanied by the 
mark > and < were estimated by assuming concentration of the minor component as 1/10 of the initial con­
centration employed when it is detected but can not be determined quantitatively. The symbol « 0 means that 
compound 7 can not be observed on the spectrum, b) The values of K2 were tentatively calculated on the 
assumption that 5 exists as a monomer, although complexes of propylamine and presumably other alkylamines 
are dimeric in dichloromethane. 

CH2Ph 

^^> 
H-6f Pd' ^ + hfacH 

(10) 

+ hfacH 

(N, N- dimethylbenzylamine - 2C,N)dipalladium (II),28) 
of which the bridge bond was cleaved by thallium(I) 
acetylacetonate to result in acetylacetonato(iV,iV-di-
methylbenzylamine-2C,N) palladium(II)2 9) analogous to 
9DL 2-Phenylpyridine also reacts with sodium tetra-
chloropalladate(II) to yield the chloro-bridged five-
membered (C, N) chelate.30) However, the reaction 
of [Pd(/?-dik)2] with a tertiary amine or a substituted 
pyridine to afford an orthometallated compound as 
expressed by Eq. 10 may be the first example. Fur­
thermore it should be noted that triphenylphosphine 
can cleave the P d - N coordination linkage in 9DI to 
result in a phenylpalladium(II) complex 10D/ stable 
enough to be isolated (Eq. 11). 

CF. 

9D/ + PPh3 ~ » H-
t r0 s PPh, 

Pd' i.N(CH2Ph)2 

10DJ 

(ID 

When a base reacts with complexes 1, the ß-di-
ketonate ligand of weaker basicity is displaced more 
easily and the hfac and tfac ligands like to remove 
into the outer sphere. The acac ligand is also ex­
pelled from the coordination sphere by nitrogen bases, 
but the nature of solvent plays an important role in 
determining the most stable bonding mode. In polar 
solvents such as methanol compounds of type 4 and 

5 are favorable, but dichloromethane stabilizes the 
carbon-bonded complexes.3) The anion of ethyl aceto-
acetate is more basic than acac and complex II re­
adily reacts with pyridine to afford 81m,9) while 1A 
gives only 7 A m (Fig. 1). Thus the preference of 
bonding modes by ß-dicarbonyl anions is related with 
the sequence of basicity as follows. 

etac > acac *>~ bzac > tfac > hfac 

C-bonded 0,0'-chelate Outer sphere 

The relative tendency of /?-dicarbonyl anions to 
form the central carbon bonding parallels with pref­
erence of the keto tautomer to enol. The percentage 
of enol in neat liquid at 33 °C was recorded as 8, 81 , 
97, and 100% for etacH, acacH, tfacH, and hfacH, 
respectively.31) A /?-dicarbonyl anion which prefers 
to accept a hydrogen ion at the central carbon atom 
rather than at an oxygen atom likes also to react with 
a metal ion as a carbanion. I to and Yamamoto 
studied the reactions of [M(acac)(acac-C3)PPh3] with 
several /?-dikH and found that the keto-favoring ß-
dikH selectively replaces the carbon-bonded acac, 
while the enol-favoring ß-dikH substitutes the chelat­
ed acac.32) 

Complexes 4, 5, and 8 gradually liberate base to 
produce 7. Table 11 lists the equilibrium constants 
estimated by the XH N M R spectroscopy and supports 
the above conclusion concerning the preference of 
bonding modes. Thus the stability of the outer-sphere 
complexes is in the sequence of hfac > tfac > bzac > 
acac and R N H 2 > B z N H 2 > p y . The value (2.4) of 
Kx for [Pd(acac) (Et2NH)2] (acâc) (4Ah) ^ 7Ah + 
E t 2 NH is not so different from the more accurate 
value (4.46) determined in dichloromethane at 25 °G 
by the spectrophotometric method.3) When com­
pounds 5 are converted to 7, the reaction should pro­
ceed via 4. However complexes 4 containing primary 
amines as L are usually unstable except 4Mb and 
are not detected spectroscopically. Compound 4Mb 
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as wel l as 4 M b a n d 4 M i is v e r y s t ab le in so lu t ion , 
showing n o sign of t r a n s f o r m a t i o n to 7 . T h e c h e l a t e -
favor ing a c a c a n d t h e o u t e r sphe re - favor ing tfac m a y 
c o o p e r a t e in s tab i l i z ing these c o m p o u n d s . 

Exper imenta l 

Preparation of Compounds. T h e starting complexes, bis-
0?-diketonato)palladium(II) [Pd(jS-dik)2] ( l ) including [Pd-
(acac) (tfac)] ( 1 M ) , were prepared by the methods de­
scribed in a previous paper.11) Methylamine, ethylamine, 
and dimethylamine were evolved by dissolving potassium 
or sodium hydroxide in aqueous solutions of these amines 
which are commercially available. Other amines, pyridines, 
and ammonia were purchased and used without purifica­
tion. Most of the new compounds reported in this paper 
were prepared by one of the following two methods and the 
remaining compounds by other methods. (1) When the 
base is liquid at room temperature , compound 1 was dis­
solved or suspended in the neat liquid and the mixture was 
stirred. After reaction for appropriate time duration, the 
product was precipitated by cooling the solution, by adding 
another solvent such as diethyl ether, hexane, and petroleum 
ether to the reaction mixture, or by distilling away the excess 
base. (2) An appropriate amount of base was added to a 
solution of 1 in dichloromethane, benzene, or diethyl ether. 
T h e reaction mixture was worked up in a similar manner 
as above. 

[Pd(acac) (Me2NH) J (acac) • 2H20 (4Ag) : Dimethyl­
amine was distilled under nitrogen into a flask containing 
fine powder of [Pd(acac)2] (1A) which was cooled with 
Dry Ice-methanol . T h e reaction mixture was then warmed 
to room temperature and stirred to result in a yellow solu­
tion. T h e amine was distilled away under reduced pres­
sure to leave tiny yellow plates in a 9 0 % yield. 

\Pd( acac) (Et2NH)2~\( acac) (4Ah): Pulverized 1A (1.55 
g, 5.09 mmol) was added to diethylamine (ca. 10 cm3) and 
the mixture was warmed to result in a yellow solution, which 
was then cooled and kept at — 5 °G in a refrigerator over­
night to precipitate yellow columns. T h e product was 
filtered and washed several times with petroleum ether 
(boiling point < 6 0 °G). T h e yield was 1.52 g (66%) . 

[Pd(acac)(pip)2](acac)-H20 (4 Ai): Complex 1A (215 
mg, 0.706 mmol) was dissolved in piperidine {ca. 0.8 cm3) 
and diethyl ether {ca. 30 cm3) was added to the solution. 
The solvent was then allowed to evaporate spontaneously 
to leave yellow needles on the wall of vessel. T h e product 
was gathered and washed with hexane. T h e yield was 
156 mg (45%). 

[Pd(bzac)(pip)2](bzac) (4Bi): Hexane was added to a 
solution of [Pd(bzac)2] ( IB, 59 mg, 0.14 mmol) in piper­
idine (0.9 cm3) and the mixture was kept in a refrigerator 
to deposit yellow needles. T h e product was filtered and 
washed with a mixture of diethyl ether and petroleum ether 
(1:1 by volume). T h e yield was 77 mg (93%) . 

[Pd'(tfac)(Me2NH)2](tfac) (4Cg): In a similar manner 
as for 4Ag, [Pd(tfac)2] (1C, 300 mg, 0.727 mmol) was dis­
solved in dimethylamine. T h e amine was then distilled 
away to leave a yellow powder (331 mg) in a 9 1 % yield. 

{Pd(tfac) (Et2NH) 2] (tfac) (4Ch) : After 1C (200 mg, 0.484 
mmol) was dissolved in diethylamine, the excess amine 
was distilled away promptly under reduced pressure to 
leave a yellow crystalline solid (238 mg) in an 8 8 % yield. 

[Pd(tfac)(pip)2](tfac) (4Ci): Piperidine {ca. 0.2 cm3) was 
added dropwise to a suspension of 1C (413 mg, 1.00 mmol) 
in dichloromethane (0.5 cm3) with stirring to result in a 
yellow solution. Hexane (20 cm3) was added and the mix­

ture was kept in a refrigerator overnight to deposit pale 
yellow plates (252 mg) . T h e filtrate was concentrated and 
then cooled to precipitate another crop. T h e total yield 
was 392 mg (67%) . 

\Pd(tfac)(BzNHMe)2\(tfac) (4Cj): A dichloromethane 
solution (2 cm3) of iV-methylbenzylamine (214 mg, 1.77 
mmol) was added slowly to a solution of 1C (511 mg, 1.24 
mmol) in dichloromethane (5 cm3) with stirring. After fur­
ther addition of the amine (200 mg, 1.65 mmol) , the solvent 
was allowed to evaporate spontaneously. Yellow crystals 
deposited on the wall of vessel were collected and washed 
with a mixture of diethyl ether and petroleum ether (1:1 
by volume). T h e yield was 581 mg (72%). 

[Pd( tfac) (Bz2NH)2~\( tfac) (4Ck): Complex 1C (100 mg, 
0.242 mmol) was dissolved in hot dibenzylamine. Hexane 
was added to the solution to deposit a yellow precipitate, 
which was filtered and washed with hexane. T h e yield 
was 132 mg (67%) . 

[Pd(tfac)(bpy)~\(tfac) (4Cs): A benzene solution (2 cm3) 
of 2,2'-bipyridine (156 mg, 1.00 mmol) was added to a 
solution of 1C (413 mg, 1.00 mmol) in benzene (10 cm3) 
to precipitate a yellow crystalline solid immediately, which 
was filtered and washed with a mixture of benzene and 
hexane (1:1 by volume). T h e yield was 489 mg (86%) . 

[Pd(hfac)(Me2NH)2](hfac) (4Dg) : In a similar manner 
as the case of 4Ag, [Pd(hfac)2] ( ID , 104 mg, 0.20 mmol) 
was dissolved in dimethylamine. O n distilling away of the 
amine, white cubes and red oil were left, which were ex­
tracted with diethyl ether. T h e solvent was allowed to 
evaporate spontaneously to leave yellow plates of 4 D g and 
a small amount of white columns. T h e yield of 4Dg was 
60 mg (49%) . T h e latter was confirmed to be di-
methylammonium 1,1,1,5,5,5-hexafluoro-2,4-pentanedionate. 
Found : C, 33.02; H , 3.58; N, 5.54%. Calcd for C7H9-
N 0 2 F 6 : C, 33.21; H , 3.58; N , 5 .53%. I R : v{NH) 3150s, 
v{G=0) 1680vs. 

[Pd(hfac)(pip)2\(hfac) (4Di): Piperidine (98 mg, 1.2 
mmol) was added to a solution of I D (300 mg, 0.576 mmol) 
in diethyl ether (3 cm 3) . T h e solvent was allowed to evap­
orate spontaneously to leave yellow cubes in a 9 7 % yield 
(387 mg) . 

\Pd(hfac)(bpy)](hfac) (4Ds): A solution of 2,2'-bi-
pyridine (71 mg, 0.45 mmol) in diethyl ether (1 cm3) was 
added to a solution of I D (103 mg, 0.198 mmol) in diethyl 
ether (1 cm3) to deposit a pale yellow precipitate immediate­
ly, which was filtered and washed with diethyl ether. T h e 
yield was 124 mg (93%) . 

lPd(hfac)(4,4'-Me2-bpy)](hfac) (4Dt): In a similar man­
ner as above, I D (208 mg, 0.400 mmol) reacted with 4,4'-
dimethyl-2,2 /-bipyridine (74 mg, 0.47 mmol) in diethyl ether 
(2 cm3) to precipitate yellow needles immediately. T h e 
yield was 259 mg (92%) . 

lPd(hfac)(2,9-Me2-phen)](hfac) (4Du): White crystals of 
compound 4 D u were prepared in a similar way as above. 
T h e yield was about 3 0 % . 

[Pd(acac)(MeNH2)2](tfac) (4Mb): Methylamine (19 mg, 
0.61 mmol) was kept in a small glass-stoppered bottle cooled 
with dry ice-methanol. Dichloromethane ( 1 cm3) was poured 
into this bottle quickly and the solution was added to a di­
chloromethane solution (1 cm3) of I M (114 mg, 0.318 mmol) . 
T h e mixture was kept at room temperature for 1 h. T h e n 
petroleum ether (1 cm3) was added to the solution and sol­
vents were allowed to evaporate spontaneously to leave 
yellow plates (76 mg) in a 5 7 % yield. 

[Pd(acac)(Et2NH)2](tfac) (4Mh): Compound 4 M h was 
prepared via three alternative routes. (1) Immediately 
after dissolution of [Pd(acac) (tfac)] ( I M , 100 mg, 0.279 
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mmol) in diethylamine (2 cm3) , excess amine was distilled 
away at room temperature under reduced pressure to leave a 
yellow powder (136 mg) in a 9 7 % yield. Recrystallization 
from dichloromethane-hexane gave yellow plates (yield: 80 
mS, 5 7 % ) . (2) Aqueous solution of potassium 1,1,1-tri-
fluoro-2,4-pentanedionate (16 mg, ca. 0.1 mmol) was added 
to a fresh solution of [Pd(acac)(Et 2NH) 2](acac) (4Ah, 44 
mg, 0.098 mmol) in water (1 cm3) with stirring to separate 
out a yellow precipitate (36 mg) in a 72% yield. After 
being dried in vacuo, the crude product was recrystallized 
from dichloromethane-hexane to give yellow hexagonal 
plates. T h e yield was 25 mg (51%) . (3) A methanol 
solution of equimolar amount of potassium 2,4-pentane-
dionate was added to an acetone solution of [Pd(tfac)-
(Et2NH)2](tfac) (4Ch) and the mixture was stirred for ca. 
10 min. T h e solvents were distilled away under reduced 
pressure and the residue was extracted with diethyl ether. 
T h e n the solvent was allowed to evaporate spontaneously 
to leave yellow needles of 4Mh, bu t the yield was very low. 

[Pd ( acac)(pip )2]( tfac) (4Mi): Small portions of hexane 
and diethyl ether were added to a solution of I M (100 mg, 
0.279 mmol) in piperidine (0.1cm 3 ) and the mixture was 
cooled to precipitate yellow plates, which were filtered and 
washed with hexane. T h e yield was 52 mg (35%) . 

[Pd(NH3)i\(acac)2'2H20 (5Aa): Gaseous ammonia from 
a cylinder was bubbled into a solution of 1A (254 mg, 0.834 
mmol) in dichloromethane (10 cm3) for ca. 15 min to de­
posit white crystallites, which were filtered, washed with 
diethyl ether. T h e yield was 280 mg (83%) . 

{Pd(MeNH2)i\(acac)2 (5Ab): A suspension of 1A (270 
mg, 0.886 mmol) in several cm3 of methylamine was stirred 
to produce a white precipitate on reaction. After distil­
lation of the amine, a white powder was washed with a small 
portion of hexane. T h e yield was 357 mg (94%) . Com­
pound 5Ab is not stable but turns yellow gradually on de­
composition at room temperature . 

[Pd(EtNH2)i](acac)2-7j2H20 (5Ac): O n addition of 1A 
(232 mg, 0.762 mmol) to ca. 3 cm3 of ethylamine, a white 
precipitate appeared immediately. T h e excess amine was 
distilled away slowly at — 5 °C to leave a pale yellow crystal­
line solid, which was washed with hexane. T h e yield was 
360 mg (96%) . Compound 5Ac was alternatively obtained 
by addition of an aqueous solution of ethylamine drop by 
drop to a suspension of 1A in acetone. I t is more stable 
than 5Ab but decomposes slowly at room temperature . 

[Pd(PrNH2)4](acac)2 (5Ad): W h e n 1A was added to 
propylamine with stirring, the reaction occurred exother-
mically to deposit a white precipitate. T h e excess amine 
was distilled away and the residue was washed with diethyl 
ether. T h e yield was quanti tat ive and recrystallization from 
diethyl e ther-hexane gave colorless t ransparent columns. 
Compound 5Ad also decomposes slowly at room tempera­
ture. 

[Pd(BzNH2)i](acac)2 (5Ae): Benzylamine (1.6 cm3) was 
added drop by drop to a solution of 1A (400 mg, 1.31 mmol) 
in dichloromethane (5 cm3) and the solution was stirred 
for a while. Petroleum ether (6 cm3) was added to it and 
the mixture was kept in a refrigerator for three days to de­
posit white plates (840 mg) in an 8 7 % yield, which decompose 
slowly to a white powder at room temperature . 

[Pd(en)2](acac)2'2H20 (5Af): Six times as many moles 
of ethylenediamine was added dropwise to a solution of 
1A (294 mg, 0.97 mmol) in dichloromethane (10 cm3) with 
stirring to deposit a white precipitate (414 mg) in a 9 3 % 
yield. T h e method is similar to that used for preparat ion 
of [Cu(en)2](acac)2-2H20.1 3> 

\Pd(NHJ 4](b zac) 2 (5Ba) : Gaseous ammonia was passed 

through a solution of [Pd(bzac)2] ( IB, 155 mg, 0.362 mmol) 
in dichloromethane at 0 °C for 10 min to separate out a 
yellowish white precipitate. O n washing with diethyl ether 
a white powder of 5Ba (164 mg) was obtained in a 9 1 % 
yield. 

[Pd(MeNH2)i](bzac)2 (5Bb), \_Pd(EtNH2)^(bzac)2 (5Bc), 
and [Pd(PrNH2)i](bzac)2 (5Bd): These compounds were 
obtained in similar manners as for the corresponding 2,4-
pentanedionates in 90, 97, and 8 9 % yields, respectively. 
Each complex decomposes gradually at room temperature. 

\Pd(BzNH2) 4] (bzac) 2 (5Be) : Cold benzylamine was add­
ed dropwise onto a fine powder of IB (327 mg, 0.763 mmol) 
with stirring at 0 °C to produce a white precipitate im­
mediately, which was filtered and washed with hexane. 
T h e yield was 587 mg (90%) . 

[Pd(en)2\(bzac)2-2H20 (5Bf): Five drops of ethylene-
diamine was added to a solution of I B (112 mg, 0.261 mmol) 
in dichloromethane to deposit a white precipitate imme­
diately, which was filtered and washed with diethyl ether. 
T h e yield was 123 mg (81%) . 

[Pd(NHz)i\(tfac)2 (5Ca), {Pd(MeNH2)i\(tfaC)2 (5Cb), 
[Pd(EtNH2)i\(tfac)2 (5Cc), {Pd(PrNH2)i\(tfac)2 (SCd), [Pd-
(BzNH2) 4] (tfac) 2 (5Ce), and [Pd(en) 2] (tfac) 2 (5Cf) : These 
compounds were prepared by similar methods as those for 
the corresponding 2,4-pentanedionates in 90—99% yields. 
Recrystallization of 5Cf from water gave colorless transparent 
needles of monohydrate . 

[Pd(py)i\(tfac)2-3H20 (5Cm): Compound 1C (100 mg, 
0.242 mmol) was dissolved in pyridine (ca. 0.3 cm3) and the 
mixture was allowed to stand overnight at room tempera­
ture. Large colorless plates were separated and washed 
with hexane. T h e yield was 144 mg (76%). 

{Pd(NH,)i\(hfac)2 (5Da):, \Pd(MeNH2)^(hfac)2 (5Db), 
[Pd(EtNH2)i\(hfac)2(5Dc), and [Pd(PrNH2)i\(hfac)2 (5Dd) : 
These compounds were obtained in similar manners as for 
the corresponding 2,4-pentanedionates in 90—99% yields. 
Compounds 5 D b — 5 D d were able to be recrystallized from 
dichloromethane-hexane. 

\Pd(py)i\(hfac)2 (5JDm): Compound I D dissolved in a 
small amount of pyridine exothermically. Diethyl ether 
and hexane were added to the solution and the mixture 
was cooled to deposit colorless plates in an 8 0 % yield. 

[Pd(4,4'-Me2-bpy)2\(hfac)2 (5Dt): Compound I D (208 
mg, 0.400 mmol) reacted with 4,4'-dimethyl-2,2'-bipyridine 
(147 mg, 0.800 mmol) in diethyl ether (4 cm3) . Yellow 
crystallites were filtered and washed with diethyl ether. 
T h e yield was 332 mg (93%) . 

[PdfPrNHJ 4] (Ph-acac) 2 (5 Ed), [Pd(PrNH2) 4] (dbm) 2 

(5Fd), and [pd(PrNH2)^(dpm)2 (5Gd) : These compounds 
were obtained in 35—50% yields by dissolving [Pd(Ph-
acac),,] ( IE) , [Pd(dbm) 2] ( IF ) , and [Pd(dpm)2] ( IG) , re­
spectively, in propylamine and distilling away the excess 
amine at —5 °C. Each product was washed with hexane. 

{Pd(py)t\(tta)2 (5Hm): [Pd(tta)2] (1H, 250 mg, 0.455 
mmol) was dissolved in a. mixture of dichloromethane (3 
cm3) and pyridine (2 cm3) by stirring at 50 °C. The re­
sulting clear solution was kept in a refrigerator overnight 
to give light yellow crystals, which were recrystallized from 
dichloromethane-petroleum ether. T h e yield was 350 mg 
(90%) . 

[Pd(3-Me-py)i](tta)2 (5Ho) and [Pd(4-Me-py)4]( t ta)2 

(5Hp) : Both compounds were obtained in a similar manner 
as above in more than 90% yields. 

[Pd(en)2'\(etac)2 (5If): Ethylenediamine (0.5 cm3) was 
mixed with pulverized [Pd(etac)2] .1/2H209> (277 mg, 0.741 
mmol) . A white precipitate deposited immediately, which 
was washed with large volumes of diethyl ether and acetone, 
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successively, and dried in vacuo. A gray powder of 5If (311 
mg) was obtained in an 8 6 % yield. T h e compound does 
not dissolve in organic solvents other than alcohols, bu t 
is readily soluble in water and methanol and the ester anion 
in the outer sphere is solvolyzed. Thus recrystallization 
from a mixture of methanol , diethyl ether, and petroleum 
ether (2:2:1 by volume) resulted in colorless crystals of [Pd-
(en) 2 ] (meac) 2 -H 2 0 , where meac stands for the anion of 
methyl acetoacetate. Found : G, 35.99; H , 6.70; N : 11.96%. 
Calcd for G 1 4 H 3 2 N 4 0 7 Pd: C, 35.41; H , 6.79; N , 11.80%. 

\Pd(MeNH2)^(acac)(tfac) (5Mb): Compound I M (100 
mg, 0.279 mmol) was dissolved in several cm3 of methylamine 
to result in a colorless solution. T h e excess amine was 
distilled away to leave white crystals (130 mg) in a 9 6 % 
yield. 

[Pd(EtNH2)i](acac)(tfac) (5Mc): In a similar manner 
as above white needles of 5 M c were obtained in a quan­
titative yield. Recrystallization from petroleum ether gave 
pale yellow columns. 

Dimethylamine (2,4-pentanedionato ) (2,4-pentanedionato - C3)palla­
dium^!) , [Pd(acac) (acac-C3) (Me2NH) ] (7Ag) : Com­
pound 1A (121 mg, 0.397 mmol) reacted with slightly excess 
dimethylamine (23 mg, 0.51 mmol) in dichloromethane (1 
cm3) . Spontaneous evaporation of the solvent left a yellow 
mass and yellow liquid, which were washed with hexane 
to afford a yellow powder of 7Ag (131 mg) in a 9 4 % yield. 

[Pd(acac) (acac-C3) (Et2NH)] (7Ah) : This compound was 
previously prepared by the reaction of 1A with diethyl-
amine,2) and now derived from 4Ah (60 mg) by leaving 
its aqueous solution at room temperature . Yellow needles 
precipitated were filtered and dried in vacuo. T h e yield 
of 7Ah from 4Ah was 6 1 % (31 mg) . 

[Pd(acac)(acac-C3)(pip)] (7Ai): T h e compound was ob­
tained in an 8 1 % yield in a similar manner as 7Ag, and 
recrystallized from diethyl e ther-hexane. Compounds 7Ab, 
7Ad, 7Ae, and 7Ak were also prepared in a similar manner . 

Benzylamine(1 -phenyl- 1,3-butanedionato) (1-phenyl-1,3-butanedi-
onato-C2)palladium(II), [Pd(bzac) (bzac-C2) (BzNH2)] (7Be): 
Compound I B (179 mg, 0.418 mmol) reacted with ben-
zylamine (71 mg, 0.66 mmol) in dichloromethane (3 cm3) 
and the solvent was evaporated spontaneously to leave a 
yellow crystalline solid contaminated with oil. The prod­
uct was washed with diethyl ether and dried in vacuo. T h e 
yield of a yellow powder of 7Be was 196 mg (88%) . T h e 
product was a mixture of m ( M e , L ) and trans(Me,L.) iso­
mers. When it was dissolved in dichloromethane and the 
solvent was evaporated spontaneously after addition of a 
small amount of methyl iodide, a yellow crystalline solid 
left and washed with diethyl ether was pure «V(Me,L). T h e 
role of methyl iodide is not clear which was used in order 
to examine the possibility of substituting the carbon-bonded 
ligand. 

[Pd(bzac) (bzac-C2) (pip)] (7Bi) : After the reaction of 
I B (123 mg, 0.287 mmol) with benzylamine (37 mg, 0.44 
mmol) in dichloromethane (2 cm3) , the solvent was allowed 
to evaporate spontaneously to leave orange oil. A mixture 
(2 cm3) of diethyl ether and hexane (1:2 by volume) was 
added to the vessel and the mixture was stirred. A yellow 
precipitate appeared, which was filtered, washed with di­
ethyl ether and dried in vacuo. The yield was 92 mg (63%) . 

[Pd(bzac) (bzac-C2) (py)] (7Bm) : Compound IB (200 
mg, 0.467 mmol) was dissolved in a small amount of pyridine 
by heating. Hexane was added to the solution and the 
mixture was cooled to deposit yellow crystals, which were 
filtered and washed with hexane. Compound 7 B m (225 
mg) thus obtained in a 9 5 % yield is composed of the cis-
(Me,L) isomer alone. 

[Pd(bzac) (bzac-C2) (2-Me-py) ] (7Bn) : Complex 7 B m 
(100 mg, 0.196 mmol) was dissolved in a small amount of 
2-methylpyridine by heating. Hexane was added to the 
solution and the mixture was cooled to separate out yellow 
needles (86 mg) in an 8 4 % yield, which contain only the 
eis(Me,L) isomer. 

[Pd(bzac) (bzac-C2) (4-Me2N-py)] (7Bq): Compound IB 
(100 mg, 0.233 mmol) reacted with 4-dimethylaminopyridine 
(28 mg, 0.23 mmol) in dichloromethane (2 cm3) at room 
temperature . After 3 h, hexane ( 1 cm3) was added to the 
solution and the mixture was cooled to deposit yellow needles 
(105 mg) in an 82%0 yield. 

[Pd(tfac)(tfac-C3)(Me2NH)] (7Cg): Complex 1C (268 
mg, 0.650 mmol) reacted with twice molar dimethylamine 
(67 mg) in dichloromethane and the solvent was vaporized 
spontaneously to leave yellow plates, which were filtered 
and washed with hexane. T h e yield was 279 mg (94%) . 
[Pd(tfac)(tfac-C3)(Et2NH)] (7Ch), [Pd(tfac)(tfac-C3)(pip)] 
(7Ci), and [Pd(tfac)(tfac-C3)(Bz2NH)] (7Ck) were similarly 
obtained as a yellow powder, yellow needles, and yellow 
crystallites in 50, 80, and 5 0 % yields, respectively. 

1,1,7,5,5,5-Hexafluoro-2,4-pentanedionato (tribenzy lamine - 2C,N) -
palladium(II), [Pd(hfac)(Bz3N-2C,N)] (9DI): A mixture of 
I D (287 mg, 0.551 mmol) and tribenzylamine (316 mg, 1.10 
mmol) were heated in toluene under reflux and the solvent 
was distilled away under reduced pressure to leave pale 
yellow needles. Recrystallization from dichloromethane-
petroleum ether (1:1 by volume) gave 9DZ (196 mg) in a 
5 2 % yield. F o u n d : C, 51.98; H , 3.45; N, 2.37% ; mol wt 
574 in CH2C12 . Calcd for C 2 6 H 2 1 N 0 2 F 6 P d : C, 52.06; H, 
3.53; N , 2 . 3 4 % ; mol wt 600. Dec t e m p : 152—162 °C. I R 
in Nujol: v(C===0)+v(C====C), 1640vs, 1547s, 1515m cm" 1 . 
* H N M R in CDC13 , ô (ppm from internal Me4Si) : 3.97 
(2H, s, 6 C H 2 ) ; 3.9 and 4.3 (4H, AB-quartet , J - 1 2 Hz , 

1 /C7H2Ph)2 

3 << P d ' f H
2 

7CH 2 ) ; 5.94 (1H, s, 3 C H ) ; 7.0—7.8 (ca. 15H, m, Ph) . 13C 
N M R in CDC13 , <5(ppm from internal Me4Si) : C 2 and C4 , 
174.7q and 174.9q ( 7 ( C - F ) = 34 Hz) ; C3 , 89.9; C6 , 65.7; 
C7 , 64.8. Signals from C 1 and C 5 are not discernible be­
cause of overlapping with other signals. 

(2,6-Diphenylpyridine- 2C,NJ ( 1,1,1,5,5,5-hexafluoro-2,4-pentane­
dionato) palladium(II), [Pd(hfac) (2,6-Ph2-py-2C,N) ] (9Dr) : 
T h e change with time of *H N M R spectrum in a CDC13 

solution containing complex I D and equimolar 2,6-diphenyl-
pyridine showed that the reaction to form 9Dr and hfacH 
was completed after 16 h at 25 °C. Diethyl ether was added 
to the solution and the mixture was cooled to deposit yellow 
crystals of 9Dr in ca. 8 0 % yield. Found : C, 48.36; H , 
2.38; N , 2.56%0. Calcd for C 2 3 H 1 3 N 0 2 F 6 P d : C, 48.60; H , 
2 .41 ; N , 2 .58%. Dec t e m p : 201—203 °C. I R in Nujol: 
i ; (C==0)+f(G==G), 1632vs, 1550s. 

[2- ( Dibenzylaminomethyl) phenyl] (1,1,1,5,5,5-hexafluoro-2,4 -pen-
tanedionato) (triphenylphosphine) palladium (II), [Pd(hfac) (2-
Bz2NCH2C6HJ(PPh3)] (10DI): Complex 9D/ (129 mg, 
0.215 mmol) readily reacted with triphenylphosphine (56 
mg, 0.214 mmol) in dichloromethane at room temperature . 
After concentration of the solution by evaporation under 
reduced pressure, haxane was added to the concentrate and 
the mixture was cooled to precipitate yellow crystals (61 
mg) in a 3 3 % yield. Found : C, 61.23; H , 4.18; N , 1.50%. 
Calcd for C 4 4 H 3 6 N 0 2 F 6 P P d : C, 61.30; H , 4 .21 ; N , 1.62%. 
Dec t e m p : 145—148 °C. I R in Nujol: v(C====0) + v(C====C), 
1675vs, 1525vscm~1 . *H N M R in CDC13 , ô (ppm from 
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V(c7H2Ph)2 

internal Me4Si) : 3.91 (4H, s, 7CFLJ; 4.10 (2H, s, 6GH2); 
5.21 (1H, s, 3GH); 6.4—7.6 {ca. 30H, m, Ph). 13G NMR 
in GDG13, Ô (ppm from internal Me4Si) : G1 and G5, 117.6 q 
C/(C-F) = 290Hz): G2 and G4, 173.9 q (7(G-F) = 32 Hz); 
G3, 86.0; G6, 63.3; G7, 59.6. 

Reaction of IPdfpyJ^ftfacJz'SH^O (5Cm) with Silver Ni­
trate. A solution of silver nitrate (48 mg, 0.28 mmol) 
in pyridine (0.3 cm3) was added to a solution of complex 
5Cm (82 mg, 0.10 mmol) in pyridine (0.5 cm3) to deposit 
a white precipitate immediately, which was filtered, washed 
with benzene, and dried in vacuo. The yield of [Pd(py)4]-
(N03)2 was 35 mg (62%). It is not soluble in organic 
solvents, but dissolves in hot water and gives white needles 
on cooling. The compound coincides with the authentic 
sample which was prepared by the reaction among so­
dium tetrachloropalladate(II), silver nitrate, and pyridine. 
Found: G, 43.92; H, 3.68; N, 15.60%. Galcd for G20H20-
N608Pd: G, 43.93; H, 3.69; N, 15.37%. IR in Nujol: 
v(NO,), 1376vs, br, 1325vs, br. ^ N M R in D 2 0 at 75 
°G, Ô (ppm from internal DSS): 8.77 (2H, d, 7 = 5 Hz, H2 

and H6), 8.0 (1H), m, H*), 7.6 (2H, m, H3 and H5). 
Measurements. IR spectra were recorded in Nujol on 

Hitachi EPI-S2 and 295 spectrophotometers. NMR spectra 
were measured with JEOL JNM-G60HL and JNM-MH 
100 (for iH), FX60Q, (for XH and 13G), and PS-100 (for 
19F) spectrometers. The molecular weight was determined 
by vapor pressure osmometry with an instrument manufac­
tured by Knauer in West Berline, West Germany. 
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Paramagnetic tetraammine-5-nitrosalicylato cobalt complex, paramagnetic //-hyperoxo-dicobalt complexes 
and related diamagnetic compounds have been studied by X-ray photoelectron spectroscopy. In all these com­
pounds, the binding energies of Go 2p electrons and their spin-orbit separation were those of usual Co(III) com­
plexes. In the spectrum of paramagnetic tetraammine-5-nitrosalicylatocobalt salt, satellites appeared near the 
Go 2p peaks showing certain spin density at the cobalt atoms. At the same time, the C Is spectrum showed that 
considerable portion of carbon atoms has high binding energy suggesting derealization of electron hole over the 
organic ligand. The O Is peaks in //-hyperoxo complexes were ca. 0.6 eV higher than those in //-peroxo com­
plexes. Deconvolution of the O Is peak in the //-OOH complex gave OH, =0- , and H 2 0 peaks at the 1:1:1 
ratio, supporting the //-OOH formulation. 

Previous papers1 - 5) described the preparation and 
properties of a series of deep green ammine 5-nitro-
salicylato cobalt complexes formed from russet 
ammine salicylate cobalt(III) complexes.6,7) Inasmuch 
as these deep green compounds have oxidizing power 
and are paramagnetic, the earlier papers formally 
denoted them as cobalt(IV) compounds. However, 
examination of electric resistivity,3) ESR,3) IR,4) and 
NMR4) spectra suggested that the electron deficiency 
is not centered at cobalt, but is delocalized over the 
system composed of the cobalt atom and the organic 
ligand. In this sense we have changed the series 
title to the present one.5) 

The situation is in a sense similar to the case of 
some paramagnetic ß-02 dicobalt complexes which 
were formerly described as Co( I I I ) -Co( IV) com­
plexes,8) but which are now usually formulated as 
//-hyperoxo-dicobalt(III) complexes on the basis of 
structural,9) ESR,10) vibrational,11) and other studies.12) 

The present study has been intended to elucidate 
the valency and related problems in paramagnetic 
ammine 5-nitrosalicylato cobalt complexes and M-02 

dicobalt complexes by means of X-ray photoelectron 
spectroscopy (XPS), which is becoming to give useful 
information as to the state of the constituent atoms. 

Exper imenta l 

Materials. Tetraammine-5-nitrosalicylatocobalt com­
plexes were prepared after Yamamoto et A/.,1-5) whereas 
pi-02 dicobalt complexes were prepared according to the 
description by Mori et a/.13-14) 

XPS Measurements. The spectra were obtained by 
irradiating the compounds with Mg Kot. X-rays (120 W) 
in a vacuum at a pressure of less than 3x 10~7 Pa and at 
room temperature or around 220 K. The powdered com­
pounds were uniformly mounted on Ni holders by using 
adhesive tape. The instrument used was a VG ESCA 3 
electron spectrometer, and was calibrated with gold and 
copper, relative to the photoelectron peaks Au 4f7/2(84.0 
eV), Gu 3sl/2(122.6eV), and Gu 2p3/2(932.7 eV) ; FWHM 
(full width at half maximum) of the Au 4f7/2 peak was 1.18 
eV, and C Is peak due to the carbonaceous contamination 
formed on Au and Gu specimens in the instrument appeared 

at 284.8 eV. The peak shift caused by charge-up effect 
was corrected with the contamination G Is peak.15) 

The spectra comprised of several components were de-
convoluted with skewed Gaussian shape, where the same 
FWHM was assigned for components of the same element. 
The error of binding energy determination was estimated 
to be ±0.2 eV when the peaks were well-separated, whereas 
it was estimated to be ±0.4 eV when deconvolution was 
applied. The error of intensity estimation was around 5% 
in the former case while it was around 10% in the latter 
case. 

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

XPS of Ammine 5-Nitrosalicylato Cobalt Complexes. 
T h e binding energies of C Is, N Is, O Is, and Go 2p 
electrons of the cobalt complexes studied in this re­
search are given in Table 1. The binding energies 
of Go 2p electrons as well as their spin-orbit separa­
tion ( « 1 5 eV) in the green paramagnetic complex 
[ C o ( 5 - N 0 2 s a l ) ( N H 3 ) J C l N 0 3 - H 2 0 fell well within the 
range of those of cobalt(III) complexes16) as of course 
did those of orange diamagnetic complexes [Co(5-
N0 2 sa l ) (NH 3 ) 4 ] N C y H 2 0 and [Co(5-N0 2sal ) (NH 3 ) 4 ] -
C1-HC1-H 2 0, the latter two being considered to be 
typical cobalt (III) complexes. This is consistent with 
the results of studies of electric conductivities, ESR,3) 
IR , and N M R spectra4) and suggests dereal iza t ion 
of the electron hole over the cobalt-ligand system in 
the former paramagnetic compound. 

The following points, however, seem to be worth 
noting concerning the XPS of the paramagnetic [Co-
( 5 - N 0 2 s a l ) ( N H 3 ) 4 ] C l N 0 3 - H 2 0 : (1) Cobalt 2p peaks 
have satellites which show the presence of certain spin 
density at the cobalt atom (Fig. 1). Somewhat greater 
F W H M observed for the Co 2p 3 / 2 peak (Table 1) 
may also be due to the presence of unpaired spin. 
(2) There are some carbon atoms (estimated to be 
22 .2% of the total carbon) that have high binding 
energies (Fig. 2). (1) is in apparent contradiction 
to the tervalence of cobalt as concluded from the 
binding energies and spin-orbit separation. These 
might be accommodated by assuming that although 
the unpaired spin is not centered at cobalt in the 
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TABLE 1. BINDING ENERGIES OBSERVED IN THE XPS OF AMMINE-5-NITROSALIGYLATO COBALT COMPLEXES*) 

Compound Temp G Is N Is O Is Go 2p3/2 2 P l / 2 

o 
r yO—cx^\/No2 • 

(NH3)4Go | || 

Gl-N03-H2O
a) 

O 

r / O - C V / ^ N / N O 2 -i 
(NH3)4Go | || 

L \ 0 - ^ V / J 
N 0 3 H 2 0 U 

O 
r / O - c x ^ \ / N o 2 , 

(NH3)4Co | 1 

C1-HC1-2H20> 

room 

220K 

room 

220K 

285.1 r i n S + b) contam. b> 

288.8 r r g < ; ' + G 0 

shoulder 

^ S S L 
™* ÄirC° 
285.2 r i nS+ 

contam. 

2 8 8 - 5 shoulder 

285.2 r i n 8 + contam. 

2 8 8 *3 shoulder 

400.1 

405.4 
1 406.9 

400.2 

405.6 

407.2 

400.2 

405.3 

407.0 

400.2 

405.3 

NH, 

NO« 

NO. 

NIL 

NO, 

NO; 

NH3 

N 0 2 

N 0 3 

NH3 

N 0 2 

532.2 max 
FWHM 

3.0 

532.4 max 
FWHM 

3.1 

532.5 max 
FWHM 

2.9 

532.3 max 
FWHM 

3.2 

782.1 FWHM 
2.6 

satellites 
medium 

782.2 FWHM 
2.4 

satellites 
medium 

782.3 FWHM 
2.1 

satellites 
very weak 

782.1 FWHM 
2.3 

satellites 
very weak 

797.0 

797.0 

797.1 

796.9 

a) In eV. The maximum of Gl 2p3/2 has been taken to be at 198.2 eV. b) The peak due to ring carbon admixed 
with that due to contaminating hydrocarbon from instrument.15) c) Ring carbon of high binding energy. 

780 790 
Binding energy/eV 

8 0 0 

Fig. 1. XPS of 
O 

(NH3)4Go | || 

o 
„ / 0 ~ C x A / N 0 2 
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the Go 2p region at 220 K. 

Gl.HGl-2HaO (A) and 

G1.N03-2H20 (B) in 

i — i _ i — i — r 

- O 
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280 

Fig. 2. XPS of 

-J I L_ J I L_ 
290 

Binding e n e r g y / e v 

o 
II 

(NH3)4Co 
, 0 - C v X ^ N 0 2 -

sense that cobalt is quadrivalent, yet some fraction 
of the spin density remains on cobalt. However, a 
considerable part of the spin density or the electron 
deficiency seems to be also distributed over some 
carbon atoms of the 5-nitrosalicylato ligand as evi­
denced by (2), i.e. by the high binding energies ob­
served for certain portion of the carbon atoms. In 
the case of orange diamagnetic [Co(5-N0 2sal ) (NH 3 ) 4 ] -
(N0 3 ) • H 2 0 , a shoulder appeared at the high energy 
side of the main C Is peak, and from its area (esti­
mated to be 6 .7% of the total carbon), it is con­
sidered to correspond to the carboxylato carbon. 

O 
n 

Gl.HCl.2HaO (A) and 

C1-N0 3 .2H 20 (B) in 
/ O - C ^ A / N O , -

(NH3)4Go | || 
\ 0 / ^ 

the G Is region at 220 K. 

In the green paramagnetic as well as the orange 
diamagnetic complexes the nitrogen Is electrons ap­
pear as two peaks separated by 6.4—6.8 eV. The 
peak at ca. 400 eV was assigned to N H 3 nitrogen. 
The peak at higher energy could be deconvoluted 
to the one at 405—406 eV assignable to N 0 2 nitrogen 
and to the one at ca. 407 eV assignable to N 0 3 ni-

Gl.HCl.2HaO
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TABLE 2. BINDING ENERGIES OBSERVED IN THE XPS OF /*-02 DICOBALT COMPLEXES 

1997 

Compound 

r /NH 2 X I 
(NH3)4Co Co(NH3)4 

L \ o o / 
Br4.H2O

b> 

r /NH2X 
(en) 2Co Co (en) 2 

L N o o / 
c i 4 . 

xH2O
b> 

r /NH 2 X 
(en)2Co Co (en) 2 \oo/ 

Br4. 

4H2O
b> 

r /NH 2 X i 
(en)2Co Co (en) 2 \oo/ 
(N03)4.2H20*) 

-

/ N H 2 \ 1 
(en)2Co Co (en) 2 

\ocv J 
(N03)3-2.5H20«) 

/ N H 2 \ 1 
(en)2Co Co(en)2 

1 

-

OH 
Br4.HaO

d> 

Temp 

room 

room 

room 

room 

220K 

room 

220K 

rccm 

C Is 

284.8 contam.a> 

284.8 contam. 

286.1 en 

284.8 contam. 

286.0 en 

284.8 contam. 

286.0 en 

284.8 contam. 

286.0 en 

284.8 contam. 

286.0 en 

284.8 contam. 

286.0 en 

284.8 ccntam. 

285.8 en 

N~ 

398.2 

400.0 

398.5 

400.3 

398.4 

400.3 

398.2 

400.2 

407.0 

398.3 

400.3 

406.9 

398.3 

400.2 

406.8 

398.2 

400.1 

406.7 

3£8.4 

4C0.2 

Is 

-NH2-e> 

NH3 

-NH2-e> 

en 

-NH2-e> 

en 

-NH2-0 

en 

N 0 3 

-NH2-e> 

en 

N 0 3 

-NH2-0 

en 

N 0 3 

-NH2-e> 

en 

N 0 3 

-NH2-
C> 

en 

<5~ 

531.5 

533.2 

531.9 

533.4 

531.9 

533.4 

531.6 

532.7 

531.7 

532.7 

530.8 

532.3 

530.6 

532.5 

531.4 

532.2 

533.5 

"is 

- O O -

H 2 0 

- O O -

H 2 0 

- O O -

H 2 0 

- O O -

N 0 3 
+ H 2 0 

- O O -

N 0 3 
+ H 2 0 

- O O -

N 0 3 
+ H 2 0 

- O O -

N 0 3 
+ H 2 0 

OH 

-o= 
H 2 0 

Co 2p3/2 

781.6 FWHM 
2.4 

satellites 
very weak 

781.9 FWHM 
2.4 

satellites 
very weak 

781.8 FWHM 
2.1 

no satellite 

781.9 FWHM 
2.3 

satellites 
very weak 

781.8 FWHM 
2.3 

no satellite 

781.3 FWHM 
2.6 

satellite 
weak 

781.1 FWHM 
2.6 

no satellite 

781.7 r W H M 
2.0 

no satellite 

2pi/s 

796.5 

796.7 

796.7 

796.6 

796.7 

795.9 

795.9 

796.2 

a) The C Is peak due to hydrocarbon contamination from the instrument has been taken to be at 284.8eV.15) 
b) Green paramagnetic hyperoxo complex, c) Brown diamagnetic peroxo complex, d) Red diamagnetic hydro-
peroxo complex, e) Ijm2IIjtB3(or en) = 1/8. f) The above ratio is not equal to 1/8. The reason is not clear. 

trogen. I t has not so far been possible to deconvolute 
the peak of O Is (half w i d t h = 3 . 3 eV) into those of 
different types of atoms in the compound. 

XPS of \L-NH2-\L-02 Dicobalt Complexes. 
Okamoto et al. who studied the X P S of various cobalt 
compounds in connection with the catalytic activities 
reported that the Co 2p binding energies and their 
spin orbit separation of [ (NH 3 ) 5 Co0 2 Co(NH3) 5 ] (N0 3 ) 4 

(diamagnetic) and [ (NH 3 ) 5 Co0 2 Co(NH 3 ) 5 ]Cl 5 (para­
magnetic) were in the same range as those of usual co-
bal t (III) complexes.17) Burness et al. studied the X P S 
of Shiff-base complexes and their 0 2 adducts, found 
similar results,18) and concluded that the oxygenated 
compounds contain tervalent cobalt, so that 0 2 is 
a peroxo (diamagnetic) or a hyperoxo (paramagnetic) 
ligand. The peroxo compounds they studied included 
both mononuclear and dinuclear (i.e. / / -02) com­
plexes, whereas the hyperoxo compounds they studied 
were all mononuclear. They also found that the O 
Is binding energies of the hyperoxo complexes are 
ca. 1 eV higher than those of the peroxo complexes 
in conformity with the reduction of the charge on 

the 0 2 moiety. The result of the present X P S study 
(Table 2) on the / / -NH 2- / / -0 2 dicobalt complexes also 
showed a similar trend. A slightly lower binding 
energies of Co 2p electrons in the peroxo as compared 
with those in the hyperoxo complex might be ac­
counted for in terms of the donation of the extra anti-
bonding jr-electron of 0 2 to cobalt in the former. 
Satellites were either inperceptible or very weak in­
dicating low spin density on the cobalt atom (Fig. 
3), again rationalizing the formulation of the para­
magnetic compound as //-hyperoxo-dicobalt(III) com­
plex. 

In [(en)2Co(NH2) (OOH) C o ( e n ) 2 ] B r 4 - H 2 0 spec­
trum, the O Is band could be deconvoluted into three 
peaks at 531.4, 532.2, and 533.5 eV assigned to - O H , 
) 0 - , and H 2 0 oxygens, respectively, supporting the 
/ / -OOH structure reported for the corresponding ni­
trate.19) T h e higher binding energy of ) 0 - in ) 0 -
O H as compared with that of usual peroxo oxygen 
might be due to the lower electron density caused by 
coordination of one peroxo oxygen to two cobalt ions 
in the former case. It has also been possible to dif-
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780 

Fig. 3. XPS of 

2p region. 

790 

Binding energy/eV 

/NH 2 X 
(en)2Co Go(en) 

\oo/ 

800 

Xn in the Co 

ferentiate the nitrogen atom present as N H 2 from those 
present as N H 3 or en with the intensity ratio of 1:8 
in most / / -NH2- / / -02 complexes studied {cf. Table 2). 

Comparison between the Two Series of Paramagnetic 
Cobalt Complexes. As discussed above, the deep 
green ammine-5-nitrosalicylatocobalt complex and the 
green //-hyperoxo-dicobalt complex are in a sense 
similar in that one unpaired spin (an electron hole) 
has the probability of existence partly on the cobalt 
atom and partly on some of the ligand molecules. 
In the case of the paramagnetic n-02 complex, the 
large hyperfine coupling constant due to 1 7 0 nucleus 
in the ESR spectrum established that the spin density 
is much higher on the 0 2 bridge,10) rationalizing the 
//-hyperoxo nomenclature. This seems to be in line 
with inperceptible or very weak satellites of Co 2p 
lines in the XPS of the //-amido-//-hyperoxo complex. 
O n the other hand the appearance of satellites in the 
Co 2p lines in the X P S of the deep green tetraammine-
5-nitrosalicylatocobalt complex seems to suggest 
a higher spin density on cobalt as compared with the 
//-hyperoxo-dicobalt case. Yamamoto3) observed eight 

hyperfine lines in the aqueous esr spectrum of 
deep green bis(ethylenediamine)-5-nitrosalicylatocobalt 
chloride nitrate in the narrow concentration range of 
ca. 10 - 2—10" 3 M, which may possibly be due to 59Co 
nucleus, but simultaneous appearance of one sharp 
line leaves some ambiguity as to the state of the com­
plex in aqueous solution. Thus, quantitative estima­
tion of the spin density by use of more stable complex 
of this series containing isotopically labeled ligand 
seems to be very desirable. 
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Polyatomic negative ions for almost all of the elements in A-subgroups on the periodic table were tested by 
the spark discharge type ion source mass spectroscopy. A large number of polyatomic negative ions such as 
"polymer" negative ions, hydride negative ions, oxide negative ions, and carbide negative ions, could be detected. 
The results are discussed with reference to the reported values of electron affinities of the molecules and to the 
reported results by other methods of formation. 

A study on negative ion spark source mass spec­
troscopy using a Mattauch-Herzog type double focus­
ing mass spectrograph has been carried out. For­
mation of atomic negative ions of 48 elements has 
previously been reported,2) and the relative sensitivity 
coefficients for negative ions has also been reported.1) 

The significant features of the Mattauch-Herzog 
type double focusing mass spectroscopy3) are (1) all 
ions of a given mass (m/z) range can be detected at 
the same time on a photographic emulsion plate, and 
(2) by the cumulative nature of the ion detection 
on the photographic emulsion plate, it is possible to 
detect ions of weak intensity: the exposure time is 
long and all ions formed during the exposure time 
are collected. In the experiment of atomic negative 
ions with the use of a spark discharge type ion source,2) 
a large number of polyatomic negative ions were 
detected in addition to the atomic negative ions. 

O n the polyatomic negative ions detected by spark 
source mass spectroscopy, there are only a few reports 
in the literature.4»5) This might reflect the difficulty 
of the formation of negative ions by spark discharge 
type ion sources, compared with the case of forma­
tion of positive ions. The probability of formation 
of negative ions versus the positive ions is 10 - 3 to 1, 
in an electron-impact type ion source.6) In the spark 
discharge type ion source, the probability appears to 
be close to this value. 

In the present experiment, the following testing 
materials were used: (1) elementary materials in the 
form of solid metals or powdered metals, (2) gases, 
(3) oxide compounds, (4) inter-elementary compounds 
such as GaAs or LiF, (5) other types of compounds, 
including almost all of the elements in A-subgroups 
(typical elements) on the periodic table, except for 
Po, At, Fr, and Ra . 

In this report, the ionic species of polyatomic neg­
ative ions detected in the experiment are described, 
along with some polyatomic positive ions. The neg­
ative ions are classified into the following five types: 
(1) "polymer" negative ions, (2) hydride negative 
ions, (3) oxide negative ions, (4) carbide negative 
ions, and (5) other types of negative ions. 

Electron affinity of molecules is important to the 
understanding of molecular phenomena. Reported 

t Present address: Oyama Technical College, Naka-
kuki, Oyama, Tochigi 323. 

values of electron affinities are available for some 
molecules in the literature;7»57) however, the experi­
mental determination and theoretical calculation both 
present great difficulties. The results given here pre­
sent experimental evidence that molecular ions detect­
ed here have positive electron affinity values. The 
results are discussed with reference to the reported 
values of electron affinities.32-56) 

The results are also compared with those obtained 
from negative ion formation by means of the spark 
discharge, electron impact, surface ionization, and 
other methods. 

Exper imenta l 

Apparatus. The instrument used was a Mattauch-
Herzog type double focusing mass spectrograph, equipped 
with an r f spark discharge type ion source (Mitsubishi 
Denki Electric Go. Ltd.). Since details of the instrumen­
tation were reported elsewhere,8-10) only the operationing 
conditions are given here : spark voltage 20 kV, pulse width 
200 (xs, repetition rate 100 s-1, ion accelerating voltage 15 
kV for positive and negative ions. 

Materials. Sample materials studied are (1) ele­
mentary materials in the form of solid metals or powdered 
metals, (2) gases, (3) oxide compounds, (4) binary com­
pounds such as GaAs or LiF, (5) other types of compounds. 
They are listed in Table 1. 

When the samples are solid materials, the discharge elec­
trodes of the ion source, about 1 mm2 X 5 mm, are made 
from them. In this case, it is convenient to maintain a 
discharge between the electrodes, and to have a long ex­
posure time. When the samples are fine powders, they 
are packed inside a small ( » 1 mm diameter) metal tube, 
made of gold or nickel, and a platinum counterelectrode 
is applied. When they are electrical insulators, some oxides 
for instance, powdered materials are mixed well with pure 
aluminium powder of equal weight, and pressed11) to form 
rigid electrodes. Some insulators, lithium fluoride crystal 
for instance, can be ionized with a platinum counterelec­
trode. 

When the samples are gaseous materials, they are in­
troduced into the region of the spark discharge of Pt/Pt 
electrodes through a capillary leak. In "A/B spark dis­
charge," A and B mean the electrode materials in the spark 
discharge ion source. This notation will be used throughout 
this report. 

Vacuum discharge ionization is difficult to maintain when 
the melting point of the electrode is low. Gallium, for 
instance, is ionized using a gallium arsenide crystal. 



2000 Hiroshi KISHI 

TABLE 1. SAMPLE MATERIALS FOR THE POLYATOMIC NEGATIVE IONS 

[Vol. 54. No. 7 

Group Element Sample materials Group Element Sample materials 

IA 

I I A 

IIIA 

IVA 

H 

Li 

N a 

K 

R b 

Gs 

Be 

M g 

Ga 

Sr 

Ba 

B 

AI 

Ga 

In 

T l 

G 

Si 

Hydrogen gas 
Lithium fluoride, Crystal 
Lithium carbonate, Powder 
Sodium chloride, Crystal 
Sodium carbonate, Powder 
Potassium bromide, Crystal 
Potassium chloride, Crystal 
Potassium carbonate, Powder 
Rubidium chloride, Crystal 
Rubidium chloride, Powder 
Caesium bromide, Crystal 
Caesium nitrite, Powder 
Beryllium, Flake 
Beryllium oxide, Powder 
Magnesium 
Magnesium oxide, Powder 
Calcium, Metal 
Calcium fluoride, Powder 
Strontium carbonate, Powder 
Barium sulfide 
Barium carbonate, Powder 
Boron, Powder 
Diboron trioxide 
Aluminium, Wire 
Aluminium, Powder 
Gallium arsenide, Crystal 
Indium antimonide, Crystal 
Dithallium trioxide, Powder 
Graphite 
Silicon, Crystal 
Silicon, Powder 

Ge Germanium, Crystal 
Germanium dioxide, Powder 

Sn Tin metal 
Tin (IV) oxide 

Pb Lead metal 
VA N, P Ammonium hydrogenphosphate, 

Powder 
N 15iV-Ammonium sulfate, Powder 
As Gallium arsenide, Crystal 

Diarsenic trioxide, Power 
Sb Indium antimonide, Crystal 

Diantimony trioxide, Powder 
Bi Dibismuth trioxide, Powder 

VIA O Metal oxides, Powder 
Air, Gas 

S Cadmium sulfide, Crystal 
Barium sulfide 

Se Zinc selenide, Crystal 
Selenium dioxide, Powder 

Te Tellurium 
Cadmium telluride, Crystal 

VIIA F Lithium fluoride, Crystal 
Calcium fluoride, Powder 

CI Sodium chloride, Crystal 
Potassium chloride, Crystal 
Rubidium chloride, Crystal 
Ammonium chloride, Powder 

Br Potassium bromide, Crystal 
Caesium bromide, Crystal 
Silver bromide, Powder 

I Ammonium iodide, Powder 

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

Method and procedure for the assignment of the 
mass spectral peaks obtained by the spark ion source 
mass spectroscopy are essentially the same as the ex­
periment of the atomic negative ions.2) 

Experimental results for the polyatomic negative 
ions are tabulated in Table 2, along with the experi­
mental results for atomic negative ions2) and for poly­
atomic positive ions which were detected in the positive 
ion spark source mass spectra using the same samples. 

Reported values of electron affinities of the mole­
cules available in the literature7) are tabulated in 
Table 3. In this table, the experimental or theo­
retical method used to determine the values of electron 
affinities are given in parentheses by an abbreviation. 

Group IA Elements. By spark discharge of Pt/ 
Pt electrodes in an atmosphere of H 2 gas, H~, H 2

+ , 
H 3

+ ions are detected, but H2~ ion can not be detected. 
For the molecular ion of hydrogen, there are many 
reports in the literature. H3+ ion was detected by 
the parabola-type mass spectrograph, but H2~ ion 
could not be detected.12) The reported value of the 
electron affinity of H 2

_ ion by the calculation is neg­
ative,50»51) although H 2

_ ion was detected by charge 

exchange of H 2
+ ion with H 2 gas,13) and in a duo-

plasmatron ion source.14) H3+, H 5
+ , and H 5 0 + ions 

were detected by glow discharge.15) 
For the experiment of alkali-metal elements, alkali 

halide crystals are used as spark discharge electrodes. 
The polyatomic negative ions of R b C l - , and the poly­
atomic positive ions of Li 2

+ and L i F + are detected 
in the spark discharge of LiF(crystal)/Pt electrodes. 

For the polyatomic ions of alkali-metal elements, 
there are reports in the li terature: M X - , and MX 2 ~ 
ions ( M = L i , Na, K, R b , Gs; X = F , Gl, Br, I) are 
formed by surface ionization,16) LiH2~ ion by Penning 
discharge,17) L1C1+, NaCl+, Na2Cl+, Na2Cl2+, KC1+, 
and LiBH 2

+ by spark discharge.18) 
Group HA Elements. In the present experiment, 

only the B e - ion is detected for negative ions. No 
polyatomic negative and positive ions are detected. 
The positives ions Be+—Be25+, Bep(BeO)q+,19) and Mg+ 
—Mg5+ 4) are reported to form by spark discharge. 

Group IIIA Elements. In this group, many poly­
atomic negative ions are detected. For the element 
Al, "polymer" negative ions of Al2

_—Al13~ are detect­
ed by Al/Al spark discharge. The results of detec­
tion of Al2

_—Al7~ and their relative intensities were 
already reported.20) In addition to these ions, oxide 
negative ions A l O - , and A102~ are also detected. 
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T A B L E 2. POLYATOMIC NEGATIVE IONS AND POSITIVE IONS 

G r o u p Element Atomic ™Y*}°™ Polyatomic 
r negative ions positive ions 

Group Element Atomic ^ . 
^ negative ions 

Polyatomic 
positive ions 

IA 

I IA 

I I I A 

I V A 

H 
Li 

Na 

K 

Rb 

Cs 

Be 

Mg 

Ca 
Sr 

Ba 
B 

AI 

Ga 

In 
Tl 

C 

Si 

Da> 
D 

D 

D 

D 

D 

D 
(ND) 

NDb> 

ND 

ND 
D 

D 

D 

D 

D 

D 

D 

RbCl-

Al2~—Al13~ ; 

AlO-, A102-

Ga2~; GaO-, 

GaO a- ;GaAs 

GaAsH-

TIO-; T1C-

G2~—QLS - ; 
CH~—C13H— 
Si2~: SiC-

H2+, H3+ 
Li„+, LiF+ 

SiG, 

VA 

AL+ 

Ga,+ 

V I A 

V I I A 

C ä +-

Si.+—SL+ 

Ge 

Sn 
Pb 

N 

P 

As 

Sb 

Bi 
O 

S 
Se 
Te 

F 

Cl 
Br 

D 

D 
D 

ND 

D 

D 

D 

D 
D 

D 
D 
D 

D 

D 
D 

Ge2 —Ge4 ; 

O e i ^ i - , (_re(^i2
— 

SnC - , SnC2~ 
PbC-

P O - — P 0 4 -
As2~; AsO~; 
AsH - , As2H~; 
AsC-—AsC3-

Sb2-

0 2 - ; OH-, 
0 2 H -

^2~î ^ 3 ~ 
oe2

——öe4
— 

Te2-

Gla-; RbCl-
Br2-, Br3~; 
BrH-; Br20~ 

Ge2+—Ge4+ 

As2+, AsH+ 

o2+ 

s2
+ 

Se2+ 

F2+; FH+; 
LiF+ 

Br2+; BrH+; 
Br20+, Br202+ 

I D 

a) Detected, b) Not detected. 

T A B L E 3. R E P O R T E D VALUES OF THE ELECTRON AFFINITIES OF THE MOLECULES 

(—: No data are available in the literature) 

Element Present 
study Electron affinity values/eV Element 

Present 
study Electron affinity values/eV 

Rb 

Al 

Ga 

Tl 

C 

Si 

Ge 

Sn 

RbCl-

Al2~—Al13
_ 

AlO-
A102-

Ga2~ 

GaO-
GaO a-

TIO-

T1C-

G2-

G3-
CH-

C2H-

G4~—C15~ 

— 
— 

3.68±0.13(SI, 32), 2.60(AA, 33) 
4.11±0.13(SI, 32) 

— 
— 

— 

— 

— 

<3.54±0.05(P, 34), 4.0(SI, 35), 
> 2.9 ±0.5 (DEC, 36) 

2.5 (SI, 35) 

0.74±0.05(P, 34), 

>4.1±0.4(DEC, 36) 
<3.73±0.05(P, 34), 

>2.3±0.7(DEC, 36) 

— 
C3H~—C13H~ — 
Si2~ 

SiC-

SiC2-

Ge2~—Ge4
_ 

SnC-

SnC2-

— 
— 

— 

— 

— 

— 

P 

As 

Sb 

o 

s 

Se 

Te 
Cl 

PO-
PO,-—PO4 

As2-
AsO-

AsH-

As2H-
A s C — AsC 

Sb2-

o2-

O H -
0 2 H -

s 2 -
Q -
ö 3 

öe2 —öe4 

Te2-

ci2-

<1.13(HF, 37) 
— 
— 

— 

— 

— 

3 ~ 

>0(OBS, 38) 

0.440 ± 0.008 (PE, 39), 

0.5±0.1(CE, 40), >0.48(CE, 41), 

0.42(DE, 42), 0.15±0.05(P, 43) 

1.91±0.10(HF, 44) 
4.6 (BH, 45) 

> 2.0 (ATT, 46) 

>0(OBS, 38) 

>0(OBS, 38) 

2.45 ±0.15 (CE, 40), 2.46 ±0.14(CE, 

47), < 1.7 (ATT, 48) 

Br 

Pb P b C -

R b C l -

Br2-

Br 3-

B r H -

B r a O -

2.55 ± 0 . 1 0 (CE, 40), > 0 ( O B S , 

49), 2.51 ± 0 . 1 0 (CE, 58) 

S I : Surface ionization. AA: Constituent a tom electron affinity (dissociation energy). P : Incoherent photon detach­
ment. D E C : Electron impact with analytic deconvolution. H F : Hartree-Fock calculation. O B S : Observation in 
mass spectrum. P E : Photoelectron spectroscopy with fixed frequency. C E : Charge exchange. D E : Dissociation 
energy. B H : Born-Haber cycle calculation. A T T : Dissociative electron a t tachment . 
(Numbers in the parentheses are reference numbers.) 
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TABLE 4. "POLYMER" NEGATIVE IONS 

Group ÏX ÏÏX ÏÎÏA TVA VA VIA VIIA 

Element Li Be À1 Ga C Si Ge As ' Sb O S Se Te Gl Br 

M- D D D D D D D D D D D D D D D 
M2- D D D D D D D D D D D D D D 
M3- D D D D D D 
M4- D D D D 

M15- D 

For the element Ga, the diatomic negative ion Ga2~ 
and the oxide negative ions G a O ~ and G a 0 2 ~ are 
detected by spark discharge of GaAs/GaAs. In this 
experiment, G a A s - and G a A s H - ions are also detect­
ed. For the element Tl , T I O " , and TIG" ions are 
detected. 

For polyatomic positive ions of these elements, Al2+ 
and Ga 2

+ ions are detected; these results were already 
reported.20) 

Al2
+—Al14+ ions were reported to form by spark 

discharge,19) and BO~ and B 0 2 ~ ions are reported 
to form by surface ionization.21) Electron affinity 
values are available for A l O - (2.60, 3.68 eV) and 
A 1 0 2 - (4.11 eV) (Table 3). 

Group IVA Elements. In this group, many poly­
atomic negative ions are detected. For the element 
G, "polymer" negative ions G 2

_ —C 1 5 - , and hydride 
negative ions CH~—G 1 3 H _ are detected. For Si : Si2~ 
and S i C - and SiC2~ ions are detected; for Ge : Ge2~, 
G e 3

_ and G e 4
- ; GeC~ and GeC2~ ions; for Sn: SnC~ 

and SnC2~ ions; and for P b : PbC~ ions. T h e fol­
lowing positive ions are detected in these elements: 
< V — C i 5 + ; Si2+—Si4+. Ge2+—Ge4+ "polymer" posi­
tive ions are also detected. 

In the literature,22.23) GS~, CS 2 - , OCN~, SCN~ ions 
are reported to form by ion-molecule reactions. S i0 2 ~ 
ions are reported by surface ionization.24) Several 
positive "polymer" ions of C, C2

+—C3 1+, are reported 
to form by spark discharge.18»25»26'27) 

The electron affinity values are available for 
the molecules C2~(2.9—4.0 eV), CH~(0.74—4.1 eV), 
G2H-(2.3—3.73 eV) (Table 3). 

Group VA Elements. In this group, for the ele­
ment N, no atomic negative ion was detected,2) and 
no polyatomic negative ion was detected. For the 
element P : PO~, P 0 2 ~ , P 0 3 - , and P 0 4 ~ are detected. 
For the element As: As2~; A s H - , and As 2 H _ ; AsO~; 
AsC~, AsC2~, and AsC3~ ions are detected. For the 
element Sb : Sb 2

_ ion is detected. For the polyatomic 
positive ions of this group, As2+ and AsH+ ions are 
detected. 

T h e literature reports PH~ and PH2~, A s H - and 
AsH2~ ions by electron impact,28) and N3~, C N - , 
C2N3- , C3NO-, G2N4- , C 2N 6- , C 3 N 2 0 - , G2N5- , etc. 
ions by glow discharge.29) 

The electron affinity values are available for the 
molecules PO~ ( < 1.13 eV), and S b 2 - ( > 0 eV) (Table 
3). 

Group VIA Elements, For the element O : 0 2 ~ , 

TABLE 5. HYDRIDE NEGATIVE IONS 

Group 

Element 

M -
M H -
MH 2 -
M 2 H-

Group 

Element 

IVA 

G 

D 
D 
D 
D 

TABLE 6 

IA 

H 

VA 

As 

D 
D 
D 
D 

OXIDE 

IIIA 

Al Ga 

VIA 

O 

D 
D 

D 

NEGATIVE IONS 

Tl P 

VA 

VIIA 

Cl Br 

D D 
D 

VIIA 

As Br 

M - D D D D D D D 
M O - D D D D D D — 
M 0 2 - D D D D — 
MO3- D — 
M 0 4 - D — 
M 2 0 - D 

Group 

Element 

M -
MG-
MG2-
MG3-

TABLE 7. 

Si 

D 
D 
D 

CARBIDE NEGATIVE 

IVA 

Ge 

D 
D 
D 

Sn 

D 
D 
D 

Pb 

D 
D 

IONS 

VA 

As Sb 

D D 
D D 
D D 
D 

0 2 H ~ and O H - negative ions are detected. For the 
element S: S2~ and S3~; for Se: Se2~, Se3-, and Se4~; 
and for Te , T e 2

- . These "polymer" negative ions 
are detected by the spark discharges of GdS(crystal)/ 
Pt, GdSe(crystal)/Pt, and GdTe(crystal)/Pt, respective­
ly. Positive ions of 0 2 + , S2+, and Se2+ are also de­
tected. 

T h e literature reports 0 3 - , OH~, N 0 2 - , S 0 2 - , GS- , 
GS 2 - , S„ - (n=2—6) ions,22) SF6-,3<» SCN~, OCN~, 
H S - , N H 2 S - ions,23) and S12+ ion.31) 

Electron affinity values are available for the mole­
cules 0 2 - (0.15—0.5 eV), O H - (1.825—1.91 eV), 0 2 H ~ 
(4.6 eV), S 2 - (2.0 eV), Sen~ ( » = 2 — * : > 0 e V ) , and 
T e 2 - ( > 0 e V ) (Table 3). 

Group VIIA Elements. For Gl, Gl2", and RbCl~ 
ions are detected by spark discharge of RbCl/Pt . 
For Br, Br2-, Br3~, BrH~, and B r 3 0 ~ ions are detected 
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TABLE 8. "POLYMER" POSITIVE IONS 

2003 

Group 

Element 

IA 

H Li 

IIIA 

Al Ga G 

D 
D 
D 

IVA 

Si 

D 
D 
D 

Ge 

D 
D 
D 

VA 

As 

D 

O 

D 

VIA 

S 

D 
D 

Se 

VIIA 

Br 

M2+ 
M3+ 
M4+ 

D 
D 

D D D D 

D 

D D 

TABLE 9. HYDRIDE POSITIVE IONS 

Group 

Element 

MH+ 
M2H 

T A B L E 

Group 
Element 

M20+ 
M202+ 

TABLE 11. 

LiF+ 

10. 

VA 

As 

D 

O X I D E POSITIVE 

O T H E R TYPES OF 

VIIA 

f 
D 
D 

IONS 

VIIA 
Br 

D 
D 

POSITIVE IONS 

Li2F+ 

~Br 

D 

by AgBr/Pt spark discharge. Some polyatomic posi­
tive ions of the elements in this group are found : F 2

+ , 
F 2 H + , and L i F + ions for the element F, and Br2

+ , 
B r 2 0 + , B r 2 0 2

+ , and B r H + ions for the element Br. 
These are detected by the spark discharge of LiF/Pt 
and AgBr/Pt, respectively. 

Electron affinity values are available for the mole­
cules Gl2- (1.7—2.46 eV) and Br2" (>0—2.55 eV) 
(Table 3). 

In summary, we have described the ionic species 
of polyatomic negative ions formed by the spark dis­
charge type ion source for the elements in A-subgroups 
on the periodic table, along with the polyatomic posi­
tive ions. For the molecules that are detected as 
negative ions in this experiment, the reported values 
of the electron affinities are all positive. For the 
molecules having negative electron affinity values, 
available in the l i terature: (H2~: < 0 eV,50> —2.85 
eV;51> G O " : - 1 . 8 e V ; 5 2 > G 0 2 " : > - 0 . 9 e V ; 5 3 > N 2 " : 
-1 .6eV, 5 4 > - 1 1 . 3 4 5 eV;55> H F " : <0eV 5 6 >) ; no poly­
atomic negative ions can be detected in this experi­
ment. Therefore, it seems that the electron affinity 
values are positive for the molecules which are de­
tected as negative ions in this experiment, although 
there are many examples that the molecules can not 
be detected as negative ions in spite of the positive 
electron affinity values of them. This conclusion is 
in line with the case of atomic negative ions.2) If 
this assumption is correct, the experimental results 
described in this report give experimental evidence 
that the ionic species that are detected as negative 
ions have the positive electron affinity values. 

The polyatomic negative ions described in this re­

port are classified into the following four types: (1) 
"polymer" negative ions, (2) hydride negative ions, 
(3) oxide negative ions, and (4) carbide negative 
ions. They are tabulated in Tables 4—7. Poly­
atomic positive ions detected can also be classified 
into the following four types: (1) "polymer" positive 
ions, (2) hydride positive ions, (3) oxide positive ions, 
and (4) other types of positive ions. They are tabulat­
ed in Tables 8—11. These tables indicate the fol­
lowing features for the formation of the polyatomic 
negative and positive ions by the spark discharge 
type ion source in the elements of A-subgroups on 
the periodic table. 

(1) In the elements for which atomic negative ions 
can not be detected, no polyatomic negative ions can 
be detected. 

(2) T h e elements, whose negative and positive 
"polymer" ions can easily be detected are identical, 
except for the elements H , Be, Sb, F, and Gl. They 
belong mostly to the I I IA, IVA, VA, V I A groups 
in the periodic table. 

(3) Few hydride positive ions are detected, com­
pared to the number of hydride negative ions; these 
are observed for the elements G, As, O, Gl, Br. 

(4) Oxide negative ions are observed for the 
elements H , Al, Ga, Tl , P, As, and Br, whereas oxide 
positive ions are observed only for the element Br. 

(5) Carbide negative ions are observed for the 
elements Si, Ge, Sn, Pb, As, and Sb. No carbide 
positive ions can be detected in this experiment. 

The author would like to express his hearty thanks 
to Dr. K. Kodera and Dr. T . Makita, Kyoto Uni­
versity, for their encouragement and helpful sugges­
tions throughout this work. 

References 

1) Part I I : H. Kishi, Bull. Chem. Soc. Jpn., 54, 703 (1981). 
2) T. Makita, H. Kishi, and K. Kodera, Mass Spectros­

copy (Japan), 21, 293 (1973). 
3) J. Mattauch and R. Herzog, Z. Phys., 89, 786 (1934). 
4) H. Hintenberger, J . Franzen, and K. D. Schuy, Z. 

Naturforsch., Teil A, 18, 1236 (1963). 
5) K. D. Schuy, J . Franzen, and H. Hintenberger, Z. 

Naturforsch., Teil A, 19, 153 (1964). 
6) C E . Melton, "Mass Spectrometry of Organic Ions," 

ed by F. W. McLafFerty, Academic Press (1963), p. 163. 
7) H. R. Rosenstock, K. Draxl, B. W. Steiner, and J . 

T. Herron, "Energetics of Gaseous Ions," National Bureau 
of Standards, Washington, D. C , 20234 (1977). 

8) N. Sasaki and J . Kai, Mass Spectroscopy (Japan), 7, 
64 (1959). 



2004 Hiroshi KISHI [Vol. 54, No. 7 

9) M. Gotoh and J. Kai, Mitsubishi Denki Lab. Report, 
1, 51 (1960). 

10) T. Makita and K. Kodera, Mass Spectroscopy (Japan), 
12, 1 (1964). 

11) F. Konishi, Mass Spectroscopy (Japan), 16, 251 
(1968). 

12) J . W. Hiby, Ann. Phys., 34, 473 (1939). 
13) V. I. Khvostenko and V. M. Dukelsky, Soviet Phys. 

-JETP, 7, 709 (1958). 
14) E. B. Garter and R. H. Davis, Rev. Sei. Instrum., 34, 

93 (1963). 
15) P. H. Dawson and A. W. Tickner, J. Chem. Phys., 

37, 672 (1962). 
16) H. Ebinghaus, Z. Naturforsch., Teil A, 19, 727 (1964). 
17) H. Baumann, K. Bethge, and E. Heinicke, Nucl. 

Instrum. Methods, 46, 43 (1967). 
18) K. Goshgarian and J. Jensen, ASTM-E14, 12th Annual 

Meeting, preprint, p. 350, (1964). 
19) J . Franzen and H. Hintenberger, Z. Naturforsch., 

Teil A, 16, 535 (1961). 
20) K. Kodera and T. Makita, Twelfth Annual Conference 

on Mass Spectrometry and Allied Topics, p. 486 (1964). 
21) S. Taniguchi, Mass Spectroscopy (Japan), 14, 139 (1966). 
22) J . G. Dillard and J . L. Franklin, J. Chem. Phys., 48, 

2349 (1968). 
23) J. G. Dillard and J . L. Franklin, J. Chem. Phys., 48, 

2353 (1968). 
24) D. G. Newton, J . Sanders, and A. G. Tyrrell, Nature, 

187, 683 (1960). 
25) W. L. Baun, F. N. Hodgson, and M. Desgardino, 

J. Chem. Phys., 38, 2787 (1963). 
26) M. S. Ghupakhin, G. G. Glavin, and L. T. Duev, 

Zh. Tekh. Fiz., 33, 1281 (1963). 
27) K. Dornenberg, H. Hintenberger, and J. Franzen, 

Z. Naturforsch., Teil A, 19, 532 (1961). 
28) H. Ebinghaus, K. Kraus, W. Müller-Duysing, and 

H. Neuert, Z. Naturforsch., Teil A, 19, 732 (1964). 
29) A. N. Hayhurst and P. J . Padley, Trans. Faraday 

Soc, 63, 1620 (1967). 
30) A. J . Ahearn and N. B. Hannay, J. Chem. Phys., 21, 

119 (1953). 
31) J. Buckler, Angew. Chem., Int. Ed. Engl., 5, 965 (1966). 
32) R. D. Srivastava, O. M. Uy, and M. Farber, J. Chem. 

Soc, Faraday Trans. 2, 68, 1388 (1972). 
33) A. F. Gaines and F. M. Page, Trans. Faraday Soc, 

62, 3086 (1966). 
34) D. Feldmann, Z. Naturforsch., Teil A, 25, 621 (1970). 
35) R. E. Honig, / . Chem. Phys., 22, 126 (1954). 
36) J . G. J. Thyne and K. A. G. MacNeil, J. Phys. Chem., 

75, 2584 (1971). 
37) D. B. Boyd and W. N. Lipscomb, J. Chem. Phys., 

46, 910 (1967). 
38) V. M. Dukelskii and N. I. Ionov, Dokl. Akad. Nauk 

SSSR, 81, 767 (1951). 
39) R. J. Gellotta, R. A. Bennett, J . L. Hall, M. W. Siegel, 

and J. Levine, Phys. Rev. A, 6, 631 (1972). 
40) A. P. M. Baede, Physica, 59, 541 (1972). 
41) J. Berkowitz, W. A. Ghupka, and D. Gutman, J. 

Chem. Phys., 55, 2733 (1971). 
42) W. T. Zemke, G. Das, and A. G. Wahl, Chem. Phys. 

Lett., 14, 310 (1972). 
43) S. Burch, S. J. Smith, and L. M. Branscomb, Phys. 

Rev., 112, 171 (1958). 
44) P. E. Cade, J. Chem. Phys., 47, 2390 (1967). 
45) J. Weiss, Trans. Faraday Soc, 31, 966 (1935). 
46) K. Jäger and A. Henglein, Z. Naturforsch., Teil A, 

21, 1251 (1966). 
47) D. B. Dunkin, F. G. Fehsenfeld, and E. E. Ferguson, 

Chem. Phys. Lett., 15, 257 (1972). 
48) R. F. Baker and J . T. Tate, Phys. Rev., 53, 683 (1938). 
49) J. P. Blewett, Phys. Rev., 49, 900 (1936). 
50) T. E. Sharp, Lockheed Report LMSG 5-10-69-9 

(1969). 
51) H. Eyring, J . O. Hirschfelder, and H. S. Taylor, 

J. Chem. Phys., 4, 479 (1936). 
52) R. D. Rempt, Phys. Rev. Lett., 22, 1034 (1969). 
53) J. N. Bardsley, J. Chem. Phys., 51. 3384 (1969). 
54) F. R. Gilmore, J. Qiiant. Spectrosc. Radiât. Transfer, 

5, 369 (1965). 
55) J. Comer and F. H. Read, J. Phys. B, 4, 1055 (1971). 
56) V. Bondybey, P. K. Pearson, and H. F. Schaefer, 

J. Chem. Phys., 57, 1123 (1972). 
57) Sir Harrie Massey, "Negative Ions, Third Edition," 

Cambridge University Press (1976). 
58) W. A. Chupka, J . Berkowitz, and D. Gutman, J. 

Chem. Phys., 55, 2724 (1971). 



July, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 2005—2009 (1981) 2005 

Negative Ions Formed by Vacuum Spark Discharge. IV.^ Polyatomic 
Negative Ions of the Elements in B-Subgroups 

on the Periodic Table 
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Polyatomic negative ions for almost all of the elements in B-subgroups on the periodic table were tested by 
the spark discharge type ion source mass spectroscopy. Polyatomic negative ions such as hydride negative ions, 
oxide negative ions, and carbide negative ions could be detected. The results are discussed with reference to 
the reported results by other methods of formation. 

A study on negative ion spark source mass spec­
troscopy has been carried out using a Mat tauch-
Herzog type double focusing mass spectrograph. For­
mation of atomic negative ions of 48 elements,2) rel­
ative sensitivity coefficients for negative ions,3) and 
polyatomic negative ions of the elements in A-sub-
groups on the periodic table1) have already been re­
ported. 

In the previous report,1) polyatomic negative ions 
of the elements in A-subgroups on the periodic table 
were described; these were formed by the spark dis­
charge type ion source and were detected with use 
of the Mattauch-Herzog type double focusing mass 
spectrograph. They were classified into five types: 
(1) "polymer" negative ions, (2) hydride negative 
ions, (3) oxide negative ions, (4) carbide negative ions 
and (5) other types of negative ions. The results were 
discussed with reference to the reported values of elec­
tron affinities and to the other methods of formation. 

In the present report, polyatomic negative ions of 
the elements in B-subgroups on the periodic table 
which can be detected experimentally by a spark 
discharge type ion source are described, along with 
the polyatomic positive ions. Sample materials used 
were: (1) elementary materials in the form of solid 
metals or powdered metals, (2) oxide compounds, (3) 
binary compounds such as ZnSe or GdS, (4) various 
metal alloys, and (5) other types of compounds, in­
cluding almost all of the elements in B-subgroups 
(transition metal elements) on the periodic table, 
except for the element Tc . 

The detected polyatomic negative ions are clas­
sified into three types: (1) hydride negative ions, (2) 
oxide negative ions, and (3) carbide negative ions. 
No "polymer" negative ions can be detected for 
these elements in this experiment, in contrast to the 
case of the elements in A-subgroups (typical ele­
ments), in which many "polymer" negative ions were 
detected.1) 

Although there are fewer examples in the literature 
that describe the formation of polyatomic negative 
ions of the elements of B-subgroups by various methods 
of formation, as compared with the case of A-sub­
groups, the results obtained here are compared with 
such reports as do exist. 

Few electron affinity values for the molecules con­
taining transition metal elements are also available 

t Present address: Oyama Technical College, Nakakuki, 
Oyama, Tochigi 323, 

in the literature,4 '5) except for those of the molecular 
ions W0 3 - , 6> HW0 4 - , 6 > and PrN-.7> This is just the 
opposite situation to the case of the molecular ions 
of the A-subgroups (typical elements), in which many 
examples of determination of the values of the electron 
affinities are reported. For example, experimental 
techniques for determining the electron affinity values 
include the following: photodetachment,8 , 9) spectro­
scopy,10) photoelectron spectroscopy,11) photoioniza-
tion,12»13) charge exchange,14) dissociative electron at­
tachment,15»16) thermochemistry,17) surface ioniza­
tion,18-19) and electron impact.20-21) Empirical tech­
niques applied to the electron affinity values of molecular 
ions is the method of isoelectronic model ( N O - 2 2 ) ) . 

Few theoretical calculations of the electron af­
finity values for the molecules containing transition 
metal elements are in the literature, though some 
for molecular ions containing the typical elements 
are reported.4-5) Methods include variational calcula­
tion,23) Hartree-Fock calculation,24) configuration in­
teractions,25) and Rydberg-Klein-Rees calculations.26) 

T h e experimental results given here are thus con­
sidered to be very valuable from the standpoint of 
the study of electron affinity values for the molecular 
ions of the transition metal elements. They give ex­
perimental evidence that the molecular ions detected 
here have the positive electron affinity values. The 
results are also very valuable in the interpretation 
of negative ion mass spectra formed by the spark 
discharge type ion source. 

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

Apparatus. The instrument used was a Mattauch-
Herzog type double focusing mass spectrograph equipped 
with an r. f. spark discharge type ion source (Mitsubishi 
Denki Electric Co., Ltd.). Since details of the instrumenta­
tion were reported elsewhere,27-29) only the operationing 
conditions are given here : spark voltage 20 kV, pulse width 
200 (JLS, repetition rate 100 s-1, ion accelerating voltage 15 
kV for both positive and negative ions. 

Materials. Sample materials studied are (1) elemen­
tary materials in the form of solid metals or powdered metals, 
(2) oxide compounds, (3) binary compounds such as ZnSe 
or GdS, (4) various metal alloys, (5) other types of com­
pounds. They are listed in Table 1. 

Experimental procedures for measuring mass spectra o 
negative ions for these sample materials, and the method 
and procedure for the assignment of the mass spectral peaks 
obtained, are essentially the same as described in the previous 
report.1-2) 
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TABLE 1. SAMPLE MATERIALS FOR THE POLYATOMIC NEGATIVE IONS 

Group Element Sample materials Group Element Sample materials 

IB 

IIB 

HIB 

IVB 

VB 

Gu 

Ag 

Au 

Z n 

Gd 

H g 

Sc 

Y 

La 

T i 

Zr 

Hf 

V 

N b 

Copper metal 
Copper alloy 

Silver metal 
Silver alloy 
Silver (I) oxide, Powder 
Silver bromide, Powder 

Gold metal 
Gold, powder 
Gold alloy 

Zinc(II) selenide 
Zinc(II) oxide, Powder 

Cadmium(II) telluride, Crystal 
Cadmium(II) sulfide, Crystal 
Cadmium(II) oxide, Powder 

Mercury(I) chloride, Powder 
Mercury (I I) oxide, Powder 

Scandium metal 
Scandium (III) oxide, Powder 

Yttrium metal 
Yttrium (III) oxide, Powder 

Lanthanum metal 
Lanthanum (III) oxide, Powder 
Monazite 

Titanium metal 
Titanium (IV) oxide, Powder 

Zirconium metal 
Zirconium (IV) oxide, Powder 
Monazite 

Hafnium metal 

Vanadium metal 
Vanadium (V) oxide, Powder 

Niobium metal 
Niobium (V) oxide, Powder 

VIB 

VIB 

VIII 

T a 

Cr 

M o 

W 

M n 

Re 

Fe 

Go 

N i 

R u 

Rh 

Pd 

Os 

Ir 

Pt 

Tantalum metal 
Tatalum(V) oxide, Powder 

Chromium metal 
Chromium (III) oxide, Powder 

Molybdenum metal 
Ammonium molybdate, Powder 

Tungsten metal 
Tungsten(VI) oxide, Powder 

Manganese metal 
Manganese(II) carbonate 

Rhenium, Filament 
Rhenium, Powder 

Iron metal 
Iron alloy 
Iron(III) oxide, Powder 
Meteorite 

Cobalt alloy 
Meteorite 

Nickel metal 
Nickel alloy 
Meteorite 

Ruthenium, Powder 

Rhodium, Powder 
Rhodium-platinum alloy 

Palladium metal 
Palladium alloy 

Osmium, Powder 

Iridium, Powder 

Platinum metal 
Platinum alloy 

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

Experimental results for the polyatomic negative 
ions are tabulated in Table 2, along with the experi­
mental results for atomic negative ions2) and for poly­
atomic positive ions which were detected in the posi­
tive ion spark source mass spectra using the same 
samples. 

Group IB Elements. I n this group, for the ele­
ments Gu, the oxide ion CuO~ and the carbide ions 
CuC~ and CuC2~ are detected. For the element Ag, 
the carbide negative ion AgC~; for the element Au, 
oxide negative ions A u O ~ and A u 0 2 ~ , and carbide 
negative ions AuC~, AuC2~, AuC3~, and AuC4~ are 
detected. T h e positive ion Ag2+ is detected. 

In the literature,30) Cu+—Cu 5
+ ions were detected 

by spark source mass spectroscopy. N O electron af­
finity values for the molecules that are detected in 
this experiment are available in the literature. 

Croup IIB Elements. For all of the elements 

in this group, no polyatomic negative or positive ions 
are detected by the experiment. Spark electrodes in 
this experiment were ZnSe(crystal)/Pt, or ZnO(pow-
der)/Pt , Zn-alloy/Pt; GdS(crystal)/Pt, GdTe(crystal)/ 
Pt, GdO(powder) /P t ; Hg2Cl2(powder)/Pt, HgO(pow-
der)/Pt . 

In the literature,31) G d O " , Gd0 3 ~ , G d O e - , and 
G d 0 7 ~ ions are reported to form by surface ioniza­
tion. No electron affinity values are available for the 
molecules in this group. 

Group HIB Elements. In this group, negative 
ions of YO~, LaO~, L a 0 2

_ , L a 0 3
_ , LaOH 2 ~, and 

L a 0 2 H 2 ~ are detected. Positive ions of YO+, YOH3+, 
and LaO+ are also detected. When the pure metals 
of Y/Y and La/La electrodes are used as sample ma­
terials, these ions are detected. T h e oxygen and hy­
drogen atoms in these detected ions may derive from 
the contamination on the electrodes or from the back­
ground gas molecules. Garbide negative ions for these 
elements can not be detected. There are no reports 
on polyatomic negative ions or electron affinity values 
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TABLE 2. POLYATOMIC NEGATIVE IONS AND POSITIVE IONS 

2007 

Group Element Atomic Polyatomic negative ions Polyatomic positive ions 

IB 

IIB 

HIB 

IVB 

VB 

VIB 

VIIB 

VIII 

Gu 
Ag 
Au 
Zn 
Gd 
Hg 
Sc 
Y 
La 
Ti 
Zr 
Hf 
V 
Nb 

Ta 
Cr 
Mo 

W 
Mn 
Te 
Re 
Fe 
Ru 
Os 
Go 
Rh 
Ir 
Ni 
Pd 
Pt 

Da> 
D 
D 
NDb> 
ND 
ND 
ND 
D 
D 
ND 
D 
ND 

(ND) 
D 

ND 
D 
D 

D 
ND 

ND 
D 
D 
D 
D 
D 
D 
D 
D 
D 

GuO-; GuG-, GuG2-
AgC-
AuO-, AuCV; AuG-—AuG4-

Y O - YO+, YOH3+ 
LaO-—La0 3 - ; LaOH2-, La0 2 H 2 - LaO+ 

ZrO-

NbO-—Nb0 3 - ; NbOoH", 
N b 0 3 H - ; NbC-, NbC2~ 

C r O - ~ Gr0 3 -
MoO-—Mo0 4 - ; MoC-—MoG4-; 
MoOH-—Mo0 3 H-; MoH-
W O - — W 0 4 - ; WG-—WG3-

ZrO+ 

TaO+—TaO,+ 

RhH- ; RhO- ; RhC-, RhG2 

PdH-
PtO-, Pt0 2~; PtG-—PtG4-; 
P tH-; PtGH-—PtC3H-

a) Detected, b) Not detected. 

of these elements. 
Group IVB Elements. I n this group, Z r O ~ and 

ZrO+ are detected by this experiment, For the ele­
ments T i and Hf, no polyatomic negative and positive 
ions are detected. 

In the literature,30) Ti+—Ti5+ ions were reported to 
form by the spark discharge ion source. No electron 
affinity ^ values are available in the literature. 

Group VB Elements. For the element Nb, we 
detected in the Nb/Pt spark discharge oxide negative 
ions, NbO~, N b 0 2 ~ , and N b 0 3 ~ ; hydride oxide neg­
ative ions N b 0 2 H ~ and N b 0 3 H _ ; and carbide ions 
NbC~, and NbC2~. For the elements V and Ta , no 
atomic or polyatomic negative ions are detected. The 
positive ions TaO+, T a O a

+ , and T a 0 3
+ ions are detected. 

There are no reports on the polyatomic negative 
ions for these elements and their electron affinity 
values. 

Group VIB Elements. For the element Gr, oxide 
negative ions CrO~, C r 0 2 ~ , and C r 0 3 ~ are detected 
by Cr/Cr spark discharge, for Mo , we detected oxide 
negative ions MoO~, M o 0 2 ~ , M o 0 3

_ , and M o 0 4 ~ ; 
hydride oxide negative ions M o O H - , M o 0 2 H - , and 
M0O3H-J carbide negative ions M o C - , MoC 2~, 

Group 

Element 

M -
M H -

TABLE 3. 

VIB 

Mo 

D 
D 

HYDRIDE I 

Rh 

D 
D 

NEGATIVE IONS 

VIII 

Pd 

D 
D 

Pt 

D 
D 

M o C 3 - , and MoC 4 ~; and hydride negative ions M o H ~ 
by M o / M o spark discharge. For the element W, 
oxide negative ions W O ~ , W 0 2 ~ , W 0 3 ~ , and W 0 4 ~ 
and carbide negative ions WC~, WC2~, WC 3 ~ are 
detected by W / W spark discharge. No polyatomic 
positive ions for these elements are detected. 

T h e literature reports detection of W 0 6 ~ and W 0 8 ~ 
ions by surface ionization,31) and WO+, W 0 2 + , and 
W 0 3 + ions by the reaction of incandescent W-filament 
with oxygen gas followed by the electron-impact.32) 
Electron affinity values for the molecular ions W 0 3 ~ 
and H W 0 4 ~ are reported to be 3.6 eV and 4.4 eV 
respectively from a thermochemical measurement,6) but 
H W 0 4 ~ ion could not be detected in this experiment. 

Group VIIB Elements. For this group, no atomic 
or polyatomic negative ions are detected, nor are any 
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Group 

Element 

IB 

Gu ~Au 

T A B L E 4. 

TUB 

Y La 

OXIDE NEGATIVE IONS 

IVB VB 

Zr Nb Gr 

VIB 

Mo W 

VIII 

Pt Rh 

M -
M O -
M 0 2 -
M 0 3 -
M 0 4 -
MOH 2 -
M 0 2 H -
M 0 2 H 2 -
M O , H -

D 
D 

D 
D 
D 

D 
D 

D 
D 
D 
D 

D 

D 

D 
D 

D 
D 
D 
D 

D 

D 

D 
D 
D 
D 

D 
D 
D 
D 
D 

D 
D 
D 
D 
D 

D 
D 
D 

D 
D 

TABLE 5. CARBIDE NEGATIVE IONS 

Group IB VIB VIII 

Element Gu Ag Au Mo W Rh Pt 

M -

M G -

MG 2 -

M G 3 -

MG 4 -

M G H -

M G 2 H -

M G 3 H -

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

D 

positive polyatomic ions. 
In the literature,31) R e 0 2

- and R e 0 4 ~ ions were 
reported to form by surface ionization. No electron 
affinity values are available here. 

Group VIII Elements. For the element Rh , hy­
dride RhH~, oxide R h O ~ , and carbide negative ions 
R h C - and RhC 2 ~ are detected by P t - R h / P t - R h spark 
discharge. For Pd, the hydride negative ion P d H ~ 
is detected by Pd/Pd spark discharge. For the ele­
ment Pt, we detected hydride negative ion PtH~, 
oxide negative ions P tO~ and P t 0 2 ~ , carbide negative 
ions PtC~, PtC2~, P tC 3 - , and PtC 4 ~; and carbide 
hydride negative ions PtCH~, PtC 2H~, and P t C 3 H - , 
by Pt /Pt spark discharge. For the other elements in 
this group, no polyatomic negative or positive ions 
are detected. 

Fe2
+—Fe6+ ions were detected by spark discharge.30) 

T h e electron affinity value for PtN~ ion was reported 
to be > 0 e V . 7 ) 

In summary, we described the ionic species of poly­
atomic negative ions for the elements in B-subgroups 
on the periodic table, in addition to the polyatomic 
positive ions which are detected in this experiment. 
T h e polyatomic negative ions described here are clas­
sified into the following three types: (1) hydride neg­
ative ions, (2) oxide negative ions, and (3) carbide 
negative ions. They are tabulated in Tables 3, 4, 
and 5. Polyatomic positive ions are classified into 
(1) "polymer" positive ions, and (2) hydride positive 
ions. They are shown in Tables 6 and 7. From 
these tables, the following features are observed con­
cerning the formation of polyatomic negative and 
positive ions by the spark discharge type ion source 

TABLE 6. "POLYMER" POSITIVE IONS 

Group IB 

Element Ag 

M2+ D 

TABLE 7. OXIDE POSITIVE IONS 

Group HIB IVB 

Element Y La Zr 

VB 

Ta 

MO+ 
M02+ 

MCV 
MOH + 

D 

D 

D D D 
D 
D 

in the elements of B-subgroups on the periodic table. 
(1) No polyatomic negative ions can be detected 

for the elements in which atomic negative ions can 
not be detected. (Zn, Cd, Hg, Sc, Ti , V, Ta , Re) . 

(2) No "polymer" negative ions can be detected 
for the elements of the B-subgroups, in contrast to the 
case of the elements of A-subgroups, in which many 
"polymer" negative and positive ions are detected. 
T h e only "polymer" positive ion detected in an ele­
ment of B-subgroup is Ag2+. 

(3) Hydride negative ions can be detected for the 
elements M o , Rh , Pd, and Pt. No hydride positive 
ion can be detected. 

(4) Oxide negative ions are detected in a large 
number of the ionic species, than in the case of the 
elements of A-subgroups.1) Oxide positive ions are 
detected for the elements Y, La, Zr, and Ta . 

(5) Carbide negative ions are also detected in a 
large number of ionic species than in the elements 
of A-subgroups.1) No carbide positive ions can be 
detected in the elements of B-subgroups. 

T h e electron affinity values for the molecular ions 
detected here are not available in the literature, except 
for the molecular ion of W 0 3 ~ (3.6 eV6)). There­
fore, the comparison between the experimental results 
given here and the reported values of electron affinities 
is impossible. However, in the case of atomic neg­
ative ions,2) and in the polyatomic negative ions of 
the elements of A-subgroups,1) there were no excep­
tions to the assumption that the ionic species detected 
in these experiments had positive electron affinity 
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values in the literature. If this assumption is correct 
also in the case of the polyatomic negative ions of 
the elements of B-subgroups on the periodic table, 
the results presented here give experimental evidence 
that the ionic species described in this report have 
positive electron affinity values. 

The author would like to express his hearty thanks 
to Dr. K. Kodera and Dr. T . Makita , of Kyoto Uni­
versity, for their encouragement and helpful sugges­
tions throughout this work. 
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Takakazu YAMAMOTO,* Teiji K O H A R A , and Akio YAMAMOTO 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 
4259 Nagatsuta, Midori-ku, Yokohama 227 

(Received January 22, 1981) 

Thirteen complexes of a type NiR(Y)Ln ( R = C H 3 (Me), G2H5 (Et); Y=OG6H5 , />-cyanophenoxo, />-phenyl-
phenoxo, 8-quinolinolato, OGOEt, OGOPh, acetophenone oximato, acetylacetonato, benzoylacetonato, Gl; 
L=triethylphosphine (PEt3), 2,2/-bipyridine (bpy)) have been prepared by reactions of dialkylnickel(II) com­
plexes NiR2L2 (1) with the corresponding active hydrogen compounds HY. Reactions of 1 with R'COY (Y= 
OG6H5, OGOG6H5, CI) also afford the NiR(Y)Ln type complexes with formation of unsymmetrical ketones 
RCOR'. Reactions of 1 with alcohols lead to dehydrogenation of alcohols to afford aldehydes or ketones. The 
NiR(Y)Ln type complexes have been characterized by elemental analysis and spectroscopies (IR, NMR, visible). 
NMR spectra of trans-NiMe(OGOPh)(PEt3)2, NiMe(acetophenone oximato)(PEt3) (11), NiMe(benzoylace­
tonato) (PEt3) show temperature dependence, indicating occurrence of rapid dynamic reactions on NMR time 
scale in these complexes. The acetophenone oximato ligand in 11 is proposed to serve as an oxa-, aza-7T-allylic 
ligand on the bases of IR and NMR spectroscopies. NiEt(OGOG2H5)(bpy) (8), NiEt(OGOG6H5)(bpy), and 
NiEt(Gl)(bpy) (14) undergo disproportionation reaction to give NiEt2(bpy) and NiY2(bpy) type complexes. 
Diethyl ketone is also produced during the disproportionation of 8. Reactions of 14 with olefins having electron-
withdrawing substituents afford NiCl2(bpy) and Ni (olefin) 2 (bpy). 

Nickel complexes of a type NiR(Y)L n , where R 
is an alkyl, alkenyl, or aryl group and Y is an anionic 
ligand such as CI, OPh , or NR 1 R 2 , are often assumed 
as key intermediates in various Ni-catalyzed reactions 
such as isomerization of olefin and polymerization or 
oligomerization of olefins and dienes.1-4) However, 
only a few papers5 - 7) have reported on the isolation 
and chemical properties of the NiR(Y)Lw type com­
plexes except for monoaryl(halo)nickel(II) complexes 
such as Ni(aryl)X(PR3)2

8>9) and Ni(aryl)X(bpy).10> 
In our preceding paper11) we reported preparation 

of monoalkyl(amido)nickel(II) complexes, NiR(NR x -
R2)L2 5 by reactions of dialkylnickel(II) complexes, 
NiR 2L 2 , with corresponding N - H compounds. As an 
extention of the work we have carried out reactions 
of NiR 2 L 2 with phenols, alcohols, benzenethiol, car-
boxylic acids, oximes, ß-diketones, and hydrogen 

halides and isolated several new NiR(Y)L n type com­
plexes from the reaction mixtures. This paper deals 
with the preparation and chemical properties of the 
complexes. In some cases the NiR(Y)L n type com­
plexes can be prepared also by reactions of NiR2L2 

with carbonyl compounds such as CH 3 COCl , CH3-
C O O C 6 H 5 , and ( C 6 H 5 C O ) 2 0 , and the results are 
included in this paper. 

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

Preparation of NiR(Y)Ln. Reactions of NiR2L2 

with Active Hydrogen Compounds HY: Dialkylnickel(II) 
complexes, NiR 2L 2 , react with equimolar amounts of 
active hydrogen compounds to give monoalkylnickel(II) 
complexes of the type N iR(Y)L n : 

NiR2L2 + 
1 : 

la : NiMe2(bpy) 
l b : NiEt2(bpy) 
J c : NiMe2(PEt3)2 

HY 
1 

NiR(Y)L„ 
2—14 

+ RH (1) 

NiMe(OC6H5)(bpy) 
2 

NiMe(OC6H4-/>-CN) (bpy) 
3 

NiEt(OC6H4-/>-CN) (bpy) 

*rö/w-NiMe(OC6H4-/>-C6H5) (PEt3)2 

5 

NiEt (OGOPh) (bpy) 
9 

trans-NiMe (OGOPh) (PEt3)2 

10 

Me 

/ 
*N1-

Et3P Me-C 
(Ph) \ 

> 

Ph(Me) 

11 

NiMe(acac)(PEt3) 

12 
NiMe (benzoylacetonato) (PEt3) 

13 
NiEt(Gl)(bpy) 

14 
Me=GH 3 . Et = G2H5. Ph = C6H5. acac = 2,4-pentanedionato (acetylacetonato). PEt3 = triethylphosphine. bpy = 2,2'-
bipyridine. benzoylacetonato = 1 -phenyl-1,3-butanedionato (bzac). 

*ro«j-NiMe(SC6H5) (PEt3)2 

7 
NiEt (OGOEt) (bpy) 

8 
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Complexa> 

NiMe(OPh)(bpy) 
2 

NiMe(OG6H4GN)(bpy) 
3 

NiEt(OG6H4GN)(bpy) 
4 

*ra»j-NiMe(OC6H4Ph) (PEt8)a 

5 
NiMe(8-quinolinolato) (PEt3) 

6 
trans-NiMe(S¥h) (PEt3)2 

7 
NiEt(OGOEt)(bpy) 

8 
NiEt(OCOPh)(bpy) 

9 
trans-mMe{OCO¥h) (PEt3)2 

10 
NiMe (acetophenone oximato) (PEt3) 

11 
NiMe(acac)(PEt3) 

12 
NiMe(bzac)(PEt3) 

13 
NiEt(Gl)(bpy) 

14 

NiR2L2 

mmol 

0.56 

1.4 

2.7 

2.4 

3.0 

2.7 

0.84 

1.5 

0.59 

1.9 

0.41 

3.2 

3.4 

Preparative 

Temp 
°G 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

- 2 0 

r.t. 

r.t. 

r.t. 

0—15 

r.t. 

r.t. 

r.t. 

conditions 

Solv. 
(cm3) 

THF 
(0.5) 
THF 

(7) 
THF 

(15) 
Ether 

(14) 
Ether 

(5) 
Ether 

(10) 
THF 

(10) 
Toluene 

(25) 
Ether 

(5) 
Ether 

(5) 
Ether 
(1.5) 
Ether 

(15) 
THF-Ether 

(39) 

Time 
h 

~~24 

0.2 

0.2 

0.2 

0.5 

0.2 

0.2 

0.2 

0.1 

0.2 

24 

0.5 

0.1 

Yield 
% 

87 

71 

62 

78 

76 

53 

62 

80 

85 

75 

45 

62 

36 

Colorb> 

P-

brown 

P. 

yellow 

red 

red 

red 

P-

yellow 

yellow 

y.b. 

y.b. 

P. 

Mpc> 
°G 

145 
(dec) 
137 

(dec) 
116 

(dec) 
109 

74—75 

<r. t . 

110 
(dec) 
130 

(dec) 
76—77 

145 
(dec) 
<r. t . 

63—64 

110 
(dec) 

y 

G 

63.0 
(63.2) 
62.9 

(62.1) 
63.4 

(63.0) 
62.3 

(62.6) 
56.8 

(57.2) 

57.2 
(56.8) 
61.5 

(62.5) 
55.2 

(55.7) 
55.0 

(55.3) 

57.7 
(57.8) 
51.2 

(51.6) 

Found (Galcd)(%) 

H 

5.1 
(5.0) 
4.5 

(4.3) 
4.5 

(4.7) 
9.0 

(8.8) 
7.4 

(7.2) 
d ) 

5.0 
(5.7) 
4.8 

(5.0) 
8.1 

(8.9) 
8.4 

(8.0) 

d ) 

7.9 
(7.7) 
4.5 

(4.7) 

^ 
N 

8.2 
(8.7) 
12.0 

(12.1) 
11.2 

(11.6) 

4.0 
(4.2) 

8.9 
(8.8) 
7.5 

(7.7) 

3.6 
(4.3) 

9.9 
(10.0) 

^ 
Ni Ci 

14.1 
(14.0) 

Mw: 310e> 
(326) 

19.9 
(20.2) 

12.2 
(12.7) 

a) bzac: benzoylacetonato. b) p.=purple. y.b. = yellowish brown, c) dec=decomposed, d) Microanalysis was not feasible due to the low melting point and 
high sensitivity to air. e) Gryoscopic in benzene. 
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TABLE 2. FORMATION OF KETONE OR ALDEHYDE BY REACTIONS OF DIALKYLNICKEL(II) 

COMPLEXES WITH ALCOHOLSA> 

No. NiR2L2 Alcohol Product (mol/MR2L2) 

1 
2 
3 
4 
5 

NiMe2 (dpe) 
NiMe2 (dpe) 
NiMe2 (PEt3)2 

NiMe2 (PEt3)2 

NiMe2 (PEt,)a 

PhCH2OH 
»-PrOH 
PhCH2OH 
i-PrOH 
PhCH=CHCH2OH 

PhCHO (0.65), CH4 (1.1) 
Me2GO (0.10), GH4 (0.31) 
PhCHO (0.79), GH4 (1.2) 
Me2CO (1.0), GH4 (2.0) 
PhCH=CHCHO (0.48), CH4 (1.4), C2H6 (0.06) 

a) Alcohol/dialkylnickel(II) complex = 2. At room temperature. 

TABLE 3. PRODUCTS OF REACTIONS BETWEEN NiR9L0 AND R'GOYa> 

Run 

1 
2 
3 
4 
5 

NiR2L2 

l b 
l b 
l b 
l c 
l c 

R'COY 
(R'GOY/Ni) 

GH3COGI (1) 
G2H5COGl (1) 
CH3COBr (1) 
CH3GOOG6H5 (2) 
(C6H5CO)20 (1) 

Solvent 

Toluene 
THF 
Toluene 
Ether 
Ether 

NiR(Y)L„ 

14 (47) 
14 (68) 
16 (35) 
15 (60) 
10 (66) 

Product (mol%/NiR2L3) 

RCOR' Others 

GH3GOG2H5 (96) 
(C2H5)2GO (80) 
CH3COC2H5 (76) 
CH3COGH3 (56), GH4 (15), C2H6 (17) 
CH3COC6H5 (70) 

a) At room temperature. Reaction time: ca. 10 min for Runs 1—3, 1 d for Runs 4 and 5. 

Preparation of NiEt(OC 6 H 5 ) (bpy) and NiMe(OC 6 H 5 ) -
(dpe) (dpe =l ,2-bis(diphenylphosphino) ethane) by a 
similar method has been reported.5»6) 

The reactions proceed more rapidly than the reac­
tions of NiR 2 L 2 with N - H compounds11) due to the 
higher acidity of the H Y compounds than the N - H 
compounds. Addition of an excess H Y afforded the 
same product as in the 1:1 reactions when the acidity 
of the H Y was not so high {e.g., phenols and benzene-
thiol), whereas addition of an excess of a highly 
acidic H Y (carboxylic acids and HCl) led to a 
further reaction to give NiY2L2 . 

Table 1 shows preparative conditions, yield, melting 
points and analytical data of the complexes 2—14. 
Coordination of two PEt 3 to Ni in the phenoxo com­
plex 5 indicates that the phenoxo group bonds to 
Ni through oxygen serving as a monodentate ligand, 
although it sometimes coordinates to transition metal 
through the aromatic ring.12) The SC 6 H 5 group in 
7 also seems to coordinate to Ni through sulfur. The 
coordination of only one PEt 3 ligand to Ni in 6 and 
11 suggests that the 8-quinolinolato and acetophenone 
oximato ligands serve as 3-electron ligands. As for 
the 8-quinolinolato ligand it is reasonable to assume 
intramolecular coordination of nitrogen to nickel to 
form a stable 5-membered chelate ring as observed in 
many such known complexes. As for the acetophenone 
oximato ligand we propose that it serves as an oxa-, 
aza-7r-allylic ligand in the mononuclear (for Mw, see 
Table 1) complex 11, whose I R and N M R data are 
consistent with the 7r-allylic coordinating mode of the 
acetophenone oximato ligand (vide infra). A T H F 
solution of 14 shows only a minor electric conduc­
tivity indicating that the complex does not have an 
ionic structure. NiMe(OC 6 H 5 ) (PEt 3 ) 2 15 and NiEt-
(Br)(bpy) 16 were also obtained by similar reactions 
as expressed by Eq. 1. However, isolation of analy­
tically pure samples was not feasible due to instability 
in solutions (for 15) or lack of a suitable solvent for 

recrystallization (for 16). 
In contrast to the reactions of phenols, reactions 

of alcohols with NiR 2 L 2 do not give monoalkylnickel-
(II) complexes but they lead to dehydrogenation of 
alcohols to yield aldehydes or ketones as shown in 
Table 2. The reaction most probably proceeds 
through abstraction of /^-hydrogen by R group in an 
intermediate species formulated as NiR(alkoxo)L2 : 

NiR2L2 + R!R2CHOH 
-RH 

L2Ni ; / 
OGHR!R2 

R 
17 

R1. 

Ra • / 

G=0 + RH. (2) 

Among the reactions examined, treatment of l c with 
z*-C3H7OH (No. 4 in Table 2) gave quantitative yields 
of methane and acetone. The other reactions may 
follow the similar course but they were not pursued 
further. 

Reactions of NiR2L2 with Organic Acyl Compounds 
R'COY: T h e monoalkylnickel(II) complexes, NiR-
(Y)L2, can be prepared also by reactions of NiR 2L 2 

with organic acyl compounds with simultaneous for­
mation of unsymmetrical ketone. 

NiR2L2 + R'COY > NiR(Y)L„ + RCOR' 

R'COY: phenyl carboxylate (Y=OC6H5) 
carboxylic anhydride (Y=OCOR') 
acyl chloride (Y=C1) 

The results suggest a four-centered mechanism, 

0 

(3) 

NiR2L2 + R'COY 

:5+ 

•5+ !5-
L2Ni-R 

R 

-»- NiR(Y)L2 + RCOR'. (4) 
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T A B L E 4. SPECTRAL DATA OF COMPLEXES 2—14 

2013 

Com­
plex 

IRa> 
»•/cm-1 

« - N M R typpm") 

Condi­
tions Ni-R Ni-Y 

»P{iH}-NMR/ 
ppmc) 

Visible 
A/nm 

10 

11 

12 

13 

14 

1585 
1480 
1295 

2190 
1500 
1330 

1585 
1500 
1335 

1580 
1480 
1325 

1495 
1460 
1320 

2960 
2930 
1465 

1560* 
1435 
1395 

1610* 
1360 
760 

1605* 
1350 
720 

1030 
965 
750 

k) 

1565* 
1510 
1390 

2840 
1450 
760 

d) 0.10(3H, s) 

d ) 0.06(3H, s) 

d ) 0.58(3H, t, 7 Hz, CH3) 
1.00(2H, q, 7 Hz, CH2) 

6.48(1H, t, 6 Hz, /-Ph) 
6.9—7.6(6H, m, o, m-Ph 

+bpy) 

7.2—7.6(6H, m) 
7.8—8.0(4H, m) 

8.2(2H, m)J 

7.1—7.6(6H, m)\ 
7.7—8.1 (4H, m) 

8.3(1H, m) 
8.5(1H, m)j 

7.7(4H, m) 
8.5(2H, m) 

[0C,H4CN 
-|-bpy 

[OC6H4CN 
+bpy 

508 (THF) 

490(THF) 

503 (THF) 

e ) -1.04(3H, t, 10 Hz) 7.0—7.8(9H, m) 

e ) -0.46(3H, s) 

f ) -0.68(3H, s) 

e ) -0.42(3H, t, 9Hz) 

d ) 0.60(3H, t, 7 Hz, CH3) 
1.10(2H, q, 7 Hz, CH2) 

e ) -0.92(3H, s) 

f) -1.16(3H, t, 10 Hz) 

g) -1.04(1.2H, d, 6 Hz) 
0.00(1.8H, d, 6 Hz) 

h ) -0 .6(3H, br) 

e ) -0.20(3H, d, 6 Hz) 

e ) -0.10(3H, s) 

f ) -0.69(1.5H, d, 6Hz) 

-0.65(1.5H, d, 6 Hz) 

d ) 0.60(3H, t, 7 Hz, CH3) 
1.10(2H, q, 7 Hz, CH2) 

6.63(1H, dd, 8 Hz and 5 Hz) 
6.72(1H, d, 7Hz) 
7.15(1H, d, 7Hz) 
7.39(1H, t, 7Hz) 
7.60(1H, d, 8 Hz) 
8.10(1H, d, 5 Hz) 

6.68(1H, d, 8Hz) 
6.96(1H, d, 8Hz) 
7.40(1H, t, 8Hz) 
7.60(1H, dd, 8 Hz and 5 Hz) 
8.4(2H, m) 

7.I(3H, m, m, /.-Ph) 
8.18(2H, d, o-Ph) 

J;^7 H z) |30H.) 

0.9-1.7(15 H, m) 

1.3(9H, m) 
1.7(6H, m) 

1.00(18H, qui, 7 Hz) 
1.50(12H, m) 

32.3 s 

45.5 s 

44.4s 

j ) 

7.4-8.4(13H, Ph 
-i-bpy) 

522 (THF) 
535 

(Toluene) 

7.2(3H, m, m, /.-Ph) 
8.45(2H, m, o-Ph) 
7.42(3H, m, m, /.-Ph) 
7.90(2H, m, o-Ph) 

2.2(1.2H, s, CH3) 
2.3(1.8H, s, CH3) 

2.26(3H, s, CH3) 

1.68(3H, s, CH3) 
1.88(3H, s, CH3) 
5.37(1H, s, CH) 

1.89(3H, s, CH3) 
6.10(1H, s, CH) 
7.2—7.9(5H, m, Ph) 

1.88(1.5H, s, CH3) 
1.99(1.5H, s, CH3) 
6.24(0.5H, s, CH) 
6.28(0.5H, s, CH) 
7.5—8.0(5H, m, Ph) 

32.5 s 1.10(t, 6Hz) l 3 0 H 1 ) 
1.38(q, 6 H z ) P U H ' 
1.22(qui, 7 H z ) | 3 0 H 1 ) 
1.5(m) j 

0.8—2.0(15H, m) 

1.0-2.0(15H, m) 

0.9—1.5(15H, m) 

1.1—1.3(15H, m) 46.3 s 

1.0—1.8(15H, m) 

7.48(2H, br) 
7.90(4H, br) 
8.48(1H, br) 
9.10(1H, br) 

533 (THF) 
555 

(Toluene) 

a) Strongest three peakes are given. The peak with * mark is assigned to »'(C=0). b) s=singlet, d = doublet, t=triplet, q = 
quartet, qui = quintet, m —multiplet, br = broad, c) From external H3P04 (downfield positive). Measured at r.t. in C6D6. d) 
In CD2C12 at r.t. e) In C6D„ at r.t. f) In acetone-</8 at — 60 °C. g) In pyridine-</5 at r.t. *H-NMR spectrum of 11 in acetone-
dt at r.t. shows almost the same pattern as that in pyridine-</5. h) In pyridine-</5 at 86 °C. i) Two signals are overlapped with 
each other, j) Good spectrum was not obtained due to instability of the complex in solutions (see text), k) IR spectrum was not 
taken due to the low melting point and high sensitivity of 12 to air. 
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Preparation of the NiR(Y)L n type complex by the 
method expressed by Eq. 3 has no precedent. 

Characterization of the Complexes by Means of Spectros­
copy. IR, N M R , and visible spectroscopic data 
are summarized in Table 4. 

IR Spectra: All of the I R spectra of the complexes 
are consistent with the formulation of the complexes 
given in Table 1, showing bands due to R, Y, and 
L ligands. I R spectra of the bpy-coordinated com­
pounds show <5(C-H) bands of bpy at 750—-780 cm - 1 , 
and those of the PEt3-coordinated complexes do strong 
v(G-H) bands of the PEt 3 ligand in a region of 2850— 
3000 cm - 1 . I R spectra of the phenoxo type com­
plexes 2—6 shows strong v(G-O) at about 1300 c m - 1 

characteristic of transition metal phenoxides. *>(CEN) 
bands of 3 and 4 are observed at about 2200 c m - 1 . 

The benzoato complexes 9 and 10, give rise, to v{Q^O) 
bands in a region where the v(G=0)| bands of unidentate 
carboxylato complexes appear.13) T h e v(G=0) band 
of the propionato complex 8 appears at a somewhat 
lower frequency, suggesting the presence of some inter­
action between Ni and the carbonyl oxygen of the 
propionato ligand. The benzoylacetonato complex 13 
shows v(G=0) band at 1565 cm - 1 , indicating the for­
mation of an O,0'-bonded six-membered chelate ring.13) 
The I R spectrum of the oximato complex shows no 
v(O-H) band, excluding the possibility that the oxime 
bonds to nickel as a neutral base through nitrogen14) 
or as a chelating ligand through ör/Aö-metalated car­
bon of the aromatic ring and nitrogen.15) 

NMR Spectra: In ^ - N M R spectra of the methyl-
nickel complexes 2, 3, 5—7, and 10—13 the GH 3 

signals are observed at normal regions where C H 3 

signals of methylnickel(II) complexes are expected.1 '11) 
Similarly to X H-NMR spectra of the monoethyl-
(amido)nickel complexes the X H-NMR spectra of 4, 
9, and 14 show C H 2 signals of the ethyl ligand at 
lower field than C H 3 signals, indicating the electro­
negativity of nickel is increased through replacement 
of one of the Et ligands of l b by the electron-with­
drawing Y ligand.11) 

Coupling patterns of the N i - C H 3 signals, of NiMe(Y)-
(PEt 3 ) n also reflect the increase in the electronegativ­
ity of nickel through the replacement of one of the 
two Me ligands of l c , whose 1 H - N M R shows no cou­
pling between 31P of PEt 3 and 1H of C H 3 even at - 6 0 °C 
due to a rapid exchange reaction between the co­
ordinated PEt 3 and free PEt 3 in solution partly liberat­
ed frbrrt l c . Similarly to the X H-NMR spectra of 
the complexes of the type NiMe(amido)(PEt3)2 ,1 1) the 
^ - N M R spectra of 5, 7, 11, and 12 at room tem­
perature clearly show the coupling between XH of 
the CH^ ligand and 31P of the PEt 3 ligand, indicating 
that the Ni-PEt 3 bonding becomes stronger due to 
the increase in the electronegativity of Ni through 
the replacement of the Et ligand by the Y ligand. 
I n contrast to the ^ - N M R spectra of 5, 7, 11, and 
12, the iH-NMR spectra of 6, 10, and 13 do not show 
the 1 H - 3 1 P coupling at room temperature. In the 
case of 6 the weak bonding between Ni and PEt 3 

is at tr ibutable to an increase in the basicity of Ni 
through the intramolecular coordination of N of the 
8-quinolinolato ligand. The C P K molecular model 

shows steric repulsion between the O C O P h ligand 
and PEt3 ligands in 10, accounting for the rapid dis­
sociation of PEt3 from 10 on N M R time scale. In 
the case of the benzoylacetonato complex 13, however, 
the molecular model shows no special steric repulsion 
between the Ph group of the bzac ligand and PEt3, 
and therefore the difference in the dynamic behavior 
of the PEt 3 ligand between 12 and 13 at room tem­
perature seems to be attr ibutable to a difference in 
an electronic effect between the acac and bzac ligands. 
In cases of 10 and 13 the rapid exchange of the PEt3 

ligand is frozen on lowering the temperature to —60 
°G where the N M R spectra show the 3 1 P- 1 H coupling. 
The N M R spectrum of 13 at —60 °C reveals that 13 
is composed of a 1:1 mixture of the following isomers 

E t 3 P x ^ 0 « 

13a 

E t 3 P v ^ 0 - ^ 

M e ^ 

13b 

at the temperature. The exchange of the PEt3 ligand 
in 6 is not frozen even at —60 °G. 

The 1 H - N M R spectrum of 11 at room temperature 
shows two sets of signals with a peak area ratio of 
1.2:1.8, suggesting that there exist the following two 
stereoisomers in the solution,16) The fairly large dif-

^"\ -V-•C-Me 
i 
Ph 

N 

/ « \ 

C-Ph 
i 

Me 

PEt, Me 
PEt, 

Ni 
/ \ 

Me 

Z-förm is-form 

ference in chemical shifts of the N i - C H 3 signal be­
tween the two steroisomers may be due to a large 
difference in the anisotropic magnetic effect of the 
phenyl ring of the oxa, aza-rc-allyl ligand. O n raising 
temperature to 86 °C, the X H-NMR spectrum shows 
averaged somewhat broad signals, demonstrating oc­
currence of a rapid exchange reaction between the 
two stereoisomers. Such a dynamic exchange reac­
tion is often observed for nickel 7r-allyl complexes1»17) 
and the following exchange process involving forma­
tion of an 1-nitrosoalkylnickel intermediate is sug­
gested for the present complex, 

N 

or' i^c-Me 
: f 
: Ph 

\ 
N

x Me 

/ Vh 

Me 

0 \ 'C-Ph 

(5) 

PEt3 Me 
/ N i . 

PEt3 
Me PEU 

Ni 
/ \ 

Me 

Z-form .E-form 

Visible Spectra: Similarly to visible spectra of NiR-
(imido)(bpy) type complexes,11) those of 2, 3, 4, 9, 
and 14 show Ni-^bpy C T bands at about 500 nm 
( £ = 3 x l 0 3 ) , which are shifted to shorter wavelength 
by about 150 nm from the position of Ni-^bpy C T 
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bands of NiR2(bpy),18) demonstrating that the highest 
occupied level of Ni is lowered by the replacement 
of the R ligand by the Y ligand. 

Chemical Properties. Thermolysis, Acidolysis, and 
Degradation in Air: Although complexes 2—14 have 
higher thermal stabilities than the original dialkyl-
nickel complexes, their thermal stabilities are not so 
high as the NiR(NR 1R 2)L 7 l type complexes11) pre­
sumably due to lower stability of the Ni -Y bond than 
the Ni -NR 1 R 2 bond against the thermolysis. T h e 
ethyl complex evolves a ca. 1:1 mixture of C2H4 and 
C2H6 on the thermolysis, and the methyl complex 
does a mixture of CH 4 and C2H6 , the CH 4 /C 2 H 6 ratio 
varying from ca. 2.0 to 0.5 depending on the complex. 
Acidolysis of NiR(Y)L„ by H C l gives R H and H Y 
( Y = O C 6 H 5 , O C O R ) with formation of NiCl2Ln . 
The complexes with bpy have moderate stabilities to 
air in solid, whereas those with PEt 3 are very sensitive 
to air even in the solid state. All of the complexes 
are very sensitive to air in solutions. O n exposure 
of an ethereal solution of 14 to air C 2H 4 (0.2 mol/Ni) 
was evolved exclusively as a gaseous product, sug­
gesting /^-hydrogen elimination promoted by oxygen. 

Disproportionate: O n standing a T H F solution of 
14 at room temperature the color gradually changes 
from purple to deep green with eventual formation 
of a light green precipitate of NiCl2(bpy), indicating 
that a disproportionation reaction proceeds in the 
solution, 

2NiEt(Gl)(bpy) > NiCl2(bpy) + lb . (6) 

purple deep green 

The disproportionation reaction is greatly accelerated 
by adding ?r-acids such as acrylonitrile and maleic 
anhydride, although in these cases the products are 
NiCl2(bpy), butane, ethane, ethylene, and Ni(7r-acid)n-
(bpy) (w=l or 2), since l b once formed reacts with 
the 7r-acid to afford Ni(7r-acid)n(bpy) with evolution 
of a gas mainly composed of butane.18) The car-
boxylato complexes 8 and 9 also undergo similar dis­
proportionation reactions to give Ni(carboxylato)2(bpy) 
and l b . In the case of 8 formation of diethyl ketone 
(ca. 50%/Ni) takes place besides the disproportiona­
tion reaction, the result suggesting occurrence of a 
coupling reaction between the C O R group in the 
O C O R ligand and the Et ligand.19) 

Reactions with Other Reagents: Complex 10 reacts 
with excess EtBr to afford P h C O O E t (0.73 mol/Ni). 
Acetylene is trimerized to benzene by 13 and alde­
hydes (CH 3 CHO, C 2 H 5 CHO) are dimerized by 2 or 
3. A reaction between 14 and *-C3H7ONa affords 
acetone (0.72 mol/Ni) with evolution of C2H6 . Ace­
tone seems to be formed through a metathesis reac­
tion between the two reactants to produce an inter­
mediate ethyl (propoxo) nickel species 18 and /?-hydro­
gen elimination from 18. 

-NaCl F /C 2 H 5 1 
14 + *-C3H7ONa > (bpy)Ni< 

L XOG3H7J 
18 

> acetone -f G2H6 (7) 

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

General, Materials, Analysis, and Spectroscopic Measurements. 
Reactions, analysis, and spectroscopic measurements were 
carried out as reported in the preceding paper.11) Com­
plexes la—lc were prepared according to literature.18»20) 

Preparation of Complexes. Phenoxo and Benzenethiolato 
Complexes 2—7 and 15 (cf. Table 1) : THF (0.5 cm3) con­
taining 53 mg (0.57 mmol) of phenol was added to 140 mg 
(0.57 mmol) of la and the mixture was stirred for 24 h at 
room temperature to obtain a purple solution. Hexane 
(10 cm3) was added to the solution to obtain a purple solid, 
which was recrystallized from acetone to yield 160 mg (89%) 
of 2. The other phenoxo and benzenethiolato complexes 
were prepared in similar ways under conditions shown in 
Table 1 (phenol:1=1:1). Solvents for recrystallization were 
actone for 3 and 4 and diethyl ether for 5—7. A reaction 
between l c (150 mg, 0.47 mmol) and phenol (45 mg, 0.47 
mmol) at room temperature in 1.4 cm3 of benzene afforded 
15, whose NMR shows a Ni-GH3 signal at Ô - 1 . 0 8 (3H, 
t, 8.5 Hz) and PEt3 signals around ô 1 ppm (30H, m). How­
ever, isolation of the complex failed. 

Carboxylato Complexes 8—10: Propionic acid (0.062 cm3, 
0.84 mmol) was added to a THF (10 cm3) solution of l b 
(230 mg, 0.84 mmol) at —78 °G. The mixture was warmed 
to room temperature and stirring the solution at the tem­
perature for 20 min gave 0,75 mmol of G2H6 and a deep 
red solution, which was condensed to 2 cm3 to obtain a 
dark red solid of 8 (170 mg, 62%). Longer reaction time 
led to the disproportionation reaction (see text) and the 
complex obtained was not recrystallized due to the insta­
bilities of 8 in solutions. 

Toluene (5 cm3) containing 180 mg (1.5 mmol) of benzoic 
acid was added to a toluene (20 cm3) solution of l b (400 
mg, 1.5 mmol) and the mixture was stirred at room tem­
perature. The color of the solution instantly changed from 
deep green to purple. Hexane (10 cm3) was added to the 
solution immediately after changing of the color to obtain 
a purple solid (430 mg, 80%). The disproportionation of 
9 is not so fast as that of 8 and a sample for analysis could 
be obtained by recrystallization from acetone. Complex 
10 was prepared analogously and crystallized from ether. 

Acetophenone Oximato Complex 11 : Diethyl ether (5 cm3) 
was added to a mixture of l c (600 mg, 1.9 mmol) and ace­
tophenone oxime (250 mg, 1.9 mmol) at —10 °G. Stirring 
the mixture for 10 min at room temperature led to formation 
of a yellow precipitate, which was recrystallized from THF 
to yield 450 mg (75%0) of 11. 

ß-Diketonato Complexes 12 and 13: Acetylacetone (0.042 
cm3, 0.41 mmol) was added to an ethereal solution of l c 
(130 mg, 0.41 mmol) and the mixture was stirred at room 
temperature for 24 h to obtain a brown solution. Cooling 
the solution to —78 °C gave yellowish brown crystals of 
12 (74 mg, 45%). Complex 13 was prepared analogously. 

Chloro Complex 14: Diethyl ether (19 cm3) containing 3.4 
mmol of dry HCl was added to a THF (20 cm3) solution 
of l b (940 mg, 3.4 mmol). Color of the solution changed 
instantly from deep green to dark purple and then excess 
hexane was added to the solution to yield a dark purple 
precipitate, which was recrystallized from THF-hexane to 
yield 350 mg (36%0) of 14. 

Reactions of Dialkylnickel(II) Complexes with R'COY (cf. 
Table 3). Propionyl chloride (0.46 cm3, 5.3 mmol) was 
added to a THF (60 cm3) solution of l b (1.4 g, 5.2 mmol). 
The color of the solution instantly changed from deep green 
to dark purple. Addition of hexane (50 cm3) gave a yellow 
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precipitate (1.0 g, 68%) whose I R spectrum was identical 
to that of 14. GLG analysis of the solution revealed forma­
tion of 4.2 mmol (80%) of diethyl ketone. A similar reaction 
between l b (200 mg, 0.74 mmol) and acetyl bromide (0.059 
cm3 , 0.74 mmol) in toluene (10 cm3) gave a purple powder 
of 16 (220 mg, 90%) with formation of ethyl methyl ketone 
(76%) . I R spectrum of the purple powder showed almost 
a similar absorption pat tern to that of 14 and the analytical 
da ta (Found: G, 42 .1 ; H , 3.0; N, 8.2; Br, 24.6%0. Galcd 
for: G, 44.5; H , 4.0; N , 8.7; Br, 24.7%0) roughly agreed 
with the composition of NiEt(Br)(bpy) . T h e reaction of 
dialkylnickel(II) complexes with G H 3 G O O G 6 H 5 and (G6H5-
G O ) 2 0 were carried out analogously. 

Reactions of Dialkylnickel(II) Complexes with Alcohol fcf. 
Table 2). Benzyl alcohol (0.073 cm3 , 0.71 mmol) was 
added to an ethereal (1 cm3) solution of l c (110 mg, 0.35 
mmol) . Although no apparent change was observed after 
stirring the mixture for 12 h, GLG analysis and measurement 
of the amount of gas evolved with a Toepler p u m p showed 
formation of 0.40 mmol of GH 4 and 0.28 mmol of benzal-
dehyde. T h e other reactions listed in Table 2 were carried 
out analogously. 

Disproportionation Reaction. A mixture of acrylonitrile 
(1.0 cm3) and T H F (1.5 cm3) was added to 14 (140 mg, 
0.51 mmol) to obtain a deep reddish purple homogeneous 
solution. A light green solid started to precipitate after 
stirring the mixture for 40 min at room temperature . After 
1.5 h GLG analysis of the gas phase indicated evolution 
of 0.11 mmol of G2H4 and 0.03 mmol of w-C4H10.

21> O n 
adding 20 ml of T H F to the reaction mixture, the solid 
precipitated (54 mg, 37%) was separated by nitration and 
characterized as NiCl2(bpy) by its I R spectrum.18) T h e 
filtrate was condensed to 2 ml and then 20 ml of hexane 
was added to obtain 26 mg (19%) of a precipitate whose 
I R spectrum coincides with that of Ni (acrylonitrile) (bpy).18> 

Benzene (4 cm3) was added to 140 mg (0.44 mmol) of 
8 and the mixture was stirred for 20 h at 70 °C. GLG 
analysis of the solution showed formation of 0.20 mmol 
of diethyl ketone. A light yellow solid precipitated was 
Ni (OCOC 2 H 5 ) 2 (bpy) as proved by its I R spectrum. 
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An automatic coulometric Karl Fischer titrator capable of direct readout of the water titrated and the back­
ground of titration was constructed. Control of the generation of reagent was carried out by a digital counting 
method. The over- and under-titration was minimized by holding the level of reagent at the start and the end 
of titration as close as possible. Details of the circuit configuration were presented. The precision of determi­
nation was ca. ± 2 [ig and + 1—±2 [xg for the automatic titration of 1 mg and 10—500 (xg of water, respectively. 
Water of less than 20 [ig was titrated within a precision of 1 [ig by watching the drift and subsequent recovery 
of the blank level. 

Karl Fischer determination of water is based on 
a reaction in which 1 mol of iodine is consumed in 
the titration of 1 mol of water in a methanolic solution 
of pyridine, sulfur dioxide and iodine. In the cou­
lometric determination of water, iodine is generated 
by electrolysis and the amount of water is determined 
by measuring the quanti ty of the current consumed 
during titration, since 10.71 m C is required for each 
microgram of water.1) At the end point of titration 
excess iodine is generated, which is detected by the 
depolarization of plat inum indicator electrodes. The 
coulometric Kar l Fischer titration was found to be 
suitable for the determination of a trace of water.1 - 1 2) 
For the purpose to automate the titration, Kelly et 
al. designed an automatic cutoff at tachment to a p H 
meter2) but the current for compensating the back­
ground of titration was set manually. Hoyt con­
structed an automatic end point indicator7) but no 
care was taken for compensation of the background 
of titration. Miyake and Sudo constructed an in­
strument capable of automatic control of the genera­
tion of iodine and also capable of automatic elimina­
tion of the blank,12) but compensation of the back­
ground of titration was not performed. Recently, au­
tomatic coulometric Kar l Fischer titrators capable of 
automatic compensation of the background of titra­
tion have appeared.17,18) The electrolysis current of 
Mitsubishi Kasei Model CA-02 titrator is controlled 
to be proportional to the drift of the potential of the 
indicator electrodes, the titration being terminated 
when the electrolysis current substantially returns to 
the blank level. However, insufficient period of time 
for anticipation of the end point restricts the accuracy 
of determination of a micro amount of water, since 
the Karl Fischer reaction is not fast enough to assure 
the instant completion of reaction.14-16) Hi ranuma 
Sangyo Model AQ-3B titrator was constructed on 
the basis of constant current coulometry; near the 
end of titration the current is periodically interrupted 
with subsequent anticipation of the end point. In 
the method of anticipation of the end point, some 
overshoot at the end point is present since the end 
point is determined when the potential of the indicator 
electrodes lasts above the cutoff potential over a given 
anticipated period of time. No care has been taken 
for minimizing this type of over-titration except for 
restricting the generation of iodine near the end point. 
Moreover, in constant current coulometry, inaccuracy 

in the count of current was caused by the switching 
time delay in each on-off operation of the electrolysis 
current.12) 

The automatic coulometric Kar l Fischer titrator 
presented in this paper was designed with the following 
improvements, (i) The electrolysis current is so ad­
justed that 100% current efficiency is guaranteed for 
any size of working electrode and concentration of 
the reagent. The current was measured by current-
to-frequency conversion with subsequent counting for 
integration, (ii) The method of anticipation of end 
point is preferred in order to avoid the risk of under-
titration since the Kar l Fischer reaction is not in­
stantaneous in spite of much improvement in the 
reagents.13-16) Care was taken to minimize the over­
shoot at the end point not only by restricting the 
rate of generation of iodine near the end point but 
also by holding the potential of the indicator elec­
trodes at the start and the end of titration as close 
as possible, (iii) With the use of digitally controlled 
counting method of the blank, the waving drift in 
the level of iodine during the standby state12) is mini­
mized by controlling the generation of iodine to one 
count for each detection of the blank, (iv) The back­
ground of titration is directly read out by integrating 
the level of the blank instead of compensating it. 
This method is more simple than the method of com­
pensation since no extra precise control of the constant 
current power supply is required, (v) The blank 
level is directly read out so that micro amount of 
water can be accurately determined by watching the 
drift and the subsequent recovery of the blank level. 

Apparatus 

A block diagram of the instrument is shown in 
Fig. 1. The blank level is held prior to introduction 
of the sample in order to integrate it for counting 
the background of titration. After introduction of 
the sample, electrolysis is started by opening the gate 
of the transistor switching circuit. T h e electrolysis 
current is fed into the current measuring circuit and 
converted into the frequency of one count equivalent 
to one microgram of water, the count being read out 
on the display unit. The background counting circuit 
integrates the blank level until the end of titration 
is reached, the count being read out on another display 
unit, The monitoring circuit detects any excess or 
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deficiency of iodine, giving out " o n " and "off" signals 
for controlling the electrolysis. The end point deter­
mining circuit detects the approach of end of titration ; 
near the end point the amount of generating iodine 
is restricted by the controlling circuit. At the end 
point of titration, the controlling circuit starts to 
control the counting of the blank and holding of the 
blank level. During this standby state for subsequent 
titration, the blank level can be read out on the diplay 
unit with the operation of the selection switch. De­
tails of the circuit configurations are given below, 
where all the T T L logic gates are composed of SN74LS 

Switches for Clear, 

Start and Hold/Stop 

Electrolysis 
Cell 

Electrolysis ON-OFF 

Transistor Switches 

Current Measurement 

A : Anode 

B : Ion Exchange 

Membrane Separator 

C : Cathode 

D i Detecting Electrodes 

Gates for 

Selection of 

"ON-OFF" Signals 

Determination 

of End Point 
Display 

Fig. 1. Block diagram of the functional construction 
of the instrument. 

series and the power supplies are regulated by the 
standard method. 

Operation for Start, Hold/Stop, and Clear. The cir­
cuit is shown in Fig. 2. The whole circuit is reset 
by signal a from gate G±; automatically by a delay 
circuit when power is switched on or manually by 
pushing spring switch S r When spring switch S2 

is pushed to "Hold /S top" position, latch Lx is reset 
to stop the electrolysis. This operation is performed 
prior to introduction of the sample. In order to 
start titration, switch S2 is pushed to ' 'S tar t" position, 
triggering timer T x to give a pulse c which resets the 
results of the previous titration. At the end of pulse 
c, latch Lx is set to activate gate G 3 to start electrolysis. 
The electrolysis current power supply is adjustable 
in the range 5—25 V. 

Monitoring Circuit. A potential difference of a 
few millivolts is given between the detecting electrodes 
(Fig. 2). When excess water is present in the cell, 
the cathode of the detecting electrodes is polarized, 
no current flowing. However, when iodine is in excess 
the cathode is depolarized and a small current flows, 
resulting in a voltage drop across a resistor of 1 kO. 
The voltage drop is fed into operational amplifier 
Av The noise involved in the voltage due to the 
turbulent mixing of the solution is substantially filtered 
off by placing a capacitor in the feedback loop of 
Av Ax is balanced ab initio so that its output is nega-

V : +5V Ti : NE555 

#2M 

START 

, 2 _ T V ^ F j ^ O O - J ^ T 

' 1 fa*/ 
HOLD/ STOP räG^Op 

A4i!,7:LF356H *'7J-

Fig. 2. Operational, monitoring, and current measuring circuits, 
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LED2 

J01|xF J.001JAF 

Fig. 3. End point determining and controlling circuits. 

tive when excess water is present in the cell. The 
output of Aj increases as the titration approaches 
the end point, turning to positive when excess iodine 
is detected. T h e output of A t is fed into comparator 
A2 which is used as a zero cross detector during the 
course of titration. The output of A2 is fed into a 
photocoupler whose output signal f controls the " o n " 
or "off" of the electrolysis depending on whether 
iodine is deficient or excess in the cell. Isolation 
of the monitoring circuit is necessary for the elec­
trolysis cell current not to flow into it. The monitor­
ing circuit is operated with an isolated power supply. 

The sample-hold circuit D I S M O 8AP(Xebec) was 
used to minimize the overshoot at the end point. 
At the end point of each titration, the potential of 
the detecting electrodes was found to concentrate 
around a potential which is a little higher than zero, 
indicating that the amount of excess iodine present 
at the end point of titration is about the same for 
each titration. T h e overshoot at the end point is 
minimized by starting subsequent titration from this 
level of excess iodine to make the level of iodine at 
the start and the end of titration as close as possible. 
In order to maintain this level of excess iodine constant 
during the standby state, the cutoff potential of the 
monitoring circuit is switched from zero to a potential 
which is held by the sample-hold circuit D I S M O 
8AP at the end point of titration. 

Current Measuring Circuit. The current through 
the cell is measured with a voltage drop across a high 
quality precision resistor of 2 O and converted into 
frequency with a V-F converting circuit (Fig. 2). 
High quality metal film resistors and a polycarbonate 
capacitor were used to ensure the accuracy and sta­
bility of this circuit. The time required for resetting 
the integrator was ca. 15 (JIS. The integrator was so 
adjusted that the V-F converter advances one count 

within an accuracy of 0.1 % on flowing a current 
of 10.71 m C through the current measuring resistor 
and the amount of water titrated is directly read out 
in microgram unit. The output of the V-F converter 
is fed into the counter of the display unit via gate 
G4 which is opened by the start signal d and closed 
by the end point signal g to register the result of the 
titration. 

End Point Determining and Controlling Circuit. The 
end point determining circuit and the controlling cir­
cuit are shown in Fig. 3. At an early stage of titration, 
the signal f passes through gates G6, G7, and G8, and 
controls the "on-off" of the electrolysis. O n approach­
ing the end point, the rate of generation of iodine 
exceeds that of consumption and the electrolysis stops 
temporarily. T h e excess iodine is soon consumed by 
the residual water, electrolysis starting again. This 
procedure is repeated, the interval of " o n " being 
elongated with approach to the end point. Titration 
has been completed to 98—99% and to 100% when 
the electrolysis "off" continues for 8 and 20 s, respec­
tively. Timers T 2 and T 3 are used to detect the 
approach or reach of the end point, each delay time 
being determined as 8 and 20 s, respectively. Both 
timers are triggered at the instant the signal f turns 
to "off" and reset when f turns to " o n " before each 
delay time is over. When the electrolysis "off" begins 
to last over 8 s, latch L2 is set and s i g n a l / is introduced 
into the controlling circuit via gate G10 so that the 
subsequent electrolysis is controlled at gates G7 and 
G8 by latches L 4 and L5 . When signal f turns to 
"on , " L4 is set to make the electrolysis "on , " and 
the current counting pulse h is fed into the counter 
Gx via gates G n and G12. The outputs of Cx are 
wired into a scaler so that L 5 is set to stop the elec­
trolysis at 5 or 10 counts advance depending on whether 
preset switch S4 is open or closed, Timer T 4 is used 
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Fig. 4. Circuits for counting the blank, holding the blank level, and counting the background of 
the titration. 

to provide a time delay of about 1.2 s before the reset 
of L4 and L 5 to ensure the generated iodine to reach 
the detecting electrodes. Generation of a preset 
amount of iodine and subsequent waiting is repeated 
whenever the signal f turns to " o n " until the end 
point of titration is reached. When the electrolysis 
"off" lasts over 20 s, latch L 3 is set to stop titration. 
With the signal g, gates for counting the electrolysis 
current and the background of titration are closed, 
D I S M O being switched to "ho ld" mode and count­
ing of the blank is started. 

Circuits for Counting the Blank and Holding the Blank 
Level. The circuit for compensating the blank 
is shown in Fig. 3. The signal g closes gate G12 and 
opens gate G13 at the end of titration, the rate of gen­
erating iodine being restricted to one count whenever 
the blank is detected. The waving drift in the level 
of iodine12) is minimized at most to one count during 
the standby state. 

The blank level is defined as the number of blank 
for 30 s and determined by counting the blank current 
counting pulse i by a controlling method as shown 
in Fig. 4. The pulse i is fed into gate G16 which is 
activated at 5 s after the end of titration with latch 
L6 and timer T 5 . The delay is required for waiting 
for the cutoff operation of the monitoring circuit to 
settle at a voltage held by D I S M O 8AP. When L6 

is set, G16 is opened for introducing i into counters 
G2 and G3, oscillator T 6 being activated simultane­
ously. T 6 is ab initio adjusted so that pulses with 
30 s interval are obtained from G17. From the leading 
and trailing edge of this pulse, non-overlapping pulses 
are obtained from gates G18 and G19. The pulse 
from G18 registers the count of G2 and G3 into the 
D/A converter, and the pulse from G19 clears the 
counters. In this manner, the counters count the 
numbers of the blank and transfer it to the D/A con­
verter before being cleared at every 30 s to hold the 

latest blank level. 
In parallel with these operation, the blank is also 

counted with the BCD counters of the display unit. 
When the blank level is required to be displayed, 
spring switch S5 is pushed to set latch L7, which opens 
gate G20 so that the pulse from G18 is given to the 
shift registers as a strobe to show the blank level. 

Circuit for Counting the Background of Titration. 
The background of titration is counted by integrating 
the blank level held just before the start of titration. 
The circuit for counting the background of titration 
is shown in Fig. 4. By pushing switch S2 to "Hold/ 
S top" position (Fig. 2), latch L6 is reset by signal 
b to make gate G16 and oscillator T 6 inactive so that 
the D/A converter continues to hold the last blank 
level until the end of titration is reached. The output 
of the D/A converter is fed into a V-F converter con­
sisting of the same circuit configuration as that used 
in the electrolysis current measuring circuit. The time 
constant of the V-F converter is ab initio adjusted so 
that the counting rate coincides with the blank level. 
The output of the V-F converter is fed into BCD 
counters through gates G22, G24, and G25. The shift 
registers of the display unit are kept active while titra­
tion proceeds, but made inactive by signal g to keep 
the counted background of titration on the display 
unit after the end of titration. The count of the 
background of titration is subtracted from the reading 
of the electrolysis current to obtain the net amount 
of water titrated. 

Exper imenta l 

Aqualyte G (generator electrolyte) and aqualyte G (counter 
electrolyte) from Hiranuma Sangyo were used as Karl Fischer 
reagent. The water-methanol solution was prepared by 
diluting 247.0 mg of water with dehydrated methanol in 
a measuring flask of 25.00 ml calibrated by weighing pure 
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water. The density of pure water was taken into consid­
eration for calibration. The water content in the methanol 
taken in the measuring flask was determined to be 0.440 
mg/ml. The water content in the water-methanol solution 
was calculated to be 10.32 mg/ml. The solution was trans­
ferred into a sample bottle in a dry bag and sealed with 
a serum-type rubber stopper. The water-methanol solution 
was taken with a 100 pd(# 710) or 10 pd(# 701) Hamilton 
micro syringe which has an accuracy of 1% full scale. The 
titration vessel was a separable H-type cell with an assembly 
similar to that reported.1»13) 

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

In order to examine the effect of the rate of iodine 
generation, the voltage applied to electrolysis was 
changed in the range 5—25 V. The corresponding 
rate of iodine generation was 3—18 counts/s, for which 
the titration of a given amount of water gave an iden­
tical result. This indicates that the condition of 100% 
current efficiency is preserved in this range of applied 
voltage. The voltage for the routine use was adjusted 
to approximately 15V in order to limit the rate of 
iodine generation to ca. 10 counts/s, sufficiently lower 
than the safety limit. Incomplete titration was 
avoided by confirming that the blank level returned 
to the original level at the end of titration. 

Accuracy and precision of titration is affected by 
the stability of the blank level. If the blank level 
is not settled, error is caused in the counting of the 
background of titration. When a fine porosity glass 
filter was used as a separator of the two compartments 
of the titration vessel, the blank level was high and 
unstable. The blank level increases after each titra­
tion unless the level of the counter electrolyte is kept 
lower than that of the generating electrolyte. This 
indicates that use of this type of separator is restricted 
by the leakage of counter electrolyte. When an ion-
exchange membrane12^ was used as separator, the 

TABLE 1. REPEADABILITY OF TITRATION OF WATER-

METHAL SOLUTION (10.32 mg H20/ml) 

Amount of sample __ „ Found 
No. of runs 

H-1 H£ 
a) Sample taken with 100 pil micro syringe. 

100 7 1035.6±1.9 
50 7 520.4±1.7 
10 5 109.6±1.0 

b) Sample taken with 10 pd micro syringe. 
10 5 104.2±1.9 
5 6 52 .0±1 .7 
2 5 22 .2±1 .5 
1 5 11 .2±1.5 

TABLE 3. DETERMINATION OF WATER 

Temperature Relative humidity 

°G % 

23.8 53 
24.0 70 
23.0 23 

blank level was kept low and stable. The following 
determinations were carried out with an ion-exchange 
membrane as separator. 

The results of titration of the standard water-meth­
anol solution are given in Table 1. The precision 
was ca. ± 2 pig and ± 1 — ± 2 pig for automatic titration 
of 1 mg and 10—500 pig of water, respectively. The 
time needed for the titration of 1 mg of water was 
ca. 150 s. The precision is better than that reported 
for the automatic coulometric Kar l Fischer titrator. 

The over- and under-titration was minimized by 
holding the level of iodine at the start and the end of 
titration as close as possible by using a sample-hold 
circuit (Fig. 2). The waving drift in the level of 
iodine during the standby state was minimized by 
restricting the rate of iodine generation to one count 
for each detection of the blank level by digitally con­
trolled counting method (Fig. 3). The effect of these 
circuit devices was examined as follows. 

When a small amount of water is introduced into 
the cell, the reading of the blank level increases but 
it soon returns to the original level. The amount of 
water is determined by taking the summation of the 
differences obtained by subtracting the original blank 
level from those read out at 30 s intervals. Over-
or under-titration is thus completely avoided. The 
results are given in Table 2. The amount of water 
less than 50 pig was determined with a precision of 
± 1 pig. By comparing the results shown in Tables 
lb) and 2, the average values were found to agree 
within an accuracy of 1 pig, indicating that the error 
due to over- or under-titration does not exceed 1 

An example showing absolute accuracy of the method 
of determination of water by watching the drift and 
subsequent recovery of the blank level was given for 
the determination of atmospheric humidity. Air was 
taken with a 1 ml tuberculin syringe. The results 
are given in Table 3. The experimentally obtained 
values agree with the values calculated from the rela­
tive humidity within an accuracy of 1 pig with a preci-

TABLE 2. REPEADABILITY OF TITRATION OF WATER-

METHANOL SOLUTION (10.32 mg H20/ml)a) 

Amount of sample ^T „ Found 
No. of runs 

1̂ m 
5 6 5 2 . 1 ± 1 . 0 
2 6 22 .2±1 .0 
1 6 11 .4±0 .8 

a) The end point of titration was determined by 
watching the drift and subsequent recovery of the 
blank level. Sample was taken with 10 pd micro 
syringe. 

CONTENT IN 1.0 ml OF ATMOSPHERIC AIR 

Found Calculated 
No. of runs 

Vg (^ 
12 11 .1±0 .4 11.7 
10 15 .7±0 .8 15.3 
8 5 . 9 + 0 . 7 5.4 
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sion of less than ± 1 [ig. The discrepancy observed 
in the titration of 10 ul of the standard water-methanol 
solution taken with different micro syringes (Table 
1) is due to the inaccuracy in the scale of the micro 
syringe. 

In conclusion, the circuit devices presented in this 
work are useful for improving the accuracy and preci­
sion of the automatic coulometric Kar l Fischer titration 
of water. 

T h e author wishes to thank Dr. Tadashi Aoki for 
his advice in the construction of the V-F converter. 
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The X-ray photoelectron spectra (XPS) were measured in order to obtain the Nls and G Is core-orbital en­
ergies of ten ethylenediamine and 21 cyano complexes of transition metals. The difference between the Nls 
and G Is energies, AE, which was found to be hardly affected by the counter ion or by charging, was accurately 
determined for each complex. The trends observed in the AE values for these series of complexes are correlated 
with the electronic structures of the complexes by the use of Siegbahn's equation. For the ethylenediamine com­
plexes, the AE values are shown to be related to the a donation. For the cyano complexes, the AE values are 
mainly controlled by the nitrogen charge, which is itself closely connected with the n back-donation. Demon­
strative of the importance of the n back-donation are the cases of [Fe(CN)6]4_ and [Fe(GN)6]3", where the de­
crease in the negative charge from the former to the latter is found to occur dominantly (76%) in the nitrogen 
atoms. Molecular orbital (MO) calculations in the discrete variational Xa (DV-Xa) scheme were performed 
for a few series of the cyano complexes, giving results consistent with the XPS results. 

The X-ray photoelectron spectrum (XPS) gives in­
formation about the charge distribution in a molecule 
and, accordingly, can be expected to provide a clue 
to clarifying the electronic structure. However, the 
chemical shifts of the inner-shell electrons of the metal 
and ligand atoms of transition-metal complexes have 
not been well related to the electronic structures be­
cause of several difficulties. One is the phenomenon 
of sample charging, which is serious for insulators. 
This phenomenon hinders one from making accurate 
measurements of electron binding energies. In order 
to overcome this difficulty, the 4f peaks of sputtered 
gold are usually used as a reference. This is not 
satisfactory, however, for measuring small chemical-
shift differences, since the Au4f levels are influenced 
by the quantity of the gold and sometimes also by 
the chemical reaction of the gold with the sample, 
as is the case with cyanides. Another problem is 
that the electron binding energies of a complex ion 
to be measured may be influenced by the counter 
ion. These difficulties can be removed by the use 
of an internal reference or by the observation of the 
difference between the binding energies of different 
electrons in the same complex. 

We investigated how the difference between two 
core binding energies of ligand atoms is related to 
the electronic structure of the complex. Transition-
metal complexes coordinated with ethylenediamine and 
cyano ligands were selected for the investigation for 
the following reasons. Firstly, they are stable enough 
under a high vacuum and against X-ray irradiation 
to show reproducible results at —50 °G or below. 
Secondly, they contain carbon and nitrogen atoms in 
the ligand, and their coordination bonds show a strik­
ing contrast between the mainly a character in the 
ethylenediamine complexes and both a and n char­
acters in the cyano complexes. 

The XPS studies of some cyano complexes have 
been reported on the valence-region spectra by 
Galabrase and Hayes1) and on the chemical shifts 
of the ligand core orbital by Vannerberg.2) 

In this paper, the XPS experimental results are 
presented for the N l s and G Is binding energies in 
ethylenediamine and cyano complexes of various tran­

sition-metal ions, and trends observed for the dif­
ferences between the N l s and Gls energies are dis­
cussed in relation to the electronic structures of the 
complexes. 

Exper imenta l 

The spectra were recorded on a JEOL Model JESGA-3A 
spectrometer. Aluminium KOLX 2 radiation (1486.6 eV) was 
used as the X-ray excitation source, and the measurements 
were carried out at 5 X 10"8 Torr (1 Torr= 133.3 Pa) or below. 
For the calibration of the electron binding energies, we used 
both Au4f7/2 (83.8 eV) and Ag3d5/2 (368.2 eV) peaks3) from a 
thin layer of gold and/or silver deposited onto an aluminium 
plate. Commercially available potassium salts of cyanide 
complexes, K3[Mn(GN)6], K3[Fe(GN)6], K3[Go(GN)6], 
K[Gu(GN)2], K[Ag(GN)2], and K[Au(GN)2], were used 
without further purification. Other compounds were pre­
pared according to standard methods. A small amount 
of each sample was ground in ethanol, and a droplet of 
this ethanolic suspension was placed on a gold plate and 
dried, or the crystals were ground without solvent and were 
deposited on an adhesive tape. Gare was taken to make 
sure that the spectra did not contain any features due to 
contaminants. Carbon contaiminations were examined by 
comparing the integrated intensities of the carbon Is and 
nitrogen Is peaks. All the spectra reported here were 
proved to be free from any appreciable contamination. 
In order to avoid any significant decomposition of the sample 
by high-vacuum and X-ray irradiation, the sample was 
cooled at about —50 °G or below. We obtained the dif­
ference between the Cls and Nls binding energies by meas­
uring them at the same time. This procedure was repeated 
several times for each sample, yielding consistent results. 
The average binding-energy difference was determined with 
an accuracy of about ±0.1 eV in several runs on a given 
compound. 

We tried to obtain the absolute binding energies by cali­
brating the nitrogen Is and carbon Is peaks against the 
4f7/2 peak of the gold sputtered onto the sample. This 
method was not, however, satisfactory for giving the absolute 
values of the binding energies, because the measured chemi­
cal shifts of the Nls and Gls binding energies were dependent 
upon the quantity of the sputtered gold4) and it is not certain 
that the Fermi level in the gold should coincide with that 
in the sample. However, the uncertainty associated with 
the binding energies can? for the most part? be eliminated 
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TABLE 1. THE ELECTRON BINDING ENERGIES OF Nls 

AND G Is AND THEIR DIFFERENCES FOR VARIOUS 

TRIS ( E T H Y L E N E D I A M I N E ) COBALT ( I I I ) SALTS 

(Au4f7/2 = 83.8eV) 

Compound 
[Go(en)3]X3 

Binding energy/eV 

N l s Gls A £ ( N l s - C l s ) 

X = C1 
Br 
N 0 3 

G104 

399.4 
399.5 
399.6 
399.7 

285.3 
285.4 
285.5 
285.5 

114.1 
114.1 
114.1 
114.2 

TABLE 2. THE ELECTRON BINDING ENERGIES OF Nls 

AND G l s AND THEIR DIFFERENCES FOR VARIOUS 

ETHYLENEDIAMINE COMPLEXES (Au4f7 /2 = 8 3 . 8 e V ) 

Compound 
N l s 

Binding energy/eV 

Gls A£(Nls-Cls ) 

[Gr(en)3]Gl3 

[Go(en)3]Gl3 

[Ni(en)3]Gl2 

[Gu(en)3]S04 

[Zn(en)3]Gl2 

[Pd(en)2]Gl2 

[Pt(en)2]Gl2 

400.4 
399.4 
399.4 
399.4 
400.0 
399.7 
400.2 

286.5 
285.3 
285.7 
285.4 
285.9 
285.7 
285.9 

113.9 

114.1 

113.7 

114.0 

114.1 

114.0 

114.4 

by making use of their difference. For the convenience 
of comparison, the binding energies in ethylenediamine 
complexes were standardized against the sputtered-gold 4f7/2 

peak (83.8 eV), and those in cyanide complexes, against 
the internal-potassium 2p3/2 peak (293.5 eV).2> 

R e s u l t s 

In order for us to correlate the chemical shift of 
the electron binding energy from X P S with the elec­
tronic structure of the complex, an accurate deter­
mination of the chemical shift is needed. The chem­
ical shift is, however, influenced considerably by the 
charging effect and also by the counter-icn effect. 
We first investigated these two effects on the chemical 
shift using J - [Co(en) 3 ]X 3 ( X = G 1 " , Br", N 0 3 " , and 
C10 4

_ ) as the samples. The Gls and N l s electron 
binding energies, as measured for the complex salts, 
are shown in Table 1, along with the energy difference 
(AE) between N l s and Cls . Both the N l s and Gls 
energies increase in the order of CI - , Br~, N 0 3 ~ , 
and G104~ salts, but the AE value remains almost 
unchanged (114.1—114.2eV), suggesting that AE is 
hardly affected by the counter ion. In addition, the 
AE value is not influenced by sample charging. Thus, 
the AE values can be used with advantage for the 
discussion of the electronic structures of the metal 
complexes. The Gls and N l s energies were measured 
on various ethylenediamine complexes; the meaningful 
and reproducible data are listed in Table 2 in the 
order of the increasing atomic number of the metal. 
The N l s and Gls binding energies listed in Columns 
2 and 3 of this table show scattered values, without 
any apparent trend, but their differences, AE, given 
in Column 4, clearly show the following trends: 

TABLE 3. THE ELECTRON BINDING ENERGIES OF Nls 

AND G l s AND THEIR DIFFERENCES FOR VARIOUS 

CYANO COMPLEXES ( K 2 p 3 / 2 = 2 9 3 . 5 e V ) 

Compound 
Binding energy/eV 

N l s Gls A£(Nl s -C l s ) 

K3[Cr(CN)6] 
K3[Mn(CN)6] 
K3[Fe(CN)6] 
K3[Co(CN)6] 
K3[Rh(CN)6] 

K4[Mn(CN)6] 
K4[Fe(CN)6] 
K4[Os(CN)6] 

K2[Ni(CN)4] 
Ni(CN)2 

K2[Pd(CN)4] 
K2[Pt(CN)4] 

K[Cu(CN)2] 
AgCN 
K[Ag(CN)2] 
K3[Ag(CN)4] 
K[Au(CN)2] 

K2[Zn(CN)4] 
K2[Cd(CN)4] 
K2[Hg(CN)4] 
Hg(CN)2 

KCN 

399.1 
399.1 
399.0 
398.9 
399.0 

398.4 
398.4 
398.1 

399.0 
405. la> 
399.0 
398.9 

398.8 
405.5a> 
399. 
398. 
399. 

399. 
399. 
399. 
406.7a> 
399.0 

.1 

.9 

.2 

.4 

.3 

.1 

285.5 
285.7 
285.7 
285.7 
285.8 

285.2 
285.3 
285.4 

285.6 
291.6a> 
285.7 
285.7 

285.3 
291.8a> 
285.7 
285.6 
286.0 

285.7 
285.7 
285.6 
293.2a> 
285.4 

113.6 
113.4 
113.3 
113. 
113. 

113. 

113. 
112. 

113.4 
113.5 
113.3 

113.2 

113.5 

113.7 

113.4 
113.3 
113.2 

113.7 
113.6 
113.5 
113.5 

113.6 

a) Uncalibrated value. 

(1) The AE value increases in going from left to 
right, or from top to bottom, of the periodic table 
in each series of bi- and tervalent metal complexes: 
113.9->114.1 eV for Cr3+->Co3+, 113.7->114.1 eV for 
Ni2+->Zn2+, and 113.7->114.4 eV for Ni2+->Pt2+. 

(2) The AE value is larger for tervalent metal 
complexes than for bivalent ones if a comparison is 
made between complexes of the metals near to each 
other in the periodic table: Ni 2 +<Cr 3 +<Cu 2 +<Co 3 +, 
Zn2+. 

Measurements were also made of various cyanide 
complexes, for which the N l s and Gls binding energies 
and the AE values are given in Table 3. The fol­
lowing trends are observed: 

(3) The AE values for [M(CN) 6 ] 3 " and [M(GN) 6 ] 4 " 
decrease with an increase in the atomic number of 
the metal of the first transition series: 113.6—>113.2 
eV for Cr3+->Co3+ and 113.2->113.1 eV for Mn2+-> 
Fe2+. 

(4) The AE value is greater for a tervalent-metal 
complex than for the complex of the same metal of 
a bivalent state: Fe3+ (113.3)>Fe2+ (113.1), and Mn3+ 
(113.4)>Mn2+(113.2). 

(5) The AE value is also greater for the higher 
oxidation number of the metal if a comparison is 
made between complexes of different metals with the 
same structure and the same electronic configuration: 
Hg2+(113.5) >Au+( l 13.2) for [M(CN)2]<2-")-, and 
Co3+(l 13.2) >Fe 2 +(l 13.1) and Fe3+(113.3)>Mn2+ 
(113.2) for [M(CN)6]<6-w)- f 
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(6) The AE value decreases with an increase in 
the atomic number of the metal in the same family: 
Fe2+(113.1) >Os 2 +(l 12.7), Ni2+(113.4) >Pd 2 +( l 13.3) > 
Pt2+(113.2), Ag+(113.4) >Au+( l 13.2), and Zn2+(113.7) 
>Cd2+(113.6)>Hg2+(113.5). 

(7) In contradistinction to the trend described under 
(3), AE shows an increase with an increase in the 
atomic number in the series: [Fe(CN)6]4~(l 13.1) < 
[Ni(GN)4]2-(113.4)<[Zn(GN)4]2-(113.7), [Pd(GN) 4 ] 2 " 
(113.3)<[Cd(CN)4]2-(113.6), and [Os(GN)6]4-(112.7) 
<[Pt(GN) 4 ] 2 "( l 13.2) < [Hg(GN) 4 ] 2 " ( l 13.5). This may 
be due to different symmetries of the complexes. The 
order of increasing AE is O h < D 4 h < T d . 

(8) The AE values for cyanide complexes are 
smaller than that for K G N ; AgCN and K 2 [Zn(GN) 4 ] 
are exceptions, however. 

These trends (1)—(8) will be discussed in more 
detail in the following section. 

D i s c u s s i o n 

The trends observed for ëthylenediamine and cyanide 
complexes will be discussed in order to correlate them 
with the electronic structure. The charge-potential 
model developed by Siegbahn and his co-workers5) 
is used to relate the shift in the core-electron binding 
energy to the charge distribution in a molecule. Ac­
cording to the model, the binding energy of the rele­
vant electron of the i atom can be given by: 

E, = E,° -{-kiÇi-{- S f t / n j . (1) 

In this equation, EL° is the energy of a reference level; 
qi and q^ the charges on the i and j atoms respectively, 
and rlj5 the internuclear distance between the i and 
j atoms. The last term of Eq. 1 represents an intra­
molecular Madelung-type potential. The value of the 
k parameter depends on the atomic species and can 
be obtained experimentally from the chemical-shift 
data in small molecules. Using Eq. 1, the difference 
between Nl s and Gls can be expressed as follows: 

AE = £N?N* - kcqc* + ( S ?i/riN*— S ft/rjc*) 

+ £N*° - Ec*°, (2) 

where the subscripts, N* and G*, denote, respectively, 
the particular nitrogen and carbon atoms under con­
sideration and where r1N* and rjC* are the distances 
of the i and j atoms from the particular nitrogen and 
carbon atoms. The £N and kc values are taken as 
21.5 and 21.9 for N l s and Gls respectively. (The 
units of the charge and the potential are e and V 
respectively.)5^ 

The Trends (1) and (2) Observed for Ëthylenediamine 
Complexes. The trends will be discussed by using 
Eq. 2. For the sake of simplicity, all the bond lengths 
and the charges on the carbon and hydrogen atoms 
are assumed to remain unchanged when the central 
metal is changed. Then, the difference in AE be­
tween two complexes can be obtained as follows: 

A{AE) = AE' - AE = M ? N * ' - ? N * ) + (ÎM'-ÎMJ/^MN* 

+ (?N ,-?N)(l+4y'T)/2rMN*, (3) 

where M refers to metal atoms, and N to nitrogen 

atoms different from N*, although qN = qN*, qN' = q^*\ 
and rMN=rMN*. I n t n i s a n c^ t n e following equations, 
the primed symbols refer to the complex containing 
the metal of higher atomic number. From the con­
servation of the charge, one obtains: 

?M' - ?M = - 6 ( ? N ' - ? N ) • (4) 

By substituting Eq. 4 in Eq. 3, one obtains: 

A(AE) = (^N
,-^N)(A:N-6/rMN+(l+4v /T)/2rMN). (5) 

If the bond length, rMN, is taken to be 2.0 Â, then 
the term, (£N —6/rMN + (l+4i/~2~)/2rM N), has a positive 
value of 2.3 V. 

The trend (1) shows that the A (Ais) values are 
positive for the sequence of Gr3 + and Go3 + (AECo — 
AECl=0.2 eV) and for Ni2+ and Zn2+ (AEZn-AEm = 
0.4 eV). Therefore, the term of (qN' — #N) is positive 
and the negative nitrogen charge decreases in going 
from Gr3+ to Go3+ and from Ni2+ to Zn2+. This 
change in the nitrogen charge results from an increase 
in the nitrogen-to-metal o donation with an increase 
in the atomic number, that is, with an increase in 
the effective nuclear charge. 

For square-planar bis ëthylenediamine complexes 
of Pd 2 + and Pt2 + , Eq. 2 leads to the following equation 
instead of Eq. 5 : 

A(A£) = (^N,-^N)(A:N-4/rMN+ ( 1 + 2 y T ) / 2 r M N ) . (5') 

The substitution of parameter values in Eq. 5' gives: 

A£ P t - A£ P d = 6 .5 (? N ' - ? N ) . 

The corresponding experimental A(AE) value is 0.4 
eV; thus, (qN

f — qN) is positive. This means a greater 
o donation in the Pt 2 + complex, which is consistent 
with the general tendency for the electronegativity 
to increase in going down the periodic table in its 
middle part , where the noble metals appear. 

The same argument applies to the trend described 
under (2) for a tervalent-metal complex to show a 
larger AE value when compared with the complex 
of a bivalent metal of a similar atomic number. A 
metal ion of a higher oxidation state is usually more 
electronegative and usually accepts a larger amount 
of negative charge from the coordinated nitrogen atoms. 
Thus, the trends observed in the AE values of ëthyl­
enediamine complexes can be well explained on the 
basis of Eq. 3 and correlated with the extent of the 
o donation. 

The Trends (3) Observed for the Octahedral Cyanide 
Complexes. Now, we shall turn to the cyanide 
complexes, [M(GN) 6 ] 3 " (M = Cr, Mn, Fe, and Go) 
and [M(GN) 6 ] 4 " ( M = M n and Fe). For these com­
plexes, Eq. 2 leads to: 

AE = kNqN + ?c/rCN + W M N + 4^c/"l/rMC
2 + rMN

2 

+ 4?N/V /~2>MN + ?c/(rMN + rMC) + W2rMN 

- (^cgc + W rNc + M̂/̂ MC + 4^ c /v /TrMc 

+ 4?N/ W M C 2 + rMN
2 + ?c/2rMC + W OMN + rMC) ), 

which gives the following equation for A(AE) with 
the metal-carbon and carbon-nitrogen bond lengths 
of 2.0 and 1.15 Â respectively: 

A(AE) = AE' - AE = 6.0forN'-$rN) 

- 1 5 .1 fo 0 ' - t f 0 ) - 2 . 6 ^ ' - ^ ) . (6) 
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TABLE 4. THE MULLIKEN CHARGES (IN e) AND CORE-ORBITAL ENERGY DIFFERENCES (IN eV) FOR [M(GN)6]3~ 

(M = Cr, Mn, Fe, AND GO) AND [Fe(GN)6]4", AS ESTIMATED BY DV-Xa MO CALCULATIONS 

Metal 
Carbon 
Nitrogen 
A £ ( N l s --Gls) 

Gr3+ 

+ 1.21 
- 0 . 1 7 
- 0 . 5 3 
110.0 

Mn3+ 

+ 1.13 
- 0 . 1 4 
- 0 . 5 5 
109.9 

Fe3+ 

+ 0.98 
- 0 . 0 5 
- 0 . 6 1 
109.9 

Fe2+ 

+ 0.83 
- 0 . 0 6 
- 0 . 7 4 
109.8 

Go3+ 

+ 0.84 
- 0 . 0 4 
- 0 . 6 0 
109.6 

With the relation between the charges given by: 

6 ( ? N ' - ? N ) + 6 ( ? c ' - ? c ) = -(qM'-qM)f (7) 

Eq. 6 can be written as: 

A(AE) = 21.6(<7N'-<7N) + 0.5(qc'-qc). (8) 

O n the basis of this equation, the relation between 
the atomic charges and A(AE) will be discussed in 
this and the following sections. 

Since the coefficient of (qc
f — Çc) 1S much smaller 

than that of (q^ — q^) in Eq. 8, we shall, for the present, 
ignore the (<?c' —<7c) term. With the XPS result, 
A ( A £ ) = - 0 . 4 e V , for Cr3+ and Co3+, Eq. 8 gives 
<7N' — <7N— ~~ 0.02. The negative value is to be expected 
from the qualitative consideration that the cobalt com­
plex with a larger number of an electrons will show 
a greater n back-donation, which increases the electron 
density at the nitrogen a tom; this tendency is, however, 
partially compensated for by the greater effective nu­
clear charge of Co 3 + . This may explain why the 
charge on nitrogen is slightly more negative in the 
cobalt complex than in the chromium complex. Con­
sistent results are obtained from the infrared spec­
troscopy, which shows that the force constant of the 
M - C vibration is greater for Go3 + than for Cr3 + , while 
that of G-N remains nearly constant.6) Table 4 shows 
the results of our D V - X a M O calculation,7) which 
are in qualitative agreement with the above findings, 
although the (qN' — qN) value ( — 0.07) and the A(AE) 
value (1.5 eV) derived from the calculated atomic 
charges are greater (in absolute values) than those 
obtained from the experimental results. The (qG'— 
qc) value is positive and greater than — (q^ — qN), 
showing that the o donation increases in going from 
the Gr3 + to the Go3 + complex by a larger amount 
than the increase in the n back-donation. The A(AE) 
value (0.4 eV) obtained as the difference of calculated 
N l s and G Is energies showed a good agreement with 
the XPS result (0.4 eV). 

The Trend (4) Observed between [M(CN)ey~ and 
[M(CN)e]*- (M=Mn and Fe). The relation of 
the charges between bivalent and tervalent complexes 

is: 
CM + §qc + 6?N ' = qM + 6qc + 6?N + 1.0, (9) 

where the prime refers to the tervalent complexes. 
If the geometry of complexes is the same as has been 
described above, the equation for A(AE) can be 
obtained as follows: 

A(AE) = A£(M3+) - A£(M2+) 

- 21.6faN ' -fN) + 0.5(qc'-qo) - 2 .6 . (10) 

Experimentally, the A(AE) value was found to be 
about 0.2 eV, so that we may write; 

0.2 + 2.6 - 21.6(?N ' -?N) + 0.5(qc'-qc). (11) 

Disregarding 0.5(qc' — qc), we obtain q^'— </N=0.13. 
According to the orbital mixing rule,8»9) a n back-
donation from metal to ligand will result in an in­
creased population at the nitrogen atom, but in an 
almost unchanged or even decreased population at 
the carbon atom. Thus, the XPS result can be taken 
as showing the effect of n back-donation; the extent 
of n back-donation is greater in the Fe 2 + than in the 
Fe 3 + complex. This is also shown by the force con­
stants reported for the M - G and G-N vibrations. 
Thus, the M - G force constant is greater for Fe 2 + 

than for Fe 3 + , while the G-N force constant is smaller 
for the Fe 2 + complex.10) The results of our M O 
calculations (given in Table 4) are also in good agree­
ment with the X P S results. Thus, the charges at 
the nitrogen atom of the complexes are —0.74 (Fe2+) 
and - 0 . 6 1 (Fe3+), which give ft/ —? N =0.13 . This 
agrees excellently with the result (0.13) derived from 
the X P S data by disregarding the qG'—qc term. 
Therefore, qc'—qc can be expected to be small, and 
a consistent result of qc' — qc=0.0\ is shown by the 
M O calculation. Thus, the positive A(AE) shows 
that the major part (more than 72%) of the decreased 
negative charge of the complex has been lost from 
the nitrogen atoms; for A(AZ£)=0.2 in the case 
under consideration, the loss from the nitrogen atoms 
amounts to 7 6 % . This means that the n back-donation 
greatly decreases in going from the Fe 2 + to the Fe 3 + 

complex. 
The Trend (5) Observed for the Isoelectronic Cyanide 

Complexes. The trend (5) will be discussed in 
the case of the octahedral complexes, e.g., [Fe(GN)6]4 _ 

and [Go(GN)6]3~. If 0.5(qc' — qc) is ignored in com­
parison with 21.6(<7N' — </N) in Eq. 8, we obtain: 

0.1 + 2.6 = 21.6foN ' -?N) , (12) 

where the prime refers to tervalent complexes. Equa­
tion 12 gives 0.13 for the value of (<7N' — q^), which 
is in good agreement with the value of 0.14 obtained 
from the D V -X a M O calculation for the Fe 2 + and 
Go3 + complexes.10) The above argument on the basis 
of XPS results is also supported by the small value 
°f ( ? c ' - ? c ) (=0 .02) from DV-Xa. 

In the cases of [Au(CN) 2 ] - and [Hg(GN)2] with 
Dooh symmetry ( N - G - M - G - N ) , the metal-carbon and 
carbon-nitrogen bond lengths are taken to be 2.0 
and 1.15 Â respectively, and the relation between the 
charges is given by: 

2?N' + 2qc + qu = 2?N + 2?c + ?M + 1.0, (13) 

where the prime refers to [Hg(CN) 2] . Then, the 
following equation can be obtained: 

A(AE) = 13.7foN'-tfN) - 4.9(<7c '-?c) - 2 .6 . (14) 

As a first approximation, {qG'—qc) is disregarded, as 
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TABLE 5. T H E MULLIKEN CHARGES (IN e) AND CORE-

ORBITAL ENERGY DIFFERENCES (iN e V ) FOR Dooh 

SYMMETRY COMPLEXES, AS ESTIMATED BY 

D V - X a M O CALCULATION 

Metal 
Carbon 
Nitrogen 
A£(Nl s --Cl 

[Ag(GN)J-

+ 0.42 
- 0 . 2 2 
- 0 . 5 0 

s) 110.2 

[Au(CN)J-

+ 0.33 
- 0 . 1 7 
- 0 . 4 9 
109.7 

[Hg(CN)2] 

+ 1.11 
- 0 . 2 6 
- 0 . 3 0 
110.5 

in the above cases. Then, with the observed A(AE) 
value of 0.3 eV, we obtain qN

f — </N = 0.21, which means 
a smaller n back-donation in [Hg(CN)2] than in 
[Au(GN)2]~. This can be expected from the higher 
nuclear charge of the central ion for the former. T h e 
M O calculation gave a consistent result, qN'— <7N = 
0.19.n> However, the M O calculation showed that 
(qc—qG) ( = —0.09) is not so small (in absolute value) 
as to be neglected. 12> The negative value means that 
the carbon atom has a more negative charge when 
it is coordinated to Hg2+ than when linked to Au+. 
This might seem to contradict the higher electro­
negativity of H g 2 + ; however, it can be understood 
electrostatically by considering the higher polarizing 
power of Hg2+. It is also consistent with the molecular 
orbital consideration that the greater n back-donation 
in the Au + complex will cause a more extensive mixing 
of the antibonding GN~ n orbital into the bonding 
GN~ n, in-phase at N and > ut-of-phase at C. The 
importance of the change in n back-donation has 
also been demonstrated in this case. Calculating 
A(AE) with the atomic charges from the M O cal­
culation, we obtain 0.4 eV for A(AE), which is nearly 
equal to the XPS result (0.3 eV). (The A £ ( N l s -
Gls) values directly obtained from the M O calculation 
(Table 5) also show a consistent trend, although the 
A(AE) value is twice as large.) 

The Trend (6) Observed for Complexes of the Metals 
of the Same Family. The AE value slightly de­
creased in going down the periodic table in each 
family. A discussion of A(AE) similar to those made 
above cannot be made here, because the differences 
in the M - G distance are appreciable in the present 
case. With the calculated atomic charges for the 
Ag+ and Au+ complexes (Table 5), however, Siegbahn's 
equation gave a A(AE) value ( — 0.1 eV) consistent 
with the XPS result ( - 0 . 2 eV). 

The Trend (7) Observed between Complexes of Different 
Symmetries. The coordination of cyanide ions to 
a metal ion results in a shift of the negative charge 
from the ligands to the m~tal ion. When the oxidation 
number of the metal ion remains the same, the total 
charge received by the metal ion will not remarkably 
change from one metal ion to another. Thus, the 
donation per ligand will be less in [Fe(CN)6]4~ than 
in [Ni(GN)4]2~, for example. The smaller net dona­
tion can be attributed to a smaller o donation or 
to a larger n back-donation; the former leaves more 
negative charge on G, and the latter increases the 
electronic density on N. The observed tendency for 
the AE value to be smaller for a hexacyano than for 

a tetracyano complex implies the importance of the 
effect of the n back-donation. Among the tetracyano 
complexes, the observed AE value is smaller for a 
planar than for a tetrahedral coordination. This may 
also indicate a greater n back-donation in the planar 
complexes. 

The Trend (8) Observed for Most of the Cyano Complexes. 
As has been described above, the electronic density 
of the cyanide ion is decreased on G, and increased 
on N, by the ligation of the cyanide ion to a metal 
ion. Thus, compared with the free cyanide ion, the 
AE value can be expected to be smaller in a complex. 
This is demonstrated by the XPS results (Table 3). 
The exceptionally high AE value for [Zn(GN)4]2~ 
may be attributed to the poor n back-donation and/or 
the polarization of the G N _ ligand. Though less 
pronounced, a similar situation is also found in other 
tetrahedral complexes. The Gr3+ ion is the hardest 
of the metal ions listed in Table 3 and has only three 
dn electrons. Thus, a large AE value can be expected 
for [Cr(GN) 6 ] 3 - , in agreement with the X P S results. 

Conclus ion 

The AE value, the difference between the N l s 
and G Is orbital energies, was measured for various 
ethylenediamine complexes and cyano complexes. The 
following trends were observed. 

1) The AE value was not influenced by the counter 
ion or by the charging-up of the sample, and the 
observed trends could be related to the trends in the 
charge distribution of the complex and the character 
of the coordinate bond by making use of Siegbahn's 
equation and also by means of the D V -X a M O calcu­
lation. 

2) For ethylenediamine complexes, the AE value 
increased in the following orders: G r 3 + < G o 3 + , N i 2 + < 
Gu 2+<Zn 2+, and Ni 2 +<Pd 2 +<Pt 2 +. These indicate 
the sequences of the decreasing negative charge of 
the nitrogen atom or the increasing donation of elec­
trons from ligand to metal. 

3) For cyanide complexes, the following trends are 
found and explained. The AE value increased in the 
following orders: Gr 3 +<Ma 3 +<Fe 3 +<Go 3 +, M a 2 + < 
Fe2+, M n 2 + < M n 3 + , Fe2+<Fe3+, Mn 2 +<Fe 3 +, Fe 2+< 
Go3+, Au+<:Hg2+, Os2+<Fe2+, P t 2 +<Pd 2 +<Ni 2 +, 
Au+<Ag+, H g 2 + < C d 2 + < Z n 2 + (for complexes of the 
same symmetries), and O h < D 4 h < T d (for those of 
different symmetries). In the [M(GN)6]3~ ( M : Gr-> 
Go) and [M(GN) 6 ] 4 " ( M : Mn->Fe) series, Siegbahn's 
equation shows that the tendency observed in AE 
reflects mainly the change in the nitrogen charge. 
The greater change in the carbon charge, as shown 
by the D V - X a calculation, has a minor effect on the 
AE value. In [M(CN) 6 ]»- ( M = M n and Fe), the 
nitrogen charge becomes less negative by about 0.1 
in going from the M 2 + to the M 3 + complex with 
a decreasing n back-donation, whereas the carbon 
charge remains almost unchanged. For complexes of 
different metal ions with the same electronic configura­
tion, the AE value is controlled by the nitrogen charge, 
whose difference is about 0.2 between Hg 2 + and A u + 

and 0.13 between Mn2+ and Fe 3 + and between Fe 2 + 
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and Co 3 + . The n back-donation is shown to be also 
important in accounting for the trend observed in 
the AE values of complexes of different geometries 
and of free C N _ . 

4) The DV-Xa M O calculation gave results consist­
ent with the X P S results, thus showing its usefulness 
for the interpretation of the X P S results. 

This work was supported in part by a Grant-in-Aid 
for Scientific Research No. 510806 from the Ministry 
of Education, Science and Culture. 
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The Stereochemistry and Reactivity of Metal-Schiff Base Complexes. IV. 
The Stereoselectivity of iV,iV'-Ethylenebis(a-methylsalicylideneaminato)-

cobalt(III) Complexes with iV-Benzyl-L-alanine, iV-Methyl-L-alanine, 
and iV-Benzyl-iV-Methyl-L-alanine, and the Stereospecificity 
of (IS, 2S)-iV,iV/-l,2-Cyclohexylenebis(salicylideneaminato)-

cobalt(III) Complexes toward iV-Benzyl-L-alanine 
Yuki FUJI I , * Makoto MATSUFURU, Akira SAITO, and Sakiko TSUCHIYA 

Department of Chemistry, Faculty of Science, Ibaraki University Bunkyo-cho, Mito, Ibaraki 310 
(Received November 14, 1980) 

Gobalt(III) complexes containing iV-alkyl-L-alanine and a Schiff base ligand, /?2-[Co(a-Me-sal2en)(iV-R-
L-ala)] (where a-Me-sal2en represents the dianion of iV,iV'-ethylenebis(a-methylsalicylideneamine) and iV-R-
L-ala denotes the anion of titled amino acids), have been prepared. They were characterized by the use of the 
absorption, circular dichroism, and XH NMR spectra of the complexes. They showed quite high stereoselectivity 
for -dES-/?2-confjguration: 93% for iV-methyl-L-alanine, and almost 100% for iV-benzyl-L-alanine and JV-benzyl-iV-
methyl-L-alanine. The similar yff2-Go(sal2-(5,5)-chxn) complexes with iV-benzyl-L- and JV-benzyl-D-alanines, 
where sal2-(6',6')-chxn represents the dianion of (l£,2£)-iV,iV'-l,2-cyclohexylenebis(salicylideneamine), have been 
synthesized to investigate the stereospecificity of the complex toward iV-benzyl-L-alanine. It was found that 
Co(sal2-(6',6')-chxn) complex reacts with iV-benzyl-L-alanine in a high stereospecificity (93-—94% at the 1:2 re­
action molar ratio between the complex and racemic iV-benzylalanine, and almost 100% at the 1:100 molar 
ratio). The above phenomena were explained in terms of the thermodynamic selectivity of the complexes. 

The steric control of the diastereoisomers of metal 
complexes is one of the interesting subjects in the 
stereochemistry of coordination compounds. Many 
studies have been directed toward the stereoselec­
tivity or stereospecificity of Co(N4) complexes with 
a chiral amino acid,1) where (N4) denotes a tetramine 
ligand such as (en)2 or trien. However, the sterec-
selectivity of the [Co(N4)(aa)]2+ complexes is not so 
high. For examples, the isomeric ratio of the dia­
stereoisomers, A/A, at the equilibrium conditions is 
about 50/50 in [Co(en)2(L-ala)]2+,2> 37/63 in [Co-
(en)2(L-val)]2+,2) 33/67 in £2-[Co(trien)(L-pro)]2+,3) 

and 18/82 in /52-[Co(pyht)(L-ala)]2+.4) In the case 
of Co(N4) complexes with iV-alkyl-L-amino acid, the 
stereoselectivity is higher than the corresponding L-
amino acidato complex; but the A/A ratio is 80/20, 
60/40, or 90/10 in [Co(en)2(i^-Me-L-ala)]2+,5) ß2-
[Co(trien)(iV-Me-L-ala)]2+,6> or ß2-[Co(2{S)\0(S)-Me2-
2,3,2-tet)(iV-Me-L-ala)]2+ 7> respectively.8) 

We have recently found that the stereoselectivity of 
cobalt(III)-Schiff base complexes with a chiral amino 
acid, ß2- [Go(Schiff base)(L-aa)], is much higher than 
that of the corresponding Co(N4) complexes: A/A is 
67/33 in the L-ala complex, 90/10 in the L-phe com­
plex, and about 0/100 in the L-pro complex.9 '10) I t 
is most interesting that the stereoselectivity of the 
L-pro complex reaches almost 100%,. This quite high 
stereoselectivity of the L-pro complex comes from the 
strong intramolecular steric repulsion between the 
Schiff base ligand and the pyrrolidine ring, a kind 
of JV-alkyl group, of L-proline. Therefore, in the Co-
(III)-SchifF base system, it can be expected that the 
iV-alkyl amino acidato complex may show quite high 
stereoselectivity. 

In this paper, the preparation and the stereoselec­
tivity of Co(a-Me-sal2en) complexes with JV-methyl-
L-alanine, iV-benzyl-L-alanine, and iV-benzyl-JV-methyl-
L-alanine will be studied to establish a quite high 
steric control of the diastereoisomers of amino acidato 

cobalt(III) complexes. T h e optical resolution of amino 
acids11) will be used to study the stereospecificity of 
Co(sal2-(,S',5')-chxn) complex toward JV-benzyl-L-ala-
nine. 

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

Preparation of the Complexes. [Co(a-Me-sal2en)] was 
prepared by the method of Bigotto et a/.12> [Co(sal2-(»S',5')-
chxn)] was prepared by the method described in Ref. 13. 
(l£,2£)-l,2-Cyclohexanediamine was resolved by the method 
reported in Ref. 13. iV-Alkyl amino acids were prepared 
by the method of Quitt et al.u) 

[Co(a-Me-saLen)(N-Bz-L-ala)]. 1:1 Mixture of A R S -
and &ss-ßx-Isomers (Complex I)'. iV-Benzyl-L-alanine (2.1 g, 
1.2xl0~2mol) in a mixed solvent of water (20 cm3) and 
methanol (130 cm3) was added to a slurry of [Go(a-Me-
sal2en)] (3.8 g, 1.1 x 10~2 mol) in chloroform (250 cm3). The 
mixture was stirred vigorously in the open air for about 
7 min until the color of the solution became green. After 
a trace amount of unreacted [Co(a-Me-sal2en)] had then 
been filtered off, water (about 500 cm3) was added to the 
filtrate; then the water-soluble component was extracted 
into water (twice). The chloroform layer was filtered, and 
petroleum ether (about 2 dm3) was added to the filtrate 
to give a green powder. Since the reaction product is labile 
in isomerization in solution, the above procedure should 
be carried out as quickly as possible. When the procedure 
took about 15 min, the green precipitate thus obtained 
showed the molar rotation at 435 nm of — 1.95x10*° (c= 
l.Ox 10 -3 mol dm - 3 ; chloroform, soon after dissolution), 
which corresponds to a 1:2 mixture of J s s - and .JRS-/?2-
isomers of [Co(a-Me-sal2en)(iV-Bz-L-ala)]. Yield, about 4.0 
g. Found: G, 62.27; H, 5.61; N, 7.77%. Galcd for 
CoC28H30N3O4.0.5H2O: G, 62.22; H, 5.78; N, 7.77%. 
The 1:1 mixture was obtained by treating the 1:2 mixture 
as follows. The 1:2 mixture (0.4 g) was dissolved in chlo­
roform (20 cm3), and acetone (30 cm3) was added to it. 
The solution was concentrated to a small volume with a 
rotary vacuum evaporator at about 40 °C. The green 
powder thus obtained was washed with acetone and dried 
under vacuum. Yield, about 0.2 g. Found: C, 59.30; H, 
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5.36; N , 7.36%. Galcd for CoC 2 8 H 3 0 N 3 O 4 -0 .5H 2 O-0.5 
GHG13 : C, 59.49; H, 5.52; N , 7.37%. [ M ] 4 3 5 = - 2 . 5 0 x 
103° ( £ = 1 . 0 x 10~3 mol d m - 3 ; chloroform, soon after dis­
solution) . 

ARS-ß2-Isomer (Complex II) : Method A. O n e gram of 
the green powder ( [ M ] 4 3 5 = —1.95 X 104°) obtained above 
was dissolved in the mixed solvent of chloroform (30 cm3) 
and methanol (30 cm3) . T h e solution was slowly concen­
trated to a small volume at room temperature to give green 
crystals in about an 8 5 % yield. Found : G, 51.48; H , 5.13; 
N, 6 .26%. Galcd for GoG 2 8H 3 0N 3O 4• 1 .5H 2 0-GHG1 3 : G, 
51.38; H , 5.05; N , 6 .20%. [ M ] 4 3 5 = - 4 . 3 8 x 104° ( * = 1 . 0 x 
10~ 3 moldm~ 3 ; chloroform soon after dissolution). 

Method B. JV-Benzyl-L-alanine (2.1 g, 1 . 2 x l 0 - 2 m o l ) in 
a mixed solvent of water (20 cm3) and methanol (130 cm3) 
was added to the slurry of [Go(a-Me-sal2en)] (3.8 g, 1.1 X 
10~2 mol) in chloroform (175 cm3) . T h e mixture was stirred 
vigorously in the open air for 2 h. After a trace amount 
of brownish by-product had been filtered off, the filtrate 
was slowly concentrated to a small volume. T h e green 
crystals thus obtained were recrystallized from a mixed 
solvent of chloroform and methanol (1:1 in volume). Yield, 
about 4.2 g. Found : G, 51.67; H, 5.06; N, 6.32%. Galcd 
for CoC 2 8 H 3 0 N 3 O 4 -1 .5H 2 O-CHCl 3 : G, 51.38; H, 5.06; 
N, 6 .20%. [ M ] 4 3 5 = - 4 . 3 8 x l 0 4 ° ( * = 1 . 0 x 10~3 mol d m " 3 ; 
chloroform, soon after dissolution). W h e n the complex was 
recrystallized from methanol and water, green crystals with­
out any crystalline chloroform were obtained. Found : G, 
58.36; H , 6.10; N , 7.29%. Galcd for GoG 2 8H 3 0N 3O 4 • 
2 . 5 H 2 0 : G, 58.33; H , 6.12; N , 7.29%. [ M ] 4 3 5 = - 4 . 3 8 x 
104° ( c = 1 . 0 x 10~3 mol d m - 3 ; chloroform, soon after dis­
solution) . 

[Co(a-Me-sal2en)(N-Me-L-ala)]. 7:7 Mixture of ARS-
ß2-Isomer and A-ß^-Isomers (Complex III) : iV-Methyl-L-ala-
nine (1.3 g, 1 . 2 x l 0 ~ 2 m o l ) in a mixed solvent of water 
(10 cm3) and methanol (100 cm3) was added to the slurry 
of [Go(a-Me-sal2en)] (3.7 g, l . l x l 0 - 2 m o l ) in chloroform 
(250 cm3) . T h e mixture was stirred vigorously in the open 
air for about 10 min, until the solution became green. After 
a trace amount of unreacted [Go(a-Me-sal2en)] had been 
filtered off, water (500 cm3) was added to the filtrate to 
extract the water-soluble component into water (twice). 
T h e chloroform layer thus obtained was filtered, and petro­
leum ether (about 2 dm3) was added to the filtrate to give 
green powder in about a 3.5 g yield. I t was dried under 
vacuum. When this procedure took about 20 min, the 
green product thus obtained showed [M] 4 3 5 of —1.44 x 
104° ( c = 1 . 0 x 10 - 3 mol d m - 3 ; chloroform, soon after dis­
solution), which corresponds to the 1:2 mixture of A- and 
ylRS-/?2-isomers. T h e 1:1 mixture was obtained by the 
following procedure. T h e green powder (0.8 g) obtained 
above was dissolved in chloroform (20 cm3) , and acetone 
(20 cm3) was added to it. When the solution was concen­
trated to a small volume with a rotary vacuum evaporator 
at about 40 °G, the 1:1 mixture was precipitated as a green 
powder in about a 4 0 % yield. Found : G, 56.47; H , 5.82; 
N , 8 .95%. Galcd for GoG 2 2 H 2 6 N 3 O 4 -0 .5H 2 O: G, 56.90; 
H , 5.86; N , 9 .05%. [ M ] 4 3 5 = - 6 . 1 x 103° ( * = 1 . 0 x 10~3 mol 
d m - 3 ; chloroform, soon after dissolution). 

ARS-ß2-Isomer (Complex IV) : One gram of the green 
powder obtained above (the 1:2 mixture of A- and ARS-
/?2-isomers) was dissolved in a mixed solvent of chloroform 
(10 cm3) and methanol (30 cm3) , and the solution was 
warmed at about 50 °G for 7 h. W h e n petroleum ether 
(about 300 cm3) was added to the solution, the ARS-ß2-
isomer was precipitated as a green powder in about an 8 0 % 
yield. I t was dried under vacuum. Found : G, 56.64; 
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H, 5.91; N, 8.82%. Galcd for GoG 2 2 H 2 6 N 3 O 4 -0 .5H 2 O: 
G, 56.90; H , 5.86; N , 9 .05%. [ M ] 4 3 5 = - 4 . 1 5 x 104° (c= 
l .Ox 10 - 3 mol dm~ 3 ; chloroform, soon after dissolution). 

When the 1:2 mixture obtained above was recrystallized 
from a mixed solvent of methanol and water, green crystals 
with [M] 4 3 5 of - 2 . 4 0 X 1 0 4 0 ( c = 1 . 0 x l 0 - 3 m o l d m - 3 ; chlo­
roform, soon after dissolution) were isolated in an 8 5 % 
yield. T h e product corresponds to the 1:4 mixture of A-
and JR S -^ 2 - isomers . Found : G, 56.72; H, 5.99; N , 8 .93%. 
Galcd for GoG 2 2 H 2 6 N 3 O 4 -0 .5H 2 O: G, 56.90; H , 5.86; N , 
9 .05%. 

ARS-ß2-[Co(oc-Me-sal2en) (N-Bz,Me-L-ala)] (Complex V). 
This complex was prepared by a method similar to that 
employed for the preparat ion of ylRS-/?2-[Co(a-Me-sal2en)-
(JV-Bz-L-ala)] (Complex I I ) , as mentioned above (Method 
B). When the complex was recrystallized from methanol 
and water, it was obtained as a green powder in about a 
7 0 % yield. Found : G, 60 .61 ; H , 6.22; N, 7.15%. Galcd 
for C o C 2 9 H 3 2 N 3 0 4 1 . 5 H 2 0 : G, 60.84; H, 6.16; N , 7.34%. 
[ M ] 4 3 5 = - 4 . 1 2 x l 0 4 ° ( c = 1 . 0 x l 0 - 3 m o l d m - 3 ; chloroform). 

ARS-ß2-[Co(sal2-(S9S)-chxn)(N-Bz-i.-ala)] (Complex VI). 
JV-Benzyl-L-alanine (0.27 g, 1.5 X 10 - 3 mol) in a mixed solvent 
of water (10 cm3) and methanol (20 cm3) was added to 
a slurry of [Go(sal2-(6',6 ,)-chxn)] (0.5 g, 1 . 3 x l 0 - 3 m o l ) in 
methanol (40 cm3) . T h e mixture was stirred vigorously 
in the open air for about 1 h to give a green solution. When 
the green solution was concentrated to a small volume, 
green crystals were obtained in about an 0.6 g yield. They 
were recrystallized from methanol . Found : G, 60.70; H, 
6.21 ; N, 7 .18%. Galcd for GoG 3 0 H 3 2 N 3 O 4 -2H 2 O: G, 60.71 ; 
H , 6 .11; N, 7 .08%. [ M ] 4 3 5 = - 3 . 9 4 x 104° ( c = 1 . 0 x l 0 - 3 

mol d m - 3 ; methanol) . 

7:7.5 Mixture of A-RS and ARR-ß2-[Co(sal2-(S,S)-chxn)(N-
Bz-B-ala)] (Complex VII). This complex was prepared 
by a method similar to tha t employed for the preparation 
of Complex V I . I t was obtained as a green powder in 
about a 7 0 % yield. F o u n d : G, 60.56; H , 6.18; N , 7.27%. 
Calcd for G o C 3 0 H 3 2 N 3 O 4 - 2 H 2 O : G, 60.71; H, 6.18; N , 
7.08%. [ M ] 4 3 5 = - 8 . 6 x l 0 3 ° ( c = 1 . 0 x l 0 - 3 m o l d m - 3 ; me­
thanol) . 

The Optical Resolution of N-Benzylalanine with [Co(sal2-(S,S)-
chxn)]. Racemic iV-benzylalanine (0.47 g, 2 .64x 10~3 

mol) in water (20 cm3) was added to the slurry of [Co(sal2-
( S ^ - c h x n ) ] (0.5 g, 1.32 X 10"3 mol) in methanol (100 cm 3) . 
T h e mixture was stirred in the open air for about 1 h. T o 
the resulting green solution, chloroform (250 cm3) and water 
(250 cm3) were added, and the mixture was shaken for about 
5 min. T h e chloroform layer (A) and the water layer (B) 
were separated with a sépara tory funnel. Water (150 cm3) 
was added to the chloroform layer (A), and a residual trace 
amount of iV-benzylalanine was extracted into the water 
layer (G). Then , chloroform (150 cm3) was added to the 
water layer (B), and a residual trace amount of green com­
plex was extracted into chloroform layer (D). T h e water 
solutions (B) and (C) were mixed together, and the resulting 
mixture was evaporated to dryness. A white precipitate 
was obtained in about an 0.23 g (98%) yield. T h e precipi­
tate was confirmed to be iV-benzylalanine from its *H N M R 
spectrum and the elemental analysis. T h e optical purity 
of the iV-benzylalanine was determined to be 9 3 % (D-form) 
by the method of Ref. 15. 

T h e chloroform solutions (A) and (D) were combined 
and the mixture was evaporated to dryness. T h e green 
powder thus obtained was washed with water. This green 
powder was then partially dissolved in a mixed solvent of 
methanol (50 cm3) and water (100 cm3) , NaBH 4 (0.05 g, 
1.32 X 10~3 mol) was added to the mixture. T h e mixture 
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Fig. 1. The absorption spectrum of [Go(a-Me-sal2en)] 
in GHG13 under nitrogen ( ), and those for the 
reaction solution of [Go(a-Me-sal2en)] (1.0xl0~3mol 
dm -3) and JV-benzyl-L-alanine (1.1 X 10~3 mol dm -3) 
in a mixed solvent of GHG13 and GH3OH (4:1) 
under the air-oxidation conditions. ( ) : Soon 
after reaction, ( ) : at the equilibrium conditions. 

was stirred vigorously for about 15 min until an orange 
precipitate of [Go(sal2-(6',6')-chxn)] appeared. The precipi­
tate was filtered, and water (250 cm3) and chloroform (250 
cm3) were then added to the filtrate to extract a trace amount 
of orange complex into the chloroform. The pH of the 
water solution was adjusted to about 7 with dil HG1, and 
then the solution was evaporated to dryness to give a white 
powder. Methanol (150 cm3) was added to the white pre­
cipitate to extract iV-benzylalanine into methanol. When 
the methanol solution was concentrated to a small volume, 
a white precipitate was obtained in about an 0.24 g yield. 
The precipitate was confirmed to be iV-benzylalanine, con­
taminated by a small amount of H3B03 from the xH NMR 
spectrum and the elemental analysis. No further purifica­
tion was attempted. The optical purity of the JV-benzyl-
alanine was 94% (L-form) .15> 

Measurements. The electronic absorption spectra were 
recorded with a Hitachi EPS-3 Spectrophotometer at 23 °G. 
The GD spectra were measured with a JASGO J-20 
Automatic Recording Spectropolarimeter at room tempera­
ture. The optical rotation at 435 nm was measured with 
a JASGO DIP-140 Digital Polarimeter. The *H NMR spec­
tra were recorded with a Hitachi R-20 Spectrometer (60 
MHz) using TMS as the internal reference at 35 °G. 

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

The Reaction of [Co(oc-Me-sal2en)~\ with N-Alkyl-~L-
alanine, and the Preparation and Properties of ß2-[Co(oc-
Me-sal2en) (N-R-iu-ala)] Complexes. 1) ß2-[Co(oc-
Me-sa^enJfN-Bz-iu-ala)]: Figure 1 shows the absorp­
tion spectrum of [Go(a-Me-sal2en)] and that of the 
reaction solution of [Co(a-Me-sal2en)] and iV-benzyl-
L-alanine under air-oxidation conditions. Figure 2 
shows the time dependences of the absorbance at 600 
nm and the rotation at 435 nm for the reaction solu-
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Fig. 2. The time dependences of the absorbance at 

600 nm ( ) and the rotation at 435 nm ( ) 
for the reaction solution of [Go(a-Me-sal2en)] (1.0 X 
10_ 3moldm-3) and iV-benzyl-L-alanine (1.1 x l O - 3 

mol dm -3) in a mixed solvent of GHG13 and GH3OH 
(4:1) under the air-oxidation conditions at 35 °G. 
Gell length=1.0cm. 
A: Those for the initial reaction, B: those for the full 
reaction, G plot of ln|aoo — a t | vs. the time. 

tion. T h e absorbance at 600 nm becomes almost con­
stant within a few minutes after the initiation of the 
reaction, and the absorption spectrum soon after re­
action closely resembles that at the equilibrium con­
ditions. Further, the absorption spectra are very 
similar to those of the ß2-[Co(a-Me-sal2en)(L-aa)].8 '9»16) 
Accordingly, it seems that the complexation between 
[Go(a-Me-sal2en)] and iV-benzyl-L-alanine proceeds 
quite rapidly to form ß2-[Co(a-Me-sal2en)(iV-Bz-L-ala)]. 
O n the other hand, the rotation at 435 nm of the 
reaction solution shows a small plus value soon after 
reaction, but it changes gradually to show a large 
minus value at the equilibrium conditions. The plot 
of In \ocoo — oct\ vs. the time for the mutarotat ion gives 
a straight line, as is shown in Fig. 2. These facts 
indicate that the reaction produces a mixture of two 
species: ( + ) 4 3 5 - and ( —)435-isomers of ß2-[Co(a-Me-
sal2en)(iV-Bz-L-ala)] complex, and then the ( + ) 4 3 5 -
isomer thus formed isomerizes slowly to the (—)435-
isomer. In fact, as has been mentioned in the Ex­
perimental section, from the initial reaction solution, 
a green powder with a small minus rotation at 435 
nm (represented as Complex I) was isolated. From 
the equilibrium solution, green crystals with a large 
minus rotation at 435 nm (Complex II) were isolated. 
Both complexes had the same composition that cor­
responding to [Co(a-Me-sal2en)(iV-Bz-L-ala)], and their 
absorption spectra resemble not only each other but 
also those of the reaction solution mentioned above. 
Further, the mutarotat ion curve for Complex I was 
very similar to that for the reaction solution: the 
slopes of the plots of In |a«>—at\ vs. the time for both 
mutarotations were the same. Therefore, it can be 
concluded that [Co(a-Me-sal2en)] reacts with N-
benzyl-L-alanine quite rapidly to form a mixture of 
the ( + ) 4 3 5 - and (—)435-isomers of ß2-[Co(a-Me-sal2en)-

file:///ocoo
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TABLE 1. T H E *H NMR SPECTRAL DATA OF THE COMPLEXES ((5)a>>d> 
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Complex C-CH3
C> N-CH, CH,-C=N Others 

Ib> 

IP) 

IIP) 

IVb> 

V 

VI 

VII 

0.70 
0.82 
1.29 
1 

[1. 

si»-
0.70 
0.82 [3] 

0.40 
0.51 

0.83 
0.92 

[1 . 

[1 . 

[3] 

[3] 

[3] 

5] 

5] 

1 .12} n 
1.24)L1 

1.35) 
1.48M-1 

8] 

2] 

2.15 
2.24 [3]c> 

2.15 
2.24 }[3]< 

2.15 [3] 

2.73[3] 4.0(HDO), 4.1 (multiplet of N-CH 2-0) , 3.8—4.6 
2.82[3] (broad multiplet of N-GH2-GH2-N), 6.4-7.8 

(multiplet of phenyl protons) 

2.73[3] 4.0(HDO), 4.1 (multiplet of N-GH2-0), 3.8—4.6 
2.82[3] (broad multiplet of N-GH2-GH2-N), 6.4—7.8 

(multiplet of phenyl protons) 

2.68[3] 4.1 (HDO), 3.6—4.7(broad multiplet of N-CH 2-
2.77 [3] GH2-N), 6.5—7.7(multiplet of phenyl protons) 

2.68[3] 4.1(HDO), 3.6—4.7(broad multiplet of N-CH 2 -
2.77[3] GHa-N), 6.5—7.7(multiplet of phenyl protons) 

2.66[3] 4.1 (HDO), 3.5—4.7(broad multiplet of N-GH2-
2.79[3] GHa-N), 6.5—7.7(multiplet of phenyl protons) 

7.85[1] 1.5—2.3(multiplet of G6H10), 4.1 (HDO), 3.4—3.7 
8.05 P ] (GH2-0), 6.5—7.7(multiplet of phenyl protons) 
(H-G=N) 

7.79[2] 1.5—2.3(multiplet of G6H10), 4.1(HDO), 3.37 
(H-G=N) (GH2-0), 6.5—7.7(multiplet of phenyl protons) 

a) Solvent — CD3OD-fCDCl3(l : 4). b) Soon after dissolution, c) Doublet, d) [ ] represents relative peak area. 

* * 

^ H W V V V 

Vflv **v«mw«W Vww 

1.5 0 . 5 1,5 0.5 0 , 5 

Fig. 3. The « N M R spectrum of Complex I (1:1 
mixture of Ass- and 74RS-/?2-[Co(a-Me-sal2en)(iV-Bz-
L-ala)]) in a mixed solvent of GDG13 and GD3OD 
(4:1) soon after dissolution. 
a, b, and c are the time dependences of G-GH3 signal 
of the coordinated iV-benzyl-L-alaninate. 
a: About 3 min after dissolution, b : about 10 min 
after, c: at the equilibrium conditions. 

(iV-Bz-L-ala)] complex, and the (+)4 3 5-isomer thus 
formed isomerizes slowly to the (—)435-isomer. I t has 
already been shown that ß2-Co(a-Me-sal2en) com­
plexes with L-amino acids are labile in isomerization 
between A- and ^-configurations.8»9) O n the other 
hand, no mutarotat ion was observed for Complex I I . 

Figure 3 shows the ^ N M R spectra of the N-Bz-
L-ala complexes. The numerical data are listed in 
Table 1. The 1 H N M R spectrum of Complex I ex­
hibited a time dependence in its methyl signal of 
the coordinated N-benzyl-L-alaninato ligand, and that 
of the complex at the equilibrium conditions coincided 
with that of Complex I I . T h e methyl signal of Com­
plex I soon after dissolution consists of two doublets 
at 0.77 and 1.35 ppm (center of the doublet) with 
the relative intensity ratio of about 1:1. Complex 
I I shows only one doublet at 0.77 ppm. No other 
peaks or shoulders were observed for the methyl signal. 
These facts strongly support the assertion that only 
two species, the ( + ) 4 3 5 - and (—)435-isomers, are in­
volved in the mutarotat ion of Complex I. From the 
1 H N M R spectra, it can be concluded that 1) Complex 
I is the 1:1 mixture of the ( + ) 4 3 5 - and (—)435-isomers 
of ß2-[Co(a-Me-sal2en)(iV-Bz-L-ala)], 2) Complex I I 
is the pure ( —)435-isomer of the iV-Bz-L-ala complex, 
and 3) the stereoselectivity at the equilibrium con­
ditions of the N-Bz-L-ala complex is almost 100%. 
As will be mentioned later, the ^RS-/?2-structure is 
assigned to the (—)435-isomer, and the / ^ - / ^ - s t r u c ­
ture to the (+)4 3 5-isomer. Here, it should be noted 
that 1) the formation of both ( + ) 4 3 5 - and (—)435-
isomers in the initial reaction between [Co(a-Me-
sal2en)] and iV-benzyl-L-alanine can be regarded as 
kinetic in origin,9) 2) the isolation of the 1:1 mixture 
°f (+)435- a n d ( —)435-isomers from the solution of 
the 1:2 mixture may be due to the lower solubility 
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Fig. 4. The mutarotation (A) and the plot of In | a«> — 

a t | vs. the time (B). 
A' and B' show those of the initial reaction solution, 
a: The reaction solution of [Go(a-Me-sal2en)] (1.0X 
10-3 mol dm"3) with JV-methyl-L-alanine ( 1.1 X 10"3 

mol dm~3) in a mixed solvent of GHG13 and GH3OH 
(4:1) under the air-oxidation conditions at 35 °G, 
b : Complex IV (JRS-^2-[Go(a-Me-sal2en)(iV-Me-L-
ala)]) (1.0 X 10"3 mol dm~3) in the same conditions as a. 

of the 1:1 mixture as compared with the solubility 
of the 1:2 mixture, and 3) the preference of the ( — )435-
isomer at the equilibrium conditions should come from 
a thermodynamic origin. The thermodynamic stereo­
selectivity of the N-Bz-L-ala complex will be mentioned 
later in detail. 

2) ß2-[Co(oc-Me-sal2en)(N-Me-*L-ala)']: In the reac­
tion for [Co(a-Me-sal2en)] and iV-methyl-L-alanine, the 
absorption spectra of the reaction solution soon after 
reaction and at the equilibrium conditions resembled 
each other quite closely, and they were very similar 
to those for ß2-[Co(a-Me-sal2en)(L-aa)]. The absorb-
ance at 600 nm of the reaction solution became al­
most a constant within a few minutes after initiation 
of the reaction: the complexation is very fast. The 
rotation at 435 n m of the reaction solution changed 
gradually to show a large minus rotation at the equi­
librium conditions. These spectral and rotational 
properties of the iV-Me-L-ala complex are very sim­
ilar to those of the iV-Bz-L-ala complex. However, 
as is shown in Fig. 4, the plot of In |a«>—at| vs. the 
time for the mutarotat ion gives two straight lines 
crossing at about ^=10 min. A quite similar mu­
tarotation was observed for Complex I I I , which was 
isolated from the initial reaction solution between [Co-
(a-Me-sal2en)] and N-methyl-L-alanine. These facts 
indicate that three species at least, two (+)4 3 5-isomers 

80 min 

(b) 

V vW VV 
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Fig. 5. The XH NMR spectra of ^2-[Go(a-Me-sal2en)-
(JV-Me-L-ala)] complexes in a mixed solvent of GDG13 

and GD3OD (4:1). 
(a), (b), (c), and (f) are the time dependences of N -
GH3 and G-GH3 signals of the coordinated JV-methyl-
L-alaninate for Complex III . (d), (e), and (f) are 
those for Complex IV. 

and one (—)435-isomer of ß2-[Co(a-Me-sal2en)(N-Me-
L-ala)] complex, are involved in the mutarotat ion, 
and one of the two ( + )435-isomers isomerizes much 
faster to the ( — )435-isomer than the other ( + ) 4 3 5 -
isomer does. As mentioned later, four diastereoiso-
mers are thought to be available for the ß2-[Co(a-
Me-sal2en)(iV-Me-L-ala)] complex; their relative sta­
bility is as follows: ^ R S - > ^ s s " > z W > y W i s o m e r s -
Therefore, the (+)4 3 5-isomer, which isomerizes first, 
may correspond to the less stable ZlRS-isomer, and 
the other (+)4 3 5- isomer may correspond to the Zlss-
isomer. 

As is shown in Fig. 4, Complex IV also exhibits 
a mutarota t ion; it has a smaller minus rotation at 
the equilibrium conditions than that soon after dis­
solution, although the degree of the mutarotat ion is 
very small. This fact indicates that the stereoselec­
tivity of the iV-Me-L-ala complex is less than 100%. 

Figure 5 shows the XH N M R spectra of Complexes 
I I I and IV. The ^ N M R spectrum of Complex 
I I I exhibited a time dependence in the C-methyl 
signal of the coordinated iV-methyl-L-alaninato ligand. 
The methyl signal of Complex I I I soon after dis­
solution consists of two doublets at 1.34 and 1.55 
ppm (center of the doublet) with the relative intensity 
of about 1:1. At the equilibrium conditions, only 
one doublet at 1.34 ppm is observed, and the 1 H N M R 
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TABLE 2. THE ISOMERIC RATIO OF /?2-[Co(a-Me-sal2en) 

(iV-R-L-ala)] AT THE EQUILIBRIUM CONDITIONS^ 

JV-R-L-ala ^fRS-Isomer/Jss-Isoiner Stereoselectivity 

iV-Bz-L-ala 
N-Me-L-ala 
iV-Bz,Me-L-ala 

=sl00/«0 
96.5/3.5 

«100/0 

100% 

400% 

a) Solvent = CH3OH + CHCl3(l : 4 in volume), Temp = 
35 °G. 

spectrum is identical with that for Complex IV. 
Complex I V showed no observable time dependence 
in its 1H N M R spectrum, except that the iV-methyl 
signal became a singlet due to the H-D exchange of 
N - H proton on the JV-methyl-L-alaninato ligand with 
deuterium of the solvent. Such 1 H N M R spectral 
behavior suggests that 1) Complex I I I is the 1:1 mix­
ture of two species of isomer of [Co(a-Me-sal2en)(iV-
Me-L-ala)] complex, 2) Complex I V is the pure (—)435-
isomer of the JV-Me-L-ala complex, and 3) the stereo­
selectivity at the equilibrium conditions of the N-
Me-L-ala complex is almost 100%. However, the 
above suggestions 1) and 3) somewhat disagree with 
the results obtained from the rotational measurements 
for the iV-Me-L-ala complexes mentioned above. T h e 
disagreement in suggestion 1) may come from the 
overlap of peaks in the 1H N M R spectrum, low sen­
sitivity of the 1 H N M R spectrum as compared with 
the rotational measurement, or the rapid isomeriza-
tion of one of the two (4-)435-isomers to the ( — )435-
isomer in the course of the 1H N M R spectral meas­
urement for Complex I I I . The discrepancy in sug­
gestion 3) should come from the low sensitivity of 
the *H N M R spectrum as compared with that of the 
rotational measurement. Here, the stereoselectivity at 
the equilibrium conditions of the JV-Me-L-ala complex 
was estimated by the use of the following equation: 

Stereoselectivity (%) = [MJ4
B

35/[M]4
A

35 X 100, 

where [M] 4 3 5 and [M] 4 3 5 denote the molar rota­
tions at 435 nm of Complex I V soon after dissolution 
(A) and at the equilibrium conditions (B) respectively. 
The estimated stereoselectivity is listed in Table 2. 

3) ß2-[Co(oc-Me-sal2en)(N-Bz,Me-i,-ala)]: T h e ab-
sorbance at 600 n m of the reaction solution between 
[Co(a-Me-sal2en)] and i\^-benzyl-i\^-methyl-L-alanine 
became a constant value within a few minutes after 
the start of the reaction : the complexation of JV-benzyl-
JV-methyl-L-alanine is quite fast, as are those of N-
benzyl-L-alanine and JV-methyl-L-alanine. Unlike the 
above two amino acids, however, the reaction solution 
of JV-benzyl-iV-methyl-L-alanine showed a large minus 
rotation at 435 nm from the beginning of the reaction, 
and no mutarotation was observed. The rotation of 
free iV-benzyl-JV-methyl-L-alanine itself is negligibly 
small at 435 nm under the experimental conditions 
employed ( c = 1 . 0 x 10~3 mol d m - 3 ) . These facts indi­
cate that only the ( —)435-isomer of jÖ2-[Co(a-Me-
sal2en)(JV-Bz,Me-L-ala)] complex is produced by the 
formation reaction, and that the other isomers are 
not produced. As mentioned later, the other isomers 
may be too unstable to be produced. In fact, only 
the (—)435-isomer (Complex V) was isolated from the 

iJ 

rh 

\yW kt^i^w^^ \tHJi 

Fig. 6. The 1H NMR spectrum of ARS-ß2-[Go(oc-Me-
sal2en)(iV-Bz,Me-L-ala)] in CDGl3+CD3OD (4:1). 

reaction solution. Complex V itself is not so stable; 
thus, it decomposes at a higher temperature in meth­
anol. 

Figure 6 shows the 1 H N M R spectrum of Complex 
V. The 1 H N M R spectrum corresponds to that of 
the only species of isomer, and no time dependence 
is observed. Since Complex V exhibits no mutarota­
tion at 435 nm and no time dependence in its XH N M R 
spectrum, the stereoselectivity under the equilibrium 
conditions is estimated to be almost 100%. 

The Structure and the Stereoselectivity of ß2-[Co(oc-Me-
sal2en) (N-R-~L-ala)] Complexes. 1) The Structure of 
the Complexes: T h e electronic absorption (AB) and 
the circular dichroism (CD) spectra of the isolated 
Complexes I—V are shown in Fig. 7. The CD spectra 
of Complexes I, I I I , and I V exhibited mutarotations 
T h e C D spectrum of Complex I gradually increased 
in its intensity, and that of Complex I at the equi­
librium conditions corresponded to that of Complex 
I I . The CD spectrum of Complex I I I gradually in­
creased in its intensity, whereas that of Complex I V 
slowly decreased in its intensity, and the CD spectra 
of both Complexes at the equilibrium conditions co­
incided with each other. Further, the AB spectrum 
of Complex I soon after dissolution was very similar 
to that at the equilibrium conditions, and the AB 
spectrum at the equilibrium conditions coincided with 
that of Complex I I . For Complexes I I I and IV, 
each AB spectrum soon after dissolution was very 
similar to that at the equilibrium conditions; AB 
spectra of both Complexes at the equilibrium con­
ditions were the same. 

Since the AB spectra of all the complexes isolated 
here resemble each other quite closely, it can be as­
sumed that the geometrical structure with respect to 
the coordinated atoms is the same for all the com­
plexes. The CD spectra of Complexes I I , IV, and 
V, which correspond to the pure ( — )435-isomer of 
each JV-R-L-ala complex, are very similar to that of 
(-)435-^-/52-[Go(a-Me-sal2en)(L-ileu)].8 '16) Therefore, 
the -4-/?2-structure can be assigned to the (—)435-
isomers. Figure 8 shows the vicinal effect of the co­
ordinated iV-R-L-ala in Complexes I I , IV, and V. 
T h e vicinal effect was calculated by the use of the 

file:///tHJi
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Fig. 7. AB and GD spectra of the complexes in a mixed 
• solvent of GHG13 and GH3OH (4:1). 

(a) : Complex I soon after dissolution, (b) : Complex 
II, (c) : Complex III soon after dissolution, (d) : Com­
plex IV soon after dissolution, (e) Complex V, (f): 
CD spectrum of Complex III at the isomeric ratio of 
1:2 (zlss-:JRS-isomers), (g) : Complex I at the isomeric 
ratio of 1:2 (zJss-:^lRS-isomers), (h) : Complex IV soon 
after dissolution, (i) : Complex II, (j): Complex V, 
(k) : the estimated CD spectrum of zJss-/?2-[Co(a-Me-
sal2en)(iV-Bz-L-ala)], and (1): the estimated CD 
spectrum of zJss-/?2-[Co(a-Me-sal2en)(iV-Me-L-ala)]. 

following equation :17) 

CD (vicinal) in ( —)435-isomer C D A - 3(CD B -CD°) , 

(1) 

where GDA represents the GD for the pure (—)435-
isomer of ß2-[Co(a-Me-sal2en)(N-R-L-ala)], and GDB 

and GDC represent the CD's of the 1:2 (B) and 1:1 
(G) mixtures of A- and ^-ß2-[Go(a-Me-sal2en)(L-
ala)]8»16) respectively. The vicinal effects of all the 
iV-R-L-ala closely resemble each other; they are very 
similar to that of the L-pro complex,9) except for the 
reversed GD sign. I t is well known that L-proline 
can chelate to metal ion with N(S)C(S)-configura­
tion, and that the vicinal effect of the asymmetric 
coordinated atom is much larger than that of the 
asymmetric atom far from the metal ion. Thus , 
N(R)C(S)-configuration can safely be assigned to the 
coordinated N-R-L-ala in Complexes I I , IV, and V. 
The X-ray study for Gomplex I I is now going on, 
and we have recently confirmed that Gomplex I I 
takes the ^RS-ß2-structure.18) 

The estimated GD curves for the ( ~h ) 435-isomers of 
the iV-Me-L-ala and iV-Bz-L-ala complexes, which ex­
ist in the course of the isomerization of Complexes 
I and I I I , are shown in Fig. 7. These GD curves 
were calculated by the use of the following equation: 

V / K ^ c m 4 

Fig. 8. The vicinal CD of the complexes. 
(a) and (b) are those for ARS- and zlss-/?2-isomers of 
JV-Bz-L-ala-complex respectively, (c) and (d) are those 
for A ns- and zlss-/?2-isomers of JV-Me-L-ala-complex 
respectively, and (e) is the vicinal CD for ^lRS-/?2-isomer 
of JV-Bz,Me-L-ala-complex. 

CD(( + )435-isomer) - 3CDD - 2CDA, (2) 

where GDD represents the GD of the 1:2 mixture of 
the ( + )435- and (—)435-isomers of the N-R-L-ala com­
plex. T h e GD spectra could be measured in the 
course of the isomerization of the 1:1 mixture (Com­
plexes I and III).1 9) CD A denotes the GD of the 
pure ( — )435-isomer of the iV-R-L-ala complex. I t is 
observed that the estimated GD curves for the ( + ) 4 3 5 -
isomers are almost mirror images of the GD spectra 
of the (—) 435-isomers. Thus , the A -^-s t ructure can 
be assigned to the (+)4 3 5-isomers. The vicinal effect 
of the iV-R-L-ala in the (+)4 3 5-isomers is shown in 
Fig. 8. The vicinal GD was calculated by the use 
of the following equation: 

CD (vicinal) in ( + )435-isomer = CDE - 3(CDB - CDC), 

(3) 

where CD B and CD C have been described above, and 
C D E denotes the GD of the pure (+)4 3 5-isomer. Since 
the vicinal effect is almost a mirror image of that o f 
the corresponding i\f-R-L-ala in the (—)435-isomers, 
the N(S)C(S)-configuration can be assigned to the 
N-R-L-ala in the (+)4 3 5-isomers. 

From these results and discussion, it can be con­
cluded that the ( — )435-isomers of iV-R-L-ala complex 
(Complexes I I , IV, and V) take the ^RS-/?2-structure, 
whereas the (+)4 3 5- isomer of the iV-Bz-L-ala complex 
and one of the two (+)4 3 5-isomers of the iV-Me-L-
ala complex, which isomerizes more slowly, take the 
Zlss-/?2-structure. 

2) The Stereoselectivity: The stereoselectivity at the 
equilibrium conditions of iV-R-L-ala complex is listed 
in Table 2. A quite high stereoselectivity can be 
established in the Go (Schiff base) complexes of N-
R-L-ala, and the stereoselectivity is much higher than 
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Fig. 9. Structure of four diastereoisomers of /?2-[Co(a-
Me-sal2en) ( JV-R-L-ala)]. 

that of Go(trien) complexes. Since the stereoselec­
tivity under the equilibrium conditions can be regard­
ed as thermodynamic in origin, the sterochemical 
reason why there is a large difference in the thermo­
dynamic stability among the diastereoisomers of Co-
(Schiff base) complexes is developed as follows. 

(a) N-Me-L-ala Complex: The possible four /^-iso­
mers are shown in Fig. 9. I t is characteristic of a 
tetradentate Schiff base ligand with ^-configuration 
that the chelate ring (A) in Fig. 9 inclines toward 
the side of the coordinated amino acid about 30° 
from the N - G o - O plane of (A). In the cases of ZlRS-
and ylss-/?2-isomers, the molecular models indicate that 
the inclination of the chelate ring (A) brings about 
an extreme steric closeness (1.2—1.4Â) between the 
distored chelate ring (A) and the iV-methyl group of 
the coordinated amino acid. However, in the cases 
of ^ R S - and Zlss-/?2-isomers, there is no abnormal 
steric closeness between them. In the cases of ARS-
and Zlss-/?2-isomers, the iV-methyl group somewhat ap­
proaches to the two phenolic oxygen atoms of a-Me-
sal2en ligand (about 2.3 Â), but the steric repulsion 
seems to be much weaker than that between the chelate 
ring (A) and the TV-methyl group in the ZlRS- and 
Jss-/?2-isomers. Thus, it can be assumed that ^ R S -
and Zlss-/?2-isomers are much more stable than ZlRS-
and ylss-ß2-isomers. In the case of L-pro complex, 
it has been reported that the Zlss-/?2-isomer is more 
stable than the -dss-/?2-isomer at about 1 1 . 3 k J m o l - 1 

or more.9> 
O n the other hand, the conformational relationship 

between the iV-methyl and C-methyl groups of the 
iV-methyl-L-alaninato ligand is staggered (trans) in the 
Ans- and ZlRS-/?2-isomers, but it is nearly eclipsed (eis) 
in the Ass- and Zlss-/?2-isomers. And, staggered is 
more stable than eclipsed. In the case of Co(a-Me-
sal2en) complex with iV-methyl-L-alanine, the energy 
difference is estimated to be about 8.2 k j m o l - 1 from 
the isomeric ratio, -dRS-isomer/Zlss-isomer, at the equi­
librium conditions, and it is clearly smaller than the 
steric repulsion energy différence, 1 1 . 3 k J m o l - 1 , be-

A R S -
A ss-

8.2kJ>fnol 

I3.1kJHnol 

8.2kJ/mol 

-^RS 

Fig. 10. The relative energy difference among four dia­
stereoisomers of iV-Me-L-ala-complex. 

tween the Schiff base ligand and the iV-methyl group 
mentioned above. 

Considération of the above two factors, which are 
though to contribute greatly to the stability of the 
diastereoisomers, allows the relative stability among 
the four isomers to be estimated to be -^R S->^ss"> 
^Rs">^ss"^2- i s o r n e r s - The estimated energy differ­
ences among the four isomers are shown in Fig. 10. 

In the cases of Go(trien) and Go((3»S',8lS')-dimetrien) 
complexes with i^-methyl-L-alanine,1»6) the isomeric 
ratio at the equilibrium conditions is ^ R S - ' ^ S S " : ^ R S " 
i somers=about 60 :20 :20 and about 8 5 : 1 1 : 4 respec­
tively. O n the other hand, in the case of the Co(a-
Me-sal2en) complex, the isomeric ratio at the equi­
librium conditions is ARS- : Zl s s-isomers=96.5:3.5. The 
difference in the stereoselectivity between the Go(N4) 
and Go (Schiff base) complexes seems to come from 
the following steric reasons: 1) the steric interaction 
between iV-methyl group and the tetradentate ligand 
is much stronger in a Go (Schiff base) complex than 
a Go(N4) complex, so that ZlRS- and -dss-isomers are 
too unstable to exist at the equilibrium conditions 
in the case of the Go (Schiff base)-system. 2) In order 
to decrease the steric closeness between iV-methyl and 
C-methyl groups in the N(S)C(S)-configuration, the 
chelate ring of iV-methyl-L-alanine in Co(trien) com­
plex takes a nearly puckered conformation.20) How­
ever, in the case of Co (Schiff base) complex, when 
the chelate ring takes this nearly puckered confor­
mation, the iV-methyl group comes close to one of 
the phenolic oxygen atoms of the Schiff base ligand. 
Thus, the energy difference between -^RS- and Zlss-
isomers is much larger in the Go (Schiff base)-system 
than in the Go(N4) -system. 

(b) N-Bz-iu-ala Complex: The steric crowding 
brough about by a iV-benzyl group is much larger 
than that by a i\f-methyl group. Accordingly, the 
steric interaction between the iV-alkyl group and the 
chelate ring (A) in Fig. 9 is much stronger in the N-
Bz-L-ala complex than in the iV-Me-L-ala complex, 
when they take ZlRS- and -dss-ß2-configurations. The 
/dRS- and ylss-isomers of the iV-Bz-L-ala complex are 
thus thought to be more unstable than those of the 
iV-Me-L-ala complex. Further, the eis interaction be­
tween the N-alkyl group and the C-methyl group of 
the chelated amino acid in the N(S)C(S)-configura­
tion is also much stronger in the iV-Bz-L-ala complex 
than in the iV-Me-L-ala complex. Thus, in the case 
of iV-Bz-L-ala complex, only the ^RS-^2-isomer is favor­
ed stereoselectively under the equilibrium conditions. 

(c) N-BztMe-L-ala Complex: From the strong steric 



July, 1981] Sterecheomistry of Go(a-Me-sal2en) Complexes with iV-Alkyl-L-alanine 2037 

\ ! 3 C v H / N ^ " 

Fig.ll. The steric structure of .JRS- and Zlgs-/?2-isomers 
of iV-Bz,Me-L-ala-complex. 
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Fig. 12. The XHNMR spectra of Go(sal2-(5,5')-chxn)-
complexes in a mixed solvent of GDG13 and CD3OD 
(4:1). 
a: JRS-j92-[Go(sal2-(»S,,5)-chxn)(iV-Bz-L-ala)], b : a 
mixture of ylR R-and zlSR-/?2-isomers of [Co (sal2-(£,£)-
chxn) (iV-Bz-D-ala)]. 

intereaction between the iV-benzyl group and the dis-
tored chelate ring (A), the ZlRS- and vlss-/?2-isomers 
of the iV-Bz,Me-L-ala complex are though to be re­
latively unstable as compared with the Ans- and Ass-
isomers of the complex. Further, as shown in Fig. 
11, even when the complex takes -^Rg- and Zl^-con­
figurations, the strong steric repulsion between the N-
methyl group and the chelate ring (A) is inevitable: 
the iV-Bz,Me-L-ala complex is thought to be more 
unstable than the N-Me-L-ala and JV-Bz-L-ala com­
plexes. I n fact, Complex V decomposes at a higher 
temperature. T h e eis interaction between iV-alkyl 
group and C-methyl group is also inevitable in the 
case of the i\f-Bz,Me-L-ala complex. However, the 
eis interaction between j\f-methyl group and C-methyl 
group in the ^RS-configuration is weaker than that 
between JV-benzyl group and C-methyl group in the 
Zlgg-configuration. Thus, the JV-Bz,Me-L-ala complex 
takes the ^R S-ß2-structure stereoselectively. 

Stereospecificity of Co(sal2-(S,S)-chxn) Complex. I t 
has been reported that a Go(sal2-(1S

,
vS')-chxn) complex 

assumes the yl-/?2-structure excusively when it reacts 
with amino acids such as L- and D-alanines and L-
and D-valines.11) Accordingly, it can be expected that 
the Co(sal2-(.S',)S

,)-chxn) complex produces a complex 
containing JV-benxyl-L-alanine stereospecifically, when 
it is allowed to react with racemic JV-benzylalanine, 
because the Co(a-Me-sal2en) complex with JV-benzyl-
L-alanine, which is similar, shows almost 100% stereo­
selectivity for the yiRS-/?2-configuration, a s n a s been 
mentioned above, 
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Fig. 13. AB and CD spectra of Co(sal2-(,?,£)-chxn)-
complexes in the same solvent as that in Fig. 7. 
a: JV-Bz-L-ala, b : iV-Bz-D-ala. 

2N-Bz-Qlra!aH N-Bz-D-a!aH 
O.P. =937. 
Yield=98/. 

Co(sal2-(S,S)-chxn) Cofea^SKhxnXN-Bz-L-ala) 
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O.P. =94% 
Yie!d = 987. 

NaBH4 

Fig. 14. The scheme for the optical resolution of N-
benzylalanine with Co(sal2-(5

,,5')-chxn)-complex. 
The optical purity shown in this figure is the value 
when the reaction molar ratio between [Co (sal2-(£,£)-
chxn)] and racemic iV-benzylalanine is 1:2. 

Figure 12 shows the ^H. N M R spectra of the Go-
(sal2-(6',6')-chxn) complexes with JV-Bz-L-ala and N-
Bz-D-ala. From the C-methyl signals of the coordinat­
ed N-benzyl amino acids, it is clear that the JV-Bz-
L-ala complex (Complex VI) exists as only one species 
of isomer but the JV-Bz-D-ala complex (Complex VI I ) 
exists as a mixture of two species of isomer at about 
1:1.5 isomeric ratio. 

Figure 13 shows the AB and CD spectra of the 
complexes. Since the AB and C D spectra of the N-
Bz-L-ala complex are very similar to those of ( — )435-
J-ß2-[Co(a-Me-sal2en)(L-ileu)],8 '16) the ^R S-ß2-structure 
can be assigned to it. In the case of the iV-Bz-D-ala 
complex, the AB and CD spectra are also similar 
to those of ( — ) 435-^-^2-[Co(a-Me-sal2en)(L-ileu)]; how­
ever, the CD intensity is much smaller than that of 
the N-Bz-L-ala complex. T h e molecular model of 
Co(sal2-((S',6,)-chxn) complexes suggests that the sal2-
(6,,,S')-chxn moiety can take /^ -conf igura t ion as well 
as A-ß-form, although the strain energy is much larger 
in Zl-/?-configuration. Therefore, the N-Bz-D-ala com­
plex may be a mixture of ARR-ß2- and zlSE~/?2-is3mers 
with the isomeric ratio of about 1.5:1. 

T h e formation of the ZlSR-/?2-isomer was not ex­
pected. It is expected that the zlSR-/?2-isomer will be 
more unstable than the vlRR-/32-isomer and the -^RR-



2038 Yuki FUJII, Makoto MATSUFURU, Akira SAITO, and Sakiko TSUCHIYA [Vol. 54, No. 7 

StereoseIectivity(CA-41/[A.+Alxl00)/% 

Fig. 15. The estimated relationship between stereoselec­
tivity of Co (a-Me-sal2en)-complex and stereospec-
ificity in the reaction of [Go(sal2-(»S',6')-chxn)] with 
racemic amino acid (the molar rat io=l :2) . 

^2-isomer will be much more unstable than the ^ R S -
ß2-isomer of iV-Bz-L-ala complex. Thus, our initial 
expectations may still be satisfied. 

In order to estimate the stereospecificity of the Go-
(sal2-(£,£)-chxn) complex toward iV-benzyl-L-alanine, 
we examined the reaction of [Go(sal2-(,S',lS')-chxn)] and 
racemic iV-benzylalanine at 1:2 reaction molar ratio 
under the air-oxidation conditions. The reaction 
scheme is shown in Fig. 14. The detailed experi­
mental procedure is described in the Experimental 
section. Two points should be noted; 1) no racemi-
zation of iV-benzylalanine is observed in the employed 
experimental conditions, and 2) the recovered [Go-
(sal2-(«S,,.S')-chxn)] can be used repeatedly. 

From the optical purity of the isolated iV-benzyl-
alanine, it can be concluded that Af-benzyl-L-alanine 
coordinates to the Go(sal2-(iS

,,,S')-chxn) complex in 
a high stereospecificity (93—94%). However, the 
stereospecificity did not reach 100%. Figure 15 shows 
the relationship between the stereoselectivity for A-
and A -isomers in the Go(a-Me-sal2en) complex and 
the stereospecificity in the reaction of similar Co(sal2-
(•Sj^-chxn) complex with a racemic amino acid at 
1:2 reaction molar ratio. The relationship was calcu­
lated by the use of Equations (3) and (4) in Ref. 11. 
This figure indicates that the higher the stereoselec­
tivity, the higher the stereospecificity, but their values 
are not the same. For example, when the stereoselec­
tivity is 9 8 % , the stereosepecificity is 8 2 % . and when 
it is 99 .7%, the stereospecificity is 9 3 % . From these 
calculations, it is estimated that the stereoselectivity 
of /?2-[Co(a-Me-sal2en)(JV-Bz-L-ala)] is not complete 
but it may reach about 99 .7%. 

It should be noted that when the reaction molar 
ratio between [Go(sal2-(.S',lS')-chxn)] and racemic N-
benzylalanine was 1:1 OP, the optical purity of the 
iV-benzylalanine recovered from the produced com­
plex was almost 100% (L-form). 
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Kinetic studies have been made of the reactions of fifteen meta- and /wra-substituted diphenyldiazometh-
anes(DDMs) with 2,3-dichloro-5,6-dicyanobenzoquinone(DDQJ in benzene. The second-order rate constants, 
k, increased with the electron-donability of the substituents, and the value could be correlated with the Yukawa-
Tsuno equation: log k/k0= -2.33(<r°+0.47A^R

+) + 0.017, (r=0.996,30 °G). The p value, - 2 . 3 3 , indicates 
the development of a positive charge at the diazo carbon in the transition state, while the R value, 0.47, confirms 
the moderate stabilization of the positive charge by the 7T-electronic contribution of the para substituents. The 
rate constants have also been determined for the reaction of diphenyldiazomethane(DDM) with D D Q in 28 
aprotic solvents. The effects of solvents can be interpreted in terms of the basicity and the steric nature of the 
solvents. The products of these reactions were poly(2,3-dichloro-5,6-dicyanohydroquinone benzhydryl ether)s, 
which were easily convertible into benzophenones and a,a-dimethoxydiphenylmethane, together with 2,3-di-
chloro-5,6-dicyanohydroquinone, under the influence of water and methanol. These solvolysis products were 
also obtained in excellent yields in the initial presence of these additives. 

In view of the general interest in reactions of di-
azoalkanes with quinones, most of the synthetic and 
mechanistic works have been carried out by use of 
the simplest diazoalkane, e.g., diazomethane.1) How­
ever, little is known of the reactions of aryl- and di­
aryldiazomethanes2) with quinones or of kinetic studies 
of these systems. 

We previously reported that chloranil decomposed 
a variety of substituted diphenyldiazomethanes(DDMs) 
to produce poly(2,3,5,6-tetrachlorohydroquinone benz­
hydryl ether) s and that the second-order rate con­
stants were very dependent on the substituents and 
the solvents.3) In this paper, we extend our studies 
of substituent and solvent effects to the kinetics of 
the reactions of DDMs with 2,3-dichloro-5,6-dicyano-
benzoquinone(DDQ ). 

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

Product Studies. As well as in the case of chlo­
ranil,3) the reactions of fifteen meta- and /Jam-substituted 
DDMs with an equimolar amount of DDQ, in benzene 
at 30 °G were much more accelerated with the in­
crease in the electron-donating abilities of the sub­
stituents. All these reactions, more or less accom­
panied by an evolution of N2 , gave resinous products 
which were highly sensitive to hydroxy lie solvents. 
When these products were hydrolyzed, corresponding 
benzophenones (3) and 2,3-dichloro-5,6-dicyanohydro-
quinone(DDQH 2 ) were isolated in most cases greater 
than 9 5 % . Moreover, the methanolysis of the prod­
uct in the case of diphenyldiazomethane(DDM) af­
forded a,a-dimethoxydiphenylmethane (5) in an 8 1 % 
yield, together with 3 (15%) and D D Q H 2 (96%) . 
These chemical findings strongly suggest the structure 
of the 1:1 reaction products to be a hydroquinone 
polyether linkage similar to that previously considered 
for the chlorani l-DDMs systems.3) This suggestion is 
also supported by the representative I R spectrum of 
the D D M - D D Q system, which exhibited a complete 
loss of the characteristic carbonyl absorption of D D Q . 

The ether linkage may be made up by the successive 
combination of intermediary diazonium betaines(I) or 

carbonium betaines(II) , as is predicted in Scheme 1. 
The propagation may be terminated by the action 
of the residual water present in the solvent. Further 
action of water and methanol can cause the hydro-
lytic and methanolytic cleavage of the ether bonds 
to give gem-à\oh (2) and 5, together with D D Q H 2 ; 
the gem-d\oh are transformed into 3. In the case 
of methanolysis, the formation of 3 as a by-product is 
attr ibutable to the terminal benzhydrol moiety, which 
primarily degrades into a-methoxy-a-phenylbenzyl al­
cohol (4), which is itself easily convertible into 3. 
Therefore, it is possible to estimate the average poly­
merization degree (n) from the ratio of 5 (81%) to 

3 (1 5 %) ; the value over 5 corresponds to n=6—7. 
O n the other hand, the initial presence of water 

and methanol as additives induced solvolysis reactions 
giving, respectively, 3 and 5, along with D D Q H 2 . 
These products are thought to be yielded by the suc­
cessive nucleophilic attack of these additives on the 
betaine intermediate, as is also depicted in Scheme 
1. These reactions were accompanied by trace 
amounts of benzhydrol (8) and 2,3-dichloro-5,6-di-
cyanohydroquinone dibenzhydryl ether (7) arising from 
the acid-induced decomposition of D D M by the re­
sulting D D Q H 2 ; 8 seems to be afforded by the hydro­
lysis of 2,3-dichloro-5,6-dicyanohydroquinone benz­
hydryl ether (6). 

Apparently, the susceptibility of rates to the sub­
stituents, the stoichiometry of the reactions, and the 
solvolysis evidence all confirm that the present 
diaryldiazomethanes (DDMs) -DDQ, systems proceed 
through a reaction course similar to that of chloranil 
systems.3) 

Kinetic Studies. Substituent Effects: T h e reac­
tions of DDMs with D D Q in benzene can be followed 
spectrophotometrically by monitoring the disap­
pearance of the absorption of D D Q at 408 nm or 
that of the combined absorptions of both components 
at 500 nm in the case of nitro-substituted DDMs. 
These reactions have been found to obey a second-
order kinetic law. The rate constants, k, determined 
for the fifteen meta- and ^ ^ - s u b s t i t u t e d DDMs at 
various temperatures are listed in Tab le 1? together 
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T A B L E I. SECOND-ORDER RATE CONSTANTS, AND ACTIVATION PARAMETES FOR THE 

REACTIONS OF THE SUBSTITUTED D D M s ( l a — o ) WITH D D Q , IN BENZENE 

Substituents 
£a>/l mol-1 g-1 

AH' 

30 °G 40 °G 50 °G kj moh 
AS" 

J mol-1 K-1 

l a 
l b 
l c 
Id 
l e 
If 

lg 
l h 
l i 

l j 
Ik 
11 
l m 
In 
lo 

P,P'-ocn3 

/>-OCH3, p'-GH3 

/>-OCH3 

p,p'-GH3 

p-OVh 
p-GH3 

m-CH3 

/>-Ph 
p-H 
p-F 
/»-Gl 
m-Gl 

PJ>'-a 
m-N02 

/>-NO2 

256(1.11 xlO-1) — — 
88.4(4 .06xl0- 2 ) — — 
29.1(1 .95xl0- 2 ) — — 
25.4(1.42x10-2) — — 
10.3 (6 .85xl0- 3 ) — — 
8.58(6.67xl0- 3 ) — — 
5.49(3.41x10-3) 8.55 12.1 
3.26(3.15x10-3) 4.74 6.68 
3.05(2.66x10-3) 4.96 7.72 
1.88(2.87x10-3) 3.04 4.80 
0.935(2.07x10-3) 1.45 2.28 
0.322(1.05x10-3) 0.505 0.778 
0.283( — ) 0.510 0.831 
0.102(5.17x10-4) 0.188 0.338 
0.0295(1.15xl0-4) 0.0594 0.113 

29.5 
26.6 
35.2 
35.6 
33.7 
33.3 
41.2 
46.2 
52.1 

ds with 

- 1 3 3 
- 1 4 7 
- 1 1 9 
- 1 2 6 
- 1 3 4 
- 1 4 4 
- 1 1 9 
- 1 1 2 
-112 

chloranil ii a) The values in parentheses are 
benzene. 

the second-order rate constants for the reactions of DDMs 

with the activation parameters. This table also includes 
the comparable kinetic data of the reactions of D D M s 
with chloranil in benzene at 30 °G. I t is noteworthy 
that the present reactions were much more accelerat­
ed with an increase in the electron-releasing abilities 
of the substituents; the />,/>'-dimethoxy substituents 
caused a ca. 9000-fold increase in the rates compared 
with the /»-nitro substituent, though the chloranil sys­
tem showed only a 960-fold increase. 

The dependency of log k/kQ on the Hammet t ff4> 
and Brown <7+5) constants is shown in Fig. 1. As 

may be noticed, the additivity of the substituent con­
stants holds for the disubstituted DDMs. Four meta-
substituted D D M s gave a sufficient linear dependence 
(i° = — 2.19), r=0.990 (correlation coefficient) when 
the simple Hammet t equation and normal a values 
were used. When correlating all the DDMs and using 
the normal o values, we obtained slighlty worse re­
sults (|0 = — 2.65, r=0 .983) . The correlation line curv­
ed somewhat upward from the meta line. The re­
placement of a by o+ displayed a significant curvature 
with a P value of —1.67 ( r=0.976) , wherein the meth-
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Fig. 1. Plot of log£/A;0 against the H a m m e t t tf(#) 
and Brown 0+(O) constants. 

oxy substituents induced the marked deviation from 
the meta line. Thus, the one-parameter equation did 
not well fit the correlation of jtara-substituted DDMs. 
We used, therefore, the two-parameter Yukawa-Tsuno 
equation,6) log klk0 = p(<r° + RAöR+), where <r°, R, 
and A^R 4 " are the normal substituent constant, the 
resonance reaction constant, and the resonance sub­
stituent constant respectively. The two-parameter 
treatment provided a better correlation (Eq. 1 ) : 

log*/A;0 = - 2.33(<7° + 0.47Aör
R

+) 

+ 0.017(r=0.996, j = 0.09, n=\5). (1) 

The p value of —2.33 is consistent with the develop­
ment of a positive charge at the diazo carbon in the 
transition state, while the R value of 0.47 indicates 
an almost equivalent stabilization of the positive charge 
by both the inductive and the resonance contribu­
tions of the para substituents. 

When a similar regression analysis was applied to 
the chloranil-DDMs reactions in benzene (Table 1), 
a sufficient correlation (Eq. 2) was also obtained with 
a p value of —1.39 and an R value of 0.6911" 

logk/k0 = - 1.39((T° + 0.69AörR+) 

+ 0.0314(r=0.989, ^ = 0.12, rc=14). (2) 

A comparison of the Hammet t parameters in the 
two systems is of usefulness in obtaining some infor­
mation about the transition state. As well as the 
chloranil-DDMs reactions3) the present D D Q reac-

t We have reported in our previous paper3) that in the 
THF medium the chloranil systems also gave an excellent 
correlation with a somewhat large negative p value of — 1.67 
and a substantially equal R value of 0.66. 

tions are postulated to proceed through the polar 
transition state depicted below, though the polar tran­
sition state of 1,3-dipolar addition can not be ruled 
out. The negatively larger p value for DDQ, reac­
tions implies that D D Q induces a more positive charge 
in the diazo carbon, probably because its electron 
acceptability is stronger than that of chloranil.7) How­

ever, the extent of the resonance stabilization of the 
positive charge is somewhat lower in D D Q reactions 
(0.47) than in chloranil reactions (0.69). This dis­
crepancy can be explained by speculating that the 
higher electron-acceptor ability of D D Q tends to 
develop more the bond between the diazo carbon and 
the quinone oxygen. T h a t is, the sp2 hybridization 
of the diazo carbon is reduced, and the effect of re­
sonance contribution is thereby lessened, compared to 
the case of chloranil. 

Solvent Effects: In a previous paper, we discussed 
the kinetics of the reaction of D D M with chloranil 
in several aprotic solvents.3) The kinetic solvent ef­
fects were tentatively interpreted in terms of the sta­
bilization of the initial state relative to the transition 
state. We have now extended these studies of solvent 
effects to the kinetics of the present reaction. As 
is shown in Table 2, the rates were much more ac­
celerated in the halogenated solvents, while they were 
decelerated in tetrahydrofuran or toluene; the k values 
for chloroform and carbon tetrachloride are ca. 110— 
160 times greater than for toluene. Nonpolar carbon 
tetrachloride is also noticiable for bringing about a 
10—50-fold increase in the rate compared to the polar 
acetonitrile and acetone. These kinetic results imply 
that the reaction rate is primarily influenced by the 
solvation of the initial state rather than by that of 
the transition state for which the polar-activated com­
plex was deduced from the kinetic substituent effects. 
This situation is represented in the free-energy pro­
file, where the stronger solvation of initial reactants 
overcomes the accelerating solvation of the present 
polar-activated complex, consequently increasing the 
free activation energy (Fig. 2). 

Since D D Q is a strong electron-acceptor, like chlo­
ranil and TGNE,7) such specific solute-solvent inter­
actions as the formation of a charge-transfer complex 
may be expected, especially in the solvents with a 
high basicity.8) Therefore, we attempted to correlate 
log k with some of the solvent-basicity parameters, 
e.g., A^D,9) ß,10) and ZW.11) The symbols have the 
following meanings: A^D is defined as the relative 
difference between the O - D absorption band of meth-
anol-d observed in a given solvent and that in benzene ; 
ß, as the hydrogen-bonding acceptor basicity, and 
DN (donor number) , as the negative AH values for 
1:1 adduct formation between antimony pentachloride 
and electron-pair donor solvents in 1,2-dichloroethane. 
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T A B L E 2. R A T E CONSTANTS AND ACTIVATION PARAMETERS FOR THE REACTION BETWEEN 

D D M AND D D Q IN APROTIC SOLVENTS, WITH SOLVENT BASICITY PARAMETERS 

Solvents 
k/\ mo l - 1 s-1 

Ai/* A S * 

30 °G 40 °G 50 °G k j m o l - 1 J m o l - 1 K _ 1 A ^ D ß DN 

1 Chloroform 169 

2 Dichloromethane 146 

3 Carbon tetrachloride 136 

4 1,2-Dichloroethane 134 

5 Diisopropyl ether 5 6 . 8 

6 Bromobenzene 39 .2 

7 Chlorobenzene 3 0 . 8 

8 Nitrobenzene 3 0 . 3 

9 Fluorobenzene 27 .6 

10 Methyl chloroacetate 25 .1 

11 Dibutyl ether 12 .8 

12 Acetonitrile 11.2 

13 Diethyl ether 10 .3 

14 Propionitrile 7 .85 

15 1,2-Dimethoxye thane 4 .20 

16 Benzene 3 .05 

17 Acetone 2 .91 

18 Ethyl methyl ketone 2 . 58 

19 1,4-Dioxane 2 .22 

20 Dimethoxymethane 2 .10 

21 Ethyl acetate 1 .81 

22 Ethylbenzene 1 

23 Isopropyl acetate 1 

24 Methyl acetate 1 , 

25 Tetrahydrofuran 1 

26 Propyl acetate 1 

27 Tet rahydropyran 1 

28 Toluene 1 

56 
38 
34 
27 
13 
12 
03 

18.7 
14.3 

10.6 
7.27 
4.S6 

3.08 

2.74 
2.44 
2.02 
2.16 
2.24 
1.92 

1.85 

24.8 
18.2 

12.9 
11.5 

7.72 

4.56 

3.93 
4.78 
3.00 
3.42 
3.46 
3.05 

3.20 

24.3 
17.2 

17.6 
38.4 
35.2 

26.8 

29.0 
43.1 
29.0 
35.6 
38.2 
37.8 

43.6 

144 
-170 

170 
-107 
119 

-150 

-145 
-99. 
-147 
-125 
-117 
-119 

-101 

-17 
-12 
-21 
2 
75 
-1 
-2 
21 

27 
— 
49 
78 
52 
71 
0 
64 
57 
77 

39 
4 

36 
90 

93 
2 

— 
— 
— 
— 
0.466 

0.062 
0.071 

— 

0.453 
0.31 
0.466 
— 
0.405 
0.1 
0.478 
— 
0.369 

0.446 

0.454 
0.550 

0.544 
0.112 

— 
— 
0 
0 
— 
— 
— 
4.4 

— 
— 
14.1 
19.2 
16.1 
24 
0 
17 
— 
14.8 

17.1 

16.5 
20 

— 
— 

Reaction coordinate 

Fig. 2. Schematic free energy profiles for the reaction 
with non-solvated(I) and solvated(II) reactants (pre­
ferential solvation of the initial reactants). 
A G Î , A C n = Free activation energy in nonpolar(I) 
and polar solvents(II) respectively. A = Initial reac­
tants ; àç= activated complex; B = p r o d u c t s . 

T h e va lues of AvD , ß, a n d DN a r e a v a i l a b l e for 2 3 , 
15, a n d 13 of o u r solvents respec i tve ly , a n d inspec­
t ion ( T a b l e 2) shows t h a t t h e r e a c t i o n t e n d s to b e 
fast in w e a k l y bas ic solvents a n d slow in s t rong ly bas ic 
solvents . 

r> 

Fig. 3. Relationships between A ^ D a n d ß, and DN; 
for point numbers , see Table 2. 

A c o m p a r i s o n of these p a r a m e t e r s subs t an t i a l l y p res ­
e n t e d t h e l i n e a r r e l a t i onsh ip s h o w n in F ig . 3 . W e 
a d o p t e d t h e w i d e l y a v a i l a b l e A^ D va lues as t h e solvent 
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-30 0 5 0 100 

Fig. 4. Plot of log k against A^'DJ f° r point numbers, 
see Table 2. 

basic parameter. As is shown in Fig. 4, a plot of 
log k against the AvB values provided two correla­
tion groups, excluding six solvents (Solv. Nos. 5, 13, 
17, 18, 21, 24). The first solvent group, including 
aliphatic chlorinated solvents, nitriles, and cyclic 
ethers, moderately decreased the logarithmic rate with 
the increase in the solvent basicities. The regression 
analysis gave an excellent correlation (Eq. 3, solid 

log* = - 0.0196AvD 

+ 1.92(r=0.991, * = 0.005, »=12) (3) 

line). The second group, consisting of five aromatic 
solvents, brought about a steeper decrease (slope 
—0.259, broken line). T h e correlation equation ( r = 
0.848), however, is not so good, probably because 
the AvD values of these aromatic solvents are too 
narrow (ranging from —2 to 4 cm - 1 ) to avoid the 
uncertainty due to the error ( ± 1 cm - 1 ) in the meas­
ured shift of O - D stretching. 

These phenomena confirm that the present reac­
tion is essentially governed by the extent of the inter­
action between solvents and DDQ, in the initial state. 
Two solvent groups are given because of the difference 
in the solvent basic nature. Of the solvents, alkyl 
halides are <r-donors; ethers, nitriles, and ketones are n-
donors, and aromatic hydrocarbons are yr-donors.12) 
According to the HSAB concept,13) DDQ, is a soft 
acid jr-acceptor and prefers to bind soft bases, such 
as benzene and toluene. Therefore, the specific sta­
bility of the TT-donor-Tr-acceptor complexes between 
the aromatic solvents and DDQ, seems to give a sep­
arate correlation line from the first solvent group. 
These aromatic solvents are strong bases toward such 
jr-acceptors as DDQ,, while they are weak toward a 
typical hard acid methanol, as judged by the small 
AvD values. However, nitrobenzene was an excep­
tional aromatic solvent, probably because the nega­
tively charged nitro group acts overwhelmingly as an 
associating site. 

I t can also be seen in Fig. 4 that the log k values 
for the solvents containing carbonyl groups (Nos. 17, 

2,3-Dichloro-5,6-dicyanobenzoquinone 2043 

l o ' 1 ! — I • • 1 1 I I L . 

-160 -140 -120 -100 

4 S * / j mol"1 IT1 

Fig. 5. Plot of AH" vs. AS"; for point numbers, see 
Table 2. 

18, 21, 24) and for diethyl ether (No. 13) and diiso-
propyl ether (No. 5) are smaller and larger respec­
tively than called for by Eq. 3. We assume that 
these carbonyl solvents possess, to some extent, a 
softness toward DDQ,, the property of which can not 
be evaluated by the interaction with hard acid meth-
anol-û?. Methyl chloroacetate, however, belongs to the 
first solvent group because the chlorine substituent 
weakens the basicity. The upper deviation of diethyl 
and diisopropyl ethers is attr ibutable to the steric 
hindrance, which is of some importance in estimating 
the strength of the solvent-DDQ, interaction. A bulky 
substituent adjacent to the oxygen atom undoubtedly 
causes an increase in the rate, probably because of 
the poor solvation of DDQ,. This phenomenon can 
be understood in terms of the Taft steric constants,14) 
Es, which predict the present increase in k in the series 
of diisopropyl ether (Es~—0.47)>dibutyl ether 
( - 0 . 3 9 ) > d i e t h y l ether ( - 0 . 0 7 ) . 

With regard to the enthalpies and entropies of 
activation, a plot of AH* against AS* displayed a 
linear correlation ( r=0 .98 , Fig. 5). The AH* values 
vary from 17.2 to 43.6 k j m o l - 1 in going from ace-
tonitrile to toluene, while the AS* values vary from 
—99.5 to — 170 J m o l - 1 K - 1 in going from ethyl-
benzene to acetonitrile. The larger AH* values for 
toluene and ethylbenzene are indicative of the high 
stabilization of the DDQ, molecule, consistent with 
the favorable TZ-TZ donor acceptor interaction in the 
initial state, by which the negatively smaller AS* 
values of these solvents can be explained. 

Exper imenta l 

The IR and NMR spectra were recorded on Hitachi 
215 and Varian EM-360 spectrometers respectively. The 
UV spectra were observed with Hitachi 323 and JASGO 
UVIDEG 505 instruments. 

Materials. All the diaryldiazomethanes were made 
by the oxidation of the corresponding hydrazones with 
yellow mercury(II) oxide, as has previously been described.15) 
The physical properties of these diazoalkanes were listed 
in previous papers.3-16) The 2,3-dichloro-5,6-dicyanobenzo-
quinone(DDQJ was of commercial origin and was recrystal-
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lized from dichloromethane ; orange yellow needles, m p 
213 °G. All the solvents were dried and purified according 
to the standard procedures. 17> 

Kinetic Measurements. T h e kinetic da ta were obtained 
according to the s tandard spectrophotometric methods. 
Solutions for kinetic experiments were prepared separately 
just before use in a volumetric flask equipped with a stopper. 
T h e D D Q solution (10 - 5—10~3 mol d m - 3 ) was introduced 
into a stoppered quar tz optical cell (10 mm) and kept at 
the given temperature within ± 0 . 1 °G in a thermostat-
controlled cell-holder of a Hitachi 323 spectrophotometer. 
T h e reaction was initiated by the quick addition of the req­
uisite volume of a D D M slution(10~5—10~3 mol d m - 3 ) , which 
had been preheated in a water ba th to the same temperature 
as the above cell-holder. T h e change in the maximum 
absorption (408 nm, £=2750) of D D Q in benzene was con­
veniently monitored over at least two half-lives in the cases 
of the D D M s ( l a — m ) , for these diazoalkanes and the prod­
ucts are essentially t ransparent at this wavelength. I n the 
cases of nitrosubstituted D D M s ( I n — o ) , the additive absorp­
tion of these diazoalkanes ( I n ; £ = 1 2 2 , l o ; £=290) and 
D D Q ( £ = 3 6 1 ) at 500 n m in benzene was followed. T h e 
measurements in the other solvents were made by following 
the appropria te absorption of D D Q in the regions of 380— 
410 nm. T h e second-order rate constants, k, were deter­
mined graphically from the plots of \n{b(a — x)/a(b—x)}/ 
(a — b) against the time, where a and b are the initial con­
centrations of the D D M s or D D Q respectively, x being the 
consumed D D M s or D D Q . T h e rate constants were re­
producible within ± 3 % ( u s u a l l y two determinations). 

Reactions of Diaryldiazomethanes(DDMs) with DDQ in Ben­
zene. General Procedures: A benzene solution (10 ml) 
of d iphenyldiazomethane(DDM) (0.50 g, 2.58 mmol) was 
added, all a t once, to a solution of D D Q (0.59 g, 2.60 mmol) 
in benzene (20 ml) . T h e purple color of D D M suddenly 
disappeared with the vigorous evolution of N 2 . After stirring 
for 1 h (one overnight standing for the nitro-substituted 
DDMs) , the solvent was evaporated in vacuo to give an es­
sentially colorless, resinous product , the I R spectrum of 
which showed no absorption in the C = 0 region. T h e prod­
uct was then treated with a ten-fold excess of water or meth­
anol for 10 min, with occasional shaking and dried under 
reduced pressure. T h e pasty residue thus obtained was 
tr i turated with 50 ml of benzene. Filtration gave D D Q H 2 

(0.56—0.57 g, 94—96%) . T h e filtrate was washed with 
aqueous sodium carbonate and dried over anhydrous sodium 
sulfate. T h e subsequent evaporation of benzene gave ben­
zophenone (0.45 g, 96%) in the case of t reatment with water 
or a,a-dimethoxydiphenylmethane(5) (0.48 g, 81%) and ben­
zophenone (70 mg, 15%) in the case of t reatment with 
methanol . T h e relative yields of 5 and benzophenone were 
determined by means of the N M R spectrum of the product 
mixture, while pure 5 was obtained by fractional crystal­
lization from pentane . T h e benzophenones and 5 were 
identified by a comparison of the I R and N M R spectra 
with those of authentic samples.3) 

Reaction of Diphenyldiazomethane(DDM) with DDQ in H20-
Benzene. A benzene solution (10 ml) of D D M (0.50 
g, 2.58 mmol) and H 2 0 (0.23 g, 13 mmol) was added, all 
at once, to a solution of D D Q (0.59 g, 2.60 mmol) in benzene 
(20 ml) . After stirring for 1 h, the removal of the solvent, 
followed by column chromatography (silica gel), gave 2,3-
dichloro-5,6-dicyanohydroquinone dibenzhydryl ether(7) (35 
mg, 5 % based on the D D M used), and benzophenone (0.40 
g, 85%) with a petroleum ether-benzene mixture, and then 
D D Q H 2 (0.49 g, 83%) and benzhydrol(8) (30 mg, 6%) 
with a benzene-e ther mixture. T h e product , 7, had a 

m p of 190—191 °G (from benzene) (lit,18) m p 189—190 °G), 
I R ( K B r ) : 2235, 1412, 993, 928, and 695 cm" 1 ; N M R (<5, 
GDG13): 6.67(2H, s) and 7.33(20H, s ) ; Found: G; 72.94, 
H ; 4.15, N ; 4 .94%. Galcd for G3 4H2 2G12N202 : G; 72.72, 
H ; 3.95, N ; 4 .99%. Compound 8 was identified by a com­
parison of its I R and N M R spectra with those of a commercial 
sample. 

Reaction of DDM with DDQ in CHzOH-Benzene. A 
benzene solution (10 ml) of D D M (0.50 g, 2.58 mmol) and 
C H 3 O H (0.42 g, 13 mmol) was added, all at once, to a 
solution of D D Q (0.59 g, 2.60 mmol) in benzene (20 ml) . 
After stirring for 1 h, the reaction mixture was evaporated 
in vacuo and the pasty residue was tri turated with benzene 
(50 ml) . Filtration gave pure crystalline D D Q H 2 (0.54 g, 
9 1 % ) . T h e filtrate par t was divided in equal parts and 
was examined by two different methods. O n e par t was 
washed with aqueous sodium carbonate (5%) , dried over 
sodium sulfate, and evaporated to dryness to give crystalline 
5 (0.26 g, 8 7 % ) . T h e other pa r t was evaporated, followed 
by column chromatography(silica gel) to give 7 (30 mg, 
4 % ) and benzophenone (0.20 g, 85%) with a petroleum 
e ther -benzene mixture, and 8 (15 mg, 6%) with a benzene-
ether mixture. Thus , acetal 5 was completely changed into 
benzophenone on silica-gel-column chromatography. 
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Compounds of the type AZCF=CC12, prepared from AZA (thiophene, furan, and /?-dibromobenzene ; Z — 
2,5-thiophenediyl, 2,5-furandiyl, and />-phenylene; A = H or Br), were converted into C C 1 2 = C F Z C E C H , GG12= 
C F Z C E C C F = C C 1 2 , and GGl2=GFZGEGSi(GH3)3 in a one-flask procedure via LiZGEGLi. The products were 
further converted into acetylenic compounds such as (CHg^SiCECZCECS^CHg^ and (CH3)3SiCECZCEC-
CECSi(CH3)3. 1-Ethyny 1-4-(1,3-butadiynyl)benzene was isolated. 2,5-Diethynylthiophene and -furan were 
prepared in two steps from thiophene and furan, respectively, via CC12=CFZCF=CG12. By treatment with cop­
per (II) acetate hydrate in pyridine, ( C C 1 2 = C F Z C E C - ) 2 were obtained not only from G G 1 2 = G F Z G E G H but also 
from CCl2=CFZCECSi(CH3)3. 

For introduction of the ethynyl group, the method 
using GF2=GG12 (l)1) is useful where R is aryl2 '3) and 
the organolithium and/or magnesium compounds are 
available. The method is particularly attractive when 

RLi • RCF=CC12 • RGEGLi 

an appropriate lithium compound is easily obtained 
by lithiation4) rather than by halogen-lithium ex­
change.5) Lithium compounds easily obtained by 
lithiation are also expected to give rise to the desired 
substitution in high proportion (undesirable Gl-Li ex­
change in low proportion) in the reaction with 1, 
since the partial negative charge is considerably delo-
calized in such compounds.6) A typical example is the 
preparation of 2-ethynylthiophene from thiophene.1) 
A good overall yield is also expected for the prepara­
tion of 2-ethynylfuran from furan via 2-(2,2-dichloro-
1 -fluoroethenyl) furan (4b).7) 

In the previous study,1) however, only one position 
in each compound8) was used for introduction of Li 
followed by reaction with 1 and subsequent trans­
formations even where more than one position are 
available. In the present study two positions in each 
compound have been used in order to expand the 
synthetic possibility of the proposed method. 2,5-
Diethynylthiophene (23a) and 2,5-diethynylfuran (23b) 
were prepared from thiophene and furan by this meth­
od. For the synthesis of these new diethynyl compounds, 
other methods used for the synthesis of 2-ethynyl-
thiophene9-13) and 2-ethynylfuran14-16) do not seem to 
be feasible.17) jö-Dibromobenzene was also subjected 
to similar conversions, though preparation of p-d\-
ethynylbenzene was not attempted because of its known 
preparation from divinylbenzene (isomeric mixture),18) 
diethylbenzene,19) and jö-diacetylbenzene.20) 

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

Treatment of 2-(2,2-dichloro-l-fluoroethenyl) thio­
phene (4a) and 2- (2,2-dichloro-l -fluoroethenyl) furan 
(4b) with two equivalents of butyllithium affords lithium 
acetylides 51) (Scheme 1). Further addition of butyl-
lithium lithiated the 5-position of the heterocycles to 
give dilithium compounds (6a and 6b) . A similar 
dilithium compound (6c) was formed, together with 
butyl bromide, from 4c via Li-Br exchange between 
5c and butyllithium. When a portion of a mixture 
obtained in this way was left standing in the absence 

of 1, l-butyl-4-lithioethynylbenzene (18) was formed 
by the reaction of 6c with butyl bromide. 

/>-BrC6H4CF=CCl2 + 2 w-G4H9Li 
4c 

• />-BrC6H4CECLi + 2 rc-C4H9Cl + LiF 
5c 

5c + w-G4H9Li 

> />-LiC6H4CECLi + rc-C4H9Br 
6c 

> />-(w-C4H9)C6H4CECLi + LiBr 
18 

Compounds 6 serve as key intermediate in the trans­
formations shown in Scheme 1. Treatment with 1 
under refluxing conditions afforded compounds (10) 
having two -CF=CC1 2 groups. As the nucleophilicity 
of the acetylide carbanion is much smaller than that 
of the ring carbanion, the reaction can be carried 
out in such a way that only the latter takes par t in 
the reaction. Thus the reaction of 6 with 1 at about 
15 °C for a short time or at 0 °G for 1—2 h led to 
the formation of lithium acetylides 9 as the predom­
inant product. Hydrolytic work-up afforded terminal 
acetylenes 11, and quenching with chlorotrimethyl-
silane gave 12. Compound 11a was relatively un­
stable,21) no procedure for its isolation in satisfactory 
yield being found. Thus the isolated yield of 11a 
from 4a was only 2 9 % , whereas 12a (a silylated acetyl­
ene)22) was obtained in 7 8 % yield together with 7 % 
crude yield of 10a. (At present the best way to pre­
pare 11a is the hydrolysis of 12a by alkali.) Com­
pounds l i b and l i e were much more stable than 11a. 

The 2,2-dichloro-l -fluoroethenyl group in 12 can also 
be converted into the lithioethynyl group by treatment 
with butyllithium. The conversion via 12 thus illus­
trates a method for the preparation of compounds 
of the type A 1 C E C Z C E C A 2 , though there are limita­
tions regarding the types of Ax and A2 for the con­
version to be applicable. The conversions of 4 into 
10, 11, and 12, via several steps each, were convenient­
ly carried out by a one-flask procedure. 

Terminal acetylenes were oxidatively coupled in 
order to obtain more stable crystalline "derivatives." 
Compounds 11a, l i b , and l i e were satisfactorily con­
verted into the symmetrically substituted butadiynes 
13 by Eglinton coupling.23 '24) However, the use of 
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A Z C E C C F = C C 1 2 

7 a, b , c 
AZA 

2 

CF,=CC12 (1) n-C4H9Li ' fi-C4H9Li 

AZLi - > AZCF=GG12 > A Z C E C Ü -> AZCF=CC12 

4 a, b , c 

A Z G E G H 

8 a, c 

> LiZCEGLi 
6 

(4c from AZMgBr) 

C u ( O A c ) 2 - H 2 0 / P y H 2 0 

( C C 1 2 = C F Z C E C - ) 2 < C C I 2 = C F Z C E C H < GCl2=GFZCEGLi 

13 a, b , c * v . 11 a, b , c ^ 9 

C u ( O A c ) 2 . H 2 0 / P > T ^ \ ^ / " ( C H 3 ) 3 S i C l 

CCl2=CFZCECSi(CH3)3 C C 1 2 = C F Z C E C C F = C C 1 2 

12 a, b , c 10 a, b , c 

11a 
aq N a O H / M c O H n-C4H a 

LiGEGZGEGSi(GH3)3 

14 
(CH 3 ) 3 SiCl 

0 2 / C u C l / T M E D A 

[(GH3)3SiGEGZCEG-]2 ^ HGEGZGECSi(GH3)3 (CH3)3SiCsCZCECSi(CH3)3 

16 a, b , c 15 c 17 a, b 

a : Z - \ ] - , A = H ; b : Z = \ ] - , A = H ; c : Z = -<. V 
S O x-_<^ 

Scheme 1. 

A=Br 

LiZLi > CC12=CFZCF=CCI2 

19 
(20c from 
BrMgZMgBr) 

20 a, b, c 

n-C4H9Li 

or w-C3H7Li 
-> LiGECZGEGLi 

22 

H 2 0 

\ 

-> H C E G Z G E G H 

23 a, b 

i. co2 
2. H 3 0 + 

aq K O H / M e O H 
\ (CH 3 ) 3 SiCl 

\ 
H 0 2 G G E G Z G E G G 0 2 H (CH3)3SiCECZCECSi(CH3 

24 a, b 17 a, b 

Scheme 2. 

C C 1 2 = C F Z C E C - C F = C C 1 2 

10 a, b, c 

n-C4H9Li H 2 0 

> LiCEGZGEG-GEGLi > H C E C Z C E C - C E C H 
or H-C3H7Li 

25 26 c 

1. co2 
2. H 3 0 + 

\ ^ (CH 3 ) 3 SiCl 

\ 
H 0 2 G C E G Z G E G - G E G G 0 2 H (GH3)3SiGEGZGEG-GEGSi(GH3)3 

27 c 28 a, b, c 

Scheme 3. 

this method in the case of 15b (curde product obtained 
from 12b) resulted in the formation of a black, in­
soluble substance instead of 16b, suggesting the cleav­
age of the Si-C (acetylenic) bond followed by a cou­
pling reaction. Thus 12b was subjected to the con­
ditions for Eglinton coupling of l i b , formation of 
13b being expected. Compound 13b was indeed ob­
tained in 7 7 % isolated yield, higher than the yield 
(58%) of this compound obtained from l i b . Like­
wise 13c was obtained in an excellent yield from 12c 
as well as from l i e . O n the other hand, the yield 

of 13a obtained from 12a was considerably lower 
than that obtained from 11a. Under the reaction 
conditions compound 12a (or a compound derived 
therefrom) probably undergoes a side reaction, such 
as ring cleavage, whereas compound 11a is rapidly 
converted into the coupling product (13a). The cou­
pling product formed from 11a soon crystallizes, re­
maining mostly intact. The conversion of 15 into 
16 was effected by use of Hay's procedure.25^ 

Scheme 2 shows the conversion of thiophene and 
furan into 2,5-diethynylthiophene (23a) and 2,5-di-
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T A B L E 1. YIELDS, PHYSICAL PROPERTIES, AND ELEMENTAL ANALYSIS DATA OF ACETYLENES AND RELATED 

COMPOUNDS OBTAINED BY USING G F 2 = G G 1 2 

Gompd 

10a 

11a 

12a 

13a 

16a 

17a 

20a 

21a» 

23a 

24a 

28a 

10b 

l i b 

12b 

13b 

16b 

17b 

20b 

21b» 

23b 

24b 

28b 

10c 

Yield/% a> 

~~73 

29 
97*: 

78 

77 
38 
78 

95 
95 
64 

85 
85 
72s) 

59 

51 

44 

49P) 

58 
77 
64 

88 
93 
37 

72 
86 
73») 

50 

72 

(4a) 

(4a) 
) (12a) 

(4a) 

(11a) 
(12a) 
(12a) 

(12a) 
(20a) 
(2a) 

(2a) 

(17a) 
(20a) 

' (20a) 

(10a) 

(4b) 

(4b) 

(4b) 

( l ib) 
(12b) 
(12b) 

(12b) 
(20b) 
(2b) 

(2b) 

(17b) 
(20b) 
(20b) 

(10b) 

(4c) 

Bp/°C(mmHg) 

96—98(6) 

126—128(2.5) 

130—133(2) 

ca. 80(2) 

ca. 182(2) 

130—135(2) 

85(7) 

118—122(2.5) 

116(4) 

ca. 75(5) 

153—158(2) 

rc2
D° or 

[Mp/°G] 

[46—47] 

[42—43] 

[76.5—78] 

[197—198] dec 

[135.5—136.5] 

[82.5—83.5] 

[85—86] 

1.6114 

1.636k) 

1) 

1.6231 

[52—53] 

1.5912 

1.5673 

[123—124] dec 

[128—129] 

[72—72.5] 

[65.5—66.5] 

1.5556 

1.5654k) 

1) 

[50—52] 

[74.5_75.5] 

1.FNMRM) ^ N M R ^ a / p p m 

<VPPm IV " Ue) 

22.7 
( t 0 . 9 ) 
24.8 
( d0 .6 ) 
22.5 
( t 0 . 9 ) 

22.7 
( t 0 . 9 ) 
20. W 

22.2 
( t 0 . 9 ) 
24.0 
( t 0 . 9 ) 

35.3 
( t 1.1) 
26.1 
35.1 
( d l . 3 ) 
( d0 .6 ) 
35.0 
( d l . 4 ) 
( d0 .6 ) 
35.61) 
( t l . 0 ) 

35.4 
( t l . 0 ) 
35.3 
( d l . 4 ) 

19.7br 
24.4 br 

3.48 
(d0 .5 ) 

0.26 

0.250 

0.24 

3.35^ 

5.11m,n) 

0.23 
0.24 

3.48 
(d0 .4 ) 

0.26 

0.26 

0.24 

3.39^ 

5.30m>n> 

0.22 
0.24 

7.36 + 7.44(4.0) 
( d l . 0 ) ( t 0 . 7 ) 

7.25 + 7.39(4.0) 
(d0 .9 ) ( d l . 0 ) 
(d0 .4 ) 
7.20+7.36 (4) 
(d0 .9 ) (d0 .9 ) 

7.08 + 7.17*> (3.9) 

7.06 

7.47 
( t 0 . 9 ) 
6.90 + 7.25(4.2) 
(d0 .6 ) (d0 .8 ) 
7.IP) 

7.49m> 

7.09 + 7.12(3.8) 

6.92 
( d l . 0 ) 

6.73 + 6.83(3.6) 
( d l . 4 ) (d0 .6 ) 
(d0 .5 ) 
6.69 + 6.82(3.5) 
( d l . 5 ) ( d 0 . 5 ) 

6.881) 
( d l . 0 ) 
6.60 + 6.76(3.6) 

6.55 

6.93 
( t l . 0 ) 
6.31+6.83(3.6) 
( d l . 4 ) 
6.621) 

7.11m> 

6.58 + 6.62(3.6) 

7.59 + 7.76(8.6)^) 

IRf) 
v/cm-1 

1612 
1620 sh 
2190 

1628 
2110 
3300 
1620 
2145 
1618 
2140 
2145 

2145 

1616 

1628 

2106 
3290 
2210 

2090°) 
2135°) 
2180°) 
1624 
2205 

1630 
2119 
3295 
1628 
2153 

1637 
2149 
2154 
2184 w 
2158 
2192 w 
1625 

1635 

2107 
3290 
2225 

2100°) 
2152°) 
2200°) 
1624 
1630 sh 
2200 

G (%) 
(Galcd) 
Found 

(35.96) 
L 35.70 

(43.46) 
43.35 

(45.05) 
44.78 

(43.66) 
43.41 

(64.97) 
64.76 

(60.80) 
60.70 

(30.99) 
30.64 

(31.13) 
31.30 

(72.69) 
72.46 

(54.54) 
54.17 

(63.93) 
63.63 

(37.77) 
37.66 

(46.87) 
46.72 

(47.66) 
47.58 

(47.10) 
46.97 

(70.54) 
70.47 

(64.55) 
64.41 

(32.69) 
32.68 

(33.45) 
33.29 

(82.75) 
82.90 

(58.83) 
58.89 

(67.54) 
67.44 

(43.94) 
43.66 

H ( % ) 
(Galcd) 
Found 

(0.60) 
0.59 

(1.37) 
1.21 

(3.78) 
3.70 

(0.92) 
0.97 

(5.45) 
5.29 

(7.29) 
7.51 

(0.65) 
0.59 

(0.87) 
0.90 

(3.05) 
3.08 

(1.83) 
1.54 

(6.71) 
6.79 

(0.63) 
0.62 

(1.48) 
1.68 

(4.00) 
4.08 

(0.99) 
0.98 

(5.92) 
5.94 

(7.74) 
7.58 

(0.69) 
0.55 

(0.94) 
0.96 

(3.47) 
3.40 

(1.98) 
1.97 

(7.09) 
7.06 

(1.23) 
1.14 
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TABLE 1. (continued) 

Gompd 

l i e 

12c 

13c 

15cfc) 

16c 

20cu) 

26c 

27c 

28c 

Yield/%a> 

60 (4c) 

55 (4c) 

93 ( l ie) 
96s> (12c) 
71 (12c) 

78 (12c) 

79 (10c) 

85s> (10c) 

81 (10c) 

Bp/°C(mmHg) 

129- -137(3) 

rc2
D° or 

[Mp/°G] 

[50—51] 

[56—57] 

[161—162] 

[55—56] 

[231—232] 

[119—120.5] 

1) 

1) 

[107.5—108. 

1 9FNMRb ' 
<5/ppm 

19.2br 

19.3br 

19.71) 

19.6 br1) 

5] 

0 *HN 

Id) 

3.20 

0.26 

0.25 
3.16 
0.261) 

2.521) 
3.20» 

4.90m>n> 

0.22 
0.24 

MRb> (5/ppm 

IIe) 

7.57 + 7.71(8.8)« 

7.52 + 7.66 (8.4)« 

7.61+7.75i)(9)<i) 

7.45 

7.441) 

7.821) 

7.471) 

7.65m> 

7.43 

IRf) 
j ' / c m - 1 

1634 

r ) 
3275 
3300 w 
1628s) 
2154 
1634 

r ) 
2152 
3259 
2152 

1634 

2205 
3295 sh 
3270 
2165 w 
2209 sh 
2230 
2103°) 
2153°) 
2205°) 

G (%) 
(Galcd) 
Found 

(55.85) 
55.74 

(54.36) 
54.33 

(56.11) 
55.64 

(79.12) 
78.98 

(39.51) 
39.48 

(95.97) 
95.18 

(70.59) 
70.10 

(73.40) 
73.32 

H ( % ) 
(Galcd) 
Found 

(2.34) 
2.42 

(4.56) 
4.50 

(1.88) 
1.77 

(6.64) 
6.45 

(1.33) 
1.39 

(4.03) 
3.99 

(2.54) 
2.71 

(7.53) 
7.53 

a) Isolated yield, calculation being based on the starting compound indicated in parentheses, b) 20% Solution in 
GDGlg unless otherwise stated. 1H and 19F chemical shifts measured downfield relative to internal tetramethylsilane 
and upheld relative to external CF3C02H, respectively. Splitting pattern and (apparent) coupling constant (Hz) 
indicated in parentheses, c) 19F chemical shift for - G E G - G F = G G 1 2 indicated by bold face; broad signals at expanded 
scale (half-height width of roughly 1 Hz) denoted by br. 19F chemical shifts and splitting patterns (in parentheses) 
not given in the Table are as follows: 4a, 20.7(d 2.8) (t 1.1); 7a, 23.9(d 0.6); 4b, 34.1 (t 1.4) (t 0.5); 7b, 25.2 br; 4 
(Z=/>-phenylene, A = H), 15.6 br; 7 (Z =/>-phenylene, A = H ) , 23.6; 4c, 18.8 br; 7c, 24.2 br. d) Si(GH3)3 (0.22— 
0.26 ppm), G0 2H (4.90—5.30 ppm), and G E G H (2.52—3.48 ppm, in italics), e) Aromatic ring proton. Data for 
(gross) AB pattern: chemical shift of A + chemical shift of B (coupling constant: JAB in Hz). Further splittings 
indicated under the respective chemical shifts, f) *>C=C of -CF=CC12, VCEC (in bold face), and vC-H of - C E C H 
(in italics) are given. Neat for liquid and in KBr pellet for crystals, w, weak; sh, shoulder; br, broad, g) Crude 
yield, h) Saturated solution in thiophene. This compound is sparingly soluble in organic solvents, i) Concentration 
smaller than 10%. j) Obtained in ca. 7% crude yield as by-product of 20a or 20b. k) Melting point ca. 15 °C. 
1) No melting point observed; turning dark with rise in temperature, m) CD3OD used as solvent, n) Chemical 
shift probably concentration-dependent due to the equilibrium: -COOH + CD3OD^±-COOD + CD3OH. o) The three 
bands of *>CEC of comparable strength, p) 2-(Trimethylsilylethynyl)furan obtained in 17% yield, q) Approximate 
value of JAB of AA'BB' (or AA'BB'X) system. Since JAB is the coupling constant between protons in mutually 
ortho positions and is expected to be much larger than other coupling constants, the spectrum has been treated as a 
(gross) AB pattern, r) VCEC not observed: apparently IR-inactive. s) A stronger band, probably not due to the 
-CF=CC12 group, present at 1608 cm-1. t) Previously reported (Ref. 23). u) Obtained in 9% yield together with 
52% yield of 4c when excess 1 was refluxed for a total of 19 h (in 3 days) in a Grignard reagent mixture prepared 
from j&-dibromobenzene (0.5 mol) and magnesium (0.62g-atom: Ventron chips). 

ethynylfuran (23b), as well as their derivatives. The compounds. However, the use of a large excess of 
yields of 2,5-bis(2,2-dichloro-l-fluoroethenyl)thiophene butyllithium is undesirable since remaining butyl-
(20a) and -furan (20b) obtained via lithiation of thio- lithium reacts with 20 as well as with 1. In the present 
phene and furan followed by treatment with 1 were experiments a 5 0 % excess of butyllithium (a total 
64 and 3 7 % , respectively. The low yields are ap- of three equivalents) was used for the dilithiation of 
parently due to incomplete dilithiation of the hetero- thiophene and furan with a refluxing time of 9.5—11 
cycles (and to possible decomposition of the dilithium h. In the reaction with 1, the inverse addition method 
compounds), particularly in the case of furan,26) rather was not used since a significant portion of the butyl-
than to the yield of the reaction of the dilithium com- lithium was considered to remain and to offset the 
pounds with 1. In the lithiation an increase in the advantage of use of this less convenient method, 
proportion of butyllithium is expected to increase the The by-products of these reactions are 2-chloro-
extent of conversion of the heterocycles into dilithium 5-(2,2-dichloro-l-fluoroethenyl) thiophene (21a) and 
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-furan (21b) besides 4a and 4b , which were formed 
from the monolithiated compounds (3a and 3b) . 
Compounds 21a and 21b were isolated by preparative 
GC for identification. The formation of C1ZCF=CC12 

(21) from LiZLi seems to proceed via GIZLi rather 
than via LiZCF=CCl2 since LiZLi is expected to give 
much higher proportion of the Li-Gl exchange to 
the substitution than LiZCF=CCl2 , in view of sta­
bilization to a much smaller extent of the negative 
charge6) in LiZLi than in CCl2=CFZLi. 

LiZLi 
CCl2=CFZLi 20 

GIZLi C1ZCF=CC12 

21 

Treatment of 20a and 20b with excess butyllithium 
(or propyllithium) followed by work-up and rotary 
evaporation of the solvent and butyl chloride (or 
propyl chloride) afforded crude 2,5-diethynylthiophene 
(23a) and 2,5-diethynylfuran (23b), respectively. The 
yields were high, but the samples contained hydro­
carbon impurities, apparently originating from lithium 
reagent solutions and not effectively removable by 
rotary evaporation. 2,5-Diethynylthiophene (23a) was 
not sufficiently stable to be purified by preparative 
GG; purification was successfully performed through 
conversion into the disilver diacetylide. 2,5-Diethynyl-
furan (23b) was more stable, pure samples being ob­
tained by careful preparative GG as well as through 
conversion into its disilver diacetylide. 

Alkali hydrolysis of the bis(trimethylsilyl) deriva­
tives (17), obtained by treatment of the dilithium 
diacetylides (22) with chlorotrimethylsilane as well as 
by a one-flask procedure from 12 (Scheme 1), also 
afforded 2,5-diethynylthiophene (23a) and -furan (23b). 
However, the crude samples obtained from 17 con­
tained (GH3)3SiOSi(GH3)3, and its removal required 
the use of the methods by which the samples obtained 
from 20 were purified. 

The conversion of l,4-bis(2,2-dichloro-l-fluoroethen-
yl) benzene (20c) into 1,4-diethynylbenzene (23c) was 
not undertaken. l-Ethynyl-4-(l,3-butadiynyl)benzene 
(26c) was, however, prepared for the first time by 
treatment of 10c with butyllithium (or propyllithium) 
as shown in Scheme 3. This is probably the easiest 
route for preparation of 26c. The dicarboxylic acid 
(27c) and the bis(trimethylsilyl) derivative (28c) were 
also obtained. The corresponding bis(trimethylsilyl) 
derivatives (28a and 28b) of thiophene and furan 
were similarly obtained. Compound 28a remained as 
a viscous oil even after being purified by preparative 
GG. 

Each of the compounds 28 obtained from 10 was 
accompanied by a by-product resulting from addition 
of butyllithium to 25 and subsequent replacement of 
three lithium atoms by trimethylsilyl groups. Propyl­
lithium was not used for the preparation of 28. O n 
the basis of the infrared spectrum (v O C 2122 and 
2158 cm- 1 for 30a as compared with v C=C 2090, 
2135, and 2180 c m - 1 for 28a) and from the fact that 
no addition of butyllithium to 22 takes place in the 
treatment of 20 with excess butyllithium, as confirmed 
by GG-mass spectroscopic examination of crude 17 

obtained from the route given in Scheme 2, the by­
product is considered as formed via 1,2-addition of 
butyllithium to one of the triple bonds in the lithio-
butadiynyl group of 25. Structure 29 is most likely 
for the adduct, structure 30 being tentatively assigned 
to the trisilylated compound. The addition of butyl­
lithium to 25 was particularly conspicuous in the case 
of the thiophene derivative. 

LiCECZC(C4H9-w)=C(Li)CECLi (29) 

(GH3)3SiGEGZG(G4H9-w)-G[Si(GH3)3]GEGSi(GH3)3 (30) 

The following remarks are given on the N M R data 
summarized in Table 1 : ( 1 ) The unusually high 19F 
N M R chemical shifts of the -CF=CC12 group of furan 
derivatives are clearly associated with a similar trend 
of the 1H N M R chemical shifts of the ring protons. 
Note that the 19F N M R and XH N M R chemical shifts 
are measured in mutually opposite directions. (2) The 
coupling patterns in XH N M R spectra of thiophene 
and furan derivatives are much simpler than those 
of benzene derivatives. In many cases, the coupling 
constant between the fluorine of the -CF=CC12 group 
(attached to the 2-position of the ring) and the proton 
at the 3-position is comparable to the one between 
the fluorine and the proton at the 4-position. How­
ever, of the two coupling constants or of the two XH 
chemical shifts, it is not clear which one is for the 
proton at the 3-position. 

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

Caution should be taken in the handling of acetylenic com­
pounds. Some terminal acetylenes are liable to exothermic 
decompostion upon heating (cf. descriptions for 11a and 
23a). 

Temperature readings are uncorrected. Pressure readings 
are given in terms of mmHg (1 mmHg= 133.322 Pa). 19F 
NMR and 1H NMR spectra were recorded on a Hitachi 
R-20BK operated at 56.451 MHz and on a Hitachi R-22 
operated at 90 MHz, respectively. IR spectra were record­
ed on a Hitachi EPI-G3, and mass spectra27) on a Shimadzu 
G CMS-7000. All reactions of butyllithium and propyl­
lithium were conducted under an atmosphere of nitrogen 
with use of sodium-dried ether. Butyllithium and propyl­
lithium were prepared from butyl bromide and propyl bro­
mide, respectively, by the reaction with cut pieces of lithium 
in ether and stored at —20 °G. The amounts of these re­
agents are calculated from nominal concentration. 

2-Ethynyl-5-(2,2-dichloro-l-fluoroethenyl)thiophene (Ha). 
Compound 4a1) (19.06 g, 96.7 mmol) was treated with butyl-
litium, 1 being added as described in the section for 12a. 
The resulting mixture was allowed to warm to 0 °G, at which 
it was stirred for 1.3 h. The worked-up mixture was crystal­
lized by cooling to —20 °G, crystals of 11a (4.32 g) remaining 
unmelted at room temperature being filtered off. Vacuum 
distillation of the mother liquor afforded an additional 
amount of 11a (1.95 g, bp 96—98 °G/6 mmHg), increasing 
the total isolated yield to 29%. A large amount (11.86 
g) of distillation residue remained. The experiment was 
repeated, and the total worked-up mixture was subjected 
to vaccum distillation. A few minutes after air28) had been 
admitted into the apparatus in order to replace the con­
denser, in which the first portion of 11a had crystallized, 
the content of the still pot decomposed with ignition. The 
analytical sample (mp 42—43 °G) of 11a was obtained by 
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recrystallization (from methanol) of a sample obtained by 
alkaline hydrolysis of 12a. M S m/e, 220 (M) . 

2- ( 2,2-Dichloro-1 -fluoroethenyl) -5- ( trimethylsilylethynyl) thiophene 
(12a). Ethereal butylli thium (322 mmol, 192 ml) 
was added to a stirred solution of 4 a (19.70 g, 100 mmol) 
in ether (100 ml) cooled with Dry Ice-acetone below —50 
°G. T h e resulting mixture was stirred for 1.5 h at ca. 20 
°G and re-cooled with Dry Ice-acetone. After addition 
of 1 (36 g, 270 mmol) in one portion, the Dry Ice-acetone 
ba th was replaced by an ice-water bath . T h e internal 
temperature rose rapidly to reach a max imum of 20 °G and 
then began to fall. T h e resulting mixture was stirred at 
13—17 °G for 16 min after that moment , re-cooled with 
Dry Ice-acetone, and chlorotrimethylsilane (24.5 g, 225 
mmol) was added. After the cooling bath had been re­
moved, the whole mixture was stirred for 2 h and poured 
onto a mixture of crushed ice and coned hydrochloric acid. 
Distillation of 9 4 % of the worked-up mixture afforded 21.47 
g (78% yield) of 12a, bp 126—128 °G/2.5 m m H g . T h e 
distillation residue (2.2 g, corresponding to 7% yield) was 
found to be mainly 10a by I R and 19F N M R spectroscopy. 
No crystallization of 12a took place in the condenser during 
the course of distillation, though crystallization was easily 
induced by seeding. T h e analytical sample (mp 76.5—78 
°G) was obtained by recrystallization from ethanol. M S 
m/e (rel intensity), 292 (M, 46), 277 ( M - G H 3 , 100). 

Bis[5- (2,2-dichloro-1 -fluoroethenyl) -2-thienyl] butadiyne (13a). 
Compound 11a (2.00 g, 9.0 mmol) and copper(II ) acetate 
hydrate (3.00 g) was stirred in pyridine (30 ml) in a ba th 
at 50 °G. The solution turned into a bright brown slurry 
in a few minutes. After being stirred for 30 min, the re­
sulting mixture was poured onto water (ca. 500 ml) with 
agitation. T h e precipitate was collected by filtration and 
dried (mp 195—199 °C; 1.93 g„ corresponding to 9 7 % yield 
of 13a). T h e first crop of recrystallization of 13a from 
dioxane was 1.54 g, ( 7 7 % ; m p 197—198 °G with decompo­
sition as judged from formation of a black melt) . M S m/e 
(rel intensity), 438 (M, 100), 368 ( M - 2 G 1 , 22). 

W h e n compound 12a (2.00 g, 6.8 mmol) was subjected 
to essentially the same treatment as described above, the 
crude product obtained by pouring the reaction mixture 
onto water amounted to 1.44 g, corresponding to 9 6 % yield 
of 13a. However, only 3 8 % yield (0.57 g) of 13a was ob­
tained from this. T h e rest of the material was more strongly 
adsorbed on alumina and is suggested to be a mixture by 
its elution behavior. 

2,5-Bis (trimethylsilylethynyl) thiophene (17 a). Ethereal 
butylli thium (31 mmol , 19 ml) was added to a cooled stirred 
suspension of 12a (3.36 g, 11.5 mmol) in ether (60 ml) over 
a period of 12 min below —58 °G; After addition of chloro­
trimethylsilane (6 g, 55 mmol) at — 5 °G, the resulting 
mixture was stirred for 1.5 h without cooling. Hydrolysis, 
workup, and solvent evaporation afforded a crystalline res­
idue, from which 2.65 g (mp 82.5—83.5 °G) of 17a was 
obtained by digestion with ethanol followed by filtration. 
From the filtrate, less pure 17a (mp 79—81 °G. 0.36 g; 
total 95%) was recovered. Recrystallization from ethanol 
afforded the analytical sample (mp 82.5—83.5 °C). M S 
m/e (rel intensity), 276 (M, 100), 261 ( M - G H 3 , 51). 

T h e same compound was obtained in 9 5 % yield from 20a 
by the same procedure, its identity being confirmed by un­
depressed mixed melting point. 

1,4-Bis[p-(trimethylsilylethynyl)phenyl\-1,3-butadiyne (16c). 
An acetone (10 ml) solution of crude 15c29> obtained from 
12c (2.00 g, 7.0 mmol) by t reatment with butylli thium (19 
mmol) was added to an oxygen-bubbled solution of N,N,N',-
iV'-tetramethylethylenediamine (0.12 g) and copper (I) chlo­

ride (0.10 g) in acetone (20 ml) . T h e resulting mixture, 
which became a crystalline slurry in a few minutes, was 
stirred for 39 min with continued oxygen bubbling and 
treated with a mixture of ether (ca. 150 ml) and aqueous 
hydrochloric acid. Crystals of 16c remaining insoluble even 
after addition of benzene (50 ml) followed by shaking of 
the total mixture were filtered off (dried 0.28 g, m p 2 3 1 — 
232 °C). An additional amount (0.79 g) of crystals of 16c 
was obtained from the organic layer after washing (with 
aqueous hydrochloric acid and then with water) , drying, 
and concentration, with increase in the total isolated yield 
of 16c to 7 8 % (based on 12a). A mixture (0.20 g, 15%) 
of 15c and 16c recovered from the mother liquor is excluded 
from the above yield. Recrystallization from benzene af­
forded the analytical sample (mp 231—232 °C). M S m/e 
(rel intensity), 394 (M, 100), 279 ( M - C H 3 , 94). T h e 
corresponding thiophene and furan derivatives (16a and 
16b) were much more soluble in organic solvents than 16c; 
most of the acetone was removed by evaporation before 
similar work-up. 

2,5-Bis (2,2-dichloro-1 -fluoroethenyl) thiophene (20a). 
Ethereal butylli thium (300 mmol, 180 ml) was added (ex­
othermic) to a stirred solution of thiophene (8.41 g, 100 
mmol) in ether (100 ml) in a 500 ml four-necked flask 
equipped with a thermometer, a dropping funnel, and a 
Dimroth condenser. T h e solution was refluxed for 12 h 
to give a slurry. Compound 1 (51 g, 380 mmol) was added 
over a period of 43 min, during which time the internal 
temperature was kept below —50 °C by cooling with Dry 
Ice-acetone. Circulation of ice water through the Dimroth 
condenser was initiated, and the dropping funnel was re­
placed by an additional condenser, two condensers being 
necessary to control the excessive exothermicity. T h e 
cooling ba th was replaced with a vacant bath vessel, which 
was filled with ice water to the necks of the flask as soon 
as the internal temperature reached 0 °C. T h e tempera­
ture rose slowly up to 20 °C but very rapidly to refluxing 
temperature (30—32 °C) from 20 °C. After vigorous boiling 
subsided, the cooling bath and the additional condenser 
were removed, the mixture was heated to reflux for 2 h, 
and poured onto a mixture of crushed ice and coned hydro­
chloric acid (30 ml) . T h e ether layer was separated, washed 
(with water and with aq N a H C 0 3 ) , dried, and 9 5 % of the 
solution was evaporated to leave a crystalline residue. Di­
gestion with ethanol followed by filtration afforded 20a 
(14.50 g) . Fractional distillation of the filtrate with a short 
Vigreux column gave an additional amount (4.51 g) of 
20a (bp 130—132 °C/2 m m H g ) , increasing its total yield 
to 6 4 % , besides an approximately 1:1 mixture (3.02 g, in 
three fractions) of 4a (7% yield) and 21a (7% yield). The 
analytical sample of 20a, m p 85—86 °C, obtained from a 
distilled sample by recrystallization from ethanol, was col­
orless. M S m/e (rel intensity), 308 (M, 100), 273 (M—Gl, 
6), 238 ( M - 2 C 1 , 32). A pure sample of 21a was obtained 
by preparative GG. M S m/e (rel intensity), 230 (M, 100), 
195 ( M - C l , 30), 160 ( M - 2 G 1 , 42). By a similar procedure 
with an externally heated refluxing time of 2 h for lithiation 
of thiophene using 2.4 equivalents of butyllithium, 4a and 
20a were isolated 31 and 3 5 % yields, respectively. 

2,5-Diethynylthiophene (23a). Ethereal butyllithium 
(20 mmol, 12 ml) was added below — 58 °G over a period 
of 10 min to a cooled stirred slurry of 20a (1.00 g, 3.2 mmol) 
in ether (50 ml) . T h e resulting mixture was allowed to 
warm to — 10 °G and poured onto a mixture of coned hydro­
chloric acid (4 ml) and crushed ice. The whole mixture 
was shaken, the ether layer separated, washed (with water 
and with aq sodium hydrogencarbonate), and dried (Na2-
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S04). The oil (0.57 g; caution30'') obtained after brief rotary 
evaporation was dissolved in ethanol (20 ml), and a solu­
tion of silver nitrate (2.00 g) in water (2 ml) was added 
giving a bright yellow precipitate, which was filtered off 
and washed with ethanol and with ether. The precipitate 
was stirred in ether (100 ml). An aqueous solution (15 
ml) containing 3 ml of coned hydrochloric acid was added, 
the ether layer separated (after complete conversion of the 
precipitate), then washed (aq hydrochloric acid, water, and 
aq sodium hydrogencarbonate), dried and evaporated (up 
to 45 °C bath temp) to give 23a as an oil (0.37 g, 87%). 
IR and 1H NMR examination indicated the presence of 
ether (2%), the yield of 23a being 85%. Pure 23a was 
obtained by further evaporation. 

Aqueous potassium hydroxide (a 0.08g pellet dissolved in 
2 ml of water) was added to a solution of 17a (1.00 g, 3.6 
mmol) in methanol (50 ml) stirred in a bath kept at 20 °C. 
After 20 min, the resulting solution was shaken with a mix­
ture of ether (100 ml) and water (100 ml). Crude 23a 
was obtained from the ether layer and purified by conversion 
via the disilver diacetylide. Regenerated 23a (0.42 g) con­
tained 3% of ether (yield of 23a: 85%). A 0.20 g portion 
of this sample was further evaporated to give 0.18 g of pure 
23a (79% from 17a). MS m/e (rel intensity), 132 (M, 
100), 82 (M-C 4 H 2 , 16), 69 (M-C 5 H 3 , 23), 63 (G5H3, 
11); IR (neat),31) 3290 [1], 3100 [2], 3090 sh [2], 2590 w, 
2106 [3], 1784 [4], 1620 [5], 1518 [6], 1513 sh [6], 1442 
[7], 1340 br [8], 1235 sh, 1219, 1152, 1138, 1034 [9], 813 
[10], 705, 676 sh [11], 670 [11], 608 [12], 548, 495, 442 
cm-1 [13]. 

2,5-Diethynylfuran (23b). MS m/e (rel intensity), 116 
(M, 100), 88 ( M - C O , 12), 63 (G5H3, 13), 62 (G5H2, 13), 
53 (M-C 5 H 3 , 10); IR (neat),") 3290 [1], 3146 [2], 3110 w 
[2], 2692 w, 2107 [3], 1730 [4], 1600 [5], 1570 [6], 1565 sh 
[6], 1497 [7], 1380 br [8], 1347, 1310, 1214, 1200, 1022 
[9], 965, 800 [10], 688 [11], 670 sh [11], 604 [12], 453 cm-1 

[13]. 
1 -Ethynyl-4-(1,3-butadiynyl) benzene (26c). Compound 

10c (1.00 g, 3.1 mmol each time) was treated with butyl-
lithium or propyllithium (20 mmol) below — 50 °C in order 
to find an appropriate isolation procedure for 26c, an un­
stable compound. The ether solution obtained after work-up 
from each run was dried (Na2S04) and subjected to rotary 
evaporation to leave a crystalline residue (0.5—0.6 g, cor­
responding to 109—130% yield of 26c). All samples show­
ed 1H NMR signals at the alkyl hydrogen region, impurities 
not being completely removable by continued evaporation. 
Digestion with cold ethanol (or methanol) followed by filtra­
tion afforded pure 26c, the yields being less than 50% even 
after combining the crystals obtained by cooling the filtrates 
to — 20 °C. Conversion into the disilver diacetylide led 
to the highest isolated yield of pure 26c. Thus the crude 
sample obtained from a butyllithium run was dissolved in 
ethanol (25 ml), and a solution of silver nitrate (2.00 g) 
in water (2 ml) was added to give a pale yellow precipitate, 
which was filtered off, washed, and treated with aqueous 
hydrochloric acid as in the case of 23a. The sample of 
regenerated 26c (0.36 g, 79%) showed no XH NMR signal 
other than three single peaks (2.52, 3.20, 7.47 ppm) in 1:1:4 
relative intensities. The crystals of 26c first appearing on 
the inside wall of the flask upon evaporation of every worked-
up solution were nearly white, indicating that 26c is stable 
in ether. However, the crystals turned rapidly to beige 
and to brown black. The compound showed no melting 
point and turned dark with rise in temperature. Cooling 
to or below — 20 °C was neccessary for storage even for a 
short time {e.g. 2 h). The spectroscopic data of freshly 

prepared samples are as follows. MS m/e (rel intensity), 
150 (M, 100), all other peaks ( < 7 ) ; IR (KBr), 3295 sh(w), 
3275 sh, 3270, 2205, 1920, 1670, 1505 sh, 1497, 1403, 1378 
w, 1269, 1258, 1109, 1020, 838, 711, 679, 668, 641, 636 sh, 
548, 508, 451 cm-1. The KBr discs of IR measurement 
turned black in one day upon standing in the dark at room 
temperature. The IR spectrum at this stage was nearly 
the same as the spectrum obtained after several months. 
Notable spectral changes were: (1) broadening and decrease 
in intensity of the 3270, 1403, 1109, 1020, 838, 668, 641, 
and 548 cm-1 bands, (2) disappearance of 2205, 1920, 1670, 
1378, 1269, 1258, 711, 679, 508, and 451 cm-1 bands, and 
(3) replacement of the bands at 711—636 cm - 1 by two broad 
bands (of decreased intensity) at 650 and 618 cm-1. 

5-[p-(Carboxyethynyl)phenyf]-2,4-pentadiynoic Acid (27c). 
Compound 10c (1.00 g, 3.1 mmol) was treated with butyl-
lithium as above, several pieces of Dry Ice {ca. 10 g) being 
added to the resulting active mixture. After stirring for 
1.5 h water was added, the whole mixture shaken, filtered, 
the aqueous layer separated, washed with ether, and acidified 
with aqueous hydrochloric acid. The resulting faintly yel­
low crystalline precipitate was filtered off and dried (0.62 
g, 85% yield of 27c) over calcium chloride in a vacuum 
desiccator. Recrystallization of a portion of the sample 
from a small amount of methanol by cooling to —20 °C 
gave a colorless analytical sample showing no melting point 
and turning dark above ca. 190 °C. Recrystallization from 
water was inappropriate. Heating the compound in boiling 
water appeared to induce decarboxylation, the product (not 
purely isolated) suspected to be H 0 2 C C E C C 6 H 4 C = C - C = C H . 
(The analytical samples of 24a and 24b were obtained by 
recrystallization from acetone and from water, respectively.) 

1 - (Trimethylsilylethynyl) -4-(4-trimethylsilyl-7,3-butadiynyl)-
benzene (28c). Compound 10c (2.00 g, 6.1 mmol) was 
treated with butyllithium (40 mmol), and the resulting ac­
tive mixture with chlorotrimethylsilane. From the crystal­
line mixture obtained after work-up, 28c (1.45 g, 8 1 % ; mp 
107.5—108.5 °C) was obtained by digestion with methanol 
followed by filtration. The filtrate upon standing for one 
week, precipitated crystals (0.21 g, mp ca. 75—97 °C), which 
were found to be a mixture {ca. 3:2) of 28c and a compound 
whose mass spectroscopic molecular weight is greater than 
that of 28c by 130 [(CH3)3SiC4H9]. The latter seems to 
have the structure 30c. 
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A selective attack of dichlorocarbene at the para-position of phenolate has been achieved by using a-cyclo-
dextrin and the reaction mechanism has been studied by the 13G-NMR and 1H-NMR spectroscopy. The attack 
of the carbene at the para-position of phenolate (82%) is dominant over the attack at the ortho-position (18%) 
in the presence of 0.15 mol dm - 3 of a-cyclodextrin, which is in contrast with the predominance of the ortho-attack 
(59%) over the para-attack (41%) in the absence of a-cyclodextrin. 

Specificity is one of the important characteristics 
of the cyclodextrin catalyses.1) This specificity has 
been attributed to the complex formation of the sub­
strate with cyclodextrin prior to the chemical trans­
formation. However, detailed analysis on the origin 
of the specificity has been scant, mainly because of 
poor information on the structures of the inclusion 
complexes of cyclodextrin in solution. 

In previous papers, the time-averaged conformations 
of the inclusion complexes were determined by use 
of the iH-NMR 2 ' 3 ) and 1 3C-NMR4) spectroscopy. 
Furthermore, a much larger magnitude of the catalysis 
of a-cyclodextrin in the cleavage of m-nitrophenyl 
acetate than that in the cleavage of j&-nitrophenyl 
acetate was satisfactorily interpreted in terms of the 
structures of the inclusion complexes of the substrates 
and a-cyclodextrin.5) 

In the present paper, the a-cyclodextrin-catalyzed 
para-selective attack of dichlorocarbene at phenolate 
is shown. Furthermore, the origin of the selectivity 
is clarified by using the time-averaged structure of 
the a-cyclodextrin-phenolate complex, determined by 
the 1 3 C-NMR and ^ - N M R spectroscopy. 

Exper imenta l 

Determination of the Para-Ortho Selectivity in the Dichlorocarbene 
Attack at Phonolate. Dichlorocarbene, prepared in situ 

TABLE 1. THE PARA : ORTHO SELECTIVITY IN THE 

DICHLOROCARBENE ATTACK AT PHENOLATE 

IN THE PRESENCE OF a-CYCLODEXTRIN a ' b ) 

[a-Cyclodextrin] 0 

lO-imoldm-s " 

0 
0.071 
0.15 
0.25 
0.35 
0.60 
1.0 
1.5 

Conversion 
of phenolate 

0/ 
/o 

12 
9.7 
8.1 
6.0 
4.3 
2.3 
1.5 
0.95 

Products 

Para : Ortho 
molar ratio 

0.71 
0.77 
0.85 
0.99 
1.11 
1.71 
3.55 
4.65 

Para 
selectivity/% 

41 
44 
46 
50 
53 
63 
78 
82 

a) In 0.2 mol dm"3 NaOH solution; [phenolate]0= 10~2 

and [chloroform]0 = 3 X 10~2 mol dm - 3 ; the reaction time 
is two days, b) The subscript 0 refers to the initial 
concentration, 

from chloroform and sodium hydroxide, was allowed to 
react with phenolate as shown in Eqs. 1—3 (Reimer-
Tiemann reaction) .6) The reactions were carried out in 
0.2 mol dm - 3 NaOH solution at 30 °G, and the initial con­
centrations of phenolate, chloroform, and a-cyclodextrin, 
respectively, were in the regions of 5 x l 0 - 3 — 2 x l 0 - 2 , l x 
10-2—4xlO"2, and 0—1.5x 10"1 mol dm"3. The rate and 
the selectivity in the attack at phenolate were determined 
by the absorption spectroscopy on the hydrolysis products, 
hydroxybenzaldehydes, of the adducts of dichlorocarbene 
with phenolate.7^ The concentrations of p- and o-hydroxy-
benzaldehydes were determined by using the absorptions 
at 330 and 378 nm, respectively. 

CHGlg + O H " ^ = ^ GGI3- + H 2 0 

ecu- —> :cci2 + cr 
(i) 

(2) 

o°- + :GGL 

C12C; 
H 

O 
11 

= 0 -> HG-o-c 
0 ° - o-°-

(3) 

7 \ 
'CC12 H 

\ 
GH 
II 

o 
Determination of the Time-averaged Position of Phenolate in 

the Cavity of oc-Cyclodextrin. The time-averaged position 
of phenolate was determined by use of the position of each 
of the carbon atoms of phenolate in the cavity of a-cyclo­
dextrin, estimated by the 13G-NMR spectrsocopy. The 
depths of the penetration of the carbon atoms of phenolate 
were estimated from the observed 13G-NMR chemical shift 
changes by using the relationship between the depth of 
the penetration and the 13G-NMR chemical shift changes 
reported in the previous paper.5) As shown previously,5) 
the change of the 13G-NMR chemical shift of the aromatic 
carbon atom of the guest compound on the complex for­
mation with a-cyclodextrin is governed by the depth of 
the penetration of the carbon atom in the cavity, irrespective 
of the substituents of the benzene moieties of the guest com­
pounds. 

The 13G-NMR spectrometry was run in 0.2 mol dm - 3 

NaOD solution on a JEOL PFT-100 spectrometer operating 
at 25.03 MHz, connected with JEOL EG-100 computer. 
The 13G-NMR chemical shifts were determined by use of 
sodium formate as the internal standard. The 1H-NMR 
spectra were taken on a JEOL PS-100 spectrometer in 0.2 
mol dm - 3 NaOD solution. The signal of H O P was used 
as the internal reference, 
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i.o m 

cd 

0.05 0.10 0.15 

[a-Cyclodextrin]/mol dm -3 

Fig. 1. Effects of a-cyclodextrin on the rates of the 
para-attack (O) and the ortho-attack (# ) of dichloro-
carbene at phenolate; the rates of the para-attack 
and the ortho-attack in the absence of a-cyclodextrin 
are taken as unity. 

R e s u l t s 

Effect of oc-Cyclodextrin on the Orientation of the Dichlor o-
carbene Attack at Phenolate. Table 1 shows the 
dependence of the para-ortho ratio in the dichloro-
carbene attack at phenolate on the concentration of 
a-cyclodextrin. In the absence of a-cyclodextrin, the 
attack at the ortho-carbon atom (59%) was dominant 
over the attack at the para-carbon atom (41 % ) . How­
ever, a-cyclodextrin changed the specificity of this 
reaction from the ortho-selectivity to the para-selec­
tivity. T h e ratio of the para-attack to the ortho-
attack increased with the increase of the concentration 
of a-cyclodextrin. At the concentration of 0.15 mol 
d m - 3 , the ratio was 4.65, which corresponded to 8 2 % 
para-selectivity. 

The variations of the initial concentrations of phe­
nolate and chloroform in the regions of 5 x l 0 ~ 3 — 2 x 
10~2 and 1 X 10~2—4 x 10~2 mol dm~3 , respectively, 
showed little effect on the para-ortho ratio at a fixed 
initial concentration of a-cyclodextrin. 

The para-selectivity in the presence of a-cyclodextrin 
came from the larger magnitude of the suppression 
of the ortho-attack by a-cyclodextrin than that of the 
para-attack as shown in Fig. 1. For example, 0.15 
mol d m - 3 of a-cyclodextrin decreased the rate of the 
ortho-attack and that of the para-attack, respectively, 
by 41 and 6.3 fold with respect to the rates in the 
absence of a-cyclodextrin, which resulted in the para-
ortho ratio of 4.65. The ratio in the absence of a-
cyclodextrin was 0.71. 

No reaction product between a-cyclodextrin and 
dichlorocarbene was detected in the present reactions. 
Thus, the reaction mixture with the initial concentra­
tions of phenolate, chloroform, and a-cyclodextrin, 
respectively, of 10~2, 4 x l 0 ~ 2 , and 5 x 10~2 mol dm~3 

was acidified with hydrochloric acid after 2 d at 30 °C, 
and was then vigorously extracted with chloroform. 
The ^ - N M R and I R spectroscopy on the white 
powder, obtained after the evaporation of the aqueous 
layer, showed that all a-cyclodextrin remained intact 
during the reaction. 

Time-averaged Position of Phenolate in the Cavity of 
oc-Cyclodextrin. Figure 2 depicts the time-averaged 

K-H3-

Fig. 2. Time-averaged conformation of the a-cyclo-
dextr in-phenolate complex; H 3 and H 5 
show the planes comprised of the corresponding six 
atoms of a-cyclodextrin. 

T A B L E 2. OBSERVED AND CALCULATED VALUES OF THE 

1 3 C - N M R CHEMICAL SHIFT CHANGES OF PHENOLATE 

ON THE COMPLEX FORMATION WITH a-CYCLODEXTRIN, 

AND THE DEPTHS OF THE PENETRATION OF THE 

CARBON ATOMS IN THE CAVITY 

Carbon 
atomsa> 

1 3 G-NMR chemical shift 
change/ppmb) 

Obsd Galcd 

Depth of the 
penetra­
tion/A0) 

+ 0 .33 

+ 0 .54 

+ 0 .12 

+ 0.55 
+ 0.07 

- 3 . 7 
- 2 . 3 
- 1 . 6 

a) T h e number ing system is as follows; OO 

A. 

b) The positive sign shows the increase of the shielding. 
c) The depth from the plane comprised of the six H-3 
atoms (see Fig. 2) of a-cyclodextrin. The negative 
sign refers to the region in the side of the secondary 
hydroxyl groups, d) The position of the carbon atom 
was so far away from the region examined previously 
(Ref. 4) that the calculation was not made. 

position of phenolate in the cavity of a-cyclodextrin 
determined by the 1 3 C-NMR spectroscopy. The depths 
of the penetration of the carbon atoms of phenolate 
in the cavity, determined from the changes of the 
1 3 C-NMR chemical shifts on the complex formation 
(see Experimental Section) and listed in Table 2, 
were used here. The agreements between the ob­
served changes of the 1 3 C-NMR chemical shifts and 
the calculated ones are fair as shown in Table 2. 

In the time-averaged conformation of Fig. 2, phe­
nolate penetrates in the cavity with the hydrogen 
atom on the para-carbon atom as a head from the 
secondary hydroxyl side of a-cyclodextrin. 

The validity of this conformation of the complex 
was further supported by the 1 H - N M R spectroscopy. 
In this conformation, the anisotropic shielding effects 
of the aromatic ring of phenolate on the H-3 and H-5 
atoms of a-cyclodextrin (see Fig. 2), estimated by 
using the table of Johnson and Bovey8) as described 
previously,2) are —0.07 and —0.07 ppm, respectively, 
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TABLE 3. EFFECT OF CHLOROFORM ON THE 13G-NMR 

CHEMICAL SHIFT CHANGES DUE TO THE COMPLEX 

FORMATION OF 0C-CYCLODEXTRIN WITH PHENOLATE 

System11) 

Changes of 13C-NMR chemical 
shifts of phenolate/ppmb) 

C-l G-2 G-3 

a-Gyclodextrin ( 10"1) 
-phenolate (3xl0- 2) 

a-Cyclodextrin(10-1) 
-phenolate(3xl0-2) 
-chloroform(3xl0-2) 

+ 0.28 +0 .43 +0 .10 

+ 0.02 +0.02 0.00 

a) The numbers in parentheses are the concentrations 
in mol dm - 3 unit in 0.2 mol dm - 3 NaOD solution, b) 
The numbering system of the carbon atoms is shown 
in the footnote a) of Table 2. The positive sign shows 
the increase of the shielding. 

Here the negative sign refers to the decrease of the 
shielding. These values show fair agreements with 
the corresponding observed changes of the 1H-chemical 
shifts (—0.07 and —0.08 ppm, respectively, for the 
H-3 and H-5 atoms). 

Effect of Chloroform on the Complex Formation between 
tx-Cyclodextrin and Phenolate. T h e changes of the 
1 3 C-NMR chemical shifts of phenolate on the complex 
formation with a-cyclodextrin were highly suppressed 
by the addition of chloroform (Table 3). The changes 
of the chemical shifts of all the carbon atoms of phe­
nolate were virtually none in the presence of 3 X 
10"2 mol d m - 3 of chloroform. This result indicates 
that the complex formation between chloroform and 
a-cyclodextrin takes place competitively with that be­
tween phenolate and a-cyclodextrin. Almost all of 
phenolate are free from the complex formation with 
a-cyclodextrin in the reaction mixtures used in the 
present study. 

Discussion 

The reaction between dichlorocarbene and phenolate 
in the presence of a-cyclodextrin proceeds as the one 
between the carbene complexed with a-cyclodextrin 
and free phenolate. The complex formation of chlo­
roform with a-cyclodextrin almost completely inhibits 
the complex formation of phenolate with a-cyclodex­
trin in the reaction mixture as shown in Table 3. 
Chloroform, complexed with a-cyclodextrin, is con­
verted to dichlorocarbene according to Eqs. 1 and 2. 
Alternative pathway of the formation of the complex 
between a-cyclodextrin and the carbene, where the 
carbene is formed in solution followed by complexation 
with a-cyclodextrin, is unlikely, since the carbene in 
solution is so unstable that its life-time is short. 

Figure 3 schematically depicts the mechanism of 
the para-selectivity of the catalysis by a-cyclodextrin 
in the dichlorocarbene attack at phenolate. Toward 
the carbene, formed inside the cavity of a-cyclodextrin, 
phenolate can approach in two ways such as A and 
B, which should predominantly result in the para-
attack and the ortho-attack, respectively, because of 
a sterical reason. The para-selectivity observed in 

4-

A 
ci ci 

ri 

A : para-attack 

CIACI 

B-- ortho-attack 

Fig. 3. Proposed mechanism of the a-cyclodextrin-
catalyzed selective para attack of dichlorocarbene at 
phenolate. 

the present study is attr ibutable to the predominant 
occurrence of the approach of the phenolate in the 
type A, which is due to the fact that the penetration 
of the hydrogen atom on the para-carbon atom of 
the phenolate in the cavity as a head is more favorable 
than the penetration of the phenoxide oxygen atom 
as a head. T h e approach in the type A should be 
easier than that in the type B, since the penetration 
of the apolar aromatic moiety of phenolate in the 
apolar cavity of a-cyclodextrin is more stable than 
the penetration of the polar phenoxide oxygen atom 
in the apolar cavity. 

The above argument is definitely supported by the 
time-averaged conformation of the a-cyclodextrin-phe-
nolate inclusion complex shown in Fig. 2. Penetration 
of phenolate in the cavity with the side of the para-
carbon as a head in the complex strongly indicates 
the predominant formation of the transition state in­
volving the penetration of the para-carbon of pheno­
late in the cavity (type A) . 

T h e mechanism involving the dichlorocarbene formed 
inside the cavity is consistent with the suppression of 
the rates of the reactions between phenolate and 
dichlorocarbene by a-cyclodextrin (Fig. 1). Since the 
carbene is formed via anion of chloroform as shown 
in Eq. 1, the negative charges of the secondary hy-
droxyl groups electrostatically prevent the formation 
of the carbene. T h e secondary hydroxyl groups of 
a-cyclodextrin exist mostly in the anionic forms in 
the reaction mixture, since their pK& is around 12.1) 
Steric hindrance by a-cyclodextrin should also reduce 
the reactivity of the carbene. The suppression of 
the reaction by a-cyclodextrin also indicates that the 
formation of dichlorocarbene by the reaction of chlo­
roform with the alkoxide ion of a-cyclodextrin (in 
place of hydroxide ion in Eq. 1) is less important . 

T h e para-selectivity in the present reaction is con­
sistent with those in the /5-cyclodextrin-catalyzed 
Reimer-Tiemann reaction of phenolate9) and the a-
cyclodextrin-catalyzed chlorination of anisole.10) 

In conclusion, a selective attack of dichlorocarbene 
at the para-position of phenolate was achieved by 
using a-cyclodextrin. a-Gyclodextrin regulated the 
orientation of phenolate with respect to the carbene 
on the mutual access, resulting in the specific catalysis. 

This work was partially supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education, 
Science and Culture. T h e support by the Kawakami 
Foundation is acknowledged, 
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Photo-promoted Hypochlorite Oxidation of a-Amino Acids. Kinetics 
and Irradiation Effect for the Strecker Degradation^ 

Yoshiro O G A T A , * Makoto KIMURA, and Yoshinori K O N D O 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, 
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(Received July 9, 1980) 

Hypochlorite oxidation of simple a-amino acids (the Strecker degradation) in aqueous solutions has been 
studied in the dark and under UV-irradiation. UV-spectra, iodometry, and amino acid determination (2,4-
dinitrofluorobenzene method) suggest that the intermediate iV-chloro amino acid is formed quickly at an initial 
stage, then its slow oxidative decomposition takes place to give aldehyde, carbon dioxide, and ammonia. The 
mechanism is also supported by the fact that the oxidation follows the first-order rate expression; — d[RGH-
(NH2)G02H]/d^=A;1[RGH(NHGl)G02H]. UV-irradiation was found to promote remarkably the degradation 
of JV-chloro amino acid. When equimolar amounts of amino acid and hypochlorite were used, the products 
such as unreacted amino acid, ammonia, and aldehyde were analogous to those of the dark reaction. The use 
of a large excess of hypochlorite under irradiation enables complete oxidative degradation of amino acid to carbon 
dioxide,, water, and nitrogen. Its application to waste water treatment is discussed. 

Simple a-amino acids often present in municipal 
waste water may be one of the major organic pollutants 
causing serious eutrophication in seas and lakes. 
Treatment of a-amino acids with sodium hypochlorite 
in the dark is known to cause the Strecker degradation 
leading to carbon dioxide, ammonia, and aldehydes 
possessing one less carbon atom.2) Langheld postu­
lated a mechanism involving JV-chloro amino acid 
(Eq. I),3) but only limited information is available 
as to the kinetics and mechanism.4»5) 

NaOCl 
RGHG02H > RGHG02Na > RGG02Na • 

I I _ - H C l II - C 0 2 

NH2 NHG1 NH 

RCH=NH —-> RGHO + NH3 (1) 

Sodium hypochlorite exhibits under UV-irradiation 
a high oxidation power, decomposing effectively organic 
compounds and ammonia.6) I t has been reported 
that irradiated hypochlorite effectively oxidizes some 
sulfonic acids,7) ethers,8) and aliphatic acids,9) which 
are fairly stable against hypochlorite in the dark. 
Hypochlorite oxidation of ammonia to nitrogen is 
greatly accelerated by irradiation.10) This photo-oxi­
dation method might be important for waste water 
treatment, in which pollutants should be eliminated 
completely. 

The present paper describes the kinetic behavior 
of the Strecker degradation in order to clarify the 
rate-determining step and also the effect of irradiation. 
We have found that on irradiation in the presence 
of large excess of NaOCl amino acids are decomposed 
rapidly into carbon dioxide and nitrogen. 

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

Dark Reaction and Its Kinetics. The dark reactions 
of 5—10 m M (1 m M = 1 0 ~ 3 m o l d m ~ 3 ) glycine, alanine, 
and valine with NaOCl were examined in various 
buffer solutions at room temperature by monitoring 
the concentration of amino acid and oxidant. Analysis 
was based on (A) iodometry which gives concentration 
of hypochlorite and even JV-chloro amino acids, and 
(B) determination of amino acids by 2,4-dinitrofluoro-
benzene method after converting JV-chloro amino acids 

TABLE 1. FIRST-ORDER RATE CONSTANTS (A )̂3-) FOR 

THE DARK REACTION OF a-AMINO ACIDS WITH 

NaOCl AT 20° G 

Amino acid pH A^xW/s - 1 

Glycine 7.0 0.74 
Alanine 6.0 7.5 

7.0 8.0 (9.8) 
9.0 8.5 (9.0) 

Valine 7.0 10.3 (12.0) 

a) Determined by iodometry (method A). Figures in 
parentheses are based on consumed amino acid (method 
B). 

into amino acids. When hypochlorite was used in 
a 5—10-fold amount to amino acid at various p H , 
degradation of amino acid at p H 3—11 was too fast 
to determine the accurate rate of oxidation. 

When equimolar (1:1 mol) amounts of hypochlorite 
and amino acid were used, oxidation became slow 
enough to be followed by spectrophotometry, iodometry, 
arid amino acid determination. The U V spectroscopy 
of the equimolar solution indicated the instantaneous 
and quantitative formation of JV-monochloro amino 
acid at p H 5—11. Each JV-chloro amino acid was 
assigned by its absorption maximum at ca. 250 nm 
and its observed molar absorption coefficient (see 
Experimental) . In acidic solutions at p H 2—4, N,N~ 
dichloro amino acids were detected. 

For the reaction of one mole of amino acid with 
one mole of hypochlorite, the change in amino acid 
concentration (c) was measured from time to time by 
methods (A) and (B). T h e observed values were 
found to fit the first-order rate expression (In £0/£= 
k^), though an apparent deviation from the first-order 
was observed at conversion higher than 70%. The 
first-order rate constants (k^) analogous in methods 
(A) and (B) are given in Table 1. 

The observed first-order rate suggests that the 
Strecker degradation with hypochlorite involves the 
decomposition of JV-chloro amino acids at a rate-
determining step. Thus the rate is first-order with 
respect to JV-chloro amino acid: 

-d[RCH(NH2)C02H]/d* = Ä1[RGH(NHG1)G02H]. 
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Light 

TABLE 2. PHOTOLYSIS AND DARK REACTION OF AMINO ACID WITH HYPOCHLORITE*1) 

Substrate 

Amino 

Unreacted 
(mM) 

1.50 
1.07 
0.85 

1.90 
0.96 
0.75 

acid 

Consumed 
(%) 
70 
78 
83 

62 
81 
85 

Ammonia 

Produced 
(mM) 

3.57 
3.53 
4.28 

2.30 
4.11 
4.61 

Yield1» 
(%) 
102 
90 
97 

74 
102 
108 

Aldel 

Produced 
(mM) 

1.35 
c ) 
c ) 

0.50 
c ) 
c ) 

îyde 

Yieldb> 
(%) 
39 

17 

>290nm 

None 

( Glycine 
j Alanine 
( Valine 

( Glycine 
Alanine 
Valine 

a) Initial concentration; amino acid 5.0 mM; NaOGl 5.02 mM. Photolysis at 22 °G for 2.0 h, dark reaction at 
25 + 2°G for 52 h. b) Yield based on consumed amino acid, c) Unsuccessful in quantitative determination, but 
positive to 2,4-dinitrophenylhydrazine reagent. 

This is in accord with the U V spectroscopic meas­
urements indicative of rapid and quantitative 7V-chlo-
rination of amino acid. Though monochlorination of 
amino acid with chloramine T giving nitrile is slow,5) 
the JV-chlorination with hypochlorite leading to Strecker 
degradation is very rapid as is seen in ammonia and 
alkylamines.11) 

Chloramine NH2G1 is in equilibrium with ammonia 
and hypochlorite.12) Thus, the following mechanism 
is proposed: 

very fast 
RGHG0 2H + HOGl ' » RGHG0 2H + H 2 0 (2a) 

I fast I 
NH2 NHG1 

RGHG02H + RGHG02H 

slow 
-> RGHO + NH3 + G0 2 . (2b) 

NHG1 

Fast JV-chlorination takes place with the equilibra­
tion of Eq. 2a (the equilibrium is extremely shifted 
to the right), followed by slow decomposition of N-
chloro amino acid (Eq. 2b), indicating that the reverse 
process in pre-equilibrium (Eq. 2a) should be faster 
than decomposition (Eq. 2b). Otherwise, the second-
order rate instead of first-order would have been 
observed. 

The oxidation rate at p H 7 increases in the order 
glycine < alanine < valine (Table 1). The order might 
indicate that the electron-releasing group (GH3) ac­
celerates the reaction by stabilizing the developing 
positive charge during the course of oxidation. The 
effect of p H on the rate is not significant. 

Photo-oxidation. Equimolar solutions (5—10 
mM) of hypochlorite and amino acid were irradiated 
with light of wavelength > 290 nm at p H 2—11. By 
means of iodometry and U V spectroscopy, JV-chlo-
rinated amino acids were found to decompose quite 
readily at any p H . To attain 9 5 % consumption of 
i\f-chloro amino acid (oxidant), only 15 min was suf­
ficient with an internal irradiation (see Experimental) , 
whereas a period of over two days was necessary with 
the dark reaction. In spite of the presence of JV,iV-
dichloro amino acid at p H 2—4, the decomposition 
rate was the same as that at p H 5—11; the effect 
of p H on decomposition rate of iV-chlorinated amino 
acids was negligible. This may be due to the rapid 
interconversion between JV,iV-dichloro amino acid and 
JV-chloro amino acid. 

NGL NH2 

2RGHG02H 

NHG1 

(3) 

Aldehydes, ammonia, carbon dioxide, and nitrogen 
were identified as products of the equimolar reaction 
together with unchanged amino acids. These products 
are the same as those of the corresponding dark reac­
tion. A parallel experiment between irradiated and 
dark reactions was conducted with an equimolar solu­
tion at p H 7.0 in order to examine their product dis­
tribution. The results are summarized in Table 2. 

The consumption extent of amino acid is in the 
order glycine < alanine < valine, irrespective of irra­
diated and dark reactions. In irradiated and dark 
reactions (Table 2), each case of amino acid shows 
similar amounts of unreacted amino acid and produced 
ammonia. U V irradiation might essentially affect the 
rate of decomposition of JV-chlorinated amino acid, 
accelerating the Strecker degradation. This is ener­
getically possible since light energy supplied as high 
as 400 kj/mol surpassed the N - C l bond energy (about 
190 kj/mol) in JV-chloro amino acid. Formation of 
formaldehyde resulted in a lower yield than expected 
from the stoichiometry (Eq. 1), though high yield 
was observed for ammonia (Table 2). Reactions of 
amino acid with one mole of hypochlorite were carried 
out in the presence of five moles of aldehyde. Increase 
in the amount of recovered amino acid was observed. 
Aldehydes produced should reduce JV-chloro amino 
acid to the original amino acid. 

Another kind of irradiation was carried out in 
order to attain complete oxidation of amino acid in 
water. According to the theoretical equation {e.g. 
Eq. 4), 5, 8, and 15 equivalent amounts (only slight 
excess) of hypochlorite were irradiated (>290 nm) 
with glycine, alanine, and valine, respectively. 

2H2NGH2G02H + 9NaOGl > 

4G0 2 + 5 H 2 0 + N2 + 9NaCl (4) 
Iodometry showed rapid consumpt ion of oxidants 

such as OCl~~ (alkaline solution) or HOGl (in acidic 
solution). After completion of the reaction, no sig­
nificant amount of starting amino acids nor their 
primary products (ammonia and aldehydes) was de­
tected. Estimation of carbon dioxide produced gave 
60, 43, and 2 3 % yields for glycine, alanine, and valine, 
respectively, based on the complete oxidation stoi­
chiometry. Attempts to detect formic acid as a pos-
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sible o x i d a t i o n p r o d u c t of g lyc ine w e r e unsuccesful . 
H o w e v e r , ace t ic ac id for a l a n i n e , a n d 2 - m e t h y l p r o -
p a n o i c ac id for va l i ne c o u l d b e d e t e c t e d b y ana lys i s 
of the i r c r u d e r e a c t i o n m i x t u r e s . G a r b o x y l i e ac ids 
c a n b e comple t e ly ox id ized w i t h a l a r g e excess of 
h y p o c h l o r i t e u n d e r i r r ad ia t ion , 9 ) t he o x i d a t i o n of a m ­
m o n i a to n i t r o g e n b e i n g c o n s i d e r a b l y a c c e l e r a t e d u n d e r 
i r rad ia t ion . 1 0 ) P h o t o c h e m i c a l o x i d a t i o n of sulfonic 
acids,7) ethers,8) a n d c a r b o x y l i c acids9) ha s b e e n a t ­
t r i b u t e d to ac t ive o x y g e n species d e r i v e d f rom h y p o ­
ch lor i te ion . T h e o x y g e n a t o m m i g h t t a k e p a r t in 
the c o m p l e t e o x i d a t i o n of a l d e h y d e a n d c a r b o x y l i c 
ac id . I t is e v i d e n t t h a t t he in i t i a l s t age for a m i n o 
ac id ox ida t i on involves t h e f o r m a t i o n a n d s u b s e q u e n t 
decompos i t i on of JV-chloro a m i n o ac id . 

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

General. Aqueous sodium hypochlorite (1 M) was 
prepared by introducing gaseous chlorine to aqueous N a O H 
(2.1 M) at 0 °G, the concentration of which was determined 
by iodometry. All amino acids (guaranteed grade) were 
DL-compounds. A buffer solution of p H 7 for the reactions 
was prepared with 0.2 M K H 2 P 0 4 added to N a O H . Com­
mercial reagents (guaranteed grade) were used for analysis. 
Visible and U V absorption spectra were measured on a 
Hitachi 124 spectrophotometer in 1 cm cells. T h e internal 
irradiation was carried out in a vessel equipped with a Halos 
100 W high-pressure mercury lamp, and external irradia­
tion with a merry-go-round apparatus equipped with a 
Halos 300 W high-pressure mercury lamp. 

Analysis. T h e 2,4-dinitrofluorobenzene (DNFB) 
method13) was selected for the determination of amino acid. 
To a sample adjusted at p H 10 ( 1 + 1 ml) was added 1 w/v % 
2,4-dinitrofluorobenzene in 2-propanol (1 ml) . After being 
kept at 40 °G for 15 min, 1 M H C l solution (2 ml) of 2-
propanol (1:1) was added. The resulting coloration was 
determined spectrophotometrically at 460 nm. T h e presence 
of equal mol of ammonia was found to increase the estima­
tion of glycine, alanine, and valine by 29, 22, or 17 + 2 % , 
respectively. Hence, we corrected the apparent values of 
amino acid by substracting the contribution due to eventual 
amount of ammonia. 

The estimation of ammonia was based on the Nessler 
method14) according to the procedure of J I S K 0101-1976. 
Ghloramine, which is formed from ammonia and hypochlo­
rite, disturbed the colorimetry at 450 nm. No interference 
was observed in the presence of amino acids. T h e presence 
of equimolar formaldehyde in an ammonia solution gave 
positive 2 8 ± 3 % error, acetaldehyde and 2-methylpropanal 
giving only ca. 5 % error. No correction was made in the 
reactions of alanine and valine. 

As regards aldehydes, 2,4-dinitrophenylhydrazine method 
was restricted only to qualitative analysis because of low 
sensitivity for quantitative analysis. Chromo tropic acid re­
agent15) was used for determination of formaldehyde, which 
was confirmed to be specific for formaldehyde. Colorimetry 
was carried out at 570 nm. 

Dark Reaction. An equimolar amount of aqueous so­
dium hypochlorite was added to buffered solution of amino 
acid. Immediate iodometry showed a slight decrease in 
oxidant concentration, the concentration of amino acid based 
on DNFB method decreasing to 5—10% of the initial con­
centration. U V inspection of the solution showed a new 
absorption instead of HOC1 (at 235 nm) and OCl~ (at 292 
nm) . After reduction with sodium thiosulfate solution, the 

DNFB method gave the expected value. This shows that 
since iV-chloro amino acid is formed quickly, it is determined 
by iodometry but not by the DNFB method. T h e U V 
absorption da ta for JV-chloro amino acid are as follows: 
absorption maximum (molar coefficient), iV-chloroglycine 
254 n m (342) (lit,16) 256 n m (350)), iV-chloroalanine 252 n m 
(349) (lit,16) 253 n m (385)), and iV-chlorovaline 254 n m (338). 
Each acidic (pH 2—4) solution of glycine, alanine, and 
valine containing an equimolar amount of hypochlorite 
showed an absorption at 302, 293, and 295 nm, respectively. 
These absorptions were assigned to the corresponding N,N-
dichloro amino acid, based on lit.16) 

Kinetic runs were conducted with an equimolar solution 
of amino acid (7.0 m M ) and sodium hypochlorite (7.0 raM) 
in buffer solutions at 20 ± 1 °C. T h e change of concentra­
tion of JV-chloro amino acid with time was followed by iodom­
etry (method A) . In order to know the true consumption 
of amino acid, determination by the DNFB method was 
applied after reduction of iV-chlorinated amino acid with 
aqueous thiosulfate (method B). T h e results are given in 
Table 1. 

Photo-oxidation. Internal irradiation was started im­
mediately after addition of aqueous sodium hypochlorite 
to a buffer solution of glycine, alanine, and valine. Progress 
of each reaction was followed by iodometry together with 
U V spectroscopy. T h e irradiation was continued for 15— 
20 min. In order to detect aldehydes, the irradiated solu­
tion was treated with 2,4-dinitrophenylhydrazine dissolved 
in sulfuric acid and ethanol. 2,4-Dinitrophenylhydrazones 
of aldehydes (recrystallized from ethanol), obtained from 
glycine, alanine, and valine, respectively, showed following 
mps (mixed mps) and 1 H - N M R spectra: formaldehyde 
168—169 °C (lit,17) 166 °C), Ô (d6-DMSO) p p m 6.90 (d, 

7 = 1 2 Hz, N = G - H ) 7.71 (d, 7 = 1 2 Hz, N=G-H) 8.03 (d, 
J= 10 Hz, arom. H6) 8.44 (d, d, 7 = 1 0 Hz, J'= 2 Hz, H5) 
9.02 (d, 7 ' = 2 H z , H3) 11.7 (broad s, N - H ) ; acetaldehyde 
168—170 °C (lit,18) 168 °C) Ô (GDG13) 2.15 (d, 7 = 6 Hz, 

CH 3) 7.63 (q, 7 = 6 Hz, =GH) ; 2-methylpropanal 180—182 
°C (lit,19) 182 °G) ô (GDG13) 1.20 (d, 7 = 6 Hz, GH3) 2.68 
(m, 7 C H ) . Carbon dioxide was t rapped on acidification of 
the solution with B a ( O H ) 2 solution as BaCG 3 . Nitrogen was 
ascertained by GLG with a column packed with Molecular 
Sieve 5A. 

A solution of amino acid and sodium hypochlorite (50 
m M , 5-fold equivalent to glycine, 8-fold to alanine and 15-
fold to valine) was irradiated internally at p H 4, 7, and 10 
until over 9 9 % hypochlorite was consumed (for 15—20 
min) , 100% amino acid was consumed with negligible for­
mation of ammonia and aldehydes. By titration using Ba-
(OH) 2 , the yield of carbon dioxide was 60, 43, and 2 3 % 
(average values) for glycine, alanine, and valine, respectively. 
Several kinds of detection of formic acid (reduction with 
magnesium in acidic solution followed by coloration of re­
sulting formaldehyde with chromotropic acid; I R spectros­
copy of the dried-up material) were at tempted, but were 
unsuccessful. Acetic acid and 2-methylpropanoic acid were 
detected successfully by G L C method (with a column packed 
Chromosorb W A W ) . 

Comparison of Products between Photo Reaction and Dark Reac­
tions. T o a 10.0 m M amino acid solution prepared in 
a buffer solution of 7.0 was added in one portion 50 ml of 
a buffered 10.3 m M N a O C l (existing as HOG1). Two 
samples of the solution (each 25 ml) were subjected to ex­
ternal irradiation at 22 °C until iodometry showed zero 
titer (for 2.0 h ) . T h e other two quarters were kept in the 
dark at 25 + 2 °G for 52 h. In the case of glycine, the oxidant 
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remained 6% after 52 h. All determinations were performed 
within 1 d. The results are given in Table 2. 

Decomposition of N-Chloro Amino Acid in the Presence of Al­
dehydes. Solutions containing 5.0 mM amino acid, 5.0 
mM hypochlorite, and 12.5 mM aldehyde were kept stand­
ing in the dark for 2 d. Addition of aldehyde increased the 
recovery yield of starting amino acid from 19% to 36% 
in the case of alanine and from 15% to 34% in the case 
of valine. 
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Reactivity of Peroxomonophosphoric Acid in the Oxidation of Benzaldehydes 
and Dimethyl Sulfoxide in Aqueous Ethanol^ 
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Oxidation of benzaldehydes and dimethyl sulfoxide with peroxomonophosphoric acid (PMPA) has been 
studied in 40% aqueous EtOH in order to examine the reactivity of undissociated and dissociated PMPA in com­
parison with that of peroxycarboxylic acid. The reactivity for DMSO was in the order R C 0 3 - > H 3 P 0 5 > 
H 2 P 0 5 - > R C 0 3 H > H P 0 5

2 - . As in the peroxycarboxylic acid oxidation, PMPA oxidation of substituted benz­
aldehydes afforded phenols by aryl migration and benzoic acids by hydride migration. The product ratio 
changed with substituents and pH; salicylaldehyde (o-HO) gave only catechol by aryl migration, while p-chloro-
and unsubstituted benzaldehydes afforded benzoic acids predominantly. The oxidation of aldehydes bearing 
/>-MeO and //-Me was a borderline case and the migratory ratio of A r ^ / H ^ was higher at lower pH, i.e., the 
order being H 3 P 0 5 > H 2 P 0 5 - > H P 0 5

2 - . The substituent effect in the apparent kohsd values was very small 
(i.e., pzzO), but the effect for aryl migration (kAv~) estimated from product selectivity gave ^ = —2.88 (a). 
The rate for hydride migration (£H~) resulted in p = \.l and 2.0 (a). Reactivity of PMPA in each dissociated 
form was compared with that of RG0 3H. 

Peroxomonophosphoric acid (PMPA) has been 
known for a long time,2) but its reactivity has not 
been clarified. Its decomposition3) and reactions with 
bromide4) and iodide ions5) were studied kinetically. 
Reports have been given on P M P A oxidation of 
organic substances, including the hydroxylation of 
aromatic rings,6) the Baeyer-Villiger(B-V) reaction oi 
acetophenones,7) the epoxidation of frmy-stilbene,8) 
and the oxidation of tertiary amines.9) 

PMPA is a tribasic acid having three dissociated 
forms.10) We were interested in the reactivity of each 
form of PMPA as well as in their possibility as an 
oxidant with bifunctional catalysis since phosphoric 
acid is known as such a catalyst.11) The reaction 
of PMPA is also of interest from a biochemical stand­
point, since PMPA might be produced by perhydrolysis 
of pyrophosphoric acids12) with oxygen species such 
as H 2 0 2 or 02"\13) When we had almost completed 
our experiment a kinetic study on the P M P A oxidation 
of benzaldehydes was reported,14) the conclusion of 
which differing from ours. 

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

Peroxomonophosphoric acid (PMPA) dissociates into 
three forms, affording pÄ" 1 =l . l , pK2=5.2, and pKs= 
12.7 in water.10) Oxidation of dimethyl sulfoxide 

H 3 P0 5 £± H 2 P0 5 - + H+ (1) 

H 2 P0 5 - ^ ± HP0 52- + H+ (2) 

HP0 5
2 - ^ ± P 0 5

3 - + H+ (3) 

(DMSO) and benzaldehydes with P M P A was carried 
out in the presence of 0.4 m M E D T A in 4 0 % aqueous 
ethanol at 25 °G. The decrease of P M P A was moni­
tored by iodometric titration in 5 % A c O H ; its spon­
taneous decompositition was very slow in the absence 
of added substrates. Products were determined by 
GLG directly or after methylation with dimethyl sul­
fate for phenols or with diazomethane for carboxylic 
acids. 

Oxidation of DMSO. Dimethyl sulfoxide was 
easily oxidized to sulfone in over 9 0 % yield based 

on P M P A consumed. The oxidation follows the sec­
ond-order rate equation (Eq. 4). The pH-rate profile 

v = *obsd[PMPA] [Substrate] (4) 

is shown in Fig. 1. The resulting second-order rate 
constant are 210, 45, and 1.2 M ^ s " 1 for H 3 P 0 5 , 
H 2 P 0 5

_ , and H P 0 5
2 ~ , respectively. The kinetically 

determined p j ^ and pK2 values for P M P A in 4 0 % 
E t O H are 1.6 and 4.6, respectively, close to the re­
ported pK& values 1.1 and 5.2, respectively, in water.10) 
The difference of ca. 0.5 might be partly due to the 
solvent effect on pKa of PMPA. 

The Baey er-Villiger Oxidation of Benzaldehydes. Prod­
ucts. Products from the B-V oxidation of benz­
aldehydes with P M P A vary with substituents and 
p H (Table 1). Salicylaldehyde with strong electron-
releasing o-HO afforded only catechol by aryl migra­
tion. The relatively low yields (i.e., 65—75%) of 
catechol can be ascribed to further oxidation by PMPA. 
The other aldehydes resulted in the simultaneous for­
mation of phenols by aryl migration and benzoic 
acids by hydride migration. 

Ar~ H 2 0 

PMPA > 

H~ 
> 

We see from Table 1 that the aryl migration is 
facilitated by an increase in electron-releasing power 
of ring substituents and by a decrease of p H . Higher 
p H and electron-attracting groups favor the hydride 

3 î . . . . « 1 

^ J V° ^̂  I 

° T \ 
Ob — ^ *" J 

ro 

0 2 4 6 8 10 
PH 

Fig. 1. The pH-rate profile for the] [PMPA oxidation 
of DMSO in 40% aqueous EtOH "at 25 °C. 
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TABLE 1. PRODUCTS (%) FROM THE B-V REACTION OF SUBSTITUTED BENZALDEHYDES BY PMPAa> 

Substituent 
pH 1.3 pH 4.0 pH 7.3 pH 10 

ArC02H ArOH ArCCLH ArOH 

o-HO 

p-MeO 

p-Me 

H 

p-Cl 

0 

0 

22 

75 

61 

65 

74 

63 

14 

3 

0 

2 

42 

83 

85 

72 

78 

8 

0 

0 

0 

7 

45 

98 

72 

75 

45 

4 

0 

0 . 4 

0 

23 

49 

81 

72 

73 

21 

1 

0 

1 

a) Reaction with 0.04 M each of H 3 P0 5 and ArCHO in 40% EtOH at 25 °G. % Yields are based on the 
aldehyde consumed and determined by GLG after methylation with dimethyl sulfate for phenols or with diazo-
methane for carboxylic acids. 

TABLE 2. SUBSTITUENT EFFECT ON THE B-V REACTION 

OF BENZ ALDEHYDES WITH PMPA IN 40% EtOH 

AT 25.0 °Ca> 

rO 

. o-HO +• PBA 

p-MeO + PBA 

10 12 

PH 

Fig. 2. pH-rate profiles for the PMPA oxidation of 
substituted benzaldehydes in 40% EtOH at 25.0 °G. 
The dotted lines are plots for perbenzoic acid (PBA) 
oxidation from Ref. 15. The solid line for o-HO 
is calculated according to the rate data in Table 3. 

migration leading to carboxylic acids. The trend is 
similar to that of the B-V oxidation with perbenzoic 
acid (PBA).15) 

Mechanism. In case of the PBA oxidation of 
salicylaldehyde the rate-determining step is the addi­
tion of PBA to G=0.15) Since the pK& values of the 
aldehydes and PBA are 8.45 and 8.5, respectively, 
in 4 0 % EtOH,1 5) the pH-rate profile gives a bell-
shaped curve (dotted line, Fig. 2). The oxidation 
with P M P A afforded a similar profile (Fig. 2 ) ; the 
observed slopes of ca. —0.5 at p H < 2 suggest an acid-
catalysis, while horizontal lines at p H 5—10 indicate 
no catalysis by H+ or H O - . If the addition of P M P A 
to G = 0 were rate-limiting, the rate should slow down 
at p H above 9 on the basis of the dissociation of sali­
cylaldehyde, which was not the case. This is in 
contrast to the PBA case, suggesting that the addition 
to C = 0 is not rate-determining. The rate is deter­
mined by the migration step (Eq. 7). Here, Y O O H 

OH 

ArCHO + YOOH ArCH 

OOY 

(6) 

-> Products + YOH (7) 

is H 3 P 0 5 , H 2 P 0 5 - , or H P 0 5
2 " . In the neutral region, 

Substituent 
p H 1.3 

W / c / M ^ s - 1 

p H 4 

A ) Observed second-order rate < 

p-MeO 

p-Me 

H 

p-Gl 

B ) Rates for 

p-MeO 

p-Me 

H 

p-Ci 

p (us. a) 

G ) Rates for 

p-MeO 

p-Me 

H 

p-Ci 

p (us. a) 

13.9 
(2.1)c> 

8 .6 

8 .0 

10.1 
( 4 . 4 ) 0 

0 .43 
(9 )0 

0 .35 

0 .39 

0 . 9 8 
(14)c> 

p H 7 .3 

constant (k0} 

1.08 
(13) c> 

0 .49 

0 .45 

1.22 
(18) c> 

aryl migrat ion (£Ar~)d> 

10.3 

5 . 4 

1.2 

0 .27 

- 2 . 8 8 

hydride 

0 

1.9 

5 . 9 

6 .2 
e) 

0 .33 

0 .028 

0 

0 

e) 

migration 

0 .010 

0 .15 

0 .33 

0 .83 

1.74 

0 .49 

0.020 

» 0 

0 .004 
e) 

(*H~)d> 
0.075 

0.22 

0 .44 

0 .87 

ca. 2 . 0 

p H 10 

>sd)b> 

0 .93 
(13) c> 

0 .98 

1.17 

0 .97 
(220) c> 

0 .19 

0 .014 

« 0 

0.01 
e) 

0.22 

0 .48 

0 .95 

0 .70 
e) 

the most prevalent species H 2 P 0 5 so that the 

a) Reaction with 0.01—0.05 M each of benzaldehyde 
and PMPA. b) Observed rate constant determined 
iodometrically. c) For comparison, the kohsd values 
for PBA (Ref. 17) are shown in parentheses, d) Rate 
constants for aryl or hydride migration obtained by 
dividing kohsd values by product selectivities in Table 
1. e) Numbers of data were too small, the correlation 
being poor. 

departing group Y O H from 1 is H 2 P 0 4 ~ (pj^ a = 
7.2), which is significantly less potent as a departing 
group than benzoic acid (piCa=4.2) in the PBA oxida­
tion. The rate of rearrangement of 1 (i.e., k7) is then 
substantially lowered, leading to the establishment of 
preequilibrium 6 for the PMPA case. 

The P M P A oxidation of jö-anisaldehyde Qö-MeO) 
is substantially slower than that of salicylaldehyde at 
p H > 3 , but slightly faster at p H < 2 (Fig. 2). The 
rates for the other aldehydes are similar to that of 
anisaldehyde, the kohsd values not varying with sub­
stituent, i.e., p^0 (Table 2-A). It can be assumed 
that the p value for K6 is close to the p value of 1.6 
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TABLE 3. COMPARISON OF THE REACTIVITIES OF PMPA AND PEROXYCARBOXYLIC 

ACID T O W A R D VARIOUS SUBSTRATES 

Oxidant 
Y O O H 

Mechanism^) 

Solvent 

H 3 P 0 5 

H 2 P ( V 
H P 0 5

2 -

PI1GO3H 

PI1GO3-

of YOHb> 

2 .1 

7 .2 

12.7 

4 . 2 

I -o ) 

one 

H 2 0 

2 x l 0 6 

6 x 1 0 * 

4 x l 0 2 

3 x l 0 6 

Second-order rate 

Br-d> 

one 

H 2 0 

8 x l 0 3 

32 

3 x l 0 3 

Stilbenee: 

one 

dioxane 

0 .11 

0.201) 

constant, 103 kjM.~x s~la) 

) D M S O o -HOC 6 H 4 GHO 

one two 

4 0 % E t O H 4 0 % E t O H 

210 « 1 * ) 

45 « 1 

1.2 230 

26 5 

(330) J) l x l O 6 

PhCOMe f ) 

two 

M e C N 

2 . 9 

0.0151) 

a) Rate constant at 25 °G. b) The pK& of parent acid in water, c) Ref. 5. d) J. O. Edwards, "Peroxide 
Reaction Mechanism," Interscience, New York (1962), p. 73. e) Ref. 8. f) Ref. 7. g) One: one-step electro-
philic oxidation. Two : two-step reaction involving an addition and a rearrangement step, h) Rate constant for 
the acid catalysis at p H < l is £H = 9 x 10 -3 M - 2 s_1, obtained from a rate equation: v = &H[HC104][aldehyde] X 
[PMPA]. i) Peracetic acid, j) Nucleophilic oxidation of sulfoxide via two-step reaction. 

(o) for the H 2 0 2 addition ( Y = H , Eq. 6).15) The 
apparent zero value of p for kohsd might be due to 
the cancellation, since kohsd=k7K6, between a positive 
p value for KG and a negative p value for k7. Negative 
p values for aryl and hydride migration are well 
known.15-17) Such a cancellation is often observed 
in reactions involving carbonyl addition.18) 

A mechanism was postulated for the P M P A oxida­
tion of benzaldehydes, which involves a rate-deter­
mining attack of P M P A on benzaldehyde hydrates, 
ArCH(OH)2 .1 4) However, the scheme is questionable. 
(i) No reaction is known in which the nucleophilic 
attack on tetrahedral carbons such as aldehyde hydrate 
is much faster than that on free aldehyde A r C H O . 
(ii) Benzaldehydes exist essentially as free aldehydes 
A r C H O under these conditions of aqueous E t O H ; 
an exception is jö-nitrobenzaldehyde, where 2 0 % of 
the aldehyde exists as its hydrated form.19) Likewise, 
the addition equilibrium of H O " instead of H a O 
shifts to the free A r C H O rather than to the adduct 
A r C H ( O H ) 0 - at pH<14. 2 0 ) Thus the C = 0 addition 
scheme is favorable, since both concentration and 
reactivity of the free aldehydes are much higher than 
those of the hydrates. 

Polybasic acids such as phosphoric acid are some­
times effective as a bifunctional catalyst.11) We in­
tended to examine such a possibility in the addition 
to C=0 , e.g., an intermolecular acid-catalysis (2a) 
or an intramolecular base-catalysis (2b). However, 

H 

-H-0' 

V-
2a 

_/ 

2b 

the addition to C = 0 was not rate-determining even 
in the case of salicylaldehyde with the most facile 
migratory apti tude; no such catalysis could be ex­
amined. 

Aryl and Hydride Migration. Although the kohsd 

values in Table 2-A are little affected by substituents 
(i.e., P~0), interesting results for the relative migra­
tory aptitudes were obtained by multiplying the kohsd 

values by products selectivities in Table 1. The aryl 

migration (£Ar~) at p H 1.3 affords P = — 2.88 (a) 
(Table 2-B). Similar results (p = — 2.55 vs. o) are 
known for the P M P A oxidation of acetophenones.7) 
These correlations are in contrast to the 0+ correlation 
for the B-V reaction with PBA.15-16) The difference 
might be due to the fact that in the rearrangement 
of 1 at p H < 2 the departing phosphoric acid (piTa = 
2.1) is a much stronger acid than benzoic acid (pifa = 
4.2). T h e loosening of O - O bond in the P M P A 
oxidation is relatively weak, and hence the developing 
cationic charge (<5+) in 3 is much lower than in the 

H — C — 0 OY 

PBA case. T h e interpretation seems to be in line 
with the observed high rate ratios of />-MeO//>-Me 
for the reaction at p H 4 (i.e., H 2 P 0 5 - ) and p H 7 
or 10 (i.e., H P 0 5

2 - ) , suggesting a 0+ correlation. 
Since H 2 P 0 4 - ( p # a = 7 . 2 ) and H P 0 4

2 - ( p # a = 1 2 . 7 ) 
are much less potent departing groups as compared 
with H 3 P 0 4 , the cationic charge in 3 increases leading 
to the 0+ correlation at p H > 4 . High rate ratios 
of p-M.eO [p-Me correspond to a 0+ correlation, small 
ratios giving rise to o correlation. 

O n the other hand, Hammet t ' s equation for the 
hydride shift gives /o = 1.74 (pH 4) and 2.0 (pH 7.3) 
with a correlation (Table 2-C). The same reaction 
with P M P A in the presence of 0.2 M N a O H gives 
a p value 1.27 (a) in water.14) These p values are 
close to 1.6 (o) for the addition equilibrium of H 2 0 2 

(Eq. 6).15) Since koh&d=k1K%, the net p value for 
the hydride shift (i.e., k7) might be close to zero. 
Similar p values of 1.1—1.8 were obtained at p H 
1—12 in the PBA oxidation of benzaldehydes affording 
hydride shift,17) which is rather insensitive to acid 
and base catalysis.15) T h e same might be the case 
for the PMPA oxidation. 

Comparison with Peroxycarboxylic Acid. The reac-
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t iv i ty of P M P A w a s c o m p a r e d w i t h t h a t of p e r o x y -
c a r b o x y l i c ac ids ( T a b l e 3 ) . I n one - s t ep e l ec t roph i l i c 
o x i d a t i o n , r e l a t ive reac t iv i t ies of P M P A a n d R C 0 3 H 
c h a n g e w i t h s u b s t r a t e . F o r e x a m p l e , t h e re la t ive r e a c ­
t ivi ty i n t h e o x i d a t i o n of b r o m i d e ion differs f rom t h e 
c o r r e s p o n d i n g o r d e r for i o d i d e ion . T h e r a t e o r d e r 
for olefin e p o x i d a t i o n is R G 0 3 H ^ H 3 P 0 5 , 8 ) t h a t for 
t h e o x i d a t i o n of D M S O , H 3 P 0 5 > H 2 P 0 5 - > R C 0 3 H > 
H P 0 5

2 " . T h e D M S O o x i d a t i o n w i t h R G 0 3 ~ is of 
a d i f ferent m e c h a n i s m a n d e x c l u d e d f rom t h e c o m ­
p a r i s o n ; t h e a lka l i ne r e a c t i o n involves t w o s teps , a 
n u c l e o p h i l i c a d d i t i o n to sulfoxide a n d its d e c o m p o s i ­
t ion to sulfone a n d c a r b o x y l a t e ion,2 1) j u s t as t h e B - V 
r e a c t i o n . 

T h e re l a t ive r eac t iv i ty for t h e B - V r e a c t i o n also 
c h a n g e s w i t h s u b s t r a t e s a n d p H (Fig . 2 , T a b l e 2-A, 
a n d T a b l e 3 ) . T h e r a t e o r d e r for t h e B - V r e a c t i o n 
of b e n z a l d e h y d e s a t p H 3—10 is R G 0 3 H > P M P A , 
b u t c h a n g e s to t h e o r d e r P M P A > R G 0 3 H a t t h e 
lower p H . T h i s is d u e to t h e h i g h e r sensi t iv i ty of 
P M P A to ac id-ca ta lys i s as c o m p a r e d w i t h t h a t of 
R G 0 3 H . 

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

GLG analysis was performed with a Yanagimoto 550F 
gas Chromatograph using a column of P E G 20 M on Chro-
mosorb ( l m ) . 

Materials. Peroxomonophosphoric acid (PMPA) was 
prepared from P 2 0 5 and 9 0 % H202.9> Commercial benz­
aldehydes were used. 

Typical Procedure. T h e reaction with 0.04 M each of 
P M P A and benzaldehyde was carried out in 40 vol % 
E t O H at 25.0 °G. E D T A (0.4 raM) was added to minimize 
a metallic ion-catalyzed decomposition of P M P A . T h e p H 
of solution was maintained with perchloric acid ( p H < l ) , 
0.5 M acetate (pH 2.5—4.4), 0.5 M phosphate (pH 3.7— 
6.1), and 0.5 M carbonate buffers (pH 7.5—10). T h e p H 
values were determined with a glass electrode before and 
after the reaction. T h e decrease of P M P A was monitored 
by iodometric titration in 5 % aqueous A c O H . The spon­
taneous decomposition of P M P A was very slow in the ab­
sence of substrate added. Reproducibili ty of the oxidation 
kinetics was ascertained to be adequate (i.e., within ± 5 % ) . 

Reaction products were determined by means of GLG 
directly or after methylation with diazomethane using bi-
phenyl or propiophenone as an internal s tandard. Catechol 
was determined after methylation with dimethyl sulfate. 
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Triphenylselenonium halides were readily prepared in good yields by the one-step reaction of seleninyl chlo­
ride with phenylmagnesium halides, followed by treatment with hydrogen halides. The yields of triphenyl­
selenonium halides are markedly affected by the molar ratio of seleninyl chloride to the phenylmagnesium halides. 
In order to interpret the above results, some probable intermediates, such as diphenyl selenoxide, dibromodi­
phenylselenium, and diphenyl selenide, were investigated by allowing them to react with the phenylmagnesium 
halides. A pathway which consists of competitive and successive reactions is discussed. 

Trimethylselenonium hydroxide ( (CH 3 ) 3 Se + OH-) is 
a very useful methylation reagent for carboxylic, thiol, 
and aromatic hydoroxyl groups.*) Hampton2) has re­
ported on the use of diphenyliodonium chloride 
(Ph2I+Cl~) for terminal phenylation. Triarylseleno-
nium halides (Ar 3 Se + X _ ) , which may be expected as 
arylation reagents, could be prepared by a convenient 
one-step synthesis.3) Strecker and Willing4) have ob­
tained only diphenyl selenide (Ph2Se) and diphenyl 
(Ph2) by the reaction of seleninyl chloride (SeOCl2) 
with phenylmagnesium bromide (PhMgBr) ; they have 
not described the formation of selenonium salt. How­
ever, the addition of about three moles of arylmag-
nesium halides to one mole of SeOCl2 afforded the 
corresponding triarylselenonium salts, together with 
Ph2Se and Ph2.3) This method is useful for the pre­
paration of selenonium salts, since the usual methods 
require several steps.5'6) 

In ordei to clarify the formation path of triphenyl­
selenonium halides (Ph 3 Se + X _ ) , the reaction of phenyl­
magnesium halides (PhMgX) with such probable in­
termediates as diphenyl selenoxide (Ph2SeO), dibromo­
diphenylselenium (Ph2SeBr2), and diphenyl selenide 
(Ph2Se) were investigated. 

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

Reaction of PhMgX with SeOCl2. After the ad­
dition of 3.5-fold mole of various PhMgX's to SeOCl2 

in T H F or ether, the solution was maintained at the 
reflux temperature for 2 h.7) The hydrolysis of the 
reaction mixtures with aqueous hydrobromic acid 
(HBr ca. 1 mol d m - 3 ) gave Ph3Se+X_ , Ph2Se, and Ph2 , 
as is shown in Table 1. I t is of interest that Ph3Se+Br~ 
appeared in the reaction of SeOCl2 with the PhMgCl 
was afforded by the treatment of the resulting reac­
tion mixtures with HBr. In the case of P h M g l , 
Ph3Se+I~ was produced, even though the mixtures 
were similarly treated with HBr.8) 

The reaction with PhMgCl, followed by treatment 
with HBr, gave Ph3Se+Br_ in a 5 6 % yield, but the yield 
of selenonium salt in the same reaction in the presence 
of MgBr2 fell to 3 9 % , which is comparable to the 
yield of the reaction with PhMgBr,9) as is shown in 
Table 1. These findings indicate the occurrence of 
halogen exchange in the reaction system during the 
period of reaction and the treatment with HBr. It 
is considered that the lower yield of selenonium salt 

in the reaction with PhMgBr results from the for­
mation of more reactive, but less selective, SeOBr2 

by halogen exchange between SeOCl2 and the re­
sulting MgBr2 during the reaction. The considerable 
lowering in the yield in the case of P h M g l is thought 
to be due to the decomposition of the unstable SeOI2.10) 

These results indicate that the seleninyl halides 
(SeOX2) generated by halogen exchange react with 
three moles of P h M g X to give triphenylselenonium 
halogenomagnesium oxide (Ph 3 Se + OMgX~) , which 
then affords Ph 3 Se+X- upon subsequent hydrolysis 
with HBr. 

The product distributions of Ph3Se+Br-, Ph2Se, and 
Ph 2 varied with the ratio of P h M g X to SeOCl2 . 
Figure 1 shows a typical curve for the yield of each 
product obtained by the addition of PhMgBr to SeOCl2 

in ether. The production of Ph2SeBr2 was at its 
maximum at the molar ratio of 1.5; thereafter, it 
decreased rapidly to zero at the ratio of 2.5, in contrast 
to the increase in Ph2Se and Ph2 . The amount of 
selenonium salt increased gradually with the increase 
in PhMgBr until the molar ratio of 3.5. At more 
than 3.5, a rapid decrease in the selenonium salt led 
to the formation of Ph2Se and Ph2 . Thus, the present 
reaction is considered to be a complicated successive 
reaction. 

Reaction of PhMgBr with Ph2SeBr2. A solution 
of PhMgBr in ether was added to equimolar amounts 
of Ph2SeBr2, and then the mixture was worked-up 
as above. The selenonium salt which was expected 
as the primary product was not obtained at all, but 

TABLE 1. ADDITION OF PhMgX TO A SOLUTION OF SeOCl2
a> 

(Followed by HBr work-up) 

x Yieldb)/mmol 

Gl — 16.9(56.2) 11.7(39.0) 4.2(14.3) 
Br — 11.2(37.3) 14.9(49.5) 7.9(26.3) 
Id) — 0.8( 2.5)e) 10.6(35.2) 9.9(33.1) 
Gl MgCl2 16.4(54.5) 12.1(40.2) 5.4(18.1) 
Gl MgBr2 11.7(39.0) 15.1(50.5) 9.6(32.0) 

a) PhMgX (105 mmol) was added to a solution of 
SeOGl2 (30 mmol) in THF (100 ml). b) Yields given 
in parentheses indicate the mol% based on SeOGl2. 
c) Formation from Ph4Se was assumed, d) Ether was 
used as the solvent, e) Ph3Se+I-, 
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Fig. 1. Dependence of the yield of each product on the 
molar ratio of PhMgBr to SeOCl2. 

equimolar amounts of Ph2Se and Ph2 were.11) This 
fact shows that Ph2SeBr2 reacts with PhMgBr to give, 
probably, an unstable tetraphenylselenium (Ph4Se), 
which then immediately decomposed to Ph2Se and 
Ph2 . I t was found that Ph2SeBr2 is not connected 
with the production of selenonium salt. 

O n the other hand, no product was furnished by 
the reaction of Ph2Se with PhMgBr. 

Reaction of PhMgBr with Ph2SeO. Ph2SeO could 
not be isolated in the reaction of SeOCl2 with PhMgBr, 
but it appeared to be one of the most probable inter­
mediates. Wildi12) has reported the production of 
triphenylsulfonium bromide (Ph3S+Br~) by the reac­
tion of diphenyl sulfoxide (Ph2SO) with PhMgBr. 

The reaction of Ph 2SeO with PhMgBr, followed 
by hydrolysis with HBr, gave Ph3Se+Br~, Ph2Se, and 
Ph2 in yields of 25, 63, and 10% respectively. 
I t seems that selenonium salt was produced through 
triphenylselenonium bromomagnesium oxide (Ph3Se+-
O M g B r - ) according to the following equation. 

Ph2SeO + PhMgBr > Ph3Se+OMgBr-

Ph3Se+OMgBr- + HBr > Ph3Se+Br~ + MgBr(OH) 

Some of the Ph 3Se+OMgBr _ reacts further with 
PhMgBr to afford Ph2Se and Ph2 via Ph4Se: 

Ph3Se+OMgBr- + PhMgBr > Ph4Se + (MgBr)20 

Ph4Se > Ph2Se + Ph2 

However, the significant formation of Ph2Se can 
not be interpreted by considering only the above 
reaction. I t may be supposed that Ph2Se is produced 
by the elimination of oxygen from Ph2SeO, which 
is liable to be reduced, but the detailed process has 
not been ascertained.13) 

Consequently, the reaction proceeds first through 
halogen exchange between SeOCl2 and P h M g X , as 
well as, the M g X 2 which is generated during the period 
of reaction, and the resulting SeOX 2 reacts with 
PhMgBr to give Ph2SeO and Ph2SeBr2. Selenonium 
salts are chiefly derived from Ph 2SeO, and Ph2Se 
and Ph2, from Ph2SeBr2. From these results, it seems 
reasonable that the maximum yield of selenonium 
salts is at the molar ratio of P h M g X to SeOCl2 of 
3.5, and that the reaction proceeds through compet­
itive and successive paths which are complicated by 

halogen exchange. 

Exper imenta l 

The melting points, determined on a Yanagimoto micro-
melting-point apparatus (MP-J3), are uncorrected. The IR 
spectra were obtained with a Shimadzu IR-27G spectro­
photometer. The mass spectra were measured with a JEOL 
JMS-01SG apparatus. The general procedure for the reac­
tion of PhMgX with SeOGl2 was the same as in a previous 
paper.3) The yields of Ph3Se+X_ and Ph2Se, based on the 
SeOGl2 used, and of Ph2 were estimated and considered to 
result from the decomposition of Ph4Se to Ph2Se and Ph2. 

Reaction of PhMgCl with SeOCl2 in the Presence of MgBr2. 
Anhydrous MgBr2 (5.5 g, 30 mmol) was added to a solu­
tion of SeOGl2 (5.0 g, 30 mmol) in THF (100 ml). The 
mixture gradually became brownish and was then allowed 
to react with PhMgCl (105 mmol) in THF under reflux 
for 2 h. After the THF had been evaporated in vacuo, the 
mixture was hydrolyzed with HBr {ca. 1 mol dm -3) and 
extracted with benzene; the remaining aqueous solution 
was further extracted with chloroform. The benzene ex­
tract was dried over sodium sulfate, and the benzene was 
evaporated in vacuo. The residue was distilled under re­
duced pressure to give Ph2 (1.5 g ; 32%) and Ph2Se (3.6 
g; 50.5%). 

'ph2 : mp 69—70 °G; IR 3055, 3025, 1473, 1423, 902, 725, 
690 cm -1. These values were identical with those of an 
authentic sample. 

Ph2Se: bp 106 °G/2 mmHg; IR 3060, 1575, 1475, 1440, 
1000, 735 cm-1; MS m/e 234 (M+), 154 (M+-Se) . Found: 
G, 61.77; H, 4.42%. Galcd for G12H10Se; G, 61.81; H, 
4.32%. 

The chloroform extract afforded Ph3Se+Br- (4.6 g ; 37%) 
upon recrystallization from chloroform-acetone(1:5) : mp 
236 °G decomposed; IR 3050, 1580, 1430, 990, 765, 745, 
734 cm-1; MS m/e 234 (M+-PhBr), 157 (M+-Ph 2 ) . 
Found; G, 55.32; H, 3.79%. Galcd for G16H15SeBr: G, 
55.42; H, 3.88%. 

Reaction of PhMgBr with Ph2SeBr2. SeOGl2 (5.0 g; 30 
mmol) was added to PhMgBr (45 mmol) in ether (100 ml), 
and the mixture was stirred under reflux for 1 h. After 
the removal of the ether, the reaction mixtures were treated 
with HBr (ca. 1 mol dm - 3) , and then crude Ph2SeBr2 was 
precipitated. The crystals were collected and recrystallized 
from ether to afford Ph2SeBr2 (2.4 g; 21.6%): mp 147.5 
°G decomposed; IR 1600, 1460, 1150, 990, 738, 681cm-1. 
Found: G, 36.62; H, 2.61%. Galcd for G12H10Br2Se: G, 
36.67; H, 2.57%. 

Ph2SeBr2 (12.3 g ; 31 mmol) was added to a solution of 
PhMgBr (31 mmol) in ether (50 ml) at 34 °G, and the mix­
ture was hydrolyzed with HBr (ca. 1 mol dm -3) and extracted 
with benzene and then with chloroform. Ph2Se (3.5 g; 
47.9%), Ph2 (1.9 g; 42.4%), and unreacted Ph2SeBr2 (4.9 
g; 40%) were obtained from the benzene extracts. From 
the chloroform extract, though, no product was obtained. 

Reaction of PhMgBr with Ph2SeO. Ph2SeO was pre­
pared by the method of Rheinboldt.14) PhMgBr (60 mmol) 
was added, drop by drop, over a period of 1 h at 34 °G to 
an equimolar amount of Ph2SeO (60 mmol) in ether (50 
ml). After the addition, the ether was removed and the 
residue was hydrolyzed with HBr (ca. 1 mol dm - 3) , and 
then extracted with benzene and subsequently with chloro­
form, as has been described above. From the extracts, 
Ph2Se (6.2 g; 63.5%), Ph3Se+Br~ (5.9 g; 25.2%), and Ph2 

(0.86 g; 10.0%) were afforded. 
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Iron (III) and copper (II) chelated by 2-pyridinecarboxylate bring about the photochemical decarboxylation 
of the ligand via the electron transfer from carboxylate to metal ions to give pyridine and 2,2'-bipyridine (for 
Fe(III)) or 2-pyridinol (for Gu(II)). In the presence of iron(III), ruthenium (I II), and copper(II), 3-pyridine-
carboxylic acid gives photochemically 2,2/-bipyridine-3,5'-dicarboxylic acid without decarboxylation. 4-Pyri-
dinecarboxylic acid is photo-resistant both in the presence and in the absence of iron(III) and copper(II). 

Metal ions, especially transition metal ions, have 
profound effects on the photoreactions of organic com­
pounds.1) Recently, long range electron transfer mech­
anism has been proposed for the metal ion-catalyzed 
photo-oxidation of olefins.2> Effects of metal ions on 
the photoreactions of carboxylic acids have extensively 
been studied,3) together with their photoreactions in 
the absence of metal ions.4> A metal ion may have 
different effects on the photoreaction depending on 
whether it is coordinated by an organic ligand or 
not. Pyridinecarboxylic acids afford a good system 
to investigate the differences between the coordinated 
and the non-coordinated metal ions: 2-pyridinecarbox-
ylic acid forms very stable chelate bonds with many 
metal ions, whereas 3- and 4-pyridinecarboxylic acid 
form no such stable chelate bonds.5) 

We have reported some results on the photoreac­
tions of 2- and 3-pyridinecarboxylic acid in the ab­
sence of metal ions. The irradiation of 3-pyridine-
carboxylic acid in an aqueous solution with 254 nm 

light gives 2-hydroxy-3-pyridinecarboxylic acid in the 
p H range of 0—2 and 2,3'-bipyridine-5-carboxylic acid 
in the p H range of 4-—6.6) 2-Pyridinecarboxylic acid 
gives photochemically 6-hydroxy-2-pyridinecarboxylic 
acid in an acidic aqueous solution.7> 

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

The photoreactions of pyridinecarboxylic acids in 
the presence of several metal ions are summarized 
in Tables 1 and 2. Among the metal ions, i ron(III) 
and copper(II) have remarkable effects on the photo­
chemical processes of the acids. T h e metal ion effects 
on 2-pyridinecarboxylic acid (1) are different from 
those on 3-pyridinecarboxylic acid (2). In the case 
of 1, which forms stable chelate bonds with metal 
ions,8> the products via decarboxylation are significant. 
T h e 254 nm light irradiation of 2-pyridinecarboxylato-
i ron(III) complex gives pyridine (3), 2,2'-bipyridine 
(4) and a trace of 2-pyridinol. T h e photoreaction 

TABLE 1. PHOTOREACTIONS OF 2-PYRIDINECARBOXYLATOMETAL COMPLEXES IN AQUEOUS SOLUTIONS 

2-PyCOO = 2-Pyridinecarboxylato, Irradiated with a low pressure mercury lamp. 

Complex 
104 [Complex] Additive Irr. time Yield of product/%a> 

mol dm - 3 

1.34 
1.34 
1.34 

2.0 
1.0 
1.0 
1.0 

concn 

Hydroquinone 
6 . 7 x l 0 - 6 m o l d m - 3 

h 

2.5 
6 
6 

6 
48 

3 
3 

Recovery 
of starting 
material/% 

[Fc2(2-PyCOO)4(OH)2] 

[Cu(2-PyCOO)2] 
[Cr(2-PyCOO)3] 
[Zn(2-PyCOO)2] 
[Mg(2-PyCOO)2] 

12 
17 
62 

trace 

15 
trace 

15 
trace 
trace 
trace 

56b> 
39b> 
23b> 

24b) 

67c> 

Amount of product with respect to pyridine nucleus 
a) Yield = 

Amount of 2-pyridinecarboxylate contained in the starting complex 
carboxylate. c) With respect to metal complex. 

b) With respect to 2-pyridine-

TABLE 2. PHOTOREACTIONS OF 3-PYRIDINECARBOXYLIC ACID-METAL SALT SYSTEMS IN AQUEOUS SOLUTIONS 

[3-Pyridinecarboxylic acid] = 6 x 10 -4 mol dm - 3 , Irradiated with a low pressure mercury lamp. 

Metal salt 

FeCl3 

RuCl3 

CuS04 

104[Metal salt] 
mol dm - 3 

1.0 
1.0 
3.0 

pH 

4.9—5.3 
4.4—4.8 
4.9—5.2 

Irr. time 
~h 

4 
4 
4 

Yield of 

7 

12 
6 
7 

product/%a) 
—^ s 

8 

24 
17 
4 

Recovery of 2 

% 

41 
31 
53 

a) The yields of the bipyridine derivatives are expressed with respect to the pyridine nucleus. 
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Fig. 1. Dependence of photoreactions of 3-pyridine-
carboxylic acid-FeCl3 systems on pH. 
[3-Pyridinecarboxylic acid] = 6X 10~4 mol dm - 3 ; [Fe-
Gl3] = 1 X 10"4 mol dm"3; Irradiation time, 4 h. The 
yields of the bipyridine derivatives are expressed with 
respect to the pyridine nucleus. 
- A - : 6, — m— : 7, • : 8, —O—: 2 
reacted. 

of 2-pyridinecarboxylatocopper(II) complex gives 2-
pyridinol and a trace of pyridine. 

i ii Fe, (OH), 

i II + 1 II i II 

3 4 

+ 
y \ 
\ N NAOH 

5 

Gu I y \ 
X/xGOO/J 

hv 

I II 
\NNAOH 

5 

+ i II 

In the absence of metal ions, the UV-irradiation 
of 2-pyridinecarboxylic acid in the p H range of 4—6 
gives 2,3'-bipyridine in 2 0 % yield. 

hv 

i II — > 
^ N ^ G O O H PH 4-6 

"V -o 
The addition of hydroquinone, a radical scavenger, 

to the iron(III) complex solution inhibits the for­
mation of 2,2'-bipyridine and increases the yield of 
pyridine. 

The coordinated cobalt(II) and magnesium(II) , the 
lower oxidation states of which are unstable, stabilyze 
the coordinating 2-pyridinecarboxylate under illumina­
tion. 

The photoreaction of 3-pyridinecarboxylic acid, 
which forms no stable chelate bond with metal ions, 
is affected by iron (III) ions differently from that of 
2-pyridinecarboxylic acid. 3-Pyridinecarboxylic acid 
exists in three forms depending on the p H of the solu­
tions. The effects of i ron(III) on the photoreaction 
of 3-pyridinecarboxylic acid is p H dependent (Fig. 1). 
At p H 4—6, where the form of 3-pyridinecarboxylic 

y \ / C O O H 
1 +11 

H 
2a 

-H- yvcoo-
^ I + 1 

H 
2b 

- H + 

H + 

y \ / G O O 
1 II 

2c 

p # a at 25 °G, 2.079> pK& at 25 °C, 4.819> 

acid is a mixture of 2b and 2c, the UV-irradiation 
in the presence of Fe( I I I ) gives 2,2'-bipyridine-
3,5'-dicarboxylic acid (7), which is obtained as an 
iron(II) complex, in addition to 2,3'-bipyridine-5-
carboxylic acid (8), which is the main product in 
the absence of Fe(III) .6) 

At p H 1—3, where the form of 3-pyridinecarboxylic 
acid is 2a, the irradiation in the presence of Fe(I I I ) 
gives 2-hydroxy-3-pyridinecarboxylic acid (6), the same 
product as in the photoreaction in the absence of 
Fe(III) .6) 

In higher p H range, iron (III) is precipitated as 
hydroxide or oxide, and hence the effect of i ron(III) 
can not be studied. 

y \ / C O O H 
I II 
\NNAOH 

6 

GOOH 

^ / C O O H 
1 II 
1 II 

hv 

Fe(III) 

pH 1-3 

pH 4 - 6 

-N N-

+ r N-
_ / = 

N -

COOH 

-GOOH 

The effects of ru then ium(I I I ) and copper(II) are 
practically the same as those of iron ( I I I ) . The U V -
irradiation of 2 in the presence of R u ( I I I ) or Gu(II) 
in the p H range of 4—5 gives 7 and 8. 

Figure 2 shows the effects of iron (111) as a function 
of iron (I II) concentration. Here the efficiency of Fe-
(III) effect (QJ on the photoreaction is expressed 
on the basis of the light absorbed by 3-pyridinecar­
boxylic acid according to the following equation. 

_ [Product] or —[2] 

Light absorbed by 2 
Light absorbed by 2 and FeCl3 

(The Q-value is a relative quantum yield calculated 
for the light absorbed by 3-pyridinecarboxylic acid.) 

The saturation of the effect of Fe (III) at relatively 
low concentration and the constant Q,-values over the 
wide range of Fe( I I I ) concentration suggest that the 
photoreaction originates from the excited 2 not from 
the excited Fe (I I I ) , and the reaction between the 
excited 2 and Fe(I I I ) should be rapid. 

For the photoreaction of 4-pyridinecarboxylic acid, 
i ron(III) and copper(II) have practically no effects. 
Four hours' irradiation of 5 X 10 - 4 mol d m - 3 solutions 
of 4-pyridinecarboxylic acid at p H 4.7 gave slight 
UV-spectral changes both in the presence and in the 
absence of i ron(III) and copper(II) . 

The photochemical decarboxylation of 2-pyridine­
carboxylate attached to i ron(III) and copper(II) under 
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TABLE 3. COMPOSITION OF 2-PYRIDINECARBOXYLATOMETAL COMPLEXES 

2-PyCOO = 2-Pyridinecarboxylato 

Complex 
Found(%) 

H N 

Galcd(%) 

H N 

[Fe2(2-PyCOO)4(OH)2] 44.78 2.68 8.82 
[Cu(2-PyCOO)2] 46.32 2.72 8.87 
[Zn(2-PyCOO)2]4H20 37.52 3.99 7.33 
[Cr(2-PyCOO)3]H20 49.69 2.96 9.73 
[Mg(2-PyCOO)2]2H20 45.76 3.97 8.89 
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Fig. 2. Dependence of photoreactions of 3-pyridine-
carboxylic acid on Fe(III) concentration ([2] = 6 x 
10"4 mol dm-3, pH«4.4) . 
The, efficiency of the photoreaction is defined as, 

[Product] or - [ 2 ] 
Q= 

Light absorbed by 2 
Light absorbed by 2 and FeCl3 

7, • : 8, — O — : 2 reacted. 

illumination can be explained by the effective electron 
transfer from the carboxylate to the coordinated metal 
ions to give carbonyloxy radicals which easily de-
carboxylate to form 2-pyridyl radicals. 

2,2 /-Bipyridine is considered to be a coupling prod­
uct of 2-pyridyl radicals. The fact that the addition 
of hydroquinone, an effective hydrogen donor, inhibits 
the photochemical formation of 2,2 /-bipyridine and 
promotes that of pyridine supports the suggested mech­
anism (Scheme 1). 

The promotion of radical coupling in the presence 
of transition metal ions has been reported,10) and a 
long lived free radical-metal complex has been pro­
posed.11) 

The formation of 2-pyridinol in the photoreaction 
of 2-pyridinecarboxylatocopper(II) complex can be ex­
plained by the subsequent oxidation of 2-pyridyl rad­
icals by copper(I) . T h e formation of a copper mirror 
on the reaction vessel was observed during the ir­
radiation (Scheme 2). 

The process of the formation of 2,2'-bipyridine-3,5'-
dicarboxylic acid in the photoreaction of the 3-pyridine-
carboxylic acid-iron (III) system is different from that 

a. 
\ i i i 
- F e - 0 

I \ 

Scheme 1. 

O Cu(I) o. Cu(0) 

H20 

Oo„ 
Scheme 2. 

of the formation of 2,2 /-bipyridine in the photoreac­
tion of 2-pyridinecarboxylatoiron(III) complex. 

The formation of a bipyridine derivative and iron (II) 
indicates the electron transfer from 3-pyridinecar-
boxylic acid to i ron(I I I ) . At p H = 5 , no evidence for 
the complex formation between 3-pyridinecarboxylic 
acid and iron (III) in the ground state, because the 
UV-absorption spectrum of the mixture of 3-pyridine­
carboxylic acid and iron (III) is almost the same as 
the sum of those of the components. As is shown 
earlier, only the light absorbed by 3-pyridinecarboxylic 
acid is effective for the formation of 7. These facts 
suggest that the formation of 7 occurs via charge 
transfer interaction between an excited 3-pyridine­
carboxylic acid and a ground state iron (III) ion. 

Thermal oxidation of pyridine by iron(III) at high 
temperature is an example in which the oxidation 
of pyridine gives bipyridine.12) 

Exper imenta l 

Materials. Commercial 2-, 3-, and 4-pyridinecarbox-
ylic acid (G.R. grade reagents of Tokyo Kasei Co. or Wako 
Junyaku Co.) were used without further purification. 2-
Pyridinecarboxylatometal complexes were prepared in the 
crystalline form by refluxing the metal salt and sodium 
2-pyridinecarboxylate in water. The composition of the 
metal complexes were determined by elemental analysis 
(Table 3). 
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UV-irradiation. T h e solutions of 2-pyridinecarboxyl-
atometal complexes were prepared by dissolving the com­
plexes in water. T h e sample solutions of 3- and 4-pyridine-
carboxylic acid-transition metal salt systems were prepared 
by adding the metal salts to the solutions of sodium pyridine-
carboxylates. The p H of the solution was adjusted with 
hydrochloric acid or sodium hydrogencarbonate . 

For the identification of the photoproducts 2—3 dm 3 of 
the solution were irradiated with a low pressure mercury 
lamp under the bubbling of nitrogen. For the quanti tat ive 
analysis 50—100 cm3 of the solution deaerated by bubbling 
nitrogen or argon for at least 30 min were irradiated with 
a low pressure mercury lamp under magnetic stirring. 

Separation, Identification, and Quantitative Analysis of the Photo-
products. Photoproducts from 2-Pyridinecarboxylatometal Com­
plexes: Pyridine was extracted with dichloromethane from 
the irradiated solutions and identified by means of U V -
spectra. Other products were separated by anion exchange 
chromatography (column, Dowex-1 formate; eluent, formic 
acid). 

2,2'-Bipyridine was obtained as tris(2,2'-bipyridine)iron-
( I I ) . 2,2'-Bipyridine liberated by refluxing it in a sodium 
hydroxide solution was steam-distilled. By comparing its 
N M R spectra with those of the authentic 2,2'-bipyridine, 
2,2'-bipyridine in the photoproducts was identified. T h e 
U V - and visible spectra of the i ron(II) complex supports 
this conclusion. 

2-Pyridinol and 2,3'-bipyridine were identified by the 
comparison of UV- , IR- , and N M R spectra with those of 
the authentic samples. 

Quanti tat ive analysis was done by means of the ion ex­
change chromatography and spectroscopy. 

Photoproducts from the 3-Pyridinecarboxylic Acid-FeCl3 System : 
After the irradiated solution was concentrated under reduced 
pressure, i ron(II) and i ron(I I I ) were precipitated with hy­
drogen sulfide. T h e photoproducts were separated by means 
of the anion exchange chromatography (column, Dowex-1 
formate; eluent, formic acid) and by means of gel-filtration 
with Sephadex G-10. Two photoproducts were identified. 

Iron(II) Complex of 2,2'-Bipyridine-3,5'-dicarboxylic Acid. 
In order to liberate the ligand the complex was refluxed 
with aqueous sodium hydroxide. After the evaporation of 
the solvent the residue was extracted in a Soxhlet's extractor 
with dry 1,4-dioxane. T h e crystalline product thus obtained 
was converted to the methyl ester by diazomethane. T h e 
compound was identified as dimethyl 2,2'-bipyridine-3,5'-
dicarboxylate from the following da ta ; m p 115—116°G; 
I R (KBr disk) 2900 (CH 3 ) , 1735, 1730, 1720 ( G = 0 ) , and 
1295 c m - 1 (ester G-O) ; N M R (GDG13) «5=9.25 (1H, dd, 
7 = 2 . 1 and 0.9 Hz, H at the 6'-position), 8.82 (1H, dd, 
7 = 4 . 9 and 1.6 Hz, H at the 6-position), 8.49 (1H, dd, J= 
8.0 and 2.1 Hz, H at the 4'-position), 8.27 (1H, dd, J= 
8.0 and 0.9 Hz, H at the 3'-position), 8.10 (1H, dd, J= 
7.8 and 1.6 Hz, H at the 4-position), 7.44 (1H, dd, 7 = 7 . 8 
and 4.9 Hz, H at the 5-position), 4.00 (3H, s, GH 3 ) , and 
3.82 (3H, s, G H 3 ) ; T h e above assignment is based on the 
decoupling experiment; M S (70 V) mje(relative intensity), 
272(20), 257(54), 242(19), 241(100), 214(10), 213(8), 198 
(7), 183(11), 105(12), 91(12), 78(10), 77(10). Found : G, 
61.62; H, 4.41 ; N, 10 .43%; M+, 272. Galcd for G 1 4 H 1 2 N 2 0 4 : 
G, 61.76; H, 4.44; N, 10.29%; M , 272. 

U V spectra of the i ron(II) complex, Am a x = 515 (shoulder) 
and 550 nm. 

2,3'-Bipyridine-5-carboxylic Acid. T h e product eluted 
by 0.5 mol d m - 3 formic acid was identified as 2,3'-bipyridine-

5-carboxylic acid by comparing its spectra with those re­
ported previously.6^ 

Determination of the Yields of Products. T h e quanti tat ive 
analyses of the photoproducts from 3-pyridinecarboxylic 
acid-metal salt systems were carried out spectrophotomet-
rically after the separation with anion exchange chromatog­
raphy. 

T h e a u t h o r s a r e gra te fu l to M r . S u s u m u K u m o n 
of S h i n n i h o n J i t s u g y o C o . for M S m e a s u r e m e n t . T h e 
p r e s e n t w o r k was p a r t i a l l y s u p p o r t e d b y t h e fund of 
t h e A s a h i Glass F o u n d a t i o n for I n d u s t r i a l T e c h n o l o g y 
a n d b y a G r a n t - i n - A i d for Scient if ic R e s e a r c h N o . 
547045 f rom t h e M i n i s t r y of E d u c a t i o n , Sc ience a n d 
C u l t u r e . 
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A study was carried out on the reaction of/>-nitrophenyl phosphates with hydroxamate nucleophiles in water 
in the presence of dialkylammonium bilayer membranes. With ethyl bis(/>-nitrophenyl) phosphate, clean second-
order kinetics was observed for all the hydroxamate nucleophiles, two equivalents of /»-nitrophenol being released 
in most cases. In contrast, a complex kinetics was observed for octadecylbis(/>-nitrophenyl)phosphate. The 
second cleavage process of this long-chain substrate by a long-chain hydroxamate was affected by the fluidity 
of the matrix membrane, an inflection region being present in the Arrhenius plots near the phase transition tem­
p e r a t u r e ^ ) of the 2C16N+2C1 membrane. The activation energy was 14 and 21 kcal/mol at temperatures 
above and below Tc, respectively. Similar changes in the activation energy had been observed for decarboxy­
lation and proton abstraction. 

Since it was first found that bilayer membranes 
are formed from dialkylammonium salts,2-3) physico-
chemical characterization of the dialkylammonium 
bilayer has been extensively carried out. O n e im­
portant characteristic is the occurrence of the crystal-
to-liquid crystal phase transition similar to that of 
biolipid bilayers, as confirmed by differential scanning 
calorimetry,4 '5) N M R spectroscopy,6) fluorescence depo­
larization,6 '7) and positron annihilation.7) 

T h e unique organization of the dialkylammonium 
bilayer was subsequently used as site for several kinds 
of organic reaction. A large rate difference was ob­
served between the intra-vesicle and inter-vesicle re­
actions of nucleophiles and a phenyl ester.8) A choles-
teryl nucleophile was specifically activated in the am­
monium membrane,9) and the reaction rate was in­
fluenced by the phase transition in acyl transfer,10) 
proton abstraction,11) and decarboxylation.12) 

In this article we report on the hydrolysis of activat­
ed phosphoric triesters by hydrophobic hydroxamate 
nucleophiles in the presence of hexadecyltrimethylam-
monium bromide (GTAB) micelle and dialkylammo­
nium (2C„N+2G1) bilayer membranes.13) The hydrol­
ysis of phosphoric triesters proceeds via general-base 
or nucleophilic pathways. The relative ease of these 
pathways is determined by structural combinations of 
substrates and bases, the relative basicity of leaving 
group and nucleophile and steric crowding in the 
transition state being concluded to be the two most 
important factors.14-16) 

T h e micellar effect on the cleavage of phosphoric 
triesters was studied by Bunton and Ihara17) and 
Epstein et a/.18) for oximate nucleophiles and by Tagaki 
et a/.19) for imidazole nucleophiles. I t was found that 
cationic micelles accelerate the reaction and change 
the mechanism. It is of particular interest to see 
how the peculiar molecular organization of the bilayer 
membrane affects the cleavage of phosphoric esters. 

The structures of nucleophiles, substrates and mem­
brane-forming ammonium salts used in this study are 
given below together with their abbreviations. 

Nucleophile 

Ammonium sa l t 

C H s W n . , CH3 . 
N Br 

CH3(CH2)n- i / SCH3 

n =12,14,16,18 2CnN*2C] 

ÇH3 

CH3(CH2)i5-N-CH3Br" 

CH3 

CTAB 

CH3(CH2)16CNv 

Ô R 

R = H Cis-HA 

= Me C18-MHA 

= Phe C18-PHA 

Substrate 

.OH CH3(CH2)17^ , 0 H 

;NCCH2CH2CN 
CH3(CH2)17

/ Ö 0 ' C H 3 

2C18-SUC-MHA 

cH3(CH2)n. l0-ps b r 
J 0QNO2 

n = 2 C2-BNPP 

=18 C18-BNPP 

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

Nucleophiles. Octadecanehydroxamic acid (G18-HA), 
iV-methyloctadecanehydroxamic acid (G18-MHA), and JV-
phenyloctadecanehydroxamic acid (G18-PHA) were pre­
pared from octadecanoyl chloride and the corresponding 
hydroxylamines, and identified by NMR and IR spectros­
copy and elemental analysis. C18-HA: mp 102—104 °G. 
Found: G, 71.86; H, 12.46; N, 4.65%. Galcd for G18H37-
N 0 2 : C, 72.19; H, 12.45; N, 4.68%. G18-MHA: mp 60— 
62 °C. Found: G, 72.59; H, 12.39; N, 4.40%. Galcd for 
G19H37N02: C, 72.79; H, 12.54; N, 4.47%. G18-PHA: 
mp 88—89 °G. Found: G, 76.33; H, 10.97; N, 3.70%. 
Galcd for G24H41N02: G, 76.74; H, 11.00; N, 3.73%. 

Mono-iV,iV-dioctadecylamide of succinic acid (9.3 g, 15 
mmol) as prepared from dioctadecylamine and succinic 
anhydride, and 2 g ( 18 mmol) of iV-hydroxysuccinimide were 
dissolved in 70 ml of tetrahydrofuran (THF), 3.7 g (18 
mmol) of dicyclohexylcarbodiimide being added with stirring 
at ice-bath temperature. The reaction mixture was warmed 
to room temperature after 1 h and stirred for 24 h. N,N'-
Dicyclohexylurea was filtered. After the solvent had been 
removed, the residue was recrystallized from 1:10 ether-
methanol to give colorless powder: yield 9.3 g (86%), mp 
64—67 °G. The succinimide ester obtained (5 g, 8 mmol) 
was dissolved in 30 ml of GHG13, and 2.5 g (30 mmol) of 
JV-methylhydroxylamine and 3 g (30 mmol) of triethylamine 
in 60 ml of GHGI3 were slowly added with stirring. After 
the mixture had been stirred for 6 h at room temperature, 
the solvents were evaporated and the residue was dissolved 
in ether, washed with dilute hydrochloric acid and water, 
and dried over Na2S04 . The solution was concentrated 
and 3 g of solids was recovered by addition of methanol. 
Colorless powder was obtained by repeated recrystalliza-
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tion from 1:1 acetone-ether: yield 1.4 g (30%), mp 50—52 
°G. The product, JV-methyl-3-(dioctadecylcarbamoyl)pro-
panehydroxamic acid, (2C18-suc-MHA) was confirmed by 
IR and NMR spectroscopy and by elemental analysis. 
Found: C, 75.62; H, 12.80; N, 4.20%. Galcd for C41H82-
N 20 3 : G, 75.63; H, 12.69; N, 4.30%. 

Preparation and purification of JV-dodecylbenzohydroxa-
mic acid (C12-BHA),20) and JV-benzylbenzohydroxamic acid 
(BBHA)21> were reported. C12N+Ca-MHA was supplied by 
T. Sakamoto.22) 

Substrates. Tris (jö-nitrophenyl) phosphate ( l g , 2.2 
mmol) was refluxed for 1 d in 10 ml of dry ethanol, coloreless 
needles of G2-BNPP being obtained on cooling: yield 0.7 
g (90%), mp 134—135 °G (lit,23) mp 133 °G). The purity 
was confirmed by NMR spectroscopy and elemental anal­
ysis. Found: G, 45.50; H, 3.57; N, 7.68%. Galcd for 
C14H13N208P: G, 45.67; H, 3.56; N, 7.61%. 

Triethylamine (3.7 g, 37 mmol) and 10.0 g (37 mmol) of 
octadecyl alcohol were dissolved in 100 ml of dry ether, 
21 g (137 mmol) of POGl3 being added with stirring at 
ice-bath temperature. The mixture was then stirred for 
3 h at room temperature and precipitates were removed. 
The solvent was evaporated and the residual white solid 
was recrystallized from acetonitrile : yield 15 g, mp<30 °G. 
The acid chloride obtained and 21.5 g (155 mmol) of p-
nitrophenol were dissolved in 100 ml of dry ether, 15.5 g 
(155 mmol) of triethylamine being added dropwise with 
stirring at ice-bath temperature. After stirring for one day 
at room temperature, precipitates were removed and the 
solution was concentrated to give a waxy product. Re-
crystallization twice from acetone and methanol gave color­
less needles of G18-BNPP: yield 3 g (13%), mp 59—60 °C. 
The NMR spectrum was consistent with the expected struc­
ture. Found: G, 60.80; H, 7.68; N, 4.89%. Galcd for 
G10H45N2O8P: G, 60.79; H, 7.65; N, 4.83%. 

Other Materials. Commercial CTAB was recrystal­
lized twice from ethanol. Dialkyldimethylammonium bro­
mides ^ C J I N ^ C J ) were prepared by stepwise alkylation.3'9) 

Kinetics. Hydrolysis was initiated by injecting sub­
strate solutions (in ethanol or acetonitrile) into aqueous 
solutions of surfactants containing given amounts of catalyst. 
The progress of the reaction was followed by the appearance 
of /»-nitrophenolate anion (Amas — 400 nm in C I AB micelles 
and 390 nm in ammonium membranes, e = 18100) with a 
Hitachi 124 spectrophotometer. The surfactant concen­
tration was 1 X 10~3 M (1 M = l mol dm - 3) , which is larger 
than the cmc of CTAB and 2CnN+2C1. The reaction con­
ditions were 3 v/v% organic solvent-H20, #=0.01 (KCl), 
0.01—0.02 M borate buffer (pH 7—10), unless stated other­
wise. The pH measurement was carried out with a Toa 
Digital pH meter (Type HM-10A), the pH variation of 
the reaction medium being smaller than 0.05. 

Results 

Course of Phosphoric Ester Cleavage. Ethyl bis(/>-
nitrophenyl) phosphate (C2-BNPP) undergoes slow hy­
drolysis in alkaline CTAB solutions (pH 8—10). The 
U V absorption of G2-BNPP (^ m a x =270 nm) dimin­
ishes with time, new absorptions appearing at 400 
and 290 nm (Fig. 1). The 400-nm band is attr ib­
utable to />-nitrophenolate anion, one equivalent of 
which is formed eventually. The 290-nm band is 
ascribable to ethyl />-nitrophenyl phosphate anion (s = 
9500) (G2-MNPP-) which is stable under these con­
ditions. Tagaki et a/.19) confirmed that phenyl p-
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Fig. 1. Spontaneous hydrolysis of G2-BNPP in the 
CTAB micelle. 
pH 9.6, 30 °C, 0.01 M borate buffer, j*=0.01 (KCl), 
3 v/v%EtOH-H 20. [CTAB] = 1.00 x 10"3 M, [G2-
BNPP] = 5.00xlO-°M. 
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Fig. 2. The course of the ester cleavage of C2-BNPP. 

nitrophenyl phosphate anion is hydrolyzed very slowly 
even at 55 °G, p H 12.5. Brass and Bender16) similarly 
observed the formation of /^-nitrophenyl methylphos-
phonate anion at 288 nm (£=9560) in the alkaline 
hydrolysis of bis (/»-nitrophenyl) methylphosphonate. 

I n the presence of excess hydroxamate nucleophiles, 
the predominant course of reaction is the release of 
two equivalents of />-nitrophenol without formation of 
ethyl //-nitrophenyl phosphate anion. 

T h e courses of the phosphoric ester cleavage are 
summarized in Fig. 2. The alkaline hydrolysis (k0n 

process) is negligible in the presence of excess of most 
hydroxamates, since the U V peak (Amax 290 nm) 
characteristic of diester product C 2 -MNPP~ (Fig. 1) 
cannot be detected in the reaction mixture. 

O n the other hand, if equimolar amounts of sub­
strate and nucleophile (G18-MHA) are present, we 
observe, upon correction for the alkaline hydrolysis, 
rapid formation of one equivalent of /»-nitrophenol 
followed by much slower /»-nitrophenol release. These 
steps correspond to the knA and k'on processes (Fig. 
2). Introduction of additional C 1 8 -MHA during the 
second stage induces rapid jfr-nitrophenol release of 
the k'HA process. 

Behavior of Different Hydroxamate Nucleophiles toward 
CZ-BNPP. Figure 3 shows the time course of 
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T A B L E 1. VALUES OF k1 FOR /?-NITROPHENOL RELEASE 

Time/min 

Fig. 3. The time course of the />-nitrophenol (PNP) 
release from G2-BNPP by several hydroxamates in 
the presence of the GTAB micelle. 
30 °G, pH 8.8, 0.02 M borate buffer, /*=0.01 (KCl), 
[GTAB] = 1.00 X 10-3 M, [hydroxamate] = 5.00 X 10"5 

M, [G2-BNPP] = 5.00 x 10-6 M. ^-Nitrophenolate 
anion: Amax 400 nm, e= 1.81 x 104. G18-MHA: 
—O—, G18-HA: — # — -A—, 
C12N+G2-MHA: —J 

jfr-nitrophenol release from G2-BNPP by a series of 
long-chain hydroxamate nucleophiles in the GTAB 
micelle. 

CH3Br" p H 

CH3(CH2)irN-CH2CNx C12N C2-MHA 

CH3 Ö "CH3 

The ultimate jfr-nitrophenol release varies consid­
erably with nucleophile. Excess of G18-HA, G18-
M H A , and 2C 1 8 -MHA (not shown in Fig. 3) releases 
two equivalents of jfr-nitrophenol due to kUA and k'UA 

processes of Fig. 2. However, C1 8-PHA produces 1.4— 
1.6 equivalents, the release by G1 2N+C2-MHA being 
one equivalent. In the reaction with C1 8-PHA, the 
difference spectrum indicates increases in absorbance 
at 245 and 300 nm (shoulder). The 245-nm absorp­
tion can be attributed to the monosubstitution product, 
the shoulder at 300 nm suggesting the formation of 
C 2 - M N P P - (Amax 290 nm, see above). The simple 
alkaline hydrolysis is too slow to explain the results. 
General base catalysis (Eq. 1) might become com-

N02 N02 

petitive with the nucleophilic process, since the latter 
process is rendered less efficient due to steric hindrance 
of the phenyl substituent near the nucleophilic center. 
Similarly, less than two equivalents of jfr-nitrophenol 
were released with related nucleophiles, BBHA and 
G12-BHA. The release of one equivalent of p-ni-

/=\ / 0 H 

BBHA 

OH 

^ g (CH^CHa 

C12-BHA 

Nucleophile 

None ( O H ) 
G18-HA 
G18-MHA 
G18-PHA 
2G18-MHA 

GTAB 

1.0 
9.1 

88 
8.3 

45 

l O ^ / s - 1 

2G12N+2G1 

1.8 
35 

100 
45 
40 

2Cl6N+2C1 

1.4 
28 
74 
50 
28 

30 °G, pH 8.8, 0.02 M borate buffer, ^ = 0.01 (KCl), 
[Ammonium] = 1.00 X 10~3 M, [hydroxamate] = 5.00 X 
10-5 M, [G2-BNPP] - 5.00 x 10-6 M. 

trophenol by G 1 2NHC 2-MHA is ascribed to the very 
low reactivity of the first substitution product 1 in 
the subsequent nucleophilic attack. There is no indi­
cation of the general base catalysis (formation of C2-
M N P P - ) in this case. 

0 
CH3 Br" 0 - P - 0 H Q - N 0 2 

CH3(CH2)irN-CH2CNx ^ ^ 

CH3 S CH3 

The presence of the C1 2N+C2-MHA moiety in the 
intermediate and/or nucleophile appears to interfere 
with the second nucleophilic attack. This presump­
tion is supported by the following experiments: (a) 
no jfr-nitrophenol release was observed when G1 8-MHA 
was added to an equimolar reaction mixture (1:1 
adduct formed) of C2-BNPP and C12N+G2-MHA, (b) 
addition of C1 2N+C2-MHA did not promote jfr-ni-
trophenol release from an equimolar reaction mixture 
(1 :1 adduct formed) of G1 8-MHA and C2-BNPP. 

In spite of the varying extent of jfr-nitrophenol release, 
all the time courses of Fig. 3 obeyed the pseudo first-
order kinetics (Eq. 2) for up to 8 0 % conversion. 

k-t -ln-
-At 

(2) 

where A<x> and At are absorbances at the infinite 
time and at time t, respectively. The results indicate 
that the second nucleophilic attack is not slower than 
the first one (A:HA^A;HA) in the two-step nucleophilic 
attack toward G*-BNPP, except in the case of C12N+-
G2-MHA. 

The kinetic pat tern of the C2-BNPP cleavage was 
the same in the GTAB micelle as well as in the di-
alkylammonium membrane for given nucleophilies. 
The pseudo first-order rate constants with various 
hydroxamates in micellar and membrane systems are 
summarized in Table 1. The effective nucleophile 
is the hydroxamate anion. The true nucleophilic re­
activity of the anion cannot be compared, since the 
pX a value and consequently the fraction of the dis­
sociated species was not determined. 

Cleavage of C1S-BNPP. The reaction scheme for 
the cleavage of long-chain substrate G18-BNPP is 
fundamentally the same as that for C2-BNPP (Fig. 
2). However, the kinetic patterns are quite different. 
In the reaction with excess C18-HA, the first-order 
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The reaction with C18-
3 ) , no further kinetic 

kinetics holds only approximately, two equivalents of 
/>-nitrophenol being released. 
PHA was very slow (A:HA<A;0H; 
examination being performed. 

In the reaction with excess G1 8-MHA, the first-
order plots in the GTAB micelle consist of two lines 
(Fig. 4). Since the ultimate jfr-nitrophenol release is 
two equivalents per mole of C1 8-BNPP, the result 

Time/min 

1 2 

2 A 6 8 
Time/min 

Fig. 4. Pseudo first order plots of the reaction of C18-
BNPP with G18-MHA in the presence of the GTAB 
micelle. 
pH 8.7, 0.02 M borate buffer, /* = 0.01 (KCl), [GTAB] 
= l.OOx 10-3 M, [C18-MHA] = l.OOx 10~4 M, [C18-
BNPP] = l.OOx 10-5 M. 30 °G: — O—, 43 °G: — # — . 

indicates that the second stage of the nucleophilic 
displacement (k'UA process) is appreciably slower than 
the first stage (A;HA process). Similar kinetic results 
were obtained in the membrane system. Figure 5a 
shows the first order plots obtained at 30 °G. The 
slopes for the initial release do not vary much with 
the membrane. O n the other hand, the slope for 
the second stage is suppressed increasingly with in­
creasing lengths of the alkyl chain of the membrane. 
At a higher reaction temperature of 43 °G, the changes 
in slope are smaller except for the 2C28N+2CJ mem­
brane (Fig. 5b). The apparent rate constants of the 
first and second steps of the reaction, kx and fc2, re­
spectively, are given in Table 2. The kx value was 
determined from the initial linear portion of the first-
order plots, k2 being obtained from the second linear 
portions corresponding to 60—90% conversion. 
These two steps approximately correspond to the kUA 

and k'UA processes. The k± value is (7.8±1.0) X 10~3 

%. 

0 + 
V* 

I 
c=o • 

<2» 

kHA 

fast 

V 
o/No 

1<HA > 

slow 9'SNQ (3) 

s-1 at 30 °G and (18±3) X 10~3 s"1 at 43 °C, indicating 
that the magnitude of kx is not influenced by the mem­
brane (or micelle) used.24) In contrast, k2 is dependent 

4 6 8 10 0 1 2 3 
Time/min Time/min 

Fig. 5. Pseudo first-order plots of the reaction of G18-BNPP with G18-MHA in the 
presence of dialkylammonium membranes. 
pH 8.7, 0.02 M borate buffer, ^=0.01(KC1), [G18-BNPP]= l.OOx 10~5 M, [G18-
MHA] = 1.00xl0- 4M, [2GnN+2G1] = 1.00xlO-3M. 2G12N+2G i : —O—, 2G14N+2Gi: 

— • — , 2C16N+2C1: —A—, 2G18N+2Gi: —A—. 

TABLE 2. VALUES OF ki, k%f AND k2/ki IN THE REACTION OF G 1 8 - B N P P WITH C 1 8 - M H A 

Micelle and 
membrane 

GTAB 
2G12N+2G1 

2G14N+2G1 

2G16N+2G1 

2G18N+2G1 

lO^i /s - 1 

7.8 
8.8 
6.9 
8.6 
8.3 

At 30 °G 

l O ^ / s - 1 

2.3 
4.5 
1.7 
1.0 
0.52 

A^/AJJ 

1/3.4 
1/2.0 
1/4.1 
1/8.6 
1/15.8 

lOs^/s-1 

16 
17 
15 
21 
20 

At 43 °G 

l O ^ / s - 1 

5.1 
9.9 
6.8 
9.8 
1.4 

fC2/K1 

1/3.0 
1/1.7 
1/2.2 
1/2.2 
1/13.8 

pH 8.7 (30 °G), pH 8.8 (43 °G), 0.02 M borate buffer (/i = 0.01), [Ammonium] = l.OOx 10~3 M, [G18-MHA]-
1.00 x 10-4 M, [C18-BNPP] -1 .00 x 10-5 M. 
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o 

-3.0 h 

r - i / kK- 1 

Fig. 6. Arrhenius plots for k2y0hsd for the reaction of 
G18-BNPP with G18-MHA in the 2G16N+2G1 mem­
brane. 
pH 9.4, 0.02 M borate buffer, /i=0.01(KCl), [2C16-
N+2G1] = 1.00x 10-3 M, [G18-MHA]=1.00x 10-4 M, 
[C18-BNPP] = 1.00x 10-5 M. 

of the ammonium membrane used, decreasing with 
increasing alkyl chain lengths of the dialkylammo-
nium membrane at 30 °G but not necessarily at 43 
°G. A smaller k2 value was obtained only for the 
2G18N+2G1 membrane at higher temperature. The 
rate depressing effect for k2 can be seen more clearly 
by comparing the ratio of the rate constants k2/k1. 
The ratio is ca. 1/3 for the GTAB system at both tem­
peratures, the temperature effect being similarly small 
for the 2G12N+2G! system. I t is smaller at 30 °G 
than at 43 °C for the 2G14N+2Gj and 2C16N+2C1 sys­
tems, but small and constant at the two temperatures 
for the 2G18N+2G1 membrane. Since the change in 
k2\k± due to temperature is the largest for the 2G1 6N+2G! 
system, the temperature effect was studied carefully 
in this system. Figure 6 shows the Arrhenius plots 
for k2. The plots are represented by two lines with 
inflection at 35 to 40 °C. 

D i s c u s s i o n 

The kinetic behavior of the nucleophilic attack of 
a series of long-chain hydroxamates toward phosphoric 
esters is summarized in Table 3. Glean second-order 
kinetics was observed for all the hydroxamates in the 
case of G2-BNPP. This indicates that the first sub­
stitution is not faster than the second: k^^k^ in 
Fig. 1. A C18 alkyl chain is introduced in the first 
substitution. The resulting monosubstitution product 
is hydrophobic and the second substitution would be 
accelerated more efficiently in the micelles and mem­
branes. Micellar acceleration is greater with hydro­
phobic substrates. 

In sharp contrast with C2-BNPP, no clean second-
order kinetics could be found for G18-BNPP. It ap­
pears that the steric constraint considerably retards 
the reaction with G1 8-PHA and 2G1 S-MHA. The 18" 

monosubstitution products of G18-BNPP possess struc­
tures 2 and 3. The GPK molecular model shows 
that the steric interference due to 7V-substituents (R) 

TABLE 3. KINETIC BEHAVIOR OF VARIOUS COMBINATIONS 

OF NUCLEOPHILE AND SUBSTRATE 

Nucleophile 
Substrate 

C18-HA Glean second order: 

^HAC^HA-
2 equiv. PNP released. 

G18-MHA Glean second order: 

^HAC^HA-
2 equiv. PNP released. 

Glean second order: 
1.4—1.6 equiv. PNP 
released. 

Glean second order: 

2 equiv. PNP released. 

Approximate pseudo 
first order: k1<k2. 
2 equiv. PNP released. 

Two steps in the first 
order plots: k±^>k2. 
Membrane fluidity in­
fluential. 
2 equiv. PNP released. 

PNP release very slow. 

Two steps in the first 
order plots: k{^>k2. 
k2 very small. 
More than equiv. PNP 
released. 

^ 

0 ' % > 

C . 0 Ö 
ip'V 

N-CH3 

0 0 
N-R 
c=o 

I 
is appreciable in 2. Thus, when R = H , mono- and 
disubstitutions proceed smoothly, but when R = p h e n y l , 
even the monosubstitution virtually does not proceed. 
When R = m e t h y l , the monosubstitution is smooth but 
the disubstitution is slower. When the attacking nu­
cleophile is a double-chain compound, even the mono-
substitution is extremely slow with a iV-methylhydro-
xamate (2G1 8-MHA). Disubstitution proceeds faster 
than monosubstitution for the combination of C2-
BNPP and 2G1 8-MHA (Eq. 4). The double alkyl 
chain in 2G1 8-MHA may be not very demanding 
sterically since the double chain is removed from the 
phosphorus center. 

0N ,0Et 
X C 

0 0 + 

CJ CH3 
0 OB 

0 ' s 0 

0 OEt 

o ' xo 

00 
NO2 NO2 

slow OC V fast 0=C DO 
1 NO2 

(4) 

The rate constant for the pair of G18-BNPP and 
G 1 8-MHA shows a characteristic variation with the 
membrane matrix. k2 (i.e., k'BA) appears to be sen­
sitive to membrane fluidity (Table 2). 

The phase transition temperature (Tc) of the di-
alkylammonium bilayer membrane has been deter­
mined by various physicochemical means. The re­
sults determined by differential scanning calorimetry 
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TABLE 4. PHASE TRANSITION TEMPERATURE 

OF DIALKYLAMMONIUM(2GnN+2G1Br-) MEMBRANES 

TABLE 5. ACTIVATION ENERGY IN 2G16N
+2G1 MEMBRANE 

n 

Tc °G 

12 

0—5 

14 

18 

16 

28 

18 

45 

A B 
Fig. 7. Schematic illustration of nucleophiles and sub­

strates in the membrane matrix. 
Note that the double-chain substrate in B perturbs 
the neighboring membrane less than the single-chain 
substrate in A. 

seems to be most reliable. The Tc data are given 
in Table 4. At reaction temperature 30 °G, the 
2C16N+2G1

 a n d 2G18N+2C1 membranes are in the 
crystalline phase, their k2 values being smaller than 
those in the other membranes. At reaction tempera­
ture 43 °C, only the 2G18N+2G1 membrane is in the 
crystalline state, giving a small k2 value. The in­
fluence of the membrane fluidity is more apparent 
when k2lk1 values are compared. The membranes in 
the liquid crystalline state (above Tc) give k2/k1 ratios 
of 1/2—1/4, but the rigid membranes at temperatures 
below Tc give smaller ratios. 

I t may be asked why the k'UA process and not the 
kUA process is affected by membrane fluidity. The 
kUA process is a reaction between a single-chain nu-
cleophile and a single-chain substrate. The same type 
of reaction between a single-chain imidazole and a 
single-chain phenyl ester is influenced by phase tran­
sition.10) The presence or absence of the influence 
of the membrane fluidity might depend on particular 
combinations of the single-chain reagents. 

The k'UA process is a reaction between a single-
chain nucleophile and a double-chain monosubstitu­
tion product. Since the reactivity of the nucleophile 
(G18-MHA) is not affected by membrane fluidity (A;HA 

invariant), the dependence of k'UA on the membrane 
fluidity should arise from the varying reactivity of 
the double-chain intermediate. If we assume that the 
double-chain compound does not destroy the neigh­
boring dialkylammonium membrane matrix, its reac­
tivity would be affected by membrane fluidity more 
than the reactivity of the single-chain substrate. Tha t 
is, the dialkyl species can be a par t of the membrane 
matrix but the single-chain species should act as an 
impurity for the membrane. The situation is illus­
trated in Fig. 7. 

The inflection of the Arrhenius plots (Fig. 5) is 
similarly associated with the phase transition, although 
the inflecting temperature region centered at 38 °G 
is 10 °G higher than Tc of the 2C16N+2G1 membrane 
(28 °C). 

Reaction 

Nucleophilic displacement 
(kHA process) 

Decarboxylation (Eq. 5) 
Proton abstraction (Eq. 6) 

jEa/kcal 

Below 

21 

25 
46 

mol - 1 

Above 

14 

19 
20 

Remark 

This study 

Ref. 12 
Ref. 11 

The presence of two sets of the activation energy 
in the membrane system has been detected in the 
cleavage of a phenyl ester,10) in decarboxylation (Eq. 
5),12) and in the proton abstraction (Eq. 6).11) 

02N 

COJ 
r Ç O i i 

(5) 

°(ow0,ft ft t0*""0*1 
Base Base-H 

fast £>C-CH: CH -O-Q-NO (6) 

The E& value determined from Fig. 6 is 14 kcal/ 
mol at temperatures above Tc and 21 kcal/mol at 
temperatures below Tc. E^ values obtained in the 
temperature ranges above and below Tc for different 
types of reaction are compared in Table 5. In all 
cases, Ea below Tc is appreciably larger than E& above 
Tc. I t becomes more difficult for these reactions to 
proceed at low temperatures due to increased rigidity 
of the 2G 1 6 N + 2C 1 membrane matrix. 

Conclus ion 

Phase transition is associated with the regulation 
of physiological functions of the biomembrane. For 
example, the activity of succinic acid oxidase of sheep 
liver mitochondria membrane changes with phase tran­
sition, the activation energy being 2 and 12 kcal/mol 
at temperatures above and below Tc, respectively.25) 
These biochemical results are very similar to those 
observed for some common organic reactions: nu­
cleophilic displacement, base-catalyzed proton abstrac­
tion, and unimolecular decarboxylation (Table 5). It 
is presumed that the regulation of the reaction rate 
by phase transition becomes possible for a large variety 
of organic reactions. 

This study was supported in part by Grant-in-Aid 
for Scientific Research No. 447079 from Ministry of 
Education, Science and Culture. 
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Synthesis of [3.3](1,1')- and [5.5](l,l')Ruthenocenophanes and 
Their Ferrocenoruthenocenophane Homologs 
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[3 .3 ] ( l , r )Ruthenocenophane-2 ,14-d iene- l ,16-d ione , [5 .5]( l , r ) ruthenocenophane-2,14,17,29- te t raene- l ,16-
dione and their ferrocenoruthenocenophane homologs were synthesized by using an intermolecular base-cata­
lyzed condensation. 

A variety of layered compounds have been syn­
thesized and their physical and chemical properties 
have been studied.1-4) Gyclophanes in which aromat­
ic rings are mutually stratified have been well investi­
gated from a viewpoint of transannular ^-electronic 
interactions. In contrast to the active interest in cy-
clophanes, little attention has been focused on [2.2]-
(1,1 ')ferrocenophane-1,13-diyne,5) [2.2] ( 1,1 ')ferroceno-
phane-1,13-diene,6) [2]paracyclo[2]paracyclo[2] ( 1,1 ') -
ferrocenophane derivatives,7) [3.3] ( 1,1 ')ferrocenophane-
1,15-diene-3,14-dione,8) [5.5] ( 1,1 ') ferrocenophane 1,4,-
16,19-tetraene-3,18-dione,8) and [0]metacyclo[2]-
metacyclo[0](l,l ')ferrocenophan-7-ene.9) In addition, 
there are only a few synthetic investigations of [5]-
ruthenocenophane derivatives10) and [3]- and [4]-
ruthenocenophane derivatives.11) This paper is con­
cerned with the synthesis of [3.3](1,1')- and [5.5]-
( l , r ) ru thenocenophanes and their ferrocenorutheno­
cenophane homologs, including olefinic and carbonyl 
groups between metallocene systems, in order to ex­
amine the transannular ^-electronic interactions of the 
chromophores. 

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

Synthesis of [3.3] (1,1'')Ruthenocenophane. In the 
presence of sodium ethoxide, the reaction of 1,1'-
ruthenocenedicarbaldehyde (1) with 1,l'-diacetylruthe-
nocene (3)12) in ethanol gave a good yield of [3.3]-
( 1,1 ') ruthenocenophane - 2,14 - diene -1,16- dione (7) ,13) 
Under the same conditions, the internal base-catalyzed 
condensations of 1 with 1,1'-diacetylferrocene (4)17) 
and 1,l'-ferrocenedicarbaldehyde (2)16) with 3 gave 
rise to the formation of [3.3] (1,1')ferrocenorutheno­
cenophane- 13,25-diene-1,12-dione (8)13) and [3.3](1,1')-
ferrocenoruthenocenophane-2,14-diene-1,16-dione (9) ,13) 
respectively (Scheme 1). 

Synthesis of [5.5](1J')Ruthenocenophane. In the 
presence of K O H , the base-catalyzed condensation of 
1 with acetone led to the formation of [5.5]-
( 1,1 ') ruthenocenophane-2,14,17,29-tetraene -1 ,16- dione 
(10) .13) In the same manner, the reactions of 1 with 
l,r-bis(2-acetylvinyl)ferrocene (5)18) and of 3 with 1,1'-
bis(2-formylvinyl)ferrocene (6)18) also gave [5.5] (1,1')-
ferrocenoruthenocenophane - 2,14,17,29 - tetraene -1 ,16-
dione (l l)1 3) and [5.5] (1,1 ^ferrocenoruthenoceno­
p h a n e ^ ^ , 16,18-tetraene-l,20-dione (12),13) respectively 
(Sceheme 2). 

Characterization and Spectral Data. The struc­
tures of the phane compounds 7—12 and the other 

M 

CHO 

1 : M=Ru 

2 : M=Fe 

Mf 

4y 

0CH7 

EtONa 

•COCHj 

3 : M»=Ru 

4 : M ' = F e 

<^>-CH=CH • C0-<tS^ 

M M f 

<ÇJ£>-CH= Cli • C 0 - < ^ 

7 : M=Ru, M'=Ru 

8 : M=Ru, M '=Fe 

9 : M=Fe, M'=Ru 

Scheme 1. 

(CH 3 ) 2 CO KOH Ru 

-CH=CH-C0-CH=CH-

Ru Ru Ru 

-4> •CH=CH'C0-CH=CH-

10 

H 3 C O C - C H = C H - < 0 ^ < ^ > - C H = C H • CO • C H = C H ^ Q ^ 

K Q H • Ru Fe Fe 

H 3 COC-CH=CH^C>> 4>-C H^> 

0HC-CH=CH-

•CH=CH-CO-CH=CH-

11 

[ -<S> <(&>-CO-CH=CH-CH=CH-<^> 
Fe KOH , 

0HC-CH=CH-<i> <£>>-< 

Ru Fe 

•CO-CH=CH-CH=CH-

12 

H ^ > 

Scheme 2. 

compounds were determined on the basis of IR , XH 
N M R , and mass spectra and elemental analyses. The 
1 H N M R spectral data of the phane compounds 7— 
12 are summarized in Table 1. The coupling con­
stants of doublets for olefinic protons in 7—12 are 
15 or 16 Hz, except for the case of 12. O n the other 
hand, the I R spectral data of olefinic linkages in 7— 
12 exhibit two bands at ca. 1600 and 960 cm" 1 (Table 
2). The J values in the XH N M R spectra and the 
I R spectral data support the conclusion that the ole­
finic protons occupy a trans position relative to each 
other. The 1 H N M R signal of the olefinic protons 
in 7 (<5, 6.34 and 6.91 ppm) is shifted upfield by about 
0.37 ppm, as compared with that of the reference 
compound, l,3-diruthenocenyl-2-propen-l-one (13) (ô, 
6.71 and 7.29 ppm) (Fig. 1). The upfield shift of the 
olefinic protons in 7 should be due to the magnetic 
anisotropy of the other olefinic bond. Similarly, the 
protons of the olefinic bonds in 8, 9, 10, 11, and 12 
are shifted somewhat upfield, as compared with the 
positions of the reference compounds, 1 -ferrocenyl-3-
ruthenocenyl-2-propen-l-one (14), 3-ferrocenyl-l-ruthe-
nocenyl-2-propen-1 -one (15), l ,5-diruthenocenyl-l,4-
pentadien-3-one (16), l-ferrocenyl-5-ruthenocenyl-l,4-
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Compound 

7 

8 

9 

10 

llf> 

12 

13 
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TABLE 1. 1H NMR SPECTRAL DATA 

Olefinic proton 

6.34 (d,c> y = 1 6 H z ) 
6.91 (d, y = 1 6 H z ) 

6.29 (d, y - 1 6 H z ) 
6.80 (d, y - 1 6 H z ) 

6.48 (d, y - 1 5 H z ) 
7.06 (d, y = 1 5 H z ) 

6.14 (d, y = 1 6 H z ) 
6.73 (d, y - 1 6 H z ) 

6.05 (d, y = 1 6 H z ) 
6.17 (d, y - 1 6 H z ) 
7.05 (d, y - 1 6 H z ) 
7.21 (d, y = 1 6 H z ) 

6.3—7.1 (m)e> 
7.19 (d, y - 1 5 H z ) 

6.71 (d, y - 1 6 H z ) 
7.29 (d, y = 1 6 H z ) 

IzUMI, I. SHIMIZU, and E 

OF PHANE COMPOUNDS ( 7 -

REFERENCE COMPOUNDS (13 

Gp ring proton 

4.76 
4.84 
5.12 
5.37 

4.55 
4.80 
5.03 
5.10 

4.48 
4.76 
4.80 
4.91 

4.80 
5.04 

4.45 
4.54 
4.77 
4.89 

4.44 
4.47 ( 
4.92 ( 
5.28 ( 

4.55 
4.57 ( 
4.77 ( 
4.87 ( 
5.13 ( 
5.20 ( 

{ t ) d ) 

; s )b> 
I s ) 
II ) 

t ) 
t ) 
t ) 

- 1 8 ) (ôy 

Gompound 

14 

15 

16 

17f) 

18 

0 

!. WATABË 

- 1 2 ) AND THE 

Olefinic proton 

6.91 
7.39 

6.77 
7.44 

6.63 
7.39 

6.54 
6.55 
7.49 
7.59 

6 . 8 -
7.30 

(d, J = 1 5 Hz) 
(d, J= 15 Hz) 

(d, J= 16 Hz) 
(d, y = 1 6 H z ( 

(d, J = 16 Hz) 
(d, 7 = 16 Hz) 

(d, 7 = 16 Hz) 
(d, 7 = 16 Hz) 
(d, 7 = 16 Hz) 
(d, 7 = 16 Hz) 

-7.2 (m) 
(d, 7 = 15 Hz) 
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Cp ring proton 

4ÏÏ7 
4.56 
4.61 
4.79 
4.92 
5.21 

4.16 
4.51 

4.60 
4.76 
4.89 
5.28 

4.57 
4.77 

5.07 
4.17 
4.47 
4.56 
4.73 
4.93 

4.16 
4.42 
4.58 
4.61 
4.87 
5.18 

( » ) 
(O 
( t ) 
( t ) 
( t ) 
( s ) 

( 8 ) 

( t ) 

(O 
( t ) 
( t ) 
( t ) 

(O 
( t ) 

( t ) 

( » ) 
( t ) 
( s ) 
( t ) 
( t ) 

( 8 ) 

( t ) 
( t ) 
( 8 ) 

( t ) 
( t ) 

a) In DMSO-ûf6 except where indicated otherwise. 
GDG13. 

TABLE 2. IR SPECTRAL DATA OF PHANE COMPOUNDS 

( 7 — 1 2 ) AND THE REFERENCE COMPOUNDS 

(13—18) 

Compound J5(-HG=GH-)/cm-1 vCG=0)/cm-1 

b) Singlet, c) Doublet. d) Triplet. e) Multiplet, f) In 

<^Q>-CH=CH- C0-<3&> <tS>-CH=CH-C0 -CH=CH-<$> 

M M' M M' 

1 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

1591, 
1591, 
1592, 
1587, 
1560, 
1580, 
1586, 
1574, 
1585, 
1562, 
1575, 
1585, 

961 
959 
972 
968 
982 
960 
965 
975 
966 
978 
986 
1002 

1651 
1655 
1659 
1610 
1655 
1645 
1652 
1642 
1649 
1610 
1626 
1650 

pentadien-3-one (17), and 5-ferrocenyl-1-ruthenocenyl-
2,4-pentadien-l-one (18), respectively (see Table 1). 
These upfield shifts may also be caused by the magnetic 
anisotropy of the other olefinic group. 

The electronic spectra of phane compounds 7, 10, 
and 12 and the reference compounds 13, 16, and 18 
in chloroform are shown in Figs. 2—4. The electronic 

1 3 : M=Ru, M'=Ru 16 : M=Ru, M'=Ru 

14: M=Ru, M'=Fe 1 7 : M=Ru, M'=Fe 

1 5 : M=Fe, M'=Ru 

<&T-C0 • CH=CH-CH=CH-<^> 

Ru Fe 

<*> 4> 
18 

Fig. 1. 

spectra of d6 metallocenes have been thoroughly stud­
ied.14) I t is well known that the bathochromic and 
hyperchromic shifts of absorption bands of metallo­
cenes are caused by the conjugations of the olefinic 
and carbonyl groups with cyclopentadienyl rings.15) 
Thus, the absorption bands of 13, 16, and 18 in the 
400 and 500 nm regions correspond to the spin-al­
lowed d-d transitions of ruthenocene and ferrocene, 
respectively. The intense bands of 13, 16, and 18 
at ca. 300 nm are associated with the charge transfer 
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200 300 400 500 600 

A/nm 

Fig. 2. The electronic spectra of phane compound 
7 ( ) and the reference compound 13 ( ) in 
chloroform. 
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Fig. 3. The electronic spectra of phane compound 
10 ( ) and the reference compound 16 ( ) in 
chloroform. 
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Fig. 4. The electronic spectra of phane compound 
12 ( ) and the reference compound 18 (——) in 
chloroform. 

t rans i t ions b e t w e e n m e t a l a n d l i g a n d . T h e e l ec t ron ic 
spec t r a of 7 a n d 10 show n e w s h o u l d e r b a n d s a t l o n g e r 
w a v e l e n g t h s a n d t h e b r o a d e n i n g of a b s o r p t i o n curves , 
a n d t h e a b s o r p t i o n b a n d s of c h a r g e t ransfer a n d d -d 
t rans i t ions a r e l o c a t e d a t s h o r t e r w a v e l e n g t h s a n d t h e 
in tens i ty increases , as c o m p a r e d w i t h t h e spec t r a of 
13 a n d 16. O n t h e o t h e r h a n d , t h r e e b a n d s of 12 
a r e loca ted a t s imi la r pos i t ions to t h e b a n d s of 18 , 
a n d t h e in tens i ty of 12 is m u c h h i g h e r t h a n those of 18. 

Exper imenta l 

Measurements. The 1H N M R spectra were obtained 
with a J E O L J N M - F X 100 spectrometer (100 MHz) at 
26 °G. All the chemical shifts are expressed in ô (ppm: 
downfield from internal Me4Si) . T h e I R spectra were 
measured in KBr pellets with a Hitachi Model 285 infrared 
spectrometer. T h e electronic spectra were recorded with 
a Shimadzu Double 40-R spectrophotometer at room tem­
perature. 

Materials. All the melting points are uncorrected. 
T h e following compounds were synthesized by the methods 
described in the l i terature: 1, l ' -ruthenocenedicarboxylic 
acid,12) 1, l '-ferrocenedicarbaldehyde (2),16> 1, l '-diacetyl-
ruthenocene (3),12> 1, l '-diacetylferrocene (4),17> l , l ' -bis(2-
acetylvinyl)ferrocene (5),18> and l,r-bis(2-formylvinyl)ferro-
cene (6).18> 

Dimethyl 1\V-Ruthenocenedicarboxylate. A methanol solu­
tion (120 ml) containing 1, P-ruthenocenedicarboxylic acid 
(3.8 g, 11.9 mmol) and concentrated sulfuric acid (0.30 ml) 
was refluxed for 20 h under a nitrogen atmosphere. After 
the mixture was poured into water, the solution was extracted 
by chloroform. T h e chloroform extract was washed by 
saturated sodium hydrogencarbonate, water and brine, and 
then dried over anhydrous sodium sulfate. After purifica­
tion by column-chromatography (silica gel-chloroform), 4.0 
g (98%) of this compound was obtained; m p 165—167 °G 
(chloroform). 1U N M R (GDG13) : ô 3.74 (6H, s, - G O O G H 3 ) , 
4.73 (4H, t, y = 1 . 8 H z , R e ring protons), 5.17 p p m (4H, 
t, y = 1 . 8 H z , R e ring protons). I R (KBr) : 1709cm" 1 

( -COOCH3) . M S : m/e 347 (M+) and 101 (Ru+). Found : 
G, 48.59; H, 4 .32%. Galcd for G 1 4 H 1 4 0 4 R u : G, 48 .41; 
H , 4 .06%. 

1\1'-Bis(hydroxymethyl)ruthenocene. A solution of di­
methyl 1,T-ruthenocenedicarboxylate (2.7 g, 7.78 mmol) in 
benzene (150 ml) was added dropwise to a mixture of l i thium 
a luminum hydride (0.65 g) in ether (150 ml) . After the 
solution was refluxed for 4 h under a nitrogen atmosphere, 
the excess li thium a luminum hydride was decomposed with 
a small amount of cold water. T h e resulting mixture was 
extracted with chloroform. T h e chloroform extract was 
dried over anhydrous sodium sulfate. T h e removal of chloro­
form yielded 2.2 g (98%) of this compound; m p 125—127 
°C (chloroform). *H N M R (GDG13) : ô 1.80 (4H, br-s, 
- G H 2 - ) , 4.16 (2H, br-s, - O H ) , 4.58 (4H, t, y = 1 . 8 H z , R e 
ring protons), and 4.71 p p m (4H, t, y = 1 . 8 H z , R e ring 
protons). I R (KBr) : 3176 cm" 1 ( - O H ) . M S : m/e 291 (M+) 
and 101 (Ru+). Found : G, 49.99; H , 4 .42%. Galcd for 
G 1 2 H 1 4 0 2 R u : C, 49.48; H, 4 .84%. 

1\1 '-Ruthenocenedicarbaldehyde (1). A solution of 1,1'-
bis(hydroxymethyl)ruthenocene (1.5 g, 5.15 mmol) and ac­
tive manganese dioxide (12 g) in chloroform (100ml) was 
shaken for 24 h at room temperature . After filtration of 
active manganese dioxide, the removal of chloroform left 
1.0 g (70%o) of 1; m p 235 °G (dec) (hexane-dichlorometh-
ane) . 1U N M R (GDG13) : ô 4.94 (4H, t, y = 1 . 8 H z , R e 
ring protons), 5.18 (4H, t, y = 1 . 8 H z , R e ring protons), 
and 9.71 p p m (2H, s, - G H O ) . I R (KBr) : 1655 cm" 1 

( - G H O ) . M S : m/e 287 (M+) and 101 (Ru+). Found : 
G, 50.44; H , 3.28%,• Galcd for G 1 2 H 1 0 O 2 Ru: G, 50.17; 
H , 3 . 5 1 % . 

General Procedure for an Intermodular Base-catalyzed Con­
densation. 

[3.3] (1,1') Ruthenocenophane -2,14- diene -1,16- dione ( 7). 
A mixture of 1 (1.0 g, 3.48 mmol) , 3 (1.1 g, 3.48 mmol) , 
and sodium (0.5 g) in ethanol (100 ml) was stirred at 60 
°G for 6 h under a nitrogen atmosphere. After the crude 
product was filtered off, washed with water, ethanol, and 

file:///V-Ruthenocenedicarboxylate
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T A B L E 3. ANALYSIS AND PROPERTY OF PHANE COMPOUNDS (7—12) AND THE REFERENCE COMPOUNDS (13—18) 

Compound 

7 m p > 3 0 0 ° C (chloroform). Found : G, 5 5 . 4 6 ; H , 3 . 7 7 % . Galcd for C 2 6 H 2 0 O 2 Ru 2 : G, 5 5 . 1 2 ; H , 

3 . 5 6 % . M S : m/e 566 (M+) and 101 (Ru+). 

8 m p 270 °G (dec) (chloroform). Found : G, 6 0 . 1 4 ; H , 3 . 5 2 % . Galcd for G 2 6 H 2 0 O 2 RuFe: G, 5 9 . 9 0 ; 

H , 3 . 8 7 % . M S : m/e 521 (M+), 101 (Ru+), and 56 (Fe+). 

9 m p 280 °G (dec) (chloroform). Found : G, 5 9 . 3 4 ; H , 3 . 5 6 % . Galcd for G 2 6 H 2 0 O 2 RuFe: G, 5 9 . 9 0 ; 

H, 3 . 8 7 % . M S : m/e 521 (M+), 101 (Ru+), and 56 (Fe+). 

10 m p 287 °G (dec) (chloroform). Found : G, 5 8 . 5 2 ; H , 3 . 5 6 % . Galcd for G 3 0 H 2 4 O 2 Ru 2 : G, 5 8 . 2 4 ; 

H , 3 . 9 1 % . M S : m/e 619 (M+) and 101 (Ru+). 

11 m p 118—120 °G (chloroform). Found : G, 6 2 . 4 4 ; H , 3 . 9 7 % . Galcd for G 3 0 H 2 4 O 2 RuFe: G, 6 2 . 8 4 ; H , 

4 . 2 2 % . M S : m/e 573 (M+), 101 (Ru+), and 56 (Fe+). 

12 m p 270 °G (dec) (chloroform). Found : G, 6 2 . 2 7 ; H , 4 . 8 6 % . Galcd for G 3 0 H 2 4 O 2 RuFe: G, 62 .84 ; 

H, 4 . 2 2 % . M S : m/e 577 (M+), 101 (Ru+), and 56 (Fe+). 

13 m p 255—258 °G (hexane-chloroform). Found : G, 5 3 . 6 4 ; H , 3 . 7 9 % . Galcd for G 2 3 H 2 0 ORu 2 : G, 

5 3 . 6 9 ; H , 3 . 9 2 % . M S : m/e 514 (M+) and 101 (Ru+). 

14 m p 257—259 °G (hexane-chloroform). Found : G, 5 8 . 4 2 ; H , 4 . 1 1 % . Galcd for G 2 3 H 2 0 ORuFe: G, 

5 8 . 8 6 ; H , 4 . 3 0 % . M S : m/e 469 (M+), 101 (Ru+), and 56 (Fe+). 

15 m p 218—220 °G (hexane-chloroform). Found : G, 5 8 . 7 4 ; H, 4 . 4 5 % . Galcd for G 2 3 H 2 0 ORuFe: G, 

5 8 . 8 6 ; H , 4 . 3 0 % . M S : m/e 469 (M+), 101 (Ru+), and 56 (Fe+). 

16 m p 131 —134°G (chloroform-ether). Found : G, 5 5 . 8 4 ; H , 3 . 8 2 % . Galcd for G 2 5 H 2 2 ORu 2 : G, 
5 5 . 5 5 ; H , 4 . 1 0 % . M S : m/e 540 (M+) and 101 (Ru+). 

17 m p 214—217 °G (chloroform). Found : G, 5 9 . 1 8 ; H, 4 . 1 3 % . Galcd for G 2 5 H 2 2 ORuFe: G, 6 0 . 6 2 ; 
H , 4 . 4 8 % . M S : m/e 495 (M+), 101 (Ru+), and 56 (Fe+). 

18 m p 195—196 °G (hexane-dichloromethane). Found : G, 6 0 . 2 6 ; H , 4 . 8 7 % . Galcd for G 2 5 H 2 2 ORuFe: 
G, 6 0 . 6 2 ; H , 4 . 4 8 % . M S : m/e 495 (M+), 101 (Ru+), and 56 (Fe+). 

ether, and then dried, 1.6 g (80%) of 7 was obtained. 
[5.5] (1,1 '' )Ruthenocenophane-2,14,17,29-tetraene-1,16-dione (10). 

A mixture of 1 (2.0 g, 6.96 mmol) , acetone (0.2 g, 3.48 mmol) , 
and potassium hydroxide (3.5 g) in ethanol (100 ml) was 
heated at 60 °G for 6 h under a nitrogen atmosphere. After 
the crude product was filtered off, washed with water, eth­
anol, and ether, and then dried, 1.6 g (75%) of 10 was yielded. 

T h e yields of phane compounds 8, 9, 11, and 12 were 
78, 80, 75, and 79%, respectively. 

1,3-Diruthenocenyl-2-propen-1-one (13). A solution of 
formylruthenocene11) (1.0 g, 3.86 mmol) , acetylrutheno-
cene16) (1.05 g, 3.86 mmol) , and sodium (0.5 g) in ethanol 
(50 ml) was stirred at 60 °G for 6 h under a nitrogen at­
mosphere. After the crude product was filtered off, washed 
with water, ethanol, and ether, and then dried, 1.6 g (81%) 
of 13 was obtained. 

1,5-Diruthenocenyl-1,4-pentadien-3-one (16). A mixture 
of formylruthenocene11) (1.0 g, 3.86 mmol) , acetone (0.11 
g, 1.93 mmol) , and potassium hydroxide (1.9 g) in ethanol 
(50 ml) was heated at 60 °G for 6 h under a nitrogen at­
mosphere. After the crude product was filtered off, washed 
with water, ethanol, and ether, and then dried, 1.4 g (66%) 
of 16 was yielded. 

l-Ferrocenyl-3-ruthenocenyl-2-propen-l-one (14) and 3-
ferrocenyl-l-ruthenocenyl-2-propen-l-one (15) were prepared 
in 69 and 70% yields from formylruthenocene11) and acetyl-
ferrocene19) and from formylferrocene20) and acetylrutheno-
cene16) under the same conditions as 13, respectively. 1-
Ferrocenyl-5-ruthenocenyl-l ,4-pentadien-3-one (17) and 5-
ferrocenyl-l-ruthenocenyl-2,4-pentadien-l-one (18) were pre­
pared in 62 and 6 0 % yields from formylruthenocene11) and 
(2-acetylvinyl)ferrocene18) and from acetylruthenocene16) and 
(2-formylvinyl) ferrocene18) under the same conditions as 16, 
respectively. 
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Prerequisites for the Enhancement of Formose Formation 
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The enhancement of formose formation in the presence of several hydroxy oxo compounds was examined 
in an aqueous Ca(OH)2 solution. Four terminal hydroxy oxo compounds, 2-hydroxyacetophenone, 1,3-dihy-
droxyacetone, DL-glyceraldehyde, and D-glucose, were confirmed to accelerate the reaction, but two internal 
hydroxy oxo compounds, 2-hydroxypropiophenone and acetoin, were found not to be effective. The acceleration 
efficiency was larger for a system in which hydroxy oxo compounds were introduced to an aqueous mixture of 
Ca(OH)2 and formaldehyde than for a system in which formaldehyde was introduced to an aqueous mixture 
of Ca(OH)2 and the hydroxy oxo compounds. The difference in the acceleration efficiencies between the two 
procedures of reagent introduction was large for 2-hydroxyacetophenone and 1,3-dihydroxyacetone. This is 
accounted for by the rapid conversions of the added hydroxy oxo compounds in an aqueous Ga(OH)2 solution. 

The typical formose formation in the absence of 
accelerators takes place in an aqueous mixture of 
C a ( O H ) 2 and formaldehyde (G1A) at about 50 °C. The 
initial heterogenous suspension of C a ( O H ) 2 turns into 
a homogeneous solution as the reaction proceeds. The 
consumption rate of G1A for the formose formation 
shows a characteristic feature of an auto-catalysis, 
accompanied by a long induction period. After the 
maximum rate of C1A consumption, the reaction mix­
ture is tinged with pale yellow. At this "yellowing 
point," the yield of formose sugars reaches its maxi­
m u m ; after that the dehydration of sugars proceeds 
gradually. The main products at the "yellowing 
point" have been reported to be G2—G8 sugars cen­
tering around G6, including reducing sugars and sugar 
alcohols.1) The reaction scheme proposed by Mizuno 
and Weiss1) is summarized in a series of reactions: 
(1) the slow dimerization of G1A to glyceraldehyde 
(G2A), (2) the rapid aldol addition of G1A to C2A and 
higher carbohydrates, (3) Lobry de Bruyn-Alberda 
van Ekenstein(L-V) transformation, and (4) Cannizzaro 
and cross-Gannizzaro reactions among the products 
and C1A. 

The presence of such hydroxy oxo compounds as 
C2A and D-glucose (Glu) in the reaction system has 
been known to shorten or to eliminate the induction 
period and to cause the reaction to proceed rapidly 
through G-G chain growth. Most of the hydroxy 
oxo compounds so far examined have the terminal 
l-hydroxy-2-oxo structure: the order of the accelera­
tion efficiency has been reported by Kusin2) as D-
fructose (Fru) > Glu > maltose; by Langenbeck,3) as 
1,3-dihydroxyacetone (C3K) > G2A > Fru, and by 
Langenbeck4) and Monozov and Lavanevskii,5) as will 
be described in a later section. 

This study deals with the efficiencies of seven hy­
droxy oxo compounds, 2-hydroxyacetophenone (HAP), 
G3K, DL-glyceraldehyde (C3A), Glu, 2-hydroxypropio­
phenone (HPP), and acetoin, as accelerators of the 
formose formation. Among them, G3A and G3K rep­
resent the initial products of the typical formose forma­
tion. Glu was used because the major products at 
the "yellowing point" are hexoses. One of the most 
efficient accelerators, HAP, is unique because it is 

not involved in the typical formose formation. H P P 
and acetoin have the internal hydroxy oxo structure 
and are employed to examine whether or not these 
compounds show the acceleration effect. 

T h e accelerators with terminal l-hydroxy-2-oxo 
structure all shared large acceleration efficiencies with 
regard to the formose formation. I t was also noted 
that the procedure of reagent introduction, i.e., either 
the reaction was started with the introduction of 
accelerators into an aqueous mixture of G a ( O H ) 2 and 
G1A or it was started with the introduction of G1A 

into an aqueous mixture of G a ( O H ) 2 and hydrox 
oxo compounds, affected the efficiency of each ac­
celerator. T h e phenomenon was attributed to the 
rapid transformation of the hydroxy oxo compounds 
in an aqueous C a ( O H ) 2 solution in the absence of 

c 1 A . 

Exper imenta l 

Materials. A commercially available 37% C lA solu­
tion (Wako) was used for the GlA stock solution without 
further purification. This contained 3 to 4% methanol 
as a stabilizer. Commercially available guaranteed-reagent-
grade calcium hydroxide (Katayama), C3K (Wako), and 
C3A (Tokyo Kasei) were used without further treatment. 
The G3K and G3A are dimers, but these have been known 
to dissociate to the respective monomers immediately in 
an aqueous Ga(OH)2 solution.6) 

HAP was prepared according to the method of Cebrian:7) 
mp 76—78 °G (lit, 75—76 °G). HPP was prepared ac­
cording to the method of Temnikowa;8) the material thus 
obtained was found by GLG measurements to contain an 
isomer, 1-hydroxy-1-phenyl-acetone, in a 27% amount, but 
it was used without further purification: bp 115—120 °G/ 
12 Torr (lit,8) for HPP 123—124 °C/13 Torr) (1 Torr= 
133.322 Pa). 

Product Analysis. The products of formose formation 
have been reported to consist of formose sugars, including 
reducing sugars, sugar alcohols, and formic acid, produced 
by the side Cannizzaro reaction.1) The amounts of remain­
ing C lA and formic acid were measured on a Kyowa K-880 
high-performance liquid (HPL) Chromatograph, using a 
column of Shodex Ionpak C-811 and an aqueous eluent 
of 0.1% phosphoric acid under a pressure of 50 bar at room 
temperature, and with an UV monitor (Kyowa KUV-254) 
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at 254 nm and a refractive index monitor (Shodex RISE-11) 
connected in series. The accuracy of the quantitative meas­
urement of GlA was confirmed to be in agreement with the 
photometric method with chromotropic acid9) within a 2—3% 
error. Higher formose sugars, such as G5 and C6, were 
not fully separated in this HPL chromatogram, though. 

The spectral change between 210—300 nm of an aqueous 
HAP and Ca(OH)2 solution was recorded at 5-min interval 
with a Shimadzu UV-210A spectrophotometer with a 
Shimadzu WP-1 wavelength programmer and an X-Y re­
corder (Rika Denki) attached. The amounts of HPP and 
its isomer were measured with a postulation of equal molar 
sensitivities for the two isomers on an Ohkura Model 802 
gas-liquid Chromatograph, with FID by means of a silicone 
grease (SE-30) column at 150 °G. 

Formose-formation Procedures. In a three-necked, round-
bottomed flask, either an aqueous or a 40% methanol aqueous 
solution of Ca (OH) 2 was placed and thermostated at 35— 
50 °G. The reaction was initiated with two different proce­
dures. In the normal procedure, first a thermostated GlA 

solution was mixed with the Ca(OH)2 solution; then after 
1 or 3 min, a reaction was initiated by the introduction of 
a thermostated aqueous accelerator solution. In the re­
verse procedure, first, a thermostated aqueous accelerator 
solution was mixed with the Ca(OH)2 solution; then, after 
1 or 3 min, a reaction was initiated with the introduction 
of a thermostated C lA solution. The reaction mixture was 
stirred magnetically and thermostated in a water bath. 
Aliquots of the reaction mixture were pipetted out at ap­
propriate time intervals and were then dissolved in a dilute 
hydrochloric acid to quench the reaction (litmus). The 
amounts of remaining C lA and formic acid were determined 
with the HPL Chromatograph. The conversion of GlA to 
formose was calculated by Eq. 1, where the formation of 
formic acid was assumed to be caused through the cross-
Gannizzaro reaction between C lA and aldoses. 

GlA conversion to formose 

[ClA]remained— [ H C O O H ] 
= 1 — 

L^l A] Initial 
(1) 

Deactivation of Accelerators. An aqueous solution of an 
accelerator was added to a Ca(OH)a solution in the absence 
of C1A. At appropriate time intervals, aliquots of the reac­
tion mixture were pipetted out and examined by means 
of an HPL Chromatograph after acid treatment. 

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

Essential Structure for Acceleration. G1A consump­
tion in a typical formose formation in the absence 
of accelerators is shown in Fig. 1. This shows the 
autocatalytic nature of the formose formation. The 
change in the H P L chromatogram with reaction periods 
is illustrated in Fig. 2. The arrow indicates the reten­
tion time of each authentic sample, measured sepa­
rately under the same conditions of H P L chromatog­
raphy. G4A and C5A denote D-erythrose and D-arabi-
nose respectively. The final chart at 60 min shows 
product peaks distributing between C5A and Glu, sug­
gesting that they are mostly aldo- and ketohexoses 
including sugar alcohols, in accordance with the litera­
ture.1) Figure 3 shows a change in the H P L chro­
matogram in the presence of an accelerator, C3A (0.01 
mmol c m - 3 ) , with the normal procedure. The prod­
ucts of formose formation gave similar H P L chro-

20 40 60 
Time / min 

Fig. 1. Autocatalytic nature of formose formation in 
the absence of accelerators. 
50 °C, 20 vol % methanol-H20, Ca(OH)2: 0.10 mmol 
cm -3, G lA: 2.45 mmol cm -3. 

CaCt2 MeOH 

30 40 50 
Retention Time / min 

Fig. 2. Change in HPL chromatogram with reaction 
period in the absence of accelerators. 
50 °C, 20vol% methanol-H20, Ca(OH)2: 0.10 mmol 
cm -3, C l A : 2.45 mmol cm -3. 

matograms irrespective of the introduction of a small 
amount of G3A (compare Figs. 2 and 3), although 
the consumption of G1A was rapid for the reaction with 
added G3A. T h e reaction shown in Fig. 3 was carried 
out in an aqueous solution. 
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CaCl2 

MeOH 

30 40 50 

Retention Time / min 

Fig. 3. Change in HPL chromatorgam with reaction 
period in the presence of C3A. 
50 °G, H 2 0 , Ca(OH)2: 0.10 mmol cm-3, C l A : 2.45 
mmol cm -3, C3A: 0.01 mmol cm -3 . 

-100 

20 40 60 
Time / min 

Fig. 4. Acceleration efficiencies of HAP, C3K, 
and Glu. 
50 °G, H 2 0 , Ca(OH)2: 0.10 mmol cm-3, C l A : 2.45 
mmol cm -3, accelerator: 0.01 mmol cm -3 . 

G3A, 

The efficiencies of the acceleration of various hydroxy 
oxo compounds, HAP, G3K, G3A, or Glu, are compared 
in Fig. 4 with the normal procedure. T h e concen­
tration of each accelerator is 0.01 mmol cm - 3 , while 
that of G1A is 2.45 mmol cm - 3 . The conversion of 
G1A amounted to 8 0 % at 60 min for HAP, G3K, and 
G3A, so that the molar amounts of the converted G1A 

are more than 200 times those of the introduced ac-

20 40 
Time / min 

Fig. 5. Non-effectiveness of internal hydroxy oxo com­
pounds, HPP and acetoin, as accelerator. 
50 °C, 20 vol% methanol-H20, Ca(OH)2: 0.10 mmol 
cm -3, G1A: 2.45 mmol cm -3, accelerator: 0.01 mmol 

celerators. A comparison of the results shown in Fig. 
4 with those in Fig. 1 suggests that the steep rising 
of the conversion of G1A in the middle and the leveling 
off in the later stage of the reaction periods in Fig. 
1 correspond to the rapid C1A additions to lower carbo­
hydrates, such as C3A and G3K, and to the slow C1A 

additions to higher carbohydrates, such as Glu, re­
spectively, based on the different acceleration efficien­
cies of the compounds shown in Fig. 4. 

H A P is a unique compound in that it belongs to 
the most effective class of accelerators for the formose 
formation and in that it is not formed in a typical 
formose reaction. Langenbeck4) has reported that the 
efficiency of the acceleration of hydroxy oxo com­
pounds decreases in the following order; H A P > 
2 - hydroxyacetonaphthone > l-hydroxy-2-propanone > 
C3K > G2A > 5 - (2 - hydroxyacetyl)acenaphthene > Fru > 
Glu. Further, Monozov and Levanevskii5) have re­
ported that the efficiencies of H A P derivatives follow 
a Hammett- type L F E R ; i.e., 2 ' ,5 ' -dichloro-HAP>4'-
c h l o r o - H A P = 3 ' - c h l o r o - H A P > H A P > 4 ' - m e t h y l - H A P > 
4'-methoxy-HAP. These compounds have, without 
exception, terminal 1-hydroxy-2-oxo . structure. The 
accelerations by internal hydroxy oxo compounds 
deserve to be examined. Langenbeck3) reported the 
acceleration efficiencies of benzoin, anisoin, and ace­
toin to be smaller than that of Glu. T h e present 
results with H P P and acetoin as internal hydroxy 
oxo compounds are shown in Fig. 5. A mixture of 
methanol and water (2:8 in volume) was employed 
in this case because of the poor solubility of these 
substances in water. I t is concluded that internal 
hydroxy oxo compounds have no acceleration efficien­
cy. 

Influence of the Procedures of Reagent Introduction. 
The procedures of the reagent introduction for starting 
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c 
o 

> 
c 

Ca(0H)2<-ClA<(1 min}- HAP 

Ca(0H)2«-HAP «OminJ-q J 

130 150 
Time / min 

170 

Fig. 6. Difference in acceleration efficiency of HAP 
with normal or reverse procedure. 
35 °G, 40 vol% methanol-H20, Ga(OH)2: 0.10 mmol 
cm-3, G1A: 1.0 mmol cm-3, HAP: 0.20 mmol cm"3. 

Ca(0H)2 

<-C3KKlmin)-CiA 

20 40 

Time / min 

Fig. 7. Differences in acceleration efficiencies of G3K 

and G3A with normal or reverse procedure. 
35 °G, H 2 0 , Ga(OH)2: 0.10 mmol cm"3, G1A: 0.98 
mmol cm 3, C3A : 0.20 mmol cm 3, C3K • 0.20 mmol 
cm -3. 

formose formation greatly influenced the efficiency 
of acceleration, whether by the normal procedure, 
Ca(OH)2<—C1A<— accelerator, or by the reverse pro­
cedure, Ca(OH)2<—accelerator«—C1A. A large differ­
ence in the acceleration efficiencies was observed for 

40 80 

Time / min 

Fig. 8. Difference in acceleration efficiency of Glu 
with normal or reverse procedure. 
35 °G, 40 vol% methanol-H20, Ga(OH)2: 0.10 mmol 
cm -3, G1A: 1.0 mmol cm -3, Glu: 0.20 mmol cm -3. 

C6AK 

ClA 
Ca(OH)2*-C3K(1min)( 

C1A.C3K 

Ca(OH)2*-C3(^<1min)-C1>( 

30 40 

Retention Time / min 

Fig. 9. HPL chromatographic change of G3K by mixing 
with Ca (OH) 2 and G1A in different procedures. 
35 °G, H 2 0 , Ga(OH)2: 0.10 mmol cm"3, G3A: 0.20 
mmol cm -3, GlA : 1.0 mmol cm -3. 

HAP, as is shown in Fig. 6. The results for G3A and 
G3K are shown in Fig. 7. The difference is larger 
for C3K than for G3A. The difference for Glu was 
small, as shown in Fig. 8. 

T o investigate the difference in the acceleration 
efficiencies between the two procedures, the H P L chro­
matographic change of the accelerator with a duration 
time of 1 min was examined for the case of G3K in 
Fig. 9. The chromatogram of the mixture of G3K 

and Ca (OH) 2 solution, 1 min after the mixing, showed 
a complete consumption of C3K and the formation 
of C6 sugars (G6AK) containing DL-dendroketose, Fru, 
and D-sorbose.10) A chroma togram obtained with the 
normal procedure (a C3K solution was mixed 1 min 
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0 min 

2.5min 

15 min 

30 min 

30 40 
Retention Time / min 

Fig. 10. HPL chromatographic change of C3A in an 
aqueous Ca(OH)a solution. 
20 °C, H 2 0 , Ca(OH)2: 0.05 mmol cm-3, G3A: 0.20 
mmol cm -3. 

Ca(0H)2 ; 0.06 mmol cm'3 
Glu ; 0.12 mmol cm'3 

0 min 

30 min 

Ca(0H)2; 0.10 mmol cm-3 
Glu; 0.20 mmol cm"3 

U \ 2 h 

Ca(0H)2 ; 0.18 mmol cm~3 
Glu;0 20mmolcm"3 

40 h 

30 40 
Retention Time / min 

50 

Fig.ll. HPL chromatographic change of Glu in an 
aqueous Ca(OH)a solution. 
18—20 °C, H 2 0 . 

after the preparation of an aqueous mixture of C1A 

and Ca(OH) 2 ) exhibited few dimerization products, 
but a peak corresponding to C4A (D-erythrose), pre­
sumably a mixture of tetroses (C4AK), appeared. O n 
the other hand, the chromatogram of the reaction 
mixture with the reverse procedure (a C1A solution 
was mixed 1 min after the preparation of an aqueous 
mixture of G3K and Ca(OH) 2 ) showed that C3K had 
already been converted to dimerization products and 
that no tetrose peak had appeared. Thus, the high 
efficiency of G3K with a normal procedure, as is shown 
in Fig. 7, corresponds to the process which involves 
C1A addition to C3K, where the dimerization of C3K 

is excluded. With the reverse procedure, however, 
the dimerization takes place prior to the addition of 
C1A to C3K and the weak acceleration efficiencies of 
such dimerization products? like that of Glu, govern 

300 280 260 240 
Wavelength / nm 

Fig. 12. UV spectral change of HAP in an aqueous 
Ca(OH)2 solution. 
25 °C, H 2 0 , Ca(OH)2: 2.0x 10~3 mmol cm-3, HAP: 
1.3 Xl0- 4 mmol cm-3. 

the formose formation. For G3A, the dimerization in 
the presence of G a ( O H ) 2 is slower than for G3K, as 
is shown in Fig. 10. The difference with different 
procedures for reagent introduction is not significant 
for this accelerator, as is shown in Fig. 7. The dimer­
ization of either C3A or C3K has been reported by 
Gutche et al.10) and Berl and Feazel.11) Glu changed 
little in a C a ( O H ) 2 solution, as is shown in Fig. 11; 
consequently, no apparent difference between the two 
procedures was observed. 

The significant difference observed for H A P with 
the procedure of reagent introduction cf. Fig. 6 is 
not fully understood. A spectral change in the ultra­
violet spectrum of H A P in an aqueous C a ( O H ) 2 solu­
tion (shown in Fig. 12) exhibits a decrease in absorb-
ance at the absorption maximum, 246 nm, and an 
increase in the region of wavelength shorter than the 
isosbestic point at 227 nm. This suggests a loss of 
absorption due to the carbonyl group conjugated with 
the phenyl group of H A P by the reaction below. 
However, the H P L chromatographic separation of these 
compounds was not attained. 

O-O-CH. 
O OH 

< > GH-CH 
i ii 

OH O 

This postulation is in agreement with the facts 
that no significant absorption appears around 246 nm 
for phenylethylene glycol, as is shown by the broken 
curve in Fig. 12, and that 2-hydroxybutyrophenone 
forms an equilibrium mixture with 1-hydroxy-1-phenyl-
2-butanone in the presence of OH~.12> The addition 
of one molecule of C1A to the isomerized product 
of HAP, i.e., 2-hydroxy-2-phenylacetaldehyde (HPA), 
would yield 2-phenylglyceraldehyde, which has satu­
rated a-carbon next to carbonyl group, and thus 
is not susceptible to the addition of further G1A. 
Although H P A has not yet been isolated from the 
reaction mixture with HAP, the isomerization of H A P 
in a Ca (OH) 3 solution is a plausible reason why the 
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large difference was observed between the different 
procedures of H A P introduction. 

On the Mechanism of Formose Reaction. The find­
ing of the present study, that the acceleration does 
not originate from the internal hydroxy oxo structure, 
but from the terminal hydroxy oxo structure of the 
accelerator, indicates that the C - C chain growth in 
formose formation is attained by successive additions 
of C1A to the a-carbon to the carbonyl group, accom­
panied by the successive L-V transformation of the 
carbonyl group to the terminal position. The internal 
hydroxy oxo compound exhausts the hydrogen attached 
to a-carbon by the addition of one molecule of G1A 

and then terminates, provided that there is no cleavage 
of the C - C bond of the accelerator during the reaction. 
Another finding, that the procedures of reagent intro­
duction considerably influence the efficiencies of the 
accelerators, also suggests the aldol addition mechanism 
for the C - C chain growth of formose formation, 
because the acceleration by the hydroxy oxo compound 
occurs through the reaction between the hydroxy oxo 
compound and C1A, as is shown in Fig. 9 for C3K. 

Moreover, the findings, that the acceleration ef­
ficiencies of Glu and Fru are small compared with 
those of C3A and C3K

4> and that the molar amounts 
of the consumption of C1A are more than 200 times 
those of the introduced accelerators, as is shown in 
Fig. 4, suggest a degradation by a retro aldol reaction 

in order to account for the high activity being retained 
throughout the reaction until most of the C ] A is con­
sumed. 
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Applications of Homogeneous Water-gas Shift Reaction. III. 
A Further Study of the Hydrocarbonylation. A Highly Selective 

Formation of Diethyl Ketone from Ethene, CO, and H20 
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The hydrocarbonylation of ethene with CO and H aO produces diethyl ketone with a high selectivity of 99 + 
l%(propanal 1 + 1%); a Coa(GO)8-phosphine system is used as an efficient catalyst, which is also active for the 
homogeneous water-gas shift reaction. The effects of the reaction parameters (CO pressure, temperature, and 
ethene and HaO concentrations) on the selectivity and activity are examined for the Co2(CO)8-l,2-bis(diphen-
ylphosphino)ethane (diphos) system; the selectivity to yield the ketone is fairly high under the variety of condi­
tions studied here. Evidence suggests that the active species which catalyze the water-gas shift reaction par­
ticipate in the hydrocarbonylation of ethene. 

Diethyl ketone(3-pentanone) is produced under nor­
mal oxo conditions using a transition-metal catalyst;1) 
it was previously reported that a maximum molar 
ratio of the ketone to propanal up to ca. 3 was achieved 
using Co2(GO)8 as the catalyst.2,3) 

In preceding papers4 '5) we described the hydro­
carbonylation of propene with GO and H 2 0 , using 
a Co2(CO)8-phosphine catalyst system, to yield a 
mixture of dipropyl ketones(4-heptanone+2-methyl-3-
hexanone+2,4-dimethyl-3-pentanone) as primary prod­
ucts.6) Therefore, the hydrocarbonylation of ethene 
has become of great interest to us, because a selective 
and efficient industrial route to obtain diethyl ketone 
may be realized. 

In the present study, opt imum conditions are ex­
plored for the ketone formation and the catalytic 
behavior of hydrocarbonylation is discussed further. 

Exper imenta l 

Materials. The ethene (Research Grade), phosphine, 
dioxane, and acetone were obtained commercially and used 
without further purification. 

Reaction Procedure. The hydrocarbonylation reactions 
were carried out in a 100-ml stainless-steel autoclave in 
which Co2(CO)8, phosphine, H 2 0 , and solvent had been 
placed. The vessel was sealed and degassed by three 10 
kg/cm2 pressurization/depressurization cycles with CO. Into 
the vessel both ethene and CO were introduced. The vessel 
was heated with stirring to a definite reaction temperature 
for a certain reaction period and then cooled down to room 
temperature. 

Analytical Methods. The liquid products were analyz­
ed at 100 °C by means of a gas Chromatograph equipped 
with FID using a 6-m column packed with polyethylene 
glycol adipate. The infrared and 1H-NMR spectra of the 
catalyst solutions were recorded on a Hitachi type 215 spec­
trometer and a Hitachi type R-40 spectrometer respectively. 

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

Time Course of Diethyl Ketone Formation. A typical 
example of the reaction is shown in Fig. 1, where 
the molar ratio ethene/Co2(CO)8 of 150/2 was used. 
At 165 °C, the selectivity of the ketone v/as as high 
as 9 7 + 1 % (propanal 3 ± 1 % , 32:1 ratio). An in­
duction period of about 1 h preceded the onset of 
catalysis; this is roughly the same as that observed 

lime/ h 

Fig. 1. Cobalt-catalyzed hydrocarbonylation as a func­
tion of time. 
Co2(CO)8 2 mmol, diphos 2 mmol, dioxane 50 ml, 
H 2 0 60 mmol, CO 70 kg/cm2(const.), temp. 165 °C, 
ethene 150 mmol. 
—O— Diethyl ketone, —A— propanal, — • — selec­
tivity; [diethyl ketone] t/( [diethyl ketone] t + [prop­
anal],,), t: time. 

in the formation of dipropyl ketones.4) 
No trace of propanoic acid was detected under 

the conditions described here. Moreover, neither the 
hydrogénation of propanal to 1-propanol7) nor aldol 
condensation occurred, partly because the amount of 
propanal formed was too small. 

T h e extremely high selectivity suggests that the 
cobalt-catalyzed hydrocarbonylation of ethene may 
have some industrial importance. Thus, the opt imum 
conditions were explored in detail in the hope of 
developing a feasible industrial process. 

Effect of Reaction Parameters. Table 1 shows the 
effect of the phosphorus ligand on the selectivity(S) 
and activity(rm a x) . The S value was slightly affected 
by both the phosphine structure (Runs 1—6) and the 
ratio of diphos to Co 2(CO) 8(Runs 7—10), although 
excess amounts of diphos decreased the S value (Run 
7). The use of an equimolar amount of H 2 (60 mmol) 
instead of H 2 0 drastically decreased the S value (Run 
12). The use of M e O H (60 mmol) resulted in a 
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decrease in the activity r m a x ( R u n 13). 
T h e selectivity and activity were e x a m i n e d as a 

function of the e thene ( [C 2 ' ] ) a n d H 2 0 ( [ H 2 0 ] ) con­
centration as wel l as of the G O pressure (Table 2 ) . 
T h e S va lue slightly increased wi th the increase in 
e thene from 75 to 190 m m o l . T h e r m a x va lue in-

TABLE 1. HYDROCARBONYLATION OF ETHENE USING 

G O - H 2 0 CATALYZED BY G O 2 ( G O ) 8 - P H O S P H I N E SYSTEM 

Co2(CO)8: 2 mmol, phosphine: 1.5 mmol, dioxane: 

50 ml, ethene: 150 mmol, H 2 0 : 60 mmol, GO: 
70 kg/cm2 (initial), temp: 180 °G (Runs 1—6), 

165 °G (Runs 7—13). 

Ratea> 
Run 
No. Added phosphine 

(") 
mmol h _ 1 mmol h _ 1 

1 Ph?PGH2PPh2 

2 Ph2P(GH2)2PPh2 

3 Ph2PGEGPPh2 

4 Ph2P(GH2)3PPh2 

5 Ph2As(GH2)2PPh2 

6 PPh3 

7 Ph2P(GH2)2PPh2 

(2.5 mmol) 
8 Ph2P(GH2)2PPh2 

(2.0 mmol) 

9 Ph2P(GH2)2PPh2 

(1.5 mmol) 

10 Ph2P(GH2)2PPh2 

(1.0 mmol) 

11 None 

12d> Ph2P(GH2)2PPh2 

(2.0 mmol) 

13e> Ph2P(GH2)2PPh2 

(2.0 mmol) 

14.9 
22 .9 
13.0 
21 .6 

4 . 6 
16.4 
6 .0 

12.4 

13.2 

7.5 

2 .2 

12.8 

1.2 

0 .29 

0 .55 

0.61 

0 . 3 

0 .26 

0 .17 

1.4 

0 .44 

0 .13 

0.21 

1.2 
15.5 

98.1 

97 .6 

95 .5 

98 .6 

94 .6 

99 .0 

81.1 

96 .6 

99 .0 

97 .3 

64.7C> 

4 5 . 2 

a) rm a x : the slope of the linear portion of the maximum 
rate region (see Fig. 1). The suffix *k': diethyl ketone, 

'a': propanal. b) S=- c) The decomposi-

tion of Go2(GO)8 occurs.4) d) H 2 : 60 mmol, GO: 90 
kg/cm2 (initial), e) GH 3 OH: 60 mmol, GO: 50 kg/cm2 

(initial), ethene: 185 mmol. 

creased wi th the initial increase in [ C 2 ' ] , but reached 
a m a x i m u m at ca. 150 m m o l and decreased thereafter 
(Runs 1—4). T h e S va lue slightly increased with 
the increase in C O pressure (P c o ) , whi le r m a x reached 
a m a x i m u m at ca. 100 k g / c m 2 of P c o . Excess water 
reduced the S va lue ( R u n 9) . T h e S va lue decreased 
wi th the increase in reaction temperature, but it was 
still h igh at 180 °G (Fig. 2 ) . T h e use of acetone as 
a solvent resulted in a decrease in the activity, es­
pecial ly at 135 °G. 

Thus , the selectivity to diethyl ketone is fairly high 
under the variety of condit ions studied here. However , 
the m o d e of the influence of these parameters on the 
activity r m a x is similar to that observed in the case 
of propene.4) 

100 : 

95 <» 

1.0 * 

140 150 160 

Temperature/ °C 

170 180 

Fig. 2. Effect of temperature. 
Go2(GO)8 2 mmol, diphos 1.5 mmol, H 2 0 60 mmol, 
dioxane 50 ml, GO 80 kg/cm2 (initial), ethene 150 
mmol. 
Dioxane solution; — O — [rmax], — # — [r™"]. 
Acetone solution; — A — [rmax], — A — [r?"]. 

Selectivity [S], 
Notations: See footnote of Table 1. 

TABLE 2. EFFECT OF REACTION PARAMETERS 

Go2(GO)8: 2 mmol, diphos: 2 mmol, dioxane: 50 ml, temp: 165 °G. 

Run No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

[Ethene] 
mmol 

74 
111 
150 
185 
150 
150 
150 
150 
150 

^coa) 

kg cm~2 

70 
70 
70 
70 
50 
90 

120 
70 
70 

[H2Q] 
mmol 

60 
60 
60 
60 
60 
60 
60 

120 
180 

Rateb> 

„ m a x 
' k 

mmol h - 1 

12.0 
12.5 
13.2 
12.5 
7.6 

19.6 
17.3 
11.4 
13.6 

max 
' a 

mmol h - 1 

0.5 
0.17 
0.13 
0.06 
0.07 
0.13 
0.09 
0.1 
0.28 

S 
( - ) 

96.0 
98.6 
99.0 
99.5 
99.1 
99.3 
99.5 
99.0 
97.9 

a) Initial pressure, b) See footnote of Table 1. 
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Co 2 (CO) 8 +H 2 0+diphos+CO 

• C0 o [1] 

s l o w 
C=C 

HCo(CO) ( d i p h o s ) *==* CH0CH0Co(CO) ( d i p h o s ) «F^ CH0CH0C-Co (CO) , ( d i p h o s ) 
m n r o -i ^ 2 m n i *•*•.* m~ *- n 

b c 
„C0 o 

C=C 

CH2CH2CCH2CH2 

X 
[ 4 ] 

C o 2 ( C O ) 2 m _ 1 ( d i p h o s ) 2 n < V C H 2 C H 2 - C - C H 2 C H 2 - C o ( C O ) m - 1 ( d i p h o s ) n 

" * n ~ A 

[5] 5 
[6] 

CHoCHoCH0 U->UH2UH2 

a + c 

Scheme 1. A possible reaction scheme of the hydrocarbonylation of ethene with GO and H 2 0 . 

The Nature of Catalytically Active Species. The 
active species responsible for the hydrocarbonylation 
of ethene may be assumed to be HCo(CO) m (diphos) n , 
as in the case of propene.4 '8) In fact, an induction 
period of ca. 1 h was also observed for the diethyl 
ketone formation (Fig. 1) and the catalytic behavior 
was generally similar (Tables 1 and 2 and Fig. 2). 

A catalyst solution8) consisting of Go2(GO)8 , diphos, 
H 2 0 , and dioxane, which is active in the water-gas 
shift reaction, has a characteristic X H-NMR resonance 
at ô —17.2.9,10) Some experiments were performed 
in order to elucidate the N M R behavior in connection 
with the catalytic properties. The results may be 
summarized as follows. 

(1) In the absence of GO, a stoichiometric reaction 
of the water-gas shift catalyst solution with ethene 
occurred, even at room temperature, to give diethyl 
ketone11) selectively. The intensity of the X H-NMR 
resonance of the solution decreased significantly after 
the 3 h-reaction.12) 

(2) The N M R spectrum exhibited no resonance 
on a short-time (5 min) treatment of a solution 
(Go2(GO)8 (4 mmol), diphos (4 mmol), and dioxane 
(5 ml) with both GO (70 kg/cm2) and H 2 0 (60 mmol) 
at 165 °G; this is in contrast to the reaction of a ma­
tured solution8) (see Fig. 1). 

(3) No N M R resonance could be observed during 
the catalytic hydrocarbonylation of ethene at 165 °G 
under a GO pressure of 80 kg/cm2, indicating a rapid 
consumption of the active species. 

(4) The N M R spectrum of a solution in the absence 
of diphos or H 2 0 showed no resonance in either case. 

(5) When an acetone solution consisting Go2(GO)8 , 
diphos, and H 2 0 was treated at 135 °G for 3 h under 
GO(70 kg/cm2), its *H-NMR spectrum exhibited a 
resonance at ô —17.2, although it was weak in com­
parison with that of the dioxane solution prepared 
under the same conditions13) (see Fig. 2). 

Thus, the active species which catalyze the water-
gas shift reaction can be expected to participate in 
the hydrocarbonylation of ethene and to exhibit the 
XH-NMR resonance at ô —17.2. 

A possible reaction scheme is illustrated in Scheme 
1:14»15) The species, a, formed during the course of 

the water-gas shift reactionfl] is trapped by ethene 
to form a alkyl cobalt complex, b , [2] ; G O insertion 
[3] and succeeding ethene addition to c[4] give a 2-
propyonylethyl cobalt complex, d, and the reaction 
of a with d produces diethyl ketone[5].16) Step [6] 
accounts for the aldehyde formation, though it may 
be disregarded because of the high selectivities of 
the ketone formation. (Figs. 1 and 2 and Tables 
1 and 2). The resulting complex, f, is converted 
into a by the W G S R pathway[7] again, and thus 
the catalytic cycle is completed. 

Reactions 2—6 proceed rapidly, even under mild 
conditions, as has been mentioned above((l) and (2)). 
Reactions 1 and 7, on the other hand, proceed only 
at a relatively high temperature (120 °G or above 
(2), Figs. 1 and 2). 

Although there is no direct evidence that the 1 H-
N M R peak is due to HGo(GO)m(diphos)n , the present 
reaction scheme of the cobalt-catalyzed hydrocarbon­
ylation using GO and H 2 0 seems to be probable. 
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Intramolecular Hydrogen Bonding and Conformations of a,a-Dialkyl- and 
a-Alkyl-o-methoxybenzyl Alcohols. II. Enthalpies of Hydrogen Bond 

Formation and Molecular Force Field Calculations on 
a-Alkyl-substituted Benzyl Alcohols 

Masayuki I T O and Minoru H I R O T A * 
Department of Applied Chemistry, Faculty of Engineering, Yokohama National University, 

Hodogaya-ku, Yokohama 240 
(Received November 17, 1980) 

Enthalpies of intramolecular hydrogen bond formation (AH) were determined for a series of a-mono- and 
a,a-dialkyl-o-methoxybenzyl alcohols and related compounds. The — AH values of the unsubstituted and a,a-
dialkyl-o-methoxybenzyl alcohols are more than 2.5 kj mol"1, while those for the corresponding a-monoalkyl 
derivatives are at most 1 kj mol -1. This tendency is in accordance with the results on their AÏ'OH a n d £b/£f 
values, showing the hydrogen bonded conformations of the a-monoalkyl derivatives are less favorable than those 
of the other alcohols in discussion. Molecular force field calculations on a-alkyl- and a,a-dialkylbenzyl alcohols 
were also carried out. The results shows that the hydroxyl/aryl coplanar conformation (a> = 0°) is the most stable 
for the unsubstituted and a,a-dialkylbenzyl alcohols and the hydroxyl/aryl non-coplanar conformation (a> = 30°) 
for a-alkylbenzyl alcohols. Since the OH---0 distance might be farther and, hence, the overlap between the 
unshared electron pairs on the methoxyl oxygen and the anti-bonding OH orbital might be less in the non-co­
planar conformation, a-monoalkyl-o-methoxybenzyl alcohols are less favorable than the corresponding a,a-
dialkyl derivatives in the intramolecular hydrogen bond formation. 

The conformations of several benzyl alcohols have 
been discussed by the measurement of infrared and 
N M R spectra. Thus Oki and Iwamura have con­
cluded the existence of weak attractive interaction 
similar to hydrogen bonding between hydroxyl group 
and aromatic ^-electron system.1) The O H - - T Z in­
teraction might be favored when the hydroxyl group 
approached from upright the plane of aromatic nucleus, 
taking conformation I I . O n the other hand, a,a-di-

/ r 
X R R ^ R 

i i i 

/-butylbenzyl alcohol is a highly crowded molecule, 
the rotation around the G (benzyl)-G (aromatic) bond 
being so slow as to make it possible to observe the 
signals of 2- and 6-protons separately by 1 H - N M R 
measurement.2»3) This fact strongly suggests that con-
former I or a similar one predominates over conformer 
I I . We have also measured the infrared O H stretch­
ing absorptions and 1 H - N M R of a-alkyl-o-methoxy-
benzyl alcohols and discussed on their conformations.4) 
A remarkable difference in the preference of hydrogen-
bonded conformer has been observed between the 
a-monoalkyl and a,a-dialkyl-substituted derivatives. 

In order to study further on this point, the enthalpies 
of the intramolecular hydrogen bond formation are 
determined with these alcohols. The most favorable 
conformers are also estimated theoretically by the 
molecular force field approaches. 

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

Preparation of Materials. Unsubstituted and a,a-di-
alkylbenzyl alcohols were prepared by the known proce­
dures.5»6) a-Monoalkylbenzyl alcohols were obtained by the 
Grignard reactions of o-methoxybenzaldehyde with the cor­
responding alkylmagnesium bromides. 2-Methoxy-a,a,3,5-

tetramethylbenzyl alcohol was prepared similarly by the 
addition reaction to acetone of 2-methoxy-3,5-dimethyl-
phenylmagnesium bromide, which was derived from 2,4-
xylenol. Bp 89.0—90.0 °C/2 mmHg; MS (70 eV) m/e, 194. 

Measurement of Infrared Spectra. Infrared OH stretch­
ing absorptions were recorded with a Hitachi Model 225 
grating infrared spectrophotometer. The temperature de­
pendence measurements were carried out on the dilute 
carbon tetrachloride solutions at the temperature ranging 
from 290 to 312 K. Throughout each measurement, tem­
perature of the solution was kept sufficiently constant (The 
temperature variation was kept within 0.5 K). The results 
are given in Table 1. The enthalpies of the hydrogen bond 
formation was obtained as the gradients of the log10 (eh/ef) 
vs. l/T plot by the least squares calculations. 

The measurements were carried out within a relatively 
narrow range of temperature. Since the influence of tem­
perature dependent broadening were shown to be negligible 
with some typicals of the absorption bands in this range of 
temperature, the peak heights (absorbance) of the bands 
were used to evaluate the relative equilibrium constants 
instead of integrated intensities. Fortunately the free and 
the hydrogen-bonded bands were rather well resolved, which 
made possible to use the peak intensities without any cor­
rection for the effect of the overlapping bands in most in­
stances. 

Molecular Force Field Calculations. We have employed 
the empirical force field proposed by Allinger and coworkers7) 
to calculate steric energies and geometries of the benzyl 
alcohols. The geometries corresponding to the potential 
minima were obtained by the full optimization calculations, 
while the other labile conformations were calculated by 
restricting the torsional angle around G(aryl)-G(benzyl) 
bond. 

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

The infrared O H absorptions of some newly prepared 
a,a-dialkylbenzyl alcohols, l-(o-methoxyphenyl)cyclo-
alkanols and 2-(8-chromanyl)-2-propanol are given in 
Table 2. The strength of hydrogen bond can be 
evaluated by the hydrogen bond shift (Avon) of the 
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TABLE 1. THE TEMPERATURE DEPENDENCE DATA 

T/K ef/\ mol - 1 cm- eb/l mol - 1 cm_ T/K ef/l mol - 1 cm - l eb/l mol - 1 crrr 

a ) o-Methoxybenzyl alcohol (3), c = 4.95 x 10~3 mol/1. 
295.7 27.6 54,3 
303.1 29.0 54.2 
309.2 28.4 52.1 
315.3 29.1 50.5 
321.2 29.4 50.0 

b ) a-Methyl-0-methoxybenzyl alcohol (4), <?=4.84X 

27.2 
27.0 
26.9 
25.8 
24.8 

28.6 
28.0 
27.4 
28.1 
26.9 

d ) a-Isopropyl-o-methoxybenzyl alcohol (6), £=5.00 
XlO-3 mol/1. 

292.6 59.5 30.1 
299.3 58.8 29.3 
307.2 57.2 28.6 
313.8 55.6 27.0 
320.1 56.5 27.6 

e ) ^a-f-Butyl-o-methoxybenzyl alcohol (7), c — 4.28 X 
10-3 mol/1. 

293.5 49.1 24.3 
299.6 47.8 23.8 
307.3 46.1 22.7 
313.6 45.9 22.6 
319.7 45.7 22.4 

f ) a,a-Dimethyl-0-methoxybenzyl alcohol (8), £ = 4.98 

10-3 mol/1. 
292.8 
297.8 
302.8 
309.8 
317.8 

) a-Ethyl-o-me 
mol/1. 

293.0 
300.4 
307.2 
314.2 
321.3 

51.4 
51.7 
51.8 
50.7 
49.0 

thoxyber 

51.9 
51.1 
50.5 
50.5 
50.2 

xio-
293.2 
300.0 
308.1 
314.8 
321.3 

mol/1. 
22.8 
22.9 
22.9 
23.7 
24.9 

97.9 
92.7 
87.3 
86.0 
85.1 

g ) a,a-Diethyl-o-methoxybenzyl alcohol (9), c 
XlO-3 mol/1. 

40.6 
40.7 
39.6 
38.5 
38.2 

= 5.07 

293.3 
299.9 
308.8 
316.2 
322.8 

68.1 
65.8 
62.6 
60.6 
58.2 

h ) a,a-Dipropyl-o-methoxybenzyl alcohol (10), £ = 4.70 
XlO-3 mol/1. 

292.4 38.4 60.7 
297.9 37.1 58.0 

305.8 
312.9 
318.6 

37.5 
38.0 
38.1 

56.6 
55.5 
54.9 

i ) a,a-Diisopropyl-o-methoxybenzyl alcohol (11), c= 
3.10xl0- 3 mol/ l . 

292.6 24.2 132.9 
297.3 24.4 130.6 
302.2 24.5 128.4 
310.2 25.0 124.5 
318.6 25.5 120.1 

j ) a,a-Dibutyl-o-methoxybenzyl alcohol (12), £=4.54 
XlO-3 mol/1. 

292.6 40.7 67.1 
297.2 40.7 65.6 
304.3 40.1 63.0 
310.0 39.4 62.3 
315.6 38.4 60.0 

k ) a,a-DW-butyl-0-methoxybenzyl alcohol (13), c — 
3.22 XlO-3 mol/1. 

295.6 20.0 118.0 
301.6 20.1 114.5 
307.7 20.3 110.2 
314.7 21.0 108.5 
319.2 21.3 108.2 

1 ) a,a-Dipentyl-o-methoxybenzyl alcohol (14), £=4.45 

66.5 
64.8 
63.0 
60.9 
60.1 

62.6 
60.8 
59.5 
58.5 
57.1 

90.7 
88.7 
88.2 
86.6 
84.3 

o ) l-(o-Methoxyphenyl)cycloheptanol (17), £=4.37X 
10-3 mol/1. 

291.4 14.2 82.5 
298.0 14.0 79.5 
303.8 14.2 77.8 
308.5 15.0 76.8 
315.0 [14.5 73.9 

XlO-3 mol/1. 
293.1 
299.1 
307.4 
314.2 
319.3 

L) l-(o-Methoxyj 
10-3 mol/1. 

294.2 
301.2 
309.5 
316.9 
322.0 

40.8 
41.6 
41.2 
41.2 
40.5 

Dhenyl) « 

22.0 
22.1 
22.1 
22.2 
22.2 

) 1 - (o-Methoxyphenyl) < 
10-3 mol/1. 

293.2 
299.9 
307.4 
313.3 
319.2 

15.3 
16.3 
17.6 
18.0 
18.7 
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T A B L E 1. (Continued) 

T/K ef/l m o l - 1 c m - eb/l m o l - 1 cm~ T/K £f/\ m o l - 1 cm~ eb/l m o i - 1 c rn -

p ) 2- (8-Chromanyl) -2-propanol 

mol/1. 

293.6 9 .1 

301.4 9 .1 

308.7 9 .1 

315.0 9 . 8 

321.9 10.0 

(18), : = 4 . 0 5 x l 0 - 3 

62.3 
59.3 
56.3 
56.6 
55.2 

q ) 2-Methoxy-a,a 
c=3. 

294.0 
301.5 
309.4 
315.8 
322.2 

. 9 8 x l 0 - 3 
,3,5-tetramethylbenzyl 
mol/1. 

19.7 
19.8 
20.2 
20.2 
20.3 

alcohol 

51.9 
49.6 
48.6 
47.2 
46.1 

(19), 

T A B L E 2. O H STRETCHING ABSORPTIONS OF SOME 

O-METHOXYBENZYL ALCOHOLS AND RELATED 

COMPOUNDS 

T A B L E 3. ENTHALPIES OF HYDROGEN BOND FORMATION 

AND Î>0H HYDROGEN BOND SHIFTS OF 0-METHOXY-

BENZYL ALCOHOLS AND RELATED COMPOUNDS 

Compd 
No. 

Substituent 

R i R2 

Vf (*f)a ) vh (*b)a) 
Compd 

No. 

Substituent 

3 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

H 

w-C3H7 

/-G3H7 

w-C4H9 

f-C4H9 

H 

w-C3H7 

;-c3H7
b> 

w-C4H9 

*-C4H9*> 

- ( C H 2 ) 4 -
- ( C H 2 ) 5 -
- ( C H 2 ) 6 -

2-(8-Chromanyl)-
2-propanol 

2-Methoxy-a,a,3,5-
tetramethylbenzyl 

3637 (27.6) 

3619 (38.4) 

3616 (24.3) 

3619 (40.7) 

3616 (20.1) 

3618 (40.1) 

3603 (21.1) 
3604 (18.8) 
3600 (12.9) 
3609 (9.1) 

3607 (19.7) 
alcohol 

3607°) (54.3) 
3557 (60.7) 
3542 (132.9) 
3557 (67.1) 
3508 (114.5) 
3556 (66.5) 

(63.4) 
(112.9) 
(78.1) 
(62.3) 

3576 
3567 
3580 
3560 

3525 (51.9) 

a) Frequencies in cm" 1 and molar absorptivity in 
1 • m o l - 1 c m - 1 . Sufixes f and b refer to the free and 
the intramolecularly hydrogen-bonded species, respec­
tively, b) Diisopropyl and di-/-butyl derivatives were 
re-examined and their spectral da ta were corrected. 
c) The v0K band of the OH---7C interacted form of 
variously substituted benzyl alcohols ( X C 6 H 4 C H 2 O H ) 
were shown to appear within a narrow frequency 
range between 3617.4 and 3616.0 cm- 1 . (See Ref. 1) 
Since the frequency of this band is considerably lower, 
it was assigned to the O H - - - 0 interacted form of 3 . 

O H s t r e t ch ing b a n d , w h i c h is def ined as t h e dif ference 
in t h e O H frequencies of t h e free a n d t h e h y d r o g e n 
b o n d e d species. T h e Av0H is often r e l a t e d w i t h t h e 
O H - - - 0 d i s t ance of h y d r o g e n b o n d system.8) T h u s 
it c a n b e a m e a s u r e for t h e s t r e n g t h of t h e h y d r o g e n 
b o n d . T h e e n t h a l p y of h y d r o g e n b o n d f o r m a t i o n 
serves as a n o t h e r scale for t h e s t r e n g t h of t h e h y d r o g e n 
b o n d , b e i n g d e t e r m i n e d f rom t h e t e m p e r a t u r e d e ­
p e n d e n c e m e a s u r e m e n t of t h e O H a b s o r p t i o n i n t e n ­
sities of free a n d h y d r o g e n b o n d e d species.9) R e s u l t s 
a r e g iven i n T a b l e 3 t o g e t h e r w i t h t h e Av0K a n d 
ehjet va lues . 

Enthalpies of Hydrogen Bond Formation and the Hydrogen 
Bond Shifts of OH Stretching Bands. Enthalpies of 
i n t r a m o l e c u l a r h y d r o g e n b o n d f o r m a t i o n is g e n e r a l l y 
smal le r t h a n those of i n t e r m o l e c u l a r h y d r o g e n b o n d 
fo rma t ion w h e n h y d r o g e n d o n a t i n g a n d a c c e p t i n g 
g r o u p s a r e s imi lar . T h e h y d r o g e n b o n d e n t h a l p i e s 
for t h e benzy l a lcohols a r e r a t h e r sma l l even w h e n 

R i R2 

AH/kJ mol" 1 A f / c m - 1 eh/et 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

H 

H 

H 

H 

H 

C H 3 

C 2 H 5 

w-C3H7 

z-C3H7 

w-C4H9 

H 

C H 3 

G 2 H 5 

z-C3H7 

£-C4H9 

G H 3 

G 2 H 5 

w-C3H7 

z-C3H7 

4 .72 

1.25 

0 .79 

1.00 

0 .42 

/-C<4H9 / -G4H9 

n-C5Hn n-G5Hn 

- ( G H 2 ) 4 -

" ( G H 2 ) 5 -

- ( G H 2 ) 6 -

2-(8-Chromanyl)-
2-propanol 

2-Methoxy-a,a,3,5-
tetramethylbenzyl 
alcohol 

,40 

59 

88 

48 

51 

85 

80 

80 

94 

81 

6.06 

4.18 

30 
36 
48 
42 
60 
58 
64 
62 
74 
62 
108 
62 
27 
37 
20 
49 

82 

1.97 

0 .72 

0 .57 

0 .54 

0 .42 

3 .70 

1.64 

1.58 

5 .47 

1.65 

5 .70 

1.63 

3 .00 

6.01 

6 .05 

6 .85 

2.64 

c o m p a r e d w i t h those of s imi la r s i x - m e m b e r e d h y d r o ­
g e n - b o n d e d che la t e s . T h e e n t h a l p i e s of i n t r a m o l e c u l a r 
h y d r o g e n b o n d f o r m a t i o n (AH) for tf-methoxybenzoic 
ac id ( l ) 1 0 ) a n d 3 - m e t h o x y - 1 - p r o p a n o l (2)1 1) h a v e b e e n 
d e t e r m i n e d to b e —13 .8 a n d —8.8 k j / m o l , respec t ive ly . 

CHo 

•H 
1 

0 
1 

CH3 

H 2 C . c , 0 

H2 

CH3 

O n t h e o t h e r h a n d s , t h e —AH v a lue s for t h e o-me-
t h o x y b e n z y l a lcohols in T a b l e 3 a r e a t m o s t 8 k j / m o l , 
m o s t of t h e m b e i n g less t h a n 6 k j / m o l . T h i s is d u e 
to t h e fact t h a t t h e a l coho l i c h y d r o x y l g r o u p is a w e a k 
h y d r o g e n d o n o r a n d t h e o x y g e n a t o m of a r o m a t i c 
e t h e r is a w e a k h y d r o g e n a c c e p t o r in f o r m i n g h y d r o g e n 
b o n d s . I n c o m p o u n d 1, t h e c a r b o x y l i c O H g r o u p 
is a ve ry s t r o n g d o n o r , w h i l e t h e a l i p h a t i c e t h e r g r o u p 
in 2 is a s t r o n g e r h y d r o g e n a c c e p t o r t h a n t h e a r o m a t i c 
e t h e r g r o u p in 3 . 
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When compared among the benzyl alcohols, a-
monoalkyl alcohols 4—7 have shown to have smaller 
Av0K and ejet values than the alcohols in other series, 
having been supposed to be less favorable in forming 
hydrogen bonds.4) This tendency is again obvious with 
the — AH values in Table 3. The intramolecularly 
hydrogen bonded conformers of the a-monoalkyl alco­
hols are at most only 1 kj/mol more stable than the 
free conformers, in contrast to the unsubstituted and 
a,a-dialkyl benzyl alcohols of which hydrogen-bonded 
conformers are more than 2.5 kj/mol more stable than 
the free conformers. 

In the series of a,a-dialkylbenzyl alcohols, a,a-diethyl 
and higher homologous a,a-di(w-alkyl) derivatives have 
considerably low — AHvalues around 2.5 kj/mol. The 
anomalous behavior was first suspected when the ejet 

and —AH values were compared among a series 
of dialkyl derivatives carrying CH3_W(CH3)W groups, 
where n is 0, 1, 2, and 3. To investigate further on 
this point, infrared O H stretching absorptions of ho­
mologous di(w-alkyl) derivatives with propyl, butyl, 
and pentyl groups were measured, giving very similar 
vf, vh, Avon, ejet, and —AH values as shown in Tables 
2 and 3. The Hydrogen bond shifts (A^0H) of dialkyl 
derivatives increase in the order of the bulkiness of 
alkyl substituent [ C H 3 < C 2 H 5 < C H ( C H 3 ) 2 < C ( C H 3 ) 3 ] , 
revealing no indication of anomaly. The Av0H value 
has been correlated to be nearly inversely proportional 
to the O H - - - 0 distance, giving a measure to the 
strength of intramolecular hydrogen bond. Thus, the 
order is rationalized by taking the buttressing effect 
of the alkyl groups in the intramolecularly hydrogen-
bonded conformation (III) into consideration. A 

CH30-Ea 

III 

strong hydrogen bond is not necessary to be favorable 
in the equilibrium of its formation reaction, however. 
The hydrogen bonded conformation can be unfavor­
able when the steric hindrance and other unfavorable 
entropy effects in other parts of molecule is serious. 
Thus the lower —AH, as well as the lower ejet, for 
9 and its homologs should be related either to the 
unfavorable steric effect in other part of the intra­
molecularly hydrogen bonded conformation or to the 
favorable steric circumstances in the free conformation. 
The possible free conformation with extended chain 
(IV) of a,a-di-w-alkylbenzyl alcohols are presumably 

more stable than those for a,a-diisopropyl- and a,a-
di-/-butylbenzyl alcohols, because the alkyl-methoxyl 
repulsion is less in the former. An evidence in support 
of this explanation was obtained from the measurements 
on 1 - (2-methoxyphenyl)cycloalkanols. Anomalously 
low AH and eh/et values were not observed with these 
cyclic alcohols the end of whose alkyl chain are con­
nected to each other. These compounds cannot take 
the extended chain conformation IV. l-(2-Methoxy-
phenyl)cycloalkanols 15—17 have the vt bands con­
siderably lower than those of other open chain alcohols 
investigated. They are located between 3604 and 3600 
c m - 1 , assignable to OH---7Z interacted hydroxyl groups 
according to the extensive works by Oki and 
Iwamura l b ) who attributed the bands at 3620.5 and 
3605.2 c m - 1 of 1-phenylcyclohexanol to the free and 
the OH---7T interacted forms, respectively. The higher 
v0K bands of the open chain alcohols 3—14, on the 
contrary, lies in the frequency region higher than 
3616 cm - 1 . They were assigned to the free O H ab­
sorptions according to the fact that the free v0K bands 
of 2-phenyl-2-propanol and 3-phenyl-3-pentanol were 
shown to appear at 3620.6 and 3618.2 cm - 1 , respec­
tively.151) 

From the results in molecular force field calculations, 
the free conformers of the dialkyl alcohols without 
ring structures are estimated to take the O H periplanar 
conformation V which is unfavorable to have the 
OH---7T interaction. The methoxycycloalkanols 15— 

CHoO 

V 

OH 

H2(T CHo 

n = 5} 6, and 7 
VI 

17, on the contrary, takes preferably the free con­
formation (VI) in which the hydroxyl group is clinal 
to the plane of aromatic ring because of steric hindrance 
between the alicyclic ring and the or/Äö-methoxyl 
group expected in conformation V. The conformer 
V I is supposed to be sterically more crowded than 
the conformer V of the open chain series. This should 
be a reason for the larger —AH of the alcohols 15— 
17. The clinal conformation V I is very favorable 
to have the O H - - T Z interaction to which the low fre­
quency shifts of the vf bands of 15—17 is due. 

In order to investigate the effect of the conformation 
of hydrogen-accepting alkoxyl group upon the hy­
drogen bonding, 2-(8-chromanyl)-2-propanol (18) and 
2-methoxy-a,a,3,5-tetramethylbenzyl alcohol (19) were 
prepared and their behavior in intramolecular hydro­
gen bond formation was examined. The intramolec­
ularly hydrogen bonded conformer of 18 is supposed 
to take conformation V I I , which is very similar to 

VII 

IV 
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T A B L E 4. STERIC ENERGIES (£) a) AND SOME GEOMETRICAL PARAMETERS15) OF THE BENZYL ALCOHOLS 

C f i H r . C R ^ R ^ O H CALCULATED BY USE OF M M I PROGRAM 

R1 

H 

H 

H 

H 

H 

CH3 

C2H5 

*-C3H7 

*-C4H9 

R2 

H 

CH3 

CÎ2H5 

i-C3H7 

f-G4H9 

GH3 

G2H5 

«-G3H7 

*-C4H9 

o) = 0° 

47.40 
(0.00) 

48.23 
(2.25) 

54.59 
(2.67) 

59.36 
(3.60) 

76.20 
(17.60) 

44.68 
(0.00) 

57.89 
(0.00) 

84.02 
(0.00) 

141.45 
(0.00) 

£/kJ 

Û> = 30° 

47.90 
(0.50) 

45.98 
(0.00) 

51.92 
(0.00) 

55.76 
(0.00) 

58.60 
(0.00) 

47.44 
(2.76) 

64.08 
(6.19) 

84.77 
(0.75) 

146.30 
(4.85) 

mol-1 

Û> = 60° 

48.66 
(1.26) 

49.78 
(3.80) 

54.67 
(2.75) 

58.31 
(2.55) 

71.85 
(13.25) 

— 

— 

— 

— 

^ 9 0 ° 

50.70 
(3.30) 

— 

— 

— 

— 

62.24 
(17.56) 

87.15 
(29.26) 

147.89 
(63.87) 

251.47 
(110.02) 

ZOC a C i p s o 

112.34° 

109.53 

109.18 

108.90 

108.22 

108.93 

109.00 

107.00 

103.75 

Z.CaC ipsoC2 

120.85° 

120.45 

120.36 

120.51 

120.37 

120.71 

120.64 

120.23 

119.73 

^(Gipso-G„) 

1.510Â 

1.515Ä 

1.515Â 

1.515Â 

1.524Â 

1.525Â 

1.523Â 

1.531Â 

1.541Â 

a) The relative values with reference to the most stable conformers are given in parentheses, b) The bond angles 
and the bond lengths for the most stable conformers are given. 

that of 8. In line with this consequence, the Av0H 

and the — AH values of 18 are very close to those of 
8. The fb/ef value of 18 is significantly larger than 
the corresponding ratio of 8, however. The alkoxyl 
group in 18 is fixed antiperiplanar to the 2-hydroxy-
2-propyl moiety by the condensed dihydropyran ring 
and is favorable entropically to the intramolecular 
hydrogen bond formation, causing the larger eb/ef. 
Introduction of the 3-methyl group onto the hydrogen 
bonded molecule as in 19 prevents the antiperiplanar 
conformation favorable for the hydrogen bonding. 
Thus, the —AH and eb/ef values of 19 are considerably 
lower than the corresponding quantities of 8 due to 
the increase in steric energy and the restriction of the 
conformation in the hydrogen bonded conformer. In 
contrast, the Av0H increases remarkably because the 
O H - - - 0 distance becomes closer due to the buttresing 
effect caused by the 3-methyl group. Thus, it is 
probable that the intramolecular hydrogen bonds can 
be persistent even in cases when the alkoxyl group is 
not coplanar to the chelate ring formed by the hy­
drogen bonding. Similar tendency has been observed 
with the hydrogen bond chelates containing carboxyl 
groups as hydrogen donors.12) T h e ethereal oxygen 
atom can interact with hydroxyl and other hydrogen 
donating groups in various conformations because it 
has two pairs of unshared electrons. The alcohol 
19 has a low frequency vt band locating at 3607 cm - 1 . 
Since the 3-methyl group in 19 enforces the methoxyl 
group to take nonplanar conformation and to approach 
nearer to the 2-hydroxy-2-propyl moiety, the most 
favorable conformation of the free species tends to 
have a nonplanar hydroxyl group favorable to interact 
with the aromatic 7r-electrons (just illustrated sche­
matically by VIII) . 

ÇH3 CH3 

0 — t 
CH3 OH 

VIII 

Estimation of the Most Stable Conformations by Molecular 
Force Field Approach. The probable conformations 
of these alcohols were then discussed on the basis of 
the molecular force field calculations carried out by 
use of the M M I version of the computer program 
developed by Allinger and co-workers.7> As the force 
field involving hydrogen bond system has not yet 
been available, the calculations were carried out on 
benzyl alcohol and its a-substituted derivatives void 
of methoxyl group. The results are given in Table 
4. Here, in this Table , the torsional angle co refers 
to the dihedral angle between the aromatic ring and 
the hydroxyl group (as illustrated in I X — X I I ) . The 

Rs^ ^OH 

R2 

30° 

X 

OH 

'R2 

90° 

XII 

results show that the most stable conformation of 
a-monoalkylbenzyl alcohols are X in which m is around 
30° and that those of a,a-dialkylbenzyl alcohols are 
I X with eo = 0°.13) The optimized torsional angles 
were calculated to be 31.3°, 32.2°, 33.1°, and 34.4° 
for the most stable conformers of a-methyl, a-ethyl, 
a-isopropyl, and a-^-butylbenzyl alcohols, respectively. 
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As expected from the repulsive force operating be­
tween the alkyl and the hydroxyl groups, the torsional 
angles increase in the same order. Since the methoxyl 
group on the aromatic ring is ignored in calculations, 
the results should be applied on the methoxy alcohols 
3—14 with care. Nevertheless the hydrogen bonded 
conformations might be rather properly estimated since 
the methoxyl group lies far from the alkyl group (s). 

The results which conclude the conformation X of 
4—7 with non-coplanar hydroxyl group to be the 
most stable coincide with the fact that the hydrogen 
bonded conformers of these alcohols are less favorable 
than those of the a,a-dialkylbenzyl alcohols as revealed 
by both the ehjeî and the AH values in Table 3. The 
O H - - - 0 distance might become farther and, moreover, 
the overlap between the unshared electron pairs and 
the anti-bonding O H orbital might be less in con­
formation X than in conformation I X . The O H 
proton signals of 4—7 have shown to appear at higher 
fields than those of the corresponding dialkylbenzyl 
alcohols. This can be ascribed to the magnetic ani-
sotropy effect on the hydroxyl protons lying above 
the aromatic rings to induce the high field shifts. 

The introduction of a-alkyl groups causes consider­
able C a - C i p s o bond stretching and O-G a -G i p S 0 bond 
angle decrease but little C a - C i p s o - C 2 bond angle al­
teration. As a result, the estimated distance between 
the hydroxyl and the methoxyl oxygen atoms decreases 
from 2.34 to 2.14 Â when the two benzylic hydrogen 
atoms are replaced with /-butyl groups.14) This ex­
plains the A^OH increase caused by the introduction of 
a,a-dialkyl groups. The consequences from the cal­
culations on a,a-di-/-butylbenzyl alcohol (20) agrees 
with the fact that the protons at 2- and 6-positions 
of 20 are not isochronous because of the very high 
rotational barrier around C i p s o -C b e n z y l bond.2 '3) T h e 
conformation I X which is estimated to be the most 
stable explains the unisochronous ^ - N M R spectrum 
of 20 together with the rotational barrier supposed 
to be a little higher than HOkJ/mol . The extended 
conformation I V of 9 was also confirmed by the cal­
culation giving the torsional angle near 180° (177.1 
and 177.9° exactly) for both of the C a - C H 2 ( C H 3 ) 
bonds. 

We wish to thank Prof. Eiji Osawa, Hokkaido 
University, for his valuable advice and kind permission 
to use their M M I program. We are also grateful 
to Prof. Hiizu Iwamura , the Institute of Molecular 

Sciences, for his valuable advice and facilitation in 
using the H I T A G M-200H computer. The molecular 
force field calculations were carried out by using a 
H I T A G 8800/8700 computer of the University of Tokyo 
and a H I T A G M-200H computer of the Institute 
of Molecular Sciences. 
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The structure of shonanol was restudied and found to be 12-hydroxyabieta-2,8,l 1,13-tetraen-l-one (1) by 
the following synthesis. A Grignard reaction of methyl ( + )-12-methoxyabieta-8,l l,13-trien-18-oate with phen-
ylmagnesium bromide, followed by treatment with lead tetraacetate and calcium carbonate afforded a mixture 
of A3-, A4-, and Zl4<18>-19-nor compounds. This was oxidized with selenium dioxide to give ( + )-12-methoxy-
19-norabieta-4(18),8,ll,13-tetraen-3a-ol. This alcohol was converted to ( + )-12-methoxyabieta-5,8,l 1,13-
tetraen-3-one (6) by the known procedure. Reduction of 6 with lithium aluminium hydride, followed by cata­
lytic hydrogénation, yielded ( + )-12-methoxyabieta-8,l 1,13-trien-3/?-ol (8) and a small amount of its eis isomer. 
The compound (8) was then converted to ( + )-12-methoxyabieta-1,8,11,13-tetraen-3-one (12) by a series of reac­
tions: oxidation with pyridinium chlorochromate, bromination with pyridinium tribromide, and dehydrobro-
mination with lithium carbonate and lithium bromide. Demethylation of 12 with boron tribromide gave ( + )-
12-hydroxyabieta-1,8,11,13-tetraen-3-one. Oxidation of 12 with alkaline hydrogen peroxide, followed by 
treatment with hydrazine hydrate, gave ( + )-12-methoxyabieta-2,8,ll,13-tetraen-la-ol; this was oxidized with 
Jones reagent to give the corresponding 1-oxo compound. The 1-oxo compound was finally demethylated with 
boron tribromide to yield (+ ) - l , whose spectra were identical with those of natural shonanol. 

The structure of shonanol, a tricyclic diterpene phe­
nol isolated from the sawdust of Libocedrus formosana 
by Lin and Liu1) in 1965, has been tentatively as­
signed as 12-hydroxyto tara-1,8,11,13-tetraen-3-one (I) 
on the basis of spectroscopic studies. T o confirm this 
structure we synthesized ( ± ) - I in our laboratory.2) 
However, this synthetic ( ± ) - I was shown to be dif­
ferent from natural shonanol by spectral comparison. 
Further synthetic studies on the structural isomers3»4) 
possessing a hydroxyl group at the position meta to 
an isopropyl group in the G ring: (±)-12-hydroxyto-
tara-2,8,11,13-tetraen-l-one ( I I ) , (±)-14-hydroxy-12-
isopropylpodocarpa-1,8,11,13-tetraen-3-one ( I I I ) , ( ± )-
14 - hydroxy -12-isopropylpodocarpa-2,8,11,13-tetraen-1 -
one (IV), ( + ) -11 -hydroxyabieta-1,8,11,13-tetraen-3-
one (V), and ( + )-l l-hydroxyabieta-2,8, l l ,13-tetraen-

? R 

I R=0H.R'=i-Pr n RS0H.R'=i-Pr 

Iff R=i-Pr.R'=0H W FM-Pr.R'=OH 

1-one (VI) , led to the same result, whereas the spectral 
analyses of these synthetic materials I—VI and natural 
shonanol suggested that the structure of shonanol 
is 12-hydroxyabieta-2,8,l 1,13-tetraen-l-one (l).4) To 
confirm the validity of our proposed structure, we 
now attempted the synthesis of 1. This paper will 
describe the structural confirmation of natural shonanol 
by the synthesis of ( + )-l starting from methyl 
( + )-12-methoxyabieta-8,11,13-trien-18-oate (2) .5»6) 

The Grignard reaction of 2 with phenylmagnesium 
bromide at 95—100 °G afforded a diphenylmethanol 
derivative (3 : 8 0 % ) . This was treated with lead 
tetraacetate and calcium carbonate in refluxing ben­
zene to give a mixture (4: 78%) of J 3 - , J 4 - , and 
j4(i8)_ig_n o r compounds in a ratio of ca. 1:2:7. The 
mixture was then oxidized with selenium dioxide in 
refluxing aqueous ethanol to yield ( + )-12-methoxy-
19-norabieta-4( 18), 8,11,13-tetraen-3a-ol (5 : 51 %) .7»8) 
This alcohol (5) was subsequently converted to ( + ) -
12-methoxyabieta-5,8,ll,13-tetraen-3-one (6) by a se­
ries of known procedures:7) isomerization with lithium 
in ethylenediamine to 12-methoxy-19-norabieta-4,8,ll , 
13-tetraen-3a-ol, Jones oxidation, and methylation with 
methyl iodide in the presence of potassium /-butoxide. 
Reduction of 6 with lithium aluminium hydride in 
ether afforded ( — ) -12-methoxyabieta-5,8,11,13-tetra-
en-3/9-ol (7: 9 0 % ) , which was submitted to catalytic 
hydrogénation over 5 % P d - G J i n methanol to yield 
( + )-12-methoxyabieta-8,ll,13-trien-3^-ol (8; 68%)9»10) 
as a major product and its eis isomer (9: 11%) as a 
minor one. The stereochemistry of the hydroxyl group 
at the G-3 position in 7, which was expected to be 
^-configuration from many literature precedents,2»3»10»11) 
was confirmed by the conversion to the known com­
pound (8).9»10) The aV-configuration of the A/B ring 
junction in 9 was supported by the appearance of a 
signal due to one of the g£772-dimethyl groups at the 
G-4 position in very high field (ô 0.42 ppm) owing 
to the shielding effect of the aromatic G ring. The 
^-configuration of the hydroxyl group at the G-3 
position was also supported by a signal at ô 3.22 ppm 
with half-height width of 9 Hz, suggesting the presence 
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15 16 R=Me 
17 R=Ac 

of an equatorial a hydrogen. Oxidation of the trans-
compound (8) with pyridinium chlorochromate in di-
chloromethane afforded ( + ) -12-methoxyabieta-8,11, 
13-trien-3-one (10: 73%).7 '9 '10) O n bromination with 
pyridinium tribromide in ethanol and chloroform, this 
was converted to a mixture of the epimeric 2-bromo 
derivatives (11 : 6 9 % ) . The mixture (11), without 
purification, was immediately treated with lithium car­
bonate and lithium bromide in 7V,7V-dimethylforma-

mide at 120—125 °G to produce ( + )-12-methoxy-
abieta-1,8,11,13-tetraen-3-one (12: 63%) , which was 
demethylated with boron tribromide in dichlorometh-
ane to give (+)-12-hydroxyabieta-1,8,11,13-tetraen-3-
one (13: 82%).12) The physical and spectral data 
of 13 were different from those of natural shonanol. 

Subsequently, 1,3-carbonyl transposition3»4»13) of the 
a,/?-unsaturated carbonyl group in 12 was carried out 
as follows. Oxidation of 12 with alkaline hydrogen 
peroxide in methanol and dichloromethane at —10— 
—5 °G, followed by treatment of the resulting epoxy 
ketone (14)14) with hydrazine hydrate in refluxing 
methanol containing a small amount of acetic acid, 
yielded ( + ) -12-methoxyabieta-2,8,11,13-tetraen-1 a-ol 
(15: 4 9 % from 12). This alcohol (15) was then oxi­
dized with Jones reagent. The resulting ( + )-12-meth-
oxyabieta-2,8,11,13-tetraen-1-one (16: 78%) was de­
methylated with boron tribromide to give ( + ) - 1 2 -
hydroxyabieta-2,8,11,13-tetraen-1-one ( 1 : 74%) , whose 
melting point and spectra ( IR and 1YL N M R ) were 
identical with those of natural shonanol. The synthetic 
1 was further characterized as its acetate (17). 

From the present study, the structure of shonanol 
was conclusively assigned as 1. 

Exper imenta l 

All melting points are uncorrected. The IR spectra and 
optical rotations were measured in chloroform, and the 
NMR spectra in carbon tetrachloride at 60 MHz, with 
tetramethylsilane as an internal standard, unless otherwise 
stated. The chemical shifts are presented in terms of ô 
values; s: singlet, bs: broad singlet, d: doublet, t: triplet, 
m: multiplet. Column chromatography was performed using 
Merck silica gel (0.063 mm). 

Grignard Reaction of Methyl 12-Methoxyabieta-8,ll ,13-trien-
IS-oate (2) with Phenylmagnesium Bromide. A solution of 
25,6) (43 985 g) in dry ether (90 ml) was added to a refluxing 
ethereal solution of phenylmagnesium bromide prepared 
from magnesium turnings (12.4 g) and bromobenzene (80.2 
g) in dry ether (180 ml). The mixture was refluxed for 
1 h, the ether was removed, and the viscous residue was 
heated at 95—100 °G for 8 h. After standing overnight 
at room temperature, the mass was carefully hydrolyzed 
with a mixture of dilute hydrochloric acid and ice, and then 
extracted with ether. The ether extract was washed suc­
cessively with aqueous sodium thiosulfate and brine, dried 
over sodium sulfate, and evaporated. The residue was re-
crystallized from acetone-hexane to give a diphenylmethanol 
derivativ« (3) (34.796 g), mp 205—207.5 °G, [a]D +97.4° 
{c 2.73), IR: 3591cm"1; NMR: 1.10 (6H, d, 7 = 7 Hz, 
-CH(CH3)2), 1.22 and 1.34 (each 3H and s, G4-GH3 and 
C10-CH3), 2.33 (1H, s, -OH, disappeared on deuteration), 
3.14 (1H, m, -CH(CH3)2), 3.69 (3H, s, -OGH3), 6.53 (2H, 
s, G n - H and G14-H), 7.0—7.9 (10H, m, 2-G6H5). Found: 
G, 84.79; H, 8.86%. Galcd for G33H40O2: G, 84.57; H, 
8.60%. 

The mother liquor of recrystallization was evaporated 
in vacuo and the residue was purified by column chromatog­
raphy on silica gel (300 g), using hexane-benzene (6:4 and 
then 4:6) as the eluent, to give an additional alcohol (3: 
10.047 g). 

Fragmentation of 3 with Lead Tetraacetate. A solution 
of 3 (18.383 g) in dry benzene (100 ml) was added to a 
stirred suspension of 87% lead tetraacetate (24.0 g) and 
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calcium carbonate (23.5 g) in dry benzene (150 ml) . T h e 
mixture was refluxed for 8 h, cooled, and then filtered. T h e 
filtrate was diluted with ether and the solution was washed 
successively with 10% aqueous potassium iodide, aqueous 
sodium thiosulfate, aqueous sodium hydrogencarbonate, and 
brine. The dried solution was evaporated in vacuo and the 
residue was purified by column chromatography on silica 
gel (200 g), using hexane as the eluent, to give a mixture 
of J 3 - , zl4-, and zl4<18>-19-nor compounds (4) (8.654 g: 
77.6%). The N M R spectrum of the mixture indicated 
that it was composed of approximately 7% of zl3- (ô 1.02 
ppm, C I 0 - G H 3 ; 5.38 ppm, G 3 - H ) , 2 1 % of zl4- (Ô 1.36 ppm, 
G 1 0 -GH 3 ) , and 72% of zl4(18>-19-nor compound (Ô 0.99 

i 
ppm, Gi 0 -GH 3 ; 4.57 and 4.81 ppm, C H 2 = C - ) . 

12-Methoxy-19-norabieta-4(18),8,11,13-tetraen-3a-ol (5). 
A solution of selenium dioxide (1.494 g) in ethanol (48 ml) 
and water (2.0 ml) was added dropwise to a stirred suspension 
of 4 (7.661 g) in ethanol (50 ml) . T h e mixture was re-
fluxed for 4 h, cooled, and then filtered. T h e filtrate was 
diluted with chloroform, evaporated in vacuo, and the re­
sidue was chromatographed on a luminium oxide (Merck 
activ. I I — I I I : 150 g), using ether-benzene (1 :9 and then 
4:6) as the eluent, to give 57>8> (4.097 g: 50.6%) which was 
recrystallized from hexane, m p 59—61 °G, [ a ] D + 1 5 9 ° (c 
5.80); I R : 3610, 3415 cm" 1 ; N M R : 0.91 (3H, s, C 1 0 -CH 3 ) , 
1.17 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 2.58 (1H, s, - O H , 
disappeared on deuterat ion), 3.22 (1H, m, - C H ( C H 3 ) 2 ) , 
3.73 (3H, s, - O G H 3 ) , 4.17 (1H, bs, W l / a = 5 Hz, G 3 - H ) , 

4.60 and 4.92 (each 1H and bs, GH 2 =G-) , 6.63 and 6.77 
(each 1H and s, C n - H and G 1 4 -H) . Found : G, 79.86; H , 
9.55%. Galcd for C 2 0 H 2 8 O 2 : G, 79.95; H, 9 .39%. 

12-Methoxyabieta-5,8,11,13-tetraen-3-one (6). T h e 3a-ol 
(5) was converted to 6 by the known procedure.7) T h e 
crude product was purified by column chromatography on 
silica gel, using ether-benzene (1.5:98.5) as the eluent, to 
give 6 which was recrystallized from hexane, m p 92.5—93.5 
°G, [a ] D +41 .3° (c 3.25), I R : 1705 c m - 1 ; N M R : 1.18 (6H, 
d, 7 = 7 Hz, - C H ( G H 3 ) 2 ) , 1.18, 1.24, and 1.32 (each 3H 

and s, - C ( C H 3 ) 2 and G 1 0 -CH 3 ) , 3.32 (2H, d, 7 = 4 Hz, 
=CHCH>-), 3.78 (3H, s, - O G H 3 ) , 5.90 (1H, t, 7 = 4 Hz, 
G 6 -H) , 6.72 and 6.85 (each 1H and s, G n - H and G 1 4 - H ) . 
Found: G, 80.77; H, 9.14%. Galcd for G 2 1 H 2 8 0 2 : C, 80 .73; 
H , 9 .03%. 

12-Methoxyabieta-5,8,11,l3-tetraen-3ß-ol (7). A mix­
ture of 6 (502 mg) and lithium aluminium hydride (61 mg) 
in dry ether (15 ml) was stirred at room temperature for 
80 min, poured into a mixture of ice and dilute hydrochloric 
acid, and extracted with ether. T h e ether extract was 
washed with brine, dried over sodium sulfate, and evaporated. 
The residue was purified by column chromatography on 
silica gel (15 g), using ether-benzene (2:98) as the eluent, 
to give 7 (457 m g : 90 .5%), which was recrystallized from 
hexane, m p 69—71 °G, [oc]D - 5 3 . 5 ° (c 3.10); I R : 3616, 
3454cm- 1 , N M R : 1.13, 1.21, and 1.28 (each 3H and s, 

-G(GH 3 ) 2 and C 1 0 -CH 3 ) , 1.17 (6H, d, 7 = 7 Hz, - G H -
(GH3)2) , 2.17 (1H, s, - O H , disappeared on deuterat ion), 
3.26 (2H, d, 7 = 4 Hz, = C H C H 2 - ) , 3.75 (3H, s, - O G H 3 ) , 
5.97 (1H, t, 7 = 4 Hz, G 6 - H ) , 6.68 and 6.80 (each 1H and 
s, G n - H and G 1 4 -H) . Found: G, 79.92; H , 9 . 9 1 % . Galcd 
for G 2 1H 3 0O 2 : G, 80.21; H , 9.62%. 

Catalytic Hydrogénation of 7. A mixture of 7 (456 
mg) and 5 % P d - G (450 mg) in methanol (10 ml) was sub­
jected to catalytic hydrogénation at room temperature for 
ca. 24 h. After the usual work-up, the crude product was 
purified by column chromatography on silica gel (40 g) , 
using ether-benzene (1:99) as the eluent, to give 12-methoxy-

5^//-abieta-8,11,13-trien-3£-ol (9) (51 mg : 11.1 % ) [a ] D 

+ 41.2° (c 1.68); I R : 3630, 3455 cm" 1 ; N M R : 0.42, 0.99, 

and 1.18 (each 3H and s, - C ( C H 3 ) 2 and G 1 0 -GH 3 ) , 1.15 
(6H, d, 7 = 7 Hz, - G H ( G H 3 ) 2 ) , 1.60 (1H, s, - O H , disap­
peared on deuterat ion), 3.22 (1H, m, I f l / 2 = 9 H z , G 3 -H) , 
3.75 (3H, s, - O G H 3 ) , 6.67 and 6.70 (each 1H and s, G n - H 
and G 1 4 -H) . Found : G, 79.42; H , 10 .33%. Galcd for 
G 2 1 H 3 2 0 2 : G, 79.70; H , 10.19%. 

Fur ther elution with e ther-benzene (5:95) afforded 12-
methoxyabieta-8,l l ,13-tr ien-3^-ol (8)9-10> (314 m g : 68.4%) 
which was recrystallized from hexane, m p 104—105 °G 
(softened at ca. 95 °G), [ a ] D + 6 0 . 7 ° (c 2.39); I R : 3625, 3455 

c m - 1 ; N M R : 0.85, 1.04, and 1.19 (each 3 H and s, - C ( C H 3 ) 2 

and C 1 0 -CH 3 ) , 1.16 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 1.95 
(1H, s, - O H , disappeared on deuterat ion), 3.20 (1H, m, 
W l / 2 = 1 5 H z , G 3 - H ) , 3.74 (3H, s, - O G H 3 ) , 6.58 and 6.72 
(each 1H and s, G n - H and G 1 4 -H) . Found : G, 79.94; 
H, 10.30%. Galcd for G 2 1 H 3 2 0 2 : G, 79.70; H , 10.19%. 

12-Methoxyabieta-8,11,13-trien-3-one (10). Pyridinium 
chlorochromate (2.74 g) was added at 0—5 °G to a stirred 
solution of 8 (2.649 g) in dry dichloromethane (30 ml) over 
a 5 min period. T h e mixture was stirred at room tem­
perature for 2 more hours and then diluted with ether. After 
the addition of water , the mixture was extracted with ether. 
T h e ether extract was washed with brine, dried over sodium 
sulfate, and evaporated in vacuo. T h e residue was chro­
matographed on silica gel (80 g), using ether-benzene (1:99) 
as the eluent, to give 10 (1.911 g: 72 .6%), whose I R and 
N M R spectra were identical with those of authentic hinokione 
methyl ether.10) 

12-Methoxyabieta-1,8,11,13-tetraen-3-one (12). A mix­
ture of 10 (1.295 g) and 8 0 % pyridinium tribromide (1.482 
g) in ethanol (13.3 ml) and chloroform (26.6 ml) was stirred 
at room temperature for 30 min. After the addition of 
aqueous sodium thiosulfate, the mixture was extracted with 
ether. T h e ether extract was washed with dilute hydro­
chloric acid and brine, dried over sodium sulfate, and then 
evaporated in vacuo. T h e residue was chromatographed on 
silica gel (100 g), using hexane-benzene (1:1) as the eluent, 
to give a mixture of epimeric 2-bromo derivatives (11) (1.115 
g: 68 .9%) , which was immediately submitted to dehydro-
bromination. 

A mixture of 11 (1.009 g), l i thium carbonate (570 mg) , 
and lithium bromide (446 mg) in A^A^dimethylformamide 
(16 ml) was stirred at 120—125 °C for 3 h in a stream of 
nitrogen. T h e reaction mixture was cooled, poured into 
dilute sulfuric acid, and extracted with ether. T h e ether 
extract was washed with aqueous sodium thiosulfate and 
brine, dried over sodium sulfate, and then evaporated in 
vacuo. T h e residue was purified by column chromatography 
on silica gel (30 g), using benzene as the eluent, to give 12 
(505 m g : 62 .9%) , which was recrystallized from hexane, 
m p 145.5—146.5 °G, [a ] D + 1 5 8 ° (c 0.505), I R : 1665 c m - 1 ; 

N M R : 1.14, 1.17, and 1.39 (each 3H and s, - G ( G H 3 ) 2 and 
G 1 0 -GH 3 ) , 1.15 (6H, d, 7 = 7 Hz, - C H ( C H 3 ) 2 ) , 3.19 (1H, 
m, - C H ( G H 3 ) 2 ) , 3.73 (3H, s, - O G H 3 ) , 5.89 (1H, d, 7 = 1 0 
Hz, G 2 - H ) , 6.72 and 6.77 (each 1H and s, G n - H and G 1 4 -
H ) , 7.46 (1H, d, 7 = 1 0 Hz, d - H ) . Found : G, 80.70; 
H, 9 .16%. Galcd for G 2 1 H 2 8 0 2 : G, 80.73; H, 9 .03%. 

12-Hydroxyabieta-1,8,11,13-tetraen-3-one (13). A solu­
tion of 12 (58.4 mg) and boron tr ibromide (0.05 ml) in 
dichloromethane (1.5 ml) was allowed to stand at 0—5 °G 
for 30 min, poured into a mixture of ice and water, and 
extracted with ether. T h e ether extract was washed suc­
cessively with aqueous sodium thiosulfate and water, dried 
over sodium sulfate, and then evaporated in vacuo. T h e 
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crude product was chromatographed on silica gel (3.0 g) , 
using e ther-benzene (3:97) as the eluent, to give 13 (45.9 
m g : 82 .3%) , which was recrystallized from acetone-hexane, 
m p 175.5—176.5 °G, [a ] D + 1 6 2 ° (c 0.500, E t O H ) (lit,12) 
m p 175—178 °G, [ a ] D + 1 6 3 ° ( E t O H ) ) ; I R : 3607, 3357, 
1665 c m - 1 ; N M R (90 M H z ) : 1.16, 1.18, and 1.36 (each 

3 H and s, - C ( C H 3 ) 2 and G 1 0 -GH 3 ) , 1.22 (6H, d, / = 7 H z , 
- C H ( C H 3 ) 2 ) , 3.15 ( I H , m, - C H ( C H 3 ) 2 ) , 5.73 (1H, s, - O H ) , 
5.94 ( I H , d, J = 1 0 Hz, G 2 - H ) , 6.69 and 6.78 (each I H and 
s, C n - H and G 1 4 -H) , 7.43 ( I H , d, J = 1 0 H z , C^-H) . 
Found : G, 80.21; H , 8.92%. Galcd for G 2 0 H 2 6 O 2 : G, 80.49; 
H , 8.78%. 

72-Methoxyabieta-2,8,77,73-tetraen-7oc-ol (15). A solu­
tion of 12 (500 mg) in methanol (75 ml) and dichloromethane 
(25 ml) was cooled to —15 °G and over ca. 6 min was added 
dropwise 30% hydrogen peroxide (0.92 ml) , followed by 
10% aqueous sodium hydroxide (3.24 ml) , in a stream of 
nitrogen. T h e solution was stirred at —10 5 °G for 
2 h, poured into water (50 ml) , a n d extracted with ether. 
T h e ether extract was washed with brine, dried over sodium 
sulfate, and then evaporated to give the corresponding epoxy 
ketone (14) (525 mg) . 

A solution of the crude epoxy ketone (14: 140 mg) in 
methanol (10 ml) was cooled to 0 °G in a stream of nitrogen 
and a mixture of hydrazine hydrate (0.65 ml) and acetic 
acid (0.13 ml) was added dropwise over a 3 min period. 
T h e reaction mixture was stirred at 0—5 °G for an additional 
15 min, at room temperature for 15 min, and then refluxed 
for 13.5 h. After the methanol had been evaporated in 
vacuo, the residue was extracted with ether. T h e ether 
extract was washed successively with aqueous sodium hy-
drogencarbonate and brine, dried over sodium sulfate, and 
then evaporated in vacuo. T h e crude product was chromato­
graphed on silica gel (10 g), using e ther-benzene (1:99) as 
the eluent, to give 15 (65.6 m g : 48 .9% from 12) as an oil, 
[ a ] D + 2 5 1 ° (c 3.49), I R : 3550 c m - 1 ; N M R : 0.98, 1.08, 

and 1.17 (each 3H and s, - G ( G H 3 ) 2 and G 1 0 -GH 3 ) , 1.19) 
(6H, d, J=l Hz, - C H ( C H 3 ) 2 ) , 1.41 ( I H , s, - O H , disappeared 
on deuterat ion), 3.21 ( I H , m, - G H ( G H 3 ) 2 ) , 3.78 (3H, s, 
- O G H 3 ) , 4.23 ( I H , d, 7 - 5 Hz, G j - H ) , 5.64 (2H, m, G 2 -
H and G 3 - H ) , 6.59 and 6.77 (each I H and s, G n - H and 
G 1 4 -H) . Found : G, 80.16; H , 9.90%o. Galcd for G21H30-
0 2 : G, 80 .21; H , 9 .62%. 

72-Methoxyabieta-2,8,77,73-tetraen-7-one (16). A solu­
tion of 15 (170 mg) in acetone (3.0 ml) was oxidized at 
- 1 2 6 ° G for 5 min with Jones reagent (2.5 M : 0.2 
ml) and then diluted with ether. T h e ether solution was 
washed with brine, dried over sodium sulfate, and evaporated 
in vacuo. T h e crude product was purified by column chro­
matography on silica gel (10 g), using benzene as the eluent, 
to give 16 (133 m g : 78.2%), which was recrystallized from 
hexane, m p 106.5—107 °G, [ a ] D + 3 3 3 ° (c 4.60), I R : 1677 
c m - 1 ; N M R : 1.17 (6H, d, J=l Hz, - G H ( G H 3 ) 2 ) , 1.19 

(6H, s, -G(GH 3 ) 2 ) , 1.47 (3H, s, G 1 0 -GH 3 ) , 3.21 ( I H , m, 
- G H ( G H 3 ) 2 ) , 3.74 (3H, s, - O G H 3 ) , 5.78 ( I H , d, J = 1 0 
Hz, G 3 - H ) , 6.38 ( I H , d, J - 1 0 Hz, G 2 - H ) , 6.66 and 7.22 
(each I H and s, G n - H and G 1 4 -H) . Found : G, 80.77; 
H , 9 .13%. Galcd for G 2 1 H 2 8 0 2 : G, 80.73; H , 9.03%o. 

7 2-Hydroxyabieta-2\8', 7 7,73-tetraen- 7 -one (Shonanol) (1). 
A solution of 16 (108.2 mg) and boron tribromide (0.10 
ml) in dichloromethane (3.0 ml) was allowed to stand at 
0—5 °G for 1 h. After the same work-up as described for 
the preparat ion of 13, the crude product was chromato­
graphed on silica gel (10 g), using e ther-benzene (1:99 and 
then 3:97) as the eluent, to give 1 (76.9 m g : 74.4%0) which 

was recrystallized from ether-hexane, m p 188—189 °G, 
[a ] D + 3 2 6 ° (c 0.500, E t O H ) (natural shonanol,1) m p 187— 
188 °G, [ a ] D + 3 . 0 1 (EtOH) 1 5 ) ) ; I R (KBr) : 3375, 2960, 
1670, 1618, 1515, 1470, 1425, 1376, 1362, 1265, 1205, 1177, 
1053, 1020, 947, 883, 825, 816, 750, 715 c m - 1 ; N M R (90 
M H z ) : 1.16 and 1.18 (each 3H, d, and J=l Hz , - G H -

(GH3)2) , 1.19 (6H, s, - C ( C H 3 ) 2 ) , 1.49 (3H, s, C 1 0 -GH 3 ) , 
3.18 ( I H , m, - G H ( G H 3 ) 2 ) , 5.95 ( I H , d, J = 1 0 H z , C 3 -
H ) , 6.50 ( I H , d, J= 10 Hz, G 2 - H ) , 6.67 ( IH , s, G 1 4 -H) , 
6.74 ( I H , s, G 1 2 - O H , disappeared on deuteration), 7.33 
( I H , s, G n - H ) . Found : G, 80.42; H , 8 .91%. Galcd for 
G 2 0 H 2 6 O 2 : G, 80.49; H , 8 .78%. T h e I R and N M R spectra 
of the synthetic 1 were identical with those of natural sho­
nanol. 

7 2~Acetoxyabieta-2 ß ,7 7,7 3-tetraen-7-one (17). A solu­
tion of 1 (39.4 mg) a n d acetic anhydride (0.3 ml) in pyridine 
(1.0 ml) was heated at 80—85 °G for 1.5 h. After the usual 
work-up, the crude product was chromatographed on silica 
gel (5.0 g) , using e ther-benzene (1:99) as the eluent, to 
give 17 (37.0 m g : 82.3%) as an oil, [a ] D + 2 9 5 ° (c 0.285); 

I R : 1752, 1678 c m - 1 ; N M R (90 M H z ) : 1.17 (6H, s, - G -
(GH3)2) , 1.18 (6H, d, J=l Hz , - C H ( C H 3 ) 2 ) , 1.47 (3H, s, 
G 1 0 -GH 3 ) , 2.25 (3H, s, - O G O C H 3 ) , 5.80 ( I H , d, 7 = 1 0 
Hz, G 3 - H ) , 6.40 ( I H , d, 7 = 1 0 Hz, G 2 -H) , 6.82 ( IH , s, 
G 1 4 -H) , 7.31 ( I H , s, G n - H ) . Found : G, 77.71; H , 8.48%. 
Galcd for G 2 , H 2 8 0 3 : G, 77.61; H, 8.29%. 

T h e a u t h o r s a r e g ra te fu l to A r a k a w a C h e m i c a l Go . 
L t d . for a g e n e r o u s gift of ros in . T h a n k s a r e also 
d u e to Professor Y . T . L i n for k i n d l y s u p p l y i n g t h e 
s p e c t r a l d a t a of n a t u r a l s h o n a n o l . 
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12-Molybdophosphoric acid effective for oxidation of crotonaldehyde to furan was modified in two ways; 
by adding various cations and by replacing Mo with V or W. Among cations caesium was proved to be most 
effective in improving the furan yield, by decreasing reactivity of product furan relative to crotonaldehyde, thus 
minimizing the secondary oxidation of furan to maleic anhydride. The highest efficiency of caesium is 
associated with its high basicity, while the active catalyst species responsible for the furan formation is acidic 
in nature. The replacement of Mo by V or W gave rise to decreased activity, in contrast to other oxidations 
on the same catalyst. The unique character of crotonaldehyde oxidation is discussed. 

It is known that acrylaldehyde and methacrylalde­
hyde are oxidized to acrylic acid and methacrylic 
acid, respectively, over V 2 0 5 - or MoO a-based cata­
lysts, while crotonaldehyde is oxidized to furan, in­
stead of crotonic acid on the same catalyst.1) Recently, 
it was found that heteropoly compounds such as 12-
molybdophosphoric acid are effective as catalyst for 
the furan formation from crotonaldehyde and that 
an acidic caesium salt of 12-molybdophosphoric acid 
gives a higher yield than the 12-molybdophosphoric 
acid.2> 

It would be of interest to see how the yield of furan 
is affected by modification of the 12-molybdophos­
phoric acid catalyst. The present paper deals with 
the effect of partial relpacement of the catalyst protons 
by various cations and that of the catalyst molyb­
denum by vanadium or tungsten on the catalytic 
performance. 

Experimental 

Catalysts. Two series of supported heteropoly com­
pounds were used: (i) The first series of catalysts are 
represented by a general equation of Mar/nH3_a.PMo12O40 

where M represent an n valent cation and 0 < # < 3 is the 
extent of proton replacement. The cation M was intro­
duced by adding carbonate (alkali, Ag, and Ba), acetate 
(Mn, Co, Cu, and Ni), or nitrate (Fe and Bi) to aqueous 
solution of H3PMo12O40 followed by deposition on pumice 
by evaporation to dryness. Other procedures were the 
same as previously reported.2) (ii) The second series of 
catalysts are H3PMo6W6O40, H4PMonVO40 , and H5PMo10-
V2O40. The H3PMo6W6O40 catalyst was prepared by mix­
ing aqueous solutions of H3PMo12O40 and H3PW12O40 (Kanto 
Chemical Co. Inc.). H5PMo10V2O40 was synthesized fol­
lowing a procedure reported by Tsigdinos.3> The H 4PMo n -
VO40 catalyst was prepared by mixing aqueous solutions 
of H5PMo10V2O40 and H3PMo12O40. Other procedures 
were the same as those for the series (i). 

Reaction Procedures. The vapor-phase oxidation of 
crotonaldehyde was carried out in an ordinary continuous-
flow system. The reactor and the experimental procedures 
were the same as those employed in the preceding work.2) 

Results 

Effect of Cs+. The oxidation of crotonaldehyde 
was carried out over a series of Csa.H3_a.PMo12O40 

catalysts with x=0, 0.5, 1.0, 1.5, and 2.0 (amount 

320 340 360 360 
Reaction temperature/ÔC 

Fig. 1. Variation of furan yield with reaction tem­
perature. 
Catalysts = Csa?H3_a.PMo12O40. Caesium con tent (x): 
( • ) = 0 , (D) = 0.5, O ) = 1.0, (A) = 1.5, (O) = 2.0. 

of catalyst u s e d = 2 0 g), using a fixed concentration 
of reaction mixture: C 4 H 6 0 / 0 2 / H 2 0 / N 2 = 1.66/6.6/7.6/ 
84.1 m o l % and a total flow rate of 1.01/min. Varia­
tion of furan yield with reaction temperature are 
shown for the Cs-exchanged catalysts in Fig. 1. The 
catalytic activity to give furan clearly decreases with 
increase in the caesium content at a fixed tempera­
ture, while the maximum yield of furan attained at a 
different temperatures increases with increase in caesi­
um content up to # = 1 . 0 , and remains constant at 
about 40 mol % in the range of x=\ to 2. 

The yield of furan is plotted as a function of the 
overall conversion of crotonaldehyde in Fig. 2. The 
furan yield increases with increase in the conversion 
and passes a maximum. The conversion of crotonal­
dehyde to give the maximum yield of furan increases 
from 83 to 9 2 % with the addition of caesium up to 
# = 1 . 0 and remains almost constant at 92 to 9 5 % 
in the range of J f=1 .0 to 2.0. As demonstrated in 
the preceding papers the product furan is consecutively 
oxidized to maleic anhydride on the heteropoly-acid 
catalyst so that the maximum yield of furan is deter­
mined by reactivity of furan relative to crotonaldehyde 
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60 70 80 90 100 
Conversion/ % 

Fig. 2. Yield of furan as a function of the overall 
conversion of crotonaldehyde. 
Catalysts^Cs^Hg-^PMojaO^. Casesium content(x) : 
( • ) = 0, (D) = 0.5, (3 ) = 1.0, (A) = 1.5, (O) = 2.0. 

E 
u 
E 
X 

21 

Fig. 4. Effect of caesium content on the yields of furan, 
maleic anhydride, GO, and C 0 2 at a conversion of 
85 to 90%. 
(0 ) = Furan, (A) = maleic anhydride, (# ) = l /4CO, 
( 3 ) = l / 4 C0 2 , catalysts=Csa.H3_a.PMo12O40. 

Fig. 3. Effect of the caesium content on the rate of 
furan formation and that of furan consumption. 
rj = Rate of furan formation from crotonaldehyde, 
r2=rate of furan consumption, catalysts = CsxH.3-x-

on the catalyst. The observed increase in the maxi­
m u m yield of furan suggests that the reactivity ratio 
of furan to crotonaldehyde decreases with the cae­
sium addition up to # = 1 . 0 . 

I n order to examine the relative reactivity of furan, 
initial rate of furan formation from crotonaldehyde 
(concentration = 1.66 m o l % ) , rl9 and that of furan con­
sumption (concentra t ion=0.96 m o l % ) , r2, were deter­
mined at 330 °C over the Cs-exchanged catalysts. 
The results are shown in Fig. 3. The ratio rjr^ really 
increases wTith x up to x = 1 . 0 and remains constant 
in the range of x = 1 . 0 to 2.0 in agreement with the 
above suggestion. 

Fig. 5. Effect of the content of univalent cations on 
the maximum yield of furan. 
Catalysts=M*H3_*PMo12O40, (0 ) = Cs+, (<»=Rb+, 
(D) = K+, (©) = Na+, (» ) = Li+, (A) = NH4+. 

The yield of furan, maleic anhydride, C O , and C 0 2 

obtained at a conversion of 85 to 9 0 % are shown in 
Fig. 4 as a function of x. I t is seen that the product 
distribution is much less affected by the caesium con­
tent up to # = 2 . 0 than in the range x>2. I t is clear 
that the x value should be kept below 2 to give higher 
yield of furan. 

Effect of Univalent Cations. Analogous effect of 
other univalent cations was examined with Li+, Na+, 
K + , Rb+, and NH4+. Figure 5 shows variation of 
the maximum yield of furan as a function of x. The 
maximum yield was mostly attained at the aldehyde 
conversion of about 90 to 9 5 % . I t is seen that the 
maximum yield of furan generally increases with x 
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40 
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Fig. 6. Effect of the content of univalent cations on 
the rate of furan formation. 
Temperature = 330 °G. Catalysts=M;BH3_a,PMo12O40, 
(0 ) = Cs+ (D) = K+, (®) = Na+, 0 ) = l i+, (A) = 
NH4+. 

Fig. 7. Maximum yield of furan obtained with the 
M2/nHPMo12O40 catalysts as a function of the electro­
negativity of metal cation, X t. 

value up to respective maximum, while the yield of 
furan at the maximum decreases in the order of C s + > 
N H 4 + > R b + > K + > N a + . It is clear that caesium is 
the most effective in improving the furan yield. 

Thus, the effect of alkali substitution on the initial 
rate of furan formation was examined at 330 °G. As 
shown in Fig. 6 as a function of x value, the inhibitive 
effect of cation is largest with Cs+, less marked with 
K+ and NH4+, and nondetectable with Li+ and Na+. 
The large inhibitive effect of Cs+ seems to be associated 
with the favorable results on Gs-catalyst. 

Effect of Other Cations. Analogous effect of other 
cations was studied with Fe3+, Bi3+, Gu2+, Ni2+, Co2+, 
Mn 2 + , Ba2+ , and Ag+. No clear improvement in the 
oxidation activity was observed by the addition of 

300 320 340 360 3S0 

Reaction temperature/°C 

Fig. 8. Yield of furan obtained on H3PMo12O40, 
H3PMo6W6O40, H4PMonVO4 0 j and H5PMo10V2O40 

catalysts. 
(O) = H3PMo12O40, (A) = H3PMo6W6O40, « » = 
H4PMouVO4 0 , (D) = H5PMo10V2O40. 

these cations up to x=2. Summarizing the effect of 
metal cations examined above, imporvement in furan 
yield is generally made by more basic elements. Thus , 
the maximum yield of furan obtained on the series 
(i) catalysts with x=2 are plotted against the elec­
tronegativity of metal cation, Xv which can be regard­
ed a parameter of acidity of cation. Although the 
reaction temperature to give the maximum yields were 
different from each other, it is apparent from Fig. 
7 that the maximum furan yield decreases with in­
crease in the acidity of metal cation added, in agree­
ment with the above generalization. 

Replacement of Mo Atom in H3PMo12Ow by W or V. 
The oxidation of crotonaldehyde was carried out on 
the series (ii) catalysts under the same reaction con­
ditions as adopted for the series (i) catalysts. T h e 
results obtained on H 3 PMo 6 W 6 O 4 0 , F ^ P M o n V O ^ , and 
H 5 PMo 1 0 V 2 O 4 0 catalysts are compared with those of 
H 3 PMo 1 2 O 4 0 catalyst in Fig. 8. I t is clear that the 
replacement of Mo atom of H 3 PMo 1 2 O 4 0 by W or V 
results in decreases in the oxidation activity as well 
as in the maximum yield of furan. 

D i s c u s s i o n 

As demonstrated by the above results, the attainable 
furan yield in the oxidation of crotonaldehyde on the 
heteropoly acid catalysts is improved by adding basic 
element to the catalyst. Since complete replacement 
of the acidic proton results in loss of the catalytic 
activity, the improvement is likely caused by a partial 
neutralization of the acid. The result shown in Fig. 
3 clearly demonstrated that the high furan yield is 
realized by increase in stability or decrease in reac­
tivity of furan relative to crotonaldehyde on the cata­
lyst surface. T h e reactivity decrease by the incorpora-
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tion of caesium ion is associated with a decrease in 
acidity,4) in conformity with the partial neutraliza­
tion suggested above. T h e results shown in Fig. 7 
suggest that the highest yield obtained with the C s -
H P A catalyst is ascribed to the highest basicity of 
caesium. Indeed other elements of less basicity are 
less efficient in reducing reactivity of crotonaldehyde 
as shown in Fig. 6. 

O n the other hand, the reactivity decrease caused 
by the incorporation of basic element indicates an 
active site acidic in nature. I t is reported in the 
preceding paper that the rate of furan formation in­
creases with partial pressure of water vapor.2) In con­
nection with this, it is known that enoHzation of croton­
aldehyde requires water, i.e.5) 

OH 

CH3-CH=CHCHO ; r J - J ' - * CH3-CH-CH=CHOH. 

Since the trans-form predominates in crotonaldehyde, 
it is required to take a cis-form before cyclization 
to furan. The water-enhanced enoHzation would pro­
vide a chance for cyclization. Thus the water-pro­
moted furan formation can be understood in terms 
of acid catalysis as suggested by the inhibitive effect 
of caesium. The enhancement of enoHzation would 
be another role of water in addition to the enhancement 
of furan desorption as suggested in the previous paper.2) 

The effect of caesium addition to heteropoly acid 
catalyst is also known with oxidation of methacryl-
aldehyde,4) isobutyraldehyde,6) butadiene,7) and ethyl 
methyl ketone.4) I t is commonly observed that the 
catalytic activity increases with the caesium addition 
up to x=2, in a striking contrast to the present result. 
I t is accordingly suggested that the nature of present 
oxidation of crotonaldehyde is quite different from 
others. Indeed, the oxidation of crotonaldehyde is 
unique in the kinetic behavior. T h e rate of furan 
formation is nearly zero order with respect to oxygen 
pressure,2) whereas the rates of other oxidations are 
0.5 to 1.0 order in oxygen.4) This would be reasonable 
in view of the difference in the oxidation reaction to 

be undertaken. Methacryladehyde is oxidized to 
methacrylic acid, while crotonaldehyde is oxidized to 
furan, on the same catalyst. Since no furan formation 
was found in the oxidation of crotonic acid on the het-
eropoly-acid catalyst, crotonic acid cannot be the in­
termediate from crotonaldehyde to furan. Thus it is 
clear that the oxidation of crotonaldehyde is com­
pletely different from that of methacrylaldehyde al­
though they are structural isomers. This difference 
in the nature of oxidation reaction should give rise 
to difference in the type of activation of reactant 
molecule.4) 

The last results shown in Fig. 8 may be understood 
on the ground of above concept. Partial replacement 
of M o in H 3 PMo 1 2 O 4 0 with V is reported to enhance 
the oxidation of methacrylaldehyde8) or isobutyral­
dehyde,9) while it results in decrease in the activity 
to form furan from crotonaldehyde. It is likely that 
the replacement with V increases oxidizing activity 
which is essential for those oxidations, while modifies 
the acidic nature which is essential for the furan for­
mation. 
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The reagent formed by the reaction of diethyl azodicarboxylate (1) and triphenylphosphine (2) reacted with 
alcohols and ethyl cyanoacetate (6) to give alkylated products in 30—80% yields. When ethyl acetoacetate, 
1,3-cyclopentanedione, or 1,3-cyclohexanedione was used in place of 6, the corresponding O-alkylated products 
were obtained. The reaction of either (S)-(-)-ethyl lactate or (£)-( — )-ethyl 2-hydroxy-3-phenylpropionate 
with 1, 2, and 6, followed by hydrolysis resulted in the formation of (S)-( — )-methylsuccinic acid or (£)-( — )-
benzylsuccinic acid. The results indicate that nearly complete inversion of the configuration takes place in the 
alkylation step. 

Alkylation of anions derived from active methylene 
compounds furnishes a synthetically useful reaction 
producing carbon to carbon bonds. A number of 
bases are effective for removing a proton from the 
carbon atom alpha to an electron-withdrawing group, 
but only a few alkylating reagents are utilized in the 
alkylation of the carbanions.3^ 

I t was reported that the reaction of diethyl azodi­
carboxylate (1) and triphenylphosphine (2) in the 
presence of an alcohol and an acidic component gives 
an alkoxyphosphonium salt intermediate (5) which 
functions as a versatile alkylating reagent.4) The re­
action seems to proceed through (a) addition of 2 
to 1 giving a quaternary phosphonium salt (3),5> (b) 
protonation of 3, (c) formation of an alkoxyphospho­
nium salt (5), and (d) £*N2 type displacement of the 
resulting species 5 as shown in Scheme 1. 

0 0 0 0 
Et0-C-N=N-C-0Et + Ph3P > Et0-C-N-N='C-0Et 

1 2 Ph3P* 
3 

HY 9 9 
— — > E tO-C-N-NH-C-OEt-Y" 

Ph3P+ 

4 

R 0 H > Ph 3 P-0R Y" + Et0-C-NH-NH-C-0Et 

5 

' > RY + Ph 3P=0 

Scheme 1. 

Acidic components (Scheme 1 ; YH) alkylated by 
this method include phosphoric mono- and diesters, 
carboxylic acids, imides, phenols, and oximes. Not 
only simple alcohols but also complex hydroxy com­
pounds such as nucleosides, carbohydrates, and steroids 
can be used.4) This paper deals with the alkylation 
of acyclic and cyclic active methylene compounds by 
the above reaction. 

Alkylation of Ethyl Cyanoacetate. The alkylation 
of ethyl cyanoacetate (6) was carried out under the 
same conditions as for the preparation of carboxylic 
esters.6) Thus, 1 was added to a solution of 1-propanol, 

2, and 6 in tetrahydrofuran (THF) at room tempera­
ture (Procedure A). No alkylation of 6 took place, 
4 5 % of 6 being recovered. Similarly, no alkylated 
product was obtained when the reaction was carried 
out at —10 15 °G. O n the other hand, when 1 
was added to 2 in T H F at —10 15 °G, followed 
by the addition of 6 and 1-propanol (Procedure B) 
and the reaction was continued for 1 h, ethyl 2-cyano-
pentanoate (7; R = C 3 H 7 ) was isolated in 2 9 % yield 
along with dialkylated product, ethyl 2-cyano-2-propyl-
pentanoate (8; R = C 3 H 7 ; 3—4%). A small amount 
of diethyl iV-propylhydrazine-AfJV'-dicarboxylate (9; 
R = C 3 H 7 ) was also obtained (Scheme 2). 

ROH + NC-CH2-C02Et — — — > 

6 

NC-CHR-C02Et + NC-CR2-C02Et + Et02C-NH-NR-C02Et 

7 8 9 

> ^ X)C3H7 

10 

Scheme 2. 

In Procedure B, a white fine precipitate is sometimes 
observed in the initial 5—10 min (1—2 mmol each 
of 1 and 2/2—3 ml of T H F ) . Complete disolution 
takes place on addition of alcohol and 6, 7 ( R = G 3 H 7 ) 
being obtained in a comparable yield as above. No 
identification has yet been made but the precipitate 
seems to be an intermediate in the reaction. Since 
stirring of the slurry of the adduct is difficult, the 
alcoholic and acidic components are added preferably 
before the precipitation of adduct. 

I t was found that various alcohols can also enter 
into the reaction under similar conditions. The re­
sults are summarized in Table 1. 

The formation of 9 suggests that both ethyl cyano­
acetate anion and diethyl hydrazinedicarboxylate anion 
exist in the reaction mixture at equiliblium, the product 
ratio (7/9) depending on relative acidity of 6 and 
diethyl hydrazinedicarboxylate as well as the nu-
cleophilicity of their anions (Scheme 3).7) 
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T A B L E 1. ALKYLATION OF ETHYL CYANOACETATE (6) BY PROCEDURE B 

Reactant (mmol) N G - G H R - G O a G a H 5 

R O H 

R 1 and 2 6 

O H Reaction t ime/h 

XX\x ^°C; rt' room 

I O I 
temperature) 

Yield N M R (GG14) 
d/ppm 

G3H7 

Cri» - C H C H , 

E t O a C . 

C H / 
(dl) 

G H 

Et0 2 C, 

C . H , / 
(dl) 

M e 0 2 G 
i 

G H 

o 
C H 3 G H 

(dl) 

2 3 2 0 l ( - 2 0 ) , 7 ( - 2 0 — 51a) 
0), 10(rt) 

4 3 2 0 l ( - 2 0 ) " ) 29c> 

4 3 2 0 48 ( -20 ) b > 30d> 

4 2 2 0 2(rt) 43e> 

1.3 1.5 1 1 10(rt) 24f> 

3 4 . 5 3 0 24(rt) 45s) 
3 4 . 5 3 3 24(rt) 62s) 

54 70 54 0 5 ( - 3 0 20), 12 83 
( - 1 0 ) , 10(0), 120 
(rt) 

30 40 30 40 12(0), 120(rt) 74 

2 1.5 1 0 24(rt) 67 
2 1.5 1 1.5 24(rt) 79 

0.8—1.2 (m, C H 3 C H 2 C H 2 - ) , 1.35 (t, CH 3 -
G H 2 0 - ) , 1.1—2.2(m, GH 3 GH 2 GH 2 - ) , 3.35 
(t, N G C H - ) , 4.3 (q, C H 3 C H 2 0 - ) 

1.3(t, GH 3 ) , 2.5—2.75(3 lines, =CHCH 2 - ) , 

3.4—3.65(3 lines, N G C H - ) , 4.22(q, G H 2 0 - ) , 

4.9—6.2 (m, vinyl H) 

1.3 and 1.32 (two t, C H 3 C H 2 - ) , 1.4(d, 
GH 3 GH<), 2.7—3.35(m, GH 3GH<), 3.45— 
3.9(4 lines, N C C H - ) , 4.15 and 4.25 (two q, 
C H 3 C H a O - ) 

0.9(m, C H 3 ( C H 2 ) 4 - ) , 1.3 and 1.35(two t, 
C H 3 C H 2 0 - ) , 1—2.2(m, CH 3 (CH 2 ) 4 - , 2.7— 
3.2(m, C 5 H n C H - ) , 3.65—3.95(4 lines, 
N C C H - ) , 4.18 and 4.25 (two q, CH 3 GH 2 - ) 

1.15 and 1.2 (two t, C H 3 C H 2 - ) , 1.5(d, 
G H 3 G H - ) , 3.25—3.8(m, N G - G H G H - ) , 4.1 
and 4.15 (two q, C H 3 C H 2 - ) , 7.35 and 7.95 
(AA'BB', aromatic H) 

a) 12 and 17% yields of 
c) 3—4% yield of 8 (R = G 
yield of 8 (R = C H 2 = C H C H 2 

8 ( R = C3H7) and 9 (R = C 3H 7 ) , respectively, 2 3 % of 6 recovered, b) Procedure G. 
,H7). d) 7% yield of 8 ( R = C 3 H 7 ) . e) 10% yield of 8 (R = GH 2 =GHCH 2 - ) . f) 2 1 % 
- ) , 2 9 % of 6 recovered, g) 10% yield of 9 (R = E t 0 2 G ( G H 3 ) G H ) . 

+ _ (Et02C-NH)2 

Ph3P-OR-NC-CH-C02Et < * PNP-OR-EtOzC-N-NH-CC^Et 
NCCHzCOzEt 

Scheme 3. 

T h e yie lds of t h e a l k y l a t e d p r o d u c t s a r e n o t so 
h i g h as c o m p a r e d w i t h those o b t a i n e d in t h e a lky la -
t ion of re la t ive ly s t r ong ac id s u c h as p h o s p h o r i c 
diesters,8) c a r b o x y l i c acids,6) o r imides . 9 ) A possible 
e x p l a n a t i o n of t h e dif ference is o b t a i n e d if a p r o t o n a t e d 
p h o s p h o n i u m sal t (4) is a s s u m e d to b e a n ac t ive i n t e r ­
m e d i a t e for t h e f o r m a t i o n of a n a l k o x y p h o s p h o n i u m 
salt (5) . I n t h e r e a c t i o n of 6 , e q u i l i b r i u m is n o t 
f avorab le to p r o t o n a t e d fo rm ( 4 ; Y = C H ( C N ) C 0 2 E t ) 
b e c a u s e of its l ow ac id i ty . I n o r d e r to inc rease t h e 
c o n c e n t r a t i o n of t h e p r o t o n a t e d fo rm in e q u i l i b r i u m , 
a lky l a t i on of 6 b y v a r i o u s a lcohols w a s e x a m i n e d in 
t h e p r e s e n c e of 2 ,6 -d i -^ -bu ty lpheno l as a p r o t o n source . 
T h e yie lds of a l k y l a t e d p r o d u c t s i nc rea sed to s o m e 
e x t e n t , b u t n o m a r k e d effect of t h e p r o t o n source w a s 
obse rved ( T a b l e 1) . W h e n 2 ,6 -d i -£ -bu ty l -4 -n i t ropheno l 
w a s used in p l a c e of 2 , 6 -d i - / - bu ty lpheno l , a n a a - n i t r o 
es ter (10)1 0) w a s o b t a i n e d in 7 0 % yield w i t h a 6 7 % 
r e c o v e r y of 6. 

Alkylation of Ethyl Acetoacetate. T h e r e a c t i o n of 
e thy l a c e t o a c e t a t e (11) w i t h 1, 2 , a n d 2 - p r o p a n o l 

w a s c a r r i e d o u t b y P r o c e d u r e B g iv ing e t h y l 3-iso-
p r o p o x y - 2 - b u t e n o a t e ( 1 2 a ) , 3 - [ l , 2 - b i s ( e t h o x y c a r b o n y l ) -
h y d r a z i n o ] - 2 - b u t e n o a t e (14 ) , a n d 3 - [2 - i sopropy l - l , 2 -
b i s ( e t h o x y c a r b o n y l ) h y d r a z i n o ] - 2 - b u t e n o a t e (15a) in 17, 
16, a n d 1 2 % yie lds , respec t ive ly . C o n t r a r y to the 

case of a lky l a t i on of 6, t h a t of 11 took p l ace even 
a t r o o m t e m p e r a t u r e b y P r o c e d u r e A g iv ing 12a, 
14, a n d 15a in 6, 40 , a n d 8 % yields, respect ively 
( S c h e m e 4 ) . N o C-a lky la ted p r o d u c t (13a) cou ld b e 
iso la ted in these r eac t i ons . 

OR 
CH3C=CHC02Et CH3C-CHR-C02Et 

12 13 

Et02C-N-NH-C02Et Et02C-N-NR-C02Et 
CH3C=CHC02Et CH3C=CHC02Et 

14 15 

a : R = (CH3)2CH 

b: R = CH3CH2CH2 

Scheme 4. 

T h e s ide p r o d u c t 14 w o u l d b e fo rmed via a vinyl-
o x y p h o s p h o n i u m salt (16) w h i c h arises f rom t h e r e a c ­
t ion of 3 w i t h 11 (enol f o r m ) . Col lapse of 16 by a n 
a d d i t i o n - e l i m i n a t i o n process g a v e rise to 14 a n d tr i -
p h e n y l p h o s p h i n e ox ide ( S c h e m e 5 ) . T h e a s s u m p t i o n 
is s u p p o r t e d b y t h e r e a c t i o n of 11 w i t h 1 a n d 2 in 



July, 1981] Alkylation of Active Methylene Compounds 

TABLE 2. ALKYLATION OF ETHYL ACETOACETATE (11) 

2109 

R O H 
R 

(GH 3) 2CH • 

G3H7 

Reactant( i 

f 4 

! 4 

[ 4 
f 4 

8 
8 

40 
^ 40 

nniol) 

1 and 2 

3 
3 
3 

3 
5 
5 
5 
5 

11 

2 
2 
2 

2 
4 
4 
4 
4 

Procedure 

A 
B 
G 

A 
B 
G 
A 
G 

Reaction t ime/h 
(°G; rt, room 
temperature) 

48 (rt) 
48 ( - 2 0 ) 
48 ( - 2 0 ) 

24 (rt) 
24 ( - 2 0 ) 
48 ( - 2 0 ) 
72 (rt) 
72 ( - 2 0 ) 

Products yield/% 

12 13 

6a> 0 
17b> 0 
35 0 

18c> 0 
18 0 
37 0 
29 6 
30 6 

a) 40 and 8% yields of 14 and 15a, respectively, b) 16 and 12% yields of 14 and 15a, respectively, c) 
8 and 6% yields of 14 and 15b, respectively. 

TABLE 3. ALKYLATION OF 1,3-CYCLOHEXANEDIONE 

Rea< 

R O H 

(GH 3 ) 2 CH 

^tant(mmol)a> 

1 and 2 

CM
 CM

 
CO

 C
O

 

CM
 CM

 
CO

 C
O

 

Procedure 

A 
B 

A 
B 

Reaction t ime/min 
(°G; rt, room 
temperature) 

35 (rt) 
50 ( - 2 0 ) 

60 (rt) 
60 ( - 2 0 ) 

Products 

18 

81 
74 

36 
40 

yield/% 

19 

CO
 C

O
 

a) 1,3-Cyclohexanedione; 1.5 mmol. 

the absence of an alcoholic component where 14 was 
obtained in 6 8 % yield. Compound 15 would be 
produced through a similar intermediate 17. 

ÇH 
3 + CH3C=CHC02Et 

9 - P P h 3 - -Ph3P=0 
•CH3C=CHC02Et-Et02C-N-NH-C02Et - » U 

16 

Et02C-NH-NR-C02Et 

9 _ P P h 3 - -Ph3P=0 
CH3C=CHCQ2Et'Et02C-N-NR-CQ2Et >15 

17 

a :R = (CH3)2CH 

b:R=CH3CH2CH2 

Scheme 5. 

In order to suppress the formation of undesirable 
14 and 15a, 2-propanol (2 equivalents) and 11 were 
successively added to the reaction mixture of 1 with 
2 at —10 20 °G (Procedure G). By this procedure, 
the yield of 12a increased to 3 5 % . 

Similarly, the reaction of 1-propanol with 11 by 
Procedure A or B resulted in the formation of O-alkylat-
ed product (12b) in 1 8 % yield, the yield increasing 
to 3 7 % by Procedure C. When 1-propanol was used 
in large excess (10 equivalents), the C-alkylated prod­
uct (13b) was formed in 6—10% yield along with 
12b (30%). The results are summarized in Table 2. 

Alkylation of Cyclic 1,3-Diketone. In contrast to 
the case of acyclic active methylene compounds, the 
alkylation of cyclic 1,3-diketones proceeded smoothly 
in a perior of 0.5—1 h, giving O-alkylated products 

in good yields. Thus, when 1,3-cyclohexanedione was 
allowed to react with 2-propanol, 1, and 2, 3-isopro-
poxy-2-cyclohexenone (18a) was isolated by Procedures 
A and B in 74% and 8 1 % yields, respectively. When 
l-penten-3-ol was used in this reaction (Procedure 
B), 3- ( 1 -ethyl-2-propenyloxy) -2-cyclohexenone ( 18b) 
and 3- ( 1 -ethyl-2-propenyloxy) -2- ( 1 -ethyl-2-propenyl) -2-
cyclohexenone (19) were obtained in 40 and 1 3 % 
yields, respectively (Scheme 6; Table 3). The reac­
tion of 1,3-cyclopentanedione with l-penten-3-ol by 
Procedure A resulted in the formation of 3-(l-ethyl-
2-propenyloxy)-2-cyclopentenone (20) in nearly quan­
titative yield. 

cX, ÖC A 
18 

a:R=(CH3)2CH 

b:R=CH2=CHCH 

C2H5 

19 

>=CHÇ 
:2H5 

Scheme 6. 

0-CHCH=CH 
C2H5 

R= CH2=CHCH 
C; 

20 

Stereochemistry. Intermolecular dehydration be­
tween an optically active alcohol and active hydrogen 
compounds by the use of 1 and 2 proceeds through 
the inversion of the configuration at the carbon atom 
bonded to hydroxyl group.4) 

The inversion of configuration was observed in the 
alkylation of 6. Thus, (S>(—)-ethyl lactate (21a) re­
acted with 6 in the presence of 1 and 2 to give diethyl 
2-cyano-3-methylsuccinate in 6 1 % yield. O n hydrol­
ysis, methylsuccinic acid (22a) with [a]D —15.1° was 
obtained. This indicates that complete or nearly com­
plete inversion of the configuration at the reaction 
site takes place in the alkylation step. Similarly, (6*)-
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(—)-e thy l 2 - h y d r o x y - 3 - p h e n y l p r o p i o n a t e (21b) w a s 
c o n v e r t e d i n t o op t i cca l ly p u r e (£*)-( —)-benzy l succ in i c 
ac id (22b) ( S c h e m e 7) . 

R>C-C02Et • 
" OH 

21 
a:R=CH3 

b:R=PhCH2 

1 * 2 * 6 u > Ç " C ° 2 ^ H30* 

NOCH-C02Et 

Scheme 7. 

Jc-C02H 
CHrC02H 

22 

Concluding Remarks. T h e r e a g e n t fo rmed b y t h e 
r e a c t i o n of 1 a n d 2 cou ld b e u t i l i zed in d i r e c t con­
d e n s a t i o n b e t w e e n a lcohols a n d ac t ive m e t h y l e n e c o m ­
p o u n d s . T h e r e a c t i o n p r o c e e d s u n d e r m i l d n e u t r a l 
cond i t i ons w i t h invers ion of con f igu ra t i on a t t h e r e a c ­
t ion si te. I n sp i te of s o m e r e d u c e d yie lds , a h i g h 
d e g r e e of s tereospecif ici ty is obse rved . T h e r e a c t i o n 
m i g h t p r o v i d e a n effective p r o c e d u r e for t h e synthesis 
a n d t r a n s f o r m a t i o n of n a t u r a l p r o d u c t s . 

T h e fact t h a t t h e a lky l a t i on of 1 ,3-d icarbonyl c o m ­
p o u n d s m a i n l y gives O-a lky la ted p r o d u c t s suggests t h a t 
t h e a l k o x y p h o s p h o n i u m sal t i n t e r m e d i a t e is a h a r d e r 
a l k y l a t i n g r e a g e n t t h a n a lkyl ha l ides a n d a lkyl sul­
fonates.1 1) S te r i c i n t e r a c t i o n b e t w e e n a l k o x y p h o s p h o ­
n i u m sal t h a v i n g t h r e e b u l k y p h e n y l g r o u p s a n d a m -
b i d e n t a n i o n d e r i v e d f rom t h e d i c a r b o n y l c o m p o u n d 
w o u l d also favor O-a lky la t ion . 

D i e t h y l m a l o n a t e c a n n o t e n t e r i n t o t h e a l k y l a t i o n 
reaction,2 1 3) sugges t ing t h a t a n a c t i v e m e t h y l e n e c o m ­
p o u n d to b e a l k y l a t e d shou ld b e m o r e ac id i c t h a n 
d i e thy l h y d r a z i n e d i c a r b o x y l a t e for a c h i e v e m e n t of t h e 
r e a c t i o n . 

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

T h e reaction was carried out under anhydrous conditions. 
Anhydrous tetrahydrofuran (THF) was obtained by dis­
tillation from sodium benzophenone ketyl. Unless other­
wise stated, the products were isolated by preparat ive layer 
chromatography (PLC) carried out on Kieselgel 60 PF 2 5 4 

(Merck) or Wakogel-B5 plates (20 cm X 20 cm or 20 cm X 
30 cm), visualization being made by U V light or iodine 
vapor. Nuclear magnetic resonance spectra were measured 
on a Hitachi R-20 spectrometer (60 M H z ) using tetramethyl-
silane as an internal s tandard. 

Alkylation of Ethyl Cyanoacetate. Procedure A : A solu­
tion of 1 (522 mg, 3 mmol) in T H F (2 ml) was added drop-
wise to a solution of 2 (787 mg, 3 mmol) , 6 (226 mg, 2 mmol) , 
and 1-propanol (240 mg, 4 mmol) in T H F (6 ml) at room 
temperature. The solution was stirred at room temperature 
for 2 d . No alkylated product could be obtained, 4 5 % 
of 6 being recovered. 

Procedure B: A solution of 1 (1.3—1.5 mmol) in T H F 
(0.5 ml) was added dropwise to a solution of an equimolar 
amount of 2 in T H F (3 ml) stirred in an ice-salt ba th . T h e 
intermediate formed in solution by this procedure will be 
referred to as " adduc t . " A few min after mixing the com­
ponents, a solution of 6 (1 mmol) and an alcohol (1—2 
mmol) in T H F (3 ml) was added at this temperature . Stir­
ring was continued under the conditions shown in Table 1. 

Reaction in the Presence of 2,6-Di-t-butylphenol. T o the 
adduct was added a solution of 1 mmol each of 6, 2,6-di-J-
butylphenol, and an alcohol in T H F (3 ml) at —20 °G. 
The solution was stirred for appropriate periods of time 

(Table 1). 
Reaction in the Presence of 2,6-Di-t-butyl-4-nitrophenol. T o 

the adduct prepared from 3 mmol each of 1 and 2 in T H F 
(4.5 ml) was added all at once a solution of 1-propanol (4 
mmol) and 2,6-di-J-butyl-4-nitrophenol (754 mg, 3 mmol) 
in T H F (3 ml) . A solution of 6 (2 mmol) in T H F (2.5 
ml) was then immediately added over a period of 20 min 
and the resulting solution was kept standing at — 20 °G 
for 10 h. T h e products were separated by P L C (benzene) 
giving 10 in 70% (617 mg) yield and recovered 6 (67%). 
Compound 10 was again applied to silica-gel plates and 
developed with e ther-petroleum ether (1:5) to give semi-
crystalline sirup which crystallized on trituration with pe­
troleum ether, subliming at 138—141 °G. N M R (GG14) Ô 
1.8—2 (m, C H 3 C H 2 ) , 1.13 (s, *-C4H9), 4.25 (t, G H 2 0 ) , 
7.28 and 7.5 (AB q, J = 3 Hz, 2H, vinyl H ) . 

Preparative Scale Experiment. Reaction with Ethyl 2-Hydroxy-
heptanoate. A solution of 6 (54 mmol) and ethyl 2-
hydroxyheptanoate (9.387 g, 54 mmol) in T H F (25 ml) was 
added dropwise at —20 30 °G to a solution of the adduct 
prepared from 70 mmol each of 1 and 2 in T H F (20 ml) . 
After the solution had been stirred at —30 20 °G for 
5 h , - 1 0 ° C for 12 h, at 0 °G for 10 h, and then at room 
temperature for 5 d, the solvent was removed under reduced 
pressure. Ether (30 ml) was added to the residue and 
precipitate was filtered off. T h e nitrate was evaporated 
and the residue was applied to a silica-gel column (Wakogel 
G-200, 4 cm X 30 cm) and eluted with benzene. Diethyl 
2-cyano-3-pentylsuccinate was obtained in 8 3 % yield and 
purified by distillation; 6 4 % , bp 119—122 °G/0.25 Torr 
(l Tor r =133.322 Pa ) . 

T h e ester was treated with coned HG1 under reflux 
for 15 h. T h e mixture was extracted with ether and organic 
layer was evaporated giving pentylsuccinic acid which was 
recrystallized from hexane; 8 4 % yield, m p 82—83 °G (lit,12) 
m p 82.5—83.5 °G) (Ä-( + )-form). N M R (acetone-^) Ô 
1.6—2.0 (m, 11H, C 5 H n ) , 2.3—3.2 <m, 3H, GHGH 2 ) , 
9.51 (s, 2H, G O O H ) . 

Alkylation of Ethyl Acetoacetate. Procedure A: A solu­
tion of 1 (3 mmol) in T H F (3 ml) was added dropwise to 
a solution of 2 (3 mmol) , 11 (260 mg, 2 mmol) , and 2-
propanol (4 mmol) in T H F (7 ml) at room temperature, 
and the solution was stirred at room temperature for 2 d. 
After removal of the solvent in vacuo, the residue was applied 
to silica-gel plates, developed with benzene giving 12a in 
6% (20 mg) yield. T h e zone containing 14 and 15a was 
rechromatographed (AcOEt-GGl 4 —1:3) affording chro-
matographically homogeneous 14 and 15a in 4 0 % (231 
mg) and 8 % (55 mg) yields, respectively. N M R , 12a 
(GG14) ô 1.20 (t, CH 3 CH 2 ) and 1.25 (d, (GH 3 ) 2 GH); total 

9H, 2.15 (s, C H 3 - G = C 0 , 3.9 (q, CH 3 CH 2 ) and 4.3 (septet, 

(GH 3 ) 2 GH); total 3H, 4.7 (s, >C=GH). 14 (GDG13) ô 1.25 

(superimposed t, 9H, three C H 3 C H 2 ) , 2.45 (s, GH3-G=G<), 
3.84—4.4 (superimposed q, 6H, GH 3 GH 2 ) , 5.85 (s, >C=CH-) , 
7.2—7.5 (br s, N H ) . 15a (GG14) ô 1.1 (d, (GH3)2GH) 
and 1.25 (superimposed t, three C H 3 C H 2 ) ; total 15H, 2.35 
(s, C H 3 - G = C ( ) , 3.7—4.35 (septet and superimposed q, 
total 7H, three GH 3 GH 2 and (GH 3 ) 2 GH), 5.5 (s, >C=CH-) . 

Procedure B: A solution of 1 (3 mmol) in T H F (3 ml) 
was added dropwise to a solution of 2 (3 mmol) in T H F (3 
ml) stirred in an ice-salt ba th . A few min after the com­
ponents had been mixed, a solution of 11 (2 mmol) and 2-
propanol (4 mmol) in T H F (4 ml) was added and stirring 
was continued for 5 h. After the solution had been kept 
standing for 2 d at ca. —20 °G, 12a 14, and 15a were ob­
tained in 17, 16, and 12% yields, respectively. 
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Procedure C: A solution of 2-propanol (4 mmol) in T H F 
(2 ml) was added all at once at —20 °G to a solution of 
the adduct prepared from 3 mmol each of 1 and 2 in T H F 
(4 ml) . Immediately after the addition of 2-propanol, a 
solution of 11 (2 mmol) in T H F (2 ml) was added dropwise 
over a period of 15 min at —20 °G. T h e reaction mixture 
was stirred for 1.5 h and then kept standing at —20 °C for 
2 d. The products were separated by P L C giving 12a 
in 3 5 % yield. Small amounts of 14 and 15a were also 
formed as indicated by thin layer chromatography of the 
crude reaction mixture, no at tempt being made to isolate 
them. 

When 1-propanol was used in large excess (10 equivalents), 
a mixture of C-alkylated and O-alkylated products were 
obtained. The ratio was estimated from integration of the 
signal of N M R spectrum. 

Preparation of 14. Compound 1 (3 mmol) in T H F 
(2 ml) and 11 (2 mmol) in T H F (2 ml) were successively 
added to a solution of 2 (3 mmol) in T H F (3.5 ml) at - 2 0 
°C, and the mixture was kept standing at —20 °C for 2 d. 
Compound 14 was isolated by P L C ( A c O E t - C C l 4 = 1:3) 
in 6 8 % (390 mg) yield. 

Alkylation of 1,3-Cyclohexanedione. Procedure A : A solu­
tion of 1 (2 mmol) in T H F (3 ml) was added dropwise over 
a period of 10 min to a solution of 2 (2 mmol) , 2-propanol 
(2 mmol) , and 1,3-cyclohexanedione (1.5 mmol) in T H F 
(6 ml) at room temperature. After the solution had been 
stirred at room temperature for 35 min, water (4 ml) was 
added, and extracted with CHC13 . T h e organic layer was 
evaporated and the residue was separated by P L C (AcOEt -
petroleum e t h e r = l : l ) giving 18a which was contaminated 
with a small amount of diethyl hydrazinedicarboxylate. 
The crude product was suspended in CC14, stirred, and filtered 
in order to remove undissolved diethyl hydrazinedicarbox­
ylate to give practically pure 18a, 188 mg (81%). A pure 
sample was obtained by distillation, bp (oven temperature) 
58—68 °C/35 Torr . N M R (CC14) Ô 1.25 (d, (CH 3 ) 2 CH), 
1.6—2.5 (m, - ( C H 2 ) 3 - ) , 4.4 (septet, (CH 3 ) 2 CH) , 5.13 (s, 
>C=CH-) . 

Procedure B: A solution of I-penten-3-ol (258 mg, 3 mmol) 
and 1,3-cyclohexanedione (168 mg, 1.5 mmol) in T H F (3 
ml) was added over a period of 15 min to a solution of the 
adduct prepared from 3 mmol each of 1 and 2 in T H F (7 
ml) cooled in an ice-salt ba th . Th in layer chromatography 
of the reaction mixture revealed that the cyclohexanedione 
disappeared in 10 min after the addition. The reaction 
mixture was stirred for 1 h and water was added. T h e 
mixture was extracted with CHC1 3 and the organic layer 
was evaporated. The residue was applied to silica-gel plates 
and developed with ether-petroleum e t h e r = 3 : l giving 18b 
(108 mg, 40%) and 19 (48 mg, 13%) . N M R ; 18b (CC14) 
Ô 0.9 (t, CH 3 ) , 1.25—2.55 (m, C H 3 C H 2 and - ( C H 2 ) 3 - ) , 
4.37 (q, C H - O ) , 4.85—5.95 (m, 4H, vinyl H ) . 19 (CC14) 
ô 0.75 (t, CH 3 ) , 0.95 (t, CH 3 ) , 0.9—2.6 (m, two C H 3 C H 2 

and - ( C H a ) 3 - ) , 3.35 (q, = C - C H ( C 2 H 5 ) C H = C H 2 ) , 4.4 (q, 
C H - O ) , 4.5—6.2 (m, 6H, vinyl H ) . 

Alkylation of 1,3-Cyclopentanedione. A solution of 1,3-
cyclopentanedione (147 mg, 1.5 mmol) and l-penten-3-ol 
(172 mg, 2 mmol) in iV,iV-dimethylformamide (1 ml) was 
added at — 17 °C to the adduct prepared by the reaction 
of 2 mmol each of 1 and 2 in T H F (2 ml) . T h e solution 
was stirred at —17——12 °C for 1.5 h and then at room 
temperature overnight. The products were separated by 
PLC (ether) to give 20 in 9 3 % yield. N M R (CC14) ô 1.0 
(t, CH 3 ) , 1.7 (m, C H 3 C H 2 ) , 2.1—2.8 (A2Ba, - C H 2 C H 2 - ) , 
4.5 (q, C H - O ) , 5—6.15 (m, 5H , vinyl H ) . 

Preparation of (S)-( — )-Methylsuccinic Acid. A solution 

of ( £ ) - ( - ) - e t h y l lactate [1.53 g, 13 mmol, [a]1,,9 - 1 0 . 9 ° 
(neat)] , 6 (1.13 g, 10 mmol) , and 2,6-di-J-butylphenol (2.06 
g, 10 mmol) in T H F (17 ml) was added dropwise to a solu­
tion of the adduct prepared from 15 mmol each of 1 and 
2 in T H F (5 ml) at - 2 0 °C. After the solution had been 
stirred at — 20 °C for 3 h and then at room temperature 
for 1 d the solvent was removed in vacuo. Ether was added 
and the precipitate was filtered off. T h e filtrate was con­
centrated and the products were separated by P L C (CHC13) 
giving diethyl 2-cyano-3-methylsuccinate in 6 1 % (1.29 g) 
yield, [a]2

D° - 2 . 7 6 ° (c 6.03, CC14). T h e product was con­
taminated by small amounts of two side products as indi­
cated by gas chromatography (OV-1 , 1 m, column tempera­
ture was 140 °C in initial 6 min and then raised at a rate 
of 5 °C/min, retention t ime; the succinate, 2.3 min, un­
known side products, 4 and 12.5 min, respectively). 

T h e succinate (1.13 g, 5.3 mmol) was treated with acetic 
acid (1 ml) and coned HCl (4 ml) under reflux for 6 h and 
then 4 ml of coned H C l was added. After the mixture 
had been refluxed for 10 h, ether was added. Organic 
layer was concentrated to dryness giving crude methyl-
succinic acid (502 mg, m p 80—85 °C). Recrystallization 
from hexane-CH 2 Cl 2 (1:1) caused a rise in the melting 
point to 100—103 °C, [a]2

D° - 1 2 . 5 ° (c 1.82, E t O H ) . Re-
crystallization for the second time from the same solvent 
system gave a pure sample, m p 109—109.5 °C, [ a ] " —15.1° 
{c 0.818, E t O H ) [lit,13> m p 111—113 °C, [a]2

D
4-2 - 1 5 . 0 (c 

1.89, E t O H ) ] . 

Preparation of (S)-(-J-Benzylsuccinic Acid. ($)-( — ) -
Ethyl 2-hydroxy-3-phenylpropionate [1.94 g, 10 mmol, [ a ] D 

- 2 2 . 7 ° (c 0.852, benzene), l i t1 4) [a ] D - 2 2 . 6 ° (c 4.33, ben­
zene)] was allowed to react with 10 mmol each of 1, 2, and 
6 by Procedure B. After the addition of the hydroxy ester 
and 6, the solution was stirred at room temperature for 
2 h. Diethyl 2-benzyl-3-cyanosuccinate was isolated by dis­
tillation (250 mg, 8.7%, bp 130 °C/0.25 Tor r ) . The suc­
cinate was treated with a mixture of acetic acid (2.5 ml) 
and coned HCl (11.3 ml) under reflux for 10 h giving 
(£)-( — )-benzylsuccinic acid (159 mg, 88%) which was re-
crystallized from water, m p 153—154 °C, [a]2!,1 - 2 8 . 9 ° (c 
0.665, AcOEt) [lit ,") m p 159—161 °C, [a]2

D
6 - 2 6 ° (c 1.5, 

A c O E t ) ] . 
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The conformations have been studied, by means of NMR spectroscopy, for a series of 1-alkyl-substituted 
2-phenylethyl alcohols with the structure C6H5GH2GH(OH)-R, where R = CH3 (1), C2H5 (2), z-C3H7 (3), 
and *-C4H9 (4). It has been suggested that a rotamer in which the phenyl group is oriented gauche to the 
alkyl (R) and anti to the hydroxyl group is most populated in the conformational equilibria of 1—3. 
Another rotamer (in which Ph is anti to R) has, on the other hand, been suggested to be preferred in the 
conformational equilibrium of 4. The results have been discussed in the light of the presence of an attractive 
alkyl-phenyl interaction (CH-7t interaction). 

In connection with the general interest in the con- An inspection of the tables and figures reveals several 
formational problems of acyclic compounds, we have interesting facts. First, the signal attributed to the 
now studied the conformations of a series of benzylic O H proton moves progressively to a higher magnetic 
alcohols with the following structures : field as the alkyl group, R, goes from the methyl group 

G H GH GH(OH)-R through the ethyl and isopropyl groups and then to 
n n „ 5

m
 2

r TT m . r T r r,v
 t h e '"butyl g r o u P - T h e shape of the O H peak is a 

K _ L , r i 3 {I), L,2ri5 {l), t -^ s ±i 7 {ô), s h a r p g i n g l e t for ^ % a n d 3 ; ^ § u g g e s t s t h a t t h e Q H 

and J-C4H9 (4). group is largely free from the OH- j r complexation in 
these alcohols.1) For the /-butyl homologues (4), the 

R e s u l t s signals ascribed to the O H and the proton adjacent 
to this (labeled H s ) are a little bit broader than those 

Tables 1 and 2 list the proton and carbon N M R in the lower alkyl compounds. Second, the benzylic 
parameters, respectively, for a series of 1-alkyl-sub- protons are magnetically nonequivalent, except for 1, 
stituted 2-phenylethyl alcohols: l-phenyl-2-propanol giving rise to a pair of quartets. The spin-coupling 
(1), l-phenyl-2-butanol (2), 3-methyl-l-phenyl-2-buta- constants2) with the vicinal proton (Hx) are larger 
nol (3), 3,3-dimethyl-l-phenyl-2-butanol (4). Parts for the higher par t (Ha) of the double quartets than 
of the 1H N M R spectra are reproduced in Fig. 1. for the lower one (H b) . The coupling constant, 

TABLE 1. PROTON CHEMICAL SHIFTS'1) AND VICINAL COUPLING CONSTANTS15) FOR ALCOHOLS, G6H5CH2GH(OH)-R 

R 

Me (1) 
Et (2) 
Pr* (3) 
Bu« (4) 

Ar 

7.17 
7.17 
7.17 
7-12 

H a 

2.62 
2.57 
2.50 
2.37 

Hb 

2.62 
2.70 
2.76 
2.77 

H x 

3.87 
3.56 
3.45 
3.25f) 

H y 

1.11 
1.41d> 
1.61 
— 

Hz 

— 
0.93 
0.946> 
0.95 

OHc> 

2.20 
1.78 
1.44 
1.260 

. /uaHx 

6.5 
7.5 
9.0 

10.5 

,/HbHx 

6.5 
4.5 
4.0 
2.5 

•/llyHx 

6.5, 2.0 
6.0 
— 

a) Ppm downfield from internal TMS in GG14. b) The VHH'S are the approximate values (in Hz) obtained by the 
first-order analysis, c) Sensitive to the experimental conditions. d) Almost equivalent for the diastereotopic 
protons. e) Equivalent for the diastereotopic methyls, f) Broad relative to the respective peak(s) in the lower 
homologues (see text). H H x H y H z 

/ — \ i i i i 
< Ar >-C — C — G — G 

H OH 

TABLE 2. CARBON CHEMICAL SHIFTS8-) FOR THE ALCOHOLS, G6H5GH2GH (OH)-R 

R 

R 
Et 
Pr* 
Bu* 

1 

138.6 
138.7 
139.1 
139.9 

2,6 

129.4 
129.4 
129.3 
129.3 

3,5 

128.4 
128.4 
128.4 
128.4 

4 

126.4 
126.3 
126.3 
126.1 

7 

45.7 
43.6 
40.7 
38.3 

8 

68.7 
74.0 
77.4 
80.5 

9 

22.7 
29.5 
33.1 
34.7 

10 

— 
10.0 
17.4, 
25.8 

18.0 

a) Ppm downfield from internal TMS in GDG13. 

A V c ( 7 ) - C ( 8 ) - C ( 9 ) - C ( 1 0 ) 
X 5 " 6 / OH 



2114 S. ZuSHi, Y. KODAMA, Y. FUKUDA, K. NISHIHATA, M. NISHIO, M. HIROTA, and J. UZAWA [Vol. 54, No. 7 

400 300 200 100 0 Hz 

Hb H 
TMS 

Hx 

400 300 200 100 0 Hz 

Fig. 1. Proton NMR spectra of (a) l-phenyl-2-propanol (1); (b) l-phenyl-2-butanol (2), insert shows 
the effect of LSR; (c) 3-methyl-l-phenyl-2-butanol (3); and (d) 3,3-dimethyl-l-phenyl-2-butanol (4), 
insert shows the effect of added GD3OH. 

3yH a H x , becomes progressively larger as the methyl 
group in 1 is replaced by the ethyl, isopropyl, and then 
/-butyl groups; the reverse is true for 3JnhKx. Third , 
the lanthanoid shift-reagent3) (LSR) induced shift4) 
(LIS, Table 3) is greater for H a than for H b , the dif­
ference in the LIS is most remarkable for 4 (R=Bu*) . 
T h e LIS values for the benzylic protons are virtually 
the same in the cases of 1 and 2. A signal assignment 
is possible for the diastereotopic protons if the LIS 
data are combined with information obtained by the 
coupling constants. These points will be discussed 
later. 

The conformations of 1—4 were then studied by 
means of a computer simulation5) of the LIS . A C -

TABLE 3. 

R 

LANTHANOID SHIFT-REAGENT-INDUGED SHIFTS^ 

G6H5GH2GH(OH)-R 

H0 H„ Hft Hh H* Hv Hz 

Me (1) 31.7 14.5 61.4 61.4 100 62.1 — 
Et (2) 36.7 16.1 64.6 64.6 100 72.7b> 43.6 

61.4 
Pr* (3) 31.7 11.1 60.0 54.8 100 59.5 38.0b> 

43.0 
Bu* (4) 29.9 3.7 67.7 40.0 100 — 38.1 
a) Relative chemical shifts induced by the addition of 
Eu(fod)3 to GG14 solutions. The data are normalized 
to the value for H x (LIS r e l= 100). b) Average values 
were used in the computations. 
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X 

120 300 180 240 

Fig. 2. Plots of AF vs. (p for 1. R is kept constant 
at 0.32 nm. 
# : ,4=0.0, A : 0.4, O: 0.8, A : 1.2. 

cording to the procedure described in an earlier pa­
per,115) the positions of the LSR and the geometry 
of the substrate were varied, step by step, in the search 
for a reasonable agreement of the computed LIS's 
with the observed values.6) 

Figure 2 plots the Hamilton reliability factors (AF)7) 
against the 0 - C ( 8 ) - C ( 7 ) - P h dihedral angle, <p, for 
a representative case of Compound 1. Here, the L n -
O distance, R, is fixed at 0.32 nm,8) while the LSR-
distribution index ^4,6) is varied from 0.0 to 1.2. A 
good fit is obtained at <p ca. 180° in every case. The 
agreement is worst at <p around 0°, but it becomes 
better with a larger value of A; this is reasonable, 
since the rotation of the LSR will be hindered if O H 
(the LSR-complexation site) comes close to the phenyl 
group. The values of <p dit the -4F-minima do not 
vary significantly with the change in A; however, 
the presence of the second (or third) minimum be­
comes more apparent with a higher value of A. 

Figure 3 summarizes the results obtained for 1, 2, 
and 3. (A and R are fixed at 0.8 and 0.32 nm re­
spectively). A notable feature of these profiles is the 
presence of three minima in every case. The AF 
at these ^-values are not necessarily good enough to 
be acceptable, except for the best-fit position. I t 
should be kept in mind that the value of AF represents 
the plausibility for a single, hypothetical conformation 
and by no means corresponds to the potential energy 
or the population of the respective rotamer. However, 
for reasons previously cited,1 '9) we believe it likely 
that the appearance of the second and third minima 
reflects the contribution from other, less populated 
rotamers. The values of <p and AF might thus reflect, 
though in an indirect manner, the geometry and 
the relative stability of the respective rotamers. 

x 

Fig. 3. Plots of AF vs. (p for 1, 2, and 3. A and R 
are kept constant at 0.8 and 0.32 nm respectively. 
O: R = M e (1), # : R = E t (2), A : R=Pr* (3). 

b 

R : :Me: 
Et: 
p r t . 

> 
> 
> 

b 
b 
b 

« c 
> c 
> c 

Fig. 4. Relative stabilities of the rotamers a, b, and 
c, suggested for the conformational equilibria of 1, 
2, and 3. 

An inspection of Fig. 3 suggests that the rotamer 
with the hydroxyl group anti to the phenyl group 
(<p ca. 170°, rotamer a) is the most populated one 
in the rotameric mixture of these alcohols. The b 
(<p ca. 80°) and c (<p ca. 280°) rotamers seem to be 
of about the same importance for 1 and 2 ; the b rotamer 
appears to be more stable than the c rotamer in the 
case of the isopropyl-substituted alcohol (3). 

A configuration assignment is given in Fig. 4 for 
the benzylic hydrogens in alcohol 3 (R=Pr* ) . With 
this assignment, the coupling data C/H a H x> Jnbiix) a n d 
the L IS data (larger for H a ) are consistent with the 
suggested geometries and the equilibrium; a conflict 
occurs, however, with the alternative assignment. The 
same conclusion can be reached for 2 and 1; in the 
latter case, the chemical shifts of the diastereotopic 
protons are virtually equivalent. 

For the £-butyl homologue (4), however, a para­
doxical result is obtained. With the same signal as­
signment, the simulation indicates the coexistence of 
rotamers with <p ca. 90° and 140° (Figs. 5 and 6a). 
This conclusion is unacceptable in view of the coupling 
data (Table 1: 10.5 Hz for H a and 2.5 Hz for H b ) . 
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Ph-CH-X -R X=CH0rfS0 

Fig. 5. Plots of AF vs. <p for 4. Assignment for the 
benzylic protons is made as indicated. A : 4̂ = 0.4, 
0 : .4 = 0.8. Insert shows the profiles obtained with 
the reversed assignment; this equals to the assignment 
given for the lower alkyl homologues. A : A = 0A, 
O: 4̂ = 0.8. R is kept constant at 0.32 nm. 

Bu 
OH 

Ph 

<-p ca.90° 

H 0 H H 

a 

^ca.220" 

P h B u t 

+> ca.HO0 

c 
^ ca.280" 

Fig. 6. 

A more reasonable conclusion is reached with the 
alternative assignment. Thus, with an inversed signal 
assignment, the concomitant presence of rotamers cor­
responding to the c rotamer {<p ca. 280°) and the a 
rotamer (<f> ca. 220°) is suggested, the former being 
likely to be predominant (Figs. 5 and 6b). In this 
case, the conclusion is compatible with the coupling 
data. 

Support for the above suggestions regarding the 
rotameric equilibria of 1—4 is provided by an in­
spection of the N M R data. In the c rotamer (and 
b ) , the hydroxyl group h gauche to Ph and is expected 
to participate in the O H - T T complexation.10) The hy­

droxyl group in the a rotamer, in contrast, lies anti 
to the phenyl group. The O H proton in the c rotamer 
can, therefore, be expected to be magnetically more 

Me 

R= Me, Et 

(5) (threo, erythro) 

^ R 
Ph 

/ / 

Ph 

b 

Y 
Ph 

c 

(b) Me 

Ph 

a 

Bu1 

Me 

Bu1 

Ph 

b 

M Bu* 

Ph 

c 

Fig. 7. Rotameric equilibria suggested for the diastereo-
isomeric pairs of sulfoxides (5, X = S O ) and al­
cohols (X=CHOH) . 

shielded and free from proton exchange, than that 
in the a rotamer.1) In fact, the hydroxyl proton of 
4 gives rise to the highest peak in the series, and it 
is broader (due to the slow exchange) than that in 
the lower alkyl homologues. This can be understood 
by considering the important contribution of the c 
rotamer to 4 and the relative non-importance of this 
rotamer (and the b rotamer) for the other alcohols. 

In the a rotamer, whereby the O H group is flanked 
by the two benzylic hydrogens, H a and H b , the LIS 
is anticipated to be about the same for these nuclei. 
T h e LIS for H a and H b should be very different in 
the b and c rotamers, but the effect will be cancelled 
if these rotamers are populated at an approximately 
equal concentration. This is what we observed in 
the proton N M R spectra of 1 and 2; the trend is re­
flected in the simulated results. T h e tendencies ob­
served for the coupling constants as well as the shift 
data are compatible with the computed results, judging 
from the assignments given in Figs. 4 and 6b. 

D i s c u s s i o n 

A remarkable feature of the present result is the 
finding that the a rotamer (Fig. 4) is most populated 
in the rotameric mixtures of 1, 2, and 3. In the a 
rotamer, the alkyl group lies close to the phenyl group. 
Note that the benzylic methyl group, which is present 
in compounds previously studied (Fig. 7), is absent 
in these molecules. We believe that the above finding 
can be accommodated only in terms of an attractive 
force operating between an alkyl and a phenyl group 
(the GH/TT interaction).1-11) 
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With regard to the /-butyl homologue (4), the most 
populated rotamer has been suggested to be the c 
rotamer (Fig. 6b). In this conformation, the /-butyl 
group is oriented anti (Bu'-Ph torsional angle ca. 160°) 
to the phenyl group. The geometry corresponding 
to the a rotamer (Bu'-Ph torsional angle ca. 100°) 
is found to be the second most stable one in this case. 
A comment is required on the apparent discrepancy 
that the a rotamer is most stable for 1, 2, and 3, while 
the c rotamer is more important than a in the case 
of 4. This result is in contrast to the earlier finding 
that in compounds such as 5 (Fig. 7) the most stable 
rotamer always has its alkyl group gauche to Ph, 
irrespective of the nature of Groups R and X. The 
conformational equilibria suggested for sulfoxides (5, 
X = SO)9a> and alcohols (5, X = CHOH) l b> are il­
lustrated in Fig. 7. In both of these cases, the rotameric 
mixtures have been shown to consist, principally, of 
the a and b rotamers for the lower alkyl homologues 
and of the a and c rotamers for the /-butyl derivatives, 
the more stable one being the a rotamer in every 
case.12) The position of the alkyl group in the most 
stable geometries has been found to be shifted (slightly, 
but distinctly) to give a larger R - P h torsional angle 
for the /-butyl compounds (compare the a rotamers 
in Figs. 7a and 7b) as compared with the lower alkyl 
homologues. 

The conformation of a molecule is, indeed, a con­
sequence of a compromise of a number of interactions. 
In compounds such as 5, where a methyl group is 
present in the benzylic position, the geometry of a 
molecule is controlled, primarily, by the balance of 
two interactions: R vs. CH 3 , and R vs. Ph. These 
interactions may be attractive at an appropriate dis­
tance (the dispersion force13) and/or the C H - T T in­
teraction11)) or repulsive if the relevant groups come 
too close. 

The suggestion that the c rotamer (<J> ca. 280°) 
represents the most stable conformation for 4 is un­
derstood in view of the absence of the benzylic methyl ; 
the a rotamer might have become energetically less 
favorable than c in the present molecular environ­
ment. The a rotamer may be destabilized by the 
unfavorable (repulsive van der Waals) interaction be­
tween Bu* and a benzylic hydrogen (H b) . This situa­
tion might occur when a methyl group in Bu* takes 
a suitable position for the CH-jt bonding. 

Other possible factors which may contribute to con­
trolling the rotameric equilibria of these compounds 
are the O H - T T hydrogen bonding and the O - P h dipole-
quadrupole and gauche- vicinal H - H interactions. 
Some speculations will be made, on the basis of the 
suggested geometries of the preferred conformations, 
as to the factors influencing the molecular geometries 
of these alcohols. 

The operation of the attractive CH-TT interaction 
is possible in both the a and b rotamers (Fig. 4). How­
ever, the a rotamer has been found to be more stable 
than b in all cases. To accommodate this, it may be 
pointed out that there are two vicinal H - H interac­
tions in the b rotamer. According to Wertz and 
Allinger, this interaction is very destabilizing.14) The 
O - P h dipole-quadrupole interaction15) may also de­

stabilize the b rotamer (and c).16) T h e O H - T T in­
teraction10 '17) is undoubtedly attractive, but the other 
unfavorable interactions might override its effect. In 
this respect, it should be noted that O H - T T bonding 
has not been observed in such compounds as 6 and 
718) even though these molecules appear to be ideally 

H 0 C H _ ^ . 

h À? 
CH20H 

6 7 

constituted for such interactions to take place. The 
observance of the OH-yr hydrogen bonding might, 
therefore, be merely a consequence of a given (some­
what compelled) geometry of a molecule. 

T o conclude, we suggest that the attractive C H - T T 
interaction is very important in the consideration of 
the conformational problems of flexible molecules. I t 
may be more important than the O H - J T hydrogen 
bonding. The stabilization energy is probably very 
small for a single C H - T T interaction. In some mo­
lecular dispositions, however, the sum total of the 
stabilization energy may become sufficiently large to 
ensure a low-entropy structure of a complex molecule. 

The recognition of the above facts would be of 
help in elucidating certain well-known, but poorly 
understood phenomena. Possible examples have been 
given in earlier papers,9b»19) so here we will confine 
ourselves to illustrating a probable case from terpene 
chemistry. I t has been established that levopimaric 
acid (8) exists in a folded conformation.20-21) I t is 
also well known that a considerable fraction of the 
folded conformer (with an axially oriented isopropyl 
group) contributes to conformational equilibrium of 
a-phellandrene (9).20'22) These results were once at­

tributed, by Burgstahler et al.20> to the presence of 
some type of attractive interaction which stabilizes 
an otherwise unfavorable conformation. The above 
interpretation was later replaced by alternative ones 
based principally on repulsive steric effects.21»23) 

The well-known diene chirality rule, in its original 
form,24) states that the long wavelength TT^-TT*-tran­
sition Cotton effect is mainly controlled by the helicity 
and the amount of twist of a conjugated diene. Re-
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H - - ; z 

Fig. 8. A possible explanation (in terms of the GH-7T 
or GH-n9 b) interactions) for the axial preference of 
the Group Z. 
Z : unsaturated groups or hetero atoms. X : O, S, 
GH 2 etc. Y : GH, S, or P. 

cen t ly , B u r g s t a h l e r a n d his associa tes p r e s e n t e d ev­
idence 2 5 ) t h a t t h e C o t t o n effects of 1 ,3-cyclohexadienes 
a r e p r i m a r i l y d e t e r m i n e d b y t h e ch i r a l i t y c o n t r i b u ­
t ions of al lyl ic a x i a l subs t i t uen t s a c c o r d i n g to t h e size 
o r p o l a r i z a b i l i t y of t h e g r o u p . T h e sugges t ion h a s 
g a i n e d r a p i d a c c e p t a n c e a n d h a s b e e n fol lowed b y 
q u a n t u m m e c h a n i c a l studies2 6) a n d t h e p r o p o s a l of 
a n e m p i r i c a l q u a d r a n t rule . 2 7) I n p a r t i c u l a r , R o s e n -
field a n d C h a r n e y p r e s e n t e d ev idence , 2 6 a ) o b t a i n e d b y 
M O ca l cu l a t i ons , t h a t a n ax ia l ly o r i e n t e d al lyl ic h y ­
d r o g e n a n d m e t h y l g r o u p c o n t r i b u t e s ignif icant ly to 
t h e r o t a t o r y s t r e n g t h of cisoid d i e n e , a m e t h y l g r o u p 
b e i n g ca. tw ice as effective as a h y d r o g e n a t o m . 

W e sugges t t h a t these resul ts a r e b e t t e r a c c o m m o d a t ­
ed in t e r m s of t h e C H - T T i n t e r a c t i o n . I n o u r v iew, 
t h e folded c o n f o r m a t i o n s of 8 a n d 9 a r e c o n s e q u e n c e s 
of a n a t t r a c t i v e in t e rac t ion . 2 8 ) Also , it seems r e a ­
s o n a b l e to sugges t t h a t t h e ax ia l a l lyl ic (or h o m o a l -
lylic29)) effect25) o p e r a t e s m a i n l y t h r o u g h t h e d i s sym­
m e t r i c p e r t u r b a t i o n of t h e JT* o r b i t a l of t h e c h r o m o -
p h o r e b y v i r t u e of t h e C - H groups , 3 0 ) w h i c h a r e o r i ­
e n t e d su i t ab ly for th is i n t e r a c t i o n to t a k e p l a c e . I n ­
spec t ions of D r e i d i n g m o d e l s sugges t , in fact, t h a t 
s u c h a n i n t e r a c t i o n is possible b e t w e e n C H g r o u p s 
a n d c o n j u g a t e d jr-systems w h e n e v e r a s ignif icant c o n ­
t r i b u t i o n of ax i a l a l ly l ic o r h o m o a l l y l i c (or e v e n r e ­
m o t e r ) g r o u p s is p resen t . 2 5 ' 2 7 ' 2 9 ) T h e s a m e k i n d of 
a r g u m e n t wil l p e r h a p s a p p l y to t h e t h e o r e t i c a l b a c k ­
g r o u n d , a t least in p a r t , of t h e O c t a n t ru les of ketones 3 1 ) 
a n d olefins,32) a n d to t h e genesis of t h e 2-ax ia l k e t o n e 
effect.33) Also n o t e w o r t h y in th is r e g a r d is t h e t e n d ­
e n c y for a g r o u p w h i c h b e a r s n- o r u n s h a r e d - e l e c t r o n s 
to a d o p t t h e a x i a l c o n f o r m a t i o n (conf igura t ion) in 
s a t u r a t e d s i x - m e m b e r e d he te rocyc les (F ig . 8).3 4) I t is 
t e m p t i n g to s p e c u l a t e a b o u t t h e poss ib i l i ty t h a t t h e 
a b o v e effect ( t he g e n e r a l i z e d a n o m e r i c effect) is as-
c r i b a b l e , a t least in p a r t , to t he C H - J T ( a n d CH-/z 9 b ) ) 
in t e rac t ion . 3 5 ) 

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

Materials. T h e alcohols (1—4) were prepared by 
treating phenylacetaldehyde with an appropria te Grignard 
reagent, R M g C l . T h e samples were purified as usual and 
shown gas-chromatographically to be pure . 

NMR Spectra. 1 H N M R spectra were recorded at 
30 °G on a J E O L MH-100 spectrometer (100 M H z ) for 
ca. 0.2 M solutions in GG14 (locked to internal T M S ; sweep-
rate, 4 H z s _ 1 ) . T h e calibrations of the chemical shifts 
(reported in p p m relative to internal T M S ) were made 
by referring to the signals of s tandard samples. T h e cou­
pling constants were determined by an inspection of the 

spectra and are accurate to ± 0 . 5 Hz . T h e 13G N M R spec­
tra were obtained at 27 °G on a J E O L FX-100 instrument 
(25.05 M H z ) for GDG13 solutions in 10 m m ^-sample tubes 
(FT-conditions: da ta points, 8 K ; spectral width, 4 kHz ; 
flip angle, 45°; repetition time, 1.2 s). T h e signal assign­
ments were made by the use of selective and gated decou­
pling techniques. T h e chemical shifts are reported in p p m 
downfield from internal T M S (ô=0) and are accurate to 
± 0 . 0 4 p p m . 

LIS Measurements. Weighted LSR [Eu(fod)3] was 
added, step by step, to a solution containing a known amount 
of a substrate, and the signals were followed in the spectra. 
A least-squares fit of the experimental points was used to 
obtain the observed LIS's used in the computations. In 
all cases straight lines were obtained with correlation coef­
ficients of r > 0.998. 

W e wish to t h a n k Professor N a o y a N a k a g a w a ( T h e 
U n i v e r s i t y of E l e c t r o - c o m m u n i c a t i o n s ) for his useful 
discussions, a n d D r s . T e i i c h i r o I t o a n d K o s h i r o 
U m e m u r a (Mei j i Se ika K a i s h a ) for the i r e n c o u r a g e ­
m e n t . 
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The reaction of various phenols with 2-ethoxy-l,3-dithiolane proceeded smoothly in the presence of BF3-
Et 2 0 to afford l,3-dithiolan-2-ylated phenols, which were readily hydrolyzed to the corresponding aldehydes. 
This process was also extended to iV,iV-dimethylaniline and indole. 

Considerable efforts have been devoted towards the 
discovery of methods for the introduction of a formyl 
moiety onto an aromatic nucleus. The Gat termann-
Koch reaction,1) the Reimer-Tiemann reaction,2) the 
Vilsmeier reaction,3) the Duff reaction,4) the Friedel-
Crafts reaction with dichloromethyl alkyl ether or 
with trialkyl orthoformate,5) etc. are well known and 
widely used. Recently, Gassman and Amick have 
reported a process which involves the reaction of 
phenols with a salt formed through the mixing of 
iV-chlorosuccinimide and dithiane.6) However, all 
these reactions give relatively poor yields or can be 
used only with electron-rich aromatic compounds. It 
is proper to say that no reaction for formylating aro­
matic compounds which would not be subjected to 
either one of the above limitations has been found. 

We have now found that 2-ethoxy-l,3-dithiolane in 
dichloromethane with a Lewis acid catalyst is an ef­
ficient reagent for the introduction of the 1,3-dithiolan-
2-yl group to some phenols and that the resulting 
cyclic thioacetal derivatives (protected formylated phe­
nols) are easily hydrolyzed to the corresponding al­
dehydes. This process for the formylation of phenols 
could also be extended to iV,iV-dimethylaniline and 
indole. Although this formylation process is also sub­
ject to limitations similar to those of the earlier meth­
ods, that is, it is applicable only to electron-rich aro­
matic compounds, such as phenols, iV,iV-dimethyl-
aniline, and indole, and the yields of the obtained 
aldehydes are roughly the same as those in the pre­
viously reported reactions, it has such advantages that 

the starting 2-ethoxy-l,3-dithiolane is readily avail­
able, and can be stored for a long time, and the reac­
tion smoothly proceeds under relatively mild condi­
tions. 

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

T h e first a t tempt was directed toward establishing 
the most effective Lewis acid catalyst for the reaction 
of /»-cresol ( Id) with 2-ethoxy-l,3-dithiolane in di­
chloromethane. T h e yields of 2-(l,3-dithiolan-2-yl)-
/>-cresol (2d) formed in the reaction with various 
Lewis acid catalysts are shown in Table 1. 

As is evident from Tab le 1, the best yield (55%) 
was achieved in a run involving a 1.5 molar ratio of 
2-ethoxy-l,3-dithiolane and a 0.75 molar ratio of BF3-
E t a O for I d . T h e B F 3 - E t 2 0 catalyst, therefore, would 
be a very effective catalyst for the l,3-dithiolan-2-
ylation of phenols other than I d . Thus, we have 
studied the BF3-Et20-catalyzed reaction of 2-ethoxy-
1,3-dithiolane with several phenols in dichloromethane 
at room temperature. The results are summarized 
in Table 2. 

It seems plausible that the reaction path involves 
the coordination of B F 3 - E t 2 0 with 2-ethoxy-l,3-di-
thiolane to give the l,3-dithiolan-2-ium ion and the 
subsequent attack on the aromatic nucleus. As can 
be seen from Table 2, the exclusive attack occurs 
in the 2- and 3-positions of I d and jfr-hydroxyanisole 
(If) respectively and also in the 4-positions of o-cresol 
( lb ) and guaiacol ( l e ) . Phenol ( l a ) was 1,3-dithiolan-

TABLE 1. REACTION OF /»-CRESOL (Id) WITH 2-ETHOXY-1,3-DITHIOLANE IN THE PRESENCE 

OF VARIOUS LEWIS-ACID CATALYSTS 

Mole ratio, 2-ethoxy-
1,3-dithiolane/ld 

1.5 

1.5 

1.0 

1.5 

2 . 0 

1.5 

1.5 

1.5 

1.5 

Lewis acid 
(Mole ratio, Lewis acid/ 
2-ethoxy-1,3-dithiolane) 

ZnCl 2 (0 .2 ) 

ZnCl 2 (0 .2 ) 

ZnGl 2 (0 .2 ) 

ZnGl 2 (1 .0 ) 

ZnGl 2 (0 .5 ) 

ZnCl 2 (0 .5 ) 

FeCl 3 (0 .5) 

H g C l 2 ( 0 . 5 ) 

B F 3 - E t 2 O ( 0 . 5 ) 

T iC l 4 (0 .5 ) 

Reaction*1 >b> 

_̂ Temp/°C 

rt 

77d> 

rt 

rt 

r t 

rt 

rt 

rt 

rt 

rt 

^ Time/h 

24 

8 

22 

1 

14 

14 

6 

6 

14 

14 

Yield/% of 2d") 

31 (61) " 

37 (87) 

37 (90) 

27 (98) 

45 (84) 

34 (64) 

41 (59) 

22 (43) 

55 (94) 

40 (66) 

a) Dichloromethane was used as the solvent unless otherwise noted, b) In almost all runs, the formation of a 
small amount of 2,2'-[l,2-ethanediylbis(thio)]bis-1,3-dithiolane7) as a by-product was observed, c) The values 
in parentheses are the percentages of conversion, corrected for the recovered Id. d) The solvent here is carbon 
tetrachloride. 



July, 1981] Formylation of Aromatic Nucleus by 2-Ethoxy-l,3-dithiolane 2121 

+ 

OH 

\ Lewis acid / \ prr 

GH-OG2H5 > X + O I \ c _ | 
! _ s / CH2CI2 

OH OH 

r - S v 
+ x+OI + x+OI"C\H

s. 

GH 
/ \ 
S S 

GH 
/ \ 
S S 

a: X = H d: X = 4-CH3 

b : X = 2-CH3 e: X = 2-OCH3 

c: X = 3-CH, f: X = 4-OCH3 

OH OH 

A/CHO A 
x + o I x + o I 

10 

GHO 

11 

TABLE 2. REACTION OF PHENOLS (1) WITH 2-ETHOXY-

1,3-DITHIOLANE IN THE PRESENCE OF BP'3 • E T 2 0 

1, 20 mmol; 2-ethoxy-l,3-dithiolane, 30 mmol; BF3-
Et20, 15 mmol; dichloromethane, 40 ml. Reaction 
conditions: room temperature, 14h. 

Composition of product (%) Starting 
phenol 

l a 
l b 
l c 
Id 
l e 
If 

Total yield/% 
of products*) 

69(100) 
89 (96) 
49 (58) 
55 (94) 
38 (81) 
40 (74) 

2ab> (22) 3ab> (65) 4ab> (13) 
2b (0) 3bc> (94) 4bd> (6) 
2cb> (33) 3cb> (49) 4cb>(18) 
2dc> (100) 3d (0) 4d (0) 
2e (0) 3ec>(100) 4e (0) 
2fc> (100) 3f (0) 4f (0) 

a) The values in parentheses are the percentages of 
conversion, corrected for the recovered starting phenols. 
b) Isolated by column chromatography on silica gel, 
using dichloromethane as the eluent. c) Isolated by 
distillation, d) After the evaporation of 3b from the 
crude reaction product, the residue was column-chro-
matographed on silica gel, using dichloromethane as 
the eluent, to afford 4b. 

2-ylated in both the 2- and 4-positions in an approxi­
mate ratio of 1:3; m-cresol ( lc) was attacked similarly 
in both the 6- and 4-positions in an approximate 
ratio of 2:3. These results are in accordance with 
the above suggestion that the reaction proceeds by 
means of a nucleophilic aromatic substitution. 

The reaction of N, TV-dimethylaniline (5) with 2-
ethoxy-l,3-dithiolane proceeded smoothly in the pres­
ence of a large amount of acetic acid to afford p-(\,3-
dithiolan-2-yl)-A^,7V-dimethylaniline (6), whereas the 
same reaction using ZnCl2 as a catalyst gave only a 
trace of 6. 

I— S x CH3GO2H 
GH-OG2H5 > 

l—s/ 
(GH3)2N-< O > + 

5 

(GH3)2N-< O >-GH (GH3)2N-< O >-GHO 

12 

TABLE 3. REACTION OF N,^-DIMETHYLANILINE (5) 

OR OF INDOLE (7) WITH 2-ETHOXY-l,3-DITHIOLANE 

5 (or 7), 13 mmol; 2-ethoxy-l,3-dithiolane, 20 mmol. 

„ «^„+:5. Catalyst Reaction conditions , .r,°i Un/S^\ 
aromatics J (yields %a )) 

5 

5 

7 

7 

7 

ZnCL rt, 24 h, in dichloro- 6 (trace) 
methane 

Acetic acid 110°G, 5 h, in acetic 6 (77) 
acid 

BF3-Et2O
b> rt, 24 h, in dichloro- 8 (33) 

methane 9 (26) 
Acetic acid 110°G, 5 h, in acetic 8 (64) 

acid 9 (8) 
Acetic acid rt, 14 h, in acetic acid 8 (81) 

a) Yield is based upon 5 or 7. b) 0.75 molar ratio 
of BF3-Et20 for 7. 

I O I II + I 
\ / \ N / I— s/ 

H 

GH-OG2H5 

CH3C02H 

or BF3-Et20 

/GH + 
Ol II N s ^ i_s / 

H 
8 

.GHO 

C H x / \ _ 

.o. .. 
H 

/ S 
y G H 
II N S ] 

O. .. 
\ / \ N / 

H 
13 

The l,3-dithiolan-2-ylation of indole (7) was also 
promoted by using acetic acid as both catalyst and 
solvent. When the reaction was carried out at 110 
°G, the products were 3-(l,3-dithiolan-2-yl)indole (8) 
(64%) and 3,5-bis(l,3-dithiolan-2-yl)indole (9) (8%) , 
a hitherto unknown compound; only the former was 
produced in a good yield (81%) in the reaction con­
ducted at room temperature. 

Most of the l,3-dithiolan-2-ylated aromatics ob­
ta ined in this work were hydrolyzed to the correspond-
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TABLE 4. PHYSICAL PROPERTIES OF 1,3-DITHIOLAN-2-YLATED AROMATICS 

Compounds 

2a 

3a 

4a 

3b 

4b 

2c 

3c 

4c 

2d 

3e 

2f 

6 

9 

Mp/°G or Bp/°G 
[Pressure/Torr] 

— b ) 

115—116.5 
(chloroform) 
(lit,8) 119—120 °G) 

— b ) 

168—170 [1.0] 

— b ) 

— b ) 

173—174 [1.0] 

— b ) 

173—173.5[1.5] 

163—165 [1.5] 

176—177 [0.5] 

100—101 
(ethanol) 
(lit,9) 105 °G) 

154—155.5 
(50% diisopropyl 
ether-dichloro-
methane) 

ArH 

7.4—6.7 
(m, 4H) 
7.6—7.4 
(m, 2H) 
6.9—6.7 
(m, 2H) 
7.4—6.7 
(m, 3H) 

7.2—7.0 
(m, 2H) 
6.6—6.4 
(m, IH) 
7.21 
(bs, 2H) 

7.2—7.0 
(m, IH) 
6.7—6.4 
(m, 2H) 
7.6—7.4 
(m, IH) 
6.6—6.4 
(m, 2H) 
7.73 
(bs, IH) 
6.57 
(bs, IH) 
7.1—6.7 
(m, 3H) 
7.15 
(bs, IH) 
7.0—6.9 
(m, 2H) 
7.1—6.9 
(m, IH) 
6.8—6.7 
(m, 2H) 
7.5—7.3 
(m, 2H) 
6.7—6.5 
(m, 2H) 
7.2—7.0 
(m, 3H) 

OH 

6.76 
(bs, IH) 
5.62 
(bs, IH) 

6.73 
(bs, IH) 

5.30 
(bs, IH) 

6.86 
(bs, IH) 

6.7—6.4°) 
(bs, IH) 

6.28 
(bs, IH) 

6.73 
(bs, IH) 

6.50 
(bs, IH) 
5.94 
(bs, IH) 

6.58 
(bs, IH) 

1H-NMR(^/pp 

Methine H 

5.80 
(s, IH) 
5.70 
(s, IH) 

5.74 
(s, IH) 

5.52 
(s, IH) 
5.48 
(s, IH) 

5.70 
(s, IH) 
5.52 
(s, IH) 
5.72 
(s, IH) 

5.71 
(s, IH) 

5.73 
(s, 2H) 

5.78 
(s, IH) 

5.66 
(s, IH) 

5.81 
(s, IH) 

5.62 
(s, IH) 

6.41 
(s, IH) 
6.29 
(s, IH) 

m, GDG13) 

SGH2GH2S 

3.7—3.1 
(m, 4H) 
3.7—3.1 
(m, 4H) 

3.7—3.1 
(m, 8H) 

3.6—3.0 
(m, 4H) 

3.7—3.0 
(m, 8H) 

3.6—3.0 
(m, 4H) 

3.5—2.9 
(m, 4H) 

3.7—3.0 
(m, 8H) 

3.7—3.1 
(m, 4H) 

3.6—3.2 
(m, 4H) 

3.4—3.1 
(m, 4H) 

3.5—3.1 
(m, 4H) 

3.8—3.0 
(m, 8H) 

GH3 or 
OGH3 

2.14 
(s, 3H) 

2.20 
(s, 3H) 

2.18 
(s, 3H) 

2.23 
(s, 3H) 

2.30 
(s, 3H) 

2.23 
(s, 3H) 
3.85 
(s, 3H) 

3.69 
(s, 3H) 

2.90 
(s, 6H) 

Other 

8.57 
(bs, IH, NH) 

8.0—7.7 
(m, IH, NGH) 

a) The data of 8 can be seen in the literature.10) b) The mp or bp could not be 
of the limited amounts, c) The line assigned to the OH is involved in that of the 

exactly determined because 
ArH. 

ing aldehydes. The procedure used to accomplished 
the hydrolysis involved the treatment of the aromatic 
thioacetals with H g O and B F 3 E t 2 0 , followed by 
neutralization with aqueous N a 2 C 0 3 . n ) As can be 
seen from Table 6, the overall yields of the aldehydes 
from the starting aromatics (1, 5, and 7) ranged from 
15 to 7 7 % . 

Exper imenta l 

Reaction of Phenols (1) with 2-Ethoxy-l,3-dithiolane. 
General Procedure: To a mixture of 1 (20 mmol) and 2-

ethoxy-l,3-dithiolane (4.5 g, 30 mmol) in dichloromethane 
(40 ml), we added, drop by drop, BF3-Et20 (2.1 g, 15 mmol) 
at 0 °G. The mixture was brought to room temperature, 
stirred for 14 h, and then poured into about 200 ml of water. 
The organic layer was separated, and the aqueous phase 
was thoroughly extracted with dichloromethane. The com­
bined dichloromethane solution was washed successively 
with water, 5% aqueous NaHG03 , and again with water, 
dried over anhydrous MgS04 , filtered, and concentrated 
in vacuo to give the crude product. The crude 1,3-dithiolan-
2-ylated phenols thus obtained were purified by distillation 
under reduced pressure or by column chromatography on 
silica gel (see footnote to Table 2). 
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Reaction of N,N-Dimethylaniline (5) with 2-Ethoxy-1,3-dithio-
lane in Acetic Acid. T o a solution of 5 (1.6 g, 13 mmol) 
in acetic acid (30 ml) we added, drop by drop, 2-ethoxy-
1,3-dithiolane (3.0 g, 20 mmol) at 110 °G. T h e mixture 
was stirred for 5 h at the same temperature , cooled, and 
then poured into about 150 ml of saturated brine. T h e 
resulting acidic solution was thoroughly extracted with ether 
and backwashed repeatedly with saturated brine containing 
N a 2 G 0 3 , saturated brine, and a small amount of water, 
dried over anhydrous M g S 0 4 , filtered, and concentrated 
in vacuo to give a residue. I t was chromatographed on 
silica gel, using 15% ether-hexane as eluent, to provide 
2.3 g (77%) of 6. 

Reaction of Indole (7) with 2-Ethoxy-1,3-dithiolane in Acetic 
Acid. To a solution of 7 (1.5 g, 13 mmol) in acetic 
acid (30 ml) we added, drop by drop, 2-ethoxy-1,3-dithio­
lane (3.0 g, 20 mmol) at 110 °G. T h e mixture was stirred 
for 5 h at the same temperature and then worked up as 
described in the above experiment using 5. Subsequent 
column chromatography on silica gel, using 5 0 % chloroform-
hexane as the eluent, gave two products, 8 (1.8 g, 64%) 
and 9 (0.34 g, 8%) . When the reaction temperature was 

T A B L E 5. ANALYTICAL DATA OF 1,3-DITHIOLAN-

2-YLATED AROMATICS 

Compound 

2a 

3a 
4a 
3b 
4b 

2c 
3c 
4c 
2d 

3e 
2f 
6 

9 

Found(%) 

G H 

54 .09 

54 .41 

47 .60 

56 .47 

49 .14 

56 .37 

56 .57 

49.67 

5 6 . 5 3 

52 .44 
52 .53 

58 .87 

51 .61 

5 .32 

5 .30 

4 .90 

5 .61 
5 .26 

5 .57 

5 .90 

5 .02 

5 .72 

5 .32 
5 .43 

6 .79 

4 .67 

5, 

4, 

N 

.99 

.17 

Galcd(%) 

G H N 

54 .51 

54 .51 

47 .65 

56 .57 
49 .33 

56 .57 

56 .57 

49 .33 

56 .57 

52 .60 

52 .60 

58 .62 
51 .65 

5 .08 

5 .08 

4 .66 

5 .70 

5 .10 

5 .70 

5 .70 

5 .10 

5 .70 

5 .30 

5 .30 

6 .71 

4 . 6 4 

6 .22 

4 .30 

varied from 110 °G to room temperature , only the former, 
8, was obtained in an 8 1 % yield. 

Preparation of Aldehydes from 1' ,3-Dithiolan-2-ylated Aromatics. 
T o a suspension of red H g O (3.9 g, 18 mmol) in 20 ml of 
15% aqueous tetrahydrofuran, maintained under N 2 at 
0 ° G , we added, drop by drop, B F 3 - E t 2 0 (2.6 g, 18 mmol) . 
T h e mixture was then allowed to warm to room temperature . 
A l,3-dithiolan-2-ylated aromatic (9 mmol) was added over 
a period of 20 min, after which the mixture was stirred for 
1 h. The resulting insoluble precipitate was filtered and 
washed thoroughly with a large amount of ether. T h e 
foregoing filtrate was extracted repeatedly with the washings 
and once with ether. T h e combined ethereal extracts were 
washed successively with saturated brine containing N a 2 G 0 3 

(pH 10), saturated brine, and a small amount of water, 
dried over anhydrous M g S 0 4 , filtered, and concentrated 
in vacuo to give the crude aldehyde, which was then purified. 
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T A B L E 6. PREPARATION OF ALDEHYDES FROM 1,3-DITHIOLAN-2-YLATED AROMATICS 

l,3-Dithiolan-2-
ylated aromatics 

Aldehydea> 

11a 

l i b 

l i e 
lOd 

l i e 

lOf 

12 
13 

Yield/% of aldehyde 
from l,3-dithiolan-2-

ylated aromaticsb> 

77 

92 

91 

84 

39 

47 

90 

84 

Overall 
aldehyde 
starting 

yield/% of 
; from the 
aromatics 

35 

77 

22 

46 

15 

19 

69 

68 

Chemical shift of 
aldehyde H 

(<Vppm, GDG13) 

9 .92 

9.87 

10.13 

9.82 

9 .96 

9 .50 

9 .83 

10.07°) 

3a 
3b 
3c 
2d 

3e 

2f 

6 

8 

a) All the aldehydes here are known compounds. Their 1 H - N M R spectra and analytical da ta satisfied all the 
given structures, b) Represents isolated yield, c) The solvent here was a mixture of GDG13 and DMSO-d 6 . 
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Asymmetric Reactions. X. Asymmetric Hydrogénation Catalyzed 
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(Amino Alcohol) System 
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The catalytic asymmetric hydrogénations of a-diketones, a-keto carboxylates, a-(acylamino)acrylates, a-
phenylacrylophenone, and a-phenylacrylate were examined with bis(dimethylglyoximato)cobalt(II)-chiral 
cocatalyst (amino alcohol) and with simple achiral base coordinated bis (dimethylglyoximato)cobalt(II)-chiral 
cocatalyst (amino alcohol) systems. These gave corresponding optically active reduction products, and in some 
cases, optically active reductive dimerization products. High degrees of enantioselectivities ( Ä 78%) are achieved 
in the hydrogénation of a-diketones. Evidence for non-binding of chiral base to cobalt complexes was presented 
in the case of latter system, i.e., it was shown that the catalytic site and the enantioselectivity-determining site 
are separated in this system, as in enzymes. The importance of protonated chiral bases for enantioselection was 
also shown. Based on these results and the stereochemical correlations between structures of the chiral bases 
and those of the products, a mechanism for this asymmetric hydrogénation was proposed. 

Considerable attention has recently been paid to 
metal complex-catalyzed asymmetric hydrogénation.1»2) 
Most of the researches in this area concentrate on the 
chiral phosphine rhodium complexes which have given 
successful results in the asymmetric hydrogénation of 
olefinic compounds.1 '2) In spite of the obvious ad­
vantages of being easily accessible and versatile, cata­
lytic asymmetric hydrogénation using cobalt com­
plexes and/or chiral cocatalysts has scarcely been 
studied.3 - 6) 

From the viewpoint of chemical evolution, the au­
thors began to study asymmetric hydrogénation with 
one of the simplest catalysts, cyanocobalt-chiral amine 
systems.3'4) The limitations of these systems suggest­
ed that we should use a complex whose framework 
is stable during the reaction. O n the other hand, 
bis(dimethylglyoximato)cobalt(II) complex (Fig. I)7) 

Fig. 1. Bis(dimethylglyoximato)cobalt(II). 

was shown to be an effective catalyst for hydrogéna­
tion of activated olefinic compounds, a-diketones, a-
keto carboxylates, and unsaturated nitrogen com­
pounds.8 '9) We expected that a polyfunctional asym­
metric substance bound weakly to cobalt or dimethyl-
glyoxime ligand could draw a substrate into the reac­
tion center with an attractive interaction and should 
bring about asymmetric induction. Thus , we have 
found two unique and excellent catalyst systems, bis-
(dimethylglyoximato)cobalt(II)-chiral amino alcohol 
and achiral base coordinated bis (dimethylglyoximato) -
cobal t(II)-chiral amino alcohol, which catalyze asym­
metric hydrogénation of a-diketones, a-keto carboxyl­
ates, and olefinic compounds. These have, in part , 
been communicated previously.5) 

T h e purpose of this paper is to describe more de­
tailed results and the mechanism of this asymmetric 

hydrogénation which revealed the unique characteristic 
of these systems: the catalytic site and the enantio­
selectivity-determining site are separated, as in en­
zymes. 

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

Catalytic Asymmetric Hydrogénation of oc-Keto Carbonyl 
Compounds and Olefinic Compounds with Bisfdimethylglyox-
imato)cobalt(H)-Chiral Base System. (a) Substrate 
Study. Catalytic hydrogénations of various keto car­
bonyl compounds were examined using bis (dimethyl­
glyoximato) cobal t ( II)-quinine under an atmospheric 
pressure of hydrogen in benzene solution. a-Dike-
tones and a-keto carboxylates were catalytically hy-
drogenated with this catalyst system to give the cor­
responding optically active reduction products as shown 
in Table 1. However, /?-keto carboxylates, a-keto car-
boxamides, and 1,4-dibenzoylbenzene resisted reduc­
tion under the given conditions. 

Asymmetric hydrogénation of benzil gave S(-\-)-
benzoin almost quantitatively with 71 % optical yield 
at 10 °C. T h e carbonyl group adjacent to the phenyl 
group of methyl phenyl diketone was preferentially 
reduced to give »S(+)-a-hydroxy-a-phenylacetone in 
5 6 % optical yield. This compound was shown to 
racemize under the reaction conditions, and the true 
enantioselectivity (about 67%) was obtained by ex­
trapolation of the linear log [a]D vs. reaction time 
to £=0 . The hydrogénation of biacetyl gave not only 
the simple reduction product, but also reductive di­
merization products. The simple reduction product, 
acetoin, and reductive dimerization products, 3,4-di-
hydroxy-3,4-dimethyl-2,5-hexanedione, were separated 
by silica gel column chromatography. The ratio of 
erythro isomer (78%) and threo isomer (22%) in the 
dimerization products was determined from the in­
tensities of N M R signals of C - C H 3 [ô 1.25 (erythro) 
and Ô 1.30 (threo)] and C H 3 C O [Ô 2.36 (erythro) and 
Ô 2.23 (threo)].10) Reduction of 1,2-cyclohexanedione 
gave 2-hydroxycyclohexanone with [a]D —2.44° in 
5 4 % chemical yield. The optical yield can not be 
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T A B L E 1. 

Substrate 

ASYMMETRIC HYDROGÉNATION OF OC-KETOCARBONYL COMPOUNDS CATALYZED BY Co(dmg)2-QUiNiNEa) 

Reaction Products 

S/Cos) temp ' 
^ C ~ ~ Structure Yield/% [a]D/° ^ ^ Gonf. 

PhCOCOPh 

(1) 

PhCOCOGH3 

(2) 

CH3COCOCH3 

(3) 

(4) 

PhCOCOOC2H5 

(5) 

10 

10 

30 

R.T. 

PhCHCOPh (7) 

OH 

PhCHCOCH3 (8) 

OH 

PhGOGHGHg (9) 

OH 

99 + 73h> 61.6 S 

87—88 + 88.8b) 56.1 

7— 8 

10 30 

PhCOCOOCH(CH3 

(6) 

10 

20 

10 

10 

R.T. 

30 

15 

15 

GH3GHGOGH3 (10) 

O H 

r G H 3 • 

- G O H 

L G 0 G H 3 . 

erythro 
( l l -E) 
threo 

2 ( l l - T ) 

< _ > 2 H (12) 

P h G H G O O G 2 H 5 (13) 

O H 

r Ph 
- G O H 

L GOOG2H5 _ 
(14) 

2 

13 

14 

P h C H C O O C H ( C H 3 ) 2 (15) 

O H 

r Ph I 

- G O H 

L COOCH(CI I3)J 

(16) 

2 

4 2 . 9 

12.1 

54 

32 

54 

71—73 

20—23 

62 

24 

- 2 . 0 ° ) 

-33 d > 

- 2 . 4 4 

+ 28.2e> 

+ 40 

+ 180 

2 . 5 

13.7 

19.5 

11.4 

R 

a) Catalytic hydrogénation was carried out in benzene under the atmospheric pressure of hydrogen. In every 
experiment, equimolar amounts of quinine (Q*) and its HG1 salt (Q*HC1) were used (Q*/Co — Q*HGl/Go= 1). b) 
Specific rotation of pure R( — )-a-hydroxy-a-phenylacetone, [a]2D° —158.3° (c 2.5, ethanol).11) c) Specific rotation 
of pure (R( — )-acetoin, [a]D —82° (c 0.844, water)12) d) This value was based upon the concentration of threo 
derivative calculated from the ratio of threo to erythro, e) Specific rotation of pure ethyl £( + )-mandelate, [a]2D° 
+ 205.1° (c 0.7, carbon disulfide).13) f) Specific rotation of mandelic acid derived by hydrolysis of the product 
(isopropyl mandelate) ; Specific rotation of pure £( + )-mandelic acid, [a]2D° +157.5 (c 2.1875, water)14) g) S/Go: 
molar ratio of substrate to cobalt, h) Specific rotation of pure benzoin, [a]D ±118.5 (c 1, acetone).15) 

determined because the optically pure enantiomer is 
unknown. Hydrogénation of ethyl phenylglyoxylate 
and isopropyl phenylglyoxylate gave ethyl £ ( + ^ m a n -
delate and isopropyl S(-\-)-mandelate in optical yields 
of 19.5 and 11.4%, respectively. In these cases, re­
ductive dimerization products which had positive rota­
tion were also obtained. The yields of reductive di­
merization products increase with increasing molar 
ratio of substrate to cobalt. The details of these 
reductive dimerizations will be published separately. 

Catalytic asymmetric hydrogénations of olefinic com­
pounds were also carried out in benzene solution. 
The reaction products were purified by distillation, 
except for the case of methyl (6*)-iV-(phenylacetyl)-
alaninate (23). All these samples were checked by 
1 H N M R . Optical yields were calculated from the 

specific rotations of the products by reference to the 
maximum optical rotation reported in the literature, 
except for 23 which was obtained by methylation of 
(S)-JV-(phenylacetyl)alanine ([a]D — 30°)19) with diazo-
methane, [a]D —56.9° (c 2, methanol) (see experi­
mental par t ) . T h e results are shown in Table 2. 
Olefinic double bonds of both the olefinic ketone and 
olefinic carboxylates are chemospecifically hydrogenat-
ed with this catalyst system to give the corresponding 
saturated optically active ketone and carboxylates. 

In general, the optical yields with the substrates 
carrying acyl groups were much higher than those 
with the substrates carrying alkoxycarbonyl groups 
(Tables 1 and 2). 

(b) Effect of Solvent: Catalytic hydrogénation of 
benzil was examined in several solvent systems (Table 
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T A B L E 2. ASYMMETRIC HYDROGÉNATION OF OLEFINIC COMPOUNDS CATALYZED BY GD(dmg)2-QUiNiNE 

Substrate S/CO*) 
Reaction 

temp 

Products 

Structure Yield/% [a]D/° Gonf. 9 ^ 

/ P h 
H2G=G (17) 

\ G O O G H 3 

/ P h 
H2G=G 

\ G O O G H 3 

/ N H G O G H g 
H2CUC (18) 

R.T.t>) 
/ P h 

H 3 G - G H (21) 
\ G O O G H , 

Ph 
17 

8.4 
\ G O O G H 3 

/ N H G O G H 2 P h 
H 2 C=C (19) 

\ G O O G H , 

Ph / 
\ G O P h 

10 

R . T . 

R . T . 

R . T . 

H g G - G H ^ 
\ G O O G H 3 

/ N H G O G H 3 
H 3 G - G H (22) 

\ G O O G H 3 

/ N H G O G H 2 P h 
H 3 G - G H (23) 

\ G O O G H 3 

/ P h 
H 3 G - G H (24) 

\ G O P h 

80 +7.7C> S 7 .1 

92 + 1 1 . 3 S 10.4 

62 - 1 7 . 0 d > S 18.5 

60 -4.0 7.0 

95 +99.4 e> S 49 .2 

a) Molar ratio of substrate to cobalt complex, b) Room temperature , c) Optical rotation of pure (S)-isomer; 
[a ] D + 1 0 9 . 2 ° (c 6 .2 , toluene).16) d) Optical rotation of pure (S)-isomer; [a ] D - 9 1 . 7 ° (c 2, water).17) e) 
Optical rotation of pure (S)-isomer; [ a ] D +202° (c 3 . 5 , chloroform).18) 

T A B L E 3. EFFECT OF SOLVENT ON THE ASYMMETRIC HYDROGÉNATION OF BENZIL CATALYZED 

BY Co(dmg)2-QUININEa) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

S/Cot>> 

5 
20 
50 
20 
20 
20 
20 
20 
20 
10 

B/CoO 

3 
3 
3 
1 
2 
2 
2 
2 
2 
2 

Solvent 
(ratio)d) 

M ' 
M/B (1.4) 
M/B (1.07) 
M/B (1.4) 
M/B (1.4) 
M/B (0.43) 

A 
THF 

THF/B(0.6) 
B 

Yield 

% 

98.5 
99.0 
85.0 
96.5 
99.0 
96.5 
96.0 
95.5 
97.0 
98.0 

MS/0 

+ 10.3 
+ 27.8 
+ 33.5 
+ 29.7 
+ 30.2 
+ 50.1 
+ 12.0 
+ 42.6 
+ 59.0 
+ 72.7 

Optical 
yield/% 

8.7 
23.5 
28.3 
25.1 
25.5 
42.3 
10.1 
36.0 
49.8 
61.4 

a) Hydrogénat ion was carried out under the atmospheric pressure of hydrogen at room temperature. I n this 
series of experiments eqimolar amounts of quinine (Q*) and its H C l salt (Q*HC1) were used, b) Molar ratio of 
substrate to cobalt, c) Molar ratio of quinine to cobalt, d) Rat io of solvents in volume; M = methanol, B = 
benzene, A = acetone, T H F — tetrahydrofuran. e) Specific rotations were measured in acetone (c — 2—5). The 
specific rotation of optically pure benzoin, [a ] D ± 1 1 8 . 5 ° (c 1, acetone).15) 

3 ) . As is seen f rom T a b l e 3 , t h e o p t i c a l y ie ld increases 
w i t h d e c r e a s i n g p o l a r i t y of t h e so lven t used . T h e 
r e a c t i o n in b e n z e n e g a v e m a x i m u m o p t i c a l y ie ld u n d e r 
t h e g iven cond i t i ons . T h e c a r b o n y l a n d h y d r o x y l 
g r o u p s in t h e so lvent mo lecu l e s d e c r e a s e t h e e n a n t i o -
select ivi ty c o n s i d e r a b l y , sugges t ing t h a t these g r o u p s 
a r e c o n c e r n e d w i t h t h e enan t i o se l ec t i on m e c h a n i s m . 

(c) Effect of Temperature and Activation Parameters : T h e 
enant iose lec t iv i t i es a n d pseudo- f i r s t -o rde r r a t e c o n ­
s tan t s w e r e d e t e r m i n e d a t 10°, 20° , a n d 30 °C in t h e 
C o ( d m g ) 2 - q u i n i n e c a t a l y z e d h y d r o g é n a t i o n of benz i l . 
T h e resul t s a r e s u m m a r i z e d in T a b l e 4 . F r o m t h e 
A r r h e n i u s p l o t of t h e r a t e c o n s t a n t s , t h e a p p a r e n t 
a c t i v a t i o n e n e r g y ( A £ J ) a n d t h e a c t i v a t i o n e n t r o p y 
(AS") w e r e e s t i m a t e d to b e 8.3 k c a l / m o l a n d — 5 0 
eu , respec t ive ly . P l o t t i n g l o g a r i t h m s of t h e e n a n t i o ­
m e r i c r a t i o (S- i somer /Ä- isomer) vs. 1/7" g a v e fairly 
g o o d l inea r i ty . F r o m t h e s lope a n d t h e i n t e r c e p t a t 

T A B L E 4. ENANTIOSELECTIVITIES AND PSEUDO-FIRST-

ORDER RATE CONSTANTS IN VARIATION OF TEMPERATURES 

IN T H E HYDROGENATION OF BENZILA) 

React ion 
temp Chemical 

yield 

Ra te 
constant, 
&/min - 1 Mi1/0 Optical 

yield/% 

10 
20 
30 

95 

95 

99 

5 . 2 x l 0 - 3 

9 . 1 x 1 0 - 3 

1 . 4 x l 0 - 2 

+ 94 

+ 79 

+ 73 

70 .9 

66 .7 

61 .6 

a) Hydrogénat ion was carried out in benzene under 
the atmospheric pressure of hydrogen. Reaction con­
ditions: Go(DMG) 2 , 2.1 X 10-2 mol d m " 3 ; quinine, 2.1 X 
10-2 mol d m - 3 ; q U m m e hydrochloride, 2 . 1 x l 0 - 2 m o l 
d m - 3 ; benzil, 2.1 X 1 0 - 1 mol d m - 3 in benzene. 

\JT=0, t h e difference b e t w e e n t h e a c t i v a t i o n en ­
tha lp i e s for t h e f o r m a t i o n of i?- isomer a n d t h a t of 
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TABLE 5. EFFECT OF STRUCTURAL VARIATION OF CHIRAL AMINE ON THE ASYMMETRIC 

HYDROGENATION OF BENZlLa> 

Run 

Ï 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

Amine 

Quinine 
Quinidine 
Ginchonidine 
Quinidine 
Ephedrine 
Ephedrine 
^-Ephedrine 
iV-Methylephedrine 
(lÄ,2£)-ADPEe> 
(l$2£)-ADPEs> 
(lJR,2aS,)-MADPEf) 
Brucine 
O-Acetylquinine 
£(_)-a-Methyl-
benzy lamine 

Solvent 
(ratio) 

T / B (0.6)c> 
T / B (0.64) 
T / B (0.64) 

B 
M/B (0.36) 

B 
B 
B 
B (5—7 °G) 
Bd> 
Bd> 

T / B (0.64) 
T / B (0.6) 

T / B (0.6) 

Yield 

92 
98 
95 
99.5 
94 
96 
95 
89 
90 
98 
96 
99 

95 

M5/° 

+ 40.0 
- 3 9 . 4 
+ 39.9 
- 5 6 . 0 
+ 12.6 
+ 19.8 

- 9 . 2 
+ 33.2 

+ 8.3 
- 2 . 0 

+ 15.4 
- 1 . 5 5 
- 5 . 3 5 

0.00 

Optical 
yield/% 

3378 
33.2 
33.7 
47.3 
10.6 
16.7 
7.8 

28.0 
7.0 
1.7 

13.0 
1.3 
4.5 

0 

Conf.b> 

57+j 
R(-) 
S ( + ) 
Ä ( - ) 

S ( + ) 
S ( + ) 
R(-) 

S( + ) 
S ( + ) 
R(-) 
S ( + ) 
R(-) 

* ( - ) 

a) In this series of experiments free bases were used (Base/Cobalt = 2 ; Substrate/Cobalt —20). Hydrogénation 
was carried out under atmospheric pressure of hydrogen at room temperature, b) Configuration of predominant 
isomer, c) T —tetrahydrofuran; B — benzene; M = methanol, d) Benzene solution containing a small amount of 
methanol, e) (lÄ,2S)-2-Amino-l,2-diphenylethanol. f) (li2,2»S,)-2-Dimethylamino-l52-diphenylethanol.27) g) (1*9, 
2S) -2-Amino-1,2-diphenylethanol. 

H?J4 CH=CH2 
R 

H-+-N< 

H- -0H 

Quinine (X = OCH3) 
Quinidine (X = OCH3) 
Ginchonidine (X = H) 

R 

H0-

Quinine 
Ginchonidine 
Ephedrine 

(R=GH3 , R' = Fh) 
(l/2,2£)-ADPE 

(R = R' = Ph) 

R 
H-|—N< 

H0- -H 

R' R' 

Quinidine ^»-Ephedrine 
(R = GH3, R' = Ph) 

(1£2£)-ADPE 
(R = R' = Ph) 

Fig. 2. Structures and Fischer projections of chiral 
amino alcohols. 

»S-isomer (AA//2-s), and the corresponding entropy 
difference of activation (AASts) were estimated to 
be 2.9 kcal/mol and 6.5 eu, respectively. I t should 
be mentioned that in spite of the rather large dif­
ference in activation enthalpies, activation free energy 
difference became rather small (AAG2-8= 1.1 kcal/ 
mol at 10 °G) since the contribution of the activation 
entropy term of the same sign is also large (T-
AASts= 1.8 kcal/mol). 

(d) Effect of Structure of Chiral Amines: In order 
to obtain some information on the structural parts 

which have effective interactions in enantioselection, 
several amines were tested for this catalytic asym­
metric hydrogénation of benzil. Only free bases were 
used in this series of experiments. The results are 
shown in Table 5 ; the structures of chiral amines 
needed for this explanation are shown in Fig. 2. Qui­
nine, quinidine, and cinchonidine have the same con­
figuration at C 3 and C4 (3R,4S).20) The configura­
tion at C8 and C9 of quinine and cinchonidine is (SS, 
9R), while that of quinidine is (8#,9S).20) ( - ) -
Ephedrine,21) (-)-JV-methylephedrine,22) ( l# ,2S)-2-
amino-1,2-diphenylethanol23) have the same configura­
tions as quinine at carbon atoms which are attached 
to amino and hydroxyl groups, i.e., (CN-S,C0K-R). 
^-Ephedrine,2 4) and ( lS,2S)-2-amino-1,2-diphenyl-
ethanol23) have the (0N-S9COK-S) configuration. 

The results indicate that the chiral structure at 
C 3 and C4 of quinine, quinidine, and cinchonidine 
does not affect enantioselectivity (runs 1—4), and 
that the configuration of predominant isomer is un­
equivocally determined by those of the vicinal carbons 
which are attached to amino and hydroxyl groups, 
i.e., (C N -S ,C 0 H -#) and (CN-R,C0K-S) give £ ( + ) - and 
R(-) -benzoin, respectively. Brucine and O-acetyl-
quinine gave extremely low enantioselectivity and more­
over, S( —)-a-methylbenzylamine could not bring about 
asymmetric hydrogénation. These facts show again 
that the hydroxyl group of chiral amines plays an 
extremely important role in the enantioselection, as 
already pointed out in a previous section (b). The 
enantioselectivity of chiral amino alcohol seems to in­
crease in the order of primary, secondary, and tertiary 
amines. 

Asymmetric Hydrogénation Catalyzed by a Conjugated Sys­
tem Composed of Achiral Base Coordinated Bis (dimethyl-
glyoximato)cobalt(II) and Chiral Amino Alcohols (Cocata-
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TABLE 6. ASYMMETRIC HYDROGÉNATION OF BENZIL CATALYZED BY Co(dmg)2-B-Q* a) 

[Vol. 54, No. 7 

Run 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Base 

Quinidine 

r BAb> 
[Quinidine 

r BA 
[Quinidine 
Quinine 

r BA 
[Quinine 
r BA 
[Quinine 
rph3p 
[Quinine 
["Pyridine 
[Quinine 

r BA 
[Quinine 

Reaction 
temp 
°G 

R.T. 

26—27 

30 

30 

30 

30 

R.T. 

30 

- 1 0 

B/Coc> 

0 

0 

1.5 

Q*/Cod> 

2 

1 

3 

1 

1 

1 

1 

1 

1 

Q*HGl/Goe) 

0 

0 

0 

1 

0 

1 

1 

1 

1 

M 2 D7° 

- 5 6 

- 5 7 

- 6 0 

+ 73 

+ 54 

+ 72.3 

+ 72.8 

+ 67.1 

+ 92 

Benzoin 

O.Y.f) 
% 

47.3 

48.1 

50.6 

61.6 

45.6 

61.0 

61.4 

56.6 

77.6 

Gonf. 

R 

R 

R 

S 

S 

S 

s 

s 

s 

10-3 s-1 

6.0 

12.0 

1.5 

13.6 

0.3 

2.5 

a) Every experiment was carried out in benzene solution except for run 9 (in mesitylene) ; Substrate/Cobalt— 10. 
b) BA: benzylamine. c) B: achiral base, d) Q* : chiral amino alcohol, e) Q*HG1: hydrochloride of Q*. 
f) O.Y.: optical yield, g) V: initial velocity (H2 moles consumed/s/mol of catalyst), h) In every case, chemi­
cal yield was almost quantitative. 

transoid; there exists no hydrogen bonding between 
the oxygen of the inplane ligand and the hydroxyl 
group of amino alcohol and also no significant asym­
metric distortion of the inplane ligand (Fig. 3).25) 

The optical yields increase in the order of primary, 
secondary, and tertiary amines. This order is con­
sistent with that of the difficulty in coordination of 
the amine. Such results suggested the possibility that 
asymmetric induction was brought about by an amino 
alcohol molecule other than that coordinated to the 
cobalt atom. Thus, asymmetric hydrogénation was 
examined in the presence of both chiral amino alcohol 
and an achiral simple base such as benzylamine, 
pyridine, and triphenylphosphine. The results are 
summarized in Table 6. A comparison of runs 4 
and 6 (or 1 and 2) shows the optical yields did not 
decrease, while the reaction rates were extremely en­
hanced on addition of benzylamine to bis (dimethyl-
glyoximato) cobalt ( I I ) -quinine or -quinidine system. 
The reaction rates increase in the order of increasing 
electron donor ability of the achiral simple base added. 
This seems to suggest that the achiral simple base is 
coordinated to a cobalt atom. The rate acceleration 
made it easy to react at a lower temperature. At 
—10 °C in mesitylene the optical yield reached 78%. 

In order to obtain more precise information on the 
coordinated base, the circular dichroism was examined. 
If an optically active amine is coordinated to a cobalt 
atom, the CD band due to vicinal effect26) of the amine 
should be observed in the d-d transition region of 
cobalt. The CD spectra of mixtures of methylbis-
(dimethylglyoximato) cobalt (III) and quinidine were 
measured for various molar ratios (Fig. 4). The CD 
Cotton effect in the d-d transition region of cobalt 
increased with the increasing molar ratio of quinidine 
to cobalt complex, showing an equilibrium between 
the states of quinidine coordinated and non-coordi-

Fig. 3. Perspective view of 25 looking along equatorial 
plane.26) 

lysts). (a) Evidence for Non-binding of Chiral Base 
to Cobalt Complexes: O u r primary concern is to disclose 
the mechanism by which chiral amine brings about 
asymmetric induction. Two dimethylglyoxime mono-
anions are in planar coordination to cobalt. If chiral 
amine would coordinate to cobalt, the catalytically 
active site must be at the site trans to the chiral amine 
which can not interact with the substrate directly. 
All attempts to isolate a quinine or quinidine co­
ordinated complex were unsuccessful. However, (\R, 
2£)-2-amino-l,2-diphenylethanol coordinated (2-cyano-
ethyl)bis(dimethylglyoximato)cobalt(III) (25) was iso­
lated. From N M R and circular dichroism spectra of 
the complex and from the importance of the hydroxyl 
group of chiral amine, asymmetric induction had, 
first, been assumed to be brought about by an asym­
metric field induced at the site trans to chiral axial 
base through hydrogen bonding between the oxygen 
of the dimethylglyoxime ligand and the hydroxyl group 
of chiral amino alcohol. However, X-ray analysis of 
the complex (25) revealed that the amino nitrogen 
and the hydroxyl group of amino alcohol are fully 
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TABLE 7. EFFECT OF HCl SALT ON THE ASYMMETRIC HYDROGÉNATION OF BENZIL*1) 

2129 

Run 

1 
2 
3 
4 

5 

Solvent 
(ratio) 

Benzene 
Benzene 
Benzene 
B/M(4/l)d> 

B/M(4/l) 

BAb> 

1 
1 
1 
1 

1 

Q*c) 

1 
0 
1 
0 

0 

Q*HG1 

0 
1 
1 
1 

1 

BHG1 
(BHGl/Go) 

0 
0 
0 
0 

Quinuclidine 
HCl (1) 

MÏ/° 

+ 54 
+ 70 
+ 72.3 
+ 33.6 

+ 8.6 

O.Y./% 

45.6 
59.0 
61.0 
28.4 

7.3 

V 
10-3 s-1 

9 
6.5 

13.6 
6.5 

7.6 

a) The reaction was carried out under the atmospheric pressure of hydrogen at about 30 °G. b) BA: benzyl-
amine. c) Q* : quinine, d) B/M: a mixture of benzene and methanol. 

TABLE 8. EFFECT OF HG1 SALT ON THE ASYMMETRIC HYDROGÉNATION OF (X-PHENYLACRYLOPHENONE^ 

Run 

1 
2 
3 

Reaction 
temp 

°C 

R.T. 
30 
30 

BA 

0 
1 
1 

Q* 

1 
1 
0 

Q*HG1 

1 
0 
1 

M D / ° 

+ 99.4 
+ 20.2 
+ 91.4 

O.Y./% 

49 
10 
45 

V 
10-3 s-1 

13 
11 

a) The reaction was carried out in benzene. See also the footnotes of Tables 6 and 7. 

Wave number/1 O^m"1 

Fig. 4. GD Spectra of dichloromethane solutions of 
GH3Go(dmg)2 (A) and quinidine (B) in variation of 
molar ratio of (B) to (A). 
Spectrum 1: [A] = [B]= 10~3 mol/1, 
Spectrum 2 : [A] = 10~3 mol/1; [B] = 1.5 X 10~3 mol/1, 
Spectrum 3: [A]= 10~3 mol/1; [B]=4x 10~3 mol/1, 
Spectrum 4: [A]= 10~3 mol/1; [B] = 8 x 10~3 mol/1. 

nated to the cobalt complex. Addition of an equi-
molar amount of benzylamine to the above system 
erased the Cotton effect. This clearly indicates that 
benzylamine coordinates selectively to cobalt in the 
system : 

PhCH 2 NH 2 

[GH3Go(dmg)2.Q* ^r+ CH3Co(dmg)2 + Q*] > 
GH3Go(dmg)2.NH2GH2Ph + Q* 

However, the results still do not rule out the possibility 
that the amino alcohol have some interaction with 
some part of the ligands. In order to check this pos­
sibility, we studied the change in optical yield with 
variation of molar ratio of quinidine to cobalt complex 
in the hydrogénation of benzil by this system. If 
chiral amine and cobalt complex have a 1:1 interac­
tion or binding, then the optical yields will increase 

O 

0-1 03 0-5 0 3-0 
Quinidine /Co 

Fig. 5. Non-linear correlation between optical yields 
and molar ratio of quinidine to Go(dmg)2 in the 
hydrogénation of benzil catalyzed by Go(dmg)2-ben-
zylamine-quinidine. 

linearly up to the ratio of Q * / C o = l . However, the 
results do not show a linear correlation (Fig. 5). These 
results clearly indicate that this enantioselection is 
brought about by chiral amino alcohol which does 
not bind firmly to any par t of the complex. This 
fact is quite surprising in view of how asymmetric 
induction is brought about. 

(b) Importance of Protonated Chiral Base for Enantio­
selection, and Mechanism of Asymmetric Hydrogénation : As 
is seen from Table 7, when free quinine only is used 
as the chiral substance in the hydrogénation of benzil, 
the optical yield is only 4 6 % . However, when the 
hydrochloride of quinine is used, the optical yield 
becomes much higher. The optical yield increases a 
little more when both free quinine and its hydrochlo­
ride salt are used. Moreover, the addition of hydro­
chloride of achiral quinuclidine caused a remarkable 
decrease in enantioselectivity. A similar effect of hy­
drochloride salt was also observed in the hydrogéna­
tion of a-phenylacrylophenone (Table 8). These facts 
suggest that protonated chiral amino alcohol plays 
a decisive role in this enantioselection and also that 
the proton pulled out of the hydridobisfdimethylglyoxi-
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TABLE 9. EFFECT OF TERTIARY AMINES ON THE ASYMMETRIC HYDROGÉNATION OF 

BENZIL WITH Go(dmg)2-BA-Q* 

Run 
Reaction 
temp/°G BAa> Q* Q*HClb> )* c ) 

L2 

0 
0 
0 
0 
0 
0 
1 
3 
1 
1 
1 

Tertiary 
base(B/Go) 

0 
Pyridine (2) 
(*-C6H13)3N (2) 
(G2H5)3N (2) 
Quinuclidine (2) 

0 
0 
0 

(*-C6H13)3N (1) 
(G2H5)3N (1) 
Quinuclidine (1) 

Optical 
yield/% 

61.0 
61.0 
58.0 
51.8 

8.5 
45.6 
48.1 
51.0 
37.0 
32.0 
12.0 

Gonf. 

S 
S 
S 
S 
S 
S 
R 
R 
R 
R 
R 

Vd) 
10-3 s-1 

13.6 
10.0 
11.1 
14.9 

9.0 
6.0 

12.0 
8.2 
9.9 

10.6 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

30 
30 
30 ] 
R.T. 
30 ] 
30 ] 
27 ] 
30 1 
30 ] 
30 ] 
30 ] 

l 0 
0 
0 

l 0 
0 

0 
0 
0 
0 
0 
0 

a) BA : benzylamine. b) Q,ï : quinine, QÏHG1 : hydrochloride of quinine. Q,* : quinidine. d) V : initial velocity 
(H2 moles consumed/s/mol of catalyst). For reaction conditions see the footnote of Table 6. 

T A B L E 10. ASYMMETRIC HYDROGÉNATION OF BENZIL CATALYZED BY Go(dmg)2-B-BULKY CHIRAL BASE 

Run Base Reaction 
temp/°G 

R.T. 

30 

30 

30 

R.T. 

30 

B/Coa> 

0 

1 

1 

1 

0 

1 

B*/Cob> 

1 

1 

1 

1 

1 

1 

M D / ° 

+ 33.2 

+ 9.1 

+ 18.2 

+ 51.0 

+ 15.4 

+ 1.3 

Optical 
yield/% 

28.0 

7.7 

15.4 

43.0 

13.0 

1.1 

Gonf. 

S 

S 

S 

S 

S 

S 

Vc> 
l O " 3 S"1 

5.0 

0.7 

0.2 

7.1 

1 

2 

3 

4 

5 

6 

iV-Methylephedrine 
rBenzylamine 
|_iV-Methylephedrine 

[Pyridine 
iV-Methylephedrine 

rTriphenylphosphine 
|_iV-Methylephedrine 
(IR,2S) -MADPE 

rBenzylamine 
(1/2,25)-MADPE 

a) Molar ratio of B(non-chiral base) to cobalt, b) Molar ratio of bulky chiral base(B*) to cobalt, c) V: initial 
velocity, see the footnot of Table 6. d) (1 R,2S)-2-Dimethyl-amino-l,2-diphenylethanol.27) 

mato) cobalt complex by the amine reacts with sub­
strate or substrate-bound complexes in a bound state. 
Addition of an achiral base stronger than the chiral 
base gives a protonated achiral base (J-BH+), in com­
petition with the formation of a protonated chiral 
base (B*H + ) . This is expected to cause a decrease 
in enantioselectivity. As expected, addition of a 

[B* + *-B + HCo(dmg)2.B ^=z± Co(dmg)2.B- + B*H+ + *-B 

^ = ± Co(dmg)2.B- + B* + f-BH+] 

stronger base to the system caused a remarkable de­
crease in enantioselectivity (Table 9). Even though 
these tertiary amines have almost the same basicity, 
their effects on the enantioselectivities are considerably 
different. The differences can be understood in terms 
of steric hinderances which prevent these protonated 
bases from approaching the reaction center. The same 
kind of steric effect is observed in cases of sterically 
hindered chiral amine (Table 10). O n using quinine 
or quinidine, whose effective bulk around nitrogen 
atom is relatively small owing to the cage structure, 
optical yields did not vary with achiral weak bases 
such as benzylamine, pyridine, and triphenylphosphine. 
However, when iV-methylephedrine was used as the 
chiral base, optical yields varied remarkably with 
variation of the above achiral bases. In this case, 

even a small amount of a protonated simple base 
(for example, dissociated benzylamine) or hydride com­
plex seems to compete seriously. Thus, a fairly good 
result is obtained using triphenylphosphine as the 
axial base which has very low basicity toward protons. 

Thus, protonated chiral amino alcohol must re­
cognize enantiotopic face on giving its proton to the 
substrate or substrate-bound complexes. This, in turn, 
requires an electron donor at some stages. The spec­
ies must be a Go (I) anion which is released by ab­
straction of H + from a hydride complex. The rate 
accelerations with increasing basicity and with ad­
dition of proton sources are in accord with the mech­
anism comprised of an electron donor [Co(I) anion] 
and a proton donor. In addition, the catalytic hydro­
génation by this system has been shown to proceed 
through an a-alkyl complex, followed by the reductive 
cleavage of Co-G bond with a Co (I) anion.9»28) The 
mechanism of this hydrogénation is schematically de­
lineated in Scheme 1. 

A hydridobis(dimethylglyoximato) cobalt complex is 
produced by the reaction of bis (dimethylglyoximato)-
cobal t ( I I ) -base and molecular hydrogen. The hydride 
complex dissociates into proton and Co (I) anion with 
an aid of a basic solute in equilibrium. The proton 
is captured by bases in this system. T h e substrate 
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rKQ* ( C p ) ; 
B 

e 
- (C,o) « 

B 

-ir 
i ¥^ 
1 M 

B 

x=c<d 

(Co) 
B 

O'-^l j^HX-C-H 

H X N / çyZ 

(Cp) 
B 

CM M 

* - ^ * HXs^Y 

4) 
B 

i © 

m (Co) 
B 

11 
HX y_ 

in* 

Y'p« I 

X = C < ^ 

0* 

0"H" 

(CpD) 
B 

Scheme 1. Catalytic cycle in the hydrogénation with 
Co(dmg)2-B-Q.*. 
Electron (e) is supplied from hydrogen probably 
via (Co1)-!*-. (Co), B, and Q* represent bis(di-
methylglyoximato) cobalt, axial base and chiral co-
catalyst (chiral amino alcohol), respectively. 

gains an electron from the Co (I) anion to give an 
intermediate (anionic alkyl complex or radical anion) 
which undergoes the attack of the protonated base 
to give an alkyl complex ( I I ) . The reaction of the 
alkyl complex (II) with the electron donor, Co (I) 
anion, will form the reduced state of the alkyl complex, 
I I I , and/or carbanion, I I I ' . The subsequent attack 
of the protonated base, Q * H + , and/or the protonated 
basic solute including the hydridobis(dimethylglyoxi-
mato) cobalt complex will give the simple reduction 
product. But if the reduced state of the alkyl com­
plex or carbanion ( I I I or I I I ' ) undergoes the attack 
of another substrate followed by protonation, the re­
ductive dimerization product may be formed. Enan-
tioselection will take place in two stages when Q,*H+ 

gives its proton to the intermediates I and I I I and/or 
I I I ' . The latter stage of enantioselection will be more 
important for the following reasons. The former stage 
was shown to be in an equilibrium;9) also, deuterium 
cleavage of optically pure [(/?)-l-(methoxycarbon-
yl) ethyl] (pyridine) bis (dimethylglyoximato) cobalt ( I I I ) , 
which was easily derived by displacement of the axial 
base of [(Ä)-l-(methoxycarbonyl)ethyl] [ i?(+)-methyl-
benzylamine] bis (dimethylglyoximato) cobalt ( 111 )29) with 
pyridine, gave the inversion product predominantly, 
but the stereoselectivity was extremely low (lower than 
1%).30) This result implies that the reduced state 
of alkyl complex I I I is also in an equilibrium with 
carbanion I I I ' . 

Before presenting the mechanism of chiral recogni-

0 

,H H O 

Ph 

x—c; 
0 % 

t=Ô 
e 

(Co) 

Ph 

, I $ 
(Co) 

m 

H 
I 

/CvX0Ph 
HX * 

Ph 

(S) 

NH(C) —1 
'c OH(O) HX p^ 

Is or Es (S) IR or IDR (R) 

X= CH2 or 0 
Fig. 6. A proposed mechanism for enantioselection in 

the hydrogénation of benzil, a-phenylacrylophenone, 
and methyl phenyl diketone. 

tion it is necessary to discuss the conformations of 
alkyl complexes or carbanions ejected from the re­
duced state of alkyl complexes. They will be able 
to exist in two forms of rotamers with respect to the 
rotating axis of C a - C O R ' bond: 

HXX R' 

Transoid (T) Cisoid (C) 

O n e is the rotamer in which substituents, R and R ' 
are transoid, and the other is one in which they are 
cisoid. The stability of each form will be determined 
by the balance of the attractive interaction between 
O and H X , and the repulsive interaction between 
R and R' . Considering that Q * H + selects the favored 
chirality of two enantiomers (or the favored prochirâl 
face of carbanion) in the more stable rotamer (T 
or C) to furnish its proton, we can predict the con­
figuration of the predominant enantiomer in all the 
cases examined. 

In cases of substrates having large substituents such 
as benzil and a-phenylacrylophenone, two substituents 
have to situate in trans form, because of the large 
steric repulsion between these groups. Protonated 
quinine will approach the reduced alkyl complex (III) 
or carbanion ( I I I ' ) with an attractive interaction be­
tween the O H group of quinine and carbonyl group 
of substrate and also between the positive charge of 
protonated quinine and the negative charge of re­
duced alkyl complexes or carbanion (Fig. 6). The 
assumption of the attractive interaction between the 
hydroxyl group of amino alcohol and the carbonyl 
group of the substrate may be substantiated by solvent 
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Ï 
Co(dmg)2-Q* ^ Z V "00OR 

Ph 
D V 
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(S) 

VXXH3 
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H3C 

I 
Ä A 

COCH3 

(S) 

Fig. 7. A proposed mechanism for enantioselection in 
the hydrogénation of biacetyl. 

effect: that solvents having hydroxyl and carbonyl 
groups decrease enantioselectivity, and also by the 
importance of hydroxyl group of chiral amine for 
the enantioselection. Is (or I l l s ) and I r (or I l l r ) 
are the projections which are obtained by viewing 
I (or I I I ) from above. As is seen, an approach like 
Is (or I l l s ) which gives the predominant enantiomer 
(S) is well fitting and has no substantial repulsion, 
while the other (R) will result in a serious repulsion 
because the substituents around the reaction site are 
nearly eclipsed. In cases of the substrates having 
small substituents or substituents compelled to be in 
cisoid form, such as biacetyl and 1,2-cyclohexanedione, 
hydrogen bonded eis form will be favored. Thus , 
the attack of protonated quinine to the eis form (C) 
will reasonably be assumed in cases of substrates having 
small substituents or substituents compelled to be in 
eis form. The transition state which gives R isomer 
is more stable than that giving S isomer (Fig. 7). The 
same explanation will be made in the cases of a-keto 
carboxylates and a-(acylamino)acrylates (Figs. 8 and 9). 
Although only quinine was used for the explanation 
of the enantioselection mechanism, the enantioselec­
tivity of other chiral amino alcohols can also be ex­
plained in the same way. 

Features and Limitations of This Catalyst System. 
Thus, the at tempt to overcome the shortcomings of the 
previously studied catalyst system, the cyanocobalt-
chiral amine system, have led us to explore a unique 
catalyst system, bis(dimethylglyoximato)cobalt(II)-B-
chiral amino alcohol system, which resembles enzymes. 
The catalytic site and the enantioselectivity-determin-
ing site of this catalytic system are separated: bis-
(dimethylglyoximato) cobalt complex and chiral amino 
alcohol are considered to correspond to NAD (or 
NADP) and apoenzyme, respectively. This makes it 
possible to improve these two catalytic features almost 
independently. In fact, catalytic activity was en­
hanced by increasing electron density on cobalt atom 
without decreasing enantioselectivity, when the chiral 
base used was the same. 

O n the other hand, enantioselection of this catalytic 
system is performed when the chiral proton carrier 
gives the proton. In consequence^ the existence of 

0H(0) *" A 4 

/ [ ''(DOOR (0) 
HO I 

Ph 
(S) 

Fig. 8. A proposed mechanism for enantioselection in 
the hydrogénation of phenylglyoxylates. 
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I? (H) (0) 
0=C 

( 
(S) 

0H(0) 

H 

RCON » ^ 
H COOCH3 

(R) 

n = 2 or 3 
Fig. 9. A proposed mechanism for enantioselection in 

the hydrogénation of dehydroalanine derivatives. 

achiral proton carrier makes enantioselectivity lower. 
This is an inherent shortcoming of this catalytic system. 
However, this is not one which is impossible to over­
come: Directed proton transfer with complete enantio­
selectivity seems to be involved in biological redox 
systems. 

Another aspect is concerned with kinetic param­
eters. As described in a previous section, in spite 
of the rather large difference of activation enthalpies 
( A A / / R . S = 2 . 9 kcal/mol), the activation free energy 
difference becomes rather small (AAG£.S=1.1 kcal/ 
mol at 10 °G) because of large difference in activation 
entropy term which has the same sign. If it would 
be possible to make the entropy term zero, almost 
complete enantioselectivity (99%) should be achieved. 
Thus, controlling the entropy term is an essential 
problem to be solved. 

Exper imenta l 

Melting points were measured by a Yanagimoto micro-
melting point apparatus and are uncorrected. Nuclear mag­
netic resonance spectra were recorded on a JEOL JNM-
4H-100 spectrometer, using TMS as the internal standard. 
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Gas liquid chromatography was performed on a Shimadzu 
GG-4CM using 10% P E G 4000-Gelite column. Optical 
rotations were measured on a Carl Zeiss photoelectric pre­
cision Polarimeter. Circular dichroism spectra were meas­
ured by J A S G O O R D / U V - 5 spectrometer. Infrared spectra 
were taken on a Hitachi EPI-G2 spectrophotometer. 

General Procedure for Asymmetric Hydrogénation Catalyzed by 
Bis(dimethylglyoximato)cobalt(H)-Puinine. A 200 ml flask 
which have a side neck with a rubber cap was used as the 
reaction vessel. T o a methanol (10 ml) solution of CoCl2-
6 H a O (0.25 g) was added a hot solution of dimethylglyoxime 
(0.244 g) in methanol (14 ml) under nitrogen atmosphere 
with stirring. T h e solution was stirred for 5—10 min and 
then 1 ml of 2.35 mol d m - 3 sodium methoxide solution was 
added to this solution. After 1—2 min, a degassed methanol 
solution of an equimolar mixture of quinine and quinine 
hydrochloride (which is prepared by adding 0.46 ml of 
2.35 mol dm~3-sodium methoxide solution to a solution of 
quinine H C 1 - 2 H 2 0 (0.84 g) in methanol (5 ml)) was added 
to the above reaction vessel. T h e reaction vessel was con­
nected to a gas burret and a vacuum system through a three-
way tap. Methanol in the resulting catalyst solution was 
evaporated under a reduced pressure with warming and 
stirring to a wet paste (in this case, caution should be taken 
not to dry the catalyst). T o this paste 10 ml of degassed 
benzene was added by a syringe under atmospheric pressure 
of hydrogen, and the mixture was then evaporated again 
to a wet paste under a reduced pressure in order to eliminate 
the residual methanol (the above caution should be repeated) . 
T o the resulting catalyst was added a degassed benzene 
solution of substrate with a syringe under atmospheric pres­
sure of hydrogen; hydrogénation was then initiated with 
vigorous stirring. After the theoretical amount of hydrogen 
was absorbed, about 300 ml of benzene or ether was added 
to the reaction mixture, and then successively washed with 
water (several times), 6 mol d m - 3 or dilute hydrochloric 
acid (several times), and water . T h e organic layer was 
dried over anhydrous sodium sulfate, and concentrated 
under a reduced pressure to give the corresponding reduction 
products. 

Asymmetric Hydrogénation of Benzil. In this case, the 
crude product obtained according to the general procedure 
was shown to contain substantially no impuri ty by T L C 
and G L P C ; optical rotation was therefore measured without 
further purification. T h e I R and N M R spectra were iden­
tical with those of the authentic sample (benzoin). Yields 
were almost quanti tat ive (Tables 1 and 3). 

Asymmetric Hydrogénation of Methyl Phenyl Diketone. 
After carrying out the usual workup (general procedure) 
described above, 1.4 g of a syrupy product was obtained 
from 1.48 g of methyl phenyl diketone. T h e reaction prod­
ucts were adsorbed on a silica-gel column (Kiesel gel H , 
Merck) and successively eluted by hexane, benzene, and 
ethyl acetate. a-Hydroxy-a-phenylacetone (8) and a-hy-
droxypropiophenone (9) were thus isolated and characterized 
by N M R as follows. 8 : N M R (CDC13) Ô 7.20 [s, 5H, 
phenyl] , 5.05 [s, 1H, a - C H - ] , 3.70 [s, 1H, O H ] , 2.05 [s, 
3H, C O C H 3 ] . [a]2

D
s + 8 8 . 8 ° (c 2.3, ethanol) . T L C Rf 

0.27 (benzene/hexane/ethyl ace ta t e=4 .5 /4 .5 / l ) . 9 : N M R 
(CDGI3) <57.85 [2H, ortho H of phenyl] , 7.20 [me, 3H, metha 
and para H of phenyl] , 5.00 [q, 1H a - C H - ] , 1.45 [d, 3H, 
methyl). T L C Rt 0.41 (benzene/hexane/ethyl a c e t a t e = 4 . 5 / 
4.5/1). T h e ratio of 8 and 9 was determined by N M R of 
the crude products. 

Asymmetric Hydrogénation of Biacetyl. T h e catalyst was 
prepared according to the general procedure, except for 
using twice the amounts of the reagents. T o the catalyst 

was added a solution of 1.81 g of biacetyl in 50 ml of benzene. 
T h e mixture was stirred under the atmospheric pressure of 
hydrogen. T h e reaction was stopped when 97 ml of hy­
drogen was absorbed (this took 2 h ) . T h e reaction mixture 
was adsorbed on a silica-gel column (40 g of Wako gel C-
200) and eluted by ether/petroleum ether (2/1). T h e eluate 
was checked by thin layer chromatography. T h e first frac­
tion contained biacetyl; the next ones contained erythro-
and fAreo-3,4-dihydroxy-3,4-dimethyl-2,5-hexanedione (11-E 
and 11-T). T h e fractions containing reductive dimeriza-
tion products were combined and concentrated under a 
reduced pressure to give 1.0 g of a syrup. T h e syrup was 
dissolved in benzene and the optical rotation was measured. 
T h e ratio of threo and erythro products was determined from 
the intensities of N M R signals of C - C H 3 and C H 3 C O to 
be 22/78. From the ratio and the optical rotation of the 
mixture (11-E and 11-T), the specific rotation of 11-T pro­
duced was determined: [ a ] D —33° (c 2.02, benzene). T h e 
fractions containing only acetoin were combined. T h e sol­
vent was evaporated by bubbling N 2 gas into the eluate. 
T h e residue was distilled at 25—25.5 °C/29 m m H g (1 mm­
H g =133.322 Pa.) [ a ] D —2° (c 0.8, water) . F rom the opti­
cal rotation, the optical yield was calculated by reference to 
that of the optically pure acetoin.12) Optical yield, 2 . 5 % . 

Asymmetric Hydrogénation of 1,2-Cyclohexanedione. T h e 
reaction was performed according to the general procedure, 
except for using benzene/methanol (4/1) as a solvent. After 
a theoretical amount of hydrogen was absorbed, the reaction 
mixture was extracted with chloroform and the chloroform 
layer was washed with NaCl-saturated water, dil HCl and 
water, successively. T h e chloroform layer was dried over 
anhydrous sodium sulfate, and concentrated under a reduced 
pressure to give a syrup which crystallized gradually. [ a ] D 

—2.44° (c 0.35, chloroform). 

Asymmetric Hydrogénation of Ethyl Phenylglyoxylate. After 
carrying out the general procedure, 1.6 g of a syrupy product 
was obtained from 1.78 g of ethyl phenylglyoxylate. T h e 
yields of ethyl mandela te and reductive dimerization prod­
ucts were calculated by J H N M R spectra and yield of the 
crude product . T h e crude product crystallized partially 
(about 0.31 g), m p 118—121 °C ; it was recrystallized by 
hexane to give cubic crystals, m p 124 °C. Found : G, 67.02; 
H, 6.10; MS m/e 3 5 9 [ ( M + 1 ) + ] . Calcd for C 2 0 H 2 2 O 6 : G, 
67.02; H , 6.15. *H N M R (GDC13) Ô 7.15 [1 OH, phenyl] , 
5.07 [s, 2H, O H ] , 4.30 [q, 4H , - C H 2 - ] , 1.27 [t, 6H, methyl] . 
T h e syrup obtained after removal of crystals (by filtration) 
was chromatographed on a silica-gel column using hexane -
benzene (with increasing polarity of the solvent) as the 
solvent, giving ethyl phenylglyoxylate (0.3 g) , dimerization 
products (0.06 g), and ethyl mandela te (0.42 g). T h e spe­
cific rotations of ethyl mandela te are given in Table 1. 

Asymmetric Hydrogénation of Isopropyl Phenylglyoxylate. 
After carrying out the general procedure, the crude products 
were adsorbed on a silica-gel column (Kiesel gel H, Merck) 
and eluted by hexane/benzene; the polarity of the solvent 
was gradually increased. Diisopropyl a,a ' -diphenyltartrate 
and isopropyl mandela te were thus isolated and characterized 
by 1H N M R spectra. XH N M R of diisopropyl a,a '-diphen-
yltartrate (CDC13) ô 7.02 [m, ÎOH, phenyl] , 5.1 [q, 2H, 
methine H of isopropyl], 4.9 [s, 2H, O H ] , 1.14 [t, 12H, 
methyl] . ^ N M R of isopropyl mandela te (CDG13) ô 7.35 
[m, 5H, phenyl] , 5.09 [s, 1H, methine H of a-carbon], 5.02 
[m, 1H, methine H of isopropyl], 3.4 [broad s, 1H, O H ] , 
1.28 [d, 3H, methyl] , 1.11 [d, 3H, methyl] . 

Isopropyl mandela te thus isolated was hydrolyzed by 
refluxing with 4 mol dm_3-sulfuric acid for 24 h. T h e reac­
tion mixture was made alkaline and washed with benzene. 
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T h e aqueous layer was acidified and extracted with benzene. 
T h e organic layer was washed with water, and concen­
trated in vacuo to give 0.1 g of mandelic acid, [a ] D -f-18° 
(c 2.0, water) . 

Asymmetric Hydrogénation of Methyl a-(Acetylamino) aerylate. 
After carrying out the usual workup (general procedure) , 
an oily product was obtained which was chromatographed 
on a silica-gel column using ether as a solvent. 0.8 g) of 
an oily substance (JV-acetylalanine methyl ester) was ob­
tained starting from 1.2 g of the substrate; this was further 
purified by distillation at 70—82 °G/1—2 m m H g , 0.4 g, [ a ] D 

- 1 7 . 2 ° {c 1.2, water) . 

Asymmetric Hydrogénation of Methyl <x-(Phenylacetylamino)acryl-
ate. 187 ml of hydrogen was absorbed for 2.2 h. T h e 
reaction mixture was treated as usual (general procedure) 
to give 1 g of iV-(phenylacetyl) alanine methyl ester (starting 
from 1.67 g of substrate), [ a ] D —4° (c 2, methanol) . T h e 
I R and XH N M R spectra of the product were identical 
with those of the authentic sample prepared by the reaction 
of (^)-iV-(phenylacetyl) alanine with diazomethane. 

(S)-N-(Phenylacetyl) alanine Methyl Ester. (S)-iV-(Phen-
ylacetyl) alanine was esterified with diazomethane. T h e 
crude product was purified by recrystallization from e the r -
petroleum ether, m p 68.5—70.5 °G, [a ] D - 5 6 . 9 ° (c 2, meth­
anol) . 1H N M R (GDGlg) Ô 7.30 [s, 5H, phenyl] , 6.32 [broad 
d, 1H, N H ] , 4.57 [qt, 1H, G H ] , 3.68 [s, 3H, O G H 3 ] , 3.57 
[s, 2H, G H J , 1.34 [d, 3H , G - G H 3 ] . I R (KBr), 3340 c m - 1 

(NH) , 1745 c m - 1 (ester), 1640 c m - 1 (amide). 

Asymmetric Hydrogénation of Methyl 2-Phenyl-2-propenoate. 
After carrying out the usual workup (general procedure) , 
2.5 g of a syrup was obtained from 2.7 g of substrate, [ a ] D 

+ 7.7° (c 6.2, toluene). This was distilled at 67—68 °G/2 
m m H g and 0.9 g of purified product (methyl 2-phenylpro-
panoate) was obtained, [ a ] D +11 .5° (c 6.2, toluene). 

Asymmetric Hydrogénation of a-Phenylacrylophenone. After 
carrying out the usual workup (general procedure) 1.9 g 
of a syrup (crude a-phenylpropiophenone) was obtained 
from 2 g of substrate, [ a ] D +88 .6° (c 3.5, chloroform). T h e 
syrup was distilled at 1 1 5 — 1 1 6 ° G / l m m H g , 1.0 g [a ] D 

+ 99.4° {c 3.57, chloroform). 
Reaction Rate. A 200 ml Erlenmeyer flask which has 

a side neck with a rubber c a p was used as the reaction vessel. 
T h e catalyst was prepared according to the general pro­
cedure using C o C l 2 - 6 H 2 0 (0.25 g), dimethylglyoxime (0.244 
g), and quinine H G 1 - 2 H 2 0 (0.84 g) (a half of which was 
neutralized with sodium methoxide). T o the reaction vessel 
containing the catalyst was added a degassed benzene solu­
tion (50 ml) of benzil (2.24 g) by a syringe. T h e reaction 
was initiated with vigorous stirring. T h e reaction tem­
perature was maintained constant within ± 0 . 2 °G. T h e 
quant i ty of hydrogen absorbed was measured by a gas burret . 
T h e pseudo-first-order rate constants are listed in Table 
4. 

General Procedure for Asymmetric Hydrogénation Catalyzed by 
a Conjugated System Composed of Achiral Base Coordinated Bis-
(dimethylglyoximato) cobalt(II) and Chiral Amino Alcohols. 
T o a methanol solution (10 ml) of C o C l 2 - 6 H 2 0 (0.25 g) 
was added a hot solution of dimethylglyoxime (0.244 g) in 
methanol (14 ml) under nitrogen atmosphere with stirring. 
T h e solution was stirred for 5—10 min and then 1 m l of 
2.35 mol dm- 3 -sodium methoxide solution was added to this 
solution. After 1—2 min, achiral base, additives, and a 
degassed methanol solution of equimolar mixture of quinine 
and quinine hydrochloride (which is prepared by adding 
0.46 ml of 2.35 mol dm- 3 -sodium methoxide solution to a 
solution of quinine H G 1 - 2 H 2 0 (0.84 g) in methanol (5 ml)) 
were added to the above reaction vessel, one by one. T h e 

procedure hereafter was the same as in the "General 
Procedure for Asymmetric Hydrogénation Catalyzed by Bis-
(dimethylglyoximato)cobal t (II)-Quinine." 

Circular Dichroism Study. T o each methanol solution 
of 9.15 g of methyl (dimethyl sulfide) bis (dimethylglyoximato)-
cobalt(III)3 1) 8.1 mg (1 molar equivalent), 12.1 mg (1.5 molar 
equivalent), 32.4 mg (4 molar equivalent), or 64.8 mg (8 
molar equivalent) of quinidine was added. The resulting 
solution was evaporated in vacuo to dryness. T h e residue 
was dissolved in methanol and the resulting solution was 
again evaporated in vacuo to dryness. T h e procedure was 
repeated several times, during which dimethyl sulfide was 
completely expelled. Circular dichroism spectrum of 25 
ml dichloromethane solution of each sample thus prepared 
was measured by J A S G O O R D / U V - 5 Spectrometer. The 
results are shown in Fig. 4. 
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Asymmetric Hydrogénation Catalyzed by the (Achiral Base)bis(dimethyl-
glyoximato)cobalt(II)-Chiral Cocatalyst System. The Preparation 

of a New Type of Chiral Cocatalyst and Its Application 
to the Asymmetric Hydrogénation of Methyl 

iV-(Acetylamino)acrylate and Benzil1} 

Seiji T A K E U C H I * and Yoshiaki O H G O 

Niigata College of Pharmacy, 5829 Kamishinei-cho, Niigata 950-21 
(Received December 16, 1980) 

As a new type of chiral cocatalyst in the achiral base-coordinated bis(dimethylglyoximato)cobalt(II)-chiral 
cocatalyst system, tertiary amines with an amide group at a- or /?-carbon were prepared, and asymmetric hy­
drogénation was examined by using them. The optical yield reached 34.5% enantiomeric excess(ee) by using 
iV-[(25,35)-2-acetoxy-3-dimethylamino-3-phenylpropionyl]-(Ä)-a-methylbenzylamine; this is the highest value at­
tained so far in the asymmetric hydrogénation of methyl iV-(acetylamino)acrylate with this system. The enan-
tioselectivity in the hydrogénation of methyl iV-(acetylamino)acrylate was reversed with a configurational al­
teration of the a-methylbenzylamine moiety of iV-[iV,iV-dimethyl-(5)-phenylalanyl]-a-methylbenzylamine, while 
it was not reversed in the hydrogénation of benzil by the configurational alteration. From these facts, it is de­
duced that the hydrogen bond between amide groups of the chiral amino carboxamides and methyl N-(acetyl-
amino) acrylate may act as an attractive force to enhance the enantioselectivity of the asymmetric hydrogénation. 

T h e authors have previously reported the asym­
metric hydrogénation of a-diketones, a-keto carbox-
ylates, and olefinic compounds catalyzed by an achiral 
base - coordinated bis (dimethylglyoximato) cobalt ( I I ) -
chiral base system (hereafter abbreviated as Co(dmg)2-
B-B* : B and B* are achiral and chiral bases respec­
tively). This system resulted in high optical yields 
(up to 78%ee) and high reactivities for such a-diketone 
as benzil, but in low optical yields (up to 19%ee) 
and low reactivities for dehydro amino acid deriv­
atives.2) 

The catalytic system comprises two independent 
elementary processes, i.e., electron-donation to a sub­
strate by [Go(dmg)2-B]~ and proton-donation to a 
reduced state of the substrate by a protonated chiral 
base, of which only the proton-donation by the pro­
tonated chiral base is responsible for the asymmetric 
induction. Another important characteristic of this 
catalytic system is that the hydrogen bond between 
the hydroxyl group of the chiral base (chiral amino 
alcohol) and the carbonyl group of the substrate ex­
tremely enhances the enantioselectivity of the proton-
donation reaction (Scheme l).1»2) 

A® ^ A® I ~60''"e 

(Co) (Co? ^ 
B * (S) 

à H 3 C ^ ^ > > - S : H 3 

B 

Scheme 1, 

Therefore, the chiral base can be modified arbi­
trarily so long as the characteristics are retained. 
If the hydrogen bond between amide groups of a chiral 
amine having a secondary amide group and a dehydro 
amino acid derivative will act as an effective attractive 
force in the enantioselective proton-donation steps, 
the chiral amine can be expected to afford better 
results for the enantioselective hydrogénation of de-
hydro amino acid derivatives (Scheme 2). 

w Chiral d or a-Amino 
"Tv Carboxamide 

v"V 
A. f "\ 

^ C — . C < J 

(do) rt' > 
I 
B 

Scheme 2. 

Here, we would like to describe the preparation of 
chiral tertiary amines bearing an alkylcarbamoyl group 
at the a- or ^-carbon and the enantioselective hy­
drogénation of benzil and methyl N- (acetylamino) ac­
rylate by their use of as cocatalysts. 

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

Tertiary amines with an alkylcarbamoyl group at 
the a-carbon were prepared by the condensation of 
iV-benzyloxycarbonyl derivatives of a-amino acids (L-
phenylalanine, D-phenylglycine, L-isoleucine, and L-
proline) with the corresponding amines (benzylamine, 
(Ä)- and (S)-a-methylbenzylamine), followed by re­
ductive methylation. i\f-[(2£,3£)-3-dimethylamino-2-
hydroxy- 3 - phenylpropionyl]- (R) -a-methylbenzylamine 
and its antipode were prepared by the condensation 
of (2£,3/?)-2,3-epoxy-3-phenylpropionic acid and the 
(2R,3S) -isomer with (Ä)- and (6*)-a-methylbenzylamine 
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T A B L E 1. STRUCTURES AND ABBREVIATIONS OF THE CHIRAL a- AND /?-AMINO CARBOXAMIDES 

/N(CH3)2 
( a ) a-Amino carboxamides: R^-GH 

\GONH-GH-Ph 

R1 

Ph-GHa 

Ph 
GH3 x 

GH 
G 2 H / 

Gonfig. a> of 

R 1 - C H < g 0 

( (S) 
(S) 

(R) 

(S) 

R2 

R2 

H 
CH3 
CH3 

CH3 

CH3 

Config. of 

P h - G H < N H 

(S) 
(R) 
(S) 

(S) 

Abbreviation 
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Pha-^Ä 
Yhg-R,S 

ll-S,S 
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GH3 
GHa ( Ä ) 

Vr-S,S 
Pr-£Ä 

OR 
i 

( b ) ^-Amino carboxamides: Ph-GH-GH-GONH-GH-Ph 

Config. of 
GH-OR 

( Ä ) 

(S) 

(S) 

N(GH3)2 

Gonfig. of 
GH-N(GH3)2 

(R) 
(S) 
(S) 

CH3 

Gonfig. of 
CH-CH3 

( Ä ) 

( Ä ) 

R 

H 
H 

GH3-GO 

Abbreviation 

T>H¥-(R,R)S 
DHV-(S,S)R 
T>HP-OAc-(S,S)R 

a) Configuration. 

respectively (using the D C C method), followed by 
opening the epoxide ring by the use of dimethylamine 
(see Experimental section). 

The structures and abbreviations of these amino 
carboxamides are listed in Table 1. 

The asymmetric hydrogénation of benzil and methyl 
iV-(acetylamino) acrylate with Co(dmg) 2 -B-B* was car­
ried out in benzene under an atmospheric pressure of 
hydrogen at room temperature by using these amino 
carboxamides as chiral cocatalysts (B*). The hydro­
génation rate with Go(dmg)2-BA is much faster than 
that with Co(dmg) 2 -PPh 3 (BA and PPh 3 are abbre­
viations of benzylamine and triphenylphosphine re­
spectively). However, triphenylphosphine was used as 
B when B* was the chiral a-amino carboxamides, 
since the optical yield of benzoin with benzylamine 
(5.7%ee) was considerably lower than that with tri­
phenylphosphine (15.7%ee). The amine released in 
some stage of the catalytic cycle competes with chiral 
a-amino carboxamides in catching and in transferring 
the proton to a reduced state of the substrate. Because 
of the lower basicity of a-amino carboxamides, the 
competition is rather more serious when benzylamine 
is used as B than when triphenylphosphine1»2) (which 
has a very low basicity toward proton) is so used. 
Both benzylamine and triphenylphosphine were em­
ployed when B* was the chiral /?-amino carboxamides. 

The results are summarized in Tables 2 and 3. 
As the chemical yield of methyl iV-acetylalaninate 

was lowered during isolation, and as the amount 
of the enantiomeric excess did not exceed that of 
the loss in chemical yield, the possibility of enantiomer 

enrichment during the isolation procedure was checked. 
The methyl iV-acetylalaninate had no optical rotation 
such as was isolated after the treatment of the racemic 
one under the same conditions as in the catalytic 
hydrogénation. Therefore, it is evident that the op­
tical activities of methyl iV-acetylalaninate shown in 
Tables 2 and 3 are those brought about only by the 
asymmetric hydrogénation. 

As may be seen in Table 2, the optical yields of 
methyl iV-acetylalaninate were up to 17.2%ee and did 
not exceed that attained with the Co(dmg) 2-quinine 
system, but an interesting difference in the direction 
of stereoselectivities for benzil and methyl ^-(acetyl-
amino) acrylate was observed. The reaction using £-
amino acid derivatives as the chiral cocatalysts gave 
^-benzoin predominantly, irrespective of the configu­
ration of the a-methylbenzylamine moiety (Runs 1,2, 
3,6, and 7), but the enantioselectivity of methyl JV-
acetylalaninate was reversed with a conflgurational 
change in the a-methylbenzylamine moiety (Runs 2 
and 3). Furthermore, methyl iV-acetylalaninate with 
the same configuration as that of the a-carbon of 
the a-amino carboxamides used as chiral cocatalysts 
was produced predominantly, except for R u n 3. 

The reversal of enantioselectivity by changing the 
configuration of a-methylbenzylamine (Runs 2 and 
3 of methyl iV-acetylalaninate) makes us imagine that 
the hydrogen bond between the amide groups of 
Pha-S,R and methyl N~ (acetylamino) acrylate may be 
formed in the proton-donation steps; such a phenome­
non may be brought about only when chiral a-amino 
carboxamides are able to be in a conformation suitable 

file:///GONH-GH-Ph
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TABLE 2. THE ASYMMETRIC HYDROGÉNATION OF BENZIL AND METHYL iV-(ACETYLAMINO) ACRYLATE WITH 

C o ( d m g ) 2 ' P P h 3 - C H l R A L a-AMINO CARBOXAMIDESa> 

Run 

1 
2 
3 
4 
5 
6 
7 

nhiral 
carboxamides 

Pha-5,0 
Pha-5,5 
Yha-S,R 
Yhg-R,S 
1\-S,S 
Yr-S,S 
Pr-S,Ä 

Yield 

q b ) 

q 
q 
q 
q 
q 
q 

Benzoin 

M D / ° 

+ 12.8C> 
+ 12.7 
+ 19.5 
- 3 . 5 
+ 2.2 

+ 11.0 
+ 17.8 

Gonfig. 

(S) 
(S) 
(S) 

(R) 
(S) 
(S) 

(S) 

Optical 
yield/%ee 

10.8 
10.8 
16.4 
3.0 
1.9 
9.3 

15.0 

Yield/% 

54.0 
75.3 
50.6 
53.3 
68.0 
45.0 
45.0 

Methyl N-

MD/° 

-7.7d> 
- 1 3 . 1 
+ 15.8 
+ 3.5 
- 1 . 6 
- 5 . 6 
- 6 . 4 

acetylalaninate 
^ 

Config. 

(S) 
(S) 
(R) 
(R) 
(S) 

(S) 
(S) 

Optical 
yield/%ee 

8.3 
14.3 
17.2 
3.9 
1.8 
6.1 
7.0 

a) The molar ratio of the substrate to cobalt was 10 : 1, while those of triphenylphosphine, the chiral a-amino 
carboxamide, and its hydrochloride to cobalt were all 1 : 1. b) Quantitative yield, c) Optically pure S isomer : 
[a]D +118.5° (c 1, acetone), d) Optically pure S isomer: [a]D —91.7° (c 2, water). 

TABLE 3. THE ASYMMETRIC HYDROGÉNATION OF BENZIL AND METHYL ^-(ACETHYLAMINO) ACRYLATE 

WITH G o ( d m g ) a - B - C H I R A L ß-AMINO CARBOXAMIDESa> 

Benzoin 

Run TAchiral base 
[Chiral base 

Methyl iV-acetylalaninate 

Yield W D / ° 
Gonfig. O P ^ l Y i d d / 0 / o M D / O G o n f i g . Optical 

yield/%ee yield/%ee 

1 

2 

3 

4 

5 

[BA 
IDHP-(R,R)S 
[BA 
LDHP-(Ä,Ä)^.HGlb) 
BA 
T)HY-(R,R)S 

IDHP-(R,R)S-HC\ 
rpph3 

IDHP-(S,S)R 
BA 
DHP-OAc-(S,S)R 

lDHP-OAc-(S,S)R-HC\h) 
PPh3 

DHP-OAc-(S}S)R 
T)HP-OAc-(S,S)R-HC\ 

q 

q 

+ 26.4 

+ 0.8 

- 3 . 7 

- 3 . 8 

- 1 . 4 

(S) 

(S) 

( Ä ) 

( Ä ) 

( Ä ) 

22.2 

0.7 

3.1 

3.2 

1.2 

55.3 - 1 . 8 (S) 2.0 

45.3 + 5 . 5 (R) 6.0 

47.0 +17 .7 (R) 19.3 

45.5 +31 .6 (Ä) 34.5 

a) The molar ratio of the substrate to cobalt was 10 : 1, while those of achiral base, the chiral /?-amino carbox­
amide, and its hydrochloride to cobalt were all 1 : 1. b) Hydrochloride of the corresponding chiral /?-amino 
carboxamide. 

for hydrogen bonding between the amide groups of 
the chiral a-amino carboxamides and the substrates. 

If the above consideration is reasonable, it is pos­
sible to explain the enantioselectivities (the configura­
tions and optical yields of products) in terms of the 
following factors: I) the bulkiness and arrangement 
of substituents around the a-carbon atom of the a-
amino acid moiety, II) the conformation of the chiral 
a-amino carboxamides, and I I I ) the hydrogen bonding 
between the amide groups of the chiral a-amino car­
boxamides and the substrates. The configurations and 
optical yields of the products are determined by the 
I) and II) factors, while the reversal enantioselectivity 
and/or the relatively high optical yields are obtained 
when the I I I ) factor brought about by the II) factor 
becomes predominant. 

I t is impossible here to infer what conformation 
of the chiral a-amino carboxamide, Pha.-S,R, is most 
effective and suitable for hydrogen bonding between 
the amide groups of Pha-S,/? and methyl N- (acetyl-
amino) acrylate in the proton-donation steps. 

As may be seen in Table 3, the optical yield of 
methyl JV-acetylalaninate rose to 34.5%ee, which is 
the highest value attained so far in the asymmetric 
hydrogénation of methyl iV-(acetylamino) acrylate with 
the Go(dmg)2*B-B* system, and a marked difference 
in the enantioselectivities for benzil and for methyl 
iV-(acetylamino)acrylate was observed. The optical 
yield of benzoin was 22.2%ee (Run 1), but that of 
methyl JV-acetylalaninate was 6.2 %ee at most (Runs 
1 and 4) when chiral ß-amino carboxamides used 
had a hydroxyl group. O n the other hand, the optical 
yield of methyl JV-acetylalaninate rose to 34.5 %ee 
(Run 6), while that of benzoin was lowered to 1.1 %ee 
(Run 5), when the chiral ß-amino carboxamide used 
had no free hydroxyl group, but an acetoxyl group. 

From these results it may be deduced that the hy­
droxyl group of DHP-(# ,A)S and DHF-(S,S)R in Runs 
1 and 4, and the amide group of DHF-0Ac-(S,S)R 
in Runs 5 and 6, are operative in forming the hydrogen 
bond to the carbonyl group of benzil and to the amide 
group of methyl N- (acetylamino) acrylate respectively, 
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in the i r e n a n t i o s e l e c t i v i t y - d e t e r m i n i n g s tep . 

T h e findings t h a t t h e op t i ca l yie ld of b e n z o i n w a s 
cons ide rab ly l owered ( R u n 4) w h e n t r i p h e n y l p h o s p h i n e 
w a s used as t h e a c h i r a l ba se , as c o m p a r e d w i t h t h a t 
us ing b e n z y l a m i n e ( R u n 1), a n d t h a t t h e e n a n t i o -
selectivity w a s reversed b y c h a n g e f rom t h e p r e s e n c e 
of t h e h y d r o c h l o r i d e of D H P - (R,R)S to its a b s e n c e 
( R u n s 1 a n d 3 ) , differ f rom those obse rved w h e n a 
s imple ch i r a l a m i n o a l coho l such as i V - m e t h y l e p h e d r i n e 
w a s e m p l o y e d as t h e c h i r a l b a s e of t h e C o ( d m g ) 2 -
B - B * system, a l t h o u g h it is n o t e v i d e n t w h y these 
differences a r e b r o u g h t a b o u t . 

I n conc lus ion , n e w t y p e of c h i r a l coca ta lys t s , a-
a n d /?-amino c a r b o x a m i d e s , w e r e e x p l o r e d ; of t h e m , 
T)HP-OAc-(S,S)R is o n e of t h e m o s t p r o m i s i n g c h i r a l 
bases of t h e C o ( d m g ) 2 - B - B * - c a t a l y z e d a s y m m e t r i c h y ­
d r o g é n a t i o n of m e t h y l JV- (ace ty l amino )ac ry ra t e . I t 
c a n also b e m e n t i o n e d t h a t t h e h y d r o g e n b o n d b e t w e e n 
t h e a m i d e g r o u p s of DîîF-OAc-(SyS)R a n d m e t h y l N-
( a c e t y l a m i n o ) a c r y l a t e m a y p l a y a n i m p o r t a n t ro le in 
t h e a s y m m e t r i c h y d r o g é n a t i o n . 

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

The melting points were determined by a Yanagimoto 
micro-melting-point apparatus and were uncorrected. T h e 
I R spectra were recorded on a J A S G O A-3 spectrometer. 
The N M R spectra were obtained on J E O L J N M - P M X 6 0 
and JNM-PS-100 spectrometers. T h e optical rotations were 
measured with a Perkin Elmer 241 Polarimeter. 

Preparation of Chiral a-Amino Carboxamides. T h e chiral 
a-amino carboxamides (Pha-5,0, Pha-5,5 Pha-5,i2; Phg-
R,S; Il-S,S and Pr-5,5 Pr-S,i?) were prepared by essentially 
the same procedure. Benzylamide and (R)- or (6 ,)-a-methyl-
benzylamides of iV-benzyloxycarbonylated a-amino acids 
(purchased from the Peptide Institute, Osaka) were prepared 
from the corresponding amines and a-amino acid derivatives 
by a modified DGG method,3) and then the reductive N,N-
dimethylation or iV-methylation of them with formalin4) 
was carried out. 

T h e preparation of "Ph.ZL-S,R as a typical procedure and 
that of Phg-ÄjS as an exceptional one are shown below. 

N - [N-Benzyloxycarbonyl- (S) -phenylalanyl] - ( RJ -oc-methylbenzyl-
amine. To a solution of iV-benzyloxycarbonyl-(5)-
phenylalanine (15.0 g, 50 mmol) and (i?)-a-methylbenzyl-
amine (purchased from Aldrich: [a]2

D
3 + 3 8 ° (neat ) ; 6.47 

ml, 50 mmol) in D M F (100 ml) was added a solution of 
DGG (10.73 g, 52 mmol) and 1-hydroxybenzotriazole (7.43 
g, 55 mmol) in D M F (100 ml) during 1 h on ice-cooling 
with stirring. T h e reaction mixture was then allowed to 
stand overnight at room temperature. T h e dicyclohexylurea 
separated out was filtered off, and the filtrate was concen­
trated in vacuo at 30—40 °G. T h e residue was dissolved 
in ethyl acetate (ca. 500 ml) , and the solution was washed 
successively with a 1 mol dm~3-hydrochloric acid (100 ml) , 
a 1 mol dm_ 3-sodium hydrogencarbonate solution (100 ml), 
and a sodium chloride solution (100 ml) and then dried 
over anhydrous sodium sulfate. T h e solution was con­
centrated to a half, and the crystals separated out were thor­
oughly dissolved on heating. To the solution was added 
petroleum ether carefully. 13.1 g of a first crop (needles) 
and from the filtrate after similar recrystallization, 3.15 g 
of a second crop (needles) were obtained: first crop, m p 
135.0—146.0 °G, [a]2

D
20 +24 .9° (c 1.018, CHC13) and second 

crop, m p 134.0—135.0 °G, [a]2
D

20 +24 .1° (c 1.045, GHG13); 
I R (KBr) 3340 (NH) , 1690 (carbamate C = 0 ) and 1650 
c m - 1 (amide C = 0 ) ; N M R (GDG13) (5=1.26 (3H, d, 7 = 7 

Hz, C H 3 - G H ) , 3.10 (2H, dd, P h - C H 2 - C H ) , 4.40 (1H, q, 
P h - C H 2 - C H ) , 5.00 (1H, quintet, 7 = 7 Hz, C H 3 - C H ) , 5.08 
(2H, s, P h - C H 2 - 0 ) , 5.46 (1H, d, N H ) , 5.90 (1H, d, N H ) , 
7.30 (15H, d, Ph) . 

N - [N,N - Dimethyl - (S) -phenylalanyl] - (R) -oc-methylbenzy lamine, 
(Pha-S,R). iV-[iV-Benzyloxycarbonyl- (S) -phenylalanyl] -
(i?)-a-methylbenzylamine (6.0 g, 15 mmol : the first crop 
obtained above) was dissolved in methanol (ca. 200 ml) on 
heating, and to the solution glacial acetic acid (0.85 ml, 
15 mmol) was then added. Under a weak nitrogen-gas 
flow, the solution was poured into an Erlenmeyer flask (with 
a special neck stoppered with a silicone gum cap) in which 
a 10% pal ladium charcoal catalyst (1.0 g) has been placed. 
Setting up the equipment for hydrogénation, the flask was 
degassed and charged with hydrogen gas, and then hydro­
génation was carried out under atmospheric pressure at 
room temperature with stirring. About a theoretical amount 
of hydrogen was absorbed during 1 h ; then, after degassing 
and the introduction of hydrogen, 3 7 % formalin (2.4 ml, 
32 mmol) was injected through the silicone gum cap and 
the hydrogénation was continued overnight. About two 
equivalents of hydrogen were absorbed. The reaction mix­
ture was then filtered through celite, and the filtrate was 
concentrated in vacuo. The residue was dissolved in ether 
(ca. 200 ml) and washed twice with sodium hydrogencar­
bonate solution, and then the ether layer was dried over 
anhydrous sodium sulfate. The solution was concentrated 
in vacuo to afford 4.26 g of crystalline materials. This was 
recrystallized from ether-petroleum ether to yield 2.90 g 
of a first crop (needles) and 0.98 g of a second crop (needles) : 
first crop, m p 79.5—80.5 °G, [a]i>26 + 7 2 . 0 ° (c 1.005, GHG13) 
and second crop, m p 78.0—79.0 °C, [a]2

D
2 ° +70 .8° (c 1.016, 

GHG13); I R (KBr) 3300 (NH) and 1630 cm" 1 (amide C = 0 ) ; 
N M R (GDG13) (5=1.38 (3H, d, 7 = 7 Hz, G H 3 - G H ) , 2.28 
(6H, s, N(GH 3 ) 2 ) , 3.13 (3H, m, P h - G H 2 - G H ) , 5.10 (1H, 
quintet, 7 = 7 Hz, G H 3 - G H ) , 7.03 (1H, d, N H ) , 7.28 (10H, 
d, Ph ) . 

N - [N,N - Dimethy I-(R)-phenylglycyl]- (S)-oc-methylbenzylamine, 
(Phg-R,S). The reductive iV,iV-dimethylation 0 f jy_ 
[iV-benzyloxycarbonyl- (R) -phenylglycyl]-(S)-a-methylbenzyl-
amine gave iV,iV-dimethylated, iV-monomethylated and 
deaminated products ; the yield of the iV,iV-dimethylated 
product , Vhg-R,S, among them was very low. Therefore, 
N-[iV-methyl-(R)-phenylglycyl]-(S) -a-methylbenzylamine was 
prepared in a 7 5 % yield by using an equimolar amount of 
formardehyde and stopping the reductive methylation when 
equimolar amoun t of hydrogen had been absorbed. T h e 
isolated iV-methylated product was further iV-methylated 
by the following procedure. 

A solution of iV-[iV-methyl-(i?)-phenylglycyl]-(S)-a-methyl­
benzylamine (6.5 g, 24 mmol) , 37% formalin (2.17 ml, 29 
mmol) and 8 8 % formic acid (3.7 g, 71 mmol) was refluxed 
for 3.5 h. After cooling, the solution was acidified with 
cone hydrochloric acid and extracted with ether (ca. 50 
ml) . By making the water layer basic with sodium hydroxide, 
an oily material was separated out and then crystallized. 
T h e crystalline products were extracted with ether (100 ml) , 
and the solution was dried over sodium sulfate. T h e solu­
tion was concentrated in vacuo to afford 5.82 g of crystalline 
products. This was recrystallized from ether-petroleum 
ether to yield 4.27 g of white needles: m p 92.5—93.5 °G, 
[a]! 2 6 - 1 4 6 . 6 ° (c 1.006, GHG13); I R (KBr) 3300 (NH) 
and 1660 c m - 1 (amide G = 0 ) ; N M R (GDG18) (5=1.56 (3H, 
d, 7 = 7 Hz, G H 3 - G H ) , 2.20 (6H, s, N(CH 3 ) 2 ) , 3.72 (1H, s, 
P h - G H - G O N H ) , 5.15 (1H, quintet, 7 = 7 Hz, C H 3 - C H ) , 
7.24 (11H, m, N H and Ph) . 

T h e hydrochlorides of the a-amino carboxamides were 
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OF CHIRAL a-AMINO CARBOXAMIDES 

Ghiral a-amino 
carboxamides 

Pha-^O 

Pha-^O-HCl 
Fha-S,S 

Pha-^S-HCl 
Vha-S,R 
Pha-^Ä-HCl 
Vhg-R,S 

Phg-Ä^-HCl 

ll-SyS 

l\-S,S-HCW 
Pr-£,Sb> 

Yr-S,R 

Mp/°C 

61.0—62.0 

147.0—148.0 
77.0—78.0 

170.0—171.0 
79.5—80.5 

206.0—207.0 
92.5—93.5 

214.0—216.0 
(dec) 
95.5—98.5 

200.0—201.0 
58.0—60.0 

85.5—87.0 

W D / ° 

+ 3.6 (c 1.026, GHG13) 

+ 35.7 {c 1.026, CH3OH) 
- 4 6 . 1 (c 1.005, GHCI3) 

- 1 4 . 3 (c 1.041, GH3OH) 
+ 72.0 (c 1.005, GHCI3) 

+ 128.0 (c 1.028, GH3OH) 
- 1 4 6 . 6 (c 1.006, CHCI3) 

- 1 1 7 . 4 (c 1.007, CH3OH) 

- 7 0 . 6 (c 1.034, GHCI3) 

- 5 9 . 1 (c 1.280, GH3OH) 
- 1 7 0 . 0 (c 0.165, GH3OH) 

- 2 . 1 7 (c 0.277, GH3OH) 

C 
G 

76.56 
75.76 

76.99 
77.63 

77.01 

76.56 
77.08 

73.80 
72.65 

72.38 
73.13 
72.15 

Elemental 

H 
H 

7.85 
7.68 

8.16 
8.24 

8.38 

7.85 
8.22 

9.29 
10.24 

8.68 
8.90 
8.91 

analyse 

N 
N 

9.92 
9.69 

9.45 
9.59 

9.52 

9.92 
10.00 

10.76 
10.60 

12.07 
11.39 
12.01 

* (%) 

(Calcd) 
(Found) 

(G18H22NaO) 

(C19H24NaO) 

(Found) 

(C18H22NaO) 

(C16H26NaO) 

(G14H26N20) 

(Found) 

a) Very hygroscopic, b) Hydrochloride did not crystallize. 

prepared by bubling dry hydrogen chloride gas into an 
ether solution of a-amino carboxamides and recrystallized 
from methanol-ethyl acetate or methanol-e ther-e thyl acetate. 

T h e physical constants and da ta of the elemental analyses 
of the chiral a-amino carboxamides and their hydrochlorides 
are summarized in Table 4. 

Preparation of Chiral ß-Amino Carboxamides. 
N- [(2S,3R) -2,3- Epoxy-3-phenylpropionyl\ - (K) -oc-methylbenzyl-

amine and Its Antipode. (Ä)-a-methylbenzylammonium 
(2^,3Ä)-2,3-epoxy-3-phenylpropionate and its antipode were 
prepared by Harada ' s method.5) 

T o a suspension of (iJ)-a-methylbenzylammonium (2S, 
3Ä)-2,3-epoxy-3-phenylpropionate ([a]2

D
40 +126 .3° (c 1.001, 

9 9 % ethanol) , lit,5) [ a ] D +125 .5° (c 0.96, abs e thanol) ; 
15.3 g, 54 mmol) in D M F (300 ml) was added a solution 
of D C C (11.2 g, 54 mmol) and 1-hydroxybenzotriazole (7.3 
g, 54 mmol) in D M F (100 ml) during 1.5 h on ice-cooling 
with stirring. T h e reaction mixture gradually became ho­
mogeneous and then heterogeneous again. Stirring was 
continued overnight at room temperature . After the filtra­
tion of the precipitates, the filtrate was concentrated in vacuo 
at 30—40 °C. T h e residue was dissolved in ethyl acetate 
(ca. 800 ml) , after which the solution was washed succes­
sively with a 10% citric acid solution (200 ml) , a 4 % sodium 
hydrogencarbonate solution (200 ml) , and a sodium chloride 
solution (200 ml) and then dried over anhydrous sodium 
sulfate. T h e solution was subsequently concentrated to 
500—600 ml, and the crystals separated out were dissolved 
thoroughly on heating. T o the solution was added petro­
leum ether carefully. 10.2 g of a first crop (needles) and, 
from the filtrate, 3.3 g of a second crop (needles) were ob­
ta ined: first crop, m p 168.0—169.0 °C, [a]2

D
30 +143 .1° (c 

0.997, GHCI3) and second crop, m p 167.0—168.0 °C, [a]2
D

30 

+143 .2° {c 0.997, CHC13) : I R (KBr) 3300 (NH) and 1660 
c m - 1 (amide C - O ) ; N M R (GDG1,) «5=1.50 (3H, d, 7 = 6 . 5 
Hz, C H 3 - C H ) , 3.50 (1H, d, 7 = 2 Hz, P h - G H - O ) , 3.68 
(1H, d, 7 = 2 Hz, G H - C O N H ) , 5.07 (1H, quintet , 7 = 6 . 5 
Hz, C H 3 - C H ) , 6.43 (1H, d, N H ) , 7.17 (10H, Ph) . 

Its antipode was likewise prepared from (»S^-a-methyl-
benzylammonium (2Ä,36')-2,3-epoxy-3-phenylpropionate (18.0 

g, 63 mmol) to afford 14.4 g of a first crop (needles) and 
2.3 g of a second crop (needles): first crop, m p 169.0—170.0 
°C, [a]2

D
20 - 1 4 4 . 5 ° (c 0.996, CHC13) and second crop, m p 

167.0—168.0 °C, [a]2
D

S0 - 1 3 8 . 7 ° (c 0.990, CHG13). 
N-[(2S,3S)-3-Dimethylamino-2-hydroxy-3-phenylpropiony[]-(R)-

tx-methylbenzylamine, (DHP-(S,S)R) and Its Antipode (DHP-
f R , R ) S J . A suspension of the first and second crops 
of N- [(2S,3R) -2,3-epoxy-3-phenylpropionyl]-(Ä)-a-methyl-
benzylamine (13.1 g, 49 mmol) prepared above in a 5 0 % 
dimethylamine aqueous solution (250 ml) was stirred for 
4 h at room temperature . T h e undissolved crystals were 
then filtered off, and the filtrate was evaporated in vacuo. 
A crystalline mass was separated out when the water began 
to evaporate and was then filtered off. After drying, the 
crystals were recrystallized from benzene to yield 7.4 g of 
a first crop (needles): m p 157.0—157.5° G, [oc]3^ +52 .7° 
(c 1.028, CHC1 3 ) ; I R (KBr) 3400 (NH), 3200 (OH) and 
1660 c m - 1 (amide C = 0 ) ; N M R (CDC13) 0 = 1 . 4 0 (3H, d, 
7 = 7 Hz, C H 3 - G H ) , 2.26 (6H, s, N(CH 3 ) 2 ) , 3.59 (1H, d, 
7 = 5 Hz, N - C H - C H - G O N H ) , 4.20 (1H, s, O H ) , 4.60 (1H, 
d, 7 = 5 Hz, C H - G O N H ) , 4.90 (1H, quintet, 7 = 7 Hz, 
G H 3 - C H ) , 6.75 and 7.20 (11H, m, N H and P h ) ; Found: 
C, 73.23; H, 7.76; N, 9 . 0 3 % ; Galcd for C 1 9 H 2 4 N 2 0 2 : C, 
73.04; H , 7.74; N , 8.97% and 1.43 g of a second crop (nee­
dles): m p 157.0—157.5 °C, [a]2,60 +53 .1° (c 1.018, CHC13). 
T h e crystals obtained above by the filtration of the reaction 
mixture were also recrystallized from benzene to yield 2.7 
g of a third crop (needles): m p 156.5—157.5 °G, [a]2

D
60 

+ 51.3° (c 1.082, GHCI3). 

Its antipode, DHP-(R,R)S, was likewise prepared from 
JV- [ (2R,3S) -2,3-epoxy-3-phenylpropionyl] - (S) -a-methylbenzyl-
amine (14.0 g, 52 mmol) to afford 7.82 g of a first crop: 
m p 156.5—157.5 °G, [a]2 6-5 - 5 2 . 7 ° (c 1.007, GHG13); Found: 
G, 72.32; H , 7.74; N, 8.88%, a second crop (1.37 g ) : mp 
156.5—157.5 °G, [a]2

D
B-6 - 5 2 . 9 ° {c 1.007, CHC13) and a 

third crop (3.18 g ) : m p 156.0—157.0 °G, [a]2
D

flB - 5 1 . 1 ° 
(c 1.101, CHGI3). 

T h e hydrochloride of DHP-(R,R)S was prepared by the 
procedure described above from the first crop of DHP-(Ä, 
R)S: m p 211.5—212.5 °G, [a]2

D
00 - 3 8 . 7 ° (c 1.004, G H 3 O H ) . 
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N - [( 2S,3S ) - 2-Acetoxy-3-dimethylamino-3-phenylpropiony[]-(K) -
oc-methylbenzy lamine, (DHP-OAc-(S,S)K). T o a solution 
of the first crop of T)HP-(S,S)R prepared above (2.0 g, 64 
mmol) in dry ethyl acetate (150 ml) was added acetyl chloride 
(0.54 g, 64 mmol) . T h e solution was allowed to stand for 
2 d at room temperature and then concentrated in vacuo. 
The residue was solidified by scratching the flask with ether. 
T h e solids were filtered off and dissolved in water. T h e 
solution was washed with ether, and the aqueous layer was 
made basic with a sodium hydrogencarbonate solution. T h e 
solution was extracted with ether, and the ether layer was 
dried over anhydrous sodium sulfate. T h e solution was 
concentrated in vacuo to afford 1.8 g of a crystalline material . 
This was recrystallized from ether-petroleum ether to yield 
1.35 g of needles: m p 83.0—84.0 °G, [a]2

D
30 + 2 1 . 6 ° (c 1.008, 

GHG13); I R (KBr) 3400 (NH) , 1725 (ester C = 0 ) and 1675 
c m - 1 (amide C = 0 ) ; N M R (GDG13) (5=1.46 (3H, d, J=l 
Hz, C H 3 - G H ) , 2.03 (3H, s, GH3GOO), 2.23 (6H, s, N-
(CH3)2) , 3.89 (1H, d, 7 = 7 Hz, N - G H - G H - G O N H ) , 5.03 
(1H, quintet, 7 = 7 Hz, G H 3 - G H ) , 5.78 (1H, d, 7 = 7 Hz, 
G H - G O N H ) , 7.00 and 7.22 (10H, m, Ph) , 7.62 (1H, d, 
N H ) ; Found : G, 70.28; H , 7 .61; N , 7 .78%; Gacld for C21-
H 2 6 N 2 0 3 : G, 71.16; H , 7.39; N, 7.90%. 

Its hydrochloride was prepared by the procedure described 
above: m p 212.0—213.0 °G (dec), [a]2

D
00 + 4 8 . 6 ° (c 0.693, 

GH3OH). 
Hydrogénation of Benzil and Methyl N-(Acetylamino) aery late 

with the Co(dmg)2'B-Chiral Amino Carboxamide System. T h e 
preparation of the catalyst system and the hydrogénation 
of the two substrates with it were identical to those described 
in the previous paper1) except for using the chiral amino 
carboxamide as the chiral base; hence, only the typical 
procedure of the isolation of methyl iV-acetylalaninate in 
R u n 2 of Table 2 is given below. 

After theoretical amounts of hydrogen (1.5 g, 10.5 mmol 
of methyl iV-(acetylamino)acrylate was used) had been ab­
sorbed, the benzene solution was filtered through a short 
(ca. 10 cmX 1.50) silica-gel column (Wako gel G-300), and 
then the column was washed with ethyl acetate (ca. 300 ml) . 
The filtrate was concentrated in vacuo, and the residue was 
dissolved in ether (ca. 100 ml) . In to the ether solution 
dry hydrogen chloride gas was bubbled until the solution 
became acidic. The amorphous solid which separated out 
was filtered off, and the filtrate was concentrated in vacuo 
to 5—10 ml. T h e residual ether solution was again filtered 
through a short silica-gel column (similar to the one above), 
and the column was washed with ethyl acetate (ca. 300 ml) . 
The filtrate was neutralized and dried over anhydrous sodium 
carbonate and sodium sulfate. The solution was concen­

trated in vacuo, and to the residue was added water (100 ml) . 
T h e crystalline materials which separated out were filtered 
off through celite and washed with water (150 ml) . The 
filtrate was concentrated in vacuo, the residue was dissolved 
in ether (100 ml) , and the ether solution was dried over 
anhydrous sodium sulfate. After the concentration of the 
solution, 1.13 g (75.3%o yield) of an oily product , [a]2

D
60 

— 12.0° (c 2.121, water) was obtained. This was distilled 
at 98—99 °G/3 m m H g to give 0.49 g of a colorless liquid : 
[a]2

D
50 - 1 3 . 1 ° (c 2.091, water) . 

No contamination of the chiral a-amino carboxamide, 
Fha.-S,S, in the distilled product was observed in the N M R 
spectra. 

Examination ofEnantiomer Enrichment during Isolation. 2.0 
g of racemic methyl iV-acethylalaninate were treated under 
the same conditions as were used for the hydrogénation 
in R u n 2 of Table 2 and were then isolated by the procedure 
described above. 1.1 g of an oily material was thus ob­
ta ined: [a]5,8-0 —0.1° (c 2.108, water ) . This was subse­
quently distilled at 99—101 °G/3 m m H g to give 0.4 g of a 
colorless l iquid: [a]g-8 0.0° (c 2.010, water) . 

T h e N M R spectra of the colorless liquid was identical 
to that observed above. 

T h e a u t h o r s wish to express the i r t h a n k s to Professor 
J u j i Y o s h i m u r a , D r . K e n ' i c h i S a t o , a n d M r . Y u z u r u 
I s h i d a of t h e L a b o r a t o r y of C h e m i s t r y for N a t u r a l 
P r o d u c t s , T o k y o I n s t i t u t e of T e c h n o l o g y , for t h e i r 
N M R m e a s u r e m e n t s a n d e l e m e n t a l ana lyses . T h e 
p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y t w o G r a n t s -
i n -Aid for Scient i f ic R e s e a r c h ( N o . 264149 a n d N o . 
454159) f rom t h e M i n i s t r y of E d u c a t i o n , Sc ience a n d 
C u l t u r e . 
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The proton acid-catalyzed decomposition of 3-aryl-2-diazo-3-hydroxy-l-phenylpropanone (1) gave aryl 
and hydrogen migration products. The former was the enol-form (2) of 2-aryl-3-phenyl-l,3-propanedione and 
the latter was the enol- (3) and keto-form (4) of l-aryl-3-phenyl-l,3-propanedione. The product ratios, 2/(3+4), 
were affected by the catalysts and solvents used. More polar solvents favored the formation of aryl migration 
products (2). On the other hand, the BF3-catalyzed decomposition of 1 gave acetylenic ketones as main products 
along with 2, 3, and 4. The TsOH-catalyzed decomposition of 2-diazo-3-hydroxy-3-phenyl-l-indanone, (cyclic 
a-diazo ^-hydroxy ketone), gave 2-phenyl-l,3-indandione quantitatively through phenyl migration. 

The acid-catalyzed decomposition of diazo com­
pounds has been studied extensively from the synthetic 
and mechanistic view points.1) However, only a few 
papers have been published on the acid-catalyzed 
decomposition of diazo carbonyl compounds bearing 
a hydroxyl group on the carbon atom adjacent to 
the diazomethyl-carbon. Wenkert and McPherson 
have reported the BF3-catalyzed decomposition of a-
diazo ß-hydroxy esters and ketones to give the cor­
responding acetylenic esters and ketones.2) Schöllkopf 
and his co-workers obtained ethyl 2-methyl-3-oxobu-
tanoate as a methyl migration product in the HCl -
catalyzed reaction of ethyl 2-diazo-3-hydroxy-3-meth-
ylbutanoate.3) Similar observations were also reported 
by Disteldorf and Regitz in the BF3- or HCl-catalyzed 
decomposition of l-diazo-2-hydroxyethyldiphenylphos-
phine oxide.4) 

As an extension on the acid-catalyzed reaction of 
diazo carbonyl compounds,5) we describe here the 
protonic or Lewis acids-catalyzed decomposition of 
3-aryl-2-diazo-3-hydroxy-l-phenyl-1-propanones (1) to 
give aryl and hydrogen migration products and ace-

OH O 

tylenic ketones depending on the catalysts used. 

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

An acetonitrile solution of 3-(/>-chlorophenyl)-2-
diazo-3-hydroxy-l-phenyl-1-propanone ( la ) was treat­
ed with a catalytic amount of acid at 30 °C. In the 
proton acid-catalyzed reaction, the major product was 
the enol-form (2a) of 2-(/>-chlorophenyl)-l,3-propane-
dione accompanying the enol- (3a) and keto-form 
(4a) of l-(/>-chlorophenyl)-3-phenyl-l,3-propanedione. 
In the BF3-catalyzed reaction, however, 3-(/>-chloro-
pheny)-l-phenyl-2-propyn-l-one (6a) was obtained as 
a major product along with 2a, 3a, and 4a. 3-(/>-
Nitrophenyl)-2-diazo-3-hydroxy- 1 -phenyl-1-propanone 
( lb ) also gave similar products, with a few differences 
in the product ratios. The main difference is that 
2 b is still the main product in the BF3-catalyzed reac­
tion of l b contrary to the case of l a . The other 
point is that the yield of the chlorinated product (5b) 
is much higher than that of 5a in the HCl- and A1C13-
catalyzed reactions of l b . The results are summarized 
in Table 1. 

OH O 

Ar-CH-C-C-Ph 
ii 

N2 

la : Ar=->C1C6H4 

l b : Ar=/>-N02C6H4 

O O OH O 
H-C=C-C-Ph 4- Ar-C=CH-C-Ph + Ar-G-GH2-G-Ph 

i 

Ar 
2 3 4 

OH O O 

Ar-GH-GH-G-Ph + Ar -C=C-C-Ph 
i 

Gl 

Scheme 1. 

T A B L E 1. 

Acid 

YIELDS OF PRODUCTS IN 

2 

T H E ACID -CATALYZED 

3 

DECOMPOSITION 

4 

OF 1 

5 

IN ACETONITRILE 

6 

AT 30 °G 

2/(3 + 4) 

l a 

l b 

TsOH 
aq.HGl 
A1G13 

BF3(OEt2) 

TsOH 
aq.HGl 
AIGI3 
BF3(OEt)2 

84.3 
76.1 
68.8 
11.9 

64.1 
38.0 
24.6 
50.8 

3.0 
5.5 
8.0 
1.2 

23.3 
16.7 
22.2 

4.1 

8.0 
2.6 
3.1 
— 

10.9 
5.7 

trace 
4.8 

— 
14.5 
18.8 
— 
— 

34.6 
47.1 
— 

75.2 

29.8 

7.7 
9.4 
6.2 
9.9 
1.9 
1.7 
1.1 
5.7 
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OH O 

Ar-G-G-G-Ph 

H N E N 

OH 

A r - G — 
i 

H 

H O 
i H 

-G-G-Ph 

N E N 

OH O 

Ar-G-GH-G-Ph 
i 

H 

Ar-

OH O 

C-CH-C-Ph 

H Gl 

5 

Scheme 2. 

path a 

A r ^ 

path b 

H~V 

path c 

OH 

H-G-GH-
+ i 

Ar 

9 

OH 

Ar-G-GH 
+ i 

H 
10 

# • -

o 
II 

P "DU 

o 
II 

- G -

- H + 

Ph > 
- H + 

\ 
- H * \ 

> 

OH O 

H-G=G-G-Ph 
i 

Ar 

2 

O O 

Ar-G-GH2-G-Ph 

- H + 

OH O 

Ar-G=GH-G-Ph 

3 

O 
GH3-G-G 

N2 

11 

• < > 

O 

N 0 2 
- N 2 

GH,-GH C H - C - / 

TsO- o 

NO, 

12 

-> GHg-GH-G 

OTs 

13 

&o NO, 

O 

-> GH2=GH-G -C-0-
14 

NO, 

Scheme 3. 

T h e difference between the behavior of proton acid 
and that of BF3 may be attributed to the difference 
of the catalytic actions on the starting diazo ketones 
(1) as is described below. 

In the proton acid-catalyzed reaction, the reaction 
may be initiated by protonation on the diazomethyl-
carbon of 1 to give diazonium ion (7).3>4> Successive 
elimination of nitrogen, aryl migration, and deproto-
nation lead to the enol ketone (2) through carbonium 
ion intermediate (8 and 9) (path a in Scheme 2). 
The hydrogen migration of 8 will afford diaroylmethane 
(4) and its enol-isomer (3) via deprotonation of inter­
mediate (10) (path b in Scheme 2). Although direct 
deprotonation from the carbon attached by the hy-
droxyl group of 8 seems to give the enol-isomer (3) 
directly (path c in Scheme 2), this process can be 
excluded based on the results of the pinacol rearrange­
ment of l,l,2-triphenylethane-2-d?-l,2-diol.6) 

The HGl-catalyzed reaction of 1 gave 3-aryl-2-chloro-
3-hydroxypropiophenone (5) along with 2, 3, and 4. 
This chlorinated compound may be produced by the 
attack of chloride ion with its high nucleophilicity 
on the carbonium ion intermediate (8) in competition 
with the aryl and hydrogen migrations. The higher 
yield of chlorinated product (5b) in the reaction of 
l b than that of 5a may be explained by the high 
positive charge density on carbonium carbon in 8 b 
caused by the electron attracting nitro group on the 
phenyl ring. The behavior of A1C13 was quite similar 
to that of hydrochloric acid. This may be due to 
hydrogen chloride produced by the reaction with mois­

ture in the reaction system. However, no tosylate7) 
corresponding to 5 was obtained in the reaction when 
jfr-toluenesulfonic acid was used as a catalyst. And 
neither oxazoles5a> nor oxazolium salts,8) which might 
be produced by the reaction of 8 with acetonitrile 
used as a solvent, were recognized in the reaction 
products. 

When a-diazo-jfr-nitropropiophenone (11), instead of 
1, was treated with an equivalent amount of T s O H 
in acetonitrile at 0—5 °G, the reaction gave l-(p-
nitrobenzoyl) ethyl tosylate (13) as a main product 
in 6 9 % yield accompanying a small amount (13%) 
of jfr-nitrophenyl vinyl ketone (14) without formation 
of the corresponding oxazoles (Scheme 3). Therefore, 
the preference of the migration of aryl group or hy­
drogen atom to the intermolecular nucleophilic attack 
of tosylate ions or the nitrogen atom of acetonitrile 
to the carbonium ion intermediate (8), as has been 
observed in the decomposition of 1, seems to be at­
tributable to the effect of hydroxyl group attached 
to the carbon atom adjacent to the diazo carbon. 

As listed in Table 1, the yields of aryl migration 
products (2) were larger than those of hydrogen migra­
tion products ( 3 + 4 ) . The results may be due to 
the difference of resonance stabilities in the transition 
states of aryl- and hydrogen-migrations. Moreover 
the product ratios, 2 / ( 3 + 4 ) , in the reaction of l b 
(Ar=jfr-N02C6H4) were observed to be smaller than 
those in the reaction of l a (Ar=/>-QC 6H 4 ) , suggesting 
that the migratory aptitude of jfr-nitrophenyl group 
is smaller than that of jfr-chlorophenyl group. The 
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TABLE 2. SOLVENT EFFECT ON THE YIELDS OF PRODUCTS IN THE TSOH-CATALYZED 

DECOMPOSITION OF l a AT 30 °G 

Solvent 
MD) 

Products yield/ % 
2/(2 + 4) 

Gyclohexane 
GG14 

Benzene 
Dioxane 
G2H5OG2H5 

GHGI3 
GH3OGH2GH2OGH3 

THF 
GH2G12 

GH3GN 

0.00 
0.00 
0.00 
0.45 
1.15 
1.15 
1.71 
1.75 
1.14 
3.44 

2.02 
2.24 
2.28 
2.21 
4.81 
4.81 
7.20 
7.58 
8.93 
33.0 

46 
44 
54 
66 
68 
68 
67 
66 
71 
84 

38 
22 
24 
25 

9 
9 
9 
7 
7 
3 

14 
16 
17 
8 

11 
11 
9 

11 
8 
8 

0.9 
1.2 
1.3 
2.0 
3.3 
3.4 
3.7 
3.7 
4.7 
7.7 

path d 

o HO 
1 - M 

Ar-G-G-G 
H N E N 

+ 

1 

Ph 
BF3 

HO O-BF3 

-> Ar-G-G=G-Ph 

path e 

H N E N 
+ 

15 

HO-BF3 

-> Ar-G-G— 

HO O-BF, 
1 1 

Ar-G-G=G-Ph 
1 

H 

16 

O 
11 

- C - P h -

-. HO O-BF3 
Ar \ 1 1 

> H-G-G=G-Ph 
+ 1 

Ar 
17 

-. HO O-BF3 
H ^ , , 

HO O 

> H-G=G-G-Ph 
- B F 3 1 

Ar 

-> Ar-G-G=G-Ph 
4- I 

H 

18 

HO O 

> Ar-G=G-G-Ph 

11 

H N E N 
+ 

19 

-CHOBF33 

O 

-> Ar-G=G-G-Ph 

H N E N 
+ 

20 

Scheme 4. 

O 
Ar-G=G-G-Ph 

i + 
H 

21 

O 

-> Ar-C=C-G-Ph 

results further seem to accord with the view that the 
electron-withdrawing substituents reduce the migratory 
aptitude of aryl groups in the pinacol rearrangement.9> 

When the TsOH-catalyzed decomposition of l a was 
carried out in various solvents at 30 °C, it was rec­
ognized that the more polar solvents favored the 
migration of p-chlorophenyl group. In this case, the 
tendency of the migration of jfr-chlorophenyl in com­
parison to that of hydrogen, 2 / ( 3 + 4 ) , seems to fit 
better to dielectric constant (e) than to dipole moment 
((JL) (Table 2). The large migratory apti tude of aryl 
groups in polar solvent may be explained by the "prin­
ciple of reactivity and selectivity relationship."10) In 
other words, solvation stabilization of the carbonium 
ion intermediate (8) in polar solvents increases the 
amount of aryl migration products (2), owing to the 
large selectivity of 8 to the reaction paths (a and b) . 

In the BF3-catalyzed reaction, two kinds of initial 
attack of BF3 are expected. When the initial attack 
of BF3 occured on the carbonyl-oxygen atom of 1, 
the reaction will proceed to give diazonium ion inter­
mediate (15),5'11) from which two kinds of enol ketones 
(2 and 3) and ß-diketone (4) may be derived via car-

HO Ph 

o5* — ox 
22 23 

OH 
|] f CH3 » 

N2 
0 ° 

25 

Ph 

C0CH3 

24 

Scheme 5. 

bonium ion intermediates (16, 17, and 18) in a similar 
manner as described above (path d in Scheme 4). 
If the initial attack of BF3 took place on hydroxyl-
oxygen atom of 1 to afford oxonium ion intermediate 
(19), diarylpropynones (6)2'12) will be given via inter­
mediates (20 and 21) (path e in Scheme 4). Although 
the path e is the main path of the reaction of l a , the 
electron attracting nitro group retards the path e 
in the reaction of l b to give the small amount of 6b. 
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In another experiment, the TsOH-catalyzed decom­
position of 2-diazo-3-hydroxy-3-phenyl-l-indanone (22) 
was carried out in order to compare with that of acyclic 
a-diazo ß-hydroxy ketones. The reaction led to 2-
phenyl-1,3-indandione (23) quantitatively without for­
mation of the corresponding tosylate. In this reaction, 
the phenyl migration was observed also. However, 
Moore and his co-workers showed that the acid-cata­
lyzed decomposition of 2-diazo-3-hydroxy-3-methyl-1,4-
(2// ,3//)-naphthalenedione (24) gave 2-acetyl-l ,3-in­
dandione (25) caused by ring contraction in a quan­
titative yield without methyl migration products.13) 
The ring size seems to exert an influence on the course 
of the acid-catalyzed decomposition of cyclic a-diazo 
/?-hydroxy ketones. 

Exper imenta l 

All melting points were measured with a Yanagimoto 
Melting Point Apparatus and are not corrected. The IR 
spectra were measured on a JASGO IR Spectrometer model 
IR-G. NMR spectra were recorded in GDG13 solution at 
60 MHz on a Varian Spectrometer model EM-360 using 
TMS as an internal standard. 

Materials. 3-Aryl-2-diazo-3-hydroxy-1-phenyl- 1-propanones 
(1) were prepared by the reaction of a-diazoacetophenone 
and corresponding benzaldehydes according to the method 
described by Wenkert.14) The obtained a-diazo /^-hydroxy 
ketones were purified by recrystallization from benzene-
heptane. 

la (Ar=/>-ClC6H4) : mp 126—127 °G; IR (KBr) 3350 
(OH), 2070 (diazo), 1600 cm"1 (diazo G=0); !H-NMR 
(GDGls) à 3.97 (d, 1H, OH, 7 = 3 . 6 Hz), 6.14 (d, 1H, CH, 
7=3 .6 Hz), 7.23—7.73 (m, 9H, arom). Found: G, 63.01; 
H, 3.82; N, 9.77%. Galcd for G1 5Hn02N2Gl: G, 62.84; 
H, 3.87; N, 9.77%. 

l b (Ar=/>-N02C6H4): mp 120—121 °G; IR (KBr) 3360 
(OH), 2060 (diazo), 1600 (diazo G=0), 1515, 1340 cm-* 
(NOa); XH-NMR (GDG13) Ô 4.15 (d, 1H, OH, 7 = 3 . 8 Hz), 
6.30 (d, 1H, GH, 7 = 3 . 8 Hz), 7.38—7.95 (m, 9H, arom). 
Found: G, 60.63; H, 3.83; N, 13.91%. Galcd for G15Hn-
04N3 : G, 60.60; H, 3.73; N, 14.14%. 

oc-Diazo-p-nitropropiophenone (H) was synthesized by the 
reaction of />-nitrobenzoyl chloride with an excess of dia-
zoethane in the presence of an equimolar amount of tri-
ethylamine at 0 °G under vigorous stirring.15) Mp 106— 
107 °G; IR (KBr) 2070 (diazo), 1610 (diazo C=0), 1510, 
1340 cm-1 (N02). Found: G, 52.47; H, 3.47; N, 20.75%. 
Galcd for G9H703N: G, 52.68; H, 3.44; N, 20.48%. 

2-Diazo-3-hydroxy-3-phenylindanone (22) was synthesized by 
the triethylamine-catalyzed isomerization of 2-benzoyl-a-
diazoacetophenone, which was prepared by the reaction 
of DGG-complex of 2-benzoylbenzoic acid with an excess 
of diazomethane,16) according to the method of Burkoth.17) 
Mp 179—180 °G; IR (KBr) 3280 (OH), 2090 (diazo), and 
1662 cm-1 (diazo G=0). Found: G, 71.71; H, 3.60; N, 
11.26%. Galcd for G15H10O2N2: G, 71.99; H, 4.03; N, 
11.20%. 

Acid Catalysts. Reagent grade chemicals were used 
as catalyst without further purification. 

All solvents were purified by distillation over appropriate 
drying reagents just before use. 

General Procedure of the Acid-catalyzed Decomposition of oc-
Diazo ß-Hydroxy Ketones. To a solution of diazo ketone 
(1; 2 mmol) in an appropriate solvent (30 ml) were added 
an acid catalyst (0,2—0.4 mmol) under vigorous magnetic 

stirring at 30 °G. After evolution of N2 ceased the reaction 
mixture was poured into 50 ml of water and the products 
were extracted with ether (20 ml) three times. The ether 
extract was column-chromatographed on silica gel after 
usual work-up. 

2a (Ar=/>-ClC6H4) : mp 132—133 °G; FeCl3 test, positive; 
IR (KBr) 3054 (OH), 1584 cm"1 (G=0); ^ - N M R (GDG13) 
ô 7.12 (ABq, 4H, arom), 7.32 (s, 5H, Ph), 8.59 (d, 1H, =GH, 
7 = 4 . 8 Hz), and 16.93 (d, 1H, enol-OH); Found: G, 69.59; 
H, 4.24%. Galcd for G1 5Hn02Gl: G, 69.64; H, 4.29%. 

2b (Ar=/>-N02C6H4) : mp 144—146 °G; FeCl3 test, posi­
tive; IR (KBr) 3000 (OH), 1595 (G=0), 1525, 1340 cm-1 

(N0 2 ) ; ]H-NMR (GDG13) ô 7.16—8.22 (m, 9H, arom), 
8.66 (s, 1H, =GH), 13.00 (broad s, 1H, enol-OH). Found: 
G, 66.74; H, 4.08; N, 5.27%0. Galcd for G 1 5 H n 0 4 N: G, 
66.91; H, 4.12; N, 5.20%. 

3a (Ar=/>-ClC6H4) : mp 90—92 °G; FeCl3 test, positive; 
IR (KBr) 3050 (OH), 1490 cm"1 (G=0); XH-NMR (GDG13) 
ô 6.76 (s, 1H, =GH), 7.13—8.05 (m, 5H, Ph), 7.68 (ABq, 
4H, arom), 17.80 (broad s, 1H, enol-OH). Found: G, 
69.55; H, 4.53%. Galcd for G15HU02G1: G, 69.64; H, 
4.29%. 

3b (Ar=/>-N02C6H4) : mp 166—167 °G; FeCl3 test, posi­
tive; IR (KBr) 3100 (OH), 1585 (G=0), 1510, 1340 cm-1 

(N0 2 ) ; !H-NMR (GDG13) ô 6.90 (s, 1H, =GH), 7.38—8.08 
(m, 9H, arom), 17.10 (broad s, 1H, enol-OH). Found: 
G, 66.47; H, 4.12; N, 5.26%. Galcd for G 1 5 H n 0 4 N: G, 
66.91; H, 4.12; N, 5.20%. 

4a (Ar=/>-ClC6H4) : mp 108—110 °G; IR (KBr) 1685 
cm-1 (G=0); XH-NMR (GDG13) ô 4.66 (s, 2H, GH2), 7.16— 

8.11 (m, 9H, arom). Found: G, 69.58; H, 4.30%. Galcd 
for G15HU02G1: G, 69.64; H, 4.29%. 

4b (Ar=/>-N02C6H4) : mp 121—122 °G; IR (KBr) 1680 
(G=0), 1518, 1348 cm-1 (N0 2 ) ; XH-NMR (GDG13) ô 4.60 
(s, 2H, GH2), 7.26—8.16 (m, 9H, arom). Found: G, 67.00; 
H, 4.15; N, 5.28%. Galcd for G 1 5 H n 0 4 N: G, 66.91; H, 
4.12; N, 5.20%. 

5a (Ar=/>-ClC6H4) : mp 125—126 °G; IR (KBr) 3350 
(OH), 1650 cm-1 (G=0); « - N M R (GDG13) ô 5.08 (d, 1H 
Gl-GH), 5.16 (q, 1H, O-GH), 16.63 (d, 1H, enol-H). 
Found: G, 61.23; H, 3.90%. Galcd for G15H1202G12: G, 
61.04; H, 4.10%. 

5b (Ar=/>-N02C6H4) : mp 139—140 °G; IR (KBr) 3350 
(OH), 1650 (G=0), 1510, 1350 cm"1 (N0 2 ) ; « - N M R 
(GDG18) ô 5.03 (d, 1H, Gl-GH), 5.30 (q, 1H, O-GH), 16.46 
(d, 1H, enol-OH). Found: G, 59.10; H, 3.66; N, 4.61%. 
Galcd for G15H1204NG1: G, 58.93; H, 3.96; N, 4.58%. 

6a (Ar=/>-ClC6H4) : mp 107—109 °G; IR (KBr) 2200 
(GEG) , 1630 cm-1 (G=0); XH-NMR (GDG13) ô 7.23—8.28 
(m, 9H, arom). Found: G, 74.36; H, 3.80%. Galcd for 
G15H9OGl: C, 74.85; H, 3.77%. 

6b (Ar=/>-NOaC6H4) : mp 154—156 °G; IR (KBr) 2210 
(GEG) , 1630 (G=0), 1528, 1352 cm"1 (N0 2) ; ^ - N M R 
(GDGI3) ô 7.50—8.54 (m, arom). Found: G, 71.61; H, 
3.67; N, 5.58%. Galcd for G15H903N: G, 71.71; H, 3.61: 
N, 5.57%. 

p-Toluenesulfonic Acid-catalyzed Decomposition of oc-Diazo-p-
nitropropiophenone (11). To a solution of 11 (0.41 g, 
2 mmol) in an acetonitrile (10 ml) was added an equimolar 
amount of TsOH-H 2 0 (0.38 g, 2 mmol) in small portions 
at 0—5 °G under vigorous stirring. After evolution of N2 

ceased the reaction mixture was poured into 50 ml of cold 
water and the organic layer was extracted with each 30 ml 
of ether three times. Combined ether solution was dried 
over MgS04 and separated with silica gel column chro­
matography. Major product was characterized to \-{p-
nitrobenzoyl)ethyl tosylate (13): white crystals 5 0.48 g, 69%; 
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m p 146—147.5 °G; I R (KBr) 1685 ( G = 0 ) , 1520, 1345 (NO a ) , 
1365, 1195 c m - 1 (SO a ) ; ^ - N M R (GDG18) ô 1.60 (d, 3H, 
GH 3 7 - 6 . 6 Hz) 2.43 (s, 3H, GH 3 ) , 5.68 (q, 1H, GH, 7 = 6 . 6 
Hz) , and 7.2—8.4 (two pairs of ABq, 8H, a rom) . Found : 
G, 54.95; H , 4.27; N , 4 .12%. Galcd for G 1 6 H 1 5 0 6 N S : 
G, 55 .01; H , 4 .33; N , 4 . 0 1 % . T h e minor product was 
determined to />-nitrophenylvinylketone (14): 0.046 g, 1 3 % ; 
m p 87—87.5 °G; I R (KBr) 1645 (enone), 1490, 1320 cm" 1 

( N 0 2 ) ; *H-NMR (GDG13) Ô 6.03 (dd, 1H, Hx) , 6.42 (dd, 
1H, H b (eis to Hx) , 9.13 (dd, 1H H a (trans to Hx)) and 
8.0—8.4 (ABq, 4 H , a rom) , ( 7 a b = 1 6 . 0 , 7 a x = 1 0 . 0 , and 
7 b x = 2 . 0 Hz) . Found : G, 60.95; H , 4.07; N , 7.59%. Galcd 
for G 9 H 7 0 3 : G, 61 .01; H , 3.98; N , 7 . 9 1 % . 

-p-Toluenesulfonic Acid-catalyzed Decomposition of 2-Diazo-3-
hydroxy-3-phenyl-1-indandione (22). T o an acetonitrile 
solution (10 ml) of 22 (0.500 g, 2 mmol) was added a catalytic 
amount of T s O H - H a O at room temperature . Pouring the 
reaction mixture into 50 ml of water gave a white crystalline 
product (23) in quanti tat ive yields. T h e structure was 
determined by the comparison of its I R spectra with that 
of authentic sample prepared by the alkali-catalyzed reac­
tion of 3-benzylidenephthalide.18> 
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The molecular and crystal structure of octa-O-acetyl-tris (iV-ethoxycarbonyl)destomyein A tetrahydrate, 
G45H65N3027 • 4H 2 0, has been determined by X-ray analysis. The space group is P2X with «=14.738(4), b= 
17.391(4), £=12.171(4) Â, ß= 105.58(4)°, and Z = 2 . The structure was solved by the direct method, and the 
least-squares refinement using 4008 reflections led to the final R value of 0.12. The configuration of the ortho 
ester carbon atom is (R). The D-talose moiety has the boat conformation whereas the other rings are in the chair 
form. 

A group of antibiotics such as everninomicins, 
flambamycin, curamycin, avilamycins, destomycins, 
hygromycin B, the antibiotics A-396-I and SS-56G 
was recently named as the orthosomycin family,1) 
because they commonly include a very unique ortho 
ester linkage of a glyconic acid lactone to an a-diol 
function of an aldose in their molecules. This inter-
linkage provides two possible stereoisomers depending 
on the (R) or (S) configuration at the ortho ester 
carbon a tom; however, no absolute configuration has 
been determined except for one of the two orthoester 
linkages in everninomicin D.2) The difficulties in the 
elucidation of the configuration is attributed to that 
only X-ray analysis is applicable for this purpose 
at the present stage and that these sugar derivatives 
are not easily crystallizable. 

In this paper, we intended to confirm the proposed 
structure and to determine the absolute configuration 
of the ortho ester linkage of destomycin A (Fig. I),3) 
which is the main aminoglycoside antibiotic produced 
by a strain of Streptomyces rimofaciens. By the exami­
nation of several derivatives, octa-0-acetyl-tris(iV-
ethoxycarbonyl)destomycin A (1) was obtained as 
crystals, and its X-ray analysis disclosed the structure 
to be 4,6 - di - 0 - acetyl-3-ethoxycarbonylamino-1 - [N-
(ethoxycarbonyl)methylamino] -5-0- [4,6 - di- 0-acetyl-
2 , 3 - 0 - (2 ,3 ,7- t r i -0-acetyl-6-deoxy-6-ethoxycarbonyl-
amino-L-glycero-n-galacto-(R)-heptopyr2Liiosylidene) -ß-v-
talopyranosyl]-l D-l ,2,3-trideoxy-m^o-inositol. 

? N V ^ R R=0Ac 
R'=Cbe 

Fig. 1. The chemical structure. 

Exper imenta l and Structural 
D e t e r m i n a t i o n 

Preparation of Octa - O - acetyl - tris (N-ethoxycarbonyl) destomycin 
A (1). To an ice-chilled aqueous solution of destomycin 
A (0.53 g, 1.0 mmol) and sodium carbonate (0.42 g, 4.0 
mmol) was added ethoxycarbonyl chloride (0.35 g, 3.2 
mmol) with stirring, and the resulting mixture was stirred 

overnight at room temperature, neutralized with dilute hy­
drochloric acid, and evaporated. The residue was frac­
tionated on a silica gel column (1-butanol-methanol-water 
3:2:1), and evaporation of the fractions showing one spot 
on TLG gave pure tri-iV-ethoxycarbonyl derivative as a 
light yellow, hygroscopic hard syrup. Yield, 0.53 g (70.9%); 
[a]D -17.0° (c 0.4, ethanol). 

A solution of the above tri-iV-ethoxycarbonyl derivative 
(0.74 g, 1 mmol) and acetic anhydride (1ml, 10.6 mmol) 
in chloroform (10 ml) and pyridine (1 nil) was allowed to 
stand overnight at room temperature, diluted with water, 
and the organic layer was washed with aqueous sodium 
hydrogencarbonate and three time with water. The organic 
layer was evaporated, and the residual sirup was purified 
on a silica gel column with ethyl acetate as an eluent to 
give crystalline (1) which was recrystallized twice from 
ethanol-water (1:1). Single crystals suitable for X-ray 
studies were obtained as well-formed parallelepipeds. Yield, 
0.75 g (69.8%), mp 143—145 °G, [a]D +20.4°, (c 1.07, 
pyridine); NMR (Ô): ca. 1.22 (3xG-GH3 , t), 1.98, 2.30, 
2.08, 2.10, 2.12, 2.14 (8xAc, each s), 2.74 (N-GH3, s). 
Found: G, 50.01; H, 6.14; N, 4.01%,. Galcd for G45H65-
N 3 0 2 7 : G, 50.04; H, 6.07; N, 3.89%. 

X-Ray Analysis. Preliminary unit-cell dimensions and 
space group were obtained from photographs. The space 
group was determined as P2i from the systematic absences 
of reflections for 0&0 with odd k. A crystal with dimensions 
of 0.5 X 0.4 X 0.2 mm3 was used for data collection on a 
Rigaku automated four-circle diffractometer with Ni-filtered 
Gu Koc radiation (A= 1.54184 A). Accurate cell dimensions 
were determined by least-squares calculation with 20 values 
of 16 high-angle reflections measured on the diffractometer. 
Crystal data are summarized in Table 1. Intensity data 

TABLE 1. CRYSTAL DATA 

C 4 5 H 6 5 N 3 0 2 7 4H 2 0 
M.W. = U52A 
Monoclinic 

P2x 
a -14.738(4) A 
b -17.391(4) A 
c -12.171(4) A 
ß - 1 0 5 . 5 8 ( 4 ) ° 
7 - 3 0 0 5 ( 2 ) A3 

Z - 2 
Z> x -1 .273gcm- 3 

Z> m -1 .275gcm- 3 

jLi(CuKoc) = \0.6cm-1 

a -14 .65(1) Aa> 
b -17 .41(1) A 
c -12 .16(1) A 
iff =105.5(1) ° 
7 -2989(4 ) A3 

a) The values after the data collection. 
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TABLE 2. FINAL ATOMIC COORDINATES WITH THEIR ESTIMATED STANDARD DEVIATIONS, MULTIPLIED 

BY 1 0 4 FOR NON-HYDROGEN AND 1 0 3 FOR HYDROGEN ATOMS 

Atom x y z £ eqa ) or B/A2 Atom x y z Beq*) or BjA? 

C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 

0(10 

o(oo 
G(10 

G(20 
G(30 
G(40 
G(50 
G(60 

0(20 
0(30 
0(0") 
C(l") 
C(2") 
C(3") 
C(4") 
C(5") 
G(6'0 
C(7") 

N(l) 
C(ll) 
G(12) 
0(13) 

0(14) 
C(15) 
C(16) 
N(3) 
C(31) 
0(32) 
0(33) 
G (34) 
G (35) 

0(4) 
C(41) 
0(42) 
G (43) 

0(6) 
C(61) 
0(62) 
G (63) 
0(40 
0(4'1) 
0(4'2) 
C(4'3) 
0(60 
C(6'l) 
0(6'2) 
C(6'3) 
0(2") 

3430( 8) 
2428( 9) 
1773( 7) 
1833( 8) 
2803( 7) 
3475( 9) 
2713( 6) 
2027( 5) 
2866( 8) 

3643( 7) 
3617( 7) 
3044( 8) 
2024( 8) 
1363( 7) 
3478( 5) 
3195( 4) 
4442( 5) 
3511 ( 7) 
2910( 8) 
3285 ( 7) 

4331( 8) 
4887( 7) 
5907 ( 7) 
6429( 7) 
4093( 7) 

3920(12) 
4875(12) 
5438 ( 7) 

4993( 7) 
5883(14) 
6026(30) 
832( 8) 
368(10) 
814( 7) 

-502 ( 6) 
-971(15) 

-1941(11) 
1334( 5) 

472 ( 8) 
112( 6) 
111(11) 

4377( 6) 
4906(13) 
4550 ( 9) 
5914(10) 
2905 ( 5) 
3579 ( 5) 
4239 ( 5) 
3316( 9) 
438( 6) 
315(14) 
21 ( 9) 

1134(10) 
1995( 5) 

6308 
6333 
6836 
6584 
6477 
6005 

6148 
6599 
6563 

6246 
6549 
7267 
7167 
6894 
5427 
5923 
5130 
5276 
4585 
3866 
3769 ( 
4455 ( 
4485 ( 
5109( 
5894 ( 
5084 ( 
6222 ( 
5897 ( 
6970 ( 
7447 ( 
8178( 
6889 ( 
7514( 
8122 ( 
7410 ( 
8007 ( 

7773 ( 
7176( 
7088 ( 
6479 ( 
7794 ( 
6086 ( 

5512( 
4860 ( 
5724( 
7520 ( 
8044 ( 
8264 ( 
8334 ( 
6775 ( 
2028 ( 
2832 ( 
1751 ( 
4683 ( 

( 7) 
( 7) 
( 7) 

(6) 
(5) 
(6) 
( 4) 
(4) 
( 6) 
(5) 
(5) 
(5) 
( 6) 
(8) 
( 4) 
( 4) 

[ 4) 

: 6) 
: 6) 
: 6) 

: 6) 
: 6) 
6) 

;s) 
6) 

: 8) 

:s) 
7) 
6) 
21) 
26) 
7) 
7) 
6) 
7) 
20) 
21) 
4) 
8) 
6) 
9) 
4) 
8) 
6) 
9) 
4) 
6) 
5) 
7) 
8) 
12) 
8) 
11) 
4) 

9888( 9) 
10034(10) 
9123(10) 
7914( 9) 
7798( 8) 
8702( 9) 
6699( 6) 
4930( 5) 
5832 ( 8) 
5378 ( 8) 
4206( 7) 
3934( 8) 
4120 ( 9) 
2997(11) 
5216( 5) 
3465 ( 5) 
4064 ( 5) 

4112( 7) 
3692(11) 
4277( 8) 
4247( 8) 
4696( 8) 
4677( 8) 
5441 (10) 
10822( 7) 
10966(11) 
11432(12) 
12258( 9) 
11291 ( 7) 
11946(14) 
11560(30) 
9241(10) 
9459(11) 
9554(11) 
9379(10) 
9678(20) 
9616(18) 
7139( 6) 
6447(11) 
6301( 8) 
5758(14) 
8578 ( 6) 

8559(12) 
8460(11) 
8424(14) 
2784 ( 5) 
2624( 9) 
3376( 6) 
1375 ( 8) 
3261( 8) 
7210(17) 
7200(11) 
6914(14) 
3792(10) 

65 
76 
65 
67 
55 
72 
69 
63 
64 
48 
46 
56 
69 
81 
59 
52 
53 
52 
71 
54 
63 ( 
55 ( 
55 ( 
76 ( 
80 ( 

112( 
112( 
133( 
104 ( 
215( 

362 ( 
97 ( 
87 ( 
125 ( 
124( 
227 ( 
223 ( 
72 ( 
88 ( 
105 ( 

113( 
78 ( 

114( 
154( 
110( 
62 ( 
73 ( 
75 ( 
76 ( 
132( 
148 ( 
157( 
120 ( 
107( 

(4) 
(5) 
(4) 
(4) 
( 3) 
( 4) 

( 3) 
( 2) 
( 4) 

( 3) 
( 3) 
( 4) 
( 4) 

( 5) 
( 2) 
( 2) 
[ 2) 
[ 3) 
I 4) 
! 3) 
: 4) 
: 3) 
: 3) 
: 4) 
4) 

: 7) 
7) 
5) 
4) 
14) 
29) 
5) 
5) 
5) 
5) 
16) 
15) 
3) 
5) 
4) 
7) 
3) 
7) 
6) 
7) 
2) 
4) 
3) 
4) 
5) 
9) 
6) 
7) 
4) 

G(2,,l) 
0(2"2) 
G(2,,3) 

0(3") 
C(3"l) 
0(3"2) 
G(3,,3) 
0(4") 
G(4,,l) 
0(4,,2) 
G(4,,3) 

0(7") 
G(7,,l) 
0(7,,2) 
G(7,,3) 

N(6") 
C(6"l) 
0(6"2) 
0(6"3) 
C(6"4) 
C(6"5) 
O(Wl) 

0(W2) 
0(W3) 
0(W4) 

H(l) 
H(151) 

H(152) 

H(21) 
H (22) 
H(3) 
H(N3) 
H(341) 
H(342) 

H(4) 
H(5) 
H(6) 

H(l') 

H(2') 
H(3') 
H(4') 
H(5') 
H(6'l) 
H(6'2) 
H(2") 
H(3") 
H(4'0 
H(5") 
H(6") 
H(N6,0 
H(641) 
H(642) 
H(7/,l) 
H(7/,2) 

1258 
1425 

423 
2747 
2632 
2953 
2103 
4336 
4614 
4886 
4656 
7370 
8028 
7696 
8967 

6014 
6679 
7138 
6718 
7493 
7864 
325 
1251 
9037 
2167 
350 
683 ( 
580 { 
238 ( 

202 ( 
209 ( 
58 ( 

-111( 
-66 ( 
144 ( 
328 ( 

322 ( 
320 ( 
418( 
422 ( 
347 ( 
168 ( 

212( 
125 ( 
280 ( 
350 ( 
469 ( 
488 ( 
638 ( 
551 ( 
694 ( 
761 ( 
612( 
625 ( 

( 8) 
( 9) 
(14) 

(5) 
(10) 

(14) 
(10) 

(5) 
(10) 
(10) 

(12) 
(5) 
(H) 
( 7) 
( 9) 

( 6) 
(10) 

: 8) 
: 7) 
(15) 

(21) 
;i5) 
;i8) 
122) 

[27) 

: 7) 

;s) 
;4 ) 
: 6) 
: 6) 
5) 

: 7) 
6) 
4) 
4) 
4) 
5) 
5) 
5) 
4) 
4) 
6) 
5) 
7) 
5) 
5) 
4) 
5) 
5) 
8) 
5) 
6) 
5) 
5) 

4806 
4835 

4866 
3219 
2624 
2586 
1994 
3640 
3001 
2455 

2999 
5137 
4668 
4302 
4761 

4496 
4102 
3576 

4302 
3993 
4559 
5251 
4257 
4279 
4428 ( 
708 ( 
705 ( 
727 ( 

652 ( 
606 ( 
734 ( 
679 ( 
820 ( 
821 ( 
618( 
702 ( 
552 ( 
703 ( 
634 ( 
674 ( 
787 ( 
774 ( 
659 ( 
732 ( 
448 ( 
396 ( 
343 ( 
432 ( 
410( 
496 ( 
358 ( 
380 ( 
507 ( 
545 ( 

( 8) 
( 8) 
(14) 
( 4) 
( 9) 
(10) 

( 7) 
( 4) 

( 7) 
( 6) 
( 9) 
(4) 
( 8) 
( 9) 
(10) 

[5) 
( 7) 
[5) 
: 7) 

(H) 
(18) 

[H) 
;2i) 
;24) 

[21) 
: 6) 
: 5) 
;4 ) 

;s) 
: 6) 
5) 

: 7) 
5) 
4) 
4) 
4) 
5) 
4) 
4) 
4) 
4) 
6) 
4) 
7) 
5) 
4) 
4) 
5) 
4) 
8) 
5) 
6) 
4) 
4) 

2891 
1860 
3385 

3672 
4312 
5194 
3461 
3017 
2738 

3421 
1504 
5389 
6116 
6835 

5929 
3554 
3188 
3779 

2194( 
1748 
1130 
9506 
8044 ( 
8812 ( 
6510( 
1018( 
1201 ( 
1248( 

1103( 

982 ( 
933 ( 
899 ( 

896 ( 
1008( 
788 ( 
792 ( 
843 ( 
604 ( 
600 ( 
421 ( 
435 ( 
448 ( 
292 ( 
212( 
318( 
517( 
463 ( 
567 ( 
508 ( 
325 ( 
75 ( 

219( 
593 ( 
496 ( 

(20) 

(13) 
(39) 

( 6) 
(13) 
(12) 
(15) 

[ 6) 

(H) 
[ 9) 
(12) 
( 7) 
(14) 
(8) 
(18) 

[ 7) 
[12) 
[8) 
[ 6) 
[13) 
[24) 
[22) 
[23) 
;26) 
;22) 
:8) 
!6) 
[5) 
: 7) 
7) 
6) 
9) 
7) 
5) 
5) 
5) 
6) 
6) 
6) 
5) 
5) 
7) 
6) 
9) 
6) 
6) 
5) 
6) 
5) 
10) 
7) 
8) 
5) 
6) 

151 ( 9) 
197( 7) 
317(25) 

62 ( 2) 
115( 6) 
157 ( 8) 
119( 7) 
59 ( 2) 
86 ( 5) 
151( 6) 

118( 7) 
82 ( 3) 
110( 6) 
145( 5) 

137 ( 8) 

62 ( 3) 
93 ( 5) 
115( 4) 
110( 4) 
149( 9) 
242(17) 
200(12) 
335(16) 
130(14) 
94(14) 
90(28) 
59(21) 
32(15) 

67(22) 
75 (24) 
54(20) 
114(33) 
68(23) 
30(15) 
32(16) 
35(16) 
57(20) 
45(18) 
47(19) 
22(14) 
28(15) 
75 (24) 
48(19) 
108(32) 
51(19) 
48(19) 
37(17) 
53(20) 
38(17) 
134(39) 
64(22) 
84(26) 
42(17) 
48(19) 

a) Be(l=—^ ^ßi^i-dj, where at and aj are the base vectors in real space, and ^ - ' s are anisotropic thermal 

parameters, 



July, 1981] Shigeomi HORITO, Yuji OHASHI, Nobert GASSNER, Juji YOSHIMURA, and Yoshio SASADA 2149 

within the range of 3°<20<125° were collected in the co-20 
scan mode at a scanning rate of 8° (20) min -1 . Stationary 
background counts were accumulated for 5 s before and 
after each scan. The periodic check of the intensity values 
of three standard reflections revealed a slight change. The 
intensities decreased by 5—6% during the data collection. 
The cell dimensions also changed appreciably; the values 
after the data collection are also listed in Table 1. This 
is probably due to the dehydration of the crystal. As this 
change did not seem to be serious, it was ignored in the 
structure determination. A total of 4957 independent re­
flections was obtained, of which 4008 [\F01 >3<r( |F0 | ) ] 
were used for the structure determination. Any correction 
for absorption or extinction was not applied. 

Structure Determination. The structure was solved by 
direct methods with the MULTAN 78 program.4) At the 
first stage, only 40 chemically significant peaks were found 
on the .E-map. The other non-hydrogen atoms were ob­
tained by the subsequent Karle recycling procedure. The 
structure was refined by the block-diagonal least-squares 
method with the modified HBLS program. The difference 
synthesis revealed that several substituents were disordered. 
This is probably due to the rearrangement of the substituents 
after the dehydration. Since the volume of the disordered 
portion, however, was probably less than 20%, the disordered 
model was not taken into account. All the hydrogen atoms 
except for those of the methyl groups and water molecules 
were located geometrically. Refinement using the aniso­
tropic and isotropic temperature factors for the non-hydrogen 
and hydrogen atoms, respectively, gave the final R value 
of 0.12 for 4008 reflections. The weighting scheme used in 
the final stage was w=[(\F0\)

2+ (O.O^lFol)*]-1. Atomic 
scattering factors were taken from "International Table for 
X-Ray Crystallography."5) The final positional and thermal 
parameters are given in Table 2.t 

The stereoscopic drawing of the molecular structure is 
shown in Fig. 2. The numbering of the atoms and the 
bond distances and angles are illustrated in Fig. 3. 

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

The structure of destomycin A was previously elu­
cidated as 5-0-[2,3-{6-amino-6-deoxy--L-glycero-r>-galacto-
heptopyranosylidene)-/?- D - talopyranosyl]-1 D-3-amino-1 -
methylamino-l,2,3-trideoxy-my<?-inositol by chemical 
and spectroscopic studies6) as shown in Fig. 1. The 
structure of aminocyclitol7) and 6-aminoheptonic acid8) 
(destomic acid) moieties were also proved by syntheses. 
The analyzed structure confirmed the above-mentioned 
spectroscopic and chemical elucidations. From the 
spatial interrelation of the destomic acid and D-talose 
moieties, the absolute configuration of the orthoester 
carbon atom was determined to be (R). The torsional 
angles around several bonds are listed in Table 3. 

Surprisingly, the D-talopyranose moiety has B1>4 con­
formation. In the case of everninomicin D in which 
a pentono-l,5-lactone makes a spiro cyclic ortho ester 
with the frmy-diequatorial 3,4-diol function of L-
lyxopyranose moiety,2) the pyranose ring exists in 1 C 4 

conformation, because Bx 4 conformation causes an 
additional distortion to the five-membered ortho ester 

t The table of the observed and calculated structure 
factors and the list of the anisotropic temperature factors 
are kept as Document No. 8140 at the office of the Chemical 
Society of Japan, 

Fig. 2. A stereoscopic drawing of the molecule. This 
was drawn by TSD:XTAL, which is a computer-
graphics interactive modeling program for NOVA 
3 computer.12) 

Fig. 3. Bond distances (//A) and angles (ç5/°). Their 
standard deviations are 0.02—0.04 Â and 1—2°, re­
spectively. Bond angles of O(2')-C(l")-O(0") and 
0(3')-C(l")-C(2") are 111° and 112°, respectively. 

TABLE 3. TORSIONAL ANGLES (0/°) 

C(4)-C(5)-0(1')-C(l') 
C(6)-C(5)-0(1')-C(r) 
C(5)-O(l')-C(l')-O(0') 
C(5)-0(l')-C(I/)-C(2/) 
0(l')-C(l')-C(2/)-0(2/) 
O(0')-C(l')-C(2')-O(2') 
0(l/)-C(l')-C(2')-G(3') 
OC0')-C(l')-C(2/)-G(3/) 
0(2')-C(2')-C(3')-0(3') 
C(l')-G(2/)-C(3')-C(4/) 
0(3')-C(3')-C(4')-0(4') 
C(2')-C(3')-C(4')-C(5') 
C(2')-C(3')-0(3')-C(l") 
C(4')-C(3')-0(3')-C(l") 
C(l/)-C(2/)-0(2,)-G(l") 
C(3/)-G(2')-0(2/)-C(l") 
G(2')-0(2,)-C(l//)-0(3/) 
C(2')-O(2')-C(l")-O(0") 
C(2')-0(2')-C(l")-C(2") 
C(3')-0(3')-C(l")-0(2') 
C(3')-O(3')-C(l")-O(0") 
C(3')-0(3/)-C(l")-C(2") 
0(2")-C(2")-C(l")-0(2") 
0(2")-C(2")-C(l")-0(3') 
O(2")-C(2")-C(l")-O(0") 

128 
-106 
-118 
120 
47 

-75 
40 
162 
15 
19 

-58 
-52 
-33 

-153 
129 
9 

-31 
87 

-153 
41 

-79 
160 
55 

-64 
174 
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TABLE 4. LEAST-SQUARES PLANES AND DEVIATIONS (I/A) 

FOR FOUR ATOMS OF T H E FIVE-MEMBERED 

O R T H O ESTER RING 

X,Y, and Z in Â referred to"a, b , and c*> respectively. 
- 0.9615X+0.0951 F-0 .2580Z+4.0005 = 0 

G 2' -0.05*> 
G 3' 0.03a> 
O 2' 0.05a) 
G 1" -0.03a> 
O 3' 0.51 

a) Atoms included in the least-squares calculation. 

ring.9) Besides, in the case of (1) in which the 6-
aminoheptono-l,5-lactone links to the cù-2,3-diol func­
tion of D-talopyranose moiety, B1>4 conformation assists 
the formation of five-membered ortho ester ring, and 
erases the non-bonded interactions caused by C4'-
hydroxyl group previously in axial orientation. In 
fact, the dihedral angle of C ( 2 ' ) - 0 ( 2 ' ) and C ( 3 ' ) -
0 ( 3 ' ) is 15°. These facts must also be true in the 
natural destomycin A itself. 

From the synthetic studies,10) it was suggested that 
the five-membered ring has a twist or envelope con­
formation to avoid the non-bonded interactions. The 
determined structure proved that the ring takes an 
envelope conformation in which the 0 ( 3 ' ) atom of 
D-talopyranose moiety deviated significantly from the 
average plane of other four atoms. The equation of 
the plane and the deviation of each atom from the 
plane in the five-membered ring are shown in Table 
4. 

I t is characteristic that the both C - O bonds in 
the five-membered ring concerned with ortho ester 
carbon is slightly short as was observed in the anomeric 
C - O bond in the usual aldopyranosides.11) Other 
bond distances and angles show the values common 
in carbohydrate derivatives. 

The crystal structure viewed along the b axis is 
shown in Fig. 4. The hydrogen bonds, listed in 
Table 5, make a three-dimensional network through 
the water molecules. 

O n e of the authors (J.Y.) is grateful to Meiji Seika 
Co. Ltd. for the gift of destomycin A. 
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Reaction of Organoaluminium Reagents with Cyclopropylmethyl 
Acetates and 2-Vinylcyclopropane-l,l-dicarboxylate Esters 
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Department of Industrial Chemistry, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
(Received January 20, 1981) 

Ring-opening alkylation of cyclopropylmethyl acetates was studied. The acetoxyl group of 7-(l-acetoxy-
heptyl)norcarane is substituted by the alkyl group upon treatment with trialkylaluminium, but alkylation of trans-
l-(I-acetoxyethyl)-2-phenylcyclopropane with trialkylaluminium gives rise to frvmy-S-phenyl^-alkenes. The 
reaction of (l,S',25)-2-phenylcyclopropylmethyl acetate with trimethylaluminium resulted in the complete loss 
of optical activity to give racemic 4-phenyl-l-pentene. Alkylation of /mn^-l-(l-acetoxy-3-phenylpropyl)-2-
vinylcyclopropane with trialkylaluminium proceeds under regioselective ring-opening to give 3-alkylated trans-
8-phenyl-l,5-octadiene (selectivity 73—83%). The regio- and stereochemistry of homoconjugate addition to 
activated vinylcyclopropanes having a doubly carbonyl substituted ring carbon was studied. Trialkylaluminium 
on addition to diethyl 2-vinylcyclopropane-l,l-dicarboxylate in a 1,5-manner afford diethyl (2-alkyl-3-butenyl)-
propanedioate (over 96% selectivity). In contrast, the reaction of this cyclopropane with tetraalkylaluminium-
lithium takes place in a 1,7-manner to give diethyl (/rarc.î-4-alkyl-2-butenyl)propanedioate with 88—92% selec­
tivity. Clean regiocontrol of the reaction is observed in the methylation of ethyl e#0-6-(frarc.y-I-propenyl)-2-
oxobicyclo[3.1.0]hexane-l-carboxylate with trimethylaluminium or tetramethylaluminiumlithium. Alkylation 
with trimethylaluminium proceeds with 86% inversion of the configuration at G (6) of the substrate, affording 
(2i?*,3i?*)-2-ethoxycarbonyl-3-[(5*)-fmn^-l-methyl-2-butenyl]cycIopentanone which is transformed into neo-
nepetalactone. 

Reagents of main group elements have furnished 
manifold synthetic methodologies.1) The reaction of 
organolithium and -magnesium compounds provides 
a basic G-G bond forming process. The organometal-
lics of electron-deficient elements such as boron and 
aluminium have intrinsic Lewis acidity and thus show 
to some extent Lewis acid catalysis. Examples are 
found in oxirane-allyl alcohol rearrangement, cycliza-
tion of neryl phosphate and alkylation of geranyl 
phosphate with the aid of organoaluminium reagents.2) 
We have studied the reaction of organoaluminium 
reagents with cyclopropanes and found that (a) cyclo­
propylmethyl acetates undergo alkylation with or with­
out ring-opening depending on the substituent on the 
cyclopropane ring and (b) regiochemistry in the homo-
conjugate addition of an alkyl group to 2-vinylcyclo-
propane-l , l-dicarboxylate esters is controlled by means 
of appropriate organoaluminium reagents. 

Alkylation of Cyclopropylmethyl Acetates. T h e trans­
formation of cyclopropylmethyl alcohols into (E)-
homoallyl bromides is important for the stereoselective 
synthesis of olefins.3-6) Strong Lewis acid such as hy-
drobromic acid or zinc bromide (plus phosphorus 
tribromide) is essential for the generation of homo-
allyl cations which react with bromide anion. T h e 
resulting homoallyl bromides should be treated with 
organometallics for the sake of carbon skeleton ex-
ten tion. We have found trialkylaluminium reagents 
can produce homoallylic cations in the presence of 
carbanionic species, attaining the G-G bond formation 
in a single step. 

The cyclopropylmethyl esters l a , l b , and 3 were 
prepared starting with 7,7-dibromonorcarane (Scheme 
l).7) 7,7-Dibromonorcarane was treated with butyl-
lithium at —95 °C, the lithium carbenoid generated 
being allowed to react with heptanal. T h e adduct 
was then treated with potassium f-butoxide to give 
£*o-7-heptanoylnorcarane which was subsequently re­
duced with sodium borohydride to an alcohol, the 
acetylation and benzoylation of which gave l a and 

H H 

a:n-BuLi, b . -n-CH, CHO 1 0 n = 4 
6 13 

c: t-BuOK, THF, d: NaBH4 3 ^ = 3 
e: (CHCO)O, pyridine 

Scheme 1. 

l b , respectively. 3 was prepared from 6,6-dibromobi-
cyclo[3.1.0]hexane in a similar way. 

When the acetate l a was treated with 2.8 mol of 
triethylaluminium at room temperature, the acetoxyl 
group was substituted by ethyl group without ring-
opening, giving 2a in 9 1 % yield.8) T h e reaction took 
place likewise in benzene (98 % yield) or hexane (93 %) 
and even in dichloromethane at —78 °G (93%). 

T h e benzoate l b was also converted into 2a in 
6 8 % yield. Alkylation of 3 was somewhat less ef­
fective to give 4 in 5 7 % yield. A mixed aluminium 
reagent Et2AlC=CC4H9 , prepared by treatment of di-
ethylaluminium chloride with an equimolar amount 
of 1-lithio-l-hexyne, afforded 2 b only upon reaction 
with l a (56% yield). Thus, ethynyl group is more 
reactive than the ethyl group.9) 

^ - ^ <C2H5>2A1C=CC4H9 ^ - ^ 

1 a n = 4, X = COCH3 2 a n = 4, R = C Hr 

1 b n = 4, X = COC.Hc 2 b n = 4, R = C=CC,H 
6 5 4 9 

O n = 3, X=COCH l i n = 3, R = C H 

T h e reaction can be explained in terms of cyclo­
propylmethyl cation intermediates, since both exo- and 
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tfm/o-2-acetoxynorcarane (5a and 5b respectively) give 
^^/o-2-methylnorcarane 6 almost exclusively. 10> 

COOH 

OCOCH 

(y 
OCOCHo 

5a 5b 

In contrast to the alkylation of l a , l b , 3, or 5a ,b , 
the phenyl substituted cyclopropylmethyl acetates un­
derwent alkylation under ring-opening. The cyclo­
propylmethyl acetate 7 was prepared by the reaction 
of £ra^-2-phenylcyclopropanecarbaldehyde with meth-
ylmagnesium iodide followed by acetylation. When 
7 (45:55 diastereomeric mixture) was treated with 3 
mol of trimethylaluminium, £r<m?-5-phenyl-2-hexene 
(8a) was produced in 8 6 % yield. The newly produced 
C=C bond was found to be trans (over 9 7 % purity). 
By a similar reaction 8a ( > 9 4 % trans) and 8c ( > 9 6 % 
trans) were produced as the sole products from 7 upon 
treatment with triethylaluminium and triisobutylalumi-
nium, respectively. For the sake of stereochemical con­
firmation, both diastereomers of 7 were isolated and 
subjected to the alkylation with triethylaluminium. 
The sole product was found to be 8 b resulting from 
each diastereomer (75, 6 3 % yield respectively). Sim­
ilarly both the diastereomers of the eis isomer of 7 gave 
8 b ( 5 3 % and 6 7 % yields from each diastereomer). 
The reaction was entirely independent of the stereo­
chemistry of the starting material. The primary 
acetate 9a was less reactive than the secondary one, 
7, giving 10a in 5 9 % yield. 

C„He 
CfiHt 

R' 

OCOCH„ 

7 R' = CH3 

9a R' = H 

9 b R'=H(1S,2S) 

8a R' = 
8b R' = 

8c R' = 

10a R' 

10b R' 

C H 3 
CH, 

R = 

R = 

3 ' -

H, R = C2H 

H, R = CH 

In order to study the stereochemical aspect of alkyla­
tion, we prepared (l)S

,,2iS,)-2-phenylcyclopropylmethyl 
acetate 9 b (optical purity > 9 8 % ) by lithium alumin­
ium hydride reduction of (l.S,,2iS,)-2-phenylcyclopro-
panecarboxylic acid followed by acetylation with acetic 
anhydride and pyridine. When 9 b was treated with 
trimethylaluminium, 4-phenyl-l-pentene (10b) having 
no optical activity was obtained. Since the carboxylic 
acid derived from 10b by potassium permanganate-
sodium periodate oxidation also showed no optical 
rotation, we can conclude that alkylation proceeds 
through a planar cationic intermediate. 

Alkylation of 7-acetoxymethyl-1 - phenylnorcarane 
l l a , b showed a similar stereochemical feature. The 
starting materials were prepared by bromine-lithium 
exchange of 7,7-dibromonorcarane with butyllithium, 
carbonation with carbon dioxide gas, lithium aluminium 
hydride reduction, and the final acetylation (Scheme 
2). First, a 1:3 mixture of 11a and l i b thus prepared 
was treated with trimethylaluminium in dichlorometh-

Br _^ w (^rf^° 

a:n-BuLi, b: C02> c: 2 n-BuLi, -78°C, d: LiAlH4> e: (CH CO) O, pyridine 

Scheme 2. 

ane to produce an inseparable mixture (35:65) of 
12 and 13. The stereochemical assignment is based 
on the observation that isomer 13 should give a methyl 
singlet signal at higher field due to the shielding effect 
of O C bond.11) When the stereoisomer of the starting 
acetate was separated and subjected to the alkylation 
reaction with trimethylaluminium, the same mixture 
was obtained. Thus , the aluminium-mediated alkyla­
tion proceeds through a common intermediate irre­
spective of the stereochemistry of the starting material. 

ofr 
11a 

^ K v TT ^ K n TT 
I C 6 H 5 CH 6 5 

12 13 

Since a vinyl group also stabilizes a carbocation, 
we prepared the model compound 14 (Scheme 3). 

.OH b » c _ ^ 

OH 

b: PyHClCrO. 

14 
d: (CH3CO)20, pyridine 

Scheme 3. 

2-Vinylcyclopropylmethanol was obtained by the re­
action of 1,5-hexadiene monoepoxide with lithium di­
ethylamide in ether-hexamethylphosphoric triamide.12) 
Subsequent oxidation with pyridinium chlorochromate 
and Grignard reaction with 2-phenylethylmagnesium 
bromide gave an alcohol the acetylation of which 
gave 14 as a 55 :45 diastereomeric mixture (two epi-
mers at the acetoxyl group-bearing carbon). Both 
diastereomers were isolated and subjected to alkyla­
tion with trimethylaluminium at 0 °G. Isomers as well 
as their mixture gave almost the same mixture of 
15a and 16a (Table 1, run 11). Methylation takes 
place predominantly at the cyclopropane carbon rather 
than the terminal methylene carbon, the newly pro-
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R u n 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Substrate 
(mg, mmol) 

l a (250, 1.0) 

l b (310, 1.0) 

l a (250, 1.0) 

3 (25, 0.10) 

9a (190, 1.0) 

9b (480, 2 .5) 

7*> (38, 0.19) 

7*> (101, 0.51) 

71) (103, 0.50) 

l l a , ^ ) (39, 0.16) 

14n> (115, 0.47) 

14 (133, 0.54) 

14 (116, 0.48) 

17 (40, 0.19) 

17 (50, 0.24) 

17 (50, 0.24) 

17 (51, 0 .24) 

17 (50, 0 .24) 

20 (730, 3 .5) 

20 (47, 0.23) 

29 (48, 0.23) 

29 (35, 0.17) 

Aluminium 
reagent (mmol) 

Et3Alb> (2.8) 

Et3Alb> (2.8) 

Et2AlCECC4H9
c> (5.0) 

Et3Alb> (0.74) 

Et3Ald> (3.0) 

Me3Ald> (10) 

Et3Ald) (0.47) 

Me3Ald) (1.25) 

2-Bu3AP) (1.52) 

Me3Ald> (0.40) 

Me3Ald> (1.18) 

Et3Ald> (1.35) 

;-Bu3AlJ> (1.22) 

Me3Ald'P> (0.56) 

Me4AlLi (0.71) 

Et3AlP) (0.62) 

Et4AlLi (0.71) 
Et2AlCECC6H5s> (o .7 i ) 

Me3Al (10.6) 

Me4AlLi (0.68) 

Me3Al (0.69) 

Me4AlLi (0.50) 

Solvents 
(ml) 

D ( 3 ) 

D ( 5 ) 

G (5) 

D ( 3 ) 

D ( 2 ) 

D ( 7 ) 

D ( 5 ) 

D ( 5 ) 

D ( 2 ) 

D ( 5 ) 

D ( 8 ) 

D ( 8 ) 

D ( 8 ) 

B ( 8 ) 

E ( 7 ) 

B ( 7 ) 

E ( 2 ) 

D ( 6 ) 

D ( 1 2 ) 
E ( 3 . 5 ) 

D ( 1 . 8 ) 

E ( 6 ) 

T e m p 

°C 

r.t. 

r.t. 

0 

r.t. 

r.t. 

r.t. 

r.t. 

0 

r.t. 

0 

0 
r.t. 

0 

0 

0 

0 

0 

0 

0 

- 2 0 

0 

0 

0 

T ime 
ii 

2 

2 

2 

2 . 5 

2 

12 
1 

2 

3 

1.5 

0 .5 
0 . 6 

1.5 

4 . 5 

0 .1 

0 .5 

0 . 5 

0 . 5 

0 . 8 

0 .5 

1 

0 .2 

0 . 3 

Products 
(mg, %yield, ratio) 

2a (200, 91) 

2a (151, 68) 

2 b (151, 56) 

4 (12, 57) 

10ae> (94, 59) 

10bf) (148, 40) 

8b*> (24, 75) 

8a (71, 86) 

8ck> (76, 75) 

12 + 13 (29, 91, 35:65)™) 

1 5 a + 1 6 a (78, 81 , 83:17)°) 

15b + 16b (94, 80, 83:17) 

15c + 16c (64, 56, 73:27) 

18a + 19a (38, 88 (94)«, 
96:4)r> 

18a + 19a (42, 78 (90)<D, 
8:92) 

18b + 19b (44, 76, 98:2) 

18b + 19b (39, 68, 12:88) 

18c (52, 70) 

21 + 22 (680, 87, 86:14) ') 

23 (36, 71) 

30 (42, 81 )*> 

31 (30, 80) 

a) D : dichloromethane, G: dichloroethane, B : benzene, E : ether, b) A hexane solution ( 1 . 8 4 M ) used, c) 
Prepared from 1 -hexyne (0.45 g, 5 .5 mmol) , butyll i thium (5 .0 mmol) , and diethylaluminium chloride (5 .0 mmol) 
in hexane. d) A hexane solution ( 1 . 0 M ) used, e) A by-product, ^rflWj-2-phenylcyclopropylmethanol (43 mg, 
25%) , also formed, f) ax

D
8 - 0 . 0 0 2 to - 0 . 0 0 5 ° in 5 ml of CHC13 , 5 cm cell, g) One diastereomer used. The 

same product was invariably produced from the other diastereomer of 7 and the two diastereomers derived from 
the cis-7. I n another experiment with the diastereomeric mixture of 7, 8b was produced in 8 9 % yield. h) 
GLG analysis (Apiezon L, 5 % , on Ghromosorb W A W D M G S , K O H 1%, 2 m, 110 °G) revealed over 9 4 % 
purity, i) Diastereomeric mixture of 7 used, j ) A hexane solution of reagent (0.76 M) used, k) GLG analysis 
of the crude product showed the presence of a trace amount of 5-phenyl-2-pentene. 1) A 24:76 mixture of 11a 
and l i b used. With the stereochemically pure start ing material of 11a and l i b , the following results were 
obtained: yield of 12 and 13, 12 to 13 ra t io ; 75%, 38 :62 ; 8 6 % , 36:64 respectively, m) GLG assay (PEG 20 M , 
20%,, on Gelite 545, 2 m, 142 °G) showed the Rt of 12, 15 .8 min and the Rt of 13, 16 .8 min. n) A diastereo­
meric mixture (55:45) used. Both diastereomers of 14 gave nearly identical results, or the total yield of 5 9 % 
or 6 3 % , and the ratio of 15a to 16a, 83:17, or 83:16. When NiCl 2(PPh 3) 2 ( 1 0 m o l % or 100mol%o was added, 
the total yield and the ratio of 15a to 16a changed to 7 9 % , 69:31 for one isomer and 6 3 % , 52 :48 for the 
other, o) GLG analysis (PEG 20 M , 5 % on Gellite 545, 1.5 m, 160 °G). p) The substrate 17 added to the 
trialkylaluminium reagent solution, q) GLG yield, r) The following results were obtained under different con­
ditions: solvent, temperature, total yield of 18a and 19a ( rat io); benzene, r.t., 74% (92:8) ; dichloromethane, 
0 °G, 6 2 % (86:14). In dichloromethane a dimeric by-product (24%) was also produced. In ether or T H F 
at 0 °G or r.t. no trace of the product was formed, 17 being recovered unchanged, s) Reagent prepared from 
butyllithium (0.71 mmol) , phenylacetylane (0.71 mmol) and diethylaluminium chloride (0.71 mmol) in hexane at 
0 °G. t) Under other conditions, the following results were obta ined: solvent, temperature, total yield of 21 and 
22 (ratio); dichloromethane, 0 °G, 55%0 (79:21) ; hexane, 0 °G, 6 6 % (86:14), toluene, 0 °G, 6 3 % (85:15). 
In ether or T H F no trace of the product was produced. u) GLG (PEG 20 M , 5 % , on Gelite 545, 1.5 m, 
143 °G) showed 8 7 % purity, the major product assumed to be 30, the minor one being its epimer. 

d u c e d C = C b o n d b e i n g d e d u c e d to b e trans (see E x ­
p e r i m e n t a l ) . T h e regioselect ive a lky l a t i on takes p l a c e 
also w i t h t r i e thy l - a n d t r i i s o b u t y l a l u m i n u m . A n a t ­
t e m p t to c h a n g e t h e regioselec t iv i ty b y a d d i n g t r a n ­
si t ion m e t a l complexes failed e x c e p t N i C l 2 ( P P h 3 ) 2 

w h i c h a c c e l e r a t e d t h e f o r m a t i o n of 16a . 

K 

15 16 
a : R = C H _ , b : R = C 0 H , c :R = i-C,H 

o A o 4 9 
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Regio- and Stereochemistry of Homoconjugate Addition to 
Activated Vinylcyclopropanes. Introduction of an 
alkyl group into 2-vinylcyclopropane-1,1-dicarboxylate 
esters or related compounds would control the regio-
selectivity, i.e. 1,5- or 1,7-homoconjugate addition.13) 
Dialkylcopperlithium14) would be a suitable reagent 
for 1,7-alkyl addition. However, none is known for 
1,5-alkyl introduction. We have found that trialkyl-
aluminium performs 1,5-homoconjugate addition and 
tetraalkylaluminiumlithium prepared from equimolar 
amounts of trialkylaluminium and alkyllithium ef­
fects 1,7-homoconjugate addition. 

The vinylcyclopropane 17 was allowed to react with 
3 mol of trimethylaluminium. The reaction took place 
immediately and ended usually in 10 min at 0 °C. 
Quenching with aq satd. sodium citrate solution, fol­
lowed by work-up and isolation, gave a 96:4 mixture 
of 18a and 19a14a> (Table 1, run 14). Among the 
solvents tested benzene gave best results as regards 
yield and selectivity. In dichloromethane a dimeric 
by-product was obtained. In a coordinating solvent 
such as ether the starting material was recovered un­
changed. In order to accelerate the conversion of 
17 into the products, use of 2.5 to 3 mol of trialkyl­
aluminium is preferable, with less than 2 mol the re­
action being extremely slow. Regioselectivity with tri-
ethylaluminium was almost perfect to give 18b exclu­
sively. Using the reagent of E t 2 A 1 0 C P h , 18c only 
was produced. Thus , ethynyl carbon reacts in pre­
ference to ethyl group.9) 

.COOC H 

/^ \ x ) O C H 
2 5 

17 

18 

^ T ^ NCOOCH 

19 

The regioselectivity was reversed when tetramethyl-
aluminiumlithium was used, the 18a/19a ratio being 
8:92 comparable to the cuprate reaction.14) In a sim­
ilar way tetraethylaluminiumlithium gave mainly 19b. 
In these alanate reactions ether solvent was found 
to give the highest regioselectivity. Dilution with 
hexane gives rise to a decrease in the formation of 
1,7-adduct 19. 

The regio-control of the homoconjugate addition 
was also attained in the reaction of a bicyclic /?-keto 
ester 20 prepared according to the procedure shown 
in Scheme 4. With trimethylaluminium, 20 gave 1,5-
homoconjugate adducts 21 and 22 as the sole products 
(Table 1, run 19). T h e reaction carried out in di-

^ 
H 

22 

CH 

TOOCH 

2k 
23 

chloromethane at —20 °G gave the adduct with the 
best yield. The product ratio 21:22 was almost inde­
pendent of solvent except ether or tetrahydrofuran 
(THF) in which no reaction took place. The amount 
of trimethylaluminium necessary for alkylation was 
found to be more than 2 mol, 2.5 mol being usually 
employed. 

The stereochemistry of the products was determin­
ed by hydrogenating 21 and 22 and by comparing 
the spectral properties of the dihydro derivatives 26 
and 28, respectively. Each authentic sample was ob­
tained by the reaction of 25 or 27 with dimethylcop-
perlithium.15) We conclude that the 1,5-homocon­
jugate addition proceeds with ca. 8 6 % inversion of 
the configuration at the cyclopropane carbon. This 
is in sharp contrast to the alkylation of 9 or l l a , b 
in which complete loss of stereochemical integrity took 
place. 

C00CoH_ 

For successful homoconjugate addition, two neces­
sary factors are (a) two activating carbonyl groups 
since ethyl chrysanthemate does not undergo conjugate 
addition, and (b) a vinyl group on the cyclopropane 
ring since compound 24 was recovered unchanged. 
Prolonged reaction of 24 with trimethylaluminium gave 
rise only to 1,2-methyl addition to the ketonic car­
bonyl.16) 

A similar regio- and stereochemical control was 
realized with 29 prepared according to Scheme 5. 
Using trimethylaluminium we obtained a 1,5-adduct 
of over 8 7 % purity in 8 1 % yield. We may assume 

^ - & r ~ ^ 

20 
a:NaH, n.-BuLi, ClCH2CH=CHCH=CHCH3> b: p - C H g C g H ^ O ^ , (CgH^N 

c: Cu(acac) , C H CH reflux 
a: HOCH CH=CHCH=CHCH , pyridine, b: p-CHC„HASO„N , ( C J U - H 

Scheme 4. Scheme 5. 
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the reaction proceeded mainly with inversion in 
analogy to the case of 20. The present major product 
would have the structure shown in the formula 30. 
In contrast, the reaction of 29 with tetramethylalumin-
iumlithium gave 31 only in 8 0 % yield. 

H | 29 H '! 

31 30 

Thus we control the stereochemistry of the a-carbon 
of a side chain (e.g. cf. structure 21). This is par­
ticularly useful for the synthesis of neonepetalactone,17) 
and should be extended to the preparation of such 
terpenes having the same structural unit as chry-
somelidial18) and juvabione.19) 

The synthesis of neonepetalactone 34 (Scheme 6) 
was carried out as follows. The /?-keto ester 21 was 
freed from its epimer 22 by preparative T L G and 
converted into an enol phosphate which was then 
allowed to react with dimethylcopperlithium to give 
32. The two C=C bonds in 32 may be differentially 
cleaved. Ozonolysis of 32 at —78 °G followed by 
reductive work-up gave a hydroxy ester 33 whose 
lactonization gave neonepetalactone 32 exhibiting con­
sistent spectral properties.17) 

21 32 33 
O 

d )==^\) a : NaH. ( C 2 H 5°>2 P O C 1 

* \A^J b : ( C H 3 ) 2 C U L 1 

£ ;' c: 0 3 > CH3OH, -78°C, NaBH 

' d: FyU OTs 

34 
Scheme 6. 

Exper imenta l 

Temperatures are uncorrected. Distillation of small 
amount of samples (less than 1 g) was carried out with Kugel-
rohr. 1H-NMR spectra (tetramethylsilane as an internal 
standard) were taken on a Varian EM 390 spectrometer 
or JEOL PMX-60 spectrometer, chemical shifts being given 
in ppm unit. IR spectra were obtained on a Shimadzu 
IR-27G spectrometer, MS on a Hitachi RMU-6L spectrom­
eter. Trialkylaluminium (Nippon Alkyl Aluminium Co., 
Ethyl Corp., or Alfa Division of Ventron Corp., a neat liquid) 
was diluted with specified solvents. All the reactions with 
organometallies were carried out under an argon atmosphere. 
Preparative TLG plates (20 cm x 20 cm) were prepared by 
use of Merck Kiesel-gel PF254. Column chromatography 
was carried out with silica gel at atmosphereic pressure 
(Wacogel G-100) or under pressure of 4—6xl0 5 N/m 2 

(Wacogel G-300). 
Synthesis of exo-7-(7-Acetoxyheptyl)norcarane (la) and exo-

7-(1-Benzoyloxyheptyl)norcarane (lb). Butyllithium (1.80 
M hexane solution, 19.0 ml, 34 mmol) was added to a THF 
(50 ml) solution of 7,7-dibromonorcarane (7.2 g, 28 mmol), 
at —95 °G over a period of 7 min. After stirring for 10 
min heptanal (4.6 ml, 34 mmol) was added at — 95 °G 

and the reaction mixture was stirred at —95 °G for 30 min, 
at — 78 °G for 1 h, then at room temperature for 15 min. 
Work-up gave a crude /?-bromo alcohol which was dissolved 
in THF (20 ml) and the mixture was stirred overnight with 
potassium tf-butoxide (4.0 g, 35 mmol). Work-up followed 
by column chromatography (hexane-ether 10:1) gave exo-
7-heptanoylnorcarane (4.7 g, 73% yield), which was dis-
sovled in ethanol (10 ml) and treated under a nitrogen at­
mosphere at 0 °G with sodium borohydride (0.43 g, 11.2 
mmol). Work-up and column chromatography (hexane-
ether 10:1) gave ^o-7-(l-hydroxyheptyl)norcafane (3.7 g, 
57% yield from 7,7-dibromonorcarane), bp 83—85 °G (bath 
temp)/l Torr; IR (neat): 3350, 1065, 1024cm"1; MS: m/e 
192 (M+-18) . Found: G, 80.10; H, 12.58%. Galcd for 
G14H240: G, 79.93; H, 12.46%. 

The alcohol (0.22 g, 1.10 mmol) was mixed with pyridine 
(1 ml), and acetic anhydride (0.8 ml), and allowed to react 
at room temperature overnight. All the volatile material 
was then evaporated under reduced pressure and the residue 
was purified with short silica-gel column to give la (0.26 
g, 96% yield), bp 98—100 °G (bath temp)/l Torr. *H-
NMR (GG14): Ô 1.4—2.1 (m+s («5 1.92), 27H), 4.12 (dt, 
7 = 8 , 5 Hz, 1H); IR (neat): 2940, 2870, 1730, 1450, 1365, 
1235, 1020 cm-1; MS: m/e (rel intensity) 210 (M+-GH 2GO, 
7), 192 (15), 135 (18), 125 (32), 121 (34), 79 (43), 67 (44), 
43 (100). Found: G, 76.36; H, 11.38%. Galcd for G16-
H 2 8 0 2 : G, 76.14; H, 11.18%. 

The benzoate (lb) (1.22 g, 96% yield) was obtained by 
treating the alcohol (0.85 g, 4.0 mmol) with benzoyl chloride 
(0.49 ml, 4.2 mmol) and pyridine (2 ml) in dichloromethane 
(3 ml) at 0 °G for 1 h. Work-up and column chromatog­
raphy (hexane-ether 10:1) gave l b as a colorless viscous 
oil, bp 165—170 °G (bath temp)/l Torr. XH-NMR (GG14) : 
ô 0.5—2.1 (m, 24H), 4.2—4.7 (m, 1H, CHOBz), 7.1—7.5, 
(m, 3H), 7.7—8.1 (m, 2H); IR (neat): 1715, 1605, 1587, 
1110, 1025, 718 cm-1; MS: m/e (rel intensity) 192 ( M + -
G6H5GOOH, 25), 135 (20), 122 (22), 105 (100), 94 (33), 
79 (47), 77 (45), 41 (32). Found: G, 80.46; H, 9.74%, 
Galcd for G21H30O2: G, 80.21; H, 9.62%. 

Preparation of exo-7-(7-Ethylheptyl)norcarane (2a). A Typical 
Procedure for the Reaction with Trialkylaluminium. A hexane 
solution of triethylaluminium (1.84 M, L5 ml, 2.8 mmol) 
was added to a dichloromethane (3 ml) solution of la (0.25 
g, 1.0 mmol) at room temperature. The reaction mixture 
was stirred for 2 h and then quenched with satd. aq sodium 
sulfate solution (few drops). This was stirred vigorously, 
diluted with dichloromethane and filtered through a short 
column of anhydrous sodium sulfate. Concentration fol­
lowed by column chromatography gave 2a (0.20 g, 91% 
yield), bp 160—168 °G/16 Torr; XH-NMR (GG14) : ô 0.0— 
2.1 (m); IR (neat): 3020, 1370, 1070, 968cm"1; MS: m/e 
(rel intensity) 222 (M+, 10), 193 (12), 137 (24), 110 (53), 
95 (82), 81 (91), 70 (98), 68 (100), 55 (85), 40 (86). Found: 
G, 86.37; H, 13.62%. Galcd for G16H30: G, 86.40; H, 
13.60%. 

Reaction with Diethyl(1-Alkynyl) aluminium. Butyllithium 
(1 mol) hexane solution was added to 1-alkyne (slightly 
more than 1 mol) at 0 °G. After 10 min diethylaluminium 
chloride (1 mol) hexane solution was added, stirring being 
carried out for 15 min at 0 °G. The reaction mixture was 
concentrated in vacuo below room temperature. The residue 
was dissolved in a specified solvent, and a substrate was 
added. 

Tetraalkylaluminiumlithium. This reagent was prepared 
by mixing equimolar amounts of trialkylaluminium (hexane 
solution) and alkyllithium (ether solution) at 0 °G for 20 
min. Substrate dissolved in ether was added to the solution. 
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exo-7-(7-Hexyl-2-heptynyl)norcarane (2b): Bp 135—139 °G 
(bath temp)/2 Tor r ; i H - N M R (GG14): ô 0.2—2.3 (m) ; I R 
(neat ) : 2950, 2880, 1 4 5 0 c m - 1 ; M S : m/e (rel intensity) 274 
(M+, 1.4), 217 (23), 189 (32), 147 (32), 133 (46), 107 (54), 
91 (79), 79 (79), 43 (60), 41 (100). Found : G, 87.54; H , 
12.76%. Galcd for G2 0H3 4 : G, 87 .51; H , 12.49%. 

Synthesis of exo-6-(7-Acetoxyheptyl)bicyclo[3.7.0]hexane (3). 
T h e procedure for the synthesis of l a was applied to the one 
of ^o-6-heptanoylbicyclo[3.1.0]hexane, bp 80—83 °G (bath 
temp)/0.04 Torr . Found : G, 80.51; H , 11.73%. Galcd for 
G 1 3 H 2 2 0 : G, 80.35; H , 11 .41%. 

Sodium borohydride reduction of this ketone followed 
by acetylation gave 3 quantitatively. Bp 87—91 °G (bath 
t emp) /0 .04Tor r ; i H - N M R (GG14): ô 0.5—2.5 ( m + S (Ô 
1.92), 25H) , 3.9—4.3 (m, 1H) ; I R (neat ) : 3030, 1728, 1235, 
1018 c m - 1 ; M S : m/e (rel intensity) 196 ( M + - G H 2 G O , 4), 
178 (9), 135 (9), 121 (20), 111 (22), 93 (33), 79 (42), 67 
(38), 55 (24), 43 (100). Found : G, 75.63; H , 11.29%. 
Galcd for C 1 5 H 2 6 0 2 : G, 75.58; H , 11.00%. 

e x o - 6 - (1-Ethylheptyl) bicyclo [3.1.0] hexane (4) : ! H - N M R 
(GG14): ô 0.1—1.9 (m) ; M S : m/e (rel intensity) 208 (M+, 
3), 189 (4), 140 (10), 123 (14), 111 (22), 95 (33), 81 (54), 
70 (100), 55 (65), 41 (81). Due to the lack of sample con­
firmation of the structure was not carried out. 

Preparation of (7S,2S) -2-Phenylcyclopropylmethyl Acetate (9b). 
Optical resolution of £ra?z.y-2-phenylcyclopropanecarboxylic 
acid with quinine20) gave a sample of [a]î? + 3 7 5 ° (c 2.3, 
GHG13), estimated to be 9 8 % optically pure based on 
the reported value [a] S + 3 8 1 ° (CHC13),20> [a]2

D° + 3 7 6 ° 
(CHC13).21> The carboxylic acid was reduced with l i thium 
aluminium hydride and acetylated with acetic anhydride 
to give 9b , [a]1»9 + 8 7 . 6 ° (c 2.0, GHG13) quantitatively. Bp 
75—79 °G (bath temp)/0.03 Tor r ; *H-NMR (GG14): ô 1.0— 
2.0 (m, 4H) , 2.04 (s, 3H) , 4.04 (d, 7 = 6 . 4 Hz, 2H) , 7.0— 
7.4 (m, 5 H ) ; I R (neat ) : 3035, 1743, 1608, 1500, 1237, 1030, 
757, 698 c m - 1 ; M S : m/e (rel intensity) 190 (M+, 10), 149 
(15), 130 (100), 115 (48). Found : G, 75.87; H , 7.42%. 
Galcd for G 1 2 H 1 4 0 2 : G, 75.76; H , 7.42%0. 

trans-7-(^7- Acetoxy ethyl)-2-pheny [cyclopropane (7). M e ­
thylmagnesium iodide (0.88 M ethereal solution, 0.99 ml, 
0.87 mmol) was added to £ratt5-2-phenylcyclopropanecarbal-
dehyde22) (84 mg, 0.58 mmol) dissolved in ether (5 ml) a t 
0 °G, and the reaction mixture was stirred for 3 h, quenched 
with aq satd. ammonium chloride solution (10 ml) and 
extracted with dichloromethane. T h e combined dried or­
ganic phase was concentrated and the residue chromato-
graphed with preparat ive T L G (dichloromethane) to give 
two diastereomers of trans-1-(1 -hydroxyethyl)-2-phenyleyclo-
propane (i?f 0.4, 30 m g ; Rf 0.3, 36 mg, 7 5 % total yield). 
The more polar diastereomer gave 1 H - N M R (GG14) : ô 
0.7—1.4 (m, 3H) , 1.26 (d, 7 = 6 . 2 Hz , 3H) , 1.5—2.0 (m, 1H), 
2.08 (s, 1H), 3.1—3.7 (m, 1H), 6.7—7.4 (m, 5H) . T h e 
less polar alcohol was acetylated with acetic anhydride 
(0.2 ml) and pyridine (0.2 ml) (r.t., 5 h) to give one dia­
stereomer of 7 (38 mg, 95%o yield). ^ - N M R (GG14) : ô 
0.7—1.5 ( m + d (Ô 1.31, 7 = 6 . 4 Hz, 6H) , 1.8—2.2 ( m + s 
(Ô 1.97), 4 H ) , 4.50 (quintet, 7 = 6 . 4 Hz, 1H), 6.8—7.3 (m, 
5 H ) ; I R (neat) : 1735, 1605, 1503, 1372, 1242cm" 1 . The 
more polar alcohol was acetylated to give the other dia­
stereomer of 7 (38 mg, 79% yield), bp 84—87 °G (bath 
temp)/0.05 Torr . ^ - N M R (GG14) : ô 0.8—1.6 (m + d(<5 
1.33, 7 = 6 . 4 Hz) , 6H) , 1.6—2.1 (m + s(Ô 1.99), 4H) , 4.99 
(quintet, 7 = 6 . 4 Hz, 1H), 6.8—7.3 (m, 5H) ; I R (neat) : 
1737, 1610, 1507, 1377, 1245 cm" 1 ; M S : m/e 204 (M+). 
Found : G, 76.41; H , 8 .01%. Galcd for C 1 3 H 1 6 0 2 : G, 
76.44; H , 7.90%. 

Physical properties of the eis isomers of 7 (prepared from 

m-2-phenylcyclopropanecarboxylic ac id) : bp 102—104 °G 
(bath temp)/0.09 Torr . Found : G, 76.71; H , 8.00%. 
Galcd for G 1 3 H 1 6 0 2 : G, 76.44; H , 7.90%. 

Each diastereomer was separated at the stage of alcohol 
(dichloromethane, Rf 0.6 and 0.4). The acetate of the 
less polar alcohol showed following spectra. ^ - N M R 
(GG14): ô 0.7—1.6 ( m + d (Ô 1.23, 7 = 6 . 2 Hz) , 6H) , 1.67 
(s, 3H) , 1.9—2.5 (m, 1H), 3.6—4.2 (m, 1H), 7.16 (s, 5H) . 
I R (neat) : 1733, 1605, 1503, 1370, 1245 cm"1 . The acetate 
of the more polar alcohol exhibited ^ - N M R (GG14) : ô 
0.8—1.1 ( m + d («5 0.98, 7 = 6 . 2 Hz) , 6H) , 1.9—2.4 ( m + s 
(Ô 1.92), 4H) , 4.1—4.5 (m, 1H), 7.15 (s, 5 H ) ; I R (neat) : 
1730, 1605, 1503, 1370, 1245 cm" 1 ; M S : m/e (rel intensity) 
204 (M+, 4), 149 (34), 129 (100), 107 (70). 

tr<ins-5-Phenyl-2-hexane (8a) : Bp 68—75 °G (bath temp)/ 
l T o r r ; ^ - N M R (CG14) : ô 1.22 (d, 7 = 6 . 9 Hz, 1H), 1.60 
(d, 7 = 3 . 9 Hz, 3H) , 2.1—2.4 (m, 2H) , 2.67 (sextet, 7 = 6 . 9 
Hz, 1H), 5.2—5.4 (m, 2H) , 7.0—7.3 (m, 5 H ) ; I R (neat) : 
3045, 1610, 1502, 968, 760, 704 cm" 1 ; M S : m/e (rel intensity) 
160 (M+, 6), 144 (2), 105 (100), 91 (5), 79 (5), 77 (5). 
Found : G, 90.17; H , 10.30%. Galcd for G1 2H1 6 : G, 89.94; 
H , 10.06%. 

tra.ns-5-Phenyl-2-heptene (8b): Bp 81—88 °G (bath temp)/ 
1 To r r ; ^ - N M R (GG14) : ô 0.77 (t, 7 = 7 . 5 Hz, 3H) , 1.3— 
2.1 ( m + d («5 1.56, 7 = 4 Hz) , 5H) , 2.1—2.7 (m, 3H) , 5.2— 
5.5 (m, 2H) , 6.9—7.3 (m, 5 H ) ; I R (neat) : 3030, 1604, 1497, 
966, 756, 698 cm" 1 ; M S : m/e (rel intensity) 174 (M+, 3), 
145 (1), 119 (56), 91 (100), 77 (5). Found : G, 89.58; H , 
10.53%. Galcd for G1 3H1 8 : G, 89.59; H, 10 .41%. 

tra.ns-7-Methyl-5-phenyl-2-octene (8c) : Bp 89—96 °G (bath 
temp) / l To r r ; ^ - N M R (GG14) : ô 0.7—1.0 (m, 6H) , 1.1— 
1.7 ( m + d (<5 1.52, 7 = 4 Hz) , 5H) , 2.1—2.4 (m, 2H) , 2 .5— 
2.8 (m, 1H), 5.2—5.5 (m, 2H) , 6.9—7.3 (m, 5 H ) ; I R (neat) : 
3040, 1606, 1500, 1468, 1456, 968, 760, 701 cm" 1 ; M S : 
m/e (rel intensity) 202 (M+, 1), 147 (27), 105 (28), 91 (100), 
77 (4). Found : G, 89.28; H , 10 .81%. Galcd for G1 5H2 2 : 
G, 89.04; H , 10.96%. 

Preparation of endo- and exo-7-Acetoxymethyl-7-phenylnorcarane 
(lia and lib). Bromoform (0.36 ml, 4.1 mmol) was 
added to a mixture of 1-phenylcyclohexane (0.55 g, 3.5 
mmol) , potassium tf-butoxide (4.3 mmol) , and hexane (5 
ml) at ice-salt temperature over a period of 30 min. After 
the addition was completed, the reaction mixture was warmed 
to room temperature, stirred for 1.5 h, then poured into 
water (20 ml) . Extraction with dichloromethane (10 m i x 
3 times) followed by the usual work-up and column chro­
matography gave 7,7-dibromo-l-phenylnorcarane (0.67 g, 
5 8 % yield; 79% yield based on the consumed olefin) as a 
viscous oil, bp 98—100 °G (bath temp)/0.03 Torr . XK-
N M R (GG14): ô 1.2—1.7 (m, 5H) , 1.9—2.5 (m, 4H) , 7.24 
(s, 5 H ) ; I R (neat ) : 3035, 1603, 1496, 1449, 753, 747, 697 
cm" 1 ; M S : m/e (rel intensity) 264 (1.2), 262 (2.2), 260 (1.2), 
251 (24), 249 (24), 169 (100), 141 (80), 126 (52), 115 (53), 
91 (68). Found : G, 47.46; H, 4 .20%. Galcd for C13H14-
Br2 : G, 47 .31; H , 4 .28%. 

T o a T H F (10 ml) solution of the dibromonorcarane 
(0.33 g, 1.0 mmol) was added butylli thium (1.60 M hexane 
solution, 0.69 ml, 1.1 mmol) at — 95 °G over a period of 
5 min and the reaction mixture stirred for 20 min. Dry 
carbon dioxide gas was bubbled at —95 °G for 25 min into 
the reaction mixture which was then warmed to room tem­
perature and acidified with dil hydrochloric acid. Work­
u p gave a crude bromo carboxylic acid (0.30 g, quantitative 
yield). X H-NMR (GDG13) : ô 1.1—2.5 (m, 9H) , 7.3—7.7 
(m, 5H) , 9.3—10.1 (br s, 1H) ; I R (neat) : 3400, 2500, 1737, 
1704, 1603, 1496, 1266, 760, 698 cm" 1 ; M S : m/e (rel inten­
sity) 256 (1), 214 (77), 187 (28), 169 (79), 142 (83), 141 
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(77), 129 (60), 115 (70), 91 (100). 
The bromocarboxylic acid (0.83 g, 2.8 mmol) was dis­

solved in T H F (10 ml) and to this solution was added butyl-
lithium (1.53 M hexane solution, 3.8 ml, 5.9 mmol) at —78 
°G over a period of 8 min. The reaction mixture was stirred 
for 25 min, then treated with ethanol (1 ml) and warmed 
to room temperature. Acidification with dil hydrochloric 
acid followed by the work-up gave a crude carboxylic acid 
(0.50 g) . Preparative T L G (hexane-ethyl acetate 2:1 double 
development) of the crude product (0.10 g) gave endo-car-
boxylic acid (Rt 0.6—0.7, 72 mg) and its exo isomer (R{ 

0.5—0.6, 25 mg) in 80% total yield. 
The endo isomer, l-phenylnorcarane-^öfo-7-carboxylic acid 

(colorless prisms, m p 75—76 °G (hexane)), gave 1 H - N M R 
(GDG13): Ô 1.1—2.4 (m, 10H), 7.41 (br s, 5H) , 8.6—9.5 
(m, 1H); I R (neat) : 3400—2500, 3040, 1698, 1604, 760, 
700 cm- 1 ; M S : m/e (rel intensity) 217 (4), 216 (M+, 36), 
198 (14), 171 (80), 129 (83), 115 (57), 91 (100). Found : 
G, 77.78; H , 7.44%. Galcd for G 1 4 H 1 6 0 2 : G, 77.75; H , 
7.46%. 

The exo isomer, l-phenylnorcarane-^o-7-carboxylic acid 
(colorless prisms, m p 139—140 °G (benzene)) ; ^ - N M R 
(GDGI3): Ô 1.1—2.4 (m, 10H), 7.35 (br s, 5H) , 8.0—9.0 
(m, 1H) ; I R (GHG13) : 3450—2500, 3060, 1693, 1604, 694 
cm- 1 ; M S : m/e (rel intensity) 217 (M+ + 1 , 7), 216 (M+, 
36), 198 (14), 171 (80), 129 (83), 115 (57), 91 (100). Found : 
G, 78.00; H , 7.37%. Galcd for G 1 4 H 1 6 0 2 : G, 77.75; H , 
7.46%. 

The exo carboxylic acid (23 mg, 0.11 mmol) was reduced 
with lithium aluminium hydride (8.0 mg, 0.22 mmol) in 
ether (1 ml) to give ^o-7-hydroxymethyl- l-phenylnorcarane, 
bp 93—98 °G (bath temp)/0.03 T o r r ; ^ - N M R (GG14) : 
ô 1.0—2.3 (m, 11H), 3.12 (dd, 7 = 6 . 6 , 3.0 Hz, 2H) , 7.2 
(br s, 5 H ) ; I R (neat) : 3320, 2930, 1603, 1497, 1447, 1018, 
759, 700 cm- 1 ; M S : m/e (rel intensity) 202 (M+, 4), 184 
(40), 171 (69), 141 (57), 129 (82), 115 (65), 91 (100). 
Found: G, 83.25; H , 9 .20%. Galcd for G 1 4 H 1 8 0 : G, 83.12; 
H , 8.97%. 

The alcohol was acetylated with acetic anhydride (0.2 
ml) and pyridine (0.2 ml) (r.t., 13 h) to give 11a (27 mg, 
97% yield for 2 steps), bp 108—110 °G (bath temp)/0.04 
Tor r ; ^ - N M R (GC14) : ô 1.0—2.3 ( m + s (Ô 1.94), 13H), 
3.56 (d, 7 = 6 . 6 Hz, 2H) , 7.17 (s, 5 H ) ; I R (neat ) : 3035, 
1738, 1603, 1252, 1028, 960, 701 cm" 1 ; M S : m/e (rel in­
tensity) 244 (M+, 2), 184 (85), 141 (100), 129 (49), 115 
(41), 91 (78). Found : G, 78.72; H , 8.24%0. Galcd for 
G 1 6H 2 0O 2 : C, 78.65; H , 8.25%. 

The endo acetate l i b was prepared similarly, endo-1-
Hydroxymethyl-1-phenylnorcarane: bp 114—116°G (bath 
t emp) /0 .06Torr ; ^ - N M R (GC14) : ô 1.1—2.3 (m, 11H), 
3.8 (d, 7 = 6 . 9 Hz, 2H) , 6.9—7.3 (m, 5 H ) ; I R (neat) : 3350, 
3030, 1603, 1494, 1449, 1018, 749, 700 cm" 1 ; M S : m/e (rel 
intensity) 203 (0.8), 202 (M+, 4), 184 (37), 171 (77), 141 
(51), 129 (83), 91 (100). Found : G, 82 .91; H , 8 .93%. 
Galcd for G 1 4 H 1 8 0 : G, 83.12; H, 8.97%. 

Acetylation of the alcohol gave l i b , bp 90—93 °G (bath 
t emp) /0 .04Torr ; ^ - N M R (GG14) : ô 1.2—2.1 ( m + s (Ô 
2.06), 13H), 4.27 (d, 7 = 5 . 4 Hz, 2H) , 7.16 (br s, 5 H ) ; I R 
(neat) : 3035, 1739, 1604, 1494, 1242, 1028, 759, 7 0 0 c m " 1 ; 
M S : m/e (rel intensity) 244 (M+, 1), 184 (82), 141 (100), 
91 (82). Found: G, 78.89; H , 8.47%. Galcd for G16H20-
0 2 : G, 78.65; H , 8.25%. 

1-Methyl-1-phenyl-2-vinylcyclohexane. This was obtain­
ed as a ca. 2:3 mixture of 12 and 13: bp 117—123 °G (bath 
t e m p ) / 5 T o r r ; ^ - N M R (GG14) : ô 1.21 (s, 1.05 H, GH 3 

for 12), 1.32 (s, 1.95 H , GH 3 for 13), 1.7—2.3 (m, 8H) , 
2.3—2.7 (m, 1H), 4.6—5.0 (m, 2H) , 5.2—6.0 (m, 1H), 

7.0—7.5 (m, 5 H ) ; I R (neat) : 3070, 3040, 1638, 1602, 1497, 
990, 908, 762, 697 cm" 1 ; M S : m/e (rel intensity) 200 (M+, 
29), 184 (45), 131 (56), 118 (100), 105 (64), 91 (45). Found : 
G, 89.67; H , 10.08%. Galcd for G1 5H2 0 : G, 89.94; H , 
10.06%. 

Synthesis of trans-7-f7-Acetoxy-3-phenylpropyl)-2-vinylcyclopro-
pane (14). T h e major isomer of 2-vinylcyclopropyl-
methanol12) (93:7 isomeric mixture based on GLG (PEG 
20 M , 5 % , on Gelite 545, 1.5 m, 72 °G)) was assigned to 
be trans on the basis of 1 3 G-NMR (CG14) : chemical shift 
(Ô from T M S ) (intensity), 112.25 (100) and 115.36 (8), 
140.76 (64) and 136.72 (5), 66.00 (100) and 62.88 (7). Pyri-
dinium chlorochromate (0.63 g) oxidation (0 °G, 16 h) of 
this alcohol (0.100 g, 2.0 mmol) followed by the reaction 
(0 °G, 2.5 h) with 2-phenylethylmagnesium bromide (2.4 
mmol) and preparat ive TLG (hexane-ether 5:1) gave two 
diastereomers of ( lÄ*,2S*)-l-( l-hydroxy-3-phenylpropyl)-2-
vinylcyclopropane (Rt 0.3, 136 m g ; R{ 0.2, 131 mg) totally 
in 6 5 % yield. T h e less polar alcohol showed ^ - N M R 
(GG14): ô 0.5—0.7 (m, 2H) , 0.8—1.1 (m, Î H ) , 1.2—1.5 
(m, 1H), 1.7—2.1 (m, 3H) , 2.72 (dt, 7 = 8 . 7 , 3.0 Hz, 2H) , 
3.00 (q, 7 = 6 . 6 Hz , 1H), 4.7—5.6 (m, 3H) , 7.13 (s, 5H) . 
T h e more polar alcohol gave 1 H - N M R (GG14) spectrum: 
ô 0.4—1.0 (m, 3H) , 1.1—1.4 (m, 1H), 1.7—2.0 (m, 3H) , 
2.70 (dt, 7 = 8 . 1 . 2.6 Hz, 2H) , 2.98 (q, 7 = 6 . 6 Hz, 1H), 
4.7—5.6 (m, 3H) , 7.14 (s, 5H) . 

Acetylation of the less polar alcohol gave one diastereomer 
of 14, i H - N M R (CG14): ô 0.5—1.7 (m, 3H) , 1.8—2.1 ( m + s 
(ô 1.95), 5H) , 2.4—2.7 (m, 2H) , 4.2—4.5 (m, 1H), 4.7—5.6 
(m, 3H) , 7.0—7.3 (m, 5H) . T h e more polar alcohol afford­
ed the other diastereomer of 14, ^ - N M R (CG14) : ô 0.4—1.4 
(m, 3H) , 1.8—2.1 ( m + s (ô 1.95), 5H) , 2.5—2.7 (m, 2H) , 
4.2—4.5 (m, 1H), 4.8—5.6 (m, 3H) , 7.0—7.3 (m, 5H) . 
Physical properties of the diastereomeric mixture of 17 were 
as follows: bp 124—127 °G (bath tem)/0.1 Tor r ; I R (neat ) : 
3080, 3040, 1730, 1638, 1605, 1497, 1240, 1020, 700 cm" 1 ; 
M S : m/e (rel intensity) 224 (M+, 4), 184 (11), 160 (8), 130 
(52), 117 (34), 104 (35), 91 (100), 77 (25), 65 (20). Found : 
G, 78.44; H, 8 . 4 1 % . Galcd for C 1 6 H 2 0 O 2 : G, 78.65; H , 
8 .25%. 

(E)-3-Methyl-8-phenyl-7,5-octadiene (15a) and (E,E)-7-Phen­
yls ,6-nonadiene (16a). T h e reaction product formed an 
83:17 mixture of 15a and 16a, bp 83—93 °G (bath temp) / 
1 Tor r ; ^ - N M R (CC14) : ô 0.93 (d, 7 = 6 . 6 Hz, 3H) , 1.8— 
2.4 (m, 5H) , 2.5—2.8 (m, 2H) , 4.7—5.1 (m, 2H) , 5.3—5.9 
(m, 3H) , 7.0—7.3 (m, 5H) . Preparat ive GLG separation 
(PEG 20 M , 3 0 % , on celite 545, 3 m, 180 °G) gave pure 
components. T h e product 15a showed practically the same 
X H-NMR spectrum and I R (994, 969, 910 cm"1) as those 
of the mixture. M S : m/e 200 (M+). Found : G, 89.86; 
H , 10.30%. Galcd for G1 5H2 0 : G, 89.94; H, 10.06%. T h e 
geometry of the newly produced carbon-carbon double 
bond was inferred to be trans based on the I R absorptions 
at 969 c m - 1 . T h e other product 16a was characterized 
spectrometrically. M S : m/e 200 (M+) ; I R (neat ) : 969 
c m - 1 ; i H - N M R : (CG14) : ô 0.97 (t, 3H) , 1.7—2.5 (m, 6H) , 
2.5—2.8 (m, 2H) , 5.2—5.6 (m, 4H) , 7.10 (s, 5H) . T h e 
I R absorption at 969 c m - 1 was almost twice as intense as 
that of 16a (based on the intensity of the phenyl absorp­
tions), no absorptions near 800—750 c m - 1 being detected. 
Consequently both of the C=C bonds in 16a were assigned 
to be trans. 

(E)-3-Ethyl-8-phenyl-7',5-octadiene (15b) and (E,E)-7-Phenyl-
3,6-decadiene (16b). T h e reaction product formed an 
83:17 mixture of 15b and 16b, bp 105—110 °G (bath temp) / 
1 Torr . Found : C, 89.49; H , 10.40%. Galcd for G1 6H2 2 : 
G, 89.65; H , 10.35%. Each product was separated by 
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preparative GLG. T h e product 15b showed I R (neat) : 
995, 970, 910, 745, 700 cm" 1 ; *H-NMR (GG14): ô 0.80 (t, 
7 = 7 Hz, 3H) , 1.0—1.5 (m, 2H) , 1.5—2.1 (m, 3H) , 2 . 1 — 
2.4 (m, 2H) , 2.5—2.7 (distorted t, 2H) , 4.7—5.0 (m, 2H) , 
5.2—5.7 (m, 3H) , 7.0—7.3 (m, 5 H ) ; M S : m/e 214 (M+). 
T h e isomer 16b exhibited X H-NMR (GG14) : ô 0.90 (t, 7 = 6 
Hz, 3H) , 1.1—1.7 (m, 2H) , 1.7—2.1 (m, 2H) , 2.1—2.5 
(m, 2H) , 2.5—2.8 (m, 4H) , 5.2—5.6 (m, 4H) , 7.0—7.3 
(m, 5H) . 

(E) -3-Isobutyl-8-phenyl-1,5-octadiene (15c) and ( E ,E j -10-
Methyl-7-phenyl-3,6-undecadiene (16c): Bp 89—93 °G (bath 
temp)/0.05 Tor r ; I R (neat) : 3030, 1641, 1607, 1497, 994, 
966, 909, 745, 700 cm"1 . Found : G, 89.16; H , 11.03%. 
Calcd for G1 8H2 6 : G, 89.19; H , 10 .81%. Preparative GLG 
separation gave pure 15c: ^ - N M R (GG14) : ô 0.80 (d, 7 = 6 
Hz, 3H) , 0.83 (d, 7 = 6 Hz, 3H) , 1.0—1.4 (m, 2H) , 1.4— 
1.7 (m, 1H), 1.7—2.4 (m, 5H) , 2.5—2.8 (m, 2H) , 4.7—5.0 
(m, 2H) , 5.2—5.6 (m, 3H) , 7.0—7.3 (m, 5H) . 

Diethyl (2-Methyl-3-butenyl)propanedioate (18a) : Bp 75— 
77 °G (bath temp)/0.05 Tor r ; ^ - N M R (GG14): ô 1.04 (d, 
7 = 6 . 6 Hz, 3H) , 1.29 (t, 7 = 6 . 9 Hz, 6H) , 1.7—1.9 (m, 2H) , 
1.9—2.2 (m, 1H), 3.21 (dd, 7 = 8 . 4 , 2.4 Hz, 1H), 4.10 and 
4.12 (2q, 7 = 6 . 9 Hz each, 4H) , 4.8—5.1 (m, 2H) , 5.4—5.8 
(m, 1H) ; I R (neat) : 3090, 1756, 1737, 1645, 1373, 1270, 
1240, 1180, 1150, 1031, 998, 917 cm" 1 ; M S : m/e (rel in­
tensity) 228 (M+, 2), 183 (11), 160 (100), 137 (55), 109 
(59), 81 (58), 68 (55). Found : G, 63.29; H , 8.95%. Galcd 
for G 1 2 H 2 0 O 4 : G, 63.13; H , 8 .83%. 

Spectral da ta of 19a14a> are as follows. J H - N M R (GG14) : 
ô 0.95 (t, 7 = 7 . 8 Hz, 3H) , 1.27 (t, 7 = 6 . 9 Hz, 6H) , 1.8—2.2 
(m, 2H) , 2.43 (dd, 7 = 7 . 5 , 6.3 Hz, 2H) , 3.19 (t, 7 = 7 . 5 
Hz, 1H), 4.12 (q, 7 = 6 . 9 Hz, 4H) , 5.1—5.6 (m, 2 H ) ; I R 
(neat ) : 1755, 1739, 1372, 1152, 1024, 9 6 9 c m " 1 ; M S : m/e 
228 (M+). 

Diethyl(2-Ethyl-3-butenyl)propanedioate (18b): Bp 123—126 
°G (bath temp)/0.2 Torr . i H - N M R (GG14) : ô 0.87 (t, 
7 = 7 . 8 Hz, 3H) , 1.29 (t, 7 = 6 . 9 Hz, 6H) , 1.2—2.2 (m, 5H) , 
3.1—3.4 (m, 1H), 4.11 and 4.13 (2q, 7 = 6 . 9 Hz each, 4 H ) , 
4.9—5.1 (m, 2H) , 5.2—5.7 (m, 1H) ; I R (neat ) : 3080, 1752, 
1736, 1645, 1252, 1225, 1178, 1145, 1031, 998, 917 cm" 1 ; 
M S : m/e (rel intensity) 242 (M+, 1), 213 (2), 197 (15), 160 
(100), 151 (38), 132 (48), 123 (48), 95 (55), 67 (57). Found : 
G, 64.26; H , 9 .30%. Galcd for G 1 3 H 2 2 0 4 : G, 64.44; H , 
9 .15%. 

Alternative Synthesis of Diethyl tra.ns-2-Hexenylpropanedioate 
(19b). Diethylcopperlithium (0.71 mmol) was allow­
ed to react with 17 (50 mg, 0.24 mmol) in ether (2 ml) at 
— 23 °G. Work-up and preparative T L G (hexane-ethyl 
acetate 5 :1 , Rf 0.4—0.5) gave a mixture (5:95 by GLG) 
of 18b and 19b (40 mg, 70% yield), bp 114—116 °G (bath 
temp)/0.1 Tor r ; i H - N M R (GG14) : ô 0.87 (t, 7 = 7 . 8 Hz, 
3H) , 1.2—1.5 ( m + t (Ô 1.29, 7 = 6 . 9 Hz) , 8H) , 1.8—2.1 
(m, 2H) , 2.4—2.6 (distorted t, 2H) , 3.21 (t, 7 = 7.8 Hz, 
1H), 4.13 (q, 7 = 6 . 9 Hz, 4H) , 5.3—5.5 (m, 2 H ) ; I R (neat) ; 
1753, 1738, 1230, 1174, 1150, 1034, 969 cm" 1 ; M S : m/e 
(rel intensity) 242 (M+, 7), 197 (11), 160 (75), 125 (100), 
95 (69), 67 (55). Found : G, 64.37; H . 9 .30%. Galcd 
for C 1 3 H 2 2 0 4 : G, 64.44; H , 9 .15%. 

Diethyl [2-(Phenylethynyl)-3-butenyl]propanedioate (18c). Bp 
163—167 °G (bath temp)/0.15 Tor r ; ^ - N M R (GG14) : ô 
1.28 (t, 7 = 6 . 9 Hz, 6H) , 1.9—2.3 (m, 2H) , 4.2—4.5 (m, 
1H), 4.51 (dd, 7 = 8 . 4 , 2.1 Hz, 1H), 4.13 and 4.16 (2q, J= 
6.9 Hz each, 4H) , 5.1—5.5 (m, 2H) , 5.6—6.0 (m, 1H), 
7.2—7.5 (m, 5 H ) ; I R (neat) : 2220, 1734, 1643, 1602, 1494, 
1260, 1230, 1178, 1156, 1030, 990, 925, 759, 693 cm" 1 ; 
M S : m/e (rel intensity) 314 (M+, 6), 285 (1), 241 (10), 240 
(11), 213 (11), 211 (11), 195 (34), 167 (39), 154 (100), 141 

(32), 115 (69). Found: G, 72.35; H , 7.10%. Galcd for 
G 1 9 H 2 2 0 4 : G, 72.59; H , 7 .05%. 

Synthesis of Ethyl 2-Oxo-exo-6-(trans-7-propenyl)bicyclo[3.7.0]-
hexane-1-carboxylate (20). Ethyl (ii,Zi)-3-oxo-6,8-decadi-
enoate (1.32 g, 6.3 mmol) 23> was treated with /?-toluene-
sulfonyl azide (TsN3) (1.26 g, 6.4 mmol) and triethylamine 
(0.88 ml, 6.4 mmol) in acetonitrile (25 ml) (r.t., 7 h) . Work­
up gave the a-diazo ß-keto ester ( I R : 2140, 1723, 1662 cm" 1 ) . 
T h e diazo compound was dissolved in benzene (27 ml) and 
heated to reflux in the presence of copper(II) acetylacetonate 
(0.18 g) for 7 h. Work-up followed by column chromatog­
raphy (hexane-ethyl acetate 10:1 to 5:1) gave 20 ( 1.13 g, 
8 6 % yield); bp 132—134 °G (bath temp)/0.09 Tor r ; ^H-
N M R (GG14): ô 1.29 (t, 7 = 6 . 9 Hz, 3H, C O O C H 2 C H 3 ) , 
1.70 (dd, 7 = 6 . 3 , 1.8 Hz, 3H, = C H - C H 3 ) , 1.9—2.3 (m, 
5H) , 2.4—2.5 (m, 1H), 4.14 (q, 7 = 6 . 9 Hz, 2H, GOOGH 2 -
G H 3 ) ; I R (neat ) : 3000, 1750, 1730, 1374, 1296, 1184, 1033, 
967 cm- 1 ; M S : m/e (rel intensity) 208 (M+, 22), 179 (27), 
162 (68), 151 (40), 91 (73), 79 (100). Found: G, 69.32; 
H , 7.80%. Galcd for G 1 2 H 1 6 0 3 : G, 69.21; H , 7.74%. 

(2R*,3R*)-2-Ethoxycarbonyl-3-[(S*)-trzns-7-methyl-2-butenyl]-
cyclopentanone (21) and Its Epimer (22) : Bp 70—78 °G 
(bath t emp) /0 .15Tor r ; ^ - N M R (GG14) : ô 1.03 and 0.98 
(d, 7 = 7 . 2 Hz, totally 3H, C H - C H 3 ) , 1.29 (t, 7 = 6 . 9 Hz, 
3H, G O O G H 2 G H 3 ) , 1.60 (d, 7 = 5 . 4 Hz, 3H, =CHCH 3 ) , 
1.8—2.6 (m, 6H) , 2.71 and 2.76 (d, 7 = 1 0 . 8 Hz, totally 1H), 
4.08 and 4.10 (2q, 7 = 6 . 9 Hz, totally 2H, OGH 2 GH 3 ) , 
5.0—5.4 (m, 2 H ) ; I R (neat ) : 3060, 1760, 1726, 1460, 1370, 
1276, 1180, 970 c m - 1 ; M S : m/e (rel intensity) 224 (M+, 
2), 206 (9), 178 (18), 155 (42), 109 (55), 95 (36), 83 (40), 
69 (100). Found : G, 69.34; H , 9.10%. Galcd for G13-
H 2 0 O 3 : G, 69 .61 ; H , 8.99%. 

(2R*,3R*)-2-Ethoxycarbonyl-3- ( tra.ns-3-methyl- 1-butenyl) cyclo-
pentanone (23): Bp 109—112 °G (bath temp)/0.03 Tor r ; 
i H - N M R (GG14): ô 0.99 (d, 7 = 7 . 2 Hz, 6H, GH(GH 3 ) 2 ) , 
1.27 (t, 7 = 6 . 9 Hz, 3H, O C H 2 C H 3 ) , 1.5—1.8 (m, 1H), 
1.9—2.5 (m, 5H) , 2.75 (d, 7 = 1 1 . 1 Hz, 1H), 4.14 (q, 7 = 6 . 9 
Hz, 2H, O C H 2 C H 3 ) , 5.1—5.5 (m, 2 H ) ; I R (neat) : 1753, 
1726, 1630, 1370, 967 cm" 1 ; M S : m/e (rel intensity) 224 
(M+, 1), 223 (1), 205 (1), 152 (30), 109 (24), 96 (56), 81 
(71), 69 (100), 55 (55). Found : G, 69.67; H, 9.17%. Galcd 
for G 1 3 H 2 0 O 3 : G, 69 .61; H , 8.99%. 

Synthesis of Ethyl exo-6-Propyl-2-oxobicyclo[3.7.0]hexane-\-car-
boxylate (25). Ethyl acetoacetate (0.39 g, 3.0 mmol) 
dissolved in T H F (5 ml) was added to sodium hydride (50% 
in oil, 0.16 g, 3.3 mmol) suspended in T H F (10 ml) at 0 °G. 
After 15 min butylli thium hexane solution (1.70 M , 1.88 
ml, 3.2 mmol) was added and the reaction mixture was 
stirred for 15 min at 0 °G. Tratt.y-l-bromo-2-hexene (0.60 
g, 3.7 mmol) dissolved in T H F (4 ml) was then added and 
the reaction mixture was stirred for 50 min. Column chro­
matography (ethyl acetate-hexane 1:10) gave ethyl 3-oxo-
trans-6-decenoate (0.34 g, 5 3 % yield). I R (neat) : 1750, 
1723, 970 cm" 1 ; ^ - N M R (CC14): ô 0.88 (t, 7 = 6 . 9 Hz, 
3H) , 1.2—1.7 ( m + t (Ô 1.28 7 = 6 . 9 Hz, 5H) , 1.8—2.6 (m, 
6H) , 3.28 (s, 2H) , 4.16 (q, 7 = 6 . 9 Hz, 2H) , 5.3—5.5 (m, 2H) . 

T h e compound (0.34 g, 1.6 mmol) was converted into 
the diazo compound with TsN 3 (0.31 g, 1.6 mmol) and 
triethylamine (0.24 ml, 1.75 mmol) in acetonitrile (10 ml) 
(r.t., 15 h ) . T h e diazo compound was then heated in ben­
zene (10 ml) with Gu(acac)2 (49 mg) at reflux for 2.5 h. 
Concentration and column chromatography gave 25 (0.25 
g, 74% yield), bp 124—127 °C (bath temp)/0.07 Tor r ; 1H-
N M R (GG14): ô 0.94 (t, 7 = 6 . 3 Hz, 3H) , 1.1—2.5 ( m + t 
(Ô 1.31, 7 = 6 . 9 Hz) , 13H), 4.16 (q, 7 = 6 . 9 Hz, 2 H ) ; I R 
(neat ) : 3060, 1738, 1183, 1037cm" 1 . Found : G, 68.36; 
H , 8.69%. Calcd for G 1 2 H 1 8 0 3 : C, 68.54; H, 8 .63%. 
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Reaction of 25 with Dimethylcopperlithium. Compound 
25 (27 mg, 0.13 mmol) was allowed to react at 0 °C for 
30 min with dimethylcopperlithium generated from C u l (122 
mg, 0.64 mmol) , methylli thium (1.41 M ethereal solution, 
0.64 ml, 1.28 mmol) and ether (3 ml) . Preparative T L C 
(hexane-ethyl acetate 5 :1 , Rf 0.4—0.5) gave (2i?*,3i?*)-
2-ethoxycarbonyl-3- [ (S* ) -1 -methylbutyl] cyclopentanone (26) 
(23 mg, 8 3 % yield), bp 98—103 °C (bath temp) / l T o r r ; 
i H - N M R (GG14): ô 0.75—1.8 ( m + d (Ô 0.91, 7 = 7 . 2 Hz) + t 
(<5 1.28, / = 6 . 9 Hz) , totally 14H), 1.8—2.6 (m, 5H) , 2.75 
(d, y = l l . l Hz, 1H), 4.13 (q, 7 = 6 . 9 Hz, 2 H ) ; I R (neat ) : 
1757, 1726, 1184, 1116, 1024 cm" 1 ; M S : m/e (rel intensity) 
226 (M+, 3), 208 (3), 181 (6), 180 (6), 155 (19), 109 (44), 
83 (100), 55 (96). Found : C, 69.14; H , 9 .88%. Calcd 
for C 1 3 H 2 2 0 3 : C, 68.99; H , 9.80%. 

(2R*,3R*)-2-Ethoxycarbonyl-3-[(R*)-7-methylbutyl]cyclopenta-
none (28). This compound was prepared similarly 
starting with cw-l-bromo-2-hexene and characterized spec-
trometrically. *H-NMR (CC14) : ô 0.8—2.5 ( m + d (Ô 0.89, 
7 = 6 . 3 Hz) + t (ô 1.30, 7 = 6 . 9 Hz) , totally 19H), 2.75 (d, 
7 = 1 1 . 1 Hz, 1H), 4.15 (q, 7 = 6 . 9 Hz, 2H) ; I R (neat ) : 
1757, 1727, 1249, 1180, 1113 cm- 1 ; M S : m/e (rel intensity) 
226 (M+, 5), 208 (3), 181 (14), 155 (41), 137 (40), 109 (100), 
83 (45), 55 (70). 

Hydrogénation of a Mixture of 21 and 22. A mixture 
of 21 and 22 (56 mg, 0.25 mmol) dissolved in ethanol (5 
ml) was stirred in the presence of 10% pal ladium on charcoal 
(ca. 10 mg) under a hydrogen atmosphere for 2 h. Removal 
of the catalyst by filtration, concentration, and preparative 
T L C (hexane-ethyl acetate 5 :1 , Rf 0.5) gave a mixture of 
dihydro derivatives of 26 and 28 (49 mg, 8 7 % yield). The 
1 H - N M R (CCI4) was practically the same as that of the 
authentic specimen of 26 except for two doublets at ô 0.89 
(attributable to that of 28) and ô 0.91 (identical with the 
doublet of 26). M S : m/e 226 (M+). 

Synthesis of Ethyl exo-6-Methyl-2-oxobicyclo[3.7.0]hexane-7-
carboxylate (24). This compound was prepared from 
ethyl tom.y-3-oxo-6-octenoate24> (0.62 g, 3.4 mmol) via di-
azotization (TsN3 0.66 g, 3.4 mmol) , Et 3N (0.47 ml, 3.4 
mmol, C H 3 C N (18 ml), r.t., 3 h) and decomposition (Cu-
(acac)2 (34 mg), toluene (7 ml) , reflux, 3 h) in 8 4 % yield. 
Bp 99—103°C/0 .06Tor r ; ^ - N M R (CC14): ô 1.22 (d, J= 
6.3 Hz, 3H) , 1.31 (t, 7 = 6 . 9 Hz, 3H) , 1.62 (dq, 7 = 4 . 0 , 
6.3 Hz, 1H), 1.8—2.5 (m, 5H) , 4.15 (q, 7 = 6 . 9 Hz, 2 H ) ; 
I R (neat) : 1732, 1193, 1034cm" 1 ; M S : m/e (rel intensity) 
182 (M+, 28), 155 (42), 137 (92), 112 (89), 67 (100). Found : 
C, 65.72; H , 7.87%0. Calcd for C 1 0 H 1 4 O 3 : C, 65 .91; H , 
7.74%. 

Reaction of 24 with Trimethylaluminium. A hexane solu­
tion of tr imethylaluminium (1.0 M, 0.32 ml, 0.32 mmol) was 
added to a hexane (4 ml) solution of 24 (23 mg, 0.13 mmol) 
at 0 °C and the mixture was stirred for 1.5 h. Preparative 
T L C (hexane-ethyl acetate 2 :1 , double development, Rf 

0.5—0.6) gave ethyl 2-hydroxy-2-^o-6-dimethylbicyclo[3.1.0]-
hexane-1-carboxylate (18 mg, 72% yield), bp 88—90 °C 
(bath t e m p ) / l T o r r ; i H - N M R (CC14) : ô 1.03 (d, 7 = 5 . 9 
Hz, 3H) , 1.1—1.9 ( m + t (Ô 1.28, 7 = 6 . 9 Hz) + s (Ô 1.30), 
12H), 2.2 (br s, 1H), 4.15 (q, 7 = 6 . 9 Hz, 2 H ) ; I R (neat) : 
3500, 1714, 1117, 1050, 1010, 948 cm" 1 ; M S : m/e (rel in­
tensity) 198 (M+, 19), 183 (33), 137 (100), 124 (58). Found : 
C, 66.41; H , 9.14%. Calcd for C n H 1 8 0 3 : C, 66.64; H , 
9 .15%. 

Synthesis of Ethyl exo-6-(tra.ns-7-Propenyl)-3-oxa-2-oxo-bicyclo-
[3.7,0~\hexane-7 -carboxylate (29). Ethoxycarbonylacetyl 
chloride (1.82 g, 12.1 mmol) dissolved in ether (15 ml) was 
added at 0 °C to a mixture of (2£',4£')-2,4-hexadien-l-ol 
(0.99 g, 10.1 mmol) and pyridine (0.98 ml, 12.1 mmol) and 

the reaction mixture was stirred for 1.5 h. Work-up fol­
lowed by column chromatography (hexane-ethyl acetate 
10:1) gave ethyl (2£,4£)-2,4-hexadienyl propanedioate (1.96 
g, 9 2 % yield). 

T h e mixed malonate (1.96 g, 9.3 mmol) was converted 
(Et3N (1.42 ml) , TsN 3 (1.82 g), C H 3 C N (15 ml) , r.t., 22 h) 
into the corresponding diazo compound which decomposed 
(Cu(acac)2 (0.13 g), toluene (20 ml) , reflux, 7 h ) . Work­
up and column chromatography gave 29 (0.57 g, 6 3 % yield), 
bp 154—157 °C (bath temp)/0.1 Tor r ; i H - N M R (CC14) : 
ô 1.35 (t, 7 = 6 . 9 Hz, 3H) , 1.77 (dd, 7 = 6 . 6 , 2 . 1 H z 3H) 
2.21 (dd, 7 = 8 . 7 , 5 . 1Hz , 1H), 2.61 (t, 7 = 4 . 6 Hz, 1H), 
4.1—4.4 ( m + q (Ô 4.23, 7 = 6 . 9 Hz) , 4H) , 5.31 (dd, 7 = 9 . 0 , 
15.6 Hz, 1H), 5.80 (dq, 7 = 6 . 6 , 15.6 Hz, 1H) ; I R (neat) : 
1785, 1723, 1184, 1051, 962 cm" 1 ; M S : m/e (rel intensity) 
210 (M+, 5), 164 (34), 137 (86), 93 (100), 79 (95). Found : 
C, 62.83; H . 6.67%0. Calcd for C n H 1 4 0 4 : C, 62.84; H , 
6 . 7 1 % . 

(3R*,4R*) -3-(Ethoxycarbonyl-4-[(S*)-tr3.ns-7-methyl-2-bu-
tenyl\oxolan-2-one (30): Bp 150—152 °C (bath temp)/0.09 
T o r r ; ^ - N M R (CC14) : ô 1.00 (d, 7 = 6 . 3 Hz, 3H) , 1.30 
(t, 7 = 6 . 6 Hz, 3H) , 1.63 (d, 7 = 6 . 0 Hz, 3H) , 1.9—2.4 (m, 
1H), 2.6—3.1 (m, 1H), 3.13 (d, 7 = 9 . 3 Hz, 1H), 3.87 (t, 
7 = 8 . 4 Hz, 1H), 4.1—4.6 ( m + q («5 4.18, 7 = 6 . 6 Hz) , 3H) , 
5.0—5.8 (m, 2 H ) ; I R (neat) : 1782, 1736, 1146, 1017, 973 
cm" 1 ; M S : m/e (rel intensity) 226 (M+, 2), 181 (8), 180 
(8), 157 (17), 107 (21), 69 (100). Found : C, 63 .41; H , 
8 .13%. Calcd for C 1 2 H 1 8 0 4 : C, 63.70; H , 8.02%. 

3-Ethoxycarbonyl-4-(tra.ns-3-methyl-7-butenyl)oxolan-2-one (31) : 
Bp 134—136 °C (bath temp)/0.1 T o r r ; ^ - N M R (CC14) : 
ô 1.01 (d, 7 = 6 . 6 Hz , 3H) , 1.31 (t, 7 = 6 . 5 Hz, 3H) , 
2.24 (heptet, 7 = 6 . 4 Hz, 1H), 3.20 (d, 7 = 9 . 6 Hz, 1H), 
3.2—3.7 (m, 1H), 3.89 (t, 7 = 8 . 4 Hz, 1H), 4.1—4.5 (m, 1H), 
4.23 (q, 7 = 6 . 5 Hz, 2H) , 5.28 (dd, 7 = 1 5 . 8 , 7 . 1Hz , 1H), 
5.65 (dd, 7 = 1 5 . 8 , 6.4 Hz, 1H) ; I R (neat) : 1787, 1738, 
1150, 1020, 973 cm" 1 ; M S : m/e (rel intensity) 226 (M+, 
5), 182 (22), 139 (56), 107 (89), 95 (100), 81 (77), 79 (79). 
Found : C, 63.45; H , 7.86%0. Calcd for C 1 2 H 1 8 0 4 : C, 63.70; 
H , 8.02%. 

Transformation of 21 into 32. T h e /?-keto ester 21 
(142 mg, 0.63 mmol) dissolved in T H F (5 ml) was added 
at 0 °C to sodium hydride (50%o in oil, 33 mg, 0.70 mmol) 
suspended in T H F (2 ml) and the reaction mixture was 
stirred for 15 min. Diethyl phosphorochloridate (101 yA, 
0.70 mmol) was added and the mixture was stirred for 30 
min. Work-up and preparative T L C (hexane-ethyl acetate 
10:1, Rf 0.6—0.7) gave ethyl (5R*)-2-methy\-5-[(S*)-trans-
l-methyl-2-butenyl]cyclopentene-1-carboxylate (32) (96 mg, 
69%, yield), bp 107—110 °C (bath temp)/0.08 Tor r ; 1H-
N M R (GGI4): ô 0.81 (d, 7 = 7 . 8 Hz, 3H) , 1.30 (t, 7 = 6 . 9 
Hz, 3H) , 1.6—2.0 ( m + d (Ô 1.65, 7 = 3 . 9 Hz) , 5H) , 2.04 
(br s, 3H) , 2.2—2.8 (m, 3H) , 2.8—3.2 (m, 1H), 4.12 (q, 
7 = 6 . 9 Hz, 2H) , 5.2—5.4 (m, 2 H ) ; I R (neat) : 1714, 1648, 
1632, 1098, 970 c m - 1 ; M S : m/e (rel intensity) 222 (M+, 
6), 179 (14), 177 (15), 153 (70), 107 (74), 69 (100). Found : 
C, 75.42; H , 10.04%. Calcd for C 1 4 H 2 2 0 2 : C, 75.63; H , 
9 .97%. 

Transformation of 32 into Neonepetalactone (34). Ozone 
was bubbled into a methanol (1 ml) solution of 32 (40 mg, 
0.18 mmol) at — 78 °C under monitoring by T L C . When 
all the starting material was consumed, sodium borohydride 
{ca. 20 mg) was added to the reaction mixture, which was 
then allowed to react at room temperature. After most 
of the methanol was removed in vacuo, the residue was treated 
with brine and extracted with dichloromethane. Concen­
tration of the extract followed by preparative T L C (hexane-
ethyl acetate 2 : 1 , Rf 0.3) gave an alcohol 33 (8 mg, 2 1 % 
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yield). *H-NMR (CC14) : Ô 0.80 (d, 7 = 6 . 3 Hz, 3H) , 1.33 
(t, 7 = 6 . 9 Hz, 3H) , 1.5—2.2 ( m + b r s (Ô 2.09), 7H), 2.2— 
2.6 (m, 2H) , 2.9—3.3 (m, I H ) , 3.36 (d, 7 = 6 . 0 Hz, 2H) , 
4.17 (q, 7 = 6 . 9 Hz, 2 H ) ; I R (neat) : 3450, 1705, 1108, 1054 
c m - 1 ; M S : m/e (rel intensity) 212 (M+, 2), 194 (4), 166 (30), 
107 (44), 79 (100). 

T h e alcohol (8 mg) was mixed with pyridinium />-toluene-
sulfonate (3 mg) in dichloromethane (1 ml) and the mixture 
heated to reflux for 7 h. Concentration and preparative 
T L G (hexane-ethyl acetate 2 :1 , Rf 0.7) gave neonepetalactone 
(34) (2 mg, 3 5 % yield) having spectra consistent with the 
recorded ones. *H-NMR (GG14) : ô 0.96 (d, 7 = 6 . 9 Hz, 
3H) , 1.2—1.8 (m, 4H) , 2.9 (br s, 3H) , 2.3—2.7 (m, 2H) , 
3.78 (dd, 7 = 1 2 . 4 , 10.7 Hz, I H ) , 4.17 (dd, 7 = 4 . 7 , 10.7 
Hz, I H ) ; I R (CC14): 1722, 1645, 1244, 1197, 1105, 1056 
c m - 1 ; M S : m/e (rel intensity) 166 (M+, 46), 151 (16), 124 
(61), 79 (100). 
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Reactions of monoalkylnickel(II) complexes, NiR(Y)L2 (R=CH 3 , G2H5; Y=C1, suc(succinimido), pht-
(phthalimido), OC6H4-/>-CN; L = l / 2 bpy (2,2'-bipyridine), PEt3 (triethylphosphine)), with GO afford mono-
acylnickel(II) complexes, Ni(GOR)(Y)L2, which are characterized by elemental analysis and spectroscopies 
(IR and NMR). Reactions of the acylnickel(II) complexes with alcohols and aniline give the corresponding 
esters and amides, respectively. Exposure of Ni(COR)(Y)L2 to dry air leads to oxidation of RGO to a RGOO 
ligand giving a complex formulated as Ni(OGOR)(Y)L2. Reactions of dimethylnickel(II) complexes, 
Ni(GH3)2L2 (L=l /2 bpy, PEt3, 1/2 dpe (l,2-bis(diphenylphosphino)ethane, 1/2 dpp (l,3-bis(diphenylphos-
phino)propane), with carbon monoxide afford acetone and/or 2,3-butanedione in medium to high yields, the 
acetone/2,3-butanedione ratio varying with the ligand L, reaction temperature, and additives such as maleic 
anhydride and triphenylphosphine. Generally the acetone/2,3-butanedione ratio decreases with increase in 
thermal stabilities of Ni(GH3)2L2. Ni(G2H5)2(bpy) and Ni(rc-C3H7)2(bpy) give 3-pentanone and 4-heptanone, 
respectively, on treating them with GO, whereas Ni(G2H5)2(dpe) produces C2H5GHO and G2H4. 

Insertion of carbon monoxide into transition metal-
carbon bond constitutes a crucial step in industrially 
important processes.1) I t is known that transition met­
al (Ni, Pd, etc.) compounds catalyze carbonylation 
of unsaturated compounds and organic halides in the 
presence of alcohols and amines to afford esters and 
amides, respectively, x»2> and a mechanism involving 
nucleophilic attack of alcohol or amine to an acyl-
transition metal intermediate is sometimes proposed 
for the reactions. However, in contrast to the well 
explored catalytic reactions, fundamental studies of the 
carbonylation process dealing with well characterized 
transition metal alkyl compounds are still limited3) 
and chemical reactivities of acyltransition metal com­
plexes prepared by the GO insertion reaction have 
not been well explored. 

We have carried out reactions of isolated mono-
alkyl- and dialkylnickel(II) complexes, NiR(Y)L 2 and 
NiR2L2 , with GO to find out that several isolable 
acylnickel (II) complexes are obtained in the reactions 
of the monoalkylnickel complexes with GO, whereas 
the reaction of NiR 2L 2 with GO gives ketone, diketone, 
and/or aldehyde. The paper deals with the results 
of the reactions of NiR(Y)L 2 and NiR 2L 2 with GO 
and chemical behavior of Ni (GOR)(Y)L 2 with com­
pounds such as alcohols and amines. A part of the 
results given in this paper has been reported in a com­
munication form.4) 

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

/ . Preparation of Acylnickel (II) Complexes. The 
following five acylnickel complexes can be prepared by 
reactions of the NiR(Y)L 2 type complexes5) with GO. 
Although several acetylnickel(II) complexes have been 
prepared by several groups of researchers,6»7) the pro-
pionylnickel complex has only one precedent.7a) The 
acylnickel (I I) complexes having the Cl, suc, or pht 
ligand can be prepared under a wide range of reac­
tion conditions, whereas the complexes with the OC 6 -

NiR(Y)L2 + GO > Ni(GOR)(Y)L2 (1) 

R Y L 
1 Et Gl 1/2 bpy 
2 Et suc 1/2 bpy 
3 Et OG6H4-^-GN 1/2 bpy 
4 Me OG6H4-^-GN 1/2 bpy 
5 Me pht PEt3 

Me —GH3, Et = G2H5, sue = succinimido, 
pht = phthalimido, bpy = 2,2/-bipyridine 

H4-jfr-GN ligand can be prepared only by 1:1 reactions 
of NiR(OC6H4-/>-CN)(bpy) with C O at low tempera­
ture ( — 78 °G). Carrying out the reaction of NiR-
(OC6H4-/>-CN) (bpy) at - 7 8 °G or above in the pres­
ence of excess C O leads to the formation of R C O O C 6 -
H4-j&-CN and Ni(GO) 2 (bpy) , suggesting that coordi­
nation of C O to 3 and 4 enhances reductive coupling 
of the R G O and OC6H4-jfr-CN groups. In fact, 3 
and 4 once isolated have considerably high stabilities 
in organic solvents even at room temperature, whereas 
addition of GO to the solution of 3 or 4 leads to rapid 
formation of RCOOC 6H 4- />-CN and Ni(CO)2(bpy) 
almost quantitatively even at —78 °C, 

0 0 
U r. CO il 

. O R r : O R , 
(bpy)Ni * C 0 — * (bpy)Ni^ 

V Q ^ C N l O-O^CNJ 
+co 

> RCOOC6H4-/>-CN + Ni (GO) 2 (bpy). (2) 

Complexes 1, 2, and 5 are stable in solutions and 
do not undergo the reductive coupling to produce 
R C O Y even in the presence of excess GO, presumably 
due to high stabilities of the Ni-Cl , Ni-suc, and N i -
pht bonds. 

The reductive coupling is considered to proceed 
through a concerted mecahnism involving simultane­
ous loosening of the N i - G O R and Ni -Y bonds and 
overlapping of bonding orbitals of the C O R and Y 
groups. When there is a difference in bond energies 
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TABLE 1. IR, NMR, AND VISIBLE SPECTROSCOPIC DATA OF Ni(GOR)(Y)L2 

Complex IRa) 
v/cm-1 

iH-NMR <5/ppmb) 

CORd> 

31P-NMRb> 
(5/ppm 

«C^HJ-NMR1» 
(5/ppm 

Ni(GOEt)(Cl)(bpy) 

Ni(GOEt)(suc)(bpy) 

Ni(GOEt)(OG6H4 

/>-CN)(bpy) 

Ni(COMe)(OC6H4-
/>-CN)(bpy) 

,2950 1.14(GH3) 
1655* 3.19(GHa) 
1595 
1440 
880 
765 

0.98(GH3) 
3.11(GH2) 

Ni(COMe)(pht)-
(PEt3)2 

2960 
1650* 
1600 
1300 
1120 
760 
535 

0.99(GH3) 
3.04(GH2) 

2200 
1650* 
1580 
1320 
1145 
770 

/2190 2.42(GH3) 
1645* 
1580 
1330 
1155 
765 

2.65(GH3 

7.3(2H, m) 
7.9(5H, m) 
8.7(1H, d, 
5 Hz) 

2.60(s, GH2) 7.1—8.2 

7.2—8.6 
( Y + L ) 

7.2—8.6 
( Y + L ) 

503 

480 

482 

488 

7.03(2H, dd, 
5 Hz and 
7 Hz) 
7.72(2H, dd, 
5 Hz and 
7 Hz) 

0.98(18H, 
qui, 7 Hz, 
GH3) 
1.3(12H, m, 
GH2) 

3 2 . 5 ( s ) 7.84(s, PGH2-GH3) 
(in G6D6) 13.46(s, P-CH2) 

32.47(t, 8 Hz, GOGH3) 

138.10) r m g o f p h t 

180.51 (d, 16 Hz, -N(GO)o) 
258.31(t, 22 Hz, GOMe) 

a) In KBr. The band with an asterisk is assigned to v(G=0) of the RGO ligand. b) s = singlet, d — 
doublet, dd = double doublet, qui— quintet, m = multiplet. Chemical shifts of 31P- and ^C-f^HJ-NMR specira are 
referred to external PEt3 and internal TMS, respectively (downfield positive). Solvents for ^ - N M R : GD2G12 

for 1 and 2, acetone-</6 for 3 and 4, and G6D6 for 5. The solvent for " C ^ H j - N M R : THF-</8. c) Measured in 
THF. d) The GH3 and GH2 groups of GOEt give rise to a triplet and a quartet, respectively, with the J 
value of 7—8 Hz. 

between the N i - G O R and Ni -Y bonds, however, the 
ease of reductive elimination may be critically de­
pendent on the ease of activation of the stronger bond, 
Ni -Y in this case. If the Ni -Y bond is too stable, 
the complex may be decomposed by other route than 
reductive elimination. 

Reactions of NiMe(OC6H5)(bpy),5> NiEt(OG 6 H 5 ) -
(bpy),8> and NiMe(OG6H4-j&-G6H5)(PEt3)2

5> with an 
equimolar amount of GO at —78 °G gave nickel 
carbonyl complexes, Ni(GO)2L2 , and the correspond­
ing esters, GH 3 GOOG 6 H 5 , G 2 H 5 GOOG 6 H 5 , and GH3-
GOOG6H4-/?-G6H5 , respectively, but the acylnickel(II) 
complexes were not obtained in these reactions. The 
N i - O G 6 H 5 and Ni-OG6H4-jfr-C6H5 bonds in these com­
plexes are expected to have lower stabilities than the 
Ni-OC6H4-/>-GN bonds in NiR(OC6H4-j&-GN)(bpy) 
since an O R group generally binds to metals more 
strongly when the electron-withdrawing ability of the 
O R group increases. This effect may account for 
the successful isolation of the />-cyanophenoxo(acyl)-
nickel complexes 3 and 4 and failure of isolation of 
the supposed intermediates Ni(acyl)(OG6H5)L2 and Ni-
(acyl)(OG6H4-jfr-G6H5)L2 which may reductively elim­

inate esters even in the absence of excess GO and at 
- 7 8 °G. 

The isolated acylnickel(II) complexes 1—5 have re­
latively high thermal stabilities but are sensitive to 
air to give carboxylatonickel(II) complexes (vide infra). 

IR, NMR, and Visible Spectroscopic Data. Table 
1 summarizes spectroscopic data of the complexes. 
I R spectra of the acylnickel(II) complexes show v(G= 
O) bands at about 1650 c m - 1 which may be compared 
with the v(G=0) bands of reported acylnickel(II) com-
lexes observed in the region of 1680 to 1625 cm-1.6»7) 

In the 1 H - N M R spectrum, the C H 3 signal of the 
Et ligands in the ethyl complexes NiEt(Y)L2

5> is only 
slightly shifted by the GO insertion into the Ni -E t 
bond, whereas the GH 2 signals of the Et ligand is 
considerably shifted to lower field. The acetyl com­
plexes, 4 and 5, give rise to signals of GOGH 3 in a 
region where the signal of G O G H 3 of acetyl transition 
metal complexes is usually observed.1»3'6»7) The com­
plexes are stable in solutions and signals of decarbon-
ylated complexes (NiR(Y)L2) are not observed at 
room temperature. 

1 3C{1H}-NMR spectrum of 5 shows a triplet ( y = 
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T A B L E 2. REACTIVITIES OF ACYLNICKEL COMPLEXES 

No. 

I. ' 

1 

2 

3 

4 

5 

6 

I I . 

7 

8b> 
9 b ) 

10b> 

llb> 

12b> 

13b) 

14 

15 

16b> 

17 

18 

I I I . 

19 

20 

21 

22 
23 

IV. 

24 

25 

26 

27 

V. 

28d> 

29 

Complex 

Thermolysis 

1 

1 

2 

3 

4 

5 

Reactant a) 

mo]/complex 

Reactions with alcohols or 

1 

1 

1 

2 

2 

2 

2 

3 

1 

1 

2 

4 

Reactions 

1 

1 

2 

2 
4 

Reactions 

3 

3 

5 

3 

M e O H ( e x ) 

MeOH(ex ) 

z-PrOH(ex) 

M e O H ( e x ) 

E tOH(ex) 

n-PrOH(ex) 

z-PrOH(ex) 

M e O H ( e x ) 

PhNH 2 (ex) 

PhNH 2 (ex) 

PhNH 2 (ex) 

PhNH 2 (ex) 

with 0 2
c ) 

o2(i) 
0 2 ( 1 . 2 ) 

0 2 ( ex ) 

0 2 ( 1 . 1 ) 

0 2 ( 1 . 3 ) 

with n- acids 

M A H ( 3 . 8 ) 

EMA(ex) 

MAH(ex) 

GO(ex) 

Reactions with NiR 2 (bpy) 

5 

5 

NiMe 2 (bpy) 
(1.0) 

NiEt2(bpy) 
(1.0) 

Solvent 

none 

toluene 

none 

toluene 

toluene 

/^-xylene 

aniline 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

benzene 

none 

benzene 

benzene 

T H F 

none 

T H F 

T H F 

G6D6 

G6D6 

T e m p 

200 

80 

200 

80—90 

80—85 

90 

50—60 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t . 

r.t. 

r.t. 

r.t. 
r.t. 

r.t. 

r.t . 

r . t . 

r.t. 

r.t. 
r.t . 

r.t. 

r.t. 

r.t. 

r.t. 

40 

40 

Time 

h 

5 

3 

5 

1 

1 

2 

2 

8 

24 

9 

1 

1 

1 

24 

48 

24 
24 

1 

48 

48 

15 

24 

24 

24 

6 

4 

1 

72 

24 

Products (mol%/complex) 

CO(27) , C2H4(17), C 2H 6(7) , E tCOEt (6 ) 

GO(27) , G2H4(13), C 2H 6 (4) , E tCOEt(13) 

GO(31) , C2H4(34), G2H6(19), E tCOEt (2 ) 

CO(17) , C2H4(12), C2H6(4) , 
EtCOOC 6H 4- />-CN(12) 

GO(43), CH4(4) ,MeCOOC f lH4- />-CN(3) 

GO(10) , MeCOMe(12) 

E tGOOMe(14 ) 

E tGOOMe(92) 

EtCOO-z-Pr(72) 

E t C O O M e ( 8 2 ) 

E tGOOEt(73) 

E tCOO-n-Pr (76) 

EtCOO-*VPr(78) 

E tGOOMe(30 ) 

E t C O O N H P h ( 4 1 ) 

E t G O O N H P h ( 4 0 ) 

E t C O O N H P h ( 5 3 ) , succinimide(56) 

M e G O O N H P h ( 4 5 ) 

E t C O O H ( 6 3 ) , NiGl2(bpy)(100) 

E t G O O H ( 8 2 ) 

E t C O O H ( 5 6 ) , succinimide(45) 

E t C O O H ( 7 5 ) , succinimide(56) 

MeGOOH(lOO) 

EtCOOC 6H 4- />-CN(62) , Ni (MAH) 2 (bpy) (90) 

EtCOOC6H4- />-CN(31) 

MeCOOC 6H 4 - />-CN(70) , Ni(MAH) 2 (bpy)(77) 

EtCOOC 6H 4 - />-CN(79) , Ni(GO) 2 (bpy)(42) 

M e C O M e ( 3 3 ) , NiMe(pht) (PEt 8 ) a (100) , 
Ni(GO)2(bpy)e) 

EtGOEt(12) , M e C O E t ( 2 ) , NiMe(pht)(PEt 3 ) 2
e ) 

Ni(GO)2(bpy)e) 

a) ex = excess, Me = CH3, Et = C2H5, Ph = C6H5, Pr = C3H7, MAH = maleic anhydride, EMAmethyl methacrylate. 
b) The reaction was carried out under an atmosphere of GO. c) Dry air (not pure 0 2) was added. The last 
column shows compounds recovered after treating the produced complex with dry HG1. d) Followed by NMR. 
e) Formation of the complex was confirmed by IR but the amount not measured. 

22 Hz) at 258.31 ppm assignable to the GO carbon 
of the C O C H 3 ligand, the triplet pattern indicating 
that 5 has a trans configuration. The trans configura­
tion is consistent with an observation of an only one 
sharp singlet in 3 1 P-NMR spectrum of 5. 

Visible spectra of the bpy-coordinated complexes, 1— 
4, in T H F show Ni-^bpy GT-band (£ = 3 x l 0 3 ) at 
480—503 nm, the Amax values being shifted to shorter 
wave length by 20—30 nm from the starting NiR(Y)-
(bpy) type complexes.5) The shift suggests that the 
electronegativity of Ni is increased by replacing the 
R ligand with the C O R ligand.9) 

Chemical Reactivities of Ni(COR)(Y)L2 Prod­
ucts of thermolysis and reactions of NiR(Y)L 2 with 
various compounds are summarized in Table 2. 

Thermolysis: Although the acylnickel (I I) complexes 
have fairly high thermal stabilities, they undergo de-
carbonylation reaction at 100—150 °G in solid to lib­
erate GO and a mixture of G2H4 and C 2H 6 from the 
propionyl complexes or GH 4 from the acetyl complex 
(Nos. 1—6 in Tab le 2). Formation of ester in the 
thermolysis of 3 and 4 indicates occurrence of the 
reductive coupling of the R G O and OG6H4-jfr-GN 
groups at the elevated temperature. Thermolyses of 
1, 2, and 5 which have stronger N i -Y bonds, on the 
other hand, do not give the reductive coupling product 
R G O Y even at the elevated temperature, but they 
afford ketone R G O R presumably through a coupling 
reaction between Ni(GOR)(Y)L 2 and NiR(Y)L n form­
ed in the thermolysis, The thermolysis of Ni (COR)-
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TABLE 3. REACTIONS OF NiR2L2 WITH C O ) 

No. 

I. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

I I . 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

I I I . 

25 

26 

27 

28 

29 

Complex 

Reactions at — 78 °C 
6 1 (R = Me, L2 = bpy) 

6 J 
7 

(R = Me, L2 = dpe) 
7 
8 1 

(R = Me, L2 = dpp) 

9 
( R = M e , L2 = 2PEt3) 

10 
(R = Et, L2 = bpy) 

11 
(R = n-C3H7 , L2 = bpy 

12 
(R = Et, L2 = dpe) 

12 

Reactions at tempera 

6 

6 

6 

6 

7 

7 

8 

9 

10 

11 

12 

12 

12 

Reactions in the pre 

6 

6 

6 

7 

9 

Dpb> Additive 
(mol/Ni) 

(effects of R and L) . 

- 160 

• 140 

95 

40 

105 

50 
) 

50 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

tures higher than — ' 

sence 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

none 

of additives. 

b P y ( 5 . 3 ) 

dpe(excess) 

M A H ( 3 . 2 ) 

M A H ( 3 . 3 ) 

PEt 3 (3 .2) 

Solvent 

E t 2 0 

T H F 

E t a O 

toluene 

T H F 

E t 2 0 

E t a O 

T H F 

T H F 

T H F 

E t 2 0 

78 °C (effect 

E t a O 

E t 2 0 

E t a O 

E t 2 0 

E t a O 

toluene 

T H F 

E t 2 0 

T H F 

acetone 

T H F 

T H F 

toluene 

T H F 

T H F 

T H F 

T H F 

E t 2 0 

T e m p 

°C 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

- 7 8 

Time 

h 

24 

24 

12 

6 . 5 

24 

24 

0 .2 

0 .1 

0 .1 

6 .5 

24 

of tempera ture) . 

- 4 5 

- 1 7 

1 

13 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

r.t. 

- 4 0 

r.t. 

r.t. 

r.t. 

- 7 8 

- 7 8 

- 7 8 

r.t. 

5 

24 

7 

3 

48 

8 

2 
1.5 

0 .1 

0 .1 

3 .5 

24 

3 

0 .1 

1.5 

24 

1 

1.5 

Products (% 

R C O C O R R C O R 

89 

76 

76 

48 

21 

44 

0 

0 

0 

0 

0 

89 

68 

42 

0 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

50 

2 

27 

0 

0 

0 

4 

25 

75 

47 

98 

100 

100 

0 

0 

0 

8 

39 

90 

73 

83 

80 

93 

90 

79 

0 

2 

0 

100 

5 

37 

73 

98 

yield/Ni) 

R C H O 

0 

0 

0 

0 

0 

0 

0 

0 

0 

38 

15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

58 

24 

29 

(Remar 

R ( - H ) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c ) 

c ) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c ) 
59 

41 

ks) 

no effect 

ligand t 

R C O R 

R C O R 

exchange 

increases 

increases 

no effect 

a) Reactions are carried out in the presence of excess (more than 3 mol/Ni) CO. b) Decomposition temperature 
of the complex (see Refs. 9, 12, and 13). c) Evolution of C2H4 was confirmed by GLC, but measurement of its 
amount was not feasible due to high solubility of C2H4 in the solvent at the temperature. 

Ni(COR)(Y)L2 «_z± NiR(Y)L2 + CO (3) 

+ Ni(COR)(Y)L2 

RCOR 

(Y)L2 proceeds at lower temperature in solutions. 
Reactions with Alcohols and Aniline: N i (COR)(Y)L 2 

reacts with alcohols and aniline to afford esters and 
amides, respectively, 

Ni(COR)(Y)L2 + R O H > RCOOR', (4) 

Ni(COR)(Y)L2 + C6H5NH2 > RCOONHC6H5 . 

(5) 
Carrying out the reaction with R ' O H in the absence 
of excess C O gives R C O O R ' only in a low yield pre­

sumably due to a partial decarbonylation of Ni (COR) -
(Y)L2 in the presence of R ' O H , and the yield increases 
considerably when the reaction is carried out in the 
presence of excess C O . In the reaction with aniline, 

Ni(COR)(Y)L2 ^ j ± NiR(Y)L2 + CO (6) 

+ R'OH 

RCOOR' 
on the contrary, the yield of amide is virtually in­
dependent of the presence or absence of excess CO. 
These reactions which may be regarded as nucleophilic 
attack of alcohol or amine on the acyl ligand are rel­
evant to the transition metal-catalyzed synthesis of 
esters or amides from organic halide, CO, and alcohols 
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or amines.1,2) 
Oxidation of the RCO Ligand: N i (COR)(Y)L 2 ab­

sorbs O a (about 0.5 mol/Ni) in dry air. Acidolysis 
of the paramagnetic product by dry HCl gives 
R C O O H in 56—100% yield, indicating that oxida­
tion of the acyl to a carboxylato ligand takes place 
on exposure of Ni (COR)(Y)L 2 to dry air, 

Ni(GOR)(Y)L2 + 0 2 > [Ni(OGOR)(Y)LJ. (7) 

+ HC1 

RCOOH 

Isolation of N i ( O C O R ) ( Y ) L n was not feasible due 
to the lack of suitable solvents for recrystallization, 
but I R spectrum of a complex formed by the reaction 
of 2 with dry air is identical to that of a product form­
ed by an 1:1 reaction of NiEt(suc)(bpy) with C2H5-
C O O H , supporting the occurrence of the reaction ex­
pressed by Eq. 7. 

Tt-Acid Induced Reductive Elimination of Ester from 3 
and 4: As described above, reductive elimination of 
RCOOC6H4-/>-CN from Ni (COR) (OG6H4-/»-GN)-
(bpy) is enhanced by addition of CO, which is regarded 
as a typical 7r-acid. Addition of other 7r-acids such 
as maleic anhydride (MAH) and ethyl methacrylate 
(EMA) also enhances the reductive elimination (No. 
24—26). The N i - C O R and/or Ni-OC6H4-j6-CN bond 
seems to be activated by coordination of the jr-acid 
to cause the reductive elimination, 

0 
il 

/ C _ R 

(bpy)Ni • ï ï -ac id 
N0-O"CN 

IT-acid 0 
: II 

C-R 
(bpy)Ni / 

0 -Q-CN 

reductive 
elimination 

RCOOC6H4-/>-CN 

+ Ni(7r-acid)(bpy). 
(8) 

Similar enhancement of reductive elimination of R - R 
from NiR2(bpy) by coordination of jr-acid to Ni has 
been reported.9) A stronger 7r-acid, M A H , affords the 
ester in a higher yield than a weaker jt-acid, EMA. 
The reaction (8) can be regarded as a reverse process 
of oxidative addition of ester to a Ni(0) complex.10) 
Addition of M A H does not induce such a reductive 
elimination of R C O Y from complexes 1, 2, and 5 
having stronger Ni -Y bonds. 

Reactions with Ni(O)- and Dialkylnickel(H) Complexes: 
Addition of Ni(PPh3)4 (PPh3=triphenylphosphine) to 
a solution of 4 leads to formation of a mixture of NiMe-
(OC6H4-/>-CN)(bpy) and Ni(CO)(PPh 3 ) 3 . The reac­
tion is considered to proceed through partial de-
carbonylation of 4 and trapping of C O by Ni(PPh 3) 4 . 
A similar decarbonylation of an acetylnickel(II) com­
plex enhanced by Ni(0) complexes has been observed.6a> 
The acylnickel(II) complexes are also decarbonylated 
on treatment with dialkylnickel(II) complexes. For 
example, a reaction of 5 with NiMe2(bpy) 6 (1:1) 
at 40 °C (No. 28) gives acetone (33%, determined 
by 1 H - N M R ) , the decarbonylated product NiMe(pht) -
(PEt3)2 (100%), Ni(CO)2(bpy),1 1) and intact 6 (67%), 
suggesting C O partly liberated from 5 is trapped by 

6 to release acetone and Ni(CO) 2(bpy) according to 

the following stoichiometry, 

O 

Et3Px / C - M e 
3 Ni + NiMe2(bpy) •> 

pht / \PEt3 

5 6 

MeCOMe + 3NiMe(pht)(PEt3)2 

+ Ni(CO)2(bpy). (9) 

When NiEt2(bpy) is added to a solution of 5, a cross 
coupling reaction to give M e C O E t takes place (No. 
29) besides the simple C O trapping reaction by NiEt2-
(bpy) to give E tCOEt . The results suggest the oc­
currence of intermolecular alkyl or acyl transfer re­
actions. 

II. Reactions of NiR2L2 with CO. In contrast to 
the reactions of monoalkylnickel(II) complexes with 
C O , reactions of dialkylnickel(II) NiR 2 L 2 with C O 
did not afford any isolable acylnickel complexes, but 
they produced carbonylated compounds of the alkyl 
ligands, ketone, diketone, and/or aldehyde: 

NiR2L2 + CO > RCOR, RCOCOR, and/or RCHO. 

(10) 

6 NiMe2(bpy) 
7 NiMe2(dpe) 
8 NiMe2(dpp) dpe= l,2-bis(diphenylphosphino)-
9 NiMe2(PEt3)2 ethane 

10 NiEt2(bpy) dpp= l,3-bis(diphenylphosphino)-
11 Ni(«-C3H7)2(bpy) propane 
12 NiEt2(dpe) 

Table 3 summarizes results of the reactions. I t is 
seen in Table 3 that the product of the reaction (10) 
varies with changes in the R and L ligands and re­
action conditions. Following is details of effects of 
the ligands and reaction conditions on the product. 

Effects of R and L : Reactions of dimethylnickel com­
plexes 6—9 with C O give 2,3-butanedione and acetone 
and the ratio of the two products varies with the nature 
of L and the reaction temperature. At —78 °C the 
fraction of the diketone increases in an increasing 
order of a thermal stability of NiMe2L2 , 9 < 8 < 7 < 
(J 9,12,13) 

Among the complexes of a type NiR2(bpy) examined, 
only the methyl complex which has the higher thermal 
stability than the ethyl and propyl homologs gives 
diketone at —78 °C, and less stable complexes 10 and 
11 afford ketones exclusively at —78 °C. These re­
sults suggest that the ketone/diketone ratio at —78 °C 
may be related to the thermal stability of NiR 2 L 2 

(or the strength of the N i - R bond) . The reaction of 
12 with C O gives a different type of product, propanal, 
with evolution of ethylene. 

Effect of Temperature: O n raising the reaction tem­
perature, the fraction of acetone formed in the reac­
tion of 6 with C O increases and at 13 °C or above 
acetone becomes a sole liquid product. Similar in­
creases in the proportion of acetone on raising the 
reaction temperature to room temperature are ob­
served in the reactions of diphosphine-containing com­
plexes 7 and 8 with C O . Complexes 9, 10, and 11 
which give ketones as the sole liquid products at —78 
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NiR2L2 

( a ) +GO 

[NiR(COR)L3] 

"A" 

reductive 
elimination 

( b ) 

H-CO 

( c ) 

RGOR 

â-elimination 
( d ) 

reductive 
elimination 

-* [Ni(COR)2L2] "B" or [NiR(GOGOR)L2] "B" ' > RGOGOR 
reductive 
elimination 

-> olefin + [NiH(COR)L2] -* RCHO 

Scheme I. 

°C afford the same products at room temperature. 
Effect of Additive : Addition of maleic anhydride in­

creases the fraction of acetone formed in the reactions 
of 6 and 7 with C O at — 78 °G presumably due to 
the activating effect of the alkyl and/or acyl ligands 
by coordination of the jr-acid. Addition of bpy and 
PEt3 in the reactions of the dimethyl complexes 6 
and 9 with GO, respectively, seems to affect neither 
the product nor the rate of the reaction. 

Other Factors : Table 3 shows results of the reactions 
carried out in the presence of excess GO (more than 
3 mol/Ni) which left no intact NiR 2L 2 . When the 
reaction is carried out in the presence of a less amount 
of GO, however, the yield of the product decreases. 
For example, reactions of 9 in the presence of 1.0 
and 2.0 mol of GO per 9 at — 78 °G afford acetone 
in 21 and 6 8 % yields, respectively. Since Ni(CO) 2 -
(PEt3)2 is isolated from the reaction mixture, the 
stoichiometry of the reaction of 9 with C O can be 
written as follows, 

NiMe2(PEt3)2 + 3GO 

MeCOMe + Ni(GO)2(PEt3)2 ( H ) 

and the yields obtained in the presence of 1.0 and 
2.0 mol of GO per 9 roughly agree with the stoichio­
metry. Ni(CO)2(dpe)1 4) (isolated yield = 76%), Ni-
(CO) a(dpp)"> (81%), and Ni(CO)2(bpy)1 1) (50%) are 
obtained in the reaction Nos. 3, 5, and 20 (see Table 
3), respectively. 

Although detailed examination has not been made 
concerning rates of the reactions, among the phosphine-
coordinated complexes the monodentate PEt3-coordinat-
ed complex 9 seems to react with C O at a faster reac­
tion rate than the bidentate phosphine coordinated 
complexes 7 and 8. 

Among the complexes of the type NiR 2 (bpy) , the 
dimethyl complex 6 reacts with C O most slowly. At 
— 78 °C the reaction of 6 with C O requires more 
than 10 h to be completed, whereas the reactions of 
10 and 11 with C O are completed in few minutes 
even at the temperature. A competitive reaction be­
tween the dimethyl and diethyl complexes, 6 and 10, 
(1:1) in the presence of 1 mol of C O per Ni (6+10) 
at room temperature produces 3-pentanone (30%/10) 
exclusively and all of 6 remains intact, indicating 10 
reacts with GO much faster than 6. The difference 
in the rate may be related to the difference in relative 
strength of the Ni-G bond of the complex and/or 
to the difference in relative affinity of the complex 
to C O . It is known that the N i - C H 3 bond in 6 is 
stronger than the N i - C 2 H 5 and Ni -C 3 H 7 bonds in 
10 and 11 and that 6 has a weaker affinity toward 

7r-acids than 10 and 11 due to its weaker Lewis ba­
sicity.9) 

Reaction Scheme and Factors Controlling the Distribution 
of Products. These results of the reactions of 
NiR 2 L 2 with GO can be reasonably explained by a 
scheme involving formation of a monoalkyl (acyl) nick­
el (I I) complex " A " as the key reaction intermediate 
(Scheme 1). In the reaction scheme C O inserts into 
one of the N i - R bonds of NiR 2L 2 (step (a)) to form an 
intermediate monoalkyl (acyl) nickel (I I) complex "A" . 
The intermediate " A " undergoes reductive elimination 
to give ketone (step (b)). Further CO-insertion reac­
tion may give a diacylnickel(II) complex " B " or 
alkyl(pyruvoyl)nickel(II) complex " B " ' from which 
dike tone is produced (step (c) ). When the ethyl group 
is employed, ^-elimination reaction from " A " may 
produce olefin (R( -H) ) and aldehyde. Formation of 
acetone from isolated plat inum (IV) complexes having 
both methyl and acetyl groups have been reported.15) 
In the case of the reaction of 6 with CO, the 
intermediacy of " A " is supported by production of 
2-butanone on carrying out the reaction in the 
presence of C2H5Br. Attempts to isolate NiMe-
(COMe)(bpy) , however, have not been successful 
presumably due to instability of the complex. 

As described above, C H 3 C O C 2 H 5 is produced in 
the reaction of 6 with C O at — 78 °G in the presence 
of C2H5Br, whereas no G H 3 C O C O C 2 H 5 was detected 
in the product. This suggests that 2,3-butanedione 
is produced through the intermediate diacyl species 
" B " rather than " B " ' . However, at present it is not 
possible to exclude the possibility for the intermediacy 
of the doubly CO-inserted species, since a transition 
metal complex having a C H 3 G O C O ligand is known16) 
and evidence for the double GO-insertion has been 
obtained for carbonylation of a dimethylpalladium 
complex.17) 

According to Scheme 1, the distribution of the prod­
ucts is determined by relative rates of the elemental 
reactions (b)—(d), and the results described above 
indicate that the relative rates depend on the R and 
L ligands, reaction temperature, and additives in fol­
lowing ways. 

(i) Effect of R and L : The relative rate of the reac­
tion (b) at — 78 °C to that of the reaction (c) increases 
when the thermal stability of the starting dialkyl-
nickel(II) complex NiR 2 L 2 decreases. If the strength 
of either or both of the N i - R and N i - C O R bonds 
in " A " is controlled by the nature of the R and L 
ligands in a similar way to that of the N i - R bonds 
in NiR2L2 , these results indicate that the reductive 
elimination of R C O R from " A " takes place prior 



July, 1981] CO Insertion into 

to the further attack of GO at " A " (step (c) in Scheme 
1) when the N i - R and/or N i - G O R bond is weak. 
O n the contrary, when the bonds are stronger, the 
intermediate " A " can wait for the further attack of 
C O to form " B " or " B " ' and diketone is formed in 
this case. 

(it) Effect of Temperature: When the reaction tem­
perature is raised, the N i - R and N i - G O R bonds in 
" A " will be activated to cause the reductive elimina­
tion and the proportion of ketone will thus increase. 

(tit) Effect of Additive: The effect of M A H to in­
crease the proportion of ketone may be related to 
the MAH-induced reductive elimination of RGOOG 6 -
H4-/>-CN from 3 and 4. Namely, coordination of 
M A H to " A " may lead to activation of the N i - R 
and N i - C O R bonds as in the case of 3 and 4, and 
therefore the fraction of ketone will increase on the 
addition of M A H . An alternative explanation of the 
effect of M A H is that M A H coordinates to " A " to 
block the coordination site to prevent the further at­
tack of GO at " A " . We consider that the former 
explanation is more reasonable since the effect of 
M A H on the reductive elimination of esters and R - R 
from the acyl(phenoxo)-type complexes and NiR2(bpy) 
( R = M e , Et),9) respectively, is so pronounced. 

(iv) Difference between 10 and 12: The difference 
in the products of the reaction of 10 with C O and 
that of 12 with GO may be related to the difference 
of thermolysis between 10 and 12; the former gives 
mainly the coupling product C4H1 0 on the thermo­
lysis,9) whereas the latter exclusively affords the dis-
proportionation products, G2H6 and C2H4,12) indicat­
ing that the /^-elimination in 12 proceeds more easily 
than that in 10. If coordination of dpe to Ni having 
ethyl ligand(s) makes the abstraction of the /5-hydrogen 
in the Et ligand by Ni easier, the formation of G2H5-
C H O and C2H4 through the path (d) in Scheme 1 
can be reasonably explained. Lower yield of G2H5-
C H O than that of C2H4 seems to be due to partial 
polymerization of C 2 H 5 C H O catalyzed by Ni com­
plexes.18) 

Conclus ion and Scope 

Carbon monoxide inserts into N i - R bonds of mono-
alkyl- and dialkylnickel(II) complexes, NiR(Y)L 2 and 
NiR2L2 , to give complexes of a type Ni (COR)(X)L„ 
( X = R , Gl, phenoxo, imido). When the X ligand 
has a moderate or strong bonding ability to Ni as 
in CI, OC 6 H 4 -p-CN, and imido ligands, the acyl-
nickel(II) complex can be isolated. O n the contrary, 
when X has only a weak bonding ability as R, OC 6 H 5 , 
and OC6H4-/>-C6H5, the reductive elimination of 
R C O X takes place under the reaction conditions and 
the acylnickel(II) complex could not be isolated. In 
the case of N i R ( C O R ) L n , other types of reactions, 
namely, further insertion of C O to form " B " (or "B" ' ) 
and ^-elimination of C 2 H 5 GHO and C2H4 , can also 
take place depending on nature of the R and L ligands 
and the reaction conditions. The acylnickel(II) com­
plexes having a moderately strong bonding ligand, 
OC6H4-/>-CN, are activated by coordination of jr-acids 
(CO, M A H , EMA) to cause the reductive elimina-
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tion of RCOOC6H4-j&-CN. Such a reductive elimina­
tion, however, is not induced on adding the Tt-acids 
to complexes having stronger N i - X bonds such as 
Ni-Cl and Ni- imido. The isolated acylnickel(II) com­
plexes afford esters, amides, and carboxylato complexes 
in the reactions with alcohols, aniline, and 0 2 , re­
spectively. 

These results obtained in this work may be useful 
in planning carbonylation of organic compounds by 
CO. The formation of ketone from NiR 2 L 2 has been 
actually applied to nickel-catalyzed synthesis of ketone 
from R M g X , R X , and C0. 4 a ) 

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

General. Manipulation of nickel complexes was car­
ried out under deoxygenated nitrogen or argon or in a vacu­
um. IR spectra were taken on a Hitachi Model 295 spec­
trometer using KBr discs under nitrogen. NMR spectra 
were taken by using a Japan Electron Optics Lab. JNM-
PS-100 spectrometer. Microanalysis of G, H, and N was 
performed by T. Saito in our laboratory with a Yanagimoto 
GHN Autocorder Type MT-2. High sensitivities of the 
nickel complexes to air should be taken into account con­
cerning the microanalysis. Nickel contents of the complexes 
were measured by volumetric titration after acidolysis of 
the complexes. Gases evolved were analyzed with a Hitachi 
RMU 5B mass-spectrometer and a Shimadzu GC-5B gas 
Chromatograph, their volumes being measured with a Toepler 
pump. Liquid products were analyzed with a Shimadzu 
GG-5B gas Chromatograph. 

Material. The monoalkyl-5) and dialkylnickel(II)9-12'13) 
complexes were prepared as described in literature. 
Solvents were dried over Na wires or CaH2, distilled under 
N2, and stored under N2. GO gas was dried by bubbling 
through coned H2S04 . 

Preparation of the Acylnickel Complexes. Propionyl(chloro)-
(2,2'-bipyridine)^ nickel(II) 1: A reaction vessel (60 cm3) con­
taining a THF (10 cm3) solution of NiEt(Gl)(bpy) (420 mg, 
1.5 mmol) was evacuated and then CO (50 cm3, 1 atm) 
was introduced into the vessel. Stirring the solution for 
10 min at room temperature gave a reddish brown solution, 
into which 40 cm3 of hexane was added to obtain 440 mg 
of a reddish brown solid. The reddish brown solid was 
recrystallized from THF-hexane to yield brown crystals 
of 1 (220 mg, 48%); mp 130 °G (dec). Found: G, 51.2; 
H, 4.2; N, 9.1; Gl, 11.2%. Galcd for G13H13ClN2NiO: 
C, 50.8; N, 4.3; N, 9.1; Gl, 11.5%. 

Propionyl(succinimido)(2,2'-bipyridine) nickel(II) 2: A reac­
tion vessel (60 cm3) containing a CH2C12 (10 cm3) solution 
of NiEt(suc)(bpy) (630 mg, 1.8 mmol) was evacuated and 
GO (50 cm3, 1 atm) was introduced into the vessel. Stirring 
the solution for 30 min at room temperature gave a red 
solution and a small amount of a precipitate. The solution 
was separated by filtration and hexane was added to the 
filtrate to obtain a dark brown precipitate, which was re-
crystallized from THF-hexane to yield a reddish brown 
microcrystals of 2 (450 mg, 73%) ; mp 150 °G (dec). Found: 
G, 54.1; H, 4.9; N, 10.0%. Calcd for C17H17N3Ni03: G, 
55.2; H, 4.6; N, 11.2%. 

PropionyI(p-cyanophenoxo)(2,2'-bipyridine) nickel(II) 3: A re­
action vessel containing a THF (7 cm3) solution of NiEt-
(OC6H4-/?-CN) (bpy) (420 mg, 1.2 mmol) was connected to 
a vacuum line and the vessel was evacuated. After cooling 
the solution to — 78 °G, CO gas (1.2 mmol) whose amount 
was measured by a manometer was introduced and the solu-
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tion was stirred for 3 h at — 78 °C to obtain a reddish purple 
homogeneous solution. An excess amount of hexane was 
added to the solution to yield 430 mg (94%) of reddish 
purple crystals of 3 . A sample for the microanalysis was 
obtained by recrystallization from acetone-hexane ; m p 120 
°C (dec). Found : C, 60.8; H , 3.9; N, 11.1; Ni, 14.7%. 
Calcd for C 2 0 H 1 7 N 3 NiO 2 : C, 61.6; H , 4 .4; N, 10.8; Ni, 
15.1. 

Acetyl(v-cyanophenoxo) (2,2'-bipyridine) nickel(II) 4: A vessel 
containing a T H F (20 cm3) solution of NiMe(OC6H4-/>-
CN)(bpy) (1.0 g, 2.8 mmol) was connected to a vacuum 
line and the vessel was evacuated. After cooling the solution 
to — 78 °G, a measured amount of G O (2.8 mmol) was 
introduced into the vessel and the solution was stirred at 
— 78 °G for 5 h. Hexane (excess) was added to the solution 
to obtain a brown powder, which was recrystallized from 
acetone to yield reddish brown crystals of 4 (380 mg, 3 6 % ) ; 
m p 140 °C (dec). Found : G, 59.5; H , 4 . 1 ; N, 10.5; Ni, 
15.6. Calcd for C 1 9 H 1 5 N 3 Ni0 3 : G, 60.7; H , 4.0; N, 11.2; 
Ni, 15.6%. 

Acetyl(phthalimido) bis(triethylphosphine) nickel(II) 5: A vessel 
containing an ethereal solution (20 cm3) of NiMe(pht ) (PEt 3 ) 2 

was evacuated and then G O (100 cm3, 1 atm) was introduced 
into the vessel. Stirring the solution for 10 min at room 
temperature gave a yellow solution and a small amount 
of a precipitate. T h e yellow solution was separated by 
filtration and cooling the solution to — 78 °G gave yellow 
crystals of 5 (470 mg, 8 3 % ) ; m p 100 °C (dec). Found : 
C, 54.0; H , 7.8; N, 2.9; Ni, 12.4%. Calcd for C2 2H3 7-
N N i 0 3 P 2 : C, 54.6; H , 7.7; N, 2.9; Ni, 12 .1%. 

Reactions of NiR2L2 with CO (cî. Table 3). No. 7 : 
Carbon monoxide (3.2 mmol) was introduced at — 78 °C 
into an evacuated vessel containing 130 mg (0.53 mmol) 
of 6 in 6.5 ml of diethyl ether. T h e dimethylnickel(II) 
complex was part ly soluble in diethyl ether at — 78 °C and 
the solution was colored deep green (color of 6) at the initial 
stage of the reaction. O n stirring the mixture at — 78 °C, 
the color of the solution gradually turned to red. After 
1 d, a homogeneous red solution was obtained and GLC 
analysis of the solution indicated formation of 0.48 mmol 
of 2,3-butanedione. Drying up the solution in vacuum at 
— 78 °C gave almost pure bpy, whereas drying up the solu­
tion after warming the solution to room temperature gave 
a mixture of bpy and Ni(GO)2(bpy),1 1) indicating that there 
exists an equilibrium, N i ( C O ) 4 + b p y ^ ± N i ( C O ) 2 ( b p y ) + 2 C O , 
and the equilibrium lies to the left at —78 °C. 

Other Reactions of NiR2L2 with CO : Other reactions listed 
in Table 3, except for reactions in the presence of M A H , 
were carried out in similar ways to the reaction of 6 at — 78 
°C. Reactions of NiR2(bpy) with C O at room temperature 
gave Ni (CO) 2 (bpy) in high yields. Nickel carbonyl com­
plexes, Ni (CO) 2 (bpy) ,n) Ni(GO) a(PEt8) a ,"> Ni(CO) 2 (dpe) / 4> 
and Ni(CO)2(dpp)14> were identified by their I R spectra. 
Reactions in the presence of M A H require the following 
special attention to prevent NiR 2 L 2 to decompose before 
the reaction with G O since M A H strongly activates the 
N i - R bond of NiR 2 L 2 . A solution of NiR 2 L 2 in T H F was 
solidified by cooling to —196 °C and then M A H was added 
to the reaction system. G O was added immediately after 
the solution melted on raising temperature. 
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Branched-chain Sugars. XXII. Synthesis of Benzyl 2,3-Di-O-benzyl- and 
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The title compounds were synthesized from L-arabinose and D-glucose as intermediates to a few naturally 
occuring branched-chain sugars. Oxidation conditions of precursors to the corresponding 4-uloses were ex­
amined. 

In previous papers of this series, stereoselectivities 
in nucleophilic reactions of hexopyranosid-2-uloses2) 
and 3-uloses3) have been extensively examined, from 
the views of non-bonded interactions, electrostatic in­
teraction in the transition state,4) and kinetic or ther­
modynamic control in reversible reactions.5) In order 
to examine the stereoselectivities in similar reactions 
of 4-uloses and to utilize the results for the stereoselec­
tive synthesis of 2,3-0-methylene-4-C-substituted al-
dono-l,5-lactones found in everninomicins,6) flam-
bamycin,7) and avilamycins,8) benzyl 2,3-0-benzyl-(l) 
and 2,3-0-methylene-/^L-£/zra?-pentopyranosid-4-uloses 
(2), benzyl 2,3-0-benzyl-6-deoxy-(3) and 6-deoxy-2,3-
O-methylene-a-D-ry/o-hexopyranosid-é-uloses (4), to­
gether with benzyl 2,3-di-O-benzyl-6-O-trityl-a-D-.rj;/0-
hexopyranosid-4-ulose (5) and methyl 6-deoxy-2,3-0-
methylene-a-D-n'Z»o-hexopyranosid-4-ulose (6), were 
synthesized in this paper. 

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

Treatment of benzyl 2,3-di-O-benzoyl-a-L-arabino-
pyranoside9) in acetic acid with dimethyl sulfoxide 
and acetic anhydride10) at room temperature for 2 
days gave the corresponding 4-0-methylthiomethyl de­
rivative (7) in 8 8 % yield, which was converted into 
de-O-benzoylated derivative (8) by treatment with 
sodium methoxide in 5 7 % yield. Treatment of 8 in 
iVjA^dimethylformamide with sodium hydride and ben­
zyl chloride or dichloromethane11) gave the corre­
sponding 2,3-di-O-benzyl (9) and 2,3-O-methylene de­
rivatives (10) in 8 1 % and 4 6 % yields, respectively. 
In the case of 10, a small amount of dimers were form­
ed, however, they could not be characterized. Treat­
ment of 9 and 10 in aqueous acetonitrile with mercury-
(II) chloride and calcium carbonate gave the cor­
responding de-O-methylthiomethyl derivatives (11 and 
12) in quantitative and 6 2 % yields, respectively. 

On the other hand, treatment of benzyl 4 ,6-0-
benzylidene-a-D-glucopyranoside12) in iV,iV-dimethyl-
formamide with sodium hydride and dichloromethane 
gave the corresponding 2,3-O-methylene derivative 
(13)n> and two dimers (14 and 15) in 4 3 % , 6.2%, 
7.2% yields, respectively. The dimers showed no ab­
sorption of a hydroxyl group in I R spectra, and the 
parent ion peak of mje 741 in MS spectra. Gon-
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figurations of 2,3':2' ,3-bis-0-methylenedi(benzyl 4,6-
O-benzylidene-a-D-glucopyranoside) (14) and the cor­
responding 2,2' :3,3'-bis-0-methylene isomer (15) were 
assigned from the O-methylene proton signals in N M R 
spectra. Compound 14 showed AB quartet indicating 
two magnetically nonequivalent protons in equivalent 
two methylene groups, whereas 15 two singlets indi­
cating each two equivalent protons in non-equivalent 
two methylene groups. Analogous two dimers were 
also obtained by the reaction of the corresponding 
methyl glucoside with dibromomethane in each 
2 2 % yield, together with 2,3-O-methylene derivative 
(16),11,13) but their structures were not assigned. 
While, similar reaction of methyl 4,6-O-benzylidene-
a-D-allopyranoside14) gave the corresponding 2,3-O-
methylene derivative (17) in 6 5 % yield. 

For the deoxygenation of C-6 position, 13 was treat­
ed with 8 0 % acetic acid at room temperature for 
one day to give de-O-benzylidenated product (18) in 
6 4 % yield. Selective tosylation of 18 in pyridine at 
0 °G with 1.4 equivalent /»-toluenesulfonyl chloride gave 
6-0-tosyl (19) and 4,6-di-O-tosyl (20) derivatives in 
8 0 % and 8 % yields, respectively. Reduction of 19 
in JV,iV-dimethylformamide with lithium aluminium 
hydride gave the corresponding 6-deoxy derivative (21) 
in 8 1 % yield. For the preparation of 21 , oxidative 
ring-opening of the 4,6-O-benzylidene group of 13 
with iV-bromosuccinimide was unsuccessful, probably 
due to the reaction of the strained 2,3-O-methylene 
group. By the same route, 16 and 17 were also con­
verted into methyl 6-deoxy-2,3-0-methylene-a-D-glu-
copyranoside (22) and -allopyranoside (23), respec­
tively. While, monotosylation of benzyl 2,3-di-O-ben-
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zyl-a-D-glucopyranoside10) and successive reduction of 
the product with lithium aluminium hydride gave 
benzyl 2,3 - di - 0 - benzyl - 6 - deoxy-a-D-glucopyranoside 
(24) in 3 8 % overall yield. 

Oxidation of 11, 12, 21—24, and benzyl 2,3-di-
O-benzyl-6-O-trityl-a-D-glucopyranoside (25)12) into the 
corresponding 4-uloses was examined by a few meth­
ods, and the results were summarized in Table 1. 
The chromium trioxide-pyridine oxidation of 2,3-di-
O-benzyl derivatives, (11, 24, and 25) was unsucces­
sful, probably due to the oxidation of the benzyl groups 
as was reported by Stevens and Czernecki15) in the 
case of oxidation of methyl 6-deoxy-2,3-di-0-benzyl-a-D-
galactopyranoside with ruthenium tetraoxide. A sim-

Substrates Oxidation 
methods8-) 

Products (%; 

4-Uloses 4-0-Methyl thiomethyl 
derivatives 

11 

24 
25 

12 

21 

22 

23 

B 
G 
G 
G 

B 
G 
G 
B 
A 
A 

1 (60) 
1 (82) 
3 (72) 
5 (98) 

2 (quant) 
4 (quant) 

(45) 
(63) 

9 (7.8) 

10 (10) 

(10) 

a) Method A, B, and G indicate the oxidation with 
CrOg-pyridine, DMSO-Ac20, and DMSO-(GF3GO)20, 
respectively. 

ilar oxidation of 22 was accompanied by the epimerisa-
tion at C-3 position to give 6 in 4 5 % yield. The 
epimerization of equatorial C - O bond to axial con­
figuration implies that the 2,3-O-methylene ring from 
Jrarcj-diequatorial hydroxyl groups contains a fairly 
large steric strain. Configuration of 6 obtained above 
was confirmed by the comparison with that obtained 
by the oxidation of 23 with chromium trioxide in 
6 3 % yield. Oxidation of 11 with dimethyl sulfoxide 
(DMSO)-acet ic anhydride gave the corresponding 4-
ulose in 6 0 % yield, together with a small amount of 
4-O-methylthiomethyl derivative (9), however, similar 
oxidation of 2,3-O-methylene derivatives (12 and 22) 
gave only a small amount of 4-O-methyl thiomethyl 
derivative. Although DMSO-ace t ic anhydride oxida­
tion of the corresponding methyl glucoside of 24 was 
reported to be unsuccessful, 15> DMSO-trifluoroacetic 
anhydride oxidation16) gave commonly good results. 
Thus 4-uloses, 1—6, could be obtained from 11, 12, 
24, 21, 25, and 23, respectively. 

XH N M R parameters of 4-uloses thus obtained were 
shown in Table 2. The results indicate that 1—5 
exist in CI conformation, and 6 in 1»4B. Because 23 
takes CI conformation (see Experimental), the con­
formational difference between 6 and 23 will be at­
tributed to the larger bond angle of sp2-carbon than 
that of sp3-carbon at C-4, and the trend of coplanarity 
of 2,3-O-methylene ring. 

Exper imenta l 

General Methods. Melting points were determined with 
a Mel-Temp melting point apparatus and not corrected. 
Optical rotations were measured with Garl Zeiss LEP-A1 
or JASGO DIP-4 Polarimeter, using a 0.5 dm tube. IR 
spectra were recorded with a Hitachi EPI-G2 grating spec­
trometer. NMR spectra were recorded with a JEOL JNM 
PS-100 spectrometer in chloroform-*/ containing tetramethyl-
silane as the internal reference. Chemical shifts and coupling 
constants were recorded in (5(ppm) and Hz units, and IR 
frequencies in cm -1. Evaporations were conducted under 
diminished pressure. 

Benzyl 2,3-Di-0-benzoyl-4-0-methylthiomethyl-ß-L-arabinopyrano-
side (7). A solution of benzyl 2,3-di-0-benzoyl-/?-L-



July , 1981] Synthesis of Benzyl Pento- and Hexopyranosid-4-uloses 

T A B L E 2. 1 H N M R PARAMETERS OF 4-ULOSES 

2171 

4-Uloses 

1 

2 

3 

4 

5 

6a> 

H- l 
(7i.a) 

4 . 9 6 d 
(3.0) 

5 . 5 0 d 
(3.0) 

4 . 9 2 d 
(4.0) 

5.47 d 
(3.0) 

5 . 0 3 d 
(3.8) 

5 . 0 2 d 
(4.2) 

Chemical 

H-2 
( A 3 ) 

3 . 7 4 d d 
(10.0) 

3.67 dd 
(10.8) 

3 .73 dd 
(10.5) 

3.67 dd 
(10.5) 

3 .78 dd 
(10.0) 

4 .8—4.61 
(8.8) 

shifts (Ô) 

H-3 
(»/3.5e) 

4 . 4 6 d 

4 .72 dd 
(1.0) 

4 . 4 9 d 

4 .70 dd 
(1.0) 

4 . 44 d 

XL 

and coupling constants 

H-5e 
(7öe,5a) 

4 . 1 4 d 
(15.0) 

4 .02 dd 
(15.0) 

H-5a 

(As) 
3.86 d 

3 . 9 2 d 

4 . 2 1 q 
(7.0) 

4 . 1 2 q 
(3.5) 

4 . 3 4 dd 
(3.3) 

4 . 1 3 q 
(7.0) 

(Hz) 

H-6 

(75.6') 

1 .22d 

1 .35d 

3 .56 dd 
(7.5) 

1 .38d 

HM5' 
(7e.e') 

3 .40 dd 
(10.5) 

Other protons 

5 .04—4.44 ( 3 x C H 2 P h ; m) 

7 .52—7.21 (Ph ; m) , 5 .20 and 
5 .10 ( O C H 2 0 ; ABq, 7 = 0 . 8 ) , 
4 .86 and 4 . 7 6 ( C H 2 P h ; ABq, 
y = l l . 6 ) 
7 .14—7.50 (Ph ; m) , 
4 . 4 8 —5 .0 0 ( 3 x C H 2 P h ; m) 

ca. 7 .38 (Ph ; m) , 5 .19 and 
5 .10 ( O C H 2 0 ; ABq, J=-0.8), 
4 .82 ( C H 2 P h ; s) 

7 .60—7.10 (Ph ; m) , 
4 . 9 8 — 4 . 5 5 ( 3 x C H 2 P h ; m) 

3 .46 ( O M e ) , 4 .95 and 5 .04 
( O C H 2 0 , each s) 

a ) 7i,2 a n d 72,3 were observed by the use of a shift reagent, P r (FOD) 3 . 

arabinopyranoside9) (50 g, 0.109 mol) in dimethyl sulfoxide 
(DMSO, 400 ml), acetic anhydride (240 ml) and acetic acid 
(80 ml) was kept at room temperature for 2 d, then 
poured into saturated sodium hydrogencarbonate, and the 
resulting solution was extracted with ether. T h e extract 
was evaporated and the residue was purified on a silica 
gel column to give 7 (50 g, 88%) as a syrup. [a ] D +176 .8° 
(c 1.24, CHCI3), N M R : 8.2—7.94 and 7.60—7.10 (Ph; m) , 
5.82 (H-3 ; q, 7a . s=10 .8 , 7s .4=2 .0 ) , 5.71 H - 2 ; q, Jlt2= 
3.0), 5.31 ( H - l ; d) , 4.74 ( S C H 2 0 ; s), 4.68 (PhCH 2 ; ABq, 
7 = 1 3 . 0 ) , 4.46 (H-4; m, / 4 i 6 e = 1 . 8 , 7 4 , 5 a = 2 . 0 ) , 4.00 (H-5e; 
q, y 5 e , 5 a=13 .2 ) , 3.84 (H-5e; q) , 1.98 (CH3S, s). Found : C, 
65.59; H, 5.66; S, 6 .98%. Calcd for C 2 8 H 2 8 0 7 S : C, 
66.12; H, 5.55; S, 6 . 3 1 % . 

Benzyl 4-0-Methylthiomethyl-ß-*L-arabinopyranoside (8). 
A solution of 7 (600 mg, 1.18 mmol) in methanol (8 ml) 
containing sodium (60 mg, 2.6 mmol) was kept at room 
temperature for 6 h, evaporated, and the residue was purified 
on a silica gel column (benzene-ethyl acetate-ethanol 6:1:1) 
to give pure crystals in 5 7 % (200 mg) yield. M p 72— 
73 °C (CHCl 3 -hexane) , [a] D +193 .9° (c 0.72, CHC13), 
N M R : 7.34 (Ph; s), 5.00 ( H - l ; d, 7 l t 2 = 3 . 0 ) , 4.73 and 4.85 
( S C H 2 0 , ABq, 7 = 1 1 . 3 ) , 4.52 and 4.75 (PhCH 2 ; ABq, 
7 = 1 2 . 0 ) , 4.02 (H-4; m, 7 8 t 4 = 2 . 0 ) , 3.84—3.70 (H-2, H-3 , 
H-5e, and H-5a; m) , 2.18 (CH 3S, s). Found : C, 55.53; 
H, 6.69; S, 10.73%. Calcd for C 1 4 H 2 0 O 5 S: C, 55.98; H , 
6.71; S, 10.68%. 

Benzyl 2,3-Di-0-benzyl-4-0-methylthiomethyl-ß-L-arabinopyrano-
side (9). T o a solution of 8 (1 g, 3.3 mmol) in 
i\T,iV-dimethylformamide (DMF, 10 ml) was added with 
stirring sodium hydride (0.35 g, 14.5 mmol) washed with 
hexane and then benzyl chloride (1.01 g, 7.9 mmol) . After 
stirring one day at room temperature, the reaction mixture 
was poured into water, and the resulting solution was ex­
tracted with chloroform. T h e extract was evaporated, and 
the residue was purified on a silica gel column (hexane-
ethyl acetate 10:1) to give a syrup (1.3 g) in 81 .3% yield. 
[a] D +91 .4° (c 1.1, CHC13), N M R : 7.6—7.2 (Ph; m) , 4.96— 
4.47 ( 4 x P h C H 2 , m) , 4.91 ( H - l ; d, 7 1 ) 2 = 3 . 0 ) , 4.18 (H-4; 
m, 7 i .5e=1.6 , 7 4 , 5 a=2 .8 ) , 4.01 (H-3 ; dd, 7 2 , 3 = 1 0 . 3 , 7 3 , 4 = 
2.5), 3.90 (H-2; dd) , 3.80 (H-5e; dd, 7 5 e , 5 a=13.0) , 3.66 
(H-5a; dd) , 2.13 (CH 3 S; s). Found : C, 69.65; H, 6 .81 ; 
S, 6.34%. Calcd for C 2 8 H 3 2 0 5 S : C, 69.97; H, 6 .71; S, 
6.67%. 

Benzyl 2,3-0-Methylene-4-0-methylthiomethyl-ß-L-arabinopyrano-
side (10). T o a solution of 8 (0.5 g, 1.66 mmol) 
in D M S O (30 ml) was added with stirring sodium hydride 
(170 mg, 7.1 mmol) washed with hexane, and then excess 
dichloromethane ( 1 ml) . T h e usual work-up of the reaction 
mixture as 13 gave a syrup (0.4 g) which was purified on 
a silica gel column (benzene-acetone 4:1) to give pure 10 
(240 mg, 4 6 % ) . [a ] D +110 .1° (c 1.0, CHC13), N M R : 7.33 
(Ph, s), 5.36 ( H - l ; d, 7 l t 2 = 2 . 8 ) , 5.06 and 5.09 ( O C H 2 0 ; 
ABq, 7 = 1 . 0 ) , 4.82 ( S C H 2 0 ; s), 4.66 and 4.73 (PhCH 2 ; 
ABq, 7 = 1 3 . 0 ) , 4.48 (H-4; m) , 3.95 (H-3 ; dd, 7 3 , 4 = 2 . 0 ) , 
3.87 (H-2; dd, 72.8=10.0) , 3.78 (H-5e; dd, J€tb9=l.59 

75e,5a=13.0), 3.65 (H-5a; dd, 7 i .5a=1 .0 ) , 2.16 (CH.S) . 
Found : C, 57.47; H , 6.62; S, 9 .97%. Calcd for C1 5H2 0-
0 5 S : C, 57.67; H , 6.45; S, 10.27%. 

Benzyl 2,3-Di-O-benzyl-ß-L-arabinopyranoside (H). A 
supension of 9 (1.2 g, 2.5 mmol) , mercury(II ) chloride (1.36 
g, 5.0 mmol) , and calcium carbonate (0.75 g, 7.5 mmol) 
in aqueous acetonitrile (75%, 30 ml) was refluxed for 7 h, 
filtered, and the filtrate was evaporated. A dichloromethane 
solution of the residue was washed twice with aqueous sodium 
iodide (10%), and then evaporated to give a syrup (1.0 g) 
quantitatively. [ a ] D +105 .9° (c 3.2, CHC13). Found : C, 
74.28; H, 6 .37%. Calcd for C 2 6 H 2 8 0 5 : C, 74.26; H, 6 . 7 1 % . 

Benzyl 2,3-O-Methylene-ß-L-arabinopyranoside (12). A 
similar work up of 10 (240 mg, 0.77 mmol) as above and 
purification of syrupy product on a silica gel column (ben­
zene-acetone 4:1) gave pure 12 (120 mg, 6 2 % ) . [a ] D 

+ 212.2° (c 1.6, CHC13) ; N M R : 7.28—7.40 (Ph; m) , 5.36 
( H - l ; d, 7 l t 2 = 1 . 0 ) , 5.04 and 5.11 ( O C H 2 0 , ABq, 7 = 1 . 0 ) , 
4.64 and 4.75 (CH 2 Ph ; ABq, 7 = 1 2 . 5 ) , 4.30 (H-4; m) , 
3.89 (H-3 ; dd, 7 3 , 4 = 1 . 0 ) , 3.79 (H-2; dd, 7 2 , 3 = 1 0 . 0 ) , 3.73 
(H-5e; dd, 74,5e = 2.0), 3.58 (H-5a; dd, 7 4 , 5 a = l A 7 5 e , 5 a= 
13.2). Found : C, 61.83; H , 6 .39%. Calcd for C 1 3 H 1 6 0 5 : 
C, 61.89; H, 6 .39%. 

Benzyl 4,6- O -Benzylidene-2,3-O-methylene-a-D-glucopyranoside 
(13). T o a solution of benzyl 4,6-O-benzylidene-a-D-
glucopyranoside11) (50 g, 150 mmol) in D M F (500 ml) was 
added with stirring sodium hydride (21.6 g, 450 mmol) 
and then dichloromethane (28.6 ml,' 450 mmol) dropwise, 
and the resulting suspension was stirred overnight at room 
temperature. A mixture of ethyl acetate and water was 
added to the reaction mixture, and the resulting solution 
was extracted with chloroform. T h e extract was washed 
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with water, dried, and evaporated. T h e residue was sepa­
rated on a silica gel column (hexane-ethyl acetate 8:1) 
to give 13 (22.4 g, 43.3%) and a mixture of two dimers 
(7.2 g, 13.9%). T h e dimers were separated on a preparative 
T L G (developed three times with hexane-éthyl acetate 3:1) 
to give 2,3 / :2 / ,3-bis-0-methylenedi(benzyl 4,6-O-benzylidene-
a-D-glucopyranoside) (14) and the corresponding 2,2 / :3 ,3 /-
bis-O-methylene isomer (15) in 6.2% and 7.2% yields, 
respectively. 

13: M p 107—108 °G, [a ] D + 1 2 3 ° (c 1.0, GHG13); N M R : 
7.6—7.2 (Ph; m) , 5.58 ( P h C H ; s), 5.35 ( H - l ; d, y l > a = 3 . 5 ) , 
5.17 ( O G H 2 0 , s), 4.64 and 4.67 (GH 2Ph, ABq, / = 1 2 . 8 ) , 
3.45 (H-2; dd, A 3 = 9 . 0 ) , 3.68—4.30 (H-3, H-4, H-5, H-6, 
and H-6 ' , m) . Found : G, 67.99; H , 5.86%. Galcd for 
G 2 1 H 2 2 0 6 : G, 68.09; H, 5.99%. 

14: M p 111—113 °G, [a ] D + 1 7 1 ° (c 0.98, GHG13); N M R : 
7.14—7.53 (Ph; m) , 4.75 and 4.96 ( O C H 2 0 , ABq, J= 
7.0), 4.90 ( H - l ; d, / l t 2 = 4 . 0 ) , 4.63 and 4.74 (PhCH 2 ; ABq, 
7 = 1 2 . 0 ) , 4.18 (H-6e; dd, y 6 e , 6 a = 9.5, A 6 a = 4 . 0 ) , 4.12 (H-3 ; 
t, 72 ,3=73 ,4=9 .0) , 3.87 (H-5 ; dd, A 5 = 9.0), 3.71 (H-6e; 
d) , 3.49 (H-4; t ) , 2.57 (H-2; d d ) ; M S (70 eV) : m/e 741. 
Found : G, 68.00; H, 5.87%. Galcd for G 4 2 H 4 4 0 1 2 : G, 
68.09; H, 5.99%>-

15: M p 114—116 °G, [ a ] D + 1 9 6 ° (c 0.8, GHG13); N M R : 
7.10—7.60 (Ph; m) , 4.92 ( H - l ; d, Jlt2=3.5), 3.71 and 
4.90 ( O G H 2 0 ; each s), 5.49 (PhCH, s), 4.58 and 4.76 
(PhCH 2 ; ABq, J = 1 2 . 0 ) , 4.17 (H-6e; dd, y 5 , 6 e = 4.0, y 6 e , 6 a = 
9.5), 4.00 ( H - 3 ; t, / 2 , 3 = / 3 , 4 = 9 . 5 ) , 3.80 (H-5 ; dt, / 4 , 5 = 
y 5 , 6 a = 9 . 5 ) , 3.68 (H-6a; t ) , 3.66 (H-2; dd) , 3.49 (H-4; t ) ; 
M S (70 e V ) : m/e 740. Found : G, 68.47; H, 6 . 21%. Galcd 
for G 4 2 H 4 4 0 1 2 : G, 68.09; H, 5.99%, • 

Methyl 4,6- O - Benzylidene-2,3-0-methy!ene-oc-r>-glucopyranoside 
(16) and -oc-D-allopyranoside (17). (A): Reaction of 
4,6-O-benzylidene-a-D-glucopyranoside (1 g, 3.5 mmol) in 
D M F (50 ml) with sodium hydride (0.27 g, 10.6 mmol) 
and dibromomethane (1.85 g, 10.6 mmol) as above, and 
the usual work up of the reaction mixture gave 16 [mp 103— 
104 °G, [ a ] D +124 .1° (c 1.0, GHG13); M S : m/e 294; lit,11) 
m p 104—105 °G, [ a ] D +122 .9° (c 0.21, GHG13); Found : 
G, 61.03; H , 6.07%o. Galcd for G 1 5 H 1 8 0 6 : G, 61 .21; H , 
6 .17%], and two dimers [mp 209—212 °G and 225—229 °G; 
each M S : m/e 588. Found : G, 61.69; H, 6.20%. Galcd 
for G 3 0H 3 6O 1 2 : G, 61 .21; H , 6.17%] in 2 8 % (290 mg), 2 2 % 
(230 mg), and 1 3 % (140 mg) yields, respectively. 

(B) : A similar reaction of methyl 4,6-O-benzylidene-
a-D-allopyranoside14> (3.7 g, 13.1 mmol) gave the corre­
sponding 2,3-O-methylene derivative (17) in 5 0 % (1.93 g) 
yield. M p 162—164 °G, [ a ] D +102 .8° (c 1.0, GHG13); 
N M R : 7.5—7.2 (Ph; m) , 5.54 ( P h C H ; s), 5.32 and 5.06 
( O G H 2 0 ; ABq, 7 = 1 . 8 ) , 4.74 ( H - l ; dd, A 2 = 4 . 0 , JltZ = 
1.6), 4 . 4 4 - 4 . 2 0 (H-2, H-5, H-6e; m, / 5 , 6 e = 5.2, / 6 e , 6 a = 
10.5), 4.12 (H-4; dd, A 5 = 1 0 . 0 , / 3 , 4 = 5 . 0 ) , 3.80 ( H - 3 ; 
m, A 3 = 8.4), 3.68 (H-6a; t, / 5 , 6 a = 1 0 . 0 ) , 3.40 (OMe) . 

Benzyl 2,3-O-Methylene-<x-r>-glucopyranoside (IS). A 
solution of 13 (22.4 g, 60.5 mmol) in 80%o acetic acid (400 
ml) was stirred 1 d at room temperature . T h e solution 
was extracted with petroleum ether to remove benzaldehyde, 
and the water layer was evaporated to give crystals which 
were recrystallized from ethanol-hexane. From the mother 
liquor, the second crop was obtained by separation on a 
silica gel column (hexane-ethyl acetate 3:1). The com­
bined yield was 63 .7% (10.8 g). M p 108—110 °C, [a] D 

+ 176° (c 1.0, CHG13). Found : G, 59.17; H , 6.38%,. Galcd 
for G 1 4 H 1 8 0 6 : C, 59.56; H, 6 .43%. 

Benzyl 2,3-0-Methylene-6-0-(p-tolylsulfonyl) -<x-r>-glucopyrano-
side (19). T o an ice-cooled solutions of 18 (10 g, 
35.4 mmol) in pyridine (150 ml) was added portionwise 

with stirring jfr-toluenesulfonyl chloride (9.9 g, 50 mmol) . 
After keeping at room temperature overnight, the reaction 
mixture was poured into ice-water and extracted with chlo­
roform. Evaporation of the chloroform solution gave a 
syrup which was separated on a silica gel column (hexane-
ethyl acetate 8:1) to give 19 (12.3 g, 80%) and the corre­
sponding di-O-tosylate (20: 1.7 g, 8%0). 

19: M p 80—82 °C, [a] D +78 .9° (c 1.2, GHG13), N M R : 
7.84—6.70 (Ph; m) , 5.02 ( H - l ; d, A 2 = 3 . 0 ) , 4.90 and 
4.88 ( O C H 2 0 ; ABq, 7 = 0 . 8 ) , 4.81 (H-4; t, / 4 , 5 = 9.0), 4.50 
and 4.48 (CH 2 Ph; ABq, / = 1 2 . 0 ) , ca. 4.32 (H-6a and H-6e; 
m) , 4.00 ( H - 3 ; t, / 3 , 4 = 9 . 0 ) , 3.62 (H-5 ; m) , 3.10 (H-2; dd, 
y 2 , 3 = 9 - 0 ) , 2.94 ( O H ; s), 2.44 (GH 3 Ph; s). Found: C, 
58.14; H, 5.60; S, 7.59%. Galcd for C 2 1 H 2 4 0 8 S ; G, 57.79; 
H, 5.54; S, 7 .35%. 

20: M p 144—145 °G, [a ] D +87 .6° (c 1.1, GHG13), N M R : 
7.15—7.85 (Ph; m) , 5.21 ( H - l ; d, A 2 = 3 . 0 ) , 5.04 ( O C H 2 0 ; 
s), 4.72 (H-4; t, A 4 = A 5 = 1 0 . 0 ) , 4.57 and 4.70 (GH 2 Ph; 
ABq, 7 = 1 1 . 0 ) , 4.25 (H-6e; dd, 75,6e = 2.5, y 6 e , 6 a = 1 1 . 0 ) , 
4.03 (H-6a; dd, / 5 , 6 a = 5 . 5 ) , 3.95 (H-3 ; t, / 2 , 3 = 10.0), 3.70 
(H-5 ; sex), 3.30 (H-2; dd) , 2.45 ( 2 x C H 3 P h ) . Found: G, 
57.54; H, 5.16; S, 10.7%. Calcd for G2 8H3 0O1 0S2 : C, 
56.93; H, 5.12; S, 10.7%. 

Benzyl 6-Deoxy-2,3-0-methylene-oc-T>-glucopyranoside (21). 
A mixed solution of 19 (8 g, 18.4 mmol) and sodium boro-
hydride (1.7 g, 45.7 mmol) in D M S O (100 ml) was heated 
at 80 °G for 3 h, and then poured into ice-water. The 
resulting solution was extracted with ether, and the extract 
was evaporated. T h e residual syrup was purified on a 
silica gel column (hexane-ethyl acetate 8:1) to give 21 (6.1 
g, 81%) as a syrup. [a]D + 1 5 4 ° (c 0.85, CHG13), N M R : 
7.50—7.20 (Ph; m) , 5.24 ( H - l ; d, A 2 = 3 . 0 ) , 5.13 ( O C H 2 0 ; 
s), 4.63 and 4.80 (GH 2 Ph; ABq, 7 = 1 0 . 5 ) , 3.87 (H-3 ; t, 
72 ,3=73,4=9.5) , 3.56 (H-5; dq, / 4 , 5 = 9.5, / 5 , 6 = 6.5), 3.45 
(H-4; t ) , 3.35 (H-2; dd) , 1.30 (H-6; d ) . Found: C, 62.64; 
H , 6.95%0. Galcd for C 1 4 H 1 8 0 5 : G, 63.14; H, 6 . 8 1 % . 

Methyl 6-Deoxy-2,3-0-methylene-<x-T>-glucopyranoside (22). 
Compound 16 was converted into 22 in a similar manner 
to that of 13 into 2 1 . Partial hydroxysis of 16 (24 gr, 8.16 
mmol) in aqueous acetic acid (80%, 500 ml) at 35 °G for 
1 d gave methyl 2,3-O-methylene-a-D-glucopyranoside (12 
g, 68.5%) as a syrup. Monotosylation of the syrup (9.4 
gr, 45.6 mmol) in pyridine (200 ml) with jfr-toluenesulfonyl 
chloride (9.9 g, 52 mmol) and purification of the products 
on a silica gel column (benzene-acetone 50:1) gave the 
6-O-tosylate (12.6 g, 77%) as a syrup. N M R : 7.80 and 
7.34 (Ph; each d, 7 = 8 . 0 ) . 5.13 ( O C H 2 0 ; s), 5.05 ( H - l ; 
d, A 2 = 3 . 2 ) , 4.36 (H-6; dd, / 5 , 6 = 4 . 0 , / 6 , 6 , = 11.0), 4.30 
(H-6 ' ; dd, y 5 , 6 ' = 2 . 4 ) , 3.9—3.4 (H-3, H-4, and H - 5 ; m) , 
3.44 ( O M e ; s), 3.28 (H-2; dd, A 3 = 9.5), 2.44 (GMe; s). 
Found : G, 50.00; H, 5.60; S, 8 .88%. Galcd for C 1 5H 2 0O 8S: 
G, 49.99; H , 5.59; S, 8.90%o. 

Reduction of 6-O-tosylate (9.18 g, 25.5 mmol) in T H F 
(400 ml) with lithium aluminium hydride (LAH) (1.94 g, 
50 mmol) and the purification of the product on a silica gel 
column gave pure 24 (2.0 g, 41.3%) as a syrup. [a]D 

+ 202.3° (c 1.0, CHC13). Found : C, 50.21; H, 7 .71%. 
Galcd for C 8 H 1 4 0 5 : G, 50.52; H , 7.42%. 

Methyl 6-Deoxy-2,3-0-methylene-oc-r>-allopyranoside (23). 
Compound 17 was converted into 23 as above. Partial 
hydrolysis of 17 and successive monotosylation of the 
product gave methyl 2,3-0-methylene-6-0-tosylsulfonyl-a-D-
allopyranoside as a syrup in 6 2 % yield. [a] D +65 .3° (c 
1.0, GHC13). N M R : 7.79 and 7.36 (Ph; each d, 7 = 8 . 0 ) , 
5.02 and 4.80 ( O G H 2 0 ; ABq, 7 = 2 . 0 ) , 4.58 ( H - l ; d, Jlt2= 
5.0), 4 . 4 - 4 . 1 (H-6 and H - 6 ' ; 7 5 , 6 = 2.4, / 5 , 6 ' = 5.0, J6^ = 
10.8), 4.06 (H-2; t, A 3 = 5 . 0 ) , 3.95—3.65 (H-3 and H - 5 ; 
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m, y 3 . 4=3 .0 , y 4 l B = 1 0 . 0 ) , 3.50 (H-4; m) , 3.34 ( O M e ; s), 
3.24 ( O H ; s), 2.47 (GMe; s). Found : G, 49.76; H , 5.65; 
S, 8.75%. Calcd for C 1 5 H 2 0 O 8 S: G, 49.99; H, 5.59; S, 
8.90%. 

Reduction of the above 6-O-tosylate with L A H gave 23 
as a syrup in 8 3 % yield. [ a ] D + 8 8 . 4 ° (c 2.75, GHG13); 
N M R : 5.27 and 5.03 ( O G H 2 0 ; ABq, 7 = 2 . 0 ) , 4.69 ( H - l ; 
d, 7 i . 2 = 5 . 0 ) , 4.35—4.10 (H-3 and H-4 ; m) , 3.64 (H-5 ; 
dq, 7 5 . 6 = 6 . 3 , A 5 = 1 0 . 0 ) , 3.25 (H-4; dd, 7 3 , 4 = 3 . 5 ) , 3.40 
( O M e ; s), 2.56 ( O H ; s), 1.29 (H-6; d ) . Found : G, 50 .41; 
H , 7.56%. Calcd for G 8 H 1 4 O s : G, 50.52; H , 7.42%. 

The coupling constants mentioned above indicate that 
23 and the precursor exist in a flattened CI conformation. 

Benzyl 2,3-Di-0-benzyl-6-deoxy-a-T>-glucopyranoside (24). 
To an ice-cooled solution of benzyl 2,3-di-O-benzyl-a-D-
glucopyranoside10) (28 g, 62 mmol) in pyridine (400 ml) was 
added /»-toluenesulfonyl chloride (15.7 g, 82 mmol) portion-
wise for 4 h with stirring. After keeping overnight at room 
temperature, the reaction mixture was poured into ice-
water and extracted with chloroform. The chloroform solu­
tion was evaporated, and the residual syrup was dried and 
dissolved in T H F , and L A H (2.8 g, 74 mmol) was added 
to T H F solution with stirring. After stirring for 3 h at 
room temperature, a mixture of ethyl acetate and water 
was added to the reaction mixture and the precipitates 
deposited were filtered off. T h e filtrate was extracted with 
chloroform, and evaporation of the extract gave a syrup 
(13.2 g) which was purified on a silica gel column (hexane-
ethyl acetate 10:1) to give 24 as a syrup (10.2 g, 3 8 % ) . 
[a ] D +51 .5° {c 0.84, GHG13), N M R : 7.44—7.22 (Ph; m) , 
4.79 ( H - l ; d, J l l 2 = 3 . 0 ) , 4.42—5.09 (CH 2 Ph ; m) , 3.81 (H-4; 
t, J 3 , 4 = A 5 = 9 . 5 ) , 3.75 (H-5 ; dq, J5>6=5.5), 3.50 (H-2; 
dd, A 3 = 9 . 5 ) , 3.17 (H-3 ; t) , 1.23 (H-6; d) . Found : C, 
71.60; H , 6 .98%. Galcd for C 2 7 H 3 0 O 6 : C, 71.98; H , 6.71 % . 

Preparation of 4-Uloses. Method A: Oxidation with 
chromium oxide-pyridine is illustrated by the preparat ion 
of methyl 6-deoxy-2,3-0-methylene-a-D-n'éo-hexopyranosid-4-
ulose (6). T o a mixture of pyridine (1.79 g, 22.6 mmol) 
and dichloromethane (40 ml) was added chromium trioxide 
(1.81 g, 18.1 mmol) in two portions, and the mixture was 
stirred for 20 min. To the mixture was added a solution 
of 22 (860 mg, 45 mmol) in dichloromethane (10 ml) and 
it was stirred for 20 min until 22 had disappeared on T L G . 
The mixture was poured into saturated sodium hydrogen-
carbonate, and the organic layer was processed conven­
tionally to give a syrup which was purified on a silica gel 
column (benzene-acetone 5:1) to give 6 (382 mg, 4 5 % ) . 
This fact implies the epimerrization at C-3 during the oxi­
dation. I R : 1745 (G=0) . Found : C, 50.82; H , 6 . 2 1 % . 
Galcd for G 8 H 1 2 0 5 : G, 51.06; H , 6 .43%. 

Method B: T h e DMSO-ace t i c anhydride oxidation is 
typically shown by the preparat ion of benzyl 2,3-di-O-benzyl-
/?-L-*Ara?-pentopyranosid-4-ulose (1). A solution of 11 (0.5 
g, 1.19 mmol) in D M S O (8 ml) and acetic anhydride (4 
ml) was kept overnight at room temperature, poured into 
ice-water, and extracted with ether. T h e usual work up 
of the extract gave 1 as a syrup in 6 0 % (0.3 g) yield. [a ] D 

+98 .3° (c 1.25, GHG13), I R : 1740 ( G = 0 ) . Found : G, 
74.08; H , 6 .51%. Galcd for G 2 6 H 2 6 0 5 : G, 74.62; H , 6 .26%. 

Method C: T h e DMSO-trif luoroacetic anhydride oxida­
tion is illustrated by the preparat ion of benzyl 2,3-di-O-
benzyl-6-0-trityl-a-D-xy/o-hexopyranosid-4-ulose (5). T o a 
chilled solution of D M S O (143 mg, 2.01 mmol) and dichlo­
romethane (2 ml) at — 78 °C was added trifluoroacetic an­
hydride (318 mg, 1.51 mmol) in dichloromethane (2 ml) 
with stirring, and after 10 min, subsequently a solution 
of benzyl 2,3-di-0-benzyl-6-0-trityl-a-D-glucopyranosid (25)X2> 

(349 mg, 0.58 mmol) in dichloromethane (4 ml) dropwise. 
After stirring for 1 h, the reaction mixture was carefully 
neutralized at — 78 °G with triethylamine, and then poured 
into ice-water. T h e resulting solution was extracted with 
chloroform, and the usual work up of the extract and 
purification of the product on a silica gel column gave pure 
5 in 9 8 % (341 mg) yield, which was crystallized from ethanol. 
M p 131—136 °G; [a ] D + 4 1 . 5 ° (c 1.42, CHG13). Found : 
G, 79.50; H , 6 . 0 1 % . Galcd for G 4 6 H 4 2 0 6 : G, 79.98; H , 
6 .13%. 

In a similar manner , benzyl 2,3-0-methylene-/?-L-f/zra?-
pentopyranosid-4-ulose (2), benzyl 2,3-0-benzyl-6-deoxy-a-
D-^y/o-hexopyranosid-4-ulose (3), benzyl 2,3-0-methylene-6-
deoxy-a-D-ry/o-hexopyranosid-4-ulose (4) were also obtained 
as syrups from 12, 24, and 21 , respectively. These com­
pounds showed the correct analytical values, and the struc­
tures were confirmed by the N M R and I R spectra. How­
ever, the rotational values were not measured, because a 
small amount of impurities could not be removed, and they 
were directly used to the next reaction. 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n d - i n - A i d for Scient if ic R e s e a r c h N o . 3 4 7 0 2 3 f rom 
M i n i s t r y of E d u c a t i o n , Sc ience a n d C u l t u r e . 
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Determination of the Non-stoichiometry of Zeolite A 
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Zeolite A was synthesized in the sodium form with the composition Na12(AlCvSi02)12(NaA102)a -/zH20, 
0<^5<1. A new method was developed for the determination of the d-value of the non-stoichiometric part in 
the product. It consists of repeated ion exchanges of zeolite with T1N03 (or BaCl2), and determination of the 
residual amount of Na+ in the zeolite as a function of the number of treatments. The Ks/ô value was determined 
from a linear plot, where Ks is a selectivity coefficient of the ion exchange reaction between T1+ (or Ba2+) and 
Na+ in the non-stoichiometric part. The K5 value was taken from the observed Ksjô value, the ô-value being 
obtained by chemical analysis. The <5-value of a sample can be determined by introducing the Ks -value into 
Ks/ô. An approximate ô-value can be estimated from a break point of the curve, log (residual amount of Na+) 
vs. the number of times of treatment. 

Zeolite A was synthesized in the sodium form, having 
the composition Na1 2(A102 • SiOa) 1 2 (NaA10 2 ) , • « H 2 0 , 
with O ^ a ^ l . 1 ' 2 ) T h e (A10 2 -Si0 2 ) 1 2 constitutes the 
framework of the crystal, twelve Na+ undergoing ion 
exchange with other cations.1-4) The non-stoichio­
metric part , NaA10 2 , abbreviated as the <5-part, is 
occluded in the /?-cage of sodalite unit.2 '5) This model 
for the <5-part, however, has not been confirmed as 
yet by X-ray analysis, since the structural studies have 
usually been carried out with single crystals synthesized 
by Gharnell 's method,6) which are said to contain 
no non-stoichiometric part.7 '8) O n the other hand, 
most studies on ion exchange, thermal measurement, 
gas sorption, and catalysis are carried out with com­
mercial zeolite (hydrothermally synthesized), and their 
non-stoichiometry cannot be ignored. T h e physical 
and chemical properties of zeolite A, which might 
be influenced by the <5-value are as follows. In entirely 
Ca-exchanged zeolite A, (l-}-<5)Ca2+ ions are located 
on the 8-membered oxygen ring,9) Ca2+ acting as a 
highly active center for the isomerization reaction of 
1-butène.10) In (K,Zn) -A systems, discrepancy was 
found between the conclusions obtained by X-ray 
analysis11) and ion exchange isotherm.12) This was 
explained by a difference in ô-values of samples.9) 
Recently Rees analyzed ion exchange isotherms on 
(Na,Ca)-A systems and found that there is considerable 
divergence in data obtained by different authors.13) 
He suggested that such divergence is partly attr ibutable 
to the difference in ô-values.14) 

I t is desirable to work out a reliable method to 
determine the (5-value. The one proposed by Barrer 
and Meier is too laborious.15) In the present paper 
new methods are proposed. 

Exper imenta l 

Pretreatment. Commercial molecular sieves 4A powder 
(Shöwa-Unox Co., Lot No. 410713) was used as the starting 
material. The powder, which was passed through a 200-
mesh sieve, contained some sodium hydroxide and iron 
oxide. In order to remove these impurities, the powder 
was shaken with a vibrator washer fifteen times in 0.2—0.02 
mol dm - 3 sodium acetate and then washed with distilled 
water three times. The residual iron impurity was less 
than 50 ppm as checked by spectrophotometry. 

Chemical Analysis. The pretreated zeolite {ca. 0.6 g) 
was dehydrated at 400 °G in a vacuum of 10 -3 Pa for 4 h 
and weighed in situ with a quartz spring balance. The 

sensitivity and sensibility of the balance were 0.5 mm/mg 
and 0.2 mg, respectively. The sample was dissolved in 2 
mol dm - 3 HCl with sodium impurity less than 0.65 ppm 
in 37% concentration. The amount of silicon, aluminum, 
and sodium in the dissolved solution was analyzed by gravi-
metry. Silicon was precipitated as silica, and the filtrate, 
free from silica, was analyzed. Aluminum and sodium 
were precipitated as complexes with oxine and zinc uranyl 
acetate, respectively, and weighed after filtration.16) 

Activation Analysis. Residual amounts of sodium, in 
ion exchanged Tl-A, Ba-A, and Sr-A zeolite, were deter­
mined by neutron activation analysis. Dehydrated samples 
weighed were irradiated in a TRIGA MARK II REACTOR 
of Rikkyo (St. Paul's) University for 1—5 h. After a cooling 
time of 20 h, 1368.4 and 2753.6 keV y-rays from 24Na in 
the sample were measured with a y-ray spectrometer 
(CANBERRA Ge(Li)-4K-PHA). The absolute amount of 
24Na in the sample was determined by comparison with a 
standard sample. Dehydrated Na12-A zeolite was used as 
a standard since neutrons are absorbed and reflected by 
it in a way similar to that of the sample concerned. The 
sodium content of the standard was determined by chemical 
analysis.16) 

R e s u l t s 

Chemical Analysis. Results of the chemical anal­
ysis of N a - A are given in Table 1. The ô-value 
was determined from the ratio [Si]/[A1] but not from 
[Si]/[Na]. When zeolite A is washed a certain amount 
of Na+'s is replaced by proton,1 7 - 1 9) and hence the 
ratio [Si]/[Na] cannot be used as a means to deter­
mine the (5-value. T h e unfavorable proton exchange 
is estimated to be 0.5 protons per unit cell from the 
ratio [Na]/[A1] (Table 1), since [Na]/[A1] would have 
been unity if no hydrolysis took place.1' The ob­
served value for the ratio [Si]/[A1] is 0.988±0.05, 
giving 0=0.15 ±0 .05 . 

Ion Exchange. (a) Na 1 2 -A zeolite (2 g) was sub­
jected to ion exchange in 30 ml of a 0.2 mol d m - 3 

T 1 N 0 3 or BaCl2 solution at 82 ± 2 °C. (b) The same 
amount of zeolite was treated in 50 ml of a 0.05 mol 
d m - 3 BaCl2, SrCl2, or T 1 N 0 3 solution at 82 ± 2 °G. 

t The decrease in the total sum of the components 
resulted from both partial hydrolysis and incomplete dehy­
dration. No analysis of protons and water was carried out. 
The residual amount of H 2 0 molecules is estimated to be 
ca. 2 molecules per unit cell. 
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TABLE 1. RESULTS OF THE CHEMICAL ANALYSIS OF Na-A 

2175 

No. 
Dehydrated 
zeolite wt 

mg 

SiOa 

wt% 
A12CV> 
wt% 

Na2O
b> 

wt% 
Total 
wt% 

[Si]/[A1] 
= 0/(12 + 6) 

1 

2 

3 

4 

5 

Ave. 

644.7 

561.4 

642.5 

660.5 

693.6 

41.82 

41.86 

41.66 

41.74 
41.77±0.11 

36.02 

35.78 

35.82 

35.86 

35.87 + 0.14 

21.0 

20.8 

20 .9+0 .3 
98.4 

98.5 + 0.4 

0.986 

0.988 

0.988 

0.988±0.005 

0.17 
0.15 

0.15 

0 .15+0.05 

a) The weight of A1203 was calculated from that of Al(G9H6ON)3. The conversion factor is 0.1109. b) 
weight of Na 2 0 was calculated by multipling the weight of NaZn(U02)3(GH3GOO)9 .6H20 by 0.01495. 
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Fig. 1. Residual amount of Na+ per unit cell in Tl-
exchanged zeolites vs. the number of times of the 
treatment. 
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Fig. 2. Residual amount of Na+ per unit cell in Ba-

exchanged zeolites vs. the number of times of the 
treatment. 

After equilibration the zeolite and the solution were 
separated, the zeolite being subjected to the same 
treatment. The process was repeated. We prepared 
samples subjected to the treatment 1, 2, v~times. 
The residual amount of sodium in the sample treated 
n-times, [Na] n , was determined by activation analysis. 
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Fig. 3. Residual amount of Na+ per unit cell in zeolites 
ion exchanged with dilute solutions. 
a) : Ba-exchanged zeolite, b) : Sr-exchanged zeolite, 
c) : Tl-exchanged zeolite. 

The value for log [Na] n , thus determined, is plotted 
against n, the number of times of treatment (Figs. 
1 - 3 ) . 

A n a l y s i s and D i s c u s s i o n 

Determination of the Selectivity Coefficient. After re­
petition of ion exchange, all Na+ ions on easily ex­
changeable sites (normal site) are replaced by the 
ion exchanging cations. Further exchange deals with 
the N a + ions on the d-site. However, the amount 
of sodium includes the contribution from a nuclear 
side-reaction 27Al(n,a)24Na. This is negligibly small 
in the initial par t of the curves (Figs. 1 and 2) but 
significant in the final part . The contribution cor­
responds to a spurious 1 .83x lO~ 3 Na per unit cell.20) 
Subtracting this we obtain the curves for the residual 
amount (Figs. 4 and 5). 

Let us analyze the curve (Fig. 4) by means of the 
equation 

[Na]n-X [Na]w = 
l+m'(Tl)s#5(Na,Tl)/<5 

m-(Tl)s^3(Na,Tl)[Na]oo/6 
l+m'(Tl)s#5(Na,Tl)/<5 ' + (1) 

where [Na] n and [Na]oo denote the residual amount 
of sodium after repetition of treatment n-times and 
infinite number of times, respectively, Ä"3(Na,Tl) the 
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Fig. 4. True residual amount of Na+ per unit cell in 
Tl-exchanged zeolites vs. the number of times of 
the treatment. 
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Fig. 5 True residual amount of Na+ per unit cell in 
Ba-exchanged zeolites vs. the number of the times 
of the treatment. 

selectivity coefficient of the ion exchange reaction be­
tween T1+ and N a + on (5-site, m ' (T l ) s the amount 
of T l + , in mole, contained in the exchanging solution 
initially loaded. T h e derivation of Eq. 1 is given 
in the Appendix. Figure 4 gives the value of [Na]«>: 

[Na]oo = 1.90xlO-3Na+/u.c. 

When [Na] n is plotted against [Na] n _ l 3 we have a 
straight line (Fig. 6). The line crosses a line having 
a slope of unity at [Na] «, ( = 1.90 X 10~3). The straight 
line is represented by 

[Na]B = O.öStNa]»-! + 9 .0x l0~ 4 . (2) 

Comparing Eqs. 1 and 2, we get 

#5(Na,Tl) = 0.89 «5/ro'(Tl)B. 

Introducing the experimental value m ' (Tl ) s =6.67 , we 
have 

#5(Na,Tl) = 0.136. 

5 10 15 20 
[ N a ^ x l O * 

Fig. 6. Plots of [Na]n vs. [Na]B_, for (Na,Tl)-A 
system. The solid line is a most probable line to 
the plotts and the broken line is that of unity slope. 

10 15 

[ N a ^ x l O * 

20 

Fig. 7. Plots of [Na]„ vs. [Na]»-! for (Na,Ba)-A 
system. Broken line is that of unity slope. 

If we use the (5-value obtained by chemical analysis, 
the value for X 5(Na,Tl) is determined as 

#5(Na,Tl) = ( 2 . 0 ± 0 . 4 ) x l 0 - 2 . (3) 

Similar analysis can be carried out for a (Na,Ba)-A 
system by use of the equation 

[Na] . - ! 
[Na]n = 

1+-
ro'(Ba)B /2ir,(Na,Ba) v 

[Na], 
m'(Ba)s 

+ -

/2g,(Na,Ba) 
•*• n 

1 | m'(Ba). /2/C3(Na,Ba) 
O 1 n 

(10 

where X3(Na,Ba) is the selectivity coefficient of the 
ion exchange reaction between Ba2 + and Na+ on the 
(5-site and Tn the total normality of the solution. 
From Fig. 5, [Na]oo was chosen for the (Na,Ba)-A as 

[Na]oo = 1.7X 10-3 Na+/u.c. 

Plots of [Na] n vs. [Na]B_j for the system are shown 
in Fig. 7. A straight line for the plots, passing through 
the point [Na]«>3 is represented by 

[Na]n = 0.77[Na]n_1 + 3 . 9 x l 0 - 4 . (2') 

From Eqs. 1' and 2' , we obtain 

#5(Na,Ba) = 4.5xlO-*d*Tn/m'(Ba.)B. 

Since m' (Ba) s =3.33 and !Tn=0.203 we have 

#5(Na,Ba) = 8 .0x 10~4(52. 
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Fig. 8. Schematic diagram which shows a procedure 
to obtain [Na]0 by using [Na]n-[Na]n_! plotts. 

By use of the <5-value determined by chemical an­

alysis, iT3(Na,Ba) is calculated as 

#a(Na,Ba) = (1 .8±0.4) X 10-5. 

Determination of the ô-Value. Use of Eq. 1: For 
the sake of brevity, let us discuss the case of Tl-ex-
changes. 

Introducing Eq. 3 into Eq. 1, we get 

[Na]n_x [Na]w = 
l+2.0xlO-2m'(Tl)s/<5 

2.0xlO-2m'(Tl)s[Na]oo/(5 
+ (4) l+2.0xlO-2m'(Tl) s/<5 * 

When the same experiments are carried out with an 
unknown sample, values for [Na] n , [ N a ] n + 1 etc. being 
measured, its 6-value is determined by means of Eq. 4. 

Approximate Methods: The principle of the method 
is schematically given in Fig. 8. The value for [ N a ] ^ 
is given from [Na]w . T h e final value for [Na] 0 is 
obtained by repeating the procedure. According to 
Eq. 1, the [Na] 0 value corresponds to the initial amount 
of sodium in the (5-part. In the present case, we have 

( 5 - 0 .12±0.05, 

in agreement with the result of the chemical analysis. 
Empirical Methods: When N a - A zeolite is treated 

with a dilute solution, we obtain curves as shown in 
Fig. 3. Break points in the curves roughly correspond 
to the point where easy exchange stops and hard 
exchange starts. The (5-value is determined from the 
break as follows. 

and 

(5 = 0.16±0.02 

Ô = 0.14±0.02 

«5 = 0.15 + 0.04 

in BaCl2 solution 

in SrCl2 solution 

in TINO, solution. 

These values agree with those given by chemical an­
alysis, in spite of the crude procedure. 

Conclus ion 

As compared with the method of Barrer and Meier, 
the present method is efficient. 

Systems (Na,Tl)-A and (Na,Ba)-A were used for 
determination of the (5-value ; the former seems superior. 

Fig. 9. Ion exchange isotherm for the (5-site. x and 
y are equivalent cation fractions in a solution and 
on the (5-site, respectively. Solid line is an asymp­
tote. 

Determination of the [Na]«, value is easier in (Na, 
T l ) -A . In the empirical method, systems (Na,Ba)-
A and (Na,Sr)-A are superior to system (Na,Tl) -A 
since Na+ on the <5-site is not easily replaced by Ba2+ 
or Sr2+ , a sharp break appearing in the curve of 
log [Na]w vs. n. 

T1+ and Ba 2 + do not seem to enter into the ô-
part.15'21> However, the present results show that this 
is not the case. As for Sr2+, Sherry and Walton con­
cluded that it enters into the <5-part,21> in line with 
the present results. 

Appendix 

An ion exchange isotherm for the (5-site has a form shown 
in Fig. 9, where x and y are equivalent cation fractions in 
a solution and on the (5-site, respectively.15) In the case 
of (Na,Tl)-A system, they are denned by 

m(Tl)s 

and 

< T l ) s + m(Na)£ 

men), 

(5) 

(6) y m(T l ) a +m(Na) / 

where m(Tl)s and ffi(Tl), denote the amount of T1+ in 
mole unit in the solution and on the (5-site, respectively. 
In the final range of the exchange, the most part of the <5-
site has been occupied by T1+ and the final part of the ex­
change isotherm might converge to an asymptote 

y = ax+ (1-f l ) . (7) 

Consider the case in which one mole of zeolite is repeatedly 
treated with a solution having a certain composition. The 
solution initially contains m'(Tl)s mole of T1+ ion and r-rri-
(Tl) s of trace impurity Na+ ion, where r denotes the propor­
tion of the amount of Na+ to that of T1+. From Eqs. 5, 
6 and the material balance, we have 

( l + r K ( T I ) s * = m(Tl)s, 

ôy = m(Tl)a, 

and 

(l + r)«'(Tl)B* + dr = ffi(Tl)t, (8) 

where m(Tl)t is the total amount of T1+ in the system. From 
Eqs. 7 and 8, we obtain 

{ (5+(l + r K ( T I ) s - m ( T l ) t 
y (5 + (I+r)m'(Tl)s/a 

After ion exchange n-times, we get 
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1 •yn 
6 + ( l + r K ( T l ) s - m ( T l ) t , n 

<5+(l+r)ro'(Tl)B/fl 

From the material balance we have 

« ( • " ) , . » = « Ä _ 1 + « ' ( ! ! ) . . 

Introducing this into Eq . 9, we get 

(9) 

1 -yn = 
W-yn-i) 

- + -
r -m ' (T l ) s 

ô+{l+r)m'(Tl)Bla (5+(1+r )m ' (T l ) s / a 
ô(l~yn-i) r-rn' (Tl ) s 

<5 + ro'(Tl)B/fl ' (5 + ro'(Tl)B/fl ' ( 1 0 ) 

where the equation was simplified by the condition r < l . 
In the present experiments, the residual amount of sodium 
per unit cell, [ N a ] n , is measured as a function of n, and is 
given by 

Thus Eq. 10 becomes 

[Na] n _ 2 r . m ' ( T l ) s [Na] n = • + • (H) l+ro'(Tl)B/fl<5 l+m'Çn^/aô ' 

By repetition of ion exchange, [Na ] n decreases, converging 
to a definite value: 

„->«, [Na] B _! 

Combining the above two equation, we get 

[Na]oo = aar, 

where [Na]oo is the converged value and determined from 
the flat pa r t of the curve in Fig. 5. Thus , the unknown 
parameter r is eliminated from Eq. 11, and we have 

m'(Tl)s[Na]oo/fl(5 [ N a ] n = P ? ? k ^ _ • + • (12) 
l+m'(Tl) s /a<5 l+m'(Tl) s / f l(5 * 

This shows that when [ N a ] n is plotted against [Na] n _ 2 , we 
get a straight line which crosses at [Na]«> with a line having 
a slope of unity. 

T h e slope of straight line in Eq. 7, a, is related to a selec­
tivity coefficient of the exchange reaction on the (5-site. T h e 
selectivity coefficient for the (Na ,Tl ) -A system, # 5 ( N a , T l ) , 
is given by 

Nas-Tl8 * * ( N a , T l ) 
TL-Nas ' 

where Tls and Tl8 denote the equivalent cation fractions 
of T1+ in the solution and on the (5-site, respectively. Such 
an equation was found to hold for the exchange reaction 
on the (5-site.13'15) Introducing Eqs. 5 and 6 into the above 
equation, we have 

* a ( N a , T l ) 
{\-x)y 

x{\-y) 

Since a=(dy/dx)x = 1', we get 

1 

* s ( N a , T l ) 

Eliminating the parameter a from this equation and Eq. 12, 
we obtain 

[Na]„ 
[Naj„ 

l+m ' (T l ) s /C a (Na ,T l ) / â 

m' (Tl ) s /C a (Na,Tl ) [Na]„ /â 
+ l + m'(Tl)s/i:ä(Na,Tl)/<5 

(13) 

This is the fundamental equation in the present analysis 
and is reduced to Eq. 1 when numerical values determined 

experimentally are introduced. 
As for the (Na,Ba)-A system, minor changes should be 

introduced as 

[Na]„ 
[Na ]„ - , | 2m'(Ba)s[Na],o/a<; 

l+2m'(Ba) s/a<5 l + 2ro'(Ba)s/a<5 

and 

^ ( N a , B a ) ^ 2 ^ ^ ) 2 . r n , 
(Nad)*.Bas 

where Ba8 means the equivalent cation fraction of Ba2+ 
on the (5-site, Bas tha t in the solution and Tn a total 
normality of the solution. Thus , we have 

a = y • 
2Tn 

and 

[Na]„ = 

Ks (Na,Ba) 

[Na] r e_, 

, , w'(Ba) s / 2 ^ 3 ( N a , B a ) 
1 + Ö ~ V jr 

[ N a ] o o . ü ^ k A / 2 ^ ( N a , B a ) 

I ° f_n C13'1 
T , « ' ( B a ) . / 2 K 3 ( N a , B a ) 
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ESR Study of the Spin-labeled Poly(methyl methacrylate) Adsorbed 
on the Human Tooth and Hydroxyapatite 
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(Received November 11, 1980) 

The motion and the configurational behavior of the poly (methyl methacrylate) adsorbed on the surfaces 
of human tooth substances (dentin, enamel, and hydroxyapatite crystal) from a solution were clarified by using 
the electron-spin-resonance technique. The polymer molecules were more strictly bound by the surfaces of 
enamel and hydroxyapatite than the dentin. On both enamel and hydroxyapatite, the adsorbed molecules be­
haved in the same manner in their motion and configuration. However, the segments directly bound by each 
tooth substance had a much higher degree of motional freedom than those by the silica surface. These results 
were discussed in relation to the interaction between the polymer and the tooth, and in relation to the clinical 
adhesive aspects. 

Electron spin resonance (ESR), coupled with a 
spin-labeling technique, has been successfully applied 
to the study of the adsorption behavior of several 
polymers.1-4) 

T h e bound segments in the adsorbed polymers (train) 
are easily distinguishable from the segments in loops 
or tails on the basis of the difference in the ESR line 
shape, which corresponds to the difference in mobility 
among these segments. Thus, the ESR study is very 
useful in clarifying the detailed aspects of the interac­
tion between a polymer and a solid surface. 

O n the other hand, restorative materials which 
consist of polyfunctional methacrylates and glass filler 
have often been used to fill the missing tooth produced 
by dental caries.5»6) However, the failure of the re­
storative materials to hold or secondary caries some­
times occur because of a lack of adhesiveness with tooth 
surface. In order to develop restorative materials which 
have a good adhesiveness with the tooth, it is neces­
sary to obtain information on the adhesive mechanism 
between the materials and the tooth surface. 

In our previous papers, the interaction between 
spin-labeled poly(methyl methacrylate) (PMMA) and 
a silica surface has been studied in detail by means 
of the ESR method.3-4) In this paper, the ESR study 
was performed in order to obtain information on the 
interaction between P M M A and the surfaces of three 
tooth substances, i.e., dentin, enamel, and hydroxy­
apatite. 

Exper imenta l 

A human tooth, dried at 60 °G for two weeks, was cut 
into two parts, the enamel and the dentin. Each part was 
then crushed with a ball mill to obtain a powder which 
could be used for the adsorption experiments. A sample 
of finely powdered hydroxyapatite, Ca10(PO4)6(OH)2, was 
purchased from the Seikagaku Kogyo Co., Ltd. The elec­
tron micrographs of these samples were obtained with a 
HITAC S-500 Scanning Electron Microscope. The di­
ameters of these particles had a wide distribution in each 
case, 1—10 [im. 

t Present address: Faculty of Technology, Tokyo Uni­
versity of Agriculture and Technology, Koganei, Tokyo 184, 

Spin-labeled PMMA was prepared by the method de­
scribed in a previous paper.3) The sample used had a num­
ber-average molecular weight of 1.2 XlO5 and a narrow 
mol wt distribution. The stereoregularity of the sample 
was highly isotactic. 

The solid powder, 0.2 g, was added to 5 cm3 of a CC14 

polymer solution, after which the mixture was stirred for 
4 h at 25 ± 2 °C. The adsorbents were centrifuged after 
the adsorption equilibrium had been attained and separated 
from the supernatant solutions. The solids were rinsed with 
pure GC14 and 0.1 g of each sample was placed in a quartz 
sample tube. The ESR signals from the adsorbed polymer 
were measured on a JEOL JES FE 3-X spectrometer, 
applying a temperature control. On the other hand, the 
amount of adsorption was determined by means of ESR 
measurements of the changes in the polymer concentrations 
of the supernatant solution before and after the adsorption. 
The polymer concentration was calculated from the signal 
intensities of the polymer solution of a constant volume, 
approximately 0.1 cm3, relative to those of the standard 
solutions. The other experimental methods have been de­
scribed in previous papers.3'4) 

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

T h e adsorption isotherms of P M M A on three kinds 
of tooth substances, i.e., dentin, enamel, and hydroxy­
apatite, in CC14 at 25 °G are shown in Fig. 1. Each 
curve reaches a plateau at a low concentration of 
the polymer solution, with a slight increase at a higher 
concentration. This behavior is independent of the 
kinds of tooth substance. T h e saturated amount of 
adsorption, As, increased in the order of dentin (10 
mg/g), enamel (30 mg/g), and hydroxyapatite (90 mg/ 

Let us now examine in detail the ESR spectra of 
the spin-labeled P M M A adsorbed on these tooth sub­
stances in the unsaturated stages. Figure 2 shows 
the ESR spectra of the P M M A adsorbed on hydroxy­
apatite crystals. These spectra can be assumed to 
be composed of three portions of the local chain, 
i.e., train, short loop, and long loop.4) I t should be 
noted that there is a significant change in the ESR 
line shapes with the degree of adsorption; this cor­
responds to the change in the conformation of P M M A 
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Fig. 1. The adsorption isotherms of PMMA on the 
tooth substances from GG14 dilute solution at 25 °G. 
O: On hydroxyapatite, ©: enamel, # : dentin. 

Fig. 2. The ESR spectra of the spin-labeled PMMA 
adsorbed on hydroxyapatite crystal at 25 °C. The 
relative amounts of adsorption (0) are A: 0.3, B: 
0.5, C: 0.8, D: 0.9, and E: 1.0, respectively. Here, 
1 G is equal to 10~4 T. 

adsorbed on the hydroxyapatite surface. T h e ad­
sorbed molecules initially tend to adsorb in a rela­
tively flat conformation (train) and to become more 
looped as the saturation adsorption is approached. 
The spectral behavior of P M M A in the unsaturated 
stage was also qualitatively the same as in the cases 
of enamel and dentin, as is shown in Fig. 3 and 4 
respectively. Moreover, there was no difference be­
tween the ESR spectrum of P M M A adsorbed on 
hydroxyapatite and that adsorbed on enamel, even 
at the saturated stage (0«1 ) . Here, d is the amount 
of adsorption relative to the maximum amount of 
adsorption. O n the other hand, a looser adsorption 
behavior was observed in the case of dentin, as is 
shown in Fig. 4. In order to clarify this difference, 
the fraction and the correlation time of the segments 
in the train conformation were calculated when 6 = 
1. As has been mentioned above, these ESR spectra 
of the adsorbed P M M A can be assumed to be corn-

Fig. 3. The ESR spectra of the spin-labeled PMMA 
adsorbed on enamel at 25 °G. The relative amounts 
of adsorption (0) are A: 0.3, B: 0.5, G: 0.8, D: 0.9, 
and E: 1.0, respectively. 

Fig. 4. The ESR spectra of the spin-labeled PMMA 
adsorbed on dentin at 25 °G. The relative amounts 
of adsorption (0) are A: 0.2, B: 0.8, G: 0.9, and D: 
1.0, respectively. 

posed of three portions of the local chain. T h e frac­
tion of each portion was evaluated by fitting the spec­
t rum calculated from the superposition of appropriate 
three model spectra to the observed spectrum on a 
computer.4) T h e correlation time, TC, of the bound 
segments is considered to be in the region of relatively 
slow motion from 10~7 to 10 _ 9 s and can be calculated 
by the following equation, derived by Goldman et 
al.?) 

where S=A'JAZ, A'z is one-half the separation width 
of the hyperfine extrema (W) and where Az corre­
sponds to the rigid limit value (WmtiX). The param­
eters, a and b, are dependent on the rotational dif­
fusion models and the intrinsic line-width in the spec­
trum. In this calculation, the values for the moderate 
j u m p diffusion model, fl=1.10xl0-9 and £ = — 1.01, 
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TABLE 1. THE CORRELATION TIME, T, AND THE FRACTION 

OF BOUND SEGMENTS OF ADSORBED P M M A 

Sample 

Hydroxyapatite 
Enamel 
Dentin 
Silica 

T/S 

2 . 2 x l 0 - 8 

2.2 x lO- 8 

1 .5x l0- 8 

>io-6 

Segment fraction 

0.55 
0.54 
0.44 
0.48 

were used. The results were summarized in the table, 
together with the data on silica reported previously.4* 
The fraction of bound segments decreased considerably, 
and the mobility increased significantly, in dentin 
compared with the values for hydroxyapatite and 
enamel. These results correspond to the difference 
in composition between dentin and enamel. The com­
position of dentin on a wet-weight basis is generally 
considered to be approximately 7 0 % inorganic mate­
rial, 1 8 % organic material, and 12% water.8) The 
inorganic portion consists mainly of hydroxyapatite 
crystals, while the organic portion consists mainly of 
collagen. O n the other hand, the composition of 
the enamel is 92—96% inorganic material, 1—2% 
organic material, and 3—4% water. Most of the 
inorganic material is hydroxyapatite here, also. Thus, 
the composition of the inorganic material (hydroxy­
apatite) decreases considerably in the dried dentin 
compared with that in the dried enamel used here. 
The carbonyl groups of PMMA are able to form a 
hydrogen bond with O H groups in the hydroxyapatite, 
and this interaction is considered to be a predominant 
force for the adsorption rather than other van der 
Waals interactions.9) Thus, a decrease in the amount 
of hydroxyapatite in dentin would cause a decrease 
in the fraction of bound segments and an increase 
in the mobility of the bound segments compared with 
the cases of enamel and hydroxyapatite. These con­
clusions derived from the ESR study are in agreement 
with the clinical results where polyfunctional methac-
rylates are found to be more adhesive to enamel than 
dentin.10-12) 

I t should be noted that the motion of PMMA ad­
sorbed on silica is significantly slower than those of 
PMMA adsorbed on hydroxyapatite, enamel, and den­
tin; i.e., the correlation time of the bound segments 
is longer than 10 - 6 s for silica, while it is approximately 
10 - 8 s for the tooth substances. Such a difference 
was also observed in the temperature dependence of 
the extreme separation width. The spectral change 
of PMMA adsorbed on enamel is shown in Fig. 5 
at various temperatures. The value of W decreased 
gradually with a rise in the temperature. In contrast, 
the value remained constant over the wide temper­
ature range of —120 to 70 °G in the case of the bound 
segments on silica, as has been described previously.4) 
These observations indicate that PMMA interacts with 

Fig. 5. The ESR spectral change of the spin-labeled 
PMMA adsorbed on enamel with temperature change. 
Wmax is a rigid limit value in the extreme separation 
widths. 

silica more strongly than with a tooth. This is 
interesting because composite resin, which is widely 
used as a restorative material for teeth, consists of 
polyfunctional methacrylates and silica powder. 

Thus, the ESR method, coupled with the spin-
labeling technique, is very useful in studying the 
interaction between synthetic polymer and the tooth 
surface. 
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The fluidities of poly(ethylene oxide) (PEO)-H20 mixtures and the electrolytic conductivities of alkali-metal 
chlorides in the PEO-H aO mixtures were measured at different PEO compositions and temperatures (25— 
50 °G). The extended Walden's rule was found to be satisfied when the fluidity and conductivity were changed 
by the temperature variation at a constant composition, whereas a large deviation from Walden's rule was ob­
served upon the isothermal variation of the PEO composition. The Arrhenius activation parameters were de­
termined from the temperature dependence of the fluidities and conductivities, and some correlations between 
pairs of parameters were examined. 

The mobility of ions and molecules in solution 
generally decreases with a decrease in the fluidity 
of the solution; the simplest relationship between the 
ionic mobility and fluidity is given by the well-known 
Stokes law (or Walden's rule) ; 

X<*>l<j) = const, (1) 

where A°° is the limiting ionic conductivity, and <j), 
the fluidity of the solution. In viscous solutions con­
taining large polymer molecules, however, the mobility 
of small particles has been known to show significant 
deviations from Walden's rule;1) but it can be ap­
proximately represented by the empirical equation;2 - 4) 

X<=°<j>-v = const, (2) 

where 0 < / > < l . 
Different theoretical approaches, such as the con­

cepts of "microscopic viscosity" and "obstruction ef­
fect," have attempted to interpret the influence of 
large neutral molecules on the mass-transport proper­
ties of small ions and molecules.2'5) From the ex­
perimental point of view, it seems important to find 
empirical correlations between pairs of various physi­
cal quantities concerning the mass-transport process; 
although the physical meaning of some of these cor­
relations may be difficult to understand, they may 
be expected to provide useful information for the 
theoretical study of the structure of solutions and 
the mechanism of mass-transport phenomena. 

In the present work, we have measured the fluidities 
of aqueous solutions containing poly (ethylene oxide) s 
(PEO) with relative molecular masses of 200—20000 
and the electrolytic conductivities of alkali-metal chlo­
rides (MX) in P E O - H 2 0 mixtures at different polymer 
concentrations and temperatures. This P E O series 
was chosen for the following reasons: (i) pure samples 
of sufficiently low conductivities are available; (ii) 
aqueous solutions of a wide range of fluidity can be 
prepared, and (iii) P E O is a material of practical 
importance, being very much used for surfactants, 
detergents, drugs, and polymer solvents in chemical 
reactions. The Arrhenius activation parameters have 
been determined from the temperature dependence 
of the fluidity and conductivity, and some phenome-
nological correlations between pairs of these parameters 
will be discussed. 

Experimental 

Materials. The poly (ethylene oxide) s used were Poly­
ethylene Glycols (PEG 200, PEG 4000, and PEG 20000) 
as supplied by Wako Pure Chemical Industries, Ltd. The 
average relative molecular masses of these polymers, as 
determined by the vapor-pressure method, were 200 for 
PEG 200, 3300 for PEG 4000, and 11700 for PEG 20000. 

The samples of alkali-metal chlorides were special-reagent-
grade chemicals and were used without further purification. 

All solutions were prepared gravimetrically by using re­
distilled water. In this paper, the composition of the PEO-
HaO mixture is given in terms of the mass fraction of PEO, 
and the PEO-H aO mixture is regarded as the solvent of 
the MX/PEO-H aO system. 

Fluidity and Conductivity Measurements. The PEO-H 2 0 
mixtures used in this work were assumed to be Newtonian 
fluids, because a preliminary study using a rotational vis­
cometer showed an approximate proportionality between 
the shearing stress and the velocity gradient. 

Gannon-Fenske and Ubbelohde viscometers were used to 
measure the fluidity of the solutions of <fi > 5 Pa - 1 s_1 (aque­
ous solutions of PEG 200 and PEG 4000, and those of PEG 
20000 at lower concentrations). Capillary diameters were 
chosen to give flow times of 60 seconds at least. The flu­
idities of highly viscous mixtures (aqueous solutions of PEG 
20000 at higher concentrations) were measured by means 
of a falling-ball viscometer consisting of a glass cylindrical 
tube (inner diameter, 17 mm) and a stainless steel ball (dia­
meter, 1 mm) used in ball bearings. Weld pycnometers 
were employed to determine the densities of the solutions. 

The electrolytic conductivities of 0.1 mol kg-1 MX/PEO-
H 2 0 systems were measured by the four-electrode a.c. method 
that has been described in a previous paper;6) the electrodes 
were Pt-wires (diameter, 0.5 mm), and the frequency was 
125 Hz, no frequency effect being observed in the range of 
60 Hz—1 kHz. This method has definite advantages over 
the conventional two-electrode method when applied to 
highly viscous mixtures. The conductivities of the PEO-
H 2 0 mixtures were always less than 1% of those due to 
the electrolytes and so could be neglected in the calculation 
of the molar conductivities of MX. 

All measurements were made in a constant-temperature 
water bath which was capable of a controlled temperature 
of better than T ±0.05 K. The accuracy of the mea­
surements was estimated to be better than ± 1 % for the 
molar conductivity, ± 0 . 1 % for ç i > 5 P a - 1 s - 1 , and ± 1 % 
for 0 < l P a - 1 s - 1 ; no correction of <f> was made for the 
kinetic energy term. 
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Fig. 1. Changes in the fluidity (Y=$, —O—) and 
the molar conductivity of 0.1 mol kg - 1 NaCl (Y= 
A, — • — ) in the PEO-H aO mixtures at 25 °G as 
a function of the mass fraction of PEO: (1) PEG 
200, (2) PEG 4000, and (3) PEG 20000. Y* rep­
resents the fluidity of pure water in the case of Y= 
<f>, and the molar conductivity of 0.1 mol kg - 1 NaCl 
in H 2 0 in the case of Y=A, respectively. 

Further details of the experimental procedures and the 
full experimental data obtained in this work have been 
reported in a separate paper.7) 

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

Effect of the Polymer Concentration on the Fluidity and 
Conductivity. The fluidity of a P E O - H 2 0 mixture 
and the molar conductivity of M X in the 0.1 mol 
k g - 1 M X / P E O - H 2 0 system are functions of the poly­
mer concentration and the temperature: 

Y=Y(w,T) ; F = ç i a n d J M X , (3) 

where the symbol Y represents the fluidity (^) and 
the molar conductivity of M X (^M X), w is the mass 
fraction of P E O , and T is the absolute temperature. 
The fluidity and conductivity changes produced by 
the isothermal variation in the polymer concentration 
are different in nature from those produced by the 
temperature variation at a constant composition; this 
difference should be considered when the relationship 
between the fluidity and conductivity is to be ana­
lyzed.2) 

Figure 1 shows the fluidity and conductivity changes 
in 0.1 mol kg" 1 N a C l / P E O - H 2 0 systems at 25 °C as 
a function of the mass fraction of P E O , w; both the 
fluidity and conductivity decrease with the increase 
in w. The change in <f> with the mass fraction, w, 
was more pronounced with PEO's of larger relative 
molecular masses, while the change in -^Naci was very 
much less than that of <f> and was almost independent 
of the relative molecular mass of P E O . A similar 
tendency in the fluidity and conductivity changes with 
the solution composition has also been known in col-

I 
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mass fract.of PEG 4000, w 

0.6 

Fig. 2. Composition dependence of the fluidity of PEG 
4000-H2O mixtures and that of the molar conductivity 
of 0.1 mol kg-1 NaCl in PEG 4000-H2O mixtures 
(temperature 25 °C) : • and O are experimental 
points; the best-fit equations (4) determined by the 
least-squares method are shown by solid lines. 

loidal solutions (sols and/or gels) including large neu­
tral molecules such as gelatin and agar-agar.1 '2) 

Empirically, the isothermal variation in ^ and AMX 

of the M X / P E O - H 2 0 system with the mass fraction 
of P E O can be approximately represented by the 
equation : 

log Y = S ai,Ywî Y=6 and A} (4) 

In most cases, sufficient accuracy was obtained with 
w = 3 for the fluidity of the systems containing PEG 
200 and 4000, n = 4 for the fluidity of the PEG 20000 
systems, and n=2 for the conductivity. Examples of 
fitting experimental points by the use of Eq. 4 are 
given in Fig. 2, where the solid lines represent the 
empirical equations determined by the method of 
least-squares. 

Temperature Dependence of the Fluidity and Conductivity. 
The temperature dependence of the fluidities and 
conductivities of aqueous electrolyte solutions may be 
represented by an empirical expression of the Arrhenius-
type:8 '9) 

Y = AY exp (-EY/RT) ; Y= <f> and AMX, (5) 

where EY and AY are the Arrhenius activation energy 
and the pre-exponential frequency factor respectively 
for the viscous flow {Y=.<j>) and the conductivity 
( y = J M X ) . Over a wide range of temperatures, the 
Arrhenius plot (In Y vs. T~x plot) for the fluidity of 
aqueous solutions has been known to deviate from 
linearity,10) which suggests that the activation param­
eters (Er and AY) are temperature-dependent or that 
the Arrhenius-type expression is inadequate. Within 
a limited range of temperatures, however, the Arrhenius 
plot generally gives a reasonably straight line and 
the activation parameters may be regarded as constant. 

Some typical Arrhenius plots for the conductivity 
of the M X / P E O - H 2 0 systems are shown in Fig. 3, 
the plots being almost linear over the temperature 
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TABLE 1. ACTIVATION ENERGIES, E^, AND PRE-EXPO-

NENTIAL FACTORS, A^ FOR THE VISCOUS FLOW 

OF THE P E O - H 2 0 MIXTURES 

( + represents the standard deviation) 

TABLE 2. ACTIVATION ENERGIES, EA, AND PRE-EXPO-

NENTIAL FACTORS, A A, FOR THE MOLAR CONDUCTIVITIES 

OF 0.1 mol kg"1 MX IN PEO-H 2 0 MIXTURES 

( + represents the standard deviation) 

System 

PEG 200-H2O 

PEG 4000-H2O 

PEG 20000-H2C 

o n 
z.U 

TT 18 O
U

J 

g 1-6 
CO 

n U 
1 

g>1.2 

1.0 

_ 

-

Mass 
fraction 
of PEO 

0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
1.0 

0.05 
0.1 
0.2 
0.3 
0.4 
0.6 

> 0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 

— j 

i 

3.1 

E* 
kj mol"1 

16.5 + 0.2 
17.4±0.2 
19 .3±0.2 
20 .2±0 .3 
22 .8+0 .3 
25 .4±0 .3 
28 .2±0 .4 
33 .9±0 .6 

17 .3±0.1 
18 .9+0.1 
21 .2±0 .1 
22 .6±0 .3 
24 .8±0 .2 
32 .6±0 .5 

21 .4±0 .2 
21 .6±0 .1 
20 .5±0 .1 
21 .9±0 .2 
23 .9+0 .2 
27 .6±0 .4 
33 .1±0 .5 

1 

^ ^ ^ m 

(2) 

" ^ ^ ^ ^ 

i 

3.2 

io W K - 1 

R\n 

— r 

L 
3.3 

Fig. 3. Arrhenius plots for the molar 
0.1 mol kg"1 

200, w= 0.4 
NaCl in L PEO-H 2 0 

, (2) PEG 4000, w= 

C4,/10» Pa-is-1) 

J mol"1 K-1 

55 .0±0 .6 
56.7 + 0.7 
59 .8±0 .6 
59 .7±0 .9 
64 .6+0 .9 
69 .4±1 .1 
75 .0+1 .2 
81 .6+1 .8 

54 .6±0 .5 
56 .0+0 .4 
5 6 . 1 ± 0 . 4 
5 3 . 9 ± 0 . 8 
54 .8+0 .7 
68 .3±1 .5 

56 .8+0 .5 
4 7 . 1 ± 0 . 4 
27 .9+0 .3 
18 .4±0.7 
13 .3±0.7 
14 .5+1 .3 
21 .8+1 .7 

_ 

-

"*""CK — 

- v ^ ^ 

conductivity of 
mixtures: (1) PEG 
0.4; and (3) PEG 

System 

NaCl/PEG 
200-H2O 

KCl/PEG 
200-H2O 

NaCl/PEG 
4000-H2O 

LiCl/PEG 
20000-H2O 

NaCl/PEG 
20000-H2O 

KCl/PEG 
20000-H2O 

RbCl/PEG 
20000-H2O 

CsCl/PEG 
20000-H2O 

Mass 
fraction 
of PEO 

0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
1.0 

0.5 
0.6 

0.1 
0.2 
0.3 
0.4 
0.6 

0.3 
0.4 
0.5 
0.6 

0.05 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 

0.3 
0.4 
0.5 
0.6 

0.3 
0.4 
0.5 
0.6 

0.3 
0.4 
0.5 
0.6 

EA £ l n 

kj mol-1 

14.9+0.1 
15.5 + 0.1 
16 .7±0.2 
18 .4±0 .3 
20 .5+0 .3 
23 .0±0 .4 
27 .1±0 .5 
30 .3±0 .9 

23 .6+0 .4 
27 .5+0 .5 

15 .4±0.1 
16 .7±0 .3 
18 .9±0.2 
21.5 + 0.4 
30 .1+0 .5 

19 .0+0 .3 
2 1 .7 ±0 .4 
25 .3±0 .5 
28 .9±0 .6 

14 .7±0 .2 
15 .3±0 .3 
16 .8±0.2 
18 .9±0.2 
21 .8+0 .4 
26 .1±0 .6 
29 .8+0 .5 

19 .3±0.2 
2 2 . 7 ± 0 . 3 
26 .9±0 .6 
30 .9±0 .5 

19 .1+0 .3 
2 2 . 5 + 0 . 3 
26 .9+0 .5 
3 0 .7 ±0 .4 

18 .9±0.2 
22 .4+0 .4 
26 .9±0 .5 
30 .6+0 .6 

(AA/S cm2 mol"1) 

J mol"1 K-1 

88+0 .4 
8 9 + 0 . 3 
91 ± 1 
94±1 
98±1 

102±1 
112±2 
101±3 

105+1 
113+2 

8 8 + 0 . 3 
90±1 
94±1 
99±1 

118±2 

93±1 
98±1 

106+2 
113±2 

87±1 
88+1 
90±1 
94±1 

100±1 
110±2 
117±2 

96±1 
103±1 
112±2 
120+2 

96+1 
103±1 
112±2 
119±1 

95 + 1 
102±1 
112±2 
119+2 

20000, w=0.5. 

range of 25—50 °C. Similar Arrhenius plots were 
also obtained for the fluidity of P E O - H 2 0 mixtures. 
Tables 1 and 2 present the activation parameters 
determined from the Arrhenius plots by using the 
method of least-squares. 

Relationship between the Fluidity and Conductivity. 
The change in the fluidity and conductivity due to 
the variation of the polymer concentration and tem­
perature can be obtained from Eq. 3 as: 

The first term on the right-hand side of Eq. 6 or 7 
represents the effect of the polymer concentration on 
the viscous flow and conductivity at a constant tem­
perature, whereas the second term represents the tem­
perature effect at a constant composition. 

Using the empirical equations 4 and 5 ; we can 
obtain the following expressions: 

/ d\nY\ " 
K^r2^^^'1 (8) 

d F : and : 

or: 

'»-(T>-i(w> <" 

/ d In Y \ 
\ ZT-* ) w " dT-i ) w R ' ( 9 ) 

where n=3 or 4 for the fluidity and n=2 for the con­
ductivity. 
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-3 -2 
log(0/P* 

Fig. 4. Plots of log (JNaci/^NaCi) against log (0/0*) 
by the composition variation at 25 °G, where v̂ Naci 
and ci* are the values at w=0: —O— PEG 200, 
— # — PEG 4000, and — O— PEG 20000. Arrows 
indicate the direction of increasing PEO-concentra-
tion. 

From Eqs. 7 and 8, the isothermal change in 
In Aux with respect to In 0 can be given by: 

/ d l n J M X \ / 
V d l n 0 ) T V 

d In A, 
dw 

ai,A + 2a2,AW 
« i , ,4+ 2 0 2 , ^ + 303, ,4w2 + 4a4) l4a;3 ' 

(10) 

This result suggests that, when the concentration of 
P E O is changed at a constant temperature, the plot 
of In AMX against In <j> does not give a straight line; 
in other words, the relation between AMX and <f> de­
viates from the extended Walden's rule as represented 
by Eq. 2. Only at sufficiently low concentrations of 
P E O ( Z Ü < 1 ) , the right-hand side of Eq. 10 can be 
approximated by ax^\ax^ and the extended Walden's 
rule may be satisfied. 

Similarly, from Eqs. 7 and 9, when the temperature 
is varied at a constant composition, the change in 
In AMX with respect to In <f> is given by: 

/ d l n J M x \ / d m J M X \ / /a inçSN = EA ... 
\ d in $ ) w \ a r - i )J\dT-i)w E , ' [ ) 

Since the activation energies, Ej and E^, are nearly 
independent of the temperature, the In AMX vs. In <f> 
plot by the temperature variation is expected to 
be linear in accordance with the extended Walden's 
rule. A comparison of Eqs. 2 and 11 gives the fol­
lowing expression for the p coefficient: 

P = EA/E,. (12) 

The experimental data are consistent with the above-
mentioned consideration. Some examples of the rela­
tion between log ^N a C i and log 0 upon the isothermal 
variation in the P E O composition are given in Fig. 
4. Upon the variation in the temperature at a con­
stant composition, however, log ^N a C i changes linearly 
with log 0, as is shown in Fig. 5. 

Correlations between Pairs of Activation Parameters. 
The values of the p coefficient as determined from 
the log AMX vs. log 0 plots were nearly independent 
of the composition of the M X / P E O - H 2 0 system, the 
average value being 0.89±0.07. Because of the rela-

0.1 0.2 
l og lP /^ ) 

0.3 

Fig. 5. Plots of log (-/fNaci/Aaci,25°c) against log (0/ 
025°c) by the temperature variation at constant com­
position, where -̂ Naci,25°c a n d ^25°c a r e the values 
at 25 °G: — • — H 2 0 ; —O— PEG 200, w=0A; 
— # — PEG 4000, ro=0.4; and —O— PEG 20000, 
w=0A. The straight line corresponds to the classical 
Walden's rule (p=l) and the broken line to the 
extended Walden's rule with p=0.89. Arrows in­
dicate the direction of increasing temperature. 

0 15 20 25 30 35 
Ep/kJmof1 

Fig. 6. Correlation between the activation energies for 
fluidities and molar conductivities of the 0.1 mol kg -1 

MX/PEO-H 2 0 systems. The broken line represents 
Eq. 12 with p=0.89 and the solid line represents the 
best-fit equation (13). 

tionship given by Eq. 12, this result is equivalent to 
the existence of a linear correlation between EA 
and E<p, as is shown in Fig. 6. In this figure, the 
broken line represents the relation, EA/E^=0.89 while 
the solid line corresponds to the best-fit equation: 

EA = (0.97±0.04)£5> - (2.52±0.92)kJ mol-i, (13) 

where ± represents the standard deviation. The rel­
atively large standard deviations for these two lines 
suggest that the difference between them can not 
be regarded as very significant. 

In contrast to the activation energy (enthalpy term), 
no significant correlation can be observed between the 
frequency factors (entropy term), A A and A^, except 
in the case of PEG 200-H 2 O systems (see Fig. 7). 

A number of empirical entropy-enthalpy relation­
ships have been known in the study of chemical reac­
tions, both static and kinetic, in solution.11'12) The 
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[R l n ^ / l O 3 Pa-i s-1)]/] K"1 moh1 

Fig. 7. Plots of RlnAA against RlnA^ of the MX/ 
PEO-H aO systems: —O— PEG 200, — • — PEG 
4000, and —<>— PEG 20000. Arrows indicate the 
direction of increasing PEO-concentration. 

analysis of the activation parameters for the viscous 
flow and conductivity of the M X / P E O - H 2 0 systems 
has revealed a good correlation between EA and 
In AA, but no correlation between E$ and In A^, as 
is shown in Figs. 8 and 9. Except for the point cor­
responding to the NaCl/pure P E G 200 system, the 
analysis of 37 sets of data in Fig. 8 gives the following 
equation, representing the EA vs. R In AA relationship: 

AA — - (27.5±0.74)kjmol- 1 (14) EA = TCR In 
S cm2 mol" 

with r c = 4 8 9 . 6 ± 7 . 3 K and the correlation coefficient 
r=0.9962, and where Toi the slope of the EA vs. 
R In AA plot, is called the isokinetic or compensation 
temperature.12) This relationship means that, in the 
case of the conductivity of the M X / P E O - H 2 0 system, 
the enthalpy of activation is partly compensated for 
by the entropie term (the enthalpy-entropy compen­
sation effect) upon the variation in the composition 
of the system. Although the physical meaning of 
this correlation is not well known, the relation may 
be expected to originate in the solvent-solute interac­
tions.11'12) The significant deviation of the NaCl/pure 
PEG 200 system from the above-mentioned correlation 
suggests that the thermodynamic factors controlling 
the electric conduction will be different in pure P E O 
media from those in solutions containing water. 

Conclusion. O u r observations on the composi­
tion and temperature dependence of the fluidity and 
conductivity of the 0.1 mol kg" 1 M X / P E O - H 2 0 sys­
tems can be summarized as follows: (1) The systems 
exhibited a linear relationship between In Aux and 
In 0 (extended Walden's rule) upon the temperature 
variation at a constant composition, but not upon 
an isothermal variation in the PEO-concentration. (2) 
A good correlation was observed between the activa­
tion energies of the viscous flow and the conductivity, 
but not between the corresponding entropy terms 
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Fig. 8. Correlation between EA and R\n AA (iso­
kinetic relationship) for the molar conductivities of 
MX in 0.1 mol kg-1 MX/PEO-H aO systems. The 
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Fig. 9. Plots of E+ against R\n A^ for the fluidity 
of PEO-H 2 0 mixtures: —O— PEG 200, — # — 
PEG 4000, and —O— PEG 20000. Arrows indicate 
the direction of increasing PEO-concentration. 

(frequency factors). (3) The conductivity exhibited 
an enthalpy-entropy compensation effect (the isokinetic 
relationship) upon a variation in the composition of 
the system, while such a relationship could not be 
obtained in the case of the viscous flow. 

When the P E O concentration increases at a constant 
temperature, the molar conductivity of 0.1 mol k g - 1 

M X in P E O - H 2 0 mixtures will decrease not only 
upon a lowering of the fluidity, but also by an increase 
in the ion association due to the decrease in the dielec­
tric constant of the solution. The dielectric constants 
of P E O - H 2 0 mixtures have been reported to decrease 
almost linearly with an increase in the volume fraction 
of P E O , independent of the molar mass of P E O , in 
nearly the same way as in the case of d i o x a n e - H 2 0 
mixtures.13) A rough estimation based on the knowl-
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edge concerning the ion-association constants for some 
alkali halides in d i o x a n e - H 2 0 mixtures14) shows that 
the degree of dissociation of 0.1 mol k g - 1 M X in the 
P E O - H 2 0 mixtures will begin to decrease from unity 
at the mass fraction of P E O w~0A and reach about 
0.3 at w~0.6. If the conductivity of the M X / P E O -
H 2 0 system is corrected for the ion-association effect, 
the deviation from Walden's rule for the ionic mobili­
ties of the ions should become greater than that ob­
served for the molar conductivities. T h e above-men­
tioned consideration suggests that the ion-association 
effect cannot be ignored in discussing the conductivity 
of the M X / P E O - H 2 0 system. In this paper, however, 
no further consideration will be made of the ion-
association effect because the present study is intended 
to examine some phenomenological relationships and 
not to make detailed mechanistic discussions. 

I t is suggested that the mechanisms controlling the 
viscous flow and electric conduction of the M X / P E O -
H 2 0 system may be similar from the enthalpic stand­
point, but may be significantly different from the 
entropie point of view. In the aqueous solutions of 
P E O , the long-chain polymer molecules will typically 
exist as random coils and will occasionally from a 
loosely coupled network. The Arrhenius-type expres­
sion (Eq. 5) shows that very low values of the macro­
scopic fluidity of the solutions containing large P E O 
molecules can be attributed to the decrease in the 
pre-exponential factor (entropy term), which is itself 
due to the formation of the very loose network structure 
consisting of the polymer chains and which cannot 
be compensated for by the enthalpy term. For small 
ions, however, there remain in the solution sufficiently 
large spaces to move around in, filled with water 
molecules in the normal condition, and the movement 
of the ions would not be appreciably disturbed by 
the low macroscopic fluidity. The correlations be­
tween pairs of the activation parameters observed in 
this study are consistent with the above-mentioned 
consideration of the ion-transport mechanism in the 
P E O - H 2 0 mixtures. 

We wish to thank Dr. Yoshihiko Sugiura for the 

viscosity measurements using a rotational viscometer, 
and Dr. Haruo Honma for the determination of the 
relative molecular masses of the P E O samples. 
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Cholesterol oxidase from Schizophyllum commune was studied by cyclic d.c. and a.c. voltammetry with a hang­
ing mercury drop electrode. The enzyme gave d.c. and a.c. waves due to covalently bound FAD of the enzyme 
adsorbed on an electrode surface. The waves were interpreted in terms of d.c. and a.c. voltammetry of a two-
step surface redox reaction. The standard surface oxidation-reduction potential of the enzyme adsorbed on 
the electrode surface, E's, was — 0.325 V vs. SCE, the semiquinone formation constant being 1.5+1.0 at pH 7.4 
(25 °G). The pH dependence of E's was - 6 0 m V / p H (pH 2.0—6.4), - 3 0 m V / p H (pH 6.4—8.5), and - 6 0 
mV/pH (pH 8.5—12.0). The apparent charge transfer rate constant of the surface redox reaction was 1.6 + 
0.5 x 103 s-1 at pH 5.4. 

Flavoprotein oxidase is a flavin-containing enzyme 
which catalyzes the oxidation of a substrate by di-
oxygen.1) Knowledge of the oxidation-reduction prop­
erties of this class of enzymes is important in utilizing 
the enzymes in electrocatalysis and for understanding 
the enzymatic reaction. Electrochemical methods seem 
to be advantageous for the study.2) Scheller et al.3) 
studied glucose oxidase from Pénicillium notatum by 
differential pulse polarography and observed a wave 
with a peak at - 0 . 3 4 V vs. SCE (pH 7.0). We4) 
have studied glucose oxidase from Aspergillus nigar 
using a.c. polarography and observed a wave with 
a peak at - 0 . 3 8 V vs. SGE (pH 7.0). Kuznetsov 
et al.5^ studied D-amino acid oxidase from pig kidney 
and observed an a.c. wave with a peak at —0.36 
V vs. SGE (pH 7.0). In these flavoproteins FAD 
is bound to the apoprotein by noncovalent bond.6) 
O n the other hand the proteins are strongly adsorbed 
on the electrode surface, and thus FAD might be 
dissociated from the enzyme on this surface. T h e 
Polarographie waves of the flavoproteins could, under 
certain conditions, be the waves due to the redox 
reaction of FAD dissociated from the enzymes on 
the electrode surface. 

In this study we have investigated cholesterol oxi­
dase from Schizophyllum commune, a flavoprotein in which 
FAD is covalently bound to its apoprotein,7) by means 
of cyclic d.c. and a.c. voltammetry with a hanging 
mercury drop electrode. T h e enzyme gave d.c. and 
a.c. waves assignable to the covalently bound FAD 
of the enzyme adsorbed on the electrode surface. 
By interpreting the waves by means of cyclic d.c. 
and a.c. voltammetry of the two-step surface redox 
reaction,8) we were able to determine the thermo­
dynamic and kinetic parameters of the electrochemical 
oxidation-reduction reaction of the enzyme adsorbed 
on the electrode surface. The results and discussion 
are presented in this paper. 

Exper imenta l 

Cholesterol oxidase (from Schizophyllum commune (ChOD), 
Toyobo Co., grade II, lot No. 9316) was used. This was 
dialyzed against 0.05 mol dm - 3 phosphate buffer of pH 6.0 
before use. The concentration of ChOD was determined 
spectrophotometrically, the molar extinction coefficient being 
1.13xl04mol-1dm3cm-1 at 455 nm.9> 

Voltammetric measurements were performed in the dark 

in an H-type cell immersed in a thermostat controlled at 
25+0.5 °C. The working electrode was a hanging mercury 
drop electrode (hmde), Metrohm E410, with surface area 
0.0187 ±0.0003 cm2. The following buffer solutions were 
used: 0.1 mol dm - 3 nitric acid-sodium acetate for pH 2.0— 
4.0; 0.1 mol dm - 3 acetic acid-sodium acetate for pH 4.0— 
6.0 ; 0.1 mol dm - 3 sodium dihydrogenphosphate-disodium hy-
drogenphosphate for pH 6.0—8.0; 0.1 mol dm - 3 nitric acid-
tris(hydroxymethyl)methanamine for pH 8.0—9.2; 0.1 mol 
dm - 3 borax-sodium hydroxide for pH 9.2—12.0. The ionic 
strength of the base solution was adjusted to 0.5 mol dm - 3 

with potassium nitrate. All chemicals used were of standard 
reagent grade. 

D.c. and a.c. voltammograms were recorded after a fresh 
mercury drop from the hmde had been exposed to a test 
solution for a given period of time, exposure time £exp, and 
at a constant potential, initial potential E^. All potentials 
were measured against a saturated calomel electrode (SCE). 
Other details on apparatus and methods of electrochemical 
measurements were reported.10) 

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

Adsorption of ChOD on Electrode Surface. Figure 
1 shows a cyclic d.c. voltammogram of 0.33 u.mol 
d m - 3 C h O D in a solution of p H 7.4. T h e voltam­
mogram was recorded after £exp = 3 min at ^ = — 1.4 
V and with a potential sweep rate, v, 0.33 V s_1. Two 
pairs of peak-shaped anodic and cathodic waves, (I a 

and Ic , and I I a and IIC) and a cathodic wave (IIIC) 
appear at —0.33 V, —0.64 V, and —1.2 V , respec­
tively. The waves grow to a certain limit with in­
creasing texp at a given concentration of C h O D , cCh0D. 
The peak heights of the waves corrected for base 
current, ip, increase linearly with t\f^v for small 
texp values, reaching a saturation value, e'P

Qax, for 
large texp values. Figure 2 shows ip vs. t\^ plots 
for wave I c at three different C h O D concentrations. 
The slope of the linear par t of ip vs. t\^v plots is 
proportional to cCh0D. The results indicate that10) 
C h O D is accumulated by adsorption on the hmde 
surface and the adsorption is controlled by diffusion 
of C h O D to the electrode surface, the current being 
assumed to be proportional to the amount of the 
adsorbed C h O D . The maximum amount of the ad­
sorbed C h O D per unit surface area, f^",,, was 
determined to be 4 ± 0 . 5 X 10 - 1 2 mol c m - 2 by means 
of a theoretical equation,10) ^££D=2(Z>0h0D/:rc)1/a 
^chOD^^expAp* where the diffusion coefficient of 
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Fig. 1. Cyclic d.c. voltammogram of 0.33 (xmol dm - 3 

ChOD at pH 7.4; texp=3 min at £ j = - 1 . 4 V and v= 
0.33 V s-1. 

Fig. 2. Plots of ip against t^p1/2 of waves Ic at pH 
7.4. cchoo-- (A) 0.24, (O) 0.38, and (D) 0.61 ^mol 
dm-3. 

C h O D , DCh0D, was estimated as 7.5 X 10 - 7 cm2 s_ 1 on 
the basis of the diffusion coefficient of proteins11) of 
about the same molecular weight as C h O D . 

The following experiment gave another evidence 
that the vol tammogram shown in Fig. 1 is due to 
the surface redox reaction of C h O D irreversibly ad­
sorbed on the electrode surface. T h e hmde was dip­
ped into 4 X 10 - 5 mol d m - 3 C h O D solution allowing 
C h O D to be adsorbed on the electrode surface, washed 
gently with distilled water, then immersed in the 
same solution (Fig. 1) but containing no C h O D . 
The same cyclic voltammogram as in Fig. 1 was ob­
tained. 

Assigment of D.c. Waves of ChOD. The pair of 
waves I I a and IIC should be assigned to the half-cystine 
residues9) of C h O D , since their peak potential coincides 
with that of the waves of apoferredoxin,10) an SH-
protein, adsorbed on the mercury electrode surface. 
T h e dependence of the peak heights, peak potentials, 
half-peak widths of the waves on the potential sweep 
rate, and that of the peak potentials on p H were ex­
plained by assigning the waves to a surface redox 
process,1») Hg + (RSH) a d^±(RSHg) a ( 1 + H + + e~. The 
height of wave IIIC increased with decrease in p H 
and with increase in the concentration of buffer salts 
of the test solutions. Riboflavin and its derivatives 
give catalytic hydrogen evolution current at ca. —1.3 
V on mercury electrode in neutral and acidic solu­
tions.12) Thus we conclude that the wave I I L is 

i J 0.0 2 l 0.02uA 

(£ vs. SGE)/V 

Fig. 3. (A) : Cyclic d.c. voltammogram of 0.61 (/,mol 
dm"3 ChOD at pH 7.4, * e x p =3min at Ei=-0.7 
V and »=0.10 Vs" 1 . 
(B): Cyclic d.c. voltammograms of 1.0 (Amol dm - 3 

FAD and 0.14 [imol dm"3 ChOD at pH 7.4; *e x p= 
(1) 30 s, (2) 5 min, and (3) 20 min at £ 1 = = - 0 . 7 V 
and »=0.33 Vs" 1 . 

due to catalytic hydrogen evolution by covalently 
bound FAD of the enzyme. 

The pair of waves I a and I c should be attributed 
to the redox reaction of covalently bound FAD of 
the enzyme. In order to confirm that the waves 
are due to FAD bound to the protein and not to the 
free FAD which might be present in trace amount 
in the stock solution of C h O D , we compared the 
voltammogram of C h O D with that of free FAD. 
FAD was adsorbed on the mercury electrode surface.13) 
Figure 3(B) shows cyclic d.c. voltammograms of a 
solution containing both 1.0 fxmol d m - 3 FAD and 0.14 
{xmoldm-3 C h O D (pH 7.4) at * e x p = 3 0 s , 5 min, or 
20 min at £ j = - 0 . 7 V . FAD gives a pair of d.c. 
waves with the peak potential —0.43 V, 100 mV more 
negative than the peak potential of waves I a and 
I c (Fig. 3(A)), indicating that the latter waves are 
due to FAD covalently bound to the protein. The 
peak heights of the waves due to free FAD in the 
presence of C h O D decrease with increasing £exp, while 
the waves due to C h O D begin to appear (curves 1, 
2, and 3, Fig. 3(B)). This indicates that at the be-
gining of the exposure of hmde to the test dolution 
the electrode surface is covered dominantly by free 
FAD (both the diffusion coefficient and the bulk 
concentration of free FAD are much larger than 
C h O D ) , but with the elapse of time the adsorbed 
free FAD is replaced by C h O D , probably owing to 
the heigher affinity of C h O D to mercury electrode 
than FAD. 

D.c. Waves of Covalently Bound FAD of ChOD. 
T h e anodic and cathodic peak currents, iap and icp, 
the peak potentials, E&p and Eev, and the half-peak 
widths, A £ a , p/2 and AECt / 8 , of waves I a and I c 

as a function of the potential sweep rate, v, at p H 
7.4 are summarized in Table 1. Q,a and Q,c are the 
charges required to electrooxidize or electroreduce the 
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TABLE 1. PEAK CURRENT, PEAK POTENTIAL, HALF-PEAK WIDTH, AND INTEGRATED CURRENT 

OF d.c. WAVES I a AND Ic OF ChOD AT pH 7.4 

V 

Vs" 1 

0.05 
0.10 
0.20 
0.33 

~nA~ 

4.0 
7.6 

14 
17 

*cp 

~nA~ 

4.0 
8.0 

14 
18 

- £ a p vs. SCE 
V 

0.32 
0.32 
0.32 
0.32 

—Ecv vs. 
V 

0.33 
0.33 
0.33 
0.33 

SCE A^ap/2 
mV 

60 
55 
60 
60 

A£cp/2 
mV 

75 
60 
80 
70 

a. 
10-9C 

6.2 
5.5 
5.3 
4.4 

& c 

10~9C 

6.6 
6.9 
7.3 
5.2 

adsorbed ChOD, respectively, and estimated from the 
area under the waves I a and Ic corrected for the base 
current. Peak heights, fap and fcp, are both pro­
portional to v, the ratio zap/icp being unity. The 
peak potentials and the half-peak widths are both 
independent of v, and £"ap and A£a > p/2 coincide with 
Ecp and A£'c> p/2, respectively. Q,a and Qe also coin­
cide with each other and are independent of v. The 
results are in line with theoretical predictions (1) 
to (4), for two-step surface redox reaction which can 
be expressed by 

(Fp.FAD°*Hp)ad + e- + (q -p )H+ ^ = ± 

(Fp.FADs°mHq)ad I-a 

(Fp.FADsemHq)ad + e- + ( r -q )H+ ^==± 

(Fp.FAD"dH r)a d I-b 

for C h O D adsorbed on the electrode surface. (Fp. 
F A D — H p ) a d , (Fp. F A D - m H q ) a d 5 a n d ( A p . FAD"*H r ) a d 

denote the oxidized, intermediate (semiquinone), and 
reduced forms of the adsorbed C h O D , respectively. 
Theoretical expressions8) of the d. c. anodic and 
cathodic currents in cyclic voltammetry, za and ic, of 
the two-step surface redox reaction are given in a 
simplified case14) by 

i = i& = - i 0 = FA(F/RT)rvp[p(KV*p+2) 

+ (KW + 2p)]l(l+KV*p + p*)* (1) 

where p=exp[(F/RT)(E-E's)], E's={E[-\-E'2)j2, and 
K=exp[(FIRT)(E[—Ez)], T is the amount of adsorbed 
C h O D per unit surface area, K the semiquinone for­
mation constant defined by X = [ ( F p . FAD s e m H q ) a d ] 2 / 
[(Fp. F A D - H p ) a d ] [ ( F p . FAD"*H r ) a d ] , and E'„ E[, and 
E'^ are the standard surface oxidation-reduction 
potentials of the redox couples (Fp. FAD 0 XH p) a d / 
(Fp. FAD"*H r ) a d , (Fp. F A D - H p ) a d / ( F p . F A D — H q ) a d , 
and (Fp. FAD s e m H q ) a d / (Fp. FAD r e d H r ) a d , respectively. 
When X < 1 6 , the peak currents are given by 

h = Uv = -*c P = FA(FIRT)ro{2l(2 + KV*)l 

- (F/RT)Qpl(2 + KV*) (2) 

where Q( = Q&=QC) is the charge required to elec-
trooxidize or electroreduce the adsorbed ChOD . The 
peak potentials are equal to E's: 

Ep = E&v = Ecp = Es (3) 

and the half-peak widths are given by 

A£p / 2 = A£a,p/2 = A£c,p/2 = (2RT/F) In [f (K)] (4) 

where f (K) is a function of Ä".8) 
The results satisfy the predictions, indicating that 

£ p = £ i = - 0 . 3 2 B V ÜS. SCE at p H 7.4. Thus the 
K value at p H 7.4 was determined to be 1.8±1.1 
by Eq. 2 and 1.1+0.8 by Eq. 4. The values agree, 

a 
CO 
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Fig. 4. Plots of EV(=E;) against pH; (A): ChOD 
adsorbed on mercury electrode surface, (B) : FAD 
adsorbed on mercury electrode surface. (C) : Broken 
line represents E^ vs. pH curve for FAD in the bulk 
of solution (taken from Ref. 13). 

- 0.4 - 0.2 
(E vs. SGE)/V 

Fig. 5. A.c. voltammograms of 0.67 [xmol dm - 3 ChOD 
at pH 5.4 (R) : Real component and (G) : imaginary 
component at / = 1 0 0 H z ; texp=3 min at Ei=— 0.4 
V and o=0.02 Vs- 1 . 

giving the average value of Ä"=1.5±1.0 at p H 7.4. 
The waves I a and Ic obtained in the p H region 2—12 
satisfy the predictions by Eqs. 1—4. Figure 4(A) 
shows plot of Ep(=E's) against p H ; three linear 
relations of EV(=E'S) against p H , the slopes being 
- 6 0 m V / p H (pH 2.0—6.4), - 3 0 m V / p H (pH 6.4— 
8.5), and - 6 0 m V / p H (pH 8.5—12.0). The first and 
second inflection points, 6.4 and 8.5, indicate the 
pK of acid dissociation constants15) of reduced and 
oxidized forms of C h O D adsorbed on electrode surface, 
respectively. Plots of Ep(=E'B) vs. p H of free FAD 
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Fig. 6. Dependence of <5irp
eal/<5ipmaB on f for a.c. waves 

at pH 5.4. 

adsorbed on mercury electrode surface and of the 
standard oxidation-reduction potential13) of free FAD 
in the bulk of solution, E'm> FAD, are given in Figs. 
4(B) and (G), respectively. 

No standard oxidation-reduction potential of G h O D 
in the bulk of solution, E'm> Ch0D , has been determined. 
We tried to determine E'mt C h 0 D by the Potentiometrie 
titration method with dithionate as a titrant using 
a Pt electrode in the presence of indigo carmine la 
(Chroma Chemical Co., the standard oxidation-reduc­
tion potential being determined as —0.305 + 0.015 V 
vs. SCE at p H 7.0) as a mediator. We confirmed 
spectrophotometrically that G h O D can be reduced 
by dithionate without forming a complex16) with sulfite, 
the oxidation product of dithionate. However, the 
system reached equilibrium only after very long time 
on each addition of sodium dithionate, preventing 
accurate determination of E'm> Ch0D . T h e E'mt C h 0 D 

value at p H 7.0 was tentatively determined to be 
- 0 . 2 6 + 0 . 0 3 V vs. SCE, which is 210 m V more posi­
tive than E'm> FAD at p H 7.0. I t has been suggested 
that covalent linkage of flavin to apoprotein shifts 
the oxidation-reduction potential of the flavin posi­
tively, which facilitate catalysis,17) a model compound 
hystidyl-8a-flavin being reported to have the standard 
oxidation-reduction potential 30 m V more positive than 
that of the nonsubstituted flavin. 

The standard oxidation-reduction potential of a redox 
couple adsorbed on the electrode surface, the standard 
surface oxidation-reduction potential, can be shifted 
from the standard oxidation-reduction potential of the 
redox couple in the bulk of solution. This might 
be attr ibuted to a difference in adsorption free energy 
between the oxidized and reduced species, a positive 
shift being observed with F M N adsorbed on mercury 
electrode surface.18) This is also the case with FAD 
(plots B and C, Fig. 4). In contrast, a negative shift 
was observed in the case of C h O D . This shift could 
be attr ibuted not only to a difference in adsorption 
free energy but also to a change in conformation 
(surface denaturation) of the protein which could be 
associated with adsorption of the protein on electrode 
surface. 

A.c. Waves of Covalently Bound FAD of ChOD. 
In a.c. voltammetry with hmde, C h O D gave a peak-

TABLE 2. HALF-PEAK WIDTHS OF REAL AND IMAGINARY 

COMPONENTS OF A.C. WAVE OF G H O D ADSORBED 

ON H M D E SURFACE AT P H 5 . 4 

Frequency AEfflmV AJ5&*/mV 

H z Obsd Calcda> Obsd Calcda> 

ÏÔO 60 55 70 72 
200 60 60 75 82 
300 65 66 — 95 
400 70 72 — n o 
500 70 76 — 124 

a) Calculated by using K=1.2 and &sap= 1 -6x 103 s-1. 

shaped wave at the potential of waves I a and Ic in 
the d.c. voltammetry of G h O D with hmde. Figure 
5 shows the real and imaginary component of the 
a.c. vol tammogram of anodic scan a t p H 5.4. The 
a.c. voltammogram of cathodic scan coincided both 
in height and shape with that of anodic scan. The 
peak potentials of the two components, E™*1 and 
iSpmas, coincide with each other and with the peak 
potential of the d.c. wave (waves I a and Ic) a t the 
same p H . ^eai^—^imag) w a s independent of a.c. 
frequency, / , in the range 100—500 Hz. The ratio 
of the peak current of the real component to that 
of the imaginary component, <5«£eal/<5ipmas, is propor­
tional to f (Fig. 6). The result is in line with the 
prediction by a simplified equation8 '19) of a.c. voltam-
mograms for the two-step surface redox reaction (I-a 
and I -b) : 

« r ' Ä i r " = 27r/7(*sap*v4), (5) 
where A;sap is the apparent charge transfer rate con­
stant of the surface redox reaction. From the plot 
we have £ s a p = 1.6+0.5 X10 3 s - 1 at p H 5.4, where 
iT=1.2 ± 1 . 0 . The half-peak widths of the two com­
ponents at various frequencies at p H 5.4 and their 
values calculated by equations8) using the above values 
of ksav and K are given in Table 2. Agreement be­
tween observed and calculated values is fair. 

Thermodynamic and kinetic information on the re­
dox reaction of G h O D adsorbed on an electrode surface 
would be useful in designing an immobilized C h O D 
electrode where the electrode functions as an electron 
acceptor from (or electron donor to) the flavoprotein. 

This work was supported by a Grant-in-Aid for 
Scientific Research No. 510804 from the Ministry 
of Education, Science and Culture. 
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Transfer Free Energies of Fluoride Ion in Aqueous Mixtures 
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Standard free energies of transfer, AG?, of potassium fluoride (KF) from water to aqueous mixtures of di­
methyl sulfoxide (DMSO), iV,iV-dimethylformamide (DMF), acetonitrile (AGN), 1,2-dimethoxyethane (DME), 
and 2-methoxyethanol (ME) have been determined at 25 °G from emf measurements performed on the double 
cell: Pb(Hg)-PbF2/KF(m), solvent/K(Hg)/KF(m), water/PbF2-Pb(Hg). AG? values of F~ were obtained 
from these values using the corresponding values of K+ , as obtained earlier by use of tetraphenylarsonium tetra-
phenylborate reference electrolyte assumption. In each solvent system AG?(F~) values are found to be in­
creasingly positive with cosolvent composition reflecting the pronounced destabilization of F - and their relative 
order : D M E > D M S O ^ D M F > A C N » M E conforms to what is expected from the relative 'aproticity' of the 
dipolar aprotic cosolvents and that induced in the protic ME by the possible intramolecular H-bonding. The 
observed larger destabilization of F~ compared to O H - in ME-water system has been attributed to the H-bonding 
effect of the protic cosolvent ME and the reverse behaviour in DME-water and DMSO-water systems to the 
absence of such effect of these cosolvents. Moreover, tests of Feakins-type extrapolation for assigning individual 
ion contribution using AG? (KF) values along with those of other potassium halides, provided some important 
reflections on the inadequacy of such plots made without the data points of F - . 

I t is well known that the dipolar aprotic solvents 
exert pronounced effects on the acidity functions1) or 
rates of reactions involving nucleophiles. But the 
elucidation of the thermodynamic basis of such effects 
is yet far from complete. Recent years have therefore 
witnessed increased interests on this topic as are evi­
denced from various studies2-7) on the transfer ener­
getics of different ions based on the widely accepted 
tetraphenylarsonium tetraphenylborate (TATB) as­
sumption2 - 8) in various pure and mixed solvents, 
including some typical dipolar aprotic solvents. 

Strikingly enough, although F - is often used9) in 
organic synthesis for proton abstraction reactions in 
dipolar aprotic solvents because of its possible pro­
nounced "desolvation" in the solvents, transfer free 
energies of F - have been reported, so far as we know, 
only in protic solvent D 20. 1 0 ) So, in continuation of 
our previous studies7) on transfer free energies, AG?, 
of different ions based on T A T B assumption, we are 
now reporting AG? of F - in aqueous mixtures of some 
dipolar aprotic cosolvents like dimethyl sulfoxide 
(DMSO) , iV^iV-dimethylformamide (DMF) , acetoni­
trile (ACM), and 1,2-dimethoxyethane (DME) and of 
a protic solvent like 2-methoxyethanol (ME) . While 
the compositions studied in the first three cases are 
20, 40, and 6 0 w t % cosolvents and for D M E are 10, 
30, and 5 0 w t % , those for M E are 10, 30, 50, and 
70 wt % cosolvent. 

For the purpose in view, we have obtained the 
standard free energies of transfer of potassium fluoride 
(KF) from water to these mixed solvents by determin­
ing the standard emf's (AE°) of the double cell I 

Pb (Hg) -PbF2/KF (m), Solvent/K (Hg) /KF (m), 

Water/PbF2-Pb(Hg) ^ 

using a procedure similar to that used by Voice10) 
in D 2 0 . These values helped evaluate AG?(F - ) values 
as the values for K+, based on T A T B assumption, for 
each of the solvent systems are known from our previous 
studies.7b_e) Moreover, it is well known that Feakins-
type extrapolation11) for assigning individual ion con­
tributions to the AG? values being usually based on 

the adjacent data points of three larger sized halide 
ions, are susceptible to intrinsic limitations of long 
extrapolation. So, attempts have also been made to 
test if the inclusion of data point for F - can improve 
the extrapolation procedure or not. 

Exper imenta l 

The fluoride electrode consisting of a two-phase lead 
amalgam covered with insoluble lead(II) fluoride (PbF2) 
was prepared in a manner essentially similar to that described 
by Voice.10) The lead amalgam was prepared by elec­
trolysing an aqueous solution ((a) 10%) of Pb(N03)2 (A.R., 
B.D.H.) using mercury (triply distilled) pool as cathode 
and Pt electrode as anode. The amalgam thus prepared 
was preserved in a sealed bottle under H2 atmosphere. Be­
fore using it was repeatedly washed with a very dilute HNOa 

(AR., B.D.H.) to remove the ash or film, if any, and then 
by deionized G02-free water. The PbF2 was prepared 
by mixing aqueous solution of Pb(N03)2 and NaF (Merck, 
GR) with constant stirring. The white precipitate so ob­
tained was filtered, washed repeatedly by magnetic stirring 
with C0 2 - and Oa-free deionized water, and dried. 

The base of the Pb(Hg)-PbF2 electrode was a J-shaped 
glass tube with two limbs separated by a glass seal and con­
nected electrically through a Pt-wire fused in the glass seal. 
The longer limb was fitted with a B-19 standard joint to 
hold the electrode in the cell vessel and the shorter limb 
at the other end serving as the electrode "cup" contained 
the electrode materials and was dipped in the cell solution. 
Before introducing the Pb-amalgam into cups, one each-
side of the double cell, the Pb-amalgam was warmed in 
a closed vessel until it became mobile to attain its two phase 
character properly. The cooled two-phase amalgam was 
masked with a thick layer of PbF2 crystals. It was observed 
that asymmetry potential was fairly high when a thin layer 
of PbF2 was used. But it was considerably reduced if the 
layer of PbF2 over Pb-amalgam become thick and was found 
to be practically within the range of experimental accuracy 
(±0.3 mV). So, the measurement of bias potential before 
each set of experiment was not necessary. 

Preparation and preservation of K-amalgam as well as 
the cell design have been described elsewhere.12) The sol­
vents used are of the following grades: DME (Reidel), DMSO 
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(L.R., B.D.H.), DMF (L.R., B.D.H.), AGN (L.R., B.D.H.), 
and ME (E. Merck). The method of purification of DME,7f> 
DMSO,13a> DMF,13b> ACN,13c> and ME7e> were similar to 
those described earlier. Triply distilled and G02- and 
02-free water was used for the preparation of solvents as 
well as the cell solutions. 

Anhydrous KF (Merck GR) was dried in a vacuum desic­
cator for about two weeks. Heating at high temperature was 
avoided due to the possibility of formation of insoluble mate­
rial as reported earlier.14) Because of highly hygroscopic 
nature of KF, F~ concentrations of the stock solutions were 
checked by standard gravimetric method. Solutions of dif­
ferent materials were made by weight dilution of the stock 
solutions. General experimental procedure, including the 
emf measurements with the help of a Leeds Northrup K4-
potentiometer and a moving coil galvanometer (Cambridge 
Instrument) as a null-point detector, has been described.12) 

The conditions for equilibrium were different for different 
solvents. Actually, in pure water as well as up to 50 wt% 
aqueous mixtures of ME the equilibrium was established 
within around 2 h and the constancy of emf readings to 
±0.2 mV for 1 h was considered to be the criterion of equi­
librium and for 70% ME-water solution the equilibrium 
was attained after about 4 h. In aqueous dipolar aprotic 
solvents, however, overnight ageing of the electrode in the 
respective solution was essential to get stable emf readings. 
The final emf readings were often checked by introducing 
separate fluoride electrodes or by measuring emf of the 
cell I taking pair of solutions having exactly same molality. 

R e s u l t s 

The observed emf values (AE) of the double cell 
I for different molalities (m) of K F in different cosol-
vent-water mixtures are listed in Table 1. These 
were used to construct the following function.12b) : 

A £ ° ' = AE - 2*[/s(m) - / w m ) ] = A £ ° - 2kAbm, (1) 

where 

/ (m) = -AoBjnWll+aoBjn1/*)-1 - In (l + 0.002Mm). 

(2) 

The subscripts s and w denote the mixed solvent and 
water respectively, k=RT/F, M is the appropriate 
molecular weight of the solvent, a0 is the ion-size param­
eter, A0B0 and BQ are the Debye-Hückel constants 
in S.I. units as given by13c> 

AoBo = 1.824x10« In 10</V» (e0T)~*/* mol-V» kg1/2, (3) 

B0 = 50.29 X 1010 dV* (e0T) -V» m"1/* mol"1 kg1/*, (4) 

where £0 is the dielectric constant, d the density of 
the solvent, T is the temperature in absolute scale. 
Since alteration of aQ values caused no significant 
change in AE1 values, the values of ao=0 was used 
in all the cases. In Eq. 1 Ab is the difference of b 
values in the solvent and water, which are empirical 
constants depending on the nature of solvent, tem­
perature and on the assumed ^-values . 

AE°' values were calculated by Eq. 1 and the 
plots of AE°' vs. m were found to be linear in all the 
cases and when extrapolated to m=0 yielded the 
values of AEIL as intercepts. T h e values of AEIL 
in the respective solvents are given in Table 2 and 
are correct within ± 0 . 3 m V . 

Transfer free energies of KF, AG?(KF) from the 
standard state in water to the standard state in the 

• OH'(DMSO) 

F"(DMS0) 
" F"(DMF) 

Mole percent of organic Cosolvent 

Fig. 1. Variation of AG?(F~) (solid line) and AG? 
(OH~) (dotted line) in various aqueous-organic 
solvents. 

047 0 55 0 65 075 

(YV> 

Fig. 2. Typical Feakin's type plots of AG?(KX) 
[ X = F , Gl, Br, or I] vs. (rx-)"* in 40 wt% DMSO-
water mixture at 298.16°A. 

respective solvents were obtained on mole fraction 
scale by Eq. 5 

AG? (KF) = FAEZ - 2RT In (MB/MW), (5) 

where Mw is the molecular weight of water. The 
AG?(KF) values are given in Table 2 and correct 
within ±0 .03 k j mol"1 . 

T h e transfer free energies of F" , AG?(F") , in all 
the solvents were evaluated from the respective AG? 
(KF) values using the corresponding ionic contributions 
of K+, i.e. AG?(K+), taken from our earlier work 
based on T A T B method7 b _ f) and are presented in 
Table 2. For the sake of comparison AG? (i) values 
of CI", Br- , and I"7b-f> and O H " 7b.*«h> in some of 
the mixed solvents, are also presented in Table 2. 
Moreover, in order to draw important implications 
of the observed results, AG?-composition profiles of 
O H " for DMSO-water,7 b> DME-water 7 h ) and M E -
water7g) systems have also been shown in Fig. 1, 
where those of F~ for all the solvent systems are 
illustrated. 
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System 

DMSO-H 2 0 

DMF-H 2 0 

AGN-H 2 0 

DME-H 2 0 

M E - H 2 0 
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TABLE 1. 

m/mol kg-

2ÖÖT 
0.0978 
0.0773 
0.0589 
0.0490 
0.0401 
0.0184 

0.0900 
0.0795 
0.0564 
0.0491 
0.0378 
0.0163 

0.1054 
0.0971 
0.0787 
0.0587 
0-0398 
0.0205 

10% 
0.1013 
0.0842 
0.0667 
0.0524 
0.0403 
0.0233 

10% 
0.1218 
0.1100 
0.0953 
0.0739 
0.0546 
0.0469 
0.0301 
0.0184 

EMF (AE) IN VOLT OF THE DOUBLE 

AQUEOUS-ORGANIC SOLVENTS AT 

-1 AE/V 

DMSO 
0.0434 
0.0447 
0.0456 
0.0473 
0.0478 
0.0495 

0.0459 
0.0464 
0.0468 
0.0474 
0.0476 
0.0478 

0.0390 
0.0404 
0.0410 
0.0414 
0.0424 
0.0430 

DME 
0.0253 
0.0256 
0.0266 
0.0270 
0.0276 
0.0285 

ME 
0.0144 
0.0151 
0.0154 
0.0180 
0.0186 
0.0215 
0.0201 
0.0213 

m/mol kg-

40%T 
0.0934 
0.0773 
0.0604 
0.0407 
0.0305 
0.0208 

0.0972 
0.0756 
0.0549 
0.0496 
0.0371 
0.0174 

0.0954 
0.0754 
0.0574 
0.0401 
0.0306 
0.0190 

30% 
0.1019 
0.0837 
0.0667 
0.0545 
0.0364 
0.0239 

30% 
0.1231 
0.1100 
0.0982 
0.0904 
0.0754 
0.0537 
0.0350 
0.0248 

-1 AE/V 

DMSO 
0.1053 
0.1062 
0.1086 
0.1106 
0.1124 
0.1134 

0.1084 
0.1090 
0.1100 
0.1104 
0.1110 
0.1115 

0.0758 
0.0791 
0.0810 
0.0824 
0.0830 
0.0842 

DME 
0.0824 
0.0830 
0.0834 
0.0840 
0.0846 
0.0851 

ME 
0.5776 
0.0583 
0.0597 
0.0600 
0.0602 
0.0606 
0.0616 
0.0618 

CELL (I) 

25 °G 

m/mol kg-

6u%r 
0.0761 
0.0593 
0.0493 
0.0382 
0.0276 
0.0196 

0.0957 
0.0799 
0.0596 
0.0382 
0.0808 
0.0195 

0.0921 
0.0807 
0.0613 
0.0527 
0.0310 
0.0207 

50% 
0.1014 
0.0839 
0.0672 
0.0535 
0.0406 
0.0223 

50% 
0.1259 
0.1100 
0.0977 
0.0739 
0.0594 
0.0500 
0.0381 
0.0238 

IN DIFFERENT 

7l AE/V 

DMSO 
0.1970 
0.1974 
0.2013 
0.2024 
0.2032 
0.2019 

0.1956 
0.1958 
0.1977 
0.1991 
0.1990 
0.2002 

0.1231 
0.1245 
0.1275 
0.1291 
0.1325 
0.1358 

DME 
0.1403 
0.1418 
0.1452 
0.1472 
0.1480 
0.1474 

ME 
0.1006 
0.1019 
0.1035 
0.1038 
0.1052 
0.1059 
0.1069 
0.1071 

m/mol kg-1 AE/V 

70% ME 
0.1100 0.1472 
0.0981 0.1484 
0.0870 0.1500 
0.0735 0.1504 
0.0552 0.1506 
0.0395 0.1510 
0.0303 0.1513 
0.0263 0.1515 

Tests of Feakins-type extrapolation11) by use of data 
points for all the potassium halides i.e. from the plots 
of AG?(KX) [ X = F , Gl, Br, and I] vs. ( v ) " 1 showed 
that no straight line was obtainable through the data 
points for all the four anions simultaneously in any 
of the solvents. Consequently, in each of the solvent 
systems, three values of AG?(K+) were evaluated by 
extrapolating the mean deviation lines through the 
data points for X = C 1 , Br, I, and for X = F , Gl, Br, 
and the 'ideal' line through the data points for X = F 
and Gl. These value of K + are compared with the 
corresponding values obtained by T A T B in Table 3. 
Figure 2 illustrates the plots of AG?(KX) against 
( r x - ) _ 1 referred to above for 40 wt % D M S O - w a t e r 
system. 

D i s c u s s i o n 

As Table 2 shows, the transfer free energies of F~ 
from water to all the aqueous-organic solvents are 
increasingly positive indicating that the ion becomes 

increasingly destabilized as the proportion of the 
cosolvents increases. Thus, the observed destabiliza-
tion of F~ from this thermodynamic consideration also 
corroborates the widely recognized phenomenon of 
increased "desolvation" of the anions caused by the 
addition of dipolar aprotic solvents. This in fact stems 
from the increasing loss of hydrogen-bonded stability 
of the anions130) and decreasing interactions with the 
mixed solvents resulting from the increased proportion 
of the cosolvents which either have little H-bond 
donating propensity or sterically shielded interacting 
positive charge centres. From Table 2 it is also evident 
that for any given solvent the extent of destabilization 
of halide ions (X~) decreases with the increased size 
of the ions. Expectedly, this is the amalgamated ef­
fects of decreasing strength of H-bonded interactions 
with water on the one hand and increasing strength 
of "soft-soft"14) and dispersion interactions15) between 
the dipolar aprotic cosolvents and the increasing anion 
size on the other. 
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TABLE 2. VALUES OF STANDARD E M F ' S AE°/V OF THE CELL (I) AND FREE ENERGIES OF TRANSFER 

AG° FOR KF AND OTHER SINGLE IONS FROM WATER TO AQUEOUS MIXTURES OF COSOLVENTS 

System 

DMSO-H 20> 

DMF-H2Ob) 

ACN-H2Oc> 

DME-H2Od> 

ME-H2Oe> 

a) Ref. 7b. 

System 

DMSO 

DMF 

AGN 

DME 

ME 

Wt% 

2u~~ 
40 
60 

20 
40 
60 

20 
40 
60 

10 
30 
50 

10 
30 
50 
70 

b) Ref. 7c. 

TABLE 3. 

Wt% 

20 
40 
60 

20 
40 
60 

20 
40 
60 

10 
30 
50 

10 
30 
50 
70 

Mole % 

5.46 
13.33 
25.70 

5.81 
14.11 
27.00 

9.88 
22.63 
39.71 

2.17 
7.89 

16.66 

2.56 
9.21 

19.14 
35.59 

c) Ref. ' 

VALUES OF 

Fea 

(Gl 

At 25°G 

AE°/V 

0.0507 
0.1144 
0.2080 

0.0479 
0.1109 
0.1984 

0.0429 
0.0838 
0.1453 

0.0308 
0.0874 
0.1448 

0.0218 
0.0603 
0.1019 
0.01367 

7d. d) Ref. 

AG?(K+)/kJ 

kins-type extr 

-, Br, I") 

- 1 0 . 0 
- 2 7 . 2 
- 2 3 . 6 

- 1 1 . 3 
- 2 6 . 6 
- 5 2 . 5 

- 1 0 . 5 
- 2 2 . 1 
- 3 2 . 7 

- 8 . 1 
- 1 9 . 4 
- 2 9 . 1 

- 3 , 1 
- 1 1 . 5 
- 2 1 . 2 
- 2 7 . 6 

Acf(KF)/kJ K ^ ~ 

4.06 - 1 . 6 
9.22 - 2 . 8 

17.00 - 6 . 6 

3.81 - 0 . 2 
8.92 - 3 . 4 

16.17 6.6 

3.55 - 2 . 0 
6.83 - 2 . 6 

11.99 - 1 . 8 

2.56 - 0 . 7 
7.07 - 2 . 6 

11.44 - 5 . 7 

1.71 0.6 
3.83 - 0 . 3 
7.45 - 1 . 3 
9.40 - 2 . 8 

F- f ) 

5.7 
12.0 
23.6 

4.0 
12.3 
22.8 

5.5 
9.4 

13.8 

3.3 
9.7 

17.1 

1.2 
4.2 
8.7 

12.2 

AG?(i)/kJ 

Gl-

3.3 
7.2 

14.3 

2.1 
7.7 

15.9 

3.6 
6.4 
8.9 

2.3 
6.9 

12.7 

0.5 
3.1 
6.1 
9.6 

7g. e) Ref. 7e. f) Present study, g) Ref 

m o l - 1 BASED ON EXTRAPOLATION AND R.E. 

apolation with data points of K-salts of 

(F-, Gl-, Br-) 

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

- 4 . 1 
- 1 0 . 6 
- 1 7 . 0 

- 4 . 4 
- 6 . 3 
- 8 . 6 

- 4 . 6 
- 6 . 3 
- 8 . 4 

- 1 . 4 
- 1 . 7 
- 4 . 2 
- 4 . 0 

(F-, Cl") 

- 4 . 9 
- 8 . 8 

- 1 7 . 9 

- 3 . 3 
- 8 . 4 

- 1 4 . 2 

- 3 . 6 
- 4 . 5 
- 6 . 1 

- 3 . 3 
- 3 . 7 
- 5 . 4 

- 1 . 0 
- 0 . 4 
- 2 . 5 
- 0 . 7 

mol - 1 

Br-

2.1 
4.6 

10.5 

1.2 -
5.6 

11.0 

2.6 
4.7 
6.3 

1.3 
4.8 

10.0 

0.01 -
2.0 
4.4 
7.2 

: 7h. h) 

METHODS 

I -

0.8 
2.1 
5.0 

-0 .2 
2.6 
4.9 

1.6 
2.0 
2.6 

0.7 
2.8 
5.8 

- 0 . 2 
0.6 
1.2 
2.5 

Ref. 

R.E. 

- 1 

O H -

5^9 
13.4 
27.0 

— 
— 
— 

— 
— 
— 

3.7s) 
10.9s) 
19.4s) 

1.0*> 
4.6*> 
7.2*> 
9.6*> 

7^ 

M a) 
iVX. ' 

J5 
- 2 . 8 
- 6 . 6 

- 0 
- 3 
- 6 

.2 

.4 

.6 

- 2 . 0 
- 2 . 6 
- 1 

- 0 
- 2 , 
- 5 . 

0. 
- 0 . 
- 1 . 

.8 

.7 

.6 

.7 

6 
3 
3 

- 2 . 8 

a) R.E.M.: Reference electrolyte method on TATB assumption (Refs. 7b, c, d, e, f). 

I t is interesting to note, as AC? (F~)-composition 
profiles for the solvents (Fig. 1) show, that a t any 
composition the destabilizing capacity of the cosolvents 
decreases in the order D M E > D M S O > D M F > A G N « 
M E . Significantly enough, similar order has also been 
observed1) in the enhancement of H - function by 
these dipolar aprotic cosolvents, excepting D M E , when 
added to 0.1 m disodium 1,2-ethanediolate solution 
in 1,2-ethanediol, which of course chiefly reflects the 
relative destabilization of the 1,2-ethanediolate anion. 

As this order reflects the effects of relative "apro-
ticity" of the cosolvents resulting chiefly from the 

combined effects of relative magnitudes and ap-
proachability of the positive charge centres of the 
cosolvents, these results appear to suggest that the 
"aprotici ty" of D M F is slightly less than that of 
D M S O . Although it is difficult at this stage to dif­
ferentiate the relative percentages of the two possible 
forms of D M F : A and B17) one may wonder if the 
slightly less destabilization of F~ and other X - ions 
relative to those in D M S O - w a t e r arises from the 
weak H-bonding effect of H-atom attached to the 
positively charged G atom of the form A. Alter­
natively, the formal positive charge on S a tom in 



2198 Abhijit BHATTACHARYA, Kaushik DAS, Asim Kumar DAS, and Kiron Kumar KUNDU [Vol. 54, No. 7 

S~ 

1N; 
- C H J 

CH, 

B 

D M S O molecule appears to be sterically more un­
approachable than that in D M F molecule, affecting 
the ion-dipole interactions. Either of these effects will 
be of course more predominant in the cases of pure 
solvents than in the mixed solvents as has been ob­
served.2) 

O n the other hand, the relatively less destabilization 
of F - and other X - ions in AGN-water mixtures 
compared to those in D M S O or D M F - w a t e r mixtures 
is indicative of the fact that "aprotici ty" of AGN 
is smaller than that of the other two dipolar aprotic 
solvents as is expected from its relatively smaller size, 
less shielded positive charge centre and also weak 
H-bonding propensity.18) Besides, this is also expected, 
if, as has been suggested by Kebarle et al.,19) X~ ap-

proaches H - C - G = N molecule along the C3-axis of the 

latter and bonding occurs symmetrically through all 
3H atoms. Since the overall strength of such H -
bonds should increase as the X - becomes larger and 
more accommodative,20) AG?(F- )>AG?(C1~)>AG? 
( B r - ) > A G ? ( I - ) , as has been observed. 

But strikingly enough, in spite of the fact that M E 
is a protic solvent with a relatively strong H-bonding 
centre compared to AGN, the observed comparable 
destabilization of F~ in these two solvent systems sug­
gests tha t the inductive effect of CH 3~ group in M E 
possibly imparts "aprotici ty" comparable to that of 
AGN through intramolecular H-bonding21) or alter­
natively, makes the protic character of the hydroxylic 
H atom fairly less than that of pure water. O n the 
other hand, the observed pronounced destabilization of 
F - in D M E - w a t e r system is indicative of the effect 
of pronounced "aprotici ty" of D M E which results from 
the absence of any localized positive charge centres 
suitable for anion solvation. Also, the enhanced nega­
tive charge density on the O atoms of two methoxyl 
groups will also help destabilization of F~. Apar t 
from these, the D M E - w a t e r complexes C in water-rich 
composition which are capable of anion solvation, are 
likely to be replaced by complexes of the type D in 

water deficient composition thus imparting decreasing 
acidity to the mixed solvents. Moreover, the in­
ductive effect of two CH3~ groups relayed through 
co-operative hydrogen bonded structures, diminishes 

the proticity of the hydrogen-bonded water in the 
water-cosolvent complexes. All these together are 
likely to result in the decreasing acidity of the mixed 
solvents. 

I t is interesting to note that while in DMSO-wa te r 
and DME-wa te r mixtures the AG?-composition pro­
files for O H - lie above the corresponding profiles 
for F~, the reverse is true in ME-wa te r system (Fig. 
1). This larger destabilization of O H - compared to 
F - in D M S O - w a t e r and D M E - w a t e r mixtures can be 
attributed to its pronounced stabilization in water 
because of its intrinsic protophilicity and natural pro­
pensity of fitting in water structures1315) and the rel­
atively poor H-bond denating capacity of the aqueous 
D M S O and D M E solutions. But the observed reverse 
behaviour of O H ~ compared to F~ in ME-wate r 
system indicates that M E being itself a protic solvent 
stabilizes the protophilic O H - through H-bonding 
more than F~. Thus , the present results suggest that 
while the stability of O H - is governed more by H-bond 
donating capacity of water and the protic cosolvents, 
that of F _ is dictated partly by H-bond donating 
capacity and partly by "aprotici ty" of the cosolvents, 
which is chiefly guided by the magnitudes and the 
location of formal positive charges of the cosolvent 
dipoles. 

Tests of Feakins-type extrapolation using AG?(KF) 
values along with the corresponding values of other 
potassium halides (Fig. 2) rêverai that the "ideal 
p lo t s ' of AG?(KX) vs. ( v ) - 1 through the data 
points of K F and KCl yield single-ion contributions 
(Table 3) that are nearer to those obtained by TATB 
method.7 b _ e) But those obtained from the mean devia­
tion lines drawn through the data points of KF , K C L , 
and KBr or of KCl , KBr, and K I are increasingly 
far off from the respective values by T A T B method, 
indicating that the superimposed soft-soft interactions20) 
on B r - and I - make the latter plots more untenable. 

T h e authors express their thanks to the Council 
of Scientific and Industrial Research, New Delhi, for 
financial assistance. 
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Ultrasonic Investigation on the Structure of Aqueous Solutions 
of iV,iV-Dimethylformamide and Dimethyl Sulfoxide 
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The effects of iVjiV-dimethylformamide and dimethyl sulfoxide on the temperature of adiabatic compres­
sibility minimum (Tß) and sound velocity maximum (Tu) of water have been studied. The structural contri­
butions to the shift in T ß and T u , [AT ß s t r.]eXp. and [A^u strJexp.» have been found to be negative for both sol­
utes. Both [ATß str.]exp. and [ATn s t r . ] e x p . are higher for dimethyl sulfoxide than JV,JV-dimethylformamide 
indicating that the sulfinyl group ()SO) is more efficient in structure disruption than the formylimino group 
()F). The results have been explained in the light of hydrogen bonding equilibria by the solutes. 

In recent years the effect of nonelectrolytes on 
the hydrogen-bonded structure of water has been 
studied extensively by observing the non-ideal ther­
modynamic behavior such as viscosity composition 
maxima,1) negative partial molal volumes2-4) and par­
tial molal heat capacity at infinite dilution.5-7) The 
structure of aqueous nonelectrolyte solution may also 
be investigated by determining the shift in the extrema 
in various physical properties of water caused by the 
addition of nonelectrolytes. Effects of nonelectrolytes 
on the density maximum temperature (DMT) of water 
have been studied extensively8-15) and the results have 
been utilized successfully to classify the solutes as 
structure promoters and disrupters. Recent studies 
on the effect of nonelectrolytes on the adiabatic com­
pressibility minimum temperature1 6 - 2 0) (AGMT) and 
sound velocity maximum temperature21 '22) (SVMT) 
have been found to be useful in understanding their 
structural behavior. 

Aqueous solutions of JV,iV-dimethylformamide 
(DMF) and dimethyl sulfoxide (DMSO) are known 
to be the best mixtures and reaction media. D M S O 
and D M F interact with water through hydrogen-
bonding, but details of such interactions are not well 
characterised. The studies on density maximum by 
Macdonald et al.,11) excess Gibbs free energy by Clever 
and Piggott23) and the infrared spectroscopy by Brink 
and Falk24) on aqueous D M S O characterise D M S O 
as a structure disrupter, while studies on standard 
free energy by Oakenfull and Fenwick,28) X-ray dif­
fraction and neutron inelastic scattering by Safford 
et a/.,26) partial molar enthalpies by Rallo et al.2^ 
apparent molar volume and heat capacity by de 
Visser et al.27) on w a t e r + D M S O system classify D M S O 
as a structure promotor. D M F is also representative 
of a class of solutes29) including dioxane, dimethyl-
sulfoxide and possibly acetone which are only weakly 
hydrophobic and probably have little overall influence 
on the structure of water. 

In view of the growing importance of sulfoxides 
and amides as solutes in biochemical and physico-
chemical investigations involving water as solvent and 
also of the fact that contraversial conclusions in par­
ticular have been drawn regarding the solute-solvent 
interactions and structural propensity of D M S O , we 
have taken up the studies on the effect of D M S O 
and D M F on S V M T and A C M T of water and the 
results are reported in this paper. 

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

Analar grade DMF and DMSO were used after necessary 
purification.30) The purity of the samples were checked 
by determining their densities at 25 °G using a bicapillary 
type pycknometer with an accuracy of 2 parts in 105, the 
values being in good agreement with literature data.4'27) 
Ultrasonic velocity (u) was determined using a single crystal 
variable path interferometer working at 3 MHz with an 
accuracy of ±0.003%. The details of the measurement 
of ultrasonic velocity were reported in a previous paper.16) 
Triple distilled degassed water was used to prepare solutions 
of DMF and DMSO of various concentrations. Ultrasonic 
velocities and densities were determined at an interval of 
~ 2 °G over a range of 5 °G on either side of SVMT and 
ACMT. The velocities were corrected for diffraction ef­
fects following the procedure reported.31) The adiabatic 
compressibilities calculated using the formula ß=u~2 p~x 

are accurate to ±0 .01%. At low concentrations of the 
organic solute, the temperature dependence of the adiabatic 
compressibility and ultrasonic velocity in solutions is similar 
to that of the curves for pure water. Transparent templates 
of the curves of pure water were used to determine SVMT 
(Tu) and AGMT (Tß) of solutions. The accuracy of the 
values of Tß and Tn are ±0.4 and ±0.2 °G, respectively. 

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

Results of the measurement of adiabatic compres­
sibility and ultrasonic velocity as a function of tem­
perature at different concentrations of dilute aqueous 
solutions of D M F and D M S O are shown graphically 
in Figs. 1—4. 

Expressions for !TU and Tß in aqueous solutions 
are obtained by considering the basic expressions for 
u and ß in pure components as a function of tem­
perature and the expression for the ß of the solution 
in terms of the compressibilities of pure components. 
The details of the derivation were reported.19) The 
final expressions are as follows. 

T rf i4 <p2aß i 
"so1" L 01O.OO32xlO~11 J 

xr1+. M r 
L 0AOO16X1O-11 J 

- - ^ ( 0 1 O . O O 3 2 x l O - 1 1 ) - 1 

x [~i+ M l"1 m 
X L 0x0.0016x10-" J ' { } 
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Fig. 1. Adiabatic compressibility, ß, plotted against 
temperature of solutions of aqueous iV,iV-dimethyl-
formamide. 
A: Z2=0.0000, B: Z2=0.0046, G: Z2=0.0095, D: 
Z2=0.0201, E: Xj=0.0279. 
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Fig. 2. Ultrasonic velocity, u, plotted against tempera­
ture, in solutions of aqueous ^,iV-dimethylformamide. 
The values given in the ordinate have to be added to 
1550ms-1. A: X,=0.0000, B: X2=0.0046, G: X2= 
0.0095, D: Z2=0.0201, E: Z2=0.0279. 
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Fig. 3. Adiabatic compressibility, /?, plotted against 
temperature of solutions of aqueous dimethyl sulfoxide. 
A: Z2=0.0044, B: Z2=0.0115, G: X>=0.0225, D: 
X,=0.0308, E: X,=0.0402. 
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Fig. 4. Ultrasonic velocity, u, plotted against tem­
perature, in solutions of aqueous dimethyl sulfoxide. 
The values given in the ordinate have to be added to 
1550 ms-1. A: Z2=0.0044, B: X,=0.0115, G: X2= 
0.0225, D: Z2=0.0308, E: Z2=0.0402. 



2202 Kopparapu SUBBARANGAIAH, Neriyanuri MANOHARA MURTHY, and Saraswatula Venkata SUBRAHMANYAM [Vol. 54, No. 7 

T A B L E 1 . ß2°, <Xß, <Xß, U2°, AND a u FOR iVjiV-DIMETHYLFORMAMIDE AND DIMETHYL SULFOXIDE 

A«X10« « , X 1 0 " a^XlO" 
m2 N- 1 m2 N- 1 °C-2 m2 N"1 0G"2 

iV,i\r-Dimethylformamide 43.046 0.21816 0.001740 
Dimethyl sulfoxide 36.007 0.17048 0.000985 

"2° 
ms - 1 

1556.77 
1576.98 

TABLE 2. T ß l d . , T ß eXp., (dßE/dt), AND ATß s t r . AT DIFFERENT MOLE FRACTION X2 OF 

iVjiV-DIMETHYL FORMAMIDE AND DIMETHYL SULFOXIDE IN WATER 

Solute X r ' l d - r > e x p - W W * 1 0 " 
A-*^ str 

Exptl 

au 

ms-1 °C-1 

3.82470 
3.34693 

,/°G 

Gakd 

iV,iV-Dimethylformamide 

Dimethyl sulfoxide 

0.0046 
0.0095 
0.0201 
0.0279 

0.0044 
0.0115 
0.0225 
0.0308 
0.0402 

61.3 
58.5 
52.8 
48.9 

62.4 
59.8 
55.9 
53.1 
50.0 

60.8 
56.9 
49.0 
43 
61, 
57. 
51. 
46. 
40.4 

0 . 7 + 0 . 3 
2 . 1 ± 1 . 1 
9 .2+4 .1 

17.0+8.5 

1.0±0.6 
4 . 3 ± 2 . 2 

10.6+5.3 
18.3+8.2 
28.2±14.1 

- 0 . 5 + 0 . 4 
- 1 . 6 + 0 . 4 
- 3 . 8 + 0 . 4 
- 5 . 8 + 0 . 

- 0 . 7 ± 0 . 
- 2 . 2 + 0 . 
- 4 . 7 + 0 . 
- 6 . 9 ± 0 . 
- 9 . 6 + 0 . 

.4 

.4 

.4 

.4 

.4 

.4 

- 0 . 2 + 0 . 1 
- 0 . 7 ± 0 . 3 
- 2 . 9 + 1 
- 5 . 3 + 2 

0 . 3 + 0 
- 1 . 4 + 0 
- 3 . 4 + 1 
- 6 . 0 + 2 
- 9 . 3 + 4 

Solute 

TABLE 3. •* u id.? •* u exp.? 
(dp/dt), (dßE/dt), AND ATU s t r # AT DIFFERENT MOLE 

OF iV,iV-DIMETHYLFORMAMIDE AND DIMETHYLSULFOXIDE IN WATER 

Y TulAm ^uexp. (d/i/dOxlO» (djj»/d*)xl0" 
* a °G °G kg m-3 «»C-1 m2 N"1 «»G-1 

FRACTIONS Jf2 

Arustr./°c 
Exptl Galcd 

iV,iV-Dimethyl-
formamide 

Dimethyl sulfoxide 

0.0046 
0.0095 
0.0201 
0.0279 

0.0044 
0.0115 
0.0225 
0.0308 
0.0402 

71.0 
67.9 
61.7 
57.6 

72. 
69. 
65. 
62. 
59.0 

70. 
66. 
58. 
52. 

71. 
67. 
60. 
55. 
49. 

-59 
-59 
-57 
-57 

-60 
-60 
-57 
-58 
-58 

- 0 . 9 + 0 . 4 
- 0 . 5 + 0 . 2 

2 . 9 + 1 . 3 
8 . 7 + 3 . 9 

0.7+0.4 
2.2 + 1.1 
7.2±3.2 

11.2+5.6 
19.1+8.6 

-0.4±0.2 
-1.2+0.2 
-3.4+0.2 
-5.4±0.2 

- 0 . 7 + 0 . 2 
- 2 . 1 + 0 . 2 
-4.3 + 0.2 
- 6 . 5 + 0 . 2 
- 9 . 7 + 0 . 2 

0.2±0.2 
- 0 . 1 + 0 . 1 
- 1 . 8 + 0 . 5 
- 4 . 5 + 1.6 

- 0 . 4 + 0 . 2 
- 1 . 1 + 0 . 4 
- 3 . 4 + 1 . 3 
- 5 . 4 + 2 . 4 
- 9 . 2 ± 3 . 8 

u so l . Wi/V^iA0.049/^jï"J 

V !̂2 A 0.098/L d* E^L (2) 

Where $l9 <f>2 and Wly W2 represent the volume frac­
tions and weight fractions of pure water and organic 
solute, respectively, in solution, aß and a} are the 
coefficients involved in the relation for the adiabatic 
compressibility as a function of temperature (t) of 
organic solute given below: 

ß2 = ß2° + ocßt + oc}t*. (3) 

Where au represents the coefficient involved in the 
expression for temperature dependence of velocity in 
the organic solute, namely 

u2 = u2° — au*. (4) 

Where ux and u2 are velocities in pure water and or­
ganic solute, respectively. ßE represents the excess 
adiabatic compressibility. The values of ß°, aß, a}, 
u%, and au for D M F and D M S O are evaluated using 
ultrasonic velocity determined experimentally and den­
sity data at different temperatures. The values are 

given in Table 1. 
T h e shifts produced ATß = (Tß 8oU-Tß w a t e r) and 

A r u = ( r u s o l # — r u w a t e r ) may be divided into an 
ideal contribution (A!Tuld> and A Tß id ) and structural 
contribution (A!r u s t r # and Tß s t r ) according to Eqs. 1 
and 2. The ideal contribution is always negative, 
but the structural contribution can either be positive 
or negative, indicating either structure promotion or 
structure disruption by the solute. 

The second terms on the right hand side of Eqs. 
1 and 2 represent A Tß s tr# and A Tn s t r , respectively. 
They can also be obtained experimentally using the 
following relations. 

(5) 

(6) 

LiX-L ß s t r . J e x p . — •*• ß exp . •* 0 id.» 

[ATU s t r . ] exp . u exp . u id. 

where Tß id# and Tu id# are given by the first terms 
of the right hand sides of Eqs. 1 and 2, respectively. 
These temperatures correspond to those at which adia­
batic compressibility minimum of and sound velocity 
maximum in the solution would take place if ideal 
mixing occurs. Since the temperature dependence of 
(j>x and <f> is small, (j>x and (j>2 used to determine Tß ld 
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Fig. 5. Structural shifts, [A7^str.]exp.> plotted against 

X2 of iV,iV-dimethylformamide and dimethyl solfolxide. 
# : iV,iV-Dimethyl formamide, O : dimethyl solfoxide. 
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Fig. 6. Structural shifts, [ATU str.]exP.> plotted against 

X2 of iVjiV-dimethylformamide and dimethyl sulfoxide. 
# : iV,JV-Dimethylformamide, O : dimethyl sulfoxide. 

and 7^ ld# were those calculated at Tß and Tu of 
the solution found experimentally. Successive approx­
imation method was employed for evaluation of T u id-
The values of [ATß s t r . ] e x p . and [ATU s t r J e x p . at 
different mole fractions (X2) of D M F and D M S O 
are given in Tables 2 and 3 and shown graphically 
in Figs. 5 and 6, respectively. T h e negative shifts 
increase with increasing X2, indicating that both D M F 
and D M S O promote disruption of the three dimen­
sional structure of water. 

The spectroscopic and thermodynamic studies of 
aqueous D M S O by Fox and Whittingham3 2) indicate 
hydrophobic hydration of D M S O in water, only when 
D M S O is present in a small amount i.e. X2<0.005. 
At higher concentration complex formation is pre­
dominant. The extrema that have been observed in 
the excess enthalpy,32) isothermal compressibility,33) 
viscosity34) and activation volume for benzyl chloride 
solvolysis35) around X 2 ~0 .35 indicate the formation 
of 2 :1 ( H 2 0 : D M S O ) complexes, and do not cor­
respond to hydrophobic hydration. As such, D M S O 
cannot be described as a structure promoter. The 
structural contribution to the shift in M D T of water 
for D M S O has been found to be negative,11) indicating 

the structure disrupting character of D M S O which 
supports the present study. Studies on X-ray dif­
fraction and neutron inelastic scattering by Safford 
et a/.26) indicate D M S O as structure promoter. The 
studies by Brink and Falk24) show that addition of 
a few m o l % of D M S O to water does not change the 
average value or the width of distribution of hydrogen-
bond energies derived from infrared spectroscopy. The 
studies on the apparent molar volumes4>27»36) and heat 
capacities27 '37) indicate both D M S O and D M F to be 
weakly hydrophobic. The minimum in the standard 
free energy of hydrophobic interaction ( AG°HI) for both 
D M S O and D M F around X j - 0 . 2 5 and 0.1 indicates 
that these solutes strengthen hydrophobic interaction.28) 
D M F is weakly hydrophobic. However, the present 
study indicates that it does not enhance the long-
range interaction in water. Ultrasonic velocity and 
adiabatic compressibility measurements carried out by 
Endo38) on w a t e r + D M F system over the temperature 
range 20—50 °G indicate some complex formation, 
where the number of molecules of water per D M F 
molecule are 22.8, definitely not of clathrate hydrate 
type.39) Thus D M F - w a t e r interactions are not of hy­
drophobic nature. Also ultrasonic absorption meas­
urements made by Kawaizumi et Ö/.40) on this system 
indicate that added D M F molecules have the same 
effects as the temperature rise upon the ultrasonic 
absorption coefficient, and D M F has been charac­
terized as a structure disrupter. T h e structural con­
tribution to the shift in M D T is negative12) which 
further confirms the structure disrupting nature of 
D M F . Since the structure promoting interactions are 
sensitive to temperature20»41-44) different conclusions 
drawn only reflect the different experimental tem­
peratures, i.e. 64 and 74 °C for A C M T and S V M T 
studies carried out in the present work, 4 °G for M D T 
studies, and 25 °G for the other studies. I t is possible 
tha t various experimental techniques correspond to 
different phenomena. 

One may regard the ability of the solute to per turb 
the structure of water as a sum of group effects as 
proposed by W a d a and Umeda.8) We see in Figs. 
5 and 6 that the structure disrupting tendency of 
D M S O is greater than that of D M F . Since both 
solutes have a common dimethyl group, it is clear 
that the sulfinyl group ( > S O ) is more efficient in 
disrupting the structure of water than the formylimino 
group ( > F ) . 

T h e structural contribution to the shifts in Tß 

and ÜHU has also been calculated using the values 

oi —-.— at each concentration. T h e excess adiabatic 
dt 

compressibility ßE was evaluated11) a t each temperature 
using experimental velocities of pure components and 
the mixtures. At all concentrations /?E was found 
to be a linear function of temperature within ex­
perimental error. T h e calculated structural shifts 
[A^Btr . lcai . and [ATU s t r . ] c a l . , are also given in 
Tables 2 and 3 and these values compare well with 
the experimental ones. 

One of the authors (K. Subbarangaiah) is grateful 
to the authorities of S. V. U . Autonomous Post-
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Mixed Monolayers of Long Normal-chain Fatty Acids with Long 
Normal Alkyl Esters. III. Pentadecanoic Acid-Esters System 

Hirosi M A T U O , * Kinsi MOTOMURA, and Ryohei M A T U U R A 

Department of Chemistry, Faculty of Science, Kyushu University 33, Higashi-ku, Fukuoka 812 
(Received June 28, 1980) 

The surface pressures of mixed monolayers of pentadecyl acetate, hexadecyl acetate, heptadecyl acetate, and 
hexadecyl propionate with pentadecanoic acid were measured at various compositions and temperatures. The 
two-dimensional phase diagram and apparent molar entropy and energy changes were evaluated by means of 
a previously described thermodynamic treatment. They depend uniquely on the molecular structure of the 
film-forming substances and on the composition in the mixed monolayer. The phase diagrams of pentadecanoic 
acid-pentadecyl acetate and pentadecanoic acid-hexadecyl acetate systems are of a complicated type. There 
are positive and negative regions in the excess apparent molar energy changes. The pentadecanoic acid-hep-
tadecyl acetate and pentadecanoic acid-hexadecyl propionate systems are of the positive azeotropic type. The 
excess apparent molar energy changes are positive over the whole range of mole fractions. 

Previously we have reported unique behavior in 
the mixed monolayer of the pentadecanoic ac id(C 1 5 ) -
hexadecyl acetate (HA) system.1) I t has maximum and 
minimum points in the phase diagram. To investigate 
this phenomenon in more detail, it is necessary to 
use esters which have a different chain length of the 
hydrophobic par t from that of HA, such as pentadecyl 
acetate (PA), heptadecyl acetate (HpA), and hexadecyl 
propionate(HPr), which has the same chain length 
as HA, but with a different hydrophilic group. In 
the present study we have attempted to do experiments 
with these esters. 

Exper imenta l 

Pentadecanoic acid(G15) was purified by fractional dis­
tillation and recrystallization. Pentadecyl acetate (PA), hexa­
decyl acetate (HA), heptadecyl acetate (HpA), and hexadecyl 
propionate (HPr) were synthesized by the usual method2) 
and were purified by reduced pressure distillations. 

The surface pressure was measured by means of a Wilhelmy-
type surface balance. The monolayer was compressed con­
tinuously with a constant velocity. The surface pressure-
mean area (n-A) curves were reproducible within ±0.2 
mN m - 1 in the same mean molecular area. Purified ben­
zene was used as the spreading solvent. To prevent the 
ester from hydrolysis, a 0.1 mol dm - 3 NaCl solution was 
used as the substrate; this was prepared from twice-distilled 
water and sodium chloride (Wako super special grade). 
The temperature was kept constant within ±0.1 K during 
the experiment. 

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

Representative n-A curves of the G1 5-PA, G15-HA,1> 
C 1 5 -HpA, and G 1 5 -HPr systems at 298.2 K are shown 
in Figs. 1 to 4. These esters and fatty acid spread 
on the air-water interface formed an expanded mono­
layer at the experimental temperature. The tran­
sition from the liquid expanded to the liquid con­
densed state was observed for all systems over the 
whole range of composition. The transition pressure, 
7ieq, corresponds to the surface pressure at the break 
point of the n-A curve. T h e variations in neq- with 
the mole fraction of esters, xï'°, are very different 
from each other, as is shown in Fig. 5. These curves 
depend significantly on the chain length and the 
structure of the hydrophilic group of esters. T h e 

0.2 0.4 

A / n m 2 

Fig. 1. Surface pressure vs. mean area curves of the 
pentadecanoic acid-pentadecyl acetate mixed mono­
layer at 298.2 K. 
1: x*2=0 (pentadecanoic acid), 2: 0.3, 3: 0.7, 4: 1 
(pentadecyl acetate). 

E 

A / n n r / 

Fig. 2. Surface pressure vs. mean area curves of the 
pentadecanoic acid-hexadecyl acetate mixed mono­
layer at 298.2 K. 
1: x*2=0 (pentadecanoic acid), 2: 0.2, 3: 0.3, 4: 0.4, 
5: 0.8, 6: 1 (hexadecyl acetate). 
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Fig. 3. Surface pressure vs. mean area curves of the 
pentadecanoic acid-heptadecyl acetate mixed mono­
layer at 298.2 K. 
1: #2* = 0 (pentadecanoic acid), 2: 0.2, 3: 0.7, 4: 1 
(heptadecyl acetate). 

A / n m ' 

Fig. 4. Surface pressure vs. mean area curves of the 
pentadecanoic acid-hexadecyl propionate mixed 
monolayer at 298.2 K. 
1: *; = 0 (pentadecanoic acid), 2: 0.2, 3: 0.6, 4: 0.8, 
5: 1 (hexadecyl propionate). 

Fig. 5. n^-xl'6 curves of several mixed monolayers 
at 298.2 K. 
1 : Pentadecanoic acid-pentadecyl acetate system, 2 
pentadecanoic acid-hexadecyl acetate system, 3 
pentadecanoic acid-heptadecyl acetate system, 4 
pentadecanoic acid-hexadecyl propionate system. 

hydrophilic group of PA, HA, and H p A is the same, 
that is, acetoxyl group (GH 3 GOO-) , but the carbon 
number of the hydrophobic group is different in each. 
O n the other hand, the hydrophilic group of H P r 
is different from that of HA, while the chain length 
is the same. I n the G1 5-PA system, rce* increases 
gently with an increase in the mole fraction of the 
ester in the expanded state, x''e. There are maximum 
and minimum points in the C 1 5 -HA system, as has 
previously been mentioned.*> For the G 1 5-HpA sys­
tem, a small maximum was observed, while the G1 5-
H P r system has a large maximum. 

Recently thermodynamic equations of a multicom-
ponent mixed monolayer in which the contribution 
of water is incorporated were derived by Motomura.3"6) 
When two components are miscible in both the ex­
panded and condensed states, the following equations 
(Eqs. 209, 201, and 205 in Ref. 6) have been reported: 

**•= = xl-e + (ac~a°)(dneydx"2-°)T,P 

r,p 

+ f*ld>a°/(dxr)*]T,P,Anh (1) 

A*r = [ f l 0 - a e - ( * ï ' 0 - * ; , " ) ( 3 a e / ^ î " ) r . p „ ] 
X [(dn**/dT)p,x*2,-(dy°/dT)p-), (2) 

and ; 
A« r = -(n**-y°)[a°-ae-(xl'°-x«2-°){da°/dx*"')T,p, J 

+ A 7 V , (3) 

where xl is the mole fraction of the second component 
(ester) in the mixed monolayer; a is the mean area 
per mole of film-forming components; neq- is the phase-
equilibrium surface pressure, which corresponds to that 
of the break point of the n-A curve; the superscripts 
c and e represent the condensed and expanded states 
respectively; Asr and Awr are the apparent molar 
entropy and energy changes, and y° is the surface 
tension of water. 

Now we can obtain two curves; one is the experi­
mental n^—xV* curve, and the other is the n»*— 
xï* curve calculated using Eq. 1. A two-dimensional 
phase diagram is constructed by means of these two 
curves. The diagrams of the G1 5-PA, C 1 5 -HA, G1 5-
HpA, and G 1 5 -HPr systems a t 298.2 K are shown 
in Figs. 6 to 9. For all systems, two components 
are miscible in the expanded as well as the condensed 
states. At the maximum and minimum paints, the 
mole fractions of the expanded (#5,e) and condensed 
(x",e) phases are equal. According to the previously 
presented classification of phase diagrams,7-8) the G1 5-
PA and G 1 5 -HA systems are of a complicated type, 
while the C 1 5 -HpA and G 1 5 -HPr systems are of a 
positive azeotropic type. 

The apparent molar entropy change of these systems 
was evaluated by means of Eq. 2. They are shown 
in Fig. 10. I n the G1 5-PA system, Asr decreases 
gendy with an increase in x',a. T h e A^ r of the 
C 1 5 -HA system has a small minimum. The value 
for the G 1 5 -HpA system increases gradually with an 
increase in xV. The G 1 5 -HPr system has an obvious 
minimum. In this way, the apparent molar entropy 
changes of these systems depend also uniquely on the 
chain length and structure of the hydrophilic group 
of esters. 
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Fig. 6. Phase diagram of the pentadecanoic acid-
pentadecyl acetate mixed monolayer at 298.2 K. 

Fig. 9. Phase diagram of the pentadecanoic aicd-
hexadecyl propionate mixed monolayer at 298.2 K. 
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Fig. 7. Phase diagram of the pentadecanoic acid-
hexadecyl acetate mixed monolayer at 298.2 K. 
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Fig. 8. Phase diagram of the pentadecanoic acid-
heptadecyl acetate mixed monolayer at 298.2 K. 

Fig. 10. A-*r vs. xl<a curves of several mixed mono­
layers. 
1 : Pentadecanoic acid-pentadecyl acetate system at 
298.2 K, 2 : pentadecanoic acid-hexadecyl acetate 
system at 295.7 K, 3 : pentadecanoic acid-heptadecyl 
acetate system at 299.7 K, 4: pentadecanoic acid-
hexadecyl propionate system at 298.2 K. 

The excess apparent molar energy change is defined 
by Awr — (Awr), where (Awr) is the composition 
average of Aur. From Eq. 3 and the above definition, 
we can now calculate the excess apparent molar energy 
changes. They are given in Fig. 11. I t is interesting 
that there are positive and negative regions in the 
energy change. This is why G1 5-PA and G 1 5 -HA 
systems show complicated phase diagrams. They in­
dicate the following facts: (1) in the positive region, 
there are mutual interactions between the two com­
ponents in the mixed monolayer which are weaker 
than the interactions between the pure component 
molecules themselves, and (2) in the negative region, 
there are mutual interactions between the two com­
ponents in the mixed monolayer which are stronger 
than the interactions between the pure component 
molecules themselves. Upon comparing the C1 5-PA, 
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Fig. 11. (Aur) — (Aur) vs. xl'c curves of several mixed 
monolayers. 
1 : Pentadecanoic acid-pentadecyl acetate system at 
298.2 K, 2 : pentadecanoic acid-hexadecyl acetate 
system at 295.7 K, 3: pentadecanoic acid-heptadecyl 
acetate system at 299.7 K, 4: pentadecanoic acid-
hexadecyl propionate system at 298.2 K. 

C 1 5 -HA, and G 1 5 -HpA systems, we find that the 
positive region increases with an increase in the chain 
length of the esters until, in the C 1 5 -HpA system, 
the energy change is positive over the whole range 
of xl'\ I n these C ^ - P A , C 1 5 -HA, and C 1 5 -HpA 
systems, the hydrophilic group of the esters is the 
same, but the chain length of the esters is different 
in each. Therefore, the above results show the fol­
lowing facts: (1) interactions between two components 
in the mixed monolayer decrease with an increase 

in the difference in chain length between the two 
components, and (2) in the low x',c region, the 
contribution of the hydrophilic-hydrophilic steric hin­
drance becomes relatively large. The excess apparent 
molar energy change of the C 1 5 -HPr system is positive 
over the whole range of xVc. This also indicate 
the weaker interactions. This is why C 1 5 -HPr system 
shows a positive azeotropic transformation in mixed 
monolayers.5 '8 '9) H P r has a propyl group(G3H8-) in 
its hydrophilic part , but PA, HA, and H p A have a 
methyl group(CH 3 - ) in their hydrophilic parts. The 
steric hindrance of the propyl group is much larger 
than that of the methyl group. Therefore, the steric 
hindrance of the propyl group may be supposed to 
play an important role in the positive azeotropic 
transformation. 
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Synopsis. Phosphorescence of benzojV]cinnoline has 
been found to be enhanced in polyhydric solvents, such as 
ethylene glycol, glycerol, and aqueous ethanol. Enhance­
ment of the phosphorescence emission can be attributed to 
the formation of the hydrogen bond in the triplet state of 
benzo[c]cinnoline with the solvent molecules. 

Emission characteristics of ortho-diazines, such as 
pyridazine and benzo[c]cinnoline (9,10-diazaphenan-
threne, abbreviated hereafter as BCG), have often 
been discussed.1) BGC shows intense fluorescence, but 
its phosphorescence emission efficiency is very low.2) 
Recently, Lin and Stikeleather3) observed enhanced 
phosphorescence of BGC in the fluorinated alcohols. 
The alcohols act as a proton-donor in hydrogen bond­
ing with BCG, thus inducing the phosphorescence of 
the substrate. They suggested that the lack of phos­
phorescence in hydrocarbon solvents was not due to 
a nonpopulated triplet state, but rather due to the 
Tj-^So radiationless rate being much faster than the 
radiative rate. 

In general, the hydrogen bond between solute and 
solvent has some influence on the emission properties 
of the solute. As for cinnoline, for example, it is 
known that the formation of a hydrogen bond induces 
phosphorescence, although it is a poor phosphorescer 
in non proton-donating solvents.4) 

The formation of the hydrogen bond in the ground 
state BGG with proton-donating solvents was proved 
from a blue shift of the rm* absorption spectrum.5) 
In the lowest excited singlet state of BGG, the hydrogen 
bond is formed at low temperature, but it is broken 
at room temperature.6»7) 

In this paper, we will report the enhanced phos­
phorescence emission of BCC in polyhydric alcohols 
and aqueous monohydric alcohols, and will discuss 
the hydrogen bonding in the lowest triplet state of 
BGG with those solvents. 

Exper imenta l 

BCG was obtained from Aldrich Chem. Co. and was 
purified by recrystallization from ethanol. Emission spectra 
were recorded on a Shimadzu RF-500 spectrofluorimeter 
at 77 K. Excitation spectra were corrected for the intensity 
of incident light using a rhodamine B solution. 

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

In monohydric alcohols, such as ethanol and 2-
propanol, BGC shows no appreciable phosphorescence 
under our experimental conditions. However, it was 
found that in mixture of the monohydric alcohols 

500 550 600 650 
Wavelength / n m 

Fig. 1. Phosphorescence spectra of BCC. 
— : In a mixture of ethanol and water (1:1), : 
in glycerol, : in ethylene glycol. 

and water (1:1 vol) the phosphorescence emission 
could be observed around 540 nm with a significant 
yield. In addition, ethylene glycol and glycerol were 
also found to be suitable solvents for the appearance 
of the phosphorescence of BCC. The observed phos­
phorescence spectra are presented in Fig. 1. None 
of the emission arises from the solvents used here. 
Moreover, the possible photochemical change of the 
sample was not detected.8) T h e formation of a dimer 
of BCG at low temperature as reported by Hoytink 
et a/.9) can be ruled out as an origin of the observed 
phosphorescence, because polar solvents are used in 
this study. Hochstrasser and Marzzacco10) reported 
the crystalline T1<-S0 absorption spectrum and they 
assigned the lowest triplet at 5384.6 A (0—0 band) 
as the Tin* type. T h e 0—0 band of T ^ S Q absorp­
tion spectrum corresponds in position to that of the 
phosphorescence observed in this study. 

I t should be noted that the phosphorescence of 
protonated BCG in 4 mol/dm 3 HCl aqueous 2-propa-
nol, which was reported earlier,11) was quite similar 
in shape to the spectra in Fig. 1, though the former 
has a maximum at somewhat longer wavelength.12) 
In the present case, therefore, enhancement of the 
phosphorescence can reasonably be explained in terms 
of the hydrogen bonding between the solute and the 
solvents. In the aqueous alcohols, water seems to act 
as a proton-donor. I t is worth noting that the solvent 
molecule which is suitable for the emission has a t 
least two hydrogen atoms which can take par t in 
the hydrogen bonding with the aza nitrogen atoms 
of BCG. Accordingly, the following hydrogen bonds 
are though to be formed. In fact, ethylene glycol 
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monoethyl ether, which could not form such hydrogen 
bonds, did not induce the phosphorescence. There­
fore, there is a distinct difference in the hydrogen 
bonding with the triplet state BCG between the mono-
and polyhydric alcohols. 

^ ^ H 
H H / 

R : polyhydric alcohol, 

N = N NH wafer 

In order to see the difference in hydrogen bonding 
with the ground (S0) and the lowest excited singlet 
(Sj) BCG between mono- and polyhydric alcohols, 
the absorption and fluorescence spectra were deter­
mined at room temperature. Owing to the hydrogen 
bonding, the mr* absorption band exhibits a large 
blue shift, thus appearing as a shoulder at the long 
wavelength of the first nn* band in both the mono-
and polyhydric alcohols. The shape of the shoulder 
is the same in both solvents. T h e wavelengths of 
the fluorescence maxima in the polyhyric alcohols and 
the aqueous alcohols are almost the same as those 
in the monohydric alcohols, e.g., 485 nm in ethylene 
glycol and 488 nm in ethanol. Therefore, we could 
not find any differences in hydrogen bonding properties 
of BCG in the S0 and Sx states between the mono-
and polyhydric alcohols at room temperature. 

Figure 2 shows the excitation spectra of the fluo­
rescence at room temperature and of the phospho­
rescence at 77 K in glycerol. T h e phosphorescence 
excitation spectrum is shifted to somewhat longer wave­
lengths compared with the fluorescence excitation spec­
t rum which corresponds to the absorption spectrum. 
This shift suggests that in polyhydric alcohols the 
hydrogen bonds are strengthened at low temperature, 
that is, the formation of the hydrogen bonds occurs 
as illustrated above. 
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Synopsis. The 14N NQR frequencies of K2SrCu-
(N02)„ K2BaGu(N02)6, and Gs2PbCu(N02)6 were deter­
mined at various temperatures below about 155, 67, and 
235 K, respectively. The results are discussed in referring 
to their crystal structure. 

Recently, a number of structural studies1-8) have 
been made on the compound R 2 M C u ( N 0 2 ) 6 ( R = K , 
Rb , Cs, NH 4 , Tl and M = P b , Ca, Sr, Ba) and it be­
came obvious that this series of compounds can be 
classified into two distinct classes through the sort of 
the bivalent cation M . The compounds containing 
Pb form cubic crystals in their high-temperature phase 
and exhibit successive phase transitions with decreasing 
temperature. In their lowest-temperature commen­
surate phase, these crystals are thought to have a 
pseudotetragonal lattice with c/tf<l.1 - 6) O n the other 
hand, the crystals containing the alkali earth metal 
atoms have a pseudotetragonal lattice with c\a> 1 at 
room temperature6 - 8) and the occurrence of phase 
transition has not been reported as yet. 

In a preceding paper,9) we reported the existence 
of at least two sets of 14N nuclear quadrupole resonance 
(NQR) frequencies in the low-temperature phase of 
the former class compounds. However, there remains 
an unsolved problem on the assignment of the observed 
frequencies to nonequivalent nitrogen atoms in the 
crystals. Accordingly, we have undertaken the present 
investigation of the 14N N Q R of the latter compounds 
to clarify this point. 

Exper imenta l 

The samples employed for the measurements of NQR 
and DTA (differential thermal analysis) were synthesized 
according to the method reported by Reinen et a/.,6) and 
identified by recording X-ray powder patterns. A modified 
Pound-Watkins type spectrometer operated in a frequency 
modulation mode10) was used for the observation of 14N 
NQR signals. The sample temperature was determined 
by employing the usual method already described elsewhere.9) 
DTA curves were taken by means of a home-made apparatus 
previously described.11) 

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

Three N Q R frequencies vl, v11, and vlIÎ defined 
below are usually observed for 14N nuclei in compounds. 

vl = (3/4h)e(lq(l+Vß), v" = (3/4h)eQ,q(l-V/3) j 

V™=(l/2h)eQ.q>V. ) ( 1 ) 

Here, eQq and t] denote the quadrupole coupling 
constant and the asymmetry parameter, respectively. 
The vl and v11 frequencies and their signal-to-noise 
ratios (S/N) determined at various temperatures are 
given in Table 1. 

A single pair of vl and v11 frequencies was observed 

for both of K 2 S r C u ( N 0 2 ) 6 and K 2 BaCu(N0 2 ) 6 . For 
the former compound vl and v11 could be detected 
up to about 110 and 155 K, respectively, while for 
the latter up to about 45 and 67 K, respectively. Both 
frequencies of K 2 S r C u ( N 0 2 ) 6 decreased smoothly with 
increasing temperature up to respective fade-out tem­
peratures, indicating that no phase transition takes 
place below 155 K. To examine the thermal prop­
erties of K 2 S r C u ( N 0 2 ) 6 , we carried out the experi­
ment of D T A and found no thermal anomaly in the 
temperature range of 143—323 K. Accordingly, it can 
be concluded that K i i SrCu(N0 2 ) 6 retains its crystal 
symmetry determined at room temperature unaltered 
down to liquid helium temperature. For K2BaCu-
( N 0 2 ) 6 , the resonance frequencies decreased smoothly 
with increasing temperature, indicating the absence 
of phase transition between 2 and 67 K. 

The caesium salt, Cs 2 PbCu(N0 2 ) 6 yielded two sets 
of v1 and v11 lines at liquid helium temperature. With 
increasing temperature, these vl and v11 lines decreased 
their frequency smoothly and disappeared in the noise 
level at about 124 and 235 K, respectively. T h e latter 
temperature is lower by 50 K than the lowest transi­
tion temperature of the caesium salt.12) 

According to Takagi et a/.,8) all the complex ions 
[ C u ( N 0 2 ) 6 ] 4 _ having an orthorhombic symmetry are 
crystallographically equivalent in the crystals of K2Sr-
C u ( N 0 2 ) 6 . Therefore, three kinds of crystallographi­
cally nonequivalent nitrogen atoms exist in the crystals : 
one kind of axially elongated nitrogen atoms (Gu-N: 
2.31 Â) and two kinds of equatorial nitrogen atoms 
(Gu-N: 2.04 and 2.03 Â) . The fact that the Sr com­
pound shows only one set of 14N N Q R frequencies 
suggests that only the elongated nitrogen atoms afford 
detectable N Q R signals. The N Q R signals of the 
other nitrogen atoms may be undiscernibly broadened 
owing to the magnetic disturbance of the Gu(II) un­
paired electron situated near to the nitrogen atoms. 

The N Q R parameters, eQqjh and ~q obtained at 
4.2 K are given in Table 2 with those of R 2 PbCu-
( N 0 2 ) 6 for comparison. The R 2 P b C u ( N 0 2 ) 6 type com­
plexes except for (NH 4 ) 2 PbCu(N0 2 ) 6 yield two sets 
of the parameters.9) The ammonium salt shows an 
additional structural phase transition at 94.5 K, above 
which temperature the salt also yields two sets of 
the parameters. O n the X-ray and neutron dif­
fraction studies of K 2 P b C u ( N 0 2 ) 6 , Noda et a/.1) in­
terpreted their experimental results in terms of a 
structural model proposed by Reinen et al.6) In this 
model, local tetragonal elongation of a complex ion 
takes place and the axis of the elongation alternates 
between the a- and b-axis of the pseudotetragonal 
crystal. Taking into account of the configuration of 
oxygen atoms, this indicates that there exist two crystal­
lographically different elongated complex ions. Ac­
cordingly, there are two nonequivalent nitrogen atoms 
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TABLE 1. 14N NQR FREQUENCIES ( ± 0 . 1 kHz) AND THEIR SIGNAL-TO-NOISE RATIOS (S/N) OF K2SrCu(N02)6 

K2BaCu(N02)6, AND Cs2PbCu(N02)6 DETERMINED AT VARIOUS TEMPERATURES 

Compound 

K2SrCu(N02)6 

K2BaCu(N02)6 

Cs2PbCu(N02)6 

Temp/K 

2 
18 
77 

109 
155 

2 
20 
45 
67 

2 

22 

77 

124 

235 

^/kHz 

4555.8 
4555.8 
4547.0 
4536.7 

— 
4572.8 
4572.1 
4566.5 

— 
4496.2 
4495.4 
4496.0 
4495.2 
4490.5 
4489.7 
4478.2 
4477.6 

— 

(S/N) 

(«200) 

(8) 
(«4) 

(3) 

(60) 

(4) 
(2) 

(150) 
(150) 

(7) 
(7) 

(«5) 
(«5) 

(3) 
(3) 

*n/kHz 

3527.9 
3527.9 
3525.3 
3521.2 
3511.7 

3541.1 
3540.9 
3539.7 
3537.9 

3508.1 
3512.1 
3508.0 
3512.0 
3504.5 
3508.5 
3495.5 
3499.7 
3458.4 
3463.2 

(S/N) 

(«400) 
(35) 

(«7) 

(5) 
(5) 

(170) 
(10) 
(5) 
(3) 

(200) 
(230) 

(6) 
(6) 

(«4) 
(«4) 

(3) 
(3) 
(2) 
(2) 

TABLE 2. 14N N Q R PARAMETERS OF R 2 M G U ( N 0 2 ) 6 

TYPE COMPLEXES DETERMINED AT 4 . 2 K 

R2MGu(N02)6 

R M 

K 
K 
K 

NH4 

Rb 

Cs 

Tl 

Ba 
Sr 
Pb 

Pb 
Pb 

Pb 

Pb 

Ref. 

this work 
this work 

9 

9 
9 

this work 

9 

Quadrupole 

(eQq/h)/kHz 

5409.3 
5389.3 
5363.5 
5360.5 
5357.5 
5348.3 
5345.5 
5336.1 
5338.3 
5296.1 
5293.7 

parameter 
"\ 
V 

0.3815 
0.3815 
0.3752 
0.3737 
0.3744 
0.3743 
0.3722 
0.3703 
0.3684 
0.3510 
0.3498 

having longer G u - N distances and it is considered 
that these nitrogen atoms afford detectable N Q R sig­
nals.9»13) 
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Kinetics of the Decarboxylation of Benzylmalonic Acid, Ethylmalonic 
Acid, and Dimethylmalonic Acid in Hydroxylic Solvents 
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(Received May 6, 1980) 

Synopsis. Kinetics of the decarboxylation of benzyl­
malonic acid, ethylmalonic acid, and dimethylmalonic acid 
have been shown to follow first order rate equation in several 
solvents, namely alkanediols and diethylene glycol (DEG), 
polyethylene glycol (PEG), and polypropylene glycol (PPG). 
The enthalpy and entropy of activation for the decarboxyla­
tion reactions were determined and the plot of &H* vs. AS* 
was found to be linear through all the solvents. 

In the present Note, we report the results of our 
investigations into the kinetics of the decarboxylation 
of substituted malonic acids in hydroxylic solvents. 
The experimental set up is the same as was described 
previoulsy.1,3 '6) T h e decarboxylation was carried out 
in a thermostated bath controlled to within ±0 .2 °G. 
The decarboxylation rates were measured by collecting 
the evolved carbon dioxide gas at atmospheric pressure 
at various time intervals. The solvents used a re : 
ethylene glycol (Pfizer, India) , 1,2-propanediol (B.D.H., 
L.R.) , 1,3-butanediol (B.D.H., England), diethylene 
glycol (B.D.H., England), polyethylene glycol-400 
(B.D.H., England), and polypropylene glycol-425 
(Koch-Light, England) . Benzylmalonic acid, ethyl­
malonic acid, and dimethylmalonic acid used were of 
Fluka, Switzerland. Ethylene glycol and 1,2-pro­
panediol were distilled under reduced pressure before 
use. The solvents were previously saturated at the 
reaction temperature by passing a stream of pure and 
dry carbon dioxide gas. Stoichiometry was checked 
in all the solvents by collecting carbon dioxide gas 
when the reaction was complete. In each kinetic run, 
the amount of acid taken was about 0.17—0.18 g in 

25 ml of the solvent. 

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

The first order rate constants k given in Table 1 
are mean values over at least four kinetic runs. We 
also observed that the decarboxylation of these acids 
obeys rate theory equation of Eyring. T h e thermo­
dynamic parameters, enthalpy and entropy of activa­
tion, AH* and AS* have been evaluated and these 
are given in Table 2. 

Figure 1 shows the enthalpy-entropy plot for the 
decarboxylation reaction of these acids in these solvents 
as well as in the molten state. Decarboxylation ki­
netics of benzylmalonic acid in the molten state have 
been reported by Clark.7) We have also measured 
the decarboxylation rate in the molten state of these 
three acids at several temperatures.8) I t is seen that a 
straight line can be drawn through all the solvents 
including the melting point. T h e data for dimethyl­
malonic acid, however, is off as will be evident in 
Fig. 1. This is not unexpected because dimethyl­
malonic acid was seen to decarboxylate very fast in 
the molten state and there was some uncertainty in 
the values of the rate constant.8) The linearity of 
AH*—AS* plot implies one reaction series for each 
of these acids in these solvents. The slope of the 
enthalpy-entropy plot of Fig. 1 gives the isokinetic 
temperatures, which are very close to the respective 
melting points of the acids (Table 3). This is in 
harmony with the conclusions reached by Clark on 
the decarboxylation kinetics of alkyl-substituted malo-

T A B L E 1. FIRST ORDER RATE CONSTANTS FOR THE DECARBOXYLATION OF SUBSTITUTED MALONIC ACIDS 

IN HYDROXYLIC SOLVENTS 

Temp 
°C 

120 
130 
140 

120 
130 
140 
145 

130 
140 
145 

Ethylene 
glycol 

7 . 8 5 + 0 . 3 8 
10 .90+0 .14 
2 2 . 5 0 + 0 . 2 3 

2 . 8 9 ± 0 . 1 1 
7 .13±0 .01 

15 .12±0 .01 
2 0 . 0 9 ± 0 . 1 2 

3 . 5 3 + 0 . 0 5 
7 . 3 7 ± 0 . 0 7 

14 .79+0 .77 

1,2-Pro­
panediol 

11 .40+0 .36 
14 .10+0 .02 
19 .67±0 .23 

2 . 5 7 + 0 . 1 7 
6 . 2 4 + 0 . 0 1 
9 . 0 7 + 0 . 2 1 

1 5 . 4 4 ± 0 . 0 9 

3.41 + 0.11 
8 . 0 3 ± 0 . 2 1 

13 .33±0 .12 

Rate constant, AxlO'/s-1 

1,3-But­
anediol 

Diethylene 
glycol 

Benzylmalonic acid 
7 . 7 5 + 0 . 8 5 

16 .80+0 .15 
2 6 . 2 0 + 0 . 9 0 

6 . 6 4 + 0 . 3 6 
14 .32+0 .46 
18 .06+0 .14 

Ethylmalonic acid 
3 . 0 1 + 0 . 3 4 
7 .78+0 .15 

14 .88+0 .05 

— 

3 . 6 7 + 0 . 1 8 
5 . 7 0 + 0 . 2 2 

10 .75+0 .25 

— 
Dimethylmalonic acid 

2 . 9 9 + 0 . 4 5 
7 . 6 1 + 0 . 0 8 

12 .71+0 .01 

T A B L E 2. THERMODYNAMIC PARAMETERS OF T H E 

Solvents 

Ethylene glycol 
1,3-Butanediol 
1,2-Propanediol 
Diethylene glycol 
Polyethylene glycol 
Polypropylene glycol 

AH* 
kcal mol - 1 

16.93 
20.40 

8.61 
15.52 
17.39 
18.26 

Benzylmalonic acid 

AS* AF*m.p. 
e.u. kcal mol - 1 

- 3 0 . 3 9 
- 2 1 . 3 8 
- 5 0 . 7 2 
- 3 3 . 9 7 
- 2 9 . 8 7 
- 2 7 . 4 6 

28.90 
28.82 
28.59 
28.90 
29.19 
29.08 

AH" 
kcal mol - 1 

27.09 
24.43 
23.12 
16.41 
22.19 
23.55 

3 . 3 3 ± 0 . 0 5 
7 . 0 5 ± 0 . 1 8 
8 . 8 4 ± 0 . 0 8 

Polyethylene 
glycol 

5 . 4 2 + 0 . 3 2 
8 . 8 9 + 0 . 2 5 

15 .99+0 .19 

2 . 1 4 + 0 . 0 4 
3 . 6 8 + 0 . 1 2 
7 . 5 7 ± 0 . 2 8 

1 3 . 3 0 + 0 . 5 4 

3 . 4 3 + 0 . 0 2 
6 . 0 7 + 0 . 0 5 
7 . 5 4 ± 0 . 1 2 

DECARBOXYLATION REACTION IN SOLVENTS 

Ethylmalonic acid 

AS" AF* m.p. 
e.u. kcal mol - 1 

- 6 . 4 6 29.56 
- 1 2 . 9 0 29.37 
- 1 6 . 7 4 29.53 
- 3 3 . 1 1 29.09 
- 1 9 . 5 1 29.66 
- 1 6 . 0 0 29.68 

Dimethy 

AH* 
kcal mol - 1 

30.02 
30.07 
32.17 
21.08 
16.62 
31.79 

Imalonic 

AS* 
e.u. 

- 0 . 5 2 
- 0 . 5 9 

4.66 
- 2 2 . 6 6 
- 3 3 , 7 3 

2.85 

Polypropylene 
glycol 

6 . 1 6 + 0 . 0 6 
9 . 5 9 + 0 . 0 5 

18 .30+0 .08 

2 . 0 4 + 0 . 0 3 
4 . 5 1 ± 0 . 1 5 
9 . 2 3 + 0 . 2 9 

14 .08+0 .22 

2 . 0 7 + 0 . 0 5 
4 . 6 3 + 0 . 2 2 
9 . 8 2 ± 0 . 9 1 

acid 

AF* m.p. 
kcal mol - 1 

30.26 
30.34 
30.00 
31.60 
32.27 
30.46 
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Fig. 1. Enthalpy-entropy plot for the decarboxylation 

of: benzylmalonic acid[line-I; solvents (©); molten 
state ( • ) ] , ethylmalonic acid[line-II; solvents (©); 
molten state ( • ) ] , dimethylmalonic acid [line-Ill; 
solvents (O); molten state (A)]. 

TABLE 3. ANALYSIS OF THE EFFECT OF ERRORS IN THE 

AH*—AS* RELATIONSHIP FOR THE DECARBOXYLATION 

REACTION IN ALKANEDIOLS, DEG, PEG, AND PPG 

A M 2S d ( A / / # ) , / A „ * . „ . , Isokine-
ACldS kcal mol-*' -kcaHnoFT *W*m t i c t e m p 

Benzylmalonic 3725 11.79 376 120°C 
Ethylmalonic 2.89 10.70 3.7 111°G 
Dimethylmalonic 4.04 16.94 4.2 192°G 

nie acids in alkanols and carboxylic acids. Peterson 
and coworkers,5) however, suggested the criterion which 
must be satisfied for any valid conclusions from the 
linearity of AH* vs. AS* plot. 

If the total maximum possible error in AH" is 
2<5 and the range of AH* values is designated as 
dAH*, then the ratio, dAH*/2ô>\. The maximum 
possible error in AH*, may be calculated from the 
relation,5»6* 

T'T 
ô = 2RT,_Toc i f « « l . 

Using this relation, we have given in Table 3 the max­
imum possible error 2(5 in AH*, the range of dAH* 
values for a reaction series and the ratio, dAH*/2ô. 

I t will be seen that the ratio dAH*/2ô is always 
greater than 1. So the observed linearity of AH* 
vs. AS* plot (Fig. 1) may be regarded as valid. There­
fore at the isokinetic temperature, the rate constant 
is the same for a reaction series in all the solvents. 

Diethylene glycol (DEG), polyethylene glycol 
(PEG), and polypropylene glycol (PPG) differ from 
the alkanediols in having oxygen in the middle of 
the chain in addition to having two hydroxyl groups 
at the ends. Therefore in the solvents, namely, DEG, 
PEG, and PPG, the activated complex may form either 
with the ether oxygen or the hydroxyl oxygen and the 
polarised carbonyl carbon of the acid. Accordingly 
the enthalpy-entropy plot for malonic acid and methyl­
malonic acid4) shows two parallel straight lines-one 
passing through the alkanediols and the other through 
DEG, PEG, and PPG. The nature of the activated 

complex thus significantly differs in the two types of 
solvents. With benzylmalonic acid, ethylmalonic acid, 
and dimethylmalonic acid, the bulky substituents are 
likely to hinder coordination with the lone pair of 
electrons on ether oxygen of the solvents buried deep 
in the middle of the chain, so that effective participa­
tion of hydroxylic oxygen is only permitted. Thus in 
the decarboxylation of benzylmalonic acid, ethylmalo­
nic acid, and dimethylmalonic acid the nature of the 
activated complex will be similar in alkanediols and 
DEG, PEG, and PPG. So it is natural to expect 
one straight line passing through all the solvents in 
respect of decarboxylation of a given acid in the series. 

Now it is further noticed that the decarboxylation 
rate constant in these solvents decreases in the following 
order : 

Benzylmalonic acid, ethylmalonic acid, dimethyl­
malonic acid. This is also the order in which the 
electron donating ability of alkyl group namely ethyl-
and dimethyl-, decreases. If the Fraenkel2* mechanism 
is accepted, then the G-G bond will be broken more 
easily, when the substituent is an electron attracting 
group. O n the other hand, if the substituent is an 
electron donating group such as alkyl, the excess 
negative charge on the carbonyl carbon atom will 
hinder the process of G-G bond breaking and thus 
retard the rate of decarboxylation reaction. I t is 
thus expected that the rate of decarboxylation should 
decrease as the electron donating ability of the sub­
stituent increases. The electron donating ability of 
two methyl-being greater than the ethyl, it is easy to 
understand the decreasing value of the rate constant 
as we go from ethylmalonic acid to dimethylmalonic 
acid. The benzyl group, on the other hand, may 
act either as an electron sink or as an electron donor; 
so it is difficult to locate its position in the inductivity 
scale. However, our kinetic studies suggest that the 
benzyl group has a low electron donating ability in 
the decarboxylation reactions-much less than the alkyl 
substituents. O n these considerations we may place 
them in the following order of decreasing electron 
donating ability: benzylmalonic acid ethylmalonic acid 
and dimethylmalonic acid, and this is exactly the 
order in which the decarboxylation rate constant 
decreases. 

Thanks of the authors are due to Kalyani Univer­
sity for award of a Research Scholarship to one of 
them (MKB). The authors also thank Dr. A. Mitra 
for helpful discussion. 

References 

1) L. W. Clark, "The chemistry of carboxylic acids 
and esters," ed by S. Patai, Interscience (1969), p. 589. 

2) G. Fraenkel, R. L. Belford, and P. E. Yankwich, 
J. Am. Chem. Soc, 76, 15 (1954). 

3) M. K. Biswas and D. K. Majumdar, J. Ind. Chem. 
Soc, 56, 280 (1979). 

4) M. K. Biswas and D. K. Majumdar, J. Ind. Chem. 
Soc, 56, 874 (1979). 

5) R. C. Peterson, J . H. Markgraf, and S. D. Ross, / . 
Am. Chem. Soc, 83, 3819 (1961). 

6) L. W. Clark, J. Phys. Chem., 67, 1481 (1963). 
7) L. W. Clark, J. Phys. Chem., 67, 138 (1963). 
8) M. K. Biswas and D. K. Majumdar, J. Ind. Chem. 

Soc, (communicated). 



July, 1981] ©1981 The Chemical Society of Japan NOTES Bull. Chem. Soc. Jpn., 54, 2215—2216 (1981) 2215 

Magnetic Properties of Copper(II) Complexes of Phenylboronic Acid 
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Synopsis. The magnetic susceptibilities of copper 
(II) phenylboronate obey the Bleaney-Bowers equation for 
dinuclear clusters. The exchange integral within the di­
nuclear copper(II) phenylboronate, Jjk, is equal to —195 
K. The structures for hydrolysis products of copper(II) 
phenylboronate are presumed to contain copper(II) phen­
ylboronate dinuclear units connected together by diborate 
bridges. 

Some copper(II) complexes of benzoic acid have 
copper(II) acetate-type dinuclear structures with strong 
antiferromagnetic coupling between the copper(II) ions 
of a pair.1) I t has been proposed that superexchange 
interaction predominates in the coupling of these com­
pounds. The degree of superexchange depends to a 
great extent on the electronic structure of the bridging 
ligands. Although phenylboronic acid is a much 
weaker acid(piCa=8.86)2) than benzoic acid(püTa= 
4.18),3) both are isoelectronic. So copper(II) com­
plexes of phenylboronic acid may also have a similar 
structure to that of copper(II) acetate monohydrate.4) 

The complex Cu(PhB0 2 H) 2 (py) 2 was obtained by 
concentrating a pyridine solution of phenylboronic acid 
and anhydrous copper(II) acetate. This pyridine ad-
duct was warmed on a water bath to convert it into 
Cu(PhB0 2 H) 2 . When C u ( P h B 0 2 H ) 2 is allowed to 
stand for a few days in air, it is partly hydrolysed 
into Cu(PhB0 2 H) 3 / 2 (B 2 0 5 H 2 ) 1 / 4 . If the pyridine solu­
tion of this complex is concentrated gently on a water 
bath, the crystalline C u ( P h B 0 2 H ) 4 / 3 ( B 2 0 5 H 2 ) 1 / 3 is ob­
tained. 

The magnetic susceptibilities of these complexes were 
measured at room temperature by the Gouy method. 
Their effective magnetic moments were calculated from 
expression 1 : 

/iefr = 2 . 8 3 l / ( Z A - t f a ) . r f (I) 

where ZA is the molar magnetic susceptibility cor­
rected for the diamagnetism of all the atoms in the 
compounds by the use of Pascal's constants,5) and 
Noc is the temperature-independent paramagnetism per 
gram-ion of Gu(I I ) . T h e Na. was assumed to be 
60 X 1 0 - 6 cgsu.1" The results are given in Table 1. 
For Cu(PhB0 2 H) 2 , the magnetic measurement was 
made over the temperature range 80—300 K. The 
cryomagnetic data could be fitted well to the Bleaney-
Bowers equation 26) for isotropic exchange in a copper-
(II) dimer: 

XA = 
Ng2ß* 

3kT •4-(-# + Noc, (2) 

where J is the exchange integral and g is the average 
g factor. The best fit yields J/k= —195 K and g= 
2.15 (Fig. 1). These results suggest the existence of 

t The value of the molar magnetic susceptibility in 
m3 mol -1 (SI) can be obtained by multiplying the value 
in cm3 mol_1(cgs) by 4^xl0~ 6 . 

TABLE 1. ANALYTICAL DATA AND EFFECTIVE MAGNETIC 

MOMENTS AT 1 7 ° G 

Compound 

Gu(PhB02H)2 

Gu(PhB02H)a(py)2 

Cu(PhB02H)3 /2(B205H2) l / 4 

Gu(PhB02H)4 /3(B205H2) l / 3 

Cu 

Found 

20.8 
13.7 
23.4 
24.5 

(%) 

Galcd 

20.8 
13.7 
23.5 
24.5 

y"e« a ) 

BM 

1.43 
1.79 
1.36 
1.33 

a) I BM=9.27x l0 - 2 4 Am 2 . 

Fig. 1. Observed and calculated magnetic suscepti­
bilities of Cu(PhBOaH)2: O, experimental; solid 
curve, calculated by Eq. 2 with Jjk= —195 K, g= 
2.15, and JVa=60x 10-6 cgsu. 

dinuclear clusters in crystals. T h e values are almost 
the same as Jjk=—225K and £ = 2 . 1 8 for copper(II) 
benzoate.7) This suggests that this compound has a 
copper(II) acetate-type of dinuclear structure, as shown 
in Fig. 2 A. 

O n the basis of the analytical data and the reac­
tivity of phenylboronic acid, we assumed that the 
hydrolysis products, C u ( P h B 0 2 H ) 3 / 2 ( B 2 0 5 H 2 ) 1 / 4 and 
Cu(PhB0 2 H) 4 / 3 (B 2 0 5 H 2 ) 1 / 3 , have the B and C types 
of bridging structure shown in Fig. 2, respectively. 

Since the magnitude of J should be proportional 
to the number of bridging ligands involved in the 
superexchange interaction,8) the mean exchange in­
tegrals for these hydrolysis products can be predicted 
from Eq. 3 by assuming that no magnetic interaction 
operates through the ) B - 0 - B ( bridge between the 
dimers : 

J = JphBo2H + 7B2O5H2 (« = 2 and 3), (3) 
n n 

where the yphB02H and J^Os^ are the exchange in­
tegrals per single phenylboronate and diborate bridge, 
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H O / 
"B 
Ph 

Ph 
B 

n / 0 H H 0 | n 
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H, , l Ö 

"V 
P h (B) 

Ph 

/ ? H H 

-B£ I | / B - O - B , 

Ph 

(C) 

Ph 
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V/° 
B 
Ph Ph 

o t cr 0v 
t>-Cu . 

HOv/ 
B 
Ph 

Fig. 2. Schematic representations of probable struc­
ture. 
(A): Gu(PhB02H)2, (B) : Cu(PhB02H)3/2(B205H2) lA, 
(G): Cu(PhB02H)4/3(B205H2) l /3 . 

respectively. The observed magnetic moments of hy­
drolysis products are the same as the calculated ones 
(for n=2 and 3, 1.36 and 1.33 B M respectively) 
from the mean exchange integrals obtained with 
jFhB02nlk=— 49 K (a quarter of the Jjk value eval­
uated by use of Eq. 2) and , / B , O . H , / * = - 7 3 K.9 '10) 

This close agreement supports the validity of the 
postulated structure of hydrolysis products. 

The magnitude of superexchange interaction de­
pends to a great extent on the electronic structure 
of the bridging ligand. O u r result, where the Jjk 
value of G u ( P h B 0 2 H ) 2 is nearly equal to the value 
of C u ( P h C 0 2 ) 2, can be explained by the isoelectroni-
city of the ligands. The other result, where the an-
tiferromagnetic interaction operates more strongly in 
the hydrolysis products than in Cu(PhB0 2 H) 2 , can 
be explained by considering that diborate groups pro­
mote the migration of positive holes to a greater extent 
than phenylboronate groups. 
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Synopsis. The title complexes have been prepared 
and characterized. The strong antiferromagnetic interac­
tion observed for the complexes is interpreted in terms of 
a phenolic-oxygen-bridged dimeric structure with the metal 
ions in a square-pyramidal geometry. 

Previously we reported that chloro[iV-(3-dimethyl-
aminopropyl)salicylideneaminato]copper(II), Cu(sal • 
pr-NMe 2 )Cl , was obtained in two forms, one mono­
melic and the other dimeric;1) the corresponding ni­
trato complex, Cu( sa l -p r -NMe 2 )N0 3 , was obtained 
only in a monomeric form.2) In order to study the 
effect of structural change upon the magnetic interac­
tion in such complexes, we have prepared copper(II) 
nitrato and chloro complexes with the Schiff base ligand 
protonated at the terminal nitrogen, Cu(sal-pr-

NMe 2 H)X 2 ( X = N 0 3 or Gl), from the reaction of 
H X and Gu(sa l -pr -NMe 2 )X in ethanol. The analo-

+ 
gous complex, Gu(sal«en«NEt2H)Gl2 , has also been 
synthesized (cf. formula I ) . 

I)"0" • / H 
\GH=N N<-R 

(CH2)W 

I 

abbreviation 
+ 

sal-pr-NMe2H; 
n = 3 , R = GH3 

+ 
sal-en.NEt2H; 

n = 2 , R = C2H5 

The results of characterization studies on these com­
plexes are presented in this paper. 

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

Synthesis. A typical synthetic method is as follows. 
A solution of one of the acids HX(5 mmol) in ethanol (5 ml) 
was added to a solution of one of the parent complexes (2 
mmol), Cu(sal-pr.NMe2)N03,2) Cu(sal-pr-NMe2)Cl (mono­
meric form)1) and Cu(sal-en-NEt2)Cl,3> in ethanol (50 ml). 
After the resulting solution had been allowed to stand for 
several days at ca. 5 °C in a freezer, the separated crystals 
were filtered, washed with ethanol, and dried in vacuo. 

All crystals were orange. Anal. 1. Cu(sal-pr-NMe2H)-
(N03)2. Found: C, 36.33; H, 4.60; N, 14.01; Cu, 16.02%. 
Galcd for C12H18N407Cu : G, 36.60; H, 4.61; N, 14.23; 

Gu, 16.13%. 2. Gu(sal-pr.NMe2H)Gl2. Found: G, 42.20; 
H, 5.32; N, 8.22; Gu, 18.65%. Galcd for C12H18N2OCl2Cu : 
G, 42.30; H, 5.35; N, 8.22; Gu, 18.65%. 3. Gu(sal.en-

NEt2H)Cl2. Found: G, 43.79; H, 5.69; N, 7.94; Gu, 17.76%. 
Galcd for G13H20N2OGl2Gu: G, 44.01; H, 5.68; N, 7.90; 
Gu, 17.91%. 

Physical Measurements. The magnetic susceptibilities 
in the temperature range 80—300 K were determined by 
the Gouy method. The IR spectral measurements were 
made with a Hitachi EPI-G2 IR Spectrophotometer in the 
400—4000 cm - 1 region on Nujol mulls. The reflectance 
spectra were recorded with a Hitachi Recording Spectro-

500 

Fig. 1. Variation of magnetic susceptibilities with tem­
perature. 
(O): Complex 1, ( 3 ) : Complex 2, ( • ) : Complex 3. 
The solid curves were obtained as described in text. 

photometer 323. 

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

The variable-temperature magnetic susceptibility 
data observed for complex 1 have been analyzed by 
the Bleaney-Bowers equation for isotropic exchange 
in a copper(II) dimer:4) 

Ng*ß* 
*A 3kT [l+T^{n^Y + N* (i) 

where each symbol has the usual meaning. The data 
fit the above expression very well: —2J= 554 c m - 1 , 
£ = 2 . 1 6 , and i V a = 6 0 x lO"6 cgs emu* (Fig. 1). For 
complexes 2 and 3, the cryomagnetic data at low 
temperatures have been found to be somewhat higher 
than those predicted by Eq. 1. This type of behavior 
is most likely due to a small amount of a monomeric 
Gu(II) impurity.0) Assuming the magnetic moment 
of 1.8 BMtt for the Gu(II) impurity, the magnetic 
da ta have been fitted to a modified equation:5) 

XA = 
Ng*ß* 
3kT [14-p(^)]"1(]-p) 

0.405P 
+ ~ + #<*, (2) 

where P is the mole fraction of the Gu(II) impurity. 
T h e best fit yields - 2 / = 5 5 4 c m - 1 , g = 2 . 1 6 , N<x= 
6 0 x l 0 - 6 c g s e m u and P = 0 . 0 2 2 for complex 2 and 
- 2 y = 5 4 2 c m ~ 1 , £ = 2 . 2 0 , Noc=60x 10~6 cgs emu and 
P=0.036 for complex 3 (Fig. 1). 

T h e I R spectra of the present complexes all show 
an intence band in the range 1550—1560 c m - 1 (1 . 
1559; 2. 1549; 3. 1550 cm- 1 ) , while the corresponding 
bands in the spectra of the parent monomeric com-

t 1 cgs emu mol_ 1=4^X 10 -6 m3 mol -1. 
tt 1 BM=9.274 x 10-24 Am2. 
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Fig. 2. Reflectance spectra of Gomplexes 1 (1), 2 
(2), and 3 (3). 
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.Cu 

(A) (B) 

Fig. 3. Schematic representations of probable struc­
ture. 
(A) Complex 1 and (B) Gomplexes 2 and 3. 

plexes, Gu(sa l -p r -NMe 2 )N0 3 , Gu(sal-pr-NMe 2)Gl and 
Cu(sal-en-NEt a)Cl , appear at 1541, 1529, and 1530 
c m - 1 , respectively. Such band shift toward higher 
frequencies (15—20 cm - 1 ) is indicative of the presence 
of bridging phenolic oxygen atoms in the present com­
plexes.1»2) The band around 2500—2900 cm" 1 (1 . 
2900; 2. 2650; 3. 2600 cm-1) can be assigned to the 

v(N-H) mode, in agreement with the values of 2680 
and 2540 c m - 1 observed for this stretching frequency 
in TV-methylpiperidine and triethylamine hydrochlo­
rides.6) This assignment is further supported by the 
fact that no band is observed in the same region for 
the parent monomeric complexes. 

T h e reflectance spectral feature of complex 1 is 
nearly the same as that of the phenolic oxygen-bridged 
dimeric copper (I I) complex with JV-ethylsalicylidene-
aminato ligand, [Gu(sa l -Et )N0 3 ] 2 , in which the metal 
ions are five-coordinated with four strong bonds and 
a weak fifth bond with a nitrato oxygen to complete 
a rough square-pyramid.7) Complexes 2 and 3 show 

a broad band at ca. 10000 c m - 1 : a spectral feature 
indicative of a five-coordination around the metal ion 
(Fig- 2). 

All these results indicate that the complexes in the 
present study have a phenolic oxygen-bridged dimeric 
structure with a five-coordinated Cu(I I ) geometry. 
The most probable structures are shown in Fig. 3. 

The — 2J values determined for the present com­
plexes are more than twice those of [Cu(sal-pr-NMe2)-
X ] 2 ( - 2 7 X = C 1 = 2 4 8 and - 2 y x = B r = 2 6 0 cm"1),1) to 
which a phenolic oxygen-bridged dimeric structure 
with the metal ions in a five-coordinated, essentially 
trigonal bipyramidal, geometry was previously as­
signed.1) This result may be taken as evidence in 
favor of the previous conclusion that the strength of 
antiferromagnetic interaction in five-coordinated cop-

per (I I) dimers containing a Cu Gu bridging sys­
tem decreases as the distortion of Cu(II ) geometry 
from square-pyramid toward trigonal-bipyramid in­
creases.1) O n the basis of the difference between the 
assumed structures, the pronounced difference in mag­
netic interaction can be explained as follows. In the 
square pyramidal coordination around the Gu(II) ions 
in the dimeric species shown in Fig. 3, the overlap 
of singly occupied 3dx y orbitals of the two Cu(II) 
centers with the oxygen 2p x orbital may yield an 
efficient pathway for superexchange {cf. the coordinate 
system given in Fig. 3).8»9) However, a distortion of 
the Cu(I I ) geometry from square-pyramid toward tri­
gonal-bipyramid will give rise to a decrease in suc­
cessive orbital overlap of G u ( d x y ) - 0 ( p x ) - G u ( d x y ) , 
leading to a weakening of spin-coupling, i.e., a de­
crease in 1—2/1 value. 
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Synopsis. Anthglutin (l-y-L-glutamyl-2-(2-carboxy-
phenyl) hydrazine) and its analogues were synthesized. 
Their inhibitory activity on y-glutamyl transpeptidase was 
measured. 2-Carboxyphenyl derivatives, including an­
thglutin, showed inhibitory activity, while the other deriv­
atives did not. The 2-carboxyl group seems to be essential 
for the inhibitory activity. 

In previous papers,1»2) we reported that anthglutin, 
an inhibitor of y-glutamyl transpeptidase, was isolated 
from a cultured medium of Pénicillium oxalicum, and 
Structure (1), 1 -y-L-glutamyl-2- (2-carboxyphenyl) hy­
drazine, was proposed. We have confirmed the struc­
ture of anthglutin by the synthesis of l-y-glutamyl-2-
(2-carboxyphenyl) hydrazine (1). 

O NH2 

R-NH-NH-G-CH2-CH2-GH-COOH 

GOOH GOOH 

R=-<_>. R=-<=> . * = 0 GOOH 

GOOH GOOH 
R = - 0 ' R=-<J>-G1 R-<L!>-

GOOH 

GHa 

Gl 

• o - R-H 

8 

R--GH3 

9 
Several compounds related to anthglutin were syn­

thesized and measured for their inhibitory activity on 
y-glutamyl transpeptidase (Tables 1 and 2). 2-Car-
boxyphenyl hydrazine derivatives (4—6) inhibited an 
enzyme activity, showing that the 2-carboxyl group 

of anthglutin is a functional group for the inhibitory 
activity. As has been shown in a previous paper,1) 
the a-carboxyl and a-amino groups of the glutamyl 
moiety of anthglutin also seem to be essential for form­
ing a complex between the inhibitor and the enzyme. 

Exper imenta l 

Materials. Commercially available aminobenzoic acid 
derivatives were used. The JV-J-BOC-L-glutamic acid a-
benzyl ester was obtained from the Sigma Chemical Company. 

y-Glutamyl transpeptidase was partially purified by the 
method of Orlowski and Meister;3) it was thereby purified 
about 140-fold from the whole homogenate of the hog kidney. 

Synthesis. Carboxyphenylhydrazine compounds were 
synthesized, according to the method described by 
Stephenson,4) from the appropriate aminobenzoic acid 
compounds. 1-y-L-Glutamyl-carboxyphenylhydrazine com­
pounds were prepared by condensation between the N-/-
BOG-L-glutamic acid benzyl ester and the appropriate free 
base form of the hydrazine, according to the method de­
scribed by F. Hoffmann-La Roche & Co.5) 

7 - y - L - Glutamyl -2- (2- carboxyphenyl) hydrazine (1). 2-
Carboxyphenylhydrazine (0.96 g, 6.31 mmol), the JV-/-BOC-
L-glutamic acid a-benzyl ester (1.05 g, 3.11 mmol), and 
triethylamine (0.6 ml) were dissolved in dichloromethane 
(10 ml). To the solution we then added dicyclohexylcar-
bodiimide (0.88 g, 4.53 mmol) dissolved in dichloromethane 
(1.0 ml), and the mixture was stirred for 3 h at room tem­
perature. After removing the precipitate thus obtained by 
filtration, the filtrate was subjected to column chromatog­
raphy on silica gel, eluting with chloroform-methanol-acetic 
acid (400:10:1). After the solvent had been removed in 
vacuo at 30 °C, the residue was dissolved in ethanol (20 ml) 
containing cyclohexene (1.0 ml). To the solution we added 
palladium-charcoal (5%, 400 mg), after which the mixture 
was refluxed for 1 h with stirring. The catalyst was removed 

TABLE 1. YIELDS, MELTING POINTS, AND ANALYTICAL DATA 

Compound 

2 

3 

4 

5 

6 

7 

8 

9 

Yield/% 

18.3 

14.1 

24.4 

16.8 

25.4 

26.3 

24.6 

22.7 

Mp/°C 

187 

175 

165 

172 

165 

202 

164 

152 

Molecular 
formula 

C12H15N305 

C12H15N305 

C12H14N306C1 

C12H14N305C1 

G13H17N3Os 

CuH1 5N303 

C Ä Ä O 3 

C6H13N303 

G 

51.27 
(51.24 
51.44 

(51.24 
45.75 

(45.65 
45.90 

(45.65 
52.61 

(52.88 
55.57 

(55.68 
37.26 

(37.26 
41.26 

(41.14 

Found (Calcd)(%) 

H 

5.31 
5.38 
5.41 
5.38 
4.31 
4.47 
4.51 
4.47 
5.97 
5.80 
6.48 
6.47 
6.87 
6.88 
7.41 
7.43 

N 

14.84 
14.94) 
14.70 
14.94) 
13.18 
13.31) 
13.11 
13.31) 
14.08 
14.23) 
17.68 
17.71) 
26.10 
26.08) 
24.03 
24.00) 
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T A B L E 2. INHIBITION OF ^-GLUTAMYL TRANSPEPTIDASE 

ANTHGLUTIN ANALOGUES 

Compounds (R-) KjJyM 

Anthglutin (P. oxalicum) 
2-Carboxyphenyl- (1) 
3-Garboxyphenyl- (2) 
4-Gar boxy phenyl- (3) 
2-Carboxy-5-chlorophenyl- (4) 
2-Garboxy-4-chlorophenyl- (5) 
2-Garboxy-4-methylphenyl- (6) 
Phenyl-(7) 
iV-Unsubstituted (8) 
Methyl-(9) 

5.7 
5.9 

200.0 
>1000.0 

7.5 
11.6 
8.7 

>1000.0 
Not inhibit 
Not inhibit 

In the presence of the analogues (6.5 jx.M), inhibition 
was determined according to a method described 
previously.1) Substrate (y-glutamyl-/>-nitroanilide), 
0.42—4.21 mM ; acceptor (glycylglycine), 47.9 mM ; 
enzyme, hog kidney y-glutamyl transpeptidase; incuba­
tion, pH 8.5, 37 °C, 15 min. 

by filtration, and the filtrate was evaporated in vacuo at 30 °G 
to dryness to give a white powder. The powder thus ob­
tained was treated with trifluoroacetic acid (1.0 ml) and 
anisole (0.25 ml) for 1 h in an ice bath.6) The reaction 
product was thus precipitated by the addition of ether (25 
ml). The precipitate thus obtained was purified on a col­
umn of Dowex 2 x 8 (formate form) according to the method 
described previously.1) The product thus obtained (210 

mg) was identical with a sample of natural anthglutin (yield, 
24%; mp 170—171.5 °G; UV (water): 243 and 322 nm 
(pH 2.0), and 240 and 307 nm (pH 7.0); [a]a

D°: +22.6° 
(c, 0.9, 0.05 mol dm - 3 HCl)), as established by paper chro­
matography and the inhibitory activity (Table 2). Found: 
G, 51.21; H, 5.32; N, 14.88%. Galcd for G12H15N305: 
G, 51.24, H, 5.38; N, 14.94%. 

Analogues Anthglutin. Analogues of anthglutin (2— 
6) were synthesized by the procedure described above using 
the appropriate hydrazine compound. 

The 1-y-L-glutamyl hydrazine compounds (7—9) were 
prepared by condensation between L-pyroglutamic acid and 
the appropriate free-base form of the hydrazine compound, 
under reflux overnight in 85% ethanol, according to the 
method described by Yale et al.1) The results thus obtained 
are shown in Table 1. 
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Synopsis. Various types of alkyl halides were con­
verted into aldehydes or ketones in high yields with 4-di-
methylaminopyridine iV-oxide in the presence or absence 
of DBU. 

Oxidation of alkyl halides with pyridine iV-oxide1) 
or trimethylamine iV-oxide2) has been known as a 
unique method to obtain carbonyl compounds. How­
ever, the former is only applicable to the relatively 
active substrates such as benzyl bromide la> because 
of the low nucleophilicity of pyridine iV-oxide. While 
trimethylamine JV-oxide can oxidize alkyl bromides 
and iodides, the yields are not satisfactory. In this 
paper is described the use of 4-dimethylaminopyridine 
JV-oxide (DMAP iV-oxide)3) as an efficient oxidizing 
agent to afford aldehydes or ketones from primary 
or secondary alkyl halides, and a-keto esters from a-
bromo esters, respectively. 

The reaction was carried out in two steps, salt for­
mation (1) and deprotonation (2). 

R' R' X -
I DMAP iV-oxide | +/y—: 

R-GH-X H> R-CH-O-N 
CIIjCN \ 

,Me 
-N 

\Me 

R' X 
i +/,—. 

R-C-O-N 
i \ 

H 

X - B r or Gl 

,Me R' 

- N 
/,-

R-G=0 + N 
\Me 

- N 

(1) 

,Me 

(2) 

Acetonitrile was used as the solvent in which D M A P 
JV-oxide was moderately soluble and 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) proved to be the best base 
for the deprotonation step (2). Alkyl halides were 

refluxed with the JV-oxide in acetonitrile until the 
substrates were consumed, and then DBU was added. 
The reaction was followed by GLC by using appropriate 
internal standards. The results are summarized in 
Table 1. 

Benzylic halides were easily oxidized to give the 
corresponding carbonyl compounds in quantitative 
yields. Primary alkyl halides (bromide and chloride) 
were converted into aldehydes. Secondary alkyl bro­
mide also reacted to afford a ketone quantitatively. 
Gyclohexyl bromide, however, gave cyclohexanone in 
very low yield, and the formation of a large amount 
of cyclohexene was observed in the first step ( 1 ), though 
D M A P JV-oxide is known to have a small pJTa value 
(3.88)4> (entry 9).5> 

2-Formylpyridine was obtained in 8 2 % yield by 
only heating 2-chloromethylpyridine hydrochloride6) 
with three molar equivalents of the JV-oxide in ace­
tonitrile (entry 5). 

Sliwa et al.lb) reported the oxidation of a-bromo 
esters with pyridine iV-oxide, but this method required 
the addition of silver nitrate to attain the effective 
formation of pyridinium salt. With 2.5 equivalents 
of D M A P iV-oxide, however, a-bromo esters were 
rapidly oxidized to a-keto esters. 

As is shown in Table 2, not only phenylglyoxylic 
acid ester but also aliphatic a-keto esters were pro­
duced in high yields. 

Dimethyl sulfoxide is known to oxidize alkyl halides 
in a similar fashion.7) However, it usually requires 
high reaction temperature (100—150 °C) and is only 
applicable to primary alkyl iodides, tosylates, or re­
active substrates such as benzyl halides.8) For the 

T A B L E 1. O X I D A T I O N OF A L K Y L HALiDESa> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Substrate 

G6H5GH2Br 
G0H5GH2G1 
G6H5GH(Br)GH3 

G6H5GH(Br)G6H5 

C ^ N C F ^ C l - H C H 
G8H17Br 
G8H17G1 
C3H7CH(Br)CH3 

C6HnBr*> 

Salt formation 

Temp 

RT 
RT 
Ren 
Ren 

Ren 
Refl 
Refl 
Refl 

Time 

1.5hp) 
2 h 
8 min 

10 min 

15 h 
10h 
40 min 

6 .5h 

Deprotonation 

Temp 

Refl 
Refl 
Refl 
Refl 
Refl 
Refl 
Refl 
Refl 
Refl 

Time 

20 min 
20 min 
5 h 
3 .3h 
3hf) 

40 min 
l h 

16 h 
2h 

Product 

G6H5GHO 
G6H5GHO 
G6H5GOCH3 

C6H5COC6H5 

C 5 H 4 NCHO> 
C7H15CHO 
G7H15GHO 
G3H7GOGH3 

G6H10O0 

Yield/%b) 

>98d) 
>98 
>98 
>98 

82 
83 
88 

>98 
13J) 

a) Substrate (0.3 mmol), DMAP iV-oxide (0.36 mmol), DBU (0.36 mmol), and GH3GN (0.5 ml) were used ex­
cept for entry 5. b) GLG yield, c) In a separate experiment, the salt, l-benzyloxy-4-dimethylaminopyridinium 
bromide, was isolated. Mp 115°G (sinter), 141 °G (decomp). Found: C, 54.50; H, 5 .51; N, 9.16%. Galcd 
for C14H17BrN20: G, 54.38; H, 5.54; N, 9.06%. d) An 87% or 30% yield of benzaldehyde has been reported 
in the oxidation of benzyl bromide with pyridine iV-oxidela> or with trimethylamine iV-oxide,2) respectively, e) 
2-Chloromethylpyridine hydrochloride, f ) Three molar equivalents of DMAP iV-oxide was used vs. substrate with­
out DBU. g) 2-Formylpyridine. h) Gyclohexyl bromide, i) Cyclohexanone. j) Cyclohexene (60—70%) was 
also produced. 
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T A B L E 2. OXIDATION OF OC-BROMO ESTERS*1) 

Substrate T e m p Time/min Product Yield/ %b> 

C H 3 C H ( B r ) C 0 2 C H 3 Refl 20 C H 3 C 0 C 0 2 C H 3 > 9 0 

G 6 H 1 3 G H ( B r ) G 0 2 C H 3 Refl 35 C 6 H 1 3 C O C 0 2 G H 3 850 

G 6 H 5 GH(Br )G0 2 C 2 H 5 Refl 26 C 6 H 5 C O C 0 2 C 2 H 5 92 

a) Substrate (0 .3 mmol) , D M A P N-oxide (0 .75 mmol) , and GH 3 GN (0 .5 ml) were used, b) GLG yield, c) 
Isolated yield. 

o x i d a t i o n of a - b r o m o ester b y d i m e t h y l sulfoxide, o n e 
e x a m p l e is r epo r t ed . 9 ) 

T h e h i g h y ie lds , m i ldnes s of t h e r e a c t i o n c o n d i t i o n s , 
a n d a p p l i c a b i l i t y to w i d e v a r i e t y of a lkyl ha l ides a r e 
cons ide red to m a k e t h e p r e s e n t m e t h o d syn the t i ca l ly 
useful o n e . 

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

All starting alkyl halides are commercially available ex­
cept for 2-chloromethylpyridine hydrochloride6) and a-bromo 
esters which were obtained by esterification of the corre­
sponding a-bromo acids. Products were identified with 
authentic samples by the comparison of their N M R and/or 
GLG data . 

Two typical examples of oxidation are described below. 
Oxidation of 2-Bromopentane. A mixture of 2-bromo-

pentane (38 [xl), D M A P iV-oxide (41 mg) , and absolute 
acetonitrile (0.5 ml) was refluxed for 40 min. Then , DBU 
(57.3 [xl) was added and the reflux was continued. After 
16 h quanti tat ive formation of 2-pentanone was observed 
on GLG by the addit ion of toluene as an internal s tandard. 

Oxidation of Methyl 2-Bromooctanoate. A mixture of 
the bromo ester (167 mg) , D M A P iV-oxide (201 mg), and 
acetonitrile (2 ml) was refluxed for 35 min. After cooling 
1.1 equivalents of hydrochloric acid in acetonitrile (1 ml) 
was added. T h e resulting mixture was passed through a 
short silica gel column, concentrated, and chromatographed 
on preparat ive T L G (SiO a , Merck) with benzene giving 
methyl 2-oxopentanoate10) (103 mg, 8 5 % ) . N M R (GDG13) 
Ô 0.89 (t, 7 = 5 . 0 Hz, 3H) , 1.0—2.0 (m, 8H) , 2.84 (t, J=7.0 
Hz, 2H) , and 3.88 (s, 3H) . 

T h i s w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n - A i d 
for Scient if ic R e s e a r c h N o . 4 4 3 0 0 8 f rom t h e M i n i s t r y 
of E d u c a t i o n , Sc ience a n d C u l t u r e . 
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Synopsis. The alkylation of ambident nucleophiles 
having a thiocarbonyl group by use of alcohols, diethyl 
azodicarboxylate, and triphenylphosphine was studied. 
Selective »S-alkylation took place in the cases of iV-benzoyl-
iV'-mono- and -disubstituted thioureas, while selective N-
alkylation occurred in the reaction of JV-phenyl-iV'jJV'-di-
ethylthiourea. l-Methoxymethyl-2-thiouracil afforded both 
iV-alkylated and ^-alkylated products. 

The reaction of either iV-benzyloxycarbonylbenz-
amide1) or ethyl acetoacetate2) with an alcohol, diethyl 
azodicarboxylate (1), and triphenylphosphine (2) main­
ly gives 0-alkylated products. The results indicate 
that the triphenylalkoxyphosphonium salt formed as 
a key intermediate of the present reaction3) is a harder 
alkylating reagent than alkyl halides or alkyl tosyl-
ates.4) 

In order to examine the present alkylating system, 
we studied the alkylation of other ambident nucleo­
philes, iV-acyl thioureas and 1 -mefhoxymethyl-2-thio-
uracile, ambident at N, S, and O, being chosen as 
reagents. 

A series of iV-benzoylthioureas, P h C O - N H - C S -
NR*R2 with R ^ H , R 2 =£-butyl (3), R* = H, R 2 = 
cyclohexyl (4), and R 1 = R 2 = e t h y l (5) was prepared 
by the reaction of benzoyl isothiocyanate with amines. 
The reaction of 2-phenylethanol with 3, 4, and 5 
in the presence of 1.5 molar equivalents each of 1 
and 2 proceeded smoothly at room temperature giving 
the corresponding S-alkylated products (6a, 7a, and 
8a) in good to excellent yields (Table 1).5> The 
structure was confirmed by the reaction of the products 
with ammonia at room temperature, the corresponding 
iV-benzoylguanidines and bis(2-phenylethyl) disulfide 
being isolated (Table 2). T h e reaction of 5 with 1, 
2, and 2-phenoxyethanol also gave .S-alkylated product 
(8b) almost quantitatively. 

.R1 O S 

ROH + PhC-NH-C-N 

3: Ri = H, R2 = *-Bu 
4: R ^ H , R^cyclo-CeHu 
5: R! = R 2 = E t 

E t 0 2 G N = N C 0 2 E t ( l ) 
Ph 3 P(2) 

O SR R 1 
M i / K 

PhC-N=C-N 
\ R 2 

6: R! = H, R2 = *-Bu 
7: R ^ H , R2=cyclo-C6Hu 

8: R* = R2 = Et 
a : R = PhCH2CH2-
b : R = PhOCH2CH2-
c: R=CH 3CH(OH)CH 2CH 2 -
d: R=PhCH(OH)CH 2CH 2 -
e: R=CH3CH(OH)CH2CH2CHCH3 

O O R R 

PhC-N=C-SCH(CH2)nCHS-C=N-CPh 

NEt2 NEt2 

Selective S-alkylation also took place when sodium 
salt of 5 was treated with 2-phenylethyl bromide in 
tetrahydrofuran. Compound 8a was obtained in 3 8 % 
yield and 5 9 % of 5 was recovered. 

When primary, secondary-diol was allowed to react 
with 1, 2, and 5, the primary hydroxyl group pre­
dominantly reacted to give 2-(hydroxylakyl)isothiourea 
(8c, 8d) . 2,5-Hexanediol also gave 2-(l-methyl-4-
hydroxypentyl) isothiourea (8e). No detectable a-
mount of bis(amidinothio) derivatives (9) could be 
obtained by preparative layer chromatography. 

Contrary to the case of iV-benzoylthioureas, the 
reaction of iV-phenyl-iV,iV'-diethylthiourea with 2-
phenylethanol, 1, and 2 resulted in the formation of 
iV-alkylated product in 4 8 % yield rather than 
.S-alkylated product. Diethyl l-phenethyl-l ,2-hydra-
zinedicarboxylate was isolated in 2 6 % yield. 

PhCH2GH2OH + PhNH-G-NEt2 

1 + 2 

PhN-G-NEt + Et02GN-NHGOaEt 

CH,CH„Ph GH,CH,Ph 

The alkylation of l-methoxymethyl-2-thiouracil 
(10),6) a cyclic analogue of 5, with 2-phenylethanol 
in the presence of 1 and 2 resulted in the formation 
of JV-alkylated (11) and S-alkylated (12) products in 
6 4 % and 18% yields, respectively.7) The change in 
solvent scarcely affected the product ratio. 

o 
N H / \ 

OH + | || 
S / \ N / 

1 + 2 

R=PhCH2GH2 

CH2OGH3 

10 

O 

R - N / \ 

S ' / \N/ 

CH2OCH3 

11 

THF 64% 
DMF 64% 

THF-DMF(4:1) 60% 
Benzene-DMF (4:1) 66% 

O 
ii 

N / \ 

R S / \ N / 

GH2OGH3 

12 

18% 
19% 
17% 
18% 
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SR 
Yield 

6a 
7a 
8a 

8b 

8c 

8d 

8e 

BzN=C-NR1RI 

R 

PhCHjCH, 
PhCH2CH2 

PhCH^Hj 

PhOCHsCH2 

CH3CHCH2CH„ 

ÔH 
PhCHCH8CH2 

OH 
CH3CHCH2CHjCH 

OH CH3 

R l 

H 
H 
Et 

Et 

Et 

Et 

Et 

R* 

t-Bu 
cycIo-CtHn 

Et 

Et 

Et 

Et 

Et 

" % 

82 
90 
94 

97 

78 

36 

31 

TIX» 

C-EA 20:1 
C-EA 20:1 
E 

B-EA 1:1 

B-EA 1:1 

B-EA 1:1 
then E 

B-EA 1:5 

NMR (CDC13), 60 MHz, a/ppm from TMSb> 

1.45 (s, /-Bu), 2.75—3.65 (A2B2, PhCH2CH2S), 7.15 (s, Ph), 7.2—8.3 (m, Bz) 
0.8—2.2 (m, C,H„), 2.7—3.6 (A2B2, PhCHjCHjS), 7.1 (s, Ph), 7.1—8.3 (m, Bz) 
1.15 (t, CH3), 2.5—3.25 (AjB2, PhCH2CH2S), 3.45 (q, CH3CH2), 6.65—7.1 (m, Ph), 
7.1—8.2 (m, Bz) 
1.19 (t,CH3), 3.15 (t, CH2S), 3.48 (q, CH3CH2), 4.0 (t, CH20), 6.55—7.15 (m, Ph), 
7.1—8.3 (m, Bz) 
1.0 (d, CH3CH(OH)), 1.2 (t, CH.CH.,), 1.6 (br. q, CH2CH2CH(OH)), 2.85 (t, SCH„), 
3.5 (q, CH3CH2), 3—4.1 (m, CH(OH)), 7.05—8.25 (m, Bz)) 
1.2 (t, CH3CH2), 1.95 (br. CH2CH2CH(OH)), 2.85 (br. t, SCH3), 3.5 (q, CH..CH,), 
4.5 (t, CH2CH(OH)), 7.25 (s, Ph), 7—8.1 (m, Bz) 

1—1.19 (m, CH3CH2, CH3CH(OH)CH2CH2CH(CH3)S), 2 . 8 - 4 (m, CH(OH), CH-
(CH)3S), 3.5 (q, CH3CH2), 7.05—8.1 (m, Bz) 

a) Solvent systems used for isolation of products; C=CC1«, EA=AcOEt, E=ether, B = benzene, b) NMR spectra of 6a and 7a were measured in CC14. 

T A B L E 2. AMMONOLYSIS OF 6a, 7a, AND 8 a 

Isothiourea 

6a 
7a 

8a 

Reaction 
time 

h 

20 
90 

72 

BzN= 
R1 

H 
H 

Et 

=C(NHa)-
R2 

t-Bu 
cyclo-

Et 

Products/% 

NR!R2 

29 
77 

51 

(PhCH2GH 

38 
78 

81 

2^)2 

Recovered 

isothiourea 
% 

47 
6 

17 

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

Alkylation of Thiocarbonyl Compounds. A solution of 1 
(259 mg, 1.5 mmol) in tetrahydrofuran ( T H F , 2 ml) was 
added dropwise over a period of 15 min to a solution of a 
thiocarbonyl compound (1 mmol) , an alcohol (1 mmol) and 
2 (392 mg, 1.5 mmol) in T H F (5 ml) at room temperature . 
After the solution had been stirred for 18 h, the solvent was 
removed and products were isolated by preparative layer 
chromatography (Merck PF a 5 4 2 0 c m x 3 0 c m ) . T h e results 
are summarized in Table 1. 

Ammonolysis of 8a. Compound 8a (215 mg, 0.6 mmol) 
was treated with ammonia saturated in methanol (10 ml) 
at room temperature for 72 h. After evaporation, JV-benzoyl-
JV',iV-diethylguanidine and diphenethyl disulfide were iso­
lated by preparat ive layer chromatography in 5 1 % and 
8 1 % yields, respectively. 

Alkylation of 10. A solution of 1 (519 mg, 3 mmol) 
in T H F was added dropwise over a period of 30 min to a 
solution of 10 (345 mg, 2 mmol) , 2-phenylethanol (243 mg, 
2 mmol) and 2 (785 mg, 3 mmol) in a mixture of T H F (6 
ml) and D M F (2 ml) at room temperature . After the 
solution had been stirred at room temperature for 16 h, 
11 and 12 were obtained by preparative layer chromatog­
raphy ( b e n z e n e - A c O E t = 1:1) in 6 0 % and 17% yield, re­
spectively. 

Compound 11 was recrystallized from petroleum ether 
(bp 30—60 °C) ; m p 73—75 °C. U V m a x ( M e O H ) 282 n m . 
N M R (CDCI3, 60 M H z ) Ô 2.75—3.2 (m, P h C H 2 ) , 3.35 
(s, CH 3 ) , 4.4—4.85 (m, C H 2 C H 2 N ) , 5.5 (s, O C H 2 ) , 5.95 

(d, N - C H = ) , 7.1—7.5 p p m (d, 0 = C - C H = and m, Ph) . 
Compound 12 was recrystallized from CC1 4 ; m p 110— 

113 °C. U V m a s ( M e O H ) 238 nm. N M R (CDC13) Ö 2.75— 
3.2 (m, P h C H 2 ) , 3.2—3.7 (s, CH 3 , superimposed on m, 

SCH 2 ) , 5.97 (d, N - C H = ) , 7.25 (s, Ph) , 7.35 p p m (d, 0 = C -

CH=) . 

R e f e r e n c e s 

1) H . Morimoto, T . Furukawa, K. Miyazima, and O. 
Mitsunobu, Chem. Lett., 1973, 821. For the alkylation of 
ambident anion such as N 0 2 ~ or S=C=N~ by the use of 1 
and 2, see H . Loibner and E. Zbiral, Helv. Chim. Acta, 59, 
2100 (1976). 

2) T . Kur ihara , M . Sugizaki, I. Kime, M . Wada , and 
O . Mitsunobu, Bull. Chem. Soc. Jpn., 54, 2107 (1981). 

3) O . Mitsunobu and M . Eguchi, Bull. Chem. Soc. Jpn., 
44, 3427 (1971). 

4) For reviews of alkylation of ambident nucleophiles, 
see a) H . O . House, " M o d e r n Synthetic Reactions," 2nd 
ed, W. A. Benjamin Inc . , Menlo Park ,California (1972), 
pp . 492—628; b) R. Gompper and H . -U. Wagner, Angew. 
Chem. Int. Ed. Engl., 15, 321 (1976); c) T . -L. Ho, " H a r d 
and Soft Acids and Bases Principle in Organic Chemistry," 
Academic Press, New York, N . Y. (1977), pp . 26—54; d) 
M . Ono , Yuki Gosei Kagaku Kyokai Shi, 38, 836 (1980). 

5) Two routes are possible for the formation of 6—8, 
direct S-alkylation and one involving alkyl group rearrange­
ment of initially formed O-alkylated product via six membered 
transition state. T h e latter process seems unlikely since 
alkylation proceeds under mild neutral conditions. 

o;\s 
Ph-C^j-C-NFYR2 -

6) H . Vorbrüggen and P. Strehlke, Chem. Ber., 106, 
3039 (1973). 

7) 1 -Methyl-2-methylthio - 4 ( 1 / / ) - pyrimidinone exhibits 
U V m a s ( M e O H ) 231 nm.6) Thus the alkylated product 
which absorbs light at 238 n m was assigned to be 12. 

-> 6, 7, and 8 
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Synopsis. The reaction of 1-amino-4-acylaminoan-
thraquinones with piperidine in the presence of GoGl2 and 
atmospheric oxygen gave the 2-aminated products in 75— 
80%, and similar reaction of 1-hydroxyanthraquinone or 
l-aminoanthraquinone-2-sulfonic acid with butylamine gave 
the corresponding 4-aminated products, respectively. The 
effects of the a-substituents and the role of metal salts were 
discussed. 

In our previous papers,1 - 3) the new metal-promoted 
direct aminations of anthraquinone nucleus were re­
ported. These are useful methods to prepare some 
aminoanthraquinone (aminoAQ,) derivatives as dyes 
and dye intermediates. 

In this paper, these metal-promoted direct amina­
tions were applied to each of 1,4-diaminoAQs, 1-
aminoAQ-2-sulfonic acid, and 1-hydroxyAQ, which are 
the important intermediates for the preparation of 
some anthraquinonoid dyes. 

The results of the reaction of 1,4-diaminoAQs with 
piperidine are shown in Scheme 1 and Table 1. T h e 
reaction of l a with piperidine resulted only in 
recovery of l a (Run 1). While, l-amino-4-acyl-
aminoAQs ( l b and l c ) gave the corresponding 2-
aminated product (Runs 2 and 3). In the case of 
l b , hydrolysis of the 4-acetylamino group of 2 b was 
observed during the reaction, forming 2a in 4 9 . 5 % . 
The amination site of l b and l c were determined by 
1 H - N M R spectra; the proton at 3(or 2)-position of 
2a was found at 6.40 ppm, while those of 2 b and 2c 
were shifted downfield to 8.60, 8.66 p p m respectively, 
because of the deshielding effect of the neighboring 
4-acylamino group. l ,4-Bis(benzoylamino)AQ ( Id) 
did not react with piperidine, and I d was recovered 

O NHX 

AAA 
I II II I 

n i 

O NHY 
1 a: 

b : 
c: 
d: 

G 5 H 1 0 NH 
> 

Go(II)Cl2 

O NHX 

H i 
O NHY 

X = Y = H 
X = H , Y = C O C H 3 

X = H, Y=COC 6 H 6 

X = Y = C O C 6 H 5 

Scheme 1. 

T A B L E 1. T H E REACTION OF 1 WITH piPERroiNEa> 

Run Reactant Time/h 1 (Recovered) Products 
(yield/%) 

l a 
l b 

l c 
Id 

50 
24 

15 
50 

94.0 
Trace 

5.5 
93.6 

None 
2a (49.5), 
2b (31.5) 
2c (74.5) 

None 

a) Reactant (1, 2.92 mmol) was stirred with piperidine 
(50 ml) in the presence of CoGl2 (2.92 mmol for l b— 
lc, 5.84mmol for la) at 30 °C. 

in 93 .6% (Run 4). These results imply that the 
mechanism of the 2-amination of 1 is the same as 
our previous case of 1-aminoAQ;1) activation of 2-
position by the formation of cobalt complex and reduc­
tion by 4-acylation in deactivating ability of 4-amino 
group play a cooperative roll for formation of 2-am­
inated products. Diacylation ( Id) results in losing 
the ability of the complex formation and the amination 
does not take place. 

The reaction of l-aminoAQ-2-sulfonic acid (3) with 
butylamine gave the 4-aminated product (4), which 
is a very important compound as dye intermediate. 
In industry, 4 is produced by two-step method;4) 
the bromination of 3 followed by the Ul lmann amina­
tion of 6 (Path B in Scheme 2). Thus, the direct 
4-amination of 3 affords a useful method for prepara­
tion of 4 (Scheme 2). The results are summarized 
in Table 2. Without CoGl2, the amination did not 
take place at all (Runs 5 and 9). In the presence 
of GoGl2, 3 gave rise to 4 in 23 % yield together with 
4 3 % recovery of 3 (Run 6). T h e increase in molar 
ratio of CoCl2 ra ther depressed the yield of 4 and 
a trace amount of 5 was formed along with 4 (Run 
8). T h e yield of 4 could not be improved at higher 
temperature (Run 7). 

T h e reaction of 7 with butylamine mainly afforded 
three products as shown in Scheme 3. The results 
are summarized in Table 3. T h e reaction hardly 
proceeded at room temperature (Run 15) and was 
carried out at 80 °G. Without metal salts, the reaction 
scarcely proceeded (Run 11), but an addition of GoCl2 

gave 9 in 2 3 % and 10 in 2 .4% yield together with 
4-butylated product (8) in 4 8 % yield (Run 12). A 
novel butylation of 7 at 4-position forming 8 was 
observed, but the mechanism was not obvious. The 
reaction did not proceed smoothly without solvent (Run 
13). In the presence of GuGl2, the reduction of copper 
ion to metal copper occured quantitatively, and a 
small amount of 8 (11%) and 10 (3%) were yielded 
(Run 14). From these results, it was concluded that 
the 4-amination of 7 hardly proceeds because of the 

TABLE 2. T H E REACTION OF 3 WITH BUTYLAMINE*1) 

Run GoGl2/3 Solvent 3(Recovered) Yield/% 
4 

5 
6 
7b> 
8 
9 

10 

Pyridine 
Pyridine 
Pyridine 
Pyridine 
1-Butanol 
1-Butanol 

100 
43 

7 
33 

100 
Trace 

0 
23 
27 
11 
0 

41 

a Reactant 3(5.0 mmol) and butylamine(20 ml) were 
stirred with or without GoGl2 at 30 °G for 24 h. b) 
Reaction was carried out at 80 °G for 24 h. A number 
of the unidentified by-products were obtained in a 
low yields. 
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O NH2 

y \ / \ / V S 0 3 N a 
I II II I 

II 

O 
3 

Path A 
RNH2 

Co(II)Cl2 

R = C4H9-w 

O NH2 

1 II II I + 
Il I 

O NHR 

N O T E S 

O NH2 

^ \ A A / N H R 
I II I I vw 

I l I 

O NHR 

Br2 
Path B 

O NH2 

^\AA/SO a Na 

ti i 

O Br 
6 

RNH2/Copper salts 

Scheme 2. 

T A B L E 3. T H E REACTION OF 7 WITH BUTYLAMINE*1) 

Metal Yield/% 

J\UI1 

l l b ) 
12 
13c> 
14b> 
15d> 

salts 

None 
GoGl2 

GoGl2 

GuGl2 

GuGl2 

/ ^J \CtUVCICU 

Trace 
0 

53.0 
0 

58.9 

8 9 

3.8 0 
48.0 23.1 
32.0 8.5 
11.0 0 
Trace 2.9 

10 

0 
2.4 
0 
2.9 
0 

Gu° 
— 
— 
— 
91 
— 

a) Reactant (7, 5 . 0 mmol) was stirred with butylamine 
(22.5 ml) in l -bu tanol (7 .5 ml) in the presence of 
metal salts(5 .0 mmol) at 80 °G for 5 h. b) A number 
of unidentified by-products were mainly obtained, c) 
Reaction was carried out without 1-butanol. d) Reac­
tion was carried at 30 °G for 24 h. 

f o r m a t i o n of u n d e s i r e d p r o d u c t (8 ) . 

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

Melting points are uncorrected. T h e spectra were meas­
ured on the instrumentais reported previously.1--3) Column 
chromatography were carried out on the activated alumina 
(Sumitomo KGG-30) or silica gel (Wacogel C-300). 

Reaction of 1 with Piperidine. General Procedures'. A 
mixture of l c (1.0 g, 2.92 mmol) , GoGl2 (1.37 g, 2.92 mmol) , 
piperidine (50 ml) was stirred in a open flask at 30 °G. After 
the reaction, the solution was poured into water, and then 
H 2S gas was passed into the mixture. T h e precipitate was 
filtered, washed with water, dried, and extracted with chloro­
form. The extract was concentrated and chromatographed 
on alumina using benzene as an eluent. 

1,4-Diamino-2-piperidinoanthraquinone (2a) : M p 183.5—184 
°G (xylene); lit,5) 185.5—186 °G. Am a x (benzene) (e) : 574 
(8260), 538 (10100). Found : G, 71.16; H , 5.90; N , 12.84%. 
Galcd for G 1 9 H 1 9 N 3 0 2 : G, 71.01; H , 5.96; N , 13.07%. *H-
N M R (GDG13) Ô 1.70 (6H, m) , 2.87 (4H, m) , 6.40 (1H, s), 
7.14 (2H, broad) , 7.58 (2H, m) , 7.60 (2H, broad) , 8.25 
(2H, m ) . 

7 - Amino - 2 -piperidino -4- acetylaminoanthraquinone (2b) : M p 
186—186.5 °G (xylene). Am a x (benzene) 568 (10600), 534 
(13100). Found : G, 70.03; H , 5.75; N , 11.10%. Galcd 
for G 2 1 H 2 1 N 3 0 3 : G, 69 .41; H , 5.82; N , 11.56%. « - N M R 
(GDGI3) ô 1.68 (6H, m ) , 1.80 (3H, s), 2.95 (4H, m) , 7.64 
(4H, m) , 8.13 (2H, m) , 8.60 (1H, s), 12.68 (1H, broad) . 

7-Amino -2 -piperidino-4-benzoylaminoanthraquinone (2c) : M p 
195—195.5 °G (benzene). Am a x (benzene) 574 (10900), 538 
(13200). Found : G, 73.00; H , 5.39; N , 9 . 5 1 % . Galcd 
for G 2 6 H 2 3N 3 0 3 : G, 73.40; H , 5.45; N , 9 .88%. X H-NMR 
(GDGI3) ô 1.70 (6H, m) , 3.00 (4H, m) , 7.55 (7H, m) , 8.12 
(4H, m) , 8.66 (1H, s), 13.72 (1H, broad) . 

Reaction of 3 with Butylamine. General Procedures: A 
mixture of 3 (1.72 g, 5.0 mmol) , CoGl2 (0.65 g, 5.0 mmol) , 
butylamine (20 ml) and pyridine (15 ml) or 1-butanol (15 

O O H 

S\/\/\ RNH2 

I II II I > 
\/\/\f Metal salts 

11 
o 
7 R = C 4 H , - B 

O OH 

AÀÀ 
+ I II 1 1 + 

n 1 
O NHR 

[Vol. 54, No. 7 

O O H 

AÂÀ 
I II II I 

O R 
8 

O O H 

^ \ / \ A / N H R 

O NHR 
10 

Scheme 3. 

ml) was stirred in a open flask at room temperature for 24 
h. After the reaction, the mixture was poured into aqueous 
3 0 % HG1 solution. The precipitate was filtered, washed 
with small amount of water, dried, and chromatographed 
on silica gel using benzene-acetone (5:5) as an eluent to 
give 4. Small amount of 4 was also obtained from the fil­
trate by salting-out with NaCl . T h e recovery of 3 was 
determined by means of spectroscopy. The structure of 
4 and 5 were determined by comparison with authentic 
samples. 

Reaction of 7 with Butylamine. A mixture of 7 (5.0 
mmol) , metal salts (5.0 mmol) , butylamine (22.5 ml) and 
1-butanol (7.5 ml) was stirred under reflux for 5 h in a flask 
equipped with a reflux condenser. After the reaction, the 
mixture was poured into aqueous 10% HG1 solution. The 
precipitate was filtered, washed with water, dried and chro­
matographed on silica gel using benzene as an eluent to 
give the products in the order of 8, 9 and 10, respectively. 

7 -Hydroxy-4-butylanthraquinone (8) : M p 119.5—120 °G 
(benzene). Am a x (benzene) 435 s (5120), 415 (6410), 395 s 

(5480). Found : G, 77.16; H , 5.79%. Galcd for G 1 8 H 1 6 0 3 : 
G, 77.12; H , 5 .75%. *H-NMR (GDG13) ô 0.95—1.60 (7H, 
m) , 2.73 (2H, t) , 7.73 (4H, m) , 8.25 (2H, m) , 12.92 (1H, s). 
M S , m/e (rel intensity) 280 (M+, 100), 251 (27), 238 (64), 
237 (64). 

1-Hydroxy-4-butylaminoanthraquinone (9) : M p 122—123 °G 
(benzene). Am a x (benzene) 602 (10000), 561 (10600), 522 s 

(6250). Found : G, 73.22; H , 5.82; N , 4 .49%. Galcd for 
G 1 8 H 1 7 N 0 3 : G, 73.20; H , 5.80; N , 4 .74%. « - N M R 
(GDGI3) ô 1.00 (3H, m) , 1.62 (4H, m) , 3.35 (2H, q) , 7.15 
(2H, s), 7.70 (2H, m) , 8.30 (2H, m) , 10.18 (1H, broad) , 
13.65 (1H, s). M S , m/e (rel intensity) 295 (M+, 9), 294 
(29), 251 (100), 223 (27). 

1-Hydroxy-2,4-bis(butylamino)anthraquinone (10) \ M p 129— 
129.5 °G (hexane). Am a x (benzene) 598 (10100), 558 
(10300), 518 s (5900). Found : G, 71.45; H , 6 .91; N , 7.34%. 
Galcd for G 2 2 H 2 6 N 2 0 3 : G, 72 .11; H , 7.15; N , 7.64%. *H-
N M R (GDGI3) ô 0.69—2.20 (14H, m) , 3.20 (4H, m) , 5.30 
(1H, broad) , 5.77 (1H, s), 7.55 (2H, m) , 8.14 (2H, m) , 10.75 
(1H, broad) , 15.00 (1H, s). M S , m/e (rel intensity) 366 
(M+, 74), 323 (100), 262 (89). 
R e f e r e n c e s 

1) K. Yoshida, M . Matsuoka, Y. Yamashita, and T . 
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A Novel Synthesis of Phenyl Carboxylates 
Shizunobu HASHIMOTO and Isao FURUKAWA* 
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Synopsis. The direct synthesis of phenyl carboxy­
lates from phenols and carboxylic acids is reported. The 
reactions proceeded easily when triphenylphosphme and 
carbon tetrachloride were used as dehydrating agents in 
the presence of a tertiary amine at room temperature, thus 
giving esters in high yields. 

I t has been known that the direct synthesis of phenyl 
carboxylates from carboxylic acids and phenols usually 
fails in the presence of common mineral acids. There­
fore, the reaction has been carried out by using a 
special catalyst such as polyphosphoric acid,1) a com­
bination of boric acid and sulfuric acid,2) and polymer-
protected aluminium chloride3) under heating. How­
ever, these methods can not be applied to the esters, 
which are unstable to heat and acid. 

We have now investigated the direct acylation of 
phenols with acids under mild conditions, and have 
found that the reaction proceeds easily to form phenyl 
carboxylates when a combination of triphenylphosphine 
and carbon tetrachloride is used as the dehydrating 
agent in the presence of triethylamine. T h e results 
are shown in Table 1. 

Although the reaction proceeded easily at room 
temperature to give esters in high yields, phenol and 
acid having a nitro group afforded the esters in a 
poorer yield because of the simultaneous formation 

compound. 
Ester formation by the use of triphenylphosphine 

and carbon tetrachloride was investigated by Appel4) 
for the esterification of an alcohol with a carboxylic 
acid. In this case, a high yield is obtained only when 
alcohol is added as the last component after reacting 
phosphine, carboxylic acid, and carbon tetrachloride 
in the presence of tertiary amine, when the alcohol 
and acid are added simultaneously into a mixture 
of phosphine, carbon tetrachloride and tertiary amine, 
the yield of the ester decreases because of the simul­
taneous formation of both alkyl halide and ester. 
O n the other hand, the acylations of phenols with 
carboxylic acids in our work gave only esters in high 
yields, even when all reactants were reacted simul­
taneously. This difference may be attributed to the 
fact that phenol attacks selectively only the carbonyl 
carbon in the acyloxyphosphonium salt [II] assumed 
as an intermediate, while alcohol attacks both the 
phosphorus and the carbonyl carbon.4) 

From these results, we concluded that the esterifica­
tion of phenols with carboxylic acids in the presence 
of a tertiary amine, when triphenylphosphine and 
carbon tetrachloride are used as dehydrating agents, 
proceeds through the process shown in the following 
scheme : 

of a colored matter from the phosph 

RCOOC6H4X 

R : X : 

GH3 
Grdgd-H^vjH^ 
GeH5 

/>-ClC6H4 

/>-CH3C6H4 

/,-CH3OC6H4 

/>-N02C6H4 

C6H6CH=GH 
C6H5 

G6H5 

G«H5 

C6H5 

G6H5 

G6H5 

C6H5 

GH3 

IJ.H.3G.H.2G.H.2 

/>-ClC6H4 

O-G1G6H4 

/>-CH3C6H4 

/>-CH3OC6H4 

C6H5GH=GH 

H 
H 
H 
H 
H 
H 
H 
H 
p-C\ 
77Z-C1 

p-Br 
/>-CH3 

W2-CH3 

/>-CH30 
/>-NOa 

p-Br 
p-Br 
p-Br 
p-Br 
p-Br 
p-Br 
p-Br 

ine and 

TABLE 1. 

Yield 

/o 

97 
90 
91 
85 
92 
87 
34 
86 
89 
92 
72 
78 
89 
85 
13 
87 
66 
70 
85 
81 
62 
79 

nitro Ph3P + GG14 — 

PHENYL CARBOXYLATES 

Mp/°G (Torr) 

82—83(10) 
107(8) 
70—71 

100.5—101.5 
70.5—72.5 
67.5—69 

107.5—111 
74—75.5 
84—86 

69.5—70.5 
104—106 
70—71 

51.5—53.5 
84—86 

140—142 
122—125(11) 
144—149(11) 

100—104 
72—75.5 
94—98 

103—104.5 
113—115 

-> Ph3PGGla , G 1 - [I] 

Analysis 

IR 
P(C=Q) P(G-O) 
cm - 1 

1770 
1770 
1725 
1735 
1735 
1730 
1755 
1730 
1745 
1740 
1740 
1725 
1740 
1735 
1750 
1770 
1770 
1750 
1760 
1740 
1730 
1750 

cm - 1 

1230 
1205 
1265 
1280 
1275 
1275 
1280 
1205 
1285 
1260 
1260 
1275 
1270 
1275 
1230 
1230 
1205 
1270 
1245 
1270 
1270 
1215 

MS(m/e) 
M+ 

136 
164 
198 
232 
212 
228 
243 
224 
232 
232 
276 
212 
212 
228 
243 
214 
242 
310 
310 
290 
306 
302 
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[I] + R G O O H • P h 3 P - 0 - G O R G l - -f GHG13 

[II] 

P h g P - O - G O R G l - > P h 3 P = 0 -f R G O O A r 

T
 + R 3 ' N + R 3 ' N . H C 1 

A r Ö H 

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

All the melting and boiling points are uncorrected. All 
the chemicals used were of an analytical reagent grade. 
Thin-layer chromatography (TLG) was performed on Merck's 
silica gel 60 (70—230 mesh). T h e I R spectra were record­
ed in KBr on a Shimazu IR-27G spectrometer, and the 
M S , on a Hitachi RM-50GG spectrometer with 60 eV. 

Procedure. A mixture of benzoic acid (24 mmol) , 
phenol (20 mmol) , carbon tetrachloride (24 mmol) , triethyl-
amine (24 mmol) , and triphenylphosphine (24 mmol) in 30 
ml of acetonitrile was stirred a t room temperature for 4 h. 

After the acetonitrile has been evaporated, hexane was 
added to the residue. T h e hexane solution was filtered 
off to remove the triphenylphosphine oxide and triethyl-
amine hydrochloride precipitated, washed with an aqueous 
sodium hydroxide solution, and dried over anhydrous sodium 
sulfate, and then the hexane was removed. Subsequent 
distillation or recrystallization of the residual solid gave 
3.6 g of phenyl benzoate ( 9 1 % yield) as white crystals: m p 
70—71 °G. A similar procedure has been applied success­
fully to a variety of substituted phenols, aliphatic, and 
aromatic carboxylic acids. T h e resulting products were 
identified by means of infrared and mass spectral analysis. 

R e f e r e n c e s 
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4) R. Appel, Angew. Chem., 87, 863 (1975). 
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A Novel Preparation of Bicyclo[3.2.2]nonanes and Bicyclo[4.2.2]decanes 
Substituted at the Bridgeheads 

Yasuo SAKAI,* Kaoru TERASHIMA, Yoshito T O B E , and Yoshinobu ODAIRA 

Department of Petroleum Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565 
(Received December 23, 1980) 

Synopsis. A novel preparation of 1,5-disubstituted 
bicyclo[3.2.2]nonanes and 1,6-disubstituted bicyclo[4.2.2]-
decanes based on the one-pot reaction of [3.2.2]- and [4.2.2]-
propellanecarboxylic acids with 2 equiv. of lead tetraacetate, 
followed by catalytic hydrogénation, is described. 

The bicyclo[n.2.2]alkanes, having substituents on 
each bridgehead carbon atom, are of importance as 
models for examining through-bond and/or th rough-
space orbital interactions and as a key intermediate 
for the synthesis of paddlanes.1) Syntheses of the 1,4-
disubstituted bicyclo[2.2.2]octanes (1) have been de­
scribed.2) However, only a few methods have been 
worked out for the higher homologues, bicyclo[3.2.2]-
nonanes and bicyclo[4.2.2]decanes substituted at the 
bridgeheads.2a>3) We have found that the oxidative 
decarboxylation of [4.2.2]propellanecarboxylic acid (5) 
with lead tetraacetate (Pb(IV)) gives rise to the forma­
tion of the cyclopropylcarbinyl type tricyclic acetate 
(7) in high efficiency.4) Since the oxidation of highly 
strained bicyclo[/2.1.0]alkanes with Pb(IV) proceeds 
with exclusive internal bond cleavage of cyclopropane 
ring,5) it may be reasonable to expect the formation 
of 1,6-disubstituted bicyclo[4.2.2]decane derivatives 
such as 9 by the reaction of 7 with Pb( IV) . In this 
connection, we wish to report a novel preparation of 
1,5-disubstituted bicyclo[3.2.2]nonanes (2a, b) and 1,6-
disubstituted bicyclo[4.2.2]decanes (3a, b) based on 

*ß /ß <ß 
2a R=0Ac 

2b R=0H 

3a R=0Ac 

3b R=0H 

the one-pot reaction of [3.2.2]- and [4.2.2]propel-
lanecarboxylic acids (4) and (5) with Pb( IV) , com­
prising two successive oxidations by Pb( IV) , i.e., oxi­
dative decarboxylation of 4 and 5, affording the strained 
tricyclic acetates (6) and (7), and subsequent oxidative 
cleavage of internal cyclopropane bond of 6 and 7 
leading to the unsaturated diacetates (8) and (9), 
followed by catalytic hydrogénation (Scheme 1). 

The reaction of 7 with Pb(IV) was examined. When 
7 was treated with 1.2 equiv. of Pb(IV) in benzene 

C02H 
Pb(IV) 

(CH2)n 

at 80 °G for 14 h, the bridgehead diacetate (9) was 
obtained as a major product in 7 6 % yield along with 
6-acetoxybicyclo[4.2.2]dec-l(8)-ene (10)6) (17%).7) 
T h e structure of 9 was elucidated by the presence 
of a two-proton singlet at ô 5.83 ppm in the 1H N M R 
spectrum and the 13C N M R spectrum which showed 
only seven signals involving a two-carbon doublet at 
ô 131.56 ppm in the off-resonance decoupled spectrum. 
No detectable amounts of the triacetates from internal 
bond cleavage and/or the external bond cleavage prod­
ucts were formed. 

The direct preparation of 9 from [4.2.2]propel­
lanecarboxylic acid (5) by an one-pot procedure in­
volving two successive Pb(IV) oxidations was at­
tempted. When the reaction of 5 with 2.5 equiv. 
of Pb(IV) in benzene was carried out at 80 °G for 
20 h, the expected product (9) was obtained in 5 8 % 
yield together with 10 in 1 3 % yield. 

J& 

OAc 

10 

In order to prepare 1,5-disubstituted bicyclo[3.2.2]-
nonanes, the reaction of [3.2.2]propellanecarboxylic 
acid (4) with 1.2 equiv. of Pb(IV) was examined. 
After 1 h, the bridgehead diacetate (8) was obtained 
as a major product in 4 7 % yield along with the 
unrearranged 6-acetoxy[3.2.2]propellane (11) in 11 % 
yield, while the tricyclic acetate (6) could not be 
detected even in a shorter reaction time. Similarly, 
the structure of 8 was determined by the 1 H N M R 
(a two-proton singlet at <5 6.04 ppm) and 13G N M R 
spectra (seven signals involving a two-carbon doublet 
at ô 132.54 p p m in the off-resonance spectrum). In 
view of the fact that a considerable amount (30%) 
of the unreacted acid (4) was recovered, it can be 
assumed that 8 was formed by rapid oxidation of 
unstable intermediate (6) by Pb(IV) as in the case 
of 7. 

The catalytic hydrogénation of 8 and 9 over Pd/C 
gave 2a, mp 72—73 °C, and 3a,6) m p 100—102 °C, 
respectively, in quantitative yields. T h e reductive 
cleavage of the diacetates (2a) and (3a) by lithium 

Pb(IV) ^_ f< l / 0Ac H2 
> (Cv^Jk^> > —' — 

OAc 

ns3 £ 

Scheme 1. 



2230 N O T E S [Vol. 54, No. 7 

a l u m i n u m h y d r i d e af forded t h e c o r r e s p o n d i n g diols 
( 2 b ) , m p 139—140 °G, a n d ( 3 b ) , m p 158—160 ° C , 
in m o d e r a t e y ie lds . 

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

Reaction of the Acetate (7) with Pb(IV). A mixture 
of 91 mg (0.47 mmol) of 7,4> 25 mg (0.32 mmol) of pyridine, 
and 250 mg (0.56 mmol) of lead tetraacetate in 5 ml of 
benzene was heated at 80 °G with stirring under nitrogen 
for 14 h. After filtration, the filtrate was washed with 1 
mol d m - 3 hydrochloric acid, sodium hydrogencarbonate 
solution, and water, and then dried over anhydrous sodium 
sulfate ( N a 2 S 0 4 ) . Evaporation of the solvent gave 109 mg 
of light brown oil. T h e products were analyzed by GLG 
(10% FFAP and 5 % SE-30 columns) and separated by 
silica-gel column chromatography. 

9 (76%) ; I R 3030, 1715, 1225, 1040, 1000cm- 1 ; M S 
m/e 252 (M+); ^ N M R (CG14) ô 1.10—2.60 (m, 18H, s 
at 1.92), 5.83 (s, 2 H ) ; 13G N M R (GDG13) «5 22.31 (q), 23.24 
(t), 29.84 (t), 40.41 (t), 81.36 (s), 131.56 (d), 170.16 (s). 
Found : G, 66.54; H , 7.99%. Calcd for G 1 4 H 2 0 O 4 : C, 66.64; 
H, 7.99%. 

Reaction of [4.2.2]Propellanecarboxylic Acid (5) with Pb(IV). 
A mixture of 504 mg (2.6 mmol) of 5,4> 119 mg (1.5 mmol) 
of pyridine, and 2.88 g (6.5 mmol) of Pb( IV) in 40 ml of 
benzene was heated at 80 °C for 20 h. 606 mg of light 
brown oil was obtained by a similar work-up to that de­
scribed above. T h e products were analyzed and separated 
as above. 

Reaction of [3.2.2]Propellanecarboxylic Acid (4) with Pb(IV). 
A mixture of 2.40 g (14 mmol) of 4,3> 670 mg (8.5 mmol) 
of pyridine, and 8.36 g (17 mmol) of Pb ( IV) in 120 ml of 
benzene was heated at 80 °G for 1 h. T h e same work-up 
as above gave 1.89 g of a product mixture, 860 mg (30%) 
of unreacted 4 being recovered by acidification of the sodium 
hydrogencarbonate washings followed by ether extraction. 
T h e products were analyzed and separated as above. 

8 ( 4 7 % ) ; I R 3030, 1715, 1230, 1190, 1010cm- 1 ; M S m/e 
238 (M+); ! H N M R (CC14) Ô 1.60—2.35 (m, 16H, s at 
1.91), 6.04 (s, 2 H ) ; 13G N M R (GDG13) <5 20.80 (t), 22.08 
(q), 28.87 (t), 34.25 (t), 80.82 (s), 132.54 (d), 169.95 (s). 
Found : G, 65.50; H, 7 .63%. Galcd for G 1 3 H 1 8 0 4 : G, 65.53; 
H , 7 .61%. 

11 ( 1 1 % ; a mixture of epimers) ; I R 1725, 1220, 1020 
c m - 1 ; M S m/e 180 (M+); 1H N M R (G6D6) ô 1.28—2.64 
(m, 15H), 4.80 (t, 0.5H), 5.20 (t, 0.5H). Found : C, 73.03; 
H , 9.09%. Galcd for C n H 1 6 0 2 ; G, 73.30; H , 8 .95%. 

Catalytic Hydrogénation of 8 and 9. 8 and 9 were hydro-
genated under atmospheric pressure of hydrogen over 5 % 
Pd/G catalyst in methanol solvent to give 2a and 3a,6> re­
spectively, in quanti tat ive yields. Pure samples of 2a and 
3a were obtained by recrystallization from hexane-ether . 

2 a ; m p 72—73 °C; I R 1715, 1235, 1200, 1000, 970 c m - 1 ; 
M S m/e 180 ( M + - A c O H ) ; ÏÏNMR (CG14) ô 1.60—2.40 
(m, s at 1.92); 13G N M R (GDG13) Ô 20.02 (t), 22.35 (q), 
30.65 (t), 38.54 (t), 82.51 (s), 170.04 (s). Found : G, 64.88; 
H, 8.52%. Calcd for G 1 3 H 2 0 O 4 : G, 64.98; H, 8.39%. 

3a; m p 100—102 °G; I R 1715, 1230 cm" 1 ; M S m/e 252 
( M + - 2 ) , 134 ( M + - 2 A c O H ) ; ÏÏNMR (GG14) Ô 1.20— 
2.60 (m, s at 1.88); 13C N M R (GDG13) ô 22.02 (q), 22.90 
(t), 30.97 (t), 38.70 (t), 83.56 (s), 169.33 (s). Found: C, 
65.76; H, 8 . 7 1 % . Galcd for G 1 4 H 2 2 0 4 : G, 66.11 ; H , 8.72%. 

Lithium Aluminum Hydride Reduction of 2a and 3a. T o 
a suspension of 1.5 equiv. of lithium aluminum hydride 
in ether was added dropwise a solution of 2a or 3a in the 
same solvent, the mixture being stirred at room temperature 
for 2 h. Water and then 1 mol d m " 3 hydrochloric acid 
were added carefully. T h e organic layer was separated 
and washed with saturated sodium chloride solution and 
dried over N a 2 S 0 4 . T h e aqueous layer was extracted with 
chloroform, the chloroform extracts being washed with sat­
urated sodium chloride solution and dried (Na 2 S0 4 ) . Evap­
oration of both solvents gave 2 b and 3 b as white solids in 
60—65% yields which were recrystallized from ether. 

2 b ; m p 139—140 °C; I R 3250, 1030 c m - 1 ; M S m/e 156 
(M+); ! H N M R (GDG13) «5 1.50—2.20 (m). Found : G, 
69.11; H , 10.36%. Galcd for C 9 H 1 6 0 2 : G, 69.19; H, 10.32%. 

3 b ; m p 158—160 °G; I R 3250, 1060, 980 c m - 1 ; M S 
m/e 170 (M+); XH N M R (CDC13) <5 1.40—2.20 (m). Found : 
G, 70.34; H, 10 .71%. Galcd for G 1 0 H 1 8 O 2 : G, 70.54; H, 
10.66%. 
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Synopsis. 4-Hydroxy-6- {-L-erythro-1,2-dihydroxypro-
pyl)-2-(methyl thio)pteridine was converted by ethylene-
diamine to 2-(2-aminoethylamino) analogue of biopterin, 
which condensed with iV-hydroxysuccimidyloxy m-maleimido-
benzoate to give the maleimidobenzamide. The latter com­
pound and /?-D-galactosidase afforded a biopterin-galac-
tosidase conjugate which showed the enzyme activity about 
40% as compared to the unmodified enzyme. 

The biosynthesis of neurotransmitting dopamine and 
Serotonine from phenylalanine and tryptophan requires 
tetrahydrobiopterin cofactor at the oxygenation step 
of these amino acids. Therefore, a decrease of bio­
pterin concentration in those tissues generating the 
neurotransmitting amines may cause neurological dis­
orders. Several examples to support such assumption 
have been found recently: atypical hyperphenylala-
ninemia due to deficiency of biopterin2) and anor-
malous low biopterin concentrations in human brain 
from parkinonian patients.3) Consequently, assay of 
biopterin in tissue or serum becomes essential for 
basic and clinical studies of such diseases. 

We have recently developed a radioimmunoassay 
for biopterin, which makes a merit of high specificity, 
sensitivity, and reproducibility.4) The method, how­
ever, suffers from a disadvantage of using a radioactive 
antigen. In order to avoid this inherent drawback of 
radioimmunoassay, we aimed to develop an enzymeim-
munoassay for biopterin by using a conjugate of bio­
pterin to /?-D-galactosidase as a labelled antigen. This 
paper describes a synthesis of biopterin conjugated 
to the galactosidase and to bovine serum albumine 
(BSA), of which the latter is to be used as an immuno­
genic antigen. 

Previously we synthesized a biopterin-BSA conju­
gate by a mixed anhydride method, in which 6-(bio-
pterinylamino)caproic acid was condensed to the free 
amino group of the protein via an anhydride and the 
condensation product was treated with 2 M sodium 
hydroxide at the final step of preparation.4) This 
anhydride method is inapplicable to the present re­
quired biopterin-galactosidase conjugate, because alka­
line treatment may inactivate the enzyme. Accord­
ingly we sought for a different conjugation method 
and applied #-hydroxysuccimidyloxy m-maleimidoben-
zoate (MBS)5) to conjugating biopterin to the mercapto 
groups of galactosidase and BSA. The enzyme con­
tains a number of mercapto groups unconcerned with 
the enzyme activity and hence the conjugation of 
biopterin at such sites will not reduce the enzyme 
activity. 

4-Hydroxy-6- (L-erythro-1,2-dihydroxypropyl) - 2 - (me­
thyl thio)pteridine (l)6) underwent aminolysis on 
heating with ethylenediamine to give the 2-(2-amino-

200 

20 
NUMBER 

Fig. 1. Purification of biopterin-BSA conjugate on a 
Sepharose 6B column (1.8x30 cm) eluted by 0.05 
M phosphate buffer, pH 7.O. The volume of each 
fraction was 5 ml. The intensity of fluorescence at 
440 nm was measured by exciting at 360 nm. A: 
Conjugate, B: excess 3. 

10 20 
FRACTION NUMBER 

Fig. 2. Purification of biopterin-galactosidase conju­
gate on Sepharose 6B carried out in the same way 
as in Fig. 1. The enzyme activity was assayed as 
described in text. 

ethylamino) analogue (2), which was then converted 
to the m-maleimidobenzoyl derivative (3) by MBS. 
Conjugation of 3 with BSA was achieved by incubating 
BSA with a large excess 3 in a p H 7 phosphate buffer 
at 25 °G for 1.5 h, and the product was purified by 
chromatography on Sepharose 6B (Fig. 1). The num­
ber of moles of biopterin per mole of BSA was esti­
mated 0.66 from the U V and fluorescence spectra. 
Conjugation of 3 to ^-galactosidase was carried out 
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-NH CH2CH2NHCO 

-NHCH2CH2NHCO 

-NHCHjCHaNHCO 
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Oj—s-BSA 

Or_^S-ßGAL 

i n t h e s a m e w a y as a b o v e . T h e c h r o m a t o g r a p h y o n 
S e p h a r o s e 6B w a s m o n i t o r e d b y fluorescence s p e c t r a 
a n d b y e n z y m e ac t iv i ty us ing 4 - m e t h y l u m b e l l i f e r y l 
/?-D-galactoside as subs t ra te . 7 ) As s h o w n in F ig . 2 , 
t h e e n z y m i c a l l y ac t ive f ract ions s h o w fluorescence d u e 
to t h e b i o p t e r i n m o i e t y , i n d i c a t i n g a sucessful con ­

j u g a t i o n of 3 to ga l ac tos idase . T h e c o n j u g a t e r e t a i n e d 
t h e e n z y m e ac t iv i ty a b o u t 4 0 % as c o m p a r e d to t h e 
u n m o d i f i e d e n z y m e . 

A n e n z y m e i m m u n o a s s a y for b i o p t e r i n b y e m p l o y i n g 
t h e p r e s e n t syn thes ized con juga te s is u n d e r p rogress 
a n d t h e de t a i l wi l l b e r e p o r t e d e l s ewhere . 

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

2- (2-Aminoethylamino) -4-hydroxy-6- (L-erythro-1,2-dihydroxypro-
pyl)pteridine (2). A solution of l6) (500 mg) in ethyl-
enediamine (5 ml) was heated at 110°G under nitrogen 
for 4 h. T h e solution was fractionated on a Florisil column 
( 2 . 5 x 3 0 cm), eluted gradiently with 0 — 3 % ammonia (1.0 
1), and then on a Dowex 5 0 W x 8 column ( 2 . 5 x 2 0 cm), 
eluted with 0 — 3 % ammonia . The eluate was evaporated 
to give a jellied residue, which on standing in a refrigerator 
for several days crystallized into a pale yellow needles (220 
mg) of 2. T h e compound darkened at 245 °G ; pK& at — 1.0, 
0.75, and 8.0 (measured by a spectroscopical method) ; 
Am a x (loge) at H 0 - 3 . 0 : 260 (4.08), 280 (sh., 3.99), 323 
(3.65), and 392 (3.74); at H 0 - 0 . 2 5 : 255 (4.11), 280 (3.96), 
321 (3.75), and 392 (3.68); at p H 5.0: 261 (4.40), 350 (3.82); 
at p H 10.0: 240 (4.09), 277 (4.27), and 365 (3.88). 

N- [2- \4-Hydroxy-6- (L-ery thro- 7,2-dihydroxypropyl) -2-pteridinyl] -
aminoethyl]-m-maleimidobenzamide (3). T o a solution 
of 2 (100 mg) in JV,JV-dimethylformamide (10 ml) , MBS5) 
(120 mg) was added and the solution was stirred a t 25 °G 
for 2.5 h. The solution was then participated with water 

(40 ml) and dichloromethane (3 X 40 ml) . T h e aqueous so­
lution was evaporated in vacuo to almost dryness. Addition 
of tetrahydrofuran ( 1 ml) and chilling gave a solid (80 mg) 
of 3 which was used for the next reaction without further 
purification. 

Preparation of Biopterin-BSA Conjugate (4). A solution 
of 3 (1 mg) in 0.5 ml of 0.1 M phsphate buffer, p H 7.0, 
was added to a solution of BSA (10 mg) in the same buffer 
( l m l ) . The mixture was stirred at 25 °G for 1.5 h and 
then fractionated on a Sepharose 6B column ( 1 . 8 x 3 0 cm), 
eluted by a 0.05 M phosphate buffer, p H 7.0. The eluate 
was monitored by the fluorescence spectra and U V absorbance 
at 275 nm. 

Preparation of Biopterin-galactosidase Conjugate (5). A 
solution of 3 (1 mg) in a 0.1 M phosphate buffer (pH 7.0, 
0.5 ml) was added to a solution of /?-D-galactosidase from 
E. Coli [EG 3.2.1.23] (1 mg) in the same buffer ( l m l ) , 
and the mixture was stirred at 25 °G for 2 h. Fractionation 
of the reaction products on a Sepharose 6B column ( 1 . 8 x 3 0 
cm) using a 0.05 M phosphate buffer (pH 7.0) as solvent 
gave a chromatogram shown in Fig. 2. The enzyme ac­
tivity was assayed as below. 

Assay of ß-D-Galactosidase Activity. A mixture of 4-
methylumbelliferyl /?-D-galactoside ( l m g / 3 0 m l of 0.01 M 
phosphate buffer, p H 7.0; 50 JJLI) and 100 jxl of each fraction 
diluted 50-fold by a 0.01 M phosphate buffer (pH 7.0) con­
taining 0 . 1 % BSA was incubated at 37 °G for 10 m. A 
0.1 M glycine buffer (pH 10.3; 3 ml) was added to the mix­
ture and the intensity of the fluorescence at 440 n m (excited 
at 360 nm) was measured on a Hitachi MPF-2A fluorescence 
spectrometer. 

W e t h a n k M r s . N . N i s h i o k a for m e a s u r i n g t h e 
fluorescence s p e c t r a . 
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Synopsis. The first example of the cationic [3,4] 
sigmatropic reaction has been achieved by the reaction 
of l,3-dibromo-3-methyl-6-hepten-2-one and diiron nona-
carbonyl. 

There is currently much interest in electrocyclic 
reactions which involve carbocations.2) In 1971, 
Dewarhas predicted that the [3,4]sigmatropic rearrange­
ment, la^±lb, may take place via cyclic six-electron 
transition state.3) However, realization of such sym­
metry-allowed transformation has not yet been re­
ported to date, at least to our knowledge. Here we 
report the first example of this type of cationic rear­
rangement. 

When the dibromo ketone 2 was treated with diiron 
nonacarbonyl in refluxing benzene, the dienone 3 
was obtained as the sole isolable product, identical 
with authentic sample prepared independently. The 
reductive skeletal change is interpreted in terms of 
the title pericyclic process via the oxyallyl-Fe(II) in­
termediate 4 (R=H). 4 > The high stability of the 
resulting carboxonium ion 5 would facilitate the for­
ward reaction. I t should be noted that reaction course 
of the oxyallyl 4 is highly dependent on the substitution 
pattern of the internal olefinic bond. When the double 
bond is substituted by carbocation-stabilizing methyl 
groups, the cationic species 4 ( R = C H 3 ) undergoes 
the stepwise, double cyclization to give (±) -camphor , 
4->6->7.5'6> 

/ ^ " ^ 

OFe(II) 

R= CH3 

+OFe(II) 

OFe(II) < & . 'OFe(II) 

Exper imenta l 

2-Methyl-1,6-heptadien-3-one (3). A mixture of the di­
bromo ketone 27> (905 mg, 3.18 mmol) and diiron nonacar­
bonyl (2.13 g, 6.36 mmol) in dry benzene (12 ml) was heated 
at reflux for 2 h under argon atmosphere. The cooled 
mixture was filtered through a cotton-celite pad and the 
filtrate was concentrated under reduced pressure to give 
crude product (370 mg). The NMR and GLG analysis 
elucidated that this material contained 3 (80% GLG yield) 
and some unidentified minor products. An analytical sam­
ple (148 mg, 32%) was obtained by the preparative GLG 
(3% OV-1, 0.64 X 100 cm column, 100 °G). IR (neat) 3060 
(=GH), 1680 (G=G), 1640 (G=G, enone), 1630 (G=G), 910 
cm-i (=GH). ! H N M R (GG14) Ô 1.85 (d, 7=1 .5 Hz, GH3), 
2.36 (t, 7 = 7 Hz, =CHCH2), 2.70 (t, J =7 Hz, CH2C=0), 
4.94 (d, 7 = 10 Hz, CH2=CHCH2, a proton trans to GH2), 
4.98 (d, 7 = 2 0 Hz, CH2=CHCH2, a proton eis to GH2), 
5.70 (br s, CH2=CCH3, a proton eis to GH3), 5.80 (m, CH= 
GH2), 5.90 (s, CH2=CCH3, a proton trans to GH3). Found: 
m/e 124.08892. Galcd for G8H1 20: (M+), 124.08881. 

2-Methy 1-1,6-heptadien-3-ol (8). To a solution of 3-
butenylmagnesium bromide prepared from l-bromo-3-butene 
(1.5 g, 11.1 mmol) and magnesium (365 mg, 15 g-atom) in 
anhydrous ether (20 ml) was dropwise added a solution of 
methacrylaldehyde (770 mg, 11.1 mmol) in anhydrous ether 
(4 ml) over a period of 10 min at 0 °G. After stirring for 
1 h at this temperature, aqueous saturated ammonium chlo­
ride (10 ml) was added, and the aqueous phase was extracted 
with ether. The combined organic materials was dried 
and concentrated. The resulting oil was subjected to column 
chromatography on silica gel using pentane-ether (8:1) as 
an eluent. The pure product was obtained as a colorless 
oil (1.21 g, 87%) after bulb-to-bulb distillation (110—118 
°G, 15 mmHg). IR (neat) 3400 (OH), 3080 (=GH), 1640 
(G=G), 910 cm-1- (=CH). NMR (GG14) Ô 1.23 (s, OH), 
1.76 (s, GH3), 4.02 (t, HGOH), 4.7—5.1 (m, 4H, -GH2), 
5.75 (m, CH=CH2). Found: G, 76.46; H, 11.27%. Galcd 
for G8H1 40: G, 76.14; H, 11.18%. 

Oxidation of 8. A suspension of the hydroxy com­
pound 8 (150 mg, 1.19 mmol) and activated manganese 
dioxide (400 mg, 4.6 mmol) in pentane (3 ml) was stirred 
for 72 h at room temperature, and the resulting mixture 
was filtered through glass paper. The concentrated filtrate 
was subjected to column chromatography on silica gel using 
pentane-ether (50:1 and then 5:1) as an eluent to give 18 
mg (12%, conversion yield 36%) of 3 and 101 mg (68%) 
of starting material 8. The IR and NMR were identical 
with those of the product obtained from 2 and Fe2(CO)9. 
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Synthesis of Hypacrone 
Fujio SAKAN,* Yukio MINAMI, Haruhisa SHIRAHAMA,1" and Takeshi MATSUMOTO1" 

Department of Education, Fukui University, Fukui 910 
t Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 

(Received October 3, 1980) 

Synopsis. Hypacrone, an illudoid sesquiterpene, 
was synthesized from 2,2-dimethyl-4-(3,3-ethano-4,4-ethylene-
dioxy-1 -methylsulfinyl-2-oxopentyl) -1 -cyclopentanone which 
is a key intermediate also in the synthesis of illudins. 

Reports were given on the total synthesis of illudins 
(l)1) employing a sulfoxide 22> as the key intermediate. 
In this report, we wish to describe the synthesis of 
another illudoid3) sesquiterpene, hypacrone (3),4> with 
use of 2. 

OH 
(1) illudin M R=CH3 

Y illudin S R=CH,0H 

^ C4) v o, v <0ol 

<*> Rr<°cH3 , v <%3 

(6) v<äi3 , V o 

Elimination of sulfenic acid was carried out by 
boiling sulfoxide 2 in toluene for 5 h, diketone 4 being 
obtained in quantitative yield. Methylation of easily 
enolizable diketone 45> by means of methyllithium 
gave 5 which upon deacetalization with a catalytic 
amount of jö-toluenesulfonic acid in acetone gave dike-
tone 6. The spectral data of 6 ( IR and N M R ) are 
identical with those of an authentic sample.40) The 
total synthesis of hypacrone (3) through 6 was already 
reported by Nishizawa et a/.4b> 

Exper imenta l 

IR spectra were recorded with a Hitachi EPI-G3 spec­
trometer. NMR spectra were obtained at 100 MHz on 
a JEOL JNM-4H-100 instrument using TMS as an internal 
standard, mass spectra on a JEOL JMS-01SG-2 mass spec­
trometer. 

Diketone 4. Sulfoxide 2(200 mg) was boiled in tolu­
ene for 5 h. The resulting reaction mixture was washed 
with NaHG0 3 and then with a NaCl solution, and dried 
over Na2S04. Removal of the solvent gave a practically 
pure product 4(160 mg) which on chromatography on silica 
gel gave pure 4(140 mg, 86%) as a slightly yellow oil: IR 

(neat) 3070, 1700, 1615 and 1045 cm-1; NMR <5(CDC18) 
1.10 (6H s and 4H, m), 1.15 (3H, s), 2.50 (2H, bs), 3.73 
(2H, bs), 3.95 (4H, m), and 5.95 (IH, bs); MS (m/e) 278 
(M+); Anal. Found: C, 69.35; H, 7.82, Galcd for C16H2204: 
C, 69.04; H, 7.94%. 

Enone 5. To a solution of 4(180 mg) in dry ether 
(10 ml) was added a 0.8 M ether solution of MeLi (1.2 
ml)6) at —40 to —30 °G under nitrogen atmosphere. After 
stirring for 2 h the reaction was quenched with a NH4C1 
solution, extraction being carried out with GHG13. The 
extracts were washed with a NaCl solution, dried, and evap­
orated. The crude material was purified by chromatog­
raphy on silica gel (AcOEt-benzene) affording unchanged 
4 (120 mg, 70%) and methylated product 5 (20 mg, 10%) 
as a colorless oil: IR(neat) 3450, 1695, 1610, and 1045 cm"1; 
NMR <5(CDC18) 1.07 (4H, m), 1.10 (6H, s), 1.25 (3H, s), 
1.47 (3H, s), 2.52 (2H, bs), 2.75 (2H, bs), 3.95 (4H, bs), 
and 5.96 (IH, bs); MS(w/«) 276 ( M + - H 2 0 ) ; Anal. Found: 
C, 69.25; H, 8.72, Calcd for C17H2604: C, 69.36; H, 8.90%. 

Diketone 6. A solution of acetal 5 (15 mg) and p-
TsOH (1 mg) in acetone (2 ml) was refluxed for 2 h and 
quenched with solid NaHG03 . After filtration, the solution 
was evaporated. Purification of the crude material was 
carried out by preparative TLG (silica gel, GHCl3-ether) 
to give the known diketone 6 as a colorless oil: MS(m/e) 
250 (M+).4b> 

Thanks are due to Prof. Yuji Hayashi, Osaka City 
University, for supplying the authentic sample of 6. 
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5) This vinylogous 1,3-diketone was soluble in aqueous 
alkaline solution, giving methane on treatment with MeMgl. 

6) Using a larger amount of MeLi did not improve 
the yield. 



[August, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 2237—2242 (1981) 2237 

Studies on the Complex Formation between o-Quinones and Metal 
Chlorides in Nitromethane Solution 

Kazuaki KATAOKA,* Sumihisa KIMURA, Fumiko SHIRAKAWA, and Yoshio SASAKI 
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(Received June 21, 1980) 

Complex formation between several kinds of metal chlorides and 4,5-dimethoxy-l,2-benzoquinone (1) or 
4-methoxy-l,2-naphthoquinone (2) has been studied by means of NMR and spectrophotometry in CH3N02 . 
Stability constants of the 1 : 1 complex were found to decrease in the order of SnCl4>InCl3>ZnCl2>BiCl3> 
SbCl3^>HgCl2. A<5ML and Avmax, which indicate the change in the chemical shift and the wavenumber on the 
formation of the 1 : 1 complex, were also arranged in the above order. The same order was reproduced from 
an electrostatic potential. Both A<5ML and AvmliX were proved to be a convenient scale for the relative acceptor 
strength of metal chlorides. For the basicity of o-quinones, the order of 1^>2 was obtained from the thermodynamic 
data and from the negative charge on the carbonyl oxygens. The solute-solvent interaction model was also found 
appliciable in this system. 

o-Quinones have been reported to form intensively 
colored complexes with various kinds of metal 
chlorides.1»2) An extensive study of these complexes was 
first carried out by Crowley and Haendler.2) However, 
few reports have been published on the study of these 
complexes in solution, since they are liable to decompose 
in aqueous and/or polar solvents. Some o-quinones 
having ether type oxygen, such as cryptotanshinone (3), 
were observed to form complexes with FeCl3 in nonaque­
ous media, and they are more stable than the similar 
complexes of 1,2-naphthoquinone or 9,10-phenan-
thraquinone.3) In the previous work,4) the complex 
formation between 3 and some metal chlorides in 
CH 3 CN was examined by spectrophotometry, and the 
shift of wavenumber A r m a x of the ligand absorption 
band due to complex formation was correlated to the 
stability constant Kc. In that work, however, a partial 
disagreement was observed between the order of Av m a x 

and that of Kc ; this was interpreted by the solvation 
effect of CH 3 CN. In this work, C H 3 N 0 2 is chosen as a 
solvent, because it has a modest solubility for the metal 
chloride and a smaller donor strength than CH 3 CN 
(e.g., the donor numbers of CH 3 CN and C H 3 N 0 2 are 
14.1 and 2.7, respectively5)). 4,5-Dimethoxy-l,2-
benzoquinone (1) and 4-methoxy-l ,2-naphthoquinone 
(2) are used as ligands. XH N M R signals of 3,6-H in 1 
and 3-H in 2 and absorption bands between 400 and 
600 nm are examined in detail. 

O 

M e C X V / 

OMe 

1 

O 

OMe 

2 

Exper imenta l 

Materials. 1 and 2 were prepared by the methods of 
Wanzlik6) and Fieser,7) respectively. 1,2,6,7,8,9-Hexahydro-
l,6,6-trimethylphenanthro[l,2£]furan-10,ll-dione (3) was 
isolated from the Chinese drug "Tan-shen" by Takiura.8) 
Commercially available metal chlorides (SnCl4, InCl3, SbCl3, 
BiCl3, ZnCl2, and HgCl2) were purified by sublimation or 
distillation under reduced pressure. Commercially available 
CH 3N0 2 was purified by distillation after drying over CaCl2, 
and the remaining water was removed by azeotropic distilla­
tion. Residual water in the rectified solvent was checked by 
the measurement of the degree of dissociation of 3-FeCl3 com­
plex, which is liable to be decomposed by water,3) and the 
data were found to be reproducible. 

Preparation of Samples. In order to determine the 
stoichiometry by the continuous variation method, both 
solutions of ligand and metal chloride were prepared at the 
same concentration, and mixed in various ratios. For the 
determination of Kc, the solutions containing a fixed overall 
concentration of the ligand and a varying amount of the metal 
chloride were prepared: In the case of NMR, the concentra­
tions of 1 and 2 were held constant at ca. 0.01 and 0.02 M 
(1 M = l mol dm"3), respectively, and the maximum con­
centration of the metal chloride was kept in the range of ca. 
0.02 (InCl,) to 0.13 M (HgCl2). In the spectrophotometry, 
the concentrations of 1 and 2 were held constant at ca. 2.5 x 
10 -3 and 0.7 X 10-3 M, respectively, and the maximum con­
centration of the metal chloride was kept in the range of ca. 
0.001 (SnCl4) to 0.13 M (HgCl2). The sample solutions 
were prepared by weight, and their final concentrations were 
calculated by taking the density of the solutions as equal to 
that of the pure solvent. These solutions were sealed in the 
NMR sample tubes or in the stoppered cells. All procedures 
described above were carried out in a dry box under N2 

atmosphere. 

Measurements. Visible absorption spectra were measured 
on a Shimadzu UV-200 spectrophotometer at 34 °C. The 
change of absorbance due to complex formation was signifi­
cant between 460 and 500 nm, and measurements were made 
at several wavelengths in this range. Proton NMR spectra 
were measured on a Hitachi R-22 spectrometer (90 MHz) 
at 34 °C. Chemical shifts of 3,6-H of 1 and 3-H of 2 were 
determined by a frequency counter within an error of ± 0.1 Hz, 
relative to an internal reference TMS. Signals due to 
methoxyl groups were masked by the solvent peak. Variable 
temperature experiments of spectrophotometry were carried 
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out by using a Tajiri Kikai ECW-108 electronic cooling 
circulator in the range of 10 to 55 °C. Molar conductances 
of millimolar solutions of the metal chlorides in CH3NOa were 
measured at room temperature on a Kyoto Denshi CM-07 
conductivity meter. AjQT1 mol"1 cm2: HgCl2; 0, ZnCl2; 
1.7, SbCl3; 2.6, BiCl3; 2.4, InCl3; 33.7, and SnCl4; 21.8. 
The values of molar conductance of their complexes, which 
were prepared by adding an excess amount of the ligand to 
the solutions of the metal chlorides, were essentially un­
changed from the above values. 

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

Complex Formation between o-Quinones and Metal Chlorides 
in CH%N02. Change of Spectra: 1 and 2 changed 
color from yellow to vermilion or red violet on addition 
of metal chloride in C H 3 N 0 2 , suggesting formation of a 
complex. In the visible region, the absorption maxima 
of 1 and 2 due to the quinonoid n-n* transition were 
observed at 407 and 400 nm, respectively. A typical 
example of the spectral change of 1 and 2 with metal 
chloride is shown in Fig. 1. T h e presence of isosbestic 
points in all systems except 2 + I n C l 3 and 2 + S n C l 4 

suggests the presence of only one kind of complex. I t 
was found that the spectral change of 2 differed from 
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A
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Fig. la. Spectral change of o-quinones with ZnGl2 in 
CH3N02 . A: Conen of 4,5-dimethoxy-l,2-benzoqui-
none is maintained at 2.0 X 10~3 M, and concn of ZnCl2 

is varied as follows, I; 0, I I ; 2.0 xlO"3 , I I I ; 3.8X 
10-3, and IV; 1.0 x 10-2 M. B: Concn of 4-methoxy-
1,2-naphthoquinone is maintained at 7.2 X 10-4 M, and 
concn of ZnCl2 is varied as follows, I; 0, I I ; 3.6 X 10"3, 
I I I ; 5.9X10-3, and IV; 1.0xlO"2M. 
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Fig. lb. Spectral change of o-quinones with SnCl4 in 

CH3N02 . A: Concn of 4,5-dimethoxy-l,2-benzo-
quinone is maintained at 2.6 x 10~3 M, and concn of 
SnCl4 is varied as follows, I; 0, I I ; 6.4x 10"4, I I I ; 
1.8xl0"3, and I V = 3 . 0 x l O - 3 M . B: Concn of 4-
methoxy-l,2-naphthoquinone is maintained at 5.7X 
10~4 M, and concn of SnCl4 is varied as follows, 1=0, 
I I ; 3.7 X 10-4, I I I ; 7.2 X 10"4, and IV; 1.0X 10~3 M. 

that of 1 (cf Fig. 1 b). Existence of the absorption band 
in the neighborhood of 400 n m for the complex of 2 
with SnCl4 may be due to the red shift of the benzenoid 
n-n* transition of 2, since the latter transition is absent 
in 1.») 

In the 1H N M R spectra, chemical shifts of 3,6-H of 
1 and 3-H of 2 were observed at 5.76 and 5.99 ppm, 
respectively. When metal chloride was added to the 
solution of the o-quinone, the signal of the o-quinones 
was displaced to the downfield site, since the signals 
of free and complexed species were averaged; the 
downfield shift means an electron withdrawal by the 
metal chloride. 

T h e metal chlorides in nonaqueous media are usually 
treated as nonelectrolytes, arguing from the conductance 
data.10) In the present work also, the molar conductance 
of the metal chloride measured in C H 3 N 0 2 suggests 
the lack of dissociation. T h e relatively large values of 
the molar conductance found in the cases of InCl3 

and SbCl4 are attr ibuted to the hydrolysis of the metal 
chloride by the residual water in C H 3 N 0 2 . When the 
ligand was added to the solution of metal chloride, the 
value of molar conductance remains essentially constant. 
In this experiment, a large excess amount of the 
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Fig. 2. Concentration dependence of the observed 

chemical shifts and absorbances. A: NMR method; 
O : experimental point, : calculated curve with 
KC=98A M - \ <5ML=6.057 ppm, dL=5.760 ppm, and 
concn of ligand=8.30x 10~3 M. B: Spectrophoto-
metric method; 0 : experimental point, : 
calculated curve with KC=\15 M_1, eML=369, eL = 77 
and concn of ligand = 1.56 X 10-3 M. 

ligand was added, in the case of the metal chloride, 
giving a small value of Ke. From these results, the 

metal chloride and its complexes are treated as nonelec-
trolytes in this work. 

Stability Constant and Complex Shift: T h e continuous 
variation method supported the formation of a 1 : 1 
complex in all cases. T o determine Kc, both absorbances 
and chemical shifts of solutions containing fixed amounts 
of ligand and varying amounts of metal chloride were 
measured. The results of the l + B i C l 3 system are shown 
in Fig. 2 as an example. The Kc values are calculated 
as follows. For an equilibrium of the formation of 1 : 1 
complex, Kc is expressed as follows : 

MXn + L ^ = ± MXnL 

tfc=[MXnL]/[MXn][L] 

:i) 

where M X n , L, and M X n L mean metal chloride, 
ligand, and complex, CKh, CM and CI are the equilibrium 
concentration of M X n L , and the initial concentrations 
of M X n and L, respectively. In an equilibrium state, 
Eqs. 2 and 2 ' are appliciable: 

^eal = eML̂ *ML + ^ ( ^ L — ^ML)> (2) 

<W = <WWC°L + ÔL(CI -c M L ) /c° L , (20 

where Acal) eML, and eL are the calculated absorbance 
and the molar absorption coefficients of M X n L and L, 
and <5cai, <5ML, and dL are the calculated chemical shift 
and the chemical shifts of M X n L and L, respectively. 
Equations 3 and 3 ' are derived from Eqs. 1 and 2 or 2 ' . 

^cai = eLC° + {en-ejXl + KJZ+KJl 

- ^ ( \ + KcCu+KaCl)*-4K*CuCl)}l2K„ (3) 

tfcai = <5L + (o^-^)0 + KeC
0
M+KcCl 

-V(l + KeC
0
M+KcCl)^-4K^C0

MCl)}f2KcCl. (3') 

The root mean square deviations of the calculated and 
observed shifts were minimized by the curve fitting 
method. T h e results are listed in Table 1 ; the root mean 
square deviations of N M R and spectrophotometry were 
a lways<0.3 Hz and 0.003, respectively. In the case 

TABLE 1. STABILITY CONSTANTS AND SPECTRAL DATA OF COMPLEX FORMATION BETWEEN O-QUINONES 

AND METAL CHLORIDES IN CHONOO AT 3 4 ° C BY N M R AND SPECTROPHOTOMETRY 

NMR Spectrophotometry 

VlXn 

Free 
SnCl4 

InCl3 

ZnCl2 

BiCl3 

SbCl3 

HgCl2 

Free 
SnCl4 

InCl3 

ZnCl2 

BiCl3 

SbCl3 

HgCl2 

log (tfJM-1) 

Large 
Large 
2 .62±0.06 
1.99±0.01 
0.68±0.05 
0.63±0.03 

Large 
Large 

— 
1.69±0.05 
0.60±0.12 
0.46±0.04 

ô 

5.76 
6.57 
6.39 
6.35 
6.06 
6.04 
6.00 
5.99 
6.76 
6.71 
— 

6.31 
6.31 
6.22 

log (KJM-i) !ogeE 

0) 

(2) 

Large 
Large 
2 .61±0.06 
2.06±0.01 
0.96±0.09 
0.64±0.02 

4 .75±0.03 
4 .28±0.10 
2 .07±0.06 
1.75±0.03 
0.63±0.10 
0 .49±0.03 

407 
503 
480 
471 
455 
460 
440 
400 
509 
4g5 
470 
439 
435 
435 

78 
45 
40 
49 
67 
75 
63 
30 
23 
26 
35 
40 
40 

3.37 

(1): 4,5-Dimethoxy-l,2-benzoquinone; (2): 4-methoxy-l,2-naphthoquinone. 
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of 2+ZnCl 2 , measurement of N M R spectra was unsuc­
cessful, since the complex precipitated. The term 
"large" written in Table 1 means that the Kc value 
is too large to determine from the concentration depend­
ence of the observed shift. However, approximate 
values of ÔHL, ^max> a n d em a x were obtained directly 
from the observed data, because the spectra were 
measured under the conditions where almost all ligands 
were transformed into the complex due to large Kc. 
In the case of smaller Kc, the visible absorption spectra 
were constructed as the sum of absorption bands of free 
and complexed species; accordingly, the £ML value at 
each wavelength of the spectra was calculated from 
Eq. 3, when CM and CI were known and the value of Kc 

was estimated. Amax and em a x of the complex were 
determined from the calculated spectra given by the 
calculated eML-

The values of Kc determined by N M R and spectro­
photometry were comparable with each other, as follows : 

log tfc(NMR) = 1.02 log ^(spectrophotometry)-0.09 

(r= 0.993). (4) 

The linear relation between A(5ML and Avmax is obvious 
as shown in Fig. 3. Furthermore, the other of the above 
parameters agree with those of Kc. 

0 1,0 2 ,0 3 ,0 4 ,0 5,0 

AVmax / lO'V1 

Fig. 3. Relationship between A<5ML and Av^. 
O : 4,5-Dimethoxy-l,2-benzoquinone, %: 4-methoxy-
1,2-naphthoquinone, 1: HgCl2, 2: SbCl3, 3: BiCl3, 
4: ZnCl2, 5: InCl3, and 6: SnCl4. 

Electrostatic Model : The relative acceptor strengths of 
metal chloride toward o-quinones decrease in the order 
of SnCl 4 >InCl 3 >ZnCl 2 >BiCl 3 >SbCl 3 >HgCl 2 . Param­
eters of the metal ions are unable to explain the above 
order,- this should be ascribed to the molecular (i.e., 
non-ionic) property of the metal chloride. When the 
partial charge q on the metal atom of metal chloride 
was calculated by the method of Sanderson,11) the 
electrostatic potential q/r (r means the distance between 
metal and chlorine) could be estimated. As shown in 
Fig. 4, the plots of log Kc against q\r are linear. This 
result suggests that the complex formation of this type 
is electrostatic in nature, and also supports the assump­
tion that the metal chloride in G H 3 N 0 2 behaves as a 
nonelectrolyte. 

Basicity of o-Quinones: In respect of the electronic 
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Fig. 4. Plots of log Kc against electrostatic potential (q/r) 
for metal chloride. 
1: HgCl2, 2: SbCl3, 3:BiCl3J 4: ZnCl2, 5: SnCl4, 
and 6: InCl3. 

structure of o-quinones, the negative charge on the 
carbonyl oxygen was reported to increase slightly in the 
order of l,2-benzoquinone<l,2-naphthoquinone.12> 
However, the values of Kc obtained in this work 
increased in the order of 2 < 1 . This disagreement is 
probably ascribable either to an inversion of the negative 
charge on the carbonyl oxygen or to an entropy effect 
due to the steric effect of aromatic moiety of 2. 

TABLE 2. ^-ELECTRON CHARGE DENSITIES OF THE TWO 

CARBONYL OXYGEN ATOMS OF 0-QUINONES 

CALCULATED BY H M O METHOD 

o-Quinones ^-Electron density of oxygen atoms 

1,2-BQ 
1,2-NQ 
4-MeO-l,2-NQ 
4,5-(MeO)2-l,2-BQ 
Cryptotanshinone 

1.463 
1.496 
1.503 
1.530 
1.531 

1.463 
1.549 
1.607 
1.530 
1.647 

BQ: Benzoquinone ; NQ: naphthoquinone. 

In the first place, ^-electron density of the carbonyl 
oxygen was calculated by the H M O method. As shown 
in Table 2, the contribution of the electron release from 
the methoxyl group is obvious, but an adequate elucida­
tion of this disagreement is not given by this result 
alone. 

TABLE 3. THERMODYNAMIC DATA OF COMPLEX FORMATION OF 

O-QUINONES WITH BiCl3 AND HgCl2 IN CH3N02 

( lcal=4.184J) 

MXn 

HgCl2 

BiCl3 

Ligand 

4-MeO-l,2-NQ 
4,5-(MeO)2-l,2-BQ 
Cryptotanshinone 
4-MeO-l,2-NQ 
4,5-(MeO)2-l,2-BQ 
Cryptotanshinone 

- A / / a ) 

kcal/mol 

1.8 
2.1 
2.8 
3.4 
4.2 
5.3 

- A S b ) 

e.u. 

3.4 
3.6 
4.9 
3.3 
4.1 
5.6 

BQ: Benzoquinone; NQ: naphthoquinone, a) Error; 
±10%. b) Error; ±20%. 
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Subsequently, thermodynamic data were determined 
from the temperature dependence of the Kc. These 
results are summarized in Table 3, where additional 
data for 3 are listed in order to test the steric contribution 
on the complex formation. T h e values of —AH in the 
complex formation of o-quinones with BiCl3 or HgCl 2 

increase in the same order as Kc. The values of AS are 
proportional to those of AH; this finding suggests that 
the steric contribution is not evident. Therefore, it is 
concluded that the contribution of the steric effect of 
aromatic moiety is negligible, and the number of the 
methoxyl groups influences the order of Kc. 

Solute-Solvent Interaction Model. Formerly, the 
solute-solvent interaction model was established for the 
study of the weak association by NMR; 1 3 ) the solvent 
molecules play a much larger role in solution than the 
two solutes. A modified Benesi-Hildebrand type equa­
tion (cf. Eq. 5) derived from this model was introduced 
for the estimation of 1 : 1 bound chemical shift AÔAD 
and the free energy of the complex formation AGAD.13) 

1/A<50bsd = CS/*A<W l/Clx + 1/A<5AD, (5) 

where C s and CA are the molarity of solvent and the 
initial concentration of acceptor, respectively, k is the 
Boltzmann factor (=exp(-AGADjRT)), and x is C A / C D 
when C A <C£, which is approximated to 1.0 when 
C°A^>CD . Equation 5 was modified to Eq. 6 in order to 
use spectrophotometry: 

l/Aeob8d = Cs/*AeAD. l/Clx + l/AeAD. (6) 

As both N M R and spectrophotometry are employed 
in this work, so proof of this model must be evaluated 
by the comparison of the results obtained from this 
model with those of the previous section. AGAD and 
A(5AD or AeAD were estimated from the linear relations 
between \\C°Kx and l/A<5obsd or l /Ae o b s d . For A<5 and 
Ae, the linear relations illustrated in Figs. 5 and 6 
were formulated by Eqs. 7 and 8 : 

A<5AD = 0.95-A(5ML + 0.025 (r=0.974), (7) 

AeAD = 1.10.AeML + 2.03 (r= 0.996). (8) 

The results of N M R and spectrophotometry for AG are 
expressed in Eqs. 9 and 10, respectively. These results 
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AGAD = 0.9LAGML + 1.77 

AGAD = 0.82-AGML + 2.05 

(r= 0.996). (9) 

( r= 0.994). (10) 

support the assertion that this model is reliable for the 
estimation of the thermodynamic parameter . 

Lewis Acidity. Generally, Lewis acidity is 
evaluated by the change of the free energy or enthalpy 
of the complex formation. However, in the case of the 
complex formation between metal halide and Lewis 
base, the determination of the thermodynamic param­
eters is difficult for the wide range of metal halides. 
Therefore, several empirical scales have been presented 
to determine the relative acceptor strength of metal 
halides toward Lewis bases.14) If these scales really 
represent a relative acceptor strength of metal halides, 
a correlation between them must occur. However, 
they are only qualitative. 

In this work, the correlation between the values of 
Ko A^maxj and A<5ML is acknowledged. This result 
supports that A r m a x and A<5ML are valid as a relative 
acidity scale. Formerly, in the study of the complex 
formation between benzamide and metal chloride in 
ether, Satchell et a/.15) concluded that the chemical 
shift was unlikely to represent the relative acidity. 
Unfortunately, they failed to account for the contribu­
tion of the solvation to Kc, since the donor strength of 
ether is evident. T h e effect of solvation on the order of 
Kc is ascertained in GH 3 GN and C H 3 N 0 2 ; i.e., the 
order of ZnCl 2 >BiCl 3 was obtained in the latter, 
whereas the reverse order was obtained in the former;4) 
the contribution of the solvation is considered to be much 
less for C H 3 N 0 2 . T h e determination of A*>max and A<5ML 

is usually not so difficult as that of Kc, because the 
rigorous and quantitative experimental conditions are 
sometimes unnecessary for the former measurements. 
Therefore, these two parameters appear to offer a 
convenient scale for the Lewis acidity of metal halides. 
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Interaction between Pyrazine and Halomethanes. I. Complex Formation 
between Pyrazine and Halomethanes at Room Temperature 
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The absorption spectrum of pyrazine has been studied at room temperature in various mixed solvents of 
cyclohexane and halomethanes such as carbon tetrachloride, chloroform and dichloromethane. With increasing 
concentration of halomethane, the singlet-singlet (S-S) and singlet-triplet (S-T) n—«i* absorptions decrease in 
intensity and become structureless, whereas the S-S n-^n* absorption remains essentially unchanged. The obser­
vations are attributed to the complex formation between pyrazine and halomethanes involving the non-bonding 
electrons in pyrazine. From the concentration and temperature dependences of the n—*rc* absorption spectra, 
the equilibrium constants, enthalpy and entropy changes have been obtained for the complex formation in all the 
systems studied. The equilibrium constants obtained from the S-S and S-T n—>n* absorptions are in good agree­
ment with each other. 

As is well known, the electronic spectra of organic 
compounds exhibit solvent effects. Burawoy,1) Kasha,2) 
and McConnell3) proved that the solvent effect is useful 
for characterization of the n—»TT* and n-^zr* transitions, 
showing that the latter transition generally undergoes 
a blue shift in polar solvents. Brealey and Kasha4) 
studied the blue shift of the n—*7r* absorption spectra 
of benzophenone and pyridazine in hydroxylic mixed 
solvents, and attributed it to the hydrogen bonding 
between the solutes and the hydroxylic components 
of the solvents. But Pimentel5) suggested that the 
Franck-Condon principle is significant in the blue shift. 
Krishna and Goodman6) reported, on the solvent 
effects in the n—yji* absorption and n<—n* phosphores­
cence spectra of pyrazine and 2,5-dimethylpyrazine in 
EPA glass, that the weak hydrogen bonding and 
Franck-Condon strain resulting therefrom are operative. 
Baba et a/.7) examined the solvent effects on the absorp­
tion and fluorescence spectra of diazines, and discussed 
the dipole moments in the (n,7r*) excited states. Recent­
ly, Zalewski et a/.8) observed the absorption, fluorescence, 
and phosphorescence spectra of pyrazine in such 
matrices as durene, benzene, and cyclohexane, focusing 
on the nature of the first (n,7r*) excited state. 

The present paper deals with the S-S and S-T n—»TI* 
absorption spectra of pyrazine, which show a blue 
shift and a blurred structure in the presence of the 
halomethanes, carbon tetrachloride, chloroform, and 
dichloromethane. In view of the molecular symmetry 
of pyrazine and the nonpolar nature of carbon tetra­
chloride, the blue shift in carbon tetrachloride can not 
be interpreted in terms of the ground and excited state 
dipole moments. We here report evidence for the 1 : 1 
complex formation between pyrazine and the halo­
methanes, and the related thermodynamic data 
obtained. 

Carbon tetrachloride as solvent often gives rise to 
specific interaction with organic compounds such as 
benzene and pyrazine particularly at low temperatures, 
tha t is, to anomalous changes in the absorption and 
emission spectra.9-13) In addition, carbon tetrachloride 
is known to form complexes as an electron acceptor not 
only with aromatic hydrocarbons1 4 - 1 6) such as benzene, 

mesitylene, and hexamethylbenzene, but also with 
amines17-19) such as triethylamine, butylamine, and 
triphenylamine. 

Exper imenta l 

Pyrazine and all the solvents used were obtained from 
Wako Pure Chem. Ind., Ltd. Pyrazine was purified by 
repeated sublimation under vacuum. Cyclohexane (super 
special grade) was treated several times with a 200-mesh 
activated silica-gel column, and the benzene contained as an 
impurity was eliminated. Chloroform (absorption spectro 
grade) was passed several times just prior to use through a 
column packed with aluminium oxide Woelm basic (ICN 
Pharmaceutical Co.) in order to remove the ethanol contained 
as stabilizer. Carbon tetrachloride and dichloromethane 
(Dotite spectrosol) were used as received. 

The absorption spectra were measured with a Shimadzu 
UV-200 spectrophotometer, equipped with a temperature-
regulated cell holder adapted for the 1-cm cells. Circulat­
ing water of a constant temperature maintained the holder 
temperature constant to an accuracy of ±0.5°. The tem­
perature was monitored with a thermocouple attached to 
the reference cell and displayed on a recorder throughout 
each measurement run. A pair of matched 1-cm fused 
silica cells were used for the S-S n—>TI* absorption, and a 
pair of matched 5-cm cells for the S-T n—KTT* absorption. 

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

Pyrazine has three different absorptions in the 
ultraviolet region. One is the S-S n-^n* absorption in 
the region of 250—270 nm, and the others are the S-S 
and S-T n—>n* absorptions in the regions of 310—330 
nm and 360—380 nm, respectively. Figures 1 and 2 
show the latter two absorption spectra in cyclohexane 
and in three different halomethanes: carbon tetra­
chloride, chloroform, and dichloromethane. The 
spectra in the halomethanes, as in ethanol, are con­
siderably blue-shifted and the vibrational structures are 
quite blurred compared to those in cyclohexane. The 
phenomenon is particularly prominent in chloroform 
and dichloromethane. O n the contrary, the n-^n* 
absorption spectra in the halomethanes show only a 
slight red shift and the vibrational structure remains 
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Fig. 2. S-T n—>n* absorption spectra of pyrazine in 
cyclohexane ( ), carbon tetrachloride (•-•-) , 
chloroform ( ), and dichloromethane ( ). 

essentially the same as tha t in cyclohexane. These 
findings indicate that pyrazine undergoes a specific 
interaction with the halomethanes through its non-
bonding electrons. 

In order to study the interaction quantitatively, the 
S-S and S-T n—>n* absorptions were investigated in 
detail in ternary systems consisting of pyrazine, the 
halomethanes, and cyclohexane, where the concentra­
tion of pyrazine was kept constant and those of the 
halomethanes were varied. For the convenience of 
discussion, the ternary system containing carbon 
tetrachloride, for example, will be referred to as the 
carbon tetrachloride system. T h e S-S and S-T n—>n* 
absorption spectra thus obtained for the carbon tetra­
chloride system are shown in Figs. 3 and 4, respectively. 
Similar results have been observed for the chloroform 
and dichloromethane systems. With any one of the 
halomethanes, when the concentration of halomethane 
is relatively low, there always appear isosbestic points 
in a family of absorption curves, as can be seen in Figs. 3 
and 4, suggesting formation of a 1 : 1 complex between 
pyrazine and the halomethane. 

T h e equilibrium constant K of the complex formation 
can be determined from the S-S absorption data 
through the following relation, subject to the condition 

i.oh 
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Fig. 3. S-S n—>n* absorption spectra of pyrazine in the 
carbon tetrachloride-cyclohexane mixed solvents at 20 
°C. Concentration of pyrazine : 1.654x 10 -3 mol dm - 3 . 
Concentration of carbon tetrachloride: (a) 0, (b) 1.200, 
(c) 2.401, (d) 3.601 mol dm-3. 

360 370 380 

Wavelength/nm 
Fig. 4. S-T n—KTT* absorption specrta of pyrazine in the 

carbon tetrachloride-cyclohexane mixed solvents. 
Concentration of pyrazine : 0.622 mol dm - 3 . Concen­
tration of carbon tetrachloride : (a) 0, (b) 0.999, (c) 
3.075, (d) 6.225 mol dm"3. 

d = (1/tf ) ( « D [ J > ] , - « 0 / M . + «oP]o> (1) 

where [Z)]0 and [A]0 are the initial molar concentrations 
of the donor, pyrazine, and the acceptor, halomethane, 
d is the absorbance measured with 1-cm optical path, 
and €D and £c are the molar extinction coefficients of 
the free and complexed donor, respectively; the eD 

values were actually determined in cyclohexane. The 
apparent eD value decreases with increasing tempera­
ture, owing to the appearance of the hot band around 
333 nm in the S-S n—»-TT* absorption region. Therefore, 
in order to accurately evaluate the temperature depend­
ence of the equilibrium constant K, we adopted the eD 

values measured at the corresponding temperatures. 
T h e concentrations of pyrazine used were 1.654 X 10 - 3 
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mol d m - 3 for the carbon tetrachloride system, and 
1.608 X 10~3 mol d m - 3 for the chloroform and dichloro-
methane systems, while the concentrations of halo-
methane covered the ranges of 0.600—3.601, 0.208— 
1.456, and 0.461—1.384 mol dm" 3 for the carbon 
tetrachloride, chloroform, and dichloromethane systems, 
respectively. In order to estimate the heat of formation 
AH (the enthalpy change) and the entropy change AS, 
measurements were made at the following temperatures : 
20, 25, 30, 35, and 40 °C for the carbon tetrachloride 
system; 20, 30, 40, and 50 °G for the chloroform system; 
20, 30, 40, and 48 °C for the dichloromethane system. 
We monitored the absorption intensities at 327.5 nm 
and, if possible, those at 321.5 nm, corresponding to 
the first and second bands, respectively. Figure 5 shows 
the data thus obtained at 327.5 n m ; the corresponding 
data at 321.5 nm are quite similar. From the K values 
estimated at the above-mentioned different tempera­
tures, the AH values could be evaluated by means of 

C.H,N.: 1 6 5 4 X 1 0 ~ 3 I M I d m 3 

CCI, : i 0 mol dm"3 

b 0-800 

13 h 

20 25 30 

T«mp«rature/°C 

35 40 

C.H.N.:l.608X10"3moldm"3J 

20 30 40 

T t m p « r i t u r i / ° C 

30 40 
Temperst ur»/°C 

Fig. 5. Temperature dependence of the S-S n—wr* 
absorption monitored at 327.5 nm in the (A) carbon 
tetrachloride, (B) chloroform, and (C) dichloromethane 
systems. 

the van ' t Hoff equation. The plots of d vs. (£D[-Ö]O~d)j 
[Ä]0 and —In K vs. \jT gave fairly good straight-line 
relationships for any of the ternary systems studied, as 
exemplified in Figs. 6 and 7. T h e numerical results 
thus obtained in the S-S n—^n* absorption region are 
listed in Table 1, together with those in the S-T region 
to be described in the following paragraph. The 
thermodynamic da ta in Table 1 are found to fall in the 
ranges of magni tude expected for the molecular 
complexes.20) 

For the S-T n—»jr* absorption, the concentrations of 
pyrazine used were fairly high because of its very low 
molar extinction coefficient: they were 0.622, 0.620, 
and 0.619 mol d m - 3 for the carbon tetrachloride, 
chloroform, and dichloromethane systems, respectively. 
T h e halomethane concentrations covered the ranges of 

JB < 

0.10 0.20 

50 

£D[?]rd /mol-idm» 

Fig. 6. Temperature dependence of the equilibrium 
constant K in the carbon tetrachloride system on the 
basis of the results in Fig. 5(A). 
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0.999—6.225, 0.244—2.493, and 0.326—1.244 mol d m - 3 

for the carbon tetrachloride, chloroform, and dichloro-
methane systems, respectively. Consequently, the 
relative concentrations of pyrazine and halomethanes 
no longer satisfy the condition [-D]0

<C[-^]o- Therefore, 
the following modified Drago-Rose equation21) was 
employed instead of Eq. 1 : 

TO4 _ [flJo+Mo 
+ (2) 

^ D [ ^ > J O — d e D - e c K(eD—e0) 

where / is the optical path-length in cm. Equation 2 is 
applicable to the equilibrium system of relatively small 
K. T h e S-T n—>TI* absorption was studied only at room 
temperature (20—23 °G), since the 5-cm cells used did 
not fit the temperature-regulated cell holder. Figure 8 
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Fig. 8. Evaluation of the equilibrium constant by means 
of the modified Drago-Rose equation, Eq. 2, from the 
S-T n—wi* absorption data obtained at 376 nm in the 
carbon tetrachloride system. 

shows the plot of {l[D]0[A]0)l(leD[D]0-d) vs. [D]0+ 
[A]0, which gives a good straight-line fit. Here, the 
value of eD is 2.64 x 10 - 2 mol - 1 dm 3 cm - 1 , the molar 
extinction coefficient obtained at 376 nm in cyclohexane. 
T h e K's thus derived are listed in Table 1. Regarding 
Table 1, it should be emphasized that nearly the same 
values of K were obtained from the two different 
absorption regions, tha t is, the S-S and S-T n—*n* 
absorption regions, and that the ec values listed as 
footnotes are in fairly good agreement with those in the 

TABLE 1. THERMODYNAMIC QUANTITIES FOR A 1 : 1 COMPLEX 

FORMATION OF PYRAZINE WITH HALOMETHANES 

K» 

mol - 1 dm3 
-AH 

kj mol-1 
-AS 

J mol-1 K-1 

CCl4-system 
S-S absorption 

327.5 nrab) 

S-T absorption 
376 nmb> 

CHCljj-system 
S-S absorption 

327.5 nmw 

321.5 nmw 

S-T absorption 
376 nmb> 

CH2Cl2-system 
S-S absorption 

327.5 nm« 
321.5 nmb) 

S-T absorption 
376 nmb) 

0.29 a0.246 0.22e 0.19d 

0.32e 

1.04« 0.73e 0 .56 d 0.47 ' 
1.06a 0.76e 0 .58 d 0 .43 ' 

15 

23 

63 

78 

0.90e 

0.84° 0.68e 0.59d 0.54" 
0.72° 0.65e 0.58d 0.52" 

0.69e 

13 44 

a) The K values cited above were obtained at the following temperatures: a: 20 °C, b: 25 °C, c: 30 °C, d: 40 °C, e: 
20—23 ° C , / : 50 °C, g: 48 °C. b) The ec values obtained at 327.5 nm are 635, 400, and 560 mol"1 dm3 cm-1 for the 
carbon tetrachloride, chloroform, and dichloromethane systems, while those at 321.5 nm are 613 and 676 mol - 1 dm3 

cm - 1 for the latter two systems. Those at 376 nm are ca. 1.5 X 10~2 mol - 1 dm3 cm - 1 for the first system, and ca. 1.1 x 
10~2 mol - 1 dm3 cm-1 for both the latter two systems. 
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pure halomethanes. 
The results of the absorption measurements can be 

summarized as follows : (1) When the solvent is changed 
from hydrocarbon to halomethane, the pyrazine 
absorption due to the S-S n—>TI* transition does not 
undergo any substantial change, showing only a slight 
red shift and a little increase in intensity. (2) O n the 
other hand, the S-S and S-T n—»jr* absorptions exhibit 
remarkable changes, indicating specific interaction of 
the non-bonding electrons of pyrazine with the halo-
methanes. (3) By use of the cyclohexane-halomethane 
mixed solvents, reasonable values could be obtained 
for the equilibrium constant in the 1 : 1 complex 
formation between pyrazine and the halomethanes. 

In the case of the carbon tetrachloride system, the 
complex is most probably of the charge-transfer type, 
whereas in the chloroform and dichloromethane 
systems, the complexes may be due to charge transfer, 
hydrogen bonding, or to a combination of both of them. 
In this connection, we have undertaken a study of the 
phosphorescence spectra in the ternary systems inves­
tigated in this work, and obtained some significant 
results concerning the charge transfer nature of the 
complexes. These will be discussed in a separate, 
subsequent paper.22) 
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The phosphorescence and phosphorescence excitation spectra of pyrazine have been studied at 77 K in various 
mixed solvents of cyclohexane and halomethanes such as carbon tetrachloride, chloroform, and dichloromethane. 
When the halomethane concentration was low (below 10~2 mol dm - 3) , only the cyclohexane-phase phosphorescence 
was observed at 77 K; the lower energy components of the well-known doublet band series in the cyclohexane-
phase phosphorescence were found to decrease in intensity relative to the higher energy components, with increasing 
concentration of halomethane. When the halomethane concentration was raised to a range higher than 10_1 

mol dm - 3 , where the complex formation between pyrazine and the halomethanes was confirmed through absorption 
spectroscopy,1) new phosphorescence bands appeared in the 373—375 nm region for all the systems studied. With 
further increase of the halomethane concentration, the new bands decreased in intensity or disappeared, and the 
phosphorescence approached to those in the pure halomethanes. Comparison of the absorption and phosphores­
cence excitation spectra shows that the new phosphorescence bands result from the 1 : 1 pyrazine-halomethane 
complexes. The possibility of hydrogen-bonding species formation with chloroform and dichloromethane has been 
discussed in the light of the phosphorescence spectra studied in the ethanol-cyclohexane mixed solvents. 

T h e phosphorescence spectrum of pyrazine has been 
extensively studied in various crystalline matrices, rigid 
glasses, neat crystals, and in the vapor phase.2-11) One 
of the unresolved problems is the anomalous phos­
phorescence of pyrazine observed by Shimada2) in 
carbon tetrachloride matrix at 90 K. T h e phosphores­
cence shows doublet band-series structure, suggesting 
the existence of two different kinds of emitters with a 
separation of 290 cm - 1 .3 '1 1) T o explore the nature of 
the doublet structure, McDonald et alß investigated the 
phosphorescence and absorption of pyrazine in carbon 
tetrachloride and in neat crystals at 77 K. From 
comparison of the phosphorescence and absorption 
spectra, they attr ibuted the higher-energy components 
with origin at 377.4 nm to-molecula r pyrazine and 
the lower-energy components with origin at 381.4 nm 
to microcrystals of pyrazine. It should be noted that 
their measurements were restricted to concentrations 
higher than 10~4 mol d m - 3 . In carbon tetrachloride at 
77 K, the doublet band-series structure has been found 
to persist even at a concentration as low as 10 - 7 mol 
d m - 3 , where the molecular aggregates or microcrystals 
are quite unlikely to occur. T h e anomalous phos­
phorescence should thus be attr ibuted to a specific 
interaction between pyrazine and carbon tetrachloride. 
Such a specific interaction between pyrazine and the 
halomethanes, carbon tetrachloride, chloroform, and 
dichloromethane, is the main subject of this work. 
In order to examine the possibility of hydrogen-bond 
formation of pyrazine with chloroform and dichloro­
methane, we have also studied in detail the effect of 
ethanol on the phosphorescence of pyrazine. 

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

Pyrazine and all the solvents used were obtained from 
Wako Pure Chem. Ind., Ltd. The purification of the 
chemicals was described in the preceding paper.1) 

Measurements of the phosphorescence and phosphorescence 
excitation spectra were carried out with a Shimadzu RF-502 

spectrophotofluorometer equipped with a cylindrical sector. 
The slit widths of 0.4 and 1.0 nm were adopted for the ex­
citation and analyzing monochromators, respectively. It is 
often pointed out that the structures of the low-temperature 
spectra depend on the method of sample cooling. In this 
study, rapid cooling was adopted in order to diminish the 
possibility of formation of molecular aggregates in the course 
of cooling, since we intended to compare the results in this 
study with those of the preceding room-temperature study 
on the complex formation.1) 

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

General Remarks. In order to study the effect of 
the halomethanes on the phosphorescence spectrum of 
pyrazine, we have studied the ternary systems consisting 
of pyrazine, halomethane, and cyclohexane, where the 
halomethane is carbon tetrachloride, chloroform, or 
dichloromethane. For the convenience of discussion, 
the ternary system containing carbon tetrachloride, for 
example, will be referred to as the carbon tetrachloride 
system, following the preceding paper.1) For com­
parison, we have also studied the ternary system 
containing ethanol in place of halomethane ; this will 
be referred to as the ethanol system. 

Phosphorescence of Pyrazine in Cyclohexane Matrix at 
77 K. T h e phosphorescence spectrum of pyrazine 
in cyclohexane matrix at 77 K was observed and 
reexamined as a reference spectrum in some detail to 
determine the excitation-wavelength and solute-concen­
tration dependences. Figure 1 shows the variation of the 
phosphorescence spectra with increasing wavelength of 
the excitation in the S-S n—>n* absorption region. The 
general spectral appearance is quite similar to that 
reported previously.3) As is seen in Fig. 1, the pyrazine 
phosphorescence consists of a doublet band-series 
structure, in which the origins are located at 377 and 
378 n m for the higher and lower energy components, 
respectively. In addition, we could observe separately 
the excitation spectra for the higher and lower energy 
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Ex. 326 nm 

400 380 
Wavelength /nm 

Fig. 1. Excitation-wavelength dependence of the phos­
phorescence spectrum of pyrazine in cyclohexane matrix 
at 77 K. Concentration of pyrazine: 1.647 X 10~4 mol 
dm-3. 

310 320 
Wavelength/nm 

Fig. 2. Excitation spectra of the higher (a) and lower (b) 
energy components in the phosphorescence of pyrazine 
in cyclohexane matrix at 77 K. The spectra a and b 
were monitored at 376.0 and 378.5 nm, respectively. 
Concentration of pyrazine: 1.647 X 10~* mol dm"3. 

components, as shown in Fig. 2. These observations 
clearly indicate that there exist at least two, different 
principal emitters in the cyclohexane matrix at 77 K. 
For the concentrations of pyrazine in the range of 
1 0 - 7 — 1 0 - 4 m o l d m - 3 , the phosphorescence spectrum 
remained essentially unchanged. Accordingly, we 
conclude that , in a cyclohexane solution of the order 
of 10~4 mol d m - 3 , microcrystals or molecular aggregates 
are not formed at 77 K, contrary to the statement of 
McDonald et a/.8) 

Phosphorescence of Pyrazine in the Ternary System Consisting 
of Pyrazine, Carbon Tetrachloride, and Cyclohexane at 77 K. 
Figure 3 shows the effect of carbon tetrachloride on the 
phosphorescence spectra of pyrazine excited at 324 n m ; 
the relative intensities of the lower and higher energy 

380 
WavelenQth/nm 

Fig. 3. Spectral changes of the pyrazine phosphorescence 
excited at 324 nm with the concentration variation of 
carbon tetrachloride from 10-3 to 10 -1 mol dm - 3 in the 
carbon tetrachloride-cyclohexane mixed solvents at 77 
K. Concentration of pyrazine : 1.647 x 10-4 mol dm - 3 . 
Concentration of carbon tetrachloride: (a) 1.494 x 10-3, 
(b) 1.494 x 10-2, (c) 1.494 x 10"1 mol dm"3. 

components, both inherent to the cyclohexane-phase 
phosphorescence as given in Fig. 1, show a systematic 
change for the carbon tetrachloride concentrations 
ranging from the order of 10~3 to l O ^ m o l d m - 3 ; 
namely, with increasing carbon tetrachloride concen­
tration, the lower energy components of the cyclohexane-
phase phosphorescence decrease in relative intensity 
compared to the higher energy ones. As the concentra­
tion of carbon tetrachloride was increased to 10 - 1 mol 
d m - 3 , a new phosphorescence band appeared around 
the 374—375 n m region as a very weak shoulder, and 
the spectral structure became rather obscure. Quite 
similar spectral changes were also observed for various 
excitation wavelengths other than 324 nm in the S-S 
n—>n* and n—*7i* absorption regions. Therefore, it 
may be concluded that the doublet band series in the 
cyclohexane-phase phosphorescence depends not only 
on the excitation wavelength (Fig. 1), but also on the 
concentration of carbon tetrachloride (Fig. 3). 

O n the other hand, when the carbon tetrachloride 
concentration was increased up to just the same concen­
trations (in the range 0.562—9.233 mol d m - 3 ) as those 
used in the preceding paper on the complex formation,1) 
the phosphorescence exhibited some complicated and 
interesting spectral features, as shown in Fig. 4 ; the 
pyrazine concentration was kept constant at 1.647 x 10~4 

mol d m - 3 . Such phosphorescence results strongly 
depend on the excitation wavelengths as well as the 
carbon tetrachloride concentrations. T h e excitations at 
310, 323, and 324 nm show that the shoulder band in 
the 374—375 nm region grows with increasing concen­
tration of carbon tetrachloride in the range of 0.5 to 
2.0 mol d m - 3 . In the preceding paper,1) this concentra­
tion range was found to be the most suitable for the 
observation of the complex formation between pyrazine 
and carbon tetrachloride. Thus, the shoulder band 
in the 374—375 nm region seems to have a close connec-
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Exci. 310 nm 323 nm 324 nm 326 nm 

400 380 
Wavelength/nm 

Fig. 4. Spectral changes of the pyrazine phosphorescence in the carbon 
tetrachloride-cyclohexane mixed solvents at 77 K excited at various 
wavelengths with the concentration variation of carbon tetrachloride over 
the range closely related to the complex formation. Concentration of 
pyrazine : 1.647 X 10~4 mol dm - 3 . Concentration of carbon tetrachloride : 
(a) 0, (b) 0.517,(c) 1.022, (d) 1.530, (e) 2.048, (f) 9.223 mol dm"3. 

tion with the 1 : 1 charge-transfer complex. At the 
much higher concentrations, as is seen particularly 
in the phosphorescence spectra excited at 323 and 324 
nm in Fig. 4, the 375-nm band is weaker and then there 
appears the doublet band-series structure with the 
origins at 378 and 382 nm, characteristic of the phos­
phorescence spectrum of pyrazine in carbon tetra­
chloride matrix at 77 K. 

The phosphorescence excitation spectra monitored 
at the 375-, 378-, and 382-nm bands exhibit the first 

320 330 
Wavelength/nm 

Fig. 5. Excitation spectra monitored at the (a) 375, (b) 
378, and (c) 382 nm bands of the phosphorescence of 
pyrazine in the carbon tetrachloride-cyclohexane 
mixed solvents at 77 K. Concentration of pyrazine : 
(a) 1.647X10-4, (b) and (c) 1.444 x 10~4 mol dm"3. 
Concentration of carbon tetrachloride: (a) 1.530 mol 
dm-3, (b) and (c) 90vol%. 

bands at 324.6, 327, and 330 nm, respectively, as shown 
in Fig. 5. Thus, the excitation spectra disclose that 
there are three principal kinds of phosphorescent species 
in the cyclohexane-carbon tetrachloride mixed solvents 
at 77 K, when the carbon tetrachloride concentrations 
are higher than ca. 0.5 mol d m - 3 . Since the excitation 
spectrum responsible for 375-nm phosphorescence band 
is in good accord with the blue-shifted absorption 
spectrum of pyrazine observed in carbon tetrachloride 
at room temperature,1) we suggest that the species 
giving rise to the 375-nm band is the 1 : 1 charge-
transfer complex; the phosphorescence of the 375^nm 
species is much lower in intensity compared with those 
of the other species. 

Phosphorescence of Pyrazine in the Ternary System Consisting 
of Pyrazine, Chloroform, and Cyclohexane at 77 K. 
Excitation-wavelength and chloroform-concentration 
dependences were also studied for the chloroform system 
in which the chloroform concentration was varied over 
the range 10~3—1 mol-dm - 3 . Figure 6 shows the 
phosphorescence spectra excited at 323 n m ; with 
increasing chloroform concentration, the lower energy 
components of the cyclohexane-phase phosphorescence 
decrease in relative intensity compared to the higher 
energy ones; this result is similar to the case of the 
carbon tetrachloride system. In this system, one can 
already see new phosphorescence bands, with the 
origin at 374.5 nm, at the chloroform concentrations 
of the order of 10 - 2 mol d m - 3 . This is consistent with 
the results of the preceding study on the complex 
formation; the equilibrium constant for the chloroform 



August, 1981] Effects of Halomethanes on the Phosphorescence of Pyrazine 2251 

380 
Wavtltngth/nm 

400 

Fig. 6. Spectral changes of the pyrazine phosphorescence 
excited at 323 nm with the concentration variation of 
chloroform from 10~3 to 10_1 mol dm - 3 in the chloro-
form-cyclohexane mixed solvents at 77 K. Concentra­
tion of pyrazine: 1.647 x 10~4 mol dm - 3 . Concentra­
tion of chloroform: (a) 1.458xl0-3, (b) 1.458X 10~2, 
(c) 1.458 XlO-1 mol dm-3. 

3745 
IV-377.0 

380 400 380 
Waveltngth/nm 

400 

Fig. 7. Spectral changes of the pyrazine phosphores­
cence in the chloroform-cyclohexane mixed solvents at 
77 K excited at 324 nm with the concentration vari­
ation of chloroform over the range closely related to the 
complex formation. Concentration of pyrazine : 1.647 
X 10~4 mol dm - 3 . Concentration of chloroform: (a) 
0.219, (b) 0.292, (c) 0.365, (d) 0.693, (e) 0.924, (f) 1.155 
mol dm - 3 . 

system is greater than that for the carbon tetrachloride 
system.13^ 

In just the same range of chloroform concentration, 
0.2—1.0 mol d m - 3 , as that studied for the observation 
of the complex formation,1) the phosphorescence showed 
remarkable spectral variations with excitation wave­
length and chloroform concentration. T h e spectra 
excited at 324 nm are the most typical, and are shown in 
Fig. 7. In the chloroform concentration of 0.219 mol 
d m - 3 , as is seen in Fig. 7, a new phosphorescence band-

series with the origin at 374.5 nm clearly appears, while 
the lower energy components of the cyclohexane-phase 
phosphorescence completely disappear. With the 
chloroform concentration of 0.292 mol d m - 3 , another 
new phosphorescence band-series, which is quite 
different both from the 374.5-nm band-series and from 
the lower energy components of the cyclohexane-phase 
phosphorescence, begins to appear around 378 nm, 
while the higher energy components of the cyclohexane-
phase phosphorescence eventually disappear with 
increasing chloroform concentration. When the chloro­
form concentration is raised to 0.462 mol d m - 3 , either 
the 323- or the 324-nm excitation gives exclusively the 
two new band-series with the origins at 374.5 and 378 
nm. With further increase of the chloroform concentra­
tion, the intensity of the 374.5-nm band-series decreases; 
at the concentration of 1.155 mol d m - 3 , the spectrum is 
close to that characteristic of the chloroform matrix at 
77 K. T h e new band-series with the origin at 378 nm 
can thus be attr ibuted to the chloroform-phase phos­
phorescence in the mixed solvent at 77 K. 

320 
Wavelength/nm 

Fig. 8. Excitation spectra of the pyrazine phosphores­
cence monitored at (a) 373 and (b) 378 nm for the chloro­
form-cyclohexane mixed solvents at 77 K. Concentra­
tion of pyrazine: 8.564x 10—4 mol dm - 3 . Concentra­
tion of chloroform : 0.462 mol dm - 3 . 

Figure 8 shows the phosphorescence excitation spectra 
monitored at 373 and 378 nm for the chloroform 
concentration of 0.462 mol d m - 3 ; the two phosphores­
cence band-series with the origins at 374.5 and 378 nm 
are evidently attr ibutable to different emitters. The 
excitation spectrum responsible for the 374.5-nm 
phosphorescence band is also blue-shifted in accord 
with the blue-shifted absorption spectrum in chloroform 
at room temperature, quite similarly to the case of the 
carbon tetrachloride system. It should also be noted 
that the 374.5-nm phosphorescence band-series appears 
with the strongest intensity in just the same range of 
chloroform concentration as that suitable for the 
observation of the 1 : 1 complex formation.1) 

Phosphorescence of Pyrazine in the Ternary System Consisting 
of Pyrazine, Dichloromethane, and Cyclohexane at 77 K. 
Figure 9 shows the changes of the phosphorescence 
spectrum of pyrazine with the increase of the dichloro­
methane concentration from 10~3 to 10 - 1 mol d m - 3 . 
In quite a similar manner to the cases of the carbon 
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380 400 
Wavelength/nm 

Fig. 9. Spectral changes of the pyrazine phosphores­
cence excited at 323 nm with the concentration varia­
tion of dichloromethane from 10~3 to 10 -1 mol dm - 3 in 
the dichloromethane-cyclohexane mixed solvents at 77 
K. Concentration of pyrazine : 1.647 X 10~4 mol dm - 3 . 
Concentration of dichloromethane: (a) 2.046xl0~3, 
(b) 2.046 x 10-2, (c) 2.046 X 10-1 mol dm-3. 

tetrachloride and chloroform systems, the lower energy 
components of the cyclohexane-phase phosphorescence 
decrease with increasing concentration of dichloro­
methane. At the dichloromethane concentration of 
2.0 X 10~2 mol d m - 3 , a new phosphorescence band 
appears around 373.5 nm, as in the case of the chloro­
form system; this reflects the fact that nearly the same 
equilibrium constants for the complex formation are 
obtained in both systems at room temperature.13) 

400 380 
Wavelength/nm 

Fig. 10. Spectral changes of the pyrazine phospho­
rescence in the dichloromethane-cyclohexane mixed 
solvents at 77 K excited at 323 and/or 324 nm with 
the concentration variation of dichloromethane over 
the range closely related to the complex formation. 
Concentration of pyrazine: 1.444X 10-4 mol dm~3. 
Concentration of dichloromethane: (a) 0.255, (b) 
0.511, (c) 0.766, (d) 1.021, (e) 1.277, (f) ca. 14mol 
dm"3. 

Figure 10 shows the spectral changes of the phos­
phorescence excited at 323 and/or 324 nm with the 
increase of the dichloromethane concentration over just 
the same range as that studied on the complex forma­
tion.1) At the concentration of 1.277 mol d m - 3 , another 
new phosphorescence band appears as a shoulder at 
378 nm. As in the cases of the carbon tetrachloride and 
chloroform systems, the new band is attributed to the 
dichloromethane-phase phosphorescence in the mixed 
solvent. In the dichloromethane concentration of about 
14 mol dm- 3 , either the 323-nm or the 324-nm excita­
tion, even with very narrow slit width, no longer gives 
the higher energy components of the cyclohexane-phase 
phosphorescence, but gives exclusively the two new 
phosphorescence band-series mentioned above. The 
374 -nm band is somewhat dependent on the excitation 
wavelengths, as is seen in Fig. 10 (f); the 323- and 
324-nm excitations give the bands at 373.8 and 374.5 
nm, respectively. The excitation spectra monitored at 
374 and 378 nm are quite similar to those of the carbon 
tetrachloride and chloroform systems; the excitation 
spectrum responsible for the 374-nm phosphorescence 
band is in accord with the blue-shifted absorption 
spectrum of pyrazine in dichloromethane at room 
temperature. Consequently, the 374-nm phosphores­
cence band can also be closely related to the 1 : 1 
complex formation observed in the preceding study.1) 

Phosphorescence of Pyrazine in the Ternary System Consisting 
of Pyrazine, Ethanol, and Cyclohexane at 77 K. It is 
generally accepted that pyrazine in the ground state 
forms a hydrogen bond with ethanol. The ethanol 
system has been studied in order to examine whether 
the complexes in the chloroform and dichloromethane 
systems are of the charge-transfer type or the hydrogen-
bonding one. Figure 11 shows the spectral changes of 
the phosphorescence excited at 323 nm with the increase 
of the ethanol concentration from 10~3 to 10 - 1 mol d m - 3 ; 

380 
Wavelength/nm 

400 

Fig. 11. Spectral changes of the pyrazine phosphores­
cence excited at 323 nm with the concentration varia­
tion of ethanol from 10~3 to 10 -1 mol dm - 3 in the 
ethanol-cyclohexane mixed solvents at 77 K. 
Concentration of pyrazine: 1.647x 10~4 mol dm - 3 . 
Concentration of ethanol: (a) 2.018 X 10~3, (b) 2.018 x 
10-2, (c) 2.018 x 10-1 mol dm"3. 
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Fig. 12. Phosphorescence spectra of pyrazine excited 
at 323 and/or 324 nm in the ethanol-cyclohexane 
mixed solvents at 77 K. Concentration of pyrazine : 
1.647X 10-4moldm-3 . ' Concentration of ethanol : (a) 
0.404, (b) 0.605, (c) 1.009, (d) 1.715 mol dm"3, and 
(e) 90vol%. 

320 
Wavelength/nm 

Fig. 13. Absorption and phosphorescence excitation 
spectra of pyrazine in the ethanol-containing mixed 
solvents. The absorption spectra a and b were 
obtained at room temperature and 77 K, respectively, 
in the mixed solvent of 93 vol% ethanol and 7 vol% 
methylcyclohexane. The excitation spectrum c moni­
tored at 378 nm was obtained in the mixed solvent 
of 90 vol% ethanol and 10 vol% cyclohexane. Con­
centration of pyrazine: (a) and (b) 1.156xl0-3, (c) 
1.647 x 10-4moldm-3 . 

quite contrary to the cases of the halomethane systems, 
the lower energy components of the cyclohexane-phase 
phosphorescence increase in intensity relative to the 
higher energy ones with increasing ethanol concentra­
tion. Figure 12 shows the phosphorescence spectra at 
the ethanol concentrations ranging from 0.404 to 1.715 
mol dm- 3 . In contrast to the halomethane systems, 
the ethanol system shows no bands at wavelengths 
shorter than the higher energy components of the 
cyclohexane-phase phosphorescence. At ethanol concen­
trations higher than 0.605 mol dm~3, new bands appear 
with their origin in the region 380—381 nm. Since 
the new phosphorescence bands are characteristic of 
the phosphorescence of pyrazine in ethanol glass at 
77 K, they are at tr ibuted to the ethanol-phase phos­
phorescence in the mixed solvent. At a much higher 
ethanol concentration, 9 0 % by volume, only the ethanol-
phase phosphorescence has been observed, as shown in 
Fig. 12. 

In order to examine the phosphorescence efficiences in 
the hydrogen bonding species, the phosphorescence 
excitation spectrum, curve c in Fig. 13, has been 
observed and compared with the absorption spectrum. 
The absorption spectrum of pyrazine in ethanol at room 
temperature loses some vibrational structure with blue 
shift of the spectrum due to hydrogen bonding; this is 
shown in Fig. 13 as curve a. The absorption spectrum 
at 77 K, curve b in Fig. 13, exhibits vibrational structure 
as shoulders at wavelengths longer than the vibrational 
bands observed in hydrocarbon solvents at room 
temperature. The absorption spectrum at 77 K is very 
similar to that observed at the same temperature by 
Krishna et al.1*) The phosphorescence excitation 
spectrum is apparently different from the absorption 
spectrum at 77 K. A comparison of the excitation and 
absorption spectra at 77 K indicates that the phos­

phorescence in ethanol at least mainly comes from the 
species which have vibrational structure in the absorp­
tion spectrum at 77 K. Therefore, it may be concluded 
that most of the hydrogen bonding species have very 
low phosphorescence efficiencies. 

Krishna et al. proposed that the hydrogen bond was 
broken in the excited state, and hence the observed 
phosphorescence spectrum was consistent with the 
absence of hydrogen bonding in the triplet s tate; they 
did not perform any excitation spectrum measurement, 
however. Combining the results of Krishna et al. with 
our observations, the phosphorescence of pyrazine in 
ethanol at 77 K is thought to be emitted chiefly from 
the non-hydrogen bonding species, while the pyrazine 
molecules are modified by specific interactions such as 
cohesive forces between the solvent molecules or between 
the solute and solvent molecules. Thus, the phosphores­
cence bands observed around the region 373—374 nm 
in the chloroform and dichloromethane systems would 
not be at tr ibuted to hydrogen bonding species, but to 
the 1 : 1 charge-transfer complex species. 

Origin of the New Phosphorescence Bands in the 373—375 
nm Region. With the same halomethane concen­
trations as those suitable for the observation of the 
complex formation,1) every halomethane system exhibits 
new phosphorescence bands with the origin in the 
373—375 n m region; these are obviously different from 
the normal phosphorescence bands in the pure halo­
methane at 77 K. The 373—375 nm phosphorescence 
bands appear most clearly at the following halomethane 
concentrations: 2.048 mol dm" 3 for the carbon tetra­
chloride system (Fig. 4, curve e; excited at 324 nm) , 
0.365 mol dm" 3 for the chloroform system (Fig. 7, 
curve c; excited at 324 nm) , and 0.766—1.021 mol dm" 3 

for the dichloromethane system (Fig. 10, curves c and d; 
excited at 323 nm) . It has been previously established 
that the equilibrium constants for the complex formation 
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increase in the order of carbon tetrachloride, dichloro-
methane, and chloroform systems.13) Accordingly, the 
chloroform and dichloromethane systems start to 
exhibit the new 373—375 nm bands at relatively low 
halomethane concentrations («=10~2 mol d m - 3 ) com­
pared to the carbon tetrachloride system, as is seen in 
curve b of Fig. 6 and curve b of Fig. 9, respectively. 

In addition, the excitation spectra of the 373—375 
nm bands are blue-shifted in accord with the blue-shifted 
absorption spectra in the halomethane systems at room 
temperature. It should be emphasized that the results 
of the chloroform and dichloromethane systems are 
quite similar to those of the carbon tetrachloride system 
where no hydrogen-bonding species occurs. In contrast 
to the halomethane systems, the ethanol system exhibits 
no new phosphorescence bands in the 373—375 nm 
region. As for the relative intensities of the two well-
known band series in the cyclohexane-phase phosphores­
cence of pyrazine, the halomethane systems show changes 
opposite to those in the ethanol system, with the increase 
of the halomethane and ethanol concentrations from 
10-3 to 10-1 mol dm- 3 , -as is seen in Figs. 3, 6, 9, and 11. 
Thus, the halomethane effects on the phosphorescence 
of pyrazine differ from those of ethanol, and in particular 
the hydrogen-bonding species are independent of the 
appearance of the new 373—375 nm bands. In view of 
these observations, it is concluded that the new phos­
phorescence bands observed in the 373—375 nm region 
in the halomethane systems result from the 1 : 1 charge-
transfer complexes. 
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The molecular structure of trimethylphosphine-boron tribromide (CHg^P'BB^ has been determined from 
gas electron-diffraction and vibrational-spectroscopic data. The molecular parameters and their uncertainties 
were rg(B-Br) = 2.010±0.009 Â, rg(P-B) = 1.946±0.029 A, rg(C-P)= 1.804±0.004 A, rg(C-H)=1.098±0.010 A, 
,/BrBBr= 111.7±0.7°, and ^ C P C = 108.0± 0.7°. The potential barrier around the P-B bond was also estimated 
to be about 10 kcal mol"1 (1 cal=4.184J). 

The molecular structures of t r imethylamine-boron 
trihalides (CH 3 ) 3N-BX 3 have been determined recently 
in both the gas and solid phases,1-4) and the following 
conclusions have been drawn.2) 1) O n the formation of 
the complex the structural change of the acceptor 
molecule is greater than that of the donor molecule. 
2) There is a correlation between the magnitude of the 
structural changes of the donor and acceptor molecules 
and the reorganization energy of the acceptor molecule.5) 
3) The donor-acceptor complex is stabilized and thus 
the N-B distance is shortened and the B - X distance is 
lengthened in the solid phase rather than in the gas 
phase. 

On the other hand, the molecular structure of gaseous 
trimethylphosphine-boron trichloride (CH3)3P-BC13

6) 
is essentially the same as that in the solid phase7) and 
furthermore on the formation of the complex, the CPC 
angle in the donor molecule increases considerably and 
the C-P distance decreases, while in the case of the 
trimethylamine complexes the changes of the corre­
sponding bond angle and distance are opposite. Thus it 
seems that trimethylphosphine and trimethylamine 
behave differently as a donor molecule. 

In order to understand such interesting properties of 
trimethylphosphine donor, the structure of gaseous 
trimethylphosphine-boron tribromide (CH3)3P-BBr3 has 
been determined by an electron-diffraction method. 
The potential-barrier height of torsional vibration 
around the P-B bond has also been estimated from the 
combined analysis of electron-diffraction and vibra­
tional-spectroscopic data. 

Exper imenta l 

Trimethylphosphine-silver iodide complex was prepared by 
the procedure described in Ref. 8. The complex was de­
composed under vacuum in an oil bath at 200 °C, and tri­
methylphosphine was collected in a trap cooled by liquid 
nitrogen after boron tribromide was condensed in advance. 
The mixture in the trap was warmed up to room temperature 
and was allowed to react. The crude complex obtained was 
recrystallized from acetone and water and was purified by 
repeated sublimations under vacuum. 

In the electron-diffraction experiment the sample was 
vaporized at 200 °C by means of a high temperature nozzle. 
The photographs were taken using an r3-sector on Kodak 
Electron-Image plates at camera distances 293.4 mm and 
143.6 mm. The exposure time for the long camera distance 
was 17 s using an electron-beam current of 0.9 (xA. For the 
short camera distance the exposure time was 65 s using a 

beam current of 0.8 \iA. The pressure of the diffraction 
chamber was below 1 X lO"5 Torr (1 Torr= 133.3 Pa) during 
the experiment. The electron wavelength was determined 
from the diffraction patterns of thallium chloride;9) 0.06040± 
0.00002 A for the long camera distance and 0.06015±0.00003 
A for the short camera distance. The optical densities of three 
plates taken at the long camera distance and three plates at 
the short camera distance were measured at 0.4 mm intervals 
by means of a digital microphotometer. The electron-diffrac­
tion unit and the digital microphotometer used in the present 
study were described in Ref. 10. 

Analys i s and R e s u l t s 

Molecular Intensity and Radial Distribution. The 
scattering intensités in the range of ^ = 2.5—14.8 and 
7.5—34.6 A - 1 were obtained from long and short 
camera distance plates, respectively. They were leveled 
by theoretical backgrounds, and then the intensities for 
each camera distance were averaged. The elastic and 
inelastic scattering factors were taken from the tables 
prepared by Schäfer et al.11) and by Cromer and Mann,12) 
respectively. The inelastic scattering factor for hydrogen 
atom was taken from the table by Tavard et <z/.13) 

H* H8 

H3 H, 

Fig. 1. Number ing of atoms in t r imethylphosphine-
boron tribromide (symmetry C3v). 

The background curves were drawn smoothly, and 
the molecular intensities shown in Fig. 2 were ob­
tained.14) Because of the large difference between the 
atomic numbers of bromine and other atoms in a 
tr imethylphosphine-boron tribromide molecule, iVjj 
functions which fit ßV] over the scattering-angle range 
for the experiment were calculated15) and are given in 
Table 1. The radial distribution corrected by the NVj 

functions is shown in Fig. 3. 
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15 20 

Fig. 2. Molecular intensities for trimethylphosphine-
boron tribromide. The two upper curves are long and 
short camera-distance data. Dots represent observed 
ones, solid curves calculated ones, and their residuals 
are shown below. 

TABLE 1. COEFFICIENTS OF Nti FUNCTIONS 

Atomic pair a b c 

B-Br ~~~~ 
B-P 
B-C 
R-H 
Br-Br 
Br-P 
Br-C 
Br-H 
P-C 
P-H 
C-C 
C-H 
H-H 

JVij function fits ju{i where N{i = a{i-\-b^ exp (—c^s2), fi^ = 
l ^ i | - | ^ l / C M S ( | ^ | 1 + 5 k ) , C^Zft/J} (Zk*+Zk), and 
other notations follow Ref. 15. 

1.155 
1.317 
1.373 
1.485 
0.955 
1.080 
1.129 
1.186 
1.282 
1.356 
1.339 
1.437 
1.529 

0.583 
1.438 
2.421 
3.227 
0.0 
0.0 
0.469 
0.849 
1.133 
1.618 
2.114 
2.915 
4.014 

0.0213 
0.0268 
0.0222 
0.0168 
0.0 
0.0 
0.0128 
0.0070 
0.0170 
0.0101 
0.0174 
0.0136 
0.0115 

[ 

[ 

CH 

__ , 

/ BBr\ 
/CP | \ 

y |PB 

t 

. P H 

1 

/BrBr 

/ ''* 

/BrP 

xécBC 

\gBrC 

1 i 

aBrC 

x2 5 

^ 

r/A 
Fig. 3. Radial distribution curve for trimethylphos-

phine-boron tribromide. Solid curve, experimental; 
lower curve, 2.5 times the residuals. 

Force Constant, Mean Amplitude of Vibration, and Shrinkage 
Effect. Drake et al. have studied the I R and R a m a n 
spectra of (CH3)3P«BBr3 in the solid phase and in 

solutions by the normal-vibration treatment.16) We 
calculated the mean amplitudes of vibration, which are 
given in Table 5, on the basis of their force field. The 
calculated values for I (gauche Br---C), /(Br---Br), and 
/(B-Br), however, disagreed with the observed ones 
obtained from the analysis of electron-diffraction data. 

The force field by Drake et al. was in disregard of the 
torsional vibrations around the P-B and C - P bonds. 
The torsional vibration around the P-B bond con­
tributes significantly to I (gauche Br- -C), and therefore 
the force constant of Y(P—B) was estimated so that the 
calculated l(gauche B r - C ) is equal to the observed one.1) 
T h e value obtained was 0.31 X 1 0 - 1 8 N m, which 
corresponds to the potential barrier of 9.9 kcal mol - 1 .** 
The upper and lower limits of the barrier were estimated 
to be 18.2 and 6.7 kcal mol - 1 , respectively. The force 
constant for the torsional vibration around the C-P 
bond was assumed to be 0.08 X 10~18 N m, which was 
estimated from the potential barrier for trimethyl-
phosphine, 2.6 kcal mol -1 .17) The force constants of 
K(B~Br) and F (Br -Br) are related mainly to /(B-Br) 
and /(Br- -Br), respectively. These constants were also 
estimated as 7C(B-Br)=2.0 x 102 N m - 1 and F(Br.-Br) = 
0 . 3 0 x l 0 2 N m _ 1 by the same method as used for 
y (p-B) . 

TABLE 2. FORCE FIELD FOR (CH3)3P«BBr3 

/ ( C H ) 
/ ( H G H ) 
/ (HGP) 
/ (GPG) 
/(GPB) 
/ (CP) 
K(BB) 
K(BBr) 
//(PBBr) 

4.782 
0.433 
0.642 
0.81 
0.84 
3.13 
1.917 
2.00t 
0.42 

//(BrBBr) 
F (BrBr) 
F(PBr) 
/ (CH/CH' ) 
/ (HCP/HCP') 
/ (GP /GF) 
/(GPB/GPB') 
F(CP) 
F(PB) 

0.44 
0.30t 
0.25 
0.045 

- 0 . 1 0 9 
0.34 

- 0 . 0 6 
0.081t 
0.31t 

In the present normal-coordinate calculation, general 
valence force constants f and Urey-Bradley force con­
stants K, H, F, and Y were used with stretching and 
repulsion constants in 102 N m_1, bending constants in 
I o -i s j r a c j -2 9 a n c j torsional constants in 10 ~18 N m. 
Linear constant F' was assumed as — 0.1 F. The values 
of the force constants were taken from Ref. 16, but those 
indicated by dagger were estimated in the present study. 

The force constants of (CH3)3P«BBr3 modified in the 
present study are given in Table 2, and the mean 
amplitudes of vibration and the shrinkage effects,18) 
rA—ra, calculated on the basis of these force constants 
are listed in Table 3. The force constants of K(B-Br) 
and F (Br -Br) obtained by Drake et al. (0.96 and 
0.44 x 102 N m - 1 , respectively)16) are in disagreement 
with those from the present study. This may be due to 
the fact that the electron-diffraction experiment was 
carried out in the gas phase while the spectroscopic 
experiment was done in the solid phase and in solutions. 

* * The systematic error of the mean amplitude was taken 
into consideration because R2 was slightly small as seen in 
Table 6, but it was quite small and thus the height of the 
potential barrier was not varied. 

file:///gBrC
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TABLE 3. ROOT-MEAN-SQJLJARE AMPLITUDES AND SHRINKAGE 

EFFECTS F O R (CH3)3P.BBr3 (IN 10"4Â) 

Atomic pair / ra—ra Atomic pair / ra—ra 

B-B r i 

P-B 
B...Cx 
B-.-Hi 
B...H2 

Bri...Br2 

B r i . . .P 
B r ^ - d 
B r i . . .C2 

Br^.-H! 
B r i . . .H2 

B r i . . .H4 

Br r . .H , 
B r i . . .H6 

596 
621 

1059 
1268 
2164 
1015 
1061 
1079 
2088 
1512 
1941 
2389 
3433 
3152 

39 
18 

107 
251 
205 

10 
- 8 
42 

- 1 7 
135 
128 
93 

- 8 1 
24 

P-Gx 
P . -Hi 
G1 '"G2 

Gx-H! 
C r . .H 4 

G r . .H 5 

Gi-'-Hß 
Hi'-Ha 
H^-H^ 
H r - H , 
H i ' - H ß 
H2 -H5 

H2--H6 

H2---H9 

548 
1166 
1103 
783 

2236 
2283 
1277 
1320 
3156 
3577 
2286 
2269 
1527 
3290 

194 
377 
276 
524 
288 
308 
506 
870 
251 
147 
511 
551 
670 
232 

The numbering of the atoms is shown in Fig. 1. The 
calculated values were obtained for the same temperature 
(473 K) as the experiment was carried out. 

Analysis of Electron Diffraction Intensities. The 
molecular parameters of (CH 3 ) 3P'BBr 3 were determined 
by the least-squares analysis of molecular intensities. 
It was assumed that the molecule has a staggered form 
of C3v symmetry with the methyl groups which also 
have C3 v symmetry in a staggered form with respect 
to the C-P bonds. The geometrical parameters deter­
mined by the least-squares analysis were as follows: 
r(B-Br), r (P-B) , r (C-P ) , r ( C - H ) , r ( B r - B r ) , r ( C - C ) , 
and ZlPCH. The mean amplitudes not listed in Table 
5 and the shrinkage corrections for all the atomic pairs 
were fixed to the values listed in Table 3. The asym­
metry parameter, ic, for the C - H bond was assumed to 
be 1 . 2 x l 0 ~ 5 Â 3 by a diatomic approximation.19) The 
asymmetry parameters for the other atomic pairs were 
ignored. 

The ra parameters determined by the least-squares 
calculation are listed in Table 4, where the rg parameters 

TABLE 4. MOLECULAR PARAMETERS OBTAINED FROM 

LEAST-SQUARES ANALYSIS FOR (CH 3 ) 3 P«BBR 3 

r r /Ta) 

B-Br 
P-B 
C-P 
G-H 
Br...Br 
C-..C 
ZlPCH 
^BrBBrb) 

ZlCPCb) 

2.004 
1.943 
1.784 
1.040 
3.322 
2.887 
111.8 
112.0 
108.0 

2.010 
1.946 
1.804 
1.098 
3.327 
2.919 

111.7 
108.0 

0.009 
0.029 
0.004 
0.010 
0.005 
0.017 
1.8 
0.7 
0.7 

Bond distance: Â unit; bond angle: degree unit, a) Limits 
of error, b) Calculated from independent parameters. 

TABLE 5. ROOT-MEAN-SQJLJARE AMPLITUDES FOR 

(CH3)3P.BBr3 (IN A UNIT) 

Obsda Calcdb) Calcdc) 

B-Br 
P-B 
C-P 
C-H 
Br...Br 
Br . -P 
anti Br-.-C 
gauche Br-.-C 
P - H 

0.061(14) 
0.035(28) 
0.047( 8) 
0.081(12) 
0.107( 4) 
0.105( 9) 
0.102(12) 
0.207(11) 
0.129(20) 

0.060 
0.062 
0.055 
0.078 
0.102 
0.106 
0.108 
0.209 
0.117 

0.073 
0.062 
0.055 
0.078 
0.087 
0.109 
0.113 
0.179 
0.119 

a) Results obtained from the least-squares analysis of 
electron-diffraction data. Limits of error are shown in 
parentheses. b) Values calculated from the force 
constants in Table 2. c) Values calculated from the 
force constants in Ref. 16. 

and the limits of error are also listed. The random 
errors were given by 2.6 times the errors in least-squares 
calculations. The systematic errors were estimated 
from the errors in both the measurements of camera 
distance (0.04%) and wavelength (0.06%). T h e mean 

TABLE 6. CORRELATION MATRIX OF (CH3)3P«BBr3 

r(BBr) 

r(PB) 

r(CP) 

r(CH) 

r(BrBr) 

r(CC) 
ZlPCH 

/(BBr) 

/(BrBr) 

/(BrP) 

/(aBrC) 
l(gBrC) 

/(CP) 

/(PH) 

/(CH) 

/(PB) 

Ä i 

Ä2 

r(BBr) 

1.0 

- 0 . 9 7 

- 0 . 4 9 

- 0 . 0 4 

0.18 

- 0 . 1 1 

0.07 

- 0 . 8 5 

0.00 

- 0 . 2 9 

0.00 

0.01 

- 0 . 6 7 

- 0 . 3 1 

0.00 

- 0 . 6 1 

0.07 

0.03 

r(PB) 

1.0 

0.55 

0.05 

- 0 . 1 7 

0.22 

- 0 . 1 2 

0.86 

0.10 

0.30 

0.00 

0.04 

0.65 

0.28 

- 0 . 0 1 

0.58 

- 0 . 1 2 

- 0 . 0 5 

'(CP) 

1.0 

0.00 

- 0 . 0 6 

0.60 

- 0 . 1 2 

0.51 

- 0 . 0 3 

0.08 

- 0 . 0 7 

0.00 

0.35 

0.21 

- 0 . 0 8 

0.35 

- 0 . 3 5 

- 0 . 2 0 

'(CH) 

1.0 

0.04 

- 0 . 0 1 

- 0 . 3 1 

0.08 

0.00 

- 0 . 0 2 

0.05 

- 0 . 1 0 

0.08 

- 0 . 0 8 

- 0 . 0 8 

0.05 

0.04 

0.00 

r(BrBr) 

1.0 

- 0 . 2 7 

- 0 . 2 7 

- 0 . 1 9 

- 0 . 6 9 

- 0 . 8 7 

0.02 

- 0 . 1 1 

- 0 . 1 6 

- 0 . 1 4 

- 0 . 0 3 

- 0 . 1 4 

- 0 . 1 1 

- 0 . 0 6 

r(CC) 

1.0 

- 0 . 1 2 

0.15 

0.11 

0.09 

- 0 . 1 0 

0.01 

- 0 . 0 2 

0.15 

- 0 . 1 1 

- 0 . 0 1 

- 0 . 6 4 

- 0 . 2 8 

Z P C H /(BBr) 

1.0 

- 0 . 0 1 

0.14 

0.22 

- 0 . 0 9 

0.11 

- 0 . 0 3 

0.04 

0.06 

- 0 . 0 2 

0.12 

- 0 . 1 4 

1.0 

0.16 

0.35 

0.03 

0.03 

0.74 

0.27 

0.02 

0.53 

0.03 

0.07 

/(BrBr) /(BrP) 

1.0 

0.83 

0.09 

0.35 

0.16 

- 0 . 0 1 

0.09 

0.07 

0.39 

0.38 

1.0 

0.06 

0.24 

0.32 

0.13 

0.09 

0.25 

0.36 

0.27 

/(öBrC) l(gBrC) 

1.0 

0.02 

0.08 

- 0 . 0 3 

0.06 

0.05 

0.19 

0.23 

1.0 

- 0 . 0 3 

- 0 . 0 1 

0.00 

- 0 . 0 4 

0.00 

- 0 . 0 8 

/(CP) 

1.0 

0.13 

0.09 

0.77 

0.21 

0.27 

f*FH) 

1.0 

- 0 . 0 4 

0.09 

- 0 . 1 2 

- 0 . 0 2 

/(CH) /(PB) 

1.0 

0.06 1.0 

0.17 0.14 

0.19 0.16 

R» R2*> 

1.0 

0.52 1.0 

a) /?! and R2 are the indices of resolution for the long and short camera-distance data respectively. The indices of resolution and their uncertainties 
are R1 = 0.SS±0.02 and Ä 2 = 0 . 8 0 ± 0 . 0 3 . 
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T A B L E 7. 

(CH3)3P-BC13 

Gas» Solid1» 

COMPARISON OF MOLECULAR PARAMETERS 

(CH3)3P.BBr3 g^j d) 

Ga^> Solid« (CH3)3P
e> 

BBr3
f> 

r(P-B)/A 
r(B-X)/A 
r(C-P)/A 
ZlXBX/0 

Z;GPG/° 

1.941(16) 
1.851(7) 
1.800(4) 
109.4(4) 
109.3(3) 

1.957(5) 
1.855(5) 
1.81(1) 
111.2(2) 
107.9(3) 

1.946(29) 
2.010(9) 
1.804(4) 
111.7(7) 
108.0(7) 

1.924(12) 
2.022(7) 
1.81(1) 
110.4(5) 
107.2(5) 

1.742(4) 
1.846(3) 
120 
98.6(3) 

1.893(5) 

120 

Bond distance: Â unit; bond angle: degree unit. The values in the gas phase represent r parameters, a) Ref. 6. b) Ref. 
7. c) Present study, d) Ref. 22. e) Ref. 20. f) Ref. 21. 

amplitudes and their limits of error obtained from the 
least-squares analysis and the calculated mean am­
plitudes are listed in Table 5. T h e large errors in the 
distances and the mean amplitudes for the B-Br and 
P-B bonds are probably at tr ibutable to the large 
correlation between their parameters. 

T h e correlation matrix is listed in Table 6, and the 
best-fit theoretical molecular intensities are shown in 
Fig. 2. T h e calculations of the mean amplitudes and 
the shrinkage effects and the least-squares analysis were 
carried out on a H I T A C 8800/8700 computer in the 
Computer Center of the University of Tokyo. 

D i s c u s s i o n 

O n the formation of the (CH3)3P'BBr3 complex, the 
B-Br distance increases by 6.2% and the BrBBr angle 
decreases by 6.9% (Table 7), while the C - P distance 
decreases by 2 . 3 % and the CPC angle increases by 
9 .5%. T h e ratios of the changes in the B-Br and C - P 
distances are in good agreement with the corresponding 
ones in (CH3)3P-BC13.6> T h e P-B distances in both 
complexes are also equal to each other in the gas 
phases. These structural changes represent that the 
valence orbital of the phosphorus a tom in the donor 
molecule changes from p 3 to sp3 and the valence orbital 
of the boron a tom in the acceptor molecule from sp2 to 
sp3 on the formation of a complex. 

O n the other hand, in the solid phase the P-B distance 
in (CH 3 ) 3 P'BBr 3 is smaller than in the gas phase with 
the increment of the B-Br distance and the decrement 
of the BrBBr angle though these changes are not large 
as compared with their experimental errors. This is 
consistent with the foregoing remarks that the force 
constant of iC(B-Br) is larger and the F(Br -Br) is 
smaller in the gas phase than in the solid phase. Thus 
it appears that the P-B dative bond in (CH 3) 3P'BBr 3 is 
enhanced in the solid phase as well as the N - B bond in 
(CH 3 ) 3 N.BX 3 . 

Comparing the molecular structures of trimethyl-
phosphine-boron trihalide complexes with those of 
trimethylamine-boron trihalide complexes, the boron-
halogen bond distances in the trimethylphosphine 
complexes are a little larger t han those in the trimethyl-
amine complexes (rg(B-Cl) = 1.836 ±0 .002 Â for 
(CH3)3N-BC13 and rg(B-Br) =2 .001 ± 0 . 0 0 3 A for 
(CH3)3N'BBr3).2> A stronger donor gives a larger 
change in an acceptor molecule on the formation of a 
complex, and thus it seems that trimethylphosphine is a 

stronger donor for boron trichloride and boron tri-
bromide than trimethylamine. 

T h e rotational barrier around the P-B bond of 
(CH 3 ) 3P'BBr 3 is apparently higher than that of 
(CH3)3P-BC13 , 3 .8±0 .7 kcal mol-1.6) It is interesting 
to note that this order is inverse to the order obtained 
for the trimethylamine complexes, (CH 3) 3N'BC1 3 and 
(CH3)3N-BBr3.2> T h e height of the rotational barriers 
for these complexes may be dominated by the repulsion 
due to the nonbonded atomic pairs, such as Br^ -Hg in 
the case of (CH3)3N'BBr3 , which have the shortest 
distances among the atomic pairs between the methyl 
groups and halogen atoms. T h e above order for the 
trimethylamine complexes will be understandable 
because the B ^ • H 6 distance (2.79 A) in (CH3)3N-BBr3 

is greater than the C ^ -H6 distance (2.69 A) in 
(CH3)3N'BCl3. However, the order for the trimethyl­
phosphine complexes cannot be likewise understood 
because the Biy--H e distance (3.25 A) in (CH3)3P-BBr3 

is nearly equal to the C l^ -Hg distance (3.27 A) in 
(CH3)3P.BC13 . 
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Computer Counting of the Number of Water Molecules in the 
First Layer of Crystalline Water Clathrate 
Iwao TABUSHI,* Yo-ichi KIYOSUKE, and Kazuo YAMAMURA 
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Semiempirical calculation of the number of water molecules in the first layer of water clathrates in crystalline 
state was developed by computer aided construction of hydrogen-bonded network of water molecules. In the 
generalized thermodynamic considerations on four possible types of "unit clathrate," van der Waals stabilization 
energy, "strain" energy of the unit clathrate, and entropy term due to the motional freedom of the guest were 
taken into account for the calculation of free energy change for the formation of the water clathrate. The results 
of calculations on 37 hydrophobic organic molecules well represented the trend of the reported experimental data of 
X-ray studies. The present calculation also disclosed such a large unfavorable strain energy (8.72 kcal• mol_1)t of 
pentakaidecahedron that it counteracts the van der Waals stabilization. The result is in a good agreement with 
the fact that pentakaidecahedral cavity is rarely seen in the gas hydrates. Most importantly, these semiempirical 
calculations of the energetics of water clathrates afforded valuable new insights into water assembly and may be 
extended to give better understandings of structured water in biological system and of water clusters that develop 
around apolar solutions in water. 

Hydrophobic interaction is assumed to be one of the 
most significant factors that determine protein conforma­
tion and has provided a physicochemical basis for the 
concept of highly specific molecular recognition that 
many biological macromolecules exhibit.1) Studies on 
properties of an apolar solute in water are particularly 
relevant to water structure study for elucidation and 
semiempirical determination of the hydrophobic interac­
tion.1»23) However, the progress of an "iceberg" theory 
has been retarded by contradictory results from thermo­
dynamic and spectroscopic studies.2b_e) Moreover, no 
definitive evidence for the presence of strengthened 
water clusters around or in proximity to the hydrophobic 
surface of a solute molecule was obtained from spectro­
scopic experiments such as NMR.2c» f) 

Assumption of a generalized hypothetical process 
proposed for the molecular recognition between relative­
ly simple host and guest and application of semi-
empirical force field potentials were found to claim a 
great advantage of the first layer model of water clusters 
in thermodynamic considerations.3) Thus, in our most 
recent theoretical treatise on chemical model of biologi­
cal molecular recognition, the observed free energy 
change for inclusion complexing of a hydrophobic 
guest by a-cyclodextrin in water could be successfully 
reproduced by applying the above concept of water 
clusters. Némethy and Scheraga had shown that the 
work requisite to break icelike structured water (water 
clusters) is proportional to the number of water molecules 
in the first layer of the water clusters developed around 
an apolar solute.43) Their t reatment of cluster model 
has been continuously generalized and improved by use 
of modified partition function, incorporating the effects 
of cooperative hydrogen bonding on the continuous 
distribution of all possible cluster size.43-0) 

Most importantly, the breaking of the water clusters 
around the guest is one of the most important and 
crucial factors associated with the process of biological 
molecular recognition and, in this context, greater 
sophistication is necessary in non- or semi-empirical 

t l c a l = 4 . 1 8 J . 

evaluation of the number of water molecules in the 
first layer of water clusters around a guest molecule in 
order to derive the thermodynamic parameters 
rigorously. Fortunately a lot of insight have been 
accumulated into crystalline water clathrates from 
experiments,5) although there is no direct physico-
chemical evidence from experiments for the presence 
of water clusters in a liquid state.2) 

A variety of hydrogen-bonded networks of water 
molecules in the crystalline state are thus far known, 
whose cavity includes various types of organic molecules. 
The unit structure of the water clathrate varies from 
dodecahedron composing of 20 water molecules to 
hexakaidecahedron composing of 28 water molecules, 
yet the actual hydrates involving so-called structure I 
or I I have composite ratios of polyhedral cavities to 
form the complicated structures of the hydrate lattice.5) 

A semiempirical calculation of the number of water 
molecules in the first layer of water clathrate, the unit 
clathrate, was studied, by constructing and characterizing 
the hydrogen-bonded networks by computer method. 
Such the approach made a further progress in theoretical 
considerations of crystalline water clathrates, structured 
water in proteins40) and other molecules of biological 
interest, cyclodextrin4e ' f) being one of the simplest 
examples. In this article the authors wish to report 
the computer counting of the number of water molecules 
in the first layer for 37 hydrophobic molecules, where 
the predicted numbers are in good agreement with 
reported experimental data . In the extented procedure 
of the computer evaluation of the number of water 
molecules, we employed a fit criterion based on the 
thermodynamic consideration which takes van der Waals 
stabilization energy, "s t ra in" energy of a polyhedron, 
and motional freedom of the guest into account. The 
present theoretical analyses have led us to the conclu­
sions that (1) the rotational freedom of the guest is 
more critical than the van der Waals interaction for 
the stabilization of unit clathrates (2) pentakaideca­
hedron has too large "s t ra in" energy to form a stable 
unit clathrate (3) a pentagon of hydrogen-bonded five 
water molecules is most appropriately used as the 
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metastable unit for the semiempirical constructions of 
the first layer of unit water clathrates. The energetics 
of water networks based on the semiempirical model 
was for the first time successfully developed to a simple 
expedient for the calculation of the number of water 
molecules. We are now in an advanced stage of the 
investigation of the water structure around apolar 
organic molecules in liquid water. 

M e t h o d o f Calculat ion 

General Consideration of Network Construction and Computer 
Counting of Water Molecules. In Fig. la are shown 
fundamental parameters necessary to construct the 
hydrogen-bonded network of water molecules for the 
first layer model where r is the distance between two 
hydrogen-bonded oxygen atoms, and 0 and <p are bond 
angles defined by OgOjC^ and OgOjC^ in Fig. la , 
respectively. The fourth coordination of Ox is neglected 
(first layer approximation), viz., the hydrogen bond of 
O j to the water molecule in the second layer is regarded 
substantially the same as that in the bulk water.6) 

apolar guest apolar guest 

(a) (b) 
R o -o=2 .8±0 . lA 0=108 ±5.8° R v d w ^ R ^ R ^ + 1 . 7 

Fig. 1. (a) Illustration of the distance r and the angles <p, 
$ defined by hydrogen bond axis in the local structure of 
hydrogen-bonded networks of water molecules in the 
first layer of water clathrates. (b) Illustration of the 
distance i?0_0 and the angle 0 defined for the computer 
counting based on the method of "pentagon paving." 

As preliminary trial of the network construction, we 
take three hydrogen bonds and van der Waals interac­
tion between the guest and the surrounding network 
into consideration. Then , Cartesian coordinates (Xj) 
of O j and 0 2 are correlated by simple equations (1)—(3) 
to those of 0 3 and 0 4 , of neighbored water molecules, 
where subscripts i and g refer to oxygen and guest, 

2 (Xji-Xji)2 = '* ( i = 2 , 3 , o r 4 ) (1) 

j=x.y.z 

23(Zji-Zja)(Zji-Zja) = r* c o s 0 o r r* c o s <I> (2) 
I toj i -Xjg)2 = *?dw ( i = l , 2 , 3 , o r 4 ) (3) 

respectively, and Ävdw *s t n e distance between the 
oxygen and the guest molecule.7) Parameters were 
taken from structure I : r = 2 . 8 Â, 0 = ^ = 1 0 8 ° , and 
Ä v d w = 3 . 3 2 Â.5) According to the requirements (1)— 
(3), consecutive determinations of coordinates of 
oxygen atoms were carried out for the case of argon, but 
the number of 12 obtained as the result of the iterative 
computer counting was much smaller than the X-ray 
results of 20 water molecules constructing a dodeca­
hedron.6) 

Method of Pentagon Paving. Attempts to improve 
the disadvantage of the above somewhat complicated 
but still unsatisfactory treatment introduced to maximize 
both the vdw attractive interaction and the hydrogen 
bond energy, were made by introducing a pentagon 
which is composed of hydrogen-bonded five water 
molecules (Fig. l b ) , since it is known that the pentagon 
is the important unit structure of the most stable forms 
of crystalline water5) (structure I ) . The computer 
counting was executed iteratively, constructing penta­
gons in turn so as to satisfy geometrical relationships 
(4)—(6), where Ro-o is the distance between two 

2 (Xji-Xji)2 = W-o ( i=2, 3, or 4) (4) 
j=x.y.z 

S(Xji-Xji)(Xj2-Xji) = *8-o cos 6 ( i=3 or 4) (5) 

S(Zji-Xji)(Zj3-Zji) = tfg-o cos e ( i=2 or 4) (6) 

hydrogen-bonded oxygen atoms, 6 is the angle defined 
by three oxygen atoms ( 0 - 0 \ Q ) , and x are Cartesian 

coordinates of oxygen atom.8) 
Additional assumptions made for the present model 

are the followings: (1) The maximal allowancy of 
deformations of Ä0-o and 6 are 2 .8±0 .1 Â and 1 0 8 ^ 
5.8°, respectively. Crystallographic data of water 
clathrate revealed tha t experimental values of Ro-o fall 
in the range of 2 . 8 ^ 0 . 1 Â,5p 'g) and the allowancy of 
angle deformation (±5 .8°) was, therefore, estimated 
on a basis of energetic equivalence to the bond deforma­
tion of 0.1 Â (0.112 kcal-mol"1) . 

apolar guest 
Fig. 2. A water molecule in contact with the pentagon 

illustrates the geometrical limit of the first layer water 
molecule (/?vdw+1.7 A). 

(2) A second water molecule comes into contact 
with the pentagon at a distance of 1.7 Â from the 
oxygen (Fig. 2). We, thus, assigned the distance of 
Ä v d w + 1 . 7 Ä to the geometrical limit allowed for the 
first layer molecule, al though the definition is a con­
ceptual clue to the present semiempirical approach. 

Fit Criterion Based on Thermodynamic Considerations. 
In view of the facts that hexagon appears in structure I 
and I I which include relatively large guest molecules, 
four most probable polyhedra were employed as a unit 
clathrate; dodecahedron, tetrakaidecahedron, penta-
kaidecahedron, and hexakaidecahedron. At first the 
free energy change for the formation of the unit clathrate 
should be taken into the thermodynamic considera­
tions.80) For the present purpose, all of possible free 
energies were introduced: van der Waals stabilization 
between the guest and the unit clathrate (Aisvdw),9a) 
the "s t ra in" energy of the hydrogen-bonded network 
of water molecules (Ais s t r a i n) ,9b) and motional freedom 
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of the guest in the cavity (ASe). T h e free energy 
change, AG, relevant to the formation of unit cell9c> of 
crystalline water clathrate now can be calculated using 
Eq. 7. T h e number of water molecules in the first 

AG = A£v d w + A£ s t r a l n - TAS« 

AS* = AS*ot+AS*„as+AS*lb 

layer was calculated as shown in Scheme I, by combining 
the free energy calculation with the computer aided 
preconstruction of the network of water molecules for 
each postulated unit clathrate. 

dodeca- tetrakai- pentakai- hexakai-
hedron decahedron decahedron decahedron 

Guest fit? fit? fit? fit? 

Number 
of water 
molecule 

I yes I yes I yes yes 

20 24 

Scheme 1. 

26 28 

Through the optimization of the atomic coordinates 
of the included guest molecule, the energy of van der 
Waals interaction (Evdw) was maximized using Hill's 
potential90) (Eq. 8), 

£ v d w = - 2 . 2 5 e ( r * / r ) ° + 8.28 

X 105e exp (-r/0.0736r*), (8) 

where r refers to the interatomic distance, r* is the sum 
of the van der Waals radii of the two interacting atoms, 
and e is a parameter which is defined individually for 
each pair of the two interacting atoms.10) 

The strain energy of the unit clathrate was calculated 
by use of semi-empirical force field potentials. The 
bond-stretching energy associated with the longitudinal 
deformation of the hydrogen bond is calculated by 
Eq. 9, where AR is the deviation from the equilibrium 
length of O—O distance (2.76 Â).n> AE9 and AEa 

(Eqs. 10, 11) are angle strains relevant to deformations 

A £ E = -jkniARY 

AE9 = ^ke{R-f)f{Aey 

AEa = yA.r-»(Aa)» 

(9) 

(10) 

n: 
A£ s t r a l n = A£ B + AE„ + AEa 

of 0 - H - - - 0 angle and H - O - H angle, respectively, 
where R and r are the 0 - - - 0 and O - H bond lengths, 
respectively, and A0 and Aa are the deformations from 
the equilibrium angles of O - H - O (180°) and H - O - H 
(109°28'), respectively. Reported parameters kR = 
22.7 kcal- mol"1 -A"1, * = 1 2 . 7 kca l -mo l" 1 -A^- rad" 2 , 
and A;a = 78 .4kca l -mol _ 1 -Â _ 2 - rad- 2 were used.11) 

As to the motional freedom of the apolar guest,9e> 
we calculated rotational freedom that makes largest 
contribution to the entropy term (ASS) . The vibrational 
entropy of a guest is assumed to be unchanged when the 
guest is sorbed within a unit clathrate of any cavity 
size. This assumption is supported by the following 
evaluation, i.e., even a significant frequency change of 
5 c m - 1 for one vibration (1000 cm - 1 ) should accompany 
a very small entropy change of only 0.03 ca l -deg - 1 -

mol - 1 . One-dimensional, two-dimensional, and three-
dimensional rotational entropies are given by Eqs. 12, 
13, and 14, respectively, where NA is Avogadro's 
number, K is the Boltzman constant, h is the Planck 
constant, / is the moment of inertia, o is the symmetry 
number, and T is the absolute temperature. 

Cg AT f 1 , 1 1 S^IKT 

Sr
gota-D) = J V A f j y + y l n ~2— 

Sfot C2-D) = ^A* I 1 + In ^ \ 

— ln<Tx (12) 

(13) 

^C3-D) = ̂ { | + | l n ( 8 ^ 7 7 ^ - l n , 3 } (14) 

Calculations were aided by a digital computer 
F A C O M M-190 OSIV/F4 at the Data Processing 
Center of Kyoto University. 

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

T h e pentagon method was applied to eleven hydro­
phobic molecules and the counted number of water 
molecules in the first layer is listed in Table 1. The 
calculated results well reproduce experimental data. 
It is shown that rare gases and even methane or acetylene 

T A B L E 1. RESULTS OF COUNTING OF THE NUMBER OF WATER 

MOLECULES IN THE FIRST LAYER OF UNIT CLATHRATE 

BASED ON THE METHOD OF PENTAGON PAVING 

Guest 
Number of water molecules 

Calcd Exptlfi> 

He 20 (dodecahedron) 
Ne 20 (dodecahedron) 
Ar 20 (dodecahedron) 
Kr 20 (dodecahedron) 
CH4 20 (dodecahedron) 
HC=CH 20 (dodecahedron) 
C2H6 unclosed 20 
Benzene unclosed 20 
Cl2 20 (distorted dodecahedron) 
Br2 

I . 

unclosed 20 
unclosed 20 

20,24 
20,24 
20,24 
20,24 
20,24 
28 
20,24 
26 

T A B L E 2. T H E STRAIN ENERGY OF UNIT 

CLATHRATES ( kcal • mol - 1 ) 

Unit Clathrate AEK*> AE» A£«c> AES 

Dodecahedron 
Tetrakaidecahedron 
Pentakaidecahedron 
Hexakaidecahedron 

0.54 
0.65 
3.84 
3.72 

0.0 
0.0 
0.0 
0.0 

0.52 
1.86 
4.88 
1.74 

1.06 
2.51 
8.72 
5.46 

a) Longitudinal deformation of O -O from 2.76 Â, K^= 
22.7 kcal • mol -1 . A -1, Ref. 11. b) Angle deformation of 
O-H—O from 180°, K,= 12.7 kcal-mol^-A^-rad-2 , 
Ref. 11. c) Angle deformation of H-O-H from 109°28', 
Ka = 78.4 kcal - mol -1 • A ~2 - rad -*, Ref. 11. d) Pentakai-
decahedral cavity is very rare in the actual water 
clathrates. The extremely large strain energy (8.72 kcal-
mol-1) of unit pentakaidecahedron as well as the strain 
of ice lattice adjacent to pentakaidecahedron are 
reasonably attributed to the absence of pentakaideca-
hedral unit structure in clathrates. 
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TABLE 3. 

Guest 

Ëte 

Ne 

Ar 

Kr 

H2 

N2 

o2 

CO 

Gl2 

Br2 

Ii 

CH4 

G2H6 

C3H8 

HG(GH3)3 

C(CH3)4 

GH2=GH2 

H G E C H 

GH3GH=GH2 

GH3G=GH 

(GH3)2G=GH2 

G2H6G=CH 

GH2=GH.G=GH 

GH3F 

GH3G1 

GH3Br 

GG14 

G2H3G1 

A b > 

B c ) 

A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 

A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 

lation of Number < of Water Mold cules in Cryst alline Water Clat hrate 

NUMBER OF WATER MOLECULES IN THE FIRST LAYER OF UNIT CLATHRATE 

AND CALCULATED VAN DER WAALS ENERGY AND STRAIN ENERGY 

^20 

- 0 . 7 6 
0.30 

- 1 . 6 6 
- 0 . 6 0 
- 4 . 8 2 
- 3 . 6 7 
- 6 . 9 3 
- 5 . 8 7 
- 1 . 6 7 
- 0 . 6 1 
- 3 . 5 8 
- 2 . 5 2 
- 3 . 4 9 
- 2 . 4 3 
- 3 . 4 0 
- 2 . 3 3 
- 9 . 2 0 
- 8 . 1 4 
- 9 . 0 5 
- 8 . 0 0 
lpe> 

IP 
- 5 . 5 2 
- 4 . 4 6 
- 9 . 9 4 
- 8 . 8 8 

IP 
lp 
lp 
IP 
IP 
IP 

- 6 . 3 4 
- 5 . 2 9 
- 4 . 9 5 
- 3 . 9 0 

lp 
IP 
IP 
lp 
lp 
IP 
lp 
lp 
lp 
lp 

- 6 . 2 3 
- 5 . 1 8 
- 9 . 7 0 
- 8 . 6 4 

- 1 0 . 9 8 
- 9 . 9 2 

IP 
lp 
lp 
IP 

Calculated 

24 

- 0 . 6 9 
1.82 

- 1 . 4 9 
1.02 

- 4 . 0 8 
- 1 . 5 7 
- 5 . 5 8 
- 3 . 0 7 
- 1 . 3 0 

1.21 
- 2 . 7 2 
- 0 . 2 2 
- 2 . 6 5 
- 0 . 1 4 
- 2 . 9 0 
- 0 . 4 0 
- 7 . 6 5 
- 5 . 1 4 

- 1 1 . 4 1 
- 8 . 9 1 

- 1 5 . 0 1 
- 1 2 . 5 0 
- 4 . 2 1 
- 1 . 7 1 
- 7 . 1 7 
- 4 . 6 6 

- 1 1 . 4 8 
- 8 . 9 9 

- 1 5 . 9 2 
- 1 3 . 4 2 

IP 
lp 

- 5 . 2 7 
- 2 . 7 7 
- 4 . 0 3 
- 1 . 5 3 
- 8 . 6 5 
- 6 . 1 5 
- 7 . 6 4 
- 5 . 1 3 

- 1 2 . 2 2 
- 9 . 7 1 

lp 
lp 
lp 
IP 

- 5 . 0 3 
- 2 . 5 2 
- 7 . 6 9 
- 5 . 1 8 
- 9 . 5 3 
- 7 . 0 3 

IP 
IP 

- 8 . 6 4 
- 6 . 1 3 

energies'0 

26 

- 0 . 7 6 
7.96 

- 1 . 6 7 
7.04 

- 4 . 4 0 
4.32 

- 5 . 9 1 
2.80 

- 1 . 3 0 
7.42 

- 2 . 6 8 
6.04 

- 2 . 6 2 
6.10 

- 2 . 9 2 
5.80 

- 7 . 3 1 
1.41 

- 1 1 . 3 0 
- 2 . 5 6 

- 1 7 . 5 2 
- 8 . 8 0 
- 4 . 0 8 

4.64 
- 6 . 9 1 

1.88 
- 1 1 . 5 1 

- 2 . 7 9 
- 1 4 . 7 5 

- 6 . 0 3 
- 1 6 . 5 2 
- 7 . 8 1 
- 5 . 2 7 

3.45 
- 3 . 8 7 

4.85 
- 8 . 9 9 
- 0 . 2 8 
- 7 . 8 7 

0.85 
- 1 1 . 5 2 
- 2 . 8 0 

lp 
lp 
lp 
IP 

- 4 . 9 3 
3.79 

- 7 . 8 2 
0.90 

- 9 . 2 9 
- 0 . 5 7 

lp 
lp 

- 8 . 9 6 
- 0 . 2 4 

2? 
- 0 . 5 6 

4.90 
- 1 . 2 2 

4.24 
- 3 . 3 0 

2.16 
- 4 . 4 6 

1.00 
- 0 . 8 0 

4.66 
- 1 . 7 4 

3.71 
- 1 . 6 9 

3.78 
- 2 . 1 0 

3.36 
- 4 . 9 3 

0.53 
- 7 . 9 0 
- 2 . 4 4 

- 1 3 . 1 1 
- 7 . 6 6 
- 2 . 6 2 

2.84 
- 4 . 3 8 

1.08 
- 9 . 4 1 
- 3 . 9 6 

- 1 2 . 1 4 
- 6 . 8 8 

- 1 4 . 1 3 
- 8 . 6 7 
- 4 . 2 9 

1.17 
- 2 . 6 6 

2.80 
- 6 . 7 4 
- 1 . 2 9 
- 5 . 6 9 
- 0 . 2 3 
- 9 . 7 6 
- 4 . 3 0 
- 7 . 3 8 
- 1 . 9 2 
- 5 . 8 0 
- 0 . 3 5 
- 3 . 3 4 

2.12 
- 5 . 6 3 
- 0 . 1 8 
- 6 . 8 7 
- 1 . 4 1 

- 1 3 . 5 2 
- 8 . 0 6 
- 6 . 6 0 
- 1 . 1 4 

Number o 
moleci 

Calcd 

n.s.d) 

20 

20 

20 

20 

20 

20 

20 

20 

24 

24 

20 

20 

24 

24 

28 

20 

20 

24 

24 

24 

28 

28 

20 

20 

20 

28 

24 

2263 

f water 
ales 

Obsd5) 

20,24 

20,24 

26 

20,24 

20,24 

28 

28 

20,24 

20,24 

20,24 

20,24 

24 

28 
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Guest 

G2F4 

C3F6 

Benzene 

Cyclopropane 

Ethylene 

CS2 

a) kcal«mol-1. 

oxide 

b) £v d w . 

A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 

~c) 

^ 0 

- 4 . 1 9 
- 3 . 1 3 

IP 
lp 
IP 
lp 

- 1 1 . 7 8 
- 1 0 . 7 3 
- 9 . 2 8 
- 8 . 2 4 

lp 
lp 

Calculated 

24 

- 8 . 2 2 
- 5 . 7 2 

IP 
lp 

- 9 . 9 4 
- 7 . 4 3 
- 9 . 6 7 
- 7 . 1 7 
- 7 . 1 7 
- 4 . 6 6 
- 9 . 6 8 
- 7 . 1 7 

£Vdw + Strain- d) Not stabilized. 

energies'0 

26 

- 8 . 4 8 
0.24 

- 1 0 . 5 2 
- 1 . 7 9 
- 6 . 7 6 

1.96 
- 9 . 6 6 
- 0 . 9 4 
- 6 . 9 3 

1.79 
- 1 0 . 3 4 
- 1 . 6 2 

2? 
- 6 . 8 5 
- 1 . 3 9 

- 1 0 . 1 5 
- 4 . 6 9 
- 9 . 6 4 
- 4 . 1 9 
- 6 . 9 3 
- 1 . 4 7 
- 4 . 4 9 

0.97 
- 7 . 2 8 
- 1 . 8 3 

e) Largely positive. 

Number 
mole« 

Calcd 

24 

28 

24 

20 

20 

24 

of water 
:ules 

Obsd5> 

28 

24 

28 

can form a dodecahedron unit clathrate. In the case 
of chlorine molecule, the computer constructed network 
of twenty water molecules was found to have a structure 
of distorted dodecahedron, and each pentagons is 
to some extent constrained to take a puckered form. 
Further analyses of the results have disclosed that , 
incomplete constructions of water networks were seen 
for much larger molecules such as ethane, benzene, 
bromine, and iodine, and some portion of hydrophobic 
surfaces of those molecules are left uncovered by water 
molecules, four to eight more positions being open for 
water molecules to occupy in the region of the first layer 
« 1 . 7 Â). An advantageous clue to a priori prediction 
of the number of water molecules in the first layer is 
(a) thermodynamic consideration (vide infra) or (b) 
general modification of the paving method by incor­
porating the distribution of other possible diagrams than 
pentagon as well as with an improved concept of the 
first layer. 

Table 3 shows the van der Waals energy and the 
quantitative effect of the strain energy of the polyhedron 
(Table 2) on the stabilization of the unit clathrate. 
It is apparent that the van der Waals stabilization 
energy decreases moderately and monotonously with 
the increase of the cavity size. However, since penta-
kaidecahedron and hexakaidecahedron have much 
larger strain energies (8.72 and 5.46 kcal «mol -1 , 
respectively) t han the two smaller polyhedra (Table 2), 
the energy of the unit clathrate formation ( £ v d w + 
Zistrain) no longer correlates with the cavity size. For 
example, ethylene is most stabilized on forming the 
dodecahedron unit clathrate (£ '=—5.29 kcal -mol - 1 ) , 
while the destabilization was greatest ( £ = + 3 . 4 5 
kcal-mol - 1 ) when it forms the pentakaidecahedron unit 
clathrate. Thus, the different extent of the contribution 
of £ v d w which counteracts £ s t r a î n resulted in a marked 
difference of formation energy (£vdw +^strain) °f f ° u r 

unit clathrates (Table 3). 

Remarkable van der Waals stabilizations obtained 
for cyclopropane ( £ v d w = — 11.78 kcal« mol - 1 ) and meth­
yl bromide ( £ v d w = —10.98 kcal «mol -1) in dodeca­
hedron, or isobutane ( £ v d w = —15.92 kcal-mol-1) and 
h ( ^vdw = —15.01 kcal -mol - 1) in tetrakaidecahedron, 

are most easily rationalized as a result of ideal fit of 
these molecules with the corresponding cavity size. 
Experimental values of AH for gases sorbed within 
preconstructed dodecahedral cavity are reported for 
only a few inert gases: Ar, AH=— 6.1 kcal «mol-1; Kr, 
A / / = - 6 . 7 kcal-mol-1 .12) Therefore, the calculated 
values of £ v d w ( —4.82 and —6.93 kca l -mol - 1 for Ar 
and Kr , respectively) account for the most portion of 
the reported enthalpy changes. It is apparent from 
the results of Table 3 that the large portion of the 
net stabilization of the water clathrates originates in the 
large van der Waals stabilization, and the numbers 
of water molecules observed have been well reproduced 
by the present semi-empirical calculation. It has been 
approved, therefore, tha t many hydrates are stabler 
than ice I, those melting points being even higher than 
0 °C.1> In cases of small gas molecules (He, Ne, and 
H 2 ) , however, the van der Waals attractive energy was 
too small to compensate the large strain energy of the 
unit clathrate (1.1 to 8.7 kca l -mol - 1 ) . Thus the crucial 
magnitude of the strain energy resulted in no (or little) 
net stabilization of unit water clathrates of these mole­
cules (Table 3). This result may explain why no X-ray 
study is thus far reported on these molecules. 

In eight water clathrates (Ar, Kr , CH4 , C2H6 , CH2= 
CH 2 , CH=CH, CH 3 F, and CH3C1), the present calcula­
tion gave the number of 20, i.e., the dodecahedral unit 
brings more stabilization with these molecules than the 
tetrakaidecahedron does. Despite the above, two 
experimental numbers, 20 and 24, are known for those 
water clathrates5) (structure I ) . It is most likely that 
the ensemble of the unit clathrate of dodecahedron 
alone hardly stabilizes the gross ice lattice. The enthalpy 
changes for the formation of structure I and structure I I 
are reported by Child as 180 and 200 cal • mol"1 , 
respectively.133) This fact strongly indicates that even 
these actual clathrates have additional lattice energy, 
since the calculated energy (Table 2) predicts ca. one 
half of the observed value, viz., 91 cal «mol - 1 for 1 : 3 
hybrid of dodecahedron and tetrakaidecahedron 
(structure I) and H O c a l - m o l - 1 for 12 : 8 hybrid of 
dodecahedron and hexakaidecahedron (structure I I ) . 
This strongly indicates that , for the theoretical treat-
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TABLE 4. ROTATIONAL ENTROPY OF GUEST MOLECULES 

INCLUDED BY THE CAVITY OF EACH UNIT CLATHRATEA»B) 

Guest 

Br2 

I i 
C3H8 

HC(CH3)3 

C(CH3)4 

HC=CH 
CH3C=CH 

Dodeca­
hedron 

0.0(0) 

0.0(0) 

(CH3)2C=CHa 

CH3C1 
CH3Br 
Benzene 

cs2 

3.52(1) 
3.52(1) 

Tetrakai- Pentakai-
decahedron decahedron 

0.0(0) 
0.0(0) 
7.41(1) 
0.0(0) 

10.69(2) 
3.53(1) 
0.0(0) 
3.52(1) 
3.52(1) 
0.0(0) 
0.0(0) 

16.03(2) 
0.0(0) 
7.41(1) 
8.68(1) 
0.0(0) 

10.69(2) 
3.53(1) 
0.0(0) 

17.56(3) 
3.52(1) 
0.0(0) 
0.0(0) 

Hexakai-
decahedron 

16.03(2) 
17.57(2) 
21.05(3) 
22.12(3) 
20.52(3) 
10.69(2) 
18.43(3) 
22.68(3) 
17.56(3) 
18.21(3) 
20.47(3) 
15.44(2) 

a) cal 'mol-^deg - 1 , 0°. b) Allowed mode of rotational 
freedom is given in the parenthesis. 

ment of the lattice formation from unit clathrates, a 
semiempirical approach should be introduced to the 
mechanism of the strain relief over the gross crystalline 
lattice. 

In addition, an exclusively new insight was given 
by the present calculations into the motional freedom of 
apolar molecules sorbed in water clathrates. In cases 
of relatively large molecules such as benzene, CS2 , 
and isobutane, a general trend is to be noted that the 
calculated number, 24, for those molecules (Table 3) 
is always smaller than the experimental value of 28. 

It is easily rationalized that in larger unit clathrates 
those molecules are endowed with much freedoms of 
restricted motions.14) In Table 4 are listed the calculated 
entropies together with the rotational freedoms allowed 
for selected molecules. In Table 5 are given the numbers 
of water molecules predicted in the first layer of the 
water clathrate. As typically shown for propane, 
benzene, or CS2 , the rotational entropy drastically 
increases by the change of unit clathrate from penta-
kaidecahedron to hexakaidecahedron. As the result, 
the formation of hexakaidecahedral unit clathrate 
becomes more favorable, since the calculated AG value 
is large in the negative sign compared with those of 
other polyhedra (Table 5). In the case of benzene, 
the correct number of 28 was obtained. T h e results of 
Table 5 clearly indicate that the present calculation 
gives satisfactory number of water molecules in the 
first layer of unit clathrate, after the correction from 
rotational entropy term (see Table 5) is made . It is 
concluded, therefore, that the free energy minimization 
of unit clathrate can be used as the criterion for the 
formation of crystalline water clathrate. 

T h e extraordinarily large strain energy of penta-
kaidecahedron (Table 2) rationalizes a fact that this 
unit structure is rare in the gas hydrates,15) despite its 
appropriate cavity size for the accommodation of a 
relatively large guest molecule, or those large values of 
£ v d w in negative sign (Table 2) that is the intrinsically 
favorable factor for the formations of water clathrates. 

In conclusion, it has been shown that the van der 
Waals interaction, the strain energy of the hydrogen-

TABLE 5. THE FREE ENERGY CHANGE (AG) FOR THE FORMATION OF UNIT WATER CLATHRATE AND THE 

CALCULATED NUMBER OF WATER MOLECULES IN THE FIRST LAYER OF CRYSTALLINE WATER CLATHRATE 

Guest 

_ 

Kr 
Cl8 

CH4 

C2H6 

CH2=CH2 

CH3F 
CC14 

i \ 

o 
Br2 

I i 
C3H8 

HC(CH3)3 

C(CH3)4 

H C H C H 

CH3C=CH 
(CH3)2C=CH2 

CH3C1 
CH3Br 
Benzene 

cs2 

"20 

- 3 . 7 6 
- 5 . 8 7 

- 1 1 . 9 3 
- 7 . 1 6 

- 1 3 . 2 6 
- 9 . 5 5 
- 9 . 6 2 

lp 

- 1 3 . 6 0 

- 8 . 0 0 

- 3 . 9 0 

- 9 . 6 0 
- 1 0 . 8 9 

AGft> 

24 

- 1 . 5 7 
- 3 . 0 7 
- 8 . 9 3 
- 4 . 4 0 
- 9 . 0 4 
- 7 . 0 3 
- 6 . 9 7 

lp 

- 1 0 . 0 1 

- 8 . 9 1 
- 1 2 . 5 0 
- 1 1 . 1 0 
- 1 3 . 4 2 

- 4 . 4 5 
- 6 . 1 0 
- 9 . 7 1 
- 6 . 1 4 
- 7 . 9 9 
- 7 . 4 3 
- 7 . 1 2 

26 

+4 .32 
+2 .80 
- 2 . 3 8 
+ 1.94 
- 2 . 5 0 
- 0 . 8 2 
- 0 . 6 6 

IP 

- 3 . 5 6 

- 6 . 9 6 
- 8 . 8 0 
- 4 . 8 2 
- 8 . 4 0 
- 7 . 8 1 
+ 1.93 
- 0 . 1 2 
- 2 . 8 0 
- 3 . 9 0 
- 1 . 5 3 
+ 1.96 
- 1 . 6 2 

28 

+ 2.16 
+ 1.00 
- 3 . 2 6 
+ 0.14 
- 3 . 3 0 
- 3 . 1 0 
- 2 . 3 3 

- 1 4 . 4 4 

- 4 . 3 8 

- 6 . 8 2 
- 1 2 . 4 6 
- 9 . 7 5 

- 1 2 . 7 2 
- 1 4 . 2 7 
- 0 . 1 2 
- 5 . 2 7 

- 1 0 . 5 7 
- 4 . 9 7 
- 6 . 3 9 
- 9 . 7 8 
- 6 . 0 3 

Number of water 
mole 

Calcdb) 

20 (24) 
20 (24) 
20 (24) 
20 (24) 
20 (24) 
20 (24) 
20 (24) 
28 

20 

24 (20) 
24,28 
24 (28) 
24 (28) 
28 
24(20) 
24(28) 
28 (24) 
20 
20 
28 
24(28) 

cules 

Found5) 

20,24 
20,24 
20,24 
20,24 
20,24 
20,24 
20,24 
28 

24 

26 

28 
28 

20,24 

20,24 
24 
28 
28 

a) kcal-mol-1, b) In parentheses are shown the number of water molecules of the penultimate unit clathrate which is the 
second most stable and less stable only within 2 kcal«mol-1 than the most stable unit clathrate. 
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bonded networks of water molecules, and the rotational 
freedom of the bound guest are the most important term 
which govern the formation of the water clathrates 
with hydrophobic molecules. T h e present study 
successfully provides the semiempirical basis for a priori 
computation of the number of water molecules in 
the first layer of the crystalline water clathrate and the 
present method may be fruitful enough to be extended 
to the significant problems of water clusters in solutions. 
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Hyperconjugative interaction through the methylene group was incorporated in the framework of the Hiickel 
molecular orbital model. Resonance energies of the arenium ions, derived from typical benzenoid hydrocarbons, 
were calculated using the graph theory of aromaticity. It was found that even a benzenium ion has a considerable 
degree of aromaticity. In general, the arenium ion with large localization energy has both large resonance energy 
due to hyperconjugation and large positive charge density at the methylene group. These two quantities are 
possibly responsible for the competition between substitution and addition reactions on the benzenoid hydrocarbons. 
An aromatic transition state tends to choose a reaction path to substitution products, at least, for these compounds. 

It is widely known from the chemistry of aromatic 
hydrocarbons that solutions of these compounds in 
strong acidic media, such as concentrated sulfuric acid, 
show an intense color even if the pure compound is 
colorless.1»2) The formation of an arenium ion, i.e., a 
proton addition complex, is responsible for this phenom­
enon. An aromatic hydrocarbon is, therefore, charac­
terized as a base, and the corresponding arenium ion 
as the conjugate acid. The cyclic ^-electron system of 
an aromatic hydrocarbon is the electron source often 
sought not only by a proton but also by the reagent 
electrophile.3»4) The arenium ions have been firmly 
established as intermediates in electrophilic substitution 
reactions, as well as numerous acid-catalyzed trans­
formations of aromatics.5»6) Thus, it is quite under­
standable that a considerable effort has been expended 
over the past years to elucidate the electronic structures 
of the arenium ions through their characterization by 
various theoretical as well as experimental methods.1»2) 

Above all, it has been argued that aromatic character 
of an aromatic hydrocarbon would be retained partly 
in the arenium ion.7) This viewpoint is closely associated 
with possible hyperconjugation which should occur 

0 OD CK3 O-O 00 
1 2 3 4 5 

CO 000 COO 000 o9 

oc? o9 o9 oQ 
11 12 13 H 

6o?£? gsg» 

between the CH 2 group and the remaining ^-electrons 
of the ring.7»8) It has also been argued that the residual 
aromaticity in the arenium-type intermediate might be 
responsible for the occurrence of electrophilic substitu­
tion reactions.4) The theoretical treatment of hyper­
conjugation shows that it should occur not only with 
the CH 2 group but also when one of the hydrogen atoms 
is replaced by any substituent group.7»8) In this paper, I 
will first estimate the extent of hyperconjugation acting 
through the CH 2 group, and analyze in detail the 
electronic structure of arenium ions derived from 
typical benzenoid hydrocarbons. Our graph theory of 
aromaticity9) will be applied to them to evaluate the 
resonance energies due to hyperconjugation. All the 
results will be examined in conjunction with the tendency 
of the benzenoid hydrocarbons to undergo electrophilic 
substitution reactions. 

Hyperconjugat ion through the CH2 Group 

The graph theory of aromaticity has been described 
several times,9»10) so it is not repeated here. The theory 
is based on the simple Hiickel molecular orbital (HMO) 
model. T h e addition of a proton to the aromatic 
hydrocarbon destroys the sp2-hybridized valence state 
of one of the carbon atoms, denoted by C*, and converts 
it into an sp3-hybridized tetrahedral valence state.7»8) 
In the arenium ion thus formed, one finds a CH 2 group 
adjacent to the remaining 7r-electron system. One 
hydrogen is believed to be above and the other below 
the plane,11) the two hydrogens being denoted by H ' 
and H". 

In order to keep the algebra as simple as possible, we 
take one of the methylene orbital <p to be the composite 
bond orbital of ^-symmetry,12»13) namely, 

<l> = y ( & - ,), (1) 

t Present address: Department of Chemistry, Faculty of 
Science, Shizuoka University, Oya, Shizuoka 422. 

where <ßx and 0.2 are the a-bond orbitals localized along 
the C * - H ' and C * - H " bonds, respectively. This 
constitutes a quasi-^r orbital which functions like a n 
orbital in linear combinations with the 2p z orbitals of 
the ring carbon atoms, in such a way as to yield a 
part ial restoration of cyclic conjugation. This is nothing 
other than hyperconjugative interaction. 

In order to incorporate the methylene orbital of n-
symmetry in the H M O bonding model, two parameters, 
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h and k, must be determined for it. Here, h is related 
to the Coulomb integral for the quasi-rc orbital, and k 
to the resonance integral for hyperconjugative interac­
tion of this orbital with one of the adjacent 2p z orbitals. 
By analogy with a hyperconjugative methyl orbital,3) 
the value A=2.0 and £ = 0 . 7 may be applied to the 
methylene quasi-rc orbital, too. Haddon recently 
reexamined hyperconjugation through the methylene 
group,14) and suggested that a little smaller k value 
(^0.5) might be more preferable for the methylene 
quasi-rc orbital. At least, it gives a more reasonable 
diamagnetic anisotropy of cyclopentadiene.14) 

Heilbronner et al. adopted the simple bond orbital 
model to analyze the photoelectron spectra of cyclic 
alkanes,13) and estimated the self-energy for the C - H 
bond orbital, ACH, to be —15.67 eV and the cross 
term between two vicinal bond orbitals, BCH,CH, to be 
—2.19 eV. In the simple H M O model, the self-energy 
corresponds to the Coulomb integral and the cross 
term to the resonance integral. From Eq. 1 the self-
energy for the methylene quasi-rc orbital can be set 
equal to A C H — B C H , C H = — 13.48 eV. This represents a 
Coulomb integral for the methylene quasi-rc orbital. 
For aromatic hydrocarbons, the resonance integral 
between two adjacent 2p z orbitals has been estimated 
to be —2.7 3.0 eV.15> Then the Coulomb integral 
for each carbon 2p z orbital lies in the —5.8 6.5 eV 
range, depending upon the value adopted for the 
resonance integral. If we take all these numerical 
values into account, the Ä=2.5 value will become more 
suitable for the methylene quasi-rc orbital. 

T A B L E 1. ENERGY SEPARATION BETWEEN TWO OCCUPIED 

71 ORBITALS FOR THREE DIENES 

Experimental HMO//* 
Species energy separation10

 hÇT7T~i~^\ 

1,4-Pentadiene 0.50 0.188 0.191 
Cyclopentadiene 2.04 0.814 0.845 
1,4-Cyclohexadiene 1.06 0.366 0.382 

a) Ref. 16. b) 1 eV=9.6525x 104J/moI. 

Once this h value is adopted, the k value must next be 
determined in harmony with it. T h e simplest way of 
doing so is to make reference to the energy separations 
between the first and second rc orbitals in such hydro­
carbons as 1,4-pentadiene (0.50 eV), cyclopentadiene 
(2.04 eV), and 1,4-cyclohexadiene (1.06 eV).16> The 
k value suitable for reproducing these energy separations 
were about 0.6. For this point, see Table 1. The set 
of H M O parameters suggested by Haddon, A=2.0 and 
£=0.5 , u > can likewise reproduce these energy separa­
tions. Conversely speaking, this kind of reproducibility 
supports the existence of hyperconjugative interaction 
through the CH 2 group. T h e above two sets of H M O 
parameters were employed to calculate resonance 
energies of arenium ions. For simplicity, all discussion 
will be made using the results based on our way of 
parametrization (i.e., h=2.5 and £ = 0 . 6 ) . 

R e s o n a n c e Energ ies o f the 
A r e n i u m Ions 

Table 2 contains resonance energies of nineteen 
arenium ions derived from seven benzenoid hydro­
carbons, together with their localization energies.17) 
These resonance energies were calculated according to 
our graph theory of aromaticity.9 '10) An aromatic 
compound is characterized by the positive resonance 
energy, the magnitude of which indicates the degree 
of aromatic stabilization.9,10>18) All energetic quantities 
are given in units of ß or its absolute value ß. 

First, the simplest arenium ion, a benzenium ion, is 
predicted to have resonance energy of 0.094 ß. If we 
adopt an effective ß value reported for the resonance 
energies of benzenoid hydrocarbons {ß=3.562 eV),18> 
this resonance energy corresponds to 7.7 kcal/mol.^ 
Resonance energy of benzene is 0.273 ß or 20.8 kcal/ 
mol,19'20) so the resonance energy of the benzenium ion 
amounts to about one-third that of benzene. Considering 
that benzene is one of highly aromatic compounds, the 
resonance energy of the benzenium ion is obviously far 
from negligible. Resonance energies of a-pyrone, y-
pyrone, furan, [lOJannulene, and azulene are 0.044, 
0.010, 0.010, 0.159, and 0.151, respectively, all in 
units of jS.9) Thus, the benzenium ion is much more 
aromatic than some weakly aromatic compounds, such 
as pyrones and furan, and is comparable in aromaticity 
to [lOJannulene and azulene if the molecular sizes 
are taken into consideration.21) As the benzenium ion 
is a monocyclic conjugated system, the whole resonance 
energy can be attr ibuted to the hyperconjugative 
interaction through the CH 2 g roup; any resonance 
energy could not be anticipated without hypercon­
jugation. 

In the case of polycyclic arenium ions, the situation is 
somewhat different. T h e contribution of the CH 2 

group to aromaticity must be estimated relative to the 
resonance energy of some appropriate reference struc­
ture. A hypothetical compound with the same geometry 
but lacking conjugative interaction between the CH 2 

group and the remaining rc-electron system will serve 
for this purpose. T h e same structure has been used to 
calculate the localization energy.17) T h e increment of 
resonance energy on introducing the hyperconjugative 
interaction in this reference structure can be interpreted 
as resonance energy due to hyperconjugation or hyper­
conjugative resonance energy (HRE) . T h e HRE ' s are 
also listed in Table 2. I t should be stressed that these 
H R E ' s are never negligible, either. Many of the 
polycyclic arenium ions indeed have HRE ' s comparable 
to that of the benzenium ion. 

Hyperconjugat ive R e s o n a n c e Energy and 
Electrophi l ic Subst i tut ion R e a c t i o n s 

T h e occurrence of electrophilic substitution reactions 
has been long regarded as an excellent indication of 
aromaticity.3 - 1 6 '2 2) However, we can easily show that 

tt 1 ca l t h =4.184j . 
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T A B L E 2. RESONANCE ENERGIES AND LOCALIZATION ENERGIES FOR TYPICAL ARENIUM IONS 

Ion 

Benzenium (1) 
2-Biphenylium (2) 
3-Biphenylium (3) 
4-Biphenylium (4) 
1-Naphthalenium (5) 
2-Naphthalenium (6) 
1-Anthracenium (7) 
2-Anthracenium (8) 
9-Anthracenium (9) 
1-Phenanthrenium (10) 
2-Phenanthrenium (11) 
3-Phenanthrenium (12) 
4-Phenanthrenium (13) 
9-Phenanthrenium (14) 
1-Pyrenium (15) 
2-Pyrenium (16) 
4-Pyrenium (17) 
1-Triphenylenium (18) 
2-Triphenylenium (19) 

A=0.0 
Ä=0.0 

2.536 
2.400 
2.544 
2.447 
2.299 
2.480 
2.231 
2.423 
2.013 
2.318 
2.498 
2.454 
2.366 
2.299 
2.190 
2.549 
2.274 
2.378 
2.477 

LE'VjS 

A=2.5 
* = 0 . 6 

2.953 
2.774 
2.963 
2.830 
2.638 
2.873 
2.544 
2.789 
2.279 
2.663 
2.898 
2.836 
2.726 
2.637 
2.494 
2.969 
2.601 
2.743 
2.869 

] 

A=2.0 
* = 0 . 5 

0.085 
0.289 
0.337 
0.294 
0.244 
0.209 
0.344 
0.308 
0.403 
0.378 
0.352 
0.356 
0.373 
0.411 
0.447 
0.414 
0.470 
0.550 
0.541 

RE»/ß 

A=2.5 
* = 0 . 6 

0.094 
0.297 
0.345 
0.303 
0.250 
0.217 
0.348 
0.315 
0.406 
0.385 
0.362 
0.365 
0.380 
0.417 
0.452 
0.424 
0.475 
0.558 
0.550 

HRECV£ 

A=2.0 
* = 0 . 5 

0.085 
0.082 
0.082 
0.085 
0.052 
0.080 
0.041 
0.067 
0.020 
0.063 
0.091 
0.081 
0.070 
0.054 
0.044 
0.101 
0.047 
0.078 
0.090 

A=2.5 
* = 0 . 6 

0.094 
0.091 
0.090 
0.092 
0.058 
0.089 
0.045 
0.074 
0.023 
0.070 
0.101 
0.090 
0.078 
0.060 
0.049 
0.112 
0.052 
0.086 
0.099 

a) Localization energy, b) Resonance energy, c) Hyperconjugative resonance energy. 

T A B L E 3. POSITIVE CHARGE DENSITY IN T H E METHYLENE 

QUASI-7I ORBITAL FOR TYPICAL ARENIUM IONS 

Ion 

Benzenium (1) 
2-Biphenylium (2) 
3-Biphenylium (3) 
4-Biphenylium (4) 
1-Naphthalenium (5) 
2-Naphthalenium (6) 
1-Anthracenium (7) 
2-Anthracenium (8) 
9-Anthracenium (9) 
1-Phenanthrenium (10) 
2-Phenanthrenium (11) 
3-Phenanthrenium (12) 
4-Phenanthrenium (13) 
9-Phenanthrenium (14) 
1-Pyrenium (15) 
2-Pyrenium (16) 
4-Pyrenium (17) 
1-Triphenylenium (18) 
2-Triphenylenium (19) 

A=2.0 
* = 0 . 5 

0.146 
0.129 
0.147 
0.133 
0.115 
0.137 
0.106 
0.128 
0.083 
0.118 
0.140 
0.133 
0.124 
0.115 
0.101 
0.147 
0.111 
0.126 
0.137 

PCDa) 

A=2.5 
* = 0 . 6 

0.139 
0.124 
0.140 
0.128 
0.112 
0.132 
0.104 
0.124 
0.084 
0.114 
0.154 
0.128 
0.119 
0.112 
0.099 
0.140 
0.108 
0.121 
0.131 

a) Positive charge density in the methylene quasi-7r orbital. 

less aromatic compounds, in general, undergo electro­
philic substitution reactions more rapidly. For example, 
furan undergoes substitution reactions much more 
rapidly than benzene when an appropriate electrophile 
attacks them.23) In line with this, furan often reacts 
with electrophiles to form addition products.23) There­
fore, the tendency to undergo electrophilic substitution 
reactions is a vague criterion of aromaticity.24) 

In this connection, it seems quite likely that an 
electrophilic substitution reaction is not always an 
exothermic reaction. Let us consider the following pair 
of reactions : Suppose here that X and Y are hydrogen 

(2a) 

(2b) 

H Y 

atoms. Heats of hydrogénation of benzene and 1,3-
cyclohexadiene are 49.8 and 55.6 kcal/mol, respectively, 
in the gas phase.25) 1,4-Cyclohexadiene also give a heat 
of hydrogénation comparable to that of 1,3-diene.20) 
As stated before, benzene is highly aromatic with 
resonance energy of 20.8 kcal/mol.19 '20) If resonance 
energy of a given cyclic conjugated system were about 
6 kcal/mol smaller than that of benzene, there would be 
no preference for substitution to addition reactions. 
Heats of reaction would become comparable for reac­
tions of the types 2a and 2b. Many compounds are 
really considerably less aromatic than benzene.9 '10) 
Accordingly, such a situation might often be encountered 
even if X+ and Y~ in Eq. 2 are replaced by an appro­
priate electrophile and nucleophile, respectively. In 
fact, it has been found that addition-accompanied 
substitution occurs in the chlorination of relatively 
simple benzenoid hydrocarbons, such as biphenyl and 
naphthalene.26) As the situation is like this, the question 
may be raised why electrophilic substitution occurs 
preferentially. 
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By the way, localization energy (LE) has been 
successfully related to the rate of electrophilic substitu­
tion reaction.3"6'17»27) The Wheland intermediate which 
appears during the reaction17) is iso-^r-electronic with a 
corresponding proton addition complex. According to 
the Hammond postulate,28) the transition state must 
closely resemble the Wheland intermediate, because it 
is much higher in energy than the reactant and product. 
The effect of hyperconjugation has been neglected in the 
original LE theory,3"6»17) but the present study shows 
that it must decrease the energy of the intermediate 
by 0.26—0.48 £ (Table 2). 

Now, let us return to the point. Stock suggested that 
the residual aromaticity in the transition state might be 
necessary for the occurrence of electrophilic substitution 
reactions.4) The existence of this kind of resonance 
energy has already been clarified. The positive H R E 
is related exactly to the residual aromaticity. In this 
sence, Stock's suggestion appears to be worthy of serious 
consideration. 

In order to obtain a clue to this problem, H R E was 
plotted against LE for the nineteen arenium ions (Fig. 1 ). 
Here and in Fig. 2, LE's defined for the systems with 
A=0.0 and k=0.0 are used. It was then found that 
H R E is closely related to LE, in such a manner that , 
when LE is large, H R E is large, too. This trend does 
not depend upon the type of the site to which a proton 
is at tached. For example, the 9-anthracenium ion has 
both smaller LE and H R E than any other arenium ion 
investigated. The largest H R E is given by the 2-
pyrenium ion, which necessarily has the largest LE. 
Since an electrophilic reaction takes place mostly via a 
Wheland intermediate with the smallest LE,3"6) we 
might say that the reaction occurs mostly via the 
Wheland intermediate with the smallest H R E . This 
implies that most electrophilic reactions occur at the 
sites which are least favorable to the occurrence of 
substitution reactions. 

This viewpoint is based on the fact that an aromatic 
species generally has not only thermodynamic but also 
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Fig. 1. Plot of hyperconjugative resonance energy 
(HRE) against localization energy (LE) for nineteen 
arenium ions. 

Fig. 2. Plot of positive charge density in the methylene 
quaswr orbital (PCD) against localization energy (LE) 
for nineteen arenium ions. 

kinetic stability.29-31) In 1971, Hess and Schaad showed 
that the energy separation between the highest occupied 
molecular orbital and the lowest unoccupied molecular 
orbital is a linear function of the resonance energy per 
^-electron (REPE) for a variety of benzenoid hydro­
carbons.18»29) T h e R E P E is a measure of aromatic 
stabilization, normalized with respect to the number 
of n electrons. Recently, Haddon and Fukunaga found 
an analogous relationship for the annulenes.30) It then 
follows that an aromatic compound with larger reso­
nance energy tends to retain its cyclic conjugated 
system, resisting addition-type reactions. Assigning 
such an attr ibute to the arenium ion and Wheland 
intermediates, we can reasonably infer that a highly 
aromatic intermediate would tend to refrain from 
taking paths to addition products. Addition products 
obviously break the cyclic conjugated system of the 
intermediate. O n the other hand, a poorly aromatic 
intermediate would be willing to take paths to addition 
products. 

The above inference is in fact supported by the work 
of de la Mare 's group.26) They studied the chlorination 
of benzenoid hydrocarbons with a molecular chlorine. 
The chlorine is a highly selective reagent.32) It was 
found that significant proportions of by-products were 
formed by addition of chlorine or chlorine acetate 
derived from chlorine and acetic acid solvent.26) There 
seems to be a general tendency for addition to become 
prominent as the reactivity of the hydrocarbon increases. 
Thus, the order of proportions of addition to substitution 
products was phenan th r ene>naph tha l ene> t r i phen -
ylene>biphenyl^>benzene. This is exactly the same 
order as that of the overall reaction rates.26) Anthracene 
probably comes first.3) It is widely known that the 9 
position of anthracene has a greater tendency toward 
electrophilic addition than the 9 position of phenan-
threne.4»33) It has been accepted that the overall 
reaction rate is determined by the smallest LE conceiva­
ble in the compound.3»4) A greater overall reaction 
rate corresponds to the smaller LE, and a greater 



2272 Jun-ichi AIHARA [Vol. 54, No. 8 

proportion of the addition products to the smaller 
H R E . Competition between substitution and addition 
reactions can thus be related to the aromatic character 
of the Wheland intermediate. 

Here, there is an exception to the order of experi­
mental reaction rates; it is phenanthrene vs. naph­
thalene. LE of the 9-phenanthrenium ion is comparable 
to that of the 1-naphthalenium ion. However, the 
greater reactivity of phenanthrene t han naphthalene 
is experimentally commonplace, and has been observed 
is several substitution reactions.33) Unfortunately, this 
problem is beyond the scope of the H M O model, and 
should be treated by more sophisticated methods.27) 

When substitution occurs, the Wheland intermediate 
loses a proton to the nucleophile, and so reverts to an 
aromatic 7r-electron ring, now substituted with the 
electrophilic group.3 - 6) I t is noteworthy that salts 
of substituted benzenium ions can be isolated as crystal­
line materials or observed by spectroscopic techniques 
in non-nucleophilic solvents.1-2'34) In this view, we may 
expect that , the greater the positive charge density 
(PCD) in the methylene orbital is, the easier should 
it be to remove hydrogen as a proton. If P C D is low 
in the methylene orbital, the chance that nucleophilic 
addition occurs to the remaining ^-electron system 
would be great. In this connection, Dixon regarded 
the charge density on the protons of the C H 2 group 
as a measure of proton loss, leading to overall sub­
stitution.12) 

We can examine this effect by means of the present 
bonding model. Hyperconjugation permits a con­
siderable migration of negative charge into the ring 
from the methylene quasi-:rc orbital. The PCD is 
induced as a result of partial equalization of the charge 
distribution. Table 2 and Fig. 2 indicate how the 
positive charge in the methylene quasi-:rc orbital cor­
relates with LE for the benzenoid hydrocarbons studied. 
We see therefrom that PCD is almost linearly related 
to LE and, hence, to the overall reaction rate. This 
suggests that the leaving ability of hydrogen as a 
proton might be enhanced in the case of the arenium 
ions with large LE's. In other words, proton loss occurs 
more readily to restore the fully aromatic sextet when 
there is more extensive derea l iza t ion of the positive 
charge. This indicates that PCD reflects the magnitude 
of H R E straightforwardly. Accordingly, the tendency 
of a benzenoid hydrocarbon to undergo electrophilic 
substitution, predicted from the PCD, bears a close 
resemblance to the tendency predicted from the H R E . 
Both are naturally in good accord with experiment. 
T h e two effects seem to enhance cooperatively the 
preference for substitution reactions. In our chemical 
sence, it seems that H R E tends to avoid adding a 
nucleophile to the ^-electron system, while P C D tends 
to eliminate a proton, both resulting in the same 
substitution reaction. 

However, it should be stressed that H R E is not 
always a single determinant for the occurrence of 

substitution reactions. For example, pyrene is much 
more reactive than phenanthrene.3 '4 '27-33) but the 
addition products have not been observed appreciably. 
Since H R E is at most 8 kcal/mol for any compound, 
the other factors, such as the size of an electrophile 
and a steric effect in the addition product, cannot be 
neglected in tracing a reaction path. By inspecting the 
molecular model, it was found that every ring in pyrene 
might be subject to some steric restriction when it 
undergoes an addition reaction. The restriction appears 
very severe in the case of addition reactions starting 
from the 1-pyrenium-type intermediate. In such a case, 
addition-elimination routes to substitution products 
become important . 

Three of the most characteristic properties of aromatic 
compounds are the thermodynamic stability, the 
diamagnetic susceptibility exaltation, and the tendency 
to undergo electrophilic substitution reactions. T h e first 
two properties can be analyzed consistently in terms 
of our graph theory of aromaticity.9»10 '35) For the first 
time, this theory succeeded in unifying the two 
concepts.35) Along with these physical properties, the 
tendency to undergo electrophilic substitution reactions 
has been widely used as a purely chemical criterion of 
aromaticity.22»36) 

As stated before, this criterion is quite empirical. To 
make matters worse, it is not always related to aromati­
city.24'36) T h e tropylium ion, accepted as an example 
of a nonbenzenoid aromatic species, does not react with 
electrophiles.36) O n the contrary, a 2,3-dihydro-l,4-
diazepinium ion undergoes many electrophilic substitu­
tion reactions, although it has no cyclic conjugated 
system.36) In this sence, there is an obvious limitation 
in the present approach. I t does not apply to the 
Wheland intermediates which are aromatically- or 
hetero-atom-stabilized species.37) For example, the 
aromatically-stabilized intermediates are those derived 
from azulene and calicene. T h e azulenium and 2-
calicenium ions are both Hückeloid aromatic cations 
with substituents. The hetero-atom-stabilized systems 
are exemplified by the Wheland intermediates derived 
from pyrrole and a 2,3-dihydro-l,4-diazepinium ion. 

Electrophilic substitution is indeed a complicated 
chemical process.5'6-38) To the best of my knowledge, 
there have been few logical approaches to the competi­
tion between substitution and addition reactions. 
Therefore, the present approach might be regarded as a 
first significant step forward, although its application 
is limited to benzenoid hydrocarbons. This approach 
not only unveiled some important features of aromatic 
substitution, but also enabled us to trace reaction routes 
to substitution products more closely than before. All 
the reasoning is relatively simple and understandable. 

In summary, I have considered both the ability of 
the C H 2 group to function as a hyperconjugator and 
the ability to dissociate a proton. H R E represents the 
energy difference between a real hyperconjugative 
system and its hyperconjugative reference structure. 
Stock's suggestion that electrophilic substitution might 

Charge D e n s i t y i n the Methy lene 
Quasi-77 Orbi ta l Concluding R e m a r k s 
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occur via an aromatic transition state4) has been verified 
and generalized in terms of H R E . It was theoretically 
conciliated with Dixon's measure of proton loss defined 
using PCD.12) If the Wheland intermediate were 
absolutely olefinic in nature, a significant proportion of 
addition products would be obtained, because there 
is no tendency for polyenic cations to undergo e l ec t ro 
philic substitution reactions. In general, if the parent 
compound is not aromatic, the corresponding proton 
addition complex has no H R E . This might be the main 
reason why electrophilic substitution is limited mostly 
to aromatic compounds. 

The use of the facilities of the Hokkaido University 
Computing Center is gratefully acknowledged. 
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Optical absorption and reflection measurements are carried out on undoped and AsF6 doped films of "poly-
(4,4'-biphenylylene)" over a wide wavelength region (300—50000 cm - 1). In the doped polymer, the free 
carrier absorption band appears in the IR region and the dc conductivity is estimated from the observed spectrum. 
The obtained value (<r0=376 S cm -1) is two orders of magnitude larger than the value {OQ—2 S cm-1) observed by 
the conductivity measurement. The discrepancy may be due to the existence of many cracks on the films. 

There is now a large and rapidly growing interest in 
conducting derivatives of organic polymers. Polymers 
such as doped polyacetylene,1) doped poly(/>-phen-
ylene),2) doped polypyrrole,3-5) and doped poly-
(thio-/>-phenylene)6>7) were reported to exhibit high 
electrical conductivity. Polyacetylene is obtained as 
flexible and crystalline film, however, it is insoluble and 
infusible. Other polymers, such as electrochemically 
prepared polypyrrole, poly(thio-jb-phenylene) are in­
soluble in common solvents. 

We have recently reported the conducting polymer 
prepared by AsF5 oxidation of benzene soluble polymer : 
"poly(4,4'-biphenylylene)."8> In the present paper, we 
describe about the electrical and optical properties of 
pure and AsF5 doped "poly(4,4'-biphenylylene)." 

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

"Poly(4,4'-biphenylylene)" was readily prepared by heat­
ing a suspension of the 4,4'-benzidinebis(diazonium) chloride-
CuCl complex in pure water (80 °C, 1 h),9'10> although poly-
(/Kphenylene)11»12) was synthesized by direct polymerization 
as is shown in Fig. 1. The dark-brown polymer was then 
separated into two fractions by extraction with benzene. The 
soluble portion was fractionally precipitated by adding 
petroleum ether and separated into two fractions by extrac­
tion with acetone. 

a) 

b) 

Fig. 1. Preparation of a) poly(/>-phenylene), b) "poly-
(4,4'-biphenylylene)." 

Reaction of AsF5 gas with the benzene soluble and acetone 
insoluble polymer produced a blue-black material and the 
doped level were adjusted by doping time under 200 mmHg 
(1 mmHg= 133.322 Pa) of AsF6 gas. For the sample doped 
for 40 h, the uptake of AsF5 measured by weight increases 
corresponds to ca. one AsF5 molecule per phenyl group. 

The film was made by dropping the dioxane solution of 
"po!y(4,4'-biphenylylene)" on the four probe plate and then 
drying. The films were doped with AsF5 and pumped for 
about one hour. After that, the doped films were connected 
to an apparatus for measuring the dc conductivity. The 
electrical conductivity was measured under nitrogen by the 
standard four probe method. 

The absorption spectra of pure and AsF6 doped films on 
a KBr or quartz plate were measured in vacuo with Hitachi 
IR 260-50 (300—4000 cm -1) and Carl Zeiss M4Q (4000— 
50000 cm -1) spectrophotometers. The reflection measurement 
of pure thick "poly(4,4'-biphenylylene)" film on a glass plate 
was made with Hitachi IR 260-50 and a microscopic spectro­
photometer (4000—50000 cm -1) made in our laboratory. It 
consists of an Olympus microscope, a Carl Zeiss Ultrafluar 
lens (x 10), a Nikon crystal mount, a HTV 928 photomulti-
plier and a PbS tube, and an Intel 8080 microcomputer 
for data processing. 

The Kramers-Kronig (K-K) transformation of the reflec­
tion spectra and the best fit of the absorption and reflection 
spectra by SALS program were made on a Facom M-200 
computer of Nagoya University. 

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

"Poly(4,4'-biphenylylene)" was identified to be a 
copolymer of 1,4-biphenyldiyl and azo-l,4-biphenyldiyl 
compounds (x : y = 4 : 1).9'10> Accordingly, the excited 
wave function (We) of this polymer can be expressed 
by the superposition of the locally excited configurations 
of polyphenyl (0p h) and azo (0 a z o ) groups and the 
charge transfer (0>CT) configurations between these two 
groups.13) 

3P"e = *10ph + *»0a.o + C90m (1) 

and the transition moment between the ground (F0) 
and excited states can be given as follows, 

( r . | M | r o ) = ' i (** , |M| r 0 ) + c2(0azo\M\Wo). (2) 

However, the azo group has a weak absorption band 
at 350 nm whose intensity has been reported to be 
e=5.14> Therefore, the second term of the right side in 
Eq. 2 can be neglected and the visible absorption spectra 
of "poly(4,4'-biphenylylene)" may be considered to be 
similar to that of polyphenyl group. A benzene molecule 
has six ^-electrons which are considered free to delocalize 
along the phenyl ring. These ^-electrons form two 
single and two double degenerate jr-orbitals (#,-, i— 
1—6). In the polyphenyl system, rc-bands fc(k) can 
be expressed by the linear combination of rc-orbitals in 
each ring 
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<*i(*) = ^ S e W Ä » # . ( • = 1 - 6 ) . (3) 

The energies ei(k) of jr-bands are calculated according 
to M O theory, 

et(k) = a + ß - -jß' ax (ka) 

(4) e3(k) = a + ß 

Bt(k) = «. - ß + ^-ß'cos {ka) 

e5(k) = OL-ß 

«•(*) = a -2ß-±-ß' cos (to), 

where /? is the resonance integral between successive 
carbon atoms in the same ring and ß' in the different 
ring. All ^-electrons are filled in the three bands of 
e^k), e2(k), and e9(k) as is shown in Fig. 2-a. 

Fig. 2. Electronic structure of the polyphenyl system. 
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50 

Fig. 3. Reflection spectra of "poly(4,4'-biphenylylene)." 
: Observed, : calculated (SALS). 

Figure 3 shows the reflection spectrum of the pure 
polymer film of "poly(4,4'-biphenylylene)." The first 
band at 24000 c m - 1 has the reflectivity of 13.4% and 
the second band at 34000 cm" 1 has that of 17.1 %. The 
third band is located in the region of higher wave 
number than 50000 c m - 1 . Accordingly, the first band 
at 24000 c m - 1 can be assigned to the transition from 
the s2(k=0) band to the e 4 (£=0) band. The second 
band consists of the overlap of two transitions of 
e2(k=0)^e5(k=0) and es(k=0)-*ee(k=0). The di­
electric function of pure "poly(4,4'-biphenylylene)" 
can be expressed by the following equation.15) 

e{œ) 

where 

1 + E— 

/4rcW>2 \V2 

Qj2 

-icoyj 

0 , - ( ^ , ) 

(5) 

(6) 

a)j and yj are the transition energy and the band width 
of the j-th band. Nj is the number density of electron 
contributing to t he j - t h b a n d , / , is the oscillator strength 
of the j-1 h band and m is the electron mass. 

T h e reflectivity R can be expressed by using the 
dielectric function of Eq. 5,15-17) 

R = 

and 

l + |e |-V2(|e 
1 + |«|+V2(|« 

= Vei1+e î
i» 

+ «i) 

+*) 
(7) 

(8) 

where ex and e2 are the real and imaginary parts of the 
dielectric function. The parameters QJ9 <Oj, and yj of 
undoped "poly(4,4'-biphenylylene)" can be determined 
by the best fit of the calculated reflection values to the 
observed spectra. The obtained parameters are shown 
in Table 1 and the best fit curve is plottted in Fig. 3 
for comparison with the experimental curve. 

The absorption coefficient oc(co) based on these 
parameters can be obtained by the following equa­
tions,15) 

«M = —rv^M 
cn(<o) 

and 
n(a>y = { v V + e 2

2 + * i } / 2 . 

(9) 

(10) 

In Fig. 4, the obtained absorption spectrum is depicted 
together with the solution spectrum and the absorption 
spectrum calculated by the Kramers-Kronig trans­
formation of the reflection spectrum. 

Figure 5 shows the temperature dependence of the 
conductivity of the films doped with various concentra­
tions of AsF5 . T h e room temperature conductivity was 
about <7^2 S c m - 1 for the film doped for 40 h under 

TABLE 1. BEST FITTED PARAMETERS OF THE DIELECTRIC FUNCTION OF PURE 
AND AsF5 DOPED "POLY(4,4 /-BIPHENYLYLENE)" FILM 

Band 
J 

1 
2 
3 
4 

Qj/cm-1 

16263.5 
25736.2 
21906.9 

Pure film 

co jl cm-1 

23742.5 
32046.3 
44669.9 

y jl cm-1 

5829. 2 
9400.9 

11791.3 

Qj/cm-1 

8678.9 
26102.6 
25257.7 

149223.0 

AsFfi doped filma) 

co j/cm-1 

0.0 
8933.6 

17488.5 
51715.0 

y jl cm-1 

3336.3 
10623.7 
7623.6 

28382.0 

a) Data of the "poly(4,4'-biphenylylene)" doped for 22 h under 200 mmHg of AsF6 gas. 
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10 20 30 „ 
WAVE NUMBER/103 cm ? 50 

Fig. 4. Absorption spectra of pure "poly(4,4'-biphenyl-
ylene)." 

: Observed (dioxane solution), : calculated 
(SALS), : calculated (Kramers-Kronig). 
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Fig. 5. Temperature dependence of the conductivity of 
the films doped with various concentrations of AsF6. 
a : 4 0 h , b : 2 0 h , c: 3 h. 

200 m m H g of AsF5 gas, although the conductivity 
for the undoped material is less than 10 - 4 S c m - 1 . 
T h e plots of log a vs. l/T give straight lines near room 
temperature and the approximate thermal activation 
energy can be determined by the initial slope of \jT 
plots. T h e resulting activation energy is about 0.36 eV 
for the sample doped for 4 h and reaches to almost 
zero for the films doped for more than 20 h. 

Figures 6 and 7 are the visible and I R absorption 
spectra of thin "poly(4,4'-biphenylylene)" films doped 
with various concentrations of AsF6. O n doping the 
film with AsF5 , the absorption intensity of the 27000 
c m - 1 band decreases and the new band appears at 
about 18500 cm- 1 . An isosbestic point at 23200 c m - 1 

may be explained by an equilibrium between the highly 
conjugated polymer (/?=/?') and the twisting polymer 
(ß=£ß'). T h a t is, each phenyl ring seems to twist about 
the central bond in the pure polymer and \ß'\ is smaller 
than \ß\. For the lightly doped polymer, each phenyl 
group lies in the same plane and ^-electrons become to 
be highly conjugated between phenyl rings (\ß'\ = \ß\). 
As a consequence, the first band at 27000 c m - 1 shifts 
to the shorter wave number region as is shown in Fig. 
2-b. After that , doping produces the broad band in 

10 15 20 25 

WAVE NUMBER/103 cm"1 

30 35 

Fig. 6. Absorption spectra of AsF6 doped "poly(4,4'-
biphenylylene)." 
1: Omin, 2: 5 min, 3: 30 min, 4: 1 h, 5: 3 h, 
6: 19h, 7: 22 h, 8: 32 h. 

30 25 20 IS 
WAVE NUMBER/102 em"1 

Fig. 7. IR absorption spectra of AsF5 doped "poly(4,4'-
biphenylylene)." 
1: Omin, 2: 2 h, 3: 4h , 4: 22 h. 

the region of 5000 c m - 1 to 10000 cm" 1 and a back­
ground absorption in the I R region in addition to the 
vibrational bands of A s F 6 - H 3 0 + at 400, 700, and 3000 
cm - 1 .1 8) Figure 2-c shows that the Fermi level comes 
below the top of e2(k) band by transfering a few n-
electrons to AsF5 molecules and the impurity level 
appears at the midpoint of the gap between the e2(k) 
and £4(£) bands. This broad band may be explained 
by the transition band from the e2(k) band to the 
impurity level. 

T h e maximum absorption coefficient of the 27000 
c m - 1 band of the pure film is determined to be 2.6 X 105 

c m - 1 in Fig. 4. Accordingly, the absorption coefficient 
of the AsF5 doped film can be estimated as is shown in 
Fig. 8. Then , the parameters of the dielectric function 
of the doped film were decided by the optimum fit of 
Eq. 7 to the experimental data. T h e best fitted param­
eters are shown in Table 1. T h e calculated absorption 
spectrum based on these values is plotted for comparison 
with the experimental curve in Fig. 8. 

T h e band 1 has the zero transition energy a>y=0 and 
is the back ground absorption in the I R region which 
can be assigned to the in t raband transition. This means 
that doping makes the ^-electrons in the polymer to 
be transferred to the AsF5 molecule according to the 
following reaction, 
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0 10 20 30 
WAVE NUMBER / l O 3 ^ 

Fig. 8. Absorption spectra of "poly(4,4'-biphenylylene)" 
doped with AsF5 (22 h). 

: Galcualted (SALS), : calculated (SALS), 
: observed. 

3AsF6 + 2e • 2AsF6" + AsF3 (11) 

and one of the jr-bands becomes partially unfilled. The 
plasma frequency of the first band is given in Table 1. 

/4 rcM 2 \ 1 / 2 

ßx = 
V 

8678.9 cm" (12) 

Then, the number density (N) of the free carriers in 
the AsF5 doped film can be estimated to be about 
8 x l 0 2 0 c m - 3 by substituting m*=m to the next 
equation, 

flx2m* 
N = 

4rce2 (13) 

This value corresponds to 1.4% of the total ^-electrons 
( 6 x l 0 2 2 c m - 3 ) in the polymer film, judging from the 
density of the film (p=l.38 g/cm3). This means that a 
few holes in the unfilled jr-band contribute to the 
transport phenomenon. 

Furthermore, the dc conductivity, <r0, is given by the 
following equation,15) 

tfn = 
47ty1 

(14) 

and is calculated by using the observed plasma 
frequency, Ql9 and the band width, yv T h e obtained 
value (<r0~376 S cm - 1 ) is two orders of magni tude 

larger t han the observed values (<r0^2 S cm - 1 ) of the 
dc conductivity of AsF5 doped films. The discrepancy 
may be due to the existence of many cracks on the film. 
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Absorption and reflection spectra of the polypyrrole films prepared by electrochemical polymerization are 
shown over the wide wavelength region and the best fit of the calculated reflection spectra is presented to the observed 
spectra. Electrical conductivity of the film is measured as a function of temperature and a plot of log a vs. T~lfi 

gives a straight line over the 4.2—300 K region. Furthermore, the thermoelectric-power, S, of the polypyrrole 
film is shown in the form of S vs. T on a linear scale. Based on these results, the conduction mechanism of polypyr­
role film is discussed. 

In recent years, many polymers such as polysulfur 
nitride, (SN)*,1) and AsF5 doped polyacetylene, 
(CH)^2'3> have arrested attention because they exhibited 
metallic properties. These discoveries have encouraged 
the search for other polymeric systems with greater 
chemical stability and plasticity. 

Diaz et al.*-7) have synthesized a strongly adhered, 
durable film; polypyrrole, by electrochemical poly­
merization of pyrrole on plat inum surface. T h e films 
have shiny blue-black color and show metallic properties 
like (SN)X and doped (GH) , . T h e room temperature 
electrical conductivity of the present films is as high 
as 4.4 Q-1 cm- 1 . T h e films are stable in air. 

In the present paper, we report the absorption 
spectra in the 250—4000 c m - 1 region, the reflection 
spectra in the 250—33000 cm" 1 region. T h e electrical 
conductivity and the thermoelectric-power of poly­
pyrrole are measured over the wide temperature range 
and the conduction mechanism of polypyrrole is 
discussed based on these experimental results. 

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

The black films of polypyrrole {ca. 0.8 (xm thick) were 
synthesized as described by Diaz et o/.4-') Polypyrrloe was 
prepared on a platinum surface ( 1.0 x 3.0 cm2) by passing 
24 mC/cm2 of charge in a cell containing 0.54 g (0.1 mol/dm3) 
of Et4NBF4 and 0.10 g (0.06 mol/dm3) of pyrrole in 25 cm3 

of 99% aqueous acetonitrile. The films adhere to the electrode 
surface strongly. The films were washed with distilled water 
and dried at room temperature in air. Tetraethylammonium 
tetrafluoroborate (Et4NBF4) was prepared by neutralizing 10% 
aqueous solution of tetraethylammonium hydroxide with 42% 
aqueous hydrofluoroboric acid.8) Pyrrole and lithium Per­
chlorate (LiC104) were products of Nakarai Chemicals Ltd. 
and they were used as received. 

The absorption spectra of the thin polypyrrole film were 
measured with Hitachi IR 260-50 (250—4000 cm"1), 
and the reflection spectra of polypyrrole film were measured 
with Hitachi IR 260-50 and a microscopic spectrophotometer 
(4000—33000 cm-1) made in our laboratory. It con­
sists of an Olympus microscope, a Carl Zeiss Ultrafluar lens 
(X 10), a Nikon crystal mount, a HTV 928 photomultiplier 
and a PbS cell, and an Intel 8080 microcomputer for data 
processing. 

The best fit of the calculated reflection spectra of poly­
pyrrole film to the observed spectra were made on a Facom 
M-200 computer of Nagoya University by using SALS pro­
gram. 

For the thermoelectric-power measurements, a rectangular 
sample (4x15 mm2) was mounted lengthwise between two 
copper blocks using pressure contacts. A temperature 
difference (A T) was established by heating one of the copper 
blocks, and the voltage generated by the thermal gradient 
across the sample was measured. The AT" across the sample 
was measured with a copper-constantan differential thermo­
couple. 

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

Figure 1 shows the I R absorption and reflection 
spectra of thin polypyrrole film prepared by using 
Et4NBF4 as supporting electrolyte. T h e color of the 
films prepared with Et4NBF4 is shiny black and the 
films prepared by using LiC10 4 is brown-black. I R 
absorption spectra show the bands characteristic of 
pyrrole confirming the presence of the pyrrole rings in 
the polymer.9) For example, the skeletal stretching of 
the pyrrole r ing is found at 1500 c m - 1 region, the 
= C - H in-plane deformation is found at 1300 and 1180 
c m - 1 , the = C - H out-of-plane bending at 775 cm*1, and 
the ring breathing at 920 cm"1 . T h e peak near 1035 
c m - 1 is assigned to the BF4~ ion since this band is 
observed in the spectra of Et4NBF4 in KBr disk. 

2 3 
WAVE NUMBER / l O 3 « * " 1 

Fig. 1. Comparing between the absorption and the 
reflection spectra of polypyrrole film prepared by using 
Et4NBF4 in the IR region. 

: Absorption spectrum, : reflection spectrum. 

Figure 2 shows the reflection spectra of polypyrrole 
films prepared by different supporting electrolytes. T h e 
reflectivity in the lower energy region increases and a 
broad band around 3000—4000 c m - 1 region is inten­
sified with increasing conductivities. T h e lower energy 
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Fig. 2. Reflection spectra of polypyrrole film prepared 
by using different supporting electrolytes. 

: Et4NBF4 ((T295K=4.4Q-1 cm-1), : Et4NBF4 

(*295K=0.74 Q-1 cm- 1 ) , 
Q-

LiC104 (<72! =0.016 
cm' *)• 

transition may be assigned to the zero-band gap transi­
tion. The origin of the peak around 3000 c m - 1 region 
is not evident, but it may be correlated with the number 
of carriers because the intensity is enhanced with the 
conductivity. 

Even if the same supporting electrolyte was used, the 
reflection spectra of the films were not the same from 
each other due to polymerization conditions. Comparing 
the reflection spectra of the films prepared with Et4NBF4, 
the film of lower dc conductivity (^295K=0.74 Q_1 cm - 1 ) 
is shown to have a lower reflectivity throughout whole 
spectral region than the film of higher d.c. conductivity 
(<72 9 6 K=4.4Q-1cm-1). The reflectivity at 300 cm"1 

is 48% for the films of higher conductivity but 38% for 
the films which has lower d.c. conductivity. 

It is noteworthy that the reflectivity is lower for the 
films prepared by using LiC104 which has the d.c. 
conductivity of ^ 2 9 5 K = 0 . 0 1 6 Q_1 cm - 1 . However, the 
broad bands are clearly found at 3000 c m - 1 and at 
6000—16000 cm- 1 region. 

The dielectric function of a linear chain of zero-band 
gap may be expressed by the following equation,10) 

« f a ) = Score ~ <o2+ iwy ' 
where 

<Or> = 
\ m* / 

(1) 

(2) 

R = (3) 

y is the band width, N is the number density of free 
carrier, and m* is the effective electron mass. 

The reflectivity R can be expressed by the following 
equation,10-12) 

l+lel-Vg^H+fi) 
1+\B\W2(\*\ + *I)' 

and 
\e\ = y ^ + i ? , (4) 

where ex and e2 are the real and imaginary parts of the 
dielectric function. Accordingly, the best fit of Eq. 3 
to the observed reflection spectrum except the broad 
band around 3000—4000 c m - 1 is obtained by using 

the following parameters with Eq. 1, 

<yp= 17230 cm"1, 

y = 39340 cm"1, 

and 
2.4. 

By using these values, the relaxation time is calculated 
as 

1/T = 2ncy = 7.41 x 10" s"1, 

and we obtain 

T = 0.135 x 10"15s. 

This value is same magnitude with the value {oQ= 
0.277 X 10"15 s) obtained for the C1S03H heavily doped 
polyacetylene.11) The calculated reflection spectrum 
based on these values is in good agreement with the 
observed curve except the 3000—4000 c m - 1 region as 
is shown in Fig. 3. 

10 15 20 25 

WAVE NUMBER / 103 cm"1 

30 35 

Fig. 3. Observed and calculated reflection spectra of 
polypyrrole film prepared by using Et4NBF4. 

: Observed spectrum, : calculated spectrum. 

Then, the number density, N, of the free carrier in 
the polypyrrole film can be estimated as 3 X 1021 c m - 3 

by substituting m*=me to the next equation,10-12) 

N_wP
2m* 

4ne2 ' (5) 

This value corresponds to ca. 5% of the total jz-electrons 
( 7 x l 0 2 2 c m - 3 ) which is estimated from the density of 
the film (p=\AS g/cm3).5) This means that a few holes 
in the filled jr-band contribute to the transport 
phenomenon. 

Furthermore, the dc conductivity, <J0, is given by the 
following equation,10-12) 

oa = 
<*>T> 

4ny (6) 

The value is calculated by using the observed plasma 
frequency, cop, and the band width, y. The obtained 
value (ff0^126 Q_1 cm - 1 ) is two order of magnitude 
larger than the observed value (<r0^4.4 Q - 1 cm - 1 ) of 
the d.c. conductivity of polypyrrole prepared by using 
Et4NBF4. 

The difference between these two values may be 
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100 200 300 
T/K 

Fig. 4. Electrical conductivity of polypyrrole film 
prepared by using Et4NBF4 in the form of log a vs. T. 

T / K 
t 300 200 100 50 20 
1 i—r 

Fig. 5. Electrical conductivity of polypyrrole film pre­
pared by using Et4NBF4 in the form of log a vs. T -1/4. 

explained by the mechanism as shown below. Namely 
the temperature dependence of the electrical conduc­
tivity was measured on the polypyrrole films prepared 
by using Et4NBF4 as shown in Fig. 4 in the form of log a 
vs T. A plot shows a smooth curve from <r296K=4.4 Q_1 

cm"1 to tf4.2K=6.72x l O ^ Q ^ c m - 1 . In fact, a plot 
of log vs. T - 1 / 4 gives a straight line over the tempera­
ture region of 4.2—300 K as is shown in Fig. 5. The 
straight line is expressed by 

log a = - 7.35 r-i/4 + 2.385. (7) 

Such behavior suggests a hopping model for the conduc­
tion mechanism. That is, the resistivity (p=\/a) of the 
film is composed of the sum of the resistivity (|00=1/<70) 
in the polypyrrole chain and the resistivity (/0h=l/<7h) 
between the chains, 

P = Po + Ph- (8) 

The intrachain conductivity, <r0, can be explained by 

Fig. 6. A conduction mechanism of the hopping electron 
between the polypyrrole chain. 

the conduction mechanism for the band model and 
corresponds to the optically determined value (<r0~ 
126 Q"1 cm - 1 ) , which is larger than the conductivity, 
tfh, between the chains. Accordingly, the observed 
conductivity, <r, of the film may be correlated with the 
conductivity, ah, for the hopping electron between 
the chains. Mott13) presented a conduction mechanism 
for a hopping process, which is depicted in Fig. 6. 
Every time an electron moves between the polymer 
chains, an electron just below the Fermi level jumps 
normally to a state just above it with energy W, and 
transfers from the one chain to the adjacent chain, of 
which the wave function overlaps that of the first chain. 
The hopping probability is then of the form, 

a - vph exp(-2ccÄ- W/kT), (9) 

where a denotes the rate of a fall-off of the envelope 
of the wave function. The average spacing, W, between 
energy levels can be written by the density of state, 
N(E), and the mean distance, a, between atoms as 
follows, 

W= ll(4n/3)**N(E). (10) 

If a^R, the maximum conductivity can be found at 
R^(9ISTZOJCTN(E))1^ and can be expressed by the 
following equation, 

a^Aexp(-((llkTy/*}, (11) 
where 

ft- l.5/**N(E). (12) 

A good consistency between the observed and the 
theoretical relation of log o vs. T-V* means that the 
mechanism of the conduction of polypyrrole films can 
be expressed by a hopping model. 
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Fig. 7. Thermoelectric-power of polypyrrole film pre­

pared by using Et4NBF4 in the form of S vs. T. 
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Thermoelectric-power, S, of the polypyrrole films is 
shown in Fig. 7, where S vs. T is plotted on a linear 
scale. The room temperature value of the thermo­
electric-power is 6 u.V/deg. The thermoelectric-power 
decreases with lowering temperature in a manner 
typical of a metal and the straight line in Fig. 7 is 
expressed by 

5 = 0 . 0 2 2 T- 0.6 GxV/deg). (13) 

The sign of S is positive in the range above 27.3 K 
indicating a p-type behavior. It means that the conduc­
tion occurs by the hole conduction. 

For a nearly filled metallic band system (i.e. p-type), 
the thermoelectric-power can be written as follows,13) 

n2 k2T din a .^ 
S = 

dE 

In the case that the interchain conduction occurs by 
hopping electrons, the thermoelectric-power can be 
expressed by using Eq. 9 as follows,13) 

S = kT-
d\nan 

dE 
dW\ 
dE ) ' 

(15) 

\S\ is linearly increasing with T, and it falls down at 
certain temperature given by 

dine 
T=(dw_ 

\dE 

ilng0 \ 
dB / 

(16) 

and these theoretical predictions are in good agreement 
with the observed tendencies. The same result was 
obtained by Kanazawa et al.1*) 
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A laboratory-constructed isoperibol twin calorimeter of dry shield type (J. Chem. Thermodyn., 13, 89 (1981)) was 
used for measurements of the specific heat capacities of aqueous solutions of D-xylose, D-ribose, D-, and L-arabinose 
at ca. 30 °C. The partial molar heat capacity at infinite dilution, Cp 2 was determined. Values of Cp 2 obtained 
are: D-xylose 281 ± 2 , D-ribose 271 ± 2 , D-arabinose 278±3, and L-arabinose 270±4J K_ 1 mol -1. Measurements 
of the heat capacity of these pentoses in the solid state, C£ 2 were carried out and the parameter ACp2=Cpi2—C£2 

was evaluated. Values of ACp. 2 are smaller than the corresponding values for hexose obtained previously. Similar­
ly as had been the case for hexose, the additivity parameters of the group contribution on Cp 2 of solute estimated 
from the data on other nonelectrolytes were not acceptable for pentose. From this point the interactions working 
between solute of saccharide and the solvent water are considered to have characters largely different from those of 
other nonelectrolyte. 

In the realm of the chemistry of aqueous solution 
of non-electrolyte, urea and saccharides, such as glucose 
and sucrose, have often been taken as the most basic 
solutes. This is because of the facts that these solutes 
are stable chemicals easily available at very high purity 
and that many physicochemical behaviors of their 
aqueous solutions are quasiideal, or at least vary 
linearly with the content of solute up to the moderate 
concentration. In addition to these facts, saccharide 
molecules have following two important features : First, 
they exist in cyclic structure. Secondly, they contain 
both many hydrophilic and hydrophobic groups and 
these groups having opposite nature are arranged in 
close proximity in each other. 

Effect of hydrophobic molecule and group of a 
molecule on water structure, namely, hydrophobic 
interaction, has attracted attention of many inves­
tigators. Measurements of specific heat capacity of a 
solute are one of the most powerful methods to investigate 
the role played by hydrophobic group.1) Furthermore, 
in spite of the rapid development of solution calorimetry 
stimulated by the commercial production of Picker's 
flow calorimeter,2) da ta of the specific heat capacity 
of solutions of saccharide were ra ther scare. This 
situation pushed us to take the measurement of the 
specific heat capacity of aqueous solutions of saccharides, 
and results on hexose (D-fructose, D-galactose, D-glucose, 
and D-mannose), disaccharide (lactose and maltose), 
and trisaccharide raffinose have already been reported.3) 

I n the present paper, results of the similar measure­
ment on four kinds of pentose, D-xylose, D-ribose, D- and 
L-arabinose will be presented. T o obtain the values 
of the partial molar heat capacity at infinite dilution, 
Cp,2, measurements of the specific heat capacity of the 
sample solutions were done at ten different concentra­
tions of solute. 

Exper imenta l 

Materials. D-Xylose and L-arabinose were supplied 
from Nakarai Chemical Co., Ltd. while D-arabinose and 
D-ribose were those of Pfanstiehl Laboratories Inc. The best 
quality obtainable was used. Samples were dried in an 
electric vacuum oven held in the temperature range 90— 

95 °C, (for D-ribose, in the temperature range 70—75 °C as 
its melting point is at 86 °C). These samples were used 
without further purification both for solution and solid state 
calorimetry. Water contents of the samples determined from 
the decrease of mass in drying process are as follows (ex­
pressed in wt%): 

D-xylose D-ribose D-arabinose L-arabinose 

0.056 0.267 0.356 0.175 

Solution Calorimetry. Specific heat capacities of aqueous 
solutions of pentose were determined using a laboratory-
constructed isoperibol twin calorimeter of dry shield type. 
The heat reservoir of the calorimeter is an aluminium block 
which was kept at 30±0.1 °C. As details of this calorimeter 
and procedures of measurements have already been reported 
previously,3'4) a brief mention may be sufficient here: i) Into 
one of the Dewar vessels, 100 grams of solution to be examined 
are introduced, while the other Dewar contains always 100 g 
of pure water as a reference liquid, ii) Two heaters with 
resistance of 45.45 and 45.42 Q are connected in series and 
the e.m.f. applied to the terminals of the heaters was 20.00 V. 
This electric power was supplied from a stabilized source, 
Hewlett Packard Model 6266 B. iii) The temperature rise 
of the solution in Dewar vessel due to the supplied electric 
energy was 1—2 °C and the temperature differences between 
the two solutions in Dewar vessels in five minutes were detected 
by a pair of thermistors, amplified by laboratory-made bridge 
and then recorded on a strip-chart recorder. The time of five 
minutes was read off on the recorder chart from the instance 
of the sudden change of the voltage. 

Calibration of the Solution Calorimeter. The calibration 
of this calorimeter was re-taken as an initial step of the present 
work. As before,3'4) the calibration was carried out using 
aqueous solutions of NaCl and urea for which very accurate 
values of the specific heat capacity have been given.2) Follow­
ing relation was obtained between the specific heat capacity 
of the solution Cp and the potential difference in five minutes, 
AV. 

C „ = . 4 + 2?(AF) + C(AF)2 . 

On expressing Cp and A ^ in J K_ 1 g_1 and V, respectively, 
the constants A, B, and C become : 

A = 4 . 1 2 9 9 ± 0 . 0 0 6 J K " 1 g - 1 

B= - 0 . 0673 ± 0 . 0 0 0 4 J K ^ g ^ V " 1 

C = 0.0014 ± O.OOOOejK-ig-iV"2. 

It may seem to be strange that the introduction of 100 g 
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of pure water in each of the Dewar vessels does not give rise 
to the result of A ^ = 0 . The phenomenon of residual heat 
capacity difference of the present calorimeter may be ascribed 
to the inequality of the weight of the two Dewar vessels (207 
and 191 g). 

The concentration of sample solution was corrected for the 
water content of the sample. 

Calorimetry of Pentose in Solid State. The determination 
of the specific heat capacity of the pentose in solid state was 
carried out in Governmental Industrial Research Institute, 
Osaka. An apparatus, Type SH-2000 manufactured by 
Tokyo Rikoh Go. Ltd. was used. Specific heat capacity 
data obtained are those of average values in the temperature 
range 28—41 °C. 

R e s u l t s 

Solution Calorimetry. Specific heat capacities of 
the aqueous solutions of pentose determined in the 
present study are summarized in Table 1. T h e table 
contains the values of $cP, apparent molar heat capacity 
of solute, and the values of m<f>Cp given by the equation 

m<f>Cp = (1000 + mM2)Cp - lOOOC^, 

where Cpl is the specific heat capacity of the pure 
solvent, water (4.1785 J K _ 1 g - 1 ) , M2 is the molar mass, 
and m is the molality of the solute. Similarly as in our 
previous work,3»5) values of <f>Cp at infinite dilution, 
(f>°p=Cp°,2 were determined by the least-squares fitting 
of the relationship, 

m0c = bm + cm2. 

Evidently Cp,2 is equal to the coefficient b. 
Specific Heat Capacities of Pentose in the Solid State. 

Results are given in Table 2. Values of C£.2 of D-xylose, 
D-arabinose, and L-arabinose are equal while a little 
difference is observed between these values and that 
of D-ribose. If an estimation procedure of the specific 
heat capacity of saccharide in the solid state mentioned 
in a previous work3) is adopted, the calculation leads 
to 184 J K - 1 mol"1 for furanose form of pentose. In 
this calculation numbers of bond taken for the stretching 
and vibration are for C-C, C - O , C - H , and O - H bonds, 
4, 6, 6, and 4, respectively, and the number of internal 
rotation is 5. T h e excellent agreement of this value 
with those in Table 2 supports the estimated value of 
C*.2 of raffinose in the solid state reported in our 
previous work.3) 

D i s c u s s i o n 

In Table 2 are summarized the final results of the 
present work, where h is the hydration number. Hydra­
tion number was calculated from the da ta of the 
apparent molar compressibility6) on the assumption that 
hydration waters are those bounded to solute which 
have the same compressibility as that of ice. For the 
sake of comparison, results on hexose obtained in our 
previous work3) are also included in Table 2. Values of 
Cp,2 and ACp.2 are both positive, but smaller than the 
corresponding values of hexose. It has been demon­
strated that the value of C£.2 of a nonelectrolytic solute 
in aqueous solution can be assigned to the contribution 
of each component group of the solute.7-8) In a word, 

TABLE 1. HEAT CAPACITIES CP AND CALCULATED VALUES 

OF M$CP AND APPARENT MOLAR HEAT CAPACITY 

<F>CP OF AQUEOUS SOLUTIONS OF PENTOSES 

AS FUNCTIONS OF MOLALITY M 

D-Xylose <; 

m 
mol kg - 1 

' 0.2045 
0.3025 
0.4027 
0.5026 
0.6021 
0.7026 
0.8015 
0.9007 
1.002 

, 1.105 
/ 0.1999 

D-Arabinose '-

0.2794 
0.4198 
0.5190 
0.6086 
0.7085 
0.7971 
0.8860 
0.9790 

v 1.079 
/ 0.1901 

D-Riboose 

0.2791 
0.3713 
0.4587 
0.5480 
0.6384 
0.7384 
0.8237 
0.9263 

v 1.019 
/ 0.1822 

L-Arabinose '-

0.2693 
0.3820 
0.4811 
0.5725 
0.6682 
0.7626 
0.8591 
0.9515 

, 1.050 

cP 
J K - i g - i 

4.109 
4.075 
4.048 
4.018 
3.987 
3.959 
3.929 
3.903 
3.876 
3.849 
4.110 
4.086 
4.041 
4.013 
3.988 
3.962 
3.939 
3.909 
3.889 
3.867 
4.116 
4.086 
4.056 
4.029 
4.008 
3.981 
3.957 
3.935 
3.911 
3.890 
4.118 
4.089 
4.055 
4.024 
3.996 
3.966 
3.939 
3.918 
3.895 
3.876 

m$cp 
J K - i 

56.66 
81.57 

114.2 
142.7 
168.9 
198.1 
223.3 
252.3 
280.6 
309.0 
54.85 
78.90 

117.2 
147.2 
173.9 
204.9 
231.9 
250.5 
282.1 
314.9 
54.97 
78.71 

103.6 
128.0 
159.3 
184.1 
217.2 

243.1 
276.4 
306.6 
52.15 
75.82 

109.1 
136.2 
161.0 
185.4 
211.5 
244.8 
272.9 
308.5 

4>cP 

J K-1 mol-1 

277., 
269.7 

283.6 

283.9 

280.6 

282.0 

278.6 

280. x 

280.0 

279.6 

274.4 

282.4 

279.2 

283.6 

285.7 

289.2 

290.9 

282.7 

288.2 

291.8 

289.2 

282.o 
279.0 

279.« 
290.7 

288.4 

294.! 
295.! 
298.4 
300.9 

286.2 

281.5 

285.6 

283.x 

281.2 

277.5 

277.3 
284. fl 

286.8 

293.8 

the additivity rule holds for the quanti ty Cp,2. T h e 
application of the additivity parameters to saccharides, 
without taking account of the cyclic form of saccharide 
molecules, gives for pentose 161 J K - 1 mo l - 1 , a value 
much smaller than those found in the present deter­
mination. This fact is not a new finding. Similar 
significant differences have already been found between 
estimated and experimental values of Cp,2 for monosac­
charide hexose, disaccharide and trisaccharide.3) There­
fore it can be said that saccharide is not a " s tandard" 
solute as often is considered, but a solute showing very 
characteristic features from the point of thermochemical 
behavior of its aqueous solutions. T h e characteristic 
behavior of saccharide molecules in aqueous solutions 
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TABLE 2. VALUES OF C£2, C*2> A C ; 2 (AT ca. 30 °C), AND HYDRATION NUMBER 

h (at 2 5 °C) OF PENTOSE AND HEXOSE IN AQUEOUS SOLUTION 

C/p2 k p. 2 A C ^ 2 « 

J K ^ m o l - 1 J K-1 mol"1 J K ^ m o l " 1 mol/mol 

D-Xylose 281±2 184 97 2 ^ 
D-Ribose 271 ± 2 187 84 2.59 

D-Arabinose 278±3 184 94 — 3.3b ) 

L-Arabinose 270±4 184 86 4.00
c) 3.4b> 

D-Fructose 352 ± 8 232 ± 3 120 3.8d> 
D-Galactose 324±10 217±3 107 4 .3! 
D-Glucose 331 ± 7 224±3 107 3.67 

322.6a) 

D-Mannose 337±5 216±3 121 3.3X 

a) Value obtained from the data found in Ref. 11. b) Value determined by the present authors, c) In Ref. 6, the 
distinction between D- and L-form is not mentioned. In our request, Dr. Hoiland answered that they used L(+)-arabinose. 
d) Value found in Ref. 10. 

may be interpreted as follows: The group contribution 
of Cpt2 have generally been derived for solutes which 
are monofunctional or a,o>-bifunctional molecules. For 
such solutes, effects of functional groups are isolated. 
However, as mentioned in the introductory part of this 
paper, in saccharide molecule, many functional groups 
are arranged in close proximity of each other on the 
cyclic skeleton of the molecule. As a result, effects of 
functional groups are overlapping and the values 
assigned to the contribution of each functional group 
on the part ial molar heat capacity Cp,2 are not accepta­
ble for solute of saccharide. Following values of C j . 2 

have been observed:3) for disaccharide lactose, 6 1 9 ^ 1 6 
and maltose 6 1 4 ^ 2 0 , and for trisaccharide raffinose, 
9 3 1 ± 7 J K - 1 m o l - 1 . T h e Cp,2 varies from pentose to 
hexose, and from monosaccharide to di- and trisac­
charide, in proportion to the molecular dimension of 
the saccharide molecule concerned. Therefore, the 
additivity rule of Cp°t2 holds for saccharide, though the 
additivity parameters for saccharide should largely be 
different from the corresponding values obtained for 
other nonelectrolyte solutes. Experimental values of 
Cpt2 are much higher than those obtained by the 
application of the additivity rule. It follows that with 
regard to the contribution of group - C H 2 , - O H , and 
- O - (ether), assigned respectively as 90, 9, and —57 
J K _ 1 mol - 1 , 7 ) effects o f - C H 2 and - O H groups seem to be 
strengthened, while those of - O - (ether) weakened. 

Effects of solute upon the structure of solvent water 
are well reflected in the value of ACJ.2, ra ther than that 
of C£,2, as the intrinsic contribution of the solute in the 
pure state must be subtracted from the partial molar 
quanti ty, Cpt2. I n Table 2, as the numerical values of 
C*.2 are approximately constant for pentose, differences 
in ACp,2 result from differences in C£,2. Values of 
ACp,2 increase with the molecular dimension of sac­
charide molecules, similarly as for the case of Cpi2. 
And the contribution of the structural unit of saccharide 
molecule to the quanti ty AC£.2 remains roughly constant 
in hexose, di- and trisaccharides. Here, the structural 
unit of saccharide is meant by 

-CH 2 

Measurements on dextrans have shown9) that the values 
of ACp.2 calculated for structural unit of dextran 
decrease with molecular weight and for dextran of Mw 

equal to 2.0 X 106, the value of ACp 2 amounts only to 
3 J K-1 mol-1. 

In contrast to Cp,2 and ACj, 2 , hydration numbers 
vary randomly with solute species. Here, the term 
hydration corresponds to the existence of the compressed 
water molecules at tached to solute. Hydration of 
saccharide is mainly ascribed to the effect of hydrophilic 
group - O H in the molecule. The fact that hydration 
number does not vary proportionally with the number 
of - O H group contained in saccharide molecule has 
been interpreted in terms of the intramolecular hydration 
bonding and the steric hindrance effect.10) 

T h e difference in the AC£>2 values of two stereoisomers 
of L- and D-arabinose is just the limit of experimental 
precision. This difference might be related to that the 
stable form of L-arabinose is pyranose form in solution, 
in contrast to furanose form of D-arabinose. In order 
to obtain further information on differences in the 
behavior of D- and L-arabinose, we have taken the 
determination of the hydration number of D- and 
L-arabinose at 25 °C. An ultrasonic interferometer 
which had long been used in our laboratory and a 
pycnometer were used. Results of this determination 
are included in Table 2, which indicate that the two 
stereoisomers of arabinose have the same amount of 
hydration. After considering these facts, it seems 
improper to place so much emphasis on the difference of 
values of ACp.2 of D- and L-arabinose. 

The authors wish to express their thanks to Mr. 
Itsuki Uehara of Governmental Industrial Research 
Institute, Osaka, for the measurement of specific heat 
capacity of pentose in the solid state. The authors are 
also grateful to Associate Professor Hiroyasu Nomura 
of Nagoya University for his valuable suggestion and 
discussion. 
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The results of previous studies on ion association were re-examined. The formation constants of inner-sphere 
ion-pairs were obtained for several bivalent-metal sulfates by estimating the formation constants of outer-sphere ion-
pairs with the help of the ion-association theory. The interactions between metal and sulfate ions were discussed 
by comparing these results. 

Ion association usually refers to the formation of pairs 
of ions existing in the close vicinity of each other. In 
this concept, ion-pairs may be considered to be a 
chemical species, which is in equilibrium with the free 
ions in solution : 

Mn + + An" Mn+An". ;i) 

Sometimes they are classified into more than one 
chemical species, e.g. outer-sphere ion-pairs and inner-
sphere ion-pairs, according to whether or not the ions 
of a pair are separated by at least one solvent molecule : 

Mn+ + A n- _ ^ Mn+An-(os) ^ ^ : Mn+An-(is). (2) 

Another concept of ion-pairs has been shown in a 
previous paper.1) There we have extended the Debye-
Hückel theory2) of strong electrolyte solutions, making 
approximation to the next higher order beyond that 
considered in the Debye-Hückel t reatment . An expres­
sion was obtained for the chemical potential of an 
arbitrary central ion. This was compared with the 
corresponding Debye-Hückel expression. An extra term 
appearing in our equation arises from the excess interac­
tion of the central ion with a counter-ion, since the 
probability of finding the latter in the vicinity of the 
central ion is greater than that assumed in the Debye-
Hückel approximation. Although the counter-ion has 
probabilities of being found at various distances from 
the central ion and therefore of making different extents 
of contribution to the chemical potential of the latter, 
the total effect of the excess interactions can be regarded 
as equivalent to the effect of the conventional ion-pair 
formation. Accordingly, our concept of ion association 
complements the Debye-Hückel theory, which is not a 
good approximation for solutions of multivalent elec­
trolytes and of solvents having a low dielectric constant. 

T h e ion association expressed by Eq. 1 or 2 also 
complements the Debye-Hückel theory, since the free 
ions are regarded in these equations as hypothetical ions 
behaving in accordance with the Debye-Hückel theory. 
Therefore the above two concepts of ion association 
may be related to each other. From this point of view, 
we have derived the following expression for the ion-
association constant at infinite dilution of a symmetrical 
electrolyte : 

**Na* a n., r:L „, «a»' K=-
1000 :i (2n+2) ! ( 2 n - l ) ' 

distance of approach between ions, and b the Bjerrum 
parameter given by b = z2e2[ekTa. 

It should be noted that Eq. 3 resulted from the 
consideration of the chemical potentials of the free 
and paired species, not from the counting of their 
numbers ; however, the limiting expression (b—>oo) of 
Eq. 3 : 

K(b->oo) = AnNa? exp (b) 
1000 Ä ' 

where N represents the Avogadro number, a the closest 

is the same as the corresponding limiting expression 
derived from the Bjerrum equation for ion-association 
constant,1) which was obtained by counting the number 
of ions within the critical distance of a central ion. 

Equation 3 has been utilized in the vapor-pressure 
osmometric, spectrophotometric, and conductivity inves­
tigations of several electrolytes for determining the best 
values of K and a.3»4) Thus , when an appropriate value 
was chosen for <z, the ion-association constant derived 
from the experimental results agreed with that predicted 
by the theoretical expression. Such a value of a was 
larger than the sum of the crystallographic radii of 
cation and anion (ru-\-rA) of each electrolyte, but smaller 
than the sum plus the diameter of a water molecule 
(̂ M + ^A+2rHlo, r H , o = 1 . 4 Â ) . From the viewpoint 
that the solvent is a continuous medium, the result 
can reasonably be taken as implying that the ions are 
hydrated to some extent. However, if a structual or 
microscopic view is taken of ions dissolved in water, 
the result can be interpreted as indicating that hydrated 
cations and anions may sometimes come so near to 
each other as to displace water molecules in the coordina­
tion spheres of ions to form inner-sphere ion-pairs. The 
latter view is preferred, since the water molecules in the 
first sphere of a bivalent-metal ion are strongly oriented 
or coordinated to the metal ion and consequently may 
have a different dielectric constant from that of the 
water in bulk. Then the solvent may not be regarded 
as a continuous medium of a certain dielectric constant, 
nor the ions as rigid spheres. Moreover, the interaction 
between ions may not be solely electrostatic in the first 
sphere of the ion. Thus, the conditions assumed in 

t There are some misprints in our 1975 paper.1) Equation 
31 of the 1975 paper should be the same as Eq. 3 of the present 
paper ("when b—>oo" should be deleted). For other mis­
prints, refer to "Corrections" of the journal [Bull. Chem. Soc. 
jpn., 48, 3002 (1975)]. 
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deriving the Debye-Hückel theory2) and our ion-
association theory1) may not be satisfied. Therefore, 
the value of a obtained in previous investigations3-4) 
may not have a definite physical meaning, but may be 
only a measure of the closest distance of approach 
between ions. In this paper, another interpretation of 
the experimental results will be made by using the ion-
association theory in a different way. 

Bas ic V i e w p o i n t 

In this paper, we shall classify ion-pairs into inner-
sphere ion-pairs and outer-sphere ion-pairs, and define 
an inner-sphere ion-pair as a pair of positive and 
negative ions with an inter-ionic distance less than the 
distance, r M +r A - f 2rH,o, which will be denoted by aos 

in the following discussion. Then , for ions not forming 
an inner-sphere ion-pair, the so-called closest distance 
of approach can be taken to be equal to aos. With this 
greater distance than usually assumed, the solvent 
may be reasonably approximated by a medium of a 
certain dielectric constant, and non-electrostatic interac­
tions of the hydrated ions with further water molecules 
may be justifiably disregarded. Thus the theory is 
expected to give a satisfactory prediction for the forma­
tion of such outer-sphere ion-pairs. 

The inner-sphere ion-pair can be regarded as a kind 
of neutral molecule, the presence of which has only a 
negligible effect on the theoretical treatment of very 
dilute solutions. Therefore, the theoretical ion-associa­
tion constant can be derived in essentially the same way 
as that for Eq. 31) by employing the parameter ÖOS 

instead of a. The theoretical ion-association constant 
obtained here refers to the formation of all the ion-pair 
species** except the inner-sphere ion-pair, namely to the 
formation of outer-sphere ion-pairs, for which the 
constant A— becomes : 

O n the other hand, analysis of the experimental da ta by 
taking aos as " the closest distance of approach of ions" 
gives us the overall constants for the ion-pair forma­
tion, K%. When the value of K-% is larger than Kos, 
it is reasonable to assume the formation of inner-sphere 
ion-pairs in solutions. With such an assumption, we 
can estimate the formation constant of the inner-sphere 
ion-pair, K1S, from the difference of Kz and À"os. 

Recently, Fuoss has proposed a new method of 
analysis of conductivity data for a purpose similar to 
ours but from a viewpoint different from ours.5) He 
introduced the critical distance R as the closest distance 
of approach of unpaired ions (free ions), which is 
assumed to be equal to the sum of the radii of the 
Gurney cospheres of cation and anion. Ion-pairs are 
classified into solvent-separated pairs (diffusion pairs) 
and contact pairs (nearest-neighbor pairs). T h e solvent-

tt A pair of cation and anion may not necessarily be 
divided strictly into two categories: a pair of the pure free 
ions and the pure ion-pair. There may be pairs which do 
not fully exhibit the characteristics of ion-pairs. These 
partial ion-pairs may be counted as fractions of an ion-pair. 

separated pair is defined as a pair of a cation and an 
anion separated by at least one solvent molecule. His 
concept for the contact pair is similar to ours for the 
"inner-sphere ion-pair" as defined above, whereas that 
for the solvent-separated pair is very different from 
ours for the "outer-sphere ion-pair." T h a t is, the 
solvent-separated pair is restricted to the pair of ions 
existing within the critical distance R of each other, and 
its formation constant is assumed to be given by the 
Fuoss 1958 equation6) for the ion-pair formation, KR= 
47riVÄ3exp(6)/3000.5) His concept is specific in the 
respect that the solvent-separated pairs contribute to 
the transport current to the same extent as do the 
unpaired ions. 

Fuoss's new method is of interest from the viewpoint 
that it precludes various problems at the vicinity of 
ions. However, some questions may be raised about 
his method : how his concept of ion-association can be 
thermodynamically connected with the Debye-Hückel 
theory; how the discontinuity at the distance of R can 
be justified; and what is the reasoning for the solvent-
separated pair being equivalent to unpaired ions in the 
ionic conductance. O n the other hand, our method of 
analysis of experimental data , which is simpler than 
Fuoss's method, has no adjustable parameter except 
for the distance aos with a definite physical meaning, 
and is connected complementarily with the Debye-
Hückel theory by Eq. 3. 

A n a l y s i s o f Exper imenta l Data 

The osmotic coefficient was measured on M g S 0 4 , 
C a S 0 4 , and M n S 0 4 solutions with a vapor-pressure 
osmometer. T h e absorption at 250 n m was measured 
for copper sulfate solutions and mixed electrolyte 
solutions of copper sulfate and another bivalent-metal 
sulfate such as M g S 0 4 , C a S 0 4 , M n S 0 4 , and Z n S 0 4 . 
The experimental procedures and results have been 
described in previous papers.3-4) In the present study, 
use was made of these experimental da ta as well as 
conductivity da ta given in the literature,7-14) which 
are available for C o S 0 4 , N i S 0 4 , and C d S 0 4 in addition 
to those mentioned above. 

The analysis was made from the viewpoint described 
above : that is, with a aos value characteristic of each 
electrolyte, the value of Kz was obtained from experi­
mental data . I n estimating ÖOS, rM was assumed to be 
equal to Pauling's radius15) and rA to be 2.88 Â.3) The 
former assumption seems to be reasonable, because the 
ionic radii of bivalent transition-metal ions from 
manganese(II) to zinc(II) obtained from X-ray scatter­
ing measurements in aqueous solutions16) are in agree­
ment with Pauling's radii within 0.1 Â. 

T h e procedure used for deriving Kz values from 
experimental da ta of each kind is essentially the same 
as described in the previous papers,3-4) except for the 
following modifications: (1) the parameter ÖOS was 
substituted for a; (2) the conventional expression for 
the concentration of the ion-pair, [MA] , was (formally) 
replaced by the sum of the concentrations of outer-
sphere ion-pairs and inner-sphere ion-pairs; (3) in the 
analysis of spectrophotometric data , in particular, the 
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conventional molar extinction coefficient, eMA, was 
(formally) replaced by (eMA(os)^os+eMA(i8)^is)/^2, 
where £MA«>S> a n d £MA<IS) are the extinction coefficients 
of the respective ion-pair species. T h e last two formal 
substitutions have arisen from the use of Eq. 2 instead 
of Eq. 1, and do not affect the K% value to be obtained. 

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

T h e experimental K% values are given in Table 1, 
together with the values of Ä"os calculated by the use 
of Eq. 4. In each case, the value of K^ is larger than 
that of A"os, showing that the inner-sphere ion-pairs 
exist in the solution. Table 1 also lists the values of 
Kis(~Kj:—K0S) and KisjKz for each electrolyte. We 
also calculated the values for KisjK?, based on a similar 
(but not exactly the same) definition, using the results 
of ultrasonic absorption studies;17-19) the values are 

0.10 for MgS04,17> 0.48 for MnS04 ,18> and 0.50 for 
CuS04 ,1 9) which are close to those obtained in the 
present study. This implies that the above assumptions 
are reasonable. 

T h e Kis values for the first-row transition-metal ions 
(Table 1) appears to follow the order of the Irving-
Williams series.20) In order to discuss the formation of 
inner-sphere ion-pairs in more detail, we re-analyzed 
the conductivity data at various temperatures between 
0 ° C and 45 °C presented by Katayama.Mi) The 
values of K-% and Kla at each temperature were obtained 
in the same way as described above and their logarithmic 
values were plotted against T~x. However, the plots 
showed curvatures like those found with the transition-
metal dicarboxylates.21 '22) Therefore, according to the 
previously outlined procedure,21-22) we evaluated the 
standard enthalpy and entropy of the ion-pair formation. 
T h e results are shown in Table 2. An approximately 

TABLE 1. ION-PAIR FORMATION CONSTANTS, K% KOS> AND Kis
 a ) FOR BIVALENT-METAL 

SULFATES IN AQUEOUS SOLUTIONS OBTAINED FROM VARIOUS METHODS AT 2 5 ° C 

Salt 

MgS0 4 

CaS04 

MnS0 4 

CoS04 

NiS04 

CuS04 

ZnS04 

caso4 

From vapor-pressure 
osmometry3 > 

ûos/Â -Kos KE Kis KJKE 
6.3 86.7 127±6 40±6 0 .31±0.04 

6.7 79.0 155±24 76±24 0.49±0.10 

6.5 82.7 185±4 102±4 0.55±0.01 

6.4 84.7 
6.3 86.7 
6.4C>84.7 
6.4 84.7 

6.6 80.8 

From 
spectrophotometry^ 

*Z 
107±7 

131±14 

130±11 

193±1 
132±13 

* i s 

20±7 

52 ±14 

47±11 

108±1 
47±13 

KJKE 

0.19±0.06 

0 .40±0.08 

0.36±0.06 

0.56±0.01 
0.36±0.07 

KT. 

124±3 
121±4 
118±2b) 

131±12 
170±2 
152±6 
165±2 
163±4 
169±4 
190±2 
162±1 
175±3 
202 ± 4 

From < conductivity 
(re-calculated) 

* i s 

37±3 
34±4 
31±2 

KJKX 

0.30±0.02 
0.28±0.03 
0.26±0.02 

52±12 0.40±0.06 
91±2 
69±6 
82±2 
78±4 
82±4 

105±2 
77±1 
91±3 

121±4 

0.54±0.01 
0.45±0.03 
0.50±0.01 
0.48±0.02 
0.49±0.02 
0.55±0.01 
0.48±0.01 
0.52±0.01 
0.60±0.01 

Ref. 

7 
8 
9 

10 
11 
12 
13 
11 
8 

14 
14 
11 
11 

a) The values of the formation constants are expressed in dm3 mol - 1 except for the values obtained from vapor-pressure 
osmometry; in the latter case, the K% and Kls values are expressed in kg mol -1, b) The K% value has been re-calculated 
on the basis of a part of the reported conductivity data (at concentrations below 4.0 X lO-3 mol dm-3), c) Since the hexa-
aquacopper(II) ion is tetragonally distorted due to the Jahn-Teller effect, its average radius was used in the estimation of 
the a value for CuS04 . 

TABLE 2. STANDARD ENTHALPY AND ENTROPY OF ION-PAIR FORMATION OF BIVALENT-METAL SULFATES 

IN AQUEOUS SOLUTIONS AT 2 5 ° C OBTAINED BY THE RE-ANALYSIS OF THE CONDUCTIVITY DATA8»10 

Salt 

MgS04 

CaS04 

CoS04 

NiS04 

ZnS04 

CdS04 

For overall ion-pair 
formation 

^̂  
A//êa ) 

kj mol-1 

6.78±0.08 
5.92±0.09 
5.33±0.11 
5 .24±0.04 
6.64±0.11 
8.07±0.06 

AS&> 
J K - i m o l - 1 

6 2 . 7 ± 0 . 3 
6 2 . 6 ± 0 . 3 
6 0 . 2 ± 0 . 4 
60 .2±0 .2 
65 .1±0 .4 
71 .2±0 .2 

For outer-sphere 
ion-pair 

A//0°s 

kj mol-1 

4.01 
3.94 
3.99 
4.01 
3.99 
3.95 

for mation 
^ 

AS°os 

J K-1 mol-1 

50.5 
49.5 
50.3 
50.5 
50.3 
49.8 

For inner-sphere 
ion-pair 

A//?5 
kj mol-1 

12.96±0.26 
7.60±0.16 
6.74±0.22 
6.49±0.07 
9 .13±0.19 

10.75±0.10 

formation 
^ 

A£?s 
J K-1 mol-1 

73 .1±0 .9 
63 .1±0 .6 
58 .9±0 .8 
58 .4±0 .3 
67 .8±0 .7 
75 .9±0 .4 

a) Ten experimental data points between 0 °C and 45 °C were used for the evaluation of AH0 and AS° values. The 
variation of log K with temperature was expressed by the equation log K=A+BT-\-CT2 (K represents K% or A"lg) and the 
parameters A, B, and C were determined by the least-squares method. The values of the enthalpy and entropy changes 
were calculated from the equations AH°=2.303 RT2 (B+2CT) and AS°={AH°-AG°)/T. Uncertainties were estimated 
by using different combinations of experimental results at nine temperatures for the calculation of A, B, and C. 
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linear relationship exists between AH°B and ASfB and 
between AHz and ASx except for the case of magnesium 
sulfate. In each electrolyte, the values of AH°S and 
AS°B} are positive and larger than those of AH%a and 
ASls, respectively; the difference is relatively small 
in the AS° values, however. T h e entropy changes favor 
the formation of both inner-sphere and outer-sphere 
ion-pairs, while the enthalpy changes oppose the 
reactions. Although the TAS° terms predominate over 
the AH° terms, the differences between the AH0 terms 
are significant for relative magnitudes of the formation 
constants given in Table 1. 

The largest AH°iB value is shown by MgSQ 4 , reflecting 
the facts that the magnesium ion has the smallest ionic 
radius and accordingly the strongest hydration. The 
&H°B value is considerably smaller for N i S 0 4 , in spite 
of the fact that the nickel ion has a radius close to that 
of the magnesium ion. This suggests that some interac­
tion may exist between nickel and sulfate ions in addition 
to the electrostatic one. A similar argument seems to 
hold for the other transition-metal sulfates. 

The enthalpy change is less unfavorable for cobalt and 
nickel sulfates than for zinc sulfate. O n the contrary, 
the entropy change is more favorable for zinc sulfate. 
Such tendencies have also been observed with the 
malonates, succinates, and phthalates of these 
metals.22 '23) As regards the coordination of the acetate 
ion to the zinc ion, the comparatively large and positive 
enthalpy and entropy changes for the formation of 
ZnL 2 from ZnL+ (where L = a c e t a t e ion) are considered 
to be consistent with the tendency of Zn(I I ) to form 
tejxahedral complexes,23) If we take into account the 
above information and the ability of the plicarboxylate 
and sulfate ions to act as bidentate ligands, the formation 
of inner-sphere ion-pairs with the zinc ion would cause 
at least in part the change of the coordination number 
of the zinc ion from six to four. This will lead to increased 
positive AH0 and AS° values, because a greater number 
of coordinated water molecules are released. 

The speculation described above might seem to be 
opposed by the X-ray diffraction study16) on aqueous 
zinc sulfate and zinc perchlorate solutions, which spows 
that the zinc ion is surrounded by six oxygen atoms in 
the solution. However, this does not seem to exclude 
the possibility that part of the zinc ions in inner-sphere 
ion-pairs are surrounded by four oxygen atoms; a 
majority of the zinc ions in the solutions exist as free 
ions and outer-sphere ion-pairs, and thus the decrease 
in the coordination number occurring in part on the 
formation of inner-sphere ion-pairs may have escaped 
detection. 

T h e relatively large values of Kis, AH°is, and AS°B 

for C d S 0 4 appear to show that more than one water 
molecule are released by the entrance of one sulfate 
ion into the inner-sphere of a cadmium ion; this may 
be supported by the fact that a cadmium ion in the 
C d S 0 4 - 8 / 3 H 2 0 is surrounded by sulfate ions (4 0 of 
2S0 4

2 _ ) and water molecules (2H 2 0) in an entirely 
different way from that observed in the other metal 
sulfates.24) 

Conc lus ion 

T h e theoretical formation constant for the outer-
sphere ion-pairs was estimated by assuming a parameter 
aos for the closest distance of approach for outer-sphere 
ion-pairs. Although some arbitrariness may be involved 
in the estimation of the aos values, the present treatment 
has the merit of removing the theoretical difficulties 
encountered at the close vicinity of the ions in the 
application of the Debye-Hückel and ion-association 
theories.1»2) Then from the re-analysis of various 
experimental data , the thermodynamic parameters were 
obtained for the formation of inner-sphere ion-pairs. 
T h e trends shown by the obtained parameters are 
consistent with other experimental findings and give 
useful information regarding the formation of inner-
sphere ion-pairs. 
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The crystal and molecular structure of the title complex has been determined by the X-ray diffraction method. 
The crystal was triclinic, space group PÏ, a=6.750(2), 0 = 9.214(4), c=5.206(2) Â, a = 102.57(6), ß= 103.44(6), 
y= 100.70(3)°, Z = 1, D%= 1.702(3), Dm= 1.72(3) mg m~3, /<(Mo Ka) = 1.89 mm"1, and the final R value was 0.034 
for 1175 reflections. The molecular arrangement has a center of symmetry and a distorted octahedron is formed 
around the central cobalt (I I) atom; each methyl thioaceta to ligand forms a chelate ring by coordinating through a 
sulfur atom and a carbonyl oxygen atom, and two water molecules also coordinate to the central metal. Its amor­
phous anhydride as well as the other type anhydride, which resembles the bis(propylthioacetato)cobalt(II) hexamer 
in its infrared and visible spectra, is obtained by the dehydration process. 

Alkylthioacetato complexes have interesting properties 
and they have been studied by many authors. We have 
already reported about their syntheses and spectroscopic 
properties.1-5) Yam^saki also studied them,6) and 
Pettit has shown the formation constants of their silver 
complexes.7-8) More recently, many kinds of complexes 
containing the multi-dentates of this type of ligand were 
synthesized and actively investigated by Jones and 
others.9-14) 

One of the special properties of this type of complexes 
is the formation of a polymer-type structure, where the 
ligand bridges metal atoms. T h e hexamer of bis-
(propylthioacetato)cobalt(II) and bis(isopropylthio-
acetato)copper(II) dihydrate are the examples.15 '16) In 
the case of pjienoxyacetato complexes of copper(II ) , 
the same type of the hexamer was already reported by 
Carruthers;17) however, it was also shown that the 
ligand was able to form complexes with other 
structures.18-21) 

In the case of alkylthioacetato complexes, only a few 
structural reports have been published yet. We judge 
from the syntheses that the most stable form of the 
alkylthioacetates of cobal t ( I I ) , nickel(II) , and copper-
(II) is the dihydrate, M L 2 « 2 H 2 0 (some of which may 
be the d iaqua complexes; here HL=alkyl th ioace t ic 
acid), which are easily obtained from the aqueous 
solution. Therefore, we rjave started the structural 
research of this type of complexes. Although powder or 
fiber-like crystals of them were easily obtained, the 
formation of the single crystals suitable for the X-ray 
diffraction study was not easy. T h e single crystals of the 
title complex, obtained after many attempts, were used 
for its crystal and molecular structure determination. 

T h e structural changes between the diaqua complex 
and the anhydride complex are also shown in the later 
part of this paper. 

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

Syntheses of Diaquabis(methylthioacetato)cobalt(II) ; [Co(CH3> 
S • CHZ • COJ 2 (H%0) 2 ] . The ligand was obtained by the 
slight modification of the method of Larsson :22) a condensation 
reaction between dimethyl sulfate (in place of methyl iodide) 

and mercaptoacetic acid in the presence of sodium hydroxide 
in aqueous medium. The crude cobalt(II) complex w^s 
obtained by the reaction between cobalt(II) chloride and the 
sodium salt of the ligand in aqueous solution in the presence 
of a little sodium hydrogencarbonate. Then the concentrated 
aqueous solution of the complex was left standing for several 
weeks at 6 °G, and the crystals came out. Although many 
large crystals which looked like single crystals under micro­
scopic observation were obtained, almost all of them con­
sisted of many needle-like crystals in parallel, so they gave 
broad spots on Weissenberg photographs. From the 37 
samples tried, only 2 crystals were obtained which could be 
used to obtain the diffraction data. Analyses of the complex. 
Found: Co, 19.38; C, 23.61; H, 4.61%, magnetic moment 
4.82 BM** (per 1 mol of cobalt). Calcd for CqC6H14S206, 
Co, 19.31; C, 23.61; H, 4.62%. 

Dehydration of Diaquabis(methylthioacetato)cobalt(II). 
When the title complex was heated to 140—150 °C for a 
few hours in air, the dark-red powder anhydride was obtained, 
this is amorphous, judging from the X-ray powder pattern. 
Analyses of the product. Found: Co, 21.90; C, 26.65; 
H, 3.84%, magnetic moment 4.90 BM** (per 1 mol of cobalt). 
Calcd for CoC6H10S2O4: Co, 21.89; C, 26.77; H, 3.74%. 
When the product was heated at 150 °C continuously, it 
decomposed slowly. 

When the title complex was dehydrated by evaporating 
its benzene-ethanol mixed solvent solution two times, and 
then its benzene solution about five times (at 80 °C using 
rotary vacuum evaporatqr), another type of anhydride was 
obtained. (To complete the dehydration process, preferably, 
the anhydride obtained by the above mentioned process 
is to be kept in refluxed /»-xylene for several hours.) The 
product was red-violet powder. Analyses Found: Co, 21.78; 
C, 27.15; H, 3.71%, magnetic moment 4.82 BM** (per 1 mol 
of ccbalt). Calcd for Co6C36H60S12O24: Co, 21.89; C, 26.77; 
H, 3.74%. As shown later, their infrared and visible spectro­
scopic properties of this anhydride resemble those of the 
bis(propylthioacetato)cobalt(II) hexamer /»-xylene adduct,16> 
and it is tentatively named as the hexamer-type anhydride. 

X-Ray Measurement. The single crystals obtained were 
needle-like ones and were pale-red in color; they were stable 
in air. As they were too brittle, a crystal 0.4 x 0.2 X 0.2 mm 
in size was used for X-ray measurement, without any additional 
reshaping process. 

** I BM=9.274078(36) X 10~24J T - 1 . 
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The crystallographic data are as follows: CoC6H14S206, 
F.W.=305.24, triclinic, space group PÏ, a=6.750(2), 6 = 9.214 
(4), c=5.206(2) A, <x= 102.57(6), ß= 103.44(6), y=100.70(3)°, 
Z = l , Z>x=1.702(3), Z)m= 1.72(3) mg m"3, /t(MoKa) = 
1.89 mm-1. The reflections within the range of 20 <60° 
were collected on a Philips 1100 automated four-circle diffrac-
tometer, using Mo Ka radiation (0.7107 A) and applying the 
(o—20 scan technique. The 1175 independent reflections 
with |F0|>3(7(|F0|) were used for the structure refinement. 
The intensities were corrected for Lorentz and polarization 
factors, but no correction was made for absorption and ex­
tinction. 

All the calculations were carried out on a HITAG 8700/8800 
computer at the Computer Center of The University of Tokyo, 
using the local version of UNICS program.23) The atomic 
scattering factors were taken from the tables.**) 

Structure Determination. The structure was solved by 
the heavy-atom method. The positions of the cobalt and 
sulfur atoms were deduced from a three-dimensional Patterson 
map, and all the other non-hydrogen atoms were successively 
located by Fourier syntheses; their positions and their thermal 
parameters were refined by a repeated block-diagonal least 
squares method. Then the positions of all hydrogen atoms 
were obtained from a difference Fourier synthesis, and were 
also refined. In the last cycle of the refinement with aniso­
tropic temperature factors for all non-hydrogen atoms, all 
the parameter shifts were less than one-third of the correspond­
ing standard deviations. The final R value was 0.034.25> 

The Other Measurements. Magnetic moments of the 
solid powder samples were measured using a Gouy balance, 
at 25 °C. 

The simultaneous thermcgravimetric (TG) and differential 
thermal analysis (DTA) were carried out with Rigaku Denki 
M-8075 using a sample weighing 10 mg in each operation, 
with the heating rate of 10 °C min - 1 in air, using a-alumina 
as the reference. 

The infrared spectra of the samples were obtained by 
means of a JASCO infrared spectrophotometer, type 403G, 
using Nujol and hexachloro-l,3-butadiene mull. 

The visible absorption spectra of the samples were obtained 
by a Hitachi 124 spectrophtometer, and their reflectance 
spectra by the same instrument using the appropriate attach­
ment. 

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

The final atomic parameters are listed in Table l,26) 
the atomic distances and the bond angles in Table 2. 
A perspective drawing of the complex and the numbering 
scheme of atoms are shown in Fig. 1, and a projection 
of the structure along b* in Fig. 2. T h e crystal consists 
of discrete molecules of [Co (CH 3 • S • CH 2 • CO a) 2 ( H 2 0 ) 2 ] , 
except for weak hydrogen bondings. T h e molecules 
has a center of symmetry, occupied by a cobalt atom. 
As shown in Fig. 1, the central metal in this complex 
is in a deformed octahedral environment, elongated in 
both the coordinated sulfur atom directions. Methylthio-
acetato ligand forms a five-membered chelate ring, 
coordinating through a sulfur atom and a carbonyl 
oxygen atom. Two water molecules also coordinate to 
the cobalt atom. T h e value of the magnetic moment 
of the complex shows no interaction between cobalt 
atoms. 

T h e Co-S distance is 2.531(1) Â, which is almost 
the same as that in the bis(propylthioacetato) cobalt(II) 

TABLE 1. FINAL ATOMIC COORDINATES ( X 1 0 4 F O R NON-

H Y D R O G E N ATOMS, AND X 1 0 3 FOR HYDROGEN ATOMS) 

A N D ISOTROPIC TEMPERATURE FACTORS ( 5 / Â 2 ) WITH 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Co 
S 
O(l) 
0(2) 
0 (W) 
G(l) 
G (2) 
C(3) 

H( l ) 
H (2) 
H (3) 
H (4) 
H (5) 
H(W1) 
H(W2) 

X 

0 
437(1) 

-2045(3) 
-3945(3) 

2397 (3) 
-2751 (4) 
-2101(4) 

2115(5) 

X 

-200(5) 
-309(5) 

354(6) 
204(6) 
169(6) 
366 (5) 
226 (5) 

y 

0 
2744(1) 
595 (2) 

2196(2) 
596(2) 

1787(3) 
2774(3) 
3925 (3) 

y 
392(3) 
234(4) 
391 (4) 
503 (4) 
331 (4) 
106 (4) 
22(4) 

z 

0 
-283(1) 
2133(4) 
3395 (4) 
3634(4) 
2091 (5) 
262 (6) 

3034(7) 

z 
109 (6) 

-157(7) 
297 (8) 
332 (8) 
442(8) 
373 (7) 
486 (7) 

BJA»> 
1.4 
2.6 
2.6 
3.2 
3.0 
2.3 
2.9 
3.8 

*Uo/A2 

3.0(7) 
3.5(7) 
4.7(8) 
4.9(9) 
5.3(9) 
4.3(8) 
3.8(8) 

isotropic temperature factors for non-
were computed using the following 
4 

expression: Be =—-(Blxa
%+ B^+B^c* + B12ab cosy + 

a) The equivalent 
hydrogen atoms 

B13ac cos+ß+B23bc cos <x). T h e m ' s are defined by: exp 
[-(h^Bll+k^B22+PB33+2klB23^2hlB13+2hkB12)l 

TABLE 2. INTERATOMIC DISTANCE (//A) AND BOND 

ANGLES ( 0 / ° ) WITH ESTIMATED STANDARD 

DEVIATIONS IN PARENTHESES 

Co-S 
Co-O(l) 
Co-O(W) 
0(1)-G(1) 
0(2)-C(l ) 

S-Co-O(l) 
S-Co-O(W) 
0 ( l ) - C o - 0 ( W ) 
Co-O(l)-C(l) 
0(1)-G(1)-C(2) 
0 ( l ) - C ( l ) - 0 ( 2 ) 

2.531(1) 
2.042(2) 
2.066(3) 
1.278(3) 
1.228(4) 

82.03 (6) 
93.29 (5) 
90.05 (8) 

123.0 (2) 
118.4 (3) 
124.6 (3) 

C(l)-C(2) 
C(2)-S 
C(3)-S 
0 ( W ) - - 0 ( 2 ) 1 

0(W) . . . 0 (1 ) " 

0(2)-C(l)-C(2) 
C(l)-G(2)-S 
C(2)-S-C(3) 
Co-S-C(2) 
Co-S-C(3) 

1.533(4) 
1.805(3) 
1.807(4) 
2.685(3) 
2.702(3) 

117.0(3) 
115.0(2) 
99.6(1) 
91.2(1) 

105.8(1) 

Key to symmetry operations: I. 1.0+x, y, z; II. — x, 
-y, 1.0-2. 

hexamer,15) and which is slightly longer than that of 
the four, five or six-membered ring chelate dithiolato 
complexes of cobalt (II).2 7 - 2 9) As the sum of the covalent 
bond radii (Pauling) of Co(II) and S is 2.36 Â, the 
Co-S bond of this chelate is a little weaker than that 
of the common sulfur-coordinated cobalt (II) complexes. 
T h e distance C ( l ) - 0 ( 1 ) (where O ( l ) of the ligand 
coordinates to Co), is 1.278(3) Â ; this is longer than 
C ( l ) - 0 ( 2 ) : 1.228(4) Â. Therefore, the carboxyl group 
of the ligand is in rather a covalent character in the 
chelate, because the bond length C ( l ) - 0 ( 1 ) and C ( l ) -
0 ( 2 ) should be about equal when it has the ionic 
character. 

T h e coordinated water molecule forms hydrogen 
bonds with the O ( l ) a tom of the complex which is 
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Fig. 1. A perspective drawing of the title compound with 
their numbering scheme of atoms. 

Fig. 2. Crystal packing diagram projected along £*. 

located next in the c-axis direction, as well as with the 
0 ( 2 ) atom of the complex next in the a-axis direction. 
The crystal preferably grows in the c-axis direction, and a 
needle-like one is commonly obtained. The crystal 
cleaved along both of (100) and (010) planes, although 
the cleavage along the former plane must break hydrogen 
bondings between complexes. 

The results of the simultaneous TG and DTA 
of [diaquabis(methylthioacetato)cobalt(II)] and of 
[diaquabis(propylthioacetato)cobalt(II)] are shown in 
Fig. 3. Their general features resemble each other, 
although the methylthioacetate is dehydrated in the 
higher temperature region. At the second step, a 
drastic mass loss occurs at about 230—300 °C in both 
cases. Their DTA curves show that several endo- and 
exo-thermal reactions occur in this region, and the 
complexes are completely decomposed into some tar-like 

4/ 
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Fig. 3. Thermogravimetric and differential thermal 
analysis curves of a) diaquabis (methylthioacetato)-
cobalt(II) (upper), and b) diaquabis (propylthioace-
tato)cobalt(II) (lower) (10°Cmin-1). 

materials. The TG curve of the methylthioacetate 
shows a plateau between 140—230 °C. The anhydride 
corresponding with this region is an "amorphous 
anhydride" obtained by heating the diaqua complex at 
about 140—150 °C; this fact was determined from the 
X-ray powder pattern. From the propylthioacetate, 
the same type of anhydride was also obtained by the 
same process, but by heating at a lower temperature 
(100—110 °C). 

When diaquabis (propylthioacetato) cobalt (II) was 
dehydrated by evaporation together with a benzene-
ethanol mixture, and then with benzene, the obtained 
product was the amorphous anhydride; this has similar 
spectroscopic properties to those of the one obtained by 
heating the solid diaqua complex in air. However, 
when the amorphous anhydride was dissolved in some 
non-polar solvent, such as benzene, carbon tetrachloride, 
or xylene, and dried at room temperature, the anhydride 
hexamer or its organic solvent adducts were obtained. 
Its hexamer /^-xylene adduct, used for the crystallo-
graphic analysis, was obtained by the gradual dissolution 
of petroleum ether into a xylene solution of the amor­
phous anhydride at room temperature.15) 

The infrared spectra of diaquabis (methylthioacetato)-
cobalt(II), its amorphous anhydride, and its hexamer-
type anhydride form, and those of diaquabis (propylthio­
acetato) cobalt (II) and its anhydride hexamer (/^-xylene 
adduct), are all shown in Fig. 4. Although the wave 
number of each corresponding peak differs in some 
extent, the general features of the spectra of their 
diaqua complexes, and of the spectra of their hexamer or 
hexamer-type anhydride, are almost identical in the 
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Fig. 4. Infrared spectra of the complexes. 1—3) Bis-
(methylthioacetato)cobalt(II) ; 1) diaqua complex, 
2) amorphous anhydride, 3) hexamer-type anhydride. 
4, 5) Bis(propylthioacetato)cobalt(II) ; 4) diaqua com­
plex, 5) hexamer /»-xylene adduct. 

wave number region shown. T h e v (O-H) peaks of both 
diaqua complexes appear at about 3100 c m - 1 (split 
into 2 peaks), which is lower than those of common 
crystalline water in metal complexes. This fact is 
explained by the coordination of water to the central 
metal, as shown by the structure analysis of the title 
complex, diaquabis(methylthioacetato)cobalt(II) . The 
wave numbers of *>as(COO) and of *>s(COO) are 
characteristic of each type of the complexes. In the 
case of both diaqua complexes, these peaks appeared 
at 1602 or 1615 and 1365 or 1368 cm- 1 , those of the 
hexamer appeared as a strong v a s (COO) peak at 1640 
cm*-1 (with a small one at 1569 or 1558 c m - 1 ) , and the 
characteristic triplet *>s(COO) peaks with the maxima 
at 1431 or 1440, 1390 or 1397, and 1364 or 1360 cm"1 . 
(The causes of the splitting and the shift of the peaks 
have not been analysed in detail, yet. At this stage, 
only the correspondence of those peaks in their general 
features was shown). As shown in Fig. 4, the amorphous 
anhydride of the methylthioacetate shows infrared 
spectral peaks different from those of either the diaqua 
complex or the hexamer-type one, in their maximum 
wave numbers as well as in their shapes. T h e far-
infrared spectra of both types of complexes, diaqua and 
hexamer-type, also show characteristic patterns. 

The reflectance spectra of these products are shown 
in Fig. 5. As in the case of infrared spectra, the spectra 
of the diaqua complexes of cobalt (II) methylthioacetate 
and of propylthioacetate are almost identical. Moreover, 

400 500 600 

A/nm 

Fig. 5. Reflectance spectra of the complexes. 1—3) Bis-
(methylthioacetato) cobalt ( I I ) ; 1) d iaqua complex, 
2) amorphous anhydride, 3) hexamer-type anhydride. 
4 ,5 ) bis(propylthioacetato)cobalt(II) ; 4) d iaqua com­
plex, 5) hexamer /»-xylene adduct . 

those of their hexamer-type anhydrides exhibit the same 
features. 

From these infrared and reflectance spectral results, 
the diaqua complexes and the hexamer-type anhydrides 
of the methylthio- and propylthioacetate are likely to 
have the same types of structure. Their amorphous 
anhydrides have a structure different from the other 
two. I t is likely to be in a polymer-type structure, but 
this is not yet clarified. 

Although the hexamer of the propylthioacetate of 
cobalt(II) is soluble in many non-polar organic solvent, 
the methylthioacetate cannot be dissolved in benzene, 
xylene, toluene, or carbon tetrachloride at ambient 
temperature. T h e 1,1,2,2-tetrachloroethane solution of 
the methylthioacetate, stable at room temperature, can 
be obtained when its anhydride (hexamer-type one) is 
heated with the solvent and cooled. 

T h e hexamer-type anhydride of methylthioacetate 
and propylthioacetate, dissolved in some non-polar 
organic solvent, show spectral patterns similar in their 
features. These patterns are similar to their reflectance 
spectra, too. Consequently, the hexamer structure 
shown by the crystallographic analysis of the propylthio­
acetate is kept in the solution, and the methylthioacetate 
complex is likely to have the same of a very similar 
structure in both its solid and its solution state. Beer's 
law is followed in the concentration region of 0.04—0.01 
mol d m - 3 (per monomer cobalt(II) complex). T h e 
high absorption coefficients of peaks, as well as the 
complicated splittings, correspond to the deformation 
from the octahedral configuration to an approximately 

i 1 r 
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A/nm A/nm 

Fig. 6. Absorption spectra of the complexes in solution. 
1) Cobalt(II) chloride hexahydrate in water, 2—4) bis-
(methylthioacetato)cobalt(II) ; 2) hexamer-type anhy­
dride in 1,1,2,2-tetrachloroethane, 3) hexamer-type 
anhydride in the mixed solvent of 1,1,2,2-tetrachloro­
ethane and ethanol ( 4 : 1 , v/v), 4) diaqua complex in 
water (0.07 mol dm - 3) , 5—7) bis(propylthioacetato)-
cobalt(II); 5) hexamer /»-xylene adduct in benzene, 
6) hexamer /»-xylene adduct in the mixed solvent of 
benzene and ethanol ( 4 : 1 , v/v), 7) diaqua complex in 
water (0.07 mol dm - 3) . 

squarepyramid one (Co-S is weak and elongated), 
around the cobalt(II) atoms.15»30) 

As shown in Fig. 6, when ethanol or some such slightly 
polar solvent was added to the solution of the hexamer-
type anhydride mentioned above, the spectral pattern 
changed, and the destruction of the hexamer structure 
was suggested. T h e features of the spectra of their 
solutions in pure alcohols resemble those of their 
aqueous solution, although their absorption coefficients 
are higher. 

When the diaqua complexes of both the alkylthio-
acetates were dissolved in water, the solutions showed 
neither the peak at 430 n m nor the shoulder about 
530 nm, in their reflectance spectra. T h e spectra of 
their aqueous solution resemble those of the aqueous 
solution of cobalt (II) chloride. However, the intensities 
of the peak maxima of the former ones are higher than 
tha t of the latter one, when the former solutions are in 
higher concentrations (about 0.05—0.1 mol d m - 3 ) . The 
absorption coefficients decrease as the concentration 
decreases, and the value tends to coincide with that 
of the hexaaquacobal t ( I I ) ion. This fact shows that 
the methylthioacetate of cobalt (II) is decomposed in its 
aqueous solution, and that the ligand is almost complete­
ly dissociated in its dilute aqueous solution. 

T h e authors wish to thank Professor Yoichi Iitaka 
of the Faculty of Pharmaceutical Sciences, T h e Univer­
sity of Tokyo, for the collection of the intensity data of 
X-ray diffraction. 
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Preparation of Graphite Intercalation Compounds of Thiazyl Salts 
T s u y o s h i N A K A J I M A , * M a s a y u k i K A W A G U C H I , a n d N o b u a t s u W A T A N A B E 

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606 

(Received October 22, 1980) 

Thiazyl salts prepared from S3N3C13 and M C l 3 ( M = S b , Fe, AI) were intercalated into flaky or powdery natural 
graphite in CC14 or SOCl 2 . Intercalation compounds prepared are C24S4N4 • 2SbCl5 [2nd stage, Ic (repeat distance) 
= 12.81 ± 0 . 0 2 A ] , C 9 5 . 0 .2 (S 3 N 3 Cl 3 .FeCl 2 ) .0 .8 (SOGl 2 .FeCl 2 ) [2nd stage, / c = 12.77 ± 0 . 0 3 A] , C n S 3 N 3 C l 3 . 
2.4FeCl2 [a mixture of 1st and higher stage compounds, 7 C = 9 . 1 7 ± 0 . 0 5 A] and C24.0.4(S3N3C13.2A1C12) -0.6-
(SOCl2 .2AlCl2) [a mixture of 2nd and 3rd stage compounds, Ic= 12 .89±0.03 A, 16.23±0.03 A ] . Electrical 
conductivity of pyrolytic carbon-S 4 N 4 • 2SbCl5 [3rd stage] is higher than that of original pyrolytic carbon by one 
order. 

I n r e c e n t yea r s , a t t e n t i o n h a s b e e n g iven to g r a p h i t e 
i n t e r c a l a t i o n c o m p o u n d s s h o w i n g m e t a l l i c b e h a v i o r , i. e. 

h i g h e lec t r i ca l c o n d u c t i v i t y . A lka l i m e t a l , a c i d o r s o m e 
h a l i d e c o m p o u n d s h a v e s u c h p r o p e r t i e s . G r a p h i t e 
c o m p o u n d s i n t e r c a l a t e d b y s t r o n g Lewis a c i d s s u c h as 
S b F 5 , A s F 5 a r e a lso of in teres t . 1 ) M o s t c h l o r i d e s o r 
fluorides of m e t a l s i n h i g h e r o x i d a t i o n s ta tes a r e h y g r o ­
scopic a n d u n s t a b l e . I n m a n y cases , t h e i r g r a p h i t e 
i n t e r c a l a t i o n c o m p o u n d s a lso h a v e s imi l a r p rope r t i e s . 
H o w e v e r , s u c h h a l i d e s a r e s tab i l i zed to s o m e e x t e n t 
f o r m i n g ion ic c o m p l e x e s w i t h a n i o n d o n o r ha l ides . 
G r a p h i t e i n t e r c a l a t i o n c o m p o u n d s of t h e t e r n a r y sys tem 
m i g h t b e cons ide red to b e effective for p r e p a r i n g s t ab le 
c o m p o u n d s w i t h h i g h e l ec t r i ca l c o n d u c t i v i t y . 

T e r n a r y sys tem c o m p o u n d s w e r e p r e p a r e d b y t h e 
r e a c t i o n of s i x - m e m b e r e d r i n g c o m p o u n d S 3 N 3 C 1 3 

w i t h m e t a l ch lo r ide s (SbCl 3 , F e C l 3 , A1C13) in C C 1 4 o r 
S O C l 2 c o n t a i n i n g g r a p h i t e . E l e c t r i c a l c o n d u c t i v i t y 
w a s m e a s u r e d for a re l a t ive ly s t ab l e c o m p o u n d w i t h 
pyro ly t i c c a r b o n hos t , o b t a i n e d in a fo rm s u i t a b l e for 
m e a s u r e m e n t . 

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

Flaky natural graphite from Madagascar consisting of two 
different grain sizes of over 500 pirn (80%) and 297—500 jxm 
(20%), and powdery natural graphite of less than 44 yon, 
were used. Purity was 99 .4% after purification with a 
hydrogen fluoride solution. Trithiazyl trichloride S3N3C13 

(yellow crystals, m p 91 °C) was prepared by the usual 
method.2> Commercial SbCl3 , FeCl3 j and A1C13 were used 
without further purification. All the reactions were carried 
out under nitrogen or dry atmosphere. Graphi te intercala­
tion compounds prepared were analysed by means of X-ray 
diffractometry and elemental analysis. The X-ray diffrac­
tion pat tern for a moisture-sensitive compound was taken 
by wrapping the sample in thin, t ransparent poly (vinyl 
chloride) resin. Elemental analysis was performed at the 
Laboratory for Organic Elemental Microanalysis, Faculty of 
Pharmaceutical Science, Kyoto University for C, N , CI, and 
at Kyoto Science Research Institute of Shimadzu Seisakusho 
Corporation for Sb, Fe, Al, and S. A-axis electrical con­
ductivity was measured for pyrolytic carbon (PC), P C -
S4N4 .2SbCl5 , and PC-SbCl 5 by the 4-point DC-bridge 
method. The host material was a pyrolytic carbon plate 
(Nihon Carbon Comp. Ltd.) deposited at 2100 °C and further 
treated at 2400 °C. 

The compounds were prepared as follows. 
1) C2iSAN^2SbCl5. Flaky graphite (1.416 g), SbCl3 

(4.433 g, 19.4 mmol) and S3N3C13 (1.589 g, 6.50 mmol) were 

added to 60 ml of dry CC14 in a 100 ml glass flask. T h e 
solution was then heated at 55 °C in an oil ba th and stirred 
for 12 d. The reaction was completed in 1—2 h, a red-
brown compound being precipitated from the solution. After 
3 d, flaky graphite began to expand with insertion of the 
product . It took over a week for thiazyl salt to be intercalated 
completely. The product was filtered under nitrogen or dry 
atmosphere and dried in a vacuum. 

2) C9.5.0.2(SzNzClz-FeCl2).0.8(SOCl2-FeCl2) and CUS9-
NzClz-2AFeCl2. Flaky graphite (1.024 g), FeCl3 (2.038 g, 
12.60 mmol) , S3N3C13 (1.537 g, 6.28 mmol) , and powdery 
graphite (0.693 g) , FeCl3 (1.397 g, 8.50 mmol) , S3N3C13 

(1.040 g, 4.25 mmol) were added to 40 ml of SOCl2 . Each 
solution was then heated at 50 °C and stirred for 7 and 8 d, 
respectively. The compounds were isolated in the same way 
as for 1). 

3) Reaction of Flaky Graphite with SzNzClz+2AlClz. 
Flaky graphite (0.975 g), A1C13 (1.276 g, 9.57 mmol) and 
S3N3C13 (1.170 g, 4.78 mmol) were added to 40 ml of SOCl2 . 
The solution was then heated. The compound was isolated 
in the same way as for 1). 

4) PC-S^N^2SbClb and PC-SbClb. PC-S 4N 4 .2SbCl 5 

was prepared by the same method as for 1). PC(1 cm2, ca. 
0.1 cm in thickness) and SbCl5 (70 g) were added to 15 ml of 
dry CC14 in a 100 ml flask. The solution was then heated 
at 100 °C in oil ba th and stirred for 10 d. 

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

Intercalation of S^N^2SbClb. T h e react ion o f 
S3N3CI3 w i t h S b C l 3 g a v e t w o dif ferent c o m p o u n d s 
a c c o r d i n g to t h e m o l e r a t i o of t h e r e a c t a n t s : in t h e 1 : 1 
r e a c t i o n , t e n - m e m b e r e d S, N r i n g c o m p o u n d S5N5« 
S b C l 6 w a s c rys ta l l i zed from ace ton i t r i l l e in o r a n g e 
co lor , i n t h e 1 : 3 r e a c t i o n , e i g h t - m e m b e r e d r i n g 
c o m p o u n d S 4 N 4 ' S b C l 5 w a s i so la ted . T h e c o m p o u n d s 
w e r e ident i f ied b y I R spectra3»4) a n d e l e m e n t a l analys is . 
I R ( K B r ) : s ( b r o a d ) 1166, s ( b r o a d ) 1121 , m 733 , w 6 8 1 , 
w 630 a n d vs 545 c m - 1 . E l e m e n t a l ana ly s i s : F o u n d - S, 
2 8 . 6 ; N , 12 .6 ; CI , 3 7 . 6 ; S b , 2 1 . 1 % . C a l c d for S 5 N 5 ' 
S b C l 6 : S, 2 8 . 4 ; N , 12 .4 ; CI , 3 7 . 7 ; S b , 2 1 . 6 % . 

S3N3CI3 + SbCl3 

R.T. 

CH3CN 
* S 5 N 5 .SbCl 6 (1) 

I R ( K B r ) : vs 1058, vs 976 , s 808 , vs 788, w 684 , vs 512 , 
m 4 1 3 c m - 1 . E l e m e n t a l an a l y s i s : F o u n d : S, 2 4 . 7 ; N , 
1 1 . 5 ; CI , 3 6 . 9 ; S b , 2 4 . 4 % . C a l c d for S 4 N 4 . S b C l B ! 
S, 2 6 . 5 ; N , 11 .6 ; CI , 3 6 . 7 ; S b , 2 5 . 2 % . 

S3N3CI3 + 3SbCl3 — • S 4 N 4 .SbCL (2) 
CHaCla or CC14 
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Graphite + 3 SbC 

002 

1 JSL-LJ 
1 1 1 1 

'3 • S3N3CI3 

I 0 0 3 ,004 
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Ic = 12.81 i0.02 A 
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Dif fract ion angle 29 (degrees) (Cu K*) 

Fig. 1. X-Ray diffraction pattern for C24S4N4-2SbCl5. 

S5N5 ring is not as stable as S4N4 ring. Repeated 
recrystallization resulted in the change of the crystal 
structure from S5N5-SbCl6 to S4N4-SbCl5 . When 
reaction (2) was carried out in the presence of graphite, 
a brown intercalation compound was obtained after 12 

55 °c 

Flaky graphite + S3N3C13 + 3SbCl3 • C24S4N4 • 2SbCl5 

ecu 
(3) 

d. T h e X-ray diffraction pat tern for this compound is 
shown in Fig. 1. The compound was so stable that 
the diffraction pattern could be taken without wrapping 
the sample. T h e repeat distance Ic is 12.81 ± 0 . 0 2 Â 
from the observed (00/) diffraction lines. T h e result of 
elemental analysis for this compound coincides with 
C24S4N4-2SbCl5 . Found: C, 26.6; S, 10.8; N , 4 .8; CI, 
32.4; Sb, 21 .5%. Calcd for C2 4S4N4-2SbCl5 : C, 26.9; 
S, 12.0; N, 5.2; CI, 33 .1 ; Sb, 22 .8%. 

In general, the repeat distance of 1st stage compounds 
of metal chlorides is in the range of 9—10 Â.5) 1st stage 
compound C12SbCl5 has 9.42 Â as the repeat distance,5) 
indicating that the interlayer spacing of graphite is 
expanded by 6.07 Â with intercalation of SbCl5. 
S4N4 reacts with metal chlorides (SbCl5, FeCl3, A1C13 

etc.) to give mono- and diadducts.4»8) T h e intercalant 
S4N4-2SbCl5 is regarded as a diadduct of S4N4. 
Considering that the dimension of monoadduct S4N4* 
SbCl5 is ca. 6 Â,7) it is possible that the intercalant 
S 4N 4 '2SbCl 5 is oriented between the interlayer spacing 
of 6.11 Â ( = 1 2 . 8 1 - 3 . 3 5 x 2 ) . Thus , C2 4S4N4-2SbCl5 

is assigned to a 2nd stage compound. 
D T A and T G curves of C2 4S4N4-2SbCl5 were obtained 

to determine the decomposition temperature. Decom­
position of the intercalant began at ca. 150 °C and was 
completed at ca. 250 °C through S4N3Cl-SbCl3 . 

Reaction of Graphite with S3N3Cl3+2FeCl3. S3N3C13 

reacts with FeCl3 to give 1 : 1 or 1 : 2 adduct.9) In this 
case, SOCl 2 used as a solvent also forms an adduct 

Graphite + S3N3CI3 + 2FeCI 3 in S O C l ^ , 50 °C for 1 week 

I 004 

Stage 2 

Ic = 12.77*0.03 X 

008 

S i l 

10 20 30 40 50 60 
Diffraclion angle 2 9 (degrees) ( Cu K*) 

Fig. 2. X-Ray diffraction pattern for C9 5 0.2 (S3N3C13-
FeCl2)0.8(SOCl2FeCl2). 

with FeCl3.
9> When the reaction was carried out in 

SOCl2 containing flaky graphite, a black intercalation 
compound was isolated after 1 week. T h e repeat 
distance is calculated to be 12.77^0.03 Â from the 
(00/) diffraction lines shown in Fig. 2. The composition 
was derived from the elemental analysis as C9>5*0.2 
(S3N3Cl3-FeCl2)-0.8(SOCl2-FeCl2) . The prepared 
compound contains much solvent. 

50 e c 

Flaky graphite + S3N3C13 + 2FeCl3 • 
SOClt 

C9.5-0.2(S3N3Cl3.FeCl2)-0.8(SOCl2.FeCl2) (4) 

Found: C, 29.2; S, 11.6; N, 2.2; CI, 38.4; Fe, 14.4; (O), 
3 .5%. Calcd for C 9 5-0.2(S3N3Cl3-FeCl2)-0.8(SOCl2-
FeCl 2) : C, 29.6; S, 11.8; N, 2.2; CI, 38.6; Fe, 14.5; 
( O ) , 3.30/0. 

FeCl2 forms 1st stage intercalation compound with 
the composition C 4 7 FeCl 2 and the repeat distance 9.56 
Â.5> T h e number of carbon is 9.5 per one intercalated 
molecule, in line with twice that for 1st stage compound. 
The repeat distance also indicates that the compound 
is a 2nd stage one. 

T h e compound decomposed on exposure to the air, 
accompanied by decrease in weight and release of 
chlorine gas. After being left to stand for several hours, 
the diffraction lines for initial graphite appeared on the 
diffraction pattern. 

W h e n powdery graphite was used as host material 
instead of flaky graphite, another intercalation com­
pound C n S 3 N 3 Cl 3 ' 2 .4FeCl 2 containing no solvent was 
formed. 

Powdery graphite + S3N3C13 + 2FeCl3 

50 *C 

SOCI2 

CuS3N3Cl3.2.4FeCl2 (5) 
Found: C, 19.9; S, 13.5; N, 6.3; CI, 41.8; Fe, 18.9%. 
Calcd for C nS 3N 3Cl 3 -2 .4FeCl 2 : C, 19.4; S, 14.1; N, 
6.2; CI, 40.6; Fe, 19.7%. 

This is also black and a mixture of 1st and higher 
stage compounds. Powdery graphite has a much 
greater surface area than flaky graphite. However, no 
pure 1st stage compound could be obtained. T h e 
observed repeat distance for 1st stage compound is 
9 .17^0 .05 Â, and the strong peak at 27.2° corresponds 
to (00/) line of higher stage compounds (Fig. 3). The 
characteristic of this compound is similar to that of 
C9 .5-0.2(S3N3Cl3-FeCl2)-0.8(SOCl2-FeCl2) . 

Powdery Graphite f S3N3CI3 + 2Fed 3 in S0CI 2 50°C 

for 8 d 

High stage ( 0 0 4 ) line 

Stage 1 

Ic = 9.16 ±0.05 A 

)0 20 
Diffraction 

30 
angle 

Fig. 3. X-Ray diffraction pattern 
2.4FeCl2. 

40 50 
2 9 (degrees) (Cu K*) 

for Cuo3. S3N3C13 
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Graphite + S3N3CI3 + 2AICI3 in SOCI2 , 50 °C for I week 

1 1 1 1 1 1 1 1 1 I 

10 20 30 40 50 
Diffraction angle 20 (degrees ) ( Cu K* ) 

Fig. 4. X-Ray diffraction pattern for C24«0.4(S3N3Cl3-
2A1C12).0.6(SOC12.2A1C12). 

Reaction of Graphite with S3N3Cl3-\-2AlCl3. S3N3C13 

reacts also with A1C13 to give 1 : 1 or 1 : 2 adduct.9) 
Reaction of flaky graphite with the adduct gave a 
green-black compound. X-Ray diffraction pattern 
(Fig. 4) indicates the coexistence of 2nd and 3rd stage 
compounds. No pure 2nd stage compound was obtained 
even by the reaction for ca. one month. T h e reaction 
rate from 3rd stage to 2nd stage might be low in this 
system. Their repeat distances are 12 .89^0.03 Â and 
16.23^0.03 Â, respectively. From the elemental 
analysis, the composition is approximated to C24* 
0.4(S3N3C13- 2A1C12) • 0.6(SOC12 • 2A1C12). 

50 °c 
Flaky graphite + S3N3C13 + 2A1C13 • 

SOCla 
C24.0 4(S3N3C13.2A1G12).0 6(SOCl2.2AlCl2) (6) 

Found: C, 44 .1 ; S, 9 .1 ; N, 2.2; Gl, 30.7; Al, 7.4; (O), 
5.8%. Calcd for C24-0.4(S3N3C13-2A1C12)-0.6(SOC12-
2A1C12): C, 44 .1 ; S, 8.8; N, 2.6; CI, 34.7; Al, 8.3; (O), 
1.5%. 

A considerable discrepancy exists between analytical 
and calculated values for chlorine. T h e compound is 
very hygroscopic and unstable. As soon as it was taken 
out from a flask into the air, it decomposed liberating 
chlorine gas. The color turned from green-black to 
black. Analytical error occurred probably because of 
such property. Some unknown peaks appeared on the 
X-ray diffractogram for a decomposed compound, no 
peak corresponding to the original graphite being 
observed. T h e black substance may be a kind of 
residual compound. 

Electrical Conductivity Measurement. The results of 

TABLE 1. ELECTRICAL CONDUCTIVITIES OF PC, 

PC-SbCl5, AND PC-S4N42SbCl5 AT 25 °C 

Compound aJQ cm-1 

Pyrolytic carbon 3.9 X 103 

PC-SbCl5 (3rd stage) 4.1 X 104 

PC-S4N4.2SbCl5 (3rd stage) 4.4X 104 

a-axis electrical conductivity for PC, PC-SbCl 5 , and 
PC-S 4 N 4 -2SbCl 5 are given in Table 1. Both P C -
SbCl5 and PC-S 4 N 4 -2SbCl 5 were confirmed to be 3rd 
stage compounds by means of X-ray diffractometry. 
T h e electrical conductivity of PC-SbCl 5 and PC-S 4N 4-
2SbCl5 is obviously higher than that for original PC 
by one order. T h e chemical bond between S4N4 and 
SbCl5 is the coordination of antimony atom of SbCl5 

as a Lewis acid to nitrogen atom of S4N4, the intercalant 
S4N4*2SbCl5 having partially ionic character repre­
sented by S4N4*+-2SbCy-.7> It is likely that S4N4-
2SbCl5 is comparable with SbCl5 in its ability as an 
electron acceptor which removes an electron from 
graphite and leaves behind a delocalized hole. Insertion 
of S4N4 increases the stability of the intercalation 
compound as compared with PC-SbCl 5 . 

T h e authors thank Dr. Rokuro Fujii, Government 
Industrial Research Institute, Osaka, for his assistance 
in the electrical conductivity measurement. 
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The trans-cis Isomerization of Potassium Diaquabis(oxalato) Chromate (III) 
in Various Organic Solvent-Water Mixtures 
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Kinetics of the trans-cis isomerization of K[Cr(ox)2(H20)2] have been investigated in binary mixed solvents, 
including ethanol-, dioxane-, and acetone-water mixtures. The first-order rate constant decreases with an 
increase in the concentration of an organic solvent. A similar decrease by the addition of an organic solvent was 
observed in the presence of univalent and bivalent cations. These results are in contrast to those for the analogous 
malonato complex, and suggest that both dissociation and twist mechanisms are involved in the reaction. 

Extensive investigations of the isomerization kinetics 
of /ra7U-diaquabis(oxalato)chromate(III) ion have been 
reported.1 - 1 2) A dissociation mechanism, where a bond 
rupture at Cr-oxalato is the rate determining step, has 
been reported and this has been supported by the 
catalytic effect of various cations,1»3»11) while a twist 
mechanism has been suggested by Ashley and Lane.13) 

O n the other hand, the studies on the influence of 
solvents are very few.6) T h e authors have found that 
the rate of the isomerization of an analogous malonato 
complex increased with an increase of the concentration 
of organic solvents.14) In this work, we have studied 
the effect of solvents on the rate of the isomerization. 
As the isomerization is catalyzed by some cations, the 
catalytic reaction is expected to be accelerated in 
organic solvents, because the reaction is ionic and 
depends on the relative permittivity of the solvent. 
Nevertheless, the reactions in the presence of univalent 
and bivalent cations are found to be retarded with 
increasing concentration of the organic solvent. We 
have also studied the reaction mechanism. 

Exper imenta l 

Materials. Potassium /ra;u-diaquabis(oxalato) Chromate 
(III), *ra7W-K[Cr(ox)2(H20)2]-3H20, was prepared by the 
standard method.15) As considerable amount of by-products, 
[Cr(ox)(H20)4]+ and [Gr(ox)3]3_, were contained. The 
product was purified by using an ion exchange chromatog­
raphy.9) The absorption spectra (Amax=400nm (emax= 
19.2), 532 nm (19.0)) agreed well with those reported in the 
literature.4»9) The stock solutions containing the investigated 
cations were prepared by dissolving the chlorides of the cations 
in redistilled water. The chlorides of a guaranteed reagent 
grade were recrystallized from distilled water. Organic 
solvents of a guaranteed reagent grade were purified by the 
usual methods,16) and ultraspecial grade solvents were used 
without further purification. 

Procedures. Experimental methods were described 
previously.14) The rates of the reactions were determined 
spectrophotometrically at the wavelength of 415 nm at 25.0 °G. 
The concentration of the complex was 8.0 X 10~3 mol dm - 3 in 
all cases. The pH value of the solution was not adjusted but 
remained constant at about 4.5 throughout the reactions. 

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

In the absence of excess cations, the isomerization 
rates were determined in aqueous mixtures of ethanol, 

0.05 0.10 0.15 
Mole fraction 

0.20 

Fig. 1. Effects of the concentration of organic solvents 
on A;ob8d in the absence of excess cation. 
O ' Ethanol, • : dioxane, A : acetone, £ : iV-methyl-
acetamide. 

1 0 2 / £ r 

Fig. 2. Plots of ln(£obsd/s-1) vs. the reciprocal of relative 
permittivity. 
O : Ethanol, • : dioxane, A : acetone, © : [Ga2+] = 
0.0157 mol dm-3 (ethanol), 3 : [Ca2+] = 0.0314 mol 
dm"3 (ethanol), Q) : [Sr2+] = 0.331 mol dm"3 (ethanol). 

dioxane, acetone and JV-methylacetamide. The iso­
merization obeys good first-order kinetics even after 90% 
reaction, and the rate constant, £obs(j, decreased with 
increasing concentration (mole fraction) of the organic 
solvents, contrary to the case of the analogous malonato 



August, 1981] Isomerization of K[Cr(ox)2(H20)2]" in Organic Solvent-Water Mixtures 2299 

complex.14) The results are shown in Fig. 1. As the 
relative permittivity, eri of the solvents increased, £obs(j 
increased smoothly except in the solution of iV-methyl-
acetamide and formamide. Plots of In A:obsd vs. l /erwere 
found to be linear, though deviations could be seen in 
the high concentrations of the organic solvents. The 
er values were properly interpolated from known 
values.17) The plots are shown in Fig. 2. Even if the 
er value was the same, different kobsd values were 
obtained in other solvents. Therefore £o b s d did not 
depend on the eT value only. 

TABLE 1. THE A;ob8d VALUES IN VARIOUS SOLVENTS 

IN THE PRESENCE OF SOME CATIONS 

0.05 0.10 0.15 
Mole fraction 

Fig. 3. Effects of the concentration of ethanol on 
ôbsd m the presence of some cations. 

• : [La3+] = 0.0040 mol dm"3, • : [La3+] = 0.0020 mol 
dm-3, A : [Sr2+] = 0.331 moldm-3, A : [Sr2+] = 0.031 
mol dm-3, Q: [Ca2+] = 0.031 moldm"3, # : [Ca2+] = 
0.016 mol dm-3, <> : [K+] =0.99 mol dm"3. 

It has been shown that the rates in aqueous solutions 
are accelerated by the addition of cations, M**.1»3»11) A 
similar acceleration was observed in a mixture of an 
organic solvent and water. The effects of the solvents 
on £o b s d in the presence of cations are shown in Fig. 3 
and Table 1. The kohsd values decreased with increasing 
concentration of the organic solvents, whereas they 
increased in the presence of La3 + in most of the solvents 
except iV-methylacetamide, whose er value is larger 
than that of water. The kohsd value was also given by 

*obsd=*o+*M[M*+], (1) 

when the ionic strength of the solution was kept constant 
by the addition of potassium chloride. The results are 
shown in Fig. 4, where the dashed curves mean the kohsd 

values when the ionic strength was not adjusted. The 
acceleration effect of K+ could be neglected, compared 
with those of the bivalent and the tervalent cations. 
Some ku values are listed in Table 2. 

Generally a rate constant, k, for an ionic reaction is 
given by 

_, . [Cation] 
Cation \ 

mol dm-3 

Vol% of organic 
solvent 

(a) Mol % of dioxane 
Na+ 0.99 
K+ 0.99 
Sr2+ 0.331 

(b) Mol% of acetone 
Sr2+ 0.331 

(c) Mol( 

K+ 
Yo of formamide 

0.99 
Sr2+ 0.331 

(d) Mol% of 
iV-methylacetamide 
Sr2+ 0.331 
La3 

^ 1 5 

u 

V> 10 
"5 

o 

2 5 

+ 0.0153 

0.0 

0.0 
6.5 
5.6 

17.0 

0.0 
17.0 

0.0 
5.6 

17.0 

0.0 

17.0 
46 

1 1— 

• 1 

~7\ y 

20.0 

5.04 
3.6 
2.9 

11.9 

5.80 
11.4 

10.15 
3.5 

12.9 

l u X ft0bsd 

S 1 * 

30.0 40.0 50.0 

12.4 
2.0 
1.5 
9.3 

14.17 
8.7 

23.20 

9.14 

9.5 
20.2 

2.6 
9.4 

19.01 

7.5 
15.2 

1 1 

° -X I 
'Y M 

' Y YVO -
Y Y *. 
% Y 3 

/ 1 r 

L 

-

20T(/> 

o 

10 2 

0 0.1 0.2 0.3 

[Ca 2 * ] /mo l dm'3 

102 [ L a 3 + ] / m o l dm"3 

Fig. 4. Dependence of A;ob8d upon the concentration of 
cations in 40 vol% ethanol-water. 
O : Ca2+, 7 is not adjusted, % : Ca2+, 7 is adjusted to 
1.0 with KCl, n : La3+> I i s no* adjusted, • : La3+, 7 
is adjusted to 1.0 with KCl. 

TABLE 2. THE ku VALUES IN VARIOUS SOLVENTS (7= 1.0) 

Solvent 

40% Ethanol-H20 

40% Dioxane-H20 
40% Acetone-H20 
40% Formamide-H20 
50% W-Methyl-

acetamide-H20 
H 2 0 

—̂ 
Na+ 

1.0 

2.0 

K+ 

0.4 

0.5 

1.1 

104x*A 

~~_ 
Ca2+ 

46 
121a) 

113a) 

105a> 

r/s"1 

Sr2+ 

29 
81a) 

26 
23 
21 

22 

7 7 a ) 

^ 
La3+ 

7900b) 

7800c) 

970a) 

4550b) 

5130c) 

a) 7=0.10. b) 7=0.020. c) 7=0.032. 
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lnk=lnk°-f^.±, (2) 

where ZK and z* are charge numbers of ion A and B, 
respectively, e is the elementary charge, dAB the radius 
of an activated complex, K the Bolzmann constant, T 
temperature, and k° the k value when sT is extrapolated 
to infinity.18) Plots of lnA;obsd vs. l /e r gave a straight 
line, as shown in Fig. 2. T h e slope of the plot should be 
positive when a complex anion reacts with a catalytic 
cation. However, the observed results were completely 
contrary to tha t expected from Eq. 2. 

According to the Br^nsted-Bjerrum theory, the 
logarithm of the ionic reaction rate constant, ku, is 
generally given for a dilute solution by 

In ku = In *M>0 + 2QzAzBe-W /i/«, (3) 

where &M,o is the A;M value when ionic strength, / , is 
zero, and Q^is given by 

Q,= (2jrZ,)1/V/(1000)1/2(/cr)
3/2, (4) 

where L is the Avogadro constant.18) T h e £M,o value 
may be obtained from the plot of In ku vs. I1/2. Strictly 
speaking, however, this method was not applicable 
when some cations were added to change the ionic 
strength of the solution, because the acceleration effect 
of these cations could not be neglected completely, 
especially in the study of the effect of a univalent cation. 
T h e kH value decreased with increasing ionic strength. 
Therefore, the £M,o values were evaluated from Eq. 3 by 
subtracting the calculated second term of the right 
side of the equation from lnA;M. 

The plots of ln£M>o vs. l/e r were linear, as shown in 

1 02/er 

Fig. 5. Plots of ln(£M>0/mol-1 dm3 s-1) vs. the reciprocal 
of relative permittivity in ethanol-water system except 
A—E. 
O : [Ca2+]=0.031 mol dm-3, # : [Ca2+] = 0.016 mol 
dm-3, A : [Sr2+]=0.33 mol dm~3, A= [Sr2+] = 0.031 
mol dm-3, O : [Sr2+] = 0.33 mol dm~3; A: dioxane-
H 2 0 , B: acetone-H20, G: formamide-H20, D: N-
methylacetamide-HaO, Q : [La3+] = 0.0040 mol dm-3, 
• : [La3+] = 0.0020moldm-3, 0 : [La3+j = 0.015 mol 
dm - 3 in JV-methylacetamide-H20 ; E. 

Fig. 5, and the slope became positive when the bivalent 
and the tervalent cations were added. As the concen­
tration of the organic solvent increased, kQ in Eq. 1 
decreased rapidly and £M also decreased as the second 
term of the right side of Eq. 3 decreased, while ku>0 

increased. Consequently, in the presence of bivalent 
cations, A;obsd apparently decreased as eT decreased. On 
the other hand, the increase in £M>o in the presence of 
La3 + , was very large and £o b s d did not decrease with 
the concentration of the organic solvent. When the 
univalent cation was added, £M>o was small, and 
unfortunately the relationship between ln£M and l/e r 

was not clear. The radius of the activated complex, 
dAB, may be obtained from the slopes of the plots in 
Fig. 5 and the values of 1.5 nm for Sr2+: 1.4 nm for Ca2+ 
and 1.0 nm for La 3 + were obtained tentatively. The 
values were slightly greater than those expected for 
the free ions. The ion of La 3 + has a large charge and 
might come closer to the complex than the bivalent 
cations. 

Although much work has supported a dissociation 
mechanism, a twist mechanism can not be excluded, 
since the activation parameters are more suitable for 
the twist mechanism,13) and the ligand water is not 
liberated easily.19) Then the reaction may involve two 
mechanisms. One is independent of ionic effects and 
would be the twist mechanism, the rate constant of 
which is k0. Another is dependent on the cations and 
the dissociation mechanism would be predominant, the 
rate constant of which is ku. When lnA;obsd was plotted 
vs. l /e r , without dividing kodsd into k0 and £M, some 
linear plots of negative slope were obtained, as shown 
in Fig. 2, but the positive slopes, which are expected 
for reactions between ions of the opposite sign, were 
not obtained. With an increase in the concentration 
of the organic solvent, the k0 value decreased, but on the 
other hand the £M>0 value increased. These results 
suggest the existence of two different mechanisms. If 
the intermediate with a unidentate oxalato ligand 
formed by the dissociation is stabilized with an increase 
in the e r value of solvent, it is unreasonable that £o b s d 

becomes small in JV-methylacetamide-water system. 
The er value of N-methylacetamide is 182 and is much 
larger than that of water.17) Keim et a/.6) explained 
this decrease in terms of Grundwald-Winstein's Y-
parameter . The rapid decrease of k0 with an increase 
in the concentration of the organic solvent could be 
elucidated by such a solvent effect. 

T h e authors wish to thank Professor Taro Isobe for 
useful suggestions during this work. 
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Transition-metal Complexes of Pyrrole Pigments. XXI. One-electron 
Oxidation of Water Mediated by a Cobalt (III)-

Tetradehydrocorrin Complex^ 
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The cobalt(III) complex of tetradehydrocorrin (TDHC), having pJCal 6.15 and pA"a2 11.50 for successive 
acid-dissociation of axial aqua ligands, undergoes auto-reduction to the cobalt(II) complex in aqueous carbonate 
solutions. Kinetic analysis of the reaction indicates the following mechanism : a one-electron transfer from the 
axial hydroxo ligand to the metal site, subsequent homolytic cleavage of the Co-OH bond, and finally scavenging 
of the resulting hydroxyl radical with the carbonate ion. At relatively low concentrations of the carbonate ion, 
the scavenging step is rate-determining; while at [CO3

2"]>1.0x 10-2 mol dm"3 for [Com(TDHC)] of 7.62 X 10~6 

—1.27x 10-5 mol dm - 3 , the initial bond homolysis becomes rate-determining. Analysis of the kinetic data in 
reference to relevant electrode potentials indicates that the powerful oxidation ability of Co111 (TDHC) is responsible 
for one-electron oxidation of the hydroxo ligand. Reduction of Co111 (TDHC) also takes place in the absence 
of the carbonate ion, the apparent rate increasing with rise of pH in the range 11—12; deprotonation of the hydroxyl 
radical, which may prevent the hydroxyl radical and the cobalt(II) species from backward recombination, takes 
place. The one-electron oxidation of the hydroxo ligand was also significantly accelerated by addition of aceto-
nitrile or /-butyl alcohol. 

The photosynthetic oxidation of water to dioxygen 
occurring in the photosystem-II has led to challenges 
to the discovery of chemical systems capable of oxidizing 
water. T h e manganese ion is believed to be an essential 
component of photosystem-II.1) Thus , various types of 
manganese complexes,2-5) mononuclear and binu clear, 
in homogeneous solutions or as coated on metal 
surfaces,6'7) have been studied as models of biological 
water oxidation. Other homogeneous metal complex 
systems as regards water oxidation include the tris-
(bipyridine) and tris(phenanthroline) complexes of 
iron(III) ,8) osmium(III) ,8 '9) and ruthenium(III) .1 0) 
Another system of great importance employs heteroge­
neous noble-metal oxides such as R u O a which can 
mediate, when dispersed in aqueous media, oxidation 
of water to dioxygen by agents which have appropriate 
redox potentials such as Ru(bpy)3

3+ .11 '12) 
Water can be oxidized most readily by a four-

electron transfer process from a thermodynamic view­
point; one-electron oxidation of water ( £ ° = + 2 . 8 V vs. 
SHE) or even hydroxide ion ( £ ° = + 2 . 0 V vs. SHE) 
is much less favorable than the four-electron process 
(E°= +1 .229 V vs. SHE) .13> T h e four-electron transfer 
is not achieved by using ordinary mononuclear 
metal complexes in homogeneous phase even if the 
complexes have appropriate redox potentials, since such 
complexes can, in principle, oxidize water by a one-
electron transfer process. However, clarification of the 
one-electron water-oxidation mechanism seems not only 
to provide a basis for understanding the mechanism of 
photosynthetic oxygen evolution reactions but also to 
offer relevant information for designing more elaborated 
multi-electron oxidation catalysis in homogeneous phase. 
No unambiguous demonstration has been presented for 
the direct one-electron oxidation of water or hydroxide 
ion, either free or metal-coordinated, with metal 
complexes, although the auto-reduction of manganese-
(IV)-hematoporphyrin would involve such a process.3) 

t Contribution No. 615 from this Department. 

T h e present study is based on the finding that a 
cobalt(II)-tetradehydrocorrin complex undergoes facile 
reduction to the corresponding cobalt(I) complex in an 
aprotic solvent with hydroxide ion.14) In the course 
of our research on the mechanistic aspects of this and 
related reactions, we have investigated the reduction 
behavior of a cobalt(III) complex of tetradehydrocorrin 
in aqueous media, and demonstrated the one-electron 
oxidation of water as coordinated to the metal site in 
the form of the axial hydroxo ligand. 

Me ye 

Me ta 
Co(TDHC) 

R e s u l t s 

Formation of Com(TDHC). T h e cobalt (III) 
complex of 8,12-diethyl-l,2,3,7,13,17,18,19-octamethyl-
tetradehydrocorrin (abbreviated as T D H C ) , C o m -
(TDHC) , was obtained by oxidation of [Co11 (TDHC)] -
C104

14 '15) in water -methanol (99 : 1 v/v) ; air-oxidation 
or chemical oxidation either with hypochlorite or 
chlorine, oxidation being carried out in acidic media. 
T h e apparent first-order rate constant for the air-
oxidation at 20 °C was proportional to hydrogen ion 
concentration (0.01 ̂ [ H + ] ^ 0 . 1 mol dm- 3 ) :16> yfc/s-1^ 
0.29 [H+], as in the case of a related AD-didehydrocorrin 
complex.17) The initial product, hydrogen peroxide, 
could not be detected since each peroxide readily 
oxidizes two more molecules of the cobalt (II) complex.16) 
In fact, the oxidation rate was much larger in the 
presence of varying amounts of hydrogen peroxide than 
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in its absence and linearly dependent on [H 2O a ] : 
* / s - i = 2 . 8 x 10 - 3 +* ' [H 2 O 2 ] at [ H + ] = 9 . 8 x 10~3 mol 
d m - 3 where k'=\96 dm 3 m o l - 1 s - 1 . The electronic 
spectrum of Co"1 (TDHC) was dependent neither on 
the method of preparation described above nor on the 
nature of acid employed (hydrochloric, perchloric, or 
sulfuric acid). This indicates that a simple diaqua 
ligation takes place at the axial sites of Co"1 (TDHC) 
in acidic media. The air-oxidation rate of Co" (TDHC) 
was not affected to any detectable extent even in the 
presence of an equimolar amount of hydrogen cyanide, 
although the product was the aquacyano derivative, 
[ ( C N ) ( H 2 0 ) C o m ( T D H C ) ] + . This indicates that no 
cyanide ion is involved in the oxidation of Co" (TDHC) 
and the oxidation product, [ (H 2 0) 2 Co" I (TDHC)] 2 +, 
is subsequently converted into [ ( C N ) ( H 2 0 ) C o m -
(TDHC)]+. 

o 
250 350 450 550 

Wavelength / nm 
750 

Fig. 1. Electronic absorption spectra of diaqua ( ), 
aquahydroxo ( ), and dihydroxo ( ) species of 
Co1"(TDHC) in water-methanol (99.2 : 0.8 v/v) at 
10 °C. 

The spectral feature of Co1" (TDHC) varies as the 
axial ligands change from diaqua through cyanoaqua 
to dicyano in a similar manner as observed for the 
cobalt(III) complexes of AD-didehydrocorr in and 
cobinamide.17) The successive acid dissociation of the 
two axial aqua ligands (Eq. 1) was confirmed by 
spectrophotometric titration of C o m ( T D H C ) at 10 °C 
over a wide p H range: pifa l 6.15 and pKa2 11.50.18> 
The choice of temperature (10 °C) is simply due to the 
fact that the reaction of the complex takes place at 
higher temperatures. Figure 1 shows the electronic 
spectra of the diaqua, aquahydroxo, and dihydroxo 
species. 

OH2 

Co"1 

OH, 

pAT.i 6 . 1 5 
OH 

Co"1 

OH, 

PÄTaü 1 1 . 5 0 
OH 

Co"1 

OH 
;i) 

Carbonate- and Hydroxide-induced Reduction of CoIU-
(TDHC). In aqueous carbonate solutions con­
taining methanol (0.8% by volume) at 38.4 °C, C o m -
(TDHC) underwent facile reduction to Co" (TDHC) in 
quantitative yield. T h e product was identified by 
electronic spectroscopy and vapor pressure osmometric 
molecular weight determination. I t was also converted 

into (CN)2Com(TDHC),1 5 '1 9> which was identified by 
electronic and N M R spectroscopy. The results preclude 
any possible modification of the T D H C structure 
during the course of reduction. When the conversion 
Co(III)—>Co(II) was followed spectrophotometrically, 
clear isosbestic points were observed at 264, 354, 443, 
and 579 nm. At carbonate concentrations greater than 
1 . 0 x l 0 - 2 m o l d m - 3 for [Co n i (TDHC)] of 1 . 2 7 x l 0 - 5 

—7.62 X 10-5 mol dm- 3 , the reduction of Co" I (TDHC) 
followed first-order kinetics with respect to Co1"-
(TDHC) with the first-order rate constant independent 
of carbonate concentration; linear first-order plot almost 
to 100% conversion for any given run and no depend­
ence of the rate constant on initial concentration of the 
complex. T h e first-order dependence of the reaction 
on Co 1 "(TDHC) rules out the participation of any 
equilibria involving a dimer such as the hydroxo-bridged 
one. The limiting (or leveled-off) rate constant (Fig. 2) 
depends neither on p H (Table 1) nor on concentration 
of chloride or perchlorate ion; for added chloride (0.07 
mol d m - 3 ) or perchlorate (0.008 mol dm - 3 ) in addition 
to the carbonate ion, the rate constant remained the 

10 15 20 
[CO3

2")/10"3moldm-3 

Fig. 2. Correlation of first-order rate constant with 
carbonate concentration for reduction of Co"1 (TDHC) 
in water-methanol (99.2 : 0.8 v/v) at 38.4 °C and pH 
9.5±0.2. 

TABLE 1. APPARENT FIRST-ORDER RATE CONSTANTS 

FOR CARBONATE- AND HYDROXIDE- INDUCED 

REDUCTION OF Co1" (TDHC)a) 

Effective anion 

Carbonate (0.11 mol d m - 3 ) " 
(0.082 mol dm- 3 ) " 
(0.082 mol dm- 3 ) " 

Hydroxide"0 

pH 

9.3 
9.7 

11.0 

10.7 
11.4 
11.7 
12.2 
13.1 

tys-1 

1 .5x10^ 
1.5X10-3 

1.5X10-3 

2.6X10-4 

6.1x10-* 
8.1x10-* 
1.1 x 10-3 

ca. 1 x 10-4 

a) In water containing methanol (0 .8% by volume) at 
38.4 °C; initial concentration of Co"1 (TDHC), 3.81 x 
lO^moldm - 3 . b) Total concentration of carbonate and 
hydrogencarbonate. c) Carbonate-free sodium hydroxide 
solution used. 
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TABLE 2. ACTIVATION PARAMETERS FOR HOMOLYSIS OF G O ( I I I ) - O H BOND0 

Entry Medium 
(composition)b) 

AH* AS' 
kcal mol - 1 

23.9 

21.6 

18.7 

18.5 

cal deg-1 mol - 1 
A& 

kcal mol - 1 

H 2 0-CH 3 OH 
(99.2 : 0.8) 

H20-CH3CN-CH3OH 
(85.5 : 13.7 : 0.8) 
H20-CH3CN-CH3OH 
(77.3 : 21.9 : 0.8) 
H2CM-C4H9OH-CH3OH 
(77.3 : 21.9 : 0.8) 

+ 4 . 7 

+ 1.4 

- 6 . 6 

- 7 . 1 

22.4 

21.2 

20.8 

20.7 

a) At 38.4 °C. Initial concentartion of Co111 (TDHG), 3.81 X 10~5 mol dm-3. Other experimental conditions ([C03
2-] , 

pH, temperature range): entry number 1, (1.5 X 10-2 mol dm-3, 9.4, 20.0—47.7 °G) ; 2, (0.19 mol dm-3, 11.4, 20.0— 
38.4 °C); 3, (0.19 mol dm-3, 11.5, 2 4 . 5 - 3 8 . 4 °C); 4, (0.19 mol dm-3, 11.9, 20.0—38.4 °C). b) Volume percent. 

same. T h e rate constant showed linear dependence on 
[C0 3

2~] at lower concentrations of the carbonate ion 
(Fig. 2). Methanol (0 .8% by volume) involved in the 
reaction medium as a cosolvent could be eliminated or 
replaced by acetonitrile or #,JV-dimethylformamide at 
0 .8% by volume without affecting the limiting rate 
constant. Phosphate and borate ions in place of 
carbonate were less effective for promoting the reduction 
of C o m ( T D H C ) . T h e activation parameters were 
obtained at a carbonate concentration in the rate-
saturation range (1.5 X 10~2 mol d m - 3 , refer to Fig. 2) 
for the temperature range 20.0—47.7 °C (Table 2). 
Another important aspect of the carbonate-induced 
reduction is the photo-catalysis. Go111 (TDHG) 
(3.81 X 10-5 mol dm- 3 ) in 6.5 X 10~2 mol dm~3 carbonate 
was completely reduced to the Co(II) species at 0 °C 
in 90 min under irradiation with a 100-W high pressure 
mercury lamp from a distance of 11 cm, while the 
conversion was less than 10% in the dark in a period of 
180 min under otherwise identical conditions. 

In the absence of buffer salts, the reduction of Co I n -
(TDHC) did occur with concomitant formation of 
hydrogen peroxide as detected by iodometry. T h e 
apparent first-order rate increased with rise of p H from 
10.7 to 12.2 and approached the limiting rate constant 

0 10 20 
[CH3CN]or[t-C4H9OH]/V% 

Fig. 3. Correlation of first-order rate constant with 
content of organic solvents for reduction of Co m -
(TDHC) in water-acetonitrile (O) a n d in water-f-butyl 
alcohol ( • ) , both containing 0.19 mol dm - 3 carbonate 
and 0.8% (v/v) methanol, at 20.0 °C. 

for the carbonate-induced reaction (Table 1). The 
reaction was also photo-catalyzed in a similar way to 
that observed for the carbonate-induced reaction. The 
proton dissociation with pKa2 11.50 resulted in an 
appreciable reduction in reactivity as seen from the rate 
constant at p H 13.1. 

In the presence of the carbonate ion at rate-saturation 
level (0.19 mol dm- 3 ) , the reduction of C o m ( T D H C ) 
was facilitated by added organic cosolvents such as 
acetonitrile and /-butyl alcohol (Fig. 3). The activation 
parameters obtained are summarized in Table 2. The 
rate-acceleration upon addition of organic cosolvents 
is brought about by favorable activation enthalpy 
changes. 

D i s c u s s i o n 

Formation ofHydroxyl Radical and Its Scavenging. In 
order to establish the mechanism involved in the 
reduction of C o m ( T D H C ) in aqueous carbonate 
solutions, we must identify the reductant (or species 
being oxidized), elucidate the electron transfer mecha­
nism, and clarify the specific role of the carbonate ion. 
As regards the product, C o n ( T D H C ) , the T D H C 
ligand remains intact, no concomitant oxidation of the 
macrocyclic ligand taking place. This is in marked 
contrast to the base-induced reduction of Ni (III)20) 
and Co(III)2 1) complexes of N4-macrocycles. An 
outer-sphere oxidation of water is highly unlikely 
because of the gross mismatch of the reduction potential 
(+0.591 7) or + 0 . 5 4 V vs. SCE22> in methanol) of 
L 2 Co i n (TDHC) (L being a solvent molecule coor­
dinated at the axial site) and the one-electron oxidation 
potential of water (E°= + 2 . 8 V vs. SHE) . A possibility 
that the free hydroxyl ion would act as a stoichiometric 
reductant can also be ruled out since the carbonate-
induced reaction rate is independent of the p H in the 
range 9.3—11.0 (Table 1). Thus, the present oxido-
reduction must be an intramolecular process involving 
the axial hydroxo ligand.22> In view of one-electron 
transfer stoichiometry and the fact that the carbonate 
ion, which has no effect on the electronic spectrum of 
the present complex, is a powerful hydroxyl radical 
scavenger,23-26) we can formulate the mechanism as 
follows : a reversible one-electron transfer from an axial 
hydroxo ligand to Co (I II) and subsequent dissociation 
of the axial bond, followed by scavenging of the resulting 
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hydroxyl radical with the carbonate ion27> (Eq. 2). 

Co(III)-OH ^ Co( I I )+ -OH 
k-i 

feCCOs»-] 

(C03 

Co(II) + OH" + ( X V (2) 

further reaction) 

The proposed mechanism involving homolytic cleavage 
of the C o ( I I I ) - O H bond is consistent with the photo­
chemical acceleration as well as the observed dependency 
of the rate on carbonate concentration (Fig. 2). At 
relatively low concentrations of carbonate, the £2[C03

2~] 
process is rate-determining as reflected on the rate which 
is linearly dependent on the carbonate concentration. 
As the carbonate concentration is raised to the level 
where ^ [ C O g 2 - ] ^ - ! , the kx process becomes the rate-
determining step for which the rate is independent of 
carbonate concentration. T h e validity of Eq. 2 should 
be further examined by kinetic analysis of the data 
under steady state treatment. A steady state approxima­
tion is applied with respect to the hydroxyl radical, the 
steady state concentration, [ -OH] s s , being given by 

[•OHj„ = 
^[CoÇIII)] 

^ [ C o W J + À^CO,»-] 
(3) 

Eq. 3. T h e rate law for disappearance of C o m ( T D H C ) 
is then represented by Eq. 4. A simple first-order 

_ d[Co(HI)] = M C o ( m ) ] _ ^ [ C o T O H . O H ] . . 

= * i[GO,»-][.OH]„ 

M a [Co(IH)] [CQ3
2~] 

^ [00(11)1 + *2[C03
2-] 

(4) 

kinetics is derived under the conditions £ 2 [ C 0 3
2 _ ] > 

A:_1[Co(II)] with first-order rate constant kv Under 
the other extreme conditions as represented by k-x-
[Co( I I ) ]>Ä 2 [C0 3

2 - ] , Eq. 4 is simplified to Eq. 5. T h e 
kinetic data for runs at carbonate concentrations of 
2.3 x l 0 ~ 4 and 1.7 x 10~3 mol d m - 3 (the lowest two 
concentrations employed here) were satisfactorily ana­
lyzed by means of Eq. 5 or its integrated form, Eq. 6.28> 

d[Co(IIIVJ *!*, r r o 2 - , [ C o ( I H ) ] rev 

at ~ XT L 3 J [Co(II)] {) 

C[Co(III)] - [Co(III)]0 ln[Co(III)]^ = ^ [ C O , » " ] * (6) 
K-i 

Except for the early stage of reaction, a plot of —d[Co-
(III)]/d* vs. [Co(I I I ) ] / [Co(I I ) ] yielded a straight line 
with the slope ^ ^ [ C O g 2 - ] / ^ (Fig. 4), where kx is the 
limiting rate constant in Fig. 2 (1.5 x 10~3 s"1) (see 
Experimental). I t is reasonable to assume that the 
highly exothermic k-± process is diffusion-controlled, 
i.e., Ä - i ^ l O ^ d m 3 m o l - 1 s - 1 . T h e k2 values are 
calculated to be : 6 X 107 and 2 X 107 dm 3 mol - 1 s-1 for 
runs at carbonate concentrations of 2.3 X 10~4 and 
1.7 X 10 - 3 mol d m - 3 , respectively. These values are 
comparable to the rate constant for bimolecular reaction 
of the hydroxyl radical with the carbonate ion obtained 
from a pulse-radiolysis study:24) 4.2 X 108 dm 3 m o l - 1 

s - i 29) T h e activation enthalpy as large as 23.9 kcal 
m o l - 1 and the positive activation entropy ( + 4 . 7 cal 
deg - 1 mol - 1) (Table 2) for the k± process are consistent 

(codim/ccoum 
Fig. 4. Analysis of kinetic data (Eq. 5) for reduction of 

Com(TDHC) in water-methanol (99.2 : 0.8 v/v) in 
the presence of 2.3 X 10"4 mol dm"3 (O) and 1.7 X 
10-3 mol dm"3 ( • ) carbonate at 38.4 °C. 

with a highly endothermic unimolecular dissociation 
process. 

Correlation with Electrode Potentials. Judging from 
the Co(I I ) /Go(II I ) redox potential for C o n ( T D H C ) in 
methanol (+0.591 7) or 0.54 V vs. SCE22>) and the one-
electron oxidation potential of the hydroxide ion in 
water ( + 2 . 0 V vs. SHE),13) the s tandard free energy 
change for an outer-sphere oxidation of the free 
hydroxide ion by L 2 C o m ( T D H C ) (L being a solvent 
molecule) would amount to ca. 27 kcal m o l - 1 and the 
process would proceed quite slowly at ordinary tempera­
tures. T h e intramolecular oxidation of the hydroxo 
ligand can be regarded, from a thermodynamic view­
point, as an oxidation of the coordination-free hydroxide 
ion by naked C o m ( T D H C ) whose Co(I I ) /Co(I I I ) 
potential may be assumed equivalent to that in a non-
coordinating solvent; + 0 . 9 7 V vs. SCE in CH2C12.

17> 
T h e accompanying free energy change would be 
reduced from 27 kcal m o l - 1 for an outer-sphere oxida­
tion to ca. 18 kcal mol - 1 . In the light of such evaluation, 
the free energy of activation for the bond dissociation 
(*! process), A G * = A / / # - TAS*, 22.4 kcal mol" 1 (Table 
2) is reasonable in magnitude. In order to get further 
insight into the correlation with electrode potential, 
the kinetic data were analyzed on the basis of simplified 
reaction scheme; a reversible electron transfer between 
naked C o m ( T D H C ) (Co(///)) and O H ~ followed by 
scavenging of the hydroxyl radical with the carbonate 
ion as given by Eq. 7. 

Co(III) + OH" 

feCCOsü-] 

ki' 

*- i ' 
Co(II) + -OH 

Co(II) + OH" + C0 3
T 

(7) 

Under the conditions where scavenging is the rate-
determining process, the apparent first-order rate 
constant is given by ( V / ^ - O ^ C O s 2 - ] î (k^k-i)^ 
corresponds to the slope (0.21 dm 3 m o l - 1 s_1) of the 
linear portion of rate constant vs. [ C 0 3

2 _ ] profile in 
Fig. 2. If k2 is taken for the range of 6 x 107 (calculated 
as above) through 1 X 109 dm 3 mol" 1 s - 1 (based on 
pulse radiolysis), the hypothetical equilibrium constant, 
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K=k1'lk-1'i would be in the range 3.5 x lO -9—2.1 X 
1 0 - " . A value of 1.23—1.16 V vs. SCE is obtained 
for £coai)/coaii) at 38.4 °C ( £ O H - / - O H = + 2 . 0 V vs. 
SHE) by means of 

-RTln K=AG° = F (£ 0 H-/ -OH ~ ^oau/cocni)), (8) 
where F and E denote Faraday constant and electrode 
potential, respectively. T h e redox potential is consistent 
with the kinetic parameters based on Eq. 7 and close to 
the observed one in CH2C12 ( + 0 . 9 7 V vs. SCE). 
T h e argument may indicate that the one-electron 
oxidation of the hydroxide ion can be expected in the 
light of powerful oxidation capacity of C o m ( T D H C ) . 
In fact, the Go(II) /Go(III ) redox potential of + 0 . 9 7 V 
vs. SCE seems exceptional for the cobalt complexes 
of pyrrole pigments; + 0 . 3 V for Co(etioporphyrin) in 
butyronitrile30) and —0.26 V for Co(octaalkylcorrole) 
in CH2C12.

31> 

Effects of Organic Cosolvents. Acetonitrile and t-
butyl alcohol are known as potential hydroxyl radical 
scavengers. T h e scavenging efficiency of such solvents, 
however, does not seem to be the primary origin for the 
rate acceleration (Fig. 3) since the presence of sufficient 
amount of carbonate (0.19 mol d m - 3 ) assures that we 
are dealing with the rate-determining homolytic k^ 
process which is free from the scavenging effect exercised 
by such organic solvents. Thus, the rate acceleration 
by organic cosolvents added must be solely due to their 
medium effects. T h e solvation status must change along 
the C o ( I I I ) - O H bond homolysis from highly solvated 
anionic hydroxo ligand at the initial state to the neutral 
hydroxyl radical which requires less solvation by 
water. As the content of an organic solvent increases, 
solvation of the hydroxo ligand becomes less effective 
with the consequence that the hydroxo ligand is less 
stabilized on the one hand and the surrounding water 
molecules get more translational freedom on the other 
at the ground state of reaction, resulting in the reduction 
of activation enthalpy with the compensating change in 
activation entropy. This is what was observed (Table 2). 
A major contributor to the potential energy to be 
overcome in the oxidation of both hydroxide ion and 
hydroxo ligand would be the stabilization of the ground 
state through solvation of such reactants. Desolvation 
of both hydroxide ion and hydroxo ligand, even to a 
small extent, would result in significant enhancement of 
their oxidation since the hydration energy of the 
hydroxide ion in water is greater than 100 kcal mol"1.32) 

Reduction of Com(TDHC) without Radical Scavenger. 
Concerning the reduction of C o m ( T D H C ) in the p H 
range 11—12 (Table 1) in the absence of the carbonate 
ion or other potential anions, the following remarks are 
given. (1) T h e reaction is photo-catalyzed in a manner 
similar to that in the carbonate system; (2) in reference 
to the mechanism for the carbonate system (Eq. 2), the 
hydroxide ion can never be regarded as a hydroxyl 
radical scavenger; and (3) the reaction rate increases 
with increasing [ O H - ] , approaching the limiting value 
for the carbonate-induced reaction. The pH-rate 
correlation seems to reflect the proton dissociation 
equilibrium (inactive form^ac t ive fo rm+H+) with pKa 

around 11.5. This can not be referred to the conversion 
from the aquahydroxo into the dihydroxo form (Eq. 1) 

with pKa2 11.50 in spite of numerical coincidence, since 
a sharp rate reduction is observed at p H 13.1 where the 
dihydroxo species predominates (Table 1). Thus, the 
reactive species should be the aquahydroxo species 
whose population becomes smaller while the overall 
rate constant increases with increasing pH. As an 
alternative and highly plausible equilibrium, we suggest 
the proton-dissociation of the hydroxyl radical whose 
pKa is 11.8.24) The hydroxyl radical is a super-oxidant 
and its most likely fate in the absence of its scavenger 
would be recombination with the Co(II) complex, i. e., 
oxidation of the Co(II) species by the hydroxyl radical. 
This reverse process would not be effective for the 
anionic conjugate base ( O T ) which is considered to be a 
far less effective oxidant. Under these circumstances, 
the dimerization of O T to peroxide, a well characterized 
reaction,33) may compete with the backward recombina­
tion of the hydroxyl radical with the Co(H) species 

H 2 0-Co(I I I ) -OH ^ = ± H20-Co(II) + -OH 

OH-; kï 
, H20-Co(II) + O T + H 2 0 (9) 

L^ H A 
(Eq. 9). This mechanism is consistent with the observed 
pH-dependence of reaction rate for the p H range 11—12. 
It involves the deprotonation of the hydroxyl radical 
and its subsequent reaction, and is thus important for 
water oxidation since the process requires no additional 
radical scavengers. I t is unfortunate that the accidental 
coincidence of the pKa values of the second aqua ligand 
of the complex and the hydroxyl radical makes a 
detailed analysis of the kinetic da ta difficult. 

Conclus ion 

(1) One-electron oxidation of a hydroxo ligand 
coordinated to C o m ( T D H C ) does take place in 
aqueous media. T h e C o ( I I I ) - O H bond undergoes 
homolytic cleavage to yield the hydroxyl radical first. 
This is an effective and conventional process for water 
oxidation. (2) For effective progress of the reaction, 
there must be some mechanism by which the back 
recombination of the hydroxyl radical and the Co(II) 
species can be prevented or depressed. (3) Oxidation of 
the hydroxide ion and possibly other anions, coordinated 
or not coordinated to metal complexes, may be 
accelerated by addition of organic cosolvents to aqueous 
media via a desolvation mechanism. 

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

Instruments and Materials. Electronic spectra were 
obtained with thermostated quartz cells (1-cra path length) set 
in either a Union Giken SM-401 high sensitive spectrophotom­
eter or a Hitachi 124 spectrophotometer. 1H NMR spectra 
were taken on a Hitachi R-24B spectrometer with tetramethyl-
silane as an internal reference. A Hitachi-Perkin Elmer 115 
vapor pressure osmometer was used to determine molecular 
weights. pH-Measurements were carried out with a Beckman 
Expandomatic SS-2 pH meter equipped with a Metrohm 
EA-125 combined electrode, calibrated against standard 
aqueous buffers. 

(8,12-Diethyl-1,2,3,7,13,17,18,19-octamethyltetradehydrocor-
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rinato)cobalt(II) Perchlorate, [Con(TDHC)]C104, was pre­
pared according to the procedure of Dolphin et a/.15) Found: 
C, 59.62; H, 5.92; N, 8.91%. Calcd for C31H37ClCoN404: 
C, 59.67; H, 5.98; N, 8.98%. Water was deionized and 
distilled with a Pyrex distilling apparatus. Acetonitrile and 
f-butyl alcohol were fractionally distilled just before use. 
All the other chemicals were of analytical grade. 

Formation of Colll(TDHC) and Acid Dissociation of Its Diaqua 
Complex. Oxidation of a reddish-purple solution of 
[Con(TDHC)]C104 by three different oxidants (air, hypo­
chlorite, and chlorine) under acidic conditions gave a greenish-
blue solution of Com(TDHC) as confirmed by electronic 
spectroscopy. For air oxidation, the simplest procedure, a 
methanol solution of Con(TDHC) (1 part) was mixed with 
water (100 part) containing an appropriate amount of an 
acid and the mixture was exposed to the air at room tem­
perature. Under anaerobic conditions neither oxidation nor 
spectral change was detected. For oxidation by hypochlorite 
or chlorine, a 100-^1 sample of a methanol solution of Co11-
(TDHC) (4.65 X 10"3 mol dm-3) was injected into a deoxygen-
ated 0.01-mol dm - 3 HCl solution (3 ml) containing 2 (xl of 
aqueous NaOCl solution (10% active chlorine) and 7 (JLI of 
saturated aqueous Cl2 solution, respectively, at room tem­
perature. Oxidation took place almost instantaneously. 

A methanol solution of Con(TDHC) (4.65 x 10"3 mol dm"2, 
30 \d) was added to 3 ml of water containing an appropriate 
amount of hydrochloric acid, and hydrogen peroxide or 
hydrogen cyanide for specified experiments, at 20.0±0.1 °C; 
the absorbance change at 490 nm then being measured at the 
same temperature. As regards the preparative scale experi­
ment, 15 mg (2.4xl0-5mol) of Con(TDHC) was oxidized 
in water (50 ml) containing methanol (0.5 ml) and 1-mol dm - 3 

HCl (0.5 ml). The cobalt complex was extracted into 
dichloromethane, and the aqueous layer was found to be 
free of hydrogen peroxide by iodometric analysis. Co m -
(TDHC) was relatively stable only when diluted in acidic 
aqueous media and quite readily reconverted into the original 
Co(II) complex during the course of isolation such as extrac­
tion with organic solvents (dichloromethane, benzene, and 
ether), precipitation from aqueous solution by adding an 
organic solvent, careful concentration (with partial regenera­
tion of Co"(TDHC)), and evaporation of aqueous solutions 
(with complete conversion into Co"(TDHC)). 

Spectra were recorded for a series of solutions of Co In-
(TDHC) (2.79 x 10~5 mol dm"3) in aqueous buffers at various 
pH (2.13—13.45) and at 10.0 °C. The absorbance at 620 nm 
(2.13^pH^10.22) or at 670 nm (8.10^pH<13.45) was 
plotted against pH, and the pK& values for acid dissociation 
of the coordinated water molecules were determined graphical­
ly. The buffer systems used were as follows: pH 2.13—3.30, 
HCl; 3.75—5.58, acetate; 6.25—7.75, phosphate; 8.10, borate; 
9.25—10.93, carbonate; 10.20—13.45, NaOH. 

Kinetic Measurements. Acidic solutions of Com(TDHC) 
were prepared by mixing 30 [xl of a methanol solution of Co11-
(TDHC) (4.65 Xl0- 3 mol dm-3) and water (appropriate 
amount) containing 30 [d of 1-mol dm - 3 HCl and the resulting 
solutions were allowed to stand at room temperature for at 
least 30 min. Acetonitrile or f-butyl alcohol (appropriate 
amount) was added for specified experiments. No inorganic 
salts were added to the solutions unless otherwise stated 
because of their possible contribution to scavenging of the 
hydroxyl radical. The solutions were then placed in a 
specially designed quartz cell (1-cm path length) set in a 
spectrophotometer and preequilibrated at desired tempera­
tures under nitrogen atmosphere. The reaction was initiated 
by injecting an appropriate amount of aqueous Na2COa-
NaHC0 3 (1.0 or 2.0 mol dm"3) or aqueous NaOH (18.8 mol 

dm - 3) . The final solutions were adjusted at a constant volume 
of 3.66 ml with 3.81 x 10"5 mol dm"3 of Com(TDHC). The 
course of reaction was followed by monitoring the absorbance 
change at 490 nm (an absorption maximum for Con(TDHC)). 
The concentrations of carbonate ion were calculated from the 
known amounts of ([C03

2-] + [HC03-]) and pH of the solu­
tions measured for every kinetic runs, in reference to the pK& 

value of carbonate. The pK& of carbonate in mixed solvents 
was independently determined by Potentiometrie titration: 
10.7 in water-acetonitrile (86.3 : 13.7 v/v), and 10.6 in water-
/-butyl alcohol (86.3 : 13.7 v/v). Analyses of kinetic data 
according to Eq. 5 were performed by evaluating [Co(II)] and 
[Co(III)] first at an appropriate time interval and then taking 
the average value for each time interval (At) : —d[Co(III)]/ 
dt = ([Co (III) L - [Co(III)L+AI)/A*; [Go(III)]/[Go (II)] = 
([Go(III)]44-[Co(III)]4+AI)/([Co(II)]l+w + [Go(II)]4). Activa-
tion parameters were calculated as follows: E&=AH*-\-RT 
(jEa, activation energy from Arrhenius plot), k38 4°c=(k77A)-
e x p ( - A G # / Ä r ) , and AG* = AH*-TAS*. 

Reduction of CoIU(TDHC) in Carbonate Solutions: Formation of 
Coll(TDHC). A solution of Co111 (TDHC), prepared 
from [CoII(TDHC)]C104 (29 mg) in water (11) containing 
1 mol dm - 3 HCl (10 ml) and methanol (10 ml), was mixed 
with 110 ml of 1.0 mol dm - 3 aqueous Na2COa solution. The 
mixture was allowed to stand at 40 °C for 30 min with oc­
casional swirling, at room temperature for 4 h to complete 
the Co(III)—»Co(II) conversion, and then extracted with 
dichloromethane (100 ml x 2). The extract was washed with 
a saturated NaC104 solution (50 ml), dried (Na2S04), and 
evaporated to give [Con(TDHC)]C104 (25 mg, 86%). Its 
electronic spectrum and molecular weight (measured by vapor 
pressure osmometry for methanol solutions) were identical 
with those of the authentic sample. The Co(II) complex 
thus obtained was dissolved in methanol (10 ml), and potas­
sium cyanide (30 mg) was added. The mixture was 
allowed to stand at room temperature for 10 h, the solvent 
was removed in vacuo, and the residue was extracted with 
chloroform. Evaporation of chloroform gave (CN)2Coni-
(TDHC)15> (17 mg, 65% from the initial Co(II) complex): 
electronic and NMR spectra were identical with those of the 
authentic sample. 1H NMR (CDC1,) : Ô 6.91 (s, 2H, C(5)-H 
and C(15)-H), 6.87 (s, 1H, C(10)-H), 2.86 (q, 4H, CH2CH3), 
2.45 (s, 12H, CH3's on C(3), C(7), C(13), and C(17)), 2.33 
(s, 6H, CH3's on C(2) and C(18)), 1.34 (t, 6H, CH2CH3), and 
0.76 (s, 6H, CH3's on C(l) and C(9)). 

Reduction of Co111 ( TDHC) in the Absence of Carbonate: Detection 
of Hydrogen Peroxide. A solution of Co111 (TDHC), prepared 
in a manner similar to that described above by air oxidation 
of Co11 (TDHC) in acidic aqueous media with or without 
methanol (1%), was carefully concentrated at temperatures 
below 30 °C. A 10-ml portion of the resulting solution (ca. 
1 X 10-3 mol dm-3 in Co111 (TDHC)) was mixed anaerobically 
with an appropriate amount of carbonate-free aqueous NaOH; 
pH of the solution, 12.3. The mixture was allowed to stand 
at room temperature for 40 min. The Co" (TDHC) complex 
precipitated from the solution was removed by filtration, and 
the amount of hydrogen peroxide in the filtrate was determined 
by iodometric analysis. A solution to be examined was 
purged with argon for 5 min, and 10% aqueous KI solution 
( 1 ml) and 4 mol dm - 3 aqueous H 2S0 4 (2 ml) were added. 
After being bubbled with argon for 5 min, the mixture was 
titrated with 5.0 X 10~3 mol dm~3 aqueous Na2S203; 30% 
yield at best on the basis of the Co (III) complex used. The 
low yield of hydrogen peroxide was at least due to its further 
reaction with CoII(TDHC) to give unidentified product(s), 
as independently confirmed by spectrophotometric means. 
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An optically active cationic olefin complex, [PtCl(o-benzenediamine)((1S
,)-2-methyl-2-butene)]B(C6H5)4 was 

obtained for the first time as crystal stable in air at room temperature. It deteriorates slightly in solution, but is 
still stable enough to be characterized. Comparison of its CD spectrum with that of related complexes disclosed 
that the coordinating atoms at the eis sites to the olefin have a dominant influence upon the CD pattern in the 
region 20000—35000 cm -1, as compared with those at the trans site. Substitution of cw-l,2-dichloroethylene for the 
coordinated (.S')-2-methyl-2-butene (.S-mbn) proceeds in accordance with the second order rate law; there is no 
contribution of the solvent path. The second order rate constant is smaller than that of franj-[PtCl2(pyridine)-
(S-mbn)]. The steric effect of the o-benzenediamine at the transition state seems responsible for the small rate 
rather than the basicity of the ligand at the trans site to mbn. 

Asymmetric coordination of prochiral olefins to 
square planar complexes gives several circular dichroism 
(CD) peaks in the region 20000—45000 cm"1 . The 
pattern is largely dependent on the absolute configura­
tion of the coordinated olefin,1) but also on the ligands 
including asymmetric nitrogen donor atoms.2-3) Studies 
were carried out on stereoselectivity accompanied by 
the olefin exchange of p la t inum(II) complexes of the 
types [PtCl3(olefin)]- and [PtCl((S)-amino carboxylate)-
(olefin)] both kinetically and thermodynamically in 
organic solvents.4'5) However, all the known optically 
active plat inum(II) olefin complexes are chargeless or 
negatively charged. Cationic plat inum(II) complexes 
containing y)2-olefin are unstable.6) Uguagliati et al. 
identified [PtCl(C2H4)(bpy)]+ (bpy, bipyridine) as 
reaction intermediate. However, it liberates the eth­
ylene almost instantaneously to give [PtCl2(bpy)].7) 
Theophanides and Kong8) suggested the formation 
of solid complex [PtCl(C2H4)(en)]+ (en, ethylenedi-
amine), which was not characterized because it decom­
posed quickly to give m-[PtCl 2 (en) ] . Recently 
Tiripichio et al. obtained cationic complex [PtCl(C2H4)-
{(CH 3 ) 2 NCH 2 CH 2 N(CH 3 ) 2 }]C10 4 , the structure deter­
mined by the X-ray diffraction method,10) and proposed 
the decomposition mechanism. They found that the 
cationic complex is stable enough to be characterized 
by recrystallization from water, and I R and XH N M R 
spectra. 

We have synthesized a cationic optically active 
plat inum(II) complex containing prochiral 2-methyl-2-
butene (mbn) and o-benzenediamine (o-bzda) for the 
first time and compared the CD spectrum and the 
kinetics of olefin exchange reaction with those of related 
complexes.1-5) The influence of various ligands eis and 
trans on the asymmetric olefin as well as of the overall 
charge of the complex is discussed. 

Exper imenta l 

Preparation. The cationic optically active complex 
containing o-benzenediamine (o-bzda) and 2-methyl-2-butene 
(mbn), [PtCl(o-bzda)(5-mbn)]B(C6H5)4, was prepared from 
optically active trans(N, mbn)-[PtCl(^'-pro)(5'-mbn)]3) (pro, 

prolinate) by the following method with retention of configu­
ration. The original complex was converted into P(C6H5)4-
[PtCl3(S-mbn)] by the method of Miya et a/.11) The complex 
(3.0 x 10-4 mol) was dissolved in methanol (25 cm3) and 
treated with NaB(C6H5)4 (3.0 X 10~4 mol) and o-bzda (3.0 X 
10~4mol). The white precipitate was removed to leave a 
yellow filtrate which was treated with NaB(C6H5)4 (3.0 X 10~4 

mol). Dripping of water first gave a small amount of yellowish 
precipitate, which was filtered off. Further dripping of water 
gave colorless crystals, which were washed with cold water, 
recrystallized from methanol and dried in vacuo. Found: C, 
57.74; H, 5.26; N, 3.85%. Calcd for C35H38N2PtBCl: C, 
58.00; H, 5.40; N, 3.73%. 

eis and trans(N, tbnJ-tPtGl^-proJ^^-btn)] (S-pro, (S)-
prolinate; tbn, trans-2-butène),3) tarns-[PtCl2(4-X-py) (S-
mbn)]n> (4-X-py, 4-substituted pyridine; X = N H 2 , H, and 
CI), trans-[PtC\2{4-X-am)(S-mbn)y» (4-X-ani, 4-substituted 
aniline; X = H , CI, and CH3) and m-[PtCl2((5)-a-methyl-
benzylamine)(5-mbn)]12> were synthesized by the methods 
reported. The solvents were purified by the usual methods. 

Measurement. The visible and ultraviolet absorption 
and CD spectra were recorded with a Hitachi 323 spectro­
photometer and a JASCOJ-40 spectropolarimeter, respectively, 
at room temperature in acetone, acetonitrile, benzene, dichlo-
romethane or ethanol. The rate of olefin exchange between 
[PtCl (o-bzda) (,S-mbn)]+ (3.0 X 10~3 mol dm"3) and 1,2-di-
chloroethylene (dee) (0.1 to 5 mol dm -3) was measured by 
recording the change in CD strength at 28170 cm - 1 with time 
at 17.0 °C in acetone. Since the complex decomposes slightly 
with lapse of time, freshly prepared sample solutions were 
used. The results were analysed by a method previously 
reported.11) 

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

Synthesis. T h e formation of [PtCl3( lS'-mbn)]-
from the (6')-prolinato complex proceeds with full 
retention of configuration in HCl.11) The substitution 
of o-bzda for the two chloride ions proceeded quickly 
in methanol . T h e white precipitate first formed on the 
addition of NaB(C 6 H 5 ) 4 was (C 6H 6 ) 4P+.B(C 6H 5 ) 4 - . The 
CD measurement suggests tha t the substitution causes no 
significant inversion of the coordinated olefin, (vide 
infra) T h e colorless product is stable in crystalline state. 
I t is insoluble in benzene and dichloromethane, and 
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soluble in acetone and ethanol. T h e solutions turn 
slowly yellow, giving a black precipitate after a few 
days. However, the decomposition rate is amazingly 
smaller than that of the bpy7> and en8) complexes. I t is 
remarkable that o-bzda gives a stable cationic platinum-
(II) complex containing 3j>2-olefin in spite of the fact tha t 
the diamine is believed to be a poor bidentate ligand 
to metal ions. The stability of this cationic complex 
might be comparable to that of [PtCl(C2H4){(CH3)2-
NCH 2 CH 2 N(CH 3 ) 2 >]C10 4 prepared by Maresca et a/.9) 

Fig. 1. Absorption and CD spectra in visible and UV 
region, 1) [PtCl(o-bzda) (5-mbn)]B(C6H5)4 in ethanol 
( ), 2) The differential CD between cis(N, tbn)-
[PtCl(L-pro)(.S,5'-tbn)] and cis(N, ethylene)-[PtCl(L-
pro) (ethylene)] in acetonitrile ( ), 3) The differen­
tial CD between m-[PtCl2((£)-a-methylbenzylamine)-
(5,5-tbn)] and w-[FtCl2((S)-a-methylbenzylamine)-
(ethylene)] in acetone (—• — •—)• 

Absorption and CD Spectra. The spectra are shown 
in Fig. 1 together with those of related complexes. The 
absorption spectrum of [PtCl(o-bzda)(6'-mbn)]+ changes 
slowly, the CD intensity decreasing in line with absorp­
tion change. However, the apparent rate constant is 
ca. 4 x 10 - 6 s - 1 at 17.0 °C, affecting neither the spectro­
scopic measurement nor the kinetic study of olefin 
exchange with dee. {vide infra) T h e U V absorption 
gives a peak at 33000 c m - 1 with log e = 3 . 2 2 and some 
peaks in the region 36000—39000 c m - 1 . There is no 
absorption peak in the range 20000—30000 cm- 1 , 
assigned to that of d-d transitions in p la t inum(II) olefin 
complexes,3) but only a shoulder at ca. 28000 c m - 1 . 
Such broad absorption spectra in the whole range would 
provide no useful means in investigation on the detailed 
spectroscopic properties. 

O n the other hand, the CD spectrum shows distinct 

strong peaks at 28300 and 37000 cm"1 . The former can 
be attr ibuted to the d-d transition and the latter to 
the charge transfer between the metal and ligands, or 
intraligand transitions. T h e CD spectral data are 
summarized in Table 1 together with those of related 
complexes. CD spectra in the d-d transition region are 
generally affected by environmental changes around a 
metal ion. O n the basis of the additivity rule held in 
pla t inum(II) olefin complexes,4) we can estimate the 
contribution of asymmetric olefin in various types of 
complexes. Two cases are shown in Fig. 1, for L-
prolinate and a-methylbenzylamine complexes, the 
differential C D spectra between the complexes contain­
ing {S,S)-trans-2-butene and ethylene being calculated. 
Although the solvents are not common because of the 
solubility of the complexes, the three CD patterns in 
Fig. 1 are very similar to each other, despite the big 
difference in overall charge and the donating atoms. 
The three complexes have CI and N in common at the 
eis positions to the olefin, and N, O, and CI at the 
trans site. The trans ligand appears to give only a minor 
contribution to the CD pattern and even to the peak 
energy, so far as the ligating atom at the eis site remains 
unchanged. 
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Fig. 2. CD spectra of fraiu-[FtCla(4-X-py)(.S,-mbn)] in 

dichloromethane, X = N H 2 ( ) , X = H ( ), X = 
C l ( ). 

This is also supported by the CD pattern of the 
complexes fmnj(Ar,mbn)-[PtCl2(4-X-py)(.S ,-mbn)] and 
fra/w(iV,mbn)-[PtCl2(4-X-ani)( lS

,-mbn)]. (Figs. 2 and 3) 
The changes of substituents X on both pyridine and 
aniline derivatives give no significant influence on the 
CD spectra, peak positions and strengths in the d-d 
transition region. In the higher frequency region, only 
the 4-aminopyridine complex shows a different spectrum 
from the other two. The strong peak of the 4-amino­
pyridine complex at 35000 c m - 1 corresponds to the 
peaks of the aniline derivatives at the same position. 
T h e 4-aminopyridine ligand has two coordinate func­
tions to a metal ion, the amino group and the pyridine 
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-0.5 h 

Fig. 3. CD spectra of trans-[PtC\2(4-X-zm) {S-mbn)] in 
benzene, X = C H 3 ( ), X = H ( ), X=C1 ( ). 

nitrogen atom. We have no definite evidence for the 
coordination mode, but the coordination through the 
pyridine nitrogen atom is highly probable from the 
fact that the CD spectrum of the 4-aminopyridine 
complex is in fair agreement with those of other pyridine 
derivative complexes in the d-d transition region (Table 

Comparison of the CD spectra between eis2) and 
<rû^(^,C2H4)-[PtCl(^-pro) (C2H4)],3> and between 
[PtCl3(S,S-tbn)]- 4> and m-[PtCl2(a-methylbenzyl-
amine)(»S',»S'-tbn)]12) also indicates that the change in 
ligating atoms at the eis position to the olefin causes a 
big difference in the CD pattern, while that at the 
trans site gives only a slight difference. Since, the J?2-
olefin gives a very remarkable trans influence, the 
variety of the ligating atom at the trans site should be 
cancelled, whereas change in atoms at the eis site causes 
a significant difference. 

CD peaks at around 37000 c m - 1 (Fig. 1) are also 
similar to each other despite the difference of the ligating 
atoms, so that the CD components might be due to the 

charge transfer between platinum (I I) and olefins which 
are common in these three complexes. 

Kinetics of Olefin Exchange. The rate of the 
following reaction was followed by recording the 
decrease in CD strength at 28170 c m - 1 in the presence 
of a large excess of free a>-l,2-dichloroethylene(dce). 

[PtCl(o-bzda)(»S,-mbn)]+ + dee • 

[PtCl(o-bzda) (dce)]+ + mbn (1) 

The observed rate constant is independent of the initial 
concentration of the complex ( ~ 1 0 - 3 mol dm - 3 ) (Table 
2), and proportional to that of free dee without intercept 
as shown in Fig. 4. Hence, the rate is expressed by,11) 

Rate = k2 [complex] [dee]. (2) 

The concentration of free ö-bzda added does not affect 
the rate in the concentration range 0 — 2 . 4 x l 0 ~ 4 m o l 
dm"3 (Table 2). We see that addition of NaB(C6H5)4 

does not affect the rate of olefin exchange. The complex 
seems to be in ion-paired in acetone, the observed rate 

[olefin]/mol dm"8 

Fig. 4. Dependence of the observed first order rate 
constant for the substitution of £w-l,2-dichloroethylene 
for the (S)-2-methyl-2-butene in *ra/tf-[PtCl(o-bzda)-
(5'-mbn)]B(C6H5)4 in acetone at 17 °C, [complex] = 
0.0030 mol dm~3. 

TABLE 1. 

Complex 

C D SPECTRAL DATA OF P L A T I N U M ( I I ) COMPLEXES CONTAINING ^-OLEFIN 

CD peaks, v/103 cm"1 (Ae) 

[PtCl(S-mbn)(o-bzda]B(C6H5)4
a) 28.3 ( + 0 

m-tPtCl^S-tbn) (mba)]b>c> 27.3 ( + 1 . 
m(^,olefin)-[PtCl(pro)(^,5-tbn)]d»e) 27.6 ( + 0 . 
*ra>u(iV,olefin)-[PtCl(pro) (^S-tbn)]6»0 26.8 ( + 1 . 
P(C6H6)4[PtCl3(,S-mbn)]«> 22.9(+0.46) 26.5 ( - 0 . 
P(C6H6)4[PtCl3(5,5-tbn)]e) 24.0 (+0.76) 28.0 ( - 0 . 
*rö>u-[PtCl2(S-mbn)(4-Cl-ani)]h> 23.6 (+0.51) 27.0 ( - 0 . 
/rflrw-[PtCl2(^-mbn)(4-CH3-ani)]h) 23.6 (+0.41) 27.1 ( - 0 . 
/rflnj-[PtCl2(5-mbn)(ani)]h) 23.6 (+0.44) 27.2 ( - 0 . 
/rflnj-[PtCl2(^-mbn)(4-Cl-py)]^ 24.1 (+0.35) 27.8 ( - 0 . 

trans-[PtC\2(S-mbn)(py)]^ 24.0 (+0.39) 27.8 ( - 0 . 

*rö>u-[PtCl2(S-mbn)(4-NH2-py)]g) 24.0 ( + 0.39) 27.8 ( - 0 . 

36) 32 .8 ( -0 .03) 37 .0 ( -0 .59) 40 .3 ( -0 .35 ) 
32) 
92) 
08) 
21) 
14) 
28) 
26) 
30) 
34) 

37) 

31) 

35 .0 ( -0 .72) 
33.2 ( -0 .57) 
34.3 ( -1 .90) 
29.4(+0.13) 

31.8(+0.26) 
33 .8 ( -0 .01 ) 
32.4(+0.21) 
34 .4 ( -0 .06 ) 
30.8(+0.02) 
32 .4 ( -0 .09 ) 

37 .4 ( -1 .19) 
37 .0 ( -2 .26) 

34.3 ( -1 .05) 
35.1 (—1.32) 
34 .7 ( -0 .86) 
34.5 ( -0 .70) 
34.3 ( -0 .76) 
35.2(+0.17) 
36 .8 ( -0 .60) 
35.7 (+0.09) 
37.1 ( -0 .35) 
35 .0 ( -0 .60) 

39.7 ( -0 .54) 

39.5(+3.20) 

a) In ethanol. b) Differential CD between eis (^olefin) -[PtCl2 (S,S- tbn)(S-mba)] and eis (N, olefin) -[PtCl2(C2H4)(»S,-mba)], 
(mba, a-methylbenzyl amine), c) In acetone, d) Differential CD between m(iV,olefin)-[PtCl(5'-pro)(5',5'-tbn)] and cis(N, 
olefin)-[PtCl(S-pro)(C2H4)]. e) In acetonitrile. f) Differential CD between trans(N, olefin)-[PtCl(»S,-pro)(»S,,»S,-tbn)] and 
trans(Nfolefin)-[PtCl(S-pro)(C2H4)]. g) In dichloromethane. h) In benzene. 
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TABLE 2. DEPENDENCE OF THE OBSERVED FIRST ORDER RATE 

CONSTANT FOR THE SUBSTITUTION OF «J-L,2-DICHLORO-

ETHYLENE FOR THE (5')-2-METHYL-2-BUTENE IN [PTCL(5-

mbn)(o-bzda)]B(G6H5)4 IN ACETONE AT 17 °C ON 
VARIOUS FACTORS, [dee] =1 .89 mol dm-3. 

[complex] [o-bzda] NaB(C6H5)4 k0 

lO^moldm-3 lO^moldm - 3 10-2moldm-3 10^ s-1 

0 
0 
0 
1.24 
2.50 
0 
0 
0 

0 
0 
0 
0 
0 
0.32 
1.21 
2.41 

constants reflecting those of the ion-pairs rather than 
those of the free complex cation. T h e counter anions 
play an important role to stabilize the cationic complex. 
Bulky anions such as perchlorate or tetraphenylborate 
are good counter anions to stabilize the cationic complex, 
but not small ones such as chloride.9) Strong ion-paired 
interactions between the complex cation and bulky 
anions might be a key effect to prevent nucleophilic 
attacks by reacting species such as solvent molecules 
or halides, stabilizing cationic olefin complexes. 

T h e k2 in Eq. 2 reflects the rate of direct olefin 
exchange, which should proceed by the S^2 mechanism. 
T h e o-bzda ligand remains coordinated throughout the 
olefin exchange reaction, and the contribution of 
solvolysed species11) being ignored. The result is 
compared with those of the related complexes in Table 3. 

TABLE 3. SECOND ORDER RATE CONSTANTS OF THE 

SUBSTITUON OF 1,2-DICHLOROETHYLENE FOR SOME 

2-METHYL-2-BUTENE COMPLEXES OF P L A T I N U M ( I I ) 

Complex £2/dm3 mol - 1 s-1 pK& 

[PtCl (o-bzda) (S-mbn)] + a ) 1.09X10-3 4J3 
<r«M(J\T,olefin)-[PtCl(5-pro)(S-mbn)]^ 1.03 X 10~3 10.6 
froiw-[PtCl2(py)(.S'-mbn)]b) 4 . 6 6 x l 0 - 2 5.2 

a) In acetone at 17.0 °C; k2 for Eq. 2. b) From Ref. 11. 

T h e basicity of the nitrogen base trans to the olefin in 
[PtCl2(4-X-py)(6'-mbn)] and [PtCl2(4-X-ani)(5'-mbn)] 
is the most important factor ruling the rate of olefin 
exchange.11) The o-bzda complex has a much smaller 
k2 than that of the pyridine complex, despite their 
similar pKa values. Difference in the ligating atom 
at the eis site (CI and N) could be responsible for the 
difference. However, the kinetic eis effect is understood 
to be in the percentage range of tens to hundreds and 
can not account for the big difference by 40 times. 
T h e difference may be ascribed to the presence of 
overall charge or of the chelate ring. The (S) -proline 
has pA"a 10.6 and the chargeless complex with one 
chelate gives k2 = 1.03 X 10"3 d m 3 mol" 1 s - 1 . Its log k2 

vs. pKa plot falls almost on the common straight line 
for *ranj-[PtCl2(40C-py)(5-mbn)] and öwu-[PtCl2(4-X-
ani)(£-mbn)] (figure in Ref. 11); i.e. the (5')-prolinato 
ligand does not seem to give significant effect on the 
rate expressed by Eq. 2. 

The positive charge of the complex would decrease 
the effective electron density on platinum (II) , and the 
nucleophilic attack of dee can be facilitated rather than 
retarded. Thus the overall plus charge cannot be the 
cause of slow substitution. Neither is its instability in 
organic solvents responsible for the slow exchange of 
olefin. Coordinated aniline derivatives in trans-[PtC\2-
(ani)(6'-mbn)] are replaced by donating solvent mole­
cules to give e. g., trans-[PtCl2(S)(S-mbn)] (S, solvent 
molecule), which also participated in the olefin ex­
change.11) If such a replacement had taken place prior 
to the attack of the nucleophilic olefin, the observed 
rate constant should have depended on the added free 
o-bzda concentration, as was the case for the complexes 
containing aniline derivatives.11) 

The o-bzda chelate may have a significant steric 
stress due to the rigid aromatic ring, particularly in the 
transition state; the trigonal bipyramidal intermediate 
may be formed with difficulty to decrease the second 
order rate constant. It is interesting that bulky ligands 
such as JV,^, iV^iV'-tetramethylethylenediamine stabilize 
the cationic pla t inum(II) olefin complex, probably 
preventing the nucleophilic at tack by reacting species on 
a ^-bonded olefin.9) T h e o-bzda ligand might also have 
this effect. 

The work was carried out with a Grant-in-Aid (No. 
400016) from the Ministry of Education, Science and 
Culture. 
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Five-coordinate Copper(II) Complexes with a Thio Group as 
Type II Copper Models 
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Five-coordinate copper(II) complexes with a thio group were synthesized as non-blue copper(II) models by 
reactions of copper(II) perchlorate and condensation products of 2-pyridinecarbaldehyde or salicylaldehyde 
and bis (2-aminoethyl) sulfide or 2-aminoethyl 3-aminopropyl sulfide. In the complexes where thio group is 
coordinated to copper(II) at an equatorial position, the ESR spin Hamiltonian parameters g,, and AH prominently 
decreased, and charge transfer bands due to sulfur to copper appeared at 300—350 nm and occasionally at 400— 
500 nm. On the other hand, complexes with a thio group at an axial position afforded slightly smaller A„ values 
and charge transfer bands with lower intensity in the similar regions, 
tion to non-blue copper(II) has been discussed. 

The biological significance of a sulfur dona-

Among the three types of copper ions found in copper-
proteins the "non-blue" (type II) copper displays no 
remarkable properties as "blue"( type I) copper or 
"ESR-nondetectable"(type I I I ) copper. The associated 
ESR parameters of the type I I coppers are similar to 
those of common tetragonal copper(II) complexes: 
—A/, values are in the range of 1 5 — 2 0 ( x l 0 - 4 ) cm" 1 

and gn values are of 2.2—2.3. T h e visible absorption 
spectra arising from type I I copper have also been 
considered to be the same with those of low molecular 
weight copper(II) complexes,1) although they are often 
obscured by the type I and I I I coppers in multi-copper 
oxidases such as laccase, ceruloplasmin, and ascorbate 
oxidases. Having no conspicuous properties, the type I I 
copper has thus been unfamiliar compared with coppers 
of the other types. 

However, non-blue coppers in galactose oxidase2) and 
amine oxidase3) have been convinced to be in the 
environment of square-pyramid based on their d-d 

(CH2)nS(CH2)m 

/ \ 
-HN. I NH„ 

n=2, m=3 Cu(pca=aps=pca) 

n=2, n=2 Cu(pca=aes=pca) 

(CH2) 

HC=N ß v 

/ \ / ^ 
, ( Cu (CH?)m 

n*2, m=3 or n=3, m=2 

Cu(sal=aps) 

n=2, m=3 Cu(pca-aps-pca) 

n=2, n=2 Cu(pca-aes-pca) 

(CH 2 ) 2S(CH 2 ) 2 

I I \ 
HC=Nv N=CH 

A--/\--/' % 
Cu(sap=aes=sa1) 

(™Z>nS<CH,)m 

H2C-HN . NH-CH2 

n=2, m=3 Cu(sal-aps-sal ) 

n=2, n=2 Cu(sal-aes-sal) 

absorption spectra. Although there are only limited 
data on the protein ligands around type I I copper, 
coordination of 2 to 4 imidazolyl groups and some 
oxygens has been reasonably proposed. Of special 
interest is the suggestion that a thio group is possibly 
coordinated to type I I copper in galactose oxidase4-5) 
and amine oxidase.3) Here we report spectral properties 
of five-coordinate copper complexes with a thio group 
in an equatorial or an axial position as non-blue copper 
models. 

In this work, several quinquedentate ligands with a 
thio group were synthesized by condensation of bis (2-
aminoethyl) sulfide (abbreviated as aes) or 2-aminoethyl 
3-aminopropyl sulfide(aps) and 2-pyridinecarbaldehyde-
(pca) or salicylaldehyde (sal). Copper (II) complexes of 
these sulfur-containing ligands were prepared and the 
effects of sulfur coordination at an equatorial or an axial 
position on absorption and ESR spectra were 
comparatively studied. 

Exper imenta l 

Materials. Copper(II) perchlorate hexahydrate and 
salicylaldehyde were purchased from Nakarai Chemicals 
Ltd., Ar-(2-bromoethyl)phthalimide from Wako Chemicals 
Ltd., iV-(3-bromopropyl)phthalimide from Aldrich, and 
2-pyridinecarbaldehyde was obtained from Merck AG and 
distilled. All other reagents used were of the highest grade 
commercially available. 

Preparation of Complexes. Cu(pca=aps=pca) : Sulfur-
containing diamine, aps, was prepared according to Amundsen 
et a/.6) To this was added twice amounts of pea in aqueous 
ethanol to give the 2 : 1 pea : aps Schiff base, which was 
treated with Cu(C104)2«6H20, and was allowed to stand at 
room temperature. Blue crystals were isolated as perchlorate, 
and was recrystallized from H aO-EtOH. Found: C, 35.79; 
H, 3.48; N, 9.81%. Calcd for CuC17H20N4S(ClO4)2: C, 
35.52; H, 3.51; N, 9.75%. 

Cu(pca=aes=pca), Cu(sal=aps) and Cu(sal=aes=sal) : These 
complexes were synthesized by the same method as 
Cu(pca=aps=pca). Found: C, 34.43; H, 3.44; N, 10.35%. 
Calcd for CuC16H18N4S(C104)2(Cu(pca=aes=pca)) : C, 
34.26; H, 3.23; N, 9.99%. Found: C, 35.79; H. 4.17; N, 
6.95%. Calcd for CuC12H17N2OS(C104) (Cu(sal=aps)): C, 
36.00; H, 4.28; N, 7.00%. Found: C, 42.94; H, 3.90; N, 
5.62%. Calcd for CuC18H18N202S-2H20-2/3 NaCIO, (Cu-
(sal=aes=sal)) C, 42.59; H, 4.37: N, 5.62%. The results of 
elemental analysis for Cu(sal=aes=sal) was only explainable 
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by assuming the presence of some coprecipitated NaC104, 
which was hardly removed. The product was, however, used 
for the spectroscopic and ESR measurements without further 
treatment, since there was no fear of serious effect. 

Cu(pca=aps=pca) : The condensed product of pea and aps 
in ethanol was reduced with NaBH4 untill the yellow color 
of the Schiff base faded out, and the excess of NaBH4 was 
treated with HCl. After nitration, the nitrate was mixed 
with Gu(G104)2 • 6H 2 0 to give blue crystals. Recrystallization 
was performed once from aqueous ethanol. Found: C, 27.90; 
H, 4.16; N, 7.52%. Galcd for CuC17H24N4S(C104)2.7H20: 
G, 27.64; H, 4.23; N, 7.58%. 

Gu (pca-aes-pca), Cu(sal=aps=sal), and Cu(sal=aes=pca) : 
These complexes were prepared by the same method as 
described for Gu(pca=aps=pca). Found: G, 33.58; H, 3.96; N, 
9.84%. Galcd for GuG16H22N4S(G104)2(Gu(pca=aes=pca)): 
G, 34.02; H, 3.93; N, 9.92%. Found: G, 45.53; H, 5.42; N, 
5.52%,. Galcd for CuC17H24N202S• 2H 2 0• l/2NaC104(Cu-
(sal=aps=sal)) : 45.16; H, 5.59; N, 5.55%. Found: C, 37.49; 
H, 4.06; N, 4.98%. Galcd for CuC18H22N202S • 2H 2 0 • 
NaC104(Cu(sal=aes=sal)) : G, 37.17; H, 4.51 ; N, 4.82%. 

Spectral Measurements and Instruments. Absorption spectra 
were recorded on 1 cm- or 1 mm-path length cell in the range 
260—1100 nm with a Hitachi 323 spectrophotometer at room 
temperature. Electron spin resonance (ESR) spectra of 
copper complexes were recorded using a JEOL JES-FEIX 
instrument at 77 K. Magnetic field was calibrated on a 
Mn(II) in MnO(A//3_4=8.69 mT) and g values were cali­
brated based on Li-TCNQ,(g=2.0025). A^AT-dimethylform-
amide was used as solvent. 

R e s u l t s 

Absorption spectra of pea-containing complexes 

exhibited the splitted d-d bands, indicating the successful 
formations of five-coordinate complexes. Charge 
transfer bands arising from thio group appeared at 
315—340 n m in most cases (Fig. 1). Although the 
complex Cu(pca=aes=pca) did not exhibit an apparent 
peak in this region, molar absorptivity of this complex 
was observed to be five times larger than those of the 
complexes which have no sulfide ligand {i.e. Cu(pca= 
pda=pca), where pda represents 1,5-pentanediamine). 
Another charge transfer peak was observed at 462 nm, 
though it was not certain whether or not the peak arose 
from charge transfer of thio group to copper. This was 
because of the fact tha t pea Schiff base complexes 
devoid of thio group occasionally exhibited a peak in 
this region. 

ESR parameters and absorption spectral da ta of each 
complex are tabulated in Table 1. Cu(pca=aps=pca), 
Cu(pca-aps-pca) , and Cu(pca-aes-pca) have similar 
spin Hamil tonian parameters : g„ values are in the 
range 2.17—2.21 and -A„ values of 16.7—17.1 ( x 10"4) 
c m - 1 . T h e prominently lowered gn values and —An 

values indicate tha t the electron density around the 
copper(II) ion is appreciably reduced because of the 
sulfur donation in an equatorial position, since these 
complexes are five coordinate as clearly indicated in the 
splitting of d-d bands. O n the other hand, Cu(pca= 
aes=pca) exhibited a larger g„ value, suggesting a 
formation of entirely different donor setting around the 
copper(II) ion. T h e weaker contribution of sulfur 
donation on ESR spectrum seems to be due to the 
binding of the soft group at an apical position.7) The 
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Fig. 1. Absorption spectra of Gu(pca=aps=pca) ( ) Cu(pca=aps=pca) 
(—•—), Cu(pca=aes=pca) ( ), and Cu(pca=aes=pca)( ). 

TABLE 1. ESR PARAMETERS AND ABSORPTION SPECTRAL DATA FOR THE COPPER(II) COMPLEXES 

Complex 

Gu (pca=aps=pca) 
Gu (pca-aps-pca) 
Gu (pca=aes=pca) 
Gu (pca-aes-pca) 

ESR 

i// 

2.17 
2.20 
2.27 
2.21 

parameters 

g± — 

2.08 
2.06 
2.06 
2.06 

^ ; / x l 0 4 

cm-1 

17.1 
17.0 
16.9 
16.7 

Absorption 
^max/1 

GT band 

343(4000) 
335 (2730) 
462(153) 
315(3350) 

spectral data 

s 

d-d band 

604(437) 830(114) 
737(163) 920(98) 
665 (69) 995 (43) 
610(142) 870(58) 
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Fig. 2. Absorption spectra of Gu(sal=aps) ( ), Cu(sal=aps=sal) (—•—), 
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obscured charge transfer band around 350 n m also 
would favor this interpretation. Copper(II) complex 
of the Schiff base of salicylaldehyde and aps, Cu(sal= 
aps=sal), was not isolated as quinquedentate complex 
but was as a quadridentate p lanar complex Cu(sal=aps) 
which contained N 2 OS donor set, in spite of being 
employed twice amount of sal for preparation. The 
complex exhibited a symmetrical sharp d-d absorption 
at 584 n m and a charge transfer band at 316 n m (Fig. 2). 
In line with this, the use of JV-(2-aminoethyl)-3-amino-
propylamine(aea) in place of aps also gave highly square 
planar quadridentate complex, Cu(sal=aea). T h e 
symmetrical d-d absorption appeared in a similar region 
at 563 nm, but no peak was found in 300—400 nm, 
indicating that the peaks appeared in this region in 
figures are charge transfer bands due to sulfur group 
to copper. In contrast with the above, the reduced 
Schiff base complex, Cu(sal=aps=sal) affored the quin­
quedentate form, exhibiting the splitted d-d bands at 
720 and 910 nm. The absorption bands at 320 (shoulder) 
and 440 n m might be the sulfur to copper(II) charge 
transfer bands. The former would be attr ibuted to 
S(<7)-»Cu and the latter to S(rc)-»Cu.8) Although Cu-
(sal=aes=sal) did not exhibit the clearly splitted d-d 
bands, the rather broader d-d band would imply a 
formation of square-pyramidal copper(II) complex. 
Charge transfer bands were clearly observed at 304 
and 450 nm. The reduced Schiff base complex, Cu(sal= 
aes=sal), also gave distinctly splitted d-d bands at 600 
and 865 nm and charge transfer bands at ca. 330 and 

405 nm. 
T h e effect of coordination of the thio group in an 

equatorial position has been recognized in the smaller 
—A,, values (Table 2). T h e pronounced instance is 
the difference in the —A„ values of 17.9 and 19.8(x 10~4) 
c m - 1 for Cu(sal=aps) and Cu(sal=aea), respectively. 
The similar coordination effect of the thio group can 
be realized also in the pair Cu(sal=aes=sal) and Cu(sal= 
aes=sal). T h e —A,, value for Cu(sal=aes=sal) increases 
ca. 1 x 10 - 4 c m - 1 , suggesting that the thio group occupies 
an axial position in this complex similarly to the case of 
Cu(pca=aes=pca). 

D i s c u s s i o n 

Of eight complexes, which were tried to prepare in 
this work, quinquedentate complexes with N4S or 
N 2 0 2 S donor set were isolated and characterized to 
display apparent ly splitted d-d transition bands or a 
broader d-d absorption band. Charge transfer bands 
of sulfur to copper were disclosed to appear at 300—350 
n m and occasionally at 400—500 nm. The band at 
300—350 n m was very clear when the sulfur occupies 
an equatorial position. As for the reason it may be 
considered that p(a) orbital of sulfur and dx._y. orbital 
of copper(II) well overlap each other, hence strong 
charge transfer will occur between these orbitals. O n 
the other hand, overlapping of p(n) and dx,_y, orbitals 
can be attr ibuted only through a torsion of these orbitals. 
Accordingly, the band at 400—500 n m is occasionally 

TABLE 2. 

Complex 

E S R PARAMETERS AND ABSORPTION SPECTRAL DATA FOR THE COPPER ( I I ) COMPLEXES 

ESR parameters Absorption spectral data 

/ ^ v Amax/nm, e 
- 4 / / X 1 0 4 , , 

g// ë± Em^ï CT band d-d band 
Cu(sal=aps) 
Cu(sal=aps=sal) 
Cu(sal=aes=sal) 
Cu(sal=aes=sal) 

2.20 
2.20 
2.21 
2.23 

2.05 
2.05 
2.06 
2.05 

17.9 
18.1 
17.8 
18.7 

316(8740) 
320sh(9390) 
304(10200) 
330(2170) 

584(176) 
440(426) 720(250) 910(173) 
450(2260) 639(184) 
405(1750) 600(126) 865(92) 



2316 Takeshi SAKURAI, Shinnichiro SUZUKI, and Akitsugu NAKAHARA [Vol. 54, No. 8 

absent itself or is not very clear even if it appeared. 
When the sulfur atom binds copper(II) at an axial 
position, charge transfer from sulfur to copper might be 
permitted between either p(^) and dx._y. or p(a) and 
dz. orbitals. These transitions might appear at 330—350 
nm and possibly even at 405—460 nm. The difference 
in the position of sulfur donor sensitively affects the 
ESR spin Hamiltonian parameters. When the sulfur 
occupies an equatorial position, both g,, and —An 

values will appreciably decrease, because the covalent 
character of Cu-S bond may weaken the electron 
density of central metal ion.9) O n the other hand, 
binding of sulfur at an axial position only lowers — An 
value a little as compared with those of ordinary 
tetragonal copper(II) complexes. T h e parameter , gn, 
does not seem sensitively reflect the sulfur donation 
in the axial position. The similar effect of soft donor 
ligation at an axial position of copper(II) has been 
reported in some cases.7,8) 

The d-d absorptions of non-blue coppers including 
those of multi-copper oxidases have been observed in 
the region of 600—1000 nm.10-13) T h e presence of 
charge transfer bands at 314 and 450 nm has been 
reported for galactose oxidase2) and in the range 300— 
500 nm for amine oxidase.3) In addition, non-blue 
coppers of multi-copper oxidases have been considered 
to have a close relation to the absorptions in the 
regions.10-13) These bands, even though not all of them, 
can be attr ibuted to the charge transfer bands of sulfur 
to copper as described above. Some investigators 
reported that a SH group participates in the catalytic 
cycle of galactose oxidase14) and amine oxidase,15) 
although it is not certain whether or not the SH groups 
are coordinated to copper. If a sulfido group is coor­
dinated to copper(II) ion, it must occupy an axial 
position, since the ESR parameters of non-blue coppers 
in enzymes do not suggest the binding of the SH group 
in an equatorial position. ESR parameters, g„ and 
—A//, of non-blue coppers were reported as 2.27 and 
18.7x10"* cm- 1 , 2.29 and 16.9 x 10"4 cm- 1 , 2.25 and 
l Q x l O ^ c m - 1 , 2.21 and 2 0 x l 0 - 4 c m - 1 , and 2.22 and 
1 9 x l 0 _ 4 c m _ 1 for galactose oxidase, amine oxidase, 
ceruloplasmine, ascorbate oxidase and laccase, respec­
tively.17) 

T h e non-blue coppers are not considered to alter 
the valence state in the course of the catalytic cycles 
differing from blue coppers, though Hamil ton et c/.18) 
considered bivalent state of copper is not active in 
galactose oxidase. At any rate, coordination chemistry 
of non-blue coppers does not seem favorable to the 

alteration of valence state of copper (II).19-20) The axial 
sulfur, if it really exists, might be considered to supply 
electrons via copper(II) ion to molecular oxygen. 

This work was supported by the Ministry of Educa­
tion, Science and Culture, J a p a n through Grants-in-Aid 
for Special Project Research (No. 511311) and Science 
Research (No. 443012). 
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Solubility Isotherms of Systems Containing Optically Active 
Tris(ethylenediamine)cobalt(III) Ion. II." Reciprocal Salt-pairs, 

(4-[Co(en)3]
3+, J-[Co(en)3]

3+)-(I-, (Ä,Ä)-C4H406
2), at 25 °C 

Akira FUYUHIRO,* Kazuaki YAMANARI, and Yoichi SHIMURA 
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A four-component solubility isotherm consisting of (yf-[Co(en)3]
3+, Zl-[Co(en)3]3+)-(I-, (A,i?)-C4H406

2-)-
H 2 0 was determined at 25 °C. It was found that four double salts r^-[Co(en)3]I3-H20, ^-[Co(en)3]I(</-C4H406)-
2H 20, ^l-[Go(en)3]0#48.Zl-[Co(en)3]0#52(^G4H4O6)1.5.5H2O, and Zl-[Go(en)3]I(e/-G4H406).nH20 exist, six in­
variant points appearing. Application of this phase diagram to practical optical resolution is discussed in com­
parison with a system containing Br~. Some models of phase diagram for effective optical resolution in reciprocal 
salt-pairs are proposed. 

In a previous paper,1) we reported on the determina­
tion of the solubility isotherm of reciprocal salt-pairs 
of the system (^-[Co(en)3]3+, zl-[Co(en)3]3+)-(Br-, d-
H2 tar t2-) at 25 °C (^ -H 2 t a r t 2 -=(Ä,Ä)-C 4 H 4 0 6

2 - ) , which 
revealed the region of the well-known diastereomer A-
[Co(en)3]Br(^-H2tart) - 5 H 2 0 , establishing excellent 
optical resolution of [Co(en)3]3+. O n the other hand, 
the system containing I~ instead of Br~ has not been 
hitherto used for optical resolution. Thus , it is desirable 
to confirm the existence of a diastereomer yf-[Co(en)3]I-
( ^ - H 2 t a r t ) n H 2 0 , the extent of region it occupies, 
whether optical resolution of [Co(en)3]3 + is possible, and 
what kind of solid exists in the region corresponding 
to that of gelatinous precipitate in the system of Br - . 

In order to clarify these questions, the solubility 
isotherm of reciprocal salt-pairs (A-[Co(en)3]

z+, A-
[Co(en)3]3+)-(I- , </-H2tart2") was determined at 25 °C 
and the solubility of A- and rac-[Co(en)3]I3, and A- and 
^-[Co(en)3]I(</-H2tart) was measured in the range 
5—60 °C. The isotherm is discussed as regards funda­
mental models of optical resolution in reciprocal salt-
pairs. 

Exper imenta l 

Materials. \Co(en)z~\IZ'H20: The A-, A-, and rac-
[Co(en)3]I3«H20 were obtained by the method of Broomhead 
et al.V Found: C, 11.29; H, 4.06; N, 13.16%. Calcd for 
^-[Co(en)3]I3 .H20: G, 11.30; H, 4.11; N, 13.17%. Found: 
C, 11.36; H, 4.06; N, 13.12%. Calcd for Zl-[Co(en)3]I3. 
H 2 0 : C, 11.30; H, 4.11; N, 13.17%. Found: G, 11.31; H, 
4.12; N, 13.13%. Calcd for r^-[Co(en)3]I3 .H20: G, 11.30; 
H, 4.11; N, 13.17%. 

[CofenJsifd-HztartJ^-nHzO: The A- and Zl-[Co(en)3](</-
H2tart)1#5-nH20 and the ^4Co(en)3]0#48-^4Go(en)3]0 #52(</-
H2tart)a 5 -5H 20 diastereomers were the same as reported.1* 

[Co(en)^I(d-H2tart) -nH20: The A- and Zl-[Co(en)3]I(é/-
H2tart)-nH20 diastereomers were prepared by mixing solu­
tions of yf-[Co(en)3]I3 and yl-[Co(en)3](é/-H2tart)1 #5, and 
Zl-[Co(en)3]I3 and Zl-[Co(en)3](d/-H2tart)1 #5, respectively, in 
a 1 :2 mole ratio. Found: C, 21.85; H, 5.85; N, 15.34%. 
Calcd for ^-[Go(en)3]I(^-H2tart).2H20: G, 21.83; H, 5.86; 
N, 15.27%. Found: G, 21.40; H, 5.88; N, 14.78%. Galcd 
for Zl-[Co(en)3]I(rf-H2tart).2.5H20: G, 21.48; H, 5.95; N, 
15.03%. 

Measurements. The solubility in water was determined 
in molality.1) Since the GD intensity of [Co(en)3]3+ is af­
fected by coexisting </-H2tart2-, the CD spectra of [Co(en)3]3+ 

were measured under calibrated conditions in HBr solution. 
The concentration of I - was determined by titration with a 
AgN0 3 solution. The solid phases were identified by ele­
mental analysis, absorption and CD spectra. Optical densities 
were measured with a JASGO UVIDEC-1 spectrophotom­
eter and GD with a JASGO MOE-1 spectropolarimeter. 

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

T h e solubility data are given in Tables 1 and 2, and 
Figs. 1—5. A saturated solution is expressed as a point 
defined by summing up the position vectors of the 
solubility of the component salt(s) contained.3) 

Binary Systems between 5 and 60 °C. As regards the 
binary solubility of the complexes (Table 1), the 
solubility ratio of röc-[Co(en)3]I3/^-[Co(en)3]l3 is 0.362 
(5 °G) and 0.312 (60 °C), not being so small as in the 
corresponding bromide (0.173 (5 °G) and 0.294 (60 °C)). 
T h e ratio indicates4) tha t the iodide as well as bromide 
are not spontaneously resolvable. This is also evident 
from the ternary system (Fig. 1). T h e yf-[Co(en)3]I(</-
H2 tar t) diastereomer is more soluble below 28 °C than 
^-[Co(en)3]Br(t/-H2 tart) , which is unusual since a 
metal complex bromide is generally more soluble than 
the corresponding iodide. O n the other hand, the 

TABLE 1. SOLUBILITY OF [Co(en)3]3+ SALTS IN WATER 

(molality m /mol kg-1 of anhydrous salt) 

T/°G 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

(0 
0.0321 
0.0394 
0.0488 
0.0589 
0.0720 
0.0865 
0.103 
0.123 
0.145 
0.173 
0.203 
0.242 

(2) 

0.0886 
0.110 
0.136 
0.167 
0.208 
0.249 
0.302 
0.367 
0.439 
0.538 
0.646 
0.775 

(3) 

0.0633 
0.0795 
0.103 
0.123 
0.148 
0.179 
0.215 
0.258 
0.307 
0.376 
0.445 
0.532 

(4) 

0.0886 
0.114 
0.148 
0.192 
0.248 
0.319 
0.422 
0.542 
0.696 
0.905 
1.10 
1.35 

a) (1): r^-[Co(en)3]I3 .H20, (2): y(-[Co(en)3]I3.H20, 
(3) : ^-[Co(en)3]I(</-H2tart) -2H20, (4) : Zl-[Co(en)3]I(</-
H2tart).flH20, «=4—5. 
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E3 

t 
Ei 

Ei 

E3 

t 
E, 

D 
t 

Hi 

Hi 

Hi 
t 

H3 

Ha 

H3 

t 
H, 

H, 

A 
t 

H, 

TABLE 2. EQUILIBRIUM OF (4-[Co(en)3]3+, Zl-[Co(en)3]3+)-(I-,</-H2tart2-)-H20 SYSTEM AT 25 °C 
In liquid phases, solubility is presented in molality m of the component ions. Abbreviations are as follows : 
4-[Co(en)3]3+=43+, J-[Co(en)3]3+=43+, ^ - [ C o f e n ^ I a . ^ O ^ L , , J-[Co(en)3]I3.HaO=zll3, r^-[Co(en)3]I3. 
H 2 0 = 4 z l l 6 , 4-[Co(en),]I(rf-H,tart)-211,0=41 (tart), 4-[Co(en)3]I(</-H2tart).H20 = [41 (tart)], A-[Co-
(cn)JI(rf-Hatart).fiHaO(n=4-^)=^II(tart), ^-[Co(en)3](rf-H2tart) l t5.nH20(n^7)=yl(tart)1>6, zl-[Go(en)3]-
(rf-H1tart)1>6 .«H,0(ni=8)=J(tart)M , ^-[Co(en)3]o.48'^-[Co(en)3]0#51(rf-Hatart)1#5.5HaO=(>l, 4)(tart) l tB. 
*; metastable state. Paste=a paste-like substance (composition unknown). 

b) 

Liquid phasec> 

m/10"1 mol kg"1 
Solid phase 

A 

E3 

2 

2 

4 3 + A3+ I~ 

2.08 6.24 
(±0.05) (±0.15) 

0.360 0.360 2.16 
(±0.003) (±0.003) (±0.02) 

AI, 

AAI, 

0.484 
0.609 
0.775 
0.962 
1.39 
1.71 

0.272 
0.177 
0.101 
0.056 
0.01 
0.01 

27 
35 
63 
05 
20 

AAIe 

5.16 

2.08 
(±0.03) 

0.00 6.24 
(±0.08) 

AI, 
+AAI6 

0.251 
0.147 
0.074 
0.02 

0.512 
0.663 
0.873 
1.16 

29 
43 
84 
55 

AAIe 

E2 

B 

3 

2 

0.01 1.72 5.19 

0.00 2.08 6.24 
(±0.03) (±0.08) 

2.08 6.24 
(±0.05) (±0.15) 

AI, 
+ AAI< 

AI, 

1.64 
1.68 
1.86 
1.89 
1.99 
2.06 
2.20 

0.31 
0.37 
0.61 
0.64 
0.75 
0.84 
1.03 

-4 (tart)!.. 

2.29 
(±0.02) 

1.16 
(±0.05) 

4(tart)1>6 
+ 4 1 (tart) 

2.19 
2.03 
1.96 
1.83 
1.69 
1.63 
1.54 

15 
18 

1.22 
26 
34 
37 

4 1 (tart) 

1.44 

1.48 
(±0.02) 

1.48 
(±0.02) 

4 1 (tart) 

1.41 
37 
35 
38 
52 
62 
84 
25 
40 

63 
79 
00 
37 
95 
40 
06 
30 
78 

AI (tart) 

2.61 6.38 

2.83 
(±0.05) 

7.05 
(±0.06) 

AI (tart) 
+ÄI, 

2.22 
2.42 
2.55 
2.65 

6.39 
6.65 
6.74 
6.88 

Ah 

b) 

H5* 
t 3 

H6* 

Liquid phase"0 

m/10-1 mol kg - 1 

Solid phase 

Hi 
X 3 

H4* 

H4* 3 

H5* 3 

4 3 + A3+ I -

2.40* 
2.58* 
2.61* 
2.84* 

3.10* 
(±0.03) 

3.08* 
(±0.04) 

1.30* 
1.53* 
1.56* 
1.86* 

2.17* 
(±0.03) 

2.98* 
(±0.01) 

4(tart)1-5* 

4(tart)1>5* 
+ Paste* 

[yll(tart)]* 
+ Paste* 

3.02* 
2.97* 
2.90* 
2.83* 
2.78* 
2.79* 
2.99* 
3.18* 
3.29* 
3.40* 
3.56* 
3.59* 
3.75* 

3.01* 
3.08* 
3.27* 
3.44* 
3.72* 
4.14* 
5.23* 
6.00* 
6.40* 
6.56* 
7.30* 
7.24* 
7.82* 

Ul( tar t ) ]* 

H6* 

H8 

t 
H6* 

Ei 
t 

Pi 

Pi 

3 

3 

4 

4 

3.83* 

3.94* 
(±0.02) 

3.12* 
3.26* 
3.43* 
3.84* 

2.46 
2.59 
2.67 

2.87 
(±0.09) 

0.00 
0.00 
0.00 

0.00 

7.95* 

8.33* 
(±0.07) 

7.36* 
7.52* 
7.79* 
8.15* 

6.67 
6.78 
6.86 

7.11 
(±0.07) 

[AI (tart)]* 
+AI,* 

AI3* 

AI, 
+AAI6 

AI, 
+AAI« 
+ 4 1 (tart) 

Pi 
t 4 
P« 

P4 4 

2.61 
2.46 
2.22 
1.77 
1.54 
1.42 
1.37 
1.36 
1.34 
1.33 
1.36 
1.35 
1.36 
1.36 
1.37 
1.37 
1.40 
1.42 

1.43 
(±0.01) 

0.00 
0.00 
0.02 
0.06 
0.15 
0.27 
0.38 
0.44 
0.54 
0.76 
0.85 
0.89 
1.00 
1.02 
1.22 
1.24 
1.39 
1.60 

1.70 
(±0.02) 

6.52 
6.01 
5.28 
3.98 
3.33 
3.07 
2.99 
2.98 
2.97 
3.04 
3.08 
3.09 
3.13 
3.17 
3.27 
3.29 
3.36 
3.50 

3.55 
(±0.04) 

AAI, 
+ 41 (tart) 

AAI, 
+ 41 (tart) 
+ {A,A)-
(tart)1#6 
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TABLE 2. (Continued) 

a) b) 

Gx 
X 4 

P, 

Hx 
X 4 

P2 

P, 4 

P2 

X 4 
P* 

C 
X 3 

Fi 

Fi 3 

Fx 
X 3 

F9 

Fa 2 

F3 
X 3 

F2 

B 
X 

F, 

Liquid phase0 

m/10"1 mol kg-1 
Solid phase 

A*+ A3+ I -

1.62 
1.75 
1.75 
1.84 
1.86 

0.21 
0.22 
0.22 
0.23 
0.23 

0.20 
0.36 
0.39 
0.51 
0.55 

(^,J)(tart)1-6 

+ i*(tart)1#. 

2.29 
2.32 
2.34 
2.42 

0.05 
0.07 
0.15 
0.27 

1.16 
1.17 
1.20 
1.26 

yl(tart) l t6 
+ 1̂1 (tart) 

2.41 0.30 1.27 
(±0.02) (±0.01) (±0.01) 

(^,zl)(tart)lt5 
+ ^(tart)1.5 
+ .41 (tart) 

32 
16 
08 
00 
84 
67 
53 

1.47 
1.45 

0.32 
0.35 
0.36 
0.39 
0.45 
0.59 
0.82 
1.08 
1.25 

1.30 
1.35 
1.40 
1.44 
1.55 
1.79 
2.15 
2.60 
2.87 

(^,J)(tart)1#6 
+ i l l (tart) 

.21 

.44 

.73 

.04 
4.38 

0.19 
0.40 
0.72 
1.04 
1.39 

d(tart)1#6 

4.87 
(±0.02) 

1.92 
(±0.02) 

J(tart)1#6 

+JI ( ta r t ) 

83 
49 
,44 
09 
.76 
41 
08 

1.90 
1.93 
1.93 
1.96 
1.99 
2.08 
2.14 

J I (tart) 

2.72 2.31 

2.48 
(±0.01) 

2.48 
(±0.01) 

zJI(tart) 

2.41 
2.33 
2.32 
2.29 
2.34 
2.43 
2.57 
2.74 
2.84 
2.90 
3.10 
3.25 

2.66 
2.84 
3.01 
3.38 
3.78 
4.18 
4.81 
5.32 
5.67 
5.89 
6.49 
6.99 

41 (tart) 

3.42 7.44 

3.58 
(±0.05) 

7.91 
(±0.11) 

J I (tart) 
+AI3 

2.23 
2.52 
2.81 
3.12 
3.50 

6.46 
6.76 
7.09 
7.39 
7.81 

Ah 

b) 

G2 

X 4 
P« 

P« 4 

Liquid phasec> 

m/10-1 mol kg - 1 

Solid phase 

E2 

X 
P3 

P3 

4 

4 

A3+ 

0.00 
0.00 
0.00 

0.00 

J 3 + 

2.37 
2.70 
3.01 

3.63 
(±0.02) 

I -
6.54 
6.88 
7.28 

7.95 
(±0.06) 

Al3 
+AAl< 

+ AAI6 

+ A I (tart) 

0.00 
0.00 
0.00 
0.00 
0.03 
0.03 
0.04 
0.06 
0.08 
0.10 
0.16 
0.21 
0.27 
0.36 
0.49 
0.65 
0.85 

3.53 
3.34 
3.09 
3.05 
2.74 
2.69 
2.63 
2.56 
2.50 
2.42 
2.38 
2.37 
2.35 
2.33 
2.34 
2.38 
2.45 

7.78 
7.11 
6.45 
6.38 
5.35 
5.24 
5.06 
4.83 
4.56 
4.32 
4.13 
4.01 
3.89 
3.83 
3.78 
3.76 
3.83 

AAI6 

+JI ( t a r t ) 

1.01 2.50 3.89 
(±0.01) (±0.02) (±0.02) 

(4zJ)(tart)lt5 
+AAl< 
+ 4 1 (tart) 

0.10 
0.11 
0.11 
0.11 

3.34 
3.76 
4.01 
4.30 

0.33 
0.71 
0.98 
1.27 

(^,zl)(tart)1>6 
+zJ(tart)1>5 

0.13 4.97 1.98 
(±0.02) (±0.06) (±0.05) 

(iMXtartX., 
+J(tart)1 # 6 
+ J I (tart) 

p« 
% 4 

P5 

P* 
X 4 

P5 

0.17 
0.19 
0.19 
0.19 
0.22 
0.24 
0.23 
0.26 
0.30 
0.38 
0.43 
0.48 
0.53 
0.60 
0.69 
0.78 
0.94 

1.27 
1.23 
1.19 
1.16 
1.11 
1.06 
1.02 

4.37 
4.23 
4.10 
4.07 
3.97 
3.82 
3.77 
3.45 
3.33 
3.11 
2.85 
2.76 
2.73 
2.67 
2.57 
2.54 
2.51 

1.69 
1.77 
1.82 
1.90 
1.95 
2.05 
2.13 

2.02 
2.05 
2.09 
2.08 
2.11 
2.14 
2.15 
2.22 
2.29 
2.46 
2.60 
2.71 
2.82 
2.96 
3.20 
3.25 
3.76 

3.24 
3.27 
3.29 
3.31 
3.31 
3.37 
3.42 

(,4,,d)(tart)i<6 

+<dl(tart) 

(^,J)(tart)1>5 
+ AAI, 

a) Positions of points shown in Figs. 1—5. b) Number of components, c) Reported data for C, D, G1} G2, 
D«->-Gx, and G ^ G g 0 are not shown. Values in parentheses are estimated errors and calculated from twice the 
standard deviations of measurements repeated 3—11 times. 
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25 "C 

m/mol kg" 

Fig. 1. Solubility isotherm of the ternary system, A-
[Co(en)3]I3(l)-zl-[Co(en)3]I3(2)-H20, at 25 °C. Solu­
bility is presented in molality m of anhydrous salt. 

m/mol kg" 

Fig. 2. Solubility isotherm of the ternary system, A-
[Co (cn),l (rf-H.tart)!., (4) -^ - [Co(cn)J I , (1) -H a O, at 
25 °C. Solubility is presented in molality m of 
anhydrous salt. and * : metastable state, : 
the corresponding system of Br - at 25 °C (^4-[Co(en)3] 
(rf-H2tart)1.5(4)-^-[Co(en)3]Br3(l)-H20). 

solubility of <d-[Co(en)3]I(*/-H2tart) cannot be compared 
with that of zl-[Co(en)3]Br(<f-H2tart) because of the 
formation of gelatinous precipitate in the latter dia­
stereomer. T h e solubility ratio of A-[Co(en)3]I(d-
H2tart)/^-[Co(en)3]I(</-H2tart) is 1.40 (5 °C) and 2.54 
60 °C). 

Ternary System A-[Co(en)3]I3-A-[Co(en)3]I3-H20. 
This system at 25 °C (Fig. 1) is similar to the corre­
sponding system of Br - . The central solid phase is the 
racemic compound ^-[Co(en)3]> ^ - [Co(en) 3 ] I 6 «2H 2 0 = 
ruc-[Co(en)3]I3«H20, which occupies such a wide 
region (E1E3E2) that the invariant points El and E2 

exist nearly on the side axes. The solubility of racemic 
iodide at 25 °C (0.0720 mol kg- 1 (E3)) is lower than tha t 
of racemic bromide (0.178 mol kg - 1 ) . T h e difference 
is considerably responsible for optical resolution in the 
four-component system described below. 

25 *C 

m./mol kg"-1 

Fig. 3. Solubility isotherm of the ternary system, A-
[Co(en) J (rf-H2tart)1<6 (3)-J-[Co(en),] 1,(2) - H , 0 , at 
25 °C. Solubility is presented in molality m of 
anhydrous salt. 

Fig. 4. The plane projection (upper) and the side eleva­
tion of solubility isotherm of the system, (^i-[Co(en)3]

3+, 
zl-[Co(en)3]3+)-(I-, rf-H2tart2-)-H20, at 25 °C Solu­
bility is presented in molality m of anhydrous salt. 
(1): ^-[Co(en)3]I3, (2): zl-[Co(en)3]I3, (3): zl-[Co-
(en)3](J-H2tart)15, (4): ^-[Co(en)3](rf-H2tart)1>5. 

Ternary System A- [Co (en) 3] (d-H2tart) j 5-A- [Co (en) 3] I3~ 
This system consists of only yl-salts (Fig. 2). 

T h e region H^HgHg shows a diastereomer of double 
salt yf-[Co(en) 3 ] I (^-H 2 tar t ) '2H 20, its isotherm being 

H20. 
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1.0 

0.6 

QO. 

0.2 

0.6 0.6 1.0 

(X. 
Fig. 5. The chirographic projection of solubility iso­

therm of the system, (^-[Go(en)3]
3+, ^-[Co(en)3]3+)-

(I-, </-H2tart2-)-H20, at 25 °C. 
a: mole fraction of Zf-[Co(en)3]

3+ to all the cations, 
ß: mole fraction of (rf-Hjtart)! 5

3- to {(I3)3- + (rf-
H.tart)! 5

3 - } , (1): ^-[Co(en)3]I3, (2): Zl-[Co(en)3]I3, 
(3): J-[Co(en)3](</-H2tart)1>5, (4): ^-[Co(en)3](rf-H2-
tart)i g, • : solubilities of four-components, 0 : solubili­
ties of two- or three-componts. 

located a little lower than that of bromide double salt 
yl-[Co(en)8]Br(^-H2 tart)-5H20. The binary solubility 
of ^-[Co(en)3]I(^-H2 tart) (H3 , m=0.148 mol kg- 1 at 
25 °C) is larger than that of ^-[Co(en)3]Br(^-H2 tart) 
(m=0.135 mol kg - 1 ) . The line AH 2 appears in a region 
different from that for the corresponding bromide 
double salt because of the solubility difference between 
^-[Co(en)3]Br3 and ^-[Co(en)3]I3 . 

Some metastable states were measured in the system 
containing I - ; the supersaturated solutions coexist 
with the metastable solids, yf-[Co(en)3](^-H2tart)15« 
« H 2 0 on H j H / and ,4-[Co(en) 3 ] I 3 -H 20 on H 2 H 6 *. 
The composition of a paste-like solid phase on H 4 *H 5 * 
is unknown. The line H 5 *H 6 * expresses the metastable 
isotherm for y4-[Co(en)3]I(rf-H2tart) H 2 0 . However, 
this monohydrated diastereomer did not appear as a 
stable solid in the binary system at 5—60 °C (Table 1). 
O n the other hand, the corresponding bromide double 
salt y4-[Co(en)3]Br(rf-H2tart) exists as a monohydrated 
solid phase above 47 °C. 

Ternary System A-[Co(en)3]fd-H2tart)15-A-[Co(en)3]I3~ 
H20. In this system (Fig. 3), which differs entirely 
from the corresponding bromide system where the 
central part of the isotherms is blank owing to the 
appearance of a gelatinous substance, the isothermal 
line FjFgF^ on which a saturated solution is in equilib­
rium with the solid J - [Co(en) 3 ] I (d-H 2 t a r t ) 'nH 2 Ö can 
be measured. Point F 3 denotes the binary solubility of 
J-[Co(en)3]I(</-H2tart). 

The Solubility Isotherm of Reciprocal Salt-pairs, (A-
[Co(en)3]

3+, A-[Co(en)3y+)-(I-, d-H2tart2~)-H20. 
The ternary systems described above constitute a par t 
of the system of reciprocal salt-pairs. This four-

component body was projected on three planes,3) the 
plane projection and the side elevation (Fig. 4), and the 
clinographic projection (Fig. 5). The upper side in 
Fig. 5 represents the ternary system, >l-[Co(en)3](^-
H ^ a r t ) ! 5 -J - [Co(en) 3 ] (^-H 2 ta r t ) j 6 - H 2 0 , being com­
mon between two systems of X ~ = B r ~ and I - , (A-
[Co(en)3]3+, J-[Co(en) 3] 3+)-(X~, rf-H2tart2-)-H20. 
Eight solid phases appear, the composition of each 
phase corresponding to the following solid: A=A-
[Co(en ) 3 ] I 3 .H 2 0 , B = J - [ C o ( e n ) 3 ] I 3 . H 2 0 , C=A-
[Co(en)3](</-H2 tart)1 .5 .nH20, D=^-[Co(en) 3 ] ( r f -H 2 -
t a r t ) 1 5 - n H 2 0 , E 3 =rac - [Co(en ) 3 ] I 3 .H 2 0 , F3=J-[Co-
(en)3]I(</-H2 tart)-nH20, (close of R^) ^ - [ C o t e n ^ J o ^ -
J - f C o t e n ) ; ^ 5 2(</-H2 tart) l t 5-5H20, and H 3 =yl - [Co-
(en)3]I(^-H2 tart) - 2 H 2 0 . T h e present system essentially 
resembles the corresponding bromide system except for 
two aspects: (a) appearance of the region of J - [Co-
(en)3]I(rf-H2 tar t) .«H20, P^FgFjPßPsPg, though in the 
bromide system the corresponding region could not be 
measured because of the formation of the gelatinous 
precipitate, and (b) a different combination of phase 
boundaries. If the gelatinous precipitate in the bromide 
system is assumed to be a solid phase, the regions of 
^-[Co(en)3]Br(*/-H2 tar t )-5H20 and the gelatinous pre­
cipitate coexist on the boundary line. O n the other 
hand, the corresponding regions of A-[Co(en)3]I(d-
H 2 t a r t ) - 2 H a O ( H ^ K ^ P ^ ^ ) and A-[Co(en)3]I(d-
H2 tar t) • n H 2 0 do not coexist, and the regions of rac-
[Co(en ) 3 ] I 3 .H 2 0 ( E ^ E ^ P ^ ^ ) • and A-\Co-
(en) 3] 0 . 4 8-J-[Co(en) 3] 0 < 5 2(^-H 2 tar t ) l i 5 .5H 2O (GXP2P4P5-
PeC-S^FviGi) coexist on the boundary P4P5 . Since A-
[Co(en)3]Br(</-H2 tart) .5H20 and vl-[Co(en)3]I(</-H2-
t a r t ) « 2 H 2 0 have almost the same solubility (H3) and 
the upper side of the iodide system is the same as that 
of the bromide system, the positions of H x and P2 or the 
lines HjP 2 and GXP2 are almost the same as the corre­
sponding points or lines in the bromide system. The 
line P2P4 is located at almost the same position as in the 
bromide system on the clinographic projection. 
However, the location of the line PjP^, on which rac-
[Co(en) 3 ]X 3 -nH 2 0 and ^ - [Co(en ) 3 ]X(^ -H 2 t a r t ) . nH 2 0 
( X = B r and I) coexist, differs in the two systems. This 
results from the solubility difference between rac-
[Co(en)3]Br3 and röc-[Co(en)3]I3 (E3), irrespective of a 
similar solubility for yl-[Co(en)3]Br(W-H2tart) and A-
[Co(en)3]I(</-H2tart) (H3) . 

Application to Optical Resolution. The line of a = 
0.5 (RXEJJ) in Fig. 5 is a "racemic l ine" where the 
concentrations of A-[Co(en)3]

3+ and J-[Co(en)3]3+ are 
equal. If a region of a diastereomer containing only one 
enantiomer spreads across the "racemic l ine," such an 
isotherm can be used for perfect optical resolution. In 
the present system at 25 °C, the region of ^t-[Co(en)3]I-
(</-H2 tart)-2H20 spreads across the "racemic l ine" and 
the system can be used for optical resolution. However, 
the useful region is too narrow to be used effectively. 

Let us consider the following case of optical resolution 
of mc-[Co(en)3]X3 (X = Br or I) by the addition of x 
mol of Ag2(rf-H2tart) at 25 °G ( 0 ^ * ^ 1 . 5 ) . 

rao[Co(en)3]X3 + *Ag2(rf-H2tart) • 

rao[Co(en)3]3+ + (3 -2x)X" + *</-H2tart2- + AgXJ, 
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In the case of # = 1 (R2 in Fig. 5) the first precipitate is 
^-[Co(en)3]0 # 4 8 . J-[Co(en)3]0 # 5 2(^-H2 tar t )1 # 5 .5H2O, not 
^-[Co(en) 3 ]X(^-H 2 tar t )«nH 2Ö. Optical resolution is 
successful in the range 0 . 4 3 < # < 0 . 9 7 in the bromide 
system.1) Similarly in the case of iodide system optical 
resolution will be accomplished only in the range 
0.89<C*<0.95. The maximum yield corresponding to 
P4 will become only 15.7% for A-[Co(en)3]*+ (7 .8% for 
™-[Co(en)3]3+). 

Thus, the solubility difference between yf-[Co(en)3]I-
(*/-H2tart) and J-[Co(en)3]I(</-H2tart) is not directly 
related to whether optical resolution is successful or not. 

Fig. 6. Models of solubility isotherm of the ternary 
system AR-JK-H20 for optical resolution. 
A+ and A+:a pair of enantiomers, R~: a resolving agent. 

Models of Phase Diagram for Optical Resolution. 
T h e simplest phase diagram applicable to optical 
resolution is the ternary system y f R - J R - H 2 0 shown in 
Fig. 6, where AR is the less soluble diastereomer. Model 
1-a can be used for optical resolution and involves the 
practical examples yf-[Co(ox)(en)2](</-H3tart) • A-[Co-
(ox)(en)2](^-H 3 tar t ) -H 20 and ^- [Co (ox) (en) 2 ] - A-[Co-
(edta) ] -J - [Co(ox) (en) J • J - [Co(edta) ] -H 2 0. 5 > Model 
1-b can also be available, and the diastereomer obtained 
is the more soluble AR and not the less soluble AR. 
Model 2-a can not be used because of the formation 
of pseudoracemate AAR2 in the central part . I n model 
2-b optical resolution is possible in spite of the formation 
of the pseudoracemate. Such a case is exemplified by 
the system A-[Co(ox)(en)2](d-bcs)-A-[Co(ox)(en)2](d-
b c s ) - H 2 0 at a temperature below 19 °C (d?-bcs-= 
(l/?,35,45,7Ä)-C10H14OBrSO3-).6) If we assume that 
2-b is a special case, the possibility of optical resolution 
of the ternary system depends upon whether the pseudo­
racemate AAR2 exists or not, and not on the solubility 
difference between the pair of diastereomers AR and 
J R . 

Figure 7 shows several representative models of 
clinographic projections for the systems of reciprocal 
salt-pairs effective for optical resolution, (A+, A+)-(K~, 

AR AR 

Fig. 7. Models of clinographic projection of solubility 
isotherm of the system (A+, J + ) - (X" , R")-H aO for 
effective optical resolution. 
A+ and A+: a pair of enantiomers, X~: a optically 
inactive ion, R~: a resolving agent, 0 ; the region of 
effective diasteromer for optical resolution, # : double 
salt. 

R ~ ) - H 2 0 . Effective optical resolution requires that the 
region of a diastereomer (AR, for example) spreads 
across the "racemic l ine." Model 3 without any double 
salt is effective for optical resolution. The upper side 
of 3 corresponds to the ternary system of 1-a, introduc­
tion of a fourth ion X - not being important . In 4 there 
exist two effective diastereomers AR and J 2 X R which 
include the opposite enantiomer to each other. The 
upper side of 5 corresponds to 2-b but the introduction 
of X - makes the optical resolution possible: the AR 
diastereomer will be obtained in the coexistence of X - . 
Similarly, in model 6 optical resolution is unsuccessful 
in the absence of X~, and the effective diastereomer is a 
double salt yf2XR. T h e systems (^l-[Co(en)3]3+, A-
[Co(en)3]3+)-(X-, </-H 2 tar t 2 - ) -H 20, X " = B r " and l~, 
belong to a variety of 6. Two kinds of diastereomers 
AR and yf2XR can be utilized in 7. 
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Various types of modified nickel catalysts were prepared and their enantioface-differentiating (asymmetric) 
abilities were examined. It was found that the presence of aluminum or related metal compounds in the catalyst 
was unfavorable for the effective enantioface-differentiating catalyst. The modification with a solution containing 
tartaric acid and inorganic salt gave a high enantioface-differentiating ability to Raney nickel and reduced nickel 
catalyst. Among the modified nickel catalysts examined, the Raney nickel modified with tartaric acid and sodium 
bromide gave the best result with respect to the hydrogénation activity and enantioface-differentiating ability 
(optical yield 88%). NaBr adsorbed on Raney nickel was found to inhibit the nonenantioface-differentiating 
hydrogénation. 

An asymmetrically modified Raney nickel catalyst 
(MRNi) is easily prepared by soaking Raney nickel 
catalyst (RNi) in a solution of an optically active 
substance.1) This is the most suitable catalyst for the 
enantioface-differentiating (asymmetric) hydrogénation 
because of its high hydrogénation activity and its 
preparative convenience. O u r research group has been 
continuing the studies to improve the enantioface-
differentiating ability (e.d.a.) of M R N i . 

Recently, we succeeded in obtaining an improved 
M R N i with a sufficient e.d.a.2) The improved catalyst 
can be prepared by the modification of RNi with a 
solution containing tartaric acid (TA) and NaBr 
(TA-NaBr -MRNi ) . An optical yield of near 9 0 % was 
attained in the hydrogénation of methyl acetoacetate 
(MAA) to methyl 3-hydroxybutyrate (MHB) over this 
catalyst. 

This paper will present our approach leading to the 
development of T A - N a B r - M R N i and the role of 
adsorbed NaBr in the enantioface-differentiating process. 

Results and Discussion 

TA-MNi and TA-NaBr-MHNL Asymmetrical­

ly modified nickel catalysts (MNi) can be prepared from 
many kinds of nickel catalysts.3) The e.d.a.'s of various 
T A - M N i ' s are listed in Table 1. The degrees of e.d.a.'s 
were evaluated by the optical yields (%) of the hydro­
génation of MAA to M H B . 

T h e use of the activated nickel prepared by the 
liquid phase reaction (Entries 1—5) resulted in poor 
optical yields (below 44%) , while the use of the catalyst 
activated by a dry process (Entries 6—9) resulted in 
high optical yields (55—82%). 

I t is well known that Raney type catalysts (Entries 
1—3) and Urushibara catalyst (Entry 4) contain some 
amounts of impurities (Al, Mg, Si, Zn, or derivatives of 
their cations). The rather poor results listed in Entries 
1—4 could be considered to be caused by existence of 
these impurities in the catalyst. When RNi was modified 
with a solution containing T A and NaA10 2 , the resulting 
T A - M R N i (Entry 5) showed a lower e.d.a. t han that of 
the conventional T A - M R N i (Entry 1). From the facts 
mentioned above, it can be concluded that the uses of 
nickel catalysts containing either AI, Mg, Si, Zn, or 
related metal compounds are not desirable for obtaining 
T A - M N i with high e.d.a. 

The activated nickels prepared by thermal decomposi-

TABLE 1. ENANTIOFACE-DIFFERENTIATING HYDROGÉNATIONS OF MAA OVER VARIOUS TYPES OF TA-MNi's 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Source of 
activated Ni 

Ni-Al alloy 
Ni-Mg alloy 
Ni-Si alloy 
Urushibara Ni-A 
Ni-Al alloy 
Ni(HG02)22H20 
NiO 
NiO 
Ni(CO)4

c) 

Modifying 

pH 

5.0 
5.0 
5.0 
4.1 
5.0b> 
5.0 
5.0 
4.1 
4.1 

conditions 

Temp/°G 

100 
100 
100 
85 

100 
100 
100 
85 
85 

Amount of 
MNi/g 

0.6 
0.6 
0.6 
1.0 
0.6 
0.6 
0.6 
0.8 
0.6 

Reaction conditions 

MAA 
ml 

17.5 
17.5 
17.5 
11.5 
17.5 
17.5 
17.5 
11.5 
11.5 

Solvent 
ml 

THF/23 

THF/23 
THF/23 

AcOH 
ml 

0.2 

0.2 
0.2 

Temp 
°G 

60 
60 
60 

100 
60 

100 
100 
100 
85 

Degree of 
e.d.a.a) 

44 
6 

44 
4 

30 
55 
59 

65—82 
58—75 

a) Degree of e.d.a. was evaluated by optical yield (%) of hydrogénation of MAA over MNi. b) The pH of modifying 
-solution was adjusted with NaAlO 2 instead of NaOH. c) The Ni powder prepared from Ni(CO)4 was supplied by 
Metal Foil and Powder MFG Co.. 
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Fig. 1. Relationship between modifying pH and degree 
of e.d.a. of TA-MHNi(optical yield of hydrogénation 
of MAA over TA-MHNi) or amount of adsorbed TA. 
HNi was prepared from NiO supplied by Wako Pure 
Chemical Industries, Ltd. Amount of HNi : 0.8 g. 
Modification: at 0 °C for 1 h. Hydrogénation :MAA 
(17.5 ml) was subjected to hydrogénation at 100 °G. 

tion of nickel formate, by hydrogenolysis of nickel oxide 
(HNi) , and by decomposition of nickel carbonyl gave 
T A - M N i ' s with rather high e.d.a.'s. Among the 
catalysts examined, HNi modified with T A (TA-MHNi) 
gave the best result with respect to the e.d.a. 

I t was known that the e.d.a. of T A - M R N i was 
strongly affected by the modifying pH.4) Thus, the 
relation between the modifying p H and the e.d.a. of 
T A - M H N i was examined in order to find out the 
optimal modifying p H . The results are shown in Fig. 1. 
Figure 1 also shows the relation between the modifying 
p H and the amount of T A adsorbed on HNi . T h e e.d.a. 
of T A - M H N i was found to increase steeply with 
increasing p H and settle down at a constant value at the 
p H range from 3 to 13. The adsorbed amount of T A at 
below p H 4 is greater than that at above p H 4. Thus, 
the poor e.d.a. of T A - M H N i at below p H 3 cannot be 
explained on the basis of the amount of adsorbed TA. 
It is reasonable to assume that the difference between 
the e.d.a. at below p H 3 and that at the p H range from 
3 to 13 results from the difference in the adsorption 

TABLE 2. E N A N T I O F A C E - D I F F E R E N T I A T I N G HYDROGENATION 

OF MAA OVER TA-MHNi 

NiO 

Manufacturer 

[a] 1° of the Degree of 

Lot No. P r o d u c t e - d a ' a ) 

Wako Pure Chemical 
Industries, Ltd. 

Wako Pure Chemical 
Industries, Ltd. 
Nihon Kagaku 
Sangyo, Co., Ltd. 

Mitsuwa Pure 
Chemicals, Ltd. 

LDJ 1657 

117-1 

34491 

- 1 8 . 6 0 

- 1 5 . 5 1 

- 1 6 . 1 5 

- 1 7 . 3 0 

81 

68 

70 

79 

Amount of HNi : 0.8 g. Modification : at pH 4, 100 °C for 
1 h. Hydrogénation: MAA (11.5 ml) in THF (23 ml) and 
AcOH (0.2 ml) was subjected to hydrogénation with 
each catalyst at 120 °C. a) Optical yield (%) of hydro­
génation of MAA over TA-MHNi. 

mode of TA.5) The counter ions of adsorbed TA are 
expected to be Ni2+ and H+ in the p H region intrinsic 
to the solution of the free T A and to be Na+ under 
neutral and basic conditions. 

T h e e.d.a. of T A - M H N i was found to be sensitive 
to the preparative variations and purity of NiO. Tha t 
is, differences in the manufacturer and the lot number 
of NiO caused a significant difference in the e.d.a. of 
T A - M H N i (Table 2). There was a relation between 
the colour of NiO powder and the e.d.a. of the resulting 
T A - M H N i . In general the light green NiO powder 
tended to give T A - M H N i with high e.d.a., while the 
dark green one tended to give T A - M H N i with low 
e.d.a. 

TABLE 3. ENANTIOFACE-DIFFERENTIATING HYDROGÉNATION 

OF MAA OVER TA-MHNi ON SUPPORT 

Support [a]g°ofthe 
product 

Degree of 
e.d.a.c) 

Kieselguhra) 

Shimalite SP-17 
Shimalite SP-25 
Shimalite SP-35 
Shimalite SP-55 

Activated alumina10 

Woelm acidic 
W 200 basic 
W 200 neutral 

T i 0 2 

ZrOa 

- 1 2 . 3 9 
- 1 0 . 0 9 
- 8 . 4 8 
- 8 . 6 1 

- 1 5 . 3 3 
- 1 5 . 5 3 
- 1 5 . 5 5 
- 1 6 . 0 7 
- 1 4 . 4 6 

54 
44 
37 
38 

67 
68 
68 
70 
63 

Weight ratio of Ni to support=50 to 50. Amount of 
supported Ni: 1.2 g. Modification: at pH 4 .1 , 85 °C 
for 1 h. Hydrogénation conditions were the same as those 
described in Footnote of Table 2 except for the hydro­
génation temperature (85 °C). a) Kieselguhr was supplied 
by Wako Pure Chemical Industries, Ltd. b) Activated 
alumina was supplied by ICN Woelm Laboratories, Inc. 
c) Optical yield (%) of hydrogénation of MAA over TA-
MNi. 

Orito and his coworkers reported that Ni -Pd catalyst 
supported on kieselguhr gave an excellent catalyst for 
the enantioface-differentiating hydrogénation of MAA 
to MHB.6) More than 9 0 % of the optical yield was 
reported when the catalyst was modified with TA. We 
also prepared HNi 's supported on various kinds of 
supports and the effects of supports were examined. 
As found in Table 3, no significant increase of e.d.a. 
was at tained by the uses of nickel catalysts supported 
on kieselguhr, T iO a , ZrO a , and A1203 . The e.d.a. of 
T A - M H N i supported on kieselguhr was observed to be 
affected by the sort of kieselguhr. Kieselguhrs well 
purified by acid or/and alkali washing (Shimalite 
SP-25, -35, and -55) gave T A - M H N i ' s with lower 
e.d.a.'s than that of unpurified one (Shimalite SP-17). 
I t is reasonable to assume that minor components in 
kieselguhr are dissolved into the modifying solution 
and some of them serve as supplementary modifying 
reagents to increase the e.d.a. 

We have often noticed that small amounts of im­
purities in the supplied water used for the modification 



August, 1981] Enantioface-differentiating Hydrogénations with Modified Nickel Catalysts 2325 

T A B L E 4. ENANTIOFACE-DIFFERENTIATING HYDROGÉNATION 

OF M A A OVER TA-INORGANIG S A L T - M H N I 

Inorganic salt in the 
modifying solution (g) 

None 
Nal (l.OxlO-3) 
NaBr (20) 
NaCl (10) 

[a]g°ofthe 
product 

- 1 6 . 8 5 
- 1 8 . 3 4 
- 1 9 . 7 5 
- 1 7 . 8 3 

Degree of 
e.d.a.a) 

73 
80 
86 
78 

Amount of HNi: 0.8 g. Modification: at pH 4.0, 100 °G 
for 1 h. Hydrogénation: MAA (11.5ml) in methyl 
propionate (23 ml) and AcOH (0.2 ml) was subjected to 
hydrogénation at 100 °G. a) Optical yield (%) of hydro­
génation of MAA over MHNi. 

NaBr in modifying solution (g) 

Fig. 2. Relationship between amount of NaBr in modify­
ing solution and degree of e.d.a. of TA-NaBr-MHNi 
(optical yield of hydrogénation of MAA over TA-
NaBr-MHNi). 
TA-NaBr-MHNi: NiO was supplied by Wako Pure 
Chemical Industries, Ltd. (—£—) or Nihon Kagaku 
Sangyo, Co., Ltd. (—O—)• Modification: at pH 4, 
100 °C for 1 h. Hydrogénation was carried out under 
the same conditions as those described in footnote of 
Table 2. 

process affected significantly the e.d.a. of the resulting 
catalyst. This finding led us to the idea that investiga­
tion of supplementary compounds in the modifying 
solution would enable us to develop a more effective 
enantioface-differentiating catalyst. 

In the course of studies on the effect of supplementary 
modifying reagents on the e.d.a. of M H N i , it was found 
that the use of some kinds of inorganic salts increased 
the e.d.a. (Table 4). Among inorganic salts examined, 
NaBr was the best supplementary compound in giving 
a high e.d.a. As shown in Fig. 2, the e.d.a. of T A - N a B r -
M H N i increased with the amount of NaBr in the 
modifying solution, reached a maximum value, and then 
decreased. The optimal amount of NaBr in the modify­
ing solution was affected by the sort of NiO sample. 
Under the optimal conditions, T A - N a B r - M H N i showed 
a sufficient e.d.a. (optical yield, 86%) . However, the 
main disadvantage of T A - N a B r - M H N i is the lack of 
high hydrogenating activity. The hydrogénation of 
MAA over T A - M H N i had to be performed at above 

100 °C. Under these conditions, the yield of M H B can 
never be satisfactory because of the formation of by­
products {e.g., methyl 3-(3-hydroxybutyryloxy) 
butyrate) . Thus, the preparation of an aluminum free 
catalyst with high hydrogenating activity was strongly 
required. 

In this regard, our investigation at tempted to develop 
a procedure for elimination of aluminum from the RNi 
surface in order to prepare a highly active and alumi­
nium free catalyst. 

Acid-treated RNi (RNi-A). Aluminium easily 
dissolves into water by the reaction with hydroxy acids 
to give highly water soluble products (aluminium 
chelates). Therefore, the selective elimination of 
aluminium from RNi was expected, when RNi was 
treated with a large amount of aqueous solution of 
hydroxy acid such as T A or glycolic acid (GA) under 
acidic conditions at a high temperature. A significant 
decrease of aluminium content was observed on this 
t reatment (from 6% of Al content of the conventional 
RNi to less than 3 % of Al content of GA-treated RNi 
(RNi-A (GA)) or TA-treated RNi (RNi-A (TA)).7) 
Since the corrosion of nickel also took place during 
this t reatment, the surface state of the resulting catalyst 
was no longer the same as that of RNi . 

.2 30! 

— ° 

TA-MRNi-A (GA) 

•O Glu-MRNi-A (GA) 

GlU-MRNI 

- J 1 1 i _ 
0 20 m GO 80 100 

Modifying tempetature/°C 

Fig. 3. Relationship between modifying temperature 
and degree of e.d.a. of MRNi (optical yield of hydro­
génation of MAA over MRNi) or MRNi-A (GA). 
Amount of RNi or RNi-A (GA) : 0.6 g. Modification: at 
pH 5 for 1.5 h. Hydrogénation: MAA (17.5 ml) was 
subjected to hydrogénation at 60 °C. 

Figure 3 shows the e.d.a. of R N i - A (GA) modified 
with glutamic acid ( G l u - M R N i - A (GA)) or T A -
M R N i - A (GA), together with the e.d.a. of the conven­
tional G l u - M R N i or TA-MRNi . 8 ) T h e e.d.a. of G l u -
or T A - M R N i - A (GA) was higher than that of RNi 
modified with the same modifying reagent. The e.d.a. 
of M R N i - A (GA) was not affected by the modifying 
temperature, while that of the conventional M R N i 
changed significantly with the change in the modifying 
temperature. T h e results indicated that the GA-
treatment gave a well stabilized and favorable catalyst 
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TABLE 5. EFFECT OF TA-TREATMENT ON 

e.d.a. OF TA-MRNi 

Catalyst 

RNi-A (TA) 
RNi 
RNi 

Modifying 
conditions 

pH Temp/°C 

5.0 0 
5.0 0 
3.2 100 

[a]*>ofthe 
product 

- 1 4 . 2 3 
- 9 . 0 5 
- 8 . 9 9 

Degree of 
e d a ° 

62 
40 
39 

Amount of catalyst : 0 .8g . Hydrogénation conditions 
were the same as those described in the Footnote of 
Table 4. a) Optical yield (%) of hydrogénation of 
MAA. 

for the enantioface-differentiating hydrogénation. T h e 
hydrogenating activity of R N i - A (GA) was found to be 
high enough to carry out the hydrogénation of MAA 
at 60 °C. 

T h e treatment with T A instead of GA functions as 
acid-treatment as well as modification. Table 5 shows 
the e.d.a. of T A - M R N i - A (TA) prepared in the 
following sequence: TA-treatment at 100 °C—nvater-
washing—>TA-modification at p H 5, 0 °C. I t can be 
seen that the TA-treatment resulted in a significant 
increase of e.d.a. T h e hydrogénation over T A - M R N i -
A (TA) was completed in 3—5 h at 100 °G, while the 
hydrogénation over T A - M H N i required 10—15 h to be 
completed at the same temperature. T h e TA- or GA-
treatment of RNi was found to be effective for improve­
ment of the e.d.a. of M R N i without sacrificing the 
hydrogenating activity. The nature of this catalyst was 
also found to be very close to that of HNi . I t was 
expected that the TA-NaBr modification of R N i - A 
gave a catalyst with higher e.d.a. than that of T A -
M R N i - A . With this expectation, R N i - A (TA) was 
modified with an aqueous solution containing T A and 

S 
4 £2 
T * l ö 
M o «J \Ö 

*T2 

^ 'O 
° >-°5 i« 

T) O 
v "O 
V V 

& • * 

S3 
a 
0 

anh 

6oL 

noh 

20 h 

nl_ 

Modifying pH 

Fig. 4. Relationship between modifying pH and degree 
of e.d.a. of TA-NaBr-MRNi (optical yield of hydro­
génation of MAA). 
RNi (0.8 g) was modified with a solution containing TA 
( lg ) and NaBr (10 g) at 100 °G. The hydrogénation 
of MAA was carried out under the same conditions as 
those described in footnote of Table 4. 
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NaBr at p H 5.0, 0 °C. T h e resulting catalyst ( T A -
NaBr -MRNi -A) exhibited a high e.d.a. (optical yield 
82%) and a high hydrogenating activity. 

TA-NaBr-MRNi. In order to prepare T A -
N a B r - M R N i - A directly from the conventional RNi, 
we treated RNi with an acidic aqueous solution contain­
ing T A and NaBr at 100 °C. T h e e.d.a. of T A - N a B r -
M R N i thus obtained was examined by the enantioface-
differentiating hydrogénation of MAA to M H B . 

Figure 4 shows the relationship between the modifying 
p H and the e.d.a. of T A - N a B r - M R N i . T h e modifica­
tion at p H 1.8 resulted in a low e.d.a. and low hydro­
genating activity. T h e modification at p H 3.0—3.5 
gave the best result with respect to the e.d.a. (optical 
yield 83%) . T h e RNi modified with a mixture of TA 
and NaBr at above p H 3.5 exhibited a lower e.d.a. 
than that of RNi modified at p H 3.0—3.5 with the same 
modifying reagents. 

Further improvement of e.d.a. was attained when the 
modification procedure was repeated. Thus, RNi 
treated three times with a solution containing TA and 
NaBr at p H 3.2, 100 °C, gave a catalyst with the 
highest e.d.a. The optical yield of the hydrogénation 
of MAA to M H B reached 8 8 % . Table 6 shows e.d.a.'s 
of the catalysts prepared by repeated modifications 
together with the amount of Al3+ and Ni 2 + eliminated 
from RNi by repeated modifications. 

T A B L E 6. AMOUNTS OF IONS ELIMINATED BY MULTI-MODIFI­

CATIONS AND e.d.a. OF MULTI-MODIFIED RNi 

Times of 
modification 

1 
2 
3 

Amounts of 
eliminated ions 

Ni2+(mg) 

137 
257 
368 

Al»+(mg) 

27 
30 
32 

Degree of 
e.d.a.10 

83 
86 
88 

RNi (0.8 g) was modified with an aqueous solution of 
TA (1 g) and NaBr (10 g) at pH 3.2, 100 °C. Hydro­
génation conditions were the same as those described in 
the Footnote of Table 4. a) Optical yield (%) of hydro­
génation of MAA over MRNi. 

As can be seen in Table 6, only a small amount of 
Al3+ was found in the modifying solution at the second 
and third steps. This fact indicates that most of the 
aluminium and its derivatives on the catalyst surface 
were eliminated by a single treatment of RNi with TA 
and NaBr at p H 3.2, 100 °G. 

Figure 5 shows the relationship between the amount 
of NaBr in the modifying solution (pH 3.0, 4.0, or 5.0) 
and the e.d.a. of the resulting catalyst. The optimal 
amount of NaBr was affected by the modifying p H . In 
our research, increasing the modifying p H value tended 
to increase the optimal amount of NaBr. The use of an 
excess amount of NaBr resulted in a remarkable decrease 
of the e.d.a. T h e e.d.a. of T A - N a B r - M R N i prepared 
under the optimal amount of NaBr at each modifying 
p H increased in the following order: p H 5 < p H 4 < 
p H 3 . 

T h e effects of various kinds of inorganic salts on the 
e.d.a. of M R N i were examined with the intention of 
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NaBr in modifying solution (g) 

Fig. 5. Relationship between amount of NaBr in modify­
ing solution and degree of e.d.a. of TA-NaBr-MRNi 
(optical yield of hydrogénation of MAA over TA-
NaBr-MRNi). 
Amount of RNi: 0.8 g. Modifying pH: at pH 3.0 
( - A - ) , pH 4.0 ( - # - ) , and pH 5.0 ( - 0 — ) . 
Modifying temperature: at 100 °C. 
The hydrogénation was carried out under the same 
conditions as those described in Foothnote of Table 4. 

TABLE 7. ENANTIOFACE-DIFFERENTIATING HYDROGÉNATION 

OF M A A OVER TA-INORGANIC SALT-MRNI 

Inorganic salt in the 
modifying solution (g) 

None 
NaBr (10) 
NaF (3) 
NaCl (10) 
Nal (5xl0- 4 ) 
Na2SO4(10) 
NaH 2 P0 4 .2H 2 0( l ) 
NaN03 (0.1) 
NiBr2 (1) 
LiBr.H20 (10) 

[a]5°ofthe 
product 

- 8 . 9 9 
- 1 9 . 0 7 
- 1 3 . 9 5 
- 1 6 . 5 5 
- 1 1 . 7 4 
- 1 2 . 9 5 
- 8 . 1 9 

- 1 2 . 1 7 
- 1 4 . 3 6 
- 1 4 . 2 5 

Degree of 
e.d.a.a) 

39 
83 
61 
72 
51 
56 
36 
53 
63 
62 

Amount of RNi: 0.8 g. Modification: at pH 3.2, 100 °C 
for 1 h. Hydrogénation conditions were the same as those 
described in the footnote in Table 4. a) Optical yield ( % ) 
of hydrogénation of MAA over MRNi. 

finding out the best compound to use as the supple­
mentary modifying reagent. The modification was 
carried out with a mixture of TA and inorganic salt 
at the optimal modifing pH (pH 3.2) deduced from the 
results shown in Figs. 4 and 5. Table 7 shows the e.d.a.'s 
of TA-inorganic salt-MRNi's together with e.d.a. of 
TA-MRNi . In general the enhancements of the e.d.a.'s 
were observed by the addition of inorganic salt. The 
results shown in Table 7 indicate that the kinds of 
cations in the supplementary modifying reagents affect 
the e.d.a.'s of the resulting catalysts like the kinds of 
anions do. These results are in accord with the fact that 
there are large effects of the alkali ions on the e.d.a. 
of TA-MRNi.4) In the case of Nal , a large amount 
of Nal in the modifying solution resulted in the loss 
of the hydrogenating activity of the catalyst. Among 
inorganic salts examined, NaBr was found to be the 
most effective inorganic salt in giving TA-inorganic 

salt-MRNi with high e.d.a. 
From the results described in this section, it turned 

out that the modification of RNi with TA and NaBr 
under acidic conditions gave TA-NaBr-MRNi with a 
rather higher e.d.a. than that of TA-NaBr-MRNi-A. 
This simple preparative method of TA-NaBr-MRNi 
is easily applicable for large scale production. 

Role of NaBr Adsorbed on RNi. The preceding 
section dealt with the preparative method of T A -
NaBr-MRNi for practical purposes. As can be seen 
in Fig. 5, the e.d.a. of the catalyst was very much 
affected by the modifying pH, modifying temperature, 
and the amount of NaBr in the modifying solution. RNi 
is an unstable catalyst and the e.d.a. of the resulting 
MRNi is very sensitive to the modifying conditions 
whereas RNi -A is a well stabilized one (Fig. 3). Thus, 
the complicated results shown in Fig. 5 may be caused, 
at least in part, by the unstability of RNi. Apart from 
the practical purposes, it is necessary to use a stabilized 
catalyst such as R N i - A for the studies on the role of 
adsorbed NaBr in improvement of the e.d.a. 

In this regard, the catalysts used for this experiment 
were prepared from R N i - A under mild modifying 
conditions. T A - M R N i - A and TA-NaBr-MRNi-A 
for this experiment were prepared as follows: RNi was 
pretreated with an aqueous solution of TA at pH 3.2, 
100 °C and then modified with a solution of TA or that 
of TA and NaBr at pH 5, 0 °C. The surface states of 
T A - M R N i - A and TA-NaBr-MRNi-A can be con­
sidered to be similar to that of RNi-A. The e.d.a.'s 
of these types of the catalysts were high and comparable 
to those of T A - M R N i and TA-NaBr-MRNi prepared 
in one step at pH 3.2, 100 °G. 

Figure 6 shows the relationship between the amount 
of NaBr in the modifying solutions and the amount of 
adsorbed NaBr or TA. The addition of the first small 
amount of NaBr in the modifying solution resulted in a 
noticeable decrease of adsorbed TA. However, no 
further decrease of adsorbed TA was observed with the 
further addition of NaBr in the modifying solution. 

NaBr in modifying solution (g) 

Fig. 6. Relationship between amount of NaBr in modify­
ing solution and amount of adsorbed TA or NaBr. 
Catalyst: a 1 g portion of RNi-A (TA). Modification: 
at pH 5, 0 °C for 1 h. 
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O n the other hand, the amount of adsorbed NaBr 
increased with the amount of NaBr in the modifying 
solution. These results can be explained well on the 
basis of the idea that there are at least two types of 
areas on R N i - A : one (area-I) prefers to adsorb TA, 
and the other (area-II) prefers to adsorb NaBr. The 
increment of adsorbed T A in the absence of NaBr in the 
modifying solution (Fig. 6; at the point of N a B r = 0 ) 
may be caused by the adsorption of T A on area-I I . 
O n hydrogénation over T A - N a B r - M R N i - A , the enan-
tioface-differentiating hydrogénation may take place 
over area-I with the aid of adsorbed T A and the non-
enantioface-differentiating hydrogénation may take 
place over area-I I . T h e e.d.a. of T A - M R N i - A was on 
the line of T A - N a B r - M R N i - A , as will be seen in Fig. 7. 
This finding suggests that optically active M H B can not 
be produced over area-I I , even when T A was adsorbed 
on this area. 

20 

Adsorbed NaBr/10 mol/g catalyst 

Fig. 7. Relationship between amount of adsorbed NaBr 
and degree of e.d.a. of TA-NaBr-MRNi-A (TA) 
(optical yield(%) of hydrogénation of MAA). 
Amount of catalyst and modifying conditions were same 
as those described in Footnote of Fig. 6. The hydro­
génation was carried out under the same conditions as 
those described in Footnote of Table 4. 

Figure 7 shows the relationship between the adsorbed 
amount of NaBr and the e.d.a. of the catalyst. The 
e.d.a. increased monotonously with the amount of 
adsorbed NaBr. When the fact tha t the amount of 
adsorbed T A is constant under the experimental 
conditions is taken into account, it is reasonable to 
assume that the amounts of the optically active M H B 
produced are not changed by the increase of NaBr 
adsorbed on the catalyst. The enhancement of the e.d.a. 
with the amount of adsorbed NaBr results from the 
decrease of racemic M H B produced over unmodified 
area-II , because of the deactivation of area-II by the 
adsorption of NaBr. 

I n order to compare the hydrogenating activities 
of T A - M R N i - A and T A - N a B r - M R N i - A , the rates 
of hydrogénations of acetone over these two catalysts 
were compared. T h e time courses of the hydrogénation 
is shown in Fig. 8. T h e hydrogénation over T A - N a B r -
M R N i - A was found to proceed more slowly than that 
over T A - M R N i - A . This finding is consistent with the 
above ideas tha t NaBr is adsorbed on a different area 
(area-II) from that (area-I) on which T A is adsorbed 

— o TA-KRNi-A (GA) 

- - o TA-NaBr-MRNi-A (GA) 

60 80 100 
Reaction time/min 

Fig. 8. Time courses of hydrogénation of acetone. 
Modifying solution : TA (2 g) or TA (2 g) + NaBr (20 g) 
were dissolved in deionized water (200 ml). Modifica­
tion : at pH 5, 0 °G for 1 h. 

and that the adsorbed NaBr reduces the formation of 
M H B over area- I I . 

T h e areas occupied by TA, MAA, and TA- -MAA 
complex can be assumed to be 2—4 x lO - 1 9 , 2—4 x 10~19, 
and 4 — 8 x 10~19 m2/molecule, respectively, which are 
the silhouette areas of their GPK models. The areas 
are variable, depending on the adsorption modes of 
these molecules, and cannot be determined unequivocal­
ly at the present stage. When the results of adsorption 
studies by Welch et al.9) are taken into account, these 
molecules are too large to cover the parts of small pores 
and capillaries in the catalyst. Thus , it is difficult to 
evaluate the e.d.a. of T A - N a B r - M R N i - A simply based 
on the surface area measured with the BET method and 
the amounts of adsorbed T A and NaBr. 

Although the concepts of areas-I and -II are not 
directly related to the real surface area of the catalyst, 
they are informative for understanding the surface state 
of the catalyst under working conditions. 

As a whole, it can be concluded that NaBr adsorbed 
on RNi inhibits the non-enantioface-differentiating 
hydrogénation to improve the e.d.a. of T A - M R N i . 

Exper imenta l 

The optical rotations and visible spectra were measured 
with a Perkin-Elmer 241 Polarimeter and Hitachi 124 Spectro­
photometer, respectively. 

Raney Nickel Catalyst. The Ni-Al alloy (Ni/Al=42/58) 
was leached by adding it portion by poriton to 20 ml of a 20% 
aqueous solution of NaOH. The Ni-Si alloy (Ni/Si=50/50) 
was also leached by adding it to 30 ml of a 20% aqueous 
solution of NaOH. The resulting suspension was kept at 100 
°G for 1 h. After removal of the alkaline solution by décan­
tation, the catalyst was washed 15 times with 30 ml portions of 
deionized water. The Ni-Mg alloy (Ni/Mg=50/50) was 
leached, using 300 ml of a 3% aqueous solution of tartaric 
acid. The resulting suspension was kept at room temperature 
for 45 min. The catalyst was washed 15 times with 30 ml 
portions of deionized water. 

Unless otherwise stated the Ni-Al alloy was used as the 
Raney alloy in this study. 

Reduced Nickel Catalyst. Greenish NiO was reduced for 
1 h at 350 °G under a hydrogen stream of 8 1/h. 
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Catalyst from Nickel Formate. Well-dried nickel formate 
prepared from nickel chloride and sodium formate was ther­
mally decomposed at 250—300 °C under a pressure of 20—25 
mmHg for 1 h. 

Urushibara Nickel-A. This was prepared by the pro­
cedure of Urushibara et a/.10) 

Supported Nickel Catalyst. The various types of sup­
ported nickel catalysts (weight ratio of Ni to support=50/50) 
were prepared by a precipitation method. Ni(N03)2*6H20 
and the corresponding quatity of kieselguhr, activated alumina, 
Ti0 2 , or Z r0 2 were mixed in deionized water. Into the 
suspension was added dropwise an aqueous solution of Na 2C0 3 

with vigorous stirring. After the end of addition of Na2C03 , 
stirring was continued for 1 h. The precipitate was collected 
by filtration and washed 3 times with water. The residue 
was dried at 110 °C for 24 h and pulverized in a mortar. The 
powder was heated to 500 °C and allowed to stand for 3 h at 
this temperature. The supported NiO thus obtained was 
reduced for 1 h at 350 °C under a hydrogen stream (8 1/h) 
just before the modification. 

GA-treated Raney Nickel Catalyst. After treatment of 
RNi (0.8 g) with 100 ml of a 1% aqueous solution of GA at 
pH 3.2, 100 °C for 1 h, the catalyst was washed 3 times with 
30 ml portions of water. Subsequently, the catalyst was 
treated with 30 ml of 1 M NaOH at 100 °G for 1 h and washed 
15 times with 30 ml portions of water. 

TA-treated Raney Nickel Catalyst. RNi (0.8 g) was 
treated with TA under the same conditions as above. The 
resulting catalyst was washed 3 times with 30 ml portions of 
water and then subjected to the modification with TA or 
TA+NaBr. 

Modifying Solution. 1): TA (1 g) or TA (1 g) and an 
appropriate amount of inorganic salt were dissolved in 
deionized water (100 ml), and the pH of the solution was 
adjusted with 1 M NaOH (the amount of inorganic salt and 
the value of pH were specified in the text in each case). 

2) : (£)-Glutamic acid (1 g) was dissolved in deionized 
water (100 ml), and the pH of the solution was adjusted to 
pH 5 with 1 M NaOH. 

Modification. The nickel catalyst was soaked in the 
modifying solution for 1 h under the conditions stated in the 
table in the text. After removal of the solution by décantation, 
the modified catalyst was washed successively with a 10 ml 
portion of water, two 50 ml portions of methanol, and a 25 ml 
portion of the reaction solvent. 

Hydrogénation of M A A. The hydrogénation of MAA 
was carried out in a 100 ml autoclave under 110—130 kg/cm2 

of initial hydrogen pressure at the specified temperature. 
After removal of the catalyst, fractional distillation gave MHB. 
The optical purity of the product was calculated based on the 
value of [<x]20=22.95 (neat) for optically pure MHB. 

Optically Pure MHB. The quinine salt of 3-hydroxy-
butyric acid, obtained by hydrolysis of MHB ([a]ê° -19.50 
(neat)), was recrystallized five times from water.11) Decom­
position of the quinine salt and esterification of the free acid 
with diazomethane gave (Ä)-( —)-MHB with [a]20 -22.95 
(neat) (the observed value (1=1 dm); a20 -24 .23 (neat), and 
the specific gravity; d2Q= 1.0566>). Optically pure (£)-(+)-
MHB was obtained from MHB ([a]20 +19.50 (neat)) in the 
same procedure as described above, except for the use of 
acetone as the solvent for recrystallization.11) The value of 
[a]20 of (^-isomer was [a]20 +22.77 (neat) (the observed value 
(/=1 dm); a20 +24.05 (neat)). 

Determinations of Ni2+ and Al3+ in the Modifying Solution. The 
combined Ni2+ and Al3+ content in the modifying solution was 
determined by the EDTA titration method at pH 3.0—3.3, 
95—100 °C, using Gu-PAN as the indicator.12) The Ni2+ 

content in the solution was determined by the EDTA titration 
method at pH 10—12, using murexide as the indicator and 
triethanolamine as the masking reagent for Al3+.12) The 
difference between these two determinations represented the 
Al3+ content in the modifying solution. 

Determination of TA Adsorbed on the Catalyst. A 1 g 
portion of MRNi-A (TA) or a 10 g portion of TA-MHNi 
was suspended in 25 ml of 1 M NaOH solution at 100 °G for 
1 h. The supernatant was collected by décantation and the 
remaining catalyst was washed with four 15 ml portions of 
water. After combination of the supernatant and the wash­
ings, the solution was acidified with 10 ml of 1.5 M H 2S0 4 

and then was made up to 100 ml with water. The amount 
of TA was determined colorimetrically by the method reported 
by G. R. Christian.13) 

Determination of NaBr Adsorbed on the Catalyst. The 
amount of NaBr adsorbed on the catalyst was determined by 
Volhard's titrimetric method.14) A 1 g portion of TA-NaBr-
MRNi-A (TA) was decomposed with 15 ml of 60% H N 0 3 in 
the presence of a known amount of AgN03 . The resulting 
solution was back-titrated with NH4SCN. 

Hydrogénation of Acetone. A 1.6 g portion of RNi-A 
(GA) was modified with TA or TA+NaBr and then washed 
successively with a 20 ml portion of water, two 100 ml portions 
of methanol, and a 50 ml portion of acetone. After removal 
of the solution by décantation, the modified catalyst suspended 
in acetone (30 ml) was introduced into an autoclave (100 ml 
capacity). The hydrogénation of acetone was conducted 
under 90 kg/cm2 of initial hydrogen pressure at 28 °C. The 
conversion of acetone to 2-propanol was calculated based on 
the depression of hydrogen pressure. 
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Oxygenation of Aromatic Vinyl Ethers. A Noticeable Formation of 
Epoxides and Reaction Mechanism 
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(Received September 8, 1980) 

a^-/9-Alkoxystyrenes such as a.r-/?-methoxy-, m-/?-ethoxy-, and cw-/?-isopropoxystyrene were autoxidized as 
neat at room temperature in the dark even in the absence of any radical generator. UV-irradiation and the use 
of a radical generator facilitated the oxygenation of these olefins. These oxidations afforded the corresponding 
epoxides or their derivatives in considerable yields as well as carbonyl compounds resulting from oxidative cleavage 
of the double bonds. The mechanisms for these oxidations are proposed to involve free-radical chain pathways 
and charge-transfer complexes between the olefins and oxygen which play an important role in the initiation 
steps. 

Autoxidation of olefins usually affords allylic hydro­
peroxides, carbonyl compounds formed by cleavage of 
the double bond, and the remaining polyperoxide 
residues, but scarcely gives epoxides.1-4) Dye-sensitized 
photooxygenation of olefins affords, through singlet 
oxygen mechanism, hydroperoxides, endoperoxides, and 
dioxetanes which are often converted into carbonyl 
compounds, and the formation of epoxides is also only 
a minor path.5) However, Shimizu and Bartlett showed 
tha t epoxides arose efficiently when biacetyl or benzil 
was employed as a sensitizer on photooxidation of 
olefins.6) Previously we observed that direct irradiation 
of /S-alkoxystyrènes under oxygen led to an oxidative 
cleavage of the double bond via a different pathway 
from singlet oxygen mechanism.7) During the course 
of the investigation, we have found the following 
noticeable facts: (1) cw-ß-methoxystyrene ( la ) as neat 
or in concentrated solution is sensitive to oxygen at room 
temperature in the dark even in the absence of any 
radical generator, while this olefin is not reactive with 
oxygen in dilute solution at room temperature or as 
neat at 0 °G in the dark ; (2) UV-irradiat ion of the olefin 
without dye sensitizer accelerated the oxygenation in 
dilute solution at room temperature and also as neat 
at 0 °C ; (3) a radical generator effected the autoxidation 
of the olefin at 50 °C; (4) all these ways of oxygenation 
of the olefin led to nearly the same distribution of the 
products, the corresponding epoxide and carbonyl 
compounds (benzaldehyde and methyl formate). This 
work was undertaken to investigate the nature of these 
oxygenations under photochemical and/or thermal 
conditions using alkoxystyrenes (1), 2-methoxy-1,1 -
diphenylethylene (2), 2-phenylpropene (3), and 2-
methyl- l , l -diphenylpropene (4) as substrates. The 
results are described in detail and the possible reaction 
mechanism is discussed below. 

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

Oxidation Products. 1) Autoxidation in the Absence 
of Radical Generator in the Dark: «V-/?-Methoxy- ( l a ) , cis-
/ j-ethoxy-(lb), and «V-ß-isopropoxy-styrene ( le) were 
found to be sensitive to molecular oxygen as neat and 
in concentrated solution (ca. 50 vol%) even in the 
absence of any radical generator at room temperature 
in the dark. Thus, a highly purified specimen of neat 
l a (432 mg, 3.16 mmol) was stirred overnight under 

oxygen atmosphere at room temperature in the dark 
until l a was almost consumed. The N M R , GLPC, 
and chemical examination of the reaction mixture 
showed the formation of /m«^-2-methoxy-3-phenyl-
oxirane (5a, 28%) , benzaldehyde (47%), and methyl 
formate (8%) . Likewise, l b and l c were autoxidized to 
benzaldehyde and alkyl formates; however, the corre­
sponding epoxides and their isolable derivatives were 
not detected among the products. The results are 
summarized in Table 1. At 0 °C the olefins were not 
oxidized. When dissolved in solvents such as benzene, 
acetonitrile, and methanol (ca. 0.5 mol/dm3) , the olefins 
were scarcely consumed by stirring under oxygen at 
room temperature for several hours. 

2) Photooxidation : To conduct oxygenation effectively, 
l a , l b , l c , 2-methoxy-1,1-diphenylethylene (2), 2-
phenylpropene (3), and 2-methyl-l , l-diphenylpropene 
(4) were irradiated as neat or in solution under oxygen 
atmosphere with a high pressure mercury lamp, and the 
products were determined as summarized in Table 2. 

Direct irradiation of l a , l b , and l c under oxygen 
afforded the corresponding epoxides or their derivatives 
depending upon the substituents and the solvents 
employed in addition to benzaldehyde and methyl, 
ethyl, and isopropyl formate, respectively. In a typical 
run employing a neat olefin, l a (100 mg, 0.75 mmol) 
was irradiated in a stream of oxygen for 4 h with a 
400-W high pressure mercury lamp through a Pyrex 
wall at room temperature until l a was almost completely 
consumed as revealed by N M R spectra. The N M R , 
GLPC, and chemical examination of the reaction 
mixture showed the formation of benzaldehyde (47%), 
benzoic acid (6%) , and *ra/w-2-methoxy-3-phenyl-
oxirane (5a, 9%) . T h e epoxide was isolated by pre-

TABLE 1. YIELD OF AUTOXIDATION PRODUCTS OF cis-ß-

ALKOXYSTYRENES IN THE DARK AT ROOM 

TEMPERATURE"0 (mol/mol olefin consumed) 

Alkoxystyrene 

PhCH=CHOMe 
PhCH=CHOEt 
PhCH=CHO iPr 

HCO aR 

0.08b) 

0.35c) 

0.37« 

Products 

PhCHO 

0.47 
0.57 
0.50 

PhCH-CHOR 

0.28b) 

a) No radical initiator was used, b) R = M e . c) R = E t . 
d) R=»Pr. 
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TABLE 2. YIELD OF OXYGENATION PRODUCTS ON IRRADIATION OF ALKOXYSTYRENES AND 

ALKYLSTYRENES AT ROOM TEMPERATURE ( m o l / m o l olefin c o n s u m e d ) 

Substrate 

m-PhCH=CHOMe 

m-PhCH-CHOEt 

m-PhCH=CHOPr 

Ph2C=CHOMe 

PhMeC=CH2
a> 

Ph2G=GMe2
b) 

Solvent 

PhH 
MeGN 
MeOH 

PhH 
MeGN 
MeOH 

PhH 
MeGN 
MeOH 

PhH 
MeGN 
MeOH 

— 

PhCHO 

0.53c ) 

0.13c ) 

0.20c) 

0.55d> 
0.55c) 

0.55c> 
0.55c) 

0.42d) 

0.87c) 

0.74c:> 

0.67c> 
0.51d ) 

Ph2GO 

0.10 
0.10 
0.02 

PhRGO 

0.60e> 
0.36° 

Products 

PhCH-CHOR 
\ o / 

0.09e) 

Ph 2 G—CHOMe 

0.35 
0.36 

PhRG—CR' 2 

\o/ 
0.05e>g) 

0.15f>h> 

PhGH-GHOR 

O H O M e 

0.27e) 

0.38» 

0.38J) 

Ph2G-GH(OMe)2 
i 

OH 

0.57 

a) Conversion, 18%. b) 
and its dimethyl acetal. 

Conversion, 29%. 
e) R = M e . f) R= 

c) A sum of benzaldehyde and benzoic acid, d) A sum of benzaldehyde 
= Ph. g) R ' = H . h) R ' = M e . i) R = E t . j) R=*Pr. 

parative GLPC and its ^«^-configuration was confirmed 
by its N M R spectrum.8) O n treatment of the reaction 
mixture with deuterated water, N M R signals due to the 
epoxide instantaneously disappeared because of its high 
sensitivity to moisture. 

A control experiment showed that an authentic 
specimen of the trans-epoxide was recovered unchanged 
after being left under the reaction conditions, which 
rules out the possibility that benzaldehyde and the 
formate ester would be produced through decomposition 
of the epoxide formed as an intermediate. Photooxida-
tion of l b and l c likewise afforded the corresponding 
oxidative cleavage products ; however, the corresponding 
epoxides and their isolable derivatives were not detected 
among the reaction products (Table 2). 

Irradiation of l a , l b , and l c as neat under oxygen 
at 0 °C also afforded benzaldehyde and the correspond­
ing alkyl formates. Epoxide 5a was also formed in the 
case of l a . T h e product distributions were very similar 
to those in the reaction at room temperature. 

P K 
C = C 

H / \ H 

a : R = M e 
b : R = E t 
c i R ^ P r 

/OR hv, o, 
PhCHO + HC0 2 R + 

I MeOH 

PhCH(OMe)2 

Ph. ,H 
C —C 

H / \ / \ O R 

MeOH 

PhCHCHOR(OMe) 

OH 

It is noticeable that the photooxidation of l a , l b , and 
l c in methanol gave 2-alkoxy-2-methoxy-l-phenyl-
ethanols (6) in considerable yields in addition to the 
cleavage products, benzaldehyde and its dimethyl acetal 
(Table 2). The resulting 2,2-dimethoxy- (6a), 2-
ethoxy-2-methoxy- (6b), and 2-isopropoxy-2-methoxy-
1-phenylethanol (6c) were isolated from the reaction 
mixtures by preparative GLPC and identified by N M R 
spectra. Formation of these products is reasonably 
accounted for by polar addition of the solvent methanol 
to the epoxides once formed as intermediates under the 
reaction conditions as confirmed by irradiation of 5a 
in methanol under oxygen atmosphere yielding 6a. 
These results indicate that the photooxidation of l b and 
l c also gives the corresponding epoxides which never­
theless seem too unstable to be isolated. Their instability 
is in keeping with the facts that these epoxides could not 
be prepared under similar conditions to those employed 
for the preparation of 5a, and that 5a was extremely 
sensitive to water. 

T h e use of benzene and acetonitrile as solvent on 
photooxidation of l a , l b , and l c gave only the cleavage 
products regardless of the alkoxyl substituents and the 
polarity of the solvents employed (Table 2). 

Likewise, photooxidation of 2 in benzene and aceto­
nitrile gave the corresponding epoxide (7) together with 
the oxidative cleavage products, benzophenone and 
methyl formate. In methanol 2,2-dimethoxy-l , l-
diphenylethanol (8) was obtained instead of the epoxide 
(Table 2). The epoxide (7) and alcohol (8) were isolated 
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by preparative GLPC and characterized by comparison 
of their I R and N M R spectra with those of authentic 
specimens. 

hv, O, 

Ph2C=CHOMe • 

2 

Ph2C=0 + HC0 2 Me + Ph2G—GHOMe \ / 
O 

MeOH 

Ph2G-GH(OMe)2 

OH 

8 

Photooxidation of 2-phenylpropene (3)9> and 2-
methyl- l , l -diphenyrpropene (4) led to the formation 
of the oxidative cleavage products and the corresponding 
epoxides (Table 2), although their oxidation proceeded 
much more slowly than that of 1. 

hv, 0 2 

PhRG=GR2 • PhRG=0 + 0=GR2 + PhRG—GR2 

3: R = M e , R ' = H O 
4: R = P h , R ' = M e 9 : R = = M C j R / = H 

10: R = P h , R ' = M e 

3) Autoxidation in the Presence of Radical Generator: To 
investigate the mechanism for the oxygenation of these 
olefins their autoxidation with a radical initiator was 
carried out. Autoxidation of neat /?-alkoxystyrènes (1) 
with azobisisobutyronitrile (AIBN) as an initiator at 
50 °C afforded the same products as did the photo-
oxidation; benzaldehyde and alkyl formates were 
produced along with epoxide 5a from l a . To examine 
the effect of oxygen pressure on the product yields 
autoxidation of l a (1 mmol) containing AIBN (0.02 
mmol) was carried out at 50 °C for 5.5 h under varying 
partial pressures of oxygen diluted with nitrogen in a 
total pressure of 760 Torr (1 Torr =133.322 Pa) . The 
yields of benzaldehyde and the epoxide were determined 
by G L P C as depicted in Fig. 1, which shows that the 
yield of the epoxide increased with decreasing oxygen 
pressure and that the maximum yield (about 60%) was 
attained at nearly 40 Torr of the partial pressure of 
oxygen. 

Mechanisms for Oxygenations. W h e n l ' s were 
stirred as neat under oxygen in the presence of hydro-

0.8 

0 .6 

1 
^ r 0.4 

V> 0 .2 U 

_ PhCH-CHOMe 

° V 
• PhCHO 

0 100 200 300 400 700 800 

Partial pressure of oxygen/Torr 

Fig. 1. Effect of oxygen pressure on the yield of autoxi­
dation products of «j-/?-methoxystyrene (la). 

quinone, the well-known radical inhibitor, at room 
temperature, the olefins were recovered unchanged. 
Hydroquinone also inhibited the photooxygenation of 
l 's as neat or in benzene solution. Addition of 1,4-
diazabicyclo[2.2.2]octane (DABCO) also inhibited au­
toxidation of l a at room temperature without a radical 
generator and at 50 °C in the presence of AIBN. Since 
it has been shown that oxidation by singlet oxygen is 
inhibited by DABCO but usually not by hydro­
quinone,10) these results indicate that free singlet oxygen 
plays no role in the present oxygenation, and the 
production of the trans-epoxide from l a requires a 
stepwise mechanism by way of a freely rotating inter­
mediate. 

Actually, the products from the oxygenations of l 's 
are different from those resulting from their dye-
sensitized photooxygenation, which gave neither ep­
oxides nor their derivatives. Thus, Methylene Blue-
sensitized photooxygenation of trans-ß-ethoxystyrtne in 
dichloromethane was reported to give benzaldehyde 
and ethyl formate,11) and recently it was demonstrated 
that the use of diacenaphtho[l ,2-£ : 1^2'-dTJthiophene as 
sensitizer on photooxygenation of eis- and trans-ß-
methoxystyrene at —78 °C led to 1,4-cycloaddition of 
singlet oxygen across the side chain ^-carbon and the 
ortho-carbon of the aromatic ring, and that the cis-
isomer reacted much more rapidly than the trans-isomtr 
under the same conditions.12) Also, the direct photo­
oxygenation of 2 gave the completely different products 
from 3-phenyl-2,3-dihydrobenzofuran-2-one (11) which 
was reported to arise on dye-sensitized photooxygenation 
of 2 through 1,4-cycloaddition of singlet oxygen.13) 

Ph 

hv, O, 

d y e 

i l 

=o 

Furthermore, t reatment of a mixture of l a and 1-
methylcyclohexene or 2,3-dimethyl-2-butene, which is 
known to be highly susceptible to singlet oxygen, with 
oxygen in the absence of an initiator in the dark at room 
temperature resulted in exclusive oxidation of l a 
accompanied by nearly quantitative recovery of the 
added olefin. 

These findings, therefore, strongly indicate that the 
direct photooxygenation of l 's as well as their autoxida­
tion in the presence and absence of an initiator involves 
triplet molecular oxygen without intervention of singlet 
oxygen. 

The effect of oxygen pressure on the yield of the 
epoxide, combined with the product distribution and the 
effects of the additives, strongly suggests that the 
autoxidation of the present olefins in the dark proceeds 
through a mechanism similar to that proposed previously 
by Mayo for autoxidation of styrene and related olefins.1) 
In Mayo's mechanism, alternating addition of styrene 
molecules and molecular oxygen results in copolymeric 
radicals, which finally either afford polymeric peroxides 
or undergo scission to benzaldehyde, formaldehyde, and 
phenyloxirane (cf. Scheme 1); the yields of these 
products are changed with the partial pressure of oxygen. 

In the present work, however, it is remarkable that 
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epoxide 5a was produced in a moderate yield, for 
example, ca. 30%, even at 760 Torr oxygen pressure, 
and the maximum yield, ca. 60%, was at tained at a 
lower oxygen pressure, ca. 40 Torr . This is in contrast 
to the autoxidation of styrene which afforded phenyl-
oxirane in a very low yield (1%) at 760 Torr oxygen 
pressure and increased its yield to the maximum value 
(27%) at a very low part ial pressure of oxygen (1 
Torr).14) 

Comparison of the present photooxygenation with the 
autoxidation in the product distribution and the 
behavior toward inhibitors mentioned above indicates 
that the photooxygenation mechanism is quite similar 
to that of the autoxidation except for the initiation steps. 
According to Scheme 1 described below, the inter­
mediate benzylic radicals (12) will add to oxygen to 
give peroxyl radicals (13) (rate constant: k0) or undergo 
intramolecular substitution on the peroxide linkage to 
afford the epoxide and alkoxyl radicals (14) (rate 
constant: k{). Peroxyl radicals 13 give, through bi-
molecular interaction, alkoxyl radicals (15). Alkoxyl 
radicals 14 and 15 undergo scission into carbonyl 
compounds or again react with the olefin to give the 
benzylic radicals. 

oa 
Initiating radical • R ' 0 2 

PhCH=CHOR 

R'02CHCHPh 

OR 

o2 R'0 2 CHCHPh0 2 

OR 

o8 

[ «PhCH=l 
| (n - l )O, 

CHOR 

R'(0 2 CHCHPh) n + 1 0 2 . < R'(02CHCHPh)n + 1 . 

OR OR 

13 12 

] -
R'(0 2CHCHPh) n + 10 • R'(0 2CHCHPh) nO. 

OR . O R 

15 

i 
rcPhCHO + H H C 0 2 R + R " 0 . 

Scheme 1 

PhCH-CHOR 

No production of polymeric peroxides together with 
efficient production of the epoxide in the oxidation of l a 
shows that benzylic radicals 12 resulting from l a , 
compared with the corresponding benzylic radicals 

arising from styrene, more facilely undergo the intra­
molecular substitution on the peroxide linkage in prefer­
ence to growing up to polymeric matters. 

Formation of Complexes between the Olefins and Oxygen. 
In order to get insight into the mechanism for the 
initiation of the free-radical chain oxidation of the 
alkoxystyrenes, particularly in the absence of any initia­
tor, spectroscopic examination was carried out for the 
possible formation of charge-transfer complexes between 
these olefins and oxygen in view of the fact that several 
aromatic compounds form charge-transfer complexes 
with oxygen.15-17) When a stream of oxygen was passed 
into a cyclohexane solution of l a at 0 °C, a new broad 
band appeared at 305—400 nm with the maximum at 
307 nm. When argon was bubbled through the solution, 
this new band completely disappeared. When the 
measurements were carried out at 23 °C, the new band 
decreased in intensity to one-fourth by bubbling with 
argon. These facts indicate reversible formation of a 
charge-transfer complex between l a and oxygen. 
Styrene was reported to develop a similar absorption 
band, when a neat sample was saturated with oxygen 
at atmospheric pressure, at 305—350 n m with the 
maximum at 310 nm, which was shifted to shorter 
wavelengths by dilution with a solvent.16) 

In order to evaluate electron donating abilities of the 
olefins, their charge-transfer interaction with tetra-
cyanoethylene (TCNE) was investigated. When l a 
or styrene was dissolved with T C N E in dichloromethane, 
charge-transfer bands appeared. The association 
constant, K, and extinction coefficient of the complex, 
£CTJ were determined from concentration dependence 
of the optical density of the complex according to 
Benesi-Hildebrand's equation,18) 

CJA = l/KeCTD0 + l/eCT, 

where C0 and D0 are the initial concentrations of the 
acceptor and donor, respectively, and A is the absorbance 
for unit cell path length. T h e results for l a / T C N E and 
s tyrene/TCNE are listed in Table 3. 

T h e results for s tyrene/TCNE accord with those 
reported by Cooper et a/.19) Comparison of l a with 
styrene in the wavelength of the absorption maximum, 
ACT? and the association constant, K, shows that l a is a 
stronger donor to give a more stable charge-transfer 
complex than styrene. 

The energy of the charge-transfer transition for the 
complexes formed by a series of donors with the same 
acceptor is related to the donor ionization potential, 
/ D .19,20) 

hvCT = aljy + b, 

where a and b are constant. When the values of a and b 

TABLE 3. CHARACTERISTICS OF CHARGE-TRANSFER COMPLEXES BETWEEN TETRACYANOETHYLENE 

AND STYRENE DERIVATIVES IN DICHLOROMETHANE AT 2 3 ° C 

Donor 

m-PhCH=CHOMe 
PhCH=CH2 

Absorpti 

ACT/nm 

610 
480 

on maximum 

ACT/eV 

2.03 
2.56 

£CT 

1250 
1330 

Association 
constant 

TC/mol^dm3 

1.38 
0.60 

Ionization 
potential 

VeV 

7.70,a) 7.54b) 

8.34, a )8.40b ) 

Free energy 
change 

AG/kcal mol-1 

- 0 . 1 9 
0.30 

a) Values evaluated from the equation by Farrell and Newton.20) b) Adiabatic values from photoelectron spectra of 
«i-/?-methoxystyrene21) and styrene.22) 
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proposed by Farrel and Newton20) for substituted 
benzene/TCNE complexes are used, the relationship is 
expressed by 

AvCT = 0 . 8 2 / D - 4 . 2 8 ( e V ) . 

This relationship leads to a much lower value of the 
ionization potential for l a , 7.70 eV, than for styrene, 
8.34 eV,19> which are in reasonable agreement with the 
values observed by photoelectron spectroscopy, 7.54 for 
la21) and 8.40 eV for styrene.22) This result is in keeping 
with a fact that l a exhibits a much lower oxidation 
potential (1.00 V) than styrene (>1 .95 V).21-23) 

As described above, l a forms the charge-transfer 
complex with oxygen more efficiently than styrene. 
Therefore, it is not unreasonable to suppose that the 
charge-transfer complex plays an important role in 
generating free radicals both thermally and on ultra­
violet irradiation to initiate the radical chain 
oxidation.24) 

Exper imenta l 

The IR and UV spectra were recorded on a Hitachi 215 
infrared spectrometer and a JASGO UVIDEG-1 spectro­
photometer, respectively. The NMR spectra were recorded 
on a Hitachi R-24 and a JEOL JNM-MH-100 spectrometer. 
Gas-liquid phase chromatographic analysis was performed 
on a Hitachi 163 and a Shimadzu GC-4CM-PF gas Chromato­
graph equipped with a flame ionization detector, and a 
Hitachi 023 gas Chromatograph was used for preparative 
purposes. 

Materials. «'.y-ß-Methoxystyrene (la),25> cis-ß-ethoxy-
styrene (lb),26> and m-/?-isopropoxystyrene (lc) were prepared 
by heating phenylacetylene with potassium hydroxide in 
the corresponding alcohols. 

a'j-/?-Isopropoxystyrene (lc), bp 58 °C/2 Torr (1 Torr= 
133.322 Pa); IR (liq): 2975, 1650 cm-1; NMR (GG14) : Ô 1.31 
(d, 6H), 3.94 (septet, 1H), 5.06 (d, 7 = 7 . 0 Hz, 1H), 6.04 (d, 
7 = 7 . 0 Hz, 1H), and 6.9—7.5 (m, 5H); Found: C, 81.05; 
H, 8.64%. Galcd for C n H 1 4 0 : C, 81.43; H, 8.69%. 

2-Methoxy-l,l-diphenylethylene (2)27> and 2-methyl-l,l-
diphenylpropene (4)28) were prepared by the Wittig reactions 
employing benzophenone. /ra/w-2-Methoxy-3-phenyloxirane 
(5a)29) and 3-methoxy-2,2-diphenyloxirane (7) were prepared 
from reactions of 2-chloro-2-phenylethanal and 2-chloro-2,2-
diphenylethanal with sodium methoxide, respectively, accord­
ing to the method reported by Kirrmann et a/.29> The latter 
epoxide was irradiated in methanol to give 2,2-dimethoxy-l,l-
diphenylethanol (8). 

3-Methoxy-2,2-diphenyloxirane (7), mp 49—51 °C; NMR 
(CG14) : Ô 3.30 (s, 3H), 4.55 (s, 1H), and 7.1—7.3 (m, 10H). 

2,2-Dimethoxy-l,l-diphenylethanol (8), bp 140 °C/1 Torr; 
NMR (CC14): ô 2.91 (s, 1H), 3.25 (s, 6H), 4.48 (s, 1H), and 
7.1—7.4 (m, 10H); Found: C, 74.56; H, 7.05%. Calcd for 
G1 6H1 803 :G, 74.39; H, 7.02%. 

On treatment of 2-chloro-2-phenylethanal with sodium 
ethoxide and sodium isopropoxide, epoxides could not be 
isolated. Epoxidation of l b and l c with wi-chloroperoxy-
benzoic acid30) or 7V-bromosuccinimide/sodium hydroxide30) 
was also unsuccessful. 2-Methyl-2-phenyloxirane (9)31> and 
2,2-dimethyl-3,3-diphenyloxirane (10)32> were prepared by 
epoxidation of 2-phenylpropene (3) and 4 with m-chloroper-
oxybenzoic acid, respectively. 

Photooxidation of Olefins. Typical procedures are 
described below for m-/?-methoxystyrene (la). 

Without Solvent. Liquid l a (100 mg, 0.75 mmol) in a 

Pyrex tube was irradiated in an oxygen stream with a 400-W 
high pressure mercury lamp for 4 h at room temperature. 
GLPC and NMR analyses of the reaction mixture showed 
almost complete consumption of l a and the formation of 
benzaldehyde (47%), benzoic acid (6%), methyl formate, 
and taz«j-2-methoxy-3-phenyloxirane (5a, 9%). The product 
distribution was determined by GLPG using internal standards 
and authentic reference materials on Polypropylene glycol 
4025 (5%) and diethylene glycol succinate polyester-H3P04 

(5%) columns at 130 and 180 °C, respectively. The epoxide 
was isolated from the reaction mixture by preparative GLPC 
on polyethylene glycol (10%) at 150 °G and identified by 
comparing its IR and NMR spectra with those of an authentic 
sample. On addition of DaO to the reaction mixture, signals 
due to the epoxide disappeared instantaneously in the NMR 
spectrum. 

Liquid l a ( 134 mg, 1 mmol) was irradiated similarly under 
oxygen atmosphere at 0 °C for 4 h. GLPC and NMR 
analyses of the reaction mixture showed the formation of 
benzaldehyde, epoxide 5a, and methyl formate. The product 
distribution was found to be very similar to that in the reaction 
at room temperature. 

In Methanol. A solution of l a (56 mg, 0.42 mmol) in 
methanol (1 ml) was irradiated in a Pyrex tube under oxygen 
atmosphere with a 400-W high pressure mercury lamp for 
4 h at room temperature. After almost all the solvent was 
removed by rotary evaporation, the reaction mixture was 
subjected to GLPC analysis, which revealed the formation of 
benzaldehyde (trace), dimethoxyphenylmethane (51%), ben­
zoic acid (5%), and 2,2-dimethoxy-l-phenylethanol (6a, 27%). 
The product 6a was isolated from the reaction mixture by 
preparative GLPC, and identified by comparing its IR and 
NMR spectra with those of an authentic sample,33) which was 
prepared by irradiation of 5a in methanol ; NMR (CC14) : 
ô 2.50 (s, 1H, exchangeable with DaO), 3.15 (s, 3H), 4.05 
(d, J = 6 Hz, 1H), 4.60 (d, / = 6 Hz, 1H), and 7.0—7.2 (m, 
5H). 

2-Ethoxy-2-methoxy-l-phenylethanol (6b) and 2-isopro-
poxy-2-methoxy-l-phenylethanol (6c) were similarly isolated 
from the photooxidation mixtures of m-/?-ethoxystyrene (lb) 
and «j--/?-isopropoxystyrene (lc) in methanol, respectively. 
The structures were determined by comparing their NMR 
spectra with that of 6a. The NMR spectra showed that 
each of the ethanols consisted of two stereoisomers. 

2-Ethoxy-2-methoxy-l-phenylethanol (6b), bp 76 °C/1 Torr; 
NMR(CC14) : ô 0.92 and 1.13 (t, 7 = 6 Hz, 3H), 3.29 and 3.09 
(s, 3H), 3.3—3.8 (m, 2H), 4.09 (broad s, 1H), 4.18 (d, J= 
6.5 Hz, 1H), 4.47 (d, 7 = 6 . 5 Hz, 1H), and 7.0—7.4 (m, 5H); 
Found: C, 67.00; H, 7.88%. Calcd for C u H 1 6 0 3 : C, 67.32; 
H, 8.21%. 

2-Isopropoxy-2-methoxy-l-phenylethanol (6c), bp 84 °C/1 
Torr; NMR(CC14): <5 0.65—1.25 (m, 6H), 3.0 (broad s, 1H), 
3.11 and 3.36 (s, 3H), 3.50 and 3.82 (m, 1H), 4.25 (d, 7 = 6 
Hz, 1H), 4.43 (d, 7 = 6 Hz, 1H), and 7.0—7.4 (m, 5H); 
Found: C, 68.41 ; H, 8.61%. Galcd for C12H1803: C, 68.54; 
H, 8.62%. 

2,2-Dimethoxy-l,l-diphenylethanol (8) was isolated simi­
larly from the reaction mixture of 2-methoxy-l,l-diphenyl-
ethylene (2) in methanol. The structure was determined by 
comparing its NMR spectrum with that of an authentic 
sample. 

In Benzene and Acetonitrile. Photooxidation was per­
formed in a similar way to that in methanol. The reaction 
mixtures were, after Lrotary evaporation, analyzed quantita­
tively by GLPG. 

3-Methoxy-2,2-diphenyloxirane (7) was isolated from the 
reaction mixture in benzene by preparative GLPG and 
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identified by comparison of its IR and NMR spectra with 
those of an authentic sample. 

Autoxidation of eis-ß-Methoxystyrène (la) in the Dark without 
Initiator. Neat l a (432 mg, 3.16 mmol) was stirred 
overnight at room temperature under oxygen atmosphere in 
the dark. GLPC analysis of the reaction mixture revealed 
almost complete consumption of l a and the formation of 
benzaldehyde (47%), benzoic acid, methyl formate (8%), and 
5a (28%). 

A solution of l a (134mg, 1.0 mmol) in methanol (2 ml) 
was stirred for 10 h under oxygen at room temperature in 
the dark. GLPC analysis of the reaction mixture showed a 
quite low consumption of l a and the formation of trace 
amounts of benzaldehyde and 6a. 

Effect of Oxygen Pressure on the Product Yields in Autoxidation 
of la. Neat l a (134 mg, 1.0 mmol) containing azobisiso-
butyronitrile (6.8 mg, 0.04 mmol) was stirred at 50 °C for 
5.5 h in the dark under an atmosphere of varying partial 
pressures of oxygen (760—40 Torr) diluted with nitrogen 
(760 Torr in the total pressure). The yields of benzaldehyde 
and 5a were determined by GLPC as shown in Fig. 1. 

Effects of Hydroquinone, Diazabicyclo[2.2.2]octane (DABCO), 
and Olefins on the Oxygenations of ß-Alkoxystyrenes. As an 
example, a solution of l a (134mg, 1.0 mmol) and hydro­
quinone (11 mg, 0.1 mmol) in benzene (2 ml) was irradiated 
under oxygen atmosphere for 6 h at room temperature in a 
Pyrex tube with a 400-W high pressure mercury lamp. No 
consumption of l a was confirmed by GLPC analysis. 

Neat l a ( 134 mg, 1.0 mmol) was stirred overnight with 
hydroquinone ( 11 mg, 0.1 mmol) at room temperature under 
oxygen atmosphere in the dark. GLPC analysis of the 
sample revealed almost no consumption of l a and the forma­
tion of no oxidation products. Neat l b and lc were also 
not consumed under similar conditions. 

Neat l a ( 134 mg, 1.0 mmol) was similarly stirred with 
DABCO ( 11 mg, 0.1 mmol) instead of hydroquinone under 
oxygen. The olefin was almost completely recovered as 
revealed by GLPC analysis. 

Neat l a (134mg, 1.0 mmol) was stirred overnight with 
azobisisobutyronitrile (16 mg, 0.1 mmol) and DABCO (11 
mg, 0.1 mmol) under oxygen at 50 °C. GLPC analysis of the 
sample showed almost no consumption of la . 

Neat l a (I34mg, 1.0 mmol) was stirred for 6 h with 2,3-
dimethyl-2-butene or 1-methylcyclohexene (0.5 mmol) under 
oxygen at room temperature in the dark. NMR and GLPC 
analyses of the reaction mixture showed the formation of 
benzaldehyde, methyl formate, and 5a and almost no con­
sumption of the butène or the cyclohexene. 

Charge-Transfer (C-T) Absorption Spectra of Sytrene Derivatives. 
C- T Spectra with Molecular Oxygen. Samples of l a (neat 
or 0.3 mol/dm3 in cyclohexane) were placed in a sample cell 
and a reference cell, and a stream of oxygen was passed 
for several minutes through the sample in the sample 
cell. Spectra were measured at 0 and 23 °C. Immediately 
after a spectrum was recorded, argon was passed through the 
sample and a spectrum was again measured. The band 
observed under oxygen atmosphere completely disap­
peared at 0 °C by argon bubbling; however, at 23 °C the 
band remained at one-fourth of the intensity under oxygen 
atmosphere. 

C- T Spectra with Tetracyanoethylene ( TCNE). Solutions 
of the C-T complexes were prepared immediately before 
measurements by mixing dichloromethane solutions of TCNE 
(0.01 mol/dm3) with solutions of l a (0.23—0.34 mol/dm3) or 
styrene (3.7—8.0 mol/dm3) in the same solvent. The spectra 
were measured at 23 °C by a conventional method using a 
Hitachi 200-20 spectrophotometer. In a reference cell was 

placed a dichloromethane solution of a donor at the same 
concentration as in a sample cell. 
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Iminodimagnesium Reagents. Condensation Reaction with Ketones. 
Direct Preparation of Anils and a Hydrazone of Xanthone 
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The condensation reaction of ketones with iminodimagnesium reagents (RN(MgBr)2) derived from various 
primary amines as well as 1,1-disubstituted hydrazines was investigated. JV-Arylimines and 1 -methyl- 1-phenyl-
hydrazones of diaryl ketones were prepared, their yields being affected by the electronic and positional effects of 
substituents of reagent and substrate. Direct preparation of some anils of xanthone and its 1 -methyl- 1-phenyl-
hydrazone was achieved by use of the corresponding iminodimagnesium reagents. 

Aryliminodimagnesium reagents (ArN(MgBr)2 , aryl-
IDMg) derived from methoxy-substituted anilines were 
reported recently1) to be condensed with benzophenones 
and fluorenone (Scheme 1, R = o - and />-MeOC6H4 ; R 1 

and R 2 = a r y l ) . 

R-NH2 + 2EtMgBr • R-N(MgBr)2 + 2 E t H | 

R-N(MgBr)2 + 0=C 
\ R 2 

Scheme 1. 

/R 1 

R-N=C 
\ R a 

No extensive studies have been carried out on reagents 
of this type.2-3) In order to find the characteristics of 
I D M g reaction with ketones, we carried out the reaction 
of diaryl ketones and acetophenone with I D M g reagents 
derived from arylamines and alkylamines as well as 
1,1-disubstituted hydrazines, the results being reported 
in this paper. Xanthone, which is unreactive towards 
"carbonyl reagents," gives condensation products by 
this method. 

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

All the experiments 1—24 were carried out in tetra-
hydrofuran (THF) under nitrogen atmosphere, with 
use of equimolar amounts of ketones and I D M g reagents 
except for 11 and 12. Product yields are given in Tables 
1—3. The reaction time at room temperature and at 
55—60 °C were not optimized and the molar ratio of 
reagents with ketones was fixed; the yields indicate the 
reactivity of both components used in individual 
experiments. 

Effect of Alkyl Group of Reagents and Substrates. 
Applicability of the method to the condensation of 
alkylamine with benzophenone and to that of arylamine 
with enolizable ketone has been studied. 

When benzophenone was treated with /-butyl-IDMg 
at 50 °G for 2 h, 2 5 % yield of N-benzhydrylidene-£-
butylamine 1 was detected by N M R of the product 
mixture obtained after quenching with aqueous ammo­
nium chloride. When the same ketone was treated with 
less hindered isobutyl-IDMg at room temperature for 
192 h, the yield of the corresponding imine 2 estimated 
by N M R after quenching with absolute methanol was 
ca. 50%. A by-product, diphenylmethanol, was formed 
in ca. 50% yield. Since 1 and 2 undergo hydrolysis 
easily, their isolation by column chromatography was 
difficult even by use of silica gel dried at 120 °C for 2 h. 

An at tempt to condense acetophenone with jfr-methyl-
phenyl- IDMg by heating at 60 °C for 5 h was unsuc­
cessful. Even by quenching with absolute methanol, 
T L C of the product mixture shows the presence of 
only trace amounts of JV-(a-methylbenzylidene)-/?-
methylaniline 3 and the aldol condensation product, 
l ,3-diphenyl-2-buten-l-one: formation of the latter is 
reasonable since similar basic anilinomagnesium reagents 
(PhN(R)MgBr, R = H and Me)4) were used as catalyst 
for the aldol condensation. An authentic sample of 3 
was also hydrolyzed during the treatment with silica gel. 

The easily hydrolyzable nature of ketimines 1—3 can 
be ascribed to the insufficient conjugation system as 
compared with those having three aryl groups around 
the ^>C=N- groups {vide infra). The results indicate 
that the method is not suitable for preparing ketimines 
from alkylamines and enolizable ketones; the reported 
method using a Lewis acid, TiCl4,5) is preferable. In 
the following experiments, aryl - IDMg and diaryl 
ketones were used. 

Aryl-IDMg and Diaryl Ketones. Electronic as well 
as positional effects of substituents of aryl - IDMg and 
those of diaryl ketone were examined (Table 1). 

m-Methoxyphenyl-IDMg gives anil 4 in moderate 
yield in the reaction with a 2-methyl-substituted 
benzophenone; o-methylphenyl-IDMg, however, gives 
anil 5 in poor yield in the reaction with the same 
ketone. Sterically much hindered 2,4,6-trimethylphenyl-
I D M g does not undergo condensation with unhindered 
4-methylbenzophenone, but does with planar and less 
hindered fluorenone ; the yield of 7 is low. 

/>-Chlorophenyl-IDMg, which is less reactive due to 
the electron-attracting effect of the substituent, can be 
condensed with a 2-methyl-substituted benzophenone, 
the yield of 8 being moderate. The I D M g reagent 
derived from 2-aminopyridine, which is also less reactive 
due to chelation of the ring nitrogen atom to the Mg 
atom, gives no condensation product with 2-methyl-
benzophenone, but does with fluorenone. 

Formation of by-products, diarylmethanols, should 
originate from the initially formed ketyl radicals, which 
abstract hydrogen from the solvent molecule when the 
subsequent addition process is slow. The initial forma­
tion of ketyl radicals due to electron-transfer from 
Grignard reagent to benzophenones was discussed.6) 

Aryl-IDMg and 2-Methoxybenzophenones. Conden­
sation of phenyl- IDMg with 2-methoxybenzophenone 
was accompanied by replacement of the o-methoxyl 
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TABLE 1. EFFECT OF SUBSTITUENTS ON THE REACTION OF 

ArN(MgBr)2 WITH BENZOPHENONES AND FLUORENONE 

Anil No. ArN(MgBr)2 Ar 
A^-CO-Ar2 

4 
5 
6 
7 
8 
9 

10 
11 
12 

3-MeOC6H4 

2-MeC6H4 

2,4,6-Me3C6H, 
2,4,6-Me3C6H. 
4-ClC6H4 

2-Pyridyl 
2-Pyridyl 
4-MeC6H4

c:> 
4-MeC6H4

c) 

Ar1 

2-MeC6H4 

2-MeC6H4 

G6H5 

Flu.b> 
2-MeC6H4 

2-MeC6H4 

Flu.w 

2-MeOG6H4 

2-MeOC6H4 

Ar2 

4-MeC6H4 

4-MeC6H4 

4-MeC6H4 

4-MeC6H4 

C6H6 

4-MeC6H4 

4-MeG6H4 

Yield of 
the anil/%a) By-product 

57 
20 
0 
n 
34 
0 

54 
25 
20 

a) Heated at 55 °C for 10—20 h. b) Fluorenone. c) Reaction conditions are given in the text, d) Reagent containing 
metallic Mg was used. 

A^Ar'CHOH 
PhAr2CHOH 

A^PhCHOH 

group, leading to the formation of 2-anilino-substituted 
anil (Scheme 2, R 3 and R 4 = H ) . 1 ) However, the 
"no rma l " anil 11 (Table 1) was obtained by treating 
2-methoxy-4'-methylbenzophenone with five molar equi­
valents of />-methylphenyl-IDMg at 55 °C for 10 h : 11 
was recovered unchanged after t reatment with three 
molar equivalents of the reagent at 55 °C for 6 h. 

R^ 

o 
C=0 + R4-< O >-N(MgBr)2 

'^OGH, 

c=N-< o >-R4 

R3s 

Scheme 2. 

In the reaction carried out in order to examine the 
effect of equimolar excess of metallic magnesium, the 
condensation-replacement product 12 was obtained 
(Scheme 2, R 3 and R 4 = M e ) in 2 0 % yield. T h e metal 
dissolved smoothly with intense purple coloration due to 
the formation of ketyl radicals developed from the 
metal surface. The condensation-replacement reaction1) 
is thus due to the accidental presence of excess metallic 
magnesium after the preparation of EtMgBr. 

T h e high radical concentration caused by the efficient 
electron-donor, metallic magnesium, is one reason for 
the methoxyl replacement. Similar methoxyl replace­
ment in Grignard reaction via electron-transfer process 
was discussed.7) 

Aryl-IDMg and Xanthone. Xan thone does not 
undergo condensation with hydroxylamine and phenyl-
hydrazine owing to the electron-releasing resonance 
effect of the ethereal oxygen atom. So far the oxime and 
the hydrazone have been obtained after the conversion 
of ketone into more reactive thioketone.8) The anil was 
obtained indirectly from 2,2'-dihydroxybenzophenone 
by strong heating with aniline.9) The nonreactivity 

TABLE 2. REACTION OF ArN(MgBr)2 WITH XANTHONE 

ArN(MgBr)2 Yield of 
Ar the anil/%a> 

Anil No. 

13 
14 
15 
16 
17 
18 

4-MeC6H4 

2-MeC6H4 

4-MeOC6H4 

3-MeOC6H4 

4-ClC6H4 

2-Pyridyl 

86 
0 

53 
50 
0 
0 

a) Heated at 55—60 °C for 10—20 h. 

of xanthone towards amino-functional reagents and its 
normal reactivity towards Grignard reagents10) led us 
to examine the reaction with I D M g (Table 2). 

T h e ketone can be condensed satisfactorily with p-
methyl-, p- and m-methoxyphenyl-IDMg giving anils 
13, 15, and 16 after heating for more than 10 h. No anil 
13 was formed after heating of the reaction mixture for 
2 h in contrast with the moderate yields of benzophenone 
anils by heating for only 30 min.1) I D M g reagents 
derived from o-methyl- and jfr-chloroaniline as well as 
2-aminopyridine, less reactive in the reaction with 
benzophenones, gave no expected products. 

In spite of the lower reactivity, anils of xanthone 
have been prepared directly for the first time. 

IDMg Reagents Derived from 1,1-Disubstituted Hydrazines 
and Diaryl Ketones. The I D M g reagent derived 
from l-methyl-l-Phenylhydrazine was found to be 
useful (Table 3) : diaryl ketones including xanthone give 
excellent yields of the hydrazones 19, 21 , and 24 after 
heating for a short time except much hindered 2,3,5,6-
tetramethylbenzophenone which was recovered 
unchanged. 

The reagent derived from 1,1-dimethylhydrazine is 
not effective, which resembles the results obtained with 

/—< yUtl >—< -H20 >—< / \ > 

o c c o > o c c o 
\ / \ / 

o 

N - ' H O / w 

<ô>HO<o> <ô> 
25 

Scheme 3. 
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TABLE 3. REACTION OF IDMg REAGENTS DERIVED FROM 1,1-DISUBSTITUTED 

HYDRAZINES WITHDIARYL KETONES 

Hydrazone 
No. 

R £,>N-N(MgBr)2 Ari-CO-Ar2 

R R' Ar1 Ar2 

Yield of 
the hydrazone/% 

By-product 

19 
20 
21 
22 
23 
24 

Ph 
Me 
Ph 
Me 
Ph 
Ph 

Me 
Me 
Me 
Me 
Me 
Me 

Xan.a> 
Xan.a> 

4-MeC6H4 

4-MeC6H4 

Dur.b> 
2-MeC6H4 

G6H5 

C6H5 

GaH5 

2-MeC6H4 

93c> 

oc) 

87c) 

Oo 
0 d ) 

7 8 e ) 

Epoxide 25 

AriPhCHOH 

a) Xanthone. b) 2,3,5,6-Me4C6H. c) Heated at 55 °C for 1 h. d) Heated at 55 °C for 8 h. e) Heated at 55 °C for 5 h. 

use of the reagents derived from alkylamines. By­
products should be derived from the ketyl radicals. 
The epoxide 25 isolated from the reaction mixture with 
xanthone indicates the intermediate formation of the 
corresponding pinacol (Scheme 3).11) 

Characteristics of IDMg Reaction with Ketones. 
Taking the previous results1) into account, characteristics 
of the reaction can be summarized as follows. 

i) Arylamines, 1-methyl-1-Phenylhydrazine, and 
diaryl ketones are favorable components, but not 
alkylamines, 1,1-dimethylhydrazine and enolizable 
ketones, 

ii) Steric hindrance effect caused by o-methyl group 
of diaryl ketone is overcome when the I D M g reagent 
is unhindered, and vice versa, 

iii) Strongly electron-donating methoxyl group, 
unfavorable to Lewis acid catalyzed condensation, is 
favorable to the I D M g method,1) 

iv) Xanthone gives anils when reactive aryl - IDMg 
reagents are used, 

v) I D M g reagent derived from 1-methyl-1-phenyl-
hydrazine gives excellent yields of hydrazones of diaryl 
ketones including xanthone, and 

vi) Initial electron-transfer from I D M g reagent to 
ketones is suggested. 

Exper imenta l 

Melting points are uncorrected. 
Materials. Commercial f-butylamine, isobutylamine, 

all the anilines, 2-aminopyridine, acetophenone, benzo-
phenone, 4-methylbenzophenone, fluorenone, xanthone, 1,1-
dimethylhydrazine, and 1-methyl-1-Phenylhydrazine were 
used. 2-Methyl- and 2,4'-dimethylbenzophenone were pre­
pared by the Friedel-Crafts method. 2-Methoxy-4'-methyl-
benzophenone (mp 64—65 °C) was prepared by the addition 
of 4-methylphenylmagnesium bromide to 2-methoxybenzalde-
hyde followed by chromium(VI) oxide oxidation in acetic 
acid. 2,2'-Dimethylbenzophenone (mp 72 °C) was prepared 
by treatment of 2-methylbenzoyl chloride with 2-methyl-
phenylmagnesium bromide. Authentic sample of JV-(a-
methylbenzylidene)-/»-methylaniline 3 was prepared according 
to the reported method.125 

Procedures. A typical procedure for IDMg reaction was 
described.1) All the experiments were carried out using 5—10 
mmol of reagents and substrates in 40—50 ml THF : reaction 
conditions and yields of isolated products are given in the 
text and in Tables 1—3. 

Column chromatography (Wakogel C-200, petroleum 

benzine-benzene-diethyl ether =10 : 1 : 1) was applied to the 
isolation of products except 13 and 19 : all the condensation 
products were eluted faster than the unreacted ketones. The 
isolated crystalline products were recrystallized from ethanol. 

Products. Presence of diarylmethanols in product 
mixtures was confirmed by TLC as well as the NMR signal 
at 5.4—5.7 ppm characteristic of their benzylic protons. 

The NMR spectrum of epoxide 25 (8.48—8.52 (4H, m) 
and 7.12—7.92 (12H, m)) resembles closely that of xanthone. 
The IR spectrum, resembling also that of the ketone, has 
another absorption band at 1070 cm"1 assignable to v(C-O-C) 
vibration. Found: C, 83.02; H, 4.29; O, 12.69%. Calcd 
for C26H1603: C, 82.97; H, 4.25; O, 12.76%. 

Imine, anil or hydrazone, melting point, NMR data, and 
result of elemental analysis are as follows: Imine 2: an oil; 
NMR (CC14): (5=7.18—7.98 (10H, m), 3.16 (2H, d), 2.00 
(1H, m), 0.97 (6H, d). Found: C, 85.95; H, 7.98; N, 5.98%. 
Calcd for C17H19N: C, 86.07; H, 8.02; N, 5.90%. Anil 4: 
an oil; NMR (CC14) : (5=6.22—7.74 (12H, m), 3.42 (3H, s), 
2.24 (3H, s), 2.00 (3H, s). Found: C, 83.90; H, 6.6Ö; N, 
4.39%. Calcd for C22H21NO: C, 83.81, H. 6.66; N, 4.44%. 
Anil 5: an oil; NMR (CC14): (5=6.16—7.72 (12H, m), 2.34 
(3H, s), 2.26 (3H, s), 2.00 (3H, s). Found: C, 88.36; H, 
6.97; N, 4.61%. Calcd for C22H21N: C, 88.29, H, 7.02, N, 
4.68%. Anil 7: mp 159—162 °C; NMR (CDC13) : <5= 
6.75—8.32 (1ÖH, m), 2.35 (3H, s), 2.00 (6H, s). Found: C, 
88.92; H, 6.36; N, 4.76%. Calcd for C22H19N: C, 88.88; 
H, 6.39; N, 4.71%. Anil 8: mp 104—105 °C; NMR (CC14) : 
0=6.65—7.80 (12H, m), 2.38 (3H, s), 2.02 (3H, s). Found: 
C, 79.01; H, 5.59; N, 4.40%. Calcd for C21H18C1N: C, 
78.87; H, 5.63; N, 4.38%. Anil 10: mp 79—80.5 °C; NMR 
(CC14): (5=6.18—8.52 (12H, m). Found: C, 84.40; H, 4.64; 
N, 11.00%. Calcd for C18H12N2: C, 84.37; H, 4.68; N, 
10.93%. Anil 11: mp 129—131 °C; NMR (CC14): 0= 
6.44—7.64 (12H, m), 3.56 (3H, s), 2.36 (3H, s), 2.18 (3H, s). 
Found: C, 84.01 ; H, 6.70; N, 4.48%. Calcd for C22H21NO: 
C, 83.81 ; H, 6.66; N, 4.44%. Anil 12: an oil; NMR (CC14) : 
0=6.24—7.34 (16H, m), 3.90 (1H, broad s), 2.24 (6H, s), 
2.14 (3H, s). Found: C, 85.99; H, 6.76; N, 7.25%. Calcd 
for C28H26N2: C, 86.15, H, 6.66; N, 7.18%. Anil 13: mp 
111—112.5 °C; NMR (CDC13): (5=6.76—8.65 (12H, m), 
2.36 (3H, s). Found: C, 84.18; H, 5.28; N, 4.93%. Calcd 
for C20H15NO: C, 84.21; H, 5.26; N, 4.91%. Anil 15: mp 
151—153 °C; NMR (CDC13): 0=6.72—8.64 (12H, m), 3.58 
(3H, s). Found: C, 79.71; H, 5.00; N, 4.70%. Calcd for 
C20H15NO2: C, 79.73; H, 4.98; N, 4.65%. Anil 16: mp 88— 
90.5 °C; NMR (CDC13) : (5=6.40—8.44 (12H, m), 3.78 (3H, 
s). Found: C, 79.68; H, 5.01 ; N, 4.68%. Calcd for C20H15-
NO a : C, 79.73; H, 4.98; N, 4.65%. Hydrazone 19: mp 138 
—139 °C; NMR (CDC13) : (5=6.90—8.96 (13H, m), 3.16 (3H, 
s). Found : C, 80.15 ; H, 5.40 ; N, 9.40%. Calcd for C20H16-
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N 2 0 : G, 80.00; H, 5.33, N, 9.33%. Hydrazone 21: an oil; 
NMR (GG14): (5=6.68—7.60 (14H, m), 2.92 (3H, d), 2.44 
(3H, d). Found: G, 84.10; H, 6.70; N, 9.25%. Galcd for 
G21H20N2: G, 84.00; H, 6.66; N, 9.33%. Hydrazone 24: 
an oil: NMR (GG14): (5=6.66—7.44 (13H, m), 2.84 (3H, s), 
2.40 (3H, s), 2.06 (3H, s). Found: G, 84.12; H, 6.96; N, 
9.01 %. Galcd for G22H22N2 : G, 84.07 ; H, 7.00 ; N, 8.91 %. 
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The Adsorption of Nucleic Acid Bases by Raney-nickel, 
-cobalt, and -copper 
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The order of the relative affinity of adenine (A), guanine (G), cytosine (C), thymine (T), and uracil (U) to 
Raney-nickel, Raney-cobalt and Raney-copper was determined in an alkaline solution by means of a column-
chromatographic method. These bases could be placed in these orders: G^>A^>C^>U^>T for Raney-nickel, 
G^>C^>A^>T~U for Raney-cobalt, and A — G — C > T ~ U for Raney-copper. It was also found that these Raney-
metals could be placed in the following order as to ability to distinguish those bases : Raney-nickel^>Raney-cobalt^> 
Raney-copper. 

I t has been well known that metallic nickel powder 
can induce lung cancer.1-2) Some investigators consider 
that the interaction between DNA and the nickel ion 
leached from metallic nickel is directly responsible for 
producing cancer.1»3) The reactions of nucleic acids, 
nucleotides, nucleosides, or bases with the nickel ion 
have, therefore, been studied by many workers.2'4«5) 
Although it has been known that the nickel ion interacts 
with both nucleic acid bases and phosphate portions 
in DNA, there have been few reports concerning the 
precise interaction sites of nucleic acids with the nickel 
ion. 

In the present work, we determined the order of the 
relative affinities of adenine, guanine, cytosine, thymine, 
and uracil for metallic nickel, cobalt, and copper by 
means of a column-chromatographic method and tried 
to estimate the interaction sites of nucleic acid with the 
metal ions. Raney-nickel (R-Ni), Raney-cobalt (R-Co), 
and Raney-copper (R-Cu) were used as the metals 
because of their high surface area and well-known surface 
properties.6»7) 

Exper imenta l 

R-Ni (Ni: 2.5 g), R-Co (Co: 10 g), and R-Cu (Cu: 10 g) 
were prepared from commercial Raney metal-aluminium 
alloys (Al/metal: 50 atom%) by leaching out the aluminium 
with a 13% sodium hydroxide solution for 1 h at 70, 50, and 
50 °C respectively. After washing with distilled water, each 
sample was packed in a 1-cm-diameter column, which was 
fitted at the bottom with a cotton to retain the sample, to 
a height of approximately 5, 20, or 20 cm respectively. A 
0.2 mol dm - 3 sodium hydroxide solution containing two or 
three kinds of bases at 2.0 mmol dm - 3 was allowed to flow into 
the column at a rate of 10 ml/h. The effluent was collected by 
fraction collecter. The concentration of each base in the 
effluent fractions could then be determined by using the 
absorption spectra of the fractions and by solving Eq. 1 : 

t*+*'+ 

W ' + 

£*+J^+ 

f~ 
« • • 

* • 

= sa, 

= sß, 

= *r> 

(1) 

where Aa, Aß, and Ar are the absorbances of a 0.1 mol dm - 3 

H 2 S0 4 or 0.1 mol dm - 3 NaOH standard solution containing 
known quantities of base-A at the maximum absorption 
wavelengths of base-A (a), base-B (/?), and base-C (y) respec­
tively. Moreover Ba, Bß, and Br are the absorbances of 
base-B, and Ca, Cß, and Cr, those of base-C at the wavelengths 
of a, ß, y respectively. Sa, Sß, and Sr are the absorbances of 
the standard solutions containing a known quantity of the 
effluent fraction at the wavelengths of a, ß, and y, while x, y, 
and z are the concentrations of base-A, base-B, and base-C 
respectively in the fraction. 

The uncertainty of the method is determined by mixing 
these bases in different known proportions and by estimating 
the base contents in the mixtures by means of Eq. 1. The 
experimental conditions are shown in Table 1. 

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

It has been known that the fraction of the metallic 
surface is in the range of 55—85% for conventional 
preparations of Raney-metals, and the residual fraction 
is considered to be alumina.7) In order to examine 
whether or not the nucleic-acid bases can be absorbed 
by alumina, a 0.2 mol d m - 3 sodium hydroxide solution 
containing these bases was allowed to flow into a 
column packed with y-alumina. Since the adsorption 
of these bases by y-alumina could not be observed, the 
possibility of adsorption by alumina on Raney-metals 
can be disregarded. 

In the present work, Raney-cobalt or Raney-copper 
column is packed with an amount four times that of the 

T A B L E 1. EXPERIMENTAL CONDITIONS 

A 

Guanine, 
Adenine, 
Guanine, 
Adenine, 
Uracil, 

Bases 

B 

Uracil, 
Guanine, 
Adenine, 
Cytosine 
Thymine 

c 
Cytosine 
Thymine 
Cytosine 

Standard 
solution 

O ^ m o l d m ^ H ü S O « 
0.2 mol dm-3 NaOH 
0 .2moldm- 3 H 2 SO 4 

0.2 moldm^HaSOi 
0.2 mol dm-3 NaOH 

Wavelength/ 

a 

248, 
269, 
248, 
262.5, 
284, 

ß 
260, 
274, 
262.5, 
276 
291 

nm 

Y 

276 
291 
276 

Uncertainties 

% 

5 
20 
5 
5 

20 
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Raney-nickel column, because the amount of the bases 
adsorbed at saturation for R-Ni is about four times those 
of R-Co and R-Cu. Therefore, it can be considered 
that the effluent volume/time • metallic surface area is 
nearly same in each column. 

Figures 1—3 show the breakthrough curves of a 
guanine-uracil-cytosine mixture for R-Ni, R-Co, and 
R-Cu respectively. I t can be seen from Figs. 1 and 2 
that the relative affinities of these three bases for R-Ni 
and R-Co can be placed in this order: guanine>cytosine 
>urac i l . In the case of R-Cu, on the other hand, the 
relative affinities of these bases can be placed in this 
order: guanine-~cytosine>uracil , because the break­
through curves exhibit no differences between guanine 
and cytosine, as is shown in Fig. 3. By comparing the 
breakthrough curves in Figs. 1—3 with each other, 
it can be seen that these Raney-metals can be placed 

0 100 2 0 0 3 0 0 4 0 0 

Effluent volum/ml 

Fig. 1. Breakthrough curves on R-Ni for 0.2 mol dm - 3 

NaOH solution containing guanine (0)> cytosine ( £ ) 
and uracil (A) a* the concentration of 2 mmol dm - 3 

respectively. 
R-Ni: 2.5 g as nickel, column: 1.0X 5 cm, flow rate: 10 
ml/h. 

i 

& 
T3 
"3 
S 
V3 
V 

g 

g 
100 2 0 0 

Effluent volume/ml 
3 0 0 

Fig. 2. Breakthrough curves on R-Go for 0.2 mol dm~3 

NaOH solution containing guanine (0)> cytosine (%) 
and uracil (A) a t the concentration of 2 mmol dm - 3 

respectively. 
R-Co: 10 g as cobalt, column: 1.0x20 cm, flow rate: 
10 ml/h. 

0 100 2 0 0 3 0 0 

Effluent volume/ml 

Fig. 3. Breakthrough curves on R-Cu for 0.2 mol dm - 3 

NaOH solution containing guanine (0)> cytosine ( £ ) 
and uracil (A) at the concentration of 2 mmol dm~3 

respectively. 
R-Cu: 10 g as cupper, column: 1.0x20 cm, flow rate: 
10 ml/h. 

in the following order of ability to distinguish these 
bases: R - N i > R - C o > R - C u . 

The breakthrough curves of a guanine-adenine-
thymine mixture for R-Ni, R-Co, and R-Cu were 
found to give patterns similar to Figs. 1—3 respectively. 
It was shown from the breakthrough curves that, 
among these three bases, thymine exhibits the weakest 
affinities for Raney-metals. From these results and 
Figs. 1—3, it appeared that these five bases can be 
classified into two groups, one of which exhibits relatively 
strong affinities (guanine, adenine, and cytosine) for 
Raney-metals, while the other exhibits relatively weak 
affinities (uracil and thymine). 

Figures 4—6 show the breakthrough curves of a 
guanine-adenine-cytosine mixture for R-Ni, R-Co, and 
R-Cu respectively. It appears from Fig. 4 that the 
relative affinities of these three bases for R-Ni can be 
placed in this order: guanine>adenine^>cytosine. O n 
the other hand, it can be seen from Fig. 5 that the 
relative affinities of these bases for R-Co can be placed 
in this order: guanine>cytos ine>adenine . I t may be 
noted that a reversed order of adenine and cytosine is 
observed for R-Co. This difference between R-Ni and 
R-Co was also confirmed by the breakthrough curves 
of the cytosine-adenine mixture, as shown in Fig. 7. 
In the case of R-Cu, however, no differences in these 
three bases could be detected, as is shown in Fig. 6. 

Figure 8 shows the breakthrough curves of a uracil-
thymine mixture for R-Ni, R-Co, and R-Cu. It 
appears that the relative affinities of these two bases 
can be placed in this order: u rac i l> thymine for R-Ni, 
while in the case of R-Co and R-Cu no differences 
between the relative affinities of these two bases was 
observed within the limits of experimental error. 

In conclusion, the present experiment has made it 
obvious that the relative affinities of these five bases 
can be placed in these orders: g u a n i n e > a d e n i n e > 
cytos ine>urac i l> thymine for R-Ni, guan ine>cy tos ine> 
adenine^>thymine^uraci l for R-Co, and a d e n i n e ^ 
guanine-^ cytosine ̂ t hymines -u rac i l for R-Cu. It is 
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100 2 0 0 3 0 0 

Effluent volume/ml 

Fig. 4. Breakthrough curves on R-Ni for 0.2 mol dm - 3 

NaOH solution containing adenine ((J), guanine (O) 
and cytosine ( 0 ) at the concentration of 2 mmol dm - 3 

respectively. 
R-Ni: 2.5 g as nickel, column: 1.0x5 cm, flow rate: 
10 ml/h. 

S 

O 
S 
a 

o 

I 
3 0 0 100 2 0 0 

Effluent volumn/ml 

Fig. 5. Breakthrough curves on R-Go for 0.2 mol dm - 3 

NaOH solution containing adenine O ) , guanine (O) 
and cytosine ( £ ) at the concentration of 2 mmol dm - 3 

respectively. 
R-Co: 10 g as cobalt, column: 1.0x20 cm, flow rate: 
10 ml/h. 

100 2 0 0 3 0 0 

Effluent volume/ml 

Fig. 6. Breakthrough curves on R-Gu for 0.2 mol dm - 3 

NaOH solution containing adenine (3)» guanine (O) 
and cytosine ( 0 ) at the concentration of 2 mmol dm - 3 

respectively. 
R-Cu: 10 g as cupper, column: 1.0X 20 cm, flow rate: 
10 ml/h. 

100 150 100 150 

Effluent volume/ml 

Fig. 7. Breakthrough curves on R-Ni and R-Co for 0.2 
mol dm - 3 NaOH solution containing adenine ((J) and 
cytosine (%) at the concentration of 2 mmol dm - 3 

respectively. 
R-Ni: 2.5 g as niekel, 1.0x5 cm column, R-Go: 10 g 
as cobalt, 1.0x20 cm column, flow rate: 10 ml/h. 

o 
ö o 

0 100 200 300 
Effluent volume/ml 

Fig. 8. Breakthrough curves on R-Ni, R-Co, and R-Gu 
for 0.2 mol dm - 3 NaOH solution containing thymine 
(A) a n d uracil (A) at the concentration of 2 
mmol dm - 3 respectively. 
R-Ni: 2.5 g as nickel, R-Go: 10 g as cobalt, R-Gu: 10 g 
as cupper, flow rate: 10 ml/h. 

also obvious that the ability of Raney-metals to distin­
guish these bases can be placed in this order: R - N i > 
R - C o > R - C u . 

I t has been reported that Cu(II) ,8-1 3) Mn(II),14»15) 
and Co (I I)14) ions bind mainly to guanine among the 
bases in nucleic acids. It has also been reported that 
the ant i tumor aj-dichlorodiammineplat inum(II) com­
plex indicates a preferential binding to guanine,1 6 - 2 0) 
followed by adenine18»21) in DNA. It has also been 
established that the N i 2 + - A M P complex is far more 
stable than C o 2 + - A M P complex.22) O n the other hand, 
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the formation of a stable Co 2 +-CMP complex has been 
reported.23»24) Such similarities of behavior between 
Raney-metals and their metal ions may suggest that 
the order of the relative affinities of these bases for the 
nickel ion is similar to that for Raney-nickel. I t would 
also be interesting to determine whether or not the large 
ability of Raney-nickel to distinguish these bases is 
reflected by that of the nickel ion. 
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The reactions of organic tin(II) compounds bearing Sn-OC bonds with carbonyl compounds, C6H5COR 
(R=C6H5CO, C6H5, and H) and/»-benzoquinone, have been investigated. The tin(II) compound reacted with 
benzil and />-benzoquinone to yield the corresponding oxidative addition products. However, the oxidative 
addition reaction did not occur in benzophenone and benzaldehyde. 

We have reported the preparation of organic t in(II) 
compounds having a high volatility and an excellent 
solubility toward organic solvents.1) The chemical 
behavior of the t in(II) compounds2"5) has been studied 
by several research groups: for example, we reported 
on the reactions of the t in(II) compounds with alkyl 
halides and heterocumulenes.2) We describe here a 
further study on the reactivity of tin (II) compounds, 
Sn(OR) 2 , ( R = ( C H 3 ) 2 N C H 2 C H 2 - , C 2 H 5 - , o-C2H5-
O C O C 6 H 4 - , CH 3 Ç=CHCOCH 3 , and C H 3 C = C H C 0 2 -
C2H5) , with carbonyl compounds such as benzil, 
benzophenone, benzaldehyde, and jfr-benzoquinone ; the 
structural analogy of the tin (I I) compound with a 
carbene is important here. 

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

The reaction of bis(2-dimethylaminoethoxo)tin(II) 
(1) with benzil in refluxing T H F for 6 h afforded yellow 
powders in 4 6 % yield. The structure of the product 
was determined as bis(2-dimethylaminoethoxo)(l,2-
diphenyl-l ,2-ethenediolato)tin(IV), on the bases of the 
elemental analysis (C2 2H3 0N2O4Sn), the I R spectrum 
which has no band attributable to Î>C=O (1655 c m - 1 ) , 
and the formation of 1,2-diphenylvinylene dibenzoate 
when the product was treated with benzoyl chloride. 
The structure was also supported by its hydrolyzate: 
on hydrolysis, the product gave benzoin, which appeared 
to be formed by a rapid tautomerization of the un­
saturated glycol, l ,2-diphenyl-l,2-ethenediol. 

These facts suggest that compound (1) can be oxidized 
by benzil to a tetravalent tin compound, as shown in 
Eq. 1 : 

i Sn OCH.CH.N 
,CH3\ 

S CHJ 2 

-f- CeH5COCOC6H6 

CH, 

CH3 

NCH.CH.O 
/O-cyCA 

Sn II 
^ 0 - C x c 6 H 6 . 

(1) 

The reaction proceeded more readily in T H F and 
ethyl alcohol than in benzene (see Table 1). 

The reaction of various organic tin (II) compounds 
with benzil was also examined in T H F . T h e results, 
as summarized in Table 2, reveal that i) organic t in(II) 
compounds containing S n - O C bond are more effective 
reducing agents for benzil than t in(II) chloride, which 
is a polymer of intermolecularly coordinated CI—»Sn 
bond; ii) in the organic t in(II) compounds, the oxidative 
addition reaction of 1 is the best for benzil, while that 
of diphenoxotin(II) (4) is the worst; iii) the reactivity 

T A B L E 1. SOLVENT EFFECT ON THE 

BIS(2-DIMETHYLAMINOETHOXO)TIN(II) 

Solvents 

Benzene 

Ethyl alcohol 

Tetrahydrofuran 

REACTION1 0 OF 
WITH BENZIL 

Hydrolyzate 

Yield/% b ) 

90 

91 

95 

\ 
pc) 

1.03 

1.62 

1.76 

a) Reaction conditions: [Sn (OR) 2]/[benzil] = 1, time: 
6 h ; temp: benzene 80 °C, ethyl alcohol 78 °C, THF 
67—68 °C. b) Based on the weight of benzil used in the 
reaction, c) Proportion ([benzoin]/[benzil]) of benzoin 
the hydrolyzate. 

TABLE 2. HYDROLYZATES OF PRODUCTS FROM THE 

REACTION*0 OF VARIOUS ORGANIC TIN ( I I ) 

COMPOUNDS WITH BENZIL IN T H F 

S n ( O R ) 2 

R 

(CH 3 ) 2 NCH 2 CH 2 - (1) 

C2H5-(2)d> 

i II 
V ^ C O I C Ä (3) 

y\/ 
1 II W 
C H 3 Ç = C H C O C H 3 (5) 

C H 3 Ç = C H C 0 2 C 2 H 5 (6) 

SnCl2 

Hydrolyzates 

Yield/%b> 

95 
87 

87 

80 

83 

81 

86 

pc) 

1.76 

0.72 

0.41 

0 .09 

0 .14 

0 .15 

0 .03 

a) Reaction conditions: [Sn (OR) 2]/[benzil] = 1, time; 
6 h, temp; 67—68 °G. b) Based on the weight of benzil 
used in the reaction, c) Proportion ([benzoin]/[benzil]) 
of benzoin in the hydrolyzate. d) Associated in nature. 

of alkoxotin(II) compounds (1 and 2) is superior that 
of the conjugated chelate t in(II) compounds (3, 5, and 
6 ) ; and finally; iv) the reaction of the monomeric 
t in(II) compounds (1 and 3) proceeds far more readily 
than that of the corresponding associated t in(II) com­
pounds (2 and 4). 

From these facts, it may be concluded that the 
migration of 5s electrons on the t in(II) atom in the 
intermediate (a), as indicated in Eq. 2, play an im­
portant role in the reaction with benzil and that, of 
the organic t in(II) compounds, the monomeric organic 
tin (II) compound bearing an electron releasing group 
behaves most effectively toward benzil. 
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< V C 6 H 5 

Sn(OR)2 + i 

0# X"s 

Sn 

\. >n(OR)2 

C6H
5" *°''' 

( a ) 
(2) 

<W ^ 
C _ / N OR 

Compound 2 reacted unsatisfactorily with benzal-
dehyde in T H F at 68—69 °C to give only traces of 
cinnamaldehyde and benzyl alcohol. Although the 
reaction was conducted under drastic conditions (no 
solvent, at 1 4 5 ^ 5 °G) for 3 h, there was no increase in 
the yields of cinnamaldehyde and benzyl alcohol. 
Therefore, it seems that the reaction of compound 
2 with benzaldehyde proceeds neither through the 
oxidative addition reaction (Eq. 1) nor through the 
intermolecular oxidative coupling reaction (Eq. 3), 
but ra ther in a way similar to the Meerwein-Pondorf 
reaction, as shown in Eqs. 4 and 5 : 

Sn(OC2H5)2 + 2 C6H5CHO -x-

/ 0 - G H / C 6 H 5 
(C2H50)2Sn( u (3) 

Sn(OC2H6)2 + C6H5CHO • 

(C2H50)Sn(OCH2C6H5) + CH3CHO (4) 
SnCOCHj), 

G6H5CHO + CH3CHO • C6H5GH=CHCHO. (5) 
HsO 

Compound 1 did not react at all with benzophenone 
in T H F at 67 °C after 6 h. 

T h e reaction of 1 and 5 with jft-benzoquinone in 
benzene were investigated. As indicated in Table 3, 
it was found that each reaction readily gave the corre­
sponding oxidative addition products in excellent yields. 

T h e products were only soluble in common organic 
solvents with great dificulty and decomposed at high 
temperature. No chracteristic absorption band of p-
benzoquinone presented itself. Therefore, the oxidative 
addition product is considered to be a polymer, as 
shown below: 

Sn(OR)2 + 0=<^>=0 

OR 

- f S n 

OR 

(6) 

R=-CH2CH2N(CH3)2 , CH3C=CHCOCH3. 

Although 5 was a less effective reducing agent for 
benzil, the reaction with /»-benzoquinone took place 

easily to afford the oxidative addition compound. 
Therefore, it seems that the possibility of the oxidative 
addition reaction of organic t in(II) compounds depends 
greatly on the half-wave potentials of the carbonyl 
compounds: /»-benzoquinone, benzil, benzaldehyde, 
and benzophenone have half-wave potentials of 
- 0 . 1 4 6 ( 2 ) , - 0 . 2 7 ( 2 ) , - 0 . 9 4 ( 1 ) , and - 0 . 9 4 ( 1 ) SCE, 
respectively. The parenthesized-figure indicates the 
number of electrons involved in the reaction. 

Exper imenta l 

All reactions were carried out in a nitrogen atmosphere 
dried with liquid nitrogen. The melting and boiling points 
are uncorrected. IR spectra were recorded with a Hitachi 
EPI-S2 spectrometer, and mass spectra were taken on Hitachi 
RMU-7 model double-focusing spectrometer. The CHN 
elemental analyses were carried out with a Yanagimoto MT-2 
CHN corder. Gas chromatography was performed on a 
Yanagimoto model GCG-2, using SE-30 column. 

Tin content was determined by chelate titration with 
M/100 EDTA aqueous solution. Benzil was determined by 
the redox titration with a chromous sulfate solution.6) p-
Benzoquinone was purified by sublimating a commercial 
extra-pure grade at 70—80 °C/20 mmHg (1 mmHg = 133.322 
Pa) just prior to use. Benzaldehyde and benzophenone were 
purified by distillation before use. 

Reaction of Organic Tin (II) Compounds with Benzil in a 1 : 1 
Molar Ratio. Benzil (50 mmol) was added to a solution 
or a suspension of organic tin(II) compound (50 mmol) in 100 
ml of solvent. After the mixture was refluxed for 6 h, the 
reaction mixture was evaporated to dryness under reduced 
pressure. The residue was hydrolyzed with 100 ml of water 
(5 ml)-benzene (80 ml)-acetone(15 ml) solution. After sepa­
rating the resulting solids by filtration, the solid was extracted 
with acetone in a Soxhlet extractor in order to obtain the 
benzoin. Subsequently, the mother liquor was combined 
with the extract and distilled in vacuo at a temperature below 
155 °C (bath temperature) to isolate the hydrolyzate. Bp 
118—138 °C/0.3 mmHg. The results are shown in Tables 1 
and 2. 

Isolation of Bis( 2-dimethylaminoethoxo) ( l,2-diphenyl-l,2-ethene-
diolato)tin(IV): Compound 1 (14.7 g, 50 mmol) and benzil 
(10.5 g, 50 mmol) were dissolved in 53 ml of THF. The 
mixture was heated at 68 °C for 6 h. Yellow powders precipi­
tated during the reaction were filtered off, washed with THF 
and dried: yield 12.0 g (47.5%). Found: C, 52.31 ; H, 6.01 
N, 5.45; Sn, 23.05%. Calcd for C22H30N2O4Sn: C, 52.30 
H, 5.94; N, 5.54; Sn, 23.62%. m/e: 505 (M+). Mp 154 °C 
(dec). 

Isolation of 1,2-Diphenylvinylene Dibenzoate: Benzoyl chloride 
(44.9 g, 106 mmol) was added drop by drop to the reaction 
mixture of 1 (7.3 g, 24.9 mmol) and benzil (5.2 g, 24.7 mmol) 
at 30—40 °C. After being warmed for 1 h, it was allowed to 
stand for 2 d at room temperature and then hydrolyzed with 
100 ml of 9% hydrochloric acid. The resulting solids were 

TABLE 3. REACTION WITH /»-BENZOQUINONE 

Sn(OR)2 

R 

(CH3)2NCH2CH2-
CH3Ç=CHCOCH3 

Reaction conditions 

Molar ratio 
[Quinone]/[Sn] 

1 
1 

Time 
h -

3 
5 

Yield 
% 

100 
95 

Products 

Mp (dec) Sn 
*C Found(Calcd) (%) 

220 28.98(29.45) 
245 27.69(27.93) 

IR 
v /cm-1 

1220 
1210 
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isolated and extracted with diisopropyl ether. The ether 
solution was washed with 5% sodium carbonate aqueous 
solution, then with water, and evaporated to dryness. After 
removing the unreacted benzil under a reduced pressure, the 
residue was recrystallized from benzene-hexane (1/1 volume 
ratio) solution, giving 2.5 g of 1,2-diphenylvinylene dibenzoate 
with mp 156—158 °C (lit,7) 158 °C); white powder. Found: 
C, 78.85; H, 4.68%. Calcd for C28H20O4: C, 79.98, H, 4.79%. 
IR (KBr disk) : vc=0 1720 cm"1; vc_0 1082 cm"1. 

Reaction with p-Benzoquinone. A solution of 1.95 g (18 
mmol) of /»-benzoquinone in 37 ml of benzene was added 
drop by drop to 1 (5.31 g, 18 mmol) in benzene (20 ml) at 
22—24 °C and then the solution was refluxed with stirring in 
an oil bath for 2 h. The precipitated solids were isolated by 
filtration, washed with benzene, and dried. Yield 7.25 g 
(100%). 

The reaction of compound 5 was also carried out in a 
similar way. 

Reaction with Benzaldehyde. Compound 2 (8.4 g, 40 
mmol) and benzaldehyde (48.9 g, 461 mmol) were heated at 
66 °C for 11 h. After filtrating the reaction mixture, traces 
of ethyl alcohol and cinnamaldehyde from the mother liquor 
were detected by gas chromatography. The residue in the 
filtrating flask was hydrolyzed with an aqueous diisopropyl 
ether. The solvent was removed by distillation; a trace of 
benzyl alcohol was found in the distillation flask. 

The reaction under drastic conditions (no solvent, reaction 
temperature 145 ± 5 °C, reaction time 3 h) was performed 
in a similar way. The presence of acetaldehyde, ethyl 
alcohol, cinnamaldehyde, and benzyl alcohol was confirmed 

by gas chromatography. 
Reaction with Benzophenone. The mixture of 1 (16.2 g, 

54.9 mmol) and benzophenone (10.3 g, 56.5 mmol) in 55 ml 
of THF was refluxed for 6 h. No decrease in Sn2+% was 
observed. After removal of THF under a reduced pressure, 
the residue was hydrolyzed with 100 ml of water (15 ml)-
benzene (80 ml)-acetone (15 ml) solution. The resultant 
solids were filtered off and then the mother liquor was evapo­
rated to dryness. The solids were distilled in vacuo-, 10 g of 
benzophenone (bp 153 °C/1 mmHg) was recovered. 

The present work was partially supported by a Grant-
in-Aid for Scientific Research No 555348 from the 
Ministry of Education, Science and Culture. 
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Synthesis of ^-Substituted Tetramethyltetraazacyclotetradecatetraene 
and Its Metal (II) Complexes 
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iV,iV/-Bis(l-methyl-3-thioxo-l-butenyl)ethylenediamine (3) was prepared by the reaction of #,iV-bis(l-
methyl-3-oxo-l-butenyl)ethylenediamine with phosphorus pentasulfide in pyridine. The reaction of 3 with 
ethylenediamine gave 5,7,12,14-tetramethyl-l,4,8,ll-tetraazacyclotetradeca-4,6,ll,13-tetraene (4) in a 46% 
yield. The reactivity of the ß positions of 4 and its metal(II) complexes (M=Cu, Ni, Pd) toward various electro-
philic reagents was explored, and some ß,/?'-bissubstituted tetraaza macrocyclic compounds (substituent=Cl, 
SC6H4N02(o), N2Ph) and their metal complexes were prepared, respectively. The former also reacted with 
metal(II) acetates to afford the same metal complexes. 

T h e preparations and reactivities of tetraaza macro-
cycles and their metal complexes containing enamino 
imines conjugated systems have attracted considerable 
attention as models for natural tetraaza macrocycles, 
such as porphyrins and corrins. I t is also interesting to 
elucidate the reactivity of the ß positions of their macro-
cyclic ligands and metal complexes. Fischer et al.1) 
have reported that the ß positions of 5,14-dihydrodi-
benzo[£,z][5,9,14,18]tetraaza[14]annulene (1) react with 
j&-chlorobenzenediazonium salt to give a 7,16-bis(/>-
chlorophenylazo)substituted derivative. T h e reaction of 
1 with ethyl l-chloro-3,3-dicyanopropenoate has also 
been found to yield a 7,16-bis(ethoxycarbonyl)-sub­
stituted derivative.2) While nickel(II) complex of 1 
reacted with bromine to give an octabromo derivative 
substituted into benzene nuclei.2) Holm et al.3) have 
found that some ß,/?'-bisphenylated macrocycles are 
prepared by the reaction of 4-phenyl-l,2-dithiolium 
salt with diamine. Jäger4) has also reported the tem­
plate synthesis of some macrocyclic metal complexes 
with C O R or C O O R groups at the ß positions. This 
cyclization appears dependent on the presence of a 
carbonyl-containing group.5) T h e macrocycle, 5,7,12,14-
tetramethyl-1,4,8,1 l- tetraazacyclotetradeca-4,6,11,13-
tetraene (4), without the substituents at the ß positions 
has been prepared by the reaction of ethylenediamine 
with 4-amino-2-ethyl-2-oxonia-3-pentene3b '5) and/or 
iV,#'-bis(l-methyl-3-thioxo-1 -butenyl) ethylenediamine 
(3), which is prepared from JV,iV'-bis(3-ethyl-3-oxonia-
1-methyl-1-butenyl) ethylenediamine and sodium hydro-
gensulfide.33»6) In all these preparations, triethyloxo-
nium tetrafluoroborate is required as a catalyst, and 
the yield is generally low. 

We synthesized 4 without using the specific and 
expensive catalyst, and elucidated the electrophilic 
substitution reactivity of the ß positions of the free 
ligand, 4, and its metal(II) complexes (6). 

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

The compound, 3, was synthesized by means of 
reaction of JV,iV'-bis(l-methyl-3-oxo-l -butenyl) ethylene-
diamine (2) with phosphorous pentasulfide in pyridine 
in a 34% yield. The macrocycle, 4, was obtained in 
the highest yield (46%) when 3 was refluxed with an 
equimolar amount of ethylenediamine in benzene for 
24 h. By these reactions, 4 could be synthesized without 

using the expensive and specific catalyst. 
The macrocycle, 4, reacted with 7V-chlorosuccinimide 

(NCS) of 2.2 molar ratio at 5 °C in the dark under a 
nitrogen atmosphere to give 6,13-dichloro-5,7,12,14-
tetramethyl-1,4,8,1 l- tetraazacyclotetradeca-4,6,11,13-
tetraene (5a) in a 2 5 % yield; the addition of 4.4 molar 
ratio gave 6,6,13,13-tetrachloro-5,7,12,14-tetramethyl-
1,4,8,11 -tetraazacyclotetradeca-4,7,11,14-tetraene (8) in 
a 4 2 % yield. Under these conditions, it is considered 
that the reactions proceed by an ionic mechanism. 
Their structure was established by analytical and spectral 
data . T h a t is to say, the N M R spectrum of 5a showed 
the same pattern as that of 4, except that absorption of 
- C H = protons in the vicinity of 4.5 ppm was missing. 
T h a t of 8 also lacked the absorptions for -CH= and 
N H protons, and the protons of four CH 3 and four 

^ N " H * - 0 
J^ Jl 

M e ^ " ^ M e 
2 

X 

r T 
L^ N -H - , S 

Me' 

Me. 

Me 

J H2N(CH2)2NH2 

Me YY 

M e - ^ y ^ M e M e " " ^ " ^ 
X5 

JM(AcO)2nH20 
X 

Me^ ^ J - ^ ^Me Me-v ^ \ ^Me 

Me 

JM(AcO); r2nH20 

-NL JN 
L X J ̂ — I X J 

a : X=CI , b : X=SC 6 H 4 N0 2 (o) 
c : X = N 2 P h , d : X = C O P h 
M: Cu, Ni, Pd 
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TABLE 1. MELTING POINTS AND ANALYTICAL DATA OF THE PRODUCTS 

Compound 

g-
5b 
5c 
6Pd 
7bCu 
7bNi 
7bPd 
7cCu 
7cNi 
7cPd 
7dNi 
7dPd 
8 

Compound 

~~4 
5a 

5b 

5c 

6Pd 

7bCu 

7bNi 

7bPd 

7cCu 

7cNi 

7cPd 

7dNi 

7dPd 

vNH 
»>C=0 

320C 
320C 

320C 

320C 

1625 

1626 

Mp/°C 

178—179 
224 

218—219 
310—312 

194 
198 

204—205 
277—278 
275—276 
271—272 
250—251 
267—268 

154 

LR" 

C 

52.91 
56.02 
68.22 
47.81 
50.53 
51.03 
47.50 
60.34 
60.83 
55.59 
56.59 
60.02 
43.52 

_ 

v/cm-1 

or vC=C+ 
i vC=N 

> 1620 
) 1607 

1 1590 

1 1586 

1554 

1563 

1561 

1563 

1560 

1553 

1571 

1537 

1539 

<5NHor 
*aSN02 

1568c) 

1560c) 

J1565 
\1515 
1576c> 

1517 

1518 

1515 

Found (%) 

H 

7TÖ7 
5.39 
7.04 
6.26 
4.50 
4.52 
4.30 
5.78 
5.79 
5.31 
5.71 
5.23 
5.15 

N CI or S C 

17.56 22.27 53.00 
14.96 11.42 56.29 
24.27 68.39 
15.90 47.67 
13.75 10.24 50.68 
13.61 10.41 51.08 
12.58 9.60 47.38 
21.40 60.27 
21.83 60.84 
19.76 55.67 
10.92 56.53 
9.98 59.95 

14.29 36.47 43.54 

TABLE 2. SPECTRAL DATA OF THE PRODUCTS 

v sN02
 G H 3 

1.88(s) 
2.13(8) 

1337c> 2.18(s) 

2.20(s) 

2.01(s) 

1331 

1340 2.16(s) 

1322 2.30(s) 

" 

1.83(s) 

1.93(s) 

NMRb> 
ô 

CH2-CH2 X NH 

3.45(s) 4.51(s) FT 
3.58(s) 11. 

5« 
7« 

3.60(s) 7.4—8.3(m) 13.2d) 

3.50(s) 7 .1— 7.5(m) -

3.53(s) 4.70(s) 

3.23(s) 7.1—8.2(m) 

3.65(s) 7.2—8.3(m) 

ID 

W 

3.35(s) 7.5—8.1 (m) 

3.60(s) 7.5—8.1 (m) 

Calcd (%) 

H N CI or S 

6.99 17.66 22.35 
5.45 15.15 11.56 
7.26 24.54 
6.28 15.88 
4.58 13.64 10.40 
4.61 13.74 10.49 
4.28 12.75 9.73 
5.83 21.62 
5.89 21.83 
5.39 19.97 
5.89 10.91 
5.39 9.98 
5.22 14.50 36.72 

UVC> 
Amax/nm(10-3e) 

297(33.2)e> 
252(2.4), 308sh(17.2), 
317(21.8), 350(4.7)e> 

307(20.7), 381(8.0) 

-"•*> 296(14.5), 335(26.5), 
375(29.2), 420sh( 17.6) 
282(9.9), 300s"(7.2), 
346(4.6), 3678h(4.8), 
395(6.0), 412(6.3), 
459(0.9), 488(1.0) 
271sll(30.0), 335(17.6), 
382sh(10.6), 470sh(2.4), 
570(0.6) 
281(32.8), 386(14.0), 
470(2.2), 560sh( 1.4) 
275sh(29.2), 388(15.0), 
480(1.7) 
290sh(4.6), 349(21.8), 
400sh(25.0), 465(40.0), 
560sh(2.6) 
296Eh(13.0), 373(21.6), 
485(40.0) 
288sh(6.0), 387(17.8), 
489(39.0) 
280(18.4), 396(9.0), 
420(8.9), 4458h(7.8), 
550s* (1.6) 
280(13.0), 408(9.5), 
418sh(9.3), 440sh(8.0) 

a) KBr. b) CDC13. c) CHC13. d) Center of broad signal, e) 
not be detected because of slight solubility in solvents, s : Singlet 

EtOH. f) DMSO-4,. g) Not observed, h) Could 
m: Multiplet, sh: Shoulder. 

- C H 2 - were equivalent and appeared as singlets. The 
I R spectrum in 1600 c m - 1 region of 8 showed only one 
strong absorption at 1660 cm - 1 , which was assigned 
to vC=N.7> The mass spectrum showed the parent ion 

peak at m/e 384, and the U V spectrum exhibited an 
absorption maximum at 250 nm (e, 580). This shows 
that 8 does not have a conjugated system. Compound 8 
may be formed by C1+ attacking at the 6- and 13-

file:///1515
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positions of 5a, followed by the elimination of N H 
protons, analogously to the gem-dibromination of the 
ß position of 1,4-diazepines.8) T h e melting points, 
analytical data, and spectral da ta for the products are 
presented in Tables 1 and 2. 

CI CI 
M e \ ^ V M e 

cN Ni 
CI CI 

8 
T h e reaction of 4 with o-nitrobenzenesulfenyl chloride 

in acetonitrile in the presence of triethylamine gave 
5,7,12,14-tetramethyl-6,13-bis (2-nitrophenylthio)-1,4,8,-
l l- tetraazacyclotetradeca-4,6, l l ,13-tetraene ((5b) in a 
2 5 % yield. T h e N M R spectrum showed multiplet 
absorption for aromatic protons of 8H amount , and 
the I R spectrum showed strong absorptions at 1515 and 
1337 c m - 1 , which were assigned to )»asN02 and vsN02, 
respectively. 

Compound 4 also reacted with benzenediazonium 
salt to give 5,7,12,14-tetramethyl-6,13-bis(phenylazo)-
1,4,8,11 - tetraazacyclotetradeca-4,6,11,14-tetraene(5c) 
in a 6 1 % yield. Because this material is slightly soluble 
in CDC13, DMSO-4; , pyridine-</5, etc., the N M R signal 
of N H protons of 5c could not be detected. However, 
the I R spectrum showed a weak absorption centered at 
3200 c m - 1 , which was assigned to the intramolecular 
hydrogen bonded r N H , and showed no absorptions 
for the non-conjugated vC=N in the region of 1640—1690 
cm - 1 . 1 ' ' ) In contrast with the coupling product of 1, 
which appears to exist as a hydrazo tautomer,1) these 
results suggest that 5c exists in a chelated azo form. 

T h e metal(II ) complexes, 6 (M = Cu, Ni, Pd) , of 4 
reacted with o-nitrobenzenesulfenyl chloride in the 
presence of pyridine to give 6,13-bis (2-nitrophenylthio) -
substituted metal complexes (7b) in 8 3 % ( M = N i ) and 
6 1 % ( M = P d ) yield, respectively, and 6 ( M = C u ) gave 
decomposition products. 

The reaction of 6 ( M = C u , Ni, Pd) with benzenedi­
azonium salt also gave 6,13-bis(phenylazo)-substituted 
metal complexes (7c) in 5 3 % (M = Gu), 9 7 % ( M = N i ) 
and 8 9 % ( M = P d ) yield, respectively. 

T h e reaction of 6 ( M = N i , Pd) with benzoyl chloride 
in the presence of pyridine gave 6,13-dibenzoyl-
substituted metal complexes (7d) in 5 7 % ( M = N i ) and 
6 2 % ( M = P d ) yield, respectively, and 6 ( M = C u ) also 
gave decomposition products. T h e structure of 7d 
( M = N i , Pd) was established as follows : the I R spectrum 
showed *>C=0 at 1625 and 1626 cm- 1 , and N M R 
spectrum showed multiplet absorptions for 10H aromatic 
protons at 7.5—8.5 p p m ; there was no absorption of 
the methine protons. 

T h e free ligands, 5b and 5c, reacted with the metal(II) 
acetates (M = Cu, Ni, Pd) in D M F and/or D M S O to 
yield the corresponding metal complexes 7b and 7c 
in 79—90% yield, respectively. T h e complexation of 
5a gave decomposition products. T h e structures of these 

products were confirmed by direct comparison of the 
spectral da ta with the corresponding products derived 
from 6 b and 6c and mixed examination. T h e 7b ( M = 
Cu), which could not be obtained by the reaction of 
6 (M = Cu) with o-nitrobenzenesulfenyl chloride, was 
easily obtained by the reaction of 5b with copper 
acetate in a 8 1 % yield. 

Attempts to synthesize other /?,ß'-disubstituted deriva­
tives of 4 and 6 such as 6,13-dinitro-, 6,13-dibromo-, 
6,13-diiodo-, 6,13-diformyl-, and 6,13-dithiocyano-
derivatives were all unsuccessful, and 4 and 6 gave 
decomposition products, respectively. I t thus appears 
that the substrates or products are unstable under these 
reaction conditions. 

I t is considered that the electrophilic reactivity of the 
ß positions of the free ligand, 4, and its metal(II) 
complexes, 6, which are stabilized by the dereal iza t ion 
of ^-electrons, may be attributed to their meneidic or 
regenerative character, as well as that of enamino 
ketones,9) vinamidines and its salts10) and the metal 
complexes of /?-diketones.n> 

T h e I R spectra for the free ligands, 5a, 5b , and 5c, 
show a broad absorption at 3200 c m - 1 and a strong 
absorption at 1560—1576 c m - 1 which are associated 
with vNH and <5NH by the shift to lower frequencies 
owing to the replacement of active protons by deuterium 
ions. A strong absorption observed in the range of 
1586—1607 c m - 1 may be assigned to the vC=C+vC=N, 
which shift into the range of 1553—1571 c m - 1 upon 
complex formation. The vC=0 of the /?-substituents and 
the vC=C+i>C=N for the chelate rings of 7d ( M = N i , 
Pd) are observed in both lower frequencies at 1625 or 
1626 c m - 1 and at 1537 or 1539 cm- 1 , respectively. This 
seems to indicate that the /?,/?'-dicarbonyl groups have 
highly conjugated with the chelate rings. 

T h e N M R spectra for the free ligands, 5a, 5b, and 
5c, show a broad signal of N H protons at 11.7 and 
13.2 p p m except 5c, and a sharp singlet of N - C H 2 -
and C - C H 3 at 3.50—3.60 ppm and at 2.13—2.20 ppm, 
respectively. T h e signals of the N - C H 2 - and the C - C H 3 

for the metal complexes also are sharp singlets. These 
results, together with the results from the I R spectra, 
have shown that these free ligands exist in an intra­
molecular hydrogen bonded chelate structure, which 
seems to be symmetric structure delocalized of n-
electrons through the enamino imine conjugation12) 
analogous to their metal complexes. 

The visible and U V spectra of the free ligands, 5a, 5b, 
and 5c, display two—four absorption bands in the range 
of 250—420 nm. T h e spectral features for these metal 
complexes are more complicated, and 7b and 7c 
( M = C u , Ni, Pd) exhibit one or two new absorption 
peaks in the range of 466—570 nm, which may be 
assigned to n-n* transitions within a ligand molecule 
and/or charge-transfer transitions. 7d ( M = N i , Pd) 
also exhibit two or three similar absorption peaks in 
the range of 418—550 nm. 

Exper imenta l 

The Schiff base, iV,iV-bis(l-methyl-3-oxo-l-butenyl)ethyl-
enediamine (2) was prepared according to the method of 
Martell et al.13> The IR, NMR, and UV spectra were 
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recorded with JASCO IRG, Hitachi R24B, and Hitachi 124 
spectrometers respectively. The mass spectra were deter­
mined with a JEOL JMS-D100 mass spectrometer. All the 
melting points are uncorrected. 

Preparation of 3: To a solution of 2 (22.4 g, 0.1 mol) in 
pyridine (50 ml) was slowly added powdered phosphorus 
pentasulfide at room temperature. The reaction mixture was 
stirred for 5 h, and then poured into 2 1 of water. The 
mixture was neutralized by sodium hydrogencarbonate and 
filtrated. The residue was recrystallized with ethanol to 
give 8.8 g (34%) of 3 ; mp 152—153 °C. Found: C, 56.15; 
H, 8.05; N, 10.77; S, 24.75%. 

Preparation of 4: A solution containing 3 (5.1 g, 20 mmol) 
and ethylenediamine (1.2 g, 20 mmol) in benzene (120 ml) 
was refluxed for 24 h. Removal of solvent, addition of 
ethanol, filtration, and recrystallization from ethanol gave 
2.3 g (46%) of 4; mp 223—224 °C (lit,« mp 226—228 °C, 
yield 15%). 

Reaction of 4 with NCS: To a soution of 4 (1.24 g, 5 mmol) 
in chloroform (10 ml) was added NCS (1.5 g, 11 mmol) 
under a nitrogen atmosphere in the dark at 5 °C and stirred 
for 1 h. The resulting succinimide was removed by filtration, 
and the filtrate was evaporated to dryness under reduced 
pressure. The residual solid was recrystallized with ethanol 
to give 0.4 g (25%) of 5a; MS m/e: 316 (M+). The melting 
points, analytical data, and spectral data for the products 
were tabulated in Tables 1 and 2. The addition of 3.0 g (22 
mmol) of NCS gave 8 in a 42% yield (from EtOH); MS m/e: 
384 (M+). 

Preparation of 5b: To a solution of 4 (2.5 g, 10 mmol) and 
triethylamine (3.0 g, 30 mmol) in acetonitrile (100 ml) was 
slowly added a solution of o-nitrobenzenesulfenyl chloride 
(4.2 g, 22 mmol) in acetonitrile (30 ml) under a nitrogen 
atmosphere, and then refluxed with stirring for 3 h. The 
reaction mixture was poured into water, and the resulting 
precipitation was separated by filtration. The products were 
isolated by column chromatography on silica gel (CHC13) to 
give 1.4 g (25%) of 5b; MS m/e: 554 (M+). 

Preparation of 5c: To 30 ml of a solution, neutralized by 
sodium acetate, containing 11 mmol of benzenediazonium 
chloride, was added a diluted acetic acid solution containing 
1.2 g (5 mmol) of 4 with stirring at 5 °C. This mixture was 
then stirred for 2 h at this temperature and for 2 h at room 
temperature. The reaction mixture was poured into water, 
and filtrated. The collected solid was recrystallized with 
DMF to give 1.4 g (61%) of 5c as yellow powder; MS m/e: 
456 (M+). 

Preparation of the Metal(II) Complexes, 6, of 4: Copper(II) 
and nickel (II) complexes of 4 were synthesized by the method 
of Holm et a/.6) Palladium(II) complex was synthesized by 
the reaction of equimolar amounts of palladium acetate and 
4 in hot ethanol; yield 74% (from CHC13). 

General Procedure for the Reaction of 6 with o-Nitrobenzenesulfenyl 
Chloride: To a solution of 6 (5 mmol) and pyridine (11 mmol) 
in chloroform (150 ml) was added o-nitrobenzenesulfenyl 
chloride (11 mmol) under a nitrogen atmosphere at room 
temperature, and refluxed for 4 h. The reaction mixture was 
evaporated in vacuo, and recrystallization of the residue from 
solvent afforded the corresponding 7b. 7b (M=Ni) : yield 
83% (from benzene). 7b (M=Pd) : yield 61 %> (from CHC13-
EtOH). 

General Procedure for the Reaction of 6 with Benzenediazonium 

Salt: To an aqueous solution (100 ml) containing benzenedi­
azonium chloride (11 mmol) and neutralized with sodium 
acetate, was slowly added a diluted acetic acid solution (80 ml) 
of 6 (5 mmol) at 5 °C ; the mixture was then stirred at room 
temperature for 2—3 h. The reaction mixture was poured 
into water, and the resulting precipitate was removed by 
filtration and washed with ethanol. The product was purified 
by stirring with about 20 times of DMF. 7c (M=Cu) : yield 
53%. 7c (M=Ni) : yield 97%. 7c (M=Pd) : yield 89%. 

General Procedure for the Reaction of 6 with Benzoyl Chloride : 
To a solution of 6 (2 mmol) and pyridine (4.4 mmol) in 
dichloromethane (100 ml) was added benzoyl chloride (4.4 
mmol) at room temperature, and the mixture was refluxed 
for 4 h. After removal of the solvent, the residue was recrys­
tallized. 7d (M=Ni) : yield 57% (from CHCl3-EtOH). 
7d (M=Pd) : yield 62% (from CHC13). 

Complexation of 5: The free ligands, 5, reacted with the 
metal(II) acetates of a small excess in DMF and/or DMSO 
for 15 min at 120 °C to give the corresponding metal com­
plexes 7. 7b (M=Cu) : yield 81% (from DMF). 7b (M= 
Ni): yield 98% (from benzene). 7b (M=Pd) : yield 81% 
(from CHCl3-EtOH). 7c (M=Cu) : yield 90%. 7c (M = Ni) : 
yield 88%. 7c (M=Pd) : yield 79%. The complexations 
of 5a gave decomposition products. 

Other Electrophilic Substitutions: The compounds, 4 and 6, 
reacted with acetic anhydride and nitric acid or copper 
nitrate, 7V-bromosuccinimide, iV-iodosuccinimide, bromine, 
Vilsmeier reagent, thiocyanogen, etc., to give products which 
decomposed during the reactions or the separations. 

References 

1) D. P. Fisher, F. C. McElroy, D. J. Macero, and J. C. 
Dabrowiak, Inorg. Nucl. Chem. Lett., 12, 4351 (1976). 

2) H. Hiller, P. Dimroth, and H. Pfitzner, Ann. Chem., 
717, 137 (1968). 

3) a) S. C. Tang, S. Koch, G. N. Weinstein, R. W. Lane, 
and R. H. Holm, Inorg. Chem., 12, 2589 (1973); b) S. C. Tang, 
G. N. Weinstein, and R. H. Holm, J. Am. Chem. Soc, 95 613 
(1973). 

4) E. Jäger, Z. Chem., 4, 437 (1964); 8, 30, 470 (1968); 
Z. Anorg. Allg. Chem., 364, 177 (1969). 

5) T. J. Truex and R. H. Holm, J. Am. Chem. Soc, 93, 285 
(1971); 94,4529 (1972). 

6) R. M. C. Wein and S. C. Cumming, Inorg. Nucl. Chem. 
Lett, 9, 43 (1973). 

7) L. J. Bellamy, "The Infrared Spectra of Complex 
Molecules," Wiley, New York (1958), p. 49. 

8) A. M. Gorringe, D. Lloyd, F. I. Wasson, D. R. Marshall, 
and P. A. Duffield, / . Chem. Soc, C, 1969, 1449. 

9) G. H. Alt, "Enamines: Synthesis, Structure, and 
Reactions," ed by A. G. Cook, Marcell Dekker, New York 
(1956), p. 135; T. Tokumitsu and T. Hayashi, Nippon Kagaku 
Kaishi, 1973, 2152; 1977, 1388; 1978, 1267. 

10) D. Lloyd aad H. McNab, Angew. Chem. Int. Ed. Engl., 
15, 459 (1976). 

11) J. P. Collman, Angew. Chem., 77, 154 (1965). 
12) P. Goldstein and K. N. Trueblood, Acta Crystallogr., 23, 

148 (1967). 
13) P. J. McCarthy, R. J. Hovey, K. Ueno, and A. E. 

Martell, / . Am. Chem. Soc, 77, 5820 (1955). 



2352 © 1981 The Chemical Society of Japan Bull Chem. Soc. Jpn., 54, 2352—2355 (1981) [Vol. 54, No. 8 

Photochemical Reactions of Aromatic Compounds. XXXVI.^ 
The Photoreactions of Anthracene with Some Selected 

Tertiary Aromatic Amines in Polar Media 
Masahide YASUDA, Chyongjin PAC,* and Hiroshi SAKURAI 

The Institute of Scientific and Industrial Research, Osaka University, Suita, Osaka 565 
(Received October 31, 1979) 

The photoreaction of anthracene with JV,7V-dimethylaniline in acetonitrile gave 9-(/>-dimethylaminophenyl)-
9,10-dihydroanthracene in a good yield, along with 9,10-dihydroanthracene and 9,9', 10,10'-tetrahydro-9,9'-
bianthryl. This photoreaction was found to depend on the polarity of the solvent as well as on its protic or aprotic 
nature. With i\^,iV-dimethyl-m-toluidine, a similar 1 : 1 adduct was obtained, while the reduced anthracenes 
were mainly formed in the photoreactions with N,iV-dimethyl-c- and/»-toluidines. The mechanisms were discussed 
in terms of the dissociation into the ion radicals as well as their reactivities. 

The arene-amine systems are typical electron acceptor-
donor pairs for exciplex formation2) and photochemical 
electron-transfer reactions.3) The photoreactions of 
such systems usually afford adducts of arènes with 
amines and reduced arènes,3"7) depending on the 
structures of the amines as well as on the polarity of 
solvent. In a previous paper,4) we reported that the 
photoreaction of anthracene (A) with JV,JV-dimethyl-
aniline (DMA) in acetonitrile gives mainly 9-Qb-dimeth-
ylaminophenyl) -9,10-dihydroanthracene (3a), along 
with the reduced anthracenes (1 and 2) while the 
irradiation of a benzene solution results in the exclusive 
dimerization of A. In this paper, we wish to report on 
the photoreactions of A with some selected tertiary 
aromatic amines in polar media. 

R e s u l t s 

Photoreactions of A with the Tertiary Amines in Acetonitrile. 
T h e irradiation was carried out for dry acetonitrile 
solutions in a Pyrex vessel, using a high-pressure mercury 
lamp at room temperature. Table 1 lists the isolated 
yields of the products. The hydrocarbon products 
(1, 2, and 4) are known compounds and were unam­
biguously identified by direct comparison with respec­
tive authentic samples. The structures of 3a and 3c 
were indicated by their elemental composition and their 

T A B L E 1. PRODUCT DISTRIBUTION IN THE PHOTOREACTIONS 

OF ANTHRACENE W I T H THE TERTIARY AROMATIC 

AMINES IN ACETONITRILE 

Amines 

DMA 
o-DMT 
m-DMT 
/»-DMT 

1 

8 
54 
16 
72 

Isolated 

2 

20 
32 
25 
21 

yields/% 

3 

70 
trace 

60 
0 

4 

0 
0 
0 
0 

spectral properties. For example, the 1 H N M R spectrum 
of 3a consisted of a sharp singlet at ô 2.75 (N-CH 3 ) , 
a broad doublet at ô 3.88 (C 1 0 -H 2 ) , a broad triplet at 
Ô 5.1 (C 9 -H) , an A2B2 signal at ô 6.7 (/>-C6H4-), and a 
multiplet at ô 7.2 (other aromatic protons), strongly 
supporting the structure assigned. When a jfr-cymene 
solution of 3a was refluxed over 5 % Pd-C , 9-(^-di-
methylaminophenyl) anthracene, which is a known 
compound,8) was obtained in a 90% yield. 

3a Pd-C 
N(CH3)2 

R2 R1 

hv 

2 

R1=R2=R3=:H; DMA 

R1=CH3,R2=R3 = H ; o-DMT 

R i = R 3 = H j R 2 = C H 3 ; m - D M T 

R1
=R2

=SH,R3=CH3 ; p -DMT 

U 7 ' N ( C H 3 ) 2 

"R1 

R W ^ H ; 3a 
R':=CH3,R2=H;3b 

R U H . P F B C H S ; ^ 

Scheme 1. 
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It is notable that the photoreaction with D M A and 
m-DMT mainly gave the adducts (3a and 3c), whereas 
1 and 2 are the exclusive products with o- and / - D M T . 
In the case of o-DMT, the formation of 3 b was indicated 
by the *H N M R spectrum of a mixture, which showed 
a sharp singlet at ô 2.15, a sharp singlet at ô 2.52, a 
broad doublet at ô 3.87, and a very broad singlet at 
ô 5.12 in an area ratio of ca. 3 : 6 : 2 : 1. However, its 
formation was too small for an unambiguous determina­
tion of the structure to be made. O n the other hand, 
no adduct of A with p-DMT was isolated. 

TABLE 2. SOLVENT EFFECT ON THE PHOTOREACTIONS 

OF ANTHRACENE WITH N, IV-DIMETHYLANILINE 

AND TVjiV-DIMETHYL-jfr-TOLUIDINE 

Isolated yields/% 
Solvents 

r C6H6 

1 EtaO 
1 EtOH 
I MeCN 
f EtOH 

MeCN-EtOH 
(9 :1) 

I MeCN 

1~ 

0 
2 

45 
8 

46 
52 

72 

2 

0 
10 
20 
20 
50 
47 

21 

3 

0 
trace 

30 
70 
— 

>. 
4 

100 
85 

0 
0 
0 
0 

0 

Solvent Effects on the Photoreactions of A with DMA and 
p-DMT. The photoreaction with D M A depends 
not only on the polarity of the solvent, but also on its 
protic or aprotic nature, as is shown in Table 2. The 
formation of 4 was exclusive in benzene and predomi­
nant in diethyl ether, while the combined yields of 1, 
2, and 3a were over 9 0 % in such highly polar solvents 
as acetonitrile and ethanol. T h e formation of 3a is 
favored in acetonitrile, which is a typical, aprotic polar 
solvent. O n the other hand, 1 and 2 are mainly formed 
in ethanol. Moreover, it was found that the photoreac­
tion with /»-DMT in acetonitrile affords 1 in a good 
yield. Ethanol diminished the yields of 1, though the 
combined yields of 1 and 2 were invariably high. 

D i s c u s s i o n 

Aromatic hydrocarbon-tert iary aromatic amine pairs 
have been extensively investigated as typical exciplex-
formation systems and have been well established to 
dissociate into the ion radicals in polar media.2 '9) 
Therefore, the observed effect of solvent polarity can be 

1A*- DMA * = ^ 1 A * - D M A ^ ' [ A - D M A ] * - ^ 4 * DMA 

hv L"""""^ 

Il •^^^ 
A + DMA - A7- DMA* = A* • DMA** 

3 1 and 2 

Scheme 2. 

interpreted in terms of a complete electron transfer 
from D M A to the excited singlet state of A ^ A * ) . 
Scheme 2 delineates the mechanistic reaction pathways; 
X [A-DMA]* and A - - - D M A + - represent the exciplex 
and the ion pair respectively. 

In a benzene solution, 1A* forms the exciplex with 
D M A at the diffusion-controlled limit without any 
dissociation into the ion radicals.9) Saltiel and his co­
workers have demonstrated that the photodimerization 
of A in benzene in the presence of D M A proceeds via 
an interaction of the exciplex with A, probably involving 
a termolecular exciplex, ^A-A-DMA]*. 1 0 ) This 
mechanism holds for the present photoreaction in 
benzene since 1A* is completely quenched by D M A 
under the conditions employed. 

Although the photodimerization is still dominant in 
diethyl ether, the formation of 1 and 2 is notable, 
perhaps suggesting the occurrence of a partial dissocia­
tion into the ion radicals in this solvent; the pyrene-
D M A pair is known to dissociate into the ion radicals 
upon the photoexcitation in moderately polar solvents.11) 
In acetonitrile and ethanol, the ionic-dissociation 
process evidently overcomes the exciplex formation as 
well as other chemical and physical pathways from the 
exciplex, thus leading to the complete lack of the 
photodimerization. In other words, the photoreactions 
in these solvents are closely related with the chemistry of 
the ion radicals. 

In this regard, it should be noted that the formation 
of 3a is more favored in acetonitrile than in ethanol. 
Since ethanol is a good proton donor for anion radicals, 
the free anion radical of A and probably also A~- in the 
ion pair are easily protonated in ethanol.12) O n the 
other hand, such a rapid protonation of A - - can not be 
expected in acetonitrile, since possible proton donors 
in this solvent may be impurities involving water. 
This argument may lead to the conclusion that the ion 
pair is a precursor of the formation of 3a ; a radical-
coupling reaction between A - - and DMA+- may 
compete with the charge neutralization between them. 
T h e protonation of A - - in the ion pair should result 
in the loss of the Coulombic force binding the ion pair. 
As a result, the radical pair, • A H - D M A + - , will 
rapidly diffuse out from the solvent cage, thus making a 
radical-coupling reaction less possible. 

(EtOH) -AH •••DMA*- —~- -AH • DMA*-

Although a similar mechanism operates for the 
formation of 3 b and 3c, the photoreaction with o-DMT 
clearly indicates that the structures of the aromatic 
amines also affect the reaction courses from the ion pair. 
I t is well known that D M A has a coplanar structure 
between the dimethylamino group and the benzene 
ring in the solid state;13) the structure in solution would 
again be coplanar, or almost so. This might also be 
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true for m-DMT and / / -DMT. Therefore, odd electrons 
of the cation radicals would populate the benzene ring, 
perhaps largely at the ortho and para positions. Thus, 
the cation radical of D M A and m-DMT can undergo 
the radical-coupling reaction with A~- at the para 
position, where the steric hindrance is much less. 

O n the other hand, coplanarity seems to be largely 
lost in the case of Ö - D M T because of steric hindrance 
by the ortho methyl group. Therefore, the spin density 
of odd electrons on the benzene ring of 0-DMT+- would 
be much lower than that of the cation radicals of D M A 
and m-DMT, leading to a lower reactivity of Ö-DMT+-
at the benzene ring toward the radical-coupling reaction. 

CH3 CH3 • C H 3 N + / C H 3 CHa^CHs CH3s+vjCH3 

• ô ~ a - è 
CH3 

€H 3
C H 3 

In the case of JÖ-DMT+-, the para position is blocked 
by the methyl group and the ortho position is sterically 
hindered for the radical-coupling reaction. In the 
cases of o- and / / -DMT, therefore, the escape of the ion 
radicals from the solvent cage would predominate. 

The formation of 1 and 2 evidently arises from the 
disproportionation and dimerization of A~- and/or 
•AH. In protic media, the precursor is certainly »AH, 
whereas both (A --) and (*AH) exist in acetonitrile. In 
the photoreaction with / / -DMT, as a solvent acetonitrile 
is more suitable for the formation of 1 than is ethanol. 
It should be noted that the presence of 10 vol% ethanol 
in acetonitrile lowered the yields of 1. Therefore, it 
may be suggested that A - - predominantly undergo 
disproportionation, whereas both disproportionation and 
dimerization occur with »AH in a ca. 1 : 1 ratio. 

A2-
•2 A' 

2rf 2 H* \ 

1 • 2 - A H • 

Since the photoreaction with / / -DMT in acetonitrile 
gave 1 in a relatively high yield, the jb-DMT-aceto-
nitrile pair can be expected to be a favorable reaction 
system for the photo-Birch reduction of aromatic 
hydrocarbons. Therefore, the photo-Birch reduction of 
phenanthrene was at tempted, using the jfr-DMT-
acetonitrile system; 9,10-dihydrophenanthrene was thus 
obtained in an 8 6 % yield. 

hv 
p-DMT in CH3CN 

86% 

Exper imenta l 

The melting points were determined on a Yanagimoto hot 
stage and are uncorrected. The 1H NMR spectra were 
measured on a JEOL JNM-PS-100 spectrometer, with tetra-
methylsilane as the internal standard. The IR spectra were 
taken on a Shimadzu IR-400 spectrometer, and the mass 
spectra, on a Hitachi RMU-6E. The UV spectra were 
measured on a Hitachi 124 spectrometer. The GLC was 
carried out on a Shimadzu GC-3BF apparatus using a column 
of SE-30 (5% on Celite 545, 0.75 m). 

Materials. Spectral-grade acetonitrile was distilled 
three times over P 2 0 6 and then twice over CaH2 before use. 
The ethanol was distilled over CaH2 and then over C2H5ONa 
before use. The diethyl ether was distilled over LiAlH4. 
The benzene was washed three times with concentrated 
sulfuric acid, with a saturated sodium hydrogencarbonate 
solution, and three times with water, and was then distilled 
over P205 . The tertiary aromatic amines (Tokyo Kasei) 
were distilled in vacuo before use. The anthracene (Nakarai 
Chemicals) was recrystallized five times from a mixture of 
benzene-ethanol and then sublimed. The phenanthrene 
was recrystallized three times from ethanol and then sublimed. 

Photoreaction of Anthracene with the Amines. General Procedure : 
The experimental procedures used for the irradiation and 
isolation of the products were essentially identical in all the 
runs. A solution (150 ml) containing anthracene (0.5 g, 
2.8 mmol) and an amine (5 g, 37 mmol) in a Pyrex vessel was 
bubbled with a nitrogen stream for 20 min and then irradiated 
with an Eikosha PIH-300 high-pressure mercury lamp under 
cooling with water. Except in the case of the benzene solu­
tion, the anthracene was not completely dissolved before the 
irradiation. The progress of the reaction was followed by 
GLC, and it was confirmed that the irradiation for 24 h 
resulted in the complete consumption of anthracene. During 
the irradiation, solids different from anthracene were precipi­
tated except for a few cases where the yields of 2 or 4 are low 
(see Tables 1 and 2). The filtration of the solids gave 2 or 4. 
After the removal of the solvent from the filtrate, vacuum 
distillation gave the starting amine (4—4.5 g). The remain­
ing semisolids were dissolved into a minimal volume of benzene 
and then chromatographed on silica gel (Merck, 70—230 
mesh). Elution with hexane and then with 10% benzene in 
hexane gave a mixture of 1 and 2, to which hot hexane was 
then added ; the filtration of the insoluble solids gave 2 while 
the evaporation of the filtrate left almost pure 1. Further 
elution with a 1 : 1 benzene-hexane mixture gave 3a—c. 
Tables 1 and 2 summarize the isolated yields of the photo-
products. 

The 1 (mp 108 °C) was recrystallized from methanol and 
was identical to commercially available 9,10-dihydroanthra-
cene (Tokyo Kasei) in all respects. The 2 (mp 245—246 °C) 
was recrystallized from benzene and identified as 9,9', 10,10'-
tetrahydro-9,9'-bianthryl by direct comparison with an 
authentic sample prepared according to the known method.14) 

The 3a was recrystallized from a benzene-ethanol mixture; 
mp 148—149.5 °C; UV (CH3CN): A(e) = 266 (2.3xl04) and 
306 nm (2.6 xlO3); IR (KBr): 3000 (w), 2900 (w), 1610, 
1520, 1470, 1450, 1350, 1230, 1200, 1190, 1160, 1060, 1040, 
945, 865, 830, 800, 735, and 710 cm"1; MS: 299 (M+, 36%), 
178 (40%), and 121 (100%); ^ N M R (CDC13): Ô 2.75 (s, 
6H), 3.88 (br d, 7 = 2 Hz, 2H), 5.10 (br t, 7 = 2 Hz, 1H), 
6.45—7.05 (A2B2q, 7 = 9 Hz, 4H), and 7.06—7.40 (m, 8H); 
Found: C, 88.52; H, 7.12; N, 4.44%. Calcd for C22H21N: 
C, 88.25; H, 7.07; N, 4.68%. 

The 3c had a mp of 134—135.5 °C (from benzene-ethanol) ; 
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UV (CH3CN): A(e) = 263 (2.3xl04) and 306 nm (2.6xl03) ; 
IR (KBr): 3030 (w), 3000 (w), 2900—2820 (br, w), 2790, 
1605, 1560, 1510, 1470, 1440, 1420, 1360, 1290, 1225, 1200, 
1170, 1125, 1095, 1060, 960, 840, 830 (sh), 810, 800, 760, and 
740cm-1; MS: 313 (M+, 50%), 178 (43%), and 135 (100%); 
*HNMR (CDC18): ô 2.03 (s, 3H), 2.90 (s, 6H), 4.08 (br d, 
7 = 3 Hz, 2H), 5.20 (br t, 7 = 3 Hz, 1H), 6.45—6.60 (m, 1H), 
6.62 (br s, 1H), 6.90—7.41 (m, 9H); Found: C, 88.30; H, 7.41 ; 
N, 4.48%. Calcd for C23H23N : C, 88.13 ; H, 7.40; N, 4.47%. 

Aromatization of 3a to 9- (p-Dimethylaminophenyl) anthracene. 
A />-cymene solution (4 ml) containing 3a (0.1 g) and 5% 
Pd-C (0.1 g) was bubbled with a nitrogen stream for 20 min 
and then refluxed for 1.5 h. After the filtration of the Pd-C, 
evaporation left yellow-green solids (90 mg). Recrystalliza-
tion from benzene gave pure 9-(/>-dimethylaminophenyl)-
anthracene; mp 252—253 °C (lit,8) 258 °C); Found: C, 
88.62; H, 6.40; N, 4.83%. Calcd for C22H19N: C, 88.85; H, 
6.44; N, 4.71%. 

Photo-Birch Reduction of Phenanthrene with p-DMT. An 
acetonitrile solution (150 ml) containing phenanthrene (0.5 g, 
2.8 mmol) and/?-DMT (5 g, 37 mmol) was irradiated for 24 h; 
the complete consumption of phenanthrene was confirmed by 
GLC. After the removal of the solvent, 200 ml of diethyl 
ether was added to the remaining oil. The ether solution 
was washed with 150 ml of dilute hydrochloric acid ( 1 mol 
dm~3) and three times with brine, and then dried (MgS04). 
The evaporation of the ether left an oil, which was then distilled 
in vacuo to give an oil (432 mg, bp 183—184 °C/25 mmHgt). 
This oil, which was confirmed by GLC to consist of only one 
component, was identical to commercially available 9,10-
dihydrophenanthrene in all respects. To the hydrochloric 
acid solution sodium hydrogencarbonate was added until the 
solution became alkaline to litmus. The oil separated was 
extracted with three 50-ml portions of diethyl ether. The 
ether layer was dried (MgS04), evaporated, and then distilled 
in vacuo to give 4.Ö g of p-DMT. 

t 1 mmHg= 133.322 Pa. 

This work was supported by a Grant-in-Aid for 
Scientific Research No. 447067 from the Ministry of 
Education, Science and Culture. 
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1H-and 13C-CIDNP spectra were obtained during the thermal decomposition of several arylazo aryl sulfones 
(Ar-N=N-S02-Ar') in tetrachloroethylene or 1,1,2,2-tetrachloroethane at 100 °G. An enhanced absorption 
from the Cx of the starting material, azo sulfone, was observed ; this indicates that the decomposition of azo sulfone 
proceeds by means of one-bond fission. The formation of sulfones (ArS02Ar') and sulfinic esters (ArO(SO)Ar') 
as recombination products in a solvent cage was established from the signs of polarization (enhanced absorption 
or emission). 

Arylazo aryl sulfones (1) decompose unimolecularly 
when they are heated in neutral or weakly basic media;1) 
the generation of an aryl and sulfonyl radical pair has 
been proposed on the basis of kinetics,2) product studies,3) 
or the spin trapping of free radicals generated from the 
arylazo aryl sulfones.4) In the case of aliphatic azo 

O O 
Ar-N=N-S-Ar' • A r . + N 2 + A r ' S - (1) 

O O 

compounds such as a,a'-azobisisobutyronitrile, solvent-
cage products of the geminate radical pair are the 
main products. O n the other hand, the homolysis of 
arylazo aryl sulfones gives the expected cage product, 
sulfones (ArS0 2 Ar ' ) , in only a small yield. These 
sulfones may be either cage-recombination products or 
products of the induced decomposition of the azo 
sulfones by aryl radicals. We have, therefore, studied 
the !H-and 1 3 C-CIDNP spectra (chemically induced 
dynamic nuclear polarization) observed during the 
thermolysis of several arylazo aryl sulfones in order to 
clarify the details of the reaction mechanism ; the results 
will be presented in this paper. 

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

T h e thermal decomposition of arylazo aryl sulfones 
( la—g) was carried out in tetrachloroethylene or 
1,1,2,2-tetrachloroethane. 

R 

R' 

R - < >-N=N-K >-R-
o 

l a l b l c Id l e If lg la-^3 
H Me Cl N 0 2 NMe2 H H D(2,6-D2) 

Me Me Me Me Me H Cl Me 

Decomposition of Azo Sulfones in Tetrachloroethylene. 
T h e rate of the decomposition of l a in tetrachloro­
ethylene was determined by following the evolution of 
the nitrogen gas by the method described in Ref. 2. 

T h e reaction was first-order in l a , and the rate constant 
was calculated to be Ô . l O x l O ^ s - 1 (90.8 °C). This 
value is comparable to those in ethylbenzene, chloro-
benzene, or nitrobenzene.2) The decomposition products 
of l a are shown in Table 1. 

W h e n the ^ - N M R spectra of l a — d and If—g 
were observed at 100 °C, strong C I D N P signals ap­
peared in the field of the aromatic-proton region for 
about 15 min. No C I D N P signal was, though, observed 
in the field of the methyl-proton region. Since l e is 
rather stable and decomposes very slowly at 100 °C,1) 
no C I D N P signal could be observed. To prevent the 
acid-catalyzed heterolysis of 1, the 1 H - N M R spectra 
were observed in the presence of 2 mol of triethylamine 
per mol of azo sulfones. T h e C I D N P spectrum of l a 
under these conditions is shown in Fig. 1. Enhanced 
absorption signals were observed in the field of ô 7.89— 
7.72 and 7.10, and strong emission signals were observed 
at ô 7.30 and 7.20. T h e intensity of the C I D N P 

K. 

8.0 7.0 
«H 

Fig. 1. ^ - C I D N P spectrum in the thermal decomposi­
tion of l a in the presence of triethylamine in tetrachloro­
ethylene at 100 °C. 

T A B L E 1. PRODUCTS OF THERMAL DECOMPOSITION OF l a IN TETRACHLOROETHYLENE 

Product Yield/mol% Product Yield/mol% 

PhCCl=CCl2 

PhCl 
PhH 
Ph-N=N-Ph 

21.9 
6.1 
4.9 
3.5 

/>-CH3C6H4SOaCl 
/>-CH3C6H4S02Ph 
/>-CH3C6H4S02OPh 
>CH3C6H4S02SC6H4CH3-/> 
/>-CH3C6H4S03H 

16.9 
6.5 

27.7 
14.1 

ca. 20 
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signal at ô 7.20 was very high when triethylamine was 
added. The 1 H - N M R spectrum of 2,4,6-trideuterio-
phenylazo p-tolyl sulfone (la-rf3) at 100 °C was also 
observed. T h e enhanced absorption at ô 7.89—7.72 
and the emission of ô 7.30 observed in l a disappeared, 
while an enhanced absorption appeared at ô 7.31. 
The strong emission at ô 7.20 was still observed with 
la.-d3. From the results described above, and by com­
parison with the chemical shift of the authentic samples, 
some signals were assigned as is shown below : 

Enhanced absorption at ô 7.89 
—7.72 

Emission 

Emission 

at ô 7.30 

at ô 7.20 

o-H of the phenyl 
group of phenyl 
p-tolyl sulfone(2a) 

o-H of oi,ß,ß-tn-
chlorostyrene 

Benzene 

The assignment of the 1 3 C-CIDNP signals can be 
expected to be easier than that of the !£[-CIDNP signals, 
so the 1 3 C-NMR spectrum of l a at 100 °G was observed. 
C I D N P signals were also obtained in the field of the 
aromatic region for more than 20 min. The intensity of 
the C I D N P signals as a whole increased when pyridine 
was added to prevent acid-catalyzed heterolysis. T h e 
observed C I D N P spectrum of l a in the presence of 
pyridine is shown in Fig. 2, while the chemical shifts 
and assignments of the C I D N P signals are tabulated 
in Table 2. The signals were assigned by comparison 
with the chemical shifts of the authentic samples of the 
products, shown in Table 2. 

TABLE 2. 13G-CIDNP DATA FOR THERMAL 

DECOMPOSITIN OF l a a ) 

No.b> Ch
shtfteC)al Polarization Assignment10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

153.2 

152.3 

149.2 

142.6 

142.3 

139.1 

136.7 

135.0 

134.6 

122.5 

119.7 

157.7 

A 

E 

A 

E 

A 

E 

E 

E 

A 

ChO™3 

o™o 
( T ^ N - H - S O J ^ ^ - C H J , Pyridine 

O^O'"' 
OlO«> 
OlO^ 
Not ass igned 

<QKCI=CCI2 

Pyr id ine 

Pyr id ine 

Solvent 

OO H 

a) Pulse interval, 3 s; accumulation, 20 ; spectral width, 
2.5 KHz ; data memory, 4K, and pulse width, 9 (xs (45° 
pulse). b) Signal number shown in Fig. 2. c) Ppm 
from internal TMS. d) • shows polarized carbons. 

O n the basis of the C I D N P data, the following 
conclusions could be d rawn: 

1) As has been mentioned before, azo sulfones 
decompose unimolecularly. Mechanistically, there may 
be two possible decomposition modes: one is the one-
bond fission to give an aryldiazenyl sulfonyl radical 
pair (Eq. 2), while the other is the two-bond fission 
to give an aryl radical, a sulfonyl radical, and nitrogen 
simultaneously (Eq. 3). The observation of the enhanced 

<Q^=N-S^QCH3 Z± Q-N-N. -S<Q>C 

Q ' -HO™3 (2) 

O N = N - 1 0 C H <G>- - § 0 ^ (3) 

absorption of the C t of l a itself indicates that the decom­
position of l a is reversible, and so it must take place by 
means of one-bond fission. T h e sign in the net polariza­
tion (rne), as calculated according to Kaptein 's rule5) 
agrees with the observed mode : 

Of^O^ H e Ag a rne obsd 

4 Cj _ + _ +e> + A 

^<2.00107)(Ph-N=N.);2.00418)(.SO2C6H4CH3-/>) 

2) If one assumes that the sulfone (2a) obtained 
from the decomposition of l a is the cage product, the 
sign in the net polarization ( r n e ) , as calculated 
according to Kaptein 's rule, again agrees with the 
observed mode : 

QiO ( 

x. 
Gx 

Cr 

M 

— 

— 

e 

+ 
+ 

Ag 

— 

+ 

a rn e 

+•> + 
_j_10) _ 

obsd 

A 

E 

£=2.00234 n )(Ph.) 

The observation of the C I D N P signals of sulfone (2a) 
and the coincidence of the signs mentioned above 
indicate that 2a is the cage product from the phenyl 
/»-toluenesulfonyl singlet-radical pair. 

3) As is shown in Table 1, phenyl /»-toluenesulfinate 
(3a) was not detected among the decomposition products 
of l a . In the 1 3 C-CIDNP spectra of l a shown in Fig. 2, 
however, the emission and enhanced absorption signals 
of this sulfinic ester (3a) were observed for 2.5—3.5 
min. Also, the sign of the net polarization (.Tne), as 
calculated according to Kaptein 's rule, agrees with 
the observed results if one assumes that 3a is the cage 
product : 

O S - Z ^ V C H , * e A S a r ~ o b s d 

i ^ - ^ Ct - + - + + A 
C r - + + 4- - E 

Since 3a is unstable,12) it could not be isolated as a 
product of the decomposition of l a . The 1 3 C-CIDNP 
study described here shows that not only the sulfone 
(2a), but also the sulfinic ester (3a) is generated as the 
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^wvwyWw^ 

160 HO 120 6Q 

Fig. 2. 13C-CIDNP spectra in the thermal decomposi­
tion of l a in the presence of pyridine in tetrachloroethyl-
ene. 
After a) 2.5—3.5, b) 8—9, and c) 20—21 min heating 
of l a in NMR probe at 100 °C. 

cage product from the phenyl jfr-toluenesulfonyl radical 

0 . -S^CH3 

Q . .0S£̂ CH3 

9 OiO1 
(4) 

(5) 

pair. These findings clearly establish that the sulfonyl 
radical is ambident and acts as either an S- or O -
centered radical. 

Scavenged products of the escaped phenyl radical in 
which polarization is maintained should show emission 
signals (memory effect). T h e formation of <x.,ß,ß-
trichlorostyrene (4), azobenzene (5a), and benzene 
can be explained by the following mechanism: 

V\.+ ci2occi2 -o cci2-cci2 

o-cci2-cci2 + ci2occi2-r-O CC1=CC12 + C13C-CC12 (6) 

—> 0 ~ N a N 0 + 'gOcH3 (7) 

(8) \ //' * S H (hydrogen donor) >• 

Scheme 1. 

These reaction mechanisms are supported by the follow­
ing experimental findings : 

(i) When a large amount of the azo sulfone ( l a ) 
was present at the beginning of the decomposition, the 
intensity of the C I D N P signal of azobenzene (5a) was 
very strong, but toward the end of the reaction it 
decreased. O n the other hand, the intensity of the 
C I D N P of a,/?,/?-trichlorostyrene (4) increased toward 
the end of the reaction. 

(ii) When the 1 3 C-NMR spectrum of a mixture of 
l a and l c was measured at 100 °C, the C I D N P signal 
of 4-chloroazobenzene (4-ClC 6H 4-N=N-Ph 5b) also 
appeared. This shows that the escaped phenyl radical 
attacks both l a and l c . As has been mentioned before, 
the rate of the decomposition of l a was first-order in l a , 
but a high concentration of azo sulfone at the beginning 
of the decomposition may favor the induced decomposi­
tion (Eq. 7). 

(iii) The intensity of the emission of the benzene 
proton (<5 7.20) was strengthened in the presence of 
triethylamine. This shows that the escaped phenyl 
radical abstracts hydrogen from the JV-ethyl group in 
the presence of triethylamine. 

In conclusion, 1 H-and 1 3 C-CIDNP studies support 
the idea that the thermal decomposition of l a in a 
solvent cage occurred according to Scheme 2 and that 
the reaction mechanism of the escaped phenyl radicals 
is explained by Scheme 1. 

O^itH '3 <r-

escaped from 

the solvent' cage 

recombination recombination 

in the solvent in the solvent 

cage at the cage at the 

S-center 0-center 

Scheme 2. 

Decomposition of Azo Sulfones in 1,1,2,2-Tetrachloroethane. 
T h e decomposition of azo sulfone in 1,1,2,2-tetrachloro-
ethane, which may act as a hydrogen donor, was also 
studied. The rate of the decomposition of l a at 90.1 °C 
was determined by measuring the amount of nitrogen 
gas by the method described in Ref. 2. It followed a 
first-order rate equation in l a at the beginning of the 
reaction and they increased toward the end of the 
reaction. This may be explained by the acid-catalyzed 
ionic decomposition due to the formation of sulfinic or 
sulfonic acid. The decomposition products of l a , as 
summarized in Table 3, show that the products and 
their yields in 1,1,2,2-tetrachloroethane were different 
from those in tetrachloroethylene. 

When the ^ - N M R of l a was measured in 1,1,2,2-
tetrachloroethane at 100 °C, a strong emission signal 
was observed at ô 7.29, just as in tetrachloroethylene. 
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TABLE 3. PRODUCTS OF THERMAL DECOMPOSITION OF la IN 1,1,2,2-TETRACHLOROETHANE 

Product 

PhH 
PhCl 

C12C=CHC1 
Ph-N=N-Ph 

Yield/mol% 

36.0 
14.8 
17.3 

1.3 

Product 

PhS02C6H4CH3-/> 
/>-CH3C6H4S02Cl 
/>-CH3C6H4S02OPh 
/>-CH3C6H4S02SC6H4CH3-/> 
/>-CH3C6H4S03H 

Yield/mol% 

8.1 
9.6 

18.5 
12.6 
ca. 20 

In the presence of 2 mol of triethylamine per mol of 
azo sulfone, the intensity of the emission signal at ô 
7.29 increased, but not so markedly as in the case of 
tetrachloroethylene. These C I D N P signals were 
assigned to benzene. The escaped phenyl radical 
mainly abstracts hydrogen from the solvent, since the 
solvent is the hydrogen donor. 

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

The ^ - N M R spectra were taken with a Hitachi R-20B 
spectrometer. The 13C-NMR spectra were taken with a 
JEOL Fx-60 FT-NMR spectrometer. 

Materials. All the arylazo aryl sulfones except l e were 
prepared from the substituted benzenediazonium chlorides 
and sodium salts of the substituted benzenesulfinic acid.1* 
Compound l e was prepared from />-dimethylaminobenzenedi-
azonium tetrafluoroborate and sodium />-toluenesulfinate in 
water. 

Products of Thermal Decomposition of la. After the 
decomposition was complete, the reaction mixture was washed 
with a 5% aqueous solution of sodium carbonate. The 
benzene, chlorobenzene, and trichloroethylene were then 
determined by gas chromatography. The other products 
listed in Table 1 or 3 were separated by column chromatog­
raphy on Florisil. Each product was identified by means of 
its mp, IR, and 1H-NMR spectra. The sodium carbonate 
extracts were concentrated under reduced pressures and 
made weakly acidic by the addition of hydrochloric acid, and 
the />-toluenesulfonic acid in the solution was precipitated 
as its S-benzylisothiuronium salt. 

CIDNP Spectra. A solution of azo sulfone (ca. 0.2 mol/1) 
in tetrachloroethylene or 1,1,2,2-tetrachloroethane was inserted 
in a NMR probe which had been heated at 100 °C, and the 

iH-NMR or 13C-NMR was measured. 
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Protonation to the fluorescent probe, 5-dimethylamino-l-naphthalenesulfonyl group, which had been con­
jugated to bovine serum albumin, was investigated in aqueous solutions of urea and guanidinium chloride. pK 
values not less than those of the free probe were present even in the positive range of net charge on the protein at 
high concentration of the dénaturants. This was interpreted in terms of the electrostatic and nonpolar effects 
based on short-range interaction between the probe and its neighboring residues. These effects were substantiated 
by the reduction of the disulfide bonds in the protein and by the variation of the dielectric constant of the local 
environment surrounding the probe. 

Studies on the acid-base equilibria of optical probe-
protein conjugates have been carried out in order to 
clarify the short-range interaction among the constituent 
residues.1-6) A report was given on the acid-base 
equilibria of the fluorescent probe, 5-dimethylamino-l-
naphthalenesulfonyl group (DNS) conjugated to bovine 
serum albumin (BSA) with various degrees of conjuga­
tion.6) I t was found that the apparent dissociation 
constant, Ka, of the dimethylamino moiety of the 
DNS-BSA conjugates with less than 1.0 mol of the 
probe per mol of the protein changes according to the 
conformational change by acid denaturat ion. However, 
the pKa values of the DNS conjugates at various p H 
were less than the theoretical values estimated from the 
Debye-Hückel electrostatic shielding effect on the 
surface of the protein. The deviation might be ascribed 
in part to the effect of the nonpolar environment 
surrounding the probe owing to its hydrophobicity in 
the basic form. 

In order to evaluate the effect of the nonpolar environ­
ment, the behavior of the pKa values of the DNS 
conjugate was studied at various concentrations of 
dénaturants , such as urea and guanidinium chloride 
(GuHCl) . T h e dénaturants interact strongly with 
peptide backbone,7»8) enhancing the solubility of 
nonpolar groups either by altering the bulk properties 
of the solvent or through more localized effect.7'9'10) 
The former weakens interpeptide hydrogen bonds, the 
latter reducing hydrophobic interactions. Thus , the 
denaturat ion on urea or GuHCl makes the conforma­
tional state of the protein less compact and simul­
taneously, brings about the lowering in hydrophobicity 
or non-polarity inside the protein. We might expect 
that the change in the pKa value is influenced by only 
the charge of the protein at high concentrations of the 
dénaturants . 

T h e results of the variation of pKa values at such high 
concentrations of the dénaturants show that the negative­
ly charged groups are present in the neighborhood of 
the probe in the positive range of the net charge of the 
protein. T h e neighboring effect due to the electrostatic 
interaction is maintained by the disulfide bonds in the 
protein even in the dénaturant solutions. 

t Present address: Osaka Municipal Technical Research 
Institute, Kita-ku, Osaka 530. 

Exper imenta l 

Materials. The DNS-BSA conjugate used in this 
experiment was prepared as described previously6) and con­
tained less than 1.0 mol of the probe per mol of the protein. 
Such a degree of conjugation has no influence on the confor­
mation of the protein.6) The reductive cleavage of the 
disulfide bonds of the DNS-BSA conjugate in 6 M ( 1 M = 
1 mol dm-3), urea or GuHCl solution were accomplished 
by dithiothreitol (DL - threo -1 ,4 - dimercapto- 2,3-butanediol) 
and iodoacetamide according to the procedure of Bewley 
et al.11* Water was deionized and then distilled. Urea and 
GuHCl were recrystallized from methanol-water solution. 
Electrolytes of reagent grade were used without further 
purification. 

Fluorescent Measurements. Solutions of the DNS-BSA 
conjugate with 1.1 x 10~5 M of the protein were prepared by 
taking requiste amounts of a stock solution of the DNS-BSA 
conjugate, solid urea or GuHCl, and water in volumetric 
flasks. Measurements of the pH and fluorescent spectra of the 
solutions were carried out as reported6) with the excitation 
wavelength taken at 340 nm where only the probe in the basic 
form absorbs light. In order to obtain the true emission 
spectra, the measured emission spectra were corrected by 
using the known emission spectrum of quinine sulfate as a 
standard.12) 

Potentiometrie Titration. Potentiometrie titration was 
carried out in order to determine the number, ZH, of proton 
bound to the protein. The solution of BSA with an appropri­
ate concentration of the dénaturants was dialyzed for 48 h 
against the same concentration of C02-free dénaturant 
solution at 25 °C. The protein concentration was in the range 
10-4 M, about 10 times that for the fluorescent measurements 
for obtaining the accurate values of ZH. Titration of 30 mL 
(1 L = l dm3) of prepared solutions was carried out under 
nitrogen atmosphere at 25 °C with a Hitachi-Horiba F-7AD 
pH meter equipped with a Hitachi-Horiba 6326-05C combi­
nation electrode. Titrant, 0.5 M HCl, was added with a 
Mitamura Riken Mechanical Buret (syringe type; a minimum 
volume of readings, 2.5 (xL). The solvent containing the 
corresponding dénaturant was titrated in the same way. No 
difference in titration curves between the unconjugated and 
conjugated proteins could be detected in the case of 0.01 M 
NaCl, 6 M GuHCl, and 8 M urea; the unconjugated protein 
was employed in the other cases. 

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

Fluorescence of DNS Conjugate. The fluorescence 



August, 1981] Protonation of DNA-BSA Conjugate in Dénaturants 2361 

1.0 

I 05 
§ 

-i A + - - . » 

(a) ' ft ft é 

A ft fJ 
? J? M 

fr=~î^ 
1.0 600 

0.5 « 

Fig. 1. Variation of fluorescence intensity (open symbols) 
and fraction in the basic form (closed symbols) of the 
DNS-BSA conjugate as a function of pH in dénaturant 
solutions, (a) Concentration of urea: 8 M ( O J • ) > 4 
M (A, A ) , 2 M ( • , • ) , and 0 M «>, • ) . (b) Con­
centration of CuHCl: 6 M (Q, • ) , 4 M (A, A ) , 2 M 
( • J I ) ? and 0 M (O, + ) . Fluorescence intensity 
is defined by taking a maximum in the intensities 
measured at each concentration of the dénaturants as 
1.0. a is calculated with Eq. 2. 

intensities of the DNS-BSA conjugate obtained at 
different concentrations of urea and GuHGl are shown 
as a function of p H in Figs. 1(a) and 1(b), respectively. 
In the absence of dénaturants the 0.01 M NaCl solution 
was employed. A maximum in all the fluorescence 
intensities measured at each dénaturant concentration 
is arbitrarily assigned the numerical value of 1.0 on the 
ordinates in the figures. Each sigmoid curves can be 
ascribed in part to the acid-base equilibrium of the 
conjugated probe since the protonation of the probe 
quenches the fluorescence, only the probe in the basic 
form giving the fluorescence.16) 

The peak wavelengths corresponding to the fluores­
cence in the solutions of urea and GuHGl are also 
shown in Figs. 2(a) and 2(b), respectively. The peak 
shifts progressively to higher wavelengths both with an 
increase of the dénaturant concentration and with a 
decrease of the p H value, reaching 590 nm for the 
most acidic solution of 8 M urea and 6 M GuHCl . 
The shift is closely dependent on the change of the 
polarity of the environment surrounding the probe. 
Similar shifts in peak wavelength was observed in the 

550 

(a) 

-<teE-70-D--a. 
* \ 

Q — r 

Fig. 2. Plots of peak wavelength of the fluorescence of 
the DNS-BSA conjugate against pH of the dénaturant 
solutions, (a) Concentration of urea: 8 M (0)> 4 M 
(A), 2 M ( • ) , 0 M (O). (b) Concentration of 
GuHCl: 6 M (Q), 4 M (A), 2 M O , 0 M «>). 

fluorescence of DNS-amino acid conjugates in various 
organic solvents.13-15) This type of change in the 
fluorescence with change of solvent polarity has been 
explained theoretically in terms of the differences in 
solvent interaction energies of the ground and excited 
states arising from differences in the polarities or 
dielectric constants of the states.13»14) Thus, with 
increase in the dielectric constant of the organic solvent 
the peak shifts to higher wavelength, the quan tum yield 
of the fluorescence decreasing. Variation of the peak 
wavelength and quan tum yield with the dielectric 
constant of solvent was reported by Abe et al. for the 
fluorescence of three DNS-amino acid conjugate, viz. 
DNS-L-alanine, DNS-L-leucine, and DNS-L-phenyl-
alanine, in various organic solvents.15) 

pÄ"a Values in Dénaturant Solutions. The relative 
fluorescence intensities (Fig. 1) change not only with 
quenching by the protonation of the probe but also 
with the change in quan tum yield of the probe in the 
basic form.16) The relative fluorescence intensity, F, 
should be corrected in order to calculate the true 
fraction, a, of the probe in the basic form. 

Since the fluorescence observed arises from the basic 
form,16) F can be related to the quan tum yield, 0, and 
the concentration, C, of the basic form: 

F oc I0 e C 0, 
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where I0 is the strength of the incident beam, and e the 
molar absorption coefficient of the basic form at 340 nm. 
Factors e and I0 are constant, while C is dependent 
upon the degree of the protonation to the probe, 0 
changing with the peak wavelength, A, of the fluores­
cence measured at each p H value of a dénaturant 
solution. When the fluorescence at different p H values 
of the solution give the peak wavelengths, Xx and A2, 
the relation between the relative fluorescence intensities, 
F(Aj) and F(A2), can be written as 

F(XX) _ Qflfo) ( I ) 
F(X%) C2d>{k2) ' 

where 0(1^ and 0(A2) are the quan tum yields giving the 
corresponding wavelengths, and Cx and C2 the respective 
molarities of the probe in the basic form existing in the 
solution with the different p H values. If F(X2) is taken 
as the fluorescence intensity in the case where all the 
probe becomes the basic form, a is equal to CJC2, so that 

<x = (2) 

When Ai is equal to A2, the a value is equal to the ratio 
F{X1)IF{X2). Then, the relative intensity of F(kx) is 
identical with the a value if F(X2) is taken as 1.0 (Fig. 1). 

Since the peak wavelength was shifted, fl^/flj^) was 
evaluated from the results obtained by Abe et ß/.15> The 
a values calculated by Eq. 2 are shown by closed symbols 
in Figs. 1(a) and 1(b). T h e maximum of all the 
measured fluorescence intensities is taken as the a value 
of 1.0. T h e apparent dissociation can be calculated from 
the a and p H values by the following Henderson-
Hasselbalch equation : 

p#a = pH - log — . (3) 

T h e pK& values in urea and GuHCl solutions are shown 
as a function of p H in Figs. 3(a) and 3(b), respectively. 

Neighboring Effect on pKa. The pKz values 
determined at each p H value increased with an increase 
in concentrations of the dénaturants , suggesting that 
the probe inside the protein is exposed to the solvent 
according to the concentration of the dénaturants which 
weaken the hydrophobic interaction between the 
probe and the nonpolar residues. In the absence of the 
hydrophobic interaction, the shift of pKa from the 
logarithm of the reciprocal of dissociation constant, 
pK0, of the free probe can be attr ibuted to the electro­
static interaction between the probe and the charged 
residues. Taking only the long-range electrostatic 
effect of the protein based on the Debye-Hückel theory 
into account,17) the pKa values in the range of positive 
net charge of the protein might be less than the pK0 

values. 
T h e pA;o values were determined for 1.0 X 10"5 M of 

DNS-glycine conjugate as a model of the free probe 
in the corresponding solution: 3.94 in 0.01 M NaCl ; 
3.93, 4.00, and 4.17 in 2, 4, and 8 M urea ; 3.99, 4.00, 
and 3.99 in 2, 4, and 6 M GuHCl , respectively. The 
results show tha t the dissociation constant gives about 
4.0 in p H units, either in the presence or in the absence 
of the dénaturants . The value of 4.0 is shown by a 
dashed line in Fig. 3. 
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Fig. 3. Apparent p/Ca values as a function of pH in the 
solution of urea (a) and GuHCl (b). Open symbols are 
obtained for the DNS-BSA conjugate with disulfide 
bonds at the same concentration of the dénaturants as 
those in Fig. 2. Closed circles are obtained for the 
DNS-BSA conjugate with disulfide bonds ruptured 
by the reduction at 6 M of urea (a) and of GuHCl (b). 

T h e pÄ"a values are not less than the pKQ values 
under high concentration of the dénaturants. This 
can be at least anticipated to involve a contribution of 
the electrostatic effect of negatively charged residues 
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Fig. 4. Apparent pKK values as a function of ZH in the 
solutions of urea (a) and GuHCl (b). Symbols are the 
same as in Fig. 2. 

on the acid-base equilibrium of the probe, since the 
positively charged residues apparently weaken the basic 
properties of the probe. If we assume that the electro­
static effect is at tr ibutable to only the long-range 
electrostatic interaction, the phenomenon should appear 
in the range of negative net charge of the protein. T h e 
net charge, ZR} from the isoelectric point, p / , of the 
protein was determined at various p H in each dénaturant 

solution. T h e pi values were 5.3 in 0.01 M NaCl ; 6.4, 
6.6, and 7.0 in 2, 4, and 8 M urea; 5.3, 5.3, and 5.6 in 
2, 4, and 6 M GuHCl . T h e pKa values are plotted 
in Fig. 4 as a function of ZH instead of p H . The pKa 

values not less than the_pA"0 values are observed even 
in the range of positive ZH values. This makes it impos­
sible to account for the acid-base equilibrium at the 
high concentration of the dénaturants in terms of the 
long-range electrostatic interaction. A possible explana­
tion for the observed behavior may be the contribution 
of the short-range electrostatic interaction between the 
probe and the negatively charged residues situated in 
the neighborhood of the probe. 

Variation of pKa in Reduction of Disulfide Bonds. 
Proteins denatured by urea and GuHCl exist as random 
coils, but the transition to the denatured state is often 
incomplete even at the highest dénaturant concentra­
tions, especially when the native conformation is 
stabilized by disulfide bonds.18) It is possible that the 
local structures surrounding the disulfide bonds maintain 
the structure of the native protein even in the concen­
trated dénaturant solution. Since a molecule of BSA 
has seventeen of cystine with a disulfide group as seen 
from the complete data for the primary structure of 
BSA reported by Brown,19) the fixed structures around 
such disulfide bonds might contribute largely to the 
neighboring effect on the acid-base equilibrium of the 
probe. 

For the sake of confirmation, the disulfide bonds in 
the DNS-BSA conjugate were subjected to reductive 
cleavage by dithiothreitol in 6 M of urea or GuHCl 
solutions. T h e pKa values for the DNS-BSA conjugate 
with the reduced disulfide bonds were determined in 
these dénaturant solutions (Fig. 3). T h e values do not 
exceed the pKQ values in the dénaturant solutions, i.e., 
4.17 in 8 M urea and 3.99 in 6 M GuHCl in the range 
of p H measured. T h e results showing that the 
neighboring effect disappears with the reduction of the 
protein suggest that the disulfide bonds play a significant 
role for fixing the relative situation of the probe and the 
ionized residues even in the dénaturant solutions. 

T h e change of pA"a against p H in the case of the 
reduced protein was not so remarkab le as that in the 
case of unreduced one. ZH values for the reduced 
protein were not dentermined, the pK& values for the 
reduced DNS-BSA conjugate being less than those for 
the unreduced one in lower p H range. This suggests 
tha t the acid-base equilibrium of the probe is affected 
remarkably by the positively charged residues, as well 
as negatively charged residues, according to the dissocia­
tion of the ionizable group surrounding the probe. 

Dielectric Constant of the Environment Surrounding the 
Probe. Appearance of the electrostatic neighboring 
effect is manifested by the lowering of the hydrophobicity 
around the probe. However, the hydrophobicity 
should also affect the shift of pK& as the nonpolar 
neighboring effect. Since the dénaturants weaken the 
hydrophobic interaction between the nonpolar residues, 
the local environment surrounding probe might have 
a solvent-like polarity with a high dielectric constant. 

The change of such a local environment can be 
recognized as that of the medium in which the probe 
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exist. T h e nonpolar neighboring effect might be 
related to the medium effect in organic-water solvents. 
If a neutral species in the basic form, B°, which gives a 
pK0 value in water exists in a medium with a dielectric 
constant, D, the pA"a value in the medium can be 
written as 

ptfa - PK0 = e* I 1 1_ 
2.3rkT\D„ D (4) 

where e, k, and Dw are proton charge, Boltzman constant, 
and dielectric constant of water, respectively, and r is 
the mean radius of the ions which forms HB+ and X~ 
in the protonation of B° by an acid, H X , if these ions 
are regarded as rigid spheres. T h e relation is derived 
from Bom's model to account for the medium effect 
theoretically.20) Equation 4 shows that the shift of pKa 

from pK0 is proportional to ( 1 )DW — 1 jD). 
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Fig. 5. Plots of the reciprocal of dielectric constant 
surrounding DNS as a function of ZH in the solutions of 
urea (a) and GuHCl (b). Symbols are the same as in 
Fig. 2. 

The dielectric constant of the local environment 
surrounding the probe was estimated by the peak 
wavelength of the fluorescence of the probe from the 
data for the fluorescence of DNS-amino acid conjugates 
in organic solutions.15) T h e \jD values estimated are 
shown as a function of ZH in_ Fig. 5. In urea solution 
the 1 jD values in the lower ZH range decrease remark­
ably with an increase of the concentration of urea (Fig. 
5(a)) . This suggests that the nonpolar or medium 
effects appear in the absence of urea, especially in the 

lower ZH range. The fact that the pKa values in 0.01 M 
NaCl are almost constant in such a range of ZH can be 
attributed to the nonpolar effect rather than the electro­
static effect. The nonpolar environment is unlikely to 
give rise to the presence of the electrostatic neighboring 
effect. 

O n the other hand, for higher ZH values, the \jD 
values approach the reciprocal of the dielectric constant 
of water (=0.0125) , either in the presence or in the 
absence of urea. Thus, the nonpolar effect on pK& 

can be ignored at the highest Z H value. The shift of 
pKa at such a ZH value might be attributed to the 
long-range or short-range electrostatic effects. The 
pKa values in aqueous solutions in the absence of the 
dénaturants were less than those estimated from the 
Linderstrom-Lang equation, especially when the protein 
formed an expanded state by the protonation.6) The 
result can also be interpreted in terms of the short-
range electrostatic interaction between the probe and 
the positively charged residues. The interaction might 
be caused by the disulfide bonds, similar to the electro­
static interaction between the probe and negatively 
charged residues in the presence of the dénaturants. 

In GuHCl solution (Fig. 5(b)), the 1/D values behave 
like those in urea solutions but give a low constant value 
even in 2 M of GuHCl solution. This is ascribed to the 
difference of the two dénaturants ; urea is a neutral 
molecule and GuHCl is a salt species. In a GuHCl 
solution with a high ionic strength, it is likely that the 
neighboring effect is due to the electrostatic interaction 
rather than the nonpolar interaction as compared with 
urea solutions. 

The following conclusion is made. (1) The shift of 
pKa from pA"0 is mainly attributed to the neighboring 
effects between the probe and its surrounding residues 
in the case of the unreduced protein. (2) The neighbor­
ing effects are attributed to the electrostatic and nonpolar 
interactions: The former effect is due chiefly to the 
exposure of the probe to the solvent-like environment 
by the protonation on the protein or by the dénaturants 
employed, the latter to the probe being buried in the 
nonpolar environment. 

The present work was partially supported by a Grant-
in-Aid for Development Research from the Ministry of 
Education, Science and Culture. 
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Epicubebol and Related Sesquiterpenoids from the Brown Alga 
Dictyopteris divaricataP 
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Epicubebol has been isolated from the methanol extracts of the brown alga Dictyopteris divaricata as the major 
constituent. Gadinane-type sesquiterpenes, cubebenes, <5-cadinene, cubenol, and epicubenol, as well as two 
sesquiterpene methyl ethers as minor constituents have also been obtained from the extracts. 

Recently many interesting secondary metabolites such 
as diterpenes2»3) and sesquiterpene-substituted hydro-
quinones4) have been obtained from the brown algae 
of the family Dictyotaceae. This prompted us to 
reinvestigate the constituents of the brown alga 
Dictyopteris divaricata (Okam.) Okamura ("Ezoyahazu" 
in Japanese) in this family.5) We wish to report the 
isolation and structures of several cadinane-type 
sesquiterpenoids from this alga. 

T h e neutral methanol extracts, obtained from freshly 
collected algae, were fractionated by column chromatog­
raphy over neutral alumina. The fraction eluted with 
hexane gave a mixture of sesquiterpene hydrocarbons 
consisting of ( —)-a-cubebene (7),6) ( — )-/?-cubebene 
(8),6) (+)-(5-cadinene (9), and other hydrocarbons. 
The fraction eluted with benzene was subjected to a 
combination of column and thin-layer chromatography 
over silica gel to yield compounds 3, 4, 5, and 6 as 
minor components. The fraction eluted with ether was 
subjected to repeated thin-layer chromatography to give 
compound 1 as the major component. 

Compound 1, colorless oil, [OCJD1 —42°, was analyzed 
for C 1 5 H 2 6 0 by mass spectroscopy m/e 222 (M+). Its 
I R spectrum showed hydroxyl absorption at vmax 3380 
c m - 1 , and its 1 H N M R spectrum signals due to two 
cyclopropane protons at ô 0.35 and 0.77 (each 1H, m) , 
a tertiary methyl group at 1.25 (3H, s), and three 
secondary methyl groups at 0.90, 0.93, and 0.99 (each 
3H, d, y = 7 Hz) , two of which being ascribable to the 
isopropyl group on the basis of the base peak at m/e 161 
[ M + — H 2 0 —CH(CH 3 ) 2 ] in the mass spectrum of 1. 
The tertiary nature of the hydroxyl group was shown 
by its resistance to acetylation with acetic anhydride 
in pyridine and by the presence of a quaternary carbon 
at ô 80.0 ppm in the 13C N M R spectrum. Since the 13C 
N M R spectrum indicates no sp2 carbon, compound 1, 

having three degrees of unsaturation, should be a 
tricyclic sesquiterpene alcohol including a cyclopropane 
ring. 

Treatment of 1 with SOCl2 in CH2Cl2-pyridine at 
— 7 9 °C gave ( —)-a-cubebene (7), (—)-/?-cubebene 
(8), and (+)-<5-cadinene (9) in a low yield. On the 
other hand, treatment with T s O H in benzene at room 
temperature afforded (+)-(5-cadinene (9) as a major 
product and (—)-zonarene (10)7) as a minor one. This 
indicates that compound 1 is cubebol (2), previously 
isolated from the oil of cubeb Piper cubeba L.,8»9) or 
epicubebol (1) synthesized from ( —)-a-cubebene (7) by 
oxymercuration-demercuration reaction.9) Comparison 
of the spectral da ta show 1 to be identical with 
epicubebol (1). Isolation of epicubebol (1) as a natural 
product seems to have been carried out for the first time. 

Compounds 3 and 4 were found to be identical with 
epicubenol (3) and cubenol (4), respectively, which have 
also been isolated from the cubeb oil,10) by comparison 
of spectral data . 3 and 4 were derived from 1 on treat­
ment with T s O H in benzene and also with dil HCl in 
dioxane-water11) (see Experimental). 

Compound 6, C 1 6 H 2 8 0 (m/e 236; M+), [oc]£4 - 2 3 ° , 
displayed a 1H N M R spectrum very similar to that of 
epicubebol (1) except for the signal due to the methoxyl 
group at ô 3.13 (3H, s), suggesting that 6 would be the 
methyl ether derivative of 1. Spectral similarity between 
compounds 5 and 6 indicates that 5 would be the 
stereoisomer at C-4 of 6, viz. the methyl ether derivative 
of cubebol (2). This was confirmed by the following 
reaction. Treatment of 1 with methanol containing a 
catalytic amount of H 2 S 0 4 at room temperature 
resulted in the formation of 5 (13%) and 6 (13%), 
suggesting that these methyl ethers are artifacts which 
were generated during the course of extraction. Thus, 
extraction of the alga was performed with ether instead 

HO 

1:R = H 
6:R=CHo 

2:R=H 
5:R=CH* 

xp 

10 
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of methanol, no methyl ether derivatives, 5 and 6, 
being obtained from the ether extracts as expected. 

In previous studies,5) no epicubebol (1), which exists 
as the major component of the extracts in the present 
study, was isolated. In contrast, no dictyopterols, 
dictyopterone, (5-cadinol, and other sesquiterpenes 
except for ( —)-a-cubebene12) could be detected in the 
present study. T h e difference in the results between 
the present and the previous studies seems to depend 
mainly upon the isolation procedure. In the previous 
studies, after distillation of the extracts with steam, 
fractional distillation was employed for fractionation 
of the neutral components, whereas we have treated 
the extracts at low temperature (below 35 °G) and 
further with rapid column and thin-layer chromatog­
raphy. O n heating at ca. 130 °C, epicubebol (1) gave 
(—)-a-cubebene, (—)-/?-cubebene, and (-f-)-<5-cadinene 
together with (—)-/ran.y-calamenene. By prolonged 
contact with silica gel, 1 turned into ( + )-<5-cadinene, 
(—)-zonarene, and other hydrocarbons. 

Recently 4,10-epoxymuurolane, which appears to be 
derived from epicubebol, has been isolated from the 
brown alga Dilophus fasciola together with several 
cadinane-type sesquiterpenes.13) 

I t is interesting that the marine alga produces 
epicubebol (1) instead of cubebol (2) which has been 
isolated from the terrestrial plant. 

Exper imenta l 

IR spectra were measured on a J A S C O A-102 spec­
trometer and !HNMR spectra on a JEOL JNM-PS-100 
spectrophotometer, TMS being used as an internal reference 
in CG14. The 13C NMR spectrum was obtained with a 
Bruker SXP4-100 spectrophotometer in CDC13. The optical 
rotations were measured in CHC13. Aluminum oxide (Merck, 
activity II—III) and silica gel (Merck, Kieselgel 60, 70—230 
mesh) were used for column chromatography. Silica gel 
(Merck, Kieselgel GF254 (Type 60)) was used for preparative 
thin-layer chromatography (PTLC). 

Isolation. Dictyopteris divaricata was collected at Oshoro 
Bay, Hokkaido, during the months April—August 1980. No 
distinct difference was observed between the extracts in each 
collection. Half-dried alga (2.2 kg), collected in April, was 
extracted with methanol, and the resulting solution was 
concentrated under reduced pressure. The residue was 
percolated with ether, and the ether solution was shaken with 
5% NaHC0 3 and saturated brine, and then dried over 
anhydrous Na2S04 . After evaporation of the solvent, a 
neutral oil (104g) was obtained. This was fractionated by 
column chromatography over neutral alumina. Elution with 
hexane gave a mixture of sesquiterpene hydrocarbons from 
which (-)-a-cubebene (7) (0.04% of the neutral oil), (-)-ß-
cubebene (8) (1%), and ( + )-(5-cadinene (9) (0.8%) were 
detected by comparison of the retention times in GLC with 
those of authentic samples. Elution with benzene gave an 
oily substance which was subjected to a combination of silica 
-gel column and PTLC to yield3 (0.1%),4(0.02%),5(1.5%), 
and 6 (1.5%) (in order of decreasing porality) along with an 
unidentified alcohol. Elution with ether gave a mixture of 
alcohols which was repeatedly chromatographed on PTLC 
to yield 1 (13%) together with phytols, cholesterol, and at 
least two unidentified alcohols. 

1: Colorless oil; [a]»1 - 4 2 ° (c 1.54); IR, vmax (film) 3380, 
1370, 1180, 1110, and 910 cm"1; ^ N M R , ô 0.35, 0.77 (each 

1H, m), 0.90, 0.93, 0.99 (each 3H, d, J=l Hz) and 1.25 (3H, 
s); 13C NMR, Ô 80.8 (s), 44.6 (d), 39.9 (d), 36.6 (t), 34.9 (s), 
33.6 (d), 31.8 (d), 30.2 (t), 29.8 (t), 27.0 (t), 25.3 (d), 25.0 (q), 
20.0 (q), 19.8 (q), and 19.1 (q) ; MS, m/e (relative intensity) 
222 (12), 207 (83), 204 (9), and 161 (100). The IR (film and 
CC14) and ! H N M R (CDC13) spectra were consistent with 
those of epicubebol. 

3 : Colorless oil; [a]£5 —96° (c 0.94); The spectral properties 
were identical with those reported 10) for epicubenol. 

4: Colorless oil; [oc]£° —33° (c 0.13); The spectral properties 
were identical with those reported10) for cubenol. 

5: Colorless oil; [a]«» - 8 2 ° (c 1.36); IR, vm&x (film) 1370, 
1310, 1205, 1140, 1070, and 885 cm-1; m NMR, ô 0.74 (1 H, 
m), 0.91 (6H, d, 7 = 6 Hz), 0.96 (3H, d, J=6 Hz), 1.14 (3H, 
s), and 3.14 (3H, s); MS, m/e 236 (1), 221 (69), 204 (18), 161 
(65), and 41 (100). 

6: Colorless oil; [a]»4 - 2 3 ° (c0.60); IR, vmtiX (film) 1370, 
1110, 1090, 1075, and 865 cm-1; iHNMR, Ô 0.35 (1H, m), 
0.90, 0.94, 0.96 (each 3H, d, 7 = 7 Hz), 1.21 (3H, s), and 3.13 
(3H, s); MS, m/e236(1), 221 (100), 204 (8), and 161 (57). 

Dehydration of 1 with Thionyl Chloride. A solution of l 
(107mg) and thionyl chloride (0.04 ml) in dry dichloro-
methane (6 ml) and pyridine ( 1 ml) was allowed to stand at 
— 7 9 °C for 5 min. The mixture was then poured into 
ice-cooled water and extracted with ether. The ether solution 
was washed with saturated brine and dried over anhydrous 
Na2S04 . A residual substance obtained after removal of the 
solvent was chromatographed on alumina column. Elution 
with hexane gave a mixture of hydrocarbon (20 mg), GLC of 
which revealed that the mixture consists of ( — )-<x-cubebene 
(7) (20%), (-)-^-cubebene (8) (1.5%), ( + )-(5-cadinene (9) 
(40%), and other hydrocarbons. Elution with ether gave 
unreacted 1 (25 mg). 

Dehydration of 1 with p-Toluenesulfonic Acid. A solution 
of 1 (97 mg) and /»-toluenesulfonic acid (2 mg) in benzene 
(5 ml) was stirred at room temperature for 30 min. After 

.evaporation of benzene, the residual oily products were 
subjected to column chromatography on alumina. Elution 
with hexane gave a mixture of hydrocarbons (87 mg) consisting 
of ( + )-(5-cadinene (9) (70%) and (-)-zonarene (10) (1%). 
Purification of ( + )-(5-cadinene was carried out by preparative 
GLC. 10 was identified as ( —)-zonarene by comparison of 
the retention time in GLC with that of an authentic sample. 
Elution with ether gave a mixture of alcohols which was 
further chromatographed on PTLC to afford epicubenol (3) 
(4mg), cubenol (4) (2 mg), and 1 (1 mg). 

Conversion of 1 into 3 and 4. A small amount of dil HCl 
was added to a solution of 1 (97 mg) in dioxane (6 ml) and 
water (2.5 ml), and the mixture was allowed to stand at room 
temperature for 30 h. Water was added and extraction 
was carried out with ether. The ether solution was washed 
with saturated brine, dried over anhydrous Na2S04 , and 
evaporated to give an oily residue. The residue was chromato­
graphed on alumina column. Fraction eluted with ether 
was further subjected to repeated PTLC to give epicubenol 
(3) (11 mg), cubenol (4) (4mg), and 1 (24 mg) along with 
unidentified alcoholic compounds and ketonic compounds. 

Methanolysis of 1. A solution of 1 (65 mg) and a 
catalytic amount of coned H 2S0 4 in methanol (20 ml) was 
allowed to stand at room temperature for 2 h with continuous 
stirring. The mixture was then concentrated in vacuo. 
Water was added and extraction was carried out with ether. 
The ether solution was washed with 5% NaHCOa and satura­
ted brine, and then dried over anhydrous Na2S04 . After eva­
poration of the solvent, the residual oil was chromatographed 
on silica-gel column to give 5 (9 mg), 6 (9 mg), and 1 (44 mg). 

Thermal Reaction ofl. 1 (100 mg) was placed in a flask 
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fitted with condenser which was immersed in an oil bath 
maintained at 130 °G under nitrogen atmosphere. After 5 h 
the reaction products were separated by column chromatog­
raphy over alumina to yield a hydrocarbon fraction (54 mg) 
which was further subjected to preparative GLC to give 
( — ) -oc-cubebene (7) (21 mg), ( — ) -/?-cubebene (8) (11 mg), 
( + )-<5-cadinene (9) (11 mg), and (—)-tazwj-calamenene 
(4 mg). The structure of fra;w-calamenene was identified 
by comparison of the IR and *H NMR spectra with reported14* 
for calamenene. Unchanged 1 (33 mg) was recovered. 

The authors are grateful to Prof. Akira Yoshikoshi, 
Tohoku University, for the spectral da ta of cubebenes, 
cubebol, and epicubebol, and also to Mr. Nobuyasu 
Enoki, Hokkaido University, for providing (—)-
zonarene and its spectral data . 
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Oxidative Cleavage Reaction of 3-Substituted Indoles Catalyzed by 
CuCl-Pyridine Complex under Oxygen 
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Oxidative cleavage of 3-methylindole using a catalytic amount of copper(II) salts with added pyridine under 
an oxygen atmosphere was studied. Smooth cleavage of 3-methylindole took place to give 2-formamidoaceto-
phenone in 73—80% yield, whereas exclusive formation of a hydrate compound derived from 3,3'-dimethyl-3,3'-
bi-3//-indole resulted under anaerobic conditions. Clean oxidative cleavage of iV-acetyltryptamine, methyl 3-
indolylacetate, and methyl 2-acetamido-3-(3-indolyl) propionate was also achieved, constituting a mimic of trypto-
phan-2,3-dioxygenase. 

We have reported the oxidative cleavage reaction of 
catechol and phenol using CuCl-pyridine complex 
under oxygen to give methyl m,«.r-muconate in high 
yields as a non-enzymic model for pyrocatechase.1) 

As an extension of our studies on the metal salt-
catalyzed liquid-phase oxidation, which includes oxida­
tive cleavage of o-phenylenediamine to m,m-mucono-
nitrile,2) oxidation of various olefins to carbonyl 
compounds,3) and facile oxidative conversion of acid 
hydrazides to the corresponding acids,4) we at tempted 
an oxidative cleavage of an indole ring as a non-enzymic 
model for tryptophan-2,3-dioxygenase. Although indole 
derivatives related to t ryptophan are fairly sensitive to 
oxidation, controlled oxidation to give rise to the 
cleavage of the indole ring is rather limited.5) We have 
recently disclosed clean oxidative cleavage of 3-methyl­
indole catalyzed by CuCl-pyridine complex under 
oxygen.6) There has been reported an independent 
study on the oxidative cleavage of 2- and 3-substituted 
indoles using a CuCl -py r id ine -0 2 system.7) 

Tryptophandioxygenase is an important enzyme 
which selectively cleaves the indole ring of t ryptophan 
and several studies on its model reaction have been 
reported. Photosensitized oxygenation of t ryptophan 
and related indole derivatives gave the cleaved 
product.8 '9) Nishinaga reported a successful oxidative 
cleavage of various indole derivatives using cobalt-
SchifF base complexes as catalyst to give 2-formamido-
acetophenone derivatives in high yields.10) Manganese 
phthalocyanine-catalyzed oxidative cleavage of 3-
methylindole gave similar results.11) More recently, 
copper-Schiff base complex-catalyzed oxidation of 
tryptophan has been reported.12) 

In this paper we describe the oxidative cleavage 
reaction of several 3-substituted indoles under the 
optimum conditions so far examined using C u C l -
pyridine complex under oxygen. 

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

Catalytic Oxidation Using Copper (II) Salts. 3-
Methylindole : Oxidative cleavage reaction of 3-methyl­
indole using various copper(II) salts as a catalyst 
under an oxygen atmosphere was studied. Although 
copper(II) salts such as copper(II) acetate and meth-
oxide did act as a catalyst effectively in the presence of 
oxygen, copper (I) chloride was principally used in 
order to compare the catalytic behavior for the 

oxidative cleavage of 3-methylindole with that for 
catechol oxidation. 

Prior to the reaction, copper(I) chloride dissolved in 
pyridine-dichloromethane was oxidized until oxygen 
absorption ceased. Usually about one-fourth mole of 
oxygen per mole copper (I) used was found to be 
absorbed, substantiating the equation:1 0) 

pyridine 
2 CuCl + 1/2 0 2 • CuCl2.CuO. 

Results of screening of the reaction conditions 
indicated that an added pyridine is crucial and that the 
choice of solvent has a considerable effect on the reaction 
rate and the yield of the cleaved product, dichloro-
methane being satisfactory. Also relative amounts of 
pyridine to the solvent seem to be important . 

T h e reaction proceeded smoothly at ambient tempera­
ture (15—20 °C) with absorption of additional oxygen 
during the course of 3—6 h. Under the best conditions 
so far examined, 2-formamidoacetophenone was ob­
tained in 73—80% yield. Results are summarized in 
Table 1. 

It is of interest to note that overall oxygen uptake 
roughly parallels yields of the cleaved product, except 
for entries l a and l b , regardless of the molar ratios 
of the substrate to catalyst in the range of 3.3 to 0.5. 

Under the same conditions as entry I f 2,3-dimethyl-
indole underwent oxidative cleavage to form 2-
acetamidoacetophenone in 50% yield. 

As is discussed below, intervention of a 3i/-indol-3-yl 
radical, which is formed by facile one electron transfer 
from 3-methylindole to Cu(II) species followed by 
deprotonation, is likely responsible for the subsequent 
oxygenation to result in the cleavage of the indole ring. 
Thus, the most effective species for the oxidative 
cleavage of 3-methylindole would be Cu(II) ion coordi­
nated with pyridine, which is, in turn, able to transfer 
molecular oxygen effectively to the intermediate 3H-
indol-3-yl radical. 

3-Substituted Indoles. Oxidative cleavage of N-
acetyltryptamine, methyl 3-indolylacetate, and methyl 
2-acetamido-3-(3-indolyl)propionate was carried out 
under the conditions aforementioned. 

These reactions were found to be rather sluggish and 
the latter two substrates underwent cleavage with 
relatively low conversions as compared with 3-methyl­
indole even after 24 h of reaction period. All results 
obtained are summarized in Table 2. 

A few points deserve comments. Steric demand of R 
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T A B L E 1. C O P P E R (II)-CATALYZED OXIDATION OF 3-METHYLINDOLE 

TO 2-FORMAMIDOACETOPHENONE UNDER OXYGENa> 

Entry 

l a 
l b 
l c 
Id 
l e 
If 

lg 
2 
3 

Cu(II) salt 
(mmol) 
CuCl, 0.3 

0.5 
0.3 
0.3 
0.5 
0.5 
2.0 

Cu(OAc)2, 0.5 
Cu(OMe) 2,0.5 

Pyridine 
(ml) 

20 
0 (DBU, 1 
0 (DMF, 1 
0.5 
0.5 
0.5 
2.0 
0.5 
0.5 

•0) 

•0) 

Solvent 
(ml) 
— 

CH2C12(20) 
CH2C12(15) 
PhMe(20) 
CHC13(20) 
CH2C12(20) 
CH2C12(20) 
CH2C12(20) 
CH2C12(20) 

0 2 Uptake1» 
(mmol) 

(1.5) 
(2.9) 
0.6 
0.84 
1.2 
1.6 
1.4 
1.6 
— 

Yield03 

°/ 
/o 13 
8 

32 
45 
56 
73 
72 
81 

•55 

a) 3-Methylindole (1.0 mmol) dissolved in a given solvent (10 ml) was added to the copper(II) catalyst solution (ca. 
10 ml) under oxygen, and oxidized at ambient temperature in 3—6 h. b) Overall oxygen uptake, c) Isolated by 
column chromatography. 

TABLE 2. OXIDATIVE CLEAVAGE OF 3-SUBSTITUTED INDOLES 

CATALYZED BY CUCL-PYRIDINE COMPLEX UNDER OXYGEN10 

X \ / R CuCl-Pyridine X \ / C O R 

T A B L E 3. OXIDATIVE CLEAVAGE OF 3-METHYLINDOLE TO 

2-FORMAMIDOACETOPHENONE UNDER ANAEROBIC CONDITIONS10 

H 
O, x V / N N H C H O 

R 
0 2 Uptake Conversion Yieldb) Mp 

(mmol) % % ^ C " 

CH2CH2NHAc 

CH2C02Me 

CH2CHC02Me 

NHAc 

1.6 

1.2 

100 

79 

68 

68 

48 

57 

117—118 
(117—119)10) 

40 
(44)7) 

160—162 
(syrup) 7»10) 

a) Substrate (1.0 mmol) and copper (I) chloride (0.5 
mmol) in pyridine (0.5 ml) and dichloromethane (20 
ml) were used, b) Based on the conversion. 

groups at the 3-position apparently affects the reaction 
rate, reflecting low conversions of the cleavage. T h e 
same is true for cobalt-salen complex-catalyzed oxidative 
cleavage of these 3-substituted indoles.10) Cobalt 
complex-catalyzed oxidation of methyl 3-indolylacetate 
in methanol resulted in a side chain oxidation rather 
than a ring cleavage, whereas the present copper 
complex-catalyzed reaction afforded methyl 2-form-
amidobenzoylacetate in 4 8 % yield. 

Generally, yields of the cleaved products attained 
under the present reaction conditions are much superior 
to those reported,7) using CuCl -py r id ine -0 2 system 
without dichloromethane. Selecting simply a solvent, 
one can improve significantly the yield of oxidative 
cleavage of 3-substituted indoles, as is seen from Table 1 
with respect to 3-methylindole. 

Cu(II) as an Oxidant. 3-Methylindole was treated 
with excess copper(II) salts (4 equiv.) with added 
pyridine in dichloromethane solution at room tempera­
ture under an argon atmosphere. T L C monitoring of 
the reaction mixture revealed that very slow cleavage 
took place to give 2-formamidoacetophenone as a sole 
product in moderate yields with recovery of appreciable 
amounts of the starting 3-methylindole even after four 
days. Results obtained are given in Table 3. Although 

Cu(II) salt 

CuCl2 

Cu(OAc)2 .H20 
Cu(OAc)2 

Cu(OAc)2 

Cu(OMe)2
b> 

[CuCl2.CuO]d> 

Pyridine 
(ml) 

4.0 
4.0 
4.0 
0.65 
2.0 
2.0 

Yield 

34 
48 
67 
63 
0 (dimer,c) 

0 (dimer,c) 
80) 
59) 

Recovery 

% 

14 
29 
9 

12 
19 
16 

a J 3-Methylindole (1.0 mmol), Cu(II) salt (4.0 mmol) in 
dichloromethane (25 ml) with added pyridine under 
argon. Stirred at room temperature for 4 d. b) Prepared 
in situ from anhydrous MeOLi and CuCl2 in dry THF. 
c) Hydrate compound (II) (R=Me) derived from 3,3'-
dimethyl-3,3'-bi-3//-indole (III) (R=Me) . Duplicated 
results, d) Pretreated CuCl with requisite amounts of 
oxygen: 

py 
2CuCl+ l /20 2 •CuCl2.CuO {cf. Réf. 1). 

the reaction rate was found to be much slower than that 
found under oxygen as mentioned above, it is obvious 
that both copper(II) chloride and acetate are capable 
of initiating selective cleavage of 3-methylindole. 

The most striking, however, is the fact that no cleaved 
product was obtained when copper (I I) methoxide, 
prepared in situ from copper(II) chloride and two 
equivalents of anhydrous li thium methoxide in tetra-
hydrofuran (THF) , was used as an oxidant. The 
results are confirmed by duplicated runs. Similar 
results were also obtained with a dichloromethane 
solution of copper(I) chloride with added pyridine, 
which was allowed to absorb a requisite amount of 
oxygen, followed by purging excess oxygen thoroughly 
with argon (see Experimental). 

The sole product obtained in these two sets of reac­
tions was white crystalline material which had exactly 
the same melting point after recrystallization from 
chloroform as well as analytical data as one previously 
obtained by Dobeneck13) in the oxidation of 3-methyl­
indole with i ron(III) chloride, and characterized as an 
ether (I). Acid catalyzed dimerization of 3-methylindole 
occurs readily, but the resulting dimer has indoline-
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indole moieties joined at their 2-positions,14) while 
radical dimerization of 3-substituted indoles has been 
suggested without any structure characterization.15) 

Me M e R R 

H 

n K) 

13G NMÎ 

k 
H H 

II 

128.7 (s) 
/ 13.1 ( 

/ / 43.5 ( 

H 

^ ^ 1 
\\ 1 

X ' 
95.6 (d) 141.5 (s) 

I D ata for II (R=]V 

UJXls 
III 

q) 

s) 

115.0 

119.5 
126.4 

127.9 

le), (5/ppm (OFR Fig. 1. 
splitting are given in parentheses). 

However, the structure (I) assigned by Dobeneck13) 
was now found to be erroneous. 1 H and 13C N M R 
(Data given in Fig. 1) as well as M S data of the products 
prepared by using either Cu(II) or Fe(I I I ) salt indicate 
a symmetric structure of compound (II) (R = Me) , 
which is obtained as one diastereomer and is most 
probably derived from addition of water to a rather 
unstable 3,3'-dimethyl-3,3'-bi-3//-indole I I I (R = Me) . 
I l l is a 3//-indole-3//-indole dimer, the dimeric bond 
being formed at 3-position in the 3//-indole moiety. 

It has been reported that such oxidants as potassium 
hexacyanoferrate(III) and manganese oxide are insuf­
ficient for radical generation from indolic nitrogen. 
Successful oxidative dimerization of indolylmagnesium 
halides with iron (III) chloride has already been 
described16) to form intermediate I I I ( R = C H 2 C H 2 -
N H M e ) . 

It appears to be difficult to account for exactly why 
the two reaction paths were observed in the course of 
oxidation of 3-methylindole using four different copper-
(II) salts under apparent anaerobic conditions. 
However, the exclusive formation of a dimer (III) 
( R = M e ) , which is t rapped as compound (II) ( R = M e ) , 

OffSr W-Of 
^ M« 

dimerization 

III (R = Me) 

oxygenation 

cxcme 

from 3-methylindole in certain cases may now be 
rationalized by the following scheme. 

Facile one electron transfer from 3-methylindole at 
the nitrogen atom to copper(II) (as well as to i ron(III)) 
followed by deprotonation gives an intermediate 3 / / -
indol-3-yl radical, which may or may not coordinate 
to the copper species. The radical undergoes either 
dimerization under rigorous anaerobic conditions, if 
any, to give I I I or oxygenation with oxygen presumably 
adsorbed on certain copper salts present in the reaction 
mixture to afford selectively 2-formamidoaceto-
phenone.17) The scheme is consonant with the fact that 
at tempted reaction of 1,3-dimethylindole under oxygen 
resulted in complete recovery of the starting material. 
I t is confirmed that 3-ethylindole also formed the 
corresponding dimeric compound (II) ( R = E t ) . 
However, the significant role of the anionic ligands of 
copper(II) species is still unclear at present. 

Exper imenta l 

Apparatus. For the present oxidative cleavage reactions 
was throughout used a three-neck, round-bottomed 50 ml 
flask equipped with a magnetic stirrer, a Hershberg dropping 
funnel, a serum cap, and a three-way stopcock which was 
connected either with an oxygen gas buret or with an argon 
balloon. 

Copper(II) Salts. GuGl2 and Gu(OAc)2 .H20 were 
used as received. Anhydrous Gu(OAc)2 commercially avail­
able was dried in vacuo prior to use. Gu(OMe)2 was prepared 
in situ by the following procedure. A brown suspension of 
GuGl2 (0.588 g, 4.2 mmol) and LiOMe (0.34 g, 8.6 mmol) 
in THF (20 ml) was stirred for 1 h under argon. The 
reaction mixture turned green was evaporated to dryness in 
vacuo and used in dichloromethane for the oxidation immedi­
ately. For "Cu reagent," GuGl-pyridine-02 system, a 
typical run is as follows. A clear green solution of GuGl 
(0.398 g, 4.0 mmol) dissolved under argon in dichloromethane 
(20 ml) and pyridine (2 ml) was exposed to oxygen with 
stirring. Oxygen uptake (about 1 mmol) ceased within 1 h, 
during which time the solution turned to a dark green suspen­
sion. The "Cu reagent" thus prepared was used either under 
oxygen for cleavage reactions or after purging excess oxygen 
with argon for anaerobic reactions. 

Catalytic Oxidative Cleavage of 3-Methylindole. Using "Cu 
reagent," the following is the best procedure; "Cu reagent" 
was prepared as above using CuCl (0.050 g, 0.5 mmol), 
dichloromethane (10 ml), and pyridine (0.5 ml). Into the 
dropping funnel was placed a solution of 3-methylindole 
(0.131 g, 1 mmol) in dichloromethane (10 ml). The solution 
was added dropwise to the "Cu reagent" under oxygen over 
1 h. After additional 1.48 mmol of oxygen was absorbed 
within 4 h, the reaction mixture was hydrolyzed with 40 ml 
of 3 mol dm~3 HCl. The organic layer was separated and 
aqueous layer was extracted with dichloromethane. The 
combined organic layer was washed with brine three times 
and dried over MgS04 . The dichloromethane was removed 
by evaporation and the residue was purified by column 
chromatography (silica gel, dichloromethane as eluent) to 
give 2-formamidoacetophenone in 73% yield: mp 77—78 °G 
(lit,10) mp79—80 °G); m NMR (GDG13) Ô 2.64 (s, 3H), 
6.94—8.01 (m, 3H), 8.35—8.87 (m, 2H), and 11.51 (s, broad, 
1H); IR (KBr) 3250, 2890, 1690, and 1660 cm-1. 

Similarly, a solution of 2,3-dimethylindole (0.022 g, 0.15 
mmol) in dichloromethane (2.0 ml) was added dropwise to 
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the "Cu reagent" prepared from GuCl (0.009 g, 0.09 mmol) 
and pyridine (0.8 ml) dissolved in dichloromethane (2.0 ml) 
under oxygen atmosphere. Oxygen uptake ceased within 4 h, 
and the reaction mixture was worked up as above. Purifica­
tion of the product by column chromatography gave 2-
acetamidoacetophenone in 50% yield: mp 73—75 °G (lit,18) 
mp 74—75 °G); *H NMR (GDG13) Ô 2.20 (s, 3H), 2.63 (s, 3H), 
6.85—7.94 (m, 3H), 8.56—8.78 (m, 1H), and 11.61 (s, broad, 
1H); IR (KBr) 3250, 1690, and 1655 cm"1. 

Gu(OAc)2 (0.09 g, 0.5 mmol) was dissolved in a solution of 
dichloromethane (10 ml) and pyridine (0.5 ml) under 
oxygen. In a similar manner as above, the solution of 3-
methylindole (0.131 g, 1 mmol) in dichloromethane (10 ml) 
was added for 1 h. The mixture was stirred for 6 h, during 
which time slow absorption of oxygen ( 1.6 mmol) was 
observed. The reaction mixture was worked up as usual and 
2-formamidoacetophenone was obtained in 81% yield. 

Gu(OMe)2 was prepared as above using GuGl2 (0.060 g, 
0.44 mmol) and LiOMe (0.033 g, 0.87 mmol). The oxidative 
cleavage of 3-methylindole (0.117 g, 0.89 mmol) under oxygen 
provided 2-formamidoacetophenone in 55% yield. 

Oxidative Cleavage of 3-Substituted Indoles. Oxidation of 
iy-acetyltryptamine (0.218 g, 1 mmol) with the "Cu reagent" 
was carried out under oxygen atmosphere. Stirring was 
continued for 22 h. Usual workup provided 2-(3-acetamido-
propionyl)formanilide in 68% yield: mp 117—118 °G; NMR 
(GDGlg) ô 1.94 (s, 3H), 2.96—3.78 (m, 4H), 6.38—6.78 (m, 
1H), 6.88—7.93 (m, 3H), 8.26—8.79 (m, 2H), and 11.32 
(s, broad, 1H) ; IR (KBr) 3330, 2920, 1675, and 1645 cm"1. 

Oxidation of methyl 2-acetamido-3-(3-indolyl)propionate 
(0.260 g, 1 mmol) with the "Cu reagent" under oxygen 
provided methyl 2-acetamido-3-(2-formamidobenzoyl) pro­
pionate in 57% yield (based on 68% conversion): mp 160— 
162 °C (hexane-CH2Cl2) ; NMR (CDC13) ô 2.01 (s, 3H), 
3.74 (s, 3H), 4.74—5.09 (m, 1H), 6.42—6.78 (m, 1H), 6.98— 
8.01 (m, 3H), 8.34—8.90 (m, 2H), and 11.36 (s, broad, 1H); 
IR (KBr) 3260, 2950, 1755, 1695, and 1655 cm-1. Found: 
C, 57.78; H, 5.58; N, 8.94% ; Calcd for C14H16N204: C, 57.53; 
H, 5.52; N, 9.58%. MS mje (rel intensity) 292 (3) (M+); 
167 (37), 149 (100), 148 (42), 71 (40), 57 (70), 43 (52), 41 (41). 

Oxidation of methyl 3-indolylacetate (0.175 g, 1 mmol) 
as above with the "Cu reagent" gave methyl (2-formamido-
benzoyl) acetate in 48% yield (based on the 79% conversion) : 
mp 40 °C; NMR (CDC13) ô 3.76 (s, 3H), 4.06 (s, 2H), 7.01— 
7.99 (m, 3H), 8.47—8.98 (m, 2H), and 11.37 (s, broad, 1H); 
IR (KBr) 3280, 1725, 1690, and 1600 cm-1. 

Cu as an Oxidant. CuCl2 (0.538 g, 4 mmol) was des-
solved in a solution of dichloromethane (20 ml) and pyridine 
(2 ml). As in the case of catalytic oxidative reaction but 
under argon atmosphere, the solution of 3-methylindole (0.131 
g, 1 mmol) in dichloromethane (5 ml) was added dropwise 
for 1 h. Stirring was continued for 4 d. Work up of the 
reaction mixture as usual, afforded 2-formamidoacetophenone 
in 34% yield. 

Oxidation of 3-methylindole (0.131 g, 1 mmol) as above 
with Cu(OAc)2 .H20 (0.799 g, 4 mmol) or anhydrous Cu-
(OAc)2 (0.727 g, 4 mmol) after 4 d afforded 2-formamido­
acetophenone in 48 and 67% yields, respectively. 

Oxidation of 3-methylindole was carried out under argon 
for 4 d with Cu(OMe)2 prepared in situ described as above. 
Purification of the product by column chromatography (silica 
gel, dichloromethane as eluent) gave compound (II) (R=Me) 
which was thought to consist of two diastereomers : mp 165— 
167 °C. Recrystallization from chloroform afforded one 
diastereomer as white crystals: mp 202—204 °C; 1H NMR 
(CDCI3) ô 1.32 (s, 6H), 4.94 (s, 2H), and 6.45—7.35 (m, 
ÎOH); 13C NMR (CDC13) data are given in Fig. 1; IR (KBr) 

3400, 3350, 2960, 1605, 1475, 1295, 1265, 1090, 1050, 885, 
805, 755, and 745 cm-1. Found: C, 77.40; H, 6.41; N, 
10.06%. Calcd for C18H18N20: C, 77.67; H, 6.52; N, 
10.06%; MS mje (rel intensity) 278 (6) (M+), 263 (19), 261 
(19), 260 (84); 259 (28), 246 (21), 245 (100), 232 (41), 217 
(15), and 130 (16). 

Compound (II) (R=Me) was dissolved in MeOH contain­
ing HCl. After the solution was warmed for 10 min, 3-methyl­
indole and 3-methyl-2-indolinone were obtained. N,N'-
Dimethyl derivative of II (R=Me) is known to undergo 
similar cleavage reaction.19) 

Oxidation of 3-Methylindole with FeClz and Et2NH. Oxidation 
of 3-methylindole (0.508 g, 3.9 mmol) with FeCl3 (1.32 g, 
8 mmol), Et2NH (2.1 ml, 20 mmol), and Et 20 (26 ml) accor­
ding to Dobeneck's13) procedure afforded the same product 
which was obtained by the oxidation with Cu(OMe)2 or 
"Cu reagent" as an oxidant. Yield 32%. 

Oxidation of 3-Ethylindole with Cu(OMe)2. Oxidation of 
3-ethylindole (0.145 g, 1 mmol) with Cu(OMe)2 under argon 
provided compound (II) (R=Et) in 50% yield which was 
also found to be a mixture of two diastereomeric isomers 
mp 41— 54 °C; ^ N M R (CDC13) ô 0.68 (t, 7 = 7 Hz, 3H), 
1-79 (q, 7 = 7 Hz, 2H), 5.31 (5.02) (s, 1H), and 6.42—7.50 
(m, 5H); 13C NMR (CDC13) Compound (Ha) (R=Et ) : ô 
9.5, 22.1, 47.4, 98.3, 109.5, 118.5, 127.4, 128.0, 129.5, and 
149.4; Compound (lib) (R=Et ) : ô 8.8, 23.8, 43.5, 95.4, 
115.2, 119.0, 126.4, 127.8, 128.1, and 142.6; IR (KBr) 3380, 
2960, 1605, 1480, 1260, and 740 cm-1; MS m/e (rel intensity) 
306 (5) (M+), 277 (30), 259 (17), 162 (20), 161 (18), 146 (36), 
145 (26), 132 (19), and 130 (100). 

The authors thank Mr. Y. Nakamura for 13C N M R 
measurements, and Prof. T . Hino for informing us of 
his early work on indole derivatives. 
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The Pschorr Cyclization of Aromatic Amines with /-Butyl 
Thionitrate in Nonaqueous Media 
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Department of Chemistry, The University of Tsukuba, Sakura-mura, Ibaraki 305 
(Received January 23, 1981) 

The Pschorr cyclization of various arylamines with f-butyl thionitrate under nonaqueous conditions gave the, 
corresponding cyclic products in moderate yields. The same reaction was also found to proceed readily with 
^-toluenesulfonyl nitrite at room temperature. Treatment of o-aminophenyl allyl ether or sulfide with f-butyl 
thionitrate resulted in the intramolecular Meerwein arylation to the olefinic bond affording 3-chlorochroman or 
-thiochroman, though the yield was low. The plausible mechanism of the Pschorr cyclization with f-butyl thio­
nitrate is discussed. 

During the course of our study on oxidation of alipha­
tic and aromatic thiols, disulfides and sulfinic acids 
with N 2 0 4 , the corresponding thionitrites, thionitrates 
and sulfonyl nitrites have been found to be the key 
intermediates, which are also very useful in synthetic 
reactions. Namely, diazotization reaction of aromatic 
amines,1) nitrosation of secondary amines, and sulfen-
ylation of carbanion2) are readily promoted in good 
yields in nonaqueous reaction media. These are 
remarkably effective reagents for diazotization of 
aromatic amines due partly to the relatively weak S-N 
bond as compared to O - N bond of alkyl nitrite. The 
Gomberg-Bachmann reaction which is used for synthesis 
of biphenyl from aromatic diazonium salt, has also 
been carried out using the thionitrates.1) Thus , various 
aromatic amines have been allowed to react with the 
thionitrate in aromatic solvents such as benzene afford­
ing biphenyl derivatives in good yields. 

While all these reactions we have studied are inter-
molecular coupling of two aromatic rings, we now have 
applied the reaction to an intramolecular reaction, i.e. 
the Pschorr cyclization,3) which is known to be an 
effective reaction for one-step synthesis of cyclic com­
pounds, used often for syntheses of natural products.4»5) 
This paper deals mainly with the Pschorr cyclization 
of various aromatic amines with J-butyl thionitrate, 
together with the intramolecular Meerwein arylation 
to give cyclic products. 

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

When various aromatic amines bearing two aromatic 
rings (1) such as 2-aminobenzophenone ( l a , 1.0 mmol) 
were treated with J-butyl thionitrate (2, 1.5 mmol) 
without solvent at 160 °C for 0.5 h the corresponding 
cyclization product (3) was obtained as the main 
product. £-Butyl thionitrate (2) was in turn converted to 
S-t-butyl 2-methylpropane-2-thiosulfonate (4) during 

/ \ / X \ / V neat 
|| | || | + *-BuSN02 • 
\ X X N H 2 \ X !«>0C, Ar 

1 2 

/Xx /x. 
o 
Î 

\S~ 
I + t-BuSS-t-Bu + N2 

O 
3 4 

the cyclization. Other unidentified products were in 
the form of tar or resin. Generally, the Pschorr reaction 
is known to be accompanied with a few side reactions 
such as reduction of diazonium ion which produces 
arene, reductive coupling which affords symmetrical 
biphenyls, halogenation and phenol formation.3) There­
fore, the yield of the cyclized product in the usual 
Pschorr reaction is generally low.3) In this reaction, 
a small amount of the reduced product, i. e. benzo-
phenone, was also obtained, however formation of 
phenol and reductive coupling derivatives were not 
observed in this reaction in nonaqueous media. 

The Pschorr cyclization of several aromatic amines 
which possess different bridging group of X in (1) with 
£-butyl thionitrate (2) has been examined and the 
yields of the corresponding cyclic products are listed 
in Table 1. Since the Pschorr reaction is an intra­
molecular condensation reaction, the ready access of the 
two reaction centers in the ground state is considered 
to be quite important for successful cyclization. Namely, 
the two carbon atoms that are eventually linked together 
would preferably be in a close vicinity with each other. 
The most favorable bridging group (X, 1) is the rigid 
ethylenic linkage of ethyl (£')-2,3-diphenylpropenate 
( lg ) , which would assume a planar structure by conjuga­
tion between the two aromatic rings through an ethylenic 
group, thus placing the two reaction centers of two 
aromatic rings in a close vicinity. In fact, ethyl (is)-2,3-
diphenylpropenate ( lg) gave ethyl 9-phenanthrene-
carboxylate (3g) as the main cyclic product in a very 
good yield in the Pschorr reaction with f-butyl thio­
nitrate (2). In the case of ether ( lb ) and sulfide ( l c , Id , 
l e ) , the yield of cyclized products were rather low. 
Contribution of the following o-quinonoid structure (5) 

I I 

x=o,s 
5 

in the ground state of the diazonium salts of both the 
ether ( lb ) and sulfide ( l c , I d , l e ) may be partly 
responsible not only for the low yields of the desired 
products but also for the undesired resin-forming side 
reactions, while the distant two reaction centers would 
not favor the recombination.3) When 2-aminodiphenyl-
amine (If) was treated with the thionitrate, 1-phenyl-
benzotriazole (3f ) instead of carbazol, a desired product, 



August, 1981] The Pschorr Cyclization of Aromatic Amines with /-Butyl Thionitrate 2375 

TABLE 1. T H E PSCHORR CYCLIZATION OF VARIOUS AMINES (1) WITH /-BUTYL THIONITRATE (2) 

Entry Amine 1 Product 3 Yield/% o/ a) 

o 
ii A / c \ A 

II 1 II 1 
\ ^ X N H 2 \ y 

A / ° \ A 
II 1 II 1 
V ' N H , \ y 

/ X / s \ / % 
II 1 II 1 
\XXNH2 \ y 
/VSV\ II 1 II 1 
V ^ N H 2 \ y^cH, 

A / 8 \ A . 
II 1 II 

H 

/A, | /
N \ /X | 

\V^NH2 \ y 
/COgCHgCHa 

/x/ \x\ M l 1 1 

/ V / O C H 2 X / V 

o 
II A / C v A 

II 1 II 1 
V V 
A / O s A 
II 1 II 1 II 1 II 1 

\ A v 
\y—v 
A / S s A 
II I | 1 
V \XXCH3 
/ X / S x / X 
II 1 II 1 

/ X / N 0 \ / X 
II 1 N || | 

/ V / V / C 0 2 C H 2 C H i 

^ A 
\z /V/°s 

\ / ^ N H i \ 

N/' 
/SCH2\ 

\ X X N H 2 

/ S N 

II I 

34b> 

5b> 

16b> 

20 

17 

26 

70 

21 

10 

a) Isolated yield, b) Yield by GLC. 

was obtained. The same result was obtained in the 
ordinary Pschorr cyclization with nitrous acid in an 
aqueous media.3) 

In searching the optimum reaction conditions, 
several runs were carried out (see Table 2). Although 
the cyclization is an intramolecular reaction, the 
reaction without solvent was found to offer higher yield 
of cyclization at higher temperatures, however the best 
yield of cyclic product was attained in the reaction in 
DMSO. The Pschorr reaction with nitrous acid in 
aqueous media is usually carried out in the presence of 
copper3) or copper (I) oxide.7) However when copper 
or copper (I) oxide was added into our reaction system, 
the cyclic adduct, fluorenone (3a), was not obtained 
but a complex mixture was obtained. 

Meanwhile, the Pschorr reaction of o-substituted 
aromatic amines was also found to proceed smoothly 
with />-toluenesulfonyl nitrite (6), which has been shown 
by us to be a new still more powerful nitrosating agent 
in certain cases, was used instead of i-butyl thionitrate.1) 
Namely, aromatic amine (1, 1.0 mmol) was treated 
with three equivalents of jö-toluenesulfonyl nitrite (6, 
3.0 mmol) at room temperature for 1—2 h in dry 

TABLE 2. THE PSCHORR CYCLIZATION OF 2-AMINO-

BENZOPHENONE (LA) WITH /-BUTYL THIONITRATE (2) 

o o 

\ X X N H 2 \ f 
la 

\s—\s 
3a 

Entry Solvent Temp/°C Time/h Yield/%&> 

1 
2 
3 
4 
5 
6 

7 

8 

Neat 
Neat 
Neat 

CH3CN 
(Bu)20 
DMSO 
DMSO 
Cu or Cu2Ob) 

HMPA 

r.t. 
120 
160 
r.t. 
120 
160 

160 

160 

6.0 
0.5 
0.5 
2.0 
4.0 
1.0 

1.0 

1.0 

Trace 
15 
34 
28 
27 
43 

c) 

Trace 

a) Yield by GLC. b) 1.7 Equiv./mol of substrate. 
Complex mixture. 

c) 

acetonitrile under argon atmosphere. In this case, the 
reaction was carried out at room temperature instead 
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TABLE 3. THE PSCHORR CYCLIZATION OF AMINES (la, 

l c , l h ) WITH /J-TOLUENESULFONYL NITRITE (6) 

/ \ / X \ / X 3 e q . / > - T o l S O a N O , 6 / X / X \ / X 

\ X X N H 2 \ X CH3CN, Ar, r.t. \ / ~ 

1 3 

Amine 1, X Yield/% o/ a) 

la 

l c 
l h 

x=oc=o 
-s-

-OCHo-

49 

16 
Trace 

a) Yield by GLG. 

of higher temperatures at which reaction was performed 
with ^-butyl thionitrate, since />-toluenesulfonyl nitrite 
(6) decomposes at a higher temperature. However the 
yield of the cyclic adduct was relatively higher than 
that in the reaction with £-butyl thionitrate (see Table 3). 

As to the mechanism of the Pschorr cyclization, there 
are two conceivable pathways, i. e. ionic and homolytic 
paths.6 - 8) While thermal decomposition of diazonium 
salts in acidic media has been believed to take place via 
the ionic process, the reaction has been considered to 
proceed via the homolytic pathway, when the counter 
anion of diazonium ion is a good reducing agent or the 
reaction is catalyzed by copper. Since the sulfenate 
anion derived from the thionitrate (2) is considered to 
be a good reducing agent, while a large amount of tarry 
material is formed in the reaction, we propose the 
following free-radical mechanism for this reaction 
(Scheme 1 ). T h e gas evolved in the Gomberg-Bachmann 

2-

V X V ^ "H2° 

+NH2NO 
GC^O t-BuSO 

8 

+ t-BuSO cr^o 

3 
Scheme 1. 

reaction of arylamines with aromatic hydrocarbon 
using £-butyl thionitrate1) was analyzed as N2 gas by 
mass spectrometry upon conducting the reaction 
carefully in a degassed anhydrous system. Therefore, 
the Pschorr cyclization of aromatic amine with £-butyl 
thionitrate is considered to be initiated by the nucleo-
philic attack of aromatic amine to nitrogen atom of 
£-butyl thionitrate, like in the aqueous Pschorr reaction. 
The diazonium ion (7) formed after the dehydration 
may be reduced to the diazo radical by sulfenate anion 
(8), a good reducing agent, which upon release of N2 

gas, gives aryl radical (9) that undergoes intramolecular 
coupling to afford cyclic product (3) after hydrogen 
abstraction. Besides the intramolecular cyclization 

there may be some intermolecular arylation or a similar 
side reaction which may be responsible for the formation 
of much unidentified tarry materials. 

Meanwhile, the reaction of diazonium halides 
derived from aromatic amines with olefinic compound 
in the presence of copper salt is known as the Meerwein 
arylation reaction.9) T h e Meerwein arylation to olefinic 
compounds has been found to take place with J-butyl 
thionitrate and addition products were obtained in 
moderate yields.1) When an aromatic amine which 
possesses allyloxy or allylthio group (10) at the ortho 
position was treated with 1.4 equivalent of *-butyl 

/ X / 0 \ / X /-BuSNO* / X / 0 \ 
II I > II I I 
\y\NH2 cuci2 \ / \ y \ C \ 

10a 11a 

/ X / S \ / X /-BuSNOa 
| | | • 

\ X X N H 2 cuci2 

10b l i b 

X31 

thionitrate (2) in the presence of copper (II) chloride in 
dry acetonitrile at room temperature, the cyclization 
product (11) was obtained as the result of the intra­
molecular Meerwein arylation despite the lack of any 
electron-withdrawing substituent on the vinyl group to 
enhance the Meerwein addition of aryl group. This 
may be the first example of the intramolecular Meerwein 
arylation to afford heterocyclic compounds. 

Thus , we may conclude that the Pschorr cyclization of 
0-aminophenyl derivatives proceeds quite well with 
£-butyl thionitrate in nonaqueous media and the 
reaction is useful especially for ring closure reactions 
of such compounds as «>-stilbene or its ester derivatives 
which are relatively unstable under acidic conditions 
used in the usual Pschorr cyclization with nitrous acid 
in strong acids. 

«-£? 

A: Reaction flask, B: bent tube, C: stopcock, D: gas 
sampler, E: teppler pump, F: magnetic stirrer bar, 
G : trap, H : water cooler, 

Fig. 1. Apparatus for analysis of the gas evolved in the 
Gomberg-Bachemann reaction with f-butyl thionitrate. 

Exper imenta l 

General. All melting points were taken on a Yanako 
instrument and were uncorrected. IR spectra were taken on a 
Hitachi 260-50 spectrometer. NMR spectra were recorded 
with a Hitachi Perkin-Elmer R-20 spectrometer in CDC13 

using TMS as the internal standard. Mass spectra were 
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taken with a Hitachi RMU-6MG mass spectrometer. Shimadzu 
GC-6A instrument was used for gas chromatography using 
N2 gas as a carrier gas. Elemental analyses were carried 
out by the Chemical Analysis Center at this University. 

t-Butyl Thionitrate (2) and p- Toluenesulfonyl Nitrite (6). 
These title compounds were prepared from the corresponding 
thiol and sulfinic acid with dinitrogen tetraoxide, according 
to the methods reported earlier.1) 

Preparation of Ethers (lb, lh, and 10a) and Sulfides (1c, Id, 
and le). 2-Nitrodiphenyl ethers and sulfides were 
prepared by the reaction of o-chloronitrobenzene with alkaline 
salts of desired alcohols or thiols in the presence of a catalytic 
amount of tetrabutylammonium bromide as a phase transfer 
catalyst.10) The yields of the ethers and sufides were nearly 
90%. The nitro compound was reduced by the Fe-HCl 
system,11) yielding the amine in ca. 80% yield. 

2-Aminodiphenyl Ether (lb) : Colorless crystals; mp 44—45 
°C (from benzene-hexane) (lit,12) 43—44 °C) ; NMR (CDC13) 
Ô 3.65 (b, 2H, NH2), 6.46—7.49 (m, 9H, ArH). 

2-Aminodiphenyl Sulfide (lc): Colorless crystals; mp 41 °C 
(from benzene-hexane) (lit,13) 41—42 °C); NMR (CDC13) 
Ô 4.18 (b, 2H, NH2), 6.51—7.86 (m, 9H, ArH). 

2-Aminophenyl p-Tolyl Sulfide (Id): Colorless crystals; mp 
47 °C (from hexane-ether) (lit,14) 48.5—49.0 °C) ; NMR 
(CDC13) ô 2.22 (s, 3H, CH3), 4.15 (b, 2H, NH2), 6.52—7.53 
(m, 8H, ArH). 

2-Aminophenyl 4-Chlorophenyl Sulfide (le) : Colorless crystals ; 
mp 33 °C (from ether), bp 194 °C (bath temp)/4mmHgt 
(lit,16) bp 164—166 °C/0.45 mmHg) ; NMR (CDC13) ô 4.20 
(b, 2H, NH2), 6.57—7.59 (m, 8H, ArH). 

2-Aminophenyl Benzyl Ether (lh) : Colorless crystals; mp 
38 °C (from ether) (lit,16) 39—40 °C) ; NMR (CDC13) Ö 3.90 
(b, 2H, NH2), 5.60 (s, 2H, CH2), 6.63—7.58 (m, 9H, ArH); 
IR (KBr) 3900 and 3730 (NH2), 1600, 1210, 724 cm"1. 

2-Aminophenyl Allyl Ether (10a) : Pale yellow oil; bp 136 °C 
(bath temp)/4 mmHg (lit,17) bp 129—130 °C/10 mmHg); 
NMR (CDC13) ô 3.74 (s, 2H, NH2), 4.34—4.55 (m, 2H, 
CH2), 5.05—5.51 (m, 2H, =CH2), 5.70—6.30 (m, 1H, CH), 
6.33—6.93 (m, 4H, ArH); IR (neat) 3890 and 3700 (NH2), 
3100 (=CH), 1600, 1210, 730 cm-1. 

2-Aminodiphenylamine (If). Commercially available 
2-nitrodiphenylamine was reduced by the same system of 
Fe-HCl.11) Yield ca. 80%. Colorless crystals; mp 80 °C (from 
hexane) (lit,18) 78—80 °C); NMR (CDC13) ô 3.36 (b, 2H, 
NH2), 5.10 (b, 1H, NH), 6.51—7.34 (m, 9H, ArH). 

2-Aminobenzophenone (la). Commercially available com­
pound (Tokyo Kasei Kogyo Co.) was used. 

Ethyl (E)-3-(2-Aminophenyl)-2-phenylpropenate (lg). (E)-3-
(2-nitrophenyl)-2-phenylpropenic acid was obtained by the 
Perkin condensation using o-nitrobenzaldehyde and phenyl-
acetic acid,19) and then esterified in ethanol. The nitro 
compound was reduced to the amino compound by the Fe-
HCl system.11) Yellow crystals; mp 96—97 °C (from benzene-
hexane) ; NMR (CDC13) a 1.19 (t, J=6.9 Hz, 3H, CH3), 3.80 
(b, 2H, NH,), 4.27 (q, 7 = 6 . 9 Hz, 2H, CH2), 6.24—7.53 (m, 
9H, ArH), 7.82 (s, 1H, =CH) ; IR (KBr) 3800 and 3690 (NH2), 
1680 (C=0), 1620 (C=C), 1520, 1240, 700 cm"1; Found: C, 
76.28; H, 6.38; N, 5.15%. Calcd for C17H17N02: C, 76.38; 
H, 6.41; N, 5.23%. 

Preparation of Sulfides (li and 10b). o-Nitrobenzenethiol 
was treated with benzyl bromide or allyl bromide, giving the 
corresponding sulfides in ca. 90% yields by the usual method.20) 
The nitro compounds then were reduced by the Fe-HCl 
system.11) 

2-Aminophenyl Benzyl Sulfide (li) : Colorless crystals; mp 

t 1 mmHg =133.322 Pa. 

45 °C (from benzene-hexane) (lit,16) 45 °C) ; NMR (CDC13) 
ô 3.87 (s, 2H, CH2), 4.24 (b, 2H, NH2), 6.44—7.40 (m, 9H, 
ArH); IR (KBr) 3860 and 3670 (NH2), 1595, 1440, 695 cm"1. 

2-Aminophenyl Allyl Sulfide (10b) : Pale yellow oil; bp 1 S O ­
BS °C (bath temp)/4mmHg (lit,21) bp 120 °C/4 mmHg) ; 
NMR (CDCI3) ô 3.34 (d, 7 = 6 . 4 Hz, 2H, CH2), 4.27 (s, 
2H, NH2), 4.69—5.12 (m, 2H, =CH2), 5.48—6.22 (m, ÎH, 
=CH), 6.46—7.43 (m, 4H, AtH) ; IR (neat) 3880 and 3680 
(NH2), 3100 (=CH), 1595, 1465, 740 cm-1. 

The Pschorr Cyclization of Amines (1) with t-Butyl Thionitrate 
(2). f-Butyl thionitrate (2, 1.5 mmol) was added with 
syringe to melted 2-aminobenzophenone (la, 1.0 mmol) at 
160 °C under argon. Vigorous reaction occurred and gas 
evolved. After heating and stirring the mixture at the same 
temperature for 0.5 h, the mixture was cooled and a portion 
of the mixture was subjected to GLC to determine the yield. 
Fluorenone (3a) was identified by comparing the GLC and 
TLC with those of authentic samples, and the yields were 
determined by GLC. Other compounds (3d—3i) were 
isolated by preparative TLC or column chromatography 
(silica gel, eluent: benzene-hexane = 1 : 6) and recrystallized 
from adequate solvent. 

2-Methyldibenzothiophene (3d) : Colorless crystals; mp 86 °C 
(from ethanol) (lit,22) 88—89 °C) ; NMR (CDC13) ô 2.59 (s, 
3H, CH3), 7.20—8.20 (m, 7H, ArH). 

2-Chlorodibenzothiophene (3e) : Colorless crystals; mp 125— 
126 °C (from ethanol) (lit,23) 113—114 °C); IR (KBr) 1420, 
1089, 755, 725 cm-1; MS (70 eV) mje (rel intensity) 220 (38%, 
M++2), 218 (100%, M+), 183 (14%, C6H4SC6H3+). 

1-Phenylbenzotriazole (3f) : Colorless crystals; mp 85—87 
°C (lit,18) 89—90 °C); IR (KBr) 1592, 1494, 1055, 745 cm"1; 
MS (70 eV) m/e (rel intensity) 195 (23%, M+), 167 (100%, 
C6H4N+C6H5), 77 (25%, C6H5+). 

Ethyl 9-Phenanthrenecarboxylate (3g): Coloress crystals; mp 
58—59 °C (from ethanol) (lit,23) 61 °C); NHR (CDC13) «5 1.64 
(t, 7=7 .1 Hz, 3H, CH3), 4.48 (q, 7=7 .1 Hz, 3H, CH2), 
7.42—8.97 (m, 9H, ArH); IR (KBr) 1700, (C=0), 1440, 1290, 
1240, 1030 cm-1; MS (70 eV) mje (rel intensity) 250 (100%, 
M+), 205 (99%, C 1 4 H 9 C E O + ) , 177 (54%, C14H9+). 

6H-Dibenzo\h, d]pyran(3h): Oil; NMR (CDC13) ô 5.07 
(s, 2H, CH2) (lit,26) ô 5.07, s), 6.84—7.81 (m, 8H, ArH); MS 
(70 eV) m/e (rel intensity) 182 (74%, M+), 181 (100%, 
C6H40+CHC6H4). 

6H-Dibenzo\b, d]thiopyran(3i) : Colorless crystals; mp 73— 
74 °C (lit,26) 75.5 °C); MS (70 eV) m/e (rel intensity) 198 
(91%, M+), 197 (100%, C6H4S+CHC6H4). 

The Pschorr Cyclization of Amines (la, lb, and lh) with p-
Toluenesulfonyl Nitrite (6). A mixture of 2-aminobenzo­
phenone (la, 1.0 mmol) and dry acetonitrile (5 ml) was 
added onto /»-toluensulfonyl nitrite (6, 3.0 mmol) under argon. 
Evolution of the gas was observed. Then the solution was 
stirred for 1 h at room temperature. The cyclic products 
were identified by comparison of the GLC and TLC with 
those of authentic samples, and yields were determined by 
GLC. 

The Intramolecular Meerwein Arylation of Amines (10a and 10b) 
with t-Butyl Thionitrate (2) and Copper (11) Chloride. f-Butyl 
thionitrate (2, 1.4 mmol) was added slowly to the solution of 
2-aminophenyl allyl ether (10a, 1.0 mmol) and well-dried 
anhydrous copper (II) chloride (1.2 mmol) in dry acetonitrile 
(10 ml) under argon with vigorous stirring at room tempera­
ture. The solution was stirred further for 1 h. Then 
cyclic product, 3-chlorochroman (11a), was directly isolated by 
column chromatography (silica gel, eluent : hexane). 

3-Chlorochroman (lia): Pale yellow oil; NMR (CDC13) ô 
3.43—3.90 (m, 3H, CH2 and CH), 4.29—4.71 (m, 2H, OCH2), 
6.67—7.35 (m, 4H, ArH) ; MS (70 eV) m/e (rel intensity) 200 
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13%, M+ +2) , 168 (38%, M+), 119 (100%, [C7H6=0]CH2+), 
91 (31%, C6H6CH2+); Found: C, 63.65; H, 5.45%. Calcd 
for C9H9C10: C, 64.10; H, 5.38%. 

3-Chlorothiochroman (11b) : Pale yellow oil; NMR (CDC13) 
ô 3.16—3.75 (m, 5H, CH2, CH and SCH2), 6.97—7.27 (m, 
4H, ArH) ; MS (70 eV) m/e (rel intensity) 186 (11%, M+ +2) , 
184 (27%, M+), 135 (100%, [C7H5=S]CH2+), 91 (14%, 
C6H6CH2+) ; Found: C, 58.51 ; H, 4.92%, Calcd for C9H9C1S: 
C, 58.53; H, 4.91%. 

Determination of Gas Evolved in The Gomberg-Bachmann Reaction 
of p-Chloroaniline with t-Butyl Thionitrate. A mixture of 
f-butyl thionitrate ( 1.4 mmol) in dry benzene ( 1 ml) was 
placed in the flask A of the special apparatus shown in Fig. 1, 
freezed with liquid nitrogen bath and degassed three times 
using the vacuum line. After the stopcock C was closed, solid 
^-chloroaniline (0.7 mmol) was added from bent tube B, then 
the mixture was stirred and heated at 80 °G with an oil bath 
for 5 h. The gas evolved was pumped into the gas sampler 
D by teppler pump E. The gas obtained was introduced into 
the mass spectrometer for identification. 
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Methyl 6-deoxy-3-C-methyl-/?-D-gulopyranoside (methyl /?-virenoside) was prepared from D-galactose. An 
attempted synthesis of the virenoside by the inversion at CA of methyl 6-deoxy-3-C-methyl-a-D-allopyranoside 
was unsuccessful. 

Virenose is a new naturally occuring branched-chain 
sugar found as a component of the anti tumor antibiotic 
virenomycin produced by Actiomyces virens sp. nov.2) 
Kulyaeva and her coworkers have reported the isolation 
of virenose as a methyl glycoside and established its 
absolute configuration as methyl 6-deoxy-3-C-methyl-
/S-D-gulopyranoside (1) from N M R , MS, and I R 
spectral data , and [M]cupraA«B rotational values.3) 

It is one of the most common branched-chain sugars, 
6-deoxy-3-C-methylhexoses.4) For the introduction of 
C-methyl branching, it is known that the reaction of 
methylmagnesium iodide and methyl 4,6-0-benzylidene-
2-deoxy-a-D-^rtfö-5) and -a-D-*r>tfArö-hexopyranosid-3-
uloses,6) and methyl 4,6-0-benzylidene-a-D-n£ö-hexo-
pyranosid-3-ulose7) gave the corresponding branched-
chain sugars having the desired configuration at C-3 
position. This paper describes the synthesis of 1 from 
methyl 2-0-benzoyl-4,6-0-benzylidene-a-D-x>;/ö-hexo-
pyranosid-3-ulose obtained from D-galactose,8) though 
another synthesis via the configurational inversion at 
C-4 of methyl 2,3-di-0-benzyl-6-deoxy-3-C-methyl-4-0-
(methylsulfonyl)-a-D-allopyranoside (6) derived from D-
glucose was unsuccessful. 

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

Methyl 4,6-0-benzylidene-3-C-methyl-<x-D-allopyra-
noside7) obtained from D-glucose through five steps 
conversions was converted into the corresponding 2,3-
di-O-benzyl derivative (2) in 78% yield by treating with 
sodium hydride and benzyl bromide in dimethyl 
sulfoxide. The benzylidene group of 2 was removed by 
refluxing in 70% acetic acid to produce 3 in 7 8 % yield. 
Monotosylation of 3 in pyridine gave the corresponding 
6-O-tosylate (4) in 8 0 % yield. Reduction of 4 in tetra-
hydrofuran with lithium aluminium hydride gave 
methyl 2,3-di-0-benzyl-6-deoxy-3-C-methyl-a-D-allo-
pyranoside (5) in 6 5 % yield. 

For the inversion of the configuration at C-4 of 5, 
oxidation-reduction method was tried at first. Oxidation 
of 5 with dimethyl sulfoxide and trifluoroacetic an­
hydride gave the corresponding 4-ulose (7) in 78% yield. 
However, reduction of 7 with sodium borohydride gave 
only 5. Because the conformation of 7 is deduced to be 
CI, the above result is attr ibuted to the steric hindrance 
of the axial benzyloxy group at C-3. As the second 
procedure, the SN2 inversion at C-4 was tried. Usual 
mesylation of 5 gave the corresponding 4-O-mesylate 
(6) in 8 3 % yield. Unfortunately, all at tempts for the 
conversion of 6 into the 4-O-benzoyl derivative (9) of 

r0Me 

OBn ÖBn 
3 rf=0H,R2=H 
4 R1 = Ts , R2= H 
5 R1 = R2 = H 
6 R ' r H , R2* MS 

Me 

r0Me 

OBn OBn 

7 

Fig. 1. 

n-gulo configuration by treatment with sodium benzoate 
were failed. Treatment of 6 in hexamethylphosphoric 
triamide at 180 °C for 24 h gave an ester exchange 
product, methyl 4-0-benzoyl-2,3-di-0-benzyl-3-C-meth-
yl-a-D-allopyranoside (8) in 30% yield, which is identical 
with that obtained by benzoylation of 5. 

O n the other hand, oxidation of methyl 2-O-benzoyl-
4,6-O-benzylidene-a-D-galactopyranoside9) with dimeth­
yl sulfoxide and trifluoroacetic anhydride in dichloro-
methane gave the corresponding 3-ulose (10) in 8 0 % 
yield. Reaction of 10 in benzene with methylmagnesium 
iodide gave predominantly one compound (11), which 
was separated by column chromatography from a trace 
of the corresponding 3-epimer in 8 5 % yield. This 
result indicates that the Grignard reagent attacks the 
carbonyl function from the equatorial side as was in the 
case of the corresponding 2-deoxy-3-ulose.5) Treatment 
of 11 with acetone in the presence of anhydrous copper-
(II) sulfate and catalytic amount of sulfuric acid gave 
the 2,3-O-isopropylidene derivative (12) in high yield, 
indicating the presence of a'j-hydroxyl groups in 11. 

Reaction of 11 with JV-bromosuccinimide in carbon 
tetrachloride in the presence of excess bar ium carbonate 
afforded methyl 4-0-benzoyl-6-bromo-6-deoxy-3-C-
methyl-a-D-gulopyranoside (13) in 7 5 % yield. The 
reduction of 13 in benzene with tributylstannane in the 
presence of a,<x'-azobisisobutyronitrile gave the corre­
sponding 6-deoxy derivative (14) in 70% yield. Base-
catalyzed removal of the 4-O-benzoyl group of 14 gave 
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Reported l a ) 

16 

Reported 16 

Mp/°C 

134—135 

131 

140—141 

140 
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TABLE 1 

W D / ° 
(in CHC13) 

- 3 0 

- 3 9 

- 2 4 

- 2 7 

and Juji 

. PHYSICAL CONSTANTS OF 1 

H-l 
(7i.i) 
4.41d 

(8.0) 
4.31d 

(7.5) 
4.58d 

(8.0) 

H-2 

3.39d 

3.31d 

4.81d 

YOSHIMURA 

AND 16 

XH NMR parameters 

H-4 
(A5) 
3.26d 

(1.2) 
3.16d 

(1.2) 
4.80d 
(1.2) 

H-5 
(y..e) 
4.22q 

(6.5) 
4.12q 

(6.0) 
4.23q 

(6.5) 

H-6 

1.28d 

1.24d 

1.14d 
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Other protons 

1.40(CMe), 3.54(OMe), 
2.52 (OH) 
1.39(CMe) 

1.12(CMe), 3.54(OMe), 
2.14(2xOAc) 

a) The NMR spectrum was recorded with a Hitachi R-20A (60 MHz) spectrometer. 
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OR °Me 
11 R = H 
12 R,R=Me2C< 

Fig. 2. 

the de-0-benzoylated product (15) in 6 5 % yield. 
Anomerization of 15 in methanol with cationic ion-
exchanger IR-120 by refluxing for 20 h gave crystalline 
methyl /?-D-virenoside (1) in 8 0 % yield. T h e physical 
constants of 1 are in good agreement with those 
reported2) (Table 1 ). T h e usual acetylation of 1 gave 
the corresponding 2,4-diacetate (16). 

Exper imenta l 

All the melting points are uncorrected. The solutions 
were evaporated under reduced pressure at a bath temperature 
not exceeding 45 °C. Specific rotations were measured in a 
0.5-dm tube with a Carl Zeiss LEP-A1 polarimeter by the use 
of chloroform as the solvent. The IR spectra were recorded 
with a Hitachi Model EPI-G2 spectrometer. The NMR 
spectra were taken with a JEOL PS-100 spectrometer using 
tetramethylsilane as an internal standard in deuteriochloro-
form unless otherwise stated. Chemical shifts and coupling 
constants were recorded in ô and Hz units and IR frequencies 
in cm -1. 

Methyl 2,3- Di- O- benzyl- 4,6- O- benzylidene-3- C- methyl- a- D-
allopyranoside (2). To a suspension of sodium hydride 
(0.5 g, 20.8 mmol) and methyl 4,6-0-benzylidene-3-C-methyl-
oc-D-allopyranoside (2 g, 6.75 mmol) in dry dimethyl sulfoxide 

(15 ml) was added gradually benzyl chloride (1.7 g, 13.4 
mmol). The mixture was then heated for 1 h at 70 °C on a 
water-bath, poured into ice water, and then extracted with 
chloroform. The extract was washed with water, dried with 
anhydrous magnesium sulfate, and evaporated to give a syrup 
that was purified on a preparative TLC (benzene-ethyl 
acetate 10:1) to give a colorless syrup (2.5 g, 78%). [a]J,3 

+ 58° (c 0.4), NMR: 7.1—7.3 (3xPh; m), 5.40 (PhCH; 
s), 4.96 and 4.69 (2xPhCH 2 ; each s), 4.72 and 3.32 (H-l 
and H-2; each d, Jx ,=4.0) , 4.60—4.18 (H-6 and H-6'; m), 
3.60 (H-5; m), 3.30 (H-4; d, JA 6=8.0), 3.42 (OMe), 1.46 
(CMe). Found: C, 72.96; H, 6.68%. Calcd for C29H3206: 
C, 73.10; H, 6.72%. 

Methyl 2,3-Di-0-benzyl-3-C-methyl-a.-D-allopyranoside (3). 
A solution of 2 (1.2 g, 2.5 mmol) in 70% acetic acid (4 ml) was 
kept for 10 h at room temperature, evaporated, and the 
residue was purified on a preparative TLC (toluene-chloro-
form-methanol 4 : 4 : 1 ) to give a syrup in 80% (0.78 g) 
yield. [a]£3 +41.4° (c 0.6); NMR: 7.32 (Ph; s), 5.20— 
4.48 (2xPhCH 2 ; m, 7=10.5), 4.77 and 3.35 (H-l and H-2; 
each d, 71>2=4.0), 3.30 (H-4; d, /4 i B=10.0), 3.7—3.9 (H-5, 
H-6, and H-6'; m), 3.41 (OMe), 2.2 and 2.45 ( 2 x O H ; each 
broads), 1.48 (CMe). Found: C, 68.23; H, 7.31%. Calcd 
for C22H28Oe: C, 68.04; H, 7.21%. 

Methyl 2,3-Di-0-benzyl-3- C- methyl-6 - O- (p-tolysulfonyl)-a- D-
allopyranoside (4). Reaction of 3 (5 g, 12.8 mmol) in dry 
pyridine (20 ml) with /»-toluenesulfonyl chloride (2.7 g, 14.2 
mmol) at room temperature overnight and usual work-up of 
the reaction mixture gave 4 (5.2 g, 75%) as a syrup. [a]£3 

+ 41° (c 1.5); NMR: 7.32 (Ph; m), 5.16—4.44 (2xPhCH2 ; 
m. 7=10.5), 4.73 and 3.32 (H-l and H-2; each d, Jx 2 = 
4.0), 3.33 (H-4; d, ./4>6=10.0), 4.0—4.4 (H-5, H-6, knd 
H-6'; m), 3.38 (OMe), 2.41 (PhMe), 1.46 (CMe). Found: 
C, 64.32; H, 6.34%. Calcd for C29H3408S: C, 64.20; H, 
6.27%. 

Methyl 2,3-Di-O- benzyl-6- deoxy- 3- C-methyl-a- D- allopyranoside 
(5). Lithium aluminium hydride (1.0 g, 32.5 mmol) was 
gradually added to a solution of 4 (4 g, 7.4 mmol) in dry 
tetrahydrofuran (100 ml), and the mixture was boiled for 6 h. 
A small amount of ethyl acetate and water were successively 
added to the reaction mixture, and the precipitate formed was 
filtered and washed with ether. The filtrate and washings 
were evaporated to a syrup, which was purified on a prepar­
ative TLC (benzene-ethyl acetate 10 : 1) to give syrupy 5 
(1.78 g, 65%). [a]*2 +43.6° (c 1.0); NMR: 7.32 (Ph; m), 
5.10—4.80 (PhCH 2 x2; m, 7=10.5), 4.71 and 3.34 (H-l 
and H-2; each d, Jx 2=4.0), 2.93 (H-4; dd, 7 4 5=10.0, 
74jOH=12.0), 3.40 (OMe), 1.44 (CMe), 2.35 (OH; d), 1.20 
(H-6; d). Found: C, 70.55; H, 7.32%. Calcd for C22H28-
0 5 : C , 70.96; H, 7.52%. 

Methyl 2,3-Di-Q-benzyl-6- deoxy-3- C-methyl-4-O- (methylsulfo-
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nyl)-ct-n-allopyranoside (6). Methanesulfonyl chloride (0.6 
g, 5.2 mmol) was added to a solution of 5 (1 g, 2.7 mmol) in 
dry pyridine (5 ml) cooled in an ice-water bath. The resulting 
solution was kept for 12 h at room temperature, poured into 
water, and then extracted with chloroform. The extracts 
were washed with saturated aqueous sodium hydrogen-
carbonate and water. Evaporation of the dried extract gave 
a syrupy 6 (1 g, 83%), [a]*,3 +79.5° (c 0.9); NMR: 7.36 (Ph; 
s), 5.10—4.56 (PhCH 2x2; m, 7=10-5), 4.68 and 3.31 (H-1 
and H-2; each d, Jx ,=4.0) , 4.19 (H-4; d, 74,5=10.0), 4.45 
(H-5; oct, 7 5 6=6.0), 3.40 (OMe), 2.99 (Ms), 1.48 (CMe), 
1.25 (H-6; d). Found: C, 61.62; H, 6.61%. Calcd for 
C23H30O7S: G, 61.33; H, 6.66%. 

Methyl 4-0-Benzoyl-2,3-di-0-benzyl-6-deoxy-3-G-methyl-<x-T>-
allopyranoside (8). i) : A solution of 5 (0.6 g, 1.32 
mmol) and sodium benzoate (0.38 g, 2.6 mmol) in hexamethyl-
phosphoric triamide (6 ml) was heated at 180 °G for 24 h, 
filtered, and then poured into water. The resulting solution 
was extracted with chloroform. The extract was washed with 
water and evaporated. The residue was extracted with 
ether again, and the usual work-up of the extract gave a 
syrup (0.42 g) which was purified on a preparative TLC 
(toluene-ethyl acetate 16 : 1) to give 8 (0.18 g, 30%) as a 
syrup. [a]*4 +26.9° (c 0.5); NMR: 8.10—7.8 and 7.50— 
7.30 (2xPh; m), 5.52 (H-5; m, 75>6=6.0), 4.4—4.8 (2x 
PhCH2 ;m), 4.90 and 3.68 (H-1 and H-2; each d, 71>2= 
4.0), 3.87 (H-4; d, 7 4 6 = 6.0), 3.48 (OMe), 1.52 (CMe), 1.47 
(H-6 ; d). Found : C, '73.25 ; H, 6.78%. Calcd for C29H3206 : 
C, 73.11; H, 6.72%. 

ii) : To a solution of 5 (0.1 g, 0.27 mmol) in dry pyridine 
(5 ml) was added benzoyl chloride (0.1 g, 0.7 mmol), and the 
usual work-up after 10 h gave 8 (0.9 g, 71%) identical with 
that obtained above. 

Methyl 2,3-Di-O-benzyl-6-deoxy- 3-C-methyl- a. -D-riho-hexo-
pyranosid-4-ulose (7). To a solution of dry dimethyl 
sulfoxide (0.5 g, 6.4 mmol) and dry dichloromethane (2 ml) 
was added successively trifluoroacetic anhydride (0.54 g, 4.0 
mmol) in dichloromethane (2 ml) with stirring during 10 min 
at — 78 °C, and then a solution of 6 (0.5 g, 1.34 mmol) in 
dichloromethane (2 ml). The reaction mixture was stirred 
at —78 °C for 20 min, neutralized with triethylamine (4 ml), 
and extracted with chlorofolm. The extract was washed with 
water, and then evaporate to give a syrup which was chromato-
graphed on a silica-gel column (toluene-ethyl acetate 16 : 1) 
to afford 7 (0.38 g, 78%). [a]*,4 +101° (c 0.4). IR: 1740 
(C=0); NMR: 7.4—7.2 (2xPh; m), 4.9—4.5 (PhCH2; m), 
4.80 and 3.59 (H-1 and H-2; each d ,7 1 2 =4 .0 ) , 4.50 (H-5; 
q,7s 6=6.0), 1.20 (H-6; d), 3.51 (OMe), i.51 (CMe). Found: 
C, 7L77; H, 7.21%. Calcd for C22H2605: C, 71.35; H, 7.02%. 

Methyl 4,6-0-Benzylidene-2-0-benzoyl-a-r>-xylo-hexopyranosid-
3-ulose (10). A similar oxidation of 7 to that of 5 
gave the corresponding 3-ulose (10) in 80% yield. [oc]£7 

+ 142° (c 1.8); IR: 1730 (C=0); NMR 7.8—8.2 and 7.2—7.6 
(2xPh; m), 5.59 (PhCH), 6.1 and 5.36 (H-1 and H-2; 
each d , 7 1 2 = 3.8), 4.54 (H-4; d, 74,5=1-5), 3.97 (H-5; m), 
4.15 (H-6''; dd, 75,6=2.0), 4.42 (H-6; dd, 76,«<=13, 75 ,6= 
1.5), 3.48 (OMe). Found: C, 65.65; H, 5.42%. Calcd 
for C21H20O7: C, 65.62; H, 5.21%. 

Methyl 4,6-0-Benzylidene-3-C-methyl-a.-D-gulopyranoside (11). 
To a suspension of magnesium turning (4.5 g, 185 mmol) in 
dry ether (150 ml) was added methyl iodide (25 g, 176 mmol) 
dropwise with stirring at room temperature. After 20 min, 
10 (15 g, 39 mmol) was added to the Grignard solution with 
the aid of a small amount of benzene. After stirring for 6 h, 
the reaction mixture was worked up in the usual way to give a 
syrupy 11 in 85% (10.1 g) yields, [a]»» +102° (c 1.0); 
NMR: 7.2—7.52 (Ph; m), 5.50 (PhCH), 4.86 (H-1; d, J12= 

3.8), 3.78 (H-2; dd, 7 2 OH=12.0), 3.77 (H-4; s), 3.90 (H-5; 
broad s), 4.30 (H-6; d ^ 76>6,= 13, 75.6=2.0), 4.04 (H-6'; dd, 
7 5 6 , = 2.0), 3.3 (3-OH), 3.46 (OMe), 2.64 (2-OH; d), 1.35 
(CMe). Found: C, 60.75; H, 6.64%. Calcd for C15H20O6: 
C, 60.81 ; H , 6.76%. 

Methyl 4,6-0-Benzylidene-3-C-methyl-2,3-0-isopropylidene-cc-D-
gulopyranoside (12). A suspension of 11 (0.38 g, 1.28 
mmol) and copper(II) sulfate (0.4 g, 2.5 mmol) in dry 
acetone (2 ml) containing catalytic amount of sulfuric acid 
was stirred for 12 h, filtered, and then evaporated to dryness. 
The residue was extracted with chloroform, and the usual 
work-up of the extract gave a syrup which was purified on 
a TLC (benzene-acetone 5:1) to give pure 12 as a syrup 
(0.35 g, 81%). [a]*5 +8.6° (c 0.6); NMR: 7.5—7.2 (Ph; m), 
5.50 (PhCH), 5.18 and 3.71 (H-1 and H-2; each d, Jx 2 = 1.2), 
4.18 (H-4; s), 4.0 (H-5; m), 4.34 (H-6; dd, 76 6 ' ,= 12.2, 
7 M = 2 . 0 ) , 3.92 (H-6'; d d , 7 5 6 , = 2.0), 3.62 (OMe), l'.46, 1.50 
and 1.52 (3xCMe; each s)'. Found: C, 64.31; H, 7.33%. 
Calcd for C18H24Oe: C, 64.28; H, 7.14%. 

Methyl 4-0-Benzoyl-6-bromo-6-deoxy-3-G-methyl-a-T>-gulopyrano-
side (13). A suspension of 11 (8 g, 0.028 mol), TV-bromo-
succinimide (8.96 g, 0.05 mol), and barium carbonate (8.8 g, 
0.04 mol) in dry carbon tetrachloride (150 ml) was boiled 
for 7 h, filtered, and the filtrate was worked up in the usual 
way to give 13 as a syrup in 75% (8.5 g) yield, [a]*7 

+ 120.7° (c 1.8); NMR: 7.9—8.1 and 7.3—7.5 (PhCO; 
m), 4.92 and 3.79 (H-1 and H-2; each d, 7 1 2 = 3.8), 5.26 
(H-4; s), 4.46 (H-5; dd, 75>6, = 8.0, 76>6=4.0)', 3.44 (H-6'; 
dd, 76,6<=H.0), 3.26 (H-6; dd), 3.54 (OMe), 1.26 (CMe). 
Found: C, 48.31; H, 5.20%. Calcd for C15H1906Br: C, 
48.00; H, 5.06%. 

Methyl 4-0-Benzoyl-6-deoxy-3-G-methyl-ct-n-gulopyranoside (14). 
To a solution of 13 (5 g, 0.013 mol) in anhydrous benzene 
(100 ml) was added tributylstannane (7.5 g, 0.025 mol) and 
catalytic amount of oc,a'-azobisisobutyronitrile. The mixture 
was refluxed for 15 h, concentrated and the tin compound in 
the residue was removed on a silica gel column using hexane 
as the eluent. Thereafter, the elution with benzene-acetone 
(10 : 1) gave syrupy 14 in 70% (2.7 g) yield, which was 
crystallized from ethyl acetate. Mp 133—134°C, [a]f 
+ 142° (c 1.0); NMR: 8.0—8.16 and 7.30—7.60 (PhCO; 
m), 4.87 (H-1: d, 7i,2=4.0), 3.78 (H-2; dd, 7 2 O H = 1 2 . 0 ) , 
5.12 (H-4; s), 4.41 (H-5; q, 75 ,6=6.0), 3.84 (OH-3; s), 
3.52 (OMe), 2.40 (OH-2; d), 1.25 (CMe), 1.17 (H-6; d). 
Found: C, 60.64; H, 6.89%. Calcd for C16H20O6: C, 60.81 ; 
H, 6.76%. 

Methyl 6-Deoxy-3-G-methyl-a.-D-gluopyranoside (15). A 
solution of 14 (1.5 g, 5 mmol) and sodium (0.4 g, 17 mmol) 
in dry methanol (60 ml) was refluxed for 4 h, and concen­
trated to dryness. The residue was extracted several times 
with dichloromethane, and the usual work-up of the extract 
gave 15 as a syrup in 65% yield, [a]*7 +123° (c0.3); 
NMR (CD3OD) : 4.79 and 3.58 (H-1 and H-2; each d, Jx 2 = 
4.0), 4.25 (H-5; q, 7>,6=6.0), 3.13 (H-4; s), 3.48 (OMe), 1.26 
(CMe), 1.17 (H-6; d). Found: C, 49.85; H, 7.29%. Calcd 
for C8H1 605 : C, 49.99; H, 8.39%. 

Methyl 6-Deoxy-3-G-methyl-ß-v>-gulopyranoside (Methyl ß-z>-
Virenoside) (1). A suspension of 15 (0.3 g, 1.6 mmol) and 
cationic resin (IR-120, 1.5 g) in dry methanol (40 ml) was 
refluxed for 24 h. The anomerization could be monitored 
by TLC. The reaction mixture was filtered, and the filtrate 
was evaporated. The residual syrup was purified on a 
preparative TLC (chloroform-methanol 4 : 1) to give 1 in 80% 
(0.24 g) yield, which was crystallized from hexane-chloroform. 
Found: C, 49.74; H, 8.24%. Calcd for C8H1 605: C, 49.99; 
H, 8.39%. 

Methyl 2,4-Di-0-acetyl-6-deoxy-3-G-methyl-ß-n-gulopyranoside 
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(16). Acetylation of 1 (30 mg, 0.16 mmol) with acetic 
anhydride in pyridine for 24 h at room temperature, and the 
usual work-up of the mixture and purification of the product 
by a preparative TLC (benzene-aceton 5 : 1 ) gave 16 in 82% 
(25 mg) yield, which was recrystallized from methanol. 
Found: G, 52.27; H, 7.34%. Galcd for C12H20O7: G, 52.16; 
H, 7.30%. 
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Restricted Rotation Involving the Tetrahedral Carbon. XXXIX. 
9-(2-Methoxy-l-methylethyl)triptycene Derivatives1) 

Masahiko SUZUKI, Gaku YAMAMOTO, Hiromi KIKUCHI, and Michinori Ö K I * 

Department of Chemistry, Faculty of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113 
(Received February 20, 1981) 

9-(2-Methoxy-l-methylethyl)triptycenes were prepared from 9-(2-methoxy-l-methylethyl)anthracene and 
corresponding benzynes to examine the feasibility of isolating rotational isomers of 9-isopropyltriptycene derivatives 
at room temperature. They afforded crystalline ap forms which underwent internal rotation with activation 
energies of ca. 23 kcal/mol. 9-(2-Acetoxy-l-methylethyl)-l,2,3,4-tetrachlorotriptycene gave similar results. Based 
on the results, the barrier to rotation of 9-isopropyl-l,2,3,4-tetrabromotriptycene was reexamined to show that it 
must be corrected as 23.5 kcal/mol at 175 °C. 

Stable rotamers of triptycene derivatives carrying a 
f-alkyl group in 9-position have been isolated at room 
temperature.2) It is also possible to isolate rotamers of a 
compound carrying a primary alkyl group in 9-position 
of triptycene at room temperature, if it carries three 
substituents in three peri-positions which are close to 
the alkyl group.3) To date, however, no rotamers have 
been isolated of compounds which carry a j-alkyl group 
in 9-position of triptycene. The possibility of the 
isolation has long been suggested because 9-isopropyl-
triptycenes were shown to have barriers to rotation 
of more than 23 kcal/mol (1 c a l = 4 . 1 8 J ) :4) it is suggested 
that if the barrier is over 23 kcal/mol, the rotamer is 
stable at room temperature.5) 

The problem for isolating the rotamers of 9-isopropyl­
triptycene is that they exist as a pair of enantiomers 
and a diastereomeric ap form is not found for the steric 
reasons: it is necessary to resolve the racemate into 
enantiomers. Although a functionality for the resolution 

CH3 

CH,' CH3 CH3' 

may be introduced into these compounds, the similar 
results may be obtained by modifying the isopropyl 
group, because modifying a methyl of the isopropyl 
group should produce diastereomers, if the rotation in 
question is slow, which should be separable by ordinary 
physical methods. Thus we introduced a methoxyl or 
an acetoxyl group to one of the methyls of the isopropyl 
group. This paper reports the results of such an inves­
tigation. 

There is a problem of naming the stereochemistry of 
these comformations, as discussed elsewhere,1) because 
the conformations involve a chiral center. However, we 
should like to use ap and se as designated for simplicity 
of the discussion: although, in principle, there is another 
sc form in which a methyl and an R O C H 2 group flank 
the substituted benzeno bridge, in practice that confor­
mation is nonexistent for the steric reasons because 

CHa 

BQCH; 

CH2OR 

CH3 

it is a substituted derivative of the ap conformation of 
9-isopropyltrip ty cenes. 

The compounds examined in this study were prepared 
in the following way. Anthrone was alkylated with 
methyl 2-bromopropionate in the presence of a base 
and the resulted ester (1) was reduced with sodium 
tetrahydridoborate to corresponding alcohols which 
were dehydrated with hydrochloric acid to produce an 
anthracene-ester (2). The ester was reduced with 
lithium tetrahydridoaluminate to afford the correspond­
ing alcohol (3). The alcohol was methylated with 
sodium hydride and methyl iodide. Treatment of the 
methyl ether (4) with tetrahalobenzynes afforded 
desired triptycenes (5 and 6). Treatment of the methyl 
ether (4) with /?-benzoquinone followed by enolization 
of the adduct and then methylation gave a 1,4-di-
methoxytriptycene (7). Acetylation of the alcohol (3) 
followed by treatment with tetrachlorobenzyne afforded 
l ,2 ,3,4-tetrachloro-9- (2-acetoxy-1 -methylethyl) tripty­
cene (8). 

ap 
CH3 

^r H /CHCOOCH3 
CHsCHC00CHs 

CH3CHCOOCH3 

KOH -&P 1) NaBH, 

O 

(1) 
CH3CHCH20H CH,CHCH2OCH3 

LiAlH, ^ v V > CH3I <V^S X 

1) 0=0-0 
2) NaOH, (CH3)2SO* (5) X=C1 

(6) X=Br 

pCH3 

A C O C H 2 - Z H CI 

CH3 

(8) 

Exper imenta l 

10-( 1-Methoxycarbonylethyl) anthrone (1). To a mix­
ture of 35 g (0.18 mol) of anthrone and 29 g (0.174 mol) of 
methyl 2-bromopropionate in 200 mL of methanol was added 
with stirring a solution of 10 g (0.179 mol) of potassium 
hydroxide in 150 mL of methanol during a 3 h period at room 
temperature under a nitrogen atmosphere. Insoluble 
anthrone was filtered off and the filtrate was concentrated. 
The residue was taken up in dichloromethane and the solution 
was washed with water, aqueous ammonium chloride, and 
then water. The solution was dried over magnesium sulfate 
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and evaporated to give 42 g (86%) of an oil which was directly 
used for the next preparation. 1H NMR (CDC13, ô): 0.63 
(3H, d, 7 = 7 . 5 Hz), 2.91 (1H, dq, 7=7 .5 , 4.5 Hz), 3.70 (3H, 
s), 4.83 (1H, d, J = 4 . 5 Hz), 7.2—7.7 (6H, m), 8.15—8.4 
(2H, m). 

9- (1-Methoxycarbonylethyl) anthracene (2). To a solution 
of 35 g (0.125 mol) of 10-(l-methoxycarbonylethyl)anthrone in 
500 mL of methanol was added 35 g (0.925 mol) of sodium 
tetrahydridoborate with ice-cooling and the mixture was 
allowed to stand for 15 min. The mixture was treated with 
ice and dilute hydrochloric acid and extracted with dichloro-
methane. The extract was washed and evaporated. The 
residue was taken up in 300 mL of benzene and the solution 
was shaken with 300 mL of concentrated hydrochloric acid 
for 10 min. The benzene layer was separated, washed, and 
dried. Evaporation of the solvent afforded 31 g (94%) of 
the desired compound. Recrystallization from acetone-
pentane gave a pure sample, mp 117—119°C. Found: C, 
81.69; H, 5.83%. Calcd for C18H1602: C, 81.79; H, 6.10%. 
^ N M R (CDC13, Ô): 1.80 (3H, d, 7 = 7 Hz), 3.54 (3H, s), 
5.10 (1H, q, 7 = 7 Hz), 7.3—7.6 (4H, m), 7.8—8.3 (4H, m), 
8.38 (1H, s). 

9- (2-Hydroxy-l-methylethyl) anthracene (3). A solution of 
227 mg (0.86 mmol) of 9-(1-methoxycarbonylethyl)anthracene 
in 20 mL of dry ether was added to a slurry of 65.3 mg (1.72 
mmol) of lithium tetrahydridoaluminate in 30 mL of dry 
ether and the mixture was stirred for 30 min at room tempera­
ture. The excess of the hydride was decomposed with ethyl 
acetate. The whole was treated with dilute hydrochloric 
acid and the ether layer was washed with aqueous sodium 
hydrogencarbonate and then with water, and dried over magne­
sium sulfate. Evaporation of ether afforded an oil in 192 mg 
(96.5%) yield. The crude product was directly used for the 
next reaction. *H NMR (CDC13, Ô): 1.69 (3H, d, 7 = 7 Hz), 
4.24 (2H, br d, 7 = 7 Hz), 4.3—4.7 (1H, m), 7.0—7.6 (4H, 
m), 7.8—8.1 (2H, m), 8.1—8.5 (3H, m). 

9-(2-Methoxy-l-methylethyl) anthracene (4). A mixture of 
0.32 g (13 mmol) of sodium hydride, 621 mg (2.64 mmol) of 
9-(2-hydroxy-l-methylethyl)anthracene and 10 mL of tetra-
hydrofuran was stirred for 30 min at room temperature. To 
the mixture was added 1.6 mL (26 mmol) of methyl iodide 
and the whole was stirred overnight. The excess of the 
hydride was decomposed with ethanol and then with water 
and the mixture was extracted with ether. The ethereal 
extract was washed with dilute hydrochloric acid and then 
with aqueous sodium hydrogencarbonate and dried over 
magnesium sulfate. After evaporation of the solvent, the 
residue was chromatographed on silica gel, dichloromethane-
hexane (1 :3 ) being used as an eluent. The desired product 
was obtained in 429 mg (65%) yield. The product was 
directly used for the next reaction. XH NMR (CDC13, ô) : 
1.70 (3H, d, 7=7 .2 Hz), 3.27 (3H, s), 3.77 (1H, dd, 7 = 5 . 1 , 
9.0 Hz), 4.11 (1H, dd, 7=8 .6 , 9.0 Hz), 4.35—4.80 (1H, m), 
7.0—7.5 (4H, m), 7.7—8.0 (2H, m), 8.1—8.5 (3H, m). 

7,2,3,4- Tetrachloro-9- ( 2-methoxy- 1-methylethyl) triptycene (5). 
To a boiling solution of 429 mg (1.72 mmol) of 4 and 0.9 mL 
of isopentyl nitrite in 10 mL of dichloromethane was added 
1.18 g (4.29 mmol) of tetrachloroanthranilic acid6> in 10 mL 
of acetone in 1 h under a nitrogen atmosphere. The mixture 
was heated for another hour. Insoluble materials were 
filtered off and the filtrate was evaporated. The residue was 
submitted to silica gel chromatography and eluted with 
hexane-dichloromethane ( 1 : 1 ) . A mixture of the desired 
material and the starting material (6 :4) was obtained. 
Treatment of the mixture with the benzyne was repeated. 
An eluted fraction from silica gel was recrystallized from 
tetrahydrofuran-hexane to give 198 mg (25%) of the desired 

compound, mp 190—192 °C. Found: C, 62.03; H, 3.72; 
CI, 30.28%. Calcd for C24H18OCl4: C, 62.09; H, 3.91; CI, 
30.55%. When the crystals of the compound were dissolved 
in chloroform-*/ at low temperatures, the XH NMR signals 
could be attributed to the ap conformation (ô) : 1.97 (3H, d, 
7=7 .2 Hz), 3.45 (3H, s), 3.8—4.6 (3H, m), 5.94 (1H, s), 
6.7—7.9 (8H, m). On standing at room temperature, the 
solution exhibited a set of NMR signals which could be 
attributed to the sc conformation of which signals were obtained 
by subtracting those due to the ap conformation from those 
of the mixture, sc (CDC13, Ô): 1.78 (3H, d, 7=7 .2 Hz), 3.48 
(3H, s), 3.8—4.6 (3H, m), 5.94 (1H, s), 6.7—7.9 (8H, m). 

1, 2,3, 4- Tetrabromo-9- ( 2-methoxy- 1-methylethyl) triptycene (6). 
To a boiling solution of 1.10 g (4.40 mmol) of 4 and 2.1 mL 
of isopentyl nitrite in 20 mL of dichloromethane was added 
5.5 g (12.1 mmol) of tetrabromoanthranilic acid7) in 20 mL 
of acetone in 30 min. The mixture was heated for another 
hour and filtered. The filtrate was concentrated and the 
residue was cjiromatographed as above. The obtained 
crystals were recrystallized from acetone-pentane to give 
the desired product, mp 220—222 °C, in 818 mg (29%) 
yield. Found: C, 44.98; H, 2.83; Br, 50.29%. Calcd for 
C24H18OBr4: C, 44.89, H, 2.83; Br, 49.79%. The following 
XH NMR data (CDC13, ô) were obtained as were described 
for 5. ap: 1.93 (3H, d, 7 = 7 . 2 Hz), 3.41 (3H. s), 3.8—4.7 
(3H, m), 5.97 (1H, s), 6.8—7.9 (8H, m). sc: 1.74 (3H, d, 
7 = 6 . 3 Hz), 3.48 (3H, s), 3.8—4.7 (3H, m), 5.97 (1H, s), 6.8— 
7.9 (8H, m). 

1,4-Dimethoxy-9- ( 2-methoxy- 1-methylethyl) triptycene (7). A 
solution of 1.47 g of 4 and 0.95 g of />-benzoquinone in 8 mL 
of acetonitrile was heated overnight under reflux. The 
acetonitrile and the benzoquinone were washed off with hot 
water. The residue was treated with a small portion of 
aqueous sodium hydroxide and then with a small portion of 
dimethyl sulfate. The process was repeated several times 
to use a total of 0.75 g of sodium hydroxide in 5 mL of water 
and 1 mL of dimethyl sulfate. After one night, the mixture 
was poured into water and the mixture was extracted with 
benzene. The benzene solution was dried and evaporated. 
The residue was chromatographed on silica gel, using eluents 
from hexane-dichloromethane (1 :1 ) to dichloromethane. 
Some fractions were taken up in pentane-dichloromethane to 
remove anthraquinone as an insoluble material. The desired 
product, mp 218—220 °C, crystallized out on addition of 
pentane. Yield was 741 mg (32.6%). Found: C, 80.66; 
H, 6.61%. Calcd for C26H2403: C, 80.80; H, 6.78%. The 
crystals of this compound, on dissolution in chloroform-*/ 
at —40 °C, gave 1H NMR signals of the almost pure op-
form but the isomerization was much faster than other com­
pounds. From these results, the crystals may be assumed to 
be composed of the pure ap-forms. The following XH NMR 
data (CDCI3, ô) were obtained as described for other com­
pounds, ap: 1.88 (3H, d, 7 = 6 . 3 Hz), 3.41 (3H, s), 3.63 (3H, 
s), 3.72 (3H, s), 3.9—4.2 (3H, m), 5.77 (1H, s), 6.42 (2H, s), 
6.8—7.8 (8H, m). sc: 1.79 (3H, d, 7 = 6 . 3 Hz), 3.46 (3H, s), 
3.67 (3H, s), 3.72 (3H, s), 3.9—4.2 (3H, m), 5.77 (1H, s), 
6.42 (2H, s), 6.8—7.8 (8H, m). 

9- ( 2-Acetoxy- 1-methylethyl) -1,2,3,4-tetrachlorotriptycene (8). 
A solution of 1.154 g (4.89 mmol) of 3 in 50 mL of benzene 
was mixed with 0.8 mL of pyridine and 0.5 mL of acetyl 
chloride. The mixture was treated, after 10 min, with 
ethanol and then with water. The aqueous layer was removed 
and the organic layer was washed with dilute hydrochloric 
acid and then with aqueous sodium hydrogencarbonate. 
Evaporation of the solvent and chromatography of the residue 
on silica gel, using dichloromethane-hexane (1 : 1), afforded 
a yellow oil of 9-(2-acetoxy- 1-methylethyl)anthracene in 
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1.349 g (99.3%) yield. TO NMR (CDG13, <5): 1.72 (3H, d, 
7=7 .2 Hz), 1.97 (3H, s), 4.4—5.1 (3H, m), 7.1—7.6 (4H, 
m), 7.8—8.1 (2H, m), 8.2—8.5 (3H, m). 

A solution of the acetate (1.349 g or 4.85 mmol) and 2.6 
mL of isopentyl nitrite in 20 mL of dichloromethane was 
treated with 4.00 g (14.6 mmol) of tetrachloroanthranilic acid 
in 30 mL of acetone as described in the preparation of 5. 
The single treatment with the benzyne afforded 404.8 mg 
(17%) of the desired compound, mp 218—220 °C, on recrystal-
lization from acetone-hexane after chromatography. Found : 
G, 61.14; H, 3.45; CI, 28.86%. Calcd for C25H1802C14 : 
C, 61.00; H, 3.69; Gl, 28.81%. The following TO NMR 
data (CDG13, ô) were obtained as described above, ap: 1.96 
(3H, d, / = 6 . 3 Hz), 2.24 (3H, s), 4.3—5.2 (3H, m), 5.94 
(1H, s), 6.9—7.8 (8H, m). sc: 1.76 (3H, d, 7 = 6 . 3 Hz), 2.11 
(3H, s), 4.3—5.2 (3H, m), 5.94 (1H, s), 6.9—7.8 (8H, m). 

W NMR Spectra and Kinetic Data. TO NMR spectra 
were obtained on a Hitachi R-20B spectrometer equipped 
with a temperature variation accessory and operating at 60 
MHz. 

Rates of isomerization at room temperature were obtained 
by observing the change of TO NMR spectra as chloroform-«/ 
solutions in a probe of the NMR spectrometer. Temperatures 
were read directly by a thermocouple. The data were 
treated as the first order reversible reaction. Dynamic NMR 
spectra were obtained as hexachlorobutadiene solutions and 
the line shapes were simulated with the use of the modified 
Binsch program.8) The temperature was calibrated with 
the use of the chemical shift differences of the protons of 
ethylene glycol. Some selected rate constants (ap—>JTC,S_1) 
are given below (numericals in parentheses are temperatures 
in °G). 5: 0.82 (116.7), 1.23 (122.7), 1.67 (125.8), 6: 0.80 
(116.6), 1.32 (123.7), 1.76 (127.3), 7: 0.76 (114.5), 1.22 
(120.3), 1.61 (124.0), 8: 0.52 (126.0), 0.61 (129.2), 0.93 
(133.9), 1.33 (138.0). 

These data were put into the Eyring equation and the 
kinetic parameters were obtained. 

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

Assignment of Conformations. Assignment of con­
formations poses a difficult problem. We have succeeded 
in assigning conformations of ethenoanthracene deriva­
tives by looking at aromatic proton signals of N M R 

spectra2) but this method is apparently not applicable 
to the present case. T h e only differences are found in 
chemical shifts of protons due to methyl groups in the 
9-substituents. One of the possibilities which give a 
solution to the problem is to utilize the chemical shifts 
of the methyl protons. I n triptycene derivatives which 
carry a /-butyl group in the 9-position, the two methyl 
groups which are close to a peri-subsituent (usually a 
halogen) give a XH N M R signal at a lower magnetic 
field t han tha t which is ap to the substituent.9) This is 
reasonable if we assume van der Waals shift because the 
two groups are in a congested state. It is also true for 
other tertiary alkyl groups : methyls in an ap conforma­
tion which possesses the methyls ±sc to the peri-
substituent give 1H N M R signals at a lower field which 
corresponds to one of the methyls, tha t gives its signal 
at a lower magnetic field, in ±sc conformations.10) If 
these generalities are applicable to the present case, 
then a conformation which gives the methyl signal at a 
lower field than another must be ap. However, since 
the steric requirements of a /-alkyl and a j-alkyl group 
are so different tha t the deformation of the molecules 
in question may differ to some extent. Indeed, 
1,2,3,4,5,6,7,8-octachloro-9-isopropyltriptycene in which 
both methyl groups in the isopropyl are flanked by a 
tetrachlorobenzo and a benzo groups give a methyl 
signal at a higher magnetic field: it corresponds to a 
higher one of the two methyls in l,2,3,4-tetrachloro-9-
isopropyltriptycene.4) We may have to wait to draw a 
definite conclusion until direct unambiguous evidence 
such as X-ray crystallography is obtained. We tentative­
ly assign here, therefore, that , by taking advantage of 
the analogy from the /-alkyl compounds, it is the ap 
conformation tha t gives methyl proton signals at a 
relatively low magnetic field. T h e n the crystalline 
forms which we obtain by recrystallization are ap and 
those which appear on dissolution are sc. 

Rotational Barriers. Rates of rotat ion at room 
temperature, as examined by the classical method, and 
free energies of activation are given in Table 1. Every 
compound examined was, at least, almost pure ap form 

TABLE 1. RATES OF ROTATION (ap~^sc) AND EQUILIBRIUM CONSTANTS OF 

9-[2-METHOXY(OR ACETOXY)-1-METHYLETHYL]TRIPTYCENES 

Compound 

5 
6 
7 
8 

Substituents 

Bridgehead 

CH3OCH2CH(CH3) 
CH3OCH2CH(CH3) 
CH3OCH2CH(GH3) 
AcOCH2CH(CH3) 

Peri 

Gl 
Br 

OCH3 

CI 

TABLE 2. KINETIC PARAMETERS FOR ROTATION 

Compound —£-(Temp/°C; 
(scjap) ) 

Temp 
K 

306 
307 
306 
305 

AG" * x l 0 4 K 
kcal/mol s-1 (spjap) 

23.5 1.03 0.40 
23.4 1.52 0.28 

0.65 
23.2 1.49 0.64 

(ap—*sc) OBTAINED BY TOTAL LINE SHAPE ANALYSIS 

AH" 
kcal/mol 

AS" AG?98 

e.u. kcal/mol 

0.56(126) 
0.41(132) 
0.96(124) 
0.56(138) 

22 .9±2 .4 
24 .1±1 .7 
22 .2±0 .4 
2 5 . 7 ± 1 . 9 

- 0 . 7 ± 6 . 2 
2 . 2 ± 4 . 4 

- 2 . 3 ± 1 . 1 
3 . 9 ± 4 . 5 

23.1 
23.4 
22.9 
24.5 
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soon after the dissolution in chloroform-*/. The di-
methoxy compound (7) was no exception but it 
isomerized fast at room temperature. Thus, al though it 
was possible to isolate ap isomers, we had to abandon 
isolation of sc isomers at room temperature. 

As expected from a minute difference in structures, 
compounds 5 and 8 exhibit similar barriers to rotation. 
T h e barriers observed are in good agreement with 
those obtained by dynamic N M R study of 9-isopropyl-
triptycenes except the bromo compound (6) : the 
barriers to rotation of 9-isopropyl compounds have been 
reported to be 23 .6±1 .9 , 25 .5±2 .3 , and > 2 6 kcal/mol 
for compounds carrying a methoxyl, chloro, and bromo 
group in the peri-position, respectively.4) Disagreement 
of the da ta obtained prompted us to reexamine the 
barrier to rotation of l,2,3,4-tetrabromo-9-isopropyl-
triptycene. We found that the coalescence temperature 
of the methyl signals of the isopropyl group in the 1H 
N M R spectrum was 175 °C instead of > 2 0 0 °C as 
reported. From the coalescence temperature and the 
chemical shift difference, the free energy of activation 
for rotation was calculated to be 23.5 kcal/mol, which 
is in accordance with the da ta investigated here. 
Probably some accidental mishaps caused errors in 
reading the temperature in the literature. 

T h e results obtained by the dynamic N M R study 
are given in Table 2. They are generally in good 
agreement with the data obtained by the classical 
method. Although the barriers to rotation of these 
compounds might be considered similar from the free 
energies of activation at 298 K, yet we can point out 
tha t the methoxy compound (7) has a lower barrier. 
T h e tendency is usually more revealing in the rate 
constants than the free energies but the difference is 
obscure in the rate constants obtained by the line shape 
analysis (see Experimental section). Ra ther the differ­
ence is definite in the rates of rotation at ambient 
temperatures (Table 1). If we can take the difference 
between the bromo (6) and the chloro compound (5) 
significant, the chloro compound does exhibit a higher 
barrier to rotation. 

We have recently reported that the barriers to 
rotation in triptycene systems having a i-alkyl group 
show an interesting trend. Namely, in [l-cyano(or 

methoxycarbonyl)-l-methylethyl] triptycene series, bar­
riers to rotation are higher if that compound carries no 
substituent in the peri-position11) than those carrying a 
substituent in the peri-position.10) Investigation of a 
series of 1-substituted 9-(2-phenyl-l,l-dimethylethyl)-
triptycenes has revealed that there is a maximum barrier 
to rotation when the 1-substituent is medium-sized.12) 
Thus the results reported here supplement that there 
is a same trend in the triptycene series which carries a 
5-alkyl group. T h e only difference is that , whereas 
the maximum barrier to rotation in the i-alkyl series 
has been observed at the substituent of a methoxyl or a 
fluoro, it is a chloro (and a bromo) in the case presented 
here. This shift must be caused by the fact that con-
gestedness in molecules is much more severe in the t-
alkyl compounds than in the s-alkyl compounds in the 
ground state. 

We wish to thank the Ministry of Education, Science 
and Culture for a Grant-in-Aid for Fundamental 
Scientific Research which supported this work. 
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The Reaction of 2,4,6-Triphenyl-l,3-oxazinylium Perchlorate 
with Amino Compounds 
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The reaction of 2,4,6-triphenyl-l,3-oxazinylium Perchlorate with various kinds of amino compounds was 
studied. Primary amines and semicarbazides gave pyrimidinium Perchlorates. o-Phenylenediamine, o-amino-
benzamide, and o-aminothiophenol afforded 2,4-diphenyl-l,5-benzodiazepine, 2-phenyl-4-hydroxyquinazoline, 
and 2-phenyl-l,3-benzothiazole respectively. Benzoylhydrazine, 4-pyridinecarbohydrazide, and 4-phenylthio-
semicarbazide all led to pyrazoline derivatives. JV,7V-Dimethylhydrazine yielded two chain products competitively, 
while JV,W-dimethylhydrazine gave l,2-dimethyl-3,5-diphenyl-l,2,4-triazolylium and l,2-dimethyl-3,5-diphenyl-
pyrazolylium Perchlorate competitively. It was thus shown that 2,4,6-triphenyl-l,3-oxazinylium Perchlorate 
reacts with amino compounds in a complicated fashion to afford various heterocyclic compounds and other de­
rivatives. 

I t has been reported that pyrylium salts react with 
various kinds of amino compounds to afford numerous 
derivatives.1) 1,3-Oxazinylium salts, the JV-analogs of 
pyrylium salts, can also be expected to give many 
derivatives when treated with amino compounds; 
however, their behavior has not yet been studied so 
closely. A 1,3-oxazinylium cation may be supposed to 
be reactive with nucleophiles at the 2-, 4-, and 6-
positions. Since the 1,3-oxazinylium ring is unsym-
metrical, its 2- and 6-positions are not equal to each 
other. This suggests that the cation behaves toward 
nucleophiles in a more complicated fashion than does a 
pyrylium cation. O n the other hand, it has been known 
that carbanions derived from active methylenes, 
enamines, or ethyl diazoacetate always attack at the 
6-position of the 2,4,6-triphenyl- 1,3-oxazinylium cation 
to afford pyridine, butadiene, or 1,3-oxazepine deriva­
tives.2«3) In this study, the reaction of 2,4,6-triphenyl-
1,3-oxazinylium perchlorate (1) with various kinds of 
amino compounds, such as pr imary amines, disubstituted 
hydrazines, hydrazides, and semicarbazides, was 
at tempted; consequently, some interesting results were 
obtained. 

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

The starting material, 1, was obtained by the 
reaction of 2,4,6-triphenyl-4//-l,3-oxazine with trityl 
Perchlorate.4) 

Primary Amines and Semicarbazides. I t has been 
reported that the reaction of 2,4,6-triphenylpyrylium 
salt (2) with pr imary amines gives 1-substituted 2,4,6-
triphenylpyridinium salt (3).5) O n the other hand, 
upon refluxing with aniline, methylamine, semi-
carbazide, 4-phenylsemicarbazide, the glycine ethyl 
ester, or O-methylhydroxylamine in dioxane-triethyl-
amine, 1 afforded 1-substituted 2,4,6-triphenylpyrimidi-
nium perchlorate (4a—f), which correspond to 3. 
These da ta are summarized in Table 1. For the forma­
tion of 4a—f, two probable reaction courses were 
postulated, as is shown in Scheme 1. In order to deter­
mine the real reaction course, 1 was treated with aniline 
under mild conditions to isolate a white powder of 5 
(63%). 5 was regarded as the intermediate of the above 
reaction, because 5 gave 4a almost quantitatively upon 
treatment with perchloric acid in acetic anhydride. In 
its I R spectrum, the presence of the absorption at 1681 
c m - 1 , assigned to C = 0 stretching, suggested that 5 is 

TABLE 1. 1 -SUBSTITUTED 2,4,6-TRIPHENYLPYRIMIDINIUM PERCHLORATE (4a—h) 

Compd 
4 Substituent Mp(dc) Yield Found (Calcd) (%) 

H N Gl 

U / n m 
(log e) 

IR(KBr) 
v /cm-1 

a 

b 

c 

d 

e 

f 

g 

h 

Ph-

Me-

NH2CONH-

PhNHGONH-

EtOCOCH2-

CH3O-

fl-HOC,Hr 

(CH3)2N-

>300 

200.8 

230.3 

230.1 

204.5 

241.1 

>300 

191.1 

64 

21 

37 

42 

43 

35 

62 

46 

69.25 4.33 5.80 7.32 324 1607,1584,1527,1381, 
(69.35) (4.37) (5.78) (7.31) (4.51) 1080. 
65.15 4.58 6.65 8.25 319 1607,1595,1540,1391, 

(65.33) (4.53) (6.62) (8.38) (4.51) 1086. 
59.39 4.14 11.95 7.80 323 3400—3200,1677,1590, 

(59.17) (4.10) (12.00) (7.59) (4.46) 1539,1393,1104. 
63.89 4.23 10.47 6.46 325 3300,1719,1606,1591, 

(64.15) (4.27) (10.32) (6.53) (4.46) 1536,1393,1120. 
63.26 4.69 5.75 7.08 327 1743,1609,1590,1543, 

(63.10) (4.68) (5.66) (7.16) (4.46) 1397,1256,1085. 
62.92 4.32 6.46 8.29 320 2960,1602,1590,1543, 

(62.95) (4.36) (6.38) (8.08) (4.37) 1389, 1086. 
66.91 4.25 5.67 6.84 325 3260,1603,1587,1530, 

(67.14) (4.23) (5.59) (7.08) (4.50) 1390,1100. 
63.75 4.96 9.38 7.93 320 1606,1590,1534,1390, 

(63.51) (5.33) (9.26) (7.81) (4.39) 1080. 
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Path A 

Ph 

N ^ S . -HC10, 

[ O l 'Cior + R-NH2 
Ph 0 Ph 

' Ph 

Ph °NHRJ 

Path B 

Ph 

N J>h 
P H M H R 

Ph Ph Ph 
C - N H - C = CH-C = N - R - 1 

II 
0 

5A 

Ph Ph Ph 
l I I 

C-CH = C - N = C-NHR-J 
II 
0 

5B 

Ph 
4-HCIO4 1 
-HaO ^ N 

Ph^N^Ph 
I 
R 

4a-g 

4a: R = P h - , 4b: R = M e - , 4c: R=NH 2 GONH-, 4d: R=FhNHCONH-, 4e: R=EtOCOCH 2 - , 
4f: R = C H 3 0 - , 4g: R=o-HOC6H4 . 

Scheme 1. 

one of the two chain compounds (5A and 5 B ; R = C 6 H 6 ) 
in Scheme 1. According to 13C N M R spectrum, the 
absorption assigned to a benzoyl carbon (<5 ca. 190) was 
absent, whereas a carbamoyl carbon (Ô 166.03 or 165.04) 
was present. The structure of 5 was thus determined 
to be 5A; in addition, it was inferred tha t the reaction 
of 1 with these pr imary amines and semicarbazides 
takes Pa th A in Scheme 1 to afford 4a—f. 

o-Substituted Anilines. T h e reaction of o-amino-
phenol, o-phenylenediamine, o-aminobenzamide, or 0-
aminothiophenol with 1 under the same conditions as 
above gave l-(o-hydroxyphenyl)-2,4,6-triphenylpyrimi-
dinium perchlorate (4g, 62%) , 2,4-diphenyl-l,5-benzo-
diazepine (6, 80%) , 2-phenyl-4-hydroxyquinazoline 
(7, 32%) , or 2-phenyl-l,3-benzothiazole (8, 68%) 
respectively. T h e da ta of 4g are also listed in Table 1 ; 
6, 7, and 8 were identified by direct comparison with 
authentic samples.6-8) These facts suggest that , in 

. p h 

.OI /H2 

^ P h 

OH 

PIQI 
Ph 

the formation of 6, the reaction was initiated by the 
attack of o-phenylenediamine at the 6-position of the 
oxazinylium cation, while o-aminobenzamide and 0-
aminothiophenol attacked the 2-position of the cation 
to produce 7 and 8. It was thus found that these 
anilines, which have active hydrogen at their ortho-
positions, behave in a complicated fashion toward 1, 
and produce derivatives with different structures. 

Benzoylhydrazine, 4-Pyridinecarbohydrazide, and 4-Phenyl-
thiosemicarbazide. O n treatment with these reagents, 

1 gave 9a—c in 50, 32, and 4 0 % yields respectively. 
Their 1 H N M R spectra had two characteristic absorp­
tions, at ô 3.61—3.80, and 4.02—4.74, which were 
assigned to a pyrazolinic methylene with a geminal 
coupling constant ( 7 = 1 8 Hz),9) while their I R spectra 
have three common absorptions, at 3280—3340 (N-H) , 
1665—1686 (C=0), and 1520—1530 cm" 1 (C=N). These 
data suggested that 9a—c have the same skeletal 
structure. The 13C N M R spectrum of 9a, as determined 
by means of the 1H-off-resonance method, showed the 
presence of a methylene (ô 48.23), a quarternary 
(ô 82.26), and two carbamoyl carbons {Ô 167.71, 
154.17). These spectral results and analytical data 
confirmed that 9a is l-benzoyl-3,5-diphenyl-5-benzoyl-
amino-2-pyrazoline, and that both 9b and 9c are also 
pyrazoline derivatives. The mechanism for the forma­
tion of 9a—c was demonstrated to be as is shown in 
Scheme 2; this mechanism is similar to that of the 
reaction of 2 with hydroxylamine or Phenylhydrazine 
which gives oxazoline or pyrazoline compounds.9»10) 

N,N-Dimethylhydrazine. When treated with this 
reagent under mild conditions, 1 gave a main product, 
10 (49%), and also a small amount of 11 (9%) com­
petitively. T h e analytical data showed that both 10 
and 11 are adducts of the anion of this reagent and the 
oxazinylium cation. T h e M+ value was observed at mje 
369, though their MS spectra were quite different from 
each other. Their 1 3 C N M R spectra showed that 10 
has a benzoyl carbon (Ô 190.28), whereas 11 has a 
carbamoyl carbon (<5 165.47). Their I R and U V 
spectra were also different from each ether. When 
treated with dilute perchloric acid, 10 easily afforded 
1 -dimethylamino-2,4,6-triphenylpyrimidinium perchlo­
rate (4h) ; however, 11 afforded no pyrimidinium salt, 
even upon treatment with 70% perchloric acid. O n 

1 +R-NHNH2 

-HCÏO4 

Ph 

N' 

Ph ° NHNH-R 

Ph Ph 
I I 

-*• PhCONH-C=CH-C 

R H 

H H 

PhCONH ^ - N 
R 

9a—c 

9a: R = - C O P h , 9b: R = - C O - ^ 0 N * H C 1 0 4 , 9c: R=-CSNHPh. 

Scheme 2. 
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1 + NH2N(CH3)2-
-HCIO4 

N 

Jcph 

Ph ^0 NHN(CH3)2 

Ph 

X Jcph 

Ph 0 NHN(CH3)2 

Ph 
1 

H C * C N N 
> I II 

c
c ^ O / C ^ P h 

Ph NH 

10 N(CH3): 

P h - . . H 

+HC104,-H20 

© I -cior 
p O ^ P h 

PhCONH Ph / 
C=N-N(CH3)2 

N(CH3)2 

4h 

CH3 CH3 

1 + NH-NH-

Ph 

Ph 0 

,CH3 

J\NH-NHCH3 

Ph 

Ph 

Ph 

CH3 

NH-NHCH3 
Ph 

Scheme 3. 

Ph Ph Ph 
I I 1 

_> C-CH2-C - N - q 
II +;N-CH, 
U H - N v 

XCH3 • 

Ph Ph Ph 
I I I 

-+ C - N H - C - C H - C 
II N \ 

0 + ;N-CH 3 

" - < C H 3 -

•CIO4-
-PhCOCH3 

•C104- • 
-PhCONH2 

Scheme 4. 

Ph N ^Ph 

X®T -cior 
1 1 

CH3 CH3 

13 

F)kn-
I I 

CH3 CH3 

14 

CIO4-

the basis of these results, it seems certain that the 
reaction course to produce them takes the paths shown 
in Scheme 3. 

NJSl'-Dimethylhydrazine. On treatment with this 
reagent, 1 gave 12 in a good yield. The analytical 
results of 12 agreed almost entirely with 1,2-dimethyl-
3,5-diphenyl-l ,2,4-triazolylium perchlorate (13), but 
its I R and * H N M R spectra suggested that 12 was a 
mixture of 13 and l,2-dimethyl-3,5-diphenylpyrazoly-
lium perchlorate (14). Pure samples of 13 and 14 were 
obtained by the reaction of this reagent with 3,5-
diphenyl-l,2,4-dithiazolylium and with 3,5-diphenyl-
1,2-dithiolylium salt respectively.11»12) The constituent 
ratio of 13 and 14 in 12 was estimated to be 3 : 1 by the 
use of the integral ratio of the signals at ô 4.24 (13, 
18.5) and 4.12 (14, 6.0) in the 1H N M R spectrum of 12. 
Therefore, the reaction of 1 with this reagent proceeds 
as is shown in Scheme 4, and yields 13 and 14 com­
petitively. 

Hence, it is proved that 2,4,6-triphenyl-l,3-oxazin-
ylium perchlorate reacts with amino compounds not 
only at the 6-position, but also at the 2-position, and that 
the reaction produce various heterocyclic compounds 
and other derivatives. 

Exper imenta l 

The melting points of all the products were measured in a 
capillary tube with a Mettler FP1 apparatus at the rate of 
2 °C/min. The IR spectra were measured in KBr pellets 
with a JASCO-403G spectrometer. The UV spectra were 
recorded on a Hitachi 200-10 instrument in an ethanol solution, 
while the MS spectra were recorded on a Hitachi RMU6E 
spectrometer with a direct inlet at 70 eV. The 1H and 
13C NMR spectra were obtained with a Varian FT-80 instru­
ment, using tetramethylsilane as the internal standard. 

1-Substituted 2,4,6-Triphenylpyrimidinium Perchlorate (4a—g). 
Into a solution of aniline, methylamine hydrochloride, semi-
carbazide hydrochloride, 4-phenylsemicarbazide, glycine ethyl 
ester hydrochloride, O-methylhydroxylamine hydrochloride, 
or o-aminophenol (1.5 mmol) and triethylamine (0.3 ml) in 
dioxane (2 ml), 1 (0.42 g, 1 mmol) was stirred at room tem­
perature for 10 min, after which the mixture was refluxed for 
1 h. The solvent was then distilled out under reduced 
pressure. The resulting residue was washed with 1 mol dm - 3 

perchloric acid (5 ml) and then recrystallized from ethanol 
to give pyrimidinium Perchlorates (4a—g). Their data are 
listed in Table 1. 

Reaction of 1 with Aniline under Mild Conditions. Into a 
solution of aniline (0.14 g, 1.5 mmol) and triethylamine (0.3 
ml) in dioxane (2 ml), 1 (0.42 g, 1 mmol) was stirred at room 
temperature and then the mixture was allowed to stand for 
5 d. The mixture was poured into dilute perchloric acid, 
and the resulting precipitate was recrystallized from methanol 
to give 0.25 g (63%) of 5; mp 172.5 °G. IR, 1681, 1622, 
1544, 1479, and 1296 cm"1; 13C NMR (HMPA-rf18), Ö 122.10, 
127.15—131.03, 135.07, 138.41, 143.42, 165.04, and 166.03. 
Found: G, 83.33; H, 5.49; N, 6.83%. Galcd for C28H22N20; 
C, 83.46; H, 5.51; N, 6.69%. 

Conversion of 5 to 1,2,4,6-Tetraphenylpyrimidinium Perchlorate 
(4a). Into a solution of 5 (0.30 g) in acetic anhydride 
(2 ml), 70% perchloric acid (4 drops) was stirred at room 
temperature, after which the mixture was allowed to stand 
overnight. The mixture was poured into ether, ?%nd the 
resulting precipitate was collected by filtration and washed 
with ether to give a white powder of 4a (0.34 g, 94%). 

Reaction of 1 with o-Substituted Anilines. o-Phenyl-
enediamine, o-aminobenzamide, and o-aminothiophenol (1.5 
mmol) were treated with 1 (1 mmol) by the same procedure 
as was used in the preparation of 4a—g. The resulting 
residues were washed with dilute perchloric acid and recrystal­
lized from methanol to give 6 (0.24 g, 80%), 7 (0.07 g, 32%), 
and 8 (0.14 g, 68%) respectively. The IR spectrum of each 
of them could be completely superimposed on that of the 
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corresponding authentic samples.6_8> 
1-Substituted 3,5-Diphenyl-5-benzoylamino-2-pyrazolines (9a—c). 

Benzoylhydrazine, 4-pyridinecarbohydrazide, and 4-phenyl-
thiosemicarbazide ( 1.5 mmol) were treated with 1 ( 1 mmol) 
by the same procedure as was used in the preparation of 4a— 
g. The resulting residues were recrystallized from methanol, 
ethanol, or acetonitrile to yield 9a (0.22 g, 50%), 9b (0.17 g, 
32%), or 9c (0.19g, 40%) respectively. Their data are 
shown below. 

9a: mp, 165.8 °C; IR, 3280, 1667, 1640, 1530, 1447, 1416, 
and 1338 cm"1; UV, Amax (e) 293 nm (21400); ! H N M R 
(CDC13), Ô 3.64 (d, 7=18) , 4.74 (d, 7=18) , 7.22—8.40, 13C 
NMR (CDCI3), ô 48.23 (-GH,-), 82.26 (-§-), 124.07, 126.89 
—134.46, 142.39, 154.17, and 167.71. MS, m/e 445 (M+), 
324 ([M-PhCONH2]+), 295, 220, 121 ([PhCONH2]+), and 
105 (PhCO) . Found: C, 78.24; H,5.23; N,9.53%. Calcd 
for C29H23N302; G, 78.24; H, 5.20; N, 9.43%. 

9b: mp, 231.2 °G; IR, 3300—3050, 1665, 1651, 1520, 
1480, 1432, 1345, and 1100 cm-1; UV, Amax (e) 321 nm 
(29900); !HNMR (C8D6N), <5 3.61 (d, 7=18) , and 4.47 (d, 
7=18) . Found: C, 61.39; H, 4.23; N, 10.50; CI, 6.63%. 
Calcd for C28H23N4OeCl; C, 61.49; H, 4.24; N, 10.24; CI, 
6.48%. 

9c: mp, 164.7 °C; IR, 3340, 1686, 1523, 1487, 1450, 
and 1327 cm-1; UV, Amax (e) 280 nm (21500); »HNMR 
(C6D6N), ô 3.80 (d, 7=18) , 3.84 (5), and 4.02 (d, 7 = 1 8 ) ; 
13C NMR (DMF-rf7), ô 50.46 (-CH,-), 83.67 (-Ç-), 124.93, 
127.87—132.46, 139.50, 143.73, 152.58, 167.31, and 173.89; 
MS, m/e 476 (M+), 220, 135, 121, and 105. Found: C, 
73.17; H, 5.13 ; N, 11.68; S, 6.65%. Calcd for C29H24N4SO ; 
C, 73.08; H, 5.07; N, 11.75; S, 6.72%. 

Reaction of N,N-Dimethylhydrazine with 1. Into a solu­
tion of JV,iV-dimethylhydrazine (0.10 g, 1.6 mmol) and 
triethylamine (0.3 ml) in dioxane (2 ml), 1 (1 mmol) was 
stirred at room temperature. After the mixture had been 
allowed to stand for 5 d, it was poured into water and the 
resulting precipitate was purified by preparative thin-layer 
chlomatography (silica gel; benzene-acetic acid, 50 : 1) to 
give orange-yellow needles of 10 (0.18 g, 49%) and pale 
yellow granules of 11 (0.03 g, 9%). Their data are shown 
below. 

10: mp, 152.6 °C (ethanol); IR, 3060—2780, 1592, 1560, 
1537, 1494, 1325, 1306, and 1295 cm-1; UV, Amax (e) 257 
(15900), and 367 nm (14200); »HNMR (CDG1,), ô 2.76 (s, 
6H), 6.18 (s, 1H), 6.90—8.14 (m, 16H); 13C NMR (CDC18), 
ô 46.74 (-CH3), 99.31 (=CH-), 127.62—139.56, 153.06, 
158.26, and 190.26; MS, m/e 369 (M+), 310, 264 ( [ M -
PhCO]+), and 105. Found: C, 78.13; H, 6.30; N, 11.37%. 
Calcd for C24H23N30; C, 78.02; H, 6.27; N, 11.37%. 

11: mp, 150.1 °C (ethanol); IR, 3060—2780, 1670, 1618, 
1498, 1478, 1310, 1298, and 1272 cm"1; UV, Amax (e) 248 
(44200), and 299 nm (sh, 28400); XHNMR (CDC13), ô 2.88 
(s, 6H), 6.16 (s, 1H), 7.30—8.12 (m, 15H), and 10.90 (s, ÎH); 
1 3CNMR (CDC13), ô 47.54 (CH3-), 112.13 (=CH-), and 
127.19—138.30, 143.17, 156.69, 165.47; MS, mle 369 (M+), 
248 ([M-PhCONH2]+), 105, and 104. Found: C, 77.95; 
H, 6.27; N, 11.51%. Calcd for C24H23N30; C, 78.02; H, 

6.27; N, 11.37%. 
Conversion of 10 into l-Dimethylamino-2,4,6-triphenylpyrimidi-

nium Perchlorate (4h). Into a solution of 10 (0.37 g, 1 
mmol) in acetonitrile (2 ml), 1 mol dm - 3 perchloric acid (2 
ml) was stirred after which the mixture was allowed to stand 
at 0—5 °C overnight. The precipitate was collected by 
filtration and washed with ether to give 4h (0.43 g) almost 
quatitatively. The data of 4h are shown in Table 1. 

Reaction of 1 with NJSl'-Dimethylhydrazine. Into a solu­
tion of iVjiV'-dimethylhydrazine dihydrochloride (0.20 g, 1.5 
mmol) in 2 mol dm"3 MeONa-MeOH (2 ml), 1 (1 mmol) 
was stirred at room temperature for 10 min, and then the 
mixture was refluxed for 1 h. The reaction mixture 
was poured into dilute perchloric acid. The resulting 
precipitate was collected by filtration and recrystallized 
from methanol to give 12 (0.27 g). IR, 1544, 1487, 1453, 
1420, 1111, 1090, 740, 717, and 691 cm-1; 1H NMR (DMSO-
d6), Ô 3.36, 4.12, 4.24, 7.32, 7.62—8.02. Found: C, 55.32; H, 
4.61; N, 11.86; CI, 10.13%. 

l,2-Dimethyl-3,5-diphenyl-l,2,4-triazolylium Perchlorate (13) and 
1,2-Dimethyl-3,5-diphenylpyrazolylium Perchlorate (14). N,iV-
Dimethylhydrazine dihydrochloride (1.5 mmol) was treated 
with 1 mmol of 3,5-diphenyl-l,2,4-dithiazolylium salt11) or 
3,5-diphenyl-l,2-dithiolylium salt12) by the same procedure 
as above. Their data are shown below. 

13: yield 25%, mp 152.0 °C (methanol); IR, 1606, 1544, 
1485, 1450, 1418, 1392, 1115, 1087, 742, 718, 693 cm"1; m 
NMR (DMSO-4,), ô 3.38, 4.24, and 7.62—8.02. Found: C, 
54.85; H, 4.59; N, 12.14; CI, 10.12%. Calcd for C16H16N3-
C104: C, 54.94; H, 4.61; N, 12.01; CI, 10.12%. 

14: yield 46%; mp, 187.4 °C (methanol); IR, 3120, 1565, 
1494, 1476, 1434, 1396, 1111, 1092, 766, and 693 cm"1; m 
NMR (DMSO-40, ô 3.38, 4.12, 7.34, and 7.72. Found: C, 
58.55; H, 4.87; N, 8.17; Cl, 10.14%. Calcd for C17H17-
N2C104; C, 58.55; H, 4.91; N, 8.03; Cl, 10.16%. 
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The Oxidation of 3,3-Diphenyl-2-propenoic Acid with Manganese (III) Acetate 
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The oxidation of 3,3-diphenyl-2-propenoic acid with manganese (III) acetate in boiling acetic acid gave 3,3-
diphenyl-2-propenyl acetate, 4-acetoxymethyl-5,5-diphenyltetrahydro-2-furanone, 3,3-diphenyl-2-propenal, 5,5-
diphenyl-255-dihydro-2-furanone, 4-acetoxy-5,5-diphenyltetrahydro-2-furanone, benzophenone, and 2-oxo-5,5-
diphenyltetrahydro-4-furancarboxylic acid. The reaction pathways are discussed. 

In a previous report1) we described the oxidation of 
(2s)-2,3-diphenyl-2-propenoic acids with manganese (III) 
acetate. The results were explained in terms of the 
formation of an acyloxy radical, a vinyl radical, and a 
vinyl cation from (2s)-2,3-diphenyl-2-propenoic acid 
and the subsequent reactions of these, intermediates 
(Scheme 1). We have now examined the oxidation of 
3,3-diphenyl-2-propenoic acid (1) with manganese (III) 
acetate; the results will be described in this paper. 

PhCH=C(Ph)C02H PhCH=C(Ph)C02 

PhCH=CPh 

lactones 

PhCH=CPh 

products 

Scheme 1. 

When 3,3-diphenyl-2-propenoic acid (1) was oxidized 
with manganese (111) acetate in the molar ratios of 
1 : 3, 1 : 4, and 1 : 6 in boiling acetic acid, 3,3-diphenyl-
2-propenyl acetate (2), 4-acetoxymethyl-5,5-diphenyl-
tetrahydro-2-furanone (3), 3,3-diphenyl-2-propenal (4), 
4-acetoxy-5,5-diphenyltetrahydro-2-furanone (5), 5,5-
diphenyl-2,5-dihydro-2-furanone (6), and benzophenone 
(7) were obtained. When the oxidation was conducted 
in acetic acid containing acetic anhydride, 2-oxo-5,5-
diphenyltetrahydro-4-furancarboxylic acid (8) was 
obtained, along with other products (2—4, and 6), but 

5 and 7 were not obtained. The results are summarized 
in Table 1. The structures of the products were deter­
mined by means of a study of their IR , N M R , and M S 
spectra, by elemental analyses, and by comparison with 
authentic samples. 

3,3-Diphenyl-2-propenyl acetate (2) was obtained in 
the oxidation; the yield first increased with the increase 
in the molar ratio of the oxidant to the substrate, and 
then it decreased, suggesting that 2 could be further 
oxidized. In fact, the oxidation of 2, prepared separate­
ly (Scheme 2), with manganese (III) acetate gave 
Compounds 3, 4, and 7 (Entry 8), 3 being the main 
product. The fact that only a small amount of 7 was 
formed from 2 indicates that 7 in Entries 1, 3, and 5 was 
not mainly formed via 2. It seemed that the reaction 
of 1 with manganese (III) acetate would give an acyloxy 
radical (A), which then decomposed to a 2,2-diphenyl-
ethenyl radical (B), and that the latter reacted with the 
carboxymethyl radical formed from manganese (III) 
acetate to give 4,4-diphenyl-3-butenoic acid (9) (Scheme 

BrCH2C02Et, Zn 
-» Ph2C(OH)CH2C02Et 

Ac20 

LiAIH4 

Ph2C(OH)CH2CH2OH > Ph2C(OH)CH2CH2OAc 

SOCI2, Py. 

-» 2 
Scheme 2. 

TABLE 1. THE REACTION OF 3,3-DIPHENYL-2-PROPENOIC ACID (1) AND RELATED COMPOUNDS WITH 

MANGANESE(III) ACETATE IN BOILING ACETIC ACID CONTAINING ACETIC ANHYDRIDE 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

1 
1 
1 
1 
1 
1 
lb> 
2 
2 
8 
9 

10 

Molar ratio 
of substrate : 
oxidant : Ac20 

1 
1 
1 
1 
1 
1 
1 : 
1 
1 : 
1 : 
1 . 
1 : 

3 : 0 
3 :50 
4 : 0 
4 : 50 
6 : 0 
6 :50 
2 :50 
2 : 0 
2 :50 
2 : 0 
2 : 0 
3 : 6 

Time 
min 

240 
10 

360 
13 

420 
20 
30 

600 
10 

150 
30 
60 

Recovered 
substrate 

% 

30 
26 
17 
2 
9 

13 
17 
9 

32 

9 

2 

13 
9 

18 
4 

14 

7 

30 
48 
4 

3 

3 
21 
22 
35 
36 
45 

7 
58 
89 
25 

4 

4 
2 

< 1 
2 
4 

4 

< 1 

Yield/%a> 

5 

< 1 

< 1 

,x 
6 

1 

< 1 
2 

< 1 
3 

7 

19 

18 

18 

4 

< 1 
9 

8 

8 

9 

10 
19 

11 

71 

a) The yields are based on the amount of the substrate used, b) 1 was pre-treated with excess acetyl chloride before 
the reaction. 
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Ph2C - CHC02H 
o o 

V 
H 

Ph2| fCOjH 

V 
°8 

l1 

Ph2C=CHC02J 

A 

Ï 
path a 

Ph,C=CH ! — > I Ph2C 

B 
path b 

=CHJ 

I 
Ph2 ^CH2OAc 

O v ^ Ph2C=CHCH2C02H lPh2C=CHOAc 

° 3 9 E 

Ph2C=CHCH2OAc ^— Ph2C=CHCH. 

Ph2C=CHCHO 

4 

Ph2. j^OAc 

° 5 

Ph 

0 6 
Scheme 3. 

Mn(OAc) Ph2 

Ph2C=CHCCLEt > O' 
C 0 > E t H;H2O 

-> 9 

Scheme 4. 

3, Path b) . However, 9 could not be found in the 
products. Therefore, 9 was synthesized separately 
(Scheme 4) and treated with manganese (III) acetate. 
As a result, 2 was obtained as a single product (Entry 
11), showing tha t 9 is a possible precursor of 2. 

4-Acetoxymethyl- 5,5- diphenyltetrahydro- 2- furanone 
(3) was obtained as the main product in the oxidation 
of 1 with manganese (III) acetate in Entries 2—6; the 
yield increased much with the increase in the oxidant. 
T h e oxidation of 2 with manganese (III) acetate in 
acetic acid containing acetic anhydride gave 3 almost 
exclusively (Entry 9). 

Benzophenone (7) was obtained in a fairly large 
quantity, al though it could not be separated from 2 
because they have the same R{ values on T L C . 
However, on H L G it clearly showed two peaks corre­
sponding to those of authentic samples. It is also 
interesting to note that benzophenone (7) was not 
formed in the reactions of 1 and 2 when acetic anhydride 
was added. It is known that the yield of lactones 
increases in the reaction of olefins with mangenese(III) 
acetate with a lowering of the water content in the 
reaction mixture.2) It seems possible to assume that 
there are pathways which afford a hydroxy acetate like 
F and then 7 in the oxidation of 1 and 2, and that these 
pathways do not operate under anhydrous conditions. 
I t has been reported that the cleavage of the double 

D
 H" Mn(OAc) Çh2, , Mn(OAc), 

B — * Ph,C=CH0 - * L ' - * 

10 
'V 

o 
11 

Ph: 

0^1, 
-AcOH 

OAc > 6 

Scheme 5. 

bond of chalcones in the oxidation with manganese (III) 
acetate gave a benzaldehyde,3) although the reaction 
pathway was not shown. 

As another interesting feature of the reaction, it gave 
5,5-diphenyl-2,5-dihydro-2-furanone (6) in very low 
yields (Entries 1, 3, and 5). We oxidized 2, 8, and 9, 
but none of them gave the lactone (6). It seemed 
possible that acetoxylation of 5,5-diphenyltetrahydro-2-
furanone (11), followed by decomposition, might give 
the lactone (6), as is shown in Scheme 5. The oxidation 
of 1,1-diphenylethylene (10) with manganese (III) 
acetate gave 11 as the major product, together with 2 
and 7 in minor quantitities (Entry 12), but it did not 
give 6. T h e formation of 2 from 10 can be explained as 
follows. The addition of a carboxymethyl radical to 10 
gives a radical, I, which then loses a hydrogen radical 
to yield 9 and then 2 (Scheme 6). One of the minor 

10 
C H X 0 2 H -H" 

Scheme 6. 

fractions isolated from the reaction of 1 with man­
ganese (III) acetate in acetic acid showed a peak at 
6 = 1 . 6 9 corresponding to an acetoxyl group. The 
purification of the fraction by repeated T L G failed to 
give a pure compound, but the N M R spectrum showed 
three aliphatic protons, at 6 = 2 . 4 5 (1H, dd, 7 = 2 . 5 and 
18.0 Hz) , 6 = 2.72 (1H, 7 = 6 . 0 and 18.0 Hz) , and 6 = 
6.25 (1H, dd, 7 = 2 . 5 and 6.0 Hz) . Since the chemical 
shift (6=1.69) for the acetoxyl group is higher than the 
normal one ( 6 = 2 ) , and since the J value of 18.0 Hz 
for methylene protons adjacent to a carbonyl function 
is comparable to those of cyclic compounds, the structure 
of this compound must be 4-acetoxy-5,5-diphenyltetra-
hydro-2-furanone (5). When the fraction was heated in 
acetic acid under reflux, it gave 6. Thus, it is most 
probable that 6 was formed from 5. 

3,3-Diphenyl-2-propenal (4) was obtained as a minor 
product which might have been formed from 2 by 
further oxidation with manganese (III) acetate and 
hydrolysis during the work-up. 

T h e formation of 2-oxo-5,5-diphenyltetrahydro-4-
furancarboxylic acid (8) in the reaction containing acetic 
anhydride seems to indicate that 1 forms an anhydride 
with acetic anhydride and then reacts with the carboxy­
methyl radical. T h e reaction of 1 which had been pre-
treated with acetyl chloride gave 8 in a much improved 
yield (Entry 7). Since the reaction of 8 with manganese-
(I I I ) acetate gave 2 and 3 (Entry 10), therefore, it 
seems that 8 could be decarboxylated to give 9 which 
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yielded 2 and 3. However, 8 cannot be a real precursor 
for 2 and the other compounds in the oxidation of 1, 
because if 8 were first formed and then oxidized to 2, 
3, and 4 during the prolonged reaction time in the 
reaction in acetic acid, the total yield of 2, 3 , 4, and 8 
should be roughly equal to that in the reaction in acetic 
acid containing acetic anhydride. However, this was 
not the case. For example, the total yield (20%) of 2, 
3, 4, and 8 in Entry 1 was less than that (40%) in 
Entry 2. The above possible reaction pathways are 
summarized in Scheme 3. 

Exper imenta l 

All the 60 MHz XH NMR spectra were recorded with a 
Hitachi R-24 spectrometer, while the 100 MHz ÏÏNMR 
spectrum was taken on a JEOL MH-100 spectrometer, with 
TMS as the internal standard. The IR spectra were recorded 
for the chloroform solution with a JASCO IRA-1 grating 
spectrometer, while the MS spectra were taken with JMS-01 
SG-2 and Hitachi M-80 plus M-003 instruments. Liquid 
chromatography (HLC) was carried out with a Mitsubishi 
ALTEX 310/330 instrument, eluting with 60% aqueous 
methanol using a HY-ODS-SU column 4.6 mm in diameter 
and 250 mm in length. The melting points were determined 
on a Yanagimoto micro-melting point apparatus and were 
not corrected. 

Materials. The 3,3-Diphenyl-2-propenoic acid (1) was 
prepared by the standard procedure4* from benzophenone. 
The ethyl 3,3-diphenyl-2-propenoate5> was prepared by the 
dehydration of ethyl 3-hydroxy-3,3-diphenylpropanoate4) with 
thionyl chloride in pyridine. 

3-Acetoxy-l,l-dipheny I-1-propanol. To ethyl 3-hydroxy-
3,3-diphenylpropanoate (1.95 g) in anhydrous diethyl ether 
(100 ml), we added lithium aluminium hydride (80 mg), after 
which the mixture was stirred at 0 °C for 14 h. After the 
addition of 1 M (1 M = l mol dm -3) sulfuric acid (50 ml), the 
reaction mixture was extracted with diethyl ether. The 
combined ethereal extract was washed with a saturated solu­
tion of sodium chloride and then evaporated. The resulting 
l,l-diphenyl-l,3-propanediol was treated with a mixture of 
acetic anhydride (5 ml) and pyridine (10 ml) at room tem­
perature for 17 h. The reaction mixture was poured into iced 
water, and the precipitate was collected and recrystallized 
from light petroleum to give 3-acetoxy-1,1 -diphenyl-1 -propanol 
(1.80 g, 92%), mp 84—85 °C; IR 1740 (OAc) and 3560 cm-1 

(OH); NMR (CDC13) (5=1.88 (3H, s, OAc), 2.61 (2H, t, 
7=7 .0 Hz, -GH2-), 2.79 (1H, s, OH), 4.16 (2H, t, 7 = 7 . 0 Hz, 
-CH2-) , and 7.1—7.6 (10H, m, 2 x P h ) . Found: C, 75.48; 
H, 6.49%. Calcd for C17H1803: C, 75.53; H, 6.71%. 

3,3-Diphenyl-2-propenyl Acetate (2). A solution of 3-
acetoxy-1,1-diphenyl-1-propanol (1.40 g) in pyridine (10 ml) 
was treated with thionyl chloride (1.24 g) at 0 °C for 19 h. 
The reaction mixture was poured into 1 M sulfuric acid (100 
ml) and then extracted with benzene (50 ml). The benzene 
layer was washed with 1 M sulfuric acid (30 ml) and then 
evaporated, giving 2 (1.21 g, 86%). The analytical sample 
was distilled under reduced pressure; bp 150—155 °C (bath 
temp)/0.1 mmHg (1 mmHg= 133.322 Pa); IR 1738cm-1 

(OAc); NMR (CG14) (5=1.97 (3H, s, OAc), 4.54 (2H, d, 
7=7 .0 Hz, -GH2-), 6.15 (1H, t, 7 = 7 . 0 Hz, >CH-), and 7.2 
(10H, m, 2 x P h ) ; MS m/e 252.1187 (Calcd for C17H1602: 
252.1150) (59%, M+), 209 (61%), 192 (100%), and 103 
(82%). 

Ethyl 2-Oxo-5,5-diphenyltetrahydro-4-furancarboxylate. A 
mixture of ethyl 3,3-diphenyl-2-propenoate (504 mg), man-

ganese(III) acetate dihydrate6) (1.61 g), acetic acid (20 ml), 
and acetic anhydride (3 ml) was heated under reflux for 43 
min. The reaction mixture was poured into water (50 ml), 
and the precipitate was collected. Recrystallization from 
ethanol gave ethyl 2-oxo-5,5-diphenyltetrahydro-4-carboxylate 
(513 mg, 90%); mp 147—148 °C; IR 1742 (COOEt) and 
1780cm-1 (lactone); NMR (CDC13) <5=0.92 (3H, t, 7=7 .0 
Hz, -CH3) , 2.71 (1H, dd, 7 = 8 . 5 and 18.0 Hz, -CH-) , 3.02 
(1H, dd, 7 = 4 . 5 and 18.0 Hz, -CH-) , 3.75 (2H, m, -CH2-) , 
4.20 (1H, dd, / = 8 . 5 and 4.5 Hz, -CH-) , and 7.2—7.8 (10H, 
m, 2X Ph). Found: C, 73.40; H, 5.65%. Calcd for C19H18-
0 4 : C, 73.53; H, 5.85. 

4,4-Diphenyl-3-butenoic Acid (9). A mixture of ethyl 
2-oxo-5,5-diphenyltetrahydro-4-furancarboxylate (572 mg), 3 
M hydrochloric acid (100 ml), and ethanol (100 ml) was 
heated under reflux for 21 h. After the removal of the ethanol 
and the hydrochloric acid, the resulting mixture was extracted 
with benzene; then the benzene solution was extracted with a 
saturated sodium hydrogencarbonate solution. The aqueous 
solution was separated and acidified with coned hydrochloric 
acid. The precipitate was collected and recrystallized from 
a mixture of carbon tetrachloride-light petroleum to give 4,4-
diphenyl-3-butenoic acid (115 mg, 25%) ; mp 109—111 °C; IR 
1725 (COOH) and 2400—3400 cm-1 (COOH); NMR 
((CD3)2SO) 0=3.06 (2H, d, 7 = 8 . 0 Hz, -CH2-) , 6.26 (1H, 
t, 7 = 8 . 0 Hz, =CH-), and 7.3 (10H, m, 2 x P h ) ; MS m/e 
238.1008 (Calcd for C16H1402: 238.0994) (66%, M+), 193 
(85%), 178 (53%), and 115 (100%). 

Oxidations of 3,3-Diphenyl-2-propenoic Acid (1), 3,3-Diphenyl-
2-propenyl Acetate (2), 2-Oxo-5,5-diphenyltetrahydro-4-furancar-
boxylic Acid (8), 4,4-Diphenyl-3-butenoic Acid (9), and 1,1-
Diphenylethylene (10). The general procedure for the 
oxidation of 3,3-diphenyl-2-propenoic acid (1) and the other 
compounds (2, 8, 9, and 10) was as follows. A mixture of the 
substrate (2 mmol), manganese (III) acetate dihydrate (4—12 
mmol), acetic acid (30 ml), and acetic anhydride (when it 
was needed) (10 ml) was heated under reflux until the dark 
color of Mn(III) ion disappeared (the time is shown in Table 
1). After the removal of the acetic acid, 1 M sulfuric acid 
(30 ml) was added to the mixture, which was then extracted 
with benzene (30 ml). The benzene solution was washed 
with aqueous sodium hydrogencarbonate and evaporated 
under reduced pressure. The products were separated on 
TLC (Wakogel B10), with chloroform as the developing 
solvent, and then recrystallized. The aqueous sodium hydro­
gencarbonate solution was acidified with coned hydrochloric 
acid and extracted with chloroform, which gave acidic prod­
ucts. The yields are summarized in Table 1. 

Oxidation Products. 3,3-Diphenyl-2-propenyl Acetate (2) : 
Liquid (this was identical with an authentic sample). 

4-Acetoxymethyl-5,5-diphenyltetrahydro-2-furanone (3) : Mp 119— 
120 °C (EtOH); IR 1752 (OAc) and 1780 cm-1 (lactone); 
NMR (C6H6) Ô (100 MHz)= 1.60 (3H, s, OAc), 2.12 (2H, d, 
7 = 6 . 0 Hz, -CH 2 - ) , 3.16 (1H, m, -CH-) , 3.40 (1H, dd, J= 
8.0 and 11.5 Hz, -CH-) , and 3.94 (1H, dd, 7 = 4 . 5 and 11.5 
Hz, -CH-) . Found: C, 73.39; H, 5.97%. Calcd for C19H18-
0 4 : C, 73.53; H, 5.85%. 

3,3-Diphenyl-2-propenal (4): Liquid (lit,7) mp 44 °C); IR 
1680 cm-1 (CHO); NMR (CDC13) <5=6.56 (1H, d, 7 = 9 . 0 
Hz, =CH-) 7.35 (10H, m, 2xPh) , and 9.49 (1H, d, 7 = 9 . 0 
Hz, CHO); MS m/e 208.0896 (Calcd for C1 5H1 20: 208.0888) 
(100%, M+), 207 (99%), 178 (39%), 165 (22%), 152 (14%), 
131 (19%), and 102 (38%). 

4-Acetoxy-5,5-diphenyltetrahydro-2-furanone (5) : Liquid (this 
compound was obtained as a mixture; its NMR data are 
given in the text). 

5,5-Diphenyl-2,5-dihydro-2-furanone (6): Mp 128—128.5 °C 
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(EtOH) (lit,8> mp 131—131.5 °G); IR 1680 (G=G) and 1770 
cm-1 (lactone); NMR (GDG13) «5=6.11 (IH, d, J = 6 . 0 H z , 
=GH-), 7.26 (10H, m, 2xPh) , and 7.87 (IH, d, y = 6 . 0 H z , 
=GH-); MS m/*236 (41%, M+), 131 (100%), 105 (83%), 
and 77 (69%). 

Benzophenone (7) : This was obtained as a mixture of 2 
and 7; it was found by HLG to be identical with authentic 
samples. The yields were estimated from the NMR spectrum. 

2-Oxo-5,5-diphenyltetrahydro-4-furancarboxylic Acid (8) : Mp 
191—192 °G (GG14); IR 1740 (GOOH) and 1780 cm"1 

(lactone); NMR ((GD3)2SO) «5=2.78 (2H, m, -GH2-) , 4.29 
(IH, dd, -CH-) (AB2 system, / A B = 6 . 3 Hz), and 7.1—7.8 
(10H, m, 2 x P h ) ; MS m/e 282 (5%, M+), 238 (5%), 183 
(100%), 105 (50%), and 77 (20%). Found: G, 72.01; H, 
4.89%. Galcd for G17H1404: G, 72.33; H, 5.00%. 

5,5-Diphenyltetrahydro-2-furanone (11): Mp 90 °G (EtOH) 
(lit,9> mp 90 °G); IR 1778 cm"1 (lactone); NMR (CC14) «5= 
2.2—3.0 (4H, m, -CH2-GH2-) , and 7.25 (10H, m, 2 X Ph). 

We wish to thank Professor Hideto Shosenji of the 
Department of Synthetic Chemistry, Faculty of 
Technology, Kumamoto University, for his measure­
ment of the 100 M H z *H N M R spectrum, and Dr. 
Shinzaburo Hishida of the Hitachi Go. Ltd., Katsuda, 

and Mr . Shuichi Ueda at the Taiho Pharmaceutical 
Go. Ltd., Tokushima, for their measurements of the 
M S spectra. We also wish to thank Professor John 
F. W. McOmie for his helpful discussion and for reading 
the manuscript. 
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The UV, ^ - N M R , and 13C-NMR spectra of the photoisomers produced by irradiation of N-[>(dimethyl-
amino) benzylidene] anilines at low temperature have been studied. The results suggested that the photoisomers 
have Z structures and the imino benzene rings are twisted around the Ar-N axis out of Ar-GH=N plane due to the 
steric repulsion between the two rings. 

N-Benzylideneanilines (Ar'CH=NAr) are formally 
related to stilbenes (Ar 'CH=CHAr) and azobenzenes 
(Ar'N=NAr), but differ from the latter in that Z (eis) 
isomers have not yet been isolated. T h e possibility of 
the existence of E-Z isomerism in JV-benzylideneanilines 
has interested chemists for many decades. It was 
reported that the irradiation of a solution of (E)-N-
benzylideneaniline at 200 K converts it reversibly into a 
photoisomer with a different U V absorption.1) We 
investigated the photoisomerism of many substituted 
JV-benzylideneanilines (/>-R'-C6H4CH=NC6H4-R-/>) by 
the measurement of U V spectra, and found that various 
JV-benzylideneanilines are converted into their photo­
isomers upon irradiation by a high pressure mercury 
lamp at 77 K (liq. N2) or 200 K (Dry I c e - E t O H or 
Dry Ice-acetone).2) Recently, ^ - N M R spectroscopy 
has been applied to the problem of configuration of the 
photoisomers of JV-benzylideneanilines.3-4) In this paper 
we report UV, ^ - N M R , and 1 3 C-NMR spectra of the 
photoisomers of JV-[/>-(dimethylamino) benzylidene] -
aniline and its methyl or dimethyl derivatives produced 
by photoirradiation, and discuss the configuration and 
conformation of the photoisomers. JV-[/>-(Dimethyl-
amino) benzylidene] aniline and its methyl or dimethyl 
derivatives were chosen for this study because they have 
strong absorption maxima at wavelengths greater than 
300 nm, and are most easily converted to the photo-

Fig. 1. 

350 

À/nm 

The UV spectra of (a) E-l 

isomers. 

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

The U V spectra of the following three compounds and 
their photoisomers produced by photoirradiation at 
77 K in M. P. (methylcyclohexane-isopentane 1 : 1 ) 
matrix are shown in Fig. 1. When E-l—E-Z were 

Me 

,Me 

E-l E-2 M * E-3 

and E-3 ( ), and (b) their photoisomers in methyl­
cyclohexane-isopentane 1: 1 at 77 K. 

choosing monochromatic light of 366 nm for irradiation. 
Compound E-l was shown to have a planar structure 

from the U V spectra.5) As described in our previous 
paper, the U V spectrum of E-2 is quite similar to that 
of JV-[jf?-(dimethylamino)benzylidene]-^-butylamine, and 
so we conclude that the U V absorption band of E-2 
shown in Fig. l a is due to the conjugated system of the 
benzylidene benzene ring (ring B) and C=N group, with 
little contribution from the imino benzene ring (ring 
A).2) T h e U V spectrum of £-3 is similar to that of E-l, 
so it should also have a planar structure. In the photo­
isomers, the U V spectrum of 1 is quite similar to that 
of 2, but different from that of 3 (Fig. l b ) . And the 
U V spectra of the photoisomers of 1 and 2 are almost 
the same as tha t of E-2. These features of the photo­
isomers of N- [p- (dimethylamino) benzylidene] anilines 
can be explained by the structure of the photoisomers 
proposed in Fig. 2. The photoisomer of 1 has Z-configu-
ration and ring A is greatly twisted around the A r - N 
axis; ring B and CH=N group compose a conjugated 
system with little contribution from ring A. The 
conformation of ring A of the photoisomer of 2 is the 

irradiated at the wavelength corresponding to the 
longest wavelength absorption maxima, they were 
converted to their photoisomers; these also absorbed the 
light and reverted to E forms. Therefore, the photo-
equilibrium between the photoisomer and the E form 
depends upon the wavelength of the light used. In 
order to determine the characteristics of the U V spectra 
of these isomers, it is desirable to have almost 100% 
conversion to photoisomers. This could be achieved by 

Me,N Me,N 

"ü H5 

( a ) l 

4Ä 

H T 

(b) 2 (c) 3 

Fig. 2. The proposed structures for the photoisomers of 
(a) 1, (b) 2, and (c) 3. 



2396 Masato YOSHIDA and Michio KOBAYASHI [Vol. 54, No. 8 

TABLE 1. 'H-NMR CHEMICAL SHIFTS OF 1, 4, AND THEIR PHOTOISOMERS10 

Photoisomer 
o f l 

A<5b> 
Photoisomer 

of 4 A<5C) 

H a 

H2, 
H6-
H3, 
H5-
H 2 > 6 

H3,5 
H4 

8.41 
7.85d> 
7.85d> 
6.84d> 
6.84d> 
ca. 7.4 
7.44 
ca. 7.4 

8.21 
7.09d> 
7.09d> 
6.59d> 
6.59d) 

f) 
7.42 

0 

0.20 
0.76 
0.76 
0.25 
0.25 

0.02 

8.63 

8.03c) 

6.64 
6.71e> 
ca. 7.3 
7.42 

0 

8.53 

6.65e) 

6.63 
6.20e) 

ca. 6.8 
7.32 

f) 

0.10 

1.38 
0.01 
0.51 

0.10 

a) In ppm downfield from internal TMS. b) Ad=d of 1 — 5 of the photoisomer o f l . c) Ad=ô of 4— ö of the photoisomer 
of 4. d) yH,'.H.'=./H.'iH.' = 8-79 Hz (AA' BB' quartet), e) yH.<„< = 8.79 Hz (AA'BB' quartet). f ) These chemical shifts 
could not be determined since the signals were multiplet. 

same as that of the photoisomer of 1, because the 2-
and 6-methyl groups on ring A do not act as steric 
hindrances. O n the other hand, ring B of the photo-
isomer of 3 is twisted due to the steric repulsion between 
the 2- and 6-methyl groups on ring B and ring A. 

As shown in our previous paper, the U V spectra of 
the photoisomers of /»-substituted JV-benzylideneanilines 
(/>-R'-C6H4CH=NC6H4-R-/>) do not vary with the 
substituents R but with the substituents R' , and are 
quite similar to those of corresponding JV-benzylidene-
2,6-dimethylanilines ( />-R'-C6H4CH=NC6H2-Me2-2,6-
R-4). These results support the idea that the photo­
isomers of iV-benzylideneanilines have the structure 
shown in Fig. 2a. 

! H - N M R chemical shifts of El and (E)-N-{4-
dimethylamino-2-methylbenzylidene) aniline (4) and 
their photoisomers were also studied. The aromatic 
protons of these compounds were assigned by comparison 
with *H-NMR chemical shifts of 1-2,4,6-^, 4-2,4,6-^, 
and 4-2,4,6,3', 5'-d5 and their photoisomers. T h e 
chemical shifts are summarized in Table 1. 

H2 , and H6< of the photoisomer of 1 resonate at a 
field higher than those of E-l. T h e significant change 
in H2> and H6- (0.76 ppm) can be ascribed to the 
diamagnetic shielding by ring A, since H2 , or H6- in 
photoisomer is located above ring A, as shown in Fig. 2a. 
In 1 or its photoisomer, the signals of H2<, H6<, H3-, and 
H5< are AA'BB' type quartets. This shows that ring B 
freely rotates around the A r - C bond within the N M R 
time scale, although this ring lies in the plane common 
to the C=N bond most of the time (Eq. 1). Therefore, 
the upfield shifts observed in on,' and ÔH.' in 1 upon 
irradiation must be the average of the shifts of the H6-, 
affected by the diamagnetic shielding from the ring A, 
and of H2<, little affected by such shielding. If the 
rotation of ring B around the A r - C bond could be 
restricted, the real upfield shift in H6< upon irradiation 
should be observed. So the N M R spectra of (E)-N-
(4-dimethylamino-2-methylbenzylidene) aniline and its 
photoisomer were investigated. In the photoisomer of 
4 the 2-methyl group should be situated far from ring A 
and thus should avoid the steric repulsion of the methyl 
group and ring A, as shown in Eq. 2. A large upfield 
shift of 1.38 ppm upon irradiation was observed in H6 , . 
This is approximately twice that observed in the H2-
and H6< in 1 (0.76 ppm) , in accordance with our 

H b 

Me2N/Tcf 
HCTIVH (2) 

H a 

expectation. The upfield shift in H5 , (0.51 ppm) is 
also about two times that observed in the H3> and H5-
in 1 (0.25 ppm) . The fact that H5< is not equivalent 
to H3- shows the restriction of the rotation. 

If one assumes that the ring A is twisted around the 
A r - N axis by 90° and that ring B and CH=N group are 
on the same plane, the theoretical shielding effect on 
H6> according to the ring currents model proposed by 
Johnson and Boby6) is more than 4 ppm (|o(A)=0.79, 
•2(A) = 1.46; p and z are two components of the radius 
vector from the center of shielding ring A to H6«. p lies 
in the plane of ring A and z is the component along the 
hexad axis.). This theoretical value is quite different 
from the observed one (1.38 ppm) . However, the 
shielding on H6- from ring A is sensitive to the dihedral 
angle of the A r - C axis (0C). For example, the theoretical 
shielding is about 2 ppm at 0C = 3O° (p(k) = 1.52, *(A) = 
1.60) and about 0.5 ppm at (9C=45° ( io(Â)=2.01, 
£(Â) = 1.80). So it is reasonable to assume a little twist 
of ring B, although ring B is conjugated with O N . 

From the results obtained by the studies with U V 
and 1 H - N M R , the following conclusions may be drawn 
about the configuration and conformation of the 
photoisomers of iV-[j&-(dimethylamino)benzylidene]-
anilines. 

1 ) The photoisomer of Ar-[j!?-(dimethylamino)benzyl-
idene] aniline has Z-configuration and is stable only 
below 200 K ; consequently, it has not been isolated. 

2) For the steric repulsion of two rings in Z-configu-
ration, ring A is twisted greatly around A r - N axis, so 
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TABLE 2. 1 3C-NMRCHEMICAL SHIFTS OF 

1, 2 , AND THEIR PHOTOISOMERS*0 

Position of 
aromatic ring E-l Z-1 E-2 Z-2 

C-2,6 
C-3,5 
C-4 
C-2',6' 
C-3',5' 

121.5 118 2 b) b) 
129.7 130 2 128.5 128.7 
125.6 123.0 123.5 122.6 
130.9 133.0 130.5 131.7 
111.8 111.2 111.8 111.6 

a) In ppm downfield from internal TMS. b) àc_l9 ôc_v> 

(5C_4/, and ôc_a in 1 and 2, and (5C_2 6 in 2 could not be 
determined because of their long spin-lattice relaxation 
times. 

that ring A does not conjugate with C=N; but the twist 
of ring B around A r - C axis is small enough to allow 
conjugation with C=N. 

Such ease of twist of ring A in (Z)-iV-[/?-(dimethyl-
amino) benzylidene] aniline may be ascribed to the 
energy gain by derea l iza t ion of the N lone pair electrons 
to ring A upon the twist of the ring, as shown in Eq. 3. 
In order to investigate the electron density of ring A, 
we determined 1 3 C-NMR chemical shifts of E- and Z-1 , 
and E- and Z-2; the results are summarized in Table 2. 

M«2N"®^a Me^^O)-^ 

é 
0 

/H 
N® 

(3) 

(5C_4 of Z-1 resonates at a field higher than that of E-l 
by 2.6 ppm, while there is no difference in the ôc-* of 2 
between E and Z forms. T h e (5c-4 of Z-1 is also similar 
to those of Z-2 and E-2. (5c-2,e of Z-1 resonates at a 
field higher than that of E-l by 3.3 ppm while (5c-3,5 of 
Z-1 is similar to that of E-l. Ring A of E-2, Z -1 , and 
Z-2 are greatly twisted around the A r - N axis, as stated 
before, and the twist of ring A causes the upfield shifts 
of (5c-2,6 and (5c-4- In order to find the reason of the 
upfield shift of (5c-4 by the twist of ring A, 1 3 C-NMR 
chemical shifts of iV-benzylideneanilines with various 
dihedral angles (ÖN) around the A r - N axis were deter­
mined (Table 3). An X-ray diffraction study has 
shown that ring A in 6 is twisted about 50° around the 
A r - N axis.7) The smaller extinction coefficients in 8 
and 9 compared with tha t of 6 have been ascribed to the 
greater twist of ring A around the A r - N axis, because 

of the steric hindrance involving methyl groups and 
ortho or alpha hydrogens.8) The extinction coefficent 
of 7 is not much different from that of 6, and this 
suggests that the extents of twist of ring A are similar 
in 6 and 7. This is reasonable because the methyl group 
of 7 can be situated far from the methine hydrogen and 
no interaction between them may take place. The 
higher field resonance in C-4 of 5 than that of benzene 
(5=128.5) should be due to the resonance shown in 
Eq. 4. Twisting of ring A around the A r - N axis is 
expected to decrease such resonance, and downfield 
shifts of the C-4 signals should be expected. However, 
(5C-4 values of 8 and 9, in which ring A is twisted around 
the A r - N axis, are observed at a much higher field than 
that in 5 («o-4(5)-«0-4(8) =2 .19 , and ôc-*(5)-ôc-i(9) = 
2.61). This difference cannot be ascribed to the electron-
donating effect of the methyl groups. Because methyl 
substituents do not affect «c-meta greatly9) and also (5C-4 
value in 7 is similar to that of 6. The finding that «c-4 
of 9 possessing a-methyl group is similar to that of 8 
possessing methyl groups at 2 and 6 positions on ring A 
suggests that the twist of ring A around the A r - N axis 
causes the upfield shifts observed in 8 and 9. The 
upfield shifts actually observed for the C-4 signals of 
8 and 9, in comparison with that of 5, indicate the 
existence of the derea l iza t ion of N-lone pair electrons 
to ring A by the resonance shown in Eq. 5. In 8 or 9, 
the resonance shown in Eq. 4 should not be possible 
and the resonance shown in Eq. 5 must be important . 
T h e greater electron density on C-4 of 8 and 9 in 
comparison with that of 5, which is reflected in the 
1 3 C-NMR chemical shift, suggests that the increased 
contribution of resonance (5) outweighs the decreased 
contribution of resonance (4). In 6 or 7, in which ring 
A is twisted by about 50°, the chemical shift of C-4 
is about the same as that of 5. These results indicate 
that increased contribution of resonance (4) is approxi­
mately equal to the decreased contribution of resonance 
(5). So we have clarified that the upfield shifts of (5c-4 
of iV-benzylideneanilines by the twist of ring A were 
caused by the derea l iza t ion of the N-lone pair to ring A. 

© (4) 

O v o ~ O-Co®(5) 

TABLE 3. 13C-NMR CHEMICAL SHIFTS AND UV DATA OF JV-BENZYLIDENEANILINES 

_ \ / _ _ _ M e _ 

<>c<^3 <>c<s-o cx-çy <><-<=> c x ^ 
Me Me 

°C-4 
^max/nm 

€ 

125.7 
309b) 

16600 

125.8 
314c) 

6940 

125.6 
325c> 
4230 

123.5 
331c> 
1740 

123.1 
320c> 
1840 

a) Chemical shifts of the other carbons of these compounds have been reported in our previous paper : M. Yoshida, H. 
Minato, and M. Kobayashi, Chem. Lett., 1976, 1097. b) Ref. 5. c) Ref. 8. 
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The steric repulsion of the two rings in (Z)-N-[p-
(dimethylamino)benzylidene] aniline should be de­
creased by the preferential twist of ring A around A r - N 
axis, because the twist of ring A is energetically more 
favorable than that of ring B for the stabilization by the 
derea l iza t ion of N-lone pair to ring A. The de rea l i za ­
tion of the N-lone pair was reflected in the 1 3 C-NMR 
chemical shifts of Z-l and Z-2. 

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

UV spectra were taken with a Hitachi EPS-3T spectrom­
eter. 1H- and 13C-NMR spectra were taken with a JEOL 
Fx-60 FT-NMR spectrometer. 

UV spectra at low temperatures were measured in a sample 
cell cooled to 77 K with liquid nitrogen in a quartz Dewar 
bottle. As a solvent, M. P. (methylcyclohexane-isopentane 
1:1) was used. For volume contraction, a correction factor 
of 0.8 was used.10) 

An acetone-*/6 solution (^10~3mol dm -3) of an iV-benzyl-
ideneaniline in a Pyrex tube (10 mm) was cooled in a Dry 
Ice-acetone bath and irradiated through a quartz Dewar 
bottle with a 500 W high pressure mercury lamp until about 
100% isomerization was attained. Then 1H-NMR spectrum 
of the photoisomer of an A^-benzylideneaniline was immediately 
determined at 198 K. Since this photoisomerization is 
complete only in dilute concentrations, spectra were deter­
mined by use of a Fourier transform NMR spectrometer 
(accumulation 100—500). 

The 13C-NMR spectrum of the photoisomer of an N-
benzylideneaniline was determined in a similar way (Concen­

tration of the solution, 10~2 mol dm - 3 ; pulse flipping angle, 
60°; sampling time, 900 ms; data points, 4096; accumu­
lation, 5000; pulse interval, 1 s). 

#-[/>-(Dimethylamino)benzylidene]anilines were prepared 
by heating mixtures of corresponding aldehydes and amines. 
Samples were purified by repeated recrystallization. The 
details were described in our previous papers.3> (Melting 
points in °G: 1, 99—101 ; 2, 41—43; 3, 84.5—85.5; 4, 83—85.) 
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The infrared spectra of phosphatidyl and related compounds were studied with respect to their side-chain 
effects on solubility. It was clarified that the existence of a hydrogen-bonding between chloroform and a phosphate 
group is essential for these phosphatidyl compounds to form stable solutions in chloroform. The existence of double 
alkyl-chains and acyloxyl groups is clarified to be very useful for those compounds to have a strong solvent-phobic 
character without losing their solubility in solvents. The role of a choline moiety was also clarified. The details 
of the analysis of the infrared intensity were also described. It was emphasized that the intensity enhancement 
due to hydrogen-bond formation can be quantitatively related to the enthalpy change due to hydrogen-bond 
formation. 

In our previous publications,1-3) the infrared spectra 
of some water-soluble surfactants have been reported. 
O n the basis ofthe quantitative analysis ofthe absorption 
intensity, it has been shown that molecules that dissolve 
in chloroform form a complex with several solvent-
chloroform molecules. The bonding between a surfac­
tant and the solvent chloroform has been shown to 
be of the hydrogen-bond type. 

The present study concerns itself with a further study 
of the solubilities, in chloroform, of the molecules which 
have a phosphate group: 

O 

- O - p ' - O -
i o-

by the use of the infrared spectra and solubility data . 
Our special interest lies in the solubility of the phos­
phatidyl compounds, which have this structure: 

O 

C H 2 - 0 - C - R 

I ° 
C H - O - C - R ' 

I ° 
C H a - 0 - P-0-CH 2CH 2N+(CH 3) 3 

6-
with respect to : 

1) the role of a phosphate group (a polar group), 
2) the role of a choline moiety (an end group), 
3) the role of an acyloxyl group, and 
4) the role of double alkyl chains, 

to the solubilities in chloroform. We focus our attention 
on the infrared-absorption band of chloroform-*/, which 
is related to the hydrogen bonding between chloroform-
d and a phosphate group. If we can get quantitative 
knowledge about the hydrogen bonding between 
chloroform-rf and a phosphate group, we can relieve 
the effects o f t he other moieties on the solubilities. 

Exper imenta l 

Meterials. The chloroform-«/ was purchased from 
Merck and Co., Ltd., and was dried over zeorite A-3. The 

chloroform was purchased from Wako Pure Chemical Indus­
tries, Ltd., and was dried over zeorite A-3 after eliminating the 
ethanol by column chromatography on alumina. The 
samples used in this study were both synthesized and natural 
products. The purities of these samples were checked by 
means of thin-layer chromatography. The samples are (with 
the abbreviations in parentheses) : (1) propylphosphoryl-
choline (C3PC), (2) butylphosphorylcholine (C4PC), (3) 
pentylphosphorylcholine (C5PC), (4) heptylphosphorylcholine 
(C7PC), (5) decylphosphorylcholine (C10PC), (6) tetradecyl-
phosphorylcholine (C14PC), (7) octadecylphosphorylcholine 
(C18PC), (8) rac-l,2-dipalmitoylglycerol-3-phosphorylcholine 
(DL-di-C16:0PC), (9) palmitoylglycerolphosphorylcholine 
(Cj^o-g-PC), (*°) l,2-dioctadecanoylglycerol-3-phosphoryl-
choline (L-di-C8:0PC), (11) ra£-l,2-dilauroylglycerol-3-phos-
phorylcholine (DL-di-C12:0PC), (12) 1,2-dilinoleoylglycerol-
3-phosphorylcholine (L-di-C18:2PC), (13) 1,3-dipalmitoyl-
glycerol-2-phosphorylcholine (di-C16:0-/S-PC), (14) rac-Upal-
mitoylglycerol-3-phosphorylcholine (DL-C16:0-lyso-PC), (15) 
spingomyelin from beef brain (beef brain C21;0 3, or spm.), 
(16) phosphatidylcholine from soy beans (soybean PC, or 
L-di-C17 6:1 4PC), (17) rac-l,2-dipalmitoylglycerol-3-phosphor-
yl-iV,JV-dimethylethanolamine (DL-di-C16:0diMePE), (18) rac-
1,2-dipalmitoylglycerol - 3 - phosphoryl - JV-methylethanolamine 
(DL-di-C160MePE), (19) phosphatidylethanolamine from pig 
brain (pig PE, or L-di-C19 6:2 tPE), and (20) phosphatidyl-
serine from pig brain (pig PS, or L-di-C18 9:1 6FS). 

Absorption Measurements. The absorption spectra were 
recorded with a JAS CO IR-G grating spectrometer at a 
resolution of 1 cm -1 . The spectra of chloroform-«/ solutions 
containing the acceptor in the concentration range from 0 to 
0.5 M were measured with a KBr cell having a thickness of 
about 0.1 mm. The thickness ofthe sample cell was checked 
by the interference-fringe method. 

Sample solutions containing various amounts of the solute 
molecule were prepared in a dry-box just before measure­
ments by weighing the solute and chloroform-*/ in the sample 
flask. Since all of the solutes are very hygroscopic, they were 
dried over P 2 0 5 under a reduced pressure at 60 °C for more 
than two days. The elimination of water from the sample 
solution was confirmed by observing the infrared spectra 
in the region of 2000—4000 cm"1. 

All the measurements were done at 20±2 °C, and the 
absorption spectra of the C-D stretcing vibration for the 
frequency region of 2000—2500 cm - 1 were measured with a 
resolution of 1 cm - 1 and a scanning speed of 33.3 cm_1/min. 
The absorption due to chloroform-«/ was eliminated, when 
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necessary, by the use of a variable-pathlength cell on the 
reference side. The thickness of the variable cell was adjusted 
so that the absorption band of chloroform-*/ at 2254 cm - 1 

disappeared completely. 
Measurement of Physical Constants. The refractive index 

and the specific gravity of the solution were measured, with 
an Abbe refractometer and a picnometer respectively, at the 
same time as the absorption measurements. 

The solubility was determined by a weight method. A 
sample was weighed in an NMR tube with a radius of 5 mm 
after having been dried over P2Os under reduced pressure 
for 2 d. After dried chloroform-*/ has been added and the 
tube had beed sealed, the solubility was determined by weigh­
ing the sealed tube. 

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

Infrared Spectra of Chloroform Solution. All the 
molecules studied in the present work have a phosphate 
group and show high solubilities in chloroform. As 
these substances are hardly soluble at all in nonpolar 
solvents and only slightly soluble in non-hydrogen-
bonding polar solvents, the solubilities in chloroform 
suggest the existence of strong hydrogen-bonding 
between the solute and solvent molecules. Actually, the 
infrared spectra of chloroform-*/ show remarkable 
changes in the fundamental bands of chloroform-*/. 
The vx vibration (the C-D stretching) changes its 
frequency about —20 to —50 c m - 1 from tha t of pure 
liquid chloroform-*/, tha t is, 2254 c m - 1 . We will 
hereafter designate the v1 band occurring at 2254 c m - 1 

as an F-band. 

2000 

Fig. 1. Infrared spectra of C-D stretching vibration of 
chloroform-*/: pure liquid chloroform-*/, 
solution. 

-G5PG 

Figure 1 shows a typical example of the C-D stretch­
ing vibration spectra of the chloroform-*/ solution. The 
band at 2207 c m - 1 is related with the chloroform-*/ 
molecule, which forms a hydrogen bonding with a 
phosphate group. We will hereafter designate this 
band as a B-band. For the molecules which have 
hydrogen-bonding sites other than a phosphate group, 
on the other hand, additional bands whose frequencies 
are higher than that of the B-band are observed. Figure 
2 shows the spectra corresponding to those molecules 
which have an acyloxyl group in addition to a phosphate 
group. T h e reference spectra for a chloroform-*/-

rt3] 

•19 1 

, » i_ 

r \ > 

i * 
i 

t 

/ / .171 M 
11 i i 

' 

/ / / .150 M 
/ / / .228 M 

xi 
\J .186 M 

methylpalmitate 

2300 2200 
y/cm"1 

2100 

Fig. 2. Infrared spectra of G-D stretching vibration of 
chlrorform-*/ (solutions of these molecules having an 
acyloxyl group, (9) and (13)). 

.275 M 

.50AM 

Fig. 3. Infrared spectra of G-D stretching vibration of 
chloroform-*/ (solutions of these molecules having a 
double bond and an acyloxyl group, (12) and (16)). 

methyl palmitate system is also shown in Fig. 2 in order 
to clarify the location of the absorption band due to the 
hydrogen-bond formation between chloroform and an 
acyloxyl group. Figure 3 shows the spectra correspond­
ing to a group of molecules which have an acyloxyl 
group and a double bond in addition to a phosphate 
group. T h e spectra for a chloroform-*/ solution of 
methyl oleate and methyl linoleate are also shown as 
reference spectra in order to show the location of the 
additional bands which are related with the hydrogen 
bonding between chloroform and an acyloxyl group or 
between chloroform and a double bond. Figure 4 shows 
the spectra corresponding to a group of molecules 
which have a hydroxyl group in addition to phosphate 
and acyloxyl groups and a double bond. The spectrum 
for a chloroform-*/ solution of 1-pentanol is also included 
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2100 

Fig. 4. Infrared spectra of C-D stretching vibration of 
chloroform-«/ (solutions of these molecules having a 
double bond, an acyloxyl group, and a hydroxyl group). 

TABLE 1. SPECTROSCOPIC INFORMATION ON 

B-BANDS ANDSOLUBILITIES 

Substance 

(1) G3PC 
(2) C4PG 
(3) C6PC 
(4) C7PC 
(5) G10PC 
(6) C14PC 
(7) C18PG 
(8) DL-Di-C16:0PG 
(9) G16:0-g-PC 

(10) L-Di-C8:0PC 
(11) DL-Di-G12 0PC 
(12) L-Di-C18:2PG 
(13) Di-C16:0-iß-PC 
(H) DL-G16:9lyso-PC 
(15) Beef brain 

C21:0.3(spm) 
(16) L-Di-C17.511.4PC 
(17) DL-Di-C16:0diMePE 
(18) DL-Di-G16:0MePE 
(19) Pig PE 

(20) Pig PS 

v°-v 
cm - 1 

47—47.5 
47 
47 
46.5 
46 
46 
45.5 
39.5 
43 
42 
41.5 
42.5 
39.5 
39 

3 7 - ^ 0 

42.5 
30 
23 

«20 

«10 

A»i/8 Sc 
cm-1 

~Ï5 
45 
45 
45 
45 
44.5 
44—45 
42 
42.5 
45 
41.5 
45 
42 
48 

^ 4 5 

41 
42.5 
40 
30 

Not 
observed 

lubility(20 °C) 
mol 1"1 

0.06*a> 
0.15*a) 

2.0 
1.6 
1.5 
1.2 
0.9 
0.7 
1.0 
1.0 
0.9 
0.8 
0.6 
0.4 

0.15 

> 0 . 6 
0.21 
0.20 

> 0 . 1 6 

> 0 . 1 6 

a) * Phase separation (see the text). 

in Fig. 4 as a reference. Attention must be paid for 
the fact that, in the spectra of Figs. 2—4, the F-bands 
are completely cancelled out when pure liquid chloro­
form-«/ is put in the reference side of the spectrometer. 

The half-band width, Avï/2, and the frequency shift, 
v°—v, for a B-band are listed in Table 1, where v° is the 
maximum absorption frequency of the F-band. For 
the sake of simplicity, we do not describe in detail the 
spectral information for any of these hydrogen-bonding 
bands other than the B-bands. 

Determination of Absolute Intensities. In order to 
determine the absolute intensities, the absorption 
spectra for F- and B-bands of chloroform-«/ solutions 
containing various amounts of the solute molecule were 

measured in each system. We will here begin by 
considering the spectra which are composed of one 
F-band and one B-band only, that is, the spectra for 
those molecules which have only one phosphate group. 

T h e relative intensities of the F- and B-bands are 
defined as 

- r S 

ln(/„//)d(lny) 
band(F) 

(1) 

and h=±\ ln(/o//)d(lny) 
1 band(B> 

where the subscripts b and f refer to the bonded and free 
states (or to the B- and F-bands) respectively. The 
integration covers the entire band area. 

T h e molar concentration of chloroform-«/ in the 
solution 

QJDCI. — w + Cb (2) 

was determined from the observed weight concentration 
and the density of the solution. After being corrected 
for the local-field effect,4) the relative intensities, I{ and 
Ih) are reduced to the values at the molar concentration 
of pure liquid chloroform-«/, C° C DCI .= 12.30 M, thus : 

If =Âfdf 

It = /d /e /b (3) 
and fc= 12.30/CCDCli 

/ d = 9nD /K + 2)2, (4) 

where nD is the refractive index of the solution. 
Now the absolute intensities, r{ and rh, are defined 

as: 

cb*rb = n 
cfrt = if (5) 

and (Cf + C Î ) = / c ( C f 4 - C b ) = CgDCli. (6) 

Equations 5 and 6 give the relation: 

or 

~j=i T ~F~ ~~ °CDC1, 
1 î i b 

/b*=-(rb/rf)/? + /\c< 
(7) 

By plotting It against If at a series of concentrations, a 
straight line with a slope of — (-Tf/.Tb) is generated as 
long as the absolute intensities, r{ and r b , are constant 
over the concentration range employed. The ex­
trapolated / * value at / ? = 0 corresponds to the rf 

value for pure liquid chloroform-«/, and may be com­
pared with the rf value directly observed for pure liquid 
chloroform-*/. 

The above procedure can be expanded for the case 
where a solute molecule has many hydrogen-bonding 
sites. If we focus our attention especially on the B-band, 
i. e., the hydrogen-bonded absorption band which is 
related with a phosphate group, Eqs. 6 and 7 are 
modified t o : 

or 

Cf + C* + J}^-=C°CDCu 
n / bn 

7 * r * /•* 
-* f i J b _i v n •'bn rio 

"7T ~r "TT ~r 2-i~r> ~ CI 

1 f 1 b n I bn 

(8) 

(9) 

where the subscript bn refers to the bonded states which 
are related with these sites other than a phosphate 
group. If we assume a complete association of the 
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( 1 : 1 ) type for the hydrogen-bonding between chloro­
form and these sites,5) the third term on the left-hand 
side of Eq. 8 or 9 can be expressed as : 

J}C*n=nCsfc, (10) 

where n is the number of hydrogen-bonding sites other 
than a phosphate group, and Cs, the concentration of 
the solute. Thus, Eq. 9 is reduced to : 

U- + •§- = CS™. - nCsfc 
l î i b 

QiDCl. ~ n^s 

Eq. 11 indicates that this relation holds : 

f f i J b _ /--o 
"7; r -TT — ^cDci, 
I f i b 

if we define If* and I** as : 

If*=fUt=f,cfofJf 

and: / ; = 'CDC1. 

.-nC. 

( " : 

(12) 

(13) 

(14) 

In Fig. 5, the plots of I* w. / ? (or /f* w. /?*) for C5PC 
(or Ci6:0-g-PC) are shown. It can be seen from the 
figures that a linear relationship exists between I* and 
If (or I** and / ?* ) . Consequently, the validity of 
Lambert-Beer's law was verified in these concentration 
ranges. It can also be seen from the figures that the 
extrapolated If (or If*) values at 7 ? = 0 (or I**=0) are 
almost the same for these systems. For the chloroform-rf-
C3PC system, for example, rf and rh were 106 and 2268 
cm2/mol respectively. The absolute intensities observed 
by this method are summarized in Table 2. The values 
of r{ are fairly identical for all the systems. I t must 
be added here that the beautiful linear relationship 
between I** and If* of Fig. 5b (for GM 0-g-PG) confirms 
the validity of the assumption used in the derivation of 

Fig. 5. (a) 4 * vs. If* plot for the chloroform-c?-C5PC 
system, (b) Ib** vs. It** plot for the chlorofornw/-(9) 
system. 

TABLE 2 

(1) C3PG 
(2) C4PC 
(3) C5PC 
(4) C7PG 
(5) C10PC 
(6) G14PC 
(7) G18PC 
(8) DL-Di-C16.0PC 
(9) C16 0-g-PC 

(10) L-Di-C8;0PG 
(11) DL-Di-C12:0PC 
(12) L-Di-G18:2PC 
(13) Di-C16:0-jß-CP 
(14) DL-C16:0lyso-PC 
(15) Beef brain G21.0.3(spm) 
(16) L-Di -C! , . , . ! . ^ 
(17) DL-Di-C160diMePE 
(18) DL-Di-C16;0MePE 
(19) Pig PE 
(20) Pig PS 

CALCULATED 

r f /cm 2 mol"1 

ÎÔ6 
106 
105 
105 
108 
106 
104 
107 
107 
105 
105 
106 
105 
105 
107 
107 
106 
106 
105 
106 

PARAMETERS AND ABSOLUTE INTENSITIES 

r b /cm 2 mol"1 

2268 
2226 
2205 
2006 
1944 
1688 
1460 
920 

1305 
1050 
1008 
977 
966 
861 
578 
984 
837 
742 
420 
350 

w s 

2.8—3.1 
3.1—3.3 
2.7—3.4 
3.0—3.4 
3.0—3.6 
3.7—4.0 
3 . 6 - ^ . 2 
5.8—6.7 
4.8—5.1 
5.8—6.3 
6.4—6.6 
6.1—6.7 
6.0—6.2 
3.8—4.2 
7.4—7.8 
6.1—6.6 
6.5—7.1 
5.1—5.8 

1.5 
1.5 

V A -V A 
37.3 
36.9 
36.7 
34.5 
33.4 
30.8 
29.3 
20.0 
25.8 
22.2 
21.5 
21.0 
20.8 
19.1 
13.7 
21.0 
18.6 
17.0 
10.3 
8.4 

£ 8 

110 
118 
112 
110 
111 
118 
109 
125 
127 
134 
139 
134 
127 
76 

104 
133 
126 
92 
15 
13 
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Eq. 10. 
Determination of the Solvation Number for a Phosphate 

Group. At a low concentration of the proton 
acceptor, the phosphate groups of all the acceptor 
molecules are considered to be bonding to chloroform-*/ 
molecules.6) Therefore, the ratio of the concentration, 
Cb, of the bonded chloroform-*/ to the concentration, Cs, 
of the solute, Ch\Cs, corresponds to the number of the 
chloroform-*/ molecule at tached to one phosphate group. 
Using the observed rb value, Cb is determined as : 

ch=/Mrh. (15) 
As Cs is known, the ChICs ratio can easily be determined. 
We call this ratio the solvation number, ns, for a phos­
phate group. The calculated results for ns are sum­
marized in Table 2. As an example, the detailed data 
for the C3PC system are shown in Table 3. T h e solvation 
number obtained in this case is 2.8—3.1 (see ns of 
Table 2). Therefore, it is concluded that about three 
chloroform-*/ molecules and one C3PC (or one phosphate 
group in C3PC) form a complex molecule in solution. 

TABLE 3. RELATIVE INTENSITIES OF THE C-D STRETCHING 

VIBRATIONS OF THE C H L O R O F O R M - * / - C 3 P C SYSTEM (nD IS 

THE REFRACTIVE INDEX, AND d IS THE SPECIFIC 

GRAVITY OF THIS SOLUTION) 

Sample No. Wt% of 
C3PC If n 

1 
2 
3 
4 
5 
6 

0 
0.337 
0.504 
0.676 
0.808 
0.990 

1.4470 1.48 1.300 0 
1.4476 1.478 1.293 0.142 
1.4474 1.476 1.287 0.215 
1.4475 1.475 1.282 0.274 
1.4476 1.474 1.284 0.340 
1.4477 1.473 1.281 0.392 

Spectroscopic Informations and Solubility Parameter. 
I t has been established that there exists a considerable 
correlation between the frequency shift, v°—v, and the 
intensity enhancement, rh/r{9 due to hydrogen-bond 
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formation, so long as the type of hydrogen-bonding is 
not very different.7) We prefer, for the reason described 
in the Appendix, a (*/J\ —VT^) v a l u e a s a n appro­
priate intensity enhancement parameter to a (r^/Tf) 
value. In Fig. 6, the observed \\/T\—x/JTf) values are 
plotted against the {v°—v) values. Obviously, the 
observed data points fall on two different lines, indicating 
tha t the (1)—(16) group is related with a similar type 
of hydrogen bonding. Actually, the (1)—(16) molecules 
all have a choline moiety, while the (17)—(20) molecules 
have either a 2-(dimethylamino)ethanol, 2-(methyl-
amino)ethanol, a 2-aminoethanol, or a serine moiety 
instead. Thus, the nature of the hydrogen bonding 
between chloroform-*/ and a phosphate group is depen­
dent on the number of methyl groups at tached to an 
amino group. T h e (18), (17), and (8) molecules are 
typical examples of those molecules having mono-, di-, 
and trimethylamino groups respectively. 

Table 2 shows the absolute intensities and the solva­
tion numbers observed for various acceptor molecules. 
I t may be seen from Table 2 that several solvent mole­
cules a t tach to a phosphate group by forming a strong 
hydrogen bond. For a series of alkyl phosphorylcholines 
((1)—(7)), for example, the absolute intensity of the 
B-band, jTb, is largest for C3PC. As the intensity 
enhancement originates from the hydrogen-bond forma­
tion, the intensity difference, {\/J\—VT^), can 
represent the strength of the hydrogen bonding between 
chloroform-*/ and a phosphate group. Therefore, the 
product : 

E* = ^ • (Vrb - Vrf), (16) 

Fig. 6. (rb—r{) vs. (v°—v) plot for the chloroform-*/ 
solutions of the molecules (1)—(20). 

where ns is a mean solvation number, is an appropriate 
estimate of the stabilization energy of one acceptor 
molecule through hydrogen-bond formation with a 
chloroform-*/ molecule in solution. We call this product, 
Es, a spectroscopic solubility parameter . 

The last column of Table 2 shows the calculated Es 

values. T h e results indicate that the Es value takes 
almost identical values for those molecules which have 
this g roup: 

O 

- O - P - 0 - C H 2 C H 2 N + (CH3)3. 

Ô-

Hereafter, we will designate this group (PC) and call it 
the PC-group. For all the molecules which have a 
PC-group, the stabilization energies due to the hydrogen 
bonding between chloroform-*/ and a phosphate group 
are almost the same. In case a weak hydrogen bond is 
formed (i. e., a small jTb), a larger number of solvent 
molecules are at tached to a phosphate group. In case a 
strong hydrogen bond is formed, on the other hand, 
only a few solvent molecules are at tached to a phosphate 
group. As is shown in the Appendix, Es= 100 is equiva­
lent to an enthalpy change of about 2.5 kcal/mol. 
Therefore, the existence of a phosphate group is essential 
for these molecules to give a solubility in chloroform. 

Side-chain Effects on Solubilities. By comparing the 
solubility values given in Table 1 and the Es values of 
Table 2, a few important conclusions can be drawn as 
to the effects of the side chains and the molecular 
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structure on the solubilities. 
First, let us compare the solubility data for the (8), 

(17), (18), (19), and (20) molecules, whose molecular 
structures a re : 

O 

C H 2 - 0 - C - C 1 5 H 3 1 

I ° 
C H - 0 - C - C 1 5 H 3 1 

I ° 
C H 2 - 0 - P - 0 - X , 

6-
where X is: 

(8) -(CH2)2N+(CH3)3 (2-(trimethylammonio)ethyl), 

(17) -(CH2)2N+H(CH3)2 (2-(dimethylammonio)ethyl), 

(18) -(CH2)2N+H2(GH3) (2-(methylammonio)ethyl), 

(19) -(CH2)2N+H3 (2-ammonioethyl), 

or (20) -(CH2)-CH-N+H3 (serine). 
GOO-

As has been described in the preceding paragraph, the 
stregth and the nature of the hydrogen bonding between 
chloroform and a phosphate group are quite different 
for these molecules (see Fig. 6). T h e observed solubility 
decreases in magnitude in this order; 

(8) > (17) > (18) > (19), (20). 

T h e spectroscopic information shows that both the 
solvation number and the strength of the hydrogen 
bonding between chloroform and a phosphate group 
decrease in this order, resulting in a rapid decrease in 
the spectroscopic solubility parameter . This rapid 
decrease in the Es value may arise from the intramolecu­
lar hydrogen-bond formation between a N - H group 
and a phosphate group.8) If the hydrogen atoms of the 
N H 3 group are replaced by methyl radicals, this type 
of hydrogen-bond cannot be formed (see the structures 
of (19) and (20)). I t must be added that the slight 
solubility of the (19) and (20) molecules arises from the 
existence of the unsaturated bonds. T h e corresponding 
synthesized sample (rac-l,2-dipalmitoylglycerol-3-phos-
phorylethanolamine or röc-l,2-dipalmitoylglycerol-3-
phosphorylethanolserine) is insoluble in chloroform, so 
the spectroscopic study could not be performed. 
Anyway, the end group, X, must be a 2-(trimethyl-
ammonio) ethyl group in order to show a high solubility 
in chloroform. T h e (8) molecule will be used as the 
reference sample in the following discussion. 

Secondly, let us compare the (1)—(7) molecules, 
whose molecular structures are : 

O 

R - O - P -0-CH2GH2N+(GH3)3 , 

6-
where R is an alkyl chain. The solubility decreases 
with the increase in chain-length ((3)—(7)). Although 
the strength of hydrogen bonding between chloroform 
and a phosphate group decreases with the increase in 
the chain length, the solvation number increases at 
the same time, thus keeping the spectroscopic solubility 
parameter almost constant for all the molecules. There­

fore, the gradual increase in solubility with the increase 
in the chain-length may be ascribed to the solvent-
phobic character of the alkyl chains. In fact, the 
solubilities of n-C20H41PC and rc-C22H45PC are observed 
to be about 0.002 mol/1 at room temperature. The 
abnormal solubility values for the (1) and (2) molecules 
will be referred to in a later paragraph in view of the 
mixing state of these alkylphosphorylcholines and 
chloroform. 

Thirdly, let us compare the (8) and (9) molecules, 
whose molecular structures are : 

(8) O 

C H 2 - 0 - C -C15H31 

I ° 
C H - 0 - C - G 1 5 H 3 1 

CH2-(PC) 

and (9) O 

CH 2 -0 -C-G 1 5 H 3 1 

CH2-(PC). 

O n passing from a single alkyl-chain to double chains, 
the solubility decreases from 1.0 to 0.7 mol/1. This 
change is not so much as is expected for a long-chain 
alkylphosphorylcholine, probably because the effect of 
the alkyl chains is compensated for by the stabilization 
energy due to hydrogen bonding between the chloroform 
and an acyloxyl group. Again, the solubility parameters, 
Es, are almost the same for these two molecules. An 
acyloxyl group plays a role in the solubility in chloroform 
second in importance only to a phosphate group. 

Fourthly, let us compare the (10), (11), and (12) 
molecules with the (8) molecule. The molecular 
structures of these molecules a re ; 

O 

C H 2 - 0 - C J - R 

I ° 
G H - O - G - R 

CH2-(PG), 

where R is : 

(8) -C15H31, 

(10) -C7H5, 

(11) -C n H 2 3 , 

o r : (12) -(CH2)3-(CH2-CH=CH)2-(CH2)7CH3. 

T h e solubilities of these molecules do not change so 
much with the change in the alkyl chain length as is 
seen for a series of alkylphosphorylcholines. Here again, 
the solubility-parameter values are almost constant. I t 
must be emphasized that these molecules are distin­
guished from the long-chain alkylphosphorylcholines by 
having two long chains. T h a t is to say, this type of 
molecule can have long alkyl chains without losing 
their solubilities in chloroform. T h e existence of the 
long alkyl chains might increase the solvent-phobic 
character of these molecules. The variety of alkyl 
chains might produce the variety of the characters of 
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these molecules in solutions. 
Lastly, let us compare the (13), (14), and (15) 

molecules with the (8) molecule. T h e structures of these 
molecules a re : 

(8) O 

C H 2 - 0 - C - C 1 5 H 3 1 

I ° 
C H - 0 - C - C 1 5 H 3 1 

CH2-(PC) 

(13) O 

C H 2 - 0 - C -G15H31 

GH -(PC) 

I ° 
C H 2 - 0 - C - C 1 5 H 3 1 

(14) O 

G H 2 - 0 - C -C15H31 

C H - O H 

GH2-(PC) 
and 

(15) GH(OH)R 

I ° 
C H - N H - C - R ' 

GH2-(PC). 

T h e (14) and (15) molecules are specified as having a 
hydroxyl group and/or an imino group. In these 
molecules, the hydrogen-bonding sites are expected to 
be deactivated because of the intramolecular hydrogen-
bond formation between a phosphate group and the 
hydroxyl or imino group. If the intramolecular 
hydrogen-bond is formed, the solvation number, ns, 
can be expected to decrease. In fact, the observed 
solvation number is quite small for the (14) molecule 
in comparison with the (8) molecule. Probably, the 
phosphate group and hydroxyl group from an intra­
molecular hydrogen bond. This situation is reflected 
in the low solubility value observed for the (14) molecule. 
I n the case of the (15) molecule, on the other hand, the 
ns value is observed to be slightly larger than that of the 
(8) molecule. This suggests that the intramolecular 
hydrogen bond is not formed in this molecule. As the 
strength of the hydrogen bonding between a phosphate 
group and solvent molecules is relatively small (see the 
(*/l\—VT^) value), the resultant Ea value is relatively 
small, although the solvation number is relatively large. 
This situation might be responsible for the observed low 
solubility value. 

The (13) molecule is an isomer of the (8) molecule. 
As can naturally be expected, the spectroscopic and 
physical parameters are quite similar in these two 
molecules, because the polar group and the side-chain 
groups are essentially the same. T h e positional difference 

of a PC-group does not change the solubility and the 
spectroscopic solubility parameter very much. 

Mixing States of Alkylphosphorylcholines. In the 
preceding, we have left C3PC and C 4PC out of our 
discussion in considering the effects of the alkyl chains 
on the solubilities for a series of alkylphosphorylcholines, 
al though C3PC and C4PC have very low solubilities in 
chloroform (see Table 1). The (3)—(7) molecules 
dissolve into chloroform homogeneously so long as the 
solute concentration is lower than the solubilities. In 
the cases of C3PC and C4PC, however, their chloroform 
solutions separate into two solution phases if the solute 
concentrations exceed the solubility values of Table 1. 
T h e upper layers are relatively solute-rich solutions, 
while the lower layers are chloroform-rich solutions. 

T h e concentration of the lower layers are 0.06 and 
0.15mol/l for C 3PC and C 4PC respectively. T h e 
spectroscopic information in Tables 1 and 2 was ob­
tained for these lower layers, because the upper layers 
were so viscous and seemed unstable. 

Taking the observed rb and «s values into account, 
we may explain those phenomena as follows. T h e 
C 3PC (or C4PC) molecule forms a very stable complex 
molecule which is composed of one C 3PC (or C4PC) and 
three chloroform molecules. The hydrogen bonding 
between chloroform molecules and a phosphate group 
is so strong that the complex molecule is precipitated 
as it is when the solute concentration exceeds 0.06 
(or 0.15) mol/1. T h e sudden increase in solubility on 
passing from C4PC to C5PC may, therefore, suggest 
some kind of aggregate formation in the chloroform 
solutions of the (3)—(7) molecules. This aggregate 
formation may not correspond to micelle formation 
in the usual sense, because the critical solution tempera­
ture (CST) could not be observed for these solutions. 
Perhaps this aggregate has a structure analogous to that 
which has been clarified to be composed of a few solute 
molecules doubly solvated by chloroform molecules.9) I t 
must be emphasized that CST was observed for the 
alkylphosphorylcholines with longer chains, like n-
C2 0H4 1PC or n-C2 2H4 5PC at about 40 °C. T h e mixing 
states of alkylphosphorylcholines, especially those of 
short alkyl chains, suggest ideas for future work into the 
problem. 

Concluding Discussion. T h e main conclusions 
drawn from the above discussion are : 

1) The hydrogen-bonding between chloroform and 
a phosphate group is the main factor in determining 
the solubility. T h e stabilization energy due to this 
type of hydrogen bonding is almost the same for all 
the molecules studied. When a weak hydrogen-bond is 
formed, a large number of solvent molecules are at tached 
to the phosphate group, and vice versa. This situation 
may be helpful for the stabilization of those solutions 
in which the number of solvated molecules changes 
from time to time. 

2) T h e hydrogen bonding between chloroform and 
an acyloxyl group may contribute to the stabilization 
of a long-chain molecule in a chloroform solution. With 
the help of the acyloxyl group, these molecules can 
exhibit various solvent-phobic characters when the long 
alkyl chains are changed without losing their solubility 
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in the solvent. 
3) T h e existence of the double chains is also helpful 

in enabling these molecules to have a strong solvent-
phobicity without losing their solubility. 

4) T h e existence of any groups which can form 
intramolecular hydrogen bonding with a phosphate 
group can lower the solubilities of these solute molecules. 
A hydroxyl group is a good example of this. 

Appendix . Der iva t ion o f Intens i ty 
E n h a n c e m e n t P a r a m e t e r . 

We will describe the relation between the intensity-enhance­
ment parameter, (*/l\-~ VTQ > anc* the e x c e s s enthalpy, 
— AH, originating from hydrogen-bond formation. 

Tsubomura10> proposes that, in a hydrogen-bonded system 
like 

A H-..B, 

where A and B refer, respectively, to an acid and a base, the 
intensity change of the A-H stretching vibration is to be 
attributed to charge-transfer forms in the wave function. It 
is assumed that the wave function of the ground state of the 
complex may be expressed by this formula : 

0 = CX0! + C2Q2, ( A l ) 

where cx and c2 are constants normalized to unity, c1
2+c2

2= 1> 
and (0! and Q2 are the wave functions associated with the 
following resonance structure: 

Structure 1 : A H B covalent A-H bond 

Structure 2 : A~ H B+ covalent H-B bond. 
(with charge transfer) 

Therefore, the dipole moment, p, of the hydrogen-bonded 
system is: 

P = <0\P\0> 

^Px + clp2, (A2) 

where px and p2 refer to the dipole moments corresponding to 
Structures 1 and 2 respectively. The derivative of p with 
respect to the normal coordinate, Q,, which corresponds to the 
A-H stretching vibration, is : 

(ÄHtt)+MJt) <A3> 
with these definition of the absolute intensities, J1, and J1,,, 
of the A-H stretching vibration : 

Eq. A3 is reduced to : 

vn -<sFt=J-

= ( N0n\(dp2V 
\ 3A» l\dQJ' 

3Aw 
2cj>. (©• 

(A4) 

(A5) 

Based upon the same model and the same order of approxima­
tion, the stabilization energy due to hydrogen-bond forma­
tion is calculated to be :n> 

-AH =c2Wi 2 r r 1 2 AH0, (A6) 

where Wn is a resonance energy term, ^ ^ î l ^ l ^ ^ (H being 
a Hamilton operator), and —AH0 is a stabilization energy 
due to an interaction other than hydrogen bonding. If 
— AH0 is ralatively small, as is usually the case for ordinaty 
intermolecular interactions, Eq. A6 becomes: 

-AH=c2W12 (A7) 

combination of Eqs. A5 and A7 leads to this relation : 

TT . r n _ (MSÏLY'* P Vrb - vT, = - W« \9QJ 
AH, (A8) 

\ 3c*a> } WVl 

where N0 is the Avogadro constant; c, the velocity of light, 
and cu the frequency of light. 
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Fig. Al. -AH vs. WTh—tJT?) plo t f° r the chloroform-d 
solutions of: (a) chloroform-*/, (b) carbon tetrachloride, 
(c) benzene, (d) /»-xylene, (e) 1,2,4-trichlorobenzene, 
(f) ethyl acetate, (g) acetone, (h) dibutyl ether, (i) 
diethyl ether, (j) diisopropyl ether. 

In Fig. Al, the observed excess enthalpy values for chloro­
form solutions of various acceptors are plotted against the 
observed intensity difference values, */7\~~*STt' Attention 
should be paid to the fact that the absolute intensity of the 
G-D stretching vibration of a carbon tetrachloride solution 
was chosen as 7"̂  in this case. Obviously, a fine linear relation 
holds between the —AH and WT\—\/T\) values. Thus, we 
can safely conclude that the coefficient of the right-hand side 
of Eq. A8 is almost constant for a hydrogen bonding of a 
similar type. Conversely, it is very desirable to use the 
(\ZJ\—\/Jr\) value as a good estimate of the stabilization 
energy due to hydrogen-bond formation. 

Incidentally, the E6 value defined by Eq. 16 can be converted 
into the excess enthalpy value. It may be seen from Fig. Al 
that £ s=100/cm-1 is equivalent to —AH=2.5 kcal/mol. 

References 

1) M. Okazaki, I. Hara, and T. Fujiyama, J. Phys. Chem., 
80, 64 (1976). 

2) M. Okazaki, I. Hara, and T. Fujiyama, J. Phys. Chem., 
80, 1586 (1976). 

3) M. Okazaki, I. Hara, and T. Fujiyama, Chem. Phys. 
Lipids, 17, 28 (1976). 

4) S. R. Polo and M. K. Wilson, J. Chem. Phys., 23, 2376 
(1955). 

5) Actually the complete association may not be realized 
in solution studies. The errors due to this assumption, 
however, do not spoil the conclusions drawn in this report. 



August, 1981] Solubility and Infrared Intensity of Phosphatidyl Compound 2407 

6) It is ascertained that the C-D stretching band corre­
sponding to the free state completely disappears at saturation. 

7) See for example, G. C. Pimentel and A. L. McClellan, 
"The Hydrogen Bond," W. H. Freemen and Company, New 
York (1960). 

8) T. O. Henderson, T. Glonek, and T. C. Myers, Bio-

chemistry, 13, 623 (1974). 
9) T. Kato and T. Fujiyama, Bull. Chem. Soc. Jpn., 51, 1328 

(1978). 
10) H. Tsubomura, J. Chem. Phys., 24, 927 (1956). 
11) H. Ratajczak and W. J. Orville-Thomas, J. Chem. Phys., 

58,911 (1973). 



2408 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 2408—2411 (1981) [Vol. 54, No. 8 

The Crystal Structure of the Charge-transfer Complex of Dibenzotetra-
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The crystal of the charge-transfer complex of dibenzotetrathiafulvalene-7,7,8,8-tetracyanoquinodimethane, 
DBTTF-TCNQ, belongs to the triclinic system; 0=10.309(8), 6 = 8.281(2), £=7.727(3) A, <x= 110.03(4), ß= 
109.80(4), y= 72.05(3)°, space group PI with Z = l . The structure has been determined by the X-ray method. 
DBTTF and TGNQ,stack alternately along [011] to form mixed columns; this phenomenon is responsible for the low 
electrical conductivity of DBTTF-TCNQ,. The intermolecular distance between DBTTF and T C N Q > 3.303 A. 
The charge-transfer complexes of DBTTF with TNB, TGNE, DDQ, and fluoro-TCNQ, were examined by means 
of X-ray photographs. It is shown that the D D Q complex, exhibiting a high conductivity, has segregated uniform 
columns of donors and acceptors, such as were not found in the other complexes. 

Since the discovery of the metallic conductivity of the 
organic compound, T T F - T C N Q , (tetrathiafulvalene-
tetracyanoquinodimethane), by Ferrais, Cowan, Walatka, 
and Perlstein, and by Coleman, Cohen, Sandman, 
Yamagishi, Garito, and Heeger in 1973,1) many high-
conducting organic materials have been reported. 
Recently, Jerome, Mazaud, Ribault , and Bechgaard 
have discovered an organic superconductor.2) 

High conductivity is associated with a crystal structure 
in which the planar donor and/or acceptor molecules 
are stacked to form columns.3) Unlike T T F - T C N Q , , 
however, D B T T F - T C N Q is insulating (<rR.T.^10-6 

( f î c m ) - 1 4 ) ) . This paper will report the crystal and 
molecular structure of D B T T F - T C N Q and the molecu­
lar arrangements in the crystals of several D B T T F 
complexes. 

TCNQ 

7,7,8,8-Tetracyanoquinodimethane [2,2'-(2,5-Cyclohexa-
diene-1,4-diylidene) bis (propanedinitrile) ] 

I || W ii T 

DBTTF 
Dibenzotetrathiafulvalene [2- ( 1,3-Benzodithiol-
2-ylidene)-1,3-benzodithiole] 

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

Black lath-like crystals of DBTTF-TCNQ. were prepared by 
a diffusion method, acetonitrile solutions of the two compounds 
being used. The lattice constants as determined by a Rigaku 
automated four-circle diffractometer are listed in Table 1. 
The crystals belongs to the triclinic system. The intensity 
data were collected with monochromated Mo Ka radiation 
by the eo-20 scan technique up to 20=60°. The reflections 
were scanned at the rate of 4° min - 1 in 20. Three standard 
reflections were measured after every 50 reflections. No 
significant intensity variation was observed during the course 
of the experiment. The crystal used had approximate 

TABLE 1. CRYSTAL DATA OF DBTTF-TCNQ, 

Formula (C14H8S4)(C12H4N4) F.W. = 508.7 
Monoclinic Space group PI 
a=10.309(8) A 6=8.281(2) A £=7.727(3) A 
a = 110.03(4)° £=109.80(4)° y=72.05(3)° 
7=573.7 A3 

Z>c= 1.474 g cm~3 Dm= 1.473 g cm-3 (flotation method) 
Z = l ,u(MoAa)=4.273cm-i 

dimensions of0.3x0.3x0.06 mm. No corrections for absorp­
tion and extinction were made. 

Solution and Refinement of the Structure. The structure 
was solved by the heavy-atom method. Patterson maps 
were computed on the basis of 1415 independent reflections 
of \F0\^3a. A refinement of the structure was performed by 
the block-diagonal, least-squares method. Anisotropic tem­
perature factors were used for non-hydrogen atoms, whiel 
isotropic ones were used for the hydrogen atoms found by the 
difference Fourier synthesis. The final R value was 0.089. 
The weighting scheme used was: a>=\/[a-\-b\F0\-\-c\F0\

2] for 
1^1^6.19 (absolute scale), a= 12.37, b= 1.0, c=0.015; CÜ=0.1 
otherwise. The atomic scattering factors were taken from 

TABLE 2. FINAL ATOMIC PARAMETERS 

(Values for fractional coordinates are multiplied by 104.) 

Atom 

S(l) 
S(2) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
C(12) 
C(13) 

X 

1684(3) 
619(3) 
2429(12) 
4011(11) 
517(11) 

2600 (9) 
2090(11) 
3753(11) 
4394(11) 
3907(12) 
2737(12) 

74(10) 
952 (9) 
1090(8) 
2177(9) 
2300(11) 
3167(11) 

y 
1415(4) 

-118(3) 
5386(15) 
7356(16) 
265(13) 
1500(12) 
797(13) 

2301 (14) 
2288(14) 
1554(15) 
780(14) 

4638(12) 
5806(12) 
5436(11) 
5917(12) 
5607(13) 
6726(15) 

z 
924(4) 

2963 (3) 
1430(14) 
8200(15) 
809(13) 
3309(13) 
4280(14) 
4220(16) 
6154(16) 
7080(16) 
6167(15) 
6689(13) 
4874(12) 
6631 (12) 
8240(13) 

5(14) 
8216(14) 

BJk* »> 
8.9 
12.5 
19.0 
18.7 
11.7 
9.8 
13.1 
14.5 
15.0 
15.0 
14.7 
9.7 
9.0 
8.1 
9.7 
11.7 
14.1 

a) Equivalent isotropic temperature factor as defined by 
H. G. Hamilton {Acta Crystallogr., 12, 609 (1959)). 
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"International Tables for X-Ray Crystallography."5) The 
final atomic parameters are presented in Table 2.tt 

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

Arrangement of Molecules. The crystal structure is 
shown in Fig. 1. T h e planar ^-electron donors (DBTTF) 
and acceptors (TCNQJ stack alternately to form mixed 
columns along [Oil] (Fig. 2). T h e least-squares planes, 

Fig. 1. Three-dimensional structure of DBTTF-TCNQ. 

TABLE 3. LEAST-SQUARES PLANES AND DEVIATIONS (A). 

(In each of the equations of the planes X, Y, and Z are 
coordinates (A) referred to the a, b, and c crystal axes 
respectively.) 

DBTTF molecular plane 
0 .4781Z-0 .64827-0 .1959Z=0.0 
S(l) 0.066 S (2) 0.078 G(l) 0.003 G(2) 0.021 
G(3) 0.044 G(4) - 0 . 0 0 1 G(5) - 0 . 0 3 5 G(6) - 0 . 0 2 9 
G(7) - 0 . 0 0 9 

TCNQ, molecular plane 
0 .4324^-0 .6842(F-£/2) -0 .1791 ( Z - c / 2 ) = 0 . 0 
N ( l ) - 0 . 0 0 6 N(2) 0.014 C(8) 0.014 C(9) - 0 . 0 1 2 
G(10) 0.016 G(ll) 0.012 C(12)-0.009 C(13)-0.018 

Fig. 2. The projection of the structure. 

tt A list of the observed and calculated structure factors 
and tables of the anisotropic thermal parameters for the non-
hydrogen atoms and the atomic parameters for the hydrogen 
atoms are kept as Document No. 8133 at the Chemical Society 
of Japan. 

Fig. 3. Projection of DBTTF onto the plane of TGNQ,. 

as calculated through the D B T T F and T C N Q , moieties, 
are listed in Table 3. T h e dihedral angle between these 
two planes is about 3.0°. T C N Q i s almost p lanar : the 
largest deviation of the atoms from the T C N Q , plane is 
0.02 Â. D B T T F is slightly one-planar: the dihedral 
angle between the plane of the ethylenetetrathio group 
and that of the o-phenylene group is about 3°. The 
short intermolecular distance of 3.303 Â and the mode 
of intermolecular overlap suggest that the charge-
transfer interaction is important . Figure 3 shows the 
projection of D B T T F onto the T C N Q , plane. The 
charge-transfer interaction requires a large overlap 
integral between the electron-donating and -accepting 
Orbitals.6»7) Since the highest occupied molecular 
orbital of D B T T F and the lowest unocuupied molecular 
orbital of T C N Q , are of different symmetries with 
respect to inversion ( £ l u ( D B T T F ) , £2 g(TCNQJ),8> the 
direct overlap is unfavorable in D B T T F - T C N Q , . This 
may be the reason why D B T T F is shifted from the 
position just above TCNQ, . 

(a) 

Fig. 4. Bond lengths and angles (e.s.d.'s in parentheses). 
(a) : TCNQ, (b) : DBTTF. 

Molecular Geometry. T h e bond lengths and angles 
are shown in Fig. 4. I t is well-known that the bond 
lengths of T C N Q , depend on the size of the negative 
charge of the molecule (TCNQ,-').9»10> In Table 4, the 
bond lengths of T C N Q , in D B T T F - T C N Q , are com­
pared with those of T C N Q ° (neutral molecule)11) and 
T C N Q r (alkali-TCNQJ.12> The averaged bond lengths 
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TABLE 4. COMPARISON OF AVERAGE BOND LENGTHS (Â) 

(The values are averaged by assuming Z)2h symmetry. The 
distances are not corrected for rigid-body motions.) 

Ref. a b c d e 
TCNQ° 11 1-344 1.443 1.373 1.436 1.138 
TCNQ- 12 1.358 1.422 1.410 1.416 1.155 
TCNQ-0-69 13,17 1.356 1.433 1.402 1.423 1.151 
TCNQ. This work 1.343 1.438 1.386 1.422 1.150 

CO-CO 
Ref. a b e d 

TTF° 15 1.349 1.757 1.730 1.314 
TTF+ 16 1.404 1.713 1.725 1.306 
TTF+o.69 1 3 j l 7 1 - 3 6 9 ^743 1 - 7 3 6 1 > 3 2 3 
DBTTF This work 1.369 1.746 1.757 1.391 

of T C N Q in the present complex resemble those of 
T C N Q ° ra ther than those of TCNQ,". If we assume 
that the bond length (/) and the formal charge (p) are 
linearly related, p can be estimated to be \l\{p)—li(0)\j 
l ' i ( l ) - ' i ( 0 ) l ( i = a , b , . . (Table 4)), where l{(p) is the 
bond length of TCNQ,_ P . T h e values of p were calcu­
lated for T T F - T C N Q 1 3 ) in order to confirm the validity 
of this assumption; the terminal C - N bond was not 
used. T h e mean value of p (0.6) is consistent with the 
degree of charge transfer determined by X-ray diffuse-
scattering experiments (|O=0.5914)). For T C N Q in the 
present complex, the mean value of p is 0.25, which 
indicates that D B T T F - T C N Q is a non-ionic complex. 

T h e bond lengths of the T T F skeleton in D B T T F 
are compared with those of T T F 0 , TTF+, and TTF+0-59 

in Table 4. No simple correlation between / and p, 
as in T C N Q , is observed. The a bond tends to elongate, 
while the b bond tends to contract, with an increase 
in the positive charge on T T F . This change accords 
with the variation in bond orders estimated on the basis 
of the wave function of TTF.8) T h e lengths of the a and 
b of D B T T F are intermediate between those of T T F ° 
and TTF+. T h e d length of T T F is approximately equal 
to the length of typical C=C double bonds. T h e d bond 
of D B T T F is much longer, however, its length is almost 
equal to the C - C bond length of the benzene molecule. 
In addition, the c bond of D B T T F is fairly long. 
Consequently, D B T T F may be regarded as a 
"composite molecule" comprised of ethylenetetrathio 
and o-phenylene groups. 

Molecular Arrangements in Some DB TTF Complexes. 
Many charge-transfer complexes containing T T F and/or 
T C N Q (or their analogues) exhibit high electrical 
conductivities.18-19) Some of them are regarded as 
"organic metals ." High-conducting complexes hitherto 
known crystallize in segregated uniform stacks, in which 
donors and acceptors stack separately to form parallel 
columns. As has been described in the preceding 
section, the molecular arrangement in D B T T F - T C N Q 
differs from those in organic metals. T h e mixed-column 

structure of D B T T F - T C N Q well interprets the low 
conductivity ( ^ B . T . ^ I O - * (Hem) - 1 ) . 4 ) 

Besides D B T T F - T C N Q , several D B T T F complexes 
were prepared in order to examine the relationship 
between the structure and the conductive properties. 
T h e acceptors used were tetracyanoethylene (TCNE), 
1,3,5-trinitrobenzene (TNB), 2,3-dichloro-5,6-dicyano-
/»-benzoquinone ( D D Q ) , and 2,2'-(2-fluoro-2,5-cyclo-
hexadiene-1,4-diylidene) bis (propanedinitrile) (TCNQ-
(F) ). T h e preliminary crystal da ta are : D B T T F - T C N E , 
monoclinic, P2J/C, a = 6 . 9 2 , 6 = 6 . 6 1 , c=20.81 Â, ß= 
99.6°; D B T T F - T N B , monoclinic, P2JC, a=7.44, b= 
13.91, c=14 .47 Â, 0 = 9 0 . 1 ° . The crystal habits and the 
diffraction patterns of these black crystals suggest that 
donors and acceptors stack alternately to form mixed 
columns and that the columns in D B T T F - T C N E and 
D B T T F - T N B are parallel to the b and a axes respec­
tively. The crystal of D B T T F - T C N Q ( F ) has a lattice 
period of about 9.3 Â along the needle axis, indicating 
that this crystal also does not have segregated uniform 
columns. T h e electrical conductivities of these DBTTF 
complexes are very low (<7B.T.<10-4 (to cm)"1).20) In 
contrast, D B T T F - D D Q is highly conducting (<rR.T.«s 
70 (D, cm)"1).20) Oscillation photographs around the 
needle axis show a lattice spacing of about 3.7 Â, 
indicative of segregated uniform columns of D D Q and 
D B T T F . 

T h e authors are grateful to Dr. G. Saito for his gift 
of T C N Q ( F ) . 
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The initial sintering (crystallite growth and surface-area diminution) of freely dispersed powders was studied. 
For MgO in H 2 0 vapor, the sintering rate at 1073 K was directly proportional to the water-vapor pressure, PHl0, 
in the range of 27—2700 Pa, and the apparent activation energy, E, for the sintering was 137 kj mol -1. These 
facts lead to the conclusion that, in this system, the surface migration of O 2 - caused by the repetition of the adsorp-
tion-desorption cycle of the H 2 0 molecule is rate-determining step for the sintering. For CaO in H 2 0 vapor, the 
rate-determining step appears to be migration on and/or near the surface of a cation vacancy produced by the H 2 0 
adsorption, judging upon the facts that the sintering rate at 873 K was proportional to P&o4 *n the range of 11— 
1600 Pa and that E was 79.4 kj mol -1. For MgO in H2 gas, the sintering rate at 1123 K was approximately 
proportional to the hydrogen pressure in the range of 3.3—66.5 kPa and E was 310 kj mol-1, indicating that the 
sintering in H2 was caused by H 2 0 vapor formed upon the desorption of the surface hydroxyl groups which had 
been produced by a heterolytic dissociative adsorption of H2. 

Imperfections on the surface of polycrystalline oxide 
powders are known to have some remarkable effects on 
their adsorption behavior and catalytic nature. The 
properties and degrees of imperfections are controlled 
by the calcination conditions of the oxides. One of the 
most significant conditions is the atmosphere. Previously 
we have studied the initial sintering in 2.7 kPa water 
vapor of M g O powders originating from magnesium 
oxalate and reported a marked acceleration effect of 
H 2 0 vapor.1) A similar enhanced sintering for M g O in 
H 2 0 vapor has been reported by several workers: (1) 
Anderson et al.7) studied initial sintering at a relatively 
high temperature ( 1323 K) and suggested an adsorption-
desorption cycle mechanism, but they did no kinetic 
analysis of their sintering da ta ; (2) Razouk et al.z) 
reported mainly changes in the micropore structure of 
M g O powders with sintering, and (3) Aihara et al.4) 
studied changes in the crystallite size of M g O powders 
with sintering in 100-kPa H 2 0 vapor and proposed an 
enhanced surface-diffusion mechanism. However, none 
of these studies has given clear evidence for the proposed 
mechanisms. A systematic investigation of initial 
sintering under strictly controlled experimental condi­
tions seems to be necessary in order to clarify its 
mechanism. 

In this paper, the initial sintering (which means the 
surface-area diminution and/or crystallite growth in the 
present study) of freely dispersed M g O powders was 
studied under various H 2 0 pressures, and the mechanism 
of enhanced sintering was clarified by a kinetic analysis 
of the da ta on the pressure dependence of the sintering 
rate. A similar sintering study for C a O was carried out 
and compared with the case for M g O . Since a hydrogen 
molecule may be expected to produce a water molecule 
upon adsorption on the oxide surface at high tempera­
tures, the sintering of M g O was also studied in a 
hydrogen atmosphere. 

Exper imenta l 

The processes for the sintering measurements were: (1) pow­
ders of 0.1-g magnesium oxalate dihydrate (0.33-g calcium 
hydroxide for CaO) in a Pt crucible mounted in a silica vessel 
were decomposed at 723 K (523 K for CaO) for 16 h under 

evacuation; then the resulting oxide was slowly heated to 1073 
or 1123 K (873 K for CaO) and maintained at this temperature 
for 16 h under evacuation (this corresponds to sintering time= 
0) ; (2) after cooling, the specific surface area was measured in 
situ; (3) after the sample had again been heated rapidly to the 
sintering temperature, H 2 0 vapor or H2 gas was admitted 
into the sintering vessel and the sintering was carried out in a 
closed system for a prescribed duration; (4) then Processes 
(2) and (3) were repeated, and the surface-area-diminution 
curves were obtained, and (5) finally, the crystallite size of 
sintered powders was measured by means of an X-ray dif-
fractometer. For MgO in H 2 0 vapor, an alternative method 
was used, a batch process consisting of the measurements of 
the surface area and crystallite size for each sintering run. 

The hydrogen (Takachiho Chemicals, purity of 99.99% or 
more) was predried through a trap at 77 K. The specific 
surface area was measured by the BET method of oxygen 
adsorption at 77 K. For several samples, the distribution 
curve of the micropores smaller than 30 nm in diameter was 
obtained by the Cranston and Inkley method.5) For the 
determination of the crystallite size, the (420) and (220) 
diffraction lines were used for MgO and CaO respectively. 
The crystallite size obtained by this method was somewhat 
larger « 1 0 % ) than that obtained by means of an electron 
micrograph.1) For some samples, a volumetric adsorption 
amount of H2 at the temperature used in the sintering was 
measured using a Pirani gauge. The equilibrium pressures 
in the adsorption study were around 10 Pa, much lower than 
that in the sintering study. Because a large part of the 
adsorption was completed within 5 min, this 5-min value is 
assumed to be an equilibrium-adsorption amount. 

The magnesium oxalate dihydrate was prepared by two 
methods. The first batch (designated by MO-6) was prepared 
by a reaction of magnesium nitrate with ammonium oxalate, 
and the second batch (designated by MO-9), by a reaction 
of magnesium sulfate with ammonium oxalate. The magne­
sium oxalate dihydrate used was MO-6 unless otherwise 
stated in the text. The calcium hydroxide was prepared by 
burning calcium oxalate in air and by subsequent hydration 
with water free from carbon dioxide. The impurities, as 
determined by an atomic-absorption spectrometer, were as 
follows (weight ppm) : MO-6: Mn=1.3 , Fe<6.6; MO-9: 
Mn=4.6, Fe<8.6; Ca(OH)2: Na=9.3, K<10 , Mg=54. 
The emission spectra showed Ca in a concentration of 4—180 
ppm in MO-6. 
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Fig. 1. Crystallite growth of MgO powders sintered at 
1073 K in water vapor. 
Pressure of water vapor/Pa: 2700 (a), 610 (b), 130 (c), 
53 (d), 27 (e), and <10~3 (in vacuo) (f). 

R e s u l t s 

MgO in H20 Vapor. T h e crystallite growth 
curves at 1073 K are shown in Fig. 1. T h e magnesium 
oxide powders before sintering had a crystallite size 
of about 7 nm. No appreciable growth occurred under 
evacuation ( < 1 0 - 3 Pa) , but water vapor exhibited 
remarkable positive effects for the growth rate. It has 
been established1 '4) that a crystallite growth rate is 
empirically expressed by: 

dD _ k'D 

dt Dn> ' (1) 

or by its integrated form : 

Dn-D% = kDt, (2) 

where D is the crystallite size (DQ is D at 2=0) , t is the 
sintering time, n ( = n / + l ) is a constant determined 
experimentally, and kD [=AD '(n' + l)] is the rate constant 

Fig. 3. Crystallite growth of MgO powders sintered in 
water vapor of 53 Pa. 
Sintering temperature/K: 1173 (a), 1073 (b), and 973 
(c). 

for crystallite growth. T h e curves in Fig. 1 were well 
fitted to Eq. 2 if an appropriate value of n was given. 
Therefore, the rate constants calculated by Eq. 2 were 
used for a quantitative comparison of the sintering rate, 
although this equation has no important physical 
meaning. In Fig. 2 the pressure dependence of kD is 
shown («=6.5) ; the resultant straight line with a slope 
of 1.0 means that kD is directly proportional to the 
water-vapor pressure, PH,o- Crystallite growth curves 
at various temperatures are shown in Fig. 3. T h e rate 
constants calculated by Eq. 2 gave an apparent activa­
tion energy for the crystallite growth of 137 k j m o l - 1 

which agrees with that obtained by Aihara et al.*> 
If the secondary agglomeration between crystallites 

is ignored, an ideal specific surface area, Sx, as calculated 
from the observed crystallite size, is expressed by: 

s - i - l 
(3) 

Fig. 2. Water vapor pressure dependence of crystallite 
growth rate constant at 1073 K for MgO powders. 

where p is the density of the sample. For the M g O 
powders sintered in water vapor, the observed specific 
surface area, S, was roughly proportional to the inverse 
of the crystallite size observed, and the degree of the 
secondary agglomeration scarcely changed at all during 
the sintering (SjSx=Q.55—0.65). These facts indicate 
that the surface-area reduction was a direct consequence 
of the crystallite growth. Therefore, an equation similar 
to Eq. 2 is also applicable to the surface-area diminution : 

S»-S?= kst, (4) 

where m («*—n) is a constant determined experimental­
ly, ^o is S at / = 0 , and ks is the rate constant for the 
surface-area decrease. The temperature dependence of 
ks gave an apparent activation energy of 131 k j mol - 1 , 
which is in good agreement with that for kD. 

T h e micropore distributions are shown in Fig. 4 for 
several samples sintered at 1073 K for 2 h. No samples 
had micropores below 1.5 n m in diameter. As the 
sintering proceeded, micropores with smaller diameters 
disappeared preferentially and larger ones grew. T h e 
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Fig. 4. Micropore distribution of MgO powders sintered 
at 1073 K for 2 h in water vapor. 
Pressure of water vapor/Pa: <^10"8 (in vacuo) (a), 27 (b), 
and 27Ö0 (c). 

TABLE 1. MICROPORES OF MgO POWDERS SINTERED 

AT 1073 K FOR 2 h IN WATER VAPOR 

' HtO 

Pa 

Total volume 
of micropore 

cm3 g - 1 

Diameter of 
micropore at 

maximum 
distribution/nm 

Specific 
surface area 

n^g"1 

^ I O - 3 

(in vacuo) 
27 

2700 

0.265 

0.178 
0.090 

3.5 

10 
25 

165.2 

62.3 
26.2 

Fig. 5. Surface area decrease of CaO powders sintered 
at 873 K in water vapor. 
Pressure of water vapor/Pa: <^10-8 (in vacuo) (a), 11 (b), 
110 (c), 610 (d), and 1600 (e). 

resultant micropore volumes are summarized in Table 1. 
CaO in H20 Vapor. The surface area decreases 

upon the sintering in various PHtO values at 873 K are 
shown in Fig. 5. Calcium oxide powders, before sinter-

Fig. 6. Water vapor pressure dependence of sintering 
rate constant at 873 K for the surface area diminution 
of CaO powders. 

Fig. 7. Surface area diminution of CaO powders sintered 
in water vapor of 610 Pa. 
Sintering temperature/K: 673 (a), 723 (b), 773 (c), 
823 (d), and 873 (e). 

ing, had a specific surface area of about 80 m2 g _ 1 ; this 
area decreased little during sintering under evacuation. 
On the other hand, H 2 0 vapor accelerated the sintering 
for CaO, which was more remarkable than for MgO. 
Although there is some scatter, a value of m =—3.2 
nearly satisfied Eq. 4 for this sintering system. It can 
be found from Fig. 6 that ks is proportional to 
the range of 11—1600 Pa. Figure 7 illustrates the 
reduction of S at various sintering temperatures for 
P H t O =610 Pa. The apparent activation energy as 
estimated by Eq. 4 was 79.4 kj mol - 1 , which is smaller 
than that for MgO in H 2 0 vapor. The values of S/Sx 

were in the range of 0.5—0.6 for all the samples, and no 
important changes in the secondary agglomeration were 
observed during the sintering process. The micropore 
distributions for three samples sintered to different 
extents are shown in Fig. 8. No samples had micropores 
below 2.5 nm in diameter. As the sintering proceeded, 
micropores with smaller diameters rapidly disappeared, 
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Fig. 8. Micropore distribution of GaO powders sintered 
in water vapor. 
Sintering conditions (temperature/K—pressure/Pa— 
time/h): 873—<10"3 (in vacuo)—0 (a), 673—610—2.5 
(b), and 873—1600—1.2 (c). 

TABLE 2. MICROPORES OF GaO POWDERS 

SINTERED IN WATER VAPOR 

Sintering 
condition0 

Total volume 
of micropore 

cm3 g - 1 

Diameter of 
micropore at 

maximum 
distribution/nm 

Specific 
surface area 

m^P 

873—<10-3—0 
673—610—2.5 
873—1600—1.2 

0.131 
0.097 
0.052 

5 
6 

6,18 

80.0 
48.1 
18.0 

a) Temperature/K—PH,o/Pa—time/h. 

as in the case of M g O . T h e micropore volumes are 
summarized in Table 2. 

MgO in H2 Gas. Figure 9 shows the change of 
S in an H 2 atmosphere at 1123 K. Hydrogen evidently 
increased the sintering rate, but its efficiency was far 
less than that of H 2 0 . A value of —6.0 for m in Eq. 4 
gave the best fit for all the observed data . The pressure 
dependence of ks is shown in Fig. 10; the slope of the 

250 

'E 200 

to 

150 

I , 1 ' 'i 

l v \ b 

V ^^°^ 
— i • • 1 

10 
t / h 

15 20 

Fig. 9. Surface area decrease of MgO powders sintered 
at 1123 K in hydrogen gas. 
Hydrogen pressure/kPa: <^10-3 (in vacuo) (a), 3.3 (b), 
5.3 (c), 13.3 (d), 33.3 (e), and 66.5 (f). 

Fig. 10. Hydrogen pressure dependence of sintering rate 
constant at 1123 K for the surface area diminution of 
MgO powders. 

Fig. 11. Effect of Pre-oxidation on surface area decrease 
of MgO powders (MO-9 origin) sintered at 1123K 
in hydrogen gas of 20 kPa. 
Pretreatment : (a) no oxidation (normal sintering), 
(b) 1 h evacuation after oxidation by 13.3 kPa oxygen 
gas for 1 h at 1123 K, and (c) 1 h evacuation after 
re-oxidation at point A in curve (b). 

straight line obtained was 0.9. T h e sintering-rate 
constants observed at three temperatures (1023, 1073, 
and 1123 K) in 33.3 kPa H 2 gave an apparent activation 
energy of 310 k j mol - 1 , more than twice that in an 
H 2 0 atmosphere. 

If the sample was oxidized by 0 2 before sintering, an 
unusual sintering behavior was observed. Figure 11 
shows the sintering of M g O (MO-9 origin) at 1123 K 
in a 20 kPa H 2 atmosphere. Curve (a) illustrates a 
normal sintering (namely, without 0 2 pretreatment) , 
while Curve (b) shows the sintering of the sample 
pretreated by 13.3 kPa 0 2 at 1123 K for 1 h and a 
subsequent outgassing for 1 h. In this case, the rate 
constant in the first run (before Point A) was about 4 
times larger than that after the second, the latter being 
of a magni tude comparable to that of Curve (a). If the 
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sample was reoxidized at Point A, a faster rate was also 
observed in the second run, as is shown by Curve (c). 
T h e amounts of H 2 adsorbed at 1123K on M g O 
(MO-9 origin) with a specific surface area of 210 m 2 g _ 1 

were 14.1, 1.2, and 13.1 x 1018 molecule g- 1 after 
oxidation for 1 h followed by evacuation for 1 h, 
evacuation for 1 h after the first H 2 adsorption, and re-
oxidation after the second H 2 adsorption respectively. 
I t is, therefore, understandable that the sintering rate 
depends on the adsorption amount . Similar behavior 
was also observed for M g O prepared from MO-6 , 
though the sintering rates were different between M O - 9 
and MO-6 . 

D i s c u s s i o n 

Sintering Mechanism in H20 Vapor. Because no 
appreciable sintering occurred in a vacuum, it can 
easily be understood that the enhanced sintering in 
H 2 0 vapor was caused by the adsorption effect. Unfor­
tunately, we have little information on the chemisorption 
of H 2 0 on alkaline earth oxides at high temperatures. 
Previously we reported an I R study of H 2 0 adsorbed 
on M g O , revealing that only hydroxyl groups (two 
types, namely, free and hydrogen-bonded OH~) were 
present at 773 K, while physisorbed molecules coexisted 
below 673 K.6> This suggests that the species adsorbed 
on M g O in the present study are also hydroxyl groups. 
The adsorption amounts (in terms of the apparent 
surface coverage) thus far reported are 0.157> (in 0.8 
kPa H 2 0 vapor at 923 K) and <0.0052> (in 0.6 kPa at 
1273 K ) . T h e expected coverages on M g O in the 
present case, typically carried out at 1073 K, may, 
therefore, be of the order of 0.01—0.02. For CaO, the 
adsorbed species may also be hydroxyl groups, but the 
adsorption amounts appear to be considerably larger 
than for M g O because of its stronger interaction with 
a water molecule and because of the lower temperature 
used for the sintering. 

Possible sintering mechanisms include : ( 1 ) a diffusion 
mechanism (surface, grain-boundary, and bulk); (2) a 
viscous-flow mechanism; (3) an evaporation-condensa­
tion mechanism, and (4) an adsorption-induced space-
charge mechanism. Furthermore, we must consider (5) 
the adsorption-desorption-cycle mechanism (anion-
exchange mechanism) proposed by Anderson et al.,2> 
because the free surface of the powders used is relatively 
large. This mechanism gives a mode of transport for a 
surface O 2 - ion through the process by which, upon 
the desorption of an H 2 0 molecule, an oxygen ion from 
the surface may be removed in the desorbing H 2 0 
molecule, leaving the O 2 - of the original H 2 0 in an 
adjacent position on the surface. Of the five possibilities 
mentioned above, Mechanisms (3) and (4) can be 
disregarded because of the too low vapor pressure and 
because of no generation of a new space charge respec­
tively. Mechanisms (1) and (2) both depend on an 
equilibrium amount of H 2 0 adsorbed on the oxide 
under the present experimental conditions [in 
Mechanism (1), the rate is proportional to the adsorbed 
amounts to the first power, and in (2), to the second 
power], and Mechanism (5) depends on the frequency 

of the adsorption-desorption cycle of H 2 0 molecules 
under a dynamic adsorption equilibrium. Therefore, 
we will consider these two cases in more detail. 

In the first case, a sintering rate constant, k, is propor­
tional to the equilibrium adsorption amount, v, to the 
first or the second power. Because an H 2 0 molecule can 
be assumed to be adsorbed on a cation-anion pair site 
(designated by S) on the surface and results in the 
formation of O H - , the adsorption equilibrium near the 
surface is expressed by:8) 

S + H 2 0 ^ ± 2 O H - + VM, (5) 

where VM is the cation vacancy and K1 is an equilibrium 
constant. From Eq. 5, 

v = [VM] = i - [OH-] = |£&.[S].PH.o} • (6) 

O n the other hand, v can also be expressed by: 

v = [S]0 - [S] = [S]o0, (7) 

where 6 is the (apparent) surface coverage and where 
the subscript 0 refers to a state before the adsorption. 
By substituting Eq. 7 into Eq. 6 and by differentiating 
its logarithmic form, we obtain: 

dint) _ J_ 3 - 3 0 fi. 

d l n P H l 0 ~ 3 ' 3 - 2 0 " { ' 

If A: is proportional to v [Mechanism (1)], then 

. = d in A: = J_ 3 - 3 0 . 
~ d l n P H i 0 3 ' 3 - 2 0 ' {) 

that is, k is proportional to P'H,0 at a coverage of 0. If 
k is proportional to v2 [Mechanism (2)], then 

I =*-.*=**- (10) 
1 3 3 - 2 0 - (1U) 

In the second case, k is proportional to the frequency, 
R, of the adsorption-desorption cycle. When the 
absolute-rate theory is applied, R depends on where 
the rate-determining step is. If, for example, an adsorp­
tion process is rate-determining, the following two 
reaction schemes are possible : 

K3 ) 

H 2 0 + S ; = ± I 

I > 2 O H - + VM, J 

and 

H 2 0 + S ^ = ± 2 I 

1 ^ 
I > OH" + yV M , J 

where I designates an activated complex and where k{ 

and K{ are the rate constant and the equilibrium 
constant respectively. T h e former corresponds to an 
undissociated activated complex, and R is expressed by : 

* = * , - [I] = * , . * , . [S] . P H i 0 , (13) 

while the latter corresponds to a dissociated activated 
complex : 

R = 2*3 • [I] = 2 *3 • ^
/ a • [S]1'2 • W o - (14) 

A further examination of other cases (e. g., the presence 
of a pre-adsorption equilibrium, and the desorption 
process being a rate-determining step) revealed that 
either Eq. 13 or 14 is applicable to every case (except for 
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the constants in them). Therefore, the frequency of 
the adsorption-desorption cycle is expressed by either: 

R = c • [S] • PH,o 1 

or (15) 

R = C • [S]V* . />!&, J 

where c is a constant. In a manner similar to the first 
case, we can obtain final expressions corresponding 
to the two cases in Eq. 15 : 

3-30 
/ = 3-29 

, J_ 3-30 
2 ' 3-20 

(16) 

(17) 

Figure 12 shows the values of / in Eqs. 9, 10, 16, and 17. 
Now we can compare the observed data with the 
calculated values. 

- 0 . 5 

Fig. 12. Dependence of sintering rate constant on ap­
parent surface coverage. 
(a): Eq. 16 [mechanism (5)], (b) : Eq. 10 [mechanism 
(2)], (c): Eq. 17 [mechanism (5)], and (d): Eq. 9 
[mechanism (1)]. 

MgO in H20 Vapor. The experimental facts 
were that / equals 1 in the PHl0 range of 27—2700 Pa at 
1073 K and that the apparent activation energy of the 
crystallite growth is 137 k j mol - 1 . I t may be found 
from Fig. 12 that / becomes 1 only when 6^0 in Eq. 16. 
As has been described previously, 0««O (say, 0<O.l) was 
fulfilled in the present case. I t may be concluded, 
therefore, that , for M g O in H 2 0 vapor, an anion-
exchange mechanism is operative and that surface O 2 -

ions move on the surface by repeating the adsorption-
desorption cycle of H 2 0 molecules. The measurement 
of the isotopic-exchange-reaction rate of oxygen atoms 
between H 2 0 and surface O 2 - at high temperatures 
can afford useful information, but we could not succeed 
in its measurement because of the too rapid exchange 
rate and because of the peculiar nature of H 2 0 vapor. 
We can see, however, on the basis of simple gas kinetics, 
that each adsorbing center of the oxide surface is 
subjected to a collision with an H 2 0 molecule ^\05 

times per second under typical sintering conditions and 
that the time of residence of an H 2 0 molecule at the 
surface is sufficient for the molecule to interact with the 
surface.2) On the other hand, the cations may easily 
move on or near the surface by the diffusion of the VM 

formed. 
There are no micropores with diameters<1.5 nm in 

any sample (Fig. 4) . Therefore, the sintering by the 
anion-exchange mechanism is thought to proceed 
mainly, not through condensation between two surface 
O H - ions of adjacent crystallites in a micropore, thus 
forming an oxygen bridge between the crystallites and 
to form a closed micropore, but through condensation 
between two adjacent O H - ions on a crystallite, thus 
leading to an enhanced surface mobility which causes the 
disappearance of smaller crystallites and the growth 
of larger ones. This picture is in accord with the finding 
that S/Sx did not change appreciably during the 
sintering. 

Eastman et a/.8) and Mackenzie et al.9) suggested an 
association of two O H - and VM in Eq. 5 and the forma­
tion of a complex such as 2 0 H _ V M . However, this 
seems not to be valid in the present case considering 
the two facts tha t : (1) a completely linear relationship 
between k and PH,o holds, even for PH .o<T00 f*a 

(Fig. 2), and (2) for the C a O sintering, k is proportional 
to -PH.O4, suggesting non-association between adsorbed 
species, even though much more O H - and VM are 
present compared to the case of M g O . 

CaO in H20 Vapor. It was found experimentally 
that / equals 0.34 in the P H t 0 range of 11—1600 Pa at 
873 K and that the apparent activation energy for k 
is 79.4 k j mol - 1 . From Fig. 12, / = 0 . 3 4 is possible in the 
four cases; namely, 0==»O in Eq. 9, 0^0 .75 in Eq. 10, 
0«sO.85 in Eq. 16, and 0=^0.6 in Eq. 17. However, it 
seems to be impossible, unless 0^»O or 1, that a constant 
value of/ is maintained during about a 150-fold change 
in PH,o (11—1600 Pa) . Thus , Eqs. 10, 16, and 17 can 
be excluded, and only the case of 0=«O in Eq. 9 is 
applicable; that is, the sintering proceeds through a 
diffusion mechanism (0*»O suggests that the adsorbed 
species are present not only on the surface, but also 
beneath the surface). We must then determine which 
of the adsorbed species, VM or O H - , is concerned with 
the rate-determining step. I t may be possible for an 
anion on the surface to migrate by means of an anion-
exchange mechanism, by analogy with M g O , and a 
cation in C a O is less movable than one in M g O because 
of the larger cation size and heavier atomic mass. 
Therefore, we suggest that VM is the rate-determining 
species and that it moves on and/or near the surface 
layer. 

Let us now look at the apparent activation energy of 
the sintering rate. If the above mechanism is assumed 
to be valid, k is expressed by : 

k = h • [VM], (18) 

where kd is a diffusion coefficient of VM. By substituting 
Eq. 6 into Eq. 18, assuming P H ,o=cons tant and [S] = 
constant (because of 0 ^ 0 ) , and differentiating by 
temperature, T, the logarithmic form of a resultant 
equation, we obtain: 

d in A; d i n k . 1 dlntf , 

dr dr 
- + — • 

^ 3 dr 
Using an Arrhenius equation and a van ' t Hoff equation, 
we then obtain : 

* - * - § . (20) 
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where E is the apparent activation energy for the 
sintering rate, Ed is the activation energy for the 
diffusion of VM, and Q, 1S t n e n e a t °f t n e adsorption of 
Eq. 5. Unfortunately, there are no appropriate values 
for Ed and Q,. However, if we are allowed to use, as 
Ed, the value of 118 k j m o l - 1 of the activation energy 
for Ca2+ bulk-diffusion at 1273—1673 K10) and, as Q, 
the 96 k j m o l - 1 of the heat of the dissociation reaction,11) 
C a ( O H ) 2 ^ C a O + H 2 0 , then we obtain E=86 k j mol"1 . 
O n and/or near the surface, Ed and Q, are probably 
smaller than those in bulk, but the resultant £ as a 
difference between them may be expected to be not 
far from the observed value of 79.4 k j mo l - 1 . This 
suggests the validity of the concepts that , for C a O in 
H 2 0 vapor, a diffusion of VM on and/or near the surface 
is rate-determining and that the anion easily migrates 
on the surface by means of an anion-exchange 
mechanism. 

Sintering Mechanism in H2. I t has been established 
that H 2 is adsorbed on M g O at high temperatures, and 
that the higher the temperature, the more the adsorption 
amount.1 2 - 1 4) The adsorbed species have been identified 
as hydroxyl groups by Lisachenko et a/.12) Therefore, 
the desorption from the heated sample under a dynamic 
adsorption equilibrium can produce an H 2 0 molecule 
from two adsorbed OH - . 1 2 ' 1 4 ) If the resultant pressure 
of H 2 0 vapor present in the lOkPa H 2 atmosphere 
reaches only 0.1 Pa, it is possible to explain the observed 
sintering shown in Fig. 9. Unfortunately, we failed 
to confirm, by the use of a mass-spectrometer, the 
presence of water vapor in a large excess of H 2 or D 2 

gas after the sintering because of its too small quantity, 
the presence of background peaks, the easy adsorption 
of water vapor onto the wall, etc. However, as has 
previously been described, the amount of H 2 adsorbed 
on M g O at 1123 K was 1.2 X 1018 molecule g"1 even for 
the second run, which corresponds to an H 2 0 partial 
pressure of 100 Pa if all the adsorbed species are assumed 
to be desorbed as H 2 0 molecules. Therefore, it is very 
possible that the actual partial pressure of H 2 0 in H 2 

reaches 0.1 Pa. Below we will discuss the sintering 
mechanism based upon the view that the initial sintering 
in H 2 is caused by the H 2 0 molecules formed. 

It was found experimentally for M g O in H 2 gas that I 
equals 0.9 in the H 2 pressure range of 3.3—66.5 kPa 
at 1123 K and that the apparent activation energy for 
the sintering is quite large, 310 k j mol - 1 . T h e formation 
of hydroxyl groups upon the H 2 adsorption may be 
possible through: (1) the reduction of trace amounts 
« 1 0 0 ppm) of the transition elements present; (2) a 
reaction with an O " ion15) present on the activated 
surface ; (3) the reduction of Mg2+, and (4) the heteroly-
tic dissociation of H 2 into H+ and H - . Mechanisms 
(1)—(3) are, however, unimportant in the present case 
because of the disagreements with the actual concentra­
tions and/or with the actual pressure dependences. 
Therefore, we will consider Mechanism (4) in some 
detail. Unfortunately, the direct observation of a M g - H 
(possibly Mg 2 + -H~) stretching frequency by means of 
the I R spectra is very difficult at the temperatures used 
in the sintering study. However, recently Goluccia 
et a/.16) reported on the I R spectra upon the H 2 adsorp­

tion at room temperature on M g O activated at high 
temperatures, and proved the formation of O - H and 
M g - H bonds. According to our temperature-programed 
desorption study,17) these adsorbed species remain on 
the surface up to around 700 K, even under a high 
vacuum. Thus, a similar adsorption scheme appears 
to be possible for the present sintering experiment. This 
adsorption equilibrium is expressed by: 

H2 + O 2 - ^ ± O H - + H - + VM 
( 2 1 ) 

2 O H - + VM ^ = ± H 2 0 + O2- . J 

Therefore, 

^H,O = K^K6. M O . pHt} ( 2 2) 

where PH,o and PH, are the partial pressures of H 2 0 and 
H 2 respectively. Equation 22 shows that , unless the 
change in PHt is large, PH,o is approximately propor­
tional to P H i . This agrees with the experimental facts, 
for the sintering rate in H 2 0 vapor is simply proportional 
to -PH.O, as has been mentioned previously. The 
activation energy of the sintering for this mechanism is 
expected to be larger than that in a pure H 2 0 vapor 
by the heat of reaction necessary for Eq. 21. Though 
qualitative, this can explain the observed results (137 
k j m o l - 1 for H 2 0 and 310 k j mol" 1 for H 2 ) . I t may be 
concluded, therefore, that the enhanced sintering in 
H 2 gas proceeds by means of an anion-exchange mecha­
nism caused by H 2 0 vapor which has been produced 
upon the heterolytic dissociative adsorption of H 2 on the 
surface at a high temperature (Eq. 21). 

Prior to the sintering, the M g O sample was usually 
preevacuated at 1123 K for a long time without oxida­
tion. O n the other hand, the sample preoxidized at 
1123 K exhibited a remarkable sintering upon the first 
H 2 admission (Fig. 11). This is explicable by considering 
that each adsorption equilibrium of the four possible 
mechanisms on O H - formation described above was 
shifted to the oxidation side and subsequent admission 
of H 2 produced more H 2 0 vapor than usual. 

Guilliatt et a/.18) carried out a crystallite-growth study 
of M g O in the H 2 atmosphere of, not a closed, but a 
flowing system, and found no substantial effectiveness of 
an H 2 gas for sintering. O n the other hand, in the closed 
(static) system used in the present study, some remarka­
ble effects were observed. One must pay much attention 
to these differences in the experimental conditions upon 
the measurements of various properties of solids, such 
as their sintering behavior and electric conductivity. 
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The structures of eis- and £ra«j-4-aminomethyl-l-cyclohexanecarboxylic acids were studied by proton and 
carbon-13 NMR, and by semiempirical molecular orbital methods (CNDO/2 and MNDO). Both isomers exist 
in zwitter ionic forms in aqueous solution. It was found that the most stable conformations for them are all staggered 
forms : the diequatorial conformer in the trans form and the axial carboxyl group in the eis form. These preferred 
conformers are similar to those in crystalline states. In these conformers the deformation is very small in the 
cyclohexane ring of the trans form. The atomic distance between the nitrogen of amino group and the carbon of 
carboxyl group in the preferred conformer of trans form is 0.65 nm and that in eis form is 0.55 nm. This distance 
of 0.65 nm will play an important role in the antifibrinolytic effect. 

There are two geometrical isomers, i.e., trans and eis 
isomers, in 4-aminomethyl-l-cyclohexanecarboxylic 
acid. The trans one (TAMGHA) is used as an orally 
active antifibrinolytic drug and its modified compounds 
are synthetic protease inhibitors,1) while the biological 
activity of the eis one (CAMCHA) is quite weak.2) 

According to the study of Mangyo3) on the relation­
ship between the structures of various co-amino car-
boxylic acids and their biological activities, their 
antifibrinolytic activities depend on the atomic distances 
between the nitrogen of amino group and the carbon 
of carboxyl group, and on the isoelectric point. 

Conformations of the trans isomer4) and hydrogen 
halide salts of both isomers5) were studied by crystal­
lography; however, the biologically active conformation 
in aqueous solution was not expected to be similar to 
that in the solid state. In this paper we report the 
conformations of both isomers in aqueous solutions 
determined by N M R ; we seek some clues to the differ­
ence in their biological activities. 

Exper imenta l 

Samples and Reagents. All reagents and solvents used 
in this research were analytical grade and were used without 
further purification. TAMCHA and CAMCHA were pre­
pared from ethyl />-(acetamidomethyl)benzoate.6> The ni­
trates of Eu(III), Pr(III), Nd(III), Gd(III), and La(III) with 
purity more than 99.9% were purchased from Wako Chemical 
Co. They were used as NMR shift and/or relaxation reagents. 

NMR Measurements. The proton NMR spectra of 
TAMCHA and CAMCHA were observed on a Varian EM-
360A (60 MHz) spectrometer using a frequency-sweep mode 
and a JEOL FX-100 spectrometer operating at 99.6 MHz 
using Fourier transform (FT) mode. Their carbon-13 NMR 
spectra were observed on a JEOL-PS-100 spectrometer linked 
with a PFT-100 FT system at 25.14 MHz and a JEOL FX-100 
spectrometer operating at 25.05 MHz using FT mode. The 
probe temperature was kept at 30 °C. Sodium 3-(trimethyl-
silyl)propionate-2,2,3,3-^4 (TSP-</4) was used as an external 
reference for determinations of proton and carbon-13 chemical 
shifts. Data were accumulated in an attached computer 
using 1000 Hz and 5000 Hz sweep widths for proton and 
carbon-13, respectively, in 8192 points (resolution: 0.2 Hz 
for proton and 1.2 Hz for carbon-13). 

The lanthanoid induced shifts were observed with 
TAMCHA in D 2 0 solution by a successive dilution method.7,8) 

The initial concentration of TAMCHA was 0.05 M (1 M = l 
mol dm -3) for the measurements with Eu(III), Pr(III), 
Nd(III), and La(III); the molar ratio {p) of each lanthanoid 
ion to the substrate was kept at a fixed value (1.0). The 
perturbed proton relaxation times were obtained from Gd(III) 
solution.9'10) Small amounts of Gd(III) nitrate solution 
were added successively to the 0.20 M solution of TAMCHA. 
The concentration of Gd(III) was varied from 5.81 to 118.50 
[LM at intervals of 5—20 \iM; 2-methyl-2-propanol {ca. 20 
mM) was used a« an internal standard. Proton spin-lattice 
relaxation times ^H-T^) were measured by the inversion-
recovery method using a standard 180 °-£-90 ° pulse sequence, 
where t is the time in seconds between the 180 ° and 
90 ° pulses. The 90 ° pulse recycle times were chosen to 
be at least five times the longest 1H-X'1 time to be measured. 
Samples for 1H-71

1 measurement were thoroughly deoxygen-
ated with nitrogen in order to prevent any paramagnetic 
effect of oxygen molecules on T1 values. 

Data Analysis and MO Calculations. The computer 
programs "NMR-LAOCN-4A"11) and "FINITE"12) were 
applied to analyze the proton NMR chemical shifts in 
TAMCHA. The electronic densities and the total energies of 
TAMCHA and CAMCHA were calculated by CNDO/213> 
and MNDO.14) 

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

Assignments. Structures and notations of each 
atom of T A M G H A and C A M C H A are shown in Fig. 1. 
100-MHz proton N M R spectra of both isomers are 
shown in Fig. 2. Their carbon-13 N M R titration curves 
are shown in Fig. 3. 

Most carbon signals of both isomers were easily 
assigned by the aid of the off-resonance proton decoupl­
ing technique. Carbon pairs (C2,C6) and (C3,C5) in the 
spectrum of C A M C H A were assigned, as shown in Fig. 
3, from the consideration of the gamma effect.15) 

H H He N H H He 
Hn J / J Un À 

( I ) TAMCHA (n) CAMCHA 

Fig. 1. Structures and notation of each atom of 
TAMCHA (I) and CAMCHA (II). 
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Fig. 2. The 100 MHz-proton FT NMR spectra of 
AMCHA at 30 °C. 
(A): TAMCHA in D 2 0 (1%(W/V), at pH 7.40), 
(B) : CAMCHA in D 2 0 (1%(W/V), at pH 7.20). 

ppm 
Fig. 3. The pH dependence of the carbon-13 chemical 

shifts of AMCHA in 15% (W/V) DaO solution at 30 °C. 
: TAMCHA, : CAMCHA. 

In the proton N M R spectra of T A M C H A and 
CAMCHA, the HA and HB protons were observed at 
2.85 and 2.96 ppm, respectively; they showed a doublet 
structure due to spin coupling with the H c proton. 
The triplet-like signal at 2.11 ppm in T A M C H A and 
the quartet-like signal at 2.34 ppm in C A M C H A were 
assigned to the H L proton because of the selectively 
proton decoupled carbon-13 N M R spectra and the 
titration curves of proton N M R shown in Fig. 4. The 
H L proton signal of C A M C H A appeared at lower field 
(by 0.1—0.2 ppm) than that of T A M C H A . An 
anisotropic effect16) of the carbon-carbon bond suggest 

2.5 2.0 1.5 

ppm 
Fig. 4. The pH dependence of the proton chemical 

shifts of AMCHA in 1% (W/V) D 2 0 solution at 30 °C. 
: TAMCHA, : CAMCHA. 

See Fig. 1 about AB, L, C. 

that the H L proton is equatorial and the carboxyl group 
is axial in C A M C H A . 

T h e signal at 1.67 p p m in T A M C H A was assigned 
to the H c proton by the homo-decoupling technique. 
Other protons of T A M C H A were assigned, as shown in 
Fig. 2, because of the lanthanoid-induced shift, which 
produced a fine signal separation while keeping the 
original spectral pat tern. 

In the case of C A M C H A , the multiplicity of the H L 

proton signals varied on the addition of shift reagent. 
This trend would suggest some conformational change 
(such as chair-chair inversion). T h e assignments of 
other proton signals were difficult at this stage. 

Spin Coupling Constants of TAMCHA. Observed 
vicinal spin coupling constants are listed in Table 1. 
VAB,C is the representative of 3 7A,C and 3 / B , C because 
there is no chemical shift difference between HA and 
HB . Similar notations hereafter are used with similar 
meanings. Five values among them, i.e., VAB.C, VDE.HI , 
VFO.HI , V H I . L , and ZJJK)L were estimated from the 100 
M H z proton N M R of T A M C H A to be approximately 
6.7, 2.0, 11.0, 11.5, and 3—4 Hz, respectively. The 
homo-decoupling technique reduced the Pr ( I I I ) shifted 
spectrum to a five-spin system. Refined values of V H I , L 
and V J K . L were obtained as 12.04 and 2.49 Hz, respec­
tively, by a computer simulation.11) 

Cyclohexane Ring Conformation of TAMCHA. To 
clarify whether the observed vicinal coupling constants 
correspond to those of the chair form, the finite perturba­
tion theory12) ( I N D O approximation) was applied. 
Simple model compounds which are supposed to 
include some parts of the chair form and of the boat 
form of the T A M C H A molecule were chosen and 
calculated. Results are shown in Table 2, in which 
Jg, Jt, Jc, and Js denote vicinal coupling constants 
between two protons in gauche, trans, eis, and skew 
positions, respectively. With a-amino acids, the experi­
mental value of Jg was 2.60 Hz and that of Jt was 
13.56 Hz;17> similar values were also obtained in 
calculation. 

Qualitative results suggest that the observed values 
were those of the chair form. 

Aminomethyl Group Conformation. Three confor­
m e r around the C ^ C , bond were possible in the 
aminomethyl group of T A M C H A and C A M C H A . 
T h e Newman projections of the possible conformers are 
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TABLE 1. THE OBSERVED VICINAL SPIN COUPLING CONSTANTS OF 

TAMCHA IN AQUEOUS SOLUTION AT 30 °G AND pH 7.40 

Protona) 

G 
G 
G 

D and/or E 
D and/or E 
F and/or G 
F and/or G 

L 
L 

A and/or B 
D and/or E 
F and/or G 
H and/or I 
J and/or K 
H and/or I 
J and/or K 
H and/or I 
J and/or K 

Dihedral angl« 

Chair 
form 

g 
t 

g 

g 

t 

g 

t 

g 

5b) 

Boat 
form 

g g 
t g 

c c 

s s 

s s 

c c 

g t 

g g 

Notationc ) 

JAB.G 

v/c,DE 

JC, FG 

JvE.m 
J D E . J K 

yFG.HI 

yFG.JK 

V H I . L 

y,jK,L 

Obsd value 

Hz 

6.7 

2.0 

11.0 

11.5(12.04
d)) 

3-4(2.49
d>) 

a) See Fig. 1. b) g, t, c, and s denote gauche, trans, eis, and skew, respectively, c) See text, 
by a computer simulation.115 

d) Refined value obtained 

TABLE 2. THE CALCULATED0 VICINAL COUPLING CONSTANTS OF THE MODEL COMPOUNDS OF TAMCHA 

Galcd value/Hz Calcd value/Hz 

( I ) 

He -

i-- H - A I E H B 
H F H 6 

HA 

(I) 
HH 

K—-^ 

3 7 _ 
*/I ,E_ 

Jl,Q-

V,,L = 
JK,E~ 

JK.Q-

JK.L-

37A.C= 

JB,C~ 

Vc.D = 

Jc,E~ 
Vo.F = 
Vc,G = 

zJh,n = 

Jh,i= 

Jh.j-

Jh,K-

=2.2 2 (7 g )w 

= 13.5.(7.) 
= 13-8 , (7 ) 
=2.33(7g) 
=2-22(7g) 
=2.4.(7.) 
=2.32 (7.) 
= 1 3 . 8 . ( 7 ) 
=2-3, (7.) 
=2.3. (7.) 
= 1 3 . 6 , ( 7 ) 
= 13.7,(7.) 

= 14-3.(70 
= 13 -6 , (7 ) 
=2.32(7g) 
=2-1,(7,) 

(V) 

(V) 

H|._HE 

H-TH'K HG^ 

3 7 . . E = 9 . 7 5 ( 7 C ) 
37i .o=4.4 1 (7 . ) 
V I . L = 2 . l, (7.) 
3 7 K . E = 4 . 4 1 ( 7 S ) 

3 7 K , 0 = 9 . 7 6 ( 7 O ) 
3 7 K . L = 2 . lx (7.) 
3 7 I . E = 9 - 7 5 (7.) 
37i.o=4.41 (Js) 
3 7 I . L = 1 3 . 9 8 ( 7 ) 
3 7 K . E = 4 . 4 1 (7J 
3 7 K . O = 9 . 7 6 (7.) 
37K .L=2.76(7g) 

a) Calculations were carried out by the finite perturbation theory12) (INDO approximation). The geometrical parameters 
for calculations are shown in (VI). The bond angles were assumed as a tetrahedral about sp3 atom and 120.0° about sp2 

atom, b) Jg, Jt, Je and Js denote vicinal coupling constants between two protons in gauche, trans, eis, and skew 
positions, respectively. 

He 
H s ^ H A 

C a ^ C e 
2 N 

(a) 
Fig. 5. The possible 

ofAMCHA. 

He 

c2M>c6 
H A 

(b) 

He H Y>r N 

c2yc6 
(c) 

conformera about the C^C, bond 

Jc.A = P&Jg + PbJt + Pc J g 

Jc.B = PJg + PJ* + PJt 

Pa + Pb + Pc = l, 

(1) 

(2) 

(3) 

shown in Fig. 5. In solutions TAMCHA and CAMCHA 
exist as a mixture of these rapidly interconverting 
rotational isomers. By assuming that Jt, the coupling 
constant between two hydrogens in the trans position 
with respect to each other, and Jg, the coupling constant 
between gauche hydrogens, are constant for all three 
isomers, observed vicinal coupling constants JC,A and 
7C,B are given by 

where Pa , Pb, and Pc are the populations of the confor­
m e r a, b, and c. Strictly speaking, Pb would not be 
equal to Pc because of a small amount of rotation in the 
carboxyl group around the C4-C8 bond. But because 
spin-spin coupling is induced through this bond and the 
carboxyl group is far from the C^C? bond, Pb can be 
assumed to be equal to Pc. The fact that only one J 
value was observed in the present study suggested that 
JC,A could be equal to JC,B (A2X spin system assumption). 
Pay ^b> and Pc were calculated from Eqs. 1, 2, and 3 
with the values y t (13.84 Hz) and 7 g (2 .32 Hz) obtained 
from the model compound (II). P a and Pb (equal to 
Pc) are estimated to be 0.240 and 0.380 in TAMCHA 
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C/obsd w a s 6 - 7 H z ) ; t h e values in C A M C H A are 0.170 
and 0.415 C/0bSd w a s 7.1 Hz) . T h e following equilib­
rium would be described by either an equilibrium 
constant K or a free energy AG: 

Pb(= Pc) ^ P a ; K = PjPb; AG = - RTlnK. 

The values of K are 0.632 and 0.410, and the AG values 
(at 30 °G) are 1.159 and 2.248 k j mol" 1 in T A M C H A 
and CAMCHA, respectively. 

TABLE 3. THE OBSERVED RELAXATION AND 

SHIFT RATIOS FOR T A M C H A 

Relaxation ratio Shift ratio 
W» , ~ . 

Gd(III) Eu(III) Nd(III) Pr(III) 
1.00 
0.69 
0.40 
0.19 
0.24 
0.29 
0.12 

1.00 
0.59 
0.54 
0.13 
0.25 
0.32 
0.15 

1.00 
0.61 
0.59 

b) 

b) 

b) 

0.15 

a) See Fig. 1. b) Observation was difficult due to the 
overlapping of other signals. 

Relative Relaxation Rate and Relative Induced Shift. 
To confirm the above results, N M R observations were 
carried out with additions of shift and/or relaxation 
reagents. T h e relative values of the relaxation rate 
in the presence of Gd( I I I ) are listed in Table 3 with 
respect to relaxation rate of HL . Values of para-
magnetically induced shift by Eu ( I I I ) , N d ( I I I ) , and 
Pr(I I I ) are also listed in Table 3, where the shift of 
H L is chosen as a reference. These were values obtained 
after the subtraction of complex formation shifts, which 
were determined by an addition of diamagnetic L a ( I I I ) . 
The relative induced shift depends on the inter-atomic 
vector between the lanthanoid ion and the i-th nucleus 
(r-~z) and the angle between this vector and the principal 
axes of symmetry of the complex,18) while the relative 
relaxation rate is approximately proportional to the 
(rj-6) term.9-10'19) Roughly speaking, the conformation 
obtained from the shift and/or relaxation reagent 
experiments is consistent with the above results. There 
remain small discrepancies between them. T h e calcu­
lated atomic distance between Gd(I I I ) and *H based 
on the geometry,8»20) shown in the footnote in Table 4, 

TABLE 4. THE CALCULATED ATOMIC DISTANCE 

BETWEEN G d ( I I I ) AND XH 

m L H , I J , K F,G C LVË Ä B~~ 

rLn_,H/nma) 0.595 0.607 0.801 0.810 0.826 0.997 1.018 
a) The geometrical parameters for calculation are given 
below. As shown in Table 3, the ratios of shifts of 
different nuclear resonances were found to be independent 
of the lanthanoid ion ; the lanthanoid ion was assumed 
to be located on the bisector of the O-C-O angle.8,20> 

are listed in Table 4. T h e observed relative relaxation 
rate and the calculated values of r-x suggest that a small 
deformation was produced in the cyclohexane ring, 
especially at the bond angles of C 2 -C 3 -C 4 and C 4 - C 5 -
C6 or the bond angle of C 8 -C 4 -H L . 

T h e small deformation in the cyclohexane ring could 
also be illustrated by the /?-value.21) T h e relationship 
between the torsional angle {<p) and the i?-value in a 
ring compound is given by 

R = JtrantlJcU (4) 

c o s ^ = (3 / (2+4 /2 ) ) 1 / 2 , (5) 

where Jtrans and Jcis are the vicinal coupling constants 
between two protons in trans and eis positions, respec­
tively. T h e /?-value of C 3 -C 4 bond (or C 4 -C 5 bond) of 
T A M C H A was found to be 4.83 from the refined values 
listed in Table 1, and the torsional angle about C3-G4 

bond (or C 4 -C 5 bond) was calculated to be 68 degrees 
from Eq. 5. 

Protonation. Lowering of p H values caused the 
downfield shifts of all proton signals and the upheld 
shifts of all carbon signals (except the signals of Cj and 
C7). These shifts were observed at pKx corresponding 
to protonation of carboxyl group; they might be 
accounted for by the changes of the net charges which 
are produced by the protonation of amino group.22) 
Each carbon-hydrogen bond is polarized to C _ - H + 
structure by this protonation and the electron on the 
hydrogen atom is transmitted onto the positively 
charged nitrogen atom through the carbon skeleton. 

T A B L E 5. T O T A L ELECTRON DENSITIES OF EACH ATOM IN 

A M C H A CALCULATED BY THE C N D O / 2 METHOD 

TAMCHA CAMCHAa> 

Neutral Cation Neutral Cation 

a) The geometrical parameters of CAMCHA for 
calculation were as follows, b) See text. 

G2 

C3 

G4 

C5 

C6 

C7 

C8 

HA 

HB 

H c 

HD 

HE 

HF 

HQ 

HH 

H, 
H . 
HK 

H, 

.9777 

.9961 
.9830 
.0288 
.9807 
.9928 
.9111 
.6042 
.0262 
.0087 
.0004 
.0000 
.0048 

0.9978 
0.9991 
0.9946 
0.9893 
1.0056 
1.0036 
0.9860 

.9833 

.9876*b:) 

.9831 

.0315 

.9767* 

.9967 

.9246 
3.5984* 
0.9484 
0.9447 
0.9828 
1.0247* 
0.9899 
0.9843 
0.9845 
0.9842 
0.9779 
0.9821 
0.9764 
0.9767 

.9822 

.9995 

.9790 

.0311 

.9881 

.0021 

.9071 

.5988 

.0291 

.0095 
1.0001 
0.9990 
1.0017 
0.9828 
0.9944 
1.0021 
0.9985 
1.0028 
0.9966 
0.9790 

3.9848 
3.9912* 
3.9790 
4.0318 
3.9827* 
4.0068 
3.9355 
3.6065 
0.9487 
0.9447 
0.9827 
1.0223* 
0.9863 
0.9687 
0.9803 
0.9910 
0.9860 
0.9785 
0.9698 
0.9547 
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The downfield shifts of the proton signals are due to 
the decreases in the total charge densities on the protons 
and the upfield shifts of the carbon signals are the 
increases in the total charge densities on the carbons. 
To estimate quantitatively these polarization effects, 
the electron densities were calculated by the CNDO/2 
method; the results are shown in Table 5. The difference 
of the net charge on each atom between the neutral 
molecules and the cationic ones give the qualitative 
explanation for the protonation shifts, except for the 
few atoms marked with asterisks. 

ppm 
Fig. 6. The concentration dependence of the proton 

chemical shifts (left) and the proton coupling constants 
(right) of AMGHA in D 2 0 solution at 30 °G and 60 
MHz. 

: TAMCHA, : CAMCHA. 
See Fig. 1 about AB, L. 

Association. The dependences of the chemical 
shifts and the coupling constants on the concentration 
are shown in Fig. 6. A strong hydrogen bond is formed 
between the solute and the solvent D20,23> and no 
association of the solute molecules occurred in solutions 
with the concentration below ca. 9% {ca. 5.73 mM). 
The titration curves of carbon-13 chemical shifts 
(Fig. 3) were drawn at the concentration of 15%, 
where the association can take place. Small shifts were 
observed with C4 and C8 of TAMCHA and CAMCHA 
at pA"2 (the protonation of amino group) and the Cx 

and C7 chemical shifts of CAMCHA showed some 
anormaly in the acidic region. 

Semiempirical Molecular Orbital Calculations. To 
estimate the most stable conformation of TAMCHA 
and CAMCHA, the conformational energies were 
calculated by the semiempirical molecular orbital 
method. The changes of the conformational energies 
which were caused by the rotations of the aminomethyl 
group and the carboxyl group were calculated by the 
CNDO/2 method, based on the assumption that the 
cyclohexane ring conformations were chair forms free 
from strain. The calculation was carried out by changing 
the rotational angle around the C 4-C 8 bond at 30-
degree intervals, keeping the N atom trans to the position 
of C2 to find out the smallest conformational energy 
value; then the rotational angle around the C 1-C 7 bond 
was changed at 30- or 60-degree intervals, keeping the 
carboxyl group fixed. The results are shown in Fig. 7 
where the minimum of energy is put to zero as a 
standard. The curves of the electronic energies were 
related smoothly with the change of rotational angles, 
while abnormal changes were observed in the curves 
of the total energies, in which the contributions of the 

0 30 60 90 120 150 180 210 240 270 300 330 360 

Degrees 

Fig. 7. Relative electronic energies and total energies 
on the rotational angle about (A) C4-C8 bond of 
TAMCHA, (B) C4-C8 bond of CAMCHA, (C) C^C, 
bond of TAMCHA, and (D) d - C 7 bond of CAMCHA 
varied respectively and calculated by the CNDO/2 
method. 

: Total energies, : Electronic energies. 

core-core repulsion energies to the electronic energies 
are taken into account. The CNDO/2 method is 
inadequate to estimate the energy differences among 
the conformers.24) As shown in Table 6, the conformer 
(IV) was more unstable than that (V) in the calculation 
of CAMCHA, but this result is inconsistent with the 
experimental result of the proton NMR. The energies 
of the conformers were, therefore, calculated by the 
M N D O method25»26) at the energy minimum points 
of the CNDO/2 method. The results are, in this calcula­
tion, consistent with proton N M R results. 

The energy difference between the diaxial and the 
diequatorial conformers was also calculated. The 
results showed the conformer (III) was less stable than 
(I) by 130.42 kj mol - 1 (Table 6), and no equilibrium 
among them was expected. In the case of CAMCHA, 
the chair-chair inversion conformer (VI) was more 
stable than (IV) by 44.617 kj mol - 1 . The most probable 
conformer (IV) would be changed to the conformer (VI) 
by an addition of the shift reagent. This seems to 
correspond to the change of the spin-coupling pattern 
in the proton N M R spectrum due to an addition of the 
shift reagent. 

The Atomic Distance (r^-c) between the Nitrogen of Amino 
Group and the Carbon of Carboxyl Group. The rN__c 

was a function of the rotation around the C1-C7 bond 
(aminomethyl group rotation). Mangyo related the 
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TABLE 6. T H E CALCULATED RELATIVE CONFORMATIONAL ENERGIES OF AMGHA BY THE CI 

AND M N D O METHODS, AND THE ATOMIC DISTANCES BETWEEN N AND G 8 (rN_C |) 

Relative total energy/kj mol - 1 

CNDO/2 MNDO NMR a ) 

VDO/2 

rN-C. 
nra 

(I) H ^ l ^ ^ t t + 5.759 +22.782 + 1.159 

0.658 

0.610 

(I) 

A N ' 

+ 1.821 +130.42 0.556 

« o ^ = ? v " 

(V) - 2 . 2 6 9 +3.587 

+22.271 

+2.248 

-44.617 

0.555 

0.437 

0.551 

a) Our proton NMR results. 

antifibrinolytic activities of co-amino carboxylic acids 
with the distances of rN_c, and concluded that the 
distance of 0.65 nm is the most active, from the com­
parison between molecular models with all staggered 
form and with diequatorial conformation.3) 

This paper has shown that the most stable conformer 
of T A M C H A in aqueous solution is the conformer (I) 
in which the deformation is very small in the cyclohexane 
ring, that it is a similar conformer to that in the crystal, 
and that the distance of rN_c is 0.65 nm. C A M G H A 
exists in aqueous solution as the conformer (IV) in 
which rN_c is 0.55 n m and does not agree with that 
value. 6-Aminohexanoic acid is another antifibrinolytic 
drug and the rN_c of the active conformation is also 
thought to be the same value of conformer (I) . The 
antifibrinolytic drug is said to interact with plasminogen 
or plasmine and the distance rN_c of these drugs will 
play an important role in the antifibrinolytic effect. 

The authors wish to express their thanks to Messrs. 
Atsushi Tomonaga and Hiroshi Ghuman of this labora­
tory for their helpful discussions. 
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On the Extractability of Univalent Cation as Dibenzo-18-crown-6 
Complexes with Picrate Ion 

Yuko HASEGAWA,* Hiroji WAKABAYASHI, Manabu SAKUMA, and Tatsuya SERINE 

Department of Chemistry, Science University of Tokyo, Kagurazaka, Shinjuku-ku, Tokyo 162 
(Received December 18, 1980) 

The solvent extractions of alkali metal (I) with dibenzo-18-crown-6 (the nomenclature recommended by 
IUPAC is 2,3,ll,12-dibenzo-l,4,7,10,13,16-hexaoxacyclooctadeca-2,ll-diene) as the picrate into chloroform and 
benzene were studied at 25°G and compared with those of other univalent ions. The extraction constants of the 
metal ions (^ex0=[ME+A-]org[M+]-1[E]org-1[A-]-1)5 are in the sequence of T l+~K+>Rb+>NH 4 +^Ag+> 
Cs+>Na+, but the extraction constants of the metal complexes (K e x=[ME+A - ] o r gx [ME+J-^A -]-1) are NH4+~ 
T1+ ~ Rb+ ~ K+>Cs+ ~ Ag+>Na+. 

The effects of the ionic size, the diluent, and the 
counter ion on the solvent extraction of univalent metal 
ions as cyclic polyether complexes were studied pre­
viously1-5) and also recently.6-10) 

Although some early studies4»11) pointed out tha t the 
extraction of metal ions with crown ethers is closely 
connected with the extractability of the complexes 
formed, not much has been reported about the extrac­
tion of metal ions with crown ethers in connection with 
the extractability of the complex formed in aqueous 
solutions. The present work was undertaken in order 
to learn the relation between the extraction of metal 
ions and the extractability of the complex. For this 
purpose, the extraction of alkali dibenzo-18-crown-6 
(DBC) complexes with picrate ion was studied and the 
results were compared with those of thallium (I),8) 
silver (I) and ammonium ions.10) 

Exper imenta l 

All of the procedures were performed at 25 ±0.5 °C, as done 
previously.8*10) A seven milliliter portion of an aqueous 
solution containing lithium picrate and one of the alkali metal 
ions was equilibrated in a stoppered glass tube with an equal 
volume of chloroform or benzene containing DBC. The 
concentrations of the metal ions which were back-extracted 
from the organic phase into 0.1 mol dm - 3 perchloric acid and 
that in the equilibrated aqueous phase were determined by 
flamephotometry. In the cases of sodium(I) and potassium(I), 
blank tests were necessary to correct the measured concentra­
tion of the back-extracts. The distribution ratio, D, was 
defined as: 

_ t h e total concentration of M (I) in the organic phase 
the total concentration of M (I) in the aqueous phase* 

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

T h e statistical treatment was reported previously.8»10) 
The extraction constants for the cation and the complex 
are defined as (here E is DBC and A - picrate ion) : 

Kex0 = [ME+A -]o r g[M+] -*[E]org-i[A-]-S (1) 

Kex = [ME+A-]o r g[ME+]-i[A-]-i. (2) 

When [M+]>[ME+] , the distribution ratio can be 
written as 

D = [ME+A -]o r g/[M+] = Kex0[E]org[A-] 

andK e xÄ[E][A-] , (3) 

log [DBC]0,H, 

Fig. 1. Distribution ratio K+ ( 3 ) , Rb+ {%), Cs+ (Q), 
and Na+ (©) as a function of DBC concentration in 
benzene. The picrate concentration was 1 x 10-2 mol 
dm - 3 . The solid lines were calculated using Kex0 

values in Table 1. 

where & = [ M E + ] [ M + ] - 1 [ E ] - 1 . Then Kex=KexQKdß^ 
where * d = [ E ] o r g / [ E ] . 

Figure 1 shows the distribution ratio of alkali metal 
ions in the benzene system as a function of the DBC 
concentration and Fig. 2 shows those in the chloroform 
system; the slope of the curves is always unity in these 
figures. The slope was also found to be unity for the 
curves obtained as a function of the picrate concentra­
tion at a constant DBC concentration. These results 
show that the stoichiometry in the extracted species in 
the organic phase should be 1 : 1 : 1 with respect to 
the metal ion, DBC, and picrate anion. Thus no 
correction for Eq. 3 due to the dissociation of the 
complexes was necessary. The extraction constants 
Kex0 and Kex calculated from these data are listed in 
Table 1, together with those previously reported. 
Figure 3 shows the correlation of the values of log Kex0 

and log Kex with the ionic diameters of the cations. 
When these metal ions are extracted with DBC, the 

more stable the complexes, the better the extraction 
which is expected. The marked difference in the 
extraction of the metal ions which is seen from the 
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TABLE 1. SUMMARY OF CONSTANTS FOR UNIVALENT METALS 

Diameter/nm12) 

l°g ^exo(G6H
6) 

logtf e x(C6H6) 
log *ex0(CHCl3) 
log Kex (CHC13) 
log ft»> 

Na+ 

0.19 
2.1 
3.8 
2.1 
4.8 
1.2 

K+ 

0.27 
4.4 
5.6 
4.6 
6.8 
1.7 

Rb+ 

0.29 
3.8 
5.6 
4.2 
7.0 
1.1 

Cs+ 

0.33 
2.9 
5.0 
3.2 
6.3 
0.8 

Ag+10) 

0.25 
3.6 
5.1 
3.3 
5.8 
1.4 

Tl+8) 

0.29 
4.5 
5.9 
4.7 
7.1 
1.5 

NH+io) 

0.29 
3.6 
6.2 
3.7 
7.3 

ca.0.3 

log tfd:-2.9(C6H6),s> 3.9(CHCl3).io> 

log [DBC]0HC1, 

Fig. 2. Distribution ratio of K+ O ) , Rb+ ( # ) , Cs+ (O), 
and Na+ (CO as a function of DBC concentration in 
chloroform. The picrate concentration was 1 X 10~2 

mol dm - 3 . The solid lines were calculated using Kex0 

values in Table 1. 

Tl* 
AtftfNHlRb* Cs+ 

0.2 0.3 
Diameter/nm 

Fig. 3. Extraction constants of univalent metal ions (a) 
and the complexes (b) with DBC vs. the diameters of 
the ions in benzene system (Q), and in chloroform (A). 
The arrow lines show the hole size of DBC.2) 

values of Ä"ex0 in Table 1 should primarily be caused 
by the difference in the stability of the complexes 
formed in the aqueous phase. However, the extraction 
of the metal ions should also be affected by the extract-
ability of the complexes. This property is represented 
by Kex in Eq. 2. The factors affecting the extractability 
include : 

i) Larger ion-pairs should be extracted better for 
otherwise identical systems. This hydrophobic tendency, 
however, is similar for the ion-pairs in the present study 
because the crown ether is always DBC and the counter-
ion picrate. 

ii) Stronger attractions of water molecules to the 
complex should cause poorer extraction. The poorer 
extractions of sodium(I), silver(I), and caesium(I) 
complexes, as seen from the Kex values in Table 1, may 
be attr ibuted to stronger hydrations of them (most 
probably of the central metal ion). The sodium (I) 
complex is especially poorly extracted. At present, 
the authors can not make any reasonable explanation 
for this markedly strong hydration, although Frensdorff2) 
also pointed out that the extractability of sodium-
dicyclohexyl-18-crown-6 complex is almost two decades 
lower than that of potassium complex, when the anion 
was picrate and the solvent was dichloromethane. 

T h e hydration of a metal ion should be reduced by 
complexation with crown ethers.3»4»n) When the size 
of the central metal ion is larger than the hole, the ion 
may project over the polyether ring. In such a case, the 
hydration should be stronger than that of a central metal 
ion fitting better with the crown ether, for example, 
potassium(I) for DBC. The lower Kex value of the 
caesium ( I ) -DBC complex may be explained by this type 
of stronger hydration and thus both the instability and 
the stronger hydration of the caesium (I)-complex should 
cause the poorer extraction of caesium (I) (represented 
by Kex0). Hydration of extracted crown ether complexes 
of alkali metal in nitrobenzene was previously 
reported.13) T h e present authors have no clear explana­
tion for these high Kex values of the ammonium complex, 
which is much less stable than the other complexes. 
One possible reason for this may be inaccuracy of the 
stability constant of the ammonium-DBC complex 
which was used for the estimation of the Kex values; 
this value was noted to be somewhat inaccurate.12) 

iii) T h e extraction of the free crown ether is better 
into chloroform than into benzene. This may be 
explained in terms of stronger interactions of the former 
diluent molecules with DBC. The same tendency is 
also observed among the meta l -DBC complexes and 
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the diluent effect is somewhat larger with the complexes 
than with the reagent, except for sodium and silver. 
The relatively better extraction of the silver complex 
into benzene than the other metal complexes was 
explained in terms of the stronger interactions of benzene 
with the central silver ion due to the ^-electrons.10) 
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Liquid Crystal Formation in Binary Systems. III.1) Effect of the Central 
Double Bond Linkage on the Induction of Nematic Liquid Crystals 

Kotaro ARAYA and Yoshio MATSUNAGA* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received December 18, 1980) 

The effect of central double bond linkage on the induction of liquid crystals has been examined employing eight 
binary mixtures of potentially mesomorphic electron donors and acceptors of the type 4-X-C6H4-Z-C6H4-OC2H6-4. 
The central linkage Z is -N=N-, -CH=N-, or -CH=CH- group. The terminal substituent X is a dimethylamino 
group in the donor compounds and a nitro group in the acceptor compounds. A stable nematic liquid crystal is 
observable with the systems of azo-azo and azo-azomethine compounds. When the acceptor is the nitro derivative 
of stilbene, a 2 : 3 molecular complex is formed and no liquid crystal can be found, irrespective of whether the 
partner is an azo or azomethine compound. The latent induction of nematic liquid crystals in these combinations 
has been proved by studies on the phase diagrams of the pseudo-binary systems with a reference nematogen, azoxy-
dianisole. The nematic liquid crystal-isotropic liquid transition temperatures of both the component compounds 
and the equimolar mixtures depend on the central double bond linkage: the order is -CH=CH-^>-N=N-^> 
-CH=N-. On the other hand, the order of -N=N- and -CH=N- groups is reversed in the extent of the induction 
of nematic liquid crystals. 

In an earlier paper of this series, we reported that 
nematic and smectic liquid crystals can be induced by 
mixing of electron donors and acceptors of the type 
4-X-C 6 H 4 -CH=N-C 6 H 4 -Y-4. 1 ) The donor molecules 
with a dimethylamino group as X or Y and the acceptor 
molecules with a nitro group as X or Y were employed 
in that work. The remaining terminal substituents 
were selected from short alkoxyl groups. The component 
compounds themselves were designed to be not meso­
morphic. Nevertheless, they should be considered 
potentially mesomorphic because a liquid crystal of 
variable composition appears in the mixtures. T h e 
extrapolation of the observed liquid crystal-isotropic 
liquid transition curve to 0 mol% or 100 mol% gives 
a finite temperature. I n other words, the strength of 
orientational cohesive forces in the molten component 
compound is not sufficient to produce a liquid crystal 
where the long axes of the molecules are essentially 
parallel. The induction or the enhancement of the 
thermal stability of liquid crystals in the above-
mentioned mixtures was found to be maximum at a 
mole ratio of 1 : 1. The molecular arrangement charac­
teristic of liquid crystals in the mixture was supposed 
to be achieved by supplementing the orientational 
cohesive forces with an electron donor-acceptor interac­
tion. This sort of intermolecular interaction is well 
known to produce the alignment of the planar com­
ponent molecules in ordinary crystals. 

The above-mentioned Schiff bases belong to the class 
of compounds of the least complex structure for 
mesogens : that is, 

X - < ^ 0 ^ > - Z - < ^ > - Y . 

The variation of the nematic liquid crystal-isotropic 
liquid (N-I) transition temperatures of such single 
compounds with the nature of central double bond 
linkage Z is known to be fairly regular. The efficiency 
for central linkages in promoting N-I transition tempera­
ture was concluded by Knaak et al. to decrease in the 
order : 

-CH=CH->-N=N->-CH=N-. 2 ) 

We took up two azobenzenes and a stilbene in order 
to find out how the induction of liquid crystals in binary 
systems is affected by the central linkages. The terminal 
substituents other than dimethylamino and nitro groups 
in the present work were limited to the ethoxyl group. 
Only with this alkoxyl group did the induced nematic 
liquid crystals appear as stable single phases in the 
binary systems which comprise Schiff bases.1) 

Exper imenta l 

Materials. 4-Dimethylamino-4'-ethoxyazobenzene 
(DMAEA) was prepared by the method described by 
Vorländer and Wolferts: /»-phenetidine was diazotized and 
coupled with iV,JV-dimethylaniline dissolved in acetic acid.3) 
The supercooled melt was reported to be transformed into a 
liquid crystal, but neither the transition temperature nor the 
kind of the phase was given by them. 4-Ethoxy-4'-nitro-
azobenzene (ENA) was obtained by boiling 4-hydroxy-4'-
nitroazobenzene in ethanolic solution with ethyl bromide 
and sodium ethoxide for about 1 h.*) 4-Ethoxy-4'-nitro-
stilbene (ENS) was synthesized by the condensation reaction 
between /»-nitrophenylacetic acid and ^-ethoxybenzaldehyde 
in the presence of a small amount of piperidine. This is 
analogous to the preparation of the methoxy compound 
given by Pfeiffer.5) The Schiff bases (azomethine compounds) 
were made by the condensation between />-X-benzaldehyde 
and />-Y-aniline. In contrast to the azobenzene and stilbene, 
these molecules are asymmetric and will be represented by 
their substituents (X, Y). Binary mixtures were prepared by 
the procedure given in our previous paper.1) 

Measurements. The calorimetric measurement and 
examination of the texture were carried out as described in 
our earlier work.1) 

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

Component Compounds. T h e melting points and 
N-I transition temperatures of the component com­
pounds are listed in Table 1. It must be noted that the 
former values are higher than the latter in all the cases. 
The transition temperatures in this table have been 
deduced by the extrapolation of the N-I transition 
curves observed in the binary systems with mesomorphic 
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TABLE 1. MELTING POINTS ( Tm) AND NEMATIC LIQUID CRYSTAL-ISOTROPIC LIQUID 

TRANSITION TEMPERATURES ( Tt) OF THE COMPONENT COMPOUNDS 

Compound TJ°C TJ°C 
4-(Dimethylamino)-4'-ethoxyazobenzene 
4-Ethoxy-4'-nitroazobenzene 
4-Ethoxy-4'-nitrostilbene 
N-[4-(Dimethylamino)benzylidene]-4-ethoxyaniline 
JV- (4-Ethoxybenzylidene) -4- (dimethylamino) aniline 
JV-(4-Nitrobenzylidene)-4-ethoxyaniline 
N- (4-Ethoxybenzylidene) -4-nitroaniline 

a) 151 °C according to Vorländer and Wolferts (Ref. 3). b) 155 °C according to Baly et al. (Ref. 4). c) 147.3 °C 
according to Dave and Lohar (Ref. 6). d) 123.5 °C according to Dave and Lohar (Ref. 6). e) 121 °C according to 
Malthete et al. (Ref. 7). 

151.5a> 
157" 
145 
147c> 
138 
122d> 

114e> 

117 
110 
115 
97 
102 
85 
90 

40 60 60 100 

Mo IV. AA 

Fig. 1. Phase diagrams of (a) the 4-(dimethylamino)-4'-
ethoxyazobenzene-azoxydianisole, (b) 4-ethoxy-4'-
nitroazobenzene-azoxydianisole, (c) 4-ethoxy-4'-nitro-
stibene-azoxydianisole, and (d) JV-(4-ethoxybenzyl-
idene) -4-nitroaniline- azoxydianisole systems. 

azoxydianisole (AA). This reference mesogen exhibits 
a nematic liquid crystal which is stable between 117.5 
and 135°C. The phase diagrams of the systems with 
DMAEA, ENA, ENS, and (EtO, N 0 2 ) are presented 
in Fig. 1. T h e open and shaded circles show the transi­
tions recorded on the calorimetric curves during the 
processes of heating and cooling respectively. The phase 
appearing below the transitions, indicated solely by 
shaded circles, is metastable. When the azobenzene 
has an electron-donating dimethylamino group, the 
N-I transition curve is slightly concave upwards (see 
Fig. l a ) . The eutectic point in this system is located at 
101 °C and 74 mol % of AA. T h e enantiotropic N-I 
transition curve meets the freezing point curve of the 
azobenzene at 118.5 °C and 53 mol % of AA. T h e 
transition to a nematic liquid crystal of the supercooled 
melt could be observed down to 35 mol% of AA. At 
this composition, the curve is almost horizontal. As 
mentioned above, Vorländer and Wolferts noted that a 
liquid crystal can be formed when the melt of D M A E A 

is sufficiently supercooled. We failed to observe this; 
however, the latent N-I transition temperature of 
D M A E A is located at about 117 °C, if we judge by the 
extrapolation of the transition curve. 

When an electron-withdrawing nitro group is at tached 
to one of the component molecules, the N-I transition 
curve tends to be convex upwards (see Figs, l b , c, and d) . 
T h e extrapolation to 0 mol% of AA gives about 110 °C 
for the latent transition temperature of ENA, 115 °C 
for that of ENS, and 90 °C for that of (EtO, N 0 2 ) . 
T h e phase diagram of the ( N 0 2 , E t O ) - A A system can 
be reproduced from the da ta given by Dave and Lohar.6) 
T h e N-I transition temperatures, therefore, can be 
arranged in the following order : 

DMAEA > (EtO, Me2N) > (Me2N, EtO) 
and 

ENS > ENA > (EtO, N02) > (N02 , EtO), 

in agreement with the general order reported by Knaak 
et alP The nonideality of the N-I transition curve is 
very remarkable in the ENS-AA system (see Fig. lc) . 
The transition at 50 mol% of AA deviates by about 
16 °C from the line joining the transition temperatures 
of the component compounds. The degree of nonideality 
of the transition curve, which is the extent of the induc­
tion of liquid crystal at 50 mo l% of AA, occurs in the 
following order: 

Fig. 2. Phase diagram of the 4-(dimethylamino)-4'-
ethoxyazobenzene-4-ethoxy-4'-nitroazobenzene system. 
In the hatched area, the nematic liquid crystal is stable 
as a single phase. 
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ENS ~ (N02 , EtO) > (EtO, NOa) > ENA. 

T h e attractive interaction with AA is probably of the 
electron donor-acceptor type, as will be discussed later. 

Systems with the Azobenzenes. T h e phase diagram 
of the D M A E A - E N A system is of the eutectic type, as 
is shown in Fig. 2. The eutectic point is found at 122 °C 
and 46 mo l% of ENA. A nematic liquid crystal remains 
a single phase in the composition range from 36 to 
52 mo l% of ENA. T h e maximum transition tempera­
ture is 131.5 °C, observed at 60 mol%. Equilibrium 
diagrams such as the above have been reported by 
Lohar for the systems consisting of two Schiff bases: 
namely, (MeO, EtO) mixed with ( N 0 2 , E tO) , (Me2N, 
EtO) , or (MeCO, Me).8) In his first system, the N-I 
transition curve is markedly convex upwards, suggesting 
the electron donor-acceptor interaction between the 
molecules of different kinds. O n the other hand, the 
observed transitions vary more or less linearly with the 
composition in the remaining two systems. As the 
eutectic point is lowered with respect to the curve 
connecting the latent transition temperatures of the 
component compounds, a nematic liquid crystal is 
observable in these mixtures. Because of the strong 
tendency of the azobenzenes to crystallize, the transition 
curve observed in Fig. 2 is so short that one cannot say 
whether it is straight or curved. Considering the latent 
N-I transition temperatures given in Table 1, one can 
conclude that the nematic liquid crystal is induced as 
much as 18 °C by mixing. If there were no stability 
enhancement, the liquid crystal in this system would 
be metastable in the entire composition range. 

80 100 0 20 

(NOj.EtO) DMAEA 

160 

140 

120 

100 

d 

- • • ' " 

0 20 

(NMej.ElO) 

40 60 

Mol7. 

80 100 

ENA 

0 20 

(EI0,NMe2) 

40 60 

MolV. 

80 100 

ENA 

Fig. 3. Phase diagrams of (a) the 4-(dimethylamino)-
4'-ethoxyazobenzene-7V- (4-nitrobenzylidene)- 4-ethoxy-
aniline, (b) 4-(dimethylamino)-4'-ethoxyazobenzene-
JV-(4-ethoxybenzylidene)-4-nitroaniline, (c) 7V-[4-(di-
methylamino) benzyl idene ] - 4 -ethoxy aniline- 4 - ethoxy-
4'-nitroazobenzene, and (d) 7V-(4-ethoxybenzylidene)-
4- (dimethylamino) aniline-4-ethoxy-4'-nitroazobenzene 
systems. As to the hatched area, see the caption of 
Fig. 2. 

T h e combination of D M A E A with ( N 0 2 , EtO) or 
(EtO, N 0 2 ) gives the diagram shown as Fig. 3a or b . 
T h e former system involves a congruently melting 1 : 1 
molecular complex. T h e eutectic points are at 120.5°C 
and 42.5 m o l % and at 111 °C and 82 mol% of the 
Schiff base. T h e molecular complex melts at 123 °C. 
T h e nematic liquid crystal appears as a stable single 
phase in the hatched area above the freezing point curve 
of the molecular complex. The area covers the composi­
tion range from 38 to 83 mol% of ( N 0 2 , E tO) . The 
maximum N-I transition temperature is located at 
127 °C and 5 0 m o l % . This temperature is higher by 
26 °C than the mean value of the latent transition 
temperatures of the component compounds. 

As is shown in Fig. 3b, a molecular complex is also 
formed in the system with (EtO, N 0 2 ) , but it is obviously 
less stable than that mentioned above. A peritectic 
point appears at 115 °C and 50 mol % and a eutectic 
point at 107 °C and 79 mo l% of (EtO, N 0 2 ) . At the 
former temperature, the molecular complex decomposes, 
leaving the solid azobenzene and the melt of a 1 : 1 
mole ratio. The composition of the solid molecular 
complex is not 1 : 1 mole ratio but possibly 3 : 2 or 
2 : 1 . A single phase nematic liquid crystal appears 
in the composition range from 41 to 83 mol% of the 
Schiff base. T h e maximum temperature is 124 °C. 
T h e extent of the induction is estimated to be 21 °C. 

T h e (Me2N, E t O ) - E N A and (EtO, Me 2 N)-ENA 
systems yield no solid molecular complex (see Figs. 3c 
and d) . The eutectic points are located at 120 °C and 
42.5 mol% and at 117 °C and 39 mo l% of ENA respec­
tively. The nematic liquid crystal is stable as a single 
phase in a very limited area. In the former system, the 
composition range is only from 39 to 46 mol% and in 
the latter from 33 to 45 mol% of ENA. The N-I 
transitions at 50 mo l% occur at 126 and 127 °C 
respectively. T h e stability of the liquid crystal is 
enhanced by 22 °C in the former system and by 21 °C 
in the latter. These values are a little bit larger than 
the 18 °C found with the system comprising only the 
azobenzenes. In Fig. 3c, a horizontal transition line is 
supposed to exist; this extends from the point of inter­
section between the N-I transition curve and the 
freezing point curve of the Schiff base. However, no 
peak due to this transition could be recorded because 
of overlapping with a much larger peak at the eutectic 
temperature. 

Systems with 4-Ethoxy-4'-nitrostilbene. When the 
stilbene is the acceptor in binary systems, a stable 2 : 3 
molecular complex is formed in all the examined 
systems and no liquid crystal is observable (see Figs. 4a, 
b, and c). The regions of existence of the solid molecular 
complexes (the composition difference between the two 
eutectic points) are as follows : 69 mo l% with DMAEA, 
74.5 mo l% with (Me2N, E tO) , and 82 mol% with 
(EtO, Me 2 N). The stability of solid molecular complex 
may be considered to increase in this order. While 
the stilbene is yellow and (Me2N, EtO) is pale yellow, 
the molecular complex is orange, suggesting the appear­
ance of a charge-transfer absorption band. O n the 
other hand, the color change by the molecular complex 
formation is hardly noticeable when the orange-colored 
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Fig. 4. Phase diagrams of (a) the 4-(dimethylamino)-4'-
ethoxyazobenzene-4-ethoxy-4/-nitrostilbene, (b) 7V-[4-
(dimethylammo)benzylidene]-4-ethoxyaniline-4-ethoxy-
4/-nitrostilbene, and (c) 7V-(4-ethoxybenzylidene)-4-
(dimethylamino) aniline-4-ethoxy-4/-nitrostilbene sys­
tems, (d) the system consisting of azoxydianisole and 
the equimolar mixture of 4-(dimethylamino)-4'-eth-
oxyazobenzene and 4-ethoxy-4/-nitrostilbene, (e) the 
system consisting of azoxydianisole and the equimolar 
mixture of JV-[4-(dimethylamino)benzylidene]-4-eth-
oxyaniline and 4-ethoxy-4/-nitrostilbene, and (f) the 
system consisting of azoxydianisole and the equimolar 
mixture of 7V-(4-ethoxybenzylidene(-4-(dimethylamino)-
aniline and 4-ethoxy-4/-nitrostilbene. 

azobenzene is one of the components. 
I t seemed highly likely that the transition of the melt 

to a metastable nematic liquid crystal is overshadowed 
by the strong tendency to form a solid molecular 

complex; therefore, a study on the phase diagram of 
pseudo-binary system comprising AA and the mixture 
of the component compounds was undertaken. We 
employed equimolar mixtures instead of the solid 
molecular complexes because the nematic liquid 
crystal of the former composition is expected to be more 
stabilized than that of the latter composition. Such 
features are exemplified by the D M A E A - ( E t O , N 0 2 ) 
system presented in Fig. 3b. T h e diagrams of the 
pseudo-binary systems are displayed in Figs, 4d, e, and 
f. T h e latent induction of nematic liquid crystals is 
clearly proved in all three. The N-I transition tempera­
ture in the mixture of D M A E A and ENS is estimated 
by the extrapolation of the transition curve to 0 mol% 
of AA to be 145 °C. T h e deviation from the mean value 
of the latent transition temperatures of D M A E A and 
ENS is 29 °C. T h e induction of a nematic liquid crystal 
is even larger in the (Me2N, E t O ) - E N S and (EtO, 
M e 2 N ) - E N S systems: namely, 33 and 32 °C respec­
tively. 

T h e N-I transition temperature at 50 mo l% and the 
extent of the induction are summarized in Table 2. 
For a given electron donor, the temperature varies 
with electron acceptor in the following order : 

ENS > ENA > (N02 , EtO) > (EtO, NO,). 

With a given acceptor, D M A E A gives a higher transition 
temperature than the Schiff bases do. These results 
conform to the order of the latent N-I transition tem­
peratures of the component compounds; therefore, they 
conform also to the order of central double bond 
linkages reported by K n a a k et al.2> Of as great impor­
tance as the N-I transition temperatures, however, are 
the extents of the induction of nematic liquid crystals. 
In contrast to the transition temperature themselves, 
the extents of the induction are found more pronounced 
with the Schiff bases than with the azobenzenes : that is, 

(Me2N, EtO) ~ (EtO, Me2N) > DMAEA. 

As to the electron acceptors, the order is consistently 

ENS > (N02 , EtO) > (EtO, N02) > ENA. 

T h e coincidence between the latter series and the 
order of the induction of nematic liquid crystals in the 
systems with AA supports our proposition that AA acts 
as an electron donor in the examined mixtures. In 
summary, the order of the induction efficiency of 
central double bond linkages may be 

-CH=CH- > -CH=N- > -N=N-. 

It must be emphasized tha t the above order agrees 

TABLE 2. NEMATIC LIQUID CRYSTAL-ISOTROPIC LIQUID TRANSITION TEMPERATURE AT 50 mol% AND THE DEVIATION 

FROM THE MEAN VALUE OF THE TRANSITION TEMPERATURES OF THE COMPONENT COMPOUNDS 

(The latter values are in parentheses) 

Acceptor 

ENA 
ENS 
(N02,EtO) 
(EtO, N0 2) 

/"~" • •"•"• " 

DMAEA 

131(18) 
145(29) 
127(26) 
124(21) 

Donor 
yv 

(Me2N, EtO) 

126(22) 
139(33) 
123(32)a) 

121(27)a> 

(EtO, Me2N) 

127(21) 
140 (32) 
124(31)a> 
119(23)a) 

\ AA 

129(6.5) 
141(16) 
125.5(15.5) 
121.5(9) 

a) Taken from Ref. 1. 
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with tha t of the tendency of formation of solid molecular 
complexes in the systems studied here. As we see in 
Fig. 4, a stable molecular complex is formed in all the 
systems containing ENS as one of the components. 
Comparison of Fig. 2 with Figs. 3a and b undoubtedly 
leads to the conclusion that the tendency to form a solid 
molecular complex is higher with the Schiff base than 
with the azobenzene. Indeed, examining the effect 
of terminal alkoxyl groups in Schiff base molecules, we 
have found that the extent of the induction of nematic 
liquid crystals in binary systems is qualitatively related 
to the tendency of formation of solid molecular com­
plexes.1) 

The authors wish to express their sincere thanks to 
Mr. Nobuhiko Miyajima for the preparat ion of some 
component compounds. The present work was partly 

supported by a Grant-in-Aid for Scientific Research 
from the Ministry of Education, Science, and Culture 
(No. 543001). 

References 

1) Part I I : K. Araya and Y. Matsunaga, Bull. Chem. Soc 
Jpn., 53, 3079 (1980). 

2) L. E. Knaak, H. M. Rosenberg, and M. P. Serve, Mol. 
Cryst. Liq. Cryst., 17, 171 (1972). 

3) D. Vorländer and E. Wolferts, Ber., 56, 1229 (1923). 
4) E. C. C. Baly, W. B. Tuck, and E. G. Marsden, / . 

Chem. Soc, 97, 1494 (1910). 
5) P. Pfeiffer, Ber., 48, 1777 (1915). 
6) J. S. Dave and J. M. Lohar, J. Chem. Soc, A, 1967, 1473. 
7) J. Malthete, J . Billard, J . Canceill, J. Gabard, and J. 

Jacques, J. Phys. (Paris), Colloq., 37, G3-1 (1976). 
8) J. M. Lohar, J. Phys. {Paris), Colloq., 36, Cl-393 (1975). 



August, 1981] © 1981 The Chemical Society of Japan Bull Chem. Soc. Jpn., 54, 2435—2438 (1981) 2435 

Molecular Structure of Bromotrichloromethane as Determined 
by Gas Electron Diffraction 

Shigehiro KONAKA,* Kiyo YAMAGATA, and Masao KIMURA* 
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The molecular structure of CBrCl3 has been determined by gas electron diffraction to be as follows: rg(G-Gl) = 
1.7654(17)A, rg(C-Br)= 1.944(4) A, and ^C1GG1= 109.74(l3)°.t The mean amplitudes have been fixed at 
the calculated values in the data analysis. The result has been compared with the structures of related halo-
methanes. 

The molecular structures of halomethanes have been 
investigated extensively,1) but modern structural data 
are relatively few for halomethanes containing different 
halogen atoms.2) Recently, precise structures of 
HCBrCIF,3) CF3CI,4) CF3Br, and CF3I4'5> have been 
reported. The C-F bond lengths of CF 3 X molecules 
decrease with increasing electronegativity of atom 
X ( X = H , I, Br, CI, and F),4> while the bond angles 
show only a slight and unsystematic change in value 
from H to F.5> A more distinct change in value of bond 
angles is found for CC13X molecules ( X = H , CI, and 
F) .2) The molecular structure of bromotrichloromethane 
was determined only by the visual method of gas 
electron diffraction;6»7) no accurate geometry of CBrCl3 

is available. The present study has been undertaken 
to supplement the structural data of halomethanes and 
to compare the structure of CBrCl3 with the geometries 
of related halomethanes. 

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

A sample with the stated purity of at least 99% was ob­
tained from Nakarai Chemical Co., Ltd. and used without 
further purification. Diffraction patterns were recorded on 
Kodak electron image plates using an electron diffraction 
unit8) equipped with an r3-sector at two camera distances, 
109.3 and 244.3 mm. Experimental conditions were as 
follows: accelerating voltage, about 39 kV; sample pressure, 
20 Torr; vacuum pressure during experiment, (5—9) X 10-5 

Torr; nozzle temperature, about 18 °C; beam currents, 
0.15 and 0.23 (xA; exposure times, about 3 and 1 min for 
the short and long camera distances respectively. The 
electron wave length was determined from the diffraction 
patterns of carbon disulfide taken in the same sequence of 
exposures. The drift of the accelerating voltage was monitored 
throughout the experiments by measuring the voltage drop 
of the standard resistance in a high-voltage source.9* The 
drift of the wave length during each experimental sequence 
was confirmed to be less than 0.01%. The number of plates 
used for data analysis was four and five for the short and long 
camera distances respectively. 

Calculat ion o f M e a n A m p l i t u d e s 

A radial distribution curve obtained from long camera 
data is shown in Fig. 1. T h e overlap of C-Cl and C-Br 
peaks and that of Cl- -Cl and CI -Br peaks indicate 
difficulty in the precise determination of experimental 

Fig. 1. Experimental (open circles) and theoretical 
(solid curve) radial distribution curves for CBrCl3; 
A/ ( r ) = / ( r ) o b s d _ / ( r ) c a l c d . A damping factor, 
exp (—0.0075 j2) , was used. 

mean amplitudes. In the da ta analysis, the mean 
amplitudes were fixed at the calculated values. Quad­
ratic force constants are needed for the calculation of the 
mean amplitudes. Zietlow et al. reported a quadrat ic 
force field for CBrCl3 based on the fundamental fre­
quencies observed for the liquid phase.10) Recently 
Clark et a/.11) reported the fundamental frequencies 
for the gas phase which are significantly different from 
those for the liquid. T h e force field given by Zietlow 

TABLE 1 

Ax species 

E species 

• ^s 

Fn 
F„ 
F13 

Fi2 

F23 

F33 
F„ 
F* 
F« 
FiS 

FM 

FM 

-MATRIX ELEMENTS OF 
(in md/A units) 

Zietlow et al. 

4.073 
0.182 
0.654 
0.374 

- 0 . 3 7 9 
2.898 
3.150 

- 0 . 3 6 0 
0.361 
0.344 

- 0 . 0 4 3 
0.377 

CBrCl3
a) 

b) Present 

4.073 
0.166 
0.600 
0.376 

- 0 . 3 7 0 
2.898 
3.198 

- 0 . 3 4 3 
0.355 
0.345 

- 0 . 0 4 0 
0.349 

t Throughout this 
133.3 Pa are used. 

paper 1 A=10~1 0m and 1 Torrs 

a) The force constants are expressed in the symmetry 
coordinates defined in Ref. 12, except for the neglect 
of deviations from tetrahedral bond angles. b) 
Transformed from the internal coordinate force 
constants gven in Ref. 10. 
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517 
30 
3 

530 
20 
6 

689 
17 
5 

695 
9 
8 

TABLE 2. CALCULATION OF THE MEAN AMPLITUDES, THE 

STRETCHINGS DUE TO PERPENDICULAR THERMAL 

VIBRATIONS, AND THE CENTRIFUGAL 

STRETCHINGS FOR C B r C l 3
a ) ( in 1 0 " 4 A ) 

C-Gl G-Br CL. Cl Cl-..Br 

/ 
«A*2> + <Ay»/2r 

^ rcent 

a) Calculated at 291 K. 

et al. was then modified in the present study to reproduce 
the gas-phase frequencies. The force constants thus 
obtained in the symmetry coordinates are listed in Table 
1 together with Zietlow's values rewritten in the sym­
metry coordinates. Although there is some arbitrariness 
in the choice of the force field, the above force constants 
are sufficient for our purpose, since the mean amplitudes 
are not sensitive to force constants chosen as long as they 
reproduce the vibrational frequencies correctly.13) In 
Table 2 are listed the calculated values of the mean 
amplitudes, along with the stretchings due to the 
perpendicular thermal vibration and the centrifugal 
stretchings <5rcent to be used for shrinkage correction.14 '15) 

D a t a A n a l y s i s 

Optical densities measured at an interval of 1/3 m m on 
each photographic plate were converted to intensities.9) 
T h e intensities were corrected for the imperfection of 
the sector shape and leveled by the theoretical back­
ground. Reduced molecular scattering intensities, 
sM(s), were obtained by drawing a smooth background 
through the leveled intensities, then the background was 
revised by applying the non-negativity criterion to 
radial distribution curves calculated from s M (s) and the 
drawing procedure was repeated. Da ta from the two 
camera distances covered the j-ranges of 2.8 and 17.4 
Â - 1 and 6.0 and 37.4 A - 1 . T h e elastic and inelastic 
scattering factors were taken from the literature.16) The 
asymmetry parameters, ic, for C-Cl and C-Br were 
estimated from the formula17) 

. = !-/«. 

where the Morse parameter , a, was assumed to be 2 Â - 1 . 
The asymmetry parameters for the non-bonded atom 
pairs were assumed to be zero. The parameters adjusted 
by the least-squares analysis of sM(s) constrained to 
C3 v symmetry were r a (C-Cl ) , r a (C-Br) , ZClCBr , and 
the index of resolution.18) A conventional diagonal 
weight matr ix was used.9) 

The observed values of sM(s) and the best fit curve 
for one plate from each camera distance are shown in 
Fig. 2.19) The parameter values obtained from each 
camera-distance da ta are listed in Table 3 ; these data 
converted to the thermal average structure are listed 
in Table 4 together with the weighted averages. The 
limits of error for the parameter values were estimated 
from 2.6 times the larger of the random standard 
deviations, o1 and <T2J and the systematic errors. The 
errors in the scale factor were estimated to be 0.05% 

005f 
-005 

06 

• • • s A * ' ^ 

AsM(s) 

><•• : . \ ^ < v ^ ^ ^ ^ . ^ s v v ^ 

-05 

20-, S/A1 
30 

Fig. 2. Experimental (dots) and theoretical (solid curve) 
molecular intensities for CBrCl3; AsM(s) = sM{s)oh8d— 
j M ( j ) c a l c d . 

TABLE 3. RESULTS OF THE LEAST-SQUARES ANALYSIS0 

(in A and degree units) 

Short 

Long 

'a(C-Cl) 
ra(C-Br) 
ZClCBrc ) 

'a(C-Cl) 
ra(C-Br) 
ZClCBrc) 

Average 

1.7638 
1.9442 
109.27 
0.198 

1.7639 
1.9423 
109.18 
0.054 

* i b ) 

0.0010 
0.0032 
0.10 

0.0005 
0.0015 
0.05 

°2 

0.0005 
0.0025 
0.09 

0.0006 
0.0016 
0.04 

a) Indices of resolution are 0.86—0.88 and 0.92—0.97 
for the short and long camera distance data, respectively. 
b) For the definitions of ox and <r2, see Ref. 20. c) 
Defined in the ra structure, d) R={J}iwi(AsM(s)i)2l 
S^isMis)?**«)*}1/* where AsM(s)t = sM(s)?*»u -
jM(j)fa l cd . 

TABLE 4. MOLECULAR PARAMETERS OF 

BROMOTRICHLOROMETHANEA) 

(in A and degree units) 

Parameter Short Long Weighted 
average 

rg(C-Cl) 
rg(G-Br) 
^GlGBrb ) 

^GlGGlb ) 

1.7653(30) 
1.9456(84) 
109.27(27) 

1.7654(20) 
1.9437(45) 
109.18(14) 

1.7654(17) 
1.944(4) 
109.20(13) 
109.74(13) 

a) The numbers in parentheses represent the estimated 
limits of error attached to the last significant digits, b) 
Bond angles defined in the ra structure. 

and 0.06% for the short and long camera distance data 
respectively. The systematic errors originating from 
the uncertainties of the anharmonicity parameters and 
those of correction values for the sector shape were 
also taken into consideration.9) Other details of the 
analytical procedures are described elsewhere.9) The 
experimental errors are smaller for the long distance 
data than for the short distance data . The agreement 
between the two da ta is satisfactory. T h e weighted 
average is given as the final result of the present work. 
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D i s c u s s i o n 

The bond lengths of CBrCl3 are compared with those 
of tetrahalomethanes in Fig. 3. Only modern structural 
data are collected here. T h e data for C F 3 X ( X = C 1 , Br, 
I) and CF 4 are taken from Typke et a/.4) and Fink 
et al.'s21) papers respectively and those for CFC13 from 
the Landolt-Börnstein table.2) The structures of CC14 

and CBr4 have been determined in our laboratory.22-23) 
Carbon-halogen bond lengths, r ( C - W ) , in tetrahalo­
methanes, CWXYZ, are plotted against the sums of 
electronegativity valuesTt for the other halogen atoms, X, 
Y, and Z. In general, the carbon-halogen bond length 
decreases with an increase in the sum of the electro­
negativity values. This trend is in accordance with 
a prediction given by the valence-shell electron-pair 
repulsion (VSEPR) theory.26) According to this theory, 
replacement of neighboring atoms by more electro­
negative ones shortens the bond length of interest. 
However, the trend of change in bond lengths is reversed 
to that expected by the V S E P R theory for CBr4 and 
CBrCL, and for CBrCl3 and CC14. This shows that 
factors governing the geometry of halomethanes are 
not so simple as those for most inorganic molecules. 

The values of z lClCCl for related halomethanes are 
compared in Table 5. As stated before, the bond angle 
of the CC13 group changes considerably with substituents 
in contrast with that of the CF 3 group. I t is noted that 
the C1CC1 angle of CBrCl3 is slightly larger than the 
tetrahedral angle. This is also inconsistent with the 
VSEPR theory. 

1.96i 

TABLE 5. COMPARISON OF ̂ £C1CC1 

(in degrees) 

œ 1.94 
o 

1.92 

178 

§ 
1.76 

m 

136 

01.34 

1.32h 

CBrC!3 x 

CBG 

CF3Br 

X 
CBrCI3

 Y^C"CI 

^ " c , 3 CF3CH 

CFC13 

8 10 12 

X r f V X z 

Fig. 3. Plots of carbon-halogen bond lengths of tetrahalo­
methanes versus the sums of electronegativities of 
adjacent halogen atoms. 

CC14 

CBrCl3 

CFC13 

CHGI3 

Obsd 

109.5 
109.74(13) 
ll l(l)c> 
111.3(2)c) 

Calcda> 

109.5 
110.4 
111.4 
112.0 

Calcdb> 

109.5 
110.5 
111.5 
112.0 

TT Electronegativities were taken from Ref. 24. 

a) Molecular mechanics calculation given in Ref. 26 b) 
Given by molecular mechanics calculation with experi­
mental bond lengths, c) Taken from Ref. 2. 

Dashevskii calculated the bond angles of halomethanes 
by means of molecular mechanics.26) As shown in Table 
5, column 3, his results are in fair agreement with the 
experimental values. In his calculation, the non-
bonded atom potential of a 6-exp type was adopted 
and the same elastic constant was used for all the bond 
angles, while the bond lengths were fixed at the following 
values: C - H 1.10, C - F 1.34, C-Cl 1.77 and C-Br 
1.93 Â. T h e experimental bond lengths differ from 
the assumed values by as much as 0.02 Â and accordingly 
a different choice of bond lengths may change the 
result. Thus, the bond angles were recalculated with the 
experimental bond lengths, but the change is small, 
as is shown in Table 5, column 4. T h e agreement 
between calculation and experiment suggests that the 
steric effect is an important factor governing the bond 
angles of trichloromethanes. 

T h e authors wish to thank Dr. Koichi Tamagawa 
for his helpful discussions. The numerical computations 
were carried out on a H I T A C M180 of the Hokkaido 
University Computing Center. 
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UV Absorption Studies of the Pyrolysis of Butane in Shock Waves 
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The UV absorption measurements at 216 nm were carried out for three shock-heated mixtures, 1, 2, and 
2 8% n-C4H10 diluted in Ar, in the temperature range of 1290—1610 K and at about half atmospheric pressures. 
From the initial absorption rise, which can be attributed to the CH3 growth, the rate constant of the reaction, 
n-C4H10=CH3+«-C3H7, was evaluated as * 2 =8.9x 10"exp (-71.9 kcal/ÄT) (s"1). A computer modeling 
using a 44-reaction mechanism including the k2 value so evaluated could reproduce the absorption early in the 
reaction and in the temperature range of 1420—1610 K with a reasonable value. 

The pyrolysis of butane has mainly been studied at 
lower temperatures using a flow tube1 - 3) and a wall-less 
reactor.4) The basic idea for the pyrolysis at low 
temperatures is almost established, and the features 
of the reaction are explainable through a free-radical 
mechanism of the Rice-Herzfeld type.3-4) 

At high temperatures, however, only a few studies of 
the pyrolysis have been reported.5"7) Recently, shock-
tube studies using T O F mass spectroscopy for the 
pyrolysis have been carried out and the observed 
concentration profiles of several species have been 
subjected to a computer modeling.7) The results of the 
computer modeling at high temperatures were not as 
satisfactory as those in the low temperature region where 
the modeling results tolerably concurred with the 
observed profiles.8,9) 

The pyrolysis of n-C4H10 has two channels for the 
initiation reaction : 

n-C4H10 = 2C2H5, (1) 

„-C4H10 = CH3 + n-C3H7. (2) 

Because of the fall-off effect, the rate constants of these 
unimolecular reactions at high temperatures may not 
accord with the values obtained by extrapolations of 
the rate constants at low temperatures. Therefore, it 
is desirable to measure the k values directly; this may 
be one of the most important steps in clarifying the 
reaction mechanism of the n-G4H10 pyrolysis at high 
temperatures. 

Recently, the absorption measurement at 216'nm of 
the C H 3 profile has been proved to be a useful method 
for studying the alkane pyrolysis. However, the measure­
ment has thus far been applied only to the CH 4 and 
C2H6 pyrolysis10) and the C H 3 recombination.11) 

In this study, we will estimate the k value of Reaction 
(2) by measuring the absorption profile at 216 nm in 
the n-C4H10 pyrolysis. T h e k2 value thus obtained is 
incorporated into a reaction mechanism of the pyrolysis, 
and the absorption profile at the early stage of the 
reaction is elucidated by computer modeling. 

Exper imenta l 

The shock tube and the optical system used in this study 
have been described in a preceding paper.12) The D2-lamp 
of 30 W used before was replaced by a 200 W high-power one 
(Hanau, D200F) so as to gain much larger signals. 

The gases used were 99.8% pure n-C4H10 purchased from 
the Takachiho Co. and 99.999% pure Ar from the Nippon 
Sanso Co. The test gas compositions, n-C4H10/Ar, were 

1/99, 2/98, and 2.8/97.2, while the starting pressure of the 
test gas was always 20 Torr (1 Torr= 133.322 Pa). It was 
confirmed that no emission from the shocked test gas was 
observed. 

The computer modeling for the observed absorption pro­
files was done using the flow model of the laminar-boundary-
layer growth with limiting separation.13) 

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

A sample oscillogram of 216 n m light at tenuation 
through the shocked gas is shown in Fig. 1. This 
oscillogram is a typical one for the present studies; i.e., 
the absorption increases gradually right after the shock 
arrival at the observation window. Since no absorption 
has been reported for C H 4 and C 2H 6 at 216 nm,14) 
n-G4H10 was also expected to have no absorption band 
in this wavelength region. 

50mV L H 
10ps 

Fig. 1. A representative oscillogram for 2% n-C4H10 in 
Ar mixture, P 1 = 2 0 Torr, and T 2 = 1436 K. 

The absorption measurement of C 2H 5 in this wave­
length range has been reported;16) the absorptivity at 
216 n m is at least 30 times smaller than that of GH3 . 
The effect of n-C3H7 on the measured absorption was 
assumed to be negligibly small. T h e validity of this 
assumption will be confirmed below by a computer 
modeling; the steady [n-C3H7] modeled is about 4 
orders of magnitude less than the [CH 3 ] . Therefore, it is 
reasonable to assume that the absorption early in the 
reaction is entirely due to CH 3 . 

T h e primary reactions of the C H 3 radical at the early 
stage of the reaction are : 

CH3 + TZ-C4H10 = CH4 + *-C4H9, (5) 

= CH4 + *-C4H9, (6) 

j-C4H9 = CH3 + C3H6, (11) 

*-C3H7 = CH3 + C2H4. (24) 
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T h e methyl radical produced by Reaction 2 decreases 
as a result of metathetical reactions (5) and (6). The 
unimolecular decompositions of the radicals thus 
produced, Reactions 11 and 24, also give CH 3 . At a 
very early time in the reaction, for example, lab. t ime 
of 0.2 fxs, only Reactions 2 and 24 are important for 
evaluating the C H 3 profile; this can be confirmed by 
comparing the value of the rate of each reaction obtained 
by the computer modeling to be discussed later. The 
steady state assumption for w-C3H7 leads to the follow­
ing expression of GH 3 production : 

k% = (d[GH3]/dO,-K,/(2[n-G4H10l0) 

where *=particle time and [w-C4H10]0 is the shock-front 
concentration of n-C4H10 . To evaluate the k2 value 
using the above equation, it is necessary to estimate the 
absorptivity of CH 3 , which correlates the measured 
absorption to [CH 3 ] . We adopted the absorptivities 
reported by Tsuboi10) and Glänzer et a/.11) 

10' 

10* 

10' 

8 7 

I O ^ - V K - 1 

Fig. 2. Arrhenius plots for k2. The symbols used are as 
follows. 
G : For 1% n-C4H10 in Ar, © : for 2% "-C4H10 m Ar, 
and 0 : f o r 2- 8% n-C4H10 in Ar. 
The line shows a least squares fitting for the data points. 

T h e k2 values thus obtained are shown vs. 104 /T in 
Fig. 2. A least-squares calculation for the relation 
provided the following Arrhenius expression: 

k2 = 8.9X 1013 exp ( - 7 1 . 9 kcal/ÄT) (s"1). 

( lkcal = 4.184kj) 

T h e rate constants of the metathetical reactions are 
reported to show deviations from the Arrhenius plots, 
and the actual values of the rate constants at high 
temperatures are larger than those extrapolated from 
the k values measured at low temperatures.2) It is also 
well known that the k value of the metathetical reaction 
decreases with an increase in the structual complexity 
of the radicals accompanying the reaction.3) At an 
early time in the n-C4H10 pyrolysis, [H] is much smaller 

than [CH3] and [C 2 H 6 ] . Therefore, it is expected that 
the value of k[R], where k and [R] are the rate constant 
and the concentration of the radical in the metathetical 
reaction respectively, will change depending on both 
the temperature and the reaction time. As for the 
unimolecular decompositions of the radical, the rate 
constant may be in the fall-off range under the present 
experimental conditions. 

T o elucidate the roles of these metathetical reactions 
and unimolecular decompositions of the radicals in the 
n-C4H10 pyrolysis, a computer modeling was carried 
out for the initial stage of the reaction. The absorption 
at the lab. time of 10 fxs, A10) defined as A10=\n(IoII10) 
where IQ and I10 are the incident-light intensity and the 
transmitted intensity at the time respectively, is calcu­
lated and plotted in Fig. 3. 

o 
<" 

0-05 

10A7"1 /K-1 

Fig. 3. The relation between A10 and 104/T. 
The symbols used are the same as those in Fig. 2. 
The lines show modeled A10 for the three mixtures. 

Table 1 shows the final reaction mechanism of the 
n-C4H10 pyrolysis assumed in this study. T h e reaction 
mechanism consists of 44 reactions with the maximum 
value of the rate larger t han 10"7 (mol c m - 3 s_1) during 
the initial reaction period (10 fxs). T h e rate constant 
of each reaction was taken from several sources except 
in a few cases. The k^ value, the rate constant of the 
reverse reaction ( — 1), was estimated from the geometric 
mean rule using the following equation : 

*-i = *î8/(4*-3i[M]). 

T h e £_31 value was evaluated from k^31=kzl/KB1, where 
Kzl is the equilibrium constant and [ M ] = density. The 
k values of the metathetical reactions, (3)—(8), were 
taken from those in the proposed reaction mechanism.2*3) 
Each butyl radical has two channels for the decomposi­
tion. One of them is to H and butène, Reactions 9 and 
10. The others are Reactions 11 and 12, which obey 
the /?-bond breaking rule;16) n-C4H9 decomposes to G2H4 

and C 2 H 5 and J - C 4 H 9 to C H 3 and C3H6 . Reactions 13— 
17 are primary steps in the butène pyrolysis. The k 
values adopted for Reactions 9—14 and 17 are those 
reported for the high pressure limit. Since these radical 
decompositions are expected to have different sensitivity 
spectra for the modeled A10 value, while their k values 
could be corrected for the fall-off with a similar factor, 
we left the k values of radical decompositions at the 
values shown in Table 1. In the reactions of the C3 

species, 18—30, their k values are taken mainly from 
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TABLE 1. REACTION MECHANISM AND RATE CONSTANTS 

k=A exp(—E/RT) (cm, mol, s, and kcal units) 

1) 
2) 
3) 
4) 
5) 
6) 
7) 
8) 
9) 

10) 

H) 
12) 
13) 
14) 
15) 
16) 
17) 
18) 
19) 
20) 
21) 
22) 
23) 
24) 
25) 
26) 
27) 
28) 
29) 
30) 
31) 
32) 
33) 
34) 
35) 
36) 
37) 
38) 
39) 
40) 
41) 
42) 
43) 
44) 

Reaction 

w-C4H10=G2H5+G2H5 

w-C4H10=GH3+w-C3H7 

C2H5+w-C4H10=G2H6+W-C4H9 
^2H5+w-C4H1 0=G2H6+J-G4H9 

GH 3+H-C 4H 1 0=GH 4+n-C 4H 9 

C H 3 + H - C 4 H 1 0 = C H 4 + J - G 4 H 9 

H+w-C4H10=H2+w-C4H9 

H+n-G4H1 0=H2+5-G4H9 

*-C4H9=C4H8( l )*+H 
*-C4H9=C4H8(2)*+H 
J -G 4 H 9 =GH 3 +G 3 H 6 

w-G4H9=G2H4+ G2H5 

C4H8(1) = CH 3 +C,H 6 

C1H8(2) = CH3+C3H6 

H + C 4 H 8 ( 1 ) = H 2 + C 4 H , 
H+C 4 H 8 (2 )=H 2 +C 4 H 7 

G4H7=G2H4 + G2H3 

GH3+G2H5=G3H8 

GH3+G 3H 8=GH 4+i-C3H 7 

GH3+G3H8=GH4+w-G3H7 

H + G3H8=H2+z-G3H7 

H+G3H 8=H 2+w-G 3H 7 

f-G3H7=G2H4+GH3 

w-G3H7=G2H4+GH3 

i -C3H7=H+G3H6 

w-G 3 H 7 =H+G^e 
C 3 H 6 + M = C 2 H 3 + C H 3 + M * * 
G 3 H 6 =H+G 3 H 5 

H + G 3 H 6 = H 2 + G3H5 

G 3H 5=H + G3H4 

G 2 H 6 + M = G H 3 + G H 3 + M 
G 2 H 6 + H = G 2 H 5 + H 2 

G 2 H 6 + M = G 2 H 4 + H + M 
GH3 + GH 3 =G 2 H 5 +H 
C H 3 + C H 3 = C 2 H 4 + H 2 

G 2 H 5 + H = G 2 H 4 + H 2 

C H 4 + M = C H 3 + H + M 
G H 4 + H = G H 3 + H 2 

G 2 H 4 + H = G 2 H 3 + H 2 

G 2 H 3 + M = G 2 H 2 + H + M 
GH 3 +G 2 H 5 =GH 4 +G 2 H 4 

G2H5+C2H5=C2H4 + C2H6 

GH3+G2H4 = GH4+G2H3 

n-G4H9=j-G4H9 

log A 

ik_1=10"-1 

13.9 
14.0 
13.5 
14.7 
14.7 
15.1 
15.0 
14.4 
14.4 
14.2 
13.6 
16.9 
16.0 
13.7 
13.7 
14.0 
12.9 
12.6 
12.6 
13.8 
13.8 
12.0 
13.8 
14.3 
13.8 
18.0 
13.0 
10.1 
13.6 

111.3—25.26 log T 
14.1 
15.3 
14.9 
16.0 
12.3 
17.5 
14.9 
15.7 
15.3 
11.7 
11.7 
11.0 
17.7 

E 

71.9 
22.8 
20.1 
20.9 
18.2 
16.7 
14.0 
38.0 
37.5 
33.9 
29.0 
73.0 
80.0 
39.0 
38.0 
37.0 
0.0 

10.3 
10.3 
8.0 
8.0 

34.5 
33.2 
41.3 
38.0 
74.0 
78.0 

1.5 
70.0 

160.0 
9.4 

30.1 
26.6 
32.0 

0.0 
90.6 
15.1 
22.9 
30.1 
0.0 
0.0 
0.0 

41.0 

Ref. 

See text 
This work 

3) 
3) 
3) 
3) 
3) 
3) 
a) 
a) 
a) 
a) 
b) 
c) 
9) 
9) 
9) 

17) 

d) 
d) 
e) 
e) 
a) 
a) 
a) 
a) 

24) 

0 
g) 
g) 

18) 

h) 
18) 

10,19) 
10,19) 

h) 
i) 
J) 
k) 
1) 

See text 
See text 
Assumed 

21) 

a) S. W. Benson and H. E. O'Neal, "Nat. Stand. Ref. Data Ser.," NBS, No. 21 (1970). b) T. Kunugi, T. Sakai, K. 
Soma, and Y. Sakai, Ind. Eng. Chem. Fundam., 9, 314 (1970). c) P. Jeffers and S. H. Bauer, Int. J. Chem. Kinet., 6, 763 
(1974). d) A. Lifshitz and M. Franklach, / . Phys. Chem., 79, 686 (1975). e) A. F. Trotman-Dickenson and G. S. 
Milne, "Nat. Stand. Ref. Data Ser.," NBS, No. 9 (1967). f) K . J . Laidler and B. W. Wojciechowski, Proc. R. Soc. 
London, Ser. A, 259, 257 (1960). g) A. Amano and M. Uchiyama, / . Phys. Chem., 67, 1242 (1963). h) P. Camilleri, R. 
M. Marshall, and J. H. Purnell, J. Chem. Soc, Faraday Trans. 1, 70, 1434 (1974). i) W. G. Gardiner, Jr., T. Koike, 
and T. Tanzawa, in preparation, j) Th. Just and P. Roth, Ber. Bunsenges. Phys. Chem., 79, 682 (1975). k) Th. Just, 
P. Roth, and R. Damm, "16th Int. Symp. Combust.," The Combustion Institute, Pittsburgh (1977), p. 961. 1) S. W. 
Benson and G. R. Haugen, J. Phys. Chem., 71, 1735 (1967). * G4H8(1) = 1-butene and C4H8(2)=2-butene. ** [M] = 
(4.0 ±0 .3) XlO-6 (mol cm-3). 

those determined in the C 3 H 8 pyrolysis study in shock 
waves.17) The k values of Reactions 31—40 are also 
taken form those derived in the C2H6 pyrolysis study 
in shock waves.18) In Reactions 31—40, the k values 

of the two channels of C H 3 + C H 3 into C 2 H 5 + H and 
C 2 H 4 + H 2 were determined recently.10*19) Thus , the 
reaction mechanism in Table 1 has three channels for 
C H 3 + C H 3 , Reactions, —31 , 34, and 35. The dispropor-
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donations, (41)—(43), which have only a minor effect 
on the modeling results, were included and their k 
values were assumed to be around 1011; the ratios, 
^-1/^42 a n d KSIKD a r e expected to be larger than 1.20> 
In comparison with the reaction mechanisms of the 
G2H6 and C 3H 8 previously reported,17-18) it is charac­
teristic of the 44-reaction mechanism that the isomeriza-
tion reaction of C4H8 , Reaction 44, is included.21) 

Our original computer program was devised to 
calculate the concentration of each species. To compare 
directly the computer modeling results with the A10 

values shown in Fig. 3, the concentration of each species 
was converted to the absorption, A, in the program 
according to this equat ion: 

A = S ^ i = S C i V , 

where Ax, C-v and a{ are the absorption, the concentra­
tion, and the absorptivity of a species subscribed i 
respectively, and where d=opt ica l path length ( = 7.2 
cm). At 216 nm, the species which have large 
absorptivities are CH 3 , C3H6 , G2H4, and C2H2 . T h e 
absorptivity of GH 3 was taken from the values previously 
reported10 '11) and was expressed by a 4th-order poly-
nominal fit for the temperature. T h e absorptivity of the 
other three species were measured from the absorption 
at the shock front for mixtures diluted in Ar.12»22) T h e 
following expressions of the absorptivity-temperature 
relation, together with tha t for GH3 , were incorporated 
in the computer program : 

loga(C2H4) = - 3430 /T+ 6.66,12> 

loga(C2H2) = - 1829/r + 5.88,ia> 

logfl(C3H6) = - 3662 /T+ 8.15.22) 

T h e lines in Fig. 3 show the A10 values for the three 
mixtures modeled using the reaction mechanism shown 
in Table 1. We noticed the following disagreements in 
the two mixtures, though the lines almost went through 
the data points. In the 1% mixture, the modeled A10 

value is smaller than the measured value at temperatures 
lower than 1400 K. The effect of the secondary reactions 
on the A10 value may be negligibly small under the 
present experimental conditions. Therefore, it is 
probable tha t the kx and/or k2 values used are not 
appropriate to the modeling of the A10 value at these 
low temperatures. The k% values shown in Fig. 2 seem 
to be on a straight line at temperatures as low as 1290 K. 
However, the light attenuations due to the absorption 
measured at these low temperatures are small, and the 
k2 value evaluated may have much larger data-reading 
errors than those at high temperatures. As for the kx 

value used, it can be adjusted so as to reproduce the 
experimental A10 value. No further fitting of the 
modeled A10 value to the measured value by adjusting 
these k values was done because Reactions (1) and (2) 
have a similar sensitivity for the A10. In the 2 % mixture, 
the modeled Al0 is slightly larger than the measured 
one at high temperatures. However, we do not have 
any clear-cut explanations for the disagreement because 
almost the same sensitivity spectra were obtained for the 
2 and 2 .8% mixtures; a nice agreement between 
the two values is shown in Fig. 3 for the 2 .8% mixture. 

I n the 2 .8% mixture, the contributions to the modeled 

absorption are GH 3 ; 90%, C3Hf l; 6%, and C2H4 ; 3 % 
at 1300 K and GH 3 ; 60%, C 3 H a ; 27%, and C2H4 ; 
12% at 1550 K, and it is found that the effect of G2H2 

on the A10 value is negligible under the present experi­
mental conditions. Thus, it is clear that, with an 
increase in the temperature, the products by the pyrolysis 
have much influence on the A10 value. 

No further modeling for the reported experimental 
results5-7) and for the absorption after 10 fxs measured 
in this study were done. Propylene is one of the primary 
products in the n-C4H10 pyrolysis, but the reaction 
mechanism of the C3H6 pyrolysis at high temperature 
has not yet been determined.23) T h e reaction mechanism 
proposed by Burcat24) is not satisfactory in explaining 
the experimental results measured by means of a 
3.39-(j.m He-Ne laser absorption; that experiment was 
carried out under conditions similar to the present 
ones.23) Since G3H6 is subjected to further decomposition 
as the reaction proceeds at these high temperatures, the 
ambiguity of the reaction mechanism may give an 
erroneous result for the modeled product distribution. 
Moreover, preliminary experimental results22) by means 
of the absorption at 216 nm indicate that a large 
absorption by an unidentified product was measured in 
the C3H6 pyrolysis. 
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The Determination of the Chemical Diffusion Coefficient of n-Type 
AgBr by Means of a D.c. Polarization Cell 
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The electronic conductivity of AgBr and the chemical diffusion coefficient of n-type AgBr were measured by 
means of a d.c. polarization cell, © Ag/AgBr/inert electrode ® , in the temperature range from 325 °G to 400 °G. 
In order to suppress the electrolysis of AgBr, a platinum plate was used instead of carbon as the inert anode. The 
chemical diffusion coefficient, 5 , was determined by two methods. One was the intermediate probe method (IP 
method) whereby the relaxation of the voltage between the Ag reversible electrode and the Pt intermediate probe, 
inserted into the middle of AgBr, was followed after an abrupt change in the polarization voltage. The other was the 
open-circuit method (OC method) whereby the terminal voltage of the cell was followed after the circuit of the 
cell had been opened. The electronic conductivity in the steady state was independent of the nature of the inert 
electrodes (Pt or G), provided that the inert electrode was completely sealed. However, it took more time for the 
cell with a carbon electrode to reach the steady state than that with a platinum one. The chemical diffusion 
coefficient, D, determined by the IP method for the Ag/AgBr/Pt cell agreed with that for the Ag/AgBr/G cell. 
The chemical diffusion coefficient, D, determined by the OG method for the Ag/AgBr/Pt cell agreed with that 
obtained by the IP method. The chemical diffusion coefficients determined by these methods were expressed by 

D = 3 . 0 x 1 0 e X p ( RT 
/cm2 

No chemical diffusion coefficient can be obtained by the OG method for the Ag/AgBr/G cell, because of the slow 
diffusion of the Br2 gas produced by the electrolysis of AgBr from the carbon electrode. 

Since the application of the d.c. polarization technique 
to the investigation of solid ionic conductors by Hebb1) 
and Wagner,2) the method has been used widely to 
determine the electronic conductivities or chemical 
diffusion coefficients of halides of silver and copper.3-19) 
Mizusaki et al.,1-10) for instance, investigated silver 
halides by using the following cell: 

Ag/AgX(X = Gl, Br, I)/G. (1) 

Using the improved cell configuration shown in Fig. 
1(a) (A-type cell), they found several important facts 
as follows : 

(i) One can determine the chemical potential profile 
in AgX under d.c. polarization by measuring the voltage 
between the Ag electrode and the Pt probes inserted 
into AgX. The chemical potential profile obtained 
experimentally agrees with that expected from Wagner 's 
theory.2) 

(ii) In order to obtain the electronic conductivity, 

:Pt-

Pyrex 
tube 

lh-A9/ 

•AgBr̂  

- C ' 

- P t -

:Pt 

-Pyrex tube 

-Ag 

-AgBr 

-Pt plate 

-Pt 

A-type B-type C-type 

Fig. 1. Configurations of d.c. polarization cell. 

the inert electrode (ion-blocking electrode) must be 
completely sealed. 

(iii) The chemical diffusion coefficient, D, in AgX 
can be determined from the relaxation of the voltage 
between the Ag electrode and the Pt probe inserted 
into AgX after an abrupt change in the voltage applied 
to the cell. 

The methods for the determination of the chemical 
diffusion coefficient by using the d.c. polarization 
cell6»9»11-17) were classified as follows: 

(j) 6,n-i5) The method whereby the current is 
measured with the passage of time after the abrupt 
change in the polarization potential applied to the cell, 
(voltage step-transient current method; TG method). 

(ii)9) The method whereby the potential difference 
between the reversible (reference) electrode and the 
probe inserted into the sample is measured with the 
passage of time after a change in the polarization 
potential (voltage step-intermediate probe method; IP 
method) . 

(iii)16»17) The method whereby the voltage of the 
cell is followed after the cell circuit has been opened 
(open circuit method; OG method). 

Raleigh18»19) measured the time change in the current 
by the TG method using the Ag/AgBr/Pt (or C) cell; 
he found that the current-time curve involved several 
time constants. The current was interpreted by the 
super-imposition of the current due to the charging 
of the double layer of the AgBr/Pt interface, the current 
due to the redistribution of electronic carriers within 
AgBr (chemical diffusion), and the electrolytic current 
of AgBr. It seems to be difficult, however, to measure 
these currents separately. Therefore, the TG method 
is not appropriate for determining the chemical diffusion 
coefficient. 

The I P method has the advantage of measuring the 
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change in the chemical potential profile directly. 
However, the influence of the electronic current flowing 
during the relaxation on the mass transfer caused by the 
chemical diffusion is not clear. From this point of view, 
the OG method is considered to be superior to the I P 
method, because the transient current does not flow 
during the chemical relaxation. 

Weiss16) determined D in AgBr by means of the OG 
method using the cell shown in Fig. 1(b) (B-type cell). 
Since the carbon electrode was exposed to the inert 
atmosphere, it was doubtful that the decay of the open-
circuit voltage gave the correct value of 5.9) Even if 
an A-type cell is used, the Br2 gas produced by the 
electrolysis of AgBr diffuses and is absorbed by the 
carbon electrode. Therefore, the decay of the open-
circuit voltage may be supposed not to correspond to the 
chemical diffusion in AgBr because of the influence of 
the slow diffusion of Br2 gas in the carbon electrode. In 
order to eliminate the influence of Br2-gas diffusion in 
the carbon electrode, platinum should be used instead 
of carbon as follows: 

0 A g / A g B r / P t e . (II) 

Moreover, the cell configuration shown in Fig. 1(c) 
(G-type cell) should be used. 

The present work aims to determine the electronic 
conductivity by the d.c. polarization method, and D 
by means of the I P method and the OG method. 

Exper imenta l 

Circuit and Measurement Procedure. Figure 2 shows a 
schematic diagram of the experimental circuit. The polariza­
tion voltage was applied by means of a potentiostat. The 
current was determined by measuring the IR drop which 
appeared between the two ends of a standard resistance, 
R8, connected with the cell in series. The potential difference 
E(X=Lj2) between the Ag electrode and Pt probe inserted 
into AgBr and the open-circulit voltage were recorded by 
means of a voltage follower with high input impedance. 

Fig. 2. Schematic diagram of experimental circuit. 

IP Method: After the steady state under the applied 
voltage, Els had been attained, a second voltage, E2, was 
suddenly applied to the cell by means of a function generator. 
The time changs in E(X=Lj2) and the current were recorded. 

OC Method: After the steady state under the applied 
voltage, E(L), has been attained, the circuit was opened 
and the time change in E(L) was recorded. 

The experiment was carried out in the temperature range 
from 325 to 400 °C. A polarization voltage below 300 mV 

was applied. Under these experimental conditions, the 
electronic conduction of AgBr was of the n-type. 

Samples and Cell Configurations. Rod-like single crystals 
of AgBr were prepared from the powder material of a 99.999% 
purity by means of the Bridgman method. The rod thus 
obtained was cut into disks 10 mm in diameter. 

Figure 3 shows the construction of the cell. The surface 
of a platinum plate with platinum-lead wire was polished 
with 1 (xm of alumina abrasive powder and then cleaned 
with an alkali cleaning solution. The platinum plate was 
then carefully sealed in a Pyrex tube so that no vacant spaces 
remained between the Pyrex tube and the platinum plate. 

Pt wire 
'Ag disk 

OvJ-X—AgBr disk 

Pt plate 

Fig. 3. Cell and samples. 

Two AgBr disks of the same size were prepared. A hole 
1.2 mm in diameter was drilled in the center of one AgBr 
disk for inserting the Pt probe. A platinum wire was in­
sulated by means of a mullite tube 1.2 mm in diameter, its 
tip placed at the center of the interface of two AgBr disks. 
The surface of each AgBr disk was polished with 1 [ira of 
alumina abrasive powder and cleaned by the use of an ultra­
sonic cleaner. The cell was constructed in a Pyrex tube 10 
mm in inner diameter and was pressed with a slight pressure 
so that the side surface of the AgBr disk was assured of a good 
contact with the inside wall of the Pyrex tube as a result 
of the plastic deformation of AgBr at high temperatures. 
Thus, a good sealing of the ion-blocking electrode could be 
obtained. 

In the present study, two types of cells, the A-type cell 
and the C-type cell shown in Fig. 1, were employed. The 
A-type cell was constructed in a way essentially similar to 
the C-type cell. 

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

Electronic Conductivity. Under the steady state of 
d.c. polarization, the electronic current flowing in the 
cell (I) or (II) is represented by:2»8»10* 

200 400 600 

E(L)/mV 

Fig. 4. Plot of i vs. E(L) for C-type cell. 
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iFL 
RT 

+ 

{-E-m\ 
(i) 

where L is the thickness of the electrolyte, E(L) is the 
applied voltage, i is the current density, and <re° and <rh° 
are the electronic conductivities due to electrons and 
holes in AgBr in equilibrium with Ag respectively. 

Figure 4 shows the plots of i vs. E{L) for the G-type 
cell at 400 °G. By dividing both sides of Eq. 1 by 
exp(E(L)FIRT)-\, we obtain:20) 

iFL 1 a I E(L)F\ 

"•«p(«g£) i 

expl — 
RT + »h (2) 

From the gradient of the plot of Eq. 2, ae° can be 
determined. Similarly, ah° can be determined from the 
gradient of the plot of the following equation :20) 

iFL 1 o , o (E(L)F\ 
RT I 1 - e x p l -

CS) 

RT ) 

Figure 5 shows the plot of Eq. 2, with a good linear 
relationship. From the slope of the plot, <re° was deter­
mined. Similarly, ah° was determined from the plot of 
Eq. 3. 

Fig. 5. Plot of i 

/ -E(L)F \ 
exP [ RT ) 

FL 1 
RT vs. 

exp ( ~ RT—) f o r G-type cell. 

According to Mizusaki et a/.,8»10) we can calculate 
C7e and (7h as functions of the chemical potential of 
bromine. The results are shown in Fig. 6. The broken 
line indicates the results obtained by Mizusaki et Ä/.8) 
using the A-type cell. The two sets of results are in good 
agreement, within the limit of experimental error. 

The chemical potential profiles under a steady state 
were also measured for the G-type cell. The results 
were in good agreement with those obtained by Mizusaki 
et alJ) Therefore, it may be concluded that the chemical 
potential profiles can be well interpreted on the basis 

log (P„r./atm) 

-8 -4_ 

2 A 

- l o g *Ag 

Fig. 6. Plots of ae and ah vs. —log aAg for A and G-type 
cell. 

: Mizusaki et Ö/.8) (A-type cell), : this work 
(G-type cell). 

of Wagner's theory2) and that the same results are 
obtained under a steady state, whether an A-type cell 
or a G-type cell is used. 

Chemical Diffusion Coefficient. Unlike aqueous 
electrolyte solutions, solid electrolytes have an electronic 
conductivity more or less. Therefore, they should be 
dealt with by the theory on mixed conductors. 

According to Ilschner,3) silver bromide shows n-type 
conduction under a low polarization potential and at 
the temperatures studied. Therefore, the silver bromide 
can be represented by Agi+sBr (<5>0). Mizusaki et alJ) 
found that ô in silver bromide is distributed linearly 
under a steady state, as is schematically shown in Fig. 
7 (a). The distribution of ô is represented by the 
following equation: 

Ag AgBr R 

Ô(X) -ô° X 
Ô(L)-Ô° V 

Ag AgBr Pt 

(4) 

Ag AgBr Pt 

"k-0 

(a) 
Fig. 7. Schematic diagram of ô profiles. 

(a) : Steady state, (b) : voltage step, (c) : open circuit, 
i : Initial steady state, t : transient state, f : final steady 
state. 
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where ô(X) denotes ô in Agi+sBr at the distance, X, 
from the Ag/AgBr interface, L is the thickness of the 
silver bromide sample, and <3° is <5 in Agi+8 Br equili­
brated with Ag. 

Voltage-step Method: After the steady state has been 
attained under the voltage applied, E^L), a second 
voltage, E2(L), larger than EX(L) is abruptly applied 
to the cell. T h e chemical potential of silver at the 
AgBr/inert electrode is immediately fixed to that 
corresponding to E2(L). T h e gradient of the electrical 
field is compensated for quickly by the motion of the 
major carrier Ag + ions, and the electrochemical potential 
of the Ag+ ion becomes uniform throughout the silver 
bromide. The profile of ô in Agi+a Br changes with the 
time as is schematically shown in Fig. 7(b). T h e 
relaxation process (redistribution of ô) proceeds by 
means of the counter diffusion of Ag+ ions and electrons, 
and the rate is determined exclusively by the diffusion 
of excess silver atoms. Therefore, the relaxation of <5 
can be expressed by this equation : 

dô _ hm_ 
~dt~D dx*' (5) 

where D denotes the chemical diffusion coefficient in 
n-type AgBr. T h e chemical diffusion coefficient, D, is 
determined by solving Eq. 5 analytically with the 
following boundary conditions : 

0(X,0) - ô° = X 
ô(L,0) -Ô° L 

< = 0 , (6) 

< 5 ( L , 0 = < 5 o e x p ( - * ^ ) * < 0 , 

< 5 ( L , 0 = < 5 ° e x p ( - ^ ) / > 0 , 

(7) 

(8) 

«5(0,0 = «5°, (9) 

where ô(X,t) denotes the value of ô at a position X apart 
from the Ag/AgBr interface and at a time t. When t 
is sufficiently large, the solution of Eq. 5 at X=L\2 is:9) 

â(LI2,oo) - d(W,t) = 1 / DnH\ 
ô(LI2,oo) - ô(L/2.0) n V \ L* } ' 

(10) 

The nonstoichiometry à(X) is related to E(X) by means 
of this equation: 

40 

1 
II 20 

n 

\ ^~~~— 1 

/ 2 

A00°C 

200 400 600 

t/s 

Pig. 8. Time change of E(L/2) for C-type cell. 
1 : E(L), 40 mV 200 mV, 2 : E(L), 200 mV 40 mV. 

400 
tL~2ls cm-2 

800 

Fig. 9. Plots of W 2 , " ) - W 2 , 0 vtL-K 

0 : E(L), 40mV-^200mV, O: E(L), 200 mV->40 
mV, : this work (C-type cell), : Mizusaki 
et Û/.») (A-type cell). 

ô(Z) = < 5 ° e x p ( - ^ : ) . (11) 

T h e time change in <5(Z./2) is calculated from the change 
in E(L/2). 

Figure 8 shows the time change in E(Lj2) for the 
G-type cell. D is determined from the slope of the plot 

of log [{ô(LI2,<»)-ô(LI2,t)}l{ô(LI2,cx>)-ô(LI2,0)}] vs. 
tL~2. Figure 9 shows the plot. In the figure, the results 
of the A-type cell are also given. A good agreement is 
seen between the D values obtained using both types of 
cells. T h e results clearly indicate that the I P method 
gives the same D values, regardless of the nature of the 
inert electrode. 

Open-circuit Method: In the case of the voltage-step 
method, the electronic current is driven not by the 
electrical field, but by the concentration gradient of the 
electrons. The ionic current due to silver ions is not 
equal to the electronic current (Je—jAg

+*r0) during the 
relaxation, as is shown in Fig. 7(b). The difference is 
observed as the current flowing in the external circuit, 
and it does not correspond to the flux of mass transport 
due to the relaxation. 

I n the case of the O G method, the relaxation proceeeds 
by means of the ambipolar diffusion of silver ions and 
electrons, because no net current flows in the external 
circuit. Therefore, the same diffusion situation as in the 
metal oxidation is set up in this method. 

By solving Eq. 5 with the following boundary con­
ditions : 

ô(X,0) - <S° = X_ 0 

<5(L,0)-<5° L 

d(L,t) 
dx 

<5(0,0 = 0° 

<<o 

* > 0 

(12) 

(13) 

(14) 

we obta in : 
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ô°-ô(L,t) _ 8 lDnH\ 
ô°-ô(L,0) n*eXp[4L\ 

(15) 

for a sufficiently large t. The time change in ô(L9t) is 
calculated from E(L,t) by using Eq. 11. 

300 

Ï 200 

100 2Ö0 

t/s 

Fig. 10. Time change of E{L) for A and G-type cell. 
Al : E(L) = 300 mV (A-type cell), A2: E(L)=200 mV 
(A-type cell), CI : E(L) = 300 mV (G-type cell), C2 : 
E{L) = 200 mV (G-type cell). 

Accordingly, D is determined from the slopes of the 
plot of log [{ô°-ô(L,t)}l{ô°-ô(L,0)}] vs. tL-2. Figure 
10 shows the time change in the open-circuit voltage 
E(L,t). As can be seen from the figure, the decay of 
E(L,t) for the A-type cell is very slow and the repro­
ducibility is poor. On the other hand, the time change 
in E(L,t) for the C-type cell is reproducible. 

200 400 600 
tL-2/s cm-2 

ô°-ô(L,t) 

800 

p l o t s o f *o ?,7A( w- tL~2 f o r G-type cell. 
o —O(JL,0) 

Fig. 11 

* : E(L, 0) = 300 mV, Q : E(L> 0)=200 mV. 

Figure 11 gives the plots for determining D. This 
figure shows that D is independent of the voltage applied 
before opening the circuit. Therefore, D in n-type AgBr 
may be supposed to be independent of ô. From the 
decay in E(L,t) for the A-type cell, we can not determine 
the A for the plot of log [{ô°-ô(L,t)}l{ô°-ô(Lfi)}] vs. 
tL~2 is curved. 

Figure 12 shows the plots of log [{ô0-ô(L,t)}/{ô°-
ô(Lfi)}] vs. tL~2 for the C-type cell. As can be seen 

200 400 600 

tL~2js cm-2 

800 

Fig. 12. Plots of Ôl ffi»'} vs. tL~2 for C-type cell. 

%: L=0.84 cm, Q: L=0.51 cm. 

Fig. 13. Arrhenius plots of D. 
• : B-type cell be Weiss16) (OC method), I : A-type 
cell by Mizusaki et Ö/.9> (IP method), —%—: C-type 
cell in this work (IP method), — O — : G-type cell in 
this work (OG method). 

from the figure, D is independent of the thickness of 
AgBr. Therefore, it may be concluded that the decay 
of E(L,t) for the cell is due to the relaxation of ô within 
AgBr. 

Figure 13 gives the Arrhenius plot for D of n-type 
AgBr. The chemical diffusion coefficient, Z), determined 
by the IP method using the A and G-type cells and that 
determined by the OG method using the G-type cell 
are in good agreement. Therefore, the electronic 
current driven by the concentration gradient does not 
affect the mass transfer due to the chemical relaxation. 
However, D can not be determined by the OC method 
when the A-type cell is used. This may be due to the 
diffusion and absorption of the Br2 gas produced by the 
electrolysis of AgBr in the carbon electrode. 

Weiss'16) data obtained by the OG method using the 
B-type cell is one order of magnitude larger than the 
other data. In his experiment, the carbon electrode was 
exposed to an inert atmosphere, and bromine gas was 
supposed to be liberated at the AgBr/G interface by the 
electrolysis of AgBr. Therefore, larger D values were 
obtained. 
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From these results, it seems that the O C method 
can be used provided that the inert electrode does not 
absorb or does not react with the electrolysis product. 
Platinum and gold seem to be appropriate as inert 
electrodes for the OG method. However, at a high 
polarization potential (for example, above 777 m V for 
Ag/AgBr/Pt cell at 400 °G), plat inum bromide are 
produced at the AgBr/Pt interface.21) Although gold 
does not react with bromine at a high polarization 
potential, the formation of a solid solution with AgBr 
must be taken into account. 
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Photosensitized oxidation of ascorbic acid and the formation of hydrogen peroxide using tris(2,2'-bipyridine)-
ruthenium(II), Ru(bpy)3

2+, proceed simultaneously in oxygen containing an aqueous solution of ascorbic acid with 
the illumination of visible light. The mechanism of the reaction has been suggested from the rate dependence 
on the solute concentrations and from quenching experiments. The charge separation could be achieved as the 
result of scavenging Ru(bpy)3

3+, which is formed by the reaction of the lowest excited state species of Ru(bpy)3
2+ 

with 0 2 . 

The luminescence quenching of Ru(bpy) 3
2 + by various 

substances is a subject of much current interest.1-12) The 
lowest excited state of Ru(bpy) 3

2 + , *Ru(bpy) 3
2 + , is able 

to react with an electron-transfer reagent.13»14) T h e 
oxidative and reductive quenchings of Ru(bpy) 3

2 + give 
Ru(bpy) 3

3 + as a strong oxidant and Ru(bpy)3+ as a 
strong reductant , respectively. In most photosystems 
the utilization of the redox properties of photo-generated 
Ru(bpy) 3

3 + or Ru(bpy)3+ is prevented because of fast 
back-electron-transfer reactions.12) 

T h e ability of *Ru(bpy) 3
2 + to act as an electron donor 

or acceptor has been utilized in several prototype models 
of solar energy conversion.15-18) Hydrogen evolution 
by water splitting with the irradiation of visible light 
has been extensively studied.19»20) However, relatively 
little attention has been paid to the productions of 
superoxide ion,21»22) and hydrogen peroxide22) in the 
reaction of *Ru(bpy) 3

2 + with molecular oxygen. The 
reductions of 0 2 to 0 2 " and H 2 0 2 are both up-hill 
reactions, e. g., the s tandard free energy changes for the 
production of 0 2

- and H 2 0 2 from O a are 129 k j m o l - 1 

(£o ' (0 2 /0 2 - ) = - 0 . 3 2 V)23) and 274 k j m o l - 1 , {E0(OJ 
H 2 0 2 ) = — 0.68 V),23) respectively. The excited state 
of Ru(bpy) 3

2 + is rapidly quenched by 0 2 to produce 
0 2

- : the quenching rate constants obtained were 
S ^ X ^ M - i s - 1 2 4 ) and 3.7 X 109 M " 1 s - 1 25) (1 M = l 
mol d m - 3 ) in neutral aqueous solution and 3.0 X 109 

M - 1 s - 1 in 0.5 M HCl.22) Fast back-reaction of the 
Ru(bpy) 3

3 + with 0 2 ~ , however, occurs and the produc­
tion of hydrogen peroxide could not be observed in 
the Ru(bpy) 3

2 +/0 2 system. 

We found that hydrogen peroxide was formed in the 
solution containing oxygen, using ascorbate ion as a 
scavenger of Ru(bpy) 3

3 + . So we have investigated the 
mechanism of visible-light induced formation of 
hydrogen peroxide in the Ru(bpy)3

2 + /ascorbic a c i d / 0 2 

system. 

Exper imenta l 

[Ru(bpy)3]Cl2 '6H20 was prepared according to the 
literature method26) and recrystallized twice from water. 
Ascorbic acid from Kanto Kagaku was used without further 
purification. 

The ionic strength of the irradiated samples were main­
tained at 0.2 by sodium chloride. The hydrogen ion con­
centration was adjusted by acetate buffers. An oxygen- or 
air-saturated aqueous solution containing Ru(bpy)3

2+ and 

ascorbic acid in a cylindrical glass cell (40-mm diameter and 
15-mm thickness) with a glass cap was Illuminated by a 150 W 
tungsten lamp with a U V cut-off filter (Kenko, Skylight L-40, 
UV) at 25±0.2 °C. 

The irradiation sample (2 ml) was poured into a column 
(10-mm diameter and 30-mm length) of cation-exchange 
resins (Dowex 50 W, X-8, 100—200 mesh, the hydrogen 
form), followed by washing with water. The concentrations 
of hydrogen peroxide27) and dehydroascorbic acid28) in the 
eluant were determined by a colorimetric method. The 
absorption spectra were observed with a Hitachi Model 320 
spectrophotometer. 

The quenching experiments were carried out by using a 
Shimadzu Model RF-500 spectrofluorometer at 25 ±0.1 °C. 
For the luminescence experiments, the excitation was carried 
out at 455 nm. If necessary, dissolved oxygen in the samples 
was removed by flushing nitrogen gas, which was passed 
through an alkanine pyrogallol solution. The concentration 
of the dissolved oxygen in the solutions was adjusted by 
saturations of air and pure oxygen under atmospheric pressure 
at 25±0.2 °C. 

R e s u l t s 

In the air- and oxygen-saturated solutions containing 
Ru(bpy) 3

2 + and ascorbic acid (AH2) at p H 3.1—5.5, 
the formation reaction of hydrogen peroxide and the 
oxidation reaction of ascorbic acid proceeded simul­
taneously with the illumination of visible light, while 
the absorption spectrum of the solution in the visible 

Fig. 1. Plots of [A] vs. time in Ru(bpy)3
2+/AH2 solutions 

at pH 4.6 and 25 °C. 
[Ru(bpy)3

2+]=1.0x 10-4 M, [AHJ T =1.0x 10"3 M, 
1 : air-saturated solution, 2: 02-saturated solution. 
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region was unchanged during 1 h illumination. These 
results show that the Ru(bpy)3

2+ photosensitized 
production of hydrogen peroxide occurs in the 
Ru(bpy)3

2+/AH2 /02 system. 
The plots of the concentration of dehydroascorbic 

acid (A) against the illumination time in oxygen-
saturated and air-saturated solutions are shown in Fig. 
1. The oxidation rates of ascorbic acid to dehydro­
ascorbic acid, d[A]/d£, were determined from the slopes 
of [A] vs. time plots. The saturation of [A] vs. time 
curves is seen in Fig. 1 as the result of consumption of 
the dissolved oxygen in the solutions. 

[ A H 2 ] T / I O ' 3 M 

Fig. 2. Dependence of rate on ascorbic acid concentra­
tion in air-saturated (1) and 02-saturated (2) solutions 
at pH 4.6 and 25 °G. 
[Ru(bpy)3

2+] = 1.0x 10~4 M. 

The dependence of the rate on the total concentration 
of ascorbic acid, [AH2]T , is shown in Fig. 2. The 
oxidation rate of ascorbic acid was found to be propor­
tional to the ascorbic acid concentration in the lower 
concentration region of the acid at a given pH. 

Fig. 3. Plots of d[A]/dt vs. 1/(14-[H+]/*!) in air-
saturated (1) and 02-saturated (2) solutions at 25 °C. 
[Ru(bpy)3

2+] = 1.0 x 10-4 M, [AH2]T= 1.0 x 10"3 M. 

In Fig. 3 the rates are plotted as a function of 
1/(1+Ä1/[H+]) where Kx is the dissociation constant 

of Reaction 1: the value of \f{\-{-K1l\Hf]) is propor­
tional to the concentration of ascorbate monoanion, 
[ A H - ] . Under the conditions employed, Reaction 2 
can be neglected. The acid dissociation constants of 

AH2 ^=4 AH- + H+ (1) 

AH- ^=4i A2" + H+ (2) 

Reactions 1 and 2 are reported to be 7^=9 .16 X 10 - 6 M 
and # 2 = 4 . 5 7 x 10"12 M at 25 °C, respectively.29) 

The rate is also dependent on the concentration of the 
dissolved oxygen : the ratios of the rates in the oxygen-
saturated and air-saturated solutions range from 2.4 to 
2.6 (Fig. 3). 

The values of product distribution, [H 2 0 2 ] / [A] , in the 
illuminated solutions under various conditions are 
shown in Table 1. This table shows that the observed 
[H 2 0 2 ] / [A] ratio are around 0.6. 

TABLE 1. PRODUCT DISTRIBUTIONS IN THE 

IRRADIATED SOLUTIONS0 

pH 

3.5b> 
3.6C) 

4.5C) 

5.4C) 

3.3C) 

4.1e> 
4.6C) 

5.0C> 

[H2OJ 
lO^M 

1.86 
1.14 
1.66 
1.32 
4.18 
4.20 
5.68 
4.88 

[A] 
lO^M 

2.68 
1.79 
2.61 
2.13 
8.34 
7.99 
9.85 
8.23 

[H2OJ 
[A] 

0.69 
0.64 
0.64 
0.62 
0.50 
0.53 
0.58 
0.59 

Sat. gas 

Air 
Air 
Air 
Air 

Oxygen 
Oxygen 
Oxygen 
Oxygen 

a) 1 .0x lO- 3 MAH 2 , l.OxlO^MRuObpy); 
0.2, 25 °G. b) Illumination time 25 min. c) 
nation time 10 min. d) Illumination time 
e) Illumination time 30 min. 

2+ „ _ 
3 > M— 
Illumi-

60 min. 

By the determination of the concentration of ascorbic 
acid or hydrogen peroxide in the solutions at pH 5.5 
and 25 °G, it was observed that a) the oxidation reaction 
of ascorbic acid by dissolved oxygen in the unsaturated 
solution can be neglected compared with the photosen­
sitized oxidation of ascorbic acid and b) no appreciable 

[a] / I O " 3 M 

Fig. 4. Stern-Volmer plots at pH 4.6 and 25 °G. 
1 : Q,; ascorbic acid, 2 : Q; oxygen. 
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decomposition of hydrogen peroxide occurred during 
30 min illumination of an oxygen-saturated solution 
containing 2 . 0 x l O " 4 M Ru(bpy)3

2+ and 1 . 0 x l O " 3 M 
H 2 0 2 . 

The luminescence quenching studies were carried 
out in R u ( b p y ) 3

2 + / 0 2 and deaerated Ru(bpy)3
2+/ 

ascorbic acid solutions at p H 4.6. T h e Stern-Volmer 
plots for these systems are shown in Fig. 4. From the 
results shown in this figure, we conclude that the 
predominant species that reacts with *Ru(bpy)3

2+ is the 
dissolved oxygen. The Stern-Volmer constant estimated 
from slope 2 in Fig. 4 was 1900 M _ 1 and the quenching 
rate constant, kq, for *Ru(bpy)3

2+ by 0 2 was 3.2 x l O 9 

M _ 1 s_ 1 at 25 °G, since the excited state life time of 
*Ru(bpy)3

2+ is known to be 6.0 X 10"7 s.30> 

D i s c u s s i o n 

The rate profiles shown in Figs. 1 to 3 indicate that 
the rates depend on the concentrations of ascorbic acid 
and 0 2 and that the reactive species of the acid is the 
ascorbate anion, A H - . The results of the quenching 
experiments (Fig. 4) show that the reaction of 
*Ru(bpy)3

2+ with A H " can be ignored compared with 
that of *Ru(bpy)3

2+ with 0 2 under the conditions 
employed. 

The proposed reaction mechanism responsible for the 
experimental results is given by Reactions 3 to 13. 

Ru(bpy)3
2+ - ^ *Ru(bpy)3

2+ (3) 

The *Ru(bpy) 3
2 + reacts with 0 2 to give a superoxide 

*Ru(bpy)3
2+ + 0 2 r — Ru(bpy)3

3+ + 0 2 " (4) 

ion. At low p H the superoxide ion becomes an H 0 2 

0 2 - + H + ^ = ± H 0 2 piC4.831) (5) 

radical. T h e scavanging reaction of Ru(bpy)3
3+ by 

ascorbate anion competes for the back-electron-transfer 
reaction. 

Ru(bpy)3
3+ + AH" ^ = ± Ru(bpy)3

2+ + AH- (6) 

Ru(bpy)3
3+ + 02"(or H0 2 ) Ru(bpy)3

2+ 

+ 02(or 0 2 + H+) , (7) 

where AH« is the ascorbic acid radical. T h e superoxide 

AH- + 0 2 - + 2H+ + AH- + H 2 0 2 (8) 

Sutin35) to be ku=2 X 107 M " 1 s"1 and * 1 5 = l x l 0 9 

AH2 + H 0 2 AH- + H 2 0 2 (9) 

ion and H 0 2 radical oxidize the ascorbic acid.29) When 
the concentration of ascorbic acid is low, the dispropor­
t i o n a t e reactions of 0 2

_ and H 0 2 occur.32»33) The 
0 2 " + 0 2 - + 2 H + — H 2 0 2 + 0 2 (10) 

H 0 2 + H 0 2 >• H 2 0 2 + 0 2 (11) 

ascorbic acid radicals are, presumably, decomposed by 
Reactions 12 and 13.29) The rate constant of Reaction 13 

AH- + 0 2 ^ A + H 0 2 (12) 

AH- + AH. A + AH2 (13) 

was estimated to be 8 x l 0 7 M _ 1 s - 1 in the p H range 
2.5—4.O.34) 

The rate constants for the forward reaction, ku 

(Eq. 14), and backward reaction, klb (Eq. 15), were 
determined by means of flash photolysis by Greutz and 

M - 1 s-1 at 25 °G. 
ku 

*Ru(bpy)3
2+ + AH- - * Ru(bpy)3

3+ + AH- (14) 
ku 

Ru(bpy)3
2+AH- Ru(bpy)3

3+ + AH" (15) 

By assuming the competition between Reactions 4 and 
14 the fraction of *Ru(bpy)3

2+ molecules scavenged by 
A H - , / , is given by: 

/ = I + * 4 [ O J / * H [ A H - ] - ( I 6 ) 

Using A:4=3.2 x 109 M " 1 s"1 and ku=2 X 107 M " 1 s"1,34) 
we can d e r i v e / < 0 . 0 3 in the air-saturated solution and 

/ < 0 . 0 0 6 in the u n s a t u r a t e d solution under the condi­
tions employed. The results seem to support the conten­
tion that the reaction of *Ru(bpy)3

2+ with A H " could be 
essentially ignored. 

The luminescence quenching efficiency of *Ru(bpy)3
2+ 

by 0 2 and thus the rate would increase with an increase 
in the concentration of 0 2 . The ratio of the amounts 
of *Ru(bpy)3

2+ being oxidized to Ru(bpy)3
3+ by 

Reaction 4 in the oxygen- and air-saturated solutions 
would correspond to ( / 0 - /<>. ) / ( / 0 - / a i r ) w h e r e /?> h» 
and 7 a i r are the relative luminescence intensities in the 
deaerated, oxygen-saturated, and air-saturated Ru-
(kpy)3

2 + solutions, respectively. The ratio was estimated 
to be about 2.8 from the results shown in Fig. 4. The 
ratio of the rates in 0 2 -saturated and air-saturated 
solutions, (d[A]/d0o./(d[A]/d*)air=2.6, is essentially in 
agreement with the value of (I0—/Oi)/(/0—^air)-

Dependence of the rate on [AH2]T (Fig. 3) would 
account for the competition between Reactions 6 and 7 
for Ru(bpy)3

3+. A linear dependence of the rate on 
[AH2]T at lower [AH2]T indicates that the rate of 
React ion 7 increases almost linearly with [ A H - ] . The 
relatively small increase in the rate in the higher 
concentration region of ascorbic acid is attributable to 
that k7[02-] or # [ H 0 2 ] , where k7 and k'7 are the rate 
constants of Ru(bpy) 3

3 + with 0 2 ~ and Ru(bpy)3
3+ with 

H 0 2 respectively, is not so much different from A:8[AH-]. 
When the concentration of the ascorbic acid becomes 
high enough for scavenging Ru(bpy)3

3+, the rate would 
not depend on [AH2]T any longer. 

According to Reactions 3 to 13, the stoichiometric 
ratio of [H 2 0 2 ] / [A] should be about unity, whereas 
the observed product distributions (Table 1) show that 
the ratio was 0.5—0.7. This lower value of the observed 
ratio is probably attr ibutable to the chain decomposition 
reaction of H202 .3 2) Such cahin reactions would occur 
when the concentration of H 2 0 2 becomes high enough 
for H 0 2 to react with H 2 0 2 instead of with ascorbic 

1/2 A" 

Ru(bpy),2 

I- =J hv 

"Hu(bpy)3
z 

Ru(bpy), -14H,0, 

Fig. 5. Schematic representation of the photosensitized 
reaction. 
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acid (Eqs. 8 and 9) or with itself (Eqs. 10 and 11). 

H 0 2 + H 2 0 2 • H 2 0 + 0 2 + OH (17) 

H 2 0 2 + OH • H 2 0 + H 0 2 (18) 

Similar chain decomposition reactions would occur for 
0 2 ~ instead of H 0 2 . The reactions of O H radical with 
ascorbic acid and Ru(bpy)3

2+ have to be considered. 
The main features of the Ru(bpy)3

2+ photosensitized 
reaction are illustrated schematically in Fig. 5. The 
ratio of the rate of the electron-transfer reaction (Eq. 4) 
to that of the back-electron-transfer reaction (Eq. 7) 
would determine the efficiency of the charge-separation 
of the reaction of Ru(bpy) 3

2 + with 0 2 and thus that of the 
photosensitized reaction under study. 
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An Electron Spin Resonance Study of the Phosphorescent Triplet 
State of Poly(vinylnaphthalene)s 
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The electron spin resonance (ESR) of poly(l-vinylnaphthalene) and poly(2-vinylnaphthalene) in their phos­
phorescent triplet states is studied in glassy solutions and in plastic hosts. The zero-field splitting parameters thus 
obtained are discussed in comparison with those of 1- and 2-methylnaphthalene. Through the ESR measurement, 
the possibility of detecting the triplet energy transfer through the naphthyl groups is examined. 

T h e lowest triplet state of vinyl polymers with 
aromatic groups at tached has been investigated mainly 
in connection with their intramolecular energy transfer 
through aromatic chromophores, by measuring the 
delayed fluorescence and phosphorescence spectra at 
low temperatures.1) Nevertheless, comparatively little 
attention has been paid to studies of their electron spin 
resonance (ESR), especially for synthetic polymers. If 
the naphthyl groups are at tached to polymeric chains, 
their fairly strong phosphorescent ESR signals may be 
expected to be observed in rigid glasses, judging from 
those of the naphthalene molecule. In the present work, 
therefore, ESR studies of poly(l-vinylnaphthalene) 
(Pl-VN) and poly(2-vinylnaphthalene) (P2-VN) in 
their lowest triplet states are taken up as typical examples 
of such works. 

Exper imenta l 

The Pl-VN and P2-VN were purchased from Polysciences, 
Inc., and were purified repeatedly by dissolving in tetra­
hydrofuran and by precipitation with methanol (after a 
purification, the molecular weights of Pl-VN and P2-VN 
were Afw=3.4x 103 and M n = 2 . 0 x 103, and M w = 1 . 9 3 x 10* 
and Af n =9.2xl0 3 , respectively). The 1-methylnaphthalene 
(1-MN) and 2-methylnaphthalene (2-MN) were obtained 
from Tokyo Kasei Co. and were used without further purifica­
tion, because the ESR signals of the other molecules could 
not be detected. The ESR spectra were observed in 2-methyl-
tetrahydrofuran (MTHF) glasses. As the plastic host of 
these polymers, stretched atactic polystyrene (PS) film was 
used, because it is very hard for isotactic PS to form transparent 
films from either a toluene or a 1,3,5-trimethylbenzene solution. 
By evaporating the toluene from a solution containing a 50 : 1 
(w/w) mixture of PS and a sample in a glass vessel on a hot 
plate, a transparent film was obtained on the glass. Then 
the film was stretched at 80 °C. The films thus obtained had 
about 200% of stretch in the stretched direction. 

The details of the ESR experiment are exactly the same 
as in our previous works,2,3> except for the use of an additional 

apparatus of JES-UCT-2AX variable-temperature adapter 
and a JES-VT-3 variable-temperature controller when the 
measurements were carried out at temperatures above 77 K. 

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

In comparison with the ESR spectrum of the naph­
thalene molecule, the line shapes for P l - V N and P2-VN 
resemble each other closely, but their intensities are 
relatively weak in M T H F glasses at 77 K. T h e zero-
field splitting (ZFS) parameters obtained under the 
same conditions are listed in Table 1. For the naph­
thalene molecule, the coordinate axes were taken as 
follows: the x axis is parallel to the longest direction 
of the molecule, and the y axis is perpendicular to it 
in the molecular plane, while the z axis is perpendicular 
to the molecular plane. T h e directions of the magnetic 
principal axes of the P V N and M N molecules were 
assumed not to deviate largely from those of the naph­
thalene molecule, although they could not be determined 
in the present work. T h e results for the ZFS parameters 
may be summarized as follows: for naphthalene and 
1- and 2-MN, the present values are slightly different 
from those obtained in EPA glasses by Yamanashi and 
Bowers.5) (1) T h e D and \E\ values of 1-MN are both 
smaller than the respective values of 2-MN, although 
such a relation is completely reversed in the latter work. 
(2) Similarly, the D and \E\ values of P l - V N are both 
smaller than the corresponding values of P2-VN. (3) 
Each D value of these polymers is smaller than that of 
the corresponding M N , while such differences are hardly 
found at all for the E values. 

These relations can reasonably be explained in terms 
of the spin distributions of these molecules, except for 
the E values described in (3). T h a t is, since, in the 
naphthalene molecule, the spin density at the 2 position 
of the carbon atom is smaller than that at the 1 position, 
the spin derea l iza t ion from the naphthyl group in 
2-naphthyl substituents is smaller than that in 1-

TABLE 1. ZERO-FIELD SPLITTING PARAMETERS IN THE PHOSPHORESCENT TRIPLET STATES (cm-1) - n o 

Molecule 

Naphthalene 
1 -Methylnaphthalene 
2-Methylnaphthalene 
Poly ( 1 -vinylnaphthalene) 
Poly(2-vinylnaphthalene) 

1*1 
0.0489 
0.0472 
0.0478 
0.0469 
0.0476 

m 
0.0181 
0.0180 
0.0179 
0.0177 
0.0177 

\Z\ 

0.0669 
0.0652 
0.0657 
0.0643 
0.0653 

m 
0.1004 
0.0978 
0.0986 
0.0967 
0.0980 

| £ | 
0.0154 
0.0146 
0.0150 
0.0146 
0.0150 

Z)*w 

0.1039 
0.1012 
0.1020 
0.1000 
0.1014 

£>*<=> 

0.1040 
0.1008 
0.1022 
0.0992 
0.1031 

a) Observed in MTHF glasses at 77 K. b) D* = (D*+3E2)y*. c) Obtained from the observed resonance 
field of the Am— ± 2 transition with Kottis-Lefebvre's correction.45 
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naphthyl ones. Also, such spin derea l iza t ion may 
generally be larger for P I - and P2-VN than for the 
corresponding M N molecule. The above elucidation 
is actually based on the hyper conjugation-type consider­
ation. O n the other hand, the results of (3) may possi­
bly be interpreted as being caused by the influence of the 
triplet-energy transfer which occurs slightly through the 
naphthyl groups at 77 K. T h e intramolecular triplet-
energy transfer through naphthyl groups has been 
demonstrated by Cozzens and Fox for P l - V N in a T H F : 
diethyl ether ( 1 : 1 ) glass at 77 K through the measure­
ments of the delayed fluorescence due to triplet-triplet 
annihilation.6) In P I - and P2-VN, therefore, the triplet 
exciton may mainly move along the polymer chain if 
the normal axes of naphthyl groups are locally aligned 
on this direction. In that case, only the D value of PVN 
slightly decreases from that of the corresponding M N , 
while the E value is hardly changed. 

Until now, the intramolecular triplet-energy transfer 
through naphthyl groups has been optically studied in 
Pl-VN6"8) and P2-VN.8"11) In the present work, the 
possibility of detecting such a triplet exciton was 
examined from the change in the ESR line shapes at 
different temperatures where the rates of triplet-energy 
transfer may be appreciably changed. Generally, the 
use of glassy solutions does not permit the detection of 
the phosphorescent ESR signals at temperatures where 
the host glass is not rigid. For observing the line shapes 
over a fairly wide range of temperature, therefore, a 
stretched PS film was used as a host. 

The ZFS parameters obtained in the PS films at 77 K 
are slightly smaller than those in M T H F glasses, 
although the line shapes become rather broad. With a 
rise in the temperature, the intensity of each peak with 
the A m = ± l transition decreases and the line shapes 
become broad. The peak intensities for P2-VN are quite 
weak as compared with those of P l -VN. Therefore, 
further experiments were carried out for only P l - V N 
and its reference compound of 1-MN. T h e signals of 
the Am= = ( = l transition observed at 77 K barely showed 
a little anisotropy due to the directions of the stretched 
film against the applied magnetic field. Because of the 
lowering of the peak intensities, it may be impossible 
to deduce some meaningful information from its detec­
tion at higher temperatures. Actually, its Z peaks could 
not be detected near 160 K. 

O n the other hand, it is possible to detect the triplet 
ESR signal of P l - V N with the Am = ± 2 transition with 
an appreciable deformation of line shape at a tempera­
ture not higher than 160 K. Figure 1 shows the ESR 
spectra of the Am = ± 2 transition for P l - V N and 1-MN 
in stretched PS films at 77 K and 160 K. It may be 
noted here that these samples all contain roughly the 
same amount of naphthyl groups. For P l - V N , the 
line shape observed at 160 K becomes fairly broad as 
compared with that at 77 K, while that of 1-MN is 
hardly changed over the temperature range studied. 
This may suggest that some intramolecular triplet-energy 
transfer through naphthyl groups in the same polymer 
chain occurs for P l -VN, for the distances between 
adjacent naphthyl groups along a polymer chain are 
fairly small as compared with those of separated mole-

160 K 

0.15 0.16 015 016 
B / T B / T 

Fig. 1. ESR spectra of the Am = ± 2 transitions for the 
phosphorescent triplet states of poly(l-vinylnaphtha-
lene) (a) and 1-methylnaphthalene (b) in stretched 
polystyrene films. 

cules. Such a consideration may generally support the 
interpretation of observation (3) described above. At 
160 K, the D* values of P l - V N and 1-MN were also 
obtained according to Kottis-Lefebvre's correction.4) 
They are each 0.002 c m - 1 smaller than that of the 
corresponding molecule observed at 77 K. In addition 
to the effect of triplet-energy transfer in P l - V N , the 
lowering of D* values may be partly at tr ibuted to the 
motion of naphthyl groups in the host polymer.12) 

Several years ago, Avakian et al.9> studied the 
magnetic-field modulation of delayed fluorescence for 
P2-VN in a T H F : diethyl ether (1 : 1) glass at 77 K. 
In comparison with the fluorescence intensity calculated 
by assuming that the D value is nearly equal to that of 
naphthalene and £ = 0 , they deduced tendencies for the 
normal axes of naphthyl groups to be locally aligned 
approximately parallel to one another and for the 
naphthyl planes to have orientations tending to an 
average of the in-plane components. T h e last part of 
their assumption is evidently different from our value 
of E^0. Compared with the present results, their 
interpretation may overestimate the triplet-energy 
transfer for P2-VN at 77 K, although the steric hindrance 
between the naphthyl group and the polymer chain is 
ra ther small as compared with the case of P l -VN. 

In the present work, the host polymer consists of 
stretched atactic PS films without perfect ordering. 
Although the isotactic polymers were used, PS and P l -
V N have different molecular symmetries, with threefold 
and fourfold screw axes respectively.13»14) Therefore, the 
present selection of guest and host polymers may not 
always be suitable if we are to expect even the partial 
ordering of guest molecules. Under these circumstances, 
a more detailed analysis of the observed spectra could 
not actually be carried out. Also, the characterization 
of the molecular weight or polymerization degree of the 
polymers may possibly be meaningless unless the 
aforementioned points are improved. 

T h e authors wish to thank Professor Minoru 
Kinoshita, T h e University of Tokyo, for his helpful 
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X-Ray Structures of Di-^-oxo, ^-Oxo-ju-thio-, and Di-//-thio-//-[(Ä)-
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The crystal structures of Na2[Mo204(Ä-pdta)].3H20 (1), Na2[Mo203S(i?-pdta)].4H20 (2), and Na2-
[Mo202S2(A-pdta)] «4H20 (3) have been determined from diffractometer data collected by the use of Mo Kct radia­
tion. The structures of 1, 2, and 3 were refined by the least-squares method to R 0.064, 0.040, and 0.058 for 1370, 
2794, and 2141 nonzero reflections respectively. Each Mov ion has a distorted octahedral coordination, and the 
two coordination octahedra share a common edge to form a binuclear complex. Two terminal oxo ligands are eis to 

i 1 

the bridging oxide or sulfide. The Ä-pdta4- ligand bridges two MoY ions, yielding a Mo-N-CH2-CH(GH3)-N-Mo 
ring with an equatorial methyl group, the N and carboxyl O atoms occupying the axial (trans to the terminal O) 
and equatorial positions respectively. A specific distortion of the donor-atom disposition is observed, which is 

0 \ /Lb\ / O 
represented as the twist [A) of the terminal O-O edges in the Mo Mo portion about the axis passing 

CK ^ L / ^O 
through the mid-points of the O-O edges (A denotes the absolute disposition of two skew edges or bonds), and 
as the twist {A) of Mo-N bonds about the Mo-Mo axis. The 0=Mo bonds of the 0=Mo-Mo=0 segment in 1 
twist in A, but those in 2 and 3 are virtually parallel. The distortion of donor-atom disposition is discussed on 
the basis of the strain due to chelate-ring formation. 

Few studies have been reported on the structure-
circular dichroism (CD) correlation for molybdenum 
complexes, despite the rapid and extensive development 
of molybdenum chemistry.1) Four of the present authors 
(K. Z. S., Y. S., S. O., and K. S.) have previously 
measured the CD spectra of a number of the binuclear 
Mo(V) complexes in solution and in crystalline state 
and have found, from a comparison of the spectral 
features with the X-ray structure, that the signs of the 
CD bands in the 26000—33000 c m - 1 region are related 
to the distortion of the two coordination polyhedra 
about the M o - M o axis.2) The present work has been 
conducted to provide structural data for this investiga­
tion. The structural details of Na 2 [Mo 2 0 4 (£ -pd ta ) ] • 
3 H 2 0 (1), Na 2 [Mo 2 0 3 S( f l -pd t a ) ] . 4H 2 0 (2), and Na2-
[Mo 2 0 2 S 2 ( t f -pd ta ) ] .4H 2 0 (3) (Ä-pdta4-, (Ä)-pro-
pylenediaminetetraacetate) will now be reported, thus 
providing the first example of the crystal structure of 
a complete series of binuclear Mo(V) complexes with 
three kinds of bridging structures and a common ligand. 

Exper imenta l 

The preparation of the compounds was described else­
where.2) All three compounds are red-brown in color. The 
crystal data are shown in Table 1, where the experimental 
details are also given. The Laue symmetries and approxi­
mate unit-cell dimensions were determined from Weissenberg 
photographs. The cell dimensions were refined by the 
least-squares analyses of 15, 31, and 240 values, as measured 
on a Philips four-circle diffractometer, for 1, 2, and 3 respec­
tively. 

The intensities were measured on the diffractometer using 
graphite-monochromated Mo Ka. radiation, and corrected 
for the Lp factor, but not for absorption. The backgrounds 

were measured on each side of the scan range. The intensities 
of three standard reflections were monitored every 4 h for 
each of the three compounds, but they showed no appreciable 
decay. 

The crystal structure was solved by the heavy-atom 
technique. The positional and thermal parameters were 
refined by the least-squares method. The minimized function 
was ^jw(F0— |-Fe|)

2- Weights were assigned as w=p for 
^VCFmin, «»=1.0 for Fmin^F^Fmtx, and w=(FmJF0)> 
for F 0 > F m a x . 
are as follows : 

The p, Fmtx, and F m a x for each compound 

min 

0.1 
0.6 
0.7 

16.9 
7.8 
9.5 

42.3 
31.2 
35.6 

*** Present address: Department of Chemistry, Okayama 
University of Science, 1-1, Ridai-cho, Okayama 700. 

No attempt was made to locate the H atoms. The atomic 
scattering factors, with corrections for anomalous dispersions 
of Mo° and S, were taken from Ref. 3. The absolute crystal 
structure was determined on the basis of the configuration 
of the asymmetric carbon atom. The atomic coordinate 
are given in Table 2. The F0—Fc table and the anisotropic 
thermal parameters for heavy atoms are preserved by the 
Chemical Society of Japan (Document No. 8136). All com­
putations were performed by means of a FACOM 230-60 
computer at Osaka City University using programs in the 
UNICS.4) 

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

Crystal Structure. Figures 1 and 2 show the 
crystal structures of 1 and 2. Compound 3 is isostruc­
tural with 2. In 2 and 3 the complex anion is surrounded 
by 6 Na+ ions, which are in contact with the 0 ( 0 = C ) 
atoms of the C O O portions at distances of 2.30—2.55 Â. 
Although the cation disposition around the complex 
anion in 1 is somewhat different from those in 2 and 3, 
the 6 Na+ ions also lie in the vicinities of the 0 ( 0 = C ) 
atoms. 
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T A B L E 1. CRYSTAL DATA AND INTENSITY DATA COLLECTION 

Mo(l) 
Mo (2) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
O(10) 
O(H) 
0(12) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
G(6) 
C(7) 
C(8) 
C(9) 
C(10) 
G(ll) 
Na(l) 
Na(2) 
Ow( l ) 
Ow(2) 
Ow(3) 

a) E 

Crystal system 
Space group 

a/A 
bjk 
cjk 

*r 
ßr 

u/k* 
DJg cm--3 

DJg cm-3 

Z 
//(Mo/Ca)/cm-1 

Crystal size/ 
Scan type 

'mm3 

Scan speed (<y/°s_1) 
Scan range 
Background 

20max/° 

H°) 
count/s-1 

Reflections measured 
No. of unique data 

0Fo
2>2 

R 
O(*o*)) 

R ' ( = E ^ A 2 / S ^ o 2 ] 1 / 2 

TABLE 2a. 

1 

Monoclinic 
: 

23. 
7. 

P2, 
215(6) 
105(2) 

6.714(2) 

99. 

1091. 
1. 
2. 
2 

12. 
O. lx 

a 

66(3) 

8(5) 
98 
00 

5 
0 . 1 x 0 . 1 
>-2 0 

0.017 
(0 .8+0.2 tan6) 

20 
55. 

±h, 
0 
+k, +1 

1370 

0.064 
0.081 

POSITIONAL AND THERMAL 

PARAMETERS FOR 1 

X 

0.2019(1) 
0.3094(1) 
0.1936(6) 
0.1454(6) 
0.1211(6) 
0.0693(6) 
0.0519(6) 
0.3283(7) 
0.3643(7) 
0.3831(7) 
0.4243(6) 
0.4434(8) 
0.2409(5) 
0.2670(6) 
0.1714(7) 
0.3154(7) 
0.1123(8) 
0.1374(9) 
0.0992(9) 
0.1326(9) 
0.3823(7) 
0.3482(10) 
0.3973(9) • 
0.3535(9) 
0.2194(8) 
0.2596(8) 
0.2710(9) 

-0.0029(4) 
0.4782(4) 
0.0607(7) 
0.4768(9) 
0.0294(8) 

y 

-0.0130(4) 
0.0 (5) 
0.184(3) 

-0.153(2) 
0.045(2) 

-0.338(2) 
-0.034(3) 

0.190(3) 
0.091(3) 

-0.157(3) 
0.023(3) 

-0.397(3) 
0.060(2) 

-0.164(2) 
-0.301(3) 
-0.269(3) 
-0.291(3) 
-0.408(3) 
-0.067(3) 
-0.233(3) 
-0.014(5) 
-0.200(4) 
-0.314(4) 
-0.412(4) 
-0.434(3) 
-0.358(3) 
-0.520(6) 

0.424(1) 
-0.082(2) 

0.181(3) 
0.170(4) 
0.378(3) 

z 

-0.0674(2) 
0.0841(2) 

-0.208(2) 
-0 .300(2) 

0.030(2) 
-0.378(2) 

0.201(2) 
-0.040(3) 

0.350(2) 
0.048(2) 
0.631(2) 
0.116(3) 
0.199(2) 

-0.117(2) 
0.088(2) 
0.323(3) 

-0.270(3) 
-0.082(3) 

0.146(3) 
0.226(3) 
0.503(2) 
0.523(4) 
0.124(3) 
0.240(3) 
0.187(3) 
0.370(3) 
0.518(3) 
0.517(1) 

-0.066(2) 
-0.349(3) 

0.208(4) 
0.185(3) 

C//Â2 

0.0230a> 
0.0253a> 
0.033(3) 
0.031(3) 
0.030(3) 
0.031(3) 
0.041(4) 
0.043(4) 
0.041(4) 
0.039(4) 
0.046(4) 
0.058(5) 
0.024(3) 
0.026(3) 
0.021(3) 
0.023(4) 
0.020(4) 
0.030(5) 
0.031(5) 
0.026(5) 
0.024(4) 
0.039(6) 
0.027(4) 
0.035(5) 
0.024(4) 
0.026(4) 
0.044(5) 
0.034(2) 
0.044(2) 
0.043(4) 
0.075(7) 
0.054(5) 

quivalent isotropic mean-square amplitude (W. 

2 

Triclinic 
PI 

11.438(3) 
7.401(2) 
6.563(2) 

89.54(2) 
97.04(2) 
90.82(2) 

551.4(3) 
2.08 
2.09 
i 
i 

13.3 
0 .24x0 .12x0 .19 

(1 

; 
< 

Mo(l) 
Mo(2) 
S 

ox O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
0(10) 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
G(6) 
C(7) 
G(8) 
C(9) 
C(10) 
C(l l ) 
Na(l) 
Na(2) 
Ow(l) 
Ow(2) 
Ow(3) 
Ow(4) 

Û) 

0.024 
.7+0 .2 tanÖ) 
20 
60.0 

±h, ±k+l 
2974 

0.040 
0.047 

TABLE 2b. 

J 
I 

3 

Triclinic 
PI 

11.450(5) 
7.416(2) 
6.675(2) 

89.26(6) 
95.90(3) 
90.74(5) 

563.7(3) 

0.11 

2.06 
2.09 
i 
i 

13.9 
xO.08x0.15 
(0-26 
0.008 

(1 .5+0.2 tan0) 
< 
1 
20 
55.0 

±A, ±K +/ 
r 2141 

0.058 
0.072 

POSITIONAL AND THERMAL 

PARAMETERS FOR 2 

X 

-0.2276(1) 
0.0 (1) 

-0.1323(2) 
-0.0905(5) 
-0.2809(5) 
-0.3370(6) 
-0.3747(5) 
-0.4539(6) 
-0.4860(5) 
-0.0017(5) 

0.1394(5) 
0.1459(5) 
0.2795(6) 
0.2824(6) 

-0.2187(5) 
0.0750(5) 

-0.3655(7) 
-0.2784(8) 
-0.3923(7) 
-0.2877(7) 

0.1937(7) 
0.1459(8) 
0.1992(6) 
0.1528(7) 

-0.0992(7) 
-0.0152(8) 

0.0428(8) 
0.4306(3) 
0.3751(3) 

-0.4399(7) 
0.4313(9) 
0.3865(7) 
0.2810(6) 

y 

0.0788(1) 
0.0 (1) 

-0.0498(2) 
0.1753(7) 

-0.0961(8) 
0.2525(9) 
0.0963(8) 
0.4929(9) 
0.2499(8) 

-0.1911(8) 
-0.1104(7) 

0.1169(8) 
-0.0813(9) 

0.3261(9) 
0.3751(8) 
0.2519(8) 
0.4107(11) 
0.5041(13) 
0.2298(10) 
0.3555(11) 

-0.0199(10) 
0.1595(12) 
0.2643(10) 
0.3663(12) 
0.4615(10) 
0.3645(9) 
0.5090(13) 
0.5291(4) 
0.0254(5) 

-0.1963(10) 
0.0642(14) 

-0.4174(11) 
-0.2527(10) 

z 

-0.0390(1) 
0.0 (1) 

-0.2934(3) 
0.1322(8) 
0.0912(9) 
0.1117(10) 

-0.2689(9) 
0.0813(11) 

-0.5042(10) 
0.1388(9) 

-0.1467(8) 
0.1720(9) 

-0.3506(10) 
0.2473(10) 

-0.2033(9) 
-0.2075(9) 

0.0452(12) 
-0.0783(15) 
-0.3934(12) 
-0.4087(13) 
-0.2761(12) 
-0.3514(13) 

0.1334(11) 
-0.0617(13) 
-0.2182(12) 
-0.3424(10) 
-0.4676(15) 

0.3544(5) 
0.3636(6) 
0.4154(11) 
0.0293(16) 

-0.3001(13) 
0.2214(11) 

U/k* 

0.0214a5 

0.0200a) 

0.0281° 
0.029(1) 
0.034(1) 
0.038(1) 
0.031(1) 
0.041(1) 
0.035(1) 
0.032(1) 
0.027(1) 
0.031(1) 
0.040(1) 
0.039(1) 
0.023(1) 
0.022(1) 
0.030(2) 
0.038(2) 
0.028(1) 
0.032(2) 
0.028(1) 
0.033(2) 
0.026(1) 
0.034(2) 
0.029(1) 
0.022(1) 
0.038(2) 
0.029(1) 
0.037(1) 
0.047(2) 
0.075(3) 
0.055(2) 
0.046(2) 

C. Hamilton, Acta Crystallogr., 12, 609 (1959)). a) Equivalent isotropic mean-square amplitude. 
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TABLE 2C. POSITIONAL AND THERMAL 

PARAMETERS FOR 3 
a/2 

I//A« 

Mo(l) 
Mo (2) 
S(l) 
S(2) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
O(10) 
N(l) 
N(2) 
C(l) 
C(2) 
G(3) 
G(4) 
C(5) 
C(6) 
C(7) 
G(8) 
C(9) 
G(10) 
G(ll) 
Na(l) 
Na(2) 

Ow(l) 
Ow(2) 
Ow(3) 
Ow(4) 

-0.6204(1) 
-0.3800(1) 
-0.4807(3) 
-0.5087(3) 
-0.6777(10) 
-0.7455(9) 
-0.7518(10) 
-0.8505(10) 
-0.8605(12) 
-0.3851(10) 
-0.2423(9) 
-0.2312(9) 
-0.1014(11) 
-0.1002(10) 
-0.6020(11) 
-0.3067(10) 
-0.7654(12) 
-0.6688(14) 
-0.7681(13) 
-0.6680(15) 
-0.1858(13) 
-0.2309(13) 
-0.1825(13) 
-0.2310(13) 
•0.4844(14) 
-0.3944(12) 
-0.3305(14) 
-0.9546(6) 
-0.0045(6) 
-0.8227(13) 
-0.9560(16) 
-0.0055(14) 
-0.1026(13) 

0.5399(2) 
0.4600(2) 
0.6558(5) 
0.4183(5) 
0.3585(15) 
0.7083(14) 
0.5533(16) 
0.9583(15) 
0.7198(19) 
0.2586(15) 
0.3572(14) 
0.5681(14) 
0.3904(18) 
0.7834(16) 
0.8424(17) 
0.7188(15) 
0.8753(19) 
0.9673(22) 
0.6936(21) 
0.8285(23) 
0.4505(20) 
0.6349(21) 
0.7239(21) 
0.8320(21) 
0.9300(21) 
0.8334(19) 
0.9815(22) 
0.9898(8) 
0.4902(10) 
0.2649(20) 
0.5063(26) 
0.0447(23) 
0.2052(19) 

-0.5274(2) 
-0.4720(2) 
-0.2896(5) 
-0.7621(5) 
-0.4140(17) 
-0.4121(16) 
-0.7709(17) 
-0.4233(17) 
-0.9956(21) 
-0.3458(17) 
-0.6304(16) 
-0.3092(16) 
-0.8292(19) 
-0.2256(18) 
-0.6786(19) 
-0.6741(17) 
-0.4611(21) 
-0.5615(24) 
-0.8864(23) 
-0.8883(26) 
-0.7496(22) 
-0.8122(23) 
-0.3398(23) 
-0.5233(23) 
-0.6889(24) 
-0.8041(21) 
-0.9255(24) 
-0.1335(10) 
-0.1132(11) 
-0.0774(22) 
-0.4462(29) 
-0.7906(25) 
-0.2493(22) 

0.0186a> 
0.0151° 
0.0246a> 
0.0196a> 
0.029(2) 
0.029(2) 
0.025(2) 
0.041(2) 
0.028(3) 
0.027(2) 
0.024(2) 
0.022(2) 
0.037(3) 
0.032(3) 
0.022(2) 
0.017(2) 
0.024(3) 
0.031(3) 
0.020(3) 
0.027(3) 
0.023(3) 
0.024(3) 
0.024(3) 
0.024(3) 
0.026(3) 
0.019(3) 
0.027(3) 
0.027(1) 
0.035(2) 
0.044(3) 
0.067(5) 
0.054(4) 
0.043(3) 

a) Equivalent isotropic mean-square amplitude. 

Although no H atoms were located in the structure 
analyses, some possible hydrogen bonds, inferred from 
the interatomic distances and angles, are listed in Table 
3. All the H atoms of O w ( l ) , O w (2 ) , and Ow(3) in 2 and 
3, and those of Ow(2) and Ow(3) in 1, seem to participate 
in O-H--O(carboxyla te) hydrogen bonding, while one 
of the H atoms of Ow(4) in 2 and 3 and that of O w ( l ) 
in 1 do not seem to be involved in the hydrogen bonding. 

The O atom of M o = 0 is generally distant from the 
Na+ ions. The O w ( l ) atoms in 2 and 3 are located at 
distances of 3.04(1) and 3.00(2) A respectively from 
0 ( l ) ( 0 = M o ) , and one of the H atoms of O w ( l ) seems 
to be in contact with the O ( l ) . The O ( l ) in 2 and 3 
also has a short contact with the C(2)H 2 group of the 
adjacent anion at (#, 1 - f j , z), the 0(1)---C(2) distances 
being 3.17(2) and 3.08(3) A respectively. However, 
the 0(1)---H(GH2) distances, calculated on the assump­
tion of C - H = 1 . 0 5 Â , are 2.57 and 2.70 A even in 3 . 
No such contacts are found in 1. 

In 1—3, however, there are no remarkable short 
distances indicative of a strong interaction ; accordingly, 
the interatomic interaction seems to produce no signifi­
cant deformation of the complex anion. 

J \ 0(11) f V -

Fig. 1. The crystal structure of Na2[Mo204(A-pdta)] • 
3H ,0 viewed down the b axis. 

-a/Z sin Y 

-c/2 sin a 

Fig. 2. The crystal structure of Na2[Mo203S(A-pdta)]. 
4HoO viewed down the b axis. 

Structure of the Binuclear Complex Anion. Figure 3 
shows a perspective view of the binuclear complex 
anion in 1. As the three complex anions have configura­
tions similar to one another, a common atom numbering 
was used for all three, as is shown in figure, except for 
the bridging atoms. T h e projections and elevations of 
the anions are given in Fig. 4. Table 3 lists the 
interatomic distances and bond angles. T h e correspond­
ing bond lengths agree well within the experimental 
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T A B L E 3. INTERATOMIC DISTANCES AND ANGLES'0 

Bond length (I) B 
1 

HA 
2 

Ilk 
3 

HA 
l 

HA 
2 
IIA 

Mo(l ) -0 ( l ) 
0(2) 
0(3) 
N(l) 

Lb(l) 
Lb(2) 

Mo(2)-0(6) 
0(7) 
0(8) 
N(2) 
Lb(l) 
Lb(2) 

Mo(l)-Mo(2) 
0 ( l ) - 0 ( 6 ) 
N(l)---N(2) 
L b ( l ) -L b (2) 
0(2)-C(l) 
0(4)-G(l) 
N(l)-C(2) 
C(l)-C(2) 
0(3)-G(3) 
0(5)-G(3) 
N(l)-C(4) 
C(3)-G(4) 
0(7)-G(5) 
0(9)-G(5) 
N(2)-C(6) 
C(5)-C(6) 
0(8)-G(7) 
O(10)-C(7) 
N(2)-C(8) 
G(7)-G(8) 
N(l)-C(9) 
N(2)-C(10) 
G(9)-G(10) 
C(10)-C(ll) 
C(6)...G(11) 
G(8)...C(11) 

1.68(2) 
2.11(1) 
2.13(1) 
2.45(2) 
1.94(1) 
1.93(2) 
1.68(2) 
2.11(2) 
2.09(2) 
2.49(2) 

1.691(6) 

1.93(1) 
92(1) 
533(2) 
14(2) 
46(3) 
79(2) 

1.28(3) 
1.18(2) 
1.48(3) 
1.54(3) 
1.28(3) 
1.24(3) 
1.48(3) 
1.46(3) 
1.28(3) 
1.22(2) 
1.51(3) 
1.56(4) 
1.25(3) 
1.23(3) 
1.51(3) 
1.55(3) 
1.53(3) 
1.52(3) 
1.51(3) 
1.54(4) 
2.89(4) 
2.99(3) 

135(7) 
124(5) 
440(6) 
318(2) 
946(5) 
676(6) 
134(6) 
080(5) 
501(6) 
329(2) 

1.943(6) 
2.656(1) 
3.255(8) 
3.495(9) 
3.246(6) 
1.277(10) 
1.234(11) 

488(12) 
514(13) 
279(9) 
231(9) 
484(10) 
516(11) 
288(10) 
240(11) 

1.492(11) 
498(11) 
280(9) 
223(9) 
487(10) 
523(11) 
514(10) 
527(9) 
522(11) 
534(12) 
914(13) 
996(12) 

N a ( l ) - O w ( l ) 

Ow(3) 
Ow(4) 
0(4) 

0(5) 
0(10) 

N a ( 2 ) - O w ( l ) 
Ow(2) 

Ow(4) 
0(5) 
0(8) 
0(9) 
O(10) 

2.35(2)m 

2.43(2)x n 

2.49(2) 

2.40(2)VI 

2.49(2)x n 

2.39(2)XIV 

2.57(3) 
2.34(3)xv 

2.51(2) 
2.32(2)XI 

2.31(3)x m 

2.74(3) 

2.503(8)IV 

2.418(9)VI 

2.446(8)" 
2.370(8)' 

2.416(7)v 

2.297(7) 
2.681(9)x 

2.372(12) 

2.446(8) 
2.377(8)v 

2.404(8)m 

2.548(7) 

3 
//A 

.70(1) 

.12(1) 

.10(1) 
•47(1) 
.318(4) 
,301(4) 

1.71(1) 
14(1) 
08(1) 
52(1) 
331(3) 
299(4) 
808(2) 
42(2) 
51(2) 
613(5) 

1.29(2) 
1.21(2) 
1.49(2) 
1.51(2) 
1.29(2) 
1.24(2) 
1.53(2) 
1.51(2) 
1.27(2) 
1.24(2) 
1.48(2) 
1.51(2) 
1.30(2) 
1.23(2) 
1.51(2) 
1.52(2) 
1.50(2) 
1.52(2) 
1.54(2) 
1.58(2) 
2.89(2) 
3.01(2) 

Short contact 

A B 
1 

//A 
2 

__J/A 
3 

IIA 

2.53(2)" 

2.46(2)IX 

2.40(2)VI" 
2.39(2) 

2.41(2)UI 

2.29(l)x 

2.67(2)r 

2.35(2)r 

2.51(2) 
2.43(2)v 

2.39(2)m 

2.52(1) 

O w ( l ) - 0 ( 3 ) 
O(l) 

O w ( 2 ) - 0 ( 2 ) 
0(7) 
0(9) 
O(10) 

O w ( 3 ) - 0 ( 4 ) 
0(5) 

0(9) 
Ow(4).. .0(7) 

2.86(2) 

2.98(3) 

3.12(3)x m 

2.97(3) 
3.00(3)XI1 

3.031(10)m 3.02(2)m 

3.041(10) 3.00(2) 
2.969(13) 

3.056(12) 

2 .990(l l ) v" 

2.785(11) 
2.937(9) 

2.81(2) 

3.03(2)x 

2.95(2)v" 

2.80(2) 
3.07(2) 

Roman numeral superscripts refer to the position of the B 
atom in the respective A - B contacts: I 1 + x , * z; II x, 
1 + * z;IIIx,y, 1 + 2; IV 1+*, 1 + j , z; V 1 + * , * 1 + 
z; VI x, \+y, 1 + z; VII \+x,y-l, z; VIII x-l, l+y, 
z; IX x-l, \+y, 1 + z; Xx-l,y, z\ XI x,y, z-1 ; XII 
- x , (1 /2)+* -z; XIII 1 - * , (1/2)+* -z; XIV - * , 
(1 /2)+* l-z; XV l-x, - ( 1 / 2 ) + * -z. 

Bond angle (<f>) 
1 

0/° 
2 3 

0/° 
0( l ) -Mo( l ) -0 (2 ) 88.9(7) 87.9(3) 90.1(5) 
0 ( l ) -Mo( l ) -0 (3 ) 89.3(7) 96.1(3) 95.9(5) 
0( l ) -Mo( l ) -L b ( l ) 106.7(7) 105.9(2) 104.6(4) 
0(l)-Mo(l)-Lb(2) 112.6(7) 107.1(3) 105.0(4) 
0 ( l ) -Mo( l ) -N( l ) 156.8(6) 159.3(3) 161.0(5) 
N(l) -Mo(l) -0(2) 74.4(6) 73.4(2) 72.2(4) 
N(l) -Mo(l) -0(3) 72.5(6) 72.5(2) 74.1(4) 
N(l)-Mo(l)-Lb( l) 87.5(6) 90.7(2) 90.7(3) 
N(l)-Mo(l)-Lb(2) 84.3(6) 81.9(2) 82.1(3) 
0(2)-Mo(l) -0(3) 81.3(6) 80.3(2) 78.2(4) 
Lb(l)-Mo(l)-Lb(2) 92.8(6) 98.8(2) 102.9(1) 
Mo(2)-Mo(l)-0(l) 101.9(5) 100.6(2) 100.8(4) 
Mo(2)-Mo(l)-N(l) 101.3(4) 99.1(1) 97.4(3) 
0(6)-Mo(2)-0(7) 90.1(7) 88.3(3) 89.2(5) 
0(6)-Mo(2)-0(8) 94.8(8) 96.3(2) 98.1(5) 
0(6)-Mo(2)-Lb(l) 108.8(8) 105.6(2) 104.0(4) 
0(6)-Mo(2)-Lb(2) 106.4(7) 106.5(3) 104.6(4) 
0(6)-Mo(2)-N(2) 161.1(6) 160.0(2) 161.2(5) 
N(2)-Mo(2)-0(7) 74.4(6) 73.9(2) 73.2(4) 
N(2)-Mo(2)-0(8) 72.9(6) 71.9(2) 72.1(4) 
N(2)-Mo(2)-Lb(l) 82.7(6) 84.0(1) 82.7(3) 
N(2)-Mo(2)-Lb(2) 87.4(6) 88.9(2) 90.7(3) 
0(7)-Mo(2)-0(8) 82.8(6) 79.3(2) 78.1(4) 
Lb(l)-Mo(2)-Lb(2) 93.1(6) 98.5(2) 102.6(1) 
Mo(l)-Mo(2)-0(6) 98.7(5) 99.9(2) 100.0(4) 
Mo(l)-Mo(2)-N(2) 100.1(4) 100.0(1) 98.0(3) 
Mo(l)-Lb(l)-Mo(2) 82.0(5) 69.7(1) 74.3(1) 
Mo(l)-Lb(2)-Mo(2) 82.4(6) 86.1(2) 75.3(1) 
Mo(l)-0(2)-C(l) 124(1) 123.0(6) 126(1) 
Mo(l)-N(l)-C(2) 105(1) 107.0(5) 107(1) 
0(2) -C( l ) -0(4) 126(2) 125.4(8) 125(1) 
0(2)-G(l)-C(2) 113(2) 115.5(7) 115(1) 
0(4)-G(l)-C(2) 121(2) 119.0(8) 121(1) 
N(l)-C(2)-C(l) 115(2) 112.4(7) 113(1) 
Mo(l)-0(3)-G(3) 122(1) 123.7(5) 123(1) 
Mo(l)-N(l)-C(4) 104(1) 105.5(4) 105(1) 
0(3)-C(3)-0(5) 122(2) 122.3(7) 123(2) 
0(3)-C(3)-G(4) 119(2) 116.1(6) 118(1) 
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0(5)-G(3)-G(4) 
N(l)-G(4)-C(3) 
G(2)-N(l)-C(4) 
Mo(2)-0(7)-G(5) 
Mo(2)-N(2)-G(6) 
0(7)-G(5)-0(9) 
0(7)-G(5)-G(6) 
0(9)-C(5)-G(6) 
N(2)-G(6)-C(5) 
Mo(2)-0(8)-G(7) 
Mo(2)-N(2)-G(8) 
O(8)-G(7)-O(10) 
0(8)-G(7)-C(8) 
O(10)-G(7)-G(8) 
N(2)-C(8)-C(7) 
G(6)-N(2)-G(8) 
Mo(l)-N(l)-G(9) 
Mo(2)-N(2)-G(10) 
N(l)-G(9)-G(10) 
N(2)-G(10)-G(9) 
G(9)-G(10)-G(ll) 
N(2)-C(10)-G(ll) 

1 

#1° 
119(2) 
112(2) 
110(2) 
124(2) 
107(1) 
124(3) 
118(2) 
119(2) 
113(2) 
126(2) 
105(1) 
125(2) 
117(2) 
117(2) 
111(2) 
108(2) 
117(1) 
120(1) 
116(2) 
114(2) 
106(2) 
113(2) 

2 

*l° 
121.4(7) 
109.6(6) 
109.6(6) 
122.8(5) 
104.2(4) 
122.2(7) 
118.8(7) 
118.8(7) 
114.4(7) 
127.4(5) 
106.5(4) 
122.9(7) 
117.2(6) 
119.9(7) 
112.5(6) 
110.2(6) 
118.7(4) 
117.9(4) 
118.0(6) 
112.4(6) 
107.2(6) 
112.5(6) 

3 

*l° 
120(1) 
110(1) 
107(1) 
124(1) 
105(1) 
123(1) 
118(1) 
119(1) 
115(1) 
127(1) 
105(1) 
122(1) 
118(1) 
121(1) 
113(1) 
109(1) 
121(1) 
119(1) 
118(1) 
115(1) 
107(1) 
111(1) 

a) Lb(l) and Lb(2)stand for O( l l ) and 0(12) in 1, 
S and Ox in 2, and for S(2) and S(l) in 3. 

0(A) C(0 f ^'o(3) 

0(5) 

Fig. 3. A perspective view of [Mo204(A-pdta)]2" anion 
with atom numbering. The same numbering is used 
for [Mo203S(A-pdta)]2- and [Mo202S2(A-pdta)]2-
anions. The Lb(l) and Lb(2) stand for O( l l ) and 
0(12) in [Mo204(Ä-pdta)]2-, S and Ox in [Mo203S(A-
pdta)]2-, and S(2) and S(l) in [Mo202S2(A-pdta)]2-. 

error in the three complexes, except for those in which 
L b atoms are concerned (Lb , bridging ligand). 

Structure of the Mo202Lb2 Core: The geometry and 
dimensions of M o 2 0 2 L b 2 core are not much different 
from those of the corresponding core in the other 
binuclear Mo(V) complexes.5»6) Each Mo atom has a 
very distorted octahedral coordination. T h e deviation 
of the Mo atom from the mean plane defined by two 
O(carboxylate) and two L b atoms is in the range of 
0.35—0.37 Â, irrespective of the kind of bridging ligand 
(Table 4). 

The M o - M o distance increases in the order of 1, 2, 
and 3. The distance in 1 is slightly shorter than those 

so far found in M o 2 0 4 cores (2.541—2.580Â),5) while 
that in 2 is comparable to that in [Mo 20 3S(S 2CNPr 2 ) 2 ] 
(2.673(3) Â).7> T h e M o - M o bond in 3 is comparable 
in length to that in Cs 2 [Mo 2 0 2 S 2 ( ed ta ) ] -2H 2 0 (2.799 
(1) Â),8) but shorter than those in the other complexes 
with a M o 2 0 2 S 2 core.6) Although the M o - M o = 0 ( l ) 
and M o - M o = 0 ( 6 ) bond angles in 2 and 3 are nearly 
equal, they are significantly different from each other 
in 1. 

T h e M o - S bond length in 3 ranges from 2.299 to 
2.331(3) Â. The M o - S ( l ) distances are longer than 
the Mo-S(2) distances; concomitantly, the M o - S ( 2 ) -
Mo angle is 1.0° larger than the M o - S ( l ) - M o angle. 
However, the average value of the M o - S bond length 
(2.312 Â) is comparable to that of the edta complex 
(2.294(1) Â).8> The M o - S - M o angle in 2 is smaller by 
ca. 5° than any of the corresponding angles in the 
M o 2 0 2 S 2 cores of other complexes.6) T h e M o - O - M o 
angles in 1 are normal and close to those in [ M o 2 0 4 -
(H 2 P0 2 ) 2 (bpy) 2 ] (82.5°, 82.9(5)°),9> but the M o - O - M o 
angle in 2 is greater by 4° than those in 1. The two 
L b - M o - L b angles in each complex agree well with each 
other, and increase in the order of 1, 2, and 3. 

The interplanar angle between the two MoL b 2 planes 
is 145.4° in 1, comparable to that in the bpy complex 
(143°),9) but smaller than that in Na 2 [Mo 2 0 4 (# -cys ) 2 ] . 
5 H 2 0 (151°).10) The angle increases with the elongation 
of the M o - M o bond (Table 4), and that in 3 is nearly 
equal to that in the edta complex (152.3°).8) The two 
M o = 0 bonds in 1 are twisted in a A configuration with 
an 0 = M o - M o = 0 torsion angle of 5.4(8)°, whereas 
those in 2 and 3 are virtually parallel {A or A is used to 
designate the chirality of two skew edges or bonds, 
according to the definition given in our previous paper2)). 

Structure of the Chelate Ring: The M o ( l ) - N bond in 

Fig. 4. The projection (top) on [0(2), 0(3), 0(7), 0(8)] 
plane and the elevation (bottom) viewed along Mo(l)—• 
Mo(2) vector, for each of the three complex anions: 
[Mo204(A-pdta)]2- (left), [Mo203S(A-pdta)]2- (mid­
dle), and [Mo202S2 (Ä-pdta) ] 2~ (right). The glycinato 
rings are not drawn in the elevation for clarity. The 
Mo-Lb bond is shown by solid line in the elevation. 
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TABLE 4. DEVIATIONS (d) OF ATOMS FROM MEAN PLANES, INTERPLANAR 

ANGLES ( 0 ) , AND TORSION ANGLES ( r ) a ) 

Plane 

[0(2),0(3),Lb(l),Lb(2)] 

[0(7),0(8),Lb(l),Lb(2)] 

[Mo(l),Mo(2),N(l),N(2)] 

Interplanar angle between [Mo(l), 

Torsion angle 

Segment 

N(l)-C(9)-C(10)-N(2) 
N(l)-Mo(l)-Mo(2)-N(2) 
0 ( 2 ) . . . 0 ( 3 ) . . . 0 ( 7 ) - 0 ( 8 ) 
0(2).. .0(3)-..Lb(l). . .Lb(2) 
0(8)...0(7)...Lb(l)-..Lb(2) 
0( l ) -Mo(l ) -Mo(2)-0(6) 

Atom 

Mo(l) 
0(2) 
0(3) 

Lb(l) 
Lb(2) 

Mo(2) 
0(7) 
0(8) 

Lb(l) 
Lb(2) 

Mo(l) 
Mo (2) 

N(l) 
N(2) 
C(9) 
C(10) 
C(l l ) 

1 
d/k 

0.353(8) 
0.047(17) 

-0.048(15) 
0.048(15) 

-0.047(16) 

0.364(9) 
0.055(19) 

-0.058(19) 
-0.054(15) 

0.057(16) 

0.055(3) 
-0.054(3) 
-0.040(18) 

0.040(18) 
-0.490(27) 

0.416(28) 
0.430(43) 

,Lb(l),Lb(2)] and [Mo(2),Lb(l),I 

1 
2 
3 

145.4° 
149.6° 
153.4° 

1 
T/° 

-94(2) 
-5 .4 (6 ) 
-8 .6 (7 ) 
-4 .0 (6 ) 
-4 .5 (7 ) 
- 5 . 4 ( 8 ) 

2 
djk 

0.362(3) 
0.080(7) 

-0.078(6) 
0.066(2) 

-0.068(6) 

0.365(3) 
0.080(5) 

-0.091(6) 
-0.066(2) 

0.077(6) 

0.094(1) 
-0.093(1) 
-0.072(6) 

0.070(6) 
-0.434(14) 

0.516(12) 
0.627(17) 

,b(2)] planes 

2 
r/° 

-98(1) 
-9 .1 (2 ) 
-11 .5(2) 
-5 .7 (2 ) 
-5 .8 (2 ) 
-0 .2 (3 ) 

3 
dlk 

0.370(4) 
0.065(11) 

-0.067(12) 
0.047(4) 

-0.047(4) 

0.371(4) 
0.092(11) 

-0.097(10) 
-0.067(4) 

0.072(4) 

0.114(1) 
-0.112(1) 
-0.091(13) 

0.090(12) 
-0.432(27) 

0.508(24) 
0.639(30) 

3 

T/° 

-96(2) 
-10 .8(4) 
-10.4(5) 
-4 .6 (4 ) 
-6 .1 (3 ) 

0.2(6) 

a) The sign of the torsion angle in the A-B-C-D segment is negative if the direction of the rotation which 
superimposes the A-B bond on the C-D bond is counterclockwise. 

every pdta complex is significantly shorter than the 
Mo(2) -N bond, whose N atom is nearer to the methyl 
group than that of the M o ( l ) - N . T h e M o - M o - N 
bond angle decreases in the sequence of 1, 2, and 3. 
T h e decrement along the sequence is 3.9° in M o ( 2 ) -
M o ( l ) - N , but 2.1° in M o ( l ) - M o ( 2 ) - N ; the replacement 
of the bridging ligands has a greater influence on the 
M o - M o - N bond angle containing an N atom more 
distant from the methyl group. 

T h e propylenediamine portion of the ligand takes a X 
gauche conformation. The methyl group is 

equatorial with respect to the 6-membered 

M o ( l ) - N ( l ) - C ( 9 ) - C ( 1 0 ) - N ( 2 ) - M o ( 2 ) ring. T h e N - N 
distance and N - C - C - N torsion angle are in the 3.46— 
3.51 Â and 94—98° range respectively, and are thus 
relatively insensitive to the kind of bridging ligand. T h e 
torsion angle is much larger than that in the usual 5-
membered chelate ring of propylenediamine.11) The 
N - M o - M o - N frame is not planar, but the two terminal 
bonds are twisted in a J configuration (Fig. 4) and the 
torsion angle ranges from 5.4° in 1 to 10.8° in 3. The 
bond angles in the 6-membered ring indicate the 

presence of considerable strain: the M o - N - C and 
N - G - C angles are considerably larger than the tetra-
hedral angle and rather near to the trigonal one, except 
for the C(9)-C(10)-N(2) angle. The methyl group is 
in short contact with the C(6)H 2 and C(8)H 2 groups. 
T h e mean value of the G(ll)---G(6) distance is 0.1 Â 
shorter than that of C ( l l ) - C ( 8 ) . 

The O (carboxyla te) -Mo-O (carboxylate) angle di­
minishes along the 1-2-3 sequence. This arises from the 
repulsion between the ligating carboxylate O atoms and 
the bridging atoms, as is indicated by the contact 
distances of 0 - O b (2.74—2.88 À) and O - S (2.954— 
3.176 Â). 

The M o - N - C - C - O glycinato rings have a highly 
puckered structure. The two rings, linked to a common 
Mo, have an enantiomeric conformation. The glycinato 
ring has some strain, as is indicated by the bond angle. 
The M o ( 2 ) - 0 ( 8 ) - C ( 7 ) angles are larger than 126°, 
while the M o ( 2 ) - 0 ( 7 ) - C ( 5 ) , M o ( l ) - 0 ( 2 ) - C ( l ) , and 
M o ( l ) - 0 ( 3 ) - C ( 3 ) angles are 122—126°. T h e C ( 2 ) -
C ( l ) - 0 ( 2 ) angles (113—116°) are significantly smaller 
than 120°, though the other C - C - O (carboxylate) angles 
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are 116—119°. T h e N ( l ) - C ( 2 ) - C ( l ) and N ( 2 ) - C ( 6 ) -
C(5) angles show a significant deviation from 109.5°, 
but N( l ) -C(4 ) -C(3 ) and N(2) -C(8) -C(7) do not. All 
the other bond angles are normal. 

As has been described above, there is a slight but 
significant difference between the corresponding bond 
lengths and angles around the two Mo's in the dimer. 
The difference is systematic for the three complexes, 
despite the difference in crystal packing. This inequi­
valence of the Mo's is thought to result from the methyl 
group disposed unsymmetrically in relation to the Mo( l ) 
and Mo(2). 

A MO / ° MO /? o*: 
Ö—T—; 5 ; V ' 

(c ) 

Fig. 5. The two isomers for [Mo203S(A-pdta)]2_ anion. 
(a) Isomer (1), (b) isomer (2), and (c) the projection of 
the isomer (1) showing schematically the disposition of 
the ethylenediamine moiety relative to the Mo203S 
core (the methyl carbon shown by dotted letter cor­
responds to that in the approximated structure of the 
isomer (2)). 

Geometrical Isomerism of [Mo205S(K-pdta)]2-. 
Figures 5(a) and (b) show two geometrical isomers for 
this anion. The structure shown in Fig. 4 (middle) 
corresponds to the (1) isomer, which was selectively 
obtained by the method of preparation described in 
Ref. 2. The (1) isomer differs from (2) in the disposition 
of the methyl group with respect to the M o 2 0 3 S core. 
The structure of the (2) isomer may be approximated 
by a structure obtained by exchanging C(10) -CH 3 for 
equatorial C(9 ) -H in the (1) isomer. Figure 5(c) shows 
schematically the projection of the (1) isomer. The atom 
arrangement is unsymmetric with respect to the M o - M o 
line because of the difference between the M o - O b and 
Mo-S distances; accordingly, the ligating p d t a 4 - is 
bent out of the M o - M o line. This gives rise to a differ­
ence between the conformational energies of the (1) 
and (2) isomers. In the approximated structure for the 
(2) isomer, the C H 3 - C ( 2 ) and C H 3 - C ( 4 ) contact 
distances are estimated to be 2.72 and 2.91 Â respec­
tively. These values are significantly smaller than those 
of the corresponding short contacts in the (1) isomer, 
although the atom overcrowding in the approximated 

structure may be alleviated to some extent in the actual 
structure of the (2) isomer. Such an unfavorable ligand 
structure may be responsible for low abundance of the 
(2) isomer in solution. 

Distortion of Donor-atom Disposition. T h e CD signs 
of the binuclear Mo(V) complexes of the dissymmetric 
ligand in the 26000—33000 c m - 1 region are not directly 
related to the configuration of asymmetric carbon in 
the ligand.2> A closer investigation of the X-ray struc­
tures of the eight dissymmetric Mo(V) complexes led 
us to the conclusion that the asymmetric factor respon­
sible for the sign of the crystalline CD spectra in this 
region is, in the first approximation, the dissymmetric 
distortion of the donor-atom disposition. The distortion 
can be represented by; i) a twist of the X - Y and X ' - Y ' 
edges about the axis parallel to the M o - M o axis (Fig. 6), 
ii) a twist of Mo=O t and M o = 0 ' t about the M o - M o 
axis, and iii) a twist of M o - Z and M o - Z ' about the 
M o - M o axis. T h e third twist is thought to be less 
important for the optical activity in view of the fact 
that the Mo-Z(Z ' ) distance is longer than the other 
Mo-donor distances in the dimer.2) 

o, ?', 

Mo Mo 

Fig. 6. The idealized corrdination framework for the 
binuclear Mo(V) complex. 

Such a distortion should arise from the strain charac­
teristic of the coordinating ligand. If there were no 
chelate rings, 2 Mo, O t , 0 ' t , Z, and Z ' would lie on one 
plane12) (Fig. 6). When the donor atoms of i?-pdta4~ 
occupy the X, Y, Z, X ' , Y', and Z ' coordination sites, 
the i?-propylenediamine moiety takes a X skew confor­
mation to make C - C H 3 equatorial; accordingly the 

/G 
N^-G portion cannot be symmetric with respect to the 

X C 
[2Mo,O t , 0 ' t ,Z ,Z ' ] plane of the idealized coordination 
framework (Fig. 6). Each N C 3 portion rotates counter­
clockwise about the Mo->N vector, from the symmetric 
position with respect to the [ 2 M o , O t , 0 ' t , Z , Z ' ] plane 
until the N - C - C - N torsion angle becomes 94—98° as 
in the structures of 1—3. Such a rotation brings about 
the upper shift of Y(Y') and the down shift of X ( X ' ) , 
making the X - Y edge (X ' -Y ' ) slant against L - L ' in 
the A configuration. T h e strain in the glycinato and 
jR-propylenediamine rings may be alleviated by the 
displacement of the N atoms from the [2Mo ,O t , 0 ' t ,Z ,Z ' ] 
plane, thus twisting the N - M o - M o - N in the A 
configuration. 

T h e 0 ( l ) - 0 ( 2 ) and 0 ( 6 ) - 0 ( 7 ) distances in the 
three complexes are shorter than the 0 ( l ) - - 0 ( 3 ) and 
0 ( 6 ) - - 0 ( 8 ) distances (Table 5). The former distances 
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TABLE 5. SOME EDGE LENGTHS (//A) IN THE COORDINATION OCTAHEDRA OF 

BINUCLEAR M O ( V ) COMPLEXES 

Na2[Mo204(A-pdta)]. 3H20 
Na2[Mo203S(i?-pdta)] .4H 2 0 
Na2[Mo202S2(ie-pdta)] -4H20 
[Mo202S2(5'-hist)2] • 1.5H20 
Na2[Mo204(ie-cys)2] -5H20 
Na2[Mo202S2(i2-cys)2] -2H20 

ot-x 
2.70(2) 
2.852(8) 
2.83(2) 
2.71(1) 
2.89(2) 
2.86(2) 

ov-x 
2.79(3) 
2.810(8) 
2.88(2) 
2.85(1) 
2.88(2) 
2.93(4) 

X o r X ' 

O 
O 

o 
N 
N 
N 

O t . Y 

2.67(2) 
2.674(9) 
2.72(2) 
2.83(1) 
3.13(2) 
3.08(4) 

O V - Y ' 

2.71(2) 
2.674(8) 
2.72(2) 
2.83(1) 
3.12(2) 
3.16(3) 

Y o r Y ' 

O 
O 
O 
N 
S 
S 

Ref. 

This work 
This work 
This work 

12 
10 
13 

are in the 2.67—2.72 A range, and thus substantially 
invariable for all three complexes. This indicates that 
the O ( l ) and 0 ( 6 ) atoms are in short contact with 
the 0 ( 2 ) and 0 ( 7 ) atoms respectively; hence, the 
direction of the M o - O ( l ) and Mo=0(6) bonds depends 
on the positions of the 0 ( 2 ) and 0 ( 7 ) atoms. Since the 
ligation ofÄ-pdta4" displaces the X and Y by 0.09—0.16 
A from the [X,Y,L,L/] plane of the idealized frame­
work (Table 4), the O t moves so as to keep the contact 
distance constant, resulting in the A twist of the 0 = M o -
M o = 0 segment. T h e displacements of 0 ' t , X ' , and Y' 
from the idealized positions are similar to those of the 
unprimed sites and give rise to the enlargement of the 
0 = M o - M o = 0 torsion angle. 

T h e M o = 0 bonds are virtually parallel to each other 
in 2 and 3. T h e M o - M o distance and the interplanar 
angle between the [Mo,L b ( l ) ,L b (2) ] planes in these 
complexes are significantly larger than the corresponding 
ones in 1, while the N---N distance, the M o - M o = Ö 
bond angle, and the deviation of Mo from the equatorial 
plane are not different from those in 1. O n the basis 
of these structural features, the idealized framework for 
3 can be derived from that for 1 in the following way; 
i) the elongation of the M o - M o , O t - - -0 ' t , X---Y', and 
Y---X' distances by 0.28 A along the M o - M o axis, 
followed by ii) the enlargement of the [Mo,L,L'] 
interplanar angle by 8.0°. In the derived framework, X 
and Y (as well as X ' and Y') are calculated to lie 
0.13 A below the equatorial plane of the intermediate 
framework obtained by the i) operation. However, the 
Y(Y') shifts 0.14 A (average) upward upon the ligation 
of Ä-pdta 4- (Table 4). Consequently, the atom at 
the Y(Y') site may be regarded as lying on the equatorial 
plane of the intermediate framework, in contact with 
O t ( 0 ' t ) without repelling it, thus making the Mo=O t 

bonds nearly parallel to each other in 3 . T h e inherent 
low symmetry of the M o 2 0 3 S core may have some 
additional influence on the donor-atom disposition in 
2. 

Tha t the twist in the 0 = M o - M o = 0 segment is solely 
found in 1, but not in 2 and 3, weakens the basis of the 
interpretation of the twist. However, the interpretation 
is substantiated by the following analysis of the twist of 
O M o - M o O in [Mo202S2(6'-hist)2] . 1.5H2013> (4) 
(hist~=hist idinate) , Na2[Mo204( JR-cys)2]-5H201 0) (5), 
and Na2[Mo202S2( JR-cys)2] .2H201 4) (6) (cys2- = 
cysteinate), which were utilized for the investigation 
of the CD-structure correlation in the Mo(V) dimer.2) 
These complexes have a common framework (shown in 
Fig. 7) and have no bridge like that of the propylenedi-
amine moiety in 1—3. T h e torsion angle and the 

Fig. 7. A sketch of chelate ring in the half of the Mo(V) 
dimer with terdentate S-hist- or Ä-cys2- ligand. 

configuration of the distortion were described in Ref. 2 
(torsion angle in O t = M o - M o = 0 ' t (0X) and that for the 
X - Y and Y ' - X ' edges (£) in the respective complexes 
are as follows: 4 d1^=2.5°(A), £ = 4 . 5 ° ( J ) ; 5 Ö1=4.0°(J) , 
£ = 0 . 1 ° ( J ) ; 6 (9 1=4.7°(J) , Ç=0.2°(A); the £ values 
for 5 and 6 are meaningless in view of the experimental 
errors). 

Each of the 4—6 complexes has an approximate two­
fold axis passing the mid-point between the Mo's across 
the X Y X ' Y ' plane. Figure 7 shows a sketch of this 
type of complex as viewed along the M o - M o axis. The 
three ligating atoms, S, N, and O of Ä-cys2-, and 
N(ring), N, and O of »S-hist-, are located in a clockwise 
fashion in this order (Y, X, and Z) when the Mo atom 
is looked at from the asymmetric carbon of the coordi­
nating R-cys2- and S-hist -. T h e chelate ring spanning 
X and Z sites is 5-membered, irrespective of the kind of 
ligand. Table 5 lists the distances between O t and 
atoms at the X and Y sites. These distances are some­
what shorter than those to be expected from the van 
der Waals radii of the two atoms; therefore, the O t 

atom must be in contact with atoms at the X and Y 
sites. T h e formation of a 5-membered ring between X 
and Z shifts X toward Z and makes O t distant from X. 
In order to make the interatomic interaction optimal, 
O t shifts toward X, and in turn Y approaches O t . 
Such shifts lead to, as a whole, a rotation of the O t X Y 
triangle about its center. T h e rotations of the O t X Y 
and 0 ' t X ' Y ' triangles compatible with the symmetry 
of the dimer must have resulted in the twist in O t = M o -
M o = 0 ' t , as well as in that of the X - Y and Y ' - X ' edges. 
Since Mo-S(Y) is ca. 0.3 A longer than M o - N ( X ) , the 
rotation of Mo-Y(S) and that of M o - X ' ( N ) in opposite 
directions about the M o - M o axis, giving a torsion angle 
of 4—5° in O t = M o - M o = 0 ' t , seems to give the negligible 
twist of the X - Y and Y ' - X ' edges in 5 and 6. 

T h e distortion of the coordination framework in the 
binuclear Mo(V) complexes, 1—6, is thus explainable 



August, 1981] Structures of Binuclear Mo(V) Complexes of Ä-pdta 2465 

on the basis of the strain due to chelate-ring formation. 
The A twist in 1 and the negligible twist in 2 and 3 for 
the 0 = M o - M o = 0 segment may be taken to be intrinsic 
for the respective complex, and not ascribable to crystal 
packing. 
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Studies on Characteristics of Electron Capture Responses. V. Estimation of 
Electron Attachment Mechanisms from Carrier Gas Flow-rate 

Dependence of Electron Capture Coefficients 
Masahiro TAKEUCHI 

Tokyo Metropolitan Research Laboratory of Public Health, Hyakunincho, Shinjuku-ku, Tokyo 160 
(Received December 6, 1980) 

The electron capture coefficients, K, defined by Wentworth et al. were measured for several samples in various 
carrier gas flow-rates, F, by a pulse sampled electron capture detector (ECD). The carrier gas flow-rate depend­
ence of K, i.e., the plot of K versus F, is discussed from the viewpoint of the kinetic theory. The results reveal that 
the flow-rate dependence of K can be used for estimating the electron attachment mechanisms. 

In their early studies on the responses of the ECD, 
Wentworth et al.1-*) theorized about the electron 
at tachment mechanisms on the basis of kinetic deriva­
tions using steady-state approximations. According to 
their theory, the electron at tachment phenomena can be 
classified into four different mechanisms which can be 
determined from the temperature dependence of K, 
i. e., the plot oîlnKTW versus IjT. 

The author reported5) that the carrier gas flow-rate 
dependence of Ä"6) was also closely related to the electron 
at tachment mechanisms : T h e values of K for samples 
undergoing a non-dissociative electron capture reaction 
were little affected by the flow-rate, those for samples 
undergoing a dissociative electron capture reaction 
increased significantly with increasing the flow-rate, and 
those for samples undergoing an electron capture 
reaction through an anion radical intermediate were 
little affected with the flow-rate at lower temperatures, 
but the values increased gradually with increasing the 
flow-rate at higher temperatures. In the present paper, 
these relations have been discussed from the viewpoint 
of the kinetic theory proposed by Wentworth et al. 

Exper imenta l 

Apparatus and Samples. A Shimadzu GC-5A gas 
Chromatograph equipped with a pulse sampled ECD was 
used. The ECD was of co-axial geometry and contained a 
10 mCi 63Ni radioactive source. Pulses were supplied with 
a DuMont 404 pulse generator. The pulse conditions were 
set up as follows in order to collect all of the electrons formed 
during a pulse period and to assure a steady-state for kinetic 
equations derived from the reactions postulated within the 
ECD: the pulse period, 2000 \LS; the pulse width, 2.0 [is; 
the pulse amplitude, 30 V. An analog device was used for 
the calculation of K from the equation : 

Kn=^y^dX, (1) 

where n is the number of moles injected, F is the carrier gas 
flow-rate in 1/min, S is the chart speed in cm/min, X is the 
chart distance in cm, Ih is the base current due to pure carrier 
gas, and Ie is the current in the presence of electron capturing 
vapor. Practically, K was obtained from the slope of the 
n versus peak area plot under constant conditions of F and S, 
and corrected in the same manner as in the proceeding paper.5) 
The carrier gas used (Nihon Sanso, A Grade) was specified 
to contain more than 99.9995% of nitrogen and less than 
0.5 ppm of oxygen. Before being introduced into the system, 
the gas was passed through a Molecular Sieve 13X filter and 

an oxygen scrubber (Alltech, Oxy-Trap). The flow-rate 
was measured at the exit end of the system with a bubble 
flow meter and a stopwatch. Peak areas were calculated 
with a Spectra-Physics Autolab System IV integrator. Two 
different kinds of chromatographic columns were used. One 
was a 1 m x 3 mm i.d. glass column packed with 2% Silicone 
OV-17 on Chromosorb W (80—100 mesh), and the other 
was a 1 m x 3 mm i.d. glass column packed with 2% Silicone 
OV-275 on Chromosorb W (60—80 mesh). The ECD 
temperature was measured with a thermometer inserted into 
the detector oven rather than with the thermocouple provided. 

The samples used in the present study were commercially 
available reagents. Solutions of the samples were prepared 
to give suitable peak heights, i.e., (Ib—Ie)/Ie=l—4.7) 

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

Figures 1, 2, and 3 show the flow-rate dependences of 
K for nitrobenzene, acetophenone, and Aldrin. T h e 
flow-rate dependences of K for these samples are quite 
different. The values of K for nitrobenzene are constant, 
i. e., not affected with the flow-rate at all, those for 
acetophenone decrease in nearly inverse proportion 
to the increase of the flow-rate, and those for Aldrin 
increase in nearly direct proportion to the increase of the 
flow-rate. T h e differences among these samples are 
explained below. 

According to Wentworth et al.,2) K is represented in 
the form of Eq. 2 by using the rate constants attached 
to Eqs. 3—6: 
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Fig. 1. Carrier gas flow-rate dependence of K for nitro­
benzene at 200 °C (O), 240 °C ( # ) . 280 °C (A), and 
320 °C (A). 
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20 40 60 80 100 120 
Flow-rate/ml min -1 

Fig. 2. Carrier gas flow-rate dependence of K for aceto­
phenone at 200 °C (O), 240 °C ( # ) , 280 °C (A), and 
320 °C (A). 

20 40 60 80 100 120 

Flow-rate/ml min -1 

Fig. 3. Carrier gas flow-rate dependence of K for Aldrin 
at 200 °C (O), 240 °C ( # ) , 280 °C (A), and 320 °C 
(A). 

K = + • 
k\K^ (%i + A:RI)A:I /O\ 

^N 4- ^R (*N "4~ ÄR)2Ä (A;N + kR)Lk 

where A , , + * R = * ' , I C P + : I + * ' R C R O . *m+*R1=A:'RiCP+] 
+ A M C R 0 » 
and S * = * - I + * 2 + A N I + * R I -

AB + e" • A. + B- (3) 
k\ km + km 

AB + e" 7 > AB" • AB 
k-i 

(4) 

A- + B" 

P+ + e- • R. (5) 

*'» R. + e - • R", (6) 

where AB is an electron capturing molecule, AB~ is a 
negative ion, A» and B~ are fragments of dissociation, 
and P+ and R» are symbols to designate any of the 
positive ions and radicals. 

It can be seen that A" is a sum of three terms, and that 
the first term of Eq. 2 corresponds to the situation in 
which Eq. 3 predominates. Such a situation, however, 
is considered to be the same as the situation where 
^2^- i+^Ni+^Ri is satisfied in Eq. 4 to which the 
second and the third terms in Eq. 2 correspond. 
Consequently, the first term of Eq. 2 can be abbreviated. 

Hence, 

g __ ^1 (^2 4~ ^Nl H~ ^Rl) 

(*„ + kR)Uc 
(7) 

Equation 7 can be further simplified as follows, according 
to the relative magnitude of each rate constant in '%jk. 

(I) When km+km^k-i+ki, the expression for K 
becomes 

K = irrr- (8) 

rt-N "r *R 

In this situation, K is not affected by the flow-rate. In 
other words, K for a given sample is constant at any 
flow-rate. A typical sample belonging to this group is 
nitrobenzene (Fig. 1). 

(II) When Ar-^^+^Ni+^Ri, the expression for K 
becomes 

K . #2 "4" #N1 "4" #R 
- — • (9) 

rt-N 4" ^R ^ - 1 

The part of k-^jk-^ of Eq. 9 is equal to the equilibrium 
constant, Keq, of the reaction between AB and an 
electron in Eq. 4. The concentration of AB~ is negligible 
in comparison with that of AB in Eq. 4, since Keq is 
very small in this situation. Therefore, Keq is expressed 
in the form of Eq. 10 by using the ionization efficiency, 
p, and the initial concentration of AB, a: 

kx _ [AB-] p__ 
[AB][e-] K„ 

*-i [AB][e-] a(\-p) ' ( I 0 ) 

On the other hand, p is expressed in the form of Eq. 11:8) 

P = (11) c + F> 

where c is a constant, and F is the carrier gas flow-rate. 
Combination of Eqs. 10 and 11 gives 

A* *e q = 
ALI 

c 1 
= 7 X F - (12) 

Equation 12 means that Keq is in inverse proportion to 
the carrier gas flow-rate. Therefore, if the part of 
( £ 2 + £ N I + £ R I ) / ( £ N + £ R ) is not affected by the carrier 
gas flow-rate, K expressed by Eq. 9 will also be in 
inverse proportion to the flow-rate. A typical sample 
satisfying Situation II is acetophenone (Fig. 2). Another 
sample belonging to this group was benzonitrile. The 
flow-rate dependence of K for benzonitrile was similar 
to that for acetophenone. 

( I l l ) When ^2^^-i+^Ni+^Ri, the expression for K 
becomes 
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K = 
2.0 

* N "1" * R 

The values of K in this situation are expected to be 
constant in any flow-rate, since K is expressed in the 
same form as in Situation I. In practice, however, K is 
approximately proportional to the flow-rate. This is 
because a molecule AB dissociates spontaneously to 
give A» and B~ on entering into the EGD. Under such 
a situation, the EGD is considered to be coulometric in 
response and to act as a mass-sensitive detector.9-11) 
Therefore, the values of K calculated from Eq. 1, which 
is derived by assuming that the EGD is concentration-
sensitive,9»10) are not kept constant but become propor­
tional to the flow-rate. Aldrin is a typical sample which 
satisfies Situation III (Fig. 3). In fact, Aldrin has a 
very small activation energy for dissociation, which is 
calculated from the slope of the In KT3'2 versus l / T p l o t 
shown in Fig. 4 and the gas constant (—slope XÄ). 
Consequently, all of the molecules of Aldrin dissociate 
within the EGD. Therefore, it is reasonable that the 
EGD acts as a mass-sensitive device rather than a 
concentration-sensitive one, for detection of Aldrin. 
Other samples belonging to this group were />,/>'-DDE, 
p,p'-T>T>T, and y-BHC. Their flow-rate dependences of 
K were similar to that for Aldrin. 

r-vio-3 K-1 

Fig. 4. Temperature dependence of K for Aldrin (1), 
nitrobenzene (2), 1,2,4-trichlorobenzene (3), dodecyl 
bromide (4), azulene (5), and acetophenone (6). 

On the basis of the flow-rate dependence of K for the 
three situations described above, those shown in Fig. 
5—7 can be considered as follows: 

In the case of azulene (Fig. 5), the values of K are not 
affected at all by the flow-rate at lower temperatures, 
but decrease slightly with increasing the flow-rate at 
higher temperatures. Therefore, it is likely that 
km+k^i^k-I+^25 *• e-9 Situation I, is satisfied at lower 
temperatures, but k-x-\-k2 becomes almost equal to 
#NI+£RI at higher temperatures, since k-x becomes larger 
with the rise of temperature. Although acetophenone, 

© 1.0 

1 1 

L, 

1 

—Û 

1 

0 

^ 
— Û 

1— 

u 

~êT~ 

yj 

—Sal 
20 40 60 80 100 120 

Flow-rate/ml min -1 

Fig. 5. Carrier gas flow-rate dependence of A" for azulene 
at 200 °C (O), 240 °C ( # ) , 280 °C (A), and 320 °C 
(A). 
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Fig. 6. Carrier gas flow-rate dependence of A" for 1,2,4-
trichlorobenzene at 200 °C (O), 240 °C ( # ) , 280 °C 
(A), and 320 °C (A). 
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Fig. 7. Carrier gas flow-rate dependence of K for 
dodecyl bromide at 200 °C (O), 240 °C ( # ) , 280 °C 
(A), and 320 °C (A). 
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nitrobenzene, and azulene are all regarded as non-
dissociative samples from the plots of In KT3'2 versus IjT, 
i. e., a positive slope at higher temperatures and/or a 
negative slope nearly zero at lower temperatures (Fig. 4), 
the flow-rate dependences of K show that they are not 
necessarily in the same situation. This is owing to the 
difference of the electron affinities: 5.5, 14.7, and 15.2 
kcal/mol, for benzonitrile, azulene, and nitrobenzene, 
respectively.4»12) 

In the case of 1,2,4-trichlorobenzene (Fig. 6), the 
values of K are constant at lower temperatures, but 
increased gradually with increasing the flow-rate at 
higher temperatures. Therefore, the electron capture 
reaction of 1,2,4-trichlorobenzene occurs non-
dissociatively under Situation I, i. e., km-\-kRiyk-i+k2, 
at lower temperatures, but dissociatively under Situation 
I I I , i. e., A : 2 ^ - I + ^ N I + ^ R I , at higher temperatures. 
Although 1,2,4-trichlorobenzene apparently belongs to 
the dissociative sample, considering the plot of In 
KT3'2 versus IjT (Fig. 4), it is really a sample which 
dissociates through an anion radical intermediate.5 '12 -14) 

In the case of dodecyl bromide (Fig. 7), which is 
regarded as one of the dissociative samples from the 
negative slope of the In KT3'2 versus l / T p l o t , the values 
of K decrease with increasing the flow-rate at lower 
temperatures, but increase at higher temperatures. This 
flow-rate dependence of K suggests that the electron 
capture reaction of dodecyl bromide occurs under 
Situation I I , i. e., k-iyk2+km+kRi, at lower tempera­
tures, but occurs under Situation I I I , i. e., k2^>k-i + 
km+kRi, at higher temperatures. The change from 
Situation I I to I I I with the rise of temperature reveals 
that the dissociative electron capture reaction of dodecyl 
bromide proceeds by a mechanism similar to bimolecu-
lar nucleophilic substitution (SN2), as shown in Fig. 8. 
This mechanism is supported by Kojima et Ö/.,15) who 
have concluded on the basis of the activation energy that 
the electron capture reaction of alkyl halide is a kind 
of SN2. 

V _ HwH • ' - HwH 

H-C-Br + e~ ^ = ^ e o>C<o: Br*. — » C« + • Br-

R = -C11H23 

Fig. 8. Electron attachment mechanism of dodecyl 
bromide. 

Conclus ion 

The carrier gas flow-rate dependence of A" was consid­
ered from the viewpoint of the kinetic theory proposed by 

Wentworth et al. T h e results revealed that the electron 
capture reaction could be divided into three situations 
by the relative magni tude of the rate constants of 
elementary reactions postulated within the ECD, and 
that each situation is related to the carrier gas flow-rate : 

(I) When km+kRiyk~i+k2, K is not affected by 
the flow-rate. 

(II) When £ - I > £ 2 + £ N I + £ R I J K is inversely propor­
tional to the flow-rate. 

( I I I ) When ^ ^ ^ - l + ^ N i + ^ R i ? K is approximately 
proportional to the flow-rate. 

The author wishes to express his thanks to Emeritus 
Professor Shun Araki and Professor Shigetaka Suzuki, 
Tokyo Metropolitan University, for their encouragement 
and advice. 
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Kinetic Studies of Fast Equilibrium by Means of High-performance Liquid 
Chromatography. II. Ligand Exchange of JV,JV-Disubstituted 

Dithiocarbamate Chelates of Ni (II) 
Masataka MORIYASU* and Yohei HASHIMOTO 

Kobe Women's College of Pharmacy, Motoyamakita-machi, Higashinada-ku, Kobe 658 
(Received December 11, 1980) 

The equilibrium of the ligand exchange of labile Ni(II) dialkyldithiocarbamate chelates (MA 2 +B^MAB+A, 
MAB+B^±MB2+A, ^ [ M A B ^ A J / t M A ^ B ] , tf2=[MB2][A]/[MAB][B]) has been investigated by means of 
high-perfromance liquid chromatography, two solutions of MA2 and B being mixed and then equilibrated. The 
equilibrium constants, Kt and K2, have been determined by measuring the concentrations of each complex, including 
the kinetically unstable ternary complex in the equilibrium state. The ratio of the stability constants of the two 
Ni(II) chelates, which is equal to KtK2, has been calculated. The following series of increasing stability constants 
has been found for the alkyl substituents in chloroform; tetramethylene<^dimethyl<^pentamethylene<^diethyl<^ 
hexamethylene<^dipropyl<^dibutyl. The rate of ligand exchange has been investigated by mixing very dilute 
MA2 and B and by injecting the mixture into HPLC after the lapse of a certain time. The rate of ligand exchange 
is slow when low initial concentrations of MA2 and B are chosen. The rate of ligand exchange is more than ten 
times faster than that of ternary complex formation. 

In our previous studies1-2) the equilibrium of the labile 
ternary-complex formation of JV,iV-disubstituted dithio­
carbamate chelates of Ni(II) and Cu(II ) was inves­
tigated by means of high-performance liquid chromatog­
raphy (HPLC) . The labile ternary complex, which is 
formed by mixing two solutions of the corresponding 
binary complexes, undergoes disproportionation as soon 
as it is separated from binary complexes in the column. 
T h e separation process of H P L C is so rapid that it 
might compete with the progress of disproportionation 
during the course of chromatography. In H P L C there 
are some factors serving to retard disproportionation in 
the column: (1) Each species is diluted rapidly in the 
column, suppressing the disproportionation which can 
be anticipated to occur by means of the bimolecular 
collisional process of two binary complexes. (2) T h e 
rate of disproprotionation can be controlled by a suitable 
choice of initial concentrations of two binary complexes, 
disproprotionation being slow when the initial concentra­
tions are low. (3) T h e control of the column tempera­
ture will be effective, disproportionation being retarded 
when the column temperature is kept low. By the 
combination of these factors, disproportionation during 
chromatography is retarded effectively, and chromato-
grams obtained directly indicate the concentrations of 
each species before chromatography. Thus, it becomes 
possible to t race quite fast bimolecular reactions by 
means of H P L C . In our previou studies, the equilibrium 
constants and rate constants of labile ternary complex 
formation of iV,iV-disubstituted di thiocarbamate chelates 
of Ni(II) and Cu(II ) were determined in this way. T h e 
present article shows that H P L C can also be applied 
to the kinetic investigation of ligand exchange in 
solution. We have chosen Ni(II) chelates because the 
rate of the ligand exchange of Ni(II) chelates is moder­
ately fast and so the determination of the kinetic charac­
teristics can be carried out by means of H P L C . 

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

Reagents. Sodium salts of iV,JV-disubstituted dithio-
carbamates were prepared and purified as has been reported 

previously.2) Diethylammonium salt of diethyldithiocarbamic 
acid was purchased commercially (Nakarai Chemicals, Ltd.). 
Dipropylammonium salt of dipropyldithiocarbamic acid was 
prepared as follows. In a 500-cm3 of flask, 0.2 mol of di-
propylamine dissolved in 100 cm3 of hexane was placed. The 
flask was cooled in an ice bath, and then 0.1 mol of carbon 
disulfide in 100 cm3 of hexane was stirred in, drop by drop. 
A voluminous white product was gradually precipitated. 
After having been washed with hexane, the product was 
dried in a vacuum desiccator. This product was found to 
be > 9 8 % pure when the content was determined to be 
Ni(II) chelates by colorimetry. It was used without further 
purification, because recrystallization from water gave worse 
results as a result of the formation of disulfide compounds 
(mainly iV,iV,iV'5iV'-tetrapropylthiuram disulfide) on heating. 

The concentration of the Ni(II) standard solution (0.01 
mol dm - 3 NiCl2) was determined to be Ni(II) diethyldithio-
carbamate by colorimetry. All the solvent used for the 
eluent were saturated with water before use, as had been 
reported previously.2) 

Apparatus. The apparatus used in this study was 
identical with that used in our previous reports.1_3> 

Procedure. The metal chelates were prepared by mix­
ing the Ni(II) standard solution and the sodium salts of the 
corresponding dialkyldithiocarbamic acids. The metal 
chelates produced were extracted with chloroform under the 
condition of a complete extraction (pH 4.0 acetate buffer). 
The chloroform layer was washed with a 1% sodium hydro-
carbonate solution four times to remove the residual free 
ligands in chloroform. Thus, solutions of each metal chelate 
(0.5 to 1.0 X 10-3 mol dm -3) were prepared. These solutions 
were stable for at least three weaks when stored in a re­
frigerator. Solutions of dialkylammonium salts of dialkyl­
dithiocarbamic acids were prepared by dissolving the cor­
responding salts in chloroform. These solutions were newly 
prepared before use, for they were not very stable and di-
sulfide-degradation compounds were gradually produced on 
storage. The contents of these solutions were determined 
after the formation of Ni(II) chelates as will be shown in 
the following section. 

For the determination of the equilibrium constants and 
rate constants, each solution was thermostated at 25 °C. 
All the measurements were carried out at least three times. 
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Theoret ica l 

HPLC Analysis of Equilibrium of Ternary-complex 
Formation. The H P L C method for the analysis 
of a fast equilibrium in solution is, in principle, a 
conventional one. When two labile binary complexes, 
MA 2 and MB2 , are mixed in the absence of excess free 
ligands, the following ternary-complex formation will 
be equilibrated promptly. 

MA2 + MB2 ^ = ± 2MAB, (I) 
k. 

K= [MAB]2/[MA2][MB2]. (2) 

When the separation speed of H P L C is so fast that the 
disproportionation of the kinetically unstable ternary 
complex MAB is negligible during the course of chro­
matography, K can be determined by measuring the 
peak heights of each chelate that appears on the 
chromatograms. 

T h e rate constants, k and £_, will be determined as 
follows assuming a simple bimolecular rate equation. 
When two dilute solutions of MA 2 and MB 2 are mixed, 
a ternary complex, MAB, is gradually produced accord­
ing to the following equat ion: 

d [ M A B ] = *[MA2][MB2] - A_[MAB]2. (3) 
dt 

Taking the initial concentrations of MA 2 and MB 2 to 
be a0 and b0 respectively, we obtain: 

s- * - - -xl2)(b0-x/2)-k„x* 

= _ ( * X 2 / 4 ) ( 4 / J K _ i) _ (kxl2)(a0+b0) + a0b0k, (4) 

where x is the concentration of MAB. We obtain the 
following equations by integrating Eq. 4 : 

k = - [ 2 / K + * o ) t ] In [l-(a0+bQ)xl2a0b0], 

k = (2/moO In 
l-JC/4 ' 

(ao+bp — mü 

\ l - * / 4 ' 

+ ln 

(tf=4.0) 

/a0+b0—my 

Vflo+^o+^o 

(#^4.0) 

(5) 

(6) 

where m0=^/(a0+b0)
2-4aQb0(\-4IK)- T h u s ' t h e t w o 

rate constants k and k_ can be determined from Eqs. 5 
and 6. 

HPLC Analysis of the Equilibrium of Ligand Exchange 
and Determination of the Relative Stability Constants of Metal 
Chelates. When the free ligand B is added to a 
solution containing only one kind of binary complex, 
MA2 , the following ligand exchange will occur in the 
mixture : 

MAj + B ^ = ± MAB + A, 

M A B + B 

k-i 

MB2 + A, 

K, = [MAB][A]/[MA2][B], 

* 2=[MB 2 ] [A]/[MAB][B]. 

From Eqs. 2, 9, and 10, it follows tha t : 

KJKz = [MAB]2/[MA2][MB2] = K. 

(7) 

(8) 

(9) 
(10) 

(11) 

T h e product of the two equilibrium constants, KXK2, is 
the ratio of the stability constants of the two binary 
complexes as is shown below : 

K,K2 = [MB2][A]*/[MA2][B]s = ßUBJßKA„ (12) 

Au. = [MA2]/[M][A]*, (13) 

ßUBl = [MB2]/[M][B]s. (14) 

These equilibrium constants will be determined if the 
equilibrium concentrations of each species are deter­
mined by H P L C . The rate constants of the ligand 
exchange can also be obtained by observing the change 
in the chromatogram patterns after mixing two solutions 
of MA 2 and B. It should be noted here that , being 
different from equilibrium constants, the two rate 
constants kx and k2 vary independently of each other. 
This complicates the determination of these charac­
teristics. When the initial concentration of MA 2 (=a) 
is much larger than that of B(=b), the formation of 
MB 2 in the equilibrium state can be neglected. In this 
case, we can neglect the equilibrium shown in Eq. 8, 
and the following equation is obtained if the rate of 
ligand exchange can be expressed by a simple 
bimolecular-rate equation including [MA2] and [B] : 

^k^a-x^b-x)-^^ 

= k^l-l/KJx2 - (a+b)klX + abkx. (15) 

Equation 15 can then be integrated to give: 

h = -[l/(a+b)t]\n[l-(a+b)x/ab] # 1 = 1 . 0 , (16) 

a-\-b-\-m 

*, = (I/mO 
/ a + b — m \ \a-\-b-\-m/ 
2(1 - l / * 0 

K^l.O 

, (17) 

where m = V ( a + ô ) 2 - 4 a 6 ( l - l / u : i ) . 

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

Equilibrium Constants of Ligand Exchange and the Relative 
Stability of Ni(II) Chelates. Some examples of 
chromatograms for determining the equilibrium con­
stants, Kx and K2, are shown in Fig. 1. Here, for A and 
B we have chosen (CH 2 ) 6 NCSS- and (C 3 H 7 ) 2 NCSS-
respectively. Standard solutions of MA 2 and MB 2 were 
diluted with chloroform to various concentrations, and 
5-fi.l portions of these solutions were injected into the 
column (Figs. 1(a) and (b)). Linear calibration graphs 
were obtained for MA 2 and MB 2 within a wide range of 
sample amounts. Then solutions of MA 2 and MB 2 

were mixed so that the initial concentrations were 
equivalent (=aQ). In the mixture, the ternary-complex 
MAB was gradually formed, and after it had stood for 
some time, equilibrium was attained. The equilibrium 
concentrations of MA2 , MB2 , and MAB are aJ2, aJ2, 
and a0 respectively, because the ternary-complex 
formation in this case is known to be controlled by a 
statistical factor (Ä'=4.0).1>2> Then the equilibrated 
solution was diluted to various concentrations, and 
these portions were injected into the column (Fig. 1(c)). 
Calibration graphs of MAB, which were also linear, 
were obtained in this way. 
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(a) (b) (c) Cd) («) 

L. 

0 1 2 0 1 2 3 0 1 2 3 0 V 2 3 

Fig. 1. Ghromatogram patterns of the mixture of Ni-
[(GH2)6NGSS]2 and (G3H7)2NGSS-. 
Column : Shodex silipak (4 mm x 15 cm). Eluent : 
hexane: ethyl acetate = 100 : 8 (water saturated). Flow 
rate: 2.5 cm3/min. Detector: 325 nm. Sample size: 
5 jjd. Sample: (a) 0.25 mmol dm"3 Ni[(C3H7)2NCSS]2 

( = NiB2) in chloroform; (b) 0.25 mmol dm"3 Ni[(CH2)6-
NCSS]2 ( = NiA2) in chloroform; (c) 0.50 mmol dm"3 

NiA2+0.50 mmol dm - 3 NiB2 in chloroform. Equili­
brium concentrations of NiA2, NiB2, and NiAB were 
0.25, 0.25, and 0.50 mmol dm"3, respectively;2) (d) 0.50 
mmol dm - 3 NiA2+£ ( = 0.580) mmol dm"3 B in 
chloroform. Equibrium concentrations of NiA2, NiB2, 
and NiAB were determined to be 0.185, 0.0773, and 
0.244 mmol dm"3, respectively. Total concentration 
of Ni(II) was calculated to be 0.505 mmol dm~3. 
(a=0.50 mmol dm"3); (e) Solution of (d) and aqueous 
NiCl2 solution were mixed, and the mixture was 
shaken vigorously for about 20 s. After standing for 
some time the chloroform layer was supplied to 
HPLC. Equilibrium concentrations of NiA2, NiB2, 
and NiAB were 0.310 0.11^ and 0.358 mmol dm3, 
respectively. Thus concentration of b was calculated 
to be 0.1 liX 2 + 0.358=0.580 mmol dm"3. Total con­
centration of A was 0.310x2 + 0.358=0.978 (2a=1.00 
mmol dm"3). 

Two solutions of MA 2 and B, whose initial concen­
trations were a and b, were then mixed at 25 °C. When 

a and b were relatively large (about 1 X 10~3 mol d m - 3 ) , 
the equilibrium of ligand exchange occurred almost 
instantaneously after mixing. The equilibrated solution 
was divided into two parts, and a 5-(jil portion of one 
part (Soin A) was supplied to H P L C (Fig. 1(d). Peaks 
corresponding to MA2 , MB 2 and MAB appeared on the 
chromatograms. Since free dithiocarbamates have no 
absorption at 325 nm, peaks of the free ligands, A and B, 
did not appear on the chromatograms. Injection into 
the column should be carried out within 10 min after 
mixing, otherwise, some errors were observed due to 
the gradual decomposition of the free ligands (probably 
attr ibutable to the formation of disulfide compounds). 
The total concentration of Ni(II) of MA2 , MB2 , and 
MAB in the equilibrium state was equal to the initial 
concentration of M A 2 ( = a ) , within the limit of experi­
mental error as is shown in Fig. 1. Thus, the concentra­
tions of MA2 , MB2 , and MAB in the equilibrium state 
were determined. The concentration of the free ligand 
A was calculated by means of this equation: [A] = 
2a —2[MA2] — [MAB]. The concentration of the free 
ligand B was determined as follows : to the residual part 
of the equilibrated solution mentioned above, an 
aqueous nickel chloride solution was added, after with 
the mixture was shaken vigorously for about 20 s. 
Thus, free ligand residing in chloroform reacted with 
Ni(I I ) to form metal chelates, which were then extracted 
into chloroform quantitatively. Then the solution 
(Soin B) was supplied to H P L C (Fig. 1(e)). The total 
concentration of B was thus determined, and the 
concentration of [B] in Eqs. 9 and 10 was calculated. 
Here, the total concentration of the A ligand in Soin B 
should be equal to 2a: this was confirmed as is shown 
in Fig. 1(e). Now, since the concentrations of [MA2] , 
[MB2] , [MAB], [A], and [B] in Eqs. 9 and 10 were 
determined, Kx and K2, and, therefore, K and K' could 
be calculated. 

With similar procedures, the Kx and K2 for the system 
composed of other Ni (II) dialkyldithiocarbamates and 
dipropylammonium salt of dipropyldithiocarbamic acid 
were determined. T h e results are summarized in Table 
1. The KJKz ratio, which are equal to the equilibrium 
constants of ternary-complex formation, were always 

TABLE 1. EQUILIBRIUM CONSTANTS OF LIGAND EXCHANGE AND RELATIVE STABILITY 

CONSTANTS OF N I ( I I ) DITHIOC ARB AMATE CHELATES 

NiA2 + B ̂ = i NiAB + A, jRT1=[NiAB][A]/[NiAa][B] 
NiAB + B ̂ = i NiB2 + A, #2=[NiB2][A]/[NiAB][B] 
NiA2 + NiB2 ^ = i 2NiAB, 7C=[NiAB]2/[NiA2][NiB2]. 

Kx K2 
KXK2 K\\K?> 
= ^ M B 2 / ^ M A 2 = K 

Retention time/min 

MA2 MAB MB, 
Eluent 

(GH3)2NCSS-
(G2H5)2NCSS-
(G4H)2NCSS-
(GH2)4NCSS-
(GH2)5NCSS-
(GH2)6NCSS-

6.1 ±0 .15 
3.3 ± 0 . 2 
1.43±0.13 
12.7±1.2 
4 . 6 ± 0 . 4 
2 . 8 ± 0 . 2 

1.8 ± 0 . 2 
0.77±0.04 
0 .32±0.03 
3.4 ± 0 . 3 
1.1 ± 0 . 1 
0.67±0.05 

11.1 ± 2 . 1 
2.5 ± 0 . 3 
0.46±0.09 

43.7 ± 8 . 0 
5.1 ± 0 . 9 
1.8 ±0 .25 

3 .4±0 .7 
4 . 3 ± 0 . 5 
4 . 5 ± 0 . 8 
3 . 7 ± 0 . 8 
4 . 1 ± 0 . 4 
4 . 1 ± 0 . 5 

3.4 
2.4 
1.4 
2.5 
3.3 
2.4 

1.8 
1.8 
1.7 
1.6 
2.1 
1.8 

1.1 
1.4 
2.2 
1.1 
1.4 
1.4 

A 
B 
G 
A 
B 
B 

B: (G3H7)2NGSS_, in chloroform, 25 °G, Chromatographic conditions: column: Shodex silipak (4 mmX 15 
cm), eluent: hexane: ethyl acetate (water saturated) = 100 : 15(A), 100 : 8 (B), 100 : 3.5(G), flow rate: 2.5 
cm3/min, detector: 325 nm, sample size: 5 {i.1. 
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equal to 4 within the limit of experimental error, as was 
predicted by the results of our previous reports.1»2) T h e 
ratios of the stability constants (ßuB2lßuA2=K1K2) shown 
in Table 1 suggest that the following order of increasing 
stability constants was found for alkyl substituents : 
te tramethylene<dimethyl < pentamethylene < diethyl < 
hexamethylene<dipropyl<dibutyl . It is well known 
that the introduction of an alkyl group into chelate 
reagents has a tendency to stabilize the chelates formed, 
because the alkyl group shows electron-donating effect, 
and therefore, the acidity of the chelate reagents is 
decreased. It seems that the present results can be well 
interpreted in terms of such electron-donating effects 
of the alkyl group. T h e stability constants of dithio-
carbamate chelates, including Ni(II) chelates, were 
investigated by Scharfe et ai,*) and the following order 
of increasing stability constants was indicated for Ni(II) 
chelates : diethyl<tetramethylene < pentamethylene < 
hexamethylene. The discrepancy between their results 
and the present one with respect to the relationship 
between cyclic and acyclic alkyl substituents might be 
interpreted in terms of the difference in the solvent. 
Janssen5) scrutinized the stability constants of Cu(II) 
dialkyldithiocarbamate chelates in a mixed solution of 
water : ethanol by the spectroscopic method. His 
results on the order of stability constants as to alkyl 
substituents were identical with those of our present 
work. 

Rate of Ligand Exchange. There remains some 
difficulties in the determination of the rate constants of 
ligand exchange. (1) When the concentrations of MA 2 

and B were relatively large, ligand exchange was 
equilibrated instantaneously after mixing. In order to 
decrease the rate of ligand exchange enough for deter­
mination by H P L C , the initial concentrations of MA 2 

and B should be chosen so as to be of the order 10 - 6 

mol d m - 3 , close to the detection limit of the U V detector. 
(2) If the concentrations of MA 2 and B were chosen 
to be close to each other, the two steps of ligand exchange 
shown in Eqs. 7 and 8 should occur simultaneously. 
This will complicate the determination of the rate 
constants because kx and k2 vary independently. There­
fore, the two solutions of MA 2 and B should be mixed 
so that only the first step of ligand exchange occurs 
predominantly ( [MA 2 ]>[B] ) . Too much excess of MA 2 , 
however, is not favorable because the rate of ligand 
exchange increases with the increase of [MA 2 ] . Thus, 
the concentration range of a and b suitable for kinetic 
study is narrow, and a large error is inevitable. 

For the determination of the rate constants of ligand 
exchange, two dilute solutions of Ni[(C 2H 5 ) 2NCSS] 2 

( = M A 2 ) and (C 3 H 7 ) 2 NCSSC 3 H 7 NH ( = B ) , were mixed 
at 25 °C. The mixed solution was left to stand for 15 s, 
35 s, 2 min, and 5 min, and then a portion of the 
mixture was submitted to H P L C . Figure 2 illustrates 
the change in the chromatograms. Measurements for 
each were made four times. With the lapse of time, 
the peak of MAB rose, while that of MA 2 fell. Since 
the initial concentration of MA 2 was chosen to be 
considerably larger than that of B, the peak of MB 2 

did not appear on the chromatograms, the second step 
of ligand exchange shown in Eq. 8 being negligible. 

(a) (b) (c) 

.2. 

m 
i — i — i - I — i — t - ( — i — i — 

0 2 4 0 2 4 0 2 4 
min 

Fig.. 2 Change of chromatogram patterns by ligand 
exchange. Column: Shodex silipak ( 4 m m x l 5 c m ) . 
Eluent: hexane : ethyl acetate =100 :8 (water satu­
rated). Flow rate: 2.5 cm3/min. Detector: 325 nm. 
Sample size : 200 JJ.1 (in chloroform : ethyl acetate : 
hexane=l : 1 : 8). Sample: 5.0x 10-6 mol dm - 3 Ni-
[ (C2H5 ) 2NCSS] 2 (= MA2) + 7.9 x 10~7 mmol dm"3 

(C3H7)2NCSS- (=B). (a) After mixing 15 s, (b) 35 s, 
(c) 3 min (equilibrium). 
l :NiAB,2:NiA2 . 

T h e equilibrium was attained within 2 min, as shown 
by the fact that the chromatograms of the solutions 
after mixing for 2 and 5 min were identical. T h e time 
required to attain equilibrium was approximately 
inversely proportional to the product of the initial 
concentrations of MA 2 and B. From these results, the 
rate constants kx and k_x in Eq. 7 can be calculated 
in terms of Eq. 17 if ligand exchange occurs by means of 
a bimolecular process. T h e simple bimolecular mecha­
nism in ligand exchange does not seem to be conclusively 
proved, however, because of the relatively large experi­
mental error and also because of the following reason. 
The kinetic study of the ligand exchange of square-
planer Pt(II) complexes has been investigated by many 
workers, and it has been established that the ligand 
exchange of monodentate ligand proceeds by means of a 
two-path mechanism, including a five-coordinate inter­
mediate6) in an aqueous solution. In such cases, the 
rate of ligand exchange, R, is expressed by the following 
two-term rate law: ( M A 3 X + Y - > M A 3 Y + X , R = 
* [ M A 3 X ] + * ' [ M A 3 X ] [ Y ] ) . A similar mechanism has 
been suggested for Ni(II) complexes.7) Therefore, it 
seems probable that the rate of ligand exchange of 
Ni(II) di thiocarbamates might be expressed by a 
similar two-term rate law, though the present experi­
ments were carried out in a nonaqueous solvent and the 
ligands involved were bidentate. It can be safely 
concluded at present that the bimolecular collisional 
process is predominant , even though the rate equation 
of ligand exchange is expressed by a two-term rate 
law or other more complicated equations.8) If we assume 
that the simple bimolecular process is valid, the rate 
constants, kx and k-.1} in Fig. 2 can be calculated in 
terms of Eq. 17, because all the variables, Kx, a, b, and 
x, are known. Thus , kx and k_x were calculated to be 
( 8 . 3 = b 2 . 4 ) x l 0 3 m o l d m - 3 s - 1 and (2 .4±0.7) X 103 mol 
d m - 3 s_ 1 respectively. T h e rate constant of ternary-
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complex formation between Ni[(C2H5)2NCSS]2 and 
Ni[(C 3 H 7 ) 2 NCSS] 2 is ( 2 . 4 ± 0 . 2 ) x l 0 2 m o l d m - 3 s - 1 , as 
was shown in our previous report.2) The present 
results show that the rate of ligand exchange is more 
than ten times faster than that of ternary-complex 
formation. Considering that the ligand exchange of 
Ni(II) chelates is so fast that equilibrium is attained 
promptly at room temperature,9) the present results 
seem reasonable. 
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The electrochemical kinetic parameters of Go(edma)J+/° (edma: ethylenediamine-TV-acetate), Go(ida)J~/2-

iminodiacetate), Co (dien) l*/2* (dien: diethylenetriamine), Co(l,2-pn)jj+/2+ (1,2-pn: 1,2-propanediamine), and 
Go(gly)J/1~ (gly: glycinate) redox couples were determined by d.c. and normal pulse Polarographie measurements 
as well as galvanostatic double pulse measurements. A difference in the evaluated kinetic parameters for the 
geometric isomers, trans(O)- and £w(0)-Co(edma)|+/° and trans(N)- and eis (N)-Co (ida.)\~/2~ couples, was recognized. 
The values of the standard rate constant for the bis forms with dien, edma, and ida were reduced with increase in 
the number of replacement of amino groups in dien by carboxyl groups. The standard rate constants of the redox 
couples of Go(III/II) complexes with a series of bi- and tridentate polyamines and aminocarboxylates increase in 
proportion to the number of nitrogen donor atoms involved in the ligands. 

The relationship between the structure of metal 
complexes and their electrochemical reactivity has been 
the research subject of electrochemists for the past three 
decades.1) Attempts were made to correlate the struc­
ture of Go (III) complexes with their Polarographie 
half-wave potentials or to their reduction rates. The 
Go (III) complexes with a wide variety of unidentate 
ligands and their geometric isomers with mixed ligands 
were used for this purpose. 

As regards Co (III) complexes with multidentate 
ligands, however, only a few papers have been reported. 
Bond et al.2) found that the half-wave potentials for the 
reduction of three geometric isomers of Go (dien) l+ 

(dien=diethylenetriamine) in acetone solvent slightly 
differ from each other. Gouzerh3) reported that the 
half-wave potentials of cis(N)- and trans (N)-Co (ida.)l~/2~ 
( ida=iminodiacetate) redox couples are 0.16 and 0.05 V 
vs. SGE, respectively. Recently, Rader and Mcmillin4) 
proposed that the electrolytic reductions of eis(N)- and 
trans (N)-Co (ida.) ï isomers are reversible and irreversible, 
respectively, and that the cis(N) configuration is favored 
in the Go(II) system. However, no at tempt has been 
made to evaluate the electrochemical kinetic parameters. 
Systematic examination of the redox behavior of a 
series of similar metal complexes containing multiden­
tate ligands has not been reported so far. 

We have attempted to measure the electrochemical 
kinetic parameters of Co(dien)2

+ /2+ , Co(edma)2
+ / 0 

(edma=ethylenediamine-JV-acetate) and Co(ida)2~/2~ 
redox couples. Discussion was made on the relative 
effects of amino and carboxyl groups on the electrode 
kinetics, where dien, edma, and ida are chosen as 
typical tridentate ligands, which make the five-
membered chelate ring with metal ion and contain 
the amino, imino, and/or carboxyl groups as the 
donating groups. The difference in the redox behavior 
of the geometric isomers was also examined. In order 
to confirm the results obtained for tridentate ligands we 
have determined the kinetic parameters of Go-
( 1,2-pn) i+/2+ ( 1,2-pn= 1,2-propanediamine) and Co-
(gly)3

/1- (gly=glycinate) redox couples. 

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

Reagents. trans-(0)-Go(edma)J and eis (0)-Co (edma.) % 
were prepared according to the method of Fujii et al.6) cis-
Gomplexes obtained, however, contained an appreciable 
amount of trans-îorm. A trans-form free product was obtained 
by the following procedure utilizing the fact that the trans­
form is soluble in a concentrated sodium Perchlorate solution 
but not the «V-form: the initial product was dissolved in a 
saturated NaC104 solution, and the tt'j-complex precipitated 
was filtered, decanted with cold water and methanol, and 
dried. m(^)-Co(ida)2-,6) trans(N)-Co(ida)ï«) Co(dien)iV> 
Co(l,2-pn)3+,8> m^r-Go(gly)J,9) and / a o Co (gly) J,9* were 
synthesized by the standard procedures, where the following 
abbreviations were used: edma, NH2CH2CH2NHCH2COO-; 
ida, NH(GH2COO-)2; dien, NH2CH2CH2NHCH2CH2NH2; 
1,2-pn, NH2GH2GH(GH3)NH2;gly,NH2CH2GOO-. Results 
of the elementary analysis for each species are as follows : 

trans(O)-
[Go(edma)JCl-2HaO 

aj(0)-[Go(edma)2]GlO4 

trans(N)-
K[Go(ida)2].2H20 

cis(N)-
K[Go(ida)2].5/2H20 

mer- [Go (dien) J Gl3. 2H 2 0 

[Go(l,2-pn)3]Cl3.2H20 

m*r-[Co(gly)3].2H20 

>- [Go(gly) 3 ] .H 2 0 

Found (%) 

Galcd (%) 

Found 

Galcd 

Found 

Galcd 

Found 

Calcd 

Found 

Galcd 

Found 

Galcd 

Found 

Galcd 

Found 

Galcd 

H(6.27) , 
N(15 35), 
H (6.08), 
N 15.36), 
H(4.65) , 
N(14.20), 
H(4.62) , 
N(14.26), 
H(3.86) , 
N(7.00) 
H(3.56) , 
N(7.06) 
H(3.48) , 
N(6.94) 
H(3.73) , 
N(6.91) 
H(7.41) , 
N(21.30) 
H(7.41) , 
N(20.61) 
H(7.70) , 
N(20 97), 
H(8 08), 
N(19.83), 
H(5.11) , 
N(13 60) 
H(5 08), 
N(13.25) 
H(4.77) , 
N(13.98) 
H(4.72) , 
N(14.04) 

G (26.39), 
Gl (9.96), 
G (26.32), 
Gl (9.72) 

C(24.01), 
Gl(8.97), 
G (24.47), 
Gl (9 02) 
G(23.73), 

G(24.24), 

G(23.79), 

C(23.71), 

G(24.32), 
Gl (24.40) 
G(23.57), 
Gl (26.09) 
G(23.12), 
Gl(26.22) 
G(25.51), 
Gl (25.10) 
G(23.30), 

G(22.73), 

G(23.88), 

G(24.09), 
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Ethylenediamine-iV-acetic acid dihydrochloride dihydrate 
(Hedma«2HGl«2H20), diethylenetriamine (dien), and imino­
diacetic acid were prepared and/or purified by the methods 
described in the previous paper.10) 1,2-Propanediamine di-
perchlorate was prepared from perchloric acid and 1,2-pro-
panediamine and then purified by recrystallization three 
times from water. Other chemicals were of reagent grade. 
All solutions were prepared with triply distilled water. 

Apparatus. An apparatus containing d.c. and pulse 
Polarographie modes constructed in our laboratory was 
employed, the polarograms being recorded with a X-Y 
recorder (Riken Denshi Co., Model F-42Cp, Tokyo). The 
electrolytic cell was designed to measure pH values accurate­
ly.10) A digital pH/mV meter (Orion Research, Model 801) 
and a glass electrode (Beckman, No. 40495) were used for 
pH measurements. The dropping mercury electrode (DME) 
with the following characteristics was used: flow rate of 
mercury m=0.45 mg s-1, the drop time T = 4 . 5 S at the height 
of mercury head h=72.0 cm in 1 M N a 0 0 4 solution (1 M = 
1 mol dm - 3) . The test solution was deaerated with argon 
gas before each measurement of the current-voltage curves. 
All measurements were performed in a paraffin oil thermostat 
at 25.0±0.1 °G. Potentials were measured and recorded 
with respect to a saturated calomel reference electrode (SGE). 

R e s u l t s 

D.c. and Normal Pulse Polarographic Measurements of 
trans (O)- and cis(O)-Co (edma)l+/0 Couples. A 
solution in which the bis-form of Go(II) complexes 
with respect to edma is predominantly present was used 
for the sake of convenience. The mechanism of the 
electrode processes might be as follows: 

ar(0)-Co(edma)f ( -» m(0)-Co(edma)§ 

tl_ I! (I> 
trans(0)-Co(edma.)$ <_ zz± trans (0)-Co (edma.)%, 

ae(trans), k&trans) 

where ac denotes the cathodic transfer coefficient and 
k0 the s tandard rate constant of the charge transfer 
process. 

D.c. Polarographie current-potential curves of eis(0)-
and trans(O)-Go(edma) f in 1.0 M NaCl solution were 
measured in the p H range 8.3—9.7 and the quasi-
reversible one-electron reduction waves with diffusion-
controlled limiting currents were observed for both 
species. The reversible half-wave potential E{/2 was 
determined by means of extrapolation,11) the values 
obtained being given in Table 1. The difference in the 
values of ET

m of the eis- and the trans-forms exceeds 
10 mV, being independent of the drop time in the range 
3—6 s. This suggests that within the d.c. Polarographie 
time scale the Go(II) species produced by the reduction 
at the electrode remain in the same geometric form 
as the Go(III) species, although the Go(II) species are 
labile, and the standard potential of the a j -Go(I I I / I I ) 
couple is ca. 10 m V more negative t han that of trans-
Go(II I / I I ) couple. Thus in the analysis of d.c. and 
pulse Polarographie waves it is not necessary to consider 
any effects of geometric configuration changes at the 
state of Go(II) complex. 

The electrochemical kinetic parameters were evalu­
ated from the analysis of normal pulse polarograms. 

Fig. 1. Typical normal pulse polarograms of the Co-
(edma)J+/0 couple in 1.0 M NaCl solution. 
(1) : Reduction wave of 1.0 mM trans (0)-Go(edma) J, 
(2): reduction wave of 1.0 mM m(0)-Co(edma)2

+, (3): 
oxidation wave of 1.0 mM Go (edma) §, (4): residual 
current. 
Concentration of Hedma=20 mM, pH=8.3 and sam­
pling time T S = 3 4 . 5 ms. 

Figure 1 shows typical normal pulse polarograms for 
the reduction of the cis(O)- and the trans(0)-Co(edma.) 2 
complexes as well as the oxidation of Go (edma) § 
complex. The half-wave potential of reduction waves 
shifted to cathodic direction with decreasing sampling 
time, r s , and their limiting current was diffusion-
controlled, as proved from the fact that the product 
of the limiting current and r\/2 is always constant. 

T h e current-potential relationship for normal pulse 
polarograms of the simple electrode process, Ox+rce«± 
Red, is given by12) 

with 

X = */(*d)oott> ( 4 ) 

C = (nF/RT)(E-E[/2)9 (5) 

D = DQx
1-*DBJ*9 (6) 

where (zd)cott denotes the diffusion current expressed 
by the Gottrel equation, i the normal pulse Polarographie 
current, E the electrode potential, r s the sampling time, 
D0x and Z)Red are the diffusion coefficients of Ox and 
Red, respectively, the other symbols having their usual 
meanings. The log-plots of the normal pulse polaro­
grams, in which the log-term on r.h.s. of Eq. 2 is plotted 
against E, gave straight lines for the reduction of 
cis(O)- and trans (0)-Co (edma) Ï (Fig. 2). The straight 
lines have constant slopes for the cis(O)- and trans(0)-
species, respectively, within experimental errors. The 
cathodic transfer coefficients were evaluated from their 
reciprocal slopes. The value of E* was obtained from 
the intersects of these lines with the zero-line. The plots 
of E* against log r s , shown in Fig. 3, give straight lines, 
their slopes also enabling us to evaluate the transfer 
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~ -0.20 -0.25 0.40 0.30 -0.35 

(E vs. SCE)/V 

Representative results for the plots of 

1.75 + ^ 1 + e x p Ç ) ^ M- E for t h e r e d u c t i o n ?}1/2] 
Fig. 2 

lQ Lf l -75 4 
gL 1 1-*(1 +exPC) 

of 1.0 mM cis(O)- and trans (0)-Co(edma.)2. 
(• ) ' • ^w(O)-Species and ( O ) : trans(O)-species. Sam­
pling time T S = ( 1 ) 24.1 ms, (2) 8.7 ms, (3) 5.9 ms, and 
(4) 3.1 ms. Other conditions are same as in Fig. 1. 

3 - 2 

log (r8/ms) 

Fig. 3. Plots of E* against log TS for the Co(edma)J+/0 

couple. 
(1): Reduction of eis (0)- Co (edma) jj", (2): reduction 
of trans(0)-Co(edma.)$9 and (3) : oxidation of Co-
(edma)S. Other conditions are the same as in Fig. 1. 

coefficients, as can be seen from Eq. 3. The cathodic 
transfer coefficients evaluated from the reciprocal slopes 
of the plots given in Figs. 2 and 3 are in good agreement 
with each other; they are 0.70 and 0.57 for the cis-
and the trans-forms, respectively. The standard rate 
constants of charge transfer processes, k0, were evaluated 
by means of Eq. 3. The values obtained are given in 
Table 1, where the values of diffusion coefficients used 
(6.2 X l 0 " 6 and 7.3 x 10"6 cm2 s"1 for the eis- and 
trans-forms, respectively) were obtained from the 
cathodic limiting currents of d.c. polarograms by using 
the Ilkovic equation or from those of normal pulse 
polarograms by using the Gottrell equation. We find 
that the standard rate constants for the reduction of the 
Go(III) complexes are in the order: trans(0)^>cis(0). 

The d.c. polarogram for the oxidation of the Co-
(edma)S complex shows the quasi-reversible nature 
(Fig. 4), its reversible half-wave potential being obtained 
as 0.281 ±0-001 V vs. SGE by means of extrapolation.11) 

(EUS. SCE)/V 

Fig. 4. Normalized d.c. and normal pulse polarograms 
for the oxidation of Co (edma)\ in 1.0 M NaCl solution. 
(1) D.c . polarogram at the drop time T = 4 . 0 S , (2) 
normal pulse polarograms at the sampling time TS== 
52.4 ms, (3) 24.1ms, (4) 8.7 ms, (5) 5.9 ms, and (6) 
3.1 ms. Other conditions are the same as in Fig. 1. 

T h e half-wave potential of the normal pulse polaro­
grams shifts to the anodic direction as the sampling time 
is reduced (Fig. 4), their limiting current being diffusion-
controlled. At the sampling times below 30 ms the 
limiting currents of the oxidation wave start to overlap 
with the dissolution-wave of mercury. Thus, the 
current was measured as the difference between the 
total current and the residual current as measured in the 
solution containing no Go(II) ion at the same potential. 
The relevant electrochemical kinetic parameters for the 
oxidation of the Go (edma) S complex were evaluated 
according to the same procedure as mentioned for the 
reduction of Co (III) complex and are summarized in 
Table 1, where the value of diffusion coefficient used 
w a s S ^ x l O ^ c m ^ " 1 . 

At present we have no means to decide what form 
of the geometrical isomer of Go (edma) S complex is 
predominantly present in the bulk of solution. However, 
the following indicates that the predominant species at 
equilibrium is the eis(0)-form: (1) The value of the 
reversible half-wave potential obtained from the d.c. 
Polarographie oxidation wave is in good agreement with 
that of the reduction wave of a'j(0)-Go(edma)2 complex, 
and (2) agreement between the standard rate constants 
determined from the oxidation wave of Go(II) complex 
and the reduction wave for the cis(0)-form of Go(III) 

0.0 

(E vs. SCE)/V 

Fig. 5. Normalized d.c. and normal pulse polarograms 
for the reduction of 1.0 mM cis(N)-Co(ida)2~ in 1.0 M 
K N 0 3 solution. 
(1) D. c. polarogram at T = 4 . 2 S, (2) normal pulse 
polarograms at TS=75.0 ms, (3) 24.1 ms, (4) 14.0 ms, 
(5) 8.7 ms, and (6) 3.1 ms. Concentration of H2 ida= 
1 0 m M a n d p H = 8.3. 
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complex is quite good, the sum of their transfer coeffi­
cients being equal to unity. 

D.c. and Normal Pulse Polarographic Measurements of 
trans-(N)- and eis(N)-Cofida)l~/2~ Couples. Figure 
5 shows the d.c. and normal pulse polarograms for 
reduction of trans(N)- and eis (N)-Co (ida) 2 complexes 
under the conditions in which the bis-species exists 
predominantly in the state of Go (II) . In the case of the 
cw-species the current was measured carefully as the 
difference between the total and residual currents since 
the reduction current of the complex at the foot of the 
wave overlapped with the dissolution current of mercury. 
The log-plot of d.c. polarogram for the cw-species give 
a straight line with the reciprocal slope of 58 mV, 
corresponding to the reversible wave, whereas the log-
plot of the trans-species indicates that the electrode 
reaction is quasi-reversible (close to irreversible) 
(Fig. 6). 

9 

Fig. 6. D. c. Polarographie log-plots for the reduction of 
cis(N)- and trans (N)-Co(ida.) 2• 
(l):cis(N)and (2) trans(N). 

In order to evaluate the kinetic parameters of reduc­
tion for the Go (III) complex, it is necessary to know 
the isomer form of Go(II) complex produced by reduc­
tion. Rader and Mcmillin4) proposed that the reduced 
product of trans (N)-Co (ida) 2 isomerizes to the corre­
sponding m-isomer and that eis (N)-Co (ida) 2 is formed 
at the electrode upon reoxidation, as judged from the 
assignment of UV-vis. absorption spectra of bulk 
electrolysis product. They also stated that the isomeriza-
tion reaction may proceed rapidly. However, our 
detailed examination of the isomerization kinetics using 
the anodic normal pulse measurements with cathodic 
pre-electrolysis of the cis(N)- and trans (N)-Co (ida) l gave 
no support for the rapid isomerization. T h e overlap 
of the polarogram of anodic reaction for the Go(II) 
species with the dissolution current of mercury was a 
main obstacle against detailed analysis. Tha t the 
formation of the aj-form does not proceed in a quan­
titative way within d.c. and pulse Polarographie time-
scales is suggested also by the disagreement between 
the reversible half-wave potentials for the reduction of 
the eis- and trans-Co(III) complexes (Table 1). At any 
rate, the eis(N)-configuration is favored at equilibrium 
for the state of Co(II).4> Therefore, eis(N)-Co(ida)2 
keeps preferably the cis(N)-configuration after being 

reduced at the electrode, whereas the reduced product 
of trans(N)-Co(ida)2 may gradually be isomerized to 
the eis (N)-form. Even if the isomerization process might 
proceed rapidly, the electrochemical kinetic parameters 
of trans(N)-Co(ida)2 can be evaluated with sufficient 
accuracy, since the electrode reaction of trans(N)-form 
is d.c. polarographically quasi-reversibe (close to irre­
versible) and thus pulse-polarographically irreversible, 
so that the potential-shift due to the follow-up isomeriza­
tion reaction may be negligibly small. 

T h e kinetic parameters of the cis(N)- and trans(N)-
Go(ida)j complexes were evaluated by means of the 
same method as described in the previous section. The 
reduction half-wave potentials for the eis- and trans-forms 
shifted to cathodic direction as the sampling time was 
reduced (Fig. 5) and their limiting currents were 
diffusion-controlled. 

(Evs. SGE)/V 

Fig. 7. Representative plots of 

, r {1^5+ î + e^ivn vs £for thereduction 
L I 1— *(l-|-expÇ) J J 

of 1.0 raM cis(N)- and trans(N)-Go(ida)2. 
(O) • cis(O)-Species and ( 0 ) : trans(O)-species. 
T S = ( 1 ) 34.0 ms, (2) 8.7 ms, and (3) 3.1ms. Other 
conditions are the same as in Fig. 5. 

T h e log-plots afford a set of straight lines at the 
different sampling times (Fig. 7). T h e cathodic transfer 
coefficients were obtained from the reciprocal slopes of 
these lines as follows: a.c(trans) =0A7 ±0.02 and <xc(cis) = 
0 .46^0 .04 . T h e standard rate constants evaluated 
from the values of E* are summarized in Table 1. 
Magni tude difference in these two values amounts to 
several tens. The diffusion coefficients used to evaluate 
the kinetic parameters were 5 . 6 X 1 0 - 6 and 6.8 X 10~6 

cm2 s - 1 for the eis- and trans-forms, respectively, as 
determined from cathodic limiting currents of normal 
pulse polarograms. 

Galvanostatic Double Pulse Measurements of Co(dien)l+/2+ 

Couples. Although the Co (dien) i+ complex has 
three geometric isomers, meridional (mer), symmetrical 
facial (s-fac), and unsymmetrical facial (u-fac), the mer-
Go(dien)|+ species which can easily be synthesized was 
chosen as a typical species of the Go (III) complex 
with polyamine ligand. D.c. Polarographie reduction 
wave showed a reversible nature and its half-wave 
potential was constant at —0.448 V vs. SGE in the 
presence of a large excess of dien at p H above 8.5. 
The rate of charge transfer processes for the Go(dien)l+/aj" 
couple was very rapid, so that their kinetic parameters 
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could not be evaluated even by the normal pulse 
Polarographie technique. We therefore used the 
galvanostatic double pulse method with Polarographie 
generation of reactant(g.d.p.p. method),13) which has 
been recognized to be one of the most powerful tech­
niques for very fast charge transfer processes. The 
analysis of experimental results was performed by using 
Eqs. 16 and 18 of Ref. 13. The experimental plots of the 
overpotential Y)h vs. square root of the first pulse width 
AJT[ and of the exchange current density i0 vs. applied 
d.c. potential E are shown in Figs. 8 and 9, respectively, 
in accordance with Eqs. 16 and 18 of Ref. 13, respec­
tively. The theoretical slope was calculated by use of 
the diffusion coefficient of 4.4 x 10 - 6 cm2 s _ 1 obtained 
from the d.c. Polarographie limiting current (Fig. 8). 
The standard rate constant and the cathodic transfer 
coefficient obtained are given in Table 1. 

Electrochemical Kinetic Parameters of Cofl,2-pn)l+/2+ and 
mzr-Co(gly)ln~ Couples. For the sake of comparison, 
the kinetic parameters for the reduction of the Go-
(l ,2-pn)i+ complex were also evaluated by the g.d.p.p. 
measurement (Table 1). T h e Go(l,2-pn)3+ has two 
geometric isomers, mer and fac, with respect to methyl 
group but the product synthesized according to Ref. 8 

Vh I (|*)V« 
Fig. 8. A plot of the overpotential yh vs. square root of 

first-pulse width *JT\ at the reversible half-wave poten­
tial of the m^r-Go(dien)|+/2+ couple in the g.d.p.p. 
measurement. 
Solution composition: 1.0 mM mer-Co(dien)3

5
+, 0.10 M 

dien and 1.0 M NaC104 (pH= 10.7). The dotted line 
indicates the theoretical slope. 

Fig. 9. A plot of In [i0{l + exp(-(FIRT)(E-El/2))}l 
Fc0] vs. {FIRT)(E-E{/2) for the Go(dien)|+/2+ couple. 

may be a mixture of two isomers. However, d.c. 
polarogram of the reduction of the synthesized complex 
showed only a single reversible reduction wave at 
—0.465 V vs. SCE. We thus used the synthesized 
product recrystallized without separation of the isomers. 

In contrast to the electrochemical behavior of the 
polyamine complexes, the rate of reduction of mer-
Go(gly)3 was very slow and the reduction wave was d.c. 
polarographically irreversible. Thus, the log-plot of 
normal pulse polarograms gave only the cathodic 
transfer coefficient and the cathodic rate constant at 
E=0, i. e., at the potential of SGE. According to 
Hin-Fat and Higginson,17) the s tandard potential of the 
Go(gly)§/1_ couple is - 0 . 0 6 ± 0 . 0 1 V vs. SGE. If we 
use this value, we can calculate the s tandard rate 
constant of this couple, which is also given in Table 1 
together with the cathodic rate constant at £ = 0 . 

No electrochemical measurements for / ^ -Co(g ly )3 / 1 -

couple were performed since the/tfc-Co(gly)3 species is 
insoluble in aqueous solutions containing 1 M supporting 
electrolytes. 

D i s c u s s i o n 

O n the basis of the kinetic parameters summarized in 
Table 1, we can find some correlation between the 
electrochemical reactivity of Go(I I I / I I ) complexes and 
their structure. 

(1) For the reduction of Co(II I ) complexes, six 
coordination sites of which are occupied by amines of 
similar ligands, the s tandard rate constant, k0, increases 

TABLE 1. REVERSIBLE HALF-WAVE POTENTIALS AND KINETIC PARAMETERS OF THE ELECTRON TRANSFER 

REACTIONS OF G O ( I I I / I I ) REDOX COUPLES IN 1 . 0 M SUPPORTING ELECTROLYTES AT 2 5 ° G 

Redox system (E{/2 vs. SGE)/V y e m s 4 Medium 

m*r-Co(dien)|+/2+ 

m(O)-Co(edma)J+/0 

*ra/w(0)-Co(edma)l5+/0 

trans(0)-Co(edm<i)\+/0 

Go(edma)S/1+ 

m(A0-Co(ida)£-/2-
*r0/w(AO-Co(ida)J-/2-
Go(l,2-pn)i+/2+ 

mer-Coigly)"1-

- 0 . 4 4 8 
- 0 . 2 7 9 
- 0 . 2 6 7 
- 0 . 2 6 3 
- 0 . 2 8 1 

0.115 
0.027 

- 0 . 4 6 5 

- 0 . 0 6 ± 0 . 0 1 e ) 

( 7 . 8 ± 0 . 1 ) x l 0 - l a ) 

(3.4±0.1)xl0-*b> 
( 8 . 5 ± 0 . 1 ) x l 0 - 3 b ) 

( 8 . 5 ± 0 . 1 ) x l 0 - 3 b ) 

( 3 . 0 ± 0 . 1 ) x l 0 - 3 b ) 

( l . l ± 0 . 2 ) x l 0 - 2 b ) 

(4 .0±0 .1)x l0~ 4 b ) 

( 6 . 2 ± 0 . 1 ) x l 0 - l a ) 

J (3 .0±0 .1)x l0- 5 b » d ) 

I ( 9 ± 2 ) x l 0 - 5 b ) 

0.66±0.05 
0.70±0.02 
0.58±0.02 
0.59±0.02 
0.31±0.02 c ) 

0.46±0.04 
0.47±0.02 
0.68±0.05 
0.51±0.02 

0.1 M 
0.02 M 
0.02 M 
0.02 M 
0.02 M 
0.01 M 
0.01 M 
0.1 M 
0.05 M 

dien, NaC104 

Hedma, NaCl 
Hedma, NaCl 
Hedma, NaC104 

Hedma, NaCl 
H2ida, K N 0 3 

H2ida, KNO3 
1,2-pn, NaC104 

gly, NaC104 

a) Galvanostatic double pulse method. 
(aft). d) Cathodic rate constant at the 

b) Normal pulse Polarographie method, 
potential of SCE(£=0). e) Ref. 17. 

c) Anodic transfer coefficient 
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Fig. 10. Correlation between the standard rate constants 
and the number of bonded nitrogen donor atoms. 
( • , O ) : m*r-Co(dien)?+/2+, (* , Q) : Co(l,2-pn)r / 2 + , 
(Y, V ) : *rcmy(0)-Co(edma)|j+/0, (A, A) : cis(0)-Co-
(edma)J+/°, ( • , O) : m(A0-Co(ida)|-/2-, ( • , Q) : 
^^(^)-Go(ida)J- / 2 - , and ( $ , § ) : m^r-Go(gly)§/1-. 
The solid and open symbols denote the measured 
values, k0, and the values corrected by the Frumkin 
theory, (*0) 

corr» respectively. 

in 
(en) 3 

the 
3+/2 + 

order: Co(dien)3
2

+/2+>Co(l,2-pn)3
3+/2+, Co-

(en : ethylenediamine)14)>Go(NH3)?+/2+.15 '16) 
This order is the same as that of the number of coordina­
tion sites involved in the ligand, i. e., t r i den t a t e> 
b identa te>unidenta te . 

(2) Increase in the number of replacement of amino 
groups in dien by carboxyl groups reduces the values of 
k0. The values ofk0 increase in the order: Go(dien)i+/2+ 

>Go(edma)J + / 0 >Go(ida)J- / 2 - (Fig. 10). The complex 
species studied have a different number of charges, the 
difference between their reversible half-wave potentials 
amount ing to ca. 500 mV, so that the 02-potential at 
the outer Helmholtz plane may affect the kinetics of 
electrode reactions concerned. The open symbols in 
Fig. 10 express the values of the standard rate constant 
corrected for the double layer effect by means of the 
Frumkin theory,18) in which the values of 0 2 were taken 
from Russell's Tables.19) We find that for the present 
series of the redox couples of Go(I I I / I I ) complexes with 
bi- and tridentate polyamines and aminocarboxylates 
the logarithms of the corrected values, (A:0)corr, increase 

0.1 0 -0.1 -0.2 -0.3 -0.4 -0.5 
{E{/2 vs. SGE)/V 

Fig. 11. Linear relationship between log(A;0)COI and 
-1/2* 

(©) : Go(en)i+/2+. 
in Fig. 10. 

Other symbols are the same as 

in proportion to the number of nitrogen donor atoms 
involved in the ligand. 

(3) Oyama et a/.20-22) showed that the linear relation 
between the logarithms of cathodic rate constants and 
the corresponding standard potentials holds for the 
Gd(II) and Pb(II ) complexes with EDTA and related 
compounds. It is of interest to see if such a correlation 
prevails for the present series of Go(II I / I I ) redox 
couples. Log (£0) c o r r is plotted against the reversible 
half-wave potential E\/2 in Fig. 11. We see linear 
correlation, except for the eis (N)-Co (ida)l~/2~ couple 
whose reversible half-wave potential is unusually 
positive. As can be seen from Table 1, the values of 
E\/2 are also proportional to the number of the nitrogen 
donor atoms involved in the ligand, so that the linear 
correlation given in Fig. 11 could be attributed to that 
of Fig. 10. 

(4) The difference of the kinetic parameters for 
the geometric isomers is obvious from the data in 
Table 1. 
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An Alternative Display of Potentiostatic Measurements. I. Instrumental 
Design and Verification of Modified Pulse Polarograph 
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(Received January 5, 1981) 

A modified instrument for the potentiostatic method (modified pulse polarograph) has been developed, which 
uses techniques of the time-to-voltage converter. The modified pulse mode and the modified differential pulse 
mode have been tested as tools for quantitative analysis. The determination of kinetic parameters of electrode 
reactions is presented, together with the characteristics of the modified pulse polarograph. 

Modern Polarographie methods, especially normal 
and differential pulse techniques, have been widely 
used in trace analysis.1-23) An advantage of using 
commercial instruments of pulse polarography is in the 
high signal-to-noise ratio (S/N) : the averaging of 
current signal is synchronized to the a.c. power line. 
Although signal averagings of this type produce high 
S/N ratio, available sampling times are restricted, and 
current-potential curves are slightly distorted.7) 

Recently, the authors have developed a new Polaro­
graphie technique. T h e method records the time 
instead of current or potential and has been successfully 
introduced in constant-current electrolysis.24-26) The 
measurement and the recording of the time have been 
carried out by the time-to-voltage converter. Introduc­
tion of the time-to-voltage converter produces high S/N 
ratios without sacrifice of the frequency response of the 
data sampling circuit. 

Previously, the authors reported a modified poten­
tiostatic method. This method is based on the measure­
ment of t ime required to reach a constant sampling 
current in the potentiostatic method.27»28) T h e funda­
mental concept and the determination of kinetic 
parameters were reported. However, the complete 
system has not been developed. T h e measurement of 
t ime was carried out descretely, using a comparator 
and a digital counter.27) 

In this report, instrumental designs of a modified 
pulse polarograph, characteristics of modified pulse 
polarography (MPP) , and some applications in the 
electrode kinetics are presented. The use of the time-to-
voltage converter is indispensable to realize the full 
advantages of the modified potentiostatic method. T h e 
development of the modified pulse polarograph simpli­
fied the measurement of the instantaneous time-
potential-current relation without limitations of sampling 
time and without distortion of data , attempts at the 
modified differential pulse polarography (MDPP) are 
also reported. 

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

A three-electrode cell equipped with a saturated calomel 
reference electrode (SGE: Yanagimoto MR-P2-05-l), a 
platinum wire electrode (counter electrode) and a dropping 
mercury electrode (DME: Yanagimoto Type-G) was used; 
synchronization of DME was done by a electro-mechanical 

Fig. 1. The block diagram of the modified pulse polaro­
graph. (PS : potentiostat, C : comparator, TVG : time-
to-voltage converter, S/H: sample and hold circuit, P: 
potentiometer, R: ramp generator, SC: sequence con­
troller, XY: x-y recorder). 

knocker (Fuso Solenoid). 
[Co(NH3)6]Cl3 was prepared according to the literature29) 

and identified by elemental analysis. The solution was 
deae rated with pure nitrogen and kept under nitrogen atmos­
phere. The temperature of the solution was kept constant 
at 25.0±0.1 °C. All solutions were prepared in twice distilled 
water; all chemicals were analytical grade. 

Apparatus 

A new modified pulse polarograph was designed for 
this study. The polarograms were recorded with this 
instrument using a Rikadenshi RW-11 x-y recorder. 
T h e block diagram and the electronic circuit of the 
modified pulse polarograph are shown in Figs. 1 and 2. 
The modified pulse polarograph is constructed with a 
three-electrode-type potentiostat (PS), comparator (G), 
time-to-voltage converter (TVG), sample-and-hold 

fHp"1 T > 
t Present address: Kikakushitsu Kikakuka, Nihon Recruit 

Center, 8-4-17, Ginza, Chuo-ku, Tokyo 104. 
Fig. 2. The electronic circuit of the modified pulse 

polarograph. 
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circuit (S/H), and r a m p generator (R). The procedure 
for measurements is controlled by a sequence controller 
(SG). When a mercury drop begins to grow, it is held 
at the initial potential E{ set by the potentiometer Px 

(In differential mode, the drop is held at the potential 
set by the r amp generater.). After the lapse of a preset 
time period £w(0.5—11 s), the sequence controller turns 
the gate Gl off and the gate G2 on. T h e potentiostat 
is then connected to the r a m p generator, which provides 
the step voltage AE (In the differential mode the step 
voltage AE is provided by the potentiometer Pv). 
Simultaneously, the time-to-voltage converter is turned 
to the ready state by gates G-3 and G-4. 

The current signal resulting from potential relaxation 
(E{ to E{-\-AE) is fed to a high-speed comparator OA-8. 
The slice level of the comparator (i. e. the constant 
sampling current, is) is set by the potentiometer P2. 
The output of the comparater is connected to the gates 
of the time-to-voltage converter. After I s of £w, the 
gates G-l and G-2 are turned to the former state and 
the D M E knocker is started. Simultaneously, gate G-5 
stores the output of the T V G in the sample-and-hold 
circuit (OA-11). Then, gates G-3 and G-4 reset the 
TVG. The measurement cycle is completed and the 
sequence is repeated. T h e values of t are displayed on an 
x-y recorder as a function of E. The time char t and 
the relationships between control signals and F E T 
gates are shown in Fig. 3. 

OME/KNOCK 
SH/SET 

MOD 

JL 
1_ 

Jl_ 

W5 

WAIT 
TVC/RESET _T» 
WATÎ J 

T7C7ÏÏETET L 1 _ « 
Fig. 3. The time chart of the control sequences and their 

connection with FET-gates. 

pulse polarography 

Fig. 4. The relations of current-time curves and the 
modified pulse and/or the normal pulse polarogram. 

The principle of M P P is schematically shown in 
Fig. 4 together with tha t of pulse polarography. In 
M P P , the time required to reach a constant sampling 
current is in potentiostatic measurements is recorded 
versus the potential. Therefore, the modified pulse 
polarogram gives the instantaneous time-potential-
current relation. O n the other hand, in the pulse 
polarography, the average current in the sampling 
period is recorded versus the potential. 

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

System Evaluation. To evaluate the function of 
the system, modified pulse polarograms of a reversible 
and an irreversible electrode reactions were measured. 
Potential-time relations of reversible and irreversible 
electrode processes were also tested for the case of 
cathodic reduction, when only the oxidant is present 
in the solution. 

Reversible Case: T h e potential-time relationships of 
modified pulse mode are given by 

E = E„- RT 
(ccK+*c)nF 

In 
V A * 

RT 

R («a + «e) 
ln Vtdlff—y t 

V t 
(1) 

for a reversible electrode process.27»28) Here E is the 
electrode potential; E0, the formal potential; a the 
transfer coefficient; Z), the diffusion coefficient; t, the 
time ; tdi{f, the time at potentials controlled by diffusion ; 
and R9 T and F have their usual meanings. The sub­
scripts a and c indicate the anodic and the cathodic 
processes, and O and R the oxidant and the reductant . 

160 h 

-0.3 -0.5 

(E vs. SCE)/V 

Fig. 5. An example of modified pulse polarogram. (1 
mM Cd(N03)2tt in 1 M NaN0 3 containing 2 (xM LEO, 
z8=10(xA, *w = 2s, m=1.063mgs-1) . 

T h e modified pulse polarogram of cadmium ion is 
shown in Fig. 5 as an example of a reversible process. 
Equation 1 shows the linear relation between E and 
l n { ( V ^ - V T ) / V T } . Such plots of the Cd( I I ) /Cd(Hg) 
system are shown in Fig. 6. The da ta points lie very 
close to the least-square line drawn through them. 
Furthermore, the slope of the least-square line is almost 

ft l M = l m o l d m - 3 . 
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- - 0 . 5 

- 1 . 0 

- 0 . 6 2 

(E vs. SCE)/V 

Fig. 6. The plots of logf (v^T f -A/ t ) 1^/1} vs. E. ( 1 mM 
Cd(N03)2 in 1 M NaN0 3 containing 2 (xM LEO *'8=30 
(xA, fw=4 s, m=0.6656 mg s -1). 

equal to RT/nF. 
The time at potentials controlled by diffusion, Jdiff, 

is represented as 

/ 7 — _ nFAVD0c°0 
V tdiff — / = • : 

V tt*d 

(2) 

for both the reversible and the irreversible processes, 
where A is the electrode area at tw ; eg, the concentration 
of the bulk of the solution and id, the diffusion current. 

Equation 2 shows the linear relation between \/fdiff 

and Co or \jid. In this report, the time data are corrected 
for the effect of the expansion of D M E during measure­
ments. The correcting factor of the time data is 

0.6 

0.4 h 

0.2 

Fig. 8. The plots of v^dfif vs. reciprocal of id. (Q : 0.8 
mM Cd(N03)2 in 1 M NaN03 , *w=4 s, m=0.6656 mg 
s-1; # : 1 mM [Co(NH3)6]Cl3 in 0.9 M NaN03 con­
taining 0.1 M acetate buffer (pH 5.0) and 2 (xM LEO, 
fw = 3 s, m= 1.05 mg s_1). 

1/(1— * / 0 2 / 3 which is the reciprocal of relative surface 
area at tw-\-t. The linear relations between */tdm

 a n d 
Co or reciprocal of id were tested for the reduction of 
Gd(II) and [Co(NH3)6]3+. The plots of v ^ versus 
Co and V^diff versus \jid are shown in Figs. 7 and 8, 
respectively. Those plots gave excellent linear relations 
up to 300 ms of the tdï{f values, indicating that the 
instrument works satisfactorily. 

Irreversible Case: The potential time relations for an 
irreversible electrode process are given by27»28) 

E = E0 + RT m 1 6 W f __„(*s)2 _ _RT_ m _ 
3Z>0 2<xenF \-*J t \*JtK 

l-75+*/*diff In . ' Z-L 
diff 

(3) 

0.6 h 

0.4 H 

0.2 

eg / mM 
Fig. 7. The plots of V d̂TTf vs. the bulk concentration. 

( # : [Co(NH3)6]Cl3 in 0.9 M N a N 0 3 containing 0.1 M 
acetate buffer (pH 5.0) and 2 (xM LEO, *'8=8 jxA, 
*w = 3 s, m = 1.05 mg s-1; Ç): C d ( N 0 3 ) 2 in 1 M N a N 0 3 

containing 2 (JLM LEO, * s = 1 5 (xA, fw = 2 s, m=0.6656 
m g s - 1 ) . 

( £ w. SGE)/V 
- 1 . 0 8 - 1 . 1 0 

1.5 

H 1.0 ~ 

0.5 

(£ w. SGE)/V 

Fig. 9. The plots of log {(1.75+*/*diff)/(l - V W Ö } 
vs. E. (O: ImM [Go(NH3)6]Cl3 in 0.9 M NaN03 

containing 0.1 M acetate buffer (pH 5.0) and 2 (xM 
LEO, *'s=8 (xA; # : 1 mM NiCl2 in 0.1 M KCl contain­
ing 2 (xM LEO, f,= 18 (xA; *w = 3 s, m= 1.05 mg s-1). 
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where, ks is the formal standard rate constant. T h e 
linear relation of E and ln{(1.75+*/*diffï/(l —V t l*/tdi{{)} 
has been tested for the reduction waves of [Co(NH3)6]3+ 
and Ni( I I ) . These plots, shown in Fig. 9, gave good 
linear relations. 

The above mentioned results of the system evaluation 
for reversible and irreversible cases were quite satis­
factory. The logarithmic plots shown in Fig. 6 can be 
utilized for the diagnostic criteria of reversibility. The 
working curve, V^diff versus CQ, will give a fundamental 
concept of quantitative analysis. 

0 -0.4 -0.6 

(E vs. SCE)/V 

Fig. 10. A display of modified differential pulse polaro­
gram of 600 (xM T1N03 in 1 M KN0 3 . (is=3.0 \iA, 
*w=6 s, m=0.539 mg s"1, AE= 100 mV). 

Modified Differential Pulse Polarography. A new 
method, modified differential pulse polarography, has 
been successfully introduced. The measurement is 
carried out by measuring the time required to reach a 
constant sampling current; the principle of electrolytic 
method of M D P P is similar to that of the differential 
pulse polarography. Characteristics of modified differen­
tial pulse polarogram were studied using Tl( I ) /Tl (Hg) 
and Cd(I I ) /Cd(Hg) systems. Figure 10 shows a modified 
differential pulse polarogram of 600 (JLM T 1 N 0 3 in 1 M 
KNO3. The slope of the log-log plots of peak-height 
and bulk concentration was 2.0. T h e empirical relation 
between the peak height tp of modified differential 
pulse polarogram and the bulk concentration can be 
written as 

Vh=P<- (4) 
Here, p is the proportionality constant. T h e plots of 

eg / mH 

Fig. 11. The plots of *JTP vs. the bulk concentration. 
( # : TINO3 in 1 M NaN03 , * w =6s , A£=100mV, 
O : Gd(N03)2 in 1 M NaN03 , tw=6 s, A£=100 mV, 
m=0.539mgs-1) . 

V ^ vs. c°o of Tl ( I ) /Tl (Hg) and Cd(I I ) /Cd(Hg) systems 
are shown in Fig. 11. T h e da ta points gave a good 
straight line which through the origin. These plots 
can be utilized as the working curve of quantitative 
analysis. 

The theoretical t reatment of modified differential 
pulse polarography will be discussed elsewhere. 

Application to the Determination of Kinetic Parameters. 
Kinetic parameters of electrode reactions can be 
determined from the following relations:27«28) 

7 r = 1 W ^ * y = V / ^ V T e x P ( ^ 0 e r f c ( V T ) , (5) 

y = ^ = exp[(a a+a c)(£- JB 0)nF/Är] , 

VAT 
c iWA)/A>y 

(6) 

(8) 

Introducing the values of a c + a a and E0 from the 
references,27»28) the value of y in Eq. 6 can be calculated. 
Since the value of Vtltdi{{ is measurable, the left hand 
side of Eq. 5 is calculated from experimental data. 
Then , the parameter A can be obtained at various 
potentials. In these calculations, the function 0(Xv/T) 
and the inverse function of <j> (AVT) can be calculated by 
a computer.30»31) 

T h e rate constants £a and kc are calculated from 

TABLE 1. KINETIC PARAMETERS OF ELECTRODE REACTIONS OBTAINED AT 25.0 °C 

[E0 vs. SCE)/V fcj cm s-1 Ref. 

Zn(N03)2 in 0.3 M NaN0 3 + 1 mM HC10 4+2 y. M LEO 
- 0 . 9 9 9 0.31 0.63 
- 0 . 9 9 8 0.32 0.62 

Gu(N03)2 in 1 M N a N 0 3 + 5 mM HNO 3 +0.001% PAA 
0.022 0.23 0.73 
0.022 0.24 0.73 

[Co(NH3)6]Gl3 in 0.9 M NaNO 3 +0.1 M acetate buffer 
- 0 . 2 5 0 0.58 0.42 
- 0 . 2 4 9 0.71 0.29 

8 . 4 x l 0 - 3 

8.7X10-3 

2 . 2 x l 0 - 2 

2.9X10-2 

1 .5x l0- 3 

1 .9x l0 - 3 

This work 
27,28 

This work 
27,28 

This work 
27,28 
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Eqs. 6 and 7 using the value of A obtained above. The 
kinetic parameters are determined from the relations 

*a = * s e x p { i g £ ( £ - £ 0 ) } , (8) 

Ac = * s e x p { ^ ^ ( £ - £ 0 ) } , (9) 

using a least square method.27'28»30'31> Kinetic param­
eters of the electrode reactions of Cu2+, Zn2+, and 
[Co(NH3)6]3+ were determined. The obtained values of 
ks, E0, and ac are listed together with literature values 
in Table 1. T h e results are in good agreement with 
the literature values. 

In conclusion, it should be mentioned that the 
modified pulse polarograph developed has advantages 
in the easy measurement of the instantaneous potential-
current-time relationship. 

The research was carried out by a Grant-in-Aid from 
the Ministry of Education, Science and Culture. A 
par t of the work was supported by Scientific Grant No. 
472570091668. 

T h e authors wish to thank Mr . Tokio Ohoto for his 
help throughout the experiment. 
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Sorption Behavior of Low Molecular Weight Organic Vapors on 
^-Cyclodextrin Polyurethane Resins 
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The sorption behavior of low molecular weight organic vapors on ß-cyclodextrin polyurethane resins was 
estimated from desorption or breakthrough experiments and compared with that on the commercially available 
resins. Temperature-programmed desorption patterns show that the /^-cyclodextrin resins interact strongly with 
benzene vapor in a nitrogen or air stream. This strong interaction presumably results from the hydrophobic 
interaction of benzene with the /^-cyclodextrin cavity. From the breakthrough experiments using the gas stripping 
method, it was found that the resin prepared by reacting /^-cyclodextrin with l,3-bis(isocyanatomethyl)cyclohexane, 
/7-H6XDI-P-6.0-M, retains the polar volatile organic compounds more than Amberlite XAD-7 does. 

Because of the relatively low concentrations of organic 
contaminants in ambient air or in water, most methods 
for the measurement of these contaminants require a 
concentration step before the actual analysis.1-3) 
Several commercially available porous polymer beads 
{i.e., Tenax GC,4'5> Porapak Q,6> and Amberlite 
XAD-27)) and graphitized carbon black8) are used 
widely to collect organic contaminants. T h e polarity of 
monomers brings about some selectivity9) in sorbing 
organic compounds to the porous polymer beads: the 
more polar the monomer is, the more strongly the 
polymer beads interact with polar organic compounds. 
A series of the Amberlite X A D resins, for example, are 
capable of collecting a variety of organic compounds. 
The Amberlite X A D resins and related ones are hydro­
phobic in nature and have energetically homogeneous 
sorption sites. Therefore, the selectivity of these resins 
in collecting organic compounds cannot be expected 
to be strong. In order to strengthen the selectivity 
mentioned above, it is necessary to introduce specific 
sorption sites into a resin. 

We are interested in finding organic sorbents that 
will be able to collect organic compounds in environ­
ments selectively. It is well known that cyclodextrins 
form stable inclusion complexes with specific organic 
compounds. The polyurethane resins containing 
cyclodextrin units were prepared by cross-linking 
cyclodextrins with diisocyanates.10) The interactions of 
these polyurethane resins with low molecular weight 
organic vapors were investigated by gas chromato­
graphy in a dry nitrogen carrier gas. It was found that 
the cyclodextrin resins exhibit large retention times for 
the compounds containing ^-electrons or hetero atoms 
(such as benzene, pyridine, and ethyl methyl ketone). 

In this work, the preliminary sorption behavior of 
j3-cyclodextrin polyurethane resins is investigated and 
compared with that of Porapak Q , Tenax GC, or 
Amberlite XAD-7 in order to evaluate the possibility 
of using these cyclodextrin resins as sorbents to collect 
organic vapors. The isothermal and temperature-
programmed desorption patterns and the breakthrough 
times were studied for several low molecular weight 
organic compounds. 

bara Biochemical Laboratories, l,3-bis(isocyanatomethyl)-
cyclohexane and l,3-bis(isocyana tome thyl) benzene from 
Takeda Chemical Industries, and all other chemicals from 
Wako. 

The preparation of /^-cyclodextrin polyurethane resins was 
described in detail in our previous paper.10) The ß-cyclo-
dextrin polyurethane resins obtained were granulated to a 
particle size of 177—250 (xm with an agate mortar, sieved, 
and used as sorbents. 

2 

r\ 

mmmm 

Materials. 

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

^-Cyclodextrin was obtained from Hayashi-

bypass 

Fig. 1. Apparatus for adsorption behavior studies. 
I : Nitrogen gas cylinder, 2 : bellows valve, 3 : flow meter, 
4 : mixing vessel, 5 : syringe, 6 : syringe drive, 7 : adsorp­
tion tube, 8: furnace, 9: thermocouple, 10: gas sampler, 
II : heater, 12: 3-way cock, 13: 2-way cock. 

Apparatus. The apparatus utilized for the studies of 
adsorption behavior of the resins is shown schematically in 
Fig. 1. This apparatus was constructed in our laboratory and 
equipped with an automatic temperature-programming device. 
The nitrogen stream flowing through the path was controlled 
to 100 ml/min by a bellows valve. The flow rate was measured 
with an orifice flow meter. One or two adsorbates (model 
organic compounds) were introduced into an adsorption tube 
at a known, continuous, reproducible rate using one or more 
syringe pumps (Adzuma Model MF-2). As the adsorbate(s) 
vaporized from the syringe tip(s) inserted into the mixing 
vessel (60 ml) heated with a heater, it was swept into the 
flowing nitrogen stream. Thus, a constant stream contain­
ing the gaseous adsorbate(s) with a constant concentration 
was provided; the stream was introduced into the glass ad­
sorption tube (25 X 2 cm i.d.) with a sintered glass filter. Each 
resin (ca. 2 g) was dry-packed into the tube and precondi­
tioned at 180 °C for 1 h in a pure nitrogen stream at 100 
ml/min. The nitrogen gas containing the adsorbate(s) was 
collected in a gas sampler (1.2—1.5 ml), and the concentra­
tion of adsorbate(s) was determined by gas chromatography 
with a thermal conductivity detector (Shimadzu Model 
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GC-3BT gas Chromatograph). The chromatographic column 
packed with Porapak Q , ( 2 m x 3 mm i.d.) or with 10% DNP 
on Chromosorb W (3 m x 3 mm i.d.) was used. 

After the resin in the tube was equilibrated with the ad-
sorbate(s)-nitrogen mixture at 102 °C, the asdorbate(s) vapor 
was completely removed from the mixing vessel through a 
3-way cock (by-pass). Then, the 3-way cock was positioned 
again so that the pure nitrogen stream (at 100 ml/min) 
passed through the adsorption tube, and the adsorbate(s) 
taken up by the resin was desorbed at 102 °G for 2 h. Then, 
the desorption temperature was programmed at 3.1 °C/min to 
170 °C. The desorbed adsorbate(s)-nitrogen mixture was 
periodically collected in a gas sampler and analyzed by gas 
chromatography. 

The measurements of breakthrough time were carried out 
by replacing nitrogen gas cylinder in Fig. 1 with an air bag 
containing the adsorbate(s) and by directly introducing the 
sample gas in the air bag with a pump into a FID (flame 
ionization detector in a Shimadzu Model GC-3BF gas Chro­
matograph) through the adsorption tube. The sample-air flow 
rate was 20 ml/min and the resin weight in the tube was 1 g. 

The total adsorption capacities of adsorbates on the resins 
were measured with a Shimadzu Model ADS-IB sorptograph 
with the automatic temperature-programming device con­
nected to a Shimadzu Model GC-3BT gas Chromatograph. 

All chromatograms were recorded on a Shimadzu Model 
R-101 recorder; peak areas were measured by a Shimadzu 
Chromatopac E-1A integrator. 

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

Preliminary Uptake Studies. Initially, the total 
amounts of organic vapors taken up by the resins were 
estimated from the desorption peak area measured with 
the sorptograph. As listed in Table 1, the /?-cyclodextrin 
polyurethane resin, /5-HDI-P-5.5-M, gives larger uptake 
values for the organic vapors than the polyurethane 
resin containing no cyclodextrin units, BDOL-HDI-P-
M, does. This result suggests that the ß-cyclodextrin 
units in the resin interact strongly with the organic 
vapors. 

T h e amount of benzene vapor taken up by each resin 
was compared. Porapak Q has the greatest uptake of 
benzene at 55 °C. O n the other hand , at 150 °C 
Porapak Q takes up less than the resins containing ß-
cyclodextrin units do. T h e uptake amount of benzene 
for the ^-cyclodextrin resin at 55 °C varies apparently 
with the diisocyanate used. T h e amount of benzene 
taken up by each ^-cyclodextrin resin decreases with 
increasing adsorption temperature and reaches a 
constant, nearly equal value at 150 °C; this result 
strongly suggests that the /^-cyclodextrin cavities in the 

resins take par t in the adsorption of benzene molecules. 
Sorption Behavior of ß-Cyclodextrin Polyurethane Resins for 

Benzene Vapor. As one approach to the actual 
application of the ß-cyclodextrin resins, it is of value to 
investigate their sorption behavior for one given organic 
vapor (benzene in this work) co-existing with another 
one. T h e resin was equilibrated with the 0.004% 
benzene-0.055% cyclohexane-nitrogen flow at 102 °C. 
After benzene and cyclohexane which had been taken 
up were desorbed for 2 h by the pure nitrogen stream 
at the same temperature, the desorption temperature 
was programmed at 3.1 °C/min to 170 °C. Figure 2 
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Fig. 2. Desorption of benzene and cyclohexane on 
j8-cyclodextrin polyurethane resins. 

: /3-HDI-P-5.5-A, : /5-H6XDI-P-6.0-M, 
: £-XDI-P-5.8-A. 

0 # € ) : Benzene, <>•<> : cyclohexane. 
0.004% benzene-0.055% cyclohexane-N2. 

shows the temperature-programmed desorption patterns 
thus obtained. T h e amount of benzene desorbed is 
larger than that of cyclohexane. Considering that 
there is a much lower concentration of benzene than of 
cyclohexane in the benzene-cyclohexane-nitrogen flow, 
we interpret these results as indicating that the ß-
cyclodextrin resins collect the benzene vapor much 
better than the cyclohexane one. ß-XDI-P-5.8-A gives 
desorption patterns different from those on either ß-
HDI-P-5.5-A or /S-H6XDI-P-6.0-M; this is presumably 
due to the lower thermal stability of /?-XDI-P-5.8-A. 
Thermally, the /5-H6XDI-P-6.0-M resin is the most 
stable of the three ß-cyclodextrin resins. Therefore, 

TABLE 1. TOTAL ADSORPTION CAPACITIES FOR ORGANIC VAPORS 

Resin 
mg Benzene/g Resin 

55 °C 150 °C 

mg Cyclohexane/g Resin 

55 °C 150 °G 

mg Ethyl alcohol/g Resin 

55 °G 150 °C 

JÎ-HDI-P-5.5-M 
0-H6XDI-P-6.O-M 
0-XDI-P-5.8-A 
BDOL-HDI-P-M 
Tenax GC 
Porapak Q 

107 
72 
58 
48 
59 

213 

30 
32 
27 
5 
1 

18 

68 

38 

40 111 

21 

48 

0.5 
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200 

Desorption temperature/°C 

Fig. 3. Desorption of benzene and ethyl methyl ketone 
on 0-H6XDI-P-6.O-M and Porapak Q,. 

: 0-H6XDI-P-6.O-M, : Posapak Q. 0 # : 

Benzene, < > • : ethyl methyl ketone. 
0.013% benzene-0.12% ethyl methyl ketone-N2 (ß-
H6XDI-P-6.0-M), 0.016% benzene-0.074% ethyl 
methyl ketone-N2 (Porapak QJ. 

/J-H6XDI-P-6.0-M was investigated in further experi­
ments. 

Figure 3 shows the temperature-programmed desorp­
tion peaks of benzene and ethyl methyl ketone on both 
0-H6XDI-P-6.O-M and Porapak Q . 0-H6XDI-P-6.O-M 
gives large peaks of benzene and ethyl methyl ketone. 
Considering the concentrations of both adsorbates, 
the benzene peak area is very large compared with 
that of ethyl methyl ketone. On the other hand, Porapak 
Q, gives only small peaks of both adsorbates; BDOL-
HDI-P-M shows no desorption peaks at all in the 
temperature-programmed experiments. 

It is interesting to investigate whether one adsorbate 
on the resin is replaced by the other or not. Figure 4 

Desorption temperature/°C 

Fig. 4. Replacement of ethyl methyl ketone with benzene 
on 0-H6XDI-P-6.O-M. 
O - Benzene, <> : ethyl methyl ketone. 
Adsorption system: 0.16% ethyl methyl ketone-N2 (1 h), 
0.06% ethyl methyl ketone-0.006% benzene-N2 (3 h). 

clearly shows that ethyl methyl ketone on /?-H6XDI-P-
6.0-M is replaced by benzene. First, the 0.16% ethyl 
methyl ketone-nitrogen flow was passed for 1 h through 
the tube containing the resin to saturate the adsorption 
sites completely with ethyl methyl ketone; next, the 
0.006% benzene-0.06% ethyl methyl ketone-nitrogen 
flow was passed for 3 h. A large desorption peak of 
benzene appears when the desorption temperature is 
programmed at 3.1 °C/min from 102 °C. Similarly, 
the 0.08% benzene-nitrogen flow was passed for 1 h 
and then the 0.5% benzene-0.05% ethyl methyl 
ketone-nitrogen flow was passed for 3 h. The desorption 
peak of ethyl methyl ketone is minute in comparison 
with that of benzene. 

These results strongly suggest that the /?-cyclodextrin 
polyurethane resin is selectively adsorptive for benzene 
vapor. Both desorption peaks have the maxima at ca. 
150 °C; this result supports the contention that the 
cyclodextrin cavities in the resin take part in the interac­
tion with the adsorbate molecules, as described 
previously.10) 

Breakthrough Studies. All the experiments cited 
to this point were carried out with samples prepared 
by introducing one or two organic compounds into a 
dry nitrogen flow. Practical samples, however, will 
contain many different compounds including water. 
It is thus especially important to study the effect of co­
existing water. 

First, the 0.4% benzene-air stream containing 0.4% 
ethyl methyl ketone or 1.76% water as a concomitant 
was used to obtain the breakthrough profiles for ß-
H6XDI-P-6.0-M. Co-existing water or ethyl methyl 
ketone does not affect the breakthrough time (26 min). 
In the case of 0.4% ethyl methyl ketone-air stream, 
the breakthrough time is 66 min. It decreases to 45 min, 
when 0.04% benzene is added to the 0.4% ethyl methyl 
ketone-air stream. This result is reasonably interpreted 
as follows. Ethyl methyl ketone is adsorbed on the 
/S-cyclodextrin resin by both the hydrophobic and 
hydrogen-bonding interactions, while benzene is taken 
up almost by the hydrophobic one. This is supported 
by the fact that BDOL-HDI-P-M interacts strongly 
with the compounds capable of forming hydrogen-
bonding.10) The decrease in the breakthrough time 
with increasing benzene concentration in the ethyl 
methyl ketone-air stream seems to result from the 
strong, selective occupation of the hydrophobic adsorp­
tion sites by benzene. 

Second, the mixing vessel in Fig. 1 was replaced with 
a gas stripping vessel in order to perform the break­
through experiments by a gas stripping method; this is 
generally a highly sensitive method for collecting 
volatile organic compounds in water.11) A stream of 
nitrogen at 50 ml/min stripped 150 ml of sample 
solution at 25 °C. After the concentration of stripped 
organic compound in the gas coming out of the vessel 
reached a constant value, the sorption tube containing 
2 g of a resin was connected to the stripping vessel, 
and the breakthrough curve was obtained by flame 
ionization gas chromatography. The breakthrough 
profiles were well-defined S-shaped curves. 

Table 2 shows the breakthrough times on /?-H6XDI-
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TABLE 2. BREAKTHROUGH TIMES (min) ON /J-H6XDI-

P-6.0-M AND AMBERLITE XAD-7 

£-H6XDI- Amberlite 

50 °C 100 °C 50 °C 100 °C 

Methyl alcohol10 

Ethyl alcohola) 

Acetone10 

Ethyl methyl ketoneb) 

Benzenec) 

Waterd) 

32 
123 
70 

121 
12 
30 

5 
17 
19 
53 
10.5 
5 

7.5 
28 
39 

103 
72 
5 

0.8 
3 
3.6 

12 
9 
0 

Concentration of solute : a) 4 ml/1. b) 1 ml/1, c) 
0.1 ml/1, d) Measured by gas chromatography with 
a thermal conductivity detector. 

P-6.0-M and Amberlite XAD-7 at sorption temperatures 
of 50 and 100 °C. At both temperatures, ß -H6XDI-
P-6.0-M gives a larger breakthrough time for each 
polar solute expect for benzene than XAD-7 does, while 
the reverse is observed for nonpolar benzene at 50 °C. 
T h e greater retention of the polar compounds on ß-
H6XDI-P-6 .0-M presumably results from the much 
stronger affinity of this resin for water : the distribution 
of the polar compounds into the water layer retained 
on /J-H6XDI-P-6.0-M plays an important role in their 
greater retention, compared with the XAD-7 resin. It 
is unusual that benzene breakthrough on /?-H6XDI-P-
6.0-M varies little with the sorption temperature in the 
range of 50—100 °C. Supposedly, a large amount of 
water on the resin surface also brings about the small 
breakthrough time of 12 min for benzene at 50 °C: 
nonpolar benzene must penetrate through the water 
layer to reach the hydrophobic sorption site of the resin. 
Amberlite XAD-7, on the other hand, is hydrophobic 
in nature and retains much less water than /?-H6XDI-
P-6.0-M does. Therefore, nonpolar benzene is taken 
up more strongly by the XAD-7 resin. 

In summary, it is found from this preliminary work 
that the /?-cyclodextrin polyurethane resins exhibit a 
strong interaction with benzene vapor in the nitrogen 
or air stream. Also, in the gas stripping method, the 
/?-H6XDI-P-6.0-M resin retains the polar volatile 
organic compounds more greatly t han Amberlite XAD-7 
(used widely to collect them) does; this results indicates 
the possibility of using the /?-cyclodextrin polyurethane 
resins as sorbents to collect polar volatile organic 
compounds. 

This work was partially supported by a Grant-in-Aid 
for Scientific Research from the Ministry of Education, 
Science and Culture. 
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The Oxidation Products of Tetracyanoferrate (II) Chelates with Optically 
Active 1,2-Diamines : Tetracyano(l,2-diamine)ferrate(III)s 

and Tetracyano(l,2-diimine)ferrate(II)s 
Masafumi GOTO,* Michihiro TAKESHITA, and Tomoya SAKAI 

Faculty of Pharmaceutical Sciences, Nagoya City University, Mizuho-ku, Nagoya 467 
(Received January 31, 1981) 

Optically active diamagnetic title complexes were oxidized with hydrogen peroxide under acidic and basic 
aqueous conditions. The corresponding low-spin tetracyano(diamine)ferrate(III) complexes with (R)-\,2-^pro-
panediamine, (li?,2i?)-l,2-cyclopentanediamine, and (lÄ,2/?)-l,2-cyclohexanediamine as diamines formed under 
acidic conditions and were characterized with several spectral measurements including the CD spectra. Each CD 
spectrum showed a moderate positive Cotton effect at ca. 24700 cm - 1 and was assigned to a d-d transition. However 
a ligand oxidation took place, yielding tetracyano(l,2-diimine)ferrate(II) complexes under neutral and basic 
conditions; their electronic and XH- and 13C-NMR spectra are also reported. 

Diamagnetic and low-spin Fe" and Fe111 complexes 
with a simple ligand system have been scarcely inves­
tigated. Tetracyanoferrate(II) chelates of 1,2-diamines 
are diamagnetic as a result of the strong ligand field 
produced by cyano groups and have been well charac­
terized.1'2) The diamagnetic complexes are oxidized 
with various oxidizing agents to yield metal-oxidized 
tetracyano(l,2-diamine)ferrate(III) and ligand-oxidized 
tetracyano(l,2-diimine)ferrate(II) depending on the 
reaction conditions.1) Optically active Fe111 chelates 
can be expected to be prepared from the corresponding 
Fe" chelates with optically active diamines, such as 
(R) -1,2-propanediamine (i?-pn), (IR,2R) -1,2-cyclopen-
tanediamine(A-cptn), and (li?,2i?)-l,2-cyclohexanedi-
amine(i?-chxn), under acidic conditions. The chemistry 
of cyanoammineferrate(III)s has not been fully inves­
tigated except for pentacyanoferrate(III)s.3) Their 
electronic spectra are still ambiguous because of their 
many allowed electronic transitions. Hexacyanoferrate-
(III) and several pentacyano complexes with OH 2 , 
NH3 , As(C6H?)3 , N C S - , and P(C 6 H 5 ) 3 have been 
investigated with magnetic circular dichroism spectra 
as well as electronic spectra.4) T h e C D spectra of 
tetracyano(i?-diamine)ferrate(III)s will provide unique 
information on the nature of the electronic transitions. 

The other product is ligand-oxidized tetra cyano (1,2-
diimine)ferrate(II); it has been characterized by visible 
and 1 H - N M R spectroscopies.1) The diimines examined 
up to the present bear substituents at the nitrogen 
atoms{e. g., 1,10-phenanthroline and iV,iV'-dimethyl-2,3-
butanediimine), but this dehydrogenation yields di­
imines which have no substituents at the nitrogens. 
The dehydrogenation of amines coordinated to 
transition-metal ions has been reported with Cu11,5* 
Ni11,«) Ru11,7) Go11,8) and Fen ,9 ) and it is generally 
accepted that a higher oxidation state of transition-
metal ions is responsible for the reaction.10) Tetracyano-
(l,2-ethanediamine)ferrate(III) undergoes a sponta­
neous metal reduction, yielding a mixture of ligand-
oxidized and ligand-intact Fe11 chelates, in basic 
solutions. 

This paper will deal with the preparation and some 
spectral properties of these complexes. 

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

Materials. 1,4-Dimethyl-l,4-diazabicyclo[2,2,2]octane-
diium diiodide(dimethyldabconium iodide) was prepared 
according to the method of Oae et a/.11) Na2[Fe(CN)4(Ä-
pn)] .0.5NaClO4.0.5H2O,2> Na2[Fe(CN)4(Ä-cptn)] -0.5Na-
ClO4.0.5H2O,12> and Na2[Fe(CN)4(Ä-chxn)].0.5NaClO4. 
0.5H2O

2> were prepared according to the methods reported 
previously. Na[Fe(CN)4(en)]-3H20 and dimethyldabconium 
tetracyano(l,2-ethanediimine)ferrate(II) were prepared ac­
cording to the method of Goedken.1* w-l,2-Cyclohexane-
diamine was separated from a commercially available mixture 
of 1,2-cyclohexanediamines (Tokyo Kasei) according to the 
method of Kidani and Saito.13) 

Preparation of Complexes. NaiFefCNJ^K-pn^-H^. 
The corresponding diamagnetic Fe11 chelate, Na2[Fe(CN)4-
(Ä-pn)].0.5NaClO4.0.5H,O (3.5 g, 0.01 mol), was dissolved 
in a mixture of acetic acid (1cm3), ethanol (20 cm3), and 
water (6 cm3) at 0 °C. Into the mixture, 30% aqueous 
hydrogen peroxide ( 1.5 cm3) was then stirred in small portions. 
The resultant mixture was filtered after 5 min at 0 °C to 
remove the undissolved green materials. Ethanol (20 cm3) 
and ether were added to the filtrate until the solution became 
turbid. The mixture was then allowed to stand in a refri­
gerator overnight. The pale yellow crystals thus separated 
were collected on a filter, washed with absolute ethanol and 
subsequently with ether, and dried in vacuo. Yield, 2.3 g 
(84%). Found: C, 30.16; H, 4.47; N, 30.43%. Calcd for 
Na[Fe(CN)4(C3H10N2)].H2O: C, 30.55; H, 5.10; N, 30.56%. 

NaiFefCNJiCR-cptn^^HzO. In a mixture of acetic 
acid (1cm3) and ethanol (10 cm3), Na2[Fe(CN)4(Ä-cptn)]. 
0.5NaClO4-0.5H2O (1.5 g, 4 mmol) was suspended: after 
the mixture had been cooled to 0 °C, 2 M (1 M = 1 mol dm~3) 
perchloric acid (2 cm3) and water ( 1 cm3) were added to 
dissolve the complex. A portion of aqueous hydrogen 
peroxide (30%, 0.3 cm3) was then stirred into the mixture. 
To the resultant mixture, ether (3 cm3) was added, and the 
mixture was filtered at 0 °C. A mixture of ethanol (10 cm3) 
and ether (10 cm3) was added to the filtrate, and the mixture 
was allowed to stand at —15 °C overnight. The separated 
crystals were collected on a filter, washed with ether, and 
dried in vacuo. Yield, 1.5 g (quantitative). 

This substance was dissolved in a mixture of 2 M HC104 

(0.65 cm3) and ethanol (5.35 cm3) at 0 °C, after which the 
mixture was filtered. Ether (5 cm3) was added, and the 
mixture was allowed to stand overnight at —15 °C. The 
crystals thus separated were collected on a filter, washed 
with ether, and dried in vacuo. Yield, 160 mg (12%). 
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Found: C, 34.41; H, 5.31; N, 26.41%. Calcd for Na[Fe-
(CN)4(C5H12N2)]. 2 H 2 0 : G, 33.87; H, 5.05; N, 26.34%. 

Na[Fe(CN)A(R-chxn)]'3H20. Into a solution of Na2-
[Fe(CN)4(Ä-chxn)].0.5NaClO4.0.5H2O (3.0g, 7.7 mmol) in 
a mixture of acetic acid (3 cm3), ethanol (30 cm3), and water 
(3 cm3) in an ice-water bath, 15% aqueous hydrogen peroxide 
(6 cm3) was stirred, drop by drop, at 0 °G. A mixture of 
methanol (10 cm3), acetic acid (4 cm3), and ether (30 cm3) 
was added to the yellow mixture until the mixture became 
turbid. The mixture then allowed to stand at —15 °C over­
night. The yellow crystals thus separated were collected 
on a filter, washed with ice-cold ethanol and subsequently 
with ether, and stored in vacuo. Yield, 2.0 g (74%). 

These were recrystallized by adding ether to a solution 
of the crude product in a mixture of acetic acid, water, and 
ethanol (1:2:15) until the solution became turbid. This 
procedure was carried out at 0 °G. The pale yellow needles 
thus separated were collected on a filter, washed with ethanol 
and subsequently with ether, and dried in vacuo. Found: 
C, 34.45; H, 5.62; N, 23.60%. Calcd for Na[Fe(CN)4-
(G6H14N2)].3H20: C, 34.04; H, 5.62; N, 23.60%. 

Sodium Tetracyano ('eis- 1.2-cyclohexanediamine)ferrate (II) Di-
hydrate. A methanol solution (40 cm3) of «'.r-l,2-cyclo-
hexanediamine(m-chxn) (22.8 g, 0.2 mol) was vigorously 
stirred into a methanol solution (200 cm3) of iron(II) Per­
chlorate hexahydrate (35.2 g, 0.098 mol) under nitrogen at 
0 °G, followed by the addition of aqueous sodium cyanide 
(19.1 g, 0.39 mol) in 80 cm3 of water. The resultant yellow 
brown solution was concentrated to near dryness under 
reduced pressure below 40 °C. To the oily residue, ethanol 
(200 cm3) was added, and a yellow precipitate was collected 
on a filter, washed with ethanol and subsequently with ether, 
and dried in vacuo. Found: C, 34.20; H, 4.36; N, 23.84%. 
Calcd for Na2[Fe(CN)4(C6H14N2)].2H20: C, 33.72; H, 5.09; 
N, 23.59%. 

Na[Fe(CN)A(ci**hxn)].0.5NaClOA'HtO. In a mixture 
of concentrated HC104 (3 cm3), methanol (20 cm3), and 
water (4 cm3), Na2[Fe(CN)4(m-chxn)].2H20 (3.9 g, 0.011 
mol) was dissolved, and the mixture was cooled to 0 °C. 
Concentrated aqueous hydrogen peroxide (30%, 1.4 cm3) 
was then stirred, drop by drop, into the mixture. A 
mixture of 1-propanol (40 cm3) and diisopropyl ether 
(20 cm3) was added to the mixture. The crystals thus 
separated were collected on a filter. Yield, 3.9 g (70%). 

The crude product was dissolved in a mixture of 2 M HC104 

(3 cm3) and ethanol (20 cm3), and the undissolved materials 
were filtered off. A mixture of ethanol (35 cm3) and diiso­
propyl ether (25 cm3) was added, and the mixture was allowed 
to stand at —15 °C overnight. The crystals thus separated 
were collected on a filter, washed with ether, and dried in 
vacuo. Found: C, 31.77; H, 4.83; N, 21.55%. Calcd for 
Na[Fe(CN)4(C6H14N2)].0.5NaClO4.H2O: C, 31.91; H, 4.29; 
N, 22.33%. 

Dimethyldabconium Tetracyano ( 1,2-propanediimine)ferrate (II) 
Trihydrate, \C%HwN2[\Fe(CN)i(o-pn)]'3H20. The 
designations of the diimines formed by dehydrogenation are 
abbreviated by adding the prefix o- to the corresponding 
diamines, as is shown in Table 1 (vide infra). Into an aqueous 
solution of Na2[Fe(CN)4(Ä-pn)].0.5NaClO4.5H2O (2.25 g, 
6.5 mmol) in 10 cm3 of water, 2 M hydrogen peroxide (18 
cm3) was stirred, drop by drop, at 40 °C. The resultant deep 
red solution was concentrated with a rotatory evaporator. 
A red residue was dissolved in 10 cm3 of water, and dimethyl­
dabconium iodide (2.6 g) was added to the solution. Ethanol 
(200 cm3) was added until the solution became turbid, after 
which the mixture was allowed to stand in a refrigerator 
overnight. The red crystals thus separated were collected 

on a filter and washed with ethanol and subsequently with 
ether. Found: C, 42.03; H, 6.44; N, 26.69%. Calcd for 
[C8H18N2][Fe(CN)4(C3H6N2)].3H20: C, 42.26; H, 7.09; 
N, 26.29%. 

Dimethyldabconium Tetracyano ( 1,2-cyclopentanediimine)ferrate-
(II) Hemi(sodium Perchlorate), [C6Hl6N2\[Fe(CN)i(o-cptn)^-
O.SNaClO^ Into an aqueous solution of Na2[Fe(CN)4-
(Ä-cptn)].0.5NaClO4.0.5H2O (1.0 g, 2.7 mmol) in 10 cm3 

of water, 1 M hydrogen peroxide ( 17 cm3) was stirred, drop 
by drop, at 40 °C, the pH of the mixture being kept at 10.5 
by adding 1 M aqueous NaOH. The resultant intense red 
solution was concentrated with a rotatory evaporator. The 
red residue was dissolved in 4 cm3 of water, and the mixture 
was filtered to remove brown precipitates. To the filtrate, 
dimethyldabconium iodide ( 1.0 g) was added, and then 
ethanol (6 cm3) was added. The blue precipitates thus 
separated were removed by filtration, and another 30-cm3 

portion of ethanol was added to the filtrate. The mixture 
was allowed to stand in a refrigerator overnight. The purple 
crystals thus separated were collected on a filter and washed 
with ethanol and subsequently with ether. Found: C, 43.88; 
H, 6.00; N, 24.17%. Calcd for [C8H18N2][Fe(CN)4(C5H8-
N2)].0.5NaClO4: C, 44.43; H, 5.70; N, 24.39%. 

Dimethyldabconium Tetracyano ( 1,2-cyclohexanediimine)ferrate (II) 
Tetrahydrate, [CSH1SN2] [Fe (CN)i (o-chxn) ] . 4H20. To 
an aqueous solution of Na2[Fe(CN)4(Ä-chxn)].0.5NaClO4-
0.5H2O (2.0 g, 5.06 mmol) in 10 cm3 of water, 2 M hydrogen 
peroxide (20 cm3) was added, drop by drop, at 48 °C. The 
resultant intensely red solution was concentrated with a 
rotatory evaporator. The red residue was dissolved in 8 cm3 

of water, after which dimethyldabconium iodide (2 g) and 
then ethanol (18 cm3) were added. The red crystals thus 
separated were collected on a filter and washed with ethanol 
and subsequently with ether. 

The crude product was dissolved in 3 cm3 of water, and a 
30-cm3 portion of absolute ethanol was added. The red 
crystals thus separated were collected and dried in vacuo. 
Found: C, 44.63; H, 7.25; N, 23.30%. Calcd for [C8H18N2]-
[Fe(CN)4(C6H10N2)].4H2O: C, 44.63; H, 7.49; N, 22.13%. 

Physical Measurements. The electronic spectra of 10-3 M 
hydrochloric acid solutions of tetracyano(diamine)ferrate(III)s 
and aqueous solutions of Fe" complexes were recorded with a 
Shimadzu UV-210A spectrophotometer. The CD spectra were 
measured with a JASCO J-40 recording Polarimeter. The 
XH-NMR were recorded with a JEOL JNM-MH-100 spec­
trometer using D 2 0 solutions and sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) as the internal standard. The 
13C-NMR were recorded with a JEOL FX-100 spectrometer 
using a D 2 0 solution and dioxane as the internal standard 
(67.4 ppm). The infrared spectra were measured with a 
JASCO IRA-2 spectrophotometer using Nujol mulls. The 
magnetic susceptibilities were measured with a Shimadzu 
magnetic balance. 

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

Tetracyano (eis-1,2 -cyclohexanediamine ) ferrate ( I I ) 
showed a typical electronic spectrum of tetracyano (1,2-
diamine)ferrate(II) chelates:2) 2m a x(em a x) =25400(439), 
3l800(ca. 450), 43100(8600), and 46200 cm" 1 (9430). 

Tetracyano (l,2-diamine)ferrate( HI) Chelates. Dia-
magnetic tetracyano (1,2-diamine) ferrate (II) chelates 
with G-substituted 1,2-diamines, Ä-pn, Ä-cptn, Ä-chxn, 
and cis-chxn, yield two types of oxidation products with 
hydrogen peroxide, depending on the acidity of the 
reaction medium, as tetracyano (1,2-ethanediamine)-
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ferrate(II).1) 
In an acidic solution, oxidation took place at the 

central metal ion, yielding the corresponding Fe111 

chelates at 0 °C. The chelates with i?-pn, i?-cptn, and 
R-chxn were prepared with acetic acid as an acid, but 
that with cis-chxn was prepared with perchloric acid as 
an acid because a successive oxidation to the diimine 
chelate occurred with acetic acid. These were isolated 
as sodium salts in pale yellow crystals. These complexes 
tend to undergo disproportionation at room temperature 
with atmospheric moisture and so were kept in a 
refrigerator under a vacuum. The magnetic suscep­
tibilities of the crystals were measured with a magnetic 
balance by means of the Faraday method at room 
temperature. The values of the mole magnetic moments 
were 2.3, 2.4, and 2.4 BM for the i?-pn, i?-cptn, and 
Ä-chxn respectively. These values are in accordance 
with the low-spin F e m complexes. These complexes 
are stable in an acidic solution. The I R spectra con­
tained sharp C=N stretchings at 2120 c m - 1 , higher by 
80 c m - 1 than those of the corresponding Fe11 chelates.2) 
The higher wave numbers of the C=N stretching 
absorptions are compatible with the smaller contribu­
tion of the back donation from Fe111 to coordinated 
C^N than from Fe11. T h e I R absorptions are almost 
the same as those of the corresponding Co111 chelates, 
as is shown in Fig. 1. These complexes exhibit well-
separated 1 H- and 1 3 C-NMR: preliminary results have 
previously reported.14) The results are consistent with 
the bidentate coordination of these diamines. 

I I l l I I l I I i i i i i i i i i i l I I I 

KtCo(CN)A(R-chxrW5H20 

4000 
U N I 1 I I I [ M 1 I I M 1 1 I 1 I 

3000 2000 1500 , 1000 700 
Wave Number/cm"! . Nujot Mulls 

Fig. 1. Infrared spectrum of K[Go(GN)4(Ä-chxn)]-1.5-
H20

2> and Na[Fe(CN)4(Ä-chxn)]. 3H 20. 

The electronic and CD spectra of these complexes 
in 10-3 M HCl are shown in Fig. 2. T h e CD spectra 
of these chelates are similar to each other and reflect 
the conformation of five-membered chelate rings, 
because the diamines may be expected to coordinate 
in the X conformation. These optically active diamines, 
Ä-pn, Ä-cptn, and Ä-chxn, have been reported to 
coordinate to Fe11, forming chelate rings of the A 
conformation.2»12) 

30 40 
10"3 P/cnrT1 

50 

Fig. 2. Electronic and CD spectra of [Fe(CN)4(di-
amine)] - in 10~3 M hydrochloric acid, diamine: i?-pn, 

; i?-cptn, ; i?-chxn, - . - . - . 

A large number of measurements and interpretations 
of the electronic spectra of [Fe (CN) 6 ] 3 - and several 
pentacyanoferrate(III) complexes have been reported.4) 
The electronic configurations of these complexes are 
low-spin d5, i. e., (t2g)5 . The electronic transitions of 
these complexes are expected to arise from (i) ligand-to-
metal charge transfer (LMCT) , (ii) metal-to-ligand 
charge transfer (MLCT) , and (iii) d-d transition. 
McCaffery and Gale assigned electronic absorptions 
with the aid of the magnetic circular dichroism spectra.4) 
The absorptions with d-d transitions are partially hidden 
by L M C T bands, but are located at 29800, Eg"(2T2 g)-> 
Ug

,(2T ] g) ,30200->Eg
/ ,(2A2 g) , and 33200 cm - 1 ->U g ' ( 2 E g ) . 

T h e remaining bands below 40000 c m - 1 originate from 
L M C T , 25500(2T2g->2T l u(jr)), 32 700 (->2T2u (:*)), and 
40000 c m - 1 (—>2T2U((T)). They also measured several 
pentacyanoferrate(III) complexes, but did not assign 
the d-d transitions. Furthermore, complexes with 
ligands which have lone pairs of relatively high energies, 
such as triphenylphosphine and azido, show intense 
absorptions in the visible region. These absorptions 
are assigned to the L M C T bands arising from the ligand 
G bond to the t2g orbital. From this band, the energy 
difference between the ligand lone pair and the metal 
t2g orbital are estimated: e.g., 2 6 6 0 0 c m - 1 for NH 3 . 

T h e electronic transitions of Na [Fe (CN) ^ - d i ­
a m i n e ) ] - are composed of d-d, L M C T , and M L C T 
transitions. The electronic spectra show moderate 
bands at 27000 and 30000—35000 c m - 1 of e of ca. 800. 
In this region, d-d and L M C T bands are to be expected 
if the L M C T band of NH3—>t2g retains its energy. The 
maxima of the electronic spectra in the visible region, 
27000 c m - 1 , seem to arise from C T bands, for the 
molar-absorption coefficient of 800 is large for a d-d 
transition. The maxima of the CD spectra are located 
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at ca. 24700 c m - 1 and correspond to a shoulder of each 
absorption spectrum. T h e corresponding d-d transitions 
of Na2[Fe(CN)4( i?-diamine)]2- have a minor negative 
component at 23300 and a positive component at 
26000 c m - 1 for the i?-pn and the Ä-chxn complexes 
and a positive component at 25200 c m - 1 for the i?-cptn 
complex. The magnitudes of the major CD components 
decreased in the order of; i?-cptn>i?-chxn>i?-pn as 
the ligands. T h e analogous C D components have been 
observed for isoelectronic Co111 chelates at 25000 and 
28700 c m - 1 for i?-pn and Ä-chxn as ^-diamines.2) T h e 
wave numbers and magnitudes of the positive CD 
components for [Fe(CN)4(Ä-diamine)]_ suggest that this 
component corresponds to the d-d transitions. Two 
transitions are expected for the first absorption band 
(2T2g—»2Tlg parentage) of the (t2 g)5 configuration, but 
the energy difference between these bands should be 
smaller than for the (t2 g)6 configuration because the 
interelectron repulsion in the highest t2g orbitals is 
absent for the d5 configuration. T h e minor components 
appearing in diamagnetic Fe11 and Co111 chelates will 
be hidden for the d5 configuration. 

At least four CD components are observed in the 
region between 31000 and 38000 cm- 1 . These CD 
components exhibit similar features for the Ä-pn and 
Ä-chxn complexes : i. e., negative, positive, positive, and 
negative components in the order of their energies, 
and they resemble the M C D components of 
[Fe(CN)6]3-.4> The probable origin of these CD 
components is the charge transfer from the coordinated 
CsN to the t2g orbital. Each CD component of the 
/?-chxn chelate appears at an energy lower by 2000 
c m - 1 t han the corresponding component of the Ä-pn 
chelate. Since the absolute energy level of coordineated 
C=N is expected to be little affected by the structure 
of 1,2-diamine, this difference represents the difference 
in energy levels in the t2g orbitals of these Fe111 chelates. 
The large fixed ligand, Ä-chxn, tends to lower d-
orbitals. Large positive CD components dominate in 
the region between 33000 and 37000 c m - 1 for the Ä-cptn 
chelate. Similar enhancements of positive CD com­
ponents in the region of charge-transfer bands have 
been observed for dianionobis[(li?,2/?)-l,2-cyclopen-
tanediamine]cobalt(III) complexes;12) they may be due 
to the strained structure of this ligand. 

T h e remaining electronic bands and CD components, 
which appear at energies higher than 40000 cm - 1 , have 
large absorption coefficients and large CD magnitudes. 
Two electronic bands and at least three CD components 
are recognized. M L C T bands are to be expected in this 
region. Positive CD components appear for [Fe(CN)4-
(Ä-diamine)]2- and [Co(CN) 4 (Ä-diamine)]-wi th Ä-pn 
and i?-chxn. T h e invariance of the signs of the CD 
components on a change in the central metal ions 
suggests that these bands may be ascribed to the charge 
transfer from coordinated amine to eg orbitals; the 
dependency of the magnitude of the CD components 
on the structure of 1,2-diamines supports this assignment. 

Tetracyanof 1,2-diimine)ferrate (II) Chelates. In a 
neutral or basic solution, the yellow solution of tetra-
cyano(Ä-diamine)ferrate(II) turned an intense red on 
the addition of a slight excess of hydrogen peroxide 

TABLE 1. W- and 13G-NMR OF[Fe(CN)4( 1,2-DIIMINE)] *-
IN D 2 0 AND ABBREVIATIONS OF 1,2-DIIMINES 

Diimine 
^-Chemical 
shifta)/ppm 

13G-Chemical shiftw/ppm 

o-en 8.50° 166.8 
o-pn 8.42,2.48 1,« 169.1; 2, 175.1; 3, 22.3 
o-cptn 2, 2 .71; 3, 2.35 1, 185.6; 2, 31.5; 3, 25.3 
o-chxn 2, 2.90; 3, 1.87 1, 176.8; 2, 33.8; 3, 22.6 

a) DSS=0.00 ppm. b) Dioxane=67.4 ppm. c) Ref. 1. 
d) The number denotes the assignment of the corre­
sponding nucleus shown in the structure below. 

H 3 C ^ H 2, H H w 
// ^ 

HN NH 

o-en 

t2-C f 

HN NH 

o-pn 

\i 

HN" NH 

o-cptn 
HN NH 

o-chxn 

at 40 to 50 °C. Tetracyano(l,2-diimine)ferrate(II)s 
were isolated as dimethyldabconium salts. This cation 
is almost the same size as the chelate anions, has a 
bivalent charge, and facilitates the crystallization of 
soluble-complex anions.15) The structural identifications 
are confirmed by the electronic spectra and the 1 H- and 
1 3 C-NMR spectra. Each 1 H- and 13C-signal appeared 
in the normal region for the D 2 0 solution, indicating 
that these complexes are diamagnetic Fe11 complexes. 
T h e results are shown in Table 1, along with the 
abbreviations and structures of the 1,2-diimines. 

An azomethine proton appeared at 8.42 ppm for the 
1,2-propanediimine complex, as for 1,2-ethanediimine 
complex at 8.50 ppm1) but no such protons were 
present for the 1,2-cyclopentanediimine and 1,2-
cyclohexanediimine complexes. T h e methyl protons 
of the 1,2-propanediimine complex resonated at 2.48 
ppm : the chemical shift moved downfield by 1.2 ppm 
from the methyl protons of the 1,2-propanediamine 
counterpart . Similar downfield shifts were observed 
for the methylene protons of the 1,2-cyclopentanedi­
imine and 1,2-cyclohexanediimine complexes. 

More reliable identifications can be obtained on the 
basis of the 1 3 C-NMR spectra. T h e parent material, 
[Fe(CN)4(o-en)]2 _ , showed a single resonance at 
166.8 ppm. All the 1,2-diimine chelates studied showed 
signals in the region between 166 and 186 ppm. These 
are assigned to azomethine carbons. The chemical 
shifts of the o-pn and o-chxn chelates showed that an 
alkyl substituent at the azomethine carbon cause a 
downfield shift of 9 ppm. T h e azomethine carbon of 
the o-cptn chelate resonates at a magnetic field lower 
by 8.8 ppm than that of the o-chxn chelate. The steric 
effect of the cyclopentane ring exerted on the chelate 
ring causes it to deform from a plane structure, and the 
conjugation of the diimine is reduced. 

T h e electronic spectra of Fe11 complexes with 1,2-
diimines have been studied extensively, and a charac­
teristic intense band between 450 and 600 nm has been 
assigned to an electron-transfer band(t2g—»-ligand).16) 
T h e tetracyano( 1,2-diimine)ferrate(II) has simple struc­
tures for the Fe11 1,2-diimine chromophore. The 
electronic spectra of [Fe(CN)4(o-pn)]2- , [Fe(CN)4(o-
chxn) ] 2 - , and [Fe(CN)4(o-cptn)]2- in water are shown 
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Fig. 3. Electronic spectra of [Fe(GN)4(diimine)]2- in 
water. 
Diimine: o-pn, ; o-cptn, —•—; o-chxn, . 

in Fig. 3. A sharp absorption appeared at 19400 and at 
18700 c m - 1 for the former two and the latter complexes 
respectively. Weak absorptions at 30300 and 33300 c m - 1 

are assigned to d-d transitions, based on the results 
of tris(l,2-diimine)iron(II).17) The first absorption 
band (1Alg—>xTlg) moved to an energy higher by 4700 
c m - 1 t han that for [Fe(CN) 4 (d iamine)] 2 - . This is in 
agreement with the difference in the spectrochemical 
series between 1,2-diimine and 1,2-diamine. 

The present work was partially supported by a Grant -
in-Aid for Scientific Research from the Ministry of 

Education, Science and Culture. 
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by Hydrogen Peroxide in Aqueous Acidic Medium 
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Kinetics of the oxidation of Co(II) complexes, Co(edta)2- and Co(hedta) - [H4edta=ethylenediaminetetra-
acetic acid and H3hedta=iV-(2-hydroxyethyl)ethylenediamine-iV,iV/,iV/-triacetic acid] have been studied in 
aqueous acidic medium (pH 3.6—4.8) at 30—60 °C. The reactions were shown to exhibit second-order kinetics, 
first-order in each of the reactants. In the pH range studied, the rates of reaction showed inverse [H+] dépend­

ra 
ence which could be accounted for in terms of the acid-base equilibrium H2OgT -H0 2 ~+H+. Applying the 
limiting conditions [H+]>Ä:a, [ H 2 0 2 ] > [ H 0 2 - ] , the rate-law is given by d[ConI-L]/d*=2{*H2o2+*H02-#a 

[H+]-1} [Con-L] [H202] where L denotes the general form of the ligand in either case. At 30 °C (/, 0.5 mol 
dm-3), values obtained are *Hso2 = (5.6 + 0.3) X 10~6 mol"1 dm3 s"1, *Ho2-= (5.4+0.3) x 102 mol"1 dm3 s"1 for 
the Co(edta)2- complex and *H2o,= (4.5±0.4) X 10-6 mol-1 dm3 s-1, *Ho2-= (5.1 ±0.5) X 102 mol"1 dm3 s"1 for 
the Co(hedta) - complex. The corresponding activation parameters are A-#*= (71±8) kj mol-1, AS" = — (92± 
23) J K-1 mol"1 (Go(edta)2- system) and AH"=(89±2) kj mol"1 and AS" = -(36±4) J K"1 mol"1 (Co-
(hedta) - system). 

Redox reactions of hydrogen peroxide have been 
studied earlier by a number of workers.x) In view 
of the resemblance of hydrogen peroxide reactions 
with the biologically relevant reactions of catalase 
and peroxidase,2,3) peroxide reactions are of topical 
interest. The present kinetic study of the oxidation 
reactions of C o n ( e d t a ) 2 - and C o n ( h e d t a ) - [ H 4 e d t a = 
ethylenediaminetetraacetic acid and H 3hedta = iV-(2-
hydroxyethyl)ethylenediamine- N, N', N'- triacetic acid] 
with hydrogen peroxide was carried out because of 
the general interest in redox reactions of hydrogen 
peroxide, and also due to the fact that marked dif­
ferences in the reactivity between various coordination 
complexes with hydrogen peroxide are generally ob­
served. 

Exper imenta l 

Materials. The Con-edta solution was prepared by 
adding a little excess («10%) of the requisite amount of 
Na2H2edta to the Co(II) solution. Preparation of Co11-
hedta and buffers has been described elsewhere.4) Stabilizer-
free hydrogen peroxide (BDH) was distilled under vacuum, 
and its concentration was checked by titration with stand­
ard KMn0 4 . Ionic strength of the solutions were adjusted 
with KN0 3 . All chemicals were of reagent grade. 

Measurements. pH measurements were done with a 
Beckman digital pH meter (4500) and a Pye-Unicam re­
cording spectrophotometer (SP8-150) was used for the meas­
urements of absorption spectra. Kinetics were followed on 
a Hilger Uvispek machine as mentioned earlier.4) 

R e s u l t s 

Kinetics of the Oxidation of Coll-edta and Coll-hedta 
with H202. When aqueous solutions of the Co(II) 
complexes were mixed with that of hydrogen peroxide, 
intense coloration developed slowly. No rapid reac­
tion as revealed by spectral features was observed. 

T h e stoichiometry of the reactions corresponding 
to the slow change was determined as follows. Solu­
tions containing the Go(II) complexes of concentration 

greater than twice the concentration of hydrogen per­
oxide (in each case) were kept at 50 °C for 24 h, and 
the amounts of Co (III) product formed were estimated 
from the emax values at 380 and 535 nm for the C o m -
edta complex, and at 380 and 550 nm for Co n i -hed ta 
complex. One mole of the oxidant was consumed 
per two moles of the Go(II) complexes. Under our 
experimental conditions (pH 3.6—4.8), Co(III ) com­
plexes are formed quantitatively. Spectral data re­
veal that the product of oxidation for the Co n -hed ta 
complex is not the sexidentate species Co(hedta), but 
the quinquedentate species, Co(hedta)H a O. Earlier 
studies4) carried out by us on the oxidation of Co11-
hedta by peroxodisulfate ion show the formation of 
the identical species. Sulfab5) also claims the forma­
tion of the quinquedentate species in course of the 
oxidation studies of Co n -hed t a with periodate in the 
p H range 4.0—4.8. Kinetics of both the reaction 
systems were studied at 30—60 °C using large excess 
of hydrogen peroxide over the Go(II) complexes. The 
conventional first-order plots log (Aoo—At) vs. time(f) 
are linear for at least three half-lives of the reactions. 
This shows that the oxidation reactions are first-order 
dependent on the Go(II) complex concentration. 
Plots of kobsd vs. [ H 2 0 2 ] gave good straight lines passing 
through zero. This shows that the reactions are also 
first-order with respect to the oxidant (Fig. 1). The 
rate-law for the oxidation of Co n - ed t a and Co1 1-
hedta by H 2 O a is thus represented by Eq. 1 : 

WÇV = a p w o p v u (i) 
at 

where L is the abbreviated form of the ligand in each 
case (the charges for the complexes have been omitted 
for brevity) and k is the second-order rate constant. 
Values of k determined from the slopes of plots of 
the type shown in Fig. 1 for both the systems are shown 
in Table 1. AH" and AS" values obtained from 
least-squares fit to Eyring equation are also shown 
in Table 1. 

The effect of p H on the redox reactions was also 
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investigated in the range 3.6—4.8 (at a fixed peroxide 
concentration). Both the complexes exhibited an in­
verse [H + ] dependence which indicates the occurrence 
of an acid-base equilibrium. It is well-known that 
hydrogen peroxide is a weak acid, dissociation of 
which is governed by an equilibrium of the type, 

H 2 0 2 £± H 0 2 - + H+. (2) 

(K&=2.6 x 10-12 mol dm-3 at 30 °C6> ) 

Under the present conditions of kinetic study where 
[H+]>A"a, the predominant reacting species is ob­
viously molecular hydrogen peroxide ( [ H 0 2 ~ ] < 
[H 2 0 2 ] ) . The second-order rate constant (defined by 

40 60 80 

l03CH202:i/moI<inf3 

Fig. 1. *obsd vs. [H2OJ plot at 50 °C. 
[Complex]: 0.001 mol dm"3, / : 0.5 mol dm"3, pH: 
4.0. A: Con-edta (O), B: Con-hedta (A). 

^obsd/2[H202]) is therefore given by: 

* = *H2O2 + *Ho2-#a[H+]-1, (3) 

where £H2O2 and £HO2- denote the rate contributions 
due to hydrogen peroxide and hydrogen peroxide 
ion respectively. Values of £H2O2 and £Ho2- can be 
extracted from plots of k vs. KJH+]-1. Such plots 
(at 30 °C) gave excellent linearity with slopes and 
intercepts (Fig. 2), and the computed values are listed 
in Table 2. The reactivity of H 0 2 " is « 1 0 7 times 

109Ka[H+] 

Fig. 2. Plot of k vs. K&{H+]~1 at 30 °C. 
[Complex] : 0.001 mol dm"3, [H2OJ : 0.08 mol dm-3, 
/ : 0.5 mol dm-3. A: Con-edta (O), B: Con-hedta 
(A). 

TABLE 1. RATE CONSTANTS11) AND ACTIVATION PARAMETERS FOR THE OXIDATION OF Con-edta 

AND Con-hedta WITH H 2 0 2 

Complex ionb> Temp/°C«) A#* 
10-* mol"1 dm3 s-1 kj mol-1 

AS* 
J K-1 mol-1 

Con(edta)2 

Con(hedta)-

40 
50 

60 

40 
50 

60 

1.61±0.05 
4 .48±0.1 
4.45±0.28d> 
8 .74±0.26 

1.15±0.01 
3 .40±0 .3 
4-08±0.06d> 
9 .53±0.25 

71±8 

89±2 

- 9 2 ± 2 3 

-36± 4 

a) pH, 4.0 (NaOAc + HOAc); i, 0.5moldm"3 (KN03 + NaO Ac). b) Kinetics were followed at 535 nm for the 
Con(edta)2" complex. For Con(hedta)-, these were measured at 550 nm. For the evaluation of £, six to eight 
sets of experiments at various hydrogen peroxide concentrations were carried out. The kohsd value for each set 
is again obtained as the average of two or three repetition which were within ± 3 % . c) Temperature control 
was within ± 0 . 1 °C in the thermostatic bath, d) pH, 4.0; i, 1.0 mol dm"3. 

TABLE 2. KINETIC PARAMETERS11) OBTAINED FROM pH VARIATION STUDIES ON THE OXIDATION 

OF Con(edta)2- AND Con(hedta)~ BY HYDROGEN PEROXIDE 

Complex ion 

Co(edta)2-
Co(hedta)-

^ H 2 0 2 

lO^mol-idmSs-1 

5 . 6 ± 0 . 3 
4 . 5 ± 0 . 4 

^ H 0 2 -

102mol-1dm3s-1 

5 . 4 ± 0 . 3 
5 . 1 + 0 . 5 

£HO27*H2O2 

9.6x10« 
11.3x10« 

a) Temp, 30°C;7, 0.5 mol dm-3; [H202] , 0.08 mol dm-3. Values have been obtained by linear regression 
analysis of the data and errors shown are standard deviations. 
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higher than that of H 2 0 2 in either case. 

D i s c u s s i o n 

In most of the reactions of hydrogen peroxide studied 
earlier one-electron oxidation and formation of radicals 
are observed.7) O n the basis of our experimental 
data, it is quite reasonable to believe that the present 
reaction systems follow the general scheme (Eqs. 4— 
6) in which H 2 0 2 and H 0 2 ~ are both involved 
in bimolecular rate-determining steps with Co n L, 

slow 

Co"L + H 2 0 2 • Co m L + O H - + OH-, (4) 
*H 2 0 2 

fast 

Go"L + OH- • Co^L + OH-, (5) 
* H 0 2 -

Go"L + H 0 2 - • Products. (6) 

The free radical mechanism, namely (4)—(5) is well 
supported by experimental evidences gathered over 
the last few years8-10) (specially using the ESR tech­
nique1)). T h e electron transfer step expressed in Eq. 
6 could be followed by a precursor equilibrium be­
tween the substrate and H 0 2

_ . The criterion for 
such an equilibrium under the present conditions must 
be that it is significantly small. Furthermore, the 
equilibrium must be obtained fairly rapidly compared 
to the intramolecular electron transfer step, else satura­
tion of the pseudo-first-order rate constant would have 
been observed at high concentration of hydrogen per­
oxide. Sutin11) has also put forward evidence for 
an H 0 2

- pa th in course of kinetic studies of the reaction 
of chromium(II) cyanide complexes with hydrogen 
peroxide in aqueous solution. The rate-determining 
intramolecular electron transfer is preceded by an 
association step as : 

Cr(CN)5H203- + H 0 2 - ^ ± [Complex]3- + CN~, (7) 

[Complex]3" • Products. (8) 

Yalman12) has studied the electron transfer reaction 
of C o n - e d t a with hydrogen peroxide in the p H range 
6.5—8.5 by manometric, spectrophotometric, and 
Polarographie techniques. A peroxodicobalt(III , I I I ) 
intermediate, ( ed ta )CoOOCo(ed ta ) 4 - having an in­
tense band in the ultraviolet region is claimed to be 
formed, the formation of which is supported by Polaro­
graphie measurements. In the present study where 
the p H has been kept below 4.8, no spectral evidence 
could be gathered for the formation of any intermediate 
species. However, our earlier studies4) on the electron 
transfer reaction of C o n - h e d t a with peroxodisulfate 

ion present the opportunity for detection of an inter­
mediate which is believed to be a mononuclear Co111 

complex containing the oxidant (in part) in the inner-
sphere. 

The reactivity of the two complexes towards peroxide 
oxidation is more or less the same (the Co n - ed t a 
complex reacting little faster than the Co n -hed ta com­
plex). However, a fairly large difference in the en­
tropy of activation (Table 1) is found for the two 
reaction systems which may originate from the dif­
ference in charge on the Co(II) complexes. Positively 
charged complexes reacting with H 0 2

- are expected 
to have the least negative entropies of activation due 
to charge neutralization in the transition state leading 
to desolvation. Neutral and negatively charged com­
plexes will have more negative entropies because of 
developing charge in the transition state.13) The acti­
vation energies for these reactions are considerably 
lower than the value of 140 k j required for the sym­
metrical fission of the peroxide bond1) and may be 
rationalized as a stabilization of the activated com­
plexes caused by partial transfer of electrons from 
the metal ion to a 'generating' hydroxyl radical ion. 
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Three (amino acidato)bis(ethylenediamine)chromium(III) complexes were prepared and resolved into 
their optically active isomers, their absorption and circular dichroism spectra being measured in the spin-for­
bidden and spin-allowed d-d transition regions. The amino acids used were glycine, L-alanine, and L-phenyl-
alanine, the latter two yielding pairs of diastereomeric, not enantiomeric, isomers in their complexes. The con-
figurational and vicinal CD curves were obtained from the observed CD of each pair of diastereomers. The ad-
ditivity of configurational and vicinal contributions to the optical activity in the whole region of the d-d tran­
sitions was substantiated. The configurational and vicinal CD peaks in the spin-forbidden band region were 
assigned in connection with those in the first spin-allowed band region. 

In contrast to the large number of corresponding 
Go (III) complexes, only a limited number of Cr (III) 
complexes containing optically active amino acid che­
lates are known.1 - 3) No complex such as [Cr(am)-
(N)4]2+ ( a m = a m i n o acid anion) has been prepared, 
but this type of Cr (111) complex is fundamental for 
spectroscopic and stereochemical studies on (amino 
acidato) chromium(III ) complexes as for analogous 
Co(III) complexes on the basis of their chiro-optical 
spectra.4-7) With use of two ethylenediamines as (N)4 

ligands, circular dichroism (CD) spectra of the com­
plexes with optically active amino acids might be 
separated into the configurational contribution due 
to the chiral arrangement of three chelate rings around 
a central Cr( I I I ) ion and the vicinal one due to the 
chirality around optically active amino acidato ligands 
as in Co(II I ) complexes.5-7) For such Cr ( I I I ) com­
plexes, the vicinal CD curves in the spin-forbidden 
transitions might reveal the split components of the 
excited states as found for the CD in the first band 
region of Co (III) complexes.5-7) The electronic dou­
blet states would be clarified for the Cr ( I I I ) com­
plexes of the present type as has been revealed for 
the so-called praseo type complexes8) and in more 
detail than for the tris-chelate complexes.9) 

This paper deals with the preparation and optical 
resolution of [Cr(am)(en) 2] 2 + , where am refers to gly­
cine anion (gly), L-alanine anion (L-ala), and L-phenyl-
alanine anion(L-phala), and with their absorption and 
CD spectra in the d-d transition region. The absolute 
configuration and additivity of the configurational and 
vicinal CD curves of these complexes are discussed. 
The configurational and vicinal CD peaks in the 
spin-forbidden transition region are elucidated in rela­
tion with those in the first spin-allowed transition 
region by means of the relations8-9) between the rota­
tional strengths for the spin-forbidden transitions and 
those for the first spin-allowed transitions. 

Exper imenta l 

Preparation of the Complexes. 1) [Cr(gly)(en)2]Cl2-0.5-
H20: A solution of 1.0 g of m-[CrCl2(en)2]Cl-H20 in 4 
cm3 of water was heated at 80 °C. To the resulting red 
solution in which the species may be m-[CrCl(en)2(H20)]2+ 

was added 0.3 g of glycine at room temperature. After 

the pH of the mixture had been adjusted to 8—9 with a 
2 mol dm - 3 potassium hydroxide solution, the solution was 
warmed at 35 °C for a few hours; when the coloration of 
the solution turned reddish orange. To this was added 
a large excess of potassium iodide. On cooling the solution 
in an ice bath, orange powder was precipitated. This was 
filtered and washed with methanol and ether. Another 
crop of the crude complex was obtained from the filtrate 
by adding methanol. The crude product was purified as 
follows. An aqueous solution of the obtained powder was 
poured into an SP-Sephadex G-25 column (03.5 cm X 30 
cm), and the adsorbed complex was eluted with a 0.2 mol 
dm~3 sodium chloride solution at 5 °C in the dark. A yellow 
orange eluate showing absorption maxima at 478 nm and 
359.5 nm was collected. The eluate was reloaded on a 
short column of SP-Sephadex G-25 after dilution with cold 
water at 5 °C, and the adsorbed complex on the Sephadex 
was washed thoroughly with a 0.05 mol dm-3 lithium chloride 
solution. After elution of the adsorbed complex with a 
3 mol dm - 3 lithium chloride solution, the concentrated solu­
tion obtained was evaporated to dryness by means of freeze 
drying. The orange powder contaminated with a large 
amount of lithium chloride was dissolved completely in a 
small amount of ethanol. A large excess of ether was added, 
yellow orange powder being obtained. This was filtered 
and washed thoroughly with ethanol. Pure chloride was 
obtained by recrystallization from cold water and ethanol. 
Found: C, 20.94; H, 6.74; N, 20.60%. Calcd for [Cr-
(gly)(en)2]Cl2.0.5H2O: C, 20.75; H, 6.67; N, 20.57%. 

2) r+^589- and (—)569-[Cr(gly)(en)2]
2+: An aqueous 

solution of [Cr(gly)(en)2]Cl2-0.5H2O was adsorbed on an 
SP-Sephadex G-25 column, and the charged complex was 
eluted with a 0.1 mol dm - 3 aqueous solution of sodium 
( + )589-tartratoantimonate(III) at a rate of 0.3 cm3/min at 
5 °C in the dark. Equal amounts of two bands, ( + )589-
and ( —)589-isomers, were eluted separately. Each eluate 
was reloaded on a short column of SP-Sephadex C-25 after 
dilution with cold water. Each adsorbed complex was 
eluted with a 3 mol dm - 3 lithium chloride solution, the 
eluates being stored for CD measurements. Isolation of 
these complexes was unsuccessful. Based on the quan­
titative analysis of the Cr3* content in these solutions, the 
absorption spectra of the concentrated solutions coincided 
in position and intensity with those of the unresolved [Cr-
(gly)(en)JCl2-0.5H2O in water. 

3) (AA)-[Cr(L-ala) (en)2]
2+: This complex ion was pre­

pared by the same method as for the glycinato complex in 
1). However, it was not isolated owing to decomposition 
during the course of isolation. 
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*) ( + )m- and (-)M9-lCrfrala)(en)%]*+: After the re­
action of a5-[CrCl2(en)2]Cl'H20 with L-alanine in water 
as described in 1), the mixture was poured into an SP-
Sephadex C-25 column (04 cm X 50 cm). The adsorbed 
band was eluted with a 0.2 mol dm - 3 sodium chloride solu­
tion at 5 °G in the dark. Of six separate bands, the fourth 
eluted yellow orange band showed a similar absorption 
spectrum to that of [Gr(gly)(en)2]2+. The dilute aqueous 
solution of this eluate was resorbed on a column of SP-
Sephadex C-25 and the adsorbed complex was resolved into 
diastereomers by elution with a 0.1 mol dm - 3 aqueous solu­
tion of sodium ( + )58fl-tartratoantimonato(III) at a rate of 
0.3 cm3/min at 5 °C in the dark. Two bands were separated: 
the first and the second bands being (+)5 8 9- and ( — )589-
diastereomers, respectively. ( + )589_ and ( — )589-isomers are 
found to be formed in the ratio 48:52. Each eluate was 
concentrated by the same procedure as given in 2). 

5) (Ù±k)-\_Cr(\,-phala)(en)Àh'- The iodide of this com­
plex was obtained as needle-like crystals by the same method 
as for the glycinato complex. Recrystallization was carried 
out from a small amount of water and methanol. Found: 
C, 26.28; H, 4.52; N, 11.73%. Galcd for [Cr(L-phala)-
(en)JI8 : G, 26.46; H, 4.44; N, 11.87%. 

6) r+A 8 9 - and (-)6s9-[Cr(i.-phala)(en)2y+: Two dia­
stereomers of the L-phenylalaninato complex were obtained 
by SP-Sephadex column chromatography of the mixture 
after the reaction as in the case of the L-alaninato complexes 
in 4). The faster and slower eluates of two separate bands 
were ( + )589- and ( —)589-isomers, respectively, their for­
mation ratio being ca. 3 :2 . 

Measurements. Absorption spectra were obtained on 
a Shimadzu UV-200S spectrophotometer, and GD spectra 
on a JASGO MOE-1 spectropolarimeter. The quantitative 
absorption spectra of the unresolved glycinato and L-phenyl­
alaninato complexes were measured on the basis of their 
elemental analytical results. The molar absorption coef­
ficients of the L-alaninato complex were determined on the 
basis of quantitative analysis of the Cr3+ content in sample 
solutions, since this complex could not be isolated. The 
values of the molar absorption coefficients (e=86.06 mol - 1 

dm3 cm-1 at 478 nm and £=71.68 mol"1 dm3 cm"1 at 359.5 
nm) obtained by this method seem reasonable in comparison 
with those of the other amino acidato complexes: e=87.05 
at 478 nm and 76.65 mol - 1 dm3 cm - 1 at 359.5 nm for the 
glycinato complex, and e=86.72 at 478 nm and 72.42 mol - 1 

dm3 cm - 1 at 359.5 nm for the L-phenylalaninato complex. 
The CD measurements of the present optically active com­
plexes were performed by using the sample solutions in ca. 
2 mol dm - 3 lithium chloride solutions in which the Gr3+ 

content was determined by quantitative analysis and/or the 
molar absorption coefficients of the first absorption band. 
In the latter case, it is assumed that each diastereomer of 
the L-alaninato and L-phenylalaninato complexes has equal 
molar absorption coefficients, since those of diastereomers 
of [Go(ox)2(L-ala)]2-3

 7> [Co(mal)2(L-phala)]2-, 7) and [Cr-
(L-ala)(en)2]2+5) have been found to be equal. 

Chemical Analysis. Chromium content was determin­
ed by spectrophotometric analysis of Cr0 4

2 _ at 372 nm after 
oxidation of the complexes with hot alkaline hydrogen per­
oxide. 

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

Absorption and Circular Dichroism Spectra. The 
first and second absorption band maxima of the three 
amino acidato complexes coincide with each other 
(Fig. 1). T h e positions agree with those predicted 

from the rule of average environment10) or Yamatera 's 
rule11) by using the first and second band positions 
for [Cr(en)3]3+ and [Gr(ox)3]3- . 

The CD spectra of the complexes give only one 
component in the first band region and two com­
ponents with opposite signs in the second band region 
(Figs. 1 and 2). The GD intensities of these 
complexes are comparable to those of tris-chelate 

25 
<r/iQz cm"1 

Fig . 
(-

1. Absorption curves (upper) of [Cr(gly)(en)2]2+ 

, [Cr(L-ala)(en)2]2+ ( ), and [Cr(L-phala)-
(en)2]2+ ( ) ; observed CD curves (lower) of (+)689-
[Cr(gly)(en)2]

2+. 

X200 

14 15 16 
Ö7103 cm-1 

20 25 30 
CT/103 cm'1 

Fig. 2. (a) CD curves of ( + )589-[Cr(L-ala)(en)2]2+ 

( ) and (-)589-[Cr(L-ala)(en)2]2+ ( - - - ) , and 
calculated vicinal CD curve (2AC(L)) of [Cr(L-ala)-
(en)2]2+ ( ). (b) CD curves of (+)589-[Cr(L-
phala)(en)2]2+ ( ) and (-)589-[Cr(L-phala)(en)2]2+ 

( ), and calculated vicinal CD curve (2A«(L)) 
of [Cr(L-phala)(en)2]

2+ ( ). 
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complexes such as (+) 5 8 9-[C r (en) 3 ] 3 + and ( + ) 5 8 9 -
[Cr(ox)(en)2]+.9) This confirms the chelation of amino 
acidato ligands in the complexes. Since the faster 
eluted (+)589-isomers of these complexes exhibit a 
positive CD band in the first band region, they are 
assigned to a. A absolute configuration. Thus, the 
slower eluted (—)589-isomers with a negative CD band 
in this region take a A configuration. The elution 
order is the same as that found for the corresponding 
Co (III) complex with glycine anion.12) A preliminary 
experiment of the optical resolution for the trimethyl-
enediamine complex, [Cr(gly)(tn)2]2+, indicates that 
the faster eluted band on SP-Sephadex column chro­
matography exhibits a negative CD band in the first 
band region and is assigned to a A configuration. 
The inversion of the elution order for the ethylene-
diamine and trimethylenediamine complexes is also 
found for the corresponding Co (III) complexes. 12b) 

It has been revealed for several Co (III) complexes5-7) 
that the configurational and vicinal contributions are 
separable and almost additive on the CD curves in 
the spin-allowed d-d absorption band region. How­
ever, there is no application of the additivity rule 
to the CD of chromium (111) complexes in both the 
spin-forbidden and spin-allowed band regions. The 
vicinal CD due to one coordinated optically active 
amino acidato ligand, AS(L.), and the configurational 
CD, Ae(A) or Ae(A), have been calculated by 
applying the following relations to the observed CD 
curves, Ae(AL) and Ae(AL), of A- and -4-[Cr(am)-
(en)2]2+. 

A*(L) = \/2{Ae(Ah) + Ae(Ah)} 

Ae(A) = l/2{Ae(^L) - Ae(Ah)} 

Ae(A) + Ae(A) = 0 

The calculated configurational curves from the CD 
data of each diastereomer of the L-alaninato and L-

phenylalaninato complexes agree with the observed 
curve of the glycinato complex, (+)589-[Cr(gly)(en)2]2+, 
in the lower frequency spin-forbidden band region 
as well as in the first and second spin-allowed band 
regions (Fig. 3). The configurational CD in the spin-
forbidden band region is similar in appearance to 
that of (+) 5 8 9 - [Cr(en) 3 ] 3 V) but the half-bandwidths 
of the complexes are approximately twice as wide 
as that of (+)5 8 9-[Cr(en)3]3 + .9) Assuming pseudo D 3 

symmetry for the present complexes as for [Cr(ox)-
(en)2]+,9> one positive configurational CD component 
in the first spin-allowed band region is due to the 
4E(4T2g) state. Then, three CD peaks of the con­
figurational curves in the spin-forbidden band region 
are assigned to the 2E(2Eg), 2A2(2T l g) , and 2E(2T l g) 
states from the lower frequency side according to the 
theoretical relation of the rotational strengths for these 
d-d transitions.9) 

The calculated vicinal CD curves of the L-alaninato 
and L-phenylalaninato complexes in the first band 
region give three components, (—), ( + ) , and (—) 
from the lower frequency side (Fig. 2). This CD 

15 16 

(T/105 cm"1 

20 25 30 

Ö7105 cmT1 

Fig. 3. Calculated configurational CD curves of [Cr-
(L-ala)(en)2]

2+ (_ ) a n d [Cr(L-phala)(en)2]
2+ ( ), 

and observed CD curve of ( + )589-[Cr(gly)(en)2]
2+ 

( )• 

TABLE 1. CD DATA OF [Cr(am)(en)2]2+ COMPLEXES 

(Wave numbers are given in 103cm_1.) 

(+W(giy) 
o(Ae) 

14.81 ( + 7.77*)) 
15.15(-1.58a)) 
15.58( + 6.04a)) 
21.46(4-1.91) 
27 .55(-0 .16) 
30.45( + 0.04) 

Observed CD extrema of ( + )589- and ( —)589-[Cr(am 
( + )589-(L-ala) 

a (As) 

14.77( + 6.64a)) 
15.28(-1.25a)) 
15.57( + 2.70a>) 
21.15(4-1.65) 
27 .70( -0 .12) 
30.40( + 0.04) 

)(en)2]
2+ 

( ~ ) 589" (L-ala) ( + ) 589- (L-phala) 

a (Ae) o 

14.79(_7.09*)) 14.75 

(As) 

( + 7.25a)) 
15.12( + 1.96a>) 15.20(-1.18a)) 
15.56(-7.70a)) 15.52 
21.46( —1.63) 21.10 
27.47(4-0.11) 27.62 
30 .40( -0 .02) 30.53 

( + 3.85a>) 
( + 1.70) 
( -0 .16) 
( + 0.03) 

Obtained configurational CD extrema Obtained vicinal CD 

J-(L-ala) 
o (As) 

14.79( + 6.81a)) 
15.15(-1.40a>) 
15.58( + 5.20a)) 
21.46(4-1.62) 
27.62(-0 .12) 
30.49( + 0.03) 

Atg£t} ^s—w Ï3S 
14.77( + 7.58a)) 
15.13(-1.66a)) 
15.53( + 4.96a)) 
21.28(4-1.70) 
27 .62( -0 .13) 
30.49( + 0.03) 

2E(2Eg) 14.60( + 0.83a)) 
2A2(2Tlg) 14.84(-0.50a)) 
2E(2Tlg) 15.11(+1.19a)) 
*E(4T2g) 15.60(-2.53a)) 

18.45(-0.013) 
20.58( + 0.105) 
22.72 ( -0 .168) 

(-)589-(L-phala) 

o(Ae) 

14.78(-7.96a)) 
15.09( + 3.03a)) 
15.53(-6.07a)) 
21.42( —1.71) 
27.47( + 0.10) 
30 .40( -0 .03) 

extrema 

^ S ? * Assinment(D4) 

14.64( + 1.00a)) 2A!(2Eg) 
14.81 (-0.74a)) 2B!(2Eg) 
15.06(4-1.55a>) 2A2(2Tlg) 
15 .35( -1 
1 9 . 0 1 ( - 0 
20.49( + 0 
2 2 . 6 7 ( - 0 . 

,30a>) 2E(2Tlg) 
031) 4E(*T2g) 

.080) 
165) 4B2(*T2g) 

a) CD intensities are multiplied by 103. 
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behavior is similar to that of the corresponding Co(I I I ) 
complexes5^ except their CD intensities. I n the spin-
forbidden band region, the vicinal C D curves exhibit 
four components with alternate signs; ( + ) , (—), ( + ) 5 

and ( —) from the lower frequency side. The intensity 
ratios between the configurational and vicinal CD 
components in the first spin-allowed band region are 
found to be almost equal to those between the con­
figurational and vicinal CD ones on the lowest fre­
quency side of the spin-forbidden band region (Table 
1). This suggests that the intensity borrowing mecha­
nism of the spin-forbidden transitions via spin-orbit 
coupling for the rotational strengths due to the vicinal 
effect is also operative and valid as in the case of the 
configurational effect. Of the four vicinal CD com­
ponents in the spin-forbidden band region, two com­
ponents on the lower frequency side, ( + ) a n d (—), 
are covered under the band envelope of the configu­
rational CD component on the lowest frequency side 
in this region; e.g., ( + ) one for (+) 5 8 9-[ G r (g 1 y)(en) 2 ] 2 + 

(Fig. 2). Thus , the two peaks correspond to the 
splitting components of the configurational CD peak, 
which was previously assigned to the 2E(2Eg) state. 
The remaining vicinal components, ( + ) and (—), 
might correspond to the central 2A2(2T l g) and the 
highest frequency 2 E( 2 T l g ) configurational CD bands, 
respectively, in view of the positions of their CD peaks. 
The large splitting interval of ca. 250 c m - 1 obtained 
for the 2E(2Eg) state is comparable to those observed 
for such tetragonal complexes as [CrX(NH 3 ) 5 ] n+ 
type.13> The splitting interval of the 2E(2Eg) state 
for tris(ethylenediamine)chromium(III) complex has 
been found to be ca. 18 cm - 1 .1 4) Assuming that the 
present complexes belong effectively to holohedrized 
tetragonal (D4) symmetry,15) two vicinal CD peaks 
on the lower frequency side of the first band, ( —) 
and ( + ) , might be due to the splitting components 
of the 4E state, and the remaining negative highest 
frequency peak to the 4B2 one. The total rotational 
strength for the 4E<-4BX transition in a tetragonal 
(D4) field seems to be given by the sum of those for 
two individual transitions in a lower symmetry field. 
Thus , the signs of the rotational strengths for the 4E<-
and ^ g « - 4 ! ^ transitions are positive and negative, 
respectively, since the positive component of the 4E 
state is much larger than the negative one (Fig. 2 
and Table 1). O n the basis of the theoretical relation 
between the rotational strengths for the spin-allowed 
and magnetic dipole allowed transitions and those for 
the spin-forbidden transitions of tetragonal Cr (111) 
complexes (Ref. 8, Table 2 third column), four vicinal 

CD peaks in the spin-forbidden band region are as­
signed as follows. Since the rotational strengths for 
the 2A l5

 2A2<—4BX transitions should have the same 
signs as those for the 4E«-4B1 transition, two positive 
peaks are assigned to the 2AX and 2A2 states from the 
lower frequency side. Two remaining negative peaks 
might be due to the 2B1 and 2E one from the lower 
frequency side, the rotational strengths of which are 
expected to have the same signs as those of the 4B2 

state (Table 1). I t seems plausible that the orbitally 
nondegenerate 2A2(D4) and the degenerate 2E(D4) com­
ponents for the vicinal CD correspond to the non-
degenerate 2A2(D3) and degenerate 2E(D3) ones for 
the configurational CD, respectively. 
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Acylcarnitine chlorides form micelles in water and polyprotic solvents such as glycerol, ethylene glycol; 1,3-
propanediol and 1,4-butanediol. The effect of the acyl chain on the formation of micelles was studied for com­
pounds with chain lengths of 2 to 16 carbon atoms. The critical micellar concentration in glycerol was deter­
mined at 25 °C by means of difference spectroscopy using phenol as a probe. The acylcarnitine chlorides with 
chains containing less than 8 C atoms do not form micelles in glycerol. The critical micellar concentration var­
ies from 0.060 mol dm~3 for octanoylcarnitine to 0.011 mol dm - 3 for palmitoylcarnitine. The free energy of 
micellization, AG£i« varies linearly with chain length in the range of — 6.95 kj mol - 1 to —11.2 kj mol -1. 
The "hydrophobic" or "solvophobic" effect was more pronounced in water than in glycerol and the free energy 
change per metylene group was —2.89 kj mol - 1 and —0.75 kj mol -1, respectively. The formation of micelles 
of acylcarnitine chlorides in glycerol is important in terms of the metabolism of fatty acids and their transport 
across biological membranes. 

The principal pathway for the oxidation of fatty 
acids is generally considered to be /3-oxidation. Several 
enzymes, known collectively as the fatty acid oxidase 
complex, are found in the mitochondrion closely as­
sociated with the enzymes of the respiratory chain. 
These catalyze the oxidation of fatty acids to acetyl-
S-CoA, the system being coupled with the phosphory­
lation of ADP to A T P . Although the oxidation of 
fatty acids occurs inside the mitochondrion, the long 
chain fatty acids in the cytoplasm cannot pass through 
the mitochondrial membrane, unless they are enzy-
matically combined with carnitine to form a fattyacyl-
carnitine complex. 

Long chain acylcarnitines are known to form micelles 
in water.1,2* The critical micellar concentration 
(CMC) decreases by an order of magni tude as the 
alkyl chain length increases by units of two carbon 
atoms. The aggregation number of long chain acyl­
carnitines in water slightly increases concomitant with 
the increment in alkyl chain length. 

In comparison with the amount of work done on 
the properties of surface active agents in water, the 
chemistry of surfactants in mixed aqueous solvents 
and nonaqueous solvents is a rather limited field. 
As par t of a systematic study of the process of micelliza­
tion3-6) and the use of micelles as simple membrane 
models,6) we have decided to search for micelle forma­
tion also in nonaqueous protic solvents such as glycerol, 
ethylene glycol; 1,2-propanediol and 1,4-butanediol. 
These solvents are very much like water and are known 
to form micelles with the nonionic detergent poly­
ethylene glycol ^-/-nonylphenyl ether, NPE 9 (Igepal 
CO-630) with an average of nine oxyethylene residues 
in the poly(oxyethylene) chain. T h e critical micellar 
concentration of Igepal CO-630 varies from 1.01 X 
10~ 6 moldm~ 3 in water to 1.55 X 10 - 2 mol d m " 3 in 
1,4-butanediol and the free energy of micellization, 
AGSu, ranges from —34.3 to —10.5 k j mo l - 1 for the 
same solvents.7) In general, the process of micelliza­
tion appears to be thermodynamically favored and 
is similar to micelle formation in water. The main 
interaction responsible for micellization is of a hydro­
phobic type, not unique to water, but found in many 

other solvents. I t is most pronounced in water and 
glycerol. This interaction is often given by the name 
"solvophobic" and its exact nature is hard to explain 
in terms of hydrogen bonding, O H groups, dielectric 
constant or other parameters. 

Glycerol and ethylene glycol form intra- and inter-
molecular hydrogen bonds,8»9) although they are much 
less strong than those in water. Both have been 
used widely in protein conformation studies and as 
simple membrane simulators. These dense liquids ap­
proximate portions of membranes in terms of the 
anhydrous environment that they provide. Glycerol 
has been applied as a viscous agent in the construction 
of a medium having a viscosity closer to the intra­
cellular environment in the study of the allosteric 
enzyme glycogen Phosphorylase b.10) Reactivation ef­
fects by glycerol and ethylene glycol of inactivated 
<5-amino le vulic acid synthetase were observed. I t was 
suggested that the protein conformation around the 
pyridoxal 5'-phosphate binding site of synthetase was 
stabilized by the polyprotic alcohols.11) 

Mater ia l s and M e t h o d s 

Acylcarnitine chlorides have the generalized struc­
ture given below. The compounds studied ranged 
from acetylcarnitine chloride (n=0) to palmitoylcar­
nitine chloride (n=14) and differed in the chain 

| /(GH3)3N-GH2-GH-CH2-COOH] Cl~ 

O 
1 

c=o 
(CH2)n L = 0, 2, 4, 6, 8, 10,12,14 

\ C H 3 ) 
length of the fatty acid by units of two carbon atoms. 
They were prepared in our laboratory according to 
the method of Ziegler, Bruckner and Binon.12) The 
synthesis essentially involved the preparat ion of the 
acyl chlorides from the corresponding acids by means 
of thionyl chloride, followed by reaction of the acyl 
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chloride with carnitine employing trichloroacetic acid 
as the solvent. The acylcarnitines were subsequently 
recrystallized from isopropyl alcohol and dried over 
P 2 0 5 under high vacuum. Acetyl chloride and tri­
chloroacetic acid (reagent grade) were obtained from 
Allied Chemical Company. Butanoic, hexanoic, oc-
tanoic, decanoic, lauric, myristic, palmitic acid, and 
^/-carnitine hydrochloride were of the highest quality 
available and were purchased from Aldrich Chemical 
Co. Thionyl chloride and phenol were of reagent 
grade and were supplied by Fisher Scientific Co. 
Glycerol (reagent grade) was purchased from Eastman 
Organic Chemicals and used without any further puri­
fication. 

In the original experiments, the C M C was deter­
mined by surface tensiometry and only lauroylcar­
nitine chloride was used. The surface tension meas­
urements were performed at 25 °C with a Du Nouy 
Tensiometer Model No. 70547 or a Fisher Surface 
Tensiomat Model 21. Both instruments were cali­
brated before use. Solutions of lauroylcarnitine chlo­
ride in glycerol ranging l x l 0 - 9 to 0.1 mol d m - 3 were 
prepared. Ten milliliter aliquots of solution in a 
glass dish with a diameter of 6 cm were used for the 
measurements. The first determination in a given 
series was the measurement of the surface tension of 
deionized distilled water, followed by pure glycerol 
at 25 °C. Subsequent measurements were of the vari­
ous surfactant solutions in order of increasing concen­
tration. By plotting the surface tension versus the 
concentration or the logarithm of the concentration 
of the surfactant solution, a curve with a sharp initial 
drop and subsequent levelling off was obtained. The 
first concentration at which the levelling off took 
place was taken as the critical micellar concentra­
tion.3 '4) Typical results obtained are illustrated in 
Fig. 1. 

Because of the experimental difficulties encountered 
in the measurement of the surface tension of the viscous 
glycerol solutions, an alternate method using phenol 
as a probe for micelle formation was employed for 
the determination of the C M C . This is essentially 

a difference spectrophotometry: technique developed 
by R a y and Némethy13-14) The absolute absorption 
spectrum of 5.0 X 10~4 mol d m - 3 phenol in glycerol 
was recorded with a Beckman Model 24 Spectro­
photometer. Phenol has a well-defined Amax at 272 
nm. The difference spectra were determined with 
the same intrument using an expanded absorbance 
scale (0—0.1, 0—0.25, or 0—0.5). A solution of 5.0 X 
10 - 4 mol d m - 3 phenol in glycerol was placed in the 
reference cuvette. The sample cuvette contained a 
solution of the same concentration of phenol in glycerol 
and varying amounts of the corresponding acylcar-
nitine chloride. The spectra of the solutions were 
measured from 240 to 350 nm. The difference ab­
sorption spectra were determined for all the acyl-
carnitine chlorides mentioned above, namely, acetyl-, 
butyryl-, hexanoyl-, octanoyl-, decanoyl-, lauroyl-, 
myristoyl-, and palmitoylcarnitine chloride. 

In general fifteen to twenty solutions of the sur­
factants were measured. These solutions were pre­
pared by diluting stock solutions of acylcarnitines con­
taining 5.0 X 1 0 - 4 m o l d m - 3 phenol in glycerol with 
glycerol containing the same amount of phenol. All 
the spectra were determined at 25 °C. A plot of 
the change in absorption at 272 nm, AA, versus the 
concentration or the logarithm of the concentration 
of surfactant gave a curve with a definite break at 
the C M C . Linear plots were taken as an indication 
that micelle formation did not take place. Figure 
2 gives some typical experimental results obtained 
for lauroylcarnitine chloride. 

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

A summary of the critical micellar concentrations 
and the free energies of micellization of acylcarnitine 
chlorides is given in Table 1. As can be seen, oc-
tanoylcarnitine chloride is the shortest acylcarnitine 
that forms micelles in glycerol. The value obtained 
for the C M C of lauroylcarnitine chloride by surface 
tension measurements was also 0.030 mol d m - 3 and 
thus the agreement between the two different tech­
niques was within experimental error. The C M C 
decreases with increasing carbon chain length, but 
the effect is much less pronounced in glycerol than 
in water. 
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Fig. 1. Plot of surface tension versus the logarithm 
of the concentration of lauroylcarnitine chloride in 
glycerol at 25 °C. 

-2.5 -2.0 -1.5 -L0 
log [Lauroylcarnitine chloride] 

Fig. 2. Dependence of absorbance difference (A.A) 
of phenol on the logarithm of the concentration of 

lauroylcarnitine chloride in glycerol at 25 °C. 
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TABLE 1. CRITICAL MICELLAR CONCENTRATION AND FREE 

ENERGY OF MICELLIZATION FOR ACYLCARNITINE 

CHLORIDES IN GLYCEROL AT 2 5 ° C 

Acylcarnitine 
chloride 

Acetyl-
Butyryl-
Hexanoyl-
Octanoyl-
Decanoyl-
Lauroyl-
Myristoyl-
Palmitoyl-

Gritical micellar 
concentration 

mol dm - 3 

None 
None 
None 
0.060 
0.050 
0.030 
0.020 
0.011 

AGm 
kj mol-1 

— 
— 
— 

- 6 . 9 5 
- 7 . 4 5 
- 8 . 6 6 
- 9 . 6 7 

- 1 1 . 2 

The formation of normal micelles in nonaqueous 
polar solvents is of particular interest because in ad­
dition to providing novel insights into the process of 
micellization, it may lead to a better understanding 
of the interactions that take place between surfactant 
molecules and the solvent. For micelles in water, 
the process of micellization is generally explained by 
means of the hydrophobic interactions between the 
surfactant and water. "Hydrophobic interactions" is 
in many ways a convenient term that is used to de­
scribe an entire array of inter- and intramolecular 
interactions involved in micellization and in a certain 
way the term disguises our ignorance about the actual 
molecular dynamic processes that take place. 

In general, the formation of micelles in water is 
assumed to take place by the association of the hydro­
phobic parts of the surfactant molecules and the re­
pulsion of water of solvation from their immediate 
environment. T h e thermodynamics of micelle forma­
tion has been discussed and treated extensively in 
the literature.15-16) One approach assumes that the 
process of micellization involves the formation of a 
distinct micellar phase at the C M C and that the con­
centration of monomers in solution is constant, once 
micelles are formed. Then, the standard free energy 
of micellization, AGmic, is given by Eq. 1 to a good 

AG°1C = RT InCMC (1) 

approximation. If one postulates that the aggrega­
tion number and the degree of ionization of the surfac­
tant are temperature independent, the standard en­
thalpy (A//mic) and entropy (ASSic) can be evaluated 
by the temperature dependence of the C M C and the 
relationship given by Eq. 2. 

AG£,c = AH« l c - TASZic (2) 

T h e over-all process of micellization involves a de­
crease in the free energy of the system. According 
to Eq. 2, AG£ic is the result of enthalpy and entropy 
contributions. For aqueous solutions, micellization is 
generally regarded as an entropy directed process and 
the preponderant contribution of the entropy term 
is explained by the disordering of the water structure 
and the breakup of the "Frank-Evans microcrystals" 
by the surfactant molecules. 

The type of interactions involved in the formation 
of micelles in polar solvents other than water are 

called "solvophobic." The understanding of "solvo-
phobic interactions" and micellization in nonaqueous 
media is considerably more nebulous. T h e driving 
force for micellization is less for such systems and 
the more positive AGS is usually believed to be pri­
marily due to a decrease of the entropie contribu­
tion.7»18) Few solvent systems are as highly ordered 
and as strongly hydrogen-bonded as water. 

As has already been mentioned, the study of non­
aqueous micellar systems is of importance also in terms 
of the understanding of membranes. I n fact, the first 
dynamic membrane model, precursor of the current 
fluid mosaic or liquid crystal model, was a micelle.17) 
I n the over-all analysis of solvent-surfactant interac­
tions it is desirable to sort out hydrogen bonding, 
solvation and the "solvophobic effect." However, the 
understanding and clear differentiation of these pro­
cesses in certain systems may prove to be quite a for­
midable task. 

We have at tempted to quantify the solvophobic 
effect in water and glycerol by varying the chain 
length of the acylcarnitine surfactants. The free ener­
gies of micellization of these surfactants a t 25 °C have 
been calculated for water and glycerol and are shown 
in Fig. 3. The values for water have been calculated 
from the experimental results of Yalkowsky and 
Zografi.1) A simple analysis of the results indicates 
that the formation of micelles of acylcarnitine chlorides 
is thermodynamically more favored in water than in 
glycerol. 

The change in AG£ic for a given solvent as a func­
tion of chain length provides information about the 
nature of the interaction of the - C H 2 - groups with 
the given solvent and can be interpreted as the solvo­
phobic effect. One can quantify such an interaction 
by determining the slope of the plots of AG£ie versus 
chain length. Large breaks or deviations from line­
arity in such plots should be indicative of unusual 
interactions. The da ta in Fig. 3 illustrates a linear 
behavior for both solvents, but the slope is considerably 
steeper for water than for glycerol. The free energy 

r • • i 1 j : i — I 

r* 

m
oi

-

3 
<1 

-4.0 

-8.0 

-12.0 

-16.0 

-20.0 

-24.0 

8 10 12 14 • 16 

Number of acyl carbons 

Fig. 3. Dependence of the free energy of micellization 
(AGm) o n m e acyl chain length of acylcarnitine 
chlorides in water and glycerol at 25 °C. 
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change per methylene group in water is —2.89 k j m o l - 1 

and in glycerol is —0.75 kj/mol. The value obtained 
for water is in agreement with that commonly reported 
in the literature,16) while the result for glycerol agrees 
well with —0.75 k j m o l - 1 determined by R a y and 
Némethy for the polyether NPE 9 in ethylene glycol.18) 
The solvophobic effect is thus considerably more pro­
nounced in water and shows about the same change 
in going from water to glycerol and from water to 
ethylene glycol. 

Preliminary experiments performed in our laboratory 
indicate that lauroylcarnitine chloride forms micelles 
also in ethylene glycol; 1,3-propanediol and 1,4-bu-
tanediol. All these solvents are similar to water in 
the sense that they form hydrogen bonds and are 
polar in nature. Glycerol and ethylene glycol form 
intra and inter hydrogen bonds, al though they are 
much less strong than those in water.8»9) 

The experimental results clearly indicate that the 
long chain acylcarnitine chlorides, i.e., octanoyl-, 
decanoyl-, lauroyl-, myristoyl-, and palmitoylcarnitine 
chloride form micelles in glycerol in addition to water. 
The shorter chain acylc a m i tines do not form micellar 
aggregates in either of the two solvents. The results 
may be of biochemical interest for several reasons. 
I t is well known that short chain fatty acids move 
freely in non-complexed form across membranes. 
Longer fatty acids, on the other hand , are known 
to cross the mitochondrial membrane in the form of 
acylcarnitine complexes. Glycerol has been widely 
used in protein conformation studies and as a simple 
membrane simulator. Its viscous nature and anhy­
drous environment may approximate portions of mem­
branes.19»20) In addition, the relationship between mi­
celles and the liquid crystal membrane model has 
already been pointed out. The present work has 
shown that long chain alkanoylc a m i tines form charged 
colloidal aggregates or micelles in an anhydrous en­
vironment akin to that of biological membranes. I t 
would appear reasonable to suggest that micelles may 
play a role in the transport of long chain acylc a m i tines 

across membranes. 
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The oxidation of 3-aminopyridine to 3,3'-azoxypyridine by peroxomonophosphoric acid (PMPA) is a total 
second order reaction: first order each in peroxomonophosphoric acid and 3-aminopyridine at constant acidity. 
The observed pH-rate profile has been rationalized invoking various PMPA species, protonated and unproton-
ated forms of 3-aminopyridine as the reactive species and their reactivities have been estimated. Interestingly, 
2-aminopyridine is not oxidized in the pH-range where the oxidation of 3-aminopyridine is facile. 

The oxidation of primary aromatic amines by per-
oxidic reagents have received considerable attention.2 ,3) 
A general feature of these oxidations is the formation 
of a tetrahedral intermediate involving nucleophilic 
attack by the amine lone pair on the electrophilic 
peroxo bond which undergoes oxidative decomposition 
to phenylhydroxylamine. Further oxidation of the hy-
droxylamine derivative leads to nitroso and eventually 
to the nitro group (Eq. 1). 

Ar-NH2 -> Ar-NHOH -» Ar-NO -* Ar -N0 2 (1) 

Bimolecular condensation between the products and 
unreacted amine may also lead to azoxy and azo 
compounds (Eqs. 2a and 2b). 

O 
Î 

Ar-NHOH + Ar-NO -» Ar-N=N-Ar (2a) 

Ar-N-O + Ar-NH2 -> Ar-N=N-Ar (2b) 

We have recently reported tha t in the oxidation 
of anthranilic acid,1) Eq. 2a is the major route leading 
to 2,2'-azoxybenzenedicarboxylic acid. 

In our search for similar systems, we have found 
that 3-aminopyridine is oxidized to 3,3'-azoxypyridine 
essentially in quantitative yields.4) Interestingly 2-
aminopyridine did not undergo any oxidation in the 
p H range where the oxidation of 3-aminopyridine 
was facile. We wish to report the salient kinetic 
features of this oxidation. 

Exper imenta l 

PMPA was prepared by the acid hydrolysis of K4P208
5-8> 

(Eq. 3). 

H 4 P a 0 8 + H aO -» H 3 P0 6 + H 3 P0 4 (3) 

The rate of hydrolysis Eq. 3 is about two orders of mag­
nitude higher than the hydrolysis of H 3 P0 6 to H 2 0 2 (Eq. 4). 

H 3 P0 5 + H 2 0 -> H 2 0 2 + H 3 P0 4 (4) 

In the entire range of this study, the total amount of H 2 0 2 

was never more than 2% and H 2 0 2 under our experimental 
conditions did not oxidize 3-aminopyridine in independent 
runs. 

NaCl04 was used to maintain constant ionic strength. 
HG104 (Baker analyzed 60%), KH 2 P0 4 , Na2HP04 , NaOH, 
potassium hydrogen phthalate were used to maintain pH 
which was measured using a Systronics digital pH-meter 
335. 3-Aminopyridine (Aldrich 99%) was recrystallized 
from ethanol mp 157 °C (lit, 158 °C). The kinetics was 
followed by measuring the rate of disappearance of PMPA 
which was estimated by iodometry at pH 4—5 with a drop 
of ammonium molybdate solution.1) All the reported rate 
constants, computed by the usual method, are reproducible 
to within ± 5 % . Aobsd (second order rate constant) is cal­
culated by dividing pseudo-first order rate constant with 
respect to PMPA disappearance by the substrate concentra­
tion. Least squares analysis of the rate laws were done 
by a DGM Microsystem 1121. 

Stoichiometry. A clean stoichiometry of 3-aminopyri­
dine: PMPA (1:1.5) was observed at several pH's in the 
range 0—7. 3,3'-Azoxypyridine has been characterized as 
the only product of this oxidation and has already been 
reported.4) 

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

The oxidation of 3-aminopyridine by peroxomono­
phosphoric acid (PMPA) in aqueous acid medium 
at 308 K with different initial concentrations of P M P A 
and 3-aminopyridine (Table 1) enabled us to write 
the rate equation at constant acidity; 

TABLE 1. PSEUDO FIRST ORDER RATE CONSTANTS AND SECOND ORDER RATE CONSTANTS 

FOR THE OXIDATION OF 3-AMINOPYRIDINE AT 3 0 8 K , 

/*=0.4mol dm - 3 AT pH 1.3 

[PMPA] X 10* [3-Aminopyridine] X 103 Pseudo first order rate constant X 104 XlO3 

mol dm - 3 

4.90 
4.99 
5.41 

21.40 
49.64 
96.24 
4.81 

mol dm - 3 

2.57 
5.50 

11.6 
11.1 
11.1 
11.1 
25.7 

s-1 

0.383 
0.7206 
1.486 
1.376 

— 
— 

3.01 

dm3 mol - 1 s - 1 

14.9 
13.1 
12.8 
12.4 
11.8» 
10.8a> 
11.7 

a) *obsd calculated directly from second order rate expression. 
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TABLE 2. EFFECT OF ADDED SUBSTANCES AND ACIDITY ON THE OXIDATION RATE AT 308 K 

PH 
[3-Aminopyridine] X 103 

mol dm - 3 

10.3 
10.3 
10.7 
10.7 
11.6 
21.2 
21.2 
10.7 
10.7 
23.5 
22.3 
21.2 
22.0 
22.0 
21.2 
22.0 
21.0 
21.0 
21.0 
20.7 
5.31 
5.31 

22.2 
20.8 
20.8 

[PMPA] x 104 

mol dm -3 

4/78 
5.19 
5.21 
4.51 
5.41 
4.78 
5.07 
4.19 
4.01 
4.74 
4.74 
4.86 
4.60 
3.90 
5.01 
4.60 
4.54 
4.84 
4.74 
4.79 
3.91 
4.50 
4.56 
4.70 
4.96 

^obsdXlO3 

dm3 mol -1 s - 1 

56\2 
47.3 
33.4 
25.7 
12.8 
10.15 
2.12 
0.896 
0.908 
1.22 
1.67 
2.21 
2.30 
2.73 
3.90 
4.45 
4.52 
4.95 
3.51 
0.835 

12.8a> 
13.8b> 
11.6C> 
13.6d> 
13.05«) 

0.0 
0.3 

7 
0 
3 
73 
63 
00 
20 
71 
15 

4.46 
.53 
.76 
.01 
.27 
.72 
,04 
,47 
,02 
3 
3 
3 
3 
3 

a) // = 0.25moldm-3. b) // = 0.8 mol dm~3. c) [Acrylamide] = 2.31 X 10~2 mol dm"3, d) [Ag+]=4.8x 10~4 

mol dm-3, e) [Cu2+] = 5.34 X 10"4 mol dm-3. 

2-25] 

-4é 

bo 

+ 

vso 

0'7W 

3 4 

pH 

Fig. 1. Plot of log£obsd vs. pH 
0 : Experimental points, Theoretical line. 

Rate = &obsd [3-Aminopyridine] t [PMPA] t, 

where £ob8d is the second order rate constant and 
't' denotes total concentration. 

The influence of acidity on the oxidation rate are 
presented in Table 2 and shown in Fig. 1 (log kohsû 

versus pH). The pH-rate profile clearly reflects the 

involvement of various PMPA species and protonated 
and unprotonated forms of 3-aminopyridine (Eqs. 5, 
6, and 7). 

H3P05 ^ ± H 2P0 5 - + H+, Kx = 8.0x10-2 (5)«) 

H 2 P0 5 - ^± HP0 5
2 - + H+, K2 = 4.2X10-6 (6)8> 

A / N H 2 *a A / N H 2 

II + I 

H 
\ N ^ 

+ H+, K& = 1.047x10-« 

(7)3) 
(BH+) (B) 

Reaction in the pH Range 0—3. In the pH range 
0—3, the rate of oxidation goes on decreasing with 
the increase in pH i.e. with the decreasing electrophilic 
character of PMPA species.9) The p # a of 3-amino­
pyridine (5.98) suggests that whole of 3-aminopyridine 
(B) exists as BH+ and PMPA exists as H 3 P 0 5 and 
H 2 P 0 5 ~ in this pH range. Hence, the steps of the 
oxidation can be written as 

*i 
BH+ + H3P05 > Products 

* 2 

BH+ + H 2P0 5 - Products. 

(8) 

(9) 

Hence, 

Rate 

But 

d[PMPA], 
At 

= A1[BH+][H3POs] 

+ A2[BH+][H2P05-]. (9a) 
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[PMPA], = [H3P06] + [H 2 P0 5 - ] . 

From Eqs. 9b and 5, we get 

W*°* = 1^W [ P M P A1< 

(9b) 

(9c) 

K, 

and 

K, 
[H2P06-] = - ^ _ J ^ [ P M P A ] t . (9d) 

Substituting Eqs. 9c and 9d in Eq. 9a, we get 

d[PMPA] t k^H+j+k.K, 

dt 

where 

* i + [H+] 

k1[H+]+k2K1 

[BH+][PMPA]t, (9e) 

(10) 
ÜÜ8U ^ + [H+] 

Least squares analysis of the above equation gave 
us the values of kx and k2 which are collected in Table 
3. The correspondence between the A;obsd and A;cald 

based on the values of kx and k2 is very good (Fig. 

1). 

TABLE 3. RATE CONSTANTS IN dm3 mol-1s_1X 102 

*1 

5.28 

*• 

0.068 

h 

0.098 

{*£*) 
4.50 

»*4 

18 

h 

0.05 

Reaction in the pH Range 3—7. In this p H 
region, a bell shaped curve is observed. P M P A exists 
as H 2 P 0 5 ~ and H P 0 5

2 _ and 3-aminopyridine exists 
as BH+ and B. 

Therefore, the reaction steps are postulated as 

BH+ + H 2 P0 6 - —'-* Products (11) 

B + H 2 P0 5 - > Products (12) 

BH+ + HP0 6
2 - > Products (13) 

B + H P 0 5
2 - —ü-> Products. (14) 

Equations 11—14 lead us to the rate law 

d[PMPA] t 

dt 
= A3[BH+][H2P06-] + *4[B][H2P05-] 

+ A5[BH+][HP05
2-] + *6[B][HP05

2-] . 

(14a) 

But [B] t =[BH+] + [B]. (14b) 

From Eqs. 7 and 14b, we get 

[H+] 

and 

[BH+] = 

[B] = 

*a+[H+] W™ 

# a + [ H + ] 
^ - [ B ] , 

Now, 

[PMPA] t = [H2P05-] + [HP0 5
2 - ] . 

From Eqs. 6 and 14e, we get 

[H°PCV] = & ^ ' 

(14c) 

(14d) 

(14e) 

(14f) 

and 

(Hg) [ H P ° 5 2 " ] = Ä^#r [ P M P A ] t -

, 14f, and ] 

^ [ H + ] 2 + ( ^ - + A : 5 y 2 [ H + ] + W 2 

Substituting Eqs. 14c, 14d, 14f, and 14g in 14a, we 
get 

d[PMPA] 

dt (# a + [H+] ) (# 2 + [H+]) 

X [B] t[PMPA] t, (14h) 

where 

*obsd — 

^ [ H + ] 2 + ( M ^ + A : 5 y 2 [ H + ] + k,K&K2 

(*a+[H+])(#2+[H+]) 
(15) 

A least squares analysis of Eq. 15 was done and 
values of k3, {k4KJK2-\-k5) and kB were obtained (Table 
3). These values were used to obtain kc&lci which 
showed excellent agreement with experimental points 
(Fig. 1). 

I t is gratifying tha t the values of k2 (Eq. 9) and 
k3 (Eq. 11), obtained by two different ra te expressions 
Eq. 10 and Eq. 15 are of the same order of magnitude 
and provide credence to the steps envisaged. 

Activation Energy and Entropy. T h e second order 
rate constants at 308, 313, 318, and 323 K and at 
[ H + ] = 0 . 0 5 m o l d m - 3 were 1.28 X 10"2, 1.63 x l O " 2 , 
2 .18X10- 2 , and 2.73 X 10"2 dm 3 mol" 1 s"1 respectively. 
The energy of activation from a plot of log kobsd against 
\jT was 41.8 k j mol- 1 . A / / * and AS* were esti­
mated to be 39.5 k j mol" 1 and - 1 5 3 J K" 1 mol" 1 re­
spectively. 

Mechanism. T h a t the rate limiting step involves 
nucleophilic at tack of the amino nitrogen on the 
electrophilic peroxo oxygen is evident from the fol­
lowing facts. 

(1) No oxidation is observed above p H 7. The 
order of decreasing electrophilicity of the various 
P M P A species is H 3 P 0 5 > H 2 P 0 5 ~ > H P 0 5

2 - > P 0 5
3 - . 

At p H « 7 H P 0 5
2 " is about 9 0 % . 

(2) The insensitivity of the rates to added acryl-
amide, Cu2 + , Ag+ points to the polar nature of these 
oxidations without the mediation of free radical inter­
mediates. 

(3) The reactivity of H 3 P 0 5 (kj is about two 
orders of magnitude higher than that of H 2 P 0 5 " 
(k2), Table 3. 

(4) The facile oxidation of 3-aminopyridine stands 
in sharp contrast to the total unreactivity of 2-amino-
pyridine. The reason most probably lies in the nucle­
ophilicity of the - N H 2 nitrogen. T h e 3-NH2 group 
is not conjugated with the pyridine nitrogen and 
thus the nitrogen lone pair is not delocalized into 
the heterocyclic ring. 

Thus the nucleophilicity of the N H 2 group in 3-
aminopyridine is fully alive. In 2-aminopyridine 
there are contributing structures like 

II AIJLNH 

H 
u 

H 

=NH* 

and this reduces the nucleophilicity of 2-NH2 group 
to a great extent.3) In the p H range 0—5 the pyri­
dine nitrogen is protonated which enhances the meso-
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meric interaction of the - N H 2 group. Above p H 5, 
we have both B and BH+ and B is decidedly more 
nucleophilic than BH+. We have seen a very slow 
oxidation of 2-aminopyridine above p H 5. 

In the oxidation of anthranilic acid,1) it is the un-
protonated amine which is the reactive species as 
the rate decreased at higher acidities. The oxidation 
of 3-aminopyridine provides altogether a different situa­
tion. The pK& of 3-aminopyridine is 5.98 and this 
refers to the protonation of the tertiary pyridine nitro­
gen and the 3-NH2 group is unprotonated. One could 
in principle protonate it and this obviously requires 
still higher acidities than presently used in this kinetic 
study. O u r pH-rate profile at still higher acidities 
could possibly have shown such a decreasing trend 
which is a reflection of the 3-NH2 protonation. But 
our attempts to see tha t presented serious experimental 
problems in the estimation of P M P A iodome trie ally. 

Reactivity of Amine and Peroxo Acid. 
1) I t is seen that the reactivity of H 3 P 0 5 is two 

orders of magni tude higher than that of H 2 P 0 5 ~ 
which has been attr ibuted to electrophilicity difference. 

2) The peak in the p H region 3—7 is significant 
which calls for an explanation. In this range, 3-
aminopyridine exists as B and BH+. In BH+ the 
tertiary nitrogen becomes tetrahedral on protonation, 
the delocalized positive charge experiences a field 
effect due to the N H 2 lone pair which makes the N H 2 

of BH+ less nucleophilic than that of B. 

3) The value of (kéKJK2+k6) is of the order of 
10~2, and k5 should be very less than k% as explained 
above. 
Hence, (k^KJK2+k5)^kAKJK2. 

Using values of K&, K2, a rough estimate of A:4 has 
been obtained (Table 3). Thus it is seen that B is 
about two orders of magnitude higher in reactivity 
than BH+. 
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Synopsis. Each of the cyclic voltammograms of tri-
(1-naphthyl) benzene and tri (2-naphthyl) benzene in 1,2-di-
methoxyethane at — 50 °G exhibits four reversible one-electron 
reduction steps; this may be evidence for the successive 
formation of the mono-, di-, tri-, and tetraanions of these 
hydrocarbons. The degeneracy of their 7i*-orbitals can 
account for the formation of the tri- and tetraanions. 

We reported recently a well-defined cyclic voltam-
mogram for the reduction of decacyclene in 1,2-di-
methoxyethane (DME).1) I t exhibited four reversible 
one-electron steps, showing a successive formation of the 
mono-, di-, tri-, and tetraanions of considerable stability. 
The formation of the tetraanion was ascribed to the 
lowest ^*-orbitals of decacyclene degenerating two­
fold due to the molecular symmetry of G3h. T h e only 
hydrocarbon tetraanions ever reported except deca­
cyclene4 - have been bicyclooctatetraene4 - 2> and benzo-
[1,2: 4,5]dicyclooctane4~.3) This note deals with the 
voltammograms of trianphthylbenzenes, which provide 
further examples of hydrocarbon tetraanions. 

l ,3,5-Tri(l-naphthyl) benzene (I) and l,3,5-tri(2-
naphthyl)benzene (II) were prepared by the trimeriza-
tion of acetylnaphthalene4) and identified on the basis 
of the melting point and I R spectrum. 

-2 .5 -3 .5 -3 .0 

[E vs. (Ag/AgN03)]/V 

Fig. 1. Cyclic voltammogram of 0.5 mmol dm~3 1,3,5-tri 
(£-naphthyl) benzene in 0.2 mol dm"1 TBAP-DME at 
- 5 0 °C. Scan rate 0.1 V s"1. 

Figure 1 shows a cyclic vol tammogram for 0.5 mmol 
dm~ 3 of I I in 0.2 mol d m - 3 te t rabutylammonium Per­
chlorate (TBAP) -DME obtained with a scan rate of 
0.1 V s _ 1 at —50 °G. I t exhibits four reduction steps. 
They were all reversible one-electron transfer steps, 
according to the reversibility criteria of the peak separa­
tion and the peak current ratio. T h e ultimate current 
rise overlapped the reversal peak of the fourth step at 
—40 °G and 0.1 V s - 1 ; this step was not observed at 
all at room temperature and 0.1 V s_1, while the first 
three steps remained reversible. Similar voltammo­
grams were obtained for I. Table 1 lists the reversible 
half-wave potentials and the peak separations for these 
compounds, together with the first reduction half-wave 
potential for naphthalene obtained under the same 
experimental conditions. The residual resistance of 
the solution between the reference electrode and the 
working electrode due to incomplete compensation of 
the ohmic resistance may account for the peak separa­
tions greater than the theoretical separation, 43 m V 
at - 5 0 °G. 

A SCF M O calculation of the ^-orbital energies 
of these substances was made by assuming that the 
angle between the molecular planes of naphthalene 
and benzene was 26° for I and 20° for II.5) Thus the 
lowest ;z*-orbital is two-fold degenerate and the next 
higher orbital differs from it by only 0.2 eV in I I and 
0.1 eV in I ; a similar situation exists in tris(2,2'-bi-
pyridine) complexes of transition metals6) of D 3 d 

molecular symmetry. If these orbitals are three-fold 
degenerate, the appearance of the voltammograms for 
the trinaphthylbenzenes would be very similar to that 
for tris(bipyridine) complexes. Comparison may better 
be made with the vol tammogram of tris(4,7-diphenyl-
l,10-phenanthroline)iron(II),7) which exhibits two sets 
of three neighbouring reduction steps; these results 
lead to the supposition that the penta- and hexaanions 
of the trinaphthylbenzenes may be formed at potentials 
between —3.7 and —4 V vs. Ag /AgN0 3 , though such 
highly negative potentials could not be realized. 

T h e half-wave potentials of the first steps of tri-

TABLE 1. CYCLIC VOLTAMMETRIC DATA FOR THE REDUCTION OF 1,3,5-TRINAPHTHYL-

BENZENES AND NAPHTHALENE IN 0 .2 mol dm"3 T B A P - D M E AT —50 °C 

Scan rate 0.1 V s 4 . 

Substance 

l,3,5-Tri(l-naphthyl)benzene Aa) 

1,3,5-Tri(2-naphthyl)benzene A 
B 

Naphthalene A 

1st 

- 2 . 8 1 
65 

- 2 . 7 6 
60 

- 3 . 0 9 

Reduction step 

2nd 

- 3 . 0 2 
65 

- 2 . 9 5 
65 

3rd 

- 3 . 1 5 
65 

- 3 . 0 8 
70 

4th 

- 3 . 6 4 
70 

- 3 . 5 8 
70 

a) A: Reversible half-wave [potential us. (Ag/AgN03)]/V. b) B: Peak separation/mV(±5 mV). 
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naphthylbenzenes are more positive by about 0.3 V 
than the half-wave potential of naphthalene, which 
means that the lowest TI*-orbital of each trinaphthyl-
benzene is more stabilized than that of naphthalene. 
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Synopsis. The metallic mercury solubility in hydro­
carbons (pentane, hexane, heptane, and octane) was de­
termined in the temperature range from 5 to 40 ° G by the 
cold-vapor atomic absorption method. The results, for 
pentane at 25 °G, were found to agree well with Kuntz's 
result obtained by means of the ultraviolet absorption method, 
while those for hexane, heptane, and octane were found to 
agree well with Spencer's results, which were obtained using 
a radioactivetracer technique in the above temperature range. 
The liquid-liquid distribution constant for metallic mercury 
between the above hydrocarbons and water was measured 
at 25 °G, and in each case was found to be equal to the ratio 
of the independent solubility in the hydrocarbon and in water. 

The solubility of metallic mercury in water has been 
studied by many researchers. Early measurements of 
the solubility of mercury were made by means of the 
amalgamation1) or electrodeposition2) of the dissolved 
mercury. More recently, the measurements have been 
made using the radioactive tracer Hg203, 3»4> atomic 
absorption spectrometry,5»6) and neutron-activation 
analysis.7) Mercury solubility in hydrocarbons was 
studied by Spencer4) and by Kuntz.8) Spencer deter­
mined the solubility of mercury in hexane, heptane, 
and octane using a radioactive technique in the tem­
perature range from 0 to 40 °C. Kuntz determined 
the solubility of mercury in pentane at 25 °G by com­
bining optical data with a known mercury-solubility 
value. 

I n this work the mercury solubility in the above 
hydrocarbons was determined by the cold-vapor atomic 
absorption method. T h e liquid-liquid distribution con­
stant of metallic mercury between these hydrocarbons 
and water was also investigated. 

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

All the chemicals used were of an analytical reagent grade. 
The hydrocarbon solvents (pentane, hexane, heptane, and 
octane) were purified by passing them through activated 
alumina, and by distilling. The metallic mercury was 
purified in the usual manner.6) 

The solubility experiments were conducted by shaking 
each hydrocarbon solvent with a drop of metallic mercury in 
a constant-temperature water bath, controlled to within 
±0.1 °C. It was found that the mercury concentration was 
constant after about 24 h of shaking and thereafter remained 
constant over a period of several days. A solution of 0.5 cm3 

equilibrated was analyzed by the cold-vapor atomic absorp­
tion method, consisting of tin(II) chloride reduction, nitrogen 
bubbling (at a flow rate of 1.5 dm3 min -1), and passing 
through a magnesium-perchlorate tube for mercury-vapor 
drying. The mercury concentration was determined from 
the area under the atomic absorption peak at 253.7 nm. 
A calibration curve was constructed by analysing a series 
of standard solutions from 0.1 to 1.5 ng of mercury in 100 
cm3 of water with the addition of 0.5 cm3 of hydrocarbon. 
No effects of the amount of hydrocarbon added in the range 

from 0.1 to 1.0 cm3 and of the type of the hydrocarbon on 
the calibration curve were seen. Also, Fujii9) has reported 
on the basis of the cold-vapor atomic absorption method, 
that these hydrocarbons have no effect on mercury analysis. 
Experiments were carried out in the temperature range from 
5 to 40 °G. 

Measurements of the liquid-liquid distribution constant 
of metallic mercury between the hydrocarbons and water 
were made by dissolving metallic mercury in the hydrocarbon 
solvents, shaking these solutions at 25 °G with distilled water 
containing 0.001 mol of phosphinic acid3) in order to prevent 
mercury oxidation, and determining the mercury concentra­
tions of both phases. 

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

The temperature dependence of the mercury solu­
bility in each hydrocarbon is shown in Fig. 1. The 
constants, A and B, tha t were found to satisfy Eq. 1 
are shown in Table 1. 

LogX^ALogT+B, (1) 

where X is the mole fraction of the solute and where 
T is the absolute temperature. T h e results for pentane 
at 25 °G were found to agree well with Kuntz 's result,8) 

2,44 2.45 246 2.47 2.48 2.49 2.50 

L o g T 

Fig. 1. Temperature dependence of the mercury solubil­
ity in hydrocarbons. 
G-5 : Pentane, G-6 : hexane, G-7 : heptane, G-8 : octane. 

TABLE 1. CONSTANTS OF Eq. 1 

Solvent 

Pentane 
Hexane 
Heptane 
Octane 

A 

17.375 
17.111 
17.250 
16.500 

B 

-49 .169 
-48 .432 
-48 .705 
-46 .800 
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which was obtained using the ultraviolet-absorption 
measurements at 256.0 nm, while for hexane, heptane, 
and octane the results agreed well with those of 
Spencer,4) which were obtained using the radioactive 
tracer Hg2 0 3 in the temperature range from 5 to 40 °G. 
The mercury solubility in these hydrocarbons was 
estimated using the Hildebrand equation for regular 
solutions.10) T h e agreement between the values calcu­
lated from the equation and the experimental measure­
ments was a good approximation by an order of magni­
tude except in the case of water. 

T h e liquid-liquid distribution constant for metallic 
mercury between each hydrocarbon and water is shown 
in Table 2. T h e distribution constant, K, is expressed 
by Eq. 2 : 

* = [ H g ] a g / [ H g ] h c , (2) 

where [ H g ] a q and [ H g ] h c are the mercury concentra­
tions in the aqueous solution and in the hydrocarbon 
respectively. Table 2 shows the K values from this 
work in the first column and those from Moser's work3) 
in the second column. T h e third column shows the 
values calculated from the ratio of the mercury solu-

TABLE 2. DISTRIBUTION CONSTANTS, K, AT 25 °G 

Pentane 
Hexane 
Heptane 
Octane 

Measured 

0.054 
0.048 
0.046 
0.046 

Reference35 

— 
0.048 

— 
— 

Calculated 

0.052 
0.048 
0.046 
0.045 

bility in the hydrocarbon and water at 25 °G. The 
mercury solubility in the water used was found to be 
( 3 . 0 ± 0 . 1 ) x l 0 - 7 m o l d m - 3 at 25 °C in this work, in 
good agreement with the results of Glew5) and Enat.6) 
T h e distribution constant was found to be equal to 
the ratio of the independent mercury solubility in the 
hydrocarbon and in water. 

We gratefully acknowledge the valuable suggestions 
of ProfTesor Yuhbun Tsutsumi, Hosei University. 
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Synopsis. The kinetic study of ethylene hydro­
génation on a thermally activated MgO was carried out. 
The slow step of the reaction changed from the irreversible 
addition of a hydrogen atom to adsorbed ethylene in the 
lower temperature range(373—423 K) to the hydrogénation 
of an ethyl radical in the higher temperature range (523— 
673 K). 

In a previous paper, we reported the mechanism 
of ethylene hydrogénation on a thermally activated 
CaO.1) The maximum in the reaction rate appeared 
around a reaction temperature of 340 K. Above this 
temperature, the kinetic behavior of the reaction re­
sembled those on such transition metals as Ni, Fe, and 
Pd, whereas, below the temperature, they were rather 
similar to those on oxides, e.g., ZnO2) and Cr2Oa.3) 

Tanabe and his co-workers4) found that a pretreat-
ment of M g O in vacuo at temperatures higher than 
1200 K generated the catalytic activity for the hydro­
génation of olefins and dienes. In order to establish 
catalysis by alkaline ear th metal oxides, it would be 
constructive to extend the research into ethylene hydro­
génation to other alkaline earth metal oxides. Thus, 
we undertook the present study to see whether or not 
the kinetic features described above exist on M g O 
and then to compare them with the previous results 
for CaO. 

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

Magnesium oxide catalysts were prepared by decomposing 
Mg(OH)2 of an extra pure grade in vacuo. The DTA spectra 
of Mg(OH)2 showed an endo thermic peak in the temperature 
range of 590—720 K, which was due to H 2 0 evolution upon 
the structural rearrangement from trigonal to cubic; this 
indicated the development of the crystallite structure of MgO 
by treatment above this temperature range. The oxide thus 
obtained was subjected to evacuation at 1273 K for 2 h at a 
pressure lower than 2x10-« Torr ( 1 Torr= 133.3 Pa). Emis­
sion spectral analysis showed that the oxide contained Cu 
« 0 . 5 ppm), F e « 0 . 1 ) , M n « 1 0 ) , S i « 8 0 ) , and C a « 0 . 5 ) . 
The surface area of MgO after the treatment was 118 m2 g - 1 . 
The apparatus, procedure, and reactant gases used were the 
same as tfiose reported previously.1* Ethane was the sole 
product under the present experimental conditions. The 
repetition of kinetic runs at 523 K decreased the catalytic 

activity to less than 50% of the initial value, but subsequent 
evacuation at 1273 K for 2 h recovered the deactivated activity 
to the original level. 

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

As is shown in Fig. 1, the Arrhenius plot of the rate 
of ethylene hydrogénation on M g O gave rise to a 
maximum at around 490 K, and the activation energy, 
EA, was determined to be 28.5 k j m o l - 1 in the lower 
temperature range (373—423 K) and —36.8 k j mol" 1 

in the higher temperature range (523—673 K ) . The 
reaction orders with respect to the pressure of hydrogen, 
Ph, and ethylene, Pe, were both 1.0 at 623 K, whereas 
the latter value decreased to nearly zero at 393 K. 
These variations were similar to those for the same 
reaction on CaO,1) but the hydrogen order, 1.0, in the 
lower temperature range was different from 0.7. Table 
1 shows the deuterium distributions in the reaction of 
ethylene with D2 . At 623 K and in conversions of 28 
to 4 2 % , there existed highly-exchanged ethylene 
ranging from [ D J to [D4] , and the gaseous composi­
tion of H2 , H D , and D 2 nearly reached equilibrium. 
Ethane contained species from [D0] to [D4] ; the fraction 
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Fig 1. Arrhenius plot of rate in ethylene hydrogénation 
on MgO. 
Ph=20 Torr, P e = 10 Torr. 

TABLE 1. DEUTERIUM DISTRIBUTIONS IN THE REACTION OF ETHYLENE WITH D2 ON MgO 

Temp 
K 

393 

623 

^ D = 

{ 
{ 

Conv. 

% 

27 
47 
28 
42 

20 Torr, 

do 

96.1 
83.9 
61.7 
21.5 

Ethylene(%) 

dl 

3.9 
11.4 
28.3 

d* 

0 
3.7 
7.9 

42.0 26.4 

P e =10Torr . 

d3 

0 
1.0 
1.5 
4.8 

d, 

0 
0 

0.6 
5.3 

do 

1.4 
0 

3.3 
1.9 

dx 

6.9 
1.5 

10.6 
9.0 

Ethane(%) 

d2 

84.4 
87.7 
65.9 

d* 

5.4 
7.7 

16.8 
61.6 20.9 

d. 

1.9 
2.8 
3.4 
6.4 

d, 

0 
0.3 

0 
0.2 

d* 

0 
0 
0 
0 

H2 

0 
0 

1.8 
— 

HD 
(%) 
2.8 
3.4 

22.1 
— 

Da 

97.2 
96.6 
76.1 
— 
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of ethane [D2] amounted to about 6 5 % . O n the other 
hand, at 393 K and in similar conversions, small 
amounts of the deuterium-exchanged ethylene and H D 
were produced in the gas phase, whereas the fraction 
of ethane [D2] was as high as 8 5 % . No isotopic-
exchange reaction between ethane and D 2 occurred 
up to 623 K. 

T h e wide deuterium distributions in the higher 
temperature range indicated that the hydrogénation 
proceeds via the pathway described by the associative 
mechanism and that the reaction between the hydrogen 
atom and the ethyl radical was the rate-determining 
step, as has been proposed in the case of CaO.1) Thus, 
we are able to employ the rate equation obtained 
before : 

where £4 is the rate constant of the reaction in the rate-
determining step. Ke and Kh are the equilibrium 
constants for the adsorption of ethylene and hydrogen 
respectively, while Kz is the equilibrium constant for 
the surface reaction between the hydrogen atom and 
the adsorbed ethylene to form the ethyl radical and its 
reverse reaction. Equation 1 is in agreement with the 
experimental ra te equation. 

T h e drastic fall in the catalytic activity during the 
course of a reaction at a higher temperature is probably 
due to the formation of strongly bound surface ethylene 
species, since the pre-exposure of a fresh catalyst to 10 
Torr of ethylene at 523 K caused a decrease in the 
activity to as low as 15%. The species appears to 
remain after evacuation at the reaction temperature, 
but to be removed by evacuation at 1273 K. An 
analogous poisoning species, presumably polymerized 
ethylene, was observed in the ethylene hydrogénation 
on Z n O at 383—673 K.5> 

The reaction in the lower-temperature range provided 
very small amounts of the deuterium-exchanged 
ethylene and H D (with scarcely any H2) in the gas 
phase, and resulted in the selective formation of ethane-
[D2](?«85%). These findings indicate that the irrever­
sible addition of a hydrogen atom to adsorbed ethylene 
is a slow step compared to the other steps. When one 
assumes that the hydrogen atoms adsorbed in a 
randomly-mixed state participate in the hydrogénation, 
the reaction order in Ph fails to become larger than 0.5; 
this contradicts the observed value, 1.0. However, the 
assumption that the reactive surface hydrogen is a 
pair of hydrogen atoms on an isolated site leads to the 
following rate equation i1) 

PK.KhPhP. 
Vi = 

[l + KJP. + KW 
(2) 

where A;1 is the rate constant of the reaction between 
the hydrogen and adsorbed ethylene. This equation 
was transformed into the equations having a linear 
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Fig. 2. Plots of v ' / y Vi vs. / y 
Reaction temp=393 K, O : pi = Ph(p

e= 10 Torr), • : 
Pi = / , . (P h =20Torr) . 

relationship between the \/PJ VI term and Pe or between 
the \ / .P h / V\ term and Ph in the same way as has been 
described previously.1) Figure 2 demonstrates the 
linearity in their relationships, which gives evidence 
for the validity of Eq. 2 and, hence, the mechanism 
proposed. The reaction of 1,3-butadiene with D 2 on 
M g O was proposed to proceed via the attack of a 
heterolytically split hydrogen atom on the adsorbed 
butadiene on the isolated sites;6) this gives support to 
the assumption employed in deriving Eq. 2. The 
slightly higher kinetic order in Ph for the ethylene 
hydorgenation on M g O than for that on C a O suggested 
the weaker adsorption of hydrogen, in comparison with 
the ethylene adsorption, on the former oxide. 

There existed a general similarity in the reaction 
behavior of the ethylene hydrogénation on M g O and 
C a O ; it appears to arise from the common nature of 
these oxide surfaces. A study of the surface state of 
thermally-treated alkaline ear th metal oxides is in 
progress using X-ray photoelectron spectroscopy. 
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Synopsis. Electronic spectra are reported for 1-
indanyl, 1-tetralyl, and 1-indenyl radicals generated photo-
lytiçally or radiolytically in rigid matrices; the former two 
radicals show spectral features similar to those of benzyl 
radical, whereas the latter radical has a different spectrum 
because of its non-alternant n electron system. 

Aromatic hydrocarbon radicals have been attracting 
interest as possible intermediates in such reactions as 
radiolysis of aromatic hydrocarbons,1) soot formation 
from combustion,2) and coal liquefaction.3) However, 
there have been very few reports on the observation 
of the fluorescence spectra of the aromatic free radicals, 
except for benzyl radical and its methylsubstituted 
derivatives.4) We report here for the first time the 
electronic spectra of 1-indanyl (1), 1-tetralyl (1,2,3,4-
tetrahydro-1-naphtyl, 2), and 1-indenyl (3) radicals 
generated photolytically or radiolytically from indan 
(4), indene (5), tetralin (1,2,3,4-tetrahydronaphthalene, 
6), and 1,2-dihydronaphthalene (7). The electronic 
spectra will be discussed for oc-styryl radical (8) generated 
from phenylacetylene (9) also. 

FREE RADICALS 
H 

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

4, 5, 6, and 9 were vacuum-distilled before use. 7 from 
Tokyo Kasei Co. (GR grade) and spectrograde ethanol 
(EtOH) were used as received. 3-Methylhexane (3MHx) 
was purified as described elsewhere.5) Solutions of the 
parent aromatic compounds (about 10 mmol «dm-3) in EtOH 
or 3MHx were thoroughly degassed by freeze-pump-thaw 
cycles and sealed in quartz sample tubes (0.4 cm diameter) 
for optical emission and ESR measurements and in a quartz 
flat cell (optical path-length of 0.2 cm) for optical absorption 
measurements. The sample solutions were irradiated at 
77 K either with y-rays from a 60Co source to a dose of 2 X 105 

rad or with UV light from a high pressure mercury lamp. 
Optical emission and excitation spectra of the irradiated 
samples were recorded with a Hitachi MPF-2A fluorescence 
spectrophotometer at 77 K. Occasionally, optical absorp­
tion and ESR spectra were examined with a Shimadzu MPS-
5000 spectrophotometer and a Varian E-109 ESR spectrom­
eter. 

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

1-Indanyl and 1-Tetralyl Radicals. The UV-
irradiation of 4 and 6 in nonpolar 3 M H x matrix gave 

s 
1 
C 

I . ^XX 

ü IS 

300 400 500 
Wavelength/nm 

Fig. 1. Emission ( ) and excitation ( ) spectra of 
1-indanyl (A), 1-tetralyl (B), benzyl (C) and 1-indenyl 
(D) radicals in 3MHx matrix at 77 K. 

the emission and excitation spectra shown in Figs. 1A 
and B. The spectra comprise three excitation bands in 
visible wavelength region (400—490 nm) , near -UV 
region (300—350 nm) , and far-UV region (250—300 
nm) . T h e visible excitation band is a mirror image with 
the emission band. The spectra are at tr ibuted to 1-
indanyl (1) or 1-tetralyl (2) radical generated by the 
photoinduced G - H bond scission in the corresponding 
parent molecule. 

When 5 or 7 was y-irradiated in a polar protic matrix 
of E t O H , the spectra were essentially the same as 
Figs. 1A or B. T h e previous study on the proton transfer 
to styrene anion gave similar results.6) These spectra 
are attr ibuted to 1 or 2, which result from the electron 
capture of 5 or 7 followed by the proton transfer from 
matrix E t O H . The formation of the molecular anions 
of 5 and 7 was proven by the observation of their 
absorption spectra which were obtained by y-irradiating 
the polar aprotic matrices of 2-methyltetrahydrofuran 
( M T H F ) with 5 and 7. The absorption spectra of the 
molecular anions consist of two broad peaks (Amax of 
400 and 710 nm for 5, and 400 and 600 n m for 7), which 
are readily bleached with light from an incandescent 
lamp. 
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The emission and excitation spectra of benzyl radical 
generated by UV-irradiation of toluene in the 3 M H x 
matrix are shown for comparison in Fig. 1C. Three 
excitation bands in the visible, near-UV, and far-UV 
regions have been assigned to the transitions to 2A2, 
2A2, and 2B2 excited states from the 2B2 ground state 
in the n electron system with C2 v symmetry.7) Both 
the 1 and 2 radicals, which have the same n electron 
system, show similar features of the electronic spectra, 
though a red-shift of the spectra and the removal of the 
forbidden character of the lowest 2B2—2B2 transition8) 
(comparatively intense 0-0 vibration bands in the 
visible emission and excitation bands) possibly results 
from a deviation of the symmetry from G2v. T h e larger 
shift observed for 1 may be due to a more constrained 
structure due to its five-membered ring. 

1-Indenyl Radical. The UV-irradiation of 5 in the 
3 M H x matrix gave two set of emission and excitation 
spectra generally overlapping each other. The one set 
was apparently due to 1 mentioned above. T h e other 
set could be separated, as shown in Fig. ID, from the 
spectra due to 1 by choosing proper wavelengths for 
excitation and observation. The ESR signal of the same 
irradiated sample showed a three-line spectrum with a 
hyperfine separation of 1.2 m T superimposed on a 
broad spectrum due to 3-methylhexyl radicals and 
probably due to 1. The three-line spectrum is assigned 
to 1-indenyl (3) radical on the basis of the hyperfine 
coupling constants reported by Livingston et Ö/.9) This 
ESR spectrum and the spectra shown in Fig. ID slowly 
disappeared at 77 K, while the emission and excitation 
spectra of 1 remained unchanged. 

T h e above observations lead to the assignment that 
the spectra of Fig. ID is due to 3 . T h e band origin lies 
at 415 nm, appreciably shorter than that for benzyl, 1, 
and 2 radicals. 3 has a non-alternant n electron system, 
and it has been suggested that the transition energy 
to the first excited state is larger.10) The excited 5 
undergoes both the scission of G - H bond giving 3 and 
the abstraction of H giving 1 ; it is not known whether 
the precursor states for these reactions are the same or 
not. 

a.-Styryl Radical. The y-irradiation of 9 in the 
M T H F matrix gave the absorption spectrum with 
maxima at 370 and 533 nm due to the molecular anion 
of 9. The irradiation in the E t O H matrix gave the 
absorption spectrum comprising a visible band with the 
band origin at 480 n m and a nea r -UV band with the 
maximum at 320 nm (no far-UV band could be 
observed, because of the intense overlapping absorption 

of the parent molecule). The same near -UV band has 
been reported previously by Shida and Hamill.11) This 
absorption spectrum is very probably due to a-styryl 
(8) radical, because it indicates a n electron system 
similar to that of benzyl radical.12) 8 can be generated 
by the proton transfer to the molecular anion of 9 in 
the E t O H matrix. 

T h e emission and excitation spectra of 8 were difficult 
to detect: a weak emission from the irradiated E t O H 
matrix with 9 was mostly due to a-methylbenzyl 
radical,13) probably from impurity styrene contained in 
9. It is unknown why the fluorescence efficiency of 8 
is very low compared to that of benzyl radicals, in 
spite of the fact that both radicals have a similar n 
electron system. In contrast to the present result, 
Brocklehurst et al. have observed an intense green 
thermoluminescence spectrum with the band origin at 
474 n m upon melting the methylcyclohexane-isopentane 
mixed solvent containing 9 after y-irradiating it at 77 K ; 
they have tentatively assigned this luminescence 
spectrum to 8.14) 
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Synopsis. The binding energies of the core electron 
peaks suggest that SbSI has more ionic character than covalent 
character. The valence band spectrum was compared with 
the calculated density of states. XPS spectra of low tempera­
ture ferroelectric phase could not be obtained due to the 
inhomogeneous spontaneous polarization. 

SbSI is the first substance which has been found to be 
ferroelectrics1) with semiconductive and photoconduc-
tive properties.2»3) It has a Curie point at 22 °C where 
it shows first-order phase transition between the high 
temperature paraelectric phase and the low temperature 
ferroelectric phase. The crystal structures of the both 
phases have been analyzed and it has been found that 
the atomic arrangement is nearly consistent with an 
ionic model of Sb3+S2-I~.4) However ra ther short 
distances among electronegative ions such as sulfurs 
and iodines suggest that there are tendencies of covalent 
bond formation.4) The electronic band structures of 
SbSI have been calculated using C N D O approxima­
tion5»6) and pseudo-potential method7) for the ionic 
and/or covalent models. However more experiments 
are necessary for more precise calculations. 

We measured X-ray photoelectron (XPS) spectra of 
SbSI and deduced bonding system in SbSI using the 
binding energies of the core electron peaks. We also 
compared the XPS valence band with the calculated 
density of states.7) 

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

X-Ray photoelectron spectra were recorded with a Mc-
Pherson ESGA 36 Electron Spectrometer, employing Al KOL 
radiation (1486.6 eV). SbSI was kindly supplied by Pro­
fessor Hideaki Chihara of Osaka University. Samples were 
single crystals, needle-like along the c axis, but they are not 
large enough for the measurement. Powdered samples were 
directly mounted onto Al or Pb plates. Binding energies 
of photoelectron peaks were calibrated by using the Au 
4f7/2 peak (84.0 eV) of a thin gold film deposited on the sample 
surface. For the measurement of low temperature ferro­
electric phase, samples were cooled with a Dry Ice-ethanol 
mixture or ice-water mixture. 

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

High Temperature Paraelectric Phase. The binding 
energies of the various core electron peaks are shown 

in Table 1 with those of related compounds. 
T h e binding energies of iodine peaks in SbSI agree 

with the corresponding binding energies of iodine peaks 
in K I . T h e binding energies of Sb peaks in SbSI are 
almost same with those of Sb peaks in Sb2S3. The 
binding energy of S peak in SbSI is 1.8 eV smaller 
than that of S peak in sulfur, and comparing it with 
the data by Siegbahn et al.8) the state of S in SbSI seems 
to be S2 _ . These results show that SbSI has more ionic 
character than covalent character. 

The X P S valence band spectrum of SbSI is shown in 
Fig. 1 with the density of states obtained by band 
structure calculation using pseudopotential method.7) 
In the calculated density of states, the valence bands 
separated into five groups and these are interpreted as 

Binding Energy/eV 

Fig. 1. (a) XPS valence band spectra of SbSI. (b) Cal­
culated density of states of the energy bands of SbSI 
in the paraelectric phase.7) 

TABLE 1. BINDING ENERGIES/CV OF SbSI AND RELATED COMPOUNDS 

SbSI KI Thiourea Sulfur Sb2S/> 2°5 

I 3d3/2 

I 3d6/2 

Sb 3d3/2 

Sb 3d6/2 

S2p 

630.3 
618.8 
538.9 
529.5 
161.2 

630.4 
618.9 

539.0 
529.7 

538.7 
529.4 

162.0 163.0 

a) Data from Ref. 9. 



2520 N O T E S [Vol. 54, No. 8 

the 5s-like bands öf I atoms, the 3s-like bands of S 
atoms, the 5s-like bands of Sb atoms, the 5p-like bands 
of I atoms, and the 3p-like bands of S atoms as the 
energy increases. In the XPS spectrum of the valence 
band region, there are two main bands. O n the higher 
binding energy band, there is a shoulder on the lower 
binding energy side. The overall shape corresponds 
well to the calculated density of states, but in the 
latter the distribution of the density of states is rather 
broader and the separation between two main bands 
is also larger than the observed one. Calculated inten­
sities of the bands are rather different from the observed 
ones, but the difference of the cross section of various 
levels in X P S must be considered. SbSI has very 
complicated structure. Therefore, the calculated 
density of states seems to correspond to the observed 
XPS valence band rather well. 

Low Temperature Ferroelectric Phase. XPS spectra 
of the ferroelectric phase show very anomalous behavior. 
When the samples were cooled through the Curie point, 
each core electron peak showed large shift, sometimes 
split into two or three peaks or gave a very broad peak. 
This behavior is similar to that due to large and in-
homogeneous charging effect and the reproducible 
spectra could not be obtained. However when the 
samples were heated through the Curie point, the 
normal reproducible spectra of the paraelectric phase 
could be obtained. Several experiments under various 
conditions suggested that these behaviors could be 
explained by the spontaneous polarization which was 
characteristic of the ferroelectricity. Since samples are 
powder, the spontaneous polarization is not homoge­
neous throughout sample surface, then the spectra show 
the same behavior as that due to the charging effect. 

Anyway these anomalous behaviors of the XPS spectra 
are due to the ferroelectric property of SbSI and single 
crystals must be used to get the true spectra. 

The author wishes to express his thanks to Professor 
Haruo Kuroda , the University of Tokyo for his helpful 
discussions and Professor Hideaki Chihara for kindly 
supplying the samples. 
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Synopsis. Among eleven kinds of aluminas, alumina 
V prepared from aluminium sulfate with urea exhibited a 
pronounced activity for the isomerization of 1-butène, while 
alumina HI or II prepared from aluminium nitrate with 
ammonia or urea showed the highest activities for the exchange 
reactions between ethylene or cyclopropane and deuterium, 
respectively. 

Alumina is one of the most interesting and useful 
oxide catalysts for hydrocarbon reactions. The exchange 
reaction of deuterium between GH 4 and D 2 is known 
to take place easily over alumina even at room tempera­
ture,1-2) but not over the other oxides such as M g O , 
GaO, SrO, BaO, L a 2 0 3 , G e 0 2 , P r 2 0 3 , T b 2 O a , T i 0 2 , 
ZnO, and W 0 3 below 300 °C of reaction temperature,3) 
indicating an anomalously high catalytic activity of 
alumina compared with the other oxides. However, 
the catalytic properties of various aluminas for the 
exchange reaction have been found to change remark­
ably depending on the preparation method.4) In order 
to examine how the activity of alumina is affected by the 
preparation method and to know what kinds of aluminas 
are best for particular hydrocarbon reactions, eleven 
kinds alumina catalysts were prepared by different 
methods and subjected to the activity test. 

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

Various aluminas were prepared from various aluminium 
compounds by different methods as shown in Table 1. In the 
case of hydrolysis with ammonia or urea, the final pH was 
adjusted to 7—8. Precipitation with urea was carried out 
at «»90 °C, precipitates of hydroxides being formed gradually 
in 4 h. Details of precipitation with urea were described 
previously.6) The hydroxides of A1203 V and VI were washed 
with distilled water until sulfate ions were not detected with 
barium chloride in the washings. The hydroxide of A1203 

XI was washed with 30 L of distilled water. The hydroxide 
of Al,Oa VII, VIII, and X were washed with 6 L of distilled 

water. In the latter case, halogen ions remained in the 
washings. The hydroxides were dried at 120 °C for 20 h and 
calcined in air at 550 °C. The aluminas which were evacuated 
at 600 °C for 3 h were used as catalysts. Surface area was 
determined by applying the BET method to the adsorption 
isotherm of nitrogen at —196 °C. The structure of aluminas 
was determined from the powder patterns obtained with a 
Rigaku Denki Giger flex X-ray diffractometer using filtered 
Cu Ka radiation. 

The exchange reactions between ethylene or cyclopropane 
and deuterium were carried out at room temperature in a 
closed recirculation reactor that had a total volume of ca. 400 
ml. A mixture of 5 Torr of each hydrocarbon and 40 Torr 
(1 Tor r= 133.322 Pa) of D2 was used. The reaction products 
were analyzed by a mass spectrometer (Hitachi M-52 type), 
parent peaks of m\e—28—32 and m/e=42—48 being used for 
deuterated ethylene and cyclopropane, respectively. The 
catalytic activity was expressed by K+ % per unit surface area 
of catalyst in thefollowing equation.3) 

dflàt = KMm-$)W„WS, 

where 0 represents the average number of D atoms in 100 
molecules of each hydrocarbon in time t, $„ for t=oo, W the 
weight of catalyst, and S specific surface area. 

Isomerization of 1-butène was carried out at room tem­
perature in the same reactor as above with 70 Torr of 1-
butene. For analysis of the butènes, a 5-m column packed 
with VZ-7 and thermostated at 0 °C was used. Initial rates 
of the formation of 2-butenes were taken as the catalytic 
activity. 

R e s u l t s 

Catalytic activities of various aluminas are shown in 
Table 2, where the activity for the exchange of methane 
with deuterium was cited from the literature.4) A1 20 3 

V I I which showed the highest activity for the exchange 
reaction of methane with deuterium did not show high 
activities for the exchange reaction between ethylene 
or cyclopropane and D 2 and was almost inactive for the 

TABLE 1 PREPARATION METHODS, SURFACE AREA AND STRUCTURES OF ALUMINAS EVACUATED AT 600 °C 

A1,03 

_ 

II 
III 
IV 
V 
VI 

VII 
VIII 

IX 
X 
XI 

1 

Starting 
material 

Isopropoxide 
A1(N03)3 

A1(N03)3 

A1(N03)3 

Al2(SO<)3 

A12(S04)3 

A1C13 

A1C13 

AIGI3 
AlBr3 

NaA102 

Preparation 

Method 

Hydrolysis 
Precipitation with urea] 
Precipitation with ammonia 
Direct thermal decomposition 
Precipitation with urea 
Precipitation with ammonia 
Precipitation with urea 
Precipitation with ammonia 
Direct thermal decomposition 
Precipitation with urea 
Precipitation with GOa 

Surface area 

n-i2 rt~ 1 
m g 

236 
110 
156 
135 
11 

216 
147 
248 
103 
173 
194 

Structure 

y 
y 
y 

Amorphous 
Complex, Broad 

y 
y 
y 

(Z), Broad 
y 
y 
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TABLE 2. CATALYTIC ACTIVITIES OF VARIOUS ALUMINAS FOR 

HYDROCARBON REACTIONS AT ROOM TEMPERATURE 

Exchange reactions*5 Isomerization of 
A1203 / 'v ^ 1-butène 

CH4-D2
b> C2H4-D2 Cyclo- , , 

C3H6-D2 Ratec) cisjtran^ 

I 
II 
III 
IV 
V 

VI 
VII 
VIII 
IX 
X 
XI 

4.2 
2.7 
4.1 
0.0 
0.0 
1.8 

18.7 
4.4 
1.0 
2.3 
0.0 

7.9 
9.1 

13.3 
1.7 
0.0 
2.4 
3.6 
3.8 
0.4 

10.1 
1.1 

29.0 
65.6 
49.4 
14.6 
0.0e ) 

18.9 
6.0 
7.0 
2.0 

45.7 
9.6 

5.0 
2.1 
2.7 

10.2 
140.6 

5.9 
1.4 
0.3 
2.9 
2.7 

20.0 

4.3 
5.4 
4.2 
7.4 
0.8 
7.4 
3.2 
3.2 
9.4 
4.4 
5.8 

a) l O ^ m ^ s - 1 . b) Cited from Ref. 4. c) 102 mmol 
m - 2 s-1, d) m-2-Butene/frfl/tt-2-butene. e) Isomeriza­
tion to propylene occurs. 

isomerization of 1-butène. The aluminas which showed 
the highest activities for the exchange of D 2 with 
ethylene or cyclopropane and the isomerization of 1-
butene were A1 20 3 III, A1 20 3 II, and A1 2 0 3 V, respec­
tively. A1 20 3 V exhibited a pronounced activity for the 
isomerization, but was completely inactive for the 
exchange reactions. In the case of A1 2 0 3 V, the ratio 
of «V-2-butene to £ra/w-2-butene is very low (0.8) 
compared with that of other aluminas. This suggests 
that the acid sites play an important role for the isomeri­
zation of 1-butène.6) For the exchange reaction of 
methane with deuterium, the proton abstraction from 
methane by basic sites is reported to be important.3»7) 
However, the activity per unit basic sites of alkaline 
earth oxides whose basic strength is higher than that 
of alumina is much lower than that of alumina.3) The 
eisjtrans ratio which is sometimes used as an indication 
of basic property of catalyst8'9) does not correlate with 
the exchange activity. Thus, besides basic sites, acidic 
sites are considered to be important as active sites for 
exchange reaction to stabilize carbanion intermediates 
formed by proton abstraction. In the present work, 
we demonstrate highly active aluminas for the exchange 
and isomerization reactions and emphasize that the 
activity of alumina is remarkably controlled by the 
preparation method. 

In order to characterize the activities of various 
aluminas, the activities for four hydrocarbon reactions 
were plotted against the eleven kinds of alumina which 

v n v n i i m n x v i K i / x r 
Kinds of A1203 

Fig. 1. Activities of various kinds of A1203 for hydro­
carbon reactions. %\ CH4-D2, • ; C2H4-D2, • ; 
C3H6-D2, O ; isomerization of 1-butène (Kinds of 
A1203 were arranged in decreasing order of the activity 
for the exchange reaction of CH4 with D2). 

are arranged in the order of activity for the exchange 
between methane and deuterium in Fig. 1. The higher 
the activity for the exchange of methane with deuterium, 
the lower the activity for the isomerization of 1-butène. 
On the other hand, the aluminas which are less active 
for the above two reactions showed the maximum 
activities for the exchange reaction between ethylene 
or cyclopropane and deuterium. 
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Synopsis. The crystal _ of the title compound is 
triclinic, with a space group of PÏ and with two molecules per 
unit cell with dimensions of a=8.317 (2), b= 11.191 ( l ) , c = 
7.731 (1)Â, a-105.91 (1), ß= 103.76 (2), and y= 102.60 (1)°. 
The fused isoquinoline and dioxolane rings lie on nearly the 
same plane; the non-hydrogen atoms of the acetoxyl and 
methyl groups make another plane. These two planes make 
an angle of 92.0° with each other. 

In a series of photolyses of organic azides, it has been 
reported that l,4-diacetoxy-2,3-diazidonaphthalene (1) 
gave efficiently an unexpected photoproduct (3) via 
a,a'-dicyano-o-quinodimethan (2) by prolonged photo-
irradiation at 77 K in a rigid medium.1) The structure 

0-\-0C0CH3 
1 .o 

OCOCH3 OCOCH3 

O C O C ^ OCOCH3 

1 2 

of the product was studied spectroscopically, but could 
not be established exclusively. T h e compound, obtained 
in the form of single crystals, was then submitted to 
X-ray analysis. 

Exper imenta l 

Single crystals of the compound were grown by the slow 
evaporation of an ethanol-dichloromethane solution at room 
temperature. They were yellow plates tabular on (100), 
elongated in the c direction. The lattice constants were 
obtained by a least-squares fit of 20 values of 15 reflections 
measured on a Rigaku automated four-circle diffractometer. 

Crystal Data. _ C14H10H2O4, MW=270.24, M p = 146 °G 
(dec), triclinic, PI, a-8.137(2) , *= 11.191 (1), *=7.731 (1)A, 
a-105.91 (1), 0=103.76 (2), y = 102.60 (1)°, F=640.5Â3 , 
2 = 2 , rfob-=1.41, rfcaIcd=1.402gcm-3, » (for Cu/Ca) = 8.95 
cm -1. 

The intensity data were collected from a crystal having 
dimensions of 0.3 X 0.4x0.3 mm. The intensities were 
recorded in the 20-co scan mode with a speed of 10° (to) 
min-1 and the range of (1.0+0.142 tan0)° (<u), graphite-
monochromated Cu Kot. radiation being used. 2270 inde­
pendent reflections with 20<^135° were obtained, of which 
2208 were non-zero reflections. The intensities of three 
reference reflections, periodically remeasured, decreased 
gradually during data collection. The intensity data were 
corrected for crystal deterioration and for Lorentz and 
polarization effects, but no absorption correction was applied. 

Structure D e t e r m i n a t i o n a n d 
Ref inement 

The structure was solved by the direct method with 
the M U L T A N 78 program,2) refined by the block-

diadonal least-squares procedure with the HBLS V 
program.3) In the refinement, the function minimized 
was Sft>(|F0 | —|FC | )2 with the weight scheme of a)—k 
for F o = 0 , and œ=(o*(F0)+a\F0\+h\F0\*)-i for Fo*0, 
where tf(F0) is the s tandard deviation based on the 
counting statistics. T h e final refinement (£=7 .28 , a= 
- 0 . 6 6 6 , and £=0.025) led to the Ä-index ( 2 | | F J — 
\Fc\\rZi\Fo\) of 0.0624 for all the reflections and 0.0610 
for the non-zero reflections. T h e scattering factors were 
taken from the International Tables for X-Ray Crystal­
lography.4) The final atomic parameters for the non-
hydrogen atoms are given in Table l.5) 

TABLE 1. POSITIONAL (x 104) AND THERMAL (x 102) 

PARAMETERS FOR THE NON-HYDROGEN ATOMS 

Atom BJA**> 

C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
G(12) 
C(13) 
C(14) 

N(l) 
N(2) 

O(l) 
0(2) 
0(3) 
0(4) 

5267(3) 
3943(3) 
2337(3) 
1142(4) 
1526(4) 
3037(4) 
4326(3) 
5931(3) 
6768(3) 
6931(3) 
6310(4) 
8237(3) 
9078(4) 
6663(4) 
7185(3) 
6584(4) 
5281(2) 
7846(2) 
7876(2) 
7906(3) 

2399(2) 
1337(2) 
1370(3) 
244(3) 

-957(3) 
-1017(2) 

123(2) 
125(2) 

2268(2) 
4387(2) 

-1100(3) 
5041(3) 
6240(3) 
5070(3) 
1188(2) 

-2069(2) 
3675(2) 
3460(2) 
5351(2) 
3945(2) 

8348(3) 
8180(3) 
8465(4) 
8238(4) 
7767(4) 
7494(4) 
7672(3) 
7374(3) 
8044(4) 
8734(4) 
6796(4) 
12101(4) 
13831(4) 
7300(4) 
7557(3) 
6333(4) 
8773(3) 
8267(3) 
10515(2) 
12105(3) 

302 
309 
384 
448 
449 
393 
320 
326 
328 
344 
400 
381 
456 
492 
353 
573 
337 
381 
324 
569 

a) The equivalent isotropic temperature factor defined by 
W. C. Hamilton (Acta Crystallogr., 12, 609 (1959)). 

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

T h e bond lengths and angles are shown in Fig. 1, 
together with the atomic symbols. 

All the atoms of the fused heterocyclic ring lie on the 
same plane ; the average deviation of the thirteen ring 
atoms from the plane is 0.008 A, with the maximum 
deviation of 0.017 Â for C(8). The C ( l l ) and N(2) 
atoms of the cyano group deviate from this plane by 
0.069 and 0.118Â respectively. The non-hydrogen 
atoms of the acetoxyl and methyl groups bonded to the 
dioxolane ring also make a plane ; the average displace-



2524 N O T E S [Vol. 54, No. 8 

Fig. 1. a) Bond lengths (//A) and b) bond angles (0/°) 
of the compound. 

ment of the atoms from the mean plane is 0.030 Â, 
with the maximum deviation of 0.059 Â for C(13). 
These two mean planes make an angle of 92.0° with 
each other. 

All the bond lengths and angles are normal. The 
O( l ) -C(10 ) and O(2)-C(10) bond lengths in the 
dioxolane ring are in good agreement with the accepted 
value for the C - O single bond6) and can well be com­
pared with the corresponding values for the isolated 
dioxolane ring in 4'-methylsulfonylspiro[l,3-dioxolane-
2,4 ,-piperidine].7) The somewhat short 0 ( 1 ) - C ( 1 ) and 
0 ( 2 ) - C ( 9 ) lengths can be explained partly in terms of 
the conjugation of the dioxolane oxygen atoms with the 
isoquinoline nucleus. 

The arrangement of the molecules in the crystals is 
shown in Fig. 2. The fused heterocyclic rings, approxi­
mately parallel to (001), are stacked at intervals of 

Fig. 2. The arrangement of the molecules in the crystal 
drawn by the plotter program PLUTO.8) 

3.5 Â along the c axis. The cyano groups of the two 
molecules around a center of symmetry are antiparallel 
to each other, leading to favourable dipole-dipole 
interaction. There are no abnormally short inter-
molecular contacts. 
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Synopsis. Densities and refractive indices of 
Ca(N03)2-3.18H20-KSCN melts have been measured as 
functions of temperature and composition. Densities, 
molar volumes, and refractive indices show linear depen­
dence on temperature. Molar volume, intrinsic volume, 
molar refractivity, and the product of refractive index and 
molar volume show additivity within ± 2 % error. The 
molten Ca(N03)2-3.18H20-KSCN system at ambient tem­
peratures appears to behave like an ideal mixture of 
molten Ca(N03)2-3.18H20 and supercooled KSGN melt. 

Earlier, we have reported the densities, viscosities, 
and equivalent conductances of molten C a ( N 0 3 ) 2 -
3 .99H 2 0-KSCN systems.1) In that paper,1) although 
we have mentioned about an interesting feature of 
this system, i. e., its ideal behavior with respect to 
molar volume, our major emphasis was on the non-
Arrhenius temperature dependence of viscosities and 
equivalent conductances. In order to understand more 
about the ideal behavior of such a binary system we 
have reported here the densities and refractive in­
dices of molten C a ( N 0 3 ) 2 - 3 . 1 8 H 2 0 - K S C N systems as 
functions of temperature and composition. 

Exper imenta l 

Reagent grade calcium nitrate tetrahydrate, mp 43.5 °C, 
was used in the molten state. The exact number of moles 
of water per mole of calcium nitrate has been determined 
through EDTA titration method and is found to be 3.18. 
Potassium thiocyanate was recrystaUized twice from double-
distilled water. Preparation of samples of Ca(N03)2-
3.18H20-KSCN and their density measurements were made 
as described earlier.1) The refractive index (±0.1%) meas­
urements were made corresponding to sodium light using 

the Abbe refractometer. 

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

The molar volumes (V) of C a ( N 0 3 ) 2 - 3 . 1 8 H 2 0 -
KSCN melts are calculated from their measured den­
sities and are represented in Table 1 in the form of 
a linear function 

V=V: + b'T, (1) 

where V'0 and b' are constants at a part icular con­
centration. As the system under study has an in­
herent tendency to supercool the temperature de­
pendence of molar volume may also be represented as 

V= V0 + b'(T-T0), (2) 

where T0 is the ideal glass transition temperature and 
V0 is the intrinsic volume. Comparison of Eqs. 1 
and 2 gives that 

V: =V0- b'T0. (3) 

From Fig. l a it may be noticed that both V0 and 
b' vary linearly with mole fraction of KSCN, x2. Pre­
suming that V0 and TQ vary linearly with concentra­
tion,1) Eq. 3 becomes on substituting the linear con­
centration dependences of all the terms 

m1~mi — m3T01 + Aj'm4 — mjnfa, (4) 

where mx, m2, m3, and m4 are the respective slopes 
of linear variations of V'0) VQ, b', and TQ with x2. Tol 

and b\ are the values of T0 and b', respectively for 
pure C a ( N 0 3 ) 2 - 3 . 1 8 H 2 0 melt. From Eq. 4 it may 
be understood that the observed constancy of mx ap­
pears to be explainable only when T0 becomes al­
most independent of solute concentration. In such 

TABLE 1. PARAMETERS FOR EQS. 1 AND 6 FOR THE MOLAR VOLUME AND REFRACTIVE INDEX, 

RESPECTIVELY OF Ca(N03)2• 3.18H20-KSCN MELTS 

b' 
cm3 mol - 1 K.-1 

or kx 

VÔ or £2 
cm3 mol - 1 cm3 mol - 1 

or a,a) 

Fo") 
cm3 mol - 1 

0.0 

0.0265 

0.1599 

0.3533 

0.4499 

0.5414 

1.0000c> 

0.0675 
(1.0159) 
0.0662 

(0.8917) 
0.0618 

(0.9881) 
0.0544 

(0.9664) 
0.0509 

(0.9567) 
0.0476 
(0.7025) 
(1.1821) 

106.90 
(56.82) 
106.00 
(72.14) 
97.97 

(56.52) 
86.65 

(53.69) 
80.81 

(52.00) 
75.34 

(72.23) 
(22.85) 

0.027 
(8x10-5) 
0.018 

(8xl0- 5 ) 
0.022 

(1x10-*) 
0.017 

(lxio-*) 
0.020 

(1X10-4) 
0.015 

(1X10-*) 
(4x10-5) 

120.81 

119.64 

110.70 

97.86 

91.30 

85.15 

Parameters for Eq. 6 {kx and kt) are within the parantheses. a) a1 = [ZK^obsd-Fcaicd)2/^1/2 and ff2 = £(n 0 bsd-
ncaicd)2/-^]1/2> N 1S t h e number of the data points, b) Intrinsic volume, V0= Fo' + 2066/. c) Data from Refs. 6 
and 7. 
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0-0 0-2 (K 0-6 
Mole fraction of KSCN 

Fig. 1. Variations of (a) V0 and b', (b) VQ (I-present 
work; II-Ref 1) and V (at 323 K), and (c) molar 
refractivity (R) and nV (at 323 K) with concentration 
for molten Ca(N03)a-3.18H20-KSCN systems. 

a case m 4 « 0 and Eq. 4 reduces to 

m1^ m2 — m3TQl. (5) 

With the knowledge of the reported1-3) values of T0 

for calcium nitrate tetrahydrate, the T0 value for Ca-
( N 0 3 ) 2 - 3 . 1 8 H 2 0 may be considered as nearly equal 
to 206 K. Substituting this value for TO1 and also 
the values of m 1 =59.1 cm3 m o l - 1 and m 3=0.037 cm3 

mol- 1 K" 1 obtained from Fig. l a in Eq. 5, the value 
of m2 may be determined which is found to be 66.7 
cm3 mol"1 . This value of m2 is also in agreement 
with the observed value of the slope of the plot of 
V0 versus concentration (Fig. l b ) , the value of V0 

(Table 1) being obtained from Eq. 3 after keeping 
To as 206 K. I t is worthy to note that the present 
extrapolated value of VQ = 54.0 cm3 m o l - 1 for pure 
KSCN coincides with the value obtained in a similar 
manner using computed values of V0 from the trans­
port property da ta of C a ( N 0 3 ) 2 - 3 . 9 9 H 2 0 - K S C N 
melts1) (Fig. l b ) . Such an agreement in the V0 value 
of pure KSCN estimated independently from the 
molar volume and transport property da ta appears 
to envisage that the assumption made regarding the 
concentration independent nature of T0 is justifiable. 
Accordingly, the T0 value of pure K S C N may be 
considered as nearly the same as that of C a ( N 0 3 ) 2 -
3 .18H 2 0 which we have taken as 206 K. This value 
is closely comparable with the value 203 K for T0 

of K S C N computed from its electrical conductance 
data.4) Moreover, it has been found that the con­
centration dependence of VQ predominantly governs 
the variation of V with x2 for the C a ( N 0 3 ) 2 - 3 . 1 8 H 2 0 -
KSCN melts. As reported earlier1) V is found to be 
additive within ± 2 % error. The molar volumes of 
pure K S C N at low temperatures required for testing 
the additivity of V are estimated from the same linear 
function for its density above the melting point.5) 

The measured refractive indices (n) of the systems 

under study also show a linear dependence on tem­
perature. In this case, however, the least-squares fit­
ted values of the intercepts and slopes do not vary 
linearly with x2. Therefore, the composition depend­
ence of refractive index has been described in terms 
of molar refractivity. Molar refractivities show neg­
ligible dependence on temperature but vary linearly 
with x2 as illustrated with an isotherm at 323 K in 
Fig. lc . I t may be noted that the extrapolated value 
of molar refractivity (19.5 cm3) for pure KSCN at 
323 K coincides within ± 2 % with the value (19.11 
cm3) calculated from the refractive index and density 
values for molten KSCN obtained after extrapolating 
the high temperature data5-6) to 323 K. Therefore, 
in a mixture of Ca (N0 3 )2 -3 .18H 2 0 and KSCN the 
formation of complex ions does not appear to take 
place. 

Furthermore, an at tempt to fit the n data to the 
Gladstone-Dale (G-D) equation,7) n=\+klV, has re­
vealed that the present da ta fit into a slightly modified 
G-D equation of the form 

«.-=*! + k2/V. (6) 

The least-squares fitted values of the constants kx and 
k2 are given in Table 1. Rearranging Eq. 6 and then 
by substituting the additive behavior of molar volume 
on the right hand side of the rearranged expression, 
we obtain 

nV = A ~ Bx2, (7) 

where A=nxVx and B=nxVx—n2V2. The terms with 
suffix 1 correspond to C a ( N 0 3 ) 2 - 3 . 1 8 H 2 0 and those 
with 2 to KSCN. In obtaining Eq. 7 kx and k2 are 
considered to be independent of concentration. The 
least-squares fitted values of kx and k2 (Table 1), on 
the other hand, are not exactly independent of con­
centration, but vary in a non-linear fashion. How­
ever, such changes in kx and k2 do not seem to produce 
much deviation from Eq. 7 as apparent from the 
linearity of the plot of nV versus x2 (Fig. lc) . It has 
also been found that the least-squares fitting of nV 
into Eq. 7 is reasonably good. Therefore, the ap­
plicability of the modified G-D equation seems to 
account for the observed additive nature of the product 
nV within ± 2 % . 

The financial help from the university to one of 
us (S.M.) is gratefully acknowledged. 
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Synopsis. [Ni(tfac2en)] reacted with NXS (iV-chloro-
or iV-bromosuccinimide) in an alcoholic solvent to give the 
halogenated complexes at the y-carbon atoms. The reaction 
intermediate was successfully isolated and was characterized 
by the use of the 1H-NMR, IR, and AB spectra. 

It is well known that the y-protons of metal ß-
diketonates1) and their Schiff-base derivatives2-3) can be 
replaced by halogen atoms by the use of NXS. These 
halogenations have been regarded as examples of the 
electrophilic substitution reaction of the y-protons with 
X + , and the following reaction mechanism has been 
proposed:1) 

=X= &< 
Intermediate A 

However, there have been few detailed studies of the 
reaction mechanism.4 '5) 

In the course of our study6) for the halogenation of 
Ni(II) complexes of iV,JV'-ethylenebis(/?-oxo imine) in 
an alcoholic solvent, we found that the titled complex, 
abbreviated as [Ni(tfac2en)],7) gives a pretty stable 
reaction intermediate. 

Exper imenta l 

Chlorination. A methanol solution (100 cm3) of NCS 
(1.3 g) was added to a slurry of [Ni(tfac2en)]8> (1.0 g) in 
methanol (200 cm3). The mixture was stirred for 10 min at 
35 °C to give a homogenious red solution. It was then con­
centrated to about 30 cm3 under reduced pressure below 35 °C. 
When the solution was allowed to stand for 1 h, red crystals 
were separated out, and were washed with cold methanol. 
Yield, about 21%. Found: C, 32.04; H, 3.48; N, 5.48%. 
Galcd for NiC14H18N204F6Cl2 : C, 32.21, H, 3.48; N, 5.37%. 
(Complex I). 

On the other hand, the red solution obtained above was 
heated on a water bath for 30 min and then concentrated to 
about 100 cm3. When water was added to the solution, a 
light-green precipitate was separated out. It was subsequently 
recrystallized from methanol. Yield, about 40%. Found: 
G, 31.48; H, 2.39; N, 6.24%. Calcd for NiC12H10N2O2F6Cl2 : 
C, 31.48; H, 2.21 ; N, 6.12%. (Complex II). 

When Complex I was allowed to stand in the atomosphere, 
it gradually decomposed to [Ni(tfac2en)] in the solid state. 
When water was added to a methanol or DMSO solution of 
Complex I, it decomposed rapidly to give [Ni(tfac2en)]. 
However, when the methanol solution of Complex I was 
heated at about 90 °C, it decomposed to form Complex II. 

Bromination. The brominated complexes were obtained 
by using NBS by a method similar to that for the chloronation. 
From the red reaction mixture, reddish crystals were separated 
out in about a 30% yeild. Found: C, 27.38; H, 2.79; N, 
4.66%. Calcd for NiC14H18N204F6Br2 : C, 27.53; H, 2.98; N, 
4.59%. (Complex III). When ethanol was used as the 
solvent, reddish crystals were obtained in about a 60% yield. 
Found: C, 29.91; H, 3.27; N, 4.52%. Calcd for NiC16-
H22N204F6Br2: C, 30.08; H, 3.48; N, 4.39%. (Complex IV). 

When the red reaction mixture was treated by a method 
similar to that employed for the red solution with NCS, light-
green crystals were obtained in about a 80% yield. Found: 
C, 26.53; H, 1.95; N, 5.33%. Calcd for NiC12H10N2O2F6Br2: 
C, 26.36; H, 1.95; N, 5.31%. (Complex V). 

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

The characterization data are listed in Table 1. It 
is well known that A^iV'-ethylenebis^-oxo iminato)-
nickel(II) complexes are diamagnetic and take a 
square planar structure. Since Complexes I I and V are 
also diamagnetic and show AB spectra similar to that 
of [Ni(tfac2en)]3 it is evident that Complexes I I and 
V take the planar structure. In the ^ - N M R spectra 
of Complexes I I and V, no signal which corresponds to 
the y-proton is observed. Accordingly, it is clear that 
they are the halogen-substituted complexes at the y-
carbon atoms. The two strong I R bands at 1500—1600 
c m - 1 for [Ni(tfac2en)] shift to a somewhat lower energy 
site in Complexes I I and V. 

Further, the n-n* transitions at 26.3—28.0 kern - 1 

for [Ni(tfac2en)] also shift to a somewhat lower energy 
site in the halogenated complexes I I and V. These 
lower energy shifts of the I R and AB spectra are charac­
teristic of the halogenated complexes at the y-carbon 
atom.1.3 '4 '9) 

Complexes I, I I I , and IV are also diamagnetic and 
show the d-d transitions at about 20.8 kern - 1 which is 
characteristic of the square planar Ni(II) complexes. 
In their ^ - N M R spectra, the signal of the y-proton is 
observed at about 4.7 p p m ; this position is at a some­
what higher field as compared with that of [Ni(tfac2en)]. 
This higher field shift may be due to the saturation of 
the y-carbon atom upon the addition of the halogen 
atom to it. Further, Complexes I, I I I , and I V exhibit 
the signals corresponding to methoxyl or ethoxyl groups. 
These groups are thought to be at tached to the carbon 
atom, where the CF 3 group is bonded, and they may 
stabilize the halogenated intermediate like A. This is 
because it has been shown for the (trifluoroacetyl-
acetonato)antimony(V)-complex that the complex reacts 
with water to give a complex in which the hydroxyl 
group is at tached at the carbon atom, where the C F 3 

group is bonded, and in which two protons are at tached 
at the y-carbon atom.10) The proposed structure for 
Complexes I, I I I , and I V is shown in Fig. 1. 
(Intermediate I I ) . Complexes I, I I I , and I V exhibit a 
broad I R band at about 1660 c m - 1 which can be 
assigned to the vc=n of the C=N group with no conjuga­
tion.11) T h e n-n* transitions of these complexes are 
observed at a higher energy site than those of complexes 
I I and V. This higher energy shift supports the idea 
that Complexes I, I I I , and I V take a structure in which 
the C=N groups do not conjugate with the other group, 
as is shown in Fig. 1. 
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Complex 

TABLE 1. 

!H-NMR spectra <5a) 

y-CH CHa-CH2 CH3 

T H E CHARACTERIZATION DATA 

IR*> 

Others ' " ' 
yC=N VÇ=0 

cm 1 cm 3 

AB spectra10 D/kcm-1 (loge) 

d-d GT n-n* 

[Ni(tfac2en)]b) 

P> 

IIb> 

I IP 5 

IVc:> 

yt» 

5.49[2] 

4.67[2] 

4.79[2] 

4.81[2] 

3.15[4] 

3.5e> 

3.37 [4] 

3.5e> 

3.5e> 

2.02[6]d) 

2.18[6] 

2.36 [6] 

2.22 [6] 

2.29[6] 

3.84[6] 
(OCH3) 

3.92 [6] 
(OCH3) 
1.551 
1.43[ [6]f> 
1.31J 
(OCH2CH3) 

1619 1534 17.5(1.91) 21.7(2.34) ^ ' o f l ' M ) 0 

1665 20.6(2.42) 

1584 1490 17.2(1.98) 22.2(2.83) 

1655 20.8(2.41) 

1660 20.8(2.48) 

29.7(3.06)» 

25.6(3.49)° 
26.7(3.45) 
28.6(3.38)« 

27.8(3.36) k> 

3.36[4] 2.41 [6] 1573 1488 17.4(2.06) 22.2(2.83) 26*9 (3*47)° 

a) [ ] represents the number of protons, b) Data in CDC13. c) Data in DMSO-e?6. d) Ref. 12. e) Overlap with the 
peakofDMSO. f) Triplet; the OCH2CH3 signal appears at 3.6—3.7ppm. g) Ref. 13. h) Ref. 14. i) Data in GH3 

OH. j) Data in DMSO. k) Data in acetone. 

Intermediate II 

Fig. 1. The reaction scheme and the proposed structure 
of the reaction intermediate. 

The proposed reaction mechanism is also shown in 
Fig. 1. Since the haloganation of [Ni(tfac2en)] with 
N X S has also taken place in the presence of 2,6-di-/-
butylphenol, a kind of radical scavenger, the reaction 
of NXS can be regarded as the electrophilic attack of 
the X+ ion, which is formed by the ionic dissociation 
of N X S , on the y-carbon atoms of [Ni(tfac2en)]. Thus, 
in the first step of the reaction, Intermediate I in Fig. 1 
should be formed. This Intermediate I has two positive 
charges. Further, the electron-withdrawing GF 3 group 
is at tached. Therefore, the carbon atom, where GF3 

group is bonded, should be quite electron-deficient. 
Therefore, the attack of the alcoholic solvent may occur 
at the carbon atom to produce Intermediate I I . As has 
been mentioned in the Experimental section, Complexes 
I, III, and I V decompose to give not only Complexes I I 
or V but also [Ni(tfac2en)]. This fact means that the 
reverse reaction from Intermediate I I to [Ni(tfac2en)] is 
possible. When water is added to the methanol solutions 
of Complexes I I or IV, [Ni(tfac2en)] is formed quite 
rapidly. Probably, in the presence of water, the elimina­
tion of alcohol from Intermediate I I readily occurs upon 
the attack of the proton which is formed by the dissocia­
tion of water to give Intermediate I, and then 
[Ni(tfacaen)]. 

T h e haloganation occurred also in a chloroform 
solvent. In that case, [Ni(tfac2en)] (reddish brown) 
turned brown at the initial stage of the reaction, and 

then it turned to a brownish green with heating. The 
brown material could not be isolated well. However, 
when methanol was added to the brown solution, the 
solution turned to red, and reddish crystals, which 
correspond to Complex I, could be isolated from the 
solution. These facts suggest that the brown material 
may correspond to Intermediate I. 

It should be noted that trifluoroacetylacetone, its 
metal complexes, and its Schiff base ligand itself are 
not halogenated by N X S . 
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Synopsis. Ligand dissociations of tris(4,4'-Me2bpy)-
and tris(5,5'-Me2bpy)chromium(II) complexes** have been 
studied by scavenging the ligand with zinc ion according 
to a stopped-flow method. 

The ligand dissociation of [Cr(bpy)3]2 + was first 
studied by a redox reaction between [Cr(bpy) 3] 2 + and 
[Co(P0 4 ) (NH 3 ) 5 ] using a stopped-flow method1) and 
subsequently by d.c. polarography,2 '3) while that for a 
heterogeneous system was studied cyclic voltammetrical-
ly.4'5) Reports were given on the ligand dissociation rate 
constants obtained from the studies of the oxidation of 
[Cr(bpy)3]2+ or [Cr(phen)3]2+ with [Co(NH3)6]3+ by 
the stopped-flow method.6-7) Since all the results were 
obtained by indirect methods, at tempts were made to 
obtain the ligand dissociation rate constants of [Cr-
(bpy)3]2+ and [Cr(phen)3]2+ directly by the stopped-flow 
method.8) Although the ligand dissociation rate con­
stants for a few complexes of 1,10-phenanthroline 
derivatives ([Cr(5-Me(phen))3]2+, [Cr(5-Cl(phen))3]2+ 
and [Cr(5-Br(phen))3]2 +)*** were measured cyclic vol-
tammetrically,5) no paper has appeared so far on 
chromium(II) complexes of 2,2'-bipyridine derivatives. 
We have studied the ligand dissociations of [Cr (4,4'-
Me2bpy)3]2+ and [Cr(5,5'-Me2bpy)3]2+, and obtained 
their kinetic and activation parameters. 

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

Apparatus. The stopped-flow apparatus for kinetic 
measurements was the same as reported.7) Ultraviolet and 
visible absorption spectra were measured with a Hitachi 
recording spectrophotometer Type EPS-3T using a quartz cell 
of 1.0 mm optical path. 

Reagents. 4,4'-Me2bpy and 5,5'-Me2bpy were synthe­
sized according to the procedure of Sasse and Whittle.') The 
synthesized ligands 4,4'-Me2bpy and 5,5'-Me2bpy were checked 
spectrophotometrically. High purity nitrogen was used after 
further purification with activated copper columns. All other 
chemicals were of GR grade and used without purification. 

Measurements of Absorption Spectra. The absorption 
spectra of ca. 2 mmol dmr3 aqueous solutions of [Gr(4,4'-
Me2bpy)3]2+ and [Cr(5,5'-Me2bpy)3]

2+ were measured. 
Preparation of the sample solution using a vacuum line was 
carried out as reported previously.7) Since 4,4'-Me2bpy and 
5,5'-Me2bpy were hardly soluble in water, not being able to 
give solutions of the desired concentration, suspensions of 
these ligands were used. Chromium (II) complex solutions 

** Ligands, 4,4'-Me2bpy and 5,5'-Me2bpy, represent 
4,4'-dimethyl-2,2'-bipyridine and 5,5'-dimethyl-2,2'-bipyridine, 
respectively. 

*** The abbreviations "5-Me(phen)," "5-Cl(phen)," and 
"5-Br(phen)" represent 5-methyl-, 5-chloro-, and 5-bromo-
1,10-phenanthroline, respectively. 

were obtained by mixing anhydrous chromium(II) chloride 
with their respective suspensions. Absorption spectra of these 
complexes were measured and found to agree with those 
reported.10) 

Kinetic Measurements. A solution of [Cr (4,4'-Me2bpy) 3 ] 2 + 

or [Cr(5,5'-Me2bpy)3]2+ and a zinc chloride solution were 
mixed with the stopped-flow apparatus, the concentrations of 
chromium(II) complexes and zinc ion being 2.0 mmol dm - 3 

and 50 mmol dm - 3 , respectively. The ionic strength for each 
solution was adjusted to 0.20 mol dm - 3 by addition of sodium 
chloride, the pH being adjusted to 5.3 with an acetic 
acid-sodium acetate buffer solution. Kinetic measurements 
were performed by observing the absorbance change of the 
starting chromium (I I) complex with time after mixing the 
solution of the chromium(II) complex with excess zinc ion 
used as a scavenger. The wavelengths were fixed at 571 nm 
for [Cr(4,4'-Me2bpy)3]2+ and 565 nm for [Cr(5,5'-Me2bpy)3]2+. 
The temperatures for the kinetic measurements were in the 
range 20—45 °C, the respective temperature being kept 
constant within ±0.1 °C. 

Reaction Analysis. Reaction curves, absorbance vs. time, 
were analyzed by means of 

\n[(At-Aai)l(AQ-Aa>)] = Aob8d t, (1) 

where A0, At, and A«, denote the absorbance of the solution 
at time t=0, t and oo, respectively, and Aobsd is the apparent 
first-order rate constant. 

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

Plots of log (At—A„) vs. t show linearity over the 
whole range of the reaction curves, indicating that the 
reaction is of first-order type. 

T h e following succesive equilibria seem to hold for 
both the complex of 4,4'-Me2bpy and that of 5,5'-
Me 2 bpy: 

TABLE 1. RATE CONSTANTS FOR THE LIGAND 

DISSOCIATION OF CR(I I ) COMPLEXES0 

Complex Temp/°C ^obsd/ s - l b ) 

[Cr(4,4'-Me2bpy)3]2+ 

[Cr(5,5'-Me2bpy)3]2+ 

20.0 
25.0 
30.0 
35.0 
40.0 
45.0 

20.0 
25.0 
30.0 
35.0 
40.0 

0.644±0.005(7) 
1.17 ±0 .02 (6) 
2.05 ± 0 . 0 3 (6) 
3.60 ± 0 . 0 4 (8) 
5.93 ± 0 . 0 6 (7) 
9.68 ±0 .12 (5) 

0.338±0.002(6) 
0.663±0.002(6) 
1.22 ±0 .01 (6) 
2.14 ± 0 . 0 4 (7) 
3.91 ± 0 . 0 4 (7) 

a) At pH 5.3. b) Number of measurements given in 
parentheses. 
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TABLE 2. KINETIC AND ACTIVATION PARAMETERS OF THE LIGAND 

DISSOCIATION FOR CHROMIUM(II) COMPLEXES AT P H 5 . 3 

Complex *diss/s-la) Ai/*/kJ mol-* AS*/J K-1 mol-* Réf. 

[Cr(bpy)3]
2+ 0.390 ±0.003 84 .4±1 .5 30 .6±4 .8 8 

[Cr(phen)3]
2+ 0.0643 ±0.0014 89 .0±1 .9 30 .3±6 .3 8 

[Cr(4,4,-Me2bpy)3]2+ 1.17 ±0 .02 81 .5±1 .5 30 .1±4 .5 b) 
[Cr^S'-Meabpy^]2* 0.663±0.002 89 .9±1 .0 53 .5±4 .0 b) 

a) Values at 25.0 °G. b) This work. 

[Gr(LL)3]2+ + 2H 2 0 ^ = ± [Cr(H20)2(LL)2l2+ + LL, (2) 

[Gr(H20)2(LL)2]2+ + 2 H 2 0 ^ = ± [Gr(H20)4(LL)]2++LL, (3) 

[Cr(H20)4(LL)]2+ + 2H 2 0 — [Gr(H20)6]2 ++LL, (4) 

where LL denotes 4,4 /-Me2bpy and 5,5'-Me2bpy. Since 
zinc ion rapidly scavenges the free ligand,11) no reverse 
reactions need be considered for the equilibria under 
excess zinc ion. Thus, the ligand dissociation of this 
system could be observed. T h e kinetic measurements 
of the present experiment satisfy the above conditions. 
Since the molar extinction coefficient of the bis complex 
is considered to be small, in analogy to [Cr(bpy) 3 ] 2 + , t 

the dissociation of the tris to the bis complex can be 
determined. A first-order reaction was observed over 
the whole range of each reaction curve, and thus the 
determination of the first step (Eq. 2) is considered 
to be rate-determining. It is evident tha t the observed 
rate constant kohst represents the rate constant for the 
ligand dissociation of the tris to bis complex. 

T h e rate constants obtained under various tempera­
tures are given in Table 1, and kinetic and activation 
parameters in Table 2, along with the previous data.8) 
The ligand dissociation rate constants of [Cr (4,4'-
Me 2 bpy) 3 ] 2 + and [Cr(5,5 /-Me2bpy)3]2 + are greater than 
those of [Cr(bpy)3]2 + . This seems to correspond to 
greater rates of [Cr(5-Me(phen))3]2+, [Cr(5-Cl-
(phen)) 3 ] 2 + and [Cr(5-Br(phen))3]2 + as compared with 

1" In the case of [Gr(bpy)3]
2+,8) the absorbance at the 

starting point of the reaction is estimated to be 0.833 (concentra­
tion, 0.96 mmol dm - 3 ; molar extinction coefficient, 4340 
dm3 mol - 1 cm - 1 ; cell length, 2 mm). If most of the tris 
complex was consumed for the formation of the bis complex 
during the dead-time, the initial absorbance observed would 
be less than 0.154, since the molar extinction coefficient of the 
bis complex is 803 dm3 mol - 1 cm-1.8) However, in a typical 
case, the absorbance for the first observable reaction signal 
was 0.624, the reaction curve approaching zero. The first-
order plot fell on a straight line over the whole range observed. 
The reaction seems to correspond to the dissociation of the 
tris to the bis complex, and this step is regarded to be rate-
determining. 

[Cr(phen)3]2+.5> The values of activation entropy A£* 
for [Cr(bpy)3]2+, [Cr(phen)3]2+, and [Cr (4,4'-
Me 2 bpy) 3 ] 2 + are ca. 30 J K" 1 mol"1 , whereas that for 
[Cr(5,5 '-Me2bpy)3]2 + is far greater. The positive 
activation entropy suggests that the ligand dissociation 
of the present system proceeds via the dissociative 
mechanism,12) while the greater value of AS* for [Cr-
(5,5'-Me2bpy)3]2 + suggests the possibility of a different 
dissociative mechanism. 

The authors wish to thank Mr. Teruo Nagaoka and 
Miss Misa Okamoto for their assistance in absorption 
spectral measurements, Dr. Yoshio Koike, Kanagawa 
University, for the samples of 4,4'-dimethyl-2,2'-
bipyridine and 5,5'-dimethyl-2,2'-bipyridine, and Prof. 
Tatsuo Matsuura, Institute for Atomic Energy, Rikkyo 
University, for use of the stopped-flow apparatus. 
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Synopsis. Solubility of A- and ra£-[Co(ox)(en)2]-
(C204)o.5

 w a s measured in water at 5—60 °G, the solubility 
isotherm of the ternary system, yl-[Go(ox)(en)2](G204)o.5-
J-[Go(ox)(en)2](C204)o.5-H20, being determined at 25 °G. 
It was found that the oxalate is not spontaneously resolvable 
and forms the racemic compound, yl-[Co(ox)(en)2] • J-[Go (ox)-
(en)2](C204).rzH20. 

In 1968 Yamasaki et al. reported the spontaneous 
resolution of bis (ethylenediamine) oxalatocobalt (III) 
oxalate, [Co(ox) (en) 2 ] 2 (C 2 0 4 ) -8H 2 0, which shows 
hemihedral facets in the crystals.1) However, the result 
seemed doubtful considering their method for preparing 
the oxalate, i. e. by the reaction, trans- [CoCl2(en) 2] CI + 
2 H 2 C 2 0 4 - > [ C o ( o x ) ( e n ) 2 ] + + 3 C l - + 4 H + + C 2 0 4

2 - . The 
crystals obtained seem to be chloride known to be 
spontaneously resolvable, since the solubility of rac-
[Co(ox)(en)2](C2O4)0 .6 (m=0.369 mol kg"1) is larger 
than that of rac- [Co (ox) (en) J CI (m=0.118 mol kg"1) at 
25 °C and the molar ratio of counter ions, CI"/ 
(C2O4)0 # 6-, is 3/2 even disregarding the association of 
H+ and C 20 4

2~. Chloride was obtained in our experi­
ments. T h e hemihedrally distinguishable crystals 
obtained by Yamasaki et al. seem to be [Co (ox) (en) 2] CI-
4 H 2 0 . 

In order to confirm whether the spontaneous resolu­
tion of oxalate occurs or not, the optically active and 
the racemic oxalates were prepared and their solubilities 
in binary and ternary systems were measured. 

shows an inflection at ca. 38 °C, at which the solid phase 
changes from (4.5—5)-hydrate (below 38 °C) to mono-
hydrate(above 38 °C). However, the trihydrated 
racemic salt shows no solid phase change at 5—60 °C. 
This also confirms that the racemic salt exists as a 
racemic compound. 

TABLE 1. SOLUBILITY OF [Go(ox)(en)2](G2O4)0.5 IN WATER 

(molality m/mol kg - 1 of anhydrous salt) 

r/°c 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

(1) 
0.170 
0.209 
0.250 
0.302 
0.369 
0.444 
0.537 
0.645 
0.769 
0.918 
1.10 
1.29 

No. of salta) 

(2)-a 

0.236 
0.342 
0.501 
0.736 
1.07 
1.50 
2.05 

\ (2)-/? 

2.56 
2.76 
3.02 
3.38 
3.79 

a) (1): ra<7-[Co(ox)(en)2](C2O4)0.6.nH2O, « = 3 , (2): 
J-[Co(ox)(en)2](C2O4)05-nH2O, n=4.5—5(a) and 
«-10S). 

Exper imenta l 

Materials. [Co(ox)(en)^\(C2OJ0th-nH2O: The A-, A-, 
and ra£-[Co(ox)(en)2](C2O4)0.5*rtH2O were obtained from the 
corresponding chloride and Ag2(G204). Found: G, 21.20; 
H, 6.38; N, 14.09%. Galcd for ^-[Co(ox)(en)2](C2O4)0 5-

6.42; N, 14.28%. Found: G, 21.24; 
Galcd for J-[Go(ox)(en)2](G2O4)0.5. 

4.5H20: G, 21.44; H, 6.42; N, 14.28%. Found: G, 23.01; 
Galcd for ra£-[Co(ox)(en)2](C2O4)0.5* 

25 eC 

m / m o l kg"1 

4.5H20: G, 21.44; H 
H, 6.44; N, 14.13%. 

G 
H, 5.93; N, 15.33%. 
3H 2 0: G, 23.02; H, 6.07; N, 15.34%. 

Measurements. Solubility in water was determined in 
molality.2* The solid phases were identified from elemental 
analysis, absorption and CD spectra. Optical densities were 
measured with a JASGO UVIDEG-1 spectrophotometer and 
CD with a JASGO MOE-1 spectropolarimeter. 

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

Binary System. The solubility of A- and rac-
[Co(ox)(en)2](C2O4)0#5 is given in Table 1. The 
solubility ratio of racemate/J-sal t is 0.720(5 °C) or 
0.340(60 °C). If spontaneous resolution takes place, 
the ratio should exceed ca. 2 2 / 3 = 1.59 expected in this 
type of electrolyte.3) Thus, the present salt is not 
spontaneously resolvable. The solubility curve of ^f-salt 

Fig. 1. Solubility isotherm of the ternary system, 
A-[Co(ox) (en) J (C2O4)0.5 ( 1 )-J-[Co(ox) (en) J (C2O4)0.5 

(2)-H20, at 25 °G. Solubility is presented in molality 
m of anhydrous salt. 

Ternary System. Figure 1 and Table 2 show 
the solubility isotherm of the ternary system, A-[Co(ox)-
(en) 2 ] (C 2O 4 ) 0 . 5 -J- [Co(ox)(en) 2 ] (C 2O 4 ) 0 . 5 -H 2O, at 25 
°C. As is expected, the isotherm shows the formation of 
racemic compound, A- [Co (ox) (en) 2] • A- [Co(ox) (en) 2 ] -
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TABLE 2. EQUILIBRIUM OF THE SYSTEM, ^t-[Ck>(ox)(en)2]-

(G204)o.5-^-[Go(ox)(en)2](G204)o.5-H20, AT 25 °G 
In liquid phases, solubility is presented in molality m 
of anhydrous salt. Abbreviations: A-[Co(ox)(en)2]-
(G204)o.5 • *H20(n=4.5—5) = A, zJ-[Co(ox)(en)2] (C2-
O4)0.5^H2O(n=4.5—5)=ZI, and A-[Go(ox)(en)J. 
Zl-[Go(ox)(en)2](G2O4)0.5.rzH2O(n-6)=r^. 

of points 
(Fig. 1) 

A 

Ei 

E i 
X 

E3 

E3 

E3 

X 
E2 

E2 

B 

Liquid phasea) 

m/mol kg-1 

A ^̂  2 
1.07 

(±0.01) 

1.11 
(±0.01) 

0.851 
0.745 
0.604 
0.486 
0.402 
0.337 
0.252 
0.216 
0.192 

0.184 
(±0.001) 

0.163 
0.144 
0.120 
0.098 
0.090 
0.078 
0.073 
0.067 
0.061 

0.06 
(±0.01) 

0.06 
(±0.01) 

0.071 
0.077 
0.082 
0.091 
0.098 
0.110 
0.136 
0.157 
0.176 

0.184 
(±0.001) 

0.206 
0.239 
0.297 
0.388 
0.448 
0.562 
0.721 
0.885 
0.994 

1.11 
(±0.01) 

1.07 
(±0.01) 

Solid 
phase 

A 

A+rac 

rac 

rac 

rac 

A-{-rac 

A 

a) Values in parentheses are estimated errors and calcu­
lated from twice the standard deviations of measurements 
repeated 5—11 times. 

( C 2 O 4 ) . 6 H 2 O = r ^ - [ C o ( o x ) ( e n ) 2 ] ( C 2 O 4 ) 0 . 5 . 3 H 2 O , 
whose region spreads widely ( E ^ E g ) . I t is evident 
that no spontaneous resolution occurs.4) Points Ex and 
E2 are the invariant points where two solids (active and 
racemic salts) coexist. 

DTA Analyses. Differential thermal analysis 
(DTA) of the optically active and the racemic oxalate 
was carried out under suspended conditions in water at 
ca. 0—100 °C,5) providing one peak in heating process 
for each salt. The peak for the optically active salt 
(38 °G) corresponds to the transition observed in the 
binary solubility. The racemic salt shows a peak at ca. 
74 °C at which the solid phase changes from trihydrate-
(below 74 °C) to 0.5-hydrate(above 74 °C). However, 
the transition of racemate does not correspond to the 
change from the racemic compound to a racemic 
mixture, because the extrapolated solubility ratio at 
74 °C {ca. 0.37) in Table 1 does not exceed 1.59, and 
the active and the racemic salts have different 
numbers of water of crystallization. 

Thus, the optically active oxalate can not be obtained 
from the racemic solution of [Go(ox)(en)2](C2O4)0 5 in 
equilibrium, viz., the salt is not spontaneously resolvable. 
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Extraction of Lead(II) in Aqueous Thiocyanate-Perchlorate Solutions wtih 
Trioctylphosphine Oxide in Hexane and with 4-Methyl-2-pentanone 
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Synopsis. The stability of lead(II) thiocyanate com­
plexes and the extraction behavior of lead(II) in 1 mol dm - 3 

Na(SCN, C104) were studied. By an extraction method with 
thenoyltrifluoroacetone, log/?!=0.49 was obtained for PbSGN+. 
The extraction was poor with 4-methyl-2-pentanone but 
effective with trioctylphosphine oxide in hexane. Not only 
Pb(SCN)2 but also Pb(SGN)(G104) 
extracted into both of the solvents. 

and Pb(G104)2 were 

The complex formation equilibria of lead (I I) in 
aqueous 1 mol d m - 3 Na(SCN,C10 4) solutions were 
determined by an extraction method with thenoyltri­
fluoroacetone (TTA). The extraction equilibria of this 
metal ion from these ionic media into 4-methyl-2-
pentanone (MIBK) and hexane containing trioctylphos­
phine oxide (TOPO) were studied as follows. 

Exper imenta l a n d Stat ist ical 

All of the reagents used were of a reagent grade. Sodium 
Perchlorate was recrystallized from water. The solutions of 
sodium thiocyanate and sodium perchlorate were standardized 
by gravimetry. The extractants, TTA and TOPO, were 
obtained from Dojindo Laboratories in Kumamoto. TOPO 
and MIBK were purified as described previously.1 >2> A 
carbon tetrachloride solution containing 0.1 mol dm - 3 TTA, 
hexane solutions containing TOPO at various concentrations 
and MIBK were used as the organic solutions. 

All of the experiments were carried out in a thermostated 
room at 25 °G in a manner essentially similar to that described 
previously3* except that the initial metal concentration was 
1 X 10-4 mol dm - 3 and that the metal concentration in the two 
phases was determined by an atomic absorption method. 

In the present paper, the chemical species in the organic 
phase are denoted by the subscript "org," while the lack of 
any subscript denotes those in the aqueous phase. The 
distribution ratio is defined as D= [Pb(II)]org/[Pb(II)]. The 
total concentration of lead (II) in aqueous solution containing 
thiocyanate ions can be described as : 

[Pb(II)] = [Pb«+](1 + 23ACSGN-]1), 
where ft is the stability constant of the "i-th" complex. 

The TTA extraction can be written as : 

Pb*+ + 2Htta ( o r g )^tPb(t ta)2 ( o r g ) + 2H+ 

Kr. TTA.O Z)0[H+]'[Htta]0 

(1) 

(2) 
where D0 is the distribution ratio in the absence of thiocyanate 
ions. If the concentration of TTA in the organic phase and of 
the hydrogen-ion in the aqueous phase are kept constant, the 
following equation can be obtained : 

DID, = l /O+Sf t tSCN-] 1 ) . (3) 

The MIBK extraction can be treated as follows. Since it 
was found that only the PbSGN+ species was the complex in 
the aqueous phase and that [Pb(II)]0rg=[Pb(ClO4)2]0rg+ 
[Pb(SCN)(ClO4)]0rg+[Pb(SCN)2]0rg, the distribution ratio is 
written as: 

D = (tfM,BK.o[C104-]
2 + Ä-„iBK.i[SCN-][C10r] + 

^ M . B K . 2 [ S C N - ] 2 ) / ( 1 + A [ S C N - ] ) , 

where 

*H.BK.n = [Pb(SCN)n(C104)2.n] 
org/ 

( [Pb2+] [SCN-] n[C104-] 2" n ) . (5) 

The TOPO(L) extraction was as follows. 

[Pb(II)]or(5= [Pb(C104)2L4]org+ [Pb(SCN)(ClO4)LJ0rK+ 

[Pb(SCN)(ClO4)L3]0rg+[Pb(SCN)2L3]0rg 

D = (*e*„,4[C104-p[L]org«+tfMl.4[SCN-] [C lOr ] [L]org« + 

Ä'«i..[scrr][ao4-][L]or,»+^^i,[sc»r]*[L]or,»)/ 
(1+Ä[SCN-]) (6) 

where 

_ [Pb(SCN)w(ClO4)2_wLJ0rg KM (7) [Pb2+][SCN-]n[GlO4-]2-w[L]0rg-

The data were treated by a least squares program in order to 
find the values of the constant which give the best fit. 

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

From the extraction of lead(II) with T T A , the value 
of KTTAt0 in Eq. 2 was obtained to be 10"10-60. This was 
valid up to —log [H+] 4.0. Figure 1 shows the decrease 
in the T T A extraction as a function of the thiocyanate 
concentration in the aqueous phase. By the least 
squares treatment, the da ta were found to be explained 
by assuming only the PbSCN + species. T h e value of ßx 

determined was 100-49. 

W 

log [SGN-] 

Fig. 1. Decrease in the lead (II) extraction with TTA vs. 
the aqueous thiocyanate concentration. Org. phase; 
CC14 containing 0.1 mol dm - 3 TTA. Aq. phase; 1 mol 
dm"3 Na (SGN, G104). The solid curve gives; log D/ 
D0=-\og (1 + 100-49 [SGN"]). 

The results of the extraction of lead (I I) into M I B K 
are shown by Fig. 2. The extraction constants obtained 
by the least squares calculation on the basis of Eq. 4 
using jS1=100-49 are listed in Table 1. T h e curve is 
calculated from these constants and Eq. 4. 

Figure 2 also shows the extraction curves of lead(II) 
with T O P O in hexane. T h e value of Kex0 4 was obtained 
separately from the extraction data from 1 mol d m - 3 

sodium perchlorate solutions as 106-92. Using the above 
ßx and ̂ exo,4 values, the values of the extraction constants 
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log [SGN-] 

Fig. 2. Extraction curves of lead (II) with 4-methyl-2-
pentanone (A) and triocylphosphine oxide in hexane 
(O) from 1 mol dm"3 Na (SGN, G104) solutions. The 
concentration of TOPO in the organic phase is 0.02, 
0.015, 0.01, and 0.005 mol dm"3 from top to bottom. 
The solid curves are calculated ones by means of Eqs. 4 
and 6 using the constants in Table 1. The closed 
circles at 1 mol dm - 3 thiocyanate indicate the values 
obtained experimentally (see text). 

TABLE 1. SUMMARY OF THE EQUILIBRIUM CONSTANTS'0»10 

MIBK TOPO in hexane 

log *MIBK,o - 3 . 1 1 log^ex,o,4 6.92 
log*MiBK,i - 1 . 6 8 logtfeXil§4 8.81 
log*MIBK>2 - 1 . 0 3 log#ex>1>3 6.96 

log^ex.2,3 7.48 

a) Stability constant of aqueous complex, log ß1=0A9. 
b) Extraction constant of Pb(G104)2, Pb(SGN)(G104)2, 
and Pb(SGN)2 species; cf. Eqs. 5 and 7. 

were determined by means of Eq. 6 also by the least 
squares method. The best-fit constants are shown in 
Table 1. 

T h e stability constants of lead(II) thiocyanate have 
been reported as log ß1=0.20 and log ß2=0.90 in 1 mol 
d m - 3 Na(SCN,C104)4> and log & = 0 . 5 4 , log/3 2=0.88, 
log ß3~-l, and log 0 4=O.85 in 2 mol dm" 3 Na(SCN, 
C104)5) solutions at 25 °C by polarography. The 
present ßx is similar to these literature values, though 
no higher complexes were found in the present study. 
T h e value of ßx of this metal ion is lower than that for 
several bivalent transition metals,6-8) cadmium,6) 

mercury(II),2) and zinc(II).3) 
The M I B K extraction of lead (II) from thiocyanate 

solutions is poorer than zinc(II),3) cobalt(II),7) and 
mercury(II)2) but better than nickel(II).8) The MIBK 
extraction of lead(II) from 1 mol dm" 3 Na(SCN,C104) 
was calculated to be mainly due to Pb(C10 4 ) 2 and Pb-
(SCN)(C104) species; the contribution of the Pb(SCN) 2 

species is rather small up to 0.3 mol d m - 3 thiocyanate. 
It was calculated that under the conditions in Fig. 2, 

the Pb (SCN) 2 (TOPO) 3 species is not dominant in the 
organic phase even at 0.3 mol d m - 3 thiocyanate. This 
is due to the instability of the metal thiocyanate and 
also the high extractability of the lead (I I) perchlorate 
and the mixed thiocyanate. The extraction from sodium 
thiocyanate solutions containing no perchlorate was 
poorer than the calculated values, as indicated in Fig. 2. 
This is due to changes in the activity coefficients of 
chemical species by the replacement of the anion in the 
aqueous phase. 

The extraction constant of the mixed thiocyanate, 
^exi,3> 1S n o t v e r Y much different from that of the 
dithiocyanate, Kex2Z, in Table 1. This evidence, that 
the extraction of Pb(SCN) 2 is rather similar to Pb-
(SCN)(C104) , seems to indicate that the interactions 
of the second thiocyanate ion with the metal ion are 
not so strong in the Pb(SCN) 2 species. This instability 
of the dithiocyanate complex should be the reason 
for its high solvation number, three; it seems to be 
rather common that if the di-complex of a bivalent 
metal ion is stable it tends to be extracted as a 
disolvate.2'9) 
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Isotope Effects in the p-Tolylation of Pyridine 
Takeshige NAKABAYASHI,* Toyokazu HORII , Shunichi KAWAMURA, and Yasuo A B E 

Radiation Center of Osaka Prefecture, Shinhe-cho, Sakai, Osaka 593 
(Received October 11, 1980) 

Synopsis. />-Toluoyl peroxide, />-iodotoluene, and 
di-/>-tolyl sulfone, sulfoxide, and sulfide were photolyzed in an 
equimolar pyridine-pyridine-*/5 mixture to give rise to isomeric 
/>-tolylpyridines (a, ß, and y) and their deuterated compounds. 
Isotopic distribution ratios (YH/YD) in the isomeric products 
were determined to be slightly larger than unity. Ar-

Vidal and coworkers1) reported that in the phenyla-
tion of 4-methylpyridine with benzoyl peroxide (BPO), 
the deuterium isotope effect (KHIKD) at 2-position of the 
substrate was somewhat large, 3.7, though that at 3-
position was 1.0. In order to check the generality of 
this tendency, isotope effects in arylation of pyridine 
with various aryl radical sources were determined. We 
have found previously2) that jb-toluoyl peroxide and p-
iodotoluene, as well as di-p-tolyl sulfone, sulfoxide, and 
sulfide, are photolyzed in pyridine to afford isomeric 
/>-tolylpyridines (a, /?, and y, respectively). Here, the 
isotope effects at the three nuclear positions of pyridine 
in the free-radical />-tolylation with these radical 
precursors were determined from the isotope distribu­
tion ratios ( F H / ^ D ) in the reaction products. The 
results are summarized in Table 1. 

TABLE 1. ISOTOPIC DISTRIBUTION RATIOS (FH/FD)a) IN 

ISOMERIC /J-TOLYLPYRIDINES PRODUCED IN THE REACTION 

Run No. Compound10 
/>-Tolylpyridines 

ß 
0.015 mol dm 3 Solution 

1 
2 
3 
4 
5 

ArS02Ar 
ArSOAr 
ArSAr 
(ArC02)2 

Arl 
0.15 mol dm 3 Solution 

V 
2' 
3' 
4' 
5' 

ArS02Ar 
ArSOAr 
ArSAr 
(ArC02)2 

Arl 

1.06 
1.08 
1.05 
1.26 
1.06 

1.09 
1.05 
1.14 
1.30 
1.06 

1.15 
1.20 
1.35 
1.27 
1.19 

1.09 
1.05 
1.12 
1.10 
1.17 

.14 

.18 
1.45 
1.30 

12 1 

1.08 
1.07 
1.11 
1.13 
1.12 

a) Experimental error is ±0 .05 . b) Ar is/>-tolyl. 

As shown in Table 1, only small isotope effects 
« 1 . 5 ) were observed for />-tolylation of all positions of 
pyridine ; no case was found in which 2-arylation showed 
a larger isotope effect than 3-arylation. T h e difference 
with the result by Vidal et a/.1) appears to depend on the 
radical sources. 

Eliel and coworkers3) reported that , in the phenyla-
tion of benzene-</6 with the phenyl radical generated 
from BPO, the isotope effects (KHIKD=^ 1.0—6.6) vary 
with the concentrations of BPO used in the reaction. 
As Table shows, however, the values of 7 H / ^ D in the 
present reactions were independent of the concentra­
tions of the radical sources used under our conditions. 

Ar H 

rf% or O 
N 

f»r 

hydogen abstraction 
and/or disproportionate' 

Ar: p-tolyl 

Ar 

(c*,|3 and Ï ) 

O n the basis of the mechanism3 - 5) proposed for 
homolytic arylations of aromatic compounds, it seems 
reasonable to consider that the product isotope effect 
is observed in either of the following cases : ( 1 ) reversal 
of the addition of/>-tolyl radicals on pyridine, or (2), 
disproportionation and combination between /?-tolyl-
dihydropyridyl radicals takes place in competition with 
the production of the /?-tolylpyridines. I n order to 
check the reversibility of addition of p-to\y\ radicals to 
pyridine, the peroxide and the iodide were allowed to 
react with a small excess of an equimolar pyr idine-
pyr id ine -^ mixture, and isotopic compositions of the 
recovered pyridine were compared with those of the 
starting one. T h e da ta in Table 2 reveal that the 
recovered pyridine was completely unchanged in its 
isotopic composition within the experimental errors. 
This finding implies that the values of Y^/YD larger 
slightly t han unity are due to disproportionation and 
combination between the dihydropyridyl radicals; the 
disproportionation and combination compete with the 
hydrogen abstraction from the radical to yield the p-
tolylpyridines. 

TABLE 2. ISOTOPIC COMPOSITIONS OF STARTING0 AND 

RECOVERED PYRIDINE-PYRIDINE-</5 MIXTURE 

Run No.b) Compound0 Pyridine, 
(% in mol) 

Pyridine-^, 
(% in mol) 

1 
2 

(ArC02)2 

Arl 
48.72(48.72) 
48.88(48.93) 

51.28(51.28) 
51.02(51.07) 

a) The figures in parentheses indicate those for starting 
materials, b) In run 1, refluxed for 6 h at boiling point 
of pyridine, c) Ar is />-tolyl. 

Table 1 indicates that the values of YHIYD change 
with the radical sources to some extent and that in 
most runs, the values of YKIYD of /?-(/>-tolyl) pyridines 
are somewhat larger than those of a- and y-compounds. 
The reason for these tendencies is not clear at present. 
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E x p e r i m e n t a l 

Materials. Commercial available di-/>-tolyl sulfone and 
sulfoxide and />-iodotoluene were purified by recrystallization 
and employed for the reaction. />-Toluoyl peroxide and 
authentic />-tolylpyridines (a, ß, and y) were prepared and 
purified by the method2) reported previously. Di-/>-tolyl 
sulfide was prepared by the literature method6) from reduction 
of the corresponding sulfoxide with trichlosilane and recrystal-
lized from ethanol (mp 58.5 °C). Pyridine-pyridine-^ (iso­
tope purity 99%) were purchased from E. Merck, Darmstadt, 
and used for the reaction without further purification. 

General Procedure for Photolysis of Radical Sources in Pyridine-
Pyridine-^ Mixture. The procedure for the sulfone is 
described here as a typical run. An equimolar pyridine-
pyridine-^ mixture was prepared and its isotopic content was 
determined by GC-MS analysis. In the case of 0.15 mol dm - 3 

solution, 0.3 mmol (74.1 mg) of the sulfone was dissolved in 
2 ml of the pyridine mixture. Each solution was placed in a 
Pyrex cylinder, degassed five times, sealed, and irradiated 
for 200 h at room temperature with a 400 W medium-pressure 
mercury arc lamp. After evaporating the excess pyridine 
under a reduced pressure, the residue was subjected to prepar­
ative GLC to collect a mixture of isomeric />-tolylpyridines 
produced. The preparative GLC was done on a 3 mm x 2 m 
stainless steel column packed with 3% OV-17 on Chromosorb 
GAW (DMCS), using a JEOL Chromatograph JGC-650. 
Three isomeric jMolylpyridines were then fractionated from 
the mixture on a preparative HPLC with THF-hexane ( 1 : 9 
in volume) as a solvent. The instrument used was a Waters 
Model 6000 A High-Pressure Liquid Chromatograph equipped 
with a 4 mm x 30 cm column packed with ^-porasil. Each 
isomeric /?-tolylpyridine thus separated was identified by 
comparison of its retention time with that of authentic speci­
men, and its deuterium content was determined by GC-MS 
analysis at 70 eV using a Shimadzu-LKB 9000 Gas Chromato-
graph-Mass Spectrometer equipped with a 3 mm x 2 m glass 
column packed with 0.5% OV-17 on Chromosorb GAW 
(DMCS). The values of YH/YD of isomeric jb-tolylpyridines 

were calculated from its parent peak ratios (./WATS) • The 
parent peak ratios were determined by repeated scans of a 
range of m/e=\60 to m/*=185. It was ascertained that the 
parent peak ratios did not change when ionization potentials 
were changed from 20 to 70 eV. 

Isotopic Compositions of Starting and Recovered Pyridine-Pyridine-d6 

Mixture. />-Toluoyl peroxide (1.35 g, 5 mmol) was added 
to an equimolar pyridine-pyridine-^ (1 g, 12.5 mmol) 
mixture. The mixture was refluxed at the boiling point of 
pyridine until evolution of C 0 2 gas ceased. The unchanged 
pyridine was recovered by distillation and subjected to GC-
MS analysis by using a small glass vessel in place of the OV-17 
column. Its isotopic composition was calculated from the 
parent peak rations (1^1 IM) by the technique mentioned above. 
/>-Iodotoluene (2.18 g, 10 mmol) was dissolved in l g (12.5 
mmol) of the equimolar pyridine-pyridine-</5 mixture. The 
solution was placed in a small Pyrex cylinder, degassed, and 
irradiated for 200 h at room temperature with a 400 W 
medium-pressure mercury arc lamp. After irradiation, the 
unchanged pyridine was recovered by distillation and analyzed 
on the GC-MS. Its isotopic composition was calculated in 
the way described above. After irradiation for 200 h, GLC 
analysis indicated that 50% of the initially charged iodide 
remained unchanged. 
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A Convenient Synthesis of Azuleno[2,l-6]thiophene 
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Synopsis. Azuleno[2,l-è]thiophene and its derivatives 
were prepared from ethyl 2-chloro-3-formylazulene-l-carbo-
xylate and ethyl mercaptoacetate in a few steps. 

Azuleno[2,l-£]thiophene, which is a polycyclic 
aromatic compound containing a heterocycle, is of 
interest in its physical properties and chemical behavior. 
The compound and related compounds have so far 
been prepared by reaction of diethyl 2-chloro-
azulene-l,3-dicarboxylate with ethyl mercaptoacetate, 
followed by cyclization, methylation, hydrolysis, decar­
boxylation, reduction, and dehydration.1) 

We now wish to report a convenient synthesis of the 
title compound and its derivatives. 

When ethyl 2-ethoxycarbonylmethylthio-3-formyl-
azulene-1-carboxylate (2) prepared by the reaction of 
ethyl 2-chloro-3-formylazulene-l-carboxylate (1)2> with 
ethyl mercaptoacetate was heated with piperidine in 
E t O H , cyclization occurred to afford the diethyl 
azuleno[2,l-i]thiophene-2,9-dicarboxylate (3) in good 
yield. The conversion of 2 to 3 could also be carried 
out with basic activated alumina. The compound 3, 
on treatment with 100% phosphoric acid at 90 °C, 
gave ethyl azuleno[2,l-è]thiophene-2-carboxylate (4). 
When the ester (4) was heated at 150 °C in 100% 
phosphoric acid, deethoxycarbonylation occurred to give 
azuleno[2,l-£]thiophene (5). The compound 5 was also 
obtained from 4 as follows. Compound 4 was hydrolyzed 
in ethanolic K O H and the resulting carboxylic acid 
was heated at 170—180 °G under reduced pressure 
(2 mmHgt) to yield 5. 

CHO 

CI 

COOC2H5 

Pyridin* 

-COOC2H5 

g 700V. PA 

CHO 

^-5CH 2 COOC 2 H 5 

COOC2H5 

COOC2H5 

g 100'/. PA 

Piptridme 

COOC2H5 

The spectral data of 2, 3 , 4, and 5 are shown in the 
experimental section. 

The N M R vicinal coupling constants indicate that 
7-membered rings of 3, 4, and 5 exhibit some bond length 
alternation, similar to the results for benz[a]azulene;3> 
this behavior is characteristic of polyenes. (Table 1). 

TABLE 1. NMR VICINAL COUPLING CONSTANTS OF 3, 4, AND 5 

Compound / « / H z y78/Hz Ay/Hz 

9.0 
9.0 
8.5 

10.2 
10.2 
10.0 

1.2 
1.2 
1.5 

1 mmHg-133.322 Pa. 

Exper imenta l 

All melting points are uncorrected. 
Ethyl 2-Ethoxy Carbonylmethylthio-3-formylazulene-l-carboxylate 

(2). A mixture of ethyl 2-chloro-3-formylazulene-1 -carbo-
xylate (51.8 mg), ethyl mercaptoacetate (60 mg), and pyridine 
(3 ml) was heated at 100 °C on an oil bath for 15 min. After 
cooling, the reaction mixture was poured into water, acidified 
with 2 mol dm - 1 sulfuric acid, and extracted with chloroform. 
The chloroform layer was dried over anhydrous sodium sulfate 
and evaporated under reduced pressure. The residue was chro-
matographed on a silica-gel column with benzene-chloroform 
(1 : 1). The red effluent was freed from solvent to give 2 
(52.4 mg, 76.7%) as red oil, which was used for the next step 
without further purification. 

*HNMR (CDCI3) Ô ppm: 1.09 (3H, t, 7 = 7 . 5 Hz, SCH2-
COOCH2CH3), 1.50 (3H, t, 7 = 7 . 5 Hz, COOCH2CH3), 3.37 
(2H, s, SCH2COOCH2CH3), 4.02 (2H, q, J =7.5 Hz, SCH2-
COOCH2CH3), 4.51 (2H, q, 7 = 7 . 5 Hz, COOCH2CH3), 
7.8—8.0 (3H, m, H-5,6,7), 9.4—9.7 (1H, m, H-8 or H-4), 
9.8—10.0 (1H, m, H-4 or H-8). 

IR (CDG13): 2992, 1734, 1696, 1652, 1441, 1403, 1195, 
647 cm-1. 

Diethyl Azuleno[2,l-b]thiophene-2,9-dicarboxylate (3). a): 
Three drops of piperidine were added to a solution of 2 (177.3 
mg) in ethanol (17 ml). The mixture was refluxed for 1 h. 
The reaction mixture was freed from solvent and the residue 
was chromatographed on a silica-gel column with chloroform. 
The yellowish brown effluent was evaporated under reduced 
pressure. The residue was recrystallized from cyclohexane to 
give 4 (155.6 mg, 92.6%) as yellowish brown needles; mp 
136—137 °C. 

IR (KBr) : 2989, 1695, 1249, 779, 727 cm-1. 
ES Amax in cyclohexane ,nm (log e) : 215 (4.27), 252 (4.31), 

321 (4.74), 337 (4.80), 348 (4.08), 386 (3.62), 402 (3.80), 409 
(3.70), 428 (4.01), 574 (2.45). 

! H N M R (CDC13) Ô ppm: 1.44 (3H, t, 7 = 7 . 0 Hz, 2-
GOOCH2CH3), 1.51 (3H, t, 7 = 7 . 0 Hz, 9-COOCH2GH3), 
4.40 (2H, q, 7 = 7 . 0 Hz, 2-COOCH2CH3), 4.43 (2H, q, 7 = 
7.0 Hz, 9-GOOGH2GH3), 7.2—7.9 (3H, m, H-5,6,7), 8.19 
(1H, s, H-3), 8.39 (1H, d, 7 = 9 . 0 Hz, H-4), 9.43 (1H, d, J= 
10.2 Hz, H-8). 

" C NMR (CDC13) <5 ppm: 14.5 (q), 14.6 (q), 60.3 (t), 61.2 
(t), 109.3 (s), 124.6 (d), 128.4 (d), 129.5 (d), 133.6 (d), 133.9 
(s), 134.0 (s), 136.4 (d), 137.0 (s), 138.1 (d), 145.2 (s), 153.9 
(s), 163.2 (s), 164.1 (s). 

Found: C, 65.92; H, 4.85; S, 10.02%. Galcd for C18H16-
0 4 S : C, 65.84; H, 4.91; S, 9.76%. 

b) : Compound 2 (29.9 mg) was dissolved in chloroform 
and adsorbed on a basic alumina column. After standing 
overnight, the reaction mixture was eluted with chloroform. 
From the yellowish brown effluent, 3 was obtained as yellowish 
brown needles (16 mg, 56.4%); mp 136—137 °C. The IR 
spectrum was identical with that of a sample prepared by 
Method a) and the mixed melting point was not depressed. 

Ethyl Azuleno[2,l-b]thiophene-2-carboxylate (4). A mixture 
of bis (ethoxycarbonyl) compound (3) (121.4 mg) and 100% 
phosphoric acid (5 ml) was heated at 90 °C for 1 h. After 
cooling, the reaction mixture was poured into water and 
extracted with chloroform. The extract was dried, freed 
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from solvent, and the residue was chromatographed on silica 
gel. Elution with benzene gave bluish green plates (90 mg, 
94.4%); mp 86.5—87.5 °G, which were recrystallized from 
cyclohexane. 

IR (KBr): 2985, 1695, 1510, 1253, 1243, 719 cm"1. 
ES A max in cyclohexane nm (log e) : 216 (4.06), 236 (4.21), 

319 (4.82), 332 (4.98), 358 (3.86), 363 (3.56), 376 (3.83), 396 
(4.01), 407 (3.65), 420 (4.04), 599 (2.88). 

XHNMR (CDC13) Ô ppm: 1.43 (3H, t, 7 = 7 . 0 Hz, 
COOCH2CH3), 4.40 (2H, q, 7 = 7.0 Hz, COOCH2CH3), 7.0 
—7.7 (4H, m, H-5,6,7,9), 8.14 (IH, d, 7 = 10.2 Hz, H-8), 8.33 
(IH, dm, 7 = 9 . 0 Hz, H-4), 8.39 (IH, s, H-3). 

1 3CNMR (GDGI3) Ô ppm: 14.5 (q), 61.1 (t), 109.9 (d), 
124.5 (d), 125.0 (d), 125.3 (d), 131.5 (d), 132.4 (s), 134.7 (s), 
135.8 (d), 135.8 (s), 136.3 (d), 143.8 (s), 152.5 (s), 163.4 (s). 

Found: G, 70.25; H, 4.79; S, 12.56%. Galcd for C15H12-
0 2 S : G, 70.29; H, 4.72; S, 12.51%. 

Azuleno[2,l-b]thiophene (5). a): A mixture of 4 (25 
mg) and 100% phosphoric acid was heated at 150 °G for 2 h. 
After cooling, the reaction mixture was diluted with water 
and extracted with chloroform. The extract was dried, 
evaporated under reduced pressure, and the residue was 
chromatographed on alumina column. From benzene ef­
fluent, 5 was obtained as bluish green plates (12 mg, 66.8%); 
mp 173—174°C, which were recrystallized from ethanol. 
The UV spectrum was identical with that of azuleno[2,l-£]-
thiophene prepared by Matsui et A/.1) 

^ N M R (GDGI3) ô ppm: 6.9—7.6 (3H, m, H-5,6,7), 7.47 
(IH, s, H-9), 7.32 (IH, d, 7 = 5 . 4 Hz, H-3), 7.69 (IH, d, 7 = 

5.4 Hz, H-2), 8.20 (IH, d, 7 = 10.0 Hz, H-8), 8.39 (IH, d, 
7 = 8 . 5 Hz, H-4). 

1 3CNMR (GDGI3) ô ppm: 109.4 (d), 118.6 (d), 122.5 (d), 
123.4 (d), 125.5 (d), 131.1 (d), 132.5 (s), 135.7 (d), 136.9 (s), 
141.7 (s), 149.7 (s). 

b) : A mixture of 4 (202 mg), ethanol, and 20% potassium 
hydroxide aqueous solution was refluxed for 30 min. After 
removal of the solvent, water was added to the residue. When 
the solution was made acid with 2 mol dm - 3 sulfuric acid, a 
green precipitate separated out. The precipitate was filtered 
off, washed with a small amount of ethanol to give azuleno-
[2,l-6]thiophene-2-carboxylic acid as green powder ( 173 mg, 
96.5%) ; this was used for the next step without further purifi-
action. 

The carboxylic acid obtained above was heated under 
reduced pressure (2 mmHg) in a sublimation aparatus. The 
bluish green crystals was sublimed at 170—180 °G. Recrystal-
lization from ethanol gave bluish green plates (18 mg, 46.1%) ; 
mp 173—174°C. The IR spectrum was identical with that 
of the sample obtained by Method a), and the mixed melting 
point was not depressed. 
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Synopsis. l,l-Bis(alkoxycarbonyl)-, 1-alkoxycarbonyl-l-
cyano-, and 1,1-dicyanocyclopropane derivatives were ob­
tained in 10—99% yields by the reaction of Br2C(GOOR)2, 
Br2C(CN)(COOR), and KBr[Br2C(CN)2]4, respectively, with 
olefins and Cu2Br2 in dimethyl sulfoxide (DMSO). 

Recently cyclopropane derivatives activated by two 
electron-withdrawing substituents such as C O O R , 
COR, and CN at geminal position were found to be 
useful intermediates in organic synthesis.1) A number of 
methods exist for the preparation of these electrophilic 
cyclopropanes.2) This paper describes a new synthetic 
route to electrophilic cyclopropane derivatives from 
olefins by the reaction with organic ^m-dihal ide and 
Cu2Br2 in dimethyl sulfoxide (DMSO) . 

The reaction of Br 2 C(COOEt) 2 , Br 2 C(CN)(COOEt) , 
and KBr[Br 2C(CN) 2] 4 with Cu2Br2 in the presence of 
olefins gave the corresponding l,l-bis(ethoxycarbonyl)-, 

1 -cyano-1 -ethoxycarbonyl-, and 1,1 -dicyanocyclopro-
pane derivatives, respectively, in good yields. Some 
experimental results are given in Table 1. All products 
were identified by comparison of their 1 H N M R and I R 
spectra with those of authentic samples, or showed 
satisfactory analytical da ta and expected spectra. GLC 
analysis of the reaction mixture showed that no isomeric 
olefins were formed. 

\ / 
C \ / 

G 
+ Br2CXY + Cu2Br2 

DMSO 

(X, Y=COOEt , CN) 
/ \ 

CXY + 2CuBr2 

During the course of reaction Cu2Br2 was converted 
into CuBr2, which was isolated as a coordinated complex 
with two molecules of D M S O , and identified by com­
parison of its spectral da ta with those of an authentic 

TABLE 1. SYNTHESIS OF ELECTROPHILIC CYCLOPROPANE DERIVATIVES FROM OLEFINS 

BY THE REACTION WITH ORGANIC ^M-DIHALIDE AND CU2BR2 IN D M S O 

Olefin Halide 
Temp 

Product 
Yielda> 

% 

Styrene 

/>-Chlorostyrene 

Br2C (COOEt) 2
b) 

m-Chlorostyrene 

m-Trifluoromethylstyrene 

/»-Methylstyrene 
m-/?-Methylstyrene 
fra;u-/?-Methylstyrene 
1-Octene 
cw-Cyclooctene 
Acrylonitrile 
Ethyl acrylate 
Styrene 
Acrylonitrile 
cw-Cyclooctene 
1-Octene 
Styrene 
/>-Methylstyrene 
/>-Chlorostyrene 
cw-Cyclooctene 

Br2C(CN) (COOEt)e) 

Br2C(CN)(COOEt)h) 

KBr[Br2C(CN)2]4
i) 

28 
75 
60 
30 
60 
30 
60 
30 
60 
75 
75 
75 
75 
60 
70 
25 
28 

100 
80 
22 
30 
30 
50 

1,1 -Bis (ethoxycarbonyl) -2-phenylcyclopropane 

1 - (/>-Chlorophenyl) -2,2-bis (ethoxycarbonyl) cyclopropane 

l-(m-Chlorophenyl)-2,2-bis(ethoxycarbonyl)cyclopropane 

1,1 -Bis (ethoxycarbonyl) -2- (m-trifluoromethylphenyl) cyclopropane 

1,1 -Bis (ethoxycarbonyl) -2- (/>-methylphenyl) cyclopropane 
1,1 -Bis (ethoxycarbonyl) -2-methyl-3-phenylcyclopropane 

1,1 -Bis (ethoxycarbonyl) -2-hexylcyclopropane 
9,9-Bis (ethoxycarbonyl )bicyclo [6.1.0]nonane 
2-Cyano-1,1 -bis (ethoxycarbonyl) cyclopropane 
1,1,2-Tris (ethoxycarbonyl) cyclopropane 
1 -Cyano-1 -ethoxycarbonyl-2-phenylcyclopropane 
1,2-Dicyano-1 -ethoxycarbonylcyclopropane 
9-Cyano-9-ethoxycarbonylbicyclo[6.1.0]nonane 
1 -Cyano-1 -ethoxycarbonyl-2-hexylcyclopropane 
1,1 -Dicyano-2-phenylcyclopropane 
1,1 -Dicyano-2- (/>-methylphenyl) cyclopropane 
1,1 -Dicyano-2- (/>-chlorophenyl) cyclopropane 
9,9-Dicyanobicyclo[6.1.0]nonane 

71 
68 
77 
48 
79 
54 
71 
64 
24 
10c> 

9 d ) 

32 
10 
39 
17 
99f> 
71*> 
47 
20 
67 
39» 
34» 
21 

a) Determined by GLC analysis of the reaction mixture, based on the olefin, b) Reactions were carried out with 4.0 mmol 
of olefin, 8.0 mmol of Br2C(COOEt)2, and 9.0 mmol of Cu2Br2 in 6.0 ml of DMSO for 2 h. c) A 10 : 90 mixture of m 
and trans isomers obtained, d) A 8 : 92 mixture of eis and trans isomers obtained, e) Reactions were carried out with 1.0 
mmol of olefin, 2.0 mmol ofBr2C(CN) (COOEt), and 2.0 mmol of Cu2Br2 in 1.5 ml of DMSO for 2 h. f ) A 92 : 8 
mixture of E and Z isomers obtained, g) A 60 : 40 mixture of E and Z isomers obtained, h) Reactions were carried out 
with 0.5 mmol of olefin, 1.0 mmol of Br2C(CN) (COOEt), and 1.0 mmol of Cu2Br2 in 1.0 ml of DMSO for 2 h. i) 
Reactions were carried out with 0.5 mmol of olefin, 0.25 mmol of KBr[Br2C(CN)2]4, and 1.0 mmol of Cu2Br2 in 1.0 ml of 
DMSO for 2 h. j) Determined by isolation using column chromatography, based on the olefin. 
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material.3) 
T h e new reaction is useful for the synthesis of electro-

philic cyclopropane derivatives from olefins (Table 1). 
T h e reaction with Br 2 C(COOEt) 2 gave cyclopropane 
derivatives in a non-stereospecific way. A ca. 1 : 9 
mixture of eis and trans isomers of the corresponding 
cyclopropane derivatives was obtained from both cis-
and foww-/?-methylstyrene. No isomerization of eis- and 
*ra/z.r-/?-methylstyrene or of eis- and trans-l,I-bis-
(ethoxycarbonyl) -2-methyl-3-phenylcyclopropane was 
observed under the experimental conditions. T h e 
relative reactivity of substituted styrènes in the reaction 
with Br 2 C(COOEt) 2 gave a Hammet t Rvalue of —0.1 . 
Thus the reaction was concluded to be weakly electro-
philic. 

In the reaction with Br 2 C(CN)(COOEt) , two stereo­
isomers of the cyclopropane derivatives were obtained 
from styrene and acrylonitrile, the E to Z isomer ratio 
being 92 : 8 and 60 : 40, respectively. T h e relative 
configuration was determined on the basis of their 1 H 
N M R spectra. T h e E : Z isomer ratios seemed to reflect 
the thermodynamic stability of the product. However, 
GLC analysis of the reaction mixture showed only 
one peak in the cases with cyclooctene and 1-octene. 
1 H N M R spectra of the isolated cyclopropane derivatives 
did not clearly indicate the presence of stereoisomers. 

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

Microanalyses were performed at the Elementary Analyses 
Center of Kyoto University, *H NMR spectra were recorded 
on a Varian Model T-60A spectrometer in CC14 or CDC13 

using Me4Si as an internal standard. IR spectra were recorded 
on a Hitachi Model 215 grating spectrophtometer, or a Japan 
Spectroscopic Co. Model DS-402G spectrophotometer. Mass 
spectra were obtained on a Hitachi Model RMU-6 mass 
spectrometer, or on a Japan Electron Optics Lab. Model 
JMS D-300 mass spectrometer at an ionization potential of 
24 eV. GLC analyses were carried out on a Shimadzu GC-4B 
or GC-4C gas Chromatograph. 

Materials. Br2C(COOEt)2,
4> Br2C(CN)(COOEt),6> and 

KBr[Br2C(CN)2]4
8) were prepared according to the methods 

reported, eis- and frarw-/?-Methylstyrene, /»-methylstyrene, 
/»-chlorostyrene were prepared as reported.2) DMSO was 
purified by distillation under reduced pressure. 

Procedure. Olefin, organic ^cm-dihalide and Cu2Br2 were 
allowed to react in DMSO at the prescribed temperature with 
stirring for 2 h. After the reaction, the organic materials 
were extracted by hexane, benzene, or ethyl acetate from the 
reaction mixture. Yields were determined by GLC analysis of 
the organic layer, and the products were isolated by collection 
from the organic layer by GLC and analyzed. Some 1,1-
dicyanocyclopropane derivatives were thermally unstable. 
In these cases, products were isolated by column chromatog­
raphy, yields being determined by means of isolation. Results 
are given in Table 1. 

1,1-Bis (ethoxycarbonyl) cyclopropane derivatives were iden­
tified by comparison of their spectral data with those of 

authentic samples.2) Spectral data of (E)- and (Z)-l-cyano-
1-ethoxy car bony 1-2-phenylcyclopropane were identical with 
those of authentic substances.7) Spectral data of 1,1-dicyano-
2-phenylcyclopropane were identical with those of an authentic 
sample.8*9) Spectral and elementary analyses of the other 
electrophilic cyclopropane derivatives are given below. 

l,2-Dicyano-l-( ethoxycarbonyl) cyclopropane. n%> 1.4644. 
Found: C, 58.37; H, 4.87; N, 16.81%. Calcd for C8H8N202: 
C, 58.53; H, 4.91 ; N, 17.06%. The E isomer: NMR (CDC13) 
Ô 1.37 (t, / = 7 . 2 Hz, 3H), 1.9—2.2 (m, 2H), 2.54 (d of d, J c l 8 

= 9.8 Hz and / t r t t n 8=7.2 Hz, 1H), 4.30 (q, 7=7 .2 Hz, 2H); 
vCEN (liquid film) 2259 cm-1; v c = 0 (liquid film) 1728 cm-1. 
The Zisomer: NMR (CDC13) ô 1.38 (t, 7=7 .2 Hz, 3H), 1.9— 
2.3 (m, 2H), 2.53 (d of d, 7 c l 8 =9.8Hz and J t r a n s =7.2 Hz, 
1H), 4.36 (q, 7=7 .2 Hz, 2H); vCEN (liquid film) 2255 cm-1; 
vc=0 (liquid film) 1730 cm-1. 

9-Cyano-9-( ethoxycarbonyl) bicyclo[6.1.0]nonane. «£° 1.4879; 
NMR (CC14) ô 1.37 (t, 7=7 .2 Hz, 3H), 1.0—2.3 (m, 14H), 
4.20 (q, 7=7 .2 Hz, 2H); vc=N (liquid film) 2248 cm-1; vc=0 

(liquidfilm) 1727 cm"1. Found: C, 70.66; H, 8.71 ; N, 6.16%. 
Calcd for C13H19N02: C, 70.56; H, 8.65; N, 6.33%. 

l-Cyano-l-ethoxycarbonyl-2-hexylcyclopropane. nj° 1.4472; 
NMR (CC14) ô 0.91 (t, 7 = 6 . 0 Hz, 3H), 1.1—1.8 (m, 13H), 
1.37 (t, 7 = 6 . 8 Hz, 3H), 4.23 (q, 7 = 6 . 8 Hz, 2H) ; vc=„ (liquid 
film) 2238 cm-1; vc = 0 (liquid film) 1728 cm"1. Found: C, 
70.03; H, 9.60; N, 6.36%. Calcd for C13H21N02: C, 69.92; 
H, 9.48; N, 6.27%. 

9,9-Dicyanobicyclo[6.1.0]nonane. Mp 74—75 °C; NMR 
(CDC13) ô 0.9—2.4 (m, 14H) ; vc=N (KBr disk) 2250 cm"1. 
Found: C, 76.01 ; H, 8.21 ; N, 16.15%. Calcd for CnH14N2: 
C, 75.82; H, 8.10; N, 16.08%. 

1,1-Dicyano- 2- (p-methylphenyl) cyclopropane. n™ 1.5429; 
NMR (CDC13) ô 2.17 (d, 7 = 9 . 0 Hz, 2H), 2.33 (s, 3H), 3.22 
(t, 7 = 9 . 0 Hz, 1H), 7.11 (s, 4H) ; vc=N (liquid film) 2252 cm"1. 
Found: C, 79.22; H, 5.49; N, 15.21%. Calcd for C12H10N2: 
C, 79.10; H, 5.53; N, 15.37%. 

l,l-Dicyano-2-(p-chlorophenyl) cyclopropane. Mp 123—125 
°C; NMR (GDG1,) ô 2.21 (d, 7 = 9 . 0 Hz, 2H), 3.24 (t, 7 = 
9.0 Hz, 1H), 7.1—7.4 (m, 4H); vc=N (KBr disk) 2256 cm"1. 
Found: C, 65.09; H, 3.65; N, 13.53; CI, 17.78%. Calcd for 
CnH7N2Gl: C, 65.20; H, 3.48; N, 13.82; CI, 17.50%. 
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Preparation of (2?)-1,3,5-Hexatriene and (32?, 52?)-l,3,5,7-Octatetraene 
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Acid from Allylic Acetates 
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Synopsis. Palladium complex-catalyzed elimination of 
acetic acid from (2£,4ii)-2,4-hexadienyl acetate and (2E, 4E, 
6£)-2,4,6-octatrienyl acetate afforded, respectively, the title 
conjugated polyenes stereoselectively. 

Recently, a simple preparative method for terminal 
conjugated dienes by palladium complex-catalyzed 
elimination of acetic acid and phenol from easily 
available allylic acetates and phenyl ethers, has been 
developed in this laboratory1) and by Trost et al?) 

The elimination reaction can be explained via the 
formation of a jr-allylic palladium complex by oxidative 
addition of allylic compounds to Pd(0) species. Elimina­
tion of acetic acid or phenol is nonstereoselective insofar 
as each hydrogen a to the jr-allylic system in the complex 
is eliminated, resulting in the formation of a mixture 
of (E)- and (Z)-isomers for simple 1,3-dienes. 

This method may be of synthetic value for conjugated 
polyenes as well, especially if stereochemical limitation 
can be obviated. We wish to present a stereoselective 
preparation of (Zs)-l,3,5-hexatriene and (3E,5E)-\,3,5,7-
octatetraene by way of the palladium complex-catalyzed 
elimination. Pyrolytic routes to these polyenes hitherto 
reported are usually nonstereoselective. 

(2£ ,,4£')-2,4-Hexadienyl acetate (1), derived from 
commercial (2ii,4ii)-2,4-hexadien-l-ol (isomeric purity 
> 9 8 % ) , was heated at reflux in toluene with palladium-
(II) acetate (1 .0mol%) and excess triphenylphosphine. 
1,3,5-Hexatriene3-4) was obtained by fractional distilla­
tion in 87% yield prior to the distillation of acetic acid 
eliminated. GLC analysis showed the triene to consist 
of (E)- and (Z)-isomers at least in a ratio of 97 : 3. I R 
spectrum of the product indicated characteristic bands 
of the (E)-isomer. 

The Diels-Alder adduct of (E)-\,3,5-hexatriene with 
maleic anhydride was prepared for further structural 
characterization. 13C N M R data for the adduct , 3-
vinyl-l,2,3,6-tetrahydrophthalic anhydride4) (Table 1) 
indicate high diastereomeric purity which should arise 

from (E) -triene. 
O n the other hand, the same procedure as above 

with use of l-vinyl-3-butenyl acetate (2) afforded the 
triene in 6 7 % yield. GLC analysis revealed isomeric 
hexatrienes in the ratio 80 : 20. The (E) -isomer as a 
major component was confirmed by I R spectrum. 
Nonstereoselective elimination of acetic acid from 2 was 
found to take place. 13C N M R data of the Diels-Alder 
adduct obtained with this sample are also given in 
Table 1. Three pairs of signals, which are unambiguous­
ly assigned to C4, C5, and C8, respectively, stem from the 
adduct of the (Z)-triene in addition to tha t of the 
(E) -isomer. 

It is noteworthy that the formal 1,co-elimination of 
acetic acid from 1 took place as readily as 1,2-elimination 
to give (ii)-hexatriene stereoselectively, whereas the 
1,2-elimination from 2 gave an E/Z mixture. T h e results 
are related to the fact that the intermediate ^-allylic 
pal ladium(II) complexes are apt to take syn configura­
tion. 

As an extension, (2£',4£',6£')-2,4,6-octatrienyl acetate 
(3) was prepared by the Wittig reaction of (ethoxy-
carbonylmethylene)triphenylphosphorane with (2E,4E)-
2,4-hexadienal followed by lithium aluminium hydride 
reduction and acetylation. The trienyl acetate 3 was 
subjected to palladium complex-catalyzed elimination 
of acetic acid to give white, waxy crystalline (3E,5E)-
1,3,5,7-octatetraene5) in 4 8 % yield. I R spectrum of the 
product indicated the trans structure. 

Exper imenta l 

Materials. (2E, 4£)-2,4-Hexadienyl acetate (1)6> was 
prepared by acetylation of commercial (2E, 4£)-2,4-hexadien-
l-ol (6.00 g, 60 mmol) with acetic anhydride (11.4mL, 120 
mmol) and excess pyridine in 82% yield, bp 83—84 °C/19 
Torr (1 Torr= 133.322 Pa). GLC (PEG 20 M 3 m, at 160 
°C) analysis indicated the isomeric purity to be ^>98%. 

l-Vinyl-3-butenyl acetate (2) was prepared by the method 

TABLE 1. 13C NMR DATA FOR 3-VINYL-1,2,3,6-TETRAHYDROPHTHALIC ANHYDRIDE 

1,3,5-Hexatriene 

Cx G2 G3 c4 

Chemical shifts, <5/ppm 

C5 C6 C7 c8 G9 ClO 

£(Pure) 
£/Z(Mixture) 

22.84 

22.90 

38.84 

38.8t 

39.5X 

39.57 

45.18 

45.2! 
44.5„ 

118.48 

118.48 

115.7a 

127.34 

127.34 

130.34 

130.34 

134.50 

134.62 

135.8» 

171.43 

171.55 

174.13 

174.19 
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reported,3) bp 56—57 °G/18 Torr. 
(2E, 4E, 6E)-2,4,6-Octatrienyl Acetate (3). (i) A mixture 

of (ethoxycarbonylmethylene)triphenylphosphorane (2.93 g, 
8.4 mmol) and freshly distilled {2E, 4£>2,4-hexadienal (0.81 
g, 8.4 mmol) dissolved in dry benzene (20 mL) was heated 
under argon atmosphere at 60 °G for 3.5 h. Evaporation of 
the reaction mixture and trituration of the residue with ether 
follwed by filtration were repeated three times to give 
phosphine oxide in 98% combined yield. The final nitrate 
was evaporated to dryness to give crude waxy ethyl (2E, 4E, 
6£)-2,4,6-octatrienoate,7> 1.30 g (93%). (ii) Lithium alumin­
ium hydride reduction of the ester (1.22 g, 7.3 mmol) and 
acetylation of the resulting crude 2,4,6-octatrien-l-ol5c) by the 
conventional procedure yielded 3, 0.75 g (67%) : bp 86—87 
°C/3 Torr; ^ N M R (CC14) Ô 1.76 (t, 7 = 5 . 6 Hz, MeCH=), 
1.96 (s, MeCO), 4.45 (d, 7 = 5 . 8 Hz, CH 20) , and 5.4—6.3 
(m, olefinic protons); IR (neat) 1740 and 1240cm"1. GLG 
(PEG 20 M 3 m, at 180 °G) analysis of 3 appeared to cause 
significant decomposition. 

Palladium Complex-catalyzed Elimination from Allylic Acetates. 
A typical procedure is as follows. A mixture of 1 (5.61 g, 
40 mmol), palladium(II) acetate (91 mg, 0.4 mmol), and 
triphenylphsophine (1.05 g, 4.0 mmol) dissolved in dry toluene 
(30 mL) was heated at reflux under argon atmosphere. Low-
boiling substances formed soon were fractionated through a 
column packed with glass helices (8 X 200 mm) until an 
azeotropic mixture of acetic acid with toluene was distilled. 
The distillate (bp 78—90 °G) was fractionated again to give 
a colorless oil, bp 80—83 °G (lit,3) bp 80.5 °G), 2.42 g (95% 
purity by NMR, 87% yield) contaminated with a small 
amount of toluene and acetic acid. GLG (UGON 3 m, at 
45 °G) analysis of the triene indicated that a principal peak 
is accompanied by a small peak, with a little longer retention 
time, in a ratio of 97 : 3. IR (neat) : Characteristic bands 
of (^-l^S-hexatriene are at 1430, 1010, and 940 cm"1; 
lit,8) 1429, 1011, and 941 cm"1. 

Similarly, 1,3,5-hexatriene was obtained by use of 2 (4.20 g, 
30 mmol), bp 78—83 °G, 1.60 g (67%). GLG analysis of the 
product indicated that the isomeric composition is 4 : 1 : IR 
(neat) 1430, 1010, and 940 cm"1 for the {E) -isomer, and 1450, 
985, and 820 cm"1 for the (Z)-isomer; lit,8) 1451, 987, and 818 
cm -1. 

The acetate 3 (1.05 g, 6.3 mmol) was similarly heated in 
diethylene glycol diethyl ether (8 mL) in the presence of 
palladium(II) acetate (1 mol%) with added triphenylphos-
phine. Fractional distillation under reduced pressure (113 
Torr) gave white, way crystalline (3E, 5E)-1,3,5,7-octatetra-
ene, 0.33 g (48%), bp 89—93°C/113 Torr, mp 5 0 ° ^ ^ 
NMR (CG14) Ô 4.90—5.30 (m, 4H) and 6.13 (br s, 6H); IR 
(CC14) 1010 and 900 cm"1 for the (E, E)-configuration.5b) 

Octatetraene is rather unstable in the air, giving an insoluble 
polymeric material. 

Diels-Alder Reaction. A mixture of (is)-l,3,5-hexatriene 
(1.40 g, crude fraction, 85% purity) and excess maleic 
anhydride (3.92 g, 40 mmol) in dioxane (10 mL) was stirred 
at room temperature for 3 d. After removal of the solvent 
under reduced pressure, the residue was chromatographed 
(silica gel, hexane-ethyl acetate, 10 : 1) to give 3-vinyl-1,2,3,6-
tetrahydrophthalic anhydride4) (1.18 g, 40%). 

In the case of an isomeric mixture of (E)- and (Z)-hexatriene 
obtained by the elimination of 2 (1.12 g, 8.0 mmol), the crude 
fraction was heated at 60 °C for 2 d with maleic anhydride 
(2.94 g, 30 mmol) in dioxane under argon. Chromatographic 
purification as above gave the adduct (0.54 g, 38%). 

13C NMR (CDClg) data for the purified adducts are given in 
Table 1. Diels-Alder reaction of the tetraene with excess 
maleic anhydride in toluene at 60 °C under argon afforded a 
white powder after chromatographic purification in low 
yield, mp 136—139 °C (lit,5a> 238—242 °C). No useful 
assignment of 13C NMR data for the adduct could be made. 

The authors thank Mr. Y. Nakamura for 13C N M R 
measurements and Mr. Y. Kimura for assisting in the 
experimental work. 
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Fig. 1. HPLG of a reaction mixture after GM-Sephadex 
column separation (A), and authentic (72<S')-6-methyl-
(B) and (ÄS)-7-methyl-tetrahydropterin (G). 
Column: Whatman Partisil-10 SGX (8.0 mm X 250 
mm). Eluant, 30 mMt aqueous NH 4H 2P0 4 adjusted to 
pH 3.0 with H 3 P0 4 . Flow rate 4.0 ml/min. 

Studies on Biologically Active Pteridines. VII.1} Absolute Configuration 
of ( — )-6-Methyltetrahydropterin Produced by Enzymic Reduction 

Sadao MATSUURA* and Takashi SUGIMOTO 

Department of Chemistry, College of General Education, Nagoya University, Chikusa-ku, Nagoya 464 
(Received February 19, 1981) 

Synopsis. The C-6 configuration of ( — )-6-methyl-
tetrahydropterin, produced by enzymic reduction of the 7,8-
dihydro precursor, is shown to be S by a synthesis. Conden­
sation of 2,4-diamino-5-bromo-6-hydroxypyrimidine with (S)-
1,2-propanediamine gave (<S')-6-methyltetrahydropterin. Ex­
amination of CD spectra of the 6-methyltetrahydropterins 
from the two origins led to the above conclusion. 

The reduction of 7,8-dihydrobiopterin and 7,8-
dihydro-6-methylpterin to the 5,6,7,8-tetrahydro deriva­
tives by the action of dihydrofolate reductase is stereo-
specific and the ( —)-tetrahydropterins thus produced 
are shown to possess the same configuration at the 
C-6 chiral center.2»3) ( —)-Tetrahydrobiopterin is the 
natural cofactor for aromatic amino acid hydroxylases, 
whereas the C-6 diastereoisomeric (+)- te t rahydrobio-
pterin shows different cofactor characteristics.3-5) 
Because of the indispensable contribution of (—)-
tetrahydrobiopterin to the biosynthesis of neurotrans-
mitting serotonin and dopamine, the determination of 
the C-6 configuration is highly desired and has been 
studied in several ways.2'3»6»7) In these studies, the C-6 
configuration of the enzymically reduced (—-)-6-
methyltetrahydropterin was shown to be S (and then, by 
analogy, that of ( — )-tetrahydrobiopterin to be R), by 
comparison with a tetrahydroquinoxaline or by trans­
formation into a tetrahydrolumazine or a piperazine. 
This paper describes a straightforward proof for the C-6 
configuration of (—)-6-methyltetrahydropterin as S by 
its synthesis. 

Since N-5 unsubstituted tetrahydropterins are notori­
ously unstable to air oxidation, we first at tempted to 
synthesize a N-5 alkylated derivative of 6-methyltetra-
hydropterin, such as 5,6,8-trimethyl- or 5,8-dibenzyl-6-
methyl-tetrahydropterin. In contrast to the ready 
formation of 5,8-dimethyl-5,6,7,8-tetrahydropterin8) by 
condensation of 2,4-diamino-5-bromo-6-hydroxypyrimi-
dine (1) with l ,2-bis(methylamino)ethane, an analogous 
condensation of 1 with l ,2-bis(methylamino)propane or 
l,2-bis(benzylamino)ethane gave a very complex mix­
ture, from which we could detect no tetrahydropterins. 
Heating of 1 with (6')-l,2-propanediamine (2) at about 
115 °C, however, gave 6- and 7-methylpterins as 
predominant products. These compounds were 

H 
J 

H2N-OCH3 
1 

H2N-CH2 

2 

0 H 

H 2 N ^ N ^ N ^ p H 
A H £ H 3 

250 300 
Wavelength /nm 

Fig. 2. CD spectra of the enzymically reduced tetrahy-
dro-6-methylpterin2) (A), synthetic (S)-6-methyl- (B), 
and (£)-7-methyl-tetrahydropterin (C). The data 
were obtained at pH 3.0 ( , monocation) and at H0 

— 1.0 ( , dication). 

undoubtedly produced by oxidation of the initially 
formed (S)-6-methyl- and (S)-7-methyl-5,6,7,8-tetra­
hydropterins by atmospheric oxygen. This oxidation 
could be prevented effectively when the condensation 
was carried out under hydrogen atmosphere. The 
6- and 7-methyltetrahydropterins were isolated as a 
mixture (15% yield, estimated from U V spectra) by 
chromatography on a Florisil column and subsequently 

t 1 M = 1 mol dm-3 . 
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on a CM-Sephadex column. Separation of 6- and 7-
methyltetrahydropterin from each other was achieved 
by means of H P L C on a preparative Partisil-10 SCX 
column (8 m m x 250 mm) using an ammonium phos­
phate buffer (30 m M , p H 3.0) as the solvent. Under 
the conditions, (6')-6-methyl-5,6,7,8-tetrahydropterin (3) 
was eluted a little, but sufficiently, faster than the 
isomeric (£)-7-methyltetrahydropterin (4) as shown in 
Fig. 1. The structure of these compounds were confirmed 
by comparing their chromatograms (HPLC) and U V 
spectra with those of the authentic racemates.9»10) 

The CD spectra of (6')-6-methyltetrahydropterin (3) 
were found superimposable with those of the en-
zymatically reduced (—)-6-methyltetrahydropterin2) as 
shown in Fig. 2 at two different p H values, i. e. p H 3.0 
(monocation) and H 0 —1.0 (dication). (»S)-7-Methyl-
tetrahydropterin (4) also showed a negative Cotton 
effect in CD spectra (Fig. 2) with a trough at a wave­
length slightly longer than the isomer (3). 

T h e results described here clearly prove that the C-6 
configuration of (—)-6-methyltetrahydropterin is S, and 
accordingly that of ( —)-tetrahydrobiopterin is R, which 
is consistent with the previous conclusions.2»3»6»7) 

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

The UV spectra were measured on a Shimadzu UV-300 
spectrometer, and the CD spectra on a JASGO J-40A recording 
spectropolarimeter equipped with a JASGO J-PRY data 
processor. The high-performance liquid chromatography 
was carried out using a JASGO TRI ROTAR on a Partisil-10 
SGX column (8.0 mm X 250 mm), which was eluted with a 
30 mM ammonium phosphate (pH 3.0) buffer (flow rate 
4.0ml/min) and detected on a JASGO UVIDEG 100-11 
spectrometer. The retention time was determined by means 
of a SYSTEM INSTRUMENTS model 500E integrator. 

(S)-6-Methyl-5,6,7,8-tetrahydropterin (3) and the (S)-7-
Methyl Isomer (4). A mixture of 2,4-diamino-5-bromo-
6-hydroxypyrimidinen> ( 1.0 g), (S)-\,2-propanediamine12> 
(4.0 g), and acetic acid (0.7 g) was heated at 115°C under 
hydrogen atmosphere for 7 h. The excess amine was removed 
by distillation under diminished pressure. The residue was 
dissolved in water (5 ml) and made acid with acetic acid. 

The solution was fractionated on a Florisil column (20 mm X 
80 mm), eluted by 0.3 M acetic acid. The eluate was concen­
trated to about 10 ml and then passed through a GM-Sephadex 
column (20 mm x 250 mm). The column was washed with 
water (1000 ml). The tetrahydropterins were eluted gradient-
ly by 0—0.1 M hydrochloric acid (100 ml). The yield of the 
tetrahydropterins, as a mixture, was estimated to be 15% from 
the UV absorbance at 265 nm of the pooled eluate. The 
eluate was concentrated to about 6 ml under reduced pressure. 
A 0.5 ml aliquot of the concentrate was injected to a pre­
parative Partisil-10 SGX column (8 mm X 250 mm) and 
eluted with the above mentioned ammonium phosphate 
buffer (4.0 ml/min) to give (^)-6-methyltetrahydrcpterin 
(retention time 21.5 min) and the (<S')-7-methyl isomer (reten­
tion time 22.7 min). The pooled eluates of each fraction 
were used for measuring the UV and CD spectra. 
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Synopsis. A series of aryl hydrazonates has been 
prepared in excellent yield (>90%) by phase-transfer-
catalysis technique from the corresponding phenol and hy­
drazonoyl bromides in dichloromethane in the presence of 
tetrabutylammonium iodide. 1,2-Diacyl derivatives of aryl-
hydrazines were also prepared by the same technique using 
carboxylic acids in place of phenols. 

Recently the phase-transfer-catalysis as a synthetic 
tool has attracted the attention of several investi-
gators.1»2) We have extended the application of this 
technique to the preparation of aryl hydrazonates (2) 
and 1,2-diacylhydrazines (3) by the reaction of hy­
drazonoyl bromides (1) with phenols and carboxylic 
acids, respectively. In both cases tetrabutylammo­
nium iodide was used as the phase transfer catalyst 
(Scheme 1). Both esters 2 and hydrazides 3 with 
ortho halogen atom in the TV-aryl moiety proved 
useful in synthesis of 4//-l ,3,4-benzoxadiazine deriva­
tives.3) The results are given herewith. 

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

Treatment of 1 and phenol or naphthol with tetra­
butylammonium iodide and sodium hydroxide in di­
chloromethane at room temperature affords the cor­
responding aryl hydrazonates (2) in 91—96% yields. 
Previously reported aryl hydrazonates were prepared 
by treating hydrazonoyl halides (1) with sodium phe-
nolates in ethanol4) or in benzene.5»6) Alternatively, 
a mixture of hydrazonoyl halide (1) and phenol is 
treated with triethylamine in benzene6»7) to give 2. 
Reaction of 1 with phenol in the presence of sodium 
acetate was reported to give 3 (R' = CH3) instead of 

/Br 
R-G 

' 

/OAr ' 
R-G 

^NNHAi 
2 

\ r ' O H / 

Ar=/>-02NC6H4 

(i)=NaOH//i 

Ar 
i 

N || 
Il N 

1 

Ar 

-Bu4NBr-

^NNHAr 
1 

/H20/GH s 

RGONHNHAr 

6 

\ R ' C O O H 

r / O G O R 1 
R-G 

^NNHAr_ 
4 

I 
RGONHN(Ar)GOR 

Cl2 3 

RCONHN(Ar)Ar' 

7 

N—N 
II II 

R / \ 0 / \ N H 2 

8 

RG(GOGH3):NNHAr 

9 

Scheme 1. 

2.8) The yield of 2 prepared by either of the foregoing 
procedures did not exceed 6 5 % . The phase transfer 
catalysis method described here seems to be more 
convenient and leads to excellent yields of 2, elimi­
nating the formation of tetrazines (5) or hydrazides 
(6) as competing reaction products. The structures 
of the esters prepared (Table 1) were confirmed by 
elemental analysis and spectral da ta . For example, 

Compound 

No. 

2* 
2b 
2c 
2d 
2e 
2f 

2g 
2h 
2i 
2j 
2k 
21 
2m 

R 

G6H5 

G6H5 

C6H5 

4-GH3G6H4 

4-GH3G6H4 

4-GlG6H4 

4-GlG6H4 

4-N02G6H4 

4-N02G6H4 

GH3 

GH3 

(GH3)2GH 
(GH3)2GH 

TABLE 

Ar 

G6H5 

1-C10H7 

2-C10H7 

1-G10H7 

2-C10H7 

1-G10H7 

2-G10H7 

1-G10H7 

2-G10H7 

1-G10H7 

2-G10H7 

1-G10H7 

2-G10H7 

1. ARYL 

Mp 

°G 

~172 
201 
179 
201 
186 
218 
215 
205 
2Ï8 
167 
162 
123 
130 

HYDRAZONATES, 

Yield 

% 

93 
91 
93 
90 
95 
94 
93 
96 
92 
90 
94 
94 
91 

2 

Molecular 
formula 

(Lit, Mp/°G) 

(172)4> 
C23H17N303 

C23H17N303 

C24H19N303 

C24H19N303 

C23H16C1N303 

C23H16C1N303 

C23H16N405 

G23H16N405 

C18H15N303 

G18H15N303 

G20H19N3O3 

C^oHiaNgOg 

N 

Found 

11.01 
10.89 
10.51 
10.49 
10.00 
9.98 

12.98 
12.93 
13.00 
12.93 
11.87 
12.00 

(%) 

Galcd 

10.96 
10.96 
10.57 
10.57 
10.05 
10.05 
13.08 
13.08 
13.07 
13.07 
12.02 
12.02 
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Compound 
No. 

3a 
3b 
3c 
3d 
3e 
3f 
3g 
3h 
3i 

R 

G6H6 

C6H6 

C6H5 

4-CH3C6H4 

4-GH3C6H4 

(GH3)2GH 
(GH3)2CH 
(GH3)2GH 
GH3 

TABLE 2. 

R' 

G6H5 

1-C10H7 

4-GlG6H4 

1-C10H7 

4-ClG6H4 

CeHj; 
1-C10H7 

4-ClG6H4 

C6H5 

N O T E S 

1,2-DlACYL 

Mp 

°C 

169 
210 
233 
200 
231 
148 
163 
222 
165 

•l-p- NITROPHENYLHYDRAZINES, 3 

Yield 

% 

95 
97 
93 
94 
96 
97 
94 
95 
97 

Molecular 
formula 

(Lit, Mp/°C) 

C20H15N3O4 

G24H17N304 

C20H14ClN3O4 

G25H19N304 

C21H16G1N304 

(148) 16> 
C21H19N304 

C17H16C1N304 

C1BH13N304 

N 

Found 

11.57 
10.10 
10.58 
9.90 

10.15 

11.06 
11.49 
14.00 

[Vol. 54, No. 8 

"(%) 

Calcd 

11.63 
10.21 
10.61 
9.87 

10.25 

11.13 
11.61 
14.04 

the infrared spectra of 2 reveal, in each case, two 
characteristic bands near 1255 and 1070 c m - 1 as­
signable to a n aryl ether linkage. Their electronic 
absorption spectra in ethanol are of typical hydra-
zones. The structures of 2 were also substantiated 
by the identification of l,l-diaryl-2-acylhydrazines (7) 
obtained by thermolysis of 2 in xylene.4,7* 

1,2-Diacylhydrazines (3) (R' = CH3) are usually pre­
pared by treatment of hydrazonoyl halides (1) with 
sodium acetate in acetic acid or in water.9 - 1 1) How­
ever, this method leads in some cases to hydrolysis 
product 6 or intramolecular nucleophilic substitution 
products, for example 8.12,13> Ciusa and Mega14) 
claimed the formation of 9 by treatment of 1 ( R = 
C6H5 , Ar=2-Br , 4 -N0 2 C 6 H 4 ) with sodium acetate. 
We have found that treatment of a mixture of 1 and 
carboxylic acid with te t rabutylammonium iodide and 
sodium hydroxide in dichloromethane at room tem­
perature eliminates all such side reactions, giving 3 
in yields higher than 9 3 % . In this reaction, the 
initially formed hydrazonoyl carboxylate 4 undergoes 
a rapid 1,3-acyl migration to give 3.15) All com­
pounds in series 3 exhibit in their infrared spectra 
two GO bands near 1675 and 1685 c m - 1 and an N H 
band near 3250 cm - 1 . The new 1,2-diacyl-l-aryl hy­
drazines (3) prepared by phase transfer catalysis method 
are given in Table 2. 

Exper imenta l 

All melting points are uncorrected. Microanalyses were 
performed at Galbraith Laboratories, Inc., Knoxville, 
Tennessee, U. S. A. The IR and UV spectra were recorded 
on Pye-Unicam spectrophotometers, models SP 1000 and 
SP8000, respectively. 

Aldehyde /»-nitrophenylhydrazones were converted into the 
corresponding hydrazonoyl bromides (1) by reaction with 
bromine in glacial acetic acid.4) 

Aryl Hydra zonales. As a general procedure a solu­
tion of hydrazonoyl bromide ( 1.6 mmol) in dichloromethane 
(15 ml) is added to a rapidly stirred solution of the appro­
priate phenol (2.1 mmol), sodium hydroxide (0.082 g, 2.1 
mmol) and tetrabutylammonium iodide (0.022 g, 0.06 mmol) 
in water ( 15 ml). The mixture was stirred at room tem­
perature for 1 h and then diluted with chloroform (25 ml). 
The organic layer was separated and washed successively 
with 5% sodium hydroxide solution and water, dried with 
anhydrous sodium sulfate. The solvent was removed and 
the residue was triturated with methanol. The crude solid 

formed was collected and crystallized from acetic acid or 
ethanol to give the corresponding aryl hydrazonates (Table 1). 

7,2-Diacyl-7-(p-nitrophenyl) hydrazines (3). General 
Method: To a rapidly stirred solution of carboxylic acid 
(1.4 mmol), sodium hydroxide (0.055 g, 1.4 mmol), and 
tetrabutylammonium iodide (0.011 g, 0.03 mmol) in water 
(15 ml) was added the appropriate hydrazonoyl bromide 
(1.3 mmol) in dichloromethane (15 ml) and the mixture 
was stirred at room temperature for 1 h. The mixture 
was diluted with chloroform (30 ml) and the organic layer 
separated, dried with anhydrous sodium sulfate, and evap­
orated. The crude product was collected, washed with 
water and crystallized from acetic acid, to give hydrazides 
3 in 93—97% yields (Table 2). 
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Synopsis. The reaction of dibenzylthiocarbamoyl 
chloride with sodium nitrite in acetonitrile at room tem­
perature yields JV-nitrosodibenzy lamine, dibenzylcarbamoyl 
chloride, bis (dibenzylcarbamoyl) disulfide, benzaldehyde, and 
benzyl isothiocyanate ; possible mechanisms for the forma­
tion of these products are suggested. 

The quantitative formation of JV-nitrosodibenzyl-
amine (4) from the nitrosative decarboxylation of di­
benzylcarbamoyl chloride (5) with sodium nitrite in 
acetonitrile was recently reported.1) In the interest 
of exploring the use of related systems for the for­
mation of nitrogen-nitrogen bonds, the study of the 
action of sodium nitrite in dibenzylthiocarbamoyl 
chloride (1) was undertaken. 

Although the N M R spectrum of the reaction mix­
ture of equimolar amounts of 1 and sodium nitrite 
in dry acetonitrile indicated that the reaction was 
not as clean as that of 5 with sodium nitrite,1) the 
presence of benzaldehyde and JV-nitrosodibenzylamine 
(4) in the crude reaction mixture was established; 
beside carbonyl bands at 1645, 1675, 1695 cm - 1 , the 
I R spectrum displayed absorptions at 2180—2100 
c m - 1 which suggested the presence of a compound 
with a cumulative bond system. Chromatography of 
the mixture on silica gel led to the isolation and charac­
terization on benzaldehyde, N-nitrosodibenzylamine, 
dibenzylcarbamoyl chloride (5) and the compound 
which displayed the absorption at 2180—2100 c m - 1 ; 
in addition an unknown soild, mp 132.5—133 °C, was 
isolated; its elemental analysis indicated the empirical 
formula to be C1 5H1 4NOS ; the presence of a carbonyl 
group,2) its N M R and mass spectra,3) established the 
structure of bis (dibenzylcarbamoyl) disulfide (8). The 
compound displaying the strong absorption at 2180— 
2100 c m - 1 was shown to be benzyl isothiocyanate (6) 
by comparison with an authentic sample.4) Once the 
identity of the products was established, the reaction 
was repeated and the yield of each product (except 
for 8 which was isolated and weighed) was determined 
by the integration of the N M R spectrum of the crude 
reaction product. 

The formation of 8 may be understood in terms 
of an oxygen to sulfur migration of the nitroso group 
of 2, followed by the loss of nitrogen monoxide from 

3 and generation of the carbamoylthio radical (7) 
which could then dimerize to 8. Although iV-nitro-
sodibenzylamine (4) may be formed by loss of COS 
from 2 as anticipated, it could also arise from the 
action of nitrite ion on 3 and on 5.1) However, control 
experiments showed that 8 did not react either with 
chloride or nitrite ions. A reaction run with a 1.4 
excess of sodium nitrite for four days showed a dra­
matic increase in the yield of 4 (39%) with a concur­
rent decrease in the yield of 8 (43 %) ; the yield of 5 
was unchanged. T h e same reaction carried out over­
night gave 8 as the major product (63%) with 4 and 
5 being formed in only minor amounts. Similarly 
the formation of 5 could be rationalized by displace­
ment of chloride ion on 3. Although direct displace­
ment of nitrite ion on 1 may account for the forma­
tion of benzyl isothiocyanate (Scheme 2, path a) , 
an alternate pa th involves 2 as the intermediate which 
undergoes an internal displacement via a six-membered 
ring transition state leading to benzyl isothiocyanate 
(6) and benzyl nitrite (Scheme 2, pa th b) ; the latter 
compound is known to decompose to benzaldehyde;5) 
authentic benzyl nitrite reacted with chloride ion to 
give benzaldehyde. Scheme 3 summarizes the pos­
sible paths leading to the observed products. 

Exper imenta l 

All mps and bps are uncorrected. Infrared spectra were 
obtained on a Perkin-Elmer Infracord and NMR spectra 
were determined on CC14 or CDC13 on a R-24 Hitachi-
Perkin Elmer Spectrometer using TMS as an internal stand­
ard. Mass spectra were obtained at Chemical Spectrometry 
Laboratory of Massachusetts Institute of Technology and 
taken on Varian Mat 44 mass spectrometer. A low energy 
(50 eV) spectrum was obtained on a Hitachi-Perkin Elmer 
mass spectrometer model RMU-6L. 

Dibenzylthiocarbamoyl Chloride (1). To a solution of 
85% (w/w) thiophosgene (10.5 g, 77 mmol) in anhydrous 
ether (75 ml) at —5 °G, was added a solution of dibenzyl-
amine (30.5 g, 155 mmol) in anhydrous ether (75 ml) with 
a mechanical stirring. An additional 50 ml of anhydrous 
ether was added, and the mixture was stirred at ambient 
temperature overnight. The precipitated dibenzylamine hy­
drochloride was collected, and the filtrate was evaported 
to dryness at room temperature in vacuo. The solid residue 

O 

(PhCH2)2NCCl 

1 

+ 
NaNO, 

CH 3 CN 

rt, 72 h 

(PhCH2)2N-N=0 (8.4%) + (PhCH2)2NCCl (10%) 

4 5 

PhCHO (traces) 4- PhCH2N=C=S (traces) 

O O 

(PhCH2)2NC-S-S-CN(CH2Ph)2 (67%) 
8 

Scheme 1. 
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- N O 

O 
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7 

-[HNO] 
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Scheme 3. 

was crystallized from chloroform-ligroin mixture to yield 
10.6 g (53%) of 1, mp 43—45 °C, lit,6) mp 49 °G. 

Reactions of 1 with Sodium Nitrite. A mixture of di-
benzylthiocarbamoyl chloride (3.2 g, 12 mmol) and sodium 
nitrite (1.0 g, 14.5 mmol) in dry acetonitrile (40 ml) was 
stirred overnight in a flask covered with aluminum foil and 
connected to a gas bubbler. The insoluble inorganic ma­
terial was filtered, and the acetonitrile solution was evaporat­
ed in vacuo to leave a residue, which was deposited on a pre­
parative column chromatography (silica gel mesh 60—200, 
g). Elution with a mixture of benzene and hexanes ( 1:2 
v/v, 150 ml) gave benzyl isothiocyanate (20 mg) whose IR 
and NMR spectra were superimposable upon those of an 
authentic sample.4'7) Further elution (200 ml) afforded di-
benzylcarbamoyl chloride (566 mg, 2.2 mmol, 19%), iden­
tical to an authentic sample.1) Continued elution with the 
same mixture (100 ml) and with a mixture of benzene and 
hexanes (1:1 v/v, 100 ml) yielded iV-nitrosodibenzylamine (4, 
425 mg, 1.9 mmol, 16%) and trace amounts of benzaldehyde; 
their structures were established by their spectra data and 
by addition of authentic samples to the NMR samples. 
Elution with benzene-hexane (1:1 v/v, 100 ml) and with 
benzene (200 ml) gave crude bis(dibenzylcarbamoyl) di­
sulfide (797 mg, 1.6 mmol, 31%) mp 130—131.5 °C. The 
crude disulfide was recrystallized from dichloromethane-
hexane mixture to afford colorless crystals, mp 132.5— 
133 °G. IR (KBr): 1675 cm~i (>G=0); NMR (CDC13) : 
ô 7.30 (s, ArH, 20H), ô 4.60 (s, PhCH2 8H); mass spectrum 
[m/e, (relative intensity)]: 512 (very weak),3) 256 (0.05), 
224 (6), 196 (0.3), 91 (100). Found: C, 70.38; H, 5.75; 
N, 5.33 S, 12.46. Galcd for C30Ha8NaOaS2: G, 70.28; 
H, 5.50; N, 5.47; S, 12.51. 

The reaction was repeated using 11.7 mmol of 1 and 11.7 
mmol of sodium nitrite. After overnight stirring, the acetoni­
trile was evaporated in vacuo to leave a solid residue which 
was stirred with a mixture (20 ml) of ether and petroleum 

ether (1:3 v/v). The insoluble solid left after the first ex­
traction was stirred with dichloromethane (25 ml x 2). Eva­
poration of dichloromethane from the second extract gave 
bis(dibenzylcarbamoyl) disulfide (1.97 g, 3.8 mmol, 65%). 
Evaporation of the solvents from the first extract gave a 
residue (0.7 g), which was chromatographed on silica gel 
(mesh 60—200, 20 g). Elution with benzene-hexane mix­
ture (1:1 v/v, 150 ml) gave a mixture of dibenzylcarbamoyl 
chloride (1.2 mmol, 10%) and iV-nitrosodibenzylamine (0.1 
mmol, 0.8%) whose molar ratio was estimated by the NMR 
integration under benzyl protons. Continued elution with 
the same mixture (150 ml) yielded iV-nitrosodibenzylamine 
(0.9 mmol, 7.7%). Elution with benzene (200 ml) afforded 
bis(dibenzylcarbamoyl) disulfide (38 mg, 0.07 mmol, 1.2%). 

The same reaction was carried out using 6.2 mmol of 
dibenzylthiocarbamoyl chloride and 8.7 mmol of sodium 
nitrite for 4 d. The acetonitrile was evaporated under 
reduced pressure to give a solid residue. The solid was 
stirred with ether (25 ml), and the solid left after the first 
extraction was stirred with dichloromethane (25 mix2) . 
Evaporation of dichloromethane from the second extract 
afforded bis (dibenzylcarbamoyl) disulfide (411 mg, 0.8 mmol, 
26%). Evaporation of ether from the first extract gave a 
residue ( 1.06 g) which was stirred with a mixture (25 ml) 
of petroleum ether and ether (2:1 v/v) to leave a mixture 
(322 mg) of the disulfide (0.48 mmol, 15.5%) and iV-nitroso-
dibenzylamine (0.34 mmol, 5.5%). The extract was con­
centrated under reduced pressure to yield a mixture of di­
benzylcarbamoyl chloride (0.6 mmol, 10%) and iV-nitroso-
dibenzylamine (2.1 mmol, 33%) whose molar ratio was 
estimated by the NMR integration under benzyl protons. 

Control Experiments. Reaction of Bis(dibenzylcarbamoyl) 
Disulfide with Sodium Chloride: A mixture of the disulfide 
(200 mg) and sodium chloride (1.0 g) in a mixture of ace­
tonitrile (20 ml) and dichloromethane (5 ml) was stirred 
at room temperature overnight. Inorganic material was 
filtered, and filtrate was concentrated on a rotary evaporator 
to give a quantitative recovery of the disulfide. 

Reaction of Bis (dibenzylcarbamoyl) Disulfide with Sodium Ni­
trite: A mixture of the disulfide (76 mg) and sodium nitrite 
(1.0 g) in acetonitrile (30 ml) was stirred at room temperature 
for 3 d. The mixture was filtered, and washed with di­
chloromethane (50 ml). The acetonitrile filtrate and the 
dichloromethane solution were combined and concentrated 
under reduced pressure to afford the unreacted disulfide 
(66 mg) in 86% recovery. 
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Properties of Polyelectrolyte Complexes Consisting of [2-(Diethylamino)-
ethyl]dextran Hydrochloride, Carboxymethyldextran, and Sodium 

Dextran Sulfate for Clot Formation in Vitro 

Yasuo KIKUCHI* and Koji SHIMIZU 
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(Received July 29, 1980) 

Synopsis. A polyelectrolyte complex (PEG) prepared 
at higher hydrogen ion concentration enhanced the coagu­
lation of blood, whereas PEG prepared at lower hydrogen ion 
concentration prevented coagulation of blood. This difference 
sholud be attributed to the difference in the molecular struc­
tures of the PEG prepared. 

The mixing of oppositely charged polyelectrolytes in 
solution leads to the formation of a complex.1) Many 
reports2 '3) have dealts with the polyelectrolyte interac­
tion between polysaccharides, or between polysaccharide 
and synthetic macromolecules and their properties. The 
biomedical characteristics are important in relation to 
biological systems, membranes, and industrial ap­
plications.4) 

We have reported the novel chemical reaction, 
structure, and properties of polyelectrolyte complexes 
containing three materials,5-7) and the clot formation 
of these polyelectrolyte complex in vitro.5*6) This note 
deals with the attractive results for clot formation in 
vitro of the novel polyelectrolyte complexes (PEC) 
consisting of three materials, which have been reported 
in a previous paper.7) 

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

The materials of [2-(diethylamino) ethyl] dextran hydro­
chloride (EA), sodium dextran sulfate (DS), and sodium 
carboxymethyldextran (GMD) and the general experimental 
procedures, the apparatus and the chemical analyses were 
the same as those described in the previous paper.7) 

AGD blood samples of O and A type were provided from the 
Red Gross Hospital Blood Center, Japan and kept in a ther­
mostat at 4—6 °G. The storage time of 0 type ACD blood 
was 10 d; that of A type AGD blood was 5 d. The ACD 
blood was prepared by adding the blood to an anticoagulant 
citrate dextrose solution consisting of sodium citrate, citric 
acid and dextrose. The blood test was carried out according 
to the procedure of Imai and Nose8> : a polymer blend of 80 mg 
PEG and 320 mg poly (vinyl chloride) in 1-C and 1-D (Table 1 
in ref. 8) was pressed (8.5 t/4.9 cm2) under vacuum for 5 min 
to make a sample tablet; in series 2—5, the PEG of 5 mg was 
coated on a sample tablet by pressing (8 t/4.9 cm2) under 
vacuum for 5 min after 400 mg poly (vinyl chloride) was 
pressed (2 t/4.9 cm2) for 15 s under vacuum. 

Experimental conditions and yields in the preparation of 
PEC, and elementary analyses and composition of PEG, are 
given in Tables 1 and 2 of the previous paper.7) As seen in 
these tables, the hydrogen ion concentration and the mole 
ratio of mixture solution (DS+CMD) to EA solution in the 
reaction mixture both played important roles in changing 
the ratio of the mixture solution to that of EA in the PEG 
produced. However, all the PEC were found to consist of the 
three materials, EA, GMD, and DS, by IR spectra, even though 
precipitates did not form in the reaction mixtures of EA and 
CMD at higher hydrogen ion concentration of the reaction 
system (pH<2). 

The IR spectra and content in GMD of PEC were described 
in the previous paper.7) That is, the localized interactions 
between - O H and -OSO aH groups in the 1, 2, and 3 series 
would result from the formation of - S 0 3 H groups. In other 
words, the long chains on the three materials having the same 
dextran ring and the intermolecular hydrogen bonds between 
OH groups for PEG may be broken at high hydrogen ion 
concentraiton and consequently bonds will form between 
-OSO3H and - O H groups. Furthermore, the carboxy groups 
in the PEC of 1, 2, and 3 series existed as undissociated 
-GOOH. Actually, the PEC in 4 and 5 series differed appre­
ciably from the PEG in 1 and 2 series in such properties as 
sulfur content, solubility, and color reaction with Toluidine 
Blue, as described previously. From those results, the struc­
tures of PEC were estimated as follows: the PEG prepared 
at higher hydrogen ion concentration consisted of both 
COOH groups and a great number of -OSO3H groups 
( 4 % > 1 % > pH 2 HCl solution of reaction system); the 
molecular weight of the PEC prepared became smaller be­
cause of the breaking of long chains of the materials; those 
prepared at pH 6.5 or 11.0 were not composed of the -GOOH 
and -OSO3H groups in PEC; and in addition, the content 
of GMD in PEC became greater with an increase in hydrogen 
ion concentration. 

The results in three-component solvents show that there 
is a small region in the solvent composition field where the 
complex remain in solution to yield a homogenous, transparent, 
viscous syrup. Phase diagrams were not obtained in the PEC 

Time/min 

Fig. 1. Percentage of the thrombus formed on polyelec­
trolyte complexes compared with that on glass after a 
lapse of 30 min as a criterion. 
Storage time of 0 type blood: 10 d, : glass, : 
poly (vinyl chloride). •••••••: 1-C, •••(>•• : 1-D» 
. . . # . . . : 2-D, . . - A - : 3-D, . . . > . . . : 4-D, . - A - - : 5-G. 
Sample codes 1-C, 1-D, 2-D, 3-D, 4-D, and 5-C cor­
respond to those in Table 1 in the previous paper. 
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Time/min 

Fig. 2. Percentage of the thrombus formed on polyelec-
trolyte complexes compared with that on glass after 
a lapse of 30 min as a criterion. 
Storage t ime of A type blood : 5 d, : glass, : 
poly (vinyl chloride). • • • (> • • : 3-G, • • • A " - : 5-D. 
Sample codes 3-G and 5-D correspond to those in 
Table 1 in the previous paper . 

except for 1-G and 1-D, but the PEG in 2-D dissolved partially 
in the three-component solvent metnioned above. The 
experimental results in which the PEG in 1 series or 2 series 
dissolved or partially dissolved in the three-component solvent, 
and also the colored reaction with Toluidine Blue7) in PEG, 
strongly support the difference in the molecular structure 
according to the experimental conditions of hydrogen ion 
concentration mentioned above. 

Blood tests were performed on PEG (1-G, 1-D, 2-D, 3-G, 
3-D, 4-D, 5-G, 5-D) listed in the previous paper7) by measuring 
gravimetrically8) the amount of thrombus formed at appro­
priate t ime intervals, after adding CaCl2 solution (0.1 M , 
0.02 m l ; = l mol dm~3) to AGD blood (0.2 ml, O or A type, 
storage t ime : 10 or 5 d) which had been in contact with test 
samples. The blood clotting test by coating on PEG tablet 
could not be performed on the PEG prepared in 4 % hydro­
chloric acid solution (1-G, 1-D) because of the soaking of blood 
into the tablet. Therefore, tests were performed on a tablet 
of polymer blend of PEG and poly (vinyl chloride). A firm 
clot d id not form even after 10 min with PEG of 3, 4, or 5 series 
except with 1-G, 1-D, and 2-D complexes. I t may be noted 
that the PEG in 3,4, and 5 series suppressed the coagulation 
of blood considerably. O n the other hand , the PEG in 1 

series somewhat enhanced the coagulation of blood, as seen 
in Figs. 1 and 2, considering the amount of poly (vinyl chloride) 
in a tablet was 4 times as much as the PEG and the amounts 
of thrombus were larger than that formed on poly (vinyl 
chloride) tablets. Moreover, it was found that the quantities 
of the clot on the PEG tablet formed in high hydrogen ion 
concentration are somewhat greater than those on that formed 
in lower hydrogen ion concentration, al though the contents 
of DS of PEG in 1, 2, and 3 series were greater than those in 
4 and 5 series. Similarly, these experimental results strongly 
support the difference in molecular structure according to 
the experimental conditions of hydrogen ion concentration 
mentioned above. Thus , it has been well confirmed by the 
experimental results that the difference in the character of 
coagulation of blood should be at tr ibuted to the difference in 
the molecular structure of PEG prepared as mentioned above. 

T h e likely mechanism of enhancement of coagulation 
appears to be the following: the factors of coagulation in blood 
were activated by the interactions of - C O O H and - O S 0 3 H 
groups with blood in PEG. O n the other hand, as seen in the 
colorimetric reaction of Toluidine Blue, the mechanism of 
suppression of coagulation may be related to the possibility 
that negative charges such as - G O O ~ and - S 0 3 ~ groups exist 
actively on the surface of PEG.9) 

Finally, it is concluded that the preparat ion of the described 
PEG offers an important reservoir of materials whose pro­
perties may be tailored according to each requirement. 

T h i s w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n -
A i d for Sc ien t i c R e s e a r c h f rom t h e M i n i s t r y of E d u c a ­
t i o n , S c i e n c e a n d C u l t u r e , J a p a n (1980, N o . 455358) . 
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Stabilization of Normal Methyl Radicals after ^-Radiolysis at 300 K 
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Synopsis. Radiolytically produced normal methyl 
radicals are stabilized on solid surfaces at room temperature 
for the first time. The remarkable stability of this species 
on basic and neutral alumina surfaces at 300 K and in the 
presence of oxygen makes this system potentially useful as 
an intermediate in organic synthesis. 

Since Turkevich and Fujita1) first published the sta­
bilization of normal methyl radicals (Men , Ö ~ 2 . 3 mT) 
on porous Vycor glass, there have been several in­
vestigations of this system.2"5) Such studies have shown 
that unlike the photolytically produced M e n radical, 
the Me n radical produced radiolytically at liquid ni­
trogen temperatures is neither observed at room tem­
perature nor is the radical observed directly after 
radiolysis at room temperature. No suggestion has 
been put forward to explain this anomaly. In the 
course of our studies on the radiolysis of adsorbed 
species on alumina surfaces we succeeded in stabi­
lizing M e n radicals directly after radiolysis of adsorbed 
methyl iodide on basic and neutral alumina at 300 
K. T h e line widths, hyperfine splitting and g values 
are - O . l O m T , 2.25±0.005 m T and 2.0021+0.0002 
respectively, in good agreement with known da ta for 
the photolytically produced radical stabilized on other 
adsorbents. 

Chromatographic grades aluminium oxides obtained 
from Hopkin and William (codes 128400-active basic, 
128700-active neutral and 1287.50-acidic), Merck 
(codes 1076-basic, 1077-neutral and 1078-acidic) 
British Drug House (code 15139-neutral) and Woelm 
of Germany (code W200-basic) were used in this 
investigation; all were specified as / -a lumina and 
Brockmann a c t i v i t y = l . These oxides were initially 
heated in oxygen at 680 K and then under vacuum 
at ~ 9 0 0 K for 5 h. The samples were given an ap­
proximate 2 % surface coating of methyl iodide at 
room temperature and sealed in vitreosil/pyrex ESR 
cells as generally described by other workers.1"4) Sur­
faces given larger M e l coverages gave an unstable 
broad ESR signal (on radiolysis) having a line width 
of ~ 1 . 5 m T and a mean life time of ~ 2 h at room 
temperature. Samples were mixed thoroughly and 
were normally given a y-dose of 250 krad, at room 
temperature, from a 60Co source, although a dose 
of 100 krad produced signals having an adequate 
signal to noise ratio. Irradiation induced defects in 
the cells were flame annealed from the cavity section 
before transferring the sample. ESR measurements 
were made on a Decca X-3 spectrometer, all the hy­
perfine components of the spectrum being measured 
with respect to line widths, splittings and intensities. 

The Me n radical thus formed on basic and neutral 
alumina surfaces was found to be remarkably stable 
over several months at room temperature and we 
were able to study its reactivity towards various ad­

ditives (Table 1). T h e results are contrary to those 
observed by Turkevich and Fujita1) who found tha t 
the M e n radical produced by photolysis of methyl 
iodide adsorbed on porous Vycor glass at room tem­
perature reacted very rapidly with oxygen and hy­
drogen. 

The decay of the M e n radical in vacuo as a function 
of temperature (Fig. 1), shows a cascade effect at 
each temperature with an initial relatively rapid decay 
followed by a levelling off to a value dependent on 
the temperature. This result suggests tha t there is 
a continuium of activation energies for decay rather 
than the discrete activation energies proposed by 
Joppien and Willard.3) This interpretation is in ac­
cord with that of Fujimoto et al.2) who observed such 
a cascade effect in the decay of photolytically produced 
M e n radicals on porous Vycor glass above 77 K. 

Measurements of the line widths at liquid nitrogen 
temperatures showed a generalised broadening effect 

TABLE 1. THE EFFECT OF ADDITIVES ON THE YIELD OF 

M E N RADICALS FORMED BY RADIOLYSIS OF ADSORBED 

METHYL IODIDE ON BASIC-A1203 AT 3 0 0 K 

Men Signal intensity/ %c> 
Additive y - \ 

a) b) 

Oxygen 95 96 
Hydrogen 74 81 
Water vapourd> 13 72 

a) Additive present during radiolysis. b) Additive in­
troduced after radiolysis. c) Yield of unadulterated 
sample in vacuo =100%. d) These measurements were 
made at 260 K to compensate for the dielectric loss of 
H 2 0 . 

0 10 20 SO 40 50 60 70 80 90 100 110 120 

Time/min 

Fig. 1. The decay at elevated temperatures of Men 

radicals radiolytically produced on basic-Al203 at 
300 K. 
# : 293 K, A : 323 K, X: 373 K, O: 423 K, • : 
473 K. 
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(of all the component lines) to a value of ~ 2 . 5 m T , 
suggesting that unlike the M e n radical trapped on 
silica gel5»6) and on porous Vycor glass,1) the species 
on alumina is immobilised on the surface. 

Failure to observe the radical at room temperature 
on acidic alumina and other acidic surfaces such as 
silica gel and porous Vycor glass, suggests tha t the 
radical is perturbed under these conditions. Although 
it is believed that the acidity of the latter surfaces 
is very much weaker than that of / -a lumina , signi­
ficantly increased acidity of these surfaces as a result 
of exposure to ionizing radiation has been reported 
previously.7) This irradiation induced acidity may 
well preclude the stabilization of Me n radical. A 
study of these surfaces by the present authors8) shows 
that an irradiation induced defect interacts with Me n 

radicals stabilized on them at liquid nitrogen tem­
perature to produce line broadening and other sec­
ondary effects, and persists to above 300 K ; this has 
a g value of 2.0022±0.0001, suggesting tha t it may 
be due to trapped electrons. The absence of such 
a defect signal on the alumina surfaces would enhance 
stabilization of the radical. 

The above results, showing the remarkable stability 

of radiolytically produced Me n radical on alumina 
surfaces at room temperature and in oxygen, make 
this system potentially useful as an intermediate in 
organic synthesis. A more detailed study of the site 
or mechanism of stabilization of this species and of 
the effect of other additives on yield is in progress. 
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Polytetrafluoroethylene (PTFE)-bonded Raney nickel hydrogen electrodes have been prepared and their 
polarizations have been measured at 62 °G, using 6 M KOH (1 M = 1 mol dm -3) as an electrolyte. The elec­
trodes were reproducible in polarization characteristics from electrode to electrode. The polarization resist­
ance was found to be 0.29 fit cm2 for the electrode loaded with a 48-mg cm - 2 catalyst. The limiting current den­
sity was 600 mA cm - 2 for the electrode loaded with a 45.4-mg cm - 2 catalyst. The influences of the pressure 
of the press machine and of the PTFE content on the polarizations have been investigated. The polarization 
resistance decreases with the catalyst loading in the manner to be expected from the reaction mechanism of the 
gas diffusion through electrolyte film. An experimental evidence for this reaction mechanism has been obtained 
by measuring the polarization of an electrode of a triple-layered structure containing a silver powder layer. 

In most of the Raney nickel electrodes that have 
thus far been studied, electrolyte penetration into the 
electrode pores is prevented by the gas pressure applied 
on the pores from the other side of electrode. To 
attain a delicate balance between the gas pressure 
and the capillary force over the whole working area 
of electrode, a very good uniformity in the pore-size 
distribution and a careful gas-pressure control are 
required. Unless the pore sizes are uniform, the hy­
drogen gas is wasted by bubbling through the large 
pores, or the working area of catalytic surface is lost 
by the electrolyte drowning of the small pores. Al­
though the amount of gas wasted by bubbling can 
be reduced by using a double-layered sintered nickel 
matrix1 '2) or a finely porous and wettable dia­
phragm,3»4) the pore-size uniformity and the control 
of the gas pressure are still required. 

O n the other hand, electrodes water-proofed by a 
repellancy agent do not require such a rigorous pore-
size uniformity or such a careful pressure control. 
However, this type of electrode has rarely been applied 
to Raney catalysts because the water-proofed metal 
electrodes have readily suffered from electrolyte 
drowning at a very low load current and their electrode 
characteristics have been quite unreproducible.5) 

Polytetrafluoroethylene (PTFE) is the repellancy 
agent used most frequently because of its good sta­
bilities against heat and electrolytes. The P T F E par­
ticles are apt to cross-link with each other when they 
are milled with the catalyst powder for mixing. The 
fraction of cross-linked P T F E particles resulting from 
the mixing process seems to increase with the mixing 
time and the temperature. The repellancy of electrode 
and the area of the catalytic surface covered by PTFE , 
which essentially influence the polarization charac­
teristics, depend not only upon the content of P T F E 
added, but also upon its cross-linkage. Thus, the 
polarization characteristics vary with the mixing con­
dition. This is a reason why the PTFE-bonded elec­
trodes are liable to be poorly reproducible. In the 
present study, the mixing time and the temperature 
have been kept constant so as to minimize the fluc­
tuations in the polarization data. 

The Raney nickel catalysts can be depyrophorized 
through a slow surface oxidation in air and can be 
reactivated by a reduction in the hydrogen atmos­

phere.6) This permits the Raney catalysts to be han­
dled safely in air for the electrode processing. 

Exper imenta l 

Preparation of the Catalysts. A melt possessing a mass 
fraction of 40% Ni (99.95% purity) and 60% Al (99.99% 
purity) was prepared by means of an induction furnace 
using an alumina crucible. To avoid the separation of 
the nickel, the melt was quenched by pouring it into an 
iron cylinder. The ingot thus obtained was crushed and 
powdered in a mill to a particle size of less than 37 yon. 

The aluminium was leached with a 6 M KOH solution 
at 40 °G. The Raney nickel thus obtained was washed 
with water and methyl alcohol alternatively. 

Preparation of the Electrodes. A weighed amount of 
a PTFE dispersion (D-l, Daikin Industrial Company) con­
taining 60% PTFE was added to the Raney catalyst. When 
the mixture was milled under blowing with a hair-dryer 
at the room temperature of 20 ± 2 °G for 1 h, it became a 
paste. This paste was calender-rolled by hand into sheets 
using spacers 0.1—0.2 mm thick. After having been dried 
in air overnight, the sheets were boiled in acetone for 2 h 
to remove the surfactant which had been originally con­
tained in the PTFE dispersion. These sheets were then 
used as catalyst layers. 

Gas-side layers were used to stop the leakage of electro­
lytes that might occur through the large pores in the catalyst 
layers. They were prepared by using nickel black powder 
bound with the PTFE dispersion. Nickel black powder, 
which had been obtained by heating nickel formate in a 
hydrogen atmosphere at 250 °G, was milled with the PTFE 
dispersion in a way similar to that used in the case of Raney 
nickel. The nickel black sheets obtained by calender-roll­
ing were attached to a stainless steel screen (100 mesh) from 
both sides and pressed at 200 kg cm -2 . The gas-side layer 
was heated in a nitrogen atmosphere at 380 °G for 15 min 
to sinter the PTFE particles and to remove the surfactant. 
The catalyst layers were then attached to the gas-side layer 
by pressing at pressures ranging from 200 kg cm - 2 to 1200 
kg cm -2 . The double-layered electrode thus obtained was 
heated at 150 °G in a hydrogen atmosphere for 1 h to ac­
tivate the catalyst. 

Measurement of Polarization. The geometrical work­
ing area of the electrodes was 7 cm2. The electrolyte used 
was a 6 M KOH solution, and it was circulated at a rate 
of 5 ml min -1 . The electrolyte temperature was 62 + 0.5 
°G. The IR voltage drop was eliminated by the current-
interruption method.7) 



2554 Tadao KENJO [Vol. 54, No. 9 

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

Figure 1 shows plots of the polarization, 9, vs. the 
current density, i> for various catalyst loadings. Since 
they are almost linear up to a polarization of 20 mV, 
the polarization resistance, eo, which corresponds to 
the slope can be used as an electrode characteristic. 
T h e polarization resistance for the electrode loaded 
with a 48-mg c m - 2 catalyst is found to be 0.29 O cm2. 
I t can be compared to the value of 0.31 O c m 2 given 
by Sturm for the supported Raney-Ni-Ti electrodes 
operated at 60 °G and at a loading of 100 mg cm - 2 .8) 

The controllable electrode parameters in the present 
electrode preparation are the P T F E content, the pres­
sure of the press machine, and the catalyst loading. 
When they are kept constant and a Raney nickel 
prepared under fixed experimental conditions is used, 
the performance of electrode should be reproduced. 
In the present preparative method, however, the thick­
ness of the catalyst layers, which is proportional to 

100 

60 80 

i/mA cm"2 

Fig. 1. Polarization curves for PTFE-bonded Raney 
nickel electrodes. 
Catalyst loading O: 13.5 mg cm"2, # : 25.9 mg 
cm-2, A : 37.2 mg cm-2, A : 48.0 mg cm-2, • : 64.6 
mg cm -2, • : 125.2 mg cm -2. 

îN/mA cm"2 g"1 

Fig. 2. Reproducibility test in polarization character­
istics. 
Catalyst loading O: 13.5 mg cm -2, A : 25.9 mg 
cm -2 , • : 37.2 mg cm -2, current density normalized 
for catalyst loading. 

the catalyst loading, is scattered from layer to layer 
beyond the limit required to obtain constant polari­
zation data. T o test the reproducibility of perform­
ance, therefore, the scattering of data due to the varia­
tion in the catalyst loading must be taken into account. 

As will be discussed in a later section, the reciprocal 
polarization resistance, eo-1, for the thin electrode is 
proportional to the catalyst loading, since the reaction 
mechanism can be regarded as that of the gas diffusion 
through the electrolyte film; the current density at 
a given polarization is proportional to the catalyst 
loading. The polarization data, therefore, can be nor­
malized to a loading of 1 g c m - 2 by dividing i by 
the loading weight in unit of gram. Figure 2 shows 
the plots thus normalized for various loadings; fN in 
the figure refers to the current density divided by 
the loading. The plots all fall on essentially the same 
curve. This proves that the electrodes yield repro­
ducible polarization data . 

Figure 3 shows the polarization curves as a function 
of the P T F E content, indicating that the polarization 
resistance increases with the P T F E content. This is 
due to an increase in the area of catalytic surface 

£ 

'N/mA cm'V1 

Fig. 3. Influence of PTFE content on the polarization 
curves. 
PTFE content O: 10.3%, A : 12.8%, • : 18.7%, 
current density normalized for catalyst loading. 

> 

1 

•N /mA cm^g"1 

Fig. 4. Influence of the pressure of press machine on 
the polarization curves. 
Pressure A : 210 kg cm"2, O: 421 kg cm"2, • : Ö42 
kg cm -2, # : 1260 kg cm -2, current density normal­
ized for catalyst loading. 
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covered by PTFE. 
The pressure of the press machine influences the 

performance, as is shown in Fig. 4 ; no significant 
differences can be observed between the plots in the 
low-pressure region, and at 1260 kg c m - 2 the plots 
deviate markedly. This discrete change is probably 
due to the calender-rolling, which compacts the cata­
lyst layers as tightly as if they were pressed by the 
press machine at 842 kg c m - 2 . 

A test piece of electrode was prepared under the 
preparative conditions of P T F E content = 10% and 
the pressure of press mach ine=421 kg cm - 2 . The po­
larization curve is shown in Fig. 5. A limiting current 
density of 600 mA c m - 2 is thus obtained. 

Two different mechanisms have been proposed for 
the porous electrode reactions: a three-phase-boundary 
zone mechanism and one of the gas diffusion through 
the electrolyte film.9) They are two extreme models 
with regard to the way of the electrolyte penetration 
into the pores. The first mechanism is based on the 
assumption that the electrolyte fills the pores up to 
the boundaries where the gas, electrolyte, and catalyst 
encounter each other; they are known as the three-
phase-boundaries. Most of the load is sustained by 
the reaction occurring in the very narrow three-phase-
boundary zones. I t is less likely that the dried area 
in the pores contributes to sustaining the load by 
supplying the activated species toward the boundaries 
through surface diffusion. Hence, one can expect from 
this model that the polarization resistance is almost 
independent of the catalyst loading. 

The feature of the second mechanism is that the 
whole catalytic surface of the pores is covered by 
thin electrolyte films. These films are thin enough 
to permit the gas molecules to diffuse. T h e gas mole­
cules are dissolved into the films, and the electrode 
reaction takes place at the electrolyte-catalyst interface. 
The whole catalytic surface participates in the electrode 

i/mA cm 
>-2 

Fig. 5. Polarization curve of PTFE-bonded Raney 
nickel electrode. 
Catalyst loading: 45.4 mg cm -2, PTFE content: 
10.4%, the pressure of press machine: 421 kg cm - 2 . 

reaction. This contrasts with the three-phase-bound­
ary mechanism. The area of the catalytic surface 
can be enhanced by increasing the catalyst loading. 
Thus , one can expect that the polarization decreases 
with the catalyst loading. O n the basis of this model, 
M u n d has expressed the polarization resistance, eo, 
as a function of the catalyst loading, d, in this form ;10) 

CO = (1) 

where p is the electrolyte resistivity in the catalyst 
layers, and k, the polarization resistance of the cata­
lysts^ When the electrode is so thin that the polariza­
t ion, due to the electrolyte resistivity and the gas dif-
fusibility can be neglected, Eq. 1 can be approximated 
as co~1ocd. This is the case described in the section 
on the reproducibility test. Figure 6 gives the plots 
of eo -1 vs. d for the present electrodes. The plots 
fall on a curve that is expected from Eq. 1, suggesting 
that the second mechanism is valid. However, the 
values for p and k are unknown, and a small possibility 
still remains of the mechanism of the three-phase-
boundary zone holding. Further experiments, there­
fore, are required to judge which mechanism is valid. 

For this purpose an electrode of a triple-layered 
structure containing a sheet of PTFE-bonded silver 
powder sandwiched by two sheets of a Raney-nickel 
layer has been prepared. The aim of this electrode 
is to prevent the activated species in the gas-side layer 
from diffusing on the surface toward the electrolyte-
side layer. The diffusibility of the activated species 
on the silver surface is probably very small, since 
the silver powder used is almost inactive as a hydrogen 
catalyst, as is shown in Fig. 7 (A) . Hence, the acti­
vated species formed in either of the Raney nickel 
sheets will not be able to traverse the silver sheet. 
The three-phase-boundary, if it is the correct mecha­
nism, can be expected to be located in the gas-side 
Raney nickel layer. In the three-phase-boundary 
mechanism, the surface diffusion is the only way for 
the gas-side layer to contribute to sustaining the load. 
T h a t is prevented by the silver sheet, so that if the 

20 40 60 80 100 120 HO 

d/r mg cm 

Fig. 6. Reciprocal polarization resistance as a function 
of catalyst loading at a PTFE content of 10%. 
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Fig. 7. Polarizations of the triple-layered electrode 
containing silver catalyst layer. 

: Calculated from the model of three-phase-
boundary zone, : calculated from the model 
of gas diffusion through the electrolyte film, O: 
observed, A : electrode loaded with silver catalyst 
alone. 

three-phase-boundary mechanism is valid, this electrode 
will be as polarized as if it is loaded with the elec­
trolyte-side layer alone. 

In the second model, the electrolyte films extend 
over all three layers so that the two Raney nickel 
sheets are connected to each other in ionic contact 
through the films in the silver layer. Therefore, the 
gas-side catalyst layer shares the load current with 
the electrolyte-side layer. Thus , the polarization in 
this case can be expected to be equal to that for a 
loading of both Raney nickel layers. 

The polarization expected for each case can be 
calculated by using the polarization data in Fig. 2 
and the loadings of the electrolyte-side and gas-side 
layers used. T h e dotted line and the broken line 
in Fig. 7 were calculated on the basis of the mecha­
nisms of the three-phase-boundary zone and the elec­
trolyte film respectively. The polarization data ob­
served are closer to the broken line, suggesting that 
the electrolyte film is more probable. 

Another piece of experimental evidence for the elec­
trolyte penetration has been obtained by inserting 

pieces of filter paper between the layers. The elec­
trode used for this experiment consists of three sheets 
of Raney nickel layers and a gas-side layer. Three 
pieces of filter paper were inserted, piece by piece, 
between adjacent layers. After the measurement of 
the polarization was over, the filter paper inserted 
was tested by Phenolphthalein to see if it had been 
wetted by the K O H solution. All the test pieces 
were found to have been wetted. This experiment 
indicates that the electrolyte penetrates through all 
the catalyst layers. 

These two experiments lead to the conclusion that 
the mechanism of the gas diffusion through electrolyte 
film is valid for the PTFE-bonded Raney nickel elec­
trodes. T h e role of P T F E is to thin the electrolyte 
film sufficiently for the diffusion of gas molecules 
rather than to prevent the electrolyte penetration into 
the pores. 

The present work was partially supported by a 
Grant-in-Aid from the Saneyoshi Foundation. 
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Isomorphism in the High-temperature Forms of Molecular 
Complexes between Aromatic Hydrocarbons and Various Electron 
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In addition to the six crystalline pyrene complexes reported earlier, the high-temperature forms of the fol­
lowing nineteen 1:1 molecular complexes have been found to be isomorphous to each other; the pyrene com­
plexes with 1,3,5-trinitrobenzene, 2,4,6-trinitrophenol, 4-nitrophthalic anhydride, pyromellitic dianhydride, 
5-nitrobenzofuroxan, 4,6-dinitrobenzofuroxan, and benzotrifuroxan, the fluoranthene complexes with 2,4-
dinitrophenol, 1,3,5-trinitrobenzene, 2,4,6-trinitrochlorobenzene, 2,4,6-trinitrophenol, 2,4,6-trinitrotoluene, 4-
nitrophthalic anhydride, pyromellitic dianhydride, 4,6-dinitrobenzofuroxan, and benzotrifuroxan, and the 
phenanthrene complexes with 1,3,5-trinitrobenzene, 2,4,6-trinitrophenol, and 4,6-dinitrobenzofuroxan. Fur­
thermore, metastable isomorphous forms were obtained in the process of the solidification of the melt of the fol­
lowing three complexes: fluoranthene-5-nitrobenzofuroxan, phenanthrene-2,4,6-trinitrotoluene, and phenan-
threne-4-nitrophthalic anhydride. Rather large entropies of the transitions to these unique high-temperature 
forms, up to 57 J mol - 1 K_1, are often comparable with the entropies of melting, 46—67 J mol - 1 K - 1 . The iso­
morphism in these twenty-eight complexes is demonstrated by essentially identical and very simple X-ray dif­
fraction patterns and/or by the formation of continuous solid solutions between pairs of these forms. A trigonal 
lattice is proposed as the probable structure of these high-temperature forms. A broad-line XH NMR study clearly 
showed that the unusual features of these isomorphous forms are mostly associated with the onset of a large degree 
of molecular motion at the transition temperatures. 

We reported earlier that the crystalline pyrene com­
plexes with 2,4-dinitrofluorobenzene, 2,4-dinitrochloro-
benzene, 2,4-dinitrophenol, 2,4-dinitrotoluene, and 
2,4,6-trinitrochlorobenzene exhibit polymorphic tran­
sitions and become isomorphous to each other above 
the transition temperatures.1) Isomorphism in molec­
ular complexes is not unknown; however, the cases 
so far reported are limited to the complexes of closely 
related component compounds. For example, the 
1,3,5-trinitrobenzene and 2,4,6-trinitrophenol com­
plexes of naphthalene, pyrene, and fluoranthene have 
each been shown to be isomorphous by Herbstein 
and Kaftory.2) This relationship has been established 
for the crystals stable at room temperature. The 
phenomenon found by us is apparently different from 
this kind of isomorphism. Except for the 2,4-dinitro-
chlorobenzene complex, the transitions are associated 
with rather large enthalpy and entropy changes: 12— 
l S k J m o l " 1 and 37—50 J mol" 1 Kr 1 , which are of the 
same order of magnitude as the corresponding values 
of melting: 18—25 k j mol" 1 and 50—59 J mol" 1 K " 1 

respectively. O n the basis of these thermodynamic 
data, we speculated that the specific interaction be­
tween the hydrocarbon molecule and the substituent 
on the acceptor molecule disappears because of the 
dynamical averaging of the interaction by a large 
degree of thermal motion in the high-temperature 
forms. Later, the onset of such a molecular motion 
was firmly established by the drastic decreases in the 
second moments in broad-line XH N M R spectra at 
the transition temperatures.3) Moreover, the 2,4,6-
trinitrotoluene complex was added to the list of this 
interesting class of molecular complexes. Continuing 
the search for such complexes, nineteen more com­
plexes have been found to behave similarly. All the 
complexes studied before are composed of pyrene and 
one of the derivatives of m-dinitrobenzene or 1,3,5-
trinitrobenzene; however, we have now succeeded in 

finding complexes containing hydrocarbons other than 
pyrene, such as phenanthrene-2,4,6-trinitrophenol and 
fluoranthene-1,3,5-trinitrobenzene, and also complexes 
containing an acceptor bearing no nitro group, such 
as pyrene-pyromellitic dianhydride and fluoranthene-
benzotrifuroxan. Thus , the appearance of this kind 
of isomorphism needs neither a common-component 
compound nor a close similarity between components. 
T h e present paper gives an account of an examination 
of the thermodynamic data of the transition and melt­
ing, the X-ray diffraction pattern, the solid-solution 
formation, and the broad-line 1H N M R study of the 
newly found complexes. 

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

Materials. The donors employed were pyrene (Py), 
fluoranthene (Fl), and phenanthrene (Ph), while the ac­
ceptors were 2,4-dinitrophenol (DNP), 1,3,5-trinitrobenzene 
(TNB), 2,4,6-trinitrochlorobenzene (TNG), 2,4,6-trinitrophe­
nol (TNP), 2,4,6-trinitrotoluene (TNT), 4-nitrophthalic an­
hydride (NPA), pyromellitic dianhydride (PMDA), 5-ni­
trobenzofuroxan (NBF), 4,6-dinitrobenzofuroxan (DNBF), 
and benzotrifuroxan (BTF). Their structural formulas are 
presented in Fig. 1. The Py, Eastman white label, was 
recrystallized from xylene. The Ph, Eastman white label, 
was boiled with maleic anhydride in xylene to remove any 
anthracene.4) TNB was prepared, starting from TNT, 
through 2,4,6-trinitrobenzoic acid.5) The TNT, Eastman 
yellow label, was purified by recrystallization from ethanol. 
The NPA and PMDA were sublimed in a vacuum just before 
use. The NBF, DNBF, and BTF were prepared following 
the procedures reported by Bailey and Case.6) The other 
reagents obtained from commercial sources were employed 
without further purification. The complexes were crystal­
lized by mixing the component compounds dissolved in 
appropriate solvents or by melting mixtures of equimolar 
amounts of the component compounds. 

Measurements. Calorimetric, X-ray, and NMR meas­
urements were carried out as described in our previous 
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papers.1'3^ Density measurements of four complexes with 
transition temperatures lower than 60 °G were made using 
Gay-Lussac pycnometers. A small amount of a detergent 
had to be added to the water employed as the immersion 
fluid in order to wet the crystals. Air bubbles trapped 
by the crystals were eliminated by repeated evacuations 
and then by leaving the pycnometers overnight under re­
duced pressure. 

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

Thermodynamic Data. The complexes which be­
come isomorphous upon transitions, including the six 
Py complexes found previously, are summarized in 
Fig. 1. Solid circles indicate that enantiotropic tran­
sitions are observable. O n the other hand, broken 
circles show that the high-temperature forms of these 
complexes are metastable, as will be described later. 

The transition temperatures, melting points, and 
associated enthalpies and entropies are collected in 
Table 1. Not only the six Py complexes reported 
previously by us, but also some other complexes are 
known to exhibit polymorphic transitions. Casellato 
et al. have located the transitions in the P y - T N B 
complex at 129 and 215.5 °C with enthalpies of 2.4 
and 1.9 k j m o l - 1 respectively, and the melting point, 
at 253.3 °G with an enthalpy of 38.5 k j mol-1.7) Ex­
cept for the first transition temperature, our results 
are in fair agreement with theirs. T h e transitions 
in the P y - T N P complex have been reported to occur 
at 170 and 183.4 °C, with enthalpies of 2.9 and 1.2 
k j m o l - 1 respectively, by Farrell et al.V T h e melting 
point reported by them is 233.4 °C, and the enthalpy 
is 32.6 k j mo l - 1 . All our temperatures for this com­
plex are located lower than theirs by about 5 °G. 
Gasellato et al. have observed three modifications of 
the Py-NPA complex.9) According to them, the I 
modification crystallized from a solution is transformed 
into the I I I modification at 122 °C with an enthalpy 
of 18 k j mol - 1 . The transformation into the I I I modi­
fication from the I I obtained by cooling from the 
melt occurs at 105 °G. The enthalpy of the latter 
transition was reported to be 11 k j mol - 1 . O u r en­
thalpy of the transition at 112.5°G is a little larger 
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Fig. 1. The molecular complexes which become iso­
morphous by polymorphic transitions and the struc­
tural formulas of the component compounds. 

than the former one reported by Gasellato et al., but 
our transition temperature is appreciably lower than 
theirs. We occasionally observed an additional endo-
thermic peak at 108 °C with samples crystallized from 
some solvents. This peak could be detected only in 
the first run of the calorimetric measurements. The 
Py-NPA complex has been reported to melt at 179.5 
°G, with an enthalpy of 24 k j mol - 1 , in agreement 
with our observation. T h e thermodynamic data for 
the P y - P M D A complex have been presented by 
Pelizza et al.; the enthalpy for the transition at 174.3 
°G is 29 k j mol - 1 , while that of the melting at 290.4 
°G is 72 k j mol -1 .10) O u r enthalpy values are barely 
over 40 percent of theirs. 

The F l - T N P complex has been studied by Farrell 
et a/.8) The reported transition temperature, 92.4 °C, 
and the enthalpy, 13.8 k j mol - 1 , agree well with our 
values. The melting point has been found at 189.2 
°C, and the enthalpy, at 24.7 k j mol - 1 . The latter 
is a little larger than the present value. 

T h e P h - T N B complex has been reported by Kofier 
to exhibit a transition at 149 °G.11) Gasellato et al. 
have located it at 148.2 °C, with an enthalpy of 12 
k j mol - 1 , while they located the melting point at 
164.6 °G, with an enthalpy of 27 k j mol -1 .7) Our re­
sults in Table 1 generally agree with their values. 
The transition in the P h - T N P complex has been 
noted also by Kofier at 106 °C.11) The enthalpy has 
been estimated to be 13 k j m o l - 1 by one of the present 
authors, together with an additional transition at 77 °G 
associated with an enthalpy of 4.6 k j mol -1 .12 ,13) Our 
new determinations well reproduced the previous re­
sults. According to Casellato et al., the P h - N P A com­
plex melts at 96 °C, with an enthalpy of 29 k j mol -1 .9) 
O u r results are in good agreement with theirs. 

With the exception of several complexes, the entropy 
of transition into the unique high-temperature form 
is fairly large, up to 57 J m o l - 1 K"1 . These values 
are often comparable with the entropies of melting 
of these complexes, 46—67 J m o l - 1 K - 1 . As the sum 
of all entropies of transition and melting may be sup­
posed to be correlated with the molecular structure, it 
may agree with the entropy of melting of a complex 
which is structurally related to the present one but 
which does not exhibit polymorphic transitions. For 
example, we observed 102 J m o l - 1 K - 1 for the F l -
D N T complex, 100 J m o l - 1 K - 1 for the Fl-3-nitro-
phthalic anhydride complex, and 101 J m o l - 1 K - 1 for 
the 1,10-phenanthroline-TNB complex. These values 
are reassuringly similar to the sum of the entropies 
of transition and melting of the present complexes: 
e.g., 104 J mol" 1 K - 1 of the P y - D N F complex. If the 
latter value is appreciably smaller than the former, 
the occurrence of low-temperature transitions may be 
predictable for such a complex. 

The ordinary samples of the Fl-NBF, P h - T N T , 
and P h - N P A complexes exhibit no polymorphic tran­
sition; however, the metastable high-temperature form 
appears when the melt is solidified. As the monotropic 
transition from the supercooled metastable form to 
the stable one is well separated from the solidification, 
the enthalpy and entropy associated with the melting 
of the metastable form could be measured. In Table 
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TABLE 1. THERMODYNAMIC DATA OF MOLECULAR COMPLEXES 

(The values in parentheses are for monotropic transitions.) 

Acceptor 

2,4-Dinitrofluorobenzenea> 
2,4-Dinitrochlorobenzenea> 
2,4-Dinitrophenola> 
2,4-Dinitrotoluenea) 

1, 3,5-Trinitrobenzene 

2,4,6-Trinitrochlorobenzenea> 

2,4,6-Trinitrophenol 

2,4,6-Trinitrotolueneb> 
4-Nitrophthalic anhydride 
Pyromellitic dianhydride 
5 -Nitrobenzofuroxan 

4,6-Dinitrobenzofuroxan 

Benzotrifuroxan 

2,4-Dinitrophenol 
1,3,5-Trinitrobenzene 
2,4,6-Trinitrochlorobenzene 
2,4,6-Trinitrophenol 
2,4,6-Trinitrotoluene 
4-Nitrophthalic anhydride 
Pyromellitic dianhydride 
5-Nitrobenzofuroxan 

4,6-Dinitrobenzofuroxan 

Benzotrifuroxan 

1,3,5-Trinitrobenzene 

2,4,6-Trinitrophenol 

2,4,6-Trinitrotoluene 
4-Nitrophthalic anhydride 

4,6-Dinitrobenzofuroxan 

i 
i 

I 

{ 
1 

{ 

i 

t 
~°cT 

76.5 
41 
53 
53.5 

138 
216 

79 
164.5 
178 
59 

112.5 
170 
89 

130 
185 
112 

57 
99.5 
54 
93.5 
71 

102 
167 

— 
82 
93 
83 
86.5 

149.5 
78 

107 
— 
— 

105.5 
121 

Transition 

kj mol-1 

18 
2.4 

13 
12 

1.9 
1.5 

13 
3.3 
1.2 

12 
20 
13 
17 
1.7 
1.0 
5.4 

16 
15 
18 
15 
17 
21 
21 

(22) 
1.1 

12 
5.0 
1.3 

12 
4.6 

13 

(H) 
(14) 

8.5 
7.6 

ASC> 

J mol-i K-

Donor : 
50 

7.5 
40 
37 

4.6 
3.1 

40 
7.5 
2.7 

36 
51 
28 
47 
4.2 
2.1 

14 
Donor : 
50 
41 
54 
42 
50 
57 
48 

(59) 
3.1 

33 
14 
3.6 

Donor : 
28 
13 
33 

(29) 
(37) 
23 
19 

t 
T" °G 

Pyrene 
119 
87 

144 
92.5 

248 

154.5 
227 

162 
177.5 
290 
147 

Fluoranthene 
92 

205.5 
121 
184.5 
134 
131.5 
232 

92 

Phenanthrene 
165.5 
147 

100 
97.5 

Melting 

A#c> 
kj mol-1 

21 
18 
25 
20 
35 

22 
31 

22 
24 
31 
23 

decomp 

decomp 

18 
28 
18 
21 
18 
18 
26 
29 

decomp 

decomp 

26 
22 

28 
29 

decomp 

v. 

ASC> 

J mol-1 K-1 

54 
50 
59 
54 
67 

50 
62 

51 
54 
54 
55 

50 
59 
46 
46 
46 
46 
52 
80 

61 
53 

75 
78 

a) Taken from Ref. 1. b) Taken from Ref. 3. c) The values are reproducible within 5% when the enthalpies 
are in the order of 10 kj mol -1. The errors are twice as large if the enthalpies are about 1 kj mol -1. 

1, the thermodynamic data for the melting of these 
three complexes are for the stable forms. I t is note­
worthy that the entropy values of melting, 80 J m o l - 1 

K - 1 for the Fl-NBF, 75 J m o l - 1 K - 1 for the P h - T N T , 
and 78 J mol - 1 K - 1 for the Ph-NPA, are definitely 
larger than those of any other complexes in the table. 
The enthalpy and entropy associated with the mono-
tropic transition given in Table 1 were estimated by 
taking the difference between the value for the melting 
of the stable form and that for the melting of the 
metastable form. 

X-Ray Diffraction Patterns. In Fig. 2, the X-
ray diffraction patterns observed at room temperature 
and above the transition temperature using filtered 

copper radiation are schematically presented for eight 
representative complexes. Reflecting the special na­
tures of the donor and acceptor molecules, the room-
temperature patterns are not simple and are markedly 
different from each other. However, the diffraction 
patterns are remarkably simplified upon the transition. 
Three or four lines are observable with the high-
temperature forms: a strong line appearing between 
2 0 ! = 11 and 12°, a weak one near 202=2O°, and 
another strong one between 2 0 4 = 2 6 and 27°. The 
patterns of the P h - T N P complex in its three 
forms were previously recorded by Koizumi and 
Matsunaga.13) I t was emphasized that the pattern 
given by the high-temperature form is very simple. 
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Fig. 2. X-Ray (Gu Ka radiation) diffraction patterns 
of the molecular complexes. The upper pattern for 
each complex was recorded at room temperature and 
the lower one above the transition temperature. 

Only three lines were found in it, in accordance with 
the present complexes. For some complexes, a very 
weak line is detectable near 203—23°, as is exemplified 
by the Py -BTF complex (see Fig. 2) . The general 
features described here are in good agreement with 
those obtained for the six Py complexes studied before. 

A comparison of the spacings, d1} d2, and dz, which 
are inversely proportional to sin d1} sin 02, and sin 63 

respectively, shows that 

1/^:1/^:1/^3 = l:l/~3~:2 

within the limits of error of measurements, for all the 
complexes examined. O n the other hand, the d^ 
spacing is not in any simple ratio with the others. This 
remarkably simple ratio suggests that the lattice in 
the high-temperature form is hexagonal or trigonal. 

With the hope of limiting further the probable 
structures, the density measurements were carried out 
for the Py-DNG, P y - D N T , P y - T N T , and F l - T N C 
complexes, which can be transformed into the high-
temperature forms below 60 °G. T h e densities meas­
ured within a few degrees below and above the transi­
tion temperature are summarized in Table 2. Trial 

Fig. 3. Proposed structure for the isomorphous high-
temperature forms. The molecules located at 000, 
2/3 1/3 1/3, and 1/3 2/3 2/3 are different from those 
located at 0 0 1/2, 2/3 1/3 5/6, and 1/3 2/3 1/6. 

shows that the trigonal lattice presented in Fig. 3 
well explains the X-ray diffraction patterns and the 
observed densities and so seems probable. As this 
lattice must be common to all the complexes listed 
in Table 1, the shape of the component molecules is 
entirely ignored in this figure. The indices assigned 
to the above-mentioned four lines are (110), (300), 
(220), and (102). Table 2 records also the estimated 
unit-cell dimensions and the calculated densities. 
Three molecules of each component are in the cell 
shown in Fig. 3. The donor and acceptor molecules 
are stacked alternatively in infinite columns in parallel 
with the c-axis. The stacking angle may be nil, as 
the mean separation between the molecular planes 
is expected to be about 3.5 Â. 

Solid-solution Formation. The complete miscibil-
ity of a pair of the complexes is a severe test for the 
isomorphism. T o be isomorphous, the high-tempera­
ture forms must have the same space group and the 
same number of molecules per unit cell.14) The ad­
ditional requirement to be miscible in all proportions 
is that the difference in the unit-cell sizes not be too 
great. T h e room-temperature forms of the Py-TNB 
and P y - T N P complexes have been reported to be 
isomorphous (PÏ and Z = 2 ) by Herbstein and 
Kaftory.2) Two enantiotropic transitions in the range 
from room temperature to the melting point are ob­
served with both the complexes: 138 and 216 °G 
with the T N B complex and 164.5 and 178 °G with 
the T N P complex. The phase diagram of the pseudo-
binary system comprising these two Py complexes 
given in Fig. 4 clearly shows that each pair of the 
polymorphs of these two complexes are completely 
miscible. T h e combination of the F l -TNB and F l -

TABLE 2. DENSITIES MEASURED WITHIN A FEW DEGREES BELOW AND ABOVE THE TRANSITION TEMPERATURE, 

AND UNIT-CELL DIMENSIONS AND CALCULATED DENSITY OF THE HIGH-TEMPERATURE FORM 

Molecular 
complex 

Py-DNG 
Py-DNT 
Py-TNT 
Fl-TNC 

Below Tp 

1.414 
1.350 
1.450 
1.506 

Density 
g cm - 3 

Above Tp 

1.396 
1.305 
1.415 
1.449 

Unit-cell dimensions 

a/A 

15.31 
15.30 
15.84 
15.80 

cjk 

6.99 
7.03 
7.03 
6.94 

Calcd 
density 
gem - 3 

1.42 
1.34 
1.40 
1.49 
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T N P complexes gives similar results. The room-tem­
perature forms are monoclinic (P21/c, Z = 4 ) , and the 
following unit-cell dimensions have been given by 
Herbstein and Kaftory: a = 8 . 4 8 , 6 = 7.27, £=30.35 A, 
ß = 9 6 ° for the F l -TNB complex, and 0 = 8 . 6 8 , b = 
7.27, ^=31.0 Â, ß = 9 6 ° for the F l - T N P complex, ful­
filling the conditions cited above. 

The diagrams for the following six systems are 
illustrated in Fig. 5 : Py- (NPA, DNF) , Py - (DNF, 
T N T ) , (Py, F1)-TNT, F1-(TNT, T N P ) , (Fl, P h ) -
T N P , and P h - ( T N P , TNB) . These systems were se­
lected so that the two molecular complexes share 
either a hydrocarbon or an acceptor. Moreover, the 
neighboring systems share one of the molecular com­
plexes. In all the diagrams, the freezing points of 
mixtures lie between the melting points of the pure 
molecular complexes. These results undoubtedly in­
dicate that the solid miscibility between the high-
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Fig. 4. Phase diagrams for the Py-(TNB, TNP) and 
F1-(TNB, TNP) systems. 
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Fig. 5. Phase diagrams for the Py-(NPA, DNF), Py-
(DNF, TNT), (Py, F1)-TNT, F1-(TNT, TNP), (Fl, 
Ph)-TNP, and Ph-(TNP, TNB) systems. 

temperature forms is unlimited in all the systems 
shown in Fig. 5. Thus , we are quite certain that 
the high-temperature form of the Py -NPA is isomor-
phous with that of the F l - T N T complex and also 
with that of the P h - T N B complex. Besides the F l -
T N P complex described above, the room-temperature 
form of the P h - T N B complex is known to be mono­
clinic (P2JC, Z = 4 ) , and that of the P h - T N P com­
plex, to be triclinic (PI or P i , Z=2).2> Accordingly, 
a eutectoid system is produced by these two com­
plexes, and the diagram is split by a miscibility gap 
at room temperature. I t may be noticed from Fig. 
5 that the formation of substitutional solid solutions 
based on the parent-complex lattices occurs exten­
sively. The solubility of the P h - T N P complex into 
the P h - T N B complex lattice exceeds 60 mo l%, while 
that in the inverse direction is merely about 20 mo l%. 
The most striking example is found in the diagram 
involving the F l - T N T and F l - T N P complexes, which 
gives a peritectoid system. T h e F l - T N T complex can 
dissolve the F l - T N P complex over 80 mo l%, and the 
width of the miscibility gap in this system is as narrow 
as 3 mo l%. 

As the high-temperature forms of the P y - D N T and 
F l - T N T complexes are isomorphous to each other, 
the pseudo-binary system gives a continuous solid 
solution (see Fig. 6). However, it must be noted 
that the composition of the solid solution is unusually 
different from the composition of the liquid solution 
in equilibrium. The equimolar mixture of these two 
complexes is equally considered to be an equimolar 
mixture of the P y - T N T and F l - D N T complexes. As 
there is no unique high-temperature form appearing 
in the F l - D N T complex, the miscibility gap should 
exist somewhere in the system consisting of the P y -
T N T and F l - D N T complexes. As expected, the dia­
gram of the latter pseudo-binary system (shown in 
Fig. 6) has a gap extending from 60 to 90 m o l % of 
the F l - D N T complex. The large temperature dif­
ference between the solidus and liquidus near 50 
m o l % in the other pair of the complexes apparently 
arises from the wide miscibility gap located close to 
this composition. Results similar to those presented 
above may be anticipated for the system consisting 
of the F l - T N T and P h - T N P complexes because of 
the absence of a transition in the combination of Ph 
and T N T . Unexpectedly, however, the solidus and 
liquidus are not so separated as those in the system 

Fig. 6. Phase diagrams for the (Py, F1)-(DNT, TNT) 
and (Fl, Ph)-(TNP, TNT) systems. 
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consisting of the P y - D N T and F l - T N T complexes. 
T h e study of the system of the F l - T N P and P h - T N T 
complexes has revealed the formation of a continuous 
solid solution (see Fig. 6). T h e appearance of this 
phase must be due to the coincidence between the 
transition and melting points in the latter complex. 
The metastable polymorphs have also been found for 
the Fl -NBF and P h - N P A complexes and have been 
demonstrated to be completely miscible at high tem­
peratures with the F l - T N T and F l -NPA complex 
respectively (see Fig. 7). 

Broad-line XH NMR. The second moment, the 
mean-square width of the resonance line, of the 1 H 
N M R spectrum is shown in Fig. 8 as a function of 
the temperature for each of the seven Py complexes. 
Py is known to have an intramolecular second moment 
of 3.43 G2.15> All the complexes studied here show 
evidence of molecular motion in the solid state, as 
indicated by a decrease in the moment. In the case 
of the T N B complex, the transition to the unique 
isomorphous form is located at 216 °G, well above 
the range measurable with our spectrometer. The 
second moment decreases gradually up to 138 °C and 
then more sharply above this temperature (see Fig. 
8a). The value in the phase stable between 138 

100 ( 
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^ . - s ; ^ ^ ^ / * 

\ \ S / / 
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Mot'/. 
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Fig. 7. Phase diagrams for the F1-(NBF, TNT) and 
(Ph, F1)-NPA systems. 

Fig. 8. Second moment values of the proton resonance 
for the pyrene complexes with a) TNB, b) TNP, c) 
NPA, d) PMDA, and the result by Fyfe (Ref. 15), e) 
NBF, f) DNBF, and g) BTF. The vertical arrows 
indicate the thermodynamic transition temperatures. 

and 216 °G is as small as 1 G2, indicating that some 
fast motional process exists before the transition to 
the isomorphous form. This observation is consistent 
with the small enthalpy and entropy values for the 
second transition. Similar small changes in the second 
moment are found for the T N P and DNBF complexes, 
in which the enthalpy and entropy of the transitions 
are also comparatively small. There is a large, ab­
rupt drop in the second moment at the transition 
to the high-temperature forms of the other four com­
plexes, reflecting a significantly larger enthalpy and 
entropy of the transition. 

The P M D A complex is the only one among the 
complexes studied here for which the crystal structure 
has been determined. Herbstein and Snyman have 
made an intensive and comprehensive study of the 
structure at 110 and 300 K.16> The N M R spectrum 
has been measured, and the nature of the molecular 
motions has been discussed by Fyfe.15) Our results 
are essentially the same as his (see Fig. 8d). The 
moment observed at low temperatures compares very 
well with 4.8 G2, the theoretical value for the rigid 
lattice calculated by means of V a n Vleck's formula 
using the atomic coordinates of the X-ray determina­
tion. T h e reduction in the second moment to 2.3 
G2 by 130 °C has been interpreted by Fyfe in terms 
of the complete reorientation of the hydrocarbon mole­
cules in their molecular planes. Furthermore, Dunn 
et al. have reported on heat-capacity measurements 
in the range from 10 to 323 K and have established 
the growth of orientational disorder over a very con­
siderable temperature range.17) Unfortunately, the 
transition located at 170 ° G was covered by neither 
of these works. 

Figure 9 shows the second moments of the nine 
Fl complexes. The intramolecular moment is esti-
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Fig. 9. Second moment values of the proton resonance 
for the fluoranthene complexes with a) DNP, b) 
TNB, c) TNG, d) TNP, e) TNT, f) NPA, g) PMDA, 
h) DNBF, and i) BTF. The vertical arrows indicate 
the thermodynamic transition temperatures. 
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mated to be 2.88 G2 using the atomic coordinates 
previously reported by Herbstein and Kaftory.2) The 
change upon the transition into the isomorphous high-
temperature form is drastic except for the BTF com­
plex. In this complex, the reduction occurs by the 
transition at 83 °G rather than by that at 86.5 °G. 
The fact that the enthalpy of the former transition 
is about four times that of the latter may account 
for this result. The moment is generally not very 
temperature-dependent below the transition. There 
is no distinct reduction in the second moment by 
passing through the transition at 82 °G in the DNBF 
complex (see Fig. 9h). 

The temperature variation in the second moment 
in the three Ph complexes is shown in Fig. 10. The 
moment drops abruptly and substantially upon the 
transition into the isomorphous form, but gradually 
at the other transitions in the T N P and DNBF com­
plexes. Thus, the thermodynamic transition to the 
isomorphous form is, in general, accompanied by the 
abrupt reduction of the second moment. Such a 
coincidence implies that the molecules are moving 
fast on an N M R time-scale (40 MHz) above the tran­
sition temperature. Although the transition at 105.5 
°G in the DNBF complex has a larger enthalpy than 
that at 121 °G, the change in the second moment is 
smaller and more gradual, suggesting that the motion 
initiated by the transition at 105.5 °G is not fast on 
an N M R time-scale. While the intramolecular mo­
ment of the hydrocarbon is calculated to be 4.12 
G2 on the basis of the molecular structure determined 
by Trotter,18) the observed moment in the isomorphous 
form is less than 1 G2 in every complex. Therefore, 
the flat hydrocarbon molecules in this phase seem to 
have a considerable freedom of rotation. The large 
entropy associated with the transition supports also 

Fig. 10. Second moment values of the proton reso­
nance for the phenanthrene complexes with a) TNB, 
b) TNP, and c) DNBF. The vertical arrows indicate 
the thermodynamic transition temperatures. 

the onset of such a large degree of molecular motion. 
Benzene is an example which shows line narrowing 

due to rotation about a single axis.19) The second 
moment has been reported to show a slow decrease 
beginning at about 100 K and ending at about 120 
K. Above this temperature, the moment is 0.76 G2. 
T h e entropy of melting is 35.3 J m o l - 1 K - 1 .2 0) Twice 
this value may be compared with those of our com­
plexes: 46—67 J m o l - 1 K - 1 . One should remember 
that this quanti ty is a measure of the difference in 
organization between the solid and the melt. As the 
association of the hydrocarbon and acceptor molecules 
is likely in the molten complexes,21) one cannot con­
clude, on the basis of these entropies, that the acceptor 
molecules are also mobile in the high-temperature 
forms. At any rate, the number of hydrogen atoms 
on the acceptor molecules is so small that the con­
tribution to the second moment may be expected to 
be appreciably smaller than that due to the hydro­
carbon molecules. 

General Remarks. The molecular rotation cer­
tainly forms an important par t of the mechanism for 
isomorphism reported here. In this connection, the 
present complexes bear some similarity to plastic crys­
tals, which are composed of globularly shaped mole­
cules. Plastic crystals are of a cubic habit. The 
transition entropy to this phase is high (about 40 
J m o l - 1 K - 1 ) compared with that for melting (less 
than 20 J m o l - 1 K - 1 ) . T h e largest transition entropy 
in our complexes to be compared is 59/2 J m o l - 1 K - 1 

for the metastable form of the Fl -NBF complex, while 
the largest entropy of melting is 67/2 J m o l - 1 K - 1 for 
the P y - T N B complex. Clearly, the motion of the 
flat component molecules in the present complexes 
is generally more restricted than that of the spherical 
molecules in plastic crystals; nevertheless, some trans-
lational disorder might be also conceivable for the 
former crystals such as has been reported for the lat­
ter.22) The reactivity for donor- or acceptor-exchange 
in solids is currently under investigation below and 
above the transition temperature in order to search 
for such indications. 

The sections of the van der Waals repulsion enve­
lopes of the Py and Fl molecules are drawn in Fig. 
11 as Al-Mahdi and Ubbelohde did for a number 
of aromatic molecules.23) The two are found to be 
sufficiently similar and to fit in essentially the same 
circle. The envelope of the Ph molecule is, of course, 

Fig. 11. Sections of van der Waals repulsion envelopes 
of the pyrene and fluoranthene molecules. 
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not very different from that of the Py molecule, but 
of a lower symmetry. If the molecules are rotating 
in their planes, the columns in the solid complexes 
of these three hydrocarbons would have cross sections 
very much alike and would produce unit-cell dimen­
sions close to one another. The ease of the rotation 
seems to depend on comparatively small differences 
in the structure of the component molecules. The 
results summarized in Fig. 1 indicate that the rotation 
occurs most easily for the Py molecule with a higher 
symmetry and a little bit less easily for the Fl molecule. 
In the case of the Ph molecule, the shape of which 
is farther from a circle than the other two, the rotation 
is allowed only in limited complexes. 

I t is apparent that the lattice symmetry proposed 
in Fig. 3 is incompatible with the symmetry of the 
constituent molecules. This discrepancy provides one 
of the reasons for concluding that the molecules, even 
if not literally rotating, are disordered in orientation. 
The trigonal lattice is not entirely new for molecular 
complexes. Some years ago, Dahl found that the 
crystals of the hexamethylbenzene-hexafluorobenzene 
(1:1) complex are trigonal (R3m) at room temperature 
and are transformed into a triclinic form (PÎ) when 
cooled below 0 °G.24'25) The lattice constants for the 
former form are a=14 .596±0 .012 Â and * = 7 . 1 2 4 ± 
0.007 Â, fairly close to those given in Table 2. The 
donor and acceptor molecules are stacked alternatively 
in columns, with some disorder in the stacking se­
quence, in the trigonal form. No indication has been 
noted of such a disorder in the low-temperature form.25) 

O n the basis of thermal-vibration ellipsoids, Dahl pos­
tulated that rotation occurs for the hexamethylbenzene 
molecule not only in the trigonal form, but also in 
the triclinic form. W e have examined the 1 H and 
19F N M R spectra of this complex. The second mo­
ment in the former spectrum is 11.3 G2 at —142 °G 
and gradually decreases to 1.8 G2 by —65 °G. Simi­
larly, the moment in the latter spectrum shows a 
decrease from 1.2 to 0.65 G2 in the same temperature 
range. The enthalpy associated with the transition 
located at about —25 °G is as small as 0.7 k j m o l - 1 ; 
therefore, no change in the second moment may be 
expected upon this transition. 

The proposed lattice suggests that the stacking col­
umn acquires an effectively circular cylindrical sym­
metry. As the minimum distance between the sites 
for donor and acceptor molecules located in neigh­
boring columns is less than the average of two molec­
ular diameters, the molecules have no room to rotate 
freely and a change in the orientation requires cor­
related movements of interlocking molecules. For ex­
ample, the distance is about 8.9 Â, and the average 
molecular diameter is about 10.6 Â, in the Py -DNG 
complex. The ratio of these two quantities, 0.84, 
fits nicely into the range of the minimum distance 
between molecular centers divided by the maximum 
diameter of the molecule, which is found for plastic 
crystals consisting of globular molecules, 0.81—0.94.26> 

In conclusion, it may be added that the electron 
acceptors in our complexes are relatively weak ones. 
T h e complexes are yellow to orange, and the mean 

separations between molecular planes are compara­
tively large, about 3.5 Â. Attempts to find isomor-
phous high-temperature forms with deeply colored 
complexes have not met with any success. 
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Formation of H(n=4) and CH(A2A) by the Electron 
Impact Dissociation of Benzene, Pyridine, and Pyrazine 
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(Received January 16, 1981) 

Benzene, pyridine, and pyrazine were excited by electron impact (0—70 eV) under low pressure conditions. 
In the wavelength region of 250—510nm, emissions from H, GH, G2, and GN (except for benzene) fragments 
were observed. Formations of H(/i=4) and GH(A2A) from benzene, pyridine, and pyrazine were investigated. 
The appearance potentials for the hydrogen Balmer ß emission were determined to be 19.5+1.0 eV in benzene, 
19.7±1.0 eV in pyridine, and 19.6+1.0 eV in pyrazine. The appearance potentials for the GH(A-X) emission 
were also determined to be 12.7±1.0 and 21.4+1.0 eV in benzene, 20.1 + 1.0 eV in pyridine, and 18.5+1.0 eV 
in pyrazine. No emissions from the excited parent species of pyridine and pyrazine were observed. 

When a relatively large molecule is excited by elec­
tron impact., photoemission from small fragments is 
observed more easily than that from the parent mol­
ecule. This is probably because the parent molecule 
has many degrees of freedom of motion and non-ra­
diative processes become important. However, aro­
matic molecules are one of the exceptions, where ex­
cited parent species give intense fluorescence upon 
electron impact. The fluorescence (S-^So) from ben­
zene by electron impact has been studied extensive­
ly.1-4) O n the other hand, nitrogen-heterocycles in 
the vapor phase hardly emit radiation,5 '6) because 
radiationless processes among excited states are par­
ticularly efficient. 

As stressed by Platzman7) for benzene, neutral ex­
cited states having excitation energy in excess of its 
ionization play an important role in the formation 
of neutral fragments. Recently, emissions for these 
neutral fragments from benzene have been studied.8-10) 
However, as for large nitrogen-heterocycles such as 
pyridine and pyrazine, very little is known at this 
time about the fragments and the mechanism of frag­
mentation from the excited parent species by electron 
impact.11) 

The fragmentation of molecules by electron impact 
has been studied by mass spectrometry, but the in­
formation thus obtained has been restricted to re­
latively large ionic fragments; furthermore, only little 
has been known about the excited states leading to 
the ionization. 

In the present paper the emission spectra of the 
fragments produced by electron impact dissociation 
of benzene, pyridine, and pyrazine are assigned and 
the appearance potentials for the fragments are deter­
mined. 

Exper imenta l 

Figure 1 shows a schematic drawing of the apparatus, 
which consists of an electron source, a collision chamber 
and an optical detection system. The electron source and 
the collision chamber are evacuated by an oil diffusion 
pump to about 0.27 mPa, as measured by an ionization 
gauge. The negative potential from 0 to 70 eV was ap­
plied to a tungsten filament (0.1 mm diameter) heated by 
3 V d.c. Electrons accelerated and focused by three elec­
trodes were introduced into the collision chamber through 
an aperture (3 mm diameter). The maximum beam cur-

gas inlet 

Fig. 1. Schematic diagram of the collision chamber 
and the electron gun. 
a: Tungsten filament, b : repeller electrode, c, d, e, 
and f: electrodes, g: Faraday cage, h: quartz window. 

rent measured at a Faraday cage (g) was about 0.8 m A 
at 70 eV. For measurement of the excitation functions 
electron-beam currents ranging from 10 JJLA at the threshold 
to 60 [iA at higher energies were used. 

The sample gases were fed into the collision chamber 
through a nozzle (1 mm diameter) at a constant pressure 
controlled by the temperature of the sample holder and 
a variable leak valve. The sample pressures during the 
emission measurements, as measured by an ionization gauge, 
were 5—40 mPa. 

A 30 cm Gzerny-Turner scanning monochromator equip­
ped with a 1200 Gr/mm grating blazed at 300 nm, an HTV 
R585 photomultiplier, and an HTV G1230 photon-counter 
were used. With a slit-width of 200 jxm spectral resolution 
of 0.6 nm (FWHM) was obtained and was used for meas­
urement of the excitation function. 

The energy scale for the incident electrons was calibrated 
using the excitation functions for the (0, 0) band of the N2-
(C3II-B3II) emission by Finn et a/.12) and the (0, 0) band 
of the N 2+(B 2£-X 2£) emission by Borst and Zipf.13) About 
5% of nitrogen gas was mixed with the sample gas and their 
excitation functions were measured simultaneously. A slight 
discrepancy was observed in the steepness of the excitation 
function for the N2(G-B) emission in the threshold region 
(Fig. 2) ; it is probably because of the energy spread of about 
2 eV in the present experiment. 

The samples of benzene, pyridine, and pyrazine were 
of guaranteed grade from Nakarai Chemicals. Pyridine 
was fractionally distilled over sodium hydroxide under a 
stream of nitrogen.6) Pyrazine was recrystallized from its 
diethyl ether solution.14) The samples were degassed by 
several freeze-pump-thaw cycles just before use. 



2566 Ikuo TOKUE and Masami IKARASHI [Vol. 54, No. 9 

1.0h-

z 
LU 

O 
SJ0.5 
— 
tu 
tu 
> 

o.oh-

•• — r i 

N2(C
3ÏÏ-B3JT) 

1 
1

 

• 
—

 

/• 

i 1 — 

i i i 

\ j 
M 

1 .!..___ 1 1 
10 20 

ELECTRON ENERGY/eV 

Fig. 2. Excitation functions for the (0,0) band of 
the N2(C-B) emission normalized at the peak value. 

: This work, # # # : Finn et al.1*} 

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

Emission Spectra. The observed emission spec­
tra by electron impact on benzene are similar to those 
reported by Smith1) and Ogawa et al.9) Figure 3 
shows the emission spectra obtained from pyridine 
and pyrazine in the region of 250—510 run at elec­
tron energy of 70 eV. M a n y sharp bands in these 
spectra were assigned to the following fragment species; 
the hydrogen Balmer series (w=4—10-*2), the GH-
(A2A-X2II), the C 2(A 3n-X 3II) , and the G N ( B 2 S -
X 2 £ ) bands. 

The photoemission intensities of the hydrogen 
Balmer ß (H , ) and the CH(A2A-X2II) band from 
benzene, pyridine, and pyrazine, and the C N ( B 2 S -
X 2 S ) band from pyridine and pyrazine were found 
to be proportional to the electron-beam current up 
to 0.5 mA. In the measurement of the excitation 
functions, the gas density of the parent molecule in 
the column of electron-beam (0.4 cm3) is estimated 
to be less than 3 X 1012 molecule/cm3 and is two orders 
of magnitude lower than the electron density in the 
collision region, 6 x 1014 electron/s, for a beam current 
of about 0.1 mA. Such a low gas density was neces­
sary because low-energy electrons formed by ioniza­
tion can reach the electron collector and affect the 
Faraday cage current. 

Therefore, the H and GH species from benzene, 
pyridine and pyrazine seem to be formed by fragmen­
tation via a single collision, and two-step collisions 
of the electron with the sample molecule and inter-
molecular quenching processes seem to be negligible. 

As for pyrazine, fluorescence and phosphorescence15) 
were expected especially near the excitation threshold. 
Neverthless, no emission from the parent species was 
observed even at the sample pressure as high as 47 
mPa. 

Excitation Functions and Appearance Potentials. Fig­
ures 4 and 5 show the excitation functions for the 
H^ and GH(A-X) emissions from benzene, pyridine, 
and pyrazine near their thresholds. The electron en­
ergy scale for each experiment was calibrated using 
the well-known thresholds for the N2(G-B) and N2+-
(B-X) emissions which lie close in energy to the 
thresholds for the H^ and the GH(A-X) emissions. 
Although each excitation function near the threshold 
is broadened by the electron energy distribution of 
about 2 eV ( F W H M ) , the appearance potential in 
each excitation function is determined using a linear 
extrapolation (see Figs. 4 and 5). We estimate that 

*J 

CN(B22-X2l) 

H(S»2) H« >2) 

CH(A2A-X2n) 

c,0?n-x3n) 

t ' 2 

( a ) 

(b) 

Wavelength/nm 

Fig. 3. Emission spectra by electron impact at 70 eV and 0.5 mA. The fragment emission peaks 
observed are assigned except for the broad peaks near 310 nm. (a) : Pyrazine at 16 mPa. (b) : 
Pyridine at 19 mPa. 
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data are presented. The standard deviation is about 
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Fig. 5. Same as Fig. 4 for the GH(A-X) emission. 
The standard deviation is nearly as large as the diam­
eter of the circles. 

this calibration is accurate to 1 eV16) and the random 
error of each calibrated appearance potential is about 
0.4 eV. The appearance potentials thus determined 
for the H^ and the CH(A-X) emissions are sum­
marized in Table 1 in comparison with previous 
work.10) 

Formation of H(n=4). T h e onset for H^ from 
benzene is found at 19.5+1.0 eV: this value agrees 
well with 19.3+1.0 eV reported by Beenakker and 
de Heer.10) T h e absence of structure near the thresh­
old indicates that only one state or at most a few states 
of benzene are involved in the formation of excited 
hydrogen atoms. By comparison of the observed 
threshold energy with the dissociation energy of the 
C - H bond, 4.87 eV,17) and the excitation energy of 
H ( « = 4 ) , 12.7 eV, the following dissociation process, 
which is reported by Beenakker and de Heer,10) seems 
to play an important role in the formation of excited 
hydrogen atoms. 

TABLE 1. APPEARANCE POTENTIALS FOR THE H^ AND 

THE C H ( A 2 A - X 2 L T ) EMISSIONS DETERMINED FROM 

THEIR EXCITATION FUNCTIONS (iN e V ) 

H< CH(A2A-X2TJ) 

This work Beenakker This work Beenakker 
et al.&) et a/.a> 

Benzene 19 .5±1.0 19 .3±1.0 12.7+1.0 15.0±1.0 
21 .4+1 .0 

29 + 1 
Pyridine 19 .7±1.0 20.1 ± 1 . 0 
Pyrazine 19 .6±1.0 18.5+1.0 

a) Ref. 10. 

C6H6(19.5eV) • G . H . ^ A O 

+ H(n = 4) + 1.9 ± 1.0 eV 

The onsets for H^ from pyridine and pyrazine are 
observed at 19.7±1.0 and 19.6+1.0 eV, respectively. 
A similar consideration on the energy balance with 
the dissociation energy of the G - H bond, 4.87 eV,17) 
because the dissociation energy of the G - H bond of 
pyridine and pyrazine are not known, leads to the 
following processes 

G5H5N(19.7eV) 

and 

C4H4N2(19.6eV) 

• G5H4N(X) 

+ H(»=4) + 2.1 ± 1.0 eV 

-> C4H3N2(X) 

+ H(»=4) + 2.0 ± 1.0 eV. 

Formation of CH(A). The excitation function 
for the GH(A-X) emission from benzene indicates 
some structure and a shallow dip near 20 eV. Hence, 
several states of benzene seem to be involved in the 
formation of CH(A) , and further, the formation of 
GH(A) seems to compete with other processes: prob­
ably ion formations. The onsets for the CH(A-X) 
emission from benzene are observed at 12.7±1.0 and 
2 1 . 4 ± 1 . 0 e V ; the first value is lower than 15.0±1.0 
eV obtained by Beenakker and de Heer.10) T h e 
second value, 21.4 eV, is even lower than 29 ± 1 eV 
reported by Beenakker and de Heer.10) Comparing 
the observed excitation function for the CH(A-X) 
emission with theirs, we conclude that the structure 
leading to this second appearance potential is different 
from that reported by Beenakker and de Heer. 

Dissociation processes leading to the formation of 
GH(A) from benzene are still uncertain. Neverthless, 
if one assumes that the threshold energy consists of 
the difference between heats of formation of benzene 
and products18-20) and the electronic energy of C H -
(A),21) the following dissociation processes are con­
sidered to occur. Heats of formation and bond dis-

C6H6 — * P •CH(A2A) 14.3 eV (1) 

Y 
H 

Fl-
C 2 H 2 (X)-CH(A2A) 2 2 9 e V (2) 
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TABLE 2. HEATS OF FORMATION AND BOND DISSOCIATION 

ENERGIES USED FOR THE CALCULATION 

OF THRESHOLD ENERGIES 

Species 

Benzene 
Pyridine 
Gyclopentadiene 
C2H2 

HGN 
CH 
G3H3+ 

A//? 
kj mol-1 

82.89+0.54 
144.56+0.5 
130.25 
227.29 
135.5 
592.5 

1196.6 + 8b> 
(Cyclopropenyl ion) 

Ref. 

18 
18 
18 
19 
19 
19 
20 

£>(R-H) 
eV 

4.87 
4.87a> 
4.87*> 

Ref 

17 

a) The value in benzene is used, b) This is the value 
of G4H4+ (cyclobutadicnyl) ion because the formation 
processes of G3H3

+ and G4H4
+ have identical thermo-

chemical thresholds.20) 

sociation energies used for the calculation of the thresh­
olds are summarized in Table 2. Process (1) seems 
to play an important role in the formation of GH(A) 
near the first threshold. Dissociation into more than 
two neutral fragments may happen at an intermediate 
energy region, 14—22 eV, because C4H4+, G4H3+, 
G4H2+, and G3H3+ ions from benzene are relatively 
abundant;2 2 , 2 3) furthermore, dissociations producing 
only neutral fragments such as GH(A) proceed via 
so-called super-excited states competing with these ion 
formations. Process (2) including an ionic byprod­
uct seems to play an important role in the formation 
of GH(A) near the second threshold. Some processes 
including C5H5+ ion seems to be unimportant because 
C5H5+ ion appears only very weakly or is not ob­
served.20»22) 

The appearance potentials for CH(A) from pyridine 
and pyrazine are determined to be 20.1 ± 1 . 0 and 
18.5+1.0 eV, respectively. The absence of structures 
near the thresholds indicates that only one state or 
at most a few states of pyridine and pyrazine are in­
volved in the formation of CH(A) . O n the basis 
of a similar consideration (see Table 2), the follow­
ing dissociation process from pyridine is considered 
to occur because G3H3+ (cyclopropenyl) ion is rela­
tively abundant in photo-ionization mass spectrometry 
of pyridine.20»24) I t is impossible to derive dissocia-

CRHcN-* Y * " + HCN(X)+CH(A2A) 21.3 eV 
H 

tion processes from pyrazine because the relevant dis­
sociation energies are not known. Neverthless, proces­
ses forming GH(A) from pyrazine presumably in­
clude the formation of an ionic fragment and may 
correspond to the dissociation processes forming GH-
(A) from benzene with the second threshold and 
pyridine. 

In summary, the appearance potentials for H s from 

benzene, pyridine, and pyrazine are nearly equal and 
H ( n = 4 ) may dissociate by a similar mechanism. The 
two appearance potentials for GH(A) from benzene 
are found from the structures in the excitation func­
tion for the GH(A-X) emission, while no correspond­
ing structures exist near the thresholds of the excita­
tion functions for the GH(A-X) emission from pyri­
dine and pyrazine. 

We wish to thank Prof. Kozo Kuchitsu of the Uni­
versity of Tokyo for many valuable comments on the 
manuscript and useful discussions. 
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Formation of Electron-Donor-Acceptor Complex and 1,4-Cycloadduct 
of Tetracyanoethylene with Styrene and 
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EDA-complex formation and 1,4-cycloaddition of tetracyanoethylene (TGNE) with styrene, a-methylsty-
rene, 1,1-diphenylethylene, w-stilbene, and trans-stWhenc were studied spectrophotometrically in chloroform 
at 25 °G. Formation constants of the EDA complexes were found to be in the order, toms-stilbene> styrene> 
a-methylstyrene>m-stilbene> 1,1-diphenylethylene. The difference in the formation constants was discussed 
in terms of both electronic and steric effects of the donors studied. a-Methylstyrene and 1,1-diphenylethylene 
underwent thermal cycloaddition to TCNE faster than styrene. It is suggested that some charge separation 
took place in the transition state. The fact that trans- and m-stilbenes do not react with TGNE was explained 
in terms of the difference in stability of the 1,4-cycloadducts estimated from the 1,4-bislocalization energy obtained 
by Dewar's perturbation molecular orbital method. 

The nature of tetracyanoethylene (TGNE) as a 
strong acceptor causes a few typical cycloaddition 
reactions with 7r-electron donors as well as the EDA 
(electron-donor-acceptor)-complex formation.1) When 
T G N E is mixed with benzene derivatives, electron-
rich olefins, and conjugated dienes, it usually yields 
the EDA complexes only, cyclobutane derivatives (1,2-
cycloadducts), and cyclohexene derivatives ( 1,4-cycload­
ducts), respectively, under mild conditions. 

Styrene has been considered to be nonreactive to­
ward T G N E under mild conditions, although ben-
zylidenemalononitrile and a cycloadduct consisting of 
two molecules of styrene and one molecule of T G N E 
were obtained by refluxing in xylene.2) Recently, 
however, it was found by the high-pressure quenching 
method that styrene and its derivatives (D) undergo 
reversible cycloaddition to T G N E (A) to afford the 
l,4-cycloadduct(P) besides the EDA complex.3 '4) The 
1,4-cycloaddition reaction illustrated below is of 

r\-c + NVcCN ̂  ^ - o 
H" NC CN 

(D) (A) (P) 

interest. Styrènes serve as a diene, losing their 
aromaticity, while they act as a dienophile in the 
Diels-Alder reaction with anthracenes.5) In order to 
get insight into the mechanism of the reaction, a de­
tailed kinetic study has been carried out. I t was 
not clarified in the previous work4) why neither cis-
nor /ranj-stilbene provides the 1,4-cycloadduct, de­
spite the fact that ionization potentials of these mol­
ecules are lower than those of other styrènes which 
give the cycloadduct. An interpretation for the un­
expected result is given herewith in view of the mo­
lecular orbital theory. 

The formation constant and molar absorption co­
efficient of the EDA complex between T G N E and 
styrene were determined6 - 9) without taking into con­
sideration the coexistence of the 1,4-cycloadduct con­
firmed previously.3-4) Reliable values of these param­

eters were obtained in the present study taking 
into account the 1,4-cycloadduct. Discussion is given 
on the factors determining the stability of the EDA 
complexes between T G N E and styrene and its de­
rivatives. 

Exper imenta l 

Electron donors and TGNE were purified by the method 
reported.4) Chloroform as a solvent was purified by the 
standard method. The boiling points and melting points 
of all the reagents agree with the values reported. 

Stock solutions of the donors and the acceptor were pre­
pared immediately before use. Electronic absorption spectra 
and their time dependences for kinetic studies were mea­
sured with a Shimadzu UV-200S spectrophotometer. Ther-
mostatted water (25 °G) was circulated around a quartz 
cell and donor and acceptor reservoirs. The temperature 
was regulated within ±0.1 °G. Under the conditions where 
the concentration (mol dm -3) of the donor is in large excess, 
reaction rates were determined by following the increase 
in the absorbance around 320 nm due to the 1,4-cycloadduct, 
and equilibrium studies by observing the charge-transfer 
(GT) band at a longer wavelength. The absorbance due 
to the EDA complex decreased to a stationary value (not 
zero) with time except in the case of stilbenes. The time 
at half-mixing of donor and acceptor solutions was taken 
as time zero when we get an absorbance of the EDA com­
plex at time zero by extrapolation. 

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

EDA Complexes of TCNE with Various Styrene Deriv­
atives. When a-methylstyrene is mixed with 
T G N E in chloroform, absorption bands due to the 
EDA complex instantaneously appear in the visible 
region (Fig. l b ) . Similar absorption spectra can be 
observed in solutions of T G N E and other styrene 
derivatives. The donor and T G N E have no absorp­
tion in this region. T h e wavelength of the maximum 
absorption (Amax) is slightly larger in chloroform than 
that in dichloromethane (Table 1). 

T h e plot of transition energies (hvCT) of a series 
of EDA complexes with a fixed acceptor against ion­
ization potential (7p) of donors generally shows a 



2570 Yasuhiro UOSAKI, Masaru NAKAHARA, and Jiro OSUGI [Vol. 54, No. 9 

TABLE 1. SPECTROSCOPIC PROPERTIES AND FORMATION CONSTANTS OF EDA COMPLEXES BETWEEN TCNE 

AND VARIOUS STYRENE DERIVATIVES IN G H G 1 3 AT 2 5 °G 

v> KP 

Styrene 
a-Methylstyrene 
1,1-Diphenylethylene 
«5-Stilbene 
£w»-Stilbene 

eV 

8.50 
8.50 
8.25 
8.20 
8.00 

nm 

486(480) 
504(495) 
519(507) 
541 (528) 
608(597) 

mol - 1 dm3 cm - 1 

1960 ± 3 0 
1760 ±50 
1660 ±50 
1950±110 
1880 ±50 

mol - 1 dm3 

0.467±0.010 
0.436±0.013 
0.306±0.011 
0.415±0.023 

1.16±0.03 

a) Ref. 13; 1 eV»96.48456 kj/mol. b) Values in parentheses were measured in CH2C12 from Ref. 4. 

Wavelength/nm 

Fig. I. Time dependence of the electronic spectrum 
of a-methylstyrene-TCNE system in CHC13 at 25 °G. 
(a) 1,4-Cycloadduct ([D]0=0.5 mol dm-3, [A] 0 =2x 
10-4moldm-3) . (b) EDA complex ([D]0=0.5mol 
dm-3, [A] 0 =2x l0 - 3 moldm- 3 ) . (1): 10 s after mix­
ing, (2) : 1 min, (3) : stationary state. 

linear relationship. lb) This was also found to be the 
case in this study: 

hvCT/eV = 0.873 (7p/eV) - 4.89 (in CHC13) (1) 

AvCT/eV = 0.847 (7p/eV) - 4.63 (in GH2G12). (2) 

The gradients obtained for the TCNE-s tyrene deri­
vative systems are nearly the same as those obtained 
for other TCNE-a romat i c hydrocarbon systems in the 
corresponding solvents.1*1) T h e fact that the gradient 
is not very far from unity suggests that the resonance 
interaction between the donors and acceptor is weak; 
the EDA complexes we have examined are weak ones. 

The formation constant(Ä"c) and molar absorption 
coefficient (emax) of the EDA complex at Amax are 
determined by the Scott equation,10) 

IPMAV 
Keez + 

[D]o 
(3) 

where [D] 0 and [A]0 are the initial concentrations 
of the donor and acceptor, respectively, A0 is the 
absorbance of the EDA complex at Amax at time zero, 
£m a I the molar absorption coefficient at Amax, and / 
the path length ( 10 mm) . Figure 2 shows a plot of 
the left-hand side of Eq. 3 against [D] 0 for a-methyl­
s tyrene-TCNE system. Applying the least-squares 
method to linear plots like this, we obtain values of 
Ke and em a x of the complexes as in Table 1, the Ke 

values being in the sequence, frmy-stilbene> styrene > 
a-methylstyrene > m-s t i lbene > 1,1 - diphenylethylene. 
The sequence of the T C N E complexes is similar to 

0.2 0.4 

[D]0/mol dm-3 

Fig. 2. Scott plots for a-methylstyrene-TCNE system 
in GHG13 at 25 °G. 
1: £=0, 2: stationary state. 

that of the 1,3,5-trinitrobenzene complexes, except for 
the case of cù-stilbene.11) 

In the case of planar molecules like styrene and 
trans-stilbene, the sequence is in accord with the trend 
that the lower the ionization potential of the electron 
donors, the larger the formation constant. The trend 
has been derived theoretically by assuming that GT 
forces mainly contribute to the stabilization energy 
of the EDA complex.9 '12) O n the other hand, in 
the case of nonplanar molecules like a-methylstyrene, 
1,1-diphenylethylene, and cw-stilbene, the result is not 
in accord with the general trend. Since these three 
nonplanar styrènes have dihedral angles, ca. 30— 
40°)i3,i4) the configuration of the complexes is con­
sidered to differ a great deal from that of planar-
styrene complexes. T h e nonplanarity of the elec­
tron donors interferes approach of the planar T C N E 
molecule as a factor of steric hindrance, which is re­
sponsible for the formation constant smaller than that 
expected simply from the electronic effect. 

Kinetics of 1,4-Cycloaddition. The absorption 
band around 320 nm due to the 1,4-cycloadduct in­
creases and the CT-absorption band decreases with 
time, and finally, they reach stationary values (Fig. 
l a ) . Since the EDA-complex formation and 1,4-cy-
cloaddition take place reversibly, the following reac­
tion scheme in which both reactions proceed suc­
cessively can be assumed:15) 
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D + A E D A complex (4) 

w h e r e kx a n d k_x a r e t h e r a t e c o n s t a n t s of t h e f o r w a r d 
a n d b a c k w a r d r eac t ions , respec t ive ly . L e t us c a r r y 
o u t a k ine t ic analys is of t h e r e a c t i o n a c c o r d i n g t o 
E q . 4 . W h e n [ D ] 0 > [ A ] 0 , t h e r a t e e q u a t i o n for t h e 
inc rease of t h e 1 ,4-cyc loadduct is 

dtp] 
J t ™ ( 5 ) d* 

— a — &obSci[P], 

w h e r e t h e s q u a r e b r a c k e t s d e n o t e t h e c o n c e n t r a t i o n , 
t t ime , 

M : C [ D ] 0 [ A ] 0 

a n d 

"•nhsrt — 

l + ^ c [ D ] 0 

M^c[D] 0 

= ^ [ E D A ] , 

+ * - i . 

(6) 

(7) l + * c [ D ] 0 

I n t e g r a t i o n of E q . 5 gives t h e express ion for [P ] as 

(8) 
rpj _ A : 1 [ E D A ] 0 { l - e x p ( - A o b s d Q } 

lobsd 

since [ P ] = 0 a t t i m e ze ro . Pseudo- f i r s t -o rder r a t e con­
s t an t , £ o b s d , w a s d e t e r m i n e d b y t h e G u g g e n h e i m p lo t . 
Plots of kohsd vs. # c [ D ] 0 / ( l + t f c [ D ] 0 ) for t h e s t y r e n e -
a n d a - m e t h y l s t y r e n e - T C N E systems afford g o o d 
s t r a igh t l ines as s h o w n in F ig . 3 . V a l u e s of kx a n d 
k_x o b t a i n e d f rom p lo t s of this k i n d a r e g i v e n in T a b l e 

0.1 o.2 
* c [ D ] 0 / ( l + t f c [ D ] 0 ) 

Fig. 3. Plots of koh8d against ÜTC[D]0/(1+Ä"C[D]0) in 
GHG13 at 25 °C. 
I : S tyrene-TCNE, 2 : a-methylstyrene-TGNE. 

2 , t o g e t h e r w i t h those of e q u i l i b r i u m c o n s t a n t b e t w e e n 
t h e 1 ,4 -cyc loadduc t a n d E D A c o m p l e x , K^^kjk^), 
a n d ove ra l l e q u i l i b r i u m c o n s t a n t K^K^K^. W e see 
f rom E q . 7 t h a t t h e p r o d u c t k±Ke is ove ra l l s econd-
o r d e r r a t e c o n s t a n t f rom t h e r e a c t a n t s to t h e 1,4-
c y c l o a d d u c t . T a b l e 2 shows t h a t t h e effect of s u b -
s i tu t ion a t t h e a -pos i t ion b y m e t h y l o r p h e n y l g r o u p 
o n k±Ke is s u b s t a n t i a l l y l a rge , t h e m e t h y l o r p h e n y l 
subs t i t u t i on e n h a n c i n g t h e r eac t iv i ty b y factors of ca. 
70 a n d ca. 50 , respec t ive ly . T h o u g h m o s t 1,4-cyclo-
a d d i t i o n s a r e cons ide r ed to p r o c e e d via c o n c e r t e d 
m e c h a n i s m , t h e e n h a n c e m e n t of t h e r e a c t i o n is too 
l a r g e for a c o n c e r t e d mechan i sm. 1 6 ^ S i m i l a r e n h a n c e ­
m e n t h a s b e e n obse rved for 1 ,2-cycloaddi t ion of T G N E 
t o e n o l o r e n e t h i o l e t he r s i n w h i c h a d i p o l a r i n t e r ­
m e d i a t e is cons ide r ed to b e involved . 1 7 ' 1 8 ) T h u s t h e 
a - subs t i t u t ion effect suggests t h a t s o m e c h a r g e s e p a r a ­
t ion deve lops in t h e t r a n s i t i o n s t a t e of t h e 1,4-cyclo-
a d d i t i o n . T h e m a r k e d d e p e n d e n c e of t h e r a t e o n 
so lven t p o l a r i t y s u p p o r t s th is idea.19> 

Equilibria Including 1,4-Cycloadduct. A t t h e s ta­
t i o n a r y s ta te , i.e., t—oo} w e o b t a i n 

[ P ] e -
* i [EDA] 0 

(9) 

w h e r e [ P ] e is t h e c o n c e n t r a t i o n of t h e 1 ,4 -cyc loadduc t 

a t t h e s t a t i o n a r y s t a t e . By m e a n s of t h e def in i t ion 

^ i = [ P ] e / [ E D A L a n d E q s - 6> 7> a n d 9, w e h a v e 

[EDA] e = 
*c [D] 0 [A] 0 

1 + Cl+lCOtfe lPlo ' 

T h i s c a n b e r e w r i t t e n as 

[ D ] 0 [ A V 1 

KneT + 
: i + * i ) [ D ] o 

(10) 

( I I ) 

b y m e a n s of Beer ' s r e l a t i o n [ E D A ] e = ^ e / e m a x /, w h e r e 
Ae is t h e a b s o r b a n c e of t h e E D A c o m p l e x a t Am a x 

a t t h e s t a t i o n a r y s t a t e . A p l o t of t h e l e f t -hand side 
of E q . 11 a g a i n s t [ D ] 0 in t h e a - m e t h y l s t y r e n e - T G N E 
sys tem is a lso s h o w n in F ig . 2 . T h e t w o k i n d s of 
p lo t s c o r r e s p o n d i n g to E q s . 3 a n d 11 s h o u l d h a v e 
t h e s a m e i n t e r c e p t ; this is a c t u a l l y t h e case . T h e 
e q u i l i b r i u m c o n s t a n t Kx is d e t e r m i n e d f rom E q . 11 
a n d t h e s lope of t h e l ine 2 in F i g . 2 . T h e v a l u e of 
Kx o b t a i n e d f rom t h e e q u i l i b r i u m m e a s u r e m e n t is in 
a c c o r d w i t h t h a t o b t a i n e d k ine t i ca l ly {K-^kJk^) w i t h ­
in e x p e r i m e n t a l e r r o r ( T a b l e 2 ) . T h e a g r e e m e n t in ­
d i ca t e s t h a t t h e p r e s e n t ana lys is is self-consistent. 

W e c a n o b t a i n f rom E q . 8 a r e l i ab l e v a l u e of t h e 
m o l a r a b s o r p t i o n coefficient (£320) of t h e 1,4-cycload­
d u c t a t 320 n m . T h e va lues of £ 3 2 0 /n io l _ 1 d m 3 c m - 1 

a r e ( 7 . 7 + 0 . 1 ) X 103 , ( 5 . 1 ± 0 . 3 ) X 103 , a n d ( 4 . 0 ± 0 . 2 ) X 

T A B L E 2. R A T E AND EQUILIBRIUM CONSTANTS OF THE 1,4-CYCLOADDITION BETWEEN T G N E 

AND VARIOUS STYRENE DERIVATIVES IN C H C l g AT 2 5 ° G 

Donor 103 A^/s-1 Î O 3 * - ^ - 1 
* i K/mol-1 dm 3 

Styrene 

a-Methylstyrene 

1,1 -Diphenylethylene 

0 . 3 8 0 ± 0 . 0 1 2 

2 6 . 8 ± 0 . 6 

2 8 . 9 ± 2 . 5 

0 . 2 5 0 ± 0 . 0 0 1 

6 . 5 0 ± 0 . 0 9 

8 . 2 1 ± 0 . 1 2 

1 . 5 2 ± 0 . 0 5 

4 . 1 2 ± 0 . 1 5 

( 4 . 2 9 + 0 . 1 5 ) a> 

3 . 5 1 ± 0 . 3 5 

0 . 7 1 ± 0 . 0 4 

1 . 8 0 + 0 . 1 2 

1 . 0 7 + 0 . 1 5 

a) From the equilibrium measurement. 
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103 for the styrene, a-methylstyrene, and 1,1-diphenyl-
ethylene adducts, respectively. T h e value of e320 for 
the styrene adduct is slightly larger than that obtained 
in dichloromethane ((5.5 + 0.1) X103).4) T h e differ­
ence arises from the change of solvents and the neglect 
of the presence of the EDA complex in the previous 
treatment. 

Tonchéva et al. determined Kc and ema3. of the 
T G N E complexes with styrene and a-methylstyrene 
in 1,2-dichloroethane at 20 °G without noticing the 
1,4-cycloadduct, and reported 645 as em a x for styrene 
and 200 for a-methylstyrene.7) These values are too 
small for the T C N E complexes with aromatic hy­
drocarbons.115) T h e stationary state reaches within 10 
minutes in the case of a-methylstyrene-TGNE in 
chloroform (Table 2). In a more polar solvent, 1,2-
dichloroethane, the stationary state is attained faster. 
T h e £max is considered to be e m a J ( l + 7 ^ ) ; em a x and 
Kx are shown to be (3.33±0.16) X 103 mol"1 dm 3 cm" 1 

and 13.8 under the same condition.19) 
Reactivity of Styrènes. T h e reactivity of dienes 

toward T G N E generally increases with the decrease 
in its ionization potentials, though it is not the diene 
having lower ionization potential that shows high 
reactivity in the Diels-Alder reaction. This is also 
the case for the reaction we examined. Although 
trans- and cù-stilbenes have lower ionization potentials 
than other styrene derivatives, the stilbenes react with 
T G N E to form only the EDA complex, showing no 
further reaction such as 1,4-cycloaddition. 

T h e reactivity of styrènes toward T G N E can be 
examined by the method described by Mok and Nye;20) 
the energy of the transition state is considered to de­
pend on the F M O (frontier molecular orbital) in­
teraction energy between reactants and on the stability 
of the product. T h e F M O treatment predicts that 
a diene of lower ionization potential is more reactive 
on the assumption that other interactions (e.g., van 
der Waals interactions) are constant within a series 
of dienes. Since this is contradictory to the experi­
mental results, we should examine the stability of 
the product. The 1,4-bislocalization energy calculat­
ed from Dewar's perturbation molecular orbital method 
is of great use for a comparison of the stability of the 
adducts.21) T h e 1,4-bislocalization energies computed 
for three styrènes are given in Table 3, where para-
localization energies by Brown22) are included for 
comparison. I t turns out that both parameters have 
nearly the same value for the donors. We see from 
the definition of localization energy that a diene of 
a smaller localization energy, i.e., smaller coefficient 
of the localization energy, reacts with T G N E to form 
a stable adduct. For the discussion of reactive sites,22) 
the critical value of the localization energy divided 
by the resonance integral (ß) is taken as 3.6 below 
which reaction takes place. Stilbenes have a larger 

TABLE 3. 1,4-BISLOCALIZATION AND /xzra-LOCALiZATioN 

ENERGIES OF THREE STYRENES 

T. ^ 1,4-Bislocalization Para-localization 
Donor ' ,„ oS,rt 

energy/ß energya>//? 
Styrene 3.51 3.44 
1,1-Diphenylethylene 3.26 3.34 
Stilbene 3.84 3.89 
a) Ref. 22. 

value than this corresponding to the fact that they 
are nonreactive toward T G N E (Table 3). 
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The concentration dependences of the mutual diffusion coefficients at 24, 37, and 63 °G were observed for 
a binary solution of f-butyl alcohol (TBA) and water by the use of the light scattering method. The observed 
concentration dependences of the mutual diffusion coefficients were explained well by postulating the existence 
of a "moving unit"—a group of molecules which move together for a time much longer than the velocity cor­
relation time. The structure of the moving units which are formed in the solution are (H 20) nTBA at 24 °G 
and (H2O)20TBA at 63 °G in the concentration range of 0 < X T B A < 0 - 1 > where xTBA is the mole fraction of TBA. 
Taking into account the local structures, which had been determined from the concentration dependences of 
the mean-square concentration fluctuation values, we could conclude that water molecules form a polyhedron 
which encages a TBA molecule and that these cages then gather together to form an aggregate. It is essential 
that these polyhedra do not share their faces with each other in the aggregate. It was also concluded that the 
number of cages which form an aggregate increases with an increase in the temperature. This suggests the ex­
istence of a pseudo-critical temperature for this system. That is to say, the TBA-water solution can separate 
into two phases under high pressures, a TBA-rich phase and a water-rich phase, in the latter of which almost all 
the molecules form polyhedra. 

In our previous reports,1 '2) the mean-square con­
centration fluctuation observed by means of the light 
scattering spectra for TBA-water solution has been 
reported. From a quantitative analysis of the con­
centration fluctuation, it has been shown that the 
local structure of the type £ [ (H 2 0) jTBA] exists in 
the solution. As the number ratio of TBA to water 
for this local structure was close to that of the solid 
clathrate hydrate of TBA,3) we proposed that this 
local structure can be a clathrate hydrate-like struc­
ture. 

I t has been established, in the solid clathrate hy­
drate, that water molecules form polyhedra, each of 
which encages a guest molecule and that the several 
polyhedra share one of their faces (we will call this 
an "associated polyhedron" hereafter). We are in­
terested in whether or not the same sort of associated 
polyhedra can be formed even in the solution phase, 
because we can draw another picture for the local 
structure formed in the solution phase. T h a t is, the 
polyhedra gather together to form an aggregate with­
out sharing faces with each other (we call this an 
"aggregated polyhedron" hereafter). T h e observa­
tion of the mean-square concentration fluctuation does 
not afford information which is accurate enough to 
judge which picture is correct, that is, whether "as­
sociated polyhedron" or "aggregated polyhedron." 
In addition to the mean-square concentration fluctua­
tion, we have to know the life-time of the local struc­
ture in order to solve this problem.4) 

Recently, we have emphasized the importance of 
the concept of a "moving uni t" — a group of mol­
ecules which move together for a time much longer 
than the velocity correlation time — in order to ob­
tain information about the life-time of local structures. 
A moving unit can be determined by expressing the 
mutual diffusion coefficient theoretically in terms of 
the self-diffusion coefficients and the number of moving 
units.5»6) 

In the present study, we will discuss the above 
problem on the basis of an analysis of the mutual 
diffusion coefficients which are obtained from the cor­
relation function of the electric field of Rayleigh light. 
I t will be shown that the aggregated polyhedron 
picture is preferrable to the associated polyhedron 
picture. This conclusion will lead us to emphasize 
the fact that the mixing state of the TBA and water 
system is governed by a moving unit of the type 
(H 2 0) jTBA. We will also discuss the temperature 
effect on the mixing state on the basis of the "ag­
gregated polyhedron" picture. I t will be suggested 
that a binary solution of TBA and water may be sep­
arated into two phases under high pressure, a TBA-
rich phase and a water-rich phase, in the latter of 
which almost all the water molecules form polyhedra. 

Exper imenta l 

The light scattering spectrometer used in the present 
study was designed and constructed in our laboratory. The 
light source was an Argon ion laser (Spectra-Physics, model 
165-09) which produced 0.1—1 W power at 488 nm. The 
scattering angle, 6, was defined by two pinholes approxi­
mately 50 cm apart and 0.5 mm in diameter. The laser 
beam was focused into a rectangular cell with a path length 
of 1.5 cm. A scattered light and a local oscillator beam 
(scattered from the cell walls) were collected onto the surface 
of a photomultiplier tube (HTV R-374). The photo cur­
rent was amplified by a factor of about 400 by means of 
a preamplifier and autocorrelated by a 400-channel cor­
relation and probability analyzer (KANOMAX SAI-43A). 
The computed time auto-correlation function of the photo-
current was recorded on an X-Y recorder. At the same 
time, the auto-correlation function was transferred in a 
digital form from the correlator to a micro-computor 
(SHARP Mz-80C). 

In our previous study,7) a spectrum analyzer (Takeda 
Riken, TR-4120S) was used instead of a signal correlator. 
The signal correlator is superior to the spectrum analyzer 
for the observation of the current fluctuation in the low-
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frequency range (DC«kHz) in the following respects. 
First the rate of data collection with the signal correlator 
is higher than that with the spectrum analyzer by a factor 
of more than 102. Second, we can compare the precision 
of the data sampling interval, r. For the signal correlator 
used in the present work, the precision of r is about 10-4 

for the frequency range of DC « 5 0 kHz. In the case of 
the spectrum analyzer, on the other hand, the corresponding 
precision can be estimated from the precision of the observed 
frequency, \Af/f\, because the \Ar/r\ = \Af/f\ relation 
holds between these two kinds of precision. The precision 
of the observed frequency is about 10 -4 at 50 kHz and about 
10"2 at 500 Hz. Thus, the signal correlator is more ap­
propriate for the observation of the current fluctuation of 
the low-frequency signal (DC«50 kHz). The characteristic 
frequency of the concentration fluctuation appears in this 
frequency range. 

The time-correlation function of the electric field of 
Rayleigh light was observed at the temperatures of 24, 37, 
and 63 °G, with a temperature constancy of ±0.5 °G. 

*-Butyl alcohol purchased from the Katayama Chemical 
Industries Co., Ltd., was used without further purification. 
Water was distilled after being passed through an ion-ex­
change resin. The binary mixture of TBA-water was made 
dust-free by the use of a Nuclepore filter with a pore size 
of 0.1 [LUI. 

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

Light Scattering Measurement and Mutual Diffusion Co­
efficient. The time-correlation function of the elec­
tric field of the Rayleigh light isotropically scattered 
from a binary solution is composed approximately 
from two exponential functions.8> One corresponds 
to the scattering due to entropy fluctuation, and the 
other, to that due to concentration fluctuation. Since 
the relaxation of the latter is slower than that of the 
former by a factor of 102, these two exponential curves 
can be identified separately. The correlation func­
tion for the concentration fluctuation is expressed as: 

<Ac(Q,t)Ac(q,0y 
= exp(-q*Dt) 

<Ac(q,oyy 

Ac(Q, t) = f(c(r, 0-<*»ei«r-Fd»r, 

(1) 

(2) 

where c(r, t) is the concentration at the point r at 
time t in the scattering volume, V, and where the 
pointed bracket represents an equilibrium ensemble 
average. Therefore, we can obtain the mutual dif­
fusion coefficient, D, from the relaxation time of the 
time correlation function, rG=.\jq2D. 

Figure 1 shows a typical example of the observed 
photocurrent-correlation function, (i(t)i(0))9 which cor­
responds to the correlation function of the scattered 
electric field. The observed correlation function was 
well expressed by a single exponential function. By 
plotting 1/TC against q2, the theoretical prediction of 
the linear dependence of 1/TC on q2 was confirmed. 
T h e mutual diffusion coefficients thus obtained are 
plotted against the mole fraction of TBA in Fig. 2. 

The mutual diffusion coefficient for a binary solu­
tion composed of A and B components, D, is expressed 
in terms of the velocity correlation function as:5) 

D = QL (3) 

Fig. 1. Typical light scattering photocurrent autocor­
relation function observed for TBA-water solution 
(*TBA = 0 .13 , 0=9.62°). 

0.15 

T̂BA 

Fig. 2. Concentration dependence of the mutual dif­
fusion coefficient for TBA-water solution at different 
temperatures. 

L = L° + (nA+nB)xAxB(V&&> + Vhh>-2V&h) 

(a=Éa', b=Éb') 

with 

Q=xAxB/N((AxA)*y 

L° = xADB + xBDA 

Fij = - i - r°<tfi«*>j(0)>d* (i, j = a, a', b, or b'), 

(4) 

(5) 

(6) 

(7) 

where v&(t) and vb(t) are the velocities of an a-th mol­
ecule of A and a b-th molecule of B respectively. xA 

and xB are the mole fraction of A and B, and nA and 
nB are the number of A and B molecules respectively. 
DA and DB are the self-diffusion coefficients of the 
A and B molecules respectively. L is called a kinetic 
diffusion coefficient. Figure 3 shows the concentra­
tion dependence of L for the water (A) and TBA(B) 
system, where Q is obtained from the observed mean-
square concentration fluctuation, 7V<(AA:A)2>, of Fig. 
4.9> 

In order to calculate the L° value, the DA and DB 

values must be observed. Figure 5 shows the ob­
served concentration dependences of DA and DB which 
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TBA 

Fig. 3. Concentration dependence of L (curves a, b, 
and c) and L° (curves a' and c'); a, a': 63 °C, b : 
37 °G, c, c': 24 °G (see Eqs. 4—6). 

0.05 O.tO 
XTBA 

0.15 

Fig. 4. Concentration dependence of the mean-square 
concentration fluctuation for TBA-water solution at 
different temperatures.2) The dashed line corresponds 
to the concentration fluctuation expected for an ideal 
binary solution. 

are found in the literature.10»11) Using these values, 
we have calculated the DA and DB values at 24 and 
63 °G according to the following procedure. The 
temperature dependences of the self-diffusion coeffi­
cients, Z)s, of pure water (0—55 °G) and TBA for a 
dilute aqueous solution (4—37 °G) have been re­
ported.12»13) The plots of In DB against \\T are ad­
equately approximated by straight lines, where T is 

2 

CM 
£ 
o 

to 
'o 

*~ —» Q 1 

. \ 

\ (a) 

V^^ (b) 

i 1 
0.05 0.15 0.10 

XTBA 

Fig. 5. Concentration dependence of the self-difFusion 
coefficients of: (a) water at 21 °C, (b) TBA at 25 °C. 

the absolute temperature. If we assume that the 
temperature dependence of the self-diffusion coefficient 
is independent of the concentration, the Ds values 
at other temperatures can be estimated from these 
linear relations. 

T h e concentration dependence of L° thus obtained 
for 24 and 63 °G are shown in Fig. 3. I t may be 
seen from the figure that (L-L°) increases with the 
increase in the temperature in the concentration range 
of 0.05 < 

•̂ TBA- This result indicates that the velocity 
correlation within the same species is larger for the 
higher temperature (see Eq. 4) . 

Analysis of Kinetic Diffusion Coefficient L. In the 
preceding report,6) we have obtained the following 
expression for the kinetic diffusion coefficient, L, for 
the system composed of the moving units of the Aiy 

B8, and gAtB types: 
L = M- xAlBHDgAlB (8a) 

and ; 
M = rxBDA + sxADB 

H = l[2g- (xB/xA) (gl- r)] - (xA/xB) (g-s) 

(8b) 

(8c) 

xAlB = (1/2/) 4KI 
xA + lxB-{(xA + lxB)2- K lxAxB}V* 

K= (nKlBIN')l(nAlIN')(nBjN') 

(8d) 

(8e) 

N' = nAl -f nAlB + »Bl, (8f) 

where DgAtB is the self-diffusion coefficient of the 
moving unit, gAtB. In that preceding report, though, 
the value of DgAtB could not be determined uniquely.6) 
In the present study, we have determined the param­
eters included in Eq. 8 in the following way. Table 
1 shows the self-diffusion coefficients of pure liquids 
and the self-diffusion coefficients at an infinite dilu­
tion. I t may be seen from the table that the ratio 
of the two diffusion coefficients corresponding to the 
two different solutes is almost the same for the three 
solvents. For example, the ratios of the self-diffusion 
coefficients of acetone and carbon tetrachloride are 
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T A B L E 1. SELF-DIFFUSION COEFFICIENTS OF A FEW ORGANIC 

SUBSTANCES AT AN INFINITE DILUTION ( 2 5 ° G ) 

Solvent 

Solute 
Acetone Benzene Carbon 

tetrachloride 

Acetone 

Benzene 

Carbon 
tetrachloride 

4 . 8 * a) 

4 .3 b ) 

3.6°) 

2.8b) 
2 . 2 * a) 

2.0d) 

1.7e) 

1.5e) 

1.4* f) 

* T h e self-diffusion coefficient value for the pure 
liquid. 
a) F. A. L. Dullien, AIChE J., 18, 62 (1972). b) J . 
Leffler and H . T . Cullinan, Ind. Eng. Chem. Fundam., 
9, 84 (1970). c) P. A. Hard t , D . K. Anderson, R . 
Ra tchbun , B. W. Mar , and A. L. Babb, J. Phys. Chem., 
63, 2059 (1959). d) J . K . Horrocks and E. McLaughl in , 
Trans. Faraday Soc, 58, 1357 (1969). e) W. Hayduk 
and S. C. Cheng, Chem. Eng. Sei., 26, 635 (1971). f) 
E. McLaughl in , Trans. Faraday Soc, 55, 28 (1959); 
Quart. Rev., 14, 236 (1960). 

a l m o s t e q u a l (1 .33 i n a c e t o n e , 1.4 in b e n z e n e , a n d 
1.21 in c a r b o n t e t r a c h l o r i d e ) . T h i s fact suggests t h a t 
t h e r a t i o of t h e self-diffusion coefficients of t w o dif­
fe ren t species coexis t ing in a c e r t a i n m e d i u m is a l m o s t 
c o n s t a n t , e v e n if t h e phys i ca l p r o p e r t i e s of t h e m e d i u m 
a r e c h a n g e d . T h u s , w e m a y a s s u m e t h a t t h e m a g ­
n i t u d e of DgAtB is p r o p o r t i o n a l to t h a t of DAr o r DBs ; 
t h a t is, 

DgAlB = DBs/kB (9a) 

o r 

DgAiB — L>AJkAt (9b) 

w h e r e kA a n d kB a r e cons t ans . O n t h e o t h e r h a n d , 
t h e DA a n d DB self-diffusion coefficients h a v e b e e n 
expressed as:6) 

DA 

DB = 

{xA — lxAlB) 
DAr + 

Ix AjB 

(xB — xAlB) 

XB 
DB,+ 

*A 

*AiB 

Dt gKiB 

D, gAiB-

(10a) 

(10b) 

By s u b s t i t u t i n g E q s . 9a a n d 9 b i n t o E q s . 10b a n d 
10a respec t ive ly , w e c a n o b t a i n t h e express ion of 
DgAtB i n t e r m s of DA a n d DB a s : 

Dt 
xB 

gAiB 

or 

Dt gAiB 

&B \XB — X&IB) + *AiB 

*A 

kA \XA — 1*AIB) + ^ A j B 

DB 

DA. 

(11a) 

( l i b ) 

By s u b s t i t u t i n g E q . 11a o r l i b i n t o E q . 8 a ; w e c a n 
c a l c u l a t e L b y t h e use of DA a n d DB. I n o r d e r to 
o b t a i n t h e p a r a m e t e r s , K, I, r, s, q, a n d kA (or kB), 
t h e l eas t - squares m e t h o d w a s used.1 4) T h e r e is n o 
s t r o n g r e a s o n for h a v i n g w h i c h e q u a t i o n , E q . 9 a o r 
9 b , is m o r e a p p r o p r i a t e . H o w e v e r , t h e b e t t e r fit b e ­
t w e e n t h e obse rved a n d t h e t h e o r e t i c a l va lues for t h e 
c o n c e n t r a t i o n d e p e n d e n c e s of L c o u l d b e o b t a i n e d 
w h e n w e e m p l o y e d E q . 9a . 

F i g u r e 6 shows t h e c o n c e n t r a t i o n d e p e n d e n c e s of 
t h e obse rved (dots) a n d t h e c a l c u l a t e d (solid l ine) 

TBA 

Fig. 6. T h e observed L values ( ) and the best 
fit curve ( ) calculated from Eqs. 8 and 11a: 
(a) 63 °C, (b) 24 °C. 

L v a lues . F o r 2 4 °G, t h e best-fit p a r a m e t e r s a r e : 
X = 3 9 . 0 ± 7 . 7 , / = 11.1 ± 0 . 3 , r = 6 . 0 ± 0 . 8 , ^ = 4 . 0 ± 1 . 2 , 
£ = 0 . 9 ± 0 . 0 3 , a n d £ B = 2 . 1 ± 1 . 5 . T h e s e resul ts show 
t h a t t h e m o v i n g un i t s of t h e ( H 2 0 ) n T B A , ( H 2 0 ) 6 , 
a n d ( T B A ) 4 types coexis t in t h e c o n c e n t r a t i o n r a n g e 
of 0 < * T B A < 0 . 1 a t 2 4 °G. F o r 63 °G, t h e best-fit 
p a r a m e t e r s a r e # = 5 1 . 0 + 7 . 1 , / = 2 0 . 2 ± 0 . 6 , r = 9 . 7 ± 
1.8, ^ = 1 5 . 6 ± 2 . 3 , £ = 0 . 8 ± 0 . 0 3 , a n d £ B = 0 . 3 ± 0 . 0 9 . 
T h e s e resul ts i n d i c a t e t h e coexis tence of t h e m o v i n g 
un i t s of t h e ( H 2 O ) 2 0 T B A , ( H 2 O ) 1 0 , a n d ( T B A ) 1 6 types 
a t 63 °G. T h e v a l u e of kB a t 63 °G is m u c h smal le r 
t h a n t h a t a t 24 °G. T h i s resu l t seems q u i t e r e a s o n a b l e , 
b e c a u s e these r e l a t i ons h o l d ; 

D 
1 

( H 2 0 ) n T B A -z> (TBA) 4 

a n d 

^ ( H 2 O ) 2 0 T B A — 3-D (TBA) 16-

A self-diffusion coefficient s h o u l d inc rease w i t h t h e 
d e c r e a s e in a m o l e c u l a r w e i g h t . 

Life-time of Local Structure and Mixing State of TBA-
Water Solution. I n t h e s t u d y of t h e m e a n - s q u a r e 
c o n c e n t r a t i o n fluctuation for t h e T B A - w a t e r system, 
t h e ex is tence of loca l s t r u c t u r e of t h e g [ ( H 2 0 ) j T B A ] , 
( H 2 0 ) r , a n d ( T B A ) S types ha s b e e n sugges ted . I n 
o r d e r to c o m p a r e this resu l t ( local s t ruc tu re ) w i t h 
t h e p r e s e n t resu l t ( m o v i n g u n i t ) , t h e va lues of g, /, 
a n d s a r e s u m m a r i z e d in T a b l e 2 . He rea f t e r , g, I, 
r, a n d s wi l l refer to t h e p a r a m e t e r s r e l a t e d w i t h t h e 
loca l s t r u c t u r e , w h i l e g d , Zd, rd , a n d ^d wi l l refer to t h e 
c o r r e s p o n d i n g p a r a m e t e r s r e l a t e d w i t h t h e m o v i n g 
u n i t . 

I n t h e p r e c e d i n g repor t , 6 ) t h e g d v a l u e w a s found 
to b e 2 — 4 a t 2 4 °G w h e n t h e /d v a l u e w a s fixed a t 
20 . Based u p o n this resu l t , w e cons ide red t h a t t h e 
loca l s t r u c t u r e o b t a i n e d f rom t h e m e a n - s q u a r e con­
c e n t r a t i o n fluctuation s t u d y c a n also b e a m o v i n g 
u n i t . H o w e v e r , t h e e s t i m a t i o n of t h e g d v a l u e cor­
r e s p o n d i n g to a n /d v a l u e o t h e r t h a n 20 h a s n o t b e e n 
d o n e . I n t h e p r e s e n t s t udy , t h e p a r a m e t e r va lues 
h a v e b e e n d e t e r m i n e d u n i q u e l y w i t h o u t fixing t h e 
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T A B L E 2. T H E PARAMETER VALUES WHICH CHARACTERIZE 

THE SIZES OF THE LOCAL STRUCTURES AND 

THE MOVING UNITS 

Moving unit: 

r / ° c /d £d 5d 

24 11 1 3—5 
63 19—21 1 13—18 

Local structure (data from Ref. 2) : 

T/°G I _ . __, s 
x<xs xs<x 

24 15—19 2—3 4—8 4 -
63 21—25 2—3 12—22 2 -

-16 
-20 

r d 

5—7 
8—11 

rb> 

— 

a) * s=0.05 (mole fraction of TBA). b) The r-value 
could not be determined uniquely, for the iV<((A*)2) 
value was insensitive to the r-value (see Ref. 2). 

lA value. Therefore, we will be discuss about the 
moving unit in more detail in comparison with the 
local structure. 

The number ratios of TBA to water molecules 
which form a moving unit, gd[(H20)j<iTBA], are 1:11 
and 1:20 at 24 and 63 °G respectively. I t has been 
known that TBA molecules form a solid clathrate 
hydrate of the "17 hydra te" structure with water 
molecules.3^ In this solid clathrate hydrate, the water 
molecules form polyhedra, each of which encages a 
guest molecule. As the number ratio of TBA to 
water molecules in the moving unit is colse to that 
in the solid clathrate hydrate (1:17) , the moving unit 
is considered to have a polyhedron-like structure. 

I t can also be seen from Table 2 that the gd and 
Zd value are smaller than the g and / values respec­
tively. This difference may be explained as follows. 
A moving unit is defined as a group of molecules 
which move together for a time much longer than 
the velocity-correlation time (10 - 1 3 —10 - 1 2 s), while a 
local structure is defined as an averaged local con­
figuration of molecules, without considering its life­
time. If the life-time of the local structure of the 
g [ (H 2 0) jTBA] type is as long as that of the moving 
unit, the gd and Zd values should be equal to the g 
and / values respectively. As gd and Zd are different 
from g and /, we can conclude that the life-time of 
the local structure of the g [ (H 2 0) jTBA] type is shorter 
than that of the moving unit of the (H20)j<iTBA. 
In other words, the moving unit is relatively stable. 
As the gd value is about 1 in the concentration range 
of 0 < # T B A < 0 . 1 , the local structure determined from 
the mean-square concentration fluctuation study (i e., 
g[(H 2 0) jTBA]) can be an aggregate of the moving 
units of the (H20)£«iTBA type. The difference be­
tween the local structure and the moving unit has 
already been pointed out in a previous study of the 
methanol-carbon tetrachloride system and of the 
ethanol-carbon tetrachloride system.5) 

Now we can answer the question raised in the 
introductory paragraph. The above results show that 
the translational motions of the polyhedra which form 
a local structure, ^ [ ( H 2 0 ) t T B A ] , are mutually inde­

pendent. If an "associated polyhedron" is formed in 
the solution, the motions of the component polyhedra 
may be considered to be mutually correlated, be­
cause the polyhedra share their faces with each other. 
Thus, the "aggregated polyhedron" is the more ap­
propriate picture for the mixing state of the T B A -
water solution. 

T h e above conclusion is schematically visualized in 
Fig. 7. In the concentration range of 0<* T B A <0 .05 , 
the water molecules form a polyhedron which encages 
a TBA molecule and the aggregate of a few polyhedra 
is dispersed in water. In the concentration range of 
0 .05<# T B A <0.1 , the aggregate of 4—8 polyhedra is 
dispersed in TBA. T h e aggregate of the polyhedra 
grow larger with the increase in the number of the 
moving units, (H20){<iTBA, formed in the solution. 

Fig. 7. Mixing state of TBA-water solution for: (a) 
*TBA^0 .02 , (b) *TBA~0.09 (schematic) at 24 °G. 
( • ) and (# ) represent a water and a TBA molecule, 
respectively. 
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Fig. 8. Mixing state of TBA-water solution for: (a) 
*TBA^0 .02 , (b) *TBA~0.09 (schematic) at 63 °G. 
(# ) and (#) represent a water and a TBA molecule, 
respectively. 

Temperature Effect on Mixing State. Next we will 
discuss the temperature effect on the mixing state of 
the TBA-water solution. As can be seen from Table 
2, the g and / values increase with the increase of the 
temperature from 24 °G to 63 °G. T h e simultaneous 
increase in g and / brings about rapid increase in 
the total number of molecules which take par t in 
the formation of the local structure of the g [ ( H 2 0 ) j -
TBA] type. The increase in the / value shows that 
the number ratio of water to TBA molecules increases 
with the increase in the temperature. I t can also 
be seen from Table 2 that the /d value increases with 
the increase in the temperature, indicating that the 
polyhedron formed by water molecules becomes larger 
with an increasing temperature. I t is important to 
emphasize that the gd value is about 1 at both 24 °G 

and 63 °G, indicating that the moving unit of the 
(H 2 0) i dTBA type is a relatively stable unit and that 
these moving units gather together to form a local 
structure. These situations are visualized in Fig. 8, 
where the state of mixing at 63 °G is schematically 
drawn. When we drew Figs. 7 and 8, paying par­
ticular attention to the magnitudes of XA^BJXB and 
PxAtdB/xA, which can be calucluated from Eq. 8d. 
T h e former is the number ratio of the moving unit, 
(H20)jdTBA5 to all the TBA molecules in the system. 
T h e latter is the number ratio of the water molecules 
which take part in the formation of the moving unit, 
(HaO) idTBA, to all the water molecules in the sys­
tem. In Figs. 7 and 8, arrows are attached to moving 
units in order to demonstrate that these units can 
move independently of one another. 

In our previous report,2) we suggested the existence 
of a pseudo-critical point for this system. If we com­
pare Fig. 7 with Fig. 8, we can see that the state of 
mixing at 63 °G (0.05<#T B A<0.1) is very near to 
the phase separation into two phases: a water-rich 
phase and a TBA-rich phase. Moreover, all the water 
molecules in the water-rich phase may be expected 
to take par t in the formation of polyhedra. Though 
the phase separation has not been observed at at­
mospheric pressure for this system, we will probably 
be able to see this sort of phase separation if we can 
elevate the temperature of this system under high 
pressure. 
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Thermodynamic properties of boehmite in alkaline pH range are determined by applying the extended 
Debye-Hückel theory to its solubility data in NaOH solutions. When log(K8/a$), where Ks=mHmA1 and aw is 
the activity of the water in NaOH solutions, is plotted against a Debye-Hückel function of ionic strength (/), 
/i/2/(i_|_j5tfli/i/2)j a t a given temperature, the curve approaches gradually the theoretical Debye-Hückel lim­
iting slope (2At) with decrease in the ionic strength, and at high ionic strength it deviates positively from the 
straight line. Under the assumption of the same ionic size parameters for OH~ and Al(OH)4~ ions, the ionic so­
lubility product, K°s=aKaAi/al, for boehmite is given by following equations in the temperature range from 80 
to 250 °G: log # ° = -2663/7*-5.71 (Case 1) or log K°8 = - 2764 /T-5 .45 (Case 2). From a comparison of the 
temperature dependences of K°s for boehmite and gibbsite, a transition temperature between the two alumina 
hydrates was calculated to be 60±3 °G. 

Thermodynamics of A l 2 0 3 - N a 2 0 - H 2 0 system is 
very important not only for alumina production by 
the Bayer process, but also for understanding cor­
rosion and passivation of aluminium in water and 
aqueous geochemistry of aluminous minerals.2-8) In 
the previous paper,1) based on the Debye-Hückel 
theory, a more reasonable method was presented in 
order to determine thermodynamic properties of alumi­
na hydrates from their solubility data, and was ap­
plied to the solubility data of gibbsite, one of alumina 
trihydrates, in N a O H solutions with success. 

T h e purpose of this paper is to evaluate several 
thermodynamic properties of boehmite, one of alumi­
na monohydrates, by applying the similar procedure 
to solubility data of boehmite in N a O H solutions 
at temperatures up to 300 °C.2>9) This problem may 
be also interesting as a study on the thermodynamics 
and the Debye-Hückel theory of high temperature 
aqueous solutions.10»11) 

Theoret ica l 

One can express a dissolution process of alumina 
monohydrate and the dissociation of water as follows : 

AlOOH(s) + 2HaO(l) = Al(OH)7(l) + H+(l), (1) 

Kl = ÖAIÖHK = Ks7\K, (2) 

H20(1) = H+(l) -I- OH-( l ) , (3) 

Kl = ÛHOOH/ÛW = Kwyl/aw, (4) 

where Ks=mA1mK, K^=mnmon, mi the molality of 
species i, yl=yAiy^ 71=7KÏOB> a n d a

T
 t h e activity 

of the water in the molar fraction unit. From Eqs. 
2 and 4 we can derive a general equation for the alumi­
na monohydrate, introducing a new function, / (7), of 
ionic strength (I) : 

/ ( / ) = log (mA1/m0H) + log W « w ) 

= logiC: + 21og( y i / y i) . (5) 
I t should be noted that, in the case of the monohy­
drate, / ( / ) involves a term of aw, differing from the 
case of the trihydrate. Evaluation of the aw values 
at a given temperature and pressure of sodium alumi-
nate and hydroxide solutions, therefore, become much 
important together with the solubility data. Russell 
et al. have used the aw values of corresponding N a O H 

solutions at 25 °G for the sodium alumina te and hy­
droxide solutions up to 170 °G without any correc­
tion.2) Dibrov et al. studied in detail the saturated 
vapor pressure exerted by the sodium aluminate and 
hydroxide solutions in the wide range of temperatures 
and concentrations.12) In this paper, the aw values 
at a given temperature and concentration were cal­
culated by using the vapor pressure data by Dibrov 
and virial coefficients, B ' and C of H a O(g) by Kell,13) 
that is, 

<h,=filfo = yTiPilyZPo, (6) 
RT In (yi/Pi) - RT In y\ = BT, + CT I (7) 

where fL and y I are the fugacity and activity coef­
ficient of H a O(g) , respectively, and a subscript " o " 
means the pure water. 

Figure 1 gives the relationships between f(I) and 
I obtained from Eq. 5, using the solubility data of 
boehmite reported by Russell (80—170 °G)2) and 
Bernshtein (250 and 300 °G),9) and the aw values 
calculated by Eqs. 6 and 7. The Kl values were 
quoted from Refs. 14 and 15. 

O n the other hand, using the following extended 

Ionic Strength ( I ) 

Fig. 1. Relationships between / ( / ) and ionic strength 
(I) according to Eq. 5 at temperatures from 130 to 
300 °G. 
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Debye-Hückel equation, 

log Yi = -AJV%1 +BtaiP/*) - cxI - dxI\ (8) 

the function, / ( / ) , can be expressed by 

/ ( / ) = logiC^ + 2^ t/V»[l/(l+5 tfl1/V») 

- 1/(1 +Bta2lV*)] +CI+ DP, (-9) 

where At is the theoretical Debye-Hückel limiting 
slope, and Bt, av clt diy C=2(c1—c2) and D=2(d1~ 
d2) are adjustable parameters. T h e problem is to 
decide the five parameters in Eq. 9 to get the best 
fit for the data given in Fig. 1. 

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

The Case of the Same Ionic Size Parameters. Set­
ting up the same ionic size parameters, that is, ax = 
a2, as did May8> and Smith,16) Eq. 9 can be simpli­
fied into a following equation; 

/(/) =logKl+CI+DP. (10) 

Table 1 gives the values of log Kl, C, and D obtained 
by the least squares method for Eq. 10 in the whole 
range of ionic strengths (Case 1 ). Moreover, as being 
obvious from Fig. 1, there are good linear relationships 
between f{I) and the ionic strength in the range of 
low ionic strengths below ca. 10, i.e., 

/ ( / ) =logK°B +CI. (11) 

Table 1 also gives the values of log KI and C for Eq. 

Temp/ °C 
300 250 

11 (Case 2). 
Figures 2 and 3 show variations of log Kl with the 

temperature in the case of 1 and 2, respectively. 
We can observe linear relationships between log Kl 
and \jT in the range of temperature from 80 to 250 
°G, which are given by following equations: 

log Kl = -2663/T - 5.71 (Case 1), (12) 

log Kl = - 2 7 6 4 / r - 5.45 (Case 2). (13) 

According to Eq. 12 or 13, the value of log Kl at 
25 °G becomes —14.65 or —14.73, being a little larger 
than that for gibbsite, —15.18.1) From the values 
of log Kl at 25 °G for gibbsite and boehmite, the 
standard Gibbs free energy of following reactions can 
be calculated as follows: 

Al(OH)8 + H 2 0 = Al(OH)7 + H+, 

AG2°98 = 86.61 kj, (14) 

AlOOH + 2H 2 0 = Al(OH); + H+, 

AGS« = 83.82 ± 0.23 kj. (15) 

From the above two equations, 

Al(OH)3 = AlOOH + H 2 0 , 

AG£8 = 2.79 ± 0.23 kj. (16) 

This means that gibbsite is more thermodynamically 

-10 

Temp / °C 
300 250 170 130 100 80 

Fig. 2. Temperature dependences of log K°e 

logK°r from 80 to 300 °G for the Case 1. 
and Fig. 3. Temperature dependences of log K° 

log K° from 80 to 300 °G for the Case 2. 
and 

TABLE 1. TEMPERATURE DEPENDENCES OF K°S, K°, C, AND D 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

Temp 
°G 

80 
100 
120 
130 
150 
170 
250 
300 

logic: 

- 1 3 . 3 0 
- 1 2 . 7 6 
- 1 2 . 4 9 
- 1 2 . 3 4 
- 1 1 . 9 9 
- 1 1 . 7 3 
- 1 0 . 8 0 
- 1 0 . 5 1 

Case 

CxlO 2 

1.32 
1.43 
8.34 
8.41 
7.81 
9.23 
6.50 
4.53 

1 

Z)xl0 3 

5.61 
3.24 

- 5 . 3 5 
- 0 . 0 5 

0.00 
- 1 . 1 9 
- 0 . 8 1 
- 0 . 1 2 

logiC? 

- 0 . 7 1 
- 0 . 5 2 
- 0 . 5 3 
- 0 . 5 0 
- 0 . 3 6 
- 0 . 2 7 

0.24 
0.53 

logics 

- 1 3 . 3 5 
- 1 2 . 7 9 
- 1 2 . 4 4 
- 1 2 . 3 4 
- 1 1 . 9 9 
- 1 1 . 6 8 
- 1 0 . 7 5 
- 1 0 . 5 3 

Case 2 

CxlO 2 

4.78 
3.35 
4.99 
8.47 
7.82 
7.27 
4.95 
4.98 

logiC° 

- 0 . 7 6 
- 0 . 5 4 
- 0 . 4 8 
- 0 . 5 0 
- 0 . 3 6 
- 0 . 2 2 

0.30 
0.51 



September, 1981] Thermodynamic Properties of Boehmite in NaOH Solutions 2581 

stable than boehmite at 25 °G and 1 atm. From a 
comparison of the temperature dependences of K°a 

for gibbsite and boehmite, a transition temperature 
between the two alumina hydrates was found to be 
6 0 ± 3 ° C . Based on the AG? value of —915.0 k j / 
mol selected as a standard Gibbs free energy of for­
mation for boehmite by Parks,5) AG? value for Al-
(OH)~ 4 ion was obtained to be —1305.6 kj/mol, 
which agrees well with the value of —1302.5 kj/mol 
obtained in the case of gibbsite. A heat of Reaction 
1 is equal to be 51.9+0.8 k j between 80 and 250 
°G, using Eqs. 12 and 13. 

For a reaction of boehmite with O H - ion, 

AlOOH(s) + OH-( l ) + H20(1) = Al(OH)i(l) (17 

K°r — aA1/a0Haw (18) 

using Eqs. 2 and 4, K°t is given by 

K°t = KljKl. (19) 

Table 1, and Figs. 2 and 3 also show the values of 
log K° at various temperatures. They can be ex­
pressed approximately as a function of the tempera­
ture as follows; 

logtf? = 2217/r + 17.32 log T - 51.10 (Case 1), (20) 
\o%K° = 1066/r + 11.58 log r - 33.24 (Case 2). (21) 

I t should be noted that the values of C, which usually 
reflect interactions between ions and solvent, have 
the magnitude of nearly 0.05 commonly for boehmite 
and gibbsite1) in a wide temperature range. 

The Case of Different Ionic Size Parameters. In 
order to evaluate an effect of difference in the ionic 
size parameters, ax and a2, on magnitudes of Kl, we 
assumed conveniently c2=0 and d2=0 for the dis­
sociation of water as well as did in the previous paper.1) 
Then, from Eqs. 4 and 8, 

log (Kw/aw) - logKl + 2AtIV*/(l +Bta2P/*) (22) 

using Ks=mHmA1=Kyr(mAJm0K) and Eq. 22, 

log (KJal) = log (K$/aw) + log (mAl/mou) 

+ 2AtlV*l(l+Bta2P/*). (23) 

At a given temperature, Kl, At, and Bt are constant, 
and so the values of log (KJal) depend upon (mA1j 
m0H), ÖW, a2, and / . Figure 4 gives plots of \og(Ksj 
al) and /V 2 / ( l + 1.59/V2) at 150 °G with a 1 = 4 . 5 Â 
and various values of a2 from 3.5 to 6.0 Â. I t is ob­
vious from Fig. 4 that the values of log (KJal) and 
log K % increase with decrease in the a2 value. 

O n the other hand, from Eqs. 2 and 8, 

log (KJal) = log*» 4- 2 A / V 7 ( 1 + i W 1 ' 2 ) 

4- 2cJ + 2dxP. (24) 

Figure 4 also shows that the curves approach grad­
ually the theoretical slope, 2 ^ t = 1 . 3 8 , as the ionic 
strength decreases, and deviate positively from the 
straight line in the range of high ionic strength owing 
to the last two terms in Eq. 24. The similar tendency 
was observed at different temperatures up to 300 °G, 
for example, as shown in Fig. 5. Furthermore, such 
behaviors are consistent with those of gibbsite in N a O H 
solutions. Therefore, plots of log {KJal) vs. I1/2l(l + 
B^a-J1^) consist of the straight line in low / range 
and the positive deviation in high I range, and the 

0A5 0.50 

/ Ï70+1.59VT) 
0.55 

Fig. 4. Plots of \og(KJal) vs. I*/*/(l + 1.59P/*) at vari­
ous values of a2 in the case of a1=4.5 Â and 150 °C. 

-9.5 

-1QO-

2° -10.5r-

o 
— -11.0 

-11.5h 

Boehmite 

0.40 0.45 0.50 0.55 

JTl{1*BftJT) 

Fig. 5. Plots of \og(KJal) vs. 71/2/(l+jß t f l l/i/2) a t t e m . 
peratures of 130, 150, and 170 °C in the case of ax— 
4.5 Â and a 2=5.0Â. A value of Bxax is equal to 
1.57, 1.59, and 1.61 at 130, 150, and 170 °C, respec­
tively. 

latter may be attributed to the formation of complex 
ion(s) such as A l 2 0 ( O H ) 6

2 ~ and/or the dehydration 
of A l ( O H ) 4 - to A 1 0 ( O H ) 2 - and A102~ ions.12) I t 
should be noted that the sodium aluminate and hy­
droxide solutions show the same behavior according 
to the extended Debye-Hückel expression in the wide 
range of temperatures from 40 to 300 °G for the both 
solid phases of gibbsite and boehmite. 
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Pressure and Temperature Dependence of NMR Spin-lattice 
Relaxation in Plastic 2,2-Dimethylpropanoic Acid 

Tooru H A S E B E , * ' Ï (the late) Gen SODA, and Hideaki CHIHARA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka 560 
(Received February 23, 1981) 

Proton spin-lattice relaxation time 7i of 2,2-dimethylpropanoic acid in its plastic phase was measured at 
10 MHz up to 120 MPa between 268 K and 330 K. A minimum in 7^ appears in the low-pressure region which 
is due to overall reorientation of molecules. The Tx minimum value decreases as the pressure increases in a way 
different from simple-minded prediction. The activation volume, 25 ± 3 cm3 mol -1, is twice as large as in other 
plastic crystals when normalized by the molar volume. The pressure dependence of the activation enthalpy 
is also about twice as large. These can be rationalized by considering associated dimers as the reorienting unit. 
The phase diagram is given and the volume changes associated with the transition and with the fusion were de­
rived (15.6 and 5.86 cm3/mol of dimer). 

2,2-Dimethylpropanoic acid (CH3)3CCC)C)H has 
been investigated by various techniques1-16) because 
it is a unique plastic crystal having a very small en­
tropy of fusion 6 . 5 J K - 1 m o l - 1 (309.7 K) in spite of 
the molecular polarity. 

The N M R studies established the nature of the 
spin-lattice relaxation in solid as well as in liquid 
state. Thus , in the low-temperature brittle phase both 
methyl and t-butyl reorientations are responsible for 
the 7 \ minimum, in the high-temperature plastic 
phase the overall molecular tumbling governs Tl9 and 
in the liquid phase the self-diffusion is the dominant 
relaxation mechanism. 

Since our previous analysis7) of Tx results in the 
plastic phase was not correct, we decided to carry 
out additional experiments, particularly about the ef­
fect of external pressure on 7 \ in the plastic phase. 
The present paper reports such experimental results 
and proposes that the dynamical unit for molecular 
tumbling is probably an associated dimer. 

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

Material and Tt Measurements. 2,2-Dimethylpropanoic 
acid (reagent grade) from Tokyo Kasei Kogyo Co., Ltd. 
was subjected to dehydration using Molecular Sieve 4A, 
vacuum distillation, and degassing by repeated freeze-pump-
thaw cycles and then transferred into the pressure vessel 
via a specially designed adapter which will be described. 

Proton spin-lattice relaxation time was measured using 
jz-T-n/2 pulse sequences with an operating frequency of 
10.0 MHz. The working pressure and temperature ranges 
over which Tx was measured were between the saturated 
vapor pressure of the sample and 120 MPa and between 
268 K and 330 K, respectively. 

Pressure Vessel and Its Operation. Figure 1 is a schematic 
drawing of the high-pressure NMR vessel (hereafter referred 
to as the vessel). The vessel was machined from non-mag­
netic beryllium-copper alloy (Gu 97.57%, Be 1.86%, Go 
0.27%, Fe 0.16%, and Ni 0.01%) and was annealed at 
570 K for three hours after machining. The ratio of the 
outside to the inside diameter was nowhere less than 1.9. 
Hermetic closure of electrical leads was made by using phos­
phor bronze of cone shape (Fig. IB) insulated from the body 
of the vessel with Epoxy putty XD 580 (Japan Giba-Geigy 

t Present address: Department of Chemistry, Faculty 
of Education, Fukushima University, Matsukawa-machi, 
Fukushima 960-12. 

Go.). At other places (j, k, and 1 for the lead-wire housing 
and e and f for the piston), three washers of Teflon, Be-Gu 
alloy, and lead metal were used in turn from inside to out­
side to secure pressure-tightness. 

The working pressure gauge was a length of manganin 
wire (B. S. #38) wound round a Teflon bobbin (q) and 
annealed at 390 K for 17 h in vacuo. The gauge was cal­
ibrated against the standard Heise gauge up to 200 MPa 
at the High Pressure Laboratory, Faculty of Engineering 
Science, Osaka University after several cycles of pressurizing 
and releasing. The gauge reading was reversible above 100 
MPa but showed a small hysteresis effect at lower pres­
sures. The temperature dependence of the electrical re­
sistance was also measured at 0.1 MPa; at other pressures 

Fig. 1. Pressure vessel. 
a: Be-Gu piston plunger, b : Be-Gu clamp, c: un­
supported area, d : Be-Gu supporter, e : Be-Gu washer, 
f: Teflon washer, g: Be-Gu piston, h: heater, i: Be-
Gu extractor ring, j : Teflon washer, k : Be-Gu washer, 
1: Pb washer, m: epoxy resin, n: lead-wire, o: Gu rf 
lead-wire, p : Gu lead-wire for manganin gauge, q: 
manganin gauge, r : rf coil, s : Teflon seal, t : sample 
space, u: electric ground terminal, v: rf lead-wire, 
w: lead-wire for manganin gauge, x: epoxy putty, 
All dimensions are given in millimeters. 
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— FROM 
VACUUM LINE 

Fig. 2. Pressure vessel and adapter. 
a: Brass stopper, b and c: co-axial stainless steel 
supporter for piston, d: Kovar seal, e: piston, f: 
brass connector; g: pressure vessel, h—j: fluoro-
rubber O-ring. 

we used the pressure coefficient values reported by Wang.17) 
The overall uncertainty of the pressure values in the present 
study was estimated as ±1.4 MPa. 

The temperature of the specimen was controlled by non-
inductive winding of KARMA heater (h) (B. S. #36, Driver 
Harris Go.) and cold nitrogen stream evaporated from the 
bottom of the Dewar flask in which the vessel was placed. 
The electrical current through the heater was controlled 
automatically with a Ghromel-P/Gonstantan thermocouple 
attached to the outer surface of the vessel as the temperature 
sensor. 

Figure 2 shows the connecting device for distilling the 
specimen from outside into the vessel. The plunger and 
the screwed cap (a and b of Fig. 1A) were removed from 
the top of the vessel and then the body was attached to the 
connecting device from below (g of Fig. 2). The plug was 
pulled up with movable supporters b and c to connect the 
inside of the vessel to the outside vacuum/purification line. 
The system was made vacuum-tight with a number of fluoride 
rubber O rings as shown in Fig. 2. When distillation of the 
specimen is over, the piston (e) was dropped into the vessel 
using the rods a, b, and c, the vessel was taken off the con­
necting device, and piston/plunger was pressed and clamped. 
Because the plastic phase of 2,2-dimethylpropanoic acid 
is extremely soft for a crystal, we may safely assume that the 
pressure applied is hydrostatic. 

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

Spin-lattice Relaxation Time. T h e results of ex­
perimental determination of Tx under various pres­
sures are given in Fig. 3. The upper and lower bounds 
of the existence of the plastic phase of 2,2-dimethyl­
propanoic acid are indicated by vertical broken lines. 
The curves in Fig. 3 do not correspond to the results 
of a continuous run under a given pressure, except 
the one at the saturated vapor pressure of the speci­
men, because the pressure inside the vessel changed 
when the specimen temperature changed. Therefore, 

300 

200 

150 

(A 

£ 100 

50 

_j , p . 

saturated 
° vapor pressure.) 
A W MPa. 

• 30 MPa 

A 60 MPa 

o 100 MPa 

3.0 3.8 3.4 

Fig. 3. Temperature dependence of Tx at various pres­

sures. 

the primary results were rearranged to show, in Fig. 
3, the temperature dependence of 7 \ under a con­
stant pressure. I t is seen that the plastic phase is 
readily undercooled down to about 269 K ( 1 / T= 
3.72 X 10~3 K _ 1 ) , some 10 K below the transition point, 
giving smooth extrapolation of the Tx curve under 
the ordinary pressure. 

There is a distinct minimum of 7 \ in the plastic 
phase which has been substantiated as caused by 
reorientational motion of molecules.6»7»13) The relax­
ation rate T'1~

1 can be expressed in terms of the 
correlation time T and the part of second moment 
M2 modulated by such molecular motion;18) 

7Y1 - C[{COT/(1+CO2T2)} + {4COT/(1+4CO2T2)}], (1) 

where 

C = (2/3) 7
2{M2 (intra) + Monte r )} , (2) 

and y is the gyromagnetic ratio of the proton. The 
7 \ minimum tends to move to higher temperatures 
as the pressure is increased although more slowly 
than the movement of the phase boundaries. Also 
the minimum value of 7 \ decreases as the pressure 
is increased. This indicates that M2, particularly M2-
(inter), increases its magnitude upon compression. In 
the case of fast isotropic reorientation of molecules, 
M2(inter), for the fee lattice is given by 

M2(inter) = 4.14 x 10~2 N0 a~\ (3) 

where N0 is the number of protons per molecule and 
a is the lattice constant in the units of nanometer. 
Since M2 (inter) depends on the inverse sixth power 
of intermolecular proton-proton distances, we would 
expect that 7 \ - 1 (max) changes linearly with the in­
verse square of the crystal volume. Thus, 7 \ - 1 (max) 
is plotted against ( F 0 / F ) 2 in Fig. 4, where V0 is the 
crystal volume at the saturated vapor pressure. The 
volume at other pressures were determined from the 
distance of travel of the piston plunger into the pres­
sure vessel by compression. The compression was ap-
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T A B L E 1. T H E ENTHALPY OF ACTIVATION AH*, T0 , T'1(min), AND ITS TEMPERATURE AT DIFFERENT PRESSURES 

P / M P a AH*/kJ mol- To/10 ^ T^minjjms r / K at r ^min ) 

Saturated vapor pressure 
10 
20 
30 
40 
50 

32 .8+2 .0 
33 .0+2 .7 
33 .4+1 .2 
35 .7+1 .3 
37 .8±3 .0 
38 .7±1 .7 

1.1 + 1 . 0 
1.2 + 1 . 0 
1.1 + 1 . 0 
0 .48+0.30 
0 .22±0.15 
0 .17+0.08 

82 .0+1 .0 
77.1 + 1.9 
73 .0±2 .2 
71 .6+1 .4 
6 9 . 8 + 1 . 8 
6 9 . 1 ± 2 . 4 

289.4 
290.7 
292.0 
294.6 
296.3 
297.6 

Fig. 4. T'1
_1(max) against the square of reduced crystal 

volume, V0/V. 

parently linear in the pressure increase within the 
experimental error and it was approximately describ­
ed by a constant isothermal compressibility (8+2) X 
10~4 M P a - 1 . I t is seen that 7 \ _ 1 (max) is not linear 
in {VQ/V)2 contrary to expectation. T h e reason is 
not apparent at present although it is possible that 
the pressure range studied was not wide enough to 
cause such a significant volume change that a very 
meaningful analysis could be made. 

The Tx curves in Fig. 3 were fitted to Eq. 1 assum­
ing the Arrhenius type of activation process 

r = T0exp(AG*/i2r), (4) 

where AG*, the Gibbs energy of activation, is de­
fined by 

AG* = AH* - TAS*. (5) 

Since the volume of activation AV* is given by 

AV* = (dAG*/dP)T, (6) 

values of r derived from the curve fitting may be used 
to obtain AV* and AH* through the relations, 

AV* = RT(d In r/dP)T, (7) 

and 

AH* = R{d In r/d(l/T)}P. (8) 

The value of AV* thus derived was 25 + 3 cm3 m o l - 1 

between 290 K and 305 K. The magnitude of un­
certainty attached to this derived quanti ty did not 
permit determination of its dependence on tempera­
ture. 
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Fig. 5. The correlation time of the overall molecular 
reorientation at the melting points under different 
pressures. 

T h e ratio of the volume of activation to the molar 
volume, AV*jVm, is 0 .24±0.03, considerably larger 
than for other plastic crystals. Thus , in the case 
of 2-methyl-2-nitropropane, it is 0.07.19) In fact, 
values between 0.04 and 0.08 are more common for 
this quanti ty if AV* corresponds to activation of 
molecular reorientation. Now, if one considers that 
the plastic phase of 2,2-dimethylpropanoic acid con­
sists of dimeric units in which the two acid molecules 
are associated with a pair of hydrogen bonds, the 
ratio AV*]Vm to be compared would be 0.12 rather 
than 0.24. However, this value is larger yet than 
the values for overall molecular reorientation in other 
plastic organic materials; e.g. in cases20-21) of nor-
bornane, cyclohexane, and 2,2,3,3-tetramethylbutane, 
they are 0.04, 0.07, and 0.07—0.09, respectively. 

T h e activation enthalpy, AH*, and the value of 
r0 for the overall molecular reorientation under some 
typical pressure conditions are listed in Table 1. The 
value of AH* is also much larger than other typical 
plastic crystals; even a molecule as large as adamant-
ane has a value of only 15 k j mol -1 .22) T h e AH* 
exhibits a pressure dependence with the best slope 
0.13 k j M P a - 1 m o l - 1 between the saturated vapor pres­
sure of the sample and 50MPa. T h e slope is also 
very much larger than the case of adamantane (0.0069 
k j M P a - 1 mol- 1 ) . 

Figure 5 shows the correlation time, T, of the overall 
molecular reorientation at the melting points under 
different pressures. In contrast to the behavior of 
the correlation time for self-diffusion, which assumes 
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Fig. 6. Phase diagram of 2,2-dimethylpropanoic acid. 

an almost constant value at melting points, the cor­
relation time for reorientation decreases as the melting 
occurs at higher temperatures. This suggests the re-
orientational motion is not the direct trigger of the 
fusion phenomenon. 

T o summarize this subsection, the characteristic 
quantities, i.e. the volume and the enthalpy, of ac­
tivation for overall molecular reorientation are about 
twice as large as those for other typical plastic crys­
tals. However, these magnitude can be rationalized 
if one takes a dimer as the dynamical unit of motion. 
The molecule would then be not very spherical in 
shape, which fact explains why T± minima can be 
observed in the temperature region in which the plas­
tic phase exists. This fact also corresponds to much 
longer correlation time in the plastic solid at its melting 
points. 

Phase Diagram. Figure 6 is the phase diagram 
obtained by determining the temperature of phase 
changes from the jumps of the 7 \ values. The 
average slopes of the boundary curves are 

dP/dT = 3.26 MPa K"1 (transition) 

= 2.22 MPa K- 1 (fusion) 

and show that the two curves become separated fur­
ther as the pressure increases. The volume changes 
at these transition points were calculated by use of 
Clapeyron-Clausius equation from the entropy changes, 
25.5 and 6.5 J K - 1 m o l - 1 at the transition and the 
melting point, respectively. These were 7.82 and 2.93 
cm3 mol - 1 , respectively, or 15.6 and 5.86 cm3/mol of 
dimer. 

It is interesting to note that application of external 
pressure displaces the region of the existence of the 
plastic crystal to a higher temperature whereas the 

7 \ minimum moves more slowly with the result of 
a shorter correlation time at a higher pressure. This 
means that although the compression should slow 
down molecular reorientation, additional thermal en­
ergy more than compensates the effect. 

T h e authors would like to express their gratitude 
to late Professor Naoto Kawai and Dr. Akifumi 
Onodera for help in developing the high pressure 
apparatus used in the present study. 

References 

1) Y. Namba and T. Oda, Bull. Chem. Soc. Jpn., 25, 
225 (1952). 

2) S. Kondo and T. Oda, Bull. Chem. Soc. Jpn., 27, 567 
(1954). 

3) H. Suga and S. Seki, J. Phys. Chem. Solids, 24, 330 
(1963). 

4) H. M. Hawthorne and J . N. Sherwood, Trans. Faraday 
Soc, 66, 1783 (1970). 

5) P. Bladon, N. G. Lockhart, and J . N. Sherwood, 
Mol. Phys., 20, 577 (1971). 

6) R. L. Jackson and J . H. Strange, Mol. Phys., 22, 313 
(1971). 

7) G. Soda and H. Ghihara, Chem. Lett., 1972, 201. 
8) G. M. Hood, N. G. Lockhart, and J . N. Sherwood, 

J. Chem. Soc, Faraday Trans. 1, 68, 736 (1972). 
9) M. J . Bird, D. A. Jackson, and J . G. Powles, Mol. 

Phys., 25, 1051 (1973). 
10) D. Beysens, R. Vacher, G. M. Searby, L. Boyer, 

and M. Adam, Rev. Phys. AppL, 9, 465 (1974). 
11) P. McKay and J . N. Sherwood, J. Chem. Soc, Faraday 

Trans. 1, 71, 2331 (1975). 
12) L. Kimtys, Org. Magn. Reson., 7, 179 (1975). 
13) S. Albert, H. S. Gutowsky, and J . A. Ripmeester, 

J. Chem. Phys., 64, 3277 (1976). 
14) L. L. Kimtys, D. W. Aksnes, and T. Gramstad, Mol. 

Phys., 38, 993 (1979). 
15) M. Brissaud and A. Riviere, Mol. Cryst. Liq. Cryst., 

50, 269 (1979). 
16) T. Hasebe, N. Nakamura, and H. Ghihara, Bull. 

Chem. Soc. Jpn., 53, 896 (1980). 
17) G. Wang, Rev. Sei. Instrum., 38, 24 (1967). 
18) N. Bloembergen, E. M. Purcell, and R. V. Pound, 

Phys. Rev., 73, 679 (1948). 
19) T. Hasebe, (late) G. Soda, and H. Ghihara, un­

published. 
20) R. Folland, S. M. Ross, and J . H. Strange, Mol. 

Phys., 26, 27 (1973). 
21) S. M. Ross and J . H. Strange, J. Chem. Phys., 68, 

3078 (1978). 
22) N. I. Liu and J.Jonas, Chem. Phys. Lett., 14, 555 (1972). 



September, 1981] © 1981 The Chemical Society of Japan Bull Chem. Soc. Jpn., 54, 2587—2591 (1981) 2587 
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Influence of ball-milling on the X-ray diffraction pattern, the thermal properties, the IR spectra, the particle 
size distribution and the solubility of amobarbital was investigated. The fraction of crystal I decreased, and 
the fraction of crystal III and the amorphous part increased at the first stage of ball-milling. The heat of fusion 
decreased slightly by ball-milling, which was considered to be due to the increase in the fraction of the amorphous 
part. The melting point lowered by 1—3 °G and the NH and GO absorptions in the IR spectra were influenced 
by ball-milling, which was considered to be due to the transformation of crystal I into crystal III . The particle 
size decreased at the first stage of ball-milling. It was considered that the transformation of crystal I into crystal 
III was remarkable when the particles were broken. The solubility of amobarbital in the KH2P04-Na2HP04 
buffer solution with pH of 6.0 increased by ball-milling, which was considered to be due to the increase in the 
fraction of the amorphous part and crystal III . 

The solubility of the slightly soluble powders in 
the amorphous state is higher than the solubility in 
the crystal state.1) T h e solubility of the powders in 
the metastable crystal form is also higher than the 
solubility in the stable crystal form.2) T h e solubility 
of fine particles is larger than the solubility of large 
particles, as the surface energy of fine particles is 
larger than the energy of the large particles.3) 

As reported previously, the solubility of amobarbital 
(5-ethyl-5-isopentylbarbituric acid) increased, the X-
ray diffraction intensities decreased and the melting 
point lowered by the mechanical treatment with the 
diluent, such as methylcellulose.4 '5) In this paper, 
amobarbital was ball-milled without the diluent and 
influence of ball-milling on the physical and chemical 
properties was investigated in order to clarify the 
mechanism of solubilization by the mechanical treat­
ment. 

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

Commercial powders of amobarbital was of guaranteed 
grade purchased from Nihon Shinyaku Go. Ten g of the 
commercial powders was ball-milled under the conditions 
as referred to the previous paper.5) Powder II was obtained 
by recrystallization of amobarbital from the 25 v/v % aque­
ous ethanol solution, and powder I was obtained by heating 
powder II at 150 °G for 1 h.6) Powder III was obtained 
by freeze-drying the aqueous solution of amobarbital. 

The X-ray diffraction measurement was carried out by 
a JEOL X-ray diffractometer (Model 7E). The differential 
thermal analysis was made by a thermal analyser (Model 
DT-20B) of Shimazu Seisakusho. The heat of fusion of 
amobarbital was measured by a differential scanning cal­
orimeter (Model SC-20) of Shimadzu Seisakusho, using in­
dium as a standard substance. Infrared* (IR) spectra of the 
samples were measured by the Nujol method with a JASGO 
diffraction granting infrared spectrometer (Model A-2). 

The sample was added to the 0.1 w/v % sodium dodecyl 
sulfate solution saturated with amobarbital in each of the 
samples, as the solubility varied by ball-milling. The sus­
pension was stirred intensely for 2 min, and irradiated with 
the supersonic waves for a min. Then, the size distribution 
of the particles was measured with a micron photosizer 
(Model SKN 500) of Seishin Kigyo Go. Solubility of 

amobarbital from various samples in the KH 2 P0 4 -Na 2 HP0 4 

buffer solution (pH 6.0, ionic strength 0.08) at 30 °G was 
obtained from the absorbance at 238 nm as described in 
the previous paper.4) 

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

X-Ray Diffraction. Mesley reported two poly­
morphs for amobarbital , that is, crystal I I obtained 
by recrystallization from a 25 v/v % aqueous ethanol 
solution and crystal I obtained by heating crystal 
I I at 150 °G.6) I t is considered that powder I is 
composed of crystal I by Mesley and the amorphous 
part , and that powder I I is composed of crystal I I 
by Mesley and the amorphous part . As shown in 
Fig. 1, the X-ray diffraction pat tern for the com­
mercial powders before ball-milling was identical with 
the pat tern for powder I, and the pat tern for the 
ball-milled powders was identical with the pattern 
for powder I I I . T h e pat tern for powder I I I was 
different from the patterns for powder I and I I . The 
similar pat tern as for powder I I I was obtained for 
the powders obtained by condensing the vapor from 
the solution of the fused amobarbital on a cold glassy 
wall. The pat tern for powder I I I was identical with 
the pat tern for amobarbital crystallized from diethyl 
ether by Williams.7) In this paper, the polymorph 
in powder I I I is called crystal I I I . Vizzini et al. 
obtained single crystals of two kinds of polymorphs, 
I and I I , from the same aqueous ethanol solution by 
slow evaporation at room temperature. They con­
firmed that the crystal morphology of these two forms 
were in agreement with those previously reported by 
Williams. They also found that the melting point 
of crystal I was lower than the point of crystal I I by 
4—6 °G.8) As shown later in this paper, the melting 
point of powder I I I was lower than the point of powder 
I by 2—4 °G, though powder I I was transformed 
into powder I at 150 °G. It is considered that crystal 
I by Vizzini is identical with crystal I I I in this paper. 

The crystallinity of various kinds of amobaribtal , 
xCI, was obtained by the Ruland's method.9) The 
results are shown in Table 1. 
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Fig. 1. X-Ray diffraction patterns of various kinds 
of amobarbital powders. 
1: Powder I, 2: powder II, 3: powder III, 4: com­
mercial powders, 5: commercial powders ball-milled 
for 60 h. a) / is the diffraction intensity, b) 20 
is the angle between the incident X-rays and the 
scattering X-rays. In this figure, the line broaden­
ing is ignored in order to show the difference be­
tween the patterns clearly. 

T A B L E 1. 

Sample 

Powder I 

Powder III 

Commercial 
powders 

CRYSTALLINITY OF 

AMOBARBITAI 

h 

0 

0 

/ 0 
0.033 
0.083 
0.17 
0.5 
1 
3 
5 

10 
20 
30 
40 

^ 60 

VARIOUS KINDS 

#cr 

97 

77 

87 
85 
84 
84 
84 
76 
78 
76 
79 
77 
76 
77 
82 

OF 

# c r 

% 

— 

84 
88 
83 
84 
87 
74 
76 
71 
78 
72 
74 
75 
73 

a) bt is the ball-milling time. 

Hermans et al. considered that the coherent scat­
tering was due to the crystal par t and that the non­
coherent scattering was due to both of the crystal 
par t and the amorphous part . O n the basis of this 
consideration, they obtained the crystallinity of the 
cellulose fibers. 10> A glassy state was obtained by 
the rapid cooling of the solution of the fused hexo-
barbital or phénobarbital , though the state was not 
obtained for amobarbital . T h e intensity of the non-

•ffA-A~A_fl_A_A_A_ 

50 III 

O n .o— 

0 0,17 0.33 
•Qf-°-0-°-f-^ O — ° — * 

bt/h 
10 30 50 70 

Fig. 2. Influence of ball-milling on the solid state of 
amobarbital. 
O : The content of crystal I, A : the content of the 
crystal part, I : crystal I, I I I : crystal III, A m : 
amorphous part, a) C is the composition. 

coherent scattering for the glassy state of hexobarbital 
was identical with the intensity for phénobarbital. 
T h e mean value of the intensity for these samples 
was taken as the intensity for the glassy state of amo­
barbital, assuming that the intensity was independent 
of the kind of the barbituric acid derivatives. It was 
confirmed that the kind of the polymorph did not 
influence the parameters for determining the crystal­
linity by the Hermans ' method, from the results 
for the glassy state, powder I and I I I using the 
values of xCT. T h e values of the crystallinity by the 
Hermans ' method, xCT', are tabulated in Table 1. 

T h e ratio of the intensity of the diffraction lines 
between 12.4° and 12.7° of 20 to the intensity between 
16.0° and 16.7° of 20, Rx, was larger for powder I I I 
than for powder I. From the data of Rx and xeT 

for powder I and I I I , the fraction of crystal I, I I I 
and the amorphous part were obtained for the com­
mercial powders before and after ball-milling. The 
results are shown in Fig. 2. The fraction of crystal 
I decreased and that of crystal I I I increased at the 
first stage, and the ratio between the fractions was 
constant after ball-milling for more than 10 min. The 
fraction of the amorphous par t increased at the first 
stage, but the fraction was approximately constant 
after ball-milling for more than 1 h. 

Thermal Analysis. The melting point of amo­
barbital lowered by 1—3 °G by ball-milling, as shown 
in Fig. 3. This phenomenon was already observed 
after ball-milling for 5 min. The melting point of 
powder I I I , 152—154 °G, was 2—4 °G lower than the 
point of powder I. T h e lowering of the melting point 
of amobarbital by ball-milling is considered to be 
due to the transformation of crystal I into crystal I I I . 

As shown in Table 2, the heat of fusion, AHohsd, 
for powder I and I I was larger than the heat for the 
other samples. I t was also shown that AHohsd for 
the commercial powders decreased slightly by ball-
milling by the Mest at the probability level of 0.05 
and at the freedom of 29. Equation 1 was assumed 
to be applied, where xl9 xni) and x& were the fractions 
of crystal I, I I I , and the amorphous part and AHl9 

AHUV and AH& were the heat of fusion of crystal 
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150 160 

T/°G 

Fig. 3. Influence of ball-milling on DTA thermograms 
of amobarbital. 
The programming speed is 1 °C/min. 1 : Commercial 
powders, 2 : commercial powders ball-milled for 60 h. 

TABLE 2. HEAT OF FUSION OF VARIOUS KINDS OF 

AMOBARBITAL 

Sample 
A#obsd±gHa) 

kcal/mol 

Powder I 
Powder II 
Powder III 
Commercial powders 
Commercial powders 

ball-milled for 60 h 

7.0 + 0.3 
6 . 7 ± 0 . 4 
6 . 1 + 0 . 5 
6 . 2 ± 0 . 5 

5.7±0.6 

a) crH is the standard deviation. 

I, I I I , and the amorphous part , respectively. 

A//obsd = * l A # I + * i „ A # H l + * a A # a (1) 

The values of AHI9 AHnv and Ai / a , 7.0, 6.9, and 
1.2 kcal/mol, respectively were obtained from the data 
of A// o b s d and A:cr for powder I, the commercial pow­
ders before ball-milling and the powders after ball-
milling for 60 h. T h e slight decrease in the heat of 
fusion of amobarbital by ball-milling is probably due 
to the decrease in the crystallinity. 

IR Spectra. T h e following facts are confirmed 
from the study on the I R spectra of various kinds 
of barbituric acid derivatives by Mesley6) and the 
study on the interaction of barbituric acid derivatives 
with polyethylene glycol by Chang et al.11) The 
v-NH absorption band is observed at 3600—3000 c m - 1 

region. The absorption for free N H in the solid 
state is observed at 3340—3310 c m - 1 and shifts to 
the lower frequency by hydrogen bonding. The GO 
absorption at 1800—1600 c m - 1 shifts to the lower fre­
quency by hydrogen bonding. T h e highest frequency 
band at 1750 c m - 1 is due to the GO in the 2-position 
and the other bands are due to the GO in the 4- and 
6-position in the spectra of amobarbital . The 
<5'-NH absorption band at 900—750 cm" 1 shifts to the 
higher frequency by hydrogen bonding. 

Figure 4 shows the I R spectra of various kinds of 
amobarbital. In Table 3, Rv ' is the ratio of the 

3600 3000 1800 1700 1600 

* 7 cm"1 

Fig. 4. IR spectra of various kinds of amobarbital 
powders. 
1: Powder I, 2: powder II, 3: powder III, 4: com­
mercial powders, 5: commercial powders ball-milled 
for 60 h. a) Tt is the transmittance. 

i.k 

1.3 -1 

1.2 

-\\—h -lh 

^ 1.0 

0.9 

( 
0.8 

0-H-— ff 1/ 
rf ° O O O O 
/ ° 

0.7 -11- -lh 
0.17 30 50 70 0.5 1 3 5 10 

bt/h 

Fig. 5. Influence of ball-milling on IR spectra of 
amobarbital. 
O : v / c m - ^ 8 5 0 ; v7cm-1 = 815, A : ^ / c m - ^ 3 0 8 5 ; 
/ / c m - 1 = 3210. 

absorbance at wave number v to the absorbance at 
v' obtained by assuming that the percent transmis­
sion at 3450, 2000, 1000, and 700 cm" 1 are 100. As 
shown in Fig. 4 and Table 3, the I R spectra of the 
commercial powders before ball-milling were similar 
to those of powder I and the spectra of the ball-milled 
powders were similar to the spectra of powder I I I . 
Figure 5 shows the variation in the values of Rv ' 
with ball-milling. RVtV' varied remarkably at the first 
stage of ball-milling, but the values were nearly con­
stant after ball-milling for more than 10 min. It is 
considered from the above findings that the varia­
tion in the I R spectra of amobarbital with ball-milling 
is due to the increase in the fraction of the part of 
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TABLE 3. NUMERICAL VALUES OF i2v , /±<rR
a) FOR VARIOUS KINDS OF AMOBARBITAL 

a) 

rL 
o 

Q 

v/cm -1 

/ / c m - 1 

Powder I 
Powder II 
Powder III 
Commercial powder 
Commercial powders 

ball-milled for 60 h 

0R is the standard deviation. 

80 r 
O 

70 |. 

10 

8 

i 

6 

z 

o J 

1 

1 
0 1 

A/>-.feffo—A-o-

*—•—- I U If- • u 

1.1 
1. 
1. 
1.1 

1. 

A 

~Ö 1 

, 

3085 
3210 

36+0.02 
06±0.01 
07±0.03 
O6±0.01 

16±0.02 

i *** 

10 o^ 

CO 

5 ^ 

0 

1690 
1750 

1.17 + 0.09 
1.33±0.07 
1.42±0.06 
1.14+0.04 

1.32+0.02 

850 
815 

0 .99±0.04 
1.04±0.05 
1.25+0.06 
0 .84±0.03 

1.32+0.01 

TABLE 4. SOLUBILITY OF AMOBARBITAL IN THE 

KH 2 P0 4 -Na 2 HP0 4 BUFFER 

IN pH OF 6.0 at 

Sample 

Powder I 
Powder II 
Powder III 
Commercial powders 
Commercial powders 

ball-milled for 20 h 
Commercial powders 

ball-milled for 60 h 

a) ae is the standard deviation. 

30 
SOLUTION 

°C 

C2h±0C
&) 

mg/100ml 

58 .4±1 .9 
64 .6+1 .6 
67 .4±0 .6 
63 .4+0 .6 

67 .1±1 .1 

65 .7±1 .1 

0 0.17 0.5 10 JO 50 70 

bt/h 

Fig. 6. Decrease in the particle size of amobarbital 
by ball-milling. 
O: D5o, A : W0mZ. 

the strong hydrogen bonding between N H and GO, 
which is probably related to the transformation of 
crystal I into crystal I I I . 

Particle Size. Figure 6 shows the variation of 
the particle size of amobarbital with ballTmilling. In 
Fig. 6, D-0 is the median diameter by weight base 
and Woz is the weight fraction of the particles smaller 
than 0.3 (x in diameter. T h e value of D50 decreased 
and the value of Wos increased at the first stage of 
ball-milling, and these values were nearly constant 
after ball-milling for more than 10 min. Variat ion of 
these values with ball-milling was parallel to the varia­
tion of the X-ray diffraction pattern, the I R spectra 
and the melting point. I t is considered that the 
transformation of crystal I into crystal I I I is remark­
able when the particles are broken. 

Solubility. T h e solubility of amobarbital in the 
K H 2 P 0 4 - N a 2 H P 0 4 buffer solution with p H of 6.0 
at 30 °G was investigated. T h e concentration of amo­
barbital in the filtrate of the suspension in the buffer 
solution increased at the first stage of dissolution, but 
the concentration was nearly constant for the dis­
solution time between 10 min and 2 h. In Fig. 7, 
c2h is the concentration after shaking for 2 h from the 
time of the preparation. As shown in Fig. 7 and 
Table 4, c2h increased by ball-milling. 

In the previous paper, the solubility of amobarbital 
was influenced little by ball-milling with dextran or 

dextrose, but the solubility increased by 20—30% by 
ball-milling with methylcellulose only for 10 min.4) 
The value of D50 for amobarbital ball-milled with 
methylcellulose for 10 min was larger than the values 
for amobarbital ball-milled with dextran or dextrose. 
This finding shows that the decrease in the particle 
size is not the main factor for the increase in the solu­
bility of amobarbital by ball-milling. 

T h e variation in c2h with ball-milling was parallel 
to the variation in the fraction of the amorphous part. 
Table 4 shows the numerical values of c2h for various 
samples. The value for the commercial powders be­
fore ball-milling was nearly identical with the value 
for powder I and the value for the ball-milled pow­
ders was similar to the value for powder I I I . If the 
solid state is equilibrated with the state of solution 
and A/ / o b s d is constant near the melting point, Eq. 
2 is applied, where X2 is the mole fraction of the 
solute, R is the gas constant, T is the absolute tem­
perature at the equilibrated state, Tt is the melt­
ing point of the solute by absolute temperature 
and y is the activity coefficient of the solute. 

" * - ^ K ^ - £ ) - - ' (2) 

T h e increase in the solubility of amobarbital in the 
buffer solution by ball-milling can be calculated from 
Eq. 2, if y is influenced little by ball-milling. Using 
the data of AHohsd in Table 2 and setting the lowering 
of the melting point by ball-milling to be 1 °G, the 
solubility of the ball-milled powders was calculated 
to be 1.2 times the solubility of the commercial pow­
ders, if the solid state obtained by ball-milling was 
equilibrated with the state of solution. The ratio of 
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bt/h 

Fig. 7. Influence of ball-milling on solubility of amo­
barbital in the KH 2 P0 4 -Na 2 HP0 4 buffer solution at 
30 °G. 

c2h for the ball-milled powders to the value for the 
commercial powders before ball-milling was approxi­
mately 1.1, as shown in Table 4. The above findings 
show that the increase in the solubility of amobarbital 
by ball-milling is due to the increase in the fraction 
of the amorphous part and to the transformation of 
crystal I into crystal I I I . 

T h e authors are grateful to Mrs. Mayumi Tobe, 
one of the members of the Analytical Center of Showa 
University, for the measurement of the I R spectra. 
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Effect of Surfactant Micelles on the Rate of Reaction 
of Tetranitromethane with Hydroxide Ion 

Tsuyoshi HARADA, Nagamune NISHIKIDO, Yoshikiyo M O R O I , * and Ryohei MATUURA 

Department of Chemistry, Faculty of Science, Kyushu University, Higashi-ku, Fukuoka 812 
(Received March 2, 1981) 

The rates of trinitromethanide anion formation by the reaction of tetranitormethane with hydroxide ion 
were measured in the presence of anionic, cationic and nonionic surfactant micelles in aqueous solutions. Using 
the analytical approach which takes into consideration the distribution of hydrophobic reactants among mi­
celles,1) &j (a second-order rate constant on micelles associated with one reactant molecule) and K-^jNlK^. an as­
sociation constant of the reactant with micelles having no reactant, N: an aggregation number of surfactant mole­
cule in a micelle) were estimated. The anionic surfactant exhibited no effect on the reaction rate. In the case 
of cationic surfactants, both ^ and Kx values increased not only with alkyl chain length but also with hydropho-
bicity of the surfactants. In the case of nonionic surfactants, an increase of alkyl chain length with a given oxy-
ethylene unit resulted in an increase in the kt values, while an increase of oxyethylene group with the fixed alkyl 
chain length resulted in an appearance of the maximum kx value. From temperature dependence of the reaction 
rate, a stabilization of the activated complex could be explained by an electrostatic interaction of the complex 
with the charged micellar surface. It was also found from the analytical approach that the distribution of tetra­
nitromethane among micelles used in the present experiment could be approximated by the Poisson distribution. 

Surfactant molecules aggregate to form micelles in 
aqueous solution above a narrow concentration range 
which is called the critical micelle concentration 
(CMC).2) T h e hydrophobic groups of surfactant form 
a core of micelle which is liquid hydrocarbon like in 
character, while the hydrated polar groups constitute 
an outer shell of micelle and contact with water. 
Physico-chemical properties of the micelle-bulk inter­
face and an interior of micelles have been really in­
terested not only from the colloid chemistry itself but 
also from an application of micelles to other fields of 
chemistry. Especially, the application to a medium 
or catalyst for organic reactions has been undertaken 
since the pioneering work by Duynstee and Grundwald 
in 1959.3) Then, for more than a decade many studies 
have been reported on micelle-catalyzed reactions.4) 

T h e reactions of tri- and tetranitromethane with 
hydroxide ion were minutely investigated in both aque­
ous5-7) and micellar8) solutions. However, there have 
been few systematic studies of the effect of surfactant 
structures, particularly of nonionic surfactant, on the 
reaction rate. In the present study, the rates of tri­
nitromethanide anion formation by the reaction of 
tetranitromethane with hydroxide ion were measured 
in the presence of various surfactants in aqueous solu­
tions. Hereupon, the dependence of the reaction rate 
on surfactant structure was systematically investigated. 
Furthermore, in order to find the relationship of sta­
bility of the activated complex with kinds of surfactant 
structures, a temperature effect on the rate was pur­
sued. In addition, the distribution of tetranitrometh­
ane among micelles was also examined by applying 
the random, Poisson, and Gaussian distributions. 

Exper imenta l 

Materials. Tetranitromethane (TNM) supplied from 
Tokyo Kasei Ind. was washed three to five times with 0.8 
mol dm-3-H2S04 , and subsequently five times with double-
distilled water. TNM was recrystallized from water below 
10 °G and the supernatant was discarded. After these treat­
ments, no absorption of trinitromethanide anion was found 
at 350 nm in an aqueous solution of TNM. Anionic sur­

factant, sodium dodecyl sulfate SDS, was synthesized and 
purified according to the procedure described previously.9) 
Gationic surfactants (decyltrimethylammonium chloride 
DeTAG, dodecyltrimethylammonium chloride DoTAG, hexa-
decyltrimethylammonium chloride HTAG, hexadecyltri-
methylammonium bromide HTAB, JV-hexadecylpyridinium 
chloride HPC, benzylhexadecyldimethylammonium chloride 
BHAG (all obtained from Tokyo Kasei Ind.)) were re-
crystallized three times from acetone-ethanol mixture in 
which the volume fraction of ethanol was below 0.1. Hexa-
decyltrimethylammonium nitrate HTAN was prepared by 
refluxing HTAB with an excess of silver nitrate in anhy­
drous methanol for several hours, and the precipitated silver 
salts were removed by filtration. The above procedure 
was repeated twice. The HTAN thus prepared was re-
crystallized three times from acetone. For all cationic sur­
factants, small amount of residual solvents on recrystal-
lization were eliminated by heating at 100 °G under re­
duced pressure for more than ten hours. They were always 
kept in a desiccator because of their hygroscopicity. All 
nonionic surfactants, poly (oxyethylene) alkyl ether GmEn 

were a gift from Kao Soap Go. and were used without 
further purification.10) The details of these surfactants are 
given in Table 1 together with their GMGs in pure water 
and in the reaction systems, which were determined by the 
plots of surface tension against concentrations. Inorganic 
salts of reagent grade used for adjusting pH, commercial 
NH4G1, NH4NO3, and NH4Br, were purified by recrystal-
lization from water before use. 

Method. The reaction of TNM with hydroxide ion 
was started by injecting an aliquot of aqueous solution of 
TNM into alkaline surfactant solutions. The reaction rates 
were followed spectrophotometrically (Beckman-Toshiba 
DSB-80) by measuring the rate of trinitromethane anion 
formation at 350 nm (e{G(N02)3-} = 1.34X 104 dm3 mol"1 

cm-1).8) The temperature was controlled at 30+0.1 °C by 
circulating water through the equipment. The initial con­
centration of TNM (ca. 5x 10-5 mol dm -3) in the individual 
run was estimated from the optical density at 350 nm at 
infinite time. The pseudo first-order rate constant kobsd 

was determined from the slope of linear plots of log (OD«,— 
ODj) against time in the usual manner, where OD00 and 
OD t represent the optical density due to trinitromethanide 
anion at infinite time and time t, repectively. The adjust­
ment of pH was made using an NH3-NH4+ buffer whose 
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TABLE 1. CMC VALUES OF SURFACTANTS USED IN THE PRESENT STUDY 
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Surfactant Abbrev. GMG/mol dm-3 a> 

Gationic 
G10H21N+(GH3)3G1-
G12H25N+(GH3)3G1-
GlfiH33N+(GH3)3Gl-
G16H33N+(GH3)3Br-
C16H33N+(CH3)3N03-
G16H33N+G5H5G1-
GieH33N+(GH3)2GH2(5Gl-f) 

Nonionic 
G8H170(G2H40)6H 
G10H21O(G2H4O)6H 
G12H250(G2H40)6H 
G12H25O(G2H4O)10H 
G12H250(G2H40)15H 
Ci2H250 (G2H40) 20H 
Gi2H250 (G2H40) 29H 

Anionic 
G1,H«OSO,-Na+ 

DeTAG 
DoTAG 
HTAG 
HTAB 
HT AN 
HPG 
BHAG 

G8E6 

C*10E6 

Gi2E6 

G12E10 

G 1 2 E 1 5 

Gl2E2 0 

G12E29 

SDS 

(A) 
8 . 0 x l 0 - 2 

2.3x10-2 
1.3x10-3 
9 . 4 x l 0 - 4 

8.5 x lO- 4 

l .OxlO- 3 

2 . 5 x l 0 - 4 

(G) 
8.9X10-3 

7.3x10-4 
6 . 7 x l 0 - 5 

9.0X10-5 

1.3x10-4 
1.8x10-4 
2.6x10-4 

8.2X10-3 

(B) 
7 . 7 x l 0 - 2 

1.7x10-2 
9 . 3 x l 0 - 6 

l .OxlO- 4 

l .OxlO- 4 

8.2X10-5 

1 .2x l0- 5 

(D) 

6 . 0 x l 0 - 5 

9.0X10-5 

1.2x10-4 
1.6x10-4 
2.6x10-4 

a) (A) in pure water at 30 °G, (B) in the reaction system at 30 °G, 
water at 20 °G. b) <f>: GeH5. 

(G) reference data at 30 °G23), (D) in pure 

ionic strength was maintained at 0.03; NH4Gl~aqueous 
ammonia for anionic and nonionic surfactant solutions, and 
NH4X-aqueous ammonia for the micellar solutions of cat-
ionic surfactant whose gegenion is X. The pH of the re­
acting solutions was confirmed not to be changed before 
and after the reaction. 

Results and Discussion 

The reaction of T N M with hydroxide ion is re­
presented by:6> 

G(N02)4 + O H - - i > G(N02)3- + HN0 3 , (I) 

where k is the second-order rate constant. T h e reac­
tion rate is expressed by: 

- [C(N02)4]/d* = *[C(NOa)4] [OH-] . (2) 

Since the p H in each solution is kept constant in an 
alkaline side by a given buffer, [ O H - ] remains con­
stant during the course of reactions. Thus, the reac­
tion obeys the following pseudo first-order kinetics: 

-d[C(N02)4]/d* = A-bsd[G(N02)4] (3) 

and 

k = AobBd/[OH-]. (4) 

From Eq. 3 we obtain the following relation: 

ODoo - OD t oc [G(N02)4] t = [C(NO 2 ) 4 ] 0 exp ( -*°^ ) , 

(5) 

where [G(NO2)4]0 and [C(N0 2 ) 4 ] £ represent the con­
centration of T N M at £ = 0 and t, respectively. T h e 
rate constant kobsd increases linearly with hydroxide 
ion concentration and the linearity is very good. Then, 
the second-order rate constant k is determined from 
the slope of linear plots of kohsd against [OH~] whose 
linearity is good. The second-order rate constant 
k thus obtained in the absence of surfactant at 

o 
a 
a 

m 

30 

20 

10 

1-

' - • 

p 

- 1 

-

* 

0.1 
I 

/o 

cy^^ h 

c 

• 
*-\ 
' * 

0.2 
i 

• • 1 
" 0 0.005 0.01 

Concentration of surfactant/mol dm-3 

Fig. 1. Effect of surfactant type on the second-order 
rate constant (A:). The variation of k values with 
surfactant concentrations. 
a): DoTAG, b) : C12E6, c): SDS. 

30 °C was calculated to be 0.38 dm 3 mol" 1 s"1, which 
seems reasonable compared with 0.52 dm 3 m o l - 1 s - 1 at 
30 °G and at ionic strength of 0.18) and with 0.65 
dm 3 mo l - 1 s-1 at 30 °G and at ionic strength 1.0.7> 

In the first place, the effect of structure of surfactant 
on the reaction rate was examined using G12 surfact­
ants, DoTAG, SDS, and G12E6 (Fig. 1). SDS had 
no effect on the reaction rate, while DoTAG and 
G12E6 brought about an increase in the rate constant 
with increasing their concentrations.11-15) From these 
results, it can be considered that the increase in k 
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values in the presence of cationic micelles of DoTAG 
is at tr ibutable mainly to the concentration of hydroxide 
ion in the vicinity of cationic head groups of micelle. 

Secondly, in order to understand the above dif­
ferences on account of surfactant types, further analy­
sis was made using the following reaction mechanism. 
The reactions take place both in a bulk solution and 
in micelles. The apparent increase in reaction rate 
above C M C is mainly due to the presence of micelles. 
For simplifying the reaction systems, the following as­
sumptions are made ; 1) the reactants associate with 
micelles to form some distribution among micelles and 
2) the rate of the association which is of millisecond 
order is much faster than those of the reactions in 
both bulk and micellar phases which are of second 
order. With these assumptions the following reaction 
scheme which was adopted in the preceeding paper1) 
is used to study the present reaction system: 

M + R 7—x MRi • P 

b OH- M R i + R MR 2 • P + MR, 
O H -

(6) 

MR»-, + R MR n 
O H -

-> P + MR»-!. 

I n the above scheme, M, R, M R t , and P represent 
micelle, monomer reactant ( T N M ) , micelle with i re­
actant molecules, and product (trinitromethanide an­
ion), respectively. Ki is the association constant of 
monomer reactant with M R ^ . j micelle, and kh and 
kt are the second-order rate constant in the bulk solu­
tion and on the MR f micelle, respectively. T h e ap­
parent second-order rate constant for the reaction of 
T N M with hydroxide ion, £app, is represented in the 
following way: 

-d[R t ] /d* = **PP[Rt][OH-] 

= {*b[R] + S * ( [MRJ}[OH-] , (7) 

where £app is £ o b s d / [OH-] and [R t ] represents the 
total equivalent concentration of reactant and is given 
by: 

[RJ = [R] + S fCMRJ. (8) 

O n the other hand, the total micellar concentration 
[M t ] can be expressed by the following equation: 

[M t] = (C t-CMC)/iV, (9) 

where Ct and N represent the total equivalent sur­
factant concentration and an aggregation number per 
micelle, respectively. Eq. 10 or 11 results from the 
Poisson distribution of reactants,1) 

(10) £apP_£b ki_kb + K^-k*) ~ C t - C M C ' 

( i i) 

In this case the plots of l/(£app—kb) against l /(C t — 
CMC) should be linear, and kx and kjN values can 
be determined from the intercept and the slope. At 
the same time some information on reactant distri­
bution among micelles could be also obtained.^ The 

TABLE 2. SECOND-ORDER RATE CONSTANT (kj) FOR 

NITROFORM ANION FORMATION, AND THE ASSOCIATION 

PARAMETER (KJN) AND THE ROUGHLY ESTIMATED 

ASSOCIATION CONSTANT (Ky) OF TNM WITH THE MICELLES 

Surfactant 

Cationic 
DeTAG 
DoTAG 
HTAG 
HT AB 
HT AN 
HPG 
BHAC 

Nonionic 
C8E6 

CioE6 

G12E6 

G12E10 

Ci2E15 

G12E20 

G12E29 

kt x 10-2 KJNx 10-1 Kx X 10-2 

dm3 mol - 1 s - 1 dm3 mol - 1 dm3 mol -1 

0.33 
0.56 
2.28 
1.76 
1.27 
1.52 
2.67 

0.044 
0.104 
0.171 
0.67 
0.50 
0.289 
0.142 

1 
3 
8 
5 
6 

10 

.17 

.2 

.9 

.5 

.1 

.9 
18.3 

2.93 
1.82 
1.03 
0.70 
0.83 
0.55 
1.60 

3 
12 
54 
44 
48 
71 

>150 

9 
17 
48 
12 
10 
4 
9 

150 

100 

50 

/o 

* I 

. 

b ^>* 

j S C ^ * " * & ~~ 

\ 1 
0 0.01 0.02 0.03 

Concentration of surfactant/mol dm - 3 

Fig. 2. Effect of the kind of counterion of the cationic 
surfactants (HTAG(a), HTAB(b), and HTAN(c)) 
on the apparent second-order rate constant (A;aPP). 
Plots of Äapp against the surfactant concentrations. 

kx values thus obtained are given in Table 2. From 
the consideration described in the preceeding paper, 
it can be said that the k± value of DoTAG is much 
larger than that of C12E6 and the reactant distribu­
tion is very likely to be the Poisson distribution. 
Further discussion will be given more in detail in 
the following sections which describe the effect of 
the cationic and nonionic surfactants and the tem­
perature effect on the reaction rates. 

(1) The Reaction Rates in the Presence of Cationic Sur­
factants: The k&pp vs. concentration relationship of 
H T A N , HTAB, and H T A G micelles are plotted in 
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0.10 

0.08 h 

0.06 h 

0.04 h 

0.02 h 

200 400 

[ l / (C t-GMG)]/dm3 mol-1 

Fig. 3. Determination of the ^ and KJN values from 
the linearity plots of l/(k*w-kh) against l/(Ct —CMC), 
a) : HTAC, b) : HTAB, c): HT AN. 
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Fig. 4. Determination of the KJN vaules from the 
linearity plots of ( ^ P P - ^ / ^ - ^ P P ) against (Ct-
CMC). 
a): HTAC, b): HTAB, c): HTAN. 

Fig. 2 where some differences owing to counterions 
are clear. In order to make clear a reason for these 
differences and to take an insight into the reactant 
distribution, another plots are given in Fig. 3, re­
lating ll(fc™-kh) to l / ( C t - C M C ) . Judging from the 
linearity of these plots shown in Fig. 3, the Poisson 
distribution is well applicable to these reaction sys­
tems within experimental error. T h e kx and KJN 
values obtained in this way are given in Table 2. 
Equation 11 predicts that the plots of (k*pp—kh)l{kx— 
£app) against Ct should be linear and also determine 
kJN values (Fig. 4) . T h e disadvantage of using Eq. 
11 is due to a large uncertainty in the value of 
either numerator or denomenator when £app is nearly 
equal to kb or kx; thus, the useful values are limited 
to the region of marked increase in £app values. The 
values of kx and KJN thus obtained characterize the 
properties of each micelle. 

T h e kx values decrease in the order H T A O H T A B > 
H T A N . In these reaction systems, hydroxide ions 
compete with the surfactant counterions in approach­
ing to charged micellar surface through the elec­
trostatic interaction. In regard to the counterions of 
surfactants, the hydration radius of the ions decreases 
in the order C l - > B r - > N O - 3 . T h a t is, the strength 
of their electrostatic attraction with the charged mi­
celle increases in the order C l - < B r ~ < N O -

3 , | which 
reflects the C M C order (Table 1). In other words, 
the stronger their electrostatic attraction, the less the 
electrostatic surface potential of micellar surface. 
Therefore, it is reasonable to say that the counterions 
interfere with approach of hydroxide ions to the mi­
cellar surface in the order H T A C < H T A B < H T A N . 
O n the other hand, the values of KJN decrease slight­
ly in the order H T A O H T A N > HTAB. For C M C 
decreases in the [order H T A O H T A B > H T A N , the 
aggregation number of the micelles may slightly in­
crease in the order H T A C < H T A B < H T A N . There­
fore, the large difference is not found in the Kx values 
of these cationic surfactants. T h e Kx values are about 
4 — 6 x l 0 3 d m 3 m o l - 1 . 

Next, the effect of the cationic surfactant micelles 
with different alkyl chain lengths but with the same 
head group, DeTAC, DoTAG, and H T A C , is examin­
ed in order to see the effect of the aggregation number 
of micelle. The kx values (Table 2) increase with 
increasing alkyl chain length of the surfactants, i.e., 
with increasing aggregation number of micelle. This 
increase in the order is mainly due to the increase 
in electrical surface potential of the micelle in the 
above order which can be reasoned by analogy of 
anionic surfactant micelles16) and partially due to an 
increase of hydrophobicity of palisade layer of micelle 
in the above order. Thus, the hydroxide ion con­
centration of vicinity of the micellar surface is ex­
pected to increase with increasing the aggreagation 
number. The large difference in the kx values, how­
ever, can not be explained only with the difference 
in surface potential of the micelles.16) This must be 
considered in relation with the KJN values. T h e KJ 
N values, on the other hand, increase in the order 
DeTAC < D o T A G < H T A C , notwithstanding the same 
order in the aggregation number (ca. 36, 50, and 80 
for DeTABr, DoTABr, and HTABr, respectively,17) 
and these values do not change so much by replacing 
Br~ by CI" ; 38 for DoTAC1 8)) . This means that 
the Kx value of T N M for H T A C micelles is about 
20 times as large as that of DeTAC. Such a large 
difference is likely to come from a difference of the 
location of T N M in the micelles. The roughly es­
timated Kx values are given in Table 2. Smaller 
aggregation number of micelle results in looser pal­
isade layer of micelle, and the hydrophobic reactant 
is in an innermore par t of micelle. Therefore, the 
effective area for the reactant to sit in micelle becomes 
less for shorter chain surfactant, which corresponds 
to a smaller Kx value. O n the other hand, the H T A C 
micelles have a larger aggregation number as well 
as a more rigid palisade layer, and the location of 
T N M must be an outer part of the micelles. This 
results in a closer contact between T N M and O H -
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ion, a higher value of kx. T h e larger effective area 
thus available for the reactant location leads to larger 
Kx value. Thus, the large difference in k± values 
between DeTAG and H T A G results from not only 
the difference in micellar surface potential term but 
also the difference of the location of T N M in the mi­
celles. 

Finally, in order to confirm the above considera­
tion concerning location site of reactants in micelles, 
the effect of difference of ionic head groups on the 
reaction rates was examined using H T A G , H P C , and 
BHAC micelles. Almost the same aggregation num­
ber of H T A G and H P G can be deduced from their 
C M C values (87 for HPBr) . T h e samller kx value 
of HPG, however, results from a large distance be­
tween solubilized T N M and O H - ion in H P G micelles 
due to interposition of pyridine ring between them. 
In the case of BHAG micelle both k± and KJN values 
are larger than those of the other micelles in spite 
of the smaller GMG. This result rests on a more 
hydrophobic nature of outermost par t of the micelle. 
Therefore, the probability for T N M to sit on an outer 
par t of the micelle increases; this should be the main 
reason for their increase in BHAG micelles. 

From these results, we would like to stress that 
the reaction rate increase in the presence of cationic 
surfactant micelles is owing mainly to the hydroxide 
ion concentration near the cationic micellar surface 
and that the location of reactants in micelle has a 
strong influence on the reaction rate. 

(2) The Reaction Rates in the Presence of Nonionic Sur­
factants. As is shown in Fig. 1, the nonionic sur­
factant also increases the reaction rate. Then, in the 
first place, an effect of alkylchain length on the reac­
tion rate was examined using the surfactants of C8E6 , 
G10E6, and G12E6. The kx values increase with in­
creasing alkyl-chain length of the nonionic surfactants, 
or with increasing aggregation number of micelle, in 
a similar way as the case of cationic surfactants. O n 
the other hand, the KJN values decrease with increas­
ing alkyl-chain length. In the case of nonionic sur­
factants, the aggregation number of micelle in pure 
water (30, 100, and 460 at 30 °G for G8E6, G10E6, 
and G12E6, respectively19)) will remain almost un­
changed in the buffer solution of such low ionic strength 
as 0.03.19) T h e roughly estimated Kx values of these 
surfactants using the above aggregation number are 
given in Table 2, too. Contrary to the order of the 
KJN values, the Kx values thus obtained increase 
with increasing alkyl-chain length of the surfactants. 
This increase can also be understood from the view 
point of an available area of the reactant solubilized. 
From comparison between cationic and nonionic sur­
factants with an identical alkylchain length, e.g. G10E6 

and DeTAC or G12E6 and DoTAC, the kx values of 
the cationic surfactants are almost three times as large 
as those of nonionic surfactants. O n the contrary, 
the Kx values of the nonionic surfactants are almost 
four times as large as those of cationic surfactants, 
which means that the oxyethylene groups connected 
with alkyl chain probably constitute a palisade layer 
of the micelles where the hydrophobic reactant lo­
cates.20) This leads to larger available area in the 

TABLE 3. RATE PARAMETERS FOR THE REACTION 

OF TNM WITH HYDROXIDE ION 

Surfactant 

None 
DeTAC 
DoTAC 
HTAG 

AG* 
kj mol-1 

76.9 
66.5 
64.8 
61.9 

AH" 
kj mol-1 

65.6 
60.2 
59.8 
57.7 

AS" 
J mol-1 K-1 

- 3 7 . 2 
- 2 0 . 9 
- 1 6 . 7 
- 1 3 . 8 

nonionic surfactant micelles than in the cationic mi­
celles. 

Next, to see the effect of an oxyethylene chain length 
the reaction rates were measured in the presence of 
nonionic surfactants containing different numbers of 
oxyethylene unit but with the fixed alkyl-chain length, 
G12E6, G12E10, G12E15, C12E20, and G12E29. The k± 

and KJN values obtained from the linearity plots 
are summarized in Table 2. Concerning the de­
crease in kx values with an increase in oxyethylene 
unit more than ten, it can be expected that the loca­
tion of T N M goes into an innermore part of the mi­
celles owing to not only loosening of the palisade 
layer but also their smaller aggregation number with 
increasing oxyethylene group. Consequently, a separa­
tion between T N M and O H ~ comes to increase with 
an increase in oxyethylene unit. Regarding the KJ 
N values, on the other hand, even if the decrease in 
aggregation number of the micelles with increase of 
oxyethylene group is taken into account (460, 180, 
120, 80, and 60 at 30 °C for G12E6, C12E10, G12E15, 
C12E20, and C12E29, respectively, which were estimated 
by an interpolation or extrapolation from the ag­
gregation numbers in the literature19)), the Kx value 
of C12E6 is almost five times as large as that of G12E29. 
T h e roughly estimated Kx values are given in Table 
2. This decrease in Kx values with increasing oxy­
ethylene group is also likely to result from the loose 
palisade layer caused by less aggregation number with 
increase of oxyethylene goup. T h a t is, the area for 
T N M to sit becomes less with increase of the group. 
T h e identical explanation should be applicable to the 
reaction rates on both cationic and nonionic sur­
factant micelles. 

Concerning the distribution of T N M among mi­
celles, the Poisson distribution could be well approxi­
mated for both cationic and nonionic surfactant mi­
celles. Namely, regardless of the kinds of surfactants 
used, the linearity of the plots of l/(£app—£b) against 
l /(C t —CMC) is very good. We may conclude at 
this point that the Poisson distribution of T N M among 
micelles can be applied to the present cationic and 
nonionic surfactant micelles. In other words, the as­
sumption used for this treatment is suitable for these 
systems. 

(3) Temperature Effect on the Reaction Rates. Fi­
nally, a dependency of the reaction rates on tempera­
ture was examined both in the absence and presence 
of micelles. T h e reaction rates were measured over the 
temperature range of 20—40 °G, and the surfactants 
used were DeTAC, DoTAC, and HTAG. The reac­
tion rate determination in the presence of these sur-
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O 

3.3 

r-vkK-1 

Fig. 5. Arrhenius plots for the reaction of TNM with 
hydroxide ion. 
a) : No micelles, b) : DeTAG 0.3 mol dm~3, c) : DoTAG 
0.2 mol dm-3, d) : HTAG 0.03 mol dm~3. 

factants were made at the higher surfactant concen­
trations where the second-order rate constant Aapp is 
almost equal to the rate constant kv The plots of 
log k&pp against IjT gives a straight line as shown 
in Fig. 5, and then the activation energy E& can be 
calculated by the Arrhenius equation. The AG* 
and AH* values decrease and AS* values increase 
in the presence of these micelles compared with those 
in the absence of micelles (Table 3). The transition 
state of the reaction of T N M with hydroxide ion is 
represented by:6) 

G(N02)4 + OH- [(N02)3C-N O H - ] -

G(N02)3- + HN0 3 . 
(12) 

Therefore, the transition state having a negative charge 
is electrostatically stabilized by the cationic micelles. 
In any event, the drastic change of AG* and AH* 
values could not be found even in the presence of 

the cationic micelles. This means that the increase 
in the rate constant in the presence of cationic micelles 
can be attributed mainly to a local concentration 
increase of another reactant O H - ions around the 
micelles and that the reaction mechanism is not chang­
ed much by the presence of these micelles. 
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Pressure Effect on Rate Constants of Proton-transfer Reactions from 
2,4,6-Trinitrotoluene to N,N,N',N'-Tetramethylg\Lamdme and 

l,8-Diazabicyclo[5.4.0]und,ec-7-ene in Acetonitrile and Dichloromethane 
Naoki SUGIMOTO, Muneo SASAKI,* and J i ro OSUGI 

Department of Chemistry, Faculty of Science, Kyoto University, 
Oiwake-cho, Kitashirakawa, Sakyo-ku, Kyoto 606 

(Received March 2, 1981) 

Influence of pressure on the rate constants of the proton-transfer reactions between title compounds was 
studied in acetonitrile and dichloromethane at 25 °C up to 1000 bar by means of a high-pressure stopped-flow 
method. In the reaction of 2,4,6-trinitrotoluene (TNT) with iV^iV^iV^JV^-tetramethylguanidine, the volume of 
activation for the forward reaction AV* is —12.7± 1.0 cm3 mol - 1 in acetonitrile and —19.0±1.5 cm3 mol -1 

in dichloromethane. In the reaction of TNT with l,8-diazabicyclo[5.4.0]undec-7-ene, AV* is —9.0±1.0cm3 

mol - 1 in acetonitrile and —10.8±1.0 cm3 mol - 1 in dichloromethane. These results are discussed in comparison 
with other proton-transfer reactions. 

Proton-transfer reaction in solution has been exten­
sively studied from the theoretical and phenomenologi-
cal viewpoints.1-3^ Some proton-transfer reactions also 
have attracted much interest because of occurrence 
of appreciable tunneling effect.4) I t is known that 
the proton-transfer reaction between 4-nitrophenyl-
nitromethane (4NPNM) and a base such as amine4»5) 
or alkoxide ion,6) proceeds in a simple way.7) In 
the case of the reaction of 2,4,6-trinitrotoluene (TNT) 
with ethoxide ion in ethanol, two colored compounds 
are formed.8) At high concentrations of T N T ( « 1 0 ~ 3 

M ; 1 M = l m o l d m - 3 ) and ethoxide i o n ( « 1 0 - 1 M ) a 
brown species is formed, which is elucidated to be 
a type of Meisenheimer complex by Bernasconi.9) O n 
the other hand at low concentrations of T N T ( « 1 0 - 5 

M) and ethoxide i o n ( « 1 0 ~ 3 M ) , 2,4,6-trinitrobenzyl 
anion ( T N T - ; Amax = 514nm) is mainly produced by 
a proton abstraction from the methyl group of TNT.8»10) 
Since the reaction with a nonionic base is expected 
to shift in favor of the proton-transferred state com­
pared with the case of an ionic base, Pruszynski et 
al.11) have studied the reaction between T N T and 
iV,iV, iV^iV'-tçtramethylguanidine (TMG) in aprotic sol­
vents, namely acetonitrile and benzonitrile. The reac­
tion in both solvents produces a purple solution due 
to ion-pair which has the absorption maxima similar 
to those observed for the reaction of T N T with ethoxide 
ion in ethanol. Further, they have investigated this 
reaction in D M F solvent and discussed the relation 
between kinetic isotope effects and steric effects of 
solvent.12) 

If we can obtain some informations on the effective 
mass or volume change accompanied with the proton-
transfer reaction, the behavior of the solvent in the 
vicinity of the reactive site will be made clear. The 
volume of activation is well known to be a more easily 
interprétable quanti ty than the entropy or the energy 
of activation.13) There are several works of high-
pressure effects on the slow proton-transfer reactions.14) 
However, as technical difficulty has restricted the high-
pressure investigation on a reaction faster than several 
seconds, there are only a few reports on high-pressure 
effects on the fast proton-transfer reactions.15»16) We 
reported previously16) that the proton/deuteron-transfer 
reactions of 4 N P N M + T M G in toluene and dichlo­
romethane were accelerated at high pressure and the 

kinetic isotope rate ratio reduced from 11.9 at 1 bar 
to 9.3 at 1000 bar in toluene while it almost unchanged 
in dichloromethane(10.7 ±0 .2 ) . 

In this paper we investigate the proton-transfer 
reactions between T N T ( A H ) and TMG(B) in aceto­
nitrile and dichloromethane solvents by means of a 
high-pressure stopped-flow method up to 1000 bar at 
25 °G. The reaction between T N T and 1,8-diaza-

AH + B Jk [A]-[BH]+ion pa i r (1) 

CH3 

O2N^0,NO2 HN=C(NMC2)2 OQ 

N0 2 

TNT TMG DBU 

bicyclo[5.4.0]undec-7-ene (DBU) in both solvents is also 
studied. Such a base was chosen for the reasons 
that (a) the base nitrogen atom was not protonated 
in the free base,7) (b) it was a strong base favorable 
to proton-transfer reaction, and (c) it was a cyclic 
amidine suitable for the study of the steric effect. 

Exper imenta l 

Materials. 2,4,6-Trinitrotoluene (TNT) was purified 
by repeated crystallization from ethanol with charcoal; mp 
81 °G. The purity of TNT was examined by NMR spec­
trum (methyl protons (5=2.75, benzene ring protons ô= 
8.92 in the ratio 3:2). N,N,N\N'-Tetramethy]gvwatàine 
(TMG, Nakarai Chemicals Go. Ltd.) was dried with potas­
sium hydroxide and then distilled under a nitrogen atmos­
phere; bp 161 °G (lit, 161 °G). 1,8-Diazabicyclo[5.4.0]-
undec-7-ene(DBU, Nakarai Chemicals Co. Ltd., spectrograde 
reagent) was dried with potassium hydroxide and then distill­
ed under reduced pressure. The pure DBU was identified 
by NMR spectrum. Acetonitrile was purified by the meth­
od of O'Donell17) and then distilled over phosphorus 
pentaoxide; bp 82 °C. Dichloromethane was dried with 
calcium hydride and then distilled; bp 39.5—40 °C. 

Apparatus and Procedure. Absorption spectra were de­
termined by a Shimadzu UV-200S spectrophotometer. Ki­
netic measurements at 1 bar ( lba r=10 5 Pa) were carried 
out by a Union Giken RA-401 stopped-flow apparatus. 
In all measurements at 1 bar, the temperature was kept 
at 25.0±0.1 °G by circulating thermostated water. At 
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Fig. 1. Visible spectra of the product of the T N T + 
TMG reaction (1) and of the TNT+DBU reaction 
(2) in acetonitrile. 
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Fig. 2. Plots of fl/Abs against reciprocal of DBU con­
centration in acetonitrile (open circles) and dichlo-
romethane (closed circles) at 25 °C. 

high pressure the reaction was followed by means of a high-
pressure stopped-flow apparatus; the details were described 
elsewhere.18) In high-pressure measurements the tempera­
ture was kept at 25.0+0.5 °C by circulating thermostated 
fluid around the high-pressure vessels. 

The following weighed-in concentrations of solutions at 
1 bar were freshly prepared every day before use: TNT 
0.02—0.03 raM, TMG 2—10 mM in acetonitrile and TNT 
0.1— 0.3 raM, TMG 5—100 mM in dichloromethane ; TNT 
0.02—0.06 mM, DBU 2—13 mM in acetonitrile and TNT 
0.04—0.08 mM, DBU 3—18 mM in dichloromethane. 

The rate of the proton-transfer reactions of TNT with 
TMG and DBU was determined by monitoring the change 
of the absorption with time at 520 nm in acetonitrile and 
at 530 nm in dichloromethane. The increase of the ab-
sorbance obeyed first-order kinetics when the base (TMG, 
DBU) existed in large excess over TNT. The observed 
rate constant £obsd was determined by the least-squares fit­
ting to the Guggenheim plot. 

R e s u l t s 

The reactions of T N T with T M G and DBU within 
the range of present experimental concentrations give 
the purple anion. The possibility of reactions other 
than the proton-transfer was ruled out with reference 
to the careful examinations of Pruszynski et al.11) and 

Absorbance ; 0.02 750 bar 

250 bar 

Fig. 3. Typical stopped-flow traces of the TNT+DBU 
reaction in dichloromethane at 25 °C. The absor­
bance change was monitored at 530 nm: [TNT] = 
3.4xlO"5M, [DBU] = 2.40xlO" 3M at 1 bar. 

Jarczewski et al.12) The absorption maxima for the 
ion-pair produced by a proton-transfer from the methyl 
group of T N T to T M G are around 375, 530, 635 
nm in dichloromethane and identical to those observed 
in acetonitrile (378, 520, 635 nm) . The reaction mix­
tures between T N T and DBU show the absorption 
maxima at around 375, 530, 635 n m in dichlorometh­
ane and 378, 520, 635 n m in acetonitrile; they are 
very similar to those observed in the reaction between 
T N T and T M G (Fig. 1), while each reactant is trans­
parent in the visible region. 

The equilibrium constant of the T N T + D B U reac­
tion was determined at 25 °G and 1 bar according 
to the Benesi-Hildebrand equation (2).19> In this equa-

[a] 
Abs Ke 

1 _1_ 

lbT + ^ (2) 

tion, [a] is the initial concentration of T N T , [b] that 
of the base, K the equilibrium constant, s the molar 
absorption coefficient, Abs the absorbance at 520 n m 
in acetonitrile and 530 n m in dichloromethane at the 
equilibration. The fact that the plot of Eq. 2 gives 
a very good straight line as shown in Fig. 2 supports 
that the product is not separate ions but a contact 
one, namely ion-pair. Otherwise the plot would be 
significantly curved and the following would be valid: 

[a] 
Abs 

1 Abs l 
Ke* [b] + 7" (3) 

Therefore, it is concluded that the reaction pa th be­
tween T N T and DBU is simple and the same as that 
between T N T and T M G as described below. 

(4) 

In Fig. 3 are shown some representative traces of 
the increase of absorption with time. The stopped-
flow trace at each pressure obeyed a first-order kinetic 
equation. The plot of kohsd against T M G or DBU 
concentration [b] is of a straight line at each pressure 
(Figs. 4 and 5), in agreement with Eq. 5. 

£obsd = *f [b] + h (5) 
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T A B L E 1. R A T E CONSTANTS k{ (M~1s"1) AT 25 °G 

6 8 10 

b/mM 

Fig. 4. Dependence of £obsd on TMG concentration 
in acetonitrile at 25 °C. 
• : 1 bar, A : 500 bar, O: 1000 bar. 

O 5 10 15 

b/mM 

Fig. 5. Dependence of £obsd on DBU concentration 
in dichloromethane at 25 °G. 
D : 1 bar, A : 500 bar, O: 1000 bar. 

In the equation, kt and kb are the forward and back­
ward rate constants of the pro ton-transfer reactions. 
Since molar concentration unit is convenient to com­
pare the rate constants at various conditions, we cor­
rected the weighed-in concentration at 1 bar for the 
compression of each solvent to know [b] of molar 
unit at high pressure. In the plots of Figs. 4 and 5, 
compression was taken into account on the basis of 
data of Srinivasan et al.20') for acetonitrile and of Newitt 
et al.21) for dichloromethane. Thus the values of kt 

and kh were determined from the dependence of kohsd 

on T M G and DBU concentration by a least-squares 
method. T h e values of kz are given in Table 1. The 
values of kh in dichloromethane are given in Table 
2, but in acetonitrile they are too small to be reliable 
and are not recorded. T h e equilibrium constants K 
are also evaluated and listed in Table 2. 

The volume of activation AV* for either kt or kh 

was determined by 

dink 
RT 

+ An*K, (6) 

where, K is the compressibility of the solvent, An* 
the difference of the number of molecules from the 
initial to the transition state, T the absolute tem-

/>/bar 
;i)a> (2) 

ANC> DCMd> ANC> DCMd> 

1 3.84±0.05 3.13±0.07 
250 4 .17±0.08 3.71+0.10 
500 4.73 + 0.09 4 .58±0.10 
750 5.34±0.10 5.19+0.12 

204+4 41 .8+0 .8 
220+4 46 .9+1 .0 
230±4 49.2 + 0.8 
238±5 52 .4±1.2 

1000 5.61±0.14 6.12 + 0.14 267±6 60 .3±1 .0 

a) kt of the TNT + TMG reaction, b) kt of the TNT 
+ DBU reaction, c) Acetonitrile solvent. d) Dichloro­
methane solvent. 

TABLE 2. RATE CONSTANTS kh AND EQUILIBRIUM 

CONSTANTS K IN DICHLOROMETHANE AT 25 ° C 

jö/bar 

1 

250 
500 
750 

1000 

4/s-1 

(l)b) (2)c) 

1.53±0.03 1.87 + 0.03 

1.31+0.04 1.73 + 0.04 
1.18+0.03 1.57 + 0.03 
0 .97±0.03 1.39+0.04 
0 .76±0.03 1.15 + 0.03 

(2 

( l ) b 

2.05 
. 0 ± 0 . 
2.83 
3.88 
5.35 
8.05 

-kt/k^/M-1 

(2)c) 

22.4 
6)d) (24+5) d> 

27.1 
31.3 
37.7 
52.4 

a) K in acetonitrile at 1 bar and 25 °C is 4100 in the 
TNT + TMG reaction from Ref. 11 and 6070 in the 
TNT + DBU reaction from our result, b) The TNT 
+ TMG reaction, c) The TNT + DBU reaction, d) 
From equilibrium measurement. 

perature, and R the gas constant. In the present 
reaction, the value of An* is — 1 for the forward reac­
tion and zero for the backward one. The value of 
fc at 25 °G were calculated from the literatures.20 '21) 
The plots of ln£ f against pressure were almost linear 
for both systems and both solvents (Figs. 6 and 7). 
The values of AV* are given in Table 3 together 
with AVt. 

D i s c u s s i o n 

Equilibrium and Rate Constants at Atmospheric Pressure. 
In the reaction between T N T and ethoxide ion, Buncel 
et a/.10) found that when first-order rate constants 
kobsd were plotted against ethoxide ion concentration 
it was slightly curved. The analysis of these results 
led them to the conclusion that the brown species 
other than T N T - was formed. However, in the reac­
tion between T N T and T M G , Pruszynski et al.11) 
obtained a linear relation obeying Eq. 5 in both ace­
tonitrile and benzonitrile. In our experiments also, 
the plots of kobsa against T M G and DBU concentration 
[b] gave a straight line in acetonitrile and dichloro­
methane. The equilibrium constants obtained by rate 
constant ratio K(=k{jkh) are well in accord with the 
direct determination after equilibration by Eq. 2 (Table 
2), which strengthens the reliability of the determined 
rate constants. 

The rate constant k{ of T N T + T M G reaction at 
25 °C and 1 bar is 3.84±0.05 M - 1 s - 1 in acetonitrile, 
which is almost equal to Pruszynski's value (k{= 
4 . 0 4 ± 0 . 1 2 M - 1 s - 1 ) , and 3.13 + 0.07 M - 1 s - 1 in dichlo-
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T A B L E 3. VOLUMETRIC DATA AT 25 °G AND 1 bar 

2601 

(1) a) (2)b> 

ANC> DCMd> ANC> DCMd> 

A F J / c m 3 mol" 1 

A F Ï / c m 3 mol"1 

A F ° / c m 3 mol" 1 e> 

-12 .7±1.0 - 1 9 . 0 + 1 . 5 
+ 17.1 + 1.7 
- 3 6 . 1 + 3 . 2 

- 9 . 0 ± 1 . 0 - 1 0 . 8 ± 1 . 0 
+ 11 .9±1.2 
- 2 2 . 7 ± 2 . 2 

a) The TNT + TMG reaction, b) The TNT + DBU reaction. c) Acetonitrile solvent, d) Dichloromethane 
solvent, e) AV° = AV*-AVt. 

500 

/»/bar 

Fig. 6. Pressure dependence of lnkf of the T N T + 
TMG reaction in acetonitrile (closed circles) and 
dichloromethane (open circles). 

romethane. In the reaction between T N T and DBU, 
the value of kf is 204 ± 4 M _ 1 s _ 1 in acetonitrile and 
41.8+0.8 M - 1 s - 1 in dichloromethane. In both reac­
tions, the rate constants of the forward reaction in 
acetonitrile (dielectric constant; £=36) are larger than 
those in dichloromethane (e=8 .9 ) . These kinetic be­
haviors are in accord with the view that each reaction 
involves the formation of a polar transition state since 
the polar transition state is, in general, more stabilized 
in the higher polarity of solvent. Further, the kinetic 
results for T N T may be compared with those reported 
for the corresponding reaction of 4 N P N M with T M G 
and DBU.4»22) The forward rate constant k{ of the 
reaction of 4 N P N M at 25 °G in toluene is larger for 
DBU ( Â : f = 2 . 7 x l 0 5 M - 1 s - 1 ) than for T M G (kf= 
2 . 2 9 x l 0 3 M " 1 s - 1 ) by a factor of about 120. While 
in our results kf of the reaction of T N T is larger for 
DBU than for T M G by a factor of about 55 in ace­
tonitrile and 15 in dichloromethane. Thus the ex­
planation on the difference in solvent sensitivity be­
tween T M G and DBU is, even qualitatively con­
troversial at present, but it is clear that 4 N P N M re­
leases the a-proton more easily than T N T irrespective 
of solvent or base. 

Judging from the results of the reaction with 
4NPNM,2 2) DBU is a much stronger base: the equi­
librium constant K at 25 °G is about 100 times larger 
than for iV,iV-diethylpentanamidine and about 70 times 
larger than for iV,iV-diethyldecanamidine. As found 
in Table 2, K between T N T and DBU is larger than 
between T N T and T M G : DBU is a much stronger 
base than T M G especially in less polar solvent. Be­
tween T N T and DBU, K at 25 °G and 1 bar is 6070± 
600 M - 1 in acetonitrile and 2 4 ± 5 M - 1 in dichloro-

1000 

p/ba.r 

Fig. 7. Pressure dependence of lnkf of the TNT+DBU 
reaction in acetonitrile (closed circles) and dichlo­
romethane (open circles). 

methane (from kinetic measurements, K=kjkh is 
5200±400 and 2 2 ± 4 M" 1 , respectively). Therefore, 
the stability of the ion-pair in acetonitrile is higher 
than that in dichloromethane. 

Pressure Effects on Reaction Rates. The volume 
of activation AV* of chemical reactions in solution 
are recognized to give very important information 
about the reaction mechanism and the role of the 
solvent during activation.23) AV* mainly consists of 
two major contributions, one due to the structural 
change of activation (AFs?r), and the other due to 
the solvation change (AVBtiv) on going from the 
initial to the transition state.24) In the case of the 
bond-forming process, AVB*r would be negative. 
When electronic charge is generated during activation, 
AFsîiy will also be negative. The pro ton-transfer 
reaction from T N T to T M G and DBU conforms to 
the above case; in fact, our data result is the negative 
values of the volume of activation. The volume of 
activation of the forward reaction AV? of T N T + 
T M G reaction is —12.7±1.0 cm3 m o l - 1 in acetonitrile 
and —19.0±1.0 cm3 m o l - 1 in dichloromethane, and 
then AV? of T N T + D B U reaction is —9.0±1.0, 
— 10.8±1.0 cm3 mol - 1 , respectively. Absolute value 
of AV? for T N T + T M G reaction in dichloromethane 
is a little larger than that of 4 N P N M + T M G reaction 
( —15.3±1 .5cm 3 mol- 1 ) 1 6 a ) and that of 4 N P N M + 
T M G - 4 ( - 1 4 . 6 ± 1 . 7 c m 3 m o l - 1 ) . 1 6 b ) 

O n the basis of Kirkwood's theory,25) Eqs. 7 and 
8 hold for k and AV*, respectively; 

ln£ = l n £ 0 + (N^^/a^q, 

AV* = AVt - (N0'2ifil*)(dq/dp)T, 

(7) 

(8) 
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where q={s—\)j(2s-\-\), n and a are dipole moment 
and radius, respectively, S^ 2 /« 3 the difference be­
tween the initial state and the transition state, and 
N0 Avogadro's number. Since the reaction studied 
here proceeds through a highly polar transition state, 
the term S^ 2 /« 3 is expected to be positive. In many 
cases, though not generally, the larger the q value 
(the higher dielectric constant) the smaller the \dqfdp)T 

term. Thus, our results that the forward reaction 
proceeds faster and AVf is less negative in the more 
polar solvent will be qualitatively explained by the 
above electrostatic solvation-model of an ionogenic re­
action : similar tendency is found in many Menschutkin 
reactions.26) Hence it is likely that even in the sol­
vent of low polarity such as dichloromethane solvation 
in the proximity of reaction center, more or less, 
takes places. 

Absolute values of AVf for DBU are larger than 
those for T M G in both solvents. This may be at­
tributed to the steric effect of DBU, that is, the non-
planar seven-membered ring of DBU will prevent 
solvation in the vicinity of reaction center. AVf 
values in dichloromethane are considerably less nega­
tive compared with the volume change öf reaction 
AV°(=AVf-AVf) (Table 3). The transition state 
is therefore not as highly ionic as the ion-pair. 

Further studies of the rate and its kinetic isotope 
effect in many solvents and other systems at high pres­
sure will reveal the behavior of the solvent in the 
vicinity of reaction site. 

The authors are grateful to Mr. Fujitugu Amita 
for maintenance of the high-pressure stopped-flow ap­
paratus. The present work was supported by a Grant-
in-Aid for Scientific Research No. 454123 from the 
Ministry of Education, Science and Culture. 
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Raman Spectra of a Compound under Inversion Motions. II. 
iV-Methylpiperazine 
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Raman spectra of JV-methylpiperazine in proton donors and acceptors were measured. Forms of stable 
conformers in the donors and the acceptors were studied by comparison of the Raman spectra and normal vibra­
tion calculations. A conformational change of the molecule in the donors was found, suggesting the change of 
valence state of nitrogen atom, which is caused by hydrogen bonding. 

One of the present authors reported1) the confor­
mational change of iV^'-dimethylpiperazine, which 
might be ascribed to suppression of inversion motion 
at nitrogen by hydrogen bonding. In the present 
study, the effect of hydrogen bonding on molecular 
conformation of 7V-methylpiperazine molecule, which 
has two nitrogen atoms, one bonded by a light atom 
and the other bonded by a heavier group, was in­
vestigated in order to compare the effect by hydrogen 
bonding on the valence state of nitrogen atoms in 
different situations. 

Exper imenta l 

Commercial JV-methylpiperazine (grade GR, Tokyo Kasei 
Chemicals Co., Ltd.) distilled under vacuum was used. 
Raman spectra were measured with a Model R-800T Raman 
Spectrophotometer (Japan Spectroscopic Co., Ltd.) under 
excitation with a Spectra Physics argon ion laser (model 
165) using 514.5 nm line (300 mW). Depolarization ratio 
was measured by use of a system consisting of a half-wave 
plate, a lens and a polarizer. Measured depolarization 
ratio of the Raman bands of carbon tetrachloride at 459 
cm - 1 (A2 species) and at 218 cm - 1 (E species) were 0.007 ± 
0.001 and 0.75±0.01, respectively. Liquid samples at room 
temperature were measured with 0.3 ml Raman cells, while 
crystal at low temperature was measured with an Oxford-
type cryostatt and liquid nitrogen. The experimental re­
sults are shown in Tables 1—2 and Figs. 1—2. 

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

In the following discussion, refer to Tables 1—2 
and Figs. 1—2. 

Raman Spectrum Change Associated with Hydrogen Bond­
ing. The three R a m a n bands of pure liquid at 
615 cm - 1 , 608 cm - 1 , and 587 c m - 1 reduce their fre­
quencies by iV-deuteration as shown in the spectrum 
of heavy water solution. O n the other hand, the 
band at 339 c m - 1 shifts to 330 c m - 1 by an apparently 
small frequency decrease as the result of both decrease 
of frequency on 7V-deuteration and increase of fre­
quency by hydration. O n the basis of the frequency 
changes, they are ascribed to the vibrations of - N H -
group. Among them, the band at 615 c m - 1 reduces 
its intensity both in the benzene and the acetone 
solutions, where concentration of the species hydrogen-
bonded to the nitrogen atom in the group decreases. 
Therefore, it is assigned to the species, which is hy­
drogen-bonded to the nitrogen atom, though which 
might be hydrogen-bonding to other molecule. O n 
the other hand, the band at 587 c m - 1 increases its 
intensity in the solutions, being assigned to the species, 
which is not hydrogen-bonded to the nitrogen atom. 

CHo-CHo 
( A ) H N ' L z ^ > N C H 3 

CH2— CHf 

SOLID 

RAMAN SPECTRA 

eg JCHO—CHo 
g (C) H N ^ L ^ N C H 3 

•g C H 2 - C H 2 ^ 

(D) 
CHo—CHo. 

HNC ^ N C H r 
N;H2—CH2^ 

700 600 
— i 1 1 1 — 

500 400 300 200 100 

Wave number/cm-1 

Fig. 1. Raman spectra of JV-methylpiperazine. 
(A): Solid at —63 °G, (B): liquid at room tempera­
ture, (G) : heavy water solution (mole fraction=0.335), 
(D): aqueous solution (mole fraction=0.335) Solid 
line: I/f, dotted line: I±. 

Intensity of the band at 608 c m - 1 decreases in the 
acetone solution, in which the species hydrogen-bond­
ing to acetone molecule but not hydrogen-bonded 
to its nitrogen atom increases. Therefore, it is as­
signed to the species which is hydrogen-bonded to 
its nitrogen, but is not hydrogen-bonding to other 
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Liq 
V 

1467 
1447 
1423 
1397 
1377 
1366 
1345 
1328 
1316 
1303 

1288 
1275 

1197 
1187 
1178 

1155 

1102 
1094 
1065 

1053 
1037 

1018 
1006 

917 

897 

853 

839 
825 
783 

615 
608 
587 

495 
487 
453 
440 
417 

363 
339 

285 
244 

185 

/ 

34 
29 
11 
3 
4 
4 
4 
7 
11 
30 

20 
7 

18 
10 
9 

13 

9 
7 
20 

9 
11 

9 
7 

14 

26 

10 

9 
7 

100 

20 
21 
13 

19 
14 
70 
sh 
38 

7 
8 

1 
2 

15 

TABLE 1. 

P 

0.60 
0.60 

0.62 
0.54 
0.50 
0.47 
0.57 
? 
0.61 
0.44 

0.26 
? 

0.56 
? 

? 

0.52 

0.28 
? 

0.51 

? 

0.61 

0.52 
0.49 

? 

0.04 

0.41 

0.45 
? 

0.18 

0.08 
0.07 
0.11 

0.59 

0.52 
0.06 
? 

0.34 

0.57 
0.14 

0.56 
0.75 

0.30 
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OBSERVED RAMAN SHIFT FREQUENCIES 

C6H6 

V 

1465 
1442 
1423 

1370 
1366 

1330 

1317 
1300 

1286 
1275 

1194 
1187 
1178 

1152 

1102 
1096 
1061 

1050 

1032 

* 
* 

917 

896 

850 

840 
820 
780 

612 
608 
585 

490 
486 
448 
440 
414 

360 
333 

284 
240 

178 

soin 
/ 

32 
28 
sh 

3 
sh 

sh 
10 
31 

19 
sh 

21 
sh 
45 

24 

sh 
9 
23 

sh 
13 

sh 

41 

15 

sh 
sh 
100 

sh 
86* 
26 

sh 
23 
82 
sh 
47 

6 
11 

1 
3 

10 

(CH3)aCO soin 
V 

1464 
1420 

1365 

1318 

1300 

1284 
1270 

1193 

1176 

1144 

1097 
1060 

1053 
1030 

1010 
1000 

900 
895 

850 

832 

727 

603 
593 

489 
482 
448 
439 
411 

358 
333 

252 

177 

I 

22 
13 

4 

8 

17 

12 
4 

10 

6 

14 

6 
16* 

sh 
7 

6 
4 

15 
17 

5 

6 

8 

12 
13 

17 
16 
47 
38 
29 

5 
9 

7 

5 

HaO 
V 

1472 
1453 
1426 

1379 

1353 

1322 
1307 
1298 

1284 

1202 
1190 
1178 
1165 
1152 

1107 

1068 

1053 
1039 

1018 
1008 

910 

895 
867 
855 

839 

782 

616 
603 
593 

496 
490 
462 

423 

363 
350 

283 
245 
200 
190 

OF JV-

soln 
/ 

25 
22 
6 

3 

2 
8 
20 
13 

sh 

13 
7 
9 
10 
10 

8 

16 

7 
12 

5 
4 

8 

sh 
8 
9 

9 

100 

15 
sh 
sh 

18 
21 
53 

18 

6 
sh 

? 

? 

•METHYLPIPERAZINE (in Cm - 1) 

GH 3OH soln 
V 

1465 
1446 

1422 

1376 

1348 

1317 

1302 
1292 

1194 
1183 

1158 

1147 
1138 
1101 

1058 

1034 

902 
872 
857 
846 
830 
819 
775 

611 
603 
593 

488 
482 
458 

418 

356 

278 
235 

/ 
?* 

?* 
sh 

15 

5 
11 
24 
16 

16 
11 

13 

sh 
14 
17* 

25 

?* 

8 
sh 
sh 
9 
8 
sh 
100 

16 
sh 
sh 

14 
16 
39 

13 

4 

? 
? 

DaO soln 
V 

1471 

1452 
1426 

1375 

1335 
1323 
1307 

1292 

1248 
1198 

1182 

1160 

1143 

1100 

1063 

1050 
1035 

1015 
1005 
983 

870 

830 
827 
780 

580 
493 
486 
454 
440 
420 

363 

330 
285 
245 

190 

/ 

36 
28 
9 

5 

6 
sh 
27 
16 

8 
17 
sh 

14 

15 

9 

8 

15 
15 

7 
5 
6 

39 

sh 
13 
100 

11 
sh 
23 
41 
sh 
19 

7 

? 

? 
? 

? 
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Solide 
V 

1463 
1460 
1435 
1389 
1370 
1366 
1345 
1330 
1316 

1292 

1270 

1200 
1183 
1172 

1143 

1102 
1094 
1065 

1059 

1025 

1010 

925 

900 

842 

825 
773 

592 

475 

444 

407 
360 
323 

286 
244 

182 
77 

/ 

~32 
44 
53 
12 
6 
sh 
9 
9 
9 

88 

15 

9 
44 
15 

41 

6 
12 
sh 

68 

6 

21 

29 

2 

29 

12 
100 

38 

41 

53 

29 
12 
9 

13 
6 

26 
50 

* : Overlapped by solvent band, v : shift frequency, / : relative intensity, p : depolarization ratio. 
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TABLE 2. CALCULATED FREQUENCIES OF NON-HYDROGEN-BONDED JV-METHYLPIPERAZINE COMPARED 

WITH THE OBSERVED FREQUENCIES (in C m - 1 ) 

Obsd 

587 (P) 

487 (P, DP?) 
440 (P) 

417 (P) 

363 (P, DP?) 
339 (P) 

244 (DP) 

185 (P) 

P: Polarized, 

ee 

612 (A') 

503 (A") 
454 (A') 

420 (A') 

366 (A") 
322 (A') 

257 (A") 

193 (A") 
159 (A') 

DP: depolarized, 

H < C H 2 -

IN C6H6 

£ 
S 

1—1 

e(CH3)a(H) 

618(A') 

501 (A") 
450 (A') 

421 (A') 

367 (A") 
326 (Ar) 

256 (A") 

193 (A") 
162 (A') 

aa 

650 (A') 

528 (A") 
518(A') 

438 (A') 

403 (A") 

314(A') 

220 (A") 
194(A") 

133 (A') 

rock: rocking, def: deformation, tors: 

RAMAN SPECTRA 

1 & 

-CHo. 

- C H J > N C H 3 

3 I 
CSI 1 ' 

° I* ^ 1' 
^ ÏI 

A ' /v 
I 

800 

II 

1 J 
720 640 

o M 
CSI J 1 

1 

A > 

A r 

L \ tt\ f\ w 
\jjw v .... 

\ r 
V^ j+J 

1 1 
560 480 

a (GH3) e (H) Description 

645 (A') CH2 rock, GCN def 
G(NH)C def 
GCN def 

529 (A") CGN def 
525 (A') CGN def 

CGN def 
CNC def, GCN def 

435 (A') CNC def 
CNC def 

403 (A") CNC def 
CNC def, CGN def 
CNC def, GN tors 

311 (A') CNC def 
GC tors, GCN def 

221 (A") CGN def 
194 (A") NC tors 

CNC def, CGN def 
131 (A') CNC def, NC tors 

torsion, ee: diequatorial, aa: diaxial. 

HNîT' 2 2"^NCH7 
^CH2—CH2 J 

1 IN (CHj^CO 

1 * CM 

1 "Ï* 

11 1 
« \ f\ 

W .. . 
r~ — 

100 

Wave number/cm -1 

Fig. 2. Raman spectra of iV-methylpiperazine. 
Acetone solution (mole fraction^0.260), benzene solution (mole fraction=0.150). 
Solid line: I!h dotted line: IL. 

molecule. In the aqueous solution, the band at 587 
c m - 1 becomes weaker, and the band at 615 c m - 1 

becomes intense, so being the case for the methanol 
solution. Intensity of the band at 339 c m - 1 increases 
in the benzene and the acetone solutions, while it 
decreases in the aqueous and the methanol solutions. 
So, the band is assigned to a vibration of - N H - group 
of the species, which is not hydrogen-bonded to nitro­
gen atom. In the latter solutions, frequency of the 
band increases to 363 c m - 1 on hydrogen bonding to 
nitrogen atom. 

These changes indicate that the bands at 587 c m - 1 

and 339 c m - 1 arising from non-bonded - N H - group 
increase their frequencies to 615 c m - 1 or 608 c m - 1 

and 363 c m - 1 by being hydrogen-bonded to the ni­
trogen atom. 

Frequencies of the bands of pure liquid at 453 c m - 1 , 
440 c m - 1 , and 363 cm - 1 , do not change much on N-
deuteration. The band at 440 c m - 1 increases its in­
tensity in the benzene and the acetone solutions, while 
its intensity decreases in the aqueous and the methanol 
solutions. Therefore, it is attributed to the species 
which is not hydrogen-bonded to the nitrogen atom 
of - N ( C H 8 ) - group. T h e other two bands at 453 
c m - 1 and 363 cm- 1 , which are intense in the aqueous 
and the methanol solutions, are attributed to the 
species hydrogen bonded to the nitrogen atom of 
- N ( C H 8 ) - group, although the latter band might be 
overlapped by a band of non-bonded species. Based 
on these changes, it is concluded that the band at 
440 c m - 1 of non-bonded - N ( C H 3 ) - group increases 
its frequency to 453 c m - 1 on the hydrogen bond for-
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TABLE 3. FORCE CONSTANTS OF ^-METHYLPIPERAZINE (in mdyn/A) 

JT(N-H) 
K(G N) 
K(G-G) 
tf(C-H)(CH2) 
tf(C-H)(CH3) 
tf(HNC) 
H(GNG) 
H(NGG) 
/ /(HCC) 
//(HGN) 
//(HGH) 

5.900 
3.017 
2.304 
4.050 
4.437 
0.307 
0.482 
0.300 
0.217 
0.219 
0.363 

//(HCN)(CH3) 
//(HGH)(GH3) 
F(HNG) 
F(CNC) 
F(NGG) 
F (HGG) 
F (HGN) 
F(HCH) 
F(HCN)(CH3) 
F(HCH)(CH3) 

0.272 
0.513 
0.313 
0.195 
0.700 
0.482 
0.664 
0.069 
0.664 
0.173 

y(NH-G) 
F(C-G) 
F(N(CH3)-C) 
F(CH3-N) 
/c(GH2) 
*(CH3) 
t 

g 

0.058 
0.107 
0.062 
0-062 
0.030 

- 0 . 0 1 0 
0.107 

- 0 . 0 2 5 

K: Stretching force constant, H: 
force constant, K: intramolecular 

angle bending force constant, F: repulsive force constant, Y: internal rotation 
tension, t: trans coupling force constant, g: gauche coupling force constant. 

mation. 
Frequency change associated with hydrogen bonding 

to nitrogen atom in the case of - N H - group ((615 — 
587)/587=0.048, ( 6 0 8 - 5 8 7 ) / 5 8 7 = 0 . 0 3 6 ; ( 3 6 3 - 3 3 9 ) / 
339=0.071) is larger than that of - N ( C H 8 ) - group 
( (453-440) /440=0 .030) . 

Comparison of the Bands of Non-bonded Species with 
Normal Vibration Calculation and the Bands of the Solid. 
T h e results of normal vibration calculation according 
to Wilson's G F matrix method2) by use of the modified 
Urey-Bradley force field and the force constants in 
Table 3 are shown in Table 2, compared with the 
observed frequencies of the non-bonded species. The 
observed frequencies agree well to the calculated fre­
quencies of ee form or e(GH 3 )a(H) (e: equatorial, 
a: axial), but they are not consistent with those of 
aa form or a (CH 3 )e (H) form. Therefore, it is prob­
able that molecular form of non-bonded species is 
close to ee form or e(GH 3 )a(H) form. As valence 
state of nitrogen atom is almost sp3 in the species 
hydrogen-bonded to the nitrogen atom, the observed 
frequencies in Table 2 are considered to be due to 
the molecular form, which is close to but not the same 
as the form having sp3 valence state of nitrogen atom. 
In the solid state, species having similar molecular 
form persists as frequencies of the non-bonded species 
are somewhat close to those in the spectrum of the 
solid in the region below 700 c m - 1 . From the above 
discussion, it is concluded that in the liquid state 
non-bonded iV-methylpiperazine molecules are in one 
form close to ee or e(GH 3)a(H) form and that some 
of normal frequencies of - N H - or - N ( C H 3 ) - group 
of the form are affected very much by hydrogen bond­
ing to the nitrogen atom o f - N H - or - N ( G H 3 ) - group. 
The frequency changes on hydrogen bonding cannot 
be explained as the conformational change, ee or 
e(CH 3 )a(H)->aa or a (GH 3 )e (H) , because the frequency 
of the polarized band at 339 c m - 1 decreases and those 
of the bands at 363 cm - 1 , 417 c m - 1 , 440 cm - 1 , and 
587 c m - 1 all increase in the case of the conformational 
change, while the observed change is contradictory 
to the change as shown in Table 2. Therefore, the 
change may be ascribed to change of valence state 
of nitrogen a tom from the state for the ground state 
of the normal vibration associated with inversion coor­
dinate to sp3 type in hydrogen-bonded nitrogen atom. 

Interpretation of the Spectrum Change Associated with 
Hydrogen Bonding. According to the normal vi­
bration calculation, the R a m a n bands at 339 cm - 1 , 
440 c m - 1 , and 587 cm - 1 , which are affected much by 
hydrogen bonding, correspond to the vibrations to 
which the symmetrical skeletal deformation modes (A' 
species) contribute to a great deal. These modes 
are related to the coordinates of inversions, ring in­
version and inversion at nitrogen. I t has been re­
ported for 1,4-dimethylpiperazine and other compounds 
that rate of inversion at nitrogen is much faster than 
that of ring inversion and also that the activation 
energy for inversion at nitrogen of 1,4-dimethylpipera­
zine is a rather small value of 14 k j mol-1.3> There­
fore, the potential barrier for inversion at nitrogen 
is expected to be lower than that for ring inversion. 
When iV-methylpiperazine is hydrogen-bonded, inver­
sion at nitrogen may be suppressed and the molecule 
is likely to be primarily under ring inversion. In 
that situation, the potential is different from that 
of inversion motion including inversion at nitrogen 
especially in the height of potential barrier and the 
anharmonicity. The change of shape of the potential 
by hydrogen bonding necessarily accompanies the 
change of energy levels of normal vibrations associated 
with inversion coordinates as well as the change of 
molecular structure for the vibrational ground state. 
Thus, for the vibrations, to which inversion coordinates 
contribute, the energy difference between ground state 
( v = 0 ) and the first excited state ( v = l ) become dif­
ferent between non-bonded molecule and hydrogen-
bonded molecule. The R a m a n shift frequencies which 
we observe are related to the transition from the ground 
state to the first excited state, and therefore, they 
change considerably by the change of the energy 
difference of the energy levels. 

Difference of frequency change associated with hy­
drogen bonding to nitrogen atom suggests that poten­
tial barrier of inversion at nitrogen of - N H - group 
is different from that of - N ( C H 3 ) - group. 
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The glass transition temperature (Tg) is measured as a function of pressure up to 200 MPa for the aqueous 
Li, Na, K, Rb, and Gs acetate solutions. The effects of cation radius on the glass transition of these solutions 
are discussed and some attempts are made to correlate Tg (and associated properties) with r (cation radius). 

Glass transition is characterized by a heat absorbing 
inflection in a D T A trace and affected by many fac­
tors.1) In recent glass formation studies,2»3) it is shown 
that glass transition temperature (Tg) is a good diag­
nostic parameter to represent thermodynamic and 
transport properties of a supercooled liquid and glass 
system. In contrast to silicate and borate systems,4) 
glass formation studies of aqueous solutions have been 
still scarce. 

As aqueous electrolyte solutions in high concentra­
tions are a very complicated system, defying any 
simple theoretical treatment, it is of importance, as 
a first step, to investigate the effects of various factors 
affecting the magnitude of Tg. Ionic radius of ions 
(r) is of course an important factor in transport 
and thermodynamic properties of aqueous solutions.5) 
Alkali ions are simple in structure and essentially 
ionic so that aqueous solutions of alkali salts are a 
suitable target if only they are glass-forming. I t is 
expected that the effect of pressure on Tg can be an 
auxilliary diagnostic tool to clarify the structure and 
thermodynamic properties of concentrated aqueous 
solutions. 

In this work, we have measured the glass transition 
temperatures of aqueous alkali acetate solutions as 
a function of pressure and discussed the effects of 
pressure and cation radius on the glass transition of 
the solutions. 

Experimental 

Aqueous solutions of alkali acetates were prepared by 
dissolving guaranteed grade alkali acetates in distilled water. 
The concentration was all set to be R= 10 (Ä=mol of water/ 
mol of salt). The high pressure DTA cell is essentially 
the same one as used in the measurements of homogeneous 
nucleation temperature of emulsified aqueous solutions and 
water.6) The sample container used for the high pressure 
experiment was a 1 mm inner-diameter capillary glass cell, 
in which an aliquot of sample solution was filled and an 
alumel-cromel thermocouple junction (Omega-clad 0.02 inch 
o.d. thermocouples) was inserted. As a pressure transmit­
ting fluid and the reference material, a 1:1 mixture of methyl-
cyclopentane and methylcyclohexane was used because of 
its low vitrification temperature (below—150 °G at atmos­
pheric pressure). 

Vitrification of the sample solution was made at pressure 
of about 30 MPa by plunging the high pressure cell directly 
into liquid nitrogen. The overall cooling rate was about 
200 K/min. Then the differential and temperature emf's 
were recorded at a heating rate of about 5 K/min in the 
temperature range where the glass transition took place 

Immediately after observing the glass transition, pressure 
was increased by 20—30 MPa and then the high pressure 
cell was cooled to liquid nitrogen temperature. This pro­
cess was repeated up to pressure about 200 MPa. 

Tg at atmospheric pressure was also measured with a 
simple DTA method. The reference material in this case 
was benzene. Vitrification of the sample solution in a 
2 mm diameter Pyrex glass cell was carried out by immersing 
the cell in liquid nitrogen. The overall cooling rate in 
this case was about 103 K/min. The DTA trace was re­
corded at a heating rate of about 5 K/min. 

Results and Discussion 

The Tg values obtained at normal pressure are 
shown in Fig. 1 together with two insets in which a 
typical D T A trace and the (TJTg) vs. 1/r plot are 
presented (Te: crystallization temperature) . As is al­
ready pointed out,6) Tg for the sodium acetate solution 
is the maximum among all alkali acetate solutions. 

Ü 

3 
2 

-100 

-130 h 

Fig. 1. Glass transition temperature (Tg) and crystal­
lization temperature (Tc) of aqueous alkali acetate 
solution. 
O: Glass transition temperature, • : crystallization 
temperature. The inset A shows a schematic DTA 
trace of a glassy sample. The inset B shows the cor­
relation of Te/Tg with 1/r. 



2608 Hitoshi KANNO, Ichimin SHIROTANI, and Shigeru MINOMURA [Vol. 54, No. 9 

As acetate anions in these aqueous solutions are com­
mon, variation of Tg with a solute can be ascribed 
to cationic effect. A general trend is the decrease 
of Tg with the increase in cation radius and is in par­
allel with the observations for aqueous solutions of 
lanthanoid chlorides and Perchlorates.7) Kanno and 
Akama7) have recently shown that Tg of aqueous rare 
earth chloride and Perchlorate solutions is sensitive 
to an inner-sphere hydration number of cations. This 
clearly indicates that the inner-sphere hydration num­
ber of cations is one of the key parameters for the 
magnitude of Tg in aqueous solution. While a smaller 
ion is expected to have a small number of near neighbor 
water molecules on account of its small size, it has 
a greater polarizing power than a larger one, thus 
accomodating a larger total hydration sphere.8) As 
the glass transition takes place at a temperature above 
which there are relatively rapid translational motions 
of ions (molecules),9) a higher Tg is expected for a 
solution in which ions have a larger hydration sphere. 
Therefore, the trend of the Tg increase with decreasing 
ionic radius in these solutions is very reasonable. 

The apparent deviation of Tg for the lithium acetate 
solution from the above-mentioned general trend de­
serves a special attention because the total hydration 
sphere of lithium ion should be the largest among 
all alkali ions. From X-ray diffraction studies of aque­
ous LiCl and NaCl solutions, the inner-sphere hydra­
tion numbers of Li+ and Na+ ions are determined to 
be four although there remains some uncertainty in 
the case of Na+ ion.10) Consequently it is difficult 
to ascribe the anomalous Tg behavior of the lithium 
acetate solution to the difference of the inner-sphere 
hydration number between Li+ and Na+. 

A plausible explanation, though tentative at the 
moment, may be resorted to the fact that the elec-
tropositivity of lithium ion is rather weak among 
alkali ions.11) The lithium ion-water interaction is 
claimed to be partially covalent.12) This is simply 
exemplified by Samoilov's positive and negative hy­
dration concept13: the hydration of K+, Rb+, and 
Gs+ is classified as negative (structure breaker), Na+ 
is almost on the borderline between positive and neg­
ative hydration and L i + is strongly positive (structure 
marker) in hydration. From Tg's of a vapor-depos­
ited amorphous ice14,15) and binary mixtures of water 
and organic compounds,16) the glass transition tem­
perature of a bulk glassy water is expected to be very 
near —139 °G. Accordingly, the structure making ef­
fect of Li+ ions should act Tg of a lithium salt solution 
to become nearer to Tg of a bulk water. 

In contrast to the above irregularity, the linear 
relation between TJTg and 1/r, shown in the inset 
of Fig. 1, is interesting. The transport properties of 
supercooled liquids are well described by the Vogel-
T a m m a n n type equation17) 

p = p0 exp 
B 

(T-T0) 
0) 

where p is the transport property such as viscosity, 
electrical conductivity of supercooled liquid, TQ is 
the temperature below which the liquid contains no 
free volume and is considered to be near Tg, and 

-look 
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Fig. 2. Pressure dependence of Tg for aqueous alkali 
acetate solutions (R—10). 
The (drg /dP) values are, GH3GOOLi: - 0 . 8 5 ; 
GH3GOONa: 0.55; CH3COOK: 0.70; CH3COORb: 
1.91; GH3GOOGs: 2.07; GH3GOOK in D 2 0 : 0.66 
K/kbar (or X 10~2 K/MPa). The estimated error for 
each (dTg/dP) is about ±0.30 K/kbar. 

po and B are constants. Replacing TQ with Tg and 
rearranging Eq. 1, we obtain 

Te-Tg~ B/ln (pc/po), (2) 

where pc is p at Te. Therefore, knowing that Tc is 
one of the corresponding states, the linear relation 
between Tc/Tg and \Jr demonstrates that the trans­
port properties such as viscosity and conductivity of 
supercooled aqueous alkali acetate solutions are well 
correlated with ionic radius of alkali ions. 

T h e Tg data at high pressures are presented in 
Fig. 2. The results for the G H 3 C O O K solution in 
D 2 0 are shown in the bottom inset of Fig. 2. A 
remarkable point is that the (dTgjdP) value increases 
in the order L i + < N a + < K + < R b + < G s + . Another is 
the negative pressure dependence of Tg for the lithium 
acetate solution. T h e latter point is already pointed 
out by William and Angell.18) They interpreted this 
negative pressure dependence as evidence for the fail­
ure of the free volume theory for transport properties 
of liquid. T h e (dTg/dP) value obtained in this work 
is — 0.8 5±0.3 K/kbar (1 k b a r = 1 0 0 M P a ) , in fair agree­
ment with the value (—0.64±0.3) by William and 
Angell.18) 

The ( d r g / d P ) vs. \\r plot is shown in Fig. 3. We 
again obtain an approximately linear relation between 
(dX^/dP) and I jr. Although the glass transition is 
not an equilibrium phase transition and is still con­
troversial whether it is a kind of second order transition 
or a kinetic phenomenon due to slow relaxation,19-21) 
the applicability of the following thermodynamic rela­
tions is often noted at the glass transition9 '22) 
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where A«, ACp, and A« are the changes in volume 
expansion coefficient, constant pressure heat capacity 
and isothermal compressibility at Tg, and Vg is molar 
volume of glass. Without experimental da ta for Aa, 
ACp, A«, and Vg, it is difficult to single out the 
factor responsible for the order of the (dTg/dP) values 
in alkali acetate solutions. However, knowing that 
Tg is in the order N a + > L i + > K + > R b + > G s + and 
Aa can not be a major cause, we infer that Vg and 
A« (or one of them) should be the major factors for the 
magnitude order of (dTJdP) in alkali acetate solutions. 
This is partially supported by the fact that the partial 
molal volume of alkali metal ion in an aqueous solution 
increases in the order N a + < L i + < K + < R b + < C s + 5> 
(Note: Tg(Lï)Vhi<Tg(Na.)VN&, F a : partial molal vol­
ume for ion a) and that it is closely connected with 
ionic radius of ion. Clearly more data are needed 
before we can give a more clear-cut interpretation 
about the sequence of the (dTg/dP) values. 

Finally it is worth mentioning about the isotope 
effect on Tg at high pressures. T h e pressure de­
pendence of Tg for the potassium acetate solution 
in D 2 0 ( £ = 1 0 ) is shown in the inset of Fig. 2. T h e 
least-square best fit yields 0 .6 6±0.3 K/kbar for the 
slope (dTJdP) of the D 2 0 solution, which is almost 
identical to the value for the H 2 0 solution (dTg/dP— 
0.70±0.3 K/kbar) . This feature is very similar to 
the isotope effect of melting temperature of water 
along the melting curve. T h e difference of melting 
temperature between H 2 0 and D 2 0 is 3.82 °G at 
normal pressure and changes little with pressure up 
to 200 MPa.23) 

This work was partially supported by a Research 
Assistantship (to H . K.) from the Nishina Memorial 
Foundation. 
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A bundle of carbon filaments, each about 20 cm in length and 7 (xm in diameter, could be grown from puri­
fied graphitic material in argon plasma generated in a d.c. arc. The filaments were converted into softer 
filaments on heat-treatment to 3000—3400 °G. The filaments formed intercalation compounds of potassium, 
rubidium, and caesium. The electrical resistivities were found to be 1300, 610—660, 23—25, and 28—30 [i£l 
cm at 300 K for the original filament, the heat-treated filament, and the first stage golden and the second stage 
dark-blue intercalation compounds of the heat-treated filament, respectively. 

Filamentary growth of carbons has been reported 
to occur when a carbon-rich gas such as carbon mon­
oxide,1) methane,2) heptane,3) and benzene4) is py-
rolyzed in the presence of some solid material, and 
also when carbons such as graphite5) and carbon 
black6) are heat-treated to temperatures higher than 
3000 °C. Haans t ra et Ö/.1) have obtained pencil-like 
carbon columns, 3—6 um in diameter and about 1 
m m long, by pyrolysis of carbon monoxide on a ß-
SiC crystal. The columns were found to have a cone-
helical structure; they are stacked from parallel layers 
of carbon atoms, bent into a cone mantle with a top-
angle of about 141°. 

Koyama4) has obtained carbon fibers of a cylindrical 
scroll structure by pyrolyzing a mixture of benzene 
and hydrogen on a graphite block abraded with an 
emery paper . Bacon5) grew graphite whiskers from 
a graphite-rod electrode in a d.c. arc under a pressure 
of 92 a tm of argon at 3900 K. They consist of one 
or more concentric tubes, each in the form of a scroll 
or rolled-up sheet of graphite layers. 

We could grow a bundle of "carbon filaments," 
each about 20 cm long and 7 um in diameter, by heating 
purified graphitic material in argon plasma. Each 
filament was found to have a smooth surface and a 
cylindrical shape with circular cross-section of nearly 
constant diameter over its entire length. Each was 
composed of three parts : the outer sheath, the inner 
sheath, and the core.7) The outher sheath, about 0.7 
(xm thick, consists mainly of circumferentially oriented 
graphitic layers ; the inner sheath, about 1.4 [xm thick, 
consists mainly of radially oriented graphitic layers. 
The core, about 2.8 [xm in diameter, probably con­
sists of randomly distributed minute crystallites or 
amorphous material, because it did not show any 
electron diffraction pattern. T h e carbon filaments 
were converted into softer filaments on heat-treatment 
to 3000—3400 °G. 

In this paper we will report the electrical conduc­
tivities of these newly obtained carbonaceous filaments 
as well as of their alkali-metal intercalation compounds. 
W e will discuss the conductivities in relation to their 
fine crystalline structures inferred not only from the 
X-ray and electron diffractions but also from the 
R a m a n scattering and the magnetoresistance. 

Exper imenta l 

A piece of grafoil GTA (Union Carbide Co.) was im­
mersed in hot aqua regia for a day and then purified by 
heating repeatedly to 800 °C for 10 min in a stream of wet 
chlorine. These processes reduced the concentration of im­
purities, for example iron, from 80 to less than 8 ppm. Car­
bon filaments could not be grown from unpurified grafoil. 
The purified grafoil, supported by a graphite rod between 
two graphite-rod electrodes, was heated with argon plasma 
generated in a d.c. arc. When the temperature of plasma 
exceeded 5000 °C, a bundle of carbon filaments started to 
grow at the rate of about 1 cm min - 1 under the nearly at­
mospheric pressure of argon. 

The carbon filaments thus obtained were converted into 
softer filaments on graphite-resistance heating at 3000 °C, 
or on high-frequency heating at 3400 °C. The former will 
be referred to as graphite 30 and the latter as graphite 34 
filaments. The diameter of an individual filament was 
measured by means of scanning electron microscopy. 

The intercalation compounds of the filaments with K, 
Rb, and Cs were prepared by vapor phase reaction in a 
dual furnace.8) Their electrical resistivity was measured in 
the range from 4.2 to 300 K by a four-probe d.c. method 
in the same way as reported previously.9) The four-probe 
contacts with the intercalation compounds were pressure-
fixed before the vapor phase reaction. 

Graphite 30 and 34 filaments formed 1st stage compounds 
of brilliant golden luster and 2nd stage compounds of dark-
blue luster. The X-ray diffraction from the golden com­
pound formed between a graphite filament and Cs, for ex­
ample, gave sharp spots lying perpendicular to the filament 
axis and diffuse spots on the axial line. The interlayer 
distance was determined to be 5.96 Â from the former spots, 
and the Cs-Cs distance to be 4.92 Â from the latter spots. 
These values are coincident with those reported for the 
compound prepared from highly-oriented pyrolytic graphite 
(abbreviated to HOPG) and Cs.10) The carbon filaments 
as grown, on the other hand, did not change their appear­
ance, though their resistivity was reduced by introduc­
tion of alkali-metals. 

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

The longitudinal resistivities were found to be 1300, 
660, and 610 p / i cm for carbon, graphite 30, and 
graphite 34 filaments, respectively, at 300 K ; these 
increase monotonously with decreasing temperature 
down to 4.2 K, as shown in Fig. 1, a—c. T h e re-
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Fig. 1. Temperature dependence of resistivity for fila­
ments. 
a: Carbon, b : graphite 30, c: graphite 34, d: K-inter-
calated graphite (1st), e: K-intercalated graphite 
(2nd), f: K-intercalated carbon (1st), g: K-intercalated 
carbon (2nd), and h: K-intercalated graphite (1st) 
with hydrogen. 

sistivity of the graphite filament was found to be lower 
than that of the carbon filament, but no great dif­
ference was found in resistivity between the graphite 
30 and 34 filaments. T h e lower resistivity of the 
graphite filaments, which were obtained on heat-
treatment to 3000—3400 °G, can be ascribed to the 
preferred alignment of the graphite-type crystallites 
along the filament axis. 

R a m a n scattering induced by argon-ion laser radi­
ation (488 nm) , though it only probed an optical skin 
depth (<0 .1 (Jim), gave a spectrum of a sharp and 
intense peak at 1582 c m - 1 and a tiny and broad peak 
at 1360 c m - 1 for the graphite filament. The R a m a n 
spectrum for the carbon filament, on the other hand, 
showed two broad peaks, around 1590 and 1370 cm - 1 . 
The former spectrum is quite similar to that found 
for crudely pulverized natural graphite or for grafoil, 
and the latter to that of carbon black.11) 

The graphite filament exhibited sharper X-ray dif­
fraction spots and greater intensity contrast between 
the dark-field (002) or (100) electron-micrograph of 
the outer sheath and that of the inner sheath, com­
pared with those found for the carbon filament. These 
results indicate a higher degree of preferred orienta­
tion of crystallites in the graphite filament. 

The resistivity of H O P G along the basal plane p& 

has been reported to be 40 (JLO cm at 300 K,12'13> and 
to show a slight rise with decreasing temperature 
down to around 77 K, followed by a rapid descent 
to 4.2 K. The resistivity along the c-axis, pc has 
been reported to be about 0.1 12 cm at 300 K,12) and 
to increase with decreasing temperature.14) The tem­
perature dependence of resistivity observed for the 

graphite filament is different from that for H O P G , 
but rather similar to that found for bulk polycrystal-
line graphite such as grafoil9) and that of the c-axis 
resistivity for pyrolytic graphite.14) 

The graphite filament was obtained on heating the 
carbon filament at a high temperature region where 
three-dimensional ordering of the layers characteristic 
to the graphite structure is expected to develop, but 
some loose aggregates of misoriented crystallites still 
seem to remain among graphite-type crystallites. T h e 
graphite-type crystallites which form the outer and 
inner sheaths of a filament are preferentially aligned 
with their basal planes parallel to the filament axis, 
so charge carriers are expected to move along the 
basal plane in the direction of the filament axis in 
each crystallite, the higher basal plane conductivity 
providing a lower resistivity path along that direc­
tion. Hence, the misoriented crystallites and crystal­
line boundaries seem to determine the value of longi­
tudinal resistivity and to characterize the temperature 
dependence. 

Presumably, some thermally activated process may 
be included in the conduction through the misoriented 
crystallites. Indeed, the resistivity exhibited an ex­
ponential change with reciprocal temperature in the 
temperature region above 150 K, and the activation 
energy was determined to be 0.01 eV for the graphite 
filament, though it still remains unknown whether 
this activation energy is related to the semiconducting 
energy gap or to some hopping process of charge 
carriers. Graphite whiskers5) and graphitized carbon 
fibers15) have been reported to show an HOPG-l ike 
temperature dependence of resistivity. 

A preliminary measurement of transverse magneto-
resistance (APIP0) was carried out on single fila­
ments in the magnetic field up to 120 kOe,ttt by using 
an Intermagnetics M I D I B R U T E 120 superconducting 
magnet. Electrical contacts of a filament were made 
with silver paint to four thin gold wires. The mag-
netoresistance was found to be positive for the carbon 
filament and to be negative for the graphite filament 
at 4.2 K in the entire range of magnetic field. Rota­
tion of a single filament around the filament axis, 
which was oriented perpendicular to the magnetic 
field, did not change the magnetoresistance. 

Soft cokes heat-treated at temperatures lower than 
1100° G have been reported to show a positive mag-
netoresistance and those heat-treated at 1500 °G to 
show a negative magnetoresistance at 4.2 K.16) A 
number of suggestions have been made as to the origin 
of the negative magnetoresistance in a wide range 
of carbons: crystalline size effect,17) localized spins,18) 
a mobility edge,19) and a dependence of carrier con­
centration on a magnetic field.20) I t is unknown to 
which origin the negative magnetoresistance property 
observed is attributable, but it seems fairly certain 
that some sort of disordered state is responsible for 
the property. 

T h e average carrier mobility along the filament 
axis, fl was estimated to be about 300 cm2 V - 1 s - 1 at 
4.2 K for the carbon filament; the following equa-

ttt O e = 1000/4* Am- 1 . 
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tion14> was assumed to be applicable to the magneto-
resistance observed: 

ß=VT(bplp*)V*x\WIH. (1) 

Graphite filaments formed 1st stage alkali-metal 
intercalation compounds of such brilliant golden luster 
as that of HOPG-based compounds. Non-graphi-
tizable carbons have been reported not to form inter­
calation compounds. This has been attr ibuted to the 
cross-linking of the graphitic layers.21) Hence, the 
graphite filaments in this study seem to have little 
cross-linking, though three-dimensional ordering of the 
layers did not develop on heating to 3000—3400 °G. 
This is the first example of brilliant golden intercala­
tion filaments as far as we know. 

The graphite filaments intercalated with K, Rb , 
or Gs were found to show a greatly reduced resistivity, 
in the range of 23—25 y.£ï cm for the 1st stage com­
pounds, and in the range of 28—30 (jtß cm for the 
2nd stage compounds, at 300 K. They were also 
found to be metallic in character, showing a decrease 
in resistivity with decreasing temperature (Fig. 1, d, e). 
No difference in resistivity value was found among 
the potassium, rubidium and caesium compounds. 

The 1st stage compounds prepared between H O P G 
and alkali-metals have been reported to possess the 
basal-plane resistivity in the range of 10—14 u.fi cm 
at room temperature22 '23) and to show a decreasing 
resistivity with decreasing temperature. The grafoil-
based alkali-metal intercalation compounds showed re­
sistivity values in the same range and a similar tem­
perature dependence.9) 

When the 1st stage golden potassium-intercalated 
filament was heated in a dual furnace under the con­
ditions in which the 4th stage intercalation compound 
was expected to be prepared,8) the filament turned 
black and showed an increase in resistivity. In general, 
the resistivity was found to decrease monotonously 
with intercalant concentration. 

T h e carbon filament, on the other hand, provided 
alkali-metal intercalation compounds of the resistivity 
of about 240 and 550 [iXl cm at 300 K, when prepared 
under the same conditions of preparation as those 
for the 1st and the 2nd stage HOPG-based compounds, 
respectively. The resistivity of these intercalated car­
bon filaments was found to increase with decreasing 
temperature (Fig. 1, f, g) . 

From these observations, it is inferred that an in­
troduction of alkali-metal atoms not only increases 
the number of conducting carriers in the graphitic 
layers, but also eliminates some of imperfections present 
in the pristine graphite filaments. Certainly, the X -
ray diffraction from the intercalated graphite filament 
gave much sharper spots than that from the pristine 
filament did. The electric anisotropy, pa/p& has been 
reported to be reduced from 2500 for H O P G to 34 
for the intercalated compound,22) so misorientation of 
crystallites seems to have less influence on resistivity 
value after they are intercalated with alkali-metals. 
T h e intercalated filaments were unstable in air, so 
they could not be taken out from a sealed glass tube. 

Because of the technical difficulties encountered in 
these reactive filaments, their magnetoresistance have 
not been measured yet. 

A golden potassium-intercalated graphite filament 
turned blue and its resistivity reached 36 from 25 fxß 
cm at 300 K, when hydrogen purified through a heated 
Pd-Ag thimble was introduced to the intercalated 
filament. This change is quite similar to that ob­
served for the grafoil-based potassium intercalation 
compound,9»24) and can be explained in terms of the 
formation of a ternary compound.25) 
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to Professor Yoshihiro Hishiyama of Musashi Institute 
of Technology, and Drs. Yoichiro Sato and Takaho 
Tanaka of the National Institute for Research in 
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A pressure-jump technique and a spin label technique were applied to the kinetic investigation of the asso­
ciation-dissociation reactions between monomer and micelle in surfactant solutions of STS, TMTS, TETS, and 
TPTS.** The rate constants for the reactions were determined at several temperatures by the pressure-jump 
experiment. The ESR spectra of a spin probe, 5-SAL, solubilized in the micelles were analyzed in terms of the 
rotational correlation time, rc. A linear relationship was found between kd, the dissociation rate constant, and 
TC

- 1 . This indicates that the dissociation rate depends on the fluidity of the micellar interior, and is in accord 
with the picture drawn by Aniansson et al. for the dissociation process. A qualitative discussion is presented on 
the activation parameters estimated from the present results according to the scheme presented by Aniansson 
et al. 

Kinetics of relaxation processes occuring in micellar 
solutions have been extensively investigated using fast 
chemical relaxation techniques. I t is established ex­
perimentally that in many surfactant solutions at least 
two relaxation processes exist in well-separated time 
domains. Kinetic information on the association-dis­
sociation process of the monomer with the micelle 
is obtained from the fast relaxation time, and that 
on the micellization-dissolution process is obtained from 
the slow relaxation time.1) 

The behavior of the relaxation times associated with 
these two processes is affected by the counterion;2"4) 
a relaxation study for micellar systems of iV-alkyl-
pyridinium salts with hydrophobic counterion has been 
reported by Hoffmann et al.r°) In the present work, 
the pressure-jump measurements were carried out for 
the micellar systems of tetradecyl sulfate having several 
types of tetraalkylammonium ions as counterion; the 
dissociation and association rate constants of the 
monomer from and with the micelle were determined 
from the relaxation data. 

Aniansson et al.1) have treated the dissociation of 
a surfactant monomer from the micelle as a diffusion 
process of a monomer in micelle perpendicular to 
the micellar surface; they derived an expression for 
the dissociation rate constant in terms of the diffusion 
coefficient of the leaving monomer and the free energy 
barrier which a monomer has to overcome to dis­
sociate from the micelle. This model predicts that 
some correlation will occur between the dissociation 
rate and the fluidity of the micellar interior. The 
direct information about the fluidity can be obtained 
from the ESR spectra of a spin probe solubilized in 
the micelle. In this work, therefore, ESR measure­
ments were also carried out with the same surfactant 

**Abbreviations used in this paper: 
STS; sodium tetradecyl sulfate, TMTS; tetramethylammo-
nium tetradecyl sulfate, TETS; tetraethylammonium tetra­
decyl sulfate, TPTS; tetrapropylammonium tetradecyl sul­
fate, 5-SAL; 2-tridecyl-2-[3-(carboxyl)propyl]-4,4-dimethyl-
oxazolidin-3-yloxyl 

L 
I I 

O N - > 0 

CH3(CH2)12-C-(CH2)3COOH. 

systems using 5-SAL (a fatty acid spin label) as a 
probe. The ESR spectra were analyzed in terms of 
the rotational correlation time, TC, and the relationship 
between TC and dissociation rate constant was ex­
amined. 

Exper imenta l 

Materials. The surfactants used in this study were 
prepared by the following procedure.6) 

STS was prepared by the usual method from tetradecyl 
alcohol purified by the fractional distillation. This STS 
was converted to silver tetradecyl sulfate (AgTS) by repeated 
crystallization in aqueous solution of AgN0 3 at about 30 °G 
followed by repeated recrystallization from water. The 
content of Ag+ in AgTS was assayed to be in agreement 
with the calculated value within 0.5% by titrating ethanolic 
solution of AgTS with a standard aqueous solution of NaCl, 
using K 2 Cr0 4 as an indicator. 

TMTS, TETS, and TPTS were prepared by double 
decomposition of the above mentioned AgTS with tetra-
methylammonium chloride, tetraethylammonium chloride, 
and tetrapropylammonium iodide, respectively, in ethanol. 
These halides were commercial products and purified by 
recrystallization from ethanol. To AgTS was added a 
stoichiometric amount of the corresponding halide. The 
precipitated silver halide was removed by filtration, and 
a small amount of the reagents was added to the filtrate. 
This procedure was repeated until no precipitation was 
observed. The final filtrate was evaporated and the residue 
was dried in vacuo. 

The spin label reagent, 5-SAL, was purchased from Syva 
(Palo Alto, Calif.). 

Critical Micelle Concentration (CMC). The CMC's of 
TMTS, TETS, and TPTS were determined by the con­
ductivity method at different temperatures. The results 
are summarized in Table 1, together with those of STS. 

Relaxation Measurement. The pressure-jump (P-jump) 
apparatus with conductivity detection was described pre­
viously.4) 

ESR Measurement. ESR spectra were recorded on 
a JEOL model FE1X ESR spectrometer at room temperature 
(24±1 °C). 

Sample solutions were prepared by the following proce­
dure. A required amount of stock solution of 5-SAL in 
chloroform was taken into a volumetric flask to give the 
desired probe/surfactant molar ratio, and the solvent was 
completely evaporated in vacuo. A stock solution of the 
surfactant was added, and the mixture was then shaken in 
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the dark overnight to assure the solubilization of the probe 
in micelle. This surfactant-probe stock solution was diluted 
to prepare the solution of desired surfactant concentration. 

TABLE 1. CRITICAL MICELLE CONCENTRATION (CMC) 

DETERMINED BY ELECTROCONDUCTIVITY 

(10-3moldm-3) 

Temperature/°G 

ounaisiaiii 

TMTS 
TETS 
TPTS 
STS 

10 

1.36 
0.96 
0.55 

— 

15 

1.35 
0.95 
0.57 

— 

20 

1.35 
0.94 
0.59 

— 

25 

— 
— 
— 

2.10 

mol % of TMTS 

Fig. 1. The slow relaxation time, T2, for TMTS-STS 
mixed system at 25 °G. 
Total surfactant concentration (mol dm - 3 ) ; 2 .4xl0~ 3 

( # ) , 2 .2x l0 - 3 ( • ) , 2.0X10-3 (O), 1.8X10-3 ( • ) . 

Results 

Pressure-jump Study. I t is usually difficult to ob­
serve both of the relaxation processes in micellar solu­
tion using a single relaxation technique, because of 
the restricted time range available for a single ap­
paratus. Fortunately, in the case of STS, two relaxa­
tion processes can be observed by the P-jump tech­
nique.1»7»8) However, for the present three surfactant 
systems, only one of the relaxations could be detected 

C0 /10'3moldm'3 

Fig. 2b. Plot of Tj - 1 vs. total surfactant concentration, 
C0, for TETS at different temperatures. 
O: 5°G, 3 : 10 °G, • : 15 °G, © : 20 °G. Dashed 
line indicates the GMG. Straight lines represent the 
best fit of the data by the least-squares method. 

C0 /10'3moldm'3 

Fig. 2a. Plot of Tj - 1 vs. total surfactant concentration, 
C0, for TMTS at different temperatures. 
O: 5°G, 3 : 10 °G, # : 15 °G, € : 20 °G. Dashed 
line indicates the GMG. Straight lines represent the 
best fit of the data by the least-squares method. 

1.0 1.5 2.0 2.5 

C0 /10'3moldm'3 

Fig. 2c. Plot of Tj - 1 vs. total surfactant concentration, 
C0, for TPTS at different temperatures. 
O: 5 °G, 3 : 10 °G, € : 20 °G. Dashed line indicates 
the GMG. Straight lines represent the best fit of the 
data by the least-squares method. 
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TABLE 2. VALUES OF THE KINETIC PARAMETERS FOR TETRADECYL SULFATE WITH VARIOUS COUNTERIONS 

Temp/°C TMTS TETS TPTS STSa> 

*d 

103 s-1 

k "•a. 

10« mol-1 dm3 s-1 

ot/m -i 

£d/kJ mol-1 

' 5 
10 
15 
20 

v 25 

' 5 
10 
15 
20 

, 25 

' 5 
10 
15 
20 

, 25 

3 . ^ + O.lg 
4 . 1 6 + 0 . 1 2 
5.52 + 0.53 
7.9 2+0.6 9 
9.8 ± 0 . 5 

0.99 
1.3 
1.8 
2.5 
3.1 

2.1 
2.1 
2.1 
2.1 

— 

4 1 . 2 ± 2 . 5 

2 . 7 7 + 0 . 1 9 
3 .5 4 +0.3 6 
4 . 7 ^ 0 . 1 , 
6 .8 2 +0.9 0 
8.1 ± 0 . 6 

1.2 
1.6 

C
M

 
C

O
 

3.7 

1.4 
1.2 
1.1 
1.4 
— 

3 9 . 3 ± 3 . 3 

1.74+0.19 
2.6 8 ±0.2 5 

4.7 3 +0.6 4 
6.2 ± 0 . 4 

1.4 
2.1 

3.4 
4.5 

1.0 
2.1 

— 
1.3 
— 

4 3 . 0 + 3 . 8 

—— 

12.1±1.5 

— 

2.5 

— 
— 
— 

10.8 (4.3b>) 

3 1 . 4 ± 3 . 8 

a) From the data in Ref. 7. b) From the data in Ref. 1. 
Errors are standard deviations computed by linear regression analysis. 

by P-jump measurement in spite of the identity of 
the long-chain ion with STS. From the relaxation 
time range and their concentration dependences, this 
appears to be the faster of the two processes. In 
order to confirm this assignment, P-jump measure­
ments were carried out for the systems of T M T S 
and T E T S mixed with STS. In these cases two 
relaxation processes were observed. The slow relaxa­
tion time, T2, obtained for T M T S - S T S mixed system 
is plotted in Fig. 1 as a function of the mixing ratio 
at different surfactant concentration. I t is seen from 
Fig. 1 that r2 increases with the fraction of T M T S 
and finally vanishes beyond the observation limit. 
A similar result was also obtained for T E T S - S T S 
mixed system. Thus, it can be concluded that the 
slow relaxation process for the present surfactants is 
too slow to be observed by the P-jump apparatus 
used in this study, whose effective time range is limited 
to within about 2 s because of the restricted stability 
of a high frequency bridge. 

The plots of the reciprocal of the fast relaxation 
time, T-I -1, against the total surfactant concentration, 
C0, are shown in Figs. 2a—c for T M T S , T E T S , and 
T P T S , respectively, T ^ - 1 increases linearly with CQ 

in the measured concentration range. 
The fast relaxation process in micellar solution has 

been assigned to the perturbation of the exchange 
equilibrium of a monomer between micellar and bulk 
phases. Some workers have applied the theory de­
veloped by Aniansson and Wall9) for the analysis 
of the relaxation data.1 - 3 '5 '8) In the previous paper,10) 
some contradictions were pointed out in the kinetic 
parameters deduced from the Aniansson-Wall model, 
and a modification of the model was proposed to 
settle the contradictions. According to the modified 
treatment, the fast relaxation time is expressed by 
the following equation: 

_ mkâ C0-A1 
Ti — T~ + Äd f~ A1 

(1) 

where kd is the dissociation rate constant of a monomer 
from the micelle, m the average aggregation number 

of the micelle, a2 the variance of the micellar size 
distribution curve which is assumed to be Gaussian, 
and Ä1 the equilibrium monomer concentration which 
may be approximated by the C M C . 

According to Eq. 1, kd and o2jm are obtained from 
the slope and intercept at the C M C of the straight 
line of T j - 1 vs. C0 plot. Furthermore, the association 
rate constant of a monomer with the micelle, k&, is 
estimated from the following relation: 

*' = -£r£ (2) 

where « represents the fraction of the surface area 
occupied by monomers at the micellar surface. 

Applying Eqs. 1 and 2 to the present experimental 
results, the rate constants and er2/m value, which is 
a measure of the relative width of the distribution 
curve of the aggregation number, were determined. 
They are summarized in Table 2, together with those 
for STS. For the evaluation of these parameters, 
the C M C values listed in Table 1 were used as Ält 

and a was assumed to be O.3.10) Some uncertainty 
is associated with the absolute values of k& because 
the exact values of a are not available for the respective 
surfactants. However, the relative values of A;a listed 
in Table 2 can be compared for the different surfac­
tants under the following assumptions: (i) a is mostly 
determined by the type of the amphiphile ion and 
the aggregation number of the micelle; (ii) the ag­
gregation numbers of the relevant surfactant micelle 
do not differ so significantly. At 25 °C, the relaxation 
was too fast to be measured by the P-jump apparatus 
used in this study. Thus, the values in Table 2 at 
this temperature, which are listed for comparison with 
STS, are those extraporated from the temperature 
dependence of the rate constants (see Fig. 3). 

I t is seen from Table 2 that kd values for the present 
systems are smaller than that for STS and also de­
crease with increasing hydrophobicity of the coun-
terion. O n the other hand, k& shows the reverse 
change. Furthermore, o2/m values decrease with in­
creasing hydrophobicity of the counterion, although 
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3.3 3.4 3.5 

T~1 /10"3K_1 

3.6 

Fig. 3. Plot of log £d vs. T~1 for different surfactant 
systems. 
3 : STS, O: TMTS, # : TETS, «): TPTS. Straight 
lines represent the best fit of the data by least-squares 
method. 

en =.0l 

1.4 

1.2 

1.0 

0.8 

o 
o 

• 
• 

1 

o 

• 

1 

o 

a 

I 

o 

• 

1/100 2/100 3/100 4/100 

E5-SAL3/[surfactant] 

Fig. 4. Plot of TC against molar ratio of 5-SAL to 
surfactant. 
# : TMTS, O: TETS. Surfactant concentration: 
1 x 10"2 mol dm-3. 

some scatter is seen for T P T S . This means that the 
micellar size distribution curve becomes narrower for 
micelles with hydrophobic counterions. The present 
results on the variation of kd and o2jm are in agree­
ment with those reported by Hoffmann et al?) for 
N-alkylpyridinium salts having hydrophobic coun­
terion; however, opposite results are obtained for the 
variation of k&. 

In Fig. 3, the values of log kd are plotted against 
l/T. The Arrhenius activation energies, Ed, for the 
dissociation process were determined from the slopes 
of the straight lines in this figure; these are also listed 
in Table 2. The Ed values for T M T S , T E T S , and 
T P T S do not differ so significantly, but they are ap­
preciably larger than that for STS. 

ESR Study. The ESR spectra of the spin probe, 
5-SAL, were analyzed in terms of an effective rota­
tional correlation time, TC, which was calculated ac­
cording to Eq. 3 : 

CD 

b 

2.0 

1.5 

1.0 

0.5 

._ ,i_ 

© 
© 

—•—•-

—°-3-^ 

i i i I 

© 

• 

_ o _ 

_l 

© 

© 

o 

» i 

© ® 

8 

i 

10 

C0 /10'3moldm'3 

Fig. 5. Plot of TC against total surfactant concentra­
tion, C0. 
O: STS, 3 : TMTS, # : TETS, ©: TPTS. Molar 
ratio of 5-SAL to surfactant is 1/100. 

TABLE 3. VALUES OF ROTATIONAL CORRELATION TIME, 

TC, HYPERFINE COUPLING CONSTANT, FLN, AND DEGREE 

OF COUNTERION ASSOCIATION 

Surfactant T C / 10 - 9 S aN/G 
Degree of 
counterion 
association 

STS 
TMTS 
TETS 
TPTS 

1.00 + 0.04 
1.19+0.07 
1.35±0.05 
1.60+0.07 

15.17 + 0.04 
14.90+0.04 
14.73±0.06 
14.83+0.06 

0.73 (30 °G) 
0.79 (20 °G) 
0.80 (20 °G) 
0.82 (20 °G) 

rc = 6.5 x 10-10 W0\ m"<w- (3) 

where W0 is the peak-to-peak width of the center 
line measured in Gauss, and A0, A+1, and h_x are the 
heights of the center, low, and high field spectral 
lines respectively. This expression has frequently been 
used to evaluate the degree of motion of probes solu-
bilized in the micelle.11»12) I t is known that Eq. 3 
is applicable to a fast isotropic motion of small mole­
cule. The spectra of the spin probe obtained in 
this study showed a high degree of fast motion, yielding 
the TC values of the order of 10~9s when calculated 
according to Eq. 3. Furthermore, the patterns of 
these spectra were similar to those in isotropic media. 
Thus, it seems reasonable to use Eq. 3 for the present 
purpose. 

Firstly, ESR measurements were carried out for 
T M T S and T E T S by varying the molar ratio of 5-
SAL to the surfactant in the range of 1/100 to 4/100 
at the fixed total surfactant concentration of 6 X 10~3 

mol d m - 3 and 1 X 10~2 mol d m - 3 . Under these con­
ditions, the number of the probes solubilized in one 
micelle is estimated to be about 1 to 5, assuming that 
the aggregation number of the micelle is approxi­
mately 102 and that the 5-SAL dissolved in bulk phase 
is negligibly small compared with that solubilized in 
the micelle. Figure 4 shows TC values plotted against 
the ratio of the probe to the surfactant. rc is almost 
independent of the ratio. This shows that the state 
of the micellar interior is not appreciably perturbed 
by the uptake of the small amounts of the probe. 



September, 1981] Kinetics for Micelle-Monomer Association-Dissociation Reaction 2617 

Secondly, the ESR spectra were measured varying 
the surfactant concentration at the range above the 
CMC, keeping the molar ratio of the probe to sur­
factant constant at 1/100. The values of rc obtained 
with various surfactant systems are shown in Fig. 5 
as a function of the total surfactant concentration, 
C0. No systematic variations of TC with C0 are seen 
in Fig. 5. In Table 3 are listed the rc values which 
were averaged over the whole concentration range. 

I t is seen from Table 3 that re increases with in­
creasing hydrophobicity of the counterion. This means 
that the degree of motion of the probe in the micelle 
decreases in the same order. Two main factors may 
be considered to be responsible for the difference in 
the degree of motion of the probe; the fluidity of the 
environment around the probe, and the electrostatic 
interaction between the negatively charged head group 
of the probe and the micellar surface charge which 
is affected by the degree of counterion association. 
The degree of counterion association was estimated 
from the counterion concentration dependence of the 
C M C , and is listed in Table 3. These values are 
not so different, although a slight regular increase 
with the hydrophobicity of the counterion is seen. 
Hence, the difference in TC may be mainly attr ibuted 
to the difference in the fluidity around the solubilized 
probe. 

In Table 3 are also listed the values of the hyperfine 
coupling constant, an, which were determined from 
the separation between the lines a t low and center 
field in the spectra; these give information about 
the polarity of the environment around the spin la­
belled portion. The <sN values for each System were 
almost independent of both the probe/surfactant ratio 
and the surfactant concentration. Comparison of STS 
with other surfactants shows that aN values for the 
latter are smaller than that for STS. This indicates 
that the polarity of the environment around the para­
magnetic site becomes smaller for the surfactant with 
a hydrophobic counterion. For a series of surfactant 
micelles studied here, the region probed by 5-SAL 
is considered to be nearly identical, since all the micelle 
interiors consist of the same long-chain ion, i.e., tet-
radecyl sulfate ion. Furthermore, the probe used here 
are considered to be sensing the region relatively 
close to the surface in the micellar interior, because 
the probe is the stearic acid derivative spin-labelled 
at the fifth carbon atom from the carboxyl carbon. 
Thus, the aN values in Table 3 show that the tetradecyl 
sulfate micelles with hydrophobic counterions have 
fewer water molecules penetrated at the near surface 
of the micelle interior than STS has; this would be 
a consequence of the exclusion of water molecules 
due to the at tachment of the hydrophobic counterion. 
This difference in the extent of water penetration 
plays a role in the difference in the fluidity at the 
region probed by 5-SAL. 

D i s c u s s i o n 

Aniansson et al.1) have treated the dissociation of 
a monomer from a micelle as a diffusion process of 
a monomer perpendicular to the micellar surface. 

\-

r 

[• 

j-

-

/ 
/°TETS 

/ ° T P T S 

1 1 1 

STS,0 

5TMTS 

i 1 
0.5 0.6 0.7 0.8 0.9 1.0 

t c ' noV 1 

Fig. 6. Relation between dissociation rate constant, 
ka, and T,,-1. 
The values of kd are at 25 °G. 

According to their treatment, the dissociation rate 
constant, kd, is approximately expressed by Eq. 4 : 

kâ = ^-txp(-AG*/RT), (4) 

where AG* is the height of the potential barrier cor­
responding to the activation free energy for the dis­
sociation process, Z)m is the diffusion coefficient of a 
monomer at the potential maximum, and I is the 
width of the potential maximum region. The main 
contribution to AG* may arise from the hydrophobic 
energy, and also from the electrostatic interaction for 
a charged micelle. Equation 4 can be understood 
intuitively by noting that Dm/l2 corresponds to the 
specific rate constant for the diffusion through the 
potential maximum, i.e., the number of the molecules 
transferred through the distance / per unit time, and 
that exp(—AG*/RT) is the probability finding a mono­
mer at an activated state. According to the model 
postulated by Aniansson et al., the dissociation rate 
is governed by both AG* and the rate at which a 
dissociating monomer passes through the potential max­
imum region. 

T h e diffusion coefficient is proportional to the re­
ciprocal of the viscosity. The viscosity is also reflected 
in the rotational correlation time of the spin probe, 
and is proportional to rc . Thus , according to the 
model described above, kä may be related to r c

- 1 

through the viscosity, assuming that TC well reflects 
the local viscosity at the region of potential maximum. 
When kA was plotted against r,, -1 for the series of 
surfactant systems studied here, a definite linear rela­
tionship was obtained, as is shown in Fig. 6. This 
indicates that in the series of surfactants the activation 
free energies, AG*, are almost identical and that 
the difference in kd is mainly attr ibuted to the dif­
ference in Dm. 

For a spherical particle of radius rx in a viscous 
fluid, the value of TC is related to the viscosity 37 by13) 

rc = 47t7]rlj3kT. (5) 

The translational diffusion coefficient of a spherical 
particle of radius r2 is related to the viscosity of the 
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TABLE 4. VALUES OF Dm AND ACTIVATION PARAMETERS 

FOR THE DISSOCIATION OF A MONOMER FROM A MICELLE 

ESTIMATED FROM E q s . 4 — 6 . 

S ^ An AG* AH* AS* 
factant l O - ' c m ^ - 1 kj mol"1 kj mol"1 J K mol-1 

STS 5~6 3275 TÏÏ3 ^ 7 1 
TMTS 4.7 32.6 20.7 - 4 0 
TETS 4.1 32.7 18.5 - 4 8 
TPTS 3.5 33.0 21.8 - 3 8 

medium by the Stokes-Einstein equation, i.e., 

D = kT/6nyr2. (6) 

Assuming that 5-SAL and tetradecyl sulfate ion are 
spheres of radius 5 Â (i.e., r 1 = r 2 A 5 Â ) , the values 
of Dm were estimated from Eqs. 5 and 6 for the present 
systems. Furthermore^ using these Dm values and / « 
1 Â,1) the value of AG* were estimated from Eq. 
4. These values are listed in Table 4. In spite of 
the rather crude numerical values adopted here, Dm 

values are in agreement to the order of magnitude 
with the diffusion coefficient of a different type of 
spin probe in SDS micelle.14) 

AG* is expressed as 

AG* = AH* - TAS*, (7) 

where AH* and AS* are the activation enthalpy 
and entropy for the dissociation process of a monomer 
from a micelle. O n the other hand, Dm is ex­
pressed as Eq. 8, taking into account the tem­
perature dependence of y in Eq. 6, i.e., y=constant-
exp(AHJRT):15) 

An = TCexp(-AHY/RT), (8) 

where AHY is the viscous enthalpy and C a constant 
independent of the temperature. Then, from Eqs. 
4, 7, and 8, one obtains 

TC 
kd = —exp(AS* /Ä)exp[ - (AHY + AH*)/RT]. (9) 

According to Eq. 9, AHy-\-AH* can be evaluated 
from the temperature dependence of kd. The values 
of AHY-\-AH* for the present surfactant systems were 
determined from the slope of the log kd vs. \jT plot 
in Fig. 3. The values of AH* were evaluated as­
suming A / / v « 1 7 . 6 k j m o l - 1 for STS.1) Furthermore, 
AS* values were evaluated from Eq. 7. These values 
of activation parameters are listed in Table 4. 

The numerical values in Table 4 might not be 
good enough for a quantitative discussion, since they 
were evaluated using rather crude approximations. 
However, the qualitative discussion given below is 
reasonable. 

As seen in Table 4, the values of AS* are negative 
for all cases. This implies that the degree of freedom 
of the system becomes smaller through the activation 
process. The activated state may be described as a 
state where the hydrocarbon chain of the dissociating 
monomer partially leaves the hydrocarbon core of 
the micelle, while the tail end still remains in this 
core. Since the freedom of the dissociating monomer 

chain itself may increase, the observed overall de­
crease of the freedom may be attributed to the de­
crease in freedom of water molecules resulting from 
the formation of an ordered structure around the 
nonpolar portion of the dissociating monomer. Thus, 
the negative values of AS* may be interpreted as 
due to an "iceberg" structure formation of water 
around the exposed hydrocarbon tail of the escaping 
monomer. 

The absolute values of AS* for T M T S , T E T S , 
and T P T S do not differ significantly, although that 
for STS is considerably larger than the others. This 
means that the degree of hydration of the monomer 
(or degree of " iceberg" formation) at an activated 
state is larger for STS. This difference in hydration 
may be interpreted as follows. The properties of water 
molecules in the vicinity of the micellar surface may 
be altered from that of the bulk free water by the 
influence of the counterion present at fairly high con­
centration. If one assumes that only free water mole­
cules could participate in the formation of the "iceberg" 
structure, one expects the existence of a water layer 
which is non-effective for the "iceberg" formation 
just outside the micellar surface. The thickness of 
this "non-effective" layer is expected to be larger 
for a bulky tetraalkylammonium ion than for the 
sodium ion. Thus, if one assumes, at the activated 
state, the hydration or "iceberg" formation around 
the exposed hydrocarbon chain, and also the presence 
of a thicker water layer which is ineffective for hydra­
tion on a micellar surface covered with bulky coun-
terions, then the larger negative AS* for STS could 
be qualitatively explained. 

O n the other hand, the values of AH* are positive. 
This corresponds to the situation in which the energy 
to break the hydrocarbon contact in the micellar 
interior is required for activation. This energy may 
be partly compensated by the heat of hydration which 
is liberated by the at tachment of water molecules to 
the hydrocarbon chain. Therefore, the AH* value 
may become smaller when more hydration proceeds 
through the activation process. Thus, the smaller 
value of AH* for STS system, compared with those 
for the others, is also understood on the basis of the 
difference in the degree of hydration in the activated 
states. 

The contributions from AS* and AH* to the 
activation free energy are reverse and compensate 
each other; hence, nearly identical values of AG* 
are obtained for different surfactant systems. It is 
considered from the values of AS* and A H * that 
the water molecules play an important role in the 
activated state. Furthermore, from the relation be­
tween TC and aN, the water molecules present in the 
probed near-surface region of the micelle may also 
be responsible for the difference in the fluidity, which 
is the main factor governing the dissociation rate. 

The authors wish to express their thanks to Prof. 
Magobe Yamamoto, Faculty of Pharmaceutical 
Sciences, Fukuoka University, for his kind permission 
and technical advice concerning the measurement of 
ESR spectra in his laboratory. 
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ESR Spectra and Structure of the Radical Anions of Organo Halosilanes 
Akinori HASEGAWA,* Akihiro NAGAYAMA, and Michiro HAYASHI 

Department of Chemistry, Faculty of Science, Hiroshima University, 
Higashi-sendamachi, Naka-ku, Hiroshima 730 

(Received December 20, 1980) 

The radical anions of ethyl- and vinyl- halosilanes formed in solid matrices of tetramethylsilane and their ESR 
spectra were investigated to be compared with results obtained from related radical anions. These radical anions 
have a trigonal bipyramidal structure with two axial and two equatorial positions. Ethyl and methyl groups 
which are less electronetative than H prefer the equatorial positons. The vinyl group with a single n electron 
system occupies the equatorial position due to its electron-donating capability, in spite of its larger electronega­
tivity. 

We have reported some ESR studies on the radical 
anions of simple halides whose central atom is a Group 
I V element; these anions formed in solid matrices 
of tetramethylsilane (TMS) .1_4) Results for some bro­
mides will be mentioned briefly. In CF 3 Br - radical 
anions, the three F atoms are equivalent to one another 
and a large spin density is on the Br atom.1) I t was 
therefore concluded that the radical anions have C3 v 

symmetry and that the Br atoms are on the symmetry 
axes. O n the other hand, a congeneric SiF3Br_ rad­
ical anion with a central Si atom has larger contribu­
tions of spin density on the Br and one F atoms and 
small contributions on the other two F atoms.2) This 
fact led us to the conclusion that the radical anion 
has trigonal bipyramidal structure with the Br atom 
and the first F atom in the axial positions and the 
other two F atoms in the equatorial positions. A 
similar trigonal bipyramidal structure has also been 
suggested for SiH3Br_ radical anion, since hyperfine 
structure due to the Br and one H nuclei was observed 
in the ESR spectrum.3) However, GeH3Br~ radical 
anions, which are congeneric to SiH3Br_ , have been 
reported to have a structure with G3v symmetry, as 
in the case of CF3Br~, because the hyperfine structure 
of the Br nucleus in the ESR spectrum is further split 
by three equivalent H nuclei.4) Thus , the structure 
of radical anions is significantly affected by the type 
of central a tom present. Moreover, E S R spectra of 
methyl-substituted radical anions such as CH 3SiH 2Br _ 

and C H 3 G e H 2 B r - have been investigated in order to 
confirm the structural difference between trigonal bipy-
ramidal and G3v structures.5) No substantial change 
in radical structure resulted from the introduction 
of methyl groups, and it was therefore concluded 
that, even in the methyl-substituted radical anions, 
the silicon-centered radical anions prefer a trigonal 
bipyramidal structure whereas the germanium-cen­
tered radical anions have a local G3v structure. For 
the silicon-centered radical anions, the methyl groups 
have been suggested to prefer the equatorial positions 
to the axial ones of the trigonal bipyramidal structure. 

O n the basis of these facts, this study was designed. 
Organo halosilanes RS iH 2 X ( X = B r or I) containing 
different kinds of organo group R were prepared; 
irradiation then produces their radical anions in T M S 
matrices. Thus we could investigate the effect of 
substituent groups on radical structure and on the 
distribution of spin density. 

Exper imenta l 

Ethylsilane and vinylsilane were prepared by reducing 
ethyltrichlorosilane and vinyltrichlorosilane (Tokyo Kasei), 
respectively, with lithium aluminium hydride in dibutyl 
ether. Ethylbromosilane was prepared by the reaction with 
mercury(II) bromide6) and ethyliodosilane with hydrogen 
iodide in the presence of aluminium triiodide as a catalyst.7) 
Vinylbromosilane and vinyliodosilane were similarly obtained. 

All of the compounds prepared were isolated and purified 
by distillation in vacuo, and identified from IR spectra.8) 

Solid solutions of tetramethylsilane (Merck) containing 
5 mol% of the appropriate silane were irradiated at 77 K 
with y-rays to ca. 1.5 Mrad in a 60Co y-source. 

ESR spectra were measured at 77 K with an X-band 
JES-3BSX spectrometer after irradiation. 

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

When a solid solution of T M S containing 5 mo l% 
of C2H5SiH2Br was y-irradiated at 77 K and followed 
by ESR observations at 77 K, the ESR spectrum 
shown in Fig. 1 was observed. In addition to the 
central lines originating from the matrix radical 
•CH2SiMe3 , one can find an anisotropic spectrum 
similar to the spectra assigned to the SiH3Br - 3) and 
CH3SiH2Br - 5) radical anions, which formed in T M S 
matrices and have trigonal bipyramidal structures. 
In accordance with the analyses reported for these 
radical anions, the observed spectrum is interpreted 
in terms of hyperfine structure due to one Br ( 7 9 Br(/= 
3/2)50.57%, 8 1 Br( /=3/2)49.43%) and one H nuclei. 
T h e coupling constant of the H nucleus is similar in 
magnitude to that of H nucleus in an axial position 
of SiH3Br - 3) and to that of the H nucleus which is 
bonded to the Si a tom and possesses an axial position 
of CH3SiH2Br-.5) Accordingly, the C2H5SiH2Br- rad­
ical anions formed were concluded to have trigonal 
bipyramidal structure possessing the Br and H atoms 
with large spin densities in the axial positions and 
the other H atom and the C 2H 5 group in the equa­
torial positions. 

Similar experiments were also carried out with 
C2H5SiH2I in a T M S matrix. T h e observed ESR 
spectrum was interpreted in terms of hyperfine splittings 
due to the axial I and H nuclei of trigonal bipyramidal 
C 2 H 5 SiH 2 I - radical anions. This result is in contrast 
to the fact that the radical anions GH 3 SiH 2 I - have 
been assigned to have, exceptionally, a local G3v struc-
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TABLE 1. ESR PARAMETERS AND SPIN DENSITIES OF RADICAL ANIONS OF ORGANO HALOSILANES 

AND HALOSILANES 

g values Hyperfine couplings Spin densities 

CaH5SiH2Br-

GH3SiH2Br-

SiH3Br-

GH2=GHSiH2Br-

C2H5SiFf2I-

GH3SiH2I-

SiH3I-

GH2=GHSiH2I-

a) 1 G = 1 X I 0 -

g± 

2.007 

2.005 

2.004 

2.004 

2.022 

2.009 

2.009 

2.015 

gu 

2.003 

2.001 

2.002 

2.003 

1.997 

1.997 

1.994 

1.992 

4 T . b) Tbp means 

7 9 B r 

8 i B r 

79Br 
8 i B r 

1H 
7 9 B r 

81Br 

79Br 
s i B r 

127J 

127J 

127J 

127J 

iljL/G») 

110 
118 
39.3 

109 
118 
41.5 

128 
138 
43.4 

117 
126 
33.7 

142 
33.4 

148 
20 

165 
35.6 

157 
31.0 

trigonal bipyramidal 

4,/G»> 

209 
226 
40.8 

220 
237 

45.3 

254 
274 
45.6 

239 
258 

37.3 

276 
35.6 

276 
22 

328 
35.6 

291 
33.4 

structure. 

i°s 

0.018 
0.018 
0.078 

0.019 
0.019 
0.084 

0.022 
0.022 
0.087 

0.020 
0.020 
0.069 

0.026 
0.069 

0.026 
0.041 

0.030 
0.070 

0.028 
0.063 

P* 

0.145 
0.145 

0.160 
0.160 

0.183 
0.183 

0.178 
0.178 

0.196 

0.188 

0.238 

0.196 

Tbpb> 

Tbp 

Tbp 

Tbp 

Tbp 

G3V 

Tbp 

Tbp 

This work 

5 

3 

This work 

This work 

5 

3 

This work 

rv~ 

Fig. 1. First derivative ESR spectrum of a y-irradiated 
solid solution of 5 mol % ethylbromosilane in tetra-
methylsilane, recorded at 77 K. 
The stick diagrams represent the calculated line po­
sitions of the parallel (upper) and the perpendicular 
(lower) components for CaH5SiH2

79Br- and C2H5-
SiH2

81Br- according to the parameters listed in Table 1. 

ture rather than a trigonal bipyramidal structure since 
the ESR spectrum consists of a sextet due to the I 
nucleus and a 1:2:1 triplet due to three equivalent 
H nuclei.5) 

Resonance line positions were calculated by a matrix 
diagonalization program with the ESR parameters 
listed in Table 1. I n accordance with the above 
analyses, the stick diagrams calculated show good 
agreement with the observed spectra assigned to 
C 2H 5SiH 2Br - and C 2 H 5 SiH 2 I - . Spin densities were 
obtained by the use of the atomic values of hyperfine 
coupling constants9) calculated from Froese's wave func­
tions10) for comparison with those of related and re­

ported radical anions; the values are listed in Table 
1 with E S R parameters. If atomic values calculated 
recently by Morton and Preston11) are used, the values 
become smaller. In Table 1, results for CH 3 SiH 2 X- 5 ) 
and SiH3X-3) ( X = B r or I) are given for comparison. 
Spin densities on the axial H and halogen atoms 
increase in the order C2H5 , GH3 , and H for R of 
R S i H 2 X - ( X = B r or I) except for the case GH 3 SiH 2 I - , 
where a local G3v structure was suggested.5) T h e 
group electronegativity of each substituent increases 
in the same order. 

Here, it might be of interest to quote results for the 
SiF3Br -2) and SiH3Br - 3) radical anions which have 
axial Br atoms in their trigonal bipyramidal structure. 
Since Br is less electronegative than F and more elec­
tronegative than H , the less electronegative Br occupies 
the axial position of SiF3Br~. Phosphoranyl radicals 
are isoelectronic to the silicon-centered radical anions 
and also have trigonal bipyramidal structures, which 
are similar to the structure of phosphoranes. Golussi 
et al.12) have made I N D O calculations for phosphoranyl 
radicals and phosphoranes. According to their results, 
electron densities (charge densities) in PH 4 and P H 5 

are larger in the axial positions than in the equatorial 
positions. I n the cases of PF 4 and PF5 , however, 
the equatorial positions have higher electron densities 
than the axial positions. Therefore, when a group 
which is more electronegative than H is replaced 
with an H atom of P H 4 or PH 5 , the group prefers 
an axial position with its higher electron density. 
Coherently, a less electronegative group possesses an 
axial position with a lower electron density upon 
the substitution with an F atom of PF 4 or PF 5 . T h e 
effect of group electronegativity on the preferential 
occupation of substituents has also been investigated 
experimentally for phosphoranyl radicals.13) Similar 
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Fig. 2. ESR spectrum of a y-irradiated solid solution 
of 5 mol % vinylbromosilane in tetramethylsilane, 
recorded at 77 K, and the stick diagrams calculated 
for GH2=GHSiH2

79Br- and CH2=CHSiH2
81Br-. 

results can be expected for the silicon-centered radical 
anions which are isoelectronic to phosphoranyl radi­
cals. Accordingly, the axial positions of the Br atom 
in S iH 3 Br - and SiF3Br~ are well accepted. 

In the case of RSiH 2 X~, it is thus reasonable to 
expect that a group R more electronegative than H 
takes an axial position and that a less electronegative 
group R occupies an equatorial position. Indeed, 
as mentioned above, C 2 H 5 and GH 3 groups which 
are less electronegative than H occupy the equatorial 
positions of the trigonal bipyramidal RSiH 2 X~ radical 
anions. This result is consistent with the result ob­
tained recently for the radical anions of methylstan-
nanes: that methyl groups prefer the equatorial posi­
tions of the trigonal bipyramidal structure.14) 

Since vinyl groups are more electronegative than 
H and are therefore expected to possess the axial 
positions of GH2=GHSiH2X~ radical anions, a solid 
solution of T M S containing GH2=GHSiH2Br was ir­
radiated. As shown in Fig. 2, the ESR spectrum 
consists of the anisotropic hyperfine structure of a 
quartet from one Br atom and a doublet. T h e doublet 
may originate from an H atom bonded to the Si atom 
or from one in the vinyl group. Thus , similar experi­
ments were carried out with GH2=GHSiD2Br. As a 
result, the doublet which appeared in the case of 
GH2=GHSiH2Br was removed and the anisotropic quar­
tet spectrum alone was observed. Therefore, the spec­
t rum observed with GH2=GHSiH2Br was interpreted 
to contain hyperfine splittings due to the Br atom 
and one of the two H atoms bonded to the Si atom. 
This fact leads us to the conclusion that the GH2= 
GHSiH2Br~ radical anion formed has the vinyl group 
in the equatorial position of the trigonal bipyramidal 
structure, although the axial position was the first 
suggested. 

Irrespective of the electronegativity of vinyl group, 
which is larger than that of H , the value of spin density 
on the axial Br atom of the GH2=GHSiH2Br~ radical 
anions falls between those obtained for GH3SiH2Br~ 
and SiH3Br~, while the value on the axial H atom 
is smaller than that for C2H5SiH2Br_ . Similar trends 
were obtained between GH2=GHSiH2I~ and the re­
lated radical anions, although GH3SiH2I~ could not 
be compared because of the different structure.5) 

Fig. 3. A structure proposed for CH2=CHSiH2Br~. 
The terminal G atom in the vinyl group is on the 
upper side or on the lower side of the equatorial plane. 

These results may indicate that some other factor 
than the electronegativity of vinyl groups governs 
the geometrical and electronic structures of GH2= 
GHSiH 2 X~ radical anions. 

When the effect of substituent groups is considered, 
electronegativity is important for the inductive effect 
of o electrons. However, for the groups with n elec­
trons or nonbonding electron pairs, the more electron 
attractive for the inductive effect by a electrons the 
groups are, the more electron donating are the groups 
for the n electron mesomeric effect, and the groups 
behave as n donors. Thus , vinyl groups are con­
sidered as electronegative groups and simultaneously 
as n donors. 

As mentioned earlier, the electronic structure of 
phosphorane P H 5 as well as phosphoranyl radical 
P H 4 is suggestive of that of the radical anions of halo-
silane. Therefore, the results for P H 5 derived from 
extended Hückel calculations by Hoffmann et A/.15) 
may be helpful for the consideration of the effect of 
substituent groups in organo halosilane radical anions. 

Let us first view the interactions arising between 
the orbitals of P H 5 and a n donor or a n acceptor.15) 
For a n donor, interaction I with occupied P H 5 skeleton 
orbitals and interaction I I with phosphorus 3d orbitals 
were considered, while interaction I I I with unfilled 
skeleton orbitals was neglected. I is inherently desta­
bilizing, whereas I I is inherently stabilizing, and the 
interaction I is more important than I I . O n the 
other hand, there is only one significant interaction 
(IV) between the acceptor orbital and the occupied 
skeletal set. Thus , for an acceptor the site with max­
imum interaction will be favored (IV is stabilizing), 
and for a donor the site with maximum interaction 
will be destabilized (I is a repulsive term). 

Axial interactions, ex and ey, equatorial interactions, 
bx and b2 , and the relation between their magnitudes, 
e x ^ e y ^ b 1 > b 2 , are shown in the paper by Hoffmann 
et A/.15) According to these results, n acceptors will 
prefer axial sites in the trigonal bipyramid so as to 
have the maximum interaction ex or ey, while n donors 
will occupy equatorial positions for b 2 avoiding large 
interactions. If a substituent has a single n system 
and is located in the equatorial positions, it will prefer 
to have its acceptor orbital perpendicular to the equa-
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torial plane, having bj interaction, or its donor orbital 
in that plane, having b 2 interaction. 

In the light of these results for PH 5 , the vinyl group, 
which has a single n system in C H 2 = C H S i H 2 X - rad­
ical anion may be expected to occupy the equatorial 
position and to have its donor orbital in the equatorial 
plane, as shown in Fig. 3. T h e n donor orbital of 
the equatorial vinyl group is shown in Fig. 3 with 
the ax antibonding unpaired electron orbital composed 
of the p orbital of the axial Br, the s orbital of the 
axial H and the s and p orbitals of the central Si 
atom.2 - 4) This is accordance with the results obtained 
from the ESR observations described earlier. 

In conclusion, the mesomeric effect as well as the 
inductive effect of substituent group plays an im-
porant role in the geometrical preference of the sub­
stituent groups in the trigonal bipyramidal structure 
of organo halosilane radical anions. 
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The molecular and crystal structure of fortamine sulfate trihydrate, G8H18N204 • H 2S0 4 • 3H 20, was deter­
mined by X-ray analysis. The space group is P2x with 0=7.2516(9), b= 11.193(1), £=9.022(1) A, £=90.55(2)°, 
and Z = 2 . The structure was solved by direct methods, and least-squares refinement using 1679 reflexions led 
to the final R value of 0.063. The ring conformation of fortamine sulfate is a chair form which corresponds to 
a chair obtained by inversion of that in the dihydrochloride. This is an extraordinary example of the cyclo-
hexane ring inversion caused by the anion exchange in the crystal. The ring conformation of fortamines in solu­
tion and in crystal are compared and discussed. 

Fortamine, 1,4-diaminocyclitol, is a component of 
potent aminocyclitol antibiotics fortimicins.1) Egan et 
al. have shown that fortamine moiety takes 'B' type 
conformation in fortimicin B, whereas it takes 'A' 
type conformation in fortimicin B sulfate and fortimicin 
A,2»3) as shown in Fig. 1. The conformation of for­
tamine moiety in fortimicins is probably related to 
their biological activity.2) Therefore, it is quite in­
teresting to deduce the factors which control the con­
formation of fortamine. From such points of view 
we have determined the molecular structures of for­
tamine itself4) and its dihydrochloride salt5) by X-ray 
analysis. The results showed that the conformation 
of the former is 'B' type, but that of the latter is 'A' 
type. Although it has been believed that the 'A' 
type conformation is rather unstable because of the 
inherent 1,3-diaxial interactions, the latter analysis 
confirmed that 'A' type conformation could exist in 
the crystal structure and supported the assignment 
made by Egan et al.2) 

The N M R results, however, revealed that in solution 
the fortamine rings of fortamine, fortamine dihydro-

'A ' TYPE 

fortimicin B disulfate 

NH3 

N 0CH3 

CH3 COCH2NH2 

' B ' TYPE 

H2NCH3 ^ C H 

CH3 

chloride, and fortamine sulfate take essentially the 
same conformation, i.e., the 'B' type conformation. 
I t means that the ring conformation of fortamine 
dihydrochloride in the crystal is different from that 
in solution. This paradoxical observation has prompted 
us to compare the fortamine ring conformation of 
the sulfate in the crystal and in solution. In this 
connection we have undertaken the X-ray analysis 
of the sulfate. In this paper we will also report on 
the N M R results of fortamines. 

E x p e r i m e n t a l a n d Structure 
D e t e r m i n a t i o n 

The prismatic crystals of the title compound were grown 
from a methanol solution. A crystal of 0.4 X 0.4 X 0.3 mm3 

sealed in a glass capillary was used for data collection on 
a Rigaku four-circle automated diffractometer with graphite 
monochromated Mo Koc radiation (A=0.71069 Â). Prelim­
inary unit-cell dimensions and space group were obtained 
from photographs. The space group was determined from 
the systematic absences (OkO for odd k). Accurate cell 
dimensions were determined by least-squares calculation with 
20 values of 15 high-angle reflexions measured on the dif­
fractometer. Crystal data are summarized in Table 1. 
All reflexions within the range of 20<^55° were collected 
by the use of the co-20 scan mode with a scanning rate of 
4° (20) min -1 . Stationary background counts were accumu­
lated for 10 s before and after each scan. Periodic checks 
of the intensity values of three standard reflexions did not 
reveal any significant X-ray damage. Any corrections for 
absorption or extinction were not applied. A total of 1773 
independent reflexions were obtained, of which 1679 {\F0\ > 
3 . 0 Ö - ( | F O | ) ) were considered as observed. The structure 
was solved by direct methods with MULTAN 78 program.5) 
The best set of phases was used to calculate an E map, which 
gave 13 chemically significant peaks. Other non-hydrogen 

TABLE 1. CRYSTAL DATA 

0CH3 

Fig. 1. Structures of fortimicins. 

F.W. = 358.36 

Z = 2 
0=7.2516(9) Â 

6=11.193(1)Â 
c=9.022(l)Â 
£ = 90.55(2)° 

Z>x=1.626gcm-3 

//(Mo Koc) =2.869 cm-1 
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T A B L E 2. FINAL ATOMIC COORDINATES WITH THEIR 

ESTIMATED STANDARD DEVIATIONS, MULTIPLIED BY 10* 

FOR NON-HYDROGEN AND 1 0 3 FOR HYDROGEN ATOMS 

Atom 
BorBe 

G ( l ) 

G (2) 

G (3) 

G (4) 

G (5) 

G (6) 

G (7) 

G (8) 

N ( l ) 

N ( 4 ) 

O ( l ) 

0 ( 2 ) 

0 ( 3 ) 

0 ( 5 ) 

S 

OS(l) 

OS (2) 

OS (3) 

OS (4) 

OS (5) 

OS (6) 

OS (7) 

OS (8) 

OW(l) 

OW(2) 

OW(3) 

HG(1) 

HG(2) 

HG(3) 

H C (4) 

H G (5) 

H G (6) 

H A N (I) 

HBN(l) 

HGN(l) 

H A N (4) 

H B N (4) 

HO(l) 

H O (2) 

H O (5) 

H A G (7) 

H B G (7) 

H G G (7) 

H A G (8) 

H B G (8) 

H G G (8) 

6432(8) 

7703 (9) 

8081 (8) 

8786(9) 

7534(9) 

7172(9) 

6486(12) 

12106(9) 

6257 (8) 

10743(7) 

5829 (7) 

6985 (6) 

6346(6) 

8390 (7) 

8474(3) 

6904(8) 

8173(9) 

9087(18) 

9973 (25) 

10210(18) 

8245 (25) 

10038(26) 

8813(37) 

498 (1) 

205(1) 

867 (2) 

495(10) 

881 (9) 

878(8) 

875(12) 

640 (8) 

835(19) 

609(10) 

706(14) 

553(13) 

1070(10) 

1088(12) 

617(8) 

624(9) 

779(12) 

752(11) 

509(17) 

704(12) 

1346(14) 

1175(14) 

1191(10) 

3485(7) 

4379(6) 

4029(6) 

2747(6) 

1853(6) 

2201(6) 

4395(9) 

3288(9) 

3820 (6) 

2622(5) 

1423(5) 

5549 (4) 

4100(5) 

711(4) 

-1780(3) 

-2010(7) 

-1654(12) 

-3165(12) 

-1485(21) 

-2063(13) 

-334(12) 

-1075(20) 

-2563(43) 

-380(1) 

-426(1) 

-398(1) 

351(8) 

437 (6) 

461(6) 

256 (9) 

183(6) 

215(14) 

464(8) 

391(11) 

336(12) 

279 (7) 

197 (9) 

110(6) 

562 (6) 

47(10) 

396(8) 

440 (14) 

506(9) 

316(11) 

311(11) 

398(8) 

6092(7) 

5338(7) 

3751 (7) 

3585 (7) 

4388 (7) 

5984(8) 

1453 (8) 

3235 (8) 

7691(6) 

4120(6) 

6578(6) 

5440(5) 

2990(5) 

4413(5) 

1586(2) 

679(6) 

3103(7) 

1757(17) 

932 (22) 

917(16) 

1552(16) 

1074(24) 

2613(53) 

869(1) 

90(1) 

857(1) 

569(8) 

607 (7) 

332(6) 

249(10) 

398(7) 

654(16) 

771(7) 

821(12) 

806(11) 

488 (9) 

413(10) 

687 (6) 

502 (7) 

356(10) 

91(9) 

78(14) 

132(10) 

367(11) 

247(11) 

352(8) 

1.8 

1.7 

1.6 

1.7 

1 

1 

3 

3 

2 

1 

2 

2 

2 

2 

2 

4 

7 

2 

4 

2 

2 

5 

3 

6 

7 

11 

3 

1 

0 

4 

0 

10 

2 

7 

6 

3 

5 

1 

1 

5 

4 . 0 

10.0 

5 . 3 

7 .1 

7 .1 

2 . 9 

atoms were located easily by the subsequent Fourier syn­
theses. T h e structural parameters were refined by block-
diagonal least-squares methods with a modified HBLS pro­
gram. The two of sulfate oxygen atoms were considerably 
disordered and when they were assumed to distribute over 
six positions with an occupancy of 0.3333, the refinement 
proceeded successfully. All hydrogen atoms except those 

Fig. 2. Stereoscopic drawing of fortamine sulfate. 

T A B L E 3. TORSIONAL ANGLES (Ç>/°) 

Fortamine 
sulfate 

For tamine 

G (3). 

G (4). 

G ( 5 ) . 

G ( 6 ) -

G ( l ) -

G ( 2 ) -

0 ( 2 ) -

0 ( 3 ) . 

N ( 4 ) -

0 ( 5 ) -

O ( l ) . 

N ( l ) -

C ( 4 ) -

C ( 3 ) -

C ( 5 ) -

C ( 2 ) -

• C ( 2 ) - C ( l ) -

• C ( 3 ) - C ( 2 ) -

• C ( 4 ) - C ( 3 ) -

• C ( 5 ) - C ( 4 ) . 

• C ( 6 ) - C ( 5 ) . 

• G ( l ) - G ( 6 ) -

• C ( 2 ) - C ( l ) . 

• G ( 3 ) - G ( 2 ) -

• G ( 4 ) - C ( 3 ) -

• C ( 5 ) - C ( 4 > -

• C ( 6 ) - C ( 5 ) -

• C ( l ) - C ( 6 ) . 

• C ( 3 ) - 0 ( 3 ) . 

G ( 4 ) - N ( 4 ) -

G ( 4 ) - N ( 4 ) -

• G ( 3 ) - 0 ( 3 ) -

•G(6) 

• G ( l ) 

•G(2) 

G (3) 

•G (4) 

•G (5) 

• N ( l ) 

• 0 ( 2 ) 

• 0 ( 3 ) 

•N(4) 

• 0 ( 5 ) 

• O ( l ) 

•G(7) 

•G(8) 

•G(8) 

G (7) 

54 .1 

- 5 2 . 8 

5 1 . 0 

- 5 1 . 3 

5 3 . 4 

- 5 4 . 5 

- 5 9 . 9 

- 6 0 . 2 

170.4 

- 4 5 . 8 

- 6 6 . 8 

65 .2 

- 8 8 . 2 

- 6 5 . 7 

169.7 

150.3 

5 3 . 9 

- 5 6 . 1 

5 6 . 3 

- 5 6 . 4 

5 4 . 6 

- 5 2 . 6 

- 6 2 . 2 

- 5 9 . 8 

173.9 

- 6 0 . 1 

- 5 7 . 9 

65 .2 

- 1 1 0 . 1 

- 7 0 . 9 

166.5 

129.2 

of water molecules were located by difference syntheses. 
Refinement using anisotropic and isotropic thermal pa ram­
eters for the non-hydrogen and hydrogen atoms, respectively, 
gave the final R value of 0.063 for 1679 reflexions. T h e 
weighting system used in the final stage was w— ( ö , ( | F 0 | ) 2 + 
(0.015F o ) 2 ) - 1 . Atomic scattering factors were taken from 
"Internat ional Tables for X - R a y Crystallography."6) T h e 
final positional and thermal parameters are given in Table 
2. O S (3) to O S (8) denote the sulfate oxygen atoms refined 
with occupancy of 0.3333. O W denotes the water molecule. 
T h e table of observed and calculated structure factors and 
the list of the anisotropic thermal parameters are kept as 
Document No. 8144 at the Chemical Society of J a p a n . 

T h e N M R spectra were measured in D a O solution by 
means of an FX100 Model apparatus , J E O L Co. , using 
DSS as the internal s tandard. 

R e s u l t s 

Conformation of the Molecule. T h e r i n g confor­
m a t i o n of f o r t a m i n e d i c a t i o n , as s h o w n i n F ig . 2 , is 
t h e ' B ' t y p e . T h e signs of to r s iona l ang le s l is ted i n 
T a b l e 3 also r e p r e s e n t t h e ' B ' t y p e c o n f o r m a t i o n . 
T h e l v a l u e s 3 ) of e a c h r i n g - c a r b o n a t o m s a r e as fol lows; 
G ( l > 0 .648 , G(2) 0 .632 , C ( 3 ) 0 . 6 1 1 , C ( 4 ) 0 .619 , G(5) 
0 .622 , a n d G(6 ) 0 .644 A . T h e a v e r a g e G - G - G - G 
to r s iona l a n g l e is 52 .9° a n d a v e r a g e d is 0 .629 Â . T h e y 
a r e q u i t e s imi la r to those of t h e d i h y d r o c h l o r i d e , 
52 .7° a n d 0 .627 Â , respec t ive ly a n d sma l l e r t h a n those 
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TABLE 4. BOND LENGTHS (//Â) AND ANGLES (0/°) 

C(l)-C(2) 
C(l)-C(6) 
G(l)-N(l) 
G (2)-G (3) 

G(2)-0(2) 
G (3)-G (4) 
G(3)-0(3) 
0(3)-G(7) 
G (4)-G (5) 
G(4)-N(4) 
N(4)-G(8) 

G (5)-G (6) 
G(5)-0(5) 
G(6)-0(l) 
S-OS(l) 

S-OS (2) 
S-OS (3) 
S-OS (4) 
S-OS (4) 
S-OS (6) 
S-OS (7) 
S-OS (8) 
G(l)-G(2)-G 
G(2)-G(3)-G 
G(3)-G(4)-G 
G (4) -G (5) -G 
G (5)-G (6)-G 
G(6)-G(l)-G 
G(6)-G(l)-N 

(3) 
(4) 
(5) 
(6) 
(1) 
(2) 
(1) 

G(2)-G(l)-N(l) 
G(l)-G(2)-0 
G(3)-G(2)-0 
G(2)-G(3)-0 
G(4)-G(3)-0 

G(3)-G(4)-N 

(2) 
(2) 
(3) 
(3) 
(4) 

1.524(6) 
1.538(6) 
1.497(6) 
1.512(6) 
1.413(5) 
1.532(6) 
1.430(5) 
1.430(7) 
1.537(6) 
1.501(6) 
1.478(7) 
1.516(6) 
1.421(5) 
1.416(6) 
1.419(6) 
1.395(8) 
1.619(10) 
1.285(14) 
1.437(9) 
1.628(11) 
1.460(14) 
1.297(56) 
111.7(4) 
113.5(4) 
111.4(4) 
112.9(4) 
111.4(4) 
111.8(4) 
109.2(4) 
108.9(4) 
110.8(4) 
111.8(3) 
105.9(3) 
107.3(3) 
111.8(3) 

G (5)-G (4)-N (4) 
G (4)-G (5)-O (5) 
G (6)-G (5)-O (5) 
G(5)-G(6)-0(l) 
G(l)-G(6)-0(1) 
G (3)-O (3)-G (7) 
G (4)-N (4)-G (8) 
OS (1)-S-OS (2) 
OS (1)-S-OS (3) 
O S (1)-S-OS (4) 
OS (1)-S-OS (5) 
OS (1)-S-OS (6) 
OS (1)-S-OS (7) 
OS (1)-S-OS (8) 
OS (2)-S-OS (3) 
OS (2) -S-OS (4) 
OS (2)-S-OS (5) 
OS (2) -S-OS (6) 
O S (2)-S-OS (7) 
OS (2)-S-OS (8) 
O S (3)-S-OS (4) 
O S (3) -S-OS (5) 
OS (3)-S-OS (6) 
O S (3)-S-OS (7) 
OS (3) -S-OS (8) 
OS (4) -S-OS (5) 
OS (4) -S-OS (6) 
OS (4)-S-OS (7) 
O S (4) -S-OS (8) 
OS (5) -S-OS (6) 
O S (5)-S-OS (7) 
O S (5)-S-OS (8) 
O S (6)-S-OS (7) 
OS (6)-S-OS (8) 

OS (7)-S-OS (8) 

110.4(3) 
109.5(3) 
107.2(3) 
109.1(4) 
108.0(4) 
114.1(4) 
114.5(4) 
116.8(4) 
95.7(4) 
117.3(7) 
114.8(4) 
95.0(5) 
122.5(6) 
116(2) 
92.8(5) 
124.5(7) 
125.5(5) 
84.3(5) 
112.7(7) 

53(2) 
93.3(7) 
65.7(5) 
169.0(5) 
109.5(7) 
40(2) 
27.8(7) 
79.8(7) 
18.7(8) 
110(3) 
107.5(5) 
45.6(7) 

89(2) 
62.3(7) 
135(2) 
117(3) 

of the free base, 54.9° and 0.655 Â. These values 
show that the protonation at the nitrogen atoms causes 
the flattening of the fortamine ring as a whole. While 
G( l ) and G(6) are puckered a little, G(3) and G(4) 
are flattened a little; the magnitude of puckering or 
flattening is smaller than that of the dihydrochloride 
and is almost the same as that of the free base. The 
smallest exocyclic 0 (5 ) -G(5 ) -G(4 ) -N(4 ) torsional angle 
of —45.8° is due to the intramolecular N(4) -H-- -0(5) 
hydrogen bond. 

Bond Lengths and Angles. The bond lengths and 
angles are given in Table 4. The exocyclic G-G bond 
lengths are 1.512 to 1.538 Â, and the average value 
of 1.527 Â is essentially equal to those of the free base 
and the dihydrochloride. T h e G ( 2 ) - 0 ( 2 ) and G (6) -
O ( l ) bond lengths, 1.413 and 1.416 Â, respectively, 
are significantly shorter than those of fortamine. This 
shortening is similar to that of the dihydrochloride. 
The G ( l ) - N ( l ) , G(4)-N(4) , and N(4)-G(8) bond 
lengths of the sulfate are as long as those of the di­
hydrochloride. Although the average G-G-G bond angle 
of 112.1° is the same as that of the dihydrochloride 
and larger than that of the free base, the scattering 

Fig. 3. Crystal structure of fortamine sulfate viewed 
along the a axis. 

of the angles is small, i.e., in the sulfate 111.4 to 113.5°, 
but in the dihydrochloride 109.7 to 114.3° and in the 
free base 109.9 to 112.6°. Most of the exocyclic 
bond angles are similar to those of the free base rather 
than those of the dihydrochloride. The bond lengths 
and angles show that the fortamine ring in the sulfate 
takes almost the same geometry as that of fortamine. 

The sulfate oxygen atoms which are not involved 
in the hydrogen bonds are disordered; hence the 
relevant bond lengths and angles are distorted. T h e 
values are listed in Table 4. 

Crystal Structure. The crystal structure viewed 
along the a axis is shown in Fig. 3. Hydrogen bond 
lengths and angles are listed in Table 5. Hydrogen 
bonds are shown by dotted lines in Fig. 3. The mole­
cules linked by the 0 ( 2 ) - H - 0 ( l ) hydrogen bonds 
form helical chains along the b axis. There is no other 
intermolecular hydrogen bonds between the functional 
groups. The N ( l ) atom is hydrogen bonded to the 
O S ( l ) atom of the sulfate anion, but there is no sulfate 
anion sufficiently near the N(4) atom. The positive 
charge on N(4) may be partially transferred to 0 ( 5 ) 
through the N(4) -H-- -0(5) intramolecular hydrogen 
bond. The 0 ( 5 ) atom is hydrogen bonded to the 
OS (6) and OS (2) atoms. Therefore the positive 
charge may be neutralized by these hydrogen bonds. 
The O ( l ) , 0 ( 2 ) , and N ( l ) atoms are hydrogen bonded 
to water molecules. There is an extensive hydrogen 
bond networks between sulfate anion and water mole­
cules. 

Conformation in Solution. The N M R parameters 
of fortamine, its dihydrochloride, and its sulfate are 
shown in Table 6. The pD of the solution are 11.5, 
3.5, and 1.5, respectively. The chemical shifts are 
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T A B L E 5. H Y D R O G E N BOND DISTANCES (//Â) 

AND ANGLES (<f>/°) 

A-H-..B A . B ZA-H-..B 

N(4)-H I- . .0(5) 1 

0(5) -H I . . .OS(6) 1 

0 ( 5 ) - H I - O S ( 2 ) 1 

0 ( 2 ) - H I . . . 0 ( l ) n 

N ( 1 ) - I P - O S (l)1 1 

0 ( l ) - H I . . . O W ( 2 ) n 

N t l J - f f - O W f l ) 1 1 1 

OS(3)i.. .OW(2) IV 

OS(5)!...OW(2) IV 

OS(6)i . . .OW(2)v 

OS(7) I . . .OW(2)v 

owcijï.-.osci)^ 
OW(l) I . . .OW(2) V I 

OW(3) I . .-OS(3)V I 

OS(6) i . . .OW(l ) n 

Symmetry code 

I : ( * y 
I I : ( 1 . 0 - * 0.5 + j ; 

III: ( x 1.0+ y 
IV: ( - x 0 . 5+ y 
V: ( 1 . 0 - x 0.5 + j ; 

VI : ( x y 

2.751(6) 

2.84(1) 
2.903(9) 

2.892(5) 

2.889(7) 

2.841(7) 

2.963(7) 

2.60(1) 

2.80(1) 

2.52(1) 

3.09(2) 
3.024(8) 

2.972(9) 

3.03(1) 

2.91(1) 

z ) 
1 . 0 - z ) 

z ) 
- z ) 
- z ) 

1 . 0 + z ) 

120(4) 

142(10) 

112(6) 

162 (4) 

152(5) 

143 (5) 

151(5) 

TABLE 6. 100 MHz 1H-NMR PARAMETERS FOR FORTAMINE 

FREE BASE, DIHYDROCHLORIDE, AND SULFATE 

Free base 
Dihydro­
chloride Sulfate 

Chemical 
shifts ( 

Coupling 
constants < 

(Hz) 

H-1 
H-2 
H-3 
H-4 
H-5 
H-6 
OCH3 

v NCH3 

1 / 1 , 2 

1 / 2 , 3 

1 / 3 , 4 

1 / 4 , 5 

J5)6 
\ J6,l 

2.80 
3.61 
3.67 
3.11 
3.78 
3.34 
3.45 
2.38 

9.8 
4.4 
3.0 
4.6 
9.8 
9.8 

3.47 
4.19 
3.98 
3.71 
4.19 
3.85 
3.48 
2.82 

7.6 
3.3 
6.0 
4.5 
7.6 
7.6 

3.43 
4.21 
3.97 
3.71 
4.16 
3.87 
3.49 
2.83 

8.1 
3.3 
4.9 
4.9 
8.1 
8.1 

expressed in ppm from the internal standard, DSS. 
The coupling constants are obtained by the first order 
analysis. The results apparently indicate that the ring 
conformations of the three are essentially same and 
they are in the 'B' type. 

D i s c u s s i o n 

Fortamine sulfate takes the 'B ' type conformation 
in the crystal, whereas the chloride takes the 'A' type. 
I t is interesting to examine the effect of different anions 
on the fortamine conformation in the crystal. T h e 

Fig. 4. Crystal structure of fortamine dihydrochloride 
viewed along the b axis. 

crystal structure of the dihydrochloride viewed along 
the b axis is shown in Fig. 4. In the crystal structure 
all functional groups are involved in intermolecular 
hydrogen bonds with the chloride anions, the anions 
locate near the two amino nitrogen atoms, and con­
sequently the fortamine molecules are tightly packed. 
O n the contrary, the fortamine molecules in the sulfate 
crystal as seen in Fig. 3 are loosely packed and anions 
are apparently solvated. The difference between the 
two crystal structures may come mainly from the 
different valence and the different size of the anions. 
I n the crystal structure of the dihydrochloride, the 
Gl(l) a tom is hydrogen bonded with the two pro-
tonated nitrogen atoms, i.e., the N ( l ) and N(4) atoms. 
This makes the close packing possible. The sulfate 
anion, however, is divalent and bulkier than the chlo­
ride anion; hence it makes the close packing rather 
difficult and the structure which could accomodate 
the solvent molecules is built up. 

The N M R results show that in aqueous solution 
the fortamine rings of the free base, the dihydrochloride, 
and the sulfate take essentially the same conformation, 
i.e., the 'B ' type conformation. In solution the anions 
might be solvated and they could not close to the 
cations easily; therefore it is conceivable that the 
environmental condition around the fortamine mole­
cules in aqueous solution is close to that in the sulfate 
crystal. In the previous paper,4) the electrostatic re­
pulsion energy in the 'B ' type conformation was cal­
culated to be 0.50 kcal/mol higher than that in the 
'A' type. Although further studies on the energy of 
molecular deformation would be required, these results 
suggest that intramolecular non-bonded interaction 
or intermolecular interaction must overcome the energy 
difference and the conformational change can easily 
occur in the stage of crystallization. 

Figure 1 was drawn by T S D : X T A L , which is a 
computer-graphics interactive modeling programme for 
the N O V A 3 computer.7) 
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The Capillary-tube Isotachophoretic Determination of Sodium(I), Magnesium(II), 
Calcium(II), Strontium(II), and Barium(II) Using Complex-forming 

Equilibria between CyDTA and the Metal Ions 
Isoshi NUKATSUKA, Mitsuhiko T A G A , and Hitoshi YOSHIDA* 

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060 
(Received January 5, 1980) 

The capillary-tube isotachophoresis technique was used to determine sodium (I), magnesium (II), calcium 
(II), strontium(II), and barium(II). The complex-forming equilibria between CyDTA and the metal ions were 
used to expand the differences among their effective mobilities. The mobilities of IIa metal ions decreased with 
increases in the pH of the leading electrolytes and in the CyDTA concentration in the leading electrolytes. The 
simultaneous determination of the above five cations could be performed when the pH of the leading electrolyte 
was adjusted at 5.5 or above. The relative standard deviations were 1.7—2.2% for determining 15.0—25.0 nmol 
of the cations when the pH of the leading electrolyte was 5.70. Magnesium(II) and calcium(II) ions underwent 
"enforced isotachophoretic" migration. 

It is useful to apply the capillary-tube isotacho­
phoresis technique to the analysis of small amounts 
of samples which contain several constituents. This 
method requires only a few \x\ of the sample solutions. 

It is necessary for performing a satisfactory separa­
tion that there be enough difference among the ef­
fective mobilities of the sample ions. If the difference 
is not effective enough, we have to expand the dif­
ference among the mobilities. 

To change the mobilities is to alter the environment 
of the sample constituents in the leading electrolyte. 
There are three main methods of doing so:1) (1) the 
change in the p H of the leading electrolyte, (2) the 
replacement of the solvent of the leading electrolyte, 
and (3) the use of complex-forming equilibria. 

In Method (3), various factors, e.g., the kind of 
complexing agent and the concentration and p H of 
the leading electrolyte, affect the mobilities of the 
sample ions and may further complicate the condi­
tion. Because of the variation in the mobilities of 
the sample ions, the separability of the sample ions 
might be enhanced in some cases. 

Although this method is analogous to that which 
is carried out in zone electrophoresis, adding com­
plexing agents to supporting electrolyte, zone elec­
trophoresis has little quantitative ability, whereas capil­
lary-tube isotachophoresis has a good quantitative 
ability. This method has been presented in several 
papers,2-4^ there has, however, been little work in 
which this method has been applied to the deter­
mination of metal ions. 

In this paper, we studied the utility of the complex-
forming equilibria in determining the metal ions by 
capillary-tube isotachophoresis. Magnesium (I I ) , cal-
cium(II) , s trontium(II) , and bar ium(II) were used as 
sample ions, and CyDTA was added to the leading 
electrolyte as a complexing agent. The above four 
cations and sodium (I) were separated and determined 
simultaneously, and the importance in this method 
of the choice of the terminating electrolyte was pointed 
out. 

Exper imenta l 

Apparatus. Isotachopherograms were recorded with a 
Capillary-tube Isotachophoretic Analyzer (Shimadzu, model 

IP-IB, with a potential gradient detector, model PGD-1). 
The migration current was stabilized at 100 \xA. The 
length of the capillary tube (PTFE, I.D. 0.5 mm) was 20 
cm, and the oven temperature was 20 °C. Measurements 
of pH were made with an expanded-scale pH-meter (Horiba, 
model F-7ss). 1.0—7.0 [il portions of sample solutions were 
introduced into the instrument with a micro syringe. 

Materials. The l,2-cyclohexanediamine-iV,iV,iV',Ar'-
tetraacetic acid (CyDTA), 2-amino-2-hydroxymethyl-l,3-
propanediol (Tris), and Triton X-100 were purchased from 
the Wako Pure Chemical Industry Co., Ltd. The other 
chemicals used were of a reagent grade and were dissolved 
in deionized water. 

Sodium(I), Magnesium(II), Calcium(II), Strontium(II), and 
Barium(II) Solutions: The stock solutions were prepared by 
dissolving their nitrates in water. The standard solutions 
containing some or all of the above metal ions were obtained 
by mixing the stock solutions and then diluting them to 
the desired concentrations. 

NH^OH Solution: The NH4OH solution was diluted to 
give a 1-mol dm - 3 solution with water. 

CyDTA Solution: The CyDTA was dissolved to give a 
0.1-mol dm - 3 solution in 0.4 mol dm - 3 of an NH4OH solu­
tion. 

The leading electrolytes were obtained by mixing the 
NH4OH solution and the CyDTA solution, followed by 
their dilution to the desired concentrations. For adjusting 
the pH of the leading and terminating electrolytes, acetic 
acid or succinic acid was used. The compositions of the 
leading and terminating electrolytes are shown in Table 
1. 

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

Effect of CyD TA Concentration in the Leading Electrolyte 
on the PR Value.1' Figure 1 shows the relations 
between the PR values of the metal ions [magnesium-
(II ) , calcium(II) , s t rontium(II) , and bar ium(I I ) ] and 
the CyDTA concentration in the leading electrolyte. 
When CyDTA is not added to the leading electro­
lyte, the order of the PR values i.e., the order of mo­
bilities of the metal ions, was: ba r ium(I I )>s t ron-

t The PR value*) (potential gradient ratio value) rep­
resents the ratio of the potential gradient of the leading 
ion to that of the sample ion (PGL/PGS). Therefore, this 
corresponds to the ratio of the mobility of the sample ion 
to that of the leading ion (ms/mh). 
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TABLE 1. ELECTROLYTE SYSTEMS 

[Vol. 54, No. 9 

Leading electrolyte*) Terminating electrolyte 

(I) 0.01 mol dm-3 NH4OH, 0—2 mmol dm-3 GyDTA, 
acetic acid, pH 4.30 

(II) 0.01 mol dm-3 NH4OH, 1 mmol dm-3 GyDTA, 
acetic acid, pH 4—6 

(III) 0.01 mol dm-3 NH4OH, 1 mmol dm-3 GyDTA, 
succinic acid, pH 5.70 

(IV) 0.01 mol dm-3 Tris, acetic acid, pH 4.40 
(V) 0 'Olmoldm- 3 ^-alanine, acetic acid, pH 4.40 

a) 0 . 1 % Triton X-100 was added. 

as 

0.4 h 

0 1 2 
CyDTA concentration/ mmol dm"3 

Fig. 1. Relation between the PR value and the con­
centration of GyDTA in the leading electrolyte. 
Electrolyte system: (I) and (IV); • : Mg2^, • : Ga2+, 
O: Sr2+, • : Ba2+. 

tium ( I I ) « calcium ( 11 ) > magnesium (II ) . I t is no t pos­
sible to separate calcium(II) from strontium (II ) . 
When CyDTA was added to the leading electrolyte, 
the P R value of the metal ions decreased with an 
increase in the CyDTA concentration. This indicates 
that the interaction between CyDTA and metal ions 
increases with an increase in the CyDTA concentra­
tion and that it makes possible the mutual separation 
between the alkaline earths. 

The slopes of the curves show that the effect of 
an increasing CyDTA concentration on the P R value 
of calcium(II) and bar ium(II ) is greater than on that 
of magnesium (I I) and strontium (I I ) . The variations 
in the mobilities of the metal ions, which result from 
the interaction between CyDTA and metal ions, de­
pend on the overall stability constants of the CyDTA 
complexes. 

Comparison of Tris and ß-Alanine as Terminating Ions. 
As is shown in Fig. 2, the P R value of the terminating 
ion (Tris) became abnormally small with an increase 
in the p H of the leading electrolyte in the case of 
calcium (I I ) , which had a rather larger complexing 
ability than the other H a elements. Further, the 
zone length of the metal ions decreased with an in­
crease in the p H of the leading electrolyte, and in 
the p H region over 5.0, first the calcium(II) ion, and 
next the magnesium(II) ion were unable to be de­
tected (Fig. 3a), in spite of the fact that the P R 
values of the metal ions were larger than that of Tris, 
as is shown in Fig. 4. 

O n the other hand, when ^-alanine was used as 
the terminating ion, the zone length of the metal 

0.4 

» 0.4 

as 
0< 

Blank Mgz + 

sample ion 

Fig. 2. Effect of pH of the leading electrolyte and 
sample ions on the PR value of Tris. 
Electrolyte system: (II) [a) pH 3.98, b) pH 4.30, 
c) pH 4.50, d) pH 4.70] and (IV). 

pH of the leading electrolyte 
Fig. 3. Effect of terminating ions and pH of the lead­

ing electrolyte on the zone length. 
Electrolyte system: a) (II) and (IV), b) (II) and (V); 
migration current: 100 \xA; chart speed: 5.0 mm 
min - 1 ; sample taken: 30 nmol; other symbols are 
the same as in Fig. 1. 

ions varied little, even higher pH's of the leading 
electrolyte (Fig. 3b). 

Protons released from CyDTA by a complexing 
reaction with sample ions cause the p H of the sample-
ion zones to decrease, and the p H of Tris zone is kept 
near that of the leading electrolyte. Therefore, the 
p H of the Tris zone seems to be higher than that of 
the sample-ion zones. In this case, if sample ions 
are transfered into the Tris zone by diffusion or any 
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0.3 
4.0 4.5 5.0 5.5 6.0 

pH of the leading electrolyte 

Fig. 4. Relation between the PR value and pH of the 
leading electrolyte. 
Electrolyte system: (II) and (IV) (pH of the leading 
electrolyte below 4.5) and (V) (above 5.0); • : Tris 
(these values were obtained using electrolyte system 
(IV) even if pH of the leading electrolyte was above 
5.0); other symbols are the same as in Fig. 1. 

Fig. 5. Isotachopherograms. 
Electrolyte system: (II) [(A) pH 4.30, (B) pH 5.00, 
(G) pH 5.70] and (V); a) potential gradient, b) 
differential potential gradient; 1) NH4+, 2) Ba2+, 3) 
Sr2+, 4) Ca2+, 5) Mg2+, 6) ^-alanine. 

other factors, they can not return to their own zones 
because their effective mobilities are smaller in higher 
p H zones than in lower p H zones. As a result, the 
zone lengths of these sample ions decrease and the 
PR value of Tris becomes smaller to form a mixed 
zone, as is shown in Figs. 2 and 3a. O n the other 
hand, as ^-alanine has a small pK& value (pK&l=3.6), 
the pH's of this zone decrease, and even if sample ions 
are transfered into this zone, they can return to their 
own zones (see Ref. 1). 

Consequently, in the I Ia metal-ion analysis using 
complex-forming equilibria, ^-alanine should be used 
as a terminating ion, while Tris can not be applied; 
nevertheless, the later has a lower effective mobility 

\ 

« 40 h 

10 20 3 0 
amounts of cation / nmol 

Fig. 6. Calibration curves. 
Electrolyte system: (III) and (V); migration cur­
rent: 100 [LA; chart speed: 40 mm min - 1 ; A : Na+; 
other symbols are the same as in Fig. 1 ; the curves 
of Ca2+ and Sr2+ were much the same as that of Mg2+. 

TABLE 2. SIMULTANEOUS DETERMINATION OF Na(I), 

Mg(II), Ca(II), Sr(II), AND Ba(II) IONS 

Taken 
Ion — 

nmol 

Sodium(I) 22.5 
Magnesium(II) 20.4 
Calcium (II) 25.0 
Strontium (II) 20.2 
Barium(II) 15.0 

Found 
nmol 

22.4 
20.1 
25.2 
19.8 
15.1 

Difference 

% 

- 0 . 4 4 
- 1 . 5 

0.80 
- 2 . 0 

0.67 

R.S.D. 

% 

2.2 
1.9 
1.9 
1.9 
1.7 

The conditions are the same as in Fig. 6. 

than H a metal ions under the complex-forming equi­
libria. 

The P R values of the sample ions are almost the 
same whether Tris or ^-alanine is used as the ter­
minating ion. 

Relation between the PR Values and the pH of the Leading 
Electrolyte. The P R values of the sample ions 
decreased with an increase in the p H of the leading 
electrolyte (Fig. 4) . The strontium(II) ion and the 
bar ium (I I) ion were separable at a higher p H of the 
leading electrolyte; they were, however, not separable 
at a lower p H of the leading electrolyte. The mag­
n e s i u m ^ ) ion and the calcium(II) ion were also 
separable at a higher p H of the leading electrolyte. 
Four cations of H a elements could be separated sim­
ultaneously when the p H of the leading electrolyte 
was adjusted to 5.5 or above. The separability of 
this method was larger in the higher-pH range of 
the leading electrolyte than in the lower range ex­
amined. 

Figure 5 shows isotachopherograms of the sample 
ions at various pH's of the leading electrolytes, indi­
cating that, at p H 5.00 and 5.70, the magnesium(II) 
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and calcium(II) ions undergo "enforced isotachopho-
retic"5) migrations. This phenomenon results from the 
fact that the magnesium(II)-ion zone has a higher 
p H than the calcium(II)-ion zone, as is to be expected 
from the fact that the stability constant of the mag-
nesium(II) ion is smaller than that of the calcium(II) 
ion. 

Simultaneous Determination of Sodium(I), Magnesium(II), 
Calcium (II), Strontium (II), and Barium (II) Ions. 
Calibration curves were made by using a mixed solu­
tion of 7.5 X 1 0 - 3 m o l d m - 3 sodium(I) , 5 x l 0 - 3 m o l 
d m - 3 magnesium (I I ) , calcium(II) , s t rontium(II) , and 
bar ium(II) nitrates, while varying the sampling vol­
ume from 1.0 to 7.0 yd. 

For the adjusting p H of the leading electrolyte, 
succinic acid was used, because the buffer action of 
succinic acid is greater than that of acetic acid at 
p H 5.70. 

Although the p H of the terminating electrolyte is 
rather lower than that of the leading electrolyte, in 
order to decrease the initial potential, it was adjust­
ed to 4.40. The results are shown in Fig. 6. The 
linear region of the curve of the sodium(I) ion was 
7.5—30.0 nmol (1.0—5.0 jxl), while that of the bar-
ium(II) ion was 5—20.0 nmol (1.0—5.0 yA). When 
6.0 pd of the mixture was introduced into the instru­
ment, the sodium (I) ion exceeded the maximum load 
(about 30 nmol), thus making the zone length of the 
bar ium(II ) ion (25 nmol) longer. If the amount of 

the sodium(I) ion is less than the maximum load, 
the linear region of the calibration curve of the 
bar ium(II) ion may be longer. 

Table 2 shows the results of the simultaneous de­
termination of the above five cations. The sample 
solution used was a artificial mixture of 4.5 x l O - 3 

mol d m - 3 sodium(I), 4 X 10~3 mol d m - 3 magnesium-
(II ) , 5 X lO"3 mol d m " 3 calcium(II) , 4 x 10~3 mol dm" 3 

strontium (I I ) , and 3 X 10 - 3 mol d m - 3 bar ium(II) ni­
trates; a 5.0-fjd portion of the sample solution was 
introduced into the instrument. 

The relative standard deviations were 1.7—2.2%, 
and the differences were —2.0—0.80% (mean values 
of five determinations). The time needed for an a-
nalysis was about 16—20 min. 
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The spectral characteristics and its application to measurement of porphyrins were investigated by use of 
room temperature phosphorometry. Certain porphyrin compounds adsorbed on filter paper exhibit intense 
E-type delayed fluorescence. This could be utilized for the determination of porphyrin derivatives. 

Papar and thin layer chromatography have been 
used for the separation and measurement of porphyrins 
present in biological and geological materials.1-5) 
After chromatography, the porphyrin spots can be 
easily located on the layer by observing the orange— 
red fluorescence in ultraviolet radiation» However, 
quantitative detection of prompt fluorescence of the 
compounds adsorbed on the layer is tedious, because 
of the reflection of excitation light and the fluores­
cence from the support surfaces. This paper describes 
a new approach to the application of phosphoro­
metric time-resolution of room temperature phospho­
rometry (RTP).6 '7) 

Phosphorometry was usually carried out at 77 K 
in liquid nitrogen, a low temperature being neces­
sary for maintaining a rigid matrix in order to min­
imize the effect of intermolecular collisional quench­
ing. Walling and Schulman8) observed the phospho­
rescence of various organic compounds adsorbed on 
filter paper, silica gel, alumina, and polycellulose at 
room temperature. This method (RTP) has advan­
tages for analysis. No liquid nitrogen, cryogenic e-
quipment, or high purity solvents are required, sub­
stances being identified in chromatographic separa­
tion without elution. In this article, application of 
R T P combined with paper chromatography to the 
analysis of porphyrins is described. 

Exper imenta l 

Apparatus. Long-life emission was measured with a 
Hitachi-2A spectrofluorometer with a phosphorescence ac­
cessory. The sample holder was designed to fit into the 
standard MPF-2A phosphoroscope accessory instead of the 

photomultiplier \m~\ 

Fig. 1. Schematic diagram of filter paper cell system 
for room temperature phosphorescence studies. 
A: Hitachi MPF-2A phosphoroscope accessory, B: 
sample holder, G: rotating can assembly, D: sample 
spot. 

normal cap and cylinder used for the dewar flask assembly 
(Fig. 1 ). The plate of holder was blackened to a dull, non-
reflecting finish. A 150-W xenon arc lamp was used as 
the excitation light source, the signal being detected with 
a R-446 UR photomultiplier tube. The spectra were re­
corded on a Hitachi QPD 33 recorder. 

Reagents. Magnesium-protoporphyrin IX dimethyl 
ester (Mg-PPDE) was prepared by refluxing protoporphyrin 
IX dimethyl ester (Midori jüji Go. Ltd.) and anhydrous 
magnesium chloride in iV,iV-dimethylformamide.9> Grude 
metal chelate was chromatographed on a cellulose column 
with a light-petroleum : acetone (20 : 3, v/v) eluant. Pure 
Mg chelate was obtained by recrystallization three times 
from benzene-chloroform (20 : 1, v/v) solvent. Chlorophyll 
a and b were extracted from spinach with a mixed solvent, 
methanol : acetone ( 1 : 1 , v/v). After partial purification by 
the dioxane method,10) crude pigments were chromato­
graphed on a glucose column in order to separate chlorophyll 
a, b, and the other pigments. Chlorophyll Cj and c2 were 
isolated from Undaria pinnatifida and Sargassum racemosum, 
respectively, with methanol and acetone according to the 
Jeffrey method.11) After being chromatographed, crude chlo­
rophyll Cj and c2 were crystallized from pyridine-acetone. 
All other chemicals were of reagent grade. Toyo No. 51 
filter paper was used as a support. 

Procedure. The sample solution, four 0.5 jxl portions, 
was allowed to drain slowly from the tip of a microliter 
syringe when it came into contact with the filter paper. 
After 1.0 \L\ of 1 mol dm - 3 NaOH aqueous solution had 
been placed on a sample spot, the filter paper was dried 
for ca. 30 min with an infrared lamp. The samples were 
then directly mounted on a holder shown in Fig. 1. Since 
the emission is very sensitive to humidity and temperature, 
the sample compartment was continuously flushed with 
warm dried air. 

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

As shown in Table 1, porphyrins exhibited a long-
life emission (1—100 ms), but no long-life emission 
was observed for non-ionic porphyrin, Cu-porphyrin 
chelate and chlorins. The emission was studied for 
Mg-PPDE. 

Spectral Studies of Mg-protoporphyrin IX Dimethyl Ester 
(Mg-PPDE). The emission spectra of Mg-
PPDE adsorbed on the paper are shown in Fig. 2. 
The spectrum of Mg-PPDE obtained by R T P at 
70 °C is almost the same as the usual prompt fluo­
rescence spectra observed in chloroform solution and 
on filter paper. Phosphorescence of Mg-PPDE in 
solid solution at liquid nitrogen temperature (77 K) 
appears in the far red region as compared with the 
spectrum obtained by R T P . Very weak room tern-



2634 Yoshiaki ONOUE, Keizö HIRAKI, and Yasuharu NISHIKAWA [Vol. 54, No. 9 

TABLE 1. PROPERTIES OF LONG-LIFE EMISSION FROM 

PORPHYRINS ADSORBED ON FILTER PAPERA> 

^ , A excitation A emission 
V>HJ 11 Ij-HJ U. 11U 

Protoporphyrin IX 
Protoporphyrin IX 

dimethyl ester 
Mg-protoporphyrin IX 

dimethyl ester 
Zn-protoporphyrin IX 

dimethyl ester 
Gu-protoporphyrin IX 

dimethyl ester 
m^o-Tetraphenyl 

porphinetrisulfonate 
m^o-Tetrakis (4-methy 1-

1 -pyridy 1) porphyrin 
m^o-Tetraphenylporphyrin 
Chlorophyll cx 

Chlorophyll c2 

Chlorophyll a 
Chlorophyll b 

n m 

415 

415 

428 

420 

465 

427 

— 
430 

430 

— 
— 

n m 

630 

630 

600 

587 

654 

650 

— 
605 

605 

— 
— 

a) Measured with phosphoroscope at ca. 1000 min - 1 

of rotating can assembly. 

560 600 640 680 720 

Wavelenght/nm 

760 800 

Fig. 2. Spectra of long-life emission from Mg-PPDE 
adsorbed on filter paper. 
(a): Prompt fluorescence; 12 °C in chloroform, (b) : 
prompt fluorescence; 12 °C adsorbed on filter paper, 
(b') : blank; prompt fluorescence from filter paper at 
12 °C, (c) : long-life emission; 70 °C adsorbed on 
filter paper, (d) : long-life emission; 20 °C adsorbed 
on filter paper, (e) : phosphorescence; —196 °C in 
methanol. Intensity scale for (d), (e) is ca. 100 
times less than for (a)—(c). 

perature phosphorescence of Mg-PPDE was also ob­
served when a small amount of sodium iodide was 
present on the filter paper. The effect of tempera­
ture on the intensity of long-life emission is conspicuous. 
The emission intensity of Mg-PPDE increases with 
increase in temperature, in contrast to the case of 
normal prompt fluorescence and phosphorescence (Fig. 

Logarithm of the intensity of long-life emission, In 
0 e , obtained from the spectra is plotted against 1/7" 

600 650 700 
Wavelength/nm 

Fig. 3. Effect of temperature on long-life emission of 
Mg-PPDE (9.6 ng) adsorbed on filter paper. 
(1): 72 + 1 °C, (2): 60±1 °C, (3): 55±2 °C, (4): 
40±2 °C. 

3.0 3.1 3.2 

(1/T)X103 

3.3 3.4 

Fig. 4. E-type delayed fluorescence of Mg-PPDE (0.18 
jxg) adsorbed on filter paper as a function of tem­
perature. 

(Fig. 4). The plot is linear. The activation energy 
calculated from the slope is 0.37 eV, agreeing with 
the energy difference (0.38 eV) between the maxima 
of the two emission bands : 600 nm for specific emis­
sion, 736 nm for phosphorescence. In room tem­
perature phosphorometry, in most cases, sodium iodide 
is efficient for increasing the phosphrescence quantum 
yield.6) In this study, however, the intensity of long-
life emission decreased drastically in the presence of 
environmental sodium iodide. The long-life emission 
of Mg-PPDE could be attributed to E-type delayed 
fluorescence resulting from the thermal activation of 
molecules from the lowest triplet state to the first 
singlet state followed by radiative transition to the 
ground state. 

The relationship between the intensity of E-type 
delayed fluorescence and the concentration of Mg-
PPDE is linear over a wide range of ng—(xg. The 
analytical curve indicates that E-type delayed fluo­
rescence could be applied not only to the identifica­
tion of porphyrins but also to their determination. 

Application of E-type Delayed Fluorescence to Analysis 
of Chlorophyll c from Algae. Pigments of algae 
were extracted by freezing the algae fronds at —20 
°G for 30 min, immersing the frozen tissue in methanol 
for 30 s and homogenizing in 100% acetone- Ex­
traction was repeated several times until the cell res-
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idue became colourless. The acetone and methanol 
extracts were separated from the tissue residues by cen-
trifugation, and immediately mixed with diethyl ether. 
The mixture was shaken with 10% sodium chloride 
solution to wash out impurities and concentrate the 
pigments in the ether phase. The ether layer was 
made up to the designed volume. Two (JLI of the sample 
solution was spotted on Toyo No. 51 filter paper with 
a microsyringe. In applying the sample to the filter 
paper, care was taken to maintain the spot size (5 
m m diameter) as constant as possible, the best re­
producibility being attained when spot size was kept 
constant. The tip of the syringe just touched the 
filter paper, followed by spotting of four 0.5 (JLI por­
tions. Each spotting was made at intervals to allow 
evaporation of the solvent. Chromatography was car­
ried out with light petroleum ether:acetone:l-propanol 
(90:10:0.4, v/v). After the solvent front had ascend­
ed 10 cm, the spots were examined with a ultraviolet 
mineral light for orange—red fluorescence. Chloro­
phyll cx and c2 and chlorophyllide having carboxyl 
side chain did not move from the origin and the spot 
size of chlorophyll c remained constant, the other 
pigments being developed. Existence of chlorophyl­
lide, however, gave no influence on emission intensity 
of chlorophyll c, even when its amount was the same 
as that of chlorophyll c. After development, 1.0 yl 
of 1 mol d m - 3 N a O H aqueous solution was added on 
the spot of chlorophyll c, and dried for ca. 10 min 
by infrared lamp heating, the emission intensity re­
maining constant for at least 20 min. T h e paper 
strip was mounted on the sample holder, and E-type 
delayed fluorescence of chlorophyll c was measured 
by use of rotating can phosphorescence assembly (Ex : 
430 nm, Em:605 nm). Chlorophyll c in the concen­
tration range 0.1 ng—(jig order could be determined. 

Conclus ion 

E-type delayed fluorescence of porphyrins observed 
by room temperature phosphorometry can be used 
for the determination of ng order of porphyrins, and 
it may be applied to the analysis of porphyrins in 
biological or geological samples, in combination with 
paper or thin-layer chromatographic technique. 
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The core binding energies of Nls and S2s in m-l,2-dicyano-l,2-ethanedithiolate (maleonitriledithiolate, 
mnt) complexes were measured by means of X-ray photoelectron spectroscopy (XPS), and the energy differences 
between Nls and S2s, AE, were found to be 171.7—172.6 eV throughout the complexes studied. The lowest 
AE value, 171.7 eV, was shown by [Ni(mnt)2]-. The electronic structures of [Ni(mnt)2]~ and [Ni(mnt)2]2_ 

were calculated by the discrete variational Xa method. The XPS measurements and the molecular orbital (MO) 
calculations provide consistent results that the oxidation state of the nickel atom is + 2 for both nickel mnt com­
plexes and that the highest occupied MO is 5b3g, which is mainly localized on ligands and which holds an un­
paired electron in [Ni (mnt) 2 ] - . 

The metal dithiolate compounds have been of great 
interest to inorganic chemists because of their re­
markable oxidation-reduction behavior, including the 
formation of abnormal valence states of the metal.1) 
A typical dithiolate complex is the m-l ,2-dicyano-l ,2-
ethenedithiolate (maleonitriledithiolate, mnt) complex, 
in which the metal ion has a wide variety of oxidation 
states. Usually the oxidation state of the metal in 
an mnt complex is determined so as to satisfy both 
the stoichiometry and charge of the complex. For 
example, the formal oxidation state of Ni in [Ni-
(mnt)2]~ may be + 3 , on the assumption that mnt 
is a dinegative ion. However, the determination of 
the oxidation state of the metal in such a way is ques­
tionable. 

There have been extensive studies of the electronic 
structure of these compounds by Schupack et al.,2) 
Schmitt et al.,*) Schlapfer et al.,*) and Kobayashi et 
al.5) The ESR results suggest that the ground state 
of [Ni (mnt) 2 ] ~ is 2B3 g , in which the half-filled out-
of-plane n molecular orbital (MO) is extensively de-
localized over the ligand.3) Schlapfer et al.*) mea­
sured the force constants of dithiolate complexes and 
estimated that 3 8 % of the unpaired electron in the 
highest occupied M O of [Ni (mnt ) 2 ] _ is localized on 
the metal. The X-ray diffraction results of [Ni-
(mnt ) 2 ] _ have suggested that the ground state is either 
2Ag or 2B3g.5) An X-ray photoelectron spectroscopic 
(XPS) study of [ M t S . C . R , ) ] 0 ' 1 - ' 2 - ( M = N i , Pd, and 
Pt, and R = CN and C6H5) has been reported by 
Grim et al.G) Judging from the absence of satellites 
and from the line-width of Ni2p XPS , they pointed 
out that the reduction did not appreciably change 
the charge on the metal, giving most of the added 
electronic charge to the ligands. However, there still 
remain problems in understanding accurately the elec­
tronic structure of mnt complexes. A detailed in­
vestigation of the electronic structures of these com­
pounds can be expected to explain the results of ESR, 
IR, XPS , and so on. It has been shown in a pre­
vious work7) that the energy difference between core 
orbitals gives information about the charge distribu­
tion and the electronic structure of metal complexes. 
The present paper will describe the results of XPS 
studies of [M(mnt ) 2 ] 2 " (M = Co, Ni, Cu, and Zn) 
and [M(mnt) 2 ]~ (M = Fe and Ni), and also the re­

sults of discrete variational (DV) X a molecular or­
bital calculations for [Ni(mnt)2]~ and [Ni(mnt)2]2~. 
The energy difference between N l s and S2s and the 
electronic structures of these nickel complexes are then 
discussed on the basis of the XPS and DV-Xa results. 

Exper imenta l 

The complexes, [M(mnt)2]2- (M=Go, Ni, Gu, and Zn) 
and [M(mnt)2]- (M = Fe and Ni), are all well-known and 
were prepared by standard methods.8) The X-ray photo­
electron spectra were recorded on a JEOL Model JESGA-
3A spectrometer. Magnesium K<xlt2 radiation (1253.6 eV) 
was used as the X-ray excitation source, and the measure­
ments were carried out at a vacuum of 5 x l 0 - 7 Torr (1 
Torr= 133.322 Pa) or below. We obtained the difference 
between the Nls and S2s binding energies by a synchronous 
measurement. The measurement was repeated several times 
for each sample, yielding consistent results. The average of 
the binding-energy difference was determined, by several 
runs for a given compound, with an accuracy of about ±0.1 
eV. 

Computa t iona l M e t h o d 

The computational details of the spin-polarized DV-
X a method have been thoroughly described else­
where.9) In the Hartree-Fock-Slater model,10) the ex­
change-correlation term is given by: 

Z x c î ( l ) = -3a[(3/47r) io î(l)]V3, 

where p\ (1) is the local charge density with up-spin 
and where a is the exchange-scaling parameter; the 
value of a = 0 . 7 0 is used for all atoms throughout 
the present calculation.11) The spin-polarized DV-
X a self-consistent-charge (SCC) procedure9) has been 
performed for both up and down spins. An approx­
imate self-consistent molecular potential is determined 
from the Mulliken gross orbital populations. The 
numerical basis functions for up- and down-spin or­
bitals are obtained with an atom-like potential con­
structed by spherically averaging the molecular po­
tential around the nucleus for the region inside each 
atomic sphere. The basis sets, including Nils—4p, 
C and Nls—2p, and Sis—3d, are utilized for the 
present calculations. 

The molecular geometries of the complexes are dç-
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TABLE 1. THE ELECTRON-BINDING ENERGIES (eV) OF Nls AND S2s FOR TETRABUTHYLAMMONIUM 

SALTS OF [M(S2G4N2)2]n- (» = 2 or 1) AND Na2S2C4N2 

pc3f Co2+ Ni* Ni2+ Cu2+ Zn2+ Na+ 

Nls 
S2s 

AB 
Ni2p3/2 

Ni2P l / 2 

402.5 
230.4 
172.1 

401.9 
229.7 
172.2 

400.5 
228.8 
171.7 
857.3 
874.6 

401.2 
228.8 
172.4 
857.3 
874.6 

401.8 
229.2 
172.6 

401.7 
229.2 
172.5 

399.9 
226.9 
173.0 

Ni*: [Ni(S2G4N2)2]-

172.5 L 

172.0 

Fig. 1. The correlation between the energy difference, 
A£(Nls —S2s), and the atomic number of the metal 
in m-l,2-dicyano-l,2-ethenedithiolate complexes. 

termined from the experimental results.5) In the pres­
ent calculations, the complexes are regarded as having 
the D 2 h symmetry. 

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

Table 1 shows the N l s and S2s core-binding en­
ergies measured for [M(mnt) 2 ] 2~ (M = Go, Ni, Cu, 
and Zn) , [M(mnt ) 2 ] " ( M = F e and Ni), and Na 2mnt. 
The Ni2p energies are also given for the nickel com­
plexes. Accurate binding energies were not obtain­
ed for sulfur 2p3/2 and 2px /2 because of their overlap­
ping. The Cls peaks of the ligand could not be 
well distinguished from the peaks of various nonequiv-
alent carbon atoms of the tetrabutylammonium ion 
contained as the counter ion in the sample. The 
measured values of the binding energies would have 
to be corrected for the charging and the counter-ion 
effect, which are hard to evaluate. Thus, the energy 
differences between them, which are almost free from 
those effects, are used to give information about the 
electron distribution in mnt complexes. The energy 
differences, AE, between N l s and S2s is found to 
be 173.0 eV for the mnt anion and to decrease to 
172.6—171.7eV by coordination to the metal. For 
a easy comparison of AE values between different 
metal compounds, AE is plotted in Fig. 1 against 
the atomic number of the metal. The observed AE 
value in general increases with an increase in the 
atomic number (Go( 172.2)—>Zn( 172.5)). An excep­
tionally low value (171.7) was observed for [Ni-

L ^ c 

Fig. 2. The structure of mnt and the notations of 
atoms. 

(mnt)2]~, which is of particular interest with regard 
to its electronic structure. From the core-binding-
energy measurements, it is found that : (1) AE is 
decreased by the coordination to the metal, (2) AE 
increases with an increase in the atomic number of 
the metal, and (3) different AE values are obtained 
for the two nickel complexes. 

XPS Results and Charge Distributions. First, we 
will discuss the decrease in AE (=Zi(Nls)— £(S2s)) 
by the coordination to the metal in a qualitative way. 
When the ligand coordinates to the metal ion, elec­
tron donation takes place from sulfur to metal. The 
electron population on sulfur then decreases, which 
deepens the level of the sulfur core orbital in the first 
approximation, regardless of the other potentials. The 
AE value of Na 2 mnt is eventually larger than those 
of the metal complexes. 

Next, we will discuss the AE values of the com­
plexes. The relation between the AE value and the 
charge distribution can be discussed in terms of 
Siegbahn's equation:12) 

Ei = £°i + kiqi + S tfj/rjj. (1) 

In this equation, Ei and E°i are the level energies 
of the i atom of the complexes studied and that of 
the reference material ; q{ and q^ the net charge on 
the i and j atoms respectively, and rij5 the internuclear 
distance between the i and j atoms. The last term 
in Eq. 1 represents an interatomic Madelung-type 
potential. The value of the parameter, ki depends 
on the atomic species. Using Eq. 1 and the bond 
distances previously reported,5) the binding energies 
(in eV) for the N l s and S2s can be estimated as 
follows : 

£(Nls) = £°(Nls) + kNqN + 2.60?M + 10.78?s 

+ 13.21^oi + 19.76<7C2 + 6.28<7N, (2) 

£(S2s) = £°(S2s) + ksqs + 6.70<7M + 12.83^ 

+ 1 9 . 8 0 ^ + 13.68?C2 + 10.78?N, (3) 

where the subscripts of a denotes the atomic species 



2638 Mitsuru SANO, Hirohiko ADACHI, and Hideo YAMATERA [Vol. 54, No. 9 

as are shown in Fig. 2. Then, we can evaluate the 
energy differences between N l s and S2s from the fol­
lowing equation: 

A£(Nls-S2s) - A£°(Nls-S2s) + (£N -4 .5)?N 

- (£S + 2 . 0 5 ) < 7 S - 4 . 1 0 < 7 M 

-6.59<7C1 + 6.08<7C2. (4) 

Here, kN is taken as 21.5 according to Siegbahn et 
al.12) The value of ks is estimated as 21 on the basis 
of the 2s—3s one-center integral.13) Thus, the dif­
ference in AE between the two complexes can be 
expressed as follows: 

A(A£) = 17fyN - 23ôqs - 4(5<7M - 7ôcl + 6ôqC2, (5) 

where ôqi is the difference in the effective charge 
on the i atom between the two complexes. Since 
the electronegativity of metal increases in going right 
across the periodic table, the metal net charge grad­
ually decreases, though the value of q^ in general 
remains positive. This negative ôq^ value causes a 
positive contribution to A(AE). T h e less positive 
metal charge should result in a less negative ligand 
charge. Since the positive ôqs makes a negative con­
tribution to A(AE), opposing the observed trend in 
AE, it is probable that the contribution of ôqs is more 
or less counterbalanced by those of ôqN, ôqcl, and 

aqC2' 
Finally, the difference in the charge distribution 

between the two different nickel complexes will be 
discussed on the basis of the observed AE values. 
The photoelectron spectra show that the nickel 2pj / 2 — 
2p3 /2 energy separations are almost the same for the 
two mnt complexes. I t has been reported that the 
splittings of spin-orbit components are often influ­
enced by the oxidation state of the atom, especially 
for transition-metal ions.14) If this can be applied 
to the present case, the almost identical 2px/2—2p3 /2 

separations may be taken as reflecting a close resem­
blance between the nickel electronic states of the two 
complexes. Thus, the ôq^ term (with a small coef­
ficient) is assumed to be negligible. Since all the 
valence electrons existing near the carbon atoms of 
the m n t 2 - ligands participate in the bonding, the 
change in the charge of the complex would have only 
secondary effects on the charge densities of the carbon 
atoms. Thus, the ôqcl and ôqc2 terms (with small 
coefficients) may also be neglected. With these as­
sumptions, Eq. 5 may be approximated by: 

A(AE) = 1 7 ^ - 2 3 % . (6) 

In the same way, if the difference in charge between 
the two nickel complexes is attributed to the difference 
in the nitrogen and sulphur charges, we obtain: 

1 = 4 ^ N + 4 % . (7) 

With the observed A(AE) value of —0.7 eV ( = AE-
( [ N i ( m n t ) 2 ] - ) - A ^ ( [ N i ( m n t ) 2 ] 2 - ) ) . Eqs. 6 and 7 give: 

ôqs = 0.12 and ôqN = 0 .13. 

In obtaining these values, it was assumed that the 
charges on Ni, C l 5 and C2 do not appreciably change 
when an electron is removed from [Ni(mnt)2]2~. Al­
though there are good reasons for these assumptions, 
as has been described above, further examination will 

TABLE 2. THE GORE-ORBITAL ENERGIES (eV) FOR 

[Ni(mnt)2]2- AND [Ni(mnt)J- FROM DV-Xa 
CALCULATIONS 

[Ni(mnt)2]2- [Ni(mnt)2]-

Ni2p - 8 2 7 . 8 - 8 3 3 . 9 
Nls - 3 7 1 . 8 376.8 
S2S - 1 9 8 . 5 - 2 0 4 . 3 

be made below by reference to the results of the DV-
X a M O calculations. 

Results of Molecular Orbital Calculations. Next, 
the results of D V -X a M O calculations will be dis­
cussed in relation to the above XPS results, with 
particular reference to the electronic structure of [Ni-
(mnt)2]~. Table 2 shows the calculated core orbital 
energies of the two nickel complexes. In order to 
obtain accurate ionization energies by the X a meth­
od, calculations should be made of Slater's transition 
state.10) T h e values in Table 2 refer to the ground 
state and do not allow for the relaxation effects on 
ionization. Thus, they can not be directly compared 
with the experimental binding energies. However, 
they may be expected to give a sufficiently good es­
timate for the A(AE) value, since the relaxation 
effects are, for the most part , cancelled out in taking 
the difference between the two complexes. The values 
of AE are found to be 173.3 and 172.5 eV for [Ni-
(mnt)2]2~ and [Ni(mnt)2]~ respectively; thus, their 
difference, A(AE), is —0.8 eV, in good agreement 
with the experimental value of —0.7 eV. The dif­
ferences in the AE values on the DV-Xa calculation 
are 0.3 eV for Ni2p—S2s and 1.1 eV for Ni2p—Nls, 
which are comparable with the experimental values 
of 0.0 and 0.7 eV respectively. 

The energies and components of the valence Or­
bitals are given for [Ni (mnt) 2 ] 2 - and [Ni(mnt) 2 ] _ in 
Table 3. The positive orbital energies for [Ni(mnt)2]2~ 
result from the neglect of the Madelung potentials 
in the present calculation. The highest occupied mo­
lecular orbital ( H O M O ) for both complexes is the 
out-of-plane rc-type 5b3 g M O , which consists mainly 
of S3p atomic orbitals with a minor Ni3d component. 
I t is this orbital from which an electron is removed 
in going from [Ni(mnt) 2 ] 2 _ to [Ni(mnt) 2 ] _ . The oc­
cupied MO's , whose main component is a metal d 
orbital, are 4b2g^ (dx z), 20ag (dX2-y2), 19ag (dz2), 
and 4b3 g (dy z). Therefore, the nickel atoms in both 
complexes are considered to have the d8 configura­
tion or the + 2 oxidation state. (In spite of the Ni 
3d population being slightly less than 50%, 4b2gî 
should be considered to correspond to Ni dxz, since 
the rest of the dxz population is mainly found in 
3b2 g , which is considered to be a ligand orbital.) 

Table 4 lists the Mulliken orbital and overlap pop­
ulations for [Ni (mnt) 2 ] 2 " and [Ni (mnt) 2 ] " . The Ni 
net charges are almost the same for [Ni(mnt)2]2~ 
(+0 .28) and [Ni(mnt)2]~ (+0 .27 ) . A significant mix­
ing is seen between metal and ligand orbitals, and 
the net charges are greatly different from the formal 
charge ( + 2 ) . The net charges on the sulphur and 
nitrogen atoms slightly increase on going from the 
binegative to the uninegative ion. The change in 
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TABLE 3. THE VALENCE-SHELL M O ' S OF [Ni(mnt)2]2- AND [Ni(mnt)2]-

Symmetry 

[Ni(mnt)2]2-
5b3g 

4b2g 

20ag 

6b l u 

19ag 

4b3g 

16b3u 

3au 

17b2u 

3b2g 

14blg 

18ag 

3b3g 

5b l u 

13blg 

16b2u 

[Ni(mnt)2]-
5b3gî 
4b2gl 
6b lui 
6b luî 
4b2gî 

20agl 
20agî 
16b3ul 
19agl 
3aul 

16b3uî 
4b3gl 
3auî 

19agî 
4b3gî 

17b2ul 
17b2uî 
3b2gl 
3b2gî 

14blgi 
14blgî 
5b lul 
3b3gl 
5b luî 
3b3gî 

Orbital 
energy 

5.02 
3.87 
3.80 
3.59 
3.40 
3.05 
3.02 
2.78 
2.50 
1.96 
1.74 
1.03 
0.83 
0.80 
0.25 
0.09 

- 0 . 4 7 
- 1 . 6 1 
-1 .67 
- 1 . 7 7 
- 1 . 8 2 
- 1 . 8 7 
- 2 . 1 4 
- 2 . 3 4 
- 2 . 3 4 
- 2 . 4 8 
- 2 . 4 9 
- 2 . 5 5 
- 2 . 6 0 
- 2 . 6 2 
- 2 . 7 7 
- 2 . 9 9 
- 3 . 1 3 
- 3 . 5 6 
- 3 . 7 6 
- 3 . 7 8 
- 3 . 9 7 
- 4 . 2 9 
- 4 . 2 9 
- 4 . 3 4 
- 4 . 3 6 

3d 

28.5 
60.5 
85.4 

84.9 
65.0 

28.9 
36.6 
10.9 
3.9 

12.4 

17.9 
52.0 

48.9 
82.5 
81.2 

80.8 

68.4 

82.7 
68.8 

40.4 
44.4 
32.3 
31.3 

8.2 

10.5 

Ni 

4s 

10.0 

0.1 

10.1 

10.7 
10.8 

0.1 

0.0 

~ 4 p 

7.5 

4.5 

8.6 

1.7 

0.2 

7.7 
7.4 

4.5 

4.6 

8.6 
8.6 

2.2 

2.3 

Orbital 

&T 

0.0 

2.2 

1.4 

0.3 

5.2 
5.2 

5.1 
10.9 

0.3 
0.3 
2.1 
2.9 

2.1 

2.9 

0.9 
0.9 

8.4 
8.8 

populations/% 

S 

3 P 

58.3 
12.6 
3.8 

59.4 
1.8 

14.7 
90.1 
69.3 
84.3 
58.6 
54.0 
65.8 
20.7 
24.0 
32.9 
28.3 

64.3 
23.8 
53.9 
52.4 
28.2 
5.8 
6.9 

89.8 
3.3 

71.8 
89.7 

6.1 
72.8 
3.5 
3.7 

82.8 
82.6 
49.5 
46.2 
52.2 
51.7 
26.3 
22.7 
27.4 
23.6 

3d 

0.7 
3.5 
0.3 
2.8 
5.0 
1.5 
0.7 
1.3 
1.5 
0.5 
0.4 
1.7 
1.2 
0.5 
2.8 
2.3 

0.2 
2.6 
3.1 
3.2 
2.2 
1.1 
0.0 
0.4 
4.2 
1.1 
0.4 
1.6 
1.1 
3.9 
1.6 
1.8 
1.7 
1.0 
1.1 
0.6 
0.7 
0.6 
1.3 
0.6 
1.3 

2s 2p 

0.0 

0.8 

1.3 

0.7 

1.5 
0.0 

3.3 
0.9 

0.0 
0.0 
1.3 
0.7 

1.3 

0.7 

0.6 
0.6 

2.0 
2.1 

7.2 
15.1 
0.3 

20.5 
0.4 

12.9 
0.9 

19.5 
0.2 
7.4 
2.0 
2.6 

31.4 
30.0 
18.7 
27.2 

11.6 
14.7 
24.4 
25.6 
14.1 
0.4 
0.5 
0.9 
4.6 

17.5 
0.9 

15.8 
16.6 
4.7 

16.7 
0.4 
0.5 
4.4 
3.6 
3.6 
4.3 

21.7 
20.7 
20.0 
18.1 

C 

2s 

0.0 

0.0 

0.0 

1.5 

0.0 
0.9 

1.5 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0 

0.0 

1.4 
1.4 

0.0 
0.1 

^ 2 p 

1.2 
0.6 
0.0 
0.5 
0.1 
0.0 
0.0 
0.0 
1.4 
0.1 
0.0 
1.3 
8.3 
8.7 
6.0 
6.2 

0.7 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.1 
0.0 
0.1 
0.2 
0.0 
0.3 
1.6 
1.7 
0.7 
0.8 
0.2 
0.3 

13.6 
13.0 
14.1 
13.4 

2s 

0.0 

0.0 

0.0 

0.0 

0.0 
0.3 

2.8 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0 

0.0 

0.2 
0.2 

0.0 
0.2 

1 

2P 

4.0 
7.5 
0.0 
9.2 
0.3 
5.9 
1.0 
9.8 
1.4 
4.5 
0.2 
0.9 

34.3 
34.5 
14.3 
24.0 

5.3 
6.8 

10.7 
11.3 
6.6 
0.0 
0.0 
Ö.9 
1.4 
9.4 
0.9 
8.0 
9.2 
1.4 
9.0 
1.6 
1.7 
4.0 
3.9 
0.4 
0.5 

35.6 
34.0 
35.5 
33.1 

sulphur charge is about 0.13, in accordance with the 
value (0.12) obtained from the XPS results by means 
of Siegbahn's equation. The change in the N net 
charge is about 0.10 (0.13), while those in the Cx 

and C2 charges are 0.03 (0.0) and —0.02 (0.0) re­
spectively (the numerals in parentheses being the 
values, obtained or assumed in the preceeding sec­
tion). By substituting these calculated ôq values into 
Eq. 5, we obtain the A(AE) value of —0.9 eV, in 
good agreement with the XPS result of —0.7 eV and 

with the value of —0.8 eV obtained directly from 
the calculated orbital energies. The good agreements 
between the calculated and the XPS values demon­
strated above add support to our estimate of the charge-
density distribution and to our arguments made in 
the interpretation of the XPS results, including the 
idea that the electronic state of the nickel ion in [Ni-
(mnt)2]~ is very similar to that in [Ni(mnt)2]2~. The 
spin density on the S atom is calculated to be 0.14, 
which supports the conclusion from the ESR results 
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TABLE 4. The 

Ni 3d 
4s 
4p 

Atomic 
charge 

S 3s 
3p 
3d 

Atomic 
charge 

C2 2s 

2p 
Atomic 
charge 

C2 2s 

2 P 

Atomic 
charge 

N 2s 

2p 
Atomic 
charge 

[Ni(mnt)2]2 

8.549 
0.597 
0.578 

+ 0.276 

1.825 
4.166 
0.158 

- 0 . 1 4 9 

1.056 
3.138 

- 0 . 1 9 4 

0.904 
2.794 

+ 0.302 

1.714 
3.814 

- 0 . 5 2 8 

M U L L I K E N 

[Ni(mnt)2]2 

Total 

8.528 
0.593 
0.608 

+ 0.271 

1.827 
4.025 
0.165 

- 0 . 0 1 7 

1.056 
3.112 

- 0 . 1 6 8 

0.890 
2.815 

+ 0.295 

1.716 
3.713 

- 0 . 4 2 9 

POPULATIONS 

-

[Ni(mnt)2]-

Up-spin 

4.382 
0.295 
0.304 

0.914 
2.095 
0.082 

0.528 
1.565 

0.445 
1.407 

0.858 
1.861 

J FOR 

Down-spin 

4.146 
0.298 
0.304 

0.913 
1.930 
0.083 

0.529 
1.547 

0.445 
1.407 

0.858 
1.852 

Bond-overlap populations 
Ni-S 0.515 0.530 
S-Cx 0.625 0.659 
Cj-Cg 0.889 0.858 
C,-N 1.561 1.586 

TABLE 5. THE BOND LENGTHS (Â) AND FORCE CONSTANTS 

(mdyn/Â) FOR [Ni(mnt)2]2- AND [Ni(mnt)2]~ 
(1 m d y n = l x l O - 8 N ) 

Ni-S 
S-Cj 
Ga-G, 
C1-G2 

G2-N 

Bond 

[Ni(mnt)2]s 

2.176 
1.732 

' 1.360 
1.428 
1.147 

lengths5) 

»- [Ni(mnt)2]-

2.147 
1.727 
1.367 
1.420 
1.133 

Force constants4) 

[Ni(mnt)2]2-

1.27 
2.98 
5.49 
3.86 

[Ni(mnt)2]-

1.53 
3.20 
4.99 
3.48 

obtained by Schmitt et al.3> that the 3pz spin pop­
ulation of the S atom is high. 

The 5b3 g M O is shown schematically in Fig. 3 
using the results of M O calculation for [Ni(mnt) 2 ] _ . 
In this M O , the interactions between Ni -S , S -C^ 
and G 2 -N are antibonding, while those in C^-C^ and 
C ^ - C / are bonding. This suggests that the removal 
of one electron from 5b3 g M O strengthens the Ni -S , 
S-G l 3 and C 2 -N bonds, but weakens the C^-Ca and 
C ^ - C / bond. The changes in the bond overlap pop­
ulations given in Table 4 are consistent with this M O 
argument, demonstrating that the bond-overlap pop­
ulation is useful for a qualitative discussion of chem­
ical bonding. T h e force constants and the bond 

Fig. 3. The 5b3g MO with an unpaired electron in 
[Ni(S2C4N2)2]-. The black and white circles show 
positive and negative signs, respectively. 

lengths of the two nickel mnt complexes measured 
by Schlaper et al.*> and Kobayashi et al.5> are given 
in Table 5. The force constants increase, and the 
bond lengths decrease, as the bond becomes stronger. 
Their experimental results are consistent with the 
calculated bond-overlap populations except for the 
C^-Ca bond. (For this bond, however, their ex­
perimental results contradict each other; that is, the 
force constant increases in spite of the increase in 
bond length in going from [Ni(mnt) 2 ] 2 _ to [Ni-
( m n t ) J - . ) 

Conclus ion 

T h e X P S measurements have been performed in 
order to obtain the core binding energies for the Nl s 
and S2s of metal mnt complexes. The DV-Xa M O 
calculations for two Ni complexes have also been 
carried out in an at tempt to explain the chemical 
shift and the electronic structure of [Ni(mnt)2]~. The 
X P S measurements and the M O calculations provide 
consistent results that the oxidation state of the nickel 
atom is + 2 for both [Ni(mnt)2]~ and [Ni(mnt) 2 ] 2 - . 
The H O M O is 5b3 g , which is mainly localized on 
ligands and which holds an unpaired electron in [Ni-
(mnt)2]~. This is consistent with other spectroscopic 
results, such as I R and ESR, and also with the X-ray 
diffraction data. 

The computations reported in this paper have been 
carried out on the H I T A C M-180 computer of the 
Institute for Molecular Science. This work was sup­
ported in part by a Grant-in-Aid for Scientific Re­
search No. 510806 from the Ministry of Education, 
Science and Culture. 
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A Kinetic Study of the Reactions of Several Cobalt(III) 
Complexes with Ascorbic Acid 

K e i i c h i T S U K A H A R A * a n d Y a s u o Y A M A M O T O 
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(Received December 1, 1980) 

T h e kinetics of the reactions of [Co(phen) 3 ] 3 + , [Co(bpy)3]3+, and [Go(en)(phen) 2 ] 3 + ( p h e n = 1,10-phenan-
throline, bpy=2,2 / -b ipyr id ine , and en=ethylenediamine) with ascorbic acid (H2A) have been studied over the 
temperature range from 17.0 to 35.0 °C, at an ionic strength of 0.10 mol d m - 3 (LiC104) , and over the p H range 
from 3.60 to 5.04 (acetate buffer). T h e [Go(phen) 3 ] 3 + and [Co(bpy)3]3+ ions were reduced by both H A " (k± 

path) and A2~ (k2 path) ions: the second-order rate constants at 25.0 °G are (0.40 + 0.07) dm 3 mol" 1 s - 1 and (5 .8± 
l . l ) x l 0 6 d m 8 m o l - 1 s - 1 for the [Co(phen)3]3+ ion, and (0 .13±0.02) dm 3 mol" 1 s"1 and (2.1 ± 0 . 5 ) X 106 dm 3 

mol" 1 s-1 for the [Co(bpy)3]3+ ion. T h e [Co(en)(phen)2]3+ ion was reduced only by the A2~ ion; k2= (1 .0±0.2) X 
106 dm 3 mo l - 1 s"1 (25.0 °G). The [Co(phen)3]3+, [Co(bpy)3]3+, and [Co(en)(phen)2]3+ ions were not reduced by 
H 2 A. T h e activation parameters ( A # * and AS*) for the ascorbate reduction of the [Go(phen) 3] 3 + ion were 
larger than those of the [Co(bpy)3]3+ ion. This is in contrast to the results of the self-exchange reactions of the 
[Go(phen) 3 ] 3 + / 2 + and [Co(bpy)3]3 + /2+ couples. The mechanisms will be discussed in terms of the activation 
parameters and the Marcus cross relationships. 

T h e k ine t ics of t h e o x i d a t i o n of a scorb ic ac id ( H 2 A ) 
to d e h y d r o a s c o r b i c ac id (A) b y a m e t a l c o m p l e x h a v e 
b e e n inves t iga t ed ex tens ive ly . 1 - 5 ) I t h a s b e e n s h o w n 
t h a t C u 2 + a n d [ F e ( H 2 0 ) 6 ] 3 + c a t a l y z e t h e a u t o x i d a -
t ion of a sco rb ic acid . 1 ) T h e k ine t ics of t h e i n n e r -
s p h e r e o x i d a t i o n of a scorb ic ac id b y C u 2 + o r [Fe-
( H 2 0 ) 6 ] 3 + h a v e b e e n examined, 2 » 3 ) as h a v e t h e o u t e r -
s p h e r e o x i d a t i o n s b y [ C o ( H 2 0 ) 6 ] 3 + , 4 ) a n d F e ( I I I ) , I r -
( I V ) , a n d M o ( V ) . 5 ) T h e a p p l i c a t i o n of t h e M a r c u s 
t h e o r y a l l o w e d a n e s t i m a t e of t h e r e d o x p o t e n t i a l 
a n d t h e free e n e r g y of a c t i v a t i o n for t h e a sco rb ic 
a c i d / r a d i c a l couple . 5 ) 

C o b a l t ( I I I ) c o m p l e x e s a r e ve ry i n t e r e s t i ng in in­
ves t iga t ing t h e e l ec t ron- t r ans fe r r eac t ions b e c a u s e of 
t h e p r o b l e m s of t h e s p i n - m u l t i p l i c i t y c h a n g e a n d t h e 
l i g a n d - r e o r g a n i z a t i o n energy . 6 ) H o w e v e r , t h e r e a c ­
t ions of c o b a l t (111) c o m p l e x e s w i t h a sco rb ic ac id h a v e 
r a r e l y b e e n inves t iga t ed s ince Iwasaki 7 ) r e p o r t e d in 
1942 t h a t s o m e c o b a l t (111) c o m p l e x e s c a t a l y z e d t h e 
a u t o x i d a t i o n of a sco rb ic ac id . As a sco rb i c ac id is a 
j r -donor , a scorb ic ac id c a n b e e x p e c t e d to i n t e r a c t 
w i t h c o b a l t ( I I I ) c o m p l e x e s w i t h j r - con juga ted l i gands . 
W e h a v e selected t h e c o b a l t ( I I I ) c o m p l e x e s l i ga t ing 
1 , 1 0 - p h e n a n t h r o l i n e o r 2 , 2 ' - b i p y r i d i n e in o r d e r to e lu­
c i d a t e t h e m e c h a n i s m of t h e r e a c t i o n s of c o b a l t (111) 
c o m p l e x e s w i t h a sco rb ic ac id . 

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

Reagents. The [Co(phen) 3 ]Cl 3 -7H 2 0, 8 ) [Co(bpy)3]-
C13-3H20,8> and [Co(en)3]Cl3

9> complexes were prepared 
as has been described elsewhere. T h e Perchlorate salts, 
[Go(phen) 3 ] (G10 4 ) 3 . 2H 2 0 , [Go(bpy) 3 ] (G10 4 ) 3 . 3H 2 0 , and 
[Go(en)3](G104)3 , were obtained by adding sodium Per­
chlorate to solutions of the chloride complexes. [Go(en)-
(phen)2] (G104)3 • 2H2O,10> [Go(en)2(phen)] (CIO,),,11) and 
NafCo(edta)] -4H2Ot'1 2) were prepared according to the 
published procedures. T h e L-ascorbic acid was supplied 
by Wako Pure Chemical Industries. T h e lithium Perchlo­
rate, LiC10 4 • 3 H 2 0 , was obtained according to the pro­
cedure reported previously.13) All the solutions used for 
the measurements were prepared using water obtained by 
the distillation of alkaline permanganate solutions. A solu-

t ed ta : Ethylenediamine-iVjiVjiV^iV'-tetraacetate anion. 

tion of ascorbic acid, partly neutralized with lithium car­
bonate, was freshly prepared under a nitrogen atmosphere. 
T h e acetate buffer solutions were prepared by adding acetic 
acid to lithium carbonate and purged once with nitrogen 
gas which had been scrubbed twice with alkaline potas­
sium pyrogallate. 

Kinetic Measurements. Solutions containing a cobalt-
( I I I ) complex, LiC10 4 , and an acetate buffer were added 
to an optical cell, which was then sealed with a serum cap. 
After the solution had been purged with a nitrogen atmos­
phere for 15 min, the reaction was initiated by the ad­
dition of the ascorbic-acid solution by means of a syringe. 
T h e change in absorbance with time was followed with 
a Hitachi 200-20 spectrophotometer. The wavelengths used 
for the measurements were 350 n m ([Co(bpy)3]3+ and 
[Go(en)(phen)2]3+), 352 n m ([Co(en)2(phen)]3+), 353 n m 
([Co(phen)3]3+), 466 n m ([Co(en)3]3+), and 535 n m ([Go-
(edta)]~). In order to ensure a pseudo-first order condi­
tion, ascorbic acid was in at least a tenfold excess over 
the cobal t ( I I I ) complexes: the initial concentrations of 
ascorbic acid and the cobalt ( I I I ) complexes were (0.50— 
1.02) X 10-2 mol d m - 3 and (1.64—5.16) X 10~4 mol dm" 3 re­
spectively. 

T h e temperature was kept constant within 0.1 °G at each 
desired temperature, while the ionic strength (/) was ad­
justed to 0.1 mol d m - 3 with lithium Perchlorate. 

T h e p H of the solutions was measured by the use of a 
Hitachi-Horiba F-7 p H meter. T h e [H+] was computed 
from the p H using a value of 0.83 (at 25 °G and 7=0 .10 
mol d m - 3 ) for the activity coefficients of H+.14) 

R e s u l t s 

I n t h e r eac t ions of [ C o ( p h e n ) 3 ] 3 + a n d [ C o ( b p y ) 3 ] 3 + 

w i t h a sco rb ic ac id , t h e a b s o r b a n c e over t h e r a n g e 
f rom 300 n m to 400 n m dec rea sed w i t h t h e t i m e d u r i n g 
t h e course of t h e r e a c t i o n . As t h e dissociat ions of 
[ C o ( p h e n ) 3 ] 2 + a n d [ C o ( b p y ) 3 ] 2 + a r e fast ( the r a t e con­
s t an t s a r e 0 .174 s" 1 1 5 ) a n d 0.32 s"116> a t 25 °C re ­
spec t ive ly ) , t h e r e a c t i o n c o r r e s p o n d s to t h e a b s o r b a n c e 
c h a n g e for t h e s low steps in t h e fol lowing r eac t i ons : 

[Co(phen)3]3+ ^ t [Co(phen)3]2+ 
slow 

> [Co(phen) 2 (H 2 0) 2 P+ (1) 
fast 
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0.5 1.0 

[H2A]0/10-2moldm-3 

Fig. 1. Plots of £obsd vs. [H2A]0 for the cobalt(III)-
ascorbic acid system. 
O: [Co(phen)3]

3+ at pH 4.53, # : [Co(bpy)3]
3+ 

at pH 4.83, 3 : [Co(en)(phen)2]3+ at pH 4.83. 

3 5 4.0 45 

PH 

Fig. 2. Plots of £obsd vs. pH for the [Co(phen)3]3+-
ascorbic acid system. 

[Co(bpy)J»+ - ^ [Co(bpy)J«+ 
slow 

fast 
[Co(bPy)2(H20)2]2+. (2) 

Plots of —\n(Ati—Aoo) vs. the time were linear for 
at least 8 5 % completion (At and A™ represent the 
absorbance at time t and infinity respectively). The 
observed first-order rate constants (kohsd) obtained from 
the slope of this straight line show also a linear de­
pendence on the initial concentrations of ascorbic acid 
(Fig. 1). As the cobalt (I II) complexes are one-elec­
tron oxidants, ascorbic acid radicals may be formed 
by the one-electron transfer from the ascorbic acid 
to the cobalt (111) complexes. Moreover, the dismu-
tation of the ascorbic-acid radicals is very fast.17) 
Thus, the rate law was described as follows: 

1 
-d[Co(III)]/df = *[Co(III)][HaA]0. (3) 

The second-order rate constants obtained from kohsJ 
[H2A]0 increased with a decrease in the acidity (pH 
3.60—5.04), as is shown in Fig. 2. The present reac­
tion can, then, be described by this sequence: 

H2A ; = k HA- + H+ (4) 

[H*r iVio* dm mol 

Fig. 3. Plots of A»(H) vs. [H+]"1 for the [Co(phen)3]3+-
ascorbic acid system at 25.0 °G. 

2 4 6 
rH*]"1 / l04dm3mof1 

Fig. 4. Plots of *a(H)[H+] vs. [H+]-1 for the [CJ-
(phen)3]3+-ascorbic acid system. 
©: 17.0 °C, A : 21.0 °G, 3 : 25.0 °G, # : 30.0 °G, 
O: 35.0 °G. 

HA- ^ 

Go(III) + H2A 

A2- + H+ 
* 0 

Go(III) 4- HA-

Go(III) 4- A2-
fast 

* i 

-> radical + Go(II) 

radical + Go(II) 

-> radical + Go(II) 

(5) 

(6) 

(7) 

(8) 

(9) 2 radical > UnA
n~2 | A + wH+, 

where n is 1 or 2. The above mechanism leads to 
Eq. 10 for the second-order rate constant: 

k0 + kxKx [H+] -i + k2K,K2 [H+] -2 

k = 
«(H) 

(10) 

where a(H) = 1 +K1[H+]-1+K1K2[H+]-*. As KxKr 

[ H + ] ~ 2 < 1 under the present experimental conditions, 
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TABLE 1. THE RATE CONSTANTS OF THE REACTIONS OF [Co(phen)3]3+, [Co(bpy)3]
3+, AND [Co(en)(phen)2]

3+ 

WITH ASCORBIC ACID AT 1=0.10 mol dm - 3 (LiC104)
a> 

Oxidant 

[Go(phen)3]
3+ b> 

[Co(bpy)3]
3+ O 

[Co(en)(phen)2]3+ 

Temp 

17.0 
21.0 
25.0 
30.0 
35.0 

21.0 
25.0 
30.0 
35.0 

25.0 

ki 
dm3 mol -1 s - 1 

0.22 + 0.05 
0.23 + 0.01 
0.40 + 0.07 
0.60 + 0.06 
0.62 + 0.09 

0.047 + 0.021 
0.13 + 0.02 
0.12 + 0.04 
0 .12+0.03 

« 0 

k2KxK2 

10~9 mol dm - 3 s_1 

0.77 + 0.35 
1.0 + 0.06 
2 . 4 + 0 . 5 
4.1 + 1.1 
11+3 

0.59 + 0.15 
0 .88±0.23 
2.0 + 0.7 
4.2 + 0.7 

0 .42+0.07 

k2 

106 dm3 mol-1 s"1 

— 
— 

5 .8±1 .1 
— 
— 
— 

2 . 1 ± 0 . 5 
— 
~ 

1.0+0.2 

a) Data were obtained from at least five determinations, b) AH^(kj) = (46±4)kJ mo\-\ AS^(kx) = ( - 9 2 ± 4 ) J K"1 

mol-1; AH!(k2K1K2) = (109±S)kJ mol-1, AS}(k2K1K2) = (-46±4)J K"1 mol-1, c) A#i*(*i) = (38±4)kJ mol-1, 
AS?(k1) = (- 140 + 8)J K-1 mol-1; AH?(k2K1K2) = (80 + 4)kJ mol-1, AS*(k2K1K2) = (-\60±8)J K"1 mol-1. 

a(H) can be simplified as 1+J^ 1 [H+]- 1 . The plots 
of the values of koc(H) vs. [H+]" 1 gave a quadratic 
curve (Fig. 3), and the intercept (A;0) was nearly zero. 
Therefore, the plots of the values of £a(H)[H+] vs. 
[ H + ] _ 1 gave straight lines (Fig. 4). The values of 
kxKx and k2KxK2 are obtained from the intercept and 
the slope of this straight line respectively. The second-
order rate constants, kx and k2, calculated by the use 
of the values of Kx and K2 are listed in Table 1. The 
values of Kx at each temperature were estimated from 
the values at 0.4, 25.0, and 40.0 °C given by Taqui 
K h a n and Mar tell.3) 

An acetate buffer had little effect on the rate of 
the reaction of [Co(phen) 3 ] 3 + with ascorbic acid (at 
p H 4.02 and 0.05—0.25 mol d m " 3 acetate). 

For the reaction of [Co(en)2(phen)]3 + , [Co(en)3]3 + , 
or [Co(ed ta ) ] - , no significant spectral change was ob­
served at 25.0 °G and p H 5.04. 

D i s c u s s i o n 

The rate constant for the A 2 - reduction is 106 times 
larger than that for the H A - reduction. The dif­
ference in this reactivity is similar to that in the reac­
tions of cytochrome c-552,18) Horse Hear t cytochrome 
c,18) [Fe(CN)6]3-,19> and Cu2+2°) with ascorbic acid. 
As the cobalt(III) complexes are substitution-inert, 
the electron-transfer reaction is considered to occur 
through an outer-sphere activated complex: 

Go(III) + HA- (or A2-) === [Co(III)3+HA-] 

(or [Co(III)3+-A2-]) -^-> products, (11) 

where Kos and ket are the ion-pair formation constant 
and the rate constant of the intramolecular electron-
transfer respectively. The values of Kos can be cal­
culated from the Fuoss equation,21) where the distance 
of the closest approach of two ions is 5 x l 0 ~ 8 c m for 
the [Co(phen) 3 ] 3 + and ascorbate couple; the values 
of 5.3 and 90 dm 3 m o l - 1 are obtained at 25 °C and 
7 = 0 . 1 mol d m - 3 for the reactions of HA~ and A 2 _ 

respectively. The large difference in reactivity can­

not be elucidated by this small difference in Kos. I t 
may, then, be attributed to the intramoleular elec­
tron-transfer step if Reaction 11 occurs. 

The [Co(phen) 3 ] 3 + and [Co(bpy) 3] 3 + ions were re­
duced by both HA~ and A 2 - ions under the present 
experimental conditions. O n the other hand, the [Co-
(en)(phen) 2] 3 + ion was reduced only by the A 2 - ion, 
and neither the [Co(en) 2(phen)] 3 + nor the [Co(en)3]3 + 

ion was reduced by ascorbate ions. These cobalt-
(III) complexes were not reduced by H2A. The dif­
ference in the reactivities of these reactions may cor­
respond to that of the redox potentials of the complexes 
(0 .391V for [Go(phen)3]3+/2+, 0.316 V for [Go-
(bpy)3]3+/2+, and - 0 . 2 1 4 V for [Co(en)3]3+/2+),22) but 
it cannot be explained why [Co(ed ta ) ] - is not re­
duced by ascorbic acid in spite of its higher redox 
potential (0.60 V) . 

Pelizzetti et al.5) reported on the application of the 
Marcus theory, which allowed an estimate of the 
formal reduction potential, En (HA • /HA") = 0 . 8 8 V, 
and the intrinsic parameter, AG* (HA • / H A - ) = 17 k j 
mol - 1 . Using these values, we calculated the rate 
constants of the reactions of [Co(phen)3]3 + , [Co-
(bpy) 3] 3 + , and [Co(en) 3] 3 + with HA~ from the Marcus 
cross relationships,23) neglecting the work terms, which 
are inferred to be small:5»24) 

(12) 

(13) 

AG* = A(l + AGS/A)a/4 

k = Zexp(-AG*/RT) 

A = 2(AG* + AG*), (14) 

where Z is the collision frequency in a solution (1011 

dm 3 m o l - 1 s - 1 ) , where AGS and AG2*2 refer to the 
self-exchange reactions of the reagents, and where 
AGi°2 is the free-energy change of the reactions. The 
values calculated at 25 °C are in accord with the 
observed ones for the reactions of [Co(phen)3]3 + and 
[Go(bpy)J»+ (Table 2). 

The activation parameters of the reactions of 
[Co(phen) 3 ] 3 + with H A - and A 2 - are larger than 
those of the reactions of [Co(bpy)3]3+: AAH?=AHï-
( [Go(phen ) 3 ] 3 +) -A/ / r ( [Go(bpy ) 3 ] 3 +)=8 k j mol"1 and 
AASt = A5Î ([Go(phen)3]3+) - ASî([Co(bpy)3]3+) = 48 
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T A B L E 2. COMPARISON BETWEEN THE OBSERVED RATE CONSTANTS AND THE CALCULATED ONES 

FROM THE MARCUS CROSS RELATIONSHIPS1) 

Oxidant *22b) ACiS £° c > AGS ^ (ca l cd ) ^ (obsd ) 
dm 3 m o l - 1 s - 1 k j m o l - 1 V k j m o l - 1 dm 3 m o l - 1 s - 1 dm 3 m o l - 1 s - 1 

[Co(phen)3]3+ 4 . 5 x l O d ) 53 0 .391 47 1.4 0 .40 

[Co(bpy)3]3+ 1 . 8 x l O d ) 56 0.316 54 0 .12 0 . 1 3 

[Co(en)3]3+ 7 . 7 x l 0 - 5 e ) 86 - 0 . 2 1 4 105 3 x l 0 ~ 1 0 — 

a) Calculated at 25 °C and 7 = 0 . 1 mol d m - 3 ; £ ° ( H A - / H A - ) = 0.88 V and A G * ( H A - / H A " ) = 17 kj mol"1 , b) The 
rate constant of the self-exchange of the cobal t ( I I I ) complex, c) Ref. 22. d) Ref. 25. e) F. P. Dwyer and 
A. M. Sargeson, J. Phys. Chem., 65, 1892 (1961). 

J K - i m o l - 1 for t h e H A " p a t h ; A A t f 2
# = A / / 2

# ( [ C o -
(phen) 3 ] 3 +) - A / / 2 * ( [ C o ( b p y ) 3 ] 3 + ) = 29 k j m o l - 1 a n d 
A A k S , t - A 5 , ? ( [ C o ( p h e n ) 3 ] 3 + ) - A 5 ' ? ( [ C o ( b p y ) 3 ] 3 + ) = 110 
J K _ 1 m o l - 1 for t h e A 2 - p a t h . T h i s is in c o n t r a s t 
to t h e resul t of t h e se l f -exchange r eac t ions of t h e 
[ C o ( p h e n ) 3 ] 3 + / 2 + a n d [ C o ( b p y ) 3 ] 3 + / 2 + coup les , t h a t is, 
A A / / * = A / / * ( [ C o ( p h e n ) 3 ] 3 + ) - A / / ^ [ C o ( b p y ) 3 ] 3 + ) = 
- l l k j m o l - 1 a n d A A 5 , # = A 1 S , * ( [ C o ( p h e n ) 3 ] 3 + ) - A ^ # -
( [ C o ( b p y ) 3 ] 3 + ) = - S O J K - i m o l - 1 . 2 5 ) T h i s suggests 
t h a t t h e m e c h a n i s m of t h e r eac t i ons of t h e c o b a l t ( I I I ) 
complexes w i t h a sco rb ic ac id is d i f ferent f rom t h a t 
of t h e se l f -exchange r eac t ions of t h e complexes , w h i c h 
does n o t involve a n*-n* i n t e r a c t i o n b e t w e e n l i gands 
of c o b a l t ( I I ) a n d c o b a l t ( I I I ) . 2 6 ) T h e se l f -exchange of 
[ C o ( e d t a ) ] - / 2 _ , w h i c h h a s a h i g h e r r e d o x p o t e n t i a l 
t h a n these complexes , is ve ry s low;2 7) t h e r e a c t i o n of 
[ C o ( e d t a ) ] - w i t h a sco rb ic ac id is also slow. E x t e n d ­
ed H ü c k e l 7T-MO ca lcu la t ions 2 8 ) h a v e s h o w n t h a t t h e 
lowest TC* o r b i t a l e n e r g y for p h e n is h i g h e r t h a n t h a t 
of b p y b y a b o u t 8 k j m o l - 1 . 

O n t h e basis of t h e a b o v e discussions, i t c a n b e 
t h o u g h t t h a t t h e r e a c t i o n of t h e c o b a l t (111) c o m p l e x 
w i t h j r -accep t ing l i gands w i t h j r - d o n a t i n g ascorb ic ac id 
is m u c h faster t h a n t h a t of t h e c o b a l t ( I I I ) c o m p l e x 
w i t h o u t rc-accepting l igands . 
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Some chloromanganese(III) Schiff base complexes react with hydrogen chloride to give deep green com­
plexes with the empirical formula of MnLGl 2 or MnL' 2 Cl 2 , where H 2 L denotes quadridentate ligands such as 
JV,N'-disalicylideneethylenediamine and its analogs, and where H I / denotes bidentate ligands such as JV-butyl-
salicylideneamine and its analogs. These complexes are nonelectrolytes in acetonitrile. Their magnetic mo­
ments at room temperature fall within the range of 3.9 to 4.1 BM, and the magnetic susceptibilities obey the 
Curie-Weiss law with small 6 values over the temperature range of 77 to 300 K, indicating that the oxidation 
state of the manganese ions in these complexes is + IV . T h e electronic spectra show an intense band around 
16000 c m - 1 which can be assigned to a charge-transfer transition. In the cyclic voltammograms, two cathodic 
waves are observed at half-peak potentials around + 0 . 9 V and —0.2 W(vs. SGE) ; they can be assigned to the 
reductions of M n ( I V ) to M n ( I I I ) and of M n ( I I I ) to M n ( I I ) respectively. T h e probable configurations of the 
complexes are discussed on the basis of the infrared spectra. 

T h e m a n g a n e s e i on p l ays a n i m p o r t a n t ro le in 
b io log ica l r e d o x sys tems, w h i c h a r e c o m p r i s e d of t he 
o x y g e n - e v o l u t i o n process of t h e p h o t o s y s t e m I I in g r e e n 
p l a n t s a n d t h e d i s p r o p o r t i o n a t i o n of t h e s u p e r o x i d e 
ion , 02~, b y m a n g a n e s e - c o n t a i n i n g s u p e r o x i d e dis-
m u t a s e s . I n these sys tems, t he o x i d a t i o n s ta tes of m a n -
g a n e s e ( I I ) , ( I I I ) , a n d / o r ( I V ) a r e be l i eved to b e in­
volved. 1 ) I n r e l a t i o n to its func t ion , m a n g a n e s e c o m ­
plexes w i t h h i g h e r o x i d a t i o n s ta tes , s u c h as + I I I a n d 
+ I V , h a v e b e e n i n v e s t i g a t e d . 2 - 6 ) A l t h o u g h m a n ­
ganese (111) c o m p l e x e s w i t h v a r i o u s l i g a n d s h a v e t h u s 
b e e n syn thes ized a n d c h a r a c t e r i z e d , few m a n g a n e s e -
( I V ) c o m p l e x e s h a v e b e e n i so la ted so far, for t he 
m a n g a n e s e ( I V ) ion is a s t r o n g o x i d a n t a n d its c o m ­
plexes a r e v e r y unstable.7»8) 

W e h a v e found t h a t s o m e c h l o r o m a n g a n e s e ( I I I ) 
Schiff ba se c o m p l e x e s r e a c t w i t h h y d r o g e n c h l o r i d e to 
g ive t h e c o r r e s p o n d i n g m a n g a n e s e ( I V ) c o m p l e x e s as 
d e e p g r e e n crys ta ls . I n th is p a p e r w e wil l de sc r ibe 
t h e p r e p a r a t i o n a n d c h a r a c t e r i z a t i o n of a series of 
nove l d i c h l o r o m a n g a n e s e ( I V ) Schiff b a s e c o m p l e x e s . 

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

Preparation of Manganese (III) Complexes. T h e quad­
ridentate Schiff base ligands were prepared by a conden­
sation of the salicylaldehydes with diamines. They were 
recrystallized from ethanol or appropriate organic solvents. 
T h e bidentate Schiff base ligands were prepared by a con­
densation of the salicylaldehydes with butylamine. T h e 5-
nitro-, 5-bromo-, and 5,6-benzo derivatives were recrystal­
lized from ethanol. All the chloromanganese(III) Schiff 
base complexes (shown in Fig. 1 ) were prepared by a mod­
ification of the method described in the literature.9 - 1 2) 
T o a methanol solution of a quadr identa te Schiff base ligand, 
an equimolar amount of manganese (I I I ) acetate dihydrate, 
M n ( C H 3 C O O ) 3 - 2 H 2 0 (a half molar of it when the Schiff-
bases were bidentate ligands) was added. T h e solution 
was warmed at 60 °G for 1 h, and then a 1.5-molar-fold 
quanti ty of li thium chloride over the manganese acetate 
was added to this solution, which was subsequently further 
warmed at 60 °G for 1 h. T h e solution was then concen­
trated under reduced pressure and cooled. T h e resulting 
precipitates were collected on a glass filter, washed with a 
small volume of water and methanol, and then with ether, 

and dried in vacuo. They were recrystallized from methanol 
or dichloromethane. T h e yields were 60—80%. The ele­
mental analyses of the manganese (I I I ) complexes are given 
in Table 1, along with their magnetic moments measured 
at room temperature . T h e magnetic moment of Mn(iV-
Bu-5-N02sai)2Gl was found to be lower than those of the 
other manganese (I I I ) complexes. This may be caused by 
the magnetic-exchange interaction in this complex. 

Preparation of Dichloromanganese(IV) Schiff Base Complexes. 
Dichloro (N,N'-disalicylideneethylenediaminato) manganese (IV) Di­
chloromethane Adduct, Mn(salen)Cl2- (CH2Cl2)0.5: In to an ace­
tone solution (200 cm3) of M n ( s a l e n ) G l - H 2 0 (0.5 g), a two-
molar-fold portion of a methanol solution of HG1 over the 
complex was stirred, drop by drop, at room temperature. 
T h e solution turned brown to deep green. After the solu­
tion had been filtered, the filtrate was concentrated to about 
20 cm3 under reduced pressure. Anhydrous ether (200 cm3) 
was then added to this solution. T h e resulting green pre­
cipitates were collected on a glass filter, washed with ether, 

H rRï\ H 
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H 
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5-GH3 

5-Br 
5-Br 
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Fig. 1. Manganese( I I I ) Schiff base complexes. 
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TABLE 1. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE (111) COMPLEXES 

Complex 

Mn(salen)Cl-H20 
Mn(5-Brsalen)Cl 
Mn(5-N02salen)Cl 
Mn(5-Mesalen)Cl 
Mn(salchxn)Cl 
Mn(5-Brsalpln)Cl 
Mn(5-Brsalpn)Cl.H20 
Mn(iV-Busai)2Cl 
Mn(iV-Bu-5-N02sai)2Cl 
Mn(iV-Bu-5,6-Benzosai) 2C1 
Mn(iV-Bu-5-Brsai)2Cl 

C 

50.61 
36.30 
41.00 
56.68 
57.98 
38.64 
37.01 
58.80 
49.53 
66.33 
43.77 

Founc 

H 

3.96 
2.61 
2.96 
4.76 
4.82 
2.76 
2.91 
6.32 
5.11 
6.13 
4.52 

I (%) 

N 

7.35 
5.20 

11.74 
7.28 
6.90 
5.59 
5.08 
6.21 

10.23 
4.85 
4.80 

Mn 

14.28 
10.60 
11.60 
14.26 
13.60 
10.37 
9.51 

12.53 
10.37 
10.10 
9.17 

C 

51.29 
37.21 
41.18 
56.19 
58.48 
38.63 
37.36 
59.67 
49.59 
66.36 
43.97 

Calcd 

H 

4.30 
2.73 
3.46 
4.72 
4.91 
2.67 
2.95 
6.37 
4.92 
5.94 
4.36 

(%) 

N 

7.48 
5.42 

12.00 
7.28 
6.82 
5.30 
5.12 
6.33 

10.51 
5.16 
4.66 

Mn 

14.66 
10.64 
12.24 
14.28 
13.37 
10.39 
10.05 
12.40 
10.31 
10.12 
9.15 

^offa) 

BM 

4.90 
4.88 
5.01 
5.02 
4.96 
4.88 
5.04 
5.03 
4.37 
4.92 
5.01 

a) Measured at room temperature. 

TABLE 2. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE(IV) COMPLEXES 

Complex 

Mn(salen)Cl2-(CH2Cl2)0.5 

Mn(5-Brsalen)Cl2 

Mn(5-N02salen)Cl2 

Mn(5-Mesalen)Cl2 • (CH2C12)0.25 

Mn(salchxn)Cl2- (CH2C12)0.6 

Mn(5-Brsalpln)Cl2 • (CH2C12)0.5 

Mn(5-Brsalpn)Cl2 

Mn(iV-Busal)2Cl2 

Mn (iV-Bu-5-N02sai) 2C12 

Mn(iV-Bu-5,6-Benzosai)2Cl2 

Mn(iV-Bu-5-Brsai)2Cl2 

C 

45.17 
34.82 
39.97 
49.70 
49.96 
34.34 
35.77 
54.79 
46.32 
62.03 
40.95 

Found (%) 

H 

3.55 
2.28 
2.52 
4.25 
4.21 
2.54 
2.52 
5.76 
4.56 
5.60 
4.00 

N 

6.49 
5.00 

11.54 
6.28 
5.66 
4.66 
4.82 
5.70 
9.85 
4.67 
4.19 

X 

24.86 
41.99 
14.26 
20.58 
22.84 
42.97 
41.63 
15.47 
12.33 
12.87 
35.22 

Mn 

12.80 
9.77 

11.05 
12.67 
10.90 
9.09 
9.96 

12.03 
9.72 
9.39 
8.54 

C 

45.60 
34.82 
39.69 
49.66 
49.76 
34.66 
36.21 
55.24 
46.49 
62.29 
41.54 

Calcd (%) 

H 

3.48 
2.56 
2.91 
4.22 
4.30 
2.49 
2.59 
5.90 
4.61 
5.58 
4.12 

N 

6.45 
5.08 

11.57 
6.35 
5.69 
4.62 
4.97 
5.86 
9.86 
4.87 
4.40 

X 

24.47 
41.80 
14.65 
20.08 
22.82 
43.88 
40.91 
14.87 
12.48 
12.26 
36.30 

Mn 

12.68 
9.95 

11.35 
12.45 
11.05 
9.06 
9.74 

11.49 
9.67 
9.50 
8.64 

#effa) 

BM 

3.91 
3.94 
3.98 
3.97 
4.04 
4.00 
4.02 
4.10 
3.90 
4.07 
4.09 

a) Measured at room temperature. 

and dried in vacuo. The solids were recrystallized from 
dichloromethane to give the above complex as deep green 
crystals. The yield was ca. 30%. 

The other dichloromanganese(IV) Schiff base complexes 
were obtained in a similar manner. The elemental analyses 
of the manganese(IV) complexes obtained are given in 
Table 2, together with their magnetic moments measured 
at room temperature. These deep green complexes are 
soluble in dichloromethane, acetone, and acetonitrile. The 
solutions were stable in these solvents if kept without contact 
with to moisture. They were soluble in donating solvents, 
such as pyridine, iV,iV-dimethylformamide, and methanol, 
but these solutions gradually turned brown. 

Reagents. All the reagents were of a reagent grade. 
The solvents were purified by refluxing over sodium (ether), 
calcium chloride (dichloromethane, acetone), or magnesium 
(methanol), and then distilled. The acetonitrile was dis­
tilled twice from diphosphorus pentaoxide prior to use. 

Measurements. The UV, VIS, and NIR spectra were 
obtained from Hitachi EPS-3 and 340 spectrophotometers. 
The IR spectra were recorded on a Hitachi EPI-215 grating 
spectrophotometer in the 700 to 4000 cm - 1 regions and 
on a Hitachi EPI-L grating spectrophotometer in the 200 
to 700 cm - 1 regions. All the spectra were measured in 
Nujol mulls or in a KBr disc. The magnetic susceptibilities 
were measured by the Gouy method at room temperature 
and by the Faraday method, using a Shimadzu MB 11 ap­
paratus for the temperature range from 77 to 300 K. The 

conductivities were determined on a Yanagimoto MY-7 
conductivity outfit. The cyclic voltammetry was performed 
with a Yanagimoto P8 polarograph connected with a 
Yanagimoto P8-PT potentiostat. The working electrode was 
a platinum-inlay electrode, while the auxiliary electrode 
was a platinum wire. The reference electrode was a sat­
urated calomel electrode which was inserted in an aqueous 
solution of 1 M (1 M = 1 mol dm"3) KCl in a 100-cm3 beaker 
connected with a conventional brown H-type cell by means 
of a 4% agar-saturated KCl gel bridge. Tetrabutylam-
monium Perchlorate, Bu4NC104, was used as the supporting 
electrolyte. The dissolved oxygen was removed by passing 
nitrogen gas through a sample solution for 20 min. 

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

Figure 2 shows the spectral changes on the ad­
dition of HCl to an acetone solution of Mn(salen)Cl-
H 2 0 in different molar ratios. The spectra change 
remarkably on the addition of HCl , and a new ab­
sorption band appears around 630 nm. Its intensity 
increases as the molar ratio of HCl to the complex 
increases to 4. T h e further addition of HCl leads 
to the decolorization of the solution, with the for­
mation of white precipitates, which may consist of 
hydrogen chloride salts of the ligand. This was con­
firmed by a comparison of the I R spectra of the white 
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Fig. 2. Spectral changes on the addition of HCl to 
an acetone solution of 2x lO~ 4 M Mn(salen)Cl-H20 
in different molar ratios. 
(1): [HCl]/[complex] = 0, (2): I, (3): 2, (4): 4. 

precipitates and of the authentic compound obtained 
by the reaction between salenH2 and HCl in ether. 

The deep green complexes isolated by the reac­
tions between chloromanganese(III) Schiff base com­
plexes and HCl are given in Table 2. Their analytical 
data are consistent with the empirical formula of 
MnLCl 2 or MnL' 2Cl 2 , where L denotes a dianion of 
quadridentate Schiff base ligands, and L' , a mono-
anion of bidentate Schiff base ligands. Some of them 
include dichloromethane as a crystalline solvent. 

Magnetic Properties. The room-temperature mag­
netic moments for these complexes (given in Table 
2) fall within the range of 3.9 to 4.1 BM, consistent 
with a calculated spin-only value expected for a com­
plex with a d3 high-spin configuration. Figure 3 
shows the Curie-Weiss plot for Mn(salen)Cl 2-(CH 2-
Cl2)0 5 over the temperature range from 77 to 300 K. 
The magnetic susceptibilities obey the Curie-Weiss law, 
XA=CI(T-\-Q). The same behavior was observed for 
the complexes of Mn(5-Mesalen)Cl 2-(CH 2Cl 2) 0 25 and 
Mn(iV-Bu-5-N02sai)2Cl2 . Their Weiss constants are 
given in Table 3. These values were obtained from 
an extrapolation of the plot of the reciprocal of the 
molar susceptibilities, ZA, against the absolute tem­
perature. These small 6 values indicate that there 
are very small magnetic interactions in these com­
plexes. These results suggest that the oxidation state 
of the central manganese ion in the complexes is + IV. 

Conductivities. The molar conductivities for sev­
eral manganese (111) and manganese (IV) complexes 
are summarized in Table 4. These values indicate 
that they are essentially nonelectrolytes in acetonitrile. 
The slightly large value observed for the Mn(N-
Busai)2Cl2, complex may be caused by its lower solu­
bility in acetonitrile. O n the other hand, in meth­
anol the molar conductivity for M n ( s a l e n ) C l - H 2 0 
was found to be 71 S cm2 mol - 1 , and that for Mn-
(salen)Cl2-(CH2Cl2)0 .5, to be 191 S cm2 mol-1 . These 
values indicate that both complexes undergo con­
siderable dissociation in methanol. 

Electronic Spectra. Figure 4 shows the elec-

0 100 200 300 

r/K 

Fig. 3. Curie-Weiss plot for Mn(salen)Cl2-(CH2C12)0.5. 

TABLE 3. WEISS CONSTANTS OF MANGANESE (IV) 
COMPLEXES 

Complex 

Mn(salen)Gla.(CH2Gl2)0.5 

Mn(5-Mesalen)Cl2 • (GH2C12)0.25 

Mn(iV-Bu-5-N02sai)2Cl2 

Weiss constant 

0/K 

6 
3 
9 

Table 4. MOLAR CONDUCTIVITIES OF MANGANESE (III) 

AND MANGANESE ( I V ) COMPLEXES IN ACETONITRILE 

Complex 

Mnm(salen)Cl.H20 
MnIV(salen)Cl2.(GH2Cl2)0.5 

MnnI(#-Busai)2Cl 
MnIV(iV-Busai)aCla 

M n m (iV-Bu-5-N02sai) 2C1 
MnIV(AT-Bu-5-N02sai)2Cl2 

Ja> 
S cm2 mol-1 

2.38 
3.48 
8.35 

25.28b> 
10.22 
3.70 

a) Measured at 25 °C. The concentration of the 
complexes was 10~3 M. b) The concentration of the 
complex was 5 X 10"4 M. 

tronic spectra of Mn ( sa l en )C l -H 2 0 and Mn(salen)Cl2-
(CH2C12)0.5 in dichlorome thane. In the visible re­
gion, the spectrum of the manganese (111) complex 
shows three absorption bands, at 15600, 20800, and 
23800 cm - 1 . They have been previously assigned to 
the ligand-field transitions of dxy->dx2_y2 and of dyz, 
dxz-^dx2_y2, and to the charge-transfer transition of 
djr(Mn) to n* (azomethine), respectively. 12>13> O n the 
other hand, the spectrum of the manganese(IV) com­
plex shows two absorption bands, at 15400 and 23000 
c m - 1 . The lower-energy band is very intense com­
pared with that of the manganese (111) complex. 
Therefore, it seems to be due to a charge-transfer 
transition. 

Moews has reported on the absorption spectrum of 
K 2 Mn I V Cl 6 in fluorocarbon grease mulls; it shows two 
absorption bands, at 15400 (very strong) and 27400 
c m - 1 (strong) in the visible region.8d> The lower-
energy band has been assigned to a charge-transfer 
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TABLE 5. SPECTROSCOPIC DATA FOR MANGANESE(IV) COMPLEXES 
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Complex 
103 cm 

r(Mn-Gl) 

Mn(5-Mesalen)Cl2 • (CH2C12)0.25 

Mn(5-Brsalen)Cl2 

Mn(salchxn)Cl2 • (CH2C12)0.6 

Mn(salen)Cl2-(CH2Cl2)0.5 

Mn(5-N02salen)Cl2 

Mn(5-Brsalpln)Cl2 • (CH2C12)0.5 

Mn(5-Brsalpn)Cl2 

Mn(iV-Busai)2Cl2 

Mn(iV-Bu-5-N02sai)2Cl2 

Mn(iV-Bu-5-Brsai) 2C12 

Mn(7V-Bu-5,6-Benzosai)2Cl2 

14.9 (3.60) 
15.3 (3.59) 
15.6 (3.62) 
15.4 (3.60) 
16.7 (3.40) 
15.3 (3.60) 
14.8 (3.63) 
16.0 (3.52) 
17.2 (3.80) 
15.5 (3.76) 
14.6 (3.71) 

22.8 (3.81) 
23.1 (3.69) 
23.7 (3.74) 
23.0 (3.78) 
24.4sh 
24.1 (3.78) 
24.1 (3.83) 
22.0sh 
23.4sh 
22.7sh 
23.0sh 

323 
337 
350 
341 
356 
339 
367 
346 
359, 342 
333 
334 

a) Measured in dichloromethane. 

Wave number/103 cm-1 

Fig. 4. Electronic spectra in dichloromethane. 
( ): MnIV(salen)Cl2.(CH2Cl2)0.5, ( ) : M n m -
(salen)Cl-H20. 

transition of chlorine to manganese. Later, Jezowska-
Trzbiatowska et a/.14) claimed that the absorption 
spectrum of the same complex in 12 mol d m - 3 HCl 
does not agree with that observed by Moews in the 
intensities of these bands. However, as was pointed 
out by Moews, hexachloromanganate(IV) salts are 
rapidly converted to the corresponding aquapenta-
chloromanganate(III) salts on standing in moist air. 
Therefore, it is uncertain as to whether or not 
K2Mn I VGl6 exists as the Mn I V Gl 6

2 - ion in 12 mol 
d m - 3 HCl . 

The spectral data for the manganese (IV) complexes 
are summarized in Table 5. All the complexes show 
two intense bands around 16000 and 23000 c m - 1 in 
the visible region. It can be seen that the absorp­
tion maxima of the lower-energy bands are affected 
by the Schiff base ligands. In the complexes of the 
salen type, the absorption maxima are shifted to higher 
energies in the order of the substituents of 5 - M e < 5 -
B r < H < 5 - N 0 2 . In the complexes of the N-butyl-
salicylideneamine type, similar shifts are observed in 
the order of the substituents of 5 ,6 -Benzo<5-Br<H< 
5-N0 2 . Furthermore, the absorption maxima of the 

Wave number/cm-1 

Fig. 5. Infrared spectra (in Nujol mulls). 
a) ( ): MnIV(salen)Cl2-(CH2Cl2)0.5; ( ) : Mn m -
(salen)Cl.H20, b) ( ) : MnIV(7V-Busai)2Cl2; ( ): 
Mnin(iV-Busai)2Cl, c) ( ): MnIV(i^-Bu-5-N02-
sai)2Cl2; ( ) : Mnm(iV-Bu-5-N02sai)2Cl. 

former complexes are observed at lower energies than 
those of the latter complexes. These results imply 
tha t the lower-energy bands may be assigned to a 
charge-transfer transition of Cl(pjr) to Mn(djr). The 
absorption bands due to the ligand-field transitions 
expected for the manganese (IV) complexes may be 
obscured by these intense bands. 

Infrared Spectra. In the region from 4000 to 
500 c m - 1 the infrared spectra of the manganese (IV) 
complexes are almost the same as those of the cor-
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TABLE 6. REDUCTION POTENTIALS FOR MANGANESE(IV) 

COMPLEXES 

1 . 0 0 . 5 0 . 0 - 0 . 5 

(E vs. SCE)/V 

Fig. 6. Current potential curves in acetonitrile. 
( ) : MnIV(salen)Cl2-(CH2Cl2)0.5; ( ) : Mn1"-
(salen)Gl-HaO. 

responding manganese(III) complexes, except around 
1290 c m - 1 , where the absorption band due to v(C-O) 
should be observed. This indicates that there is no 
change in the coordination features of the Schiff base 
ligands in either manganese (111) or manganese(IV) 
complexes. In the v(C-O) region, lower-energy shifts 
of about 10 c m - 1 were observed on going from the 
manganese (111) complexes to the manganese (IV) com­
plexes ; they may be caused by the change of the oxida­
tion state of the central manganese ion from + H I 
to + I V . In the region from 200 to 500 cm- 1 , the 
spectra of the manganese (IV) complexes show the 
strong absorption bands at about 340 cm- 1 , unlike 
those of the corresponding manganese (I II) complexes. 
Figure 5-a shows the spectra of Mn I V (salen) Cl2-
(CH2C12)0<5 and M n m (salen) C I - H 2 0 . T h e band ob­
served at 341 c m - 1 for the manganese (IV) complex 
may be assigned to v(Mn-Cl) . Figure 5-b shows the 
spectra of MnIV(Ar-Busai)2Gl2 and Mnm(JV-Busai)2Cl. 
T h e band observed at 348 c m - 1 for the manganese-
(IV) complex may be assigned to v(Mn-Cl) . O n 
the other hand, as is shown in Fig. 5-c, the spec­
trum of Mn IV(iV-Bu-5-N02sai)2Cl2 exhibits two strong 
bands, at 364 and 333 cm - 1 , which may be assigned 
to v(Mn-Cl) . The frequencies of the characteristic 
bands assigned to v(Mn-Gl) for the manganese (IV) 
complexes are summarized in Table 5. In the com­
plexes of the salen type, one band assignable to v-
(Mn-Cl) was observed, whereas in the Mn I V(N-Bu-
5-N02sai)2Cl2 complex, two bands were observed. For 
the octahedral complexes of the MA4G12 type (A de­
notes unidentate ligands such as ammonia) , one band 
due to v(M-Cl) should be observed in the case of 
a ira^-configuration, whereas two strong bands should 
be observed in the case of a m-configuration.15) These 
results suggest that the manganese (IV) complexes of 
the salen type may have a tom.y-octahedral configura­
tion, while in the manganese (IV) complexes of the 
bidentate Schiff bases, trans- and m-octahedral con­
figurations may be probable. 

Complex 
£p/2 vs. SCEa> 

V 

Mn I V -^Mn i n M n I n - ^ M n n 

Mn (salen) Gl2 • (CH2G12)0.5 

Mn(5-Brsalen)Gl2 

Mn(5-N02salen)Cl2 

Mn(5-Mesalen)Cl2. 
(CH2C12)0.25 

Mn(salchxn)Gl2 • (CH2C12)0.„ 
Mn(5-Brsalpln)Cl2-

(CH2C12)0.5 

Mn(5-Brsalpn)Gl2 

Mn(iV-Busai)2Cl2 

Mn (iV-Bu-5-Brsai) 2C12 

Mn (iV-Bu-5-N02sai) 2G12 

a) Measured in acetonitrile 
potentials observed for the 
(III) complexes. 

0.76 
0.85 
0.90 

0.85 
0.83 

1.00 
0.88 
0.84 
0.94 
0.98 

at 25 °C 

- 0 . 3 7 (-0.38)b> 
- 0 . 1 6 ( + 0.01) 
- 0 . 0 1 ( + 0.11) 

- 0 . 3 4 ( -0 .32) 
- 0 . 2 9 ( -0 .32) 

- 0 . 0 9 ( -0 .14) 
- 0 . 0 5 ( -0 .02) 
- 0 . 1 1 ( -0 .08) 
+ 0.01 ( -0 .12) 
+ 0.08 ( + 0.24) 

. b) Half-peak 
corresponding manganese-

Electrochemical Properties. Figure 6 shows some 
typical current-potential curves of Mn111 (salen) G l - H 2 0 
and Mn I V (salen) G12-(CH2C12)0 5 measured in aceto­
nitrile. In the manganese (I II) complex, one cathodic 
wave is observed at —0.38 V(vs. SGE) ; it can be 
assigned to the reduction of M n ( I I I ) to M n ( I I ) . O n 
the other hand, in the manganese(IV) complex, two 
cathodic waves are observed, at + 0 . 7 6 and —0.37 
V(w. SCE), with similar wave heights; they can be 
assigned to the reductions of Mn( IV) to M n ( I I I ) and 
of M n ( I I I ) to Mn( I I ) respectively. T h e separations 
of the peak potentials between the cathodic wave and 
the corresponding anodic wave for both redox waves 
are larger than the 57 m V expected for a reversible 
one-electron redox wave, so these electrode reactions 
may be irreversible. 

All the manganese (IV) complexes show two cath­
odic waves around + 0 . 8 5 V and - 0 . 2 0 V{vs. SGE). 
T h e half-peak potentials for the reductions of the 
manganese (IV) complexes are summarized in Table 
6, together with those of the corresponding man­
ganese (111) complexes. As has been discussed in con­
nection with the electronic spectra, the potentials for 
both reductions are also affected by the Schiff base 
ligands. The reduction potentials are shifted to more 
positive values upon the introduction of an electron-
withdrawing substituent such as the 5 - N 0 2 group in 
both types of the complexes. Furthermore, the re­
duction potentials for the complexes of the JV-butyl-
salicylideneamine type are observed at more positive 
values than those for the complexes of the salen type. 
These shifts can be explained in terms of the elec­
tron density on the central manganese ion in the com­
plexes. 

Reactions. These manganese (IV) complexes 
have reduction potentials high enough to oxidize 
water. Thus, we have attempted their reactions with 
water. Figure 7 shows the spectral changes on the 
addition of water to an acetonitrile solution of Mn-
(salen)Cl2-(CH2Cl2)0 5 in different molar ratios. The 
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Fig. 7. Spectral changes on the addition of H 2 0 to 
an acetonitrile solution of 4 x l 0 ~ 4 M Mn(salen)Cl2-
(GH2Gl2)o.5 in different molar ratios. 
(1): [H26]/[complex] = 0, (2): 10, (3): 20, (4): 40. 

intensity of the characteristic absorption band at 624 
nm decreased with an increase in the molar ratio 
of water to the complex. T h e final absorption spec­
trum is almost identical with that of the correspond­
ing manganese (III) complex in the acetonitrile and 
water mixture, indicating that water reduced the man-
ganese(IV) complex to the manganese (111) complex. 
We have also succeeded in detecting free "molecular 
oxygen" liberated during the reactions of the man­
ganese (IV) complexes with water by means of the 
spectrophotometry of an alkaline pyrogallol solution 
and a dissolved oxygen probe.16) The details will be 
described in the near future. 

Some novel dichloromanganese(IV) Schiff base com­
plexes have been prepared and characterized. The 
higher oxidation state of the manganese ion may be 
stabilized by charge neutralization with chloride ions. 
The mechanism for the reaction of the manganese-
(III) complexes with HCl has not been clarified in 
this work. However, some experimental evidence sug­
gests that the manganese (IV) complexes may result 
from a disproportionation of the manganese (111) com­
plexes: manganese (I I) compounds are often formed 

as contaminants in the preparation of the manganese-
(IV) complexes, and their yields are always 5 0 % or 
below. 
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The reaction between gaseous A1G13 and steam, and the products formed were examined by X-ray analysis, 
TG, DTA, and electron microscopy. The thermal transitions of the A1203 formed under various conditions 
were also examined. The reaction between gaseous A1G13 and steam occurs even at 150 °G and proceeds rapidly 
above about 400 °G. The product is amorphous A1203 below 600 °C, amorphous A1203 containing poorly crys­
tallized y-Al203 at 800 °G, y-Al203 containing amorphous A1203 at 900 °G, and y-Al203 at 1000 °C. Also, it 
was observed that the Al2Oa formed below 900 °G included a chloride oxide of aluminium, which decomposed 
in the vicinity of 830 °G to form y-Al203 with the evolution of gaseous A1G13. On heating the amorphous A1203 

ca. 700 °C ca. 800 °C 
formed by the reaction between gaseous A1G13 and steam, the transition: amorphous > % • 

ca. 1000 °C ca. 900 °G 
ic > a occurs; and on heating the )>-Al303 formed by the same reaction, the transition: y • 

ca. 1000 °C ca. 1000 °C 
ö > 6 > x occurs. 

The reaction of volatile metal chlorides with oxygen 
or steam has recently become important for the prep­
aration of fine powders of pure metal oxides, because 
it is possible to carry out the reaction in the vapor 
phase. To develop a chemical process for preparing 
fine powders of aluminium oxide (A1203) by the vapor-
phase oxidation of aluminium trichloride (A1C13), the 
authors1^ have examined the reaction between A1C13 

and oxygen in the vapor phase and the properties of 
the A1 2 0 3 formed. 

There are limited data on the reaction between 
A1G13 and steam in the vapor phase. Kato et al.2) 
have studied the reaction product between gaseous 
A1G13 and excess steam at 700—1100 °G and reported 
that the reaction product is amorphous A1 2 0 3 

which includes a Gl-containing compound, presumably 
AICIO, at 700 and 900 °C and <5-Al203 with or without 
a small amount of /c-Al203 at 1100 °G. They have 
also reported that the amorphous A1 20 3 crystallizes 
to A: -A1 2 0 3 on heating up to 830 °G in the air and 
that the (5-Al203 transforms to a -Al 2 0 3 by the heat 
treatment at 1100 °G in the air. 

In this paper, the reaction between gaseous A1G13 

and steam and the product formed have been ex­
amined in detail by X-ray analysis, thermogravimetry 
(TG), differential thermal analysis (DTA), and electron 
microscopy. The thermal transition of the A1 2 0 3 

formed under various conditions has also been ex­
amined. 

Exper imenta l 

The A1G13 used was prepared by the reaction between 
pure aluminium(Al:99.99%) and chlorine at 400 °C.1) 

A transparent quartz reaction tube (1000 mm length) 
with an inner concentric tube was used. Gaseous A1G13 

was formed by heating A1G13 placed in the inner tube at 
150 °G, and was carried by a stream of argon (40 cm3/min) 
to the reaction zone (27 mm i.d. and 250 mm length) held 
at a specified temperature. In the meantime, a stream 
of argon (100 cm3/min) containing a specified amount of 
steam was introduced through a separate tube into the reac­
tion zone. The mean flow-rate of the A1C13 was approxi­
mately 3.8 cm3 Al2Cl6(g)/min. The reaction was allowed 

to proceed for 2 h. 
Hydrogen chloride (HCl) formed during the reaction was 

absorbed in a known amount of 0.1 Mt sodium hydroxide 
(NaOH) solution, and was determined by neutralization 
titration of the excess NaOH. 

The unreacted A1G13, which was deposited outside the 
reaction zone together with the reaction product, was sep­
arated by heating the mixture in an argon stream at 250 
°G. The A1G13 adsorbed on Al2Os formed was separated 
by washing the A1203 with ethanol at boiling point with 
stirring.1^ 

X-Ray analysis of soild product was performed with an 
X-ray powder diffractometer equipped with a proportional 
counter, using Ni filtered Cu radiation. TG and DTA 
were performed in an argon stream and a heating rate of 
5 °G/min was employed. The sensitivity of the quartz 
helix used for TG was approximately 71 mm/g. a-Al203 

was used as a reference for DTA. 
Throughout this work, A1G13 and reaction products were 

handled in an argon atmosphere or in vacuo to prevent any 
contamination from moisture in the air. 

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

Reaction between Gaseous Aluminium Trichloride and Steam. 
The amounts of HCl formed by the reaction between 
gaseous A1G13 and s t eam(H 2 0) at various tempera­
tures were examined. When gaseous A1C13 and a 
stream of argon containing excess H 2 0 ( 15 vol % H 2 0 ) , 
more than the value calculated as needed to form 
A1 2 0 3 and HG1, was introduced into the reaction 
zone, a part of the HG1 formed by the reaction was 
dissolved in the unreacted H a O which condensed out­
side the heating zone. Aluminium trichloride hexa-
hydrate was also formed from the A1 20 3 and the HCl. 
So, the experiments were thus carried out by intro­
ducing into the reaction zone a stream of argon con­
taining an amount of H 2 0 (9, 5, or 2 vol% H 2 0 ) 
smaller than the calculated value. The reaction tem­
perature above 150 °G was employed, because gaseous 
A1G13 was generated by heating A1C13 at 150 °G. 
The results are shown in Fig. 1. T h e broken lines 
in Fig. 1 show the calculated values of the amount 

t 1 M =1 mol dm-3. 
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Fig. 1. Amounts of HCl formed by the reaction be­
tween gaseous A1G13 and steam at various tempera­
tures. 
Steam content in Ar: (a) 9 vol%, (b) 5 vol%, (c) 
2 vol%. 
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Fig. 2. TG and DTA curves of the products formed 
by the reaction between gaseous A1C13 and steam 
at 400—900 °G. 

of HCl, based on the assumption that all the H 2 0 
introduced reacts with gaseous A1C13 to form HCl . 

From the results, the reaction between gaseous A1C13 

and H 2 0 begins even at 150 °C, and all the H 2 0 
introduced reacts with gaseous A1C13 above about 
400 °G. 

T o determine the reaction product of gaseous A1G13 

with H 2 0 , the products formed by introducing a 
stream of argon containing 9 vo l% H 2 0 at reaction 
temperatures above 400 °G were examined by X-ray 
analysis, T G , and DTA. 

The X-ray analysis of the reaction products formed 
at 400 and 600 °G showed no diffraction line. The 
T G and D T A curves of the products are shown in 
Figs. 2(a) and (b). 

The samples obtained after heating both the prod­
ucts up to 750 °G gave no change in X-ray diffraction 
pattern (amorphous). The samples obtained after 

heating up to 900 °G gave diffraction lines corre­
sponding to both x-Al203

3»4) and y-Al203.3»5> From 
these results and the fact that the amorphous A l 2 0 3 

formed by the reaction between gaseous A1G13 and 
oxygen crystallizes to %-Al203 in the vicinity of 820 °G 
with an exothermic effect as previously reported,1) 
the exothermic effect observed in the vicinity of 820 °G 
was considered to be due to the crystallization of 
amorphous Al 2O s . During the weight losses in the 
vicinity of 830 °G which appeared in the T G curves 
(12% for the product at 400 °G; 10% for the product 
at 600 °G), it was observed that a white powder was 
deposited on a cooler par t outside the heating zone. 
The white powder was identified as A1G13 by chemical 
analysis. This result and the fact that diffraction 
lines corresponding to y -Al 2 0 3 in addition to %-Al203 

based on the crystallization of amorphous A1 2 0 3 were 
observed in both samples obtained after heating üp 
to 900 °G led us to conclude that the products formed 
by the reaction at 400 and 600 °G were amorphous 
A1 2 0 3 containing a compound which decomposed in 
the vicinity of 830 °G to form y-Al 2 0 3 with the evo­
lution of gaseous A1G13. Also, the results of I R spec­
troscopy confirmed that the reaction products con­
tained neither H 2 0 nor O H " . These results indi­
cated that the compound mentioned above was a 
chloride oxide of aluminium. 

The reaction product formed at 800 °G was found 
to be amorphous by X-ray analysis and its T G and 
D T A curves are shown in Fig. 2(c). The exothermic 
effect due to the crystallization of amorphous A1 2 0 3 

in the vicinity of 820 °G became weak and diffuse. 
Although the weight loss in the vicinity of 830 °G 
(3%) was rather small compared with those of the 
reaction products formed at 400 and 600 °G, the sample 
obtained after heating up to 900 °G gave diffraction 
lines corresponding to both x -Al 2 0 3 and y-Al 2 0 3 . 
These results indicated that the reaction product formed 
at 800 °G was amorphous A1 20 3 containing poorly 
crystallized y -Al 2 0 3 and a small amount of the chloride 
oxide. This estimation was confirmed by the experi­
mental results on the thermal transitions of the A1 2 0 3 

formed under various conditions, as described later. 
The reaction product formed at 900 °G gave dif­

fraction lines corresponding to y-Al 2 0 3 . But the DTA 
curve (Fig. 2(d)) showed a weak exothermic effect 
due to the crystallization of amorphous A1203 , and 
the sample obtained after heating up to 900 °G showed 
diffraction lines corresponding to %-Al2Os in addition 
to y-Al 2 0 3 . Also, a slight weight loss (1%) due to 
the thermal decomposition of the chloride oxide was 
observed. These results indicated that the reaction 
product formed at 900 °G was y-Al 2 0 3 containing 
amorphous A1 2 0 3 and a small amount of the chloride 
oxide. 

The reaction product formed at 1000 °G gave dif­
fraction lines corresponding to y-Al 2 0 3 , and gave no 
thermal effect in the DTA, and no weight change 
in the T G . The sample obtained after heating up 
to 900 °G gave diffraction lines corresponding to y-
A1 2 0 3 alone. From these results, the reaction product 
formed at 1000 °G was found to be y-Al2Ö3 . 

The reaction products formed by introducing gaseous 
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TABLE 1. THERMAL TRANSITIONS OF A1203 FORMED AT VARIOUS TEMPERATURES 
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Formation temperature of A1203 and heating atmosphere 
Heating 

temp 400 °G 

In argon In air 

600 °G 

In argon In air 

800 °G 

In argon In air 

900 °G 1000 °G 

In argon and air In argon and air 

600 
700 
800 
900 

1000 
1100 
1200 
1300 

Amorphous Amorphous Amorphous 

X X X X X X 
Xy K, y x , & x> K, y x , K x , *, y %, *, y 
X, K, y Xy K Xy Ky y Xy * Xy *, 7 X, *> ? > ^ 
K, ( 5 > a K, oc Ky ( 5 > a K, OC K, Ô, 0 , oc K, Ô, 0 , a 

oc oc oc oc oc oc 

y 
y>x 
y>x 

y>ày K 
à, 0, a 
a > 0 , Ô 

oc 

y 
y 
y 

y, ô 
ô, 0, a 
a > 0 , ô 

a > 0 
a 

Amorphous: amorphous A1203, %: %-Al203, K: /C-A1203,3«6> y: y-A\2Os, Ô: (5-Al203,
3'7> oc: a-Al203,

8> 0: 0-Al2O3.
9> 

AIGI3 and a stream of argon containing 5 vol % H 2 0 
were examined in the manner described above. The 
results indicated that the reaction product at each 
temperature was similar to that formed by introducing 
a stream of argon containing 9 vol'% H 2 0 , described 
above. 

These experimental results show that the reaction 
between gaseous A1C13 and H 2 0 occurs even at 150 °G 
and proceeds rapidly above about 400 °G. The reac­
tion product formed is amorphous A1 2 0 3 at 400— 
600 °G, amorphous A1 2 0 3 containing poorly crystal­
lized y - A l 2 0 3 at 800 °G, y -Al 2 0 3 containing amor­
phous A1 2 0 3 at 900 °G, and y-Al2C>3 at 1000 °G. In 
addition, the A1 2 0 3 formed below 900 °G includes 
the chloride oxide of aluminium, which decomposes 
in the vicinity of 830 °G to form y-Al 2 0 3 with the 
evolution of gaseous A1G13. T h e amount of the chlo­
ride oxide decreased with increasing the reaction tem­
perature, and the formation of the chloride oxide 
was not observed at 1000 °G. 

Ka to et al.2)- have reported that the products formed 
by the reaction between gaseous A1G13 and H 2 0 at 
700 and 900 °G are amorphous and have estimated 
that the products include a Gl-containing compound, 
presumably AIGIO, from the result that, on heating 
the products in the air, they lose weight in the vicinity 
of 800 °G with the evolution of chlorine. In the 
present work, it was also observed that the A1 2 0 3 

formed below 900 °G included a chloride oxide of 
aluminium. The only known chloride oxide of alu­
minium is AIGIO. But, the composition of the chlo­
ride oxide formed in these experiments was not evalu­
ated by chemical analysis, because the chloride oxide 
was included in the A1 2 0 3 formed. 

As described in the previous report,1) the reaction 
between gaseous A1G13 and oxygen occurs above about 
400 °G and proceeds appreciably above about 800 °G. 
While, the reaction with H 2 0 was found to proceed 
rapidly at rather low temperatures. The modification 
of the A1 2 0 3 formed by the reaction with H 2 0 at 
each temperature was the same as that of the A1 2 0 3 

formed by the reaction with oxygen,1) except that 
the A1 2 0 3 formed by the reaction with oxygen at 
800 °G is amorphous A1203 . 

The reaction products formed by introducing gase­
ous AlGlg and a stream of argon containing 9 or 5 

* -

* t 

(a) 800°C 

» * ̂  v «v *x' ** 

»** • * • • 7. * * . , 4 

(b) 1000°C 

Fig. 3. Electron micrographs of the A1203 formed by 
the reaction between gaseous A1G13 and steam at 
800 and 1000 °G (Steam content in Ar: 9vol%). 

vo l% H 2 0 at various temperatures were examined 
by electron microscopy. Typical electron micrographs 
of the A1 2 0 3 formed are shown in Fig. 3. 

As reported before,1) the A1 2 0 3 formed by the reac­
tion with oxygen is relatively uniform, ultrafine pow­
ders with diameters of the order of 1/100 urn. While, 
the range of particle sizes of the A1 2 0 3 formed by 
the reaction with H 2 0 was found to be wide, as seen 
from Fig. 3. 

Thermal Transition of the Aluminium Oxide Formed by 
the Reaction between Gaseous Aluminium Trichloride and 
Steam. The thermal transitions of the A1 20 3 

formed under various conditions were examined. The 
samples obtained by heating the A1 2 0 3 at a specified 
temperature for 2 h both in an argon atmosphere 
and in the air were examined by X-ray analysis. 

The results for the A1 2 0 3 formed by introducing 
a stream of argon containing 9 vo l% H 2 0 are shown 
in Table 1. As examples, the X-ray diffraction pat­
terns of the samples obtained after heating the amor­
phous A1203 , formed at 400 °G, at various tempera­
tures in an argon atmosphere and after heating the 
y-Al 2 0 3 , formed at 1000 °G, at various temperatures 
in the air are illustrated in Figs. 4 and 5, respectively. 

These experimental results show that, on heating 
the amorphous A1203 , formed at 400 and 600 °G, 
both in an argon atmosphere and in the air, the amor-

fa. 700 °G ca. 800 °G ca. 1000 °G 
• X • K > a transition phous 

occurs regardless of the heating atmosphere. The 
y -Al 2 0 3 observed in the samples obtained after heating 
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Fig. 4. X-Ray diffraction patterns of the samples 
obtained after heating the amorphous A1203, formed 
at 400 °G, at various temperatures in an argon at­
mosphere. 

800 #C 

1200#C 

1300#C 

10 20 

U 
50 60 70 

Fig. 5. X-Ray diffraction patterns of the samples 
obtained after heating the y-Al203, formed at 1000 
°G, at various temperatures in the air. 

at 800 and 900 °G in an argon atmosphere was con­
sidered to be due to the decomposition of the chloride 
oxide, as mentioned before, and the <5-Al203 observed 
at 1000 °G was considered to be due to the thermal 
transition of the y -Al 2 0 3 formed. The samples ob­
tained after heating the amorphous A1 2 0 3 in the air 
gave neither diffraction lines corresponding to y -Al 2 0 3 

nor diffraction lines corresponding to (5-Al203. This 
fact was considered to indicate that, on heating the 
chloride oxide in the air, it was oxidized to amorphous 

A1203 , which transformed in the same manner as 
the amorphous A1 2 0 3 formed by the reaction between 
gaseous A1C13 and H 2 0 . 

The result for the y -Al 2 0 3 formed at 1000 °G in-
ca. 900 °C 

dicates that, on heating the y-Al 20 3 , the y • 
ca. 1000 °G ca. 1000 °G 

ô • 0 • a transition occurs regardless of 
the heating atmosphere. 

O n heating the y -Al 2 0 3 containing amorphous A1203 , 
formed at 900 °G, and the amorphous A1 2 0 3 con­
taining poorly crystallized y-Al 20 3 , formed at 800 °G, 
both the amorphous-» %->£->a and y->(5->0->a tran­
sitions occur, as is expected from the above results. 

As mentioned above, it was observed that, on heating 
the A1 2 0 3 formed at 800 °G in the air, the y-*ä-> 
0—>a transition occurred. Also, let us assume that 
the y -Al 2 0 3 observed in the samples obtained after 
heating the A1 2 0 3 formed at 800 °G both in an argon 
atmosphere and in the air is due to the thermal de­
composition of the chloride oxide included in the 
A12Ö3. Then 0-Al2O3 should not be observed in the 
samples obtained after heating at 1000 °G, as seen 
from the results obtained on heating the amorphous 
A1203 , formed at 400 and 600 °G, in an argon atmos­
phere. These results support the estimation, described 
in the previous paragraph, that the A1 2 0 3 formed 
at 800 °C is amorphous A1 2 0 3 containing poorly crys­
tallized y-Al 2 0 3 . 

The experimental results for the A1 2 0 3 formed by 
introducing a stream of argon containing 5 vol % H 2 0 
were similar to those for the A1 2 0 3 formed at 9 vol% 
H 2 0 , described above. 

These experimental results show that, on heating 
the amorphous A1 2 0 3 formed by the reaction between 

ca. 700 °C 
gaseous A1C13 and H 2 0 , the amorphous • % 
ca. 800 °C ca. 1000 °C 

• K • a transition occurs, and on heat-
fa. 900 °C ca. 1000 °C 

ing the y -Al 2 0 3 formed, the y • ô • 
ca. 1000 °G 

0 • a transition occurs. 
As previously reported,1) on heating the amorphous 

A1 2 0 3 formed by the reaction with oxygen, the amor­
ça. 700 °G ca. 800 °G ca. 1000 °G 

K • a transition phous > x 
ca. 1000 °G 

occurs. O n heating the y -Al 2 0 3 formed, the y • 
ca. 1100°G ca. 1100°G 

£ » 0 • a transition occurs. The transi­
tion temperatures of y—><5, (5—>0, and 0—>a on heating 
the y -Al 2 0 3 formed by the reaction with H 2 0 are 
approximately 100 °G lower than those of the y -Al 2 0 3 

formed by the reaction with oxygen. 
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The extraction of bivalent manganese, cobalt, copper, zinc and cadmium from hydrochloric acid solutions 
by tricaprylmethylammonium chloride (Aliquat-336) has been examined usmg various diluents such as ben­
zene, chlorobenzene, ö-dichlorobenzene, toluene, o-xylene, m-xylene, nitrobenzene, carbon tetrachloride, chlo­
roform, and l,2*dichloroethane. It was found that by assuming a regular solution, the distribution coefficient 
and the enthalpy change associated with metal extraction can be expressed in terms of the solubility parameters 
of Aliquat-336, diluent and the complex formed in the organic phase and their molar volumes. An empirical 
relation holds between distribution coefficient and the viscosity of diluent. 

T h e influence of diluent on solvent extraction of 
metal has been studied by a number of researchers 
who at tempted to correlate the distribution of metal 
between organic and aqueous phases with the phys-
icochemical pfoperties of organic solvent such as di­
electric constant,1»2) dipole moment,1) and solubility 
parameter.3-8) Nevertheless the role of diluent in the 
extraction process of metal has not been elucidated 
satisfactorily. 

In the extraction of cadmium (I I ) , zinc (I I ) , lead (I I ) , 
and copper(II) from 2 mol d m - 3 hydrochloric acid 
solutions by octadecylbenzyldimethylammonium chlo­
ride in various diluents, Leszko and Zaborska8) sug­
gested that the relationship between the distribution 
coefficient and the solubility parameter of diluent 
derived by Vdovenko et al.6> is applicable not to the 
extraction of lead(II) and copper(II) but to the ex­
traction of cadmium(II ) and zinc(II) . Studies have 
been carried out on the extraction of zirconium(IV),9) 
vanadium(IV),1 0) and uranium(VI)1 1) from hydrochlo­
ric acid solutions by tricaprylmethylammonium chlo­
ride (Aliquat-336, R 3 R'NC1; R = C 8 — C 1 0 ) . In the 
present work, the extraction of bivalent manganese, 
cobalt, copper, zinc, and cadmium by Aliquat-336 
in various organic solvent has been studied in order 
to examine the correlation between the distribution 
coefficient and physicochemical properties of diluent. 

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

Reagent. Aliquat-336 (General Mills) purified by 
washing several times with aqueous sodium chloride solu­
tion and hexane9) was diluted in benzene, chlorobenzene, 
o-dichlorobenzene, toluene, o-xylene, m-xylene, nitrobenzene, 
carbon tetrachloride, chloroform, and 1,2-dichloroethane. 
The concentration of Aliquat-336 in organic solvents was 
determined by Volhard's method with nitrobenzene. Aque­
ous solutions of bivalent, manganese, cobalt, copper, zinc, 
and cadmium were prepared by dissolving their chlorides 
(MnCl2-4H20, GoGl2-6H20, GuGl2-2H20, ZnCl2, and 
CdCl2-2.5H20) in hydrochloric acid. The chemicals used 
were of analytical reagent grade. 

Extraction and Analytical Procedures. Equal volumes (15 
ml) of organic and aqueous phases, placed in 50 ml stop­
pered conical flasks, were shaken for 10 min (preliminary 
experiments showed that equilibration was complete in 10 
min) in a water-bath maintained at the required temperature. 

The initial concentration of metal chloride in aqueous phase 
was 0.01 mol dm"3. After equilibrium, the mixture was 
centrifuged and separated and then the aliquots of both 
phases were pipetted to determine the distribution coef­
ficient (the ratio of the equilibrium concentration of metal 
in the organic phase to that in the aqueous phase, D). Man­
ganese, cobalt, copper, and zinc in the organic phase were 
stripped with 0.1 mol dm - 3 HCl, and cadmium in the or­
ganic phase with 1 mol dm"-3 HN0 3 . The concentration 
of metal in the aqueous solutions was determined by edta 
titration using the following indicator: XO (Xylenol Orange) 
for cobalt,12) copper,12) and zinc;13) BT (Eriochrome Black 
T) for manganese;14) Gu-PAN (PAN= l-(2-Pyridylazo)-2-
naphthol) for cadmium.15) 

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

Extraction Isotherm. When bivalent manganese, 
cobalt, copper, zinc, and cadmium are extracted into 
benzene solution of Aliquat-336 from aqueous solutions 
of their chlorides at 0 01 mol d m - 3 containing hydro­
chloric acid of varying acidity at 20 °G, the extraction 
efficiency is in the order G d > Z n > G u > G o > M n for 
[ H G l ] < 5 m o l d m - 3 and C d > Z n > G o > C u > M n for 
[ H G l ] > 5 m o l d m - 3 (Fig. 1). The distribution coef­
ficient rises with increasing aqueous acidity to a maxi­
m u m occurring at initial hydrochloric acid concen­
tration of 8, 8, 5, 2, and 1 mol d m - 3 for manganese, 
cobalt, copper, zinc, and cadmium, respectively, and 
then falling again. The shape of the extraction curves 
is not much influenced by the kind of diluent (Table 
1). Thus the extractions are expressed by a reaction 
similar to that for zircoriium(IV),9) vanadium(IV),1 0) 
and uranium(VI),1 1) 

MGl4
2-(a) + 2R3R/NCl(o) ^r=± 

(R8R/N)aMGl4(o) + 2Gl-(a), (1) 

where M = M n , Go, Gu, Zn, and Gd, (a) and (o) 
denote aqueous and organic phases, respectively. This 
is supported by the results for the dependency of dis­
tribution coefficient on the extractant concentration 
and variation of metal concentration in the organic 
phase as a function of initial aqueous metal concen­
tration at a constant acidity. 

The extraction efficiency of Aliquat-336 for bivalent 
metal depends on the nature of the diluent and is in 
the following order: for manganese(II) 1,2-C2H4C12> 
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TABLE 1. T H E DISTRIBUTION COEFFICIENT OF BIVALENT MANGANESE, COBALT, COPPER, ZINC, AND CADMIUM 

IN THE EXTRACTION FROM HYDROCHLORIC ACID SOLUTIONS BY ALIQUAT-336 IN VARIOUS DILUENTS 

Metal 
[HCl] a 

mol d m - 3 

Distribution coefficient51) 

CßHß C6H5CH3 o-C6H4(CH3; m-C6H4(CH3)2 C6H5C1 

Mn 

Co 

Cu 

Zn 

Cd 

Métal 

3 
5 
7 
8 

3 
5 
7 
8 

2 
3 
5 
8 

0.05 
0 .1 
0 .5 
1 

0 .02 
0 .1 
1 
8 

[HCl] a 

mol d m - 3 

0.050 
0.011 
0 .22 
0 .25 

0.060 
0.68 
5.84 
6.22 

0 .18 
0 .57 
1.12 
0 .492 

4 . 
9. 

130 
400 

87 
300 
280 

6. 

36 
27 

70 

0.025 
0 .059 
0 .17 
0 .23 

0 .020 
0.51 
2 .49 
2.67 

0 .13 
0 .43 
0 .913 
0 .38 

3 .99 
8 .79 

110 
290 

55 .7 
210 
310 

4 .62 

0.025 
0 .040 
0 . 1 3 
0 .15 

0 .068 
0.51 
2 .45 
3 .00 

0 .12 
0 .39 
0 .908 
0 .37 

0 .033 
0.070 
0 .14 
0 .17 

0.045 
0 .58 
2 .79 
3 .36 

0.097 
0 .33 
0 .824 
0 .35 

3 
7, 

75 
160 

49. 
190 
270 

4 . 

14 
28 

82 

Distribution coefficient*) 

o-C6H4Cl2 C 6 H 5 N 0 2 CHCL CC14 

0.059 
0 .17 
0 .40 
0-43 

0.24 
2.70 
8.80 
8.37 

0.42 
1.12 
2 .10 
0 .862 

8 .55 
18.3 

290 
480 

97 
290 
260 

7.77 

1,2-C2H4C12 

Mn 

Co 

Cu 

Zn 

Cd 

3 
5 
7 
8 

3 
5 
7 
8 

2 
3 
5 
8 

0 .05 
0 .1 
0 .5 
1 

0 .02 
0 .1 
1 
8 

0.072 
0 .26 
0.61 
0 .68 

0 .44 
4 .14 

12.4 
15.9 

0 .614 
55 
17 

1.15 

10. 
27. 

310 
600 

120 
310 
210 

10.0 

0 
0 
0 
0 

0 

.710 

.15 

.33 

.36 

.47 
3.67 
6 
4 
93 
91 

0.49 
1 41 
2.45 
0. 

11. 
25. 
240 
500 

95 
250 
310 

750 

7 
8 

6.69 

0.017 
0.040 
0.11 
0 .15 

0 .023 
0 .16 
1.19 
1.58 

0.052 
0 .064 
0.21 
0 .29 

0 .25 
0 .36 
1.90 
3 .46 

0 .49 
0.925 
1.64 
0 .756 

0.047 
0 .10 
0 .19 
0 .24 

0.090 
0 .39 
2 .17 
2 .63 

0.072 
0.025 
0.765 
0.28 

2 .54 
4 .75 

83 
210 

14.8 
49 .5 

130 
3 .59 

0 .14 
1.01 
2 .10 
1.39 

0.827 
7 .02 

10.4 
7 .32 

0 .57 
1.95 
6 .03 
1.35 

12, 
36 

210 
600 

76 
250 
200 

Ï 0 . 4 

a) The concentration of Aliquat-336 is 0 .05 mol dm- 3 for manganese, cobalt, and zinc, 0 .025 mol dm- 3 for copper 
and 0 .03 mol dm~3 for cadmium, b) No datum. 

ö - C 6 H 4 C l 2 > C 6 H 5 N 0 2 > C 6 H 5 C 1 > C 6 H 6 > CC1 4 > m-C 6H 4-
( C H 3 ) 2 > C 6 H 5 C H 3 > 0 - C 6 H 4 ( C H 8 ) 2 > C H C 1 3 from 3 m o l 
d m - 3 H G l ; for coba l t ( I I ) 1 , 2 - C 2 H 4 C 1 2 > C 6 H 5 N 0 2 > 
o - C 6 H 4 C l 2 > C6H5G1 > GC14 > o - C 6 H 4 ( C H 3 ) 2 > C 6 H 6 > m -
G 6 H 4 ( C H 3 ) 2 > G H C l 3 > G 6 H 5 G H 3 from 3 m o l d m " 3 H G l ; 
for copper(II ) o - C 6 H 4 C l 2 > 1 , 2 - G 2 H 4 G 1 2 > G 6 H 5 N 0 2 > 
C6H5G1 > G 6 H 6 > C 6 H 5 G H 3 > o - C 6 H 4 ( C H 3 ) 2 > m-C 6H 4-
( G H 3 ) 2 > C C 1 4 > C H C 1 3 from 2 m o l d m " 3 H C l ; for z inc-
(II) 1,2-G2H4G12 > C 6 H 5 N 0 2 > o-C 6 H 4 Cl 2 > C 6 H 5 C 1 > 

G 6 H 6 > G 6 H 5 G H 3 > m - C 6 H 4 ( G H 3 ) 2 > C G 1 4 > G H G 1 3 from 
0.05 m o l d m - 3 H G l and for c a d m i u m ( I I ) OrGöH4012> 
G 6H 5C1 > C 6 H 5 N 0 2 > G 6 H B > l , 2 - G 2 H 4 G l 2 > C 6 H s C H a > 
m - C 6 H 4 ( C H 3 ) 2 > CG1 4 > GHG1 3 from 0.02 m o l d m ~ 3 HGl . 
W e see that the extract ion efficiency of Al iquat -336 
in aromat ic solvent w i th e lectron-accept ing radical 
such as CI or N 0 2 is higher than that w i th electron,-
donat ing one like C H 3 , and tha^t chloroform reveals 
a very poor extract ion because of a hydrogen bond-
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Initial aqueous hydrochloric acid 
concn/mol dm - 3 

Fig. 1. Extraction of bivalent manganese, cobalt, cop­
per, zinc^ and cadmium from hydrochloric acid 
solutions by Aliquat-336 in benzene (numerals on 
curves are Aliquat-336 concentrations, mol dm - 3 ; O 
Mn, • Go, A Gu, V Zn, O Gd). 

ing to extractant. However, no simple relation exists 
between the distribution coefficient and the dipole 
moment and dielectric constant of diluent which 
represent the polarities of molecule and solution, 
respectively. 

Dependence of Distribution Coefficient on Viscosity. 
The variation of the distribution coefficient for bivalent 
manganese, cobalt, copper, zinc, and cadmium plotted 
as a function of the absolute viscosity of diluent, ^d, 
is given in Fig. 2. T h e value of ^d are as follows: 
0.65, 0,59, 0.81, 0.61, 0.82, 1.23, 2.01, 0.56, 0.97, 
and 0.80 cp for benzene, toluene, o-xylene, m-xylene, 
chlorobenzene, o-dichlorobenzene, nitrobenzene, chlo­
roform, carbon tetrachloride, and 1,2-dichloroethane. 
T h e distribution coefficients for manganese, cobalt, 
copper, zinc, and cadmium are indicated by means 
of the da ta for the extraction at 3, 3, 2, 0.05, and 
0.02 mol d m - 3 , respectively, in the lowest hydrochloric 
acid concentrations shown in Table 1. Since the 
reaction15) 

R3R'NCl(o) + H+(a) + Gl-(a) ; = ± 
RgR/NCl-HCKo) (2) 

takes place at higher aqueous acidity, the data at 
low acidity are used to avoid the reduction on the 
distribution of metal resulting from the competition 
between reactions (1) and (2). 

T h e distribution coefficient increases with increase in 
the viscosity of diluent at J?d<l cp, but little change 
occurs at rj& ^ l c p (Fig. 2). In all the extraction 
systems studied, the distribution coefficient becomes 
Constant as the viscosity of diluent approaches that 
of water. An empirical correlation is found between 
the distribution coefficient and the viscosity of diluent 
in the range ^ d < l cp : 
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Fig. 2. Dependence of the distribution coefficient on 
absolute viscosity of diluent (O, D, A, V, and, 
represent the extractions of Mn(II) from 3 mol dm - 3 

HG1 soin, Co(II) from 3 mol dm"3 HG1 soin., Gu(II) 
from 2 mol dm"3 HG1 soin, Zn(II) from 0.05 mol 
dm-3 HG1 soin, and Cd(II) from 0.02 mol dm"3 HCl 
soin., respectively): 1) benzene, 2) toluene, 3) o-xylene, 
4) w-xylene, 5) chlorobenzene, 6) o-dichlorobenzene, 
7) nitrobenzene, 8) chloroform, 9) carbon tetrachlo­
ride, 10) 1,2-dichloroethane. 

logD/D0 = Afa-l)*, (3) 

where D0 denotes the distribution coefficient for o-
dichlorobenzene, and A the slope obtained when log 
DjD0 is plotted against ( ? d < l ) 2 . Values of the slope 
calculated by the method of least squares are —2.59, 
- 7 . 0 4 , - 4 . 9 3 , - 2 . 9 4 , and - 2 . 0 3 for manganese, 
cobalt, copper, zinc, and cadmium, respectively. 

Effect of Solubility Parameter. From the Hildebrand-
Scatchard equation16) for the excess free energy of a 
regular solution, formula was worked out by Vdovenko 
et al.15) for the distribution coefficient in terms of the 
solubility parameter : 

\ogD= (2/2.3RT)(Vcôc-nVeôe)ôd 

+ {(nVe- Vc)/2.3}(ôd*/RT- \/Vd) + const, (4) 

where V and ô denote molar volume and solubility 
parameter, respectively, subscripts c, e, and d being 
the complex formed in the organic phase, extractant 
and diluent, respectively. Assuming that the com­
position in aqueous phase and the concentration of 
extractant in various diluents are constant, and the 
molar volumes of diluents do not differ from each 
other, the following relation is derived: 

{l/(«5d-«5.)}log(Z>/A>) = <(nVe-Ve)/2.3Rr}(ôd + ôB) 

+ 2(Vcôc-nVeôe)/2.3RT, (5) 

where the subscript s refers to the diluent chosen as 
standard 
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TABLE 2. TEMPERATURE DEPENDENCE OF DISTRIBUTION COEFFICIENT FOR THE EXTRACTION OF BIVALENT 

MANGANESE, COBALT, COPPER, ZINC, AND CADMIUM FROM HYDROCHLORIC ACID SOLUTION*1) 

BY ALIQUAT-336B> IN VARIOUS DILUENTS 

Metal Diluent 
Distribution coefficient Change in enthalpy 

10 °CC> 20 °CC> 30 °CC> 40 °CC> 

0.0500 
0.038 
0.034 
0.039 
0.10 
0.11 
0.17 
0.055 
0.071 
0.13 

0.12 
0.070 
0.091 
0.090 
0.37 
0.73 
0.57 
0.007 
0.13 
0.75 

0.22 
0.17 
0.18 
0.14 
0.50 
0.84 
0.40 
0.053 
0.14 
0.32 

4.05 
3.75 
3.49 
7.78 

13.2 
5.20 
0.33 
2.12 
5.83 

46 
29.8 
31 
63 

130 
43 

0.47 
8.53 

26.1 

kj mol-1 

Ô7Î7 
12 
9.9 
8,3 

20 
6.3 

36 
50 
23 

- 3 . 4 

24 
37 
9.3 

20 
10 
23 

- 1 . 2 
- 4 8 

12 
- 3 . 0 

28 
27 
23 
25 
19 
17 

- 1 2 
1.9 

22 
- 3 . 3 

- 3 . 4 
- 2 . 2 

7.4 
- 7 . 1 
- 4 . 4 

- 2 6 
8.9 

- 5 . 6 
- 2 9 

- 2 1 
- 2 6 
- 2 0 
- 1 9 

- 8 . 5 
- 2 4 
- 3 . 7 

- 2 6 
- 4 7 

Mn 

Co 

Cu 

Zn 

Cd 

C6H5CH3 

o-C6H4(CH3)2 

m-C6H4(CH3)2 

C6H5C1 
o-C6H4Cl2 

C 6 H 5 N 0 2 

CHC13 

CC14 

C6H6 

C6H5CH3 

o-C6H4(CH3)2 

m-C6H4(CH3)2 

C6H6C1 
o-C6H4Cl2 

C 6 H 5 N 0 2 

CHCI3 
CC14 

1,2-C2H4C12 

C6H6 

C6H6CH3 

o-C6H4(CH3)2 

m-C6H4(CH3)2 

C6H5C1 
o-C6H5Cl2 

C 6 H 5 N 0 2 

CHC13 

CC14 

1,2-C2H4C12 

C6H6 

C6H6CH3 

m-C6H4(CH3)2 

C6H6C1 
o-C6H4Cl2 

C 6 H 6 N 0 2 

CHC13 

CC14 

1,2-C2H4C12 

C6H6 

C6H5CH3 

m-C6H4(CH3)2 

C6H5C1 
o-C6H4Cl2 

C 6 H 5 N 0 2 

CHC13 

CC14 

1,2-C2H4C12 

0.0497 
0.023 
0.023 
0.028 
0.044 
0.084 
0.037 
0.007 
0.03 
0.15 

0.045 
0.015 
0.054 
0.035 
0.21 
0.31 
0.60 
0.050 
0.080 
0.85 

0.13 
0.091 
0.085 
0.069 
0.35 
0.54 
0.55 
0.054 
0.068 
0.85 

4.59 
4.03 
2.80 
9.55 

15.3 
18.1 
0.20 
2.69 

16.3 

100 
78 
68 

130 
150 
100 

0.52 
23.3 

150 

0.0498 
0 .025 
0.025 
0 .033 
0 .059 
0 .072 
0.071 
0.017 
0 .047 
0 . 1 4 

0 .060 
0 .020 
0 .068 
0.045 
0 .24 
0 .44 
0 .47 
0 .023 
0 .090 
0 .83 

0 .18 
0 .13 
0.21 
0.097 
0 .42 
0.61 
0 .49 
0 .052 
0 .072 
0 .57 

36 
99 
14 

8 .55 
14.4 
11.7 

0 .25 
2 .54 

12.7 

87 
55 
49 
97 

140 
95 

0 .45 
14.8 
76 

0.0499 
0.033 
0.034 
0.035 
0.077 
0.098 
0.12 
0.034 
0.066 
0.13 

0.090 
0.040 
0.075 
0.085 
0.28 
0.60 
0.48 
0.015 
0.10 
0.77 

0.27 
0.17 
0.15 
0.14 
0.49 
0.72 
0.44 
0.054 
0.11 
0.49 

4.49 
3.76 
3.36 
7.83 

13.3 
7.80 
0.29 
2.26 
8.71 

61 
42.1 
40 
71 

140 
62 
0.48 

11.4 
41.9 

a) The concentration of hydrochloric acid is 3 mol d m - 3 for manganese and cobalt, 2 mol dm~3 for copper, 0 .05 
mol d m - 3 for zinc and 0 .02 mol d m - 3 for cadmium, b) The concentration of Aliquat-336 is 0 .05 mol d m - 3 for 
manganese cobalt, and zinc, 0 .025 mol d m - 3 for copper, and 0 .03 mol d m - 3 for cadmium, c) Temperature of 
extraction. 
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Solubility parameter/dd 

Fig. 3. Dependence of the distribution coefficient on 
the solubility parameter of diluent (O, • , A, V, 
and O represent the extractions of Mn(II) from 3 
mol dm-3 HCl soin, Go(II) from 3 mol dm-3 HCl 
soin, Gu(II) from 2 mol dm-3 HCl soin, Zn(II) 
from 0.05 mol dm-3 HCl soin, and Gd(II) from 
0.02 mol dm~3 HCl soin, respectively): 1) benzene, 
2) toluene, 3) o-xylene, 4) m-xylene, 5) chlörobenzene, 
6) o-dichlorobenzene, 7) nitrobenzene, 8) chloro­
form, 9) carbon tetrachloride, 10) 1,2-dichloroethane. 

In Fig. 3 showing the plots of log D vs. ôd, the curves 
for manganese, cobalt, copper, zinc, and cadmium 
are obtained from the values of (nVe—Ve)l2.3RT as 
-^0.165, - 0 . 5 1 0 , - 0 . 3 7 0 , - 2 . 0 0 , and - 0 . 2 1 0 , re­
spectively, and 2(VCÔC—nVBôe)/2.3RT as 3.45, 10.7, 
7.64, 4.22, and 4.27, respectively, which are estimated 
by Eq. 5 using nitrobenzene as standard. In this 
case, the values of ôd are as follows: 9 .1 , 8.9, 9.0, 8.8, 
9.6, 10.0, 10.9, 9.3, 8.7, and 9.9 for benzene, toluene, 
o-xylene, m-xylene, chlörobenzene, o-dichlorobenzene, 
nitrobenzene, chloroform, carbon tetrachloride, and 
1,2-dichloroethane, respectively. The parabolic de­
pendence of distribution coefficients on the solubility 
parameter is obtained, suggesting that Eq. 4 gives 
a good estimate for the value of distribution coefficients 
in the extraction of these bivalent metals from hydro­
chloric acid solutions by Aliquat-336. However, since 
the large deviation from the parabola is observed in 
the extraction with chloroform, it seems that the 
negative deviation arises from the non-random inter­
action due to hydrogen bonding between chloroform 
and Aliquat-336. 

Temperature Effect. The equilibrium constant in 
reaction (1) and the distribution coefficient are given 
by 

K - [(R3R'N)2MC14][Gl-]2/[MGl42-][R3R'NC1]2 (6) 
and 

D = [(R8R /N)1MGlJ/[M«+](l + aft[Gl-]t) , (7) 

where ßL refers to the overall stability constant in the 
reaction 

M2+(a) + iCl-(a) ^ = ± MCli^-O + te). (8) 

From Eqs. 6 and 7 the following relationship is ob­
tained : 

K = D(\ + SA[Gl-]i)/Ä[Gl-]2[R3R'NGl]2. (9) 

By assuming that the values of overall stability constant 
/?4 and the term (1 +S/? i [Cl~] i ) do not change sig­
nificantly in the temperature range studied, the change 
in enthalpy, AH, associated with the reaction(l) can 
be estimated by means of the Van ' t Hoff equation. 
The distribution coefficients for bivalent manganese, 
cobalt, copper, zinc, and cadmium from aqueous hy­
drochloric acid solutions with solutions of Aliquat-336 
in various diluents, measured in the temperature range 
10—40 °G, are summarised in Table 2 in comparison 
with the values of AH. 

The extraction process of bivalent metals is con­
sidered by a Born-Harber type of cycle. The change 
in enthalpy observed is the sum of five terms which 
represent enthalpies for dehydration of the species 
MG1 4

2" (-AHJ, for desolvation of R 3R'NC1 (-AH2), 
for the reaction of MG1 4

2 - with R 3R'NC1 (A//3) , 
for hydration of Cl~ (A//4) and for dissolution of 
the complex (R 3 R'N) 2 MC1 4 into organic phase (AHb). 
The magnitude and sign of the change in enthalpy 
observed depend on the contribution from enthalpies 
in these processes. The AHX and A/ / 4 values are 
correlated with the composition of aqueous acidity, 
since the water activity decreases with increase in 
hydrochloric acid concentration, while the A / / 3 value 
is independent of the kind of diluent. If the concen­
tration of hydrochloric acid in the aqueous phase 
remains constant, the change in enthalpy observed 
is expressed by 

AH - - 2 A i / 2 + AHb + const. (10) 

Partial molar enthalpies for dissolution of Aliquat-336 
and the complex (R 3 R'N) 2 MC1 4 into organic solvent 
given by Ve<f>d

2(ôd—ôe)
2 and VJ'd

2(ôd—ôc)
2, from reg­

ular solution theory,17) give the equation 

AH= -2Ve<f>d*(ôd-ôey + Vc<f>'d*(ôd-Ôc)2 + const, 

(H) 

where ^ d and <f>'d refer to the volume fraction of dilu­
ent. This provides the equation 

AH= ( F c 0 ' d
2 - 2 F e 0 d W 

+ 2(2Ve<f>d*ôe-Vc<f>'d*ôc)ôd 4 const. (12) 

We see that when AH is plotted against ôd, its shape 
depends on the magnitude of the term (Vc<f>'d

2— 
2 W ) . For JJ\*<2Vj* or Vj'^WJf, the 
plot should give a parabola with a maximum or mi-
nimum at ô,= (VJ'^ôc-2Ve^ôe)l(VJ'^-2Ve^). 
In contrast, a linear relationship is expected for Vc<f>'d

2= 
2VJ>2. The value of (Vc<f>'d

2-2Ve<f>d
2) is determined 

by means of 

(AH-AHs)/(ôd~ôs) = (Vc<f>'d*-2Ve<f>d*)(ôd + ôs) 

+ 2(2Ke0daäe-M /da«5c). (13) 

T h e ( F C 0 7 - 2 W ) and 2(2Ve<f>d
2ôe-Vcfd

2ôc) are 
the slope and intercept of the line, respectively, when 
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19 20 21 19 20 21 

5d + 6S 

Fig. 4. Correlation between (AH—AHs)/(ôd—ôs) and 
^d+^s f° r the correlation of bivalent manganese, 
cobalt, copper, zinc, and cadmium from hydrochloric 
acid solutions by Aliquat-336 in various diluents 
(O Mn, D Co, A Cu, V Zn, O Cd): 1) benzene, 
2) toluene, 3) o-xylene, 4) m-xylene, 5) chlorobenzene, 
6) o-dichlorobenzene, 7) nitrobenzene, 8) chloroform, 
9) carbon tetrachloride, 10) 1,2-dichloroethane. 

(AH—AHa)l(ôd—ôs) is plotted as a function of (<5d + 
<58). The plots for manganese, cobalt, copper, zinc 
and cadmium show the linear relationship in Fig. 
4, although the points for chloroform and 1,2-dichlo­
roethane deviate from the lines in all the cases studied. 
The values of (Vc<f>'d

2—2Ve<f>d
2) obtained indicate that 

F c f d
2 > 2 F e ^ d

2 is satisfied for manganese (as 6.2), 
Vc<f,'d2=2Ve<f>d* for cobalt (as zero), and VJ>'2< 
2VJ>d

2 for copper, zinc and cadmium (as —3.1 , —2.7, 
and —3.2, respectively). The plots of AH against 
ôd confirm that Eq. 12 holds in the enthalpy change 
for various diluents. This suggests that the change 
in enthalpy for the extraction of bivalent manganese, 
cobalt, copper, zinc, and cadmium by Aliquat-336 
in various diluents depends on the solubility param­
eter of diluent, the molar volume of the complex 
formed in the organic phase and Aliquat-336, and 
the volume fraction of diluent. 

Conclus ion 

A parabolic dependency of the distribution coef­
ficient on the solubility parameter of diluent is ob­
served in the extraction by Aliquat-336 in organic 
solvents except chloroform and 1,2-dichloroethane, in­
dicating that Eq. 4 derived from the regular solution 

theory is satisfied. The enthalpy change associated 
with metal extraction is also explained by assuming 
a regular solution. It is concluded that in the ex­
traction of bivalent manganese, cobalt, copper, zinc, 
and cadmium from hydrochloric acid solutions by 
Aliquat-336 in various organic solvents, the distribution 
coefficient depends on the solubility of the complex 
formed in the organic diluent and the solubility param­
eter being an important factor for evaluation the 
distribution coefficient. 

Distribution coefficients increase with increase in 
the viscosity of diluent in the range yd<\ cp, and 
an empirical relation is obtained between the dis­
tribution coefficient and the viscosity of diluent. I t 
is found that in the extraction by Aliquat-336 in aro­
matic solvents, the distribution coefficient in the dilu­
ents with electron-accepting radical is higher than 
that with an electron-donating one. 

The authors wish to thank Messrs. Wata ru Sangawa, 
Tadashi Fujishita, and Akihiro Takahashi for their 
assistance in experiments. 
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Various iron compounds have been irradiated with gamma-rays of cobalt-60. The foreign-charge states 
of the irradiated compounds were confirmed by means of Mössbauer spectroscopy. The results showed that 
high-spin iron (III) compounds with large conjugated molecules and low-spin iron (II) compounds are insensitive 
to y-radiations. However, iron (III) compounds with carboxyl groups or reducing ligands and low-spin iron 
(III) compounds are sensitive to y-radiations. Further, FeCl2-4H20 was found to be insensitive to radiation 
up to a total exposure dose of 109 R, in contrast to other ionic iron(II) compounds. 

The gamma-ray sensitivity of solid coordination com­
pounds has long been studied1 - 6) and studies of the 
after-effect associated with the EG decay of 57Co have 
increased in the past several years.7-11) These after­
effects have been attributed to radiolytic self-decom­
position in the molecular environment of a decaying 
atom by low-energy electrons emitted during the Auger 
cascade, and to the subsequent stabilization of foreign-
charge states by virtue of the redox properties of the 
radicals so produced. We have studied the effect of 
the electronic state and nature of the ligands on the 
sensitivity of iron compounds to gamma-ray irradiation 
by means of Mössbauer spectroscopy. 

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

The composition of the samples listed in Tables 1 and 2 
was checked by elemental analyses for G, H, and N at the 
Elemental Analysis Center, Kyushu University. The phos­
phorus contents were colorimetrically determined with the 
formation of orthophosphate heteropoly blue using a molyb­
denum (V)-molybdenum (VI) reagent.12) The results were 
in agreement with the calculated values. The metal com­
plexes sealed in a glass tube in vacuo were irradiated with 
gamma-rays of 4000 Gi cobalt-60 in the Gamma-ray Irra­
diation Laboratory, Kyushu University. The irradiation 
was carried out at room temperature at a dose rate of 0.35— 
0 .39x l0 6 Rh~ 1 or 1.17—1.19 X 106 R h-1. 

The Mössbauer spectra were measured immediately after 
the appropriate total exposure dose has been accumulated. 
Mössbauer measurements were carried out at 80 K with 
a spectrometer described elsewhere.13) A cobalt-57 source 
diffused into a palladium foil was used. The isomer shift, 
ôfe was measured relative to the center of the spectrum of 
an iron foil enriched with 57Fe at 296 K, which was also 
used as a standard material for the velocity calibration. 
The infrared spectra of the samples in the potassium bromide 
region (650—4000 cm-1) were obtained using a Hitachi 
Grating Infrared Spectrophotometer, type 215. 

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

Only the species stabilized during the irradiation 
of the investigated compounds were determined in 
the present study, since the Mössbauer measurements 
were carried out after an elongated irradiation. The 
Mössbauer parameters measured for the compounds 
before and after gamma-ray irradiation are listed in 
Tables 1 and 2. The Mössbauer data in Tables 
1 and 2 were calculated using a least-squares method 
at the Computer Center, Kyushu University. 

The compounds studied are classified into three 
groups in terms of the relation of the irradiation effects, 
such as the change in the oxidation state of iron with 
the chemical properties of the ligands, and the results 
of the Mössbauer spectra of the irradiated complexes 
are discussed in each case. 

Group A. Group A consists of i ron(III) com­
pounds for which chemical changes were observed 
through the use of Mössbauer spectroscopy after irra­
diation. 

A-l: This sub-group includes i ron(III) compounds 
with only monodentate ligands. Compounds FeCl3-
2 C H 3 O H , [Fe(en)3]Cl3 (en: ethylenediamine), FeCl3-
(1,4-dioxane), and FeCl3 • dma • 2 H 2 0 (dma: N,N-
dimethylacetamide) were sensitive to radiation. Some 
Mössbauer spectra of these compounds are shown in 
Figs. 1—3. New absorption lines due to bivalent 
iron were observed in the Mössbauer spectra of these 
compounds after irradiation. The ratio of the ab­
sorption area of the new lines to the total absorption 
area increased with the increase in the exposure dose, 
as is shown in Figs. 1 and 2. From this behavior 

100 
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100 

è ; 97. 

•§ 100 

(a) 

\<:SfX' *'*"•' (b ) 

; ' : ' " " ( c ) 

98J: 
100' 

98 

(d) 

- 1 0 1 2 3 
Velocity/mm s-1 

Fig. 1. Mössbauer spectra of Fe(en)3Gl3, (a) non-
irradiated, (b) 4 . 4 x l 0 8 R , (c) l l x l 0 8 R , and (d) 
2 7 x l 0 8 R irradiated. 
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TABLE 1. THE MÖSSBAUER PARAMETERS OF THE COMPOUNDS BEFORE AND AFTER IRRADIATION 

Compound 
Exposure 

dose A£ Aa) /V> Remark 

A-l FeCl3.2CH3OH 

[Fe(en)3]Cl3 

FeCl3-(l,4-dioxane) 

FeCl3-dma-2H20 

0 
5.7 

0 
11 

0 
4.5 

0 
1.6 

0.46 
r0.45 
4 .25 

0.21 
r0.19 
l l .07 

0.45 
r0.47 
4 . 3 6 

0.34 
r0.35 
4 . 1 3 

0.71 
0.65 
2.24 

1.29 
1.36 
1.85 

1.23 
23 
59 

0.43 
0.45 
0.28 

0.69 
0.25 
0.62 

0.44 
0.35 
0.60 

0.46 
0.46 
0.28 

0.90 
0.51 
0.35 

0.72 
0.69 
0.62 

Newc) 

New 

New 

0 
0 
2.43 

A-2 FeCl2gly(Hgly).7/2H20 

[Fe3(HC02)6][Fe(HC02)6] -8H20 

0 
6.7 

0 
9.0 

0.50 
r0.61 
4 . 1 0 

0.53 
r0.51 
4 .32 

0.77 
0.65 
2.33 

0.86 
0.93 
2.55 

0.35 
0.35 
0.40 

0.45 
0.45 
0.5d> 

0.38 
0.39 
0.45 

0.45 
0.46 
0.6d> 

New 

New 

A-3 Fe(H2P02)3 

Fe2(HP03)3-9H20 

0 
5.4 

0 
8.3 

0.41 
r0.42 
4 . 2 5 

0.53 
r0.54 
4 . 3 7 

0.15 
0.24 
2.68 

0.48 
0.42 
2.27 

0.24 
0.24 
0.25 

0.28 
0.35 
0.48 

0.25 
0.24 
0.25 

0.28 
0.35 
0.48 

New 

New 

A-4 [Fe(bpy)2(CN)2]NOa 0 
11 

0.04 
r0.04 
l0.23 

1.76 
1.71 
0.62 

0.39 
0.39 
0.32 

0.39 
0.39 
0.56 New 

a) Full width at half-maximum of the lower energy peak, b) Full width at half-maximum of the higher energy 
peak, c) New peak due to irradiation, d) The errors are estimated to be ± 0 . 1 mm s_1. The errors of the 
other data are ± 0.02 mm s_1 or less. 

- 1 0 1 2 
Velocity/mm s - 1 

Fig. 2. Mössbauer spectra of FeCl3-(1,4-dioxane), (a) 
non-irradiated, (b) l . l x l 0 8 R , (c) 2 .5x l0 8 R, and 
(d) 4 . 5 x l 0 8 R irradiated. 

of the ratio, the i ron(III ) ion in these compounds 
is confirmed to be reduced to an iron(II) ion under 
irradiation. 

Figure 1 shows the Mössbauer spectra for 
[Fe(en)3]Gl3 at successive stages of irradiation. Com­
pound [Fe(en)3]Gl3 is in a low-spin state. The 
Mössbauer parameters of the new lines produced by 
irradiation are as follows: The quadrupole splitting, 
AE—1.85 m m s - 1 ; the isomer shift, d F e =1 .07 m m s_1. 
These values range among those for high-spin iron-
(II) compounds. T h e Mössbauer parameters for 
[Fe(en)3]Gl2 have not yet been reported because the 
compound is very unstable in air. I t is very probable, 
however, that the orbital ground state of [Fe(en)3]Cl2 

is in a high-spin state as a result of the strength of 
the ligand field of ethylenediamine.14) The isomer 
shift of 1.07 m m s _ 1 at 80 K is smaller than that for 
high-spin hexacoordinated iron(II) compounds. How­
ever, the radiolysis of ethylenediamine ligands might 
have resulted in a smaller coordination number about 
the central iron atom, thus causing a small value of 
the isomer shift because of the change in bonding 
from d2sp3 hybridized orbitals to sp3. 

I n the I R spectrum of the irradiated FeCl 3 -2CH 3 OH, 
new lines appeared at 2850 and 2900 c m - 1 ; they 
are assigned to the vibration of the G - H of a formyl 
group. A characteristic vibration band for the formyl 
group appears a t about 1700 cm - 1 ,1 5) bu t this band 
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TABLE 2. THE MÖSSBAUER PARAMETERS OF THE COMPOUNDS BEFORE AND AFTER IRRADIATION 

B-l 

B-2 

G-l 

G-2 

Compound 

FeCl3 (pyrazole) 3 

Fe(koj)3*> 

[Fe(bpy)2Cl2][FeCl4] 

[Fe(pyridine)5G104](G104)2 

[Go(pn)3][FeGl6] 

[Go(NH3)6][FeGl6] 

Fe3(OGH3)9 

FeP0 4 -2H 2 0 

Fe(phen)2Gl2 

Fe(H2P02)2 

FeGl2-4H20 

[Fe(bpy)3]Gl2.4H20 

Fe(bpy)2(GN)2.4H20 

[Fe(phen)3](N02)2 .5H20 

Fe(phen)2(N02)2 .i/2H20 

Exposure 
dose 
108R 

0 
10 

0 
10 

0 

10 

0 
10 

0 
16 

0 
12 

0 
17 

0 
10 

0 
10 

0 
10 

0 
10 

0 
10 

0 
10 

0 
10 

0 
10 

<5F6 

0.50 
0.45 

0.55 
0.48 

r0.40 
l0.44 
r0.29 
l0.41 

0.39 
0.46 

0.46 
0.47 

0.47 
0.55 

0.44 
0.46 

0.67 
0.66 

1.08 
1.12 

1.29 
1.32 

1.36 
1.35 

0.40 
0.39 

0.19 
0.26 

0.35 
0.39 

0.33 
0.34 

AE 

0 
0 

0.96 
1.01 

0 
0.33 
0 
0.47 

0.66 
0.76 

0.26 
0.17 

0 
0 

0.37 
0.42 

0.18 
0.18 

3.26 
3.30 

2.68 
2.73 

3.12 
3.12 

0.37 
0.35 

0.62 
0.65 

0.27 
0.27 

0.42 
0.42 

A 

1.09 
1.11 

0.35 
0.36 

0.45 
0.47 
0.47 
0.44 

0.65 
0.67 

0.29 
0.29 

0.40 
0.40 

0.69 

0.25 
0.25 

0.26 
0.24 

0.29 

0.31 
0.44 

0.34 
0.36 

0.26 
0.33 

0.27 
0.27 

A 

0.49 
0.48 

0.47 

0.44 

0.65 
0.59 

0.29 
0.29 

0.51 

0.25 
0.25 

0.26 
0.24 

0.30 

0.27 
0.34 

0.34 
0.38 

0.26 
0.32 

0.31 
0.32 

a) koj: kojate ion. 

is obscured because of overlapping with the very 
strong band at 1600 cm - 1 . The reduction of i ron(III) 
chloride in a methanol solution has been studied 
extensively.16) The production of H 2 , G H 2 0 , GH4 , 
and glycol has been reported. The following steps 
are inferred to be involved in the reaction induced 
by the gamma-ray irradiation of FeCl 3 -2CH 3 OH on 
the assumption that the radiolysis of FeCl 3 -2CH 3 OH 
undergoes a series of reactions similar to those of iron-
(III) chloride in a methanol solution:17) 

CH,OH -> - G H 2 O H + H 

Fe3+ + CH2OH > Fe2+ + HGHO + H+ 

Fe3+ + H > Fe2+ + H+ 

Fe3+ + Gl- -» Fe2+ + Gl. 

The Fe 3 (OCH 3 ) 9 compound was insensitive to radia­
tion, as will be described later. The - C H 2 O H radical 
may be reactive in redox reactions, while G H 3 0 ~ 
may not. 

Figure 2 shows the Mössbauer spectra for irradiated 
FeCl3 • ( 1,4-dioxane) at successive stages of irradiation. 

I ron(II ) ions initially reduced by gamma-ray irra­
diation are oxidized to i ron(III) ions upon further 
irradiation. The total exposure dose of 4 . 5 x l 0 8 R 
causes serious damage to this compound, as may be 
seen in Fig. 2(d). T h e main decomposition products 
of dioxane have been reported to be H G H O (G=9.7), 
H C O O - C H 2 - C H 2 O H ( G = 8 . 5 ) , and H2(G=1.4).18> 

The compound FeGl3 • dma • 2 H 2 0 was also sensitive 
to radiation. T h a t is, iron(II) absorption lines were 
observed in the Mössbauer spectrum of this compound 
after irradiation. The new bands found in the I R 
spectrum can be assigned to the formyl, which is 
known to have absorption in the region from 2800 
to 2900 cm- 1 . 

A-2: This sub-group is composed of iron(III) com­
pounds with a carboxyl group. Glycine(Hgly) is com­
prised of carboxyl and amino groups. The carboxyl 
group is known to be very sensitive to radiation and 
to produce reductive radicals, as has been reported 
by many workers.19«20) The G values (Fe3+-+Fe2+) 
for FeGl 2 -gly(Hgly)-7/2H 20 and [Fe 3 (HG0 2 ) 6 ] [Fe-
(HG0 2 ) 6 ] - 8 H 2 0 were estimated to be about 2 .5± 
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Fig. 3. Mössbauer spectra of (a) non-irradiated and 
(b) 8 .3x l0 8 R irradiated Fe2(HP03)3-9H20. 

0.5 (at a total exposure dose of 6.7 X 108 R) and 3.2± 
0.5 (at a total exposure dose of 9 . 0 x l 0 8 R ) respec­
tively from analyses of the Mössbauer spectra using 
equation : 

Ar(the absorption area of a new peak) 

A (the total absorption area) 
XlOO 

the absorption energy (eV) 

and assuming that the recoilless fractions of the original 
peaks and the new peaks are equal, and that an ex­
posure dose of 1 R gives an absorbed dose of 1 rad 
for these compounds. The initial G values, however, 
will be larger than these values. 

A-3: This sub-group is composed of iron (111) com­
pounds with reducing ligands. The H 2 P 0 2 ~ and 
H P 0 3

2 _ ions are considered to be reducing ions. The 
i ron(III) ions in F e ( H 2 P 0 2 ) 3 and F e 2 ( H P 0 3 ) 3 - 9 H 2 0 
were reduced to iron(II) ions under irradiation. The 
G value of the decomposition for F e ( H 2 P 0 2 ) 3 is re­
ported to be 3.4±0.421> and the main decomposition 
products after it had been dissolved in water were 
confirmed chemically to be phosphate and phosphonate 
ions.22»23) T h a t is, the P(I) ligand is oxidized to 
P(I I I ) and P(V) under irradiation. Figure 3 shows 
the Mössbauer spectra for F e 2 ( H P 0 3 ) 3 - 9 H 2 0 before 
and after irradiation. The oxidation state of phos­
phorus of this compound is trivalent, and may be 
oxidized to P(V) upon irradiation. 

A-4: This sub-group is composed of i ron(III) com­
pounds with a low-spin state. The Mössbauer param­
eters of the new lines for irradiated [Fe(bpy)2(GN)2]-
N 0 3 ( b p y : 2,2'-bipyridyl) were A £ = 0 . 6 2 m m s"1, <5Fe = 
0.23 m m s_1. These values are similar to those of 
nonirradiated Fe(bpy)2(GN)2 (AE=0.62 m m s"1, <5Fe = 
0 . 1 9 m m s _ 1 ) . This similarity of the Mössbauer 
parameters suggests that the iron (I I) ion produced 
under irradiation has the same coordination structure 
as the nonirradiated Fe(bpy)2(GN)2 . The i ron(III) 
ion of [Fe(phen) 3 ] (G10 4 ) 3 -2H 2 0 has been reported 
to be reduced to the Fe(II) ion upon irradiation.4) 
The iron (III) compounds in a low-spin state may 
be supposed to be reduced to iron(II) easily upon 
irradiation, although they contain large conjugated 
ligands. 

Group B. Group B consists of i ron(III ) com­
pounds in which no change of valence was observed 
in the Mössbauer spectra. The Mössbauer param­

eters of these compounds are shown in Table 2. A 
total exposure dose of 1 X 109 R or more was delivered 
to the compounds of this group. 

B-l : This sub-group is made up of i ron(III) com­
pounds with large conjugated ligands. In this group, 
no reduced iron(II) species were observed in the 
Mössbauer spectra after irradiation. I ron( I I I ) kojate 
and FeGl3-(pyrazole)3 show broad Mössbauer spectra 
attr ibutable to a relaxation effect. There was no 
change in the width at the half-maximum in the spec­
tra between before and after irradiation. Although 
a par t of the ligands are initially excited upon irra­
diation, the excitation energy is considered to be 
distributed in a short time through the conjugated 
bonds and delocalized over all of the molecules. 
Therefore, the fragmentation and the excitation of 
the molecules due to irradiation may be minimized. 
Compounds [Fe(bpy)2Gl2][FeGl4] and [Fe (pyridine) 5-
G104](G104)2 were also insensitive to radiation. 

B-2: This sub-group is made up of iron (III) com­
pounds without large conjugated ligands. No influ­
ence of radiation was observed in [Go(pn)3][FeGl4] 
(pn: 1,2-propanediamine) and [Go(NH3)6][FeGl6] , 
although the radiolysis of 1,2-propanediamine and am­
monia would be expected because iron(II) species 
are observed in the spectra of irradiated [Fe(en)3]Gl3. 
This fact shows that the iron ion is well shielded in 
[Go(pn)3][FeGl4] and [Go(NH3)6][FeGl6] by the large 
volume of chloride ions from the electrons and the 
radicals produced upon irradiation. 

Each iron atom in F e P 0 4 - 2 H 2 0 is surrounded by 
four oxygen atoms of the P 0 4

3 ~ ions and two oxygen 
atoms of the water molecules.24) The oxygen atoms 
of the P 0 4

3 ~ ions, however, coordinate tetrahedrally 
to the iron atom as the nearest atoms, and the two 
oxygen atoms of water molecules coordinate to the 
iron atom as the next nearest atoms. I t is concluded 
that the radicals resulting from the radiolysis of water 
molecules were not able to react with the central 
iron (III) atom during the life-time of the radicals 
because the distance between the iron atom and water 
molecules is large, or because the iron atom is shielded 
by the four oxygen atoms of P 0 4

3 ~ ions from the elec­
trons and the radicals as has been described above. 
The influence of the radiolysis of water molecules on 
the redox of the iron atom was not observed for the 
compounds studied in this paper. One of the reasons 
for this is that the G ( - H 2 0 ) value for thej decom­
position of the water is as small as 0*1. The G ( - H 2 0 ) 
value is less than 0.01 for the hydrates, whereas fcr 
ice it is known to be greater than O.l.25) 

Compound Fe 3 (OGH 3 ) 9 was also insensitive to ra­
diation, although the bond-dissociation energy of meth­
anol is 389 k j mol - 1 for H O G H 2 - H , 383 k j mol" 1 for 
H 3 G - O H , and 418 k j mol" 1 for G H 3 0 - H , 2 6 ) and the 
bond-dissociation energies of H O G H 2 - H and H 3 G - O H 
are lower than that of G H 3 0 - H . The following reac­
tion of the hydrated electron is known in the pulse 
radiolysis of a water-methanol solution:17) 

e a q- + GHgOH • GH3O- + H 

eaq" + GH3OH > GH3 + O H - . 

In a solid phase, the bare electron produced by ir-
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Fig. 4. Mössbauer spectrum of 1 0 x l 0 8 R irradiated 
FeCl2-4H20. 

radiation may take the place of the hydrated electron. 
Thus, C H 3 O - would not react with electrons and 
the G(H2) from Fe 3 (OCH 3 ) 9 would be smaller than 
that from FeCl 3 -2CH 3 OH. 

Group C. Generally, high-spin iron(II) com­
pounds, such as ( N H 4 ) 2 F e ( S 0 4 ) 2 - 6 H 2 0 and F e S 0 4 -
7 H 2 0 , are easily oxidized to basic i ron(III) species 
upon irradiation.27) Although the iron(II) ions of 
both compounds are surrounded by six water mole­
cules, the reducing radicals produced from the decom­
position of the water may react with other species, 
such as NH 4+ a n d S0 4

2 ~ , by preference, for the Fe(I I I ) 
ion, the sulfite ion, and hydrogen have been reported 
to exist as products of decomposition.28) 

Group G consists of iron(II) compounds in which 
no chemical change was observed through the 
Mössbauer spectra. T h e compounds of this group 
were subjected to a total exposure dose of 1.0 x l O 9 

R or more. 
C-l: This sub-group contains high-spin iron(II) 

compounds in which no change of valence was ob­
served. T h a t is, F e ( H 2 P 0 2 ) 2 and F e C l 2 - 4 H 2 0 were 
insensitive to radiation up to an exposure dose of 
1 . 0 x l 0 9 R . 

T h e H 2 P 0 2 - anion is a strong reducing ion. 
T h e decomposed fractions of H 2 P 0 2 ~ in 400 M r a d 
delivered F e ( H 2 P 0 2 ) 2 and F e ( H 2 P 0 2 ) 3 were 5 and 
10% respectively.21) T h e compounds with a lower 
valent iron(II) ion and a strong reducing anion, iron 
(II) oxalate, are also radioresistant.1) The remarkably 
high stability upon the irradiation of these compounds 
must involve the process of the recombination of radi­
cals and electrons due to the absence of a redox reaction 
between radicals and central metal ions. 

Figure 4 shows the Mössbauer spectrum of irra­
diated F e C l 2 ' 4 H 2 0 . This compound contains four 
water molecules which are arranged around an iron(II) 
ion.29) I t is easy for the radicals produced from the 
radiolysis of water molecules to react with an iron(II) 
ion because water molecules are coordinated directly 
with the iron(II) ion. Nevertheless, the iron ion o f 
F e C l 2 - 4 H 2 0 was not oxidized to an i ron(III ) ion. 
This suggests that the radicals formed on the radiolysis 
of H 2 0 will be inclined to participate in the recom­
bination reaction, as the chloride ion is not easily 
oxidized or reduced. Kopcewicz et a/.30) reported that 
they observed the F e 3 0 4 , F e ^ O , and F e C l 2 - 2 H 2 0 
species, in proton-irradiated F e C l 2 - 4 H 2 0 . The effects 
observed were interpreted in terms of the " thermal 
spike" model. Friedt et al.31> reported the emission 

spectra of 5 7 C o C l 2 X ( X = 2 H 2 0 and 6 H 2 0 ) to show 
the existence of two kinds of Fe(I I I ) species and two 
kinds of Fe(II) species, due to the self-radiolysis of 
the ligand environment by the low-energy electrons 
and X-rays emitted during the Auger cascade. As 
our experimental method has the limitation that only 
stabilized changes after irradiation can be observed 
the metastable species with a short lifetime can not 
be observed in the Mössbauer spectra. Emission ex­
periments, on the other hand, might sometimes show 
the metastable state. Compound Fe(bpy)2Cl2 , which 
has a high degree of conjugation, showed no chemical 
change due to irradiation. 

C-2: This sub-group is composed of the low-spin 
iron(II) compounds. Compounds [Fe(bpy) 3 ]Cl 2 -4H 20, 
[Fe(bpy) 2 (CN) 2 ] -4H 2 0 , [Fe (phen) 3 ] (N0 2 ) 2 -5H 2 0-
(phen: 1,10-phenanthroline), and [Fe(phen) 2 (N0 2 ) 2 ] • 
1/2H20 were insensitive to radiation, and the oxida­
tion state of i ron(III) was not observed in the 
Mössbauer spectra up to an exposure dose of 1.0 X 
10 9 R. 

The electron configurations of high-spin iron(II) 
and i ron(III) ions in octahedral complexes are t4

2ge2
g 

and t3
2ge2

g respectively. The reduction of the iron-
(III) ion to the iron(II) ion results in the transfer 
of an electron from ligands to a t2g orbital of the Fe 
(I I I ) ion, the rate of which is faster than that to an 
eg orbital in an octahedral complex.32) The situation 
is the same for iron ions in a low-spin state in an octa­
hedral complex, for the electronic configurations of 
the low-spin iron(II) and i ron(III ) ions are t6

2g and 
t5

2g respectively. However, some of the compounds 
were highly radioresistant. T h e high-spin iron(III) 
compounds with large conjugated ligands and low-
spin iron(II) compounds exhibited especially strong 
radioresistant properties. The fact that the orbital 
ground states of high-spin i ron(III ) and low-spin iron 
(II) ions have more stability than high-spin iron(II) 
and low-spin i ron(III ) ions respectively would affect 
the reaction of electrons and radicals formed under 
the action of radiation, thus leading to the observed 
stability of the compounds of both categories upon 
irradiation. 

The width of the Mössbauer spectra of the com­
pounds which were insensitive to radiation became 
broad, and the spectra showed a little distortion. 
This means that considerable damage in the coor­
dination structure has taken place under irradiation, 
although no changes in the valence of the iron ion 
were detected in the Mössbauer spectra. 
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The Spectrophotometric Determination of Ethylene Diamine 
with Phthalaldehyde and 2-Mercaptoethanol 
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A simple spectrophotometric method has been developed for the determination of ethylenediamine in an 
aqueous or ethanolic solution. This method is based on the reaction of ethylenediamine with phthalaldehyde 
and 2-mercaptoethanol, and on the measurement of the absorbance of the yellow-developed solution at 430 nm. 
Beer's law holds for 0.5—10 jxg of ethylenediamine per 1 ml. Secondary and tertiary amines do not interfere 
with theestimation. Two of the primary amines, diethylenetriamine and methylene te tramine, interfere with 
the estimation when present in quantities of more than lOjxgperml of the sample solutions. 1,3-Propanedi-
amine interferes seriously. The colored compound was found to be composed of ethylenediamine, phthal­
aldehyde, and 2-mercaptoethanol in a molar ratio of 1:2:1. 

Several spectrophotometric methods for the deter­
mination of ethylenediamine have already been re­
ported.1 - 4) These methods, however, have low sen­
sitivities. Roth5) developed a highly sensitive fluoro-
photometric method for amino acids, in which the 
amino acids were combined with phthalaldehyde and 
2-mercaptoethanol in an alkaline medium to grow 
fluorescent materials. Roth6) and Svedas et al?) im­
proved this method so that these products could be 
detected by a method of spectrophotometric estima­
tion. Simons and Johnson8) made it clear that this 
fluorogenic compound was 1 -alkylthio-2-alkyl-substi-
tuted isoindole by a reaction of propylamine with 
phthalaldehyde and 2-mercaptoethanol . Moreover, 
they found that phthalaldehyde reacts only primary 
amines and not with secondary amines. 

The objective of this paper is to examine the effects 
of various factors on the coloration and to present a 
spectrophotometric method for ethylenediamine in an 
aqueous or ethanolic solution. 

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

Apparatus. A Hitachi 101 spectrophotometer was used 
for the measurement of the absorbance, while a Hitachi 
EPS-3 spectrophotometer was used to estimate the absorption 
spectra with 10-mm glass cells. For the adjustment of 
the pH of the buffer solutions, a Toa Denpa HM-5A pH 
meter was used. 

Reagents. Phthalaldehyde of a biochemical grade and 
ethylenediamine with a 99.5% purity were obtained from 
Wako Pure Chemical Industries, Ltd. 2-Mercaptoethanol 
was also obtained with a purity of 98%. The other re­
agents, except for the secondary and tertiary amines, were 
of a guaranteed grade. 

Buffered Reagent for Coloration. A 0.1 Mt solution of 
sodium tetraborate was adjusted to pH 9.5 with a concen­
trated NaOH solution. Into 100 ml of this borate buffer 
solution, 1 ml of an ethanol solution containing 20 mg of 
phthalaldehyde and 1 ml of an ethanolic solution of 70 
mg of 2-mercaptoethanol were then mixed. This reagent 
was stable for at least two days at room temperature. 

Procedure A for the Measurement of Ethylenediamine in an Aqueous 
Solution. 1.0 ml of an aqueous sample solution con­
taining 0.5—10 [Lg of ethylenediamine was mixed with 1 
ml of ethanol and 3 ml of the buffered reagent, after which 
the mixture was allowed to stand for 30 min at 26+0.5 °G 
in a thermostat. Then the absorbance of the solution was 

t 1 M = 1 mol dm - 3 . 

measured at 430 nm against the reagent blank. 
Procedure B for the Measurement of Ethylenediamine in an Etha­

nolic Solution. The procedure was the same as in Pro­
cedure A, except that 1 ml of pure water was used in place 
of 1 ml of ethanol. 

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

Influence of the pH of the Buffered Reagent. One-
mi portions of an aqueous solution containing 4.68 
[xg of ethylenediamine were mixed with 1 ml of distilled 
water and 3 ml of a buffered reagent, the p H of which 
was varied in the range of 5—11, the absorption spec­
t rum was then examined. As is shown in Fig. 1, 
the absorption maximum in every spectrum shifted 
toward lower wavelength, as the p H of the solution 
became higher, converging on 430 nm in the p H 
range of 9—11. The intensity of the absorbance also 
varied with the change in the p H . I t seemed to 
become highest in the 9—10 p H range. Figure 2 

T 1 1 « r 

420 440 460 480 500 

Wavelength/nm 

Fig. 1. The absorption curves at the various values 
of pH. 
A: pH 5, B: pH 6, G: pH 7, D: pH 8, E: pH 9, F: 
pH 10, G: pH 11. KH 2P0 4 -Na 2HP0 4 buffer 
solutions were used in pH 5—8, HGl-Na2B407 in 
pH9, and NaOH-Na2B407 in pH 10 and 11. 
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PH 

Fig. 2. Effect of pH on the absorbance at 430 nm 
between pH 9.0 and 10.0. 1 ml of an aqueous solu­
tion of ethylenediamine (4.68 jxg/ml) was used. 
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Fig. 3. Influence of temperature and time-dependance 
of the coloration. 

: Concentration of ethylenediamine 1.56jxg/ml, 
..-: 3.12jxg/ml, O: 20 °G, • : 23 °G, A: 26 °G, 
# : 30 °G. 

shows that the absorbance measured at 430 nm at­
tained its maximum value at the p H values of 9.4 
and 9.6. Thus, the borate solution of p H 9.5 was 
used as a buffer in the color reaction throughout this 
work, and the absorbance was measured at 430 nm. 

Influence of Time Delay and Reaction Temperature. 
After 2-ml portions of the ethylenediamine solution 
(1.56 and 3.12 fxg/ml) had been mixed with 3 ml of 
the buffered reagent, they were held in a thermostat 
at various temperatures between 20—30 °G, while the 
absorbances of the solution were measured at regular 
time intervals. The results are shown in Fig. 3. The 
absorbances of every solution attained constancy with­
in 30 min, and thereafter remained unchanged for 
150 min regardless of the reaction temperatures. How­
ever, the intensities of the absorption were slightly 
affected by the reaction temperature and showed their 
maximum at 26 °G. 

Influence of Addition of Ethanol and Other Organic Sol-

1 

0 2 i* 6 8 10 

Amount of ethylenediamine/jxg 

Fig. 4. Calibration curves in the presence and ab­
sence of ethanol. 
"-A": Procedure A, —O—: in the absence of 
ethanol. 

TABLE 1. EFFECT OF COEXISTING COMPOUNDS AND IONS 

ON THE ABSORBANCE 

Compound Amount 
taken/jxg 

Relative valuea> 
of the absorbance 

Propylamine 

Dimethylamine 
Triethylamine 

1,3-Propanediamine 

Aniline 

N-Me thy laniline 

Dienc> 

Trienc> 

HMTAC> 

Pyridine 
Pyrazine 
Piperazine 
Acetonitrile 
Urea 
Thiourea 
Pb2+ (from Pb(NOs)2) 
T- (from KI) 
NH+4 (from NH4C1) 

( 100 

500 
1000 

( 80 

f 500 
{ 50 

500 
( 100 
{ io 
( 100 

I io 
j 600 
( 60 

100 
500 
600 

5000 
500 
500 
100 

1000 
10 

0.92 
1.01 
1.01 
1.00 
pptb> 
1.40 
ppt 
0.95 
1.00 
ppt 
1.02 
ppt 
1.02 
0.86 
0.99 
1.00 
1.00 
1.01 
1.01 
1.01 
1.00 
1.02 
1.02 
1.03 

a) This value is the ratio of the absorbance with and 
without the compound listed in the left colum. A 1-
ml portion of the ethylenediamine solution (4.68 [xg/ml) 
was chosen, b) ppt means that the precipitate formed 
when the buffered reagent was added, c) dien, trien, 
and HMTA represent diethylenetriamine, triethylene-
tetramine, and hexamethylenetetramine respectively. 

vents. When 1 ml of distilled water was added 
instead of 1 ml of ethanol in Procedure A, Beer's law 
was adopted for the relation of the absorbance vs. 
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the ethylenediamine concentration only in the range 
of 0.5—5.0 fxg of ethylenediamine contents, the ab­
sorbance showed a negative deviation from Beer's 
law at larger concentrations of ethylenediamine as is 
shown in Fig. 4. In order to improve the linearity 
in the relation of the absorbance vs. the ethylenedi­
amine content, the addition of organic solvents mis­
cible with water was tested. T h e addition of acetone 
remarkably reduced the coloration. Methanol and 
ethanol increased the absorbance, with no fluctua­
tion in the absorption maximum in wavelength. With 
the addition of 1 ml of ethanol, the linearity was ex­
tended up to an ethylenediamine content of 10 u.g, 
as is shown in Fig. 4. 

Influence of Active Compounds and Ions. T h e in­
fluence of the addition of several compounds and ions 
which may interfere with the coloration in the present 
method was also examined. A 1-ml portion of an 
aqueous solution of each compound listed in Table 1 
was mixed with 1 ml of an aqueous solution of 
ethylenediamine and 3 ml of the buffered reagent, 
and the absorbance was estimated at 430 nm. The 
results of the examination are shown in Table 1. Di-
methylamine and trimethylamine did not interfere, and 
propylamine reduced the absorbance only slightly. 
This corresponds to the conclusion suggested by 
Simons et al. that phthalaldehyde reacts only with 
primary amines and not with secondary and tertiary 
amines. Among the tested compounds, only 1,3-
propanediamine interferes significantly. 

The Composition of the Product. Simons et al. 
offered the following equation for the reaction of 
primary amines with phthalaldehyde and 2-mercapto­
ethanol : 

.•^I-CHO 

k > G H O 

SCFLCFLOH 

-> I I NR vv + 2H 2 0, 

where R is an alkyl group. When ethylenediamine re­
acts on phthalaldehyde with 2-mercaptoethanol, the prod­
uct may be supposed to have the structure shown as (I). 

ry 
SGH2GH2OH 

1 ^ N-GH2GH2-N 

SGH2GH2OH 

A/V 
"" I I w (I) 

In order to elucidate the structure of the product, 
0.06 g of ethylenediamine (1 mmol) was added to 50 
ml of a borate buffer solution (pH 9.5) containing 
0.27 g of phthalaldehyde (2 mmol) and 0.16 g of 2-
mercaptoethanol (2 mmol) . A yellow precipitate form­
ed very soon, it had turned brown within one or two 
hours after it was separated from the solution. There­
fore, the composition of the product only was deter­
mined as follows : to 1 -ml portions of ethylenediamine 
solutions (3.12, 6.24, and 9.36 fi.g/ml), various 
amounts of a 2-mercaptoethanol aqueous solution (10.9 
fxg/ml) were added, and then the containers were 
filled up to 3 ml with pure water. Then 2 ml of a 

0.6 

0.5 

0,i| 

0,3 

0.2 

0.1 

V 1 

/ ^~~<r o—° ° \ 

/ 1 

Fi 1 

_ i - —i . i — 1 

Volume of 2-mercaptoethanol solution/ml 

Fig. 5. Relationships between the absorbance and 
the added amounts of 2-mercaptoethanol solution 
(10.9 (xg/ml) in the presence of excess phthalaldehyde. 
The solid curves are of the experimental estimation 
and the dotted lines are the prolongations of the 
tangential lines. • : Ethylenediamine 3.12 (ig/ml, O: 
6.24fjig/ml, • : 9.36 jig/ml. 

0.3 

0.2 

0.1 

n 

^*-

o 

1 

\ 

— o — 4 

\ 

Volume of phthalaldehyde solution/ml 

Fig. 6. Relationships between the absorbance and the 
added volume of an aqueous solution of phthalaldehyde 
(20.0 ng/ml) in the presence of excess of 2-mercapto­
ethanol. 
Borate buffer solution (pH 9.5) was used containing 
2-mercaptoethanol (0.7 mg/ml). • : Ethylenediamine 
1.56(xg/ml, O: ethylenediamine 3.12 (ig/ml, # : 
ethylenediamine 6.24 [Jig/ml. 

borate-buffer solution (pH 9.5) containing phthalal­
dehyde (0.2 mg/ml) was added, and the absorbance 
at 430 nm was estimated after 30 min. The rela­
tionships are shown in Fig. 5 between the absorbances 
and the amounts of 2-mercaptoethanol added. A 
similar relation is given in Fig. 6, where ethylenedi-
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amine reacts with phthalaldehyde in the presence of 
an excess amount of 2-mercaptoethanol. The absor-
bances were nearly equal, regardless of the amount of 
ethylenediamine present, and increased proportional­
ly to a certain point as the amount of 2-mercapto­
ethanol increased when there was a large excess of 
phthalaldehyde. O n the other hand, in the presence 
of a large excess of 2-mercaptoethanol, the absorbances 
increased only a little as the content of phthalaldehyde 
increased. They began to increase proportionally to 
the amount of phthalaldehyde after the molar ratio 
of phthalaldehyde/ethylenediamine became nearly 1:1. 
This can be explained by assuming that phthalal­
dehyde reacts with ethylenediamine to give an inter­
mediate product consisting of 1: 1 (=ph tha la ldehyde : 
ethylenediamine), which does not have the absorption 
near 430 nm. T h e intermediate then reacts with one 
more mole of ethylenediamine to give a final product 
having its absorption peak at 430 nm. Two tangential 
lines are drawn per curve in Figs. 5 and 6, one in the 
range where the absorbances increase linearly with 
the amount of 2-mercaptoethanol or phthalaldehyde 
added, and the other in the plateau range where the 
absorbances become almost constant. These lines were 
then extended, and the point of intersection was found. 
These points were 0.35, 0.68, and 1.43 ml of the phthal­
aldehyde solution when the concentrations of ethyl­
enediamine were 1.56, 3.12, and 6.24 (xg/ml respec­
tively. The molar ratios of phthalaldehyde/ethylene­
diamine were calculated to be 2.01, 1.96, and 2.06 
respectively. In Fig. 5 the points of intersection are 
0.43, 0.74, and 1.04 ml of a 2-mercaptoethanol solu­
tion when the concentrations of ethylenediamine are 
3.12, 6.24, and 9.36 fig/ml, and 1.16, 0.99, and 0.93 
respectively, in terms of the molar ratio of 2-mer-
captoethanol/ethylenediamine. T h e composition of the 
product was found to be 1:2:1 (ethylenediamine : 

phthalaldehyde : 2-mercaptoethanol). 
Precision. The precision of Procedure A was 

checked with a sample containing a known amount 
of ethylenediamine. Based on six determinations, the 
relative standard deviations were 1.2% at the level 
of 1.56 [xg and 1.0% at 9.36 fxg. 

This method is less sensitive than the fluorophoto-
metric one reported by Benson and Hare10) who deter­
mined primary amines in the range of picomole. 
This method is very simple and convenient for use 
assaying ethylenediamine in an aqueous or ethanolic 
solution, even in the presence of secondary and ter­
tiary amines. 
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Bis(cyclohexyl isocyanide)palladium(II) Halides 
and Their Benzene Complexes 
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Bis (cyclohexyl isocyanide)palladium (II) chloride, PdCl2(C6HnNC)2 (1) was prepared from PdCl2. The 
configuration of the complex 1 is eis with respect to the isocyanides. The isocyano group in one cyclohexyl 
isocyanide takes axial conformation to chair form cyclohexyl group, while another takes equatorial conforma­
tion. By recrystallization of 1 from benzene bis (cyclohexyl isocyanide)palladium(II) chloride-benzene, 
PdCl2(C6HnNC)2(C6H6)2 (2) was prepared. IR spectrum of 2 shows a characteristic absorption at 700 cm"1 

which is due to the benzene incorporated in the complex. Similar benzene complex was also prepared from 
PdBr2. 

Many benzenoid complexes are known with various 
transition metals, but a few with palladium.*) Syn­
thesis of a unique benzene-pal ladium(II) complex with 
the formula of [PdAl2Gl7(G6H6)]2 was reported and 
its X-ray structural analysis showed that the P d - P d 
system is sandwitched between two benzene rings with 
each palladium essentially associated with three car­
bon atoms of each benzene.2) Formation of an un­
stable benzene-palladium (I) complex was also re­
ported.3) In the preceeding paper we reported an 
insertion reaction of cyclohexyl isocyanide to rc-al-
lylpalladium chloride.4) Palladium halides have been 
reported to react readily with aryl isocyanides yielding 
stable complexes, PdX2(RNG)2 .5) These complexes 
had been treated with benzene, but benzene complex 
was not reported to be formed. W e obtained bis-
(cyclohexyl isocyanide)palladium(II) chloride, PdCl2-
(G6H11NG)2(1) by the use of cyclohexyl isocyanide 
in place of aryl isocyanide and found that the com­
plex 1 has a unique structure and gives a new benzene 
complex, bis (cyclohexyl isocyanide) palladium (II) chlo­
ride-benzene, PdGl 2 (G 6H nNG) 2 (G 6H 6 ) (2) by recrys­
tallization from benzene. Similar benzene complex 
was also prepared from palladium bromide. Details 
of the reaction and I R spectroscopic analyses of the 
complexes are presented in this paper. 

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

The complex 1 was obtained as white precipitates 
by the reaction of two molar equivalents of cyclohexyl 
isocyanide with pal ladium(II) chloride in benzene, 
successive concentration and dilution with ethyl ether. 
Recrystallization of 1 from hot benzene gave a yellow 
complex 2, the analysis of which suggested the mo-

PdCl2 + 2C6HUNC > 

Clx /CN-CeHn C6H6 

Pd ^ZZl PdCl2(C6HnNC)2(C6H6) 
CK \ C N - C 6 H U Et2o 

1 

lecular formula, PdGl 2 (G 6 H n NG) 2 (G 6 H 6 ) . O n the 
other hand, recrystallization of 1 from /^-xylene or 
toluene gave no complex containing xylene or toluene 

**Present address: Toray Research Center Inc., 
Sonoyama, Ohtsu 520. 

***Present address: Department of Chemical Engineering, 
Tokyo Institute of Technology, Meguro-ku, Tokyo 152. 

4000 

1 ; PäCljjCCßHuNOz 

2:PdCl2(C6HllNC)2(C6H6) 

1000 650 2000 1500 

Wave number/cm -1 

Fig. 1. IR spectra of PdCl2(C6HnNC)2 and PdCl2-
(C6HnNC)2(C6H6). 

and the complex 1 was recovered. I R spectra of 1 
and 2 are shown in Fig. 1. 

By heating at 95 °G for 15 min, 2 was transformed 
into 1, but 2 is fairly stable in air at room temperature 
and decomposes slowly with liberation of benzene. 
The complex 2 was also transformed into 1 by treating 
with ethyl ether. This result was ascertained by I R 
spectrum and elemental analysis of the complex ob­
tained. T h e presence of benzene in the ether after 
contacting with 2 was confirmed by U V spectrum. 

The I R spectrum of 2 shows several characteristic 
absorptions at 700, 1480, 1840, 1985, 3030, and 3075 
c m - 1 which are thought to be originated from the 
benzene incorporated in the complex. Especially the 
strong absorption at 700 c m - 1 is worth noticing. It 
is well-known that the absorption of out of plane 
deformation band of benzene proton (*>n) is observed 
at 672 c m - 1 in vapor or liquid state, and at 687 c m - 1 

in solid state with free benzene as a stronger and broad­
er absorption.6) Shifting of the absorption to higher 
wave length suggests some probable interaction of 
benzene with palladium in the complex. 

Grystallographic analyses of these complexes have 
been carried out and the crystal data are shown in 
Table 1. It is noteworthy that the extent of sym­
metry of 2 is higher than that of 1. This result also 
suggests an interaction of benzene with palladium in 
complex 2. We could not succeed in obtaining pre­
cise X-ray structural analysis of 2 because of its de-
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TABLE 1. CRYSTAL DATA OF PdCl2(C6HnNC)2 AND PdCl2(C6H11NC)2(C6H6) 

PdCl2(C6HuNC)2 PdCl2(C6H11NC)2(C6H6) 

Molecular weight 
Crystal system 
Cell parameters 
Unit cell volume 
Dencity obsd(calcd) 
Z 
Space group 

395.7 
Monoclinic 
a; 12.299 A, b; 9.604Â, c; 17.383 A, ß; 127.59° 
1627-0 A3 

1.605(1.615) 
4 
qh-P21/c(No. 14) 

471.4 
Tetragonal 
a; 17.95 A, c; 14.12 A 
4549.5 A3 

1.3—1.5(1.376) 
8 
Dfh-P42/nnm(No. 134) 

Fig. 2. Stereographic schematic drawing of PdGl2(G6H11NG)2. 

3 ; PdBrgCCßHuNC^ 

W, PdBr^CgH^O^CgHg) 

5 ; 3 s isomer 
J I i I 1 1 

1500 1000 650 

Wave number/cm -1 

Fig. 3. IR spectra of PdBr2(C6HnNC)2, its isomer 
and PdBr2(C6HnNC)2(C6H6). 

composition during the diffraction analysis. I t is sus­
pected that 2 is five-co-ordinate with a rc-bond of 
benzene, two chlorines and two isocyanides. X-ray 
structural analysis showed that the complex 1 has 
the structure shown in Fig. 2. Details of the analysis 
will be given in a forthcoming paper, but it should 
be noticed that the configuration of 1 is eis with re­
spect to the isocyanides. Furthermore it is quite in­
teresting that one isocyano group takes equatorial 
conformation and another isocyano group takes axial 
conformation to chair form cyclohexyl group. 

The reaction of pal ladium(II) bromide with cyclo­
hexyl isocyanide gave bis (cyclohexyl isocyanide) pal­
l a d i u m ^ ) bromide, PdBr 2 (G 6 H n NG) 2 (3) . By re-
crystallization of 3 from hot benzene, another benzene 
complex, bis (cyclohexyl isocyanide) palladium (II) bro­
mide-benzene, PdBr2(G6H1 1NG)2(G6H6)(4) was ob­

tained. Two kinds of complexes having the same mo­
lecular formula; PdBr2(G6H1 1NG)2 and different I R 
absorptions were obtained from the complex 4. By 
washing with ethyl ether, 4 was transformed into 3, 
but by heating at 100 °G for 1 h, 4 was transformed 
into another complex 5. Recrystallization of 3 from 
hot /^-xylene gave the complex 5 too. The complexes 
3 and 5 are thought to be stereoisomers, but it is not 
clear why the two distinct I R absorptions at 860 and 
1180 c m - 1 observed with 3 are not in the spectrum 
of 5 as shown in Fig. 3. 

PdBr2 + 2C6HnNC 
/»-Xylene 

> PdBr2(GöH11NG)2 -> PdBr2(G,H11NG)2 

C„H6 E t , 0 

100 °G 
PdBr8(G6H11NG)a(G6H6) 

As a related reaction, it was reported that RuGl2-
(C 6 H n NG) 2 (G 6 H 6 ) was formed by the reaction of 
[RuGl2(G6H6)]2 with cyclohexyl isocyanide, while only 
RuGl 2(G 6H 5NG) 4 was formed with phenyl isocyanide.7) 
Formation of benzene complex from PdGl2(G6H5NG)2 

is not known as described in the introduction. O n 
the other hand, the benzene complexes were obtained 
from the cyclohexyl isocyanide complexes. Accord­
ing to these facts cyclohexyl isocyanide rather than 
phenyl isocyanide is essential as the ligand in order 
to obtain benzene complexes from palladium halides 
and ruthenium halides. 

Exper imenta l 

Preparation of PdCl2(C6HuNC)2 (1). To a benzene 
solution (100 cm3) containing palladium chloride (4.5 mmol, 
0.80 g) was added cyclohexyl isocyanide (9 mmol, 1.1cm3) 
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with continuous stirring by a magnetic stirrer and the mixture 
was heated at temperatures between 70 °C and 80 °G to 
give a yellow solution. After filtration the hot solution 
to remove the remaining pal ladium chloride (0.08 g) , the 
filtrate was concentrated under reduced pressure and ethyl 
ether (100 cm3) was added to give white precipitates (1.43 
g ) ; m p 123 °G. 

Found : G, 42.52; H , 5.58; N, 7.14; Gl, 18.17; ash, 27 .2%. 
Galcd for G1 4H2 2N2Gl2Pd: C, 42 .51; H , 5.58; N , 7.09; Gl, 
17.93; ash, 26 .90%. 

Preparation of PdCl2(C^HnNC)2(CfiHJ (2). PdCl2-
( C 6 H n N C ) 2 (0.5 g) was recrystallized from hot benzene 
(20 cm3) to give yellow crystals (0.52 g ) ; m p 127—128 °G. 

Found : G, 50.67; H , 5.98; N, 6.04; CI, 15.28; ash, 22 .6%. 
Calcd for G2 0H2 8N2Gl2Pd: G, 50.70; H , 5.97; N , 5 .91; Gl, 
14.97; ash, 22 .47%. 

Preparation of PdBr^C^H^NC)^ (3), T o a benzene 
solution (125 cm3) containing pal ladium bromide (5 mmol, 
1.33 g) was added cyclohexyl isocyanide (10 mmol, 1.2 cm3) 
with stirring and the mixture was heated at temperatures 
between 70 °G and 80 °G to give a yellow solution. After 
filtration of the hot solution to remove the remaining pal­
ladium bromide, the filtrate was concentrated under reduced 
pressure and ethyl ether (150 cm3) was added to give pale 
yellow crystals (1.81 g ) ; m p 152 °G. 

Found : G, 34.71; H , 4.58; N, 5.86; ash, 2 2 . 1 % . Calcd 
for G1 4H2 2N2Br2Pd: C, 34.70; H , 4.58; N , 5.78; ash, 21.96%. 

Preparation of PdBri(C^HllNC)2(C%H%) (4). T h e com­
plex 3 was recrystallized from hot benzene to give yellow 
crystals; m p 155—160 °C. 

Found : G, 42.44; H , 5.02; N , 5.10; Br, 28.52; ash, 19.2%. 
Galcd for G20H28N2Br2Pd : G, 42.70; H, 5 .01; N, 4.98; Br, 
28.42; ash, 18.90%. 

Preparation of PdBr2(C6H11NC)2 (5). T h e complex 
4 was treated with ethyl ether and dried under reduced 
pressure to give pale yellow powder; m p 152 °C. 

Found : G, 34.80; H , 4.59; N , 5.86; ash, 2 2 . 1 % . Calcd 
for C1 4H2 2N2Br2Pd: G, 34.70; H , 4.58; N , 5.78; ash, 21.96%. 

Apparatus. I R spectra were obtained on a Perkin-
Elmer 125 spectrometer and Hitachi EPI-S spectrometer 
in KBr disks, U V spectra on a Var ian Cary 14 spectrometer. 
X-ray spectra were obtained on a Rigakudenki AFC-6A 
diffractometer. 
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A highly sensitive and selective method has been developed for the determination of a trace amount of phos­
phate. It is based on the concentration of phosphate as the familiar molybdenum blue complex on the coagu­
lated material prepared from finely divided anion and cation exchangers, collection of the mixed resin on a filter 
paper, and the subsequent measurement of the absorbance of the complex on the resulting thin layer of resin 
phase. The calibration curve shows a good proportionality in the concentration range of 1 to 6 jxg P l -1. The 
absorbance corresponding to 1 [xg P 1_1 is 0.095. The method is successfully applied to the determination of 
phosphate in a tap water and a river water. 

Ion-exchanger colorimetry1 '2) was developed by 
Yoshimura et al. A colored metal complex is col­
lected by batch method on the ion-exchanger, the 
size of which is ranging from 200 to 400 mesh. A 
part of the resin is then transferred into a cell of 0.1 
cm in thickness, and the complex on the resin phase 
is determined colorimetrically. Trace amounts of 
chromiun(VI)3) and zinc4) were determined. T h e 
method was also applied to the determination of phos­
phate.5) Phosphate was concentrated on the molyb-
date-loaded ion-exchanger and determined as the mo­
lybdenum blue complex. 

An improved ion-exchanger colorimetry6) was re­
ported for the determination of chromium (VI) . T h e 
method utilizes a mixture of finely divided anion and 
cation exchangers. Finely divided cation exchanger 
collects chromium(VI)-diphenylcarbazide complex 
rapidly by batch method in combination with anion 
exchanger to form bulky material. T h e coagulated 
resin is then separated by filtration and the resulting 
thin layer of the colored resin on a filter paper is di­
rectly subjected to spectrophotometric measurement. 

In the present paper, an improved ion-exchanger 
colorimetry is reported for the determination of phos­
phate. The molybdenum blue complex is insistently 
fixed to the coagulated ion-exchangers. A highly sen­
sitive and selective method is developed. 

Exper imenta l 

Reagents. All reagents used were of analytical re­
agent grade. Freshly dried potassium dihydrogenphosphate 
was dissolved into deionized water to give a solution of 50 
mg P I - 1 (1 1= 1 dm3). A solution containing 0.05 [Jig P ml - 1 

(1 m l = l cm3) was prepared fresh daily by dilution of the 
stock solution. Twenty grams of hexaammonium hepta-
molybdate tetrahydrate were dissolved and diluted to 500 
ml with water. Ascorbic acid solution of 0.1 mol dm - 3 

was made fresh dialy. Potassium antimony tartrate was 
dissolved into water to give a solution of 1 mg Sb ml - 1 . 

Mixed Reagent A: A 100-ml portion of 2.5 mol dm - 3 sul­
furic acid was mixed with 30 ml of the ammonium molyb-
data solution. 

Mixed Reagent B: A 60-ml portion of 0.1 mol dm - 3 

ascorbic acid was mixed with 10 ml of the potassium 
antimony tartrate solution. 

Dipping Solution: A 5-ml portion of 2.5 mol dm - 3 sul­
furic acid, 6 ml of 0.1 mol dm - 3 ascorbic acid and 1 ml of 
potassium antimony tartrate solutions were mixed and di­
luted to 50 ml with water. 

Mixed reagents and the dipping solution were prepared 
fresh daily and stored in a thermostat kept at 25 ± 1 °G. 

Ion-exchange Resins. Macroreticular type Amberlyst 15 
and A-27 (both Rohm and Haas Go.) in RS0 3 H and RN-
(GH3)3G1 forms, respectively, were used. Suspension of the 
respective resins was prepared according to the method 
reported.7) The stock suspension was stored as required 
in the thermostat kept at 25 ± 1 °G. The solution was well 
shaken before being pipetted out. The mutual coagula­
tion of the finely divided anion and cation exchangers was 
examined as follows. The varying amounts of the anionic 
resin suspension (ARS) up to 20 ml were separately taken 
into a 50-ml beaker and diluted to 30 ml with water. A 
10-ml portion of 0.25 mol dm - 3 potassium chloride solu­
tion was added to keep the constant ionic strength. A 
2.0-ml aliquot of the cationic resin suspension (GRS) was 
then added and the final volume of the solution was ad­
justed to 50 ml with water. The mixture was stirred mag­
netically for 10 min and filtered. The absorbance of fil­
trate was determined at 500 nm against water. 

Apparatus. A Shimadzu UV-140-01 spectrophotom­
eter was used. Filter papers (Toyo Roshi No. 5 A) were 
cut in 3 cm X 6 cm wide strips. A Toyo KG 25 filter holder 
(Toyo Roshi Go.) was used. 

General Procedure. A 50-ml aliquot of the solution 
containing less than 0.3 [xg phosphorus as phosphate was 
placed in a 100-ml beaker set in a water bath kept at 25 ± 
1 °G. A 6.0-ml portion of the mixed reagent A, 3.0-ml 
of the mixed reagent B, 6.0 ml of ARS and finally 2.0 ml 
of GRS were added to the sample solution. The mixture 
was stirred by means of a magnetic stirrer for 10 min. The 
resulting coagulated material was collected on one end of 
the filter strip placed on a holder. A disk of colored resin 
of the 17-mm diameter and about 0.3 mm in thickness was 
formed. The filter strip was dipped in the dipping solu­
tion for 20 min. It was then fixed on a glass plate fitted 
to the cell holder. The absorbance of the resin phase was 
measured at 700 nm against the other end of filter paper. 

Another disk of resin was prepared without addition of 
phosphate. The absorbance corresponding to the reagent 
blank including the resins was also measured. The net 
absorbance of the complex on the resin was obtained by 
the difference. 
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Fig. 1. Coagulation of the suspensions of finely divided 
cation and anion exchangers (GRS and ARS). A 2-
ml portion of GRS was mixed with ARS in 50 ml 
of 0.05 mol dm - 3 potassium chloride solution. 
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Fig. 2. Effects of shaking time on the fixation of the 
molybdenum blue compound on the mixed resin from 
the 50-ml solution containing 0.25 [ig P (1), and 
without addition of P (2). Curve 3 indicates the 
net absorbance at 700 nm. 

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

Ion-exchanger. In the previous works6-8) 
Amberlyst 15 and A-26 were used. In this work A-27 
was used in place of A-26. The ion-exchange ca­
pacities of A-26 and A-279) have been reported as 
4.4 and 2.6 meq g - 1 , respectively. The pore radius 
range of A-26 is 14—22 nm and that of A-27 is 2 1 — 
120 nm. Amberlyst A-27 is well suited for fixing the 
bulky anions. 

Suspension. The suspension of Amberlyst 15 is 
slightly brown while that of A-27 is white. The ion-
exchange capacities of ARS and GRS were deter­
mined by conductometric titration with the standard 
silver nitrate and sodium hydroxide solutions, respec­
tively. The exchange capacities were 2 . 5 4 x l 0 ~ 3 m e q 
ml" 1 for ARS and 5.21 X 10~3 meq ml" 1 for GRS. 
The anion exchanger is 4—16 ml of ARS was almost 
completely coagulated with the cation exchanger in 
2 ml of GRS (Fig. 1). The resulting mixed resin 
was easily separated by filtration from the solution. 
The combination of 2.0 ml of GRS and 6.0 ml of 
ARS was used throughout the following experiments. 

Effect of Temperature. The preliminary experi­
ments revealed that the development of coloration 

o 

< 

600 980 700 800 900 

Wavel ength / nm 

Fig. 3. Absorption curves of the molybdenum blue 
compound; (1) on the thin layer of mixed resin pre­
pared from 50 ml of solution containing 0.3 [ig P as 
phosphate, and (2) in aqueous solution containing 
1 [Lg P ml - 1 (1-cm cell). 

was seriously affected by the temperature of reaction 
solution. Hence, all experiments were carried out at 
a constant temperature of 25 °G. 

Shaking Time. During the course of shaking, 
the anionic molybdenum blue complex is fixed on 
the anion exchanger, which combines with cation ex­
changer to form the coagulated material. The effect 
of shaking time was examined (Fig. 2). The ab­
sorbance of sample disk was almost constant in the 
shaking period of 5—10 min. With a prolonged shak­
ing, the absorbance increased gradually. O n the other 
hand, the blank value increased slowly with increasing 
shaking time. The net absorbance showed a constant 
value between 10 to 15 min. 

Standing Time. The coagulated resin was filter­
ed with a gentle suction. The resulting thin layer 
was stored wet in the dipping solution, the composi­
tion being determined after many trials. Almost a 
constant coloration was kept for 10—60 min. 

Absorption Curve. The absorption curve of the 
molybdenum blue in the resin phase was different 
from that of in the solution (Fig. 3). The maximum 
at 890 nm in the solution10) disappered when the com­
plex was fixed on the ion-exchange resin. The com­
plex on the resin has an absorption maximum at 700 
nm.5) 

Calibration Curve. A calibration curve showed 
a proportionality in the concentration range of 1 to 
6 ppb ((xg l - 1) P as phosphate. The mean absorbance 
of blank value with the standard deviation was 0.535± 
0.024 (w=7). The net absorbance for 6 ppb P were 
0.550±0.038 (w=8). The variation would be reduced 
if a temperature could be much more exactly con­
trolled. 

Effects of Forein Ions. The effects of arsenate 
and silicate were examined. The duplicate deter­
minations of 0.2 [ig P were carried out in the presence 
of one of them. The equal amount of As as arsenate 
gave a relative error of + 8 . 1 % and a 5000-fold amount 
of SiO a as silicate showed the deviation of + 3 . 9 % . 

Analysis. The method was applied to the de­
termination of phosphate in a tap water and a river 
water (Table 1). The standard addition method to­
gether with the original calibration method was ap­
plied to the analysis of a tap water. Both plots show-
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TABLE 1. RESULTS OF ANALYSIS OF A TAP WATER 

FOR PHOSPHATE 

Date 
1980 

Sample volume 
(ml) 

P found 
(WÏ) 

P in tap water 
Üxgl-1) 

05/11 

10/11 

11/11 

14/11 

5.0 
5.0 
5.0 
5.0 
5.0 

10.0 
10.0 
10.0 
10.0 

0.088 
0.199a> 
0.294b> 
0.099 
0.102 
0.201 
0.203 
0.156 
0.165 

17.6 
19.8 
18.8 
19.8 
20.4 
20.1 
20.3 
15.6 
16.5 

a) 0.100-fxgP was added, b) 0.200-jxgP was added. 

ed good linearity with the same slope (Fig. 4) . This 
result indicated that the recovery of phosphate as 
the molybdenum blue complex was quantitative from 
the sample solution to the mixed resin, although there 
were many competing ions for the ion-exchange sites. 
The variation of the phosphate content in the tap 
water supplied to our laboratory was examined. The 
water sample was taken freshly each day. As shown 
in Table 1, no significant variation was found in the 
period studied. 

A river water was filtered through a filter paper 
(Toyo Roshi No. 5G) as soon as possible. The con­
centration was found to be 12 ppb P as phosphate. 
The value increased to 50 ppb P when the filtrate 
was treated with sulfuric and nitric acids to decom­
pose the organic substances according to J I S method.11) 
The considerable amounts of phosphate were found 
to originate from the organic substances in the river 
water. 

The method was ascertained to be highly selective 
and sensitive for the determination of phosphate in 
water samples. Only small amount of sample water 
was required. 

c 
Ö 

< 

0 0.1 0.2 0.3 
Phosphorus (jxg) 

Fig. 4. Calibration curve (1) and the result of the 
standard addition method (2). Sample amount: 
50 ml. 
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Preparation and Electronic Spectra of Dichlorobis(l,10-phenanthroline)-
molybdenum(III) and Dichlorobis(2,2/-bipyridine)molybdenum(III) Ions 

T o m o j i S. M O R I T A , Y o i c h i S A S A K I , * a n d K a z u o S A I T O 

Department of Chemistry, Faculty of Science, Tohoku University, Aoba, Aramaki, Sendai 980 

(Received March 14, 1981) 

A preparat ion method of pure crystalline salts, m- [MoCl 2 (phen) 2 ]X (phen, 1,10-phenanthroline; X ~ = 
Gl- , Br- , G H 3 G 6 H 4 S 0 3 - ) and cw-[MoCl2(bpy)2]Cl (bpy, 2,2'-bipyridine), has been established. They are stable 
in solid state under oxygen- and moisture-free conditions. They deteriorate within one hour in water at room 
temperature, but are much more stable in various organic solvents free from oxygen. In the visible region, two 
absorption peaks were observed in methanol at 21510 c m - 1 ( e=2570 dm 3 m o l - 1 c m - 1 ) and 26740 c m - 1 (e=4420 
dm 3 m o l - 1 cm - 1 ) for the phen complex, and one broad peak at 22820 c m - 1 ( e=3630 dm 3 m o l - 1 cm - 1 ) for the 
bpy complex, which are assigned to the metal-to-ligand à-n* charge transfer transition. 

T h e c o o r d i n a t i o n c h e m i s t r y of m o l y b d e n u m ( I I I ) h a s 
b e e n less k n o w n as c o m p a r e d w i t h t h a t of c h r o m i u m -
( I I I ) . P a r t i c u l a r l y , t h e r e a r e v e r y few wel l c h a r a c ­
te r ized m o n o m e r i c m o l y b d e n u m ( I I I ) c o m p l e x e s con­
t a i n i n g a m i n o c a r b o x y l a t e s o r a l i p h a t i c amines . 1 ' 2 ) 
W h i l e c h r o m i u m ( I I I ) c o m p l e x e s a r e i n e r t to t h e ox­
i d a t i o n w i t h c o m m o n o x i d a n t s , m o l y b d e n u m ( I I I ) c o m ­
plexes a r e easi ly ox id i zed b y a i r a n d b y a v a r i e t y of 
m i l d ox idan ts . 1 ) Never the le s s m o l y b d e n u m ( I I I ) c o m ­
plexes h a v e d r a w n in te res t as a c o u n t e r p a r t of t h e 
wel l s t ud i ed c h r o m i u m ( I I I ) c h e m i s t r y . 

2 , 2 ' - B i p y r i d i n e ( b p y ) a n d 1 , 1 0 - p h e n a n t h r o l i n e ( p h e n ) 
p r o v i d e a v a r i e t y of s t ab le c o m p l e x e s of t r a n s i t i o n 
e l e m e n t s in low o x i d a t i o n s ta tes . 3 , 4) Seve ra l m o n o ­
m e r i c m o l y b d e n u m ( I I I ) c o m p l e x e s h a v e b e e n r e ­
p o r t e d , 5 - 1 0 ) c o n t a i n i n g o n e to t h r e e 2 , 2 ' - b i p y r i d i n e o r 
1 , 1 0 - p h e n a n t h r o l i n e . H o w e v e r , s o m e of t h e m w e r e 
n o t wel l c h a r a c t e r i z e d , a n d c h e m i c a l p r o p e r t i e s of t h e 
c h a r a c t e r i z e d species a r e u n c e r t a i n . P a r t i c u l a r l y on ly 
a few e lec t ron ic a b s o r p t i o n d a t a a r e a v a i l a b l e . 

W e h a v e i so la ted p u r e d i ch lo rob i s (2 ,2 ' -b ipy r id ine ) -
a n d d i ch lo rob i s ( 1 , 1 0 - p h e n a n t h r o l i n e ) m o l y b d e n u m ( I I I ) 
c o m p l e x e s in c rys ta l l ine s t a te a n d obse rved the i r 
e l ec t ron ic a b s o r p t i o n s p e c t r a in v a r i o u s solvents . 

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

Materials. 2,2'-Bipyridine, 1,10-phenanthroline, and 
j!>-toluenesulfonic acid (Wako pure chemical industries, Ltd.) 
were used without further purification. Ammonium penta-
chloroaquamolybdate( I I I ) , ( N H 4 ) 2 [ M o C l 5 ( H 2 0 ) ] , was pre­
pared by the known method.11) Organic solvents except 
acetone for the spectrometry were dehydrated with M o ­
lecular Shieves 4A and used without distillation. Acetone 
(Dotite spectrosol) was used as received. T h e concentra­
tion of water in these solvents was (2—20) X 10 - 3 mol d m - 3 . 

Preparation of the Complexes. T h e bis (bpy) and bis-
(phen) complexes were synthesized by substituting the ar­
omatic ligands for the aqua and the chloro ligands in [ M o m -
01,(11,0)]»- . 

Dichlorobis( 1,10-phenanthroline)molybdenum(HI) Chloride Tetra-
hydrate, [MoCl2(phen) 2~\Cl-411^0: A three-necked round-bot­
tomed flask (1 dm3) was connected to a dropping funnel 
and a reflux condenser,12) the top of which was connected 
to a manifold for vacuum and nitrogen gas. Aqueous ethanol 
(40% v/v, 200 cm3) containing 16 g of 1,10-phenanthroline 
and 5 g of />-toluenesulfonic acid was placed in the flask 
and the content was stirred with a teflon-coated bar . T h e 
whole system was evacuated and nitrogen gas was intro­
duced. The purge cycle was repeated more than ten times. 

A solution of (NH 4 ) 2 [MoCl 5 (H 2 0) ] (4.3 g) in 1.0 mol dm" 3 

hydrochloric acid (100 cm3) was prepared in a 300 cm3 

round-bottomed Schlenk tube filled with nitrogen, transfered 
to the dropping funnel through a transfer tube, and added 
dropwise (6 h) to the phen solution at 50 °G with stirring. 
T h e red mixture was refluxed in an oil ba th {ca. 100 °G) 
for 24 h. T h e color turned deep violet and then dark orange. 
T h e solution was allowed to cool slowly and kept in a re­
frigerator for 24 h. Yellowish orange needles appeared dur­
ing storage, which were filtered off with a fritted funnel 
under nitrogen atmosphere, dried under a stream of nitrogen, 
dried in vacuo, and recrystallized from methanol. The deep 
orange prismatic crystals were washed with diethyl ether 
and dried in vacuo. Yield 2.2 g (35% from (NH4)2[MoCl5-
( H 2 0 ) ] ) . Found : G, 45.94; H , 3.55; N, 8.85; Gl, 16.79%. 
Calcd for C 2 4 H 2 4 N 4 0 4 Cl 3 Mo: G, 45 .41; H , 3.81; N, 8.83; 
Gl. 16.76%. [MoGl 2 (phen) 2 ]C l -4H 2 0 is soluble in water, 
propylene carbonate, acetonitrile, iV,i\f-dimethylformamide, 
methanol, ethanol, acetone and dichloromethane, slightly 
soluble in acetic acid, and insoluble in diethyl ether and 
1,4-dioxane. The magnetic moment of the solid was 3.20 
BM (292 K ) . 

Dichlorobis (1,10-phenanthroline) molybdenum (III) p - Toluenesul-
fonate Sesquihydrate, \_MoCl2(phen)2] (CH^C^SOJ • 1.5H20: 
This was prepared similarly to the chloride salt by use 
of 20 g (instead of 5 g) of />-toluenesulfonic acid in aqueous 
ethanol to obtain large dark orange prismatic crystals. 
Yield 4.6 g (50% from (NH 4 ) 2 [MoGl 5 (H 2 0) ] ) . Found: 
G, 51.31; H , 3.65; N, 7.77; Gl, 9.72; S, 4 .48%. Calcd 
for G 3 1 H 2 6 N 4 0 4 . 5 Gl 2 SMo: G, 51.32; H , 3.61; N, 7.72; 
Gl, 9.77; S, 4 .42%. 

Dichlorobis (1,10-phenanthroline) molybdenum (III) Bromide Tetra-
hydrate, [MoCl2(phen)2]Br-4H20: T h e preparat ion method 
was similar to that of the chloride salt except using 
1.0 mol d m - 3 hydrobromic acid in place of 1.0 mol d m - 3 

hydrochloric acid. The solution of (NH 4 ) 2 [MoGl 5 (H 2 0) ] 
in 1.0 mol d m - 3 hydrobromic acid (100 cm3) was stirred 
for 24 h, and then added to the phen solution. Yield of 
orange powder, 1 5 % . Found : G, 41.54; H , 2.90; N, 8.94; 
Gl, 10.32; Br, 11.62%. Calcd for G 2 4H 2 4N 40 4BrCl 2Mo : 
G, 42.44; H , 3.56; N , 8.25; Gl, 10.44; Br, 11.76%. 

Dichlorobis (2,2'-bipyridine) molybdenum (III) Chloride Dihy-
drate, \MoCl2(bpy)z\Cl'2H20: This was made by a method 
similar to that for the phen complex chloride. Yield 2.3 g 
( 3 1 % from (NH 4 ) 2 [MoGl 5 (H 2 0) ] ) . Found : C, 43.65; H , 
3.56; N, 10.16; Gl, 18.67%. Calcd for C 2 0H 2 0N 4O 2Gl 3Mo: 
C, 43.62; H , 3.66; N, 10.17; Gl, 19 .31%. The orange 
crystals of [MoCl 2 (bpy) 2 ]C l -2H 2 0 are soluble in the same 
solvents as mentioned for [MoGl 2 (phen) 2 ]Cl -4H 2 0 . 

Stability of the Complexes. The complex solids are 
stable under nitrogen atmosphere or in vacuo for at least 
one month, and relatively stable in dry air for at least two 
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days at room temperature. Their solutions in organic sol­
vents free from oxygen are stable for at least 1 h at room 
temperature. Aqueous solutions (pH »7) are very unstable 
at room temperature even in the absence of oxygen. 

Measurements. Ultraviolet and visible absorption spec­
tra were recorded on a Hitachi 330 spectrophotometer under 
nitrogen atmosphere by the syringe technique. 12> Air was 
eliminated and nitrogen or argon was introduced into the 
solvents before measurement. Infrared spectra were re­
corded on a JASCO IRA-1 and a Hitachi 215 infrared spec­
trophotometer in KBr disks. The magnetic susceptibility 
was measured by the Faraday method in the Physics De­
partment of this University at room temperature. 

The concentration of water in organic solvents was de­
termined by the Karl Fischer method with a Metrohm 
Karl Fischer-Automat E547, equipped with a Multi-Dosimat 
E415 and a Multi-Bürette E485. 

Resu l t s and D i s c u s s i o n 

Preparation. Bis(2,2'-bipyridine) and Bis(lJ0-
phenanthroline) Complexes: [MoCl2(phen)2]Cl was pre­
pared by Du Bois et al. from [Mon iCl3(py)3] ( p y = 
pyridine) and phen in xylene.9) The complexes, 
[Mo m I 2 L 2 ]X ( L = b p y , phen; X = I - , B(C6H5)4-) 
were prepared by Westland and Muriithi,10) by treating 
MoI 3 and the ligands in tetralin at 160—170 °C for 
24 h. When M o I 3 and phen were mixed in ben-
zonitrile at 180 CC for 3 d, [Mo n I 2 (phen) 2 ] was claim­
ed to be formed.10) The products were reported to 
be powder, and the formulations were based on an­
alytical data of Mo, and Gl or I alone. No electronic 
absorption spectrum was reported. 

The elemental analysis of the present complexes 
are consistent with the given formulae. The mag­
netic moment of [MoCl 2 (phen) 2 ]Cl -4H 2 0 (3.20 BM) 
is similar to those of other monomeric molybdenum-
(III) complexes.1^ Three salts of the bis(phen) com­
plexes gave almost identical absorption spectra in the 
visible region in methanol, indicating that all the 
samples contain the same complex cation. [MoCl2-
(phen) 2 ]Cl-4H 2 0 and [MoCl 2 (bpy) 2 ]Cl -2H 2 0 gave in­
frared absorption bands at 325 c m - 1 and 323 cm - 1 , 
respectively, which are assigned to M m o - C l stretch­
ing frequency {cf. M o m - C l stretching frequency at 
305 cm- 1 in K3[MoCl6]13>14)). 

The bis-chelate complexes were successfully synthe­
sized by the dilution method; i.e. [ M o m C l 5 ( H 2 0 ) ] 2 -
in 1.0 mol d m - 3 hydrochloric acid slowly added to the 
ligand solution. The ligand solution contains p-to\u-
enesulfonic acid as 'inert ' acid (perchloric acid is 
known to oxidize Mo(III)1 1)) to keep reaction mixture 
acidic and low chloride concentration. The initial 
red reaction mixture turned violet within twenty min­
utes and then dark orange within 1 h. T h e violet 
color may indicate the formation of an intermediate 
[MoCl 4 L] _ ( L = b p y , phen).8) When the solutions of 
the ligand and of [ M o m C l 5 ( H 2 0 ) ] 2 - were rapidly 
mixed, a red-violet precipitate was formed, which 
was first assigned to [MoL3]Gl3 (L = bpy, phen) by 
Steele,5) but later claimed to be [MoCl2L2][MoGl4L], 
(LH) [MoCl4L] or their mixture by Marzilli and 
Buckingham.8) O u r results of elemental analysis (G, 
H , N, CI) of the red-violet precipitate fell between 

the calculated values for the last two formulations. 
Carmichael et al. reported that a similar insoluble 
salt was obtained by the reaction of molybdenum (III) 
trichloride or potassium hexachloromolybdate(III) 
with molten bipyridine.7) I t seems that under the 
reaction conditions where substantial amounts of 
[MoCl 4 L] - and [MoCl2L2]+ (or LH+) are present, 
an insoluble salt between these two ions precipitated. 

A large excess of the ligand (more than 8 times of 
the molybdenum) was also required to obtain the 
bis complex in high yield. When only 2.5 molar ex­
cess of the ligand was used, a red-violet precipitate 
was formed, which can be [MoCl2L2][MoGl4L]. Sub­
stantial amount of [MoGl2L2]Cl was also obtained 
from the filtrate. 

Attempts to Prepare the Tris-chelate Complexes, \Mo-
(bpy)3]

3+ and [Mo(phen)3~\3+: Various attempts by the 
ligand substitution method were unsuccessful. Pro­
longed refluxing (1—10 d) of the reaction mixture 
used for the preparation of the bis-chelate complexes 
(vide supra) always resulted in exclusive formation of 
the bis-chelate complexes. We thought that the third 
bpy or phen would not coordinate to molybdenum (III ) 
in a strongly acid medium. Addition of a small 
amount of 0.5 mol d m - 3 sodium hydroxide solution 
free from oxygen to the reaction mixture gave a blue 
solution even at a p H less than unity. This solution 
was evaporated to dryness to leave a purple-gray re­
sidue which gave an infrared absorption band at 950 
cm - 1 , suggesting the presence of M o = 0 bond.1) When 
[MoCl 2 (phen) 2 ]Cl -4H 2 0 and phen were mixed in 
ethanol free from oxygen in the Schlenk tube, the 
color also turned blue within 1 h. When this com­
plex was dissolved in ethanol without phen, the color 
remained orange for 1 h even in the presence of oxygen. 
This solution turned black, and then almost colorless 
after 1 d. No at tempt was made for clarifying the 
oxidation process of the molybdenum(II I ) . 

Preparation of [MoL 3 ]X 3 ( L = b p y , phen; X~ = 
Cl~, Br~, I - ) was reported previously by Steele5) and 
Carmichael et al?) We repeated Carmichael's meth­
od,7) i.e. M o I 3 was treated with molten bipyridine, 
and obtained a black-brown powder, of which the 
elemental analysis (C, H , N, I) was closer to [MoI2-
(bpy)2]I rather than to [Mo(bpy)3]I3 . Further at­
tempts to obtain crystals of [MoI2(bpy)2]I or [Mo-
(bpy)3]I3 from the powder were unsuccessful. Thus 
the hitherto reported "tris-chelate complexes" deserve 
further experimental evidence for the formulation. 

Tris (bpy) and tris (phen) complexes of chromium-
(III) have not been prepared by the ligand substitu­
tion,15'16) but obtained by the oxidation of the tris-
chelate complexes of chromium(II).16»17) Such an ox­
idation method cannot be applied to the molybdenum-
(III) complexes since the corresponding uninuclear 
molybdenum(II) complexes are not known. 

Geometrical Structure. The present complexes, 
[MoCl2L2]+ can occur in eis and trans forms. The 
shape of crystals (orange prismatic crystals in the 
case of [MoCl 2 (phen) 2 ]Cl-4H 2 0) of the complex salts 
and their absorption patterns in solution did not 
change on further recrystallization from methanol, 
ethanol or acetonitrile, suggesting no change in the 
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Fig. 1. Absorption spectra of [MoCl2(bpy)2]Cl-2H20 
in methanol ( ), «j-[MoGl2(phen)2]Gl-4H20 in 
methanol ( ) (under nitrogen atmosphere) and 
«V-[CrCl2(bpy)2]Cl19> in 1:1 aqueous methanol ( ). 

geometrical structure of molybdenum complex cation. 
The X-Ray diffraction method disclosed eis structure 
for [MoGl2(phen)2]Gl-4H20.1 8) No such information 
is available for the salts of [MoCl2(bpy)2]+. 

Electronic and infrared absorption spectra did not 
give straightforward evidence for their geometrical iso­
merism. Absorption spectral patterns of the two com­
plex cations in the visible region are apparently dif­
ferent from each other (Fig. 1); two peaks for the 
phen complex and one broad band for the bpy com­
plex in the region from 20000 to 30000 cm"1 . How­
ever, such a difference cannot be taken as an evidence 
for different geometrical isomerism of these two com­
plex cations, since the nature of the absorption bands 
are of charge-transfer type {vide infra) and their rela­
tion to the geometrical isomers would not be simple. 
Since all the known geometrical structures of dihalo-
bis(2,2'-bipyridine) type complexes with various metal 
ions are cû,19-25) we tend to consider that the bpy 
complex is also of the eis form. 

Absorption Spectra. The absorption spectra in all 
the solvents except water changed only very slightly 
over 100 min at room temperature. Whenever the 
spectrum (patterns and/or intensity) changed, it was 
measured for 100 min at ten minutes intervals and 
the original pattern was estimated by the extrapola­
tion to zero time. The spectrum changed so rapidly 
in water (pH « 7 ) that the zero-time spectrum was 
not obtained. The complex solution in 0.1 mol d m - 3 

hydrochloric acid was relatively stable, and the original 
absorption spectrum was estimated. 

General Features: The absorption curves of the 2,2'-
bipyridine and 1,10-phenanthroline complexes are 
shown in Fig. 1, together with that of cis-[CrC\2-
(bpy)2]+-1 9 ) In the visible region (<30000 cm"1) , the 
bpy and the phen complexes of molybdenum (III) 
have one broad and two distinct peaks, respectively, 

25 30 35 

Pi lO^m"1 

40 45 

Fig. 2. Absorption spectra of [MoGl2(bpy)2]Gl-2H20 
in dichloromethane ( ), in acetonitrile ( ), 
in methanol ( ) and 0.1 mol dm - 3 hydrochloric 
acid ( ) (under nitrogen atmosphere). 

with extinction coefficients between 2000 and 4000 
dm 3 m o l - 1 cm - 1 . Two or three much stronger ab­
sorption peaks (log e>4) are observed in the ultra­
violet region (>30000 c m - 1 ) . Some of the peaks shift 
in different solvents, but the overall pattern remains 
almost unchanged, and the nature of absorption bands 
is discussed on the basis of the spectra in methanol 
(Fig. 1, vide infra). 

Bands in the Ultraviolet Region: The phen complex 
shows two distinct bands at 44250 c m - 1 and 37840 
cm - 1 , which are assigned to the intraligand transi­
tions corresponding to the two bands of free 1,10-
phenanthroline at 44440 cm" 1 and 37880 c m - 1 in meth­
anol. Similarly, bands of the bpy complex at 40000 
c m - 1 and 33900 cm - 1 , are of intraligand transition 
nature corresponding to the two bands of free 2,2'-
bipyridine at 42550 c m - 1 and 35570 cm - 1 . The peaks 
of free ligand shift to lower energy on coordination 
to the metal ion, as reported for other metal com­
plexes.26'27) 

Bands in the Visible Region: The bpy complex in 
methanol gives apparently one very broad maximum 
at 22800 cm - 1 , which seems to involve two or more 
transitions as indicated by the spectra in different 
solvents (Fig. 2) ; i.e. the bpy complex gives a maximum 
at 24770 c m - 1 and no shoulder is appreciable in 0.1 
mol d m - 3 hydrochloric acid, but a prominent shoulder 
is observed at a lower wave number in a less polar 
solvent. The phen complex gives two bands at 26740 
c m - 1 and 21510 c m - 1 in methanol. The shape of the 
two bands of [MoCl2(phen)2] + did not change in dif­
ferent solvents (Fig. 3). 

All these bands have extinction coefficients between 
2000 and 4000 dm 3 m o l - 1 cm - 1 , too strong to be as­
signed to the d-d transition. The spectral data of 
the other metal complexes having the same ligand 
environment are shown in Table 1. The extinction 
coefficients of the complexes of chromium(III),1 9) 
cobalt(III),20 '21) and rhodium(III)22>28> are different 
from those of the complexes of iridium(III),23»28) iron-
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TABLE 1. SPECTRAL DATA OF (a) «V-DICHLOROBIS^IIMINEJTYPE COMPLEXES AND (b) MOLYBDENUM(III) 

COMPLEXES CONTAINING bpy OR phen IN THE VISIBLE REGION 

Complex v/cm-1 (e/dm3 mol -1 cm -1) Assignment Solvent Reference 

( a ) 

( b ) 

[MoCl2(bpy)2] + 
[MoCla(phen)2]+ 

[CrCl2(bpy)2] + 

[FeCl2(bpy)2] 

[RuCl2(bpy)2] 

[OsCl2(bpy)2] 

[CoCl2(bpy)2]+ 

[CoCl2(phen)2]+ 

[RhCl2(bpy)2] + 
[RhCl2(phen)2]+ 
[IrCl2(bpy)2]+ 
[IrCl2(phen)2] + 

[MoCl4(bpy)]-
[MoCl4(phen)]-
[MoCl3(py)(bpy)] 

sh: Shoulder. 

22820 
21510 
26740 
18020 
22400sh 

18870 
27780 
18020 
26460 
17910 
26110 
17100 
18300 
19230 
21650 
25800sh 

26100s* 
28570 
27780 

18380 
18690 
20330 

( 3630) 
( 2570) 
( 4420) 
( 46) 
( 100) 
( 1540) 
( 2700) 
( 9200) 
( 9170) 
(12000) 
(11500) 
( 100) 
( 125) 
( 60) 
(«100) 

( no) 
( no) 
( 2400) 
( 3300) 

( 1210) 
( 2720) 
( 1275) 

i 
) 

i 
i 
) 

} 
i 

d-7T* 

d-7T* 

r\ r\ 

d-7T* 

d-7T* 

d-7T* 

d-d 

d-d 

d-d 
d-d 
d-7T* 

d-7T* 

d-7T* 

d-7T* 

d-7T* 

CH3OH 

CH3OH 

H 2 0-CH 3 OH 
( 1 : 1 ) 

CH2C12 

CH2C12 

CH2C12 

H 2 0 

H 2 0 

H 2 0 
H 2 0 
H 2 0 
H 2 0 

(CH3)2NCHO 
(CH3)2NCHO 
(CH3)2NCHO 

This work 

This work 

19 

24 

24, 25 

24, 25 

21 

20 

22, 28 
22, 28 
28, 30 
23, 31 

8 
8 
8 

3h 

20 25 30 35 

P I 103 cm"1 

40 

Ah 

45 

Fig. 3. Absorption spectra of m-[MoCl2(phen)2]Cl-
4H 2 0 in dichloromethane ( ), in acetonitrile 
( ), in methanol ( ), and in 0.1 mol dm - 3 

hydrochloric acid ( ) (under nitrogen atmosphere). 

(II),24) rutheniurn(II),24 '25) and osmium(II).24»25) The 
absorption bands of the former and the latter group 
of complexes have been assigned to the d-d transi­
tions, and the metal-to-ligand charge transfer (d-7r*) 
transitions, respectively. The extinction coefficient, as 
well as the ease of oxidation of molybdenum(III ) 
state, suggest that the bands of cû-[MoCl2(phen)2]+ 
and [MoCl 2(bpy) 2]+ in the visible region are of the 
d-7T* charge transfer type. 

The difference in spectral pattern of d-7r* transi­
tions between the bpy and the phen complexes is 
found in the complexes of other metal ions. The 

CO 

2r 

1'1 " " ' 

' / / 
/ if 

LL 

•1 
. , . - > A 

_L 1 ,.J. J 

15 20 
V / l 0 3 cm'1 

25 30 

Fig. 4. Absorption spectra in iVjiV^dimethylformamide 
of [MoCl2(bpy)2]+ ( ), [MoCl3(bpy)(py)]*> ( ), 
and [MoCl4(bpy)]_ 8> ( ) (under nitrogen at­
mosphere) . 

d-:rc* transitions (near 23000 cm - 1 ) appear as a sharp 
maximum and a prominent shoulder for [Ru n (bpy) 3 ] 2 + 

and two distinct peaks for [Run(phen)3]2 + .2 9) eis-
[IrmCl 2(bpy) 2]+ shows one maximum near 28000 
cm-1,28»30) while cû- [ I r m Cl 2 (phen) 2 ] + shows one maxi­
m u m and a prominent shoulder.23»31) Also an ap­
preciable difference is observed between the tris (bpy) 
and the tris (phen) complexes of iron (II)32) as well 
as osmium (I I).33) O n the other hand, the difference 
is very small between cü-[FenCl2(bpy)2] and cis-
[FenGl2(phen)2].24 '25»34) 

Thus the d-n* spectral pattern is not necessarily 
similar between the bpy and the phen complexes. 
The difference of the spectral patterns of the present 
complexes does not contradict our assignment of the 
d-71* charge transfer transitions. 



2682 Tomoji S. MORITA, Yoichi SASAKI, and Kazuo SAITO [Vol. 54, No. 9 

Comparison with Analogous Molybdenum(III) Complexes 
in the Visible Region: The absorption bands of (bpyH)-
[MoCl4(bpy)] and [MoCl3(bpy)py] in the visible re­
gion8) (Fig. 4) must be of charge-transfer type as judged 
from their intensity. The absorption peaks give blue 
shift with decrease in number of chloride ligand. This 
fact implies that these bands involve the transition 
from d-orbitals of molybdenum(III ) to the ligand n*-
orbital. T h e increase in number of nitrogen (the 
decrease in number of chloride) causes the increase 
in the degree of d-orbital splitting which would in­
crease the gap between the occupied d-orbitals and 
the ligand ^*-orbitals. The change in overall charge 
of the complexes can be also responsible for the band 
shift.35) 

T.S.M. has learned the technique of handling air-
sensitive materials from Professor Junnosuke Fujita and 
his collaborators at Nagoya University (Department 
of Chemistry), to whom the authors ' thanks are due. 
The authors also would like to thank Professor 
Toyonobu Asao of Tohoku University (College of 
General Education) for the measurement of the in­
frared spectra (Hitachi 215) and Dr. M . Kogi of 
Tohoku University (Department of Physics) for the 
measurement of the magnetic moment. 
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A series of complexes, [Co(en)n{NH2CH2CH2P(CH3)2}3_n]3+ (en=ethylenediamine, w=0,l,2) and three 
bis(ethylenediamine)cobalt(III) complexes of the related ligands, NH2GH2GH2P(G6H5)2, (S)-NH2CH(CH3)-
GH2P(G6H5)2, and ra£-NH2CH2CH2P(C4H9)(C6H5) were prepared and resolved (or separated) into optical iso­
mers, and their absorption and circular dichroism spectra were recorded. The molecular structure and the ab­
solute configuration of ( + )589-/^-[Go{NH2GH2GH2P(GH3)2}3]Br3-3H20 were determined by X-ray analysis. 
The crystals are lemon-yellow, orthorhombic, «-26.501(8), £=9.573(4), £=10.081(5) A, space group K ^ A , 
z = 4 . The Go atom is surrounded by 3P and 3N in the facial manner with the average distances of 2.237 and 
2.041 Â, respectively. The absolute configuration of the complex ion is A. The chelate rings are puckered 
and chiral to form a pseudo A gauche conformation. 

Most of cobalt (111) complexes of tertiary phosphines 
so far known are those formed with unsaturated ligands 
such as dimethylglyoximate or acetylacetonate ions, 
and no complex with saturated ligands such as am­
monia or ethylenediamine seems to be reported.1) In 
a previous paper,2) we have reported that (2-amino-
ethyl)diphenylphosphine and its related ligands, 
NH 2 GH(R 1 )GH 2 PR 2 R 3 , give stable bis(acetylaceto-
nato) cobalt (111)-type complexes, forming a five- mem-
bered chelate ring. This paper is concerned with 
preparation, resolution, and absorption and circular 
dichroism (CD) spectra of a series of complexes, [Co-
ten) J N H 2 C H 2 C H 2 P ( C H 3 ) 2 } 3 _ J 3+ (en=ethylenedi­
amine, n=0, 1,2), and the related complexes. These 
diamine-alkylphosphine complexes would be useful for 
studying ligand field absorption spectra of a cobalt-
( I l l ) -phosphine complex of which little work has been 
done, since they have no unsaturated group which 
often shows strong absorption bands in the region 
where ligand field absorption bands would arise. T h e 
paper also reports the molecular structure and ab­
solute configuration of (+)589-/flc-Zl-[Co{NH2CH2-
CH 2 P(CH 3 ) 2 } 3 ] 3 + determined by the X-ray method. 

Exper imenta l 

Free aminoalkylphosphines were handled under nitrogen 
atmosphere until they formed air-stable cobalt(III) com­
plexes. Absorption, CD, and *H and 13G NMR spectra 
were recorded on a Hitachi 323 spectrophotometer, a 
JASGO J-40 spectropolarimeter, and JEOL JNM-PMX 60 
and JNM-FX 100 spectrometers, respectively. 

Preparation of Ligands. (2-Aminoethyl)dimethylphosphine 
(edmp): To liquid ammonia (100 cm3) containing metallic 
sodium (1.08 g, 0.047 mol) in a 300 cm3 three-necked, round-
bottomed flask equipped with a mechanical stirrer and an 
ammonia gas inlet was added tetramethyldiphosphine3) (2.88 
g, 0.024 mol) with stirring at — 78 °G. After 30 min, 2-
chloroethylamine hydrochloride (2.74 g, 0.024 mol) was 
added with small portions, giving a colorless solution. On 
evaporation of liquid ammonia, a mixture of a white solid 
and oily edmp was obtained. The edmp was extracted 
with chloroform (50 cm3). The chjoroform was removed 

in vacuo to give transparent, colorless liquid of edmp (1.1 
g). It was used for the preparation of complexes without 
further purification. 

(2-Aminoethyl)diphenylphosphine (edpp),^ (S)-(2-aminopropyl)-
diphenylphosphine (pdpp),^ and racemic5) and optically active6) 
(2-aminoethyl)butylphenylphosphine (ebpp) were prepared accord­
ing to the procedures reported. 

Preparation of Complexes. [Co(edmp)3]
3+, [Co(en)-

(edmp)2]
3+, and [Co(en)2(edmp)]3+: These complexes and 

the known [Co(en)3]3+ complex were yielded by the reaction 
of m-[CoCl2(en)2]Cl with edmp in i\f,i\f-dimethylformamide 
(DMF). To a DMF solution (50 cm3) of m-[CoCl2(en)2]Cl 
(285 mg, 1 mmol) was added edmp (105 mg, 3 mmol) with 
stirring. The resulting blue-green solution was allowed to 
stirr overnight at room temperature to give a yellow pre­
cipitate, which was filtered and dissolved in water. The 
solution was poured onto a column (<j> 2.7x80 cm) of SP-
Sephadex C-25, and the product adsorbed was eluted with 
an aqueous 0.4 mol/dm3 NaBr solution. A good separation 
into four yellow bands was observed. The last orange 
yellow eluate contained [Co(en)3]3+. Each of the other 
three eluates was diluted ten times with water and poured 
again onto a small column of SP-Sephadex C-25. The 
complex adsorbed was eluted with an aqueous 1 mol/dm3 

NaBr solution, and the eluate was concentrated in a vacuum 
desiccator over P4O10 to give yellow crystals, which were 
filtered, washed with a small amount of water, and air-
dried. The first, second, and third eluates gave racemates 
of [Co(edmp)3]Br3-3H20, [Go(en)(edmp)2]Br3-H20, and 
[Co(en)2(edmp)]Br3-H20, respectively. Although the first 
two complexes can have geometrical isomers, only one isomer 
was yielded for each of them, no indication for the presence 
of other isomers being observed on column chromatography. 
The total yield of the four complexes including [Go(en)3]3+ 

was ca. 70%, and the formation ratio was ca. 8:2:1:7 for 
[Co(edmp)3]3+: [Co(en)(edmp)<,]3+: [Go(en)2(edmp)]3+: 
[C(en)3]

3+. 
The racemates were resolved by SP-Sephadex column 

chromatography. Each racemate charged on the top of 
a column (0 2.7x80 cm) of SP-Sephadex C-25 was eluted 
with an aqueous 0.2 mol/dm3 sodium ( + )589-tartratoanti-
monate(III) solution. A good separation between enan-
tiomers was observed. In the case of [Co(edmp)3]3+ lemon-
yellow crystals of optically active [Co(edmp)3]Br3-3H20 
were obtained by the same method as that for the racemate, 
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Complex G (%) 
Found(Calcd) 

H ( % ) 
Found(Galcd) 

N (%) 
Found(Galcd) 

[Co{NH2CH2CH2P(CH3)2}3]Br3 • 3 H 2 0 21 .08 (21.57) 6 .28 (6.35) 6 .28 (6.29) 

zl-[Co{NH2CH2CH2P(CH3)2}3]Br3 • 3 H 2 0 21 .24 (21.57) 6 .24 (6.35) 6 .22 (6.29) 

[Go(en) {NH2GH2GH2P(GH3)2}2]Br3 • H 2 0 20 .14 (20.46) 5 .77 (5.83) 9 .29 (9.54) 
[Go(en) 2{NH 2GH 2GH 2P(GH 3 ) 2}]Br 3 .2H 20 17.55(17.73) 5 .53 (5 .58 ) 12.80(12.92) 
[Go(en) 2{NH 2GH 2GH 2P(G 6H 5 ) 2}]Br 3 .2H 20 31 .37(31 .60) 5 .20 (5 .30) 10.15(10.24) 
J-[Go(en) 2{(6')-NH 2GH(GH 3 )GH 2P(G 5H 5 ) 2}]Br 3 .2H 20 32.50 (32.69) 5 .36 (5.48) 9 .77 (10.03) 

J.[Go(en)2{(Ä)-NH2GH2GH2P(G4H9)(G6H5)}Br3-4NaBr 18.59(18.48) 3 .67(3 .49) 6 .77 ( 6.74) 
[Go(en) 2{r^-NH 2GH 2GH 2P(G 4H 9)(G 6H 5)}]Br 3 .2H 20(Band II) 29 .03(28 .94) 5 .55(6 .07) 10.40(10.54) 

en: NH 2GH 2GH 2NH 2 . 

The enantiomer obtained from the faster moving band 
showed negative rotation at 589 nm (A-isomer). In the 
cases of [Co(en)(edmp)2]3+ and [Co(en)2(edmp)]3+, however, 
the enantiomers were not isolated because of small amounts, 
and the C D spectra were obtained by the following method. 
Each eluate of the enantiomers was diluted with water and 
poured onto a small column of SP-Sephadex G-25. After 
washing the column with 0.05 mol/dm3 hydrochloric acid, 
the enantiomer was eluted with 1 mol/dm3 hydrochloric 
acid. The eluate was evaporated to dryness under reduced 
pressure, and the residue was dissolved in water. On ad­
dition of K3[Go(GN)6] , a yellow precipitate was obtained. 
It was filtered, washed with water, and then mixed with 
Dowex 1 x 8 anion exchange resin in the bromide form 
and a small amount of water. The mixture was stirred 
for a few hours and filtered. The nitrate which contains 
the complex bromide was used for CD measurement, and 
its concentration was determined from e values of the race-
mate. In all the resolutions, the A isomers were always 
eluted faster than their antipodes. 

[Co(en)2(edpp)Y+. A D M F solution (50 cm3) con­
taining m-[CoCl2(en)2]Cl (363 mg) and edpp (292 mg) was 
stirred overnight at room temperature. The resulting brown 
solution was poured into 1 dm3 of water to give a precipitate, 
which was filtered off. The filtrate was poured onto a 
column (<j> 2 . 7 x 8 0 cm) of SP-Sephadex G-25, and the prod­
uct adsorbed was eluted with an aqueous 0.2 mol/dm3 N a 2 S 0 4 

solution. Many bands were observed. The first and second 
orange yellow eluates contained [Go(en)3]3 + and [Go(en)2-
(edpp)]3+, respectively. The second eluate was evaporated 
to dryness under reduced pressure, and the complex was 
extracted with methanol. The extract was diluted with 
water and poured onto a column (<j> 2 . 7 x 8 0 cm) of SP-
Sephadex G-25. By elution with an aqueous 0.2 mol/dm3 

sodium ( + )589-tartratoantimonate(III) solution, two bands 
corresponding to a pair of enantiomers were obtained. Each 
eluate was diluted with water, poured again onto a small 
column of SP-Sephadex G-25, and the enantiomer adsorbed 
was eluted with an aqueous 1 mol/dm3 NaBr solution. On 
concentration in vacuo, the eluate gave orange yellow crystals 
of optically active [Co(en)2(edpp)]Br3-2H20, which were 
collected and washed with a small amount of water. Yield: 
30 mg for each enantiomer. 

[Co(en)2(S-pdpp)]+. This complex was prepared by 
a method similar to that for the edpp complex using S-pdpp 
(242 mg) and m-[GoGl2(en)2]Gl (285 mg). A pair of dia-
stereomers were separated by similar column chromatography 
using an aqueous 0.2 mol/dm3 sodium ( + )589-tartratoanti-
monate(III) solution as an eluent. Yellow crystals of A-
[Co(en)2(S-pdpp)]Br3-2H20 (55 mg) were isolated by a 
method similar to that for the edpp complex, but another 
diastereomer was not isolated because of a very small amount. 

[Co(en)2(rac-ebpp)~\3+. Four isomers of this complex 
were obtained by a method similar to that for the edpp 
complex, using rac-ebpp (252 mg) and m-[GoGl2(en)2]Gl 
(343 mg). By elution with an aqueous 0.2 mol/dm3 N a 2 S 0 4 

solution, the orange yellow band of [Go(en)3]3 + and two 
yellow bands, I and II were eluted in succession. Bands 
I and II correspond to a pair of racemates, A(R) and A(S), 
and A(S) and A(R) isomers, respectively. The former 
racemate was resolved by the same column chromatographic 
method as that for the edpp complex. Yellow crystals of 
yl-[Go(en)2(Ä-ebpp)]Br3-4NaBr (8 mg) were obtained from 
the faster moving eluate. However, the yield of the latter 
racemate was poor, and thus the complex was isolated as 
the racemate, [Co(en)2(ra£-ebpp)]Br3-2H20 (3.9 mg). The 
GD spectrum was determined by a method similar to that 
for the en-edmp complexes without isolating the active 
complex, the A(S) isomer being eluted faster. 

Analytical data of the new complexes are given in Table 
1. 

Structure Determination of (-\-)589-[Cofedmp)3]Br3'3H20. 
Crystal data: orthorhombic, 0=26.501(8) , £=9.573(4) , c= 
10.081(5) A, £7=2557.5(15), Dm= 1.73, Dc= 1.73 gern"3, Z = 
4, ß(Mo Koc) = 58.3 cm~\ A(Mo iCa) = 0.7107 A, space group 
P2J2J2J. The Laue symmetry, space group extinctions, and 
approximate unit-cell dimensions were obtained from 
Weissenberg photographs. The unit-cell dimensions were 
refined by the least squares analysis of 380 values automati­
cally centered on a Phillips PW 1100 diffractometer by the 
use of Mo Koc radiation. The intensity data (20=52°) were 
collected on the diffractometer using Graphite-monochro-
mated Mo Koc radiation. The specimen size was 0.17 X 
0 .18x0 .28 mm3. The co-20 scan mode was employed. The 
scan range was (O.7-fO.2tan0)°, and the scan speed, 0.025 
°/s. The background was counted for half of the scan time 
as each end of the scan range. During the data collection, 
the intensities of 3 standard reflections were monitored every 
4 h in order to check the orientation and stability of the 
crystal. No appreciable decay was observed. A total of 
1924 reflections with I>3a(I) were observed and used in 
the subsequent structure determination and refinement. The 
observed intensities were corrected for Lorents-polarization 
and absorption effect, and the relative structure factors 
were derived. 

The crystal structure was solved by the heavy-atom meth­
od. The parameters of all the non-hydrogen atoms were 
refined by the block-diagonal least-squares method, using 
anisotropic temperature factors for the Br, Go, and P atoms. 
The final agreement indices, R and R w = | WAF2/WF0

2\V2, 
were 6.57 and 6.55%, respectively. The function minimized 
was HW{F0-\FC\)2, with W=\jo2(F0) being used. No 
attempt was made to locate H atoms. All the parameter 
shifts in the final cycle refinement were less than 0.5a. The 
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TABLE 2. POSITIONAL AND THERMAL PARAMETERS WITH THEIR e.s.d. VALUES IN PARENTHESIS 

Atom U/A2 

Br(l) 
Br(2) 
Br(3) 
Go 
P(l) 
P(2) 
P(3) 
N(l) 
N(2) 
N(3) 
G(l) 
G(2) 
G(3) 
G(4) 
G(5) 
G(6) 
G(7) 
G(8) 
G(9) 
G(10) 
G(l l) 
G(12) 
O(l) 
0(2) 
0(3) 

.4930(1 

.1268(1 

.2295(1 

.3633(1 

.3567(1 

.4474(1 

.3664(2 

.2859(4; 

.3643(5 
3551(4; 

.2869(6; 

.2652(6; 

.3838(6; 

.3738(6; 
4565 (6 

.4077(6; 
4872(6 

.4813(6; 

.3600(5 

.3330(6; 

.4217(6; 

.3132(6; 

.0780(5 

.2188(5 

.1110(4; 

0.1659(2) 
0.3619(2) 
0.2180(2) 
0.1584(2) 
0.1673(4) 
0.1377(4) 
0.3069(4) 
0.1505(12) 
0.0004(13) 
0.0057(13) 
0.3548(19) 
0.2147(17) 
0.5011(17) 
0.2827(17) 

-0.0069(17) 
-0.0951(15) 

0.2772(18) 
0.0739(18) 
0.1891(15) 
0.0531(16) 
0.4126(18) 
0.4350(18) 
0.2121(16) 
0.2204(15) 
0.0246(12) 

0.5087 
0.0156 
0.5115 
0.0181 
0.0008 
0.0307 

-0 .1537 
0.0261 
0.1517 

-0 .1216 
0.1756 
0.1529 
0.1437 
0.3369 
0.1498 
0.1415 
0.0918 

-0 .1133 
-0 .2991 
-0 .2516 
-0 .1911 
-0 .1732 

0.2793 
0.8283 
0.9469 

2) 
2) 
2) 
2) 
:*) 
:*) 
4) 
H) 
13) 

H) 
15) 
16) 
15) 
15) 
15) 
13) 
17) 
17) 
13) 
14) 
16) 
16) 
14) 
14) 
H) 

a ) 
a ) 
a ) 
a ) 
a ) 
a ) 
a ) 

0.029(3) 
0.028(3) 
0.024(3) 
0.039(4) 
0.039(4) 
0.033(4) 
0.038(4) 
0.031(4) 
0.023(4) 
0.040(4) 
0.040(5) 
0.028(4) 
0.030(4) 
0.037(4) 
0.040(5) 
0.076(5) 
0.077(4) 
0.048(3) 

a) Anisotropic temperature factors 
2U12hka*b* + 2U13hla*c* + 2U23klb*c*)]. 

Atom Oil 

(X10 

ui2 

VA2) expressed 

u33 

in the form exp [-

u12 

- 22( U^a** + U^b** + U33Pc** + 

u13 ui3 
Br(l) 
Br(2) 
Br(3) 
Go 
P(l) 
P(2) 
P(3) 

435(9) 
757(12) 
529(10) 
231(9) 
281 (24) 
295(21) 
291 (23) 

435(9) 
437(10) 
487(10) 
212(9) 
288(24) 
237 (20) 
256(23) 

398(9) 
416(10) 
357 (9) 
165 (8) 
197(18) 
221(20) 
183(18) 

64(85) 
13(10) 

-154(9) 
- 5 ( 9 ) 
15(21) 
19(18) 
31(20) 

-67(9) 
113(12) 

5(10) 
17(10) 
34(19) 
5(18) 

14(20) 

21(12) 
-19(11) 

-3 (16) 
-5 (10) 

1(19) 
-19(20) 

37(18) 

final difference Fourier map was rather flat and showed 
no peak of structural significance. The atomic scattering 
factors were taken from Ref. 7. The real and imaginary 
parts of the anomalous dispersion correction were applied 
for the Br, Go, and P atoms. The atomic coordinates and 
the temperature factors are listed in Table 2. A complete 
list of observed and calculated structure factors is preserved 
by the Chemical Society of Japan (Document No. 8146). 

The absolute configuration of the complex cation was 
determined by the anomalous dispersion technique. Table 
3 gives the calculated structure amplitudes of several Bijvoet 
pairs and the observed inequality relationships which were 
obtained from Weissenberg photographs taken with Gu Koc 
radiation. The observed relationships indicate that the ab­
solute configuration of the complex ion is A(XXX). 

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

Preparation and Properties of the Complexes. The 
reaction of edmp with m-[CoCl2(en)2] + in the mole 
ratio of 3:1 in D M F under nitrogen atmosphere gives 

a series of complexes, [Go(edmp)3]3 + , [Co(en)-
(edmp)2]3+, [Co(en)2(edmp)]3+, and [Co(en)3]3+ in the 
ratio of 8:2:1:7. The formation ratio of these tris-
type complexes varies on changing the mole ratio of 
the starting materials. The reaction with a large ex­
cess of edmp affords almost only [Co(edmp) 3 ] 3 + . 
However, the product obtained with an equivalent 
mole of the ligand involves the blue trans-[CoC\2-
(edmp)2] + complex, which can be isolated.8) This 
suggests that the en ligands in' a>-[CoCl2(en)2]+ are 
easily replaced by edmp without dissociating the chlo­
ride ions. The fact that on addition of edmp the D M F 
solution of cû-[CoCl2(en)2] + changes almost instantly 
from violet to blue-green also implies the rapid 
formation of /rattS"-[CoCl2(edmp)2]+ (Experimental). 
The dichloro complex thus formed will be transform­
ed to the tris en-edmp complexes by substitution re­
actions with free en or edmp ligands. O n the other 
hand, the other phenyl- and diphenyl-(aminoalkyl)-
phosphines form only [Co(en)2(aminoalkylphos-
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if ci / ^ A / j? Co / 
py N7 p / 

trdns(F>P) trans(N,N) trans(P,N) 

Fig. 1. Three geometrical isomers of [Go(en)(N-P)2]3+. 

ph ine) ] 3 + by similar reactions with cû-[CoCl2(en)2]+ . 
Aminoalkylphosphines with a bulky and electron with­
drawing phenyl group on the phosphorus atom seem 
to have weaker affinity than edmp toward the cobalt-
(III) ion. All the aminoalkylphosphine complexes 
thus obtained are stable in both the solid state and 
aqueous solutions. 

The [Co(edmp) 3 ] 3 + and [Co(en)(edmp) 2 ] 3 + com­
plexes have two (mer and fac) and three (trans(P,P), 
trans(N,N), and trans(P,N)) possible geometrical iso­
mers, respectively, for the arrangement of P and N 
atoms of edmp (Fig. 1). However, each complex 
gives only one isomer by the reactions under the con­
ditions given. The 6*-pdpp complex which has a chiral 
carbon atom on the chelate ring yields almost one 
diastereomer stereoselectively, a very small amount of 
another diastereomer being observed in column chro­
matography. The rac-ebpp ligand has a chiral phos­
phorus donor atom and its bis-en complex gives a 
pair of racemates, A(R) and A(S), and A(S) and 
A(R), but there is also a fairly difference between 
the yields of the racemates. All racemates of the 
aminoalkylphosphine complexes were resolved com­
pletely by the SP-Sephadex column chromatographic 
method using 0.2 mol/dm 3 sodium (+) 5 8 9 - tar t ra toan-
t imonate(III) as an eluent. The A isomers are al­
ways eluted faster than the A isomers. The isomers 
are stable to racemization in aqueous solutions. 

The Structure of (+)5g9-[Co(edmp)3\Br3-3H20. 
A perspective view of the (+) 5 8 9 - [Co(edmp) 3 ] 3 + ion 
is shown in Fig. 2. Table 4 gives the interatomic 
distances and bond angles within the complex ion. 
The complex ion has approximate C 3 symmetry, and 
the P atoms are arranged in the facial manner . The 
absolute configuration is determined to be A on the 
basis of the data given in Table 3. The chelate rings 
are puckered with a pseudo A gauche form. The 
C - C bonds are nearly parallel to the G3 axis of the 
complex ion. Thus, the complex ion can be de­
signated as the lelz(A(XXX)) isomer. The average C o -
P distance of 2.237 Â is fairly short as compared with 
those (2.3—2.4 Â) reported for [GoX(PR 3 ) (dmg) 2 ] -
type complexes ( R = - C 6 H 5 , - C 4 H 9 ; dmg=dime thy l -
glyoximate ion).9) The C o - N distance averages 2.041 
Â, which is significantly longer than that of 1.978 
Â in [Co(en)3]3+.10> The elongation of Go-N dis­
tances can be attributed to the strong trans effect of 
the donating P atoms. Each ligand forms a five-
membered chelate ring with an average P - G o - N angle 
of 84.8°, which is nearly the same as the average N -
Go-N angle of 85.4° in [Co(en)3]3+.10> T h e average 
distances of P - C H 3 and P - C H 2 are 1.827 and 1.859 
Â, respectively. The average angle of P - G o - P (94.3°) 
is fairly larger than that of N - G o - N (85.8°), and the 

Fig. 2. A perspective view of the ( + )589-[Co(edmp)3]
3+ 

ion. 

TABLE 3. OBSERVED AND CALCULATED INTENSITIES 

BETWEEN SOME hkl AND hkl REFLECTIONS 

hkl 

221 
321 
421 
521 
131 
511 
322 
323 
423 

\Fc(hkl)\ 

85 
71 
121 
222 
59 
159 
124 
129 
99 

\Fc(hkl)\ 

73 
50 
127 
193 
35 
171 
96 
141 
110 

Observed 

> 
> 
< 
> 
> 
< 
> 
< 
< 

average Go-P-CH 3 ( / / ) angle of 122.7° is also larger 
than the other C o - P - C H 3 ( ± ) and C o - P - C H 2 angles 
as shown in Table 4, where the CH3(/ /) and C H 3 ( ± ) 
denote those parallel and perpendicular to the G3 

axis of the complex ion, respectively. Thus the over­
crowding due to the facial three GH3(//) groups is 
relieved, although the non-bonded C---C distances 
(3.51—3.62 Â) among these CH3(/ /) groups are still 
shorter than the sum of the van der Waals radius of 
a methyl group ( 4 Â ) . The non-bonded G--G dis­
tances between the C H 3 ( ± ) and the P - C H 2 are also 
shorter than 4 Â. Such a crowded structure seems 
to afford the conformation of the chelate ring dif­
fering from the typical gauche form. The dihedral 
angles of the N - G - G - P moieties are 53.3°, 48.7°, 
and 44.3°. 

The packing mode of the complex ions, bromide 
ions, and water molecules is illustrated in Fig. 3. 
Some short interatomic distances outside the complex 
ions are listed in Table 5. One out of three bromide 
ions lies approximately on the G3 axis of the complex 
ion to form weak N-H-•-Br hydrogen bonds (3.38— 
3.56 Â) with three N - H atoms parallel to the C 3 axis 
in the three facial N H 2 groups. The other N - H 
groups are also linked by N - H - - - 0 or N-H-•-Br hy­
drogen bonds. 

Absorption and CD Spectra. Absorption spectra 
of a series of the [Go(en) n(edmp) 3_ n] 3 + complexes are 
shown in Fig. 4, and the data given in Table 6. With 
an increase in the number of ligating phosphorus 
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TABLE 4. BOND DISTANCES (//Â) AND ANGLES (0/° 

Go-P(l) 
Go-P(2) 
Go-P(3) 
Go-N(l) 
Go-N(2) 
Go-N(3) 

P(l)-Go-P(2) 
P(l)-Go-P(3) 
P(l)-Go-N(l) 
P(l)-Go-N(2) 
P(l)-Go-N(3) 

P(2)-Go-P(3) 

P(2)-Go-N(l) 

P(2)-Go-N(2) 

P(2)-Go-N(3) 

P(3)-Go-N(l) 

P(3)-Go-N(2) 

P(3)-Go-N(3) 

N(l)-Go-N(2) 

N(l)-Go-N(3) 

N(2)-Go-N(3) 

2.231(5) 
2.239(4) 
2.242(5) 
2.055(12) 
2.024(13) 
2.043(12) 

P(l)-G(l) 
P(l)-G(3) 
P(l)-G(4) 
P(2)-G(5) 
P(2)-G(7) 
P(2)-G(8) 

1.869(18) 
1.810(17) 
1 
1 
1 

825(17) 
849(16) 
809(18) 

1.816(18) 

96.0(2) 
93.3(2) 
85.5(4) 
95.8(4) 

169.3(4) 

93.7(2) 

171.0(4) 

83.4(4) 

94.7(4) 

95.1(4) 

170.6(4) 

85.7(4) 

87.5(5) 

83.9(5) 

85.7(5) 

Co-P(l)-C(l) 
Go-P(l)-G(3) 
Go-P(l)-G(4) 
C(l)-P(l)-C(3) 

G(l)-P(l)-G(4) 
G(3)-P(l)-G(4) 

Go-P(2)-G(5) 

Go-P(2)-G(7) 

Co-P(2)-C(8) 

G(5)-P(2)-G(7) 

G(5)-P(2)-G(8) 

C(7)-P(2)-C(8) 

Co-P(3)-C(9) 

Co-P(3)-C(ll) 

Go-P(3)-G(12) 

G(9)-P(3)-G(ll) 

P(3)-G(9) 
P(3)-G(ll) 
P(3)-G(12) 

N(l)-G(2) 
N(2)-G(6) 

101.7(6) 
123.2(6) 
115.7(6) 
106.3(8) 
103.6(8) 
104.4(8) 

103.5(5) 

122.3(6) 

118.5(6) 

104.8(8) 

101.7(8) 

103.4(8) 

102.8(5) 

122.7(6) 

118.0(6) 

104.3(7) 

1.858(16) 
1.824(18) 
1.877(17) 

1.521(20) 
1.472(19) 

N(3)-G(10) 1.505(20) 

G(l)-G(2) 
C(5)-C(6) 
G(9)-G(10) 

G(9)-P(3)-G(12) 

Go-N(l)-G(2) 
Go-N(2)-G(6) 
Go-N(3)-G(10) 

N(l)-G(2)-G(l) 

N(2)-G(6)-G(5) 

N(3)-G(10)-G(9) 

P(l)-G(l)-G(2) 

P(2)-G(5)-G(6) 

P(3)-G(9)-G(10) 

1.479(24) 
1.548(22) 
1.560(22) 

104.4(7) 

112.3(9) 
115.4(9) 
115.2(9) 

110.7(13) 

108.0(12) 

109.8(12) 

105.1(12) 

105.3(10) 

107.8(10) 

TABLE 5. RELEVANT INTERATOMIC DISTANCES (//Â) 

Br(3)-N(l) 
Br(3)-N(2) 
Br(3)-N(3) 
0(1)-N(3) 
0(2)-N(2) 
0(3)-N(2) 
0(2) -N( l ) 

555(12) 
542(13) 
377(12) 
912(19) 
420(19) 
058(17) 

G(3)-G(7) 
G(7)-G(ll) 
G(H)-G(3) 
G(l)-G(12) 
C(4)-C(5) 
G(8)-G(9) 

3.518(23) 
3.580(24) 
3.621(23) 
3.665(25) 
4.007(25) 
3.877(23) 

2.877(19) 

Fig. 3. Projection of the crystal structure along the 
c axis. Possible hydrogen bonds are indicated by 
broken lines. 

atoms, the first absorption bands are shifted to higher 
wavenumbers and increase the intensity. The wave-
number difference in the first absorption bands be­
tween [Go(edmp)3]3 + and [Go(en)3]3 + amounts to 
2300 cm - 1 , and edmp stands at a fairly higher posi­
tion than en in the spectrochemical series. The band 
of [Go(edmp)3]3 + is symmetrical and shows no split­
ting, which agrees with a pattern expected from 
Yamatera 's rule11) for a complex with G3 symmetry (fac 
isomer). The fac structure was confirmed by X-ray 

analysis {vide ante). The [Go(en) 2(edmp)] 3 + complex 
gives the first absorption band at 22400 c m - 1 . This 
value is just an average of those of jfac-[Co(edmp)3]3+ 

and [Co(en)3]3 + , and also agrees with that expected for 
one of two components split in the first absorption 
band.11) Another component which should be at 
the same wavenumber as that of the first absorption 
band of [Go(en)3]3 + would be hidden by this strong 
component. The first absorption band of [Co(en)-
(edmp) 2 ] 3 + shows the maximum at 23700 c m - 1 and 
a shoulder at 21000 c m - 1 . These values quite agree 
with those calculated for the trans (P,F) isomer ac­
cording to Yamatera 's rule. Thus the complex can 
be assigned to the trans (P,P) isomer. However, the 
absorption spectrum of this complex is very similar 
over the whole region to that of [Co(en) 2 (P-P)] 3 + 

(P-P=l ,2-bis(dimethylphosphino)ethane) , which forms 
necessarily cw(P,P) configuration.12) In general, li-
gands which exhibit the strong trans effect such as 
a phosphine tend to occupy the eis positions to each 
other in metal complexes.13) In fact, the [Go-
(edmp) 3 ] 3 + complex yielded only the fac isomer, de­
spite its structure seems to be more crowded than 
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30 ~ 3 1 
y/10cm"' 

Fig. 4. Absorption spectra of [Co(edmp)3]3+ (-
[Co(en)(edmp)2]»+ ( ), [Co(en)2(edmp)]3+ (• 
and [Co(en)3]

3+ ( ). 

TABLE 6. ABSORPTION(AB) AND CD SPECTRAL DATA 

Complex *>AB/103 cm-1(loge) 

^-[Co(edmp)3]3+ 

y1-[Go(en)(edmp)2]
3+ 

7i-[Go(en)2(edmp)]3+ 

yl-[Co(en)2(edpp)]3+ 

J-[Co(en)2(S-pdpp)3+ 

y1-[Co(en)2(S-ebpp)]3+ 

yf-[Co(en)2(Ä-ebpp)]3+ 

23.70(2.68) 

30.18(2.36) 
39.76(4.42) 

21.4 (2.2 )(sh) 
23.72(2.41) 
29.43(2.34) 
39.84(4.38) 

22.46(2.28) 

29.28(2.23) 
39.22(3.92) 

21.51(2.53) 

32.63(4.17) 
44.44(4.39) 

21.51(2.54) 

32.79(4.15) 
40.98(4.00) 
44.50(4.43) 

21.90(2.51) 

33.56(4.18) 
41 (4 )(sh) 

21.93(2.45) 

33.73(4.05) 
41 (3.9 )(sh) 

*CD/103 cm-^Ae) 

~~22.32(+1.45) 
24 .84( -1 .57) 
30.03( + 0.49) 
37 .88( -20 .6) 
40.98( + 4.74) 
45 .00( -9 .33) 

20.90( + 2.07) 
23 .98( -0 .89) 
29.41 ( + 0.62) 
3 7 . 7 4 ( - 9 . 9 ) 
40.50( + 5.4 ) 
44 .84( -14 .9) 

20.47 (+1.26) 
23.39 ( -0 .16) 
27.40( + 0.36) 
39 ( - 3 . 3 )(sh) 
46 .73( -17 .8) 

19.88(+1.67) 
22 .47( -0 .91) 
33.67(+10.4) 
38 ( + 5 )(sh) 
4 1 . 3 2 ( - 0 . 7 ) 

19.92 (+1.80) 
22 .30( -1 .28) 
34.36( + 2.98) 
38 ( + 4.5 )(sh.) 
4 2 . 3 7 ( - 3 , 4 ) 

20.16(+1.77) 
22 .86( -0 .58) 
27.97( + 0.51) 
3 3 . 2 2 ( - 8 . 9 ) 
40.82( + 0.9 ) 
43 .96( -10 .1 ) 
4 7 . 1 7 ( - 3 . 7 ) 

20.08( + 0.96) 
22 .62( -1 .42) 
28 ( + 0.6 ((sh) 
34.01(+12.6) 
45 .66 ( -29 ) 

sh: Shoulder, 

the mer isomer. In column chromatographic resolu­
tion using SP-Sephadex C-25 and a sodium ( + ) Ö 8 9 -
tar t ra toant imonate(III) solution, the A -isomers are 
eluted faster for both [Co(edmp) 3 ] 3 + and [Co(en)-
(edmp) 2] 3 + . For five-membered chelate complexes, it 
is reported that in complexes with three facial NH 2 

groups which can form hydrogen bonds with the 
(+) 5 8 9 - tar t ra toant imonate(I I I ) ion, a A isomer is elut­
ed almost always faster than the antipode.14) For 
complexes with no such facial N H 2 groups^ for ex­
ample [Co(en)2(C204)]+1 4> and [Co(en)2(P-P)]3+12>, 
the elution order is reversed to give a A isomer as 
the faster moving enantiomer. The [Co(en)(edmp)2]3 + 

complex can have the three facial N H 2 groups in 
only the trans(P,N) isomer. These considerations lead 
to the conclusion that [Co(en)(edmp) 2] 3 + is the trans-
(P,N) isomer. This isomer has Gx symmetry and the 
two edmp ligands are not in equivalent environment. 
Thus N M R spectroscopy would give useful informa­
tion for assigning the structure. However, the XH 
N M R spectrum was too complicated to assign, and 
no good 13C N M R spectrum was obtained because 
of the small amount of the complex. Thus the struc­
ture of [Co(en)(edmp) 2] 3 + remains unknown. 

In contrast with the first absorption bands, the 
second absorption bands of the edmp complexes do 
not show any remarkable shift when en is replaced 
by edmp. Thus the energy difference between the 
first and the second absorption bands in the edmp 
complexes becomes small as compared with that in 
[Co(en)3]3 + . The energy difference between the first 
and the second absorption bands is expressed by 16B, 
where B is the Racah 's parameter of interelectronic 
repulsion.15) The B value is known to be a measure 
for representing covalent character of the bond be­
tween a ligand and a metal ion, the smaller the value 
the more the covalent character.1?) The B values 
for /öc-[Go(edmp) 3 ] 3 + a n d [Co(en)3]3 + are 406 and 
506 c m - 1 , respectively. The value of 406 c m - 1 is as 
small as that of [Go(GN) 6] 3" (416 cm"1).17) The co­
ordinate bond between the edmp ligand and the co­
balt ( I I I ) ion might involve fairly strong covalent 
character. 

The edmp complexes show a strong absorption band 
around 40000 c m - 1 , which can be assigned to the 
charge transfer band from the phosphine group to 
the cobalt(III) ion. With an increase in the number 
of ligating phosphorus atoms, these bands increase 
the intensity, while the absorptions around 46000 c m - 1 

which can be assigned to the charge transfer band 
from the amine group to the cobalt (111) ion decrease 
the intensity. 

Absorption spectra of [Co(en)2(edpp)]3 + and [Go-
(en) 2 (ebpp)] 3 + (1st fraction) are compared with that 
of [Co(en) 2 (edmp)] 3 + in Fig. 5. By replacing the 
methyl group in edmp by a phenyl group, both the 
first and the charge transfer absorption bands are 
shifted progressively to smaller wavenumbers. The 
shift of the latter bands are particularly noticeable 
and the second absorption bands are hidden by these 
bands. The maximum wavenumber of the first ab­
sorption band of the edpp complex is nearly the same 
as that of [Co(en)3]3 + , 
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Fig. 5. Absorption spectra of [Go(en)2(edmp)]3+(— 
[Co(en)2(ebpp)]»+ ( ), [Co(en)2(edpp)]<>+ (— 
and [Co(en)J»+ ( ). 
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Fig. 6. Absorption and CD spectra of A-fac-[Go-
(edmp)3]3+ in water ( ) and in 0.1 mol/dm3 

P 0 4
3 - ( ), and J-[Co(en)3]3+ in water ( ). 

The CD spectrum of ( —)b^-A-fac-[Go(edmp)3]3+ is 
compared with that of -d-[Co(en)3]3 + in Fig. 6. Both 
complexes show a similar CD pattern in the first ab­
sorption band region, although the negative compo­
nent of ^ : /àc- [Co(edmp) 3 ] 3 + is very strong. O n ad­
dition of phosphate ions, the positive and the negative 
components are diminished and enhanced, respec­
tively. The same effect is well known to occur in 
the CD spectrum of ^-[Co(en)3]3+.17> In the ultra­
violet region, a negative and a positive CD band are 
observed corresponding to each charge transfer band 
from the phosphine and the amine groups to the 
cobalt (111) ion. The appearance of the negative CD 
band in the small wavenumber side in each charge 
transfer region is the same as cases of tris-diamine 
complexes in the A configuration.18) Thus the CD 
spectrum of jfac-[Co(edmp)3]3^ can be understood 
on the basis of that of [Go(en)3]3 + . Figure 7 shows 
the CD spectra of [Co(en) w (edmp) 3 _J 3 + , all of 
which are eluted faster on column chromatography. 
All the complexes can be assigned to A configuration 

?/103cm-1 

Fig. 7. CD spectra of yl-[Co(edmp)3]
3+ ( ), 

J-[Go(en)(edmp)2]3+ ( ), yl-[Go(en)2(edmp)]3+ 
( ), and J-[Co(en)3]3+ ( ). 
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Fig. 8. CD spectra of yl-[Go(en)2(N-P)]3+. N-P : (a) 
edpp, (b) £-pdpp ( ) and the vicinal effect curve 
of S-pdpp ( ) (see text), and (c) 7?-ebpp ( ) 
and £-ebpp ( ). 

from the CD patterns in the first absorption band 
region. The C D bands corresponding to the charge 
transfer transitions from the phosphine and the amine 
groups to the cobalt ( I I I ) ion decrease or increase 
the strength depending on the number of phosphorus 
or nitrogen donor atoms. In Fig. 8 are shown the 
CD spectra of [Co(en)2(N-P)]3+ ( N - P - e d p p , S-pdpp, 
and^S- and i?-ebpp). The CD patterns in the first 
absorption band region are all similar, and these en-
antiomers can be assigned to A configuration. How­
ever, the CD spectra in the ultraviolet region differ 
from those of the edmp complexes probably because 
of the presence of the phenyl group or the chiral phos­
phorus or carbon atom. The absolute configurations 
of the phosphorus atoms in the diastereomeric ebpp 
complexes were assigned by comparing the CD spec­
tra with those of the authentic complexes prepared 
by use of optically active .S-ebpp.6»19) 

The .S-pdpp complex involves a chiral chelate ligand. 
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Fig. 9. Gonfigurational(yl) ( ) and vicinal(A) 
( ) effect CD curves of [Go(en)2(ebpp)]3+. 

When the additivity20) in C D between the configura-
tional and vicinal effects holds in the C D of this com­
plex, the vicinal effect of tf-pdpp can be estimated 
by subtracting the CD spectrum of J - [Co(en) 2 (edpp) ] 3 + 

from that of yl-[Go(en)2(^-pdpp)]3+. T h e vicinal CD 
curve thus obtained quite resemble those of (.S)-propyl-
enediamine (£-pn) chelate ligands in some S-pn com­
plexes20-22) (Fig. 8), indicating the same conforma­
tional chirality for both »S-pdpp and S-pn chelate 
rings. Thus the .S-pdpp chelate ring is assumed to 
be stabilized in a ô gauche conformation with the 
equatorial methyl group as seen in the .S-pn chelate 
ring.23) The ebpp complex has a chiral donating 
phosphorus atom, and gives a pair of diastereomers, 
A(R) and A(S). These diastereomers show a similar 
C D pattern in the first absorption band region, but 
give a C D band with the different sign from each 
other around 34000 c m - 1 , where the charge transfer 
transition between the phosphine group and the co-
bal t ( I I I ) ion arises. From these C D spectra, the con­
figura tional {A) and vicinal (R) curves are obtained 
by the usual method20) (Fig. 9). The configurational 
C D curve resembles the C D spectra of the other 
aminoalkylphosphine complexes. The curve in the 
ultraviolet region seems to be an average of the C D 
spectra of the edpp and the emdp complexes. The 
vicinal CD curve shows a positive and a negative 
peak in the regions of the first and the charge transfer, 
from the phosphine group to the cobalt(III) ion, 
bands, respectively. The vicinal effect of chiral phos­
phorus atoms donating to the cobalt (III) ion is only 
known for the [Co(acac) 2(ebpp)]+ (acac=acetylace-
tonate ion).2) In order to discuss such optical activity, 
more data will be needed. 

This work was partly supported by the Kura ta 
Research Grant of the Kura ta Foundation. 
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Isomers of Tris[(Ä)-l-phenyl-l,2-ethanediamine]- and Tris[(S)-3,3-dimethyl-
l,2-butanediamine]cobalt(III), and the Related Complexes 

Masaaki KOJIMA and Junnosuke FUJITA* 

Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464 
(Received April 21, 1981) 

The [Co{(i?)-l-phenyl-l,2-ethanediamine}3]3+ complex yielded all of the four possible isomers, mer-A(lel3), 
mer-A{pb3)^ fac-A(lel3), and fac-A(ob3), while the [Go{(*S,)-3,3-dimethyl-l,2-butanediamine}3]

3+ complex gave 
only two isomers of mer-A(lel3) and fac-A(lel3). Two isomers, A(lel3) and A(ob3) of the [Co{(.S,,.S,)-2,3-butane-
diamine}3]3+ complex were obtained. The formation ratios of these tris(l,2-diamine)cobalt(III) complexes were 
compared with those of the analogous complexes and discussed. The tetraammine complexes of all those di­
amines were also prepared. Absorption and circular dichroism spectra of all the complexes were recorded. 

Recently Bernth and Larsen1) isolated three out of 
four possible isomers of [Co(i?-pen)3]3 + (R-pen=(R)-
1 -phenyl-1,2-ethanediamine), and reported their cir­
cular dichroism (CD) spectra. This paper deals with 
the isolation and CD spectra of all the isomers. The 
CD spectrum of one isomer (mer-A(ob3)) reported by 
Bernth and Larsen differs markedly from that obtained 
in this study. The present paper also reports the 
preparation and CD spectra of two isomers of [Co-
(S-dmbn^] 3 * (6'-dmbn=(6')-3,3-dimethyl-l,2-butanedi-
amine), two isomers of [Go(6,6,-2,3-bn)3]3+ (S'S'-2,3-bn= 
(6',6')-2,3-butanediamine), and the tetraammine com­
plexes of those diamines. T h e R-pen and S-dmbn 
ligands have a bulky substituent on the carbon atom, 
and the SS-2,3-bn the methyl group on each carbon 
atom. 

Exper imenta l 

Ligands. 1-Phenyl-1,2-ethanediamine (pen) was ob­
tained by reducing 2-amino-2-phenylethaneamide which was 
derived from 2-amino-2-phenylacetic acid (Tokyo Kasei 
Co.), with LiAlH4 according to the known method,2) and 
resolved with ( + )-tartaric acid to give i?-pen by the method 
of Reihlen et al.3) Optically active R-pen was also derived 
from ( —)-(i?)-2-amino-2-phenylacetic acid (Aldrich Ghem. 
Go.) by the same method. However, the product was not 
optically pure so that the procedure of resolution given 
above was necessary. 

( + )-(.S,)-3,3-Dimethyl-l,2-butanediamine (.S-dmbn) was 
obtained by the method of Hawkins and Peachey.4) The 
dihydrochloride salt (.S-dmbn^HCl) was used to prepare 
cobalt (III) complexes. 

2,3-Butanediamine (2,3-bn) was prepared by the method 
of Bailar et al.5) and separated into the meso and racemic iso­
mers by the method of Billo and Vitiello.6) The { + )-SS-
2,3-bn isomer was obtained from the racemate by the method 
of Dickey et al.1) 

mer-A- and fac-A- [Co ( R-pen ) 3~\Cl3'2.5H20, mer-A-[Co-
(R-pen)3]Cl3-3H20, and fac-A-[Co(R-pen) 3]Cl3-4H20. 
A mixture of [Co(NH3)5(H20)](C104)3 (0.5 g, 1.1 mmol), 
i?-pen (0.68 g, 5 mmol), and active charcoal (0.2 g) in 30 
cm3 of water was heated at 60 °G for 5 h, and filtered. The 
filtrate was diluted with 1 dm3 of water and passed through 
an SP-Sephadex column (02.7x3 cm). The Sephadex 
charged with the product was placed on the top of an SP-
Sephadex column (02.7 X120 cm). By elution with 0.2 
mol/dm3 Na2S04, the orange band separated into four bands, 
I, II, III, and IV named in the order of elution, which were 
mer-A, fac-A, mer-A, and fac-A isomers of [Co(i?-pen)3]

3+, 
respectively. Each eluate was diluted with water and poured 
again on a small column of SP-Sephadex. After the column 

had been washed with 10~2 mol/dm3 HCl {ca. 5 dm3), the 
adsorbed complex was eluted with 1 mol/dm3 HCl. The 
eluate was concentrated in a vacuum desiccator over P 2 0 5 

and NaOH to give orange crystals, which were filtered and 
washed with a small amount of water. The total yield 
was almost quantitative, and the formation ratio, I : I I : I I I : IV 
was ca. 17:8:4:1. I. Found: G, 46.5; H, 6.6; N, 13.8%. 
II. Found: G, 46.6; H, 6.7; N, 13.8%. Galcd for [Go-
(R-pen)3]Cl3-2.5H20: G, 46.6; H, 6.7; N, 13.6%. III. 
Found: G, 45.6; H, 6.7; N, 13.6%. Galcd for [Go-
(R-pen)3]Cl3-3H20: G, 45.9; H, 6.7; N, 13.4%. IV. 
Found: G, 44.6; H, 6.3; N, 12.8%. Galcd for [Go(Ä-pen)8]-
G13 .4H20: G, 44.6; H, 6.9; N, 13.0%. 

mer-A- and {a,c-A-[Co(S-dmbn)3](ClOJ3'3H20. The 
[Go(»S,-dmbn)3]

3+ complex was prepared and separated into 
the isomers by a method similar to that for [Go(i?-pen)3]3+, 
using .S-dmbn which was obtained by neutralizing the dihy­
drochloride with an aqueous NaOH solution, instead of 
i?-pen. Only two isomers, A(mer-A) and B(fac-A) were 
yielded in nearly the same amount, A being eluted faster 
than B in column chromatography. The isomers were 
isolated as Perchlorates by use of 1.5 mol/dm3 HG104 instead 
of 1 mol/dm3 HG1. Yield: ca. 40% for each isomer. A. 
Found: G, 28.8; H, 7.1; N, 11.0%. B. Found: G, 28.5; 
H, 6.8; N, 11.0%. Galcd for [Go(S-dmbn)3](G104)3-3H20: 
G, 28.5; H, 7.2; N, 11.1%. 

The [Go(»S,-dmbn)3]
3+ complex was also obtained by mixing 

a methanol solution (15 cm3) of trans-[GoCl2(pyridine)4]Gl-
6H 2 0 (0.59 g, 1 mmol)8) and a methanol solution (15 cm3) 
containing S-dmbn • 2HG1 (0.57 g, 3 mmol) and NaOGH3 

(0.32 g, 6 mmol). The reaction took place almost instantly 
to give a yellow solution. It was diluted with water and 
chromatographed by the same method as the above to give 
the mer-A and fac-A isomers. The formation ratio, mer-A : 
fac-A was 3:1, no A isomer being yielded. 

A-[Co(SS-2,3-bn)3\Cl3'1JH20 and A-[Co(SS-2,3-bn)3]Cl3-
5H20. Two isomers of [Go(^-2,3-bn)3]3+ were ob­
tained by a method similar to that for [Co(i?-pen)3]

3+ using 
SS-2,Z-hn instead of i?-pen. The formation ratio of the 
A(lel3) to the A(ob3) isomers was ca. 10:1. The A isomer. 
Found: G, 31.7; H, 8.6; N, 18.1%. Galcd for [Co(SS-2,3-
bn)3]Cl3 .1.5H20: G, 31.7; H, 8.6; N, 18.4%. The A 
isomer. Found: G, 28.0; H, 8.7; N, 16.5%. Galcd for 
[Co(SS-2,3-bn)3]Cl3.5H20: G, 27.7; H, 8.9; N, 16.2%. 

[Co(NH3)i(R-pen)](ClOJ3-2H20 and [Co(NH3)t(S-dmbn)~]-
(ClOJ3. These complexes were prepared from [Go-
(NH3)5(H20)](C104)3 and Ä-pen or S-dmbn-2HCl in di­
methyl sulfoxide (DMSO) by a method similar to that re­
ported.9»10) Yield: ca. 20% (Ä-pen complex), ca. 10% 
(S-dmbn complex). The i?-pen complex. Found: G, 16.2; 
H, 4.7; N, 14.1%. Galcd for [Co(NH3)4(i?-pen)](C104)3-
2 H 2 0 : G, 16.1; H, 4.7; N, 14.1%. The S-dmbn complex. 
Found: G, 13.4; H, 5.1; N, 15.8%. Galcd for [Go(NH3)4-
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Fig. 1. a: Absorption spectrum offac-A-[Go(Ä-pen)3]
3+ 

(IV). b : CD spectra of fac-A-[Go(R-pen)3Y+ (IV) 
( ) and fac-A-[Co(R-pen)3Y+ (II) ( ). c: CD 
spectra of mer-A-[Go(i?-pen)3]

3+ (III) ( ) and 
^r-zJ-[Go(Ä-pen)3]3+ (I) ( ). 

(S-dmbn)](C104)3: C, 13.3; H, 5.2; N, 15.8%. 
[Co(NH3)t(SS-2,3-bn)~](ClOJ3. This complex was 

prepared by a method similar to that of Mizukami et A/.11) 
for the corresponding (R,R)-2,4-pentanediamine complex. 
The method for the above R-pen and S-dmbn complexes 
gives a large amount of [Co(&S,-2,3-bn)3]

3+ owing to dis-
proportionation. The NH4[Co(S03)2(NH3)2(SS-2,3-bn)] 
complex (not analyzed) prepared from NH4[Co(S03)2-
(NH3)4]

12> and &S*-2,3-bn was allowed to react with 47% 
hydrobromic acid to yield trans (Br,Br)-[CoBr2(NH3)2(SS-2,3-
bn)]Br (not analyzed). It was dissolved in liquid ammonia 
to give an orange solution. A crude complex which re­
mained on evaporation of the liquid ammonia was purified 
by column chromatography with SP-Sephadex. The com­
plex was isolated as Perchlorate by a method similar to 
that for [Co(£-dmbn)3]3+. Yield: ca. 10%. Found: C, 
9.2; H, 4.6; N, 16.7%. Galcd for [Go(NH3)4(^-2,3-bn)] 
(G104)3: C, 9.4; H, 4.7; N, 16.4%. 

Equilibrium Studies. Each isomer of mer-A- and fac-A-
[Go(6,-dmbn)3](G104)3 was refluxed in water (50 cm3) in 
the presence of active charcoal (0.1 g) for 3—8 h. The 
charcoal was filtered off and the filtrate was subjected to 
SP-Sephadex column chromatography in order to see the 
distributions of isomers. The ratio, mer-A:fac-A = 1:1 was 
obtained, no formation of the A isomer being observed. 
The J-[Co(SS-2,3-bn)3]Cl3-1.5H20 complex was equili­
brated by the same method, giving the ratio, A:A = 10:l. 
The ratios for both complexes thus obtained are the same 
as the respective formation ratios obtained when the com­
plexes were prepared in the presence of active charcoal. 
Equilibration of [Go(i?-pen)3]3+ by the same method as 
the above was accompanied with reduction of Go (III) to 
Go(II). 

Measurements. Absorption and GD spectra were re­
corded on a Hitachi 323 spectrophotometer and a JASGO 
J-40GS spectropolarimeter, respectively. 1H NMR spectra 

20 30 40 50 
yA03cm^ 

Fig. 2. Absorption spectrum of mer-A-[Co(S-dmbn)3~]3+ 

(A), and GD spectra of mer-A-[Go(S-dmbn)3]
3+ (A) 

( ) and fac-A-[Co(S-dmbn)3¥+ (B) ( ). 

in DMSO-</6 solutions and 13G NMR spectra in DMSO 
solutions were obtained with a JEOL PMX-60 and a 
JEOL FX-60 spectrometer, respectively. 

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

Four isomers (I, I I , I I I , IV) of the [Go(#-pen)3]3+ 
complex are easily assigned on the basis of the 13G 
N M R and GD spectra. I I and IV give only one 
kind of signal for each resonance of the methylene 
(I I , 49.3 p p m ; IV, 49.8 ppm) and methine (II , 61.2 
p p m ; I V 60.4 ppm) carbons, while I and I I I show more 
than two signals (unresolved peaks) for each of the 
corresponding carbons. Thus the former two and the 
latter two can be assigned to the fac(G3) and mer(G1) 
configurations, respectively. In the first absorption 
band region, I and I I show a negative main GD band, 
and I I I and I V a strong positive GD band (Fig. 1). 
Thus I, I I , I I I , and IV are assigned to the mer-A, 

fac-A, mer-A, and fac-A isomers, respectively. The 
[Go(S-dmbn)3]3 + complex yielded only two isomers, 
A and B out of four possible isomers. 1 H N M R spectra 
of A and B exhibit two and one signals, respectively, 
in the resonance region of the t-butyl group. Both 
isomers show a similar GD pattern which is charac­
teristic of the A configuration (Fig. 2). Thus A 
and B can be assigned to the mer-A and fac-A isomers, 
respectively. 

The A- and J-[Go(#-pen)3]3+, and ^ [ G o ^ -
d m b n ) 3 ] 3 + complexes have the lel3, ob3, and lel3 struc­
tures, respectively, since the i?-pen and S-dmbn chelate 
rings should be stabilized in the A and ô conformations, 
respectively, with the phenyl or ^-butyl group disposed 
equatorially. For a [Go(l ,2-diamine)3]3 + complex, the 
lelz isomer is known to be more stable than the ob3 

one.13) The relative amounts of the leL to the ob»* 
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TABLE 1. ABSORPTION (AB) AND CD SPECTRAL DATA 

Complex *AB/103 cm-^log e) *CD/103 cm-^A e) Complex *AB/103 cm-^log e) *CD/103 cm-^A e) 

m^r-zJ-[Co(JR-pen)3]
3+ 

fac-J-[Co(R-pen)3¥+ 

mer-A-[Co(R-pen)3]
3+ 

fac-A-[Co(R-pen)3y+ 

mer-A-[Co(S-dmbn)3Y+ 

fac-A-[Go(S-dmbn)3Y+ 

A-[Co(SS-2,3-bn)3¥+ 

21.20(2.10) 

29.0 (2.2)sh 
37.0 (3.9)sh 
48.50(4.73) 

21.20(2.06) 

29.0 (2.1)sh 
37.0 (4.0)sh 
48.50(4.75) 

21.20(2.07) 
29.0 (2.1)sh 
37.0 (4.0)sh 
48.50(4.72) 

21.20(2.08) 
29.0 (2.3)sh 

37.0 (3.9)sh 

48.50(4.69) 

21.16(2.02) 

29.28(1.99) 
46.50(4.33) 

21.16(2.02) 

29.28(1.99) 
46.50(4.34) 

21.51(2.00) 

29.63(1.97) 
47.60(4.45) 

20.24 
23.04 
28.20 

45.90 

20.16 
22.90 
28.25 

45.20 

21.05 
28.99 
37.00 
46.50 

21.05 
29.07 
31.25 
35.60 
37.00 
46.10 

20.08 
22.62 
28.82 
44.20 

19.96 
22.37 
28.57 
43.90 

20.41 
23.09 
28.99 
46.70 

- 2 . 9 4 ) 
+ 0.34) 
- 0 . 1 6 ) 

+ 48) 

- 2 . 7 9 ) 
+ 0.52) 
- 0 . 1 9 ) 

+ 39) 

+4.50) 
- 0 . 0 3 ) 
+ 1.25) 
- 2 3 ) 

+4.46) 
- 0 . 0 7 ) 
+ 0.14) 
- 0 . 2 7 ) 
+ 0.10) 
- 1 8 ) 

+ 2.42) 
- 0 . 5 5 ) 
+ 0.26) 
- 3 7 . 9 ) 

+ 1.57) 
- 0 . 8 2 ) 
+ 0.25) 
- 2 9 . 5 ) 

+ 2.73) 
-0.56) 
+ 0.32) 
-41) 

A-[Co(SS-2,3-bn)3y+ 

fac-A-[Co(R-pn)3¥+ 19> 

mer- J-[Co(A-pn)3]3+ 18> 

[Co(NH3)4(JR-pen)]3+ 

[Co(NH3)4(.S
,-dmbn)]3+ 

21.51(1.99) 
29.63(1.96) 

46.90(4.49) 

21.39(2.00) 

29.50(1.96) 
47.30(4.40) 

21.39(1.95) 
29.40(1.90) 

47.00(4.43) 

21.19(1.89) 

29.8 (1.9)sh 
39.0 (3.6)sh 
49.00(4.59) 

21.19(1.84) 

2t .46(1.77) 
50.00(4.39) 

[Co(NH3)4(tS
,
tS

,-2,3-bn)]3+ 21.28 (1.84) 

[Co(NH3)4(JR-pn)]3+ 19> 

29.46(1.77) 
49.60(4.43) 
21.19(1.85) 

29.50(1.78) 
50.30(4.44) 

21 .28(-3 .47) 
27.00(-0.068) 
29.24(+0.94) 
32.05 ( -0 .29) 
41.00 ( -0 .94) 
47.10(+25.5) 

20 .28( -2 .44) 
22.83(+0.75) 
28 .99( -0 .32) 
47.00 ( + 48) 

21.05( + 2.48) 
27.30( + 0.078) 
29.30(-0 .031) 
31.70( + 0.036) 
41.50(+1.35) 
47 .20( -20 .1) 

19.05(-0.037) 
21.60( + 0.465) 
28.20(-0.007) 

46.10( + 5.9) 

19.53( + 0.037) 
21.65(-0.386) 
29.40( + 0.014) 
46 .90( -5 .54) 

19.42 ( + 0.075) 
21.74(-0 .345) 
29.41 ( + 0.012) 
47 .80( -4 .92) 
19.31 (-0.066) 
21.69( + 0.326) 
29 .15( -0 .02) 
47.00( + 5.4) 

sh: Shoulder. 

isomers in equilibrium at 373 K for [Co(i?-pn)3]3 + 

(#-pn = (#)-l,2-propanediamine),1 4) [Co(SS-2,3-bn)^+} 

and [Co(Äft-chxn)3]3+ (RR-chxn=(R,R)-trans-l,2-cyclo-
hexanediamine)15) are 8 .8 :1 , 10 :1 , and 14 :1 , respec­
tively. In the present study, [Co(6 ,-dmbn)3]3 + yielded 
only the lel3 form by either preparative method and 
by heating the complex in water with active charcoal 
(Experimental). T h e relative stability of the ob3 to 
the lel3 isomers seems to decrease as the substituent 
becomes larger and the number of the substituent 
increases. 

O n the other hand, the formation ratio of the lel3 

to the ob3 isomers of [Co(Ä-pen)3]3 + was 5 :1 . Al­
though the equilibration study was unsuccessful be­
cause of decomposition of the complex, this value 
can be regarded as that at equilibrium, since the 
reaction was carried out by prolonged heating in 
the presence of active charcoal (Experimental). The 
value of 5:1 indicates that the ob3 isomer of [Co(R-
pen) 3 ] 3 + is fairly stable as compared with those of 
the other complexes given above, despite the ligand 
has a bulky phenyl substituent. Bosnich and 

These re-
ob* isomer 

it is Thus 

Harrowfield16) reported that for the [Co{(—)-dpen}3]3 + 

complex ( (—) -dpen = (—) -1,2-diphenyl-1,2-ethanedi-
amine), in which each chelate ring has two phenyl 
substituents, the (—)-isomer predominates to the extent 
of at least 9 0 % over the (+)- i somer at equilibrium. 
Later Kuroda and Mason17) determined the absolute 
configuration of ( + ) - [ C o { ( — )-dpen}3]3 + by X-ray 
analysis to be ^ ( / ^ - [ G o ^ - d p e n ) ^ ^ . 
ports show that in [Go(6'6'-dpen)3]3+ the 
is much more stable than the lel3 one. 
concluded that tris-type complexes of 1,2-diamines with 
phenyl substituents tend to stabilize the ob3 isomer, 
contrary to those of 1,2-diamines with alkyl substitu­
ents. 

I t is known that the mer and fac isomers of [Co(R-
p n ) 3 ] 3 + with the same absolute configuration give es­
sentially the same CD spectra.18) The corresponding 
isomers of [Co(i?-pen)3]3 + show a small difference 
in the CD spectra, but there is a fairly large difference 
between mer- and fac-A-[Co(S-dmbn)3Y

+- I n t n e first 

absorption band region, the CD patterns of A(lel3) 
and A(ob3) isomers of [Co(i?-pen)3]3 + (mer and fac) 
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Fig. 3. a: Observed CD spectra of [Co(NH3)4(i?-
(pen)]3+ ( ) and [Go(NH3)4(Ä-pn)]3+ ( ), 
and calculated CD curves, I/6{Ae{ fac-A-[Co(R-
pen)3Y+) + Ae(fac-A-[Co(R-pen)3Y+)} ( ) and 
l/6{Ae(m^-J-[Co(Jff-pen)3]3+) + Ae(mer-A-[Co(R-
pen)3]3+)} ( . . . . ) . b : Observed CD spectrum of 
[Go(NH3)4(^-2,3-bn)]3+ ( ) and calculated CD 
curve, l/6{Ae(^-[Go(^-2,3-bn)3]3+) + Ae(A-[Co-(SS-
2,3-bn)3]

3+)} ( ). c: CD spectrum of [Go-
(NH3)4(6

,-dmbn)]3+. 

quite resemble those of zl- and A-[Co(R-pn)3Y
+ (mer 

and fac), respectively, although the CD strengths of 
A(pb3) isomers of the R-pen complex are much larger 
than those of the corresponding isomers of the R-pn 
complex (Table 1). The CD strength of mer-A(ob3)-
[Co(i?-pen)3]3 + reported by Bernth and Larsen1) is 
about 2.5 times as small as ours. For t r is( l ,2-diamine)-
cobalt(III) complexes reported so far, the ob3 isomer 
gives always stronger CD than does the lel3 one in 
the first absorption band region. 

The vicinal CD curve of R-pen derived from the 
CD spectra of fac-A and fac-A (or mer-A and mer-A) 
isomers of [Co(i?-pen)3]3 + is similar to the observed 
CD spectrum of [Go(NH3)4(A-pen)]3+ over the whole 
region (Fig. 3). The CD patterns of [Co(NH3)4-
(#-pen)]3+ and [Co(NH 3) 4(#-pn)] 3+ are very similar 
in the first absorption band region, although the CD 
strength of the former is fairly larger than that of the 
latter. The vicinal CD curve of SS-2,Z-bn derived 

f rom A- and ^-[Go(6'6'-2,3-bn)3]3+ resembles the ob­

served CD spectrum of [Go(NH3)4(6'6'-2,3-bn)]3+. 
The CD patterns of [Go(NH3)4(6'6'-2,3-bn)]3+ and 
[Go(NH3)4(6'-dmbn)]3 + are almost mirror images of 
those of the corresponding i?-pen and R-pn com­
plexes. These results indicate that the i?-pen and 
S-dmbn chelate rings are stabilized in the X and ô 
gauche conformations, respectively, and that the vicinal 
effects of chiral 1,2-diamines in the [CoN6]-type com­
plexes are little dependent on the kind and the number 
of substituents on skeletal carbon atoms. 

This work was partly supported by a Grant-in-Aid 
for Scientific Research No. 243013 from the Ministry 
of Education, Science and Culture. 
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Kinetics and Mechanism of Cobalt(II) Incorporation 
into meso-Tetra(4-pyridyl)porphine in Acetic Acid1} 

Shigenobu FUNAHASHI, Keiji SAITO, and Motoharu T A N A K A * 

Laboratory of Analytical Chemistry, Faculty of Science, Nagoya University, 
Chikusa-ku, Nagoya 464 
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The kinetics of reactions of m^o-tetra(4-pyridyl)porphine (H2TPyP) with cobalt (I I) acetate and cobalt (I I) 
nitrate was studied in acetic acid spectrophotometrically. The rate of cobalt incorporation into H2TPyP is first-
order in H2TPyP. The conditional first-order rate constants are expressed as follows: for the cobalt(II) acetate 
system Â : O ( C O ) = ^ [ G O ( O A C ) 2 ] 0 ( 1 - | - ^ [ G O ( O A C ) 2 ] 0 ) - 1 ^ I + A : 2 [ G O ( O A C ) 2 ] 0 ) , where at 25 °G K= (5.5+2.0) X 104 kg 
mol"1 ( A # = - 3 6 ± 1 5 k J m o l - \ A S = - 3 0 ± 3 0 J mol"1 K - 1 ) , ^ = ( 6 . 3 + 0.5) x 10 -5 s - 1 (A#* = 89±8 kj mol"1, 
AS* = - 2 7 ± 1 5 J m o l - 1 K - 1 ) , and k2= (1.17 + 0.05) X 10 -1 kg mol"1 s - 1 (Ai/* = 75±3 kj mol-1, AS* = - H ± 8 
J m o r ^ K - 1 ) ; for the cobalt nitrate system AJ0(CO) = A: I [GO(NO3) 2 ] 0 (1+ J K: I [GO(NO3) 2 ] 0 ) - 1 (Â: 1 +Â: 2 [GO(NO3) 2 ] 0 - | -
M^[Co(NO3)2]0

2), where at 25 °G ^=(5 .1+0 .5 ) X 10 -5 s -1, k2= (2.0 + 0.1) X 10 -1 kg mol"1 s -1, K1=(7.2± 
2.0) X 104 kg mol -1, and k^K2= (1.6 + 0.15) X 102 kg2 mol -2 s -1. Formation constants of sitting-atop complexes 
were determined dynamically. Mechanisms are proposed for metal ion incorporation and some discussions are 
made on the difference in the reactivities of acetate and nitrate of cobalt(II) in acetic acid. 

Metalloporphyrins are ubiquitous in living systems. 
For understanding the possible role of enzymatic cat­
alysis of a variety of porphyrins related to biologically 
relevant material and the metalation mechanism from 
the viewpoint of coordination chemistry, thorough ki­
netic studies are required. Several reviews of metallo-
porphyrin formation are available.2-4) 

Metalloporphyrins in which the metal is bonded 
to fewer than four nitrogen atoms, sitting-atop com­
plexes, have been considered as models for the initial 
steps of the metalation of the macrocycle. Such com­
plexes are known for rhenium and technetium,5) plat­
inum,6) and rhodium.7»8) Several examples of mercury 
complexes have also been formulated.9-11) 

Recently Hambright,1 2) Krishnamurthy,1 3) and 
Lavallee14) have proposed mechanisms for the forma­
tion of metalloporphyrins. Despite the numerous in­
vestigations on the formation of metalloporphyrins, 
many of basic features of the reaction are still con­
jectural. 

We have investigated the rates of reaction of meso-
tetra(4-pyridyl)porphine with cobalt (II) acetate and 
cobalt(II) nitrate in acetic acid. Similar measure­
ments have been made in acetic acid /water solu­
tions,15) where the nature of the metal ion reactants 
is often in doubt. We describe the kinetic proof 
for the existence of a cobalt (I I) porphyrin sitting-
atop complex. In acetic acid metal salts are all in 
the undissociated form, since it is a non-dissociating 
solvent having low dielectric constant (Z)=6.18 at 
20 °C).16) Thus in this solvent we have no complica­
tion arising from the presence of dissociated anions 
and from ionic strentgh. 

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

Reagents. It is very important that all reagents be 
as dry as possible. Therefore, extreme care was taken in 
the purification and preparation of all reagents and com­
pounds. Solutions of reagents were prepared in a glove 
box filled with dried air. 

Anhydrous Acetic Acid: The preparation of acetic acid 
was described previously.17) The amount of water in the 
acetic acid was less than 9 x 1 0 - 3 %. 

Porphyrin: m^o-Tetra(4-pyridyl)porphine (Strem Chemi­
cals) was chromatographed on an alumina column by elution 
with chloroform. 

Cobalt(II) Acetate: Thirty grams of cobalt(II) acetate 
hydrate was refluxed in 300 cm3 of acetic anhydride for 
3 h. After centrifugation the precipitates were washed four 
times with anhydrous acetic acid. The crystals (Co(OAc)2-
4HOAc) were dried at 120 °G for 3 h to obtain Co(OAc)2. 
The quantitative change of Co(OAc)2-4HOAc to Co(OAc)2 

was confirmed thermogravimetrically. 
Cobalt(II) Nitrate: Reagent grade cobalt(II) nitrate hy­

drate was recrystallized from distilled water. The hydrate 
was dissolved in acetic acid. Acetic anhydride equivalent 
to the water involved was added to the cobalt(II) nitrate 
solution. Several days were required for complete reaction 
of water with acetic anhydride. The concentration of cobalt 
was standardized against EDTA using Methylthymol Blue 
as indicator. 

Ammonium Nitrate: Reagent grade ammonium nitrate was 
recrystallized from water. The crystals were dried at 120 °G 
for 3 h under reduced pressure. 

Cobalt(II) acetate, ammonium nitrate, and porphyrin 
solutions were prepared by weighing corresponding crystals. 
We use molal units (mol kg -1). 

Measurements. Spectral measurements were performed 
on a highly sensitive spectrophotometer (SM401, Union 
Giken Co., Ltd.). The concentration of water was deter­
mined by the Karl-Fisher aquametry. A thermogravimeter 
(Thermal Analyzer DT-30 Shimadzu) was used to check 
the thermal stability. 

The reactions were followed spectrophotometrically with 
a Union Giken spectrophotometer with a thermostated cell 
compartment maintained within ±0.1 °G. All the reac­
tions were carried out in 1.00-cm cells by mixing reactants 
pre-equilibrated at the reaction temperature. The metal-
loporphyrin Go-TPyP was made in solution by addition of 
a large excess of cobalt(II) to H2TPyP. The absorption 
spectra as a function of time showed excellent isosbestic 
points within several hours. The metalloporphyrin tended 
to precipitate after about 20 h at room temperature. The 
reaction was followed at 418 nm for the Co(OAc)2 system 
and at 422 nm for the Go(N03)2 system. 

Under pseudo-first-order conditions with an excess of 
total cobalt over porphyrin, reactions were followed and 
pseudo-first-order rate constants were obtained from the 
data. Under conditions where the cobalt concentration 
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is about 10 -3 mol kg -1, the half-life time of formation of 
the metalloporphyrin is several tens of minutes. At such 
higher concentrations of cobalt, the linearity of first-order 
plot is good and gives the conditional first-order rate con­
stant. The rate constants are obtained by an initial rate 
method or by the Guggenheim method,18) which does not 
require a final absorbance value. Most of conditional first-
order rate constants at lower concentration of cobalt were 
obtained by an initial rate method in order to avoid com­
plications due to the precipitation of metalloporphyrin. 

Equilibria. Recently equilibria of aquation for cobalt 
(II) acetate19^ and cobalt(II) Perchlorate20) in acetic acid 
have been studied. 

Co(OAc)2(HOAc)4 + nH20 ^ ± 

Co(OAc)2(H20)n(HOAc)4_n, (1) 

(& = 6.7 kg mol-1, ß2 = 11 kg2 mol-2, #, = 28 kg3 mol"3) 

Go(HOAc)6(G104)2 + nH20 ^=± 

Co(H20)n(HOAc)6_w(C104)2 

(ßx = 34 kg mol-1, ß2 = 850 kg2 mol"2) 
(2) 

where equilibrium constants are given in parentheses. No 
data have been published for the equilibrium constant for 
aquation of cobalt(II) nitrate, although, presumably, it 
would not be much different from that of cobalt(II) Per­
chlorate. Thus in the present systems no appreciable amount 
of aqua complexes was thought to be present: cobalt (I I) 
acetate is in the form of diacetatotetrasolvatocobalt(II) and 
cobalt (II) nitrate exists as an ion-pair involving hexa-
solvatocobalt(II) [Co(HOAc)6

2+][2N03-] (vide infra). 
TPyP showed no spectral evidence for protonation in 

acetic acid: the spectrum of TPyP in acetic acid was the 
same as that in chloroform. Thus TPyP is entirely in the 
free base form (H2TPyP) in acetic acid. 

Results 

Reaction of H2TPyP with Co(OAc)2. Values of 
^o(co) obtained at constant cobalt(II) acetate concen­
tration (4.80 X l O ^ m o l k g " 1 ) and at various concen­
trations of H 2 T P y P (1.88, 2.32, 3.05, 5.37 x l 0 ~ 6 mol 
kg-1) were the same ((1.06 + 0.03) X 10"4 s"1) within 
experimental errors. The rate for formation of metallo­
porphyrin (Go-TPyP) is first order in porphyrin: 

d[Co-TPyP] d[H2TPyP'] 
d* d* 

*o(co)[H2TPyP'], (3) 

where k0(Co) is the conditional first-order rate constant 
involving cobalt concentration and [H 2 TPyP' ] is the 
total concentration of porphyrin minus the concen­
tration of metalloporphyrin. T h e values of £o(Co) at 
20.0, 25.0, and 30.0 °G are plotted against initial con­
centration of cobalt(II) acetate [Go(OAc)2]0 in Fig. 1. 
The logarithmic relationship between rate constants 
and cobalt concentrations is shown in Fig. 2. As 
apparent from curve A in Fig. 2, at lower and higher 
cobalt concentration k0(Co) tends to be first order in 
[Co(OAc)2]0 , while at the intermediate cobalt con­
centration k0(Co) changes with [Go(OAc)2]0 to a lesser 
extent. This kinetic behavior of formation of metallo­
porphyrin can be formulated by the following equa­
tion: 

0.5 10 1.5 20 
[Co(OAc)2]o/lO"3molkg-1 

2.5 

Fig. 1. Cobalt(II) acetate dependence of conditional 
first-order rate constants for the reaction of meso-
tetra(4-pyridyl)porphine with cobalt (I I) acetate in 
acetic acid. 
A, 20 °C; O: 25 °G; • , 30 °G. 
The solid curves are calculated with the rate con­
stants and formation constants obtained. 

log([Co(N03 )2J0
/ m o 1 k9"' * 

-4 -3 -2 

o 1-3 

-5 -4 -3 

log([Co(OAc) 23 0
/ m o 1 k9"') 

Fig. 2. Relationship between log£0(Co) and logarithmic 
values of cobalt concentration. 
A, TPyP-Go(OAc)2 system at 25 °G; B, TPyP-Go-
(NOj)2 system at 25 °G. 
The solid curves are calculated with the rate con­
stants and formation constants obtained. 

SAT > Go-TPyP + 2HOAc, 

SAT + Go(OAc)2 > 
*i (5) 

H2TPyP + Go(OAc) H2TPyP...Co(OAc)2, Ky (4) 

Go-TPyP + Co(OAc)2 + 2HOAc, k2 (6) 

where H 2 T P y P - C o ( O A c ) 2 is an intermediate which 
may be so-called sitting-atop complex and is denoted 
as SAT. For simplicity, acetic acid molecules in the 
reactions are omitted. If one assumes a rapid pre-
equilibrium step of Eq. 4 and two parallel rate-deter­
mining steps of Eqs. 5 and 6, then an expression for 
^o(co) c a n be derived for this mechanism and it is 
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TABLE 1. RATE CONSTANTS, FORMATION CONSTANTS, AND ACTIVATION PARAMETERS 

FOR COBALT INCORPORATION INTO H 2 T P Y P 

Temp/°G kjB-

TPyP-Go(OAc)2 system 
k2/kg mol-1 s - 1 K/kg mol-

20.0 (3 .0+0.3) x lO- 5 

25.0 (6 .3±0.5) x lO- 5 

30.0 (1 .0+0.1) x lO- 4 

A#*/ k Jmo l - 1 = 89±8 
AS*/J mol-1 K - ! = - 27+15 

(7.36±0.15) XlO-2 

( 1 . 1 7 ± 0 . 0 5 ) x l 0 - 1 

(2.11±0.10) XlO-1 

AH */kJ mol-1 = 75 + 3 
AS"/J mol-1 K - 1 ^ - 11 ± 8 

(6.6 + 2.0) xlO4 

( 5 . 5 ± 2 . 0 ) x l 0 4 

(4 .0±2.0) XlO4 

AH/kJ mol-1= - 3 6 ± 15 
AS/J mol-1 K - 1 ^ - 3 0 ±30 

Temp/°C ki/s 

TPyP-Go(N03)2 system 
k2/kg mol-1 s - 1 KJkg mol" k3K2/kg2 mol-2 s-

25.0 (5 .1+0.5) x lO- 5 (2 .0±0.1) XlO-1 (7.2 + 2.0) XlO4 (1 .6±0. I5) xlO2 

given below 

^o(Co) = 
tf[Co(OAc)2]0 (^ + ^2[Go(OAc)2]0). (7) 

l+/i:[Co(OAc)2]0 

The experimental rate data fit this expression very 
well as illustrated in Fig. 1. In Reaction 5, the metal 
ion in the sitting-atop complex just drops into the 
porphyrin ring, and Reaction 6 indicates that a second 
metal is inserted from the opposite side. Values of 
kt, k2, and K were determined by a non-linear least 
squares method.21> The rate constants, formation con­
stants, and their corresponding parameters are tab­
ulated in Table 1. 

An introduction of 0 . 5 % water into the solvent 
acetic acid did not affect the rate constants within 
experimental errors. Errors for estimation of rate con­
stants were within 10%. Since the water concentra­
tion of our systems is much less than 0 .5%, we believe 
with confidence that the presence of water, if any, 
did not affect our results. 

Reaction of H2TPyP with Co(N03)2. The rela­
tionship between £0(co)

 a n d initial concentration of 
cobalt(II) nitrate is shown in Fig. 2. The cobalt 
dependence of A;0(co) at lower concentration of cobalt 
nitrate is similar to that in the cobalt acetate system. 
At higher concentration of cobalt nitrate, however, 
the conditional rate tends to be second-order in cobalt 
nitrate concentration (see curve B in Fig. 2). The 
mechanism of the reaction is postulated as follows: 

H2TPyP + Co(N03)2 ==± H2TPyP...Co(N03)2, KX (8) 

SAT + Go(N03)2 ^ ^ SAT-..Co(N03)2, K2 (9) 

SAT > Co-TPyP + 2HN03 , kx (10) 

SAT + Go(N03)2 > 
Co-TPyP + Go(N03)2 + 2HN03 , * a ( l l ) 

SAT--.Co(N03)2 + Go(N03)2 > 
Go-TPyP + 2Go(N03)2 + 2HN03 , k3 (12) 

where H 2 T P y P " - C o ( N 0 3 ) 2 is a sitting-atop complex 
denoted as SAT, and S A T " - C o ( N 0 3 ) 2 is a complex 
formed by interaction of cobalt with a nitrogen atom 
of pyridyl groups in porphyrin (vide infra). With 
steps 10, 11, and 12 as rate determining and steps 
8 and 9 as rapid preequilibria, Eq. 13 can be readily 
derived. 

^O(Co) — 
^ [Co(N0 3 ) 2 ] ( 

1 +tf1[Co(NO3)2]0+tf1#2[Co(NO3)2]0
2 

X (^ + ^[Go(NO3)2]0 + /t3/i:2[Go(NO3)a]0
2) 

TABLE 2. EFFECT OF AMMONIUM NITRATE ON THE 

RATE FOR C o - T P y P FORMATION 

105[Co(NO3)2]0 

mol kg - 1 

8.81 
8.6 
8.6 
8.6 

14.4 
14.4 
14.4 
14.4 
14.4 

104[NH4NO3] 
mol kg - 1 

0 
0.84 
1.2 
1.37 
0 
1.4 
2.23 
3.73 
6.78 

105*0(co) 
s-1 

6.19 
6.7 
5.2 
4.8 
7.1 
6.9 
6.1 
5.7 
5.5 

(13) 

T h e data obtained indicate that the third term of 
the denominator in Eq. 13, ür i /r2[Go(NO3)2]0

2 , is neg­
ligible all over the range of cobalt concentrations. 
As illustrated in Fig. 2, the empirical kinetic data 
are best described by Eq. 13 without the term KXK2-
[Go(NO3)2]0

2 . Constants in the T P y P - G o ( N 0 3 ) 2 sys­
tem are tabulated in Table 1. 

The kinetics of cobalt incorporation into H 2 T P y P 
have been studied in the presence of ammonium ni­
trate. Conditional first-order rate constants obtained 
in the presence of ammonium nitrate are summarized 
in Table 2. Values of k0(Co) tend to decrease only 
slightly as the concentration of ammonium nitrate in­
creases. Therefore the second order cobalt nitrate de­
pendence is in fact due to the participation of the 
second cobalt and not of nitrate in the reaction. 

D i s c u s s i o n 

There have been several studies of the kinetics of 
metal acetate incorporation into porphyrin molecules 
in acetic acid.15-22-25) The kinetic results are dis-
couragingly inconsistent with each other. Choi and 
Fleisher15) found the reaction between T P y P and man­
ganese, cobalt, nickel, and copper in glacial acetic 
acid to be first order in metal in every case. Brisbin 
and Balahura25) and Kingham and Brisbin24) found 
the reaction between hematoporphyrin and manga­
nese, iron, cobalt, copper, and zinc to be first order 
in metal and that between hematoporphyrin and nick­
el to be half order in metal. Brisbin and Richards23) 
studied the reaction between protoporphyrin I X di-
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methyl ester (Proto-IX-DME) and some first-row tran­
sition metals in glacial acetic acid. The reaction ap­
pears to be half order in cobalt and nickel and close 
to half order in copper and shows orders between 
one-half and one in manganese and zinc. 

The results by Choi and Fleischer15) are incon­
sistent with ours. Their experiments were conducted 
over a very narrow range of metal concentrations: 
(3—6) X 10 - 3 M, and they found the reaction of co­
balt (II) acetate with T P y P to be first order with re­
spect to metal.15) I t seems quite likely that if the 
kinetics were investigated over a wider range of con­
centration, the simple rate laws would not be found 
to hold. In fact, it is possible to estimate the first 
order metal dependence from the range of (3—6) X 
10 - 3 M metal concentration from Fig. 1. Moreover, 
assuming the similar reactivity of cobalt for T P y P 
and Pro to- IX-DME, the decision of about half order 
in cobalt for the reaction of Pro to- IX-DME with 
(2—8) X 10 - 4 M cobalt is possible, as apparent from 
Fig. 2. Therefore it is indispensable in these studies 
to conduct experiments over as wide a concentration 
range as possible. 

The first metal ion forms a SAT complex to de­
form the porphyrin (Eqs. 4 and 8). This step is not 
rate-limiting. The metal in the SAT complex just 
drops into the porphyrin ring (the ^ - p a t h given by 
Eqs. 5 and 10). I t is the #2-path that a second metal 
attacks from the opposite side (Eqs. 6 and 11). The 
two metals in transition state are considered to be 
on opposite sides of the porphyrin plane according 
to the crystal structure of several bi-metalloporphy-
rins.26) This is also supported by results on the 
mechanisms of electrophilic exchange between one 
metal ion and another complexed in a porphyrin 
molecule.27»28) 

Kinetic studies28) on the Z n / C d - T P P ( T P P : tetra-
phenylporphine) and Z n / H g - T P P systems revealed 
rate laws of first order in each reactant. Because of 
their large ionic radii, cadmium and mercury can 
not fit as well into the plane of the four central por­
phyrin nitrogen atoms. I t is thus considered that 
H g - T P P and G d - T P P complexes have a configura­
tion favorable for the attack by zinc from the back. 
So these reactions corresponds to the #2-path i n t n e 

present systems. 
Recently large metallic ions such as mercury(I I ) , 

cadmium(I I ) , and lead(II) have been found to ac­
celerate the complex formation of manganese(II) , co-
bal t ( I I ) , copper(II) , and nickel(II) with w^o-tetra(4-
sulfonatophenyl)porphine.29) A heterobinuclear tran­
sition state has been proposed for these systems, and 
it may be appropriate to postulate a homobinuclear 
transition state for the present system. Coordination 
of the first metal ion makes the configuration of 
porphine favorable for the attack by the second metal 
ion from the back. At the same time it may facilitate 
the dissociation of the pyrrole proton in porphine, 
which seems important in the formation of metal-
loporphyrins. 

If the dissociation of solvent from metal ions were 
important in the formation of metalloporphyrins, Co-
(OAc)2 should react faster than Co(NÖ 3 ) 2 , since elec­

tron donor ability of acetate is higher than nitrate.30»31) 
In this respect it is interesting to observe no appre­
ciable difference in kx and k2 between Co(OAc)2 and 
C o ( N 0 3 ) 2 reactions (see Table 1). 

In solvent of low dielectric constant such as acetic 
acid, it is valuable to consider both ionization and 
dissociation^ of reactants. Overall dissociation of AB 
is written as 

AB ;—* A+B- 7—* A+ + B-

with an overall dissociation constant i^D: 

[A+] + [B-] = Kfo 
D [AB] + [A+B-] 1+K./ 

where K{ is an ionization constant and Ka is a dis­
sociation constant. Available values of KD in acetic 
acid are lO"10-1 for H 2 0, 3 2 ) lO"10-1 for HN0 3 , 3 3 ) and 
10-7.56 f o r Go(OAc)2 (Co(OAc) 2 ^CoOAc++OAc- ) . 3 4 ) 
Kd can be calculated by an equation of the type derived 
by Fuoss for ion-pair formation.35) Unknown Ka 

values may be predicted, at least to a correct order 
of magnitude. O n this basis, Ka may be estimated 
to be about 10~6 M for all of these 1:1 electrolytes 
in acetic acid. Therefore in the concentration higher 
than 10 - 4 M, 1:1 electrolytes exist as undissociated 
ion-pair. Water, nitric acid, and cobalt acetate36) are 
largely unionized, while cobalt nitrate and ammonium 
nitrate should be to a considerable extent in the form 
of undissociated ion-pair. The breaking of pyrrole 
type protons is involved in metalloporphyrin forma­
tion reactions. Protons released as reaction proceeds 
react rapidly with O A c - and N 0 3 ~ to form H O A c 
and H N 0 3 molecules. 

The £3-path found for the C o ( N 0 3 ) 2 system is miss­
ing in the Co (OAc) 2 system. It may arise from the 
interaction of C o ( N 0 3 ) 2 with pyridyl nitrogen in 
TPyP . The interaction should lower the basicity of 
pyrrole in TPyP through the change of peripheral 
charge. This may make easy the deprotonation of 
H 2 T P y P and thus the #3-path requires lower activa­
tion energy than the #2-path. Since C o ( N 0 3 ) 2 is 
more electropositive than Co (OAc) 2, C o ( N 0 3 ) 2 is 
more reactive than Co (OAc) 2. Consequently the k3-
path should not be appreciable, if any, for Co (OAc) 2 

system. 

We are grateful to the Japanese Ministry of Educa­
tion, Science and Culture for support of this work 
through Grant No. 584023. 
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Determination of Ultratrace Zinc by Enzymatic Activity of Carbonic 
Anhydrase. II. Use of Carbonate Hydro-lyase Activity 
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A method for the determination of trace zinc has been investigated using hydro-lyase activity of carbonic 
anhydrase. It was proved theoretically and experimentally that the activation rate of the apo-carbonic anhy-
drase with zinc is proportional to the amount of zinc present in the solution. Hydro-lyase activity was measured 
electrochemically using sodium hydrogencarbonate as a substrate. The limit of detection was 0.89 ng/ml or 
40 pg of zinc, lower than that obtained by the esterase activity method. Application of the present method to 
the determination of zinc in real samples has been examined in order to evaluate its analytical feasibility. 

At the present time, enzymes show high poten­
tiality for utilization in analytical chemistry in terms 
of their selectivity for substrates and high sensitivity 
originating from biochemical amplification.1»2) Actual­
ly, the availability of enzyme electrode or enzyme 
colorimeter is well recognized, especially in clinical 
and agricultual fields.3»4) Of the enzymes, metallo-
enzymes have specific metal ions located at their 
active centers, which play essential roles in enzy­
matic activities. The specificity of enzymatic activity 
to certain metal ions of metalloenzymes indicates the 
possibility of determination of trace metal ions. 
Only a few workers have studied the determination 
of zinc and copper by enzymatic activity of metallo­
enzymes, such as aminopeptidase,5) alkaline phos­
phatase,6) and polyphenoloxidase (tyrosinase).7»8) 

In a previous paper, we reported on the determina­
tion of trace zinc using the esterase activity of car­
bonic anhydrase, the recovery of the esterase activity 
of apo-enzyme (a zinc-free enzyme) being monitored 
by colorimetric technique.9) The carbonic anhydrase 
method has a high selectivity to zinc, and is useful 
for determining trace zinc ion in natural samples such 
as fruit juices. O n the other hand, carbonic anhy­
drase has another function, i.e., hydration-dehydra­
tion catalysis of carbon dioxide (hereafter referred to 
as "hydro-lyase activity"), which is more essential in 
biological systems and has a higher turn-over rate 
than its esterase activity. 

In the present investigation, the hydro-lyase activ­
ity of carbonic anhydrase was used for the deter­
mination of zinc in combination with the electro­
chemical detection method. We have found an al­
most linear relationship between the recovery of en­
zymatic activity and the amount of zinc. Since this 
method is more sensitive and convenient than the 
previous one, it was applied to the determination of 
zinc in natural water. 

Theoret ica l Cons iderat ion 

Carbonic anhydrase (CA) has one zinc atom at 
its active center, the atom being essential for its en­
zymatic activity (All symbols which follow are de­
scribed in the Appendix.). Under the conditions 
[ E J 0 > [ Z n ] 0 , the equation between metal ion and apo-
CA concentration is written as follws:9) 

[E ]= /qE a ] 0 [Zn] 0 / ( l+ t f [Zn] 0 ) . (1) 

Since the relation X [ E J 0 > 1 can be assumed, we ob­
tain 

[E] ~ [Zn]0. (2) 

CA catalyzes the following hydration-dehydration equi­
librium, 

H 2 0 + G0 2 ^ = ± H 2 G0 3 ^ = ± H+ + HGO3-, (3) 
A B 

where A is the rate-determining step. Thus, Eq. 3 
can be written as 

H 2 0 + G 0 2 ^=U H+ + HGO3-. (4) 

When sodium hydrogencarbonate is used as a sub­
strate, the non-enzymatic reaction rate can be ex­
pressed as the decrease of hydrogen ion concentra­
tion : 

(d[H+]/d0non - *i[H20][GOJ - /MHCO3-][H+]. (5) 

The reaction rate for the enzymatic process can also 
be expressed as 

(d[H+]/df)en. = [ E ] ( ^ [ H G 0 3 - ] / ^ - 7 m [ G 0 2 ] / i C m ) / 

( 1 + [HCOa-l/tfi + [CO J/ t fm) . (6) 

The total reaction rate, d[H+]/d£, is given by the 
summation of Eqs. 5 and 6. Under the conditions 
in which the concentration of total carbonate {i.e., 
[ H C 0 3 ~ ] + [ C 0 2 ] ) and the initial p H are constant, 
V^, Vm, [HCO3-] , and [ C 0 2 ] are represented as the 
functions of [H>]. We then have 

d[H+]/df = [EJ/([H+]) + *([H+]), (7) 

where / ( [ H + ] ) = (d[H+]/dO e M / [E] , and *([H+]) = 
(d[H+]/d£)n o n . Here we define r and r0 as the time 
required for the p H change from pH A to pHB , when 
CA is added and not added, respectively. Then r 
and r0 can be expressed as follows: 

T = / (d*/d[H+])d[H+] 

= rH + D B[l /{[E]/([H+])+^([H+])}]d[H+], (8) 

r0= [C H + : B{lM[H+])}d[H+]. (9) 

Since the condition [E] / ( [ H + ] ) > ^ ( [ H + ] ) is easily 
satisfied because of the high turn-over rate of car­
bonic anhydrase? we obtain 
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l/r=[E]/rH + ] Bd[H+]//([H+]) 
JCH+;]A 

rH+]B{^([H+])//2([H+])}d[H+]/ 
J [ H + ] A 

+ 

d [ H + ] / / ( [ H + ] ) . (10) 

as c, a n d 

(11) 

W h e n w e t a k e l / / ™ 3 * d [ H + ] / / ( [ H + ] ) 

t h e second t e r m as c', w e ge t 

1/T = C[E] + *', 

w h i c h shows t h a t a p l o t of 1/T aga ins t [E ] is l i nea r . 
W h e n [ H + ] B is n e a r l y e q u a l to [ H + ] A , c c o u l d b e 
a p p r o x i m a t e d to l / r 0 . After al l , t h e fol lowing ex­
press ion is de r ived f rom E q s . 2 a n d 11 : 

1/T = 4 Z n ] 0 + 1/T0. (12) 

N a m e l y , t h e a m o u n t of z i nc i n t h e so lu t ions c a n b e 
d e t e r m i n e d f rom t h e p l o t of 1/T VS. [ Z n ] 0 . 

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

Chemicals. Bovine carbonic anhydrase C-7500 (EG 
4. 2. 1. I, abbreviation BGA, Sigma Ghem. Go.) was used. 
Buffer (barbital sodium-HGl, abbreviation Veronal) was 
purified by means of solvent extraction using a 0 .001% 
dithizone-chloroform solution.11) T h e substrate, sodium hy­
drogencarbonate (Wako Pure Chemicals) was of p H mea­
surement grade. Sodium salts of analytical grade were used 
as anion standards, and metal chlorides (except P b ( N 0 3 ) 2 

and F e S 0 4 ( N H 4 ) 2 S 0 4 ) of analytical grade were used as 
metal ion standards, both purchased from Wako Pure Chem­
icals. T h e distilled water was prepared by a Daiken Sekiei 
subboiling distiller, zinc content not exceeding 20 pg/ml.12> 

Instruments. A Toa p H meter HM-5B with a glass 
electrode GS-125G, a p H stat HSM-10A, and a recorder 
EPR-200A, were used for the measurement of hydro-lyase 
activity of carbonic anhydrase. A Hitachi 170-50 atomic 
absorption spectrophotometer with a Jarrel-Ash FLA-100 
carbon rod atomizer was used to determine the zinc content 
in the sample solutions. U V absorption was measured 
with Shimadzu UV-210A spectrophotometer. All the p H 
measurements and ultrafiltration were performed in a Thomas 
Scientific bath circulator TRL-111SP. 

Preparation of the Apo-enzyme. A zinc-free enzyme (apo-
enzyme) was prepared by a modified method of H u n t et 
fl/.,13> which also differs from the previous method.9) T h e 
procedure is as follows : 30 mg BGA was dissolved in 5 ml 
of 25 m M Veronal buffer (pH 7.0) containing 50 m M 2,6-
pyridinedicarboxylic acid (referred to as PDA solution) 
( 1 M = 1 mol d m - 3 ) . T h e enzyme was placed in an Amicon 
Diaflo cell (type 12), and the PDA solution placed in the 
reservoir was allowed to run through the Amicon UM-10 
ultrafiltration membrane for several hours. Zinc concen­
tration of the effluent was monitored by atomic absorption 
spectrometry. After zinc concentration of the effluent was 
as low as the original PDA solution and constant, sub-boiling-
distilled water was allowed to flow through the ultrafiltration 
membrane until the U V absorbance of the effluent at 271 
n m (due to PDA) was negligible. All the ultrafiltration 
was done at 0.5 °G. T h e residue in the cell (apo-BCA 
solution) was then taken out and filled up to 3 ml as a "stock 
reagent," and zinc and protein concentrations were mea­
sured by atomic absorption and micro-biuret methods,34) 
respectively. 

Fig. 1. Reaction vessel for the present method. 
Vj : Reaction vessel, V 2 : incubation vessel, T : thermo­
static bath, P : p H meter, S: p H stat, R : recorder, 
A : acrobat stirrer, M : magnetic spinner, G : glass 
electrode, B : buret (0.1 M N a O H is contained), I : 
inlet of reagent. 

2 3 
Time/min 

Fig. 2. T ime dependence of p H change. 
O O : Without BGA, A A : with 5 nmol apo-
BCA and 230 pg zinc ion, >: excess holo-BCA 
is added, A : p H 9 0 ^ , B : p H e q . 

Measurement of Enzymatic Activity. There are some 
conventional methods for measuring the hydro-lyase activity 
of BGA,15»16) where carbon dioxide or sodium hydrogen-
carbonate is usually used as a substrate, but these are not 
suitable for zinc-determination. We have used sodium hy­
drogencarbonate as a substrate, working out a new method 
to determine zinc. T h e reaction vessel for this method is 
shown in Fig. 1. Reaction temperature was maintained 
at 0 .5±0 .2 °C. 

In order to accelerate the reaction between the apo-enzyme 
and zinc in the sample, 20 \L\ of 200 JJLM apo-BCA solution 
was pre-incubated with a mixture of 100 [d of the Veronal 
buffer (pH 6.8) and 100 yd of the sample for 5 min. T h e 
mixture was added to the measurement media of 20 ml 
of the Veronal buffer (pH 6.8). After stirring for 1 min 
(£=6 min) the substrate solution, 100 JJLI of 0.65 M sodium 
hydrogencarbonate, was added to the reaction vessel. T h e 
p H change of the mixture resulting from the enzymatic 
reaction was recorded (Fig. 2) . After equilibrium was 
reached (ca. 5 min after mixing the substrate), [H+]90% 
was calculated by the equation 

[ H + W = {[H+] 0 + 9 [ H + ] e J / 1 0 . (13) 

T is defined as the time required to reach [H+] 9 0 ^ (Fig. 2). 
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Fig. 3. Calibration curve for zinc measured by hydro-
lyase activity of Bovine carbonic anhydrase. 
a) Pre-incubation was done. 4.1 ng of apo-BGA and 
zinc sample were mixed in a separate vessel for 5 
min, and added into the reaction vessel, b) No pre­
incubation was done. 18 ng of apo-BGA and zinc 
sample were added directly into the reaction vessel, 
and kept 5 min before measurement. 

R e s u l t s 

Calibration Curve for Zinc. The calibration curve 
for zinc under the conditions described (see Experi­
mental) , is shown in Fig. 3a. The detection limit 
is 0.89 ng/ml or 40 pg of zinc. The detection limit 
and dynamic range of the method are dependent on 
the amount of apo-BCA, the volume of the sample-
apo-BCA mixture, and the incubation time in the 
vessel. 

By this method, the dimension of enzymatic ac­
tivity value is t i m e - 1 {i.e., reciprocal of r ) . When 
activity becomes high, r-value becomes smaller, and 
1/T value varies widely. The upper limit of detec­
tion is restricted by the deviation of 1/T value. 

Interference of Coexistent Metal Ions. The in­
terferences of the concomitant metal ions under the 
conditions S [ M ? + ] 0 5 [ E J 0 are summarized in Table 

i 

1. Only Co 2 + at a concentration equal to that of 
zinc ion increases the hydro-lyase activity by ca. 5 0 % . 
Other metal ions might interfere with the enzymatic 
activity, particularly Hg2+. When S [ M ? + ] 0 < [ E J 0 , 

i 

the influence of concomitant metal ions is small. 
Interference of Coexistent Anions. The interference 

of the concomitant anions in the present method is 
given in Table 2. Excess amounts of cyanide and 
Perchlorate ions (100 times more than [Zn2 +],) sig­
nificantly interfere with the analytical results as in 
the esterase method. O n the other hand, thiocyanate 
and nitrite ions at high level (1000 times in excess 
of [Zn2 +]) appear to activate enzymatic activity. If 
interference of the concomitants occurs, the standard 
addition method should be employed. 

For the determination of zinc in sea water, we 
studied the influence of 0.5 M NaCl in order to es­
timate the ppb-level of zinc. No apparent inhibition 
was observed, the calibration curve for zinc being 

TABLE 1. EFFECT OF METAL IONS ON HYDRO-LYASE 

ACTIVITY OF CARBONIC ANHYDRASE*1) 

p . Concentration of coexistent metal ions/ppb 

metal ions 
10000 1000 100 10 1 

Hg2+ 
Go2+ 
Cu2+ 
Fe2+ 
Ni2+ 
Mn2+ 
Cd2+ 
Pb2+ 

3 
74 
45 
91 

6 
22 

10 

16 
104 
99 
96 
30 

112 

50 
150 
101 
101 
97 
98 

100 
105 

74 96 

a) The ratio (%) of the enzymatic activities measured 
with and without coexistent metal ions. Zn2+: 35 pmol 
(lOOppb) apo-BGA: 140 pmol, incubation time: 5 min. 

TABLE 2. 

Anions 

EFFECT OF ANIONS ON HYDRO-LYASE ACTIVITY 

OF BCAa> 

Goncentration/mM Activity/% b) 

GN-

SCN-

N 0 2 -

cio4-
I -
Br~ 
Gl-
F -
GH3GOO-
N O -

100 
10 

100 
10 
1 

100 
10 

100 
100 
100 
100 
100 
100 
100 

45 
57 
990 
228 
107 
290 
126 
43 
68 
82 
106 
89 
90 
84 

a) Zn2+: 1.5JJLM (100 ppb), apo-BGA : 6.0 jiM, incuba­
tion time: 5 min. b) Ratio (%) of the enzymatic 
activities measured with and without the anions. 

TABLE 3. DETERMINATION OF ZINC IN REAL SAMPLES 

Sample 

Gity water 
Orange juice 

Zinc concentration/(ng/ml) 

Present methods Atomic absorption 

155 157 
131 124 

a) apo-BGA: 200 pmol, sample : 20 (il, incubation time: 
5 min. 

the same as that without N a d . 
Determination of Zinc in Real Samples. Analytical 

results for orange juice and city water (Both filtrated 
with a membrane filter; pore size 0.2 (Jim) are given 
in Table 3, together with the amount of zinc in the 
samples determined by flame atomic absorption spec­
trometry. The analytical values are in line with those 
obtained by atomic absorption spectrometry. 

D i s c u s s i o n 

Consideration for Incubation. The formation reac-



September, 1981] Determination of Ultratrace Zinc with Carbonic Anhydrase 2703 

tion between zinc and apo-BCA is 

Ea + Zn • E. (14) 
kt 

The kf value estimated by Henken et al.11) is ca. 104 

M - 1 s - 1 . When [ E J 0 > [ Z n ] 0 , the concentration of 
holo-BCA ([E]) obtained after the incubation for t s is 

[E] = [Zn] 0 {l -exp(* f [E a y)} . (15) 

By this equation, 1 min is enough to complete the 
reaction of forming holo-BCA, since [ E J 0 is ca. 5 J I M 
by the esterase method. 

In the present system, the amount of apo-enzyme 
needed for analysis is less than that for the esterase 
method. This is due to the higher activity of BCA 
in the hydro-lyase reaction than that in the esterase 
reaction. The use of a less amount of apo-BCA re­
duces background activity which is due to the con­
taminant zinc in apo-enzyme. The incubation time 
in the analytical procedure should be prolonged as 
can be estimated from Eq. 15. The sample and apo-
enzyme were pre-incubated before detection, using a 
separate vessel so as to increase the net value of [E a ] 0 

in Eq. 15. The analytical time could be reduced 
to ca. 1 % of that in the direct analysis (without pre­
incubation {ca. 5 min) . 

No pre-incubation was required for the determina­
tion of zinc in high concentration, because r in Eq. 
8 became too small. The calibration curve for zinc 
in the case of without pre-incubation is shown in 
Fig. 3b. Here Eq. 2 does not hold, while holo-BCA 
is approximately proportional to zinc content if in­
cubation time is kept constant (Eq. 15). Employing 
these two methods (with and without pre-incubation) 
properly according to the zinc concentration, we could 
get a wide dynamic range from 40 pg to 100 ng for 
zinc. 

Interference of Coexistent Metal Ions. Several tran­
sition metal ions such as copper(II) , i ron(II ) , cad-
mium(I I ) , mercury(II) , cobalt(II) , and zinc(II) can 
coordinate to the active center of apo-BCA. Only 
cobalt-BCA and zinc-BCA have hydro-lyase and es­
terase activities.18^ Let us assume the following equi­
librium between metal ions (M?+) and the apo-BCA 
in solution, 

Ea + M2
t
+ ^ = ± MV-Ea , (16) 

2Q=[MV--Ea]/[Ea][MV1. (17) 

Metal ions interfere with the reaction by sharing the 
coordination sites of the active center in apo-BCA, 
inhibiting the association of zinc (I I) and apo-BCA. 
When S [ M 5 + ] 0 < [ E J 0 , the influence of concomitant 

i 

metal ions is small. Conversely, when S [ M i + ] 0 ^ 
i 

[EJ 0 , the influence of metal ions becomes appreciable 
according to the Ki values which are specific to each 
concomitant metal ion, MJ + , as shown by 

[E] ~ # Z n [ Z n ] / £ # , [ M r ] . (18) 

The degree of interference due to the concomitant 
metal ions is given in Table 1. Generally, inter­
ference of metal ions, except mercury (I I) ion (for 
KUg is not small) and cobalt (II) ion can be neglected 

when [ M ' + ] 0 < [ E J 0 . The level of mercury(II) ion 
or cobalt (I I) ion contained in most of the real sam­
ples, such as biological samples and sea water, is much 
lower than that of zinc(II) ion,19'20) so that the inter­
ferences of metal (II) ions can be ignored. 

Interference of Coexistent Anions. The effects of 
the coexisting anions (X~) on the activity of carbonic 
anhydrase21) are based on the fact that the holo-BCA 
forms 1:1 complexes with monovalent anions which 
have no enzymatic activity. 

Zn-BGA + X7 ^ = ± BGA-Zn-X;, (19) 

where 

Kj = [BGA-Zn-X7]/[Zn-BGA][X7]. (20) 

From Eq. 16, we get 

a = [BGA-Zn-X7]/[BGA-Zn] = [Xjjtfy. (21) 

As compared to the esterase method, samples are 
more diluted with buffer in the present method, in­
dicating the lowering in a-value (i.e., the interference 
rate of anions,) and reduction of anion effects. 

Application to Zinc Determination in Real Samples. 
The results shown in Table 2 indicate that the pre­
sent method can be applied to the determination of 
zinc in water. The fact that the concentrations of 
zinc analyzed by the present method are close to 
those obtained by atomic absorption spectrometry in 
most of the samples shows that zinc in such samples 
is dissolved as the reactive form with apo-BCA (ex­
changeable zinc.) Since the present method is ap­
plicable to samples with high salinity, the zinc at 
the proper concentration in sea water could be di­
rectly analyzed by this method. 

In the esterase activity method, non-specific es­
terases in real samples might interfere with the re­
sults.9) By contrast, hydro-lyase activity is specific to 
carbonic anhydrase, so only its contamination in sam­
ples such as serums, should be taken into account. 
Precision in the present method would thus be better 
than that in the previous method. 

Conclus ion 

T h e hydro-lyase method shows promise for deter­
mining trace zinc. Carbonic anhydrase has the fol­
lowing characteristics. 

1) Reversible dissociation of zinc from protein; 
zinc-free apo-enzyme has no activities. 

2) High specificity to zinc ion as a central metal 
ion; other than zinc ion, only cobalt(II) ion reac­
tivates apo-enzyme. 

3) High biochemical amplification; hydro-lyase ac­
tivity of carbonic anhydrase has maximum turn-over 
rate. 

4) Linearity between metal concentration and en­
zyme activity; i.e., only one zinc ion per enzyme. 

5) Easy enzymatic assay. 
6) An enzyme easily available. 

These characteristics, especially 2) and 4), indicate 
the superiority of carbonic anhydrase over other zinc 
metalloenzymes for zinc determination. 

The present method is superior in selectivity and 
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sensi t ivi ty to t h e c o n v e n t i o n a l c o l o r i m e t r i c m e t h o d 
such as t h e d i t h i z o n e m e t h o d . 2 2 ) I t is poss ib le to 
d e t e r m i n e z i n c in a c o n c e n t r a t e d sal t so lu t ion , such 
as sea w a t e r , w h i c h is o n e of t h e m o s t difficult s u b ­
j e c t s in f u r n a c e a t o m i c a b s o r p t i o n s p e c t r o m e t r y . 

T h i s r e s e a r c h w a s s u p p o r t e d b y G r a n t - i n - A i d for 
Spec i a l P ro jec t R e s e a r c h o n T r a c e c h a r a c t e r i z a t i o n 
N o . 5 1 0 8 0 4 f rom t h e M i n i s t r y of E d u c a t i o n , Sc ience 
a n d C u l t u r e . 

Appendix 

E : Holoenzyme, 
E a : Apo-enzyme, 

M* + : Metal ion, 
X 7 : Monovalent anion, 

K: Stability constant between enzyme protein and 
zinc, 

Kt: Stability constant between enzyme protein and 
metal ions (M* + ) , 

Kj'. Stability constant between holoenzyme and 
monovalent anion ( X j ) , 

kQ: Molecular activity of enzyme, 
k1} k-!'. Ra t e constant, 

kfi Formation rate constant, 
t: Reaction time, 

Vm: M a x i m u m reaction rate of hydrat ion reaction, 
Vm': M a x i m u m reaction rate of dehydration reaction, 
Km: Michaelis constant of hydrat ion reaction, 
Km': Michaelis constant of dehydrat ion reaction, 

[ ] 0 : Concentrat ion at the condition of initial stage, 
[ ] e q : Concentration at an equilibrium stage, 

Onon' Value when no enzyme is added, 
Oenz* Value when enzyme is added. 
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The Steric Hindrance of the Stepwise Reaction of iV-Carboxy a-Amino 
Acid Anhydride with the a-Amino Acid Ester 
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The mechanisms of the reactions of 4-alkyloxazolidinediones (1) (A'-carboxy a-amino acid anhydrides (NGAs)) 
with a-amino acid benzyl ester /»-toluenesulfonates (2) were investigated in acetonitrile containing triethylamine 
at low and room temperatures. Two types of reactions were observed: (1) the polymerization of NGAs was ini­
tiated with a small amount of 2 to produce polypeptides (6), and (2) the dipeptide benzyl esters (4) were pro­
duced by the stepwise reaction of NGAs with the esters. Both the polymerization and the dipeptide formation 
(1 + 2) seemed to be initiated by the nucleophilic attack of the amino group of the ester on the G-5 carbon of 
NGAs. The polymerization proceeded when the side chains of the amino acid esters (R2) were more bulky than 
those of the NGAs (R1). On the contrary, dipeptide esters were produced when the side chains of the NGAs 
(R1) were more bulky than those of the esters (R2). 

The mechanisms of the polymerization of JV-car-
boxy a-amino acid anhydrides (NCAs) are extensively 
studied. The mechanisms involve the initiation of the 
polymerizations of the NGAs with amines, sodium al-
coholates, inorganic salts such as lithium chloride, and 
organometallic compounds, followed by propagation 
reactions.1"4^ In comparison, there is little informa­
tion on the stepwise reaction of NGAs with compounds 
having an a-amino group to produce a-amino acid 
amides or their derivatives. The mechanism of the 
reaction of the glycine ethyl ester with the NGAs 
derived from other a-amino acids to produce dipep-
tide-ethyl esters is regarded as the stepwise reaction 
of an a-amino group with NGAs.5) This stepwise re­
action does not occur for any a-amino acid esters 
except for the glycine ester (with NGAs) in anhy­
drous media, because the polymerization reaction of 
NGAs occur.6) 

We previously synthesized oligopeptides with regular 
sequences by the stepwise reaction of a-amino acid 
sodium salts with NGAs in a water-acetonitrile sys­
tem.7) In another previous study, we synthesized di-
peptides and cyclodipeptides by the stepwise reac­
tion of a-amino acid benzyl ester jb-toluenesulfonates 

R1 

G H - C C \ 

with NGAs in anhydrous acetonitrile in the precence 
of triethylamine.8) No mechanism of the reaction 
was discussed in detail, however. 

In this paper, the mechanisms of the reactions are 
discussed with regard to the steric hindrance of the 
side chains of both a-amino acid esters and NCAs. 

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

The reactions of NGAs (1) with a-amino acid ben­
zyl-ester jb-toluenesulfonates (2) were carried out in 
acetonitrile containing triethylamine at low and room 
temperatures (Eq. 1). The reactions which occured 
may be classified as the following types: (1) poly­
peptides were obtained by the polymerization of NGAs 
initiated with a small amount of the amino acid esters, 
(2) dipeptide esters were produced by the stepwise 
reaction of NGAs with the amino acid esters, and 
(3) both the polypeptides and dipeptide esters were 
produced by the polymerizations and the stepwise 
reactions. The results are shown in Table 1. 

In the polymerization of y-benzyl L-glutamate NGA 
with a primary amine in dioxane, it has been reported 
that 7 0 % of the initiator (the amine) was involved 

R2 

O + GH3G6H4S03H-H2NGHGOOR3 + (G2H5)3N > 
NH-CCK 

R1 R2 

CHCONHCHCOOR3 

I 
NHGOOH 

3 

R1 R2 

GHGONHGHGOOR 

NH, 

+ GH3G6H4S03H.N(G2H5)3
9) 

-co2 

(1) 
R1 R1 R2 

+i +i 
> GHGONHGHGONHGHGOOR3 + G0 2 

Pd, H 2 

NH2 

5 

R1 R2 

GHGONHGHGOOH 

NHo 7 

Polypeptide 

6 

R3-CHXLH, 
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TABLE 1. REACTION OF NGA WITH AMINO ACID BENZYL ESTER IN ACETONITRILE 

NCA/R1 

ÏÏ 

CH3 

(GH3)2GH 

Reactanta> 

Ester/R2 

H 
GH3 

(GH3)2GH 
(GH3)2GHGH2 

G6H5GH2 

H 
CH3 

(GH3)2GH 
(GH3)2GHGH2 

C6H5CH2 

H 
GH3 

(GH3)2GH 
(GH3)2GHGH2 

CßHsCHg 

(GH3)2GHGH2 H 

C6H5CH2 

GH3 

(GH3)2GH 
(GH3)2GHCH2 

C6H5CH2 

H 
CH3 

(GH3)2GH 
( GH3) 2CiHGH2 

C6H5CH2 

Dipeptic 

- 2 0 °G 

0 
0 
0 
0 
0 

80 
20d> 
0 
0 

15 

80 
70 
80 
80 
0 

75 
75 
10 
70 
0 

90 
90 
90 
90 
90 

Product 

ie (7)b> 

20 °G 

0 
0 
0 
0 
0 

80 
20d> 
0 
0 

15 

80 
70 
75 
80 
0 

75 
80 
10 
75 
0 

90 
90 
90 
90 
90 

yield/% 

Polypep 

- 2 0 °G 

90 
97 
92 
98 
90 

0 
50 
92 
97 
75 

5 
8 
5 

10 
96 

5 
5 

90 
5 

90 

0 
0 
0 
0 
0 

tide (6)c> 

20 °G 

85 
97 
95 
99 
95 

0 
55 
94 
98 
80 

0 
7 
5 

10 
90 

0 
5 

90 
5 

90 

0 
0 
0 
0 
0 

a) L-Amino acid (except for glycine) was used, b) Isolated yields, c) Isolated yields; near reaction yields, 
d) Isolated yields of mixtures of dipeptides and amino acids. 

in the attack on the C-5 carbonyl carbon of the NGA, 
while the remaining 3 0 % of the amine was involved 
in the abstraction of the proton attached to the ni­
trogen of NCA.3-4) When the polymerization of 
NCAs was initiated by the proton abstraction, the 
propagation could not be controlled because of the 
fast polymerization. 

I t has been concluded that the reactions of NCAs 
with amino groups are initiated only by the C-5 at­
tack in acetonitrile.10) As is shown in Eq. 1, the 
polymerization of NCAs should not proceed when the 
reaction of 1 with 2 is faster than that of 4 with 1. 
The following mechanism are assumed. (1) Since the 
carbamic acid (3) is stable, the reaction from 3 to 
4 should be very slow. (2) The basicity of the amino 
group of the amino acid ester (2) may be stronger 
than that of the dipeptide and tripeptide esters, so 
that the reaction of 1 with 2 is predominant com­
pared to that of 1 with 4 or 5. (3) An unknown 
mechanism other than (1) and (2) proceeds. As is 
shown in Table 1, glycine NGA is polymerized by 
all amino acid esters. Alanine NGA ( R 2 = G H 3 ) was 
usually polymerized with amino acid esters, but it 
produced the alanylglycine benzyl ester in 8 0 % yield 
when reacted with the glycine ester ( R 2 = H ) . Valine 

and leucine NGAs were polymerized when the reac­
tions were carried out with the amino acid esters 
having side chains more bulky than those of NCAs. 
Phenylalanine NGA produced the dipeptide esters 
without the polymerization of NCAs, even when the 
NGAs were allowed to react with the phenylalanine 
benzyl ester having the same side chain as that of 
the NGA. 

I t is known that a carbamic acid is stable in a basic 
medium at a low temperature.5 ) The decarboxyla­
tion reaction from the carbamic acid occurs through 
the zwitter ion as the temperature increases.11) If 
the decarboxylation reactions (3->4) were influenced 
by the temperature in Eq. 1, the yields of the poly­
peptides would also be influenced by the tempera­
ture. Table 1 shows, however, that the yields of 
the polypeptides and dipeptides were not influenced 
by the rise in temperature from —20 °G to 20 °G. 
Therefore, the decarboxylation reactions (3->4) can 
not be considered to have been influenced by the 
temperature and has to be the rate-determining step 
in the reactions. 

I t has generally been considered that the basicity 
of the amino group on dipeptides is slightly stronger 
than that of the corresponding amino acid.12) This 
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m a y b e also t h e case w i t h t h e bas ic i ty of t h e d i p e p t i d e 
benzy l ester a n d t h e c o r r e s p o n d i n g a m i n o ac id b e n ­
zyl esters. I f such a c o n s i d e r a t i o n cou ld b e a p p l i e d 
to E q . 1, t h e p o l y m e r i z a t i o n w o u l d p r o c e e d in all 
cases. T h e p o l y m e r i z a t i o n , h o w e v e r , p r o c e e d s on ly 
w h e n t h e side cha in s of t h e esters a r e m o r e b u l k y 
t h a n t h a t of N G A s . F r o m these resul ts , it is con­
c l u d e d t h a t t h e s ter ic h i n d r a n c e of t h e s ide cha in s 
of b o t h N G A s a n d esters affected w h e t h e r t h e po ly ­
m e r i z a t i o n of N G A s p r o c e e d s or w h e t h e r t h e s tep­
wise r e a c t i o n p r o c e e d s to p r o d u c e t h e d i p e p t i d e esters . 

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

The a-amino acid benzyl esters13) and NGAs10»14) were 
prepared by the methods reported previously. 

Reaction of NC As (1) with a-Amino Acid Benzyl Esters (2). 
General Procedure: T o the a-amino acid benzyl ester p-to\\x-
enesulfonate (2) (10 mmol) was added NGA (1) (10 mmol) 
in acetonitrile (25 cm3) containing triethylamine (10 mmol) . 
The mixture was thus stirred for 4 h. W h e n the polypeptide 
formed by the polymerization of NGA was precipitated, 
it was separated by nitration and dried in vacuo to determine 
the extent of polymerization. The clear solution of the 
resulting mixture or the nitrate was distilled in vacuo to remove 
the solvent. The residual oily product was washed with 
ethyl ether and hydrogenated with pal ladium black in a 
mixture of acetic acid, £-butyl alcohol, and water. Dipeptide 
was thus obtained (7). W h e n the NGA was partly poly­
merized, the final product was mixture of amino acid and 
dipeptide. The isolated polypeptides, dipeptides, and these 
mixtures, when analyzed on G, H , N, and by means of the 
N M R and I R spectra, proved identical with independently 
synthesized authentic specimens.7 '8) 

Valylalanine (R1=(CHJ2CH, R*=CHJ: ^ - N M R 
(GFgGOOH): Ô 1.2—1.3(d, 6H) , 1.6—1.7(d, 3H) , 2 . 1 — 
2.6(m, H ) , 4.1—4.4(q, H ) , 4.8—4.9(t, H ) , 7.3(s, H ) , 7.7— 
7.8(d, H ) . Found: G, 50.77; H , 8.59; N , 14.68%. Galcd 
for G 8 H 1 6 0 3 N 2 : G, 51.06; H , 8 .51; N , 14.87%. 

Further, the polypeptides were analyzed by means of 

X-ray diffraction measurement.15) 
T h e residual NGA after finishing the reaction was ana­

lyzed by the method of Berger.16) 
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The photolysis of 4'-(2-phenyl-l,2-dioxoethyl)benzo-15-crown-5 in benzene containing 1-dodecanethiol gives 
benzaldehyde and 4'-formylbenzo-15-crown-5. The formation of the aldehydes was inhibited by the sodium ion, 
whereas the photolysis of l-(3,4-dimethoxyphenyl)-2-phenylethanedione was not inhibited by the sodium ion. 
This inhibition must be due to the decrease in the formation of benzoyl radicals from the triplet excited state of 
the crown ether derivative. The salt effect was discussed on the basis of the spectral data. 

We have been studying the effect of a guest ion on 
the photoreactivity of crown ether derivatives,1) and 
have shown that the formation of a host-guest com­
plex affects the photoreaction in several aspects. I n 
the course of our study of the photoreaction of a host-
guest complex, the photoreactivity of benzil deriva­
tives was tested in the presence of a guest cation.2) In 
this paper we wish to report the photolyses of 4'-(2-
phenyl-l,2-dioxoethyl)benzo-15-crown-5 (1) and 1-
(3,4-dimethoxyphenyl)-2-phenylethanedione (2) in ben­
zene containing 1-dodecanethiol. 

The excitation of benzil in hydrogen-donating sol­
vents gives a complex mixture of products,3) which 
derives from the ketyl radical4) formed by hydrogen 
abstraction by a triplet-excited benzil.5) However, the 
excitation of benzil in benzene does not cause a re­
markable reaction. This behavior of benzil must be 
due to the lack of ketyl-radical formation in benzene, 
a poor hydrogen-donating solvent. Another photo­
chemical process of benzil is the formation of benzoyl 
radicals by an a-cleavage, but the benzoyl radicals 
preferentially recombine to regenerate the starting 
material. In the present study, 1-dodecanethiol was 
added to the reaction mixture as a scavenger of the 
benzoyl radicals6) formed by the a-cleavage of the 
benzil derivative. 

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

Photoreactions of Benzil Derivatives in the Absence or 
Presence of the Sodium Ion. The irradiation of 1 
in deoxygenated benzene-acetonitrile (6:4) contain­
ing 1-dodecanethiol gave benzaldehyde (3) and 4 '-
formylbenzo-15-crown-5 (4). T h e irradiation of 2 in 
the same manner gave benzaldehyde (3) and 3,4-
dimethoxybenzaldehyde (5). All the products were 
identified by comparison with authentic aldehydes. 
The starting material in the reaction mixture did not 
change in the dark. The photolyses of 1 and 2 (2.5 X 

0 ^ ^ 0 R u , r H <;« ÇH 0 (rH0 

1.4 : RR = (CH2CH2OCH2CH2)20 

2.5 : R = CH3 

1 0 - 2 m o l d m - 3 ) are sluggish, and only ca. 3 0 % of 
the starting materials disappeared after irradiation for 
40 h (see the experimental section for details of the 
reaction conditions). T h e sluggishness of the photo­
lyses of 1 and 2 is accounted for by the rapid recom­
bination of benzoyl radicals in a solvent cage. I t 
has been reported that 0.03 mol dm~3 of 1-dodecane­
thiol scavenges the cage-free benzoyl radical formed 
by the photolysis of 1,2-diphenylethanone.6) In the 
present study, we used enough 1-dodecanethiol (0.25 
mol d m - 3 ) as the scavenger of benzoyl radicals. 

The effect of the guest cation on the photoreac­
tivity of the crown ether derivative (1) was tested 
by adding varying amounts of sodium perchlorate. 
Figure 1 shows the effects of the added sodium per­
chlorate on the relative quan tum yield (0 rei) of al­
dehyde 3 and 4. The depressing in 0 r e l can not 
be due to the perchlorate anion, since the addition 
of tetrabutylammonium perchlorate stimulated 0 r e l . 
T h e photolysis of 2 in the presence of sodium per­
chlorate gave an entirely different result from that 
of the photolysis of 1, and the addition of sodium 
perchlorate increased the formation of aldehyde 3 and 
5 (Fig. 2). These results clearly show that the effect 

T 1 1 1 1 1 r 

l i I i i i i i i _ 

0 10 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Equivalent of added NaC104 
or («-C4H9)4NC104 to 1 

Fig. 1. Relative quantum yield of the formation of 
benzaldehyde (3) (A A) and 4'-formylbenzo-15-
crown-5 (4) ( o -O) on the photolysis of crown 
ether derivative (1) (2.5 X 10~2 mol dm"3) in the pres­
ence of NaC104 or (G4H9)4N-G104. 
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Equivalent of added NaC104 to 2 

Fig. 2. Relative quantum yield of benzaldehyde (3) 
(A A) and 3,4-dimethoxybenzaldehyde (5) 
(o O) on the photolysis of dimethoxy compound 
(2) (2 .5xl0- 2 mol dm-3) in the presence of NaC104. 

A/nm 

Fig. 3. UV absorption spectra of 4/-(2-phenyl-l,2-
dioxoethyl)benzo-15-crown-5 (1) (1.00 X 10~4 mol dm~3 

in acetonitrile) in the absence ( ) and presence 
( ) of NaC104 (20 equivalents), and emission 
lines from a high pressure mercury lamp in 300— 
400 nm region 

of the sodium salt on the photoreactivity of 1 is related 
to the complex formation between the sodium ion 
and the crown ether derivative (1). 

Discussion of the Salt-effect Based on the Spectroscopic 
Data. The ultraviolet absorption of 1 changes 
upon the addition of sodium Perchlorate due to the 
formation of a host-guest complex (Fig. 3). The 
absorption of 2 is essentially the same as that of 
1, but it does not change upon the addition of 
sodium Perchlorate. The formation constant (K=2.8 
X l 0 3 m o l - 1 d m 3 in acetonitrile) of the complex be­
tween 1 and the sodium ion can be obtained by 
the analysis of the spectral change by means of the 
Benesi-Hildebrand equation (Eq. 2),7> in which A b s 
denotes the absorbance (solution thickness: 1.0 cm) 
of the mixture of 1 and the sodium ion, while As 
denotes the difference in the molar absorptivity of 
1 and the complex. From Eq. 2 we calculated 
Ae( — 674) at 366 nm, at which a high-pressure 

[l].[Na+] _ [Na+] 
Abs As + 

1 

H g lamp has a strong emission line. The As thus 
obtained and the molar absorptivity of 1 at 366 nm 
(e=962) gave the molar absorptivity of the host-
guest complex at 366 n m (e=268) . We photolyzed 
a 2.5 X 1 0 - 2 mol d m - 3 solution of the crown ether 
derivative (1) in the presence of varying amounts of 
sodium Perchlorate (0.0—1.25 X 10 - 1 mol d m - 3 ) . The 
absorbance of the reaction solution at 366 nm is cal­
culated to be Abs(366) = 6 . 7 (path length: 1.0 cm) 
when the crown ether derivative (1) exists entirely 
as the complex. This analysis shows that the A b s 
(366 nm) of the reaction mixture must be larger than 
5.7, even at a solution thickness of 1.0 mm, and that 
a 366-nm light is almost completely absorbed by the 
reaction mixture contained in a Pyrex tube 1 cm in 
diameter. The reaction mixtures containing varying 
amounts of the sodium salt, therefore, must absorb 
the same number of photons under the present con­
ditions. Other emission lines (304, 313, and 334 nm) 
from the Pyrex-filtered lamp should be completely 
absorbed by the reaction mixture, since it has large 
absorption coefficients at these wave lengths (see Fig. 
3) and since the number of the excited molecule is 

^OR 

OR 

hi/ * OR (oW 
caged radical pair 

KXP °^c: OR C12H25SH 

OR 
^ 3 . 4 , 5 

(Eq, 3) 

essentially not affected by the existence of the sodium 

ion. 

AeK 
(2) 

1-Dodecanethiol is an efficient scavenger of a cage-
free benzoyl radical,6) and the decrease in 0 r e I upon 
the complex formation with the sodium ion must be 
due to the retardation of benzoyl-radical formation 
from the crown ether derivative (1). 

The phosphorescence from 1 in glassy EPA (1.02 X 
10~4 mol d m - 3 ) shows a spectrum with a diffused vi­
brational structure, presumably from the 3(n:rc*) or 
3(TÎ7Î*) of a considerable mixing with 3(n:rc*), and 
the emission neither shifts nor changes its shape on 
the addition of sodium Perchlorate. The intensity of 
the phosphorescence from 1, however, diminishes by 
ca. 1 5 % upon the addition of sodium Perchlorate 
(7.05 X l 0 " 4 mol dm" 3 ) . The dimethoxy analog (2) 
shows essentially the same phosphorescence spectrum 
as that of the crown ether derivative (1), but the 
spectrum is not affected by the addition of sodium 
Perchlorate or tetrabutylammonium Perchlorate. The 
lifetime of the emissive state of 1 was determined 
to be T = 5 4 ms, and it was not affected by the sodium 

salt. Since the lifetime of the triplet state of 1 is in­
sensitive to the sodium ion, the decreases in the <f>tQl 

of the reaction and the phosphorescence intensity can 
not be attributed to the additional decay process of 
the triplet state, but must be attributable to the de­
crease in the quan tum yield of the triplet state upon 
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the complex formation. Decreases in the rate of 
intersystem crossing are attributable to several factors : 
(i) an electronic-field perturbation by the added 
electrolyte, (ii) an external heavy-atom effect, and 
(iii) the energy gap between the SJL and T x states 
(AEST). T h e first two factors can not be important 
in the present case, however, since another inter­
system crossing, T ^ S o , is not affected, as is evidenced 
by the insensitivity of the lifetime of the phospho­
rescence to the sodium salt. The energy level of the 
triplet state (Tx) of 1 does not change upon the com­
plex formation, as is evidenced by the wavelength 
of the phosphorescence, whereas the complexation of 
1 with the sodium ion raises the energy level of the 
singlet excited state ( S ^ of 1, as is evidenced by the 
absorption spectrum in acetonitrile; ^ m a x : 319 nm 
(without Na+) and ^ m a x : 310 nm (with Na+). This 
increase in AEST is one of the most probable factors 
in retarding the intersystem crossing ( S ^ T j ) and, 
hence, the formation of a benzoyl-radical pair from 
the T x state. 

I t is still uncertain why the relative reactivities of 
1 and 2 increase upon the addition of the ammo­
nium Perchlorate. Since the addition of sodium Per­
chlorate to the reaction system of 2 (see Fig. 2) in­
creases its photoreactivity, these effects must, how­
ever, be related to the Perchlorate anion. We must 
await further studies about other aspects for the solu­
tion to this problem. 

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

Synthesis of 4'-(2-Phenyl-l\2-dioxoethyl)benzo-15-crown-5 (1). 
A mixture of benzo-15-crown-5 (2.68 g, 1.0xl0"2mol) and 
phenylacetic acid (2.04 g, 1.5xl0"2mol) in 10 cm3 of poly-
phosphoric acid was stirred for 5 h at 70 °G. After cooling, 
the mixture was poured into ice water {ca. 15 cm3); the new 
solution was stirred for 1 h to hydrolyze polyphosphoric 
acid, and the resulting aqueous mixture was extracted by 
chloroform (20 cm3 X 3). The evaporation of the extract 
after successive washing by water and a saturated solution 
of sodium hydrogencarbonate and drying over magnesium 
sulfate gave a pale yellow solid. The chromatography of 
the crude product on an alumina column (1.0(0) X20 cm) 
(chloroform, 70 cm3), followed by recrystallization from meth­
anol, gave 4'-(2-phenyl- 1-oxoethyl)benzo- 15-crown-5; 1.62 g 
(42%). Mp 73.5—74.5 °G; IR(GG14): 1660, 1590, 1510, 
1425, 1262, and 1130 cm"1; NMR(GDG13) : Ô 7.50—7.35 
(2H, m), 7.14 (5H, m), 6.63 (1H, d, / = 8 H z ) , 4.02 (2H, 
s), 3.99 (4H, m), 3.75 (4H, m), and 3.57 (18H, diff. s). 

A mixture of 4'- (2-phenyl- 1-oxoethyl)benzo- 15-crown-5 
(1.0 g, 2 .6xl0" 3mol) , selenium dioxide (0.35 g, 3.2 XlO"3 

mol), dioxane (20 cm3), and water (10 cm3) was refluxed 
for 15 h, after which the solvent were removed in vacuo. 
Benzene (20 cm3) was then added to the residue, and the 
mixture was evaporated twice to remove the residual dioxane 
and water. The solid residue was dissolved in chloroform 
(20 cm3) and filtered to remove the solid selenium. The 
filtrate was condensed in vacuo after drying over magnesium 
sulfate to give a pale yellow product. The purification of 
the product by passing it through a column of alumina 
(1.0(0) X 10 cm, and chloroform 70 cm3) and subsequent 
recrystallization from methanol gave 4'-(2-phenyl-1,2-dioxo-
ethyl)benzo- 15-crown-5 (1); 0.78 g, (75%). Mp 110—112 
°G; Found: G, 65.85; H, 5.97%. Galcd for C22H2407: 
G, 65.99; H, 6.04%. A^|CN: (e) 252 (1.26xl04), 282 

(1.26x10*), and 318nm (1.01x10*); IR(CHC13): 1665, 
1595, 1510, 1438, 1280, and 1135 cm"1; NMR(GDG13) : 
ô 7.95(2H, m), 7.52(5H, m), 6.72(1H, d, J = 8 H z ) , 4.15 
(4H, m), 3.75(4H, m), and 3.66(8H, diff. s). 

Synthesis of 1-(3,4-Dimethoxyphenyl)-2-phenylethanedione (2). 
l-(3,4-Dimethoxyphenyl)-2-phenylethanone was prepared 
from 1,2-dimethoxybenzene (13.8 g, 1.0 X 10"1 mol) and phen­
ylacetic acid (17.0 g, 1.25 X 10"1 mol) in polyphosphoric acid 
(100 cm3) by the procedure used for the preparation of 4'-(2-
phenyl-1-oxoethyl) benzo-15-crown-5. The crude product 
was purified by distillation under reduced pressure (230 °G/ 
0.15 mmHg(20.0 Pa)); subsequent recrystallization from 
methanol gave 20.0 g (78%) of the product. Mp 79—80 
°G; IR(GG14): 1675, 1590, 1520, 1420, 1152, and 1012 
cm-1; NMR(GDG13): ô 7.46(1H, dd, J = 8 and 2 Hz), 7.42 
(1H, s), 7.18(5H, m), 6.68(1H, d, 7 = 8 Hz), 4.05(2H, s), 
and 3.77(6H, s). 

l-(3,4-Dimethoxyphenyl)-2-phenyl-1-ethanone (12.88 g, 
5 .0xl0 _ 2mol) was oxidized by selenium dioxide (7.0 g, 
6.3xl0"2mol) in dioxane (70 cm3) and water (30 cm3) 
by means of the procedure used for the preparation of 4'-
(2-phenyl-l,2-dioxoethyl)benzo-15-crown-5 (1). The prod­
uct was purified by recrystallization from methanol to give 
12.0 g (89%) of l-(3,4-dimethoxyphenyl)-2-phenylethane-
dione (2). Mp 111—113 °G; Found: G, 71.42; H, 5.09%. 
Galcd for G16H1404: G, 71.10; H, 5.22%. A™|CN: (e) 
253(1.28xl04), 281(1.26x10*), and 319 nm(1.04x 104); IR 
(GG14): 1663, 1585, 1512, 1252, and 862 cm"1; NMR 
(GG14): ô 7.90(2H, m), 7.60—7.20(5H, m), 6.75(1H, d, 
y = 8 H z ) , and 3.83(6H, s). 

Photoreaction of 4'-(2-Phenyl-1,2-dioxoethyl)benzo-15-crown-5 
(1) in the Presence of 1-Dodecanethiol. To a solution of 
1 (100 mg, 2.5xl0"4mol) and 1-dodecanethiol (505 mg, 
2.5xl0~3mol) in 10 cm3 of a mixed solvent of benzene-
acetonitrile (6:4) were added varying amounts of sodium 
Perchlorate (0.0—1.25X 10~3 mol). The solutions, placed in 
Pyrex tubes, were dipped in an ultrasonic bath and bubbled 
with nitrogen from a syringe needle for 10 min. The solu­
tions were then irradiated externally for 40 h with a 450-w 
high-pressure Hg lamp mounted in a rotary irradiation 
apparatus (Rikosha RH-400), the distance between the 
lamp and the reaction tube being ca. 5 cm. The reaction 
mixtures were condensed to ca. 3 cm3, a 4-cm3 portion of 
chloroform was added, and the solutions were dried over 
magnesium sulfate. After the removal of the drying agent 
and the precipitated sodium Perchlorate, the solutions were 
condensed to ca. 0.5 cm3, and a weighed amount of tetra-
chloroethane was added as an internal reference for the 
determination of the relative yields of aldehydes, benzal-
dehyde, and 4/-formylbenzo-15-crown-5. The results are 
shown in Fig. 1. Under these conditions about 35% of 
the starting diketone was photolyzed to give 4'-formylbenzo-
15-crown-5 (4). The chromatography of the reaction mix­
ture from the photolysis without sodium Perchlorate on a 
column of silica-gel (1.0(0) X 10 cm) removed 1-dodecane­
thiol as a hexane eluate and gave the product mixture as 
a methanol. 4/-Formylbenzo-15-crown-5 (4) was separated 
from the product mixture by preparative TLG on a 
silica-gel plate using a mixed solvent of chloroform-methanol 
(50:7); it was identical with an authentic sample prepared 
by a previously reported procedure.8) 

Photolysis of 1-(394-Dimethoxyphenyl)-2-phenylethanedione (2) 
in the Presence of 1-Dodecanethiol. l-(3,4-Dimethoxyphen-
yl)-2-phenylethanedione (2) was photolyzed in the manner 
used for the photolysis of the crown ether derivative (1). 
The product aldehydes, benzaldehyde, and 3,4-dimethoxy-
benzaldehyde (5), were found to be identical with authentic 
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samples in terms of GLG results (PEG-20M on Ghromosorb 
W, N2, 200 °G) and their NMR spectra. Fig. 2 shows the 
effect of the added sodium Perchlorate on the photoreactivity 
of 2. 

Photolysis of 4'-(2-Phenyl-1,2-dioxoethyl) benzo-15-crown-5 (1) 
in the Presence of Tetrabutylammonium Perchlorate. A mix­
ture of the crown ether derivative (1) (2.5 X 10-2 mol dm~3) 
and 1-dodecanethiol (2.5 X 10_1 mol dm -3) was photolyzed 
in the presence of tetrabutylammonium Perchlorate (0—8 
equivalents) in the same manner as was used for the photoly­
sis in the presence of sodium Perchlorate. The results are 
shown in Fig. 1. 

Phosphorescence from 4 '- (2-Phenyl-1,2-dioxoethyl) benzo-15-
crown-5 (1) and1-(3,4-Dimethoxyphenyl)-2-phenylethanedione (2). 
The phosphorescence spectra were measured by means of 
a Hitachi EPA-4 spectrometer at 77 K in EPA (ether-iso-
pentane-ethanol, 5:5:1). 1 and 2 show phosphorescence 
spectra similar in wave length (440—600 nm (A^1*8: 
498 nm)) and in intensity. The addition of sodium Per­
chlorate or tetrabutylammonium Perchlorate (7 equivalents) 
to the dimethoxy analog (2) did not affect the spectrum. 
In contrast, the addition of sodium Perchlorate to 1 (7 equiva­
lents) gave a spectrum similar in wave length, but decreased 

the intensity by ca. 15%. 
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Evidence for Formation of Peroxysulfur Intermediates: Oxidation 
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Formations of peroxy-sulfenate(I), -sulfinate(II), and -sulfonate(III) as intermediates have been confirmed 
by stripping the peroxy oxygen with three kinds of trapping agents such as sulfoxides, phosphines, and olefins, 
added in the reaction systems of various organic sulfur compounds with hyperoxide anion (02~). These sulfo­
xides, phosphines, and olefins were inert to 0 2~ alone while electrophilic olefins, such as a,/?-unsaturated ketones 
reacted readily with 0 2~ to afford the carboxylic acid. Sulfoxides, added into the reaction system of disulfide, 
thiosulfinic S-ester, thiosulfonic 5-ester, or sulfonyl chloride with 02~, were found to be oxidized to the sulfones 
with peroxysulfur intermediates formed in situ in the system. Phosphines, added into the reaction system of di­
sulfide or sodium thiolate with O a

T were also oxidized to the phosphine oxides. Not only stilbene and acenaph-
thylene but also chalcone and its derivatives, placed in the reactions of sulfonyl chloride, sulfinyl chloride and 
thiosulfonic S-ester with 0 2~ were found to be oxidized to the corresponding epoxides. These observations sug­
gest clearly that the intermediary peroxysulfur compounds can act as oxidizing agents which oxidize these trap­
ping agents by the nucleophilic oxygenative oxidation. Similar intermediates were postulated and confirmed 
in the alkaline autoxidations of thiol and disulfide in which added phosphines and sulfoxides were also found to 
be oxidized to their oxides. The mechanisms of the reactions of these trapping agents with peroxysulfur inter­
mediates are discussed. 

The discovery of superoxide dismutase(SOD) by 
Fridovich and McGord in 19693> has given the con­
siderably vital energies on the investigation of hyper­
oxide anion radical {O^), not only in biochemistry 
but also in organic chemistry. 

Since the observation of Valentine and Curtis in 
which K 0 2 can be appreciably dissolved in aprotic 
solvents, by complexation with crown ethers,4) has 
quickly promoted the use of this reagent for many 
reactions with simple organic substrates, numerous 
reports dealing with reactions of various organic sub­
strates with "naked" hyperoxide anion have appeared 
within only five years. However, nobody has looked 
into the reaction of organic sulfur compounds with 
0 2 ~ till we initiated as a par t of our works on the 
oxygenative oxidation of organic sulfur compounds,5) 
except some sporadic experiments.6) 

The oxidation with 0 2
T may be limited partly 

due to its relatively weak reactivity. In fact, 0 2
T 

has been called as a moderate reducing agent but 
a pitifully weak oxidizing agent.7) However, its reac­
tivity has been seen in oxidation, reduction, nucle­
ophilic substitutions, and also radical reactions. 

We reported recently that several organic sulfur 
compounds are oxidized with O^ generated in situ 
from K 0 2 and 18-crown-6 to the corresponding sulfinic 
and sulfonic acids under mild conditions.5a,b) These 
organic sulfur compounds are either those which have 
sulfur-sulfur linkage such as disulfide, thiosulfinic »S'­
ester, thiosulfonic •S'-ester, or thiolate and sulfinate, 
all of which are expected to give peroxy-sulfur com­
pounds such as peroxy-sulfenate(I), -sulfinate(II),, and 
-sulfonate (III) as initial intermediates in the reactions 
with 0 2 " \ In fact, Berger already postulated the in-

R - S - O - O - R - S - O - O -

i 
o 

o 
Î 

R-S-O-O-

i 
o 

t Present address: Department of Chemistry, The 
Korea Advanced Institute of Science, P.O. Box 150, 
Ghongyangyni, Seoul, Korea. 

Peroxysulfenate I Peroxysulfinate II Peroxysulfonate III 

termediary peroxy-sulfenate(I) and -sulfinate(II) in the 
autoxidation of thiol to the sulfinic and sulfonic acids 
in strong alkali media.8) Since the two reactions give 
both sulfinic and sulfonic acids and are presumed 
to involve common intermediates of peroxysulfur spe­
cies, we have carried out the experiments which would 
suggest the formation of these peroxysulfur interme­
diates in the reactions with 0 2 ~, and obtained evidence 
to support the intermediary formations of these new 
class of peroxy compounds ( I—III ) in the reactions 
of several sulfur compounds with O ^ . Namely, sul­
foxides, phosphines, and olefins (which are inert to 0 2

T 

without any one of sulfur substrates) were found to 
be oxidized to their oxides in the reaction systems 
of various sulfur compounds with 0 2

T . Similar results 
were obtained in the alkaline autoxidations of thiol 
and disulfide. 

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

All of the sulfur compounds shown below, i.e. 1, 
2, 3, 4, and 5 have been found in our earlier study 
to be oxidized with 0 2 ^ to afford the corresponding 
sulfinic and sulfonic acids,5a 'b) while sulfenyl(6), sul­
finyl^) and sulfonyl (8) chlorides have also been found 
to be oxidized to the corresponding sulfinic and 
sulfonic acids. When unsymmetrical thiosulfinic and 
thiosulfonic ^-esters were treated with K 0 2 and 18-
crown-6, formation of symmetrical disulfides from only 
the sulfenyl sulfur side was observed. 

Since the peroxysulfur species, formed in situ during 
the reaction of these sulfur compounds with 0 2

T , are 
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Entry 

1 

2 

3 

4 

5 

6 

No. Substrate 

/»-TolSSTol-/* 

PhSSTol-p 
I 
O 

o 
Î 

PhSSPh 
I 
o />-TolSNa 

P h S 0 2 N a 

/>-TolSCl 
I 
O 

Conversion 

% 

95 

ca. 100 

89 

ca. 100 

80 

ca. 100 

Temp 
°C 

22 

17 

0 

25 

25 

22 

Time 
min 

240 

10 

58 

120 

150 

25 

K 0 2 

(6)d> 

(5) 

(4) 

(3) 

(1) 

(3) 

Crown 

( l ) d ) 

(1) 

(1) 

(0.5) 

(0.5) 

(1/3) 

Added 
sulfoxide 

/>-TolSMe(2)d> 
i 
O 

PhSPh(2) 
I 
O 

PhSPh(2) 
I 
O 

MeSMe(5 ) 
i 
O 

PhSPh(l) 
I 
O 

MeSMe(3) 
I 
O 

Solvent 

C H 3 C N 

Py 

Py 

C H 3 C N 

Py 

C H 3 C N 

Yield of 
sulfonea> 

% 

72b> 

17c> 

3C> 

93b> 

3C> 

57b> 

o 
î 

/>-TolSCl 
I 
o 

95 25 480 (3) (1/10) />-ClC6H4SMe(l/2); CH3CN 46b)(23)e> 

O 

a) Yield of sulfone based on the substrate, b) Yield by NMR. c) Isolated yield, d) Value in parenthesis is 
molar ratio, e) Yield calculated on the basis of the sulfoxide added. 

believed to have fairly strong nucleophilic oxidizing 
abilities, sulfoxides, phosphines, and olefins, which are 
relatively inert to 0 2 ~ alone but reactive with rather 
strong nucleophilic oxidizing agents, were added into 
the reaction system of one of these sulfur substrates 
with 0 2 " \ expecting that these additives would be 
oxidized to the corresponding oxides. Indeed, while 
the organic sulfur compounds were all oxidized to 
the sulfinic and sulfonic acids, added sulfoxides, phos­
phines, or olefins were also found to be oxidized to 
the corresponding sulfones, phosphine oxides, or ep-

O Ï 

î 
R S S R ( R S H ) , RSSR, R S S R 

! i 
O O 

R S - +Na, R S 0 2 - +Na 

4 5 

O 
T 

RSCl, RSC1, RSC1 
I I 
o o 
7 8 

K 0 2 

18-crown-6 

R S 0 2 - + R S 0 3 - (I) 

( + RSSR) 

6 7 

oxides. The added substrates, i.e. 9, 10, and 11, 
are thus believed to be oxidized by the intermediary 
peroxysulfur compounds ( I—III ) formed in situ during 
the reactions of these sulfur compounds with 0 2 ~ . 

Oxidation of Sulfoxide. As a typical run, a solu­
tion of a selected sulfoxide (9, 0.5—6 eq.) and an 

S u l f u r 

Compound 

peroxysulfur intermediates 

I , I I o r I I I 

R-S-R ' 

O 

< ü 

RSO, + RSO, 

R-S-R» £ ' 

0 

>Ï7<* 
Scheme 1. 

organic sulfur compound (one of 1—8, 1 eq.) in dry 
pyridine or acetonitrile was added into a heterogeneous 
solution of K 0 2 (1—6 eq., finely powdered) and dry 
18-crown-6 (0.5—l.Oeq.) in the same solvent at a 
set temperature and the resulting mixture was stirred 
under argon atmosphere. After extraction or filtra­
tion, the corresponding sulfone was obtained in the 
yield shown in Table 1. In the aqueous layer both 
sulfinic and sulfonic acids were obtained as reported 
previously.5*»15) Yield of the sulfone obtained thus 
was determined by isolation by means of column 
chromatography on silica gel, or by comparison of 
the integral ratio of the N M R spectrum of the reaction 
mixture after evaporation of organic solvent. T h e 
sulfones were produced in most cases, except methyl 
phenyl sulfoxide which was not oxidized in the reaction 
system of benzenesulfenyl chloride with Oa"5* but re­
duced exothermically to the corresponding sulfide by 
the sulfenyl chloride in a very short time ( « 5 min), 
like the reduction by sulfinyl chloride.9) However, 
the sulfenyl chloride itself was readily oxidized with 
Og^ to the corresponding sulfinic and sulfonic acids. 
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T A B L E 2. EFFECTS OF SOLVENT, TEMPERATURE, AND SULFOXIDE, AND OTHER EFFECTS 

Entry 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Substrate 

PhSSPh 

/>-TolSSTol-p 

/>-TolSSTol-/> 

/>-TolSNa 

/>-TolSNa 

PhSSTol-/> 
I 
O 

/>-TolSSTol-/> 

i 
O 

PhSSTol-/> 
I 
O 

PhSSTol-/> 
I 
O 

/>-TolSSTol-/> 

/>-TolSSTol-/> 

/>-TolSSTol-/> 

/>-TolSSTol-/> 

/>-TolSSTol-/> 

/>-TolSCl 
i 
O 

/>-TolSCl 

i 
O 

/>-TolSSTol-/> 

Conversion 

% 

64 

93 

91 

ca. 100 

— 

ca. 100 

ca. 100 

ca. 100 

ca. 100 

91 

100 

95 

95 

95 

ca. 100 

ca. 100 

97 

Temp 
°G 

25 

21 

21 

25 

25 

25 

17 

- 2 5 

- 4 0 

21 

20 

22 

22 

25 

20 

22 

25 

Time 
min 

133 

330 

300 

270 

120 

35 

10 

60 

90 

300 

240 

240 

264 

240 

90 

25 

300 

K 0 2 

(6)^>~ 

(6) 

(6) 

(3) 

(5) 

(5) 

(5) 

(5) 

(5) 

(6) 

(6) 

(6) 

(6) 

(6) 

(3) 

(3) 

(6) 

Grown 

m^ 

(i) 

(i) 

(i) 

(1/2) 

(i) 

a) 

(i) 

(i) 

(i) 

(i) 

(i) 

(i) 

(i) 

(1/3) 

(1/3) 

(1) 

Added 
sulfoxide 

PhSPh(2)d> 

i 
O 

PhSPh(2) 
I 
O 

PhSPh(2) 
I 
O 

PhSPh(l) 
I 
O 

MeSMe(5) 

i 
O 

PhSPh(2) 

I 
O 

PhSPh(3) 

I 
O 

PhSPh(2) 
I 
O 

PhSPh(2) 
I 
O 

PhSPh(2) 

o 
/>-TolSPh(2.3) 

o 
/>-TolSMe(2) 

o 
/>-ClC6H4SMe(2) 

I O 
PhSMe(2) 

I 
O 

^-GlG 6H 4SMe(2) 
i 
O 

MeSMe(3) 
I 
O 

/>-TolSMe(6) 

O 

Solvent 

~~ïy 

GH 3 GN 

GH 3 GN 

Py 

GH 3 GN 

Py 

Py 

Py 

Py 

GH 3 GN 

GH 3 GN 

GH 3 GN 

GH 3 GN 

GH 3 GN 

GH 3 GN 

GH 3 GN 

GH 3 GN 

Yield of 
sulfonea) 

% 

22c> 

57c> 

56c> 

4C) 

93b> 

3 2 c ) 

15c> 

gc) 

4C) 

5 4 c ) 

56b> 

72b> 

71b> 

50b> 

17b> 

57b> 

l l l b> 

Table notes are same as those in Table 1. 

Sulfoxides were shown to be rather inert to 0 2 ~ 
by Valentine and Curtis who revealed that K 0 2 is 
nicely soluble in D M S O by complexation with per-
hydrodibenzo-18-crown-6.4> Effects of solvent, tem­
perature, and added sulfoxide were then investigated. 
The oxidation of sulfoxides during the reaction of 
organic sulfur compounds with K 0 2 and the crown 
ether has been found to be affected by both solvent 
and temperature (entries 1—5, Table 2). Sulfoxides 
were oxidized in better yields in acetonitrile than 

in pyridine. Decomposition of R S ( 0 ) x O O - ( # = 0 — 
2: I—II I ) is presumably facilitated in pyridine, while 
acetonitrile may interact with the peroxysulfur species 
which might live longer in acetonitrile than in pyridine 
and hence would be a better nucleophilic oxidizing 
agent for sulfoxide. However, acetonitrile was found 
to react with disulfide in the presence of 0 2 ~ , forming 
bis(arylthio)acetonitrile in the yield of 25—50%.5b> 
A radical process shown below (Eqs. 2—4) seems 
to be responsible for the formation of bis (arylthio)-
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acetonitrile, and details of the reaction are under 
investigation. 

CV + GH3GN • H 0 2 - + CH2CN (2) 

ArSSAr + CH2CN > ArSGH2GN (3) 

0 2 ~ ArSSAr 

ArSGH2GN • > (ArS)2GHGN (4) 

The yield of diphenyl sulfone from the added sul­
foxide into the reaction system of 2 with 0 2 ~ increased 
as the temperature of the reaction was raised (entries 
6—9). Change of sulfoxide did not affect much the 
yield of the corresponding sulfone in the reaction of 
di-/>-toly disulfide with 0 2

T (entries 10—14). How­
ever, in the reaction of/?-toluenesulfinyl chloride with 
0 2

T , dimethyl sulfone was obtained in a much better 
yield than methyl jb-chlorophenyl sulfone (entries 15 
and 16). An analogous result was observed in the 
oxidation of sodium />-toluenethiolate(entries 4 and 5), 
though the conditions of the above two reactions 
are somewhat different. 

Meanwhile, since the yield of the sulfone was cal­
culated based on the amount of the starting organic 
sulfur compound used, the yield of sulfone more than 
100% (111%, entry 17) is not surprizing, as the amount 
of the added sulfoxide was six equivalent to the organic 
sulfur compound used. This may mean that more 
than an equimolar amount of peroxysulfur interme­
diate (s) is produced from the organic sulfur compound 
during the reaction. Thus , the yield of the sulfone 
clearly increased as the amount of the added sulfoxide 
to the reaction system increased. 

Sulfoxide, having jb-nitrophenyl group, such as p-
nitrophenyl phenyl and methyl />-nitrophenyl sul­
foxides, were not oxidized to the sulfones but presum­
ably reacted with 0 2 ~ . The reaction mixture turned 
to reddish brown and no product, even the starting 
material, was obtained from the organic layer. 

Common sulfides such as diethyl, methyl phenyl, 
and diphenyl sulfides were found not to be oxidized 
at all under the conditions, as in the reaction with 
0 2 ~ which was reported to be unreactive toward sul­
fides.10) 

In order to reconfirm the facile reaction of sulfoxides 
and no reactivity of sulfides in these oxidation systems, 
thianthrene 9-oxide (12) was used as the trapping 
agent, and found to be oxidized to thianthrene 9,9-
dioxide(13), but not to the 9,10-dioxide(14) in the reac­
tion of di-^-tolyl disulfide with 0 2 " in CH 3 CN at 25 °C 
for 4 h (Eq. 5). This result clearly indicates that 
the peroxysulfur intermediates formed during the reac­
tion oxidize trivalent sulfinyl function but not divalent 
sulfenyl function. 

6eq. K02 Û C S Û 12 ^ J / ° 
(p-TolS)2

 2—> ^ S ^ ~ © # § ) + P-TOISCT 
18-c rown-6 v ^ & " v ^ X 

CHCN « 25% X " 2 > 3 

0 <5> 

™ ©dig} 14 
O 

Although oxygenation of sulfide is well-known to 
be initiated by the electrophilic attack of oxidant 
on the sulfide, oxygenation of the sulfoxide involves 

of Organosulfur Compounds with 0 2 ~ 2715 

either the initial electrophilic attack of the electrophilic 
oxidant,11*) or the nucleophilic attack of nucleophilic 
oxidant. l lb»c) In general, the anions of peroxy acid 
and hydroperoxide which are well-known to be pow­
erful a-nucleophiles,12) have been shown to oxidize 
sulfoxide through the nucleophilic attack on the tri­
valent sulfur.llb»13> Therefore, peroxysulfur interme­
diates, being a-nucleophiles, would oxidize similarly 
the sulfoxide by nucleophilic oxidation.116) 

The yield of the sulfone alone cannot give any 
difinite information on the effect of substituent in 
these oxidations of various sulfoxides with the per­
oxysulfur intermediates (Table 2). Modena et al. 
showed that the electron-withdrawing substituent on 
sulfoxide accelerates the rate of the oxidation of sul­
foxide but could not obtain any clear-cut relationship 
on the effect of the substituent,1115) since decomposition 
of the sulfurane intermediate is also a slow reaction 
and could become the rate-determining step of the 
overall reaction. The two successive reaction steps, 
i.e. the nucleophilic attack of acyloxy anion on sulfur 
a tom and the collapse of the sulfurane intermediate, 
demand the entirely opposite electronic environments. 
The oxidation of sulfoxide with the peroxysulfur in­
termediates is considered to proceed similarly. As 
shown in Eq. 6, sulfoxide would be attacked by one 

[ Substrate ] - > RS(0)xOO ( x= 0-2: I, II, III ) 

(^~~~~^"^ R' R* 

^S—> 0 ^ > ["Ŝ S'-̂ CÄ-S (0) RI << Of-S-»0 (6) 
R"̂ " step 1 L ^ X J step 2^^^ i„ 

RS(0)xO" 

of the peroxysulfur intermediates generated in situ, 
forming incipiently the sulfurane intermediate which 
collapses to sulfone and RS ( 0 ) ^ 0 " in the subsequent 
step. 

An alternative mechanism which involves radical 
species of peroxysulfur intermediates in the oxidation 
of sulfoxide to the sulfone may be postulated. How­
ever, this seems to be quite unlikely because of the 
lack of nucleophilicity of the radical species, as was 
suggested earlier in the oxidation of dimethyl sulfoxide 
with /-butyl hydroperoxide.14) 

Oxidation of Phosphines. Both triphenyl- and 
tributylphosphines were also selected as trapping 
agents. Although these phosphines are known to be 
oxidized readily to the phosphine oxides with molecular 
oxygen,15> both phosphines were quite inert under 
the present oxidation conditions in pyridine in dry 
argon atmosphere. The reaction procedure is iden­
tical to that in "Oxidation of Sulfoxide." However, 
when the phosphines are used as trapping agents 
no oxygenated sulfur compounds could be used as 
the substrate for the oxidation with 0 2 ~ , since the 
oxygenated sulfur compounds (2, 3 etc.) are known 
to be reduced readily with phosphines.16) In fact, 
thiosulfinic t e s t e r was very readily reduced to the 
disulfide with triphenylphosphine in pyridine even at 
— 25 °C. This reduction of thiosulfinic t e s t e r with 
triphenylphosphine is considered to compete with the 
reaction of thiosulfinic 5-ester with 0 2

T . Therefore, 
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Entry 

1 
2 
3 
4 
5 

6 

7 

8 
9 

No. Substrate 

PhSSPh 
PhSSPh 
PhSSPh 
PhSSPh 
MeSSMe 

BuSSBu 

Conversion 

% 

PhCH2SSCH2Ph 

/>-TolSNa 
/>-TolSNa 

ca. 
ca. 

60 
81 
49 
95 
— 

31 

95 

100 
100 

Temp 
°G 

25 
23 
21 
25 
25 

25 

25 

20 
25 

Time 
min 

66 
300 
60 

240 
90 

56 

30 

300 
1380 

K 0 2 

(6) 
(6) 
(6) 
(6) 
(6) 

(6) 

(6) 

(3) 
(5) 

Crown 

(i) 
(i) 
(i) 
(i) 
(i) 

(i) 

(i) 

(1/2) 
(1/2) 

Added 
phosphine 

Ph3P(l) 
Ph3P(2) 
Bu3P(2) 
Ph3P=S(l) 
Ph3P(l) 

Ph3P(l) 

Ph3P(l) 

Bu3P(I) 
Ph3P(2) 

Solvent 

Py 
Py 
Py 
Py 
Py 

Py 

Py 

Py 
CH3CN 

Yield of product11) 

Ph3P=0 17 
Ph3P=0 21 
Bu3P=0 Quant. 
Ph3P=0 0 
Ph3P=0 6 
Ph3P=S 13 
Ph3P=0 30 
Ph3P=S Trace 
Ph3P=0 11 
Ph3P=S 31 
Bu3P=0 5 
Ph3P=0 37 

a) Yields were determined by GC. 

the disulfide and sodium thiolate were chosen as the 
substrates in the reaction with 0 2 ~ in the presence 
of the phosphine to yield the phosphine oxide (Table 
3). Yields of the phosphine oxides were determined 
directly by GG in order to avoid the autoxidation of 
phosphines. When tributylphosphine was added as 
a trapping agent of the peroxysulfur intermediate in 
the oxidation of disulfide with 0 2 ~, a vigorous exo­
thermic reaction took place and the phosphine oxide 
was formed quantitatively within an hour, during 
which the conversion of the disulfide to the acids was 
still incomplete as shown in Table 3 (entry 3). In 
the oxidation of alkyl disulfide such as dibenzyl di­
sulfide, triphenylphosphine was not only oxidized to 
the phosphine oxide but also converted to the phos­
phine sulfide. The phosphine sulfide thus formed along 
with the phosphine oxide was found to be quite inert 
to 0 2 ~ and recovered completely when it was added 
into the reaction system of disulfide with 0 2 ~ (entry 
4). Therefore, formation of the phosphine oxide is 
not derived from the phosphine sulfide which is a 
simple by-product formed by the nucleophilic attack 
of the phosphine to the disulfide. Here again, tri­
phenylphosphine was oxidized in a better yield in 
acetonitrile than in pyridine (entries 8 and 9), sug­
gesting the reaction to proceed via an ionic pathway. 

Phosphines are known to react with alkyl disulfide 
in an equilibrium reaction and generally yield the 
phosphine sulfide and monosulfide.17) In the reaction 
of alkyl disulfide with 0 2 ~ in the presence of the phos­
phine the initial step is also considered to be the forma­
tion of alkylthiophosphonium ion which undergoes the 
Albuzov type reaction to yield the phosphine sulfide, 
by the nucleophilic attack of thiolate anion (counter 
anion of the phosphonium salt) on the carbon atom 
attached to the sulfur atom (Scheme 2). Due to 
the lack of nucleophilic attack of arenethiolate anion 
on aromatic carbon, diaryl disulfide did not give any 
phosphine sulfide (Table 3). Meanwhile, the forma­
tion of the phosphine oxide would be rationalized 
by Scheme 2. While 0 2

T can attack directly the 
disuflide as shown by Scheme 6, O a

T can attack com­
petitively both sulfur and phosphorous atoms of the 

RSSR + R« P < = * I RS-PR'3 ] SR 
3 J R= a l k y l 

* RSR + R' P= 

Scheme 6 RSOO- + R ^ P RS" + R^POO- -* - > R ^ P - O 

h 
Scheme 4 

RS(0) 00 

K ? "SR 
- » [ R S ( 0 ) x 0 - 0 - P R » 3 ] * + RSSR 

+ RS(O) 0 " 

Scheme 2. 

phosphonium ion. Although direct attack of 0 2 ~ on 
phosphorus atom may finally afford phosphine oxide, 
peroxysulfur species formed during the reaction, being 
good nucleophiles, may also attack the phosphorus 
atom of the phosphonium ion to afford an incipient 
phosphorane intermediate which upon nucleophilic at­
tack of thiolate anion on the sulfur atom can give 
the phosphine oxide, as shown in Scheme 2. The 
rapid oxidation of tributylphosphine, therefore, may 
be due to the shift of the equilibrium between disulfide 
and the phosphine to right side to form the phos­
phonium ion which then would preferentially be at­
tacked by Oa"5" on the phosphorus atom, to afford 
tributylphosphine oxide quantitatively before all the 
disulfide was oxidized to the acids. 

Triphenylphosphine was not oxidized quantitatively 
in the reaction of sodium thiolate with 0 2 ~ . The 
oxidation of triphenylphosphine in the reaction of 
sodium thiolate with C "̂5" seems to be different from 
that in the reaction of disulfide with 0 2 ~ . The initial 
step is very likely the one electron transfer from thiolate 
anion to O ^ in view of the reducing nature of 02"\18) 
Then, the peroxysulfur free radical formed in situ 
may oxidize directly the phosphine as reported in 
the autoxidation of trialkylphosphines.15) Another 
possibility for the oxidation of the phosphine involves 
the initial reaction of thiyl radical with the phosphine 
to form arylthiophosphoryl radical, which can react 
with either O ^ or R S ( O ) ^ O O - to give a phosphorane 



September, 1981] Peroxysulfur Intermediates in Oxidation of Organosulfur Compounds with 02* 

TABLE 4. CHEMICAL SHIFTS OF EPOXIDES (<5, CDC13, TMS, 27 °C) 
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1 

2 

3 

4 

5 

Expoxide 

trans-Sülhene oxide 

trans-Chalcone oxide 

Chemical shift 

3 . 

4 . 0 8 

frans-4-Bromochalcone oxide 4 . 0 3 

iran.y-4-Methoxychalcone oxide 4 .02 

Acenaphthylene oxide 

Entry No. Substrate 

1 

2 

3 

4 

5 

6 

7 

8 

9 

TsCl 

TsCl 

TsCl 

^-TolSOCl 

18f> 

P h C O C l 

TsCl 

P h C O C l 

TsCl 

4 . 

83 

4 .30 ( y = l 

4 .25 ( 7 = 1 

4-25 ( 7 = 1 

75 

T A B L E 5. EPOXIDATION OF 

Olefin 

15, X = B r 

15, X = H 

15, X = O M e 

15, X = H 

15, X = H 

15, X = H 

16 

16«) 

17 

Time/h 

15.5 

15 

3 

2 2 . 5 

2 0 . 5 

9 

24 

10 

10 

.7 Hz) 

.6 Hz) 

.8 Hz) 

OLEFIN 

Lit 

3 . 

4 .06 

3.99 

3 .97 

88 

4.27 

4 . i c 

4.22 

4 .56 

(AT 20 °C)a: 

Solvent 

C H 3 C N 

C H 3 C N 

C H 3 C N 

Benzene 

C H 3 C N 

C H 3 C N 

Benzene 

Benzene 

C H 3 C N 

> 

' U= 1-7 Hz) 
) 

Yield/mol% 

Epoxideb> 

85 (66)«) 

85 

60 (45)d) 

60 

26 

41 

40 (39)«) 

30 (20)c> 

— (30)d) 

Ref. 

20 

21 

22 

22 

23 

Recoveryb> 

Trace (5) c> 

8 

Trace 

35 

58 

49 

55 

20 

— 
(15)«) 

(70) d) 

a) Molar ratio: olefin : sub. : K 0 2 : crown = 10:5: 30: 1. b) Yield by HPLC. c) Isolated yield. 
e) Molar ratio of PhCOCl/01efin(16) = 5/2. f) />-ClC6H4S(0)2SC6H4CH3-/>(18). 

d) Yield by NMR. 

Entry 
No. 

T A B L E 6. EFFECTS OF SOLVENT, CROWN ETHER, 

Substrate Olefin Crown T ime/h 

AND SUBSTRATE (AT 20 °C)a) 

Yield/% 

Epoxide13) Recovery15) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 

13 

14 

TsCl 
TsCl 
TsCl 
TsCl 
TsCl 
TsCl 
TsCl 
PhCOCl 
PhCOCl 
TsCl 
TsCl 

< & 
SO,Cl 

ci3cso2ci 
sso„ci *$S 

15, X = H 
15, X = H 
15, X = H 
15, X = B r 
15, X = B r 
16 
16e> 
16 
16 
15, X = H 
15, X = O M e 

15, X = O M e 

15, X = H 

15, X = H 

(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(1) 
(0) 
(0) 

(1) 

(1) 

(1) 

15 
200 
17 
15.5 
21 
24 

3 
10 
1 

22 
13 

ll f) 

15.5f) 

104 

CH3CN 
CH2CI2 

Benzene 
CH3CN 
Benzene 
Benzene 
CH3CN 
Benzene 
CH3CN 
CH3CN 
Benzene 

CH3CN 

CH3CN 

CH,CN 

85 
65 
39 
85 
35 
40 

25 
52 
Trace (5) c> 
50 (48)«) 

(66) «) 
(25) «) 
(39) «) 55 

Complex mixture 
30 (20)«) 20 
10 20 
75 10 
Trace 95 

— (75) d> — (25) *> 

(15)«) 

40 55 

50 (41) «.e) 35 

a) Molar ratio: sub. : olefin: K 0 2 : crown = 10:5:30:1. b) Yiled by HPLC. c) Isolated yield, d) Yield by NMR. 
e) ( + )-rf-Camphor-10-sulfonyl chloride: [a]2

D
5 +20.9°. f) Reaction at 18 °C. g) Molar ratio of TsCl/01efin = 5/2. 

intermediate which then reacts according to Scheme 
2(Scheme 2'). 

Oxidation of Olefin. Several olefins were found 
to be readily oxidized to the corresponding epoxides 
in appreciable yields when these olefins were added 
into the reaction system of any one of the organic 
sulfur compounds (3, 7, and 8) with 0 2 " \ Since the 
epoxide formed was sensitive to alkaline media, the 
reaction mixture was immediately filtrated to remove 
alkali and the yields of the epoxides were obtained 
by measuring the N M R spectra of the mixtures, and 

the epoxides were isolated through column chromatog­
raphy on silica gel using benzene-hexane mixture 
as an eluent. In N M R spectra of the epoxides, signals 
of methine protons of the usual three membered oxy-
rane ring appear at high fields (Table 4). Olefins 
used are the following three compounds, i.e. chalcone 
derivatives(15), stilbene(16), and acenaphthylene(17). 
Both 16 and 17 were quite inert to O a ^ while 15 and 
its derivatives were found to react with 0 2

T as described 
later. Most epoxides obtained in the reactions were 
tram since the olefins used were also trans. However^ 
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-» RS» -» RS(O) 00» a n d / o r R S ( 0 ) x 0 0 

( Scheme 4 , x= 0 - 2 ) 

RS(0) 00» SR 
[ RS-PR'., ] > [ RS-PR' ] > Scheme 2 

3 | 
O-O-S(O) R 

> R»3P=0 + R S ( 0 ) x O . 

Scheme 2'. 

the epoxide obtained from acenaphthylene was ap­
parently eis but not trans, indicating that all the ep-
oxidations in these systems were found to take place 
in eis fashion. Results obtained are listed in Tables 
5 and 6, though the yields are not optimized. 

The epoxidation proceeds very little when disulfide 
(1) and thiosulfinic t e s t e r (2) were used. Sodium 
thiolate(4) and sulfenyl chloride (6), both of which 
can be oxidized with 0 2 " \ were effective for the ep­
oxidation of none of these olefins, giving complicated 
reaction mixtures with no epoxide. 

Other olefins such as cyclohexene and cinnamo-
nitrile were not oxidized and recovered nearly quan­
titatively under the conditions, while dibenzoylethylene 
was very readily oxidized ( < 1 h) by 0 2 ~ with and 
without the sulfur compounds to give benzoylformic 
acid in a good yield as reported previously.19) 

Recently the epoxidation of stilbene, in the reaction 
system of benzoyl chloride with 0 2 ~ , was observed 
by Hirobe et al.2*) We also confirmed the epoxidation 
of stilbene in the same system (entry 8, Table 5 ; entries 
8 and 9, Table 6). By-products in these reactions 
are carboxylic acids formed by direct oxidation of 
olefin and the epoxide with 0 2 ^ . 

Solvent, crown ether, and substrate also affected the 
epoxidation (Table 6). Inspection of data in Table 
6 reveals that such a polar solvent as acetonitrile 
is better than dichloromethane or benzene in the 
epoxidation of chalcones, and the yield of the epoxide 
increased as the polarity of the solvent increased. 
However, acetonitrile was not a good solvent in the 
epoxidation of stilbene since other polar products in­
cluding benzaldehyde were formed by the cleavage 
of G-G bond. This was confirmed in both cases 
using tosyl and benzoyl chlorides. Without crown 
ether, the yield of the epoxide was rather little in 
benzene but remained nearly the same in acetonitrile 
as shown in Table 6 (entries 10 and 11). Even the 
sterically hindered mesitylene and (+)-ö?-camphor-10-
sulfonyl chlorides were also found to be effective in 
the epoxidation of olefins, however, the yields of the 
epoxides were relatively low and the rate of the reaction 
seemed to be slower than that with tosyl chloride. 
Ghalcone epoxide, obtained by the oxidation of chal-
cone added in the reaction system of (+)-öf-camphor-
10-sulfonyl chloride ([a]2

D
5+20.9°) with 0 2 " , did not 

Show any optical activity, presumably because the 
optically active center is so far away from the reaction 

center. 
The yield of stilbene oxide was lower than that 

of the epoxide from chalcone and its derivatives. 
Epoxidation of chalcone is known to be initiated by 
nucleophilic attack of an oxidant such as hydrogen 
peroxide anion as shown below (Eq. 7).25) Even stil­
bene is known to undergo the Michael type addition 
by the attack of a strong nucleophile in some cases.26) 

o 
H 

PhCH=CHCPh PhCH-ÇHCPh Ph-CH—CH-C-Ph (7) 

V 
Ghalcone, added in the reaction system of disulfide 

(1) with 0 2 ~ in acetonitrile, was not oxidized much, 
however, upon heating the reaction mixture in the 
absence of air at 50 °G chalcone decomposed to the 
corresponding carboxylic acids by the cleavage of G-G 
bond, as was reported by Rosenthal and Frimer.27) 
Ghalcone was oxidized in argon atmosphere much 
more readily without organosulfur compounds than 
in the presence, revealing that the rate of the reaction 
of chalcone with 0 2 ~ is appreciably slower than that 
of the reaction of organic sulfur compound with 0 2 ~. 
Since the reactions of both sulfinyl and sulfonyl chlo­
rides with 0 2 ~ are considerably faster than that of 
chalcone with 0 2 ~ , the epoxidation is considered to 
proceed via the initial nucleophilic substitution of the 
chlorides with 0 2 ~ and subsequent one electron transfer 
to afford the peroxysulfinate(II) and peroxysulfonate 
( I I I ) which then oxidize olefin to the epoxide as shown 
in Eq. 8. 

RSCl 
4 

RSCl , 

i J 

RS 00« 
4 
0 

0 
t 

RS 00 • 
4 
0 

RSOO 
4 
0 

0 
T -

RSOO 
4 
0 

>==< 
>V7< 

RSO 
4 
0 

0 
t -

RSO 

o 

(8) 

Nucleophilicity of 02^ has been nicely demonstrated 
in the reactions of various organic compounds with 
02~,28) and also in the complete inversion of configu­
ration in the £N2 reaction of an optically active ali­
phatic halide with 02~.29) While none of the elec-
trophilic olefins used was epoxidized with 0 2 ~ alone 
in our experiment, some cyclic a,/?-unsaturated ketones 
were shown to be epoxidized with 0 2 ~ though in con­
siderably low yields.30) 

Recently, Grieco and his-coworkers found that com­
mon nucleophilic olefins are nicely oxidized to the 
epoxides with benzeneperoxyseleninic acid which is 
generated in situ from benzeneseleninic acid and hy­
drogen peroxide,31) apparently suggesting the forma­
tion of analogous intermediary peroxyselenium com­
pound (Eq. 9). 

PhSeOH 2 2 > [ PhSe-0-OH ] 
> = < 

H , 0 è >V7< 

Oxidation Mechanisms of Several Sulfur Compounds with 
02~. We have shown previously that several sulfur 
compounds (1—8) are oxidized to the corresponding 
sulfinic and sulfonic acids,5a»b) and have suggested 
that the oxidation proceeds via formation of peroxy-
sulfur intermediates (I, I I , and I I I ) . Now let us 
consider the mechanisms of oxidations of several these 
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sulfur compounds with 02^ to the sulfinic and sulfonic 
acids. 

Oxidation of Sodium Sulfinate with 02~. Anhydrous 
sodium arenesulfinate can be oxidized with an equi-
molar amount of 0 2 ~ to afford mainly the sulfonic 
acid in pyridine at 25 °G for 2.5 h (Eq. 10).5b> The 

eq. K 0 2 

RS02Na > RSO3- ( + R S 0 2 - : recovery) (10) 

R = P h 
/>-Tol 

18-crown-6 
pyridine 
25°G, 2.5 h « 8 0 % « 1 7 % 

initial step of the reaction would be the electron trans­
fer. The resulting sulfonyl radical is known to be 
an excellent initiator in the polymerization of vinyl 
monomers or in the autoxidation of sulfinic acid.32) 
Peroxysulfonyl radical, R S ( 0 ) 2 0 0 - , was also postu­
lated in the photolysis of sulfur dioxide33) in air and 
also in the autoxidation of sulfinic acid.32»34) Thus, 
the oxidation of arenesulfinate with 0 2 ~ is considered 
to be initiated by one electron transfer and proceed 
via subsequent coupling of the resulted arenesulfonyl 
radical with 0 2 ~ . The peroxyarenesulfonate(III) form­
ed thus would slowly decompose to the sulfonic acid 
and molecular oxygen, or oxidize the present sulfinate 
or added sulfoxide to the sulfonate or the sulfone 
(Scheme 3). 

The one electron transfer process from 0 2 ~ or to 
0 2 ~ has been shown to be in operation in several reac­
tions of 02~.18) In view of the redox potentials of 
0 2 — 0 2 ~ and 0 2 ~ — H 2 0 2 at neutral p H being —0.33 
and +0 .94 V, respectively, this radical anion is con­
sidered to act as a reductant in the presence of an 
electron acceptor and as an oxidant in the presence 
of an electron donor.19) In fact, during a series of 
these experiments, evolution of molecular oxygen was 
observed by gas-mass spectrometry at the peak height 
of oxygen {mje 32) along with that of argon {mje 40) 
used, when the reaction was carried out in argon gas. 
This observation also seems to support the one electron 
transfer from 0 2 ~. 

RSO 
1/2 0 , 

RSO-, 

RS02 RS03 

Scheme 3. 

Oxidation of Sodium Thiolate with 02~. Sodium 
arenethiolate was also found to be oxidized to afford 
the corresponding sulfinic and sulfonic acids with a 
small amount of disuflide (Eq. l l) .5 b) A similar one 

3eq. K O 2 
RS~+Na > R S 0 2 - + RS03~ + RSSR (11) 

18-crown-6, r.t. 
pyridine, 4 h _ ^ % „ ^ % ^ ^ 

electron transfer process is important in this oxidation. 
Recently, Degrand and Lund suggested that radical 
recombination of thiyl radical and 0 2 ~ gives sulfinate 
via the rearrangement of the peroxysulfenate(I) in 

-+ RS-

Scheme 6 1 . 

-?.—». [ RSOO~ ] V RSO~ > Scheme 3 

(I) 0 

|RSO" ( or - 1/2 0 2 ) 

0 
0 
t -

RSO + RSO 
I 
0 

0 

Scheme 3 < 

-> [ RSOO ] 

è 
(ID 

0 
•RècT 

i 
o 

|RSO" ( or - 1/2 0 2 ) 

O 
0 
î -

- RSO + RSO 
0 i 

Scheme 4. 

the electrochemical synthesis of sulfinic acid from alkyl 
disulfide and molecular oxygen.35) As shown in 
Scheme 4, the thiyl radical thus formed would either 
dimerize to the disulfide or react with 0 2 ~ to form 
the incipient peroxysulfenate(I). Recombination of 
two thiyl radicals has been reported to be very fast 
(k=\09—lO^M^s"1).36) In the reaction of arene­
thiolate with 0 2 ~ all the intermediates ( I—III ) can 
thus be produced and would oxidize the added sul­
foxides or the phosphines to the sulfones or the phos-
phine oxides. Rearrangement of the intermediates (I 
and II) to the sulfinate and the sulfonate are also 
conceivable while the degradation of all the inter­
mediates may give both molecular oxygen and the 
acids (Eq. 12). Peroxysulfur intermediates may also 

BS(O) oo 

RS(O)X+1O" ( x* o,i ) 
(12) 

3(0) O*" + 1/2 0 2 ( r » 0 " 2 ) 

oxidize arenesulfinate directly to the sulfonate since 
the added trivalent sulfoxide is readily oxidized and 
the sulfinate is also another trivalent sulfur compound. 
Formation of a small amount of disulfide should be 
due to the recombination of the thiyl radicals. A 
small amount of diaryl disulfide was also obtained 
in the alkaline autooxidation of arenethiol, in which 
thiyl radical and 0 2 ~ were considered to be formed 
via one electron transfer.3615) This oxidation of thiolate 
with 0 2 ~ required a little longer reaction time than 
that of sulfinate, in keeping with the suggested mecha­
nism. 

Oxidation ofSulfenyl, Sulfinyl, and Sulfonyl Chlorides with 
02~. The reactions of arene-sulfenyl, -sulfinyl, and 
-sulfonyl chlorides with 0 2 ~ are considered to be ini­
tiated by nucleophilic substitution of the chlorides 

RSG1 -

RSG1 
i 
O 

o 
î 

RSG1 
I 
o J 

o2' 
> 

rRSOO-

RSOO-
i 
o 
o 
î 

RSOO-
i 
o 

RSOO-

-̂ —> RSOO-
i 
o 
o 
î 

RSOO-
l 
o J 

RSO 

> 

9- + RS03 (13) 
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with 0 2 ~ . Therefore, these three systems should be 
the best systems to give three peroxysulfur interme­
diates cleanly (Eq. 13). These three radicals, R S O O - , 
R S ( 0 ) 0 0 - , and R S ( 0 ) 2 0 0 - , thus formed readily 
undergo one electron transfer from 0 2 ^ to form the 
corresponding peroxysulfur anions, which oxidize sul­
foxides and olefins, added into the reaction system. 
The reaction of a sulfonyl chloride with N a 0 2 without 
crown ether have already been reported to afford 
the corresponding sulfonate in refluxing benzene.6*) 

Oxidation of Thiol and Disulfide with 02~. Thiols 
react very readily with O^ at first to afford the di-
suflides, which are then oxidized with 02^ to the cor­
responding sulfinic and sulfonic acids (Eq. 14). The 

RSH 
o2' 

RSSR 
6eq . K 0 2 

-> RSOo- + R S 0 3 (14) 
18-crown-6, r.t. 
pyridine or 
acetonitrile 

RSH + CV > RS- + HOO-(RS- + H O O ) 

2RS- • RSSR 

H O O - > l /202 + H O -

Scheme 5. 

initial step of the reaction is the formation of the 
hydroperoxide anion and the thiyl radical which rapidly 
coupled to give the disulfide, while hydroperoxide 
anion may decompose slowly to molecular oxygen 
and hydroxide anion (Scheme 5). 

The reaction of disulfide with 02^ undoubtedly in­
volves nucleophilic attack of 02^ on S-S bond. Aro­
matic disulfide reacts faster than aliphatic disulfide, 
in keeping with the mechanism involvling the initial 
nucleophilic attack of 0 2 ~ on disulfide bond. Solvent 
effect may also support this process.5b) 

The peroxysulfenyl radical formed at the initial 
stage would undergo one electron transfer or collapse 
to form I or sulfinyl radical and molecular oxygen, 
as shown in Scheme 6. The peroxysulfur interme­
diates can oxidize the added sulfoxides or phosphines 
to the oxides. 

Recently, Hirobe et al. reported24) that two sym­
metrical disulfides, upon reacting with electrochemi-
cally generated 0 2 ~ , gave three disulfides involving 
a new unsymmetrical disulfide in a theoretical ratio 
of the equilibrium mixture (1 :2 :1 ) , without any oxi­
dized product. This is quite reasonable if a very 
small amount of 0 2 ^ (only 1/60 amount of our case) 
was used. The reaction is considered to generate 

RSSR Scheme 4 

Scheme 4 <r 

( I D 

the thiyl radical either through the initial one electron 
transfer from 0 2 ~ to the disulfide or direct iSN2 type 
displacement of the disulfide with 0 2 ~ . The thiyl 
radical thus formed would scramble the disulfides 
through ^ 2 process rapidly, eventually resulting in 
the formation of the equilibrium mixture of disul­
fides.37) However, when the amount of 0 2 ~ is abun­
dant the initial step should be the nucleophilic reaction 
of O ^ on S-S linkage in view of the solvent effect5b> 
and the following order of the reactivities, i.e. thio-
sulfinic t e s t e r > thiosulfonic t e s t e r > disulfide.515) 

Oxidation of Thiosulfinic S-Ester with 02~. Thio-
sulfinic t e s t e r was found to react with 0 2 ~ more easily 
than any other sulfur compounds used.5b) The reac­
tion proceeded readily even at — 40 °C within an 
hour, and not only sulfinic and sulfonic acids but 
also symmetrical disulfide were obtained (Eq. 15).5) 

5eq. K 0 2 

RSSR' 
I 18-crown-6 

O within l h 

* R S 0 2 - + RSO3- + R S S R 

trace « 4 8 % « 5 0 % 

(15) 

The symmetrical disulfide was formed in « 5 0 % yield 
only from the sulfenyl side and the two acids only 
from the sulfinyl side, revealing that the nucleophilic 
attack of 02"*" occurs only on the sulfinyl sulfur of the 
unsymmetrical thiosulfinic .S-ester. The predominant 
formation of the sulfonic acid may indicate that the 
main reaction path after the attack of 0 2 ~ is the rear­
rangement of peroxysulfinate(II) to the sulfonate. 
Therefore, peroxysulfinate(II) would be unstable 
enough to rearrange to the sulfonate under these 
conditions, and hence it would not be a good oxidizing 
agent of sulfoxide, thus yield of the sulfone being 
rather small (Table 2). Only when the temperature 
was elevated, the yield of the sulfone gradually in­
creased (Table 2). 

RSSR' 
A 
o 

RSOO« 
A 
0 

R'SSR' 

- 1 /2 0 , 

Scheme 3 « Scheme 4 2» [ RSOO" ] -

o 

( I I ) 

Scheme 7. 

Oxidation of Thiosulfonic S-Ester with 02~. In 
the reaction of unsymmetrical thiosulfonic t e s t e r with 
0 2 ~ , however, two sulfinic and two sulfonic acids were 
obtained from both sulfur sides along with a small 
amount of symmetrical disulfide (ca. 25%) from the 
sulfenyl sulfur side (Eq. 16),5b) revealing clearly that 

O 
Î 4eq. K 0 2 

RSSR > 
I 18-crown-6 

X pyridine, 0 °G 
<J « 3 0 min 

rRSO rRSO. 
r + r 3 + RssR (i6) 
LRS02 

LR'SO. 

Scheme 6, 

the nucleophilic attack of 02^ occurs at both sulfenyl 
(a) and sulfonyl (b) sulfur atoms of the thiosulfonic 
£-ester (Scheme 8). The thiolate anion formed in 
the initial step must be converted to the disulfide by 
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TABLE 7. CHANGE OF PRODUCT DISTRIBUTION*1) 

2721 

Entry 
No. 

1 
2 
3 
4 

5 
6 

Substrate 

PhSSPh 
PhSSPh 
/>-TolSSTol-/> 
/>-TolSSTol-/> 

/>-TolS(0)STol-/> 
£-TolS(0)STol-/» 

Temp/°C 

23 
23 
22 
22 

18 
17 

Time/min 

300 
300 
300 
300 

10 
10 

Solvent 

Pyridine 
Pyridine 
CH3CN 
CH3CN 

Pyridine 
Pyridine 

Additive 

Ph3P 

PhSPh 
i 
O 

PhSPh 
i 
O 

Yield/% 

26^) 

62°) 

17«) 

R S 0 2 -
9 

29 
6 

31 

14 
24 

Yield/% 

RSO3-
68 
67 
88 
61 

37 
26 

RSSR 

50 
50 

a) Molar ratio of substrate : K 0 2 : crown ether : additive = 1:6:1:2 or 1:5:1:2 for disulfide or thiolsulfinate. b) 
Yield by GC. c) Isolated yield. 

O T 0 

t °2 f 
USSR' > RSOO- + R 'S 

i (b) i 
(a) f 

( I I I ) 

RSO ~ + R'SOO* > Scheme 4 

-> R 'S '—* R'SSR* 

Scheme 3 

Scheme 8. 

rapid recombination of the thiyl radicals after one 
electron transfer. At ca. 0 °C, the sulfinate would 
not be oxidized any further. The low yield of the 
sulfone formation from added sulfoxide should be also 
due to the low reaction temperature. 

Both this reaction and that of thiosulfinic S-ester 
clearly involve the initial nucleophilic attack of 0 2 ~ 
at sulfur atoms of S-S linkage and gave partially 
the disulfide. A similar nucleophilic substitution (.SN2) 
on sulfur atom of S-S linkage has been observed in 
the alkaline hydrolyses of both compounds.37>n 

Addition of the sulfoxide or the phosphine as a 
trapping agent into the reaction systems of disulfide 
and thiosulfinic iS-ester with 0 2

T changed distribution 
of the products (Table 7). Amount of the sulfinate 
increased appreciably while that of sulfonate decreased 
only a little by the additives, very likely due to the 
two competitive reactions, i.e. the reactions of peroxy-
sulfinate(II) with sulfoxides or phosphines to the sul-
fones or the phosphine oxides and the rearrangement 
of I I to the sulfonate. 

Thus, the reactions of these ôrganosulfur compounds 
each having S-S linkage with 0 2 ~ are another SN2 
processes, like the nucleophilic substitution of alkyl 
halide or tosylate with 0 2

T . 3 9 ) This S$2 mechanism 
with 0 2

T is in good accordance with the order of the 
reactivities of the three disulfidic species (2>3>1) . 5 ) 
This order is identical to that of the reactivities of 

tt These two reactions can be also conceivable but the 
second reaction (B) should be minor since amount of C v 
is considerably large at the initial stage in the reactions 
of both 2 and 3. 

CV 
R-S(0) x -S-R ' • R-S(0) x OO- + R ' -S - (A) 
R-S(0) x -S-R ' + R ' -S - > RS(0) A - + R'SSR' (B) 

the three in the alkaline hydrolyses.38) 
Among a few trapping agents used, dimethyl sul­

foxide was found to be the best reagent. Phosphines 
were not the good trapping agents since they reacted 
easily with several substrates. Olefins are relatively 
less reactive while the epoxides formed are usually 
so reactive that the epoxide itself reacted with various 
species present in the reaction system. 

Since the alkaline autoxidation of thiols and disul­
fides gives sulfinate and sulfonate, and is expected 
to involve the peroxysulfur intermediates,8 '40) a mix­
ture of the sulfoxide or the phosphine (2 mmol) , thiol 
or disulfide (1 mmol) and potassium f-butoxide (2 
mmol) was treated in pyridine (5 ml) under pure 
oxygen atmosphere at room temperature for 0.5— 
11 h. Indeed, the sulfone ( » 1 0 . 6 % ) or the phosphine 
oxide ( « 2 0 . 2 % ) was obtained besides the autoxidation 
products of sulfinic and sulfonic acids41) (Scheme 9). 
Both sulfoxides and phosphines were inert under the 
conditions without any one of these sulfur compounds. 
Thus, the mechanism for the autoxidation suggested 
by Berger8) is considered to be identical to that of 
the reactions of disulfides and other related sulfur 
compounds with 0 2 ^ , involving the common peroxy­
sulfur intermediates (I, I I , and/or I I I ) . 

or 

ArSSAr 

t-BuO-+K r 
, 2 
uridine, r . t . L 

_2 
pyrid 

I , I I and/or I I I L-*- RSO~ 

O 
T . 

R-S-R' 

Scheme 9. 

Among these peroxysulfur intermediates the peroxy-
sulfenate(I) seems to collapse most readily. The oxi­
dation of sulfoxide with I—II I seems to be faster 
than that of olefin (Tables 1, 2, 5, and 6). The per-
oxysulfinate(II) is more stable and fairly reactive while 
only the peroxysulfonate(III) is stable enough to be 
characterized and hence be utilized for the oxidation 
of sulfoxide and olefin. 

General. 

Exper imenta l 

All the reactions with 0»~ were carried 
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out under dry argon atmosphere. 
Melt ing points were taken on a Yanaco instrument. 

N M R spectra were recorded on a Hitachi Perkin-Elmer 
R-20 spectrometer. Gas and liquid chromatographic an­
alyses were carried out with Shimadzu GG-6A and Yanaco 
L-1030 instruments, respectively. Specific rotations were 
calculated from the values of optical rotations which were 
measured by a J A S G O DIP-140 Polarimeter using a 5 cm 
quartz cell. 

Materials. K 0 2 was obtained from Ventron Prod­
ucts. 18-Crown-6 was from Wako Pure Chemical Ind . 
and used after drying in vacuo by heating at 60—70 °G. 
All the solvents used except for CH 2C1 2 were purified by 
distillation and dried with drying agent, as shown in the 
preceding paper.5b> Purification of CH 2C1 2 was performed 
at first by drying with GaCl2 and then distillation after fil­
tration. Distilled GH2G12 was stored in dark under N 2 

in the presence of CaCl2 . 
Preparat ion and purification of all the disulfides, thio-

sulfinic t e s t e r s , thiosulfonic »S-esters, sodium thiolates, and 
sodium sulfinates as substrates are reported in our previous 
paper.5b> 

Extra pure reagent grade triphenyl- and tributylphos-
phines, fran^-stilbene and trichloromethanesulfonyl chloride 
from Wako Pure Chemical Ind . were directly used without 
any treatment. Tosyl and mesitylene-sulfonyl chlorides 
from Wako were used after recrystallization from hexane. 
Benzoyl chloride was purified by distillation and dehydra­
tion with CaCl2 , and D M S O was purified by distillation 
and stored under dry nitrogen gas. Diphenyl sulfoxide and 
acenaphthylene from Tokyo Kasei Kogyo were also used 
after recrystallyzation. Three chalcone derivatives were all 
from Aldrich Chemical Company and directly used for 
the reaction. 

Sulfoxides, i.e. /»-chlorophenyl methyl, methyl /»-tolyl, and 
methyl phenyl sulfoxides, were prepared by oxidations of 
the corresponding sulfides with H 2 O a in AcOH.42> All the 
sulfoxides were determined by measuring the absorption 
peaks at the region of 1040—1060 c m - 1 in their I R spectra. 
Thian threne 9-oxide was prepared by a known method.43) 
Benzenesulfenyl chloride was prepared by the reaction of 
benzenethiol with gaseous chlorine according to a known 
method.44) T h e crude product was purified by distillation 
(bp 75—79 °C/3.0 Tor r (1 T o r r = 133.322 Pa) ) . />-Toluene-
sulfinyl chloride was also prepared by the reaction of p-
toluenethiol with gaseous chlorine in the presence of acetic 
anhydride.44) T h e crude product was purified by distil­
lation (bp 110°G/2 .5Tor r ) . 

( -\- )-à-Camphor-10-sulfonyl chloride was prepared by treat­
ing ( + )-rf-camphor-10-sulfonic acid (from Wako) with PG15. 
T o the sulfonic acid (0.5 mol) dissolved in CHG13 (150 ml) 
was added slowly solid PC15 (0.7—0.9 mol) . After slow 
evolution of HCl gas, the mixture was heated at refluxing 
temperature for ca. 1 h. T h e resulting clean colorless mix­
ture was washed more than three times with water. Organic 
layer was dried with M g S 0 4 and the solvent was evaporated 
to afford the sulfonyl chloride which was purified by re-
crystallization from hexane. Yield 7 2 % . I R (KBr, c m - 1 , 
S=0) 1365 and 1168. [a]s

D
8+20.9° ( c = 4 . 3 , CHC13) (lit,45) 

[a]2
D

8+28.8° ( C = 4 . 2 , CHG13). 
Oxygen Trapping Reaction. T h e amount of K 0 2 in 

the reaction of each substrate was not kept constant and 
hence is shown in each Table , which also shows reaction 
time, molar ratio of additives, and solvent used. 

Oxidation of Additives Added in The Reaction System with O^. 
T h e following is a typical run for the "Oxidation of Sulfoxide." 
A solution of diphenyl sulfoxide (2 mmol) and di-/>-tolyl 

disulfide (1 mmol) in dry acetonitrile (5 ml) was added 
with a syringe into a heterogeneous solution of K 0 2 (6 mmol, 
finely powdered in advance and stored under nitrogen) 
and dry 18-crown-6 (1 mmol, dried in vacuo at 60—70 °G) 
in the same solvent in a two-necked flask under dry argon 
atmosphere at 21 °C. The resulting heterogeneous mixture 
was stirred at the same temperature for 6 h, during which 
the substrate generally disappears nearly completely. After 
the consumption of the substrate the reaction mixture was 
quenched by pouring into excess cold water containing 
crushed ice. Extraction with CHC13 , drying with M g S 0 4 

and evaporation of CHC1 3 gave an oily residue. The res­
idue, containing oxidized sulfone, unreacted sulfoxide, and 
crown ether, was subjected to column chromatography 
through silica gel using an eluent of a mixed solvent of 
h e x a n e : E t O A c : C H C l 3 = 4 : l : l . Yield of sulfone was 54% 
based on the starting disulfide. 

When a sulfoxide bearing methyl group was used the 
yield of the sulfone was directly determined by integration 
ratio of the N M R spectrum of the crude mixture. The 
sulfones formed were identified by comparing the melting 
points or chemical shifts in N M R spectra with those of au­
thentic samples. 

Oxidation of phosphines in the reaction system was carried 
out according to the same procedure as mentioned for 
sulfoxide. T h e yield of the phosphine oxide was measured 
by injecting the reaction mixture directly into GC since 
the phosphine was actually oxidized in the usual work-up. 
T h e phosphine oxide was not produced at all, even if the 
reaction mixture was injected directly into GG instrument. 
T h e phosphine oxides obtained were found to be identical 
to the authentic samples by comparing the retention times 
in GG. 

Epoxidation of olefin in the reaction system was also carried 
out similarly. However, the work-up was different, i.e. 
the reaction mixture, after stirring till the disappearance 
of most of substrate, was stirred further for a few hours. 
T h e resulting heterogeneous reaction mixture was filtered 
and the residue was washed with a large amount of GH2C12 

( « 40 ml) . T h e combined organic layer was subjected to 
the assay after evaporation of organic solvent. Yield of 
the epoxide in the residue was sometimes determined by 
isolation by column chromatography through silica gel using 
benzene (or benzene-hexane) as an eluent. However, the 
amount of the epoxide was determined usually by HPLG. 
I n some cases, the yield of the epoxide was directly estimated 
by measuring the N M R spectrum of the residual mixture. 
Epoxides thus obtained were identified by comparing the 
chemical shifts of the methine protons with those of the 
authentic samples as shown in Table 4. 
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The liquid-phase oxidation of methylbenzenes catalyzed by a catalyst system composed of cobalt(II) and 
copper(II) acetates and sodium bromide was carried out in acetic acid at 150 °C. The corresponding benzyl 
acetates and benzaldehydes were obtained in high selectivities in most cases. A nuclear-brominated product, 
i.e., 3-bromo-4-methoxytoluene was also obtained in the oxidation of /»-methoxytoluene, which has two different 
reaction sites, i.e., o-positions to the electron-donating methoxyl substituent and the benzyl position. However, 
the substitution of the bromide ion for the acetate ion in the catalyst system gave satisfactory selectivities for the 
side-chain oxidation products. In /»-xylene oxidation, a,a'-diacetoxy-/»-xylene and /»-(acetoxymethyl)benzonic 
acid were also obtained, as well as /»-methylbenzyl acetate, though their amounts were small. The oxidation 
of poly methylbenzenes was also carried out. 

There have been many reports concerning liquid-
phase oxidations catalyzed by transition metal ions.1) 
In general, however, primary products {e.g., aldehyde 
or alchhol) are more sensitive toward oxidation than 
the starting substrate, and the selective synthesis of 
alcohols with the liquid-phase oxidation has some limi­
tations.2) An improved method for the alcohol and 
glycol synthesis is to use the acetoxylation of them, 
by which the resulting primary products are restrain­
ed toward the secondary oxidation. In acetoxylation, 
many transition metals are employed as catalysts: 
palladium (I I) acetate for a nuclear3) and a side-chain 
acetoxylation of aromatic hydrocarbons,4) silver (I) ac­
etate for a side-chain acetoxylation,5) and copper(II) 
acetate-l i thium bromide,6) and tellurium dioxide-hy­
drogen bromide7) for olefens. In a previous report,8) 
we have studied the liquid-phase oxidation of toluene 
catalyzed by a cobalt(II) acetate-sodium bromide cat­
alyst in the presence of copper(II) acetate in acetic 
acid, we found that benzyl acetate, which is a useful 
organic intermediate for benzaldehyde and benzyl al­
cohol synthesis, can be synthesized in one pot. 

In the oxidation of toluene catalyzed by the C o -
Gu-Br system, the reaction can be considered to pro­
ceed through the abstraction of a-hydrogen by bro­
mide atoms (from cobalt(III) bromide or copper(II) 
bromide), the ligand-transfer of the resulting benzil 
radical by copper(II) bromide to benzyl bromide, and 
the replacement of benzyl bromide with the acetate 
ion to give benzyl acetate. 

Here, we wish to report on the liquid-phase 
oxidation of substituted toluenes and polymethyl-
benzenes catalyzed by the Go-Gu-Br system as an 
extension of the study of the oxidative side-chain 
acetoxylation of aromatic hydrocarbons. 

Exper imenta l 

General. /»-Methoxytoluene, /»-xylene, /»-chlorotoluene, 
/»-/-butyltoluene, /»-nitrotoluene, etc., mesitylene, durene, and 
hexamethylbenzene were purified by usual methods. When 
a substrate easily oxidized to the hydroperoxides was used, 
the substrate was further treated with an active alumina. 

Acetic acid, cobalt(II) acetate tetrahydrate, copper(II) 
acetate monohydrate, and sodium bromide of a reagent 
grade were used without further purification. The prod­

ucts were identified by means of IR (Shimadzu IR 420) 
XH-NMR (Varian EM 360A), and GC-MS (ANELVA TE 
600S). 

Oxidation Procedure. A 200-ml Ti-made autoclave 
equipped with a gas inlet, a magnetic-induced stirrer, and 
a pressure gauge was charged with ca. 50 mmol of a sub­
strate, 4 mmol of cobalt(II) acetate, 4 mmol of copper(II) 
acetate, 28 mmol of sodium bromide, and 60 ml of acetic 
acid. Then, the autoclave, pressured with air to 40 kg/ 
cm2 was placed in an electric furnace and heated to 150 °G. 

After 1.0 h, the autoclave was cooled with water and 
vented. Internal standards (chlorobenzene, /»-bromoanisole, 
and 1-chloronaphthalene) were then added to the auto­
clave. The contents were poured into ice water and then 
extracted with ether. 

The extract was washed with water and a saturated sodium 
carbonate solution, and subsequently dried (sodium sulfate), 
and the ether was removed on a rotary evaporator. The 
residue was submitted to GG analysis. 

The substituted benzoic acids isolated by the acidifica­
tion of the combined aqueous solution were determined 
by the weighing of their quantities or by XH-NMR analysis. 
The GG analysis was mainly conducted on a Shimadzu 
GG-3T gas Chromatograph, using a 10% PEG 20 M on 
Uniport B column operated isothermally at 180 °C. 

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

The liquid-phase oxidations of the substituted tol­
uenes were carried out in acetic acid, using cobalt(II) 
and copper(II) acetates and a sodium bromide sys­
tem with air. T h e results are summarized in Table 
1. As may be seen from the Table, a correspond­
ing substituted benzyl acetate was obtained as the 
main product, along with a significant amount of 
the substituted benzaldehyde. The increase in the 
electron-donating ability of the substituent on the ring 
caused the higher conversion, which is roughly ac­
cordant with the tendencies on the oxidation of sub­
stituted toluenes catalyzed by a cobalt-bromide sys­
tem9) and on the bromination with NBS.10) As com­
pared with the palladium-catalyzed side-chain acet­
oxylation of methylbenzenes, the Co-Cu-Br catalyzed 
reaction seems to be more useful because of the lower 
cost of the catalyst and because of the possibility of 
a wider application to the acetoxylation of many 
methylbenzenes (the palladium-catalyzed reactions of 
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T A B L E 1. OXIDATION OF SUBSTITUTED TOLUENES CATALYZED 

BY THE Go-Gu-Br SYSTEM 

T A B L E 2. OXIDATION OF /J-METHOXYTOLUENE CATALYZED 

BY THE G O - G U SYSTEM 

Toluenes 

O-Chlorotoluene 
m-Chlorotoluene 
/»-Ghlorotoluene 
/»-Nitrotoluene 
Toluene 
/>-f-Butyltoluene 
/?-Methoxytolueneb> 
/»-Toluic acidc> 

Conversion 

% 

40 
39 
60 
20 
55 
74 
94 
29 

/>-Tolualdehyded) 98 
/»-Methylbenzyl acetatee> 82 

Products 

ArCH 2 OAc 

55 
63 
52 
62 
54 
55 
21 
30 

0 
44 

(mol%)*> 

A r C H O 

27 
30 
13 
22 
20 
27 
13 
12 

1 
17 

Reaction conditions: [Co(OAc)2] = [Cu(OAc)2]=5.7X 
10~2M,t [NaBr]=0.4M, [Substrate] = 0.7 M, air pres­
sure; 40 kg/cm2, 1.0 h, 150 °G. a) Based on the sub­
strate consumed, b) 3-Bromo-4-methoxytoluene (20%) 
was also obtained, c) The evolution of carbon dioxide 
was observed, d) The other product was /»-toluic acid. 
e) /»-Tolualdehyde (16%) and /»-acetoxymethylbenzoic 
acid (8%) were also obtained, accompanied by /»-toluic 
acid (10%). 

toulenes bearing substituents such as chloro, nitro, 
and methyl groups more than two on the ring are 
very slow4)). I t is noteworthy that the benzaldehyde, 
as a by-product, can also be obtained in many cases. 
However, in the /?-methoxytoluene oxidation, as will 
be described later in detail, a ring bromination oc­
curred, because 3-bromo-4-methoxytoluene was de­
tected. O n the other hand, it is interesting that p-
acetoxymethylbenzoic acid can be produced, though 
its yield is low in the oxidation of /?-toluic acid. The 
oxidation of /?-tolualdehyde gave p-tohxio, acid as the 
sole product, suggesting that the aldehyde group in 
the catalyst system is more sensitive toward the ox­
idation. O n the other hand, the mechanism in the 
oxidation by the Co-Cu-Br system has been estimated 
on the basis of the results of an earlier variable study.8) 
It could be considered to proceed through the path­
way of the bromination with copper (I I) bromides of 
the benzyl radical, which can be produced from the 
hydrogen abstraction of benzylic hydrogen by cobalt-
(III) bromide and/or bromine atoms arising from the 
rapid reaction of cobalt (I I) bromide and the peroxyl 
radical9) and from the decomposition of copper (I I) 
bromide,11) i.e., 

ArCH, 

OAc-

Co(III)Br 

and/or Br« 
-> ArCH2-

Cu(II) Br 

ArCH2Br 

Although aryl alkyl bromides can usually be de­
tected under the given conditions because of the low 
substitution rate of aryl alkyl bromide with the ac­
etate ion, aryl alkyl bromide could hardly be detected 
under the conditions employed here suggesting that 
the substitution is rapid. Furthermore, the rate of 
the ligand transfer by copper (I I) halides is known to 
be diffusion-controlled according to the study by 

t 1M=1 moldm-3. 

Sodium 
salt 

None 

NaBrc) 

NaBrd) 

N a O A c 

NaOAce> 

/»-Methoxytoluene 
conversion/% 

0 

26 

94 

44 

54 

Products (mol%0)a) 

ArCH 2 OAc 

— 
47 

21 

51 

56 

A r C H O [A]b> 

— — 
1 49 

13 20 

42 — 
26 — 

Reaction conditions : [Go(OAc)2] = [Gu(OAc)2] = 5.7 X 
10-2 M, [Sodium salt] = 0.4 M, [/>-Methoxytoluene] = 
1.4 M, air pressure; 40 kg/cm2, 1.0 h, 150 °G. a) Based 
on the /»-methoxytoluene consumed, b) [A] represents 
3-bromo-4-methoxy toluene, c) This run was carried 
out under the conditions: 100 °G, 20 h, air flow, e) 
Acetic anhydride (5 ml) was added, d) [/»-Methoxy-
toluene]=0.7 M. 

Kochi.12) Therefore, the substituents on the ring can 
be considered to influence the hydrogen abstraction 
of benzylic hydrogen. 

As has been mentioned above, 3-bromo-4-methoxy-
toluene and ^-anisic acid were both obtained as by­
products in the oxidation of /?-methoxytoluene. In 
order to avoid the ring bromination, some experi­
ments were carried out (Table 2). M a n y works have 
reported on the ring halogenation of aromatic hydro­
carbons with copper(II) halides at high tempera­
tures,13) and it is a useful method for the halogenation 
even now. O n the other hand, a cobalt(III) acetate 
and halogen-ion system such as cobalt(III) chloride,14) 
has also the ability to effect ring halogenation as well 
as side-chain halogenation. Accordingly, it appears 
to be difficult to prevent the ring bromination in the 
Co-Cu-Br catalyzed oxidation of />-methoxytoluene, 
because the above two systems exist. Indeed, the 
ratio of the amount of the benzyl acetate to the ring-
bromination product at a low conversion shows nearly 
the same value as at a high conversion (Table 2). 
The 1 H - N M R analysis of the reaction mixture (an 
ether residue) showed the formation of 3-bromo-4-
methoxybenzyl acetate when the conversion of /?-meth-
oxytoluene was completely achieved. A ring bro­
mination similar to the oxidation of/?-methoxytoluene 
was observed in the oxidation of 1-methylnaphthalene, 
m-phenoxytoluene, and mesitylene (e.g., in the ox­
idation of 1-methylnaphtalene, 4-bromo-l-methylnaph-
thalene(12%) was obtained, accompanied by 1-naph-
thaldehyde (18%) and 1 -acetoxymethylnaphthalene-
(39%) at a 7 0 % conversion of 1-methylnaphthalene). 
Since /?-methoxytoluene, having a relatively lower ion­
ization potential, could be supposed to react with 
cobalt (111) acetate even in the presence of copper (I I) 
acetate, a run with no bromide ion was examined. 
However, the induction period was found to be very 
long in the cobalt(II) and copper(II) acetates sys­
tem. The addition of the acetate ion to the system, 
however, caused a rapid oxidation, in which satisfactory 
selectivities for the benzyl acetate and the benz­
aldehyde were achieved. I t is interesting that an un­
usual selectivity for /?-anisaldehyde was obtained. Fur-
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T A B L E 3. OXIDATION OF /»-XYLENE CATALYZED 

BY THE Go-Gu-Br SYSTEM 
T A B L E 4. OXIDATION OF POLYMETHYLBENZENES CATALYZED 

BY THE Go-Gu-Br SYSTEM 

Run 1 

/»-Xylene ( mmol ) 
Conversion/% 

41 
90 

81 
59 

Products(mol%)a) 
/>-Tolualdehyde 13 24 
/»-Methylbenzyl acetate 34 59 
/>-Acetoxymethylbenzaldehyde 2 5 
/»-Phthalaldehyde Trace 0 
a,a'-Diacetoxy-/>-xylene 8 8 
/>-Toluic acid 28 — b> 
/>-Formylbenzoic acid 0 — 
Terephthalic acid 0 — 
/»-Acetoxymethylbenzoic acid 4 — 

Reaction conditions : [Go(OAc)2] = [Gu(OAc)2] = 5.7 X 
10"2M, [NaBr]=0.4M, air pressure: 40 kg/cm2, 150 
°G, 1.0 h. a) Based on the /»-xylene consumed, b) 
No determination. 

thermore, the addition of acetic anhydride accelerated 
the oxidation and caused a higher selectivity for the 
benzyl acetate. Recently, Imamura has reported in 
detail on the oxidation of /?-methoxytoluene catalyz­
ed by the addition of cobalt (I I) acetate and a small 
amount of a bromide-ion system to /?-anisaldehyde, 
he found that /?-methoxybenzyl acetate was also ob­
tained under the given conditions.15) However, our 
results are somewhat better than their results in the 
selectivity for /?-methoxy benzyl acetate. As it is now 
well established that cobalt (I II) acetate can oxidize 
alkyl aromatics such as toluene by direct electron-trans­
fer, even in the presence of oxygen,16) the mech­
anism in the Go-Gu-OAc system can be estimated 
to be as follows: 

Go(III) -f />-MeOC6H4CH3 ^ = ± 

Go(II) + (p-McOCelltCH3)+ 

(/;-MeOG6H4GH3)t • />-MeOC6H4CH2 • -f H+ 

/>-MeOC6H4CH2. + Go(III) and/or Gu(II) 

• />-MeOC6H4CH2OAc 

/>-MeOC6H4CH2. + 0 2 • />-MeOC6H4CH200 • 

> />-MeOC6H4CHO. 
Co(III) 

However, as has previously been reported, it should 
be mentioned that the oxidizing activity of cobalt-
(III) acetate was lowered by the binuclear complex 
formation with copper (I I) acetate.17) 

As has been described above, many important ox­
idation products of /^-xylene are used as monomers 
in the polymer industry.18) a,a'-/>-Xylene-diol and p-
hydroxymethylbenzoic acid as well as terephthalic acid 
are of particular interest. 

Thus, we attemped the synthesis of these compounds 
in the oxidation of /^-xylene by the Go-Gu-Br sys­
tem. The results are presented in Table 3. At a 
low conversion of /^-xylene, the products are />-meth-
ylbenzyl acetate and /?-tolualdehyde, by analogy with 

Substrate 
Conversion Products (mol%)a) 

% ArCH2OAc ArCHO 

o-Xyleneb) 89 
/>-Xyleneb> 34 
Mesitylene 89 
Durene 98 
Hexamethylbenzene 99 

34 
34 
49 
63 
45 

1 
13 
11 
10 
8 

Reaction conditions: [Co(OAc)2] = [Cu(OAc)2]=5.7x 
10-2M, [NaBr]=0.4M, [Substrate] =0.7 M, air pres­
sure; 20 kg/cm2, 150 °G, 1.0 h. a) Based on the sub­
strate consumed, b) Air pressure ; 40 kg/cm2. 

the substituted toluene oxidations. O n the other hand, 
at a high conversion, since /^-xylene has two methyl 
groups, many products were obtained. I t was found 
that /?-xylene-a,a'-diol and /?-acetoxymethylbenzoic 
acid are obtainable, though small amounts. Thus, the 
secondary oxidations of />-methylbenzyl acetate, p-
toluic acid, and />-tolualdehyde were investigated. As 
has already been shown in Table 1, although no ef­
fort to seek out the opt imum conditions for the selective 
oxidation was made, the expected compounds were 
obtained in considerable amounts. In the oxidation 
of /MTiethylbenzyl acetate, />-tolualdehyde was also ob­
tained, even at a low conversion (for example, at 
a 4 4 % conversion, 17% of />-tolualdehyde as well as 
5 4 % of a,a'-diacetoxy-/?-xylene and 2 0 % of/?-acetoxy-
methylbenzaldehyde were obtained), indicating 
that the further oxidation of the benzyl acetate can 
not be ignored in these cases. Under these condi­
tions, the oxidation of benzyl acetate gave benzal-
dehyde(14%) and benzoic acid(76%) at a 5 5 % con­
version of benzyl acetate. Therefore, there appears 
to be a limitation in the one-step synthesis of a,a'-
diacetoxy-/>-xylene with the oxidation of /^-xylene. 
However, the results of the oxidation of /?-tolual-
dehyde and /?-toluic acid indicate that the formation 
of />-acetoxymethylbenzoic acid in the oxidation of 
/^-xylene is through the pathway of the secondary 
oxidation of />-methylbenzyl acetate, because of the 
low rate of /?-toluic acid oxidation and the high rate 
of /?-tolualdehyde oxidation. 

Accordingly, it was concluded that two synthetically 
useful compounds, a,a'-diacetoxy-/?-xylene and /?-
acetoxymethylbenzoic acid, were obtainable in the ox­
idation of/?-methylbenzyl acetate, for the by-products 
are the precursors of /^-acetoxymethylbenzoic acid. 

Co-Cu-Br 

/>-CH3C6H4CH2OAc > />-AcOCH2C6H4CH2OAc, 

/>-AcOCH2C6H4COOH 

/>-CH3C6H4CHO />-AcOCH2C6H4CHO 
By-products 

/>-CH3C6H4COOH />-AcOCH2C6H4COOH 

Finally, the Go-Gu-Br catalyzed oxidations of o-
and /^-xylenes, mesitylene, durene, and hexamethyl­
benzene were conducted. The results are summariz­
ed in Table 4. Since these compounds have more 
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than two methyl groups and low ionization poten­
tials, they were very reactive as compared with the 
palladium-catalyzed side-chain acetoxylation. In the 
oxidation of hexamethylbenzene, for example, the 
products which have more than two oxidized methyl 
groups were detected, though they could not be com­
pletely determined before the whole conversion. 

Then, the reaction was controlled by the amount 
of oxygen charged. As may be seen from Table 4, 
the monoacetoxylated compounds can be synthesized 
in high selectivities, even if at a high conversion. 

In the oxidation of mesitylene, as has been reported 
by many workers,19) the ring bromination occurred, 
though its amount was not determined. 

In conclusion, the Co-Cu-Br system previously re­
ported in the oxidative side-chain acetoxylation of 
toluene was found to be applicable to the side-chain 
acetoxylation of substituted toluenes and polymethyl-
benzenes. In the oxidation of ^-methoxytoluene, ring 
bromination also occurred, although the side reaction 
could be removed by replacing the bromide ion in 
the catalyst system with the acetate ion. 
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The Synthesis of a-D-Galactopyranosyl and a-D-Mannopyranosyl 
2-Amino-2-deoxy-a-D-gIucopyranosides and the 

Conformation of Their Glycoside Linkage1* 
Shinkiti K O T O , * Shigeru INADA, and Shonosuke Z E N 

School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108 
(Received November 14, 1980) 

A new analog of trehalosamine, a-D-galactopyranosyl 2-amino-2-deoxy-a-D-glucopyranoside, was synthesized 
by the glycosylation of 2,3,4,6-tetra-0-Qb-chlorobenzyl)-a-D-galactopyranose with 3,4,6-tri-0-acetyl-2-deoxy-2-(2,4-
dinitroanilino)-a-D-glucopyranosyl bromide, using silver Perchlorate and tribenzylamine in benzene, followed 
by chromatographic separation and the subsequent removal of the protecting groups. Similarly, a-D-manno-
pyranosyl 2-amino-2-deoxy-a-D-glucopyranoside was synthesized. The conformation of the glycoside linkage of 
these a,a-disaccharides is discussed in relation to the 13G chemical shifts of their anomeric carbons. 

Trehalosamine (25) 2> and its analogs3) are unique 
antimicrobial aminoglycosides which are 1,1 '-linked di-
saccharides. However, since the synthesis of 25,4> only 
a few non-symmetrical a-glycosyl a-glycosides with an 
amino group have thus far been synthesized,5) al­
though the chemical modification of a,a-trehalose has 
often been performed recently.6 '7) Interestingly, some 
antibiotics possess the structure of l , l ' - l inked glycosyl 
glycoside.8) Such circumstances prompted us to 
synthesize the galacto analog (17) as well as the manno 
one (21) of trehalosamine. After our work had been 
completed, a synthesis of 21 via a different route was 
described.9) 

R1 

Br 
OH 
OH 
OH 
OH 

R2 

H 
H 
OCb 
H 
H 

R3 

NHDp 
OCb 
H 
OCb 
NHDp 

R4 

Ac 
Gb 
Gb 
Gb 
Ac 

R5 

H 
OCb 
H 
H 
H 

R6 

OAc 
H 
OCb 
OCb 
OAc 

Ac = acetyl, Gb=/>-chlorobenyl, Dp = 2,4-dinitrophenyl. 

3,4,6-Tri-0-acetyl-2-deoxy-2-(2,4-dinitroanilino)-a-D-
glucopyranosyl bromide (I),10) occasionally used for 
synthesizing various 2-amino-2-deoxy-a-D-glucopyrano-
sides,11) was chosen to perform the glycosylation 
of 2,3,4,6-tetra-0-(j&-chlorobenzyl)-a-D-galactopyranose 
(2) 12) The condensation using silver perchlorate13) 
and tribenzylamine14) in benzene at room tempera­
ture gave the a,a-form of the l , l ' - l inked disaccharide 
derivative (6) as the main product. The chromatog­
raphy of the reaction mixture gave 6 and three other 
configurational isomers (7, 8, and 8a) in yields of 
35, 15, 9, and 3 % respectively. 

The protecting groups of 6 were removed in the 
order of deacetylation with a dil solution of sodium 
methoxide in methanol, dedinitrophenylation with a 
basic resin in aq acetone, and dechlorobenzylation by 
catalytic hydrogenolysis over palladium black in aq 
acetic acid, followed by deionization with a basic 
resin to afford 17 in a 16% yield from 2. When 
the other three isomers 7, 8, and 8a, were subjected 

to the above set of deprotection processes, they were 
converted into 18, 19, and 20 respectively. 

The glycosylation of the mannose derivative (3) 
with 1 was next performed similarly to furnish the 
a,a-linked disaccharide derivative (9) in a 3 1 % yield. 
Again, three isomers (10, 11, and 12) were separated 
from the glycosylation mixture. The deprotection of 
9 gave the manno analog of trehalosamine, 21, in a 
16% yield from 3. 

TABLE 1. MOLECULAR ROTATIONS OF OC-D-HEXOSYL 

A-D-GLUCOSAMINIDES AND A-D-HEXOSYL OC-D-GLUCOSIDES 

AND THEIR PER-ACETATES 

Compound Unprotected Acetate 

a-D-Gal/> a-D-GlcN/> +702 +1225 
a-D-Gal/> a-D-Glc/> +711a) +1329a> 
a-D-Man/i a-D-GlcN/> +500 +718 
a-D-Man/) a-D-Glc/> +569") +786") 
a-D-Glcjö a-D-GlcN/> +649 +1022 
a-D-Glc/> a-D-Glc/> +680°) +1100d> 

a) Ref. 5b. b) Ref. 5a. c) G. Birch, J. Chem. Soc, 
1965, 3489. d) C. S. Hudson and J. M. Johnson, J. 
Am. Chem. Soc, 37, 2748 (1915). 

TABLE 2. *H CHEMICAL SHIFTS OF ANOMERIC PROTONS 

OF D-HEXOSYL D-GLUCOSAMINIDESa> 

Compound 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

Tempb> 
°C 

22 
22 
90 
80 
22 
22 
22 
50 
22 
90 
80 
70 

H-Ï 

5.56 
5.09 
5.75 
5.30 
5.53 
4.97 
5.59 
5.21 
5.60 
5.11 
5.80 
5.27 

3.7 
8.0 
3.2 
8.0 
3.8 
8.3 
3.7 
8.3 
3.8 
8.0 
4.0 
8.0 

H-l ' 

Ö 

5.62 
5.74 
5.12 
5.26 
5.51 
5.55 
5.27 
5.48 
5.63 
5.72 
5.22 
5.31 

A . 
3.3 
3.0 
8.0 
7.0 
1.5 
1.6 
0.6 
1.0 
3.3 
3.8 
7.0 
7.0 

a) Spectra were measured at 100 MHz in D 2 0 with 
ext. TMS. b) Measurement temperature, c) De­
coupled by saturating the signal of H-2 at ô 3.1—3.2. 
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2OR3 RS 
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Compound 

6 
9 

13 
15 
16 
17 
21 
25 
29 
30 
31 
32 
33 

R 1 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
O C b 

R 2 

N H D p 
N H D p 
N H D p 
N H D p 
N H D p 
N H 2 

N H 2 

N H 2 

N H A c 
N H A c 
NH3C1 
O C b 
H 

R 3 

Ac 
Ac 
Ac 
H 
H 
H 
H 
H 
Ac 
Ac 
H 
Gb 
Gb 

ÇH2O 

R4 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
O C b 
H 

R2 Fia 

2 1 

R5 

OAc 
OAc 
OAc 
O H 
O H 
O H 
O H 
O H 
OAc 
OAc 
O H 
H 
O C b 

^ 0 t H 2 

R6 

O C b 
H 
O C b 
H 
O C b 
O H 
H 
O H 
OAc 
H 
H 
O C b 
H 

ÇH2OR2 

R7 

H 
O C b 
H 
O C b 
H 
H 
O H 
H 
H 
OAc 
O H 
H 
O C b 

R3 

R 8 

C b 
Gb 
Gb 
Cb 
Cb 
H 
H 
H 
Ac 
Ac 
H 
Gb 
Cb 

R 9 

H 
O C b 
O C b 
O C b 
O C b 
H 
O H 
O H 
H 
OAc 
O H 
H 
O C b 

RIO 

O C b 
H 
H 
H 
H 
O H 
H 
H 
OAc 
H 
H 
O C b 
H 

tëotfy NHR R5oéH2 

Compound 

7 
8 
8a 

10 
11 
12 
14 
13a 
14a 
18 
19 
20 
22 
23 
24 
26 
27 
28 

Anomeric 
configuration 

J 
a 

ß 
ß 
ce 

ß 
ß 
a 

ß 
ß 
OL 

ß 
ß 
a 

ß 
ß 
OL 

ß 

a 

ß 
ß 
OL 

ß 
ß 
OL 

ß 
ß 
OL 

ß 
ß 
OL 

ß 
ß 
OL 

ß 
ß 

R 1 

D p 
D p 
D p 
D p 
D p 
D p 
D p 
D p 
Dp 
H 
H 
H 
H 
H 
H 
H 
H 
H 

NHR 

R 2 

Ac 
Ac 
Ac 
Ac 
Ac 
Ac 
Ac 
Ac 
Ac 
H 
H 
H 
H 
H 
H 
H 
H 
H 

RSOÔ-b 

R 3 

H 
H 
H 
O C b 
O C b 
O C b 
O C b 
O C b 
O C b 
H 
H 
H 
O H 
O H 
O H 
O H 
O H 
O H 

R* 

O C b 
O C b 
O C b 
H 
H 
H 
H 
H 
H 
O H 
O H 
O H 
H 
H 
H 
H 
H 
H 

R 5 

Gb 
Gb 
Gb 
Cb 
Gb 
Cb 
Gb 
Gb 
Cb 
H 
H 
H 
H 
H 
H 
H 
H 
H 

R6 

H 
H 
H 
O G b 
O G b 
O C b 
O G b 
O C b 
O G b 
H 
H 
H 
O H 
O H 
O H 
O H 
O H 
O H 

R 7 

öcb 
O G b 
O C b 
H 
H 
H 
H 
H 
H 
O H 
O H 
O H 
H 
H 
H 
H 
H 
H 

Trehalosamine, 25, was itself similarly synthesized 
from 1 and the a-glucopyranose derivative (4) via 
the afore-mentioned glycosylation. 

Synthetically speaking, two facts are worthy of no­
tice : first, even in the case of a configurationally pure 
a-D-hexopyranose derivative (2, 3, or 4),12> all four 
configurational isomers of the 1,1'-linked heterodisac-
charides were always formed in such glycosylation; 
secondly, small amounts of the self-condensation prod­
ucts of such hexopyranose derivatives were always 
formed during the reaction. 

Based on the magnitude of the specific rotation of 
hexosyl glucosaminides (17—28), the structure of the 
most dextro-rotatory a,a-isomers and the most levo-
rotatory /?,/?-isomers were readily assigned. The mo­
lecular rotations of 17 and 21 and their acetates (29 
and 30) reasonably coincide with those of the struc­
turally related l , l ' - l inked disaccharides and their 
acetates (Table 1). The anomeric configurations of 
twelve 1,1'-linked hexosyl glucosaminides were then 
checked by measuring the XH chemical shifts of the 
anomeric hydrogens (Table 2). The pH-dependent 
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TABLE 3. 13G NMR OF D-GALACTOSYL D-GLUCOSAMINIDES 

[Vol. 54, No. 9 

Compound 17 18 19 20 

G 

1 
2 
3 
4 
5 
6 

r 
2' 
3' 
4' 
5' 
6' 

p D : 8 . 7 

94.8 
55.9 
75.1 
71.2 
73.6 
61.8 
94.1 
70.3 
71.0 
69.0 
72.6 
62.4 

2.3 

91.9 
54.8 
70.7 
70.5 
73.7 
61.4 
94.7 
69.9 
70.3 
68.6 
73.1 
62.5 

s 

A 

- 2 . 9 

- 4 . 4 

8.5 

104.8 
57.9 
76.6 
70.8 
77.5 
61.9 

101.6 
70.3 
70.3 
69.5 
72.9 
62.3 

2.2 

100.7 
56.9 
73.2 
70.6 
77.6 
61.5 

102.0 
70.3 
70.3 
69.3 
73.0 
62.3 

A 

- 4 . 1 

- 3 . 4 

8.8 

102.1 
56.4 
75.0 
70.9 
73.6 
61.8 

104.6 
72.0 
74.1 
69.6 
76.5 
62.2 

1.9 

97.7 
55.1 
70.6 
70.9 
73.7 
61.4 

103.9 
71.9 
74.2 
69.6 
76.7 
62.1 

A 

- 4 . 4 

- 4 . 4 

8.7 

101.1 
57.1 
76.5 
70.8 
77.4 
61.8 

101.1 
71.4 
73.9 
69.7 
76.5 
62.2 

2.3 

97.1 
56.5 
73.1 
70.7 
77.6 
61.4 

101.1 
71.3 
73.6 
69.7 
76.6 
62.3 

A 

- 2 . 3 

- 3 . 4 

Compound 

G p D : 8 . 8 

21 

2.7 A 

TABLE 4. 13G NMR OF D-MANNOSYL D-GLUCOSAMINIDES 

22 23 

8.8 2.3 A 9.0 2.0 A 8.5 

24 

2.0 A 

1 
2 
3 
4 
5 
6 
V 
T 
3' 
4' 
5' 
6' 

96.0 
55.9 
75.3 
71.0 
74.1 
61.9 
95.5 
71.3 
71.7 
68.0 
74.6 
62.2 

92.3 - 3 . 
54.6 
70.8 - 4 . 
70.5 
74.2 
61.4 
96.5 
71.1 
71.3 
67.7 
75.1 
62.2 

7 104.2 
57.6 

5 76.5 
70.8 
77.5 
61.9 

102.6 
70.8 
71.3 
67.7 
74.7 
61.9 

100.0 - 4 . 2 101.6 
56.8 
73.0 - 3 . 
70.7 
77.5 
61.5 

102.8 
70.7 
71.3 
67.7 
75.0 
62.0 

56.1 
5 74.9 

70.8 
73.8 
61.7 

101.2 
71.6 
74.0 
67.8 
77.6 
62.2 

97.4 
55.0 
70.9 
70.5 
73.7 
61.4 

101.2 
71.8 
74.1 
67.6 
77.6 
62.1 

- 4 . 2 

- 4 . 0 

100.8 
57.1 
76.4 
70.7 
77.6 
61.7 
97.9 
71.7 
73.9 
67.9 
77.6 
62.2 

97.0 
56.5 
73.0 
70.6 
77.6 
61.4 
97.9 
71.4 
73.7 
67.8 
77.6 
62.1 

- 3 . 8 

- 3 . 4 

Compound 

G pD: 9.0 

25 

2.7 A 

TABLE 5. 

8.5 

1 3 G N M R OF D-GLUCOSYL D-GLUCOSAMINIDES 

26 27 

2.0 A 8.8 1.8 A 8.8 

28 

1.7 A 

1 
2 
3 
4 
5 
6 
1' 

2' 
3' 
4' 
5' 
6' 

94.8 
55.9 
74.9 
70.8 
73.6 
61.7 
94.0 
72.0 
73.4 
70.8 
73.6 
61.7 

91.8 
54.7 
70.7 
70.7 
73.7 
61.3 
94.5 
71.7 
73.3 
70.7 
73.9 
61.8 

- 3 . 0 

- 4 . 2 

105.0 
57.8 
76.7 
70.6 
77.5 
61.8 

101.4 
72.5 
73.8 
70.6 
73.8 
61.5 

101.9 - 3 . 
56.7 
73.1 - 3 . 
70.5 
77.6 
61.5 

101.1 
72.4 
73.8 
70.5 
74.3 
61.5 

1 102.1 
56.3 

6 74.8 
70.6 
74.2 
61.7 

104.0 
74.2 
77.3 
70.8 
76.6 
61.8 

97.8 - 4 . 
55.1 
70.9 - 3 . 
70.4 
74.2 
61.4 

103.4 
74.2 
77.4 
70.5 
76.7 
61.7 

3 101.4 
57.1 

9 76.8 
70.8 
77.3 
61.9 

100.5 
73.8 
77.4 
70.8 
76.9 
61.9 

97.1 
56.5 
73.1 
70.5 
77.2 
61.5 

100.4 
73.6 
77.6 
70.7 
76.7 
61.7 

- 4 . 3 

- 3 . 7 

13G N M R signals8b'15> (Tables 3, 4, and 5) were quite 
useful in assigning the signal of G-l16) of the two 
anomeric carbons in 1,1'-linked disaccharides, since, 
at a lower p H , the signal of the G-l neighboring the 
carbon bearing amino group moved upfield, while 
that of G- l ' did not. T h e differences (A) in the 
value of the pH-dependent l 3 G chemical shift of G-l 

(Tables 3, 4, and 5) are almost constant, regardless 
of the configurations of G-l and G- l ' (—3.7±0.2 
ppm) . The data in Tables 3—5 show that the signal 
of G-2 was of use in diagnosing the anomeric configura­
tion of glucosaminides (56.1 ±0 .1 ppm for the a-
anomers and 57.4±0.1 ppm for the ß-anomers), where­
as that of G-4', which is insensitive to the anomeric 
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TABLE 6. 13G CHEMICAL SHIFTS OF ANOMERIC CARBONS OF SOME D-GLYCOSYL D-GLYCOSIDES 

Compound Unprotected Per-O-benzyl Per- O- ( jfr-chlorobenzyl ) 

a-D-Glc/> a-D-Glc/> 

a-D-Glc/? ß-D-G\cp 

ß-r>-G\cp ß-T>-G\cp 
a-D-Gal/> a-D-Gal/> 
a-D-Manjfr a-D-Manj& 

a-D-Gal/> a-D-Glc/> 

a-D-Man/> a-D-Glc/> 

94.4 
/101.3 
\104.0 

100.3 
94.4 
96.4 

94.8a) 
/101.3a> 
\104.0a) 

100.7a) 
94.32b> 

/94.3C> 
V94.5C) 
/94.6d> 
\96.1d> 

94.4 
/ 99.4 
\104.1 

99.3 
93.5 
93.3 

94.261» 
/ 99.541» 
\ 104.27b) 

93.54b) 
93.25b) 

93.6 
93.4 

a) Ref. 18. b) Ref. 20. c) Ref. 6b. d) Ref. 6a. 

configuration, was good as a probe of the galacto-
pyranosyl (69.5+0.2 ppm) and mannopyranosyl (67.9 
±0 .1 ppm) moieties. 

One of our aims in the present study was to observe 
the 13G chemical shifts of the anomeric carbons of 
1,1'-linked disaccharides, in which the conformation 
of the glycoside linkage would be influenced by the 
6*0-anomeric effect17) exterted by both glycoside bonds, 
G - l - O and G - l ' - O . The data in Tables 3—5 show 
that the 13G chemical shifts of the anomeric carbons 
of the oc,oc- and /?,/?-isomers of 1,1 '-linked disaccharides 
always appear at field above those of the oc,ß- and 
/?,a-isomers; those up-field shifts are the same in nature 
with those observed in the cases of oc,oc- and ß,ß-
trehaloses.18) Because fully benzylated oc^oc- and ß,ß-
trehaloses also exhibit such properties19»20) (Table 6), 
inter-unit hydrogen-bondings18) seem hardly respon­
sible for them. Instead, the oc,oc- and /?,/?-isomers of 
trehalose are considered to adopt the conformation 
in which the dihedral angles of O - 5 - G - l - O - G - l ' and 
0 - 5 ' - C - l ' - 0 - G - l are « + 6 0 ° (a,a-isomer) or « - 6 0 ° 
(/?,/?-isomer), as is shown in Fig. 1. The fact that 
such f an upfield shielding of the 13G chemical shifts 
of the anomeric carbons of oc,oc- and /?,/?-isomers is 
observed regardless of the configuration at G-2' (Tables 
3—5) is consistent with the conformation in Fig. 1, 
where the substituents at G-2 and G-2' are completely 
separated from each other. I t is, then, conceivable 
that the gauche effect21) would work on such a con­
formation so that the 13G chemical shifts of both ano­
meric carbons, G-l and G-l ' , can be expected to ap­
pear at an upper field, as has been observed. 

The galacto analog of trehalosamine was as active 
(cylinder plate assay) against the Escherichia coli N I H J 
strain as, but a little less active against the Mycobac­
terium smegmatis ATGG 607 strain than, trehalosamine, 
25, and its manno analog, 21 . 

a-D-, a-D- /?-D-J /?-D-

Fig. 1. Projection formula of anomeric carbons of 
a-D-hexosyl a-D-glucosaminide and /?-D-hexosyl /?-D-
glucosaminide. 

Exper imenta l 

General. The melting points were determined by 
means of a MP-1 melting point apparatus (Yanagimoto). 
The specific rotations were measured in a jacketed 1-dm 
cell by means of a DIP-180 automatic Polarimeter (Japan 
Spectroscopic) at 20 °C. The IR spectra were determined 
by means of a JASGO IRA-1 infrared spectrometer. The 
1H NMR spectra were recorded by a Varian S-60T spec­
trometer and a JEOL-PS-100 spectrometer. The 13G NMR 
spectra were recorded by means of JEOL-PS-100 spec­
trometer equipped with a JEOL-EG-100 computer using 
a 8-mm0 tube at 37 °G (noise decoupled; pulse width, 13 
[is (45°); repetition, 2 s; frequency range, 5000 Hz; 8 K 
data points). A PT-3D digital pH/mV meter with a PCE-
101S electrode (Toyo Kagaku) was used for the determina­
tion of the pD value, deutrium chloride (ca. 20% in deuteri­
um oxide) was used as a titrant. Chromatography on 
silica gel (Kanto Kagaku) was done using a mixture of ben­
zene and butanone (Solvent-BB) or of benzene and ethanol 
(Solvent-BE). TLG was carried out using silica gel (Merck 
7731). Ascending paper chromatography was practiced by 
the use of Toyo filter paper (No. 50), developed by a solvent 
system of 1-butanol-pyridine-water-acetic acid (6:4:3:1) and 
then heated after having been sprayed with ninhydrin in 
ethanol (0.3%) containing pyridine. Compounds 1, 2, 3, 
and 4, as well as silver Perchlorate (Alpha) and tribenzyl-
amine (Tokyo Kasei), were kept in vacuo over phosphorus 
pentaoxide before use. All the reactions were conducted 
at room temperature (20—25 °C), while evaporation was 
done at 35—40 °G under reduced pressure, unless other­
wise stated. 

a-n-Galactopyranosyl 2-Amino-2-deoxy-x-r>-glucopyranoside (17) 
and Its Isomers (18, 19, and 20). A mixture of 1 (854 
mg, 1.6 mmol), 2 (1085 mg, 1.6 mmol), silver Perchlorate 
(331 mg, 1.6 mmol), and tribenzylamine (459 mg, 1.6 mmol) 
in benzene (8 ml) was vigorously stirred in the dark for 
24 h. The resulting mixture was poured onto a column 
of silica gel (30 g), which was then developed with Solvent-
BB (100:1-»5:1, gradient, 10-ml fraction). Fraction A 
(Nos. 12 and 13) gave 32 (43.4 mg, 4.1%), identified with 
the sample prepared alternatively as below. Fraction B 
(Nos. 19—30) was a mixture (852.2 mg) of 6 and unchanged 
2. Fraction C (Nos. 31—38) consisted of impure 8 (408.9 
mg). Fraction D (Nos. 40—42) was a mixture (414.0 mg) 
of 7 and 8a. Fraction E (Nos. 43—46) was 3,4,6-tri-0-
acetyl-2-deoxy-2- (2,4-dinitroanilino) -a-D-glucopyranose (5) 
(192.6 mg, 25.6%); mp 150—154 °C [lit,9) mp 154—156 °G]. 

A portion of Fraction B was purified by means of TLC 
to give a glass of 6; [a]D+128° (c 0.7, CHC13). Found; 

file:///104.0
file:///104.1
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G, 55.16; H . 4.56; N, 3.49%. Galcd for G5 2H5 1G14N301 7 : 
G, 55.18; H, 4.54; N, 3 .71%. T h e rest of Fraction B was 
treated with a solution of sodium methoxide in methanol 
(0.05 M, 25 ml) overnight, followed by neutralization with 
acetic acid and chromatography (Solvent-BB, 10:1—»1:1, 
gradient) , to give unchanged 2 (240.4 mg, 22.2%) and the 
pure de-O-acetate of 6 (563.9 mg, 3 5 % from 2) . This 
was agitated for 5 h in aq acetone (80%, 50 ml) in which 
Dowex 1 x 2 (OH-form, 15ml) has been suspended. After 
filtration and evaporation, chromatography using Solvent-
BE (10:1—>5:1, gradient) gave a colorless mass (388.2 mg) . 
This was hydrogenated over pal ladium black (390 mg) in 
acetic acid (10 ml) at 340 kPa overnight. After the re­
moval of the catalyst, followed by concentration, the residue 
obtained was chromatographed on Dowex 1 X 2 (OH-form, 
20X Ici cm, 5-ml fraction) developed with water ; each frac­
tion was examined by paper chromatography. Fraction 
Nos. 10—20 gave a ninhydrin-positive, homogeneous glass 
of 17 (106.3 mg, 19% from 2 ) ; [ a ] D + 1 9 8 ° (c 1.0, H 2 0 ) . 
Found : G, 40.79; H, 6.85; N, 3 .79%. Galcd for C1 2H2 3-
N O 1 0 - 0 . 7 5 H 2 O : G, 40.69; H, 6.96; N, 3 .95%. 

T h e t reatment of this (14 mg) with a mixture of acetic 
anhydride (2 ml) and pyridine (2 ml) for 4 d gave the acetate 
(29) (25 mg, 9 4 % ) ; m p 222—223 °C, [ a ] D + 1 8 1 ° (c 0.3, 
C H C y , I R ( K B r > : 1745 (OAc), 1645, 1545 (NHAc) , N M R 
(CDG13, T M S ) ö: 2.01 (3H, s, N H G O G H 3 ) , 2.03, 2.04, 
2.05, 2.09, 2.17 (3H, 6H, 3H, 6H, 3H, O G O G H 3 ) , 6.20 (1H, 
d, 7 = 8 . 0 Hz, N H A c ) . Found : G, 49.93; H, 5.95; N , 
1.97%. Galcd for G 2 8 H 3 9 N 0 8 : G, 49.63; H , 5.80; N , 2 .07%. 

The purification of Fraction G gave 8 (163.0 mg, 9 % ) ; 
m p 79—80 °G, [a] D + 70° (c 0.9, GHC13). Found : G, 54.90; 
H, 4.79; N , 3 .98%. Galcd for G5 2H5 1G14N301 7 : G, 55.18; 
H, 4.54; N , 3 . 7 1 % . This was treated with a dil solution 
of sodium methoxide in methanol and then with Dowex 
resin in aq acetone and successively hydrogenated to afford 
glass of 19 (26 m g ) ; [ a ] D + H 7 ° (c 0.4, H 2 0 ) . Found : G, 
41 .91; H , 7.03; N , 4 .09%. Galcd for G 1 2 H 2 3 NO 1 0 : G, 
42.23; H , 6.79; N, 4 .10%. 

A sample of ( « 30 mg) of Fraction D was purified by 
TLG to furnish 7 ; m p 74—77 °G, [ a ] D - l l ° (c 0.9, GHG13). 
Found : G, 54.43; H , 4 .73; N, 4 .18%. Galcd for G52H51-
C1 4 N 3 0 1 7 : G, 55.18; H , 4.54; N, 3 . 7 1 % . T h e rest of Frac­
tion D was treated with a dil solution of sodium methoxide 
in methanol and chromatographed as described above to 
furnish the de-O-acetate of 7 (238.9 mg, 15% from 2) and 
then that of 8a (52.4 mg, 3 % from 2) . T h e former com­
pound was treated with Dowex resin in aq acetone and then 
hydrogenated to afford 18 (55.3 mg) ; [a] D + 93° (c 0.4, H 2 0 ) . 
Found : G, 40.84; H, 6.92; N , 3 . 8 1 % . Galcd for C1 2H2 3-
N O 0 . 7 5 H 2 O : C, 40.62; H, 6.96; N, 3 .95%. The latter 
compound was subjected to the same deprotection process 
to afford 20 ( 7 m g ) ; [ a ] D - 1 9 ° (c 0.3, H 2 0 ) . Found : G, 
41.43; H , 7.02; N , 3 .91%. Galcd for C 1 2 H 2 3 NO 1 0 -0 .5H 2 O: 
G, 41.14; H, 6 .91; N, 4 .00%. 

a-D-Mannopyranosyl 2-Amino-2-deoxy-OL-v>-glucopyranoside (21) 
and Its Isomers (22, 23, and 24). A mixture of 1 (854 
mg, 1.6 mmol) , 3 (1085 mg, 1.6 mmol) , silver Perchlorate 
(331 mg, 1.6 mmol) , and tribenzylamine (459 mg, 1.6 mmol) 
in benzene (8 ml) was stirred in the dark for 24 h. T h e 
subsequent chromatography of the reaction mixture (silica 
gel (30 g) and Solvent-BB (100:1-»5:1 , gradient, 10-ml 
fraction)) gave five fractions: A (Nos. 17 and 18), B (Nos. 
22—29), G (No. 30), D (Nos. 31—35), and E (Nos. 38—41). 

Fraction A gave 33 (59.3 mg, 5.5%), which was identified 
with the sample prepared alternatively as below. 

A small portion of Fraction B was purified by T L G to 
furnish 9 ; [ a ] D + 1 0 4 ° (c 0.8, GHC13). Found : G, 55.92; 

H, 4 .91 ; N, 3.49%. Galcd for C5 2H5 1C14N301 7 : G, 55.18; 
H, 4.54; N, 3 .71%. T h e rest of Fraction B was treated 
with a dil solution of sodium methoxide in methanol, fol­
lowed by chromatography, to afford unchanged 3 (382.6 
mg, 30%) and the yellow de-O-acetate of 9 (496.5 mg, 3 1 % 
from 3) . This was treated with Dowex resin in aq acetone 
to give a colorless mass of 15 (303.2 m g ) ; m p 149—153 °G, 
[ a ] D + 5 3 ° (c 0.2, M e O H ) . Found: G, 56.38; H, 5.11; N, 
1.57%. Galcd for G4 0H4 1Gl4NO1 0• H a O : G, 56.15; H, 5.06; 
N , 1.64%. Compound 15 was then hydrogenated and de-
ionized to afford 21 (94.0 mg 16% from 3 ) ; [ a ] D + 1 4 1 ° 
(c 0.4, H 2 0 ) . Found : G, 40.46; H, 6.74; N, 3 .91%. Galcd 
for C 1 2 H 2 3 NO 1 0 -0 .75H 2 O: G, 40.62; H, 6.96; N, 3.95%. 

An aqueous solution of this (32 mg) was acidified with 
hydrochloric acid (35%) to p H 3 and then freeze-dried to 
give crystals. Recrystallization from methanol containing 
acetone afforded needles of 31 (ca. 20 mg) ; m p 194—195 
°G (dec), [ a ] D + 1 1 0 ° (c 0.5, H 2 0 ) [lit,3a> m p 230 °G (dec), 
[a]2

D
3 + 9 1 . 3 ° (c 2, H 2 0 ) ] , N M R ( D 2 0 , ext. TMS) Ô: 5.64 

(1H, d, 7 = 1 . 9 Hz, H - l ' ) , 5.90 (1H, d, J = 3 . 8 H z , H - l ' ) . 
Found : G, 37.07; H , 6.32; N, 3.37%. Galcd for C12H23-
N O 1 0 - H C l - 0 . 5 H 2 O : G, 37.26; H, 6.52; N, 3.62%. 

T h e treatment of 9 (22 mg) with pyridine and acetic 
anhydride afforded octaacetate, 30 (38.2 mg, 8 7 % ) ; m p 
90—93 °G, [a ] D + 1 0 6 ° (c 1.0, CHC13) [lit,3a> mp 91.5— 
93 °G] ; I R ( K B r > : 1745 (OAc), 1660, 1540 (NHAc) ; N M R 
(CDC13 , T M S ) Ô: 1.97 (3H, s, N H C O G H 3 ) , 2.03, 2.05, 
2.07, 2.08, 2.16 (3H,6H,6H,3H,3H, O G O G H 3 ) , 6.25 (1H, 
d, 7 = 8 Hz, N H ) . Found : C, 49.49; H, 5.89; N, 1.97%. 
Galcd for G 2 8 H 3 9 N 0 1 8 : G, 49.63; H , 5.80; N , 2 .07%. 

Fraction G was 11 (200.3 mg, 1 1 % from 3 ) ; m p 77—79 
°G, [a ] D - 1 ° (c 1.0, CHC13). Found : G, 55.13; H , 4.50; 
N , 3 . 61%. Galcd for G5 2H5 1G14N301 7 : G, 55.18; H, 4.54; 
N, 3 . 7 1 % . Removal of the protecting groups from 11 fur­
nished 23 (38.4 m g ) ; [<x]D + 7 1 ° {c 1.0, GHG13). Found: 
G, 40 .81; H , 6.68; N, 3.89%. Galcd for G1 2H2 3NO1 0-
0 .75H 2 O: C, 40.62; H, 6.96; N, 3 .95%. 

A portion of Fraction D was purified by means of TLG 
to give 10; m p 70—73 °G, [a ] D - 4 9 ° (c 1.0, GHG13) (Found: 
G, 55.29; H, 4 .03; N , 3.76%. Galcd for G52H51G14N3017 : 
G, 55.18; H, 4.54; N, 3.71%) and 12; m p 74—75 °G, [a] D 

- 5 5 ° (c 1.0, GHG13) (Found: G, 54.99; H , 4.40; N, 3.72%. 
Galcd for G5 2H5 1G14N301 7 : G, 55.18; H, 4.54; N, 3.71%). 
T h e rest of Fraction D was treated with a dil solution of 
sodium methoxide in methanol, followed by chromatography, 
to afford the de-O-acetate of 10 (394.4 mg, 2 5 % from 3) 
first and then that of 12 (54 mg, 3 .3% from 3). These 
compounds were subsequently subjected to the de-protec­
tion processes to give 22 (82.1 mg) ; [a] D + 3 4 ° (c 1.0, H 2 0 ) 
(Found: G, 41.18; H, 6.82; N, 3.90%. Galcd for G12H23-
N O 1 0 - 0 . 5 H 2 O : G, 41.14; H , 6 .91; N, 4.00%) and 24 (9.2 
mg), [a ] D - 7 1 ° (c 0.1, H 2 0 ) (Found: G, 39.85, H , 6.61; 
N, 3.64%. Calcd for G 1 2 H 2 3 N O 1 0 . H 2 O : G, 40.11; H, 7.01; 
N , 3.90), respectively. 

<x-T>-Glucopyranosyl 2-Amino-2-deoxy-a.-i>-glucopyranoside (25) 
and Its Isomers (26, 27, and 28). A mixture of 1 (1068 
mg, 2.0 mmol) , 4 (1356 mg, 2.0 mmol) , silver Perchlorate 
(414 mg, 2.0 mmol) , and tribenzylamine (574 mg, 2.0 mmol) 
in benzene (10.6 ml) was vigorously stirred in the dark for 
24 h. Chromatography on silica gel (50 g) with Solvent-
BB (100:1—>10:1, gradient, 15-ml fraction) gave five frac­
tions: A (Nos. 17—20), B (Nos. 21—31), G (Nos. 32—36), 
D (Nos. 37—41) and E. 

Fraction B (1335 mg) was composed of the fast-moving, 
major yellow band and unchanged 4. A sample of Frac­
tion B ( « 5 0 m g ) was subjected to TLG ( 2 5 m g / 2 0 x 2 0 x 
0.05 cm, developed with Solvent-BB (20:1), 15 times) to 
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give two yellow products, 13a (minor faster-moving) and 
13 (major slower-moving); m p 125—130 °G, [a ] D + 1 1 2 ° 
(c 0.9, GHG13). Found : G, 55.41; H , 4.66; N, 3.76%. 
Calcd for G5 2H5 1G14N301 7 : G, 55.18; H, 4.54; N, 3 .71%. 
The rest of Fraction B was treated with a mixture of a meth-
anolic solution of sodium methoxide (0.05 M , 34 ml) and 
1,4-dioxane (10 ml), followed by neutralization with acetic 
acid and chromatography, to give a mixture (717 mg, 36% 
from 4) of the de-O-acetates of 13 and 13a. A portion of 
this was treated with Dowex resin in aq acetone, followed 
by chromatography (Solvent-BE) and recrystallization from 
diisopropyl ether containing ethanol, to give 16; m p 153— 
156 °G; [a] D + 1 0 8 ° (c 0.3, M e O H ) . Found : C, 56.58; 
H, 5.09; N, 1.53%. Calcd for C 4 0 H 4 1 Cl 4 NO 1 0 -0 .5H 2 O: C, 
56.75; H , 5.00; N, 1.65%. T h e mixture (ca. 650 mg) of 
the de-O-acetates of 13 and 13a was subjected to the de-
protecting processes as described above to afford a free base 
whose 13G N M R (D aO) showed the presence of 25 and 27 
(ca. 3:1). T h e free base (110 mg) was then dissolved in 
water (6 ml), and to the mixture 2,4-dinitrofluorobenzene 
(Wako, 70 mg) , sodium hydrogencarbonate (45 mg) and 
ethanol (3 ml) were added. After this mixture had been 
stirred for 2 d, a yellow mixture was acidified and evaporated 
to give a residue which was further treated with pyridine 
and acetic anhydride. The yellow product (230 mg) com­
posed of two compounds (-fff=0.55 (major) and 0.45, ethyl 
acetate-1,2-dichloroethane (1:3)) gave a homogeneous fas­
ter-moving compound ( > 1 2 6 m g ) after preparat ive T L C . 
The treatment of this with a dil solution of sodium methoxide 
in methanol and then Dowex resin in aq acetone, followed 
by passing it through a little column of the resin, afforded 
[a] D + 1 8 3 ° (c 0 . 9 , ' H 2 0 ) . Found : G, 40.66; H , 6 .81; N, 
3.87%. Galcd for C 1 2 H 2 3 N O 1 0 0 . 7 5 H 2 O : G, 40.62; H, 
6.96; N, 3 .93%. 

The treatment of this with acetic anhydride and pyridine 
gave octaacetate of 2 5 ; m p 98—100 °G, [a ] D + 1 5 1 ° (c 0.5, 
GHGI3) [lit, m p 100—102 °(V> 99°C,3> [a] D + 1 6 3 . 5 ° 
( C H C y , 1 * + 1 5 2 ° (c 1.08, GHGI3, at 25 °C)3>]. 

The slower-moving, yellow band obtained by prepara­
tive TLG mentioned just above furnished a homogeneous 
glass ( Ä 4 5 mg) which was later converted into 27 (15 m g ) ; 
[a] D + 1 1 1 ° (c 0.4, H 2 0 ) . Found : G, 41.30; H, 7.19; N , 
3.87%. Galcd for C 1 2 H 2 3 NO 1 0 -0 .5H 2 O: G, 41.14; H, 6 .91; 
N, 4 .00%. 

Fraction G (352.5 mg) was treated with a dil solution of 
sodium methoxide in methanol and chromatographed to 
give the de-O-acetate of 14a (131.7 mg, 6 .6% from 4) . This 
was then converted into 28 (29 mg) , [a ] D - 4 3 ° (c 0.3, H 2 0 ) . 
Found: G, 40.92; H , 7.09; N , 4 .02%. Calcd for C1 2H2 3-
N O 1 0 - 0 . 5 H 2 O : C, 41.14; H, 6 .91; N, 4 . 0 0 % . 

Fraction D was purified by rechromatography to give 
14 (581.7 mg, 2 6 % from 4 ) ; m p 73—75 °C, [a ] D - 5 1 ° 
(c 0.3, GHCI3). Found : C, 55.32; H, 4 .81 ; N, 3 . 7 1 % . 
Calcd for G5 2H5 1G14N301 7 : G, 55.18; H, 4 .51 ; N, 3 . 7 1 % . 
Fraction D was subjected to deprotection processes to fur­
nish 26 (87 mg) , [a ] D + 8 1 ° (c 0.3, H 2 0 ) . Found : C, 40.64; 
H, 6.79; N, 3 .85%. Galcd for C 1 2 H 2 3 NO 1 0 -0 .75H 2 O: C, 
40.62; H, 6.96; N, 3 .95%. 

2,3,4,6- Tetra-0-(p-chlorobenzyl)-a.-v>-galactopyranosyl 2,3,4,6-
Tetra-0-(p-chlorobenzyl)-oc-D-galactopyranoside (32). A 
mixture of 2 (136 mg, 0.2 mmol) , silver /»-nitrobenzenesul-
fonate20> (62 mg, 0.2 mmol) , and diphenyldichlorosilane (21 
jzl, 0.1 mmol) in dichloromethane (0.7 ml) was stirred at 
0 °G in the dark for 6 h. T h e subsequent chromatography 
of the reaction mixture using Solvent-BB on silica gel gave 
32 (106.6mg, 7 9 % ) ; [a ] D + 8 1 ° (c 0.8, CHG13). Found : 
G, 61.30; H, 4 .57%. Galcd for C 6 8 H 6 2 C l 8 O u : G, 61.00; 

H, 4 .64%. 
T h e hydrogénation of 32 in acetic acid in the presence 

of pal ladium black gave a-D-galactopyranosyl a-D-galacto-
pyranoside; m p 268—269 °G, [a ] D + 2 1 1 ° (c 0.5, H 2 0 ) 
[lit,18> 264—267 °G, [a]2»0 + 2 3 5 ° (c 0.35, H 2 0 ) ] . 

2,3,4,6- Tetra-O-(p-chlorobenzyl) -a-n-mannopyranosyl 2,3,4,6-
Tetra-O- (p-chlorobenzyl) -a- T>-mannopyranoside (33). 
Compound 3 (136 mg, 0.2 mmol) was similarly condensed 
to afford 33 (81.2 mg, 6 0 % ) ; [a ] D + 2 1 ° (c 1, CHG13). 
Found : C, 60.62; H, 4 .57%. Galcd for G 6 8 H 6 2 C l 8 O n : G, 
61.00; H, 4 .67%. 

T h e hydrogenolysis of 33 in acetic acid in the presence of 
pal ladium black furnished a-D-mannopyranosyl a-D-manno-
pyranosxde; m p 245—246 °G, [a ] D + 1 2 2 ° (c 0.3, H 2 0 ) 
[lit,21> m p 240—243 °C, [a]2

D° + 1 2 4 ° (c 1, H 2 0 ) ] , 1 3C-
N M R ( D 2 0 , ext, T M S ) «5: 96.4, 74.6, 71.4, 71.1, 67.8, 62.0. 

W e a r e gra tefu l to Professor Sa tosh i Ö m u r a a n d M r . 

R o k u r o M a s u m a for the i r m i c r o b i a l assays. 
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A Novel Ring-closure Reaction between 1,4-Dihydroxyanthraquinone 
and Diamines Promoted by Copper Ions 
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The reaction of l,4-dihydroxyanthraquinone(DHAQ, 1) with various diamines were carried out in the pres­
ence of GuGl2. Primary 1,2-ethylenediamines or 1,2-cyclohexanediamine afforded the ring-closure products, 
6-hydroxy-l,2,3,4-tetrahydronaphtho[2,3-:/']quinoxaline-7,12-dione derivatives, in good yields of 70—98%. On 
the other hand, in the cases of JV-alkylethylenediamines or 2-(alkylamino)ethanols, the major products were the 
2-aminated 1,4-dihydroxyanthraquinones. The direct 2-amination of 1 was greatly inhibited when an alkyl 
group was introduced to the amino group because of its steric requirement. The role of copper ions, the effect 
of a steric requirement of the iV-alkyl substituent of amines, and the effect of the chain length of alkanediamines 
in the reaction of 1 with amines were studied. It was proposed that the reaction was initiated by the direct 2-
amination of 1 via the copper complex, followed by the intramolecular nucleophilic substitution of the 2-amino 
group on the 2-alkylamino substituent to give the ring-closure product. 

Aminoanthraquinone derivatives are very important 
compound as dyes or dye intermediates. A large num­
ber of papers and patents have been reported on 
substitution reactions introducing amino groups into 
the anthraquinone nucleus,1) but little is known about 
the direct amination of the anthraquinone nucleus. 

The direct amination of anthraquinone or amino-
anthraquinones with hydroxylamine catalyzed by iron 
sulfate or vanadium pentaoxide has been described, 
but it produces random substitution products.2) Hida 
et al.*) recently reported the direct amination of an­
thraquinone catalyzed by a rhodium complex to give 
a-aminoanthraquinones. Recently, the present au­
thors reported4»5) the metal-promoted direct alkyl-
amination of a-substituted anthraquinones, in which 
the amination products were obtained in good yields 
under mild conditions. O n the other hand, in the 
reaction of DHAQ, (1) with ethylenediamine (ETDA) 
in the presence of copper ions, a ring-closure product, 
o-hydroxy-l^jS^-tetrahydronaphtho^jS-^Jquinoxaline-
7,12-dione (3a), was obtained in a quantitative 
yield at the ambient temperature.6) Such a metal-
promoted direct amination of a-substituted anthraqui­
nones is a useful method for preparing some amino­
anthraquinone derivatives. 

In this paper, we whish to report on the reaction 
of 1 with diamines in detail and propose a possible 
mechanism of this novel ring-closure reaction. 

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

In our previous paper,6) it was reported that the 
reaction of DHAQ, (1) with ethylenediamine (ETDA) 
in the presence of CuCl2 afforded the ring-closure 
products, 6-hydroxy-1 ^ jS^ - t e t r ahydronaph thoP jS- / ] -
quinoxaline-7,12-dione (3a), in a 9 8 % yield at the 
ambient temperature (Run 1). Without copper ions 
under atmospheric oxygen, 3a was obtained in a 
4 7 % yield, together with a 15% yield of leuco-
quinizarin ( 1,4 - dihydro - 9,10-dihydroxyanthracene-1,4-
dione) and a 9 % recovery of 1 (Run 2). The reac­
tion of 1 with ETDA in the presence of CuGl under 
the conditions without oxygen gave 3a in a 96 .6% 
yield, together with the deposition of metal copper 
in a 4 4 . 1 % yield (Run 3). O n the other hand, the 
reaction of ETDA with quinizarinquinone (1,4,9,10-

tetrahydroanthracene-l,4,9,10-tetrone, 4), which has 
previously been prepared by the oxidation of 1 with 
lead tetraacetate,7) gave 3a in a 90 .7% yield, along 
with a 1.2% yield of 1 (Run 4). These results sug­
gested that the role of copper ions is the same as in 
our previous cases of the quantitative 2-butylamina-
tion of l,4) that is; the copper ions oxidize 1 to qui­
nizarinquinone (4) via the copper complex,8) and the 
copper ions are reduced to metal copper. Thus, the 
formation of 3a was proposed to proceed as follows: 
the reaction was initiated by the 2-amination of 1 to 
give 2a, followed by the ring-closure reaction. The 
reaction of 1 with 1,3-propanediamine in the presence 
of CuCl2 did not give the ring-closure product (3b), 
but 2- (3-aminopropylamino) -1,4-dihydroxyanthraqui-
none (2b) in a 9 5 % yield (Run 5). The facile ring-
closure of 1 with ETDA, but not with 1,3-propane­
diamine, was proposed to result from the fact that 
the spontaneous formation of the six-membered ring 
in 3a was much more favorable in entropy than 
that of the seven-membered ring in 3b . The six-
membered ring could be formed by the intramolecular 
nucleophilic substitution of the 2-aminoethylamino 
group to the 1-hydroxyl group of 2a, as is shown in 
Scheme 1. The reaction of 1 with 1,2-propanedi-
amine (Run 6) or 1,2-cyclohexanediamine (Run 7) 
gave 3c or 3d in a yield of 8 9 . 5 % or 68 .9% respec­
tively, but none of the corresponding 2c or 2d was 
obtained. These results suggested that the ring-clo­
sure reaction was not inhibited by the alkyl substi-
tuents at the 1 and/or 2-position of ETDA. O n the 

0 OH 0 OH 0 H N - ( C H 2 ) 

1 2 [ a : n = 2 ] 3 a: n=2 

b : n=3 [b: n=3] 

to HOJ?H2TX t?*5°/NH—rx 

1 Ho^ N H Y — OcX^ — 3 
I 0 OH 0 OH J " 2 U 

2 a : X=Y=H 

c : X=H(CH 3 ) , 

Y=CH3(H) 

d : X=Y=(CH 2 ) 4 

Scheme 1, 



2736 Toshio TAKEI, Masaru MATSUOKA, and Teijiro KITAO [Vol. 54, No. 9 

TABLE 1. THE REACTION OF 1 WITH VARIOUS DIAMINES*) 

Run Diamines Copper salt 
Yield/% 

/ 
1 (Recovered) 
0 
9 
0 
1.2 
0 
7.6 

!8.2 

0 
0 

2 

0 
0 
0 
0 

95.0 
0 
0 

31.4 
93.3 

3 

98.0 
47.0 
96.6 
90.7e> 

0 
89.5 
68.9 

31.1 
3.6 

1 
2b) 

3C> 
4d) 

5 
6 
7 

8f) 
9 

NH2(GH2)2NH2 n = 2 
NH2(GH2)2NH2 n = 2 
NH2(GH2)2NH2 n = 2 
NH2(GH2)2NH2 n = 2 
NH2(GH2)3NH2 n = 3 
NH2GH(GH3)GH2NH2 n^2 
NH2GH(GH2)4GHNHo n = 2 

1 1 
NH2(GH2)2NHMe n = 2 
NH2(GH2)2NHEt n = 2 

GuGl2 

None 
GuGl 
None 
GuGl2 

GuGl2 

GuGl2 

GuGl2 

GuGl2 

a) Reactant 1(2.5 mmol) and diamine(12 ml) were stirred with or without copper salts(5.0 mmol) in pyridine 
(6 ml) at 30 °G for 6 h. Unless otherwise noted, the reaction was carried out under atmospheric oxygen, b) 
Leucoquinizarin was obtained in a 15% yield, c) Reaction was carried out under reduced pressure without 
oxygen. Metal copper was obtained in a 44.1 % yield. d) Quinizarinquinone (4) was used as the reactant 
instead of 1. e) The instability of 4 as a reactant caused a decrease in the yield of 3a, and a 1.2% yield of 
1, which is the reduced product of 4, was obtained, f) A complex mixture of compounds(246 mg) was obtained, 
but these compounds were not identified. 

Scheme 2. 

other hand, the 7V-alkyl substituent of E T D A mark­
edly inhibited both the 2-amination and the ring-
closure reaction. The reaction of 1 with JV-methyl-
ethylenediamine gave 3e in a 3 1 % yield, together 
with 2e in a 3 1 % yield (Run 8). T h e yield of 3e 
was greatly decreased in comparison with that of 3a 
(Run 1). The reactions of 1 with various diamines 
are summarized in Table 1. As is shown in Scheme 
2, the formation of 5e and 2e should compete on 
the 2-amination of 1 with 7V-methylethylenediamine. 
O n the other hand, the formation of 5e was much 
more unfavorable than that of 2e because of the 
steric hindrance of the TV-methyl group; the 5e in­
termediate could be easily cyclized to give 3e, and 
no 5e was obtained. O n the other hand, 2e could 
not give the ring-closure product (6e) because of the 
steric hindrance of the TV-methyl group. Another ex­
ample of the steric hindrance was observed in the 
reaction of 1 with 7V-ethylethylenediamine (Run 9). 
The ring-closure product (3f) via 5f was obtained 
only in a 3 .6% yield, while 2f was obtained in a 9 3 . 3 % 
yield. The competitive 2-amination of 1 with N-
ethylethylene diamine was obviously much more likely 
to give 2f than 5f, and only a small amount of 3f 
was obtained. Compound 2f could not be converted 
to 6f because of the steric hindrance under these con­
ditions, just as in the case of 2e. Under the more 
severe conditions of 95—100 °C for 96 h, 2f afforded 

1 + ENHCH2CH2OH 
J - C H ^ O B ^ , 

a : R=H 

b : R=Me 

c : R=Et 

^ 

Yield (%) Recovered(%) 

7a (62.6) 1 (29.5) 

7b ( 7.9) 1 ( 7.9) 

7C (Trace) 1 (96.6) 

Scheme 3. 

0 CI R V \ 

90-115°C s-ro 
10 

Scheme 4.9) 

3a, the deethylation product of 6f, in a 19.7% yield, 
along with a 6 1 % recovery of 2f, but no 6f was ob­
tained. A similar steric hindrance of the 7V-alkyl 
group of amines in the 2-amination of 1 was also ob­
served in the case of the reaction of 1 with 2-(alkyl-
amino)ethanols (Scheme 3). The yield of 7 was mark­
edly decreased with the increase in the size of N-
alkyl substituents, and none of the ring-closure prod­
uct (8) was obtained. 

From these results, together with our previous re­
sults obtained from the reactions of 1 with various 
amines,4) another possibility of ring-closure reaction 
(shown in Scheme 4) was excluded; it had been re­
ported in the case of the reaction of 1-chloroanthra-
quinone with E T D A under atmospheric oxygen at 
90—115 °G.9) In this reaction, a-amination took place 
first, followed by direct / laminat ion at a higher tem­
perature. 

O n the basis of the experimental results described 
above, together with previous results,4) the mechanism 
of this ring-closure reaction of 1 with ETDA was 
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1 + ETDA(excess) > Dianion 

Dianion + CuCl 2 (CuCl 2 : 1 = 2 :1) • 

2 :1 Copper ( I I ) complex [I] 

Dianion + C u C l 2 ( C u C l 2 : 1 = 1:1) > 

1:1 Copper ( I I ) complex [II] 

Dianion + C u C l ( C u C l : l = 2 :1) > 

2 :1 Gopper(I) complex[I I I ] 

[ [I] • 4 + 2Cu+ 

[II ] > 4 -f Cu° 

( [ I I I ] > 4 + 2Gu° 

(1) 

(2) 

Copper complex8) 

4 (without copper salt) 

(3) 

(4) i + o2 -
1 > 4 + Leucoquinizarin (without copper salt 

and/or 0 2 ) (5) 

4 + E T D A • 2a (6) 

2a -> 3a (7) 

Scheme 5. 

p roposed to b e as is s h o w n in S c h e m e 5. T h e for­
m a t i o n of d i a n i o n w a s p r o v e d b y t h e color c h a n g e 
of the r e a c t i o n m i x t u r e f rom o r a n g e to v iole t (A m a x 

566, 606 n m ) after t h e a d d i t i o n of excess a m i n e s ( E q . 
1). T h e f o r m a t i o n of t h e c o p p e r c o m p l e x ( E q . 2) 
a n d the r e d o x sys tem of t h e c o p p e r c o m p l e x ( E q . 
3) h a v e p rev ious ly b e e n r e p o r t e d in the cases of t h e 
r eac t ions of 1 w i t h a m i n e s i n o u r p r e v i o u s p a p e r ;4) 
t h e depos i t ion of m e t a l c o p p e r , t he effect of t h e a t ­
m o s p h e r e (wi th o r w i t h o u t O a ) , t h e effect of t h e m o l a r 
r a t i o of c o p p e r salts, a n d t h e effect of t h e k i n d of c o p ­
p e r sal t w e r e t he r e discussed i n d e t a i l . W i t h o u t c o p ­
p e r salts, a t m o s p h e r i c o x y g e n ox id ized 1 to 4 ( E q . 
4 ) , a n d / o r 1 s p o n t a n e o u s l y d i s p r o p o r t i o n a t e d to 4 a n d 
l e u c o q u i n i z a r i n ( E q . 5 ) , a n d 4 7 % of 3 a w a s o b t a i n e d , 
t oge the r w i t h 1 5 % of l e u c o q u i n i z a r i n ( R u n 2 ) . S i m ­
i lar resul ts ( 4 8 % yield) w e r e o b t a i n e d i n t h e 2 - a m i n a -
t ion of 1 w i t h b u t y l a m i n e u n d e r t h e s a m e condi t ions . 4 ) 
W h e n t h e r e a c t i o n was c a r r i e d o u t w i t h o u t e i t h e r 
O a o r c o p p e r salts, n o n e of t h e ox id i z ing a g e n t w a s 
p resen t , 1 s p o n t a n e o u s l y d i s p r o p o r t i o n a t e d to 4 a n d 
l e u c o q u i n i z a r i n ( E q . 5 ) , a n d t h e yield of t h e 2 - a m i n a t e d 
p r o d u c t was r e d u c e d f rom 4 8 . 1 % to 13.1 %.4> W i t h ­
o u t c o p p e r salt , l e u c o q u i n i z a r i n w a s also o b t a i n e d in 
a 1 5 % yield ( R u n 2 ) . T h e M i c h a e l - t y p e a d d i t i o n 
of E T D A to 1 g ive rise to 2 a ( E q . 6 ) . T h e i n t r a ­
m o l e c u l a r subs t i t u t ion of t h e 2 - a m i n o e t h y l a m i n o g r o u p 
w i t h t h e 1-hydroxyl g r o u p of 2 a gives rise to t h e r i n g -
closure p r o d u c t 3 a ( E q . 7) . 

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

The melting points are uncorrected. The visible spectra 
were measured using a Hitachi EPS-3T spectrophotometer. 
The X H-NMR spectra were recorded on a Hitachi Perkin 
Elmer Model R-20 spectrometer, with T M S as the internal 
standard. The elemental analyses were recorded on a 
Yanaco C H N recorder, M T - 2 . Column chromatography 
was carried out on silica gel (Wakogel C-300), using ben­
zene as the eluent. The structural assignment of the prod­
ucts were done by means of their N M R , Mass spectra, and 
elemental analyses. 

Materials. l ,4-Dihydroxyanthraquinone(l) was sup­
plied by the Mitsubishi Chemical Industry, Inc. , and was 
purified by column chromatography, using benzene as an 
eluent, followed by recrystallization from benzene. The 
metal salts, amines, and solvents were of a reagent grade 
and were used without further purification. 

Reaction of 1 with Various Diamines. A typical ex­
ample of the reaction is shown below: iV-ethylethylene-
diamine (12 ml, 135 mmol) was added into a mixture of 
1 (0.6 g, 2.5 mmol) , pyridine (6 ml) , and CuCl 2 (0.63 g, 
5.0 mmol) , after which the mixture was stirred under atmos­
pheric oxygen for 5 h at room temperature and then poured 
into a solution of coned HCl (40 ml) and water (100 ml) . 
The separated products were filtered, washed with water, 
dried, and extracted with benzene. T h e extract was con­
centrated and separated by column chromatography, using 
benzene as the eluent, to give 3f (28 mg, 3.6%), which was 
then recrystallized from 1-butanol. T h e residue was washed 
with benzene several times to give the HCl salt of 2f (845 
mg, 93 .3%) . 

T h e reactions of 1 with other diamines were carried out 
in the same way. 

In the reaction of 1 with l ,2-cyclohexanediamine(Run 7), 
two isomeric compounds of 3d were obtained; they were 
identified on the basis of their 1 H - N M R spectra. Similar 
compounds had previously been reported by Koeliker et 
alV in the reaction of 1-chloroanthraquinone with 1,2-
cyclohexanediamine. 

Reaction of 1 with 2-(Alkylamino)ethanols. A typical 
example of the reaction is shown below: 2-aminoethanol 
(12 ml, 200 mmol) was added to a mixture of 1 (0.6 g, 2.5 
mmol) , pyridine (6 ml) , and CuCl 2 (0.673 g, 5.0 mmol) , 
after which the mixture was stirred under atmospheric ox­
ygen at room temperature for 5 h. T h e mixture was then 
poured into water and the separated products were filtered, 
washed with water, and dried. T h e residue was boiled 
in an aqueous solution of oxalic acid and filtered, washed 
with water, dried, and chromatographed using a mixture 
of benzene-methanol (95:5) as the eluent to give 1 (177 
mg 29.5%) and 7d (468 mg 62 .2%) . 

T h e reactions of 1 with other 2-(alkylamino)ethanol 
were carried out in the same way. 

Characterization and Identification of Products. Com­
pounds 2 b and 3a were already reported in our previous 
paper.6) 

3c: M p 227—229 °C (1-butanol); U V , Am a x (benzene) 
(e) 585 (18800), 543 (18000), 509s n m (9400); X H-NMR 
(DMSO-</6): «5 1.25 (3H d) 6.02 (1H s), 7.52—8.15 (4H, 
m) , 7.86 (1H, broad) , 10.34 (1H, broad) , 15.20 (1H, s ) ; 
M S , mje (rel intensity): 294 (M+, 46), 293 (3), 279 (58), 
262 (100). 

4-N-Benzoyl Derivative of 3c: M p 179— 180 °C (methanol) ; 
U V , Am a x (benzene) (e) 596 (14900), 552 (15200), 521 s n m 
(9200); Found : C, 72.37; H, 4.64; N, 6.87%. Calcd for 
C 2 4 H 1 8 N 2 0 4 : C, 72.35; H, 4.55; N , 7 . 0 3 % ; *H-NMR 
(CDC13): Ô 1.35 (3H, dd ) , 3.32—4.34 (3H, m) , 6.47 (1H, 
s), 7.35 (5H, m) , 7.64 (2H, m) , 8.18 (2H, m) , 10.52 (1H, 
broad) , 13.43 (1H, s). 

3d: M p 181—181.5 °C (benzene); U V , Am a x (benzene) 
(e) 586 (18300), 544 (17500), 510 s n m (9000); Found : C, 
71.75; H, 5 .51; N, 8 .18%. Calcd for C 2 0 H 1 8 N 2 O 3 : C, 
71.84; H , 5.43; N, 8 .38%; X H-NMR (CDC13): Ô 1.10—2.20 
(8H, m) , 3.00 (1H, broad) , 3.60 (1H, broad) , 4.84 (1H, 
broad) , 6.04 (1H, s), 7.54 (2H, m) , 8.14 (2H, m) , 10.24 
(1H, broad) , 14.84 (1H, s) ; M S , mje (rel intensity): 334 
(M+, 100), 333 (10). 

2e: U V , Am a x (methanol) 532s, 502 n m . 
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2'-N-Benzqyl Derivative o/2e : Mp 207—208 °G (methanol) ; 
UV, Amax (benzene) (e) 514 (11700), 545s nm (8900); 
Found: G, 69.51; H, 5.02; N, 7.05%. Galcd for C24H20-
N 2 0 5 : G, 69.22; H, 4.84; N, 6.73%; « - N M R (GDG18): 
Ô 3.02 (3H, s), 3.29—4.03 (4H, m), 6.03 (1H, s), 7.32 (5H, 
s), 7.63 (2H, m), 8.08 (1H, broad), 8.15 (2H, m), 13.73 
(1H, s), 14.03 (1H, s); IR (KBr), vco 1610cm"1; MS, m/e 
(rel intensity): 416 (M+, 9), 281 (100), 268 (88), 239 (45). 

3e: Mp 213—214 °G (1-butanol); UV, Amax (benzene) 
(e) 584 (23100), 543 (21900), 508s nm (11100); Found: 
G, 69.14; H, 4.94; N, 9.32%. Galcd for G17H14N203: 
G, 69.38; H, 4.79; N, 9.52%; « - N M R (GDG13): ô 2.98 
(3H, s), 3.40 (4H, m), 5.84 (1H, s), 7.54 (2H, m), 8.10 (2H, 
m), 10.65 (1H, broad), 14.95 (1H, s); MS, m/e (rel intensity): 
294 (M+, 100), 293 (90), 279 (16), 262 (92). 

2f: UV, Amax (methanol) 542s, 512 nm. 
2'-^-Benzoyl Derivative of 2f: Mp 209—210 °G (meth­

anol); UV, Amax (benzene) (e) 513 (12900), 545s nm (9700); 
Found: G, 70.23; H, 5.32; N, 6.73. Galcd for C25H22N2Oö: 
G, 69.76; H, 5.15; N, 6.51%; XH-NMR (CDC13): ô 1.14 
(3H, t), 3.06—3.92 (6H, m), 6.02 (1H, s), 7.28 (5H, m), 
7.63 (2H, m), 8.01 (1H, s), 8.24 (2H, m), 13.53 (1H, broad), 
13.83 (1H, s); IR (KBr): vco 1615cm"1; MS, m/e (rel in­
tensity): 430 (M+, 27), 281 (100), 268 (58), 239 (66). 

3f: Mp 190—190.5 °G; UV Amax (benzene) (e) 588 
(25000), 546 (23400), 511snm (11800); Found: G, 69.78; 
H, 5.19; N, 8.83%. Galcd for G18H16N203: G, 70.12; H, 
5.28; N, 9.09%; « - N M R (GDG13): ô 1.22 (3H, t), 3.13— 
3.65) (6H, m), 6.01 (1H, s), 7.55 (2H, m), 8.15 (2H, m), 
10.72 (1H, broad), 14.97 (1H, s); MS, m/e (rel intensity): 
308 (M+, 100), 307 (56), 293 (30), 279 (16). 

7 a: Mp 263—264 °G (1-butanol); UV, Amax (benzene) 
(e) 544s (9000), 512 nm (11700); Found: G, 64.08; H, 4.28; 

N, 4.45%. Galcd for G16H13NOs: G, 64.21; H, 4.38; N, 
4.68%; MS, m/e (rel intensity): 299 (M+, 38), 281 (13), 
268 (100). 

7b: Mp 138.5—140 °G (1-butanol); UV, Amax (benzene) 
(s) 532 nm (11200); Found: G, 64.71; H, 4.91; N, 4.36%. 
Galcd for G17H15NOs: G, 65.17; H, 4.83; N, 4.47%; MS, 
m/e (rel intensity): 313 (M+, 20), 295 (54), 282 (100). 

This work was supported in part by a Grant-in-
Aid for Scientific Research from the Ministry of Educa­
tion, Science and Culture. 
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Several derivatives of pseudo-hexopyranose (5-hydroxymethyl-l,2,3,4-cyclohexanetetrol) with a-gluco, 
(1,2,4/3,5), and /?-gluco, (1,3,5/2,4), configurations were synthesized starting from the compounds obtained by 
m-hydroxylation and oxyamination of DL-di-0-acetyl-(l,3/2)-3-bromomethyl-5-cyclohexene-l,2-diol. The 1H 
NMR chemical shifts of the acetyl methyl protons of the several acetyl derivatives of iV-(/>-tolylsulfonyl)-pseudo-
glucosamines are discussed. 

In connection with the preceding paper of this 
series,2) the synthesis of pseudo-hexopyranose (5-hy-
droxymethyl-l,2,3,4-cyclohexanetetrol) derivatives hav­
ing a- and /?-gluco configurations are described. I t 
has been hoped that pseudo-sugars, biologically in­
teresting analogs, e.g. of glucose, galactose, and man-
nose, will be accepted by some enzymes or biological 
systems in place of corresponding true sugars, and 
may have useful biological properties.3) O n the other 
hand, pseudo-amino sugars related to 2-amino-2-de-
oxy-, 6-amino-6-deoxy-, and 2,6-diamino-2,6-dideoxy-
D-glucose, components of some clinically important 
amino sugar antibiotics,4) are also expected to be 
useful for study on a structure-activity relationship of 
the antibiotics. 

In the present study, cù-hydroxylation and oxy­
amination reactions of the unsaturated derivatives (3 
and 4) of pseudo-hexopyranoses were carried out. 

Debromination of DL-di-O-acetyl-(1,3/2,4,6)-3,4-di-
bromo-6-bromomethyl-1,2-cyclohexanediol (l)5) with 
an excess of zinc dust in acetic acid at 70 °G for 10 
min gave DL-di-O-acetyl-(1,3/2)-3-bromomethyl-5-cy-
clohexene-l,2-diol (3) in 9 2 % yield. The ^ N M R 
spectrum of 3 showed the signals for two acetoxyl 
groups as singlets at ô 2.01 and 2.03, and those for 
the H-2 and H-6 protons as a triplet of doublets (J= 
3, 7.5, and 7.5 Hz) and a broad doublet (J=ca. 11 
Hz) at ô 5.02 and 5.77, respectively. Trea tment of 
1 with 4 molar equivalent of sodium benzoate in 80 % 
aqueous ethanol under reflux for 2 d gave the 7-0-
benzoate (2) in 6 6 % yield. The structure was con­
firmed by the 1 H N M R spectrum that showed the 
down-field shift of the signal for the G-7 methylene 
group resulting from the replacement of the bromine 
atom by a benzoyloxyl group. Compound 2 was 
debrominated similarly with zinc dust to give DL-
di - 0 - acetyl- ( 1,3/2) -3-benzoyloxymethyl-5-cyclohexene-
1,2-diol (4) in 7 0 % yield, which was also obtained 
from 3 by treatment with sodium benzoate in reflux-
ing aqueous 2-methoxyethanol for 5 h. The above 
results confirmed the proposed structures of 3 and 4. 
These olefins may be considered as the pseudo-glycal 
derivatives, versatile intermediates, for the prepara­
tion of pseudo-sugar derivatives. 

Oxidation of 3 with osmium tetraoxide and hydrogen 
peroxide in /-butyl alcohol, followed by acetylation 
with acetic anhydride in pyridine, gave mainly a 
crystalline DL-tetra-O-acetyl- (1,2,4/3,5) -5-bromometh-
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yl-l,2,3,4-cyclohexanetetrol (6) in 3 7 % yield, together 
with a small proportion of a sirupy DL-/ra/w-2,4-
diacetoxy-5-bromomethyl-2-cyclohexanone (5), which 
was isolated in 7 .5% yield by chromatography on 
silica gel. The structure of 5 was tentatively as­
signed by the elemental analysis and *H N M R spec­
tral data, the latter of which showed the presence of 
two acetoxyl groups (ô 2.15 and 2.22) and an olefinic 
proton (doublet, J=2.5 Hz , ô 6.47), and the remark­
able down-field shift of the signal (broad doublet, 
ô 2.72) for the G-7 methylene protons. I n the *H 
N M R spectrum of 6, the signals for H - l , H-2, H-3, 



2740 S. ÖGAWA, T. TOYOKUNI, T. KONDOH, V. HATTORI, S. ÏWASAKI, M. SUETSÜGU, and T. SUAMI [Vol. 54, No. 9 

and H-4 protons appeared as a quartet (J=3.5 Hz) , 
a doublet of doublets (J=3.5 and 10.5 Hz) , a triplet 
( 7 = 1 0 . 5 Hz) , and a triplet C /=10 .5 Hz) at ô 5.39, 
4.87, 5.23, and 4.94, respectively, which indicated the 
equatorial-axial-axial-axial conformations for H - l , H-2, 
H-3, and H-4, being consistent with the assigned 
structure. Treatment of 6 with an excess of sodium 
acetate in refluxing aqueous 2-methoxyethanol, 
followed by conventional acetylation, gave DL-penta-
O- acetyl- (1,2,4/3,5)-5-hydroxymethyl-1,2,3,4-cyclohex-
anetetrol (pseudo-a-DL-glucopyranose) (7)6) in 7 0 % 
yield. Similar treatment of 6 with sodium azide gave 
the corresponding G-7 azido derivative (8) in 8 0 % 
yield, which was subsequently converted to the acet-
amide (9) in 3 1 % yield7) by hydrogénation in ethanol 
containing acetic anhydride in the presence of Raney 
nickel T-4.8) Hydrogenolysis of 6 in ethyl acetate 
with Raney nickel and Amberlite IR-45 ( O H - ) gave 
the 7-deoxy compound (10) in 7 0 % yield. The 1 H 
N M R spectra of 6—9 substantially resemble one an­
other in the region for ring protons, except for signals 
for the exocyclic methylene groups carrying the dif­
ferent functions. 

In order to synthesize the same series of compounds 
with the ß-g\uco configurations, DL-tetra-0-acetyl-(l, 
3,5/2,4)-5-bromomethyl-l,2,3,4-cyclohexanetetrol (12) 
was prepared, in 9 1 % yield, by treatment of the cor­
responding G-7 acetate (11)9) with 10% hydrogen 
bromide in acetic acid in a sealed tube at 80 °G over­
night. The corresponding G-7 azido (13), acetamido 
(14), and deoxy derivatives (15) were obtained an­
alogously sta'rting from 12 in appropriate yields. The 
structures were confirmed similarly by tjie 1 H N M R 
spectral data. 

Next, several carbocyclic analogs of glucosamine 
derivatives were synthesized from 3 and 4. Treat­
ment of 3 with osmium tetroxide and chloramine 
T in chloroform-water (1:1) in the presence of tri-
ethylbenzylammonium chloride at 60 °G for 40 h, (es­
sentially the procedure of Sharpless and his cowork­
ers)10) gave a mixture of at least four products. The 
major product was easily separated by crystallization 
from ethanol-ether to give DL-3,4-di-0-acetyl-( 1,2,4/ 
3,5) - 5 - bromomethyl - 2 - ( />-toluenesulfonamido) -1,3,4-
cyclohexanetriol (16) in 3 1 % isolated yield, which 
was further characterized as the triacetate (17) . n ) 
In the 1H N M R spectrum of 17, the signals for H-2, 
H-3 , and H-4 protons appeared as a triplet of dou­
blets (J=3, 11, and 11 Hz) , a triplet ( / = H H z ) , 
and a triplet ( j = l l H z ) at Ô 3.49, 5.09, and 4.88, 
respectively. Upon deuteration, a doublet (J= 11 
Hz, ô 5.42) due to the amido proton disappeared and 
the H-2 signal changed to a doublet of doublets ( / = 
3 and 11Hz). Therefore, the conformations of H - l , 
H-2, and H-3 were shown to be equatorial-axial-
axial, supporting the structure assigned above. Sim­
ilar cù-oxyamination of 4 gave mainly the pseudo-
glucosamine derivative (18) in 3 0 % yield, which was 
converted to triacetate (19). The structure of 18 
could be correlated to that of 16 by comparison of 
the * H N M R spectral data.12) 

Trea tment of 16 with sodium acetate in refluxing 
aqueous 2-methoxyethanol gave its triacetate (20) in 

5 7 % yield, which was further acetylated to give the 
tetraacetate (21). The *H N M R spectrum of 20 re­
sembled that of 16 in the region for ring protons, 
apart from that the signal for the G-7 methylene pro­
tons was shifted down field. 

Azidolysis of 16 with sodium azide in JV,iV-dimethyl-
formamide (DMF) at 80 °G for 2 h gave the azido 
derivative (22) in 9 0 % yield, which was converted 
to the corresponding acetamide (23) in 5 7 % yield. 
Te t ra -# ,0-ace ty l derivative (24) was prepared. Hy­
drogenolysis of 16 gave the G-7 debromo compound 
(25) in 8 2 % yield. The ^ N M R spectra of 22—25 
were all consistent with the assigned structures. 

O n the other hand, to obtain the derivatives having 
the /?-gluco configuration, an inversion of the G-l 
configuration was attempted by a direct substitution 
reaction of the 1-O-methanesulfonate (26) of 16. Thus, 
26 was prepared in 6 9 % yield by treatment of 16 
with an excess of methanesulfonyl chloride in pyridine. 
Azidolysis of 26 with 1.5 molar equivalent of sodium 
azide in D M F at 80 °G for 2 h gave preferentially the 
G-7 azido derivative (27) in 6 8 % yield. While, on 
treatment with 5 molar equivalent of sodium azide at 
85 °G for a prolonged period (20 h) , the diazido 
derivative (28) was obtained mainly in 7 1 % yield. 
Hydrogénation of 27 and 28 followed by acetylation 
gave the corresponding acetamide (29) and diacet-
amide (30) in 65 and 6 6 % yields, respectively. As 
the side product of the hydrogénation of 28, D L - 1 , 2 -
di - 0 - acetyl - ( l ,3/2,6) - 3 - acetamidomethyl-6- (/>-toluene-
sulfonamido)-l,2-cyclohexanediol (31) was isolated in 
1 8 % yield, which might arise from the elimination 
of the G-4 azido group under slightly basic condi­
tions. 

fH2R CH2 CH2Br 

AcO ^ T AcO ^ — f AcO > U — T OAc 
NHTs NHTs NHAc 

R 35 36 
33 OAc 
34 NHAc 

Reaction of 26 with an excess of sodium acetate 
in D M F at 80 °G for 20 h gave a mixture of products 
from which DL-tetra-0-acetyl-(l,3,5/2,4)-5-hydroxy-
methyl -2-(p- toluenesulfonamido) -1,3,4-cyclohexanetri-
ol (32), DL-l,2-di-0-acetyl-(l,3/2,6)-3-hydroxymethyl-
6- (p- toluenesulfonamido) -4-cyclohexene-1,2-diol (33), 
and DL- 1,2-di- O-acetyl- ( 1 /2,6) -3-methylene-6- (^-tolu­
enesulfonamido)-4-cyclohexene-1,2-diol (35) were iso­
lated in 10, 28, and 7 % yields, respectively, by chro­
matography on silica gel. The structures were deter­
mined by the elemental analysis and 1 H N M R spec­
tral data. The 1H N M R spectrum of 32 in chloro­
form-^ showed the signal for the H-2 proton as a quar­
tet ( y = 1 0 H z ) at ô 3.65, which changed to a triplet 
upon deuteration, indicating the trans-diaxial arrange­
ment of H- l and H-2. The structure of 33 was as­
signed by the appearance of two-proton singlet at 
ô 5.50 attributable to two olefinic protons. In the 
spectrum of 35, the signals for the exocyclic methyl­
ene protons appeared as a broad singlet at ô 4.96 
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TABLE 1. CHEMICAL SHIFTS OF ACETYL METHYL PROTONS*1) 

Compound 

16 
17 
18 
19 
20 
21 
22 
25 
26 
27 
32 

1-OAc 

2.06 

2.10 

2.05 

1.71b) 

3-OAc 

1.62 
1.76 
1.64 
1.78 
1.60 
1.72 
1.61 
1.60 
1.66 
1.60 
1.79b) 

4-OAc 

2.00 
1.99 
1.97 
1.98 
1.97 
1.97 
2.01 
1.97 
2.01 
2.00 
1.97 

a) Taken at 90 MHz in CDC13 with reference to TMS. 
Chemical shifts are given in terms of <5-values. b) 
Assignments may be reversed. 

and 5.06.13> 
The elimination occurred predominantly in the reac­

tion of 29 with sodium acetate in D M F giving rise 
to DL- 1,2-di-0-acetyl-( 1,3/2,6)-3-acetamidomethyl-6-
(/>-toluenesulfonamido)-4-cyclohexene-l,2-diol (34) in 
5 9 % yield. The 1H N M R spectrum showed the sig­
nals for two olefinic protons as two triplets of dou­
blets ( 7 = 2 , 2, and 12 Hz) at Ô 5.34 (H-4) and 5.57 
(H-5). 

The olefins 33, 34, and 35 thus obtained may be 
good precursors for preparation of branched-chain 
amino- and diaminocyclitols. Removal of the N-(p-
tolylsulfonyl) group can usually be performed by the 
influence of sodium in liquid ammonia. Alternative­
ly, on treatment with 2 0 % hydrogen bromide in 
acetic acid in a sealed tube at 70 °C overnight, 16 
gave the corresponding tri-O-acetyl amine hydrobro-
mide, which was successively acetylated to the per-
acetyl derivative (36) in 6 9 % yield. This procedure 
may be used for a small scale deprotection of N-{p-
tolylsulfonyl) derivatives. 

We are studying to prepare glycosides of 20 and 
22, which would provide the pseudo analogs of an­
tibiotic trehalosamine and its related compounds.14) 

Assignment of Acetyl Methyl Protons ofN-(p-Tolylsulfon-
yl) Derivatives of Pseudo-glucosamine. Comparison 
of the 1H N M R spectra of 16, 17, 20, and 21 allowed 
to assign all the signals due to the acetyl methyl pro­
tons (Table 1). The appreciable up-field shift of the 
signal for the C-3 equatorial acetoxyl group is observ­
ed (at least 0.20 ppm) , which may be attributed to 
a shielding effect by the aromatic ring of the G-2 
equatorial jfr-toluenesulfonamido group being in the 
position perpendicular to the acetyl methyl pro­
tons. 15>16a) Whereas, the C-l axial acetoxyl group 
resonates slightly up-shifted by ca. 0.10 ppm in the 
region of ô 2.05—2.10.16> These results are consistent 
with the structure of 32, in which the presence of two 
equatorial acetoxyl groups at C-l and C-3 may be 
supported by appearance of two up-shifted acetyl sig­
nals. 

The iV-QMolylsulfonyl) derivative (37) of validamine 
was prepared17) in order to see the shielding effect 
of the axially oriented />-toluenesulfonamido function. 

The XH N M R spectrum of 37 revealed the acetyl 
signals as two singlets at ô 1.79 and 2.00 in a ratio 
of 1:3, while, those of the peracetyl derivative (38)9) 

3 CH20Ac5 

showed three singlets at ô 1.99, 2.01, and 2.03 in a 
ratio of 1:2:2. Therefore, the C-l acetoxymethyl-
signal seems to be shifted to higher field by at least 
0.20 ppm due to the C-6 axail />-toluenesulfonamido 
group. 

Exper imenta l 

Melting points were determined on a Biichi 510 capillary 
melting point apparatus and are uncorrected. Solutions 
were concentrated below 50 °C under reduced pressure. 
Catalytic hydrogénations were carried out in a Parr shaker 
type apparatus in the initial hydrogen pressure of 3.4 kg/cm2 

at ambient temperature. Unless otherwise noted, XH NMR 
spectra were taken on a Varian EM-390 (90 MHz) spec­
trometer in chloroform-J (CDC13) or dimethyl-^ sulfoxide 
(DMSO-d6) with reference to tetramethylsilane as an internal 
standard. The peak positions are given in terms of <5-values 
and values given for coupling constants are of first-order. 
TLC was performed on precoated silica gel 60 F-254 plaques 
(Merck, Darmstadt; 0.25 mm thickness). The silica gel 
used for a column chromatography was Wakogel C-300 
(Wako Pure Chemical Industries, Ltd.). 

m.-Di-0-acetyl-(7,3/2,4,6)-3,4-dibromo-6-benzoyloxymethyl-7,2-
cyclohexanediol (2). A mixture of DL-di-0-acetyl-(l,3/ 
2,4,6)-3,4-dibromo-6-bromomethyl-l,2-cyclohexanediol (1, 2 
g),4) sodium benzoate (2.56 g, 4 molar equivalent), and 80% 
aqueous ethanol (50 ml) was refluxed for 2 d. The reaction 
mixture was allowed to stand in a refrigerator overnight, 
and the resulting crystals were collected by filtration. Re-
crystallization from ethanol gave 2 (1.44 g, 66%) as colorless 
plates: mp 154—155 °C. XH NMR (CDC13, 60 MHz)1») ô 
1.96 (3H, s) and 2.03 (3H, s) (OAc), 3.80-4.30 (4H, m, 
H-3, H-4, and CH2OBz), 4.70—5.35 (2H, m, H-l and H-2), 
7.05—7.90 (5H, m, phenyl). 

Found: C, 44.00; H, 4.15; Br, 32.52%. Calcd for 
C18H20BrO6: C, 43.93; H, 4.10; Br, 32.47%. 

m,-Di-0-acetyl-(7,3/2)-3 - bromomethyl - 5 - cyclohexene -1,2- diol 
(3). To a solution of 1 (10 g) in acetic acid (70 ml) 
was added zinc dust (5.76 g) in three portions at 70 °C. 
The reaction mixture was stirred vigorously at 70 °C for 
10 min and then cooled immediately, and the white pre­
cipitates and an excess of zinc dust were removed by filtra­
tion. The filtrate was concentrated to give a sirup which 
crystallized from ethanol-water to give 3 (5.96 g, 92%) 
as plates: mp 83—84 °C. TO NMR (CDC13) ô 2.01 (3H, 
s) and 2.03 (3H, s) (OAc), 3.19—3.52 (2H, m, CH2Br), 
5.02 (1H, td, J=3, 7.5, and 7.5 Hz, H-2), 5.29—5.53 (2H, 
m, H-l and H-5), 5.63—5.91 (1H, broad d, J=ca. 11 Hz, 
H-6). 

Found: C, 45.16; H, 5.04; Br, 27.70%. Calcd for 
C nH 1 5Br0 4 : C, 45.37; H, 5.20; Br, 27.44%. 

DL-Di-0-acetyl-(7,3/2)-3 - benzoyloxymethyl- 5 - cyclohexene -7,2-
diol (4). a) A stirred suspension of 2 (1 g) and 
zinc dust (0.53 g) in acetic acid (10 ml) was heated at 70 °C 
for 0.5 h. After cooling, the reaction mixture was processed 
as described for the preparation of 3. The crystalline prod­
uct was recrystallized from ethanol to give 4 (0.47 g, 70%) 
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as prisms: m p 75—76.5 °G. XH N M R (GDG13) ô 2.02 (6H, 
s, two OAc) , 4.22 (1H, dd, 7 = 5 . 3 and 12 Hz, H-7) , 4.40 
(1H, dd, / = 4 . 2 and 12 Hz, H-7 ' ) , 5.25 (1H, dd, 7 = 7 . 7 
and 10.5 Hz, H-2) , 5.40—5.66 (2H, m, H- l and H-5), 5.69— 
5.99 ( I H , broad d, J=ca. 11 Hz , H-6) , 7.34—7.60 (2H, 
m) and 7.93—8.12 (2H, m) (phenyl). 

Found : G, 64.82; H , 6 .09%. Galcd for G 1 8 H 2 0 O 6 : G, 
65.05; H , 6 .07%. 

b) A mixture of 3 (1.5 g) and sodium benzoate (1.5 g, 
2 molar equivalent) in 8 0 % aqueous 2-methoxyethanol (30 
ml) was refluxed for 5 h. Then the mixture was concen­
trated to dryness and the residue was treated with acetic 
anhydride (10 ml) and pyridine (10 ml) at amibient tem­
perature overnight. An insoluble material was removed by 
filtration and the filtrate was concentrated. T h e residue 
was dissolved in chloroform (20 ml) and passed through a 
short column of alumina. T h e filtrate and washings were 
combined and concentrated. Recrystallization of the residue 
from ethanol-hexane gave 4 (1.15 g, 67%) as prisms: m p 
75—76 °C. This compound was identical with the com­
pound obtained from 2. 

Oxidation of 3 with Osmium Tetroxide. a) T o a 
solution of 3 (4.37 g) in f-butyl alcohol (75 ml) and 3 5 % 
hydrogen peroxide (15 ml) was added a solution of osmium 
tetroxide (0.16 g) in f-butyl alcohol (15 ml) , and the mixture 
was kept at 30 °G for 24 h under dark. At that time, T L G 
indicated the disappearance of 3 and the formation of three 
components (R{ 0.45, 0.38, and 0.34) in 1:1 2 -bu tanone-
toluene. T h e reaction mixture was concentrated and the 
residue was treated with acetic anhydride and pyridine in 
usual way. Evaporation of the excess reagent gave a sirup, 
which was crystallized from ethanol to give DL-tetra-O-acetyl-
(l,2,4/3,5)-5-bromomethyl-l,2,3,4-cyclohexanetetrol (6, 2.24 
g, 36 .5%) . Recrystallization from ethanol gave an ana­
lytical sample: m p 137—138 °C. XH N M R (GDG13) Ô 1.98 
(3H, s), 2.00 (3H, s), 2.06 (3H, s), and 2.12 (3H, s) (OAc), 
3.34 (2H, d, / = 4 . 5 Hz, CH 2Br) , 4.87 ( I H , dd, 7 = 3 . 5 and 
10.5 Hz , H-2) , 4.94 ( I H , t, J= 10.5 Hz , H-4) , 5.23 ( I H , 
t, 7 = 10.5 Hz , H-3) , 5.39 ( I H , q, 7 = 3 . 5 Hz, H - l ) . 

Found : G, 43.79; H , 5.18; Br, 19.74%. Galcd for 
C 1 5 H 2 1 B r 0 8 : C, 44.02; H, 5.17; Br, 19.53%. 

T h e mother liquor from 6 was concentrated and the sirupy 
residue (2.3 g) was chroma tographed on a silica-gel column 
(40 g) with 1:6 2-butanone-toluene as an eluent. T h e 
fractions containing the faster moving component were 
collected and concentrated to give DL-frvmy-2,4-diacetoxy-5-
bromomethyl-2-cyclohexenone (5, 0.34 g, 7.5%) as a chro-
matographically homogeneous sirup. XH N M R (GDC13, 60 
MHz)1 8) ô 2.15 (3H, s) and 2.22 (3H, s) (OAc), 2.72 (2H, 
broad d, 7 = 2 . 5 Hz, ring methylene), 3.50 (2H, broad d, 
7 = 2 . 5 Hz, GH2Br), 5.70 ( I H , symmetric m, H-4) , 6.47 
( I H , d, 7 = 2 . 5 Hz, H-3) . 

Found : G, 43.14; H, 4.50; Br, 26 .34%. Galcd for 
G u H 1 3 B r 0 5 : G, 43.30; H, 4.29; Br, 26 .19%. 

b) T o a mixture of 3 (4 g), 3 5 % hydrogen peroxide 
(15 ml) , and f-butyl alcohol (75 ml) was added a solution 
of osmium tetroxide (0.2 g) in f-butyl alcohol (40 ml) and 
the reaction mixture was stirred at 25 °G overnight. T h e 
mixture was processed similarly as described in a) and 
the product directly crystallized from ethanol to give 6 (2.6 
g, 46%) as prisms: m p 137—138 °G. 

v\,-Penta-0-acetyl-(7,2,4/3,5) -5-hydroxymethyl- 7,2,3,4-cyclo-
hexanetetrol (7). A mixture of 6 (0.82 g) , anhydrous 
sodium acetate (0.49 g), and 9 0 % aqueous 2-methoxyethanol 
(20 ml) was refluxed for 20 h. T h e reaction mixture was 
concentrated and the residue was treated with acetic anhy­
dride and pyridine in the usual way. T h e reaction mixture 

was filtered and the filtrate was concentrated. T h e residue 
was tri turated with chloroform and the suspension was 
passed through a short column of alumina. T h e filtrate 
was concentrated and the residue was crystallized from 
ethanol-ether to give 7 (0.32 h, 42%,) as needles m p 110— 
111°G. X H N M R (GDG13) <5 1.99 (3H, s) 2.00 (3H, s), 
2.03 (3H, s), 2.05 (3H, s), and 2.13 (3H, s) (OAc), 3.86 
( I H , dd, 7 = 3 . 5 and 11 Hz, H-7) , 4.11 ( I H , dd, 7 = 4 . 5 
and 11 Hz, H-7 ' ) , 4.89 ( IH , dd, 7 = 3 and 10.5 Hz, H-2), 
4.99 ( I H , dd, 7 = 9 and 10.5 Hz, H-4), 5.39 ( IH , t, J= 
10.5 Hz, H-3), 5.41 ( I H , q, 7 = 3 Hz, H - l ) . 

Found G, 52.65; H , 6 .18%. Galcd for G1 7H2 4O1 0 : G, 
52.57; H, 6 .23%. 

DL- Tetra- O - acetyl - (7,2,4/3,5) - 5 - azidomethyl -1,2,3,4 - cyclo-
hexanetetrol (8). A mixture of 6 (0.82 g), sodium azide 
(0.78 g), and 9 0 % aqueous 2-methoxyethanol (20 ml) was 
refluxed for 20 h. The reaction mixture was concentrated 
and the residue was treated with acetic anhydride and pyri­
dine in usual way. T h e reaction mixture was processed 
as described for the preparat ion of 7 to give crystals which 
were recrystallized from ethanol-ether to give 8 (0.55 g, 
74%) as prisms: m p 85—86 °G. J H N M R (GDG13, 60 
MHz)1 8) ô 2.00 (6H, s), 2.07 (3H, s), and 2.13 (3H, s) (OAc), 
3.27—3.35 (2H, m, GH 2 N 3 ) , 4.85 ( I H , dd, 7 = 3 and 9.5 
Hz, H-2) , 4.92 ( I H , broad t, 7 = 9 . 5 Hz, H-4), 5.38 ( IH , 
broad t, 7 = 9 . 5 Hz, H-3), 5.45 ( I H , q, 7 = 3 Hz, H - l ) . 

Found : G, 48.77; H , 5 .81; N, 11.53%. Galcd for 
C 1 5 H 2 1 N 3 0 8 : G, 48.52; H , 5.70; N , 11.32%. 

T>L-Tetra-0-acetyl-(1,2,4/3,5)-5-acetamidomethyl-7,2,3,4 - cyclo-
hexanetetrol (9). A solution of 8 (0.3 g) in ethanol 
(10 ml) containing acetic anhydride (0.4 ml) was hydro-
genated in the presence of Raney nickel T-48) overnight. 
T h e catalyst was removed by filtration and the filtrate was 
concentrated. T h e product was purified by passage through 
a short column of a lumina with chloroform. T h e filtrate was 
concentrated and the residue was crystallized from ethanol-
ether to give 9 (0.10 g, 31%) as needles: m p 150—151 °G. 
! H N M R (GDG13, 60 MHz)1 8) ô 1.99 (9H, s) and 2.08 (6H, 
s) (NAc and OAc) , 3.33—3.95 (2H, m, CH 2 NHAc) , 4.78 
( I H , broad t, 7 = 9 . 5 Hz, H-4), 4.84 ( I H , dd, 7 = 3 and 
9.5 Hz, H-2) , 5.33 ( I H , q, 7 = 3 Hz, H - l ) , 5.40 ( IH , broad 
t, 7 = 9 . 5 Hz, H-3) , 6.07 ( I H , t, 7 = 5 . 5 Hz, N H ) . 

Found : G, 52.87; H , 6.49; N , 3 .65%. Galcd for 
G 1 7 H 2 5 N 0 9 : G, 52.71; H , 6 .51; N, 3.62%. 

DL- Tetra-O- acetyl - (7,2,4/3,5) - 5 - methyl - 1,2,3,4 - cyclohexane-
tetrol (10). A solution of 6 (0.8 g) in ethyl acetate 
(10 ml) was hydrogenated in the presence of Raney nickel 
T-4 (one spoonful) and Amberlite IR-45 (OH~) (5 ml) 
overnight. T h e catalyst and the resin were removed by fil­
tration and the filtrate was concentrated. T h e residue was 
crystallized from ethanol to give 10 (0.45 g, 70%) as plates: 
m p 137—138 °C. ! H N M R (CDG13) ô 0.93 (3H, d, 7 = 
6 Hz , methyl) , 1.98 (6H, s), 2.03 (3H, s), and 2.10 (3H, 
s) (OAc), 4.71 ( I H , t, 7 = 10.5 Hz, H-4), 4.87 ( IH , dd, 
7 = 3 and 10.5 Hz, H-2), 5.30 ( I H , t, J= 10.5 Hz, H-3), 
5.31 ( I H , q, 7 = 3 Hz H - l ) . 

Found : G 54.82; H , 6.69%. Galcd for G 1 5 H 2 2 0 8 : C, 
54.54: H , 6 . 7 1 % . 

-DL-Tetra-O-acetyl- (7,3,5/2,4) -5- bromomethyl- 7,2,3,4-cyclo-
hexanetetrol (12). A mixture of DL-penta-O-acetyl-
(l,3,5/2,4)-5-hydroxymethyl-l,2,3,4-cyclohexanetetrol (11, 
1.0 g)9) and 10% hydrogen bromide in acetic acid (4.5 ml) 
was heated in a sealed tube at 80 °G for 16 h. T h e reaction 
mixture was poured into ice-water (40 ml) and the pre­
cipitates were collected by filtration. Recrystallization from 
ethanol gave 12 (0.88 g, 83%) as plates: mp 128—129.5 °G. 
i H N M R (GDG13, 60 MHz)1 8) à 1.98 (3H, s), 2.00 (3H 
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s), 2.03 (3H, s), and 2.06 (3H, s) (OAc), 3.38 (1H, broad 
d, / = 4 Hz, CH2Br), 4.8—5.2 (4H, m, H - l , H-2, H-3 , and 
H-4). 

Found: G, 44.20; H , 5.19; Br, 19.67%. Galcd for 
G 1 5 H 2 1 Br0 8 : G, 44.03; H , 5.17; Br, 19.52%. 

DL - Tetra - O - acetyl- (1,3,5/2,4) -5- azidomethyl- 1,2,3,4 - cyclo-
hexanatetrol (13). A mixture of 12 (0.2 g), sodium azide 
(0.06 g), and 9 0 % aqueous JV,iV-dimethylformamide (DMF) 
(5 ml) was stirred at 80 °G for 7 h. T h e reaction mixture 
was concentrated and the residue was processed as described 
for the preparat ion of 8. T h e crude product was recrys-
tallized from ethanol to give 13 (0.16 g, 85%) as prisms: 
m p 101—102 °G. * H N M R (GDG13) Ô 1.97 (3H, s), 1.99 
(3H, s), 2.02 (3H, s), and 2.03 (3H, s) (OAc), 3.22 (1H, 
dd, 7 = 6 and 13 Hz, H-7) , 3.39 (1H, dd, 7 = 5 and 13 Hz , 
H-7 ' ) , 4.67—5.20 (4H m, H - l , H-2, H-3 , and H-4) . 

Found: G, 48 .61; H , 5 .71; N , 11.28%. Galcd for 
C 1 5 H 2 1 N 3 0 8 : G, 48.52; H, 5.70; N , 11.32%. 

DL-Tetra-0-acetyl-(1,3,5/2,4)-5-acetamidomethyl- 1,2,3,4 -cyclo-
hexanetetrol (14). A solution of 13 (0.10 g) in etha­
nol (20 ml) was hydrogenated in the presence of Raney 
nickel T-4 (one spoonful) overnight. T h e catalyst was 
removed by filtration and the filtrate was concentrated. 
T h e residue was acetylated in the usual way. T h e product 
was crystallized from ethanol to give 14 (60 mg, 58%) as 
needles: m p 210—211 °G. ^ N M R (CDG13) Ô 1.97 (12H, 
s) and 2.06 (3H, s) (NAc and OAc) , 2.75 (1H, td, 7 = 5 , 
5, and 14 Hz, H-7, changes to a doublet of doublets with 
5 and 14 Hz splittings on deuteration), 3.69 (1H, ddd, / = 
3, 8, and 14 Hz, H-7 ' , changes to a doublet of doublets with 
3 and 14 Hz splittings on deuteration), 4.63—5.16 (4H, 
m, H - l , H-2, H-3 , and H-4) , 5.99 (1H, broad dd, 7 = 5 
and 8 Hz, N H , disappears on deuterat ion). 

Found: C, 52.80; H , 6.46; N, 3.50%. Galcd for 
G 1 7 H 2 5 N 0 9 : G, 52.71; H , 6 .51; N , 3.62%. 

DL- Tetra-O-acetyl- ( 1,3,5/2,4) -5-methyl-1,2,3,4 - cyclohexanetetrol 
(15). A solution of 12 (0.2 g) in ethyl acetate 
(15 ml) was hydrogenated as described for the preparat ion 
of 10. T h e product was recrystallized from ethanol to 
give 15 (0.13 g, 82%) as prisms: m p 110—111 °G. *H 
N M R (GDG13) ö 0.94 (3H, d, 7 = 6 Hz, methyl), 1.12— 
2.02 (3H, m, H-5 , H-6, and H-6 ' ) , 1.97 (3H, s), 1.98 (3H, 
s), 2.00 (3H, s), and 2.02 (3H, s) (OAc), 4.59—5.17 (4H, 
m, H - l , H-2, H-3 , and H-4) . 

Found: G, 54.41; H , 6.69%. Galcd for G 1 5 H 2 2 0 8 : G, 
54.54; H, 6 . 7 1 % . 

T>i.-3,4-Di-0- acetyl - (1,2,4/3,5) -2-(p- toluenesulfonamido) - 5-
bromomethyl-1,3,4-cyclohexanetriol (10). T o a solution of 
3 (1.5 g, 5.2 mmol) in chloroform (25 ml) was added a 
solution of osmium tetroxide in t-butyl alcohol (2.6 ml, 
0.052 mmol), chloramine T (trihydrate) (1.82 g) , triethyl-
benzylammonium chloride (0.06 g) , and water (25 ml) . T h e 
mixture was stirred at 60 °G for 40 h. At that time, T L G 
indicated the formation of the major (Rt 0.64) and three 
minor components (R{ 0.60, 0.49, and 0.45), together with 
a trace of 3 (R{ 0.85) in 1:8 ethanol-toluene. Sodium 
hydrogensulfite (1.5 g) was added to the mixture and it 
was refiuxed for 5 h. Chloroform (50 ml) was added to 
the cooled mixture, and the organic layer was separated, 
washed successively with 1% aqueous sodium hydroxide 
and brine, and dried over anhydrous sodium sulfate. Evap­
oration of the solvent gave a sirup from which the major 
product was crystallized out on addition of ethanol. Re -
crystallization from ethanol gave 16 (0.76 g, 31%) as prisms: 
m p 196—197 °G. ! H N M R (GDC13) ô 1.62 (3H, s) and 
2.00 (3H, s) (OAc), 2.42 (3H, s, tosyl methyl), 3.01 (1H, 
d, 7 = 4 Hz, O H , disappears on deuterat ion), 3.18—3.51 

(1H, m, H-2), 3.32 (2H, d, 7 = 4 Hz, GH2Br), 4.07—4.26 
(1H, m, H - l ) , 4.86 (1H, 7 = 1 0 Hz, H-4) , 5.09 (1H, t, J= 
10 Hz, H-3) , 5.62 (1H, d, 7 = 8 Hz, N H , disappears on 
deuterat ion), 7.28 (2H, d) and 7.75 (2H, d) ( 7 = 9 Hz, 
phenyl) . 

Found : C, 44.94; H , 5.04; N, 2 .78%. Galcd for 
C 1 8 H 2 4 BrN0 7 S: C, 45.20; H, 5.06; N, 2 . 9 3 % . 

Acetylation of 16 (0.1 g) in the usual way gave the triacetate 
(17), which was recrystallized from ethanol to give an ana­
lytical sample (0.07 g, 66%) as prisms: m p 192—193 °G. 
* H N M R (GDC13) ô 1.76 (3H, s), 1.99 (3H, s), and 2.06 
(3H, s) (OAc), 2.40 (3H, s, tosyl methyl) , 3.29 (2H, d, J= 
3 Hz, GH2Br), 3.49 (1H, ddd, 7 = 3 , 9, and 11 Hz, H-2, 
changes to a doublet of doublets with 3 and 11 Hz splittings 
on deuteration), 4.88 (1H, t, 7 = 1 1 Hz, H-4) , 5.09 (1H, 
t, J = l l H z , H-3) , 7.42 (2H, d) and 7.69 (2H, d) ( 7 = 9 
Hz, phenyl) . 

Found : C, 45.96; H , 5.07; N, 2 .46%. Galcd for 
G 2 0H 2 6BrNO 8S: G, 46.16; H , 5.04; N, 2 .69%. 

r>L-3,4-Di-0-acetyl- ( 1,2,4/3,5) -5-benzoyloxymethyl-2- (^-toluène-
suif onamido)-1,3,4-cyclohexanetriol (18). T o a solution 
of 4 (2 g, 6 mmol) in chloroform (30 ml) was added 
a solution of osmium tetroxide in ^-butyl alcohol (4.5 ml, 
0.09 mmol) , chloramine T (trihydrate) (2.1 g), benzyltri-
e thylammonium chloride (0.07 g), and water (30 ml), and 
the mixture was heated at 60 °G under stirring for 2 d. At 
that time, T L C indicated the formation of one major (Rt 

0.45) and one minor products (R{ 0.28), together with 4 
(R{ 0.75) in 1:10 ethanol-toluene. T h e reaction mixture 
was processed as described for the preparat ion of 16. T h e 
crude product was purified by passage through a short column 
of caoline and silica gel with chloroform. Recrystallization 
from toluene gave 18 (0.93 g, 30%) as prisms: m p 150— 
152 °G. * H N M R (GDC13) ô 1.64 (3H, s), 1.97 (3H, s) 
(OAc), 2.38 (3H, s, tosyl methyl), 3.41 (1H, dd, 7 = 2 . 5 
and 10 Hz, H-2), 4.99 (1H, t, 7 = 9 Hz, H-4) , 5.17 (1H, 
t, 7 = 9 Hz, H-3) , 5.85 ( I H d 7 = 9 Hz N H ) , 7.18—8.13 
(9H, m, phenyl) . 

Found : G, 57.74; H , 5.70; N, 2.55; S, 6 .15%. Galcd 
for C 2 5 H 2 9 N 0 9 S : G, 57.79; H , 5.63; N, 2.70; S, 6 .17%. 

Compound 18 was converted into the triacetate (19) by 
the conventional manner . An analytical sample was ob­
tained by recrystallization from ethanol : m p 200—201 °C. 
* H N M R (GDC13) ô 1.78 (3H, s), 1.98 (3H, s), and 2.10 
(3H, s) (OAc), 2.40 (3H, s, tosyl methyl) , 3.55 (1H, td, 
7 = 5 , 9, and 9 Hz, H-2), 4.23 (2H, d, 7 = 4 Hz, GH 2OBz), 
4.91—5.20 (3H, m, H - l , H-3 , and H-4), 5.28 (1H, d, 7 = 
9 Hz , N H ) , 7.13—8.13 (9H, m, phenyl) . 

Found : C, 57.46; H, 5.57; N , 2.36; S, 5 .50%. Galcd 
for G 2 7 H 3 1 NO 1 0 S: C, 57.74; H, 5.56; N, 2.49; S, 5 . 71%. 

D L - 3 , 4 , 7 - Tri-O-acetyl- ( 1,2,4/3,5) -5-hydroxymethyl-2- ( ^-toluene­
sulfonamido )-1,3,4-cyclohexanetriol (20). A mixture of 
16 (0.2 g) , anhydrous sodium acetate (0.086 g), and D M F 
(5 ml) was heated at 80 °G for 3 d. T h e reaction mixture 
was concentrated and the residue was extracted with hot ethyl 
acetate (20 ml) and the extracts were washed with water. 
T h e solution was dried and concentrated to give crystals 
which were recrystallized from ethanol to give 20 (0.11 g, 
57%) as prisms: m p 174—175 °C. ! H N M R (CDG13) ô 
1.60 (3H, s), 1.97 (3H, s), and 2.02 (3H, s) (OAc), 2.39 
(3H, s, tosyl methyl) , 3.32 (1H, td, 7 = 3 , 9, and 9 Hz, H-2), 
3.81 (1H, dd, 7 = 3 and 11 Hz, H-7), 4.05 (1H, dd, 7 = 5 
and 11 Hz, H-7 ' ) , 4.81 (1H, t, 7 = 10 Hz, H-4), 5.03 (1H, 
t, 7 = 10 Hz, H-3) , 5.64 (1H, d, 7 = 8 Hz, N H ) , 7.23 (2H, 
d) and 7.68 (2H, d) ( 7 = 9 Hz, phenyl) . 

Found : G, 52.23; H , 5.92; N, 3 .01; S, 6.76%. Galcd 
for G 2 0 H 2 7 NO 9 S: C, 52.51; H , 5.95; N , 3.06; S, 7 . 0 1 % . 
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Compound 20 (75 mg) was converted into the tetraacetate 
(21) by the conventional manner . T h e product was crys­
tallized from ethanol to give an analytical sample (73 mg, 
90%) as prisms: m p 173.5—174.5 °C. XH N M R (GDC13) 
Ô 1.72 (3H, s), 1.97 (3H, s), 2.01 (3H, s), and 2.05 (3H, 
s) (OAc), 2.37 (3H, s, tosyl methyl) , 3.47 ( I H , dd, J= 
3.2 and 10.5 Hz, H-2, on deuterat ion), 3.73 ( I H , dd, J= 
3.3 and 11.7 Hz, H-7) , 4.02 ( I H , dd, 7 = 4 . 5 and 11.7 Hz, 
H-7 ' ) , 4.65—5.25 (3H, m, H - 1 , H-3 , and H-4) , 5.29 ( I H , 
d, J=9 Hz, N H , disappears on deuteration), 7.22 (2H, 
d) and 7.67 (2H, d) ( 7 = 9 Hz, phenyl) . 

Found : C, 52 .61; H , 5.76; N, 2.78; S, 6 .53%. Calcd 
for G 2 2 H 2 9 NO 1 0 S: G, 52.90; H , 5.85; N, 2.80; S, 6 .42%. 

i>L-3,4-Di-0 - acetyl - (7,2,4/3,5) -5- azidomethyl -2- (p-toluene-
sulfonamido)-1,3,4-cyclohexanetriol (22). A mixture of 16 
(0.5 g) , sodium azide (0.56 g, 4 molar equiv.), and D M F 
(10 ml) was heated at 80 °G for 3 h under stirring. T h e 
reaction mixture was diluted with water (4 ml) and extracted 
with ethyl acetate ( 3 x 5 ml) , and the extracts were washed 
with water and dried. Evaporat ion of the solvent gave 
a crystalline residue which was recrystallized from ethanol 
to give 22 (0.42 g, 90%) as prisms: m p 185—186 °G. *H 
N M R (CDC13) Ô 1.61 (3H, s) and 2.01 (3H, s) (OAc), 2.41 
(3H, s, tosyl methyl) , 3.16—3.47 (3H, m, H-2 and CH 2 N 3 ) , 
4.02—4.23 ( I H , m, H-1), 4.80 ( I H , dd, 7 = 1 1 and 12 Hz , 
H-4), 5.04 ( I H , t, 7 = 1 1 Hz, H-3) , 5.62 ( I H , d, 7 = 8 Hz, 
N H ) , 7.24 (2H, d) and 7.69 (2H, d) ( 7 = 9 Hz, phenyl) . 

Found : G, 49.10; H , 5.47; N, 12.46; S, 7 .04%. Galcd 
for G 1 8 H 2 4 N 4 0 7 S : C, 49.08; H , 5.49; N, 12.72; S, 7 .28%. 

jyL-3,4-Di-0-acetyl- ( 1,2,4/3,5) -5-acetamidomethyl-2- (p - toluene-
sulfonamido)-! ,3,4-cyclohexanetriol (23). A solution of 
22 (0.25 g) in methanol (15 ml) containing acetic anhy­
dride (0.1 ml) was hydrogenated in the presence of Raney 
nickel T-4 for 3 d . T h e catalyst was removed by filtration 
and the filtrate was concentrated to give crystals which 
were recrystallized from methanol to give 23 (0.14 g, 57%) 
as prisms: m p 233.5—234 °C. 1U N M R (DMSO-rf6) ô 1.65 
(3H, s), 1.76 (3H, s), and 1.90 (3H, s) (NAc and OAc) , 
2.32 (3H, s, tosyl methyl) , 2.8—3.1 (2H, broad s, GH 2 NHAc, 
changes to a broad doublet with 5 Hz splitting on deu­
teration), 4.67 ( I H , t, 7 = 1 1 Hz, H-4) , 4.91 ( I H , t, J= 
11 Hz, H-3), 7.32 (2H, d) and 7.67 (2H, d) ( 7 = 9 Hz, phen­
yl). 

Found : G, 52 .61; H , 6.14; N, 5.87; S, 7 .15%. Galcd 
for C 2 0 H 2 8 N 2 O 8 S: G, 52.62; H , 6.18; N, 6.14; S, 7.02%. 

Compound 23 was converted to triacetate (24) in the 
conventional method. An analytical sample was prepared 
by recrystallization from ethanol : m p 194—195 °G. 1 H 
N M R (GDClg) ô 1.83 (3H, s), 1.96 (3H, s), and 2.07 (6H, 
s) (NAc and OAc) , 2.41 (3H, s, tosyl methyl) , 2.77 (1H, 
td, J=5, 5, and 14 Hz, GH 2 NHAc, changes to a doublet 
of doublets with 5 and 14 Hz splittings on deuterat ion), 3.45 
(1H, dd, 7 = 4 and 11 Hz, H-2, on deuterat ion), 3.62 (1H, 
dd, 7 = 4 and 14 Hz, H-7 ' , on deuterat ion), 4.72 (1H, t, 
7 = 1 1 Hz, H-4) , 5.10 (1H, t, 7 = 1 1 Hz, H-3) , 5.51 (1H, 
d, 7 = 9 Hz, N H T s ) , 6.02 (1H, dd, 7 = 5 and 8 Hz , NHAc) , 
7.23 (2H, d) and 7.65 (2H, d) ( 7 = 9 Hz, phenyl) . 

Found : C, 53.16; H, 6.05; N, 5.43; S, 6 .13%. Galcd 
for C 2 2 H 3 0 N 2 O 9 S: G, 53.00; H , 6.07; N, 5.62; S, 6 .43%. 

DL-5,4-Di-O-acetyl- (1,2,4/3,5) -2- (p-toluenesulfonamido) -5-
methyl-l,3,4-cyclohexanetriol (25). A solution of 16 (0.2 

g) in ethyl acetate (15 ml) was hydrogenated in the presence 
of Raney nickel T-4 (one spoonful) and Amberlite IR-45 
(OH~) (3 ml) overnight. T h e reaction mixture was pro­
cessed in the usual way. The product was crystallized from 
ethanol to give 25 (0.14 g, 82%) as plates: m p 179.5—180 
°G. * H N M R (CDG13) ô 0.88 (3H, d, 7 = 6 Hz, methyl), 

1.60 (3H, s) and 1.97 (3H, s) (OAc), 2.39 (3H, s, tosyl meth­
yl), 3.27 ( I H , broad d, H-2, changes to a doublet of doublets 
with 3 and 10 Hz splittings on deuteration), 3.49—4.10 
( I H , m, H-1), 4.56 ( I H , dd, 7 = 9 and 10 Hz , H-4), 4.99 
( I H , t, 7 = 10 Hz , H-3), 5.34—5.80 ( I H , m, N H ) , 7.24 
(2H, d) and 7.69 (2H, d) ( 7 = 9 Hz, phenyl). 

Found : G, 53.89; H , 6.24; N , 3.38; S, 7.78%. Galcd 
for G 1 8 H 2 5 N 0 7 S : C, 54.12; H, 6 .31; N, 3.51; S, 8 .03%. 

T>TL-3,4-Di-0-acetyl-7- O - methylsulfonyl- (1,2,4/3,5) -5-bromo-
methyl-2- (p-toluenesulfonamido) -1,3,4-cyclohexanetriol (26). 
T o a solution of 16 (1.0 g) in pyridine (10 ml) was added 
methanesulfonyl chloride (0.36 g) under ice cooling, and 
then the reaction mixture was stirred at ambient tempera­
ture overnight. T h e mixture was poured into ice-water 
(50 ml) and the crystals were collected and dried. Re-
crystallization from ethanol gave 26 (0.81 g, 69%) as needles: 
m p 187—188 °G. ^ N M R (CDC13) ô 1.66 (3H, s) and 
2.01 (3H, s) (OAc), 2.40 (3H, s, tosyl methyl), 3.17 (3H 
s mesyl methyl), 3.25—3.59 (3H, m, H-3 and CH2Br), 
4.71—5.03 (3H, m, H - 1 , H-2, and H-3) , 5.68 ( IH , d, 7 = 
8 Hz, N H ) , 7.26 (2H, d) and 7.68 (2H, d) ( 7 = 9 Hz, phenyl). 

Found : C, 41.27; H, 4.79; N, 2 . 6 1 % . Galcd for 
G 1 9 H 2 6 BrN0 9 S 2 : C, 41 .01; H , 4 .71 ; N, 2 .52%. 

m.-3,4-Di-0-acetyl-7 - O - methylsulfonyl - (1,2,4/3,5) - 5 - azido-
melhyl-2-(p-toluenesulfonamido )-1,3,4-cyclohexanetriol (27). 
A mixture of 26 (0.39 g), sodium azide (0.05 g, 1.5 molar 
equiv.), and D M F (10 ml) was stirred at 80 °G for 2 h. 
T h e reaction mixture was processed as described for the 
preparat ion of 8. T h e product was crystallized from ethanol 
to give 27 (0.22 g, 68%) as plates: m p 173.5—174.5 °G. 
* H N M R (GDC13) <3 1.60 (3H, s) and 2.00 (3H, s) (OAc), 
2.40 (3H, s, tosyl methyl) , 3.15 (3H, s, mesyl methyl), 3 .21— 
3.60 (3H, m, H-3 and CH 2 N 3 ) , 4.66—5.12 (3H, m, H - 1 , 
H-2, and H-4) , 5.59 ( I H , d, 7 = 8 Hz, N H ) , 7.29 (2H, d) 
and 7.66 (2H, d) ( 7 = 8 Hz, phenyl) . 

Found : G, 43.85; H , 4.99; N, 10.52; S, 12.48%. Galcd 
for G 1 9 H 2 6 N 4 0 9 S 2 : C, 44 .01; H , 5.05; N , 10.80; S, 12.36%. 

DL-7,2-Di-0-acetyl-(1,3/2,4,6)-4- azido-6- azidomethyl-3- (p-
toluenesulfonamido)-!,2-cyclohexanediol (28). A mixture of 26 
(0.4 g) , sodium azide (0.24 g, 5 molar equivalent), and D M F 
(10 ml) was stirred at 85 °C for 20 h. The reaction mixture 
was processed as described for the preparat ion of 8. T h e 
product was crystallized from ethanol to give 28 (0.24 g, 
71%) as prisms: m p 130—131 °C. *H N M R (GDG13) ô 
1.90 (3H, s) and 2.03 (3H, s) (OAc), 2.39 (3H, s, tosyl meth­
yl), 3.00—3.65 (4H, m, H-3 , H-4, and CH 2 N 3 ) , 4.85— 
4.95 (2H, m, H-1 and H-2), 5.41 ( I H , d, 7 = 9 Hz, N H ) , 
7.24 (2H, d) and 7.73 (2H, d) ( 7 = 8 Hz, phenyl). 

Found : G, 46.39; H , 4 .95; N, 20.76; S, 6.69%. Galcd 
for G 1 8 H 2 3 N 7 0 6 S: C, 46.45; H , 4.98; N, 21.06; S, 6.89%. 

DL-5' ,4-Di-O-acetyl-1 -O-methylsulfonyl- ( 1,2,4/3,5) -5- acetamido-
methyl-2-(p-toluenesulfonamido) -1,3,4-cyclohexanetriol (29). 
A solution of 27 (0.18 g) in methanol (15 ml) containing 
acetic anhydride (0.11 ml) was hydrogenated in the presence 
of Raney nickel T-4 overnight. T h e product was recrys­
tallized from ethanol to give 29 (0.12 g, 65%) as powder: 
m p 215—215.5 °G. * H N M R (DMSO-^6) <5 1.55 (3H, s), 
1.76 (3H, s), and 1.89 (3H, s) (NAc and OAc), 2.38 (3H, 
s, tosyl methyl) , 2.85—3.10 (2H, m, GH 2 NHAc) , 3.16 (3H, 
s, mesyl ethyl), 3.59—3.88 ( I H , m, H-3) , 4.55—5.00 (3H, 
m, H - 1 , H-2, and H-4), 7.33 (2H, d) and 7.68 (2H, d) {J= 
8 Hz, phenyl), 8.20 ( I H , broad s, N H ) . 

Found : G, 46.98; H, 5.63; N, 4.97; S, 11.68%. Galcd 
for G 2 1H 3 0N 2O 1 0S 2 : G, 47.18; H, 5.66; N, 5.42; S, 11.99%. 

DL- 1,2-Di-O-acetyl- ( 1,3/2,4,6) -4- acetamido -6- acetamidomethyl-
3-(p-toluenesulfonamido)-1,2-cyclohexanediol (30). A solu­
tion of 28 (42 mg) in methanol (5 ml) containing acetic 
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anhydride (0.05 ml) was hydrogenated in the presence of 
Raney nickel T-4 overnight. At tha t t ime, T L G indicated 
the disappearance of 28 and the formation of a major prod­
uct along with a minor product . The mixture was frac­
tionated on a silica-gel column with 1:3 ethanol- toluene. 
The fractions containing the minor product were concen­
trated to give DL-l,2-di-0-acetyl-( 1,3/2,6)-3-acetamidometh-
yl-6-(/>-toluensulfonamido)-l,2-cyclohexanediol (31, 7 mg, 
18%) as powder: m p 227.5—228.5 °G. *H N M R (CDC13 

and D 2 0 ) Ô 1.76 (3H, s), 1.97 (3H, s), and 2.03 (3H, s) 
(NAc and OAc), 2.40 (3H, s, tosyl methyl), 2.72 ( I H , dd, 
7 = 4 and 14 Hz, H-7) , 3.23 ( I H , broad dt, 7 = 3 , 3, and 
ca. 9 Hz, H-6), 3.62 ( I H , dd, 7 = 3 and 14 Hz, H-7 ' ) , 4.52— 
4.78 (2H, m, H-1 and H-2) , 7.25 (2H, d) and 7.67 (2H, 
d) ( 7 = 8 Hz, phenyl) . 

Found: G, 54.23; H , 6.16; N , 6 .05%. Galcd for 
G 2 0H 2 8N 2O 7S: G, 54.53; H , 6 .41; N , 6 .36%. 

The fractions containing the major product gave 30 (29 
mg, 66%) as a homogeneous sirup, which solidified on stand­
ing. Attempts to crystallize it from several solvents failed. 
X H N M R (GDG13 and D 2 0 ) Ô 1.49 (3H, s), 1.87 (3H, s), 
1.96 (3H, s) (NAc and OAc) , 2.38 (3H, s, tosyl methyl), 
2.83 ( IH , dd, 7 = 6 and 14 Hz, H-7), 3.32 ( I H , dd, J= 
9 and 11 Hz, H-3), 3.50 ( I H , dd, 7 = 3 and 14 Hz, H-7 ' ) , 
3.90 ( I H , ddd, 7 = 4 , 11, and 12 Hz , H-4) , 4.67 ( I H , t, J= 
9 Hz, H-1), 4.92 ( I H , t, 7 = 9 Hz, H-2) , 7.22 (2H, d) and 
7.67 (2H, d) ( 7 = 8 Hz, phenyl) . 

Found: G, 52.77; H , 6.13; N , 8 .13%. Galcd for 
G 2 2 H 3 1 N 3 0 8 S: G, 53.12; H , 6.28; N, 8 .45%. 

Reaction of 26 with Sodium Acetate. A mixture of 26 
(0.2 g) and anhydrous sodium acetate (0.12 g, 4 molar 
equiv.) in D M F (5 ml) was stirred at 80 °G for 20 h. At 
that time, 26 still remained in the mixture. T h e n the mix­
ture was further heated at 80 °G overnight with addition 
of sodium acetate (0.06 g, 2 molar equivalent) . T h e reaction 
mixture was processed as described for the preparat ion 
of 27. T h e products were fractionated by a silica-gel column 
with 1:4 2-butanone-toluene. T h e fractions containing the 
faster-moving component (i?f 0.48) were concentrated to 
give DL-l,2-di-0-acetyl-( l/2,6)-3-methylene-6-(/>-toluene-
sulfonamido)-4-cyclohexene-l,2-diol (35, 10 mg, 7%) as crys­
tals: m p 129—130 °G. * H N M R (GDG13 and D 2 0 ) ô 1.77 
(3H, s) and 2.05 (3H, s) (OAc), 2.40 (3H, s, tosyl methyl), 
4.06 ( I H broad d, 7 = 8 Hz, H-1) , 4.86 ( I H , broad d, J= 
8 Hz, H-1) , 4.96 ( I H , broad s, H-7), 5.06 ( I H , broad s, 
H-7 ' ) , 5.46 ( I H , broad d, J=ca. 10 Hz, H-5) , 5.56 ( I H , 
broad d, 7 = 8 Hz, H-2) , 7.23 (2H, d) and 7.68 (2H, d) 
( 7 = 9 Hz, phenyl) . 

Found: G, 56.65; H , 5.48; N , 3 .48%. Galcd for 
C 1 8 H 2 1 N 0 6 S : G, 56.98; H , 5.58; N , 3.69%. 

The second fractions (Rt 0.24) gave crystals of DL-1,2,7-
tri-O-acetyl- ( 1,3/2,6) - 3 - hydroxymethyl - 6 - (p - toluenesulfon-
amido)-4-cyclohexene-l,2-diol (33, 44 mg, 2 8 % ) : m p 156 
—157 °G. ^ N M R (GDGI3 and D 2 0 ) ô 1.74 (3H, s), 
1.99 (3H, s), and 2.02 (3H, s) (OAc), 2.41 (3H, s, tosyl 
methyl), 3.88 ( IH , dd, 7 = 7 and 12 Hz, H-7) , 4.06 ( I H , 
dd, 7 = 5 and 12 Hz, H - 7 0 , 4.78—5.28 (3H, m, H-1 and 
H-2), 5.50 (2H, s, H-4 and H-5) , 7.23 (2H, d) and 7.68 
(2H, d) ( 7 = 8 Hz, phenyl) . 

Found : G, 54.60; H , 5.72; N , 3 . 2 1 % . Galcd for 
G 2 0 H 2 5 NO 8 S: G, 54.66; H , 5.73; N , 3 .19%. 

The third fractions gave DL-tetra-0-acetyl-(l,3,5/2,4)-5-
hydroxymethyl-2-(/>-toluenesulfonamido) - 1,3,4-cyclohexane-
triol (32, 15 mg, 10%) as crystals: m p 137—138 °G. 
Recrystallization from ethanol gave an analytical sample. 
* H N M R (GDGI3 and D 2 0 ) ô 1.71 (3H, s), 1.79 (3H, s), 
1.97 (3H, s), and 2.03 (3H, s) (OAc), 2.37 (3H, s, tosyl 

methyl) , 3.65 (1H, t, 7 = 10 Hz, H-2) , 3.85 (1H, dd, J= 
2 and 11 Hz, H-7) , 4.02 (1H, dd, 7 = 4 and 11 Hz, H-7 ' ) , 
4.6—5.0 (3H, m, H - 1 , H-2, and H-4) , 7.22 (2H, d) and 
7.67 (2H, d) ( 7 = 9 Hz, phenyl) . 

Found : G, 52.70; H , 5.76; N , 2 .75%. Galcd for 
C 2 2 H 2 9 NO 1 0 S: G, 52.90; H , 5.85; N , 2 .80%. 

Reaction of 29 with Sodium Acetate. A mixture of 29 (0.12 
g) , anhydrous sodium acetate (0.055 g, 3 molar equivalent) , 
and D M F (5 ml) was stirred at 80 °G for 2 d. T h e reaction 
mixture was concentrated and the residue was taken u p 
in chloroform and filtered. T h e filtrate was concentrated 
and the residual product was fractionated on a silica-gel 
column with 1:4 ethanol- toluene as an eluent. T h e frac­
tions containing the major product gave crystals of D L - 1 , 2 -
di-0-acetyl-( 1,3/2,6)-3 - acetamidomethyl - 6 - (/>-toluenesulfon-
amido)-4-cyclohexene-l,2-diol (34). Recrystallization from 
ethanol-e ther gave an analytical sample (58 mg, 5 9 % ) : 
m p 193.5—194.5 °G. ^ N M R (CDC13 and D 2 0 ) ô 1.78 
(3H, s), 1.92 (3H, s), and 2.02 (3H, s) (NAc and OAc) , 
2.38 (3H, s, tosyl methyl) , 2.90 ( I H , dd, 7 = 5 and 14 Hz, 
H-7) , 3.64 ( I H , dd, 7 = 4 and 14 Hz, H - 7 0 , 3.99 ( I H , broad 
d, 7 = 8 Hz, H-6) , 4.65—5.10 (2H, m, H-1 and H-2), 5.34 
( I H , td, 7 = 2 , 2, and 12 Hz, H-4) , 5.57 ( I H , td, 7 = 2 , 2, 
and 12 Hz, H-5) , 7.26 (2H, d) and 7.67 (2H, d) ( 7 = 8 Hz, 
phenyl) . 

Found : G, 54 .51; H , 5.96; N , 6.19; S, 7.06%. Galcd 
for C 2 0 H 2 6 N 2 O 7 S: G, 54.78; H , 5.98; N , 6.39; S, 7 . 31%. 

DL-7,3,4- Tr i-O-acetyl-(1,2,4)3,5) -2- acetamido -5- bromomethyl-
1,3,4-cyclohexanetriol (36). Compound 16 (0.2 g) was 
heated with 2 0 % hydrogen bromide in acetic acid (3.5 ml) 
in a sealed tube a t 80 °G for 20 h. T h e mixture was poured 
into ice-water (50 ml) and, after overnight, the solution 
was extracted with chloroform ( 3 x 1 0 ml) . The extracts 
were dried and concentrated to give />-toluenesulfonic acid 
(77 mg) . T h e aqueous layer was concentrated to dryness 
and the residue was treated with acetic anhydride and pyri­
dine in usual way. T h e product was purified by passage 
through a short column of alumina with chloroform. Re­
crystallization from ethanol-ether gave 36 (124 mg, 69%) 
as needles: m p 177—178 °G. 1K N M R (GDG13) ô 1.96 
(3H, s), 1.98 (3H, s), 2.05 (3H, s), and 2.18 (3H, s) (NAc 
and OAc) , 3.37 (2H, d, 7 = 4 . 5 Hz, CH 2Br) , 4.21 (1H, td, 
7 = 3 , 9, and 9 Hz , H-2) , 4.82—5.30 (3H, m, H - 1 , H-3 , 
and H-4) , 6.23 (1H, d, 7 = 9 Hz, N H ) . 

Found : G, 43.94; H , 5.30; N , 3.37; Br, 19.69%. Galcd 
for G 1 5 H 2 2 BrN0 7 : G, 44.13; H , 5.43; N, 3.43; Br, 19.57%. 

T h e a u t h o r s wish to express t he i r t h a n k s to M r . 

S a b u r o N a k a d a for e l e m e n t a l ana lyses . 

R e f e r e n c e s 

1) T h e nomenclature is based on the I U P A C - I U B 
Tentat ive Gyclitol Nomenclature Rule [J. Biol. Chem., 22, 
5809 (1968)]. Alternatively, according to the proposal of 
McGasland,3) 5-hydroxymethyl-l,2,3,4-cyclohexanetetrols are 
named as pseudo-hexopyranoses. For convenience, all the 
formulas depict one of the respective enantiomers. 

2) For paper V I of this series, see S. Ogawa, M . Ara, 
T . Kondoh , M . Saitoh, R . Masuda, T . Toyokuni, and T . 
Suami, Bull. Chem. Soc. Jpn., 53, 1121 (1980). 

3) G. E. McGasland and S. Furuta , J. Org. Chem., 31 , 
1516 (1966). 

4) S. Umezawa, Adv. Carbohydr. Chem. Biochem., 30, 111 
(1974). 

5) S. Ogawa, I . Kasahara , and T . Suami, Bull. Chem. 
Soc. Jpn., 52, 118 (1979). 
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6) Compound 7 was obtained as one of the side products 
formed by the reaction of DL-tri-0-acetyl-(l,3/2,4,6)-4-bromo-
6-bromomethyl-l,2,3-cyclohexanetriol with sodium benzoate 
in aqueous D M F : S. Ogawa, N . Ghida, and T . Suami, 
Chem. Lett, 1980, 1559. 

7) Elimination of the azido group of 8 seemed to occur 
under the slightly basic conditions, decreasing the yield 
of 9. 

8) S. Nishimura, Bull. Chem. Soc. Jpn., 32, 61 (1959). 
9) T . Suami, S. Ogawa, K. Nakamoto, and I . Kasahara , 

Carbohydr. Res., 58, 240 (1977). 
10) K. B. Sharpless, D. W. Patrick, L. K. Truesdale, 

and S. A. Biller, J. Am. Chem. Soc, 97, 2305 (1975); K. B. 
Sharpless, A. O . Ghong, and K. Oshima, J. Org. Chem., 
41 , 177 (1976). 

11 ) Sharpless reaction has been already extensively studied 
in the field of carbohydrates: K. Heyns and J . Feldmann, 
Tetrahedron Lett., 1977, 2789; I . Dyong, Q . Lam-Chi , G. 
Schulte, B. Fraser-Reid, and L. Primeau, Angew. Chem., 
89, 565 (1977) and the references cited therein. 

12) Attempts to isolate the minor products were not 
made. 

13) T h e ! H N M R spectra of 33 and 35 were in good 
accord with those of the corresponding 3-acetates, respec­
tively.6) 

14) F . Arcamone, G. Ganevazzi, and M . Ghione, Giorn. 

Microbiol., 2, 205 (1956); L. A. Dolak, T . M . Castle, and 
A. L. Laborde, J. Antibiot., 33, 690 (1980) and the references 
cited therein. 

15) D. Horton, J . B. Huges, J . S. Jewell , K . D . Philips, 
and W. N. Turner , J. Org. Chem., 32, 1073 (1967). When 
an axial hydroxyl group locates at G-l , the C-2 /i-toluene-
sulfonamido group may be fixed by it, presumably, through 
a hydrogen bonding, in the position favorable for a shielding 
of the G-3 acetoxymethyl protons. 

16) a) F. W . Lichtenthaler, G. Bambach, and P. Emig, 
Chem. Ber., 102, 994 (1969); b) F . W. Lichtenthaler and 
P. Emig, Carbohydr. Res., 7, 121 (1968). In the J H N M R 
spectra in GDG13, the axial and equatorial acetoxyl groups 
of aminocyclitols and cyclitols were shown to resonate in 
the regions of ô 2.10—2.27 and 1.97—2.07, respectively. 

17) Compound 37 was prepared from DL-validamine with 
assistance of Messrs. N . Ghida and M . O h y a : m p 152— 
153 °C. X H N M R (CDG13, 90 MHz) Ô 1.79 (3H, s) and 
2.00 (9H, s) (OAc), 3.62—3.91 (2H, m, H-6 and H-7), 
4.03 ( I H , dd, / = 4 . 5 and 11.5 Hz, H-7 ' ) , 4.75 ( I H , dd, 
7 = 4 . 5 and 10.5 Hz, H-1), 4.87 ( I H , dd, 7 = 9 and 10.5 
Hz, H-3) , 5.23 ( I H , dd, 7 = 9 and 10.5 Hz, H-2), 5.43 ( IH , 
d, 7 = 4 . 5 Hz, N H ) . Found : C, 52.85; H, 5.58; N, 2.49; 
S, 6 .02%. Galcd for C 2 2 H 2 9 NO 1 0 S: G, 52.90; H , 5.85; 
N , 2.80; S, 6.42%. 

18) Taken on a Var ian EM-360A (60 MHz) spectrometer 
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Regio- and Stereoselective Cyclopentannulation with Ketones and Propargyl 
Alcohol Derivatives. Synthesis of c/7-Nootkatone and dZ-Muscopyridine 

Tamejiro HIYAMA,* Masaki SHINODA, Hiroyuki SAIMOTO, and Hitosi NOZAKI 

Department of Industrial Chemistry, Kyoto University, Yoshida, Sakyo-ku, Kyoto 606 
(Received January 27, 1981) 

A highly regio- and stereoselective five-membered ring annulation involving the acid-treatment of propargyl 
alcohol dianion adducts of ketones is described. The propargyl alcohol adduct of 2-octanone was converted 
into 2-methyl-3-pentyl-2-cyclopentenone by treatment with sulfuric acid-methanol (1:1) at 0 °G. As the major 
product, l-methylbicyclo[5.3.0]dec-6-en-8-one was produced from 2-methylcycloheptanone. Remarkable regio-
selective cyclopentannulation was observed in 2-methylcyclohexanone and 2,3-dimethylcyclohexanone wherein 
1-methyl- and *ra;u-l,2-dimethyl-substituted bicyclo[4.3.0]non-5-en-7-one (BNO) are produced, respectively. 
With 3-butyn-2-ol, 2-methylcyclohexanone was converted into the m-l,9-dimethyl-substituted BNO. 4-Iso-
propyl-2-methylcyclohexanone was transformed into an 83—85:17—15 mixture of £-3-isopropyl-r-l,£-9-dimethyl-
BNO and its 3-epimer. These results are explained in terms of the conrotatory ring-closure of thermodynamically 
most favorable hydroxypentadienyl cation intermediates. 3-Methoxycarbonyl-m-l,9-dimethyl-BNO produced 
from 4-methoxycarbonyl-2-methylcyclohexanone and 3-butyn-2-ol was successfully transformed into ^//-nootkatone 
by converting the methoxycarbonyl group into isopropenyl of correct stereochemistry followed by ring enlarge­
ment. Cyclopentannulation using propargyl alcohol dianion adducts of 2-cycloalkenones is discussed. An­
nulation takes place regioselectively to give conjugated dienones, e.g., (£)-bicyclo[10.3.0]pentadeca-l(12),2-
dien-13-one from 2-cyclododecenone. This product is led to *//-muscopyridine by conjugate 1,6-addition of 
methyl group followed by ring expansion and finally by aromatization with hydroxylamine hydrochloride. 

Selective ring-forming reactions are important with 
respect to construction of fused carbocyclic skeletons. 
The regio- and stereochemistry of the annulation in 
particular should be controlled. The Robinson an­
nulation has been extensively studied and is now 
well-established.1) T h e analogous synthetic problem 
for five-membered ring annulation2) still remains un­
solved in spite of the development of efficient three-
carbon annulation process.3-5) In view of the stereo-
specificity of electrocyclic reactions, the ring-closure 
of pentadienyl cation intermediates was utilized.6) 
Characteristic procedures have been developed for cy­
clopentannulation,7»8) but though highly efficient for 
simple cyclic ketones, the method7b) involving dichlo-
roallyllithium-ketone adducts is not applicable to a 
moderately hindered ketone such as 2-methylcyclo­
hexanone. Having made efforts to elaborate access 
to 2-substituted cycloalkanones, we have found a pro­
cess noted briefly by Islam and Raphael951) and 
others9b»c) which is effective as regards to regio- and 
stereoselectivity. Details are reported herein.10) 

Cyclopentannulation of 2-Methylcyclohexanones. In 
order to disclose the regioselectivity of the Raphael 
process, 2-octanone was allowed to react with the 
dilithium salt of propargyl alcohol, and the resulting 
adduct was treated with sulfuric acid-methanol (1:1) 
at 0 °G to give 2-methyl-3-pentyl-2-cyclopentenone (1) 
as a sole product. Starting with 2-methylcyclohep­
tanone, we obtained 2 as the major product. Thus , 
the more substituted a-carbon of these ketones is pref­
erentially incorporated into the five-membered ring. 
This selectivity may be attributed to the thermo­
dynamically most stable intermediates of types A and 
B, respectively, showing a sharp contrast to the ex­
clusive production of 3 from 2-methylcycloheptanone 
by the dichloroallyllithium method.7b) 

Remarkable selective annulation was observed in 
2-methylcyclohexanone derivatives (Table 1). The 
propargyl alcohol adduct 5 of 2-methylcyclohexanone 
(4) was cyclized under acidic conditions to give the 

o°c, 

CC ct: 

hexahydroindenone derivative 6 exclusively. T h e elec­
trocyclic ring-closure of the intermediate C followed 
by deprotonation should be responsible for selective 
annulation. 

W h e n 3-butyn-2-ol was added to 4 and the adduct 
7 treated with sulfuric acid and methanol, oy-3,3a-
dimethylhexahydroindenone 8 was produced along 
with its isomer 9. T h e stereochemistry of 8 was un­
ambiguously established by transforming 8 into the 
known octalone 28 (Scheme 1). Thus, dibromo-
methyllithium11) was allowed to react with 8, and the 
adduct 26 was then treated with 2 mol of butyllithium 
to give 27, One methylene unit is selectively insert-
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TABLE 1. CYCLOPENTANNULATION OF 2-METHYLCYCLOHEXANONE DERIVATIVES 

Entry Gyclohexanone Pr°Pde7ivadv™h01 A d d u c t (% Y ield) Annulated product (% yield) 

cc 

a 
10 

13 

GH=GGH2OH 

C H E C C H O H 

GH3 

C H E C C H X ) H 

17 

C H E C C H O H 

GH3 

G H E G G H O H 

GH, 

5 (88) a> 

7(84) 

ll(89)c> 

14(87) 

18(71) 

15 16 
1% yield,15 :1683-85:17-15) 

19(55) 

V_/ 20 

.XX 
23 

G H E G G H O H 

GH3 

G H E G G H O H 

CH-, 

21 (84) d) 

24(86) 

22(34) 

^ 

25(60) 

a) Diastereomer ratio 42:58. Although the compounds were separable, the mixture was used directly for the next 
annulation, b) Two of the diastereomers were separable, the mixture being used for the subsequent annulation. 
c) About 1:1 diastereomeric mixture, d) Based on the consumed cyclohexanone. e) Isolated as carboxylic acid. 

Scheme 1. 

ed between the carbonyl and olefinic carbon of 8. 
Treatment with aqueous sulfuric acid gave 28 having 
a ! H - N M R absorption at ô 1.08 (singlet for the bridge­

head methyl) consistent with the eis isomer 28 (cf. 
the trans isomer, ô 1.27).12) The sole formation of 
8 is ascribed to the conrotatory ring-closure of the 
intermediate D wherein the steric interaction between 
the two methyl groups is most reduced. 

Using 2,3-dimethylcyclohexanone and propargyl al­
cohol, we attempted to cyclize the adduct 11 with 
sulfuric acid-methanol mixture as above and obtained 
an intractable mixture of products. The result was 
improved by converting the diol 11 into a mono-
acetate with acetic anhydride in pyridine and by 
employing 2,2,2-trifluoroethanol in place of methanol, 
a single product 12 being formed whose stereochem­
istry was established by transformation into the known 
enol lactone 3013) (Scheme 2). The enone moiety 
of 12 was reduced with lithium in anhydrous am­
monia and the resulting enolate was trapped with 
acetic anhydride to give 29. Ozonolysis of 29 fol-
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lowed by lactone formation with acetic anhydride and 
sodium acetate gave 30 which exhibited a X H-NMR 
absorption at ô 1.20 (singlet for bridgehead methyl) 
pertinent to the trans isomer (cf. ô 1.03 for the eis 
isomer).13) 

a,b c,d ^ 

30 

a: Li/NH3> b: A c ^ , c: Og, Me„S, d: Ac O, AcONa 

Scheme 2. 

Let us consider the factors governing the transfor­
mation of 11 into 12. A priori, four intermediates 
E—H are conceivable precursors for the five-mem-
bered ring annulation. The intermediate E or F gives 
12 while G or H affords the eis isomer of 12. Ex­
amination of molecular models suggests that in G 
or H severe interaction between the two methyl groups 
takes place as new G-C bond formation proceeds. 
However, such an interaction is not crucial in E or 
F since the two methyl groups are further apar t dur­
ing the course of G-G bond formation. Of the two 
favorable intermediates E and F, E seems to be the 
responsible one since the methyl group on the six-
membered ring takes a pseudoequatorial position and 
G-G bond formation takes place from the antiperi-
planar direction of a pseudoaxial G - H bond under 
orbital control.14) 

H 
CH..1 

H T* 
CH3^L / 

/ \ 3=, 

2k 

» ^ 

kT¥f 

Provided that such orbital control is operative dur­
ing the course of cyclization, we can take advantage 
of this effect by starting with 4-isopropyl-2-methyl-
cyclohexanone (13) and 3-butyn-2-ol. The interme­
diate postulated here would be I whose isopropyl 
group should prefer an equatorial position; G-C bond­
ing should occur from the antiperiplanar direction 
of the pseudoaxial C - H bond to produce a hexa-
hydroindenone derivative with all eis substituents pre­
dominantly. This was found to be the case. 

Addition of 3-butyn-2-ol to 13 gave an acetylenic 
diol 14 as a mixture of eight possible diastereomers. 
Without separation of the diastereomers, 14 was treat­

ed with sulfuric acid and methanol (1:1) at 0 °G to 
afford two products 15 and 16 in a ratio of 83:17 
or 85:15 as revealed by ^ - N M R or GLG respec­
tively. The stereochemical outcome was secured by 
converting the mixture of products into an 82:18 (1H-
N M R ) mixture of 31 and 32 by the sequence shown 
in Scheme 3 and by comparison of the retention time 
on capillary column GLG as well as ^ - N M R spectra 
with those of each authentic sample. The authentic 
samples of 31 and 32 were prepared by the hydro­
génation of 7-^'-nootkatone15) and nootkatone,16) re­
spectively, with the aid of the catalyst chlorotris(tri-
phenylphosphine)rhodium(I). 

(82 : 18) 32 

Scheme 3. 

The results of entries 1—4 in Table 1 can be sum­
marized as follows. A cyclohexanone 33 is converted 
by attaching a three-carbon unit of 34 into 35 in which 
the alkyl substituent R 3 on the bridgehead carbon 
comes invariably eis to R4, trans to R2 and selectively 
eis to R1. 

+ HCSCCHOH 

I* 
34 

33 

Synthesis of dl-Nootkatone. Scheme 3 shows that 
the annulation process is effective for stereoselective 
synthesis of an eremophilane-type sesquiterpene. We 
have applied this process to the synthesis of ^/-noot­
katone,16-17) a component of the taste and flavor of 
grapefruit (Citrus paradisi Macfayden). Its carbon 
framework is characterized by the C(7)-epimer of 
eremophilane, vis., valencane. An at tempt using the 
adduct 18 of 17 and 3-butyn-2-ol resulted in the 
isomerization of the isopropenyl G^G bond to the 
conjugated one to give 19. Taking account of the 
required epimerization at G (7), we started with 20 
and obtained apossible precursor of nootkatone, 22, in 
3 4 % yield. Because of the relative inefficiency of the 
annulation as well as the difficulty to obtain the start­
ing material in large amount, we abandoned this 
route. 

An ester group is found to be the appropriate func­
tional group equivalent to isopropenyl group. The 
starting cyclohexanone 2318) was synthesized by the 
Diels-Alder reaction of methyl acrylate and 2-methyl-
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CHBr0 

a:HSCH2CH2SH, BF^OEt2, b:KOH, c: MeLl, dt Ph3P=CH2, DMSO, e: i - C ^ O N O , f: CeClg-NaB^ 

grPyHClCrO , h: LiCHBr2, i: BuLi, j : 5% HgSO^THF 

Scheme 4. 

3-trimethylsilyloxybutadiene19) followed by hydrolysis. 
Subsequent addition of 3-butyn-2-ol was effected with 
concomitant hydrolysis of the ester group to give the 
adduct 24 as a stereoisomer^ mixture, which was 
then treated with sulfuric acid-methanol (1:1) at 50 
°G. T h e annulation product 25 was found to be 
a 3 : 2 mixture of epimers as evidenced by GLG and 
1 3G-NMR. Subsequent steps toward the target 43 are 
illustrated in Scheme 4. 

In order to convert the methoxycarbonyl group of 
25 into isopropenyl moiety of the correct configura­
tion, we first transformed 25 into the ethylene dithio-
acetal 36 whose methoxycarbonyl group was trans­
formed into isopropenyl group by standard methods. 
T h e final product 37 exhibited a 1 H - N M R spectrum 
revealing at least 9 7 % stereochemical purity although 
one of its precursors, the methyl ketone, was a ca. 
7: 3 mixture of epimers. Probably epimerization took 
place before the Wittig olefiniation to yield a ther-
modynamically favorable product and/or the ther-
modynamically favorable isomer reacted more rapidly. 
Deprotection of the dithioacetal group was accom­
plished with isopentyl nitrite20) to give the desired 
intermediate 38. The configuration at G (5) turned 
out to be the correct one (purity > 9 7 % ) as evidenced 
by hydrogénation of 38 to 16 with chlorotris(triphenyl-
phosphine) rhodium (I) as a catalyst16*) and by com­
parison of the spectrometric and chromatographic fea­
ture of 38 with those of the authentic specimen. Al­
though the stereochemical outcome of 38 prepared 
by this route is acceptable, both formation and re­
moval of the dithioacetal group were relatively in­
efficient (57% and 4 8 % yield respectively), and hence 
another route from 25 to 38 was explored. 

The enone 25 was reduced with sodium borohydride-
cer ium(III) chloride21) in methanol to give an allyl 
alcohol 39 which was converted into a methyl ketone 
40 as above. The Wittig reaction of 40 followed by 
oxidation with pyridinium chlorochromate gave 38 of 
> 8 8 % stereochemical purity at G (5) in 7 8 % overall 

TABLE 2. GYCLOPENTANNULATION OF 2-CYCLOALKENONES 

2 CVHoalkenone Propargyl alcohol Annulated product ^ycloaikenone a d d u c t ( % y i d d ) ( % y i d d ) 

45(92) 

46(65) 

cr 
47 

cr 
50 

48(51a>, 76b>) 

51 (65) 

49(42) 

52<49> 

a) Gyclooctenone (30%) recovered, b) Yield based on 
the consumed starting enone. 

yield. 
Final ring-enlargement was effected by the /?-oxido 

carbenoid procedure.11) The hexahydroindenone 38 
was allowed to react with dibromomethyllithium at 
— 78 °G to give the adduct 41 which in turn was treated 
with 3 equivalents of butyllithium at —95 °G for 1.6 
h to give an octalone 42. T h e I R of 42 showed the 
presence of a cyclohexanone moiety with no contamina­
tion of a conjugated enone. Subsequently, 42 was 
isomerized to flf/-nootkatone in 5 % sulfuric ac id -THF 
(1:1). T h e synthetic sample thus prepared was of 
more than 9 3 % purity and chromatographically and 
spectrometrically identical with the authentic spec­
imen.1651) 

Cyclopentannulation of 2-Cycloalkenones. Having 
disclosed the salient feature of the cyclopentannula-
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tion using 2-methylcycloalkanones and propargyl 
alcohol we extended the concept to 2-functionalized 
cycloalkanones such as 2-phenylthiocyclohexanone, 
2 - chloro - 2 - methylcyclohexanone, and 2 - propargyl -
cyclohexanone. Although the addition of propargyl 
alcohol dianion occurred with no trouble, the next 
acid-catalyzed cyclization turned out futile. We even­
tually found that 2-cycloalkenones undergo regioselec-
tive annulation (Table 2). 

2-Cyclododecenone (44) was allowed to react with 
propargyl alcohol and the adduct 45 was treated 
with a 1: 2 mixture of sulfuric acid and methanol at 
—20 to — 3 °G to give the conjugated dienone 46. 
The spectral data of 46 (see Experimental) are fully 
consistent with the given structure. In particular, the 
configuration of the newly produced O C bond was 
found to be (E) based on the ^ - N M R and I R spec­
tra. The formation of the conjugated dienone is ex­
plained in terms of the conrotatory ring-closure of 
a heptatrienyl cation J to a vinylcyclopentenyl cation 
K,22) since the disrotatory ring-closure of J to a cyclo-
heptadienyl cation L is sterically hindered by the 
octamethylene chain. It is worthy to note that the 
C( l ) and G(2) solely of 44 are incorporated into the 
five-membered ring. In this sense the annulation is 
regioselective. 

This two-step annulation was applied to lower homo-
logs (Table 2) with less satisfactory results. The major 
obstacle was low efficiency in the addition of propargyl 
alcohol dianion to enones to induce enolization of 
the enones. The next cyclization is best performed 
by using the monoacetates of the adducts and by 
dissolving the monoacetates in sulfuric acid-methanol . 
Thus, bicyclic conjugated dienones 46—52 are now 
easily available which are otherwise hardly accessible. 

Synthesis of dl-Muscopyridine. With the dienone 
46 in hand, we planned to synthesize dl-muscopyridine 
(55).23) A logical precursor of 55 should be 7-methyl-
1,5-cyclopentadecanedione (54, Scheme 5). However, 
the introduction of methyl group into the parent di­
ketone at the desired position is apparently difficult. 
We anticipated that diketone 54 would be derived 
from the bicyclic cyclopentenone 53. 

Selective 1,6-conjugated addition of the methyl 
group across the dienone moiety of 46 was best carried 
out using methylmagnesium iodide in the presence 
of copper(I) chloride,24) 53 being obtained as the sole 
product. Dimethylcopperlithium turned out futile to 
give an intractable mixture of products with no trace 
of the desired one. Subsequent transformation into 
the diketone 54 was carried out according to the pro­
cedure of Gray and Dreiding.25) Thus, 53 was reduc­
ed with sodium borohydride to an allyl alcohol which 
was then oxidized to an epoxy alcohol with wz-chloro-
peroxybenzoic acid. Tosylation followed by solvolysis 

a: CHgMgl, CuCl, THF, b: NaBH , c: m-ClC H CO H, 

Scheme 5. 

in aqueous dioxane gave the diketone, which was 
finally heated with hydroxylamine hydrochloride in 
ethanol at 160 °G.26) *//-Muscopyridine (55) thus pre­
pared exhibited correct spectra. 

Exper imenta l 

Distillation was carried out by use of Kugelrohr (Büchi) 
and boiling points were determined by measuring the bath 
temperature. All temperatures are uncorrected. 1H-NMR 
spectra (tetramethylsilane as an internal standard) were 
obtained on a Varian EM 390 spectrometer, chemical shifts 
being given in ppm unit, 13G-NMR spectra on a Varian 
GMR-20 spectrometer, IR spectra on a Shimadzu IR-27G 
spectrometer in neat liquid film unless otherwise stated, 
MS on a Hitachi RMU-6L spectrometer, exact mass on a 
JEOL-JMS-D 300 spectrometer and UV on a Hitachi 
124 spectrophotometer. Propargyl alcohol was distilled be­
fore use. 3-Butyn-2-ol (Tokyo Kasei-Kogyo Go. or Nakarai 
Chemicals Ltd., 55% aqueous solution) was used. Com­
mercial sulfuric acid (95%) was used for cyclization. Pre­
parative TLC plates (20 cm X 20 cm) were prepared with 
Merck Kiesel-gel PF254. Column chromatography was car­
ried out with silica gel (Wakogel C-100) at atmospheric 
pressure. 

Synthesis of 2-Methyl-3-pentyl-2-cyclopentenone (1) from 2-
Octanone. Under a nitrogen atmosphere at — 78 °C, 
butyllithium (1.50 Mt hexane solution, 6.0 ml, 9.0 mmol) 
was added dropwise to a tetrahydrofuran (THF, 15 ml) 
solution of propargyl alcohol (0.25 g, 4.5 mmol). After stir­
ring for 70 min, 2-octanone (0.39 g, 3.0 mmol) in THF 
(5 ml) was added and the reaction mixture was warmed 
to room temperature and stirred for 30 min. Work-up fol­
lowed by preparative TLC purification (ether, Rf 0.68— 
0.84) gave 4-methyl-2-decyne-l,4-diol (0.42 g, 75% yield) 
as a viscous oil. IR: 3324, 1038, 1000 cm"1; XH-NMR 
(CC14): Ô 0.7—1.8 (m, 13H), 1.43 (s, 3H, CH3), 4.20 (s, 
2H, CH2OH), 3.9—4.5 (br s, 2H, OH); MS: m/e (rel in­
tensity) 169 (M+-CH3, 4), 99 (100, M+-C 6 H 1 3 ) , 81 (24). 
Found: C, 71.73; H, 11.22%. Calcd for C nH 2 0O 2 : C, 
71.69; H, 10.94%. 

Sulfuric acid (1.5 ml) was added dropwise over a period 
of 20 min to a methanol solution (1.5 ml) of 4-methyl-2-

t 1 M = 1 mol dm~3. 
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decyne-l,4-diol (172 mg, 0.93 mmol) at 0 °G. After stir­
ring for 1.7 h, the reaction mixture was diluted with ether 
(10 ml) and neutralized with aqueous sodium hydrogen-
carbonate solution. T h e organic phase was separated, and 
the aqueous phase was extracted thoroughly with ether, 
the combined ethereal extracts being dried (Na 2 S0 4 ) and 
concentrated in vacuo. Preparat ive T L G (hexane-ether 1:1, 
R{ 0.34—0.53) of the residue gave l7b> (90 mg, 5 8 % yield). 

Cyclopentannulation of 2-Methylcycloheptanone. Butyl-
li thium (1.81 M hexane solution, 8.3 ml, 15 mmol) was add­
ed at — 78 °G under a nitrogen atmosphere to propargyl 
alcohol (0.40 g, 7.1 mmol) in T H F (30 ml) in 5 min. T h e 
resulting viscous solution was stirred for 1 h and admixed 
with 2-methylcycloheptanone (0.60 g, 4.8 mmol) in T H F 
(5 ml) during a period of 10 min. Stirring at — 78 °G 
for 3 h, at room temperature for 0.5 h, followed by work­
up , gave an oil ( 1.15 g) . Purification by column chro­
matography (hexane-ether 1:1) gave the desired diol (TLG, 
hexane-e ther 10: 3, Rf 0.28, single spot, 0.67 g, 77% yield; 
8 7 % based on the consumed ketone) along with the re­
covered 2-methylcycloheptanone (68 mg, 10% recovery). 
T h e diol, m p 68.0—68.1 °G (hexane), showed the following 
spectra. « - N M R (GG14) : Ô 1.08 (d, 7 = 6 . 0 Hz, 3H, GH 3 ) , 
1.2—2.2 (m, 11H, methylenes and methine) , 3.95 (br s, 
1H, O H ) , 4.20 (s, 2H , C H 2 O H ) , 4.60 (br s, 1H, O H ) ; I R : 
3340, 1090 c m - 1 ; M S : m/e (rel intensity) 182 (M+, 5), 164 
(7), 151 (29), 111 (64), 79 (80), 55 (100). Found : G, 72.54; 
H , 10.09%. Galcd for G n H 1 8 0 2 : G, 72.49; H , 9.96%. 

Sulfuric acid (1.0 ml) was added dropwise over a period 
of 10 min at 0 °G to a methanol (0.1 ml) solution of the 
diol (17 mg, 0.093 mmol) . T h e reaction mixture turned 
dark reddish purple. After 4 h the reaction was quenched 
by dilution with ether (10 ml) and neutralization with so­
d ium hydrogencarbonate aqueous solution. T L G purifica­
tion of the crude product (hexane-ether 2:1) gave 1 -methyl-
bicyclo[5.3.0]dec-6-en-8-one (2) (10.0 mg, 6 7 % yield, Rf 

0.41—0.50) and 6-methylbicyclo[5.3.0]dec-l (7)-en-8-one 
(3)7b> (2.1 mg, 14% yield, Rf 0.22—0.26). Physical prop­
erties of 2 : b p 97—103 °G (bath temp)/0.06 Torr t t . « -
N M R (GG14): ô 1.11 (s, 3H, GH 3 ) , 1.3—2.8 (m, 12H, methyl­
enes), 6.57 (dd, 7 - 7 . 0 , 5 . 0 H z , 1H, olefinic H ) ; I R : 1716, 
1643 c m - 1 ; M S : m/e (rel intensity) 164 (M+, 70), 149 (67), 
122 (100), 107 (91), 93 (98), 79 (93). Found : G, 80.57; 
H , 10.08%. Galcd for G n H l e O : G, 80.44; H , 9 .83%. 

T h e regioselectivity of the annulat ion at 0 °G was de­
pendent on the acidic conditions. Conditions, y ie ld(%), 
ratio of 2 to 3 were as follows: sulfuric ac id-methanol (1 :1) , 
6 1 % , 7 7 : 2 3 ; sulfuric ac id-methanol ( 1 : 10), 90, 4 0 : 6 0 ; sul­
furic acid-acetic acid (1:1), 59, 84:16; sulfuric acid-2,2,2-
trifluoroethanol (1 :1) , 55, 7 5 : 2 5 ; sulfuric acid only, 62, 
88:12; sulfuric ac id-methanol (1:1) and 1 mol of mer­
cury (II) sulfate, 9 7 % , 82:18. 

Cyclopentannulation of 2-Methylcyclohexanone (4) with 
Propargyl Alcohol. Propargyl alcohol dianion solution was 
prepared at — 78 °G under a nitrogen atmosphere by add­
ing butyll i thium hexane solution (2.0 M, 15.8 ml, 32 mmol) 
to propargyl alcohol (0.85 g, 15.1 mmol) in T H F (40 ml) , 
and stirring for 3 h. Addition of 2-methylcyclohexanone 
(1.12 g, 10.0 mmol) dissolved in T H F (10 ml) followed by 
stirring at — 78 °G for 1 h, at room temperature for 0.5 h, 
and then work-up gave an oil which was purified by column 
chromatography to give the adduct 5 (1.48 g, 8 8 % yield) 
as ca. 3 : 2 diastereomeric mixture (TLG, hexane-e ther 1:2, 
Rt 0.14 and 0.22). « - N M R (GG14) : ô 1.01 (d, J=5.0 
Hz, 3H) , 1.2—2.2 (m, 9H) , 3.67 (br s, 1H), 4.19 (s, 2H) , 

t t 1 T o r r - 1 3 3 . 3 2 2 Pa. 

4.50 (br s, 1H) ; I R : 3340, 1012, 9 6 8 c m " 1 ; M S : m/e 168 
(M+). Each diastereomer was separated by careful column 
chromatography. T h e less polar isomer: colorless needles, 
m p 36.2—37.0 °G (hexane). Found : C, 71.29; H , 9.66%. 
T h e more polar isomer: b p 126—128 °G (bath temp)/0.06 
T o r r ; Found : G, 71.44; H , 9 . 7 1 % . T h e mixture was used 
for the subsequent cyclization. 

Sulfuric acid (1.5 ml) was added dropwise at 0 °G over 
a period of 15 min to a methanol (1.5 ml) solution of the 
adduct 5 (162 mg, 0.96 mmol) . Stirring for 1.5 h at 0 °G, 
followed by extractive work-up as before and preparative 
T L G (dichloromethane), gave 1-methylbicyclo[4.3.0]non-5-
en-7-one (6) (101 mg, 7oVo yield, Rf 0.35—0.49). GLG 
assay of the reaction mixture showed the presence of a trace 
amount (less than 5%) of the regioisomer corresponding 
to 3 . Physical properties of 6 a re : bp 78—80 °G (bath 
t emp) /0 .04Tor r ; « - N M R (GG14): ô 1.08 (s, 3H, GH 3) , 
1.2—2.5 (m, ÎOH), 6.37 (t, 1H, 7 = 3 . 6 H z ) ; I R : 1716, 
1 6 4 6 c m - 1 ; M S : m/e (rel intensity) 151 ( M + + 1 , 8), 150 
(M+, 42), 135 (32), 122 (33), 108 (75), 93 (88), 79 (100). 
Found : G, 79.69; H , 9 .33%. Galcd for G 1 0 H 1 4 O: G, 
79.95; H , 9 .39%. 

Each diastereomer of 5 was separated by preparative 
T L G and subjected to cyclization under similar conditions. 
T h e more polar isomer gave 6 in 6 6 % isolated yield, and 
the less polar one in 6 2 % isolated yield. 

Annulation of 2-Methylcyclohexanone (4) with 3-Butyn-2-ol. 
Potassium hydroxide (6.80 g, 121 mmol) was dissolved in 
5 5 % aqueous solution (5.7 g, 45 mmol) of 3-butyn-2-ol and 
the resulting solution was warmed at 40 °G. T o this mix­
ture was added dropwise 2-methylcyclohexanone (3.4 g, 30 
mmol) over a period of 2 h, and the whole was stirred for 
24 h at 40 °G, then diluted with water (10 ml) and extracted 
with ether (20 ml X 4 times). T h e ethereal extracts were 
dried with anhydrous sodium sulfate and concentrated in 
vacuo. Column chromatography of the residue (hexane-
ether 1:2) gave l-(3-hydroxy-l-butynyl)-2-methylcyclo-
hexanol (7) as a diastereomeric mixture (Rf 0.24 and 0.35 on 
T L G with hexane-ether 1:2) (4.6 g, 8 4 % yield), bp 110— 
118 °G (bath temp)/0.08 Torr . « - N M R (GG14) : ô 0.91 
(d, 7 = 6 . 0 Hz, 3H) , 1.02 (d, 7 = 6 . 0 Hz, 3H) , 1.1—2.1 
(m, 9H) , 3.5—4.3 (br s, 2H , O H ) , 4.3—4.7 (m, 1H, G H -
O H ) ; I R : 3344, 1116, 1062, 1024 cm" 1 ; M S : m/e 182 (M+). 
Found : G, 72.20; H , 10.15%. Galcd for G n H 1 8 0 2 : G, 
72.49; H , 9 .96%. 

Sulfuric acid (1.0 ml) was added at 0 °G over a period 
of 10 min to 7 (106 mg, 0.58 mmol) dissolved in methanol 
( 1.0 ml) . After 30 min the reaction was stopped by dilu­
tion with ether (10 ml) and neutralization with aqueous 
sodium hydrogencarbonate solution. T h e ethereal extracts 
were dried (Na 2 S0 4 ) , concentrated in vacuo to give an oil 
(107 mg) . Preparative T L G purification (hexane-ether 1:1) 
gave l,9-m-dimethylbicyclo[4.3.0]non-5-en-7-one (8) (63 
mg, 6 7 % yield, Rt 0.58—0.71) and 1,9-dimethylbicyclo-
[4.3.0]non-8-en-7-one (9) (10 mg, 10% yield, Rf 0.47— 
0.58). GLG assay of the crude product gave the 8 :9 ratio 
to be 86:14. Physical properties of 8 were as follows. Bp 
105—112 °G (bath temp)/0.07 Tor r ; « - N M R (CG14) : ô 
0.95 (s, 3H, G-GH 3 ) , 1.07 (d, 7 = 6 . 0 Hz, 3H, G H - G H 3 ) , 
1.5—2.3 (m, 9H) , 6.37 (t, 1H, 7 = 3 . 0 Hz, olefinic H ) ; I R : 
1723, 1653 c m - 1 ; M S : m/e (rel intensity) 164 (M+, 50), 
149 (23), 136 (15), 122 (95), 79 (100). Found : G, 80.65; 
H , 10.04%. Galcd for G n H 1 6 0 : G, 80.44; H , 9 .83%. 
Physical properties of 9 : bp 110—118 °G (bath temp)/ 
0.09 T o r r ; « - N M R (GG14) : Ô 1.23 (s, 3H) , 1.0—2.3 ( m + d 
( 7 = 1.7 Hz) at ô 1.99, 12H), 5.70 (q, 7 = 1.7 Hz, 1H); I R : 
1700, 1619 c m - 1 ; M S : m/e (rel intensity) 164 (M+, 46), 149 
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(100), 135 (22), 122 (27). Exact mass, found: m/e 164.1213 
(M+). Galcd for G u H 1 6 0 : mje 164.1201. 

Transformation of 8 to an Octalone 28. Li thium di-
cyclohexylamide, prepared by addition of butylli thium (1.81 
M hexane solution, 1.70 ml, 3.1 mmol) to a T H F (2 ml) 
solution of dicyclohexylamine (0.56 g, 3.1 mmol) at 0 °G 
and by stirring the solution at 0 °G for 15 min, was added 
dropwise over a period of 2.3 h to a mixture of 8 (0.163 
g, 1.0 mmol) and dibromomethane (0.37 g, 2.1 mmol) dis­
solved in T H F (3 ml) at — 78 °G under an argon atmosphere. 
The reaction mixture was stirred at — 78 °C for 40 min 
and quenched by adding methanol (1.0 ml) at — 78 °G. 
The reaction mixture was then warmed to room tempera­
ture, diluted with water (10 ml) and then treated with 5 % 
hydrochloric acid. T h e precipitated insoluble material was 
filtered and washed with ether thoroughly. T h e aqueous 
phase of the filtrate was separated from the ethereal one and 
extracted with ether (20 m i x 4 times). T h e combined ethe­
real extracts were dried ( N a 2 S 0 4 ) , and concentrated under 
reduced pressure to give an oil (0.45 g) . Preparative T L G 
purification (benzene) gave the adduct 26 (i?f 0.34—0.46, 
0.20 g, 60% yield; 8 3 % yield based on the consumed start­
ing material) along with the recovered 8 (R{ 0.08—0.21, 
46 mg) . *H-NMR (CG14) of 26 : Ô 0.94 (d, 7 = 7 . 5 Hz , 
3H), 1.00 (s, 3H) , 1.0—2.7 (m, 9H) , 5.63 (t, 7 = 3 . 3 Hz , 
IH) , 5.80 (s, 1H, GHBr 2 ) ; I R : 3440 cm- 1 . 

T h e adduct 26 (168 mg, 0.50 mmol) was dissolved in 
T H F (4 ml) under an argon atmosphere, and a butylli thium 
hexane solution (1.83 M , 0.60 ml, 1.1 mmol) was added 
dropwise over a period of 12 min to the solution cooled at 
— 95 °G. The reaction mixture was stirred at —95 °G for 
2 h, then warmed to 0 °G, stirred for 5 min, and quenched 
with water (10 ml) . Ether extraction (20 m i x 4 times) 
followed by drying (Na 2 S0 4 ) and concentration gave a 
crude product (115 mg) which was purified by preparative 
T L C (benzene) to give the octalone 27 (R{ 0.32—0.43, 36 
mg, 4 1 % yield). I R : 1715 cm" 1 ; i H - N M R (GG14): ô 0.94 
(d, 7 = 6 . 0 Hz, 3H) , 1.10 (s, 3H) , 1.1—2.5 (m, 9H) , 1.73 
(d, 7 = 15.6 Hz, I H ) , 3.10 (dm, 7 = 1 5 . 6 Hz, I H ) , 5 .3— 
5.5 (m, I H ) ; M S : m/e (rel intensity) 178 (M+, 50), 163 
(23), 150 (23), 136 (56), 108 (76), 93 (100). 

T h e octalone 27 (15 mg, 0.08 mmol) was dissolved in 
T H F (0.5 ml) and 5 % aqueous sulfuric acid (0.5 ml) and 
stirred for 2 h at room temperature. Work-up and T L G 
purification (hexane-ether 1:1) gave the octalone 2812> (R{ 

0.23—0.31, l l m g , 7 3 % yield). *H-NMR (GG14): ô 0.94 
(d, 7 = 6 . 0 Hz , 3H) , 1.08 (s, 3H) , 1.1—2.5 (m, 11H), 5.60 
(br s, I H ) ; I R : 3129, 1663, 1614cm- 1 ; M S : m/e (rel in­
tensity) 178 (M+, 44), 163 (15), 150 (12), 136 (100), 121 
(56). T h e recorded chemical shifts (GG14) of 28:12> ô 1.03 
(s, 3H) , and its trans isomer ô 1.27 (s, 3H) . 

Cyclopentannulation of 2,3-Dimethylcyclohexanone (10) with 
Propargyl Alcohol. Propargyl alcohol dianion was pre­
pared by adding butyllithium hexane solution (1.92 M , 
7.8 ml, 15.0 mmol) to propargyl alcohol (0.39 g, 7.0 mmol) 
in T H F (35 ml) at - 7 8 °G and allowed to react with 2,3-
dimethylcyclohexanone (0.57 g, 4.5 mmol) dissolved in T H F 
(10 ml) at — 78 °G for 2.5 h, and at room temperature for 
40 min. Work-up followed by column chromatography 
(hexane-ether 1:2) gave l-(3-hydroxy-l-propynyl)-2,3-di-
methylcyclohexanol (11) (0.74 g, 8 9 % yield). Bp 118— 
126 °G (bath temp)/0.06 Tor r ; i H - N M R (GDG13) : ô 0.8— 
1.0 (d, 6H) , 1.0—2.3 (m, 8H) , 3.08 (s, 2H) , 4.26 (s, 2 H ) ; 
I R : 3340, 1008 c m - 1 ; M S : m/e (rel intensity) 182 (M+, 
trace), 164 ( M + - H a O , 8), 149 (33), 135 (42), 93 (44), 
55 (100). Found: G, 72.42; H , 10 .11%. Galcd for G n -
H 1 8 O a : G, 72.49; H , 9.96%. 

T h e diol 11 (0.28 g, 1.5 mmol) was admixed with acetic 
anhydride (1 ml) and pyridine (0.1 ml) at room tempera­
ture for 50 min, all volatile material being evaporated with 
the aid of a vacuum p u m p . T h e residue was dissolved 
in 2,2,2-trifluoroethanol (1 ml) . T o the resulting solution 
was added dropwise at 0 °C a mixture of sulfuric acid ( 1 ml) 
and 2,2,2-trifluoroethanol (1 ml) . T h e reaction mixture was 
stirred overnight and warmed u p to room temperature . 
Work-up gave an oil (0.37 g) which was purified by prepara­
tive T L G (benzene-ether 10:1) to give trans-1,2-dimethyl-
bicyclo[4.3.0]non-5-en-7-one (12) (Rt 0.40—0.52, 150 mg, 
6 0 % yield), bp 95—102 °G (bath temp)/0.06 Torr . T h e 
homogeneity of the sample was confirmed by G L C assay 
as well as 1 H - N M R assay using shift reagent, Eu(fod)3 . 
i H - N M R (GG14): ô 0.87 (d, 7 = 7 . 2 Hz , 3H, G H - G H 3 ) , 
1.19 (s, 3H, G-GH 3 ) , 1.2—2.5 (m, 9H) , 6.46 (t, 7 = 3 . 6 
Hz , I H ) ; I R : 1718, 1712, 1654, 1649cm- 1 ; M S : m/e (rel 
intensity) 165 ( M + + 1 , 11), 164 (M+, 29), 149 (18), 122 
(100), 107 (50), 93 (59), 79 (95). Found : G, 80.59; H , 
9 .93%. Galcd for C ^ H ^ O : G, 80.44; H , 9 .83%. 

Transformation of 12 into 30. Li thium metal (18 mg, 
2.6 mmol) was dissolved at — 78 °G in anhydrous liquid 
ammonia (distilled over sodium). T o this blue solution 
was added dropwise the enone 12 (0.21 g, 1.29 mmol) dis­
solved in T H F (12 ml) . T h e blue color vanished at the 
completion of addition. After 4 min the cooling bath was 
removed and ammonia was allowed to evaporate over a 
period of 2 h. T h e residue was then treated with acetic 
anhydride ( 1 ml) in T H F (6 ml) and stirred at room tem­
perature for 45 min. Work-up followed by column chro­
matography (hexane-ether 15:1) gave the enol acetate 29 
(178 mg, 6 6 % yield). ^ - N M R (GG14): ô 0.95 (d, 7 = 7 . 0 
Hz) , 1.18 (s), 2.03 (s, O G O G H 3 ) . 

T h e dichloromethane (5 ml) solution of 29 (101 mg, 0.49 
mmol) was allowed to react with ozone at —78 °G until 
the solution turned slightly blue. Quenching with dimethyl 
sulfide (0.5 ml) at — 78 °G, warming to room temperature 
followed by concentration and purification on preparative 
T L C plate (hexane-ether 1:1) gave a keto carboxylic acid 
(R{ 0.05—0.27, 29 mg, 3 1 % yield), I R (GHG13): 3600—2400, 
1710 cm- 1 . 

T h e keto carboxylic acid (28 mg, 0.14 mmol) was heated 
with sodium acetate (30 mg, 0.37 mmol) in acetic anhydride 
(3 ml) at reflux temperature for 2.3 h. Work-up followed 
by preparative T L G (hexane-ether 1:1, Rs 0.38—0.49) gave 
the enol lactone 3013> (8 mg, 32% yield) having ' H - N M R 
(GDG13): ô 0.95 (d, 7 = 6 . 8 Hz, 3H, GHGH 3 ) , 1.20 (s, 3H, 
G-GH 3 ) , 1.2—2.3 (m, 7H) , 2.62 (dd, 7 = 8 . 5 , 6.0 Hz , 2H) , 
5.30 (quintet, 7 = 3 . 0 Hz , I H ) ; I R (GC14): 1758, 1680, 
1132 c m - 1 ; M S : m/e 180 (M+). T h e reported chemical 
shift (GDG13) of 30:13> ô 0.96 (d, 3H, 7 = 6 . 5 Hz) , 1.21 (s, 
3H) , and its eis isomer: ô 0.96 (d, 3H, 7 = 6 . 0 Hz) , 1.03 
(s, 3H) . 

Cyclopentannulation of 4-Isopropyl-2-methylcyclohexanone (13) 
with 3-Butyn-2-ol. 13 (0.33 g, 2.1 mmol) was added at 
40 °G over a period of 2 h to a solution of potassium hydroxide 
(0.62 g, 11.0 mmol) dissolved in 5 5 % aqueous solution of 
3-butyn-2-ol (0.58 g, 4.5 mmol) . After 16 h, the reaction 
mixture was worked up to give an oil (580 mg) which was 
purified by column chromatography (hexane-ether 1:1) to 
give 4 - isopropyl - 1 - (3 - hydroxy-1 -butynyl)-2-methylcyclo-
hexanol (14) as a viscous oil (0.42 g, 8 7 % yield). T L G 
(hexane-ether 1:1) showed roughly two spots at Rt 0.09 and 
0.14, bu t these were not separated. Bp 118—126 °G (bath 
temp)/0.08 Torr . J H - N M R (GG14): ô 0.87 (d, 7 = 6 . 0 Hz, 
6H , C H ( C H 3 ) 2 ) , 1.02 (d, 7 = 6 . 0 Hz , 3H, GHGH 3 ) , 1.1—2.2 
( m + d (Ô 1.43 7 = 6 . 0 Hz) , 12H), 3.9—4.3 (br s, 2H, O H ) , 
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4 . 3 - ^ . 7 (m, 1H, C H ( O H ) ) ; I R : 3346, 1120, 1071cm- 1 ; 
M S : m/e (rel intensity) 224 (M+, trace), 206 (8), 191 (15), 
163 (16), 107 (24), 57 (72), 43 (100). Found : G, 75.18; 
H , 10.55%. Calcd for G 1 4 H 2 4 0 4 : G, 74.95; H , 10.78%. 

Sulfuric acid (1.5 ml) was added to a methanol (1.5 ml) 
solution of 14 (0.34 g, 1.5 mmol) at 0 °G over a period of 
15 min and the resulting solution was stirred at 0 °G for 
30 min and then worked up to give an oil (0.33 g) which 
was purified by preparative T L G (hexane-ether 1:1), giving a 
mixture of 3-isopropyl-m-1,9-dimethylbicyclo[4.3.0]non-5-en-
7-one (15 and 16) (Rs 0.60—0.71, 196 mg, 6 4 % yield), bp 
123—127 °G (bath temp)/0.05 Torr . T h e ratio of 15 to 16 
was estimated by GLG (PEG 20 M , 10% on Gelite 545, 2 m, 
170 °C, N 2 carrier gas 0.8 kg/cm2 , F I D detector) to be 85:15, 
Rt being 18.4 min and 19.7 min respectively. T h e ratio 
was alternatively estimated to be 83:17 by ' H - N M R (GG14) : 
Ô 0.91 (s, 3H, GGH 3 ) , 0.92 (d, 7 = 6 . 2 Hz , 6H, CH(CH 3 ) 2 ) , 
1.03 (d, / = 5 . 7 Hz , 3H, C H C H 3 ) , 1.1—2.4 (m, 9H) , 6.36 
(t, 7 = 3 . 3 Hz , 0.17 H ) , 6.53 (dd, 7 = 7 . 7 , 3.0 Hz , 0.83H). I R : 
1715, 1652 c m - 1 ; M S : m/e (rel intensity) 206 (M+, 31), 
191 (9), 178 (6), 164 (87), 121 (100). Found : G, 81.55; 
H , 10.98%. Galcd for G 1 4 H 2 2 0 : G, 81.50; H , 10.75%. 

Transformation of a Mixture of 15 and 16 into a Mixture of 
31 and 32. Li thium dicyclohexylamide generated from 
butylli thium hexane solution (1.79 M , 2.5 ml, 4.4 mmol) 
and dicyclohexylamine (0.79 g, 4.4 mmol) in T H F (3 ml) 
at 0 °G was added dropwise at — 78 °G over a period of 
1.5 h to a mixture of d ibromomethane (0.76 g, 4.4 mmol) , 
15 and 16 (0.36 g, 1.76 mmol) in T H F (7 ml) under an 
argon atmosphere. Stirring was continued for 1.5 h, and 
the reaction was stopped by addition of methanol (1 ml) 
at —78 °G. T h e reaction mixture was then allowed to 
warm to room temperature and treated with saturated aque­
ous ammonium chloride solution (20 ml) . T h e preci­
pitated material was filtered off and the filtrate was 
extracted with ether (20 m i x 4 times). T h e ethereal phase 
was dried with anhydrous sodium sulfate, and concentrated 
in vacuo to give an oil (1.00 g) which was purified by column 
chromatography (hexane-benzene 1:1) to give the adduct 
(Äf 0.47—0.56, 0.45 g, 6 7 % yield; 74% yield based on the 
consumed starting material) along with the starting material 
(36 mg, 10%) . i-H-NMR (CCLJ of the adduc t : Ô 0.91 
(d, 7 = 6 . 0 Hz , 6H) , 0.95 (d, 7 = 6 . 4 Hz , 3H) , 1.00 (s, 3H, 
GGH 3 ) , 1.1—2.7 (m, 9H) , 5.76 (s, 1H, GHBr2) , 5.6—6.1 
(m, 1H) ; I R : 3435, 1120 cm- 1 . 

Butyllithium hexane solution (1.79 M , 1.40 ml, 2.5 mmol) 
was added at —95 °G over a period of 20 min to the above 
adduct (0.39 g, 1.0 mmol) in T H F (8 ml) under an argon 
atmosphere. T h e reaction mixture was stirred at —95 °G 
for 1.7 h, at 0 °G for 5 min and then quenched with water 
(10 ml) . Work-up followed by preparative T L G (benzene) 
gave an octalone (i?f 0.24—0.36, 186 mg, 8 3 % yield). Bp 
120—125 °C (bath temp)/0.06 Torr . I R : 1721, 1661cm- 1 ; 
^ - N M R (GG14): ô 0.90 (d, 7 = 6 . 3 Hz , 6H, C H ( C H 3 ) 2 ) , 
0.91 (d, 7 = 6 . 3 Hz, 3H, C H C H J , 1.09 (s, 3H, GGH 3 ) , 
1.1—2.3 (m, 9H) , 2.69 (dm, 7 = 15.0 Hz , 1H, one of G(7) 
methylene), 3.20 (dm, 7 = 15.0 Hz , 1H, the other of G(7) 
methylene), 5.3—5.5 (m, 1H) ; M S : m/e (rel intensity) 220 
(M+, 30), 178 (19), 177 (29), 107 (100), 93 (49), 91 (38), 
79 (35), 77 (24), 69 (30). Exact mass, found: m/e 220.1827 
(M+). Galcd for G 1 5 H 2 4 0 : m/e 220.1827. 

A mixture of the octalone (103 mg, 0.47 mmol) , T H F 
(1.5 ml) , and 5 % sulfuric acid (1.5 ml) was stirred overnight 
vigorously. Work-up and preparat ive T L G separation gave 
a mixture of the conjugated octalones 31 and 32 (i?f 0.55— 
0.67, 48 mg, 4 7 % yield, 79% yield based on the recovered 
octalone) along with the starting unconjugated octalone 

(42 mg, 4 1 % ) . T h e bp of 31 and 32: 121—123 °G (bath 
temp)/0.06 T o r r ; X H-NMR (GG14) : ô 0.87 (d, 7 = 6 . 0 Hz, 
6H, GH(GH 3 ) a ) , 0.97 (d, 7 = 6 . 0 Hz, 3H, C H C H J , 1.05 
(s, 3H, GCH 3 ) , 1.1—2.6 (m, 11H), 5.59 (br s, 0.18 H ) , 5.65 
(br s, 0.82 H ) ; i H - N M R (GDG13): ô 5.75 (br s, 0.18H), 
5.80 (br s, 0.82H). I R : 3030, 1663, 1627 c m - 1 ; M S : m/e 
(rel intensity) 220 (M+, 22), 178 (39), 177 (24), 135 (48), 
108 (28), 107 (28), 91 (24), 79 (27), 55 (22), 40 (100). 
Found: G, 81.49; H , 11.23%. Galcd for G 1 5 H 2 4 0 : G, 81.76; 
H, 10.98%. 

GLG retention times of these samples (glass capillary 
column, 30 m x 0.3 mm, SF-96 at 180 °G) were 27.4 min 
and 28.0 min, respectively, identical with those of the au­
thentic samples (vide infra). 

An Authentic Sample of 11,72-Dihydro-7-epi-nootkatone (31). 
A mixture of 7-e/>*-nootkatone15> (43 mg, 0.2 mmol) and 
chlorotris(triphenylphosphine)rhodium(I) (20 mg) in ben­
zene (2 ml) was stirred under a hydrogen atmosphere at 
room temperature for 19 h. Concentration followed by 
preparative T L G (benzene-ether 5 :1 , Rt 0.40—0.52) gave 
31 (35 mg, 8 1 % yield). i H - N M R (GG14) : ô 0.86 (d, J= 
6.3 Hz , 6H, C H ( C H 3 ) a ) , 0.96 (d, 7 = 6 . 5 Hz, 3H, C H C H J , 
1.046 (s, 3H, GGH 3 ) , 1.1—2.6 (m, 11H), 5.65 (br s, 1H); 
I R : 1665, 1617 cm- 1 . A ca. 1:1 mixture of 7-^î-nootkatone 
and nootkatone was also hydrogenated under similar con­
ditions to give the corresponding dihydro derivatives of 
ca. 1:1 mixture which showed ' H - N M R (GG14) absorptions: 
two broad singlets at ô 5.59, 5.65, and two singlets at 1.046 
and 1.066. 

An Authentic Sample of 11,12-Dihydronootkatone (32J16a> 
exhibited i H - N M R (90 MHz) peaks at ô 5.75 (br s) and 
1.066 (s) in GDG13, and 5.60 (br s) in GG14. GLG coinjec-
tion experiments revealed an identical Rt to that of the minor 
product , 32. 

Cyclopentannulation of 4-lsopropenyl-2-methylcyclohexanone (17) 
with 3-Butyn-2-ol. 17 (149 mg, 0.98 mmol) was added 
at 40 °G to a mixture of potassium hydroxide (0.24 g, 4.3 
mmol) and 5 5 % aqueous solution of 3-butyn-2-ol (193 mg, 
1.50 mmol) , and the resulting mixture was stirred at 40 °C 
overnight. Work-up followed by preparative T L G gave the 
adduct 18 (154 mg, 7 1 % yield). ^ - N M R (CCLJ : ô 1.01 
(d, 7 = 7 . 2 Hz , 3H) , 1.44 (d, 7 = 6 . 5 Hz, 3H) , 1.1—2.3 
(m, 8H) , 1.71 (s, 3H) , 4.1 (br s, 2H, O H ) , 4.4—4.7 ( m + b r 
s at <5 4.63, 2 H ) ; I R : 3355, 1642, 1040, 889 cm- 1 ; M S : m/e 
(rel intensity) 222 (M+, trace), 204 ( M + - H 2 0 , 6), 189 
(13), 107 (51), 79 (42), 55 (56), 43 (100). Exact mass, 
found: m/e 204.1500 ( M + - H 2 0 ) . Calcd for C 1 4 H 2 0 O: m/e 
204.1512 ( M + - H 2 0 ) . 

Sulfuric acid (0.5 ml) was added at 0 °G to a methanol 
(0.5 ml) solution of 18 (43 mg, 0.19 mmol) over a period 
of 15 min. After 30 min the reaction mixture was worked 
up and the crude product purified by preparative TLG 
(hexane-ether 1:1, Rt 0.66—0.76) to give 3-isopropyl-c/^-
l,9-dimethylbicyclo[4.3.0]nona-3,5-dien-7-one (19) (22 mg, 
5 5 % yield). J H - N M R (GC14) : ô 0.91 (s, 3H, GH 3 ) , 1.07 
(d, 7 = 6 . 6 Hz , 6H , C H ( C H J 2 ) , 1.09 (d, 7 = 6 . 6 Hz, 3H, 
C H C H J , 1.8—2.6 (m, 6H) , 5.85 (dm, 7 = 5 . 4 Hz, 1H), 
6.53 (d, 7 = 5 . 4 Hz, 1H) ; I R : 1702, 1644, 1574, 835 cm- 1 ; 
M S : m/e (rel intensity) 204 (M+, 23), 161 (21), 147 (70), 
119 (100), 91 (28). Exact mass, found: m/e 204.1493 (M+). 
Calcd for C 1 4 H 2 0 O: m/e 204.1513. 

Cyclopentannulation of 4-( 2-Methyl-1,3-dioxolan-2-yl)-2-methyl-
cyclohexanone (20) with 3-Butyn-2-ol. The keto acetal 
2027> (0.60 g, 3.0 mmol) was added over a period of 2 h 
to a solution of potassium hydroxide (0.65 g, 11.6 mmol) 
in 5 5 % aqueous 3-butyn-2-ol (0.64 g, 5.0 mmol) at 40 °G 
and the resulting mixture was stirred overnight. Work-up 
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followed by column chromatography (ether) gave the adduct 
21 (0.40 g, 4 8 % yield; 8 4 % yield based on the consumed 
20) along with the recovered 20 (0.25 g, 4 2 % ) . T h e adduct 
showed ! H - N M R (GG14) : Ô 1.18 (s, 3H) , 0.9—1.3 (m, 6 H ) , 
1.3—2.3 (m, 8H) , 3.87 (br s, 6H) , 4.4—4.7 (m, 1H) ; I R : 
3420, 1038 c m - 1 ; M S : m/e (rel intensity) 253 ( M + - C H 3 , 
4), 87 (100). Exact mass, found: m/e 253.1312 ( M + - C H 3 ) . 
Galcd for C 1 4 H 2 1 0 4 : m/e 253.1332. 

Sulfuric acid ( 1.0 ml) was added at 0 °G over a period 
of 15 min to 21 (92 mg, 0.34 mmol) dissolved in methanol 
(1.0 ml), and the reaction mixture was stirred for 30 min. 
Work-up followed by preparat ive T L G (hexane-ether, 1:1, 
Rt 0.21—0.35) gave 3-acetyl-m-l,9-dimethylbicyclo[4.3.0]-
non-5-en-7-one (22, 24 mg, 34% yield). Bp 120—128 °G 
(bath temp)/0.05 Torr . i H - N M R (CCLJ : Ô 0.99 (s, 3H) , 
1.09 (d, y = 6 . 5 Hz, 3H) , 1.1—3.0 (m, 8 H ) , 2.16 (s, 3H) , 
6.42 (t, 7 = 3 . 0 Hz, 1H) ; I R (GH2G12): 1708, 1654, 1249, 
8 9 4 c m - 1 ; M S : m/e (rel intensity) 206 (M+, 1), 204 (11), 
163 (100), 121 (59). Exact mass, found: m/e 206.1324 
(M+). Galcd for G 1 3 H 1 8 0 2 : m/e 206.1307. 

Synthesis of Methyl 3-Methyl-4-oxocyclohexanecarboxylate (23). 
A mixture of 2-methyl-3-trimethylsilyloxy-I,3-butadiene19> 
(158 mg, 1.0 mmol) and methyl acrylate (175 mg, 2.0 mmol) 
dissolved in benzene (1 ml) was heated in a sealed tube 
at 160—180 °G for 4 h. After cooling to room temperature 
the volatile material was evaporated with a water-aspirator, 
and the residue was dissolved in 9 0 % methanol (20 ml) 
containing potassium fluoride (ca. 0.2 g) . After 4 h the 
reaction mixture was diluted with water (10 ml) and ex­
tracted with ether (20 ml X 4 times). T h e ethereal extracts 
were dried (Na 2 S0 4 ) and concentrated in vacuo to give a 
crude product (172 mg) which was purified by preparat ive 
TLG. T h e desired product 2318> at Rf 0.10—0.23 weighed 
134mg, 7 8 % yield. 

A large scale synthesis was carried out by using the diene 
(15.5 g, 0.10 mol), methyl acrylate (17.2 g, 0.20 mol) in 
benzene (10 ml) at 184—191 °G for 4 h and by hydrolyzing 
the resulting enol silyl ether with 2 0 % acetic acid (30 ml) 
and methanol (30 ml) at room temperature for 1 h. T h e 
product (13.1 g, 77% yield) was collected by distillation 
at 140—142 °G/18 Torr . *H-NMR (GG14): ô 0.99 (d, 7 = 
6 .0Hz , 3H) , 1.1—2.9 (m, 8H) , 3.66 (s, 3 H ) ; I R : 1735, 
1710, 1195 cm- 1 ; (Found: G, 63.42; H , 8.26%). 

Synthesis of 3-Methoxycarbonyl-cis-7,9-dimethylbicyclo[4.3.0~\non-
5-en-7-one (25). T h e keto ester 23 (0.39 g, 2.3 mmol) 
was added at 40 °G over a period of 1 h to potassium hy­
droxide (0.84 g, 14.9 mmol) dissolved in 5 5 % aqueous solu­
tion (0.67 g, 5.3 mmol) of 3-butyn-2-ol and the mixture 
was allowed to react overnight. Dilution with water (10 
ml) , acidification with 10% hydrochloric acid, extraction 
with ether (20 m i x 4 times), followed by drying (Na 2 S0 4 ) , 
and concentration gave a viscous oil (0.68 g) which was 
purified by column chromatography (ether) to give 
4-hydroxy-4-(3-hydroxy-l-butynyl) - 3 - methylcyclohexanecar-
boxylic acid (24) (0.45 g, 86% yield). I R : 3650—2400, 
1704 c m - 1 ; i H - N M R (GDC13): «5 1.0—1.2 (d, 3H, C H C H 3 ) , 
1.2—2.7 ( m + 2 d («5 1.43 and 1.47 each 7 = 6 . 0 Hz) , 11H), 
4.4—4.9 (m, 3H, H O - C H and O H ) . No peak due to 
the carboxyl group was observable. However, t reatment 
of 24 with diazomethane gave the methyl ester (ô 3.68, s). 

A large scale experiment using 23 (7.3 g, 43 mmol) , potas­
sium hydroxide (13.5 g, 0.24 mol) and 5 5 % aqueous solu­
tion 3-butyn-2-ol (10.4 g, 82 mmol) , afforded 8.9 g of 24 
( 9 1 % yield). _ 

Sulfuric acid (0.3 ml) was added at room temperature 
to 24 (24 mg, 0.11 mmol) dissolved in methanol (0.3 ml) . 
T h e mixture was then heated at 50 °G for 30 min. Work-
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up followed by preparative T L G (hexane-ether 1:1, Rf 
0.27—0.41) gave 3-methoxycarbonyl-aVl,9-dimethylbicyclo-
[4.3.0]non-5-en-7-one (25) (15 mg, 6 0 % yield), bp 139— 
145 °G (bath temp)/0.05 Torr . i H - N M R (GG14) : ô 0.84 
and 0.98 (2s, 3H, GGH 3 ) , 1.07, 1.09 (2d, 7 = 6 . 0 Hz, 3H) , 
1.1—2.9 (m, 8H) , 3.83 (s, 3H, G H 3 G O O ) , 6.3—6.6 (m, 
1H). 1 3 G-NMR (CDCLJ showed two peaks a t ô 128.72 
and 129.09 ( C H 3 O C O ) , with the ratio 1.9:1. I R : 1735, 
1719, 1654, 1200 c m - 1 ; M S : m/e (rel intensity) 222 (M+, 
23), 207 (12), 180 (14), 163 (39), 121 (100), 93 (57), 77 
(24). Found : G, 70.15; H , 8.40%. Galcd for G 1 5 H 1 8 0 3 : 
G, 70.24; H , 8.16%. 

A large scale experiment using 24 (8.9 g) , methanol (25 
ml) , sulfuric acid (25 ml) resulted in 4 9 % yield (4.3 g) of 
25. 

Synthesis of X.-3-Isopropenyl-r-l,c-9-dimethylbicyclo[4.3.0]non-5-
en-7-one (38). A methanol (2 ml) solution of sodium 
borohydride (76 mg, 2.0 mmol) was added a t room tem­
perature to a mixture of 25 (0.45 g, 2.0 mmol) and cerium-
(II I ) chloride heptahydrate (0.30 g, 0.80 mmol) in methanol 
(5 ml) . After 20 min the reaction mixture was worked u p 
to give a crude allyl alcohol 39 (0.50 g) , which was dis­
solved in methanol (5 ml) , treated with potassium hydroxide 
(0.23 g, 4.1 mmol) in water (5 ml) at room temperature 
and heated at 80 °G for 30 min. T h e reaction mixture 
was acidified with 5 % hydrochloric acid and then extracted 
with ethyl acetate. T h e crude product thus obtained was 
dissolved in ether (5 ml) and methyllithium (1.14 M ether 
solution, 7.9 ml, 9.0 mmol) was added at 0 °G under an 
argon atmosphere and allowed to react for 2 h. Work-up 
followed by column chromatography (hexane-ethyl acetate 
2:1) gave 40 (0.20 g, 4 9 % yield, 9 7 % yield based on the 
recovered 39) along with 39 (0.21 g, 5 0 % ) . T h e methyl 
ketone 40 showed I R : 3210, 1705 cm" 1 ; ^ - N M R (CC14): 
ô 0.7—1.0 (m, 6H) , 1.0—2.9 (m, 8H) , 2.15 (s, 3H) , 3.4— 
3.8 (br s, 1H), 4.2—4.7 (m, 1H), 5.5—5.7 (m, 1H). 

Sodium hydride (50% in oil, 0.24 g, 5.0 mmol) was added 
to D M S O (2 ml) under an argon atmosphere and heated 
at 80 °G for 30 min. T h e resulting solution was cooled 
with a water bath and admixed with a D M S O (2 ml) solu­
tion of tr iphenylmethylphosphonium bromide (2.7 g, 4.8 
mmol) . After 15 min 40 (0.25 g, 1.20 mmol) in D M S O 
(5 ml) was added to the resulting red solution. After 1 h 
the reaction mixture was worked up . T h e crude product 
was dissolved in dichloromethane (2 ml) and added to pyri-
dinium chlorochromate (1.33 g, 5.0 mmol) in dichloro­
methane (5 ml) at room temperature and allowed to react 
for 1. 5h. Work-up and preparative T L G purification (hex­
ane-e ther 1:1) gave 38 (0.20 g, 8 0 % yield), bp 128—135 °G 
(bath temp)/0.3 Torr . i H - N M R (CCLJ : ô 1.00 (s, 3H, 
GGH 3 ) , 1.07, 1.10 (2d, 7 = 6 . 0 Hz, 3H, C H C H J , 1.5—2.7 
(m, 8H) , 1.76 (s, 3H, GH 3G=GH 2 ) , 4.72 (br s, 2H, CH 2 =C) , 
6.39 (t, 7 = 3 . 6 Hz , 0.88H), 6.53 (m, 0.12 H ) ; I R : 3086, 
1718, 1654, 886 c m - 1 ; M S : m/e (rel intensity) 204 (M+, 
61), 189 (31), 161 (28), 147 (41), 136 (30), 133 (32), 119 
(100), 105 (50), 93 (53), 91 (48), 77 (43). Found : G, 82 .21; 
H , 9 .73%. Galcd for C 1 4 H 2 0 O: G, 82.30; H , 9 .87%. 

Alternative Route from 25 to 38. A mixture of 25 (0.68 
g, 3.0 mmol) , 1,2-ethanedithiol (0.43 g, 4.5 mmol) , chloro­
form (10 ml) and boron trifluoride etherate (40 mg) was 
stirred at room temperature under an argon atmosphere. 
After 16 h boron trifluoride ethereate catalyst (5 drops, 
ca. 50 mg) was added and the reaction mixture was stirred 
for 24 h. Work-up followed by preparative T L C (hexane-
ether 3:1) gave 36 (Rc 0.64—0.76, 0.51 g, 5 7 % yield). W-
N M R (CGI*): ö 0.8—1.1 (m, 6H) , 1.1—3.0 (m, 8H) , 3.0— 
3.5 (m, 4 H , SGH a CH a S) , 3.65 (s, 3H, C H 3 O C O ) , 5.9—6.2 
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(m, 1H) ; I R : 1728, 1195, 1167cm- 1 ; M S : m/e 298 (M+). 
A mixture of 36 (126 mg, 0.42 mmol) , methanol (2 ml) , 

potassium hydroxide (53 mg, 0.95 mmol) dissolved in water 
(2 ml) was heated to reflux for 1 h. T h e reaction mixture 
was extracted once with ether and acidified with 10% hy­
drochloric acid. Extractive work-up with ether (20 m i x 4 
times) gave the carboxylic acid (120 mg) which was dis­
solved in ether (2 ml) at 0 °G. T o this solution was added 
methylli thium (1.66 M ether solution, 0.76 ml, 1.26 mmol) 
over a period of 5 min and the resulting solution was stirred 
at 0 °C for 4.5 h. Work-up followed by preparative T L G 
(hexane-ether 2:1) gave the corresponding methyl ketone 
(78 mg, 6 6 % yield). I R : 1707 cm" 1 ; i H - N M R (GG14, * 
refers to the major isomer): Ö 0.79, 0.97 (s, 3H, GGH 3 ) , 
0.93*, 0.97 (d, 7 = 7.0*, 7.5 Hz respectively, 3H) , 1.1—2.9 
(m, 8 H ) , 2.13*, 2.10 (s, 3H, G H 3 G O ) , 3.0—3.5 (m, 4H, 
SGH 2 GH 2 S) , 5.97 (t, 7 = 3.0 Hz , 0.29 H ) , 6.06* (dd, 7 = 
6.0, 3 . 0 H z , 0.71 H ) ; M S : m/e 282 (M+). 

T h e methyl ketone (73 mg, 0.26 mmol) was allowed to 
react with tr iphenylphosphonium methylide (0.52 mmol) in 
D M S O (7 ml) at room temperature for 2.3 h. Work-up 
followed by preparat ive T L G (hexane-ether 5:1) gave the 
corresponding isopropenyl derivative 37 (69 mg, 9 6 % yield). 
! H - N M R (CG14): Ô 0.91 (d, 7 = 6 . 0 Hz , 3H) , 0.97 (s, 3H, 
GGH 3 ) , 1.0—2.7 (m, 8H) , 1.73 (s, 3H, GH3G=), 3.0—3.5 
(m, 4H , SGH 2 GH 2 S) , 4.67 (br s, 2H, CH 2 =C) , 5.96 (t, 7 = 
3.6 Hz, 1H). Careful examination of the olefinic region 
confirmed purity > 9 7 % . I R : 3090, 1642, 887 c m - 1 ; M S : 
m/e 280 (M+). 

Hydrolysis of the dithioacetal group was carried out by 
mixing 37 (40 mg, 0.14 mmol) in dichloromethane (1ml) 
with isopentyl nitrite (19 mg, 0.16 mmol) and 30 min after 
with water (9 mg, 0.5 mmol) . After 1.5 h isopentyl nitrite 
(0.5 ml) was added to complete the reaction and the entire 
mixture was stirred for 14.3 h. Work-up and preparative 
T L G purification (hexane-ether 1:1) gave the key inter­
mediate 38 (14 mg, 4 8 % yield) having the correct spectra. 
i H - N M R (GG14) gave olefinic absorption at ô 6.41 (t, 7 = 
3.6 Hz , 1H) only, thus indicating the purity higher than 
9 7 % . 

Synthesis of dl-Nootkatone. A T H F (2 ml)-hexane (1.6 
ml) solution of l i thium dicyclohexylamide (2.6 mmol) was 
added dropwise at —78 °G over a period of 2 h to 38 (88% 
purity) (177 mg, 0.87 mmol) , d ibromomethane (0.31 g, 1.77 
mmol) dissolved in T H F (5 ml) under an argon atmosphere, 
and the reaction mixture was stirred for 1 h, and then quench­
ed with methanol (1.0 ml) at — 78 °G. Work-up and pre­
parative T L G (benzene) gave the adduct 41 (198 mg, 6 0 % 
yield; 8 4 % yield based on the consumed 38) along with 
the recovered 38 (50 mg, 2 8 % ) . i H - N M R (GC14): ô 0.98 
(d, 7 = 4 . 5 Hz, 3H, GHGH 3 ) , 1.07 (s, 3H, CGH 3 ) , 1.1—2.7 
(m, 8H) , 1.74 (s, 3H, GH 3 -G=) , 4.69 (s, 2H, CH 2 =C) , 5.66 
(t, 7 = 3 . 6 Hz , 1H), 5.81 (s, 1H, GHBr 2 ) ; I R : 3450, 3085, 
1643, 888 c m - 1 ; M S : m/e 205 ( M + - G H B r 2 ) . 

A butylli thium hexane solution (1.57 M , 0.94 ml, 1.47 
mmol) was added over a period of 20 min to the adduct 
41 (185 mg, 0.49 mmol) in T H F (10 ml) at - 9 5 °G under 
an argon atmosphere. Stirring was continued at —95 °G 
for 100 min, and then at room temperature for 5 min. Work­
up and preparative T L G (benzene) gave ^-8-isopropenyl-
r-5,c-6-dimethylbicyclo[4.4.0]dec-10(l)-en-3-one (42) (89 mg, 
8 3 % yield). X H-NMR (GG14) : ô 0.97 (d, 7 = 6 . 5 Hz, 3H, 
C H - C H 3 ) , 1.17 (s, 3H, GGH 3 ) , 1.1—2.5 ( m + s {Ô 1.75), 
11H), 2.73 d, 7 = 16.5 Hz , 1H), 3.10 (dm, 7 = 16.5 Hz, 
1H), 4.70 (br s, 2H, GH2=G), 5.3—5.5 (m, 1H) ; I R : 3090, 
1721, 1644, 887 c m - 1 ; M S : m/e 218 (M+). 

T h e octalone 42 (78 mg, 0.36 mmol) was stirred at room 

temperature in T H F (3 ml) and 5 % sulfuric acid (3 ml) 
for 4 h. Work-up followed by preparative T L C (hexane-
ethyl acetate 5:1) gave ^//-nootkatone (43) (45 mg, 5 8 % 
yield; 74% yield based on the recovered 42 (17 mg, 22%)) . 
T h e synthesized sample had I R absorptions at 3080, 1671, 
1619, 887 cm- 1 , and ^ - N M R (GG14) at Ö 0.97 (d, J= 
6.5 Hz , 3H) , 1.13 (s, 3H) , 1.1—2.6 (m, 10H), 4.67 (s, 2H) , 
5.61 (s, 1H) identical exactly with the spectra of the au­
thentic specimen. Careful integration around ô 5.9—5.5 
revealed that the sample has purity higher than 9 3 % . The 
7-e/>z-nootkatone should give a peak at <5 5.68.15> 

Cyclopentannulation of 2-Cyclododecenone (44). A butyl-
lithium hexane solution (1.49 M , 8.8 ml, 13.1 mmol) was 
added dropwise at - 7 8 °G to a T H F (90 ml) solution of 
propargyl alcohol (0.37 g, 6.5 mmol) under an argon at­
mosphere, and the reaction mixture was stirred for 2 h. 
T o this solution was added a T H F (5 ml) solution of 2-
cyclododecenone (0.78 g, 4.4 mmol) over 8 min, and the 
whole was stirred at — 78 °G for 2 h, then allowed to warm 
to room temperature and stirred for 16 min. Work-up fol­
lowed by column chromatography (hexane-ethyl acetate 
2:1 to 1:1) gave l-(3-hydroxy-l-propynyl)-2-cyclododecenol 
(45) (0.95 g, 9 2 % yield) as colorless needles, m p 71.5—72.5 
°C (hexane-dichloromethane, ca. 2 :1 ) . ! H - N M R (CCLJ : 
ô 1.0—2.3 (m, 18H), 2.93 (br s, 2H) , 4.22 (s, 2H) , 5.40 
(d, 7 = 1 6 . 1 Hz, 1H), 5.80 (dt, 7 = 1 6 . 1 , 6.3 Hz, 1H) ; I R : 
3300, 785, 760 c m - 1 ; M S : m/e (rel intensity): 236 (M+, 1), 
218 (30), 205 (13), 187 (11), 175 (11), 161 (16), 147 (21), 
125 (47), 117 (100), 95 (100), 91 (87), 79 (63), 67 (53), 55 
(89). Found : G, 76.24; H , 10.46%. Calcd for C 1 5 H 2 4 0 2 : 
C, 76.22; H , 10.24%. 

T h e adduct 45 (1.20 g, 5.1 mmol) was dissolved in meth­
anol (80 ml) and cooled at — 20 °G. T o this solution was 
added sulfuric acid (40 ml) over a period of 40 min. The 
resulting mixture was stirred for 14 h, being allowed to 
warm to room temperature . T h e reaction mixture was 
diluted successively with ether (100 ml) and satd. aq sodium 
chloride solution (100 ml) , and shaken vigorously. The 
ethereal layer was separated, neutralized with aq sodium 
hydrogencarbonate solution, dried with anhydrous sodium 
sulfate and concentrated. T h e residue purified by column 
chromatography (hexane-ethyl acetate 5:1) gave trans-bicyclo-
[10.3.0]pentadeca-l(12),2-dien-13-one (46) (0.72 g, 6 5 % 
yield) as a colorless needles, mp 87—87.5 °G (hexane-
dichloromethane ca. 1:1). J H - N M R (GG14): ô 0.8—1.9 (m, 
12H), 2.1—2.4 (m, 6H) , 2.4—2.7 (m, 2H) , 6.17 (dt, 7 = 
16.5, 4.5 Hz, 1H), 6.68 (d, 7 = 16.5 Hz, 1H) ; I R (CG14): 
1693, 1643, 1596, 972 cm" 1 ; U V ( E t O H ) ; Am a x 281 n m 
(loge 4.3) ; M S : m/e (rel intensity) 218 (M+, 38), 203 (4), 
189 (6), 175 (8), 161 (10), 147 (17), 133 (100), 122 (35), 
105 (17), 91 (33). Found : C, 82.37; H , 9 .8%. Calcd for 
C 1 5 H 2 2 0 : C, 82 .51; H , 10.16%. 

3-Methylbicyclo[70.3.0]pentadec-f(72)-en-73-one (53). 
A methylmagnesium iodide ether solution (4.6 ml, 3.7 mmol), 
T H F (10 ml) and then copper(I) chloride (29 mg, 0.29 
mmol) were added successively at 0 °G over a period of 
11 min to a T H F (5 ml) solution of the dienone 46 (0.40 
g, 1.83 mmol) and copper(I) chloride (14 mg, 0.14 mmol) 
under an argon atmosphere. The mixture was stirred for 
1.4 h, treated with ice-hydrochloric acid mixture and then 
extracted successively with ether and ethyl acetate. The 
combined organic phase was dried (Na 2 S0 4 ) , concentrat­
ed in vacuo, and the residue was purified by preparative 
T L C (hexane-ethyl acetate 3:1) to give 53 (0.29 g, Rt 0.6— 
0.68, 6 8 % yield; 74% yield based on the consumed 46) 
along with the recovered dienone 46 (28 mg, R{ 0.55— 
0.60). Bp 157—159 °C (bath temp)/0.04 Torr . X H-NMR 
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(GG14): ô 0.9—3.0 ( m + d (ô 1.08, 7 = 6 . 6 Hz) , 2 6 H ) ; I R : 
1692, 1630 cm" 1 ; M S : m/e (rel intensity) 234 (M+, 100), 
219 (60), 191 (28), 177 (52), 163 (73), 149 (63), 135 (52), 
121 (34), 110 (45), 79 (45), 155 (59). Found : G, 81.70; 
H, 11.45%. Galcd for G 1 6 H 2 8 0 : G, 81.99; H , 11.18%. 

7-Methylcyclopentadecane-1,5-dione (54). Sodium boro-
hydride (0.56 g, 14.7 mmol) was added portionwise at 0 °G 
to the cyclopentenone 53 (0.29 g, 1.25 mmol) dissolved in 
a 5:1 mixture of methanol and water (17 ml) and the reac­
tion mixture was stirred for 2.5 h. Work-up gave an allyl 
alcohol (0.32 g) which was dissolved in dichloromethane 
(14 ml) and treated at 0 °G with m-chloroperoxybenzoic 
acid (0.26 g, 1.5 mmol) dissolved in dichloromethane (14 
ml) . T h e reaction mixture was stirred at 0 °C for 1.2 h, 
quenched with satd. aq sodium sulfite solution and neu­
tralized with aq satd. sodium hydrogencarbonate solution. 
Extraction with dichloromethane followed by concentration 
gave an epoxy alcohol (0.34 g) which was dissolved in pyri­
dine (4 ml) and treated with />-toluenesulfonyl chloride 
(0.36 g, 1.87 mmol) at 0 °G under an argon atmosphere, 
and the whole was left at 0 °G for 21 h, then poured into 
2 M hydrochloric acid solution, and extracted with ether. 
T h e usual work-up gave a crude epoxy tosylate (0.47 g) 
which was dissolved in a 3:2 mixture of dioxane-water (10 
ml) and heated at reflux in the presence of calcium carbonate 
(185 mg, 1.85 mmol) for 24 h. Work-up followed by pre­
parative T L G (hexane-ethyl acetate 2.5:1) afforded the 
desired diketone 54 (0.22 g, Rf 0.47—0.60, 7 1 % overall 
yield). Bp 156—158 °G (bath temp)/0.05 Torr , « - N M R 
(GG14): ô 0.8—2.9 ( m + d (<5 0.91, 7 = 5 . 7 Hz) , 2 8 H ) ; I R : 
1709 c m - 1 ; M S : m/e (rel intensity) 252 (M+, 24), 195 (15), 
167 (22), 128 (39), 97 (54), 69 (42), 55 (100). Found : G, 
76.00; H , 11.39%. Galcd for G 1 6 H 2 8 0 2 : G, 76.14; H, 
11.18%. 

dl-Muscopyridine (55). A mixture of the diketone 
(54) (90 mg, 0.36 mmol) , ethanol (20 ml) , and hydroxyl-
amine hydrochloride (0.55 g, 0.79 mmol) was heated under 
an argon atmosphere at 150—160 °G in an autoclave (ca­
pacity 100 ml) for 17.6 h. After cooling the reaction mix­
ture was taken in ether, and the ethereal solution was washed 
with aq satd. hydrogencarbonate solution, then dried 
(Na 2 S0 4 ) , and concentrated. T h e residue was purified by 
preparative T L G (hexane-ethyl acetate 5:1) to give dl-
muscopyridine (55) (54 mg, Rf 0.65—0.75, 6 5 % yield). 
T h e synthetic sample exhibited the following spectra iden­
tical with those of the authentic chiral specimen. « - N M R 
(GG14): Ô 0.6—2.3 ( m + d (Ô 1.11, y = 7 . 5 H z ) , 18H), 2 .3— 
3.0 (m, 4H) , 6.83 (d, y = 7 . 8 H z , 2H) , 7.42 (t, 7 = 7 . 8 Hz, 
1H), I R : 3065, 1589, 1575, 1453, 763, 743 cm" 1 ; M S : m/e 
(rel intensity) 231 (M+, 88), 188 (38), 160 (41), 147 (31), 
146 (41), 134 (59), 133 (34), 120 (100), 107 (97). 

Cyclopentannulation of 2-Cyclooctenone (47). A butyl-
lithium hexane solution (1.49 M , 20 .1ml , 30.0 mmol) was 
added to a T H F (170 ml) solution of propargyl alcohol (0.84 
g, 15.0 mmol) at — 78 °G under an argon atmosphere, and 
the reaction mixture was stirred for 2.7 h. T h e solution 
was warmed to —55 °G, and to this was added a T H F (6 
ml) solution of 2-cyclooctenone (47) (1.24 g, 10.0 mmol) 
over a period of 10 min. T h e reaction mixture was stirred 
for 10.7 h, and warmed to 20 °G. Work-up gave an oil 
(2.2 g) which was purified by column chromatography to 
give l-(3-hydroxy-l-propynyl)-2-cycloocten-l-ol (48) (0.92 
g, 5 1 % yield; 76% yield based on the consumed enone 
47) along with the recovered 47 (0.37 g, 3 0 % ) . Physical 
properties of 4 8 : b p 170—173 °G (bath temp)/0.07 T o r r ; 
« - N M R (GG14): ô 1.2—2.8 (m, ÎOH), 3.17 (br s, 2H) , 
4.24 (s, 2H) , 5.25—5.7 (m, 2 H ) ; I R : 3350, 1063, 1035, 
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708 c m - 1 ; M S : m/e (rel intensity) 180 (M+, 2), 106 (51), 
91 (100), 77 (51), 55 (60). Found : G, 73.55; H , 8 .95%. 
Galcd for G n H 1 6 0 2 : G, 73.30; H , 8 .95%. 

T h e adduct 48 (68 mg, 0.38 mmol) was stirred with acetic 
anhydride (0.5 ml) and pyridine (0.05 ml) at room tem­
pera ture for 1 h. All the volatile material was evaporated 
in vacuo. T h e residue was dissolved in methanol (1 ml) 
and to this was added sulfuric acid (1 ml) dropwise a t —15 
°G over a period of 10 min. T h e solution was stirred for 
25 min, and warmed up to —5 °G. Work-up followed by 
preparat ive T L G (hexane-ethyl acetate 2:1) gave bicyclo-
[6.3.0]undeca-l(8),2-dien-9-one (49) (26 mg, 4 2 % yield). 
Bp 114—118 °G (bath temp)/0.08 T o r r ; « - N M R (GG14) : 
ô 1.3—1.9 (m, 4H) , 1.9—2.7 (m, 8H) , 5.7—6.4 (m, 2 H ) ; 
I R : 1693, 1620, 741 cm" 1 ; M S : m/e (rel intensity) 162 (M+, 
100), 133 (87), 115 (56), 91 (77). Found : G, 81.65; H , 
8 .98%. Galcd for C n H 1 4 0 : G, 81.44; H , 8.70%. 

Cyclopentannulation of 2-Cycloheptenone (50). Butyllith-
ium (1.49 M hexane solution, 8.4 ml, 12.5 mmol) was add­
ed dropwise to a T H F (70 ml) solution of propargyl alcohol 
(0.35 g, 6.3 mmol) at — 78 °G under an argon atmosphere 
and the resulting solution was stirred for 4.5 h and warmed 
to —25 °G. At this temperature 2-cycloheptenone (50) 
(0.46 g, 4.2 mmol) dissolved in T H F (5 ml) was added in 
3 min and the reaction mixture was stirred for 15 h and 
allowed to warm to room temperature . Work-up follow­
ed by column chromatography (hexane-ethyl acetate 1:1) 
gave l-(3-hydroxy-l-propynyl)-2-cyclohepten-l-ol (51) (0.45 
g, 6 5 % yield); b p 169—172 °G (bath temp)/0.07 T o r r ; 
« - N M R (GG14): ô 1.2—2.9 (m, 8H) , 4.29 (s, 2H) , 4.42 
(br s, 2 H ) , 5.7—5.9 (m, 2 H ) ; I R : 3330, 1072, 1015, 686 
c m - 1 ; M S : m/e (rel intensity) 166 (M+, 14), 148 (24), 119 
(43), 115 (48), 98 (33), 92 (43), 91 (100), 79 (52), 78 (48), 
77 (52), 47 (43), 65 (43), 55 (67). Found : G, 72.06; H , 
8 .78%. Galcd for G 1 0 H 1 4 O 2 : G, 72.26; H , 8.49%. 

T h e diol 51 (68 mg, 0.41 mmol) was stirred with acetic 
anhydr ide (0.5 ml) and pyridine (0.05 ml) at room tem­
pera ture for 1.5 h. T h e volatile material was evaporated 
off and the residue was dissolved in methanol (4 ml) . T o 
the solution was added sulfuric acid (2 ml) at — 15 °G over 
a period of 5 min. Stirring was continued for 2.5 h and 
the reaction mixture was diluted with dichloromethane (5 
ml) , poured onto crushed ice (ca. 10 g) , and the extracted 
with dichloromethane. T h e usual work-up followed by pre­
parat ive T L G (hexane-ethyl acetate 2:1) gave bicyclo-
[5.3.0]deca-l(7),2-dien-8-one (52) (30 mg, 4 9 % yield); bp 
124—126 °G (bath temp)/0.06 Tor r ; « - N M R (GG14) : ô 
1.7—2.1 (m, 2H) , 2.2—2.7 (m, 8H) , 5.90 (d, y = 1 1 . 6 H z , 
1H), 6.20 (dt, 7 - 1 1 . 6 , 5.0 Hz , 1H) ; I R : 1689, 1639, 1607, 
726 c m - 1 ; M S : m/e (rel intensity) 148 (M+, 65), 133 (26), 
116 (58), 115 (65), 92 (35), 91 (100), 79 (25), 78 (35), 77 
(25), 65 (21). F o u n d : m/e 148.0876 (M+) . Galcd for 
G 1 0 H 1 2 O: m/e 148.0888. 

T h i s w o r k w a s f inanc ia l ly s u p p o r t e d b y t h e M i n ­
is t ry of E d u c a t i o n , Sc i ence a n d C u l t u r e ( G r a n t - i n -
A i d N o s . 3 1 1 7 0 2 , 3 7 5 4 6 2 , 4 1 1 1 0 2 , a n d 4 7 5 6 6 5 ) . 
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Synthesis of Oligoinosinates with 2'-5' Internucleotide Linkage 
in Aqueous Solution Using Pb2+ Ion 

Hiroaki SAWAI* and Masaji O H N O 
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Oligoinosinates up to a pentamer were synthesized by the polymerization of inosine-5'-phosphorimidazolide 
in aqueous solution using Pb2+ ion. 2 '-5 ' Internucleotide linkage was preferentially formed. The yields of 
the 2'-5 ' linked dimer, trimer, and tetramer were 14.8, 4.5, and 1.6%, respectively. A small amount of linkage 
isomers of oligoinosinates with 3'-5' linkage was obtained. The products were characterized by sequential 
enzyme tests. 

Recently 2 ' - 5 ' linked oligoadenylate (pppA2 'p5 'A2 ' -
p5 'A) was isolated from interferon-treated cell and 
has attracted widespread interest because of its strong 
biological activity and unusual structure. 1-3> The 
availability of various oligonucleotides with 2 ' - 5 ' 
linkage would facilitate further study of their biological 
action. As a part of our program in the synthetic 
approach to oligonucleotides, attention was focused on 
the selective synthesis of short chained oligonucleotides 
containing 2 ' - 5 ' linkage without using any protecting 
group. 

Reports were given on the synthesis of 2 ' - 5 ' linked 
oligoadenylates from adenosine-5'-phosphorimidazolide 
in aqueous solution using P b 2 + ion.4'5) T h e method 
employs no protecting group, various oligoadenylates 
being obtained in the one step reaction. We have 
attempted the synthesis of other homooligonucleotid( s 
with 2 ' - 5 ' linkage by a similar procedure.6) This 
paper describes the oligoinosinates synthesis from 
inosine-5'-phosphorimidazolide in aqueous solution 
using Pb 2 + ion. The products were separated by ion 
exchange column chromatography and characterized 
by sequential enzyme and alkaline digestion. 

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

Inosine-5'-phosphorimidazolide (ImpI) [was pre­
pared from inosine-5'-monophosphate (pi) and imid­
azole using di-2-pyridyl disulfide and triphenylphos-
phine as a condensing agent. Phosphorimidazolide 
bond is labile, hydrolyzing in aqueous solution spon­
taneously in the absence of divalent metal ion catalyst. 
The P b 2 + ion promoted the internucleotide linkage 
formation from ImpI . Addition of lead nitrate to 
a neutral aqueous solution of ImpI caused precipitation, 
suggesting formation of Pb 2 +- Impl complex. T h e 
ImpI was allowed to react in a neutral aqueous mixture 
for 3 d with stirring in the presence of the P b 2 + ion 
for polymerization. Treatment of the reaction 
mixture with JV-(2-hydroxyethyl)-ethylenediamine-
iV,JV',iV'-triacetic acid trisodium (Versenol) buffer 
turned the mixture homogeneous. The P b 2 + ion form­
ed a complex with Versenol completely. The forma­
tion of the oligoinosinates and Pb2 +-Versenol complex 
was checked by high pressure liquid chromatography 
(HPLG). The products were separated on a QAE-
Sephadex A-25 anion exchange column. The sepa­
rated products were further purified by paper chro­
matography when necessary. The elution pattern ob­
tained on column chromatography is shown in Fig. 

1. T h e composition and the yields of the products 
are given in Table 1 along with the hyperchromicity 
of the main products. 

Oligoinosinates up to a pentamer were formed in 
addition to the hydrolyzed product p i . The inter­
nucleotide linkage formation took place as the following 
Scheme 1. T h e 2 ' - 5 ' internucleotide linkage was 
preferentially formed in the reaction. 

The oligoinosinates thus obtained were characterized 
by enzymatic tests, paper chromatography and H P L C . 
T h e 2 ' - 5 ' internucleotide linkage is not degraded 

TABLE 1. OLIGOINOSINATES OBTAINED FROM ImpI 

Peak 
No. 

1 
2 
3 
4 
5 

6 

7 + 8 

9 

10 
11 

12 

13 

14 

15 

16 

ODU248 

36 
12 

231 
1558 

72 

51 

770 

130 

146 
116 

66 

120 

33 

30 

72 

ha> 

1.04 
1.08 
1.06 

1.15 
1.18 

1.15 

1.15 
1.20 

1.24 

1.31 

Structure 
identification 

I 
3',5'-Cyclic IMP 
ImpI 

Pi 
Implpl 

Lplpl-I (2'-5', 2'-5') 

IPPI 

Lplpl-I (2 /-5 /, 3'-5') 

Cplpïll (3'_5'3 3'-5') 

p p y ' i 
pp ' p 5 ' i 
ippi 2 'p s ' i 
p p ' P

5 ' p ' p 5 ' i 
PP'P5 'P'P5 'I 
Unidentified 
pP 'p 5 ' P 'p 5 ' I 
Unidentified 
pP 'p 5 ' P 'p 5 ' I 
pI 2 , p 5 'P 'p 5 'P 'p 5 ' l 
Unidentified 
pP 'p 5 ' P 'p 5 ' P 'p 5 ' I 
pP 'p 5 ' P ' p 5 ' P ' p 5 ' l 
(pl)4 (Mixtures of 

isomers) 
pP 'p 5 ' P ' p 5 ' P ' p 5 ' P ' p 5 

(pl)4 and (pl)5 

(Mixture of isomers 

Yield/% b) 

To 
0.3 
5.5 

41 
1.0 

0.9e) 
1.3°) 

1.8°) 

5.0 
14.8 
2.6 
0.6«) 
4.5 
2.6 
0.8C) 
1.5 
0.5C> 
1.6 
1.5 
0.4e) 
0.7 
0.4 
0.8«) 

'I 0.6 
1.3«) 

0 
a) Hyperchromicity calculated from alkaline hydro­
lysis, b) Yield obtained from UV248 after allowing 
for hyperchromicity of each oligoinosinate. Total 
ODU248 of starting ImpI is 3800 (0.31 mmol), c) 
Hyperchromicity correction was not carried out. 
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Fig. 1. Chromatography of the oligoinosinates on a QAE-Sephadex A-25 (hydrogen 
carbonate) column. A linear gradient of triethylammonium hydrogencarbonate was 
used for elution (dotted line). The characterization of the several peaks is listed in 
Table 1. 

Xo 
Pi 

u HooH 
N^N-f-O-

°"| 
Umpl) 

0=£«H 
Hx 

OJ 

pip 

Iplpl-i 

1 
H20 

p lp lp ! 

Imp lp lp 

%o 

ft* 
O=P-CT 

"(implpOo-^^j^ 
HÖ0H 

P« 

p l p l p l 

mpl 

H- H N Ù5 

.Imp! 

I m p l p l p Jpl 

pTplplpI 

Scheme 1. 

with nuclease Px (N. Px) and ribonuclease T 2 , while 
3 ' - 5 ' linkage is degraded. Both 2 ' - 5 ' and 3 ' - 5 ' 
internucleotide linkages are hydrolyzed with venom 
phosphodiesterase (VPD) and by alkaline digestion. 
Thus, the internucleotide linkage and the chain length 
of the oligoinosinates were determined by sequential 
enzyme digestion using bacterial alkaline phosphatase 
(BAP), N . P1? and V P D and by alkaline hydrolysis. 

The 2 ' - 5 ' linked dimer, 5'-phosphoinosinyl-[2'-
5']-inosine (pP 'p 5 ' I ) and the trimer, 5'-phospho-
inosinyl-[2'-5']-inosinyl-[2'-5']-inosine (pI 2 , p 5 T 2 ' p 5 T) 

were degraded with the enzymes as follows. Digestion 
of p l 2 ' p 5 ' l with BAP gave inosinyl-[2'-5']-inosine. 
p I 2 ' p 5 T and P ' p 5 T were insensitive to N. Pj . On 
the other hand, alkaline hydrolysis of p I 2 ' p 5 T yielded 
to inosine (I) and inosine-2'(3'),5'-diphosphate (pip) , 
and P ' p 5 ' I to I and inosine-2'(3')-monophosphate (Ip). 
P 'pS ' i W as degraded with V P D to I and p i . The 
tetramer ( p P ' p 5 ' P ' p 5 ' I 2 ' p 5 ' I ) and pentamer (pP 'p 5 ' -
P ' p 5 ' P ' p 5 ' P ' p 5 ' I ) were degraded in a similar way. 
The yields of the 2 ' - 5 ' linked dimer, trimer, tetra­
mer, and pentamer were 14.8, 4.5, 1.5, and 0 .5%, 
respectively. 

pP 'p 5 ' I 

pP 'p 5 ' I 

pP 'p 5 ' I 

N. P : 

—*-

-> p l p + l (1:1) 
N . P i 

-* P 'p 5 ' I — -}f-> 

P P 'p 5 ' P ' p 5 ' I 

pP 'p 5 ' P 'p 5 ' I 

pP 'p 5 ' P 'p 5 ' I 

P 'p 5 ' I 

P 'p 5 ' I 

N. Pj 

—X"> 
NaOH 

VPD 

-> Ip + I (1:1) 

-> I + pI (1:1) 

-> pip + Ip + I (1:1:1) 
BAP N. Pi 

> P 'p 5 ' P 'p 5 ' l — -)(--> 
NaOH 

P 'ps 'p 'ps ' l* > I p + T J ( 2 : l ) 
VPD 

-> I + pI (1:2) p y p y i 

The 3 ' - 5 ' linked dimer, 5'-phosphoinosinyl-[3'-
5']-inosine (p l 3 ' p 5 ' l ) , and the trimer, 5'-phosphoino-
sinyl-[3'-5']-inosinyl-[3'-5']-inosine (pI 3 ' p 5 ' I 3 ' p 5 ' I ) , 
were isolated in 2.6 and 1.4% yield, respectively. 
These compounds were hydrolyzed by the enzymes 
as illustrated below. 
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N.Pi 
pP 'p 5 ' l > pi 

BAP N. Pj 
pP'p 5 ' I ~> P 'p 5 ' I > I + pi (1:1) 

NaOH 
P 'p 5 ' l > Ip + I (1:1) 

N. Pj 
pP 'p 5 ' P 'p 5 ' l > p i 

BAP N. Pj 

p p y p y i > p y p y i -—~» i + Pi (i:2) 
NaOH 

p ' p B ' p ' p S ' ! > I p + i (2 :1) 

Two linkage isomers, p I 3 ' p 5 ' I 2 ' p 5 T and p P ' p 5 ' P ' p 5 ' I , 
were present in peaks 11 and 12, respectively. Their 
characterization was accomplished by the following 
enzyme digestion. 

p p y p y i -
BAP 

p p y p y i > 
P ' p B ' p ' p S ' ! 

-» pI + p P ' p 5 ' ! (1:1) 

N. P, 

N. P, 
p p y p y i -

BAP 
pP'pB'p'pB'l > 

p y p ' p B ' i 

-> I + p P y i (1:1) 

NaOH 

Plp + I (1:1) 

-> p P y i + pI (1:1) 

N.P, 
-> p y i + pi (1:1) 

NaOH 

Ip + I (1:1) 

Two tetramers containing one 3 ' - 5 ' and two 2 ' -
5' internucleotide linkages in a different position, 
p I 2 y i 3 , p 5 , P ' p 5 ' I and p P y ' P y p y i , were iso­
lated in a small amount. They were degraded with 
the enzymes as follows. 

p p y p y p y i 

p p y p y p y i 

N.P, 
p p y i 

N. Pi 
-> p y i + p p y i ( i : i ) P 'pB 'p 'pB 'p 'pB ' I 

N.Pi 

PP'P5 'P'P5,P'P5 'I > pi + p p y p y i 

p p y p y p y i 
BAP 

I 2 'pS 'p ' p 5 ' j3 'p5 ' l 
N.P, 

-> p y p ' p 5 ' I + p i (1:1) 

NaOH 

Ip + I (2:1) 

Linkage isomers of the tetramer and pentamer were 
present in peaks 15 and 16 in a small amount . They 
remain unidentified. 

Contrary to the oligoadenylate formation,5) appre­
ciable amounts of cyclic diinosinates were obtained 
in peaks 6 and 7. They were characterized by re­
sistance to BAP and by their chromatographic mobili­
ties. The internucleotide linkage of the cyclic diino­
sinates was determined by susceptibility to N . P1# 

N. Pj degraded 3 ' -5 ' , 3 ' -5 ' , and 3 ' -5 ' , 2 - 5 ' linked 
isomers to p i and p P ' p 5 ' ! , respectively. 2 ' - 5 ' , 2 ' - 5 ' 

Linked cycilic diinosinate was insensitive to N. P1? 

being degraded to p i with V P D . T h e degradation 
rate of the cyclic diinosinates with the enzymes was 
lower than that of the linear dimer. Of the three 
linkage isomers, the 3 ' -5 ' , 3 ' - 5 ' linked cyclic diino­
sinate was predominant. A molecular model indicates 
that the cyclic dinucleotide prefers 3 ' - 5 ' linkage to 
2 ' - 5 ' linkage conformationally. 

T h e side products containing pyrophosphate bond 
were characterized as 5,5'-diinosine diphosphate (IppI) 
and 5'-inosine-5'-inosinyl-[2'-5']-inosine diphosphate 
( I p p P y ' I ) by resistance to BAP and mobility on 
paper chroma tograms. Both IppI and Ipp I 2 ' p 5 ' I were 
degraded with V P D giving p i . Alkaline hydrolysis 
of I p p P ' p 5 ' I followed by incubation with BAP gave 
IppI . 

Peaks 1, 2, 3, and 4 were identified as I, 3',5'-cyclic 
I M P , I m p I , and p i , respectively, by comparison of 
paper chromatogram mobility and H P L G with those 
of authentic samples. 

The selective formation of 2 ' - 5 ' linked oligoino­
sinates was established in this polymerization reaction. 
Yield and regioselectivity of internucleotide linkage 
were lower than those for the oligoadenylates.5) This 
procedure employs no protecting group, condensation 
reaction taking place in an aqueous solution. I t pro­
vides a simple preparative method for the 2 ' - 5 ' linked 
oligoinosinates, though the yield is not satisfactory. 

Exper imenta l 

Materials. Inosine-5'-monophosphate sodium salt 
(Yamasa) and commercial imidazole, triethylamine, tri-
phenylphosphine, Versenol trisodium salt, and lead nitrate 
were used. Di-2-pyridyl disulfide was prepared by a mo­
dification of the procedure of Jones and Katrizky.7) 
Inosine-5'-phosphorimidazolide was prepared from pi and 
imidazole using triphenylphosphine and di-2-pyridyl disul­
fide as a condensing agent in a similar way to that of 
Lohrmann and Orgel.8) Bacterial alkaline phosphatase, 
(BAPF) and venom phosphodiesterase (VPD) from Worth-
ington, nuclease P1 (N. P J from Yamasa and QAE-Sephadex 
A-25 from Pharmacia Fine Chemicals were used. 

Paper Chromatography and HPLC. Paper chromatog­
raphy was carried out by a descending technique on 
Whatman 3MM paper. The solvent systems were (1), 1-
propanol-concentrated ammonia-water (55:10:35 v/v), and 
(2), saturated ammonium sulfate-0.1 M sodium acetate 
(pH 6.5)-2-propanol (79:19:2 v/v). R£ values of various 
oligoinosinates are given in Table 2. 

HPLG was performed with a Hitachi 538 apparatus using 
a RPG-5 column (4 mmçi x25 cm). RPG-5 was prepared 
according to the method of Pearson et al.9) The elution 
of the HPLG column was carried out with a linear gradient 
of aqueous NaC104 solution (H2O-0.025 M NaC104) con­
taining 0.0025 M Tris-acetate buffer (pH 7.5). The com­
pounds were monitored by UV absorption at 260 nm. 

Preparation of Oligoinosinate. Lead nitrate solution 
(0.25 M 0.3 ml) was added to a 5.7 ml aqueous solution of 
ImpI (150 mg, 3800 optical density unit at 248 nm, 0.3 
mmol) containing 0.2 M imidazole buffer at pH 7.0 with 
stirring. White precipitates were formed. The solution 
was kept at 20 °G for 3 d with stirring. The reaction 
mixture was treated with 0.5 ml of 0.25 M Versenol 
buffer to complex the Pb2+ ion. A small portion (IOJJLI) 
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T A B L E 2. R{ VALUES OF THE COMPOUNDS 

R{ values relative to p i 
Compound ,- ,. 

I 
3',5'-Cyclic IMP 
ImpI 

Pi 
IppI 
Implpl 

l-plpl-l -
"3'-5', 3' 
3'-5', 2' 
2'-5', 2' 

pP 'p 5 ' I 
pl3 ,p5 ' l 
P'p5 ' I 
P'p5T 
IppP'p5 ' I 
pI2'p5' I2'p5' I 

pI 2 'p 5 'P 'p 5 ' l 

p p y p y i 
PP'P6 'P 'P5 ' I 

p p y p y p y i 
p I2'p5'p'p5' I2'p5' I 

p p ' p 5 ' p ' F >
5 'P'p5 'P 

_5' 
-5 ' 
-5 ' 

ps'l 

Solvent 1 

K57 
1.43 
1.56 
1.00 
0.91 
1.12 

1.05 

0.78 
0.76 
1.17 
1.14 
0.60 
0.53 
0.48 
0.50 
0.49 
0.37 
0.35 
0.23 

Solvent 2 

(L8Ö 
0.87 

1.00 
0.86 

0.30—0.50 

0.92 
0.81 

0.80 
0.83 
0.77 
0.75 
0.64 
0.79 
0.67 
0.64 

of the resulting homogeneous solution was analyzed with 
H P L G . T h e bulk of the solution was applied to the top 
of a QAE-Sephadex A-25 (hydrogencarbonate form) column, 
25 mmç5 X 36 cm. After washing with water, elution was 
carried out by a stepwise linear gradient of t r ie thylammonium 
hydrogencarbonate buffer (pH 7.5); (1) H 2 0 (0.75 l ) - l / 3 
M (0.751); (2) 1/3 M (3 1)-1/2 M (31) ; 1/2 M (1 1)-1 M 
(11). Ca. 14 ml fractions were collected every 10 min. 
U V absorption of each fraction was measured at 270 n m . 
T h e fractions containing the U V absorbing compound were 
pooled and evaporated in vacuo below 30 °G. T h e excess 
of t r ie thylammonium hydrogencarbonate was removed by 
repeated evaporation after addition of water. U V absorp­
tion of the oligoinosinates was measured at 248 n m . T h e 
yield was calculated from O D U 2 4 8 after allowing for the 
hyperchromicity of each oligoinosinate. T h e hyperchromi-
city was obtained by the ratio of U V absorption at 248 n m 
after and before alkaline hydrolysis of the oligoinosinate. 

Characterization of Products. Characterization of the 

products was carried out by means of sequential enzymes 
and alkaline digestion. T h e structure was confirmed by 
comparing the paper chromatograms and H P L C with those 

of authentic samples. T h e separated products were sub­
jected to paper chromatography in solvent systems 1 and 
2. T h e U V active spot on the paper developed with sys­
tem 1 was eluted with water, and then incubated with BAP. 
T h e incubated mixture was chromatographed on the paper 
using system 1. T h e spot on the paper was elute with water. 
T h e eluate was evaporated in vacuo and incubated with 
N . Pi- T h e mixture was analyzed with H P L C , and ap­
plied to paper chromatography in system 1. The U V ab­
sorbing spot was eluted with water and divided into two 
portions. O n e was digested with V P D and the other was 
degraded in a 0.5 M alkaline solution. The digested solu­
tion was analyzed with H P L C . T h e molar ratio of inosine 
and inosine nucleotides was determined with H P L C . 

Digestion of the Products with Enzymes. Digestion with 
BAP was carried out by incubating a mixture of 0.5—1.5 
[j.mol of nucleotidic material in a 50 \i\ solution containing 
0.1 M Tris-HCl (pH 8.05), 0.001 M MgCl 2 and 0.1 unit 
of enzyme, at 37 °C for 2.5 h. T h e mixture was spotted 
directly on a W h a t m a n 3 M M paper and developed in sys­
tem 1. 

Degradation with N . Px was performed at 37 °C for 2.5 h 
in a mixture (50 [xl) containing the nucleotidic material 
(0.5—1.5 (jimol), 0.006 M Veronal-acetate buffer (pH 5.75) 
and an enzyme solution (5 [ig in 5 [il). 

Degradat ion with V P D was carried out at 37 °C for 2.5 
h in a mixture (50 \xl) containing the substrate (0.2—0.4 
[xmol), 0.01 M Tris-acetate (pH 8.8), 0.01 M MgCl 2 and 
enzyme solution (0.01 uni t ) . 

Alkaline hydrolysis was carried out at room temperature 
for 1 d in a mixture (50 yl) containing the substrate (0.2— 
0.5 jxmol) in a 0.5 M N a O H solution. 
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Radioisotopically labeled L-leucine, L-valine, DL-alanine, sodium acetate, and DL-mevalonic acid were in­
corporated into linalool by the intact plant of Cinnamomum camphora Sieb. var. linalooliferum Fujita and into gera­
niol and citronellol by that of Pelargonium roseum Bourbon. The uptake of leucine and valine resulted in the pref­
erential location of the radioactivity on the 3,3-dimethylallyl pyrophosphate-derived moiety of these acyclic mono­
terpenoids, whereas the uptake of alanine resulted in the preferential location on the isopentenyl pyrophosphate-
derived moiety, much as in the cases of mevalonic acid and sodium acetate. A biosynthetic pathway leading 
to the monoterpenoids from the amino acids is discussed. 

The biosynthesis of monoterpenoids is believed to 
involve the conversion of mevalonic acid (MVA)1) 
into isopentenyl pyrophosphate (IPP)1) and 3,3-di­
methylallyl pyrophosphate (DMAPP),1) followed by 
the condensation of I P P with D M A P P directed toward 
the formation of monoterpenoids.2) The predominant 
location of the radioactivity on the IPP-derived moiety 
has been observed for the biosynthesis of mono­
terpenoids from MVA-2-1 4C by the leaves of higher 
plants,3-6) in contrast to the equal distribution in 
the IPP- and DMAPP-derived moieties of squalene 
and triterpenoids biosynthesized from MVA-2-1 4C by 
Pisum sativum?) T h e unbalanced distribution of the 
labeling in the monoterpenoids has been explained 
in terms of the operation of several factors, which 
involve the participation of some other pathway or 
intermediates in the D M A P P formation. No incor­
poration, or only a slight one, of leucine and valine 
into monoterpenoids by higher plants has been re­
ported,3 '8-9) but the biosynthetic pathway of steroids 
from leucine via M V A has been established in animal 
tissues,10-13) and it is highly probable that such a 
pathway takes part in higher plants, also. 

We have performed the feeding experiments of ra­
dioisotopically labeled leucine, valine, and alanine into 
linalool (1) with the intact plant of Cinnamomum 
camphora Sieb. var. linalooliferum Fujita, and into gera­
niol (2) and citronellol (3) with that of Pelargonium 

CH2OH 

t Present address: Imabari-kita High School, 
Miyashita-cho, Imabari, Ehime 794. 

roseum Bourbon, and then compared the distribution 
of the radioactivity originating from these precursors 
in the IPP- and DMAPP-derived moieties of the 
monoterpenoids with its distribution in the moieties 
of the monoterpenoids biosynthesized from 14G-labeled 
M V A and acetate. The results have been partly 
outlined in the preliminary communications.14-17) We 
here wish to report, en bloc, details of the results. 

R e s u l t s 

The Incorporation of the Radioisotopically Labeled Pre­
cursors into Linalool (1), Geraniol (2), and Citronellol 
(3). Feeding experiments were carried out on 
sprigs of C. camphora and P. roseum. T h e radioiso­
topically labeled precursors used for the incorporation 
were L-leucine-U-14C,18) L-valine-U-14C, DL-alanine-2-
14C, sodium acetate-2-14C, and DL-mevalonic-2-14C acid. 
A phosphate-buffered solution (pH 7 4) of each pre­
cursor was fed through the cut stem to the leaves of 
the plants. The leaves and stems were subsequently 
steam-distilled to give an essential oil, which was 
then subjected to preparative T L C to isolate 1 from 
C. camphora and 2 and 3 from P. roseum. T h e radio­
activities of 1, 2, and 3 were measured in Bray's scin­
tillation solvent19) with a liquid scintillation spectrom­
eter; they are shown in Tables 1 and 2. Leucine 
and valine were incorporated into 1, 2, and 3 in the 
range of 0.0002—0.0055%. The incorporation of ala­
nine into these monoterpenoids was at a considerably 
high level (0.014—0.076%), whereas that of acetate 
was at a low level (0.004—0.027%). 

The Distribution of Radioactivity in Linalool (1) Biosyn­
thesized from ^C-Labeled Leucine, Valine, and MVA by 
C. camphora. Linalool (1), biosynthesized from leu-
cine-U-14C, valine-U-14C, and MVA-2-14C, was sub­
jected to degradation to determine the labeling pat­
tern. T h e radioactive linalool (1) isolated was hy-
drogenated in the presence of plat inum dioxide to 
give 1,2-dihydrolinalool (4), which was subsequently 
degraded to 4-methyl-4-hexanolide (5) containing the 
C-l—G-6 and G-9 carbon atoms of 1, and to acetone 
containing the G-7, C-8, and G-10 carbon atoms of 
1, by permanganate-periodate oxidation.20) T h e hex-
anolide (5) and acetone were then converted to the 
S-benzylthiouronium salt21) and the thiosemicarbazone 
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T A B L E 1. INCORPORATION OF THE RADIOISOTOPICALLY LABELED PRECURSORS INTO LINALOOL (1) BY C. camphora 

Exptl 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Precursors'1) 
(mCi; 

Leu-U-1 4C 

Leu-U-14C7 

Val-U-1 4C 

Val-U-1 4C 

Val-U-1 4C 

Ala-2-14C 

Ala-2-14C7 

) 

(0.02) 

(0.025) 

(0.01) 

(0.005) 

(0.02) 

(0.05) 

(0.02) 

NaOAc-2-1 4C7(0.12) 
NaOAc-2-1 4C 

MVA-2-1 4C 

MVA-2-1 4C 

' ( 0 . 1 2 ) 

(0.10) 

(0.04) 

Feeding timeb) 

h 

24 

24 

24 

12 
24 

24 

24 

24 

24 

24 

24 

Season 

April 

M a y 

Ju ly 
Oct. 

Oct . 

J u n e 

Ju ly 
J u n e 

Ju ly 
J u n e 

Ju ly 

Sp. act.c> 

dpm/mmol 

1 .40X10 2 

1.70X10 2 

7 . 5 2 X 1 0 2 

5 . 9 2 X 1 0 2 

2 . 7 2 X 1 0 2 

1 . 8 6 x l 0 4 

3 . 0 0 x l 0 3 

1 .10x10* 

3 . 7 6 x l 0 4 

4 . 3 9 x l 0 3 

3 . 1 5 x l 0 3 

Incorp. 

% 

0.0010 

0.0040 

0.0055 

0.0015 

0.0015 

0.076 

0.026 

0 .0043 

0.0075 

0.022d> 

0.0861) 

a) Leu-U-1 4C, Val-U-14t7, Ala-2-14C, NaOAc-2-1 4C, and MVA-2-14<7 denote L-Leucine-U-14C, L-valine-U-14C, DL-
alanine-2-14t7, sodium acetate-2-14C, and DL-mevalonic-2-14C acid respectively, b) Metabolic period after uptake 
of tracer, c) Values cannot be compared among different batches of incorporations, since different quantities of 
the carrier and/or the tracer are used. Sp. act. denotes specific radioactivity, d) Calculated as the only (3R)-
enant iomer of a racemic mixture of the substrate participates in the formation of 1. 

T A B L E 2. INCORPORATION OF THE RADIOISOTOPICALLY LABELED PRECURSORS INTO GERANIOL (2)| 

AND CITRONELLOL (3) BY P. roseum 

Exptl 
No. 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Precursors21) 
(mCi) 

Leu-U-14C7 (0.01) 

Leu-U-1 4C (0.07) 

Leu-U-1 4C (0.01) 
Val-U-1 4C (0.05) 

Ala-2-14C (0.03) 

NaOAc-2-1 4C (0.083) 

NaOAc-2-1 4C (0.083) 

MVA-2-1 4C (0.02) 

MVA-2-1 4C (0.02) 

Feeding timeb) 

h 

12 

24 

72 
24 

24 

12 
24 

24 

24 

Season 

Oct . 

Oct . 

Oct . 

Oct . 

Aug. 

Ju ly 

Ju ly 
Aug. 

Sep. 

Geraniol 

Sp. act.c) 
dpm/mmol 

5 . 3 4 x l 0 3 

1 .13x10* 

1 .20x10* 
3 . 1 0 x l 0 4 

3 . 8 6 X 1 0 5 

5 . 6 7 x l 0 5 

1.11x10« 

1 .12x10* 

1 .53x10* 

1 (2) 

Incorp. 
0/ 
/o 

0 .0011 

0 .0028 

0.0036 

0 .0009 

0 .024 

0 .016 

0.027 

0.010d> 

0.016d> 

Citronellol (3) 

Sp. act.c) 
dpm/mmol 

8 . 5 0 X 1 0 2 

5 . 1 5 x l 0 3 

1 .40x10* 

2 . 8 4 X 1 0 3 

1 .85x10* 

1 .48x10» 

2 . 1 5 X 1 0 5 

4 . 7 6 X 1 0 3 

1 .59x10* 

Incorp. 

0.0002 

0.0017 

0.0032 

0.0009 
0 .014 

0.0060 

0.0091 

0.0054d) 

0.018d) 

a) , b ) , and c) Refer to a) , b) , and c) in Table 1 respectively, 
racemic mixture of the substrate participates in the formation 

d) Calculated as the only 
of 2 and 3 . 

(3i?)-enantiomer of a 

T A B L E 3. RADIOACTIVITY IN LINALOOL (1) AND ITS DEGRADATION PRODUCTS AFTER UPTAKE 

OF L-LEUCINE-U-14C, L-VALINE-U-14C7, AND DL-MEVALONIC-2-14C ACID 

Compound 
/carbons originatingN 
^from 1 ) 

Linalool *(1) 
(G-1—G-10) 

Hexanolide (5) 
(G-1—C-6 and C-9) 

Acetone 
(C-7, C-8, and C-10) 

Exptl la> 
(Leu-U-"C) b ) 

1 .40x10» 

7 . 3 7 x 1 0 

7 . 0 1 x 1 0 

Specific radioactivity, dpm/mmol 

Exptl 2 
(Leu-U-14C) 

1 . 7 0 x 1 0 s 

8 . 4 0 x 1 0 

8 . 6 2 x 1 0 

Exptl 3 
(Val-U-14C) 

7 . 5 2 x l 0 2 

4 .36 x 1 0 s 

3 . 1 7 X 1 0 2 

Exptl 5 
(Val-2-14C) 

2 . 7 2 x 1 0 s 

1 . 6 9 x l 0 2 

1.06 x 1 0 s 

Exptl 11 
(MVA-2-14C) 

3 . 1 5 x l 0 3 

2.05 x l O 3 

9 . 5 0 x 1 0 s 

a) "Expt l N o . " correspond to the numbers in Table 1. b) Refer to a) in Table 1. 

d e r i v a t i v e r e spec t ive ly ; these p r o d u c t s w e r e pur i f ied 
to a c o n s t a n t specific r a d i o a c t i v i t y b y rec rys ta l l i za t ion . 
T a b l e 3 shows t h e rad ioac t iv i t i e s of these d e g r a d a t i o n 
p r o d u c t s . I n t h e u p t a k e of l e u c i n e - U - 1 4 C a n d va l ine -
U - 1 4 C , t h e a t o m s of t h e i r t r a c e r e l e m e n t a r e u n i f o r m l y 
l oca t ed o n al l t h e c a r b o n a t o m s of D M A P P a n d I P P ; 
therefore , t h e 5/3 of t h e to ta l r a d i o a c t i v i t y of a c e t o n e 

resides o n t h e D M A P P - d e r i v e d m o i e t y ( C - 5 — C - 8 a n d 
C - 1 0 ) , a n d t h e r a d i o a c t i v i t y of t h e I P P - d e r i v e d m o i e t y 
( C - l — C - 4 a n d C-9) m u s t b e t h e difference b e t w e e n 
t h e r a d i o a c t i v i t y of 5 a n d 2 /3 t h a t of a c e t o n e . O n 
t h e o t h e r h a n d , i t h a s b e e n es tab l i shed t h a t t h e C-4 
a n d C-8 c a r b o n a t o m s of t h e m o n o t e r p e n o i d s a r e 
l abe l ed w i t h t h e t r a c e r f rom MVA-2-1 4C.2 2>2 3> I n this 
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TABLE 4. THE DISTRIBUTION OF RADIOACTIVITY IN THE 

I P P - AND THE DMAPP-DERIVED MOIETIES OF LINALOOL 

(1) , GERANIOL (2 ) , AND CITRONELLOL ( 3 ) BIOSYNTHESIZED 

FROM THE RADIOISOTOPICALLY LABELED PRECURSORS 

N
X

n
Pa) Compound 

Is) 
2 
3 
5 
6 
7 
8 

11/ 

» Linalool (1) 

13\ 
15 
16 K Geraniol (2) 
18 
19J 
13\ 
15 
16 Citronellol (3) 
18 
19 J 

Precursors11) 

Leu-U-14C 
Leu-U-14C 
Val-U-14C 
Val-U-14C 
Ala-2-14C 
Ala-2-14C 
NaOAc-2-14C 
MVA-2-14C 

Leu-U-14C 
Val-U-14C 
Ala-2-14C 
NaOAc-2-14C 
MVA-2-14C 

Leu-U-14C 
Val-U-14C 
Ala-2-14C 
NaOAc-2-14C 
MVA-2-14C 

Distribution/% 
s • 

IPP-M.C> 

19 
16 
30 
36 
57 
56 
51 
68 

23 
16 
64 
65 
75 

17 
12 
63 
58 
80 

DMAPP-M.C> 

81 
84 
70 
64 
43 
44 
49 
32 

72 
84 
36 
35 
25 

83 
88 
37 
42 
20 

a) "Exptl No." correspond to the numbers in Tables 1 
and 2. b) Refer to a) in Table 1. c) IPP-M. and 
DMAPP-M. denote the IPP- and DMAPP-derived 
moieties respectively. 

case, therefore, all the radioactivity located on the 
DMAPP- and IPP-derived moieties would appear in 
acetone and 5. 

O n the basis of the radioactivity of acetone and 5, 
the distributions of radioactivity in the IPP- and 
DMAPP-derived moieties of 1 were determined by 
proportional allotment; they are shown in Table 4. 
The DMAPP-derived moiety of 1 was labeled with 
81—84% of the total radioactivity incorporated into 
1 in the administration of leucine-U-14C and with 
64—70% of it in the case of valine-U-14C, whereas 
the DMAPP-derived moiety of 1 biosynthesized from 
MVA-2-14C was labeled with less than 3 2 % of the 
total activity. 

In order to confirm the contrasted localization of 
the radioactivity on the IPP- and DMAPP-derived 
moieties between the incorporations of leucine and 
mevalonate, a mixture of leucine-4,5-3 / / and MVA-
2-14C was fed to the plant to give a 3 H- and 14C-labeled 
sample of 1. The linalool (1) was then degraded 
to levulinic acid and acetone in the same manner 
as above. The tracer originating from leucine-4,5-3 / / 
would be located on the G-4 and G-9 and the G-8 
and C-10 carbon atoms; the former pair of carbon 
atoms constitutes a part of the IPP-derived moiety, 
and the latter, a part of the DMAPP-derived moiety. 
O n the other hand, the tracer originating from MVA-
2-14C is located at the G-4 and the G-8 carbon atoms, 
which reside on the IPP- and DMAPP-derived moieties 
respectively. In the incorporation of the mixture of 
3H-labeled leucine and 14G-labeled MVA, therefore, 
all the radioactivities located on the DMAPP- and 
IPP-derived moieties would appear in molecules of 
acetone and levulinic acid respectively. The distri-

TABLE 5. RADIOACTIVITY IN LINALOOL (1) AND ITS 

DEGRADATION PRODUCTS AFTER UPTAKE OF A MIXTURE 

OF DL-LEUCINE-4,5-3 / / AND D L - M V A - 2 - 1 4 C 

TO C. camphora 

Compound 
/carbons originatingN 
Vfrom 1 ) 

Specific radioactivity 

3H 14C 
3 H / i * G 
ratio 

dpm/mmol dpm/mmol 

Linalool (1) 2 . 1 8 x l 0 3 

(C-l—C-10) 

Levulinic acid 0 . 7 4 x l 0 3 

(C-3—C-6 and G-9) 

Acetone 1.43X103 

(C-7, G-8, and C-10) 

2.85X103 0.77 

1.66xl0 3 0.45 

1.21 xlO3 1.18 

butions of the radioactivity of these tracers and the 
3H/1 4G ratio of the radioactivity in molecules of the 
degradation products are shown in Table 5. Although 
the 3H/1 4G ratio in the whole molecule of 1 was 0.77, 
the ratios in the IPP- and DMAPP-derived moieties 
were 0.45 and 1.18 respectively. This fact indicates 
that the distribution of 3 H originating from leucine 
was greater in the DMAPP-derived moiety than in 
the IPP-derived moiety, whereas the distribution of 
14G originating from M V A was greater in the IPP-
derived moiety than in the DMAPP-derived moiety. 
Thus, the experiment of the simultaneous feeding of 
3H-labeled leucine and 14G-labeled M V A has firmly 
established the occurrence of the contrasted unbal­
anced distribution of radioactivity in the IPP- and 
DMAPP-derived moieties of the monoterpenoids when 
leucine and M V A are separately incorporated into 
the monoterpenoids.3 - 6 '1 4 - 1 7) 

The Distribution of Radioactivity in Geraniol (2) and 
Citronellol (3) Biosynthesized from ^C-Labeled Leucine, 
Valine, and MVA. Radioactive samples of gera­
niol (2) and citronellol (3), resulting from the uptake 
of leucine-U-14C, valine-U-14C, and MVA-2-14C, were 
subjected to permanganate-periodate oxidation. 
Geraniol (2) was degraded to levulinic acid containing 
the C-3—C-6 and C-9 carbon atoms and to acetone 
containing the C-7, C-8, and C-10 carbon atoms. 
Citronellol (3) was degraded to 6-hydroxy-4-methyl-
hexanoic acid (6) containing the C-l—C-6 and C-9 
carbon atoms and to acetone containing the C-7, 
C-8, and C-10 carbon atoms. The radioactivities of 
these compounds are listed in Tables 6 and 7. T h e 
distribution of the radioactivity of the 14C-tracer in 
the IPP- and DMAPP-derived moieties of 2 and 3 
were determined by the proportional allotment in 
the same manner as in the case of 1; they are shown 
in Table 4. T h e uptake of the radioisotopically labeled 
amino acids resulted in the location of 72—88% of 
the total radioactivities on the DMAPP-derived moiety, 
whereas the predominant radioactivity resided on the 
IPP-derived moiety in the uptake of the 14G-labeled 
M V A . 

The Distribution of Radioactivity in Linalool (1), Geraniol 
(2), and Citronellol (3) Biosynthesized from 1AC-Labeled 
Alanine, Acetate, and MVA. T h e distribution of 
radioactivity in the IPP- and DMAPP-derived moieties 
of 1, 2, and 3, biosynthesized from alanine-2-14C, 
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TABLE 6. RADIOACTIVITY IN GERANIOL (2) AND ITS DEGRADATION PRODUCTS AFTER UPTAKE 

OF THE RADIOISOTOPICALLY LABELED PRECURSORS 

Compound 
/carbons originating\ 
\from 2 ; 

Geraniol (2) 
(C-l—C-10) 

Levulinic acid 
(C-3—G-6 and G-9) 

Acetone 
(G-7, G-8, and G-10) 

Exptl 13a> 
(Leu-U-14C7)b) 

1 . 8 4 x l 0 3 

8 . 3 2 X 1 0 2 

7 . 8 9 x l 0 2 

Specific radioactivity, < 

Exptl 15 
(Val-U-14C7) 

3 . 7 6 x l 0 2 

1 . 8 6 X Ï 0 2 

1 .90X10 2 

Exptl 16 
(Ala-2-14C7) 

2 .95 x 1 0 s 

1 . 4 8 x l 0 3 

5 . 2 7 x l 0 2 

dpm/mmol 

Exptl 18 
(NaOAc-2-14C7) 

9.71 x l O 4 

5.31 x l O 4 

2 . 2 5 x l 0 4 

Exptl 19 
(MVA-2-14C) 

1 .24X10 3 

9 . 3 3 X 1 0 2 

3 .08 x l O 2 

a) "Exptl No." correspond to the numbers in Table 2. b) Refer to a) in Table 1. 

TABLE 7. RADIOACTIVITY IN CITRONELLOL (3) AND ITS DEGRADATION PRODUCTS AFTER UPTAKE 

OF THE RADIOISOTOPICALLY LABELED PRECURSORS 

Compound 
/carbons originating\ 
Vfrom 3 ) 

Specific radioactivity, dpm/mmol 

Exptl 13a> 
(Leu-U-14C7)b> 

Exptl 15 
(Val-U-14C7) 

Exptl 16 
(Ala-2-14C7) 

Exptl 18 
(NaOAc-2-14C7) 

Exptl 19 
(MVA-2-14C) 

Citronellol (3) 1 .25xl0 3 

(C-l—C-10) 

6-Hydroxy-4-methylhexanoic acid (6) 6 . 2 7 x l 0 2 

(G-l—G-6 and G-9) 

Acetone 
(G-7, C-8, and G-10) 

6.20X102 

1.77xl0 3 1.03X103 1.45X104 1.52xl02 

9 . 3 8 x l 0 2 8 .40x l0 2 l .Olx lO 4 1.12xl02 

8 .36x l0 2 1 .90xl02 3 .97x l0 3 3 .08x10 

a) "Exptl No." correspond to the numbers in Table 2. b) Refer to a) in Table 1. 

TABLE 8. RADIOACTIVITY IN LINALOOL (1) AND ITS DEGRADATION PRODUCTS AFTER UPTAKE 

OF DL-ALANINE-2- 1 4 C, SODIUM ACETATE-2-14C, AND DL-MEVALONIC-2-14C ACID 

Compound 
/carbons originating\ 
\from 1 ) 

Linalool (1) (C-l—C-10) 

4-Methyl-4-hexanolide (5) 
(C-l—C-6 and G-9) 

Formaldehyde (C-l ) 

Levulinic acid (C-3—C-6 and G-9) 

Iodoform (G-9) 

Succinic acid (C-3—C-6) 

Acetone (G-7, C-8, and G-10) 

Iodoform (C-8 and/or C-10) 

Exptl 6a> 
(Ala-2-14C7)b) 

4 . 2 5 x l 0 3 

— 

9 . 3 7 X 1 0 2 

2 . 5 3 x 1 0 s 

2 . 6 7 x 1 0 

2 . 3 5 x 1 0 s 

1 . 1 0 x 1 0 s 

— 

Specific radioactivity, dpm/mmol 

Exptl 7 
(Ala-2-14C7) 

4 .46 x 1 0 s 

3 . 2 5 x l 0 3 

— 

— 

— 

— 

9 . 9 0 x l 0 2 

— 

Exptl 8 
(NaOAc-2-14C) 

l . l O x l O 4 

— 

3 . 7 8 X 1 0 2 

4 . 9 0 x 1 0 s 

— 

— 

3 . 2 1 x 1 0 s 

— 

Exptl 10 
(MVA-2-14C7) 

4 . 3 9 X 1 0 4 

2 . 6 8 x l 0 4 

1 . 3 7 x 1 0 s 

2.85 XlO4 

9 . 7 0 X 1 0 2 

2 . 7 7 x l 0 4 

1 . 7 0 X Ï 0 4 

8 . 0 7 x 1 0 s 

a) "Exptl No." correspond to the numbers in Table 1. b) Refer to a) in Table 1. 

acetate-2-14C, and MVA-2-14C, was determined by sub­
jecting them to degradation as follows. The oxidation 
of 1 with permanganate-periodate gave levulinic acid, 
acetone, and formaldehyde, which contain the C-3— 
G-6 and G-9 carbon atoms, the G-7, G-8, and G-10 
carbon atoms, and the G-l carbon atom respectively. 
A part of the sample of levulinic acid was further 
degraded by an iodoform reaction to iodoform con­
taining the G-9 carbon atom and to succinic acid 
containing the G-3—G-6 carbon atoms. Also, 1 was, 
on partial hydrogénation, converted to 1,2-dihydro-
linalool (4), which was then degraded to 4-methyl-4-
hexanolide (5) and acetone by permanganate-periodate 
oxidation. Table 8 shows the radioactivities of 1 and 

these degradation products. By oxidation with this 
reagent, geraniol (2) was degraded to levulinic acid 
and acetone, and citronellol (3), to 6-hydroxy-4-meth-
ylhexanoic acid (6) and acetone. The radioactivities 
of 2 and 3 and the degradation products are shown 
in Tables 6 and 7. 

Table 8 indicates that 2 2 % of the radioactivity 
due to the tracer originating from alanine-2-14C is 
located on the G-l carbon atom of 1 and 2 6 % on the 
portion composed of the G-7, G-8, and G-10 carbon 
atoms, while the G-9 carbon atom is unlabeled. These 
results indicate that the tracer from alanine-2-14C re­
sides on the G-l , G-3, G-5, and G-7 carbon atoms. 
Tables 6 and 7 indicate that the labeling pattern of 

file:///from
file:///from
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2 and 3 is the same as that of 1. In the uptake of 
alanine-2-14C, therefore, the radioactivity of the 
DMAPP-derived moiety (C-5—C-8 and C-10) of 1, 
2, and 3 is double that of acetone. O n the other 
hand, the radioactivity of the IPP-derived moiety 
(C-l—C-4 and C-9) of 1 and 2 was evaluated by 
doubling the difference between the radioactivities of 
levulinic acid and acetone; in addition, the radio­
activity of the I P P moiety of 1 was evaluated by de­
ducting the radioactivity of acetone from that of 4-
methyl-4-hexanolide (5). With respect to 3, the radio­
activity of its IPP-derived moiety was evaluated by 
deducting the radioactivity of acetone from that of 
6-hydroxy-4-methylhexanoic acid (6). In the uptake 
of acetate-2-14C, it has been well established that the 
tracer resides on the C-2, C-4, C-6, and C-8—C-10 
carbon atoms of the acyclic monoterpenoids. 24_27> 
Taking this labeling pattern into consideration, the 
distribution of radioactivity in the IPP- and D M A P P -
derived moieties of 1, 2, and 3 was evaluated by the 
proportional allotment of the radioactivities of acetone 
and levulinic acid in a manner similar to that described 
above. 

O n the basis of the specific radioactivities of the 
IPP- and DMAPP-derived moieties determined as 
above, the distribution of radioactivity in these moieties 
was evaluated; it is shown in Table 4. T h e incor­
poration of 14C-labeled alanine and acetate into gera-
niol (2) and citronellol (3) resulted in the preferential 
location of radioactivity on the IPP-derived moiety, 
similarly to the incorporation of 14C-labeled MVA, 
but in opposition to the incorporation of 14C-labeled 
leucine and valine. T h e localization of radioactivity 
in linalool (1) biosynthesized from 14C-labeled alanine 
was predominant on its IPP-derived moiety, but when 
1 was biosynthesized from 14C-labeled acetate, the 
imbalance of the distribution of radioactivity on the 
IPP- and DMAPP-derived moieties was very small. 

D i s c u s s i o n 

The previous reports3 '9) described that leucine and 
valine are not precursors for the monoterpenoid bio­
synthesis in higher plants because of their negligible 
incorporation into monoterpenoids. However, it has 
been found that the radioisotopically labeled leucine 
and valine are surely incorporated into monoterpenoids, 
though the incorporation is at a low level, as is shown 
in Tables 1 and 2. T h e low incorporation of the 
amino acids may be explained in terms of the operation 
of several factors: (i) the radioactivity of the amino 
acids is scattered into other metabolites rather than 
the monoterpenoids, (ii) there is a great pool of the 
amino acids, so that their radioactivity is diluted, 
and (iii) the low permeation of the amino acids into 
the biosynthetic site of monoterpenoids causes the 
low incorporation. 

The DMAPP-derived moiety of the monoterpenoids, 
1, 2, and 3, biosynthesized from leucine-U-14C and 
valine-U-14C was labeled with more than 6 4 % of 
the incorporated tracers, whereas this moiety of the 
monoterpenoids biosynthesized from MVA-2-1 4C con­
tained less than 3 2 % of the tracers, as is shown in 

Table 4. If the monoterpenoids are biosynthesized 
from the amino acids via MVA, the distribution pattern 
will be similar to the pattern in the monoterpenoids 
biosynthesized from MVA-2- 1 4 C This indicates that, 
although leucine and valine have a carbon-skeleton 
similar to that of MVA, these amino acids are in­
corporated into the monoterpenoids, not via MVA, 
but by an alternate route. O n the other hand, the 
distribution pat tern in the monoterpenoids biosynthe­
sized from alanine-2-14C was similar to that in the 
monoterpenoids biosynthesized from MVA-2-1 4C and 
acetate-2-14C. This indicates that alanine is incor­
porated into the monoterpenoids by a route via MVA. 
Thus, it is likely that administered leucine and valine 
participate in the biosynthesis of the monoterpenoids 
by their direct conversion to D M A P P through an 
alternate route rather than through the mevalonate 
pathway, whereas administered alanine is first metab­
olized to acetyl-CoA, which then constructs preferen­
tially the IPP-derived moiety of the monoterpenoids 
via MVA. 

Exper imenta l 

The radioisotopically labeled monoterpenoids and their 
degradation products were purified to a constant specific 
radioactivity by a combination of preparative TLG and/or 
repeated recrystallization of the crystalline derivatives in 
every case that these could be prepared. The melting 
points and spectral data of all the products agreed with 
those of authentic samples.22'23) The TLG analyses were 
carried out using silica-gel plates (Kieselgel 60 G; 0.25 
mm thick) and the following five kinds of solvents: (i) 
hexane/EtOAc=9/l, (ii) hexane/EtOAc=4/l, (iii) hexane/ 
E tOAc-1 /1 , (iv) CHC13, and (V) MeOH/acetone/formic 
acid=70/10/1. Spots on the plates were visualized by 
vaniline-H2S04 spraying and subsequent heating to 120 
°G. The preparative TLG was performed on silica-gel 
plates (Kieselgel 60 G; 0.75 mm thick) or on 3% AgN0 3 -
silica-gel plates (Kieselgel 60 G; 0.75 mm thick) with the 
above-described solvents. The GLG analyses were perform­
ed on an instrument equipped with FID and a glass column 
(2.0 m x 3 mm) packed with either 2% OV-17, 15% DEGS, 
or 10% PEG-20M on Chromosorb W (80—100 mesh). The 
radioactivity was measured on a liquid-scintillation spec­
trometer using Bray's scintillation solvent.19) The counting 
error was within 2%. 

Plant Materials and Labeled Precursors. The leaves of 
Cinnatnomum camphora Sieb. var. linalooliferutn Fujita, which 
had been grown outdoors on the campus of Hiroshima Uni­
versity, produced an essential oil containing up to 90% 
(wt) of linalool (1) in August. The linalool (1) isolated 
showed [a]s

D
5 -19.3° {c 13.3, GHG13) and n2

D
6 1.4603. Each 

top branch used for the feeding experiments was ca. 10 cm 
in length and ca. 5 g in fresh wt. The leaves of Pelargonium 
roseum Bourbon, which had been wintered indoors and grown 
outdoors from spring to autumn, produced an essential 
oil containing 35—40% of geraniol (2) and 25—30% of 
citronellol (3) in August. The isolated geraniol (2) and 
citronellol (3) showed ra2

D
6 values of 1.4760 and 1.4551 re­

spectively. Each top branch of the plant used for feeding 
experiments was ca. 15 cm long and ca. 10 g in fresh wt. 

DL-Mevalonic-2-14C acid (MVA-2-14C) (7.16 mCi/mmol), 
L-leucine-U-14C (Leu-U-14C) (251 mCi/mmol), L-valine-U-
14C (Val-U-14C) (225 mCi/mmol), DL-alanine-2-14C (Ala-2-
14C) (12 mCi/mmol), and sodium açetate-2-14C (58 mCi/ 
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mmol) used for the feeding experiments were products of 
the Daiichi Pure Chemicals Co., Ltd. , Tokyo. 

Administration of the Labeled Precursors and Isolation of the 
Radioisotopically Labeled Monoterpenoids. T h e labeled pre­
cursor, dissolved in a phosphate-buffered solution (0.5 cm 3 ; 
p H 7.4), was fed to the fresh cuttings (50 g in total wt) 
through their cut-stem in a glass tube, and then distilled 
water was soaked into the cuttings several times to complete 
the uptake of the labeled precursor. At the end of the met­
abolic periods shown in Tables 1 and 2, the cuttings were 
steam-distilled. T h e distillate was extracted with four 50-
cm3 portions of ether. T h e combined ether layer was wash­
ed with two 50-cm3 portions of a 5 % sodium hydrogen-
carbonate solution and water, and then dried over anhy­
drous sodium sulfate. T h e removal of the solvent from 
the ether layer at temperature below 40 °C afforded a crude 
essential oil. T h e essential oil (0.6—1.0 g) obtained from 
C. camphora was subjected to preparat ive T L G with solvent 
(i) to give linalool (1), which was then further purified by 
T L C . T h e essential oil (0.15—0.2 g) obtained from P. 
roseum was separated on AgN03-s i l ica-gel plates with solvent 
(ii) to give geraniol (2) and citronellol (3), which were sub­
sequently further purified by T L G with silica-gel plates 
and solvent (i). T h e homogeneity of these monoterpene 
alcohols was confirmed by GLG analyses using a 2 % O V -
17 column at 100 °G, a 15% D E G S column at 120 °G, and 
a 10% P E G 20 M column at 120—180 °G, in addition to 
the examination of the constant specific radioactivity. 

For time-course studies of the incorporation of the tracers 
into the monoterpene alcohols, each precursor was fed to 
the cuttings of the plant in the same manner as above, and 
then the cuttings were steam-distilled at appropriate time 
intervals to give the essential oil. This oil was subjected 
to isolation of the monoterpene alcohol in the same way 
as above. 

Degradation of Linalool (1). Following the reported 
procedure of the K M n 0 4 - N a I 0 4 oxidation,20) a suspension 
of linalool (1) (350 mg) in a solution of N a I 0 4 • H a O (2.6 g) 
in water (260 cm3) was stirred for 10 min at room temp. 
T h e mixture was neutralized with sodium carbonate under 
cooling to 0—10 °G. T o the neutralized solution, K M n 0 4 

(250 mg) dissolved in water (15 cm3) was added drop by 
drop, and, after which, the mixture was stirred overnight 
below 10 °G. T h e mixture, after the reduction of the re­
maining oxidant with sodium hydrogensulfite, was steam-
distilled. T h e distillate (5 cm3) was divided into two por­
tions. O n e portion (2.5 cm3) was treated with thiosemi-
carbazide as usual to give acetone thiosemicarbazone (64 
mg) , which was then purified by a combination of p repara ­
tive T L G with silica gel and solvent (iii) and repeated re-
crystallizations; it showed m p and mixed m p 179.0—179.5 
°G. T h e other portion (2.5 cm3) was added to a solution 
of dimedone in water to give the bisdimedone derivative 
of formaldehyde (23 m g ; m p and mixed m p 187—188 °C).28> 

T h e steam-distillation residue was concentrated to 100 
cm3 , acidified with diluted H 2 S 0 4 , and extracted, after 
the reduction of the remaining oxidant with sodium hydro­
gensulfite, with ether using a liquid-liquid continuous ex­
tractor to give an acidic product . This acidic product 
was subjected to preparat ive T L G with silica gel and solvent 
(v) to give levulinic acid (79 mg) . This acid, on methyla-
tion with GH 2N 2 , was converted to methyl levulinate (75 
mg) , which was subsequently further purified by T L G with 
silica gel and solvent (ii). T h e purified levulinate was 
divided into two portions. One portion (25 mg) was treat­
ed with an aqueous solution of thiosemicarbazide to give 
methyl levulinate thiosemicarbazone (38 m g ; m p and mixed 

m p 140—141 °G). T h e other portion (25 mg) was sub­
jected to hypoiodite oxidation to give iodoform (17 mg; m p 
and mixed m p 119—120 °G) and succinic acid (7 m g ; mp 
and mixed m p 186—188 °G). T h e radioactivities of these 
products are shown in Tables 5 and 8. 

Degradation of Geraniol (2). Radioactive geraniol (2) 
(20 mg) isolated was diluted with the carrier (280 mg) and 
then degraded to acetone and levulinic acid with K M n 0 4 -
N a I 0 4 in the same manner as above. T h e acetone was 
converted to the thiosemicarbazone derivative (72 mg; m p 
and mixed m p 179—180 °G). T h e levulinic acid (110 mg) 
was converted to methyl levulinate (86 mg) , which was 
then transformed to the thiosemicarbazone derivative (116 
m g ; m p and mixed m p 140—141 °G). Table 6 shows the 
radioactivities of geraniol and these products. 

Degradation of Citronellol (3). Radioactive citronellol 
(3) (20 mg) isolated was diluted with the carrier (300 mg) 
and degraded to acetone and 4-methyl-6-hydroxyhexanoic 
acid (6) by K M n 0 4 - N a I 0 4 oxidation in the same manner 
as above. T h e acetone was converted to the thiosemicar­
bazone derivative (68 m g ; m p and mixed m p 179—180 °G). 
T h e 4-methyl-6-hydroxyhexanoic acid (6)22> [110 m g ; I R 
(liq.) 3500—2900 and 1710 c m - 1 ( G O O H ) ] was, on treat­
ment with GH 2 N 2 , converted to its methyl ester [ IR (liq.) 
3450 (OH) and 1741 c m - 1 (ester C = 0 ) ; X H-NMR ö = 0 . 9 3 
(3H, d, 7 = 5 . 8 Hz , CH 3 ) , 2.33 (2H, bt, 7 = 6 . 0 Hz, - G H 2 -
G O O G H 3 ) , 3.65 (3H, s, GOOGH3) , and 3.67 (2H, t, 7 = 
6 . 1 H z , - G H 2 O H ) ; M S (70 eV), m/z (rel intensity), 160 
(M+, 22), 142 (12), 129 (23), 87 (88), 74 (83), 69 (84), 55 
(100), 43 (73), and 41 (95)]. T h e specific radioactivities 
of citronellol and the degradation products are shown in 
Table 7. 

Degradation of Dihydrolinalool (4). Purified, radio­
active linalool (1) (350 mg) , dissolved in absolute M e O H 
(3 cm 3) , was selectively hydrogenated in the presence of 
Adams P t O a ( 4 m g ) . T h e purification of the reaction mix­
ture by preparat ive T L G , using AgN03-si l ica-gel plates 
and solvent (i), gave 1,2-dihydrolinalool (4) (300 mg), 
which was then subjected to K M n 0 4 - N a I 0 4 oxidation as 
described above. T h e reaction mixture was steam-distilled. 
T h e distillate (5 cm3) was divided into two portions. One 
portion (2.5 cm3) was treated with an aqueous solution of 
thiosemicarbazide as usual to give acetone thiosemicar­
bazone (105 m g ; m p and mixed m p 179—180 °G). Another 
port ion (2.5 cm3) was subjected to hypoiodite oxidation to 
give iodoform (80 m g ; m p and mixed mp 119—120 °G). 
O n the other hand , a steam-distillation residue was con­
centrated to 100 cm3 , acidified with 5 % HCl , and extracted 
with ether to give 4-methyl-4-hexanolide (5)23> [80 mg; I R 
(liq.) 1765 ( C = 0 of y-lactone) and 1238 and 1161cm- 1 

( C O of the lactone); ^ - N M R (GDG13) 0 = 0 . 9 7 (3H, t, 
7 = 7 . 0 Hz , GH 3 ) , 1.38 (3H, s, GH 3 ) , and 1.73 (2H, q, 7 = 
7.0 Hz , - G H a - ) ] . T h e hexanolide (5), dissolved in E t O H 
(1 cm 3) , was refluxed with 1 M t N a O H (1.5 cm3) for 1 h. 
T o this reaction mixture, after neutralization, we added 
S-benzylthiouronium urea (160 mg) dissolved in E t O H (1 
cm3) to give the 5-benzylthiouronium salt (150 mg; mp 
132—133 °G). T h e radioactivities of linalool and its de­
gradat ion products are shown in Tables 3 and 8. 

T h e a u t h o r wishes t o express his t h a n k s t o Professor 
T a k a y u k i S u g a for his c o n t i n u i n g g u i d a n c e a n d en­
c o u r a g e m e n t , t o D r . T o s h i f u m i H i r a t a for his useful 
discussions, a n d t o Mess r s . Y o s h i t a k a N a k a o a n d 
H i t o s h i O k i t a for t h e i r co -work in t h e e x p e r i m e n t . 
T h e a u t h o r also w o u l d l ike t o t h a n k t h e T a k a s a g o 

t 1 M = l mol d m - 3 . 
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P e r f u m e r y C o . , L t d . , for a gift of t h e s a m p l e s of 
l ina lool , ge ran io l , a n d c i t rone l lo l , a n d t h e S o d a P e r ­
f u m e r y C o . , L t d . , for a gift of t h e p l a n t s of C. 

camphor a a n d P. roseum. 
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Synthesis of 7-Alkylidene-5-oxadispiro[2.0.4.4]dodecan-6-ones 
Kiyomi KAKIUCHI ,* Takehito YONEI, Yoshito T O B E , and Yoshinobu ODAIRA 

Department of Petroleum Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565 
(Received February 9, 1981) 

7-Alkylidene-5-oxadispiro[2.0.4.4]dodecan-6-ones, having a cyclopropane ring, were synthesized by the 
a-alkylidenation of easily available 5-oxadispiro[2.0.4.4]dodecan-6-one. Also, a-alkylidene-y-butyrolactones, 
containing an additional hydroxyl group, were prepared. The screening of the biological activities of these y-
lactones gave the interesting results. For instance, a-isopropylidene-y-lactone exhibited the antiarrhythmia 
activity in vivo. 

Recently, a-methylene-y-butyrolactones have been 
the subject of extensive research because a large number 
of sesquiterpene lactones, containing a-methylene-y-
butyrolactone moiety, have been shown to exhibit 
marked antitumor, cytotoxic, and other biological ac­
tivities attributed to this moiety.la>b) The biological 
activities of these lactones are apparently driven from 
significant chemical affinity of this moiety for the 
thiol groups of sulfhydryl enzymes. lc~f) In particular, 
interest in a-methylene-y-butyrolactones as medical 
agents has been stimulated by the possibility that 
some of these might show enough selective toxicity 
against neoplastic cells to be of the therapeutic value 
as anticancer agents.lb>c>g) Although the enone com­
ponent is essential for the biological activities, there 
are additional factors which may enhance these prop­
erties. These enhancement factors include the pres­
ence of some substituents such as hydroxyl group or 
epoxy ring which may facilitate the addition of sulfide 
anion or proton transfer at some intermediate stage 
in the addition involving the thiol groups of en­
zymes. l a ' h) O n the other hand, it has been well 
known that some natural products, having a cyclo­
propane ring, display remarkable biological activities.2) 
For example, illudin S, containing a spiro cyclopropane 
ring, is well examined about anti tumor activity.2b) 
Previously, we reported on the synthesis of 5-oxadispiro-
[2.0.4.4]dodecan-6-one (3) (y-lactone), containing a 
spiro cyclopropane ring, by the acid catalyzed or 
thermally induced cyclobutyl-cyclopropylcarbinyl re­
arrangement of 2-oxatricyclo[4.4.2.01 '6]dodecan-3-one 
(2) (d-lactone).3) From the above point of view, the 
y-lactone 3 may be advantageously taken as a useful 
intermediate for the synthesis of a new type of a-alkyl-
idene-y-butyrolactones. As part of the studies on the 
structure-biochemical activity relationship,4) we wish 
to describe here the synthesis of several 7-alkylidene-
5-oxadispiro[2.0.4.4]dodecan-6-ones (4a—h) from the 
y-lactone 3 and the interesting results on the screening 
of the biological activities of the a-alkylidene-y-lactones 
in vivo. 

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

Propellalactone 2 was prepared by the Baeyer-
Villiger oxidation of tricyclo[4.3.2.01 '6]undecan-7-one 
(1), easily derived from the photocycloaddition of 
bicyclo[4.3.0]non-l(6)-en-7-one to ethylene as de­
scribed previously.6) In practice, however, the reac­
tion mixture after the above oxidation without isola­
tion of propellalactone 2 was heated at 50 °G for 1 d 

and then refluxed gently for 1 h to give a 78:22 ratio 
of dispiro-y-lactone 3 and propellalactone 2 in 8 0 % 
yield. The y-lactone 3 was readily isolated from the 
reaction mixture by column chromatography on silica 
gel (Scheme 1). 

U ^ 0 3 . ref lux, lh 0 V 

1 85 % 2 18 % 3 62 I 

Scheme 1. 

a-Alkylidenation of the y-lactone 3 was carried out 
according to the usual method7) comprised of a-hy-
droxyalkylation and subsequent dehydration as shown 
in Scheme 2. T o a solution of lithium diisopropyl-
amide (LDA) in anhydrous tetrahydrofuran (THF) 
at — 78 °G was slowly added a solution of the y-lactone 
3 in anhydrous T H F and hexamethylphosphoric tri-
amide ( H M P T ) . After stirring at — 78 °G for 30 
min, the carbonyl compound was added and the 
mixture was stirred for 2 h. In the case of a-hydroxy-
methylation, gaseous formaldehyde was passed into 
the reaction mixture at —20 °G under nitrogen stream. 
In every case, a-hydroxyalkylation proceeded smoothly 
to afford the desired products in 80—100% yields. 
The crude products of a-hydroxyalkyl-y-lactones were 
subjected to the next reaction without isolation. Next, 
the dehydration of the a-hydroxyalkyl-y-lactones was 
carried out by means of two methods, depending upon 
the type of the hydroxyl group. Namely, when the 
hydroxyl group was primary or secondary, a solution 
of the alcohol in dry pyridine was treated with meth-
anesulfonyl (Ms) chloride at 5 °G for 9 h, and the 
obtainable mesylate was dissolved in dry benzene con­
taining 1.4 equivalent of l,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) and then stirred at room temperature 
for 6 h (method A).7b) O n the other hand, when 
the hydroxyl group was tertiary, thionyl chloride was 
added to a solution of the alcohol in dry pyridine and 
dry dichloromethane and the reaction mixture was 
stirred at 0 °C for 30 min and then at room temperature 
for 4 h (method B).8) After usual work-up, the crude 
product of 7-alkylidene-5-oxadispiro[2.0.4.4]dodecan-
6-ones (4a—f) was obtained and purified by column 
chromatography on silica gel. The use of aldehydes 
as the carbonyl compound in the a-hydroxyalkylation 
resulted in the formation of EjZ stereoisomers of the 
y-lactones (4b—e). They were, however, separated 
successfully by the careful chromatography. The re­
sults are summarized in Table 1. 
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LDA.THF 

X OH 

A ^ ^ ^ l - Q Method A or B 

H7 P^=0 
THP0-CH2CCH3 

3 > 
LDA, THF 

THP0->OH THP0--, 

Method A : 1. MsCl, Pyridine, 2. DBU, PhH. 
Method B : SOGl2, Pyridine, CH2C12. 

Scheme 2. 

T A B L E 1. S Y N T H E S I S O F a-ALKYLiDENE-y-BUTYROLACTONES 

Garbonyl compd a-Alkylidene-y-butyrolactone Yield/%a> 

HOH, 

R i R, 
Formaldehyde 
Acetaldehyde 

Propionaldehyde 

Acetone 

4a 
4b 
4c 
4d 
4e 
4f 

H 
CH3 
H 
G2H5 
H 
GH3 

H 
H 
GH3 

H 
C2H5 

GH3 

(E) 
(Z) 
(E) 
(Z) 

77f) 
54 

7 
30 
20 
52 

a) Isolated yield based on 3. 
»HNMR analysis. 

b) Determined by 

It was easy to establish the stereochemistry around 
the olefinic part of the y-lactones 4 b — e by the com­
parison of the 1 H N M R chemical shifts of the vinyl 
protons of 4 b — e with those of a-alkylidene-y-butyro-
lactones described in literature.9) T h e chemical 
shifts of the olefinic protons (6.57 and 6.11 p p m for 
E and Z isomers, respectively) were the most remark­
able point to descriminate between the geometrical 
isomers of a-ethylidene-y-lactones (4b) and (4c). 
Similarly, the observed values of the olefinic protons 
(6.48 and 6.00 ppm) of a-propylidene-y-lactones (4d) 
and (4e) distinguished one from the other. 

Furthermore, we tried to synthesize the a-alkylidene-
y-lactones having a hydroxyl group which was ex­
pected to enhance the reactivity of the conjugated 
lactone toward biological nucleophiles as mentioned 
earlier. The tetrahydropyran-2-yl (THP) ether of hy-
droxyacetone (5) was used for a-hydroxyalkylation of 
the y-lactone 3. Dehydration by the method B gave 
the mixture of EjZ isomers of the T H P - e t h e r (6), 
which was treated with 6 0 % aqueous acetic acid at 
45 °G for 3 h. After usual work-up followed by puri­
fication by column chromatography on silica gel, (E)-
and (Z) -a- (2-hydroxy - 1 - methylethylidene) - y - lactones 
(4g) and (4h) were obtained in 9 % and 31 % overall 
yields from the y-lactone 3, respectively (Scheme 3). 
The distinction in stereochemistry between two isomers 
was accomplished by the comparison of the chemical 
shifts of the methyl groups in XH N M R spectra (2.16 
and 1.90 ppm for E and Z isomers, respectively) with 
those of a-isopropylidene-y-lactone (4f), since the meth­
yl groups of 4f located in syn- and anft'-positions toward 
the carbonyl group show resonances at 2.20 and 1.84 
ppm, respectively. 

The screening of biological activities of a series of 
the present a-alkylidene-y-butyrolactones 4a, 4b, 4d— 
f, and 4h gave attractive results. Concerning the 
antitumor activity of these y-lactones against Sarcoma 
180 A in vivo, all of them were less active than the 
famous antitumor antibiotic, Mitomycin G. Interest-

60S aqueous AcOH 

2C\ h\_ 
CH,0H 

4g 9 * 

Scheme 3. 

4 t l 3 1 % 

ingly, the other biological activities of these y-lactones 
in vivo, however, were found out : the antihistamine 
activity of (ZQ-a-propylidene-y-lactone 4d, the anti­
histamine and the anticholine activities of (Z)-a-pro-
pylidene-y-lactone 4e, the antiarrhythmia activity of 
a-isopropylidene-y-lactone 4f, and the platelet aggre­
gation inhibition activity of (Z)-a-(2-hydroxy-1-meth­
ylethylidene) -y-lactone 4h. 

In this way, 7-alkylidene-5-oxadispiro [2.0.4.4]do-
decan-7-ones 4a—h, having a spiro cyclopropane ring, 
were synthesized and the interesting results relating 
to the biological activities of these lactones were given. 

Exper imenta l 

All melting and boiling points are uncorrected. IR spec­
tra were recorded with a JASGO IR-G spectrometer as 
liquid film unless otherwise stated. *H NMR spectra were 
obtained on a JEOL JNM-PS-100 instrument using Me4Si 
as an internal standard and GG14 as a solvent. Mass spec­
tra were measured with a Hitachi RMU-6E spectrometer. 
Analytical GLG was carried out on a Hitachi 163 gas Chro­
matograph and preparative GLG separation was conducted 
on a Varian Aerograph 920 gas Chromatograph. 

Acetaldehyde, propionaldehyde, and hydroxyacetone were 
distilled prior to use. Acetone was distilled from potas­
sium carbonate before use. Tricyclo[4.3.2.01,6]undecan-7-
one (1) was prepared in 85% yield by the photocycloaddi-
tion of bicyclo[4.3.0]non-l(6)-en-7-one10> to ethylene in ether 
(0.4 Mt) at — 70 °G as described previously.6) 

5-Oxadispiro[2.0.4.4]dodecan-6-one (3). To a solution 
of 40.7 g (0.248 mol) of 1 in 500 ml of acetic acid was added 
20-fold excess of 30% aqueous hydrogen peroxide. The 
mixture was stirred at room temperature for 7 d and at 
50 °G for 1 d, then at gentle reflux for 1 h. The solution 
was poured into water and extracted with ether. The 
ethereal extracts were washed with saturated sodium car­
bonate (Na2G03) solution, brine, and dried over anhydrous 
sodium sulfate (Na2S04). The solvent was evaporated in 
vacuo to give 35.7 g of 2-oxatricyclo[4.4.2.01'6]dodecan-3-one 
(2) and y-lactone 3 in a ratio 22:78 (by GLG analysis) (80%). 
The y-lactone 3 was isolated by column chromatography 
(Si02, 8% ether-petroleum ether). Spectral and analytical 
data were already described.3b> 

General Procedure for Synthesis of cc-Alkylidene-y-butyrolactones 
(4a—f). a-Hydroxyalkylation : A solution of diisopropyl-
amine (2 mmol) in dry THF (1.5 ml) cooled to — 78 °G 
was treated dropwise with butyllithium (1.5 mmol) in hexane 
under nitrogen atmosphere. After stirring at — 78 °G for 
1 h, a solution of the y-lactone 3 (1 mmol) in dry THF (0.2 
ml) and dry HMPT (0.1 ml) was added dropwise via a 

t 1 M = 1 mol dm-3. 
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syringe. After addition was complete, stirring was con­
tinued at — 78 °G for 30 min, then a carbonyl compound 
( 1 mmol) was added via a syringe and the mixture was stirred 
for 2 h. T h e reaction was quenched by saturated ammo­
nium chlqride solution and the mixture was extracted with 
ether. T h e organic extracts were washed with 5 % HCl , 
saturated sodium hydrogencarbonate ( N a H C 0 3 ) solution, 
brine, and dried ' ( N a 2 S 0 4 ) . T h e solvent was removed in 
vacuo to give the crude alcohol product . 

Dehydration: Method A. T h e above alcohol (1 mmol) 
was dissolved in dry pyridine (2 ml) and treated at 0—5 
°C with methanesulfonyl chloride (3 mmol) . After stirring 
at 5 °G for 9 h, an ice-water was added and the mixture 
was extracted with ether. T h e ethereal extracts were wash­
ed with 5 % HCl , saturated N a H G 0 3 solution, and brine. 
After drying ( N a 2 S 0 4 ) , the solvent was evaporated under 
reduced pressure to give the crude mesylate. T h e crude 
mesylate (1 mmol) was dissolved in dry benzene (2.0 ml) 
containing DBU ( 1.4 mmol) and the mixture was stirred 
at room temperature for 6 h. Water was added and the 
product was extracted with ether. T h e organic layer was 
washed with 5 % HCl , saturated N a H G 0 3 solution, and 
brine. After drying (Na 2 S0 4 ) , the solvent was removed 
in vacuo leaving the crude a-alkylidene-y-lactones. 

Method B. Thionyl chloride ( 1.2 mmol) was added drop-
wise to a solution of the crude alcohol (1 mmol) in dry 
pyridine (0.5 ml) and dry GH2G12 (1.5 ml) . T h e reaction 
mixture was stirred a t 0 °G for 30 min and then at room 
temperature for 4 h. After addition of a few pieces of ice, 
the mixture was extracted with CH2C12 . T h e extracts were 
washed with 5 % HCl , water, and dried ( N a 2 S 0 4 ) . T h e 
solvent was evaporated under reduced pressure to give the 
crude a-alkylidene-y-lactones. Analytical samples of the 
y-lactones were obtained by preparat ive GLG. 

7-Methylene-5-oxadispiro[2.0.4.4]dodecan-6-one (4a). 
T h e leaction of 3 (829 mg, 4.6 mmol) and formaldehyde, 
generated by depolymerization of paraformaldehyde (3.5 
g) at 160 °G (bath temperature) and passed into the reac­
tion mixture at —20 °G under nitrogen stream, gave the 
crude a-hydroxymethyl-y-lactone (873 mg, 9 0 % : I R 3450, 
1750 c m - 1 ) . Dehydrat ion of the alcohol by method A (the 
mesylate: I R 1750, 1350, 1160 cm- 1 ) gave a-methylene-y-
lactone 4a (684 mg) . Overall yield based on 3 was 7 7 % 
(determined by XH N M R analysis). 4 a : I R 3050, 1750, 
1660 c m - 1 ; N M R «5 0.10—1.00 (m, 4H) , 1.23—2.00 (m, 
8 H ) , 2.68 (t, y = 2 . 8 Hz , 2 H ) , 5.50 (t, 7 = 2 . 6 Hz , 1H), 
6.10 (t, 7 = 2 . 6 Hz , 1H) ; M S m/e 192 (M+). Found : C, 
74.59; H , 8.56%. Galcd for G 1 2 H 1 6 0 2 : C, 74.97; H , 8.39%. 

(E)- and (Z)-7-Ethylidene-5-oxadispiro[2.0.4.4]dodecan-6-one 
(4b) and (4c). T h e reaction of 3 (5.7 g, 31.6 mmol) 
and acetaldehyde (1.4 g, 31.6 mmol) gave the crude a - ( l -
hydroxyethyl)-y-lactone (7.3 g, quanti tat ively: I R 3450, 1740 
cm" 1 ) . Dehydrat ion of the alcohol by method A (the 
mesylate: I R 1750, 1350, 1160 cm- 1 ) gave the mixture of 
^-isomer 4 b and Z-isomer 4c which were separated by col­
u m n chromatography (S i0 2 , 3 % ether-petroleum ether) . 
4 b (54% from 3 ) : I R 3050, 1750, 1670 cm" 1 ; N M R Ô 0.10— 
1.00 (m, 4H) , 1.12—2.04 (m, 11H), 2.55 (m, 2H) , 6.57 (m, 
1H) ; M S m/e 206 (M+). Found : G, 75.43; H , 8.76%. 
Galcd for G 1 3 H 1 8 0 2 : G, 75.69; H , 8.80%. 4c (7% from 
3 ) : I R 3050, 1740, 1660 c m - 1 ; N M R ô 0.10—1.00 (m, 4H) , 
1.12—2.00 (m, 8H) , 2.10 (m, 3H) , 2.62 (m, 2H) , 6.11 (m, 
1H) ; M S m/e 206 (M+). Found : C, 75.37; H , 8.89%. 
Galcd for G 1 3 H 1 8 0 2 : C, 75.69; H , 8.80%. 

(E)- and (Z)-7-Propylidene-5-oxadispiro[2.0.4.4]dodecan-6-one 
(4d) and (4e). T h e reaction of 3 (6.0 g, 33.3 mmol) 
and propionaldehyde (2.3 g, 33.3 mmol) gave the crude 

a-(l-hydroxypropyl)-y-lactone (6.4 g, 8 0 % : I R 3450, 1740 
cm- 1 ) . Dehydrat ion of the alcohol by method A (the 
mesylate: I R 1740, 1350, 1160 cm- 1 ) gave the mixture of 
is-isomer 4 d and Z-isomer 4e which were separated by col­
umn chromatography (SiO a , 3 % ether-petroleum ether). 
4d (30% from 3 ) : I R 3050, 1740, 1670 c m - 1 ; N M R «5 0.10— 
1.00 (m, 4 H ) , 1.10 (t, 3H) , 1.28—2.00 (m, 8H) , 2.18 (m, 
2H) , 2.56 (m, 2H) , 6.48 (m, 1H) ; M S m/e 220 (M+). 
Found : G, 76.03; H , 9 . 2 1 % . Galcd for G 1 4 H 2 0 O 2 : G, 76.32; 
H , 9 .15%. 4e (20% from 3 ) : I R 3050, 1735, 1660 cm- 1 ; 
N M R ô 0.10—1.00 (m, 4H) , 1.03 (t, 3H) , 1.16—2.00 (m, 
8H) , 2.64 (m, 4H) , 6.00 (m, 1H) ; M S m/e 220 (M+). 
Found : C, 76.14; H , 9 .24%. Galcd for G 1 4 H 2 0 O 2 : C, 76.32; 
H , 9 .15%. 

7-Isopropylidene-5-oxadispiro[2.0.4.4]dodecan-6-one (4f). 
T h e reaction of 3 (5.0 g, 27.8 mmol) and acetone (1.6 g, 
27.8 mmol) gave the crude a-(1-hydroxy-1-methylethyl)-}'-
lactone (6.4 g, 9 7 % : I R 3450, 1735 cm- 1 ) . Dehydration 
of the alcohol by method B gave the crude a-isopropylidene-
y-lactone 4f which was purified by column chromatography 
(SiO a , 5 % ether-petroleum ether) to afford 3.2 g of 4f (52% 
from 3 ) : m p 70—71 °C (recrystallized from petroleum ether) ; 
I R (KBr) 3050, 1730, 1650 c m - 1 ; N M R ô 0.10—1.00 (m, 
4 H ) , 1.15—1.80 (m, 8H) , 1.84 (m, 3H) , 2.20 (m, 3H) , 2.58 
(m, 2 H ) ; M S m/e 220 (M+). Found : C, 76.11; H , 9.28%. 
Calcd for C 1 4 H 2 0 O 2 : G, 76.32; H , 9 .15%. 

Tetrahydropyran-2-yl Acetonyl Ether (5). A solution of 
hydroxyacetone (10 g, 0.135 mol) in 200 ml of dry GH2C12 

containing l .Og of j!>-toluenesulfonic acid was treated at 
0 ° G with 3,4-dihydro-2//-pyran (13.6 g, 0.162 mol). After 
stirring at 0 °C for 3.5 h, the reaction was quenched by 
the addition of saturated N a H G 0 3 solution and the mixture 
was extracted w*th CH2G12 . T h e organic layer was wash­
ed with water, dried ( N a 2 S 0 4 ) , and concentrated in vacuo 
leaving the crude T H P - e t h e r 5. Column chromatography 
(S i0 2 , 2 0 % ether-petroleum ether) followed by distillation 
gave 12.0 g of pure 5 in 5 7 % yield: bp 64—66 °C/267 Pa ; 
I R 1710, 1110, 1060, 1010 c m - 1 ; N M R ô 1.36—2.00 (m, 
6 H ) , 2.10 (s, 3H) , 3.52 (m, 1H), 3.80 (m, 1H), 4.00 (m, 2H) , 
4.58 (t, 1H) ; M S m/e 156 ( M + - 2 ) . Found : C, 60.56; H , 
8.99%. Galcd for C 8 H 1 4 0 3 : G, 60.74; H , 8.92%. 

(E)- and (Z)-7-(2-hydroxyisopropylidene)-5-oxadispiro\2.0.4.4]-
dodecan-6-one (4g) and (4h). T h e reaction of 3 (6.0 g 
33.3 mmol) and 5 (5.3 g, 33.3 mmol) gave the crude alcohol 
(11.2 g, quanti tat ively: I R 3450, 1750, 1010 cm- 1 ) . Dehy­
dration of the alcohol by method B afforded the crude T H P -
ether (6) (10.1 g, 9 5 % from 3 : I R 3050, 1720, 1650, 1010 
cm" 1 ) . T h e above ether 6 was dissolved in 100 ml of 6 0 % 
aqueous acetic acid and the solution was stirred at 45 °C 
for 3 h. T h e reaction mixture was neutralized with sat­
urated N a H G 0 3 solution and the mixture was extracted 
with CH2G12 . T h e organic layer was washed with water, 
dried ( N a 2 S 0 4 ) , and concentrated in vacuo leaving the mix­
ture of ^-isomer 4g and Z-isomer 4h . Separation by col­
umn chromatography (SiO a , 2 0 % ether-petroleum ether) 
gave 0.7 g of 4g and 2.4 g of 4 h (9% and 3 1 % from 3, re­
spectively). 4 g : I R 3400, 3050, 1730, 1650 cm- 1 ; N M R 
ô 0.10—0.90 (m, 4 H ) , 1.08—2.04 (m, 8H) , 2.16 (m, 3H) , 
2.64 (m, 2H) , 2.74 (broad s, 1H), 4.10 (s, 2 H ) ; M S m/e 
236 (M+). Found : C, 70.94; H , 8.58%. Galcd for C14-
H 2 0 O 3 : C, 71.16; H , 8 .53%. 4 h : I R 3400, 3050, 1720, 
1650 c m - 1 ; N M R Ô 0.10—0.95 (m, 4H) , 1.08—1.85 (m, 
8 H ) , 1.90 (m, 3H) , 2.62 (m, 2H) , 3.48 (broad s, 1H), 4.36 
(s, 2 H ) ; M S m/e 236 (M+). Found: G, 70.95; H , 8.57%. 
Galcd for G 1 4 H 2 0 O 3 : C, 71.16; H , 8 .53%. 

W e t h a n k t h e K y o w a H a k k o C o . , L t d for t h e 
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sc reen ing of t he b io log ica l ac t iv i t ies . 
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Dynamic NMR as a Nondestructive Method for the Determination of Rates 
of Dissociation. III. Ionic Dissociation of a-Chlorodibenzyl Sulfide^ 
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Rates of dissociation of a-chlorodibenzyl sulfide have been determined by dynamic NMR technique. Ex­
amination of the rates at various concentrations of chloroform-^ solutions has confirmed that the rates are not 
dependent on concentration, thus establishing that the NMR measurement affords data of unimolecular dis­
sociation. The salt effect seems to be very small since addition of tetraethylammonium bromide hardly affects 
the rates of dissociation. Rates of dissociation in o-dichlorobenzene are smaller than in chloroform-*/. The main 
contribution to the decrease in rates is given by the increase in enthalpy of activation, indicating that the hy­
drogen-bonding ability of chloroform is favorable for ionic dissociation. 

Ionization of organic halides is an important process, 
since it is regarded as the first and rate-determining 
step in kS*Nl type reactions.2) Winstein et al. were 
able to analyze the dissociation process into at least 
three steps: formation of intimate ion pair, solvent-
separated ion pair, and free ions.3) In solvolytic reac­
tions, any of the ionic species can produce products 
depending on concentration,4) making it difficult to 
study the earlier stages of ionization by solvolysis. 

RX ==F^= R+X- = = ^ R+//X- ^ = ^ R+ + X-

I i 1 
products products products 

Various methods have been worked out in order 
to clarify the early stages. One is the exchange of 
a halogen (or a sulfonyloxyl) group which is labeled 
by an isotope.5,6) However, it has a handicap in­
trinsically in that the rates are measured in the presence 
of salts, giving rise to the salt effect. Other methods 
involve racemization of an optically active halide (or 
sulfonate)7) or scrambling or retention of oxygen-18 
isotopes in carboxylates8) and sulfonates.9) These tech­
niques apparently require optical resolution of the 
substrate and preparation of the isotopically labeled 
compounds. If a facile method is available, it would 
help clarify the initial stages of ionization of organic 
halide to a considerable extent. 

We have found that easily ionizable compounds 
such as 2-chloro-l,3,5-trithiane exhibit a drastic change 
in line shapes of their N M R spectra, indicating the 
ionization process of the compounds.10) The method 
has been applied to substituted a-chlorodibenzyl sul­
fide to show that it is possible to extend the method 
to ionic dissociation if the compound in question 
carries diastereotopic protons and a chiral center which 
is lost on ionization.11) 

Since the process was followed by the coalescence 
temperature method12) of N M R spectroscopy, only 
the free energies of activation have been available. 
Kinetic data at various temperatures would enable 
us to get further insight into the early stages of ioniza­
tion; most of earlier works provided kinetic data only 
at a certain temperature. T h e concentration ca. 0.5 
mol L _ 1 utilized in the routine measurements of XH 
N M R spectroscopy might be too high to observe 
SNl type ionization; in the classical methods a lower 
concentration was used. I t is necessary to examine 

the usual concentration in N M R measurements as 
regards SNl reactions. 

We have carried out dynamic N M R measurements 
of a-chlorodibenzyl sulfide solutions in various con­
centrations. T h e line shapes were simulated and ac­
tivation parameters, AH" and AS", were obtained. 
This paper reports the results. The effects of the 
salts added as well as the solvents on ionic dissociation 
are discussed. 

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

Materials and Solutions. a-Chlorodibenzyl sulfide was 
prepared by the chlorination of dibenzyl sulfide with JV-chloro-
succinimide.11) Chloroform-*/ or o-dichlorobenzene was dried 
over Molecular Sieves 4A and solutions were prepared in a 
dry box desiccated with diphosphorus pentaoxide. The solu­
tions were made directly by weighing the sample and the 
solvent. The concentrations were calculated by using the 
density of the solvent. Substance to be added to chloro­
form-*/ solutions was carefully dried either in a vacuum or 
by means of Molecular Sieves. 

XH NMR Measurements. The spectra were obtained 
on a Hitachi R-20B spectrometer equipped with a tem­
perature variation accessory for solutions with high con­
centration, and on a JEOL FX-60 spectrometer equipped 
with a temperature variation accessory and FT-facilities 
for solutions with low concentration. Both instruments were 
operated at 60 MHz. The temperature of the solution was 
determined by the chemical shift differences of methanol 
and ethylene glycol protons, at low and high temperatures, 
respectively, when not directly read by a thermocouple. 

Acquisition and Processing of Data. The XH NMR spec­
tral line shapes were simulated with a modified Binsch pro­
gram,13) the process being treated as an AB^±BA exchange. 
A«5AB and JAB were obtained by simulating the spectra 
at temperatures low enough where the rate of exchange is 
considered to be zero. They were treated as constant 
throughout the temperature range examined. The T% values 
were obtained from the half band widths of the methine 
proton signals at given temperatures. The calculated spec­
tra were compared with the observed by visual fitting. The 
rates of proton spin exchange thus obtained were put into 
the Eyring equation and activation parameters, AH* and 
AS*, were obtained. 

The free energies of activation for the spin exchange at 
the coalescence temperatures were obtained by putting the 
observed data into14) 

kc = ^jV6JlB + AôïB. (1) 
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TABLE 1. AB PROTON EXCHANGE IN OC-CHLORODIBENZYL SULFIDE IN CHLOROFORM-^/: 
X H N M R SPECTRAL DATA AT 6 0 M H z AND KINETIC PARAMETERS 

Concentration/mol L - 1 

A<WHz 
A B / H Z 

Ai/7kca l mol-1 

AS*/e.u. 
AGJ/kcal mol-1 a) 
AG*/kcal mol-1 b> 1 

Te/°C 
^ e / s - 1 *> 

Run 1 

0.267 
9.49 

13.80 
6 . 8 + 1 

- 2 9 . 8 ± 3 
15.5 
16.0 
37 
78.0 

0 
.2 

Run 2 

0.195 
9.39 

13.20 
6 . 8 ± 0 

- 2 8 . 9 + 2 
15.3 
15.6 
32 
74.8 

6 
0 

Run 3 

0.116 
8.97 

13.20 
6 . 8 ± 0 . 1 

- 2 9 . 7 + 0 . 3 
15.4 
15.9 
34 
74.5 

Run 4 

0.0190 
9.26 

13.66 
6 . 8 + 0 . 6 

- 3 0 . 1 + 2 . 0 
15.4 
16.1 
36 
77.1 

a) Obtained by the coalescence temperature method, 
activation. 

b) Calculated from the enthalpy and the entropy of 
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Fig. 1. Chemical shifts of A and B protons of a-chloro-
dibenzyl sulfide in chloroform-*/ at various tempera­
tures. 

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

Since the diastereotopic protons in a-chlorodibenzyl 
sulfide is connected to the chiral center via two single 
bonds, there are various conformations possible in 
solution. The distribution of the conformations and 
consequently chemical shift difference might change 
with temperature. This is serious in total line shape 
analysis, since the chemical shift difference cannot 
be directly read from the line shapes at near-by coa­
lescence temperatures. The difficulty is usually over­
come by assuming the linearity of the change in the 
chemical shift difference due to temperature. We have 
measured the chemical shift differences at various 
temperature by observing the spectra at a temperature 
where the exchange of proton spins is slow, and also 
at several lower temperatures. The results are shown 
in Fig. 1. We see that the chemical shifts change 
with temperature. The difference in chemical shifts 
between protons A and B remains almost constant, 
enabling us to assume that the chemical shift dif­
ferences are constant througout the temperature range 
examined. Coupling constants of the AB protons were 
invariant as well. 

The agreement between the calculated and the ob­
served spectra is satisfactory. A set of typical data 

Fig. 2. Calculated and observed AB parts of the spectra 
of a-chlorodibenzyl sulfide in chloroform-^ at the 
concentration of 0.195 mol L - 1 . The signals outside 
of the AB are due to impurities. 

is given in Fig. 2. T h e data obtained with chloroform­
ez solutions are summarized in Table 1. The kinetic 
parameters obtained with various concentrations agree 
within the error limit, although the concentrations 
have been changed by an order of magnitude. The 
calculated free energies of activation from the en­
thalpies and entropies of activation, obtained by line 
shape analyses, are in good agreement with those 
obtained by the coalescence temperature method. This 
may be taken as evidence that the line shape analysis 
affords reliable data since the principles of the two 
methods differ. 

T h e activation parameters are independent of con­
centration. It is assumed in the N M R theory of 
exchange of proton spins that the process is unimolec-
ular. If the reaction is multimolecular, its treatment 
would be as follows. If the actual reaction is of n-th. 
order, the rates of the reaction is expressed by 

v = k[x]n. (2) 

Since, in the N M R treatment, the reaction is taken 
to be of the first order, the rate expression becomes 

v = *[*]»-i[*] = k'\x] . (3) 

Putt ing the k' value into the Eyring equation, we 
obtain 
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TABLE 2. AB PROTON EXCHANGE IN OC-CHLORODIBENZYL SULFIDE IN O-DICHLOROBENZENE : 
1H NMR SPECTRAL DATA AT 60 MHz AND KINETIC PARAMETERS 

Run 5 Run 6 Run 7 

Concentration/mol L.-1 

A<WHz 
/ A B / H Z 

A# # /kcal mol-1 

AS7e.u. 
AG*/kcal mol-1 a> 
AG*/kcal mol-1*» 
TC/°G 
^c/s-1 

0.214 
10.15 
13.2 
10 .6±1.0 
22 .0±2 .7 
18.4 
18.7 
92.5 
75.3 

0.197 
10.39 
13.2 
8 . 1 ± 0 . 4 

- 2 9 . 8 ± 1 . 1 
19.1 
19.4 

105.3 
75.4 

0.167 
10.15 
13.2 
9 . 1 ± 0 . 9 

- 2 4 . 4 + 4 . 7 
17.4 
17.4 
96.0 
75.3 

a) Obtained by the coalescence temperature method, b) Calculated from the enthalpy and the entropy of 
activation. 

In 
k' AH" 

R 
X — + In [*]«-i + 

AS*_ 
R 

4-In 
h ' (4) 

Thus correct AH" can be obtained from the slope 
of the straight line by the plot. However, the intercept 
contains a lnfx]™-1 term, indicating that if the reaction 
is not unimolecular but multimolecular, the apparent 
AS" should change with concentration. Since the 
actual values of AS* are invariant throughout the 
concentration range examined, the constancy assures 
that we are measuring the unimolecular dissociation 
process of the a-halo sulfide. 

T h e enthalpy of activation is very small whereas 
the entropy of activation is very large negative (Table 
1). Easily ionizable organic halides give very large 
negative entropy of activation for solvolysis. For ex­
ample, triphenylmethyl chloride gives AH" 12.5 kcal 
mol - 1 ( l c a l = 4 . 1 8 J ) and AS" - 1 7 e . u . (1 e . u .= 
4.18 J K - 1 mol - 1 ) in aqueous acetone.15) T h e entropy 
of activation for the exchange of chloride ion between 
an ammonium salt and triphenylmethyl chloride is 
even larger: AH" and AS" are 12.4 kcal m o l - 1 and 
—39 e.u. at 50 °C, respectively.6) I t is suggested that 
a large negative entropy of activation is associated 
with an ionization process in a medium of low di­
electric constant.16) The loss of freedom in motion 
of solvent molecules by ionization should cause the 
phenomenon. 

The present results are the consequence of racemi­
zation of the compound which should be derived 
by the motion of ionic species. If the ion pair col­
lapses from the side where the chloride ion departs, 
it does not cause racemization: it is not observed 
as the exchange of proton spins and the situation is 
apparent from Eq. 5. 

H 
l 

C 6 H 5 - C - S - C - C 6 H 5 
I I 

CI HB 

Cl HB 
I I 

CeHs-C-S-C-CeHô 
I I 

H HA 

(5) 
H HA 

C 6 H5-C-S-C-C6H 5 
+ I 
C r H B 

C r HB 
+ I 

C 6 H5-C-S-C-C 6 H5 

H HA 

Instead, either the rotation of the planar cation or 
the motion of chloride ion from one side to another 
of the cation plane is necessary to cause racemization, 

i.e. exchange of AB proton spins. This motion re­
quires some freedom of the ionic species. This process 
does not seem possible in the intimate ion pair as 
suggested by Winstein and Robinson17) for the attack 
by a solvent molecule, but it is possible in a loose, 
solvent-separated ion pair. I t is not clear whether 
the formation of the intimate ion pair is the rate de­
termining step of the observed change: the second 
step, intervention of solvent molecule (s), might be 
the rate determining as well. However, the above 
discussion indicates that the solvent-separated ion pairs 
are formed in nonpolar solvents like chloroform. 

As a preliminary test of the salt effect on the ioniza­
tion in this system, tetraethylammonium bromide was 
added. A solution containing 0.115 mol L _ 1 of a-chlo-
rodibenzyl sulfide and 0.112 mol L _ 1 of the salt in 
chloroform-rf showed the coalescence of the signals 
AB due to the methylene protons at 32.2 °G which 
differ little from those in Table 1. Since lowering 
in solution temperature caused precipitation of the 
salt, it was not possible to obtain the chemical shift 
difference and the coupling constant of the AB protons 
for calculation of the free energy of activation at the 
coalescence temperature. By using the data of Run 
2, Table 1, which are not considered to be affected 
much by the salt added, the rate constant at 32.2 °G 
is calculated to be 74.8 s_1. T h e presence or absence 
of the salt effect should be discussed carefully,4) but 
the results suggest that the salt effect18) is practically 
absent, since high concentration of the salt should 
affect the rates of ionization to some extent.19) The 
salt effect is larger in less polar media.20) Winstein 
et al. suggested that it is mostly caused by ion pairs 
in less polar media because the concentration of free 
ions is too low.21) Although sodium tetraethylalumi-
nate becomes solvent-separated ion pairs in benzene 
on addition of polar solvents,22) it is not possible to 
utilize this in our case. However, it is almost certain 
that there are solvent-separated ion pairs in our system 
because of the low polarity of the medium. Further 
elaboration to fill the gap between the solvents, such 
as acetone and diethyl ether used by Winstein et a/.,20) 
and chloroform is apparently needed. 

Pyridine reacts almost instantaneously with chloride 
to form a salt on addition to a solution in chloroform, 
but we could detect no 1H N M R signals attributable 
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to a-bromodibenzyl sulfide which could be formed 
by exchange of the anion, after leaving a solution 
of tetraethylammonium bromide and a-chlorodibenzyl 
sulfide in chloroform to stand overnight. Swain and 
Kreevoy6) found that the chloride-exchange could occur 
in benzene with measurable rates. 

In order to examine the solvent effect on the en­
thalpy and entropy of activation for ionization, o-
dichlorobenzene was used as a solvent. The results 
are given in Table 2. T h e dissociation of the halide 
in o-dichlorobenzene is slower in this solvent than 
in chloroform.11) The main factor which decreases 
the rates of dissociation is the enthalpy term. En­
tropy of activation is large negative, the absolute 
value decreasing to some extent. 

The larger enthalpy of activation indicates that 
the ionic species are less stabilized by the solvation 
of o-dichlorobenzene than by that of chloroform. This 
is contrary to expectation from the dielectric constants; 
4.81 and 9.93 for chloroform and o-dichlorobenzene, 
respectively. Donor numbers and acceptor numbers 
are often used for the ionic species,23) but they are 
unknown for these solvents except for the acceptor 
number of chloroform. Z values24) may be useful 
because they are obtained from the U V spectra of 
salts (ion pairs) in various solvents; 63.2 and 60.0 
for chloroform and o-dichlorobenzene, respectively. 
The Z values correspond to energy (kcal mol - 1 ) of 
the light absorbed by the ion pairs and ions and the 
difference is correlated with the difference in energy 
of the ground and the excited states,25) not being di­
rectly connected with the freedom of ion pairs. None­
theless, among other solvent parameters the Z values 
give best results for correlating the rates of dissociation 
of a-chlorodibenzyl sulfide in the two solvents. From 
the microscopic stand point, chloroform, which is ca­
pable of forming hydrogen bond,26) can stabilize 
anions27) and this ability is responsible for the ob­
served results. The observed decrease in the enthalpy 
of activation should include this stabilization. 

Conclusion. Dynamic N M R technique has been 
used for the investigation of ionic dissociation of a-
chlorodibenzyl sulfide, which has a pair of diastereo-
topic protons; their diastereotopicity is lost on ioni­
zation. The process involves the ionization of the 
halide into intimate ion pairs and then solvent-sepa­
rated ion pairs. Racemization may take place at 
this stage and the racemized solvent-separated ion 
pairs lose the solvent molecule (s) to give racemized 
intimate ion pairs which then collapse into the in­
verted covalent species. 

RX ==^= R+X- =F=^ R+//X- ^ ^ X-7/ R+ ^ = ^ X-R+ ^ ^ XR 

In this technique we do not have to see the presence 
of ionic species. The usual dynamic N M R technique 
makes use of the coalescence of the two signals as-
cribable to the respective species to estimate the rates 
of exchange. Kessler et al. investigated the rates of 
ionization of triarylmethyl derivatives by observing 
both the co valent and ionic species.28) The rates of 
dissociation are obtained in relatively nonpolar sol­
vents. The rates of ionization can be obtained at 

various temperatures without prior optical resolution 
of the substrate, affording activation parameters of 
ionization. The technique affords information on uni-
molecular dissociation at concentration of ca. 0.2 mol 
L _ 1 , which gives insight into the early stages of the 
SNl reactions. 

The only shortcoming of this technique is that the 
substrate should possess diastereotopic protons whose 
diastereotopicity is lost on ionization. This may limit 
utilization of the technique to some extent and may 
require modification of a molecule which is conve­
niently studied by the classical method. The rates 
of exchange of proton spins should be 10°—10~5 s - 1 

as in the usual dynamic N M R technique.29) This 
will not hamper the usefulness of the technique be­
cause this kind of limitation is always present for other 
techniques as well. I t is difficult to obtain reliable 
data by the classical method if the rates exceed 10 - 3 

s_1. The compound we used is very easily ionizable, 
thus reacting with atmospheric moisture. Although 
this may cause some errors, but it is the main reason 
why we were able to carry out the studies in relatively 
nonpolar aprotic solvents. 

I t is not possible to identify by this method how 
much of the solvent-separated ion pairs return to the 
covalent species without racemization, but this is un­
avoidable in the ionization of organic halides. Com­
bination with isotopic labeling and subsequent ob­
servation of scrambling will afford useful data in 
this context. 

The work was carried out with a Grant-in-Aid for 
Scientific Research from the Ministry of Education, 
Science and Culture. 
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5-Amino-l-vinyl-4,5-dihydro-liM,2,3-triazoles as a Source of 
l-Amino-2-aza-l, 3-butadiene^ 
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Thermolysis of 4,4-dimethyl-l-(l-phenylvinyl)-5-(l-pyrrolidinyl)-4,5-dihydro-l//-l,2,3-triazole gave 2-meth-
yl-iV^(l-phenylvinyl)-l-(l-pyrrolidinyl)-1-propanimine, which reacted as a 2-azabutadiene with electron-
deficient dienophiles to afford the corresponding [4+2] cycloadducts. Reactivity and regioselectivity of the 
cycloaddition reactions were rationalized with the frontier molecular orbital treatment. 

In the numerous examples cummulated previously 
for the Diels-Alder type [ 4 + 2 ] cycloaddition reaction 
of heterodienes2> the cases of 2-aza-l,3-butadienes are 
few, and in most of the few cases the azadiene system 
is a part of the ring system.3* T o the best of our 
knowledge, three examples have been reported con­
cerning the [ 4 + 2 ] cycloaddition reaction of acyclic 
2-azabutadienes. Aue and Thomas have trapped 
methyl iV-isopropenylacetimidate formed by thermoly­
sis of 2-methoxy-4,4-dimethyl-l-azetine with dimethyl 
acetylenedicarboxylate (DMAD) (Eq. I).4) Ghosez 

CHTF 
CH3 

OCH, /OCH3 

A P-fi 
— > C H 3 - C CH 2 -

C H , 

OCH3 

Q 
N * NCH3 DMAD 

C * 
C H ^ *CH 2 

CH,' 

CH3O CH3 
X , C ^ C H 3 ,CHa0H 

r^co,cH, '2^n3 

CH3 

N ^ C 0 2 C H 3 

and coworkers have reported the [ 4 + 2 ] cycloaddition 
reaction of iV^-isopropenyl-iV^i^-dimethyllormamidine 
formed by thermolysis of 3-dimethylamino-2,2-dimeth-
yl-2//-azirine with electron-deficient dienophiles (Eq. 
2).5> O n the other hand, Taylor and coworkers have 

y N ( C H 3 ) 2 

i ~ 
CH 3 CH3 

-tCH3I2NH N 

CH 3 

A 

CH, 

N(CH3)2 

V,^.CH DMAD 

I 

' * C H 2 

N(CH 3 ) 2 

N ^ Y C 0 2 C H 3 

CHa-^^COzCHa 

C02CH3 

C02CH3 

(2) 

reported that the reaction of N1, ^ - d i e t h y l - iV2-(l -pro-
penyl)benzamidine with D M A D gave iV^iV^-diethyl-
N2- [2,3-bis(methoxycarbonyl) - 1,3 - pentadienyl]benz-
amidine via [ 2 + 2 ] cycloaddition reaction and that 
no [ 4 + 2 ] adduct was formed (Eq. 3).e) 

N(C2H5 )2 

y £ * N DMAD 
P h HC. l ^ T 

H C * C H C H 3 

{£ andZ) 

-». PK 

CH302C 

N(C2H5)2 

A N 

N(C2H5)2 

. P h A N 
(3) 

CH3 

COjCHa 

HC^ c .C0 2 CH 3 

I 

C H 3 0 2 C ^ C H C H 3 

In the course of our studies on the reaction of 5-
amino-l-vinyl-4,5-dihydro-l//-l,2,3-triazoles (1), which 

were prepared by the 1,3-dipolar cycloaddition reac­
tion of vinyl azides with enamines,7* we noticed that 
the JV2-vinylamidine (2) formed by thermolysis of l a 
acted as a 2-aza-l,3-butadiene to form the [ 4 + 2 ] 
cycloadduct with some dienophiles. 

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

Thermolysis of 4,4-Dimethyl-l-(l-phenylvinyl)-5-(l-pyr-
rolidinyl)-4y5-dihydro-lH-l,2,3-triazole (la). 4,4-
Dimethyl - 1 - ( 1 - phenylvinyl) - 5 - ( 1 - pyrrolidinyl) - 4,5-
dihydro-l/ /- l ,2,3-tr iazole ( l a ) was thermolyzed at 80 
°G in D M S O - 4 , for 22 h in a sealed N M R tube. The 
N M R spectra of the solution showed that 2-methyl-
N- ( 1 -phenylvinyl) -1 - ( 1 -pyrrolidinyl) -1 -propanimine (2) 
was formed in quantitative yield (Eq. 4). 

CH3CPh 

CH 
Ph Ph<^N o 

^ r \ « ^ C C H ^ r H20 ? 
/ J ^ N V »• N=C *-H2NC (4) 

V ^ u " N 2 CH(CH3)2 . NCH(CH3)2 XHa 
C H 3 * 

la H O 
Since 2 was rapidly hydrolyzed into acetophenone 

and isobutyramide upon exposure to air, the isolation 
in pure form or combustion analysis of 2 was unsuc­
cessful. 

Table 1 collects the 1H and 13G N M R data pertinent 
to the structural confirmation of 2. In addition to 
a phenyl and 1-pyrrolidinyl group, the presence of 
newly formed isopropyl group was indicated in its 
characteristic 1H N M R peak pattern (a doublet at 
Ô 1.04 and a septet at Ô 3.01). The two low field 
singlets were assigned to the terminal olefinic protons 
at C-5. T h e structure was further supported by the 
13G N M R spectra. The presence of three singlets at 
low field, one of which corresponds to the ipso carbon 
of the phenyl group, and a triplet at ô 93.0 suggested 
a trisubstituted 2-aza-l,3-butadiene skeleton. The lo­
cation of the three substituents was appropriately ex­
plained by the hydrolysis products, acetophenone and 
isobutyramide. 

In other solvents (cyclohexane, benzene, diglyme, 
etc.) the amidine 2 was formed in much lower yields 
accompanied by 2,2-dimethyl-5-phenyl-2//-pyrrole 
(3a) (Scheme 1). T h e compound 3a was separated 
with alumina column chromatography, and its struc­
ture was determined by spectral and analytical results. 
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TABLE 1. N M R SPECTRAL DATA OF 2-METHYL-iV-(l-PHENYLVlNYL)-l-(l-PYRROLIDINYL)-

1-PROPANIMINE (2) ( in D M S C W g ) 

*"Vc£* 
CH(CH3)2 

ô 

1.04 
1.6—2.0 
3.01 
3.2—3.7 
4.34 
4.94 

7.2—7.7 

Appe 

m NMR 

arance (,//Hz) 

d ( 7 = 7 ) 
m 
sep (J =7) 
m 
s 
s 

m 

Area 

6H 
4H 
1H 
4H 
1H 
1H 

5H 

Assignment 

1 

ß 
2 
a 

H b l 5 

( m 

ipso 

3b) 

4b) 

«5 

19.7 
24.8 
29.9 
47.4 

93.0 

125.2 
127.2 
127.8 
139.8 
152.7 
159.4 

13G NMR 

Appearancea> 

q 
t 
d 
1 

t 

d 
d 
d 
s 
s 
s 

a) Splitting pattern determined by off-resonance decoupling, b) May be reversed. 

Ph P h ^ N 
CH2=C ^K CH2=C HJ 

^ y N V *• N-C-H 

VhCH 3 N2-C(CH3)2 

path a :H,=C N-1 

-N2 

\ / 
N=C 

CH(CH3)2 

1a CH, 

- N 2 

CH2=C 

Ph 
/ o 
N-CH -

I 
C(CH3)2 

Scheme 1. Formation of the JV2-vinylamidine (2) and 
the 2//-pyrrole (3a) by thermolysis of the vinyltri-
azoline ( la) . 

In XH N M R the singlet at ô 1.45 corresponds to the 
two methyl groups and the doublet at ô 6.73 (J= 
4.5 Hz) corresponds to the proton at C-4. In 13C 
N M R the two doublets at ô 162.6 and 123.1 correspond 

to the C-3 and C-4 of the 2//-pyrrole ring, and the 
singlets at ô 169.6 and 79.5 correspond to the C-5 
and C-2 of the pyrrole ring, respectively.8*) The 
alternative structure of the 3//-pyrrole (3'a) is elimi­
nated because the signal at ô 79.5 should be assigned 
to the quaternary sp3 carbon adjacent to one nitrogen 
atom.8b> 

T h e formation of the JV2-vinylamidine (2) and the 
2//-pyrrole (3a) was most simply explained by the 
tentative routes shown in Scheme 1. In the ther­
molysis of 5-amino-4,5-dihydro-l//-1,2,3-triazoles, it is 
generally accepted that the heterolytic cleavage of the 
bond between N- l and N-2 occurs first,9-11) and 
that the loss of nitrogen followed by 1,2-hydride (or 
carbanion) shift gives amidines.10_12) In the present 
case the N2-vinylamidine (2) would be formed via 
the similar path (path a) . Since the ring closure 
via pa th b would lead to the 3//-pyrrole (3 'a) , which 
was not actually formed, the 2//-pyrrole (3a) should 
be formed via another path. A plausible path involves 
the formation of aziridine, followed by the subsequent 
ring conversion to the pyrroline and elimination of 
pyrrolidine to the 2//-pyrrole (3a) (path c).12> The 
homolytic extrusion of nitrogen from l a can also 
lead to the aziridine as was the case of thermolysis 
and photolysis of other 4,5-dihydro-l//-1,2,3-triazoles.13) 
The fact that 3a was not formed by thermolysis in 
D M S O but was formed in the less polar solvents may 
be suggestive of the homolytic mechanism for the 
aziridine formation (and the heterolytic one for the 
amidine), although no example of homolytic extrusion 
of nitrogen by thermolysis of 5-amino-4,5-dihydro-l//-
1,2,3-triazoles has been reported. 

Thermolysis of Other Vinyltriazolines. In contrast 
with the quantitative formation of the N2-vinylamidine 
(2) from l a in D M S O , 4-ethyl-l-(l-phenylvinyl)-5-
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(l-pyrrolidinyl)-4,5-dihydro-l//-l,2,3-triazole ( lb ) was 
stable at 80 °G. Thermolysis at 100 °G in D M S O -
d6, diglyme-öf14, or pyridine-öf5 caused decomposition 
with evolution of nitrogen, but the N M R spectra of 
the resulting solution showed that neither amidine 
nor pyrrole was formed. 

Thermolysis of 7a-morpholino-l-(l-phenylvinyl)-
3a,4,5,6,7,7a-hexahydro- \H-1,2,3 - benzotriazole ( lc) 
also gave neither amidine nor pyrrole. Chromato­
graphic separation of the reaction mixture gave faint 
yellow oil, whose spectral data were identical with 
those of previously reported l-(l-phenylvinyl)-4,5,6,7-
tetrahydro-l//-l ,2,3-benzotriazole (4; 3 6 % yield) (Eq. 
5).7> 

P h O 

CH2=Cv LNJ 
Ph 

CO 
CH2=C 

:x) (5 ) 

Ph 
\ CH=CH 

\ 
N o Ph 

CH3 

CH3 H 

Id 

N 

H C H 3 
CH3 

3d 

(6) 

Thermolysis of 4,4-dimethyl-5-(l-pyrrolidinyl)-l-
styryl-4,5-dihydro-l//-l,2,3-triazole ( Id) was carried 
out at 80 °G in D M S O and in benzene to give the 
corresponding 2,2-dimethyl-4-phenyl-2//-pyrrole (3d) 
in 38 and 8 0 % yields, respectively (Eq. 6). No ami­
dine was detected in the crude solution. T h e 2H-
pyrrole (3d) seems to be formed via aziridine as in 
the case of 3a. 

These results were in sharp contrast with the Fusco's 
results of thermolysis of l-aryl-5-amino-l,2,3-triazolines, 
in which the corresponding 7V2-arylamidines were the 
sole products.10~12> 

[ 4 + 2 ] Cycloaddition Reaction of the 2-Aza-l,3-butadiene 
(2). In order to examine the reactivity of 2-
methyl-iV- (1 - phenylvinyl) - 1 - (1 - pyrrolidinyl) - 1 - pro-
panimine (2) as a 2-aza-l ,3-butadiene, 2 prepared by 
heating l a in D M S O at 80 °G for 1 d was allowed 
to react with an appropriate dienophile (5) at room 
temperature. 

The results were summarized in Scheme 2 and 
Table 2. In the case of some electron-deficient di-

N CKCH3)2 

SY 

Y 

N X ^ Y H N x i y 

(CH3)2CH Yl-, (CH3)2CH N-\ 

< > a: H CN ** y ^ 
\—/ b : H CHO 1—» 

9 C: H COjCHg " L J 
* d: C02CH3 C02CH3 | [J 

P h ^ N - X 
P ^ C H 2 ^ H20__HN J L y 

0 0 N XHY CH(CH3)2 

Ç 6 
CKCH3)2 

9 
(X=H, Y=C02CH3) 

CH(CH3)2 

T 

C02CH3 

2 + cS — 
CO2CH3 

Y 

JCH2=CHCN 

f CH2CH2CNI p\v 
(CH3)2CH N - ^ 

\ 
\ 
CH2CH2CN 

^ X P h
N A s / X 

CH(CH3)2 CH(CH3)2 

7 8<X=H,Y=CN) 

' P h ^ ^ . C02CH3-

NX^C02CH3 

r-N CH(CH3)2 

PhN^<5^,C02CH3 

- r—1' 'Y^C°2CH3 
\ J CH(CH3)2 

7d 
Scheme 2. Cycloaddition reaction of the 2-azabutadi-

ene (2) with electron-deficient dienophiles. 

enophiles (5a—d, and D M A D ) , the corresponding 
dihydropyridines (6) and pyridines (7) were formed 
at room temperature for 1—5 d, but reaction with 
jb-benzoquinone (5e) or iV-phenylmaleimide (5f) gave 
only polymeric substances. With 3,4-dihydro-2//-
pyran (5g), an olefin with a ^-donating group, no 
reaction occurred even at 110°G and 5g remained 
unchanged. 

In the case of the reaction with acrylonitrile (5a) 
or acrylaldehyde (5b), the initially formed dihydro­
pyridine (6a,b) was gradually oxidized to the pyridine 
(7a,b) upon exposure to air. In the case of 5a, the 
reaction at 80 °G for 36 h or at room temperature 
for 30 d gave the 1:2 adduct 8 besides 6a and 7a. In 
the case of methyl acrylate (5c), dihydropyridine was 
not isolated but considerable amount of methyl 2-
isobutyryl-5-oxo-5-phenylpentanoate (9) was isolated. 
T h e dioxo ester 9 was identified by spectral comparison 
with the authentic sample prepared according to the 
route shown in Eq. 7. 

PhCCH3 
n 

O 

(CH3)2CHCCH3 

Ô 

a, b 
PhCCH2CH2N(CH3)2 

n 
O 

(GH3)2GHGGH2GOGH3 
n n 

O O 

-* PhCCH2CH2N(CH3 

O I- \ 
V (7) 

Na+ / 

(CH3)2CHCCHCOCH3 

Ö 6 
a) (GH3)2NH.HG1, HGHO b) NaOH c) GH3I d) (GH30)2GO e) GH3ONa 
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Dienophile 

5a 

5 b 

5c 

5d 

5e 

5f 

5g 
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o N O M U R A , 

T A B L E 2. 

Y 

GN 

G H O 

G 0 2 G H 3 

G 0 2 G H 3 

- C O C H = C H C O -

C O N P h C O -

- 0 ( C H , ) , -
G 0 2 G H 3 G 0 2 G H 3 

Yoshito TAKEUCHI 

REACTION OF 

Molar ratio 
(5 / la) 

2 J ) 

2 . 0 

2 . 0 

1.3 

1.1 

1.1 

2 .1 

2 . 1 

1.1 

1.0 

1.8 

2 .1 

2 
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WITH DIENOPHILES IN D M S O a > 

Reaction 
time/d 

2 

30 

1.5*» 

3 

5 

5 

2 

2 

2 

2 

3e> 

1 

6 

37 

16 

— 

24 

— 

— 

— 

— 

— 

— 

— 

— 

Yield/% 

7 

25 

7 

13 

22 

21 

44 

11 

23 

— 

— 

— 

37 

[Vol. 

of products 

8 

— 

24 

10 
— 

— 

— 

— 

— 

— 

— 

— 

— 

54, No. 9 

^ 9 

— 

— 

— 

— 

24 
— c ) 

— 
— c ) 

— d ) 

— d ) 

— 

— 

a) Carried out at room temperature, unless otherwise noted, b) Carried out at 80 °G. c) Initial crude products 
were oxidized with /»-benzoquinone prior to work up. d) Only polymeric products were formed, e) Carried out 
at 80—110°G, but dienophile remained unchanged. 

A plausible mechanism for the formation of these 
products was depicted in Scheme 2. T h e [ 4 + 2 ] cyclo­
addition reaction of 2 with a dienophile would give 
the cyclic imine intermediate 6', which is deaminated 
to the dihydropyridine 6. T h e Michael addition of 
acrylonitrile to the isomeric enamine form of 6 'a 
would lead to 8.14) Formation of 9 would indicate 
the initial formation of dihydropyridine 6c, which 
was hydrolyzed into 9 on silica gel. This was pre­
vented by oxidation of 6c to 7c with /»-benzoquinone 
prior to work up. 

An intriguing aspect of these cycloaddition reactions 
involving 5a—c is the formation of only one of the 
possible regioisomers. Two regioisomeric structures 7 
and 7 ' were expected, but only 7 was actually formed 
in all cases. In the case of 7a, for instance, the two 
doublets at ô 7.68 and 7.92 in 1H N M R spectra can 
be assigned to the two adjacent pyridine ring protons 
at G-5 and G-4. The large coupling constant be­
tween these protons (8 Hz) precluded the possibility 
of isomer 7 'a in which only a small meta coupling 
should be observed. This assignment was further sup­
ported by the general observation that the coupling 
constant between 4-H and 5(or 3)-H is the largest 
(about 8 Hz) in ordinary pyridine derivatives.15) 
These structural assignments were further confirmed 
by 13G N M R data (see Experimental). 

Taylor and coworkers suggested that the preference 
of [ 2 + 2 ] to [ 4 + 2 ] cycloaddition in the case of JV1,^1-
diethyl-iV2-(l-propenyl)benzamidine (Eq. 3) could be 
caused by the inaccessibility of the s-cis conformation 
in the 2-aza-l,3-butadiene system.6) In the present 
case s-cis conformation is not sterically unfavorable 
due to the presence of phenyl group at 3-position of 
the 2-aza-l,3-butadiene system of 2, so that the pref­
erence of the [4 + 2] cycloaddition is in accord with 
the Taylor's postulate. But further experimental re­
sults about the cycloaddition reactions of various 2-
aza-l ,3-butadienes are necessary to examine the va­
lidity of his postulate. Useful synthetic methods of 
2-aza-l,3-butadienes are awaited. 

HOMO 
energy/eV 

-111 

-12 

-13 

-U 

-11.29 

11.86 

-12.19 

-13.06 

-13.71 

'0.57 ^©0.59 y£>0.56 ^ 0 . 4 4 ^ X ^ ) 0 . 5 7 Q 

-0.57 N * - 0 . 5 1 N i » - 0 . 2 7 N ^ - 0 . 3 5 N ^ " 0 . 2 9 ^ 

NMe, NMe, lUMQ 

X 

LUM0°) 

10 11 12 13 U 
Fig. 1. Energies and coefficients of HOMO of 2-

azabutadienes estimated with GNDO/2 method, 
a) LUMO of a typical electron-deficient dienophile. 

Frontier Molecular Orbital Treatment. Frontier 
molecular orbital treatment was successfully applied 
to rationalize the reactivity and regioselectivity of 
cycloaddition reactions such as Diels-Alder reactions 
and 1,3-dipolar cycloaddition reactions.16) We found 
that this treatment also rationalized the rather high 
reactivity and high regioselectivity in the [ 4 + 2 ] cyclo­
addition reactions of the 2-aza-l,3-butadiene (2). 

Frontier orbital energies and coefficients of various 
2-azabutadienes were estimated with GNDO/2 method 
(Fig. 1). 

In Diels-Alder reaction with electron-deficient di-
enophiles, the interaction between H O M O (highest 
occupied molecular orbital) of the diene and L U M O 
(lowest unoccupied molecular orbital) of the dienophile 
is important.16) As shown in Fig. 1, the H O M O 
of 2-azabutadiene (11) is lower than that of butadiene 
(10), suggesting the lower reactivity of 11 compared 
with 10. However, the H O M O of 3-phenyl-2-aza-
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b u t a d i e n e (12) o r l - a m i n o - 2 - a z a b u t a d i e n e (13) is ra i sed 
b y the i r subs t i t uen t s ( p h e n y l a n d a m i n o g r o u p s ) , so 
t h a t t h e H O M O of t h e 2 - a z a b u t a d i e n e 14 (a m o d e l 
of 2) is m u c h h i g h e r in e n e r g y t h a n t h a t of 10 o r 1 1 . 
T h e h i g h e r e n e r g y of H O M O w o u l d inc rease t h e 
i n t e r a c t i o n w i t h L U M O of d i enoph i l e s , r e su l t i ng t h e 
r a t h e r h i g h r eac t iv i t y i n c y c l o a d d i t i o n r e a c t i o n of 2 
w i t h e lec t ron-def ic ien t d i e n o p h i l e s . 

O n t h e o t h e r h a n d , t h e L U M O of eno l e t he r s is 
h i g h e r in e n e r g y so t h a t t h e i n t e r a c t i o n w o u l d b e 
too sma l l to cause t h e r e a c t i o n w i t h 2 in spi te of t h e 
h i g h e n e r g y of H O M O of 2 . 

T h e m a g n i t u d e of coefficients of H O M O of 2 -
a z a b u t a d i e n e s w e r e also in a c c o r d w i t h t h e obse rved 
regioselect ivi ty in t h e r e a c t i o n s of n o n - s y m m e t r i c a l 
d i enoph i l e s ( 5 a — c ) . T h e coefficient of H O M O of 
11 w a s l a rge r a t 4 -pos i t ion t h a n a t 1-position, a n d 
this t r e n d w a s e n h a n c e d b y t h e subs t i t u t i on of t h e 
p h e n y l a n d a m i n o g r o u p s (12, 13) . C o n s e q u e n t l y 
t h e coefficients of H O M O of 14 w a s m u c h l a r g e r 
a t 4-pos i t ion t h a n a t 1-position, so t h a t t h e h i g h r e ­
gioselect ivi ty in t h e [ 4 + 2 ] c y c l o a d d i t i o n r e a c t i o n of 
2 w o u l d b e i n d u c e d . 

Exper imenta l 

General. Melt ing points were determined on a 
Mi tamura Riken hot-stage melting point appara tus and 
were uncorrected. Infrared spectra were determined on a 
J A S G O DS-403G grating infrared spectrophotometer. Nu­
clear magnetic resonance spectra were determined on a 
J E O L MH-100, FX-90Q,, and Var ian FT-80A N M R spec­
trometer (splitting pat tern in 13G N M R data was obtained 
by off-resonance decoupling). Ultraviolet spectra were de­
termined on a Hitachi EPS-3T recording spectrophotom­
eter. Mass spectra were determined on a Hitachi R M U -
6 M G mass spectrometer. The vinyltriazolines (1) were 
prepared by the previously described method.7) Solvents 
were distilled under anhydrous conditions before use. 

Thermolysis of 4,4-Dimethyl-7-(7-phenylvinyl)-5-(7-pyrrolidin­
yl )-4,5-dihydro-7H.-7,2,3-triazole (la). Method A: In 
0.5 ml of an appropriate solvent was dissolved 71—118 
mg (0.26—0.44 mmol) of l a with 3.8—5.7 mg of 2,2,3,3-
tetramethylbutane as an internal s tandard in a 5 m m di­
ameter N M R sample tube. T h e tube was then sealed 
in vacuo, and was heated in an 80 °G ba th until l a was com­
pletely consumed. 

Method B: In 100 ml of an appropriate solvent was dis­
solved 1.0 g (3.7 mmol) of l a and the solution was heated 
to reflux under nitrogen until l a was completely consumed. 

In Dimethyl-da Sulfoxide (DMSO-d6, Method A): Ther­
molysis of l a was carried out in D M S O - 4 , at 80 °G for 22 
h. N M R spectra of the resulting solution showed that 2-
methyl-iV-(l-phenylvinyl)-l- (1 -pyrrolidinyl) - 1 -p ropanimine 
(2) (see Table 1) was formed in quantitative yield. 

In Toluene (Method B): Thermolysis of l a (1.0 g, 3.7 
mmol) was carried out in refluxing toluene (110 °G) for 
75 min. Removal of the solvent in vacuo gave 700 mg of 
the residue, whose XH N M R spectra showed the existence 
of 2 and 2,2-dimethyl-5-phenyl-2//-pyrrole (3a) in 6:7 ratio. 
Chromatographic separation of 220 mg of the residue af­
forded 40 mg (28% yield) of acetophenone and 62 mg (37% 
yield) of 3a, respectively. Analytically pure sample of 3 a 
was obtained by distillation with the Kugelrohr apparatus 
at 5 5 ° C / 3 m m H g t : m p 19—20 °G; M S m/e 171 (M+); I R 

t 1 m m H g « 133.322 Pa. 

(neat) 1605, 1446, 1358, 1198, 1020, 760, and 694 c m - 1 ; 
U V m a x (methanol) 212.5 (e, 12000), 217.5 (12000), and 
249 n m (10000); * H N M R (CDC13) Ô 1.45 (6H, s), 6.73 
(1H, d, . 7 = 4 . 5 Hz) , 7.3—7.5 (4H, m) , and 7.8—8.0 (2H, 
m ) ; 1 3 C N M R (GDG13) Ô 23.4 (q), 79.5 (s), 123.1 (d), 127.6 
(d), 128.6 (d), 130.2 (d), 134.3 (s), 162.6 (d), and 169.6 
(s, G=N). 

Found : G, 84.04; H , 7.63; N, 8.27%. Galcd for G1 2H1 3N: 
G, 84.17; H , 7.65; N , 8 .18%. 

The rest of the residue (480 mg) was left at room tem­
perature for 3 d. Then 1 ml of diethyl ether was added, 
and the precipitates of isobutyramide was collected by fil­
tration and washed three times with 1 ml of diethyl ether 
(yield, 30 mg, 14%) . 

In Toluene-ds (Method A) : Thermolysis of l a was car­
ried out in toluene-rf8 at 80 °G for 21 h. T h e 1H N M R 
spectra of the resulting solution showed the formation of 
2 and 3 a in 58 and 2 3 % yields, respectively. 

In Diglyme-du (Method A) : Thermolysis of l a was car­
ried out in diglyme-fi?14 at 80 °G for 20 h. T h e » H N M R 
spectra of the resulting solution showed the formation of 
2 and 3a in 31 and 8% yields, respectively. 

In Benzene (Method B) : Thermolysis of l a was carried 
out in refluxing benzene (80 °G) for 1 d. T h e XH N M R 
spectra of the residue after removal of the solvent showed 
the formation of 2 and 3a in 42 and 11 % yields, respectively. 

In Cyclohexane (Method B) : Thermolysis of l a was car­
ried out in refluxing cyclohexane (80 °C) for 1 d. T h e 
1 H N M R spectra of the residue after removal of the solvent 
showed the formation of 2 and 3a in 50 and 2 0 % yields, 
respectively. 

Thermolysis of 7a-Morpholino-7-(7-phenylvinyl)-3a,4,5,6,7)7a-
hexahydro-7H-7,2,3-benzotriazole (lc). Toluene (20 ml) 
solution of l c (92 mg, 0.29 mmol) was heated to reflux for 
16 h under nitrogen until l c was completely consumed. 
T h e toluene was removed in vacuo a t room temperature . 
T h e 1H N M R spectra of the residue showed that no JV2-
vinylamidine was formed. Chromatographic separation of 
the residue through silica-gel column eluting with diethyl 
ether gave l-( l-phenylvinyl)-4,5,6,7-tetrahydro-l / /- l ,2,3-ben-
zotriazole (4)7> in 3 6 % yield. 

Thermolysis of 4,4-Dimethyl-5-( 7-pyrrolidinyl )-7-styryl-4,5-dihy-
dro- 7H-7,2,3-triazole (Id). In DMSO-d6 : T h e D M S O -
d0 (0.5 ml) solution of I d (0.16 g, 0.60 mmol) was heated 
at 80 °G according to Method A for 2 d . T h e *H N M R 
spectra of the resulting solution showed that JV2-vinyl-
amidine was not formed. Diethyl ether (50 ml) was added 
to the solution, and the ether solution was washed four times 
with water (50 ml) and once with saturated aqueous solu­
tion of sodium chloride (50 ml) and dried over anhydrous 
magnesium sulfate. T h e ether was removed in vacuo and 
the residue was purified with silica gel preparative thin 
layer chromatography (Merck Art. 7747) developing with 
dichloromethane to give 38 mg (38% yield) of 2,2-dimethyl-
4-phenyl-2i/-pyrrole (3d). Analytically pure sample was 
obtained by distillation with the Kugelrohr apparatus at 
6 5 ° C / 4 m m H g ) : m p 16.5—17.5 °C; M S m/e 171 (M+); 
I R (neat) 1620, 1600, 1530, 1490, 1450, 925, 765, and 695 
c m - 1 ; U V m a x (methanol) 224 (e, 15000), 268 (5000), 287 
(sh), and 296 n m (sh); > H N M R (GDG18) ô I A3 (6H, s), 
7.4—7.8 (6H, m ) , and 8.55 (1H, s ) ; 13G N M R (GDG1,) 
ô 23.2 (q), 80.3 (s), 126.3 (d), 128.1 (d), 128.8 (d), 132.4 
(s), 138.1 (s), 153.6 (d), and 161.3 (d, C=N). 

Found : C, 84.04; H , 7.65; N, 8.10%. Calcd for G1 2H1 3N: 
C, 84.17; H , 7.65; N , 8.18%. 

In Benzene: The benzene (40 ml) solution of I d (0.68 g, 
2.5 mmol) was heated to reflux for 42 h under nitrogen 
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until I d was completely consumed. After removal of the 
benzene in vacuo, the residue was purified with alumina dry 
column chromatography (Woelm 04511 ) eluting with di-
chloromethane to give 0.35 g (80% yield) of 3d . 

Cycloaddition Reaction of 2 with Dienophiles. Method A : 
T h e iV2-vinylamidine (2) was prepared by heating the D M S O 
solution of the vinyltriazoline ( l a , 1.0 g, 3.7 mmol) at 80 
°G for 24 h under nitrogen atmosphere. After it was cool­
ed to room temperature, an appropriate dienophile (molar 
ratio described in Table 2) was added to the solution with 
a micro syringe, and the solution was stirred at room tem­
pera ture for 1—5 d. T h e n diethyl ether (50 ml) was added, 
and the ether layer was washed four times with water (50 
ml) and once with saturated aqueous solution of sodium 
chloride (50 ml) successively, and dried over anhydrous 
magnesium sulfate. After removal of the ether in vacuo, 
the residue was purified with silica gel dry column chro­
matography (Woelm 04526, eluting with hexane-dichloro-
methane (1:1)) and/or with silica gel preparat ive thin layer 
chromatography (developing with dichloromethane). 

Method B: The reaction procedure and the method of 
purification were similar to Method A, but /?-benzoquinone 
(0.40 g, 3.7 mmol) was added to the D M S O solution in 
order to oxidize the initial products after the cycloaddition 
was completed. 

Reaction with Acrylonitrile (5a) : (/) Reaction of 2 with 
2.0 molar amoun t of 5a according to Method A for 2 d 
gave 3-cyano-1,4-dihydro-2-isopropyl-6-phenylpyridine (6a) 
and 3-cyano-2-isopropyl-6-phenylpyridine (7a) in 37 and 
2 5 % yields, respectively. Analytically pure samples of 6a 
and 7a were obtained respectively by recrystallization from 
methanol as colorless crystals: 3-cyano-1,4-dihydro-2 -iso-
propyl-6-phenylpyridine (6a) : m p 107—108 °G; M S m/e 224 
(M+) ; I R (KBr) 3330 ( N - H ) , 2270 ( C E N ) , 1665 (C=C), 
1610, 1495, 1290, 1110, 760, and 705 c m - 1 ; U V r a a x (meth­
anol) 243 (e 14000) and 335 n m (3000); 1U N M R (GDG13) 
Ô 2.21 (6H, d, 7 = 7 Hz) , 3.15 ( I H , septet, 7 = 7 Hz) , 3.26 
(2H, d, 7 = 3 . 5 Hz) , 4.90 ( I H , td, 7 = 3 . 5 and 1.7 Hz) , 5.4 
( I H , N H ) , and 7.32 (5H, G 6H 5 ) . 

Found : G, 80.19; H , 7.16; N , 12.20%. Galcd for G15H16-
N 2 : G, 80.32; H , 7.19; N , 12.49%. 

3-Cyano-2-isopropyl-6-phenylpyridine (7a ) : m p 75.5— 
76.5 °G; M S m/e 222 (M+) ; I R (KBr) 2305 ( G E N ) , 1580, 

1445, 1380, 860, 840, 770, and 695 cm" 1 ; U V m a x (methanol) 
260 (sh), 266 (e, 15000), and 297 n m (20000); 1U N M R 
(GDG13) Ô 1.47 (6H, d, 7 = 7 Hz) , 3.64 ( I H , septet, 7 = 7 
Hz) , 7.4—7.6 (3H, m) , 7.68 ( I H , d, / - 8 Hz) , 7.92 ( I H , 
d, 7 = 8 Hz) , and 8.0—8.2 (2H, m ) ; 13G N M R (GDG13) 
ô 21.7 (q), 34.8 (d), 105.8 (s), 116.9 (d), 117.1 (s, G E N ) , 

127.3 (d), 128.8 (d), 130.3 (d), 137.7 (s), 140.9 (d), 158.9 
(s), and 169.1 (s). 

Found : G, 80.96; H , 6.59; N , 12.69%. Galcd for G15-
H 1 4 N 2 : G. 81.05; H , 6.35; N , 12.60%. 

(«) Reaction of 2 with 2.0 molar amount of 5 a according 
to Method A for 30 d gave 6a, 7a, and 3-cyano-5-(2-cyano-
ethyl)-2-isopropyl-6-phenylpyridine (8) in 16, 7, and 2 4 % 
yields, respectively. Analytically pure sample of 8 was ob­
tained by recrystallization from methanol as colorless crys­
tals: m p 111.5—112 °G; M S m/e 275 (M+) ; I R (KBr) 2235 
( G E N ) , 2230 ( G E N ) , 1590, 1435, 1070, 980, 785, 750, 715, 

and 700 c m - 1 ; U V m a x (ethanol) 254 (E, 10100) and 289 
n m (10300); XH N M R (GDG13) ô 1.38 (6H, d, 7 = 6 . 5 Hz) , 
2.24 (2H, t, 7 = 7 . 5 Hz) , 3.11 (2H, t, 7 = 7 . 5 Hz) , 3.58 ( I H , 
septet, 7 = 6 . 5 Hz) , 7.48 (5H, G 6H 5) , and 7.81 ( I H , s). 13C 
N M R (GDGI3) ô 17.5 (t), 21.7 (q), 27.6 (t), 34.5 (d), 106.4 
(s), 116.8 (s, G E N ) , 118.4 (s, C E N ) , 128.6 (s), 128.8 (d), 
128.9 (s), 129.1 (d), 138.8 (s), 141.5 (d), 161.6 (s), and 167.7 

(s). 
Found : G, 78.50; H , 6.52; N , 15 .11%. Galcd for G18-

H 1 7 N 3 : G, 78.52; H , 6.22; N , 15.26%. 
(iii) T h e vinyltriazoline ( l a , 0.87 g, 3.2 mmol) and 5a (0.34 

g, 6.4 mmol) was dissolved in D M S O (20 ml) and stirred 
at 80 °G for 36 h under nitrogen atmosphere. After removal 
of excess 5a and D M S O in vacuo at about 60 °G, the residue 
was dissolved in dichloromethane (50 ml) and the solution 
was washed with water (3 X 50 ml) and saturated aqueous 
solution of sodium chloride (50 ml) successively, and was 
dried over anhydrous magnesium sulfate. After removal 
of the solvent, the residue was purified according to Method 
A to give 90 mg of 7a (13% yield) and 0.18 g of 8 (20% 
yield). 

Reaction with Acrylaldehyde (5b): Reaction of 2 with 1.3 
molar amount of 5 b according to Method A for 3 d gave 
l,4-dihydro-2-isopropyl-6-phenylnicotinaldehyde (6b) and 2-
isopropyl-6-phenylnicotinaldehyde (7b) in 24 and 2 2 % 
yields, respectively. Analytically pure sample of 6b was 
obtained by recrystallization from benzene as faint yellow 
crystals: m p 105—106.5 °G; M S m/e 227 (M+); I R (KBr) 
3230 ( N - H ) , 1680 (C=C), 1595, 1505, 1390, 1365, 1290, 
1240, 1110, 765, and 700 c m - 1 ; ^ N M R (CDG18) ô 1.28 
(6H, d, 7 = 7 . 5 Hz ) , 3.17 (2H, d, 7 = 3 Hz) , 3.60 ( I H , septet, 
7 = 7 . 5 H z ) , 5.11, ( I H , m) , 5.81 ( I H , N H ) , 7.34 (5H, C6H5) , 
and 9.83 ( I H , s, G H O ) . 

Found : G, 79.21; H , 7.58; N , 6 . 2 1 % . Galcd for G15-
H 1 7 N O : G, 79.26; H , 7.54; N , 6.16%. 
T h e compound 7 b was obtained as colorless oil: M S m/e 
225 (M+) ; I R (GH2G12) 1685 ( G = 0 ) , 1580, and 1370 cm- 1 ; 
X H N M R (GDGI3) ô 1.44 (6H, d, 7 = 7 Hz) , 3.97 ( I H , septet, 
7 = 7 Hz) , 7.4—7.7 (3H, m ) , 7.77 ( I H , d, 7 = 8 . 5 Hz) , 8 .1— 
8.4 (3H, m) , and 10.50 ( I H , s, G H O ) . />-Nitrophenyl-
hydrazone of 7 b : m p 248.5—249.5 °G. 

Found : G, 70.12; H , 5.33; N , 15.60%. Galcd for G21-
H 2 o N 4 0 2 : G, 69.98; H , 5.59; N , 15.55%. 

Reaction with Methyl Acrylate (5c) : (i) Reaction of 2 with 
1.1 molar amount of 5c according to Method A for 5 d gave 
methyl 2-isopropyl-6-phenylnicotinate (7c) and methyl 2-
isobutyryl-5-oxo-5-phenylpentanoate (9) in 21 and 2 4 % 
yields, respectively. Analytically pure sample of 7c was 
obtained by recrystallization from methanol as colorless 
crystals: m p 88.5—89.5 °G; M S m/e 255 (M+); I R (KBr) 
1720 ( G = 0 ) , 1580, 1270, 1080, 760, and 688 c m - 1 ; m N M R 
(GDGI3) ô 1.42 (6H, d, y = 7 Hz) , 3.92 (3H, s), 4.02 (1H, 
septet, 7 = 7 Hz) , 7.3—7.5 (3H, m) , 7.52 (1H, d, 7 = 7 . 5 
Hz) , and 8.0—8.2 (3H, m ) ; 13G N M R (GDG13) ô 22.4 (q), 
32.6 (d), 52.2 (q, OGH3), 116.8 (d), 123.1 (s), 127.4 (d), 
128.8 (d), 129.8 (d), 138.3 (s), 139.3 (d), 158.4 (s), and 
167.3 (s). 

Found : G, 75.45; H , 6 .81 ; N , 5.70%. Galcd for G16-
H 1 7 N 0 2 : G, 75.27; H , 6 .71; N , 5.99%. 

T h e dioxo ester 9 was obtained as faint yellow oil: I R 
(neat) 1740 ( G = 0 ) , 1710 ( G = 0 ) , 1680 (G=0) , 1595, 1580, 
1450, 755, and 695 c m - 1 ; 1H N M R (GDG13) ô 1.13 (3H, 
d, 7 = 6 Hz) , 1.17 (3H, d, 7 = 6 Hz) , 2.28 (2H, q, 7 = 7 Hz) , 
2.89 ( I H , septet, 7 = 6 H z ) , 3.07 (2H, t, 7 = 7 Hz) , 3.74 
(3H, s), 3.91 ( I H , t, 7 = 7 Hz) , 7.3—7.6 (3H, m) , and 7.8— 
8.1 (2H, m ) . 

(it) Reaction of 2 with 1.1 molar amount of 5c according 
to Method B for 5 d gave 7c in 4 4 % yield. 

Reaction with Dimethyl Maleate (5d) : (1) Reaction of 2 
with 2.1 molar amount of 5 d according to Method A for 
2 d gave dimethyl 2-isopropyl-6-phenylpyridine-3,4-dicar-
boxylate (7d) in 1 1 % yield. Analytically pure sample was 
obtained by recrystallization from methanol as colorless 
crystals: m p 75.5—76.5 °G; M S m/e 313 (M+); I R (KBr) 
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1730 (G=0) , 1580, 1330, 1275, 1250, 1085, 990, 755, 740, 
and 690 c m - 1 ; *H N M R (GDG13) Ô 1.40 (6H, d, / - 7 Hz) , 
3.09 (1H, septet, J=l Hz) , 3.92 (3H, s), 3.95 (3H, s), 7.3— 
7.5 (3H, m) , 7.9—8.1 (3H, m ) ; 13G N M R (GDG13) Ô 22.5 
(q), 33.8 (d), 52.7 (q, O G H 3 ) , 52.9 (q, O G H 3 ) , 116.7 (d), 
125.8 (s), 127.1 (d), 128.8 (d), 136.6 (s), 138.2 (s), 157.9 
(s), 164.3 (s, G = 0 ) , 165.5 (s), and 168.9 (s). 

Found: G, 69.16; H , 6 .11; N , 4 .52%. Galcd for G18H19-
N 0 4 : G, 69.00; H , 6 .11; N , 4 .47%. 

(ii) Reaction of 2 with 2.1 molar amount of 5 d according 
to Method B for 2 d gave 7d in 2 3 % yield. 

Reaction with Dimethyl Acetylenedicarboxylate (DMAD) : Re­
action of 2 with 2.1 molar amount of D M A D according 
to Method A for 1 d gave 7d in 3 7 % yield. 

Synthesis of an Authentic Sample of Methyl 2-isobutyryl-5-oxo-
5-phenylpentanoate (9). Methyl 4-methyl-3-oxopen-
tanoate was prepared from 3-methyl-2-butanone and di­
methyl carbonate according to Corey's method.17) 3-Di-
methylamino-1 -phenyl- 1-propanone was prepared from aceto-
phenone, formaldehyde, and dimethylamine hydrochloride 
by Mannich reaction, 18> quaternized with methyl iodide, 
and it was condensed with the 3-oxo ester in methanol at 
0 °G by means of sodium methoxide.19) T h e dioxo ester 9 
formed was purified with a lumina (Woelm 04511 ) dry col­
u m n chromatography eluting with hexane-dichlorometh-
ane (1:1) . Its I R and XH N M R spectra were identical 
with the dioxo ester formed in the reaction of 2 with methyl 
acrylate (5c). Analytically pure sample was obtained by 
distillation with the Kugelrohr apparatus at 140 °G/0.1 
m m H g . 

Found: G, 69.58; H , 7 .51%. Galcd for G 1 6 H 2 0 O 4 : G, 
69.55; H , 7.29%. 

Method for CNDO/2 Calculation. T h e GNDO/2 calcula­
tion programme used was made by Professor Nozomu Ebara 
and members in his laboratory of College of General Educa­
tion of The University of Tokyo, based mainly on the 
Pople's method.20) Calculation was carried out at T h e 
Computer Center of T h e University of Tokyo. 
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Three new bitter diterpenoids, rabdosianin A, B, and C, have been isolated from the leaves of Rabdosia 
shikokianus Hara, and their structures, determined by spectroscopic and chemical methods. Complete assign­
ments of the *H and 13G NMR data are described. 

The isolation of four diterpenoids: oridonin (l),1* 
shikokianin (2),1) shikokianidin (3),2> and shikodonin 
(4),3) from the leaves of Rabdosia shikokianus Hara4) 
has already been reported. Further investigation of 
the bitter principles from this plant has led to the 
isolation of five additional diterpenoids: effusanin B 
(5),5> longikaurin E (6),6) and three new ^ -kau reno ids . 
In this paper, we will deal with the isolation and 
structures of these new compounds, designated as rab­
dosianin A, B, andC. 

OAc 

HO. 

5 Ri = 0Ac,R2=H 
6 Ri=H,R2 = OAc 

Rabdosianin A (7), G 2 6 H 3 6 0 9 , m p 150—153 °G, 
[a]2D° - 5 0 ° (c 0.21, GHG13), was isolated as white 
needles in 0 .053% yield from the ether extract of the 
dried leaves by extensive column chromatography. I t 
had I R absorptions indicative of hydroxyl (3540, 
3440), acetoxyl (1740, 1235), and ^ - m e t h y l e n e (1660 
and 902 cm - 1 ) groups. The 1H N M R spectrum at 
400 M H z showed signals due to two tertiary methyl 
groups at ô 1.08 and 1.14, three acetyl groups at ô 
1.94, 2.10, and 2.11, one secondary hydroxyl group 

at ô 2.48 (d, 7 = 2 . 4 Hz) , one tertiary hydroxyl group 
at ô 3.17, one methine proton on an oxygenated car­
bon atom at ô 3.96 (dd, 7 = 7 . 8 and 2.4 Hz) , one 
ether type methylene group at ô 4.12 (dd, 7 = 8 . 9 
and 1.0 Hz) and 4.50 (dd, 7 = 8 . 9 and 1.6 Hz) , three 
methine protons attached to carbon atoms bearing 
an acetoxyl group at ô 4.82 (dd, 7 = 4 . 1 and 3.5 Hz) , 
4.87 (dd, 7 = 1 0 . 7 and 4.6 Hz) , and 5.63 (dd, 7 = 1 . 9 
and 1.0 Hz) , and one terminal methylene group at 
ô 4.86 (br s) and 5.03 (dd, 7 = 1 . 9 and 1.0 Hz) . In 
addition, extensive XH N M D R studies, summarized in 
Table 1, revealed the presence of the partial struc­
tures (A) and (B), the latter showing the following 
long-range couplings: 7H5)H20b=1.6 Hz, 7H9,H20a=1.0 
Hz, 7H1 3 }H1 7 a=1.9Hz, 7Hi3,H1 7 b=1.0Hz, 7Hi5,H17a=1.0 
Hz, and 7Hi5,H17b=1.9 Hz. 

H 
I 

H-C-

H 
I 

H"|2" 

H-C-

H 
I 

-CHI 
I1 

OAc 

Hb 

H a - C - 0 
H-C-OAc 

11 

17 \ 

Ha 

Hb 

• C -
I9 

H 

- C - H r 
- C - H 

I15 

OAc 

OH 
I 

- c -
5 I 

H 

T h e spectral da ta and the analogy with the con­
geners isolated from Rabdosia species1'2) suggested the 
structure 7 for rabdosianin A. The proposed struc­
ture was also supported by the 13G N M R data at 
100 M H z (Table 2), which showed the presence of 
one hemiacetal group (ô 96.5), four methylene groups, 
three methine groups, and three quaternary carbon 
atoms. The a-configuration of two acetoxyl groups 
at Gx and G n was evident from the J values of H1 

and H n signals. Namely, the large axial-axial cou­
pling ( 7 = 1 0 . 7 Hz) and the small axial-equatorial cou­
pling ( 7 = 4 . 6 Hz) of the former signal indicated the 
axial nature of the corresponding proton. Hence, the 
acetoxyl group at Gj must be a-oriented. The small J 
values of the latter signal ( 7 H 9 J H H = 4 . 1 H Z , jHluH12ß = 
3.5 Hz, and jHn,H12a~0 Hz) revealed that the di-
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TABLE 1. >HNMR SPECTRA AT 400 M H Z OF RABDOSIANIN A (7), B (10), AND G (12)a> 

2787 

H l a 

Hiß 
H 2 « 

H2/; 
H3„ 
H 3 j S 

H5 

H« 
H9 

H„ 
H12a 

Hi20 
H 1 3 

H i 4 a 

H i 4 ^ 

H15 

Hi7a 

Hl7b 
H20a 

H20b 

Me18 

Me19 

6-OH1» 
7-OHb> 
l5-OHb> 
OAc 

7 

4.87 
1.39 
1.77 
1.37 
1.45 
1.68 
3.96 
2.15 
4.82 
2.31 
1.65 
2.65 

2.49 
1.63 
5.63 
4.86 
5.03 
4.12 
4.50 
1.08 
1.14 
2.48 
3.17 

2-11, 

(dd, 10.7, 4.6) 

(m) 
(m) 
(brd, 12.4) 
(ddd, 12.4, 10.0, 3 . 
(dd, 7.8, 1.6) 
(dd, 7.8, 2.4) 
(dd, 4 . 1 , 1.0) 
(dd, 4 .1 , 3.5) 
(dd, 15.7, 9.5) 
(dd, 15.7, 3.5) 
(dddd, 9.5, 4 .3 , 
1.9, 1.0) 

(d, 12.4) 
(dd, 12.4, 4.3) 
(dd, 1.9, 1.0) 
(brs) 
(dd, 1.9, 1.0) 
(dd, 8.9, 1.0) 
(dd, 8.9, 1.6) 

(O 
(O 
(d, 2.4) 

(O 

2.10, 1.94 

10 

4.89 
ca. 1.40 

1.81 
ca. 1.45 

0) ca. 1.40 
1.96 
5.33 
2.19 
4.82 
2.32 
1.62 
2.64 

2.47 
1.72 
5.66 
4.91 
5.05 
4.16 
4.55 
0.89 
1.16 

3.43 

2.16, 

(dd, 11.5, 5.0) 
(m) 
(m) 
(m) 
(m) 
(dd, 8.4, 1.9) 
(d, 8.4) 
(dd, 3.8, 1.2) 
(dd, 4 .1 , 3.8) 
(dd, 15.7, 9.2) 
(dd, 15.7, 4.1) 
(dddd, 9.2, 4.9, 
1.4, 0.8) 

(d, 12.4) 
(dd, 12.4, 4.9) 
(dd, 2.4, 2.2) 
(dd, 2.2, 1.4) 
(dd, 2.4, 2.2) 
(dd, 9.5, 1.2) 
(dd, 9.5, 1.9) 

( s ) 
( s ) 

(O 

2.09, 2.06, 1.94 

12 

1.87 
1.43 

ca. 1.55 
ca. 1.55 
ca. 1.55 
ca. 1.20 

1.38 
5.17 
2.26 

3.11 
3.13 
2.94 

2.20 
1.63 
4.53 
5.18 
5.25 
4.03 
4.16 
0.85 
1.14 

3.19 
3.30 
2.18 

(ddd, 13.0, 1.9, 1.9) 
(m) 
(m) 
(m) 
(m) 
(m) 
(dd, 4.6, 1.1) 
(d, 4.6) 
(dd, 2.4, 2.2) 

(m) 
(m) 
(dddd, 4.6, 4.4, 
1.0, 1.0) 

(d, 12.4) 
(dd, 12.4, 4.6) 
(ddd, 1.9, 1.9, 1.1) 
(brs) 
(brs) 
(dd, 9.5, 2.2) 
(dd, 9.5, 1.1) 
( s ) 
( s ) 

(O 
(d, 1.9) 

a) The spectra were determined at 25 °G in CDCl3 solutions with TMS as 
and J values (in Hz) are in parentheses, b) These signals disappeared on 

an internal standard. Multiplicity 
addition of D 2 0 . 

hedral angles between H 9 and H u , and H n and 
H12/i, are both close to 45°, and that between H n 

and H 1 2 a is roughly 90°. Thus, the acetoxyl group 
at G n is a-oriented. 

The catalytic hydrogénation of 7 afforded a di-
hydro compound (8), G 2 6 H 3 8 0 9 , m p 252—253 °G, as 
the major product. Since the hydrogénation of the 
G16 double bond is assumed to occur from the less 
hindered a-side, the newly introduced secondary meth­
yl group must be /?-oriented.2) The XH N M R spec­
trum of 8 displayed a signal of H 1 5 as a doublet at 
Ô 5.20 ( 7 = 1 0 . 4 Hz) , the large / value of which de­
fined the configuration of the acetoxyl group at G15 

as jö.2) The /?-configuration for the secondary hydrox­
yl group at G6 is common to all £«£-kaurenoids from 
Rabdosia species which have the same functional groups 
in the B-ring as 7. 

Finally, the structure was confirmed by the chem­
ical correlation of 7 with 2. Thus, the partial hydrol­
ysis of 7 with methanol-0.1 M ( 1 M = 1 mol d m - 3 ) 
sodium hydroxide solution (1:1) gave a triol (9), 
G 2 4 H 3 4 0 8 , m p 254—256 °G, which was found to be 
identical with the compound derived from 2 by the 
reduction with sodium borohydride. 

Rabdosianin B (10), G28H38O10 , mp 215 °G (dec), 
[a]2D - 7 0 ° (c 0.39, GHG13), was isolated as colorless 
prisms in 0.004% yield and exhibited spectral data 
quite similar to those of 7, except for the following 

19 18 

Z Rl = R 2 = H , R 3 = A c 

19 Rl = R3 = A c , R 2 = H 

1J R1 = R2 = R3=Ac 

observation: the I R spectrum did not show the pres­
ence of a secondary hydroxyl group and, instead, 
the 1H N M R spectrum (Table 1) revealed the sig­
nals due to four acetoxyl groups, one more than those 
of 7. These facts, and the appearance of the H 6 

signal at a lower field (ô 5.33) as a doublet ( 7 = 8 . 4 
Hz) suggested that an acetoxyl group took the place 
of the secondary hydroxyl group at C 6 of 7. From 
the evidence outlined above and the pertinent 13G 
N M R data (Table 2), we assigned the structure 10 
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TABLE 2. 13G CHEMICAL SHIFTS OF RABDOSIANIN 

A (7), B (10), AND G (12)a> 

Carbon 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

GOGH3 

GOGH3 

7 

76.9d 
25.3 t 
38.9 t 
33.4s 
53.5d 
74. I d 
96.5 s 
50.7 s 
48.4d 
40.7 s 
69.6d 
39.9 t 
3 5 . I d 
26.7 t 
74.9d 

157.0 s 
109.5 t 
22.6q 
33.8q 
65.5 t 

171.7s 
170.8 s 
170.0 s 

22.2q 
21.9q 
21.8q 

10 

76.7d 
25.2 t 
38.7 t 
33.5 s 
52.5d 
75.7d 
95.9 s 
50.6 s 
48.4d 
41 .1s 
69.5d 
39.9 t 
35.4d 
26.7 t 
75.2d 

157.1 s 
110.Ot 
22.7q 
33.5q 
65.4 t 

173.8s 
170.8 s 
170.5 s 
170.1 s 
22.3q 
2 2 . l q 
22.0q 
21.3q 

12 

41.1 t 
18.5 t 
41.4 t 
33.9 s 
53.3d 
74. I d 
96.1 s 
50.9 s 
58.3d 
37.6 s 

199.0 s 
50.3 t 
37.7d 
29.8 t 
75.2d 

151.6s 
109.6t 
21.5q 
3 2 . l q 
68.1 t 

170.2 s 

21.5q 

a) The spectra were measured at 100.61 MHz in 
GDGI3 solutions and the shifts are given in ppm (ô) 
relative to the internal TMS. Assignments were made 
by off-resonance and selective proton-noise decouping 
technique. 

for rabdosianin B. 
Final confirmation of the structure was achieved 

by the chemical correlation of 10 with 7. The acetyla-
tion of 10 with acetic anhydride-boron trifluoride 
etherate gave a pentaacetate (11), C30Rii0O11, m p 
182—183 °G, which was also obtained by a similar 
treatment from 7. 

Rabdosianin G (12), G2 2H3 0O6 , m p 222—225 °G, 
[a]2D° - 1 7 0 ° (c 0.15, GHGI3), was obtained as col­
orless flakes in 0 .003% yield and showed I R absorp­
tions attr ibutable to hydroxyl (3520, 3320), carbonyl 
(1755), and ^ - m e t h y l e n e (3080, 1660, and 905 cm-1) 
groups. The 1H N M R spectrum exhibited signals due 
to two tertiary methyl groups at ô 0.85 and 1.14, one 
acetyl group at ô 2.18, one tertiary hydroxyl group 
at ô 3.19, one secondary hydroxyl group at ô 3.30 
(d, y = 1 . 9 H z ) , one ether type methylene group at 
ô 4.03 (dd, 7 = 9 . 5 and 2.2 Hz) and 4.16 (dd, J= 
9.5 and 1.1 Hz) , one methine proton on an oxygenated 
carbon atom at ô 4.53 (ddd, J=1.9, 1.9, and 1.1 
Hz) , one methine proton attached to a carbon atom 
bearing an acetoxyl group at ô 5.17 (d, y = 4 . 6 Hz) , 
and one terminal methylene group at ô 5.18 and 5.25 

(each br s). The 13G N M R data (Table 2) revealed 
the presence of one acetal group (<5 96.1) and one 
ketonic carbon atom (ô 199.0) together with five 
methylene groups, three methine groups, and three 
quaternary carbon atoms. In addition, the presence 
of the partial structure (C) was revealed by extensive 
*H N M D R studies, the results of which are tabulated 
in Table 1. A long-range coupling across a ketonic 
group (yH9jH12/g=2.4 Hz) was observed in this sys­
tem. Thus , all of the ten oxygen atoms in 12 can be 
characterized by the functional groups in the partial 
sturcture (C) and a hemiacetal group. 

i l ^ »J, Ibi 

0 = 0 u r 
i11 I H~S 5 -
I H"SrH ± 
C - l à 

h9 
H OAc 

I 

From the aforementioned data, it would be quite 
reasonable to assign the ^ - k a u r e n o i d structure for 
rabdosianin G, in which the partial structure (C) 
would form the B, G, and D-rings. Observation of 
about 10% N. O . E. on H1 5 , upon irradiation of H14/3, 
defined the configuration of the secondary hydroxyl 
group at G15 as ß. The magnitude of the coupling 
constant between H 6 and H 5 (J=4.6 Hz) indicated 
that the acetoxyl group at G6 is /^-oriented.2) From 
this evidence, we propose the structure 12 for rab­
dosianin G. 

Exper imenta l 

All mps were determined on a Mitamura micro melting 
point apparatus and are uncorrected. The IR spectra were 
recorded on a JASGO model IRA-1 spectrophotometer. 
The *H and 13G NMR spectra were taken on a Bruker WH-
400 instrument in GDG13 solutions with TMS as an internal 
standard unless otherwise stated. A Union Gikken ap­
paratus, model PM-101, was used for the measurement 
of the rotations. 

Isolation. The dried leaves (5.2 kg) of Rabdosia 
shikokianus Hara were extracted with ether (501). The 
ether solution was treated with activated charcoal (50 g) 
and evaporated to dryness. The residue (210 g) was sub­
jected to chromatography over silicic acid (1.5 kg) eluting 
with GHGl3-MeOH mixtures, with MeOH increasing from 
0 to 10%. Elution with 2% MeOH in GHG13 gave a frac­
tion (15 g) which was rechromatographed over silicic acid 
(300 g), using 40% ethyl acetate in petroleum ether as eluent, 
to yield rabdosianin G (12) (115 mg) and B (10) (250 mg). 
The material (28 g) which was eluted with 5% MeOH 
in GHGI3 was rechromatographed over silicic acid (600 
g), using 50% ethyl acetate in petroleum ether as eluent, 
to give effusanin B (5) (203 mg) and longikaurin E (6) (71 
mg). The material (22 g) eluted with 10% MeOH in 
GHGI3 was rechromatographed over silicic acid (600 g), 
using 70% ethyl acetate in petroleum ether as eluent, to 
afford rabdosianin A (7) (2.70 g). 



September, 1981] Three New Diterpenoids from Rabdosia shikokianus H a r a 2789 

Rabdosianin A (7). T h e crude material was recrys-
tallized from ether to give fine needles (1.60 g) , m p 150— 
153 °G; [a]2

D° - 5 0 ° (c 0.21, GHG13); I R (Nujol) 3540, 
3440, 1740, 1660, 1235, and 902 cm" 1 ; 1H N M R (see Table 
1); 1 3 G N M R (see Table 2 ) ; M S m/e 492 (M+), 450, 432 
( M + - A c O H ) , 390, 372 ( M + - 2 A c O H ) , 330, and 312 (M+ 
- 3 A c O H ) . Found : G, 62 .91; H , 7 . 2 1 % . Galcd for G26-
H 3 6 0 9 : G, 63.40; H , 7.37%. 

Rabdosianin B (10). T h e crude solid was recrystal-
lized from ether to yield colorless prisms (156 mg) , m p 215 
°G (dec); [a]2

D° - 7 0 ° (c 0.39, CHC13) ; I R (Nujol) 3530, 
3080, 1740, 1720, 1660, 1240, and 895 cm" 1 ; 1H N M R 
(see Table 1); 13G N M R (see Table 2 ) ; M S m/e 534 (M+), 
474 ( M + - A c O H ) , 432, 414 ( M + - 2 A c O H ) , 372, 354 
( M + - 3 A c O H ) , 312, and 294 ( M + - 4 A c O H ) . Found : G, 
62.52; H , 7.06%. Galcd for G 2 8H 3 8O 1 0 : G, 62.91 ; H , 7.17%. 

Rabdosianin C (12). T h e crude substance was re-
crystallized from E t O H to afford colorless flakes (75 mg) , 
m p 222—225 °G; [a]2

D° - 1 7 0 ° {c 0.15, GHG13); I R (Nujol) 
3520, 3320, 3080, 1755, 1660, 1245, and 905 cm" 1 ; *H N M R 
(see Table 1); 13G N M R (see Table 2 ) ; M S m/e 372 ( M + -
H 2 0 ) , 330 ( M + - A c O H ) , 312, 284, and 266. Found : G, 
67.58; H , 7.79%. Galcd for G 2 2 H 3 0 O 6 : G, 67.67; H , 7.74%. 

Hydrogénation of 7. 7 (100 mg) and 10% P d - G (40 
mg) were stirred in E t O H (10 ml) under a hydrogen atmos­
phere at room temperature for 16 h. T h e catalyst was 
removed by filtration, and the filtrate was evaporated. T h e 
residue was subjected to chromatography over silicic acid 
(10 g) . Elution with ether gave dihydrorabdosianin A (8) 
(50 mg) which was recrystallized from aqueous M e O H to 
yield colorless plates (30 mg) , m p 252—253 °G; I R (Nujol) 
3570, 3460, 1740, 1735, 1720, and 1255cm" 1 ; « N M R 
Ô 0.75 (3H, d, 7 = 7 . 6 Hz, 17-Me), 1.05 and 1.12 (3H each, 
s, 18- and 19-Me), 1.95, 2.06, and 2.09 (3H each, s, 3Ac), 
2.30 (1H, d, 7 = 2 . 1 Hz , 6 -OH) , 2.87 (1H, s, 7 -OH), 3.87 
(1H, dd, 7 = 7 . 3 and 2.1 Hz, H 6 ) , 4.10 (1H, br d, 7 = 8 . 9 
Hz, H 2 0 a ) , 4.51 (1H, dd, 7 = 8 . 9 and 1.5 Hz , H 2 0 b ) , 4.81 
(1H, dd, 7 = 3 . 6 and 3.4 Hz, H n ) , 4.87 (1H, dd, 7 = 1 0 . 7 
and 4.6 Hz, Hj ) , and 5.20 (1H, d, 7 = 10.4 Hz , H 1 5 ) . 
Found : G, 63.08; H , 7.57%. Galcd for G 2 6 H 3 8 0 9 : G, 63.14; 
H , 7.75%. 

Partial Hydrolysis of 7. A solution of 7 (150 mg) 
in M e O H (30 ml) and 0.1 M N a O H solution (30 ml) was 
allowed to stand in a refrigerator for 14 h to yield a crystal­
line precipitate (50 mg) . T h e crude precipitate was re-
crystallized from E t O H to give a triol (9) as fine needles 
(33 mg) , m p 254—256 °G; [a]2

D° + 2 ° (c 0.11, GHG13); 
I R (Nujol) 3470, 3390, 1735, 1255, and 8 9 0 c m " 1 ; « N M R 
(G5D5N) ô 1.14 and 1.24 (3H each, s, 18- and 19-Me), 2.09 
and 2.13 (3H each, s, 2Ac), 4.31 (1H, dd, 7 = 8 . 9 and 1.0 
Hz, H 2 0 a ) , 4.40 (1H, dd, 7 = 7 . 6 and 4.3 Hz , H 6 ) , 4.85 (1H, 
dd, 7 = 8 . 9 and 1.4 Hz , H 2 0 b ) , 5.07 (1H, ddd, 7 = 3 . 0 , 2.7, 

and 1.0 Hz, H 1 5 ) , 5.11 (1H, dd, 7 = 1 1 . 3 and 5.6 Hz , H J , 
5.15 (1H, br s, H 1 7 a ) , 5.17 (1H, dd, 7 = 5 . 4 and 4.6 Hz, 
H n ) , 5.48 (1H, br s, H 1 7 b ) , 6.65 (1H, d, 7 = 3 . 0 Hz , 15-OH), 
8.03 (1H, s, 7 -OH), and 8.26 (1H, d, 7 = 4 . 3 Hz , 6 - O H ) ; 
M S m/e 450 (M+), 432 ( M + - H 2 0 ) , 390 ( M + - A c O H ) , 
372, and 330 ( M + - 2 A c O H ) . Found : G, 63.62; H , 7.47%. 
Galcd for G 2 4 H 3 4 0 8 : G, 63.98; H , 7 . 6 1 % . 

Reduction of 2 with NaBH±. To a solution of 2 (100 
mg) in M e O H (4 ml) and T H F (4 ml) were added excess 
amounts of NaBH 4 (40 mg) with ice cooling. T h e mixture 
was stirred for 8 h at 0 °G. T h e solution was then con­
centrated, diluted with water (10 ml) , and extracted with 
ethyl acetate. T h e organic layer was washed with water, 
dried over N a 2 S 0 4 , and evaporated to dryness. T h e res­
idue was recrystallized from E t O H to afford a triol (62 
mg) which was identified by mixed mp , I R , and *H N M R 
comparison with 9. 

Acetylation of 10. T o a solution of 10 (50 mg) in 
acetic anhydride (6 ml) was added one drop of BF3-etherate 
at — 60 °G; the mixture was kept for 3 h below — 20 °G, 
then poured into ice-water and extracted with GHG13 . 
T h e GHG13 layer was washed with water, dried over N a 2 S 0 4 , 
and evaporated to dryness. T h e residue was crystallized 
from ether-petroleum ether to yield a pentaacetate (11) 
as colorless prisms (33 mg) , m p 182—183 °G; I R (Nujol) 
1740, 1720, and 1235 cm" 1 ; * H N M R ô 1.94, 1.97, 1.99, 
2.03, and 2.23 (3H each, s, 5Ac); M S m/e 516 ( M + - A c O H ) , 
474, 456 ( M + - 2 A c O H ) , 432, 414, 396 ( M + - 3 A c O H ) , 
372, 354, 336 ( M + - 4 A c O H ) , 312, 294, and 281. Found : 
G, 62.79; H , 6 .92%. Galcd for G 3 0 H 4 0 O n : G, 62.48; H , 
6 .99%. 11 was also obtained by the t reatment of 7 with 
acetic anhydride and BF 3-etherate in a similar manner to 
that described. 

W e a r e gra te fu l to M r . H i d e o M o r i , L a b o r a t o r i e s 
of N a t u r a l P r o d u c t s C h e m i s t r y , O t s u k a P h a r m a c e u t i c a l 
G o . L t d . , for r e c o r d i n g t h e mass s p e c t r a . 
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Chiroptical Properties of 10,ll-Dihydro-5,10-methano-
5Ä-dibenzo[a, rfjcycloheptene Derivatives 

Sanji HAGISHITA* and Kaoru KURIYAMA 

Shionogi Research Laboratories, Shionogi & Co. Ltd., Fukushima-ku, Osaka 553 
(Received April 4, 1981) 

The titled compounds have been prepared from (+)-(9Z2,10Z2)-dimethyl 1 l-oxo-9,10-dihydro-9,10-eth-
anoanthracene-l,5-dicarboxylate. Their absolute configurations were determined by chemical reaction, and 
by IR and CD spectra. Although the CD spectra of 2 and 3 (R=NH 2 ) were expected to show an antipodal 
pattern from analysis of the simple coupling mechanism, they showed approximately the same magnitude of the 
positive Cotton effect in both regions of the ^L^ and xLa benzenoid transitions. Their CD spectra were calcu­
lated by the point-dipole exciton treatment and by the 7T-SCF approximation using the dipole velocity procedure 
with and without the charge transfer transition between the aromatic chromophores. Thus, the electric tran­
sition dipole moment should not be treated as a point dipole at any place and the rotational strength should be 
calculated by the dipole velocity procedure since a local magnetic transition dipole moment was produced per­
pendicular to the benzene ring in the region of the xl^h transition. The charge transfer transition can not be neg­
lected in the calculation of the MO, though it does not cause the alteration of the sequence of the coupling mode. 

In our previous report,1) we pointed out that the 
chiroptical properties of C2-symmetrical ( + )-2,6-disub-
stituted 9,10-dihydro-9,10-ethanoanthracene (DE A) 1 
should not be analyzed with a clipole-dipole coupling 
mechanism,2) but should be calculated with the dipole 
velocity method using the molecular orbital calcula­
tions, which take into consideration an electron ex­
change effect between the two aromatic chromophores. 
Mixing of the charge transfer transition may change 
the sequence of the A- and B-coupling mode of local 
transitions into the opposite one and thus result in 
wrong assignment of the configuration. 

In order to estimate the limitation of the electron 
exchange effect in changing the energy sequence, we 
synthesized optically active 10,ll-dihydro-5,10-meth-
ano-5//-dibenzo[a,^]cycloheptene (DMDG) deriva­
tives. They have two aromatic chromophores linked 
with ethylene and methylene chains and are rigid 
in conformation. Thus they would have a smaller 
electron exchange effect than DEA. 

The skeletons of compounds 2 and 3 are antipodal 
to each other but they are not antipodes owing to 
the substituents at the 1,6- and 4,9-positions. But 
if the substituents are the same in both compounds 
and the direction of the electric transition dipole mo­
ment of the aromatic chromophores does not change, 
the CD curves of the two compounds can be expected 
to be quasi mirror images of each other from a simple 
coupling mechanism. Therefore the deviation from 
the antipodal pattern of their CD spectra may be a 
key to clarify the following factors; the contributions 
of the charge transfer effect, and a local magnetic 
transition moment produced perpendicular to the plane 
of the benzene ring, and a treatment of the electric 
transition dipole moment as a point dipole, and selec­
tion of its position (Fig. I).1»3) 

Synthesis. ( + )-Dimethyl 12-oxo-DEA-l,5-di-
carboxylate, ( + ) - 4 b , with an absolute configuration 
determined by us to be 9/?,l&ß,**'4) was reduced 
with sodium borohydride to give a 1:2 mixture of 
the diols, ( + ) - 7 b and ( + ) - 8 b , with a configuration 

** The notation of the absolute configuration of ( + )-
1,5-disubstituted 11-oxo-DEA in Ref. 4 should be 9/2,1 OR. 

5 4 3 R 4 3 R 6W 

1 2 3 

Fig. 1. 

determined by analysis of the N M R spectra of their 
acetates, ( + ) - 5 b and ( + ) - 6 b . The minor product 
( + ) - 7 b was isolated by conversion into the jfr-nitro-
benzoyl derivative ( + ) - 9 b and reduced to the triol 
( + ) - 1 5 b . Its I R spectrum showed the band attri­
butable to the intramolecular hydrogen bonding at 
3483 cm- 1 , G H 2 O H / O H for the dilute chloroform solu­
tion, 1.495 mmol/1. Then an ^o-conf igurat ion could 
be assigned to ( + ) - 1 5 b from the model consideration. 
The solvolysis of the tosylate l i b took place by 
Wagner-Meerwein rearrangement giving the rearranged 
compound, ( + ) - 1 7 b , together with less than 5 % of 
other rearranged D M D G , ( + ) - 1 8 b . The former could 
be purified by conversion into the alcohol ( + ) - 1 9 b , 
followed by TLG. The latter was obtained from the 
crude alcohol ( + ) - 8 b by the same procedure. The 
acetate group was assigned the ^^-configuration in 
both rearranged products ( + ) - 1 7 b and ( + ) - 1 8 b by 
analysis of the N M R spectra.5) The triol ( + ) - 2 1 b 
obtained from the former acetate showed intramo­
lecular hydrogen bonding at 3439 cm - 1 , G H 2 O H / O H . 
O n the other hand, ( + ) - 2 2 b from the latter acetate 
lacked the corresponding absorption. Thus, from both 
the N M R and I R spectra, the configurations of the 
rearranged products ( + ) - 1 7 b and ( + ) - 1 8 b were as­
signed as shown in Scheme 1 and coincided with 
the stereochemical outcome reported by Gristol et al., 
that is, solvolysis rearrangement brought about mi­
gration of the anti- to the leaving group.6) Since the 
configuration at G-10 of DEA does not change by 
the rearrangement, the configuration at G-5 of DMDG 
must possess the (R) -configuration. The absolute con­
figurations of ( + ) - 1 7 b and ( + )-18b can therefore 
be assigned as being (5R,\0R) and (5R,\0S), respec­
tively. 

Hydrogenolysis of the hydroxy diesters ( + ) - 1 9 b and 
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Scheme 2. 

( - ) - (46):R=0Ms 

( - ) - (47) :R=H 

( + ) - 2 0 b furnished the desired D M D G compounds 
( + ) - 2 5 b and (-f-)-26b with absolute configurations 
of \0S,5R and \0R,5R, respectively. Other D M D G 
derivatives (+ ) -27b—34b and ( + ) - 3 5 could be pre­
pared according to Scheme 1. The same procedure 
was applied to (±)-methyl 12-oxo-DEA-l-carboxylate 
4a. 

11-Hydroxy-DEA-11-acetic acid,*** 37 was resolv­
ed with cinchonidine to the ( — )-isomer, and ( — )-
oxetane ( —)-41 was obtained from ( —)-37 as shown 
in Scheme 2 according to literature7) cited for the 
racemate. Rearrangement of the ( — )-oxetane ( — )-

*** This was obtained from the ethyl ester7) and was 
very sensitive to acid. 

41 of 94 .4% optical purity took place at once with a 
catalytic amount of jfr-toluenesulfonic acid to give ( + ) -
42 in quantitative yield. The rearrangement occurred 
at the asymmetric center. Then in order to deter­
mine the optical yield of the reaction, the enantiomer 
of the hydrogenolyzed alcohol ( —)-43, was prepared 
by a different route from optically pure ( - ) - D M D G -
10-acetic acid, ( —)-44 which was obtained from cin­
chonidine salt. Comparing the optical rotations, [a]D 

+ 180.0° and [a]D —190.6°, the optical purity of 
94 .4% was obtained for the alcohol ( + ) - 4 3 and was 
the same as that of the starting carboxylic acid (—)-
37. Therefore the rearrangement is a completely ster­
eoselective process. 

In the N M R spectrum of the rearranged compound 
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Compound 

( + )-35 

( + ) -30b 

( + ) -32b 

( + ) -26b 

( + ) -28b 

( f ) - 3 4 b 

( + ) -29b 

( + ) -31b 

( + ) -25b 

U V 

^•nm 

" ^ 7 7 

270 

263 

256 

231 sh 

222 sh 

195! 

291 

231 sh 

213 

204 

274 

266 

220 sh 

202 sh 

298 

292 

230 

210 sh 

202 

291 

226 

210 

202 

279 

271 

263 

235 sh 

223 sh 

196 

289 

231 sh 

213sh 

203 

274 

266 

260 sh 

225 sh 

210 sh 

299 

292 

230 

e 

~ 2 l 7 0 ~ 

1820 

1160 

743 

6350 

11800 

48900 

3230 

19900 

36000 

41400 

1590 

1540 

11600 

36400 

4690 

4950 

20400 

40500 

54500 

4140 

20200 

36800 

42200 

1720 

1530 

1080 

5490 

14700 

47900 

3340 

18100 

38900 

44500 

1630 

1480 

1190 

4060 

24100 

4630 

4580 

18700 
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T A B L E 1. U V AND C D SPECTRA OF D M D G DERIVATIVES 

C D 

'••nm 

277 

269 

262 sh 

254 

231 

224 
216 sh 

210 

197 sh 

190 

293 

238 sh 

217 

201 

275 

272 

263 

256 sh 

224 

197 

299 

294 

258 

237 sh 

217 

201 

295 

256 

214 

197 

275 sh 

266 

259 sh 

230 

210 

195! 

290 

240 

221 

201 

195! 

274 

268 

248 

230 

211 sh 

202 

196! 

298 

237 

' Ae 

+ 3.80 

+ 2 .85 

+ 1.11 

+ 0 .676 

+ 12.5 

+ 10.3 

+ 5 .63 

- 1 8 . 0 

+ 37 .0 

+ 75 .6 

+ 9 .24 

+ 29 .9 

+ 9 7 . 5 

- 1 1 7 . 

- 0 . 7 5 5 

+ 1.39 

+ 2 .17 

+ 1.72 

+ 18 .8 

+ 6 0 . 3 

+ 11.6 

+ 11.6 

- 4 . 7 3 

+ 25 .6 

+ 91 .2 
+ 114. 

+ 10.0 
- 2 . 9 0 

+ 9 0 . 3 

- 8 3 . 3 

+ 0.991 

+ 1.92 

+ 1.32 

+ 20 .0 

+ 4 5 . 8 

0 

+ 7.99 

+ 3 2 . 4 

- 3 4 . 3 

+ 17.0 

0 

- 3 . 6 7 

- 1 . 8 3 

+ 0.042 

- 1 3 . 0 

+ 3 0 . 3 

+ 4 1 . 9 

0 

+ 8.42 

+ 32 .9 

Solvent 

Cyclohexane 

M e O H 

M e O H - H C l 

Gyclohexane 

M e O H 

M e O H 

M e O H 

M e O H - H C l 

Cyclohexane 

Compound 

( + ) - 2 7 b 

( + ) -22b 

( + ) -19b 

( + ) -21b 

( + ) -42 

( - ) - 4 3 

( - ) - 4 4 

( - ) - 4 5 

U V 

^nm 

209 sh 

202 

294 

228 sh 

201 

280 

272 

211 

196 

293 

227 sh 

207 sh 

200 

279 

270 

214 sh 

195! 

276 

269 

263 

255 sh 

211 sh 

e 

10100 

13100 

3130 

13100 

34500 

1310 

1150 

27400 

47600 

3860 

20100 

37000 

54000 

1010 

1060 

26200 

40500 

1900 

1630 
1120 

649 

26900 

204.5sh 32800 

276 

269 

263 

256 sh 
229 sh 

221 sh 

203 

276 

268.5 

262 

256 sh 

230 sh 

221 sh 

194 

276 

269 

262 

229 sh 

221 sh 

2110 

1810 

1190 

753 
7230 

12000 

37500 

4020 

3490 

2350 

1570 

13900 

23700 

92700 

4070 

3480 

2230 

15900 

24800 
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C D 

"•nm 

218 

209 

200 

297 

235 

218 

209 

198 

280 

273 

232 sh 

211 

195! 

294 

279 

236 

221 

211 

280 

274 

266 

259 

241 

215 

193! 

276 

269 

256 

230 

211 

190 

276 

269 

263 sh 

254 sh 

231 

224 

217 

211 
195! 

275 

268 

262 sh 

253 sh 

229 

223 sh 

216 

275 

268 

262 sh 

229 

222 sh 

' Ae 

- 3 6 . 1 

+ 53 .9 

- 1 8 . 7 

+ 5 .56 

+ 16.7 

- 2 5 . 8 

+ 34 .5 

- 2 1 . 1 

+ 4 .76 

+ 2 .49 

+ 15.7 

+ 49 .2 

- 5 4 . 1 

+ 4 .76 

+ 7.91 

+ 16.9 

- 1 8 . 6 

+ 32 .4 

- 8 . 0 3 

- 3 . 6 4 

+ 0.855 

+ 0.670 

- 0 . 8 9 3 

+ 22 .6 

- 3 7 . 7 

+ 5 .74 

+ 3.17 

- 0 . 1 1 4 

+ 14.4 

- 1 8 . 2 
+ 57 .1 

- 3 . 5 8 

- 2 . 8 1 

- 1 . 5 6 

- 0 . 8 3 6 

- 1 3 . 9 

- 1 0 . 3 

- 8 . 0 9 

+ 6 .72 

- 3 9 . 1 

- 2 . 7 7 

- 2 . 3 6 

- 1 . 2 8 

- 0 . 0 7 4 

- 1 3 . 1 

- 1 0 . 4 

- 1 0 . 1 

- 2 . 9 1 

- 2 . 4 2 
- 1 . 4 4 

- 1 2 . 9 

- 9 . 1 5 

Solvent 

M e O H 

M e O H 

CH 3 GN 

M e O H 

Hexane 

M e O H 

M e O H 

Hexane 
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TABLE 1. (continued) 

UV CD 
Solvent 

Aim 

202 sh 

195 sh 

(-)-46 276 
269 
262 
256 sh 
229 sh 
221 sh 
202 sh 
195 sh 

(-)-47 276 
269 
263 
256 sh 
230 sh 
221 sh 
203 sh 

(-)-48 377 
358 
342.5 
328 
303 
293.5 
275.5 
266 sh 
257 sh 

247 sh 
239 
233 
217 sh 

211 

s 

75300 

98500 

4070 
3480 
2230 
1390 
15900 
24800 
75300 
98500 

2170 
1830 
1150 
674 
7000 
12100 
36700 

184 
395 
389 
251 
987 
1000 
2090 
2580 
4140 

7970 
12900 
13800 
23400 
26200 

•̂nm 

214 
209 
196 

275 
268 
262 sh 

229 
222 sh 
214 
196 

276 
269 
262 sh 

229 
223 sh 
215 
210 
197 sh 
189 

375 
357.5 
341 
326 
314 
300 sh 
293 
275 
267 
258 
244 sh 
238 sh 
232 
212 
201 
187 

Ae 

-12.4 

+ 9.72 
-33.6 

-2.92 Hexane 

-2.42 
-1.44 

-12.9 
-9.15 
+ 9.72 
-33.6 

- 3.79 Hexane 
-2.88 
-1.40 

-13.2 
-10.8 
-10.3 
+ 12.0 

-30.9 

-72.1 

-3.06 Hexane 
-6.18 
-5.76 
-3.09 
-1.18 
+ 3.48 
+ 4.97 
-8.61 

-12.0 

-13.5 
+ 7.55 
+ 33.9 

+ 38.2 
-31.8 
+ 57.6 

-38.8 

sh ; Shoulder, ! ; lowest recorded value, not a maximum. 

( + ) - 4 2 in benzene-ä?6, the signal at the C- l l proton 
appeared in lower field than other methylene and 
bridgehead protons and exhibited W-letter long-range 
coupling, 7 = 1.0 Hz, with the C-12 &*0-proton. This 
led us to decide upon an a-configuration for the hy­
drogen at C - l l . 

( —)-10-Ethyl-DMDC ( — )-47 was prepared from the 
(—)-alcohol, ( —)-43, and showed an almost antipodal 
CD spectrum to ( + ) - 3 5 , (Fig. 2). Since the ethyl 
group at the bridgehead did not have a significant 
effect on the CD spectrum, the absolute configura­
tion of (—)-47 assigned was 5R,\0S. This assign­
ment was also supported by the negative Cotton ef­
fect attributable to the n-n* transition of ( — )-48 
(Table 1), since Tatemitsu et al.8) have reported that 
in the structurally similar compound (+)-493 the con-

Fig. 2. UV and CD spectra of (+)-35, (-
CD spectrum of ( — )-47, ( ). 

and 

(«)-4 9 M-5 0 

Fig. 3. 

tribution of ß,y-unsaturation is predominant and that 
of a,/?-unsaturation is negligibly small in this region 
of the CD spectrum (Fig. 3). 

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

Figure 4 shows temperature-dependent CD spectra 
of ( —)-47 in M.I . î Though the vibrational struc­
ture became fine for the 1 L b transition with a decrease 
in temperature, the rotational strengths, — 5 . 1 8 x l 0 - 4 0 

cgs at 25 °C, - 5 . 0 8 x l O - 4 0 cgs at - 6 8 °C, and 
— 5 . 1 6 x l 0 - 4 0 cgs at —190 °C, were invariable within 
the experimental error. The D M D C skeleton proved 
to be rigid in conformation, as was expected from the 
model consideration. 

Table 1 shows the U V and CD spectra. ( + ) -
D M D C , ( + ) - 3 5 , did not exhibit the couplet pattern 
but did show a positive Cotton effect with fine struc­
ture in the region of the 1 L b transition. We tried 
to apply the sector rule9) to ( + ) - 3 5 , assuming the 
presence of two chromophores with CD spectra that 
were merely additive. Figure 5 shows two projec­
tions along the C2-axis of the A and B benzene chro­
mophores. In projection A, the rule predicts a neg­
ative CD within the 1 L b band, while projection B 
predicts that contributions from the second benzene 
ring should be strongly positive. As they have op-

T Methylcyclohexane isopentane, 4;1, 
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Fig. 4. Temperature-dependent CD spectra of ( —)-47. 

posite signs, a small positive value is expected and 
this agrees with the measurements. 

In the 210—231 nm region, four Cotton effects were 
detected, three positive CD band followed by one 
negative CD band at shorter wavelength, with the 
last two CD bands looking like a couplet. Com­
pound ( — )-50, with two benzene rings linked with 
two ethylene chains, has been reported to have four 
Cotton effects in the 214—226 nm region.8) Presum­
ably, the couplet centered around 224 nm of ( — )-50 
corresponds to the couplet at about 213 nm of ( + ) -
35 by the nature of the transition, owing to the sim­
ilarity of the couplet pattern. In this region, besides 
the xL a transition, the charge transfer transition be­
tween two aromatic chromophores are predicted to 
play an important role, and the positive CD bands 
at 231 and 224 nm of ( + )-35 and the negative CD 
bands at 218 and 214 nm of ( — )-50 seem to be as­
signable to the charge transfer transition by nature. 
The energy sequences seem likely to displace each 
other in ( + )-35 and ( — )-50 by their geometrical 
change. 

In the *B transition region, two positive Cotton 
effects were observed but not the couplet pattern. 

Compounds ( — )-43—( — )-47 have the opposite con­
figuration in the D M D C skeleton to ( + ) - 3 5 and 
showed almost antipodal CD spectra to that of ( + )-
35, though their couplet was clearer in the region 
of 222—210nm. Thus the substituent at the bridge­
head has only a minor effect on the CD spectrum of 
D M D C . 

Compound ( + )-42 showed a larger magnitude of 
the positive Cotton effect in the 1Lh transition than 
( + )-35 and only two Cotton effects were observed 
in the region of 221—230 nm, unlike the case of ( + ) -
35. The tetrahydrofuran ring seems to produce little 
strain on the D M D C skeleton from model inspec­
tion. From another point of view, one of the aromatic 
chromophores is perturbed by oxygen of the ring or 

A B 

Fig. 5. Stereoformula of (-j-)-35 and projection dia­
grams in the directions A and B. 

the ring itself, though the sector rule9) could not pre­
dict their contributions because the oxygen is situated 
in the negative sector while the ring is in the positive 
one. The contribution of the hydroxyl group at C- l l 
to the xLb band CD was found to be positive from 
comparison of the CD spectra of ( + ) - 2 2 b with that 
of ( + )-34b. Though this disagrees with the sector 
rule, it may suggest the predominance of the effect 
of the oxygen rather than the tetrahydrofuran ring 
in (+)-42. 

Compounds ( + )-29b and ( + ) - 3 1 b are antipodal 
to compounds ( + ) - 3 0 b and ( + ) - 3 2 b in the skeleton 
itself, respectively. The substituents, N H 2 or NH3C1 
do not change the direction of electric transition dipole 
moment of the aromatic chromophores. We would 
expect from the simple exciton coupling mechanism 
that they show CD spectra antipodal to each other. 
In fact, compounds ( + ) - 2 9 b and ( + ) - 3 0 b showed 
oppositely signed CD spectra in the wavelength region 
snorter than 230 nm. However, they showed almost 
the same magnitude of the positive Cotton effects 
in the region of the xLb and xL a transition. On the 
other hand, compounds ( + ) - 3 1 b and ( + ) - 3 2 b show­
ed antipodal CD spectra in the region of the 1L b and 
x L a transitions but the same signed Cotton effects 
in the shorter wavelength region. 

Compounds ( + ) - 3 1 b and ( + ) - 3 2 b are not suit­
able for detailed treatments of the chiroptical prop­
erties, because of the uncertainty of the molecular 
orbitals of the chromophores or the direction of the 
transition dipoles. Therefore we will later describe 
the results of theoretical treatments of the optical 
activity of ( + ) - 2 9 b and (+ ) -30b . 

In spite of the ( + ) - D M D C skeleton being rigid 
in conformation as previously described, the CD spec­
tra of ( + )-25b and ( + ) - 2 6 b were found to vary with 
temperature as shown in Table 2. For ( + ) - ? 5 b , as­
suming the equilibrium between two conformers, we 
estimated the free energy difference (AG0) and the 
Ae values of two conformers by a simple method 
described by Moscowitz et al.1^: AG°=1 .0 kcal/mol; 
298 nm (Ae, +11 .9 and - 7 . 6 4 ) ; 235 nm (Ae, +31 .3 
and - 6 . 1 5 ) . 

With compound ( + ) - 2 6 b , the magnitude also in­
creased for positive Cotton effects at 295—298 nm and 
at 230 nm and the negative Cotton effect at 254— 
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TABLE 2. TEMPERATURE DEPENDENT CD SPECTRA 

OF ( + )-25b AND ( + )-26b 

25 °G 

Anm As 

( + )-25b in E. P.A. 
297 +8 .94 
260.5 +1.02 
235 +25.7 
227 0 

( + )-26b in E. P. 
296.5 +7.97 
257 - 1 . 9 0 
230sh +87 .3 
215 +136. 

A. 

-

"•n tri 

298 
260.5 
235.5 
227 

295 
255 
230 
215.5 

68 °G 

As 

+ 10.4 
+ 0.40 

+ 28.4 
0 

+ 13.3 
- 5 . 0 6 

- 8 7 . 9 
+ 135. 

^nm 

299 
260 
236 
227 

298 
254 
230 
216 

-190°C 

As 

+ 11.8 
- 0 . 5 8 

+ 31.2 
0 

+ 13.8 
- 9 . 7 9 

+ 90.9 
+ 138. 

E. P. A. = Ether-isopentane-ethanol 5:5:2. 

MeO' 

MeO 

Fig. 6. Projective diagram of the rotamers P and M 
from the methoxycarbonyl group. 

257 nm with the decrease in temperature. But the 
change could not be analyzed by assuming it to be 
an equilibrium between two kinds of species. 

The methoxycarbonyl group at C-6 of ( + ) - 2 5 b 
and those at C-4 and C-19 of ( + ) - 2 6 b are not coplanar 
with the benzene ring judging from the steric inter­
action with the bridgehead proton (Fig. 6). But that 
at C-l of ( + ) - 2 5 b can be coplanar with the benzene 
ring. Therefore, we deduced that ( + ) - 2 5 b had two 
rotamers. O n the other hand, ( + ) - 2 6 b had more 
than two rotamers and showed complex temperature-
dependent CD spectra. 

The sign of the Cotton effect of the conjugation 
band in the 270 nm region is correlated with chirality 
of the conjugated system in some lactonic aromatic 
compounds, the absolute configurations of which have 
been determined. The P (right-handed) and M 
(left-handed) helicity produced positive and negative 
Cotton effects, respectively, as found with lycorenine 
alkaloids11^ (Table 3), ochracin derivatives12) and 
dihydroisocoumarin compounds.13) 

This empirical rule predicts that the rotamer P 
will show a positive Cotton effect and the rotamer 
M, a negative one. Rotamer P would be more stable 
than rotamer M owing to an additional steric interac­
tion of the methoxycarbonyl group with the proton 
at C-4. The experimental results of ( + ) - 2 5 b sup­
port the preference of the rotamer P. 

A methoxycarbonyl group will change the direc­
tion of the electric transition dipole moment of the 
benzenoid chromophore, if it is fixed. But the CD 
spectra of (-j-)-25b and ( + ) - 2 6 b are quite similar 
to those of ( + ) - 2 9 b and ( + ) - 3 0 b , respectively. This 
may indicate that the C D spectra of D M D Ç are not 

altered very much by the minor change of direction 
of the local electric transition dipole moment. 

Theoretical Consideration. For insight into the 
contribution of various factors to the chiroptical prop­
erties of ( + ) - 2 9 b and (+-)-30b, we tried the following 
calculations. 

1) The rotational strength was obtained by a cou­
pling theory14) using a point dipole approximation 
located at the center of the benzene ring. The local 
transition energy and intensity were taken from the 
experimental value of the four transitions of 5-amino-
tetralin.^'4) Structural parameters required for the 
calculation were derived from idealized geometry as 
follows: aromatic C-alkyl C bond length=1.52 Â, 
aromatic C - C = 1 . 4 0 Â , alkyl C - C = 1 . 5 4 Â , C - N = 
1.38 Â, C n - C 1 a - C 4 a and C u - C 4 a - C 5 bond angles = 
122°, C 5 -C 5 a -C 9 and C 5 a -C 9 a -C 1 0 =110° , and atoms 
G5> G4a> G l a , C n , and C10 in a plane. 

2) The point dipole moment was displaced from 
the center of the benzene ring according to the cal­
culation by the dipole velocity procedure15) as fol­
lows: !Lb , - 0 . 0 9 8 Â; xLa , 0.375 A ; 1Bhi - 0 . 0 5 0 Â 
and 1 B a , - 0 . 0 3 8 Â toward the nitrogen atom. 

3) The calculation of the molecular orbital and 
the rotational strength was as described in Ref. 1. 
The resonance energies between the two aromatic 
chromophores were evaluated by proportion to the 
overlap integrals. 

4) All of the charge transfer (c.t.) transitions were 
neglected in calculating the rotational strength in the 
above treatment, though the M O contained the c.t. 
transition. 

5) All of the c.t. transitions were neglected in 
obtaining the M O , and the rotational strength was 
calculated as in method 3. 

Figure 7 shows the results of the calculations by 
methods 1—5. T h e CD spectra calculated by meth­
od 1 are completely antipodal to each other for ( + ) -
29b and ( + ) - 3 0 b . The displacement of the point 
dipole moment does not seem to improve the rotation­
al strength. Thus the disagreement between the cal­
culated and the observed CD spectra may be caused 
by the assumption of the local electric transition dipole 
moment as a point dipole and the neglect of the c.t. 
transition. The results calculated by method 3 re­
produce the qualitative features of the CD spectra 
quite well, with the exception of the transition energy 
(Figs. 7 and 8). The shift, ca. 10 nm, is mainly 
caused by the direct use of the value of the TT-SCF-
M O of aniline as a local transition energy. Even if 
the contribution of the c.t. transition is neglected in 
calculating the rotational strength by the same M O 
in method 4, the difference from the results by meth­
od 3 is not very large. This similarity indicates that 
the rotational strength is mainly produced by the 
coupling of the local transition dipole moments and 
not very much by the c.t. transition. 

When the c.t. transition is completely neglected in 
obtaining the M O , by method 5, the calculated CD 
spectra do not reproduce the experimental one. 
Though the couplet pat tern around 230 nm in method 

tt The unit should be corrected \Q 1019cgs in Ref, 4, 
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TABLE 3. UV AND CD SPECTRA OF LYCORENINE ALKALOIDS 
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Compound 
UV CD 

As 
Solvent Ghirality 

51 

51 HCl 

52 

52 HCl 

53 

54 

55 

56 

307 
269 
227 

306 
269 
227 

307 
270 
227.5 

305 
270 
227 

302 
268 
277 

307 
269 
227 

306 
268 
226 

306 
268 
225.5 

7040 

6050 
28700 

4720 
4270 
20400 

5330 
4050 
21400 

6190 
5790 

27000 

5230 
8650 
18300 

4550 
4100 
16800 

5150 
4920 
21100 

5420 
5450 
19500 

275 
254 
232 

275 
252 
230 

275 
252 
232 

275 
255 
232 

310 
273 
250 
230 

311 
272.5 
250 
236 

310 
273 

305 
271.5 
245 
229.5 

-4.67 
4-0.97 
-16.8 

-4.79 
+ 4.21 
-6.67 

-5.30 
+ 1.62 
-11.5 

-4.21 
+ 3.67 
-9.58 

-0.91 
-6.93 
+ 4.96 

-9.82 

-2.52 
-4.12 
+ 2.20 

-1.12 

-2.29 
-3.24 

-1.16 
+4.52 
-2.63 

+ 6.97 

MeOH 

MeOH 

MeOH 

MeOH 

MeOH 

MeOH 

MeOH 

MeOH 

M 

M 

M 

M 

M 

M 

M 

51: R ^ - C H , , - , R2 = CH3, R3 = OH 
52: R ^ - C H , - , R2 = CH3, R3 = OAc 
53: R ^ C H - , R2 = GH,, R3 = H 

54: R! = CN 
OH 55: R ^ C H , 

56 

5 is shared by six transitions in method 3, the sequence 
of the coupling mode does not change and method 
3 gives good agreement with the experimental results 
in this region. Thus the c.t. transition must be taken 
into consideration in the calculation of the M O . 

In method 5, the local electric transition dipole 
moment is not assumed to be a point dipole and the 
rotational strength is calculated by the dipole velocity 
method. 

Also, in method 5 a local magnetic transition dipole 
moment is produced perpendicular to the benzene 

ring,16) which distinguishes this method from methods 
1 and 2. T h e result from method 5 agrees better 
with the experimental one than those from methods 
1 and 2, especially in the region of the 1 L b transition. 
This indicates that the induced magnetic transition 
dipole moment can not be neglected in the transi­
tion of small rotational strength. 

In summary, the electric transition dipole moment 
should not treated as a point dipole at any place and 
the rotational strength should be calculated with a 
dipole velocity method, The c,U transition continues 
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Fig. 7. CD spectra of (+)-29b. The theoretical spec­
tra refer to calculations by methods 1 to 5 from the 
top. The experimental spectrum in cyclohexane is 
at the bottom. 

Fig. 8. CD spectra of ( + )-30b. The experimental 
spectrum in cyclohexane is at the top. The theoreti­
cal spectra refer to calculations by methods 1—5 from 
the upper part. 

to function in the chiroptical properties of the D M D C 
compounds and can not be neglected in the calcula­
tion of the M O , though it does not cause alteration 
of the coupling mode sequence. The rotational 
strength is mainly produced by the coupling of the 
local electric transition dipole moments without much 
contribution from the c.t. transition. 

Exper imenta l 

IR spectra were recorded on a JASGO-DS-402G grating 
spectrophotometer. Optical rotations were determined with 
a Perkin-Elmer Model 141 Polarimeter using a 1-dm mi-
crocell. Circular dichroism curves were obtained using a 
JASGO Model J-40G spectropolarimeter. 1H NMR spec­
tra were measured with a Varian A56/60 D spectrometer 
using tetramethylsilane as an internal standard. UV spec­
tra were obtained with a Hitachi Model 323 spectrometer. 

Methyl 1' 2-Hydroxy-DEA-l-carboxylate (7a) and (8a). 
NaBH4 (0.42 g) was added in small portions to a solution 
of methyl 12-oxo-DEA-l-carboxylate (4a) (1.03 g) in dry 
diglyme (20 ml) with ice cooling. The mixture was stirred 
for 3 h and dilute HCl was added dropwise at 0 °G. The 
mixture was extracted with ether. The solution was washed 
with water, dried (Na2SOd) and concentrated in vacuo to 
1.05 g. 

A small portion of the residue (53 mg) treated with acetic 
anhydride and pyridine gave the acetate. Its NMR show­
ed it to be a 1:2 mixture of the epimers. 

(+)-Dimethyl 12-Hydroxy-DEA-l ,5-dicarboxylate [(-\-)-(7b) 

and ( + )-(8b)]. Dimethyl 12-oxo-DEA-l,5-dicarboxy-
late [(+)-(4b)] (10.1 g) was reduced as above to obtain 
the desired mixture, 11.0 g. 

Methyl 12-( 3,5-Dinitrobenzoyloxy)-DEA-1-carboxylate (13a). 
3,5-Dinitrobenzoyl chloride (3.0 g) was added to a solution 
of a mixture of the alcohols 7a and 8a (1.0 g) in pyridine 
(15 ml) with ice cooling. The mixture was stirred for 1 h 
and allowed to stand overnight, poured into water and 
allowed to stand for 1 h. The mixture was extracted with 
chloroform. The solution was washed with dilute HCl, 
water, aqueous Na2C03 , and water, then dried (Na2S04) 
and concentrated in vacuo. The oily residue was crystal­
lized from benzene-ether and recrystallized twice from the 
same solvent, giving a colorless powder (113 mg) : mp 216— 
217 °C; IR (Nujolj 1735, 1713, 1340 cm-1; NMR (CDC13) 
«5 1.72 (IH, ddd, 7 = 3 , 3, 14 Hz), 2.59 (IH, ddd, 7 = 3 , 
8, 14 Hz), 3.88 (3H, s), 4.45 (IH, t, 7 = 3 Hz), 5.49 (IH, 
m), 6.02 (IH, d, 7 = 2 Hz), 7.1—7.9 (7H, m), 8.90 (2H, 
d, 7 = 2 Hz), 9.13 (IH, t, 7 = 2 Hz). Found: G, 63.65; 
H, 3.75; N, 5.78%. Calcd for C25H18N208: C, 63.29; 
H, 3.82; N, 5.90%. 

The epimer could not be isolated in pure form. 
( + ) - and ( + )-Dimethyl 11-(3,5-Dinitrobenzoyloxy)-DEA-

7,5-dicarboxylate [(+)- and (±)-(13a) and (13b)]. The 
( + )- and ( + )-alcohols ( + )- and (±)-7b and 8b were treat­
ed as above but both of the products could not be crystal­
lized. The NMR spectrum showed a mixture of ca. 1:2 
of the epimers. 

(-\- ) -Dimethyl 11- (4-Nitrobenzoyloxy) -DEA-1,5-dicarboxylate 
t(+)-(9b)l ' The (-t-)-alcohol (+)-7b and (+)-8b 
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( 11.0 g) was treated with /»-nitrobenzoyl chloride in the 
same manner as above. T h e residue was crystallized and 
recrystallized from ether, giving colorless prisms (1.5 g) : 
m p 189—191 °C (racemic m p 189—190 °C) [aft1 +246 .3° + 
3.5° (c 0.709, GHC13); As + 0 . 0 6 5 (333 n m ) , - 0 . 0 3 6 (312), 
+ 7.12 (290), + 1 5 . 9 s h (235), + 2 0 . 9 s h (219), +26 .6 (208); 
I R (Nujol) 1715, 1526, 1280 c m 1 ; N M R (GDG13) <) 1.72 
( I H , ddd, y - 3 , 3, 13 Hz) , 2.52 ( I H , ddd, 7 = 1 3 , 9, 3 Hz) , 
3.78 (3H, s), 4.96 (3H, s), 5.46 ( I H , ddd , 7 = 1 0 , 3, 3 Hz) , 
5.78 ( I H , t, 7 = 3 Hz) , 6.02 ( I H , d, 7 = 3 Hz) , 7.0—8.4 
(10H, m) . Found : G, 66.27; H , 4 .31 ; N , 2 . 8 1 % . Galcd 
for G 2 7 H 2 1 N 0 8 : G, 66.53; H , 4.34; N , 2 .87%. 

T h e epimer could not be purified. 

(-\-)-Dimethyl endo-77-hydroxy-DEA-1,5-dkarboxylate [( + ) -
(7b)]. A suspension of the ( + )-ester ( + )-9b (1.5 g) 
in a solution of sodium methoxide in methanol [Na metal 
(0.05 g) and methanol (25 mg)] was heated under reflux 
for 18 h and concentrated in vacuo. Water was added. 
T h e mixture was extracted with ethyl acetate. T h e solu­
tion was washed with water, dried (Na 2 S0 4 ) , and concen­
trated in vacuo. T h e residue was chromatographed on thick 
silica gel plate [Merck, pre-coated p la te ; benzene-ethyl ac­
etate (3:1)] . T h e residue (0.7 g) could not be crystallized 
(racemic m p 142—145 °G). 

(-\- )-Dimethyl exo-7'1-hydroxy-DEA-1,5-dicarboxylate \_(-\-)-
(8b)]. T h e crude ester ( + )-10b, obtained from the 
mother liquor, was treated as above and gave the crude 
product (5.5 g) . 

Methyl endo-7'2'-hydroxy-DEA-1-carboxylate (7a). T h e 
ester 13a was treated as above and gave an oily product . 

Methyl exo-12-hydroxy-DEA-1-carboxylate (8a). 1) T h e 
crude ester 14a, obtained from the mother liquor was treat­
ed as above and gave an oily product . 2) A mixture of 
the ester 14a (657 mg) , obtained from the mother liquor, 
in a solution of 5 % K O H in methanol (12 ml) was heated 
under reflux for 2 h, poured into water, acidified with dilute 
HCl and extracted with ether. T h e solution was washed 
with water, dried (Na 2 S0 4 ) and concentrated in vacuo. T h e 
crystalline residue could not be fractionally recrystallized 
and was heated under reflux in methanol (20 ml) and con­
centrated H 2 S 0 4 (1 ml) for 15 h. T h e mixture was poured 
into water and extracted with ether. T h e solution was 
washed with water, dried (Na 2 S0 4 ) , and concentrated in 
vacuo. T h e residue was chromatographed on alumina (23 
g, Merck, grade 2) in benzene to obtain methyl 3,5-di-
nitrobenzoate and in ethyl acetate to obtain the oily prod­
uct 8a (402 mg) . 

( + ) - and (-\-)-Dimethyl 11-Acetoxy-DMDC-l,6-dicarboxylate 
\_(±) (27b) and ( + )-(17b)]. A solution of/>-toluene-
sulfonyl chloride (0.9 g) in pyridine (8 ml) was added drop-
wise to a solution of the alcohol ( + ) 7b (0.45 g) in pyridine 
(15 ml) at —5 7 °G over a period of 1.5 h. T h e mix­
ture was allowed to stand at 4 °G for 40 h, poured into ice 
water and extracted with ether. T h e solution was washed 
with dilute HCl and water, dried ( N a a S 0 4 ) , and concen­
trated in vacuo. 

A solution of the crude tosylate (0.423 g) in a solution 
of anhydrous sodium acetate (0.5 g) in glacial acetic acid 
(20 ml) was heated at 105 °C for 3 d, concentrated in vacuo 
and dissolved in a mixture of ether and aqueous N a H C 0 3 . 
T h e organic phases were washed with water, dried (Na 2 S0 4 ) , 
and concentrated in vacuo. T h e N M R spectrum of the 
crude product was contaminated with less than 5 % of di­
methyl l l -acetoxy-DMDG-4,9-dicarboxylate (18b). T h e res­
idue was crystallized from hexane and recrystallized from 
ether, giving a powder (152 m g ) : m p 173—175 °G; I R 
(Nujol) 1743, 1722 c m - 1 ; N M R (CDG13) Ô 2.06 (3H, s), 

2.40 (2H, m) , 3.63 (2H, m) , 3.75 (3H, m) , 3.89 (3H, m ) , 
4.90 ( I H , m ) , 6.29 ( I H , d, 7 = 2 Hz) , 7.0—7.4 (2H, m) , 
7.6—7.9 (4H, m) . Found: G, 69.29; H , 5.29%. Galcd 
for C 2 2 H 2 0 O 6 : G, 69.46; H , 5.30%. 

T h e ( + )-isomer ( + )-17b could not be crystallized. 
(-\-)-Dimethyl 11-Acetoxy-DMDC-4,9-dicarboxylatc [( + ) -

(18b)]. The alcohol ( + )-8b (5.5 g) was treated as 
above and gave an oily product (4.1 g) . 

Methyl 11 -Acetoxy-DMDC-1 -carboxylate (17a). The al­
cohol 7a (0.3 g) gave an oily product 17a by the same treat­
ment . 

Methyl H-Acetoxy-DMDC-9-carboxylate (18a). The al­
cohol 8a (0.402 g) gave the rearranged compound 18a (0.286 

g). 
( + )-Dimcthyl 11-Hydroxy-DMDC-1,6-dicarboxylate [( + ) -

(19b)]. T h e crude acetate ( + )-17b obtained above 
was treated as in the solvolysis of 9 b and gave the crude 
product , which was chromatographed on thin silica gel 
plate [Merck, pre-coated; benzene-ethyl acetate (2:1)] and 
gave an oily mater ia l : [o]2

D
6 + 3 1 0 . 4 ° ± 5 . 5 ° (c 0.714, CHC13) ; 

I R (GHG13) 3465, 1714 cm" 1 ; N M R (GDG13) ô 2.2—2.9 
(2H, m ) , 3.68 ( I H , broad s), 3.83 (3H, s), 3.90 (3H, s), 
4.88 ( I H , broad s), 4.91 ( I H , d, 7 = 4 Hz) , 6.9—7.9 (6H, 
m ) . 

(-\-)-Dimethyl 11-Hvdroxy-DMDC-4,9-dicarboxylate [(+)-
(20b)]. Oil, [a]2

D
2 + 4 3 3 . 5 ° ± 9 . 9 ° (c 0.480, M e O H ) ; I R 

(GHG13) 3610, 1717 c m - 1 ; N M R (CDC13) ô 2.43 (2H, m) , 
3.90 (3H, s), 3.95 (3H, s), 4.16 ( I H , broad s), 4.85 ( IH , d, 
7 = 2 Hz) , 4.98 ( I H , broad s), 6.9—7.9 (6H, m ) ; (racemic 
compound, m p 152—153 °G). 

Methyl 11-Hydroxy-DMDC-1-carboxylate (19a). Oi l ; I R 
(film) 3480, 1700 c m - 1 ; N M R (GDG13) ô 2.2—2.8 (2H, 
m ) , 3.65 (1H, m) , 3.78 (1H, s), 3.94 (1H, m) , 4.88 (1H, 
d, 7 = 3 Hz) , 6.9—7.5 (1H, m) , 7.71 (1H, dd, 7 = 7 , 2 Hz) . 

Methyl H-Hydroxy-DMDC-9-carboxy late (20a). M p 
159—161 °G; I R (Nujol) 3503, 1698, 1024, 1012 cm- 1 ; 
N M R (GDC13) ô 2.40 (2H, m) , 3.89 (3H, s), 3.90 (1H, s), 
4.17 (1H, m) , 4.82 (1H, d, 7 = 2 Hz) , 6.9—7.5 (6H, m) , 
7.72 (1H, dd, 7 = 7 . 2 Hz) . Found : G, 76.77; H , 5.64%. 
Galcd for G 1 8 H 1 6 0 3 : G, 77.12; H , 5 .75%. 

7-Hydroxymethyl-endo-1' 2-hydroxy-DEA and 1-Hydroxymethyl-
exo-1-hydroxy-DEA [(15a) and (16a)]. A solution of 
the keto ester 4a (193 mg) in dry tetrahydrofuran (5 ml) 
was added to a slurry of LiAlH4 ( 100 mg) in tetrahydrofuran 
(5 ml) with ice cooling. This mixture was heated under 
reflux for 2 h. Excess LiAlH4 was decomposed with a solu­
tion of methanol in ether then dilute HCl with ice cooling. 
T h e organic phase , was separated and the aqueous phase 
was extracted with ether. T h e combined organic phases 
were washed with water, dried (Na 2 S0 4 ) , and concentrated 
in vacuo. T h e oily residue was chromatographed on thin 
silica gel plate [Merck, pre-coated; benzene-ethyl acetate 
(1 :3 ) ] . 

Fraction 1, 54.3 mg, was recrystallized from benzene: mp 
169—170 °G; I R (CHC13) 3611, 3482 cm" 1 (8.565x 10~3 M / 
1); N M R (CDC13) ô 1.36 ( I H , ddd, 7 = 3 , 3, 13 Hz) , 2.28 
( I H , ddd , 7 = 3 , 9, 13 Hz) , 4.30 ( I H , t, 7 = 3 Hz) , 4.30 
( I H , m) , 4.52 ( I H , d, 7 = 12 Hz) , 4.80 ( I H , d, 7 = 3 Hz) , 
5.01 ( I H , d, 7 = 1 1 Hz) , 7.0—7.5 (7H, m) , Found: G, 
80.45; H , 6 .30%. Galcd for C 1 7 H 1 6 0 2 : G, 80.93; H , 6.39%. 

Fraction 2, 76.1 mg, was recrystallized from benzene: 
m p 142—143 °G; I R (GHC13) 3606, 3576 c m - 1 (7.525 x 
10" 3 M/1) ; N M R (CDC13) ô 1.30 ( I H , ddd, 7 = 3 , 3, 13 Hz) , 
2.21 ( I H , ddd, 7 = 3 , 9, 13 Hz) , 4.10 ( I H , m) , 4.20 ( I H , 
t, 7 = 3 Hz) , 4.66 (3H, d, 7 = 3 Hz) , 6.9—7.4 (7H, m) . 
Found : G, 81.89; H , 6.47%. Galcd for G J 7Hj f i0 2 - l /2G^Hc: 
C, 82.44; H , 6.57%9. 
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Reduction of the diesters 5a and 6a gave the same prod­
uct. 

(+) -11 -Hydroxy-7,6-bis(hydroxymethyl) - DMDC [(+)-
(21b)]. T h e ester ( + )-19b (80 mg) was reduced as 
described above and recrystallized from ethyl acetate: m p 
194—196 °C, (31.6 mg) , [a]2

D
2 + 47 .9°+1.6° (c 0.553, 

M e O H ) ; I R (CHC13) 3595, 3439 c m - 1 (a supernatant of 
3.09 mg/5 ml) ; N M R (GD3OD) Ö 2.1—2.8 (2H, m) , 3.47 
( IH , broad s), 4.78 ( I H , m) , 4.44 ( I H , d, 7 = 13 Hz) , 4.60 
(2H, s), 4.78 ( I H , d, 7 = 13 Hz) , 4.82 (s), 6.9—7.4 (6H, 
m) . Found: C, 76.04; H, 6 .44%. Galcd for G 1 8 H 1 8 0 3 : 
G, 76.57; H , 6 .43%. 

( + )-11- Hydroxy - 4,9 - bis (hydroxymethyl) - DMDC [( + ) -
(22b)]. T h e ester ( + )-20b (101 mg) was reduced as 
described above to give a powder (24.5 mg) : m p 155—156 
°G, [a]2

D
2 + 3 5 7 . 8 ° ± 7 . 0 ° (c 0.573, M e O H ) ; I R (GHG13) 

3603 c m - 1 (supernatant of 3.26 mg/5 ml) ; N M R (GD3OD) 
«5 2.42 (2H, m) , 3.62 ( I H , broad s), 4.35 ( I H , broad s), 4.65 
(2H, s), 6.8—7.4 (6H, m ) . Found : G, 76.34; H, 6 .53%. 
Calcd for C1 8H1 8Cy. G, 76.57; H , 6 .43%. 

n-Hydroxy-1-hydroxymethyl-DMDC (21a). T h e ester 
19a (87 mg) was reduced in the same manner to give a pow­
der (48 m g ) : m p 155 °C; I R (GHC13) 3590, 3440 cm" 1 

( 8 . 5 2 x l O - 3 M / l ) ; N M R (GDC13) Ô 2.2—2.7 (2H, m) , 3.52 
( I H , broad s), 3.93 ( I H , m) , 4.23 ( I H , d, 7 = 1 2 Hz) , 4.64 
( IH , d, 7 = 12 Hz) , 4.80 ( I H , d, 7 = 2 Hz) , 6.9—7.5 (7H, 
m) . Found: G, 80.65; H, 6 . 5 1 % . Calcd for G I 7 H 1 6 0 2 : 
C, 80.93; H , 6 .39%. 

n-Hydroxy-9-hydroxymethyl-DMDC (22a). T h e ester 
20a (24 mg) was reduced as described above to give a pow­
der (6.5 m g ) : m p 129—130 °C; I R (GHC13) 3604 c m - 1 

( 8 . 5 3 x l 0 - 3 M / l ) ; N M R (GDC13) ô 2.40 (2H, m ) , 3.63 
( I H , m) , 3.87 ( I H , t, 7 = 2 Hz) , 4.62 (2H, s), 4.72 ( I H , 
d, 7 = 2 Hz) , 6.9—7.3 (7H, m) . Found : G, 80.78; H, 6 .34%. 
Galcd for C 1 7 H 1 6 0 2 : C, 80.93; H , 6.39%. 

( + )-Dimethyl DMDC-4,9-dicarboxylate [( + )-( 26b)]. 
A mixture of the hydroxy ester ( + )-20b (2.8 g) , 3 0 % pal­
ladium charcoal (0.9 g) and a few drops of 70% perchloric 
acid in methanol ( 130 ml) was stirred in a hydrogen atmos­
phere for 6 d. T h e catalyst was filtered then washed with 
methanol. T h e filtrate was concentrated in vacuo. The res­
idue was dissolved in dichloromethane, washed with water, 
dried (Na 2 S0 4 ) , and concentrated in vacuo. T h e residue 
was distilled at 220 °G (bath temperature) at 0.05 m m H g 
through a short-path distillation apparatus a n d gave a vis­
cous oil (2.4 g) . 

A solution of the ( + )-diester (2.25 g) in a solution of 5 % 
K O H in methanol (60 ml) was heated under reflux for 2 h 
and concentrated to the half volume in vacuo. Ice-cold 
dilute HCl was added. T h e crystals were collected by 
filtration, washed with water and dissolved in ethyl acetate. 
The solution was washed with water, dried (Na 2 S0 4 ) , and 
concentrated in vacuo. T h e residue was recrystallized from 
acetone, ethyl acetate then methanol and gave ( + )-28b: 
m p 258—262 °G, [a]2»1 + 5 7 5 . 4 ° ± 9 . 4 ° (c 0.349, M e O H ) ; 
I R (Nujol) 1692 c m - 1 ; N M R (CD 3 OD) ô 2.00 ( I H , d, 
7 = 1 1 Hz) , 2.42 ( I H , ddd, 7 = 1 1 , 6, 1 Hz) , 2.84 ( I H , dd, 
7 = 4 Hz) , 3.33 ( I H , dd, 7 = 1 8 , 6 Hz) , 4.18 ( I H , broad 
t, 7 = 4 Hz) , 4.98 ( I H , d, 7 = 4 Hz) , 6.9—7.8 (6H, m) . 
Found: G, 73.37; H , 4 . 9 1 % . Calcd for G 1 8 H 1 4 0 4 : C, 73.46; 
H , 4 .79%. 

The ( + )-dicarboxylic acid (55.3 mg) was esterified with 
excess diazomethane to give the diester (60 mg) , which 
was crystallized from hexane: m p 92.5—93.5 °G; [ a ] " 
+ 547.4°±9.6° (c 0.327, CHC13) ; I R (CHC13) 1716 cm" 1 ; 
N M R (CDC13) ô 2.04 ( I H , d, 7 = 13 Hz) , 2.46 ( I H , ddd, 
/ = 1 0 , 6, 1 Hz) , 2.92 ( I H , dd, 7 = 1 6 , 1 Hz) , 3.38 ( I H , dd, 

7 = 1 6 , 5 Hz) , 3.88 (3H, s), 3.93 (3H, s), 4.15 ( I H , broad 
t, 7 = 4 Hz) , 4.91 ( I H , d, 5 Hz) , 6.9—7.8 (6H, m) , Found : 
C, 73.84; H , 5 .49%. Galcd for C , 0 H 1 8 O 4 : G, 74.51; H , 
5 .63%. 

(+)-Dimethyl DMDC-1,6-dicarboxylate [(-\-)-(25b)]. 
T h e same hydrogenolysis was carried out on the alcohol 
( + )-19b (110 mg) giving the desired product (44 mg) : m p 
113 °C ; [<x]f> + 3 1 5 . 3 ° ± 2 . 0 ° (c 0.275, GHC13); I R (film) 
1719 c m - 1 ; N M R (GDC13) ô 1.9—2.8 (2H, m) , 2.9—3.3 
( I H , m) , 3.3—3.7 (2H, m) , 3.77 (3H, s), 3.90 (3H, s), 4.82 
(1H, d, 7 = 5 Hz) , 6.9—7.9 (6H, m ) . Found : G, 74.65; 
H , 5.57%. Galcd for C 2 0 H 1 8 O 4 : G, 74.51; H , 5 .63%. 

Methyl DMDC-9-carboxylate (26a). T h e acetate 20a 
(238 mg) was hydrogenolyzed according to the procedure cited 
above and gave prisms (53.3 m g ) : m p 80—81 °G; I R 1713 
c m - 1 ; N M R (CDC13) ô 2.12 ( I H , d, 7 = 1 3 Hz) , 2.47 ( I H , 
broad dd, 7 = 1 3 , 6 Hz) , 2.85 ( I H , d, 7 = 16 Hz) , 3.32 ( I H , 
dd, 7 = 1 6 , 6 Hz) , 6.8—7.3 (6H, m) , 7.73 ( I H , dd, 7 = 8 , 
2 H z ) . Found : G, 81.43; H , 5.97%. Galcd for C ] 8 H 1 6 O a : 
C, 81.79; H , 6 .10%. 

(+)-DMDC-1,6-dicarboxylic Acid [(+)-(27b)]. Mp 
259—260 °G; [a]2

D
2 ± 3 1 5 . 3 ° ± 5 . 7 ° (c 0.347, M e O H ) . 

(+)-1,6-Diamino-DMDC [(+)-( 29b)]. NaN 3 (1.11 
g) was added in small portions to a solution of the ( + ) -
dicarboxylic acid [( + )-(27b)] (612 mg) in concentrated 
H 2 S 0 4 (33 ml) at 40—45 °G over a period of 1 h with vig­
orous stirring. The mixture was then heated at 50 °C for 
6 h, allowed to stand overnight, poured onto ice, made 
alkaline with 4 0 % aqueous N a O H and extracted with ben­
zene. T h e solution was washed with water, dried (Na 2 S0 4 ) , 
and concentrated in vacuo. T h e crystalline residue was re­
crystallized from benzene and gave prisms (368 mg) (74.9%) : 
m p 178—179 °G; [a]2

D
2 + 7 3 6 . 1 ° ± 1 1 . 4 ° (c 0.357, M e O H ) ; 

I R (Nujol) 3355 c m - 1 ; N M R (GDCl3) ô 1.97 ( I H , d, 7 = 1 0 
Hz) , 2.41 ( I H , dd, 7 = 5 , 10 Hz) , 2.63 ( I H , d, 7 = 14 Hz) , 
3.12 ( I H , dd, 7 = 5 , 14 Hz) , 3.31 ( I H , d, 7 = 4 Hz) , 3.51 
(4H, s), 3.90 ( I H , d, 7 = 5 Hz) , 6.2—7.4 (6H, m) . Found : 
C, 81.29; H , 6.76; N , 11.78%. Calcd for C 1 6H 1 6N 2 : C, 
81.32; H , 6.82; N , 11.85%. 

(-\-)-4,9-Diamino-DMDC [(-\-)-(30b)]. T h e ( + )-di-
carboxylic acid [( + )-(28b)] (45 mg) was treated as above 
and gave prisms (21.5 mg) : mp 224—225 °G; [a]2

D
8 +212 .9° + 

4.1° (c 0.364, CHCI3); I R (Nujol) 3465, 3375 c m - 1 ; N M R 
(CDCl 3 -a drop of CD 3 OD) «5 2.07 ( I H , d, 7 = 1 1 Hz) , 2.42 
( I H , dd, 7 = 5 , 11 Hz) , 2.66 ( I H , dd, 7 = 5 , 16 Hz) , 3.15 
( I H , dd, 7 = 5 , 16 Hz) , 3.5 ( I H , m) , 3.81 ( I H , d, 7 = 5 Hz) , 
6.3—7.3 (6H, m) . Found : G, 80.99; H , 6.66; N, 12.04%. 
Calcd for C 1 6H 1 6N 2 : C, 81.32; H , 6.82; N , 11.85%. 

1,5-bis(hydroxymethyl)-11-endo-hydroxy-DEA (15b). A 
solution of the ester 9b (99 mg) in dry tetrahydrofuran (3 
ml) was added to a slurry of LiAlH4 (0.1 g) in tetrahydro­
furan (3 ml) with cooling in ice. T h e mixture was then 
heated under reflux for 2 h and treated as usual. The res­
idue was chromatographed on thin silica gel plate [Merck, 
pre-coated p la te ; ethyl acetate] and recrystallized from 
chloroform, giving a powder (31.2 m g ) : m p 153—154 °C; 
I R (GHGI3) 3607, 3484 c m - 1 (1.495 M/1); N M R (GD 3OD) 
6 1.33 ( I H , ddd, 7 = 3 , 3, 13 Hz) , 2.22 ( I H , ddd, 7 = 3 , 
9, 13 Hz) , 4.13 ( I H , m) , 4 . 5 ^ . 8 (m), 6.8—7.4 (6H, m ) . 
Found : C, 75.67; H , 5 . 4 1 % . Galcd for C 1 8 H 1 8 0 4 : C, 76.57; 
H , 6 .43%. 

(+) -4,9-Bis( hydroxymethyl) -DMDC [(+)- (34b) ]. 
T h e ( + )-diester (4-)-26b (91 mg) was reduced as above. 
T h e product could not be crystallized and was converted 
into the bis(3,5-dinitrobenzoyl) ester according to the above 
procedure, giving crystals (109 m g ) : mp 176—178 °C; [a]2] 
+ 179.8°+2.5° (c 0.511, CHG1,); I R (Nujol) 1720, 1550, 



2800 Sanji HAGISHITA and Kaoru KURIYAMA [Vol. 54, No. 9 

1288 c m - 1 ; N M R (GDG13) «5 2.20 (1H, d, 7 = 1 1 Hz) , 2.64 
(1H, dd, 7 = 5 , 11 Hz) , 2.86 (1H, d, 7 = 16 Hz) , 3.43 (1H, 
dd, 7 = 5 , 16 Hz) , 3.78 (1H, m) , 4.42 ( I H , m) , 5.55 (1H, 
s), 5.57 (1H, d, 7 = 1 2 Hz) , 5.82 (1H, d, 7 = 1 2 Hz) , 6.9— 
7.4 (6H, m) , 9.1—9.3 (6H, m) . Found : G, 58.63; H , 3.54; 
N, 8.18%. Galcd for G 3 2 H 2 2 N 4 0 1 2 : G, 58.72; H , 3.39; 
N, 8.56%. 

The ester was hydrolyzed with a 5 % K O H solution in 
methanol by refiuxing for 3 h giving an oily residue: [a]2

D
3 

+ 407.5°±6.1° (c 0.402, M e O H ) ; N M R (GDG13) ô 2.06 
(1H, d, 7 = 1 1 Hz) , 2.48 (1H, dd, 7 = l l H z ) , 2.77 (1H, d, 
7 = 16 Hz) , 3.28 (1H, dd, 7 = 1 6 , 5 Hz) , 3.63 ( I H , m) , 4.34 
(1H, d, 7 = 5 Hz) , 4.68 (2H, s), 4.80 (2H, s), 6.8—7.3 (6H, 
m) . Found : G, 79.96; H , 6 .79%. Galcd for G 1 6 H 1 8 0 2 : 
G, 79.31; H , 7.49%. 

( + )-1l-Hydroxy-DMDC-4,9-dicarboxylic Acid (24b). 
A crude rearranged compound 18b (4.1 g) was hydrolyzed 
with a solution of 5 % K O H in methanol (60 ml) by heating 
under reflux for 3 h. T h e product could not be purified 
by recrystallization and was esterified with methanol in 
the presence of concentrated H 2 S 0 4 by heating under reflux 
for 16 h. T h e crude ester was chromatographed on a thick 
silica gel plate [Merck, pre-coated p la te ; benzene-ethyl 
acetate (5:2)] . T h e residue was crystallized from benzene-
hexane giving a powder (1.0 g) : m p 152—153 °G. Found : 
G, 71.32; H , 5 . 5 1 % . Calcd for G 2 0 H 1 8 O 5 : G, 70.99; H , 
5.36%. 

The ester was hydrolyzed as above. M p 286 °G (dec) ; 
I R (Nujol) 1692 c m - 1 ; N M R (GD 3OD) <5 2.30 (2H, m ) , 
4.32 (2H, broad s), 5.00 (1H, broad s), 6.9—7.9 (6H, m) . 
Found: G, 70.22; H , 4 .72%. Calcd for C 1 8 H 1 4 0 5 : G, 69.67; 
H , 4 .55%. 

(-\-)-DMDC [(-\-)-(35)]. A mixture of the ( + )-
dicaboxylic acid [( + )-(28b)] (163 mg) , copper chromite 
(220 mg) and quinoline, which was distilled over copper 
chromite, was heated under reflux for 1.5 h, poured into 
water and extracted with ether. T h e solution was washed 
with dilute HCl , aqueous N a H C 0 3 and water , dried (Na2-
S 0 4 ) and concentrated in vacuo. The residue was chro-
matographed on thin silica gel plate [Merck, pre-coated; 
hexane] and distilled a t 140 CC (bath temperature) at 0.05 
m m H g ( l m m H g = 133.322 Pa) . [a]2

D
8 + 206.5°±2.0° (c 0.3056, 

GHC13); I R (film) 750 c m - 1 ; N M R (GDC13) Ô 2.08 (1H, d, 
7 = 1 1 Hz) , 3.23 (1H, dd, 7 = 1 5 , 5 Hz) , 3.46 ( I H , m) , 3.85 
(1H, d, 7 = 4 Hz) , 7.8—7.4 (8H, m) . Found : G, 92.92; H , 
6.61%0. Calcd for C1 6H1 4 : G, 93.16; H , 6.84%. 

Ethyl 11 -Hydroxy-DEA-11 -acetate (36). T h e procedure 
used was a modification of a reported method.7) A solution 
of 11-oxo-DEA (10.3 g) and ethyl bromoacetate (10 ml) 
in dry tetrahydrofuran (70 ml) was added dropwise to a 
mixture of activated Zn powder (20 g) in tetrahydrofuran 
(80 ml) with vigorous stirring at refiuxing temperature. 
T h e reaction was started by addition of a small piece of 
iodine. After completion of the addition, the mixture was 
heated for 1 h. Activated Z n powder (20 g) and a small 
piece of iodine was added together. T h e mixture was again 
heated for 30 min. A solution of ethyl bromoacetate (2 
ml) in tetrahydrofuran (5 ml) and activated Z n powder 
(20 g) were added. Heat ing of the solution was continued 
for 1 h. Acetic acid (20 ml) was added with cooling in 
ice then water was added. T h e organic phase was separated 
and the aqueous phase was extracted with ether. T h e 
combined organic phases were washed with dilute N H 4 O H 
and water, dried (Na 2 S0 4 ) and concentrated in vacuo. T h e 
oily residue was crystallized from ether giving colorless crys­
tals, 9.8 g (68.0%). All of the physicochemical properties 
were identical with those of the authentic samples, 

11-Hydroxy-DEA-11-acetic Acid (37). A solution of 
the ester 36 (1.0 g) in 5 % K O H solution of methanol (20 
ml) was heated under reflux for 2 h then poured into ice-
cold dilute HCl (1.8 ml of concentrated HCl in 80 ml of 
ice water) . T h e mixture was extracted with ethyl acetate. 
The solution was washed with water, dried (Na 2 S0 4 ) and 
concentrated in vacuo. The crystalline residue, 0.877 g 
(96.4%), was washed with ether. M p 211 °G. 

Optical Resolution of the Carboxylic Acid 37. A solution 
of the acid 37 (0.877 g) in methanol (5 ml) was added to a 
solution of cinchonidine (0.925 g) in methanol (10 ml) . 
T h e solvent was changed to ethyl acetate. T h e crystals 
were collected by filtration and recrystallized from methanol 
four times to give a pure diastereomer (0.34 g) : [a]2

D
5 

- 8 9 . 5 ° ± 1 . 7 ° (c 0.784, M e O H ) . 
T h e salt was shaken with ethyl acetate and dilute HCl . 

T h e organic phase was separated and the aqueous phase 
was extracted with ethyl acetate. The combined organic 
phases were washed with water, dried (Na 2 S0 4 ) , and con­
centrated in vacuo. T h e residue was crystallized from meth-
anol-water giving crystals (0.15 g) : m p 139—140 °C, 158— 
159 °C (dimorphism), [a]2

D
r - 2 1 . 6 ° ± 0 . 6 ° (c 1.060, M e O H ) ; 

I R (Nujol) 3330, 1708cm- 1 . Found : C, 75.83; H , 6.04%. 
Galcd for C 1 8 H 1 6 0 3 - l / 2 H 2 0 : C, 74.72; H , 5.92%. 

(-)-Methyl 11-Hydroxy-DEA-11-acetate [(-)-( 38)~\. 
A solution of the (—)-carboxylic acid ( — )-37 (0.685 g) in 
ether (10 ml) was added to a solution of excess diazomethane 
in ether. The solution was allowed to stand at 5 °C for 
30 min and concentrated in vacuo. T h e crystalline residue 
was recrystallized from ether-hexane giving crystals (0.707 
g ) : m p 117—118 °C; I R (Nujol) 3520, 3490, 1726, 1715 
c m - 1 ; [a]2

D
4 + 1 5 . 2 ° ± 0 . 5 ° (c 1.246, CHC13), CD Ae - 0 . 1 7 5 

(272.5 nm) , + 0 . 0 4 (270), - 0 . 1 0 (267), + 0 . 0 9 (262), + 5 . 3 3 
(232) (94.4%0 optical puri ty) . Found: C, 77.82; H , 6.42%. 
Galcd for C 1 9 H 1 8 0 3 : C, 77.53; H , 6.16%. 

(-)-l1-Hydroxy-H-(2-hydroxymethyl)-DEA [(-)-(39)]. 
The ( — )-ester ( — )-38 was reduced with LiAlH4 by the 
same method reported for the reduction of the racemic ethyl 
ester 36.7> M p 131—132 °C; [a]2

D
4 - 2 1 . 4 ° ± 0 . 6 ° (c 1.027, 

M e O H ) , C D Ae - 0 . 1 1 8 (273 n m ) , + 0 . 0 2 3 (270), +0 .052 
(266), + 6 . 3 3 (231), - 7 . 7 8 (213) (94.4% optical purity). 

(-)-Monomesylate [(-)-(40)] of (-)-ll-Hydroxy-11-(2-
hydroxyethyl)-DEA. T h e optically active compound 
(0.427 g, 95.3%,) was synthesized from ( - ) - 3 9 (0.347 g) 
by the same procedure cited for the racemic compound.7) 
T h e oily residue was used for the next preparat ion without 
further purification. 

( — )-Spiro\9,10- dihydro -9,10- ethanoanthracene -11,2' - oxetane] 
[(—)-(41)]. T h e optically active compound was also 
prepared by the same method cited for the racemic one. 
M p 136—138 °C, [a]2

D
4 - 6 7 . 0 ° ± 1 . 0 ° (c 1.119, CHG13), 

C D Ae + 0 . 0 3 (276.5 nm) , - 0 . 1 6 (273), +0 .087 (269.5), 
- 0 . 1 2 (266), +0 .056 (263), + 2 . 2 0 (228) (94.4% optical 
puri ty) . 

2,3,3a,12b- Tetrahydro-3a,8- methano - <9H - dibenzo[3,4:6,7]cyclo-
hepta[b]furan [( + )-(42)~\. 1) T h e ( - ) - o x e t a n e ( - ) -
41 (9.5 Ï mg) was dissolved in chloroform (1 ml) contain­
ing /»-toluenesulfonic acid (10 mg). After 3 min, [a]2

D
4 

+ 145.8°±2.0°. T h e value did not change after 6 h. 
2) The (—)-oxetane ( —)-41 (0.15 g) was dissolved in a 

solution of /»-toluenesulfonic acid (0.1 g) in chloroform (10 
ml). T h e solution was shaken for 10 min, washed widi 
aqueous N a H G 0 3 and water , dried (Na 2 S0 4 ) and concen­
trated in vacuo. T h e oily residue (0.137 g) was distilled 
at 180 °C (bath temp) at 0.4 m m H g through a short pa th 
distillation apparatus . [a]2

D
4 + 132.2°±3.6° (c 0.481, GHC13). 

( + )-10-(2-Hydroxyethyl)-DMDC [(+)-(43)]. A 
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mixture of the rearranged material ( + )-42 (63 mg, 94.4% 
e.e.), 30% pal ladium charcoal (0.4 g) , a drop of 70% per­
chloric acid, and ethanol (4 ml) was stirred in a hydrogen 
atmosphere for 5 d. The catalyst was removed by filtra­
tion. The filtrate was concentrated in vacuo. T h e residue 
was chromatographed on florisil (5 g) in dichloromethane 
and crystallized from ether. M p 131—134 °G; [a]2

D
5 + 180.0° 

± 2 . 6 ° (c 0.845, M e O H ) . 

DMDC-10-Acetic Acid (44). A Jones ' reagent was added 
to a solution of the alcohol 39 (3.3 g) in acetone (50 ml) with 
cooling in ice until the characteristic brown color persisted. 
After 10 min, the mixture was diluted with water and ex­
tracted with ether. T h e solution was washed with water, 
dried (Na 2 S0 4 ) , and concentrated in vacuo. T h e oily res­
idue was crystallized from benzene-hexane giving a powder, 
2.5 g (71.7%): m p 155—156 °C; I R (Nujol) 1700 cm" 1 . 
Found: G, 82.70; H , 6 . 2 1 % . Galcd for G 1 8 H I 6 0 2 : G, 81.79; 
H , 6.10%. 

Optical Resolution of 44. Ginchonidine (2.60 g) was 
added to a solution of the carboxylic acid 44 (2.33 g) in 
methanol (40 ml) . T h e mixture was warmed to a clean 
solution then allowed to stand at room temperature over­
night. The crystals were collected by filtration and re-
crystallized from methanol three times to give the pure 
diastereomer (1.25 g) : [a]2

D
4 - 1 6 3 . 8 ° ± 5 . 6 ° (c 0.469, M e O H ) . 

The salt was shaken with dilute HCl and ether. T h e 
organic phase was separated and the aqueous phase was 
extracted with ether. T h e combined organic phases were 
washed with water, dried (Na 2 S0 4 ) , and concentrated in 
vacuo. T h e oily residue, 0.578 g, could not be crystallized. 
[a]2

D
4 - 1 7 0 . 0 ° ± 1 . 6 ° (c 1.329, M e O H ) . 

(-)-Methyl DMDC-10-Acetate [(-)-(45)]. A solu­
tion of the ( — )-carboxylic acid ( —)-44 (0.157 g) in ether 
(3 ml) was added dropwise to a solution of excess diazo-
methane in ether with ice cooling. T h e mixture was stirred 
for 30 min and concentrated in vacuo. T h e residue was 
distilled at 200 °G (bath temperature) at 0.4 m m H g giving 
a viscous oil, 0.162 g (98 .0%): [a]2

D
3 - 1 5 8 . 4 ° ± 2 . 4 ° (c 0.826, 

CHC13); I R (film) 1738 cm- 1 . Found : G, 81.82; H , 6 .48%. 
Galcd for G 1 9 H 1 8 0 2 : G, 81.99; H , 6.52%. 

('-)-l• -(2-Hydroxyethyl)-DMDC [(-)-(43)]. T h e ester 
( - ) - 4 5 (0.148 g) was reduced with LiAlH4 as for ( - ) - 3 8 . 
The residue was distilled at 180 °C at 0.4 m m H g . T h e 
distillate (0.113 g) crystallized quickly and then was re-
crystallized from ether giving a powder (0.088 g) : m p 133— 
134 °G; [a]2

D
3 - 1 9 0 . 6 ° ± 3 . 1 ° (c 0.745, M e O H ) . Found : C, 

86.51; H , 7 .25%. Galcd for G 1 8 H 1 8 0 : G, 86.36; H , 7 .25%. 
Mesylate (-)-46 of (-)-l-(ß-Hydroxyethyl)-DMDC. 

( —)-43 (0.341 g) was mesylated as usual. The residue crys­
tallized on standing and was used for the next preparat ion. 

(-)-W-Ethyl-DMDC [(-)-(47)]. A solution of the 
( —)-mesylate ( —)-46 (0.40 g) in dry tetrahydrofuran (5 
ml) was added to a slurry of LiAlH4 (0.3 g) in tetrahydro­
furan (10 ml) with ice cooling. T h e mixture was then 
heated under reflux for 6 h. Excess LiAlH4 was decom­
posed with a solution of methanol in ether then dilute HCl 
with ice cooling. The mixture was extracted with ether. 
The solution was washed with water, dried (Na 2 S0 4 ) , and 
concentrated in vacuo. T h e residue was chromatographed 
on alumina (Merck grade 2, 7 g) in hexane. The elute 
was recrystallized from hexane: m p 81—82 °C, [OC]2D 
- 1 8 7 . 1 ° ± 2 . 0 ° (c 1.150, GHCI3) (0.175 g ) ; I R (Nujol) 755 
cm- 1 ; N M R (GDG13) Ô 1.00 (3H, t, 7 = 7 . 0 Hz) , 1.7—2.1 
(2H, m) , 2.34 (1H, ddd, 7 = 1 , 5, 10 Hz) , 2.50 (1H, dd, 
7 = 1 , 16 Hz) , 3.10 (1H, d, 7 = 1 6 Hz) , 3.92 (1H, d, 7 - 5 
Hz) , 6.8—7.3 (8H, m) . Found : G, 92.47; H , 7.70%. 
Galcd for C1 8H1 8 : G, 92.26; H , 7.74%. 

Oxidation of (-)-W-Ethyl-DMDC [(-)-(47)]. A 
mixture of the ( — )-hydrocarbon ( —)-47 (0.325 g), iV-bromo-
succinimide (0.3 g) , /n-chloroperbenzoic acid (10 mg) , and 
dry carbon tetrachloride (10 ml) was heated under reflux 
for 8 h. After cooling, the mixture was filtered and the 
solid was washed with carbon tetrachloride. T h e filtrate 
was concentrated in vacuo. T h e residue was chromato­
graphed on thin silica gel plate [Merck, pre-coated p la te ; 
benzene]. T h e fraction of the larger Rt value was recrys­
tallized from ether giving colorless crystals (62.5 m g ) : [a]2

D
5 

0°, [a]2?5 0° (c 0.727, GHG13): m p 173—175 °G; I R (Nujol) 
810, 770, 753 c m - 1 ; N M R (GDG13) Ô 1.41 (3H, d, t, 7 = 7 , 
1 Hz) , 2.31 (2H, m) , 4.40 (1H, t, 7 = 3 Hz) , 4.63 (1H, s), 
5.56 (1H, m) , 6.9—7.4 (8H, m ) . Found : G, 92.45; H , 
6.82%. Galcd for G1 8H1 6 : G, 93.05; H, 6 .94%. The frac­
tion with the smaller R{ value was recrystallized from hexane 
and gave ( - ) - 4 8 (46.4 mg) : m p 130—134 °C ; [a]2

D
3 - 1 1 1 . 0 ° 

± 1 . 7 ° (c 0.928, GHGI3); I R 1687, 7 6 3 c m - 1 ; ô (CDC13) 
0.95 (3H, t, 7 = 7 Hz) , 1.87 (1H, q, 7 = 7 Hz) , 2.45 (1H, 
q, 7 = 7 Hz) , 2.72 (2H, d, 7 = 3 Hz) , 4.17 (1H, t, 7 = 3 Hz) , 
6.9—7.4 (7H, m) , 7.8—8.0 (1H, m ) . Found : G, 86.87; 
H , 6 .49%. Galcd for G 1 8 H 1 6 0 : G, 87.06; H , 6 .49%. 

W e t h a n k D r . K a z u o T o r i for t h e N M R m e a s u r e ­
m e n t , M r . M a m o r u T a k a s u k a for t h e I R m e a s u r e ­
m e n t s , a n d M r . T a t s u o I w a t a for ass is tance in pe r ­
f o r m i n g t h e v a r i a b l e - t e m p e r a t u r e C D m e a s u r e m e n t . 
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The IR and UV absorption spectra as well as the Raman spectra of monomer and dimer of 2-pyridone were 
studied. The molecular weight of 2-pyridone in benzene and dimethyl sulfoxide was determined in order to 
examine the association. 2-Pyridone in nonpolar solvents shows two types of carbonyl stretching vibration bands 
due to the coexistence of the monomer and dimer. The highest wavelength UV absorption of 2-pyridone in 
isooctane (2,2,4-trimethylpentane) is ascribed to n-n* electronic transitions of the monomer and dimer. The 
dimer absorption band appears at a higher wavenumber than that of the monomer by ca. 830 cm -1. The dimer 
band corresponds to the n-n* transition from the ground 1AS state to the excited XBU state. No n-n* transition 
absorption from the ground xAg state to the excited xAg state could be observed because of the g-g Laporte for-
biddance in the transition under an assumption of the molecular G2h symmetry. 

Equilibrium between the monomer and dimer of 
2-pyridone, investigated by ultrasonic1* and dipole mo­
ment2) measurements, is attained in certain solvents. 
As regards the solvent effect on the absorption and 
fluorescence spectra of 1-methyl-2-pyridone, the n-n* 
absorption spectra were found to shift toward short-
wavelengths on the hydrogen-bonding formation of 
1-methyl-2-pyridone with ethanol, this being attributed 
to the decrease of dipole moment in the excited states.3) 

We have observed the C = 0 stretching vibration 
bands and n-n* absorption bands of 2-pyridone, the 
band assignment for the monomer and dimer of 2-
pyridone being made from the results for 1-methyl-
2-pyridone.3) 

Exper imenta l 

2-Pyridone was recrystallized several times from ethanol 
and sublimed in vacuo at ca. 120 °G. l-Methyl-2-pyridone 
was purified in the same way as described previously.3) 
Purification of benzene, dioxane, isooctane (2,2,4-trimethyl­
pentane), chloroform, and ethanol was carried out by con­
ventional methods.4) Dimethyl sulfoxide (DMSO) was dried 
over a calcium chloride-calcium hydride mixture and dis­
tilled in a stream of nitrogen. The distilled DMSO was 
further dehydrated with a mixture of calcium hydride and 
molecular sieves 3A. The dehydrated DMSO was dis­
tilled at 56—57 °G in a nitrogen atmosphere of 667 Pa. 

Measurement of IR and UV absorption spectra were 
carried out with the spectrophotometers reported.3) The 
molecular weight of 2-pyridone was measured in benzene 
and DMSO solvents with a modified Shibayama freezing 
point depression equipment (SS-50C-KM). The measure­
ment was carried out six times, the concentration of 2-pyridone 
being in the range 10~3—10~2 mol dm~l The errors in­
herent to the measurement were ± 0 . 1 % . 

M e t h o d s o f Calculat ion and 
Molecular M o d e l s 

The dipole moments, 7T-bond orders, and charge 
densities of 2-pyridone and l-methyl-2-pyridone in the 
ground state were calculated by the CNDO/2 method 
using the parameter given by Pople, Santry, and 
Segal.5'6) The values of the bond distance and bond 
angle of 2-pyridone measured by Penfold7) were used. 
The data were also used for the ring framework of 
l-methyl-2-pyridone. For the methyl group the fol­

lowing values were used: 

G-N: 1.48 A, C-H: 1.096 A, , /HGH: 109°28'. 

The P-P-P SCF-MO-CI method8-9) was employed 
for calculated molecular properties such as the n-n* 
transition energies, n-n* transition oscillator strengths, 
yr-charge densities, and n-bond orders in the lower 
excited states, and Jt-dipole moments of the monomer 
of 2-pyridone in the lower excited and ground states. 
The following empirical parameters were used: 

Atom, ß I^/eV - V e V 

(5 11.42 0.58 
- N H - 27.50 11.20 
= 0 17.30 2.60 

T h e value —2.50 eV was taken for all the resonance 
integrals of 2-pyridone. The Mataga-Nishimoto ap­
proximation10) was used for the calculation of two-
center Coulomb integrals. All singly excited con­
figuration interactions were taken into account for 
the monomer. 

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

Electronic Properties in the Ground State. The 
charge densities and rc-bond orders of the two com­
pounds calculated by the CNDO/2 method are given 
in P'ig. 1. There is little difference in the charge 
density distributions of 2-pyridone and l-methyl-2-
pyridone except for the charge density on each ni­
trogen atom. T h e rc-bond orders of the two mol­
ecules are also similar to each other. 

The calculated dipole moments of 2-pyridone and 
1-methyl-2-pyridone are 4.385 and 4.305 D, respec­
tively. The observed dipole moments2) of the latter 
molecule are 4.04 D in benzene and 4.07 D in dioxane. 
It seems that the dipole moment of l-methyl-2-pyridone 
is independent of solvent. The calculated value (4.305 
D) of l-methyl-2-pyridone is in fairly good agree­
ment with the observed values. The calculation shows 
that the dipole moment of 2-pyridone is close to that 
of l-methyl-2-pyridone. However, the observed dipole 
moment of 2-pyridone is 1.73 D in benzene and 2.94 
D in dioxane,2) showing that the dipole moment of 
2-pyridone changes with solvent. A large discrepancy 
between the values of the calculated and observed 
dipole moments and the dependence of the values 
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Fig. 1. Several molecular properties of 2-pyridone and 
l-methyl-2-pyridone calculated by the GNDO/2 meth­
od; the total charge densities of valence electron, 7T-
charge densities, and rc-bond orders in the ground 
state. 

of dipole moment on solvents are due to the coexistence 
of 2-pyridone dimer in such solutions.1'2) 

O n the other hand, the I R absorption spectra of 
2-pyridone and 1-methyl-2-pyridone were measured 
both in benzene and dioxane. The spectra in the 
range 1650—1700 c m - 1 are shown in Fig. 2. 2-
Pyridone shows two strong bands and l-methyl-2-
pyridone only one. The 1667 c m - 1 I R band of 1-
methyl-2-pyridone in carbon tetrachloride was assign­
ed to the C = 0 stretching vibration on the basis of 
the band intensity and frequency-shift to the low 
frequency side taking place on addition of ethanol 
to carbon tetrachloride solution of l-methyl-2-pyridone 
(Fig. 1, Ref. 3). The two bands of 2-pyridone are 
related to the O O stretching vibrations of monomer 
and dimer as seen from their intensities and band 
positions. The higher-frequency band of 2-pyridone 
was assigned to the C = 0 stretching vibration of the 
monomer and the other to that of the dimer. The 
C = 0 stretching frequency of the monomer of 2-pyridone 
is thus higher than that of l-methyl-2-pyridone. This 
is in line with the calculated rc-bond orders of the car-
bonyl groups of 2-pyridone and l-methyl-2-pyridone 
(Fig. 1). The I R band intensity of the monomer 
relative to that of the dimer increases with change 
of solvent from benzene to dioxane. O n the assump­
tion that the molar absorption coefficient of the C = 0 
group of the dimer is approximately equal to that 
of the monomer, we conclude that the concentration 
of dimer is higher than that of monomer in benzene, 
and vice versa in dioxane. This is in line with the 
change of dipole moments observed in these solvents.2) 
For the sake of comparison we have measured the 
bands of 2-pyridone in the range 1650—1700 c m - 1 

in isooctane and chloroform. The result in each case 
is similar to that of benzene (Figs. 2(1), (3), and (6)). 

When the dimer of 2-pyridone belongs to the point 
group of the G2h symmetry, its 66 normal vibrations 
are grouped into the following four species. 

r = 23Ag + 10Bg + 11AU + 22BU 

1666 

or 

16781 

_l L. 
1660 

1700 1650 1700 1650 1700 

Wave number/cm"1 
1650 

Fig. 2. The IR C=0 absorption bands of 2-pyridone 
(1.2 X 10~2 mol dm~3) and l-methyl-2-pyridone (1.1 X 
10~2 mol dm -3) in various solvents: 
(1) 2-Pyridone in benzene, (2) 2-pyridone in dioxane, 
(3) 2-pyridone in isooctane, (4) l-methyl-2-pyridone 
in benzene, (5) l-methyl-2-pyridone in dioxane, (6) 
2-pyridone in chloroform. A cell of 0.5 mm path 
length was used. 

TABLE 1. IR AND RAMAN SPECTRA OF 2-PYRIDONE 

IRa,t» 
(cm-1) 

Ramana'c> 
(cm-1) 

1672 s 
1654 s 

1616 s 
1540w 
1468m 
1438m 
1375w 

1152m 
1095 w 

990 m 
903 w 
875 w 
840 w 

557m 

1625 w 

1539m 
1462 m 

1374m 
1256 s 
1153w 
1096w 
1008w 
988 w 

841 s 
613m 
549 m 
460 w 
387 w 

a) s, Strong; m, medium; w, weak, b) 4 .6x l0 _ 2 mol 
dm - 3 in chloroform, c) 1 mol dm - 3 in chloroform. 

The vibrations with species Ag and Bu belong to the 
in-plane vibration and the others to the out-of-plane 
vibration. The vibrations with species Ag and Bg 

are Raman-active, the others being infrared-active. 
In order to ascertain whether the dimer belongs 

to the point group of G2h or not, we measured the 
R a m a n spectrum of 2-pyridone^ in chloroform. The 
results are given in Table 1. Both the I R band at 
1654 c m - 1 and the R a m a n band at 1625 c m - 1 were 
assigned to the stretching vibration of the O O groups 
of the dimer, the former being strong and the latter 



Fig. 3. The UV absorption spectra of 2-pyridone in 
isooctane solution with UV absorption spectrum of 
l-methyl-2-pyridone in isooctane solution: 
(1) 1.68 Xl0~3 mol dm-3 2-pyridone, l m m cell, (2) 
1.68 X 10~4 mol dm-3 2-pyridone, 10 mm cell, (3) 
3.36 X 10~5 mol dm-3 2-pyridone, 50 mm cell, (4) 
1.68 Xl0~5 mol dm-3 2-pyridone, 100 mm cell, (5) 
1.0 X 10~4 mol dm - 3 l-methyl-2-pyridone, 10 mm cell. 

weak. If the 2-pyridone dimer has the G2h symmetry, 
the former should be assigned to the Bu species and 
the latter to the A g species. No band was found 
in the R a m a n spectrum near 1672 c m - 1 at which 
the carbonyl stretching band of the monomer was 
observed in the I R spectrum. The O O band of 
the monomer might be too weak to be observed in 
the R a m a n spectrum, since the concentration of mono­
mer is smaller than that of the dimer in chloroform. 
The 2-pyridone dimer seems to belong to the point 
group of G2h. T h e fact that the dipole moment of 
2-pyridone decreases with the change of solvent from 
dioxane to benzene also seems to support the inter­
pretation that the 2-pyridone dimer belongs to the 
point group of G2h. 

n-n* Absorption Spectrum of 2-Pyridone. The U V 
spectrum of 2-pyridone in isooctane in the concentra­
tion range 10~5—10~3 mol d m - 3 is shown in Fig. 3. 
In spectrum (1), the first TT-TT* absorption system of 
2-pyridone in the range 355—250 nm consists mainly 
of four vibrational bands. The first one appears at 
326.5 nm, the second at 311.0 nm, the third at 297.5 
nm corresponding to the band maximum, and the 
fourth at near 288 nm. Let us call these vibrational 
bands band system A. The concentration of 2-
pyridone in spectrum (4) is 10~2 times lower than that 
of 2-pyridone in spectrum (1). In spectrum (4) band 
system A appears clearly, the other vibrational bands 
being observed at 337.5, 319.7, 305.0, 293.3, and 
279.5 nm. Let us call these new vibrational bands 
band system B. 

O n the other hand, the first n-n* absorption sys­
tem of l-methyl-2-pyridone shows the vibrational 
bands at 334, 319, 308, and 294 nm (Fig. 3(5)). The 
vibrational band at 308 nm is the band maximum of 

t The measurement, made at the laboratory of Prof. 
M. Ito, Tohoku University, was carried out in chloroform 
since the solubility of 2-pyridone in carbon tetrachloride is 
low. 

Fig. 4. The U V absorption spectra of 2-pyridone ( 1.6 X 
10-3moldm-3) and l-methyl-2-pyridone (1.0xl0~3 

mol dm -3) : (1) 2-pyridone in isooctane, (2) 2-pyridone 
in DMSO, (3) l-methyl-2-pyridone in isooctane, (4) 
l-methyl-2-pyridone in DMSO. A cell of 1 mm path 
length was used. 

this system. The four bands seem to be related with 
the respective vibrational bands of 2-pyridone in 
isooctane, i.e., the bands at 337.5, 319.7, 305.0, and 
293.3 nm. The absorption spectra of 2-pyridone and 
l-methyl-2-pyridone may be expected to be similar in 
their spectral features, since the ^-charge densities and 
Ti-bond orders of 2-pyridone and l-methyl-2-pyridone 
calculated by the CNDO/2 method are approximately 
equal to each other (Fig. 1). Good correspondence 
is seen between band system B of 2-pyridone and the 
vibrational bands of the first TI-TI* absorption of 1-
methyl-2-pyridone (Fig. 3). 

In order to confirm which of the two molecular 
species of 2-pyridone is responsible for the appearance 
of band system B, we measured the absorption spectra 
of 2-pyridone and 1-methyl-2-pyridone in D M S O 
(Fig. 4). Each vibrational band position/intensity of 
1-methyl-2-pyridone in isooctane solution is close to 
that in D M S O solution. The vibrational band fea­
tures of 2-pyridone in D M S O are close to those of 
band system B (spectrum (4), Fig. 3). For the sake 
of comparison the molecular weight of 2-pyridone 
was determined by means of freezing point depression, 
benzene and D M S O being used as solvent. The ob­
served values in benzene and D M S O are 217.1 and 
96.3, respectively. The former is 2.28 times greater 
than the calculated molecular weight 95.1 and the 
latter almost equal to it, suggesting that 2-pyridone 
exists mainly as a dimer in the benzene soild solu­
tion although some associated complexes larger than 
a dimer may be formed, while 2-pyridone exists mainly 
as a monomer in the D M S O solid solution. The 
U V spectrum of 2-pyridone in D M S O is related to 
the monomer species of 2-pyridone. Band system B 
may be due to the monomer species, since its vibra­
tional band position is close to that of 2-pyridone 
in D M S O (spectrum (4), Fig. 3). Band system A 
may thus be ascribed to the dimer species (Fig. 3). 
T h e band at 305.0 nm seems to be the maximum 
of the monomer band (Fig. 4). The energy dif­
ference of the maxima of the monomer and dimer 
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Fig. 5. The UV absorption spectra of 2-pyridone in 
isooctane-ethanol mixed solvents at room tempera­
ture. 
Concentration of 2-pyridone : 2.19 X 10~4 mol dm - 3 . 
Concentrations of ethanol (mol dm -3) : (1) 0, (2) 
7.0X10-2, (3) 1.5X10-1, (4) 5.0X10-1, (5) 2.0. 

absorptions is ca. 830 cm - 1 . 
The second n-n* absorption system of 2-pyridone 

appears near 230 nm (Fig. 3). The concentration ef­
fect on the system is not so clear as the first one. As 
shown in spectrum (4) of Fig. 3, the band maximum 
of the second system apparently splits into two (228.0 
and 230.5 nm) , although a similar splitting is also 
observed in spectrum (1). The splitting energy is 
ca. 480 cm - 1 . 

The U V spectrum of 2-pyridone changes with a 
change in the concentration of ethanol (Fig. 5). The 
band maximum of the first n-n* absorption system 
shifts toward longer-wavelengths with increase in the 
amount of ethanol, the second n-n* absorption sys­
tem, e.g., the peak at 228.0 nm, shifting toward shorter-
wavelengths accompanied by intensity decrease. 
When ethanol is added to an isooctane solution of 
2-pyridone, the shift direction of the first band is op­
posite that of the first band of l-methyl-2-pyridone.3> 

The n-n* transition of the monomer is related to 
the excited state of A' symmetry under the point 
group of the symmetry Gg, and that of dimer to the 
excited states of the Ag and B u symmetries under 
the point group of the G2h symmetry. Transition 
from the ground to the excited Ag state of the dimer 
is symmetry-forbidden, whereas transition to the ex­
cited Bu state is allowed by the dipole selection rule. 
Dimer formation gives rise to the paired excited states 
essentially based on the monomer electronic state. 
One of the states is lower in energy than the original 
monomer state and the other is higher if there is no 
remarkable difference between the solvent effects on 
the two molecular species. We have tentatively as­
signed the vibrational band at 337.5 nm to the 0-0 
band of the first n-n* absorption band of the 2-
pyridone monomer, since the vibrational band at 337.5 
nm is a member of system B which appears in D M S O 
solution. 2-Pyridone exists in D M S O almost as a 
monomer. The observed band maximum of the 2-
pyridone dimer at 297.5 nm seems to correspond to 
the second n-n* absorption band of the dimer with 

TABLE 2. CALCULATED TRANSITION ENERGIES (E), 

OSCILLATOR STRENGTH ( / ) , AND 7T-DIPOLE MOMENTS 

(ß) OF THE SINGLET 71,71* EXCITED STATES OF 

2-PYRIDONE MONOMER WITH 7T-DIPOLE 

MOMENT IN THE GROUND STATE 

State 

G 
1 
2 
3 
4 

E/eV 

0 
4.022 
5.356 
6.590 
6.703 

A/nm 

0 
308 
231 
188 
185 

/ 

0 
0.257 
0.334 
0.194 
0.664 

ß/D 

4.680 
2.502 
2.492 
2.966 
4.905 

Aobsd/nm 

305.0 

0.945 1.019 

1.055 6 

0.966 

0.810 0.509A 
2 > = 0 1.525 

NH 
1.679 

0.802 

0.802 
0.441 

0.733 
0.423 

NH 
0.442 

0.490 
0.663/ \ 0.673 

1.13 8 1.114 
/ \ 0.843 

0.952( V = 0 1.132 ( ) = Ö 
X 7 0 . 5 7 0 \ _ / ° - 3 ^ 
les NH 1.159 -NH 

1.662 0.375 

0.970 

1.160^ 

0.981 

0.864 0.669 

1.628 0.534 

Fig. 6. The calculated 7r-charge densities and 7r-bond 
orders of 2-pyridone in S0, S1? and S2. These calcu­
lations are based on the P-P-P SCF-MO-CI method. 
The uppermost drawing of this figure denotes the 
direction and the magnitude of the predicted dipole 
moments. 

the B u symmetry which is produced by the splitting 
of the monomer states on the formation of the dimer. 
The first n-n* absorption band of the dimer would 
thus correspond to the electronic transition to the 
xAg state. However, it might be difficult to observe 
the first n-n* absorption band of the dimer due to 
the symmetry-forbidden band by a dipole selection 
rule. I t is hard to decide which of the peaks at 230.5 
and 228.0 nm in the second absorption band belongs 
to the vibrational band of the dimer; one belongs 
to the peak of the monomer band and the other to 
that of the dimer as judged by the experimental re­
sults. 

T h e transition energies, oscillator strengths and n-
dipole moments in the excited states calculated by 
the P-P-P SGF-MO-GI method for the monomer 
of 2-pyridone are given in Table 2. The rc-dipole 
moment of the monomer is larger in the ground state 
than in the excited states except for the fourth-excited 
state. The calculated results suggest that the first 
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and second n-n* absorption bands of the 2-pyridone 
monomer might move toward the shorter-wavelength 
side on the hydrogen-bonding formation with ethanol. 
This might be reasonable from the solvent effect on 
the absorption and fluorescence spectra of 1-methyl-
2-pyridone.3) However, the first absorption band max­
imum of the 2-pyridone-ethanol system shifts to the 
longer-wavelength side (Fig. 5). This is opposite the 
shift of the first absorption band of the l-methyl-2-
pyridone-ethanol system, the band maximum of the 
2-pyridone-ethanol complex being located at a longer-
wavelength than that of the 2-pyridone dimer, and 
the former at a shorter-wavelength side than the band 
maximum of the monomer. Addition of ethanol to 
the isooctane solution of 2-pyridone disturbs the 
equilibrium between the monomer and dimer of 2-
pyridone. The hydrogen-bonded monomer of 2-pyri­
done with ethanol may increase and the dimer may 
decrease in concentration with an increase of ethanol. 
Thus, the band maximum of 2-pyridone moves to 
the longer-wavelength side, but the shift of the band 
maximum depends on the concentration of the dimer, 
monomer, and monomer-ethanol complex. 

The directions of transition moment for the first 
and second excited states, ^-charge densities, and n-
bond orders calculated by the P-P-P. SGF-MO-GI 
method for the ground and excited states of the 2-
pyridone monomer are shown in Fig. 6. There is a 
large difference in the jr-bond order and ^-charge 
density of the ground and first excited states. The 
calculated jr-bond orders suggest that there is a large 
change in bond length between the ground and first-
excited states, which is similar to the result for poly-
enals. A large deformation of the ring framework 
between the ground and first excited states may give 
rise to the band broadening of 2-pyridone (Fig. 3) 
as shown in polyenal11) and fulvene spectra.12) 

T h e photochemical dimerization property13) of 2-
pyridone in the first-excited state can be attributed 

to an increase in 7z-charge density at the C 3 and C6 

atoms and in rc-bond order between the C4 and C5 

atoms. 
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The relative sensitivities of an electron-capture detector for various polychlorinated biphenyls were meas­
ured at different temperatures. Generally, the sensitivities of these compounds become larger as the number 
of the chloro substituent increases. The temperature dependence of the electron-capture coefficients(K) for these 
compounds was also determined. These results show that the electron-capture reactions of polychlorinated bi­
phenyls containing less than four chlorine atoms proceed dissociatively, while for four chlorine atoms the reac­
tions proceed either dissociatively or non-dissociatively. For more than five chlorine atoms, the reactions almost 
always proceed non-dissociatively. 

The electron-capture detector (EGD) which exhibits 
a highly sensitive response to various organic com­
pounds containing halogen, oxygen, and sulfur atoms 
is used for the analyses of environmental pollutants. 
Many reports about EGD sensitivities for various com­
pounds have been published,1 - 4) but the temperature 
dependence of the sensitivity has not been considered 
in these studies. 

Wentworth et al*-1) and Kojima et al.8-11) studied 
the electron-capture phenomena by using the pulse-
sampling technique. From the temperature depend­
ence of the electron-capture coefficient (K) for various 
compounds, the activation energies and electron af­
finities were calculated. The present authors1 2 - 1 5) have 
also previously studied the EGD sensitivities and the 
temperature dependence for various environmental pol­
lutants using the D.G. mode. 

In this work, the EGD sensitivities and the tem­
perature dependence for various polychlorinated bi-
phenyl (PCB) isomers were determined. The correla­
tion between the EGD response and the chemical 
structure for these compounds was also studied. 

Exper imenta l 

Apparatus and Materials. A Varian aerograph, 2100-
type gas Chromatograph with an EGD (63Ni, 8.5 mCi) was 
used in this experiment. The applied voltage was supplied 
using the D.G. mode. A glass column ( 2 m m ^ x l . 8 m ) 
was packed with Gaschrom Q (100—120 mesh) coated 
with 2% Silicone OV-1. The extra pure nitrogen gas 
(Teikoku Sanso Co., Ltd.) used as a carrier gas was puri­
fied by passing it through two tubes (20 cm) packed with 
Molecular Sieve 5A and an Oxy-trap tube (Alltech Associate 
Co., Ltd., 4002 type) ; the flow rate was 30 cm3/min. The 
injector temperature was kept at 200 °G. The column 
temperature was set at 150 °G (1—3 chlorinated biphenyls) 
and at 180 °G (4—6 chlorinated biphenyls). The detector 
temperature was varied from 210 °G to 340 °G. 

The PCB isomers (Analytical Standard, Analab Co., 
Ltd.), hexachlorobenzene (HCB) (special grade from Wako 
Pure Chemical Co., Ltd.) and pentachlorobenzene (PTGB) 
(guranteed grade from Tokyo Chemical Co., Ltd.) were 
used without further purification. All the substances were 
used as hexane (pesticide analytical grade from Wako Pure 

t This report constitutes part IV of "The Correlation 
between Electron-capture Detector Response and the Chem­
ical Structure." 

Chemical Co., Ltd.) solutions and were checked by gas 
ch romatography. 

Procedure. The relative sensitivity (R.S.) was cal­
culated from the relative peak area per mole of the com­
pound, using HCB as a standard. The relative retention 
time (R.R.T.) was obtained at a column temperature of 
150 or 180 °C by using HCB as a standard. The sample 
size was chosen so as to keep the peak area within a linear 
range on the calibration curve. The K values, the electron 
affinities (EA'), and the R.S. values were calculated by the 
method reported in a previous paper.12) The temperature 
dependence of the K values was shown by plotting the 
logarithm values of K or KT3/2 against l/T, where T was 
the absolute temperature of the detector cell, which had 
been predetermined by inserting a Fe-Constantan thermo­
couple into a vacant ECD cell. 

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

Relative Sensitivities of ECD and Relative Retention Times 
for PCBs. For various PGBs containing 1—6 chlo­
rine atoms, the R.S.s of EGD at the detector tem­
peratures of 230 °G, 290 °G and 320 °G and the R. 
R.T.s are tabulated in Table 1. The R.S.s of PGBs 
ordinarily become larger as the number of chloro 
substituents increases. These results agreed with the 
reports by Zitko et al.16) and Gregory et al.17) The 
R.S. of PGBs containing the same number of chlo­
rine atoms are not equal, but they depend upon the 
position of the chlorine substituents. The R.S.s of 
monochlorinated biphenyls (Gl-PGB) were in the 
order of: 2-chlorobiphenyl>4-chlorobiphenyl>3-chlo-
robiphenyl; the R.S. of 3-chlorobiphenyl was especial­
ly small. The R.S.s of dichlorinated biphenyls (2C1-
PGB) were in the order of: 4,4'-dichlorobiphenyl> 
3,3'-dichlorobiphenyl > 2,2'-dichlorobiphenyl. These 
orders of the R.S.s for mono- and dichlorobiphenyls 
are in accordance with the report by Gregory et al.17) 
The R.S.s of tri- and tetrachlorobiphenyl were in­
creased by one order of magnitude over those of 
dichlorobiphenyls. Among the pentachlorobiphenyls, 
the EGD sensitivity of 2,3,4,5,6-pentachlorobiphenyl 
was the highest. This compound has five chloro 
substituents and one phenyl substituent on a benzene 
ring. The R.S. of the compound was on the same 
level as that of pentachlorobenzene. The R.S. value 
of 2,2'3,5'6-pentachlorobiphenyl, which has three 
chloro substituents on the 2- or 6- position, was the 
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"1.5 2.0 2,5 

Foil temp, T^/kK-1 

Fig. 1. Temperature dependence of K values meas­
ured at a column temperature of 150 °C. 
1 ; 2-Chlorobiphenyl, 2 ; 3-chlorobiphenyl, 3 ; 4-chloro-
biphnyl, 4; 2,2'-dichlorobiphenyl, 5; 3,3'-dichloro-
biphenyl, 6; 4,4'-dichlorobiphenyl, 7; 2,3',5-trichloro-
biphenyl. 

smallest. 
As the number of chloro substituents increases, the 

R.R.T. value of PCB become larger, much as with 
the R.S. values of PCB. As to the PCB containing 
the same number of chlorine atoms, when the com­
pound has fewer chlorine atoms on the 2- or 6- posi­
tion, the value of R.R.T. is larger than those of the 
other compounds. 

The Temperature Dependence of the ECD Response for 
PCBs. T h e temperature dependence of the K 
values of PCBs was examined in order to obtain some 
information about the electron-capture reactions of 
PCBs. Figures 1, 2(a), and 2(b) show the tempera­
ture dependence of the K values of the PCB isomers. 
The values of electron affinities (EA') and/or the ac­
tivation energies (£*) were calculated; they are tab­
ulated in Table 2. The K values of the PCBs which 
contain fewer chloro substituents, such as mono-, di-, 
and trichlorinated biphenyls, become larger as the 
detector temperature increases. Therefore, the reac­
tion of these PCBs appears proceeds dissociatively. 
The E* values of Gl-PGBs were in the order of: 
3-chlorobiphenyl > 4-chlorobiphenyl > 2-chlorobiphenyl. 
This order seems to be consistent with the degree of 
difficulty in eliminating chloro substituents. O n the 
other hand, the R.S.s of Gl-PGB were in the order of: 
2-chlorobiphenyl > 4-chlorobiphenyl > 3-chlorobiphenyl ; 
this order agrees with that of the ease of eliminating 
chloro substituents. However, the order of the E* 
values of 2Cl-PCBs was 4,4 ,-dichlorobiphenyl>3,3 '-
dichlorobiphenyl>252'-dichlorobiphenyl, the same as 
that of the R.S.s. 

The temperature dependence of the K values of 
tetra-, penta-, and hexachlorinated biphenyl are shown 
in Figs. 2(a) and (b). The K values of 2,2',3,3'-, 
2,2',4,5'-, and 2,2 / ,3,5 /-tetrachlorobiphenyl become 

" 1.5 2.0 2,5 

Foil temp, T-VkK-1 

Fig. 2 (a). Temperature dependence of K values meas­
ured at a column temperature of 180 °G. 
1 ; 2,2',4,5'-tetrachlorobiphenyl, 2; 2,2',3,3'-tetra-
chlorobiphenyl, 3; 2,3',4',5-tetrachlorobiphenyl, 4; 
2,3,4,5,6-pentachlorobiphenyl, 5; 2,2',3',4,5-pentachlo-
robiphenyl, 6; 2,2,,3,5,,6-pentachlorobiphenyl, 7; 2,2', 
3,4,4',5'-hexachlorobiphenyl, 8; hexachlorobenzene. 

Foil temp, T^/kR" 1 

Fig. 2(b). Temperature dependence of K values meas­
ured at a column temperature of 180 °G. 
1; 2,2',3.5'-tetrachlorobiphenyl, 2; 2,2',4,5,5'-penta-
chlorobiphenyl, 3; 2,2',3,3',4,4'-hexachlorobiphenyl, 
4; 2,2/,3,4,5/-pentachlorobiphenyl, 5; pentachloro-
benzene. 

larger as the detector temperature increases; therefore, 
the EG reactions of these tetrachlorinated biphenyls 
seem to proceed dissociatively. O n the contrary, the 
K value of 2,3',4',5-tetrachlorobiphenyl become smaller 
as the detector temperature increases, so the EG reac­
tion of this PGB isomer seems to proceed non-dis-
sociatively. From Fig. 1, the EG reaction of 2,3',5-
trichlorobiphenyl seems to proceed dissociatively. The 
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T A B L E 1. RELATIVE SENSITIVITIES FOR RELATIVE RETENTION TIMES OF POLYCHLORINATED BIPHENYLS 

Compound 

2-Chlorobiphenyla> 
3-Chlorobiphenyla) 
4-Chlorobiphenyla> 
2,2'-Dichlorobiphenyla) 
3,3'-Dichlorobiphenyla> 
4,4'-Dichlorobiphenyla) 
2,3',5-Trichlorobiphenyla> 
2,2',3,3'-Trichlorobiphenylb> 
2,2,,3,5'-Tetrachlorobiphenylb> 
2,2', 4,5 '-Tetrachlorobiphenylb> 
2,3',4,,5-Tetrachlorobiphenylb> 
2,2/,3,5'J6-Pentachlorobiphenylb> 
2,2',3',4,5-Pentachlorobiphenylb> 
2,3,4,5,6-Pentachlorobiphenylb> 
2,2'33;4,5'-Pentachlorobiphenylb) 
2J2',333

/
54,4,-Hexachlorobiphenylb) 

2,2,,35454
/,5/-Hexachlorobiphenylb) 

Pentachlorobenzeneb> 
Hexachlorobenzenea> >b) 

Relative 
sens 

(320 °G) 

l.OOxlO-3 

1.03x10-* 
5.31x10-* 
2.43 x lO- 3 

3.22X10-3 

3.68X10-3 

4.16X10-2 

7.50X10-2 

4.21x10-2 
4.59x10-2 
1.03X10-1 

6.53x10-2 
1.03X10-1 

7.64X10-1 

1.52X10-1 

2.85x10-1 
3 .10x10-! 
7.69x10-1 
1.00 

Relative 
sens 

(290 °C) 

1.30X10-3 

7.78x10-5 
4.73x10-* 
2.02x10-3 
2.52x10-3 
3.02x10-3 
3.24x10-2 
5.47x10-2 
2.91x10-2 
3.46x10-2 
1.03x10-1 
4.86x10-2 
8.71x10-2 
7.05x10-1 
1.24x10-1 
2.74x10-1 
2.91x10-1 
9.14x10-1 
1.00 

Relative 
sens 

(230 °G) 

9.47 XlO-4 

3.44 XlO-5 

2.49x10-* 
1.25X10-3 

1.75x10-3 
1.41x10-3 
1.46x10-2 
2.42x10-2 
1.44x10-2 
1.57x10-2 
1.36x10-1 
3.39x10-2 
8.95x10-2 
6.50x10-1 
1.30x10-1 
2.40x10-1 
2.52x10-1 
1.16 
1.00 

Relative 
retention 

time 

0.42 
0.55 
0.57 
0.67 
1.22 
1.32 
1.77 
2.70 
2.37 
2.15 
3.13 
3.23 
4.41 
4.57 
4.54 
9.93 
8.43 
7.29 
1.00 

a) The values of the relative sens, and the relative retention t ime for the compounds marked a) were measured 
at a column temperature of 150 °C. b) The values of the relative sens, and the relative retention time for the 
compounds marked b) were measured at a column temperature of 180 °C. 

T A B L E 2. A P P A R E N T ELECTRON AFFINITIES {EA') AND ACTIVATION ENERGIES (£*) 

FOR POLYCHLORINATED BIPHENYLS 

Compound 
£ * 

k j mol-

EA' 

k j mol - 1 

2-Chlorobiphenyl 

3-Chlorobiphenyl 

4-Chlorobiphenyl 

2,2'-Dichlorobiphenyl 

3,3'-Dichlorobiphenyl 

4,4'-Dichlorobiphenyl 

2,3',5-Trichlorobiphenyl 

2,2' ,3,3'-Tetrachlorobiphenyl 

2,2' ,3,5'-Tetrachlorobiphenyl 

2,2' ,4,5 ,-Tetrachlorobiphenyl 

2,3' ,4' ,5-Tetrachlorobiphenyl 

2,2' ,3,5' ,6-Pentachlorobiphenyl 

2,2',3'4,5-Pentachlorobiphenyl 

2,2' ,4,5,5'-Pentachlorobiphenyl 

2,3,4,5,6-Pentachlorobiphenyl 

2,2',3,4,5'-Pentachlorobiphenyl 

2,2',3,3 / ,454 /-Hexachlorobiphenyl 

2,2'}3}4,4 ,
55'-Hexachlorobiphenyl 

Pentachlorobenzene 

Hexachlorobenzene 

3 .9 (526—436) 

25 .2 (512—436) 

16.0 (496—436) 

10.2 (512—436) 

14.1 (512—464) 

2 1 . 4 (512—436) 

12.2 (499—450) 

17.9 (496—435) 

13.7 (510—435) 

12.4 (496—435) 

1.7 (510—463) 

6 . 5 (510—489) 

22 .6 (489—435) 

27.1 
16.6 

31.5 
12.2 
15.7 
17.5 
8.2 

30.5 
13.0 

(510-
(463-

(510-
(510-
(510-
(510-
(510-
(510-

-435) 
-435) 

-435) 
-436) 
-435) 
-476) 
-449) 
-463) 

(510—463) 

The values of E* and EA' for the compounds 
are shown in parentheses. 

were determined at the ranges of detector temperatures (K) which 
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EG reaction of 2,2',3,5'-tetrachlorobiphenyl(2,2'3',5-
tetrachlorobiphenyl), with one more chloro substituent 
added on the 2'-position to 2,3',5-trichlorobiphenyl, 
is of the dissociative-reaction type, but 2,3',4',5-tetra-
chlorobiphenyl, with one more chloro substituent add­
ed on the 4'-position to 2,3',5-trichlorobiphenyl, is of 
the non-dissociative-reaction type. 

These phenomena can be explained in the follow­
ing way. T h e latter compound is able to form a 
stable negative ion by catching an electron, and so 
the EG reaction proceeds non-dissociatively, but it is 
difficult for the former compound, containing more 
chloro substituents on the 2- or 2'-position, to form 
a stable negative molecular ion because of steric hin­
drance. The EG reactions of penta- and hexachlo-
rinated biphenyls seem to proceed non-dissociatively. 
These are of the same reaction type as the PTCB, 
HGB, and BHG isomers which contain five six chloro 
substituents. These compounds seems to be able to 
form stable negative ions by catching electrons. 

Karasek18) studied the EG reaction of PCB com­
pounds by means of plasma chromatography. He 
reported that the peaks corresponding to PGB-ion 
complexes appeared in negative plasmagrams for tetra-
to decachlorobiphenyl compounds. O n the other 
hand, as to mono- and dichlorobiphenyl compounds, 
no peak corresponding to the negative PGB-ion com­
plex was observed in negative plasmagram; only posi­
tive-ion peaks corresponding to the PGB molecule 
with an added water molecule introduced into the 
carrier gas were observed. These phenomena are con­
sidered to show that these higher-chlorinated biphenyl 
compounds form stable negative ions, while lower-
chlorinated biphenyl compounds do not. This sup­
ports our experimental results. Therefore, it is con­
sidered that the EG reactions of lower-chlorinated 

biphenyls proceed dissociatively, while those of higher-
chlorinated biphenyls proceed non-dissociatively. 
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Molecular Deformation Caused by Hydrogen Bonding. 1,3-Dimethylurea 
Kunio FUKUSHIMA* and Takeshi K A W A I 

Department of Chemistry, Faculty of Science, Shizuoka University, 836 Oya, Shizuoka 422 
(Received October 16, 1980) 

Synopsis. Raman spectra of 1,3-dimethylurea were 
measured for the crystalline state, acetone (proton acceptor) 
solution and water and methanol (proton donors) solutions. 
Remarkable differences were observed among the spectra 
of the aqueous solution and those of the acetone solution 
and the crystal. The difference is interpreted as due to 
the molecular deformation caused by hydrogen bonding. 

Urea dissolves almost freely into water to form a 
solution similar to an ideal solution.1) I t is expected 
that the interaction of urea molecule with water mol­
ecules in an aqueous solution is strong enough to 
cause deformation of some parts of molecules as­
sociated with a change of the valence state of nitrogen 
atom (sp2 state-^sp3 type state) by hydrogen bonding 
to the atom. This deformation in aqueous solutions, 
if it exists, may be found most effectively by R a m a n 
spectroscopy. A recent unpublished study of R a m a n 
spectra of urea in aqueous solutions by one of the 
present authors suggested the presence of the defor­
mation, but the experimental results were not clear 
enough to be certain about it. In the present study, 
a related molecule, 1,3-dimethylurea, which is expect­
ed to show considerable frequency changes of its skele­
tal deformation vibrations associated with molecular 
deformation, was examined by R a m a n spectroscopy. 

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

Commercial 1,3-dimethylurea (grade EP, wako Chemicals 
Co., Ltd.) was used for preparation of the sample solutions: 
aqueous solution (#=0.065); acetone solution (#=0.096); 
methanol solution (#=0.176); water-heavy water solution 
(x=0.151, *D2o=0.412, xH2o=0.437), heavy water solution 
of l,3-dimethylurea-d2 (A:=0.113), where * denotes mol frac­
tion of 1,3-dimethylurea or l,3-dimethylurea-</2. The heavy 
water was purchased from Merck Co., Ltd. (99.75%). 
Raman spectra were recorded on a Model 800T Raman 
Spectrophotometer (Japan Spectroscopic Co., Ltd.) using 
the excitation line of 514.5 nm (300 mW) of a Spectra Physics 
argon ion laser (model 165). Spectra of solutions were 
obtained by use of 0.3 ml Raman cells, while those of the 
crystal were obtained with a sample disc. The spectra 
were obtained under four time accumulations and with 
the resolution of 5 cm -1. 

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

In the following discussion, refer to Table 1 and 
Fig. 1. Observed R a m a n bands of crystalline 1,3-
dimethylurea are consistent with previous works.2-4) 
These bands persist in the spectrum of the compound 
in acetone (proton acceptor), while a new band hav­
ing lower intensity appears at 875 cm - 1 . Since the 
Raman bands of the crystal of 1,3-dimethylurea in 
the region below 1000 c m - 1 are due to skeletal vibra­
tions,3) the presence of the band at 875 c m - 1 suggests 
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Fig. 1. Raman spectra (/„) of 1,3-dimethylurea and 

1,3-dimethylurea-ö?2-
(A) Acetone solution, A: acetone band, (B) crystal, 
s: spontaneous emission line, (G) aqueous solution, 
(D) water-heavy water solution, (E) methanol solu­
tion, M: methanol band, (F) l,3-dimethylurea-</2 in 
heavy water. 

that another species, having a molecular skeleton dif­
ferent from that in the crystal, is generated in the 
solution. However, the abundance of the species is 
very low, because the relative intensity of the band 
is very weak. For the aqueous solution, a very in­
tense band at 891 cm" 1 and three other bands at 
353 cm"1 , 573 cm"1 , and 643 cm" 1 appear, and the 
same is the case for the methanol solution. More­
over, it was confirmed that the relative intensities 
of the four bands increase as the mol fraction of water 
or methanol (proton donor) in the solutions increases. 
Considering the remarkable spectrum change associ­
ated with solution, these four bands may be due to 
molecules deformed by being hydrogen bonded or 
due to the skeletal vibrations of non-deformed mol­
ecules, which include N H deformation modes and, 
therefore, are expected to change their frequencies 
considerably by hydrogen bond formation. T h e latter 
explanation is not reasonable, because the spectra of 
1,3-dimethylurea in water-heavy water solution show 
that the frequencies of these four bands do not change 
much by JV-deuteration. The band at 891 cm" 1 forms 
a pair with the band of the crystal at 932 cm"1 , which 
is assigned to a coupled vibration of the C H 3 - N 
stretching mode and the GH 3 rocking mode.3) The 
band at 643 cm" 1 and 573 cm" 1 exist in the spectra 
of aqueous solutions instead of the band of the crystal 
at 510 cm"1 , which is assigned to a skeletal defor­
mation vibration of the G H 3 - N H - G O - N skeleton.3) 
The band at 353 c m - 1 forms a pair with the band 
of the crystal a t 244 c m - 1 , which is assigned to a skel-
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TABLE 1. OBSERVED SHIFT FREQUENCIES OF RAMAN BANDS OF 1,3-DIMETHYLUREA AND 1,3-DIMETHYLUREA-<4 (in cm-1) 

Crystal 

V 

244 

510 

932 

1043 

1179 
1195 

/ 

6 

100 

93 

2 

22 
11 

Aq soin 

V 

? 

353 
510 
573 
643 

891 
930 

1033 

1052 

1161 
1176 

7 

I 

sh 
15 
100 
Ï? 
11 

86 
99 

1 
1 

11 

68 
sh 

P 
? 

0.16 
0.14 
0.29 
0.15 

0.04 
0.05 

? 

0.14 
0.06 

? 

Acetone soin 

V 

? 

343 
506 

875 
924 

1175 
? 

I 

sh 
6 

100 

20 
76 

31 
sh 

P 
? 

0.50 
0.31 

0.31 
0.07 

0 
? 

Methanol soin 

V 

? 

348 
506 
572 
640 

890 
926 

1035* 

1155* 
1175* 

? 

I 

sh 
9 

100 
5 
6 

42 
95 

5 
47 
sh 

P 
? 

0.20 
0.14 
0 
0 

0.42 
0.04 

0.40 
0.33 

? 

H20-D20 soin 

V 

? 

350 
504 
572 
635 
840 

870 
915 
925 
968 
1007 
1044 
1055 

1175 
? 

/ 

sh 
16 
100 
13 
17 
sh 
85 
82 
sh 
25 
10 
5 
sh 

52 
sh 

P 
? 

0.32 
0.18 
0.30 
0.17 

0.06 
0.06 

? 

0.14 
0 
0.14 

0.10 
•? 

l,3-dmu-</2 h 

v I 

350 
503 
570 
635 
840 
870 
910 

968 
1008 

1130 

1175 

1210 

8 
51 
7 
17 
3 

100 
83 

14 
30 

5 

17 

5 

i D20 
v 

p 

0.15 
0.13 
0.30 
0.14 

0.04 
0.04 

0.12 
0 

0.30 

0.09 

0.10 

v: Shift frequency below 1220 cm -1, / : relative intensity, p : depolarization ratio, *: overlapped by solvent band, 
l,3-dmu-J2 : l,3-Dimethylurea-</2. 

etal vibration of C H 3 - N H - C skeleton.3) Thus, these 
four bands are interpreted as generated by defor­
mation of the C H 3 - N H - G skeleton. Therefore, it is 
most probable that 1,3-dimethylurea undergoes mo­
lecular deformation when it acts as a proton acceptor 
at its nitrogen atom. But the presence of the band 
at 875 cm" 1 in the spectrum of acetone (proton ac­
ceptor) solution seems to be contradictory with our 
explanation, even though it is very weak. However, 
this band may be ascribed to the molecules whose 
C H g - N H - G skeletons are deformed by the N - H . . N 
hydrogen bonding between 1,3-dimethylurea mole­

cules. 
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The Far-infrared Absorption Intensities and the Dipole Moments 
of Acetone and Dimethyl Sulfoxide in Solutions 

Yusei O H K U B O * and Masao KIMURA 
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Synopsis. The effective dipole moments of acetone 
and dimethyl sulfoxide in nonpolar solutions were obtained 
from the far-infrared absorption intensities on the basis 
of an extended Onsager model with an eccentric point dipole. 

Dipolar molecules in the liquid phase have absorp­
tions in the far-infrared region1-5) due to the rota­
tional motion of the molecules and the temporary 
dipole moments induced by collision. However, the 
collision-induced absorption is generally much weaker 
than the dipolar absorption.6) If the far-infrared ab­
sorption is attributed solely to the rotational motion 
of the molecule, the effective dipole moment can be 
obtained using Gordon's sum rule7) after correcting 
for the internal-field effect.8'9) In a previous study 
of CH 3 I , GHG13, GH2G12, and GH 3GN in solutions,5) 
the far-infrared absorption intensities were explained 
successfully by taking into account the internal-field 
effect and the internal moment10) based upon Onsager's 
model. In the present study, far-infrared absorption 
intensities were measured for acetone and dimethyl 
sulfoxide (DMSO) in dilute G6H6 , GG14, G2G14, and 
n-G6H14 solutions. T h e observed intensities, however, 
cannot be interpreted by the same model as was em­
ployed in the previous study. Therefore, the model 
for the reaction field has been extended to a model 
with an eccentric dipole-location. 

Exper imenta l 

The far-infrared spectra were measured at room tem­
perature by means of an apparatus described previously.5) 
Solutions were prepared from spectroscopic-grade reagents 
except for the deuterated compounds, which were already 
more than 99.6% pure when obtained from GEA and Merck. 
The concentration range was 0.06—0.17 M. 

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

The absorption coefficients, o(v), of the solutes in 
nonpolar solvents are given by: 

a(v) = (l/pl)\n(T0/T)v, (1) 

where p is the concentration (molecules cm - 3 ) ; /, 
the sample thickness (cm), and T0 and T, the trans-
mittances of the solvent and the solution respectively. 
The observed results are shown in Fig. 1, where the 
fine broken lines indicate the spectra profiles assumed 

in order to obtain the intensities, A= I o{y)dv. The 

value of A for each solution was determined by meas­
urements at four concentrations. The results obeyed 
Beer's law. The A values were estimated, from the 
fluctuation of the four measurements, to be within 
± 3 % . The systematic errors are due mainly to un­
certainties in the assumed curves. The area of the 
assumed portion is 3—4% of the total area. Thus , 

Fig. 1. a) Far-infrared absorption bands of (GH3)2GO 
dissolved in GG14( ), in G6H6( ), and n-C6H14 

( ). b) Far-infrared absorption bands of (GH3)2-
SO dissolved in GG14( ), and in C6He( ). 

the total experimental errors in A were estimated to 
be ± 5 % at most. 

The intensities, as corrected for the internal field 
effect, Ac, are given as:8»9) 

Ae = xA, * = ns{[(n/ns)
2 + 2]/(fl2 + 2)}2, (2) 

where n and na are the refractive indices of the solute 
and the solvent respectively. For G2v symmetric mole­
cules, Gordon's sum rule is expressed by:7) 

A9 = (n/fi/3c*)(l/Ix+l/Ir), (3) 

where c is the velocity of light ; (x, the effective dipole 
moment taken along the z axis, and Ix and / y , the 
moments of inertia about the x and y axes respec­
tively. T h e n values, nY, obtained from Eq. 3 are 
shown in the fourth column of Table 1, together with 
the values of the moments of inertia and the permanent 
dipole moments in the gas phase, MQ- T h e Mi values 
for the H-compounds are in good agreement with 
those for the D-compounds, which have different mo­
ments of inertia. Furthermore, the Mi values are about 
10—30% larger than the nQ values for all the solu­
tions. 

In Onsager's model, the internal moment, M*, is 
expressed as : 1 0 , n ) 

M*i = Mo(n2 + 2)(2e+l)/3(2e+n2), (4) 

where s is the dielectric constant of the uniform me­
dium and can be replaced by n\ to a good approxi­
mation. T h e M* values calculated from Mo are listed 
in the fifth column of Table 1. However, the Mi 
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Solute 

(GH3)2GO 

(GD3)2GO 
(CH3)2SO 

(CD3)2SO 

Solvent 

G6H6 

GC14 

G2G14 

n-C6H,4 

GG14 

G6H6 

GC14 

G6H6 

CC14 

TABLE 1. 

A 
10-19 cm mol 

34.6 
35.8 
33.1 
29.5 
30.0 
40.6 
51.1 
35.6 
43.4 

OBSERVED 

MI 
- l 

3.65 

3.72 

3.57 

3.4, 
3.75 

4.43 

5.00 

4.5 , 
5.0! 

N O T E S 

INTENSITIES 

M\ 

3.26 

3.24 

3.26 

3.1 9 

3.24 

4.55 

4.5 , 
4.55 

4.5 , 

AND DIPOLE MOMENTS4) 

Mil 

D 

3.48 

3.56 

3.40 

3.28 

3.58 

4 .1 6 

4.7, 
4.23 

4.72 

M*u 

3.42 

3.38 

3.42 

3.3, 
3.38 

4.85 

4.79 

4.85 

4.79 

Mo 

2.93°) 

3.96") 
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/ b ) 

10-40gcm2 

4 = 82.56, I7= 170.9 

4 = 99.09, 4 = 209.2 
4=119 .3 , /y=198.9 

4=139.2 , 4 = 241.0 

a) I : The simple Onsager model; I I : The eccentric dipole model, b) Calculated from the rotational constants 
taken from Ref. 12. c) Ref. 13. 

values are larger by about 10% or more than the 
M* values except for that of D M S O in the G6H6 solu­
tions. Onsager's model was extended to a model 
with an ellipsoidal cavity and an eccentric point di­
pole.11) I t turned out that, in nonpolar solvents, the 
magnitude of the reaction-field effect was almost in­
dependent of the cavity shape, but was significantly 
dependent on the position of the dipole in the cavity. 
For a molecule with an eccentric point dipole in a 
spherical cavity, the internal-field correction factor, 
x, and the internal moment, /**, are given by:11) 

* = nB[3e/(2e+l)( l - / .a)]-«, (5) 

A«* = A / ( 1 - / • « ) , (6) 
where : 

/ = (I/O3) S [m*(m+l)(e-l)/(m + me + e)-\(s/a)*>*-*, (7) 

and where a is the average polarizability of the mole­
cule, a is the radius of the cavity, and s is the distance 
from the center of the cavity to the point dipole. The 
parameter , sja, is a measure of the eccentricity of 
the position of the dipole. a and a are related in a 
good approximation by:10) 

a = A3(n2-l)/(n2 + 2). (8) 

If s=0, Eqs. 5 and 6 reduce to Eqs. 2 and 4. T h e 
H and fi* values thus calculated with .y/a=0.3, Mu 
and tin, are shown in Table 1. There is no other 
means to confirm the propriety of the sja value. How­
ever, a good agreement between Mu and M*I is ob­
tained except for the C 6H 6 solutions of D M S O . For 
acetone, the internal moments are the least in the 
hexane solutions and almost the same in the other 
solutions, reflecting the dielectric constants of the sol­
vents. Unlike as in the results for acetone, the fiu 

value in the C 6H 6 solutions of D M S O is distinctly 
smaller not only than that in the GG14 solutions, but 

also than the fi*i value. There seems to exist a 
short-range ordering of G6H6 molecules around a 
D M S O molecule, such as the alignment of benzene 
rings perpendicular to the direction of the dipole mo­
ment of D M S O . T h e reaction field becomes weak 
because the axial polarizability of benzene molecules 
is smaller than the average polarizability, and so a 
Mu value smaller than the n*i value is obtained. 

T h e authors wish to thank Dr. Shun-ichi Ikawa for 
his valuable suggestions and discussions. 
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Fig. 1. Difference Spectrum of PS+CD against PS 
in aqueous solution at 15 °C. 
[PS]=2 .0x lO- 5 M, [CD] = 6 .0xlO- 3 M. 
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Synopsis. yS-Cyclodextrin added to the fluorescence 
quenching system of the title compounds has two effect, 
depression on dynamic quenching and binding between the 
fluorescer and quencher causing rapid quenching. 

Catalytic actions of cyclodextrins on various chem­
ical reactions are well known.1) Inclusion effects on 
excited state properties of organic molecules, such as 
fluorescence enhancement, have been investigated by 
several workers,2) but studies of the effects on inter-
molecular interactions from photophysical view points 
are still scarce.3) 

This paper gives results of addition effects of ß-
cyclodextrin (CD) on fluorescence quenching of so­
dium 1-pyrenesulfonate (PS) by aniline (A) in aque­
ous solutions. I t is concluded that CD acts as a me­
diator for ground state association between the fluo­
rescer and the quencher as well as acting as a retarder 
for dynamic quenching. Immediately after this work 
had been completed, a similar effect of CD was re­
ported by Kano et al.*> for fluorescence quenching 
of pyrene and PS by diethylamine. T h e enhance­
ment of the quenching induced by CD was very small 
because of a higher ionization potential of the ali­
phatic amine (8.51 eV) than that of the aromatic 
amine (7.68 eV) we used. A more efficient quench­
ing induced by such association together with retar­
dation for the dynamic quenching has been revealed 
from a general consideration of the intensities and 
lifetimes of fluorescence consisting of two components. 

Exper imenta l 

After measurements of absorption and fluorescence spec­
tra, fluorescence lifetimes were measured with a Hitachi 
time resolved photometer and an apparatus for ns flash 
photolysis.5) All measurements were carried out at 22 °G 
unless otherwise stated. Concentrations of CD and A were 
< 1 . 0 x l 0 - 2 and < 6 . 0 x l O - 3 M (1 M = l mol dm-3), respec­
tively. The PS was fixed at 2 .0x lO _ 5 M. Degassed solu­
tions of these concentrations were stable. 

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

T h e absorption and fluorescence spectra of PS alone 
agreed with those obtained by Klein et al.*) Addi­
tion of CD caused a slight red shift in the L a absorp­
tion band. This shift, similar to that in micellar 
systems6'7) originates from the hydrophobic property 
of a central void of CD. It gives an evidence for 
inclusion by CD. 

In order to study the inclusion further, the difference 
absorption spectra between PS with and without CD 
were measured (Fig. 1). With an increase in the 
amount of CD the positive (d+) and negative (d_) 
absorptions increase their amplitudes. No changes 

0 1 2 3 A 5 6 

[A]/10-3 M 

Fig. 2. Stern-Volmer plots for fluorescence yields and 
life-times of PS in the absence and presence of CD. 
[PS] = 2 .0x lO- 6 M, [CD] = 1.0xlO-2M. 

were observed in positions and shapes of the absorp­
tion bands. This indicates that PS included by CD 
has a characteristic absorption differing from that of 
the free PS. T h e separation of wavelength between 
d_ and d+ of the maximum amplitudes are « 4 6 0 
c m - 1 for the L a band and » 180 c m - 1 for the Lb band, 
respectively. T h e dependence of d+ and d_ on [CD] 
was analyzed by means of a modified Ketelaar equa­
tion, alà± = \j{bnKex)-\-\jex, where a and b are the 
initial concentrations of PS and CD, respectively, K 
is the association constant between PS and CD, ex 

the difference of molar extinction coefficients between 
complexed PS and free PS at a wavelength X, d± de­
notes d+ or d_, and n is the number of C D concerning 
the complex formation. The equation with « = 1 cor­
responds to the observed dependence, the K value 
for the 1:1 complex between PS and CD being ob­
tained to be 4 6 + 9 M " 1 at 15 °C. 

Fluorescence spectra with and without C D are very 
similar, their quan tum yields being almost the same. 
T h e Stern-Volmer plots for the fluorescence quench­
ing by A are shown in Fig. 2. In the case with no 
CD, both plots of 0J0 and rjr, where 0J® and 
T0 /T have their usual meanings, are in good agree­
ment with each other. The quenching rate con-
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TABLE 1. LIFETIMES AND QUENCHING CONSTANTS AND RATE 

CONSTANTS FOR THE SYSTEM WITH AND WITHOUT C D 

r0/ns 

Without CD 79+1 
With CD 76+1 

Ksr/M~i 

a b 

377+6 347+11 
381 + 13 175 + 23 

yio'M-1!-1 

a b 

4 . 7 + 0 . 1 4 . 4 ± 0 . 1 
5 . 0 + 0 . 2 2 . 3 + 0 . 3 

a) Obtained from the plots for 0o/0 and 0'o/0'. b) 
Obtained from the plots for T0/T and r'0/r'. 

stants (kq) were obtained to be 4.7 X 109 M - 1 s_ 1 from 
the 0J0 plot and 4.4 X 109 M " 1 s"1 from the rjr plot. 
In the case with CD, however, each plot for 0'o\0' 
and T ' 0 /T ' (the prime is used to distinguish the quan­
tities from those in the former case) splits with in­
crease in A. T h e difference in the Stern-Volmer con­
stants (KSY) estimated approximately from 0'<>\0' and 
To'/r' is larger than that given by Kano et al.*) For 
the purpose of comparison apparent quenching param­
eters and lifetimes in the presence and absence of 
CD are given in Table 1. 

T h e T' 0 and r' have been calculated according to 

the statistical definition of the lifetime, T S = / t<j>{t)-

dt J <fi(t)dt, where <j>(t) is an observed decay function 

of the fluorescence. T h e decay function in the ab­
sence of the quencher is nearly exponential in both 
cases with and without CD. This might be due to 
a slight change between the fluorescence lifetimes of 
the free and the complexed PS. However, the non-
exponential feature of the decay in the presence of 
CD becomes remarkable with increase of quencher. 
This indicates that at least these two kinds of fluo-
rescers, the free PS and the (PS--CD) complex, are 
quenched by A with a different rate. Since the com­
plex (the long life component) decays more slowly 
than the free PS, the excited PS in the complex has 
been protected to some extent from quenching. When 
the decay is non-exponential it is not correct to regard 
the discrepancy between 0'a\0' and T ' 0 /T ' (Fig. 2) 
as being due to the static quenching. In the present 
case the following consideration may be possible. 
Since the inclusion rate constants (A;a) in the ground 
state are of an order less than 107 M - 1 s - 1 in many 
cases,10) the excited state equilibrium between PS and 
the complex would not be attained within the lifetime 
(£aT0[CD] < 1 for T 0 = 7 9 ns and [CD] = 10~2 M ) . The 
excited species might decay independently of each 
other. If the observed decay functions can be 
expressed approximately by ^'{t)=A exp( — <x't)-\-B 
exp(-ß't) and <f>'0(t) = C exp(aü) in the presence and 
absence of the quencher, respectively, we have 

0; £mwc «• A+B 

n £w')*l£**»* _ «. A+w)B 
* / V « ) d t / / > W d t <-A+wrrB' 

where a' and ß' denote the rate parameters of the 

free and the complexed PS depending on [A], re­
spectively, and a'0 the one observed at [ A ] = 0 . A, 
B, and C are coefficients depending on [CD] and 
excitation wavelength. Since we can put a ' = a , cc<>~ 
a0, oc'>ß', and a / a o = 0 o / 0 = T o / r , the relations, TO/T'< 
T0/T (Eq. 3), T O / T ' < 0 O / 0 ' (Eq. 4), and 0^0'<0Qj0 
(Eq. 5), are obtained from Eqs. 1 and 2 at a certain 
concentration of the quencher. We see from Fig. 2 
that Eqs. 3 and 4 fit the observed results, but not 
Eq. 5. T h e results obtained from fluorescence in­
tensity give the relation, 0'O/0'^:0QI0. There is a 
discrepancy between the yield (0') obtained by the 
intensity measurements and the one calculated from 
the decay functions, the former being smaller than 
the latter. This suggests that there exists an addi­
tional quenching so rapid that it is impossible to de­
tect by decay experiments. I t would be reasonable 
to take into account the ground state association be­
tween the fluorescer and the quencher induced by 
CD, because such quenching occurs only with the 
coexistence of CD. A 1:1:1 complex among PS, CD, 
and A is plausible as suggested by Kano et al.4) Such 
a three component complex has also been suggested 
by Hamai in the system of 2-methoxynaphthalene and 
/»-dicyanobenzene in the presence of CD.8) 

T h e effects of CD on the intermolecular quench­
ing are summarized as follows. (1) Inclusion of the 
fluorescer and the quencher9) depresses the dynamic 
quenching by diffusive collision. (2) Mutual associa­
tion of the quenching pairs mediated by CD gives 
rise to rapid quenching. The second effect appears 
to be important as one of catalytic functions of CD 
in relation to the association between biological sub­
stances under a very low concentration. 

T h e authors are grateful to Mr . Noriaki Ikeda and 
Prof. Noboru Mataga, Osaka University for their ad­
vice and the supply of purified PS. 
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Synopsis. The photoelectrochemical behavior of p-
type semiconducting trans-(GH) x film in the presence of 
JV,JV'-dimethyl-4,4'-bipyridinium as the solution species is 
described. The spectral response of the photocurrent shows 
a mismatch with the absorption spectrum, and the quantum 
yield (»10 - 3 ) of the charge flow is extremely low. It is 
assumed that (CH)X film has a high trap density and that 
the lifetime of the photogenerated hole is limited by trapping 
and recombination in the space-charge region. 

In recent years, there has been a considerable in­
terest in the electrical and optical properties of poly­
acetylene, (GH)X, film as a new class of semiconducting 
material.1 - 6) A (CH)J.-sodium polysulfi.de solution 
photovoltaic cell has been fabricated as an active 
photoelectrode for a photoelectrochemical cell.7) Al­
though Chen et al. mentioned that the (CH)X photo-
cathode exhibited significant photoresponse with an 
open circuit voltage, F o c « 0 . 3 V, and a short circuit 
current, 7SC»40 uA/cm2, under illumination of approx­
imately 1 sun,7) the photoresponse ( F o c « 6 0 m V , / s c « l 
uA/cm2) in our work was very low. These results 
suggest that, in order to use the (GH)X as an active 
photoelectrode for a photoelectrochemical cell, it is 
of primary importance to characterize its general pho­
toelectrochemical behavior before any modification ex­
periments are performed. T h e studies reported here 
concern the basic photoelectrochemical properties of 
the trans-(QU) x film in the presence of iV,i^'-dimethyl-
4,4'-bipyridinium (MV2 +) as the solution species. 

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

The preparation of the trans-(GH)x film has been de­
scribed elsewhere.8) The film was about 0.1 mm thick. 
The conductivity of the film was found to be about 10 -6 

£l~x cm -1, as determined by the standard four-probe van 
der Pauw technique.9) The ohmic contact with a thin cop­
per sheet was obtained by the use of Electrodag on the shiny 
side of the (GH)X film. The preparation of the (GH)X work­
ing electrode was done according to Chen's method.7) 

Photocurrent measurements were performed under po-
tentiostatic conditions with a home-made potentiostat. 

The light source used in the study of the photoelectro­
chemical effect was a 100-W high-pressure mercury lamp 
with a glass filter (A<430 nm cut-off). A water filter with 
a 10-cm optical pathlength as a heat-absorbing filter was 
employed. Chemical actinometry for 436-nm-wavelength 
light, obtained by combination with a KL-43 filter, was 
carried out using the potassium ferrioxalate system. The 
measurement of the action spectrum of the photocurrent 
was done by the lock-in (NF Model LI-574) technique using 
a modulation of the light beam with 8 Hz. As a light source 
in this case, a Xe 500-W lamp was used, while a grating 
monochrometer (Nikon G-250) was employed for the wave­
length selection. 

Reagent-grade chemicals were used without further puri­
fication. All the solutions were deoxygenated for at least 

( b ) 
( a ) 

-A -3 -2 -1 0 °o 20 40 

(Potential oj. SCE)/V [MV3+]/mM 

Fig. 1. (a) Steady-state photocurrent vs. electrode po­
tential for 20 mM MV2+ in 1 M KCl (pH 5) at trans-
(CH)X electrode; (b) Steady-state photocurrent as 
a function of concentration of MV2+ (1 M KCl, pH 
5, £ / S C E=-1 .0V) . 

30 min with purified nitrogen before each experiment. All 
the experiments were carried out with the solution under 
nitrogen without stirring. 

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

Cyclic-voltammetric curve revealed that the (GH)X 

film did not react with M V 2 + in the dark at all. Figures 
1 (a) and (b) show the steady-state photocurrent-voltage 
characteristic and the dependence of the signal on the 
M V 2 + concentration respectively. The results can be 
qualitatively explained in terms of the p-type semi­
conducting properties of the (GH.)X film. T h e cath-
odic photocurrent indicates that M V 2 + acts as a pri­
mary acceptor of the electron as the minority carrier 
ejected from the (CH)X into the solution and can be 
attributed to the reduction of M V 2 + to the purple 
MV-+, as evidenced by the blue-purple color stream­
ing from the (GH)^ film surface at USCE< — 1.5 V. 
This fact suggests that the lower edge of the (GH)X 

conduction band is positioned at energies above the 
standard redox potential (—0.7 V vs. SGE) of MV2+/ 
MV-+.10) Figure 1(b) shows the observation of the 
signal in the absence of M V 2 + as well. The electron 
acceptor in this case remains unidentified, but dis­
solved oxygen gas as an impurity is a possible can­
didate, because 0 2 can mediate the transfer of the 
conduction-band electron across the (CH)X film-solu­
tion interface. The onset potential ( [ / g C E «0 .4 V) of 
the photocurrent, which approximately corresponded 
to the flat-band potential for the (CH)X electrode, 
was almost independent of the solution p H (1—13), 
and the signal decreased with the solution acidity 
when USGE was kept constant. When a solution con­
taining sodium polysulfide (20 m M as Na2S2) and 1 M 
(mol d m - 3 ) KCl at p H 11.6 was used,7) the photo-

polysulfi.de
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400 500 600 700 800 

Wavelength / nm 

Fig. 2. Spectral response (in arbitrary units) of trans-
(GH), electrode in 20 mM MV2++1 M KCl aqueous 
solution (pH 5). 
Dashed curve indicates absorption spectrum of trans-
(CH).p with about 1 [im in thickness. 

current was lower («0 .27 jxA/cm2 at £/SOE= — 1.0 V) 
than that of the 20 m M M V 2 + system at p H 5 ( « 0 . 4 5 
(xA/cm2 at f / S O E = - 1 . 0 V ) . This lower photocurrent 
may be mainly caused by an absorbance of the poly-
sulfide solution used, and we may conclude that, in 
the polysulfide electrolyte, ( G H ) , does not exhibit the 
significant photoresponse previously reported.7) 

In Figure 2 the spectral response of the (GH)X 

electrode is shown. The data on the vertical axis 
were obtained by dividing the photocurrent at a cer­
tain wavelength by the number of photons incident 
on the electrode. I t can be seen that the spectral 
response of the photocurrent shows a mismatch with 
the absorption spectrum of the (CH)X film, which 
exhibits an absorption maximum at 670 nm.11) Sim­
ilar behavior has been observed for the solid-state 
( C H ) , Schottky junction.12) The threshold of the pho­
tocurrent response is observed at about 830 n m ( « 1 . 5 
eV), in agreement with the direct-band gap calculated 
from the optical studies of the ( G H ) , film.1) The 
anticorrelation between the action and the absorp­
tion spectrum indicates that the light absorbed on 
the front suface of the (GH)X film is not effective in 
creating free-charge carriers. In effect, most holes 
generated on the front surface are not long-lived 
enough to diffuse into the space-charge layer, while 
holes generated within the bulk have a finite prob­
ability of transiting the space-charge layer to be reg­
istered as carriers in the external circuit. The rate 
of charge generation at a certain distance, x, from 
the front surface is proportional to exp(-kx)9 where 
k is the absorption coefficient of the (GH)X film (for 
example, A:670

Ä2 X 105 c m - 1 1 ) ) . Detailed studies of the 
photovoltaic response for ^ - ( C H ) , : n-CdS heterojunc-
tion have implied the existence of a meta-stable trap­
ping state 0.9 eV below the conduction band of the 
(CH)X film.6) Therefore, the anticorrelation may be 
explained by assuming that the (CH)X film has an 
excessively high trap density; if the penetration depth 
of the light (A<600 nm) is large, the trapping of the 
photogenerated holes may be insignificant compared 
to the case of about a 670 nm-wavelength light cor­
responding to the absorption maximum of the (GH)X 

film. The quan tum yield of the charge flow under 

the 436-nm-light irradiation was extremely low, being 
l x l O - 3 at i / 8 0 B = - 1 . 0 V in the 20 m M MV2+ + 1 
M KCl aqueous solution (pH 5). Furthermore, the 
light-intensity dependence of the photocurrent varied 
with the applied potential; the light-intensity exponent 
for the photocurrent was less than unity and increased 
from 0.8 to 0.9 as -USCE increased from 0.5 to 3.0 V . 
These results may be related to the recombination 
or trapping of the photogenerated holes in the bulk 
of the ( G H ) , film, which arises from the high trap 
density and which well limits the photocurrent to a 
significant level, if we consider that an increase in 
the electric field in the space-charge layer would 
cause the photogenerated holes to have an increasing 
chance of transiting the space-charge layer before 
being trapped.13) 
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Synopsis. An adsorption equation is postulated for 
predicting the adsorption isotherms of organic compounds 
from water on activated carbons. 

I t is known that the prediction of adsorption iso­
therms for a given adsorbent from the physical prop­
erties of the adsorbate is important for adsorbent-
adsorbate interaction. For gas-phase adsorption, 
Dubinin1) showed that the physical constants such as 
molar volume and parachor are useful for predicting 
the isotherms. Reucroft et al.2) studied the relation­
ship between the adsorbability and physical con­
stants and concluded that the molecular refraction 
gives a good correlation. In liquid-phase adsorption, 
Abe et al.z) have calculated partition coefficient of 
93 organic compounds between the solution and the 
adsorbed phases at an infinite dilution and examined 
the correlation with various physical constants. We 
present the following adsorption equation for predict­
ing the adsorption isotherms of organic compounds 
from water on activated carbons in terms of a physi­
cal constant. 

log X, calcd 

log X = <x0 + ß + y log C, (1) 

where X is the weight of solute adsorbed (mg/g), 
C the equilibrium concentration of the solute (mg/1), 
and a, ß, y are constants. The constant 0 represents 
the adsorbability of the adsorbate and is independent 
of the nature of adsorbent. We have tried to replace 
the 0 value with a physical constant such as molecular 
refraction or parachor. 

Equation 1 was applied to the adsorption isotherms 
of 22 aliphatic monofunctional compounds from water 
on an activated carbon at 25 °G,4) the data of 122 
plots being given to a H I T A G 10—II computer to 
determine the a, ß, y values by means of multiple 
regression analysis. The constants and statistic anal­
ysis for several physical constants are given in Table 1. 
High correlation coefficients have been obtained for 
molecular refraction and parachor. The result resem­
bles that in gas-phase adsorption. Standard devia­
tions, the t values in the Student test and the over-

Fig. 1. Prediction of adsorption isotherms of 22 ali­
phatic monofunctional compounds from water on an 
activated carbon. 
# : 1-Propanol, O : 1-butanol, ©: 1-pentanol, Q : 
1-hexanol, O : propionic acid, C : butyric acid, • : 
valeric acid, A : hexanoic acid, T : acetone, • : 2-
butanone, V : 2-pentanone G- 2-Hexanone, ©: di­
ethyl ether, ^ : dipropyl ether, S : methyl acetate, 
0 : ethyl acetate, B - propyl acetate, O : butyl ace­
tate, ^ : acetaldehyde, © : propionaldehyde, <>: 
butyraldehyde, \jk : valeraldehyde. 

all goodness of fit expressed by means of the F values 
indicate that Eq. 1 in which the 0 value is replaced 
with molecular refraction or parachor provides a sat­
isfactory approximation. Figure 1 shows a plot of 
log X observed vs. log X calculated by means of 

log Scaled = 0.0811 \R - 1.230 -f- 0.4895 log C. (2) 

We see from Fig. 1 that the molecular refraction gives 
a good prediction of the isotherms as shown by 

log *obsd = 0.99998 log * c a l c d - 0.000066. (3) 

(r=0.9685, ^0 .09400 , F=1018, / = 42.63) 

TABLE 1. MULTIPLE REGRESSION ANALYSIS FOR THE log X— <x0 + ß + ylog C EQUATION 

Physical constant 

Molecular refraction 
Parachor 
Molar-attraction constant 
Molecular weight 
Molar volume 

0 

R 
P 

IF 
M 
V 

a 

0.08111 
0.009448 
0.002779 
0.02290 
0.02067 

ß 
- 1 . 2 3 0 
- 1 . 4 4 5 
- 1 . 6 8 3 
- 1 . 1 4 6 
- 1 . 3 5 6 

y 

0.4895 
0.5007 
0.4335 
0.4383 
0.4704 

Multiple 
correlation 
coefficient 

r 

0.9685 
0.9671 
0.9337 
0.9198 
0.9181 

Standard 
deviation 

s 

0.09438 
0.09651 
0.1358 
0.1489 
0.1397 

Statistical test 

F 

901.5 
859.5 
404.6 
326.8 
300.5 

t(0) t(\ogC) 

40.88 17.17 
39.91 17.05 
27.30 10.73 
24.51 9.806 
23.61 10.69 

F(2, 60; 0.001) = 7.76, /(60, 0.001)^3.460. 
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TABLE 2. MULTIPLE REGRESSION ANALYSIS FOR THE log X= uR + ß + y log C EQUATION 

Activated 
carbon 

[Ä] 
[B] 
[G] 
[D] 
[ E ] 
[ F ] 
[G] 
[H] 

[ I ] 
[ J ] 
[K] 
[ L ] 
[M] 
[N] 
[O] 

[ P ] 
[Q] 
[R] 
[ S ] 
[ T ] 

a 

0.08407 
0.06397 
0.06214 
0.07344 
0.08439 
0.07755 
0.07095 
0.07318 
0.07232 
0.06798 
0.07390 
0.05782 
0.06805 
0.07847 
0.08109 
0.07351 
0.07543 
0.07846 
0.06239 
0.06926 

ß 
- 1 . 3 9 0 
-0 .4797 
-0 .4509 
- 1 . 3 2 8 
- 1 . 1 4 7 
- 1 . 1 1 7 
-0 .5225 
-0 .6517 
-0 .5587 
-0 .6728 
-0 .8544 
-0 .3705 
-0 .8374 
- 1 . 1 8 5 
-0 .9335 
-0 .9372 
- 1 . 1 7 8 
- 1 . 0 5 0 
-0 .4707 
-0 .8454 

7 

0.5461 
0.4312 
0.3823 
0.5220 
0.5137 
0.5126 
0.4074 
0.4354 
0.4037 
0.4283 
0.4377 
0.4229 
0.4562 
0.5622 
0.4906 
0.4527 
0.5277 
0.5501 
0.4220 
0.5206 

Number 
of data 

n 

12 
13 
13 
12 
13 
13 
13 
13 
13 
13 
13 
12 
13 
13 
13 
13 
13 
13 
13 
13 

Multiple 
correlation 
coefficient 

r 

0.9910 
0.9949 
0.9845 
0.9650 
0.9957 
0.9948 
0.9943 
0.9921 
0.9893 
0.9905 
0.9932 
0.9858 
0.9887 
0.9908 
0.9966 
0.9946 
0.9911 
0.9933 
0.9977 
0.9836 

Standard 
deviation 

s 

0.05971 
0.03543 
0.06103 
0.09909 
0.03989 
0.04184 
0.04018 
0.04866 
0.05616 
0.05137 
0.04627 
0.05011 
0.05636 
0.05577 
0.03400 
0.04128 
0.05439 
0.04675 
0.05411 
0.06853 

^ 
F 

247.3 
487.6 
157.7 
60.89 

578.4 
481.1 
435.7 
312.8 
229.2 
259.1 
363.9 
155.6 
218.0 
267.6 
724.5 
459.9 
275.9 
370.4 
200.3 
149.2 

Statistical 

' (*) 

22.22 
31.21 
17.76 
10.78 
33.53 
30.93 
29.45 
24.95 
21.33 
22.76 
26.88 
17.62 
20.88 
23.07 
37.58 
30.28 
23.48 
27.11 
20.00 
17.26 

test 

v 
*(logC) 

7.506 
11.14 
5.590 
3.580 

11.64 
10.35 
10.13 
8.780 
7.224 
7.525 
8.275 
7.429 
6.896 
8.514 

13.70 
9.383 
8.019 

10.43 
7.082 
6.775 

F(2, 9; 0.001) = 16.4, t(9, 0.001) = 4.781, *(9, 0.01) = 3.250. 

I n order to examine whether Eq. 1 is applicable 
to the other activated carbons with different adsorp­
tion capacities, the adsorption experiments were car­
ried out for 20 different activated carbons and 7 ali­
phatic monofunctional compounds (1-pentanol, butyric 
acid, hexanoic acid, 2-butanone, 2-pentanone, methyl 
acetate, butyl acetate). T h e results of multiple re­
gression analysis for Eq. 1 with molecular refraction 
are given in Table 2. T h e high muliple correlation 
coefficients indicate that Eq. 1 is applicable to ail 
the carbons. 

If the a, ß, and y constants for a given activated 
carbon are determined from the adsorption data of 

several compounds, the adsorption isotherms of many 
other aliphatic monofunctional compounds can be pre­
dicted from only the molecular refraction constant. 
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Synopsis. The gas-aqueous distribution equilibrium 
constant of mercury (0) was determined in the temperature 
range from 5 to 45 °G. The experiment was made by vol­
atilizing metallic mercury dissolved in water to the gas phase, 
which was connected with the absorption cell in a cold-
vapor atomic absorption spectrophotometer, and by meas­
uring the absorbance under gas-aqueous distribution equi­
librium conditions. The distribution equilibrium constant, 
[Hg]gas/[Hg]aq, was found, e.g., to be 0.40 + 0.02 at 25 °G. 
The effect of the concentration of NaCl on the distribution 
equilibrium constant was measured at 25 °G. The salting-
out effect was found to be expressed by the Setschenow 
equation, and the salting-out coefficient was found to be 
0.105. 

>Hg absorber 
P (KMnQ+H2SC0 

The behavior of mercury in an environment is in­
teresting, although rather complicated and still not 
entirely explainable. The most distinct difference be­
tween mercury and the other metals is the high vapor 
pressure of mercury, so that the mercury volatilizes1'2) 
from water surfaces, such as seas and rivers, to the 
atmosphere. The most important factor3) in the mer­
cury volatilization is the gas-aqueous distribution equi­
librium constant of mercury, although the distribu­
tion equilibrium constant has not yet been measured, 
to our knowledge. 

In this work, the distribution equilibrium constant 
was measured by volatilizing metallic mercury dis­
solved in water to the gas phase, which was connected 
with the absorption cell in a cold-vapor atomic ab­
sorption spectrophotometer. 

Exper imenta l 

Doubly distilled water was used throughout this work. 
All the chemicals were of an analytical reagent grade. Ana­
lytical-grade metallic mercury was further purified in the 
usual manner.4) 

By shaking the distilled water containing a few drops 
of the purified metallic mercury and 0.001 mol dm - 3 of 
phosphinic acid5'6) as a reducing agent to prevent the mercury 
oxidation, the mercury was dissolved in the water. The 
solution with the dissolved free mercury was prepared in 
the vessel shown in Fig. 1, and stirred by means of a mag­
netic stirrer. The mercury in the solution was equilibrated 
with the gas phase,7'8) which was connected with the ab­
sorption cell in a cold-vapor atomic absorption spectro­
photometer (Hiranuma, HG-1). The absorbance became 
constant under the gas-aqueous distribution equilibrium con­
ditions of mercury (first equilibrium conditions). The ab­
sorbance at equilibrium was measured, the stirring was 
stopped, and then the mercury vapor in the gas phase was 
swept by nitrogen gas into a (KMn0 4 +H 2 S0 4 ) absorber 
without disturbing the aqueous phase. When the absorbance 
had returned to zero level (base line), the same procedure 
was repeated and a second absorbance was measured (sec­
ond equilibrium conditions). The variation in the ab­
sorbance with the time is shown in Fig. 2. The experi­
ment was made in the temperature range from 5 to 45 °C, 

Fig. 1. Schematic diagram of apparatus. 
A: Atomic absorption spectrophotometer, C: absorp­
tion cell, D : cold trap, M : magnetic stirrer, P : pump, 
R: recorder, S: stopcock, T : thermostat, V: mercury 
solution. 

£ io 

£2 

[ Ai 

\f \ A2 

? ° 
K 0 1 2 3 4 5 

Time/min 

Fig. 2. Variation in absorbance with time at 25 °G. 
[Hg]0= 1-32 X 10-8 mol dm-3, FL=250 cm3, VQ= 
395 cm3. 

the precision of the temperature in the aqueous and the 
gas phases being +0.1 °C and ±0.5 °G respectively. 

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

The distribution equilibrium constant, K, for 
Hg(aq)^Hg(gaS) i s expressed as follows: 

K = [Hg]gas/[Hgjaq, (1) 

where [Hg] g a s and [Hg] a q are the mercury concentra­
tions in the gas and aqueous phases respectively. As­
suming that [Hg] 0 is an initial mercury concentra­
tion, VQ and FL are the volumes in the gas and aque­
ous phases respectively under the first equilibrium 
conditions : 

K = [Hg]gas i VL 
[ H g ] 0 F L - [ H g ] g a s l F G ^ ] 

and under the second equilibrium conditions: 

K [Hg]gas 2 VL ,„. 
[Hg]0 r L - { [ H g ] g a s l + [Hg] g a s 2 }F G ' K } 

where the subscript numbers 1 and 2 indicate the 
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Fig. 3. Temperature dependence of K. 

first and the second equilibrium conditions respec­
tively. The relation between the mercury concentra­
tion in the gas phase and the absorbance is expressed 
as follows: 

[Hg]gaS 1 = ^ 1 « 

[Hg]g a s 2 = A2 a, (4) 

where a is the mercury concentration in the gas phase 
per unit absorbance; it indicates a constant value 
if the temperature and the operating conditions of 
the spectrophotometer are fixed. Therefore, from 
Eqs. 2, 3, and 4, Eq. 5 is obtained: 

K=Al^x (5) 

The distribution equilibrium constant, K, can be de­
termined by measuring the absorbances, Ar and A2, 
under the gas-aqueous equilibrium conditions. In 
case of Fig. 2, A1 = 6.7 cm** and A2=4.l cm** were 
measured. Therefore, the value of Ä"=0.40 was cal­
culated from Eq. 5. The value of K obtained at 
25 °G is found to be 0.40 + 0.02 by measurements 
in the various cases of Vx from 100 to 500 cm3 and of 
[Hg] 0 from (0.35 to 1.64) X 10~8 mol dm" 3 . The con­
stant was found to be unaffected by the reducing-
agent concentrations of phosphinic acid between 0.0005 
and 0.02 mol dm" 3 . 

The standard Gibbs energies of the formation and 
the solution for the mercury element at 25 °C are 
31.8539) and 39KJ/mol 1 0 > respectively. Using these 
values, ^ = 0 . 7 4 is calculated. Compared with the 
K measured in this work, the calculated value is larger, 
though the ± 2 K J /mol differences of AG0 give about 
a 5-fold change of K in the calculating method of 
the free-energy change. The calculation of K by 
using the mercury solubility in water previously re­
ported gives iC=0.79 with Pariaud's data ( 1 . 3 x 1 0 - ' 
mol dm-3)1 1) and # = 0 . 3 4 with Moser's da ta (3.0 X 
10 - 7 mol dm - 3) . 5) According to recent solubility 
studies,4 '12 '13) the latter value is preferable. The dis­
tribution equilibrium constant in this work is reason­
able in view of the above discussion and the dilution 
of the mercury. The temperature dependence of K 

** The absorbances, Ax and A2, were expressed by the 
height of the absorbance (cm) on the recorder chart in the 
cold-vapor atomic absorption spectrophotometer. 

% 

1 2 3 A 5 
[NaCl]/mol dm-3 

Fig. 4. Salting-out effect at 25 °G. 
K„:K for water (0.40), Ka:K for NaCl solution. 

is shown in Fig. 3. 
Instead of distilled water, sodium chloride solutions 

were used under the same distribution equilibrium 
experiments. The effect of the concentration of NaCl 
on the distribution equilibrium constant is shown in 
Fig. 4. A salting-out effect was observed; it could 
be explained by the Setshenow equation14) for an 
aqueous electrolyte solution. The salting-out coef­
ficient was found to be 0.105 at 25 °C. 

Conclus ion 

The distribution equilibrium constant of metallic 
mercury between the aqueous and the gas phases 
was determined in the temperature range from 5 to 
45 °C by using a cold-vapor atomic absorption spec­
trophotometer and the equation derived from the 
material balance of the mercury. 

The effect of the concentration of NaCl on the 
distribution equilibrium constant was investigated at 
25 °C, and the salting-out coefficient was determined 
in the concentration range from 0 to 5 mol d m - 3 . 

We gratefully acknowledge the valuable suggestions 
of Professor Yuhbun Tsutsumi, Hosei University. 
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Synopsis. The isomers of [Go(NH3)2(tn)2]3+ were 
separated by recycling chromatography. The CD spectra 
of eis isomers were obtained and are compared with the 
spectra of the corresponding tris complexes. The magnitude 
of CD intensity of bisdiamine complex is roughly one-third 
of the corresponding trisdiamine complex. 

A number of studies have been made on the stereo­
chemistry of cobalt(III) complexes with five-membered 
diamine chelate rings. However, this has not been 
the case for those complexes including six-membered 
diamine chelate rings, probably because many of their 
isomers can be hardly separated and/or resolved. 

The circular dichroism (CD) intensity of cobalt(III) 
complexes with six-membered diamine chelate rings 
is known to be much weaker than the corresponding 
cobalt(III) complexes with five-membered rings. The 
purpose of the present work was to separate m-[Co-
(NH 3) 2( tn) 2] 3 + , which had not yet been separated, to 
resolve it into antipodes, and to assign the configura­
tion by comparing their CD spectra with those of 
known [Co (NH 3 ) 2 (diamine) 2]3+- and [Go (diamine) 3]3+-
type complexes (diamine—en, tn, and RR-p tn**) . 

Exper imenta l 

To about 10 ml of liquid ammonia cooled in a Dry Ice-
acetone bath was added 350 mg of frmy-[CoCl2(tn)2]Cl pre­
pared according to the literature.1) The mixture was stirred 
for one hour and allowed to stand overnight, while the tem­
perature of the solution gradually increased up to room 
temperature and finally all the solvent ammonia evaporated. 

The orange-red product obtained as residue was sub­
jected to recycling chromatography2»3) on an SP-Sephadex 
column (4.1 dia. x96cm) using an aqueous 0.18 M (1 M = 
1 mol dm -3) sodium (-f-)589-tartrate solution as eluent. The 
flow rate of elution was about 2.0 ml per minute. The 
elution after the sixth recycling gave two well-separated 
bands, which are denoted by A and B in the order of ef­
fluence (Fig. la). 

The CD spectral measurements of each fraction of the 
effluent showed that the complex contained in the B band 
was partially resolved. The combined solution of B-band 
fractions was rechromatographed on the same column with 
a different eluent, 0.15 M sodium ( + )589-tartratoantimonate-
(III) solution. The elution after the tenth recycling re­
sulted in two well-separated bands, B-I and B-I I, with an 
area ratio of about 1:1 (Fig. lb). The notations, A, B-I, 
and B-I I, will hereafter be used to designate the isomer con­
tained in each band. 

The chlorides of A, B-I, and B-II were obtained from the 
eluates of the corresponding bands with the method des­
cribed previously.4) Found for the isomer A: G, 19.62; 
H, 7.65; N, 22.61%. Found for the isomer B-I: G, 19.32; 
H, 7.65; N, 22.61%. Galcd for [Co(NH3)2(tn)2]Cl3-H20: 

** Ethylenediamine, trimethylenediamine, and (2i?,4i?)-
2,4-pentanediamine, respectively. 

B-I 

28 29 30 
V/l 

- i — * » 

Fig. 1. The elution curves of the recycling chromatog­
raphy of (a) [Co(NH3)2(tn)2]3+ by the 0.18 M sodium 
( + )589-tartrate and (b) m-[Go(NH3)2(tn)2]3+ by the 
0.15 M sodium ( + )589-tartratoantimonate(III). 

Fig. 2. Visible absorption and GD spectra of isomers 
of m-[Go(NH3)2(tn)2]3+. 

G, 19.72; H, 7.72; N, 22.99%. 
The 13G NMR spectra were obtained with a JEOL JNM 

FX-60 spectrometer, using dioxane as an external reference. 
Absorption spectra were recorded on a Hitachi EPS-3T 
spectrophotometer and GD curves on a JASGO J-20 spec­
trophotometer. 

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

T h e 1 3 C N M R spectra of [Co(NH3)2( tn)2]Cl3 iso­
mers have a broader signal at 25.5 p p m and a more 
intense signal at 39—40 ppm, the latter being split 
into two peaks for the B isomer. T h e signals, in 
the order mentioned, are assigned to ß- and a-methyl-
ene carbons according to the literature.5) 

The a-methylene carbon atoms are all equivalent 
in the trans complex, but are divided into two groups 
in the eis complex. Therefore, the A and B isomers 
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TABLE 1. CD INTENSITIES OF BIS- AND TRIS-DIAMINE COMPLEXES 
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J-[Co(NH3)2(diamine)2]3+ 

Afibis (A/nm) 
Diamine 

yl-[Go(diamine)3]
3+ 

Afitris (A/nm) 

Aebis 
Aetris 

tn 

RR-ptn°> 

+ 0.42 
-0 .04 
+ 0.056 

+ 0.024 
- 0 . 0 6 4 
- 0 . 0 1 1 

+ 1.01 
+ 0.031 

(492) a> 
(430) 
(356) 

(531) b> 
(473) 
(352) 

(482) d> 
(362) 

+ 1.89 
- 0 . 1 6 6 
+ 0.25 

+ 0.081 
-0 .0165 
- 0 . 0 2 0 

+ 3.22 
- 0 . 3 1 

(493) a> 
(428) 
(351) 

(535) <=) 
(478.5) 
(357) 

(482) d> 
(352) 

0.22 
0.24 

0.30 
0.39 

0.31 

a) Ref. 8. b) Present work, c) Ref. 6. d) Ref. 9. e) This ligand holds the ob form of chelate rings in both 
the bis and tris complexes. 

are assigned to the trans and eis isomers of [Co(NH3)2~ 
( tn) 2 ] 3 + , respectively. These assignments are support­
ed also from the fact that the B isomer has been re­
solved into catoptromers, as described below. 

The CD spectra of the B-I and B-II isomers are 
shown in Fig. 2 with the absorption spectrum of eis 
(B) isomer. Their CD spectra are enantiomeric to 
each other and resemble those of A- and zl-[Co(en)3]3 + , 
respectively, in their Cotton effects and their shapes.6) 
Thus, the B-I and B-II isomers are the optical an­
tipodes of pure «j--[Co(NH3)2(tn)2]3+, and were as­
signed to the A and A forms, respectively. 

Table 1 shows the maximum CD intensities and 
positions in the first and second absorption region 
of the - /HCo(NH 3) 2(diamine) 2]3+ and [Co (diamine) 3]3+ 
spectra. The C D spectra of each bisdiamine and the 
corresponding trisdiamine complex are similar to each 
other with respect to peak positions and signs, as men­
tioned above for the tn complexes. 

If the number of chelate rings contributes to C D 
intensity of a bisdiamine complex, the intensity would 
be expected to be two-thirds of that of the correspond­
ing trisdiamine complex. However, as seen from the 
last column of Table 1, the observed ratio is roughly 
one-third or less, particularly with regard to the dom­
inant CD peaks in the first absorption region. There­

fore, the number of asymmetric pairs of chelate rings 
is considered to be more important in determining 
the CD intensity at least in the first absorption region 
of the spectra of [Co (NH 3 ) 2 (diamine) 2 ] 3 + and [Co-
(diamine)3]3 + , in which the diamine forms either five-
membered or six-membered chelate ring. This is con­
sistent with the previous results for the CD intensity 
of [Co(en) x ( tn)^( tmd) z ] 3 + isomers.7) 
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Synopsis. Purpurosamine B and its 6-epimer have 
been found in antibiotic gentamicin Ga and fortimicin A 
respectively. Methyl 2,6-di-iV-acetyl-a-purpurosaminide B 
and its corresponding 6-epimer have been synthesized from 
methyl 2-acetamido-2,3,4-trideoxy-a-D-ery^ro-hexodialdo-1,5-
pyranoside. 

In a continuation of preceding papers,1,2) the syn­
thesis of methyl 2,6-di-iV-acetyl-a-purpurosaminide B 
(6) and its 6-epimer (8) will be described in the present 
paper. The nitromethane addition of methyl 2-acet-
amido - 2,3,4- trideoxy-a- D-éry/Aro-hexodialdo-1,5-pyrano-
side2) (1) gave a mixture of two diastereomers, 
methyl 2-acetamido-2,3,4,7-tetradeoxy-7-nitro-a-D-n£o-
and -ß-L-Zy^o-heptopyranosides, in a yield of 4 9 % . 
The catalytic hydrogénation of the mixture, followed 
by treatment with benzyloxycarbonyl chloride in py­
ridine afforded 7-benzyloxycarbonylamino derivatives 
in a yield of 6 9 % . The mesylation of the derivatives 
gave a mixture of 6-O-mesyl derivatives (2) in a yield 
of 8 9 % . 

Compound 2 was converted to aziridine derivatives 
by treatment with sodium isopropoxide. When the 
derivatives reacted with benzyloxycarbonyl chloride 
in dioxane and subsequently treated with HCl in 
dioxane, methyl 2-acetamido-6-(benzyloxycarbonyl-
amino)-7-chloro-2,3,4,6,7-pentadeoxy-a-D-néo-heptopy-
ranoside (3) and the corresponding ß-L-lyxo derivative 
(4) were obtained in 23 and 3 5 % yields respectively. 

The dehalogenation of 3 with tributylstannane gave 
methyl 2-acetamido-6-(benzyloxycarbonylamino)-2,3,4,-
6,7-pentadeoxy-a-D-nôo-heptopyranoside (5) in a yield 
of 8 4 % ; this was then converted to methyl 2,6-di-
iV-acetyl-a-purpurosaminide B (6), which was found 
to be identical with an authentic sample.3) 

Analogous reaction sequences of 4 gave methyl 2,6-
di-Af-acetyl-6-é?j&?-a-purpurosaminide B (8). 

Experimental 4 ) 

A Mixture of Methyl 2-Acetamido-7-(benzyloxycarbonylamino)-
2,3,4,7-tetradeoxy-6-0-mesyl-oc-T)-ribo- and -ß-L-\yx.o-heptopyrano-
sides (2). A 1.34-g portion of methyl 2-acetamido-
2,3,4-trideoxy-a-D-^Aro-hexodialdo-l,5-pyranoside2> (1) was 
treated with nitromethane (0.62 ml) in the presence of so­
dium methoxide at an ambient temperature for 40 h, as 
has been described in the preceding paper,2) without re-
crystallization, to give 845 mg (49%) of a mixture of the 
two diastereomers. 

The product was catalytically hydrogenated and sub­
sequently treated with benzyloxycarbonyl chloride to give 
805 mg (69%) of 7-iV-benzyloxycarbonyl derivatives. The 
derivatives were mesylated analogously to the method describ­
ed in the preceding paper2) to give 872 mg (89%) of 2: mp 
123—126 °C. 

Found: G, 51.25; H, 6.27; N, 6.34; S, 6.90%. Galcd 
for G19H28N2S08: G, 51.34; H, 6.35; N, 6.30; S, 7.21%. 

Methyl 2-Acetamido-6- (benzyloxycarbonylamino) -7-chloro-2,3,4,-
6,7-pentadeoxy-a-T>-ribo-heptopyranoside (3) and -ß--L-\yxo-hepto-
pyranoside (4). To a solution of sodium isopropoxide 
(0.11 g of Na in 10 ml of isopropyl alcohol) in dioxane (5 
ml), 2 (780 mg) was added, and the mixture was heated 
under reflux for 2 h. The solution was then concentrated, 
and benzyloxycarbonyl chloride ( 1.4 ml of 30% toluene 
solution) was added to a solution of the residue in dioxane 
(10 ml). After 3 h, dioxane (5 ml) containing 3% HCl 
was added to the mixture. After 1 h, the mixture was 
neutralized with Amberlite IRA-400(OH~) and concentrat­
ed. The residue was purified on a silica-gel column using 
3:2 (v/v) 2-butanone-toluene. Fractions homogeneous on 
TLG (Rt 0.43) in the same solvent were combined and con­
centrated. The residue was recrystallized from GHG13-

5 R=Cbz 
6 R=Ac 

7 R=Cbz 
8 R=Ac 

Scheme 1. 
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ether to give 139 mg (23%) of 3 : mp 196—197 °G; [a]2D° 
+ 76.7° (c 0.43, CHCI3); « N M R (GDG1.) Ô 1.98 (s, 3, 
NAc), 3.42 (s, 3, OGH3), 4.59 (d, 1, 7 = 3 . 4 Hz, H-l) , 5.78 
(d, 1, 7 = 8 . 5 Hz, NH-2). 

Found: G, 56.36; H, 6.47; N, 7.18; Gl, 9.00%. Galcd 
for G18H25N2G105: G, 56.17; H, 6.55; N, 7.28; Gl, 9.21%. 

Fractions homogeneous on TLG (R{ 0.46) were combined 
and concentrated, and the residue was recrystallized from 
ether to give 211 mg (35%) of 4: mp 145—146 °G; [a]aD° 
+ 59.3° (c 1.03, GHGI3); « N M R (CDG13) Ô 1.97 (s, 3, 
NAc), 3.40 (s, 3, OGH3), 4.59 (d, 1, 7 = 3 . 4 Hz, H-l) , 5.66 
(d, 1, 7 = 10 Hz, NH-2). 

Found: G, 55.90; H, 6.50; N, 7.47; CI, 9.45%. Galcd 
for G18Ha5NaC105: G, 56.17; H, 6.55; N, 7.28; Gl, 9.21%. 

Methyl 2-Acetamido-6- (benzyloxycarbonylamino) -2,3,4,6,7-penta-
deoxy-a-v-ribo-heptopyranoside (5). To a solution of 3 
(74 mg) in dioxane (5 ml), tributylstannane (1.0 ml) and 
a small amount of a,a'-azobisisobutyronitrile were added 
under a N2 atmosphere. After 7 h at 80 °C, the mixture 
was concentrated and the residue was purified on a silica-
gel column using 3:2 (v/v) 2-butanone-toluene to give 56 
mg (84%) of 5: mp 195—196 °G; [a]2D° +98.4° {c 0.95, 
GHGI3); « N M R (GDCI3) ô 1.97 (s, 3, NAc), 3.31 (s, 3, 
OCH3), 4.59 (d, 1, J = 3 . 2 Hz, H-l) , 5.00 (d, 1, NH-6), 
5.68 (d, 1, y - 1 0 Hz, NH-2). 

Found: C, 61.53; H, 7.42; N, 7.93%. Galcd for C18-
H2 6N205 : G, 61.69; H, 7.48; N, 8.00%. 
Methyl 2,6-Diacetamido-2,3,4,6,7-pentadeoxy-x-T>-rïbo-heptopyrano-

side (Methyl 2,6-Di-~N-acetyl-<x-purpurosaminide B) (6). 
Compound 5 (48 mg) was hydrogenated in methanol (10 
ml) in the presence of Pd black under a H2 atmosphere 
for 48 h. The product was acetylated with acetic anhydride 
in methanol to give 24 mg (69%) of 6: mp 261—262 °C; 
[a]2D° +185.7° (c 0.7, methanol); « N M R (CDGl3-CD3OD) 
ô 1.15 (d, 3, 7 = 6 . 7 Hz, GH3), 1.99 (s, 6, 2 NAc), 3.41 (s, 

3, OCH3), 4.67 (d, 1, 7=3 .1 Hz, H-l) . The IR spectrum 
of 6 was superimposable on that of an authentic sample.3) 
(Found: G, 55.71; H, 8.44; N, 10.76%). Lit,:3) mp 261— 
262 °G; [a]2D° +195°. 

Methyl 2-Acetamido-6- (benzyloxycarbonylamino) -2,3,4,6,7-penta-
deoxy-ß-L-lyxo-heptopyranoside (7). Compound 4 (100 
mg) was treated with tributylstannane (0.5 ml) as has been 
described above to give 82 mg (90%) of 7: mp 163—164 
°C; [a]2D° +55.6° {c 0.99, CHC13); « N M R (GDC13) ô 
1.21 (d, 3, 7 = 6 . 7 Hz, GH3), 1.96 (s, 3, NAc), 3.36 (s, 3, 
OCH3), 4.59 (d, 1, 7=3 .2 Hz, H-l), 5.00 (d, 1, NH-6), 
5.64 (d, 1, 7 = 9 . 0 Hz, NH-2). 

Found: G, 61.83; H, 7.35; N, 7.94%. Galcd for C18-
H2 6N205 : G, 61.69; H, 7.48; N, 8.00%. 
Methyl 2,6-Diacetamido-2,3,4,6,7-pentadeoxy-ß--L-\yxo-heptopyrano-

side (Methyl 2,6-Di-N-acetyl-6-epi-a-purpurosaminide B) (8). 
Compound 7 (50 mg) was hydrogenated and subsequently 
acetylated as has been described above to give 33 mg (88%) 
of 8: mp 212—213 °G; [a]2D° +62.5° (c 0.99, methanol). 
The « N M R and IR spectra of 8 were superimposable 
on those of an authentic sample.2) 
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Synopsis. The photochemical reactions of 6,7-bis-
(methoxycarbonyl)- and 6,7-dicyano-3-phenylsulfonyl-(2,4-
exo)-3-azatricyclo[3.2.1.02'4]oct-6-ene afford the correspond­
ing tetracyclic compounds (3b and 3c) by the skeletal iso­
merization, but those of their endo isomers do not result 
in the formation of 3b and 3c. 

Recently we have reported that 3-phenylsulfonyl-
(2,4-exo)-3-azatricyclo[3.2.1.02'4]oct-6-enes l a — c un­
dergo thermal rearrangement to afford the correspond­
ing 2-phenylsulfonyl-2-azabicyclo[3.2.1]oct-3,6-dienes in 
high yields under moderate conditions.1) O u r in­
terest in the reactivity of these tricyclic aziridines 
prompted us to examine the photochemical isomeriza­
tion of compounds l a — c and their endo isomers 2a— 
c. The photochemical isomerization of tricyclo[3.2.1.-
02,4]oct-6-enes2> and their 3-oxa3) and 3-aza4) analogs 
has been known to afford tetracyclo[3.3.0.02>8.04 '6]-
octanes by a [ 2 J T + 2 ^ ] cycloaddition pathway. 
Herein, we wish to report several results on the photo­
chemical reaction of the tricyclic aziridines. 

N S02Ph 

( a ; R = H, b j R = C02Me , c ; R = CN ) 

A solution of compounds l a — c and 2a—c in aceto-
nitrile was degassed in a Pyrex or quartz tube and 
irradiated with a high-pressure mercury lamp (300 
W) ; the products were isolated in the usual manner . 
The results are summarized in Table 1. The irra­
diation of the unsubstituted exo and endo compounds 
l a and 2a afforded no tetracyclic product. O n the 
other hand, the 6,7-disubstituted exo compounds l b 
and l c were converted into the corresponding tetra­
cyclic compounds 3b and 3c together with an un­
identifiable polymeric material, as Table 1 shows. 

1b,c 
hi> 

( a n t i j j (syn) 

/^CTyN-SOoPh 

'* * 4 

hP 1a 
and 

2a-c 

( b; R = CC>2Me, c ; R= CN) 

The cyano and methoxycarbonyl groups made pos­
sible the intramolecular photocyclization of the exo 
tricyclic aziridines, although in the thermal rearrange­
ments of l a — c such substituents caused a decrease 
in their reactivity.1) Furthermore, the cyano group 
brought about a higher yield of a tetracyclic com­
pound than that in the case of the methoxycarbonyl 
group. The use of a quartz tube as a reaction vessel 

TABLE 1. THE YIELDS OF THE TETRACYCLIC COMPOUNDS 

IN THE PHOTOCHEMICAL REACTIONS OF AZIRIDINES 

la—c AND 2a—ca> 

Compound 

l b 
l b 
2b 
2b 
l c 
l c 
2c 
2c 

Tubeb> 

P 

Q. 
p 

Q. 
p 

Q 
p 

Q 

Time/h 

96 
12 
96 
12 
96 

6 
96 
6 

Yield/% 

11 
24 

0 
0 

76 
54 
0 
0 

Recovery/% 

56 
41 
96 
53 
5 
0 

78 
64 

a) Solvent: acetonitrile. Concentration of compound: 
6.1xl0-2mol/l (Pyrex) and 1.3X 10-1 mol/1 (quartz). 
In the cases of l a and 2a, the tetracyclic compounds 
were not obtained at all. The unreacted l a (ca. 90%) 
was isolated as 2-phenylsulfonyl-2-azabicyclo[3.2.1]oct-
3,6-diene, which was produced by the thermal rear­
rangement on silica gel chromatography. The com­
pound 2a was recovered in ca. 90% yield, b) P = 
Pyrex and Q = quartz. 

or a low-pressure mercury lamp as a light source 
resulted in the increase of the amount of the poly­
meric material produced. 

Contrary to the results in the cases of the exo com­
pounds l b and l c , it was found that the 6,7-disub­
stituted endo compounds 2b and 2c undergo no iso­
merization under the similar conditions, as Table 1 
shows. Thus, this result demonstrates that the bent 
G2-G4 bond directed toward the endo side is necessary 
for the photochemical isomerization of the tricyclic 
aziridines. A similar phenomenon has been observed 
in the thermal reactions of l a — c and 2a—c described 
previously.1) 

Exper imenta l 

Melting points were uncorrected. Acetonitrile was dis­
tilled under nitrogen from CaH2. IR, 1H- and 13C-NMR, 
and mass spectra were obtained on a Hitachi 216 grating 
infrared spectrometer, a Hitachi R-24A spectrometer, a 
JEOL FX 90Q Fourier transform NMR spectrometer, and 
a Hitachi RMU-6E mass spectrometer, respectively. 

Material. The compounds, la—c and 2b,c, were 
prepared by the reactions of the corresponding norborna-
dienes with benzenesulfonyl azide. The 1H-NMR, IR, and 
mass spectral data of their compounds are summarized in 
Table 2. The 2a was prepared according to the methods 
described in the literature.5) 

General Procedure for Photochemical Reaction. All reac­
tions were performed similarly in a pyrex or quartz tube 
(72 cm3 total capacity). A reaction tube was charged with 
0.61—0.65 mmol of la—c and 2a—c and 5—10 ml of dry 
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TABLE 2. SPECTRAL DATA OF COMPOUNDS la—c AND 2b,c 

Compound I R , ^ !H-NMR («5, GDGlg) MS 
m/e(M+) 

l a 1345(VsoJ 

l b 

2b 

l c 

2c 

1740(vco) 
1345(*S02) 

1730(vco) 
1325(Vs02) 

2240(vCN) 
1335(*S02) 

2230(vCN) 
1325(r-S02) 

7.38—8.1 l(m, 5H, aromatic), 6.35(t, 2H, J= 1.6 Hz, 6-H, 7-H), 247 
3.17(s, 2H, 2-H, 4-H), 3.00(m, 2H, 1-H, 5-H), 1.16(d, 1H, 
7 = 8 . 3 Hz, 8-Hs), 1.72(d, 1H, 7 = 8 . 3 Hz, 8-Ha) 

7.30—8.00(m, 5H, aromatic), 3.80(s, 6H, OGH3), 3.45(brs, 4H, 363 
1-H, 2-H, 4-H, 5-H), 1.83(d, 1H, 7 = 8 . 7 Hz, 8-Hs), 1.41 (d, 
1H, 7 = 8 . 7 Hz, 8-Ha) 

7.40—8.00(m, 5H, aromatic), 3.72(brs, 2H, 2-H, 4-H), 3.66(s, 363 
6H, OCH3), 3.38(m, 2H, 1-H, 5-H), 1.98(brs, 2H, 8-GH2) 

7.46—8.16(m, 5H, aromatic), 3.50(brs, 2H, 1-H, 5-H), 3.43(s, 297 
2H, 2-H, 4-H), 2.03(d, 1H, 7 = 10.7 Hz, 8-Hs), 1.55(d, 1H, 
7 = 10.7 Hz, 8-Ha) 

7.50—8.30(m, 5H, aromatic), 3.8l(m, 2H, 2-H, 4-H), 3.45(m, 297 
2H, 1-H, 5-H), 2.15(s, 2H, 8-GH2) 

a) The spectra were measured at 60 MHz. 

TABLE 3. SPECTRAL DATA OF COMPOUNDS 3b,c 

Compound I R
; ( K ? r ) !H-NMR ((5)a> 13C-NMR ((5)b'c> 

3b 

3c 

1725(,co) 
1320(^SO2) 

2230(VcN) 
1320(^So2) 

CDC13: 7.30—8.00(m, 5H, aromatic), 4.12(d, 
2H, 7 = 9 . 0 Hz, 2-H, 4-H), 3.53(s, 6H, OCH3), 
2.22(m, 2H, 6-H, 8-H), 1.98(m, 1H, 7-Hantl), 
1.70(d, 1H, 7 = 13 Hz, 7-Hsyn) 

DMSO-</6: 7.40—8.05(m, 5H, aromatic), 4.56(d, 
2H, 7 = 9 . 0 Hz, 2-H, 4-H), 2.36(m, 2H, 6-H, 
8-H), 1.94(m, 1H, 7-Hant i), 1.52(d, 1H, 7 = 
13.0 Hz, 7-HSyn) 

GDG13: 167(s, C=0), 54(d, 
2-G, 4-C), 52(q, OGH3), 
36(s, 1-G, 5-G), 32(d, 6-G, 
8-C), 23(t, 7-G) 
DMSO-rf6: 115(s, GN), 54 
(d, 2-G, 4-C), 31(d, 6-C, 
8-C), 23(t, 7-C), 21(s, 1-C, 
5-C) 

a) The spectra were measured at 90 MHz. b) Splitting patterns were obtained by off-resonance decoupling, c) 
Signals of aromatic protons are omitted. 

acetonitrile. After the air in the tube was replaced by 
argon by a freezing method, the tube was sealed and ir­
radiated for a definite time at an equidistant (5 cm) loca­
tion from a 300 W mercury lamp. After the removal of 
acetonitrile in vacuo, the residue was chromatographed on 
silica gel. The 3b and 3c were eluted with (12:1) benzene-
acetone, 3b was recrystallized from ethanol to give colorless 
prisms, and 3c from chloroform to give needles. 3b: 120— 
122 °G; MS mje 363 (M+). Found: C, 55.90; H, 4.74; 
N, 4.01%. Galcd for G17H17N06S: G, 56.19; H, 4.68; 
N, 3.86%. 3c: 197—199 °G; MS mje 297 (M+). Found: 
G, 60.55; H, 3.67; N, 14.40%. Galcd for C ^ H ^ C - a S : 
G, 60.61; H, 3.70; N, 14.14%. The *H- and 13G-NMR 
and IR spectral data of their compounds are summarized 

in Table 3. 

References 

1) K. Umano, H. Taniguchi, H. Inoue, and E. Imoto, 
Tetrahedron Lett., 1979, 247. 

2) P. K. Freeman, D. G. Kuper, and V. N. M. Rao, 
Tetrahedron Lett., 1965, 3301. 

3) H. Prinzbach and M. Klaus, Angew. Chem. Int. Ed. 
Engl., 8, 276 (1969). 

4) M. Klaus and H. Prinzbach, Angew. Chem. Int. Ed. 
Engl., 10, 273 (1971). 

5) A. G. Oehlschlager and L. H. Zalkow, Can. J. Chem., 
47, 461 (1969). 



September, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jfm., 54, 2829—2830 (1981) 2829 

The Photochemical Reaction of Benzo[c]cinnoline. IV. 
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Synopsis. In order to determine the mechanism 
of 2,2'-diaminobiphenyl formation from benzo[c]cinnoline, 
effect of aldehyde on the reaction was examined. It is 
proposed that ethanal, which was generated from ethanol 
in the initial photoreduction, formed an adduct with 5,6-
dihydrobenzo[c]cinnoline, and that the resulting adduct par­
ticipated in the subsequent photo-induced 2,2'-diaminobi-
phenyl formation. 

Photochemical reactions of benzo[c]cinnoline (here­
after referred to as BCG) show a dependence on ex­
citation wavelengths and solvents. In a previous 
paper,1) BCG found to give 2,2'-diaminobiphenyl 
(referred to as DAB) under irradiation of light of 
wavelength longer than 400 n m in an acidic aqueous 
ethanol. In the DAB formation, 5,6-dihydroBGC, 
which is monoprotonated in the acidic solution, is ini­
tially produced as an intermediate. O n the other 
hand, when 2-propanol is used in the place of ethanol, 
the visible light irradiation does not afford DAB, al­
though the photoreduction to 5,6-dihydroBGC occurs.2) 
Therefore, there is a distinct difference in the DAB 
formation between these alcohols. Such solvent de­
pendence is a problem to be solved. 

Protonated 5,6-dihydroBGC itself can not be ex­
cited electronically by visible light; it has been shown 
that the excitation of 5,6-dihydroBGC with ultraviolet 
light causes the photoelimination to afford carbazole 
in an acidic 2-propanol as well as in an acidic ethanol.3) 

1 2 3 4 5 6 

Irradiation time/h 

Fig. 1. Rate of the reaction under the visible light 
irradiation upon a 3.6 mol dm - 3 HCl ethanol solu­
tion of BCG ( l . l x l 0 - 4 m o l d m - 3 ) . 
Concentrations of BCC( ), 5,6-dihydroBCC( ), 
and DAB( ). Relative light intensity; O : 3.1; 
• : 1.6; 3 : 1.0. 

T h e present paper is concerned with the mechanism 
of the photo-induced DAB formation from 5,6-dihydro­
BGG. 

Exper imenta l 

BCC and 2-propanol were the same as those used pre­
viously.2) Aldehydes used here were ethanal, propanal, 
butanal, and 2-methylpropanal and were purified by dis­
tillation. 

A 500 "W high pressure mercury arc lamp (Ushio USH-
500), with a glass filter (Corning CS-3—73), which cut 
off light of wavelength shorter than 400 nm, was used as 
a visible light source. The quantitative conversion of BCC 
(5.0 X 10-5moldm-3) into 5,6-dihydroBCC was attained by 
the visible light irradiation for 3 h upon an acidic (4 mol 
dm"3 HCl) 2-propanol solution of BCC. In order to ex­
amine the effects of some added compounds, further ir­
radiation were carried out in the same manner after the 
addition of additives into the reactant solution. All ir­
radiations were carried out at room temperature under 
nitrogen. The intensity of incident light was determined 
by actinometry, using a potassium trioxalatoferrate(III) solu­
tion. 

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

Figure 1 shows the rates of reaction under the visible 
light irradiation upon a 3.6 mol d m - 3 HCl aqueous 
ethanol solution of BCG (1.1 X 10"4 mol dm" 3 ) . T h e 
concentrations of BCC, 5,6-dihydroBCG, and 2,2'-
diaminobiphenyl were determined spectrophotometri-
cally as reported earlier.1) The DAB formation was 
initiated after about 8 0 % of the initial amount of 
BCC was converted into 5,6-dihydroBCG, irrespective 
of light intensities. Moreover, as seen from Fig. 1, 
the amount of DAB produced is related linearly to 
the irradiation time, and is dependent on light in­
tensities. Since 5,6-dihydroBCC itself has no absorp­
tion in the visible region, these results suggest that 
a certain species, which can be excited electronically 
with the visible light, may play an essential role in 
the subsequent DAB formation. 

Effects of aldehyde and ketone on the reaction were 
examined, because these compounds were generally 
produced from primary and secondary alcohols, re­
spectively, in photo-induced hydrogen abstraction reac­
tions by substrates.4»5) When ethanal was added into 
an acidic 2-propanol solution of 5,6-dihydroBCG pre­
pared previously2) and the irradiation was allowed 
to continue, the DAB formation was observed with­
out the induction period. O n the other hand, acetone 
was shown to have no effect on the reaction. There­
fore, the solvent dependence of the photo-induced 
DAB formation can be interpreted in terms of the 
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8 
ö 

Wavelength/nm 

Fig. 2. Spectral change caused by the addition of 
butanal into an acidic 2-propanol solution of 5,6-
dihydroBGG(5.0x 10-5 mol dm-3). 
Concentration of butanal; (1): 0 mol dm - 3 , (2): 
2 .2x l0 - 3 moldm- 3 , (3): 8.9 X ÎO"3 mol dm-3, (4): 
difference spectrum (3)—(1). 

difference of the products from alcohols in the ini­
tial photoreduction. 

Figure 2 shows the spectral change caused by the 
addition of butanal into an acidic 2-propanol solu­
tion of 5,6-dihydroBCC. As seen from this figure, 
a new absorption band appears around 360 nm on 
the addition of the aldehyde, thus indicating that 
there is interaction between 5,6-dihydroBGG and 
the aldehyde giving a certain species. T h e resulting 
species can absorb the irradiation light. O n the 
other hand, no spectral change was observed when 
acetone was added. 

T h e species formed is so unstable that it gives BCG 
quantitatively after being allowed to stand for several 
hours under nitrogen, although 5,6-dihydroBGC itself 
is relatively stable in the acidic solution. Here it 
should be noted that this aldehyde is known to form 
an adduct with amine, and the resulting adduct (car­
binolamine) is usually unstable.6 - 8) In the present 
case, therefore, the following equilibrium can be con­
sidered to be established, and the adduct may par­
ticipate in the DAB formation through the visible 
light absorption. T h e adduct converts spontaneously 

5//-6-( 1-Hydroxyethyl)-
benzo [c] cinnoline 

to BGG, as described above. This conversion may 
be expected to be accompanied by the generation 
of a primary alcohol, R C H 2 O H . In order to detect 
the alcohol generated from the adduct, an acidic tetra-

Ethanal 
Butanal 
Propanal 
2-Methylpropanal 

322 
243 
110 
25 

TABLE 1. EQUILIBRIUM CONSTANTS (K) OF THE ADDUCT 

FORMATION A N D RATES OF THE CONVERSION 

OF BCC INTO DABa> 

Aldehyde1*) Kfmol dm-3 at 21 °C DAB produced (%) 

67 
39 
31 
14 

a) Initial concentration of BCC: 2.0X 10~5 mol dm"3, 
Irradiation time : 30 min. b) Concentration of alde­
hyde : 4.0 x 10-4 mol dm-3. 

hydrofuran solution of 5,6-dihydroBGC in concentra­
tion of 1.2 X 10 - 1 mol d m - 3 was prepared using LiAlH4 

as reported earlier.2) Propanal was added into the 
5,6-dihydroBGG solution to form the adduct,9) and 
then the solution was allowed to stand for enough 
time for the conversion of the adduct to BGG. Gas 
chromatography showed that propanol was present 
in the tetrahydrofuran solution. 

For several aldehydes the same new absorption band 
was observed around 360 nm. The alkyl groups in 
the aldehydes did not affect the position of the band. 
T h e equilibrium constants for the adduct formation 
were determined by applying the Benesi-Hildebrand 
equation.10) T h e results are presented in Table 1, 
in which the rates of the DAB formation are also 
shown. The equilibrium constant is dependent on 
the alkyl groups in the aldehydes. The observed cor­
relation between the equilibrium constant and the 
product yield indicates that the carbinolamine adduct 
serves as a precursor of DAB. 
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Synops i s . T h e cross-coupling reactions of 2-(1,3-
butadienyl) magnesium chloride (1) with aryl and alkyl 
iodides were investigated in the presence of transition metal 
catalysts. Tetrakis(triphenylphosphine) pal ladium (0) cata­
lyzes the cross-coupling reactions of 1 with aryl iodides, and 
copper(I) iodide catalyzes the reaction with alkyl iodides. 
These cross-coupling reactions offer convenient routes for 
the synthesis of 2-substituted 1,3-butadienes. 

I t h a s b e e n r e p o r t e d t h a t t h e c ross -coup l ing r e a c ­
t ions of G r i g n a r d r e a g e n t s w i t h al lyl o r a lkeny l ha l i de s 
o c c u r r e d in t h e p r e s e n c e of n icke l o r p a l l a d i u m c o m ­
plexes u n d e r m i l d c o n d i t i o n s . 1 - 5 ) 

Allyl G r i g n a r d r e a g e n t w a s r e p o r t e d to b e a l k y l a t e d 
b y a lkyl iod ides o r tosylates in t h e p re sence of c o p -
p e r ( I ) iodide . 6 ' 7 ) 

T h e a u t h o r s c a r r i e d o u t t h e synthesis of 2 - subs t i t u t ed 
1 ,3-butadienes b y t h e c ross -coup l ing r eac t ions of 1 
w i t h a ry l iod ides i n b e n z e n e - t e t r a h y d r o f u r a n ( T H F ) 
ca t a lyzed b y t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p a l l a d i u m ( 0 ) 
(4) o r a lkyl iod ides in T H F b y c o p p e r ( I ) i o d i d e (5) 
(Eqs . 1 a n d 2 ) , a n d wish to r e p o r t t h e resul ts . 

Pd(pph 3 )4 
C H 2 = C H - C = C H 2 + Ar l > C H 2 = C H - C = C H 2 

I G 6 H 6 - T H F | 

Ar W MgCl 

C H 2 = C H - C = C H 2 + R I 

I 
MgCl 

1 

Cul 

- 3 0 °C, THF 
GH9=GH—G=GH« 

R (2) 

T h e resul ts of c ross -coupl ing r eac t ions of 1 w i t h 
i o d o b e n z e n e a r e s h o w n in T a b l e 1. O n l y 4 is h i g h l y 
ac t ive a m o n g t h e t r ans i t i on m e t a l c o m p l e x ca ta lys t s 
e x a m i n e d , a n d 2 - p h e n y l - l , 3 - b u t a d i e n e (2) w a s o b ­
t a i n e d in i n c r e a s i n g yield w i t h a n inc rease in t h e 

T A B L E 1. T H E EFFECTS OF CATALYSTS ON THE 

CROSS-COUPLING REACTION OF 1 WITH IODOBENZENE 

IN G 6 H 6 / T H F (50:100ml) a> 

No. Catalyst 
Catalyst 
amount 

m o l % 

Gross-coupling 
product 2 
Yield/% 

Ni(acac)2 

Ni(pph 3 ) 4 

P d ( O C O C H 3 ) 2 

Pd(pph 3 ) 4 

Pd(pph 3 ) 4 

Pd(pph 3 ) 4 

Pd(pph 3 ) 4 

0 

Polymerized 

5 

40 

55 

75 

90 

a) [ R M g X ] 0 : 1.0mol/l, [ R M g X ] : [C 6 H 5 I ] = 1:1 molar 
ratio. 

a m o u n t of t h e ca ta lys t . N i c k e l ( I I ) a c e t y l a c e t o n a t e 
w a s i n a c t i v e for t h e r e a c t i o n . As 4 s h o w e d a h i g h 
ac t iv i ty , t h e c ross -coup l ing r eac t ions of 1 w i t h a ry l 
a n d a lkyl ha l i de s w e r e i nves t i ga t ed i n t h e p r e s e n c e 
of 4 . H o w e v e r , 4 w a s n o t a n effective ca t a lys t for 
t h e c ross -coup l ing r e a c t i o n of 1 w i t h b r o m o b e n z e n e , 
a lkyl i od ide , o r i o d o c y c l o h e x a n e , as s h o w n in T a b l e 2 . 

O n l y a r y l iod ides g a v e t h e c ross -coup l ing p r o d u c t s 

T A B L E 2. PREPARATION OF 2-SUBSTITUTED 1,3-BUTADIENES 

BY THE CROSS-COUPLING REACTIONS OF 1 WITH ARYL 

AND ALKYL HALIDES IN C 6 H 6 / T H F USING 4A) 

No. A r X 
Catalyst 
amount 

m o l % 

Gross-coupling 
product 2 
Yield/% 

Bp/°C 
(mmHg) 

9 

10 

11 

12 

13 

6 

14 

15 

G6H5C1 

C6H5Br 

* - C 6 H n I 

/>-BrC6H4I 

/>-CH3OC6H4I 

1-C10H7I 

G 6H 5 I 

/>-CH3C6H4I 

G 6 H 5 CH 2 I 

0 

0 

0 

Polymerized0) 

50 

40 

75 

56 

71 

66—69 (3) 

122—126(3) 

62—65 (20) 

60—64(5) 

71—75(5) 

a) [ R M g X ] 0 : 1.0mol/l, [ R M g X ] : [ArX] = 1:1 molar 
ratio, b) 2-(/>-Bromophenyl)-l,3-butadiene was separat­
ed by preparat ive GLG, and was identified by M S and 
N M R spectra. 

T A B L E 3. PREPARATION OF BUTADIENE DERIVATIVES 

FROM 1 AND ALKYL HALIDES CATALYZED BY 5A> 

No. R X 
C u l 

m o l % 

Gross-coupling 
product 3 
Yield/% 

Bp/°G 
(mmHg) 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

C6H5Br 

G 6 H 6 I 

c - G 6 H n I 

ra-C6H13CHICHs 

w-C8H17Cl 

n-C8H17Br 

n-G6H1 3I 

w-C8H17I 

n-C8H1 7I 

n-G10H21I 

n-G16H33I 

C1GH 9 CH 9 GH 9 I 20 

20 

20 

20 

20 

20 

20 

20 

10 

20 

20 

20 

0 
0 
5 
0 
0 
5 

60 
45 
67 
68 
40 
30b> 

75—79 (20) 
74—77 (3) 

95—99 (5) 
155—160(2) 
62—66(30) 

a) [ R M g X ] 0 : 1.0mol/l, [ R M g X ] : [ R X ] = 1:1 molar 
ratio, solvent: T H F . b) T h e product , 2-(3-chloropro-
pyl)- l ,3-butadiene was identified by M S and N M R 
spectra. 
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in reasonably good yield. In order to overcome the 
low activity of 4 in the reaction, 5, which is known 
to form an ate complex with a Grignard reagent, 
was used as a catalyst and the results with aryl and 
alkyl halides are shown in Table 3. 

Although 5 was not active for iodobenzene, iodo-
cyclohexane, or alkyl bromides, reasonable yields could 
be obtained with linear alkyl iodides, giving 2-alkyl-
1,3-butadienes. These selectivities can be applied to 
the chemoselective cross-coupling reaction (Table 2 
No. 11 and Table 3 No. 27) for the synthesis of func-
tionalized 1,3-butadienes. 

Exper imenta l 

Reagents. 1 was prepared as described in the pre­
vious report.8) 4 and 5 were prepared by the procedures 
described elsewhere.9,10) 

Cross-coupling Reaction of 1 with Aryl Iodides. To a 
mixture of an aryl iodide (0.1 mol), 4 (1—3 mol% to an 
aryl iodide) and dry benzene (50 ml) in a 300 ml four-necked 
flask, 1 (0.1 mol) in THF (100 ml) was added dropwise 
with stirring under nitrogen atmosphere. 

An exothermic reaction occurred during the addition, 
and the color of the contents gradually changed from yel­
lowish green to black. After the completion of the addi­
tion, stirring was continued for 30 min at the refluxing tem­
perature of the reaction system. 

The organic layer was separated after hydrolyzing with 
6 mol dm-3-HGl, and the aqueous layer was extracted with 
two portions of diethyl ether (80 ml). The combined or­
ganic layer was washed first with 5% aqueous sodium hy-
drogencarbonate, then with water, then dried (Na2S04) 
and distilled. 

Cross-coupling Reaction of 1 with Alkyl Iodides. To a 
mixture of an alkyl iodide (0.1 mol), 5 (10—20 mol % to 
an alkyl iodide) and THF (50 ml) in a 300 ml four-necked 
flask cooled to —30 °G, 1 was added dropwise with stirring 
under nitrogen atmosphere. 

The color of the contents gradually changed from light 
yellow to black. After the completion of the addition, 
stirring was continued for 2 h at 0 °G. The products were 
isolated by the work-up used for aryl iodides. The reaction 
products were identified by comparing their IR and NMR 
spectra with the reported data. 
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Synopsis. Treatment of 3-unsubstituted indolizines 
with a dehydrogenating agent such as palladium on carbon 
in refluxing xylene gave the corresponding 3,3'-biindolizine 
derivatives in 19—74% yields. 

I t is well known that indolizines react smoothly 
at the 3-position with various electrophiles, as ob­
served, for example, in the cycloaddition and the 
Michael addition with electron-poor olefins1-3) and 
substitution with diazonium salts4) or an acylating 
agent.5) In order to study nitrogen-bridged hetero-
cycles, a method for direct functionalization of in­
dolizine derivatives was required. Attempts to ob­
tain the corresponding adducts by the reactions of 
an indolizine with electron-poor olefins such as di­
ethyl fumarate and ethyl cinnamate under various 
conditions were unsuccessful. However, in the reac­
tion in the presence of a dehydrogenating agent, an 
unexpected product, i.e. a dimer of the indolizine 
was obtained. In this note we wish to report a facile 
dehydrogenative dimerization of some 3-unsubstituted 
indolizine derivatives and the structural assignment 
of the resulting biindolizines. 

When the reaction of 1-methylindolizine ( l a ) with 
diethyl fumarate or ethyl cinnamate was carried out 
in refluxing xylene in the presence of palladium on 
carbon (Pd/C), a product (2a, pale yellow needles), 
m p 144—145 °G, was separated as the only isolable 
compound. Elementary analysis (Table 1), and the 
mass spectrum ( M + 260) of the product show that 
2a is a bimolecular dehydrogenative coupling product 
from l a . The same product (2a) was also formed 
by the reaction of l a with Pd/C in the absence of 
the olefin in 3 8 % yield. In order to confirm the 
generality of this reaction, we carried out the reac­
tions of some indolizines with Pd/C. As expected, the 
corresponding pale yellow products (2b—e) were 
formed from 2-phenyl- ( l b ) , 1-methyl-2-phenyl- ( l c ) , 
l-ethyl-2-phenyl- ( I d ) , and 1,2-diphenyl-indolizine 
( l e ) , respectively. Elementary analyses and mass spec­
tra (Table 1) of 2 b — e were also in accord with the 
expected structures. The site of the coupling in these 
biindolizines (2a—e) was determined mainly by 
means of their N M R spectral data (Table 2 ) : For 
example, the N M R spectrum of 2a exhibited signals 
at à 6.40 (2H, dt, 7 = 7 . 0 , 7.0, and 1.5 Hz, 6-H and 

Pd/C, Reflux 
in Xylene 

a 
b 
c 
d 
e 

R 
Me 
H 

Me 
Et 
Ph 

R' 
H 
Ph 
Ph 
Ph 
Ph 

Scheme 1. 

6 ' -H), 6.71 (2H, br t, 7 = 9 . 0 and 7.0 Hz, 7-H and 
7'-H), 7.46 (2H, br d, 7 = 9 . 0 Hz, 8-H and 8'-H), 
and 7.72 (2H, br d, J=7.0 Hz , 5-H and 5'-H) due 
to the protons on the pyridine rings, and at ô 2 A3 
(6H, s, 1-Me and l ' -Me) and 6.86 (2H, s, 2-H and 
2'-H) due to the methyl groups and the protons on 
the pyrrole rings. As compared with the original 1-
methylindolizine (la),6> in particular, the disappearance 
of the 3- and 3'-protons and the absence of the cou­
pling of the 2- and 2 ,-protons (ô 6.86, singlet) in 2a 
are ultimate evidences that 2a is 3,3'-biindolizine de­
rivative. Furthermore, distinct symmetrical structures 
of 2a—e were also suggested by their I R spectra 
in which only a few weakened absorption bands ap­
pear in contrast with those of l a — e . From these 
results we conclude the structures of 2a—e to be 
3,3 '-biindolizines. 

Similar reactions of aromatic substrates by the ac­
tion of pal ladium(II) compounds7»8) are well establish­
ed, but that with Pd(O) as described above is un-
precedent. The dehydrogenative dimerization with 
Pd/G is of interest and high synthetic value because 
of its simplicity and low cost, though the yields were 
not satisfactory. 

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

Melting points were measured with a Yanagimoto mi-
cromelting point apparatus and are uncorrected. Micro­
analysis was carried out in a Perkin-Elmer 240 Elemental 
Analyzer. NMR spectra were determined with a Varian 
EM360A NMR spectrometer in deuteriochloroform with 
tetramethylsilan as an internal standard, chemical shifts 
being expressed in terms of <5, mass spectra with a JEOL 
LMS-01SG-2 mass spectrometer with a JEG-6 spectrocom-

TABLE 1. DATA OF 3,3'-BIINDOLIZINE DERIVATIVES 

Gompd 
No. 

2a 
2b 
2c 
2d 
2e 

Yield 

% 

38 
19 
35 
38 
74 

Mp/°G 

144—145 
169—171 
244—246 
194—196 
230—231 

Wrm-1''"K"R*^ 

1436 
1600 
1595 
1596 
1598 

1420 732 
1449 1336 
1435 1336 
1437 1339 
1520 1340 

M+ 

260 
384 
412 
440 
536 

Formula 

Ci8H16N2 

^28-*"l2(r^ 2 

C3 0H2 4N2 

^32-"-28"'^' 2 

^40-"-28-N2 

Galcd (%) 

G 

83.04 
87.47 
87.34 
87.23 
89.52 

H 

6.20 
5.24 
5.87 
6.41 
5.26 

N 

10.76 
7.29 
6.79 
6.36 
5.22 

Found (%) 

G 

82.91 
87.29 
87.39 
86.94 
89.33 

H N 

6.30 10.70 
5.31 7.26 
5.98 6.63 
6.53 6.26 
5.52 5.14 
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T A B L E 2. P R O T O N N M R SPECTRA OF 3,3 '-BIINDOLIZINE DERIVATIVES 

2a 2.43(6H, s, 1-Me and l ' -Me) , 6.40(2H. dt, 7 = 7 . 0 , 7.0, and 1.5 Hz, 6-H and 6 '-H), 6.71(2H, br t, J= 

9.0 and 7.0 Hz , 7-H and 7 '-H), 6.86(2H, s, 2-H and 2 ' -H) , 7.46(2H, br d, 7 = 9 . 0 Hz, 8-H and 8'-H), 

and 7.72(2H, br d, 7 = 7 . 0 Hz , 5-H and 5 '-H). 

2 b 6.34(2H, dt, 7 = 7 . 0 , 7.0, and 1.5 Hz, 6-H and 6 ' -H) , 6.80(2H, br t, 7 = 9 . 0 and 7.0 Hz , 7-H and 7 '-H), 

7.03(2H, s, 1-H and l ' -H) , and 7.1—7.7(14H, m, 2-Ph, 2'-Ph, 5-H, 5'-H, 8-H, and 8 ' -H). 

2c 2.44(6H, s, 1-Me and l ' -Me) , 6.40(2H, dt, 7 = 7 . 0 , 7.0, and 1.5 Hz, 6-H and 6 ' -H), and 6.6—7.7(16H, 

m, 2-Ph, 2'-Ph, 5-H, 5'-H, 7-H, 7'-H, 8-H, and 8 ' -H). 

2 d 1.19(6H, t, 7 = 7.0 Hz , 2 GH 2 GH 3 ) , 2.88(4H, q, 7 = 7 . 0 Hz , 2 GH 2 GH 3 ) , 6.40(2H, dt, 7 = 7 . 0 , 7.0, and 1.5 

Hz , 6-H and 6 '-H), and 6.6—7.7(16H, m, 2-Ph, 2'-Ph, 5-H, 5 '-H, 7-H, 7'-H, 8-H, and 8 '-H). 

2e 6.3—8.1(28H, m ) . 

puter at tached, and I R spectra with a Hitachi 260—10 
Infrared spectrophotometer. 

Materials. Indolizines ( lb—2e) were synthesized by 
the Tschitschibabin reaction of the corresponding 1-phen-
acylpyridinium bromides.9 - 1 1) 1-Methylindolizine (la)12> 
was prepared in overall 4 5 % yield by the reaction of 1-
(ethoxycarbonylmethyl)-2-ethylpyridinium bromide with ethyl 
(ethoxymethylene)cyanoacetate in ethanol in the presence 
of potassium carbonate at 40—50 °G followed by acidic 
hydrolysis of the resulting ethyl 1-methylindolizine-3-car-
boxylate. 

Preparation of 3,3'-Biindolizines (2a—e). General 
Method. A mixture of indolizine (2 mmol) , pal ladium on 
carbon ( 5 % , 0.8—1.0 g) , and dry xylene (50 ml) was heated 
under reflux in a 100 ml round flask equipped with a con­
denser for 20—25 h and then cooled. Insoluble substances 
were removed from the reaction solution by filtration and 
the filtrate was concentrated at reduced pressure. T h e 
residue was separated carefully by column chromatography 
(alumina) using hexane and then ether as eluents. R e -
crystallization several times from ether-hexane gave the 
corresponding 3,3'-biindolizine derivatives as pale yellow 
needles (2a) or prisms (2b—e) . 

Similar t rea tment of the paren t indolizine with Pd/G 
did not afford the expected 3,3'-biindolizine because of 
its instability. 

These results and some properties of 2a—e are given in 

Tables 1 and 2. 
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An Improved Oxidation Method of Pyridoxine 
Masaaki IWATA 
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(Received January 28, 1981) 

Synopsis. Manganese dioxide oxidation in the pres­
ence of primary amine was found to be an efficient oxidation 
system for pyridoxine. 

Prevalent method to synthesize pyridoxal and its 
congeners from the corresponding pyridoxines has been 
carried out by use of "act ive" manganese dioxide 
as an effective oxidant in aqueous solution of restricted 
p H ranges or in chloroform.1) T h e efficiency of the 
oxidation method seems to depend on activity of 
manganese dioxide, which is reported to be depend­
ent on the preparation method,2> and on solvent choice 
and reaction temperature which are proved to affect 
product yield as much as or more than the activity 
of manganese dioxide.2-3) 

In connection with our study directed toward de­
vised molecular construction from pyridoxine to pyri-
dinophanes with pyridoxal-like activity,4) it was in­
evitably required to develop a new oxidation system 
by use of manganese dioxide.5) With those above 
in mind and through several attempts employing pyri­
doxine (1) as a substrate model, we eventually found 

GH2OH 

H O X / / \ / C H 2 O H 
I II 

H 3 G / ^ N / 

1 

a new oxidation system by use of manganese dioxide7) 
in the presence of amine. T h e present method has 
been successfully applied to pyridinophane congeners 
without exception or reduction in yield.4) 

The fundamental reaction system consisted of 1, 
manganese dioxide,7) and an amine in the molar 
ratio of 1:10:2 in benzene. Pyridine was added to 
dissolve 1. The mixture was heated under reflux 
with azeotropic removal of the resulting water. The 
resulting imine was subjected to transimination for 
isolation (path A). For the purpose of comparison 
of amine effect on the reaction, path G was examined 
as well. 

Mn02 R"-NH2 

1 > R-CH=N-R' > R-CH=N-R" (path A) 
R'-NH2 

Mn02 

1 > R-CH=N-R' 
R"-NH2 

Mn02 

1 > R-GHO 
R"-NH2 

> R-CH=N-R' 

(path B) 

(path G) 

R'=-CH 2CH 2NH 2 , -CH 3 HC1, or -GH2GH2GH2N(GH3)2 

R" = -C6H4-/>-OC2H5 • HCl 

T h e results obtained are listed in Table 1. Each 
primary amine has a positive effect on the oxidation. 
Especially, 3-(dimethylamino) propylamine was the 
most effective of amines used. 

Although we have no substantial evidence for the 
bimolecular oxidation mechanism,9) the primary amino 
group might participate in the oxidation process by 
forming a transient manganese dioxide complex. The 
previous work on the oxidation of /5-amino alcohols10) 
could be mechanistically related to the present work. 

The present method will provide " a n oxidant sub­
stitute" for "act ive" manganese dioxide and, thus, 
seems to be a useful tool for the synthesis of unstable 
aldehydes, protected directly by coexisting primary 
amine to form a relatively stable Schiff base during 
oxidation. 

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

The melting point is uncorrected. The IR spectra were 
recorded on a Shimadzu IR-27 instrument. The UV spectra 
were measured with Hitachi 124 spectrophotometer. The 
^ -NMR spectra were recorded on a Varian HA-100D 
apparatus, with TMS as the internal standard and the chem­
ical shift and coupling constant were represented by ô and 
Hz, respectively. Merck silica gel 60 (Art. 7734, 0.063— 
0.20 mm) was used for the column chromatography and 
Wakogel B-5 FM (Wako Pure Ghem. Co., Ltd.) for ana­
lytical thin layer chromatography. The elemental ana­
lyses were performed by this Institute. All the reagents 
used were commercially available and employed without 
further purification. 

Oxidation Method. The mixture consisting of 1, man­
ganese dioxide,7) and an amine in the molar ratio of 1:10:2 
in benzene (150 ml/g of 1) was heated under reflux for the 
mentioned time with azeotropic removal of the resulting 

TABLE 1. MANGANESE DIOXIDE OXIDATION OF PYRIDOXINE ACCOMPANIED BY SCHIFF BASE FORMATION 

Reaction 
path 

Initial Reaction 
time/min 

Amine used 
for isolatn 

Treated 
time/min Product Yielda>/% 

G 
G 
B 
A 
A 
A 

— 
TEA«) 
EAN 
EDAd> 
MAe> 
DAPAf) 

120 
120 
130 
60 
30 
50 

EANb> 
EAN 

— 
EAN 
EAN 
EAN 

10 
10 
— 
15 
10 
10 

3 
3 
3 
3 
3 
3 

14 
26 
57 
57 
59 
75 

a) Isolated yield, b) /»-Ethoxyaniline hydrochloride, c) Triethylamine. d) Ethylenediamine. e) Methylamine 
hydrochloride, f) 3-(Dimethylamino)propylamine. 
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water by the Dean-Stark apparatus until no more water 
came out. Pyridine was mixed to dissolve 1 up to fifty 
volume percent of benzene. T h e reaction mixture was 
then filtered, while hot, through celite (No. 545) to remove 
excess amount of manganese dioxide and the resulting man­
ganese oxide, washed several times with hot pyridine. T h e 
combined filtrate was treated, after removal of the solvents 
under reduced pressure, with one of the following ways. 

For transimination8) (path A) , the residue was dissolved 
into small amount of benzene-ethyl acetate (1:1 v/v), and 
equal weight of /»-ethoxyaniline hydrochloride to the amine 
initially used was mixed, followed by addition of equal volume 
of water to the organic layer. By magnetic stirring, im­
mediately, the brown solution resulted in orange-red pre­
cipitate which was recrystallized from methanol after col­
lection by filtration. Spectral data supported that the or­
ange red crystals are 4-(^-ethoxyphenyliminomethyl)-5-hy-
droxy-6-methylpyridine-3-methanol (3); m p 211—212.5 °G 
(decomp), needles. Found : G, 66.62; H , 6.35, N , 9.66%. 
Calcd for G 1 6 H 2 0 O 3 N 2 : G, 66.64; H, 6.99; N, 9 .72%. U V 
( E t O H ) : A m a s (e) 210 (19200), 224 (sh, 17700), 253 (sh, 
8400), 297 (sh, 7100), 305 (sh, 7500), 350 (14700), 366 
(15000), and 384 (sh, 11800) n m . U V (E tOH-0 .1 M 
N a O H ) : Am a x (e) 239 (18800), 310 (7000), and 410 (3400) 
nm. *H-NMR (DMSO-^ 6 ) : 1.34 (3H, t, 7 = 7 . 0 , O C H 2 -
CH 3 ) , 2.41 (3H, s, C H 3 on the pyridine ring), 4.07 (2H, q, 
7 = 7 . 0 , O C H 2 C H 3 ) , 4.75 (2H, broad d, 7 = 5 . 0 , C H 2 - O H 
on the pyridine ring), 5.38 ( I H , broad t, 7 = 5 . 0 , G H 2 - O H ) , 
7.10 and 7.46 (2H each, d, 7 = 9 . 0 , protons on the benzene 
ring), 7.83 ( I H , s, proton on the pyridine ring), 9.10 ( I H , 
s, - C H = N - ) , and 15.10 ( I H , broad s, phenolic proton on 
the pyridine ring). I R (KBr disc): ^c-o-c 1250; v c = N 

1615; vs 1500, 1406, 1385, 1298, 1020, and 818; vm 1582, 
1475, 1310, 1265, 1198, 1163, 1118, 1019, 860, 789, 572, 
and 535 c m - 1 . 

For direct isolation of 3 (path B), the residue was trit­
ura ted with benzene. T h e precipitate was collected by 
filtration and recrystallized from methanol . 

For (indirect) Schiff base (3) formation (path G), the res­
idue was dissolved into ca. 20 ml of benzene followed by 
addit ion of equal weight of /»-ethoxyaniline hydrochloride 
to 1 and the mixture was stirred for the mentioned time. 

3 was isolated by silica gel chromatography eluted with 
chloroform-methanol (9 : 1 v/v). 

T h e a u t h o r w o u l d l ike t o express a p p r e c i a t i o n to 
D r . H a r u o H o m m a a n d his staff for e l e m e n t a l 
ana lyses , to D r . J u n U z a w a a n d M r s . T a m i k o Gh i j ima t su 
for 1 H - N M R m e a s u r e m e n t , a n d to D r s . S a k a e E m o t o 
a n d H i r o y o s h i K u z u h a r a for e n c o u r a g e m e n t t h r o u g h 
th is w o r k . 
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Synopsis. Copper(II) ion was found to be effective 
for regioselective removal of the 5,6-O-isopropylidene group 
of a-D-mannose and a-D-glucose derivatives in alcohols at 
ambient temperature. 

In connection with a series of reactions promoted 
by copper(II) ion in organic solvent,1) a convenient 
method was developed for the preparation of 1-0-
benzoyl-2,3- O-isopropylidene-a-D-mannofuranose (3), 
benzyl 2,3-O-isopropylidene-a-D-mannofuranoside (4), 
3-0-benzoyl-l,2-0-isopropylidene-a-D-glucofuranose(6), 
and 6-0- benzoyl - 1,2 - 0 - isopropylidene-a-D-glucofura-
nose (7) from the corresponding diisopropylidene 
monosaccharides. 

Monoisopropylidene-D-mannose and -D-glucose are 
useful starting materials for the preparation of nu­
merous derivatives and chiral natural products. 2) 
Monoisopropylidene derivatives of monosaccharides are 
usually prepared from the corresponding diisopropyl­
idene derivatives by preferential partial hydrolysis of 
the more acid labile 5,6-O-isopropylidene group. 
Methods reported so far3) have employed acetic acid 
or mineral acids as promoters, thus making it necessary 
to control p H , temperature, and/or reaction time, and 
evaporate a large quantity of solvent occasionally giv­
ing rise to further hydrolysis. The present method 
is easy, giving quantitative yield under mild condi­
tions and not requiring certain manipulation required 
in other procedures. 

The 5,6-O-isopropylidene group was regioselectively 
hydrolyzed by stirring a mixture of l-O-benzoyl-2,3: 
5,6-di-O-isopropylidene-oc-D-mannofuranose (1), benzyl 
2,3:5,6-di-O-isopropylidene-a-D-mannofuranoside (2), 
or 3-0-benzoyl-1,2:5,6-di-O-isopropylidene-a-D-gluco-
furanose (5) and five molar equivalents4) of copper (I I) 
chloride dihydrate in ethanol or 2-propanol5) at room 
temperature to give 3, 4, or 6 in 97, 99, or 9 9 % yields, 
respectively, after neutralization by sodium hydro-
gencarbonate. The prolonged reaction time and scale-
up of the preparation from 0.5 to 40 g can be achieved 
without reduction in the yield. 

Interestingly, however, when the reaction mixture 
of 5 was neutralized by sodium carbonate, the prod­
uct was solely 6-0-benzoyl-1,2-O-isopropylidene-a-D-
glucofuranose (7). O n the other hand, when an 
ethanol solution of 6 was stirred in the presence of 
1 M — N a 2 C 0 3 at room temperature for 10—30 min, 
quantitative transformation of 6 into 7 was observed 
by measurement of the specific rotation change before 
and after the reaction.6) Thus, it was confirmed that 
the benzoyl group is labilized and easily migrates 
to the Opposition by subtle p H change.7) 

The ß-anomer of 2 was more acid-sensitive than 2. 
When a mixture of the /?-anomer of 2 and a molar 
equivalent9) of copper(II) chloride dihydrate in 2-
propanol was stirred at room temperature for 44 h, 

silica gel chromatographic separation ( C H C l 3 - M e O H 
9:1 v/v) of the product after work-up provided benzyl 
2,3-0-isopropylidene-/S-D-mannofuranoside (8) in 3 0 % 
yield, benzyl ß-D-mannofuranoside (9) in 12% yield, 
and benzyl 5,6-0-isopropylidene-/?-D-mannofuranoside 
(10) in 2 0 % yield, along with 3 4 % recovery of the 
starting diisopropylidenemannoside. T h e formation of 
10 was rationalized by the isopropylidenation of 9 
with liberated acetone in situ.10) 

T h e copper(II)-ion promoted partial hydrolysis was 
inhibited in the presence of pyridine; thus, a copper 
complex of sugar may be a possible intermediate in 
this reaction which could be supported by other cir­
cumstantial evidence.4«5) 

Exper imenta l 

Merck silica gel 60 (Art. 7734, 0.063—0.20 mm) was 
used for the column chromatography and Wakogel B-5 
FM (Wako Pure Chem. Co., Ltd.), for the analytical TLG. 
TLG plates were visualized by spraying jb-methoxybenzal-
dehyde-concd sulfuric acid-methanol (5:10:85 v/v) follow­
ed by heating. The optical rotations were measured with 
Perkin-Elmer model 241 MG Polarimeter. The IR spec­
tra were recorded on a Shimadzu IR 27 instrument. Ele­
mental analyses were carried out in this Institute. The 
mp is uncorrected. 

Preparation of 1-0-Benzoyl-2,3-0-isopropylidene-cf.-T>-manno-
furanose (3). A mixture of 20 g (0.055 mol) of 1 and 
48 g (0.28 mol) of copper(II) chloride dihydrate in 500 ml 
of ethanol was magnetically stirred at room temperature 
for 14 h (overnight). The reaction was terminated by ad­
dition of 48 g of sodium hydrogencarbonate crystals and 
the mixture was stirred (mostly for 0.5—1 h) until no more 
carbon dioxide was evolved. Then 100 ml of water was 
added, further amount of carbon dioxide being evolved, 
and the mixture was diluted with 400 ml of water to pro­
mote precipitation. The pale blue precipitate was filtered 
off through celite (No. 545). The filtrate was extracted 
with ca. 500 ml of chloroform and dried over MgS0 4 fol­
lowed by filtration. After removal of the solvent, the re­
sidue was chromatographed on a silica gel column eluted 
with chloroform and then with chloroform-methanol (9:1 
v/v) to give 17.2 g (97% yield based on 1, colorless amor­
phous powder) of 3 ; [a]sD° 37.4° (c 0.968, GHG13) (lit,11) 
[a]2D° 52.5° (c 1.7, ethanol); IR (KBr disc) vc=0 1724cm-1. 

Preparation of Benzyl 2,3-O-Isopropylidene-tx-v-mannofuranoside 
(4). A mixture of 40.54 g (0.116 mol) of 2 and 
98.7 g (0.58 mol) of copper(II) chloride dehydrate in 400 
ml of 2-propanol was stirred overnight {ca. 14 h). A similar 
work-up to that for 1 afforded 35.5 g (99% yield, syrup) 
of 4; [a]3D° 71.1° (c 0.771, CHG13) (lit,12> mp 60—61 °G, 
[a]sD° 90° (c 1, GHG13)). 

Preparation of 3-0-Benzoyl-1,2-0-isopropylidene-<x-D-gluco-
furanose (6). A mixture of 0.5 g (1.37 mmol) of 5 and 
1.2 g (7 mmol) of copper(II) chloride dihydrate in 20 ml 
of ethanol was stirred overnight (ca. 15 h). The reaction 
mixture was neutralized with 1.2 g of sodium hydrogen-
carbonate followed by a similar work-up to that for 1 to 
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give 0.441 g (99% yield) of 6 (syrup); [a]2
D

6 - 2 6 . 5 ° (c 
0.941, ethanol) (lit,3d) - 2 6 ° (ethanol); lit,13) - 2 6 . 5 ° (c 
0.859, ethanol)) . 

Preparation of 6-O-Benzoyl-1,2-O-isopropylidene-oc-v-glucofuranose 
(7). A mixture of 0.5 g (1.37 mmol) of 5 and 1.2 g 
(7 mmol) of copper(II) chloride dihydrate in 20 ml of ethanol 
was stirred at room temperature for 19 h followed by neu­
tralization with 1.2 g of sodium carbonate. A similar work­
up to that for 1 afforded 0.43 g (97% yield) of 7 ; recryst. 
from ethanol (minor)-chloroform (major); m p 195—196 
°G (lit,7) 195—197 °G); [a]2

D
6-5 4.71° (c 0.488, ethanol) 

(lit,8) 7.4° (c 0.535, ethanol)) . 

T h e a u t h o r s a r e gra tefu l t o D r . H a r u o H o m m a 
a n d his staff for c a r r y i n g o u t e l e m e n t a l ana lyses , a n d 
t o D r s . H i r o y o s h i K u z u h a r a a n d M a s a j i r o K a w a n a 
for t he i r v a l u a b l e discussions. 
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Synopsis. The reaction of/»-bromophenol with car­
boxylic acids in the presence of triphenylphosphine and 
triethylamine proceeded at a high temperature, with the 
elimination of hydrogen bromide, to give phenyl carboxylates 
and small amounts of /»-bromophenyl carboxylates. 

We have recently reported that the direct esterifica­
tion of phenols (ArOH) with carboxylic acids pro­
ceeds easily at room temperature by the use of both 
triphenylphosphine and carbon tetrachloride as de­
hydrating agents in the presence of triethylamine, 
giving only the corresponding aryl carboxylates 
(RGOOAr) such as ^-bromophenyl benzoate from p-
bromophenol and benzoic acid in a high yield.1) 
From our further investigation into the esterification 
of /»-bromophenol, we have found that the esterifica­
tion in the presence of triphenylphosphine and tri­
ethylamine gives phenyl carboxylates, with the elimina­
tion of hydrogen bromide: 

P h 3 P + E t 3 N 

ry product was produced in the absence of triethyl­
amine, and the use of pyridine instead of triethyl­
amine gave phenyl carboxylate in a poor yield. Also, 
the esterification with carboxylic acid having a nitro 
group resulted in the formation of a tarry product 
in contrast to the expected ester. 

I t is concluded that the esterification of /»-bromo-
phenol with carboxylic acids in the presence of tri­
phenylphosphine and triethylamine proceeds through 
the process shown in the following scheme: 

Br-< >-OH + Ph,P P h , P - 0 - O / B r -

Ph , p - o - < ^ • Br-
Et 3 N 

RCOOH 

Br-< O >-OH + RCOOH 

RGOO-<S> Ph,P=0 + EtoN-HBr. 

The results are shown in Table 1. The reaction 
proceeds at a high temperature to give, simultane­
ously, phenyl carboxylate and small amounts of /»-
bromophenyl carboxylates. The yield of the phenyl 
carboxylates increased with an increase in the reac­
tion temperature, but the yield of /»-bromophenyl car­
boxylates decreased conversely. A black-colored, tar-

P h s P - O - G O R - O - ^ 0 / > + Et3N-HBr 

2 _ 

Ph 3 P-0-COR > Ph3P=0 + RCOO-< O 

t 
<(o)>-o-

I t has been reported by Hoffmann that the phos-
phonium salt (1) assumed as an intermediate is form­
ed by the elimination of bromine from /»-bromophenol 
with triphenylphosphine at a high temperature.2) The 
resulting salt 1 is converted to acyloxytriphenyl-

TABLE 1. PHENYL AND /»-BROMOPHENYL CARBOXYLATES51) 

RCOOH 

R 

CH3 

CH3 

CH3«) 
CH3GH2CHa 

C6H5 

C6H5 

<W> 
/»-C1C6H4 

/,-ClC6H4 

0-ClC6H4 

/>-CH3C6H4 

/»-CH3OC6H4 

/»-NOaC6H4 

C6H5CH=CH 

Reaction 
temp 

°C 

200 
170 
200 
200 
200 
170 
170 
200 
170 
200 
200 
200 
200 
200 

Yield 

% 

50 
46 

62 
84 
62 
9 

64 
54 
40 
75 
62 

58 

Phenyl esters 

Mp 
°C 

82—83/10b> 
84—86/12b> 

106—108/8") 
70—72 
71—72 
70—73 
100—102 
101—103 
37—38 
71—73 
67—69 

74—76 

IR(»y. 

c=o 
1770 
1770 

cm-1) MS(m/e) 

C-O 

1230 
1230 

Tarry product 
1770 
1725 
1725 
1725 
1735 
1735 
1735 
1735 
1730 

1205 
1265 
1265 
1265 
1280 
1280 
1280 
1275 
1275 

Tarry product 
1730 1205 

M+ 

136 
136 

/»-Bromophenyl esters 

Yield Mp 
°/ /o 

0 
13 

was formed 
164 
198 
198 
198 
232 
232 
232 
212 
228 

4 
0 

12 
21 

0 
4 
0 

14 
5 

was formed 
224 5 

°C 

122—124/1 lb) 

— 

104—106 
105—106 

100—104 

95—97 
103—105 

111—114 

IR07 

c=o 

1770 

1770 

1740 
1740 

1750 

1740 
1730 

1750 

cm-1) 

C-O 

1230 

1205 

1260 
1260 

1270 

1270 
1270 

1215 

MS (mje) 

M+ 

214 

242 

276 
276 

310 

290 
306 

302 

a) Reaction time: 4h . b) Bp: °C/Torr (1 Torr = 133.322 Pa), c) In the absence of triethylamine. d) Pyridine 
was used instead of triethylamine. 
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phosphonium phenoxide (2) by the nucleophilic attack 
of the acyloxy anion onto the phosphorus atom of 
1, followed by the attack of the phenoxy anion onto 
the carbonyl carbon of 2, giving phenyl carboxylate 
with the elimination of triphenylphosphine oxide. 
Otherwise, it is considered that the formation of p-
bromophenyl carboxylate is by the attack of />-bromo-
phenol on 2. 

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

All the melting and boiling points are uncorrected. All 
the chemicals used were of an analytical reagent-grade. 
The thin-layer chromotography (TLG) was performed on 
Merck's silica gel 60 (70—230 mesh). The IR spectra 
were recorded in KBr on a Shimadzu IR-27G spectrometer, 
and the MS, on a Hitachi RM-50GG spectrometer with 
60 eV. 

General Procedure. A mixture of triphenylphosphine 
(5.5 mmol), triethylamine (5.5 mmol), carboxylic acid (5.5 
mmol), and jfr-bromophenol (5.0 mmol) was heated at 200 
°G for 4 h in the absence of a solvent. After hexane has 
been poured into the resulting mixture, the insoluble tri­
phenylphosphine oxide and triethylamine hydrobromide 
were filtered off. The filtrate was washed with an aqueous 
sodium hydroxide solution, dried over anhydrous sodium 
sulfate, and concentrated, thus giving an ester. The pure 
ester was obtained by recrystallization from hexane or meth­
anol, or by chromatography on silica gel, and was deter­
mined by infrared and mass-spectral analysis. 
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Synopsis. The catalytic micellar effects of potas­
sium dodecyl sulfate on the hydrolysis of trimethyl ortho-
benzoate were found to be much retarded by 15-crown-5 
or 18-crown-6. 

I t has been reported that complex-forming crown 
ethers lower the critical micelle concentration and 
increase the partial molal volumes and compressi­
bilities of sodium decanoate in aqueous solutions.1) 
The results have been interpreted in terms of the 
formation and association of Na+-crown ether com­
plexes with micelles, reducing the repulsion between 
the ionic groups at the micelle surface. 

This article describes the effects of crown ethers 
on the critical micelle concentration (cmc) of sodium 
dodecyl sulfate (SDS) and potassium dodecyl sulfate 
(PDS) in aqueous solutions, and their effects on the 
rate of hydrolysis of methyl orthobenzoate in the PDS 
micellar systems. 

When 15-crown-5 or 18-crown-6 was added to an 
aqueous SDS or PDS solution, an appreciable de­
crease in the specific conductivity of the solution was 
observed, and, as summarized in Table 1, the cmc, 
which was determined by the plot of conductivity 
against surfactant concentration, was found to de­
crease. The apparent enhancement of the micelle 
formation by the crown ethers is quite similar to that 
of sodium decanoate.1) The magnitude of the de­
crease in cmc seems to have a correlation with the 
association constant of the crown ethers with alkali 
metal ions of the surfactants as shown in Table 1. 
18-Crown-6 has higher association constants both with 
K + and N a + and gives lower cmc of PDS and SDS 
than 15-crown-5. The plot of cmc against the ratio 
of 18-crown-6 to PDS is shown in Fig. 1. 

I t is known that organic compounds often increase 
the cmc of surfactants, as is the case of urea in an 
aqueous SDS solution.2) T h e effects of crown ethers 
described above may be the consequence of the for-

TABLE 1. CRITICAL MICELLE CONCENTRATION OF SDS 

AND P D S IN T H E ABSENCE AND PRESENCE OF 

EQUIMOLAR AMOUNTS OF C R O W N E T H E R S 

Surfactant 

SDS 

PDS 

Grown ether 

None 
15-Crown-5 
18-Crown-6 

None 
15-Crown-5 
18-Crown-6 

Cmc/mM 

35 °G 

8.0 
6.7 
6.6 
8.0 
6.5 
4.1 

23 °G 

8.1 
7.2 
6.7 

Association const 
(logK) of 

crown ethera) 

— 
0.70(Na+) 
0.80(Na+) 

— 
0.74(K+) 
2.03(K+) 

mation of crown ether-metal ion complexes and their 
incorporation into the micelles, which leads to the 
decrease in the electrostatic repulsion between the 
anionic head groups of the micelles. 

A kinetic study was made to clarify the effects of 
crown ethers on the hydrolysis of methyl orthoben­
zoate in aqueous PDS solutions. The hydrolysis was 
followed by the change in absorbance of the product 
methyl benzoate at 228 n m at 35 °G and p H 3.41, 
which was adjusted by acetic acid. As shown in 
Fig. 2, the first order rate constant in PDS solution 
in the absence of crown ethers increases markedly 
above cmc. In the presence of a crown ether, how­
ever, the rate enhancement by the surfactant micelle 
is much decreased; 18-crown-6 has a larger inhibitory 
effect than 15-crown-5. Since the effects of crown 
ethers on the hydrolysis rate below cmc are small 

0 1 2 

( 18-Crown-6/PDS)/mol 

Fig. 1. The effect of 18-crown-6 on the cmc of PDS 
in aqueous solutions. 

a) From Ref. 4 (at 25 °G). 

20 30 40 

PDS/mM 

Fig. 2. First order rate constant for the hydrolysis 
of trimethyl orthobenzoate in the absence and pres­
ence of equimolar crown ethers (35 °G, pH 3.41). 
O: PDS only, A : PDS-15-crown-5, # : PDS-18-
crown-6. 
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(first order rate constants are 0.052 and 0.054 s_ 1 for 
PDS concentrations of 2.0 and 4.0 m M , respectively, 
while those for PDS-18-crown-6 systems are 0.052 and 
0.064 s _ 1 at the same concentrations, respectively), the 
rate retardation is obviously the consequence of the 
change of the nature of the micelles. 

T h e reaction is considered to proceed by general 
acid catalysis, involving the proton transfer to the 
substrate followed by the formation of a carbenium 
ion by the elimination of methyl alcohol as shown 
in Scheme 1.3> The catalytic effects of anionic mi-

/ ( O C H 3 ) 2 H / P C H 3 

PhC(OCH^)^ + H ^ PhC s> P h C + 
\ + \ \ 

H 

H O 
^ P h C 0 2 C H 3 + CH3OH + H 

Scheme 1. 

celles have been interpreted by the solubilization of 
the substrate in the Stern layer of the micelle where 
the proton concentration is higher than in the bulk 
water phase. The rate retardation by the crown 
ethers may be interpreted by the decrease in the charge 
density and hence the lower hydrogen ion concentra­
tions on the surface of the micelles as implied by the 
decrease in the cmc by the addition of the crown 
ethers. A larger inhibitory effect of 18-crown-6 which 
has stronger complex-forming ability than 15-crown-5 

seems to support the above consideration. 
Since the complexation with crown ethers is con­

sidered to enhance the hydrophobic nature of potas­
sium ion, the inclusion of the complexes into the mi­
celle is likely to occur in the present systems, which 
would result in the decrease in the fraction of micelle 
charge. 

I t is interesting to note that, as shown in Fig. 2, 
in the presence of the crown ethers, the hydrolysis 
rate decreases at higher concentrations of the sur­
factant-crown ethers. Since no maximum rate is ob­
served in the absence of the crown ethers, the interac­
tion of the free crown ethers with hydroxonium ions 
may be responsible for the rate retardation. 

T h e formation of crown ether-metal ion complexes 
and their interaction with micelles described above 
may serve as an experimental model system of bio­
logical ionophore-mediated metal ion-protein interac­
tions. 
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Synopsis. The reactions of some acetylenes with 
sulfuryl chloride in benzene and carbon tetrachloride at 
the reflux temperature afford the corresponding (E)- and 
(Z)-dichloroalkenes in good to moderate yields via homo-
lytic pathway. The kinetically controlled isomer ratios (E/ 
Z) depended very much on the kind of acetylenes employed ; 
i.e., 93/7 for 1-octyne to 14/86 for 3,3-dimethyl-l-phenyl-
1-butyne in benzene. 

Sulfuryl chloride has long been known to chlorinate 
olefin homolytically, both chlorine atoms and chloro-
sulfonyl radicals acting as chain carriers.1) To our 
knowledge, however, the application to acetylenes 
seems to be so far limited only to divinylacetylene,2> 
2-butyne,3) and phenylpropiolic acid and its methyl 
ester.4) In the last case where sulfuryl chloride itself 
was used as solvent, the products were the complex 
mixture and, interestingly, the stereoisomeric ratios 
(E:Z) of the produced dichloroalkenes (one of the 
main products) were 1:4 and 4 :1 for the acid and 
its methyl ester, respectively. Since a systematic study 
on the stereoisomeric ratios in radical chlorination 
of acetylenes has been reported only for (dichloroiodo)-
benzene,5) we undertook the chlorination of some acet­
ylenes with sulfuryl chloride in nonpolar solvent to 
know whether the reaction proceeds homolytically and 
what the isomer ratios of dichloroalkenes are. As 
one of a series of our studies of halogenation of acet­
ylenes by molecular halogen and metal halides,6) we 
wish here to describe the details of the reaction. 

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

The reactions of some acetylenes with equimolar 
amount of sulfuryl chloride in carbon tetrachloride 
or benzene at the reflux temperature gave a mixture 
of the corresponding E- and Z-dichloroalkenes in good 
to moderate yields [Scheme (1)]. Typical results are 
shown in Table 1 together with the reported isomer 

R - G E G - R ' + S02G12 > 

(1) 

R \ /CI R \ / R 
C=C + C=C (1) 

CK NR' CK \G1 
E-(2) Z-(2) 

ratios of the chlorination with PhIGl2 and of ther­
modynamic equilibrium. A use of excess sulfuryl chlo­
ride resulted in an increase of tetrachloroalkanes with 
a slight increase of (2), the isomer ratio being almost 
constant. As exemplified from the product yield in 
the table, the reactions proceeded more smoothly in 
benzene than in carbon tetrachloride, the isomer ratio 
being nearly the same in both solvents. Since pro­
longed reaction time had little effect on the isomer 
ratios of the products, the reactions must be almost 
entirely kinetically controlled. We confirmed inde­

pendently that interconversion between the isomers of 
(2; R = P h , R ' = H or Me) did not occur in both sol­
vents at the reflux temperature for 1—2 h in the pres­
ence of 1 equiv. of sulfuryl chloride. The observed 
kinetically controlled ratio is much different with the 
ratio of thermodynamic equilibrium and slightly dif­
ferent with the one of radical chlorination using PhIGl2 . 
In the case of ( 1 ; R = Ph, R ' = £-Bu) the Z-isomer 
was the major product, as has been observed in the 
chlorination with several chlorinating agents such as 
Cl2,

6b> CuGl2,6a) and SbCl5.6d) 

In order to know whether the reaction is homo-
lytic, we have carried out the chlorination of ( 1 ; R = 
Ph, R ' = H or Me) in the presence of a radical scav­
enger such as /-butylcatechol or phenol and found 
that the product yield decreased profoundly and the 
isomer ratio of E/Z became low. For example, E-
and Z-(2; R = P h , R ' = H ) were obtained from ( 1 ; 
R = P h , R ' = H ) in a yield of 1 1 % {E\Z= 76/24) and 
17% (£ /Z=63 /37 ) in chloroform (0.5 mmol of *-butyl-
catechol added) and in benzene (0.2 mmol of the 
catechol added) at reflux for 2 h, respectively. Sim­
ilarly, the yield of (2) in the reaction of ( 1 ; R = Ph, 
R ' = Me) in benzene at reflux for 2 h decreased to 
2 7 % {E/Z= 66/34) by addition of 0.2 mmol of the 
catechol. O n the other hand, when the reaction of 
( 1 ; R = P h , R ' = H ) in carbon tetrachloride was car­
ried out by the addition of benzoyl peroxide, a radical 
initiator, the product yield of (2) increased to 5 8 % 
from 3 4 % without it. This finding also supports the 
radical nature of the reaction. An ionic chlorination 
of ( 1 ; R = P h , R ' = H or Me) with chlorine gas has 
been reported to give (2) in a ratio {EjZ) of 51/49 
or 67/33 respectively. Therefore, a slight increase for 
the Z-isomer in the isomer ratio obtained in the pres­
ence of the radical inhibitor may be explained by as­
suming that this radical chlorination is slightly ac­
companied with an ionic one with chlorine which 
may be formed by dissociation of sulfuryl chloride. 
In fact, when the chlorination of (2; R = P h , R ' = Me) 
with sulfuryl chloride in benzene was carried out at 
30 °G for 30 min under U V irradiation, E- and Z-
(2; R = P h , R ' = M e ) were obtained in a yield of 2 0 % , 
EjZ being 91/9. Under similar conditions without ir­
radiation almost no products were obtained. This 
fact shows that under completely radical condition 
the formation of the ^-isomer is much favored. 

Considering from the proposed mechanism for olefin 
chlorination with sulfuryl chloride,1) the reaction 
scheme for the chlorination of phenyl-substituted acet­
ylene seems to be as that shown in Scheme 2 where 
both chlorine atom and chlorosulfonyl radical act as 
chain carriers (R- may be derived from organic per­
oxides). The E/Z isomer ratio of (2) may be deter­
mined by the step of sulfuryl chloride attack on the 
intermediate linear a-phenylvinyl radical [A]7) where 
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T A B L E 1. GHLORINATION OF ACETYLENES WITH SULFURYL CHLORIDE11) 

1 

R 

GG14 solvent 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Hexyl 
Hexyl 

Benzene solvent 
Ph 
Ph 
Ph 
Ph 
Ph 
Hexyl 

R' 

H 
H 

Me 
Me 
Et 
Et 

*-Bu 
t-Bu 

Ph 
Ph 
H 
H 

H 
Me 
Et 

/-Bu 
Ph 
H 

Time 
h 

2 
65 
2 

15 
2 

15 
2 

15 
2 

21 
2 

20 

2 
2 
2 
2 
2 
2 

Yield of 2 

% 

34 
46 
46 
68 
37 
54 
46 
49 
9 

36 
10 
38 

75 
85 
97 
87 
69 
23 

Isomer ratio (E : Z) 

This workb> 

83 : 17 
8 4 : 16 
87 : 13 
85 : 15 
79 : 21 
73 :27 
14: 86 
13 :87 
55 :45 
56 : 44 
98 : 2 
92 : 8 

85 : 15 
8 4 : 16 
75 : 25 
14: 86 
57 : 43 
93 : 7 

PhICl2
c> 

70 : 30 

51 : 49 

5 7 : 4 3 

7 6 : 2 4 

9 4 : 6 

d) 

14 : 86 

54 : 46 

4 4 : 5 6 

2 8 : 72 

53 : 47 

a) Carried out at reflux temperature (78 °G for GG14 and 81 °G for benzene) with 1 (2 mmol), S02C12 (2 mmol), 
and solvent (4ml). b) Determined by GLG. c) Ref. 5. d) The ratio of thermodynamic equilibrium; Ref. 5. 

R. + SO-GL Rcr+ SCLCI. 

so2ci. 

SCLCL 

SOo + Gl. 

-* SO.G1- + Cl-

CI- + (1 ; R = Ph) 

I 
. /Gl 

Ph-C=C + S02G12 

t XR' 

/ Gl 
Ph-G=G 

[A] \ R ' 

(2; R = Ph) + SOaGl-

(2) 

the attack by sulfuryl chloride should occur in the 
plane containing both Gl and R groups.6b) When 
R is sterically smaller than Cl (like H or Me) , the 
^-isomer would be favored, while the Z-isomer should 
be the major one when R is a large substituent like 
t-Bu. This assumption is consistent with the experi­
mental results. 

Exper imenta l 

1-Phenyl-1-alkynes and authentic samples of (2) for GLG 
analyses were prepared as previously described.6*) Phenyl-
acetylene, diphenylacetylene, 1-octyne, and other organic 
materials were commercial products and used without fur­
ther purification. Sulfuryl chloride was distilled before use. 
The GLG analyses were carried out on Shimadzu 4BMPF 
apparatus using EGSS-X(1 or 3 m)-Chromosorb-W columns 
(N2 as the carrier gas); the ^-isomer has a shorter retention 
time than the Z-isomer in all cases except (2; R = R ' = P h ) . 
The internal standards were ethyl cinnamate for (2; R = 
Ph, R ' = H , alkyl, Ph) and m-l,2-dichlorocyclohexane for 

(2; R=72-C6H13, R ' = H ) . The NMR spectra were recorded 
with a Varian EM-360 and a JEOL JNM-MH-100 ap­
paratus using GG14 solvent (TMS as an internal standard). 
The UV irradiations were carried out with a high-pressure 
mercury lamp(Ushio UM-103). 
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Synopsis. 1,3-Benzodithiol-2-ylidenetriphenylphos-
phorane reacted with carbon disulfide to give 1,3-benzo-
dithiole-2-thione, dibenzotetrathiafulvalene, and an uniden­
tified crystalline red compound in addition to triphenyl-
phosphine sulfide. The same products were also obtained 
by treatment of l,3-benzodithiol-2-ylthiocarbonyl chloride 
with base. 

Recent findings concerning the highly-conductive 
charge transfer salt of tetrathiafulvalene (TTF) with 
tetracyanoquinodimethan (TCNQ,) have created a 
wide and extensive interest in the design of organic 
donors and acceptors.1) Thus, the syntheses of com­
pounds of types l2) and 23) have appeared recently; 
in compounds 1, T T F system is extended by inser­
tion of a quinonoid unit and compound 2 is isoelec-
tronic with T C N Q . In this connection, the synthe­
sis of organic donor like 3 is of current interest. We 
report here some findings found during the attempted 
synthesis of 3. 

There are abundant examples of dimerization of 
thioketenes which yield 1,3-dithietans.4) Therefore, di­
merization of the thioketene 4, which would be pro­
duced by the Wittig reaction of carbon disulfide with 
1,3- benzodithiol - 2 -ylidenetriphenylphosphorane (5) 
(conveniently obtainable by treatment of 6 with butyl-
lithium),5) was chosen as our synthetic strategy to 3. 

A stirred suspension of 6 in tetrahydrofuran was 
treated with a slight excess of butyllithium and then 
carbon disulfide was added at —78 °G. The mixture 
was gradually warmed to room temperature and then 
refluxed. Chromatographic purifications gave 1,3-
benzodithiole-2-thione (7) (9—25%), dibenzotetrathia­
fulvalene (8) (15—20%), and a red crystalline com­
pound 9 (5—9%) in addition to triphenylphosphine 
sulfide (44—65%). The reaction was repeated several 
times and gave reproducible results. Although the 
occurrence of triphenylphosphine sulfide is suggestive 
of the formation of the expected thioketene 4, no 
products, which correspond to the dimer of 4, were 
isolated. The red compound 9 has a molecular for­
mula of C1 5H8S5 on the basis of mass spectrum and 
elemental analysis (a tentative structure is given in 
the Experimental section). 

The use of compound 105) instead of 6 gave an 
intractable mixture. 

As to the mechanism of the formation of 7 and 8, 
initial formation of 7 from 5 and carbon disulfide 
followed by reaction of 7 and 5 which yields 8, was 
ruled out since control experiment showed that com­
pound 7 is unreactive toward 5. 

Attempted trapping of 4 with amine was fruitless. 
The Wittig reagent 5, prepared as above, was allowed 
to react with carbon disulfide and then a solution of 
jb-toluidine in tetrahydrofuran was added at —78 
°C. Workup of the mixture by column chromatog­

raphy did not give the expected adduct 11, but af­
forded compounds 7, 8, and 9 in decreased yields. 
The result indicates that either the final products, 
7, 8, and 9, are produced by a mechanism which does 
not involve 4 as the intermediate or 4 fails to react 
with jb-toluidine and is readily converted to the final 
products under the conditions. 

Generation of 4 by other method was next tried. 
1,3-Benzodithiole (12) was lithiated by butyllithium6) 
and allowed to react with thiophosgene at —78 °C, 
and then the resulting 13 was dehydrochlorinated by 
triethylamine. Purification of the mixture by column 
chromatography yielded 7 (2%) , 8 (28%), and 9 
(2%) . The use of DBU as the base gave a similar 
result. The formation of the same products, 7, 8, and 
9, by two different reactions is strongly suggestive 
of the presence of the common intermediate 4. 

One of possibilities as to the mechanism of the for­
mation of the final products is the decomposition of 
4 to the carbene 14 and carbon monosulfide since 
14, generated by addition of carbon disulfide to ben-
zyne, is known to give 8 by dimerization and 7 by 
an uncertain mechanism.7) 

xxxi: XX 
XX ')=c=s 

!>=pw 

.<;/ P ( C 6 H 5 ) 3 1) n-BuLi, -7S°c' 
B F , " 2 )CS 2 , -78-C 

g 1 3) A 

'6V3 

(C6H5)3P=S + 

s w s ' 

> s 

+ 9 

O v »(oMe)2 0-s^rNH'C6Hz*'Mecp) 
10 

v 
ç / \ | . 1) n-BuLi, 
C> M - 7 8 ° C 
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!2 2) S"CCl2' -7S°° 13 S 

> 
14 
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E x p e r i m e n t a l 

Reaction of 1,3-Benzodilhiol-2-ylidenetriphenylphosphorane (5) 
with Carbon Disulfide. T o a stirred suspension of 4.02 
g (8 mmol) of 65> in 200 ml of anhydrous tetrahydrofuran 
(THF) was added a 15% solution of butylli thium in hexane 
(6.0 ml, 9.2 mmol) under nitrogen at — 78 °C. After stir­
ring of 1.5 h, 0.76 g (10 mmol) of carbon disulfide in 7 ml 
of T H F was added at — 78 °G. T h e mixture was stirred 
for 0.5 h at — 78 °G, gradually warmed to room tempera­
ture, and then refluxed for 2 h. T h e solvent was removed 
under reduced pressure and the residue was extracted with 
200 ml of dichloromethane, washed with water, dried on 
sodium sulfate, and evaporated. T h e resulting reddish 
brown mass was chromatographed on a silica-gel column 
(Merck, Art 7734, 100 g) . Elution with carbon tetrachloride 
gave 0.26 g (21.5%) of dibenzotetrathiafulvalene (8), m p 
244—246 °G (lit,8) m p 235—236 °G), 0.36 g (24.5%) of 1,3-
benzodithiole-2-thione (7), m p 165—166 °G (lit,9) m p 164 
°G), and 82 mg (6%) of a dark red compound (9), m p 220— 
221 °G (from benzene). Elution of the column with benzene 
gave 1.03 g (44%) of triphenylphosphine sulfide, m p 158— 
159 °G. 

T h e reaction was repeated several times and the yields 
of 7, 8, and 9 varied in the range of 15—25%, 9 —2 5 % , 
and 5—9%, respectively. 

T h e red compound 9 has the following propert ies: 1 H 
N M R (GSa) ô 5.94—6.35 (complex m) ; U V (GHG13) Am a x 

(log e) 242 (4.4), 261sh (4.3), 287sh (4.0), 383 (3.7), and 
480 n m (4.3); I R (KBr) 1450, 1380, 1270, 990, 960, and 
740 c m - 1 ; M S m/e 348 (C1 5H8S5 , M+, 100%), 304 ( M + -
CS), 283, 208, 196, 164, 152, 120, 108, 96, and 69. Found : 
G, 51.68; H , 2 . 3 1 ; S, 45 .79%. Galcd for C 1 5 H 8 S 5 : G, 51.74; 
H , 2,32; S, 45 .95%. 

W h e n compound 9 was heated at 200—220 °G for 2 h 
without solvent, it was converted into a mixture of com­
pounds 7 and 8. At tempted reduction with sodium boro-
hydride resulted in the decolorization of 9. 

O n the basis of these results, the following tentative struc­
ture was given for 9. 

s 

Attempted Reaction of 5 with 7. T o a stirred solution 
of 5, prepared from 1.51 g (3 mmol) of 6 as described above, 
was added a solution of 0.55 g (3 mmol) of 7 in 25 ml of 
T H F at — 78 °C. T h e mixture was stirred for 0.5 h at 
— 78 °G, gradually warmed to room temperature, and then 
refluxed for 3 h. Chromatographic purification gave 23 
mg (5%) of 8 and a nearly quanti tat ive yield of 7. 

W h e n a solution of 5 , prepared a t — 78 °G in T H F , was 
gradually warmed and then refluxed without any additive, 
a 10% yield of 8 was obtained. 

I t is therefore concluded that 8, formed by at tempted 
reaction of 5 with 7, is produced by decomposition of 5, 
but no t by reaction of 5 with 7, and thus the phosphorane 

5 is unreactive toward 7. 
Attempted Trapping of 4 by p-Toluidine. T h e phos­

phorane 5, prepared from 1.51 g (3 mmol) of 6 in T H F , 
was allowed to react with carbon disulfide (0.28 g, 3.75 
mmol) at — 78 °G. After stirring of 2 h, a solution of p-
toluidine (0.32 g, 3 mmol) in T H F (5 ml) was added at 
— 78 °G under nitrogen. T h e mixture was stirred for 2 h 
at — 78 °C and then gradually warmed to room tempera­
ture. Chromatographic purification gave 43 mg (2.8%) of 
8, 23 mg (1.3%) of 7, 82 mg (4.7%) of 9, and 0.57 g (64%) 
of triphenylphosphine sulfide. /?-Toluidine was recovered 
nearly quantitatively. 

Attempted Generation of 4 from 1,3-Benzodithiole (12). 
Compound 12 was conveniently prepared by reduction of 
1,3-benzodithiolylium tetrafluoroborate10) with sodium boro-
hydride in T H F . A 15% solution of butyllithium in hexane 
(7.8 ml, 12 mmol) was added through a syringe to a stirred 
solution of 12 (1.54 g, 10 mmol) in T H F (120 ml) under 
nitrogen at —78 °C.6) Stirring was continued for 2 h and 
then a solution of thiophosgene (1.15 g, 10 mmol) in T H F 
(1 ml) was added all at once. The mixture was stirred 
for 1 h at — 78 °C and then 2 ml of triethylamine was added. 
After 0.5 h of stirring, the mixture was warmed to room 
temperature and then evaporated. T h e resulting dark red 
residue was extracted with dichloromethane (200 ml) , wash­
ed with water, dried, and evaporated. Chromatographic 
purification of the residue gave 0.42 g (28%) of 8, 40 mg 
(2%) of 7, and 30 mg (2%) of 9. 

T h e use of DBU as the base instead of triethylamine yield­
ed 7 ( 3 % ) , 8 (0 .3%), and 9 ( 4 % ) . 

R e f e r e n c e s 

1) A. F . Garito and A. J . Heeger, Ace. Chem. Res., 7, 
232 (1974); M . Nari ta and C. U . Pi t tman, J r . , Synthesis, 
1976, 489. 

2) Y. Ueno, M . Bahry, and M . Okawara , Tetrahedron 
Lett., 1977, 4607; Y, Ueno , A. Nakayama, and M . 
Okawara , J. Chem. Soc, Chem. Commun., 1978, 74; M . V. 
Lakshmikantham and M . P. Gava, J. Org. Chem., 43, 82 
(1978); M . Sato, M . V. Lakshmikantham, M . P. Cava, 
and A. F . Garito, ibid., 43 , 2085 (1978). 

3) N . F . Haley, J. Chem. Soc, Chem. Commun., 1977, 207. 
4) Organic Compounds of Sulphur, Selenium, and Tellurium, 

1, 196 (1970); 2, 220 (1973); 3, 244 (1975); 4, 135 (1977); 
5 , 131 (1979). 

5) K . Ishikawa, K . Akiba, and N. Inamoto , Tetrahedron 
Lett., 1976, 3695. 

6) D. Seebach, K . H . Geib, A. K. Beck, B. Graf, and 
H . D a u m , Chem. Ber., 105, 3280 (1972). 

7) E. K . Fields and S. Meyerson, Tetrahedron Lett., 1970, 
629; Int. J. Sulfur Chem. (C), 1971, 5 1 ; J , Nakayama, J. 
Chem. Soc, Perkin Trans. 1, 1975, 525. 

8) J . Nakayama, Synthesis, 1975, 168. 
9) S. Hünig and E. Fleckenstein, Ann. Chem., 738, 192 

(1970). 
10) J . Nakayama, K. Fujiwara, and M . Hoshino, Bull. 

Chem. Soc. Jpn., 49, 3567 (1976). 



September, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 2847—2848 (1981) 2847 

A Mild and Convenient Procedure for Conversion of Aromatic Compounds 
into Their Iodides Using Ammonium Hexanitratocerate(IV) 
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Synopsis. Polymethylbenzenes, polymethoxy ben­
zenes, and naphthalene are iodinated with tetrabutylam-
monium iodide, alkali metal iodides, or molecular iodine 
in the presence of ammonium hexanitratocerate(IV). Am­
monium hexanitratocerate(IV) behaves as a catalyst in the 
latter system, whereas it is a reagent in the fomer two. 

Although there are some reports on direct iodina-
tion of aromatic compounds, it presents rather com­
plicated problems; molecular iodine is the least re­
active of the halogens in aromatic substitution; the 
reaction is reversible and hydrogen iodide produced 
in the reaction must be removed to allow the reac­
tion to be completed.1) 

During the course of a study on one-electron-trans­
fer reaction, the author found a novel and regioselec-
tive iodination of aromatic compounds using ammo­
nium hexanitratocerate(IV) (CAN), a potential one 
electron oxidizing agent. 

The results from iodination of some polymethyl­
benzenes are summarized in Table 1. 

Rn I 
X \ MI / \ 
I O I — > IO+Rn 
\ y (NH.()2[Ce(N03)63 in CH3CN \ y 

R = GH3 (n = 2, 3, 4, 6) or OGH3 (»=1, 2, 3) 
M = n-Bu4N, Li, Na, K, I 

There are two remarkable feautures in the present 
iodination. First, the reaction takes place only on 
the aromatic ring. I t is noteworthy that, even hexa-
methylbenzene affords iodopentamethylbenzene as the 
sole iodinated product. This is a marked contrast 
with the oxidation of polymethylbenzenes promoted 
by CAN in acetic acid where the reaction on side-
chains are predominated.2) Secondary, the iodina­
tion proceeds with ortho-para orientation with respect 
to methyl substituents. In particular, the result from 
o-xylene shows that para substitution occurs in pref­
erence to ortho substitution (the ortho:para-ratio being 
1:6). 

The present reaction proceeds under mild condi­
tions. The yield, however, decreases as the number 
of methyl groups increases probably because of some 
side reactions. 

Alkali metal iodides and molecular iodine as well 
as tetrabutylammonium iodide can be used as io-
dinating agents (Table 2). 

In the case of iodination with molecular iodine, 
0.5 mmol of iodine for 1.0 mmol of substrate is enough 
to complete the reaction in 8 0 % yield based on aro-
matics. In general, one-half part of the molecule is 
discarded when molecular iodine is used as an iodinat-
ing agent. However, this economical disadvantage is 
overcome in the present reaction. 

The substrate can be extended to polymethoxy-

TABLE 1. IODINATION OF POLYMETHYLBENZENES 

WITH w-Bu4Nl 

Substrate 

m-Xylene 

«-Xylene 

1,2,3-Trimethylbenzene*>) 

Mesitylene 

1,2,4,5-Tetramethylbenzene 

1,2,4,5-Tetramethylbenzenec> 

1,2,3,5-Tetramethylbenzeneb> 

Hexamethylbenzeneb> 

Hexamethylbenzenec) 

i 

i 

rar 
i 

i 

I O I 
1 

Product 

IOI IOI 
\y \ / N I 

i 

i 

i 

: 

i 

i 

Conversion/% 

100 

95 

86 

100 

98 

92 

100 

100 

95 

Yield/ %*> 

71(75) 

69(75) 

74(77) 

70 (83) 

- ( 2 1 ) 

56(60) 

54(60) 

- ( 1 6 ) 

- ( 1 7 ) 

a) Isolated yield based on the substrates used. Numerical values in parentheses are 
the yields determined by GLC. b) Time: 48 h. c) At room temperature for 10 d. 

benzenes and fused-ring aromatic as shown in Table 
3. Evidentry, as the number of methoxyl groups at­
tached on benzene ring increases, the reactant is con­
sumed more rapidly. However, the yield of iodinated 
compounds are not parallel with the number of meth­
oxyl groups. 

Attempts to iodinate aromatic compounds bearing 
an electron-withdrawing substituent such as nitro- and 
chlorobenzenes, were unsuccessful, and these unchanged 
reactants were recovered from the reaction mixture. 
O n the other hand, phenols and anilines were not 
iodinated, although they were consumed completely. 

Among several possible reaction mechanisms, the 
author favors the one which involves the reaction of 
aromatic compound with a cationic halogen species, 
which is produced by the interaction between the 
halogen source and CAN. T h e argument is based 
on the facts tha t ; (1) the only aroma tics bearing elec­
tron donating substituents react with halogen species, 
(2) the iodination shows an ortho-para orientation, 
and (3) the reaction occurs only on an aromatic 
ring. 
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TABLE 2. IODINATION OF POLYMETHYLBENZENES WITH ALKALI METAL IODIDE OR MOLECULAR IODINE 

Substrate 

Mesitylene 
Mesitylene 
Mesitylene 
m-Xylene 
Mesitylene 
1,2,3-Trimethylbenzene 
1,2,4,5-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
Hexamethylbenzene 

lodinating 
agenta) 

Lil 
Nal 
KI 

I2 

I2 

I i 

I2 

I2 

I2 

Time 
îi 

24 
24 
24 
24 
24 
24 

168 
48 

168 

Conversion 

% 

100 
18 
96 

100 
100 
85 

100 
100 
100 

Yields 

65 (77) 
15 (18) 
48 (57) 
68 (80) 
86 (90) 
58 (64) 
33 (35) 
58 (67) 

- (16) 

a) M I : 8.0 mmol, CAN: 8.0 mmol, or I2: 2.0 mmol, CAN: 2.0 mmol, b) Isolated yield based on the substrates 
used. Numerical values in parentheses are the yields determined by GLG. 

TABLE 3. IODINATION OF METHOXYBENZENES AND NAPHTHALENE WITH H-BU4NI 

Substrate >z-Bu4NI GAN Temp Time ^ , Conversion 
~ Product 

Compound mmol m m o 1 m m o 1 ° G h " % 

Yielda> 

% 

Me thoxy benzene 4.2 14.4 14.4 60 

o-Dimethoxybenzene 4.0 12.0 12.0 60 

m-Dimethoxybenzene 3.3 4.0 4.0 r. t. 

48 

48 

24 

OGH3 
1 

/ \ 
101 v 

1 
I 

/ X / O C H 3 
I O I 

I / \ / \ O C H 3 

OCtL 

IO I 
X / \ O C H 3 

I 
I 

100 

93 

85 

84 (87) 

72 (77) 

78 (80) 

1,3,5-Trimethoxybenzene 3.8 7.6 7.6 r. t. 

Naphthalene 0.5 1.0 1.0 60 

G H 3 O x / \ / O C H 3 
1 I O I 100 

91 

87 (90) 

- (45) 

a) Isolated yield based on the substrates used. Numerical values in parentheses are the yields determined by GLC. 

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

General Procedure. Into a solution of 4.0 mmol of an 
aromatic compound and 4.0 mmol of tetrabutylammonium 
iodide in 40 ml of acetonitrile was added a solution of 8.0 
mmol of CAN (dried at 90—100 °C for 2 h) in 40 ml of 
acetonitrile. The mixture was stirred for 24 h at 60 °G, 
poured into 80 ml of water, and extracted with benzene 
(4 X 30 ml). The combined benzene layers were treated 
with sodium thiosulfate, washed with water, dried over 
CaCl2, and the benzene was removed, carefully, under re­
duced pressure. The residue was purified by distillation, 
column chromatography (Woelm Akt I : hexane-benzene), 
and/or preparative gas chromatography (10% silicon OV-
17). The isolated product was weighed and identified by 

comparing their IR, MS, and 1H-NMR spectra with those 
of corresponding authentic samples. Elemental analyses 
also gave satisfactory results. The yield was, also, deter­
mined by analytical gas chromatography. 

The author thanks Professor S. Oka and Dr. A. 
O h n o for useful discussions. 
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Synopsis. Reactions of //-peroxo complexes of pal­
ladium with alcohols, amines, and thiols proceed at room 
temperature to afford hydrogen peroxide and alkoxo-, amido-, 
and alkylthio-bridged complexes of palladium, respectively. 

In the previous papers we reported a novel prep­
aration method of //-peroxo complexes of palladium, 
platinum and rhodium having olefinic ligands via an 
anion exchange reaction of //,//'-dihalo complexes with 
potassium superoxide in dichloromethane and sug­
gested that //-peroxo ligand in the complexes behaved 
as a base and did not participate in the oxygenation 
of the olefinic ligands.1-3) Such basic nature of di-
oxygen ligands was also reported for the mononuclear 
peroxo complexes of transition metal elements.4-6) 
Important role of the basic nature of the coordinated 
dioxygen of the cobalt Schiff base complex was de­
monstrated by Nishinaga et al. in the catalytic oxida­
tion of substituted phenols.7) I n the present inves­
tigation, reactions of //-peroxo ligand with a series 
of alcohols, amines, and thiols have been examined 
in order to clarify the nature of //-peroxo complexes 
of palladium. 

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

Reactions of dioxygen complexes 1 with alcohols, 
thiols and amines were carried out in dry benzene 
at room temperature under dry nitrogen atmosphere. 
Trea tment of l a with methanol gave //,//'-bis(methoxo) 
complex 2a-Me in a 5 0 % yield accompained with 
liberation of hydrogen peroxide. Formation of hy­
drogen peroxide was confirmed by the iodometry. 
Methoxy-bridged complex 2d-Me was prepared in a 
similar manner. Methoxy-bridged complexes 2a-Me 

(><?>0 + R'-XH c><!>o + »& 

OR * • ' ' 

R* 

2 ; X = 0 

3 ; X = S 

A ; X = NH 

(RO-DiCp) 

a ; R = Me 
b ; R - Et 

( RO-COE) 

c; R=Me 
d ; R = E t 

Me Me 

(MDMRA) 

A 
Me Me 

(DMBA) 
f 

and 2d-Me were unstable in benzene solution and 
decomposed immediately with heating at 30—40 °G 
to deposit metallic palladium. Even in the solid state, 
they decomposed after standing for one day at ambient 
temperature under dry nitrogen atmosphere. Ethoxy-
bridged complexes 2a-£t and 2c-Et were also pre­
pared by the reaction of 1 with ethanol. I t was found 
that they were less stable than the corresponding 
methoxy-bridged ones. Further attempts to prepare 
the alkoxy-bridged complexes of bulky alcohols were 
resulted in vain. The starting //-peroxo complex was 
recovered in the reaction of l a with 2-propanol (pi^a 

18) or £-butyl alcohol (pK& 19) at room temperature. 
Decomposition of complex l a in £-butyl alcohol pro­

ceeded giving a cyclic diene 6 at higher reaction tem­
peratures (40—60 °G). Abstraction of proton from 
such alcohols is well supported by the fact that l a 
is basic enough to abstract active hydrogen from 
acetone (pK& 20). Steric repulsion between Me-DiCp 
ligand and bulky alkoxo groups may force the ß-
elimination of P d - H from a coordinatively unsaturated 
intermediate 5. Yoshida et al. reported that treat-

Pd 

1a 

t-BuOH 

> 
60°C 

P d * - ^ 

t-BuO \ 

5 

Mei 
+ Pd(0) + t-BuOH 

ment of [Ni(CCl=GGl2)(//-OMe)(PPh3)]2 in alkaline 
solution gave [Ni(CCl=CCl2)(/ /-OH)(PPh3)]2 via an 
anion exchange reaction.8) In the present work, the 
bridging methoxy group was readily exchanged with 
ethoxy group by treatment of 2a-Me with a large 
excess of ethanol in benzene at room temperature, 
and vice versa. 

//-Peroxo complexes also reacted with thiols to yield 
the corresponding alkylthio-bridged complexes. Alkyl­
thio-bridged complex 3a-£t was obtained by the 
dropwise addition of a diluted solution of ethanethiol 
to a rigorously stirred solution of l a in benzene. An­
alogous alkylthio complex 3e -£t and phenylthio-
bridged complexes 3a-Ph and 3f-Ph were prepared 
similarly. All these alkylthio-bridged complexes were 
stable sufficiently so that decomposition was not ob­
served after standing for several months without special 
care. T h e reaction of the //-peroxo complexes with 
benzylamine or acrylamide also gave the correspond­
ing amido-bridged complex 4 and hydrogen peroxide 
at room temperature. A similar reaction of mono­
nuclear peroxo complex of plat inum with phenyl-
enediamine was previously studied by Pizzotti et al. 
and they reported that the reaction afforded an amido 
complex with hydrogen peroxide.9) Since an ordinary 
//-peroxo complex does not react with compounds hav-

1 + H2NR 
'2 .0 . 

H 

RHN, £ ' 

NHR 
£t>o L̂> 

R 

+ H20, i 2u 2 

Scheme 1. 
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T A B L E 1. 

Dioxygen complex 

REACTIONS OF DIOXYGEN COMPLEXES 1 WITH ALCOHOLS, 

R X H T> J «1 Y I e l d M P 
Product») ——— -—f-

(X=0 , S, NH) % G 

THIOLS, AND AMINES 

Found (Calcd) (%) 

G H N S 

[(MeO-DiCp)PdO]2 

[(MeO-DiCp)PdO]2 

[(MeO-COE)PdO]2 

[(EtO-COE)PdO]2 

[(MeO-DiCp)Pd02 

[(MeO-DiCP)PdO]2 

[(DMBA)PdO]2 

[(MDMPA)PdO]2 

[(MeO-COE)PdO]2 

[(MeO-COE)PdO]2 

MeOH [(MeO-DiCp)PdOMe]2 50 155 

EtOH [(MeO-DiCp)PdOEt]2 28 180 

EtOH [(MeO-COE)PdOEt]2 81 130 

MeOH [(EtO-COE)PdOMe]2 47 140 

EtSH [(MeO-DiCp)PdSEt]2 58 114 

PhSH [(MeO-DiCp)PdSPh]2 41 105 

EtSH [(DMBA)PdSEt]2 22 161—163 

PhSH [(MDMPA)PdSPh]2 66 197—203 

PhCH2NH2 [(MeO-COE)PdNHCH2Ph]8 67 135 

CH2=CHCONH2 [(MeO-COE)Pd(CH2=CHCONH)]8 64 62 

47.81 
(47.94) 

49.76 
(49.76) 

45.83 
(45.45) 

45.07 
(45.45) 

47.45 
(47.21) 

50.71 
(50.78) 

42.90 
(43.79) 

51.33 
(51.51) 

53.81 
(54.63) 

45.26 
(45.66) 

6.02 
(6.03) 

6.21 
(6.37) 

7.19 
(6.94) 

7.15 
(6.94) 

6.22 
(6.09) 

5.70 
(5.68) 

5.50 
(5.68) 

4.40 
(4.90) 

6.06 
(6.59) 

6.24 
(6.07) 

4.42 
(4.46) 

3.67 
(4.00) 

4.61 
(3.98) 

4.10 
(4.40) 

8.35 
(9.69) 

8.80 
(9.04) 

11.42 
(10.63) 

8.80 
(9.17) 

a) For all products, satisfactory iH-NMR and IR spectra were obtained. 

i n g pK& v a lue s h i g h e r t h a n 20 , t h e r e a c t i o n obse rved 

in this s t r u d y is n o t e x p l i c a b l e b y t h e d i r e c t i n t e r a c ­

t ion of t h e c o o r d i n a t e d d i o x y g e n w i t h a m i n e s . A 

z w i t t e r ion ic t r a n s i t i o n s t a t e 7 r e su l t ed f rom t h e co­

o r d i n a t i o n of a m i n e to t h e / / -pe roxo c o m p l e x m a y 

assist t h e a b s t r a c t i o n of p r o t o n to fo rm a m i d o - b r i d g e d 

c o m p l e x 4 a n d h y d r o g e n p e r o x i d e . 

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

General. All reactions were run under a pressure 
of dry nitrogen. ^ - N M R spectra were determined in 
GDGlg on a Hitachi R-24B instrument. Chemical shifts 
are reported in the ô unit, parts per million (ppm) down-
field from tetramethylsilane and coupling constants are 
reported in hertz. Melt ing points were obtained on a 
Yanagimoto MP-appara tus and are uncorrected. 

Diethyl ether and benzene for the solvent were distilled 
from sodium benzophenone ketyl. Pentane was distilled 
from sodium. Dichloromethane was purified by washing 
with water and dried over calcium hydride and then dis­
tilled from phosphorous pentoxide under a pressure of dry 
nitrogen. Methanol and ethanol were distilled from mag­
nesium turnings. Isopropanol and /-butyl alcohol were 
dried over molecular sieve 3A and distilled prior to use. 
Benzylamine was dried over potassium hydroxide pellets. 
Acrylamide, ethanethiol, and thiophenol were used without 
further purification. Dioxygen complexes ( l a—f) were 
prepared according to the procedure reported previously.1-3) 

Reaction of la with Methanol. T o a solution of 0.176 
g (0.38 mmol) of l a in 5 cm3 of dry benzene was added 0.2 
cm3 of dry methanol followed by 3 cm3 of dry diethyl ether 
at room temperature. T h e solution was stirred for a few 
minutes and was allowed to stand for 20 h in a refrigerator. 
Pale yellow prisms precipitated in the solution were col­
lected by suction and washed with dry pentane , then dried 
in vacuo to give 0.115 g (50%) of di-//-methoxybis(8-
é?#0-methoxytricyclo[5.2.1.02 '6]dec-3-en-9-yl)dipalladium. M p 
(dec.) 155 °G; I R (KBr) v(G-O) 1082, 1053 (bridging) 
c m - 1 ; N M R (GDG13) Ô 3.18 (6H, s, O G H 3 ) , 3.40 (6H, s, 
O G H 3 ) , 5.16 (2H, m, olefinic), 5.63 (2H, m, olefinic); Mol 
wt (cryoscopy in benzene) calcd 600.8, found 645. 

In a similar procedure, alkoxo-bridged complexes were 
prepared and characterized. Yields, mps, and results of 
elemental analyses are summarized in Table 1. 

Reaction of la with Ethanethiol. T o a suspension of 
0.329 g (0.58 mmol) of l a in 25 cm3 of dry diethyl ether 

was added dropwise 1.63 cm3 of a solution of ethanethiol 
in benzene (0.7 mmol/cm 3 ) . T h e solution was stirred for 
6 h a t room temperature . T h e resulting orange solution 
was filtered and filtrate was dried in vacuo to give red pow­
der. Recrystallization from a mixed solvent of benzene, 
diethyl ether and pentane (1:1:1 vol ratio) gave di-//-ethyl-
thiobis (8-é?#0-methoxy tricy clo [5.2.1.02»6] dec- 3 -en - 9 - yl) dipalla-
d ium (3a-Et) as yellowish orange prisms (0.259 g, 58%) . 
M p (dec.) 114 °G; I R (KBr) v(C-S) 1250, v(G-O) 1080 
c m - 1 ; N M R (GDG18) ô 1.41 (6H, t, J=7, S -CH 2 -CH 3 ) , 
2.53 (4H, q, J=7, S - C H 2 - ) , 3.26 (6H, s, O G H 3 ) , 5.87 (2H, 
m, olefinic), 6.35 (2H, m, olefinic). 

Reaction of 1c with Benzylamine. T o a suspension of 
0.174 g (0.33 mmol) of l e in 25 cm3 of dry diethyl ether 
was added slowly 1.4 cm3 of a solution of benzylamine in 
benzene (0.47 mmol/cm 3 ) . T h e solution was stirred for 10 
h at ambient temperature . T h e resulting yellow solution 
was filtered and the filtrate was concentrated under a re­
duced pressure. Addition of dry pentane and storage in 
a refrigerator for 40 h yielded di-/j-benzylaminobis (8-6*0-
methoxy-4-cyclooctenyl)dipalladium (4c-Bz) as pale yel­
low precipitates (0.152 g, 6 7 % ) . M p (dec.) 135 °G; I R 
(KBr) v (N-H) 3450, v (G-O) 1090 cm"1 . N M R (GDG13) 
ô 3.10 (3H, s, O C H 3 ) , 4.13 (2H, d, P h - C H 2 - ) , 5.25 (2H, 
br, olefinic), 7.0—7.5 (5H, aromatic) . Mol wt (cryoscopy 
in benzene) Galcd 702.8; Found 714. 

R e f e r e n c e s 

1) H . Suzuki, K . Mizutani , Y. Moro-oka, and T . Ikawa, 
J. Am. Chem. Soc, 101, 748 (1979). 

2) P . J . Chung, H . Suzuki, Y. Moro-oka, and T . Ikawa, 
Chem. Lett., 1980, 63. 

3) F . Sakurai, H . Suzuki, Y. Moro-oka, and T . Ikawa, 
J. Am. Chem. Soc, 102, 1749 (1980). 

4) S. Muto , H . Ogata , and Y. Kamiya , Chem. Lett., 
1975, 809. 

5) S. Muto , K. Tasaka, and Y. Kamiya , Bull. Chem. 
Soc. Jpn., 50, 2493 (1977). 

6) S. L . Regen and G. M . Whitesides, J. Organomet. 
Chem., 59, 293 (1973). 

7) A. Nishinaga and T . Matsuura , Chem. Commun., 1973, 
9; A. Nishinaga, T . Tojo, and T . Matsuura , ibid., 1974, 
809; A. Nishinaga and H . Tomita , J. Mol. Cat., 7, 179 
(1980). 

8) T . Yoshida, T . Okano, and S. Otsuka, J. Chem. Soc, 
Dalton Trans., 1976, 993. 

9) M . Pizzotti, S. Genini, and G. L. Monica, Inorg. 
Chim. Acta, 33, 161 (1978). 



September, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 2851—2852 (1981) 2851 

The Reaction of 2-Methylfuran with Methyl Acrylate. 
Unusual Formation of l,l'-Bis(5-methyl-2-furyl)ethane 

and Methyl 3,3'-Bis(5-methyl-2-furyl)propionate 
Osamu MARUYAMA, Yuzo FUJIWARA,* and Hiroshi TANIGUGHI 

Department of Applied Chemistry, Faculty of Engineering, Kyushu University, Higashi-ku, Fukuoka 812 
(Received March 23, 1981) 

Synopsis. The reaction of 2-methylfuran with meth­
yl acrylate in the presence of Pd(OAc)2 gave unusual prod­
ucts such as l,r-bis(5-methyl-2-furyl) ethane (22%) and 
methyl 3,3'-bis(5-methyl-2-furyl)propionate (10%) along 
with the usual aromatic substitution product. This is a 
marked contrast to the reaction of furan with olefins. 

CH3 
Pd(0Ac): 

CH2=CHC02CH3 

5 

•OU -C02CH3 

In our previous paper we reported the palladium-
assisted one-step alkenylation reactions of heterocy­
cles.1'2) These reactions afford both the 2-mono- and 
2,5-dialkenylated products when the five-membered 
aromatic heterocycles such as furan, thiophene, or 
pyrrole are allowed to react with olefins. In sub­
sequent related studies, we attempted 2-methylfuran 
to react with methyl acrylate, and obtained some 
unusual products such as l,l '-bis(5-methyl-2-furyl)-
ethane (2) and methyl 3,3 /-bis(5-methyl-2-furyl)pro­
pionate (3). 

The reaction of 2-methylfuran with methyl acrylate 
was carried out with stirring at 100 °G for 8 h. After 
the usual work-up, there were obtained 27%3> of 
methyl 3- (5-methyl-2-furyl) acrylate (1), the usual aro­
matic substitution product, 22 % of 2 of which identity 
was proved by comparison of N M R and I R spectra 
with those of an authentic sample prepared from 2-
methylfuran and acetaldehyde,4) 10% of 3, and 5 % 
of 5-methyl-2-furyl acetate (4). The formation of 2 
and 3 in considerable amounts is of particular in­
terest since no such products are obtained in the case 
of unsubstituted five-membered heterocycles.1'2) 

<*Xt 

+ CH2=CHC02CH3 

H C02CH3 H CC 

1 

CH3 CH2C02CH3 

2 3 " 

The formation of 2 and 3 may be explained in the 
following way (Scheme 1). First, pal ladium(II) at-
tackes at the 5-position of 2-methylfuran electrophili-
cally to give a furyl-Pd a complex 5. Then 5 adds 
to methyl acrylate affording a a complex 6. Elimina­
tion of a P d H species gives 1. Then the furyl-Pd 
o complex adds to 1 giving an intermediate complex 
7. Elimination of H P d O A c from 7 gives an olefin 
8 which may be transformed into 2 and 3 by hydro­
génation5) and/or decarboxylation.6) In the case of 
furan, Pd(I I ) can attack further at the 5-position of 
the furan ring of 9 to produce a furyl-Pd a complex 
10 which reacts with the olefin yielding the dialkenyl-
ated products.1,2) However, in the present case, there 

5 -

H VC02CH3 

1 

CH—CH—C0 2CH 3 

PdOAc 

^4X 

8 

Scheme 1. 

is no reactive 5-position available since the 5-posi­
tion is occupied with a methyl group. 

xcc^\c=cT 
~C02CH3 

AoOPd 

H C02CH3 

10 

Exper imenta l 

NMR spectra were obtained with a Hitachi R-24S spec­
trometer using Me4Si as an internal standard. Materials 
used were prepared and purified as described already.2) 

Reaction of 2-Methylfuran with Methyl Acrylate. The 
reaction was performed with stirring at reflux for 8 h using 
2-methylfuran (2 mmol), methyl acrylate (2 mmol), pal­
l a d i u m ^ ) acetate (2 mmol), dioxane (20 ml), and acetic 
acid (5 ml). After work-up as described already,2) the re­
sidue was chromatographed on a column of silica gel. Elu­
tion with hexane-ether (9:1) yielded 2 (22% yield) which 
was assigned by comparison of the IR and NMR spectra 
with those of an authentic sample prepared from 2-methyl­
furan and acetaldehyde.4) 2: bp 130 °C/15 mmHgt; IR 
(neat) 2960, 1562, 1015, and 790 cm"1; NMR (CG14) ô 
1.50 (d, 3H, 7 = 7 Hz), 2.23 (s, 6H), 3.84 (q, 1H, 7 = 7 Hz), 
and 5.69 (4H). Further elution gave a 1:5 mixture of 3 
and 1. The products were isolated by preparative gle (OV-
17, 0.5 m, 118 °C). 1: 27% yield; IR (Nujol) 1724 and 
974 cm-1; NMR (GDG13) ô 2.36 (s, 3H), 3.81 (s, 3H), 6.0— 
6.7 (3H), and 7.44 (d, 1H, 7 = 17 Hz). 3 : 10% yield; 
IR (neat) 1725 cm-1; NMR (CDC13) <5 2.22 (s, 6H), 2.91 
(d, 2H, 7 = 8 Hz), 3.60 (s, 3H), 4.48 (t, 1H, 7 = 9 Hz), and 
5.7—6.0 (m, 4H). Further elution with hexane-ether (3:2) 

t 1 m m H g « 133.322 Pa 
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gave 5-methyl-2-furyl acetate (4). 4: 5% yield; IR (neat) 
1770 cm-1; NMR (GDC18) «5 1.84 (s, 3H), 2.07 (s, 3H), 
6.20 (d, 1H, y = 6 H z ) , and 7.17 (d, 1H, J = 6 Hz). 
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Possibility of the Intramolecularity of Triazene Rearrangement^ 
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Synopsis. The mechanism for the ortho-rearrange­
ment of diaryltriazenes still remains equivocal. An inter­
esting result suggesting an intramolecular nature of the 
triazene rearrangement was obtained on the basis of the 
effect of concentration of added iV^iV-dimethylaniline in the 
ortho-rearrangement of l,3-bis(4-methylphenyl)triazene (1). 
The ortho/para ratio for the rearrangement of 1,3-diphenyl-
triazene (4) tends to increase with an increase of the viscosity. 
The results are discussed on the basis of increasing nucleophili-
city of free amine by H-bonding with dimethylaniline and 
favoring ortho-migration with viscosity, respectively. 

I t is known that acid-catalyzed rearrangement of 
1,3-diphenyltriazene to jfr-aminoazobenzene, accom­
panied by a small amount of ö-isomer2) (Eq. 2), is 
i n t e r m o d u l a r based on the t rap of intermediary diazo-
nium ion with phenols and dialkylanilines.3) However, 
as to the ortho-rearrangement at least, the possibility 
of intramolecular mechanism cannot be excluded. 

Berezovskii et al fi suggested that the ortho-rear­
rangement has an intramolecular character based on 
analogous yields for the rearrangement of l,3-bis(3,4-
dimethylphenyl) triazene in />-toluidine and in chloro-
benzene, but their evidence is not definitive. 

We attempted to clarify the mechanism of triazene 
rearrangement by the examination of the effects of 
the addition of ^i^-dimethylani l ine as a trapping 
agent for the intermediary diazonium ion during the 
rearrangement and also of the solvent effect on the 
ortho/para ratio of 1,3-diphenyltriazene. The results 
suggest the partial intramolecularity of the rearrange­
ment. 

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

Effect ofN,N-Dimethylaniline on l,3-Bis(4-methylphenyl)~ 
triazene Rearrangement. 1,3-Bis(4-methylphenyl)-
triazene (1) was rearranged in acidic ethanol, afford­
ing 2-amino-5,4'-dimethylazobenzene (2). In the 
presence of N,iV-dimethylanirine (DMA) as a scav­
enger of diazonium ion, 1 gave 4-dimethylamino-4'-
methylazobenzene (3) as well as the rearrangement 
product 2. 

CH, r< (0^ -N=N-NH-<^0^ -CH 3 

H», C6H5N(CH3)2 

CH, 

NH2 

2 CH3 

C H 3 - < ( ö y N = N - < £ ^ - N ( C H 3 ) 

~0 5 10 15 20 

( l / tDMAD/M- 1 

Fig. 1. Effect of iV,iV-dimethylaniline on the rearrange­
ment of 1 in ethanol at room temperature. 
The initial concentrations of reagents were: [1]0= 
0.05 M, [HG1]0=0.011M. 

[DMA] 0 is extrapolated to infinity. As shown in Fig. 
1, the ratio decreases really until [DMA] 0 of 0.75 M 
( 1 M = 1 mol d m - 3 ) , but with increasing [DMA] 0 over 
0.75 M, the ratio increases to 0.25, which suggests an 
increase of intramolecular nature of the rearrangement 
at very high concentration of DMA. 

The Goldschmidt mechanism5) in which protonated 
triazene reacts with anilines might explain the ob­
served plot of the 2/3 ratio vs. 1/[DMA]0 (Fig. 1), but 
the mechanism requires that the analogous DMA-
catalyses should operate with both rearrangement and 
DMA-coupling at high [DMA] 0 . Hence the higher 
ratio of 2/3 at low 1/[DMA]0 cannot be explained. 

The increase of intramolecular nature by increas­
ing [DMA] 0 may be caused by increasing the nu-
cleophilicity of A r N H 2 of intermediary [ A r N H 2 N = 
+ 8- 3 + 

NAr] via hydrogen bonding ArNH---H---NMe2Ph. 
The diazo coupling reaction takes place between diazo­
nium ion and free amine6) which exist in neutral and 
even weakly acidic media. In fact, the yield of 2 
for the rearrangement of 1 ( [1] 0 =0.05 M) in ethanol 
with [HC1] 0=0.005 M (37%) in the absence of D M A 
was found to be higher than those with [HC1] 0 = 

TABLE 1. EFFECT OF A^AT-DIMETHYLANILINE (DMA) 

ON THE REARRANGEMENT OF 1 , 3 - B I S ( 4 - M E T H Y L P H E N Y L ) -

TRIAZENE (1) IN ETHANOL AT ROOM TEMPERATURE*1) 

0) 

A plot of the reciprocal of the initial concentration 
of added D M A (1/[DMA]0) vs. a ratio of the yields 
of 2 to 3 (2/3) is shown in Fig. 1. 

Assuming this rearrangement to be completely in-
termolecular, the ratio (2/3) must be zero, when 

[l]o (M) 

0.051 
0.045 
0.046 
0.046 
0.045 
0.046 
0.048 
0.045 

[DMA]0 

0 
0.050 
0.10 
0.27 
0.52 
0.75 
1.0 
2.0 

(M) 
Yield/% 

2 

23 
19 
13 
3.7 
3.4 
8.1 

11 
14 

3 

— 
48 
65 
45 
44 
58 
48 
57 

Ratio of yields 

2/3 

—. 
0.39 
0.21 
0.083 
0.077 
0.14 
0.25 
0.25 

a) Initial concentration; [HC1]0 = 0.011 M. Products other than 2 and 3 were 
toluene and /»-toluene formed by decomposition. 
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T A B L E 2. SOLVENT EFFECT ON THE REARRANGEMENT OF 1,3-DIPHENYLTRIAZENE (4)a) 

AND 1,3-BIS(4-METHYLPHENYL)TRIAZENE (l)b) 

Solvent 

Methanol 
Ethanol 

Propanol 
2-Propanol 
1-Butanol 
2-Butanol 
/-Butyl alcohol 
DGd) 

At 30° 

0.51 
0.99 

1.72 
1.77 
2.27 
3.18 

3.32 
30e) 

Viscosity/cp 

C A t 3 0 ° C 

1.46 
2.89 
3.26 
3.87 

— 
— 
-

Dielectric 
constant 
at 25 °C 

32.6 
24 .3 
19.7 
18.3 
17.7 
16.6 
12.5 
31.7h> 

Rearr. 

5 

64 
75 

74 
73 
75 
55 
61 
18 

of 4 Yieldc>/% 

6 

5 .8 

8.2 
—e) 

10 

12 
—e) 

14 
1.80 

Ratio of yields 

6/5 

0.09 
0.11 

— 
0.14 
0.16 

_ 
0.23 
0.10 

Rearr. of 1 
Yield/% 

2 

5 
21 
32 
33 

40 
33 
34 

3 

a) Initial concentration; [4]0 = 0.051—0.052 M, [HC1]0 = 0.0054 M . Reaction temp. ; 30 °C. b) Initial concentration; [1]0 = 0.046—0.051 M, [HC1]0 = 0.011 M . Reac­
tion temp. ; room temp, c) Duplicates gave similar results on the trend with viscosity effect, so that the average yields were shown here, d) Diethylene glycol. 
e) These yields could not be estimated because of the overlapping of the HPLC peaks of 6 and unknown product, f) A large amount of 1 was recovered, g) 
At 25 °C. h) At 20 °C. i) This yield was estimated after concentration of the solution of products by evaporating the solvent. However, the yield for DG is 
low because of the decomposition of triazene giving aniline and benzene (GLC analysis) so that the data are little reliable. 

0.01 M (25%) and 0.02 M (15%). Ethanol, as in 
the case of HCl , may deactivate ArNH 2 by hydrogen 
bonding. The increase of nucleophilicity of ArNH 2 

lowers the selectivity and raises the o/p ratio. 
Solvent Effect in 1,3-Diphenyltriazene Rearrangement. 

1,3-Diphenyltriazene (4) gives p- (5) and o-amino-
azobenzene (6).2) As shown in Table 2, satisfactory 
yields of rearrangement products were obtained ex­
cept with 1-butanol and diethylene glycol. We ex­
pected that the ortho-rearrangement may occur via 
intramolecular process, especially in viscous solvents. 
Hence, 4 was rearranged in various solvents under 

<(b^-N=N-NH-<^> - ^ 

4 

NH2 

<^5^>-N=N-<^5)>-NH2 + < ^ - N = N - < ^ > (2) 

acidic conditions. The effect of viscosity on the ratio 
of ortho/para-was examined by estimating the ratio of 
the yields of ortho vs. para (6/5) (Table 2). 

The ratio, 6/5, or the trend for ortho migration 
tends to increase slightly with increasing viscosity of 
the solvent in going from methanol to £-butyl alcohol. 
The same tendency was also observed with the rear­
rangement of 1, where the yield of 2 increased in 
going from methanol to 2-propanol (Table 2). 

This tendency for the ratio 6/5 and yields of 2 sug­
gests that the triazene rearrangement has at least a 
partial contribution of intramolecularity. The in­
crease of the ratio 6/5 and the yield of 2 may be caused 
by an increase of viscosity. In the reaction of di­
ethylene glycol, the decomposition of triazene to an­
iline and benzene is remarkable; the yields of rear­
rangement products are so poor. Also the yield of 
rearrangement of 1 in 1-butanol was poor, a consider­
able amount of 1 being recovered. 

Exper imenta l 

Melting points were measured by a Yanagimoto micro 
melting point apparatus and uncorrected. N M R spectra 
were recorded on a Hitachi R-24B N M R spectrometer 
using Me4Si as an internal s tandard. T h e H P L C analysis 
was performed with a Yanagimoto L-1030 high pressure 
liquid Chromatograph. 

Materials. Triazenes were prepared from correspond­

ing anilines by the method of H a r t m a n et al?) 1,3-diphenyl­
tr iazene: m p 95—97.5 °G (lit,7) 94—96 °G); N M R (GG14) 
Ô 7.3 (m, 10H, A r H ) , 9.9 (s, 1H, N H ) ; U V (EtOH) Am a x 

353 n m (e 1 .98x l0 4 ) , 294 n m ( 0 . 7 4 x l 0 4 ) , 236 n m (1.69 
X 104). l ,3-bis(4-methylphenyl)triazene: m p 119—120 °G 
(lit,8) 118 °G); N M R (GG14) Ô 2.28 (s, 6H, GH 3 ) , 7.1 (dd, 
8H, A r H ) , 9.5 (s, 1H, N H ) ; U V (E tOH) Am a x 357 n m (s 
2.03 X l 0 4 ) , 292 n m (1.02 X l 0 4 ) , 238 n m (1.73 x l O 4 ) . Sol­
vents were of commercial guaranteed grade and purified 
by fractional distillation. 

Effect of N,N-Dimethylaniline on the Rearrangement of 1,3-
Bis(4-methylphenyl)triazene (1). An ethanolic solution 
(10 ml) of 1 (0.05 M) and iV,iV-dimethylaniline containing 
HG1 (0.011 M) was allowed to stand at room temperature 
for 3 d, until 1 was consumed. O n e ml of the resulting 
solution was pipetted out and ethanol was added for dilu­
tion to a suitable concentration for H P L G analysis. The 
H P L C analysis was performed under the following condi­
tions using Yanaco SA-I as a packing. A carrier solvent 
of hexane /THF (9/1 in vol.) was used at a flow rate of 40 
ml/h. T h e products were identified by HPLG peaks in 
comparison with the authentic specimens. 

Solvent Effect in 1,3-Diphenyltriazene (4) Rearrangement. 
Various solutions (10 ml) of 4 (0.05 M) containing HG1 
(0.005 M) were allowed to stand at 30 °G in a thermostat 
for 2 d, until 4 was consumed. In a similar manner as 
above, the products were identified and estimated by HPLG 
under the following conditions. Yanaco SA-I was used 
as a packing, and hexane /THF (7/3) was used at a flow 
rate of 90 ml/h. Products from propanol and 2-butanol 
contained a small amount of unknown product , which show­
ed U V peaks (334 nm) different from o-aminoazobenzene, 
4- (phenyldiazoamino) azobenzene ( C 6 H 5 - N = N - N H - C 6 H 4 - N = 
N - C 6 H 5 ) and p-[p-(phenylazo)phenylazoanilinc (C 6 H 5 -N=N-
C 6 H 4 - N = N - C 6 H 4 N H 2 ) . 
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Cyclodehydrogenation of 3-Cinnamoyltropolones with 
2,3-Dichloro-5,6-dicyanobenzoquinone 
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Synopsis. 3-Cinnamoyltropolone and 3-(3-methoxy-
cinnamoyl)tropolone were oxidized with 2,3-dichloro-5,6-di-
cyanobenzoquinone to give 2-phenyl- and 2-(3-methoxy-
phenyl)-4,9-dihydrocyclohepta[£]pyran-4,9-diones, while 2'-
and/or 4'-methoxy-substituted 3-cinnamoyltropolones gave 2-
arylmethylene-2//-3,8-dihydrocyclohepta[£]furan-3,8-diones. 

2,3-Dichloro-5,6-dicyanobenzoquinone ( D D Q ) is re­
cently used for synthetic organic chemistry as a de-
hydrogenating or cyclodehydrogenating agent . l a _ c) I n 
connection with our studies on cyclization reactions 
of 3-cinnamoyltropolones,2-4) which have a 2'-hydroxy-
chalcone-like structure, we have been interested in 
the use of DDQ, for their cyclization reaction. Little 
is known about the DDQ, cyclization of 2'-hydroxy-
chalcones except for 2'-hydroxy-5'-prenyl-4,4'-diphenyl-
chalcone, which gave the corresponding flavone.5) 

A mixture of 3-cinnamoyltropolones ( la—i) (1 
mmol) and D D Q (2 mmol) in dry benzene was re-
fluxed for 20 h. Thus, the reactions of 3-cinnamoyl-
tropolone ( l a ) and 3-(3-methoxycinnamoyl)tropolone 
( lc) gave flavone-like compounds, 2-aryl-4,9-dihydro-
cyclohepta[£]pyran-4,9-diones, while the other 3-cin­
namoyltropolones ( l b , d—i) which have the methoxyl 
group at 2'- and/or 4'-position gave selectively aurone-
like compounds, 2-arylmethylene-2//-3,8-dihydrocyclo-
hepta[£]furan-3,8-diones (3b, d—i) . Each of the 
products was identified with comparison of its mp and 
I R and N M R spectra with those of the product from 
selenium dioxide oxidation2) and alkaline hydrogen 
peroxide oxidation3) of the corresponding 3-cinnamo­
yltropolones. The results are summarized in Table 1. 

These results show that the D D Q is a useful cyclo­
dehydrogenating reagent of 3-cinnamoyltropolones. 
This reaction might be extended to the oxidative cy­
clization of 2'-hydroxychalcones. 

R = H 
R=3-OCH 3 

&M^ 
b R = 2-OCH3 

d R=4-OCH 3 

e R=2,3-(OGH3)2 

f R=2,4-(OCH3)2 

g R=3,4-(OCH3)2 

h R = 2,3,4-(OCH3)3 

i R=3,4-(OCH20) 

Scheme 1. 

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

Measurement. The melting points were determined 
with a Yanagimoto melting-point measuring apparatus and 
are uncorrected. The IR spectra were taken on a JASGO 
IRA-1 spectrophotometer. The NMR spectra were re­
corded with a Hitachi R-24 spectrometer (60 MHz). 

Oxidative Cyclization of 3-Cinnamoyltropolones (la—i). 
A mixture of 3-cinnamoyltropolone (la—i) (1 mmol, 252— 
343 mg) and D D Q (2 mmol, 454 mg) in dry benzene (20 
ml) was refluxed for 20 h. The reaction mixture was poured 
into a saturated sodium carbonate solution (100 ml) and 
extracted with chloroform. The extract was washed with 
water, dried over anhydrous sodium sulfate, and brought 
to dryness by evaporation of the solvent. The residue was 
recrystallized from benzene to afford 2-aryl-4,9-dihydro-

TABLE 1. CYCLODEHYDROGENATION OF 3-CINNAMOYLTROPOLONES 

a 
b 

c 

d 

e 

f 

g 
h 

i 

R 

H 

2-OGH3 

3-OGH3 

4-OGH3 

2,3-(OGH3)2 

2,4-(OCH3)2 

3,4-(OGH3)2 

2,3,4-(OGH3)3 

3,4-(OGH20) 

Product 

2a 

3b 

2c 

3d 

3e 

3f 

3g 
3h 

3i 

Yield 

% 

46 

44 

43 

53 

38 

42 

39 

36 

46 

Mp 
°G 

200—202 
262—265 

212—213 

225—227 

225—226 

231—232 

282—284 

184—185 

277—278 

(Lit, mp) 

(201—202) 

(261—262) 

(212—214) 

(227—228) 

(225—226) 

(231—233) 

(285—286) 

(183—184) 

(279—280) 

Ref. 

2 
3 

2 

3 
3 

3 

3 

3 

3 

t Present address: Tokyo Office, USAG Electronic Industry Co., Ltd., Shinkawa, Ghuo-ku, Tokyo 104. 
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cyclohepta[£]pyran-4,9-dione (2a, c) or 2-arylmethylene-2ü/-
3,8-dihydrocyclohepta[£]furan-3,8-dione (3b, d—i). 
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Use of Propagators in the Hiickel Model. III. Stability and Reactivity 
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The propagator approach is applied to the problems of chemical reactivity and stability. Subjects discussed 
are the ring closure and opening reactions, the Diel s- Alder reaction and sigmatropic reaction for reactivity; the 
aromaticity, two ring compounds (such as naphthalene and azulene), and benzenoid hydrocarbons (such as anthra­
cene and phenanthrene) for stability. Results are given in analytical formulas. 

The Hiickel model or the tight-binding approxi­
mation is of great use because of its mathematical 
simplicity in analysis of molecular electronic states and 
chemical reactivities. Coulson and Longuet-Higgins1) 
emphasized that once the Hiickel determinant is given 
for a system all its physical properties are derived by 
making analysis of the determinant, not via wave 
functions as has been done in the usual theories. T h e 
charge density, bond order and total energy are expres­
sed by the corresponding contour integrals closely 
related to the Hiickel determinant. T h e perturbation 
theory has been developed in terms of mutual polariza-
bility, which are also given by similar expressions. 
They applied their theory to the conjugated molecules 
and successfully derived many rules. Recent trials of 
Hosoya et al.2) with topological aspects seem to be 
inherently related to the treatment of Coulson and 
Longuet-Higgins. 

O n the other hand Fukui3) discussed chemical 
reactivity and stability in view of frontier electron. 
In this theory, the specified orbitals called L U M O and 
H O M O play dominant roles in the chemical reactions, 
and their mutual phases qualitatively decide whether 
the reaction takes place or not. The last is known as 
the Woodward-Hoffmann rule.4) 

In the first paper5) of this series, the Hiickel theory is 
reformulated in terms of propagators. This is a Green's 
function version of Coulson's work, and has merit of 
giving results beyond the elementary perturbation 
theory. Our theory is not so easy as the usual L C A O 
theory, but sometimes successfully reveals physical 
concepts hidden in the latter. The bond order between 
the r-th and s-th sites, q(r,s) is usually inferred to the 
overlap charge or the charge density at the bond. This 
might not be feasible if the r-th and s-th sites are far 
from each other. By use of a propagator the bond 
order is defined by 

«r's)—èà[ dzG(r,s;z). (1) 

What this means is as follows : consider the probability 
amplitude which an electron at the r-th site transfers 
to the s-th site in any one-electron state. If we sum up 
such amplitude with respect to the levels occupied in the 
ground state, the result is q(r, s). Moreover, q(r, s) is 
divided into the contributions arising from several 
independent paths.6) The bond order between the 
nearest sites in benzene is composed of two components 
which refer the shorter and longer paths in a way from 
the one site to the other. 

Any chemical bond produced by the chemical 
reaction under consideration is due to the propagations 
of interactions. Thus the bond order plays a leading 
role in the following investigations, showing quanti ta­
tively what kind of route of propagation is important . 

Interact ion Energy 

In order to investigate the stability condition in the 
ground state and the chemical reactivity, i.e., selection 
of the reaction path of the chemical reaction, we derive 
the expression of energy stabilization due to perturba­
tion. In the case of reactivity, we estimate the stabili­
zation energy due to perturbation at some point along 
the reaction path, then at the corresponding point 
along the other path. Comparing these two, we can 
decide which one is favorable. Calculations will be 
performed following those in I, but are limited to the 
second order with respect to the perturbation. This 
suffices for the present case. 

The total energy of the system is 

E-TrMc
dzzG{zh 

(2) 

where G is the matrix of Green's function represented 
by the site indices, z the energy parameter and T r the 
trace with respect to the site indices. Integration 
contour c is the so-called Coulson contour shown in 
Fig. 1. Note that the integration in Eq. 2 includes the 
spin sum. 

Fig. 1. Coulson's contour. 

Let us consider the perturbation v, which is a matrix 
represented by the site indices. The interaction energy 
caused by the perturbation is 
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LE = T r ^ j - Ç dz z[G0vG0+G0vG0vG0+ •••] 

= T r i r l d - G »? ( v G » ) B 

= S - T r - ^ ( d 2 ( G 0 v ) " . (3) 
n n ln\ Jc 

The final result is as follows : 

TT r^ld^v G-v 

=TTriMc
d*^v^ïc 

, 1 1 0 
, 1 f , 1 1 1 

= T r — - \ dz z — v — v — 
2m Jc z—HQ -Z-HQ z—HQ 

= T r ^ - C d* *G0vG0vG0, (4) 

where the second equality arises from the part ial inte­
gration and the third one from the permutation invaria­
bility in Tr . 

Illustrative Example Provided that the perturba­
tion is applied to the site a, say vaa=e, it follows that 

AE = J]--^[dz[G0(a)er 
n n 2m Jc 

= -±-\dzln(\-G0(a)e)-i (5a) 

= q(a)e + y u ^ e 2 . (5b) 

Here q(a) is the charge density at the a-th site and liata is 
the atom-atom polarizability defined by Coulson and 
Longuet-Higgins.1) 

R i n g Closure a n d R i n g Open ing 

Let us first consider the ring closure reaction of 
conjugated chain. Figure 2a shows the transition state 
where the chain begins the ring closure reaction. The 
arrows at both ends stand for the basis functions, 2pn 
together with the phases. Note that we can put the 
phases in this way without loss of generality. We need 
not worry about one-electron state, i.e., the shape of M O 
and its energy. 

0 t/^n-1 V^l V^l 
M # # f i 

For the sake of simplicity, let us consider the case in 
which the chain is composed of n sites and n electrons. If 
the ring closure begins in the con-rotatory mode or in 
the dis-rotatory mode, the interaction arises between 
sites 0-th and (n-l)-th. 

{positive for the con-rotatory 
. r , ,. (6) 

negative for the dis-rotatory. 
T h e extra energy due to this is given by Eq. 3. If one 
mode works to stabilize the system, i.e., AE<^0, we 
can choose this mode as the desired reaction path. 

Let us consider the ring opening reaction. The 
tf-bond in the transition state slightly rotates (Fig. 3a) 
in a con-rotatory mode (Fig. 3b) or in the dis-rotatory 
mode (Fig. 3c) to yield a small fraction of ^-bond. The 
extra energy due to this determines which mode is 
preferable. Since the perturbation energy arising in 
these motion is classified entirely in the same way as 
that of ring closure reaction, i.e., as Eq. 6, we see that 
the mathematical procedures are the same, viz., if in 
any system the con-rotatory mode is desirable for the 
ring closure reaction, the same mode is also desir­
able for the ring opening reaction for the system in 
which transition state is similar to that of the previous 
system. 

Fig. 3. Ring opening reaction. 
a: Transition state, b : con-rotatory, c: dis-rotatory. 

In both cases, the extra energy AE in Eq. 3 due to 
perturbation to the second order is 

A £ = - ^ j - J dz[G„(0, n-l)vn.lJt+Gn(n-l, OJ^ .^J 

+ y - ^ - J dz[Gn(0, i i - l)vn.lt0Gn(0, n- l>n_1>0 

+Gn(n-1, 0>o ,n_xG(n-1, 0)«^.»-J 

+ y - ^ j d * [ G . ( 0 K . - A ( « - l)«W-i.o 

+GB (n-I> n_MG n (0H> B_ 1 ] (7a) 

= -£-r[ dz[2»Gn(0, n - l ) + ^ G n ( 0 , n - l ) G ( » - l , 0) 

+^G B (0 )G n (n - l ) ] . (7b) 

Fig. 2. Ring closure reaction. 
a: Transition state, b : con-rotatory, c: dis-rotatory. 

Each term in Eq. 7b, shown in detail in Eq. 7a, has its 
own structure: the first order term indicates a path 
going round the system once, the path indicated by the 
second terms in Eq. 7a goes round the system twice, and 
the final second order term corresponds to the interaction 
going back and forth between the ends. Let us examine 
each term in detail. 

T h e matrix elements of Green's function in Eq. 7a are 
given in the second paper7) of this series, as 
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Gn(0) = G n ( n - l ) = 
sin nö 

s in(n+l)0 ' 

sin 0 

(8) 

C . ( 0 , . - l ) = G . ( . - l , 0 ) - - 5 ^ , (9) 

2 = 2cos0. (10) 

If we m a p the Coulson contour in z-plane onto ö-plane 
by means of the relation (10), the contour in 0-plane 
turns round twice the corresponding points in .z-plane. 
This is why we introduced the factor, 1/2.7> 

As an example, let us take the system with n sites and 
n electrons, n being even. The first order energy in 
Eq. 7b is 

A£ci> = _ 4 _ u de . s ; n 2 ^ ». 
4m Jc sin(n+l)0 

The poles of the propagator are given by 

:n: 

n + l ' 
r = ± l , ± 2 , - . ± ( n + l ) , (12) 

in which the single particle states from r = ± l to r= 
i n / 2 are doubly occupied. The result of calculation is 

(»+!)« 
\v n/2 

S ( - l ) r + l / 2 (n+l) U=i 

+ (~^)W/2 »ectt/(n+l)}. (13) 

The second order energy arising from the path going 
round the system twice is 

sin3 0 v2 

A£C2-9) - ->u 
- 3 

2(n+l) s 

d 0 ' sin2(n+l)0 ß 

cosec7t/2(n+l) 

v2 

+ cosec3jr/2(n+l) —. (14) 

The resonance integral ß which was scaled to unity in 
evaluating G, is recovered by dimensional analysis. The 
resonance integral ß is negative. Another second order 
term is 

A£C2>C> = - 2 
1 f j„s in 0 sin2 nd v2 

d0— 
4 m J c s in 2 (n+1)0 ß 

( 2 " _ 1 ) ' c o s e c j r / 2 ( » + l ) 
2(n+l) 2 

+ cosec3tt/2(n+l) |^r. (15) 

Thus we get 

AE = A£C l ) + A£C2,? ) + A£C2'C) 

—4 fn/2 (— 1W2 1 
-^{^(-lY+W+^-f—Kcn/in+l^v 

+ t
n7?„{coseen/2(n+l)+coaec3nl2(n+l)\?r. 

(n+l)* 
(16) 

Due to the fact that n^>2 in the actual molecules the 
second order terms in Eqs. 16 and 20 are negative, 
irrespective of the sign of v. The second order term has 
nothing to do with the determination of the reaction 

path , except for slight stabilization of the system as 
regards energy. T h e first order term should dominantly 
affect the progress of the reaction. The reaction 
proceeds if the quanti ty in the curly bracket has the 
same sign as that of y in the first order term. 

Let us examine the case with odd n sites and n elec­
trons. In this case, the single particle states, r = + l 
to ± (n—1) /2 , are doubly occupied and those with 
n = ± ( « + l ) / 2 are singly occupied. The spin sum­
mation should be carefully done. Terms corresponding 
to the previous ones are 

_ 4 f(n+1V2 
A£C1) = 

» + 1 
S ( _ i r + ! _ M ) P ^ = 0,(17) 

A£C2,?> _ - 3 

A£<2,C> = 

2(n+l) 

2 n - l 

cot 
2(n+n 

+ cot 

2 

3TI 

cot 
2(n+l)2l 2(n+l) 

+ cot 

2(n+r 
3n 

2(n+1)1 ß 

Thus 

AE = A£ ( 1 ) +A£ < 2 ' 9 ) + A£C2'C) 

n — 2 \ . n 37r 
cot + cot 

(18) 

(19) 

( n + l ) 2 r " 2 ( n + l ) ' " " 2 ( n + T ) J / P ( 2 0 ) 

T h e first o r d e r t e r m v a n i s h e d i den t i ca l l y , t h e s e c o n d 

o r d e r t e r m h a v i n g a s imi l a r c h a r a c t e r a s p r e v i o u s ones . 

S ince t h e first o r d e r t e r m p r e d o m i n a n t l y affects t h e 

e l ec t rocyc l i c i n t e r a c t i o n , w e wi l l r e e x a m i n e th i s m o r e 

carefu l ly . D e n o t e t h e n u m b e r of sites b y n, w h i c h is 

e v e n o r o d d , a n d t h e n u m b e r o f e l e c t r o n s b y M, w h i c h 

is less t h a n 2n. L e t us i nves t i ga t e t h e cases w h e r e M is 

4m, 4 m + 2 , 4 m + l , a n d 4 m + 3 . 

(i)M = 4m 

A £ C 1 ) = — ^ r S ( - l ) r s i n 2 0 r 
n + 1 r=i 

= ^ ï S ( - l ) r c o s 2 ? I r / ( n + l ) 
tt+1 r = l 

2v 
n+l 

1 c o s ( 4 m + l ) w / ( w + l ) i 
c o s j r / ( n + l ) J 

Note tha t 

1 cos(4w + l ) g t / ( » + l ) ^ 

cos7r / (n+ l ) 

(ii)M=4:m+2 Similar calculation yields 

CQg(4w4-3)jr/(«+l) 

c o s 7 i / ( n + l ) 

Note tha t 
. cos(4m+3)7r/(n+l) 

A£C l 

n+\\ 

c o s 7 i / ( n + l ) > 0 . 

(21a) 

(21b) 

(22a) 

(22b) 

(iii)M = 4m+1 

AE™ = 
( B + 1 ) C O S W / ( / I + 1 ) 

X [cos (4 f»+ l )w/ (n+ l ) - c o s ( 4 m + 3 > r / ( " + l ) ] 

= - 2 - ^ - t a n 7 r / ( n + l ) s i n ( 4 f f i + 2 ) ^ ( n + l ) . 
n + l 

Note that t a n n / ( n + l ) > 0 , but 

f > 0 for 1 < M < n 

(23a) 

s in (4 in+2) j i / ( »+ l ) = 0 for M = n (23b) 

[ < 0 f o r n < M < 2 n . 
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(io)Af = 4 m + 3 

-2v 
AEœ 

n+l 
tan rc/(n+ l)sin(4m+4)7i/(n+1) (24a) 

with 

f > 0 f o r l < M < n 

sin(4m+4)rc/(n+1) J = 0 for M = n (24b) 

( < 0 f o r n < M < 2 n . 

I t is desirable to clarify the fact tha t in the ring 
closure and ring opening reactions, it is not the number 
of sites but the number of electrons which control the 
reactivity of these reactions.8) T h e results obtained are 
summarized in Table 1. 

Afa> 

4m 

4m+2 

4m+l 

4m+3 

TABLE 1. CONDITIONS FOR 

b) 

0 < M < n 
M=n 

n<Af<2n 

0 < M < n 
M=n 

n<Af<2n 

Sign of v 

+ 
-

+ 
+ 

A£C1) < 0 

Reaction pathc) 

con 

dis 

dis 

con 

con 

dis 

a) Number of electrons, b) Relation between M and the 
number of sites, n. c) con : con-rotatory, dis : dis-rotatory. 

In order to confirm the previous general results the 
details of small systems are given in Table 2. Care 
should be taken on signs of AE™ and Ai i ( 2 ) , remember­
ing that ß is negative. O u r predictions as to whether 
the reactions is con-rotatory or dis-rotatory are made 
only from the first order term, AECl\ Agreements with 
those from the Woodward-Hoffmann rule are almost 
satisfactory. For cases written as non-selective or that 
indicating disagreements between two predictions, there 
has been no experimental result,4) so far we are aware of. 

Die ls -Alder Reac t ion 

T h e simplest Diels-Alder reaction is shown in Fig. 4. 
As transition states for this sort of reaction, we adopt two 
types (Fig. 5a) . In both models, the phases of basic 
orbitals can be chosen, without a loss of generality, such 
that the perturbing interactions are negative (attractive). 

Let us investigate the case in which two interactions 

S 
+ 

diene dienophile 
Fig. 4. 

Fig. 5. Diels-Alder reaction. 
a : Two interactions, b : single interaction. 

v and v' coexist (Fig. 5a) . We will show that this is not 
acceptable. For the sake of simplicity, we assume that 
the combining two species A and B are the same consist­
ing of n sites and n electrons. 

T h e extra energy due to perturbation Eq. 3, up to 
the second order is 

AE = (*2+*/2) ^ d z Gn(0)Gn(n-1) 

+ 2vv'±^dzGl(0,n-l) 

sin2 nd / 2 i /2\ ~~ 2 f Aa sin0 si = (v2 + v2)—\ do . 
4m J c sin2(n-

4m Jc sin2(n+l)0 
(25) 

Calculations are carried out in a similar way to that for 
the second order terms AEC®. 

If n is even, the levels up to nj2 are doubly occupied, so 
that 

AE = [cosec7i/2(n+l) + cosec 3TI/2(>I+1)] 
2(n+l)*ß 

X [{2n-l)(v2+v'*) - 6 < I , (26a) 

>la> 

3 

4 

5 

Mb> 

2 
3 
4 

3 
4 
5 

4 
5 
6 

TABLE 2. 

Species 

+ion 
neutral 
— ion 

+ion 
neutral 
—ion 

+ion 
neutral 
— ion 

RING CLOSURE AND RING OPENING REACTION 

A£C1) 

V 

0 
— V 

(5 -3VT)» /10 

(5-3^/3"»/10 

-2» /3 
0 

2*/3 

A£C2) 

V"2v*l&ß 
V~2v2ffl 
V~2<>2W 

^Tv2l25ß 
^Tv2l2bß 
W~5v*l25ß 

(3+,v/3>2/12j8 
(34VT)*2/12j0 
(34V3>2/12jff 

Prediction 

dis 
non-selective 

con 

con 
con 
con 

con 
non-selecitve 

dis 

W-H rulec> 

dis 
con 
con 

con 
con 
dis 

con 
dis 
dis 

a) Number of sites, b) Number of electrons, c) Predictions from the Woodward-Hoffmann rule. 
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and for v=v' 

A £ = j ^ Q [cosec 7zß(n+1) + cosec 3n/2(n+ l ) ] y . 

(26b) 

By means of dimensional analysis, we write explicitly 
ß put to unity in evaluating propagators of the original 
system. 

If n is odd, the levels up to (n—1)/2 are doubly 
occupied and the ( n + l ) / 2 - t h is singly occupied, thus 

AE = it \M* [cot W2(n+1) + cot 3*/2(»+1)] 

X [ (2« - 1 ) (v* + »'») - 6vv']. (27a) 

For v=v' we have 

AE = ? f e z 3 [cot »/2(n+1) + cot 3n/2(n+1)]^ 
(n+1)2 /? 

(27b) 

Since ß is negative, A E given by Eqs. 26b and 27b 
are negative, indicating that the Diels-Alder reaction is 
possible if two species are like those given in Fig. 5a. 
The result shows that the combined system is more 
stable than the original, not explaining the selection 
rule of Diels-Alder reaction. 

Let us consider the model in Fig. 5b. Simultaneous 
interactions considered in Fig. 5a hardly seem to happen, 
instead a two step process like Fig. 5b is more probable. 
In the first step, A and B combine, due to v, yielding a 
long chain. In the second step, the chain starts the 
ring closure interaction due to the v' interaction. Note 
that in this model v' has always negative sign. 

If we assume that the first step is rate-determining, the 
rules investigated for the ring closure reaction can be 
applied. Only the cases with negative v in Table 1 are 
allowed : 

1) The case M=4m is forbidden. 
2) The case A f = 4 m + 2 is allowed. 
3) For the case M = 4 m + 1 

if 0 < A f < n , the reaction is allowed, 
if n<CM<C2n, the reaction is forbidden, 
where n is the number of sites. 

4) For the case of M=4m+3 
if 0 < M < « , the reaction is forbidden, 
if n<C.M<C2n, the reaction is allowed. 

The Cope and Claisen rearrangements are also treated 
in a similar way. 

Sigmatrop ic React ion 

Let us consider the reaction shown in Fig. 6. This 
has been pointed out by Berson9) as an example that 
the Woodward-Hoffman rule does not hold exactly. 
The Woodward-Hoffmann rule suggests the reaction 
path shown in Fig. 6a rather than that in Fig. 6b. In 
view of symmetry, the highest occupied orbital of the 
allyl type radical is described by displaying the phases 
of the atomic orbitals of both ends. 

As has been done in the Diels-Alder reaction, we 
make use of the models shown in Figs. 7a and 7b for the 
transition states in Figs. 6a and 6b, respectively. va 

and vb are examined since va' and vb have no significant 
contribution. T h e interactions, va and vb are split 

CZ>ZZ2> 

\ / 

Fig. 6. Sigmatropic reaction. 
The highest occupied orbital of the allyl type radical 
is described by displaying the phases of the atomic 
orbitals at the both ends. 

1 0 2 1 0 

a 
Fig. 7. Models for the transition states of the sigmatropic 

reaction. 
Figures 7a and 7b correspond to the Figs. 6a and 6b 
respectively, but here arrows indicate the phases of the 
basic atomic orbitals. 

into a- and ^-components, the parallel or perpendicular 
components with respect to the binding axis. Both 
components of va are positive, va being repulsive. The 
«^-component of vb is negative and the rc-one is positive. 
The migrating radical in the reaction is the methyl 
type one. This suggests tha t if we consider the steric 
effect, the methyl type radical might migrate above the 
allyl radical considerably nearer in the case of Fig. 7b 
than in the case of Fig. 7a. If this is the case, it is 
possible that the ^-component becomes predominant 
and vb is repulsive. Thus i) » a >0 , ii) z>0>0, if the 
migrating radical moves considerably close to the allyl 
radical. 

For the cases of Figs. 7a and 7b, we obtain AE in Eq. 3 
in the first order approximation; 

AE dzGv 

-2{U,dzGi{o'3)+MfzG-(i'3)}' <28) 

for the cases of Fig. 7a. Replacing va and va' by vb and 
vb, respectively, we get the expression for Fig. 7b. G4 

(0, 3) is the 0-3 matrix element of the chain propagator 
with four sites. In Eq. 28, the second integral is the 
bond order between the starred sites of the conjugated 
chain, vanishing identically. The remaining term 
gives 

AEa{AEb) = - ^ p _ Va(Vb)) Va{Vb) > o. (29) 

The reaction mechanism infers the first case in Table 
1, in other words, the formation of the Möbius ring 
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presented in the next section. Accordingly our theory 
explains the possibility of two reaction paths. 

Aromat i c i ty 

Let us examine the stability conditions in the ground 
state of the conjugated systems. The question what 
aromaticity is has been discussed for a long time. We 
consider it as a problem of energy stabilization when 
the conjugated chain becomes a ring by connection of 
both ends.10) 

Let the interaction between two ends be v. The 
following conclusions are obtained from Table 1. 

A. The ring with the negative v or the Hückel ring 
is more stable than the original chain, under the condi­
tions where 

i) M=4m+2 
ii) M = 4 m + 1 and 0<Af < n 
iii) A f = 4 m + 3 and n<M<2n, 

where n is the number of sites. 
B. The ring with positive v or the Möbius ring is 

preferable under the conditions tha t 
i) M=4m 
ii) M=4m+1 and n<M<2n 
iii) A f = 4 m + 3 and 0 < M < n . 

Naphtha lene and Azulene 

The stability of compounds consisting of two rings 
is of interest. Naphthalene and azulene are well-known 
examples. Two ring compounds consisting of ten 
atoms are presented (Fig. 8). 

Fig. 8. Two ring compounds (I—IV) composed of cyclo-
decapentaene (V). 

Compounds I—IV are derived from various pertur­
bations put in cyclodekapentaene V as follows : 

for i " 0 5 

v'n. for II 

for III 
(30) 

- V02 for IV. 

T h e stabilization energies in these cases are mainly 
due to the first order term : 

AE(1) , rGio(0, 5)^ f?io(0,5) 

A£(II ) 

A£(III) 

A£(IV) 

^'sj.* 
G10 (0, 4) 

G10 (0, 3) 

Gio (0, 2) 

[ = 2»' 
<7io(0,4) 

?io(0, 3) 
l<7io(0, 2) . 

The problems are reduced to the evaluation of the 
corresponding bond orders. The bond order gn(0, k) 
in this case is 

a ( 0 k î - l s i n W 2 ) 

from which it follows that 

?io(0,5) = 1/5 

? io (0 ,4 )=0 

Ao(0,3) = - ( V T - l ) / 5 

fco(0, 2) = 0. 

(32) 

(33) 

Naphthalene is the most stable, azulene and IV next, 
I I I being the most unstable. 

Anthracene and Phenanthrene 

In order to clarify the distinction between anthracene 
and phenanthrene in view of stabilization, a simple 
method has been worked out for generalization to 
larger benzenoid hydrocarbons. 

000 -:ö 
Anthracene 4 

a 
Phenanthrene 

Fig. 9. 

(31) 

We rewrite anthracene and phenanthrene, as in 
Fig. 9, by means of structures with bold bonds which 
indicate the adjacent benzene rings in each compound. 
Anthracene is considered as a fictitious benzene in which 
the 0-5 and 2-3 bonds have the effective resonance 
integrals, /?eff, instead of the original ß. If we put 

v = ßett ~ ß, (34) 

and use Eq. 3 up to the second order, AE for anthracene 
is given by 

A£ A = ^ d*{2*[G(0,5)+G(2, 3)] + »»[G(0)G(5) 

+ G(2)G(3)+G(0,5)G(5,0) 

+G(2, 3)G(3, 2 ) ] + 2 I I » [ G ( 0 , 2)G(3, 5) 

+ G(0,3)G(2,5)]}. (35) 

In a similar way, AE for phenanthrene is given by 

A£ P = ( d«{2»[G(0,5)+G(l,2)l+»»[G(0)(?(5) 

+G(1)G(2)+G(0,5)G(5,0) 

+G(1,2)G(2,1)]+2^[G(0,1)G(2,5) 

+G(0,2)G(1,5)]}. (36) 
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The difference between AEA and AEP arises from the 
second order terms, 

A£A - A £ P = 2^jC dz 2v*[G(0, 2)G(3, 5)+G(0, 3)G(2, 5) 

- G ( 0 , 1)G(2, 5)-G(0,2)G(l, 5)]. (37) 

It is instructive to trace the routes indicated by combin­
ing propagators and v of Eq. 37. We can easily evaluate 
this and find 

A£A - A£ P = -(O.17+O.35>2 /0 = -0.25v*lß. (38) 

Because of the negative sign of ß, the value of Eq. 38 is 
positive, with a small magnitude. Thus phenanthrene 
should be more stable than anthracene. This is in 
line with the observation. T h e result is independent 
of the sign of v. Generalization to a larger system is 
straigtforward (Fig. 10). 

oc?5- o 

Fig. 10. Shorthand display of the benzenoid. 

ßeff in Eq. 34 is interpreted as an average of the 
operator, \s^>ßst<Ct\, with respect to the ground state 
of the system in question, 

| 0 > = n > > (39) 

Namely 

At,.« = At 2 OI«X«ï<> = A. 2^J d« G(s,t;z). (40) 

This relation reproduces the original ß st in the diatomic 
chain. Using Eq. 40 in the benzene ring, we obtain 

ßett = 0.667/S. (41) 

This is in line with the fact that in anthracene or phenan­
threne, the corresponding bond length is slightly greater 
than tha t of benzene. 

Concluding R e m a r k s 

Propagator theory has been successfully applied to the 
problems of chemical reactivity and stability. No use 
was made of wave functions or L C A O coefficients. 
Even if the concept of orbital is established, the orbital 
is not a physical quantity. T h e final result should be 
presented only in terms of the coupling constants in 
the Hamil tonian. In this respect our theory is nearer 
to that of Coulson than that of Fukui and Woodward-
Hoffmann. 
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Electron Spin-Spin Interaction in Excited Triplet States of Aromatic 
Hydrocarbons with a Trigonal Symmetry Axis 
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Zero-field splitting (ZFS) parameters of benzene, triphenylene, and coronene molecules in their lowest and 
second excited triplet states are calculated from the electron spin-spin interaction using semi-empirical self-consistent-
field 7t-electron molecular orbitals. The results show that in obtaining a good agreement of the evaluated ZFS 
parameters with the experimental values the selection of the basis functions in LCAO-MO's with zero-differential 
overlap is actually important. The ZFS parameters in some distorted structures are also calculated. 

Since the detection of electron spin resonance (ESR) 
signals for the phosphorescent naphthalene molecule by 
Hutchison and Mangum,1) many theoretical works on 
the zero-field splittings (ZFS) of aromatic molecules in 
their triplet states have been carried out with various 
degrees of approximations.2 - 8) Nevertheless, the prog­
ress in such a calculation has essentially been slow 
in spite of the development in the theory of electronic 
structures of molecules. For large molecules, ab initio 
studies have scarcely been done except a work of benzene 
by Langhoff, Davidson, and Kern.3) O n the other 
hand, semi-empirical calculations have usually been 
concerned with the explanation of experimental values 
without careful reexamination of points in question. 
In most of these works, the electron spin-spin interac­
tions were evaluated by using Slater-type or Gaussian-
type atomic orbitals (AO's) as the A O bases and 
adopting the zero differential overlap (ZDO) ap­
proximation. The spin-orbit interactions were ignored 
in expecting their minor influence.9) 

As the basis functions of semi-empirical LCAO-MO's 
cannot pertinently be approximated by AO's of the 
corresponding free atoms, these calculations usually 
include some adjustable parameters although they are 
not always explicitly specified. T h a t is, for obtaining a 
good agreement between the calculated values and the 
experimental ones, many works employed one of the 
following modifications: (1) use of partly adjusted values 
of spin-spin interaction integrals;4) (2) use of adjusted 
orbital exponent of Slater-type 2p AO;6-7) (3) inclusion 
of unsuitable approximation in exchange-type spin-spin 
interaction integrals,8) and so on. In these works, the 
meanings of modified points were not distinctly ex­
plained. 

With the recent development of accurate measure­
ments in magnetic resonance experiments, detailed 
experimental da ta on the phosphorescent triplet states 
of aromatic molecules have been accumulated using 
methods such as conventional ESR and the optically 
detected magnetic resonance. From the standpoint of 
theoretical calculation, however, instructive information 
on ZFS parameters is still insufficient in discussing the 
values evaluated, except the case of benzene.3-5) Under 
these circumstances, it may be desirable to reexamine 
the semi-empirical calculations of ZFS parameters on 
the basis of the works of benzene. Besides, there are 
many interesting experiments on the lowest triplet 
states of aromatic molecules with trigonal sym­
metry.10-16) For these molecules, a relatively simple 

approximation with only Coulomb-type spin-spin inter­
action integrals is fairly satisfactory, since the other 
integrals have minor influence upon the ZFS param­
eters when the E value is very small.5) Especially 
for benzene, the ratios among coefficients of AO's in 
the ^-electron LCAO-MO's are uniquely determined 
from only the molecular symmetry and the calculated 
ZFS parameters may not largely be affected by the 
selection of semi-empirical parameters. In the present 
work, therefore, ZFS parameters of benzene, tri­
phenylene, and coronene in the lowest and second 
excited triplet states were evaluated from the electron 
spin-spin interactions : 

- , _ Mog2Pf(si'S*) 3 ( S l . r 1 2 ) ( y r l 2 n 

- ( . A + V J 2 ^ - ( V y + V l ) ^ l (1) 
'12 '12 J 

{nQ: vacuum permeability; S = « 1 + « 2 : total spin) 
using a standard and simple approximation with only 
Coulomb-type integrals.8-17) In terms of the principal 
magnetic axes shown in Figs. 1—3, the ZFS parameters 
can be expressed as 

D = W l 2 Ai22-3z1 2*\ 
I6nhc \ r12

8 / 

E = 3/^0» /2üLl£!il \ 
\Qnhc \ r12

5 / ' 

Calculat ion 

(2) 

(3) 

The wavefunctions (WF's) used were constructed 
from Pariser-Parr-Pople-type (PPP) LCAO-MO's18-19) 
by including configurations arising from all the single 
excitations relative to the ground state. ZFS param­
eters were calculated by adopting one of the following 
three kinds of treatments : 

(A) The basis A O used was a double-zeta SCF-AO 
of carbon atom by Clementi.20) This treatment 
corresponds to the conventional standard calculations 
except the used A O instead of a single Slater-type A O 
(STAO). A similar work with all the spin-spin interac­
tion integrals evaluated with single STAO's has been 
carried out for benzene and naphthalene by Godfrey, 

file:///Qnhc
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Fig. 1. Variation of the calculated zero-field splitting 
parameters of benzene with antiquinonoidal (AQ) and 
quinonoidal (Q) forms. The lower and the upper 
value in AÄ(C-C) are the change of length in two C-C 
bonds which are parallel to the x axis and that for the 
other four C-G bonds, respectively. The axis system 
for D2h symmetry is indicated in parentheses. 
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Fig. 3. Variation of the calculated zero-field splitting 
parameters of coronene with antiquinonoidal (AQ) and 
quinonoidal (Q) forms. The lower and the upper 
value in AR{C-C) are the change of length in C-C 
bonds which are parallel to the y axis and that for the 
other C-C bonds, respectively. The axis system 
for D2h symmetry is indicated in parentheses. 
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Fig. 2. Variation of the calculated zero-field splitting 
parameters of triphenylene with antiquinonoidal (AQ) 
and quinonoidal (Q) forms. The lower and the upper 
value in A Ä ( C - C ) are the change of length in C-C 
bonds which are parallel to the y axis and that for the 
other C-C bonds, respectively. The axis system for 
C2v symmetry is indicated in parentheses. 

Kern, and Karplus.5) 
(B) The basis AO used was an adjusted single 

STAO, the orbital exponent of which was chosen to 
give the experimental D value of benzene [Z>=0.1593 
cm-1].12) The value of (5=1.5055 thus obtained is 
considerably different from that of Capello-Pullman's 
improved AO (<5 = 1.37)6> which was determined from 
the SGF-AO of carbon atom. In any case, such AO's 
should not generally be better than the double-zeta 
AO used in Treatment (A). 

(G) Since the usual AO's xp's do not satisfy the 
orthogonal relation in the PPP LCAO-MO's, approxi­
mate orthogonalized AO's were taken as the basis 
functions. In reality, the calculation was carried out 
as described below. As the AO bases of PPP MO's 
should essentially be different from the usual AO's xp's 
in the valence state of constituent atoms, the following 
orthogonalized AO's 0p's proposed by Löwdin21) may 
be chosen as one of suitable bases: 

4> = X{i+syv\ 

where S is a matrix with elements 

^pq = jXp*XqdT wPq* 

(4) 

(5) 

Since the ^-electron MO's of benzene are essentially 
unique as described above, the PPP MO's taking the 
orthogonalized AO's 0p's as the bases are exactly 
identical with those in which the nonorthogonality 
between the AO's xp's is strictly included.22) For 
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alternant hydrocarbons, the PPP MO' s with basis 
functions of the orthogonalized AO's 0p 's may semi-
empirically be good approximations of the SCF-MO's 
with inclusion of all overlap integrals as pointed out 
by Parr,22) although this relation should not exactly be 
valid. In Trea tment (G), the ZFS parameters were 
simply calculated by using LCAO-MO's which the 
coefficients of AO's xp's are in the same ratios as those 
of the PPP MO's , and by including the nonorthogonality 
between the nearest neighboring AO's xp 's, as a first 
step of approximation with orthogonalized AO's . In 
this case, the overlap integrals were evaluated by using 
the aforementioned double-zeta AO's.20) 

In the present work, molecular structures of benzene, 
triphenylene, and coronene were assumed to be planar 
with symmetry D 6 h , D 3 h , and D 6 h , respectively.23-25) 
Since triphenylene and coronene are deformed in 
crystals,24-26) structures with symmetry C2 v and D 2 h , 
respectively, were taken as typical examples of such 
conformations. The internuclear distances and bond 
angles used were obtained by averaging the observed 
values in each ground state23-26) for each equivalent 
bond and angle. A similar study was carried out by 
assuming hypothetical structures with which all the 
benzene rings involved are the same size as in the 
ground state of benzene. As the observed E values are 
nonzero for these molecules,10-12-15) the influence of 
distortion from hexagonal or trigonal symmetry upon 
the ZFS parameters was also examined for conforma­
tions in which the benzene rings of the system are all 
antiquinonoidal (AQJ or all quinonoidal (QJ forms. 
Such a calculation was carried out under the following 
assumptions : (i) the sum of the six nearest G-C bond 
lengths of each benzene ring and all the bond angles 
are unchanged from those of the ground state with 
symmetry D 6 h , D 3 h , and D 6 h for benzene, triphenylene, 
and coronene, respectively; (ii) the changes of the 
lengths in a pair of parallel C -C bonds [Ai?(C-C)] are 
taken to be identical with each other and twice as large 
as the change in each of the other four C - C bond lengths 
[—AÄ(C-C)/2] . T h e coordinate system used for ZFS 
parameters of each molecule is indicated by small 

letters in Figs. 1—3. 

When the SCF ^-electron MO's were calculated for 
each ground state with the PPP approximation,18-19) 
the Coulomb integrals were evaluated by using Ohno-
Klopman-type (OK) approximation:27) 

Jp q = ,i/(AV+ f p qi)i/i , (6) 

where a=e*l{Ip-Ap), 7p(C) = 11.16 eV, J p ( C ) = 0 . 0 3 
eV28) and rp q is an internuclear distance between atoms 
p and q. The parameter k is chosen as 1.0 and 0.729) 
for electron repulsion and electron-core attraction 
integrals, respectively. The resonance integrals were 
evaluated by adopting Wolfsberg-Helmholz-type ap­
proximation30) in which ßcc for benzene was assumed 
to be —2.60 eV31) and the overlap integrals were 
calculated by using the double-zeta A O by dementi . 1 9) 

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

For the lowest triplet state of benzene with symmetry 
D6hJ the D value in Treatment (A) is fairly small [D = 
0.1341 c m - 1 ] , while a rather larger value is obtained, 
if a single STAO with conventional orbital exponent 
of (5 = 1.59 (or 1.625) is used [D=0.1770 (or 0.1842) 
c m - 1 with the present approximation and 0.1671 c m - 1 

with all the spin-spin interaction integrals5)]. Also, 
if one use Capello-Pullman's improved S T A O with 
<5=1.37,6) the D value becomes 0.1295 c m - 1 still 
smaller than that obtained in Treatment (A). Further, 
a fairly good agreement with the observed value 
cannot be obtained, if only the C-C distances are varied 
within their permissible limits of the bond lengths. 
In Treatment (C), however, the evaluated D value 
[0.1594 c m - 1 ] is very close to the experimental one, in 
spite of the fact that orthogonalized AO's used were not 
strictly obtained. 

For triphenylene and coronene, the D and E values by 
Treatment (C) are surprisingly close to those by Treat­
ment (B) and in fair agreement with the experimental 
values as compared with the case of Treatment (A). 
These results are listed in Table 1. For the cases where 
the structures for the lowest triplet states were changed 

T A B L E 1. CALCULATED LOWEST EXCITED TRIPLET STATE ENERGIES AND ZERO-FIELD SPLITTING PARAMETERS 0 

£T/eV 
Treatment (A) Treatment (B) Treatment (C) Experimental 

D/cm - 1 E/cm-1 D/cm-1 Ej cm-1 D/cnr Ejcra.- £T/eV D/cm-1 £/cm-i 

Benzene 

(D6h) 

Triphenylene 

(D3h) { 
(C2v) 
(Benz)b> 

Coronene 

(D.i.) { 

(D2J 
(Benz)b> 

3.872 
[2.672] 

3.194 
[2.210] 
3.185 
3.155 

2.585 
[1.754] 
2.737 
2.581 

0.1341 
[0.1358] 

0.1125 
[0.1164] 
0.1117 
0.1110 

0.0920 
[0.0963] 
0.0930 
0.0897 

0.0000 
[0.0000] 

0.0000 
[0.0000] 
0.0034 
0.0000 

0.0000 
[0.0000] 

-0.0046 
0.0000 

0.1593 
[0.1593] 

0.1337 
[0.1367] 
0.1328 
0.1319 

0.1094 
[0.1131] 
0.1108 
0.1066 

0.0000 
[0.0000] 

0.0000 
[0.0000] 
0.0037 
0.0000 

0.0000 
[0.0000] 

-0.0050 
0.0000 

0.1594 

0.1309 
0.1305 

0.1096 
0.1062 

0.0000 

0.1318 0.0000 

0.0041 
0.0000 

0.1081 0.0000 

-0.0057 
0.0000 

3.65c) r o . i 
1 0.1 

0.1593d> 0.0091d> 
593d) 0.0115d> 

2.86e) 0.1367e) 0.0026>e 

2.40° 0.0967° 0.0030f) 

a) Values in brackets were calculated with NM approximation, b) (Benz) means a structure with which all the benzene 
rings are the same size as in the ground state of benzene, c) Paper cited in Ref. 29. d) Ref. 12. e) Ref. 14. f) Ref. 15. 
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from hexagonal and/or trigonal symmetry, therefore, 
only the ZFS parameters obtained in Treatment (C) 
are shown in Figs. 1-3. 

In general, the D-type spin-spin interaction integrals 
except the Coulomb-type ones are relatively small 
compared with those of the E-type ones.5) Since such 
integrals were disregarded here, the D values obtained 
may possibly be more reliable than the E values. Com­
paring with the observed E value, the calculated E 
value of benzene shown in Fig. 1 is relatively large at a 
distorted structure where the change of bond lengths 
from the equilibrium ones are nearly the same as those 
obtained by the SCF-MO-CI calculation.4»32) This 
result is quite similar with those of the previous works.4»5) 
Under the present circumstances, therefore, the quanti­
tative estimation of the distorted structures in crystals is 
actually difficult from the calculated ZFS parameters, 
even if all the spin-spin interaction integrals were 
included.3»5) 

As can be seen in Figs. 2 and 3, the change of the ZFS 
parameters of triphenylene and coronene with the 
molecular distortion have a similar trend with that of 
benzene, although the influence on the E value is fairly 
small compared with the case of benzene. The 
calculated E value of triphenylene assuming the afore­
mentioned C2v structure in a crystal is not much different 
from the observed value. On the other hand, the 
experimental E value of coronene changes slightly 
according to the host crystal,15»16) as is seen in 
benzene.12»13) This makes it very difficult to infer 
whether the intramolecular pseudo-Jahn-Teller insta­
bility significantly affects the E value or not. 

As a preliminary step, the ZFS parameters of these 
molecules were also calculated by using Nishimoto-
Mataga-type (NM) two-center integrals:33) 

Jm = *7(*a+'Pq). (7) 

In this case, Treatments (A) and (B) were adopted by 
using the traditional parameters: 7p(C) = 11.22 eV, 
i4p(C)=0.62eV,34) and /3cc(Benzene) = -2 .39 eV.18> As 
given in Table l,35) the OK approximation does not 
always give a better result for the ZFS parameters than 

the NM one, while the former formula may yield better 
electronic energies for the triplet state rather than the 
latter one.31) Actually, the present results with the 
use of OK approximation are in general satisfactory 
compared with the previous works on these molecules 
used various different treatments.36) 

For the second excited triplet state of these molecules, 
the ZFS parameters were similarly calculated as is 
given in Table 2. These values may have some the­
oretical interest, although the experimental values 
have not yet been available. The E value of benzene 
might apparently be zero because of its D6h sym­
metry and can be obtained to be zero using complex 
WF's of ¥(3E l u±) =2"1/2[¥(3B1U)±f¥(3B2u)].37)However, 
if the real WF's of ¥(3B lu) and ¥(3B2u) were separately 
used as the limit forms of T>2h symmetery, the E values 
so obtained are negative and positive, respectively, as 
given in Table 2 and both the ZFS levels obtained are 
still degenerate. This might appear the fact that each 
of such real WF's does not seemingly satisfy the condition 
of symmetry D6h. For D2h structures which are slightly 
deformed from D6h, the influence of the off-diagonal 
element of <¥(3B l u) | -2x1 2^1 2 /r1 2

5 |¥(3B2 u)> upon E 
values should be considerable if the separation between 
the 3B l u and 3B2u states is the same order as their E 
values. Similar results were obtained by using real 
WF's of ¥(3B2) and¥(3Ai) for triphenylene38) and those 
of ¥(3B2u) and ¥(3B1U) for coronene39) (see Table 2). 
With the OK approximation, the 3E l u state of coronene 
is calculated to be located slightly lower than the 3B2u 

state. Because of the perturbation from this state, the 
D value becomes fairly small as compared with that 
obtained with the NM approximation where the 3B2u 

state is not much close to the 3E l u state. This is a 
rather different type of interaction than the above-
mentioned slightly deformed case. To examine these 
points, further studies are necessary from the viewpoint 
of both theory and experiment. In near future, it is 
hoped to observe fine structures of the second excited 
triplet state using some new refined technique. 

In previous studies, ZFS parameters were evaluated 
by using various treatments which do not always give 

TABLE 2. CALCULATED SECOND EXCITED TRIPLET STATE ENERGIES AND ZERO-FIELD SPLITTING PARAMETERS0 

£T/eV 
Treatment (A) 

D/cm-1 £/cm- lW D/cm-1 

Treatment (B) 

£/cm- lb) 

Treatment (C) 

£/cm- lb) 

Experimental 

D/cm-1 £T/eV D/cm-1 E/cm-1 

Benzene 

(D.h) ( 

Triphenylene 

(D»h) j 

(C.J { 
(Benz)° 

Coronene 

(D«) j 

(D.J j 
(Benz)«> 

4.896 
[4.063] 

3.835 
[2.846] 
3.887 
3.780 
3.804 

3.299 
[2.529] 
3.433 
3.442 
3.284 

0.0625 
[0.0625] 

0.0965 
[0.1151] 
0.0998 
0.0952 
0.0951 

0.0375 
[0.0957] 
0.0388 
0.0373 
0.0389 

0.0000 (±0.0742) 0.0685 
[0.0000(±0.0741)] [0.0680] 

0.0000(1=0.0076) 0.1128 
[0.0000(=F0.0160)] [0.1340] 

-0.0074 0.1168 
0.0131 0.1112 

0.0000(^0.0125) 0.1111 

0.0000 (=F0.0383) 0.0419 
[0.0000(=F0.0404)] [0.1110] 

-0.0360 0.0431 
0.0445 0.0416 

0.0000 (=F0.0383) 0.0435 

0.0000(±0.0793) 0.0696 
[0.0000(±0.0785)] — 

0.0000 (=F0.0083) 
[0.0000(=F0.0171)] 

-0.0081 
0.0143 

0.0000(=F0.0136) 

0.0000 (=F0.0410) 
[0.0000(=F0.0430)] 

-0.0385 
0.0476 

0.0000(^0.0410) 

1206 
1138 
1146 

0.0439 
0.0424 
0.0450 

0.0000(±0.0826) 

0.1159 0.0000(=F0.0115) 

-0.0111 
0.0178 

0.0000(=F0.0172) 

0.0429 0.0000(=F0.0440) 

-0.0404 
0.0517 

0.0000 (TO.0445) 

4.58« 

3.38*> 

a) Values in brackets were calculated with NM approximation, 
corresponding complexWF's. c) (Benz) means a structure with 
benzene, d) Paper cited in Ref. 29. e) Réf. 14. 

b) Values in parentheses calculated by using the real WF's in stead of the 
which all the benzene rings are the same size as in the ground state of 
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a satisfactory D value for benzene without some modifi­
cations. Concerning this point, however, no detailed 
explanation was made in such publications, except a 
paper in which the effect of overlap integrals was non-
empirically pointed out.3) In the present work, such a 
difficulty is partly reduced by using the approximate 
orthogonalized AO's which are given by a linear combi­
nation of SCF-AO's. Although the present work includes 
various points to be improved such as spin-spin inter­
action integrals, orthogonalized AO's , configuration 
interactions, and so on, the general trend for the calcu­
lated D value should not significantly be changed. In 
view of these facts, the present results may show the 
fact tha t for evaluating physical constants such as ZFS 
parameters using semi-empirical LCAO-MO's with 
Z D O approximation their basis functions should 
carefully be chosen without use of the usual AO's . 

This work was undertaken in collaborating with 
Professor M. Kinoshita, The University of Tokyo, in 
connection with the work on the triplet state of tri-
phenylene.14) At several stages, the author is indebted 
to him for his suggestion and discussions. The author 
also wished to thank Professor Y. Gondo, Kyushu 
University, for informing the error in a formula of spin-
spin interaction integrals appeared in Ref. 17, and Dr. S. 
Iwata , T h e Institute of Physical and Chemical Research, 
for his helpful suggestion. The numerical calculations 
were carried out on H I T A C 8700/8800 at Computer 
Centre, T h e University of Tokyo. 
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The photolysis of hydrogen azide was studied in liquid acetic acid, propionic acid, and isobutyric acid at room 
temperature. The formation of amino acids was confirmed by the color reactions with ninhydrin and with chro-
motropic acid and by the NMR spectra. From the propionic acid, a- and ^-alanine were formed in the ratio of 1.5. 
In the case of isobutyric acid, a- and /?-aminoisobutyric acids were formed in the ratio of about 5. These results 
are explained by the insertion reaction of NH(axA) into the G-H bonds of carboxylic acids. 

The formation of NH(a 1A) has been observed in the 
photolysis of hydrogen azide with light of wavelengths 
between 250 and 320 nm.1) Since N H radicals are 
isoelectronic with O or CH 2 radicals, it is expected that 
the reactions of the singlet N H radicals are similar to 
those of 0( X D) and G H J ^ A J ) . Recently, we photo-
lyzed hydrogen azide in liquid paraffin at the temper­
ature of Dry Ice-methanol and found the formation of 
amines: ethylamine from the ethane solution, propyl-
and isopropylamine from the propane solution, and 
isobutyl- and J-butylamine from the isobutane solu­
tion.2 '3) These amine formations were explained by 
the insertion reaction of the singlet N H into the C - H 
bonds of paraffins. 

If the singlet N H inserts into the C - H bonds of 
hydrocarbons, the singlet N H will insert into the C - H 
bonds of carboxylic acid to form amino acids. T h e 
formation of amino acids on the primitive earth is an 
interesting problem in the study of prebiotic molecular 
evolution. The formation of singlet N H has been 
found in the discharge and vacuum ultraviolet photo­
lysis of ammonia.4) Since ammonia is known to have 
been an important component of the primordial atmos­
phere, the insertion reaction of the singlet N H into 
the C - H bonds of carboxylic acid, if it occurred, might 
have been important for the formation of amino acids 
on the primitive earth. 

For these reasons, the photolysis of hydrogen azide 
was studied in liquid propionic acid, as was shown in a 
previous letter, and the formation of a- and /^-alanine 
was observed.5) T h e present paper will report the 
details of the previous letter, together with new results 
obtained with acetic acid and isobutyric acid. 

Exper imenta l 

The methods of the preparation and purification of hydrogen 
azide have already been described.2'3) Acetic acid, propionic 
acid, and isobutyric acid (Tokyo Kasei Co.) were used after 
distillation in vacuo. 

The reaction cell was a Pyrex tube, 10 mm o.d., in which 
about 2 cm3 of carboxylic acid and a small amount of hydrogen 
azide were introduced in vacuo. A medium pressure mercury 
lamp (Toshiba HP 400) was used to illuminate the reaction 
cell through a transparent quartz Dewar flask filled with 
distilled water. Since a Pyrex tube was used as a reaction 
cell, the effective wavelengths absorbed by hydrogen azide 
were limited within about 280—320 nm. 

After the irradiation, non-condensable products at —196 °C 
were collected with a Toepler pump and their amount was 

measured with a gas burette. Unreacted hydrogen azide 
and carboxylic acid were evacuated in vacuo at about 50— 
90 °G. The residue in the cell was dissolved in water and 
subjected to the analysis by color reactions.6) A D 2 0 solution 
of the residue was analyzed with an NMR spectrometer 
(JEOL FX 100). The NMR spectra were compared with 
those obtained with D 2 0 solutions of glycine, a- and /3-alanine, 
and a- and /9-aminoisobutyric acid (Tokyo Kasei Co.). To 
measure the amount of the products, a known amount of 
maleic acid was added to the NMR sample, and the integrated 
intensities were compared. 

R e s u l t s 

The non-condensable product at —196 °C was 
nitrogen. T h e mass spectrometric analysis showed 
neither methane nor hydrogen. T h e yield of nitrogen 
increased with the increase in the concentration of 
hydrogen azide and in the irradiation time. 

When the solvent was evacuated together with 
unreacted hydrogen azide, a white solid was left on the 

TABLE 1. T H E RATIOS OF THE YIELDS OF AMINO ACIDS 

TO THAT OF NITROGEN IN THE PHOTOLYSIS OF 

HYDROGEN AZIDE IN CARBOXYLIC ACIDS 

[HN3] 
mol dm - 3 

CH3COOH 
0.10 
0.10 
0.10 
0.05 
0.05 

Irradiaton /1VT 

time/h a / N ' 

4 
3 
2 
4 
2 

Mean 
CH3CH2COOH 

0.10 
0.10 
0.10 
0.05 
0.05 

3 
2 
1 
3 
2 

Mean 
(CH3)2CHCOOH 

0.10 
0.10 
0.10 
0.05 
0.05 

4 
3 
2 
5 
3 

Mean ( 

0.21 
0.19 
0.21 
0.22 
0.22 

0.21±0.02 

0.19 
0.13 
0.20 
0.11 
0.16 

/*/N2 

— 
— 
— 
— 

— 

0.25 
0.21 
0.32 
0.18 
0.24 

0 .16±0.04 0 .24±0.05 

0.082 
0.091 
0.083 
0.079 
0.083 

0.47 
0.44 
0.41 
0.40 
0.38 

ßloc 

— 
— 
— 
— 
— 

1.3 
1.6 
1.6 
1.6 
1.5 

1.5±0.1 

5.7 
4.8 
4.9 
5.1 
4.6 

D.084±0.005 0 .42±0.04 5 . 0 ± 0 . 4 



2870 Shigeru TSUNASHIMA, Takashi KITAMURA, and Shin SATO [Vol. 54, No. 10 

wall of the reaction cell in the cases of acetic acid and 
propionic acid. In the case of isobutyric acid, the 
residue was a yellowish liquid. When methanol was 
added to this liquid, the white solid remained undis­
solved. The white solid was soluble in water. 

I n the case of acetic acid solution, the formation 
of glycine was confirmed by the color reactions with 
ninhydrin and with chromotropic acid. T h e color 
observed for the products agreed well with that observed 
with an authentic glycine. 

T h e D 2 0 solution of the residue was subjected to the 
N M R analysis. T h e N M R spectra of the products 
coincided with those obtained with a mixture of amino 
acids and the reactant acid: glycine with acetic acid, a-
and ^-alanine with propionic acid, and a- and /?-amino-
isobutyric acid with isobutyric acid. An attempt to 
eliminate the reactant acid from the products was not 
successful. The ratios of the yield of amino acid to that 
of nitrogen are summarized in Table 1, as functions of 
the concentration of hydrogen azide and of the irradi­
ation time. 

D i s c u s s i o n 

As shown in Table 1, the ratios of the yield of amino 
acid to that of nitrogen were independent of the changes 
in the concentration of hydrogen azide and in the 
irradiation time for every case examined. The trend 
observed is similar to that observed in the photolysis 
of hydrogen azide in liquid ethylene or propene at the 
temperature of Dry Ice-methanol.7) The following 
mechanism can be considered to explain the results : 

NH3 + A v - ^ N H ^ A ) + N2 (1) 

NH(axA) + CA -> Amino acids (2) 

- •NHCX 3 ^- ) + CA (3) 

NH(X*iT) + NH3 - • NH2 + N3 (4) 

NH2 + H N 3 - » N H 3 + N3 (5) 

2 N 3 - > 3 N 2 , (6) 

where CA is carboxylic acid. Reaction 2 is the insertion 
reaction of the singlet N H into the C - H bond of car­
boxylic acid. In the cases of propionic acid and iso­
butyric acid, a- and /9-amino acids are formed, which 
correspond to the two types of the C - H bonds involved 
in the carboxylic acid. As shown in Table 1, the ß/cc 
ratios in alanine and in aminoisobutyric acid produced 
were 1.5 and 5.0 respectively; these are very close to the 
ratios of the numbers of the C - H bonds in the two types. 
These results agree well with the assumption that the 
amino acids are formed by the insertion reaction. 

Reaction 3 is the quenching of the singlet N H by 
carboxylic acid. In the above mechanism, the triplet 
N H is assumed to abstract a hydrogen atom from 
hydrogen azide. The triplet N H might abstract a 
hydrogen atom from carboxylic acid : 

NH(X 32-) + CA - • NH2 + R. (7) 

When the resultant radical, R, was assumed to abstract 
a hydrogen atom from hydrogen azide : 

R + HN 3 ->CA + N3. (8) 

Reaction 7 followed by Reaction 8 is indistinguishable 

from Reaction 4. 
In the present experiment, ammonia could not be 

analyzed, since it was difficult to isolate it from the 
reactant. If ammonia is formed, an ammonium salt 
will be formed by the reactions with acid. The am­
monium salt may be evacuated together with the 
reactant and/or will give R C O O - in the D 2 0 solution. 
Thus the N M R spectra of the ammonium salt in D 2 0 
are the same as those of the reactant acid. 

According to the above mechanism, (1)—(6), the 
quan tum yields of amino acid (0a) and of nitrogen (0n) 
should have the following relation : 

0n = 4 - 30a. (9) 

Using the values of relative yields (0a /0n) shown in 
Table 1, the quan tum yields of amino acid formation 
can be calculated. The results are shown in Table 2. 
As are shown in Table 2, the quantum yield of amino 
acid increased with an increase in the number of C - H 
bonds in the reactant acid. 

TABLE 2. THE QUANTUM YIELDS OF AMINO ACID FORMATION 

Reactant a-Amino acid /?-Amino acid Total 

GH3COOH Ô752 — Ô752 
GH3CH2GOOH 0.29 0.43 0.72 
(CH3)2GHCOOH 0.13 0.67 0.80 

Miller found the formation of amino acids in the 
electric discharge of a mixture of methane, ammonia, 
hydrogen, and water.8) This mixture is considered to 
be the primordial atmosphere of earth. He considered 
tha t a-amino acids are formed by the hydrolysis of 
cyanohydrin : 

RCHO + NH3 + HCN - • RGH (NH,) CN + H 2 0 (10) 

RGH(NH2)CN + 2H 2 0 -» RCH(NH2)COOH + NH3. (11) 

For the formation of/^-alanine, he assumed acrylonitrile 
as the intermediate : 

CH2=GHGN + NH3 - • NH2GH2CH2CN (12) 

NH2GH2CH2CN + 2H 2 0 -> 

NH2CH2CH2COOH + NH3. (13) 

Miller also found the formation of carboxylic acids 
such as formic acid, acetic acid, and propionic acid.8) 

Since it is known that the singlet N H radicals are 
formed in the electric discharge of ammonia,9) the 
insertion reaction of the singlet N H into the C - H bond 
of carboxylic acid might explain the formation of amino 
acids in Miller's study. 

T h e present study suggests a new possibility of the 
prebiotic synthesis of amino acids on the primordial 
earth. 

T h e authers are much obliged to Professors Takeshi 
Nakai and Yoshihiko Morooka of Tokyo Institute of 
Technology for the N M R measurements. 
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The high pressure limiting rate constants of H and D-atom additions to C2H4, C2H3D, C2D4, C2H2, and C2D2 

have been measured in the temperature range from 206 to 461 K by means of the pulse radiolysis-resonance absorp­
tion method. Practically no isotope effects due to the deuteration of ethylene and acetylene could be observed. 
The rate constants were compared with those calculated by the activated complex theory using the potential energy 
surfaces provided by the ab initio calculations. Concerning the isotope effects, very poor agreement was obtained 
between theory and experiment. This seems to suggest that the assumptions on which the activated complex theory 
is based have to be reconsidered when it is applied to such reactions as H+C 2H 4-*C 2H 5 and H+C2H2—»C2H3. 

The reaction of H-atoms with ethylene has been 
extensively studied for the last 50 years.1) The following 
reaction mechanism is now established : 

+M 
H + C2H4 ^ = ± C2H5* • • C2H5. (1) 

Here M stands for the third body for the deactivation 
of the energized ethyl radicals, C2H5*. When H 2 is 
used as the third body, 200 Torr (1 T o r r = 133.3 Pa) is 
probably high enough to suppress the decomposition 
of C2H5*.2> The reaction of H-atoms with acetylene 
has also been studied for many years and a similar 
reaction mechanism has been proposed : 

+M 
H + C2H2 ^ = ± C2H3* • C2H3. (2) 

Recently, we studied the unimolecular decomposition 
of C2H3*

3> and showed that 500 Torr of He is high 
enough to suppress the decomposition of C2H3*. If 
H 2 is used, 300 Torr may be high enough. In the 
present paper, we report the high pressure limiting rate 
constants of these addition reactions in the temperature 
range 206—461 K. Such measurements were made 
by Lee et al. on the reaction H + C2H4-*C2H5

4) and by 
Payne and Stief on the reaction H + C2H2->C2H3.5) 

Since these addition reactions are relatively simple, 
the ab initio calculations have been carried out for 
drawing the potential energy surfaces.6-9) Nagase and 
Kern predicted the structure of the activated complex 
for the H + C2H2 reaction6) and Nagase et al. for the 
H + C 2 H 4 reaction.9) Using this calculated potential 
energy surface, Nagase et al. predicted the kinetic 
isotope effects in the H + C 2H 4 reaction on the basis 
of the activated complex theory (ACT). We therefore 
extended our measurement to the reactions with D-
atoms and to those with isotopic ethylenes and acetylene, 
C 2H 3D, C2D4 , and C2D2 . A short communication on 
the H + C 2H 4 reaction has already been published.10) 

T h e kinetic isotope effect is one of the key points when 
the rate theory of chemical reactions is discussed. The 
potential energy surfaces calculated for any reactions are 
not accurate enough to estimate the absolute rate 
constants;11) an error of 0.1 kcal/mol (1 kca l=4 .184 kj) 
introduces a crucial effect on the estimation of the rate 
constant. For the discussion on the isotope effect, 
however, such an accurate potential energy surface is 
not considered necessary. 

Exper imenta l 

The details of the apparatus and experimental procedures 
were given in previous papers.2»12) 

The main modification of the apparatus is that the tempera­
ture of the reaction system can be controlled in the range 
from 200 to 500 K. The temperatures lower than room 
temperature were obtained by letting chilled nitrogen gas flow 
in a box made of Styroform which surrounds the cell. Higher 
temperatures were attained by winding the cell with flexible 
insulated heating tapes. The gas temperature was measured 
with an accuracy of ± 2 K with a copper-constantan thermo­
couple at the center of the cell prior to each pulse irradiation. 
Because of the small capacity of the reaction cell and of the 
simple technique of temperature control, some temperature 
deviation during a series of measurements (2—3 h) could not 
be avoided; however, since the rate measurement is finished 
within 0.1s, the temperature fluctuation during each measure­
ment may be ignored. 

The H2, D2 (Takachiho Shoji Co.), and He (Nihon Helium 
Co.) were used after having been passed through traps filled 
with molecular sive 4A at 77 K. The C2H4, C2H2 (Takachiho 
Shoji Co.), C2H3D, C2D4, and C2D2 (Merck Sharp and 
Dohme, Canada Ltd.) were used as received. The nominal 
purities of the last three compounds are 98, 99, and 99%, 
respectively; these values have been confirmed by gas chro­
matographic and mass spectrometric analyses. 

R e s u l t s 

With a system containing only H 2 or D2 , a very slow 
decay of H or D-atoms was observed at every tempera­
ture. The decay rate increased from 2 to 10 s - 1 with 
increasing temperature. This decay may be attributable 
to the diffusion of the atoms from the optical path . In 
the presence of a small amount of ethylene or acetylene, 
the decay of H or D-atoms was far more rapid (102— 
104 s - 1 ) . A typical oscillogram is shown in Fig. 1. 
T h e mixture of 0.212 Torr t C2D2 and 595 Torr D 2 was 
irradiated at 273 K. T h e lower figure is the first order 
decay plot of the optical density at 121.6 n m against 
the reaction time. From this first order decay plot, 
we can calculate a bimolecular rate constant. All 
da ta thus obtained for the reaction of D + C 2 D 2 are 
listed in Table 1. When the average of rate constants 
in each group of measurements is estimated, the devi­
ation due to a small difference of temperature is cor­
rected by using the following formula: 

t 1 Torr s» 133.322 Pa. 
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Fig. 1. The oscillogram for the decay of D-atoms in the 

system of 0.212 Torr C2D2 and 595 Torr D2 at 273 K. 

k(T+AT) = k(T)[l+(EIR)(&TIT*)]. 

Here, k( T) is the rate constant at temperature T, E is 
the activation energy, and R is the gas constant. For 
the reaction with ethylene, E was assumed to be 2.2 

r - i / io - 3 K-1 

Fig. 2. The Arrhenius plots for the reactions: (0)> 
H+C 2H 4 ; (A) ,H+C 2 H 3 D; (D)>H+C2D4; ( # ) , D + 
C2H4; (A), D+C2H3D; ( • ) , D+C 2 D 4 ; (O), H + 
C2H2; (V), H+C 2 D 2 ; ( • ) , D+C2H2; (V) , D+C 2D 2; 
( + ), the results of Lee et al. for H+C 2H 4 ; ( x ) , the 
results of Payne and Stieffor H+C2H2 . 

TABLE 1. RATE MEASUREMENTS ON THE REACTION OF D ATOMS WITH C2D2 

Uncertainties are 2a. 

C2D2 
mTorr 

55 
138 
359 
lib 

46 
89 

279 
691 

48 
102 
454 

68 
107 
189 
293 
515 

92 
118 
293 
591 
859 

201 
234 

D2/Torr 

607 
616 
615 
615 

595 
600 
605 
606 

570 
580 
570 

568 
563 
566 
562 
563 

541 
537 
538 
540 
540 

520 
650 

r/K 

452 
450 
452 
452 

av. 452 
427 
427 
425 
427 

av. 427 

379 
375 
375 

av. 376 

352 
352 
352 
352 
350 

av. 352 

322 
318 
322 
322 
322 

av. 321 
298 
294 

^dr 

HPs-1 

T48 
3.83 
8.80 

20.9 

1.11 
2.02 
5.95 

14.9 

0.825 
1.46 
7.02 

0.920 
1.27 
2.66 
3.58 
6.84 

0.830 
1.04 
2.56 
5.66 
8.02 

1.33 
1.66 

k 
10~13 cm s-1 

Ï Ï J S 

12.9 
11.5 
12.6 

12.5±1.4 a ) 

10.7 
10.1 
9.38 
9.54 
9.97±1.11 
6.76 
5.55 
6.00 
6.07±0.93 

4.95 
4.32 
5.13 
4.46 
4.82 
4 .76±0.70 

3.01 
2.89 
2.91 
3.20 
3.11 
3.01±0.22 
2.04 
2.17 

C2D2 
mTorr 

237 
470 
476 
616 
899 

43 
212 
512 
833 

39 
190 
498 
792 

36 
97 

194 
481 
775 

1083 

35 
109 
295 
778 

D2/Torr 

758 
532 
521 
528 
597 

593 
595 
469 
545 

550 
732 
780 
545 

507 
505 
786 
494 
510 
510 

500 
490 
485 
480 

r/K 

294 
298 
298 
298 
299 

av. 297 
272 
273 
275 
273 

av. 273 

243 
237 
243 
243 

av. 242 
223 
222 
225 
223 
220 
223 

av. 223 
210 
207 
205 
207 

av. 207 

*dr 
103 S"1 

1.64 
3.07 
3.09 
4.55 
5.98 

2.22 
9.97 

22.5 
32.3 

1.15 
4.09 

10.1 
19.4 

0.486 
1.31 
2.93 
7.07 
9.77 

15.2 

0.338 
0.940 
2.56 
7.10 

k 
10"13 cm s"1 

27TÏ 
2.02 
2.01 
2.28 
2.06 
2.10±0.27 
1.45 
1.33 
1.24 
1.26 
1.32±0.25 

0.740 
0.528 
0.509 
0.616 
0.603±0.184 

0.311 
0.310 
0.352 
0.340 
0.287 
0.323 
0.323±0.022 

0.210 
0.185 
0.184 
0.196 
0.192±0.012 

a) Before averaging, the correction for temperature is made. See the text for the details. 
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Reaction 

H+C 2H 4 

H+C2H3D 

H+C 2 D 4 

D+C 2H 4 

D+C2H3D 

TABLE 2. RATE 

77K 

461 
401 
360 
325 
297 
270 
242 
224 
211 
451 
411 
368 
329 
297 
275 
243 
221 
210 
455 
411 
373 
348 
321 
298 
269 
245 
223 
209 
453 
384 
327 
298 
260 
232 
208 
449 
382 
331 

Ko-ichi SUGAWARA, 

CONSTANTS OF H OR 

Kiyoshi OKAZAKI, and Shin SATO 

D-ATOMS WITH C2H4, C2H3D, C2D 
Uncertainties are 2a. 

*/10-13 cm3 

molecule-1 s-1 

44 .2±5 .2 
31 .2±1 .8 
2 1 . 9 ± 1 . 3 
16 .4±1.6 
11 .4±0.9 
7.94±0.68 
5 .06±0.54 
3.66±0.56 
2 .84±0.54 
4 3 . 0 ± 5 . 0 
31 .3±3.1 
22 .3±3 .7 
17.4±3.1 
11 .6±1.0 
8 .27±0.49 
5.48±0.85 
3.59±0.77 
2 .71±0.46 
43 .7±1 .7 
31 .3±7 .4 
24 .3±2 .9 
20 .3±1 .9 
16.0±2.6 
11 .4±0.9 
7.39±1.01 
5 .54±0.98 
3 .40±0.15 
2.59±0.11 
30 .2±3 .2 
19.4±2.7 
11 .5±0.9 
8 .19±0.74 
4 .91±0.95 
2 .96±0.50 
1.70±0.10 
30 .6±3 .0 
2 0 . 3 ± 1 . 4 
12 .0±1 .4 

Reaction 

D+C 2 D 4 

H-J-C2H2 

H+C 2 D 2 

D+C2H2 

4> C 2 H 2 , 

r/K 

299 
259 
234 
206 

457 
392 
333 
298 
257 
235 
206 

451 
415 
374 
343 
326 
297 
270 
242 
225 
207 

448 
385 
331 
298 
270 
241 
224 
208 

443 
394 
364 
327 
297 
267 
244 
226 
206 
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OR C2D2 

*/10-13cm3 

molecule-1 s - 1 

8.62±1.12 
5.06±0.32 
3.14±0.46 
1.73±0.24 

30 .8±2 .6 
20 .5±3 .2 
12.8±1.0 
8.18±0.47 
4.81±0.37 
2.97±0.47 
1.55±0.22 
17.9±0.6 
14.5±1.2 
9.58±1.29 
6 .85±0.84 
5.63±0.62 
3.79±0.37 
2 .40±0.14 
1.28±0.20 

0.846±0.127 
0.477±0.045 

16 .2±0.4 
10.2±0.6 
5.86±0.35 
3.82±0.49 
2 .25±0.28 
1.28±0.09 

0.759±0.129 
0.485±0.117 

10.9±1.3 
7.58±0.50 
5.10±0.24 
3.35±0.23 
2.07±0.46 
1.08±0.22 

0.774± 0.099 
0.384± 0.059 
0.202±0.402 

kcal/mol, and for acetylene, 3.0 kcal/mol was used. 
For the other nine reactions, similar measurements 

and calculations were carried out. The rate constants 
thus obtained are summarized in Table 2 and in Fig. 2 
in the form of an Arrhenius plot, together with the 
results of Lee et al. and Payne and Stief. The results of 
Lee et al. are in good agreement with the present ones, 
while those of Payne and Stief on the H + C 2 H 2 reaction 
are in serious disagreement with ours. This discrepancy 
will be discussed later. 

At high temperatures, the total pressure used might 
not be high enough to obtain the high pressure limiting 
rate constant. Figure 3 shows the result of this check. 

Table 3 summarizes the Arrhenius parameters 
calculated from Fig. 2 by the least-squares method, in 
which the weights resulting both from the experimental 
errors and from the calculation of the logarithms of 

i v 
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u 

s 
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1 

H + C2H4 
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H + C2H2 

. . — 
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, ,_1 

156 K 
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• ' i 

0 500 1000 1500 

H2 pressure/Torr 

Fig. 3. The pressure dependence of the rate constants 
for the reactions, H + C2H4 and H + C2H2, at 456 K. 
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TABLE 3. ARRHENIUS PARAMETERS OBTAINED: 

-4/10-11 cm3 molecule-1 s_1 AND 2s/cal mol - 1 

Uncertainties are 2 a. 

H-Atom addition D-Atom addition 

C2H4 

C2H3D 
C2D4 

C2H2 

C2D2 

A 

4.70±0.49 
4 .43±0.76 
4 .57±0.49 
3.80±0.20 
3.17±0.20 

E A 

2178±58 3.36±0.15 
2153±100 3.57±0.34 
2160±51 3.55±0.43 
2731±35 3.44±0.61 
2643±47 4 .39±0.31 

E 

2186±23 
2193±56 
2216±71 
3023±H7 
3184±36 

rate constants are included. This calculating method 
was recently discussed by Gvetanovic et Ö/.13) In the 
previous communication,10) we did not use this pro­
cedure. The Arrhenius parameters reported in the 
previous communication should be read as those shown 
in Table 3 of this paper, although the discrepancy is not 
substantial. I t should be noted in this table that 
practically no isotope effects due to the deuteration of 
ethylene and acetylene could be observed. 

D i s c u s s i o n 

Effect of Product Radicals on the Decay of Atoms. One 
of the most difficult problems in the present experiment 
is whether or not the produced ethyl or vinyl radicals 
affect the measurement of the decay of the reacting 
atoms. It is established that , if the concentration of 
hydrogen atoms is higher than or comparable to that 
of the reactant, ethylene or acetylene, the produced 
ethyl or vinyl radicals participate into the decay of the 
reacting atoms, and the decay rate of the atoms is thus 
overestimated. 

As Fig. 2 shows, the temperature dependence of the 
rate constant of the H + C2H4 reaction obtained is in 
good agreement with that obtained by Lee et al., but in 
the case of the H + C 2 H 2 reaction, the agreement 
between the present measurement and that by Payne 
and Stief is very poor; our data is twice as large as theirs 
at low temperatures and three times larger at high 
temperatures. This discrepancy has been discussed 
in a previous paper;3) its final conclusion was retained 
because, when the resonance absorption method is used, 
the concentration of atoms cannot be reduced to lower 
than 1 0 n c m - 3 . In the measurement of the rate 
constant of the H + C 2 H 4 reaction, Lee et al. used the 
resonance fluorescence method, by which the atomic 
concentration can be reduced to 1010cm~3 . In fact 
they obtained the rate constants shown in Fig. 2 by 
using this low concentration of H-atoms. 

When we discussed the participation of vinyl radicals 
in the H + C 2 H 2 system, the Runge-Kut ta integration 
method was used to estimate the concentration of 
vinyl radicals. It was concluded that the participation 
of this radical in the decay of hydrogen atoms is 
negligibly small at room temperature; however, since 
the rate constant A:(H+G2H2) at room temperature 
is about 3 times slower than A:(H+G2H4) at room 
temperature, there remains a small suspicion about the 
calculation. As is shown in Fig. 2, A:(H+G2H2) at 

400 K is almost in the same order as A:(H + G2H4) at 
room temperature ; therefore, if the value for k (H + 
C2H4) at room temperature is reliable, the same thing 
may be said to tha t for k ( H + C 2 H 2 ) at 400 K. O n 
the other hand, all Arrhenius plots obtained in the 
present experiments are nicely linear. Consequently, 
we believe that the rate constants obtained here do 
not suffer from any disturbance due to the participation 
of product radicals, although we have no proper explana­
tion for the discrepancy between our results and those 
of Payne and Stief. 

The ACT Calculations. In order to calculate the 
absolute rate constant of an elementary reaction by the 
A C T , we need the geometrical structure and the normal 
mode frequencies of the activated complex. For the 
reactions of H + C 2H 4 and H + C 2 H 2 , we have two sets 
of data for each reaction. T h e one is that somewhat 
arbitrarily constructed for the discussion of the uni-

• * 0.5 

r - 7 1 0 - 3 K-1 

Fig. 4. Comparison of the experimental results with the 
theoretical calculations, in which the data of Cowfer and 
Michael are used. For symbols, see the caption of 
Fig. 2. The experimentally obtained rate constant for 
the reaction, H+C 2 H 4 , £ e x p t l=4.7x 10"11 exp ( -2 .18/ 
RT), is taken as the standard. Solid lines for H-atom 
reactions and dashed lines for the D-atom reactions. 

t M H ^ J } J k 
* *M 

~~*~~ C 2 D 2 
C 2 H 2 

r - 7 1 0 - 3 K-1 

Fig. 5. Comparison of the experimental results with the 
theoretical calculations, in which the data of Keil et al. 
are used. For symbols, see the caption of Fig. 2. The 
experimentally obtained rate constant for reaction, 
H+C 2 H 2 , * e x p t l=3.8x 10-11 exp {-2.73/RT), is taken 
as the standard. Solid lines for the H-atom reactions 
and dashed lines for the D-atom reactions. 
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molecular decomposition of energized ethyl14) and vinyl 
radicals,15) and the other is the results of the ab initio 
calculations.6»9) 

Figures 4 and 5 compare the experimental results 
with those calculated by using the parameters estimated 
for the discussion of the unimolecular decomposition of 
energized radicals. Here, the experimental rate con­
stants for the H + C 2 H 4 and H + C 2 H 2 reactions, A:exptl = 
4 .7X10- 1 1 e x p ( - 2 . 1 8 / / ? r ) and * e x p t l = 3 . 8 x 10"11 exp 
(-2.73/RT) respectively, are taken as the standard for 
each group of reactions, and the A:calcd/A:eXptl ratios are 
plotted as a function of \jT. In these calculations, 
the barrier heights for the two groups of reactions are 
adjusted so as to fit the room temperature rate constants 
for the H + C 2 H 4 and H + C2H2 reactions to the exper­
imental ones. 

For the convenience of the following discussions, we 
give the formula used for the calculation of the rate 
constant : 

1.5 

Scaled ' 
kT Fl £»LeXp(-EIRT) 

J vib 

F+i -S fa^- i -ZAi ; , . 

(3) 

(4) 

Here V is the barrier height and the other symbols are 
the same as those appearing in a textbook of reaction 
kinetics.16) 

In the calculation of the theoretical curves shown in 
Figs. 4 and 5, the V values are adjusted and found to 
be 2.83 kcal/mol for the H + C2H4 reaction and 3.56 
kcal/mol for the H + C 2 H 2 reaction. The transmission 
coefficient K is assumed to be unity. As both figures 
show, the agreement between calculation and experi­
ment is very poor, especially for the temperature depend­
ence. 

In the treatment of the unimolecular decomposition of 
ethyl and vinyl radicals, the activated complexes were 
assumed to be loose, in order to explain the fall-off 
pressure.14»15) In the "loose activated complex," most 
of the normal mode frequencies are very close to those 
in the reactants, except for the vibrations newly formed 
in the activated complex, and their frequencies are 
considered to be small compared with those in stable 
compounds. In fact, Gowfer and Michael estimated 
120 c m - 1 for the frequency of the two newly formed 
vibrations in the activated complex of the H + C2H4 

reaction. The substitution of this value into the 
vibrational partition function, / ^ i b — U — e-A*/*r)-1, 
gives 2.29 at 300 K. Small vibrational frequencies 
thus increase the preexponential factor and result in the 
increase of the adjustable barrier height. This seems 
to be the main reason for the disagreement between 
calculation and experiment in Figs. 4 and 5. If the 
frequencies of the newly formed vibrations in the acti­
vated complex could be estimated to be more than 400 
c m - 1 with no effect on the other vibrations, the agree­
ment between calculation and experiment would be 
much improved. 

On the other hand, the recent ab initio calculations 
have suggested that the activated complexes for the 
reactions of H + G2H4 and H + C 2 H 2 have more "tight" 
structures than those discussed above. The structure 

r-710- 3 K-1 

Fig. 6. Comparison of the experimental results with the 
theoretical calculations, in which the results of the a b 
initio calculations by Nagase et al. are used. For the 
details, see the caption of Fig. 4. 
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Fig. 7. Comparison of the experimental results with the 
theoretical calculations, in which the results of the ab 
initio calculations by Nagase and Kern are used. 
For the details, see the caption of Fig. 5. 

and the normal mode frequencies calculated have 
already been published in previous papers;3»10) therefore 
it will not be necessary to restate them. According to 
these data, the frequencies of the newly formed vib­
rations in the activated complexes are larger than 400 
cm - 1 , but, along with this increase, other vibrational 
frequencies are changed and the isotope effects strongly 
appear. Figures 6 and 7 show the calculated results. 
In these calculations, the transmission coefficients are 
estimated by using Wigner's approximation : 

K=l+^(h\v\lkT)\ (5) 

Here, v is the imaginary frequency along the reaction 
coordinate at the top of the barrier. The adjustable V 
values used in the calculation of the theoretical curves in 
Figs. 6 and 7 are 2.43 and 2.46 kcal/mol, respectively. 

Comparing these figures with Figs. 4 and 5, we can 
say that the agreement for the temperature dependence 
between calculation and experiment in Figs. 6 and 7 is 
better than that in Figs. 4 and 5; however, concerning 
the isotope effects due to the deuteration of the reactants, 
C2H4 and G2H2, the agreement seems to get worse. 
Another method for the estimation of the transmission 
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coefficient using an inverted parabola17) does not 
improve the situation. 

Recently Kupperman and Truhlar developed the 
generalized transition state theory, in which they 
stressed that the real activated complex is not necessarily 
situated on the top of the barrier of the reaction 
coordinate.18) This concept was discussed by Horiuchi 
years ago*19) This treatment might improve the agree­
ment between the theoretical calculation and experi­
ment; however, as Figs. 6 and 7 show, the isotope 
effects between C2H4 and C2D4, and between C2H2 

and C2D2 are so remarkable that filling the gap would 
be a difficult task. 

In 1938, Wigner classified the assumptions on which 
the ACT is based into three categories:20) 1) adiabatic 
condition, 2) quantum effects, and 3) return at the 
saddle point. The second and third categories have 
been discussed by many investigators. The transmission 
coefficient discussed above belongs to the second 
category. The problem in the third category has been 
discussed in connection with the trajectory calculation 
on the atom-diatomic molecule reaction.21) In the 
present case, the overshoot of the theoretical curves 
at high temperatures may be explained by this effect. 

Our present impression is that any corrections 
belonging to the second and third categories cannot 
improve the agreement between calculation and exper­
iment, especially for the isotope effects due to the 
deuteration of reactants, and that the first category— 
adiabatic condition—has to be reconsidered when the 
ACT is applied to such reactions as H + C2H4 and H + 
C2H2. 
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The degradation spectra of secondary electrons produced in helium irradiated with high energy electrons 
have been calculated by two methods. In the first method, the direct integration of the basic formula was carried 
out and in the second one, the continuous-slowing-down-approximation (CSDA) was used. When the energy of 
incident electrons is 1 keV (1 eV=9.648x 104 J/mol), the second method gave a G-value of ionization, 2.17, while 
the first method gave 2.29. With the decrease in the energy of incident electrons, the CSDA was found to become 
less reliable. With the incident electrons of 100 eV, the error in the G-value of ionization exceeded 15%. The 
implication of these calculations to the theoretical treatment of the initial process of radiation chemistry is discussed. 
As an example, the spatial distribution of ion-pairs in y-irradiated water has been recalculated. 

T h e degradation spectrum of secondary electrons 
produced in a material irradiated with ionizing radi­
ations is a useful concept for discussing physical and 
chemical changes induced by these secondary electrons 
in the material . However, the numerical calculation 
of the degradation spectrum is not a simple problem, 
even when all the inelastic collision cross sections of 
electrons are known. Consequently, the continuous-
slowing-down-approximation (CSDA) has often been 
used for the calculation. 

In the previous papers,1 - 4) the theoretical estimation 
of G-values of ionization and excitation has been made 
on many atoms and molecules by using the CSDA. 
T h e calculated G-values were found to be in fair agree­
ment with those obtained experimentally. However, 
we were not confident of these calculated G-values, 
partly because of the CSDA. 

T h e accuracy of CSDA has been discussed by many 
investigators,5»6) but few numerical checks have been 
made.7»8) Klots and Wright carried out Monte Carlo 
calculations to obtain accurate degradation spectra in 
some physical model systems and compared them with 
those calculated under CSDA. Both spectra apparently 
coincided with each other, but the implication of these 
calculations to the theoretical t reatment of radiation 
chemistry was not given. T h e Monte Carlo calcu­
lation is very laborious and time-consuming. 

T h e basic formula for the degradation spectrum has 
been originally proposed by Fano.9) T h e numerical 
calculation of this formula is not a difficult problem, if 
the energy of incident electrons is not extremely high 
and if the material consists of simple atoms or molecules. 

In the present paper, we will calculate the exact 
degradation spectra of secondary electrons in helium 
irradiated with less than 1 keV electrons and estimate 
the G-values of ionization and excitation. These spectra 
and the G-values will be compared with those calculated 
by using CSDA. Since all the collision cross sections 
used in the present calculations are obtained by the 
classical binary-encounter-collision theory, " the exact 
degradation spect rum" does not mean the true one but 
the mathematically exact one. 

T h e o r y 

T h e basic form of the degradation equation for second­

ary electrons is expressed as follows: 

y(T)[T k(T,E) dE = V y{T+E)k{T+E,E)AE 
JE0 JE0 

+ r ° j(T^k(T\T+I)dT' + S(T). (1) 
J2T+I 

Here, y( T) is the degradation spectrum at the electron 
energy T, and k{ T, E) is the probability per unit path 
length that an electron of energy T experiences an 
energy loss between E and E-\-AE. This probability 
is the product of the differential cross section by the 
number density of molecules in the medium. S( T) is 
the energy distribution of source electrons. I n the 
present calculations, S{T) =Ô(T0—T). When an elec­
tron induces ionization, we cannot distinguish which 
electron is the incident electron or the electron originally 
at tached to the medium. In the formulation, we 
define the electron carrying the larger energy after 
collision to be the incident one; therefore, the upper 
limit of the integration range of the first term in the 
right hand side of Eq. 1, X, is the lesser of T0—T and 
T+I, where / is the ionization energy, and the lower 
limit of the second term is 2T-\-I. E0 is the lowest 
energy loss resulted from the collision. 

It is mathematically possible to obtain the degrada­
tion spect rumy{T) by numerically solving Eq. 1, if all 
inelastic collision cross sections are known; however, 
since the lowest energy loss E0 is usually much smaller 
than tha t of the incident electron T0, numerous reiter­
ations for integration are necessary and consume a long 
time for the calculation even by the use of an electronic 
computer. In the present calculations, the T0 is 
limited to 1 keV. If its energy is increased, the calcu­
lation time is increased exponentially. 

Continuous-slowing-down-approximation. I n 1954, 
Spencer and Fano showed that , if the inelastic collision 
cross section is proportional to (rce4/ T) ( 1 /E2) and the 
lowest energy loss E0 can be assumed to be much smaller 
than T, the degradation spectrum for the incident 
particle is expressed as the reciprocal of the stopping 
power of the medium for that particle. 

T h e exact degradation equation for the incident 
particle may be written as follows: 

y1(T)[T k(T,E)dE = f y1(T+E)k(T-^E,E)dE + S(T). 
JE0 JE0 

(2) 
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This equation is similar to Eq. 1 except for the second 
term of the right hand side of Eq. 1, the term which 
corresponds to the generation of new particles. T h e 
result of Spencer-Fano's derivation may be expressed 
as follows : 

yi{T) *> l/s(T) - [£. k(T,E)EdE\ (3) 

where, s( T) is the stopping power. Now let us consider 
that the incident particle is an electron, then yx{T) 
calculated above corresponds to the degradation spec­
t rum of the incident electron. Once yx{ T) is calculated» 
the degradation spectrum of the second generation 

y2(T) can be calculated as follows: 

X{T)=-£A \ MTMT^TJ d7\d7V (4) 
•H-* )JT J2T2+I 

Here, Nis the number density of electrons in the medium 
and o{Tx, T2) is the cross section for the formation of 
electrons with energy Tz in the collision of electrons with 
energy Tx. A similar equation for the degradation 
spectrum of the third generation can be constructed: 

N / • i /4Cr0-3/) /r0 

MT)=-gA I y*{T)o{Tx,T2)ATx<\Tv (5) 
S\* JJT J2T2+I 

The degradation spectrum of all electrons is thus 
calculated by summing up those of all generations: 

y(T)=J}ym(T). (6) 
m 

Collision-cross-section. All the inelastic collision 
cross sections used in the present calculations are derived 
by the classical binary-encounter-collision-theory. These 
cross sections have been fully discussed in a previous 
paper.1) For example, o( Tlt T2) is expressed as follows : 

1 4£, 
°{TX,TZ) = 

+ 
1 

rC (r2+/1)2 + 3(7;+/,)* 

+ (7) 
(Tt-T^ 3(r, 

Here It and E\ are the binding energy and the average 

kinetic energy of i-th shell. 
G- Values of Ionization and Excitation. Once, y {T) is 

obtained, we can calculate the G-values of ionization 
and excitation. 

1 
Gn = 

100 T, 
Ty(T)Qa(T) dlnT. 

OjEn 
(8) 

Here Q,n and En are the total cross section and the 
threshold energy for the excitation process n. 

Subexcitation Electrons. In order to discuss the 
behavior of secondary electrons in the medium, the 
initial energy distribution of subexcitation electrons is 
indispensable, which can be calculated by using y( T) : 

ÇT + I 

N{T)T<Eo = \ y(T+E)k(T+E,E)dE 
JE0 

+ \ yiTWT^T+ridT'. 

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

(9) 

The Degradation Spectra near the Energy of Incident 
Electrons. Figure 1 shows the y( T) near the source 
energy, 1 keV. T h e solid line shows the result of the 

s 

'S 

r/ev 
Fig. 1. The degradation spectra of secondary electrons 

near the energy of incident electrons. 
: Direct integration, : CSDA calculation. 

T A B L E I. T H E BINDING ENERGY (ij) AND THE AVERAGE 

KINETIC E N E R G Y ( i i j ) OF ELECTRONS IN HELIUM, A N D 

THE S I N G L E T ( £ S ) AND T R I P L E T ( E t ) EXCITATION 

ENERGIES OF HELIUM IN UNITS OF e V 

h Ei Et 

24.581 38.74 21.2 19.8 

direct integration of Eq. 1 and the dashed line shows the 
result calculated under the CSDA. Table 1 sum­
marizes necessary in-put data . 

Since the lowest energy loss accompanying the 
inelastic collision in helium is the triplet excitation 
energy, i s t = 1 9 . 8 e V , no electrons can be produced 
having energy in the range 980.2 to 999.9 eV. T h e 
solid line correctly expresses this transient effect. T h e 
oscillations ofy(T) for energies near the source energy, 
which is known as the Lewis effect,10) is also correctly 
expressed by the solid line. T h e spacing between 
maxima is about 30 eV. O n the other hand, the y( T) 
obtained by using the CSDA does not show such effects. 
If the detailed structure of^( T) near the source energy 
is to be included, CSDA cannot be used. 

T h e numerical calculation of such oscillations of y(T) 
has been carried out by Douthat , who used a different 
approximate method named SF-2 cord.6) T h e general 
trend of the degradation spectrum he reported is in 
fair agreement with that obtained here. 

The Degradation Spectra and the G-Values of Ionization 
and Excitation. I n Fig. 2 two degradation spectra 
calculated by the two methods are compared: the solid 
curve is the result of the direct integration and the 
dashed one is that calculated under CSDA. Both 
curves are apparently in good agreement. In the 
range from 900 to 80 eV, the difference is within a few 
%, but below 80 eV, the difference increases to about 
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77eV 
Fig. 2. The degradation spectra of secondary electrons 

produced in helium irradiated with 1 keV electrons. 
: Direct integration, : CSDA calculation. 

20%. These calculations depend upon the mesh with 
which the numerical integration is carried out. For 
the solid curve, the smallest mesh used was 0.1 eV; with 
this mesh, the curve obtained was nearly completely 
converged. For the CSDA calculation, the logarithmic 
mesh was used; the curve shown in Fig. 2 was obtained 
with log (AT/T) = 0 . 0 1 . With this mesh, the con-
vergion was nearly complete. 

* 2 

p" n 
h 

1 .0 0 0 . 2 0 .4 0 .6 0 .8 

T/Et 

Fig. 3. The initial energy distribution of subexcitation 
electrons produced in helium irradiated with 1 keV 
electrons. 

: Direct integration, : CSDA calculation. 

TABLE 2. THE G-VALUES OF IONIZATION AND SINGLET AND 

TRIPLET EXCITATIONS CALCULATED BY THE TWO 

METHODS : DIRECT INTEGRATION ( D I ) A N D THE 

APPROXIMATE METHOD USING C S D A a ) 

DI CSDA 

Gion 

^singlet 

^triplet 

2.29 
0.91 
0.17 

2.17 
0.82 
0.14 

> 
6 

3 

2 

1 

0 

1 

ion J 

k ^ - — « ^ s i n g l e t 

/ *"Nv^^ t r i p l e t 

1 
50 100 

r0/ev 
Fig. 4. The source energy dependence of the G-values of 

ionization and singlet and triplet excitations calculated 
by the direct integration. 

a) Comparison of the calculated Glon with experiment has 
been made in Ref. 2. 

'a 
> 

6 

0 50 100 

T0/eV 
Fig. 5. The source energy dependence of the G-values of 

ionization and singlet and triplet excitations calculated 
under the CSDA. 

Using these two degradation spectra, we calculated the 
initial energy distribution of subexcitation electrons and 
the G-values of ionization and singlet and triplet exci­
tations. The results are shown in Fig. 3 and Table 2. 
The discrepancy between the CSDA calculation and 
the direct integration was found in the G-values. The 
CSDA calculation gave G-values smaller than the direct 
integration of Eq. 1. This is probably due to the 
underestimation by the CSDA calculation of ̂ (7*) near 
the threshold energy Et. 

In order to clarify this discrepancy, we calculated the 
dependence of the G-values of ionization and excitation 
on the source energy T0 in the range of 20—lOOeV. 
Figures 4 and 5 show the results. A comparison of 
these two figures clearly shows that the CSDA calcula­
tion underestimates the G-values and that, with the 
decrease in the source energy, the discrepancy increases. 
At T0=l keV, the discrepancy is 6%, while at 100 eV, 
it increases to 15%. 

In a previous paper,2) the source energy dependence of 
the G-values of ionization and excitations of helium was 
calculated by using the Fowler equation, and curves 
similar to those in Fig. 4 were obtained. In fact, these 
two sets of curves coincide exactly with each other. In 
the actual calculations, the Fowler equation is solved 
from lower energies, while Eq. 1 is solved from higher 
energies. The agreement of these sets of curves probably 
means that the mesh used in these calculations is small 
enough for the numerical integrations. Incidentally, 
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i 
o 

TABLE 4. RELATIVE NUMBERS OF 

ION-PAIRS IN DIFFERENT SPURS 

Relative number/% 

40 60 80 100 

T0/eV 

Fig. 6. The source energy dependence of the G-value of 
ionization in water. 

: Direct integration, : GSDA calculation. 

it has been proved that the Fowler equation is mathe­
matically equivalent to the Spencer-Fano equation, 
Eq. l.n> 

In summary of the above calculations, it may be said 
that, if the energy of incident electrons is higher than 
1 keV, CSDA is accurate enough to estimate the G-value 
of ionization and excitation ; the error limit caused by 
the use of CSDA is within 6%. 

Relative Numbers of Ion-pairs in Different Spurs Generated 
in the y-Irradiated Water. In a previous paper,4) 
we calculated the spatial distribution of ion-pairs pro­
duced in water irradiated with 60Co-y rays. About 
2 7 % of ion-pairs were found to be produced in isolated 
spurs and another 2 7 % were found in the condensed 
spurs consisting of more than 100 ion-pairs. In that 
estimation, we used the source energy dependence of 

TABLE 3. CALCULATED RELATIVE FREQUENCIES OF 

SPURS IN WATER AND RELATIVE FREQUENCIES OF 

CLUSTERS OBSERVED IN A CLOUD CHAMBER 

Ion-pairs per spur 
Relative frequency/% 
(Previously reported) 
Ion-pairs per cluster 
Relative frequency/% 
Source: 25 keV12) 

150keV13) 

320 keV13) 

1 
65.7 

(73.6) 
1 

42.6 
60 
62 

2 
18.6 

(11.7) 
2 

22.5 
23 
20 

3 
6.0 

(5.0) 
3 

12.4 
8 
9 

4 
3.1 

(3.1) 
4 

10.1 
4 
4 

> 4 
6.6 

(6.6) 

> 4 

12.4 
5 
5 

xuii-paii a p c i apui 

1 
2 
3 
4 

5—10 
11—100 
>100 

(CSDA) 

26.8 
8.5 
5.4 
4.5 

10.9 
16.5 
27.4 

- v 

(Corrected) 
23.1 
13.1 
6.3 
4.4 

10.6 
16.0 
26.5 

the G-value of ionization calculated under CSDA. As 
has been discussed above, when the source energy is 
small, the G-value of ionization is underestimated by 
the CSDA calculation. We calculated the source 
energy dependence of the G-value of ionization in water 
by the direct integration of the Spencer-Fano equation. 
T h e result is shown in Fig. 6. By using this result, we 
recalculated the relative frequencies of spurs in water 
and the relative numbers of ion-pairs in different spurs. 
The results are shown in Tables 3 and 4, together with 
those previously reported. It is noticeable that the 
agreement between calculation and experiment has 
been improved. 
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Spherical Particles of Metal Oxides by 02-H2 Flame Fusion 
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The formation mechanism of spherical particles of various metal oxides through 0 2 - H 2 flame fusion was 
investigated. Molten droplets of A1203 are solidified to form spherical particles having the structure of ô- and 
0-Al2O3 in the surface layer and a-Al203 inside. Heat treatment of the spherical particles of A1203 at temperatures 
higher than 1573 K gave rise to the transition from «5- and 0-Al2O3 to <x-Al203 and made the crystal growth, but no 
change in the smooth surface structure was observed, contrary to the case of T i 0 2 where facetting of the surface 
occurred on heating. In the cases of NiO and Cr203 , particles bigger than 2—3 fxm in diameter are spherical, but 
smaller ones are apt to form single crystals. With ZnO, Sn02 , and MgO, no spherical particles were formed. It is 
suggested that amorphous or polymorphous substances easily form spherical particles but monomorphous ones do 
not. Substances, which can sublime or have higher melting point, do not give pherical particles but only single 
crystals. 

Spherical particles having homogeneous size and 
smooth surface are important for research on surface 
and colloidal chemical properties of materials. Recent 
developments in the preparat ion of spherical latex 
particles promoted progress in researches in this field.1,2) 

T h e present authors are interested in the interaction of 
water molecules with the surface of metal oxides, using 
samples with a homogeneous surface.3-6) Recently, 
we have investigated the surface properties of spherical 
metal oxides produced by melting the particles in the 
0 2 - H 2 flame,7'8) as such surfaces may be expected to be 
homogeneous. I t has been found that S i 0 2 particles7) 
produced by this method have excellent sphericity with 
smooth surfaces and a dense internal phase. Water 
adsorption experiments on the S i 0 2 particles manifested 
an improvement of surface homogeneity compared to 
that of raw Aerosil S i 0 2 . In the case of TiO a

8) it has 
been found that the outer layer of the spherical particles 
has an anatase structure and the inner part a rutile one ; 
in contrast to S i 0 2 there are many cavities inside the 
particles. Heat t reatment of T i 0 2 spheres at tempera­
tures higher than 1073 K not only changes the anatase 
structure in the surface layer into a rutile one, but also 
promotes facetting of the spherical particle surface and 
finally splitting of the particles into a few rutile single 
crystals. 

T h e present paper will deal with high temperature 
treatment of such metal oxides as S i 0 2 , T i 0 2 , S n 0 2 , 
A1203 , C r 2 0 3 , M g O , NiO, and Z n O in the 0 2 - H 2 

flame and with the formation mechanism of spherical 
particles. 

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

Materials. Two kinds of raw alumina, A1203-I and 
A1203-II were used for the preparation of spherical particles. 
Al2Oa-I is the sample pulverized from an a-Al2Os ingot to 
give a mean particle size of 7 (xm. Al2Os-II is aluminium 
oxide-C produced by Degussa; its particles are ultrafine with 
a particle diameter of about 20 nm; it gives broad X-ray 
diffraction peaks characteristic of y-Al203. MgO powder 
was produced by Tokyo Electro-Chemical Industry. Both 
NiO and ZnO were formed by heating each metal oxalate 
at 873 K in air. Cr 2 0 3 was formed by pyrolizing (NH4)2-

Cr 20 7 at 573 K in an N2 stream. The SnOa used was a 
commercial sample provided by Wako Pure Chemicals. 
These metal oxide samples were confirmed to contain only 
one type of crystal structure by X-ray diffraction. In the 
present work these materials were used without any additional 
treatment. 

Apparatus for Preparing Spherical Particles. The facilities 
used for the 0 2 - H 2 flame treatment of metal oxides were the 
same as those used previously.7) Metal oxide particles were 
introduced into the 0 2 -H 2 flame through the Oa stream, the 
flame being generated by burning the mixture of 13 L«min_1 

0 2 and 20 L«min_1 H2 gases. The temperature of the flame 
in the furnace was determined to be higher than 2300 K over 
a 10 cm length from a point 7 cm below the gas nozzle by use 
of an optical pyrometer together with a siliconit rod. Fused 
particles were drawn and cooled by pumping through a 3 m 
duct, which is constructed from duct-1, duct-2, duct-3 of 1 m 
each (D1} D2, and D3), stainless steel net of 100 mesh (N) and 
cotten gauze (G). The particles produced were collected at 
several positions along the flight path. 

Examination of Particles. Particles treated in the 0 2 -H 2 

flame were examined by electron microscopic observation by 
use of a scanning electron microscope JEOL-JSM 35, Au-Pd 
alloy being deposited in advance on all the samples to avoid 
the electrification during bonbardment by the electron beam. 
The particles size distribution histogram was determined by 
investigating more than 500 particles in electron micrographs. 
The crystal structure of both the raw and the product particles 
was established by a powder X-ray diffraction method using 
Cu Kcc radiation as well as with a polarizing microscope. 

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

Formation of Spherical Al203 Particles. Figure 1 
shows electron micrographs of spherical particles of 
A1203-I and A1 20 3-II . T h e size of spherical A1203-I 
particles captured at any collection point is closely 
similar to that (6—9 u,m) of non-spherical particles of 
the raw material ; this indicates that each raw particle 
has been sphered individually, i.e., no coalescence has 
occurred between them. I t was also found that no 
cavity was present in a spherical partcle. O n the 
contrary, spherical particles of A1203-II were very 
much larger than raw material particles, i.e., larger than 
1 (xm (Fig. l b ) , indicating the wide particle size distribu-
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Fig. 1. Scanning electron micrographs for spherical 
particles of A1203-I (a) and A1203-II (b) captured at 
duct. 
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Fig. 2. Dependence of size distribution of A1203-II 
spherical particles on the flight distance from the 
furnace. 

tion (Fig. 2). It is also found that the further the col­
lection point, the smaller the mean particle size. Though 
the A1203-II particles look perfectly spherical, the inside 
of the particle is not perfectly fused and has much empty 
space. 

The crystal structure of so formed spherical particles of 
A1203-I was examined by X-ray diffraction analysis. 
Spherical particles formed by passing through 0 2 - H 2 

flame consist of (5- and 0-Al2O3, which are stable at lower 
temperatures, together with small portion of a-Al 2 0 3 , 
though the raw material is a -Al 2 0 3 (Fig. 3). In the 
case A1203-II , these three structures are also observed, 
but their ratio varies with the collection point of the 
sample in the duct, <x-Al203 content being much more 

2 9 / ° 

Fig. 3. X-Ray diffraction spectra of spherical A1203-II 
particles determined by using the radiation of Gu KOL. 
a: As-grown sample including the crystal structures of 
a-, (5-, and 0-Al2O3, b : 1473 K-treated, a- and 0-Al2O3, 
c: 1573 K-treated, a-Al203. 

than ô- and 0-Al2O3 when the particles are collected at 
duct-1 , and less when collected at points far from the 
furnace, where the ratio of <5-Al2Ô3 to 6-Al 20 3 was 
constant throughout the collection points. A similar 
situation holds also for the sample of Ti0 2 , 8 ) where the 
concentration of rutile exceeds that of anatase in the 
larger particles. These results can be interpreted as 
follows. Smaller particles having smaller heat capacity 
can be quenched so rapidly that crystal forms of ô- and 
0-Al2O3 appeared in a large amount in the surface layer, 
while that of a -Al 2 0 3 appeared in inner part of particles. 
O n the bigger particles with larger heat capacity the 
inner part of the spherical particle is rich in a-Al 2 0 3 . 

When the spherical particles of A1 2 0 3 are heated for 
4 h up to 1373 K, the X-ray diffraction spectrum 
remains almost unchanged. Upon calcination at 1473 
K <5-Al203 disappeared, 0- and a -Al 2 0 3 being left (Fig. 
3b). Treatment of the sample at temperatures higher 
than K led to the complete transition of crystal structure 
from 0-Al2O3 to a -Al 2 0 3 (Fig. 3c). Contrary to the 
T i 0 2 particles, however, no facetting of the particle 
surface was observed upon heat treatment, even at 
higher temperatures, in spite of the drastic changes in 
crystal structure. What appeared here was merely a 
smoothing of the particle surface and charging up of the 
particle during S E M observation. This might have 
stemmed from the increased insulation upon dehydra­
tion by heat t reatment. Polarizing microscope obser­
vation of so grown spherical A1 20 3 particles under 
crossed niçois showed small spots in a vague back ground, 
probably because of the polycrystallinity of the particles. 
After the crystal structures were changed into a -Al 2 0 3 

by heat treatment, the small spots decreased in number 
and became brilliant, which indicates that the heated 
spherical particle has mosaic structure of a few well 
grown a -Al 2 0 3 crystallites, as reported by Nelson et a/.9> 
on A1 2 0 3 spheres. 

Formation of Spherical Particles of Metal Oxides by Means 
of 02-H2 Flame Treatment. Like S i 0 2 and T i 0 2 

particles, it has been ascertained that spherical particles 
of A1 2 0 3 can be produced through 0 2 - H 2 flame fusion 
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Fig. 4. Scanning electron micrographs for NiO and 
Cr 2 0 3 particles treated through 0 2 - H 2 flame, 
a: NiO at D l5 b : NiO at G, c: Cr 2 0 3 at D1} d: Cr2Os at 
G. 

irrespective of the preparation method of raw materials. 
However, there are some metal oxide samples that it is 
difficult or impossible to make spherical. Figure 4 
demonstrates electron micrographs for NiO and G r 2 0 3 

particles treated in the 0 2 - H 2 flame. Larger particles 
of both metal oxides are almost spherical have wrinkles 
in the surface, but those of N iO having a smooth surface 
are cubic. With larger particles of NiO, a small amount 
of contamination by Ni metal was detected by X-ray 
diffration; this indicates part ial dissociation of NiO 
at higher temperatures. Smaller N iO particles collected 
on gauze have a characteristic cubic shape; some of 
them are lacking corners. In the case of G r 2 0 3 particles 
the shape changed from sphere, through short hexagonal 
rod, to hexagonal platelet as the size decreased. Inner 
structure of spheres of metal oxides is similar to that of 
A1 20 3 and includes many cavities. I t is interesting 
here that despite the presence of cavities, the NiO 
particles obtained near the furnace are apt to become 
cubic. By considering this fact together with the 
result that apparently spherical having cavities approach 
the cubic particle by heating at 1473 K (Fig. 5a), it 
can be understood that a molten NiO particle is apt to 

Fig. 5. Scanning electron micrographs for spherical 
particles of NiO (a) Cr 20 3 (b) heated at 1573 K for 4 h. 

take up an ordered arrangement of atoms and to form 
almost a single crystal sphere. O n the other hand, 
change in the surface structure of G r 2 0 3 spheres upon 
calcination is very similar to that of T i0 2 : 8 ) heat treat­
ment results in facetting to split a particle into single 
crystals (Fig. 5b). 

Fig. 6. Scanning electron micrographs for MgO (a), 
ZnO (b), and SnOa (c) particles treated through 0 2 -H 2 

flame and captured at gauze. 

When metal oxides such as M g O , ZnO, and SnO a 

were passed through the 0 2 - H 2 flame, the particles 
obtained were not spherical but polyhedral, having well 
defined crystal planes. As shown in Fig. 6, smaller 
particles collected by gauze are single crystals of each 
crystal structure of the metal oxides: cubes for M g O , 
needlelike single crystals with well defined prism planes 
(10Ï0) for Z n O , similar to those produced by burning 
Zn metal in air,4) and polyhedra for S n 0 2 in which 
some particles are octahedral , that is trigonal planes 
are exposed. Similar particles have been formed by 
oxidizing SnO vapour at 1423 K in air,10) where the 
trigonal face was identified to be the (111) plane by 
electron diffraction. 

As has been discussed above, the possibility whether 
metal oxide particles formed by the 0 2 - H 2 flame fusion 
are spherical or not seems to depend upon the nature 
of metal oxide. Next, let us consider the reason for 
this phenomenon on the basis of data shown in Table 1. 
Using our technique for producing spherical particles, 
to produce a decrease in the surface free energy of a 
molten metal oxide particle on sphering, it is necessary 
that the temperature of the 0 2 - H 2 flame is higher than 
the melting point of the sample. With S i0 2 , T i 0 2 , and 
A1203 , as can be expected from data in Table 1, this 
condition is found to be satisfied, since spherical particles 
were obtained. 

I t would be anticipated that smaller particles would 
be more easily liquified to give spherical particles than 
larger ones. With T i 0 2 and A1203 , this expectation is 
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TABLE 1. PHYSICAL PROPERTIES AND SPHERICITY OF METAL OXIDES 

Metal oxide 

A1203 

TiOz 

SiOz 

NiO 

Gr203 

ZnO 
Sn0 2 

MgO 

Mp 

2320 
2143 
1883 (quartz) 
2230 

2607 
2530 (sublimate) 
2073 (sublimate) 
1898 (sublimate) 
3073 

Crystal structure 

a-, (5-, 0-Al2O3 

Rutile, Anatase 
Amorphous 
NaCl 

a-Al203 

Wurtzite 
Rutile 
NaCl 

Sphericity 

Yes 
Yes 
Yes 
Difficult 
(spheres, single crystallites) 
Difficult 
(spheres, single crystallites) 
No (single crystallites) 
No (single crystallites) 
No (single crystallites) 

valid, but with NiO and Cr2Oo, the inverse is t ruth. 2 W 3 5 

The larger particles are spheres and the smaller ones 
fine single crystals, though the flame temperature 
exceeds the melting point. The data in Table 1 lead 
to a conclusion that one simple rule is involved in the 
present phenomena. Namely, such metal oxides as 
S i0 2 , T i 0 2 , and A l 2 0 3 which easily form spheres 
have amorphous or polymorphous structures, while 
NiO and C r 2 0 3 , which have lower ability to produce 
spheres, are crystallized monomorphously. This inter­
relationship can be interpreted as follows. First, NiO 
forms cubic particles not only of the smaller ones but 
also for the larger ones sedimented in duct 1. C r 2 0 3 

particles with fairly large size (4—7 (xm) are hexagonal 
prisms (almost spheres) with about the same length of 
the diagonal distance and height. Tha t is, these two 
molten oxides have a strong tendency to form single 
crystal particles. It is well known that the liquid, 
at temperatures not much higher than the melting point, 
is composed of a number of small domains which retain 
the ordered structures of the solid even below the melting 
point. In the case of small molten particles of mono­
morphous metal oxides, it may be considered that 
the liquid domains of the same quasi-crystal structure 
unite to control the shape of the particle. Barry et a/.11) 
obtained fine spherical particles of C r 2 0 3 « 0 . 1 (Jim) 
besides hexagonal platelets from C r 0 2 C l 2 by the induc­
tion plasma torch method. The ease of formation of 
fine spheres in their experiments seems to differ from 
that reported here, but this may be explained as follows. 
They raised the temperature of the furnace to 5000 K 
which is much higher than that in the present case ; the 
spherical liquid droplets formed would have lost any 
ordered structure and would be quenched as spherical 
particles. 

Secondly, the molten particles of A1 2 0 3 or T i 0 2 , 
which are polymorphous, will possibly have a number of 
domains with different crystal structures just like 
poly crystalline particles from time to time and from 

place to place, in contrast to the case of monomorphous 
oxides. Such a molten particles should be isotropic to 
form spherical particles due to surface tension. It will 
easily be understood that the spherical glassy S i 0 2 

droplet has been solidified as it stands in a liquid state. 
Z n O and S n 0 2 , have sublimation temperatures lower 

than the flame temperature and therefore no liquid 
phase is present under our conditions. Thus, it will 
be reasonable to conclude that particles of these two 
oxides sublimed to recrystallize as fine single crystallites 
at relatively lower temperatures. For M g O , the 
melting point is much higher than the flame tempera­
ture ; accordingly spherical particles were not formed 
but the crystal growth of well defined cubic particles 
proceeded during the 0 2 - H 2 flame treatment. 
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The amination of chloromethylated polystyrene (CMPS) and benzyl chloride (BC) with amino alcohols was 
investigated kinetically in dioxane, iV,JV-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). The 
amination rate was related mainly to the branching structure and partly to the ipK of amino alcohols; AG* and 
AH* increased in the following order: 2-aminobutanol<^l-amino-2-propanol<^2-amino-l-butanol<^2-amino-2-
methyl-1-propanoic tris (hydroxymethyl)methanamine<^triethanolamine. The rate was also related to the polarity 
of the solvent; AG* and AH* decreased in the following order: dioxane>DMF>DMSO. The difference in the 
amination rate between CMPS and BC is also discussed in terms of the activation parameters. The amination 
rate of the polymer partly containing quaternary ammonium groups (QCMPS) in DMSO was found to be greater 
than that of CMPS probably owing to the ion-dipole interaction. 

The amination kinetics of chloromethylated poly­
styrene conforms to a second-order rate equation in 
many cases. However, there are cases where the rate 
constant increases or decreases during the course of the 
amination. The reaction of CMPS with 2-amino-l-
butanol (AB), for example, followed second-order 
kinetics in JV,iV-dimethylformamide (DMF) and dimeth­
yl sulfoxide (DMSO).2) However, it exhibited self-
acceleration in dioxane.3) The reactions of C M P S with 
various amino alcohols containing a pr imary amino 
group in the above-mentioned solvents have been 
investigated in the present study and the same kinetic 
behavior as that in the reaction with AB is found. 
Dragan et a/.4) found a self-accelerating effect in the 
aminat ion of C M P S with such JV-(hydroxyalkyl) 
tertiary amines as l-dimethylamino-3-propanol and 3-
dimethylamino-1-propanol in dioxane and JV,iV-dimeth-
ylacetamide. The same kind of acceleration was also 
observed by Luca et al.5) in the amination of C M P S 
with JV,JV-dimethyl-2-hydroxyethylamine and JV,iV-bis-
(2-hydroxyethyl)methylamine in D M F . Kawabe1) 
noted an example of self-deceleration in the reaction of 
C M P S with triethylamine (TEA) in D M S O , although 
the usual second-order kinetics was observed in the 
reaction in D M F . T h e reaction of C M P S with tri­
ethanolamine (TEOA) in the present study, however, 
has been shown to exhibit a different kinetic behavior 
from that with T E A ; it follows the second-order kinetics 
in D M S O and exhibits the self-acceleration in D M F . 
The amination of benzyl chloride (BC), a low molecular 
weight species having a chloromethyl group, follows 
second-order kinetics in all cases. T h e author has 
determined the activation parameters of the aminations 
of C M P S and BC with a view to discussing the depend­
ence of the reaction rate on the species of the amino 
alcohols, the solvents, and the chlorides (CMPS or BC). 
The acid-base equilibria of the polyelectrolytes produced 
by the reactions of C M P S with the amino alcohols 
have also been investigated. 

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

Materials. The chloromethylated polystyrene (CMPS) 
was prepared and purified as previously reported;3»6) chlorine 
contents of the samples: 22.38—22.89%, degrees of chloro­
methylation: 0.979—0.984, and mol wts.: 9.65—11.43 x 104. 

The (Ä)-2-amino-l-butanol was prepared and purified as 
previously reported.3) The triethanolamine used was of 
analtical grade. The other amino alcohols, triethylamine 
(TEA), and benzyl chloride (BC) were of reagent grade. 
Except for tris(hydroxymethyl)methanamine (TRIS), the 
amino alcohols, TEA, BC, and the solvents were distilled 
before use and proved to be pure by their refractive indices. 

Kinetic Measurements. In the reactions of CMPS and 
BC with the amino alcohols in dioxane, the initial concentra­
tion of chloromethyl groups (b) was 0.040 mol dm - 3 , while 
that of the amino alcohol (a) was 0.8000 mol dm - 3 . It was 
not possible to examine the reactions with TRIS in dioxane 
and DMF because of its insolubility. The author also exa­
mined the reactions in DMSO of QCMPS, the chloromethyl­
ated polystyrene with half of its chloromethyl groups being 
converted to quaternary ammonium groups. In practice, 
CMPS (£ = 0.040 mol dm"3) was first treated with TEA (a= 
0.020 mol dm"3) in DMSO at 318 K until 48% of chloro­
methyl group was converted to quaternary ammonium groups, 
and QCMPS thus obtained was then aminated with the amino 
alcohols in DMSO at 318 K on the conditions that the initial 
concentrations of the remaining chloromethyl groups and 
amino alcohol were 0.017 and 0.170 mol dm - 3 respectively. 
In all the kinetic measurements, temperature was kept con­
stant within ±0«! K and aliquots of a reaction mixture were 
removed at appropriate intervals, poured into dilute nitric 
acid, and titrated potentiometrically with a standard silver 
nitrated solution (1/10 mol dm - 3) to determine the concentra­
tion of chloride ions produced by the reaction. 

Purification of the Polyelectrolytes Produced by the Reactions of 
CMPS and the Amino Alcohols. The reaction of CMPS 
(degree of chloromethylation : 0.979) with amino alcohols was 
carried out in DMSO until the conversion rose to 99%, and 
each reaction mixture was dialysed in dilute hydrochloric acid 
(pH 2.0) and lypophilized. Deionized water was used 
throughout. The polyelectrolytes produced by the reactions 
of QCMPS with the amino alcohols were also purified by 
the same procedure. 

Acid-Base Titrations of the Amino Alcohols and the Polyelectrolytes. 
An aqueous solution containing 0.2—0.5 mmol of an amino 
alcohol was titrated with a standard hydrochloric acid (0.1006 
mol dm - 3) to determine the pK& value of the amino alcohol 
on the basis of the pH value at the midpoint of the titration 
curve. The acid-base titrations of the polyelectrolytes were 
carried out with and without the addition of salt. A 50 ml 
acidic solution of each purified polyelectrolyte, containing 
about 0.15 mmol of amino alcohol residues and about 0.30 
mmol of hydrogen chloride, was titrated with a standard 
sodium hydroxide solution (0.1007 mol dm - 3 ) . To aother 
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solution containing the same amount of polyelectrolyte and 
hydrogen chloride (50 ml) 0.1 mol of sodium chloride and 
20 ml of DMSO were added; the mixture was diluted with 
water to 100 ml and was also titrated with the standard sodium 
hydroxide solution. The addition of DMSO was intended 
to avoid the deposition of the polymer in a higher pH range. 
In the foregoing process, deionized and decarbonized water 
was used, and nitrogen gas was bubbled through the solution 
during the titration. 

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

The reactions of chloromethylated polystyrene 
(CMPS) and benzyl chloride (BC) with amino alcohols 
such as 2-aminoethanol (AE), l-amino-2-propanol (AP), 
2-amino-2-methyl-1 -propanol (AMP), tris (hydroxy-
methyl)methanamine (TRIS) , and triethanolamine 
(TEOA) were investigated in dioxane, JV,iV-dimethyl-
formamide (DMF), and dimethyl sufoxide (DMSO) . 

Reactions in Dioxane. T h e reactions of BC with 
AE and AP in dioxane stopped at low fractional conver­
sions. Since the maximum fractional conversion in the 
reaction with AE was only 0.1, it was difficult to deter­
mine the reaction rate exactly. It was proved, however, 
that the reaction rates of BC with A P and A M P in 
dioxane conformed to the following second-order rate 
equation : 

kt: JLmfci) = 
a — b a(b—x) 

1 i 1 In r 
-b 1 

where a and b are initial concentrations of an amine and 
the chloromethyl group respectively, while x is the 
concentration of the chloride ions produced at time t, 
and OL=xja and ß=x/b. O n the other hand, the reactions 
of CMPS with AE, AP, and AMP, which proceeded 
nearly to completion, were found to conform to Eq. 2 : 

k = k0(l + mß), (1) 

where k is the apparent rate constant obtained by Eq. 1, 
and where k0 and m are constants. Kawabe and 
Yanagita3) found similar self-acceleration with respect 
to the reaction of CMPS with 2-amino-l-butanol (AB) 
in dioxane, and the author attributed such acceleration 
to the intramolecular hydrogen bonding between the 
hydroxyl group of the already-aminated neighbor and 
the chlorine of the chloromethyl group in the transition 
state.1) The observed value of m were 2.0 for AE, 1.9 
for AP and 0.9 for A M P , whereas the m value for AB 
was 1.2. The m value decreases in the following order; 

A E > A P > A B > A M P , and this order conforms to the 
branching structures of the amino alcohols. Since the 
m value is a measure of the acceleration, the foregoing 
suggests that the more complex the branching structure, 
the more the formation of the hydrogen bond is sterically 
obstructed. 

T h e k values of BC and the k0 values of CMPS are 
listed in Table 1. No further kinetical analysis was 
performed for the reactions of CMPS with AE and AP 
because of the deposition of the polymer beyond /?=0.5. 
The process of the reaction of CMPS with A M P which 
proceeded in a homogeneous system was found to be 
represented by Eq. 3 : 

ß = 1 — A' exp(-3/:1û0 - B' exp{-k2at), (3) 

where A' = (k1—k2)l(3k1—k2) and B'=2k1l(3k1-k2). 
The author1) found the reaction of CTPS with AB in 
dioxane to follow closely the same equation. T h e exact 
values of kx and k2 are determined by correcting the 
approximate values of kx and k2 obtained as slopes of the 
plot of kt against t, which is represented approximately 
by two lines intersecting at the point corresponding to 
/ ? = l / 3 ; the correction of the kx and k2 values was made 
by means of the repeated computation of the equations:1) 

k2t = — \nX'la= k2t 

X' = \(\-ß)-A' e x p ( - 3 M ) ] / ^ / (4) 

kxt -In Y'\3a = kxt 

Y' = [{\-ß)-Bf exp(-k2at)]/A'. (5) 

The observed ß values of the reaction of CMPS with 
A M P fall exactly on the line computed on the basis of 
Eq. 3 as shown in Fig. 1. This suggests that the self-
acceleration in the reaction of CMPS with A M P can be 
explained by the same mechanism as in the case of the 
reaction with AB. Table 1 indicates that the kx value 
agrees with the k0 value (for AMP) with the k0 values 
being equal to the k values of BC (for AP and A M P ) . 
In Table 1 are also listed the activation energies (£ a) 
and the frequency factors (A) which are computed by 
means of the least-squares method on the basis of the 
equation : 

\n k = ln A-EJRT. (6) 

The k0 value decreases and the Ea value increases in the 
following order: AE, AP, (AB),1) A M P . Arrhenius 
plots for the amination of CMPS are shown in Fig. 2, 
where dotted lines are calculated in accordance with 
Eq. 6. 

TABLE 1. AMINATION IN DIOXANE 

Amine 

AE 
AP 

AMP 

Chloride 

CMPS, k0 

BC 
CMPS, k0 

BC 
CMPS, k0 

K 
K 

kx 

318.2K 

5.08 
3.27 
3.70 
0.408b> 
0.612 
0.605 
1.65 

105/dm3 mol-1 s 

333.2K 

12.1 
9.17 
8.42 
1.35 
1.60 
1.54 
3.60 

- î 

348.2 K 

28.2 
20.3 
22.2 
4.38 
4.23 
4.27 
9.92 

E 
^ a 

kj mol-1 

52 .6±0 .7 
56 .2±2 .0 
54 .9±2 .6 
61 .0±3 .0 
59 .3±1 .2 
59 .9±2 .0 
55 .0±3 .6 

log A^ 

4.336±0.107 
4.752±0.275 
4.558±0.409 
4.760±0.474 
4.522±0.181 
4.602±0.307 
4.225±0.560 

a) A is expressed by dm3 mol - 1 s-1, b) The k value at 313.2 K. 
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Fig. 1. Amination of CMPS with 2-amino-2-methyl-l-
propanol in dioxane. 

: Calculated values, Q : observed values. 

2 8 3-0 3-2 

r-vkK-1 

Fig. 2. Arrhenius plots for the aminations of CMPS in 
dioxane and DMF. 
O - Observed values, : calculated values in di­
oxane, : calculated values in DMF. 

Reactions in DMF and DMSO. The reactions of 
CMPS, with AE, AP, A M P , and T R I S in D M F and 
D M S O all comformed to the second-order rate equation, 
Eq. 1, as in the case of BC. The values of the rate 
constant (A), £ a and A are tabulated in Tables 2 and 3. 
Arrhenius plots for the amination of CMPS are shown 
in Figs. 2 and 3, where solid lines are calculated in 
accordance with Eq. 6. 

2 8 30 3-2 

r-vkK-1 

Fig. 3. Arrhenius plots for the amination of CMPS in 
DMSO. 
O • Observed values, : calculated values. 

The reactions of BC with T E O A in D M F and D M S O 
and that of CMPS with T E O A in D M S O , all of which 
proceeded in a homogeneous system, conformed to Eq. 1. 
The reaction of C M P S with T E O A in D M F exhibited 
the self-acceleration represented in the form of Eq. 2 
up to /?=0.5 with the m value of 0.8. In the process, 
deposition of the polymer was observed with the progress 
of the reaction due to cross-linking as reported by Luca 
et al.1) and Drägan et Û/.8> T h e values of k or k0, Ea, and 
A are listed in Table 4. Arrhenius plots for the amina­
tion of CMPS are shown in Figs. 2 and 3. 

T h e reaction of CMPS with triethylamine (TEA) was 
found by the author to follow second-order kinetics in 
D M F and self-decelerate in DMSO.1) The difference 

TABLE 2. AMINATION IN DMF 

Amine 

AE 

AP 

AMP 

Chloride 

BC 
CMPS 
BC 
CMPS 
BC 
CMPS 

293.2 K 

2.53 
2.42 

1.82 
0.300 
0.205 

*xl0 4 /dm 3 

303.2 K 

4.87 
4.80 
4.33 
3.78 
0.635 
0.445 

mol - 1 s - 1 

313.2K 

9.77 
9.05 
8.43 
7.12 
1.33 
0.867 

323.2 K 

16.1 

E* 
kj mol"1 

51 .5±1 .3 
50 .4±0 .1 
54 .3±0 .5 
52 .1±0 .8 
56 .7±0 .5 
55 .0±0 .9 

log A<* 

5.567±0.217 
5.363±0.021 
5.842±0.088 
5.552±0.139 
5.573±0.085 
5.124±0.150 

a) A is expressed by dm3 mol - 1 s -1. 
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TABLE 3. AMINATION IN DMSO 

Amine 
ÄxlO*/dm3mol-1s-1 

E. 

BC 
CMPS 
BC 
CMPS 
BC 
CMPS 
BC 
CMPS 

293.2 K 

10.9 
8.63 
9.85 
7.07 
1.42 
0.943 
0.718 

303.2 K 

21.5 
16.6 
19.7 
13.7 
2.98 
1.75 
1.51 
0.645 

313.2K 

40.2 
30.8 
37.2 
25.7 

5.68 
3.62 
2.12 
1.32 

323.2 K 

6.50 
5.82 
2.63 

333.2 K 

5.20 

kj mol-1 

49 .7±0 .1 
48 .6±0 .1 
50 .7±0 .2 
49 .2±0 .1 
53 .0±0 .8 
51 .3±1 .0 
5 4 . 6 ± 0 . 5 
58 .4±0 .5 

lug .n 

5.898±0.024 
5.592 ±0 .008 
6.025±0.027 
5.619±0.020 
5.606±0.134 
5.106±0.170 
5.587±0.084 
5.865±0.079 

AE 

AP 

AMP 

TRIS 

a) A is expressed by dm3 mol - 1 s -1. 

TABLE 4. AMINATION WITH TEOA IN DMF AND DMSO 

Solvent 

DMF 

DMSO 

Chloride 

BC 
CMPS, *0 

BC 
CMPS 

303.2 K 

0.208 
0.230 
1.40 
1.48 

328.2 K 

1.24 
1.77 
7.47 
6.62 

ÄXlOVdm'mol-is-1 

,v 
343.2 K 358.2 K 

9.35 
13.6 

19.5 45.0 
21.2 57.3 

373.2 K 

35.2 

388.2 K 

54.8 
59.8 

E 
••-'a 

kj mol-1 

64 .3±0 .9 
65 .3±1 .1 
57 .2±1 .0 
60 .0±2 .6 

log A» 

5.361±0.145 
5.625±0.172 
4.984±0.161 
5.454±0.414 

a) A is expressed by dm3 mol - 1 s -1. 

in kinetic behavior between T E O A and TEA, which 
are both tertiary amines, may be due to the presence 
of hydroxyl groups in T E O A . The self-acceleration in 
the reactions of CMPS with amino alcohols in dioxane 
may be attr ibuted to the formation of the intramolecular 
hydrogen bond between the hydroxyl group of the 
already aminated neighbor and the chlorine of the 
chloromethyl group at the transition state. The forma­
tion of the bond does not take place in D M F and D M S O 
which are much more polar solvents than dioxane. 
This does not preclude the possibility of the bond 
formation in D M F in the case of T E O A with three 
hydroxyl groups. The author suggested that the 
deceleration during the reaction of CMPS with T E A 
in D M S O can be ascribed to the electrostatic effect 
of the quaternary ammonium groups formed in the 
polymer.1) In the case of T E O A , pKa of the quaternary 
ammonium groups is made to decrease by the hydroxyl 
groups as described later, so that their electrostatic 
effect must be insufficient to cause the deceleration. 

Reactions of QCMPS in DMSO. The treatment of 
CMPS with a limited amount of T E O A (equivalent to 
half the chloromethyl groups) in D M S O yielded the 
polymer composed of 48 mo l% quaternary ammonium 
groups and 52 mol % chloromethyl groups (QCMPS) . 
Q C M P S thus obtained was made to react with the 
amino alcohols in D M S O at 318 K. The reaction 
proceeded to completion (/?=0.99) in conformity with 
Eq. 1. The reaction rate constants of Q C M P S are 
compared with those of CMPS in Table 5, which 
indicates that k of Q C M P S (A;QOMPS) is two or three 
times as large as k of CMPS (£CMps)- This may be 
because the positive charges of the quaternary ammo­
nium groups in Q C M P S at tract amino alcohol molecules 
by an ion-dipole interaction thereby increasing the local 
concentration of amino alcohol and hence increasing 

TABLE 5. COMPARISON OF AMINATION RATE CONSTANTS, k, 

IN DMSO AT 318.2 K BETWEEN QCMPS AND CMPS 

Amine 

AE 
AP 
AB 
AMP 
TRIS 

*Xl04/dm3 

QCMPS 

74.0 
66.8 
18.7 
9.20 
5.53 

m o l ^ s - 1 

CMPSa) 

41.3 
34.5 
9.25b> 
4.93 
1.87 

^QCMPS 

^CMPS 

1.8 
1.9 
2.0 
1.9 
3.0 

a) The k values at 318.2 K computed on the basis of the 
equation k=A exp(-EjRT), by the use of the EA and 
A values given in Table 3. b) £ t t=51.08 kj mol-1 and 
l o g ^ = 5.350.2) 

the reaction rate . 
Activation Parameters. The activation parameters, 

A/ /* , AS*, and AG*, of the reactions of C M P S and BC 
with the amino alcohols are summarized in Tables 
6—8. T h e difference in AG* between C M P S and BC 
is generally small. In each solvent, the magnitude of 
AG* of CMPS or BC depends on the species of amino 
alcohols, increasing in the following order: 

AE < AP < AB < AMP < TRIS < TEOA. 

This order of AG* in each solvent corresponds to the 
order of AH* ; the difference in AG* among the amino 
alcohols is mainly ascribed to the difference in AH*, 
since the difference in AS* is slight. It seems that the 
difference in AG* or AH* is largely due to the structural 
differences of the amino alcohols in question. Since 
the pA"a of the amino alcohols composed of monohydric 
alcohol (AE, PA, AB, and AMP) are similar to each 
other (refer to the pKa values in Table 10), the difference 
in AG* among the amino alcohols is ascribed to the 
difference in their structures. T h a t is to say, the differ-
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TABLE. 6 ACTIVATION PARAMETERS OF THE 

AMINATION IN DIOXANE AT 2 9 8 . 2 K 

AE 
AP 

ABa> 

AMP 

Chloride 

CMPS, k0 

BG 
CMPS, k0 

BC 
CMPS, k0 

BC 
CMPS, k0 

h 
K 

Ai /* 
k j mol"1 

50 .1±0 .7 
53 .7±2 .0 
52 .4±2 .6 
5 3 . 5 ± 0 . 4 
54 .4±0 .3 
58 .5±3 .0 
56 .9±1 .2 
57 .4±2 .0 
52 .5±3 .6 

AS* 
J K ^ m o l - 1 

- 1 7 0 ± 2 
- 1 6 2 ± 5 
- 1 6 6 ± 8 
- 1 6 9 ± 1 
- 1 6 8 ± 1 
- 1 6 2 ± 9 
- 1 6 7 ± 3 
- 1 6 5 ± 6 
- 1 7 2 ± 1 1 

AG* 
k j mol-1 

100.9 
102.1 
101.9 
103.9 
104.5 
106.8 
106.6 
106.7 
103.9 

a) The values calculated on the basis of the data in Ref. 3. 

TABLE 7. ACTIVATION PARAMETERS OF THE 

AMINATION IN DMF AT 298.2 K 

Amine 

AE 

AP 

ABa> 

AMP 

TEOA 

Chloride 

BC 
CMPS 
BC 
CMPS 
BC 
CMuS 
BC 
CMPS 
BC 
CMPS, *fl 

Ai /* 
k j mol-1 

4 9 . 0 ± 1 . 3 
47 .9±0 .1 
51 .0±0 .5 
4 9 . 7 ± 0 . 8 
53 .4±0 .2 
52 .2±1 .0 
5 4 . 2 ± 0 . 5 
52 .6±0 .9 
61 .8±0 .9 

, 62 .8±1 .1 

AS* 
J K-imol-1 

- 1 4 7 ± 4 
- 1 5 1 ± 0 
- 1 4 1 ± 2 
- 1 4 7 ± 3 
- 1 4 4 ± 1 
- 1 5 0 ± 3 
- 1 4 7 ± 2 
- 1 5 5 ± 3 
- 1 5 1 ± 3 
- 1 4 6 ± 3 

AG* 
k j mol"1 

92.7 
92.8 
93.1 
93.5 
96.4 
96.8 
97.9 
98.8 

106.7 
106.3 

a) The values calculated on the basis of the data in Ref. 2. 

TABLE 8. ACTIVATION PARAMETERS OF THE 

AMINATION IN DMSO AT 298.2 K 

Amine 

AE 

AP 

ABa> 

AMP 

TRIS 

TEOA 

Chloride 

BC 
CMPS 
BC 
CMPS 
BC 
CMPS 
BC 
CMPS 
BC 
CMPS 
BC 
CMPS 

Ai /* 
k j mol-1 

47 .3±0 .1 
4 6 . 1 ± 0 . 0 
48 .2±0 .2 
46 .8±0 .1 
50 .0±0 .6 
48 .6±0 .7 
50 .6±0 .8 
4 8 . 9 ± 1 . 0 
5 2 . 2 ± 0 . 5 
5 5 . 9 ± 0 . 5 
54 .7±1 .0 
57 .5±2 .6 

AS* 
J K ^ m o l - 1 

~ 1 4 0 ± 1 
- 1 4 6 ± 0 
- 1 3 8 ± 1 
~ 1 4 6 ± 0 
- 1 4 4 ± 2 
- 1 5 1 ± 2 
- 1 4 6 ± 3 
- 1 5 6 ± 3 
- 1 4 6 ± 2 
- 1 4 1 ± 2 
~ 1 5 8 ± 3 
~ 1 4 9 ± 8 

AG* 
k j mol-1 

89.1 
89.7 
89.3 
90.2 
92.9 
93.6 
94.1 
95.2 
95.8 
98.0 

101.8 
101.9 

a) The values calculated on the basis of the data in Ref. 2. 

ence in the branching structure of the hydroxyalkyl 
group may produce the difference in the steric hindrance 
of the benzene ring to the group in the transition state. 
Kawabe and Yanagita9) reported on this kind of 
structural effect on AG* in regard to the reactions 
of C M P S and BC with butylamine isomers in D M F ; 
AG* increases in the following order: bu ty l amine< 
isobutylamine<0-butylamine<0-butylamine. T h e high­
er AG* values for T R I S and T E O A may be ascribed 

not only to their increased steric hindrance but also to 
their decreased basicity, as indicated by the lower pKa 

values (refer to the pKa values in Table 10). Both 
A i / * and AS* values of CMPS are lower than those 
o f B C f o r t h e amino alcohols composed of a monohydric 
alcohol, while the A / / * and AS* values of CMPS are 
higher than those of BC for the amino alcohols with 
three hydroxyl groups, T R I S and T E Q A . 

Review of Tables 6—8 with respect to the solvent 
effect on the activation parameters reveals that for each 
amino alcohols examined, AG* is higher in dioxane 
than in D M F due to higher A / / * and lower AS* in 
the former. The fact that AG* is higher in D M F than 
in D M S O is mainly due to the higher A / / * in the 
former. The author reported a similar solvent effect 
for pr imary alkylamines such as butylamines9 '10) and for 
amino alcohols such as AB2) and diethanolamine.11) 

It is to be noted that AG* is a linear function of the 
electrostatic factor of the solvent, EF, for the amination 
of C M P S and BC with AE, AP, AB, and AMP, and 
the slopes of the lines range (—0.52)—(—0.61); EF is 
the product of dielectric constant, £, and dipole moment, 
p. I t takes on values of 1 for dioxane, 140 for D M F , and 
209 for DMSO.1 2) T h e plots of AG* against the 
Hildebrand solubility parameter , ô, or against ô2, are 
also approximately linear; the ô values were calculated 
on the basis of the equation, ô=[{AHw —RT)pjM]y2, 
where AHy is the heat of vaporization of a solvent with 
molecular weight M and density p, taken to be 40.3 
for dioxane, 49.3 for D M F and 54.4 k j 1 / 2 dm"3 /2 for 
D M S O at T = 2 9 8 . 2 K.13> However, the plot of AG* 
against 1/e or ( e — l ) / ( 2 e + l ) is not linear. These results, 
in addition to the dependence of the change in AG* 
on the change in A / / * and AS* mentioned above, 
suggest that the solute-solvent interactions, notably the 
solvation of the activated complex, are controlling factor 
of the rate of the amination of CMPS or BC. 

Comparison of the activation parameters of CMPS 
with those of BC in Tables 6—8 shows the polymer 
effects described below, where the difference in the 
activation parameters ( A Z * : A/ /* , AS*, AG*) be­
tween CMPS and BC is represented by ôAX*( = 
AX CMPS—A ABC) • 

(1) ôAH* are negative for the reactions with the 
amino alcohols composed of a monohydric alcohol (AE, 
AP, AB, and AMP) in dioxane, D M F and D M S O 
( — ô A H * = l — 2 k J ) . This is also the case with the 
reactions with primary, secondary, and tertiary alkyl­
amines such as butylamines,9 '10) diethylamine,11) and 
TEA.1) Negative dAH* values may due to some ener­
getic interactions between the polymer skeleton and the 
alkyl or hydroxyalkyl group of the amine or amino 
alcohol molecule at the transition state. 

(2) T h e reactions with the amino alcohols and 
alkylamines described in paragraph (1) above all 
exhibit negative values of (5AS* in D M F and D M S O 
( - T ( 5 A S * = 1 — 3 k J ) . In D M F and D M S O , the 
solvation of the activated complex is an important 
factor in determining the amination rate of CMPS or 
BC, and this solvation works to decrease AG* in D M F 
and D M S O . The negative value of (5AS* in D M F and 
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D M S O appears to have resulted from the steric hin­
drance to the solvation in the polymer. This is evident 
from the results of the author 's study10'14) on the reactions 
with AB and the butylamines, isobutylamine and s-
butylamine, in DMF-dioxane binary system, which 
showed that TAS*solv (AS* s o l v : the entropy of the 
solvation of the activated complex) of GMPS was lower 
some 2 k j than that of BG. T h e ÔAG* values of all these 
reactions in D M F and D M S O are slightly positive, 
since the TôAS* values are lower than the ÔAH* values. 
On the other hand, the ÔAG* are zero or otherwise 
slightly on the negative side in dioxane, since its solva­
tion effect is much smaller than tha t of D M F or D M S O . 

(3) The reactions with T E O A and T R I S in D M S O 
and the one with T E O A in D M F are characterized by 
the positive values of both ÔAH* and ÔAS* ; the magni­
tudes of ÔAH* and ÔAS* in D M S O are greater than 
those in D M F . Both amino alcohols contain three 
hydroxyl groups and it is expected that they are strongly 
solvated in D M F and D M S O . Considering that both 
AH* and AS* of CMPS are higher than the respective 
values of BC, it is quite reasonable to assume that the 
desolvation is required for the activated complex to 
form in the polymer. 

Elementary Analysis of the Polyelectrolytes. The 
polymers obtained by the reaction of GMPS with the 
amino alcohols (AMPS) were dialysed in diluted 
hydrochloric acid and lypophylized. The composition 
of A MP S is represented by : 

-(CH-CH2)X-(CH-CH2)V-(CH-CH2),-

TABLE. 9 ELEMENTARY ANALYSIS OF THE POLYELECTROLYTES 

PRODUCED BY THE AMINATION OF C M P S A » B ) 

Amine 

Grig GH2 

NHR-HC1 CI 

where - N H R represents the amino alcohol residue 
composed of secondary amino group and the residue 
is assumed to form monohydrochloride. The reaction 
of CMPS with T E O A produces the quaternary ammo­
nium chloride residue (-NR3C1). The mole fractions, 
x, y, and z, were determined by the following equations : 

Z=\-rP 

(7) 

where rc is a fractional conversion in the chloromethyla-
tion of polystyrene and ra that in the aminat ion of 
CMPS. The mole fractions were *=0.97, j ) ;=0.01, and 
£=0 .02 for all the A M P S polymers shown in Table 9, 
in which the data of elementary analysis are listed. 

The best agreement of the found and calculated 
values in Table 9 is shown for the reaction product 
from T E O A . The agreement is fairly good for the other 
AMPS polymers, though the found nitrogen content is a 
little lower than the calculated one for the A M P S 
polymers from EA and PA. T h e result suggests that 
the reaction of CMPS with the amino alcohols scarcely 
induce such a side reaction as an intramolecular reaction 
of the chloromethyl groups with the neighboring amino 
alcohol residues in the polymer. 

Acid-Base Equilibria of the Polyelectrolytes. A 50 ml 
acidic solution of AMPS containing about 0.15 mmol 

C(%) H(%) N(%) Cl(%) 0 ( % ) 

AE 

AP 

AB 

AMP 

TRIS 

TEOA 

Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 
Found 
Calcd 

61.88 
62.21 
64.71 
63.62 
67.91 
64.89 
66.05 
64.88 
61.81 
57.32 
60.87 
60.02 

6.95 
7.54 
7.43 
7.96 
7.95 
8.31 
7.22 
8.33 
7.06 
7.37 
7.60 
8.00 

5.40 
6.43 
5.04 
6.05 
5.43 
5.69 
5.63 
5.74 
4.52 
5.08 
4.43 
4.57 

19.61 
16.47 
17.05 
15.47 
12.50 
14.60 
14.68 
14.58 
11.15 
12.85 
11.91 
11.74 

6.16 
7.35 
5.76 
6.91 
6.21 
6.50 
6.43 
6.52 

15.47 
17.39 
15.18 
15.67 

a) The found values are the ones corrected for water 
contents, b) The calculated values are the ones calculated 
on the basis of the fractional conversions by means of 
Eq. 7. 

amino alcohol residues was ti trated with a s tandard 
sodium hydroxide solution (1/10 mol d m - 3 ) . The 
titration curves of the A M P S polymers containing AB, 
A M P , T R I S , and T E O A residues are shown in Fig. 4. 
The titration curve of the A M P S polymer containing 
AB residues in the absence of salt gives an inflection 
point at a higher p H range, and another inflection 
point is observed in a lower p H range in the presence of 
salt (Fig. 4A). The acid-base equilibria of the AB 
residues are represented by the titration curves in a 
region between the two inflection points. Similar 
titration curves were obtained for the A M P S polymers 

3 1 
NaOH (ml) 

Fig. 4. Titration curves of the polyelectrolytes (AMPS) 
produced by the amination of CMPS with (A) AB, (B) 
AMP, (C) TRIS, and (D) TEOA. 
Curve 1 : In the absence of salt, Curve 2 : in the 
presence of NaCl (1 mol dm - 3) . 
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prepared from AE and AP. Since the pKa of A M P 
residue is higher than that of AB residue, the titration 
curve in the absence of salt in Fig. 4B has two inflection 
points. In contrast, the curve in the presence of salt 
in Fig. 4C has two inflection points due to the fact that 
the pKa of T R I S residue is lower than that of the AB 
residue. O n the other hand, the inflection point does 
not appear in Fig. 4D in a higher p H range, as expected 
from the fact that T E O A produces a strong basic 
quaternary ammonium residue. 

T h e acid-base equilibria of these A M P S polymers, 
except for the one from T E O A , can be described by 
the modified Henderson-Hasselbach equation: 

p H ^ p / ^ - n ' O - o c J K (8) 

where OCJ is the degree of dissociation of the conjugated 
acid of the amino alcohol residue, n' is a constant, and 
pKm is the pKa value at <Xj=0.5. T h e results are 
summarized in Table 10, where the pKa values of the 

TABLE 10. T H E pK VALUES OF THE AMINO 

ALCOHOLS AND THE POLYELECTROLYTES 

Aminoalcohol A M P S QAMPS 

series 

AE 
AP 
AB 
AMP 
TRIS 
TEOA 

P*a 

9.49 
9.43 
9.23 
9.69 
8.15 
7.86 

(No salt)a> 

6.63 
6.31 
6.10 
7.00 
5.53 
> 1 0 

(Salt)b> 
P * m 

7.77 
7.62 
7.73 
8.37 
6.94 
> 1 0 

a) The values in the absence of added salt, b) The 
values in the presence of 1 mol dm - 3 sodium chloride. 

amino alcohols are also listed. The values of n' 
were 1.8—2.0 in the absence of salt and 1.5—1.7 in the 
presence of salt, except for the polymer from A M P 
(nf was close to unity). T h e addition of sodium chloride 
( 1 mol d m - 3 concentration) weakens the electrostatic 
field effect and pKm becomes higher (ApA ' m =l . l—1 .6 ) . 
The difference between the pKa value of an amino 
alcohol and the pÄ"m value of the corresponding A M P S 
in the presence of the salt becomes smaller in the 
following order: A E > A P > A B > A M P > T R I S (ApK= 
pKa —pKm=l.7—1.2). Since this order is related to 
the branching structure of the amino alcohol residue, 
it may be that the branching structure has the shielding 
effect on the electrostatic interaction or that it lowers 
the local dielectric constant around the amino group 
thereby decreasing the effective charge of the the 
charged group. The reason that the pKm value of A M P S 
does not agree with the pKa value of the corresponding 

amino alcohol is to certain extent explained by the 
amino alcohol residue being combined with the benzyl 
group. pKa are found in certain cases to decrease by 
about unity due to the effect of the benzyl group.15) 
T h e pKm of the T E O A residue is greater than the pKa 

value of T E O A , because T E O A combines with the 
benzyl group to form the strong basic quaternary 
ammonium group. Neverthless, the pKa of the T E O A 
quaternary ammonium residue is lower than that of 
the T E A quaternary ammonium residue (pA ' m >l l ) 
because of the inductive effect of the hydroxyl groups 
in the former residue. Table 10 also lists the pKm values 
of Q A M P S or the amino alcohol residues of the reaction 
products of Q C M P S and the amino alcohols in the 
presence of salt. They are found to be practically 
identical with those of AMPS. 

T h e author wishes to express his thanks to Dr. 
Masaya Yanagita for his valuable discussions. He is 
also grateful to Mr . Yukio Uesugi and Mr. Masayuki 
Kamiya for their helpful assistance in carrying out the 
measurements. 
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Effect of Pressure on Charge-transfer Spectra and Equilibria in 
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Charge-transfer spectra of /rawj-stilbene-, m-stilbene-, 1,1-diphenylethylene-, and a-methylstyrene-TCNE 
mixtures in chloroform and in 1,2-dichloroethane have been measured at high pressures at 25 °C. The spectra 
shifted to a lower energy (red shift) with increasing pressure, the two bands in each complex shifting almost in 
parallel to each other. The shifts are qualitatively interpreted by McRae's theory. The spectral changes in 
intensity with pressure was analyzed taking account of reversible formation of the EDA complex and 1,4-cycload-
duct; only the complex was formed in the stilbene systems. Volume changes for the complex formation are in the 
range of —4 to — 7 cm3 mol - 1 and those for the cycloaddtion are in the range of —23 to —30 cm3 mol -1. The 
latter slightly increase in magnitude when solvent is changed from chloroform to a more polar solvent, 1,2-dichloro-
ethane. 

Disappearance of red color in dichloromethane 
solution of styrene and tetracyanoethylene (TCNE) was 
discovered at a high pressure of about 8 kbar (1 b a r = 0 . 1 
MPa) half a decade ago.1) T h e observation has led to 
finding a new 1,4-cycloaddition between styrene and 
T C N E with the aid of the quenching method; the 
electron-donor-acceptor (EDA) complex is transformed 
to the cycloadduct by the application of pressure.2»3) 
Effects of substituents in styrene, solvent polarity, and 
temperature on the found 1,4-cycloaddition have been 
investigated to elucidate the reaction mechanism from a 
kinetic point of view in a series of papers.4 - 6) A short 
paper has been published where effect of pressure on the 
1,4-cycloaddition between a-methylstyrene and T C N E 
in 1,2-dichloroethane is studied.7) In the present paper, 
charge-transfer (CT) spectra of tom.y-stilbene-, cis-
stilbene-, 1,1-diphenylethylene-, and a-methylstyrene-
T C N E mixtures in chloroform and in 1,2-dichloroethane 
have been taken at high pressures and spectral changes 
in intensity are analyzed by taking account of chemical 
equilibria involved in each system. The pressure effect 
allows us to know the volume change accompanying 
the reversible 1,4-cycloaddition without measuring 
the partial molal volumes of the reactants and product ; 
in this case, direct density measurements can not be 
carried out on the product because it is not isolated. 
The large effect of pressure on the 1,4-cycloaddition 
is well established here ; a decrease of 10—12% in volume 
accompanies the cycloaddition where two bonds are 
formed between the component molecules. 

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

TCNE, a-methylstyrene, 1,1-diphenylethylene, and f r i ­
and «j-stilbenes were purified by the method described else­
where.3) Solvents were purified by the standard method. 

Electronic absorption spectra were recorded on a Shimadzu 
UV-200S spectrophotometer at 1 bar and on a Union Giken 
RA-405 spectrophotometer at high pressure. All the other 
apparatuses and procedures for spectroscopic measurements 
at high pressure were the same as those in the previous work.3) 

The formation constants for the EDA complex and 1,4-
cycloadduct were determined from absorbance of the EDA 
complex at the first charge-transfer band at each pressure at 
25°C. The temperature was regulated to ±0.1 °C and the 
pressure was measured within ± 1 %. The concentration of 

the donor was always much larger than that of TCNE. The 
concentrations of the donor and the acceptor at high pressure 
were corrected for compression by using the Tait equation 
for the solvents.8) 

The partial molal volumes of a-methylstyrene in several 
solvents were determined by the method described in the 
previous work.6) 

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

Charge-transfer Spectra. Some typical electronic 
absorption spectra of the complexes studied here in the 
visible region are shown in Figs. 1—4 as a function of 
pressure. Two kinds of intermolecular charge-transfer 
transitions occur in each complex, while in Figs. 2 and 
3, the second transition band lying at a higher energy is 
markedly obscured by the absorption due to the donor. 
The band multiplicity can arise from electron donation 
from the two highest occupied levels in the donor or 
from electron acceptance at the two lowest unoccupied 
levels in the acceptor.9) T h e latter is not the case in 
the complexes of T C N E with these styrènes, because 
the difference in energy between the maxima (£max,i and 
y m a x 2) of the first and second bands is dependent on the 

0.4 \ 

0 I 1 1 1 1 
400 500 600 700 

Wavelength/nm 

Fig. 1. Absorption spectra of TCNE complex with cis-
stilbene in chloroform at 25°C at various pressures. 
[D]0=0.1160 mol dm-3 ; [A]0=5.184x 10~3 mol dm"3 

at 1 bar; / = 0.506 cm. 
, 1 bar; , 500 bar; . . . . , 1000 bar; - — , 1500 

bar. 
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400 500 600 

Wavelength/nm 

700 

Fig. 2. Absorption spectra of TCNE complex with 
fra;w-stilbene in chloroform at 25°C at various pressures. 
[D]0=0.1034 mol dm"3; [A]0=2.436x 10~3 mol dm"3 

at 1 bar; /=0.587 cm. 
, 1 bar; , 500 bar; , 1000 bar; , 1500 

bar. 

400 500 
Wavelength/nm 

600 

Fig. 3. Absorption spectra of TCNE complex with 1,1-
diphenylethylene in chloroform at 25°C at various 
pressures. 
[D]0=0.2409 mol dm"3; [A]0=5.184x 10~3 mol dm"3 

at 1 bar; /=0.551 cm. 
, 1 bar; , 1000 bar; , 1500 bar. 

500 600 

Wavelength/nm 

Fig. 4. Absorption spectra of TCNE complex with oc-
methylstyrene in chloroform at 2 5° G at various pres­
sures. 
[D]0=0.3283 mol dm-3 ; [A]0=4.809x 10"3 mol dm"3 

at 1 bar ; /=0.525 cm. 
, 1 bar; , 500 bar; , 1000 bar; , 2500 

bar. 

donors.10 '11) Each band maximum shifts toward a 
lower energy (red shift) with increasing pressure, as 
found in other EDA complexes.12) The frequency shifts 
between 1 and 1500 bar are in the range of —200 to 
—400 c m - 1 kbar - 1 . Causes for the red shift are pressure-
induced increases in the refractive index and dielectric 
constant of the solvent according to McRae 's theory.13) 
The excited state much polar than the ground state is 
stabilized more at higher pressures, and as a result, the 
energy gap between the ground and excited states is 
reduced to some extent by pressure. The difference 
between vmax>1 and Pmax>2 is independent of pressure 
within an experimental uncertainty of 10 2 cm _ 1 as 
follows; (y m a X i 2 — 5 max . i ) / 1 0 2 c m - 1 in chloroform at 1, 
500, 1000, and 1500 bar are 68.3, 68.4, 69.4, and 69.8 
for the cù-stilbene complex and 50.3, 49.7, 50.6, and 
50.5 for a-methylstyrene complex, respectively. A 
similar behavior is found for the b iphenyl-TCNE 
complex, while the two bands of the naphthalene-
T C N E complex are reported to behave differently from 
each other.14) In that case, existence of isomeric forms 
of the complex is proposed on the basis of the nonparallel 
shifts, but the present result of the parallel shifts of the 
two bands suggest some similarity in polarity between 
the excited states of the first and second bands.15) 

Spectral Intensities and Chemical Equilibria. An 
increase, a decrease, and a complicated variation in 
absorbance with increasing pressure are observed in the 
solutions of stilbenes (Figs. 1 and 2), a-methylstyrene 
(Fig. 4), and 1,1-diphenylethylene (Fig. 3), respectively. 
T h e increase is due to the formation of the EDA complex 
promoted by pressure and the decrease is caused by the 
transformation of the complex to the 1,4-cycloadduct 
which is promoted by pressure more than the complex 
formation. Thus, the following reversible reactions, 

Ke 

D + A : F = ± EDA Complex 
and 

(1) 

K K 

D + A ^ ± EDA Complex ^ ± P (2) 

occur in solutions of T C N E with stilbenes and in those 
with a-methylstyrene and 1,1-diphenylethylene, respec­
tively.4) Here, D, A, and P denote the donor, the 
acceptor, and the 1,4-cycloadduct, respectively, and Kc 

and K-L are, respectively, expressed by 

and 

_ [EDA] 
c [D][A] 

K - [ P ] 
1 [EDA] ' 

(3) 

(4) 

where the square brackets indicate the concentration 
of each species. The equilibrium constants in Eqs. 3 
and 4 can be determined, respectively, by the Scott 
equations 

[D]Q[A] 0 / _ 

and 

1 + - J - [D] 0 
^ c e m a i 

(5) 

[D],[A]0/ 1 + ^ [ D ] 0 J (6) 

where [D] 0 and [A]0 are the initial concentration of the 
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[D]0/mol dm - 3 

Fig. 5. Scott plots for frarw-stilbene-TCNE system in 
chloroform at 25°C at various pressures. 
(a), 1 bar; (b), 500 bar; (c), 1000 bar; (d), 1500 bar. 

TABLE 1. FORMATION CONSTANTS (KJmol-1 dm3) OF EDA 

COMPLEXES IN CHLOROFORM AT 2 5 ° C AT VARIOUS PRESSURES 

Donor 
P/bar 

1 500 1000 1500 

toz>w-Stilbenea) 1.16 1.23 1.34 1.42 
m-Stilbeneb) 0.415 0.424 0.467 0.493 
a-Methylstyrene0 0.422 0.443 0.452 0.466 
l,l-Diphenylethylened> 0.312 0.329 0.353 0.369 

a) emax is 1880, 1940, 1960, and 2040 mol-1 dm3 cm-1 at 
1, 500, 1000, and 1500 bar, respectively, b) emax is 1950, 
2090,2050, and 2100 mol-1 dm3 cm-1 at 1,500,1000, and 
1500 bar, respectively, c) emax is taken to be 1760 mol - 1 

dm3 cm - 1 from Ref. 4. d) emax is taken to be 1660 mol - 1 

dm3 cm - 1 from Ref. 4. 

donor and acceptor, respectively, / is the path length 
(0.5—0.6 cm), Ae is the equilibrium absorbance at 
^max.u a n d £max ^s t n e molar absorption coefficient. 

When spectra in the Jra/w-stilbene-TCNE system like 
those in Fig. 2 are measured at high pressures over a 
wide range of [D]0 , the left-hand side of Eq. 5 can be 
plotted against [D] 0 as shown in Fig. 5. T h e plots are 
linear at each pressure and provide Kc and e m a x from 
their slopes and intercepts (see Eq. 5). Similar plots 
are obtained in the cù-st i lbene-TCNE system. The 
results are summarized in Table 1 as a function of 
pressure; actually, the formation constants increase 

[D]0/moldm~3 

Fig. 6. Scott plots for a-methylstyrene-TCNE system in 
chloroform at 25°C at various pressures. 
(a), 1 bar; (b), 500 bar; (c), 1000 bar; (d), 1500 bar. 

with increasing pressure. 
Figure 6 illustrates plots of the left-hand side of Eq. 6 

against [D] 0 for the a-methylstyrene-TCNE system in 
chloroform; the intercept, l/(A"cemax) becomes smaller 
and the slope, ( l+A ' 1 ) / e m a x becomes larger as pressure 
increases, both Kc and Kx increasing with pressure. 
Similar plots are obtained for the a-methylstyrene-
T C N E system in 1,2-dichloroethane and for the 1,1-
diphenylethylene-TCNE system in chloroform and in 
1,2-dichloroethane. We can not determine the pressure 
dependence of e m a x in the present case where the two 
kinds of equilibria are involved. Hence, we use the 
values of e m a x at 1 bar4»6) to determine the values of 
Kc and Kx at high pressures. The determined values of 
Kc and Kx are listed in Tables 1 and 2 and 3 and 4, 
respectively. The values of A"c/mol -1 dm 3 and Kx at 
1 bar for the a-methylstyrene-TCNE system in chloro­
form are comparable with those obtained by a kinetic 
method,4) 0.436 and 4.12, respectively, and the values 
in 1,2-dichloroethane with 0.084 and 11.6,6> respectively. 
The values o f ^ / m o l - 1 dm 3 at 1 bar for the 1,1-diphenyl-
e thylene-TCNE system in chloroform is in reasonable 
agreement with the kinetically determined one, 0.306, 
whereas the Kx value is smaller than that determined 
kinetically, 3.51 for some unknown reason.4) 

Volume Changes for Reactions. Volume change 

TABLE 2. FORMATION CONSTANTS (KJmol-1 dm3) OF EDA COMPLEXES 

IN 1, 2-DICHLOROETHANE AT 2 5 ° C AT VARIOUS PRESSURES 

a-Methylstyrenea) 

1,1 -Diphenylethyleneb) 

1 

0.094 
0.072 

300 

0.097 
0.075 

600 

0.101 
0.078 

P/bar 

900 

0.104 
0.081 

1200 

0.117 
0.084 

1500 

0.126 
0.087 

a) em9iX is taken to be 3330 mol - 1 dm3 cm"1 from Ref. 6. b) emax is taken to be 3000 mol - 1 dm3 cm -1 . 
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TABLE 3. FORMATION CONSTANTS (K±) OF 1,4-CYCLOADDUCTS 

IN CHLOROFORM AT 2 5 ° C AT VARIOUS PRESSURES 

TABLE 5. VOLUME CHANGES (AVC, AVX, AND 

AFR/cm3 mol-1) IN CHLOROFORM AT 25 °C 

Donor 

a-Methylstyrene 
1,1 -Diphenylethylene 

1 

4 . 4 4 
2 .15 

P/bar 

500 1000 

6 .67 
2 .90 

10.0 
4 .35 

1500 

15 
6 

.1 

.11 

TABLE 4. FORMATION CONSTANTS (KX) OF 1,4-CYCLOADDUCTS 

IN 1,2-DICHLOROETHANE AT 25 °G AT VARIOUS PRESSURES 

Donor 

a-Methylstyrene 
1,1 -Diphenylethylene 

1 

10.8 
2.91 

P/b 

300 600 

14.1 18.3 
4 .26 6 .08 

ar 

900 

23 .2 
7 .90 

1200 

30.1 
10.3 

1500 

39 .5 

13.1 

(AVC) accompanying the EDA-complex formation 
and that (AJ^) for the 1,4-cycloaddition are determined 
from the thermodynamic relation, 

(3\nK\ AV 
(7) 

where R, K, P, T, AV, Am, and K are the gas constant, 
the equilibrium constant (Kc or KJ, the pressure, the 
temperature, the volume change (AVC or AFi) , the 
change in the molecular number for the reaction 
( A m = —1 for Kc and 0 for A"x), and the isothermal 
compressibility of the solvent, respectively. Plots of 
In K vs. P are linear within the experimental error in 
every case. Typical plots for oc-methylstyrene-TCNE 
system in chloroform are shown in Fig. 7. T h e values 
of AVC and AVX obtained thus are given in Table 5, 
where the volume changes, A F ' B = A F C + A F 1 , for the 
overall reactions from the donor and the acceptor in the 
two solvents are included. 

The volume changes accompanying the complex 
formation are in the range of —4 to —7 cm 3 mol - 1 . 

500 1000 

P/bar 

1500 

Donor AVC AV, AFR 

Fig. 7. Plots of In K vs. P for a-methylstyrene-TCNE 
system in chloroform at 25°C. 

/rarw-Stilbene —5.8 ± 1 . 9 — — 
m-Stilbene — 5.4 ± 0 . 5 — — 
a-Methylstyrene — 4.0 ± 0 . 2 — 20 ± 1 — 24±1 

( -6 .9±0 .6 ) a > (_21±l ) a > (_28±l) a > 
1,1 -Diphenylethylene 

- 5 . 2 ± 0 . 2 - 1 8 ± 1 - 2 3 ± 1 
( -5 .1±0 .0 ) a > ( - 2 5 ± 1 ) ° ( - 3 0 ± 1)a> 

a) In 1,2-dichloroethane. 

T h e relatively small negative values are found also for 
other T C N E complexes.12»16* There is no general 
correlation between AVC and — RTIn Kc in the series 
of donors studied here. 

T h e reaction volumes (A Vn) for the 1,4-cycloadditions 
studied in the present work are comparable with those 
reported so far for many other 1,4-cycloadditions (—30 
to —40 cm 3 mol"1).17) T h e difference (4—7 cm3 mol"1) 
in AVn between chloroform and 1,2-dichloroethane is 
probably due to the polarity of the adduct for the 
following reason. The partial molal volume of a-
methylstyrene varies little in the solvent used here; its 
value at 25 °C is 132.5±0.3 , 132.3±0.3, 131.3±0.3, 
and 130.8±0.1 cm 3 m o l - 1 in 1,2-dichloroethane, di-
chloromethane, chloroform, and carbon tetrachloride, 
respectively. T h e part ial molal volume of T C N E 
sparlingly soluble in these solvents are 107, 107, and 
106 cm 3 m o l - 1 in 1,2-dichloroethane, dichloromethane 
and carbon tetrachloride, respectively.6»18) Thus, the 
partial molal volumes of the donor and the acceptor 
depend little on solvent polarity in these solvents. It is 
clarified in the previous paper6) that the cycloadduct 
has a relatively large dipole moment as a result of the 
symmetry breakdown in the T C N E moiety. In consequ­
ence, the partial molal volume of the polar adduct is 
expected to be smaller in 1,2-dichloroethane than in 
chloroform. If this is the case, the reaction volume 
becomes larger in magnitude in 1,2-dichloroethane than 
in chloroform as observed. 
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The discrete-variational Xa (DV-Xa) calculations are used for the hexacyano transition-metal complexes, 
[M(CN)6]3- (M=Cr, Mn, Fe, and Co) and [Fe(CN)6]4-. The calculated values of the core- and valence-orbital 
energies can be correlated with the XPS results. The Mulliken populations are presented. The calculated d-d 
excitation energies are in good agreement with the A (ligand-field parameter) values obtained from the spectra. 

The Hartree-Fock-Slater (HFS) model1) has recently 
been applied to the molecular orbital (MO) calculation 
of the electronic structures of molecules, clusters, and 
crystals. Three methods have been developed for the 
application of this model to the M O calculation : the 
multiple-scattering X a (MS-Xa) method,2) the discrete-
variational X a (DV-Xa) method,3) and the L C A O - X a 
method.4) The MS-Xa method developed by Johnson 
and his co-workers seems to be oversimplified for use 
in the calculation of a metal complex which contains 
heteropolar covalent bonds. T h e L C A O - X a method is 
an attractive approximation,5) but it does not seem to 
meet the present purpose because of the incompatibility 
of a satisfactory basis set and a reasonable computer 
t ime. Most suitable to the present case, therefore, is 
the DV-Xa method, which has the following advantages : 
any type of functions, including numerical functions, 
can be used as the basis functions and as the potential 
functions, mathemat ical difficulties are eliminated, and 
a large system can be calculated in a relatively short 
computer t ime. O n the other hand, this method is 
not suitable for the calculation of accurate total energies. 
The DV-Xa calculations for the ionization and excita­
tion energies have shown an excellent agreement with 
the experimental results for small molecules6»7) and 
metal clusters.8 '9) 

However, only a few reports9»10) have so far appeared 
concerning the systematical application of the D V -X a 
method to a series of transition-metal complexes. It 
still remains uncertain how far the D V - X a method 
can be relied on for the calculation of the orbital energy, 
the atomic charge, the bond-overlap population, and 
the d-d excitation energy of a transition-metal complex. 

T h e present study is concerned with the application 
of the D V - X a method to a series of hexacyano transition-
metal complexes, which have been of special interest 
for both inorganic and theoretical chemists.11) Cyanide 
ions are coordinated to a metal ion with both a- and 
TT-type bondings, and cyano complexes are typical of the 
complexes in which the n back-donation of electrons 
possibly takes place. 

The main purpose of the present study is to obtain 
a deeper understanding of the coordinate bond by 
comparing the electronic structures of hexacyano 

** Present address: Laboratory of Inorganic Chemistry, 
Faculty of General Education,Nagoya University, Chikusa-ku, 
Nagoya 464. 

complexes. For this purpose, an HFS M O calculation 
with the numerical-basis DV-Xa method has been made 
of [ M ( C N ) 6 ] 3 - ( M = C r , Mn, Fe, and Co) and [Fe-
(CN) 6 ] 4 _ . The results are compared with the experi­
mental results in order to confirm their reliability, and 
comparisons are made between the results for different 
complexes of the series. A comparison is also made 
with the recent results of the ab initio M O calculation 
of [Co(CN) 6 ] 3 - by Sano et a/.12»13) 

C o m p u t a t i o n a l M e t h o d 

The computational details of the spin-polarized DV-
X a method and the relation between the DV-Xa 
treatment and ligand-field theory have been sufficiently 
described elsewhere.9) 

In the H F S model,1) the exchange-correlation term 
is given by: 

F „ t ( l ) = - 3 a [ ( 3 / 4 * V (1)]V3 
where pT ( 1 ) is the local charge density with up-spin and 
a is the exchange scaling parameter ; a = 0 . 7 0 is used for 
all atoms throughout the present calculation.6) The 
spin-polarized DV-Xa self-consistent-charge (SCC) pro­
cedure9) has been performed for both up and down spins, 
where an approximate self-consistent molecular potential 
is determined from the Mulliken gross orbital popula­
tions. The up- and down-spin numerical basis functions 
are generated as the solutions of the atomic HFS 
equations in which an atom-like potential is constructed 
by spherically averaging the molecular potential around 
the nucleus for the region inside each atomic sphere.8) 
The basis sets including the metal ls-4p and C and N 
ls-2p are utilized for most of the present calculations. 

T h e molecular geometries for the complexes are 
taken from the experimental results.14) In the present 
calculation, the complexes are regarded as having the 
O h symmetry. 

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

The MO's of the Cyanide Ion and Its Coordination to a 
Metal Ion. T h e eigenvalues and charge distribu­
tions calculated for free C N _ are tabulated in Table 1. 

The \a and 2a MO ' s are N l s and Cls orbitals 
respectively. O n the basis of the orbital components 
and the bond-overlap populations, each orbital may be 
characterized as follows: 3o is the N2s-C2s bonding 
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TABLE 1. ELECTRONIC STRUCTURE OF C N -

Orbital Energy/eV 

Charge distribution/% 
G N 

Is 2s 2p Is 2s 2p 

5a 
\n 
4a 
3a 
2a 
la 

2.5 
1.4 

- 0 . 6 
- 1 1 . 9 

- 2 5 8 . 1 
- 3 6 8 . 8 

23 

32 
21 

39 
42 

9 
12 

6 

24 
55 

32 
58 
34 
11 

100 
100 

Carbon 
orbital 

Orbital 
population 

Nitrogen 
orbital 

Orbital 
population 

Is 
2s 
2p<7 
2p?r 

2.00 
1.52 
1.21 
1.68 

Is 
2s 
2p<7 
2p;r 

2.00 
1.72 
1.55 
2.32 

Atomic 
charge -0.41 Atomic 

charge - 0 . 5 9 

C-N Overlap 
population 

5a 
ITT 

4a 
3a 

-0.249 
1.110 
0.013 
0.397 

orbital, the major part of the population of nonbonding 
4a and that of antibonding 5a reside at N and C 
respectively, and 1 n is bonding. These features are 
similar to previous results12»13) derived from the ab initio 
M O calculation. However, the results of the population 
analysis in the present calculation (—0.59 on N and 
—0.41 on C) are in contrast with the previous results 
(—0.454 on N and —0.546 on C).13> The present results 
are more reasonable for the reason that they are con­
sistent with the higher electronegativity of the nitrogen 
atom. The ab initio calculation with double-zeta basis 
functions sometimes gives unreasonable results for 
Mulliken populations due to a diffuse component of the 

double-zeta function extending to the neighboring 
atom.15) Thus, one of the merits of the DV-Xa SCC 
method seems to be that it gives reasonable populations. 

In spite of the higher negative charge located on the 
nitrogen atom, the cyanide ion is coordinated to the 
metal at the carbon atom. This can be expected from 
the frontier-electron theory,16) according to which an 
electrophilic reaction tends to takes place on the atom 
that has the highest electron density in the highest 
occupied M O (HOMO) of the ground state of the 
nucleophile. The H O M O of the free CN~ ion is 5a, 
the population of which is greater on the carbon atom 
(62%) than on the nitrogen atom (38%); this is con­
sistent with the tendency of CN~ to coordinate at the 
carbon atom. 

TABLE 2. A£(Nls-Cls) FROM XPS EXPERIMENTS175 

AND DV-Xa MO CALCULATION (eV) 

Cr34 Mn3+ Fe3+ Co3+ Fe2+ 

DV-Xa 
Expt 

110.0 
113.6 

109.9 
113.4 

109.9 
113.3 

109.6 
113.2 

109.8 
113.1 

Orbital Energies and Ionization Potentials of the Metal 
Complexes. The core-electron binding energies for 
N l s and Cls are first discussed. The orbital-energy 
values calculated by the X a method cannot be directly 
compared with the experimental values obtained from 
X-ray photoelectron spectroscopy (XPS), since the 
relaxation effect is disregarded in the calculation. 
However, the relaxation energies for C and N core 
orbitals do not change appreciably from one cyano 
complex to another; thus, the relative changes in core 
levels may be meaningful. In Table 2, the differences 
between the Nls and Cls orbital energies of the com­
plexes are compared with the corresponding XPS 
results. The calculated Nl s —Cls difference, A £ ( N l s — 
Cls), decreases from [Cr(CN)6]3~ (HO.OeV) to [Co 
(CN)6]3~ (109.6 eV) and from [Fe(CN) 6 ] 3 - (109.9 eV) 
to [Fe(CN)6]4" (109.8 eV), showing a trend similar 

TABLE 3. THE ENERGIES, SYMMETRIES, AND POPULATIONS OF THE FILLED 

OUTER-SHELL MOLECULAR ORBITALS OF [CO(CN) 6 ] 3 ~ 

Symmetry 

2t2g 

8tlu 

Itig 
lt2u 

7t lu 

5eg 

8a l g 

l t2 g 

6t l u 

4*. 
7 *is 
3eg 

5tlu 

6aljr 

Energy 
eV 

5.34 
4.07 
3.99 
3.61 
2.96 
2.83 
2.82 
2.26 
0.29 
0.18 

- 2 . 6 1 
- 1 0 . 6 8 
- 1 0 . 8 6 
- 1 1 . 0 0 

3d 

70.7 

10.8 

20.5 

36.3 

0.2 

Metal orbital 

4s 

0.0 

9.9 

3.1 

I 

4p 

1.3 

0.0 

6.0 

1.7 

Population analysis/% 

Carbon orbital 

2s 

8.5 

0.0 
0.0 
0.0 

38.8 
31.2 
39.6 
19.7 
18.0 
20.9 

2p 

1.8 
33.4 
35.4 
41.5 
22.7 

6.4 
8.3 

49.9 
33.7 
20.8 
44.2 
14.7 
15.3 
12.3 

Nitrogen orbital 

2s 

3.1 

19.8 
27.0 
30.1 

11.9 
7.2 
6.3 

52.2 
51.2 
49.7 

2p 

27.5 
53.6 
64.6 
58.5 
57.6 
55.8 
61.8 
29.5 

9.4 
4.5 
0.0 

13.3 
13.4 
14.0 



2900 Mitsuru SANO, Hirohiko ADACHI, and Hideo YAMATERA [Vol. 54, No. 10 

Fig. 1. The occupied valence orbital levels of [M(GN)6]3" 
(M=Cr, Mn, Fe, and Go) and [Fe(GN)6]

4". 

10 5 _ 0 

Electron binding energy/eV 

Fig. 2. Valence shell spectra of XPS20> and orbital 
energies for [Fe(GN)6]4" and [Go(GN)6]

3". 

to that observed in the XPS data. Detailed discussions 
of the XPS results have been given elsewhere.17) 

Table 3 shows the energies and symmetries of the 

filled outer-shell MO's of [Co(CN)6]3~, along with their 
atomic components. The energies of orbitals with up-
and down-spins are schematically shown in Fig. 1 for 
all the complexes of the series. In all cases, the H O M O 
is 2t2g, consisting mainly of metal an with a small 
contribution of ligand n orbitals. This is different from 
the previous results of a simple Hartree-Fock (HF) 
calculation,12) which showed that 2t2g consists mainly 
of ligand orbitals, but it is consistent with the results 
of the HF calculation with the À SCF procedure,13) 
according to which the ionization potential of 2t2g 

(a mainly ligand orbital) is larger than that of lt2 g 

(a mainly metal orbital) and the latter may therefore be 
regarded as H O M O . The XPS results19»20) also show 
that the electron of the smallest binding energy is of a 
mainly metal-d character, in agreement with the 
present and the A SCF results. Figure 2 shows a com­
parison of the calculated orbital-energy levels and the 
XPS spectra of the valence regions of [Fe(CN)6]4~ and 
[Co(CN)6]3- .20) For easy comparison, the position 
of the calculated energy level of 2t2g (dn, HOMO) was 
arbitrarily taken as the reference to be fitted to the 
corresponding XPS peak in Fig. 2. The relative positions 
of the calculated orbital-energy levels appear to show a 
good correlation with the spectra, in spite of the fact 
that the reorganization energy is neglected in the 
calculation. A more detailed discussion, including the 
calculation by the transition-state method and an 
estimation of the relative intensities, will be given 
elsewhere.21) 

In the valence levels, the 6a l g , 5t lu , and 3eg MO's of 
the complexes are predominantly composed of CN~ 3a 
orbitals (see Tables 1 and 3). The 7a l g , 4eg, and 6t l u 

MO's are CN~ a orbitals mixed with metal a orbitals. 
The lt2 g M O is composed of CN~ n and metal an. 
The 8a l g , 7t lu, and 5eg MO's are CN~ a orbitals located 
mainly on N. The l t l g and lt2 u MO's are CN~ n 
orbitals, while 8t l u M O is predominantly GN~ n 
orbitals slightly mixed with the metal 4p orbital. 

We shall compare the orderings of MO's in the free 
and coordinated CN~ ions. Although the 5a orbital 

Metal 
up 

Cr3* 

down 

TABLE 4. ATOMIC CHARGES 

Mn3+ 
r f 

up down up 

Fe3+ 

down 
Fe2+ Co3+ 

3d<7 

3d;r 

4s 
4p 

Atomic charge 

Carbon 

2s 
2p<r 
2p7T 

Atomic charge 

Nitrogen 

2s 
2p<r 
2p7T 

Atomic charge 

0.79 
2.75 
0.14 
0.23 

+ 1.21 

0.62 
0.56 
0.86 

- 0 . 1 7 

0.86 
0.77 
1.19 

- 0 . 5 3 

0.49 
0.13 
0.10 
0.15 

0.66 
0.59 
0.89 

0.86 
0.77 
1.10 

0.85 
2.75 
0.13 
0.24 

+ 1.13 

0.61 
0.55 
0.87 

- 0 . 1 4 

0.86 
0.76 
1.19 

- 0 . 5 5 

0.64 
0.98 
0.11 
0.18 

0.64 
0.58 
0.89 

0.86 
0.76 
1.13 

0.91 
2.75 
0.12 
0.24 

+ 0 . 9 8 

0.60 
0.55 
0.85 

- 0 . 0 5 

0.86 
0.76 
1.21 

- 0 . 6 1 

0.79 
1.87 
0.11 
0.21 

0.62 
0.56 
0.87 

0.86 
0.76 
1.17 

1.52 
4.99 
0.22 
0.44 

+0 .83 

1.25 
1.12 
1.69 

- 0 . 0 6 

1.72 
1.51 
2.51 

- 0 . 7 4 

1.89 
5.48 
0.26 
0.53 

+ 0.84 

1.20 
1.10 
1.75 

- 0 . 0 4 

1.72 
1.50 
2.38 

- 0 . 6 0 
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TABLE 5. BOND-OVERLAP POPULATIONS 

M-GTT 

lt2g 

2t2g 

M-Ca 

^ 
5eg 

a i ' s l 
tiu'sj 

Total M-G 
C-N<7 

G-NTT 

Total G-N 

Gr3+ 

0.05 
0.05 
0.00 
0.21 
0.10 
0.05 

0.06 

0.25 
0.42 
1.10 
1.51 

Mn3+ 

0.05 
0.06 

- 0 . 0 1 
0.23 
0.12 
0.04 

0.07 

0.27 
0.43 
1.08 
1.50 

F e 3 + 

0.05 
0.07 

- 0 . 0 2 
0.24 
0.12 
0.04 

0.08 

0.29 
0.44 
1.07 
1.50 

Co3+ 

0.04 
0.08 

- 0 . 0 3 
0.27 
0.13 
0.03 

0.11 

0.30 
0.45 
1.07 
1.51 

Fe2+ 

0.08 
0.06 
0.03 
0.23 
0.11 
0.06 

0.06 

0.31 
0.43 
1.01 
1.44 

is the H O M O in the free CN~ ion, the ordering of the 
a and n orbitals is reversed by the coordination of C N -

with a metal ion. Thus, the ordering is 

5a y> \JI ^> 4ff in the free CN ion 

and ; 

metal drc > ^(GN~) > <;(CN") in the complex ion. 

Since the cyanide ion is a good ^-electron donor, the 5a 
orbital energy is greatly decreased by the bonding 
interaction with the metal da orbital. 

Bond-overlap Population and Bond Strength. The 
calculation has been done by the procedure of SCC. 
The numerical basis set generated by iterative SCC8) 
gave adequate wavefunctions suitable to the Mulliken 
population analysis. The bond-overlap population and 
charge distributions thus obtained are given in Tables 4 
and 5. The metal-carbon bond strength is related to 
both the a- and ^-overlap populations for the M - C 
bond. The or-bond-overlap populations of the 
[M(CN)6]3 _- type complexes gradually increase with an 
increase in the atomic number of the metal (from Cr to 
Co). This is consistent with the tendency for the 
effective nuclear charge of the metal ion to increase 
in the order of Cr 3 +<Mn 3 +<Fe 3 +<Co 3 +. T h e increase 
[n the nuclear charge is only incompletely screened by 
the increase in the number of metal dn electrons. Thus, 
the ligand-to-metal donation of a electrons is expected 
to increase with an increase in the atomic number of 
the metal. O n the other hand, the jr-bond-overlap 
population remains almost unchanged, probably because 
of the counterbalancing effects of the 7i-\-dji bonding 
and cbr—n antibonding interactions. The total bond-
overlap population and, consequently, the M-C-bond 
strength increase in the order of C r - C < M n - C < T e - C < 
Co-C. As regards the C - N bond, the bond-overlap 
population is 1.43 in the free C N - ion and 1.44—1.51 
in the complexes. T h e C-N-overlap population consists 
of two components, the a- and Ti-overlap populations, 
which are, respectively, 0.32 and 1.11 in the free CN~ 
and 0.42—0.45 and 1.07—1.10 in the complexes (except 
for the Fe 2 + complex, to be discussed below). T h e 
formation of the M - C bond results in a decrease in the 
antibonding character of 5a ( H O M O ) and, con­
sequently, in an increase in the C - N bond-overlap 
population from 0.32 to 0.42—0.45. This suggests 

that a stronger metal -carbon a bond is associated with a 
stronger C - N a bond. O n the other hand, the formation 
of metal-l igand n bonds with n back-donation slightly 
weakens the C - N bond, as is shown by the descrease 
in the C - N ^-overlap population from 1.11 to 1.07— 
1.10. T h e a and n effects partially compensate for each 
other, resulting in a slight increase in the C - N bond 
strength. When Fe3+ in the hexacyano complex is 
reduced to Fe2+, an electron is added to the djr orbital. 
Thus, in [Fe(CN)6]4~ the n back-donation of iron dn 
electrons to the cyanide antibonding n orbitals occurs to 
a greater extent, resulting in a weakening of the C - N n 
bond. T h e increase in the number of dn electrons will 
only indirectly affect the Fe -C a bonding and the C - N 
a bonding. Consistent with this argument, Table 5 
shows tha t the ^-overlap population decreases from 1.07 
to 1.01 and that the «r-overlap population changes very 
little in going from the Fe3+ to the Fe 2 + complex. 

Charge Distribution. T h e differences in the charge 
distribution between the free CN~ ion and the CN~ 
ligand in the complexes are seen mainly in the carbon 
charges as a result of the a donation to metal . A fraction 
(0.3—0.4) of electron flows into the metal ion from 
each carbon atom, partially neutralizing the positive 
charge of the metal ion. T h e 3da population increases 
from 1.28 to 1.89 with the increase in the carbon-to-
metal a donation in going from Cr3+ to Co3 + . T h e 3dn 
population, of course, increases with the increase in the 
atomic number. The net population of 3d^, however, 
is lower than the formal population, and the deficiency 
increases from 0.12 to 0.52, showing an increase in the 
n back-donation with an increase in the atomic number . 
The population of 4s changes only slightly, while that 
of 4p increases from 0.38 to 0.53 across the series (due to 
ligand-fo-metal donation). T h e metal positive charge 
thus decreases with the increase in the 3d<r population 
in going from Cr3+ to Co3+. O n carbon, the C2s and 
C2pa populations decrease from 1.28 and 1.15 for 
[Cr (CN) 6 ] 3 - to 1.20 and 1.10 for [Co(CN) 6 ] 3 - respec­
tively with an increase in the a donation from carbon 
to metal, while the C2p:rc population remains approxi­
mately constant. As for the nitrogen charge, the 
population remains unchanged for 2s, slightly decreases 
for 2p<r, and increases for 2pji, in going from Cr3+ to 
Co3+. As a result, the negative charge of nitrogen 
increases from —0.53 to —0.60, in contrast to the 

CN~2K' 

M 

metal Q» 

CN'Ifl. 

1t2gM0 

8 i 
C N M 

2t2 g MO 

8 Î 
C N 

as 
Ö 

. O . 

Fig. 3. Orbital interaction of metal dn and cyanide n 
orbitals of T2g symmetry. Sizes of circles and ellipses 
roughly indicate the magnitudes of orbital components. 
Signs of orbital wavefunctions, namely positive or 
negative, are shown by white and black area. 
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decrease in that of carbon from —0.17 to —0.04. 
The changes in the cyanide n populations will now be 

briefly discussed. According to the orbital-mixing rule,22) 
the l t 2 g and 2t2g MO's consist of linear combinations 
of the (\n-\-2n-\-ajt)- and (àn—\n-\-2n)-types respec­
tively. These combinations are schematically sum­
marized in Fig. 3. In the formation of the bonding lt2 g 

M O , the CN~ \n and 2n amplitudes intensify each 
other at the carbon atom and compensate for each 
other at the nitrogen atom to result in increased and 
decreased populations on the carbon and nitrogen atoms 
respectively. On the other hand, in the 2t2g MO, a 
compensation and an intensification of the amplitudes 
occur at the carbon and nitrogen atoms respectively. 
The mixing of 2n (antibonding cyanide orbital) into 
d̂ r with bonding combination strengthens the M - C 
bond, but weakens the C-N bond. 

In the cyano complexes of Fe2 + and Fe3+, the metal 
charges are + 0 . 8 3 and +0 .98 , respectively, and the 
difference results mainly from different 3d populations. 
The 3dff population for Fe3+ (1.70) is greater than that 
for Fe2+ (1.52) in agreement with a greater a donation 
to Fe3+, while the difference in the Zàn population 
between Fe2+ (4.99) and Fe3+ (4.62) is much less than 
unity (or the difference in the formal charge) indicating 
a greater n back-donation from Fe2+. The charges on 
the two kinds of iron atoms differ from each other only 
by 0.15, which is much smaller than the difference in 
the oxidation number. 

As has been shown in previous papers,12»15) the charge 
distribution derived from the Mulliken population 
analysis strongly depends on the basis set of orbitals 
used in the calculation. Thus, the cobalt charge in 
[Co(CN) 6 ] 3 - was estimated to be +3 .138 and +1.301 
by two ab initio M O calculations with only slightly 
different basis sets. On the other hand, the atomic 
charge derived from the analysis of the spatial charge 
distribution naturally depends on the atomic radius 
assumed. Our previous analysis13) gave + 0 . 3 or + 2 . 3 
for the cobalt charge in the same complex, depending 
on the radius: 1.22 Â, in accordance with the results 
of an X-ray analysis,23) or 0.95 Â, which is the distance 
of minimum electron density on the calculated distribu­
tion curve. As has previously been discussed,12»15) the 
diversity of the calculated charges results from the fact 
that the allocation of charge to each atom is artificial. 
Nevertheless, the atomic charges are one of the important 
clues for elucidating the electronic structure of metal 
complexes, provided that an appropriate method is 

used consistently to calculate the charge distributions 
for the complexes to be compared. In this sense, the 
present results for charge distribution give useful 
information on the electronic state of the complexes. 
The resonable numerical values obtained for atomic 
charges may indicate that the iterative SCC procedure 
would give suitable wavefunctions for the purpose of 
population analysis. 

The Excitation Energies. One of the main purposes 
of the present work is to examine the extent to which the 
experimental values of the ligand field parameter, A} 

can be reproduced by the DV-Xoc SCC scheme. The 
theory has been thoroughly described by Adachi et alV 
The A values are obtained as the weighted averages of 
the energy differences between the vacant 6eg and 
occupied 2t2g orbitals with the same spin: 

A = [n* {E(6egi)-E(2t2g<)}+ni{E(6egi) 

-E(2t2eL)}]l(ni+ni), 

where the superscripts f and I indicate the up- and 
down-spins, and n, the occupation number of the 2t2g 

orbital with the designated spin. In Table 6, the 
calculated A values are compared with the experi­
mental values reported by Alexander and Gray.24) 

The agreement is reasonably good if the difficulties 
associated with the estimation of the experimental A 
values are taken into consideration. For some complexes 
such as [Fe(CN)6]3~, the d-d bands are not clearly 
observed due to the overlap of strong charge-transfer 
bands. The estimation of the A values from the observed 
wavenumbers of the absorption bands may be more or 
less dependent on the values assumed for Racah's B 
and C parameters. A good agreement between the 
calculated and experimental values of A for metal 
fluorides has been reported by Larsson and Connolly,25) 
who used the SW-Xoc method to obtain the A values 
as the difference between the two d-orbital energies. 
More careful DV-Xa treatments of the same compounds 
made by Adachi et al.*) gave an excellent agreement. 
Along with their results, our present results illustrate the 
usefulness of the X a method for the estimation of the A 
values. 

The A values calculated for the [M(CN)6]3"-type 
complexes increase with the increase in the atomic 
number of the metal. Though not fully consistent with 
the existing experimental data, this trend can be 
expected from the following reasoning: in going from 
Cr3+ to Co3+, the effective charge of the metal ion 
increases, the a donation from CN~ a to metal da 

TABLE 6. CALCULATED VALUES OF THE LIGAND-FIELD PARAMETER, 

A, AND THE EXPERIMENTAL VALUES24) 

Orbital 

6eg
A 

6eg' 

2V 
2V 

A (calcd) 
A (exptl) 

Cr3+ 

11.11 
8.89 
7.71 
5.42 

28000 
26600 

Mn3+ 

10.61 
9.17 
6.95 
5.40 

30200 
34000a> 

Fe3+ 

10.43 
9.73 
6.57 
5.76 

31600 
34950 

Co3+ 

9.46 
9.46 
5.35 
5.35 

33200 
34500 

Fe2+ 

16.50 
16.50 
12.35 
12.35 

33500 
33800 

(eV) 
(eV) 
(eV) 
(eV) 

(cm-1) 
(cm-1) 

a) 30000 cm-1 in Ref. 26. 

file:///n-/-2n-/-ajt)-
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occurs to a greater extent, and metal da is more strongly 
destabilized by the increased antibonding interaction. 
The n back-donation is small in these complexes; thus, 
the change in n back-donation makes a minor contribu­
tion to the change in the A values. 

The calculated A value for [Fe(CN) 6 ] 4 - is greater 
than that for [Fe(CN) 6] 3- . This is contrary to the above 
reasoning, according to which [Fe(GN)6]4~ with Fe2 + , 
with a lower effective charge, would have a lower A 
value. In this case, however, a change in the n back-
donation makes a significant contribution to the change 
of the A value. The increase in the stabilization of Fe 
dn due to the stronger Tz-bonding effect overbalances 
the decrease in the destabilization of Fe da due to the 
weaker <7-antibonding effect in going from the Fe 3 + 

to the Fe2+ complex. Calculation showed that the a 
donation decreased from 4 2 . 3 % to 37.7%, while the 
n back-donation increased from 8.5% to 16.8% corre­
spondingly. 

Conc lus ions 

The spin-polarized DV-Xa method has been applied 
to the calculation of the electronic structures of 
transition-metal cyano complexes. This leads to the 
following conclusions : 

(1) The calculated orbital energies give a good 
correlation with the XPS results. 

(2) The calculated atomic charges and bond-
overlap populations due to Mulliken population analysis 
show a trend that can be satisfactorily elucidated by a 
qualitative molecular-orbital consideration using the 
orbital mixing rule. 

(3) T h e A value, as expressed by the difference 
between da (6eg) and dn (2t2g) orbital energies, shows 
a good agreement with the spectroscopic A values. 

(4) The conclusions described under ( 1 )—(3) suggest 
that the DV-Xa M O method gives an adequate descrip­
tion of the electronic structures of transition-metal 
complexes. 

The numerical calculations were performed with a 
H I T A C M-180 system at the Computer Center of the 
Institute for Molecular Science and a F A C O M 230-75 
system at the Nagoya University Computat ion Center. 
The authors are grateful to the staffs of the computer 
centers for their assistance in the calculation. 
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Electrodes Based on Solid-solvents 
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A new type of liquid membrane electrode has been developed in which organic compounds solidified at room 
temperature were used as solvents of an ion-sensing membrane. The electrode performance of a/»-toluenesulfonate 
ion-sensitive electrode was examined and compared with that of a corresponding liquid membrane electrode, 
no remarkable difference being observed in sensitivity and response time. However, a distinct difference in selec­
tivity was observed between the 1-octadecanol (solid) and 1-decanol (liquid) membranes. The difference was 
interpreted on the basis of the solvation energy of interfering anions. The effects of ion-pair concentration, mem­
brane thickness, and pH on the electrode potentials of the 1-octadecanol membrane were investigated in comparison 
to those of the 1-decanol membrane. The electrodes responsive to various anions such as iodide, nitrate, bromide, 
and chloride were prepared with an 1-octadecanol membrane. 

Liquid membrane electrodes (LME) have the 
advantage of a wide variety in their ion-exchanger as 
regards solvent extraction systems. However, they have 
disadvantages in practical use in comparison with solid 
membrane electrodes. The Potentiometrie response of 
L M E is liable to be disturbed by hydrostatic pressure 
or stirring of the sample solution, or its ion-exchanging 
liquid tends to leak into the sample. In order to over­
come these difficulties studies have been made resulting 
in the development of an L M E based on plastic 
matrices,1»2) carbon paste,3) and the solidification of ion-
exchanging liquid by addition of naphthalene to a 
nitrobenzene membrane.4) 

Organic sulfonate selective electrodes were developed 
by use of a coated wire type electrode.5) We have 
developed a />-toluenesulfonate selective electrode (solid-
solvent membrane electrode, SSME) using organic 
compounds having a high melting point, which solidify 
at room temperature. The effects of the membrane 
components, such as ion-pair concentration, membrane 
thickness, and p H on the response behavior of SSNIE 
with an 1-octadecanol membrane were also studied in 
comparison to L M E with a 1-decanol membrane . The 
electrode performance of SSME was examined and 
compared with that of the corresponding L M E . A 
distinct difference in the selectivity patterns between 
the 1-octadecanol (SSME) and 1-decanol (LME) 
membranes was observed. 

Exper i m enta i 

Reagents. Reagent grade solid-solvents, 1-octadecanol, 
1-docosanol, m-dinitrobenzene, 1,2,4,5-tetrachlorobenzene and 
triphenyl phosphate, and liquid-solvents, 1-octanol, 1-decanol, 
nitrobenzene, o-dichlorobenzene, and tributyl phosphate were 
used without further purification. An ion-pair of methyl-
trioctylammonium /»-toluenesulfonate (TOMA»pTS) was 
prepared with methyltrioctylammonium chloride (Gapriquat, 
from Dojin Research Laboratories Go.) by the extraction 
method5) and recrystallized from ethyl acetate. Gapriquat 
salts of Perchlorate, iodide, nitrate, and bromide were similarly 
prepared. These salts of iodide, nitrate, and bromide are 
hygroscopic and they were dehydrated under reduced pressure 
before use. The pH of the sample solution was adjusted with 
hydrochloric acid or sodium hydroxide solutions. 

Preparation of Membranes. An ion-pair was dissolved into 

solid-solvent molten at elevated Temperature. After cooling 
at room temperature, the solidified ion-exchanger was ground 
into powder and pressed on a polished silver disk 1 cm in 
diameter at ca. 300 MPa to form a thin film of ion-sensing 
membrane. The thickness of the membranes was in the 
range 0.2—0.4 mm unless otherwise stated. The impedance 
of these membranes was several mega-ohms. 

Â 

Fig. 1. Configuration of solid-solvent membrane elec­
trode. 
(1) Coaxial wire, (2) glass tube, (3) Teflon cap, (4) silver 
plate, (5) metal for electric conduction, and (6) pressed 
ion-exchanger. 

Electrode Assembly and Potential Measurements. For the 
Potentiometrie test of the pressed membranes, SSME was 
constructed as shown in Fig. 1. For LME, a Corning type 
liquid membrane electrode was used. The membrane 
potentials were measured versus SCE with an Orion Digital 
Ionalyzer Model 601 connected to a Matsushita pen recorder 
Model VP654A. 

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

T h e membrane conditions which affect the electrode 
response of SSME with an 1-octadecanol membrane 
responsive to />-toluenesulfonate ion (pTS) were inves­
tigated in comparison to those of L M E with a 1-decanol 
membrane as follows : 

Effect of the Ion-pair Concentration. Dependence of 
the sensitivity of the SSME on the concentration of the 
ion-pair is illustrated in Fig. 2. T h e opt imum concen-
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Ion-exchanger: TOMA»pTS in 1-octadecanol (20 mg). 
The mean value of four measurements with its standard 
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tration of the ion-pair is ca. 0.05 M*. As in LME,6) the 
sensitivity decreased in a very high concentration region 
due to the elution of the membrane solute. T h e sensi­
tivity decreased also in low concentration range, the 
membrane potential becoming unstable below 0.005 M 
because of the increase of membrane impedance. The 
potential reproducibility of SSME was not very good, 
± 5 mV, in comparison to the conventional liquid 
membrane electrode. 
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(©) N 0 3 - , ( 0 ) Br-, and (A) Gl". 

The selectivity of SSME changes slightly with the 
concentration of the ion-pair (Fig. 3A). Selective 
potential difference (SPD, AJ£

,
pTS_A) was defined in 

order to study the selectivity characteristic of the 
membrane as follows. The membrane potentials of 
0.01 M objective pTS ion (EpTS) and each interfering 
anion (EA) were measured separately. The potential 
difference, AEpTS_.A=jE,

pTS—EA) was used instead of the 
conventional selectivity factor because of its super-
Nernstian responses. The decrease in selectivity at 
0.005 M resulted from the poor response to the objective 
ions. O n the other hand, the range of the selectivity of 
L M E widened somewhat with increase in concentration 
of the ion-pair (Fig. 3B). 

1" Throughout this paper 1 M = 1 mol dm~3. 
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Fig. 4. Effect of membrane thickness on the potential 
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Ion-exchanger: 0.05 M TOMA»pTS in 1-octadecanol. 

i n Effect of the Membrane Thickness. As shown 
Fig. 4, the sensitivity of the SSME is not influenced much 
by the membrane thickness, little effect of the membrane 
thickness on selectivity and response time being observed. 
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Fig. 5. Effect of pH on the membrane potentials of (A) 
SSME and (B) LME. 
Ion-exchanger: 0.05 M TOMA-pTS in (A) 1-octa­
decanol and (B) 1-decanol. 

Effect ofpH. T h e effects of p H on the membrane 
potential of SSME (A) and L M E (B) were examined 
(Fig. 5). In the low p H range, the interference of 
chloride ion could not be ignored in both membranes, 
the interference of hydroxide ion in an alkaline solution 
being much larger in L M E than in SSME. 

Comparison of the Potentiometrie Behavior of SSME with 
That of LME. The response behavior of SSME 
and L M E is summarized in Table 1, four pairs of the 
pressed membranes and the corresponding liquid 
membranes being compared. Super-Nernst slopes were 
observed for both liquid and pressed membranes. This 
might be attributed to the malfunction of the reference 
electrode as reported by Moody and Thomas.7) SSME 
gave a slightly better result in the linear response ranges 
in comparison to the corresponding L M E except in the 
case of a pair of 1-alkanols. Since the linear response 
range of L M E depends not only on the membrane 
solvent but also on the ion-pair species,6) the most 
appropriate solvent for a given ion-pair should be 
selected in order to obtain a highly sensitive electrode. 
In view of the wide linear response range, 1-decanol 
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TABLE 1. RESPONSE BEHAVIOR OF />-TOLUENESULFONATE ION-SENSITIVE ELECTRODES 

WITH (A) LIQUID MEMBRANE AND (B) SOLID-SOLVENT MEMBRANE 

Mp Type of Slope Limit of linear Response time/min 
O U l V C X l l 

1-Decanol 
1-Octadecanol 
Nitrobenzene 
m-Dinitrobenzene 
o-Dichlorobenzene 
1,2,4,5-Tetrachlorobenzene 
Tributyl phosphate 
Triphenyl phosphate 

°C 

7 
59 
6 

90 
- 1 7 

140 
- 8 0 

49 

membrane 

A 
B 
A 
B 
A 
B 
A 
B 

mV/pa 

64.2 
64.7 
66.1 
62.9 
63.4 
67.1 
62.1 
67.9 

response/pa 

3.8 
3.7 
3.4 
3.6 
3.4 
3.6 
3.4 
3.7 

at 10-2 M 

1.2 
2.0 
1.0 
0.5 
1.6 
0.1 
1.6 
0.1 

at 10-4 M 

4.6 
3.7 
4.1 
3.4 
2.7 
2.5 
2.3 
2.4 

Ion-pair: ca. 0.1 M TOMA-pTS, Temp: 25 °G. 

was found to be the best liquid-solvent of those tested 
for a long chain tetraalkylammonium as a counter ion. 
However, in case of SSME, the linear response range 
was independent of the kind of solid-solvent used. T h e 
sensitivity of SSME seems to be determined mainly 
by the solubility of the ion-pair.8) Shorter response time 
was needed for SSME than the corresponding L M E , 
especially in the high concentration range of pTS~. 

T h e selectivity characteristics of SSME and L M E 
based on various solvents are shown in Figs. 6 and 7. 
Hardly any difference was observed among the solid-
solvents in the selectivity patterns of SSME (Fig. 6A), 
while an exceptional pat tern was found among L M E 
for 1-decanol membrane (Fig. 6B). 

T h e selectivity patterns of SSME with solid 1-
alkanols were compared with those of L M E with liquid 
1-alkanols (Fig. 7). A distinct difference in patterns 
was observed. T h e solvent effects of the solid-solvents 
on the selectivity pat tern were small in contrast to the 
liquid-solvents examined. T h e potentials of SSME seem 
to be governed mainly by the direct ion-exchange 
reaction at the membrane-solution interface, being 
hardly affected at all by the inner-membrane phe­
nomena. T h e selectivity of SSME was anticipated to be 

50A
2" CI" NOfPhSOfClO^ SC£' CI" N0JPhS05Cl0A-

Fig. 6. Selectivity patterns of (A) SSME and (B) LME. 
Solvents used for SSME: (%) triphenyl phosphate, 
( 0 ) /n-dinitrobenzene, (©) 1,2,4,5-tetrachlorobenzene, 
and (O) 1-octadecanol. 
Solvents used for LME: ( 0 ) tributyl phosphate, ( 0 ) 
nitrobenzene, (©) o-dichlorobenzene, and (O) l -

decanol. 
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determined mainly by the hydration energy of the 
interfering ions. A linear relationship is seen between 
hydration energy and the SPD for an 1-octadecanol 
membrane , no such correlation being observed for a 
1-decanol membrane (Fig. 8). T h e SPD of the 1-
decanol membrane seems to be determined not only 
by the hydration energy of interfering anions but also 
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Ion-exchanger: 0.05 M TOMA»X~ in 1-octadecanol 
(20 mg). 
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by the solvation energy in the solvent, as reported by 
Reinsfelder and Schults for the Fe(bphen)3

2+-^-pentyl 
alcohol electrode.9) 

SSMEs Responsive to Other Anions. Figure 9 shows 
the calibration curves of each electrode sensitive to the 
respective anions. T h e sensitivity to ions having a 
smaller hydration energy is better than that having a 
larger one.8»10) SSME with 1-octadecanol membrane 
has several merits over L M E with common aromatic 
compounds; 1) it is insoluble in water, 2) it does not 
sublime, and 3) it can be use as the matr ix of a coated-
wire type electrode in place of the conventional PVC 
matrix. 

An SSME with an inner reference electrode showed 
reproducibility to be better than ± 2 mV. This type of 

pressed membrane should be ca. 0.5 m m thick or else 
it will break easily. A coated-wire type SSME, prepared 
by dipping a plat inum tip into the extract of the ion-pair 
in molten 1-octadecanol, also showed good response. 

SSME has advantages of both solid and liquid 
membranes ; it shows fast response and can be used as a 
sensor of a flowing system.11) T h e contamination of the 
sample solution with the eluted solvent from the mem­
brane can be minimized. It is widely applicable to 
most LME-systems. A highly selective organic sulfonate 
ion selective electrode with alkylphenol derivative has 
been developed.12) 
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The decomposition of hydrogen iodide and the separation of the products by the combination of a column 
packed with an adsorbent with catalytic activity (platinum-supported active carbon, 2.3 wt%) and a temperature-
swing method (450—900 K) are carried out, and the features and the problems of the method are examined. 
A one-step conversion of hydrogen iodide, 70%, is obtained at 450 K, where the equilibrium conversion is 13%. It 
is shown that the products of the decomposition of hydrogen iodide containing water are separated from each 
other. 

T h e decomposition of hydrogen iodide serves as the 
hydrogen-evolution step in several thermochemical 
water-splitting cycles,1"3) including the Magnes ium-
Iodine cycle4-5) previously proposed by Kondo et al. 
Suitable catalysts for the catalytic decomposition of 
hydrogen iodide were searched for,6) and the kinetic 
analysis of the reaction over a platinum-supported active 
carbon catalyst and an active carbon catalyst which 
had been found effective was carried out.7) T h e results 
showed that hydrogen iodide could be decomposed 
rapidly enough by the use of those catalysts in the range 
of comparatively low temperatures (500—700 K) and 
in the presence of water vapor that might coexist in the 
actual cycle. However, the equilibrium conversion of 
hydrogen iodide is low (0.13—0.20 at 450—700 K)6) 
when all the components, including the products, are 
in the gaseous phase. Therefore, the separation of the 
product mixture into its components, i.e., hydrogen, 
iodine, undecomposed hydrogen iodide, and water, is 
necessary. However, iodine and undecomposed hydro­
gen iodide cannot be separated from each other easily, 
since iodine readily dissolves in the hydriodic acid 
formed from hydrogen iodide and water. O n the other 
hand, the amount of undecomposed hydrogen iodide 
which has to be recirculated should be minimzied in 
order to increase the thermal efficiency of the whole 
cycle. 

Therefore, from the standpoint of the thermochemical 
water splitting, the problems in the decomposition of 
hydrogen iodide can be summarized as follows: the 
elevation of a one-step coversion, and the development 
of an effective separation method of the product mixture. 
Various decomposition-separation methods have been 
proposed, i.e., methods in which hydrogen iodide is 
decomposed, when iodine is in the liquid phase8) or 
hydrogen iodide is in the liquid phase,8) a method with 
porous membrane,9) a method with MgO,10) etc. 
However, each method has its own problems. Therefore, 
the present author considered that the development 
of a new method was necessary. 

Pr inc ip le 

An adsorbent with catalytic activity is prepared by 
the addition of catalytic activity to an adsorbent which 
has very different adsorption characteristics toward 

the reactant , hydrogen iodide, and the products, 
hydrogen and iodine. Under the conditions that a 
column packed with the adsorbent with catalytic 
activity is heated in the temperature range where 
hydrogen iodide is decomposed rapidly, and that 
hydrogen iodide is fed in intermittently, there is a 
possibility tha t a one-step conversion higher than the 
equilibrium one can be obtained. 

( I ) 

(m 

(EI) 

(IV) 

Fig. 1. Conceptual drawing of the decomposition of 
hydrogen iodide and the separation of the products 
by the use of a column packed with an adsorbent with 
catalytic activity. 

Figure 1 is the conceptual drawing of the method. 
As a certain amount of hydrogen iodide fed inter­
mittently proceeds in the column, it decomposes on the 
surface of the adsorbent, thus forming hydrogen and 
iodine. If it is hard for the adsorbent to adsorb hydrogen, 
while it readily adsorbs iodine, the hydrogen formed 
on the surface of the adsorbent desorbs into the gaseous 
phase, while the iodine formed remains adsorbed. Since 
the iodine formed is continuously removed from the 
reaction system, the undecomposed hydrogen iodide is 
decomposed further as it proceeds in the column 
(Figs. 1-1, I I ) . Thus , if the decomposition of hydrogen 
iodide is rapid enough, a one-step conversion higher than 
the equilibrium one is obtained. The iodine remaining 
in the adsorbent is desorbed, and the adsorbent 
is regenerated ( I I I , IV) . In the present method, the 
one-step conversion of hydrogen iodide will be dependent 
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on both the catalytic activity of the adsorbent and the 
difference in the adsorption characteristics of the 
adsorbent toward hydrogen iodide, hydrogen, and 
iodine. If a higher one-step conversion is obtained, 
the thermal efficiency of the whole cycle is expected to 
become higher, since the amount of the undecomposed 
hydrogen iodide which has to be recirculated decreases. 
This method may be divided into two kinds of proce­
dures. One is a procedure in which the decomposition 
of hydrogen iodide and the desorption of iodine are 
carried out at a constant temperature (Pressure-swing 
Method) . T h e other is one in which they are carried 
out at different temperatures (Temperature-swing 
Method) . 

As has been mentioned above, the platinum-supported 
active carbon catalyst has been found to reveal high 
catalytic activity for the decomposition of hydrogen 
iodide. On the other hand, active carbon, which is the 
support of the catalyst, is known to exhibit markedly 
different adsorption characteristics toward hydrogen, 
iodine, and hydrogen iodide.11«12) Therefore, it seems 
that it is possible for the platinum-supported active 
carbon (abbreviated as Pt/G) to behave as the adsorbent 
with catalytic activity mentioned above. With this 
in view, the present author has at tempted the decom­
position of hydrogen iodide and the separation of the 
products by the combination of a column packed with 
a Pt /C and a temperature-swing method; he has also 
examined the features and the problems of the present 
decomposition-separation method. 

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

Materials. The Pt/C's (1.1 wt%, 2.3 wt%) were prepared 
by an impregnation-calcination method (1000 K, 6 h, in 
an argon stream) from H2PtCl„.6H20 (WAKO, Sp. Gr.) 
and active carbon (PITTSBURG ACTIVATED CARBON, 
BPL, 12-30 U. S. Sieve Series). Six grams of the Pt/C (2.3 
wt%) was used in each run, unless otherwise stated. One ml 
of hydriodic acid (WAKO, Sp. Gr., 7.52 mol dm"3, rf=1.70) 
was fed in in each run. 

Apparatus. Figure 2 shows the experimental apparatus. 
The inside diameter of the quartz reaction tube (b) was 12 
mm. The length of the quartz wool layer (c) was 20 mm, 
while that of the adsorbent layer (d) was 165 mm. 

Procedure. The quartz reaction tube was heated in an 
argon stream at 900 K for 2—3 h, after which the water, oxygen, 
and so on adsorbed on the quartz wool and the Pt/C were 

desorbed. After the reaction tube had been cooled, it was 
set up and 1 ml of hydriodic acid was added to the quartz-wool 
layer by means of a transfer pipet from the end. After the 
Pt/C layer only had been heated at the reaction temperature 
in an electric furnace, the quartz-wool layer also was moved 
into the electric furnace. The hydriodic acid contained in the 
quartz-wool layer was evaporated in an argon stream within 
10 (450 K) - 0 . 5 min (900 K) and fed into the Pt/C layer. The 
step of the iodine desorption followed the step of the decom­
position of hydrogen iodide. The flow rate of argon in both 
the steps was usually 27 ml/min. 

Thermogravimetry. The Pt/C (2.3 wt%, 100 mg, ground 
into a diameter less than 0.3 mm and heated at 1000 K for 
6 h in an argon stream) and the samples prepared from the 
Pt/C by the addition of a certain amount of water, hydriodic 
acid, or iodine were used in the measurements. The sample 
containing iodine was prepared by the adsorption of iodine 
into the Pt/C at 373 K in a glass ampoule. After a reduced-
pressure treatment (660 Pa, 30 min) of the samples in the 
sample chamber, argon was introduced and the samples were 
analyzed by means of thermogravimetry (CHYO, TRDA3-L). 
The flow rate of argon was 100 ml/min, while the heating rate 
was 5 K/min. 

Analyses. All the components of the product-gas mixture 
except for hydrogen and argon were condensed at the back 
part of the reaction tube or trapped in the scrubber. The 
hydrogen concentration of the exhaust gas was determined by 
means of gas-chromatography (YANACO 180G, Molecular 
Sieve 13A). The amount of hydrogen iodide or iodide, con­
densed or trapped, was determined by titration.13'14) 

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

Thermogravimetry. Figure 3 shows the results of 
the thermogravimetric analyses of the Pt/G samples. 
T h e weight of the Pt /C itself which had been treated 
at 1000 K remained almost constant up to 1000 K. 
T h e water added desorbed almost completely in the 
pre-measurement operation composed of a reduced-
pressure t reatment and an argon introduction at room 
temperature. T h e iodine added began to desorb around 
450 K and finished its desorption at 900 K. In the 
case of hydriodic acid, about 4 0 % of the weight of 
the hydriodic acid added was reduced in the pre-
measurement operation, after which the residue was 
reduced in weight in a manner similar to that of the 
iodine added. T h e weight loss in the pre-measurement 

Fig. 2. Schematic drawing of apparatus employed: a, 
argon bomb; b, quartz reaction tube; c, quartz wool; 
d, adsorbent with catalytic activity; e, electric furnace; 
f, scrubber ; g, gas reservoir. 

a b 300 400 500 600 700 800 900 1000 

T/K 

Fig. 3. Thermogravimetric analyses of the Pt/C samples: 
(a) before and (b) after the pre-treatment; A, Pt/C; 
B, Pt/C with H 2 0 ; C, Pt/C with I2; D, Pt/C with HIaq: 
heating rate, 5 K/min; argon flow rate, 100 ml/min. 
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Fig. 4. Influence of the addition of platinum to active 
carbon on the hydrogen evolution. Six grams of the 
adsorben twas used. The points above (900 K) corres 
ponds to the sum of the amount of hydrogen evolved in 
the course of the reaction at 450K and that evolved in 
the hightemperature after-treatment at 900 K for 30 min. 

operation was almost equal to the weight of the water 
contained in the hydriodic acid. This fact suggested 
the possibility of a selective removal of water from 
hydriodic acid. 

Influence of the Addition of Platinum to Active Carbon on the 
Hydrogen Evolution. Figure 4 shows the hydrogen 
evolution (equals the conversion of hydrogen iodide; 
100% corresponds to 84 ml (STP) of hydrogen). T h e 
points above (900 K) correspond to the sum of the 
amount of the hydrogen evolved in the course of the 
reaction at 450 K and that evolved in the high-tempera­
ture after-treatment (iodine desorption) at 900 K for 
30 min. The amount of hydrogen evolved after the 
after-treatment was negligibly small, even at 1000 K. 
T h e hydrogen evolution obtained with the active carbon 
itself was remarkably lower than that obtained with 
the two kinds of Pt /C. This fact indicates tha t the 
catalytic activity of the adsorbent is one of the important 
factors that affect the hydrogen evolution. 

^9 

0 10 20 30 40 50 60 70 

t /min 

Fig. 5. Influence of the reaction temperature on the 
hydrogen evolution. The points above (900 K) 
corresponds to the sum of the amount of hydrogen 
evolved in the course of the reaction at each temperature 
and that in the high temperature after-treatment at 
900 K for 30 min. 

60 h 

40 h 

PRESENT WORK 

EQUILIBRIUM CONVERSION 

500 600 700 

T/K 

800 900 

Fig. 6. Comparison of the one-path conversion with 
the equilibrium one.6> 

Influence of the Reaction Temperature on the Hydrogen 
Evolution. Figure 5 shows the hydrogen evolution 
at various temperatures. In the case of the reaction 
temperature of 900 K, the hydrogen evolution stopped 
within 30 min. Figure 6 shows that a one-step conversion 
fairly higher than the equilibrium one was obtained at 
each temperature. In the temperature region employed 
in the present experiment, lower temperatures gave 
higher hydrogen evolutions. This fact may be explained 
as follows. When the reaction temperature was low, 
the hydrogen formed was easily desorbed, while the 
iodine remained adsorbed and the reaction conditions 
favorable for the elevation of one-step conversion which 
have been mentioned in the "Principle" section were 
satisfied. However, as the reaction temperature in­
creased, the desorption of the iodine became easier, 
as is shown in Figs. 3 and 7. Thus, the removal of the 
iodine formed from the reaction system by the adsorp­
tion became more difficult. Therefore, the one-step 
conversion decreased as the reaction temperature 
increased. At higher temperatures, the one-step conver­
sion is expected to approach the equilibrium conversion. 
However, of course, higher temperatures required a 
shorter reaction time. 

There was a reproducibility for each hydrogen 
evolution when fresh (not used) Pt /C was used. On the 
other hand, the hydrogen evolution obtained with a 
used Pt /C was lower than that obtained with a fresh 
Pt /C, even if the adsorbates had been fully desorbed 
from the used P t /C : for example, the hydrogen evolu­
tions were 61 .5% for the first use, 58.6% for the second 
use, and 54.1 % for the third use at 600 K. This fact 
suggests that the Pt /C gradually deteriorates on repeated 
runs through the interaction with hydrogen iodide, 
hydrogen, iodine, and water. 

Influence of the Desorption Temperature on the Recoveries 
of Iodine and Hydrogen Iodide. As Fig. 7 shows, the 
undecomposed hydrogen iodide began desorbing at 
500 K, the iodine formed did so at 600 K, and the total 
iodine ( H I + I 2 ) finished desorption at 900 K. This is 
in fairly good agreement with the results of the thermo-
gravimetric analyses (Figs. 3-c and d). T h e maximum 
temperature available in the thermochemical water 
splitting is expected to be around 1200 K (High 
Temperature Gas Cooled Reactor) . T h e fact that the 
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100 \-

77 K 

Fig. 7. Influence of the desorption temperature on the 
recoveries of iodine and hydrogen iodide. Column was 
kept at each temperature (in the direction of higher 
temperature) for 30 min: total I = HI + I2. 

iodine desorption, which requires the maximum tem­
perature of this method, is completed around 900 K 
indicates that this method may be used in the thermo-
chemical water-splitting cycles. 

Selective Removal of Water from Hydriodic Acid. 
As Fig. 7 shows, the undecomposed hydrogen iodide 
began desorbing around 500 K. On the other hand, 
a colorless and transparent liquid was already found to 
condense in the back part of the reaction tube at 450 K. 
As has been mentioned in the "Thermogravimetry" 
section, it may be suggested tha t the liquid was water 
and that the amount of it corresponded to that of the 
water contained in the hydriodic acid initially added 
on the basis of the behavior of the sample D in Fig. 3. 
The following experiments were carried out in order to 
confirm this idea. A Teflon tube packed with about 10 g 
of calcium chloride was at tached to the back part of the 
reaction tube. After 1 ml of hydriodic acid had been 
added to Part c and the reaction tube had been main­
tained at 450 K for one hour in an argon stream, the 
weight of the Teflon tube (kept at room temperature) 
increased 0.72—0.73g, with a good reproducibility. 
The results of titration showed that the total iodine 
(HI + I2) present in the calcium chloride after the 
reaction was negligibly small. As no other colorless 
and transparent liquid except for water and hydriodic 
acid was included in the system, the liquid was con­
firmed to be pure water. T h e amount of 0.72—0.73 g 
corresponds to 97—98% of the amount of water 
(0.739 g) contained in 1 ml of the hydriodic acid. O n 
the basis of these experiments, it was found that the 
water in the hydriodic acid could be removed selec­
tively and almost completely by the use of the Pt /C. 

It is well known that active carbon is consumed 
through the water-gas reaction with water vapor at 
elevated temperatures. T h e amounts of hydrogen 
evolved in the reaction of the Pt/G (2.3 w t%, 6.0 g) 
with water vapor (0.738 g, corresponding to the amount 
of the water contained in 1 ml of hydriodic acid) were 
as follows: 0 m m o l ( 4 5 0 K ) , 0(600 K) , 0(700 K ) , and 
0.0982(900 K ) . O n the basis of these results, it is 

1 2 3 4 

Weight/g 

Fig. 8. Influence of the amount of the Pt/C on the hydro­
gen evolution, the iodine evolution, the total H recovery, 
and the total I recovery. Each value was obtained in 
one hour's reaction and thirty minutes' after-treatment 
at 900 K. 
H2 evolution (O)» 2̂ evolution (%), total H recovery 
(A)3 total I recovery (A) . 

concluded that the consumption of active carbon 
attributable to the water-gas reaction can be prevented 
when the water in the hydriodic acid is desorbed at 
temperatures below 750 K. 

Influence of the Amount of the Pt/C on the Hydrogen 
Evolution. Figure 8 shows the dependence of the 
hydrogen evolution, the iodine evolution, the total H 
recovery (H2-f-HI), and the total I recovery ( I 2 + H I ) 
on the amount of the Pt/G. When the amount of the 
Pt /C was large, a high hydrogen evolution and a high 
iodine evolution were obtained. O n the other hand, 
the total H recovery and the total I recovery were low 
in that case, since the time devoted to the desorption 
was not long enough. As Fig. 7 shows, if enough long 
time is devoted to the desorption, a total I recovery of 
almost 100% will be obtained. The opt imum amount 
should be found to obtain a high hydrogen evolution, 
a high iodine evolution, a high total H recovery, and a 
high total I recovery, all at the same time. 

As has been described above, it was confirmed that a 
fairly higher one-step conversion of hydrogen iodide 
than the equilibrium one could be obtained by the 
combination of the adsorbent with the catalytic activity, 
namely, the platinum-supported active carbon, and the 
tempreature-swing method. By the use of this method, 
the hydrogen formed and almost all the water contained 
in hydriodic acid could be separated from the product 
mixture through the operation at 450 K. By removing 
the water completely from the product mixture, the 
iodine and the undecomposed hydrogen iodide that 
desorbs below 900 K can be separated from each other 
easily. Therefore, the author could show the possibility 
of the solution of both the subjects mentioned in the 
introduction; the elevation of the one-step conversion 
and the development of an effective separation method. 
However, the method proposed above has two problems 
which remain unsolved: the rate of the process is low 
in the temperature region employed; and the process 
must be driven between the two separated tempera­
tures. I t remains necessary to undertake the research 
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and development of new adsorbents which do not 
deteriorate, their activation, and that of the pressure-
swing method at elevated temperatures, where the rate 
of the decomposition of hydrogen iodide and the 
desorption of the adsorbates are high enough, from 
the standpoint of thermochemical water splitting. 
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Thermochromism of Metal Chelates with Triphenylmethane Complexons in 
Aqueous Solutions. IV. Carbon-13 Nuclear Magnetic Resonance 
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Reversible thermochromism of a Zn(II) complex with 3,3'-bis[bis(carboxymethyl)aminomethyl]-o-cresol-
sulfonphthalein (Xylenol Orange, XO) was studied in DaO by means of the 13C NMR method with reference to 
the data of spectrophotometric and temperature-jump measurements. 13G NMR spectra of XO were measured 
in the pD range between 2.0 and 11.0 and the signals were assigned. ^-Electron conjugations in XO and Zn(II) -
XO spread on phenol- and quinonoid-rings through the central carbon atom, but the phenyl ring having an S03~ 
substituent is not involved in the 71-conjugated system. The temperature- and the pD-dependences of 13C NMR 
spectra of the Zn(II)-XO complex show that the thermochromism is caused by the temperature-dependence of a 
protolytic equilibrium of a phenolic hydroxyl group of the Zn(II)-XO complex. 

In previous papers, thermochromisms observed for the 
Cu(II) complexes with tr iphenylmethane complexons 
(TPMC) , Xylenol Orange (XO),1) Methylthymol Blue 
(MTB),2) and Methylxylenol Blue (MXB),2> were 
interpreted in terms of the temperature-dependence of a 
protolytic equilibrium between a complex species A H 
having an uncoordinated free phenolic hydroxyl group 
and a complex species A having a coordinated phenolate 
group : 

AH ^ ^ A + H. (1) 

In the present paper, we aimed at studying thermo­
chromism of metal chelates with T P M C by the 13G 
N M R method. We chose a diamagnetic Zn(I I ) complex 
of X O , which is remarkably thermochromic.1) The 1 H 
N M R spectrum of XO3»4) is too complicated for the 
present purpose. Since the 13G N M R spectrum of X O 
has not been reported, the related compounds were also 
examined for 13C signal assignments of X O . 

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

Materials. XO was synthesized by Mannich condensa­
tion from o-Cresol Red (o-CR), iminodiacetic acid (IDA), and 
formaldehyde.6) A crude sample of the synthesized XO 
purified beforehand through a cellulose column was finally 
purified by means of high-performance liquid chromatography 
(HPLC).6) The purified XO was used as a free acid form. 
Anhydrous zinc(II) chloride7) was used for the NMR measure­
ments. Zinc(II) Perchlorate was used for equilibrium and 
kinetic measurements. Reagent grade Aurin, Phenol Red 
(PR), o-CR, and IDA were used. The purity of these 
triphenylmethane derivatives was checked by analytical 
HPLC with a column of Microbondapak C18 (4x 300 mm) and 
water-methanol (50/50, v/v) as a solvent. Deuterium oxide 
(99.7%), ca. 37% DC1 in D 2 0, and ca. 40% NaOD in D 2 0 
were purchased from E. Merck, Ltd. 

Measurements. The carbon-13 Fourier transform NMR 
spectra were measured in DaO solutions at 25.0 MHz with a 
JEOL JNM-FX-lOO/PFT-100 spectrometer at various tem­
peratures. The sample was held in a 5 mm tube. The 

t Presented in part at the 30th Annual Meeting on 
Coordination Chemistry, Tokyo, October 9, 1980, Abstracts, 
p. 382. 

sample concentration was adjusted to 200 mg cm-3 for ZnCl2, 
100 mg cm~3 for IDA and XO, and 40 mg cm-3 for Aurin, 
o-CR, and PR. Dioxane was used as an internal reference. 
Chemical shifts are expressed by ô as <5(dioxane) = 67.4.8> 
The spectral width was 5000 Hz covered by 4096 addresses in 
the Fourier transform spectrum and the pulse width was 6 [is. 
Pulse repetition times ranged from 1.0 to 4.0 s with delay 
times of 200 [is. The number of scans ranged from 5000 to 
20000. 

Details on the equilibrium and kinetic measurements were 
described in the previous papers.1»2) 

The pD values ( = pH-meter readings + 0.40) 9> of D 2 0 
solutions were adjusted with DC1 and NaOD, and measured 
with a Hitachi-Horiba pH-meter Model F-7SS equipped 
with a micro combined pH electrode. Phthalate and phos­
phate buffers were used for 13C NMR measurements. Acetate 
buffers were used for equilibrium and kinetic measurements. 

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

13CNMR Spectra of XO and Related Compounds in D20. 
In order to assign 13C signals of X O and Z n ( I I ) - X O , 
we measured 13G N M R spectra of related compounds 
of X O , Aurin, PR, o-CR, and IDA, at various pD. 
The structures and the abbreviated nomenclatures of 
those compounds are shown in Fig. 1. T h e 13C N M R 

Compound 

Aurin 
PR 
o-CR 
XO 

R i 

H 
H 

CH3 

CH3 

R2 

H 
S0 3 H 
SO3H 
SO3H 

R3 

OH 
H 
H 
H 

R4 

H 
H 
H 
Aa> 

a) A=CH2N(CH2COOH)2 . 

Fig. 1. The structures of the triphenylmethanes. 
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Fig. 2. The 13G NMR spectrum of XO in D 2 0 at 29°G 
and pD 6.59. 

spectrum of X O is given in Fig. 2. 
The central carbon atom of a tr iphenylmethane 

skeleton is designated as C-0. T h e carbon atoms in the 
A, B, and G ring moieties are designated as C-Az, C-Bz, 
and C-Cz (i = l, 2, •••, n), respectively. In the case of 
the structural equivalence of the ring moieties, the 
carbon atoms in these ring moieties are written simply 
as C-z. The 13G signals of the compounds described 
above were assigned by the peak intensities, the single-
frequency off-resonance XH decoupling technique, and 
comparisons of their chemical shifts with those of 
analogous compounds.1 0 - 1 2) Da ta on chemical shifts 
are summarized in Table 1. 

The 13G N M R spectra of Aurin, PR, and o-GR show 
the equivalence between a phenol and a quinonoid ring 
in neutral and alkaline solutions.13) Mach ida et al. 
reported data on the structure of phenolsulfonphthalein 
dyes, PR, o-GR, etc., based on laser-induced R a m a n 
spectroscopy. They suggested that phenolsulfon­

phthalein dyes exist in alkaline solutions as a resonance 
hybrid of quinonoid and phenolate structures.14) In 
the 13G N M R spectra of X O , seventeen peaks were 
observed in the range of pD 2.0—11.0. This indicates 
that the A- and the B-ring moieties are equivalent on the 
N M R time scale irrespective of the existence of a 
phenolic proton. High intensities of peaks of C-10 and 
G-11 show the existence of four identical acetate moieties. 
Ray et al. reported that the chemical shifts of the central 
carbon atom are in the ranges from ô 80 to 82 for para-
substituted triphenylmethanols, (/>-XC6H4)3COH, and 
from ô 194 to 212 for the corresponding carbonium 
ions, (/>-XC6H4)3C+.15) The central carbon atoms in 
triphenylmethanols have the tetrahedral configuration, 
while those in triphenylmethyl cations are reported to 
be coplanar to the three adjacent ring carbons.16) For 
Aurin, PR, o-GR, and X O , the signals of C-0 appear 
in the range from ô 165 to 180, which are comparable 
to the chemical shifts of C-0 in triphenylmethyl cations. 

pD-Dependence of 13C Chemical Shifts for XO. 
Figure 3 shows plots of values of 13C chemical shifts 
for seventeen carbon atoms in X O versus pD between pD 
2.0 and 11.0. C-0, C-1, C-3, C-4, and C-11 undergo 
significant changes in chemical shifts. Upfield signal 
shifts for C-0 and C-4, and a small downfield shift for 
C-10 with an increase in pD observed between pD 2.0 
and 4.0 are attr ibuted to the deprotonation at the 
carboxyl groups. Downfield signal shifts for C-0 and 
C-4, and an upfield shift for C-1 with an increase in 
pD observed between pD 5.0 and 8.0 are caused by 
deprotonation at the phenolic hydroxyl group. 
Downfield signal shifts for C-3, C-10, and C-11, and an 
upfield shift for C-0 with an increase in pD observed 
between p D 9.0 and 11.0 are caused by the deprotona­
tion at - N H + - groups.17) For tr iphenylmethane deriva­
tives, delocalization of charge throughout the ^-electron 
system of the molecule was suggested by Ray et al. 
on the basis of 13C N M R measurements15) and by 

TABLE 1. 13C CHEMICAL SHIFT DATA FOR XO AND RELATED COMPOUNDS IN D 2 0 AT 29 °G a b ) 

Compound Aurin 

p D = 10.63 

PR 

7.85 

o-CR 

9.90 
r 

1.99 

XO 

6.59 11.00 

IDA 

5.92 

C-0 
C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-9 
C-10 
C-11 
C-Cl 
C-C2 
C-C3 
C-C4 
C-C5 
C-C6 

179.4(s) 
126.6(s) 
141.7(d) 
121.0(d) 
179. l(s) 

167.6(s) 
123.0(s) 
140.0(d) 
121.9(d) 
176.0(s) 

137.9(s) 
142.7(s) 
128.8(d) 
131.4(d) 
132.2(d) 
130.8(d) 

170.6(s) 
126.4(s) 
140.0(d) 
122.1(d) 
181.6(s) 
131.2(s) 
140.2(d) 

17.2(q) 

138.8(s) 
142.9(s) 
128.9(d) 
131.2(d) 
132.6(d) 
130.5(d) 

166.4(s) 
130.5(s) 
139.1(d) 
121.3(s) 
173.0(s) 
131.2(s) 
141.1(d) 

16.5(q) 
56.1(t) 
55.8 (t) 

169.4(s) 
137.3(s) 
142.7(s) 
128.9(d) 
131.5(d) 
132.5(d) 
131.2(d) 

167.3(s) 
129.5(s) 
139.3(d) 
122.2(s) 
175.0(s) 
131.3(s) 
140.7(d) 

16.4(q) 
57.0(t) 
57.5(t) 

171.6(s) 
137.8(s) 
142.8(s) 
128.7(d) 
131.7(d) 
132.9(d) 
131.0(d) 

167.9(s) 
126.5(s) 
139.0(d) 
125.9(s) 
179.6(s) 
131.4(s) 
140.3(d) 

17.0(q) 
57.6(t) 
58.6 (t) 

176.7(s) 
138.5(s) 
142.9(s) 
128.6(d) 
131.4(d) 
132.9(d) 
130.7(d) 

49.7(t) 
172.3(s) 

a) ô Values; <5(dioxane) = 67.4. b) s = Singlet, d=doublet, t=triplet, and q=quartet. 
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pD 

Fig. 3. pD-Dependence of the 13C chemical shifts of XO. 

Machida et al. from resonance R a m a n spectroscopic 
measurements.14) The large pD-dependence of the 
chemical shift for C-0 could be explained in terms of the 
localization-delocalization effect of the ^-electron in the 
molecule. 

The chemical shifts of the G-ring carbon atoms were 
not sensitive to the pD change. In view of this fact, 
^-electron conjugation in the X O molecule does not 
spread on the C-ring. 

Unexpected distinct pD-dependence of the chemical 
shift was observed for G- l l in the pD region 9.0—11.0. 
1H and 13C chemical shifts are usually influenced by 
the formation of an intramolecular hydrogen bond.8) 
Chapman et al. reported in their infrared and 1 H N M R 
studies of ethylenediaminetetraacetic acid and related 
substances the existence of doubly hydrogen-bonded 
rings, - C O O - - ( N H ) + - - O O G - . 1 9 ) We infer that 
the above pD-dependence observed in the chemical 
shift of G-l l should reflect the existence of such intra­
molecular hydrogen bonds - C O O - - ( N H ) + - - O O C -
in X O . A downfield signal shift for C- l l with an 
increase in pD observed between pD 9.0 and 11.0 would 
be attributed to the rupture of the hydrogen bonds at 
the protonated amino groups. Furthermore, a small 
upfield signal shift for C-4 observed in the p D region 
2.5—4.5 would be attributed to the formation of a 
doubly hydrogen-bonded ring structure, - C O O - - - -
(OH) • • - O O C - . Murakami et al. suggested the existence 
of a hydrogen bond between the phenolate oxygen and 
the proton attached to the amino nitrogen in Semi-
Xylenol Orange by spectrophotometric method.20) 
However, no pD-dependence was observed in the 
chemical shift of C-4 for X O in the pD range 9.0—11.0. 
This result suggests the absence of the hydrogen bond 
between the phenolate oxygen and the proton attached 

to the amino nitrogen. From the pD-dependence of 
chemical shifts of C-0 and C-4, the piCa value of the 
phenolic hydroxyl group was determined to be 6.55 
at 29 °C. This value is in good agreement with the 
value derived from the spectrophotometric measure­
ments.1) 

Temperature-dependence of 13C Chemical Shifts for XO. 
Upon heating a solution of X O buffered at pD 6.93 
from 1 to 88 °C, the signals of C-0 and C-4 moved 
downfield by + 0 . 7 and + 1 . 6 p p m (Table 2). T h e 
feature of the temperature-dependence of the chemical 
shifts of C-0 and C-4 was similar to that of the pD-
dependence of the chemical shifts of the same carbon 
atoms in the p D range 5.0—8.0. Since the pD-depend-
ence of the chemical shifts of C-0 and C-4 is caused by 
the protonation-deprotonation equilibrium of the phe­
nolic hydroxyl group, we conclude that the tempera­
ture-dependence of the chemical shifts for the free 
ligand X O is also caused by temperature-dependent 
protonation-deprotonation at the phenolic hydroxyl 
group. 
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Fig. 4. The 13C NMR spectrum of the Zn(II)-XO in 
DaO at 29 °C and at pD 3.88. [Zn(II)]0=1.7 mol 
dm-3. [XO]0=0.17 mol dm-3. 

13C NMR Spectrum of Zn(II)-XO Complex and its pD-
Dependence. 13C N M R spectra of Z n ( I I ) - X O 
complex were measured in the pD range 1.9—5.5 and 
at 29 °C using D 2 0 solutions containing a ten-fold 
excess of Zn(I I ) ion over the ligand. Figure 4 shows 13C 
N M R spectrum at p D 3.88. Around p D 2.0 the signals 
of the carbon atoms, except for the C-ring carbon atoms, 
were broadened. Seventeen peaks resulting from the 
predominance of 2 : 1 Z n ( I I ) - X O complex having 
coordinated carboxylate and amino groups were 

TABLE 2. CHEMICAL SHIFTS OF C-0 AND C-4 FOR 

Z n ( I I ) - X O AND FREE X O a ) AT VARIOUS 

p D VALUES10 AND TEMPERATURES 

77°C 1 29 88 

Zn(II)-XO 

XO 

C-0 
C-4 
C-0 
C-4 
C-0 
C-4 
C-0 
C-4 

173.8 
176.9 

167.3 
174.8 

174.0 
176.8 
176.0 
182.5 
167.6 
175.5 
170.7 
179.5 

175.5 
180.1 

168.0 
176.4 

a) Ô Values; <5(dioxane) = 67.4. b) At 29 °C. c) Phthalate 
buffers were used, d) Phosphate buffers were used. 
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observed at p D 3.88 (Fig. 4). At p D 5.46, more than 
nineteen peaks were observed, indicating that the 
formation of 1 : 1 Z n ( I I ) - X O complex is not 
negligible.21) Signals of C-0 and C-4 were observed at 
Ô 174.0 and 176.3 at pD 3.88, and Ô 176.0 and 182.5 
at p D 5.46, respectively (Table 2). Both signals of C-0 
and C-4 were shifted to lower fields with an increase in 
p D of the solution. T h e features of pD-dependence of 
chemical shifts of C-0 and C-4 for Z n ( I I ) - X O in the 
pD range 3.8—5.5 were quite similar to those for the 
free ligand X O in the p D range 5.0—8.0. Therefore, the 
pD-dependence of chemical shifts of C-0 and C-4 
observed for Z n ( I I ) - X O was ascribed to the deprotona-
tion of a phenolic hydroxyl group accompanied with 
coordination to the central Zn ( I I ) . 

(a) 

c-o 

31U_ 
( c ) 

C-0 

, . . W , W " 

( b ) 

C-4 

' ' i w W v 

( d ) 

.C-« 

i C-0 

180 160 180 160 
6 

Fig. 5. pD- and temperature-dependence of the chemical 
shifts of C-0 and C-4 for Zn(II)-XO in DaO. At 29 °C 
and at pD 5.46 (a) and 3.88 (b). At pD 3.88 and at 
88 (c) and 1 °C (d). Phthalate buffres were used for 
(c) and (d). 

Temperature-dependence oflzC Chemical Shifts for Zn(II)-
XO. 1 3 C N M R spectra of Z n ( I I ) - X O were 
measured at various temperatures in the p D region 
where remarkable pD-dependences of the chemical 
shifts of C-0 and C-4 were observed.22) Signals of C-0 
and C-4 moved downfields by + 1 . 7 and + 3 . 2 ppm upon 
heating a solution of Z n ( I I ) - X O buffered at pD 3.88 
from 1 to 88 °C (Table 2). T h e feature of the tempera­
ture-dependences of chemical shifts of C-0 and C-4 
(Figs. 5(a) and (b)) was similar to that of the pD-
dependences of chemical shifts of the same carbon (Figs. 
5(c) and (d)). This fact indicates that the temperature-
dependences of the chemical shifts of C-0 and C-4 for 
Z n ( I I ) - X O is caused by temperature-dependent proto-
nation-deprotonation of a phenolic hydroxyl group in 
the coordinated ligand. 

Spectrophotometric and Temperature-jump Studies. 
Figure 6 shows the temperature-dependence of the 
visible absorption spectra of an aqueous solution of 
Z n ( I I ) - X O at p H 3.97 in the presence of a ten-fold 
excess of the metal ion over the ligand. T h e absorption 
spectrum changes reversibly with a distinct isosbestic 
point at 492 nm. As the temperature rises the absorbance 
at 450 nm decreases accompanied with a large increase 
in the absorbance at 572 nm. The feature of the tem­
perature-dependence of the absorption spectra at a 
constant p H was quite similar to that of the p H -

400 600 500 
Wavelength./nm 

Fig. 6. Temperature-dependence of the absorption 
spectra of the Zn(II)-XO. At 5 (1), 24 (2), 45 (3), and 
69°C(4) . [Zn(II)]0=2.0xlO-*moldm-3 . [XO]0= 
2.0 x 10-6 mol dm-3. 7=0.1 mol dm~3 (NaCIO«). At 
P H = 3.97+0.02. 

dependence of the absorption spectra at a constant 
temperature. These facts clearly indicate that the 
observed thermochromism of Z n ( I I ) - X O is primarily 
due to the temperature-dependence of the protolytic 
equilibrium (1). 

Upon heating a solution of Z n ( I I ) - X O complex at 
p H 3.97 from 15 to 35 °C, the absorbance at 572 nm 
increased by so large as 40%, whereas the absorbance 
at 580 n m of the free ligand at p H 6.40, near the p ^ a 

value of the phenolic proton of the free ligand X O , 
increased only by 19% for the same temperature-rise. 
The increments in the chemical shifts of C-0 and C-4 
for Z n ( I I ) - X O at p D 3.88 were 1.0 and 1.9%, respec­
tively, for temperature-rise from 1 to 88 °C, and those 
for the free ligand at p D 6.93 were 0.4% and 0.9% for 
the same temperature-rise.23) In both spectrophoto­
metric and 1 3 C N M R measurements, the increments 
of the quantities measured for the Zn(II) complex were 
twice as large as those for the free ligand upon heating 
the solutions. 

Temperature- jump studies were carried out for 
Z n ( I I ) - X O . A relaxation signal of an increasing 
absorbance at 572 nm observed in 5—10 [is region is 
attr ibuted to the protolytic reaction of a phenolic 
hydroxyl group. The value of the rate constant for the 
dissociation of a phenolic proton in the complex was 
estimated to be 2.3 X 105 s_1. This value was in the same 
order of magnitude as that for C u ( I I ) - X 0 . 1 ) 

Considering the equilibrium and the kinetic data, we 
concluded that the temperature-dependence of the 
chemical shifts of C-0 and C-4 for Z n ( I I ) - X O is primari­
ly ascribed to the temperature-dependence of protolytic 
equilibrium (1). 

This work was supported by the Joint Studies Program 
(1979—1980) of the Institute for Molecular Science. 
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Metal Complexes of Peptides. II.0 Circular Dichroism Spectra and Absolute 
Configuration of Bis(dipeptidato)cobalt(III) Complexes 

Takaji YASUI,* Hiroshi KAWAGUCHI, and Tomoharu AMA 

Department of Chemistry, Faculty of Science, Kochi University, Akebono-cho, Kochi 780 
(Received December 3, 1980) 

Type [Co (dipeptidato) 2 ]~ complexes (dipeptidato denotes dianions of glycylglycine, -ß-alanine, -L-alanine, 
and -L-leucine, /9-alanylglycine and -L-alanine, L-alanylglycine and -/S-alanine, L-leucylglycine, and L-prolylglycine) 
and the complex [Co(gly-gly)(L-pro-gly)]~ were prepared by a method using lead dioxide as an oxidizing agent, 
and these complexes were separated into two diastereomers or enantiomers by column chromatography. The 
absolute configurations of the optical isomers were determined on the basis of their circular dichroism patterns in the 
ligand transition region. 

A great number of metal complexes with various 
peptides have been studied as enzymatic metal com­
plexes.2-14) However, coordination behaviors of peptides 
to metal ions are delicately different among metals and 
peptides. It is very interesting to characterize systemati­
cally metal complexes with various peptides. It is well-
known that cobalt (III) ion produces stable peptide 
complexes.1>3'13_20> 

According to X-ray crystallographic studies of bis-
(glycylglycinato) cobalt (III) complex,21-22) two glycyl-
glycinates are coordinated to cobalt (III) in the meridi­
onal (mer) configuration as terdentate ligand. In our 
previous studies concerning mixed-ligand complexes 
containing both dipeptidate and iminodiacetate or N-
methyliminodiacetate,1-23) it was demonstrated by 1H 
and 13C N M R data that the dipeptidate coordinates to 
cobal t (III) in mer disposition. 

Recently, Boas et al.20) studied several preparative 
methods for type [ C o f o - a g ^ ] - complexes (aj-a2 

denotes dianion of dipeptide) and their configurations by 
1H N M R , circular dichroism (CD) spectroscopy in the 
d-d transition region, and column chromatography. 

In the present paper, we will describe the preparat ion 
of new type bis (dipeptidato) cobalt (III) complexes 
containing L-proline or ^-alanine residue and discuss 
their absolute configurations on the basis of absorption 
and CD spectral data . 

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

Ligands. Glycyl-/S-alanine (H2gly-|S-ala), 0-alanyl-
glycine (H2/3-ala-gly), L-alanyl-jff-alanine (H2L-ala-/?-ala), and 
jS-alanyl-L-alanine (H2/5-ala-L-ala) were prepared by the 
method described in our previous paper.1) Glycylglycine 
(H2gly-gly), glycyl-L-leucine (H2gly-L-leu), L-leucylglycine 
(H2L-leu-gly) were obtained commercially from Protein 
Research Foundation, glycyl-L-alanine (H2gly-L-ala) and 
L-alanylglycine (H2L-ala-gly) from Fluka Chemical Company, 
and L-prolylglycine (H2L-pro-gly) from Sigma Chemical 
Company. These purchased dipeptides were used without 
further purification. 

Preparation of Complexes. Two Diastereomers of Potassium 
Bis(-L-prolylglycinato)cobaltate(III), K[Co(L-pro-gly)2]: L-Pro-
lylglycine (3.44 g, 0.02 mol) was dissolved in 20 cm3 of water, 
and the solution was adjusted to pH 9—9.5 with a 1 Mt NaOH 
solution. An aqueous solution containing cobalt(II) chloride 
hexahydrate (2.37 g, 0.01 mol) in 10 cm3 of water was added 

T l M = l m o l dm"3. 

drop by drop to the above peptide solution, keeping the pH 
of the solution at ca. 9 with a NaOH solution. The mixed 
solution was oxidized with lead dioxide (5 g) at 40 °C for 1 h 
with stirring. The resulting solution was filtered to remove 
insoluble materials, and the purple filtrate was chromato-
graphed on a QAE-Sephadex A-25 column (4.7 cm X 90 cm, 
CI - form). The positively charged and neutral complexes 
were removed by flushing the column with water. The 
adsorbed band was separated into violet and purple bands by 
elution with an 0.05 M KCl solution. Each eluted solution 
was concentrated to a small volume by a rotary evaporator at 
35—40 °C. A large amount of methanol was added to the 
concentrated solution, and then potassium chloride which 
deposited was removed by filtration. The filtrate was concen­
trated again to a few milliliters, and the residual KCl in the 
solution was removed completely by using a Sephadex G-10 
column. The early eluted isomer (Ä(C2)-K[Co(L-pro-gly)2] • 
3H20) was crystallized by addition of ethanol to the concen­
trated aqueous solution and by keeping the solution in a 
refrigerator for a few days. The crystals were filtered and 
washed with 90% ethanol, 99.5% ethanol, and then acetone. 
The late eluted isomer (S(C2)-K[Co(L-pro-gly)2] .3.5H20) was 
isolated as needle crystals by addition of acetone to the 
methanolic solution and by keeping the solution in a refriger­
ator for a few days. The crystals were filtered and washed 
with acetone. Both complexes were dried over calcium 
chloride in a desiccator under reduced pressure. 

The diastereomers of other bis(dipeptidato)cobalt(III) 
complexes with L-alanyl-/S-alaninate, /S-alanyl-L-alaninate, 
glycyl-L-leucinate, L-leucylglycinate, glycyl-L-alaninate, or L-
alanylglycinate were prepared and separated by the same 
procedure as that used for the complex K[Co(L-pro-gly)2] 
described above, except that the pH of the reaction solutions 
containing the dipeptide ligands with /9-alanyl or /5-alanine 
residue was adjusted to 8—8.5. Crystallization of these 
complexes was carried out from the concentrated aqueous 
solutions by addition of methanol or acetone. 

Two Diastereomers of Potassium (glycylglycinato)(L-prolylgly-
cinato)cobaltate(III), K[Co(gly-gly)(i,-pro-gly)]: The prepara­
tion and chromatographic separation for the diastereomers of 
this mixed ligand complex were carried out by the method 
similar to that used for the complex K[Co(L-pro-gly)2], except 
that a mixture of glycylglycine (1.32 g, 0.01 mol) and L-
prolylglycine (1.72 g, 0.01 mol) was used instead of L-prolyl­
glycine. However, in this case an adsorbed band was sepa­
rated into five ([Co(L-pro-gly)2]- (Ä(C2)-isomer), [Co(gly-gly)-
(L-pro-gly)]- (Ä(C2)-isomer), [Co(gly-gly)2]-, [Co(gly-gly)-
(L-pro-gly)]- ^(C^-isomer), and [Co(L-pro-gly)2]- (S(C2)-
isomer)) by continuous development using six QAE-Sephadex 
columns (4.7 cmX 90 cm, CI - form). Two diastereomers 
(second and forth eluates) of the mixed ligand complex were 
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TABLE 1. ANALYTICAL DATA OF THE BIS(DIPEPTIDATO)COBALT(III) COMPLEXES 

Complex Elution 
order 

C(%) H(%) N(%) 

Found (Calcd) Found (Calcd) Found (Calcd) 

Ba[Co(gly-£-ala)2]2.4H20 
K[Co(y?-ala-L-ala)2] -2H 20 
K[Co(£-ala-L-ala)2] -4H20 
K[Co(L-ala-jff-ala)2] • 3HaO 
K[Co(L-ala-j5-ala)a] • 1.5H20 
K[Co(L-pro-gly)2].3H20 
K[Co(L-pro-gly)2] • 3. 5H 2 0 
K[Co(gly-gly) (L-pro-gly)] • 2. 5H 2 0 
K[Co(gly-gly)(L-pro-gly)] -4H20 

1 
2 
1 
2 
1 
2 
1 
2 

26.50 
32.23 
29.97 
30.67 
32.65 
33.86 
33.69 
30.02 
28.14 

(26.58) 
(32.00) 
(29.63) 
(30.77) 
(32.67) 
(34.15) 
(33.54) 
(29.80) 
(28.09) 

4.44 
5.58 
5.61 
5.61 
5.22 
4.92 
5.40 
4.97 
4.91 

(4.46) 
(5.37) 
(5.81) 
(5.60) 
(5.25) 
(5.32) 
(5.43) 
(4.77) 
(5.14) 

12.22 
12.59 
11.16 
12.07 
12.46 
11.49 
10.76 
12.67 
12.04 

(12.40) 
(12.44) 
(11.52) 
(11.96) 
(12.69) 
(11.38) 
(11.17) 
(12.63) 
(11.91) 

isolated as needle crystals of reddish-purple color. 
Barium Bis(glycyl-ß-alaninato)cobaltate(III) Tetrahydrate and 

Potassium Bis(ß-alanylglycinato)cobaltate(III) Monohydrate, Ba[Co-
(gly-ß-ala)2)]2.4H20 and K[Co(ß-ala-gly)2-\.H20:V These 
complexes were obtained by the method similar to that used 
for K[Co(L-pro-gly) 2 ] . However, since the potassium salt 
of bis(glycyl-/?-alaninato)cobaltate(III) complex was hygro­
scopic, it was converted to the barium salt using a small SP-
Sephadex C-25 column (Ba2+ form). 

The analytical data of the newly prepared complexes are 
listed in Table 1. 

Partial Resolution of [Co(gly-ß-ala)2~]-. Racemic Ba[Co-
(gly-/3-ala)2]2'4H20 (ca. 0.2 g) was dissolved in a small 
amount of water and loaded on a QAE-Sephadex column 
(4.7 cmX 90 cm, Cl~ form). An adsorbed band was developed 
with an 0.1 M L-histidinium chloride solution. After the 
development had been repeated about twenty-five times using 
a circulating micropump, the broadened band was eluted 
fractionally. The first and last fractions exhibited optical 
rotations of ( — ) and ( + ) signs at 589 nm, respectively. Each 
fraction was concentrated by a rotary evaporator until crystals 
of L-histidinium chloride appeared. The L-histidinium 
chloride was removed by filtration, and methanol was added to 
the nitrate to deposit out the residual L-histidinium chloride. 
After the removal of L-histidinium chloride, the methanolic 
solution was evaporated again almost to dryness. The 
resulting residue was dissolved in a small amount of water 
and chromatographed to remove completely the L-histidinium 
chloride and to convert the complex to the potassium salt using 
a small SP-Sephadex column (K+ form). The crude complex 
was purified using a Sephadex G-10 column. The CD spectra 
of the optically active complexes were measured without 
isolating them as crystals, and the Ae values of the complexes 
were calculated from the absorption spectral data of the 
racemic complexes. The main CD band in the first absorp­
tion region showed negative and positive signs for the two 
isomers from the first and last fractions, respectively. 

Partial resolution of racemic [Co(/3-ala-gly)2]
_ and [Co(gly-

gly)2]~ was also carried out by the method similar to that used 
for the complex [Co(gly-ß-ala)2]~. However, in the case 
of the complex [Co(/5-ala-gly)2]- the (+)5 8 9- and ( — )589-
isomers were obtained from the first and last fractions, respec­
tively, and the elution order of the enantiomers was opposite 
to the cases of the complexes [Co(gly-/?-ala)2]~ and [Co(gly-

giy)2]--
Measurements. The absorption and CD spectra were 

measured by a Hitachi 557-type spectrophotometer and a 
JASCO J-22 spectropolarimeter, respectively. 

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

Boas et a/.,20) trying seven preparative methods for 
type [Co(dipeptidato)2]~ complexes, adopted the 
method starting from cobalt (III) hydroxide oxide. In 
the present study, however, we used the preparative 
method based on oxidizing cobalt(II) by lead dioxide, 
which is not included in the above seven methods. The 
present method is featured by rapid reaction, minor 
by-products, comparable yields of two diastereomeric 
complexes, and prevention of the hydrolysis of dipeptide. 
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Fig. 1. Absorption (racemate) and CD (last fraction 
resolved by column chromatography) spectra: [Co-
(gly-gly)2]- ( ), [Co(gly-£-ala)2]- ( ), and [Co-
tf-ala-glyJJ-(....)• 

Absorption Spectra. Absorption spectral da ta of 
the complexes bis(dipeptidato)cobalt(III) examined are 
summarized in Table 2. These complexes show a slight 
difference in their spectral behaviors. Figure 1 shows a 
comparison of absorption curves among the complexes 
[Go(gly-gly)J- , [Go(gly-j9-ala)J-, and [Co^ -a l a -
gly)2]~. T h e first and second absorption maxima shift 
to the higher energy side in the order of gly-gly, gly-^-ala, 
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TABLE 2. ABSORPTION DATA OF M[Co(dipeptidato)2] COMPLEXES 

iW a ) ( l og £ ) 

Complex Elution 
order d-d Transition 

1st band 2nd band 

Ligand transition 
band 

ei/en 
b) 

1 K[Co(gly-gly)2].1.5H20 18.94(2.57) 24.69(1.97) 
2 Ba0.6[Co(gly-j8-ala)2].2H2O 19.16(2.48) 24.88(1.96) 
3 K[CoQ9-ala-gly)2].H20 19.38(2.30) 25.84(2 
4 S(C2)-K[Co(gly-L-ala)2].H20 I 18.98(2 60) 24.75(1 
5 R(C2)-K[Co(gly-L-ala)2].2.5H20 2 18.90(2.59) 24.75(2 07) 
6 S(G2)-K[Go(L-ala-gly)2].1.5H20 1 18.98(2.63) 24 88(2 01) 
7 R(C2)-K[Co(L-ala-gly)2].2.5H20 2 18.90(2.59) 24.69(2 07) 
8 S(C2)-K[Co(gly-L-leu)2].3H20 1 19.23(2.51) 25.51(2 03) 
9 R(C2)-K[Co(gly-L-leu)2].3.5H20 2 19.16(2.58) 25.00(2.14) 

10 S(C2)-K[Co(L-leu-gly)2].5.5H20 1 19.16(2.63) 25.25(2 02) 
11 R(G2)-K[Co(L-leu-gly)2].4H20 2 19.05(2 62) 25 00(2 10) 
12 S(C2)-K[Co0ff-ala-L-ala)2].2H2O 1 19.38(2 27) 26 32(1 99) 
13 R(C2)-K[CoG0-ala-L-ala)2].4H2O 2 19.31(2 28) 25 97(2 30) 
14 S(C2)-K[Co(L-ala-£-ala)2].3H20 1 19 23(2 57) 25 00(2 06) 
15 R(C2)-K[Co(L-ala-£-ala)2].1.5H20 2 19.16(2.39) 25 00(1 90) 
16 R(C2)-K[Co(L-pro-gly)2]-3H20 1 18.25(2 64) 24.10(2 00) 
17 S(C2)-K[Co(L-pro-gly)2].3.5H20 2 18.55(2 66) 24 39(2 07) 
18 R(C2)-K[Co(gly-gly)(L-pro-gly)].2.5H20 1 18.80(2.56) 24 63(2 04) 
19 S(C2)-K[Co(gly-gly)(L-pro-gly)].4H20 2 18.73(2 62) 24 57(2 02) 

.13) 

.94) 

45 25(4 45) 
46.30(4.41) 
45 46(4 57) 
44 84(4 44) 
45 25(4 48) 
45 45(4 51) 
45 25(4 49) 
46.51(4.31) 
46 30(4.43) 
46 84(4 50) 
46 51(4 50) 
45 05(4 50) 
45 05(4 55) 
46 08(4 47) 
46 51(4 36) 
44 25(4 47) 
44 84(4 53) 
44 64(4 47) 
44 84(4 46) 

1.30 
1.27 
1 08 
1 34 
1 25 
1 31 
1 25 
1 24 
1.21 
1.30 
1 25 
1 14 
0 99 
1 25 
1 24 
1 32 
1.29 
I 25 
1.30 

a) In the unit of 103 cm -1, b) Molar extinction coefficient ratio of the first and second absorption maxima. 

and /?-ala-g]y complexes. Such a shift of the maximum 
positions may be attributed to a delicate difference in 
the ligand field strength of coordinated dipeptidates 
or in the stability of dipeptidato complexes ; it follows 
that the six-membered chelate ring (ß-alanyl ring) in the 
N-terminal side is less strained than the five-membered 
chelate ring (glycyl ring). T h e order of the stability 
of these dipeptidato complexes quite agrees with that 
established by Nakahara et al. for copper(II) complexes 
of dipeptides24) and tripeptides25) containing glycine 
and/or /S-alanine residues. 

Difference between the type [Co(/?-ala-a2)2]_ a n d 
[Go(a1-/S-ala)2]- or [ C o ^ - a ^ ] - (a denotes a-amino 
acid residue) complexes is also observed in the intensity 
ratio of the first to second absorption maximum (si/fin) 
(Table 2). It is interesting that the Sileu ratios of the 
diastereomeric complexes indicate higher values for the 
early eluted isomers (S(C2)-isomers) than for the late 
eluted ones (R(C2)-isomers), except for the [Co(L-pro-
gly)2]~ complexes. 

R(C2 ) S (C 2 ) 

Fig. 2. Possible structures of two diastereomers in [GO(L-
pro-gly)2]~ complex. 

Figure 2 shows the two diastereomeric structures of the 
complex [Co(L-pro-gly)2]_ . With the notation, proposed 
by Boas et al.20> for the bis (dipeptidato) cobalt (III) type 
complexes, applied to the case of complex [Co(L-pro-
gly)2]-> a diastereomer assuming the R(C2) configuration 
has a larger steric compression between the two pyr­
rolidine rings in the complex molecule than the other 
assuming the S(C2) configuration. As shown in Table 2, 
the first and second absorption maxima of the early 
eluted isomer (violet isomer) locate toward the longer 
wavelength side by as much as 300 and 290 cm - 1 , 
respectively, than those of the late eluted isomer (purple 
isomer). Consequently, it is expected from these 
spectral behaviors that the former isomer assumes a 
structure of larger steric compression than the latter 
isomer, hence the configurations of the early and late 
eluted isomers can be assigned to R(G2) and S(C2), 
respectively. 

Circular Dichroism Spectra and Absolute Configurations. 
The CD spectral da ta of all the complexes are listed in 
Table 3, and their absolute configurations and the elution 
order of the diastereomers are shown in Table 2. The CD 
spectra of the complexes examined may be divided into 
three band regions in the d-d transition range 15000— 
30000 cm- 1 , the charge transfer range 30000—40000 
c m - 1 , and the ligand transition range 40000—50000 
c m - 1 . Figure 3 shows the CD curves of the two pairs of 
diastereomers in the complexes [Co(L-pro-gly)2]- and 
[Co(gly-gly) (L-pro-gly)]-. These diastereomers exhibit 
quite similar CD patterns in the first and second absorp­
tion regions. Therefore, in these cases it is difficult to as­
sign their absolute configurations from their CD patterns 
only for the d-d transition region. O n the other hand, the 
CD curves of the pair of diastereomers in the range of 
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TABLE 3. CD DATA OF M[Co(dipeptidato)2] COMPLEXES 

2921 

Complex 

P» 
2 b) 

3w 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

1st band region 

18.18(4-0.41) 

16.26(-0.012) 
19.17(4-1.00) 
19.31 (—0.31) 

19.76(—4.127) 

17.39^4-0.299) 
20.00(—1.911) 
19.72(-2.243) 

17.61(4-1.857) 
20.08 ( -4 .260) 
19.27(-3.424) 

19.57(-3.035) 

19.76(-3.047) 

17.39(4-1.598) 
19.80(-5.221) 
19.05(-3.847) 
21.37(4-0.905) 
19.19(—2.273) 
21.28(4-0.441) 
16.53(4-0.076) 
19.69(-5.419) 
18.32(4-1.480) 
20.37(-0 .542) 
17.27(4-3.720) 
19.49 ( -3 .589) 
17.24(4-1.933) 
19.72 ( -3 .048) 
17.67(4-1.716) 
20.00 ( -1 .298) 
17.24(4-0.348) 
19.88(—I.6I0) 

2nd band region 

23.53(4-0.04) 
27 .32( -0 .02) 
25 .97( -0 .07) 

25 .97( -0 .12) 

24.69(4-0.618) 

25 .64(-0 .641) 

25.84(4-0.518) 

24.94(4-1-795) 

26.32 ( -0 .234) 

25.19(-0 .900) 

25.45(4-0.807) 

24.69(4-1.612) 

25.97 ( -1 .642) 

25 .97(-0 .839) 

25.71(4-0.827) 

25.13(4-0.638) 

24.15(4-2.811) 

24.69(4-1.481) 

24.51(4-0.825) 

25,00(4-0.719) 

Vext a ) ( log e ) 

Charge transfer band region 

34.25(4-0.18) 

34 .25( -0 .27) 

39 .53( -1 .25) 

40.82 ( -2 .07) 

35.97(4-0.23) ca.40.0(-0.45) 

34.48(4-0.426) 

35.34(4-0.706) 

31.25(4-0.050) 

34.97(4-2.082) 

33.56(4-0.501) 

33.11(4-0.307) 

34.22(4-0.331) 

34.60(4-2.310) 

32.47(4-0.823) 

33.67(-0 .574) 

33.67(4-1.573) 

29.94(-0 .120) 

29.59(-0 .551) 
33.90(4-2.015) 
32.79(4-0.174) 

29.85 ( -0 .100) 
33.90(4-0.721) 

38.00 ( -0 .350) 

38.76(4-0.965) 

39.53(-2 .588) 

40.65 ( -2 .479) 

39.37 ( -2 .700) 

37.19(4-1.146) 
40.82 (-1 .699) 
37.59(—1.114) 
40.65(4-0.801) 
41.15( —7.727) 

38.46(-1 .361) 

38.17^-2.730) 

39.06 ( -2 .090) 

37.74^-0.777) 

Ligand transition 
band region 

44.05(4-11.00) 
48.08 ( -19.70) 
44.84(4-2.94) 
50 .00(-12.42) 
44 .84( -1 .78) 
48.78(4-3.00) 
43 .29(-16.59) 
49.50(4-18.32) 
47.17(—16.17) 

43 .86(-9 .171) 
48.54(4-18.66) 
43.86(4-12.88) 
48.08 ( -29.25) 
42 .74(-10 .03) 
49.02(4-15.81) 
43.48(4-1.024) 
46.73 ( -10 .24) 
43.10(—7.921) 
48.31(4-13.50) 
43.48(4-10.67) 
47.62 ( -29.65) 
44.05 ( -13.02) 
48.78(4-5.923) 
44.64 (+4.788) 
48.31 ( -8 .428) 
44.25(-3 .714) 
49.75(4-33.87) 
44.84(4-13.97) 
49.75 ( -35.58) 
42.19(4-7.061) 
46.51^-28.24) 
42.92(-16.41) 
47.17(4-25.97) 
43.10(4-6.844) 
47.17(—19.72) 
43 .10(-10.30) 
47.39(4-20.60) 

a) In the unit of 10-3 cm -1, b) The isomer was obtained from the last 
on a QAE-Sephadex C-25 column with an 0.1 M L-histidinium chloride 

fraction when the complex was chromatographed 
solution. 

40000—50000 c m - 1 show antipodal CD patterns with 
opposite signs, which may be related to the absolute 
configurations of the diastereomeric complexes. Namely, 
in the complex [Co(L-pro-gly)2]~ the CD curve of the 
early eluted isomer assigned to the R(C2) shows plus 
and minus peaks at 42190 and 46510 cm - 1 , respectively, 
and that of the late eluted isomer assigned to the S(C2) 
shows minus and plus peaks at 42920 and 47170 c m - 1 , 
respectively. Quite similar CD patterns are observed 
also for the pair of the diastereomers of the complex 
[Co(gly-gly)(L-pro-gly)]_ (Fig. 3). Therefore, we can 
assign the early and late eluted isomers the configurations 
R(C2) and S(C2), respectively. 

However, the observed CD spectra of the present 

diastereomers are produced as a sum of the configura­
tional and vicinal contributions. Figure 4 shows only 
the configurational CD curves (obtained through 
subtraction of values for the early eluted diastereomer 
from those for the late eluted) for the diastereomeric 
complexes. The configurational CD curves in the d-d 
transition region exhibit quite similar patterns to each 
other for the L-ala-gly and L-leu-gly complexes of the 
gly-L-ala and gly-L-leu complexes, but those of the 
L-pro-gly, L-ala-^-ala, and /?-ala-L-ala complexes do not 
indicate such a similarity among them. O n the other 
hand, the configurational C D curves in the region of 
40000—50000 c m - 1 show the same patterns (plus and 
minus signs from the longer wavelength side) for 
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Fig. 3. Absorption and CD spectra of the dipeptidato 
complexes: early ( ) and late ( ) eluted dia-
stereomers of [Co (L-pro-gly) 2 ] - ; early ( ) and 
late ( ) eluted diastereomers of [Go(gly-gly) 
(L-progly)]"1. 

_ i 1 « i $ t_ i i i _ 

15 20 25 _ 30 40 45 50 
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Fig. 4. Configurational CD curves calculated for the 
dipeptidato complexes: [(late eluted diastereomer) — 
(early eluted diastereomer)]/2. (1) [Co (L-pro-gly) 2 ] ~ 
( ) and [Co(gly-gly)(L-pro-gly)]- ( ), (2) [Co-
(L-ala-gly)2]- ( ) and [Co(gly-L-ala)a]- ( ), 
(3) [Co(L-leu-gly)2]- ( ) and [Co(gly-L-leu)2]-
( )s (4) [Co(L-ala-/S-ala)2]- ( ) and [Co(0-ala-
L-ala)2]- ( ). 

complexes (2)—(4) in Fig. 4. From a comparison of 
these CD patterns with those of the L-pro-gly and 
(gly-gly) (L-pro-gly) complexes one can assign the 
absolute configurations to the paired diastereomers in 
complexes (2)—(4). Namely, the R(C2) and S(C2) 
configurations can be assigned to the late and early 
eluted diastereomers of complexes (2)—(4), respectively, 
as shown in Table 2. These configurational assignments 
for the gly-L-ala, L-ala-gly, gly-L-leu, and L-leu-gly 
complexes are quite in agreement with those by Boas 
et al.20) 

An analogous discussion can be made for the com­
plexes [Co(gly-gly)2]-, [Co(gly-0-ala)J- , and [Co(/5-
ala-gly)2]- which were partially resolved by column 
chromatography2 6) using an 0.1 M L-histidinium 
chloride solution. Figure 1 shows the CD spectra of their 
first fractions (( + )689-[Go(gly-gly)2]-, ( + )589-[Co(gly-£-
a la ) 2 ] - , and (-)5 8 9-[Co( /S-ala-gly)2]-). The CD 
patterns in the ligand transition region exhibit plus and 
minus signs in the range 40000—50000 c m - 1 for the 
gly-gly and gly-ß-ala. complexes. Therefore, the R(C2) 
configuration can be assigned to the first fractions 
((+)6 8 9-isomer) of these complexes. The elution order 
of the two enantiomers in the complex [Co (gly-gly) 2 ] ~ 
was the same as that Gillard et Ö/.15>2°) obtained with a 
starch column. O n the other hand, the first fraction 
((—)589-isomer) of the complex [Co(/?-ala-gly)2]- shows 
the CD pattern with opposite (minus and plus) signs 
which can be assigned to the S(C2) configuration. 

This work was supported by a Grant-in-Aid for 
Scientific Research No. 343012 from the Ministry of 
Education, Science and Culture. 
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Metal Complexes Coordinating Pyridine Derivatives. III.0 Stereoselective 
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Dichloro mononuclear and di-(x-hydroxo dinuclear chromium(III) complexes were prepared with the following 
three ligands, (.S^-iVjiV'-bis (2-pyridylmethyl) propylenediamine (abbrev. .S-picpn), (.S^-iVjiV'-bis (2-pyridylmethyl) -
2,3-butanediamine (abbrev. ÄS-picbn), and (*S,,*S,)-iVr,iVr/-bis(2-pyridylmethyl)-l,2-cyclohexanediamine (abbrev. SS-
picchxn). The SS-picbn and S.S'-picchxn ligands produce novel A(SS)-cis-oL diastereomer of dichloro complex, in 
which the terminal chelate ring is formed by coordination of equatorially-oriented substituent on the secondary 
nitrogen atom. An explanation from the viewpoint of steric repulsion is given for the stereoselective formation 
of A(SS) diastereomers for the cis-oc dichloro complexes of AS-picclixn and iStf-picbn. A similar explanation is 
also given for stereoselective formation of a limited number of isomers of dinuclear (x-hydroxo complexes of S-
picpn, .SS-picbn, and AS-picchxn. 

In a previous paper,2) two diastereomers A(S) and 
A(S) were prepared for a cw-a-dichloro or dibromo 
chromium (III) complex of a quadridentate ligand 
(S) - N, N'-bis (2-pyridylme thyl) propylenediamine (ab­
brev. £-picpn). In the A(S)-cis-oi diastereomer, the 
quadridentate ligand takes the most stable conforma­
tion, the aminomethylpyridine chelate ring being 
formed by coordination of an axially-oriented sub­
stituent on the secondary nitrogen atom. This fact was 
confirmed from the X-ray crystal structure analysis of 
^^ -a - [CrCl 2 (£ -p icpn) ]Cl . 3 ) O n the other hand, the 
A(S)-cis-oL diastereomer belongs to a ra ther rare type, 
in which the terminal chelate ring is formed by coordina­
tion of an equatorially-oriented substituent on the 
secondary nitrogen (Fig. 1 ). Another example of this 
type found in l i terature is a A-cis-cn diastereomer of 
(oxalato or ethylenediamine) {(R,R)-N, N'-dimethyl-1,2-
cyclohexanediamine(diacetato)} cobalt (III).4) 

Fig. 1. Two cis-oL diastereomers of [CrX2(.S
,-picpn)]+, 

"ax" showing the axial orientation of the pyridylmethyl 
substituent on the secondary nitrogen atoms and "eq" 
the equatorial orientation. 

In this paper, two kinds of chiral ligands, (R,R)-N,Nf-
bis (2-pyridylmethyl) -1,2-cyclohexanediamine (abbrev. 
Äß-picchxn) and (S,S)-N,N'-bis(2-pyridylmethyl)-2,3-
butanediamine (abbrev. ÄS-picbn), were used for 
preparat ion of dichloro and di-//-hydroxo type 
chromium (III) complexes, turning our attention to the 
cis-0L structure. For convenience, the explanation is 
made in Results and Discussion using AS-piccnxn, 
actually Ä#-picchxn being used in Experimental. 

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

Ligands. (S,S)-2,3-Butanediamine: This was prepared 
and resolved by the method in the literature.6) The absolute 
configuration is considered to be (S, S) from the literature.6) 

(R,R)-l,2-Cyclohexanediamine: This was resolved by the 
method in the literature.7) 

The quadridentate ligands S-picpn, ÄS-picbn, and RR-
picchxn were prepared from (£)-propylenediamine, (S, S)-2,3-
butanediamine, or (R,R) -1,2-cyclohexanediamine and 2-
pyridinecarbaldehyde by the method of Goodwin and Lions.8) 

Mononuclear Complexes. Preparation I: Anhydrous 
chromium(III) chloride (1.0 g) was suspended in 0.1 cm3 of 
dimethyl sulfoxide, the equimolar amount (1.79 g) of SS-picbn 
( 1.8 g in the case of Äß-picchxn) being added slowly with stirr­
ing. After thirty minutes, unreacted material was filtered off 
and the filtered solution was poured onto an SP-Sephadex G-25 
column (030 X 700 mm) and the adsorbed band was eluted 
with 0.1 mol dm - 3 NaCl aqueous solution. Three bands were 
eluted, a purple one (i), a red-violet one (ii), and a violet one 
(iii). The first band proved to contain only one diastereomer 
by examining circular dichroism (CD) spectra of the fractions 
of this band collected with a fraction collector. To the 
concentrated solution of the eluate was added sodium Perchlo­
rate and obtained precipitates were recrystallized from warm 
water. For the ÄS-picbn complex: Found; G, 38.24; H, 
4.56; N, 10.97%. Galcd for [CrCl2(SS-picbn)]ClO4.0.5H2O 
= G16H22N4O4Gl3Gr.0.5H2O: G, 38.30; H, 4.62; N, 11.17%. 
For the Äß-picchxn complex: Found; G, 41.24; H, 4.68; N, 
10.68%,. Galcd for [GrGl2(ÄÄ-picchxn)]GlO4.0.5H2O=G18-
H24N4O4Cl3Cr.0.5H2O: G, 40.96; H, 4.77; H, 10.62%. 
The band (ii) contained two species but decomposed during 
the concentration procedure even below 25 °G. The band 
(iii) seemed to be a di-(x-hydroxo complex, but its yield was 
very low. In the same way the S-picpn dichloro complex has 
been prepared, both A and A diastereomers being isolated.2) 

Preparation II: Chromium shot (0.50 g) was crushed and 
dissolved in hydrochloric acid under nitrogen atmosphere, 
the blue solution was evaporated to dryness, to which was 
added 2.56 g of ÄS-picbn (2.86 g in the case of RR-picchxn) in 
4 cm3 of pyridine. While refluxing for ten minutes, a pyridine 
solution (10 cm3) of iodine (2.44 g) was added. The 
deposited product was dissolved in water and passed through 
the Dowex 1-X8 column (Gl~ form). After concentrating 
the eluate, 60% perchloric acid was added. The precipitate 
was recrystallized from hot water. Only one diastereomer 
was obtained, the CD spectrum being the same as the band 
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(i) in Preparation I. For the ÄS-picbn complex: Found; C, 
38.65; H, 4.57; N, 11.24%. Calcd for [CrCla(ÄS-picbn)] 
ClO4.0.5H2O=C16H22N4O4Cl3Cr.0.5H2O: C, 38.30; H, 4.62; 
N, 11.17%. For the ÄR-picchxn complex: Found; C, 40.88; 
H, 4.72; N, 10.54%. Calcd for [CrCl2(/tö-picchxn)]C104. 
0.5H2O=C18H24N4O4Cl3Cr.0.5H2O: C, 40.96; H, 4.77; N, 
10.62%. This method of preparation gave only the more 
stable diastereomer (A) in the case of the S-picpn ligand.2) 

Di-\L-hydroxo Dinuclear Complexes. Chromium (I II) 
bromide hexahydrate (2.0 g) was dissolved in 2-methoxy-
ethanol (15 cm3). After adding zinc powder, £-picpn (1.28 g) 
was added with stirring. After ten minutes, the zinc powder 
and violet precipitate were filtered off, and the filtrate was 
poured onto an SP-Sephadex C-25 column (030x700 mm). 
Eluting with 0.5 mol dm - 3 NaCl aqueous solution, three bands 
were obtained, a brown one (i), and two violet ones (ii) and 
(iii). Pure crystalline product was obtained by concentrating 
the eluate (ii) and adding an aqueous solution of sodium 
Perchlorate. For the £-picpn complex: Found; C, 32.44; H, 
4.24; N, 9.95%. Calcd for [{Cr(OH)(S-picpn)}2](C104)4. 
3.5H2O=C30H42N8O18Cl4Cr2.3.5H2O: C, 32.42; H, 4.44; N, 
10.08%. For the SS-picbn complex: Found; C, 33.32; H, 
4.52; N, 9.59%. Calcd for [{Cr(OH)(^-picbn)}2] (C104)4-
3H20=C3 2H4 6N801 8Cl4Cr2 .3H20; C, 33.99; H, 4.64; N, 
9.91 %. For the ÄR-picchxn complex : Found ; C, 35.92 ; H, 4.83 ; 
N, 9.24%. Calcd for [{Cr(OH)(Äß-picchxn)}2](C104)4.4H20 
= C36H50N8O18Cl4Cr2.4H2O: C, 36.01; H, 4.87; N, 9.33%. 
The eluate (i) seemed to be a mononuclear species. From 
(iii) pure crystals could not be obtained in spite of repeated 
crystallizations. This may be a polynuclear complex. 

The dinuclear complex [{Cr(OH)(ÄÄ-picchxn)}2](C104)4 

was dissolved in coned hydrochloric acid. After 6 d, 30% 
perchloric acid was added to it and the obtained Perchlorate 
salt was recrystallized from water. Found: C, 40.41; H, 
4.68; N, 10.40%,. Calcd for [CrCl2(ÄÄ-picchxn)]C104-
H 2 0=C 1 8 H 2 4 N 4 0 4 Cl 3 Cr.H 2 0: C, 40.28; H, 4.88; N, 10.44%. 
The CD spectrum of this mononuclear complex was the same 
as those of the samples prepared in Preparations I and II. 

Other Complexes. The dinuclear complexes [{Cr(OH)-
(picen)}2](C104)4, [{Cr(OH)(pma)2}2](C104)4 (pma=2-pyri-
dylmethylamine), and meso-[{Cr(OH)(en)2}2]C14 were pre­
pared by the methods in the literatures.9"12) 

AA~trans(py)trans(py)-[{Cr(OH) (S-pea)2}2]I4 (S-pea= (S)-l-
(2-pyridyl)ethylamine) was prepared in a previous paper.1) 

Measurements. The visible and ultraviolet absorption 
spectra were measured with a Shimadzu UV-200 and a 
Hitachi 330 spectrophotometer. The CD spectra were 
measured on a JASCO MOE-1 spectropolarimeter. The 
dichloro complexes were measured in 0.1 mol dm - 3 HCl and 
the dinuclear ones in water. 

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

Structure Assignments. The absorption and CD 
spectra of the mononuclear dichloro complexes of SS-
picbn and AS-piccnxn are shown in Fig. 2. The geom­
etries and absolute configurations were determined 
from the CD spectra in the first d-d absorption band 
region. As stated in a previous paper,2) the CD of A-
cis-OL complex of chromium (III) or cobalt (III) coor­
dinated with pcen derivative shows a typical ( + , — ) 
dispersion pat tern from the lower energy side and that 
of A-cis-v. (—, + ) , the |Ae| value at the each extremum 
being larger than 1.0. From this criterion, the present 
complexes of ÄS-picbn and AS-piccnxn are assigned 
A-ris-oi form. The absorption and CD spectra of di-^-

J i i i i i _ 

15 20 25 30 35 40 
a/103cm1 

Fig. 2. The absorption (AB) and CD spectra of A-cis-ac-
[CrCl2(Ä9-picchxn)]C104 ( ) and A-cis-aL-\CrC\2(SS-
picbn)]C104 ( ). 

ü I i \z i i i I 
15 20 25 30 35 40 45 

o-/l03cm"1 

Fig. 3. The absorption (AB) and CD spectra of AA-trans-
(py)/r^(py)[{Cr(OH)(picen)}2](C104)4 ( ) and 
AA-trans(py)trans (py) [ {Cr (OH) (S-picpn)} J (C104)4 

( ). The AB and MCD spectra of meso-[{Cr(OH)-
(en)2}2]Cl4 ( ) and MCD of trans (py) trans (py) [{Cr-
( OH) (picen) }2](C104)4 ( ) are also presented. 

hydroxo dinuclear complexes of iS-picpn, ÄS-picbn, and 
AS-piccnxn are shown in Figs. 3 and 4 together with 
those of ^^ - / r a^ (py )^a^ (py ) - [{Cr (OH)(p icen )} 2 ] -
(C104) 4 (p icen=N, JV'-bis (2-pyridylmethyl) ethylenedi-
amine)(each parts linked by two hydroxyl groups take 
trans (py) trans (py) structure (cis-a structure)), which takes 
the trans (py) trans (py) structure stereoselective^ because 
of the steric hindrance between pyridine rings.10) The 
CD curve of £-picpn complex is nearly a mirror image 
to that of the picen complex of A A configuration. Thus 
the configuration of the £-picpn complex is assigned 
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TABLE 1. T H E ABSORPTION AND CD DATA (sh=shoulder) 

Complex 

A-cis-cc-
[CrCl2(,SS-picbn)]C104 

(Fig- 2) 

A-cis-cc-
[CrCl2(5'5 ,-picchxn)]C104 

(Fig- 2) 

AA-
[{CrCOHKÄS-picbn)},] 

(G104)4 

(Fig- 4) 

AA-
[ {Cr (OH) (ÄS-picchxn) } 2] (C104)< 

(Fig- 4) 

AA-
[{Cr(0H)(5-p icpn)} 2 ] (C10 4 )4 
(Fig. 3) 

AA-
[{Cr (0H)(p icen)} 2 ] (C10 4 ) 4 

(Fig. 3) 

AA-
[{Cr(OH)(pma) 2 } 2 ] (C10 4 ) 4 

AA-
[{Cr(OH)(S-pea) 2 } 2 ] I 4 

(Fig. 6) 

Absorpti 

/ 
^max/cm"1 

18280 

24570 

34000 (sh) 
36360 (sh) 

18080 

24390 

34000 (sh) 
36360 (sh) 

18760 
25910 

32790(sh) 

38020 

18980 
, 25910 

32790(sh) 

38170 
18870 
26040 

32790(sh) 

38460 
18800 
26040 

32790(sh) 

38020 

18400 

26050 
32790(sh) 

38000 

18500 

26450 
32790(sh) 

38300 

44600 

on 

\ 
l o g o s ' 0 

1.96 

1.92 

2 .45 
3 .85 

1.97 

1.94 

2 . 5 
3 .63 

2 .27 
2 .17 

2 .86 

4 . 1 4 

2 . 2 4 
2 .17 

2 .82 

4 . 3 3 
2 . 2 4 
2 .21 

2 . 8 3 

4 .12 
2 .29 
2 .16 

2 . 8 0 

4 .10 

2 .29 

2 .06 
2 .76 

4 .12 

2 .32 

2 .12 
2 .82 

4 .21 

4 .73 

/ 
^ext/cm-1 

16980 
19230 
23310 
25450 
30030 
30490 
31060 
37370 
39220 (sh) 
42190 
46730 
16860 
19080 
23260 
25320 
30770 
32150 
37310 
39220 (sh) 
41490 
46950 
19270 
26040 
31550 
33110 
35090 
36100 
38170 
19120 
26040 
31550 
33060 
35090 
36230 
38460 
19230 
26600 
31750 
33330 
35590 
38310 
19160 
25910 
31750 
33330 
36230 
38310 
40980 
17090 
19720 
26600 
32260 
33840 

36870 
39000 
17000 
19800 
26620 
32270 
33950 
35400 
37330 
39100 
41350 

C D 

Ae a ) 

- 1 . 0 1 ) 
+ 1.49 
+ 0 .15 
- 0 . 4 4 , 
- 0 . 0 1 
- 0 . 0 1 
+ 0 . 0 3 
- 7 . 5 0 : 

+ 1.75 
+ 11.2 : 

- 3 5 . 5 
- 1 . 2 1 ; 

+ 2 .06 
+ 0 . 2 2 
- 0 . 4 3 
+ 0 . 3 3 1 
+ 0 . 0 6 
- 7 . 2 9 : 

+ 5.70 
- 1 7 . 0 1 
+ 39 .9 
+ 6 .59 
- 1 . 5 4 
- 0 . 4 6 
+ 0 .64 
- 1 . 0 6 
+ 2 . 0 8 
- 1 5 . 0 
+ 6 .59 ' 
- 1 . 3 6 
- 0 . 5 0 
+ 0 . 5 0 
- 1 . 2 2 
+ 1.75 ] 
- 1 5 . 0 
+ 5.61 
- 1 . 5 8 t 

- 0 . 6 1 ' 
+ 0.36 
- 1 . 3 4 j 
- 1 6 . 8 
- 5 . 3 9 î 
+ 1.06 j 
+ 0 .39 
- 0 . 7 4 
+ 3 .03 

+ 11.9 
- 0 . 1 9 
+ 0 .34 
- 5 . 3 8 
+ 1.53 ; 

+ 0 . 0 8 
- 1 . 1 6 

- 9 . 0 2 
+ 6 .3 t 

- 0 . 2 7 
+ 5 . 2 9 
- 1 . 7 5 
- 0 . 2 5 
+ 1.23 
- 0 . 4 0 ; 

+ 16.8 
- 1 . 2 0 
+ 3 .50 

"—"i 

Assignment 

d-d 

py(triplet) 

py( iL b ) , C T 

d-d 

py(triplet) 

py( iL b ) , C T 

d-d 

• py (triplet), / / -OH 

• py(xLb) 

. d-d 

• py ( t r ip le t ) , / / -OH 

py(xLb) 

d-d 

- py (triplet), # - O H 

> py(xLb) 

d-d 

• py (triplet), yU-OH 

• py(1Lb) 

. d-d 

• py(tr iplet) , / / -OH 

• py(xLb) 

• d-d 

. py (triplet), / / -OH 

• py(xLb) 

! 

a) £ is given in mol - 1 dm3 cm - 1 . 
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25 30 
o/IOcrn1 

Fig. 4. The absorption (AB) and CD spectra of AA-trans-
(py)/raw(py)-[{Cr(OH)(ÄS-picchxn)}J(a04)4 ( ) 
and AA-trans(py)trans(py)-[{Cr(OH) (ÄS-picbn)} J -
(C104)4 ( ). 

AA-trans (py) trans (py). From the CD spectra in Fig. 4, 
the SS-picbn and SS-picchxn complexes are assigned 
AA-trans'(py) trans (py). These assignments are supported 
by the decomposition experiment of the dinuclear 
complex into the mononuclear complex. T h e numerical 
data for the absorption and CD spectra are collected 
in Table 1. 

Stereoselective Formation of Diastereomers. T h e A 
and AA diastereomers of the mononuclear and dinuclear 
complexes were prepared, respectively, for the ligands, 
S-picpn, SS-picbn, and SS-picchxn, in this study. 
They belong to the type in which the terminal chelate 
ring are formed by coordination of the equatorially-
oriented substituents on the secondary nitrogen atoms 
(Fig. 1). Both A and A diastereomers of S-picpn dichloro 
mononuclear complex were obtained by the method of 
Preparation I, but only the more stable A one in 
Preparation I I . O n the other hand, only one isomer 
was obtained in the case of SS-picchxn and »SS-picbn 
in either method of preparation. In Fig. 5 the two 
diastereomers, A-cis-y. and A-cis-tx. of mononuclear SS-
picchxn complex are shown. The central chelate ring 
takes the most stable ô conformation for the SS-picchxn 
ligand. In the A form, there is a steric repulsion between 

one of the methylene proton (1 in Fig. 5) of the terminal 
chelate ring and the proton (2 in Fig. 5) a t tached to the 
cyclohexane carbon atom adjacent to the asymmetric 
one. In this form the terminal chelate ring is less 
strained than tha t of the A form. O n the other hand, 
in the A form there is no such steric repulsion as in the 
A form, though the terminal chelate ring in the A form 
is more strained than that in A form. If the steric 
hindrance predominates, only the A form will be formed. 
A preliminary X-ray crystal structure analysis revealed 
that the ^-m-a- [CrCl 2 (SS-picchxn) ]C10 4 has in fact 
the terminal chelate rings of equatorially-oriented 
pyridylmethyl groups on the secondary nitrogen 
atoms.13) In the case of SS-picbn ligands, the steric 
repulsion between the methylene proton and the methyl 
group on the central chelate ring is considered to be 
similar to the case of SS-picchxn ligand. Thus the A 
form was actually isolated. 

For the dinuclear complexes of SS-picchxn and SS-
picbn, the stereoselective formation of diastereomers 
can be explained by the same way as in the mononuclear 
ones. For the S-picpn ligand, only the AA form was 
formed. One more factor must be taken into account. 
From the X-ray structure analyses of mwo-[{Cr ( O l s ­
ten).,} 2](S2Oe)2

14> and racemic [{Cr(OH)(phen) 2 } 2 ] I 4 -
4H2015> (phen=l ,10-phenanthro l ine) , the in-plane 
< N C r N angle of di-/*-hydroxo dinuclear complexes is 
larger than 90° ("in-plane" means that the N atoms 
are in the plane defined by two chromium and two 
hydroxo-oxygen atoms). O n the other hand, the 

Fig. 5. The 
chxn)]+. 

two diastereomers of «j-a-[CrX2(ÄS,-pic-

30 35 
tf/10W 

Fig. 6. The absorption (AB), CD and MCD spectra 
of AA-trans (py) trans (py) - [ {Cr (OH) (pma)2} 2] (C104)4 

( ), and AB and CD spectra of AA-trans (py) trans-
(py)-[{Cr(OH)(5-pea)2}2]I4 (- ). 
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TABLE 2. MCD SPECTRAL DATA (sh=shoulder) 

Complex ^ext/cm-1 102 AsM° Assignment 

[{Cr(OH)(en)J2]Cl4 
(Fig. 3) 

[{CrCOHJCpmaJJJCCIO,), 
(Fig. 6) 

[{Cr(OH)(picen)2}](C104)1 

(Fig. 3) 

a) Aêjc is given in mol -1 dm3 cm-1 T_1. 

14390 
14860 
15380 

20830 

21880 

27030 

28900 
29850 

33440 
34840 

38460 

15040 

16390 
20410 

21880 

28010 

30490 
32260 
33330(sh) 

35710 

40820 

14490 
14930 
15380 

16390 
19230 

21010 

24390 
26320 

27930 

30300 
33670 

35710 

41670 

-0.38 1 
+0.08 
-0.11 t 

-0.14 ] 

-0.16 ] 

-0.06 ] 

-0.23 ] 
+0.04 

-0.15 1 
+0.25 j 

-1.67 ] 

-0.35 ] 

-0.13 
-0.24 j 

-0.32 ] 

-0.42 ] 

-2.51 , 

+5.82 
+4.91 
-17 
-88 

-0.14 
-0.14 
-0.10 t 

-0.07 
-0.29 
-0.46 
-0.14 
-0.13 
-0.68 ; 
-1.91 
+ 12 
-18 
-100 

- d-d(doublet) 

d-d (quartet) 

d-d(doublet) 

1- d-d(doublet) 

d-d(doublet)? 

i 
\ 

\ d-d(doublet) 

> d-d (quartet) 

d-d(doublet) 

1- d-d(doublet)? 

• py(triplet), /f-OH 

} py^Lb) 

} 

) 
\ d-d(doublet) 

d-d (quartet) 

F d-d(doublet) 

d-d (quartet) 

• d-d(doublet)? 

[ py(triplet), //-OH 

\ py^Lb) 

) 

ZlNCrN angle of the mononuclear complexes is less 
than 90°. For example, that of J-cû-a-[CrCl2(£-picpn)]+ 
is 83.9°.3) Accordingly, the central chelate ring of the 
present dinuclear complexes approaches near planar, 
and the strain energy becomes not so different between 
the A A and the AA forms, so the strain of the terminal 
chelate ring has a less important contribution, ("strain" 
means the deviation from the picen (=JV,iV'-bis(2-
pyridylmethyl)ethylenediamine) chelate rings of the 
complex [{Cr(OH)(picen)}2]4+.) The steric repulsion 
between the methyl group and the terminal chelate ring 
is the main factor of the stereoselective formation of 
diastereomers. Thus only the AA form which has no 
such steric repulsion is considered to be isolated. 

Spectral Properties. A shoulder is observed in the 
region of 33000—34000 cm"1 for the dinuclear com­
plexes, overlapping to the spin-forbidden band1) or 
pyridine ring band (Figs. 3 and 4). The CD pattern in 
this region is identical for all the dinuclear complexes 
treated here, three ( + , —, + ) or (—, + , —) bands 
are observed in 32500—37000 cm - 1 . The absorption 
and CD spectra of di-^-hydroxo dinuclear complexes of 
bidentate ligands are shown in Fig. 6 in which the same 
shoulder and CD pattern are also observed for 

[{Cr(OH)(pma)2}2]4+ and [{Cr(OH)(S-pea)2}2]4+. The 
MCD spectra in this region are shown for [{Cr(OH)-
(picen)}2]4+ and [{Cr(OH)(pma)2}2]4+ (Figs. 3 and 6). 
The two complexes show only a large positive MCD 
band in this region. The mononuclear complexes also 
display a large positive MCD band in this region.1) 
The weak absorption band observed in this region for 
the di-//-hydroxo en complex has been assigned tenta­
tively to the weak exchange interaction between the 
two chromium(III) ions.16) The MCD spectrum (Fig. 3) 
shows a small (—, + ) dispersion in this region, which 
is a clear indication of existence of a band. The MCD 
spectral data are shown in Table 2 for [{Cr(OH)-
(en)2}2]4+, [{Cr(OH)(pma)2}2]4+, and [{Cr(OH)-
(picen)}2]4+. For the di-^-hydroxo cobalt(III) complex, 
a strong band has been observed in the same region and 
assigned to be a hydroxo-to-cobalt charge transfer band, 
characteristic of this type complexes.16) In view of the 
optical electronegativities of chromium (III) and cobalt-
(III), 1.9 and 2.3, respectively,17) the shoulders found 
for the di-^-hydroxo chromium (III) complexes seem 
to be due to some another origin than that for the 
cobalt (III) complexes. 
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Studies on the Solvent Extraction of Metal Perchlorates III. Extraction 
Equilibria of Alkaline Earth Ions with Trioctylphosphine 

Oxide as Perchlorate and Thiocyanate 
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Solvent extraction of alkaline earth metal ions in 1 mol dm - 3 sodium perchlorate or thiocyanate aqueous 
solution with trioctylphosphine oxide (TOPO) in hexane was studied at 25 °G. The extraction in both systems 
improved in the order: beryllium(II)>calcium(II)>strontium(II)~magnesium(II)~barium(II). When the 
TOPO concentration was the same, the extraction of beryllium or calcium thiocyanate was better than that of the 
perchlorate, that of magnesium or strontium thiocyanate was nearly similar to that of the perchlorate, while barium 
perchlorate was extracted better than its thiocyanate. From these results it was concluded that these five Per­
chlorates and strontium and barium thiocyanates were extracted as ion-pairs, [M(topo)4]2+(X-)2, (X-=C10 4

_ or 
SCN -) , while beryllium thiocyanate was extracted as solvates of noncharged complexes, M(SCN)2(topo)„, (n=2 
and 3), and that magnesium and calcium thiocyanates in the organic phase (n=3 and 4) should have both ionic 
and coordinative properties. The poor extraction of magnesium salts was assumed to be due to their strong hydra­
tion. 

In the previous study, the authors observed that the 
solvent extraction of alkali metal ions with trioctyl­
phosphine oxide (TOPO) in hexane as perchlorate 
improved in the order l i t h ium( I )>sod ium( I )>po ta s -
s ium( I )> rub id ium( I )>caes ium( I ) . This was explained 
by suggesting tha t the extraction is mainly dependent 
on the stability of the T O P O solvates, which is higher 
when the ionic size is smaller.1) In the present reseach 
we studied the solvent extraction of alkaline ear th ions 
as perchlorate and thiocyanate with T O P O in hexane 
and have considered the effect of possible coordination 
of these metal ions with the anions on their solvent 
extraction with solvating type extractants. 

Exper imenta l 

Materials. The materials were the same as reported 
previously.1»2) The beryllium perchlorate stock solution was 
prepared by dissolving its hydroxide, obtained by precipitation 
from sulfate solutions. The other alkaline earth stock solu­
tions were prepared by dissolving their chloride in sodium 
perchlorate or thiocyanate solutions. 

The content of beryllium(II) was analyzed by gravimetry of 
its 2-methyl-8-quinolinolate;3> that of the other alkaline earths 
was determined by titration with a standard EDTA or silver 
nitrate solution. 

Procedures. Experiments were carried out in a ther-
mostated room at 25 °C. The metal stock solution and 1 
mol dm - 3 sodium perchlorate or thiocyanate solution were 
placed in a stoppered glass tube. The initial metal concentra­
tion of barium was 5 X 10-3 mol dm - 3 and that of the other 
metal ions was 1 X 10 -3 mol dm - 3 . For the experiments with 
beryllium, the hydrogen-ion concentration was adjusted at 
1 X 10-3 mol dm - 3 by perchloric acid or hydrochloric acid. 
The same volume of a hexane solution of TOPO was then 
added and the two solutions were agitated mechanically for 
half an hour and then centrifuged. A portion of the organic 
phase was transferred into another glass tube and the metal 
ions contained were back-extracted into diluted nitric or 
hydrochloric acid. The concentrations of strontium(II) and 
barium (I I) in this solution and those in the aqueous phase were 
determined by flame spectrophotometry and those of the other 
metals by an atomic absorption method. 

Statistical. Distribution ratio of the metal, M(II), is 
defined as 

D = [M(II)]org/[M(II)], (1) 

where the subscript "org" denotes the species in the organic 
phase and the absence of a subscript denotes that in the aqueous 
phase. The extraction equilibrium of the metal with TOPO 
can be written as 

M2+ + 2X- + Htopo(org) ; = ± MX2(topo)B(org) 

KeXfH = [MX2(topo)n]org[M2+]-i[X-]-2[topo]org-«, (2) 

D = S^ex.„[topo]org», (3) 

where X - denotes a perchlorate or thiocyanate ion. The 
concentration of free TOPO in the organic phase is reduced by 
the solvation of the metal ions and sodium ions co-existing in 
the organic phase. (Both sodium perchlorate and thiocyanate 
are extracted as tri-solvates into hexane and the extraction 
constants * e x .N a X (= [NaX)topo)3]org[Na+]-HX-]-i[topo]org-3) 
are 101-01 and 100-38, respectively.2)) Since the concentration 
of both sodium ions and X - in the aqueous phase are nearly 
equal to 1 mol dm - 3 , the equilibrium concentration of 
TOPO can be related to its total concentration by the 
following equation; 

[topo]org 
.total — [toP°]org + 2 n [ M X 2 ( t o p o ) w ] 0 p g 

+ 3[NaX(topo)3]org 

= [topo]orK + Un/Cex>n[M
2+][topo]orK» 

+ 3A-ex,NtX[topo]org
3. (4) 

The constants which fit best with the experimental data, and 
the equilibrium TOPO concentration, were calculated using a 
least squares program. 

R e s u l t s 

Figures la—c give the extraction curves from 1 mol 
d m - 3 NaC10 4 and Figs. 2a—c from 1 mol dm" 3 NaSCN, 
both as a function of the T O P O concentration in the 
organic phase at equilibrium. These results may be 
summarized as follows: (i) The perchlorate extractions 
of magnesium(II) , s t ront ium(II) , and bar ium(II) are 
nearly the same, that of calcium(II) is about one and 
half orders better than the extraction of these metal 
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(b) Sr 

-2 -1 

l o g [tOpO]org 

Fig. 1. Extraction of alkaline earth metal ions from 1 
mol dm-8 NaC104 with TOPO in hexane. The TOPO 
concentrations are the values at equilibrium. Some 
data at higher TOPO concentrations in Figs, b and c 
were not used for the calculation of the constants (see 
text). The solid lines were calculated by introducing 
the constants in Table 1 into Eq. 3. 

(b) Sr 

-2 -1 -2 -1 

l o g [tOpO]org 

Fig. 2. Extraction of alkaline earth metal ions from 1 
mol dm-3 NaSCN with TOPO in hexane. The TOPO 
concentrations are the values at equilibrium . Some 
data at higher TOPO concentrations in Figs, b and c 
were not used for the calculation of the constants (see 
text). The solid lines were calculated by introducing 
the constants in Table 1 into Eq. 3. 

ions and that of beryllium(II) is better still: one and half 
orders better than calcium(II). (ii) The differences of 
the extraction curves of the thiocyanates are greater 
than those of the Perchlorates, (iii) The extraction of 
magnesium(H) and strontium(II) as perchlorate and 
the thiocyanate is nearly the same. The extraction of 
barium thiocyanate is somewhat inferior to that of its 
perchlorate, while the opposite is found with calcium(II). 

The extraction of beryllium thiocyanate is much better 
than its perchlorate. 

The data were analyzed by using a least squares 
computer program. As is seen from the figures, the 
slope of the extraction curve of strontium(II) and 
barium(II) decreased in the higher TOPO concentra­
tion region both in the perchlorate and thiocyanate 
extraction systems. Since this trend could not be ex­
plained stoichiometrically, those data were eliminated 
from the least squares calculation. Beryllium(II) was 
reported to form thiocyanate complexes in aqueous 
solutions4) and corrections for them are necessary in 
order to obtain accurate extraction constants from the 
data in the figures. It is assumed from the stability 
constants ( ^ l O " 0 - 1 6 and ß2=l0-°-«0 in 4 mol dm"3 

NaC104) that the total concentration of the complexes 
is approximately equivalent to Be2+ in the 1 mol d m - 3 

thiocyanate solution. Thus the constants Kexn obtained 
in the present study, assuming no complexes in the 
aqueous phase should be a little lower than the values 
defined by Eq. 2. The formation of thiocyanate com­
plexes in the aqueous phase of the other alkaline earths 
should be slight5) and no correction for that may be 
necessary. 

Solvation of the alkaline earth salts and of the co-
extracted sodium perchlorate or thiocyanate should 
decrease the free TOPO concentration. In the higher 
concentration region, this was not negligible. For 
example, in the extraction of barium perchlorate from 
the 1 mol dm"3 NaC10 4 medium with 0.14 mol dm~3 of 
initial T O P O in hexane, it is calculated by Eq. 4 by 
introducing the values in Table 1 that about 20% of 
this TOPO combines with sodium perchlorate and 10% 
combines with barium perchlorate. Correction for this 
decrease in the free TOPO concentration by successive 
approximation was included in the computer program. 

All of the extraction data of the Perchlorates were 
found to be well explained in terms of solvation with 
four TOPO molecules in the organic phase. The KexA 

values obtained by the least squares calculation are 
listed in Table 1. In the extraction of thiocyanates, a 
solvation number of four well explained the data of 
strontium(II) and barium(II), but two types of solvates 

TABLE 1. EXTRACTION CONSTANTS10 OF ALKALINE EARTH 

METAL PERCHLORATES AND THIOCYANATES WITH 

T O P O IN HEXANE AT 25°Gb) 

Metal 

Be(II) 
Mg(II) 
Ga(II) 
Sr(II)c) 

Ba(II)c) 

Perchlorate 
log #ex,4 

8.01±0.20 
4.99±0.21 
6.39±0.17 
5 .13±0.10 
4 .92±0.13 

( 
log *ex.2 

5.18±0.16 

Thiocyanate 

log Kexj log Kext 

7.73±0.19 
3 .32±0.39 4.86±0.41 
5 .45±0.14 7.12±0.32 

5 .17±0.18 
4.29±0.21 

a) The limit of error is 3<r. b) Aq phase": 1 mol dm - 3 

NaC104 or NaSGN. Org. phase: hexane containing 
TOPO. c) Some of the data for these ions in the higher 
TOPO concentration region in Figs, lb, lc, 2b, and 2c 
were eliminated in the calculation of these constants. See 
text. 
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were necessary in order to explaine the extraction of 
the other metal ions; solvation numbers of two and 
three for beryllium(II) and of three and four for magne-
sium(II) and calcium(II) were found to give a better 
fit of the calculated values with the experimental data 
than only one solvation number. T h e extraction 
constants thus computed are listed in Table 1. 

D i s c u s s i o n 

As is seen from Fig. 1 and Table 1, the solvent extrac­
tion of alkaline earth Perchlorates with T O P O is much 
better than that of alkali Perchlorates1) under identical 
conditions. T h e solvation number is four in the former 
extraction, but three in the latter one. T h e extraction 
of alkaline ear th thiocyanates with T O P O is also 
much better than tha t of alkali metals. 

T h e smaller the ionic size, the better the T O P O 
extraction which was found among the alkali Per­
chlorates.1) This tendency is also found among the 
alkaline earth Perchlorates, except magnesium(II) : the 
extraction of magnesium(II) is nearly similar to that 
of bar ium(I I ) . The extraction order of the alkaline 
earth thiocyanates is also similar to that of their Per­
chlorates, again except magnesium(II) . 

If we omit magnesium(II) , this extraction order may 
be explained in terms of the higher ability of solvation 
with T O P O of smaller ions and of the difference in the 
nature of the chemical bonds between the anion and 
the metal ion. T h e solvation reduces hydrating water 
and also increases the molar volume of the cat ion; these 
effects are favorable for its extraction. A smaller ion 
tends to form more stable solvates than a larger one, 
although the former tends to be hydrated more strongly. 
O n the other hand, since the metal ions combine with 
four molecules of T O P O in their extraction as Perchlo­
rates, the molar volumes of the resulting solvates should 
be ra ther similar even when the size of the central metal 
ion is different. For this reason, smaller metal ions are 
extracted better than larger ones. It is generally true 
tha t when the bond between the anion and the metal is 
coordinative the extraction is better than when it is 
ionic. T h e better extraction of beryllium thiocyanate 
than of its perchlorate indicates that the thiocyanate ions 
in the extracts coordinate with the central metal ion. 
T h e smaller solvation numbers of beryllium thiocyanate 
with T O P O than of its perchlorate also indicate that 
the thiocyanate ions occupy the coordination sphere 
of the metal ion in the extracts. As is seen from the 
stability of the alkaline earth thiocyanates in the 
aqueous phase, the coordination with thiocyanate ions 
should be weaker when the ionic size is larger. The 
extraction of thiocyanates of strontium(II) and barium-
(II) is ra ther similar to their Perchlorates. The 
somewhat poorer extraction of bar ium thiocyanate than 
of its perchlorate may indicate that this thiocyanate is 
essentially an ion-pair; the same tendency was observed 
in the T O P O extraction of sodium(I)2) and this was 
explained in this previous paper in terms of the larger 
molar size and the less polar nature of the perchlorate 
ion than of the thiocyanate ion, these factors make the 

extraction of the ion-pairs containing the former more 
favorable. 

T h e poorer extraction of magnesium(II) , both as 
perchlorate and thiocyanate, than of calcium(II) seems 
to suggest a stronger hydration for the magnesium(II) 
ion than for the calcium(II) ion. The same tendency 
has been pointed out before : the extraction of magne­
s i u m ^ ) with tributyl phosphate (TBP) as nitrate6) and 
as halides7) was also poorer than calcium(II) . This 
was explained by a higher tendency of hydration of 
magnesium(II) . Similar reasoning was also proposed 
for the poor extraction of nickel perchlorate and thio­
cyanate than of cobalt(II).8) However, in order to 
continue discussion about this problem, much compara­
tive work on the extractability of magnesium(II) and 
calcium(II) in several liquid-liquid systems seems to be 
necessary. 

T h e extraction of ion-pairs into polar solvents is very 
often better when the metal ion is larger.9) However, 
although the extracted Perchlorates are ion-pairs in the 
present study, the magnitude of the extraction is mainly 
dependent on the ability to form the solvate with T O P O . 
The tendency of extraction is similar to that of coordina­
tion complexes: the smaller the metal ion, the better 
the extraction. 

The differences among the extraction of the alkaline 
ear th thiocyanates are larger than those of their Per­
chlorates. This is especially marked with beryllium(II) ; 
the thiocyanate in the organic phase should be coor­
dinative. As is described above, barium thiocyanate 
in the organic phase may be essentially ion-paired and 
the other thiocyanates may have both of these characters. 

The extraction of alkaline earths as Perchlorates10-11) 
and thiocyanates12-15) with TBP has been reported. 
T h e observations such as the order of extraction and 
the solvation numbers of extracts are similar with our 
results for the extraction with T O P O . 

T h e authors are grateful to Mr . Kenji Ohi ra for his 
experimental aid. 
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A sensitive technique for determination of germanium was investigated by atomic absorption spectrometry 
following volatile hydride generation. Of the three types of hydride generator and atomizer systems tested, direct 
transfer of the generated hydride into nitrogen-hydrogen flame for atomization was found to be suitable. The 
sensitivity was enhanced more than 40—60% in phosphoric acid medium as compared to hydrochloric acid, malic 
acid, or tartaric acid media. Interference of nickel(II), gold(III), and cobalt(II) in hydrochloric acid medium 
was reduced by adding ethylenediaminetetraacetate as a masking reagent or replacing the acid medium by malic 
acid. Detection limit and relative standard deviation of ten determinations of 0.5 fxg germanium(IV) in 20 ml 
of 0.20 M** phosphoric acid were 7 ng (S/N=2)and 4.3%, respectively, with 3 ml of 8 w/v % sodium tetrahydro-
borate solution. The method was applied to the determination of germanium in standard rocks, concentrations of 
germanium in JB-1 and JG-1 being evaluated as 1.3X and 1.3a ppm, respectively. 

In the determination of germanium by atomic 
absorption spectrometry (AAS), it is difficult to at ta in 
high sensitivity because of production of highly stable 
oxide species in the flame. Dinitrogen oxide-acetylene 
flame is often used in combination with solvent extrac­
tion. T h e highest sensitivity so far reported is 0.13 ppm 
for 1% absorption by means of nebulizer effect.1) 
Indirect AAS based on the formation of molybdo-
germanic acid complex has also been used because of 
chemical amplification.2) 

Volatile hydride generation technique has been applied 
to the determination of germanium by AAS,3 - 6) but the 
sensitivity and reproducibility are inferior to those of 
elements such as arsenic, selenium, and antimony.3-5) 
This technique was also extended to plasma emission 
spectrometry,7-10) and thermal conductivity detection 
systems.11) 

Investigation was carried out to find suitable condi­
tions for the determination of germanium by AAS by 
means of three types of hydride generation and atomiza­
tion systems. Chapman and Dale12) suggested the use 
of dinitrogen oxide-acetylene flame for the atomization 
following hydride generation. However, it was found 
that nitrogen-hydrogen (entrained air) flame is suitable 
when combined with a direct transfer type hydride 
generator, enabling us to use a large amount of sodium 
tetrahydroborate as a reductant . 

T h e method was applied to the determination of 
germanium in rock samples (JB-1 and JG-1) . Samples 
were decomposed with acid mixture; germanium was 
extracted into carbon tetrachloride from 9 M hydro­
chloric acid, and then back-extracted into water, the 
aqueous solutions being subjected to analysis. 

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

Apparatus. A Hitachi Model 170-50 type atomic 
absorption spectrophotometer equipped with deuterium 
background corrector and germanium hollow-cathode lamp 
(Hamamatsu TV) were used. Atomic absorption signals were 
recorded with a Hitachi 056 type recroder, peak height signals 

** l M = l m o l d m - 3 

being used for the determination. Hydride generator and 
atomizer systems were used as follows. 

J: Collection type hydride generator connected to nitrogen 
-hydrogen flame. Volatile hydride was generated with 
Nippon Jarrel-Ash Model ASD-1A and introduced into a 
nitrogen-hydrogen flame (one slot burner with 10 cm). 

/ / : Direct transfer type hydride generator connected to 
heated silica tube. The hydride generator system reported by 
Thompson and Thomerson6) was slightly modified, the gas 
being introduced into a heated silica tube ( 140 X 114 mm) 
mounted on 10 cm path air-acetylene flame burner. 

Ill: Direct transfer type generator connected to nitrogen-
hydrogen flame. A modified Hitachi hydride generator 
connected to a nitrogen-hydrogen flame system described in 
a previous paper13) was used, the dispenser (REBURET) being 
replaced by another one (HANSEN 500 ml). 

Conditions for the nitrogen-hydrogen flame: wavelength 
256.1 nm, nitrogen flow rate 8 1 min -1, hydrogen flow rate 
7 1 min -1, height of beam above burner tip 12.5 mm. 

Reagents. All the reagents were of analytical grade. 
Deionized water was distilled twice. 

Germanium(IV) stock solution (0.5mg/ml): 0.360 g of 
soluble germaniumdioxide prepared by the method of 
Shimomura et al.14) was dissolved in hot water, cooled, and 
diluted with water to 500 ml. 

Sodium tetrahydroborate solution (8 w/v %) : Sodium 
tetrahydrobolate (powder, Aldrich Chemical Company, Inc) 
was dissolved in 0.5% sodium hydroxide and filtered with 
1 |xm glass filter. 

Sodium tetrahydroborate tablet (ca. 0.13 g NaBH4): 
Thirty tablets were prepared from 2 g of caoline (Fisher 
Scientific Co.,) and 4 g of sodium tetrahydroborate by addition 
of 2.5 ml of 2 M aqueous ammonia.16) The tablet was wrapped 
in wafer sheet when added to the I type hydride generation 
vessel. 

Procedure. I: Pipet the prescribed volume of sample 
solution into the reaction vessel, add an appropriate volume of 
acid and dilute the solution to 20 ml with water. Put a teflon 
coated spin bar into the vessel and set it up on the hydride 
generation unit. Pass nitrogen into the vessel for 20 s, turn 
the four-way stopcock to collection mode. Remove the cap 
of the reaction vessel, put sodium tetrahydroborate tablet into 
the vessel and replace the cap immediately. Collect the gas 
for 30 s, then sweep it to the nitrogen-hydrogen flame. 

II: Pipet 1 ml of 8 w/v% sodium tetrahydroborate 
solution into the reaction vessel and set it up on the hydride 
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generation unit. A plastic syringe containing 1 ml of the 
sample solution is inserted into the side-arm seal of the vessel. 
Pass nitrogen through the reaction vessel to replace air with 
nitrogen for 15-20 s, then inject the sample solution into the 
reaction vessel and carry the gas into heated silica tube with 
nitrogen flow rate of 2 1 min -1. 

/ / / : The procedure reported13) was carried out with 
modification : 3 ml of 8 w/v% sodium tetrahydroborate 
solution was used and nitrogen was passed through the vessel 
with flow rate of 2 1 min -1 . 

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

Stability of Germanium Hydride. The stability of 
volatile hydride should be considered at first in the 
hydride generation method.4»12»15) The effect of germa­
nium hydride collection time in system I was examined. 
Figure 1 shows effect of collection time 15—300 s for 
5.0 [jig of germanium. Collection time 20—300 s causes 
no fall in sensitivity, showing that germanium hydride 
is stable during the course of collection. The precision 
of the method is not improved by altering the collection 
time to 30—300 s. 
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Fig. 1. Effect of collection time on the generation of 
germanium hydride, in system I. 
Ge(IV) : 5.0 [ig/20 ml, acidity: 0.2 M HCl. 

Atomization of Germanium Hydride. A comparison 
was made between nitrogen-hydrogen and argon-
hydrogen flames. T h e former was found to be superior 
by ca. 20—30% in sensitivity of systems I and I I I . 
Sensitivity of the germanium determination by heated 
silica tube atomization with system I I is inferior to that 
of flame atomization. 

Effect of Acids and Acidity. Effect of acids and 
acidity on the relative sensitivity of germanium deter­
mination was investigated by system I for 5.0 [ig 
germanium(IV) and system I I I for 0.5 [ig germanium-
(IV) ; the results are shown in Figs. 2 and 3, respectively. 
Concentration of acids seriously affects peak height of 
the signals in both types of hydride generator systems, 
giving maximum peak height at 0.1—0.2 M, at which 
acids are almost neutralized by the alkaline sodium 
tetrahydroborate solution. In addition to hydrochloric 
acid reaction medium used in volatile hydride genera­
tion with sodium tetrahydroborate, various acids can 
be used as reaction media, i.e. malic acid, tar taric acid, 
acetic acid, and oxalic acid (Fig. 2). Nitric acid, 
sulfuric acid, and phosphoric acid are also useful, but 
not citric acid (Fig. 2). 

In system I I I , the effect of acid is differs somewhat 
from tha t of system I. A large difference in sensitivity 
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Fig. 2. Effect of acidity on the determination of ger­
manium, in system I. 
Ge(IV): 5.0(xg/20ml, collection: 30 s, — # — : HCl, 
—A—•' malic acid, —A—•' tartaric acid, — • — : 
acetic acid, — • — : oxalic acid, — 3 — : citric acid. 
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Fig. 3. Effect of acidity on the determination of ger­
manium, in system III . 
Ge(IV) : 0.5 <zg/20 ml, 8 w/v % NaBH4: 3 ml, — O— : 
H3PO4, — # — : HCl, —A—: malic acid, —A—: 
tartaric acid. 

is observed with use of these acids (Fig. 3). About 4 0 % 
enhancement in sensitivity is at tained in 0.20 M phos­
phoric acid medium as compared with hydrochloric 
acid. The difference seems to originate from the change 
in reaction rate of germanium(IV) to germanium 
hydride. 

T h e utility of nitric acid is different from the result of 
Thompson and Pahlavanpour;1 0) the results of hydro­
chloric acid also differ. The peak height does not 
increase at 2—5 M hydrochloric acid. 

Amount of Sodium Tetrahydroborate. In system I, 
the best sensitivity is a t ta ined with 0.13 g of sodium 
tetrahydroborate. Because of the limitation of the 
internal gas pressure during the course of collection, 
more than 0.13 g of the reductant could not be used. 
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TABLE 2. EFFECTS OF FOREIGN IONS ON THE 

DETERMINATION OF GERMANIUM 

(Results given are percentage changes in absorbance 
for 0.5 (ig of germanium (IV) in systemlll.) 

1 2 3 A 

8 % NaBH4 (ml) 

Fig. 4. Effect of the volume of tetrahydroborate solution, 
in system III . 
Ge(IV) : 0.5 fzg in 20 ml of 0.2 M H 3P0 4 . 

Effects of the amount of sodium tetrahydroborate on 
germanium determination examined in system I I I are 
shown in Fig. 4, high senistivity being at tained with 
3—4 ml of 8 w / v % sodium tetrahydroborate solution. 
A relatively large amount of sodium tetrahydroborate 
can be treated as compared with system I. However, 
the use of more than 3.5 ml of 8 w/v% sodium tetra­
hydroborate solution sometimes caused overflow of the 
reaction medium. The reductant volume was fixed at 
3 ml. 

TABLE 1. REPRODUCIBILITY AND DETECTION 

LIMIT OF THE METHOD 

System10 

I 

II 

III 

Matrix 

0.15 M HCl 
0.1 M Malic acid 
0.20 M HCl 
0 . 2 0 M H 3 P O 4 

0.20 M HCl 
0 . 2 0 M H 3 P O 4 

RSDW 

% 

8.3C) 

7 . 7 0 
4.6d> 
2.7« 
4.5e> 
4.3 e ) 

Detection limit 
(S/N=2) 

140 ng/20 ml 

200 ng/ml 
10 ng/20 ml 
7 ng/20 ml 

a) Described in Experimental. b) Relative standard 
deviation calculated from ten determinations, c) Ger­
manium taken : 5.0 ng/20 ml. d) Germanium taken : 
5.0 ng/ml. e) Germanium taken : 0.5 {Ag/20 ml. 

Precision and Sensitivity. Precision and sensitivity 
of germanium determination in system I — I I I were 
compared. The results are given in Table 1. System I 
is conventional, but its precision and sensitivity are 
not so good as tha t of system I I I . Precision is improved 
in system I I as compared with system I, but not sen­
sitivity. The highest sensitivity was attained in system 
I I I ; detection limit of 7 ng/20 ml ( = 0 . 3 5 ppb) is more 
sensitive than 50 ng/13 ml ( = 4 ppb) reported by 
Smith,6) the highest sensitivity so far reported by AAS. 

Influence of Foreign Ions. T h e influence of various 
foreign ions on the determination of germanium(IV) 
(0.5 (xg) were examined in system I I I . T h e results are 
shown in Table 2. The ions showing strong suppression 
in 0.2 M hydrochloric acid medium were pa rad ium(I I ) , 

Ion 

Ni(II) 

Pd(II) 
Au (III) 

Co(II) 

Cd(II) 
Fe(III) 

As(III) 
Sb(III) 

Se(IV) 

Added 
G*g) 

20 
100 

3 
20 
60 
60 

250 
125 

1400 
2800 

50 
50 

250 
50 

125 

1 

0.2 M-
HClb> 

- 7 4 
- 9 7 
- 6 6 
- 5 5 
- 7 0 
- 2 4 
- 6 5 
- 3 5 
- 2 0 
- 3 7 

- 9 
- 3 0 
- 5 0 

— 
- 3 1 

Acid reaction matrix* 

0.2 M-
H 3 P0 4 

- 6 0 
— 

- 9 0 
- 2 7 

— 
0 
0 

- 3 0 
0 
0 

- 1 5 
- 3 0 

— 
- 2 5 

— 

0 2 M -
H 3 P0 4 
+ EDTAC) 

0 
0 

- 9 0 
0 

- 3 0 
0 
0 

- 5 
0 
0 

- 1 5 
- 3 0 
- 5 4 
- 2 5 

— 

> 

0.2 M-
Malic acid 

0 
0 

- 1 1 
- 1 9 
- 3 4 

0 
0 

- 4 0 
0 
0 

- 9 
— 

- 5 6 
— 

- 1 1 

a) Volume of test solution, 20 ml ; 3 ml of 8 w/v % 
sodium tetrahydroborate solution was added as a 
reductant. b) The following are tolerable: Sn(II), 
Pb(II), Te(IV) (50 ng coexistence); Bi(III)(250 jxg coexist­
ence); Hg(II), Ca(II), Mg(II), Mn(II, VII), Ru(III), 
Mo(VI), V(V), Cr(III, VI), Al(III) (500 (xg coexistence); 
CI-, Br-, N 0 3 - , S0 4

2 - , CH3COC-, Si03
2-, B03

3- , 
I 0 3 - , C104-, Na+, K+ (2500 jzg coexistence). c) 0.25 M 
EDTA2Na 1 ml was added. 

nickel(II), gold(I I I ) , and cobal t ( I I ) . Suppression was 
also observed in the presence of 50 (xg of volatile hydride 
forming elements such as arsenic(III) , antimony ( I I I ) , 
and selenium (IV) in the same medium, 250 jxg of 
bismuth(II I ) not interfering. T h e interference was not 
eliminated significantly except selenium(IV) by addi­
tion of potassium iodide; coexistence of 100 fxg of 
selenium(IV) was tolerable by addition of 1 ml of 
4 0 % potassium iodide solution in hydrochloric acid. 

The influence of foreign ions on the determinations 
in phosphoric acid medium was almost the same as 
that of hydrochloric acid, but the interference by cobalt-
(II) and iron (III) is much more reduced than that of 
hydrochloric acid medium (Table 2). 

In malic acid reaction medium, interference caused 
by nickel(II) , gold( I I I ) , cobal t ( I I ) , zinc(II) , or iron(III) 
is less than tha t of hydrochloric acid medium as shown in 
Table 2. Malic acid is superior to other organic acids 
such as tar tar ic acid and lactic acid as regards the 
influence of nickel(II) ; coexistence of 100 fjtg of nickel-
(II) caused no loss of sensitity in 0.2 M malic acid. 
However, 70% sensitivity suppression took place in 
0.2 M tartaric acid, and 9 5 % in 0.2 M ractic acid. 

Addition of E D T A to reaction medium is effective for 
eliminating the interference of nickel(II), gold(III) , 
cadmium(I I ) , and zinc(II) as shown in Table 2. 
Addition of E D T A to phosphoric acid medium is 
suitable for the determination of germanium(IV) in 
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view of sensitivity and influence of foreign ions. 
Determination of Germanium in Standard Rocks. The 

method was applied to the determination of germanium 
in standard rocks JB-1 and J G - 1 . Samples were decom­
posed by the following methods. 

Procedure A : Germanium separation process developed 
by Schneider and Sandell,16) Onishi,17) Argollo and 
Schilling18) was appleid with a slight modification: 
Weigh 0.5 g of rock samples in Uniseal decomposition 
vessel. Add 2 ml of 9 M sulfuric acid, 1 ml of concen­
trated nitric acid, and 5 ml of 4 6 % hydrogen fluoride. 
Seal the vessel immediately, put the vessel in air bath 
for 2 h at 100 °C. After cooling, take off the cap of the 
decomposition vessel and heat it on a hot plate until 
fuming of sulfuric acid begins. Transfer the contents 
into the separation funnel, add 15 ml of 9 M hydro­
chloric acid and shake for 10 min with an electric 
shaker. Add 10 ml of carbon tetrachloride and shake 
for 3 min. Separate each phase and transfer the carbon 
tetrachloride phase to another separation funnel. 
Repeat the procedure by adding another 10 ml of carbon 
tetrachloride into the first separation funnel. Add 
second carbon tetrachloride phase to previous carbon 
tetrachloride phase, and wash the phase with 5 ml of 
hydrochloric acid. Separate each phase, transfer the 
carbon tetrachloride phase to another separation funnel 
and add 10 ml of water. Shake for 5 min, then separate 
each phase. The aqueous solutions were subjected to 

germanium determination by the proposed method 
(system I I I , phosphoric acid matrix) . Blank solution 
was prepared by the same preparat ion as above. 
Recovery of germanium was checked by adding standard 
germanium(IV) solution into Uniseal vessel with sample 
and carrying out the same procedure described above. 

Procedure B: Procedure without germanium separa­
tion as in Procedure A was carried out until the decom­
position step of the sample in air bath. After cooling the 
reaction vessel, add 80 ml of 4 % boric acid in order 
to mask excess fluoride ion and transfer the solution to 
a 100 ml volumetric flask, and add water to the mark. 
T h e prescribed volume of the sample solution was 
subjected to germanium determination by means of 
s tandard addition technique (in phosphoric acid 
containing EDTA) . Blank solution was also prepared 
by the same procedure as above. 

T h e analytical results are given in Table 3. Recovery 
of 85—95% germanium in Procedure A (both for JB-1 
and JG-1) agreed with tha t of other rock samples.17) 
The germanium contents of JB-1 and JG-1 corrected 
with recovery percent agreed with those by Argollo and 
Scilling18) at tained by neutron activation analysis. 
Results obtained by Procedure B were somewhat 
inaccurate. However, the technique is very simple, 
rapid, and an average of two or three multiple sample 
determinations gives almost the same result as tha t by 
Procedure A (Table 3). A large discrepancy of germa-

TABLE 3. DETERMINATION OF GERMANIUM IN STANDARD ROCKS 

Sample Taken 
(g) 

0.502 
0.510 
0.507 
0.502 
0.517 

0.517 
0.510 
0.296 
0.249 
0.138 

0.508 
0.510 
0.513 
0.505 
0.503 
0.503 

0.513 
0.506 
0.180 
0.228 
0.218 

Ge Added 

0.50 
1.00 

0.50 
0.50 

Pretreatmenf0 

_ 

A 
A 
A 
A 

A 
A 
B 
B 
B 

A 
A 
A 
A 
A 
A 

A 
A 
B 
B 
B 

fgb) 

0.567 

0.560 

0.550 

0.500 

0.56, 

av.: 

1.0. 
1.46 

0.633 

0.583 

0.580 

0.59, 
0.560 

0.533 

av.: 

1.04 

1.0o 

Ge Found 

ppm 

1.13 
1.2, 
1.0. 
1.2. 
1.1. 

1.1. 

90% 
86% 
1.3 1 
1.0 
1.4 . 

1.2. 
1.1« 
I . I 3 

1.1. 
l . l i 
1.0. 

1-1. 

90.6%] 
84.2%J 

1.5 ] 

1.3 
1 . 2 J 

ppm corrected*0 

ÎT. 
l-44 

1.2, 
1.36 

1.2. 

1.3X 

(RSD6.6%) 
1 Recoveryg) 

1 av. 88% 

• av. 1.23 ppm 

1.4. 
1.3t 

1.30 

1.36 

1.2, 
^ 2 , 

1.3, 
(RSD5.7%) 

Recovery 
av. 87.4% 

- av. 1.33 ppm 

Reported (ppm) 

ÖT7« 
0.22±0.03 e ) 

1.33° 

1.2« 
1.7±0.5e> 
1.32° 

JB-1 

JG-1 

a) Described in the text, b) Mean of two determinations, c) Calculated from recovery test, d) Ref. 19. e) Ref. 18. 
g) Calculated from average amount of germanium. 
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nium content is observed in the results of JB-1 between 
1.33 p p m in this work and 0 .22±0.03 p p m by O h t a and 
Suzuki.20) They decomposed 2—3 g of the sample at a 
t ime, but this seems too much for complete decomposi­
tion. 
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Circular Dichroism Spectra and Absolute Configurations of ci8,ci8,ci8-
(C,,JV,0)-Dicyanobis(gIycinato)cobaltate(III) and Dicyanobis-

(y9-alaninato)cobaltate(HI) Complexes 
Shuhei FUJINAMI* and Muraji SHIBATA 

Department of Chemistry, Faculty of Science, Kanazawa University, Kanazawa 920 
(Received February 9, 1981) 

The [Co(CN)2(NO)2]--type complexes (NO: gly- and /?-ala-), which have cis,cis,cis geometry with respect 
to the donor atoms C, N, and O, have been prepared by a new method, and resolved into their optical antipodes. 
The CD spectra of the resolved complexes have been measured, and compared with that of ( — )589[Co(GN)2(ox)-
(en)]~ complex which has the same chromophore with the bis(glycinato) complex. It is found that the optical 
activity of the «Vw,aj-[Co(C)2(N)2(0)2]~-type complex mainly arises from the arrangement of the donor atoms; 
the non-ligating atoms of NO ligand make minor contribution to the optical activity. 

Recent years have seen dramat ic development in CD 
spectral studies of transition metal complexes, on 
account of development of theoretical t reatment. In 
particular, many investigations have been carried out 
on tris (diamine)-type complexes, and the optical rotatory 
strength of a d-d transition has been connected in detail 
with the structure of a given complex.1) Evans et alß 
have calculated the optical activity of [Co(en)3]3 + 

complex by a molecular orbital method, and obtained 
good coincidence with the experimental values. Mason 
and Seal3* have applied the dynamic coupling model 
to the complexes of this type, and given numerical 
evaluations of the optical activities, differentiating 
between the contribution from donor atoms and that 
from non-ligating atoms. 

I n contrast to the above complexes whose absolute 
configurations are designated with A and A notation, a 
few studies of optically active complexes such as cis,cis-
[Co(CN) 2 (C0 3 ) (NH3)2]-,*> [Co(Br) (CN) (NH 3 ) -
(tacn)]+6> and [Co(N02)(gly)(tacn)]+6>(tacn represents 
1,4,7-triazacyclononane), whose absolute configurations 
cannot be defined in A and A notation, have been 
reported in our laboratory. We have expressed the 
absolute configurations of those complexes in the R 
and S notation proposed by Cahn et al.7) and it has been 
found that the arrangement of donor atoms plays an 
important role in the optical activity of these complexes. 
However, an apparent role of the non-ligating atoms 
in the chelate rings has not been examined. 

On the other hand, the CD spectrum of a (—)589-
[Co(CN)2(ox) ( e n ) ] - complex4) is interesting, because the 
optical activity of the complex is considered to be 
derived from two origins ; one is due to the arrangement 
of the donor atoms of the ligands as in the cis,cis,cis-
[Co(CN)2(NH3)2(H20)2]+,4 ) and another due to the 
helical distribution of the two bidentate ligands. If the 
deviation of the donor atoms from the octahedral sites 
due to the chelations does not have a large influence on 
the optical activity, the contribution to the optical 
activity from the non-ligating atoms is intimately 
associated with the "A or A" configuration, and that 
from the donor atoms, with "R or S " configuration. I t 
is significant to elucidate with contribution is dominant 
in the complex. In order to clarify this problem, we 
at tempted to prepare a cis,cis,cis(C,N,0)-[Co(CN)2-
(gly)2]_ complex, whose chromophore was the same as 

the [Co(CN) 2 (ox) (en) ] - complex, and then to resolve 
it into a pair of enantiomers. T h e absolute configuration 
of an enantiomer in the bis(glycinato) complex is 
represented with either A(R) or A(S). Since the absolute 
configuration of the (—)5 8 9[Co(CN)2(ox)(en)]- isomer 
is known to be A(R),A) the comparison between the CD 
spectra of the two dicyano complexes will be helpful to 
determine the origin of the optical activities of the 
complexes. We also a t tempted to determine the absolute 
configuration of a diastereoisomeric salt (—)589[Co(ox)-
{en)J-cis,cis,cis(C, N, 0) - ( + ) & [Co(CN) 2 (g ly) J - 3 H 2 0 
by X-ray analysis, in order to facilitate the analyses of 
the C D spectra. 

There are five possible geometrical isomers for the 
[Co(CN) 2 (gly) 2 ] - complex. Poznjak and Pawlowski8) 
have isolated three isomers with cis{CN) geometry, 
modifying the method devised in our laboratory.9) In 
this paper, a new method to prepare the dicyano 
complex will be reported. 

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

Preparation of [Co(CN)2(gly)^\- Complex. The complex 
has been prepared from [Co (gly) 3] by reaction with KCN in 
the presence of activated charcoal,8) but this method yields a 
poor product. We devised a new method: To a cold green 
solution of the so-called tricarbonato solution (Co(N03)2« 
6HaO, 29 g, 0.1 mol scale),10) potassium cyanide (16.3 g, 0.25 
mol) was added, and the mixed solution was stirred for 1 h 
at room temperature in order to prepare m-[Co(CN)a-
(C03)2]3-.u) The solution was slowly neutralized by 30% 
HC104 in an ice bath. After the precipitated KCIO4 w a s 

filtered off, glycine (18.8 g, 0.25 mol) was added to the filtrate. 
With occasional neutralization by 30% HC104, the reaction 
mixture was stirred for 10 h. The dominant species in the 
solution was considered to be [Go(CN)2(gly)(C03)]2-. The 
solution was adjusted to pH 1 with 30% HC104, and stirred 
again for 1 h to complete the acid hydrolysis. The solution 
was adjusted to pH 9 with 6 mol/dm3 KOH and then the 
precipitated material was filtered off. The filtrate was stirred 
for 2 h at 40 °C. The reaction mixture was sufficiently 
diluted with water (3—4 dm3) and poured onto a column of 
Dowex 1-X8 resin (CI - form, 4 x 2 5 cm). By elution with 
0.2 mol/dm3 KCl solution, complex species of univalent anion 
were collected in a fraction . After concentration and removal 
of the eluent, the filtrate was diluted with 2 dm3 of water and 
rechromatographed on a column of Dowex 1-X8 (Gl~ form, 
4 x 3 0 cm). When the adsorbed band was eluted with 0.1 
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mol/dm3 CaCl2 solution, nine bands were distinguished 
(labeled A1-A9 in the order of elution). The yellow A4, 
orange A8 and rose A9 bands were the main products. Here-
after,the notations Al—A9 will be used to designate the isomer 
contained in each band. A4, A8 and A9 were identified with 
the trans (N)-eis (C), eis, eis, eis (C, N, 0), and trans (0)-eis (C) 
isomers, respectively, on the basis of the absorption spectral 
data.8) The other bands contained no dicyano complex 
species. 

Preparation of the [Co(CN)2(ß-ala)2]- Complex. This 
complex was prepared in the same way as the bis-
(glycinato) complex except for the use of /S-alanine in the 
place of glycine. Upon rechromatography, three bands were 
obtained as univalent species (Bl—B3 in the order of elution), 
by elution with 0.1 mol/dm3 CaCl2 solution, After removal 
of the eluting agent from each fraction, the counter ions were 
converted to sodium ions by 1 means of column chromatog­
raphy. The effluents were concentrated and then kept in a 
refrigerator. Found for B2: C, 28.54; H, 4.50; N, 16.62%. 
Found for B3: G, 28.67; H, 4.30; N, 16.89%. Calcd for Na-
[Co(CN)2(^-ala)2].1.5H20: G, 28.50; H, 4.48; N, 16.62%. 
Bl was not a sought complex species. 

Resolution. The crystals of eis,eis,cis{C,N,0)-Na[Co-
(GN)2(gly)2].2H20 (3.2 g, 0.01 mol) were dissolved in a 
minimum amount of warm water (60 °C). The solution was 
mixed with a warm solution of ( — )589[Co(ox)(en)2](CH3-
COO), which had been prepared using ( — )589 [Co(ox)(en)2]I 
(1.7 g, 0.005 mol) and CH3COOAg (0.84 g, 0.005 mol). The 
mixed solution was mechanically stirred and cooled in an ice 
bath. The diastereoisomeric salt obtained was recrystallized 
several times, until the Ae values became constant. Found: 
C, 24.79; H, 5.41; N, 19.47%. Calcd for (-)5 8 9[Cn(ox)-
(en)2].( + )^0[Co(CN)2(gly)2].3H2O: C, 24.84; H, 5.21; N, 
19.31%. 

The trans(N)-eis(C)- and trans(0)-cis(C)-[Co(CN)2(g\y)2]-
complexes were resolved into each optical antipodes in a 
similar way as the cis,eis,cis(C,N,0)-[Go(CN)2(gly)2]- complex, 
by using (—)689[Co(ox)(en)2](CH3COO) as resolving agent. 
The trans(N)-cis(C)- (B2) and cis,eis,eis(C,N,0)-[Co(CN)2(ß-
ala)2]~ (B3) complexes were also resolved by use of (—)589-
[Co(N02)2(en)a](CH3COO). 

Measurements. The absorption spectra in aqueous 
solution were measured with a Hitachi 323 recording spectro­

photometer. The CD spectra were recorded on a JASCO 
J-40C automatic recording spectropolarimeter equipped with 
a JASCO Model J-DPZ data processor for CD. The less-
soluble diastereoisomeric salts obtained were passed through 
columns of cation exchanger in sodium form, and the effluents 
were submitted to the measurements of CD spectra. The 
Ae values were evaluated from the absorption spectral data. 

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

Absorption and CD Spectra. Absorption spectral 
da ta of the complexes obtained are listed in Table 1. 
Absorption spectra of the isomers of the bis(glycinato) 
complex coincided with those of the literature.8) There­
fore, A4 is identified as trans (N)-eis (C) isomer, A8 as 
cis,cis,cis(C,N,0) one, and A9 as trans(0)-eis(C) one. As 
for the bis(/?-alaninato) complex, B2 exhibited a narrow 
absorption band in the first absorption band region, and 
B3 two maxima in the region. By comparison with the 
spectra of the bis(glycinato) complex, B2 is assignable 
to trans(N)-cis(C) isomer and B3 to cis,cis,eis{C,N,0) 
isomer. As shown in Fig. 1, the absorption spectrum of 
the eis, cis,cis(C,N,0)-bis(glycinato) complex resembles 
tha t of the [Co(CN) 2 (ox)(en)]- complex in shape and 
intensity, that is, two maxima in the first absorption 
band region have comparable intensity to each other. 
However, an intense band is observed at a lower 
frequency in the cis,cis,cis(C,N,0)-his(ß-a\amnato) com­
plex, and at a higher frequency in the cis,cis-[Co(CN)2-
(ox)(NH 3 ) 2 ] _ complex. These phenomena are con­
sidered to be associated with the rigidity of the chelate 
rings in terms of the vibronic mechanism of an intensity 
borrowing.12) T h e absorption maxima of the bis-
(/5-alaninato) isomers appear at a lower frequency than 
those of the corresponding bis(.elvcinato) isomers. 

The CD spectral da ta are al. collected in Table 1. 
T h e CD spectrum of the trans(N)-cis(C)-[Co(CN)2-
(gly)2]~ exhibits a single Cotton peak at the maximum 
position of the first absorption band. An at tempt to 
isolate an enantiomer of the trans (N)-eis (C)-bis(ß-

TABLE 1. ABSORPTION AND CD SPECTRAL DATA OF THE DICYANO COMPLEXES 

Complex Absorption 
jj/103 cm-1 (loge) 

CD 
ÏJ/103 cm-HAe) 

A4:trans(N)-cis(C)-(+)™0[Co(CN)2(gly)2]-

A8:m,m^(C, iV,0)- ( + )^0[Co(CN)2(gly)2]-

A9:trans(O)-cis(C)-( + )™0[Co(CN)2(gly)2]-

B2 : fr^(iV)-m(C)-(+)^0[Co(CN)2(^ala)2] -

B3:m,«V"(C,^,O)-( + )^0[Co(CN)209-ala)a]-

23.3(2.34) 
30.9(2.13) 
21.1(2.04) 
24.4(2.05) 
30.5(2.16) 

19.2(1.84) 

ca. 26(1.9)sh 
30.7(2.14) 
23.0(2.42) 
30.3(2.06) 
20.7(2.29) 
23.9(2.12) 
30.2(2.00) 

23.5(+4.09) 
31 .0( -0 .59) 
20.3(+1.28) 
24 .7( -1 .63) 

ca. 28(-0 .7)sh 
31.0(+0.08) 
33 .0( -0 .02) 
16.8(-0.004) 
18.7(+0.015) 

ca.25(-0.002)sh 
27.0(-0 .003) 
22.7( + 0.045) 

ca. 31(-0.004)sh 
20.4(+1.56) 
24 .8( -0 .82) 

ca.27(-0.6)sh 
ca. 30(-0.2)sh 
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°f V f\ 
Fig. 2. Absolute configurations of; 

a. m-^(Ä)-(-)589[Co(CN)2(ox)(en)]-, b. eis, eis, 
cis(C, N, 0)-A(R)-(+)^ [Co(CN)2(gly)2]-. 

o Y if 1 

Hi / / W 
!.oH'//A/W I 1 0 

0 

-1.0 

20 25 30 £/l03crrf ' 

Fig. 1. Visible absorption and CD spectra of; 
:cis, eis, eis(C, N, 0)-(+)g0

Do[Co(CN)2(gly)2]-, 
: eis, eis, eis(C, N, 0)-(+)^0

D
0[Co(CN)2(/5-ala)2]-, 

: m-(-)589[Co(CN)2(ox)(en)]-5 : eis, cis-
( + )589[Co(CN)2(ox)(NH3)2]-. 

alaninato) isomer using (—) 5 89[ C o ( o x ) ( e n )2 ] + a n c l 

(—)6 8 9[Co(C03)(en)2]+, etc. as resolving agents failed-
However, when (—)589[Go(N02)2(en)2]+ was used, an 
extremely weak Cotton peak with a negative sign was 
observed at 22700 c m - 1 for an enant iomer obtained in 
the form of the less-soluble diastereomer. The trans (0) -
a>(C)-[Co(CN)2(gly)2]~ complex could be resolved by 
using (—)589[Go(ox)(en)2]+, however, the optical purity 
of the diastereoisomeric salt obtained was very low. 
The CD spectrum of *ra/w(0)-«j(C)-[Co(CN)2(gly)2] 
exhibits two extrema with opposite signs in the region of 
the absorption band at 19200 c m - 1 which is assigned to 
iAlg—>1Eg in a holohedrized symmetry13) D 4 h . A Cotton 
peak corresponding to 1Alg—>1A2g is observed as a 
shoulder at ca. 25000 cm"1 . As shown in Fig. 1, the CD 
spectrum of cis,eis,cis(C,N,0)^[Co(CN)2(gly)2]- exhibits 
two extrema with opposite signs in the first absorption 
band region, and a shoulder, observed at ca. 27000 c m - 1 , 
is considered to be a splitting component of the second 
absorption band. The spectra of eis,cis,cis(C,N,0)-bis-
(/?-alaninato) isomer also exhibits two extrema in the 
first absorption band region; the Cotton peak at the 
lower frequency is dominant . 

Optical Activity of cis,cis,cis-\Co(C)2(N)2(0)2]- Com­
plexes. The CD spectra of eis,cis-[Co(CN)2(00)-
( N H 8 ) J - and « j - [ C o ( G N ) 2 ( 0 0 ) ( en ) ] - complexes ( O O : 
C 0 3

2 - and ox2~) have been reported.4) T h e optical 
activities of the former complexes are mainly derived 
from the chiral arrangement of three kinds of donor 
atoms. However, the chirality of the latter complexes 
are considered to have two origins; one is the arrange­

ment of the donor atoms, and another is a chiral distribu­
tion of the chelate rings. T h e absolute configurations 
of these dicyano complexes have been predicted in 
terms of the sign of the Cotton peak observed at the 
higher frequency in the first absorption band region. For 
example, the absolute configuration of (—)589[Co(CN)2-
(ox)(en)]~ complex, which exhibits three Cotton peaks 
with alternating signs, has been assigned as shown in 
Fig. 2, being denoted as A{R) according to the two 
origins of the chirality. T h e eis,eis,eis(C,N,0)- [Co(CN) 2-
(gly)2]~ complex has also two chiral origins as for cis-
[Co(CN) 2 (ox)(en)] _ , however, the absolute configura­
tion is denoted with either A{R) or A{S). 

Mason and Seal3) have applied a dynamic coupling 
model to the [Co(en)3]3 + and [Co(tn) 3 ] 3 + complexes. 
In their t reatment, the contribution to the optical 
activity from the donor atoms was separated from that 
of the non-ligating atoms. It is possible to apply such a 
t reatment in the present complexes. If the deviation 
of the donor atoms from the octahedral sites due to 
chelations can be disregarded, the contribution from 
the donor atoms intimately associates with the R (or S) 
configuration, while the contribution from the non-
ligating atoms associates with the A (or A) configuration. 
T h e CD spectrum of the cis,cis,cis(C,N,0)-(+)%f0[Co-
(CN)2(gly)2]~ isomer roughly resembles tha t of the 
(—)5 8 9[Co(CN)2(ox)(en)]- isomer. This suggests tha t 
either the donor atoms or the non-ligating atoms mainly 
contribute to the optical activity of the complexes. T h e 
resemblance between the CD spectrum of cis,cis,cis-
(C,^0)-(+)EoDo[Co(CN)2(gly)2]- and tha t of cis,cis-
Ä(+) 5 8 9[Co(CN) 2 (ox) (NH 3 ) 2 ] - (shown in Fig. 1) sug­
gests the larger contribution from the donor atoms, and 
predicts the absolute configuration of the bis(glycinato) 
isomer as A{R), since the chirality of the «j ,« j - [Co(CN) a -
(ox)(NH 8 ) 2 ] _ complex is considered to be derived from 
the arrangement of the donor atoms. 

In order to confirm the above suggestion, an X-ray 
crystal analysis of ( —)589[Co(ox) (en)2J >eis,eis,eis{C,N,0)-
(+)5oo[Co(CN)2(gly)2]-3H20 was at tempted, and the 
detailed da ta will be presented elsewhere. T h e absolute 
configuration of the bis(glycinato) isomer was deter­
mined as A(R), as i l lustrated in Fig. 2. This result 
shows that the optical activity of the cis,cis,cis-[Co(C)2-
(N)2(0)2]~-type complexes mainly arises from the chiral 
arrangement of the donor atoms and the non-ligating 
atoms cause auxiliary optical activity. I t is found that 
the deviation of the donor atoms from the octahedral 
sites due to the chelations also makes a minor contribu­
tion to the optical activity. T h e results supports the 
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20 30 40 v/io'cm"' 

Fig. 3. Visible and ultra-violet absorption and CD spec­
tra of; 

:cis, eis, cis(C,N, 0)-(+)ÊoDo [Go(GN)2(gly)2]-, 
: eis, eis, eis(C, N, 0 ) - ( + ) ^ 0 [Co(CN)2(£-ala)2]-. 

evaluation of the absolute configurations of the cis,cis-
[ C o ( C N ) 2 ( 0 0 ) ( N H 3 ) 2 ] - and m - [ G o ( C N ) 2 ( 0 0 ) ( e n ) ] -
complexes reported in the previous paper,4) by the CD 
spectral comparison. 

At a glance, the results obtained are incompatible 
with those for the tris (diamine) complexes, where the 
non-ligating atoms play an important role in the 
optical activities of the complexes. As to the tris-
(diamine) complexes, if the existence of the non-ligating 
atoms and the deviation of the donor atoms from the 
octahedral sites be disregarded, the distribution of the 
donor atoms around a metal ion creates no optical 
activity. O n the contrary, as to the cis,cis,cis-[Co(C)2-
(N) 2 (0 ) 2 ]~ complexes, such a distribution is considered 

to generate large optical activity, because the ligand 
field strengths of the C, N, and O donors are very 
different from each other. 

T h e isomer (+)5oo[Co(CN)2(/?-ala)2]- is also assign­
able to A(R) configuration by comparison with the CD 
spectrum of the bis(glycinato) complex in the first 
absorption band region, since the change from gly to 
/?-ala chelate rings results in a slight change of the 
intensities of the Cotton peaks. This is supported by the 
comparison with the spectra in the ultra-violet region, 
illustrated in Fig. 3. Since several transitions lie closely 
in the same region, the CD spectra of the isomers are 
complicated. However, both isomers exhibit the 
positive Cotton peaks at ca. 40000 c m - 1 which corre­
spond to the lowest lying alio wed-transition. 

T h e authors wish to express thanks to Mr. T. Ka taha ra 
for his aid in the experiment. 
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Alkoxo-bridged copper(II) complexes with 2-(alkylthio)ethanols, Cu(RSCH2GH20)X (R==CH3, G2H5, 
w-C3H7, *-C3H7, J - G 4 H 9 , f-C4H9; X=Br , CI), have been prepared and characterized by elemental analyses, infrared 
and electronic spectra and magnetic susceptibilities (80—300 K). Based on the magnetic properties, these com­
plexes were divided into three types, A, B, and C. Type A complexes show a strong antiferromagnetic interaction 
and exhibit a distinct absorption band characteristic of alkoxo-bridged structure in the 22—24 X 103 cm"1 region. 
Type B and G complexes follow the Curie-Weiss law. The former complexes show a ferromagnetic behavior, 
whereas the latter complexes show a weak antiferromagnetism. The results were compared with those of the 
complexes with 2-(dialkylamino)ethanols, Gu(R2NGH2GH20)X. 

A great number of copper(II) complexes with 2-
(dialkylamino)ethanols (abbreviated as HR-no) with the 
general formula Cu(R-no)X were reported and their 
structures and magnetic properties have been extensively 
studied.2"5) However, there has been no study on 
copper(II) complexes with 2-(alkylthio)ethanols so far. 
This may partly be due to the poor coordinating ability 
of both thioether sulfur and alcoholic oxygen atoms.6) 
As a continuing project for binuclear copper(II) 
complexes of sulfur-containing ligands, we recently 
reported the synthesis, crystal structures and spectral 
and magnetic properties of alkoxo-bridged copper(II) 
complexes with tr identate ligands having sulfur, nitrogen 
and oxygen as donor atoms (SNO and N S O donor sets). 
The results were discussed in relation to those of the 
alkoxo-bridged copper(II) complexes with N N O triden­
tate ligands.7»8) In this study, we have prepared a series 
of alkoxo-bridged copper(II) complexes with 2-
(alkylthio)ethanols, C u ( R S C H 2 C H 2 0 ) X (abbreviated 
as Cu(R-so)X, R = C H 3 , C2H6 , rc-C3H7, z-C3H7, J - C 4 H 9 , 
*-C4H9; X = B r , CI), and investigated their magnetic 
and spectral properties in comparison with those of the 
complexes with 2-(dialkylamino)ethanols, Cu(R-no)X 
(Fig. 1). 

(a) (b) 
Fig. 1. Structures of complexes, (a) Gu(R-no)X, (b) 

Cu(R-so)X. 

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

Preparation of the Complexes. The ligands, RSGH2CH2OH 
(R=CH 3 , C2H6, H-C 3H 7 , Î -C 3 H 7 , ^-C4H9, *-C4H9), were 
prepared after the method described in the literature.9) 
Preparation of the complexes is exemplified by Cu(GH3-so)Gl. 
To an absolute ethanol solution of 2-(methylthio)ethanol 
(370 mg) and triethylamine (143 mg) was added an absolute 
ethanol solution of copper(II) chloride (135 mg). A dark 
green precipitate was yielded in the solution. This precipitate 
was separated by nitration, Washed with ethanol and dried 

TABLE 1. ANALYTICAL DATA OF Gu(R-so)X 

Complex v Fo»nd(Calcd) (%)~ 
•p A . / 'N v 
R C H 

GH3 

C2H5 

w-C3H7 

*-C3H7 

j-G4H9 

*-C4H9 

GH3 

G2H5 

w-G3H7 

*-C3H7 

*-C4H9 

*-C4H9 

CI 
CI 
CI 
CI 
CI 
CI 
Br 
Br 
Br 
Br 
Br 
Br 

19.45(18.95) 
23.43(23.53) 
27.03(27.52) 
27.62(27.52) 
30.99(31.03) 
30.81(31.03) 
15.59(15.36) 
19.44(19.32) 
22.88(22.86) 
22.98(22.86) 
25.88(26.05) 
25.85(26.05) 

3.89(3.71) 
4.47(4.44) 
5.09(5.08) 
5.18(5.08) 
5.64(5.64) 
5.72(5.64) 
3.03(3.01) 
3.76(3.65) 
4.20(4.22) 
4.31(4.22) 
4.68(4.74) 
4.81(4.74) 

in vacuo over P2Os. Yield: 125 mg. 
The bromides, Cu(R-so)Br, were prepared by a method 

similar to that for the chlorides except for using copper(II) 
bromide instead of copper(II) chloride. 

Carbon and hydrogen analyses were carried out at the 
Service Center of Elemental Analysis, Kyushu University. 
The results of elemental analyses are listed in Table 1. 

Measurements. Infrared spectra were measured with 
a Hitachi Grating Infrared Spectrophotometer Model 215 in 
the region 4000—650 cm - 1 on a KBr disk. Electronic spectra 
were measured with a Shimadzu Multipurpose Spectrophotom­
eter Model MSP-5000 at room temperature. Magnetic 
susceptibilities were measured by the Faraday method over 
the range 80—300 K. The apparatus was callibrated by the 
use of [Ni(en)3]S2O3.

10> All the susceptibilities were corrected 
for the diamagnetism of the constituting atoms by the use 
of Pascal's constants.11) Effective magnetic moments were 
calculated from the equation, pQtî=2.828V

/(XA—Nat) T, where 
XA is atomic magnetic susceptibility and NOL is temperature-
independent paramagnetism in cgs emu. (1 BM=9.274x 
10-24 A m2, 1 cm3 mol"1 (cgs emu)=4rcX 10"6 m3 mol"1.) 

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

Infrared spectra of the free ligands show a strong band 
around 3370 cm- 1 , which is at t r ibuted to the O H 
stretching vibration. In the case of 2-(methylthio). 
ethanol, the O H deformation vibration was assigned 
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TABLE 2. MAGNETIC DATA-OF CU(R-SO)X 

[Vol. 54, No. 10 

Type 

A 

B 

C 

Complex 
R 

CH3 

C2H5 

*-C4H9 

CH3 

C2H5 

*-C4H9 

f-C4H9 

£-C3H7 

M-C3XI7 

£-C3H7 

n-C3H7 

J-C4H9 

X 

CI 
CI 
CI 
Br 
Br 
Br 
Br 
CI 
Br 
Br 
CI 
CI 

ftff/BM (77K) 

0.60 (293) 
0.50 (298Ï 
0.72 (292) 
0.57 (298) 
0.38 (294) 
0.62 (297) 
0.56 (298) 
1.85 (294) 
1.84 (295) 
1.84 (294) 
1.72 (298) 
1.70 (298) 

0/K 

13 
22 
16 

- 5 5 
- 4 5 

2//cm- la> 

- 7 4 5 
- 8 6 5 
- 6 6 5 
- 7 8 0 
- 9 3 0 
- 7 3 5 
- 8 2 0 

NocX 10*/cgs emu 

57 
41 
36 
54 
56 
60 
47 
60 
60 
60 
60 
60 

P 

0 
0.96X10-2 

1.7xl0- 2 

0 
0 

0.78X10-2 

1.7x l0- 2 

a) For all the complexes g=2 .10 was assumed. 

to the band at 1160 or 1010 cm-1.12) All these bands are 
absent in the spectra of the copper(II) complexes. This 
indicates that the alcoholic proton is lost upon complexa-
tion. 

Based on the temperature dependence of the magnetic 
susceptibilities, we classified the complexes into three 
types: type A; complexes whose magnetic behavior can 
be interpreted in terms of the Bleaney-Bowers equation13) 

with considerably large J values, type B ; complexes 
which obey the Curie-Weiss law with positive Weiss 
constants in the temperature range studied, and type C; 
complexes which obey the Curie-Weiss law with 
negative Weiss constants. These types exactly corre­
spond to the types A, B, and C(a) of Nishida and Kida 's 
classification,5) respectively. 

1000 

Fig. 2. Temperature dependence of magnetic suscepti­
bilities of Cu(j-C4H9-so)Br (type A) (O) , Cu(t-G3H7-
so)Cl (type B) ( # ) , and Cu(n-C3H7-so)Cl (type C) (O) . 
The solid curve was calculated from Eq. 1 using the 
parameters listed in Table 2. 

Type A Complexes. T h e magnetic moments are 
very low at room temperature , indicating the existence 
of a strong antiferromagnetic interaction in these 
complexes. An example of the temperature dependence 
of magnetic susceptibilities of type A complexes is shown 
in Fig. 2. T h e temperature dependence of magnetic 

susceptibilities can be interpreted by the modified 
Bleaney-Bowers equation14) 

XA = • ^ - [ 1 + T e x p ( ~ 2 y / Ä r ) ] " 1 ( 1 ~ i > ) 

J 0 4 5 P , AT 0: 
where XA is susceptibility per copper atom, P is the mole 
fraction of the mononuclear copper(II) impurity, and 
other symbols have the usual meanings. The second 
term in Eq. 1 was added to account for the presence of 
the small amount of a paramagnetic impurity which 
was found in some samples of type A complexes. T h e 
parameters, —2J, NOL, and P were evaluated from the 
best fit of the experimental da ta to Eq. 1 and are listed 
in Table 2. T h e —2J values, the energy separation 
between the spin-singlet ground state and the lowest 
spin-triplet state, is comparable to those of type A 
complexes of Cu(R-no)X,4>5) indicating that a strong 
antiferromagnetic interaction is operating between the 
copper(II) ions. 

T h e electronic absorption spectra in nujol mull of 
type A complexes are shown in Fig. 3. T h e band 
maxima of the absorption spectra in nujol mull and in 
1,2-dichloroethane solutions are given in Table 3. Both 
spectra display a broad band centered at about 14—15 x 
10 3 cm _ 1 which is attr ibutable to d-d transitions. In 
the higher frequency region 2 2 — 2 4 x l 0 3 c m ~ 1 , a 
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Fig. 3. Mull spectra of Cu(CH3-so)Br (-
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Type 
R 

Complex 

TABLE 3. 

X 

SPECTRAL DATA OF CU(R-SO)X 

Mull spectra 
vmax/103 cm-* 

Solution spectraa) 

vmax/103cm-i(e) 

CH3 

C2H5 

*-C4H9 

GH3 

C2H5 

*-C4H9 

*-C4H9 

*-C3H7 

w-C3H7 

*-C3H7 

w-C3H7 

j-C4H9 

CI 
CI 
CI 
Br 
Br 
Br 
Br 
CI 
Br 
Br 
CI 
CI 

12.7sh 
13.0sh 
12.8sh 

13.9 
14.1 
13.9 
14.5 
14.2 
14.4 
14.7 
15.5 
15.3 
15.3 
13.9 
15.2 

16.1sh 
16.4sh 

16.3sh 

23.8shb) 

23.2 
22.7 
21.7 
21.8 
21.8 
21.7 

21.5 
22.2sh 

14.5(120) 
14.2( 99) 
14.5(160) 
14.5(160) 
14.7(190) 
14.9(240) 
14.6( 91) 
14.6(160) 
14.6(170) 
14.5(130) 
14.7(170) 

23.8(1570) 
23.5(1260) 
22.5(1750) 
22.4(2220) 
22.4(2420) 
22.3(1790) 
23.7(1490) 
22.4(2220) 
22.3(2520) 
23.8(1700) 
23.6(2200) 

a) 1,2-Dichloroethane solution, b) sh=Shoulder. 

distinct absorption band with higher intensity ( l o g e = 
ca. 3) was observed. This band should correspond to 
the band in the 24—25 X 10 3 cm- 1 region observed for 
type A complexes of Cu(R-no)X,4»5) and may be 
assigned to p*(0)—>d(Cu) charge transfer transition,5) 
The lowering of the transition energy for Cu(R-so)X 
relative to that of Cu(R-no)X may be interpreted in 
terms of lowering of optical electronegativity15) of copper 
ion of Cu(R-so)X on the assumption tha t the energies 
of p* electrons of alkoxo oxygen are nearly constant.7) 

Type B Complexes. The room-temperature 
magnetic moments of type B complexes fall in the 
range of the value generally observed for mononuclear 
copper(II) complexes. As shown in Fig. 2, the magnetic 
susceptibilities of type B complexes follow the Curie-
Weiss law, XA=CI(T—d) + NoL, in the temperature range 
80—300 K. Since the ground states of these complexes 
are orbit ally nondegenerate, the positive Weiss constants 
indicate tha t a ferromagnetic interaction is operative 
between the copper ions (Table 2), as was so in the 

Wave number v /10 3 cm"1 

Fig. 4. Absorption spectra of Cu(w-C3H7-so)Br in Nujol 
mull ( ) and in 1,2-dichloroethane solution ( ). 

case of type B complexes of Cu(R-no)X.4»5) T h e X-ray 
structure analyses showed that type B complexes of 
Cu(R-no)X have tetranuclear structures with a cubane 
type C u 4 0 4 core.3) Therefore, it can be presumed that 
type B complexes of Cu(R-no)X have similar cubane 
tetranuclear structures. 

As shown in Fig. 4, type B complexes show no distinct 
absorption band at 22—24 X 10 3 cm- 1 in the nujol mull 
spectra, whereas in the solution a distinct absorption in 
tha t region. This fact suggests that type B complexes 
are likely to dissociate in solution to form a binuclear 
species similar to type A complexes.16) 

Type C Complexes. The effective magnetic 
moments at room temperature of type C complexes 
are slightly lower t han the spin-only value for one 
unpaired electron per copper atom. The cryomagnetic 
data follow the Curie-Weiss law with a negative Weiss 
constant, indicating the existence of a weak antiferro-
magnetic interaction in this type of complexes (Fig. 2). 

The band maxima of the electronic absorption spectra 
of type C complexes are given in Table 3. In both the 
solid state and the solution spectra, type C complexes 
show a distinct absorption band at 22—24 x 103 c m - 1 , 
as observed for type A complexes. These magnetic 
and spectral properties are similar to those of type C(a) 
complexes of Cu(R-no)X.4»5) 
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Preparation and Spectroscopic Studies of Cobalt(III) Complexes 
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New cobalt(III) complexes of the types, franj-[CoCl2L2]+, [Co(NH3)4L]3+, m-[Co(NH3)2L2]3+, and [Co(en)2-
L]3 + , where L denotes a seven-membered chelate diamine ligand, (Ä)-2-methyl-1,4-butanediamine or meso- and 
(R or S)-2,5-hexanediamine, have been prepared. The dichloro complexes decompose gradually even in the solid 
state, and rapidly in methanol. The ammine and ethylenediamine complexes are stable in acidic water, but 
decompose gradually in neutral water. The absorption and circular dichroism spectra of all the complexes have 
been recorded in aqueous or acetone solutions. The circular dichroism spectra in the first absorption band region 
are changed by the addition of sulfate ions, and the variation has been discussed in terms of the structure of isomers 
and the conformational instability of the seven-membered chelate rings. 

A six-membered chelate ring has been shown to be 
conformationally flexible and to interchange easily its 
conformation between two forms, the chair and the 
skew depending on environment. In the previous 
papers,1-3) we reported that spectral changes in absorp­
tion and circular dichroism (CD) of some 1,3-diamine 
cobalt(III) complexes caused by the addition of sulfate 
ions can be interpreted in terms of such conformational 
instability of six-membered chelate rings. 

Studies with molecular models suggest tha t a seven-
membered diamine chelate ring is also conformationally 
labile and can interchange among some conformers 
(Fig. 1). In fact, two 1,4-butanediamine (tetrameth-
ylenediamine, tmd) chelate rings in £ran.y--[CoCl2(tmd)2]-
C1«H20 have been shown by X-ray analysis to have 
different conformations, skew(h) and skew(v)^ while 
those in J-[Co(tmd) 3 ]Br 3 have the X-skew(h) conforma­
tion.5) In [Pd{(S)-ornithinato}2], two seven-membered 
chelate (N,N) rings are in the twist-chair conformation, 
which can be regarded as the distorted chair form.6) 
Thus, seven-membered chelate rings are stabilized in 
various conformations in crystals of metal complexes. 
In solution, however, these conformations might be 
changed by different factors such as solvation and ion-
pair formation. In order to elucidate the conformation of 
seven-membered chelate rings in solution, we have 
prepared cobalt (III) complexes containing tmd, (Ä)-2-
methyl-1,4-butanediamine (Ä-mtmd), and 2,5-hexanedi-
amine (dmtmd), and measured their absorption and 
CD spectra in the absence and presence of sulfate ions. 

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

Measurements. Absorption spectra were recorded on a 
Hitachi 323 spectrophotometer, and CD spectra on JASCO 
model J-20 and J-40CS spectropolarimeters. Optical rota­
tion at 589 nm were measured with a JASCO DIP-4 
Polarimeter. All the measurements were made at 25 ± 1 °C. 

Preparation. 2-Methy I-1,4-butanediamine (mtmd). Dimeth­
yl 2-methylbutanedioate prepared by the method of Jeffery 
and Vogel7) was dissolved in methanol which had been satu­
rated with ammonia. The solution was stirred for 6 days at 
room temperature to give 2-methyl-l,4-butanediamide. 2-
Methyl-1,4-butanediamine (mtmd) was prepared by reducing 
the diamide with LiAlH4 in dry tetrahydrofuran (THF). To 
a suspension of LiAlH4 (11.4g, 0.3 mol) in dry THF (280 

cm3) was added the diamide (7.6 g, 0.056 mol) in small 
portions. The mixture was refluxed for 27 h, and then cooled 
in an ice-bath. A mixture of water-THF (1:1) was added 
dropwise with vigorous stirring. The slurry was filtered by 
suction, the residue was extracted with THF {ca. 100 cm3) 
under reflux for 1 h, and filtered again. The extraction was 
repeated once more. The combined filtrate and extracts 
were mixed with hydrochloric acid to adjust the pH to ca. 2, 
and then evaporated to dryness under reduced pressure. The 
residue was dissolved in a small amount of water, and a coned 
sodium hydroxide solution was added. The separated amine 
layer was extracted three times with chloroform. The extracts 
were dried over potassium hydroxide pellets, and the chloro­
form was removed under atmospheric pressure. The remain­
ing oily liquid was distilled under reduced pressure. Bp 
88—91 °C/5.3 kPa (lit,8) 172—173 °C/101 kPa). Yield: 10 g. 
The diamine was also prepared by reducing 1,2-dicyano-
propane9) in ethanol with sodium.8) The rat-diamine thus 
obtained was resolved by the following method. To a hot 
ethanol solution (90 cm3) of (i?,i?)-2,3-bis(benzoyloxy)succinic 
acid monohydrate (10 g, 0.027 mol) was slowly added an 
ethanol solution (27 cm3) of rac-mtmd (2.8 g, 0.027 mol). 
White crystals (4.5 g, crude (Ä,Ä)-2,3-bis(benzoyloxy)-suc-
cinate) which formed were collected, washed with ethanol, 
recrystallized seven times from water, and then converted to 
the dihydrochloride (( + )-mtmd-2HCl) by a method similar 
to that for (i?,Ä)-2,4-pentanediamine dihydrochloride.10) 
Yield: ca. 30%. [a] = +5.6° (c 0.01, H 2 0) . The ( + )-isomer 
is known to have the (R) configuration.11) 

2,5-Hexanediamine (dmtmd). This diamine was prepared 
by reducing 2,5-hexanedione dioxime12) with sodium in 
ethanol according to the known method,13) or with Raney-Ni 
in water. The dioxime (50 g, 0.35 mol) was dissolved in an 
aqueous solution (1dm3) of sodium hydroxide (150 g, 3.75 
mol). To this solution was added Raney-Ni alloy (100 g) 
in small portions while the solution was vigorously stirred and 
cooled to keep the reaction temperature between 25 and 30 °C. 
After the addition had been completed (ca. 1.5 h), the mixture 
was allowed to stand overnight at room temperature. The 
residual nickel was filtered off and washed with water. The 
combined filtrate and washings were steam distilled until 
no further amine was detected. The distillate was acidified 
with hydrochloric acid (pH ca. 2) and evaporated to dryness 
to give the diamine hydrochloride. The free diamine was 
obtained from the hydrochloride by extracting and distilling 
according to a method similar to that for mtmd, for extraction 
ether being used instead of chloroform. Bp 80 °C/3.3 kPa 
(lit,13) 175 °C/101 kPa). Yield: 12 g. The meso and active 
diamines were obtained by the following method. To a 
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hot ethanol solution (240 cm3) of (Ä,Ä)-2,3-bis(benzoyloxy)-
succinic acid monohydrate (24.3 g, 0.065 mol) was added an 
ethanol solution (70 cm3) of the diamine (7.5 g, 0.065 mol). 
The solution was allowed to stand overnight at room tempera­
ture. Colorless crystals which formed were filtered, and 
recrystallized three times from water-ethanol (1:3). 
Yield: 6.7 g. [a] = -86.4° (c 0.033, H 2 0) . No change in 
the rotation was observed with further recrystallizations. 
This product was converted to the dihydrochloride (( + )-
dmtmd«2HGl) by a method similar to that for ( + )-mtmd* 
2HG1. Yield: 1.7 g. [a] = + 11.4° (c 0.051, H 2 0) . The 
free diamine prepared from this dihydrochloride showed 
negative rotation. The m&ro-diamine dihydrochloride was 
obtained from the most soluble fraction of the (R,R) -2,3-bis-
(benzoyloxy) succinate salt by a method similar to that for 
the active diamine. 

trans-[CoC/2(R-mfm</)2]C704. A mixture of Ä-mtmd« 
2HG1 (2.0g, 11.4 mmol) and sodium methoxide (1.08 g, 20 
mmol) in methanol (15 cm3) was stirred for ca. 1 h. Sodium 
chloride which deposited was filtered off and washed with a 
small amount of methanol. The combined filtrate and 
washings were diluted with dimethyl sulfoxide (DMSO, 200 
cm3). This solution of Ä-mtmd and a DMSO solution (200 
cm3) of Co(N03)2-6H20 (1.02 g, 3.5 mmol) were simul­
taneously added dropwise to vigorously stirred DMSO (500 
cm3). Air was bubbled through the resulting solution for 
6 d in the presence of active charcoal (2 g). After removal 
of the active charcoal, the dark red solution was diluted with 
4 dm3 of 10-2 M HCl (1 M = 1 mol/dm3), and passed through 
a column (<f> 2 .7x7 cm) of SP-Sephadex. The Sephadex 
charged with the product was placed on the top of a column 
(<j> 7 X 30 cm) of the same resin, and the adsorbed complexes 
were eluted with 0.2 M Na2S04 adjusted to pH 2 with HG104. 
The effluent of the fastest moving violet band, which was 
presumed from the absorption spectrum to involve [Go(Ä-
mtmd)2(H20)2]3+, was collected, diluted with water, and 
passed again through an SP-Sephadex column (<j> 2 .7x5 cm). 
After the column had been washed with water, the adsorbed 
band was eluted with 1 M HCl. Perchloric acid (70%, 
0.5 cm3) was added to the eluate, and the solution was concen­
trated in a vacuum desiccator over P 2 0 6 and NaOH to yield 
green needles. They were filtered and washed with water. 
Yield : 0.05 g. The complex is unstable even in the solid 
state, decomposing at room temperature in 2 months. It is 
much more unstable in solution; a methanol solution became 
turbid in 5 min, while an acetone solution was stable enough 
to record absorption and CD spectra, although it decomposed 
in a day. 

tra.ns-[CoCl2{(-)-dmtmd}2\ClOé.0.5H2O. This complex 
was prepared from ( + )-dmtmd «21101 (dihydrochloride of 
( —)-dmtmd) and Co(N03)2*6H20 by a method similar to 
that for the corresponding Ä-mtmd complex. The complex 
is as unstable as the Ä-mtmd complex. 

[Co(NH3)A(tmd)]Cl3* 1.5H20. This complex was pre­
pared by a method similar to that reported.14) To a DMSO 
solution (380 cm3) of tmd (1.0 g, 11 mmol) was slowly added 
a DMSO solution (380 cm3) of [Co(NH3)6(H20)](C104)3 

(5.3 g, 11 mmol). The solution was stirred for 2 days at room 
temperature. The resulting orange-red solution was diluted 
with water, adjusted to pH 2 with HCl, and poured onto a 
column (<f> 2 .7x4 cm) of SP-Sephadex. A small portion of 
the Sephadex charged with the product was placed on the 
top of a column (0 2.7 X 120 cm) of SP-Sephadex, and the 
adsorbed complexes were eluted with 0.2 M Na2S04 adjusted 
the pH to 2 with HCl. The column showed several bands. 
The effluent of the third orange band was diluted ten times 
with 10-2 M HCl and passed again through an SP-Sephadex 

column (<j> 2 X 3 cm). After the column had been washed with 
10~2M HCl (10 dm3), the adsorbed band was eluted with 
1 M HCl. The effluent was evaporated to almost dryness 
in a vacuum desiccator over P 2 0 6 and NaOH. Orange 
crystals which formed by the addition of ethanol were filtered 
and washed with ethanol. Yield : 0.5 g. 

[Co(NHz)t(R- or S-mtmd)](ClOJz. This complex was 
prepared from rac-mtmd and [Go(NH3)6(H20)](G104)3 by a 
method similar to that for the corresponding tmd complex. 
The effluent containing [Co(NH3)4(mtmd)]3+ was diluted 
with 10~2 M HCl, and passed through a column (<f> 2 X 3 cm) 
of SP-Sephadex. The adsorbed band was eluted with 1.5 M 
NaC104 adjusted to pH 2 with HG104. On concentration 
with a rotary evaporator, the effluent yielded orange crystals, 
which were collected and washed with ethanol. Yield: 10%. 
This racemate was resolved by SP-Sephadex column chro­
matography. The complex (ca. 50 mg) adsorbed on a column 
of SP-Sephadex (</> 2.7x120 cm) was eluted with 0.15 M 
sodium (-f)-tartratoantimonate(III). A good separation 
between the enantiomers was observed. From the fast and the 
slowly eluted fractions, [Co(NH3)4(S-mtmd)](C104)3 and 
[Go(NH3)4(i?-mtmd)](G104)3 were isolated, respectively, by a 
method similar to that for the racemate. The assignment of 
the isomers was made by comparing the CD spectra with 
that of the complex prepared from the active i?-mtmd and 
[Go(NH3)6(H20)](G104)3. 

[Co(NHJt(meso-dmtmd)]Cl3-2.5H2Oi [Co(NH3)t{(+)-
dmtmd^fClOJz.HtO, and [Co(NH3)t{(-)-dmtmd}](ClOJz. 
H20. These complexes were prepared from a mixture of 
meso- and rac-dmtmd and [Go(NH3)6(H20)](G104)3 by a 
method similar to that for [Co(NH3)4(tmd)]3+. By elution 
with 0.2 M Na2S04 adjusted to pH 2 with HCl, the column 
showed five bands; orange-red ([Go(NH3)6(H20)]3+), purple 
([Go(NH3)6(DMSO)]3+), yellow-orange ([Co(NH3)6]

3+) and 
two orange ([Co(NH3)4(dmtmd)]3+) bands in the order of 
elution. From the fourth band, [Go(NH3)4(m^o-dmtmd)]Gl3* 
2.5H20 was obtained by the same method as that for the 
corresponding tmd complex. The complex corresponding 
to the fifth band ([Co(NH3)4(rac-dmtmd)]3+) was resolved 
into a pair of enantiomers by the same method as that for 
[Co(NH3)4(mtmd)]3+. The fast and the slowly moving bands 
were assigned to the ( — )-dmtmd and the ( + )-dmtmd com­
plexes, respectively, by comparing their CD spectra with that 
of the complex prepared by use of ( + )-dmtmd*2HGl (( —)-
dmtmd). The enantiomers were isolated as Perchlorates by a 
method similar to that for [Go(NH3)4(mtmd)](G104)3 using 
an eluent of 1 M HG104 instead of 1.5 M NaC104. Attempts 
to obtain the crystalline chlorides were unsuccessful. 

A-[Co(en)2(R-mtmd)](ClOJz-0.5H2O and à-[Co(en)2(R-
mtmd)](ClOJz-2H20. To a DMSOsolution (200cm3) 
of *ra/w-[CoCl2(en)2]C104 (0.7 g, 2 mmol) was slowly added a 
DMSO solution (50 cm3) of rac-mtmd (0.2 g, 2 mmol). The 
solution was stirred for 2 d at room temperature. The 
resulting solution was subjected to SP-Sephadex column 
chromatography by a method similar to that for the cor­
responding tetraammine complex. By elution with 0.2 M 
Na2S04 adjusted to pH 2 with HCl, the column showed four 
bands; two pink (small amount) and two orange (nearly the 
same amount) bands; M-I and M-II, in the order of elution. 
M-I and M-II are racemates of a pair of diastereomers, A{R) 
and d(S)> and A(S) and J(i?), respectively. The racemates 
were resolved without isolation by the same method as that 
for [Co(NH3)4(mtmd)]3+. The faster eluted enantiomers of 
M-I and M-II are y(-[Co(en)2(Ä-mtmd)]3+ (M-I-1) and A-
[Co(en)2(S-mtmd)]3+(M-II-l). respectively. The isomers 
obtained from the slower eluted bands are thus A-[Co(en)2(S-
mtmd)]3+ (M-I-2) and J-[Go(en)2(/?-mtmd)]3+ (M-II-2). 
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The absolute configurations of these isomers were assigned by 
comparing the CD spectra with those of the isomers prepared 
by use of active Ä-mtmd which was obtained by neutralizing 
Ä-mtmd «21101 with sodium methoxide in methanol. When 
excess sodium methoxide was used to neutralize the (R)-
dihydrochloride, J-[Co(en)2(Ä-mtmd)]3+ (M-II-2) was not 
yielded, giving only yl-[Go(en)2(i?-mtmd)]3+ (M-I-l) stereose­
lective^. All the isomers were isolated as Perchlorates by the 
same method as that for [Co(NH3)4(mtmd)](C104)3«H20. 

Preparation and Resolution of [Co(en)2(dmtmd)]z+. The 
isomers of this complex were prepared from dmtmd • 2HC1 (a 
mixture of meso and rac forms )and *ra/w-[CoCl2(en)2]C104 in 
iV,iV-dimethylforrnamide (DMF) by a method similar to that 
for the corresponding mtmd complex. By elution with 0.2 M 
Na2S04 adjusted to pH 2 with HCl, the column gave four 
bands; orange-yellow ([Co(en)3]

3+) and three orange bands, 
D-I, D-II, and D-III named in the order of elution. From 
the effluent of D-II, rac-[Co(en)2(m^o-dmtmd)]Cl3' 1.5H20 
was isolated by the same method as that for [Co(NH3)4(tmd)]-
C13«1.5H20. In a similar way one racemate (yl-[Co(en)2-
{(+)-dmtmd}]3+ and J-[Co(en)2{(-)-dmtmd}]3+) was iso­
lated as perchlorate from the effluent of D-III. The racemate 
in D-I U-[Co(en)2{(-)-dmtmd}]3+ and ^-[Co(en)2{( + )-
dmtmd}-]3+) was not isolated because of a small amount. The 
formation ratio of the racemates, D-I: D-II: D-III was 
1 : 4 : 2. Each of the racemates was resolved into a pair of 
enantiomers by the same method as that for [Co(NH3)4-
(mtmd)]3+. In all cases, the column showed two separate 
bands (D-I-l, D-I-2, etc.), the A isomer (D-I-l, etc.) being 
eluted faster. The optically active chlorides were obtained 
by the same method as that for [Co(NH3)4(tmd)]Cl3.1.5H20. 
To assign the isomers, the ( — )-dmtmd complex was prepared 
from ( + ) -dmtmd • 2HC1 ( ( — ) -dmtmd). A pair of diastereo-
mers, A{—) andzl( —) corresponding to D-I-l and D-III-2, 
respectively, were obtained. 

Preparation and Resolution ofcis-[Co(NH3)2(tmd)2]
z+. The 

taw*-[CoCl2(tmd)2]C104
15) complex was dissolved in liquid 

ammonia to give an orange solution. After evaporation of 
ammonia, the crude complex remained was dissolved in 10~2 

M HCl and column-chromatographed by the same method 
as that for [Co(NH3)4(tmd)]3+. The column showed two 

orange bands. From the slower moving band, a'j-[Co(NH3)2-
(tmd)2](C104)3 was obtained by the same method as that for 
[Co(NH3)4(mtmd)](C104)3.H20. Yield: 70%. The trans 
isomer (the faster moving band) was not isolated because of 
the very small amount. The eis isomer was resolved by 
the same method as that for [Co(NH3)4(mtmd)]3+, the ( + ) -^ 
isomer being eluted first. The enatiomers were isolated as 
Perchlorates by the method described. 

cis-A-[Co(NHZ)2{( — )-dmtmd} 2]Clz-2H20. This complex 
was prepared from trans-[Cod2{( — )-dmtmd}2]C104*H20 
and liquid ammonia by the same method as that for the 
corresponding tmd complex, and isolated as chloride by the 
method described. Yield: 10%. The other diastereomer 
was not yielded under the conditions given. 

Analytical data of the new complexes are given in Table 1. 

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

Preparation and Stability of the Complexes. The trans-
[CoCl2(£-mtmd)2]+ and [CoCl 2 {( - ) -dmtmd} 2 ]+ com­
plexes were prepared by oxidizing a D M S O solution 
of the diamine and cobalt(II) ions with air and by 
treating with hydrochloric acid. The air-oxidation in 
aqueous solution resulted in only the formation of 
insoluble cobalt hydroxide. The D M S O solution was 
prepared by slowly mixing fairly dilute solutions of the 
reactants in order to avoid the formation of polymeric 
complexes.16) T h e yields are still very poor, ca. 3 % . 
T h e complexes isolated as perchlorate decompose 
gradually even in the solid state, and rapidly in methanol 
(Experimental). T h e Jra;u-[CoCl2(Ä-mtmd)2]+ complex 
can have two geometrical isomers, trans-trans and trans-
cis, by the alignment of the two methyl groups. However, 
no at tempt to separate them was made because of 
instability of the complex. T h e te t raammine and bis-
(ethylenediamine) complexes of the diamines were 
prepared from [Co(NH 3 ) 5 (H 2 0)] 3 + and trans-[CoCl2-
(en)2]+, respectively by mixing with the diamine in a 
large amount of D M S O or D M F . Such reactions are 

TABLE 1. ANALYTICAL DATA OF THE NEW COMPLEXES 

Complex G (%) 
Found(Calcd) 

H (%) 
Found(Calcd) 

N (%) 
Found(Calcd) 

trans- [CoCl2 (rac-mtmd) 2] C104 

trans- [CoCl2 (Ä-mtmd) 2] C104 

tom>[CoCl2{(-)-dmtmd}2]C104 • 0. 5H 2 0 
[Go(NHs)4(tmd)]Gls-1.5H20 
[Co(NH3)4(r^-mtmd)] (C104)3 -H 2 0 
[Co(NH3)4(£-mtmd)] (C104)3 

[Co(NH3)4(m*yo-dmtmd)]Cl3.2. 5H 2 0 
[Co(NH3)4{( + )-dmtmd}](C104)3.H20 
[Co(NH3)4{(-)-dmtmd}](C104)3 .H20 
A-[Co{en)2{R-mtmd)] (C104)3.0. 5H20 
J-[Co(en)2(Ä-mtmd)] (G10J8 • 2H 2 0 
[Co(en) 2(meso- dmtmd)]Cl3-1.5H20 
J-[Co(en)2(/mtf0-dmtmd)]Cl3.1.5H20 
yl-[Co(en)2{(-)-dmtmd}]Cl3.0.5H2O 
[Co(en)2(r^-dmtmd)](C104)3.H20(D-III) 
J-[Co(en)2{(-)-dmtmd}]Cl3 .1.5H20 
aV-[Co(NH3)2(tmd)2] (C104)3H20 
m-J-[Co(NH3)2(tmd)2] (G104)s 
aV-J-[Co(NH3)2{(-)-dmtmd}2]Cl3.2H20 

27.49(27.70) 
27.46(27.70) 
30.75(30.62) 
13.74(13.78) 
11.08(11.01) 
11.55(11.38) 
18.35(18.26) 
13.29(12.88) 
12.91(12.88) 
18.60(18.36) 
17.88(17.56) 
28.28(28.02) 
28.32(28.02) 
29.24(29.25) 
19.75(19.64) 
28.14(28.02) 
16.43(16.41) 
16.71(16.93) 
30.81(31.23) 

6.45(6.51) 
6.34(6.51) 
7.04(7.07) 
7.81(7.81) 
5.16(5.17) 
4.84(4.97) 
8.30(8.43) 
5.09(5.40) 
5.13(5.40) 
5.33(5.31) 
5.51(5.57) 
8.37(8.23) 
8.55(8.23) 
8.28(8.10) 
5.80(5.60) 
8.38(8.23) 
5.24(5.51) 
5.42(5.33) 
9.05(9.09) 

12.84(12.92) 
12.67(12.92) 
11.90(11.90) 
24.49(24.11) 
15.47(15.40) 
15.60(15.93) 
21.20(21.29) 
15.01(15.02) 
14.85(15.02) 
13.61(14.28) 
13.16(13.65) 
19.49(19.60) 
19.52(19.60) 
20.11(20.46) 
13.85(13.74) 
20.21(19.60) 
14.58(14.35) 
14.81(14.80) 
17.97(17.57) 
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known to be useful in obtaining complexes containing 
a large chelate ring.16) Similar reactions with 1,2- or 
1,3-diamines are usually accompanied by dispropor-
tionation to yield complexes of other bis- and tris-
diamine than the desired mono-diamine. In the present 
study, however, the formation of bis or tris (1,4-diamine) 
complexes are seldom observed. These complexes 
would be unstable because of crowding due to the bulky 

seven-membered chelate rings. T h e [Co(en)2(i?-
m t m d ) ] s + complex yielded only the A isomer when excess 
sodium methoxide was used for neutralizing Z?-mtmd-
2HC1. However, when distilled free Ä-mtmd was used, 
such selectivity was not observed, forming the A and A 
isomers in nearly the same amount . T h e di- and 
te t raammine and bis(ethylenediamine) complexes with 
the 1,4-diamines are stable in acidic water, but decom-

TABLE 2. ABSORPTION (AB) AND CD SPECTRAL DATA 

Complex 

[Co(NH3)4(tmd)]3+ 

[Co(NH3)4(Ä-mtmd)]3+ 

[Co(NH8)4{(-)-dmtmd}]3+ 

[Co (NH3)4(mw0-dmtmd)] 3+ 

^-[Co(en)a(Ä-mtmd)]3+ 

/l-[Co(en)2(Ä-mtmd)]3+ 

^-[Co(en)2{(-)-dmtmd}]3+ 

,l-[Co(en)2{(-)-dmtmd}]3+ 

A - [Co (en) 2 {meso-àvnïmà) ] 3 + 

a^-[Co(NH3)2(tmd)2]3+ 

cw-zd-[Co(NH3)2{(-)-dmtmd}2]3+ 

*rarw-[CoCl2(Ä-mtmd)2]+ *> 

franj-[CoCl2{(-)-dmtmd}2]+ *> 

tra/u-[CoCl2(tmd)2]+ *> 

P^/lO-^cm-MlogÊ) 

20.70(1.83) 
29.00(1.76) 
48.20(4.32) 
20.72(1.83) 
29.03(1.76) 
48.20(4.32) 
20.62(1.90) 
28.82(1.83) 
47.62(4.37) 

20.45(1.88) 
28.74(1.83) 
46.1 (4.3 )sh 
49.50(4.38) 
20.96(1.93) 

29.00(1.90) 
45.70(4.33) 
20.88(1.99) 
28.99(1.96) 
45.70(4.40) 
20.83(1.96) 

28.99(1.93) 
45.20(4.37) 
20.79(2.02) 
28.90(1.99) 
45.20(4.36) 
20.62(2.03) 

28.65(2.00) 
45.10(4.39) 

20.33(1.85) 
28.49(1.81) 
45.00(4.33) 

20.12(1.93) 
28.21(1.89) 
44.10(4.40) 
15.58(1.64) 
20.12(1.49) 
24.69(1.81) 
15.43(1.71) 
19.80(1.57) 
24.45(1.89) 
15.55(1.67) 
20.04(1.50) 
24.57(1.83) 

v^ / lO- 3 cm-1 (As) 

21 .00( -0 .34) 
28.30( + 0.014) 
47 .50 ( -8 .2 ) 
20.41 ( -0 .25) 

40 .50( -0 .76) 
46.30(+6.2) 

19.75(+1.07) 
22 .10( -0 .58) 
28.00(+0.15) 
46 .30( -30) 
20 .58( -1 .22) 
29.20(+0.070) 
45.90 (+20) 
19.88(—1.11) 
22.73 (+0.06) 
27 .70( -0 .12) 
45.90 (+24) 
21.14(+1.09) 
28 .74( -0 .17) 
46.10 ( -15) 
20 .24( -0 .79) 
26.39(-0 .022) 
29.50(+0.037) 
45.50 (+18) 
18.32(-0.034) 
20.88( + 0.52) 
27.78 ( -0 .040) 
45.50(+17) 

18.87(-0 .29) 
21.41 (+0.088) 
27.55(-0 .067) 
42.00( + 3.6) 
15.67(—1.27) 
20.00(+0.58) 
23.81(4-0.21) 
15.58(+1.43) 
19.69(-1 .45) 
25.40( + 0.10) 

a) Solvent: acetone, sh: shoulder. 



October, 1981] Cobalt(III) Complexes Containing Optically Active 1,4-Diamines 2951 

pose gradually in neutral water. Thus, care was taken 
to maintain solutions acidic in the course of preparation. 
The chelate coordination of 1,4-diamines in all the 
complexes is supported by elution behavior in column 
chromatography.16) 

Absorption and CD Spectra. As seen in Table 2, 
the first absorption maxima of [Co(NH3)4(Ä-mtmd)]3 + , 
[Co(NH3)4(tmd)]3+, [Co(NH 3 ) 4 {( - ) -dmtmd}] 3 +, and 
[Co(NH3)4(m^-dmtmd)]3+ appear at 20720, 20700, 
20620, and 20450 cm"1, respectively. Thus the order 
of these 1,4-diamines in the spectrochemical series can 
be determined as Ä-mtmd^>tmd>( —)-dmtmd>m^o-
dmtmd. Since the basicities of (—)-dmtmd and meso-
dmtmd ligands will be similar, the red shift of the first 
absorption band of the meso-àmtmà complex can be 
attributed to the strained structure of the complex 
{vide infra). It is reported that cobalt(III) complexes 
with a strained structure show the red shift in the first 
absorption band.17) In the ultraviolet region, the meso-
dmtmd complex shows a shoulder (46100 cm - 1 ) and 
a strong band (49500 cm - 1 ) , which can be assigned to 
charge transfer transitions from the meso-dmtmd and 
ammonia ligands, respectively to the cobalt (III) ion. 
No shoulders are observed for the other tetraammine 
complexes. The appearance of the shoulder in the 
meso-dmtmd complex indicates that there is a fairly 
large energy difference between those two kinds of 
charge transfer transitions. For the other complexes, 
the charge transfer bands from the 1,4-diamines to the 
cobalt (III) ion might be hidden by that from the 
ammonia to the cobalt (III) ion owing to small energy 
differences between them. The [Co(NH3)6]3+ complex 
gives the charge transfer band at 51150 cm -1 .18) Thus 
the strained [Co(NH3)4(m&ytf-dmtmd)]3+ complex shows 
the red shift in both the d-d and charge transfer bands. 

i ^ 

chair 

J-skew(h) S -skew(v) 
Fig. 1. Possible conformations of a seven-membered 1,4-

diamine chelate ring. 

Figure 1 shows three typical conformations of a 1,4-
diamine chelate ring. Each of the skew conformations 
is chiral and has its antipode. The chair conformation 
seems to be unstable because big steric hindrance is 
involved among the axial hydrogens of 1- and 4-carbon 
atoms of the 1,4-diamine chelate ring and an apical 
ligand. However, the meso-dmtmd chelate ring might 
take the chair conformation, since both methyl groups 
can have equatorial positions in only this form. In any 
skew conformation one of the two methyl groups is 

NH2 
CH2 

H K > C H 3 

ÇH2 

CH2 
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R-mtmd 

ÇH3 
NH2-OH 

CH2 
ÇH2 
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CH3 
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CH3 

H-Ç-NH2 

ÇH2 
CH2 

NH2-Ç-H 
CH3 
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ÇH3 
H-Ç-NH2 

ÇH2 
ÇH2 

H-ONH2 
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Ligand 
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SS-dmtmd 
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e 

aa 

ee 

ae 

x-skew(h) 

a 

ee 

aa 

ae 

J-skew(v) 

a 

aa 

ee 

ae 

x-skew(v) 

e 

ee 

aa 

ae 

chair 

e(a) 

ae 

ae 

ee(aa) 

e: methyl equatorial a. methyl axial 
Fig. 2. Absolute configurations of Ä-mtmd and three 

isomers of dmtmd, and their conformations in chelates. 

forced to take the axial position. Molecular models 
indicate that for 1,4-diamine chelate rings, conforma­
tions with an axial methyl group do not seem to be 
plausible. Thus the [Co(NH3)4(m&y0-dmtmd)]3+ com­
plex would be strained and shows the red shift in the 
absorption spectrum. The conformations of the Ä-mtmd 
and Äß-dmtmd chelate rings with the equatorial methyl 
group(s) are either ô-skew(h) or Askew(v), and Xskew{h) 
or Àskew(v)9 respectively (Figs. 1 and 2). 
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• A £ x 2 0 -

20 30 
P/I03cm"1 

40 50 

Fig. 3. CD spectra of [Go (NH3)4 (diamine) ] 3 + in water. 
Diamine: Ä-mtmd ( ), (-)-dmtmd ( ), SS-2,3-
bn ( ), and SS-ptn ( ). 

Figure 3 compares CD spectra of some tetraamine 
complexes of a chiral diamine. Except for the (—)-
dmtmd complex, all the complexes show negative CD 
in both the first and the charge transfer absorption band 
regions. Since the (£,£)-2,3-butanediamine (££-2,3-
bn)18> and (£,£)-2,4-pentanediamine (SS-ptn)1) chelate 
rings are stabilized in the à-gauche and askew forms, 
respectively, the Ä-mtmd chelate ring can also be 
assigned to have the same chirality, dskew{h). The 
Ä-mtmd complex increases the CD strength in the first 
absorption band region in D M S O (Ae=—0.48 at 
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21000 cm - 1 ) . The same trend is observed for the SS-
2,3-bn and ÄS-ptn complexes. In the (—)-dmtmd 
complex, on the other hand, the CD sign in the first 
absorption band region differs from that in the charge 
transfer absorption band region. In addition, the 
complex decreases the CD strength in the first absorption 
band region in D M S O (Ae=—0.18 at 20300cm"1), 
which is opposite to those of the.other tetraammine 
complexes. The results make the assignment for the 
chirality of the (—)-dmtmd chelate ring difficult. Thus 
the trans-[CoCl2{( —)-dmtmd}2]+ complex was pre­
pared and the CD spectrum was compared with those 
of the related complexes. The relationship between CD 
patterns and conformational chirality in complexes of 
this type has also been studied extensively.10»19) 
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04 
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1 
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\ 
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1 . 1 .... . 
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?/l03cm-1 
30 

Fig. 4. CD spectra of trans- [CoCl2 (diamine) 2 ] + . Di­
amine: Ä-mtmd( , in acetone), ( —)-dmtmd ( , 
in acetone), &?-2,3-bn ( , in methanol), and SS-ptn 
( , in methanol). 

The Z?-mtmd complex shows a CD pattern similar 
to those of the ^-2,3-bn10»18) and SS-ptn20) complexes; 
negative and positive CD bands corresponding to the 
la ^ E g ^ A j g ) and l b ( ^ « - A A i g ) bands,21) respec­
tively (Fig. 4). Thus the R-mtmd chelate ring can be 
assigned to have the ô-skew(h) conformation. This 
assignment agrees with that based on the CD spectrum 
of the tetraammine complex. On the other hand, the 
CD pattern of the (—)-dmtmd complex is opposite to 
those of the other dichloro complexes, indicating the 
conformation of A chirality. When the A-(—)-dmtmd 
chelate ring has two equatorial methyl groups, the two 
chiral carbon atoms are determined to have the (R>R) 
configuration, regardless of two kinds of conformations 
skew(h) or skew{v). This assignment is supported by CD 
spectra of a pair of diastereomers of [Co(en)2{(—)-
dmtmd}]3+ discussed later. The reason why the [Co-
(NH3)4{(—)-dmtmd}]3+ complex, in which the chelate 
ring has A chirality, shows the negative CD band in the 
first absorption band region is unknown. Similar 
anomalous CD has been reported for the tetraammine 
complexes of (£,£)-l,3-diphenyl-l,3-propanediamine22) 
and (S)-l,3-butanediamine.2) 

In Fig. 5 are shown CD spectra of M-I-l and M-II-2 

30 40 50 
K/l03cm-1 

Fig. 5. Absorption and CD spectra of yl-[Co(en)2(Ä-
mtmd)]3+ (M-I-l) in water ( ) and in 0.2 mol/dm3 

Na2S04 ( ), and J-[Go(cn)a(Ä-mtmd)]»+ (M-II-2) 
in water ( ) and in 0.2 mol/dm3 Na2S04 ( ). 

isomers of the [Co(en)2(Ä-mtmd)]3+ complex in aqueous 
solutions in the absence or the presence of sulfate ions. 
The complexes give a typical CD pattern for a tris-
(diamine) complex, and their absolute configurations 
can be assigned on the basis of the CD spectra in the 
first absorption band region; M-I-l and M-II-2 are 
assigned to the A{R) and A(R) isomers, respectively. 
The line connecting 1- and 4-carbon atoms of the R-
mtmd chelate ring in the ô-skew{h) (or X-skew{v)) or 
),-skew{v) (or ô-skew(h)) form is nearly parallel or 
oblique to the pseudo C3 axis of the A (or ^)-[Co(en)2-
(Ä-mtmd)]3+ complex, respectively. Thus A and A 
isomers of the Ä-mtmd complex in the d-skew{h) confor­
mation are designated as "lei" and "ob" isomers, 
respectively, as in the case of [Co(en)3]3+.23) The CD 
patterns of A- and J-[Co(en)2(£-mtmd)]3+ in aqueous 
solutions are characteristic of the "lei" and "ob" isomers, 
respectively; the former gives two CD bands with 
different signs in the first absorption band region, 
while the latter only one band in this region. Thus the 
Ä-mtmd chelate rings in these complexes are also 
stabilized in the askew{h) conformation. In the presence 
of sulfate ions, the A(R) isomer diminishes the CD 
strength of the major positive component, and comple-
mentarily enhances that of the minor component. Such 
a phenomenon is known to be brought about by an 
increase in the amount of the lelz conformer of a tris-
(diamine) complex stabilized by ion-association with 
a sulfate ion.24) The ion-pair is formed through hydrogen 
bonding between the three amino protons nearly 
parallel to the C3 axis of a tris (diamine) complex and 
a sulfate ion, and the lelz structure affords such amino 
protons. Thus the ,l-[Co(en)2(£-mtmd)]3+ complex will 
be stabilized in the A(ô-gauche2i ô-skew(h))(lel3) confor-
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mer to increase the amount of ^-diamines in the 
presence of sulfate ions, and increases the negative 
CD strength in the first absorption band region. It 
is known that the vicinal effect of a (5-diamine chelate 
ring in the [CoN6]-type complex is negative in this 
region.25) The J-[Co(en)2(/?-mtmd)]3+ complex also 
shows a CD change on addition of sulfate ions, decreasing 
considerably the negative strength. According to the 
previous discussion, the decrease in the negative CD 
strength indicates an increase in the amount of A-di-
amines in order to form the A(lelz) conformer. The 
complex can afford the lelz conformer when the Ä-mtmd 
chelate ring forms the X-skew(v) structure, in which 
the methyl group is disposed equatorially. 

_j i i i i i u 
20 30 40 50 

K/I03cm-1 

Fig. 6. Absorption and CD spectra of J-[Co(en)2{( —)-
dmtmd}]3+ (D-III-2) in water ( ) and in 0.2 mol/ 
dm3 Na2S04 ( ), and ^-[Co(en)2{(-)-dmtmd}]3+ 
(D-I-l) in water ( ) and in 0.2 mol/dm3 Na2S04 

( )• 

The D-I-l and D-III-2 isomers of [ C o ( e n ) 2 { ( - ) -
dmtmd}]3+ can be assigned to the A and A configura­
tions, respectively from the sign of the main CD band 
in the first absorption band region (Fig. 6). The A 
and A isomers show CD patterns characteristic of the 
"ob" and "lei" isomers, respectively. This indicates 
that the (—)-dmtmd ligand has the (R,R) carbon atoms, 
forming the X-skew(h) or X-skew(v) conformation with the 
two equatorial methyl groups. The assignment for (—)-
dmtmd agrees with that given previously from the CD 
spectrum of trans-[CoC\2{( —)-dmtmd}2]+. The CD 
change for the A (lei) isomer caused by the addition of 
sulfate ions is characteristic of the "lei" isomer, but the 
magnitude of the change is fairly small as compared 
with that of A(lel)-[Co (en) 2(R-mtmd)]*+. The smaller 
CD change in the (—)-dmtmd complex seems to be 
related with difficulty in forming an ion-pair with a 
sulfate ion. The J-[Co(en)2{(—)-dmtmd}]3+ complex 

can form the lelz conformer (À-gauche2i Ä-skew(h) or A-
skew(v))9 and provides two sets of three N - H bonds 
for the ion-pair formation with a sulfate ion. In the 
lelz conformer, however, the two methyl groups on 1-
and 4-carbons of the (—) -dmtmd ligand stick out in 
nearly parallel with the pseudo C3 axis of the complex 
ion, and hinder a sulfate ion from approaching the 
complex ion along this axis. On the other hand, the 
methyl group on 2-carbon of the Ä-mtmd complex is 
disposed far from the pseudo C3 axis to involve no such 
hindrance to a sulfate ion. Thus J(W)-[Co(en)a{(—)-
dmtmd}]3+ might have weaker affinity in ion-association 
with sulfate ions than the Ä-mtmd complex, and shows 
the smaller CD change in the presence of sulfate ions. 
On the other hand, the CD change of A(ob)-[Co (en) 2-
{(—) -dmtmd}]3+ in the presence of sulfate ions is as 
large as that of ^(oÄ)-[Co(en)2(Ä-mtmd)]3+ (Fig. 6). 
The two methyl groups in A(ob)-[Co (en) 2{( —)-
dmtmd}]3+ are disposed far from the pseudo C3 axis, 
differing from those in the A(lel)-(—) -dmtmd complex. 
However, the complex should not form the lelz con-
former, since the conversion of the (—)-dmtmd chelate 
ring to the lei form (d-skew(h or v)) with the two axial 
methyl groups is very unlikely. The reason for the large 
CD change is not clear. However, molecular models 
indicate that the large and flexible (—)-dmtmd chelate 
ring can form rather easily an intermediate conformation 
suitable for ion-association with a sulfate ion by a slight 
distortion from the typical skew form. The A(ob) isomer 
comprising such a conformer might form an ion-pair 
with a sulfate ion to cause the large CD change. The 
suggestion that the A(ob) isomer has stronger affinity 
for a sulfate ion than the A (lei) isomer is supported by 
the elution order in column chromatography. By 
elution with 0.2 M Na 2 S0 4 , the former is eluted faster 
than the latter (Experimental). In similar column 
chromatographic separation for a pair of diastereomers, 
it has been observed that a lei isomer is always eluted 
faster than an ob isomer.26) The [Co(en)2(£-mtmd)]3+ 
complex in this study is the case. The elution order of 
such a pair of diastereomeric complexes is reported to 
depend on the ion-association constant between a 
complex ion and an anion;27) a complex with the larger 
value is eluted faster. In the ion-association between 
[Co(£-pn)3]3+ (Ä-pn=(Ä)-l,2-propanediamine) and a 
sulfate ion, the constant for the A(lelz) isomer is larger 
than that for the A(obz) isomer.28) Thus the A(ob) isomer 
of [Co(en)2{(—)-dmtmd}]3+ which is eluted faster than 
the other A (lei) isomer should have a larger constant 
in association with a sulfate ion, and causes a larger CD 
change than the other isomer does in the presence of 
sulfate ions. 

In Fig. 7 are shown the CD spectra of ^-[Co(en)2-
(meso-dmtmd)]3+ (D-II-2) in the absence and presence 
of sulfate ions, the absolute configuration of which is 
assigned on the basis of the CD sign in the first absorp^ 
tion band region. In the presence of sulfate ions, the 
complex shows a CD change as small as that in A (lei)-
[Co(en) 2{(-)-dmtmd}] 3+. The small CD change of 
the meso-dmtmd complex would also be attributable 
to weak association with a sulfate ion as stated for the 
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y / i o 3 c m - 1 

Fig. 7. Absorption and CD spectra of J-[Co(en)2(m*yo-
dmtmd)]3+ (D-II-2) in water ( ) and in 0.2 mol/ 
dm 3Na 2S0 4( ). 

A(lel)-{ —)-dmtmd complex. When the meso-àmtmà 
chelate ring is in the same chair form as that in the 
tetraammine complex, one methyl group is disposed near 
one set of three N - H bonds to hinder the ion-association, 
but the other methyl group is located away from the 

of m-J-[Co(NH3)2-
m-J-[Co(NH3)2{(-)-

20 30 

Fig. 8. a. Absorption spectra 
(tmd)2]

3+ ( ) and 
dmtmd}2]

3+ ( ) in water. 
b. CD spectra of m-J-[Co(NH3)2(tmd)2]3+ in water 
( ) and in 0.2 mol/dm3 Na2S04 ( ). 
c. CD spectra of aV-J-[Co(NH3)2{(-)-dmtmd}2]3+ in 
water ( ) and in 0.2 mol/dm3 Na2S04 ( -), and 
the calculate dCD curve, 2x Ae([Go(NH3)4{(-)-
dmtmd}]3+)-f Ae(m-J-[Go(NH3)2(tmd)2]3+) ( ). 

other set of three N - H bonds, a sulfate ion being able to 
approach the complex ion. However, the amino 
protons of the meso-àmtmà ligand are oblique to the 
C3 axis of the complex ion, and unfavorable for associa­
tion of the /*/ 3-S0 4

2- type. The meso-àmtmà chelate 
ring would be less flexible than the {—)-dmtmd chelate 
one because of the strained structure as stated previously. 
Thus the [Co(en)2(m^o-dmtmd)]3+ complex would 
have weak affinity for a sulfate ion to cause the small CD 
change. 

In Fig. 8 are compared CD spectra of the A isomers of 
(+)589-[Co(NH3)2(tmd)2]3+ and ( - W [ C o ( N H 3 ) 2 -
{(—)-dmtmd}2]3+ in the absence and presence of sulfate 
ions. The main CD bands of these complexes exhibit 
different signs in the first absorption band region. The 
absolute configuration of the tmd complex was assigned 
from a comparison of CD patterns of 4-[Co(en)-
(tmd)2]3+29) and ^-[Co(tmd)3]3+,29) and that of t h e ( - ) -
dmtmd complex was done on the basis of the stereoselec­
tive complex formation {A(lel2)}brought about by the 
ligand of Ä,Ä-configuration. The A(ob2) isomer involves 
severe steric hindrance between the two chelate ligands. 
Both A isomers of the tmd and (—)-dmtmd complexes 
show a negative CD component in the small wave-
number side in the first absorption band region, and a 
strong positive CD band in the ultraviolet region. The 
features agree with those observed for other related 
complexes of the A configuration. The ^-[Co(NH 3) 2-
{( — )-dmtmd}2]3+ complex involves two chiral sources, 
the A configuration and the ÄÄ-dmtmd chelate ligand 
of Askew(h or v). When the additive law25»30) for the 
configurational and vicinal CD effects holds in the CD 
spectrum of J-[Co(NH3)2{(—)-dmtmd}2]3+, it can be 
approximated by the sum of the CD spectrum of A-
[Co(NH3)2(tmd)2]3+ and the curve doubled the CD 
strength of [Co(NH 3 ) 4 {(- ) -dmtmd}] 3 +. The CD curve 
calculated in the first absorption band region resembles 

Fig. 9. a. Vicinal effect CD of the ( —)-dmtmd ligand. 
The calculated CD curve, l/2{Ae(^l-[Co(en)2-
{(-)-dmtmd}]3+) + Ae(J-[Co(en)2{(-)-dmtmd}]3+)}, 
( ). The observed CD spectrum of [Co(NH3)4-
{(-)-dmtmd}]3+ ( ). 
b. Vicinal effect CD of the Ä-mtmd ligand. The 
calculated CD curve, l/2{AeU-[Co(en)2(Ä-mtmd)]3+) 
+ Ae(J-[Co(en)2(Ä-mtmd)]3+)}, ( ). The observed 
CD spectrum of [Co(NH3)4(Ä-mtmd)]3+ ( ). 



October, 1981] Cobalt (III) Complexes Containing Optically Active 1,4-Diamines 2955 

18 20 22 24 

P/I03cm"1 

Fig. 10. Configurational effect CD (Ae(A)) curves. The 
calculated CD curve, l/2{AeU-[Co(en)2(Ä-mtmd)]3+) 
-Ae(J-[Co(en)2(i^mtmd)]3 +)}, ( ). The calcu­
lated CD curve, l/2{AeU-[Co(en)2{(-)dmtmd}]3+) 
-Ae(J-[Co(en)2{(-)-dmtmd}]3+)}, ( ). The 
observed CD spectrum of yl-[Co(en)2(tmd)]3+( ). 

well the observed CD spectrum (Fig. 8). Thus the 
strong negative CD of 4-[Co(NH 3 ) 2{( —)-dmtmd}2]3+ 
in the first absorption band region can be at tr ibuted 
to the strong negative vicinal effect of the 7?Ä-dmtmd 
chelate ligand. 

In the presence of sulfate ions, the tmd complex shows 
fairly large CD change, but the (—)-dmtmd complex a 
little change. Such a difference might also be related 
with a difference in the flexibility and structure of the 
chelate rings. The more flexible tmd chelate ring would 
be stabilized in a certain conformation by forming an 
ion-pair between the complex ion and a sulfate ion. 
O n the other hand, the (—)-dmtmd complex has 
four methyl groups, which hinder a sulfate ion from 
approaching the N - H protons of the chelate ligands to 
cause little change in the conformation of the chelate 
rings. Thus the complex would show the small CD 
change in the presence of sulfate ions. 

Figures 9 and 10 show the configurational and vicinal 
effect CD curves obtained by the usual way30) from CD 
spectra of the diastereomers of [Co(en)2(Ä-mtmd)]3+ 
and [Co(en)2{(—)-dmtmd}]3+. These curves are 
compared with CD spectra of the related complexes 
in the Figures. The additive law for the configurational 
and vicinal effects does not hold among these complexes, 
although it works among the ammine complexes of tmd 
and (—)-dmtmd. T h e lack of the additivity might be 
related with crowded structures of those tris-^chelate-
type complexes involving a large seven-membered 
chelate ring. Some six-membered diamine complexes 
have also been reported to show lack of the additivity, 
and it has been interpreted as the results of flexible 
conformation of a six-membered chelate r ing; the 
conformation of a six-membered chelate ring in one 
complex would differ from tha t in the other.1) The 
same interpretation can be made on the complexes 
concerned. The stable conformation of a seven-
membered chelate ring in the crowded bis-en complex 
would differ from that in the much less crowded tetra-
ammine complex, and this might cause the lack of the 

additivity. 

This work was part ly supported by a Grant-in-Aid 
for Scientific Research No. 243013 from the Ministry of 
Education, Science and Culture. 
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The atomic ratio between C, H, O, N, CI, Br, and I in an organic halogen compound was obtained satisfactorily 
by gas chromatography and ion chromatography. At first the atomic ratio between G, H, O, and N was determined 
simultaneously by PSGC and then the atomic ratio between a halogen atom and G, H, O, and N was obtained 
by estimating the amount of a halogen atom in the reaction residue and by calculating the weight percent in Eq. 4 by 
use of a correction factor and peak areas in gas and ion chromatograms. 

Pyrolytic sulfurization gas chromatography (PSGC), 
which was originated by the present authors, has been 
successfully applied to the simultaneous determination 
of the atomic ratio between C, H , O, and N in a nor­
mal organic compound,1) a metal organic chelate 
compound,2) a polymer,3) and an organic halogen 
compound.4) 

The present study has been further carried out with 
the objective of estimating the atomic ratio between G, 
H , O , N, and halogen atoms (CI, Br, and I) (X) in an 
organic halogen compound. Since X in an organic 
halogen compound was fixed in the reaction residue as 
sodium halide (NaX) by PSGC,4) determination of X 
in the N a X was separately investigated by (1) gas 
chromatography after conversion of the halide to 
hydrogen halide (HX) and (2) ion chromatography 
after dissolving the halide in water, and the results 
obtained were compared. In the former, H X was easily 
identified but its determination was difficult due to the 
incomplete conversion of the N a X to H X and the 
decomposition of H X . In the latter, a satisfactory 
result was obtained by dissolving the reaction residue 
with an aqueous solution of potassium hydrogen 
phthala te (KHP) , by filtering S and quartz pieces off, 
and by introducing the filtrate to an ion Chromatog­
raph through a Teflon membrane filter. O n the 
basis of the relationship between the peak of hydrogen 
sulfide (H2S) in a gas chromatogram and tha t of halide 
ions (X~) in an ion chromatogram for a definite composi­
tion of organic halogen compound, the atomic ratio of 
H to X for an unknown compound was obtained 
without weighting it. 

Exper imenta l 

Apparatus and Samples. The same gas Chromatograph 
was used as described in the previous paper. A HITACHI 
634A liquid Chromatograph fitted with a Wescan model 213 
conductivity detector and Vydac 302 IG 4.6 column (250 mm), 
was operated at the flow rate of 1.7 cm3/niin by use of a 0.004 
mol/dm3-KHP as an eluent to monitor X~. 

The organic halogen compound samples were of analytical 
grade. 

Procedure. The ampule containing an organic halogen 
compound, S, and sodium sulfide (Na2S) was made to react 
by the previously described procedure.4) It was placed in a 
80 mm long, 4.22 mm i.d., 4.94 mm o.d. Teflon tube, and 

crushed in a gas sampler, the evolved gases being analyzed in 
accordance with the previous paper to determine the atomic 
ratio between G, H, O, and N. The pieces obtained by crush­
ing the ampule was taken out of the sampler and treated with 
0.004 mol/dm3-KHP, followed by filtration through a G4 
glass filter. The filtrate was passed through a Teflon 
membrane filter (pore size 0.5 [im) and introduced into an 
ion Chromatograph. According to the present procedure, 
well-defined and separated peaks were obtained for X~ and 
they were used for the determination of the atomic ratio 
between G, H, O, N, and X. 

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

Analysis of X~ by Ion Chromatography. A mixed 
solution consisting of each 5 X 10 - 4 mol/dm3 sodium 
chloride, sodium bromide, and sodium iodide was 
analyzed by ion chromatography under the above-
mentioned conditions. As can be seen from Fig. 1, the 
present procedure gives a satisfactory result for the 

Fig. 1. Typical chromatogram of halogen atoms by the 
ion chromatography. 
a) : Gl-, b) Br-, c) : I~. 
Conditions: Column Vydac 302 IG 4.6 (250 mm); 
detector conductivity (Wescan model 213); eluent 
0.004 mol/dm3-KHP; flow rate 1.7 cm3/min. 

TABLE 1. PRECISION*0 IN THE DETERMINATION OF 

HALIDE IONS BY ION CHROMATOGRAPHY 

Ions CV. (%) 
ci-
Br-
I-

2.133 
1.203 
1.814 

a) 10 runs for the standard solution. (5 X 10-4 mol/dm3 

NaCl, -NaBr, -Nal) 
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0.2 
Sample weight/mg 

Fig. 2. Relationship between sample weight and ^4(X~). 
O- />-Chlorobenzoic acid, %: />-bromoacetanilide, 
(J : o-iodobenzoic acid. 

separation of X~. In order to examine the precision 
of the present procedure, each 5 x 10 _ 4mol/dm 3 stand­
ard solution of X~ was analyzed 10 times and the results 
were shown in Table 1 by the coefficient of variation 
(C.V.). The values of C.V. in Table 1 are reasonable 
ones in comparison with those obtained by an ordinary 
ion chromatography. 

Determination of X by Use of Calibration Curve. 
Three kinds of organic halogen compounds, that is, 
0.112—0.350 mg />-chlorobenzoic acid, 0.188—0.416 
mg /?-bromoacetanilide, and 0.188—0.390 mg o-iodo­
benzoic acid were analyzed by the above-mentioned 
procedure and the relationship between sample weight 
and peak area in an ion chromatogram were plotted 

> 
a. 
'P 

i4(H,S)/|iV.s 

Fig. 3. Relationship between ^4(H2S) and A(X~). 
O- 1,2,3,4,5,6-Hexachlorocyclohexane, # : 1-chloro-
2,4-dinitrobenzene, f): S-benzylthiouronium chloride, 
3 : />-chlorobenzoic acid A • />-bromoacetanilide A • o-
iodobenzoic acid. 

in Fig. 2. Judging from the linearity in Fig. 2, the 
present procedure is suitable for the determination of 
X in an organic halogen compound. 

To examine the recovery of the present procedure, a 
definite amount of organic halogen compound was 
treated by PSGC and the absolute value of X in it 
was determined using a calibration curve which had 
been obtained with a standard solution of N a X (Tables 
2 and 3). As can be seen from Tables 2 and 3, satisfac­
tory results were obtained for X. This means that both 

TABLE 2. ANALYTICAL RESULTS OF ORGANIC HALOGEN COMPOUNDS BY USE OF A CALIBRATION CURVE 

Sample 

/>-Chlorobenzoic acid 
S-Benzylthiouronium chloride 
1 -Chloro-2,4-dinitrobenzene 
1,2,3,4,5,6-Hexachlorocyclohexane 
a-Bromoisovarerylurea 
/>-Bromoacetanilide 
1,2,3,4,5,6-Hexabromocyclohexane 
o-Iodobenzoic acid 

Weight 
(mg) 

0.442 
0.504 
0.477 
0.289 
0.350 
0.386 
0.403 
0.397 

Theor. 
(mg) 

0.100 
0.0881 
0.0835 
0.216 
0.125 
0.144 
0.347 
0.203 

Halogen content 

Found Found 
(mg) (%) 

0.101 22.9 
0.0869 17.2 
0.0838 17.6 
0.216 74.7 
0.127 36.3 
0.144 37.3 
0.346 85.9 
0.204 51.4 

Error 
(%) 

(+0 .3) 
( - 0 . 3 ) 

(+o.n 
I 0 ) 
(+0 .5 ) 

( o ) 
(-o.i) 
(+0-2) 

TABLE 3. ANALYTICAL RESULTS OF ORGANIC HALOGEN COMPOUNDS BY USE OF A CALIBRATION CURVE 

0 î Weight Sample ( m g ) Theor. 
(mg) 

CI 

Found 
(mg) 

Content Theor. 
(%) (mg) 

[Error] 

Br 

Found Content Theor. 
(mg) (%) (mg) 

[Error] 

I 
N 

Found Content 
(mg) (%) 

[Error] 
/»-Chlorophenacyl bromide 0.472 0.0716 0.0696 14.7 

[ - 0 . 5 ] 
5-Chloro-7-iodo-8-quinolinol 0.496 0.0575 0.0560 11.3 

[ - 0 . 3 ] 
/»-Bromoiodobenzene 0.486 

0.162 0.164 34.8 
[+0 .5 ] 

0.206 0.205 41.3 
[ - 0 . 2 ] 

0.137 0.135 27.8 0.218 0.220 45.3 
[ - 0 . 4 ] [+0 .4 ] 



2958 Tadashi HARA, Kaoru FUJINAGA, and Fujio OKUI [Vol. 54, No. 10 

TABLE 4. 

Run No. 

lb> 
2<s) 

3d) 

Ions 

ci-
Br-
I -

GORRECTION FACTOR OF 

Correction factor10 

0.6765 
0.6978 
0.6407 

X -

G.V. (%) 

2.011 
1.818 
2.026 

a) Average of 10 runs for the standard sample, b) 1-
Chloro-2,4-dinitrobenzene. c) a-Bromoisovarerylurea. 
d) o-Iodobenzoic acid. 

the fixation of X to the reaction residue by PSGC and 
the dissolution of N a X from the reaction residue are 
quantitative. 

Calculation of the Atomic Ratio between C, / / , 0 , N9 and X. 
Six kinds of organic halogen compounds were analyzed 
by the present method, and the relationship between 
the peak area of H2S in a gas chromatogram (A(H<ß)) 
and the peak area of X~ in an ion chromatogram 
(^4(X~)) was plotted in Fig. 3. Each relationship gives 
a straight line. The relationship between ^f(H2S) and 
A (CI -) X (H/Cl), which meant the product of the peak 

0 1 2 ( x i o 3 ) 

^(H2S)/ixV.s 

Fig. 4. Relationship between 4(H2S) and ^4(Cl-)x 
(H/Cl). 
O- 1,2,3,4,5,6-Hexachlorocyclohexane, 0 : 1-chloro-
2,4-dinitrobenzene, ©•' S-benzylthiouronium chloride, 
(J : />-chlorobenzoic acid. 

TABLE 5. ANALYTICAL RESULTS OF ORGANIC HALOGEN COMPOUNDS 

Sample 
Content«0 (wt %) 

H O N Gl Br 

/>-Chlorobenzoic acid 

S-Benzylthiouronium chloride10 

1,2,3,4,5,6-Hexachlorocyclohexane 

1 -Chloro-2,4-dinitrobenzene 

1,2,3,4,5,6-Hexabromocyclohexane 

a-Bromoisovarerylurea 

/>-Bromoacetanilide 

o-Iodobenzoic acid 

/>-Chlorophenacyl bromide 

5-Chloro-7-iodo-8-quinolinol 

/>-Bromoiodobenzene 

53.70 
53.59 

(-o.in 
56.30 
56.24 

( -0 .06 ) 
24.78 
25.09 

(+0.31) 
35.58 
35.91 

(+0.33) 
12.93 
12.60 

(-0.33) 
32.31 
32.55 

(+0.24) 
44.89 
45.03 

(+0.14) 
33.90 
34.12 

(+0.22) 
41.16 
40.96 

( -0 .20 ) 
35.38 
35.80 

(+0.42) 
25.47 
25.03 

( - 0 . 4 4 ) 

3.22 
3.26 

+0.04) 
6.50 
6.41 

- 0 . 0 9 ) 
2.08 
2.12 

+0.04) 
1.49 
1.48 

- 0 . 0 1 ) 
1.08 
1.09 

+0.01) 
4.97 
4.91 

- 0 . 0 6 ) 
3.77 
3.71 

- 0 . 0 7 ) 
2.03 
2.00 

- 0 . 0 3 ) 
2.59 
2.45 

-0.14) 
1.65 
1.67 

+0.02) 
1.43 
1.40 

-0.03) 

20.44 
20.64 

(+0.20) 

31.60 
31.39 

(-0.21) 

14.34 
14.53 

(+0.19) 
7.47 
7.33 

( -0 .14 ) 
12.90 
12.79 

( -0 .11 ) 
6.85 
6.76 

( -0 .09 ) 
5.24 
5.29 

(+0.05) 

16.42 
16.46 

(+0.04) 

13.83 
13.82 

(-0.01) 

12.56 
12.50 

(-0.06) 
6.54 
6.59 

(+0.05) 

4.58 
4.62 

(+0.04) 

22.64 
22.51 

( -0 .13) 
20.78 
20.89 

(+0.11) 
73.14 
72.79 

(-0.35) 
17.50 
17.40 

(-0.10) 

15.18 
14.81 

(-0.37) 
11.60 
11.36 

(-0.24) 

85 
86 

(+0 
35 
35 

( - 0 
37 
37 

(+0 

34 
35 

(+0 

28 
28 

( - 0 

.99 

.31 

.32) 

.82 

.51 

.31) 
33 

.35 

.02) 

.22 

.02 
80) 

.24 

.14 

.10) 

51.17 
51.09 

( -0 .08) 

41.55 
41.26 

( -0 .29) 
44.86 
45.43 

(+0.57) 

a) The upperline : theoretical values, the medium line : experimental values, and the lower line : error. b) The sulfur 
atom was neglected in the composition of the sample since it could not be determined. 
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area of Gl- in an ion chromatogram and the atomic 
ratio of H to CI in an organic chlorine compound, was 
plotted in Fig. 4. I t was found to give a straight line 
regardless of the CI content of the compound. The 
slope (a) of the straight line in Fig. 4 is shown by E q . l . 

H 
Cl 

4(cr) 
ifeà=cons'' (i) 

Equat ion 1 is rewritten by Eq. 2. 

H # ) * ^ ? — • (2) 

Equation 2 is also given by Eq. 3 for all halogen atoms. 

24(H2S) ~én = const- (3) 

The form of the (H/X) x2A(H2S)/A(X-) in Eq. 3 is the 
same as tha t of the correction factor1) which was used 
for the determination of the atomic ratio between C, H, 
O , and N. Therefore, the value of Eq. 3 can be replaced 
by K(K~) which is used for the determination of the 
atomic ratio between C, H, O, N, and X . T h e values of 
JC(X-) were obtained by analyzing each standard 
sample (Table 4). They were consistent with a definite 
value of Eq. 3. Thus the atomic ratio between C, H, 
O, N, CI, Br, and I is obtained by Eq. 4. 

a ( w t o / ) - ?lM{y)K{y)A{y) 
a ( w t / o ) " VM\ß)K{ß)A(ß) X ( 4 ) 

where a : C, H, O, N, Gl, Br, and I, ß: the product 
obtained by the present method, y : the product contain­
ing an element a, M'(ß): the value obtained by sub­
tract ing the amount of S from the formula weight of 
/?, M{y) : the formula weight of a in y, K(y) : correction 
factor of y, and A(y) : peak area of y. 

Determination of the Atomic Ratio between C, / / , 0 , N, 
and X in an Organic Halogen Compound. Various 
organic halogen compounds were analyzed by the 
present method and the atomic ratio between C, H, O, 
N, and X was calculated by introducing both chromato­
graphic da ta to Eq. 4 (Table 5). I t can be seen from 
Table 5 that the atomic ratio between C, H, O, N, and 
X is obta ined satisfactorily by the present method in 
which only one sample is used. 
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Strongly acidic titanium(III) chloride solutions containing iron(II) sulfate were subjected to oxidation with 
air at 95 °G. The products consist of spheres, 0.5—1.0 um in size, each composed of extremely fine particles, 100— 
150 A in size. Fe(III) is incorporated up to about 6% of the total metal ions in the product, in spite of the strongly 
acidic solution. The products, containing H aO and S0 4

2 - besides Fe(III), are dehydrated in the temperature 
range 100—400 °G and the sulfate decomposition begins at about 750 °C in air. The S0 4

2 - in the products can 
be easily removed by washing at room temperature with NaOH solution. No marked differences can be detected 
in color, magnetic properties, or in growth of the extremely fine particles before and after the dehydration by 
heat treatment at 500 °C; a change in such physical properties begins to occur at 550 °C. It is concluded that the 
Fe(III) in the product is interposed between the extremely fine particles, whereas the H 2 0 and S0 4

2 - are adsorbed 
in the spherical polycrystalline particles formed with oxo and hydroxo combination of the extremely fine particles. 

Ti tan ium dioxide, T i O a , can be formed in three kinds 
of crystalline modifications—brookite, rutile and anatase. 
Two of the three modifications—precipitates of anatase 
and rutile, can be prepared by selecting the conditions 
of hydrolysis of t i tanium(IV) salts—i.e., kinds and 
concentrations of the acid anions present in acidic 
solutions and the hydrolysis temperature.1 - 4) Precipi­
tates consisting of any one of the three modifications 
can be prepared by selecting the conditions for allowing 
T i ( I I I ) ions gradually to oxidize in an acidic solution 
at 65—90°C.5> 

Ti ( I I I ) in HCl solution forms a precipitate of brookite 
or rutile according to the excess HCl concentration or 
oxidation temperature. Precipitates of brookite or rutile 
thus formed consist of fine needle-like (a) or extremely 
fine cubic (b) particles as shown in Fig. 1. T h e presence 
of S 0 4

2 " was found to promote the formation of a 
precipitate of anatase consisting of extremely fine 
particles, similar to the precipitates of brookite and 
rutile previously mentioned, as determined by X-ray 
diffraction examination.5) Nevertheless, the BET surface 
area is much less than that of the precipitate of brookite 
or rutile, the anatase precipitate consisting of relatively 
large spherical or flat leaf polycrystalline particles as 
shown in Fig. 1 (c). I t has been found that in spite of a 
strongly acidic solution, Fe( I I I ) is partly incorporated 
into the anatase precipitate in the presence of F e S 0 4 in 

the starting solution. A clue to the elucidation of 
the mechanism of the formation of the polycrystalline 
particles of anatase would be obtained by clarifying the 
properties of the polycrystalline particles containing 
Fe ( I I I ) . 

This paper is an account of the formation of the 
anatase precipitates containing Fe(III) and the pro­
perties of such precipitates. 

Exper imenta l 

The starting titanium(III) chloride solution (Wako Pure 
Chemical Industries Ltd.) contained 2.0 M ( l M = l m o l 
dm-3) TiCl3, 1.6 M ZnCl2, and 1.2 M HCl. To this the 
required amount of either FeSCv 7H 2 0 or Na2S04 (analytical 
grade) was added in various mole ratios of Fe(II) or S0 4

2 - to 
Ti(III). Each mixed solution was diluted with water to 
3 L (dm3) in a 4 L flask. The oxidation of the mixed solutions 
was carried out at 95 °C by bubbling air into them at a constant 
rate of 200 L/h. The construction of the flask for the air-
oxidation experiments has been previously described.*) After 
a time lapse of 20 h, Ti(III) ions in the solutions changed 
completely to Ti(IV) and the solutions, originally colored 
bluish black, turned to yellowish white suspensions of various 
hues depending on the Fe(II) concentrations in the starting 
solutions. 

The sedimentation velocities of most oxidation products 
consiting of anatase particles were extremely fast and they 

Fig. 1. Electronmicrographs of rutile (a), brookite (b), and anatase (c) 
precipitates. Preparation conditions for samples (a), (b), and (c) corre­
spond respectively to those for sample Nos. 4, 6, and 5 shown in Ref. 5. 
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could easily be separated from the solutions by nitration. 
After filtration, the products were washed with water, treated 
with acetone, and then dried in air at 100 °G. All powdery 
samples thus obtained were examined by X-ray diffraction 
using Ni filtered Gu Kcc radiation; some were further examined 
by electronmicroscopic observation, magnetic measurement 
using a magnetic torsion balance, BET surface area deter­
mination using nitrogen gas, and, thermal and chemical 
analyses. 

The mean size of the extremely fine particles was estimated 
from the line broadening of the X-ray diffraction peak for the 
(101) plane of the anatase crystal structure. Thermogravi-
metry (TG) and differential thermal analysis (DTA) were 
carried out each with 40 mg samples at a heating rate of 5 °C/ 
min in air using a Shimadzu Dt-TG simultaneous recording 
apparatus, Model DTG 30 M. 

After the samples had been fused with Na2G03 and then 
dissolved into water, the S0 4

2 _ content was gravimetrically 
determined as BaS04. The Gl - content was determined by 
nephelometry for a mixture of AgNOa solution and the solution 
prepared by the dissolution of the samples in a HF solution 
by heating. The metal ion contents were determined by 
atomic absorption after the samples had been dissolved in a 
mixed solution of HF and HCl. 

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

Four typical oxidation products of anatase are given 
in Table 1. These products were found to consist of 
spherical particles, 0.5—1.0 ^m in size, each composed 
of a number of extremely fine anatase particles, 100—150 
Â in size, as a result of electronmicroscopic and X-ray 
diffraction examination. 

TABLE 1. ANATASE PRECIPITATES CONTAINING Fe(III) 

Starting solution Oxidation product 
« , Goncn/mol dm - 3 , ~ , 
Sample / ,. ^ F e ( m ) s 

Ti(III) Fe(II) content(At%) (m2g-i) 
A*> 0.166 Ö Ï734 
B 0.166 0.166 1.8 2.17 
G 0.166 0.333 4.2 3.49 
D 0.083 0.333 5.9 4.34 
Eb> 0.166 0.333 1.3 

a) Sample prepared in the presence of 0.166 mol dm - 3 

Na2S04 . b) Rutile prepared by the use of FeCl2 in place 
ofFeS04 . 

As evident from the table, the mean size of the 
polycrystalline particles, as estimated from the BET 
surface area, slightly decreases with increasing Fe ion 
content ; at the same time, the color changes from white 
to yellowish white. These samples contained 4—5 
w t % S 0 4

2 - , about 10 w t % H 2 0 and less than 0.1 w t % 
Cl~. It is noteworthy that in spite of being products from 
strongly acidic solutions, these samples contain Fe (111) 
to the extent of nearly 6% of the total metal ions. 
However they contained less than 0.02% Zn( I I ) . 
Increasing the Fe (II) concentration in the starting 
solution yielded a whitish yellow product containing 
more than 6% Fe( I I I ) . In the whitish yellow products 
thus prepared, however, extremely fine particles of 
a -FeO(OH) were intermingled with the anatase 

particles. 
Similar experiments were also conducted using 

i ron(II) chloride in place of the sulfate. Whitish 
products consisting of rutile particles with or without 
brookite could be obtained int he absence of S0 4

2~. 
Their sedimentation velocities were extremely slow and 
the suspended particles could not easily be filtered off. 
T h e Fe (III) content was much smaller than would be 
obtained in the presence of S 0 4

2 " as will be evident from 
sample E in the table containing less than 0.02 w t % 
Z n ( I I ) . 

• ' • • . 
25 200 400 600 800 

t/»C 

Fig. 2. TG (a) and DTA (b) curves for samples A ( ) 
a n d D ( ). 

As shown by the T G and D T A curves in Fig. 2 for 
samples A and D, these samples are dehydrated in the 
temperature range 100—400 °G and the sulfate decom­
position begins at about 750 °C. T h e fact that dehydra­
tion for the samples takes place continuously from 100°G 
to temperatures as high as 400 °C indicates that part of 
the O H - is interposed between the extremely fine 
particles. Sample D was divided into several parts and 
introduced into separate furnaces for heat t reatment in 
air at temperatures between 400 and 750 °G for 20 h. 
Afterwards they were taken out from the furnaces and 
allowed to cool to room temperature. 

For the sample heat-treated at 500 °G, a decrease in 
the BET surface area to 3.3 m 2 g _ 1 was observed, but 
no appreciable differences in color, half broadening of 
X-ray diffraction peaks and magnetic properties could 
be detected before and after the dehydration by heat 
t reatment. The samples heat-treated at 550—700 °C 
became more yellowish and at the same time, their 
X-ray diffraction peaks became sharper with increasing 
heat t reatment temperature as seen in Fig. 3. 

As shown in Fig. 4, no particle growth due to sintering 
between the spherical polycrystalline particles at 700 °G 
could be detected, but the BET surface area decreased 
to 2.2 m 2 g _ 1 because of the decrease in fine projections. 
T h e S 0 4

2 " content of this sample still remained at 2.6 
w t % . Part of the anatase changes to rutile on heat 
t reatment at 750 °G (Fig. 3(d)) . 

Magnetic susceptibilities, %, were measured with the 
original sample D and its heat treated samples in a 
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20(Cu KOL) 

Fig. 3. X-Ray diffraction patterns of the original sample 
D (a) and its 500 (b), 700 (c), and 750°G (d) heat 
treated samples. 

Fig. 4. Scanning electronmicrographs of sample D 
before (a) and after heat treatment at 700 °G in air. 

Fig. 5. A plot of reciprocal of magnetic susceptibility, 
X emu/g (4TI10~3 m3 kg -1), as a function of temperatures 
Tfor the original sample D (O) taken after heat treat­
ment in air at 500 ( X ) and 700 °C ( # ) . 

magnetic field range 2—9 kOe (1 O e = 1000/4 TT A m"1) 
at temperatures between 77 and 300 K. No magnetic 
field dependency of x could be detected with any of 
these samples. 

Figure 5 is a plot of x - 1 of typical samples as a 
function of T(K). An inspection of these curves readily 
reveals the following: x values of sample D on the 
higher temperature side follow the Curie-Weiss equation 

x = c(T-ey\ 
the paramagnetic Curie temperature 0 is —60 K, and 
the Curie constant C is 3 1 x l 0 " 4 e m u . From the C 
value, sample D is estimated to contain 4.0 wt% Fe(III) 
with an effective magnetic moment of 5.9—that is, 
Fe (III) content is 6.6% in the total metal ions. 

No marked differences in the values of C and 6 can 
be observed before and after the heat treatment at 
500 °C for sample D. The temperature range to follow 
the Curie-Weiss equation becomes narrow with the 
sample heat-treated at 700 °C, and its 0 value is —230 
K. A shift in 0 to the lower temperature side is attrib­
utable to the greater magnetic interaction generated 
between the Fe (III) ions. 

To clarify how S0 4
2 ~ is intermingled within the 

polycrystalline particles, the following experiments were 
conducted. Samples A and D, each weighing 5 g, were 
immersed in separate 100 mL 1 M NaOH solutions and 
left at room temperature for 8 h. During this period, 
ultrasonic dispersion was applied several times, 5 min 
each time, to each of these suspensions. Precipitates 
were separated from alkaline solutions by filtration, 
thoroughly washed with water, treated with acetone, 
and dried at 100 °C to obtain white and yellowish white 
samples. 

X-Ray diffraction and electron-microscopic examina­
tions of these samples before and after the alkaline 
treatment, could detect no appreciable differences 
between the two samples. It was found, however, that 
the BET surface area increased to 4.0 (sample A) and 
to 7.9 m2 g _ 1 (sample D) , probably because of chipping 
of polycrystalline particles due to the ultrasonic disper-
sion,whereas the S0 4

2 ~ content of the samples A and D 
decreased markedly to 0.38 and to 0.47 wt%, respec­
tively, with the alkaline treatment. From these results, 
it can be concluded that the major portion of the S0 4

2 " 
ions is adsorbed, similar to H 2 0 , in the polycrystalline 
particles, without being interposed between extremely 
fine anatase particles. 

It is well known that since titanium(III) chloride 
solutions are powerful reducing agents, Ti(III) easily 
reduces Fe (III) in a strongly acidic solution. According­
ly, the oxidation with air of Ti(III) to Ti(IV) must 
take place before that of Fe(II) to Fe(III). The Ti(IV) 
in a HCl solution containing S0 4

2 " will be present as 
sulfato complexes.7) It is presumed, therefore, that 
the Ti(IV) in the strongly acidic solution formed by 
oxidation generates the polynuclear complexes, each 
consisting of the oxo, aqua, hydroxo, and sulfato groups 
where the Ti(IV) concentration is high. These com­
plexes would form extremely fine particles of anatase 
with the oxo combining as a result of the dissociation by 
hydrolysis of the H 2 0 , OH", and S04

2". The Ti(IV) 
ions present in the subsurfaces of extremely fine particles 
will be still combined with S0 4

2 ~ besides O H - and H 2 0 . 
With the desorption by further hydrolysis of these 
S0 4

2 " and H 2 0 from the subsurfaces, the formation of 
polycrystalline particles will take place with oxo and 
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hydroxo combinings of the extremely fine particles in 
the absence of Fe ( I I I ) . The oxidation into Fe(I I I ) 
would begin to take place after most of the T i ( I I I ) ions 
have been changed to T i ( IV) . The Fe( I I I ) ions formed 
by oxidation exist as monomers8) and par t of them must 
exist as hydroxo complexes. 

Ramakrishna and Seneratyapa reported as a result 
of their spectrometric studies, that Fe (III) hydroxo 
complexes in strongly acidic solutions easily reacted 
with Ti(IV) hydroxo complexes to form mixed com­
plexes, whose formation was governed by the nature 
of the dissolved acid anions.9) This reaction suggests 
that under the existence of the Fe (III) hydroxo com­
plexes, part of the Ti ( IV) combined with H 2 0 , OH~, 
or S 0 4

2 " in the subsurface of each extremely fine particle 
would be combined with the Fe (III) hydroxo complexes. 
Each polycrystalline particle, in which the Fe (III) ions 
are relatively evenly interposed between the extremely 
fine particles, would be formed and become greater in 
size with the oxo and hydroxo combination caused 
during the progress of hydrolysis. 

T h e authors wish to thank Messrs T . Akita, N. 
Horiishi, and I. Sugano for their help in conducting 
numerous experiments. 
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The interactions between various acyclic polyethers, RO(CH2CH20)nR'(R, R '=CH 3 , Ph), and dimethyltin 
dichloride (DMTC) in aromatic solvents have been studied by means of XH NMR spectroscopy. On the basis 
of a continuous variation method, the formation of the 1 : 1 complexes between glymes, CH30(CH2GH20)nCH3 
(n=2, 3, 4), and DMTC was revealed in benzene. The V(119Sn-CH3) values suggested distorted fra/u-octahedral 
configurations for these complexes. From the statistical consideration of stability constants, it was found that the 
coordination occurred virtually through neighboring two oxygen atoms in these complexes. DMTC gave the 
complexes of both 1 : 1 and 1 : 2 glyme/DMTC stoichiometry with glymes (n=5, 6) in benzene and with all glymes 
employed here in toluene and 1-chloronaphthalene. Coexistence of 1 : 1 and 1 : 2 species was also encountered 
for PhO(CH2GH20)nGH3 (n=3, 4, 5), whereas no appreciable interaction was observed between PhO-
(CH2CH20)nPh (n=2, 3, 4) and DMTC. On the basis of these observations, the additional formation of the 1 : 2 
complexes was assumed to be caused by the bulkiness of polyethers. 

With recent development of the crown ether 
chemistry, much attention has also been paid on the 
metal complexes of acyclic polyethers.2) Structural 
analysis of these complexes in the solid state2) and their 
thermodynamic properties in solution3) have been 
extensively studied. However, it is ra ther limited to 
elucidate their behavior, especially their configuration, 
in solution, because metals employed in these studies 
were mostly inorganic ions. T h e structure of some 
fluorenyl metal complexes of polyethylene glycol 
dimethyl ethers (glymes) in solution has been inves­
tigated by means of 1H NMR4-5) and optical spectros­
copies.5) Coordinating abilities of glymes towards the 

Na+ ion have been discussed from kinetical point of 
view using 23Na N M R spectra.6) More recently, 1 H 
N M R spectra of metal complexes with polyethers 
containing aromatic terminal groups have been 
reported.7) 

Molecular complexes of methylt in(IV) halides have 
been studied for a long time, since their configurations 
in solution can be deduced easily from their 1H N M R 
spectra.8) Therefore, it seems probable that N M R 
studies on the polyether/methyltin(IV) halides systems 
afford various informations on these complexes in 
solution. In addition, methylt in(IV) halides, unlike 
the naked metal ions studied so far, possess four sub-
stituents at tached to the central metal atom. According­
ly, the interactions of methylt in(IV) halides with 
polyethers are expected to be sterically different from 
those of inorganic metal ions. 

I n this paper are presented the results of 1 H N M R 
studies on the interactions of various acyclic polyethers, 
R O ( C H 2 C H 2 0 ) M R ' (R, R ' = G H 3 , Ph) , with dimethyl­
tin dichloride (DMTC) in some aromatic solvents. 

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

Commercially available DMTC was purified by sublimation. 
DiG, TrG, and TetG9) were of reagent grade and distilled 
from LiAlH4 before use. The preparative methods for PeG,10> 
HeG,10> and PhO(CH2CH20)nPh3> have been reported. 

Preparation of PhO(CH2CH20)nCH3. n=2: The pro­
cedure for this compound is as follows; 

+ -jPhONa 

(C1CH2CH2)20 > Ph(OCH2CH2)2Cl 

+ NaI +CHsONa 
• > PhO(CH2CHaO)2CH3. 

To a suspension of NaH (4.8 g, 0.2 mol) in 150 cm3 of DMF 
was added phenol (18.8 g, 0.2 mol) in DMF (27 cm3) with 
stirring and the mixture was heated at 80 °C for 4 h. After 
cooling, the mixture was combined with (C1CH2CH2)0 (57.2 
g, 0.4 mol) and heated at 80 °C for 6 h. The reaction mixture 
was combined with benzene and shaken twice with 0.2 mol 
dm - 3 NaOH and with water for several times. The organic 
layer was dried over sodium sulfate. Evaporation of solvent 
and distillation gave Ph(OCH2CH2)2Cl (24.4 g, 61%); bp, 
104-107 °C (27 Pa). Ph(OCH2CH2)2Cl (24.4g, 122 mmol) 
and Nal (33.6 g, 224 mmol) in 100 cm3 of acetone were heated 
under reflux for 41 h. After filtration of NaCl and evapo­
ration of acetone, the product was treated with an ether-water 
mixture. Ether was evaporated and resulting crude Ph-
(OCH2CH2)2I (29.3 g, 82%) was used in the next reaction 
without further purification. To 50 cm3 of methanol was 
added 1.4 g (60 mmol) of Na and subsequently Ph(OCH2-
CH2)2I (14.6 g, 50 mmol). The mixture was heated under 
reflux for 9 h, and combined with water and ether. The 
organic layer was dried over sodium sulfate and evaporated to 
leave a yellow oil which was chromatographed on a silica gel 
column (hexane-ether 10 : 1) to give PhO(CH2CH20)2CH3 

(4.0 g, 41%): »HNMR (CC14) (5 = 3.23 (s, 3H, CH3), 3 . 4 0 -
4.07 (m, 8H, CH2), and 6.58—7.23 (m, 5H, aromatic), high-
resolution mass spectrum, 196.2437 (Calcd for C u H 1 6 0 3 , 
196.2456). 

n=3: This compound was prepared by an analogous 
method for n=2 employing CH3OCH2CH2ONa in place of 
CH3ONa: »HNMR (CC14) (5=3.23 (s, 3H, CH3), 3.43— 
4.06 (m, 12H, CH2), and 6.33—7.20 (m, 5H, aromatic), high-
resolution mass spectrum, 240.2971 (Calcd for C13H20O4, 
240.2986). 

n=4: This compound was prepared by an analogous 
method for n=3 employing (ClCH2CH2OCH2)2 in place of 
(C1CH2CH2)20: *H NMR (CC14) 0=3.23 (s, 3H, CH3), 3.40— 
4.07 (m, 16H, CH2), 6.60—7.20 (m, 5H, aromatic), high-
resolution mass spectrum, 284.3511 (Calcd for C16H2405, 
284.3516). 

n=5: The procedure for this compound is as follows; 

À 
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(HOGH2GH2OGH2GH2)20 
+PBr„ C5H6N 

(BrGH2GH2OGH2GH2)20 
+ ^-PhONa 

2 
Ph(OCH2CH2)4Br 

+CH8OCHaCHaONa 
-• PhO(GH2GH20)5GH3 

To 100 cm3 of benzene solution containing PBr3 (189 g, 0.7 
mol) and pyridine (32 g, 0.4 mol), tetraethylene glycol (194 g, 
1.0 mol) was added with stirring at 0 °G for a period of 4 h. 
After completion of addition, the mixture was kept on stirring 
for 72 h at room temperature and extracted with a benzene-
water mixture. Drying and evaporation of the organic layer 
gave crude (BrCH2CH2OCH2CH2)20 (206 g, 76%), which 
was subjected to the reaction with PhONa (0.38 mol) in 100 
cm3 of DMF. After heating at 80 °G for 7 h, the product 
was poured into a benzene-water mixture. Benznene layer 
was shaken twice with 0.2 mol dm - 3 NaOH and with water 
for several times. Drying and evaporation gave a crude 
mixture (103 g) of Ph(OGH2GH2)4Br and PhO(GH2GH20)4-
Ph in ca. 8 : 2 ratio. This mixture (30 g) was treated with 
GH3OGH2GH2ONa prepared from GH3OGH2GH2OH (20.5 
g, 270 mmol) and Na (3.1 g, 135 mmol) and heated at 120 °G 
for 30 h. Ether and water were added to the reaction product. 
The organic layer was dried over sodium sulfate and 
evaporated to yield 19.7 g of an oil. Column chromatography 
of this oil on silica gel (hexane-ether 5 : 1 ) gave 2.8 g of pure 
PhO(GH2GH20)6GH3: XH NMR (GG14) (5=3.23 (s, 3H, GH3), 
3.42—4.10 (m, 20H, GH2), and 6.63—7.22 (m, 5H, aromatic), 
high-resolution mass spectrum, 328.4011 (calcd for G17H2806, 
328.4046). 

Measurements of *H NMR spectra were carried out with 
a Hitachi R-24B spectrometer operating at 60 MHz at 35°G. 
The chemical shifts (ô) were referred to internal TMS and 
accurate to ±0.01 ppm. Solvents were purified by standard 
methods. 

Stability constants, K, for the equilibrium (1), (5C(GH3-Sn), 
and 2JC (119Sn-GH3) were calculated by a least-squares 
method using Eqs. 2 and 3 . n ) 

(CH3)2SnCl2 + Gly (CH3)2SnCl2.Gly 

6 = d ° + ^ - ^ [ ( r + l + l / A * ) 

- V ( r + l + lMo#) 2 -4 r ] 

(1) 

(2) 

(3) - V ( r + l + lMo#)2_4r] . 

Gly: glyme. 
<5, <5°, and <5C: values of (5(GH3-Sn) for the observed, the 

uncomplexed, and the 1:1 complexed, respectively. 
J , J ° , and J c : values of 2J(119Sn-CH3) for the observed, 

the uncomplexed, and the 1:1 complexed, respec­
tively. 

A0 : concentration of DMTG. 
r: Gly/DMTC mole ratio. 

The calculations were made with a NEAC model 900 computer 
at the Calculation Center of Osaka University. 

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

In Fig. 1 is illustrated the dependence of chemical 
shifts of methyl protons at tached to tin, (5(CH3-Sn), on 
D i G / D M T C mole ratio (r) in some aromatic solvents 

o \A
 5/i io/i 

DiG/DMTC mole ratio 

20/1 

Fig. 1. Dependence of (5(GH3-Sn) on DiG/DMTC mole 
ratio at constant DMTC concentration (0.15 M) in 
various solvents. 
(1) : Nitrobenzene, (2) : benzonitrile, (3) : dichlorometh-
ane, (4) : bromobenzene, (5) : chlorobenzene, (6) : 
anisole, (7): 1-chloronaphthalene, (8) : /»-xylene, (9): 
toluene, (10): benzene. 

and dichloromethane. Marked difference was observed 
for the change of (5(CH3-Sn) among these solvents; the 
first group giving rise to little change in <5(CH3-Sn) 
with r involves benzonitrile, nitrobenzene, and dichloro­
methane, the second group affecting some dependence 
on r involves chlorobenzene, bromobenzene, and 
anisole, and the third group involves benzene, toluene, 
/^-xylene, and 1-chloronaphthalene in which the largest 
dependence of <5(CH3-Sn) on r was observed. In the 
solvents of the latter two groups, the solvent effect 
caused by aromatic rings disappeared upon coordina­
tion of DiG to tin. This change of <5(CH3-Sn) can be a 
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Fig. 2. Job's plot for Gly/DMTC in benzene at total 
concentration of 0.2 M. 
(1) : DiG, (2) : TrG, (3) : TetG, (4) : PeG, (5) : HexG. 
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Fig. 3. Dependence of ô(GH3-Sn) (a) and 2J(119Sn-CH3) 
(b) on Gly/DMTG mole ratio at constant DMTG con­
centration (0.05 M) in benzene. 
(1) : MoG, (2) : DiG, (3) : TrG, (4) : TetG. 

TABLE 1. STABILITY CONSTANT, K, (5C(CH3-Sn) AND 
2Jc(119Sn-CH3) FOR Gly/DMTG IN BENZENE AT 35 °G 

K 
ôc (CH3-Sn) Vc(119Sn-CH3) 

ppm Hz 

MoGtt> 
DiG 
TrG 
TetG 

0.47±0.11 
2 . 0 ± 0 . 2 
2 . 9 ± 0 . 4 
3 . 5 ± 0 . 5 

1.18 
1.20 
1.19 
1.26 

85.4 
83.5 
82.0 
83.4 

a) MoG was assumed to give 1 : 1 stoichiometry. 

good measure for the interactions between glymes and 
DMTG. Therefore, we have studied, in detail, the XH 
N M R spectra of a series of Gly/DMTG system in 
benzene, toluene, and 1-chloronaphthalene. 

First, the results obtained in benzene will be described. 
The stoichiometry of complexation was successfully 
disclosed by the Job's continuous variation method12) 

as shown in Fig. 2. While no reliable curve could be 
drawn in the case of MoG, the evident 1 : 1 stoichiom­
etry was found for DiG, TrG, and TetG. Figure 3 
shows plots of (5(CH3-Sn) and V( 1 1 9Sn-CH 3 ) VSm r.is> 
Stability constants, K, for the equilibrium (1), along 
with the values of <5C(CH3-Sn) and 2J c(1 1 9Sn-CH3) 
calculated by a least squares method using the above 
data are given in Table 1. The K values reveal a large 
gap of complexing ability between MoG and DiG. This 
trend is similar to the results obtained for some alkali 
metal salts in THF, in which the K value for DiG is 
larger by 102 times than that for MoG.5a»b> The values 
of 2y c(1 1 9Sn-CH3) are comparable to those of trans-
octahedral dimethyltin(IV) compounds with a slightly 
bent G-Sn-C moiety such as dimethyltin diacetate14) 
and dikojate.15) Since the benzene solutions containing 
Gly and DMTG in a 10 : 1 mole ratio at the DMTG 
concentration of 10~4 M (1 M = l mol dm - 3 ) found to 
be nonelectrolytes by conductivity measurements indic­
ative of nonionic structures, analogous distorted trans-
octahedral configurations are suggested for the 1 : 1 
complexes formed in this study.16) 

In the glyme complexes of inorganic metal ions, the 
coordination mode of the oxygen atoms has been the 
subject of considerable interest. While naked metal 
ions such as Li+, Na+ , and K + can accommodate four 
to eight coordinating oxygen atoms on the interaction 
with glymes,5»6) DMTG can accept two oxygen atoms 
at most due to the existence of four substituents. If we 
assume that all oxygen atoms are equivalent in coor­
dinating ability and the coordination takes place 
virtually through neighboring two oxygen atoms in our 
1 : 1 complexes, the total number of possible coordina­
tion modes should be 2, 3, and 4 for DiG, TrG, andTetG, 
respectively, leading to the increase in K values by the 
same factors. The observed K values of 2.0, 2.9, and 3.5 
for these glymes are almost in accordance with the 
above statistical consideration. 

For the complexes of PeG and HexG, unexpected 
Job's plots were encountered (Fig. 2). Appearance of 
two peaks at ca. 0.33 and 0.5 in mole fraction of Gly 
suggests the formation of the 1 : 2 and 1 : 1 complexes17) 
as shown in the equilibrium (4).18) An intramolecular 
chelation of glyme molecule resulting in a six-coordinate 
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Fig. 4. Job's plot for Gly/DMTG in toluene (a) and 1-
chloronaphthalene (b) at total concentration of 0.2 M. 
(1) : DiG, (2) : TrG, (3) : TetG, (4) : PeG, (5) : HexG. 



October, 1981] Interactions of Acyclic Polyethers with Dimethyltin Dichloride 2967 

Gly 
2(CH3)2SnCl2 ; = ± [(CH3)2SnCl2]2.Gly 

Ki 
Gly 

; = i 2(GH3)2SnGl2.Gly (4) 
Ki 

configuration obviously becomes sterically unfavored on 
increasing chain length of glymes. T h e additional 
formation of the 1 : 2 species was found for all glymes 
in toluene and 1-chloronaphthalene as shown in Fig. 4. 
O n the basis of (ô—ô°)A0 values in the Job 's plots which 
are proportional to stability constants,12) overall stability 
constants in these solvents seem to be larger than those 
in benzene for respective glymes. 

(a) Mole fraction of Gly (b) Mole fraction of Gly 

Fig. 5. Job's plot for PhO(GH2GH20)nGH3/DMTG in 
benzene (a) 1-chloronaphthalene (b) at total concen­
tration of 0.2 M. 
( l ) : n = 3 , (2): H = 4 , ( 3 ) : n = 5 . 

Steric effect on stoichiometry and complexation was 
further confirmed with polyethers involving terminal 
phenoxy groups. As shown in Fig. 5, replacement of 
one of the methoxy groups in glymes by a bulkier 
phenoxy group resulted in the coexistence of 1 : 2 and 
1 : 1 complexes in both benzene and 1-chloronaph­
thalene even for lower members of the polyethers. It 
should be noted that each P h O ( G H 2 G H 2 0 ) M G H 3 

( n = 3 , 4, 5) shows a smaller (ô—ô°)A0 value than that 
of GH 3 0(GH 2 GH 2 0) M _ 1 GH 3 and no reliable Job 's plot 
could be obtained for n=2. When a series of P h O -
(CH 2 CH 2 0) M Ph ( n = 2 , 3, 4) was employed, no appre­
ciable interaction was detected in all cases. It is ra ther 
unexpected that little interaction was observed even 
for P h O ( C H 2 C H 2 0 ) 4 P h , since this polyether involves 
three oxygen atoms linked by ethylene units and 
accordingly should be equivalent to G H 3 0 ( C H 2 G H 2 0 ) 2 -
GH 3 or P h O ( C H 2 C H 2 0 ) 3 C H 3 in coordinating ability. 
These observations suggest that the coordination 

behavior of polyethers towards D M T G is affected to a 
considerable degree by the bulkiness of the terminal 
groups. 

References 

1) For a preliminary communication of this study, see J. 
Otera, M. Shiigi, and Y. Kawasaki, Chem. Lett., 1980, 1091. 

2) F. Voegtle and E. Weber, Angew. Chem. Int. Ed., 18, 753 
(1979). 

3) For example, B. Tuemmler, G. Maass, F. Voegtle, H. 
Sieger, U. Heimann, and E. Weber, J. Am. Chem. Soc, 101. 
2588 (1979). 

4) J . A. Dixon, P. A. Gwinner, and D. G. Lini, J. Am, 
Chem.Soc.,B7, 1379 (1965). 

5) a) L. L. Chan and J. Smid, J. Am. Chem. Soc, 89, 4547 
(1967) ; b) L. L. Chan, K. H. Wong, and J . Smid, 92, 1955 
(1970); c) U. Takaki and J . Smid, 96, 2588 (1974). 

6) G. Detellier and P. Laszlo, Helv. Chim. Acta, 59, 1333 
(1976). 

7) a) E. Weber and F. Voegtle, Tetrahedron Lett., 1975, 
2415 ; b) W. Rasshofer, G. Oepen, and F. Voegtle, Chem. Ber., 
I l l , 419 (1978). 

8) V. S. Petrosyan, N. S. Yashina, and O. A. Reutov, 
Adv. Organomet. Chem., 14, 63 (1976). 

9) Abbreviation for CH 30(CH 2CH 20) nCH 3 : MoG, DiG, 
TrG, TetG, PeG, and HexG for n= 1,2, 3, 4, 5, and 6, respec­
tively. 

10) S. Yanagida, T. Takahashi, and M. Okahara, Bull. 
Chem. Soc. Jpn., 51, 1294 (1978). 

11) M. Aritomi, H. Hashimoto, and Y. Kawasaki, J. 
Organomet. Chem., 93, 181 (1975). 

12) K. Roth, M. Grosse, and D. Rewki, Tetrahedron Lett., 
1972, 435. 

13) Apparent larger deviation of plots in Fig. 3b than those 
in Fig. 3a may be due to a expansion of the ordinate (by six 
times in scale) in the former case, because Rt values calculated 

a s Ä /Xi(calcd-obsd)2 are0.5—1.0 for (5 values and 0.3 
V S(obsd)2 

—0.6 for J values. 
14) Y. Maeda and R. Okawara, J. Organomet. Chem., 10, 

247 (1967). 
15) J . Otera, Y. Kawasaki, and T. Tanaka, Inorg. Chim. 

Acta, 1, 294 (1967). 
16) J . Otera, T. Hinoishi, Y. Kawabe, and R. Okawara, 

Chem. Lett., 1981, 273. 
17) L. I. Katzin and E. Gebert, J. Am. Chem. Soc, 72, 5455 

(1950). 
18) Simulation of the concentration dependence involved 

in the equilibrium consisted of three components has been 
reported to result in scattering of final values.19) Our attempts 
also gave the same results. 

19) H. Fujiwara, F. Sakai, and Y. Sasaki, J. Phys. Chem., 
83, 2400 (1979). 



2968 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 2968—2971 (1981) [Vol. 54, No. 10 

The Separation by Means of the Zone-melting Technique and the 
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Since ordinarily available phenanthrene contains interfering impurities, such as phenanthrenequinone and 
fluoranthene, it is difficult to determine anthracene by spectrofluorimetry directly. Trace amounts of anthracene 
in phenanthrene can, however, be selectively separated from the interfering impurities by means of the zone-
melting technique, for the distribution coefficient of anthracene in phenanthrene is greater than unity. The 
anthracene thus separated is spectrofluorometrically measured using xylene as the solvent. The determination 
limit of anthracene is 0.05 ppm. In a glass tube with an i.d. of 4 mm, 4.0 g of the sample was charged to a length 
of about 27 cm, and then the zone-pass was repeated 20 times. The molten zones were set to travel at a speed of 
100 mm/h under constant stirring. Exactly 2.5 g of the zone-molten sample was cut out and dissolved in 50 ml of 
xylene. The fluorescence intensity of the solution was measured at 403 nm with excitation at 378 nm. The 
recovery of anthracene was 95%, with a coefficient of variation of 0.6%. The incompleteness of the recovery 
was corrected for. 

The fluorometric determination of trace amounts of 
anthracene in phenanthrene has been developed by 
Parker et a/.1) and Iwashima et a/.2> These methods, 
however, are difficult to apply to the determination of 
anthracene in ordinarily available samples of phenan­
threne, for these samples contain interfering impurities, 
such as fluoranthene and phenanthrenequinone. 

In the present paper, the separation of anthracene 
from the interfering impurities in phenanthrene by 
means of the zone-melting technique and its spectro­
fluorometric determination will be described. T h e 
distribution coefficient of anthracene in phenanthrene 
being greater than unity, anthracene is concentrated 
toward the beginning of the ingot by repeating the 
zone-melting process. O n the contrary, the interfering 
impurities show an opposite behavior; they are 
accumulated toward the end of the ingot. Therefore, 
the anthracene can be separated. The anthracene thus 
separated is spectrofluorometrically measured, using 
xylene as the solvent. T h e determination limit of 
anthracene is 0.05 ppm. 

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

Reagent. Phenanthrene was purified in the following 
manner. Commercial phenanthrene was fused with maleic 
anhydride in the presence of chloranil at 170 °C for 1 h to 
remove the anthracene. After cooling, the solidified product 
was dissolved in acetone. Phenanthrene crystals were 
precipitated by the addition of water, collected, and dissolved 
in benzene. The solution was shaken with 85% sulfuric 
acid, and then the benzene was evaporated. After this 
process had been repeated once more, the phenanthrene 
thus obtained was further purified by repeating the zone 
refining according to the method of Matsumoto et a/.3) and 
finally by ordinary zone refining. 

Apparatus. The fluorometric measurements were car­
ried out using a Hitachi 204 fluorescence spectrophotometer. 
A 150-W xenon lamp was used as the exciting source. A 
10 mm X 10 mm X 45 mm quartz cell was used. 

Zone melting was performed using a Shibayama SS-950 
high-speed zone refiner. In this apparatus, six zones are 
produced by six ring heaters placed at equal spacings on the 

charge, and each zone is set to travel by moving the heater 
along the charge. After traveling to the distance between 
the centers of the nearest neighbor zones, the heater assembly 
returns quickly to its initial position. In this cycle, each 
molten zone is transferred into its next one. The tube is 
rotated around its longitudinal axis with a reversal of the 
rotation direction. 

Procedure. In a glass tube with an i.d. of 4 mm, 4.0 g 
of the sample was charged to a length of about 27 cm, and 
then the zone-pass was repeated 20 times. The molten 
zones about 30 mm in length were set to travel at a speed of 
100 mm/h. During the travels, the zones were stirred by 
spinning the glass tube at 1200 rpm with a reversal of the 
rotation direction at intervals of 1.0 s. Exactly 2.5 g of the 
zone-molten sample was cut out from the beginning part of 
the ingot and dissolved in 50 ml of xylene. The fluorescence 
intensity of the solution was measured at 403 nm, with excita­
tion at 378 nm. An anthracene solution (50 or 500 ng/ml) 
and xylene were used as the standard and the blank respec­
tively. The quantity of anthracene was determined by using 
a calibration curve, which had been prepared by measuring 
the relative fluorescence intensities of anthracene solutions 
(0—50 or 0—500 ng/ml) containing phenanthrene (50 mg/ml). 
Since the recovery of anthracene was 95%, the incompleteness 
of the recovery was corrected for by using the reciprocal of 
0.95 as the correction factor. 

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

Solvent. Fluorometric methods for the deter­
mination of trace amounts of anthracene in phenan­
threne1-2) use ethanol as the solvent, and the lower limit 
of determination in these methods is approximately 
1 ppm. For the determination of more minute amounts 
of anthracene in phenanthrene, it is desirable to measure 
the fluorescence intensity of anthracene using a concen­
trated solution of the sample. For the purpose of 
dissolving large amounts of phenanthrene, xylene was 
selected as the solvent. 

Fluorescence Spectra. T h e fluorescence spectra of 
anthracene and phenanthrene were measured with 
excitation at 378 n m by means of an apparatus with 
the same sensitivity. The measurements were made on a 
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400 440 480 

Wavelength /nm 

520 

Fig. 1. Fluorescence emission spectra of anthracene and 
phenanthrene. 
Excitation wavelength: 378 nm; solvent: xylene; 
(1): anthracene (uncorrected), 50ng/ml; (2): Phen­
anthrene (uncorrected), 50 mg/ml. 

solution containing 50 ng/ml of anthracene and on a 
concentrated phenanthrene solution containing a 
concentration 106 times as high as that of anthracene. 
These spectra are shown in Fig. 1. The fluorescence 
spectrum of anthracene exhibits a maximum at 403 nm. 
A concentrated solution of phenanthrene shows a weak 
fluorescence at this characteristic wavelength of 
anthracene. 

Calibration Curves. For the determination of trace 
amounts of anthracene in phenanthrene, it is necessary 
to correct for the influence of phenanthrene. T h e 
fluorescence intensity of phenanthrene at the charac­
teristic wavelength of anthracene is so weak that it 
seems to be correctable by using a calibration curve, 
which can be prepared by measuring the fluorescence 
intensities of anthracene solutions containing phenan­
threne. T h e sensitivity of the fluorescence spectrophoto­
meter was adjusted by setting the intensity of a s tandard 
anthracene solution (50 or 500 ng/ml) at 80 division ; 
then, the relative fluorescence intensities of anthracene 

Fig. 2. 

50 (l).(3) 

200 300 400 500 (2)N(4) 
Anthracene, ng/ml 

Calibration curves of anthracene. 
(1), (3): As the standard, fluorescence intensity of 50 
ng/ml anthracene solution was taken as 80div.; (2), (4) : 
500 ng/ml solution was taken as 80 div. ; (1), (2) : coex­
istence of phenanthrene, 50 mg/ml; (3), (4): Anthra­
cene alone. 

solutions (0—50 and 0—500 ng/ml) containing phenan­
threne (50 mg/ml) were measured. The resultant 
calibration curves are shown in Figs. 2(1) and (2). For 
comparison, the fluorescence intensities of anthracene 
solutions were also measured in the absence of phenan­
threne; the results are illustrated in Figs. 2(3) and (4). 
As a result of the influence of phenanthrene, the calibra­
tion curves shown in Figs. 2(1) and (2) do not intersect 
at the point of origin, and each gradient shows a slight 
decrease compared with the corresponding curve of 
anthracene alone. However, good linear relationships 
are observed between the fluorescence intensity and the 
concentration of anthracene. Therefore, the influence 
of phenanthrene is correctable by using the calibration 
curve, and anthracene in phenanthrene can be deter­
mined over the range from 0.05 to lOppm. 

Separation of Anthracene. Since ordinarily available 
phenanthrene contains interfering impurities, such as 
phenanthrenequinone and fluoranthene, it is necessary 
to separate anthracene prior to its determination. For 
this purpose, the separation of anthracene by means of 
the zone-melting technique was studied. After the 
zone melting had been performed using phenanthrene 
samples containing 1.7 and 12.3 p p m of anthracene, 
each zone-molten ingot was divided into fifteen portions 
1.5—2 cm in length, and then the anthracene was 
spectrofluorometrically measured. T h e resultant distri­
bution profile of anthracene on the zone-molten ingot 
is shown in Fig. 3(1). T h e distribution profiles of 
phenanthrenequinone and fluoranthene, obtained in a 
manner similar to that used for anthracene, are shown 
in Figs. 3(2) and (3). The initial contents of phenan­
threnequinone and fluoranthene were 0 . 1 % and 0.2% 
respectively. The phenanthrenequinone was spectro-
photometrically evaluated by employing the absorption 
at 416 nm, using a mixture of xylene and methanol 
(1 : 1) as the solvent. The presence of methanol was 
necessary to avoid a decrease in the absorbance. T h e 
fluoranthene was evaluated by measuring the fluores­

c e 

O.Olh 
10 15 

Distance / cm 

0 1 2 3 4 
Weight/g 

Fig. 3. Concentration profiles for anthracene, phenan­
threnequinone and fluoranthene in phenanthrene. 
C0 and C are initial and final contents of the solute; (1) : 
anthracene, O C„= 12.3 ppm, £ C0=1.7ppm; (2): 
phenanthrenequinone, C 0 =0 .1%; (3): fluoranthene, 
C0=0.2%. 
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2 3 
Weight / g 

12 16 20 
Distance/cm 

24 27 

Fig. 4. Recovery profiles for anthracene. 
(1): C0=1.7ppm; (2): C0= 12.3 ppm. 

cence intensity at 460 nm with excitation at 378 nm, 
using xylene as the solvent. Figure 3 indicates that 
anthracene is concentrated toward the beginning of the 
zone-molten ingot, and that both impurities are effective­
ly removed from the beginning, and accumulated 
toward the end, of the ingot. Therefore, anthracene in 
phenanthrene can be effectively separated from these 
interfering impurities. 

Recovery of Anthracene. After the zone melting of 
two phenanthrene samples containing 1.7 and 12.3 ppm 
of anthracene had been carried out, each zone-molten 
ingot was divided into 10—12 portions; the quantity of 
anthracene in each divided ingot was then spectro-
fluorometrically evaluated. From the results, the 
relation between the amounts of the ingot cut out from 
the beginning and the recovery of anthracene were 
calculated; they are illustrated in Fig. 4. Figures 3 and 
4 show that it is the most suitable for the determination 
of anthracene to use 2.5 g of the sample cut out from 
the beginning of the ingot. In this case, about 95% of 
anthracene can be recovered. Under these conditions, 
the recovery of anthracene was measured more precisely. 
After the zone melting of the phenanthrene samples 
had been performed, exactly a 2.5 g portion of each 
zone-molten ingot was cut out and the quantity of the 
anthracene was evaluated. The results are shown in 
Table 1. Table 1 indicates that the recovery is 95%, 
with a coefficient of variation of 0.6%. Since a repro­
ducible value is obtained, the incompleteness of the 
recovery can be corrected for by using the reciprocal 
of 0.95 as the correction factor. 

TABLE 1. RECOVERY OF ANTHRACENE 

Anthracene 
added 
(^g) 

7.00 
7.00 
7.00 
13.4 
17.2 
25.2 
49.2 

Anthracene 
found 
(re) 
6.63 

6.62 

6.73 

12., 
16.2 

23 . , 
47.0 

Recovery 

% 

94.7 >| 
94.6 

96.x 
95.5 

94.2 

94.8 

95.5 J 

* = 9 5 . x 
<T=0 .61 
c .v .=0 .6% 

Determination of Anthracene in Synthetic Mixtures. 
The analytical results for anthracene in synthetic 
mixtures of phenanthrene are shown in Table 2. Each 
synthetic mixture contains 200 ppm of phenanthrene-
quinone, carbazole, and fluorene, 100 ppm of ace-
naphthene, dibenzofuran, and naphthalene, 40 ppm of 
9-fluorenone, and 10 ppm of fluoranthene, pyrene, and 
anthraquinone. Table 2 indicates that the analytical 
results agree closely with the individual contents of 
anthracene in synthetic mixtures. Therefore, trace 
amounts of anthracene in phenanthrene containing 
impurities can be determined by this proposed method. 

Determination of Anthracene in Practical Samples. 
A commercial sample of phenanthrene containing about 
300 ppm of anthracene was purified by treating it with 
sulfuric acid to remove the anthracene according to the 

TABLE 2. ANALYTICAL RESULTS FOR ANTHRACENE 

IN SYNTHETIC MIXTURES 

No. 

1 
2 
3 
4 
5 
6 

Content 
ppm 

0.049 
0.102 
0.385 
3.36 
6.29 
0.644 

Relative 
fluorescence 

intensity 

17.9 
24.3 
58.2 
40.5 
74.9 

88.7 ,88.4 
89.5,89.2 
87.1,89.1 

Found 
ppm 

0.056 

O.llo 
0.394 

3.34 

6.28 

0.650, 0.647 

0.658, 0.654 

0.636, 0 653 

\ *=0.649 

(7=0.0066 
J c.v. = 1.0% 

Nos. 1—3,6: as the standard, the fluorescence intensity 
of a 50 ng/ml anthracene solution in xylene was taken as 
80 div. ; Nos. 4, 5 : a 500 ng/ml anthracene solution was 
used. 

400 420 500 520 440 460 480 
Wavelength/nm 

Fig. 5. Comparison of fluorescence emission spectra of 
practical or zone-molten samples with the spectrum 
of anthracene containing phenanthrene. 
Standard : fluorescence intensity of 1 jxg/ml anthracene 
solution was taken as 80 div; (1), (2): solutions 
employed for the determination (uncorrected), 50 mg/ 
ml; (3), (4): solutions of practical samples (uncor­
rected), 100mg/ml; (5): anthracene solution contain­
ing 50 mg/ml of phenanthrene (uncorrected); (1), (3): 
results of a sample purified with sulfuric acid; (2), (4) : 
results of a sample purified with maleic anhydride and 
by recrystallization; excitation wavelength: 378 nm; 
solvent: xylene. 
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method of Lamey and Maloy.4> Another commercial 
phenanthrene containing about 1200 ppm of anthracene 
was purified by a combination of the treatment with 
maleic anhydride and recrystallization. Trace amounts 
of anthracene in the two purified samples were deter­
mined by this proposed method. The analytical results 
were 13 ppm and 4.3 p p m respectively. T h e fluores­
cence spectra of the xylene solutions employed for the 
determination are shown in Figs. 5 (1) and (2). The 
spectra of the sample solutions were also measured; 
they are shown in Figs. 5 (3) and (4). T h e spectrum 
of an anthracene solution containing phenanthrene is 
shown in Fig. 5 (5). The shapes of the spectra shown in 
Figs. 5 (3)—(5) are not identical. However, the shapes 
of the spectra shown in Figs. 5 ( 1 ) and (2) agree closely 
with that of the spectrum shown in Fig. 5 (5). Therefore, 
this proposed method can be used in the determination 

of trace amounts of anthracene in practical samples of 
phenanthrene. 

T h e authors are indebted to Mrs . Suzuko Kiba and 
Miss Sumiko Yamada for their technical assistance. 
T h e present work was partially supported by a Grant-
in-Aid for Scientific Research from the Ministry of 
Education, Science and Culture. 
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lato)cobalt(III) Complexes 
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Bis (ethylenediamine)(8-quinolinolato) cobalt (III) chloride dihydrate and ethylenediaminebis (8-quinolinolato) -
cobalt(III) chloride dihydrate have been isolated and characterized. The 1H-NMR spectrum of the latter complex 
indicates that the two oxygen atoms of the coordinated 8-quinolinolato ligands are in the eis positions. 

Previously, we have reported the preparat ion and 
properties of the ammine (8-quinolinolato) cobalt (III) 
complexes.1) Among these complexes, the two oxygen 
atoms of the coordinated 8-quinolinolato ligands of 
diamminebis (8-quinolinolato) cobalt (II I) chloride hy­
drate were found to be in the trans positions. 

In the corresponding ethylenediamine complexes 
which have been obtained in the present research, the 
two oxygen atoms of the coordinated 8-quinolinolato 
ligands were found to be in the eis positions. 

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

Bis (ethylenediamine) (8 - quinolinolato) cobalt ( III) 

chloride dihydrate, [Cofi | j _ J J ( e n ) 2 ] C l 2 - 2 H 2 0 (1) 

i 
O 

and ethylenediaminebis(8-quinolinolato)cobalt(III) 

chloride dihydrate, [Cof| ||̂  J U e n ) ] C 1 . 2 H a O (2) 

i 
O 

have been obtained by the chromatographic separation 
of the reaction mixture of trans- or «j-dichlorobis-
(ethylenediamine)cobalt(III) chloride,2) Ag a O and 8-
quinolinol. Tris (8-quinolinolato) cobalt (III) complex3»4) 
(3) and tris (ethylenediamine) cobalt (III) chloride5) (4) 
are produced as by-products from the reaction mixture. 
Complex 1 is very soluble in water, soluble in methanol 
and slightly soluble in ethanol. Complex 2 is soluble in 
methanol and somewhat soluble in water and ethanol. 
These complexes are insoluble in most other organic 

\ \ , - C o O 
H2C-H2N 

I \ Co' 
HgC-HgKl-

Op 
HgC-H^-y--:-^ 

ôô 
2a 2b 2c 

Fig. 1. The possible isomeric structures of [Co(oxine)2-
(en)]G1.2H20. 

t Present address : Takeda Chemical Industries Ltd., 
27 Dosho-machi 2-chome, Higashi-ku, Osaka 541. 

tt Present address : Dainippon Pharmaceutical Co., Ltd., 
25 Dosho-machi 3-chome, Higashi-ku, Osaka 541. 

solvents. The corresponding nitrate (5) has been 
prepared from the chloride (1) and silver nitrate. Also 
the corresponding picrate (6) has been prepared from 
the chloride (2) and picric acid. T h e possible geo­
metrical structures of 2 are shown in Fig. 1. The N M R 
spectra and behavior in chromatography with Dowex 
50W-X26 '7) show that the complex 2 obtained has one 
of these structures and is not a mixture of isomers. 

T h e absorption bands of 8-quinolinolato-metal com­
plexes have already been reported by several 
researchers.8-10) The absorption spectra of 1 and 2 have 
three absorption bands around 324, 338, and 407 nm in 
methanol . The bands around 407 nm are considered 
to be charge-transfer bands.1) These bands shift to 
383—388 nm in water. 

Fig. 2. The ^ - N M R spectra of ethylenediamine-
(8-quinolinolato) cobalt (III) chloride. 
(A): [Go(oxine)(en)2]Gl2.2H20 in 1.8 mol dm"3 

D2S04 , (B): [Go(oxine)2(en)]G1.2H20 in 2.5 mol 
dm-3 D2S04 

In the 1 H - N M R spectrum of 1 shown in Fig. 2, the 
signal at 2.92 ppm is assigned to the methylene protons 
of the coordinated ethylenediamine. The N H 2 protons 
of that ligand showed two singlet signals in the intensity 
ratio of 1 : 1. T h e singlet signal at 4.55 ppm (4H) is 
assigned to the protons of the two amines of N(1)H2 and 
N(4)H 2 which are eis1) to the coordinated 8-quinolinolato 
ligand, while the singlet signal at 5.0 ppm (4H) is 
assigned to the protons of N(2)H 2 and N(3)H 2 which 
are trans to the coordinated 8-quinolinolato ligand. In 
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TABLE 1. 1 H-NMR SPECTRA OF ETHYLENEDIAMINE (8-COJINOLINOLATO) COBALT (III) COMPLEXES 

Complex 
No. 

1 
5 
2 
6 
L 

CH2 

2.92 s(8H) 
2.99 s (8H) 
3.54 s(4H) 
2.78 s(4H) 

NH2CH2CH2NH2 < 

N(4)H2 N(1)H2 

4.55 s(4H) 
4.55 s(4H) 

5.38s(2H) 
5.31 s(2H) 

5/ppm 

N(2)H2 N(3)H2 

5.0s(4H) 
5.0s(4H) 

5.58 s(2H) 
5.80 s(2H) 

8-Quinolinolato 
(5/ppm 

7.0—8.7m(6H) 
7.1—8.7m(6H) 
7.1—8.7m(12H) 
7.0—8.4m(12H) 
6.7—8.7m 

Picrate 
(5/ppm 

8.6s(2H) 

Solvent and 
standard 

A-l 
A-l 
B-l 
C-2 
D-2 

Solvents: A, 1.8 mol dm"3 D2S04 ; B, 2.5 mol dm"3 D2S04 ; C, DMSO-</6; D, CDC13. Standard: 1, internal DSS; 2, 
internal TMS. 

the 1 H - N M R spectrum of 2, the signal (3.54 ppm) at 
the highest field is assigned to the methylene protons of 
the coordinated ethylenediamine. The N H 2 protons of 
that ligand showed two singlet signals in the intensity 
ratio of 1 : 1. The singlet signal at 5.38 ppm is assigned 
to the protons of N(1)H 2 which are trans11*12) to the 
oxygen of the coordinated 8-quinolinolato ligand. 
Another singlet signal at 5.58 ppm is assigned to the 
protons of N(2)H 2 group which are trans to the nitrogen 
of that ligand, which is less electronegative than the 
8-quinolinol oxygen. Thus, the structure of 2 is con­
sidered to be 2b . The two oxygen atoms of the coor­
dinated 8-quinolinolato ligands in 2 b are in the eis 
positions in contrast to most of the known cases where 
the two oxygen atoms of the coordinated 8-quinolinolato 
ligands in an octahedral configuration are in translz~lh) 
positions. The diamminebis (8-quinolinolato) cobalt (III) 

chloride dihydrate, [Co | || \ 2 (NH 3 ) 2 ]C1-H 2 0 (7), 

i 
O 

reported previously,1) is included among these cases. 
2, 7, and tet raammine(8-

chloride monohydrate, 

(8),1) are thermally 

The complexes of 1, 
quinolinolato) cobalt (III) 

M L JLJ (NH3)4]CI2.H2O 
\ y N 7 

stable compounds. Concerning decomposition of these 
complexes, their stabilities are arranged in the following 
order: 1 (247 °C), 7 (205 °C), 8 (177 °C), 2 (163 °C). 

TABLE 2. 13C-NMR SPECTRA OF THE AMINE 

The ethylenediamine complex (2) is less stable than the 
corresponding ammine complex (7) and bis (ethylenedi­
amine) complex (1). This is probably due to the posi­
tions of the two oxygen atoms of the coordinated 8-
quinolinolato ligands of 2 in an octahedral configuration; 
in the ammine complexes, d iammine complex 7 is more 
stable than the te t raammine complex (8). Te t raammine-

(8-quinolinolato) cobalt (III) nitrate, [Co | || 

i 
O 

(NH 3 ) 4 ] (N0 3 ) 2 (9), and diamminebis (8-quinolinolato)-

cobal t (III) nitrate hydrate, [Co j || | 2 (NH 3 ) 2 ] -

i 
O 

N 0 3 « H 2 0 (10) have been prepared from the corre­
sponding chloride1) and silver nitrate. Also te t raammine-

/y\/v\ 
(8-quinolinolato) cobalt ( III) picrate, [Co | || I -

i 

o 

(NH3)4](pic)2 (11) and diamminebis (8-quinolinolato)-

cobal t(III) picrate, [Co | || l ) a (NH 8 ) Jp ic (12) 

6 
have been prepared from the corresponding chloride1) 
and picric acid. 1 H - N M R spectral da ta of 1, 2, 5, and 6 
complexes are listed in Table 1. 

In the 1 3 C-NMR spectra of 1 and 2 in D 2 0 , nine 
(8-QUINOLINOLATO)COBALT(III) COMPLEXES 

Complex 
No. 

1 
2 
7 
8 

3 

L 

NH2CH2CH2NH2 
(5/ppm 

44.1 45.0 45.8 46.2 
45.9 

C-2 

150.3 
148.5 
149.1 
150.2 

(146.1 
]l47.0 

I 147.9 

C-3 

115.0 
114.7 
111.0 
115.2 
111.0 
111.2 
111.8 
110.3 

C-4 

141.0 
139.6 
138.1 
140.9 
137.8 
137.9 
138.2 
136.1 

t 

C-5 

124.1 
123.4 
122.7 
124.0 
121.5 
122.1 

121.7 

1 lie0 1 
81 

o 
(5/ppm 

C-6 

116.3 
116.2 
114.4 
116.6 
115.4 
116.0 
116.3 
117.9 

C-7 

131.3 
131.1 
129.7 
131.2 
130.3 
130.7 
131.1 
127.7 

C-8 

146.2 
145.5 

d 
146.0 

d 

138.3 

C-9 

165.1 
165.3 
166.6 
164.8 
167.2 
168.0 
169.3 
152.4 

C-10 

131.3 
130.7 
130.2 
131.2 
130.3 
130.7 
131.1 
128.6 

Solvent 
and 

standard 

a 
a 
b 
a 

c 

c 

Solvent and standard: a ;D 20, internal dioxane (ô= 
L: 8-Quinolinol, d: disappeared. 

:67.4ppm). b ; DMSO-</6 ((5=39.5 ppm). c ; CDC13((5=77.1 ppm). 
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(A) 

1 

(B) 

160 100 40 

S/ppm 

Fig. 3. The 13G-NMR spectra of ethylenediamine-
(8-quinolinolato)cobalt(III) chloride. 
(A): [Co(oxine)2(en)]Cl2.2H20 in D 2 0 , (B): [Go-
(oxine)(en)2]G1.2H20 in D 2 0 . 

signals have been observed for the coordinated 8-
quinolinolato ligand in the regions 115—170 ppm. The 
assignment (Table 2) of that ligand has been tried by 
the means of a consideration of the assignments of 
quinoline16) and 8-quinolinol. The chemical shifts of 
C-8 of quinoline move to lower field upon the substitu­
tion of a hydroxyl group17) to form 8-quinolinol. T h e 
methylene carbons of the coordinated ethylenediamine 
in 1 have been observed at 44.1, 45.0, 45.8, and 46.2 ppm 
and those of 2 have been observed at 45.9 p p m as is 
shown in Fig. 3, but the chemical shifts of the methylene 
carbons of the coordinated ethylenediamine of 1 are 
difficult to assign to the individual carbon atom. The 
methylene carbon signals of 2 overlapped. An X-ray 
study is expected to give further information as to the 
structure of 2b or 2c. 

T h e complexes 1, 2, 5—12 are diamgnetic compounds. 

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

Measurements. The NMR spectra were recorded with 
an FX-60 spectrometer (JEOL) for "G-NMR and R-40 
(Hitachi) for ^ - N M R . The visible absorption spectra were 
recorded with a Shimadzu MPS-5000 recording spectro­
photometer. The magnetic susceptibilities were measured by 
Faraday's method using a magnetic balance (Shimadzu) at 
room temperature. The electric conductivities of aqueous 
solutions were determined by the use of a conductometer, 
CM-30 (Shimadzu) at room temperature. 

Preparation of Complexes. Bis (ethylenediamine) ( 8-quinolino-
lato) cobalt (III) Chloride Dihydrate (1), and Ethylenedi-
aminebis(8-quinolinolato) cobalt (III) Chloride Dihydrate (2) and 
Tris( 8-quinolinolato)cobalt (III) Complex (3) and Tris(ethyl-
enediamine) cobalt (III) Chloride (4): One hundred cubic 
centimeters of a methanol solution of 8-quinolinol (4.16 g, 
28.66 mmol) were slowly added to 100 cm3 of an aqueous 
solution of [Go(OH)2 (en)2]+, which was prepared from trans-
[GoGl2(en)2]Gl (4.0 g, 14.01 mmol) and Ag 20 which, in turn, 
was prepared from AgN0 3 (4.8 g, 28.26 mmol) and KOH 
(2.0 g, 35.65 mmol). They were stirred for 2 d at 60 °G. 
The precipitated yellow complex (3) was filtered. The 
filtrate was concentrated on a rotary evaporator and dried 

over silica gel. Complex 2 was extracted with dry ethanol 
from the dried reaction mixture. The purification (removal 
of 1) of 2 from the ethanol solution was achieved by column 
chromatography on alumina. On elution with ethanol-
acetone (3 : 1), the first band (complex 2) was collected and 
concentrated. Complex 2 was recrystallized from ethanol-
ether twice. Complex 1 was extracted with dry methanol 
from the dried reaction mixture. This complex was recrystal­
lized from water-acetone twice. Complex 4 remaining to the 
last did not dissolve in dry methanol. Yield: 0.8 g (13.27%) 
for 1, 2.9 g (43.23%) for 2, 1.2 g (17.4%) for 3 and 0.5 g 
(10.3%) for 4. Found 1: C, 36.51; H, 6.19; N, 16.70; CI, 
16.98%. 2 : C, 49.95; H, 5.20; N, 11.39; CI, 7.41%. Calcd 
for 1: CoC13H26N503Cl2 (M.W. 430.22) C, 36.29; H, 6.09; N, 
16.28; CI, 16.48%. 2: CoC20H24N4O4Cl (M.W. 478.82) C, 
50.17; H, 5.05; N, 11.70; CI, 7.40%. Dec 245—247 °C 
for 1, 161—163 °C for 2. ,1 = 270 S cm2 for 1, 130 S cm2 for 
2 in water. Absorption spectra, 320 nm (e=910), 335 (1100), 
and 338 (2400) in water, 271 nm (e= 11000), 324 (1150), 338 
((1250), and 407 (2900) in methanol for 1, 320 nm (e= 
1070), 334 (1370), and 384 (4780) in water, 267 nm (e= 
14800), 325 (2400), 339 (2960), and 404 (5730) in methanol 
for 2. Color: brick-red for 1, brown for 2. 

Bis (ethylenediamine) (8-quinolinolato) cobalt (III) Nitrate, [Co-

/X\/X\ 
[L J\TSJ^ (^) 23(^3)2 (5): To an aqueous solution of 1 

\6 I 
(0.5 g, 1.16 mmol) was added an aqueous solution of silver 
nitrate (0.4 g, 2.35 mmol). The mixture was stirred, and the 
silver chloride precipitated was filtered. The filtrate was 
concentrated and recrystallized from water twice. Yield: 
0.42 g (80.9%). Found: C, 34.91; H, 5.17; N, 21.43%. 
Calcd for CoC13H22N707 (M.W. 447.30) C, 34.91; H, 4.96; 
N, 21.92%. Dec 245—249 °C. Absorption spectrum: 322 
nm (e=860), 339 (1050) and 388 (2500) in water. Color: 
brick-red. 

Ethylenediaminebis( 8-quinolinolato) cobalt (III) Picrate, [Co-

/X\ /X\ 
/\ivrJ U r ^ ] M W : A n aqueous solution of 2 (0.30 g, 

O 
0.63 mmol) was added to a solution of picric acid (0.16 g, 
0.7 mmol), the mixture was stirred, and the separated 
brown complex was filtered and recrystaiiized from methan­
ol. Yield: 0.29 g (66.2%). Found: C, 48.76; H, 3.92; N, 
15.50%. Calcd for CoC26H22N709 (M.W. 635.44) C, 49.14; 
H, 3.49; N, 15.43%. Dec 156—160 °C Absorption spec­
trum: 267 nm (e= 18300), 350 sh (15400), 362 (15700), and 
393 (15100) in methanol. Color: brown. 

Tetraammine( 8-quinolinolato) cobalt (HI) Nitrate (9). An 
aqueous solution of silver nitrate (0.90 g, 5.30 mmol) was 
added to an aqueous solution of tetraammine (8-quinolinolato)-
cobalt(III) chloride dihydrate1) (8) (1.0 g, 2.78 mmol). The 
mixture was stirred, and the precipitated silver chloride was 
filtered. The filtrate was concentrated and recrystallized from 
water twice. Yield: 0.92 g (83.7%). Found: C, 27.29; H, 
4.87; N, 24.44%. Calcd for CoC9H18N707(M.W. 395.22) C, 
27.35; H, 4.59; N, 24.81%. Dec 163—165 °C. J = 2 4 0 
S cm2 in water. Absorption spectrum: 321 nm (e=940), 
337 (1170), and 384 (2450) in water. ifi-NMR spectrum,1) 
Ô: 3.36 ppm (s, 6H) for N(4)H3 and N(1)H3, 3.99 (s, 3H) for 
N(2)H3 and 3.59 (s, 3H) for N(3)H3, 7.24—8.7 (m, 6H) foi 
8-quinolinol. Color: brown. 

Diamminebis( 8-quinolinolato) cobalt (III) Nitrate Monohydrate 
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(10). This complex was prepared from diamminebis-
(8-quinolinolato)cobalt(III) chloride hydrate1) (7) (1.0 g, 
2.30 mmol) and silver nitrate (0.39 g, 2.30 mmol) according 
to the method of 9, and recrystallized from methanol-water 
(1 : 1) twice. Yield: 0.81 g (76.4%). Found: C, 46.92; H, 
4.61; N, 15.39%. Calcd for CoC18H20N5O6 (M.W. 461.33) 
C, 46.86; H, 4.37; N, 15.18%. Dec 193—195 °G. Absorp­
tion spectrum : 300 nm (e=3600), 319 (3000), 337 (3100) and 
408 (6100) in methanol. *H-NMR spectrum ô: 3.09 ppm 
(s, 6H) for NH3, 7.0—9.1 (m, 12H) for 8-quinolinol. Color: 
yellowish brown. 

Tetraammine(8-quinolinolato) cobalt (III) Picrate (11). 
An aqueous solution of 8 (0.5 g, 1.39 mmol) was added to a 
solution of picric acid (0.61 g, 2.65 mmol), the mixture was 
stirred, and the separated yellowish brown complex was 
filtered and recrystallized from methanol. Yield : 0.82 g 
(81.2%). Dec 156—159 °C. Found: C, 34.88; H, 3.09; 
N, 21.42%. Calcd for CoC21H22Nu015 (M.W. 727.41) C, 
34.68 ; H, 3.05 ; N, 21.18%. Color : yellowish brown. 

Diamminebis(8-quinolinolato) cobalt (III) Picrate (12). This 
complex was prepared from 7 (1 g, 2.30 mmol) and picric 
acid (0.053 g, 2.31 mmol) according to the method of 11, and 
recrystallized from methanol. Yield: 1.1 g (78.6%). Dec 
200—203 °C. Found: C, 47.57; H, 3.32; N, 15.97%. Calcd 
for CoC24H20N7O„ (M.W. 609.40) C, 47.30; H, 3.31; N, 
16.09%. Color: yellow. 

References 

1) Y. Yamamoto, Chem. Lett., 1980, 1555. 

2) J . C. Bailar. Jr, Inorg. Synth., Coll. Vol. II, 222 ( 1946). 
3) H. Kuroya, M. Aimi, and R. Tsuchida, Nippon Kagaku 

Kaishi, 64, 995 (1943). 
4) A. Ablov, Bull. Soc. Chim., 53, 234 (1933). 
5) J. B. Work, Inorg. Synth., Coll. Vol. II, 221(1946). 
6) Y. Yamamoto and E. Toyota, Bull. Chem. Soc. Jpn., 52, 

2540 (1979). 
7) D. A. Buckingham, M. Dwyer, G. J. Gainsford, V. 

Janson Ho, L. G. Marzilli, Ward T. Robinson, A. M. Sargeson, 
and K. R. Turnbull, Inorg. Chem., 14, 1739 (1975). 

8) C. D. Barsode, P. Umapathy, and D. N. Sen, J. Indian 
Chem. Soc, 54, 1172 (1977). 

9) T. Moller and B. L. Pundsack, J. Am. Chem. Soc, 76, 617 
(1954). 

10) K. Sone, J. Am. Chem. Soc, 75, 5207 (1953). 
11) Y. Yamamoto, Bull. Chem. Soc. Jpn., 51, 2894 (1978). 
12) W. L. Jolly, A. D. Jarris, and T. S. Briggs, Inorg. Chem., 

4, 1064 (1965). 
13) E. O. Schlemper, Inorg. Chem., 6, 2012 (1967). 
14) J . D. Matthews, N. Singer, and A. G. Swallow, J. 

Chem. Soc, A, 1970, 2545. 
15) B. F. Studd and A. G. Swallow, J. Chem. Soc, A, 1968, 

1961. 
16) F. Johnson and W. G. Jankowski, "Carbon-13 NMR 

Spectra, A Collection of Assigned, Coded, and Indexed 
Spectra," Wiley-Interscience, New York (1972), No. 335. 

17) a) G. C. Levy and G. L. Nelson, "Carbon-13 NMR for 
Organic Chemists," Wiley-Interscience, New York (1972), 
p. 81, b) G. L. Nelson, G. C. Levy, and J. D. Cargioli, J. 
Am. Chem. Soc, 94, 3089 (1972) ; J. Chem. Soc, D, 1971, 506. 



2976 © 1981 The Chemical Society of Japan Bull. Chem. Soc. jpn., 54, 2976—2978 (1981) [Vol. 54, No. 10 

A Facile Reduction of Copper(II) Leading to Formation of Stable 
Copper (I) Complexes. Redox Properties of Four- and 

Five-coordinate Copper Complexes 
Takeshi SAKURAI,* Masazo KIMURA, and Akitsugu NAKAHARA 

Institute of Chemistry, College of General Education, Osaka University, Toyonaka, Osaka 560 
(Received March 17, 1981) 

Schiff bases derived from 2-pyridinecarbaldehyde and 1,6-hexanediamine or bis(2-aminoethyl) disulfide 
gave stable Cu(I) complexes instead of Cu(II) complexes by reactions with copper(II) perchlorate. The facile 
reduction of copper(II) has been discussed on the basis of systematic comparisons of redox and ESR properties of 
about 20 complexes of similar structures. 

In the course of our study on biological coppers1) 
and model compounds,2 - 4) we found that some Schiff 
base ligands derived from 2-pyridinecarbaldehyde (pea) 
and 1,6-hexanediamine (heda) or bis(2-aminoethyl) 
disulfide (baed) afford stable copper (I) complexes in 
spite of the use of divalent copper as starting material . 
We have systematically investigated redox and ESR 
properties of some four- and five-coordinate copper 
complexes in order to shed light on this novel 
phenomenon. Diamines employed in this study to derive 
Schiff bases with pea were as follows: heda, 1,5-pentane-
diamine (peda), 1,4-butanediamine (buda), 1,3-
propanediamine (prda) , 1,2-ethanediamine (etda), baed, 
bis(2-aminoethyl) sulfide (baes), 2-aminoethyl 3-amino-
propyl sulfide (aeps), N- (2-aminoethyl) -1,3-propanedi-
amine (aepd), N- (2-aminoethyl) -1,2-ethanediamine 
(aeed), and bis (2-aminoethyl) ether (baee). 

n=6 

n = 5 

n = 4 

n=3 

C u ( p c a = h e d a = p c a ) 

C u ( p c a = p e d a = p c a ) 

C u ( p c a = b u d a = p c a ) 

C u ( p c a = p r d a = p c a ) 

( C H - ) 

X=S , 1 = 2 , m = 2 , n=2 

X=S . 1 » 2 , m = l , n=2 

X - S , 

X = N , 

X « N , 

1 = 2 , n = l , n=3 

1 = 2 , m = l , n=2 

1 - 2 , m = l , n=3 

X = 0 , W , m = l , n=2 

C u ( p c a = b a e d = p c a ) 

C u ( p c a = b a e s = p c a ) 

C u ( p c a = a e p s = p c a ) 

C u ( p c a = a e e d = p c a ) 

C u ( p c a = a e p d = p c a ) 

C u ( p c a = b a e e = p c a ) 

( C H 2 ) 1 X B ( C H 2 ) n 

N N ^ 

H,C 

n = 6 : C u ( p c a - h e d a - p c a ) 

n = 5 : C u ( p c a - p e d a - p c a ) 

n = 4 : C u ( p c a - b u d a - p c a ) 

n = 3 : C u ( p c a - p r d a - p c a ) 

n = 2 : C u ( p c a - e t d a - p c a ) 

X=S , 1 = 2 , m = 2 , n = 2 : 

X=S, 1 = 2 , m = l , n = 2 : 

X=S, 1 = 2 , m = l , n = 3 : 

X=N, 1 = 2 , m = l , n = 2 : 

C u ( p c a - b a e d - p c a ) 

C u ( p c a - b a e s - p c a ) 

C u ( p c a - a e p s - p c a ) 

C u ( p c a - a e e d - p c a ) 

X=N, 1 = 2 , m = l , n = 3 : Cu ( p c a - a e p d - p e a ) 

Experimental 

Materials. Copper(II) perchlorate hexahydrate, heda, 
peda, buda, prda, etda, and aeed were purchased from 
Nakarai Chemicals Ltd., and baed, aeps, and baee from 
Aldfich. Diamines with single thio group, baes and aeps, 

were prepared according to literatures.3»5) All other reagents 
used were of the highest grade commercially available. 

Preparation of Complexes. Cu1(pca=heda=pca):** To a 
80 ml of neutral or basic aqueous ethanol (1 : 1 by volume) 
solution of heda (1.16 g) was added twice as much amount of 
pea (2.14 g) to give 2 : 1 pea: heda Schiff base, and was 
treated with 3.71 g of Cu(C104)2 .6H20. A brown complex 
precipitated very soon. On account of its poor solubility in 
most solvents, the precipitate was washed by aqueous ethanol 
instead of being recrystallized. Found: C, 46.57; H, 4.79; 
N, 12.39; Cu, 13.1%. Calcd for C18H22N4Cu(C104).H2o! 
C, 46.25; H, 5.18; N, 11.99; Cu, 13.6%. 

Cu1(pca=baed=pca). This brown complex was prepared 
by the same method as that in Cux(pca=heda=pca). Found: 
C, 36.39; H, 3.55; N, 10.45; Cu, 11.5%. Calcd for C16H18-
N4S2Cu(C104).2H20: C, 36.29; H, 4.19; N, 10.58; Cu, 
12.0%. 

The other parent copper(II) complexes were prepared 
according to the methods in previous papers3»6»7) as diperchlo-
rate except Cu(pca=prda=pca), Cu(pca=baee=pca), Cu(pca-
prda-pca) and Cu(pca-heda-pca) which were monochloride 
monoperchlorate. All these compounds were identified 
based on elemental analyses and IR spectra. 

Measurements. Cyclic voltammetry was performed at 
25 °C with a three electrode system consisting of platinum 
working and auxiliary electrodes and a standard calomel 
electrode. Voltammograms were generated using a 
Yanagimoto P-1000 voltammetric analyzer and an NF FG-
121G function generator and recorded on a National VP-6421 
X-Y recorder for N, JV-dimethylformamide (DMF) solutions of 
complexes (ca. 5X 10_3mol-dm-3, 7=0.1 (tetrabutylammo-
nium perchlorate)). E° values were determined as the 
midpoints between the peak potentials. Absorption spectra 
were recorded in 1 cm- or 1 mm-path length quartz cell in 
the range 270—700 nm with a Hitachi 323 spectrophotometer 
at room temperature. Electron spin resonance spectra of 
copper(II) complexes were obtained using a JEOL JES-FE1X 
instrument at 77 K. Infrared spectra were measured using a 
Hitachi 260-10 grating infrared spectrophotometer by KBr 
disk method. Copper contents of complexes were determined 
by a Nippon Jarrell-Ash AA-1 atomic absorption spectrom­
eter. DMF was used as solvent throughout measurements 
unless otherwise specified. The magnetic susceptibility was 
determined at room temperature by using a Gouy magnetic 
apparatus. 

** The notation "pca=heda=pca" represents hereafter the 
2 : 1 Schiff base derived from pea and heda, and "pca-heda-
pca" the aorresponding reduced ligand. 
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R e s u l t s a n d D i s c u s s i o n 

Brown copper(I) complex, Cu I(pca=heda=pca), unex­
pectedly precipitated immediately after addition of 
Cu(ClÖ 4) 2 to pca=heda=pca in aqueous ethanol, 
instead of producing green C u " (pca=heda=pca). Reduc­
tion of copper(II) to copper(I) was substantiated not 
only by elemental analysis but also by ESR and absorp­
tion spectroscopy. Copper(II) content was several 
percent, which was determined by double integration of 
ESR signals using Cu(imidazole)4 as standard. Addition 
of H 2 0 2 or permission to stand Gu I(pca=heda=pca) in 
H 2 0 - D M F for several days presented full copper(II) 
ESR signal (Fig. 1), and the solution turned green. 

Li-TCNC) 

9 " 2 .0025 

Fig. 1. ESR spectra of isolated Cu (pca=heda=pca) ( ) 
and H2Oa-treated Cu(pca=heda=pca) ( ). 

Wavelength/nm 

Fig. 2. Absorption spectra of authentic (-
lated ( ) Cu(pca=heda=pca). 

-) and iso-

An authentic copper(I) complex solution prepared by 
using Cu I(GH3CN)4(C104) as copper(I) source afforded 
a quite similar absorption spectrum as that of the 
isolated Cu(pca=heda=pca) (Fig. 2), exhibiting an 
intense M L C T band at 478 nm. Magnetic moment per 
copper atom was calculated from susceptibility to 
be 0.62 BM (1 B M = 9 . 2 7 4 x 10"24 A m2) at room 
temperature, indicating that paramagnetic copper(II) 
was really a trivial contaminant . T h e present quite 
rapid reduction of copper, which occurs much readily 
in alkaline medium than in neutral aq ethanol, might 

be accompanied by generation of 2-pyridinecarboxylic 
acid from free 2-pyridinecarbaldehyde in the system. 
In fact, thin layer chromatography on silica gel plate has 
suggested the formation of 2-pyridinecarboxylic acid in 
the brown reaction mixture. A green copper(II) 
complex which was precipitated in acidic solution also 
gradually turned brown in D M F . Copper does not 
seem to be reduced by a concomitant oxidation of the 
coordinated ligand, since the I R spectrum of brown 
Cu I(pca=heda=pca) is similar to green intact copper(II) 
complexes providing with various lengths of methylene 
chain. 

In line with this, the quite similar reduction of 
copper(II) ligated by pca=baed=pca has been observed. 
However, pure Cu(I) complex has not been isolated: 
Cu(I I ) content determined by ESR spectrum was 3 5 % 
and magnetic moment of this complex was evaluated 
as 1.55 BM at room temperature. T h e extremely 
delicate difference in stabilizing Cu(I) complex of the 
present kind might be interpreted on the basis of the 
greater size of sulfur over a methylene group. The 
dithio group would not bind copper, or if any, the 
interaction of the dithio group with copper will be 
ra ther weak. These examples suggest that the facile 
reduction of Cu(I I ) to Cu(I) may occur when providing 
the ligand with methylene chain of appropriate length. 
In the case of the present series of complexes, diamines 
having six methylene groups or equivalent length as 
half moiety of Schiff base are considered to best suit 
the condition. 

In order to understand this phenomenon, redox 
potentials of copper have been compared for about 20 
copper complexes. E° values and ESR parameters to 
exhibit properties of parent copper(II) complexes are 

TABLE 1. REDOX POTENTIALS AND ESR 

PARAMETERS OF COPPER COMPLEXES 

Complex 

Cu (pca=heda=pca) 
Cu (pca=peda=pca) 
Cu (pca=buda=pca) 
Cu (pca=prda=pca) 
Cu (pca=baed=pca) 
Cu (pca=baes=pca) 
Cu (pca=aeps=pca) 
Cu (pca=aepd=pca) 
Cu (pca=aeed=pca) 
Cu (pca=baee=pca) 
Cu (pca-heda-pca) 
Cu (pca-peda-pca) 
Cu (pca-buda-pca) 
Cu (pca-prda-pca) 
Cu (pca-etda-pca) 
Cu (pca-baed-pca) 
Cu (pca-baes-pca) 
Cu (pca-aeps-pca) 
Cu (pca-aepd-pca) 
Cu (pca-aeed-pca) 

E°vs.SCE 
V 

+ 0.13 
+ 0.00 
- 0 . 1 0 
- 0 . 0 8 
+ 0.06 
+ 0.00 
+ 0.12 
- 0 . 1 6 
- 0 . 1 4 
- 0 . 0 2 
- 0 . 1 9 
- 0 . 1 3 
- 0 . 2 5 
- 0 . 3 3 
- 0 . 3 3 
- 0 . 2 5 
- 0 . 1 9 
+ 0.01 
- 0 . 5 2 
- 0 . 4 3 

ESR] 

Si/ 

2.27 
2.24 
2.22 
2.24 
2.29 
2.27 
2.17 
2.21 
2.22 
2.24 
2.22 
2.23 
2.22 
2.22 
2.23 
2.27 
2.21 
2.20 
2.20 
2.21 

parameters 

£x -

2.07 
2.07 
2.06 
2.06 
2.05 
2.06 
2.08 
2.06 
2.06 
2.06 
2.06 
2.06 
2.06 
2.05 
2.04 
2.07 
2.06 
2.06 
2.06 
2.06 

- ^ / / X l O 4 

cm - 1 

16.5 
14.0 
15.0 
18.4 
16.4 
16.9 
17.1 
17.8 
18.5 
15.4 
17.3 
14.8 
15.5 
19.1 
17.7 
18.2 
16.7 
17.0 
18.1 
18.3 
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tabulated in Table 1. For Cu(pca=heda=pca) and 
Cu(pca=baed=pca) copper(I) complexes were used for 
determining E° values since pure green Cu(II ) complexes 
have not been isolated. As clearly seen from Table 1, 
Cu(pca=heda=pca) and Cu(pca=baed=pca) exhibited 
higher redox potentials over zero volt. In contrast to 
this, the analogues with shorter methylene chain lengths 
exhibited lower E° values. This implies that the former 
two bear the favorable chain length adaptable to 
tetrahedral coordination around Cu(I ) . In addition, 
the present copper (I I) complexes display a trend toward 
tetrahedral distortion, as visualized in g//—A// profile 
for Cu(N)4-type complexes as described by Peisach and 
Blumberg.8) 

T h e single thio group-containing five coordinate 
Schiff base complexes also exhibited higher redox 
potentials. These complexes, Cu(pca=baes=pca) and 
Cu(pca=aeps=pca) also tend to be reduced spontaneously 
in D M F , although Gu(I) complexes have not yet been 
isolated. Other five coordinate Schiff base complexes 
devoid of thio group display lower E° values and favor 
a copper(II) state. The reduction of Schiff bases 
prominently lowered E° values (0.2—0.3 V) , hence 
the stabilization of copper(I) state cannot be realized 
even by pca -heda -pca and pca -baed -pca . Thus it can 
be considered that the aliphatic amine is not necessarily 
favorable for stabilizing the copper (I) state. 

The present unexpected reduction of copper(II) and 

stabilization of Cu(I) in the presence of air is anticipated 
to afford a clue to appreciate the nature of biological 
coppers and to design model compounds. 

This work was supported by the Ministry of Educa­
tion, Science and Culture through Grants-in-Aid for 
Special Project Research (No. 511311) and Science 
Research (No. 50740247). 
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Binuclear Metal Complexes. XLI.1} Crystal Structure and Unusual 
Magnetic Property of Isothiocyanato{2-[2-(dimethylamino)-

ethylthio]ethanolato}copper (II) 
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A binuclear copper(II) complex, isothiocyanato{2-[2-(dimethylamino)ethylthio]ethanolato}copper(II), 
(Cu(CH3-nso)NCS), was prepared and characterized by elemental analysis, infrared and electronic spectra, magne­
tic susceptibility (90—300 K), and single-crystal X-ray diffraction. The complex exhibits a band at 25 x 103 cm - 1 

characteristic of alkoxo-bridged structure. The temperature dependence of the magnetic susceptibility is unusual 
and shows a dramatic change in the temperature range 240—180 K. The magnetic data were fitted to the Bleaney-
Browers equation separately in the two temperature ranges ( —2J=535 cm - 1 for 300>T'>240 K; — 2,/= 595 cm - 1 

for 1 7 0 > T > 9 0 K ) . 

In the previous paper2) of this series, we reported the 
synthesis, structure, spectra, and magnetic properties 
of binuclear copper(II) complexes with 2-[2-(dialkyl-
amino)ethylthiojethanols, Cu{R 2 N(CH 2 ) 2S(CH2) 2 0 } X 
(abbreviated as Cu(R-nso)X, where R = C H 3 , C2H5 , 
n-C3H7, n-C4H9 ; X = B r , CI, N 0 3 ) . With Cu(CH3-nso)-
Br we found that its crystal consists of discrete binuclear 
units but that its magnetic susceptibility exhibits a 
temperature dependence which does not obey the 
Bleaney-Bowers equation3) based on a binuclear struc­
ture ; similar temperature dependence applies also to 
all the other Cu(R-nso)X but Cu(n-C4Hö-nso)Cl. In 
order to elucidate this unusual magnetic behavior, we 
have continued collecting information on magnetic 
properties of similar complexes. In the course of this 
activity, we found that isothiocyanato{2-[2-(dimethyl-
amino)ethylthio]ethanolato}copper(II) , Cu(CH3-nso)-
NCS, exhibits a magnetic behavior suggestive of a phase 
transition between two binuclear structures at 240—180 
K. The present investigation was undertaken to 
characterize Cu(CH 3-nso)NCS by means of elemental 
analysis, infrared and electronic spectra, magnetic 
susceptibility, and single-crystal X-ray diffraction, for 
the purpose of elucidating the unusual magnetic 
behavior. 

Exper imenta l 

Preparation of the Complex. 2-[2-(Dimethylamino)ethyl-
thio]ethanol was prepared by the method previously de­
scribed.2) To an ethanol solution (50 ml) of 2-[2-(dimethyl-
amino)ethylthio]ethanol (298 mg) and copper(II) acetate 
monohydrate (200 mg) was added an ethanol solution (10 ml) 
of potassium thiocyanate (97 mg). On standing overnight, 
dark green crystals were formed, which were separated by 
filtration, washed with ethanol and dried in vacuo over P2C*6. 

Found: G, 31.16; H, 5.24; N, 10.33%. Calcd for C7H14-
CuNaOS2: C, 31.16; H, 5.23; N, 10.38%. 

Measurements. Infrared spectra were measured with a 
Hitachi Grating Infrared Spectrophotometer Model 215 in 
the region 4000—650 cm - 1 on a KBr disk. Electronic spectra 
were measured with a Shimadzu Multipurpose Spectrophotom­
eter Model MSP-5000 at room temperature. Magnetic 
susceptibility was measured by the Faraday method in the 
temperature range from liquid nitrogen temperature to room 
temperature. The apparatus was calibrated by the use of 
[Ni(en)3]S203.

4> The susceptibility was corrected for the 

diamagnetism of the constituent atoms by the use of Pascal's 
constants.6) Effective magnetic moment was calculated from 
the equation, //eff=2.828 */(%A—Na)T, where %A is the 
atomic magnetic susceptibility and Nx is the temperature-
independent paramagnetism. For the present complex, Nos 
is assumed to be 60 X lO-6 cgs emu.6) 

X-Ray Crystal Structure Analysis. A crystal with dimen­
sions of 0.19 mmx0.25 mmx0.31 mm was used for the X-ray 
analysis. The unit-cell parameters and intensities were 
measured on a Rigaku AFC-5 automated four-circle diff-
ractometer with graphite-monochromated Mo Ka. radiation 
(A=0.71069Â) at 24±1°C . The unit-cell parameters 
were determined by the least-squares refinement based on 
the 15 reflections in the range of 23<20<33°. 

Crystal Data: C14H28N402S4Cu2, F.W. = 539.73; mono-
clinic; P2i/a; a= 10.025(3), b= 14.421 (3), and c=8.595 (2) Â; 
0=110.49 (2)°; Z?m=1.52 (by floatation in H - C 6 H 1 4 - C C 1 4 ) ; 
£>c = 1.54 g cm-3 ; Z = 2 ; fi (Mo K<x) = 21.7 cm-1. 

The intensity data were collected by the 20-co scan technique 
with a scan rate of 8° min -1 . For weak reflections the peak 
scan was repeated up to four times depending on thier intensi­
ties. Three standard reflections were monitored every 100 
reflections, and their intensities showed a good stability. A 
total of 2282 reflections with 20<5O° were collected. The 
intensity data were corrected for the Lorentz and the polari­
zation effects, but not for absorption. Independent 1605 
reflections with |F0|]>3(7(|i;'0|) were considered as "observed" 
and were used for the structure analysis. 

The systematic absences observed, h odd for hOl and k odd 
for 0£0, uniquely define the space group as P2j/a. The 
structure was solved by the heavy atom method. The position 
of the copper atom was obtained from a three-dimensional 
Patterson synthesis. Successive Fourier Synthesis revealed 
all the nonhydrogen atoms. Refinement was carried out by 
the block-diagonal least-squares method. Anisotropic ther­
mal parameters being introduced, the block-diagonal least-
squares refinement yielded discrepancy factors Ri = ^j||-F0| — 
l^cl l /XKI =0.068 and R%=\S>{\F0\-\Ff\yi^v\F0\^\^ = 
0.103. In the course of refinement, it became apparent that 
the carbon atom of the chelate ring, C(4), is subjected to 
disorder. The carbon atom was divided between two posi­
tions with an occupancy factor 0.5 on the basis of a difference 
Fourier map. Hydrogen atoms were inserted in their calcu­
lated positions and included in the refinement. Further 
refinement with anisotropic thermal parameters for nonhydro­
gen atoms and isotropic temperature factors for hydrogen 
atoms gave final values of 0.062 and 0.093 for Ax and R2, 
respectively. In the least-squares refinement the function 
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minimized was 5JO>(|F0 |—£|F c | ) a , and the weighting scheme 
was a ;=(6 .0+ |F o | + 0.012|Fo|2)-1.7) The final difference 
Fourier synthesis showed no peaks higher than 0.65 e/Â3. 

The atomic scattering factors for Gu, S, O, N, and Gval and 
the anomalous dispersion corrections, A / ' and A / " for Gu and 
S, were taken from the International Tables for X-Ray Crystal­
lography.8) For the hydrogen atom, the scattering factors 
were adopted from the tables of Stewart et al.9> All the 
calculations were carried out on the FACOM M-200 computer 
in the Computer Center of Kyushu University by the use of a 
local version10) of the UNICS-II11) and the ORTEP12> pro­
grams. 

Lists of structure factors and anisotropic thermal parameters 
have been deposited at the Chemical Society of Japan as 
Document No. 8142. The final positional and thermal 
parameters with their estimated standard deviations are given 
in Table 1. 

TABLE 1. FRACTIONAL POSITIONAL PARAMETERS ( X 1 0 4 ) A N D 

THERMAL PARAMETERS OF NON-HYDROGEN ATOMS WITH THEIR 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Atom 

Cu 
S(l) 
S(2) 
O 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4A) 
C(4B) 
C(5) 
C(6) 
C(7) 

X 

1386( 1) 
3628( 3) 
2254( 3) 
663( 6) 

1953( 7) 
1906( 8) 
1492(10) 
2961(13) 
4026(12) 
2829(26) 
3402(21) 

823(14) 
2158(18) 
2024( 8) 

y 
120( 1) 
24( 2) 

1977( 2) 
- 1 7 1 ( 4 ) 

—1317( 4) 
862( 5) 

-477( 8) 
-130( 9) 

-1154(10) 
-1784(15) 
-1586(16) 
-1964( 7) 
-1296( 9) 

1326( 5) 

z 
-290( 1) 

1860( 4) 
-4259( 3) 

1424( 7) 
-1029( 8) 
-1872( 9) 

2993(10) 
3519(13) 
1397(17) 
494(28) 

-180(28) 
-1121(18) 
-2612(16) 
-2860( 9) 

B^k 
4.7 
7.4 
7.8 
6.2 
5.4 
6.7 
7.1 
8.9 

11.3 
8.6 
8.6 
9.7 

11.4 
5.1 

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

The molecular packing in the unit cell is shown in 
Fig. 1. As is evident from the packing diagram and the 
closest interdimer contact (C(4A)-C(7) 3.37(2)Â), the 
crystal consists of discrete binuclear units. 

As shown in Fig. 2, the complex consists essentially of 

Fig. 2. Molecular structure of Gu(GH3-nso)NGS. Ther­
mal ellipsoids are drawn at 30% probability level. 

alkoxo-bridged centrosymmetric binuclear units. The 
coordination geometry around each copper atom is 
best described as a distorted square pyramid with two 
alkoxo oxygen atoms, a thioether sulfur a tom and an 
isothiocyanate nitrogen a tom in the basal plane, and an 
amino nitrogen atom in the apical position. The copper 
atom deviates from the basal plane toward the apical 
N ( l ) a tom by 0.233Â (Table 3). There is a tetrahedral 
distortion in the basal plane, because the deviations of 
the basal atoms from the least-squares plane are 0.088— 
0.129Â and the dihedral angle between the planes 

TABLE 2. INTERATOMIC DISTANCES (//A) AND BOND 

ANGLES ( 0 / ° ) WITH THEIR ESTIMATED STANDARD 

DEVIATIONS IN PARENTHESES 

(a) Copper coordination spheres 
Gu-Gu1 

Gu-S(l) 
Gu-O 
Gu-O-Gu1 

S( l ) -Gu-0 
S(l)-Gu-O i 

S(l)-Gu-N(l) 
S(l)-Gu-N(2) 
O-Cu-N(l) 

3.009(2) 
2.361(3) 
1.902(7) 
103.0(2) 
84.1(2) 

160.8(2) 
84.4(2) 
99.5(2) 

102.3(3) 
(b) GH3 -nso moiety 
O-C(l) 
G(l)-G(2) 
S(l)-C(2) 
S(l)-G(3) 
C(3)-G(4A) 
Gu-O-G(l) 
Gu l -0-G( l ) 
0-G(l)-G(2) 
G(l)-G(2)-S(l) 
G(2)-S(l)-Gu 
Gu-S(l)-G(3) 
G(2)-S(l)-G(3) 
S(1)-G(3)-G(4A) 
S(1)-G(3)-G(4B) 
G(3)-G(4A)-N(1) 
(c) Isothiocyanato 
N(2)-G(7) 
Gu-N(2)-G(7) 

1.386(9) 
1.469(16) 
1.788(14) 
1.820(15) 
1.489(25) 
124.2(6) 
132.0(6) 
112.7(9) 
114.3(7) 
96.4(4) 
96.1(3) 

103.4(7) 
119.0(12) 
124.0(12) 
107.9(15) 

group 
1.119(12) 
170.9(7) 

Gu-O1 

Gu-N(l) 
Gu-N(2) 
0-Cu-N(2) 
O-Gu-O1 

N(l)-Gu-N(2) 
N(l)-Gu-O i 

N(2)-Gu-O i 

G(3)-G(4B) 
N(1)-G(4A) 
N(1)-G(4B) 
N(l)-G(5) 
N(l)-G(6) 
G(3)-G(4B)-N(1) 
Gu-N(l)-G(4A) 
Gu-N(l)-G(4B) 
Gu-N(l)-G(5) 
Gu-N(l)-G(6) 
C(4A)-N(1)-C(5) 
C(4B)-N(1)-C(5) 
C(4A)-N(1)-C(6) 
C(4B)-N(1)-C(6) 
G(5)-N(l)-G(6) 

G(7)-S(2) 
N(2)-G(7)-S(2) 

1.942(5) 
2.296(7) 
1.940(9) 
159.0(3) 
77.0(2) 
98.7(3) 

102 5(2) 
97.1(3) 

1.422(26) 
1.460(21) 
1.432(20) 
1.448(15) 
1.446(18) 
113.4(18) 
107.3(10) 
114.1(10) 
109.4(7) 
111.9(6) 
88 0(11) 

119.2(11) 
127.9(14) 
91.8(13) 

109.1(9) 

1.605(9) 
177.8(8) 

Fig. 1. Projection of the unit cell on the ab plane. i) —*> -y>-z> 
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TABLE 3. DEVIATION OF THE ATOMS FROM LEAST-

S Q U A R E S PLANES ( / /A) AND DIHEDRAL ANGLES 

BETWEEN THE PLANES ( 0 / ° ) 

(I) Plane through Gu, O, Cu1, O1 

-0.0782X+0.97137+0.2380Z=0 a> 
[Gu 0.000, O 0.000, Gu1 0.000, O1 0.000, S(l) 0.129, 
S(2) 1.721, N(l) - 2 . 2 0 8 , N(2) 0.675, G(l) - 0 . 1 7 3 , 
G(2) 0.306, C(3) - 1 . 6 4 6 , G(4A) - 2 . 6 1 9 , G(4B) 
- 2 . 5 2 5 , G(5) - 3 . 0 4 5 , G(6) - 2 . 5 1 9 , G(7) 1.113]b) 

(II) Plane through Gu, S( 1 ), O 
-0 .1195Z+0 .97477+0 .2187Z=-0 .0519 
[Gu 0.000, S(l) 0.000, O 0.000, N(l) - 2 . 2 2 6 , N(2) 
0.683, C(l) - 0 . 2 3 5 , G(2) 0.176,C(3) -1.790,G(4A) 
- 2 . 7 0 1 , G(4B) - 2 . 6 1 8 , G(5) - 3 . 0 1 8 , G(6) - 2 . 5 2 0 ] 

(III) Plane through Gu, S(l), N(l) 
- 0 . 6 7 9 6 Z - 0 . 4 3 0 0 7 + 0 . 7 9 4 6 Z = - 1 . 2 1 6 3 
[Gu0.000, S(l) 0.000, N(l) 0.000, O 1.843, N(2) 
- 1 . 8 9 5 , G(l) 2.540, G(2) 1.682, C(3) 0.142, G(4A) 
0.732, G(4B) - 0 . 2 4 1 , G(5) 1.108, G(6) - 1 . 2 3 4 ] 

(IV) Plane through O, N(l) , N(2) 
0.7333Z+0.0973 7+0 .3736Z= 0.9207 
[O 0.000, N(l) 0.000, N(2) 0.000, Gu 0.022, S(l) 
2.347, S(2) - 0 . 3 5 4 , 0 1 - 1 . 8 4 1 , G(l) 1.071, G(2) 
2.368, G(3) 2.326 G(4A) 1.067, G(4B) 1.300, G(5) 
- 0 . 9 5 1 , G(6) - 0 . 3 5 5 , G(7) -0 .165] 

(V) Plane through O, O1, N(2), S(l) 
-0 .2113Z+0 .91287+0 .4013Z=-0 .0027 
[ 0 0.129, O1 - 0 . 1 2 3 , N(2) 0.088, S(l) - 0 . 0 9 3 , Gu 
- 0 . 2 3 3 , S(2) 0.659, N(l) -2.499,G(1) 0.091, G(2) 
0.419, G(3) - 1 . 8 8 7 , G(4A) - 2 . 7 7 4 , G(4B) - 2 . 8 6 7 , 
C(5) - 3 . 1 1 4 , G(6) - 3 . 0 6 2 , G(7) 0.333] 

(VI) Plane through Gu, S(l), N(2) 
-0 .3706Z+0.8335 7+0 .5136Z= -0 .4986 
[Gu 0.000, S(l) 0.000, N(2) 0.000, S(2) 0.157, O 
0.675, O1 0.322, N(l) - 2 . 2 6 4 , G(l) 0.692, G(2) 
0.796, G(3) - 1 . 7 6 8 , G(4A) - 2 . 4 7 8 , G(4B) - 2 . 7 5 1 , 
G(5) - 2 . 6 6 3 , G(6) - 3 . 0 1 4 , G(7) 0.078] 

Dihedral angles between the planes (0/°) 
and (II) 
and (III) 
and (IV) 
and (V) 
and (VI) 

(II) and (III) 
(II) and (IV) 
(II) and (V) 

(I) 
(I) 
(I) 
(I) 
(I) 

3. 
103. 
79, 
11.0 
21 

103 
82 
11 

(II) and (VI) 
(III) and (IV) 
(III) and (V) 
(III) and (VI) 
(IV) and (V) 
(IV) and (VI) 
(V) and (VI) 

20. 
98. 
92. 
82. 
80. 
85. 
10.8 

a) The equation of the plane is expressed as LX-\-MY-\-
NZ=D> where X, 7, and Z are in A units refered to the 
cristallographie axes, b) Deviations (//A) of atoms from 
the planes are listed in square brackets. Superscript (i) 
refers to the equivalent position (—x, —y, —z). 

C u - O - O 1 and C u - S ( l ) - N ( 2 ) is 21.5°. This distortion 
is smaller than that in Cu(CH3-nso)Br.2) The bond 
distances and angles with their estimated standard 
deviations are listed in Table 2. The C u - C u l distance 
(3.009(2)Â) agrees well with the value found for 
Cu(CH3-nso)Br (3.004(2) A), while the C u - O - C u 1 angle 
(103.0(2)°) is larger than that found for Cu(GH3-nso)Br 
(102.2(2)°).2> 

The C u - O and C u - N ( l ) distances of Cu(CH3-nso)-
NCS are 1.902(7) and 2.296(7)A, respectively, which 

are slightly shorter than those of Cu(CH3-nso)Br ( C u - O 
1.930(5), C u - N 2.334(6)A). O n the other hand, the 
C u - S ( l ) bond length (2.361 (3)A) is longer than that 
(2.316(2)A) of Cu(CH3-nso)Br. T h e shortening of the 
C u - O and C u - N bonds should bring about a con­
siderable strain in the fused chelate ring, although the 
elongated Cu-S bond may contribute to the releasing 
of the strain. In fact, the carbon atom of the chelate 
ring, C(4), is disordered. This is probably due to the 
strain of two adjacent five-membered chelate rings.2) 
It is noteworthy that all the atoms of the complex 
have considerably large temperature factors. This 
fact suggests that the conformation of the complex easily 
fluctuates. 

T h e isothiocyanate group coordinates to the copper 
atom with the nitrogen atom. The infrared spectrum 
( Î>CN=2075 c m - 1 ; r C s=760 cm - 1 ) is consistent with this 
coordination mode.13) The Cu-N(2) distance (1.940(9) 
A) is in the range of the normal in-plane coordination. 
The NCS group is nearly linear (the N(2)-C(7)-S(2) 
angle 177.8(8)°) and of nearly the same structure as 
found for other alkoxo-bridged copper (I I) complexes 
containing an NCS group.1 4 - 1 7) 

The electronic absorption spectrum in 1,2-dichloro-
ethane solution resembles the diffuse reflectance 
spectrum, indicating that the molecular structure is 
essentially the same in the solution as in the solid state. 
T h e absorption spectrum shows a band centered at 
13.9 X 103 c m - 1 (^=130) with a shoulder at ca. 11.1 x 103 

c m - 1 . These bands can be assigned to the d-d transitions 
of a five-coordinate copper(II) complex.18) A more 
intence band (e=2350) occurs at 24.9 X 103 cm"1 . This 
is the band characteristic of alkoxo-bridged structure 
assigned to a charge transfer from a pK orbital of the 
bridging oxygen atom to the unfilled d orbital of the 
copper ion.2) 

The magnetic susceptibility was measured over the 
temperature range 90—300 K. The magnetic moment 
per copper atom is 0.90 BM at 299 K. T h e temperature 
dependence of the magnetic susceptibility is shown in 
Fig. 3. The susceptibility decreases gradually with 
lowering temperature from 300 to 240 K and then 

Fig. 3. Temperature dependence of magnetic susceptibi­
lity of Cu(CH3-nso)NCS. The solid curve was calcul­
ated from Eq. 1 with £=2.10 and -2J= 535 cm"1; 
the blöken curve, from Eq. 1, using g=2.10 and —2J= 
595 cm"1. 



2982 Masahiro MIKURIYA, Hisashi OKAWA, and Sigeo KIDA [Vol. 54, No. 10 

suddenly decreases in the range 240—230 K, reaching 
a min imum at 200 K. Below 200 K, the susceptibility 
increases to a maximum at about 180 K and finally 
decreases again. This fact suggests that a phase transi­
tion occurs in the temperature range 240—180K. 
The susceptibility data were fitted to Eq. 1 (the Bleaney-
Bowers equation3)) separately in the two temperature 
ranges : 

*A = ilr~[1+iexp ( - 2 - / / * r ) ] " 1 + ^ (1) 

where — 2 J is equal to the energy separation between 
the spin-singlet ground state and the lowest spin-triplet 
state and the other symbols have their usual meanings. 
Between 300 and 240 K, the experimental da ta fit Eq. 1 
with - 2 7 = 5 3 5 c m - 1 and £ = 2 . 1 0 . Below 170K, the 
susceptibility follows Eq. 1 with — 2 y = 5 9 5 c m - 1 and 
^ = 2 . 1 0 . Although temperature dependence of y value 
was already noticed in some binuclear copper(II) 
complexes,19-21) the present complex provides the most 
remarkable instance. Such a magnetic behavior may be 
attributed to the fact that the conformation of the 
chelate ring readily fluctuates with temperature varia­
tion. I t is known that J values of binuclear copper(II) 
complexes depend sensitively on the C u - O - C u angle22) 
or the tetrahedral distortion about the copper coordina­
tion.23) Therefore, a slight variation in the conformation 
of the complex may lead to a marked change in the J 
value. 
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Tetrahedral Transition Metal Complexes of [MW12O40]-type (M=Cun, 
Fem, Co11) with Dodecatungstate as Tetrahedral Ligand 
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Tetrabutylammonium salts of 12-heteropolytungstates with central transition metal ions in a tetrahedral 
oxygen environment, MW12O40 ( M = C u n , F e m , Co11), have been prepared and their spectroscopic data (infrared 
(IR), near-infrared, UV-vis, and magnetic circular dichroism (MCD)) presented. 

12-Tungstometallate, MW 1 2 O 4 0 , is a typical 12-
heteropolytungstate with the central transition metal in 
a tetrahedral oxygen environment. T h e compound is 
also considered as a transition metal complex with 
quadridentate dodecatungstate " l igand," W1 2O4 0 , hav­
ing tetrahedral cavity. Therefore, the formula can be 
rewritten as M 0 4 W 1 2 0 3 6 . 

12-Tungstocuprate(II) anion, first reported by Brown 
and Mair,1) is not easily prepared because of the extreme­
ly low yield and the difficulty of controling experimental 
conditions, p H and temperature, into the very narrow 
range allowed. Subsequently, except for the Polaro­
graphie study by Wexell and Pope,2) no precedent has 
been reported. O n the contrary, 12-tungstocobaltate(II) 
and 12-tungstoferrate(III) anions, although purification 
takes time and yields are not so high, are not so difficult 
to prepare,3 - 6) and many investigations have been 
reported.7 - 1 4) Nevertheless, little spectroscopic data, 
especially I R data, of these heteropoly compounds have 
been reported. 

Heteropoly compounds have contained different 
numbers of solvated water molecules (18 to 1), because 
the degree of hydration of K+, Na+, and Cs+ salts of the 
anion varies according to the temperature of crystalliza­
tion and the humidity at which the crystals are stored. 
Furthermore, most of the studies have been limited to 
aqueous systems. However, these compounds sometimes 
undergo hydrolytic decomposition in aqueous solution, 
the electronic spectra being influenced by the p H of the 
aqueous solvent because of the protonation of the 
dodecatungstate framework. We isolated these anions 
as tetrabutylammonium salts and measured the optical 
spectra in nonaqueous solution. 

In this work, from a structural point of view, I R 
spectra of te trabutylammonium salts of heteropolyanions 
with M = G u " 1, F e m 2, and C o " 3, as heteroatom 
have been studied both in the solid and in the solution. 
O n the basis of the results, the near-infrared and UV-vis 
spectra have been interpreted; M C D spectra have been 
measured to aid the resolution of the overlapping visible 
spectra. 

Exper imenta l 

Near-infrared and UV-vis absorption spectra were measured 
on a Hitachi 340-spectrophotmeter with an attached computer 
key-board. MCD spectra were recorded by a JASCO J-40AS 
spectropolarimeter mounted with 10.0 kG electromagnet. 
The MCD intensity is expressed in terms of &e—ex—er. 
Measurements were made at r^om temperature. IR spectra 
in acetonitrile were measured using a KBr cell with 0.1 mm 

optical path. 
Preparation. H2[(C4#9; 4iV]4 [CuW12Oi0],(1): Prepara­

tion of 12-tungstocuprate(II) is mainly performed according 
to the Brown-Mair's method.1) Instead of using copper(II) 
nitrate solution, we modified as follows: the pH of sodium 
tungstate solution (Na2W04 • 2HaO 56.2 g, 0.170 mol, in 300 
cm3 water) was adjusted within 4.5—5.0 by 1 mol dm - 3 

nitric acid and the temperature was maintained at 68—70°C. 
To this solution, the dropwise addition throughout 6 h of 
copper(II) sulfate solution ( C u S 0 4 5 H 2 0 6.2 g, 2 .48xlO - 2 

mol, in 300 cm3 water) was made with continuous stirring. 
During the process of purification, the metatungstate by­
product should be removed. The product was dried on a 
steam bath followed by extraction with water; the separation 
of 12-tungstocuprate(II) and metatungstate was monitored by 
the near-infrared spectrum at ca. 1340 nm, until the spectra of 
its aqueous solution become unchanged. 

The aqueous solution, acidified with nitric acid, of excess 
tetrabutylammonium bromide was added to the aqueous 
solution of purified 12-tungstocupric acid. The precipitate 
formed was filtered, washed thoroughly with water, dried 
in vacuo and recrystallized twice from acetonitrile (yield 1%, 
yellow). Found: C, 19.41; H, 3.83; N, 1.48%. Calcd for 
H2[(C4H9)4N]4[CuW12O40]: C, 19.79; H, 3.76; N, 1.44%. 

#[(C 4 / / 9JN] 4 [ /W 1 2O 4 0 ] (2): The 12-tungstoferrate(III) is 
prepared by a modification of the method reported by Pope 
and Varga,4) and purified by Mair's method.3) The 
compound structure is confirmed by the absorption spectrum 
of an aqueous solution as reported by Brown.8) The aqueous 
solution, acidified with nitric acid, of excess tetrabutylam­
monium bromide was added into the aqueous solution of the 
purified 12-tungstoferric acid. The precipitate was washed 
thoroughly with water and recrystallized three times from 
acetonitrile (yield 1%, pale yellow). Found: C, 19.87; H, 
3.95; N, 1.52%. Calcd for H[(C4H9)4N]4[FeW12O40]: C, 
19.84; H, 3.74; N, 1.45%. 

K2[ (C4if9j4iV]4 [Co WnOi0] • CH3CN(3) : Potassium 12-tung-
stocobaltate(II) is prepared and purified by the method of 
Baker and McCutcheon.5'6) The structure of the potassium 
compound is confirmed by the absorption spectrum of the 
aqueous solution as reported by Rollins.11) This compound is 
converted to tetrabutylammonium salts (yield 1%, blue-green). 
Found: C, 19.58; H, 3.87; N, 1.49%. Calcd for K2[(C4H9)4-
N]4[CoW12O40].CH3CN: C, 19.83; H, 3.68; N, 1.75%. 

JVû2[fC4//9;4i^]4[//2J^12O40]r4;: Tungsten(VI) oxide mono-
hydrate, W 0 3 « H 2 0 (yellow), obtained by acidic decomposi­
tion of Na 2W0 4 • 2H 2 0 , is converted to the sodium meta­
tungstate (white) by Freedman's method.15) This compound 
is converted to tetrabutylammonium salts as described above. 
Found: C, 20.18; H, 3.94; N, 1.46%. Calcd for Na2[(C4H9)4-
N]4[H2W12O40] : C, 20.12; H, 3.83; H, 1.47%. [(C4H9)4N]4-
[SiW12O40] (5) and [(C4H9)4N]3[PW12O40], (6) were prepared 
by the usual manner.16) 
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vz(F2);v(F-0) 

v(0-H, tetrahedral) 
v(W-0, terminal) 
v3(F2);v(Si-0) 
i>(W-0-W, O h edge-sharing) 
i>(W-0-W, O h corner-sharing) 
i>(W-0-W, Oh corner-sharing) 
andv3(F2) ; i ;(M-0) 

v4(F2);(5(0-Si-0) 

"4(F2);<5(0-P-0) 

v4(F2);(5(0-M-0) 
v (0-H, tetrahedral) 

Results and Discussion 

IR Spectra. The I R spectra of heteropoly-
compounds of M = Cu n , Fe111, and Co11 and meta-
tungstate, recorded in KBr disks, in the metal-oxygen 
stretching region are shown in Fig. 1. T h e vibrational 

Fig. 1. IR spectra of tetrabutylammonium salts of 
MW12O40 heteropolyanions in 1000—400 cm - 1 region 
measured in KBr disk; semi-dashed line (-•-•) for M = 
Gu11, dashed line ( ) for M = F e H I , full line ( ) 
for M = C o n and dotted line ( ) for metatungstate. 

frequencies are presented in Table 1, together with the 
da ta of the M=Si and P compounds. 

Three prominent bands in the tungstate spectra of 
1—3 were assigned by comparison with the spectra of 
te t rabutylammonium salts of metatungstate H2W1 2O4 0

6~ 
4, which is considered to be metal-free ligand, a-
SiW 1 2O 4 0

4 - 5 and PW 1 2 O 4 0
3 - 6; ^ 9 4 0 cm- 1 , vÇW-O, 

terminal) ; ^ 8 7 0 c m - 1 , i>(W-0-W, octahedral edge-
sharing) ; ^ 7 7 0 c m - 1 , v ( W - 0 - W , octahedral corner-
sharing).17) The characteristics of 1—3 compounds 
are as follows ; ( 1 ) new bands appear at ca. 440 c m - 1 

and (2) the corner-sharing bands at ca. 770 c m - 1 are 
more asymmetric and broader than that of 4, and have 
some shoulder peaks. 

In general, for an undistorted tetrahedron (T d 

symmetry) of the M 0 4
M _ type ion there are four funda­

mental vibrational modes (A1 + E + 2F2), only triply 
degenerated F 2 modes of which are I R active; one of the 
F 2 is predominantly the M - O stretching motion, 
vz(F2) and the other F 2 is the deformation by O - M - O 
angle bending motion, i>4(F2). The asymmetric stretch 
vz is normally very strong in the I R and vz^>vA.18^ In 
the heteropolyanions 1—3, by analogy with vz and i>4 

of 4, 5, and 6 compounds, the new bands at ca. 440 c m - 1 

may be assigned to i>4(F2), and vz(F2) band to be over­
lapped with the W - O - W octahedral corner-sharing 
band at ca. 770 c m - 1 . 

TABLE 2. NUMERICAL DATA OF THE VIBRATIONAL MODE V4(F2) 
OF TETRABUTYLAMMONIUM SALTS OF M W 1 2 O 4 0 ANIONS 

M 
In the solid 
(KBr disk) 
Max. cm - 1 

In the solution 
(in GH3GN) 

Max. cm - 1 Half-width cm - 1 

Gu" 
Fe111 

Co11 

Si 
P 

437 a ) 

440 
441 
528 a ) 

505 

444a) 

447 
450 
530 a ) 

513 b ) 

68 ± 4 
18±4 
39±4 
34±13 
46±4 

a) Asymmetric triplet, b) Center of doublet. 
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The expected splitting of vz and i>4 for different site 
symmetries has been described.19) When the effects of 
crystal packing and/or environment upon v3 and r4 

are eliminated, the spectral envelopes of both bands 
will show whether the central site symmetry is regularly 
tetrahedral or distorted. Accordingly, we have examined 
the variation in the frequencies and the widths of these 
vibrational modes, especially r4, in acetonitrile solution. 
The results are presented in Table 2. I t was observed 
that the positions of the v4 band are essentially insensitive 
to the crystalline state and the apparent features of the 
envelopes are not significantly varied, except for the P 
compound. 

The very symmetrical envelope and small width of 
the y4 for the Fe111 compound may be indicative of the 
regular tetrahedron of the F e 0 4 moiety of this 
compound. The envelope for the Go" compound is 
also very symmetrical, although the width is rather 
broad. This compound can be expected to retain 
excellent tetrahedral symmetry. O n the contrary, the 
envelopes for the C u n and Si compounds are asym­
metric ; there are actually splittings into three bands and 
significant broadenings, indicating that the M 0 4 

moieties of these compounds possess far from perfect 
tetrahedral site symmetry. Since these bands are also 
asymmetric and broadened in the solid state (KBr disk), 
the features will not be caused by the effect of crystal 
packing, but mainly by the intrinsic structure of the 
tetrahedral complexes surrounded by dodecatungstate 
ligand. The significant distortion of the S i 0 4 moiety in 
a-Ba2[SiW12O40] has been established by X-ray struc­
tural analysis.20) The Gu11 compound is considered to 
have an intrinsic distortion on account of the Jahn-Tel ler 
effect of the d9 configuration. It may be anticipated 
that the distortion reflects plausibly on the spectral 
envelope of r4 band. In the case of the P compound, the 
envelope of v4 band is very sharp and symmetric in 
the solid, whereas there is a splitting to two bands and 
the width is more broadened in the solution. If the 
above-mentioned hypothesis is true, the data indicate 
some departure from regular tetrahedral symmetry in 
the P 0 4 moiety occurs. 

Regarding the two W - O - W stretchings of 4, there 

J I I L 
7 8 9 10 

Wave number/103 cm - 1 

Fig. 2. Near-infrared spectra of tetrabutylammonium 
salts of [CunWi2O40]8- ( — . ) and [GoIIW„O40]«-
( ) in acetonitrile solution. The cross mark stands 
for the absorption of contaminated water. 

35 40 45 

Wave number/103 cm - 1 

Fig. 3. UV spectra of tetrabutylammonium salts of 
MW12O40 heteropolyanions in acetonitrile solution; 
semidashed line ( ) for M = C u " , dashed line 
( ) for M = F e m , full line ( ) for M = C o n and 
dotted line ( ) for metatungstate. 

are two cases as follows; where the heteroatom is a 
non-transition metal, those two bands are relatively 
unchanged or only slightly shifted to a higher frequency 
region, whereas if the heteroatom is a transition metal , 
the bands are shifted considerably to a low frequency 
region. Thus, the central transition metals may give 
rise to the strong electronic interaction with the dodeca­
tungstate lattice. 

Near-infrared, UV-vis, and MCD Spectra. The near-
infrared and UV-vis spectra (Figs. 2 and 3) of an 
acetonitrile solution of 12-tungstocuprate(II) 1 shows 
a broad band at 7490 c m - 1 (e 60.1) and another at 
39000 cm" 1 (e 32400). T h e former is slightly higher than 
that in water reported by Brown and Mair.1) T h e former 
band is due to the d-d transition of Cu11 (d9) displaced 
to this position in the te trahedral oxygen lattice and is 
broadened by some components based on a Jahn-Tel ler 
effect in the ground state. Since the expected value 
should be around 4/9 of 12500 cm" 1 (the value of 10 
Dq for C u ( H 2 0 ) 6

2 + ) , i.e. around 5560 cm- 1 , the ligand 
field strength by W 1 2 O 4 0 " l igand" may be greater than 
the corresponding hypothetical four hydrate. A band 
at 39000 c m - 1 is due to the charge transfer transition 
within the oxotungstate lattice and is observed in the 
spectra of other dodecatungstates of central nonmetals 
and transition metals. 

T h e electronic and M C D spectra of 12-tungstoferrate-
(III) 2 in acetonitrile are shown in Figs. 3 and 4. This 
anion has perfect T d symmetry; no distortion of the 
central F e 0 4 te t rahedra would occur in solution. The 
three absorption bands observed at 20900 (e 0.7), 24210 
(e 10.9) and 37590 cm" 1 (e 38400) are in good agreement 
with the results in aqueous solution, although the 
intensities of the visible absorptions are less than the 
halves of the previous data.8) These have been assigned 
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18 20 22 24 
Wave number/103 cm - 1 

Fig. 4. Vis and MCD spectra of tetrabutylammonium 
salt of [Fe inW12O40]5- in acetonitrile solution. 

to ^ ( G ^ A ^ S ) , 4 A 1 (G)+ 4 E(G)<- 6 A 1 (S) and the 
charge transfer band, respectively. A very sharp band 
at 24210 c m - 1 corresponds to a sharp band observed 
commonly in other high-spin d5 ions such as Mn-
( H 2 0 ) 6

2 + and Fe(H 2 0) 6
3 +, being on account of the 

independence of Dq. The negative M C D peak corre­
sponding to this absorption is also very sharp. The 
very weak shoulder about 24 x 103 c m - 1 which has been 
suggested as 4T2(G)<—6A1(S) from the spectral shape in 
the aqueous solution,8) is obscure in this visible spectrum. 
However, the M C D spectrum shows such a band 
explicitly at 23950 c m - 1 . T h e higher peaks due to d-d 
transitions of Fe( I I I ) ion are swamped by the tail of 
the charge transfer band in both the electronic and 
the M C D spectra. These spectral data give us a 10 Dq 
value of 6200 c m - 1 and a B value of 740 c m - 1 , where 
the previously reported values are 6000 and 810 c m - 1 , 
respectively. T h e 10 Dq value is in good agreement 
with the expected value, 4/9 of a 10 Dq value, 14200 
cm- 1 , for Fe(H aO)6

3+, i.e. about 6300 cm- 1 . 
The near-infrared, UV-vis absorption spectra, and 

the M C D spectrum in visible region of 12-tungsto-
cobaltate(II) 3 are shown in Figs. 2, 3, and 5. T h e 
absorption spectrum shows the typical pat tern of many 
common tetrahedral Co(II) complexes;21) in the near-
infrared region the spin-allowed transition to the 
excited quartet state, 4T1(F)<-4A2(F), at ca. 7.8 X 103 

c m - 1 and in the visible region 4T1(P)<—4A2(F) at ca. 
16 X 103 c m - 1 . In the U V region, there is a strong band 
at 38460 cm" 1 (e 35200) due to the charge transfer 
transition of the lattice. T h e near-infrared band 
exhibits much fine structure. Since many more peaks 
are observed than predicted by spin-orbit coupling, 
another causes must be sought; one may be a J a h n -
Teller effect in the excited state.21) The peak («T^F)«-
4A2, 7 . 8 x l 0 3 c m _ 1 ) suggests a 10 Dq value of about 

• Q4h 

tu 0 

-0.7 h 

150 \ 

tu 

100 \ 

50 h 

14 16 18 20 22 
Wave number/103 cm - 1 

Fig. 5. Vis and MCD spectra of tetrabutylammonium 
salt of [Co11 W12O40]6- in acetonitrile solution. 

4100 c m - 1 . This is estimated by using the energy level 
diagram for tetrahedrally coordinated Co(II) , presented 
by Cotton and his coworkers.215 The value is in good 
agreement with the expected values, 4/9 of 9200 c m - 1 

(the 10 Dq value of Co(H 2 0) 6
2 +) , i.e. about 4090 cm" 1 

and the 10 Dq value of 4230 cm" 1 for Co(OH) 4
2 " . 

The visible band is complicated because of a number 
of transitions to doublet excited states which occur in 
the same region, and these gain some of their intensity 
by means of spin-orbit coupling.22) However, the 
corresponding M C D spectrum is much more resolved 
and suggests at least four different transitions; (1) 
intense and broad band with negative sign centered at 
ca. 1 5 . 6 x l 0 3 c m - 1 , (2) positive band at ca. 17.3 x l O 3 

c m - 1 , (3) positive band at ca. 17.9x 103 cm"1 , and (4) 
weak and broad band with positive sign at ca. 20.4 x 103 

c m - 1 . There are further complications because each of 
(1), (2), and (3) includes some components. However, 
as suggested from the sign and the intensity of M C D , 
the band (1) will be mainly dominated by spin-allowed 
transition to a quartet excited state and the others 
(2)—(4) by transitions to doublet excited ones. 

This type of heteropolyanions studied here is a real 
te trahedral complex and stable even in dilute 
nonaqueous solution. These compounds lie in high-spin 
state, or paramagnetic state because of small 10 Dq. 
T h e crystal field theory and ligand field theory, which 
have been applied to the traditional octahedral coordina­
tion complexes, are acceptable to explain the spectral 
and magnetic properties. 
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tetradecane (L), Circular Dichroism Spectra of Ni (II) Complexes with 

the Active Ligand, and the Absolute Configuration of 
(-)589-[{Ni(SS-L)}2(rf-tart)(H20)](C104)2-2H20 as Determined 

by the X-Ray Analysis 

Haruko ITO,™ Junnosuke FujiTA,r'n Koshiro TORIUMI^ and Tasuku ITO*'1 

^Division of Applied Molecular Science, Institute for Molecular Science, Okazaki 444 
^Department of Chemistry, Faculty of Science, Nagoya University, Chikusa-ku, Nagoya 464 

(Received April 6, 1981) 

The title ligand (L) has been resolved through its rf-tartrato-nickel(II) complex. The X-ray analysis shows that 
the less-soluble (—)589-diastereomer has a dinier structure with the folded macrocycles, [{NiL}2(</-tart)(H20)]-
(ClOiJa^HaO, and that the chiral carbon atoms have the absolute configuration of S. Axial methyl groups of 
geminal dimethyl pairs of each nickel (II) complex in the dimer provide stereoselective environment for the coordina­
tion site of the rf-tartrate ion. Stereospecific hydrogen-bonds between a secondary amine group of the macrocyclic 
ligand or coordinated water and hydroxyl or carboxyl oxygens of the rf-tartrate ion play also an important role 
in the optical resolution. Pairs of enantiomers of the free ligand and three isomers of the four-coordinate nickel (II) 
complex have been isolated. Circular dichroism spectra of various four- and six-coordinate complexes with the 
optically active ligand have been described. 

Transit ion metal complexes of the tetraaza-fourteen 
membered macrocyclic ligand (L) 1 have been studied 
in depth.1) However, the optically active form of the 
ligand has not been reported so far, al though unsuc­
cessful attempts of the optical resolution of its nickel(II) 
complex, [Ni(rac-h)]2+, by column chromatography 
have been documented.2) In this study, we aimed to 
resolve rac-h into the optically active form. The nickel-
(II) complex, [Ni(rac-L)]2+ , has been known to exist as 
three isomeric a-, ß-, and y-forms and their structures 
have been determined by X-ray analyses and XH N M R 
study as shown in structural formulae 2—4.3>4) T h e 
isomerism arises from a difference in conformations of 
six- and five-membered chelate rings associated with 
combination of chiralities of the four coordinated 
secondary amine nitrogens. Of these three isomers, only 
the a-isomer reacts readily with a bidentate ligand such 
as oxalate, acetylacetonate, acetate, or nitrate ion to 
form cis-type six-coordinate complexes with the macro-
cycle folded.4-6) I t was anticipated that optically active 
bidentate ligands such as (Ä)-l ,2-propanediamine, (£)-
amino acidate, and (R,R) -«/-tartrate ions might react 
stereospecifically with the a-isomer to give sterically 

3(P) 4(7) 

favored six-coordinate diastereomers and thereby the 
racemic ligand could be resolved into the enantiomers. 
T h e optical resolution of rac-h has been achieved 
successfully with ^-tartrate ions. The absolute configura­
tions of chiral centers have been determined by the 
X-ray crystallographic analysis of the less-soluble 
diastereomer. Preparations and circular dichroism 
spectra of various nickel(II) complexes with the optically 
active ligand are also described. Throughout this paper, 
abbreviations, SS-h and RR-h, are used for the ligand 
with the C(7)S,C(14)S- and C(7)Ä,C(14)Ä-configura-
tions, respectively. T h e racemic mixture is designated 
as rac-h. 

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

Materials. The racemic complex, a-[Ni(rat-L)](C104)2, 
was prepared as reported previously.4) 

(-)uA{M(SS-L)}t(d-tart)(H20)](ClOJ.2HtO. Addi­
tion of 7.2 g of tetrabutylammonium bromide to an acetonitrile 
solution of <x-[Ni(rac-L)](C104)2 (4.0 g in 160 cm3) gives green 
precipitate of the bromide salt (yield, 3.6 g). Found: C, 
38.61; H, 7.43; N, 11.00%. Calcd for NiC16H36N4Br2 : C, 
38.20; H, 7.21 ; N, 11.14%. Four grams of the bromide (8.0 
mmol) are dissolved in 160 cm3 of water at room temperature 
and 0.50 g of sodium ^-tartrate dihydrate (2.2 mmol) dissolved 
in a minimum amount of water are added portionwise. Color 
of the solution turns gradually greenish brown. After 30 min, 
0.60 g of sodium Perchlorate (4.0 mmol) dissolved in a 
minimum amount of water is added to this solution. Then 
the solution is chilled in an ice-bath for 1 h. The blue-violet 
precipitate is filtered and washed with chilled water, ethanol, 
and ether. Yield, 1.70 g. The filtrate (solution A) contains 
the other enantiomer and is used in the subsequent treatment 
(see below). The optical purity is checked by the £-value of 
the product in 1 mol dm - 3 perchloric acid, where g= |Ae440|/ 
e450 is 0.018 for the optically pure form. Judging from the 
£-value, the optical purity of the product at this stage is more 
than 90%. Recrystallization from acetonitrile gives blue-
violet crystals. Found: C, 40.33; H, 7.71 ; N, 10.78%. Calcd 
for Ni2C36H82N8Cl2017: C, 39.76; H, 7.60; N, 10.30%. 
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a-, £-, and y-[Ni(SS-L)](ClOJ2. The optically active 
a-isomer is prepared by stirring 2.0 g of ( — )689-[{Ni(&S-L)}2-
(rf-tart)(H20)](G104)2-2H20 in 30 cm3 of 70% perchloric acid 
at room temperature. Within a few min, the starting blue-
viclet complex decomposes to give a bright orange solution. 
A yellow product is obtained upon addition of cold water to 
the solution, and is recrystallized from 0.1 mol d m - 3 perchloric 
acid. Found: C, 34.73; H, 6.73; N, 10.03%. Calcd for 
NiC 1 6 H 3 6 N 4 Cl 2 0 8 : C, 35.45; H, 6.69; N, 10.34%. The ß-
derivative is prepared from the a-isomer following the reported 
procedure for the racemate3* and recrystallized from 0.1 mol 
d m - 3 perchloric acid. Found: C, 34.60; H, 6.53; N, 10.05%. 
Large red-orange crystals are obtained from a dilute solution 
of either a- or 0-[Ni(ÄS-L)](ClO4)2 upon standing the solution 
for several days. These are identified with the 1H N M R 
spectrum in CH3CN-</3 to be the y-isomer. In contrast to 
the a- and ^-isomers, the XH N M R spectrum of the y-isomer 
shows that the six methyl groups are not pairwise equivalent.3) 
Found: C, 34.88; H, 6.59; N, 10.32%. 

(+)589-E{NiÇ&R-L)}2ox](CIOJ2-H20. To the solution A 
(see above) is added 1.0 g of sodium oxalate and 1.0 g of sodium 
Perchlorate. The solution is basified to pH «*10 with aqueous 
sodium hydroxide to give a pale blue product. This is a 
well characterized racemic oxalate dimer, [{Ni(ra£-L)}2ox]-
(C104)2,la'4> and is filtered off (ca. 1.3g).7> The pH of the 
blue filtrate is adjusted to œ\ with drop wise addition of 60% 
perchloric acid in an ice-bath to yield a blue-violet product. 
This is almost optically pure ( + )5 89-[{Ni(AR-L)}2ox](C104)2-
H 2 0 (yield, 1.12 g) and is recrystallized from methanol. 
Found: C, 40.93; H, 7.54; N, 11.30%. Calcd for Ni2C3 4-
H7 4 N8C1201 3: C, 41.12; H, 7.52; N, 11.30%. The structural 
formula is tentative. The addition of excess perchloric acid 
results in decomposition of the blue-violet product and forma­
tion of the yellow a-isomer. 

a-, ß-, and y-[Ni(KR-L)] (ClOJ2. a-, ß-, and y-Com­
plexes of RR-L are obtained from ( + ) 5 8 9-[{Ni(Äß-L)} 2ox]-
(C10 4 ) 2 «H 2 0 in a manner similar to synthetic procedures for 
the SS-L complexes from ( - ) 5 8 9 - [ {Ni (^-L)} 2 (d / - tar t ) (H 2 0) ] -
(C10 4 ) 2 «2H 2 0. Crude products are recrystallized from 0.1 
mol d m - 3 perchloric acid. Found for a: C, 34.65; H, 6.59; 
N, 10.09%. Found for ß: C, 34.85; H, 6.60; N, 10.16%. 
Found for y: C, 34.78; H, 6.63; N, 10.28%. 

Optically Active Free Ligands. Following the reported 
procedures for the racemate,8'9^ the optically active free ligand 
is obtained from a-[Ni(ÄS- or ÄR-L)](C104)2 by sodium 
cyanide decomposition in strongly alkaline aqueous media 
(yie ld>90%). Found for SS-L: C, 66.03; H, 13.16; N, 
19.18% (C/N=4 .02) . Found for RR-L: C, 66-14; H, 13.14; 
N, 19.43% (C/N=4 .03 ) . Calcd for C 1 6 H 3 6 N 4 .0 .5H 2 O: C, 
65.48; H, 12.70; N, 19.08% ( C / N = 4 . 0 0 ) . 

Measurements. The electronic absorption and circular 
dichroism spectra were recorded on a Hitachi 340 spectro­
photometer and a JAS CO J-40 spectropolarimeter, respec­
tively. Optical rotations were measured with a JASCO 
DIP-4 Polarimeter. 

X-Ray Analysis. Blue-violet prismatic single crystals of 
the less-soluble diastereoisomer, (—)589-[{Ni(SS-L)}2(^-tart)-
(H 2 0) ] (C10 4 ) 2 *2H 2 0 , were obtained from an acetonitrile 
solution. A specimen with dimensions 0.28 mm X 0.32 mm X 
0.36 mm was used for the X-ray study. Diffraction data were 
measured on a Rigaku AFC-5 diffractometer with graphite 
monochromatized Mo KOL radiation. Within the range 2d<^ 
60°, 5310 independent reflections with | i r

0 |>3^(|^'o|) were 
obtained. Intensities were corrected for Lorentz and polariza­
tion factors but not for absorption. 

Crystal data are: Monoclinic, P2t> a= 17.568 (3), b= 11.482 
(2), c = 1 3 . 2 7 2 ( 2 ) A, 0 = 1 0 2 . 5 9 ( 1 ) ° , (7=2612.8 (6) A3, 
Z = 2 , £ ) m = 1 . 3 9 , £ > x = 1 . 3 9 g cm- 8 , / / (Mo#a) = 8.95 cm"1. 

The structure was solved by the heavy atom method and 
refined by a block-diagonal least-squares method. The 
weighting scheme, w=[<reonnt

2+(Q.Q\5\F0\)
2]-1,wsiS employed. 

All hydrogen atoms except for those of water of crystallization 
and one of the methyl protons were located by the difference 
Fourier syntheses, and included in the final refinement with 
the isotropic temperature factors. The final R indicies were 
# = 0 . 0 4 7 and i?w = 0.057. Table 1 lists the final atomic 
coordinates. 10> 

TABLE 1. ATOMIC COORDINATES ( X 105) AND 

THEIR STANDARD DEVIATIONS 

Atom x y z 

NI(l) 
NCI) 
N(4) 
NC8) 
N(ll) 
C(2) 
C<3) 
C(5) 
C(6) 
C( /) 
C(9) 
C(10) 
C(12) 
C(13) 
CC14) 
CC15) 
C(16) 
C U 7 ) 
CC18) 
C(X9) 
CC20) 
NI(2) 
N U ' ) 
N(4' ) 
N ( 8 ' ) 

N(ll') 
C ( 2 ' ) 
C(3' ) 
C(5' ) 
cce>' ) 
C ( 7 ' ) 
CC9' ) 
CU0') 
CU2' ) 
CU3') 
C U V ) 
CU5' ) 
CU6' ) 
CU7« ) 
CU8' ) 
C(19' ) 
C(20' ) 
C(*l> 
C(22) 
C(23) 
C(24) 
(Hi) 
0(2) 
0(3) 
0(4) 
D(5) 
(3(6) 
ÜW(C) 
C L U ) 
Ü P U ) 
UP(2) 
UPC 3) 
QP(4) 
CL(2) 
QP(5) 
UP(6) 
UPC 7) 
UP(8A) 
UP(8B) 
ÜPC8C) 
0WC1 ) 
ÜWC2A) 
ÜWC28) 

22929C 4) 
1AA35C30) 
29849(29) 
28850(32) 
15677(32) 
16762(38) 
25082(39) 
38319(37) 
39191(39) 
37464(42) 
26961(49) 
18263(52) 
6908(42) 
4069(42) 
6104(42) 

41499(42) 
42861(42) 
41212(65) 
2830(58) 
4787(46) 
598(59) 

27155( 4) 
34506(27) 
18117(29) 
23286(28) 
36804(29) 
30096(41) 
21761(39) 
10034(39) 
10379(38) 
14599(39) 
27783(42) 
36093(39) 
44960(40) 
47127(35) 
42431(36) 
6505(41) 
4948(46) 
12525(46) 
45267(44) 
5Ü927C47) 
46834(41) 
25793(36) 
27374(36) 
19873(35) 
21599(36) 
29411(25) 
20740(26) 
21508(25) 
23421(32) 
32666(28) 
15827(28) 
29283(28) 
65260(14) 
63506(50) 
58153(49) 
70102(65) 
68169(67) 
20760(21) 
16115(68) 
19849(65) 
21814(86) 
28025(156) 
2/290(194) 
29587(215) 
17872(47) 
17027(81) 
15627(131) 

46899( 7) 
43099(45) 
51602(45) 
31323(47) 
40754(52) 
50050(80) 
48219(/4) 
48193(65) 
35212(65) 
31525(67) 
27670(71) 
28462(78) 
41677(73) 
37556(84) 
44776(80) 
49965(84) 
56027(72) 
19516(93) 
34581(110) 
54388(90) 
40334(195) 

100000( 7) 
109031(40) 
111006(44) 
86615(45) 
88392(46) 

119391(55) 
116236(59) 
106290(65) 
95175(73) 
84574(62) 
76158(54) 
79254(58) 
92928(61) 

101024(67) 
112005(56) 
104245(77) 
115238(83) 
73939(76) 
99196(79) 
82937(80) 
120402(66) 
65048(56) 
75867(57) 
80733(52) 
91633(53) 
55796(40) 
65479(40) 
90698(35) 

100666(41) 
73141(47) 
72269(45) 

113268(39) 
37981(23) 
38103(84) 
35896(127) 
28658(97) 
47629(86) 

-55488(21) 
-47162(68) 
-66050(76) • 
-54949(82) • 
"54100(229) 
-48853(256)-
-59882(375)-
15638(79) 

618(147) 
-15958(225) 

5120( 5) 
-8101(36) 
-5668(35) 
8746(39) 

15049(39) 
-16189(44) 
-15995(43) 
-3853(51) 
-824(57) 
9482(56) 
18625(56) 
17431(58) 
11990(56) 

884(59) 
-7743(54) 

-13688(59) 
4791(58) 

12419(87) 
19093(72) 
13195(75) 

-17453(74) 
53275C 5) 
65493(33) 
56710(34) 
61711(34) 
52921(38) 
67336(48) 
66933(46) 
56060(48) 
62363(49) 
59521(46) 
597/9(52) 
60450(54) 
53938(54) 
63421(51) 
63740(46) 
44512(53) 
60368(66) 
65269(63) 
43861(57) 
55467(70) 
71959(57) 
15315(46) 
22096(45) 
24096(41) 
30668(44) 
18505(31) 
6980(30) 

40120(29) 
26461(30) 
31679(37) 
28421(34) 
42681(31) 
9793(15) 
-894(44) 

13599(64) 
13386(61) 
13791(54) 

-52284(18) 
-57536(76) 
-56694(60) 
-42196(58) 
-47074(206) 
-57804(214) 
-53608(210) 
-8388(51) 
4123(100) 

-4642(155) 

The calculations were carried out on the H I T A C M-200H 
computer at the Computer Center of the Institute for 
Molecular Science with Universal Crystallographic Compu­
tation Program System U N I C S III.11) 
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R e s u l t s and D i s c u s s i o n 

Optical Resolution and Syntheses of the Nickel (II) Complexes 
with the Optically Active Ligand. T h e optical 
resolution of rac-L was performed by taking advantage 
of the characteristic nature of a-[Ni(rac-L)]2 + ; this 
isomer readily forms cis-type six-coordinate complex 
with a bidentate chelate ligand. T h e use of rf-tartrate 
has proved successful. But attempts by use of (i?)-l,2-
propanediamine and (S) -proline were ineffective, al­
though they reacted with the a-complex to give six-
coordinate complexes. 

As has been well characterized, the a-isomer isomerizes 
in neutral or at much faster rate in basic media to the 
thermodynamically more stable ^-isomer to give an 
equilibrium mixture.4) Therefore, the perchlorate salt 
of the a-isomer was converted to the bromide salt so as to 
enhance the solubility and to dissolve quickly the 
racemic compound in the a-form in water. React ion of 
<x-[NiBr2(rac-L)] with rf-tartrate salt and subsequent 
addition of sodium perchlorate yielded the crystalline 
less-soluble diastereomer. Addition of excess sodium 
perchlorate gave less optically pure product. O n 
account of the two facts mentioned above, the conver­
sion of the perchlorate to the bromide is essential for the 
present synthetic procedures. 

T h e less-soluble diastereomer was shown to be 
( - ) „ , - [ {Ni ( J5 -L)} 1 ( r f - t a r t ) (H 1 0) ] (C10 4 ) ï . 2H 1 0 by the 
X-ray analysis (videinfra). T h e other enantiomer was 
isolated as the oxalate dimer, (+)5 8 9-[{Ni(AA-L)}2ox]-
( C 1 0 4 ) 2

, H 2 0 . W h e n sodium oxalate is added to the 
filtrate obtained after the isolation of the less-soluble 
diastereomer, two kinds of oxalate dimers, optically 
active and racemic ones, are obtained. Since the 
perchlorate of the racemic compound is practically 
insoluble while the optically active one is fairly soluble 
in methanol, the separation of these two oxalate dimers 
are accomplished easily. 

The optical purities of the diastereomer and the 
oxalate dimers were examined at each step of proce­
dures by monitoring ^-values (Ae440/e460) of the com­
plexes dissolved in 1 mol d m - 3 perchloric acid, where 

all the compounds are converted to four-coordinate 
complexes in the a-form. 

T h e optically active four-coordinate complexes of a-, 
ß-, and y-fNiOSS- or RR-L)](C\Oi)2 were obtained from 
[{Ni(^-L)} 2 ( r f - t a r t ) (H 2 0) ] (C10 4 ) 2 -2H 2 0 or [{Ni(ÄÄ-
L)} 2ox](C10 4 ) 2«H 20 in a way similar to the procedure 
for the isolation of the respective racemic complexes. 

A pair of enantiomers of free ligand has been isolated 
successfully from the optically active nickel(II) com­
plexes in a synthetic scale. Using these ligands, optically 
active complexes of other metal ions can be prepared.12) 

X-Ray Structure Analysis of (—)589-[{Ni(SS-L)}2(d-
tart)(H20)](ClOJ2-2H20. T h e structure analysis 
revealed that the compound is a dimer of [Ni(5'6 ,-L)]2+ 

with a bridged rf-tartrate ion. A stereoscopic view of the 
dimer is shown in Fig. 1, in which only hydrogen atoms 
of N H groups and those bonded to chiral carbon atoms 
are depicted. Bond lengths and angles within the 
dimer are listed in Tables 2 and 3, respectively. Each 
Ni(II) in the dimer has a six-coordinate structure with 

TABLE 2. BOND LENGTHS (//A) WITHIN THE COMPLEX 

CATION A N D THEIR ESTIMATED STANDARD DEVIATIONS 

N I U ) 
N ! ( l ) 
N K U 
N K U 
N I U ) 
N J ( 1 ) 
N ( l ) 
N U ) 
N ( 4 ) 
N<4> 
N ( 8 ) 
NC8) 
N U I ) 
N U I ) 
C ( 2 ) 
C<5) 
C<6> 
C<5> 
C ( 5 ) 
C<7) 

cm C U 2 ) 
C U 3 ) 
C U 2 ) 
C U 2 ) 
C U 4 ) 

CC21) 
C<21> 
C ( 2 2 ) 
C ( 2 1 ) 
C<22) 

- N U ) 
- N « 4 ) 
- N ( 8 ) 
- N ( l l > 
- 0 U ) 
- 0 ( 2 ) 
- C ( 2 ) 
- C U 4 ) 
-C(3> 
- C ( 5 ) 

-cm -C<9> 
- C U O ) 
- C U 2 ) 
- C ( 3 ) 
- C ( 6 ) 
- C ( 7 ) 
- C U 5 ) 
- C U 6 ) 
- C U 7 ) 
- C U O ) 
- C U 3 ) 
- C U 4 ) 
- C U 8 ) 
- C U 9 ) 
-CC2Q) 

- O U ) 
- 0 ( 2 ) 
- 0 ( 5 ) 
- C ( 2 2 ) 
- C ( 2 3 ) 

2 , 0 8 7 ( 4 ) 
2 , 1 4 0 < 5 ) 
2 , 0 7 2 ( 5 ) 
2 , 1 4 2 « 6 ) 
2 , 1 4 8 ( 4 ) 
2 . 1 9 K 5 ) 
1 . 4 6 5 ( 9 ) 
1 , 4 8 7 « 9) 
1 , 4 9 3 « 7 ) 
1 , 5 0 6 « 8 ) 
1 , 4 9 5 « 9 ) 
1 , 4 8 2 ( 1 0 ) 
1 , 4 9 5 ( 1 1 ) 
1 , 5 0 9 ( 9 ) 
1 , 4 7 1 ( 1 0 ) 
1 , 5 4 3 ( 1 1 ) 
1 , 5 2 4 ( 1 1 ) 
1 . 5 4 K U ) 
1 , 5 3 7 ( 1 0 ) 
1 , 5 4 1 ( 1 3 ) 
1 , 5 0 4 ( 1 3 ) 
1 , 5 2 5 ( 1 0 ) 
1 . 5 1 8 ( 1 2 ) 
1 , 5 3 6 ( 1 4 ) 
1 , 5 2 3 ( 1 3 ) 
1 , 5 2 1 ( 1 3 ) 

1 , 2 6 3 ( B) 
1 . 2 5 9 ( 7 ) 
1 , 4 3 7 ( 7 ) 
1 , 5 2 4 ( 9 ) 
1 , 5 0 7 ( 9 ) 

NI<2) 
N K 2 ) 
N J ( 2 ) 
N K 2 ) 
N K 2 ) 
N!<2) 
N ( l ' ) 
N U ' ) 
N ( 4 ' ) 
N ( 4 ' ) 
N ( 8 ' ) 
N ( 8 ' ) 
N U I ' : 
N U I « : 
C < 2 ' > 
C ( 5 < ) 
C ( 6 ' ) 
C ( 5 ' ) 
C ( 5 « ) 
C ( 7 M 
C < 9 ' ) 
C U 2 ' 1 
C U 3 » ; 
C U 2 ' 1 
C U 2 ' 1 
cu4>: 
C ( 2 4 ) 
C ( 2 4 ) 
C ( 2 3 ) 
C ( 2 3 ) 

- N U M 
- N ( 4 M 
- N ( 8 l > 
- N U I » ) 
- 0 ( 3 ) 
-0W(C) 
- C ( 2 ' ) 
- C U 4 « ) 
- C ( S ' ) 
- C ( 5 » ) 
- C < 7 ' ) 
- C < 9 ' ) 

I - C ( I O ' ) 
) - C ( 1 2 ' ) 
- C ( 3 » ) 
- C ( 6 ' ) 
- C ( 7 < ) 
- C U 5 ' ) 
- C U 6 ' ) 
- C U 7 ' ) 
- C ( I O ' ) 

I - C U 3 ' ) 
I - C U 4 ' ) 
I - C U 8 ' ) 
I - C U 9 ' ) 
l - C < 2 0 ' ) 

- 0 ( 3 ) 
- 0 ( 4 ) 
- 0 ( 6 ) 
- C ( 2 4 ) 

2 . U 2 J 4 ) 
2 , 1 5 4 ( 5 ) 
2 . 1 0 0 « 5 ) 
2 , 1 6 5 ( 5 ) 
2 , 1 0 2 « 4 ) 
2 , 1 6 0 ( 5 ) 
1 . 4 6 9 ( 8 ) 
1 , 5 0 0 ( 8 ) 
1 , 4 9 4 { 7 ) 
1 , 5 0 4 ( 9 ) 
1 , 5 0 8 ( 8 ) 
1 . 4 9 0 « 9 ) 
1 , 4 7 3 ( 9 ) 
1 . 5 0 3 « 9) -
1 , 4 9 8 ( 1 0 ) 
1 . 5 2 0 ( 1 1 ) 
1 . 5 1 5 ( 1 1 ) 
1 . 5 4 K 9 ) 
1 . 5 5 0 ( 1 2 ) 
1 . 5 2 5 ( 1 1 ) 
1 . 4 8 6 U 0 ) 
1 . 5 * 4 ( 1 0 ) 
1 . 5 1 2 ( 1 0 ) 
1 , 5 3 0 ( 1 1 ) 
1 , 5 3 7 ( 1 1 ) 
1 , 5 3 3 ( 9 ) 

1 , 2 6 3 ( 7 ) 
1 , 2 5 2 ( 8 ) 
1 , 3 9 9 ( 8 ) 
1 , 5 1 8 ( 8 ) 

C2- C3 

Fig. 1. Stereoview of the structure of (—)689-[{Ni(55-L)}2-
(rf-tart) (HaO)]2+. Dotted lines indicate hydrogen-bonds. 
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TABLE 3. BOND ANGLES {<f>l°) WITHIN THE COMPLEX CATION 

AND THEIR ESTIMATED STANDARD DEVIATIONS 

N U ) 
N ( l ) 
N ( l ) 
N ( l ) 
N U ) 
N<4) 
N<4) 
N<4) 
N<4) 
N ( 8 ) 
N ( 8 ) 
N ( 8 ) 
N ( l l ) 
N ( l l ) 
0 ( 1 ) 

Ni ( 1 ) 
N I U ) 
N I U ) 
N I U ) 
N K 1 ) 
N K 1 ) 
N l ( l ) 
N I U ) 
C ( 2 ) 
C(3> 
C ( 7 ) 
C ( 1 0 ) 
N U ) 
N U ) 
N ( 4 ) 
N ( 4 ) 
N ( 8 ) 
N ( 8 ) 
N ( l l ) 
N ( l l ) 
N U ) 
N ( 4 ) 
N ( 4 ) 
N ( 8 ) 
N ( l l ) 
N ( H ) 
C ( 5 ) 
C U 2 ) 
C ( 6 ) 
C ( 6 ) 
C U 5 ) 
C ( 6 ) 
C ( 1 3 ) 
C U 3 ) 
C U 8 ) 
C U 3 ) 

N I U ) 
N I U ) 
0 ( 1 ) 
C ( 2 2 ) 
C ( 2 2 ) 
C ( 2 1 ) 
C ( 2 3 ) 
C ( 2 1 ) 

" N I U ) 
- N I U ) 
- N I U ) 
- N J U ) 
- N J U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 
- N I U ) 

- N U ) 
- N U ) 
- N ( 4 ) 
- N ( 4 ) 
- N ( 8 ) 
- N ( 8 ) 
- N U I ) 
- N U I ) 
- N U ) 
- N ( 4 ) 
- N ( 8 ) 
- N U I ) 
- C ( 2 ) 
- C U 4 ) 
- C ( 3 ) 
- C ( 5 ) 
- C ( 7 ) 
- C ( 9 ) 
- C U O ) 
- C U 2 ) 
- C U 4 ) 
- C ( 5 ) 
- C ( 5 ) 

-cm - C U 2 ) 
- C U 2 ) 
- C ( 6 ) 
- C U 3 ) 
- C ( 5 ) 
- C ( 5 > 
- C ( 5 ) 
• C ( 7 ) 
- C U 2 ) 
- C U 2 ) 
- C U 2 ) 
- C U 4 ) 

- O U ) 
- 0 ( 2 ) 
- C ( 2 1 ) 
- C ( 2 1 ) 
- C ( 2 1 ) 
- C ( 2 2 ) 
- C ( 2 2 ) 
- C ( 2 2 ) 

- N ( 4 ) 
- N ( 8 ) 
- N U I ) 
- 0 ( 1 ) 
- 0 ( 2 ) 
- N ( 8 ) 
* N ( 1 1 ) 
- 0 U ) 
- 0 ( 2 ) 
- N U I ) 
- 0 ( 1 ) 
- 0 ( 2 ) 
- 0 ( 1 ) 
- 0 ( 2 ) 
- 0 ( 2 ) 

- C ( 2 ) 
. C U 4 ) 
• C ( 3 ) 
- C ( 5 ) 
<-C(7> 
- C ( 9 ) 
- C U O ) 
• C U 2 ) 
- C U 4 ) 
- C ( 5 ) 
- C ( 9 ) 
- C U 2 ) 
- C ( 3 ) 
- C U 3 ) 
- C ( 2 ) 
* C ( 6 ) 
- C ( 6 ) 

•c(;o) 
- C ( 9 ) 
- C U 3 ) 
- C ( 2 0 ) 
- C U 5 ) 
- C U 6 ) 
- C U 7 ) 
- C U 8 ) 
- C U 9 ) 
- C ( 7 ) 
- C U 4 ) 
• C U 5 ) 
- C U M 
- C U 6 ) 
- C U 7 ) 
- C U f l ) 
• C U 9 ) 
- C U 9 ) 
- C ( 2 0 ) 

- C ( 2 1 ) 
- C ( 2 1 ) 
' 0 ( 2 ) 
- 0 ( 1 ) 
- 0 ( 2 ) 
- 0 ( 5 ) 
- 0 ( 5 ) 
- C ( 2 3 ) 

8 4 , 1 ( 
1 0 4 , 2 ( 

9 2 . 1 ( 
1 6 1 , 4 ( 
1 0 0 , 8 ( 

9 2 , 5 ( 
1 7 4 , 6 ( 

9 9 , 0 ( 
8 8 , 2 ( 
8 4 , 8 ( 
9 4 , 0( 

1 5 4 , 9 ( 
8 5 , 8 ( 
9 6 , 3 ( 
6 1 , 2 < 

1 0 3 . 9 ( 
1 1 8 , 3 ( 
1 0 5 . 2 ( 
1 2 0 . 9 ( 
1 1 6 . 8 ( 
1 0 4 . 6 ( 
1 0 4 . 3 ( 
1 2 1 . 4 ( 
1 1 2 , 7 ( 
1 1 4 , 6 ( 
1 1 1 , 4 ( 
1 1 1 , 6 ( 
1 1 0 , 1 ( 
1 1 0 . 4 ( 
1 0 9 . 6 ( 
1 0 9 . 3 ( 
1 1 0 . 0 ( 
1 0 7 . 9 ( 
1 0 9 . 5 ( 
1 0 9 . 8 ( 
1 1 2 . 2 ( 
1 1 1 . 0 ( 
1 0 7 . 5 ( 
1 U . 9 ( 
1 1 2 . 5 ( 
1 0 7 . 3 ( 
1 1 8 . 3 ( 
1 1 8 . 6 ( 
1 0 8 . 3 ( 
1 1 1 . 4 ( 
1 0 9 . 3 ( 
1 0 8 , 5 ( 
1 0 9 . 3 ( 
1 1 1 . 3 « 
1 0 6 . 6 ( 
1 0 4 , 2 ( 

8 9 . 2 ( 
8 7 . 3 ( 

1 2 2 . 3 ( 
1 1 8 . 3 ( 
1 1 9 , 3 ( 
1 1 0 , 2 ( 
1 1 0 . 3 ( 
1 1 0 . 6 ( 

2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 

4 ) 
4 ) 
4 ) 
4 ) 
4 ) 
4 ) 
5 ) 
4 ) 
5 ) 
5 ) 
5 ) 
6 ) 
6 ) 
6 ) 
5 ) 
5 ) 
5 ) 
6 ) 
7 ) 
6 ) 
7 ) 
5 ) 
6 ) 
7 ) 
6 ) 
6 ) 
6 ) 
7 ) 
6 ) 
5 ) 
6 ) 
7 ) 
7 ) 
7 ) 
8 ) 
9 ) 

3 ) 
4 ) 
6 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 

N U « ) 
N U ' ) 
N U ' ) 
N U ' ) 
N U ' ) 
N ( 4 ' ) 
N ( 4 ' ) 
N ( 4 ' ) 
N ( 4 ' ) 
N ( 8 ' ) 
N ( 8 ' ) 
N(8» ) 
N U I ' 
N U I ' 
0 ( 3 ) 

NI ( 2 ) 
N I ( 2 ) 
N K 2 ) 
N K 2 ) 
N K 2 ) 
N K 2 ) 
N K 2 ) 
N M 2 ) 
C(2» ) 
C ( 3 ' ) 
C ( 7 » ) 
C U O » 
N U ' ) 
N U ' ) 
N ( 4 ' ) 
N(4» ) 
N(8» ) 
N ( 8 » ) 
N U I ' 
N U I » 
N U ' ) 
N ( 4 ' ) 
N ( 4 ' ) 
N ( 8 ' ) 
N U I ' 
N U I « 
C ( 5 » ) 
C U 2 ' 
C ( 6 ' ) 
C ( 6 ' ) 
C U 5 » 
C ( 6 « ) 
C U 3 ' 
C U 3 ' 
C U B ' 
C U 3 » 

N K 2 ) 

0 ( 3 ) 
C ( 2 3 ) 
C ( 2 3 ) 
C ( 2 2 ) 
C ( 2 4 ) 
C ( 2 2 ) 

- N K 2 ) 
- N K 2 ) 
- N K 2 ) 
- N M 2 ) 
- N K 2 ) 
- N K 2 ) 
- N K 2 ) 
- N K 2 ) 
- N M 2 ) 
- N K 2 ) 
- N K 2 ) 
- N K 2 ) 

) - N I ( 2 ) 
) - N I ( 2 ) 

- N I ( 2 ) 

- N ( l » ) 
- N U » ) 
- N ( 4 ' ) 
- N ( 4 « ) 
- N ( 8 » ) 
- N ( 8 » ) 
- N U I ' 
- N U I ' 
» N U » ) 
- N ( 4 « ) 
- N ( 8 ' ) 

) - N ( l l » 
- C ( 2 » ) 
- C U 4 ' 
- C ( 3 ' ) 
- C ( 5 » ) 
- C ( 7 M 
- C ( 9 » ) 

) - C U 0 ' 
) - C U 2 ' 

- C U 4 ' 
- C ( 5 » ) 
- C ( 5 » ) 
- C ( 7 » ) 

) - C U 2 ' 
> - C U 2 ' 

- C ( 6 » ) 
) - C U 3 ' 

- C ( 5 ' ) 
- C ( 5 » ) 

) - C ( 5 ' ) 
- C . ( 7 » ) 

) - C U 2 ' 
) - C U 2 ' 
) - C U 2 ' 
) - C U 4 ' 

- 0 ( 3 ) 

- C ( 2 4 ) 
- C ( 2 4 ) 
- C ( 2 4 ) 
- C ( 2 3 ) 
- C ( 2 3 ) 
- C ( 2 3 ) 

- N ( 4 » ) 
- N ( 8 « ) 
- N U I » ) 
- 0 ( 3 ) 
-0W(C) 
- N ( 8 ' ) 
- N U I ' ) 
• 0 ( 3 ) 
-0W(C) 
- N ( l l ' ) 
- 0 ( 3 ) 
-0W(C) 
- 0 ( 3 ) 
-0W(C) 
-0W(C) 

- C ( 2 » ) 
- C U 4 « ) 
- C ( 3 ' ) 
- C ( 5 M 
- C ( 7 ' ) 
- C ( 9 M 

) - C U 0 ' ) 
) - C U 2 ' ) 

- C ( 1 4 ' ) 
- C ( 5 » ) 
- C ( 9 ' ) 

) - C U 2 » ) 
- C ( 3 « ) 

) - C U 3 « ) 
- C ( 2 ' ) 
- C ( 6 ' ) 
- C ( 6 ' ) 
- C U O » ) 

) - C ( 9 ' ) 
) - C ( 1 3 « ) 
- C ( 2 0 ' ) 
- C ( 1 5 ' ) 
- C U 6 ' ) 
- C U 7 » ) 
- C ( I B ' ) 
- C U 9 » ) 
- C ( 7 « ) 
- C U 4 » ) 
- C U 5 ' ) 
- C U 6 ' ) 
- C U 6 ' ) 
- C U 7 ' ) 
- C U R ' ) 
- C U 9 ' ) 
- C U 9 ' ) 
« C ( 2 0 ' ) 

- C ( 2 4 ) 

- 0 ( 4 ) 
- 0 ( 3 ) 
- 0 ( 4 ) 
- 0 ( 6 ) 
• 0 ( 6 ) 
- C ( 2 4 ) 

8 4 . 6 ( 
9 9 . 5 ( 
8 8 . 2 ( 

1 7 0 , 5 ( 
8 9 . 4 ( 
8 8 , 7 ( 

1 6 9 , 2 ( 
1 0 3 , 7 ( 

8 7 , 9 ( 
8 4 , 7 ( 
8 b , 5 ( 

1 7 0 . 1 ( 
8 4 , 2 ( 
9 9 , 9 ( 
8 6 , 3 ( 

1 0 5 , 6 ( 
1 1 5 , 2 ( 
1 0 3 , 8 ( 
1 2 0 , 4 ( 
1 1 6 , 3 ( 
1 0 4 , 6 ( 
1 0 4 . Q ( 
1 2 1 , 4 « 
1 1 2 , 5 ( 
1 1 4 , 1 ( 
1 1 3 , 2 ( 
1 1 4 , 0 ( 
1 1 0 . 2 ( 
1 1 0 , 2 ( 
1 1 0 , 6 ( 
1 1 0 , 3 ( 
1 1 0 , 9 ( 
1 1 0 , 4 ( 
1 1 0 , 9 ( 
1 1 0 . 0 « 
1 1 2 . 0 ( 
1 0 6 . 4 ( 
1 1 0 , 7 ( 
1 1 1 , 7 « 
1 0 7 , 4 ( 
1 1 1 , 3 « 
1 2 0 . 0 ( 
1 1 9 , 1 « 
1 1 2 , 2 « 
1 0 8 , 1 ( 
1 0 9 . 2 ( 
1 0 9 , 6 ( 
1 1 2 , 3 ( 
1 0 7 , 6 ( 
1 0 8 , 3 ( 
H O . 5 ( 

1 3 2 , 5 ( 

1 2 5 . 0 ( 
1 1 7 , 2 « 
1 1 7 , 7 « 
1 1 0 . 9 « 
1 1 3 , 1 « 
1 0 9 , 5 « 

2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 
2 ) 

3 ) 
3 ) 
4 ) 
4 ) 
4 ) 
4 ) 
4 ) 
4 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
6 ) 
5 ) 
5 ) 
6 ) 
5 ) 
5 ) 
6 ) 
6 ) 
5 ) 
6 ) 
6 ) 
6 ) 
6 ) 
6 ) 
5 ) 
7 ) 
5 ) 

4 ) 

5 ) 
5 ) 
5 ) 
5 ) 
5 ) 
5 ) 

a folded macrocycle as anticipated. The bridged d-
tartrate ion is coordinated to Ni ( l ) and Ni(2) unsym-
metrically : one carboxyl group of the «i-tartrate ion is 
coordinated to Ni( l ) bidentately (O(l ) and 0 ( 2 ) ) , 
while the other carboxyl group is coordinated to Ni (2) 
unidentately (0 (3 ) ) . The sixth coordination site of Ni (2) 
is occupied by water (Ow(c)). 

Each macrocycle (L) in the NiL dimer is folded about 
N ( 4 ) - N i ( l ) - N ( l l ) and N(4 ' ) -N i (2 ) -N( l l ' ) . All these 
nitrogens are adjacent to the geminal dimethyl carbon 
atoms. A similar structural feature has been found 
in the crystal structure of [Ni(OAc)(rac-L)](C104)2, 
where OAc is an acetate ion.5) This is most likely owing 
to the following reason. When the macrocycle is folded 
from its coplanar nitrogen geometry, the nitrogen atom 
adjacent to the single methyl carbon is more easily lifted 
than that adjacent to the geminal dimethyl carbon atom 
is.13) As a result, the more crowded side of the macro-
cycle, i.e., that with the two geminal dimethyl groups, 
is directed toward the «i-tartrate ion in each Ni(II) 
complex in the dimer. As a consequence, the axial 
methyl groups of the geminal dimethyl pairs in the 
folded macrocycle give stereoselective environments to 
the sites of «i-tartrate coordination. Furthermore, stereo-
specific intramolecular hydrogen-bonds are observed 
between a secondary amine group of the macrocyclic 

ligand and hydroxyl oxygen of the rf-tartrate ion and 
between a coordinated water molecule and the uncoor­
dinated carboxyl oxygen : N( l l ' ) -H- - -O(5) , 3.246(7) 
Â; O w ( c ) - - 0 ( 4 ) , 2.605(6) Â (see Fig. 1). The preferred 
coordination of the «i-tartrate ion to the SS-L complex 
over the RR-h complex is effected by the steric interac­
tions with the axial methyl groups of the macrocyclic 
ligands and the stereospecific intramolecular hydrogen-
bonds. In view of the fact that the use of (£)-prolinate 
ion or (7?)-l,2-propanediamine as a resolving agent 
was not effective, the stereospecific hydrogen-bonds play 
more important roles in the optical resolution. 

Each chelate ring adopts the most strain free 
conformation : all the six-membered rings take the chair 
form with the single methyl groups in equatorial 
positions; all the five-membered rings are in the gauche 
conformation. It should be noted that the macrocycle 
cannot adopt such a most strain free chelate ring 
conformation in the planar coordination. 

The observed N i - N and N i - O distances are within 
the normal range for octahedral nickel(II) complexes. 
Chelation of the carboxyl group of the «i-tartrate ion 
to Ni ( l ) results in a small angle of 0 ( l ) - N i ( l ) - 0 ( 2 ) 
(61.0(2)°), giving a distorted octahedral geometry 
around the Ni( l ) atom. The value is comparable to 
the corresponding angle of 62.4(3)° reported for [Ni-
(OAc)(r^-L)](C104).5) 

Absolute configurations of the chiral centers were 
determined on the basis of that of the «i-tartrate ion. 
All the chiral carbon atoms have the absolute configura­
tion of S and all the chiral nitrogen atoms have R 
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Fig. 2. AB (top) and CD (bottom) spectra of a-[Ni(^-
L)](C104)2 (a) and a-[Ni(ÄÄ-L)](C104)2 (b) in 60% 
HC104, and ^-[Ni(^-L)](C104)2 (c) and y-[Ni(^-L)]-
(C104)2 (d) in 0.1 mol dm-3 HG104. 
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v /10°cm 

Fig. 3. AB (top) and CD (bottom) spectra of [{Ni(ÄS-
L)}2(d/-tart)(H20)](C104)2.2H20 (a), [{Ni(ÄÄ-L)}f-
ox](C104)2}.H20 (b), and a-[Ni(^-L)](C104)2 (c) in 
CH 3 CNat 20 °C. 
Halves of the s and Ac values are plotted for the dimers 
((a) and (b)). 

configuration. 
Intermolecular hydrogen-bonds are observed among 

water of crystallization (Ow), secondary amine groups 
of the macrocyclic ligands, hydroxyl oxygen atom of the 
^-tartrate ion ( 0 ( 6 ) ) , a coordinated water molecule, 
and perchlorate oxygen atoms (Op).14> Other inter­
molecular contacts appear to be normal. 

Absorption and Circular Dichroism Spectra. Absorp­
tion (AB) and circular dichroism (CD) spectra of some 
four- and six-coordinate complexes are presented in 
Figs. 2 and 3, respectively. The spectral data are 
summarized in Table 4. As reported for other tetra-
azamacrocyclic nickel(II) complexes,1) AB spectra of 
the present complexes in the d-d region consists of single 
bands for four-coordinate complexes and three main 
bands for six-coordinate complexes. 

As for the spectra of four-coodinate complexes, 
Perchlorates of the three isomers in acidic aqueous 
solutions show similar AB spectra but their CD spectra 
are significantly different from each other (Fig. 2). 
T h e difference in the CD spectra provides some informa­
tions on subtle solution behaviors of the compounds, 
which had not been detected from absorption spectral 
studies. 

It has been reported that a-[Ni(ra£-L)](C104)2 gives 
blue, green, and violet solutions when dissolved in N,N-
dimethylformamide, dimethylsulphoxide, and aceto-
nitrile, respectively, in spite of the yellow-orange color 
in the solid state.4) This has been interpreted as equili­
bria between four-coordinate species having singlet 
ground states and six-coordinate triplet species with two 
solvent molecules in the first coordination sphere: 

a - [Ni ( r^ -L) ] 2 ++2 s o l v e n t s a- [Ni (rac-L) (solvent) 2]2+. 
Absorption spectra of these solutions show the charac-

TABLE 4. AB AND CD SPECTRAL DATA IN THE 

Compound Medium 

a-[Ni(&S-L)](C104)2 < 

a-[N(ÄÄ-L)](C104)„ 

ß-\NHSS-L)UC10Jt 

y-[Ni(£S-L)](C104)2 

a-, J?-,or y-[Ni(^-L)](C104)2 

(-),»-[{Ni(ÄS-L)} t(rf.tart). 
(H20)](C104)2 .2H20 

(+)589-[{Ni(ÄÄ-L)}2ox]-
(C104) ,-H20 

60% HC104 

10~2mol dm-

CH3CNC) 

^ 
60% HC104 

S/103 

3HC104
C) 

f 10- 2 moldm- 3 HClO 4 

I CH3CN 
f 10-2 mol dm-
l CH3CN 

10 -3 mol dm -

CH3CN 

CH3CN 

3 HC104 

3 NaOH 

1 
( 

1 

AB 
cm-1 (e) 

22.4(80) 
( 10.3(3.8) 

17.1(3.5) 
1 22.4(67) 
r 10.8(15) 

18.0(15) 
22.2(6) 

I 28.2(23) 
22.4(80) 
22.1(111) 
21.8(101) 
21.8(111) 
21.5(104) 
22.2(104) 
10.4(27) 
17.2(41) 
27.4(67) 
10.3(31) 
17.2(36) 
27.4(61) 

d - d TRANSITION REGION0 

CD 
S/IO3 cm-1 (Ae) 

20 .3 ( -0 .35) , 22.8(+1.45) 
10.4(+0.12) 
17.4(-0 .03) 
20 .4 ( -0 .27) , 23.0(+1.20) 
11.2(+0.59) 
18.5(-0 .40) 
22.7(+0.15) 
27 .8( -0 .15) 
20 .3 (+0 .35) ,22 .8 ( -1 .47) 
21 .1 ( -0 .27) , 23.9( + 0.15) 
20 .7 ( -0 .20) , 23.6(+0.11) 

^ 1 9 . 6 ( + 0 . 0 1 ) , 22 .1( -0 .55) 
^ 1 9 . 0 ( + 0 . 0 2 ) , 21 .9( -0 .52) 

21.1( —0.24), 23.8(+0.15) 
10.6(+2.20) 
17.8(-0.59) 
26 .5( -0 .21) 
10.6(—1.68) 
17.7(+0.55) 
26.7(+0.22) 

Assignment1*} 

s 
t 
t 
s 
t 
t 
s 
t 
s 
s 
s 
s 
s 
s 

a) Data for the ß- and ^-isomers of RR-L are not listed. They are enantiomeric to the data for the SS-L, complexes. 
b) s : four-coordinate singlet species ; t : six-coordinate triplet species, c) In this solvent, the compound exists as an 
equilibrium mixture. The apparent values for e and Ae at 20 °C are given. 
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teristic absorptions both for four-coordinate singlet 
species and six-coordinate triplet species of nickel(II).4) 
The AB and CD spectra in acetonitrile are shown in 
Fig. 3, the equilibrium being shifted toward the triplet 
form. In water, however, which should have strong 
coodinating ability, only an absorption band corre­
sponding to the four-coordinate species has been 
reported.4) This has been in contrast to the case with 
unsubstituted fully-saturated tetraaza-macrocyclic 
nickel(II) complexes, where such equilibria in water 
are clearly observed and the equilibrium constants and 
the thermodynamic parameters are studied in 
detail.15-2«)) T h e CD spectrum of a-[Ni(5S-L)](C104)8 in 
0.01 mol d m - 3 perchloric acid shows clearly a positive 
band ( A e = + 0 . 1 2 ) at 10400 c m - 1 and a weak negative 
band (Ae=—0.03) at 1 7 4 0 0 c m - 1 as well as strong 
bands due to the four-coordinate species. The exactly 
enantiomeric CD spectrum was observed with a-
[Ni(ÄÄ-L)](C104)2 . These facts indicate an equilib­
r ium between the four-coordinated and the diaquated 
six-coordinate species attains in water. It is difficult 
to detect the corresponding AB bands under usual 
experimental conditions because of the low solubility 
of the compound. But careful measurements revealed 
very weak AB bands at 10000 and 17100 c m - 1 (see 
Table 4). 

It is well known for analogous systems that the 
equilibria can be shifted toward the four-coordinate 
species by increasing the temperature and/or by increas­
ing the concentration of perchlorate ions.15-20) In 6 0 % 
perchloric acid solution of the present a-complex, no 
AB and C D bands corresponding to the diaquated 
species were detected at 30 °C. From this spectrum, 
the molar extinction coefficient (e) at the absorption 
maximum of the pure four-coordinate species was 
evaluated to be e 4 4 7 =80 dm 3 m o l - 1 c m - 1 . Using this 
value, the equilibrium constant (Ä"=[[a-Ni(iw-L)-
(H20)2]2+]/[a-[Ni(rac-L)]2+]) in 0.01 mol d m - 3 per­
chloric acid solution was determined to be 0.19 at 
20 °C: the complexes in the solution consist of 16% 
six-coordinate and 84% four-coordinate species. T h e 
positions of the AB and CD bands due to the diaquated 
six-coordinate species are close to those observed for 
[{Ni(SS-L)}2(rf-tart)(H20)]2+ and [{Ni(££-L)}2ox]2+ 
(see Table 4). This indicates that the diaquated species 
of a-[Ni(rac-L)]2+ has a m - N i 0 2 N 4 structure. 
Compounds of the fomj-Ni02N4 type show AB bands 
around 9000, 15000, and 29000—30000 cm- 1 . ' - » - 0 ) 

The Perchlorates of all the a-, ß-, and y-isomers give 
finally identical AB and CD spectra when dissolved in 
1 0 - 3 m o l d m - 3 sodium hydroxide solution, where the 
compounds can isomerize to more stable forms. The 
resulting CD spectra are almost the same as that of the 
jö-isomer in weakly acidic solution (Table 4). In the 
equilibrated solution, the predominant species is the 
/?-form and the amounts of the a- and y-forms are very 
small, if any. Nevertheless, the y-isomer can easily be 
isolated as large crystals, because of the very low 
solubility, upon standing the equilibrated dilute solution 
for a long time. 

As shown in Fig. 3, the AB spectra of (—)589-
[{Ni(^-L)}2(rf-tart)(H2Q)]2+ and (+ ) 6 8 9 - [{Ni (££-L)} 2 -

ox] 2 + are quite similar and their CD spectra are almost 
enantiomeric. This fact indicates that the CD patterns 
are determined by the chiralities associated with the 
coordinated macrocyclic ligand and that the effects 
of the «^-tartrate ion on the CD pat tern are small. 

Figure 3 shows that the CD intensity of the a-isomer is 
stronger than those of the ß- and y-isomers. This is 
most likely because only the a-isomer has a skeletal 
chirality (see 2—4). In view of the structure found in 
the crystal of the a-isomer of the racemic perchlorate 
2,3) the optically active a-isomer containing RR-L, 
would have six-membered rings in the X twist conforma­
tion and five-membered rings in the ô gauche conforma­
tion. 
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The crystal structure and absolute configuration of diastereomeric molecular compound, Û?-C4H6O6-( + )50„-
[Co {S (O) CH2CH2NH2} 3] • HaO, were determined by the X-ray diffraction method. The crystals are orthorhombic 
with space group P212121, Z = 4 , and a= 13.034(4), b= 13.559(6), and c= 11.048(8) Â. The rifinement of 1724 
reflections (Mo Ka. radiation) led to R=0.068. The complex molecule has the cor&gviraXion fac(S)-A-(à,ô,ô)-{R, R, 
R). All amino groups and the sulfenato oxygen atoms form hydrogen bonds with ^-tartaric acid and/or water mole­
cules three-dimensionally, which is responsible for the formation of the novel diastereomeric molecular compound. 

Free sulfenic acids are recognized as important 
intermediates in reactions of many sulfur-containing 
organic compounds,1»2) but a few ones have ever been 
isolated1-3) because of the instability.2-4-5) Some sulfenic 
acids which are S-coordinated to a cobal t (III) ion are 
stabler than their corresponding free acids,6-11) their 
complexes providing a means for investigating the 
chemistry of sulfenic acids. Furthermore, sulfenato 
complexes are important for an understanding of redox 
reactions associated with metal-sulfur enzymes.12) 

The previous letter11) reported the preparat ion and 
optical resolution for / f lc(5 ')-[Go{S(0)GH aGH aNH2}„-
{S(0) 2CH 2CH 2NH 2} 3_„] type ( « = 3 , 2, 1, and 0). In 
particular, one of the isomers of [Co{S(0 )CH 2 CH 2 -
NH2}3] was resolved by means of preferential crystalliza­
tion of a diastereomeric molecular compound with d-
tartaric acid, which is the first example of optical 
resolution by molecular compound formation in the 
field of metal complex chemistry. The crystal structure 
determination of this molecular compound, «/-tartaric 
acid - (+)sOT-tris (2-aminoethanesulfenato) cobalt ( I II) -
water (1/1/1), is especially of interest in connection with 
(1) the absolute stereochemistry of this complex (i.e., 
the absolute configuration about the cobalt center 
(J or A) and those of the three asymmetric sulfur donor 
atoms (R or S)), (2) the intramolecular bond distances 
in comparison with those of monosulfenato complex 
[Co{S(O)CH2CH2NH2}(en)2](SCN)2 ,10> and (3) inter-
molecular interactions among the complex, «/-tartaric 
acid, and water in the packing (en=ethylenediamine) . 

Exper imenta l 

Preparation of Compound. The diastereomeric molecular 
compound was prepared by the reported procedure.11) 
Recrystallization of the compound from an ethanol-water 
(2 :1) solution gave orange-red crystals in the form of rectan­
gular prism. Found: C, 23.72; H, 5.22; N, 8.35%. Calcd 
for c/-C4H6O6-(+)g0

D
0-[Go{S(O)CH2CH2NH2}3].H2O=C10-

H26N3O10S3Co: C, 23.86; H, 5.21; N, 8.35%. 
Data Collection. Precession photographs exhibited 

systematic absences A=odd for A00, A=odd for OkO, and /=odd 
for 00/, indicating the unique space group P2X2X2X- An orange-
red crystal, of approximate dimensions 0.18 mm X 0.20 mm X 
0.30 mm, was mounted with its long dimension along the 
axis of a glass fiber to protect it from moisture. The diffrac­
tion intensities were measured using a Rigaku four-circle 
diffractometer, with a graphite monochromatized Mo Ka. 

TABLE 1. CRYSTAL DATA 

C10H26N3O10S3Co F.W. = 503.44 
Orthorhombic Space group P2X2X2! 
a= 13.034(4) A 
0=13.559(6) Â 
c= II.048(8) A 
U= 1952.49 A3 

Dm= 1.70(5) g cm-3 (by flotation) 
Dc= 1.72 gem- 3 Z = 4 
ju(Mo.Ka)= 13.44 cm-1 

radiation (A = 0.71069 A). Accurate lattice parameters were 
obtained by least-squares refinement of ten high angle reflec­
tions. The crystal data are summarized in Table 1. Three 
standard reflections fluctuated within 4% in intensity over 
the time of data collection. Within the sphere 20<5O°, 1968 
unique reflections were obtained. Among them 1724 reflec­
tions were \F0\^>3acs (acs is the standard deviation of F in 
counting statistics). Only these reflections were used for the 
structure determination and refinement. No absorption 
correction was applied. 

Structure Solution and Refinement. The structure was 
solved by the usual heavy-atom method; the positions of 
cobalt and sulfur atoms were picked up by means of the 
Patterson synthesis, and all the nonhydrogen atoms were 
located by the subsequent Fourier synthesis. Absolute 
configurations of the two asymmetric carbon atoms of d-
tartaric acid were fitted to those reported previously.13) 
Therefore, the absolute configuration of the metal complex 
molecule, [Co{S(0)CH2CH2NH2}3], was determined defi­
nitely. The structure was refined by the block-diagonal 
least-squares method with the positional and isotropic thermal 
parameters for all nonhydrogen atoms. Further subsequent 
refinement was carried out using anisotropic thermal para­
meters for all nonhydrogen atoms. In the last cycles of least-
squares refinement, 245 parameters were varied including an 
overall thermal parameter, a scale factor, positional and 
anisotropic thermal parameters for all nonhydrogen atoms. 
Convergence was achieved with Ä=0.075 ( Ä = 5 J I I ^ O I — 

| F C | | / 5 J | F 0 | ) . Although no hydrogen position was detected 
from the difference electron density map, hydrogen positions 
except those of carboxyl and hydroxyl groups of d-tartaric acid 
and those of water were tentatively calculated based on the 
following conditions; N-H=0.87Â, C-H=0.97Â, and 
tetrahedral geometry. Postulating 5 = 4 . 0 A3 for each H 
atom, these twenty H atoms were added to the least-squares 
refinement, which gave the final R value of 0.068. 

Atomic scattering factors from International Tables for 
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X-Ray Crystallography14) were used for Go, S, O, N, C, and H 
atoms. Anomalous dispersion correction was made for Go 
and S atoms.14) All computations were performed on an 
AGOS-S700 at Crystallographic Research Center, Institute 
for Protein Research, Osaka University. The computer 
programs used were RSSFR-5,15> HBLS V,16) DAPH,17> and 
ORTEP.18) 

Final positional parameters, the corresponding isotropic 
thermal parameters which were calculated from respective 
anisotropic ones by Hamilton's method,19) and their estimated 
standard deviations for nonhydrogen atoms are given in 
Table 2. The calculated positional parameters of hydrogen 
atoms, the anisotropic thermal parameters for all nonhydrogen 
atoms, and the complete list of the |F0 | and |FC| values have 
been preserved by the Chemical Society of Japan (Document 
No. 8143). 

TABLE 2. FRACTIONAL ATOMIC POSITIONAL AND ISOTROPIC 

THERMAL PARAMETERS FOR NONHYDROGEN ATOMSA>B) 

Atom 

S 
S(l) 
S(2) 
S(3) 
O(l) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
O(10) 
N(l) 
N(2) 
N(3) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 

X 

0.1894(1) 
0.1471(2) 
0.1071(2) 
0.3335(2) 
0.1998(7) 

-0.0072(7) 
0.3880(6) 

-0.3463(8) 
-0.2511(10) 
-0.1983(7) 
-0.4144(6) 
-0.2913(8) 
-0.3532(7) 

0.4111(9) 
0.0608(7) 
0.2210(8) 
0.2676(7) 
0.0198(10) 
0.0130(10) 
0.1508(11) 
0.1538(11) 
0.4044(9) 
0.3783(9) 

-0.2842(11) 
-0.2613(10) 
-0.3619(9) 
-0.3358(10) 

y 

-0.1105(1) 
0.0473(2) 

-0.1389(3) 
-0.0819(2) 

0.1060(7) 
-0.1513(10) 
-0.1823(7) 

0.0408(7) 
-0.0139(9) 
-0.1802(7) 
-0.1807(7) 
-0.2437(7) 
-0.3373(6) 
-0.3021(8) 
-0.1299(8) 
-0.2538(7) 
-0.0860(8) 

0.0366(11) 
-0.0381(11) 
-0.2637(10) 
-0.3147(11) 
-0.0306(9) 
-0.0887(9) 
-0.0223(11) 
-0.1111(11) 
-0.1639(9) 
-0.2550(10) 

z 

0.0817(1) 
0.0988(3) 
0.2548(3) 
0.1843(3) 

-0.0065(8) 
0.2271(12) 
0.2046(9) 
0.2003(10) 
0.0455(11) 
0.1693(10) 
0.1517(8) 
0.4274(9) 
0.2781(8) 
0.4179(13) 

-0.0135(10) 
0.0746(11) 

-0.0713(9) 
0.0431(13) 

-0.0589(12) 
0.2737(13) 
0.1542(15) 
0.0590(13) 

-0.0530(12) 
0.1452(14) 
0.2270(12) 
0.2598(12) 
0.3228(12) 

5 ° 
~A^~ 

2.57(3) 
3.20(7) 
3.79(8) 
2.91(7) 
3.9(3) 
6.4(4) 
3.9(2) 
5.1(3) 
6.3(3) 
4.7(3) 
3.2(2) 
4.6(3) 
4.0(2) 
6.8(4) 
3.1(3) 
3.6(3) 
3.2(2) 
4.0(4) 
4.1(4) 
4.1(4) 
4.5(4) 
3.5(3) 
3.4(3) 
4.6(4) 
3.8(3) 
3.4(3) 
3.6(3) 

a) The estimated error in the last digit is shown in 
parentheses. This form is used throughout, b) O(10) is 
for the water of hydration ; the rest of numberings are as 
shown in Fig. 1. c) B is evaluated from the correspond­
ing anisotropic thermal parameters according to Ref. 17. 
Isotropic thermal parameters are of the form exp{—B 
(sin20/A2)}. 

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

Figure 1 shows the notation of the complex, ûf-tartaric 
acid, and the oxygen atom of water. Nonhydrogen 
atom bond distances and angles are given in Tables 3 
and 4, respectively. Table 5 lists several selected plane 

equations, sets of deviations of atoms from the plane, 
and dihedral angles between the pair of planes. 

Structure of (+)c
bo

Do-[Co{S(0)CH2CH2NH2}z]. 
T h e perspective view of the complex projected down its 
threefold axis is shown in Fig. 2. T h e cobalt ( III) center 
is six-coordinate in approximately octahedral configura­
tion (Table 5). The bidentate 2-aminoethanesulfenate 
coordinates to a cobal t ( I I I ) ion through sulfur and 
nitrogen atoms and the complex has fac(S) geometry. 
T h e average coordination angles of S-Co-S, N - C o - N , 
and S-Go-N (the S and N atoms are in trans) are 
89.4°, 90.7°, and 177.7°, respectively (Table 4). The 
values indicate that the CoS3 parasol constituted of 
three facial S atoms and a Go atom at the top is less blown 

Fig. 1. A perspective view of a layer constituted by 
hydrogen bonds onto ab plane projected along c-axis, 
where line bonds denote hydrogen bonds within 3.10 A. 
Thermal ellipsoids are drawn at the 50% probability 
level. 

Fig. 2. A perspective drawing of the complex projected 
down the threefold axis of the complex (50% probability 
thermal ellipsoids). 
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TABLE 3. INTRAMOLECULAR BOND DISTANCES (//Â) 
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For complex 
Co-S(l) 
Co-N(l) 
S(l)-0(1) 
S(l)-C(l) 
N(l)-C(2) 
C(l)-C(2) 

For ^/-tartaric acid 
0(4)-C(7) 
O(8)-C(10) 
C(7)-C(8) 

For complex 

2.222(4) 
2.015(11) 
1.567(10) 
1.793(15) 
1.501(17) 
1.535(20) 

1.333(19) 
1.303(17) 
1.569(21) 

Co-S(2) 
Co-N(2) 
S(2)-0(2) 
S(2)-C(3) 
N(2)-C(4) 
C(3)-C(4) 

0(5)-C(7) 
O(9)-C(10) 
G(8)-C(9) 

2.228(4) 
2.011(12) 
1.531(13) 
1.837(15) 
1.479(20) 
1.513(21) 

1.158(20) 
1.215(16) 
1.544(20) 

Co-S(3) 
Co-N(3) 
S(3)-0(3) 
S(3)-C(5) 
N(3)-C(6) 
C(5)-C(6) 

0(6)-C(8) 
0(7)-C(9) 
C(9)-C(10) 

TABLE 4. INTRAMOLECULAR BOND ANGLES (<f>/°) 

Metal coordination angles 
S(l)-Co-S(2) 
S(l)-Co-N(I) 
S(l)-Co-N(3) 
S(l)-Co-N(2) 
N(l)-Co-N(2) 

88.4(1) 
88.4(3) 
91.9(3) 

176.8(4) 
91.0(5) 

Intraligand angles 
Co-S( l ) -0( l ) 
Co-S(l)-C(l) 
0(1)-S(1)-C(1) 
S(l)-C(l)-C(2) 
C(l)-C(2)-N(l) 
Co-N(l)-C(2) 

For ^/-tartaric acid 
0(4)-C(7)-0(5) 
0(6)-C(8)-C(7) 
O(7)-C(9)-C(10) 
O(8)-C(10)-O(9) 

108.3(4) 
97.2(5) 

101.6(6) 
110.5(10) 
106.4(11) 
113.6(8) 

126.5(15) 
111.2(12) 
112.1(11) 
123.7(13) 

S(2)-Co-S(3) 
S(2)-Co-N(2) 
S(2)-Co-N(l) 
S(2)-Co-N(3) 
N(2)-Co-N(3) 

Co-S(2)-0(2) 
Co-S(2)-C(3) 
0(2)-S(2)-C(3) 
S(2)-C(3)-C(4) 
C(3)-C(4)-N(2) 
Co-N(2)-C(4) 

89.9(1) 
88.5(4) 
91.5(3) 

178.6(3) 
91.2(5) 

108.2(5) 
96.5(5) 

103.6(7) 
107.6(10) 
107.7(12) 
112.0(9) 

0(4)-C(7)-C(8) 110. 
0(6)-C(8)-C(9) 108. 
0(7)-C(9)-C(8) 107. 
O(8)-C(10)-C(9) 115. 

S(3)-Co-S(l) 
S(3)-Co-N(3) 
S(3)-Co-N(2) 
S(3)-Co-N(l) 
N(3)-Co-N(l) 

Co-S(3)-0(3) 
Co-S(3)-C(5) 
0(3)-S(3)-C(5) 
S(3)-C(5)-C(6) 
C(5)-C(6)-N(3) 
Co-N(3)-C(6) 

2.229(3) 
2.012(11) 
1.545(10) 
1.823(14) 
1.485(16) 
1.516(19) 

1.390(17) 
1.394(16) 
1.494(19) 

89.9(1) 
88.8(3) 
90.8(4) 

177.8(3) 
89.8(4) 

108.1(4) 
96.5(5) 

102.4(6) 
107.9(9) 
108.6(10) 
112.1(8) 

6(12) 0(5)-C(7)-C(8) 122 
,9(11) C(7)-C(8)-C(9) 108 
,5(11) C(8)-C(9)-C(10) 106 
6(12) O(9)-C(10)-C(9) 120 

Average 
2.226 
2.013 
1.548 
1.818 
1.488 
1.521 

Average 
89.4 
88.6 
91.4 

177.7 
90.7 

108.2 
96.7 

102.5 
108.7 
107.6 
112.5 

.9(14) 

.4(11) 

.1(11) 

.7(12) 

than the corresponding CoN3 parasol. T h e three 
sulfenato sulfur atoms are three-coordinate (to the 
cobalt atom, the carbon atom of chelate ring, and the 
oxygen atom) in an approximately tetrahedral configu­
ration counting the sulfur lone pair of electrons as 
occupying the fourth site. The oxygen atoms of sulfenato 
groups occupy the least repulsive positions on the 

fac(S) plane to one another. Therefore, the oxygen 
atoms are on the plane perpendicular to the threefold 
axis of the complex. 

Since the sulfur atom of sulfenato group becomes chiral 
on coordination, the stereochemical possibilities for this 

fac{S) complex are as follows: (1) the wrapping of the 
chelate rings about the cobalt center may be either A or 
Ay (2) the conformations of the three chelate rings 
generate four sets of isomers ((5,(5,(5), ((5,(5,A), ((5,A,A), and 
(A,A,A), and (3) four configurations ( £ , £ , £ ) , (R,R,S), 
(R,S,S), and (S,S,S) are possible from the combination 
of three chiral sulfur atoms. Therefore, 32 configurations 
in all, i.e., 16 enantiomeric pairs of diastereoisomers are 
expected. However, the crystal contains only the 
configuration fac(S)-A-((5,(5,(5)-(R,R,R). The result is 
consistent with the previous assignment based on the 
absorption, CD, and 13C N M R spectra.11) 

Table 6 shows the selected bond distances and angles 

of the complex in comparison with those of A-
U ' (S), A,(5} [Co {S(O) C H 2 C H 2 N H J (en) 2] 2+.10) There 
are no large differences between the two complexes in 
the bond distance and angle. In the monosulfenato 
complex ion, the C o - N distance (2.048 Â) trans to the 
sulfur donor atom is significantly larger than the 
average eis C o - N one (1.976 Â) which is consistent 
with the ordinary C o - N distance. Such a phenomenon 
is referred to as structural trans effect (STE).10) The 
present fac(S) complex has exclusively the trans C o - N 
bond. The average C o - N distance is longer than the 
ordinary Co-N one but trivially shorter than the trans 
C o - N distance of the monosulfenato cobalt ( III) complex 
ion. The Co-S bond distance (2.226 Â) is also somewhat 
shorter than that (2.253 Â) of the reference complex. 
T h e X P S data of both complexes show the existence 
of a significant amount of electron-transfer from the 
sulfenato sulfur donor atom to cobal t ( I I I ) ion in 
comparison with the tris (ethylenediamine) cobalt (III) 
complex.20) The Co-2p3/2, S-2p3/2, a n d N- l s binding 
energies of the present complex (779.0, 163.8, and 
398.9 eV, respectively) are lower than those of the 
monosulfenato complex (781.0, 164.9, and 400.1 eV, 
respectively). The results indicate that the saturation 
on the electron-transfer to cobalt ( III) ion occurs 
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TABLE 5. DISPLACEMENTS OF ATOMS FROM LEAST-SQUARES PLANE AND 

DIHEDRAL ANGLES BETWEEN PLANES 

For complex (coordination planes) 
Planel. [Co, S(l), S(2), N(2), and N(3)] 

-0 .8403AT-0.16577-0.5162Z+2.2964=0 
Co 0.0049, S(l) 0.0165, S(2) -0 .0188 , N(2) 0.0179, N(3) -0 .0199 , O(l) -0 .0990 

Plane 2. [Co, S(l), S(3), N(l) , and N(2)] 
-0 .5004Z-0 .17087+0 .849Z+0 .2069=0 
Co -0 .0064 , S(l) 0.0656, S(3) -0 .0486 , N(l) -0 .0170 , N(2) 0.0394, 0(3) 0.0138 

Plane 3. [Co, S(2), S(3), N(l) , and N(3)] 
- 0.2243AT+0.9723 7+0.0658Z+1.9432=0 
Co -0 .0100 , S(2) -0 .0149 , S(3) 0.0201, N(l) 0.0226, N(3) - 0 . 0 1 7 1 , 0(2) 0.1446 

Dihedral angles (0/°) 
between the planes 1 and 2 89.4 
between the planes 1 and 3 90.4 
between the planes 2 and 3 89.9 

average 89.9 
For rf-tartaric acid 

Plane 4. [C(7), C(8), C(9),and C(10)] 
0 .0796X-0.54057-0 .8376Z+1.5215=0 
C(7) 0.0531, C(8) -0 .0319 , C(9) -0 .0670 , C(10) 0.0523 

Plane 5. [0(4), 0(5) , C(7), and C(8)] 
0.7944X+0.48267+0.3688Z+2.5013=0 
0(4) - 0 . 0 0 2 8 , 0(5) -0 .0035 , C(7) 0.0085, C(8) -0 .0022 

Plane 6. [0(8), 0(9) , C(9), and C(10)] 
0.8942X+0.01077-0.4476Z+5.5402 = 0 
0(8) 0.0023, 0(9) 0.0026, C(9) 0.0020, C(10) - 0 . 0 0 6 8 

Dihedral angles (0/°) 
between the planes 4 and 5 120.4 
between the planes 4 and 6 63.9 
between the planes 5 and 6 56.6 

The X, 7, and Z coordinates in Â refer to the crystallographic axes. 

according to the increase in number of sulfenato groups 
which lowers the S-2p3/2 binding energy of the present 
complex. However, there is an apparent conflict 
between the X P S data and the Co-S bond distances: 
the present tris (sulfenato) complex with the more 
negative sulfur donor atoms has the shorter Co-S bond 
distance than the monosulfenato complex. This conflict 

TABLE 6. SELECTED BOND DISTANCES (//A) AND ANGLES {<j>l°) 

Bond 
Co-S 
Co-N 

s-o 
s-c 
N-C e ) 

c-ce) 

Angle 
Co-S-O 
Co-S-C 
O-S-C 

Present complex*0 

Average / 
2.226 
2.013 

1.548 
1.818 
1.488 
1.521 

Average 0 
108.2 
96.7 

102.5 

Reference complex10 

/ 
2.253(1) 
2.048(3)° 
1.976d> 
1.552(3) 
1.815(4) 
1.484(5) 
1.513(5) 

<f> 
107.7(1) 
96.5(1) 

102.3(2) 

a) Data from Tables 2 and 3. b) Data from Ref. 10. 
c) fraju-Position against S atom, d) Average for m-posi-
tions against S atom, e) Associated with the sulfenato 
chelate ring. 

may be interpreted as that the electron-transfer from 
sulfur to cobalt in sulfenato complex contains an 
antibonding character . 

Structure of d- Tartaric Acid. The ^-tartaric acid 
molecule has reasonable bond distances, angles, and 
dihedral angles as compared with other structure 
analyses13) (Tables 3, 4, and 5). The carbon skelton 
C(7) -C(8) -C(9) -C(10) is planar, and the dihedral 

TABLE 7. POSSIBLE HYDROGEN BONDING IN </-C4H606 • 

[Co{S(Q)CH2CH2NH2}3] .HaO*> 

B—(H-)A B..-A(//A) X-B...A(çJ/°) B..-A-Y(0/°) 

0 ( l ) - 0 ( 8 ) 1 2.495(14) 111.3(5) 115.2(7) 
0(2)-.-0(6) 2.590(17) 176.1(8) 110.5(8) 
0 (3 ) . . . 0 (7 ) n 2.630(11) 114.3(5) 106.5(5) 
O(3).--O(10) 2.837(16) 131.2(6) 92.1(8)b> 
0(10) . . -0(4^ 2.621(17) 92.1(8)b> 119.9(8) 

A-H..-B A-..B(//Â) H-..B(//Â) A-H...B(çi/°) 

N( l ) -H(16)" .0 (7 ) m 2.982(13) 2.205 148.5 
N(2)-H(18). . .0(6)m 3.011(16) 2.262 144.2 
N(3)-H(20).. .O(9)m 2.955(14) 2.204 144.4 

a) Includes H bonding where A—B < 3 . 1 A. b) 0(3)---
0 ( 10) —0(4) angle. I : Transformed to -x,y+lj2, -z 
+ 1/2. I I : Transformed to x+\,y,z. I l l : Transformed 
t o * + l / 2 , - . y - 1 / 2 , -z. 
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angle between the planes [ 0 ( 4 ) , 0 ( 5 ) , G(7), and C(8)] 
and [ 0 ( 8 ) , 0 ( 9 ) , C(9), and C(10)] is 56.6°.Furthermore, 
a proof of no dissociation of its two carboxyl groups 
can be given by two kinds of bond distances C - O ( - H ) 
(1.333 A, 1.303 A) and C = 0 ( 1 . 1 5 8 A , 1.215 A), that is, 
the rf-tartaric acid being not in resonance structure 
between 

- C and - C . 
NO" ^O 

Crystal Packing. As for the intermolecular bond, 
possible hydrogen bond distances and angles are listed 
in Table 7. The perspective view of a layer constituted 
of hydrogen bonds onto ab plane projected along the 
c-axis is given in Fig. 1, where line bonds denote 
hydrogen bonds within 3.10 A. This layer further 
interacts with the upper and lower layers by hydrogen 
bonds between the hydrogen atoms of amino groups of 
the complex and oxygen atoms of rf-tartaric acid onto be 
plane (Fig. 3). Thus, seven hydrogen bonds are possible 

Fig. 3. The arrangement of the complex and d-tartaric 
acid molecule projected along a-axis (50% probability 
thermal ellipsoids). The line bonds represent possible 
hydrogen bonds (the distances within 3.10 A). 

per one rf-tartaric acid molecule. The hydrogen bond 
distances between oxygen atoms of sulfenato groups and 
hydrogen atoms of carboxyl groups, hydroxyl groups, 
or water are considerably short (2.495—2.837 A) , that 
is, the sulfenato oxygens have a significantly basic 
character. T h e S-O bond distance (1.548 A) is ra ther 
longer than that of the sulfinato group of [Co{S(0) 2 -
CH2CH2NH2}(en)2]2+ (1.456 A, 1.476 A).21> T h e facts 
indicate that the sulfur-oxygen bond of sulfenato 
complex has a large polarity {right) in analogy with 

R _s_ i r co—s—c 
I! i 

that of sulfoxide {left).22) Such a basic property of oxygen 
atoms in sulfenato groups is confirmed for the first 
time. The hydrogen bonding mode in Fig. 3 is similar to 
the so-call face-to-face close contact between a tr iangular 
face of the octahedral complex cation and the hydrogen 

rf-tartrate or the rf-tartrate anion.23) The hydrogen bond 
interaction between the neutral complex and the 
</-tartaric acid molecule seems to be a key for the 
successful optical resolution of this molecular complex. 
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Cobalt(III) Complexes with Tripodlike Quadridentate Ligands. I. Circular 
Dichroism Spectra of Quasi-enantiomeric Geometrical Isomers of 

[Co(tripod)(chiral bidentate)]-type Complexes 
Keiji AKAMATSU,* TaKAsm KOMORITA, and Yoichi SHIMURA 

Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560 
(Received April 23, 1981) 

Cobalt(III) complexes containing a tripodlike quadridentate ligand, tris(2-aminoethyl)amine or nitrilotri-
acetate, and a chiral bidentate, L-amino carboxylate or (Ä)-propylenediamine, are prepared and separated into 
their respective geometrical isomers. The two geometrical isomers have mutually quasi-enantiomeric configura­
tions. Circular dichroism spectra in the d-d absorption band region are discussed in connection with this novel 
type of geometrical isomerism. 

Two geometrical isomers, trans(N) and cis(N), of 
(L-amino carboxylato) (nitri lotriacetato)cobaltate(III) 
ion [Co(L-am)(a ta) ] - 1) which has been prepared by 
Koine et al.2) show vicinal CD (circular dichroism) due 
to the coordinated chiral amino carboxylate ligand in 
the d-d absorption band region. But it has remained 
puzzling why the intensity of vicinal CD is much 
stronger than those of other simple (L-amino 
carboxylato)cobalt(III) complexes which have no 
tripodlike quadridentate ligand. 

T h e present paper deals with CD spectra of several 
mixed cobalt (I II) complexes of a tripodlike quadriden­
tate ligand, ata3~ or tren1) and a chiral bidentate one, 
a-amino carboxylate or 1,2-diamine. For each of these 
complexes two geometrical isomers are possible, which 
are denoted as in Fig. 1. 

<£ Q 
N — -

OS 
trans(N) cis(N) 

C-N- v 
trans(N.t-N) 

- y ^ - 1 — / N 

-N ^N j — 0 v 
1. [Co(am)(ata)]~ 

cis(N,t-N) 

2. [Co(am)(tren)] + 

<z =^0 

4 <-0-

fX -N 

his 
a N 

4 

trans(NT.t-N) cis(N*t-N) 
v 

trans(N*t-N) 

ä P 
cis(N*,t-N) 

3. [Co(da)(ata)] 4. [Co(da)(tren)]3+ 

Fig. 1. Two geometrical isomers of [Co (tripod) (chiral 
bidentate)]type complex: tripod = ata3_ or tren, chiral 
bidentate=am - or da, and N* and f-JVmean the nitro­
gen atoms adjacent to the asymmetric carbon atom 
of the ligand and that of the tertiary amine of tripod 
ligand, respectively. 

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

Preparations. (1) [Co(L-ala)(tren)]2+ Salts: To a solu­
tion of [CoCl2(tren)]ClO4.0.5H2O3> (1 g) in 10 cm3 of water 
was added an aqueous solution of L-alanine (0.3 g) neutralized 
with an equimolar amount of NaOH and the mixture was 
mechanically stirred for 2 h at 60 °C. The resulting red 
solution was poured into a cation-exchanger column (SP 
Sephadex C-25, Na+ form) and the adsorbed band was eluted 
with a 0.07 M NaCl aqueous solution (1 M = l mol dm - 3 ) . 
The band split into three; orange, red, and purple one in 

the elution order. The third band turned out to be a trivalent 
complex cation, [Co(tren)(H20)2]3+, from the absorption 
spectrum and the column chromatographic behavior. The 
first and second eluates were evaporated almost to dryness on a 
rotary evaporator below 40 °C. A small amount of methanol 
was added to the residue to precipitate NaCl, which was 
filtered off. The repetition of this procedure enabled one to 
remove most of the sodium chloride. On addition of NaC104 

to the solution the chloride Perchlorate salt (orange isomer) 
or Perchlorate (red isomer) deposited. They were recrystal-
lized from warm water, washed with methanol and ether and 
dried in air. Found for the orange isomer: C, 24.98; H, 5.69 
N, 16.50%. Calcd for [Co(L-ala)(tren)]Cl.Cl04: C, 25^25 
H, 5.66; N, 16.36%. Found for the red isomer: C, 21.71 
H, 5.01; N, 14.37%. Calcd for [Co(L-ala)(tren)](C104)2 

C, 21.56; H, 5.04; N, 13.98%. 

(2) Other tren Complexes with Amino Carboxylate: L-val, 
L-ser, L-phe, D-pgly, and L-cys complexes were prepared in 
the same way as that described in (1) using the corresponding 
amino carboxylate ligand instead of L-alaninate. Only orange 
isomer was isolated for these amino carboxylato complexes 
except for the L-cys one, for which only a brown isomer was 
isolated. Found for the L-val complex: C, 24.87; H, 5.50; 
N, 13.40%. Calcd for [Co(L-val)(tren)](C104)2: C, 2 5 ^ ' ; 
H, 5.44; N, 13.46%. Found for the L-ser complex: C, 20.67; 
H, 5.06; N, 13.34%. Calcd for [Co(L-ser)(tren)](C104)2: 
C, 20.54; H, 4.99; N, 13.31%. Found for the L-phe complex: 
C, 31.80; H, 5.09; N, 12.51%. Calcd for [Co(L-phe)(tren)]-
(C104)2: C, 31.70; H, 4.98; N, 12.33%. Found for the D-pgly 
complex: C, 30.63; H, 4.67; N, 12.81%. Calcd for [CO(D-
pgly)(tren)](C104)2: C, 30.33; H, 4.74; N, 12.64%. Found 
for the L-cys complex: C, 25.04; H, 5.57; N, 16.10%. Calcd 
for [Co(L-cys)(tren)]C104: C, 24.96; H, 5.60; N, 16.19%. 

(3) [Co(ata)(en)] and \Co(ata)(R-pn)]: One gram of eis-
(C/)-[CoCl2(NH3)2(en)]Cl4> was dissolved in 10 cm3 of water 
and to this blue solution was added a solution (5 cm3) contain­
ing nitrilotriacetic acid (1 g) and NaOH (0.46 g) with stirring. 
The mixture was stirred for 4 h at 70 °C until the evolution 
of gaseous ammonia ceased. The resulting red-violet solution 
was then poured into a cation-exchanger column (Dowex 
50w-x8, Na+ form) and after the adsorbed band had been 
eluted with water, the red-violet eluate obtained was evapo­
rated on a rotary evaporator and to the residue was added 
methanol to precipitate the complex as a powder. It was 
recrystallized from water, washed with methanol and ether 
and air-dried. Found : C, 29.63 ; H, 4.92 ; N, 12.98%. Calcd 
for [Co(ata)(en)].H20: C, 29.54; H, 4.97; N, 12.92%. 

The corresponding Ä-pn complex was prepared using 
«j(C/)-[CoCl2(NH3)2(Ä-pn)]Cl4> as a starting meterial. 
Found: C, 32.62; H, 5.18; N, 12.77%. Calcd for [Co(ata)-
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(Ä-pn)].0.5HaO: G, 32.72; H, 5.20; N, 12.73%. 
(4) [Co(en)(tren)]Br3-0.5H2O and [Co(R-pn)(trenJ]Brz: 

One gram of m(C/)-[CoCl2(NH3)2(en)]Cl4> was dissolved in 
10 cm3 of water and to the solution were added a small amount 
of activated charcoal and a solution (neutralized with NaOH) 
of tren«3HBr (1.4 g) in 10 cm3 of water. The mixture was 
mechanically stirred for 3 h at 60 °C until the color of the 
solution turned orange. The resulting mixture was then 
diluted to 50 cm3 with water and the activated charcoal was 
filtered off by suction. The filtrate was evaporated in a 
rotary evaporator almost to dryness. The residue was dis­
solved in 5 cm3 of water and NaBr (0.5 g) was added to the 
solution. Yellow crystals deposited were filtered and recrystal-
lized from warm water, washed with methanol and ether and 
dried in air. For the R-pn complex m(C7)-[CoCl2(NH3)2-
(Ä-pn)]Cl4> was used as a starting material. Found for the 
en complex: C, 18.41; H, 5.05; N, 15.96%. Calcd for [Co-
(en)(tren)]Br3.0.5H2O: C, 18.69; H, 5.31 ; N, 16.35%. Found 
for the R-pn complex: G, 20.80; H, 5.50; N, 16.27%. Calcd 
for [Co(Ä-pn)(tren)]Br3: C, 20.82; H, 5.45; N, 16.19%. 

(5) Other Complexes: The [Co(L-ala)(ata)]" (trans(N) and 
cis(N)) and [Co(L-ala)(NH3)4]

2+ complexes were prepared 
in the same way as described in the literature.2»5) 

Measurements. The visible and ultraviolet absorption 
measurements were made by a Shimadzu UV-200 spectro­
photometer in aqueous solutions. The CD spectra were 
recorded on a JASCO MOE-1 spectropolarimeter in aqueous 
solutions and the 1H-NMR spectra were obtained in deuterium 
oxide on Varian XL-100-15 spectrometer using DSS (sodium 
2,2-dimethyl-2-silapentane-5-sulfonate) as as internal standard. 

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

(1) [Co(am)(ata)]~ Complexes. The two isomers 
of [Co(L-ala)(ata)]- , red-violet and blue-violet, have 
been assigned2) to trans (N) and cis(N) structures, 
respectively, from the splitting pat tern of the first d-d 
absorption band. A remarkable feature is observed in 
the CD curves of two isomers (Fig. 2) ; namely they are 
almost enantiomeric to each other in the d-d transition 
band region. This is probably related to the fact that 
the two geometrical isomers are mutually quasi-enantio­
meric as is seen in Fig. 3. The CD curves in Fig. 2 
are explained by the contributions from two kinds of 
chiralities, one being the (S) asymmetric carbon atom 
of the L-alaninate ligand and the other the quasi-
enantiomeric orientation of substituent - C H 3 on the 
chelate ring. 

O n assumption that the CD contributions of both 
chiralities are additive, the following equations are 
obtained. 

CD[red-violet] = CD[S] + CD[trans], 

CD[blue-violet] = CD[S] + CD [or], 

and 

CDpraiw] = -CD[cis], 

where CD[5] represents the contributions of (S) asym­
metric carbon, and CD[trans] and CD[rij] those of the 
quasi-enantiomeric geometrical configuration. Two 
contributions, CD[S] and CD[trans] were calculated 
rom the equations, 

CD[S] = l/2{CD[red-violet] + CD [blue-violet]}, 

CD[trans] = - C D [ C T J ] 

i i i i i I I i—I 
15 20 25 30 35 40 45 

0/1 o W 

Fig. 2. Absorption (AB) and CD curves of trans(N) 
( ) and cis(N) ( ) isomers of [Co(L-ala)(ata)]~. 
Caclulated CD curves for asymmetric carbon (••••) 
and quasi-enantiomeric ( ) effects are also shown. 

Fig. 3. Two quasi-enantiomeric geometrical isomers of 
[Co(am)(ata)]~. (S) denotes absolute configuration 
of the asymmetric carbon. 

= 1 /2 {CD[red-violet] - CD [blue- violet]}. 

The obtained curves are also illustrated in Fig. 2. T h e 
CD[S] curve consists of three extrema (—, + , and — ) 
from the longer wavelength side in the first d-d transition 
band region and the pat tern and intensity are similar 
to the vicinal effect curve of the L-alaninate ligand in 
frmr(N)-[Co(ox)(L-ala)2]~.6) The CD[trans] curve 
shows two ( + and — ) and one ( + ) component in the 
first and second d-d transition band region, respectively, 
and the contribution of CD[trans] or C D [ m ] to the 
observed CD is larger than that of CD [5], the pat tern 
of the observed C D being mainly determined by the 
quasi-enantiomeric effect. 

(2) [Co(am)(tren)]2+ Complexes. Kimura et al?) 
prepared tren complexes with amino carboxylate 
ligands and isolated two isomers, orange and red, of 
[Co(gly)(tren)]2+. Recently it has been found from the 
X-ray crystal structure analyses that the orange isomer 
has trans(N,t-N) structure and the red one cis(N,t-N).8) 
Two isomers, orange and red, of the L-alaninato 
complex show absorption spectra analogous to those 
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TABLE 1. ABSORPTION DATA OF [CO(tripod) (bidentate)]-TYPE COMPLEXES 

(Wave numbers and log e values (in parentheses) are given in 103 cm - 1 and mol - 1 dm3 cm - 1 , respectively.) 

d-d Tansition band 
Complex 

1st 2nd 
Ultraviolet band 

*r»w(JV)-[Co(L-ala)(ata)]-

m(iV)-[Co(L-ala) (ata)] -
trans(N,t-N)-[Qo(gly) (tren)]2+ b> 
cis(N,t-N)-[Co(gly){tren)Y+ b ) 

<ran5(i^,/-iV)-[Co(L-ala)(tren)]2+ 
m(7V> JV)-[Co(L-ala) (tren)]2+ 
trans (N,t-N)- [Co (L-val) (tren) ] 2+ 
trans(N,t-N)-[Co(i.-ser)(tren)¥+ 
trans(N,t-N )-[Co(i.-phé) (tren)]2+ 
fran.y(Jv>#)-[Co(D-pgly)(tren)]2+ 

*rans(N, t-N) - [Co (L-cys) (tren) ] 2+ 

[Co(en)(tren)]3+ 
[Co(Ä-pn)(tren)]3+ 

[Co (ata) (en)] 

[Co(ata)(Ä-pn)] 

16sh(1.3) 
19.6(2.22) 
17.5(2.34) 
21.2(2.01) 
20.0(1.96) 
21.2(2.08) 
19.9(2.06) 
21.1(2.09) 
21.1(2.07) 
21.2(2.09) 
21.1(2.16) 
16.5sh(1.3) 
20.7(2.15) 
21.4(2.04) 
21.3(2.06) 
17 sh 
19.1(2.19) 
16.5sh 
19.2(2.21) 

26.8(2.24) 

26.1(2.24) 
29.2(2.00) 
28.8(1.88) 
28.9(2.03) 
28.6(2.01) 
28.9(2.04) 
28.9(2 03) 
29.2(2 05) 
29sh(2.1) 

26.5sh(2.4) 

29.6(1.98) 
29.6(2.00) 

27.3(2.25) 

27.4(2.27) 

46.7(4.35) 

46.3(4.37) 

44.4(4.29) 
44.1(4.27) 
44.4(4.28) 
44.6(4.27) 
46.8(4.35) 
47.6(4.34) 

34.7(4.28) 

45.5(4.27) 
45sh(4.3) 

44.5(4.33) 

44.7(4.34) 

47(4.09) 

49.5(4.47) 

a) sh=Shoulder, b) Ref. 7. 

TABLE 2. CD DATA OF [CO(tripod) (bidentate)]-TYPE COMPLEXES 

(Wave numbers and As values (in parentheses) are given in 103 cm - 1 and mol - 1 dm3 cm - 1 , respectively.) 

d-d Transition band 
Complex 

1st 2nd 
Ultraviolet band 

fra/u (iV)-[Co(L-ala) (ata)] -

m(JV)-[Co(L-ala)(ata)]-

trans(N,t-N)-[Co(ï.-a\a)(tren)Y+ 

cis(N,t- J/V)-[Co(L-ala) (tren)]2+ 

trans (N,t-NHCo{i,-val) (tren) f+ 

trans (N, t-N)- [Co (L-ser) (tren) ] 2+ 

trans (N,t-N)- [Co (L-phe) (tren) ] 2+ 

franj(^,f-^)-[Co(D-pgly)(tren)]2+ 

trans(N,t-N)-[Co(i.-cys) (tren)]+ 

[Co(/2-pn)(tren)]3+ 

[Co(ata)(Ä-pn)] 

16.1 ( -0 .083) 
18.4( + 0.080) 
20 .6( -0 .863) 

17.5^-0.669) 
20.3( + 0.763) 

19.5( + 0.194) 
21 .8( -0 .657) 

18.8(-0 .160) 
20.9(4-0.267) 

19.4( + 0.215) 
21 .7 ( -0 .820) 
18.7(+0.020 
21 .5( -0 .603) 
19.5( + 0.062) 
21 .9 ( -0 .367) 
19.0(-0 .125) 
21.7(4-1.685) 

17.0(4-0.116) 
18.7( —0.016) 
21.3(4-0.744) 

19.7(-0 .225) 
22.1(4-0.397) 
17.4(4-0.059) 
19.2 ( -0 .043) 
21.4(4-0.228) 

27.0(4-0.325) 

26 .7( -0 .202) 

29.0(4-0.118) 

26 ( -0 .05 ) 
29.0^-0.122) 

29.0(4-0.149) 

29.0(4-0.077) 

29.3(4-0.055) 

29 .0 ( -0 .180) 

25.6(-0.787) 

28 .7 ( -0 .138) 

27 .6 ( -0 .134) 

37 .6 ( -0 .40) 
40.7(4-0.12) 
42 .9 ( -0 .40 ) 
45.5(4-0.52) 
40 .0 ( -3 .76 ) 
44.8(4-5.6) 
3 9 . 4 i - l . 1 7 } 
46.3(4-0.57) 
49 .3 ( -0 .55 ) 
39 .4 ( -0 .66 ) 
43.9(4-0.8) 
48 .21-1 .11) 

39 .5 ( -2 .15) 

40 .0 ( -1 .36 ) 

37.5(-0.70) 
39.1(4-3.44) 
44 .2 ( -4 .75 ) 
3 4 . 8 ( - 5 . 6 ) 
39.5^4-1-5) 
45 (4-4.2) 
48.5(4-6.3) 

44.8(4-4.1) 

46.1(4-4.2) 

of the corresponding orange and red isomers of the 
glycinato complex, respectively (Table 1). Therefore, 
the orange isomer is trans(N,t-N) and the red cis(N,t-N). 
Though a pair of isomers, red-violet and blue-violet, 
were also isolated for each ata complex with the other 

amino carboxylates,2) only orange isomer was obtained 
for each tren complex with L-val, L-ser, L-phe, and D-
pgly. A series of hydrolysis studies9) on [CoCl2(tren)]+ 
suggested that steric hindrance of hydrogen atoms on 
the aminoethyl chelate ring makes the chloro ligand eis 

39.4i-l.17%7d
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to the tertiary amine more labile, and X-ray crystal 
structure analyses of the two isomers of [Co(gly) (tren)]2+ 
showed that unfavorable non-bonded interactions be­
tween the amino protons of the glycinate ring and the 
adjacent protons on the carbon and nitrogen atoms of 
tren make the cis{Nit-N) structure (red isomer) unstable8) 
In fact, the formation ratio of the red isomer to the 
orange one was rather low for the tren complex with 
L-alaninate. Instability of the red isomer seems to 
increase with an increase in the bulkiness of a substituent 
on the amino carboxylate chelate ring. All orange 
isomers obtained have trans(N,t-N) structure from the 
same reason as that described for the L-alaninate 
complex. All these trans (N9t-N) isomers have similar 
CD patterns ( + and — ) from the longer wavelength 
side in the first d-d transition band region, except for 
the D-pgly isomer, which shows the opposite sign 
pattern ( - and + ) (Table 2). 

The two isomers of [Co(L-ala)(tren)]2+ show almost 
enantiomeric CD in the d-d transition band region 
(Fig. 4). O n the basis of the same assumption as that 
for the ata complex, the CD contributions of (S) asym­
metric carbon and the quasi-enantiomeric chirality were 
separated. The calculated CD contribution of the latter 
chirality is comparable in intensity to that of the former 
(Fig. 4). The pat tern of the CD[trans(N,t-N)] is 
analogous to that of the CD [trans] for the ata complex; 
i.e., two ( + and — ) and one ( + ) components are 

°t i I i l i I I 
15 20 25 30 35 40 45 50 

0/lAm"1 

Fig. 4. Absorption (AB) and CD curves of trans(N,t-N) 
( ) and cis(N, t-N) ( ) isomers of [Co(L-ala)-
(tren)]2+. Calculated CD curves for asymmetric 
carbon (••••) and quasi-enantiomeric ( ) effects 
are also shown. Another asymmetric carbon effect 
curve ( ) is the observed one for [Co (L-ala)-
(NH3)4]2+ complex. 

_i I I i ' i i i I 
15 20 25 30 35 40 45 50 

(Wem"1 

Fig. 5. Absorption (AB) and CD curves oftrans(N, t-N)-
[Co(L-cys)(tren)]+ complex. 

present in the first and second d-d transition band 
region, respectively. T h e asymmetric carbon contribu­
tion CD[S] well coincides with the observed CD of the 
[Co(L-ala)(NH3)4]2+ in the first band region (Fig. 4). 

T h e L-cysteinate complex is in a complicated situa­
tion. When L-cysteinate coordinates through the N and 
O donors, the oc-substituent - C H 2 S ~ is directed at the 
same side as in the other L-amino carboxylate complexes 
(Fig. 3), but when it does through N and S donors, the 
substituent - C 0 2 ~ is at the opposite side. Jackson 
et al.10) first prepared two isomers, brown and ink-blue, 
of [Co(L-cys)(tren)]+ with N and S donors and assigned 
those to trans (N,t-N) and cis{Nit-N) structures, respec­
tively, from their absorption, 1 H- and 13C-nuclear 
magnetic resonance spectra. In the present work only 
the brown isomer, trans(N,t-N), was isolated, which 
showed a CD pat tern enantiomeric to the L-alaninate 
complex of trans(N,t-N) structure in accordance with 
the N,S-coordination of L-cys ligand (Fig. 5). 

(3) [Co(da) (ata)] Complexes. For en and Ä-pn, 
each only one complex of this type was prepared. T h e 
absorption spectrum of the R-pn complex was very 
similar to that of the en complex, having a broad first 
d-d band in agreement with the mer-CoNzOz chromo-
phore (Fig. 6 and Table 1 ). As the donor atoms at each 
end of R-pn have almost the same ligand-field strength, 
the discrimination of the two isomers, trans(N*,t-N) and 
cis(N*,t-N) in Fig. 1, is impossible only from the absorp­
tion spectra, in contrast to the case of amino carboxylate 
complex. In order to examine whether the isolated 
crystals contain only one isomer or both, the 1 H - N M R 
spectrum was measured. 

I t was found that the R-pn complex revealed two 
methyl doublets with about the same intensity (Fig. 7-a). 
Thus the complex is a 1 : 1 mixture of two isomers, 
trans(N*,t-N) arid cis(N*,t-N), which are quasi-
enantiomeric geometrical isomers (Fig. 8). If the same 
argument as that described for the L-ala complex is 
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20 25 30 35 40 45 50 
J-0.5 

O/KTcm 

Fig. 6. Absorption (AB) and CD curves of [Co(ata)(Ä-
pn)] ( ) and [Co(Ä-pn)(tren)]3+ ( ). 

(a) W I 

4 ̂  V w W ^ ^ , ^ 

1.30 

1 ?l 4 

1.35 

i 

ppm ppm 
Fig. 7. ^ - N M R spectra of (a) [Co(ata) (Ä-pn)] and (b) 

[Co (Ä-pn) (tren)] 3+. 

â% A 

trans(N*,t-N) cis(N*,t-N) 
Fig. 8. Two quasi-enantiomeric geometrical isomers of 

[Co(ata)(Ä-pn)]. (Ä) denotes absolute configuration 
of the asymmetric carbon. 

applicable to the Ä-pn complex, the observed CD curve 
(Fig. 6) should approximately correspond to a CD 
contribution CD[Ä], which contains two contributions, 
from (Ä) asymmetric carbon and A-gauche conformation 
of the chelate ring.11) In spite of a difference in the type 
of chromophore, the CD[Ä] contribution curve in Fig. 6 
is roughly enantiomeric to the CDfS] curve of [Co-
(L-ala)(ata)]- (Fig. 2) or [Co (L-ala) (tren) ]2+ (Fig. 4) 
in the first and second d-d transition band region. 

(4) \Co(da)(tren)]z+ Complexes. Also in this 
case, only one complex was prepared for every 1,2-
diamine (en or Ä-pn). 

These complexes have a CoN6 chromophore and 
their absorption spectra (Table 1) closely resembled 

that of [Co(en)3]3+ in regard to the position, intensity 
and half-width of the first d-d transition band. This 
indicates that the tripodlike ligand, tren, has about the 
same ligand-field strength as that of two en ligands. The 
^ - N M R spectrum of the [Co (Ä-pn) (tren) ]3+ complex 
showed only one methyl doublet (Fig. 7-b). Thus the 
complex consists of only one isomer, trans(N*9t-N) or 
cis(N*,t-N) in Fig. 1. Both isomers have unfavorable 
non-bonded interactions among the protons on the R-pn 
nitrogen atoms and on the carbon and nitrogen atoms 
of the tren. However, concerning the orientation of the 
substituent - C H 3 , steric crowding in the trans(N*,t-N) 
structure is less unfavorable than that in cis(N*,t-N); 
thus the only one isomer obtained is assigned to trans-
(N*,t-N). Therefore, its CD curve (Fig. 6) consists of 
two contributions, one from CD[Ä] and the other 
CD[trans(N*,t-N)]. Though the pattern of the observed 
CD for [Co (Ä-pn) (tren) ]3+ complex is similar to that for 
[Co(Ä-pn)(NH3)4]3+, which has no quasi-enantiomeric 
effect and shows two (— and + ) and one (—) com­
ponent in the first and second d-d transition band 
region, respectively,11) the intensity of the tren complex 
is much larger than that of the te t raammine complex. 
The subtraction of the CD curve for the te t raammine 
complex from that for the tren complex is expected to 
give an approximate CD[trans(N*9t-N)] contribution. 
The pat tern of this CD contribution in the first and 
second d-d transition band region is analogous to that 
of CD[Ä] and the intensity for the CD[trans(N*,t-N)] is 
smaller than that for CD[Ä]. 

(5) Conclusion. The C D spectral data described 
above lead one to the following conclusion: 1. CD 
patterns of the [Co(L-am)(ata)]~ or [Co(L-am)(tren)]2+ 
complexes in the d-d band region are governed by the 
' 'vicinal effect" of amino carboxylate ligands, which 
consists of two contributions, the asymmetric carbon 
effect and the quasi-enantiomeric effect, the latter being 
dominant . 2. The trans(N) or trans (N,t-N) isomer 
shows two ( + and — ) or three (—, + and — ) CD 
components in the first d-d band region, and one ( + ) 
component in the second, while the cis(N) or cis(N,t-N) 
isomer shows two (— and + ) and one (—) component 
in the first and second band region, respectively. 3. 
The CD patterns of this type of complex are not affected 
from the varieties of the first coordination spheres or 
chromophore (for example, the two isomers of the ata 
complex belong to trans- and m - C o N 2 0 4 chromophore 
and those of the tren complex C o N 5 0 ) . 4. For the 
corresponding Ä-pn complexes, the quasi-enantiomeric 
effect has a sign opposite to that for the L-ala complexes 
because the substituent - C H 3 is at the opposite side. 

References 

1) Abbreviations of ligands: L-ala = L-alaninate, a m = 
amino carboxylate, ata=nitrilotriacetate, L-cys=L-cysteinate-
(2-), da=l,2-diamine, en=ethylenediamine, gly=glycinate, 
L-phe=L-phenylalaninate, D-pgly=D-phenylglycinate, L-ser= 
L-serinate, Ä-pn=(Ä)-propylenediamine, tren == tris (2-amino-
ethyl) amine, and tripod=tripodlike quadridentate. 

2) N. Koine, N. Sakota, J . Hidaka, and Y. Shimura, Bull. 
Chem. Soc. Jpn., 42, 1583 (1969). 

3) K. Kuo and S. K. Madan, Inorg. Chem., 8, 1580 (1969). 



October, 1981] CD Spectra of Quasi-enantiomeric Geometrical Isomers 3005 

4) C. J . Hawkins, J . A. Stark, and C. L. Wong, Aust. J. 
Chem., 25, 273 (1972). 

5) T. Yasui, J . Hidaka, and Y. Shimura, Bull. Chem. Soc. 
Jpn., 39, 2417 (1966). 

6) N. Matsuoka, J . Hidaka, and Y. Shimura, Bull. Chem. 
Soc. Jpn., 48, 458(1975). 

7) E. Kimura, S. Young, and J. P. Collman, Inorg. Chem., 
9, 1183 (1970). 

8) Y. Mitsui, J . Watanabe, Y. Harada, T. Sakamaki, Y. 

Iitaka, Y. Kushi, and E. Kimura, J. Chem. Soc, Dalton Trans., 
1976, 2095. 

9) S. Yuan, W. V. Miller, and S. K. Madan, Inorg. Chim. 
Acta, 7, 134 (1973). 

10) W. C. Jackson and A. M. Sargeson, Inorg. Chem., 17, 
2165 (1978). 

11) K. Ogino, K. Murano, and J . Fujita, Inorg. Nucl. Chem. 
Lett.,!, 351 (1968). 



3006 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 3006—3008 (1981) [Vol. 54, No. 10 

Synthesis and Structures of Steroidal Oxathiolanes 
Shafiullah,* Hasrat Ali, Haruo Ogura,* and Hiroaki Takayanagi* 

Steroid Research Laboratory, Department of Chemistry, Aligarh Muslim University, Aligarh- 202001, India 
^School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108 

(Received July 25, 1980) 

Synthesis of isomeric oxathiolanes from 6-oxosteroids is described. Configurations at spirocyclic carbon in 
these compounds have been established on the basis of CD and NMR spectra with the use of shift reagent 
[Eu(dpm)J. 

As an extension of a previous study,1) the synthesis 
and spectrochemical studies of steroidal oxathiolanes 
have been carried out. 

C„H 8n17 

1 . X = H 

2. X=0Ac 
3 . X=Cl 

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

Reaction of ketone 1 with 2-mercaptoethanol in 
acetic acid (BF 3 -E t 2 0 as catalyst, room temperature) 
afforded a compound melting at 56 °C and a noncrystal-
lizable oil. These compounds gave molecular ion peaks 
at mje 446 (G2 9H5 0OS). T h e compound, m p 56 °C, 
showed characteristic bands at 1225 (-S-CH2)2> and 
1065 c m - 1 (monothioacetal group),3) and the oil bands 
at 1220 ( -S-CH 2 ) and 1070 cm" 1 (monothioacetal 
group) in I R spectra. T h e N M R spectrum of the 
compound, m p 56°G, gave two distorted triplets at Ô 
4.32 and 3.92 ( - 0 - C H 2 ) each integrating for 1 proton, 
and a double doublets at ô 2.78 ( - S - C H 2 ; J=3.7 Hz) 
for 2 protons. T h e oil gave a distorted triplet for 2 
protons at <3 4.03 ( - 0 - C H 2 ) and a clean triplets for 2 
protons at ô 2.93 ( -S-GH 2 ) . 

T h e configuration of the - 0 - C H 2 and - S - C H 2 in 

the products could not be assigned with these spectral 
data , and [tris(dipivalomethanato) europium I I I ] was 
employed as a shift reagent. Addition of the reagent 
to the compound, m p 56 °C, caused no significant 
change in the chemical shift of the signals in its N M R 
spectrum (Table 1), while its addition to the oily isomer 
showed a remarkable difference in the chemical shift 
of the N M R signals (Table 2). This confirmed that the 
- 0 - C H 2 group of monothioacetal ring at tached to C(6) 
has an equatorial orientation in the oil, and an axial 
one in the compound, m p 56 °C.4> Thus the compound 
is considered to be (6£)-6,6-oxyethylenethio-5a-
cholestane 4 and the oil (6i?)-6,6-oxyethylenethio-5a-
cholestane 7. CD data for compounds 4 (negative 
Cotton effect) and 7 (positive Cotton effect) (Fig. 1) 
further support configurational asignments for the 
monothioacetal ring in these compounds.5) 

By a similar t reatment ketones 2 and 3 afforded 
oxathiolanes 5, 8, and 6, 9 respectively. In N M R 
spectra, the splitting pat tern of - 0 - C H 2 and - S - C H 2 

protons of 5 and 6 was found identical with 4, and 
oxathiolanes 8 and 9 provided similar N M R peaks for 
- 0 - C H 2 and - S - C H 2 protons as in 7. O n the basis of 
the N M R peak pat tern the configurations at spirocyclic 
carbon in compounds 5, 6, and 8, 9 were assigned 
similarly to 4 and 7, respectively. This is supported by 
the negative Cotton effect (Figs. 2 and 3) for compounds 
5 and 6 and positive Cotton effect (Figs. 2 and 3) for 
compounds 8 and 9. 

T h e parent ketones 1—3 were generated when 
monothioacetals 4—9 were treated with aqueous acetic 
acid. 

TABLE 1. INDUCED CHEMICAL SHIFTS (Ô) OF VARIOUS PROTONS OF COMPOUND 

4 WITH INCREASING AMOUNT OF SHIFT REAGENT Eu(dpm)3 

Sample(20.29 mg) neat 
Sample(20.29 mg) + Eu(dpm)3 (5.79 mg) 
Sample (20.29 mg) + Eu(dpm)3 (11.54mg) 
Sample (20.29 mg) + Eu(dpm)3 (12.30 mg) 

- 0 - C H 2 

4.05 
4.00 
4.06 
4.15 

-S-CH 2 

2.85 
2.83 
2.78 
2.80 

C(10)-CH3 

0.98 
0.96 
1.00 
0.94 

TABLE 2. INDUCED CHEMICAL SHIFTS (<5) OF VARIOUS PROTONS OF COMPOUND 

7 WITH INCREASING AMOUNT OF SHIFT REAGENT Eu(dpm)3 

- 0 - C H 2 -S-CH2 C(10)-CH3 

C(13)-CH3 

0.66 
0.66 
0.67 
0.61 

C(13)-CH3 

Sample(22.00 mg) neat 
Sample (22.00 mg) + Eu(dpm)3 (6.0 mg) 
Sample (22.00 mg) + Eu(dpm)3 (11.16 mg) 
Sample (22.00 mg) +Eu(dpm)3 (15.81 mg) 

4.03 
4.20 
4.63 
4.91 

2.93 
3.00 
3.03 
3.34 

0.98 
0.98 
1.03 
1.14 

0.67 
0.67 
0.70 
0.72 
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241(3172) 
C8H ]7 

DIOXANE 24°C ? ß H l 7 

-1000 
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Fig. 1. CD curves of compounds 4 and 7 in dioxane at 
24 °G. 
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234(5306) 

22Ö7859) 250(796) Ç8Hl7 

Fig. 2. CD curves of compounds 5 and 8 in dioxane at 
24 °C. 

C8H17 

C8Hl7 

- 2 0 0 0 

Fig. 3. CD curves of compounds 6 and 9 in dioxane at 
24 °C. 

Experimental 

All melting points are uncorrected. IR spectra were 
recorded on a Perkin-Elmer 237 spectrophotometer, and 1H-
NMR spectra in CDC13 on a Varian A60 instrument (<5 scale. 
TMS=0ppm) . CD curves were measured with a JASCO 
J-20 spectropolarimeter in dioxane. Mass spectra were 
measured on a Varian AJMS D100 mass spectrometer. TLC 
were performed with silica gel (BDH) and column chromatog­
raphy with silica gel (BDH-60-120 mesh). NMR values in 

ppm (s=singlet; dd=double doublets; t=triplet; mc= 
multiplet centred at"). 

(6S) -6,6-Oxyethylenethio-5a-cholestane 4 and (6K)-6,6-
OxyethylenethioSa-cholestane 7. A solution of ketone 16> 
(5.0 g) in AcOH (200 cm3) was treated with 2-mercaptoethanol 
(10 cm3) and BF3- E t 2 0 (2 cm3) and left to stand at room 
temperature for 1 h. The solution was diluted with MeOH 
(25 cm3), poured into water and extracted with ether. The 
ethereal layer was washed successively with water, NaHC0 3 

solution (5%), water and dried (anhydrous Na2S04). The 
oil (5.0 g) obtained after removal of ether under reduced 
pressure was chromatographed over silica gel (100 g). Elution 
with light petroleum ether afforded 4; solidified on being left at 
room temperature (2.0 g); mp 56 °C; MS (70 eV) m/e 446 
(30%) (M+); Found: C, 78.03; H, 11.01%. Calcd for 
C29H60OS: C, 78.02; H, 11.20%; CD (dioxane) [0]2°(nm): 
- 1 3 8 0 (250). NMR (CDC13): Ô 0.68, 0.82, 0.92, and 0.98 
(C(10)-; C(13)- and side chain methyl protons). 

Further elution with light petroleum ether afforded 7 (2.10 
g) as an oil; MS (70 eV) m/e 446 (28.3%) (M+); Found: C, 
78.03; H, 11.01%. Calcd for C29H60OS: C, 78.02, H,11.20; 
CD (dioxane) [0]2°>(nm): +3170(241). NMR (CDC1S) : 
<5 0.67, 0.70, 0.75, and 0.98 (C(10)-; C(13)- and side chain 
methyl protons). 

3ß-Acetoxy-(6S)-6,6-oxyethylenethio-5a-cholestane 5 and 3ß-
Acetoxy(6K)-6,6-oxyethylenethio-5a.~cholestane 8. The ketone 
27> (5.0 g) was treated with 2-mercaptoethanol (10 cm3) and 
BF3 .Et20 (2 cm3) in AcOH (200 cm3) in the same way as 
for 1. The oil obtained after removal of the solvent was 
chromatographed over silica gel (100 g). Elution with light 
petroleum ether-ether (22 : 1) afforded 5, recrystallized from 
light petroleum ether (2.20 g) ; mp 142 °C, MS (70 eV) m/e 
504 (12.5%) (M+); Found: C, 73.81; H, 10.49%. Calcd for 
C31H6203S: C, 73.8; H, 10.51%; CD (dioxane) [0]2°> (nm) : 
- 8 6 0 (220) and - 8 0 0 (250). IR (KBr) : 1740 (CH 3 -CO-0-) , 
1240 (C-O), and 1030 cm-1 (monothioacetal group); NMR 
(CDC13): ô 4.7 (mc, W l / 2 =16Hz , C(3)a-H), 4.28, 3.9 
(distorted tripletes, - 0 - C H 2 - ) , 2.86 (dd, 7 = 3 . 6 Hz, - S -
CH2-) , 2.03 (s, C(3)-0-CO-CH 3 ) , 0.70, 0.83, 0.93, and 1.0 
(C(10)-, C(13)-, and side chain methyl protons). 

Further elution with light petroleum ether-ether (20 : 1) 
yielded 8 recrystallized from light petroleum ether (2.0 g), mp 
106°C; MS (70 eV) m/e 504 (11.4%) (M+); Found: C, 73.80; 
H, 10.49%. Calcd for C31H5203S: C, 73.8; H, 10.51%; CD 
(dioxane) [0]2O> (nm) : +3520 (239). IR (KBr) : 1740 (CH3-
CO-O-) , 1240 (C-O-) , and 1030 cm-1 (monothioacetal 
group) ; NMR (CDC13) : ô 4.73 (mc, m / 2 = 16 Hz, C(3)a-H), 
4.03 (distorted triplet, - 0 - C H 2 - ) , 1.96 (t, -S-CH 2 - ) , 2.03 
(s, C(3)/S-0-CO-CH3), 0.70, 0.80, 0.90, and 0.98 (C(10)-
(C(13)-, and side chain methyl protons). 

3ß-Chloro-(6S)-6,6-oxyethylenethio-5<x-cholestane 6 and 3ß-Chloro-
(6R)-6,6-oxyethylenethio-5cc-cholestane 9. The ketone 38> 
(5.0 g) was treated with 2-mercaptoethanol (10 cm3) and 
BF3-Et20 (2 cm3) in AcOH (200 cm3) in the same way as 
for 1 and 2. Compounds 6 and 9 were separated. Compound 
6 was recrystallized from light petroleum ether (1.8 g), mp 152 
°C; MS (70 eV) m/e 480/482 ( 3 : 1 ) (26.0%) (M+); Found 
C, 72.30; H, 10.10%. Calcd for Ca9H49OSCl: C, 72.5; H, 
10.20%; CD (dioxane) [0]2O> (nm) : - 6 1 0 (251). IR (KBr) : 
1070 (monothioacetal group), and 760 cm-1; NMR (CDC13): 
cm-1; NMR (CDC13) : ô 4.0 (mc, C(3)a-H, - 0 - C H 2 ) , 
3.86 (dd, 7 = 3 . 6 Hz, -S-CH 2 - ) , 0.68, 0.80, 0.92, and 1.0 
(C(10)-, C(13)-, and side chain methyl protons). 

Conpound 9 was recrystallized from petroleum ether (1.75 
g); mp 115 °C; MS (70 eV) m/e480/482 (3 : 1) (7.0%) (M+); 
Found: C, 72.31; H, 10.12%. Calcd for C29H49OSCl: C, 
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72.5; H, 10.20%; CD (dioxane) [0]20 (nm) : +2960 (237.5). 
IR (KBr) : 1070 (monothioacetal group), and 760 cm"1 (C-
Gl) ; NMR (GDG13) : Ô 4.05 (mc, C(3)a-H, - 0 - C H 2 - ) , 2.97 
(t, -S-CH 2 - ) , 0.68, 0.78, 0.92, 0.98 (C(10)-, G(13)-, and 
side chain methyl protons). 

We are grateful to Prof. W. R a h m a n , Head, Depart­
ment of Chemistry for providing necessary facilities and 
Prof. M. S. Ahmad for valuable discussions. Financial 
assistance from CSIR (New Delhi) is acknowledged. 
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Aromatic Nucleophilic Substitution. XV.1} Stopped-flow Kinetics of the 
Formation and Decomposition of 1,3- and 1,1-Disubstituted 

Meisenheimer Complexes in the Reactions of 1-Dialkylamino-
2,4-dinitronaphthalenes with Potassium Methoxide 

in Dimethyl Sulfoxide-Methanol 
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(Received October 8, 1980) 

The formation of 1,3-disubstituted anionic a complexes, followed by 1,1-disubstituted ones was confirmed 
by means of absorption and NMR spectra in the reactions of l-dialkylamino-2,4-dinitronaphthalenes with potassium 
methoxide in DMSO-CH3OH. The rates and activation parameters were determined by kinetic studies with use 
of stopped-flow and conventional spectrophotometers. The rate constants for the formation of 1,3-disubstituted 
one decreased in the order l-dimethylamino-^>l-(TV-methylbutyl)amino-^>l-piperidino-^> 1 -diethylamino-2,4-
dinitronaphthalenes, those for its decomposition being comparable with each other. On the other hand, the rate 
constant for the formation of 1,1-disubstituted one decreased in the same order as above while that for its decomposi­
tion decreased in the order l-dimethylamino-^>l-(7V-methylbutyl)amino-^>l-diethylamino-^>l-piperidino-2,4-
dinitronaphthalenes. The mechanism was discussed from activation parameters. 

Many Jackson-Meisenheimer complexes (anionic a 
complex) have been prepared by nucleophilic attack on 
polynitroaromatic compounds2) as shown by 

y + RO" 
N02 

° 2 N ^ Y N ° 2 (la) 

fc2
H 

1a 

Especially in the reactions of 1-alkoxy- or 1-amino-
substituted activated benzenes or heteroaromatics with 
all oxides or amines, two anionic a complexes, 1,3- and 
1,1-disubstituted ones ( l a and l b ) are usually 
formed.3"22) Upon addition of bases l a is formed at 
first, undergoing isomerization to l b ; the former is 
said to be a kinetically controlled product and the latter 
an equilibrium-controlled one.23*24) 

However, with activated naphthalene derivatives 
1,3-disubstituted complexes such as l a have hardly 
been found. As a few exceptional cases, Millot and 
Terrier testified the formation of 2a by stopped-flow 
spectrophotometric technique,14) although its evidence 
was considered to be somewhat uncertain. Fendler 
et Û/.25) at tempted the reaction of 1 -methoxy-2,4-
dinitronaphthalene (2) with alkoxide, but were unsuc­
cessful in the identification of 2a. Their failure is due 

0CH3 

N02 

2a 

to the insufficient stability of such complexes as 2a, as 
compared with those formed from benzene derivatives. 

Thus , if the stability of 2 b (naphthalene analog 
corresponding to l b ) could be reduced, the energy 
barrier between 2a and 2 b would become smaller, 
elongating the life of 2a and making the identification 
easier. Such attempts were successful in the reactions 
of l-amino-2,4-dinitronaphthalenes with alkoxides.26»27) 
Replacement of amino for alkoxyl groups clearly 
deactivates the G-l position of a naphthalene moiety, 
necessitating the slower isomerization of 2a to 2b . 

As a result, it would be interesting to investigate the 
kinetic and thermodynamic parameters of the reac­
tions of l-dialkylamino-2,4-dinitronaphthalenes with 
alkoxides.28) 

This paper reports the stopped-flow kinetics of the 
formation and decomposition of the 1,3- and 1,1-
disubstituted anionic a complexes in the reactions of 
various l-dialkylamino-2,4-dinitronaphthalenes (3—6) 
with potassium methoxide in D M S O - G H 3 O H (90/10 
v/v). 

R e s u l t s 

General Features. The reaction of 1-dimethyl-
amino-2,4-dinitronaphthalene (4) with potassium meth­
oxide in D M S O - G H 3 O H afforded 4a at first and then 
4 b in quantitative yields (Fig. 1 ). Spectrum (b) obtained 
by stopped-flow spectrophotometry just after addition 
of methoxide is due to 4a, absorbance scale being 
arbi t rary; Spectrum (c), at tr ibutable to 4b , was obtained 
in 12 min after addition.29»30) From the results, the 
reaction is expected to proceed in a mode similar to 
that of Eq. 1. 

N M R technique is considered useful for elucidating 
the structures of anionic a complexes.23) Just after 
addition of methanolic potassium methoxide (1.40 X 10~4 

mol) to a D M S O solution (0.5 ml) of 4 (1.40 X 10~4 mol) 
at room temperature, the solution turned red at once, 
suggesting the formation of a complex. Just after 
addition, H 3 sharp singlet (<5 8.63) of 4 shifted upfield 
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400 500 

Wavelength/nm 

Fig. 1. Spectral changes relevant to the reaction of 
1 - dime thy lamino -2 ,4 - dinitronaphthalene (4) with 
CH3OK in DMSO-CH3OH (90 : 10, v/v); (a) 4(3.25 
X 10-5 M (1M= 1 mol dm -3) at room temperature; (b) 
obtained by means of a stopped-flow method (4 5.0 X 
10-4M and CH3OK 4 . 5 x l 0 " 3 M ) ; (c) 12 min after 
addition of CH3OK. 

Chb CH3 

+ CH30-

N02 (2a) 
OCH3 

(CH3)2N OCH3 

fyH°2 (2b) 

Ab 
N02 

(<5 6.33, H 3 of 4a) . Fast sweep time (500 Hz/50 s) and 
fast procedure are indispensable for detecting spectral 
changes, 2.5 min after addition, a new singlet, due 
to H 3 of 4 b appeared at ô 9.31 at the expense of the 
singlet at ô 6.33 (measured at the normal sweep time, 
250 Hz/50 s, in this case) which appeared faintly. 

T h e results also support the reaction paths (Eq. 2). 
Similar results were obtained for 3, 5, and 6.31) I t is 
thus expected tha t the discrete kinetics of formation and 
decomposition of 4a and 4b is possible. 

Kinetic Runs. Let us rewrite Eq. 2 in a form 
convenient for quanti tat ive discussion as Eq. 3. Stage I 
kinetics (4+±4a, Eq. 3a) is much faster than Stage I I 

. * . . * *» (3a) 

4 + -OCH3 
A-, 

*-• 4b (3b) 

reaction (4+±4b, Eq. 3b). Thus, when Stage I kinetics 
is taken into account, Stage I I reaction can be neglected, 
since the former reaction is completed in several thou­
sandths seconds (Table 3), making the contamination 
by the latter negligible. 

Stage I. T h e pseudo-first-order rate constant, 
Je?, for the at tainment of an equilibrium is the sum of 

forward and reverse components. For the system 
(Eq. 3a) the following expression should hold: 

*, = *1([CH,0-] + [4])+A_1 . (4) 

Under the usual condition [ C H 3 0 " ] > [ 4 ] , Eq. 4 is 
simplified to 

A, = *![CH,0-] + *_,. (5) 

As a result, dependence of k^, on methoxide concen­
tration would afford the linear relationship, and kx and 
k_x are estimated from the slope and the intercept, 
respectively. T h e dependence of kf on methoxide 
concentration is given in Table 1, involving estimated 
rate constants and equilibrium constants. The relation­
ship between k+ and methoxide concentration at 15, 
25, and 35 °C indicates that Eq. 5 holds fairly well 
(Fig. 2). T h e temperature dependence of Kx, kx, and k_x 

was determined at four temperatures. Kinetic and 
activation parameters obtained from the Arrhenius plot 
(not shown) are summarized in Table 3, which includes 
the results obtained for 3 , 5, and 6. T h e kx values 
decrease in the order 4 > 5 > 3 > 6 and the k_x values 
in the order 3 > 6 > 4 > 5 . T h e enthalpy and entropy 
of activation for 3, 4, 5, and 6 (AHt and AS?) compen­
sate with each other, and those (AH*X and AS-i) also 
do the same except for 3, in which the k_x value depends 
upon AS-i ra ther than AHÏX. 

Stage II. As shown in Fig. 1, the change from 
Spectrum a to Spectrum b (4<=*4a) obtained by stopped-
flow spectrophotometry is instantaneous, whereas that 
from Spectrum b to Spectrum c (Stage I I reaction) is 
relatively slow. As a result, Stage I I reaction (4a<±4+± 
4b) , in which Stage I process (4+±4a) is involved as 
equilibrium, is much slower than Stage I reaction. 
Therefore, Stage I reaction can be treated as equilib­
rium, lying almost entirely on the right in the treatment 
of Stage I I kinetics. Table 3 shows that Stage I reaction 

TABLE 1. RATE AND EQUILIBRIUM FOR THE FORMATION AND 

DECOMPOSITION OF 1,3-DISUBSTITUTED ANIONIC A COMPLEX 

FORMED FROM l-DIMETHYLAMINO-2,4-DINITRONAPH-

THALENE (4) AND POTASSIUM METHOXIDE IN 

DMSO-CH3OH (90: 10 V/V)AT 25 °C*> 

103 [GH3OK] * i lOJfc-j 
M 

2.16 
2.26 
3.53 
4.24 
4.50 
4.94 
5.40 
5.65 
6.35 
7.20 

s-1 

1.95 
2.11 
2.94 
3.19 
3.38 
3.63 
3.92 
4.04 
4.66 
5.08 

M- 1 s-1 M- 1 

596c> 7.24d) 820e) 

8.10 5.49 

a) [4] 0 2.0x 10-* M; p 0.05 M (KG104). b) Measured 
at 565 nm with a stopped-flow method. Estimated limit 
of error ± 2 . 5 % . c) Calculated from Eq. 5. Estimated 
limit of error ± 7 . 3 % . d) Calculated from Eq. 5. 
Estimated limit of error ± 1 0 . 0 % . e) Calculated from 
Kx=kjk_x. 
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TABLE 2. TEMPERATURE DEPENDENCE OF kl9 k_Xi AND KX FOR 

THEFORMATION AND DECOMPOSITION OF 1,3-DISUBSTITUTED 

ANIONIC O COMPLEX FORMED FROM l -DIMETHYLAMINO-2, 4 -

DINITRONAPHTHALENE ( 4 ) A N D POTASSIUM METHOXIDE 

IN DMSO-CH3OH (90: 10 v/v)a> 

Temp 
°G 

15 
25 
35 
40 

k™ 
M - i s - 1 

325 
596 

1150 
1570 

10*_!c> 
s-1 

2.83 
7.24 

14.8 
20.2 

Kxu 
M-1 

1150 
820 
780 
710 

a) [4]0 2.Ox 10-*M; yt 0.05 M (KC104). b) Calculated 
from Eq. 5. Estimated limit of error ± 7 . 3 % . c) 
Calculate from Eq. 5. Estimated limit of error ±10-0%. 
d) Calculated fromK1=kl/k^1. Estimated limit of error 
±17.3%. 

io-2 1 

1.0 
[CH3OK] 

5 . 0 

•/M-

0.5 

5.0 

103[CH3OK]/M 

Fig. 2. Relationship between £ob8d and [CH3OK] and 
between l/(£0bsd~-*-2) a n d l/[CH3OK] in the reac­
tion of l-dimethylamino-2,4-dinitronaphthalene with 
CH3OK in DMSO-CH3OH (90 : 10, v/v) at 25 °C. 

nearly completed in several thousandths of a second, 
very small in the time scale for Stage II reaction. 

As to the rate of Stage II reaction, the general kinetic 
expression derivable from Eq. 3 should take account 
of the possibility that the substrate may be split between 
4 and 4a. Putting [4] s t = [ 4 ] + [4a], and Kx the 
equilibrium constant for Stage I reaction, we obtain 

*obsd — * - 2 "T" 
*a[CH3Q-] 

l + A i [ C H , 0 - ] ' 
(6) 

where A:obsd is the pseudo-first-order rate coefficient for 
Stage II reaction, and k2 and A:_2 the rate coefficients for 
forward and reverse reactions. Consequently, depend­
ence of kohsd on methoxide concentration would afford 
a curvilinear relationship, in which the curve would not 
pass through the origin. If the £_2 value can be obtained 
by extrapolation from the relationship between A:obsd 

and methoxide concentration, we obtain the following 
equation by substituting the value into Eq. 6, and 
rearranging. Thus, k2 and kx can be obtained from the 
slope and intercept in the plot of ^l(kohsû—k^2) against 
1 / [ C H , 0 - ] . 

1 
~/C_o A2[CHsO-] =T + II 

^ 2 
(7) 

The dependence of £o b s d on methoxide concentration 
involves estimated rate and equilibrium constants 
(Table 4). Figure 2 shows the dependence of kobsd on 
methoxide concentration and the inversion plot. 
Equation 6 and 7 are seen to hold. Objection might 
arise that the relation between kohsd and methoxide 
concentration (Fig. 2) would afford a straight line within 
the range of methoxide concentration. This would be 
expected if K^CHaO-JCl in Eq. 6. Although an 
increase in kobsd with increasing methoxide concentra­
tion is much smaller at 25 °G, the plot of kobsd against 
methoxide concentration were steeply convex upward at 
higher temperatures (e.g., 35 and 40 °G), indicating 
that Eq. 6 holds. The A:_2 value was so determined 
that the best linear relationship would be established in 
the inversion plot (Eq. 7). There might be some 

TABLE 3. KINETIC AND THERMODYNAMIC PARAMETERS FOR THE FORMATION AND DECOMPOSITION 

OF 1,3-DISUBSTITUTED ANIONIC <J COMPLEXES IN D M S O - C H 3 O H ( 9 0 : 10 V/V) AT 2 5 ° C 

R R/a) 

\ N / 
1 

kJM^s-1 

* - i / s - i 
KJM-1 

AHJVkcalmol-1 

AS^/caldeg^mol-1 

Ai/^/kcalmol-1 

A5?1/caldeg-1mol-1 

AH?.3/kcalmol-lb) 

A^s/caldeg^mol-1 6) 
AGts/kcalmol-ld> 

1 | 
\]NK 

1 
3 

480±35 
1.04±0.11 
460±80 

11.5±2.3 
- 7 . 1 ± 5 . 3 
13.5±3.6 

- 1 0 . 9 ± 9 . 2 
- 2 . 0 ± 5 . 9 

3 .8±14.5 
- 3 . 1 ± 1 0 . 2 

CH3 CH3 
\ N / 

1 
4 

596±44 
7 . 2 4 ± 0 . 0 8 x l 0 - 1 

820±150 
10.6±2.2 

- 1 0 . 0 ± 7 . 6 
13.4±3.6 

- 1 4 . 1 ± 1 2 . 0 
- 2 . 8 ± 5 . 8 

4 .1±19 .6 
- 4 . 0 ± 1 1 . 6 

CH3 n-C^li.Q 
\ N / 

1 
5 

540±40 

y^OiO.osxio-1 

750±140 
11.2±2.3 

- 8 . 1 ± 6 . 5 
13.7±3.6 

- 1 2 . 9 ± 1 0 . 9 
- 2 . 5 ± 5 . 9 

4 .8±17 .4 
- 3 . 9 ± 1 1 . 2 

C2H5 C2H5 

\ N / 
1 
6 

410±30 
7 . 5 6 ± 0 . 0 8 x l 0 - 1 

540±90 
12.1±2.5 

- 5 . 7 ± 4 . 3 
14.1±3.7 

- 1 1 . 4 ± 9 . 7 
- 2 . 0 ± 6 . 2 

5 .7±14 .0 
- 3 . 7 ± 1 0 . 3 

a) Only the substituent at C-l 
d) AGJ, 3 =Ai / ° -TA5° . 

of 2,4-dinitronaphthalene is indicated, b) A H ? . 8 = A H ? - H Î 1 . c) ASl3=Sî-S* 
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TABLE 4. RATE AND EQUILIBRIUM FOR THE FORMATION AND 

DECOMPOSITION OF 1,1-DISUBSTITUTED ANIONIC a COMPLEX 

FORMED FROM l -DIMETHYLAMINO-2 ,4 -DINITRONAPH-

THALENE ( 4 ) AND POTASSIUM METHOXIDE IN 

DMSO-CH3OH(90: 10 v/v) AT 25 °Ca> 

103[CH3OK] 102*obsd
b> 103/t * i K9 

M 

1.47 
1.69 
1.96 
2.25 
2.93 
3.37 
3.91 
4.49 
4.89 
5.62 

s-1 

1.51 
1.60 
1.70 
1.76 
1.97 
2.05 
2.13 
2.20 
2.25 
2.31 

M- 1 s-1 M- 1 M-1 

14.3C> 3.6d> 540e> 3970° 

a) [4]0 3.20x 10-6 M; fi 0.05 M (KC104). b) Measured 
at 520 nm. Estimated limit of error ± 2 . 0 % . c) Calcu­
lated from Eq. 7. Estimated limit of error ± 1 3 . 5 % . 
d) Calculated from Eq. 6. Estimated limit of error 
± 8 . 3 % . e) Estimated limit of error ± 1 6 . 5 % . f) 
Calculated from K^—k^jk^. Estimated limit of error 
± 2 1 . 7 % . 

ambiguity in the k_2 values. The temperature depend­
ence of K1} K2, k2, and k_2 at four temperatures is given 
in Table 5. T h e Arrhenius plot affords kinetic and 
activation parameters (Table 6), together with the 
results obtained for 3, 5, and 6. Although there is some 
difference between the K± values obtained from Stage I 
and I I kinetics, the agreement could be considered to be 
fairly good. Formation of 1,3-disubstituted anionic a 
complex is kinetically controlled and that of 1,1-
disubstituted one equilibrium-controlled, which is 
reflected in the Kx and K2 values (Tables 3 and 6). 

D i s c u s s i o n 

1,3-Disubstituted Anionic a Complex. T h e rates and 
activation parameters (Table 3) do not differ much, since 

TABLE 5. TEMPERATURE DEPENDENCE OF Klt Kiy k2) AND A;_2 

FOR FORMATION AND DECOMPOSITION OF THE 1,1-DISUBSTITUTED 

ANIONIC O COMPLEX FORMED FROM l -DIMETHYLAMINO-2 ,4 -

DINITRONAPHTHALENE ( 4 ) AND POTASSIUM METHOXIDE 

IN DMSO-CH3OH (90: 10 v/v) AT 25 Coa) 

Temp 
°C 

15 
25 
35 
40 

K2 

M - l s - l 

6.7 
14.3 
28.5 
41.8 

103A_2
C) 

s- 1 

2.5 
3.6 
5.1 
5.8 

M- 1 

680 
540 
440 
400 

K* 
M - 2 

2680 
3970 
5580 
7200 

a) [4] 0 3.20 x 10 -6 M ; fi 0.05 M (KC104). b) Estimated 
limit of error ± 1 3 . 5 % . c) Estimated limit of error 
± 8 . 3 % . d) Estimated limit of error ± 1 6 . 5 % . e) 
Estimated limit of error 21.7%. 

methoxide ion attacking at the C-3 position does not 
get the direct effect of a dialkylamino group at the C-l 
position. Some comments are given in the following. 
(a) T h e entropy of activation for k_x is negative, as 
compared with that for kx with each substrate. This 
indicates that the entropy refers to unimolecular 
reactions in line with the view that part of the negative 
charge delocalized in the anionic a complex becomes 
concentrated on the incipient methoxide ion in the 
transition state of decomposition, increasing the solva­
tion of activated complexes and giving rise to negative 
entropy of activation.33) (b) The enthalpy and entropy 
of activation for kx (AH^ and AS-f) compensate each 
other, in line with the view that the solvation of methanol 
to the dialkylamino group of a substrate, in which the 
F- and B-strains proposed by Brown et a/.34_36> occur, 

H0CH3 

T A B L E 6. K I N E T I C AND THERMODYNAMIC PARAMETERS FOR T H E FORMATION AND DECOMPOSITION 

OF 1,1-DISUBSTITUTED ANIONIC O COMPLEXES IN D M S O - C H 3 O H (90: 10 v/v) AT 25 °C 

R R"° 
\ N / 

1 

kJU-1 s-1 

A-Js-1 

J^/M-i 
K2/M~l 

A/^ /kca lmol - 1 

ASJ/ca ldeg^mol - 1 

A//?/kcal mol-1 

A^aVcaldeg^mol-1 

AH^/kca lmol - 1 

AS? i/cal deg-1 mol-1 

AGÎ.i/kcalmol-1 

^ 
\ N ' 

i 
2.53±0.29 

1 . 8 ± 1 . 3 x l 0 - 4 

310±50 
14100±3050 

12 .2±2.5 
- 1 5 . 4 ± 1 0 . 2 

27 .2±7 .2 
- 1 5 . 8 ± 1 . 5 
- 1 5 . 0 ± 9 . 7 

0 .4±11 .7 
- 1 5 . 1 ± 1 2 . 2 

CH3 CH3 

\ N ' 
1 
4 

14 .3±1.9 
3 . 6 ± 0 . 3 x l 0 - 4 

540 ±90 
3970±860 
12 .1±2.5 

- 1 2 . 8 ± 8 . 5 
5 . 3 ± 1 . 4 

- 5 1 . 9 ± 4 . 9 
6 . 8 ± 3 . 9 

39 .1±13.4 
- 4 . 8 ± 4 . 9 

CH3 w-C4H9 

\ N ' 
1 
5 

3.88±0.38 
1 . 2 ± 0 . 1 x l 0 - 4 

350 ±60 
2400 ±520 
13 .1±2.7 

- 1 2 . 3 ± 8 . 1 
11 .4±3 .0 

-33.3±3.l 
1.7±5.7 

21 .0±11.2 
- 4 . 6 ± 9 . 0 

C0H5 COHK 

\ N / 
1 
6 

1.09±0.14 
3 . 3 ± 0 . 3 x l 0 - 4 

290±50 
2200±710 
14.4±3.0 

- 1 1 . 9 ± 7 . 9 
8 .2±2 .1 

- 4 8 . 7 ± 4 . 6 
6 .2±5 .1 

36 .8± 12.5 
- 4 . 8 ± 8 . 8 

a) Only the substituent at C-l of 2,4-dinitronaphthalene is indicated. 
- A / / * a . d) AGi^AHl.-TASU. 

b) AHl^AHt-AH^. c) AHl^AH* 
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would make amino nitrogen ammonium-nitrogen-like, 
which exerts the less electron-donating resonance 
contribution (due to the lone pair electrons of the amino 
nitrogen), giving rise to the reduced deactivation of the 
C-3 position indirectly. Naturally, the bulkier an 
amino group, the less it is solvated by methanol . Thus, 
the compensation would be evolved between the 
enthalpy and entropy of activation (AH-^ and AS-f). 
As regards the enthalpy and entropy of activation for 
£_! (A//*i and A£_i), those on 4, 5, and 6 linearly 
compensate each other except for 3. With 3, the 
compensation between AH-! and AStx was found to 
deviate somewhat from the linear relationship. T h e 
conformation of 3 could be taken into account. In veiw of 
solvation (-NR 2---HOGH 3) , the 2,5-dinitro-l-naphthyl 
group should be put into an equatorial position at 
the nitrogen atom of piperidine. T h e same conformation 
could be held also in the anionic a complex (3a). In 
the unimolecular decomposition of 3a, the less solvation 
of methanol to the incipient methoxide ion at the C-3 
position would be respon sible for the deviation to 
some extent, because l-methoxy-2,6-dinitro-4,5-benzo-3-
cyclohexadienylido group is very large. 

It is of interest to compare our results with those of 
Millot and Terr ier , u ) who carried out the kinetics of the 
reaction of 2 with potassium methoxide in D M S O -
C H 3 O H (90 : 10, v/v) at 20 °C, although their identifi­
cation of the 1,3-disubstituted anionic a complex was 
somewhat imcomplete (Eq. 8). Their values are as 
follows: kx 7800 M ^ s " 1 ; k.x 8.5 s"1; K± 916 M" 1 . 

0CH3 k, 2a <8a) 

^ Y V N 0 2 ^^ 

N0 2 ^ "Y 

2 £ k J v (8b> 
N02 

2b 

Their reaction temperature is a little lower than ours, 
but the kx and k_x values are considerably larger; the 
difference in the Kx values is not large. T h e stronger 
inductive ( — 1) and weaker resonance ( + R ) effects, 
that is, the more electron-attracting effect of methoxyl 
group than those of dialkylamino group, activate the 
C-3 position more strongly, making the attack of 
methoxide ion faster (kx). T h e effects of methoxyl group 
activate the C-l position also more strongly, making the 
3-»l migration of methoxyl group easier (A;_j). 

1,1-Disubstituted Anionic a Complex. T h e k2 and 
k_2 values are expected to vary with the steric and 
activating effects of a substituent at the C-l position 
(Table 6). T h e k2 value increases in the order 6 < 5 < 4 , 
depending on the enthalpy of activation (AH2*) ra ther 
than on the entropy of activation (AS2*), in which the 
same effect ( -NR 2 - "HOCH 3 ) might function. However, 
in the case of 3, the decrease in the k2 value, seems to 
depend on the negative and large entropy of activation, 
which might occur from the steric interference of 
piperidyl group with the bimolecular attack of methoxide 
ion at the C-l position. 

Non-linear compensation takes place among the 
enthalpy and entropy of activation for the decomposition 
of complex. Especially in the case of 3, the k-2 value 
depends on the enthalpy of activation ra ther than on the 
entropy of activation. T h e steric strain at the C-l 
position of 3, due to the bulkiness of piperidyl group 
would be relieved during the formation of complex. 
This might make the complex more stable, making the 
k_2 value smaller. 

Millot and Terrier11) reported the following constants 
for the formation and decomposition of 1,1 -disubstituted 
anionic a complex (Eq. 8b ) : k2 2 1 0 0 M - 1 s - 1 ; k_2 too 
small to be decided. 

I n the case of 2, the £_2 value is very small, and the K2 

value might be very large. T h e conpicuous constrast 
is the difference in the h2 values, which indicates the 
steric and inductive advantageousness of methoxyl 
group. T h e kxjk.2 ratios are ca. 40—380 in our case, 
whereas it is ca. 4 in the case of Millot and Terrier, which 
also represents the advantageousness. 

In the reaction course of 1-dialkylamino-2,4-dinitro-
naphthalenes with potassium methoxide in D M S O -
CH3OH, the existance of 1,1- and 1,3-disubstituted 
anionic a complexes was confirmed, the life of the latter 
being much shorter. 

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

NMR spectra were recorded on a Varian A-60D spectrom­
eter and UV-VIS absorption spectra on a Hitachi Model 
200-10 spectrophotometer. 

Materials. The compounds (3, 4, 5, and 6) were 
prepared according to the method described previously.38) 
A small amount of calcium hydride was added to commercial 
dimethyl sulfoxide, which was then distilled under reduced 
pressure. Methanol was refluxed with magnesium for 1 h and 
distilled. Commercial potassium Perchlorate of special grade 
was used without further purification. 

Rate Measurement. As regards the kinetics of formation 
and decomposition of 1,3-disubstituted anionic o complex, the 
transmittance of complex was measured in order to estimate 
the apparent rate constants(k^) with a thermostatted stopped-
flow spectrophotometer (Union RA-1300 Stopped-Flow 
Analyser). The kinetic measurements for the formation and 
decomposition of 1,1-disubstituted ones (£obsd) were made with 
a thermostatted Hitachi Model 200-10 Spectrophotometer. 

This research was supported in part by Grant-in-Aid 
for Scientific Research No. 455330 from the Ministry 
Education, Science and Culture. 

References 

1) Part XIV: S. Sekiguchi, T. Aizawa, and M. Aoki, J. 
Org. Chem., in press. 

2) F. Pietra, £ . Rev. Chem. Soc, 23, 504 (1969); T. J. 
deBoer and I. P. Dirkx, "The Chemistry of the Nitro and 
Nitroso Groups," ed by H. Feuer, Interscience, New York 
(1968),Part I.; J.Miller,"Aromatic Nucleophilic Substitution," 
American Elsevier, New York (1968) ; E. Buncel, A. R. Norris, 
and K. E. Russell, Q,. Rev, Chem. Soc., 22, 123 (1968); S. D. 
Ross, Prog. Phys. Org. Chem., 1, 31 (1963); J . F. Bunnett, Q.. 
Rev. Chem. Soc, 49, 273 (1951) ; J . F. Bunnett and R. E. Zahler, 
Chem. Rev., 49, 273 (1951); C. F. Bernasconi, Ace. Chem. Res., 
11, 147 (1978); C. F. Bernasconi, MTP. Int. Rev. Soc: Prg. 



3014 Shizcn SEKIGUCHI, Toshio TAKEI, Kohji MATSUI, Noboru TONE, and Noboru TOMOTO [Vol. 54, No. 10 

Chem., Ser. One, 3, 33 (1973). 
3) F. Terrier, F. Millot, and R. Schaal, J. Chem. Soc, 

Perkin Trans. 2, 1972, 1192. 
4) F. Terrier, A.-P. Chatrousse, and R. Schaal, J. Org. 

Chem., 37, 3010 (1972). 
5) A.-P. Chatrousse, F. Terrier, and R. Schaal, J. Chem. 

Res. {M), 1977, 2413. 
6) F. Terrier, A.-P. Chatrousse, R. Schaal, C. Paulmier, 

and P. Patour, Tetrahedron Lett., 1972, 1961. 
7) R. Schaal, F. Terrier, J.-C. Halle, and A.-P. Chatrousse, 

Tetrahedron Lett., 1970, 1393. 
8) A.-P. Chatrousse and F. Terrier, Bull. Soc. Chim. Fr., 

1972, 4549. 
9) F. Millot and F. Terrier, Bull. Soc. Chim. Fr., 1974, 1823. 

10) M. P. Simonnin, M. J . Lecourt, F. Terrier, and C. A. 
Dearing, Can. J. Chem., 50, 3558 (1972). 

11) F. Millot and F. Terrier, Bull. Soc. Chim. Fr., 1971, 3897. 
12) F. Terrier, F. Millot, and P. Letellier, Bull. Soc. Chim. 

Fr., 1970, 1743. 
13) F. Terrier and J.-C. Halle, Tetrahedron Lett., 1975, 2987. 
14) F. Millot and F. Terrier, Bull. Soc. Chim. Fr., 1969, 2692. 
15) F. Terrier, F. Millot, and J . Morel, J. Org. Chem., 41, 

3892 (1976). 
16) F. Terrier, A.-P. Chatrousse, and C. Paulmier, J. Org. 

Chem., 44, 1634(1970). 
17) M. R. Crampton and V. Gold, J. Chem. Soc, B, 1966, 

893. 
18) M. R. Crampton and V. Gold, Chem. Commun., 1964, 

298. 
19) M. R. Crampton and H. A. Khan, J. Chem. Soc, Perkin 

Trans. 2, 1973, 710. 
20) M. R. Grampton and M. J . Willison, J. Chem. Soc, 

Perkin Trans. 2, 1976, 901. 
21) B. Gibson and M. R. Grampton, J. Chem. Soc, Perkin 

Trans. 2, 1979, 648. 
22) M. R. Crampton, B. Gibson, and F. W. Gilmore, J. 

Chem. Soc, Perkin Trans. 2,1979, 91. 
23) M. J . Strauss, Chem. Rev., 70, 667 (1970). 
24) S. Sekiguchi, Yuki Gosei Kagaku Kyokai Shi, 36, 633 

(1978). 
25) J . H. Fendler, E. J . Fendler, W. E. Byrne, and C. E. 

Griffin, J. Org. Chem., 33, 977 (1968). 
26) S. Sekiguchi, K. Shinozaki, T. Hirose, K. Matsui, and 

T. Itagaki, Tetrahedron Lett., 1974. 1745. 
27) S. Sekiguchi, S. Fujisawa, and Y. Ando, Bull. Chem. Soc. 

jpn., 49, 1451 (1976). 
28) S. Sekiguchi, T. Takei, T. Aizawa, and M. Okada, 

Tetrahedron Lett., 1977, 1209. 
29) S. Sekiguchi, K. Tsutsumi, H. Shizuka, K. Matsui, and 

T. Itagaki, Bull. Chem. Soc. Jpn., 49, 1521 (1976). 
30) S. Sekiguchi, T. Hirose, K. Tsutsumi, T. Aizawa, and 

H. Shizuka, J. Org. Chem., 44, 3921 (1979). 
31) S. Sekiguchi, S. Fujisawa, and Y. Ando, Bull. Chem. Soc. 

jpn., 49, 1451 (1976). 
32) See, for example, J . J. Laidler, "Chemical Kinetics," 

McGraw-Hill, New York (1965), p. 19. Strictly speaking, [4]e 

and [CH30~] e (the suffix e represents the concentration at 
the attainment of equilibrium) should be substituted for [4] 
and [CH3O-]. 

33) G. F. Bernasconi, J. Am. Chem. Soc, 90, 4982 (1968). 
34) H. G. Brown and K. L. Nelson, J. Am. Chem. Soc, 75, 

24 (1953). 
35) H. G. Brown and M. Grayson, J. Am. Chem. Soc, 75, 

20 (1953). 
36) H. G. Brown and A. Cahn, J. Am. Chem. Soc, 77, 1715 

(1955). 
37) The solvent composition affects the kl9 k„ly k2, and k_2 

values largely. The kx and k2 values increase and the k_x 

values decrease with increasing DMSO content.11) 
38) S. Sekiguchi, T. Hirose, K. Okada, K. Matsui, and 

T. Aizawa, Research Report of the Asahi Glass Foundation for the 
Contribution to Industrial Technology, 27, 207, 221 (1975). 



October, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 3015—3019 (1981) 3015 

Amino Sugars. XXXII. Ammonolysis and Azidolysis of Benzyl 
2,3-Anhydro-4-azido-4-deoxypentopyranosides 
Hironobu HASHIMOTO,* Koichi ARAKI, and Juji YOSHIMURA 

Laboratory of Chemistry for Natural Products, Faculty of Science, Tokyo Institute of Technology, 
Nagatsuta, Midori-ku, Yokohama 227 

(Received December 23, 1980) 

Ammonolysis and azidolysis of four benzyl 2,3-anhydro-4-azido-4-deoxypentopyranosides of cc-i>-lyxo, a-D-ribo, 
ß-L-lyxo, and ß-L-ribo configurations, were studied. Ratios of two ring-opening isomers and relative reaction rates 
were determined, factors controlling the direction of ring opening being discussed. 

The ring-opening reaction of anhydro sugars with 
nucleophiles has been widely used not only for amino 
sugar synthesis by the reaction with ammonia or azide 
ion1) but also for various kinds of carbohydrate deriva­
tives.2) In these reactions the formation of two kinds of 
trans oc-hydroxy products is possible, depending on which 
carbon atom is attacked by the nucleophiles. Anhydro-
pyranosides are well known to exist mainly in half-chair 
conformation.3»4) When the conformation is fixed by a 
fused-ring such as in 4,6-0-benzylidene-2,3-anhydro-
hexopyranosides and 1,6 : 2,3-dianhydrohexopyranoses,2) 
the predominant product is a trans-dia.xia.1 ring-
opening product as postulated by the Fürst-Plattner 
rule.5) O n the other hand , the conformationally flexible 
anhydropyranoside like anhydropentopyranoside gives 
two ring-opening products in various ratios according to 
substituents on the pyranoside and to the character of 
nucleophiles. There is little systematic study on such 
ring-opening reaction, and the finding of the reversed 
ring-opening mode between ammonolysis and azidolysis 
of benzyl 2,3-anhydro-4-azido-4-deoxy-/?-L-ribopyrano-
side (4)6) prompted us to study the same reactions of all 
four stereochemical counterparts of benzyl 2,3-anhydro-
4-azido-4-deoxypentopyranoside. 

Results 

All four stereochemical counterparts, namely, cn-lyxo 
(1),7> oL-ribo (2),7> ß-lyxo (3),8> and ß-ribo (4)6> isomers 

of benzyl 2,3-anhydro-4-azido-4-deoxypentopyranoside 
were prepared as reported previously. D-Enantiomer 
and L-enantiomer were used, for the oc-anomers and ß-
anomers, respectively, because of availability of their 
starting materials. 

Ammonolysis reactions of 1,6> 3,7) and 48) in methanol 
at 90—95 °C gave 2-amino derivatives predominantly 
(40—70% yields of isolation). The ratios of two ring-
opening isomers, 2-amino and 3-amino derivatives, were 
determined by means of densitometer (Method A) and 
optical rotational values (Method B). In method A 
the reaction mixture was developed on a silica gel T L G 
plate using benzene-pyridine as a solvent, the spots 
being detected by ninhydrin or sulfuric acid. In 
method B the ratio was calculated from the optical 
rotational value of the product mixture using that of each 
component. When the two isomers were well separated 
on TLG, the weights of products isolated by preparative 
T L G were also used for the estimation of the ratios of 
products (Method G). T h e results are summarized in 
Table 1. In each case the yield of the product mixture 
was over 9 0 % . The ratios obtained by the different 
methods agreed with each other. In the case of 2, 
closer mobility on T L G of two products may cause a 
slightly larger deviation of the ratios by method A. Thus , 
predominant formation of 2-amino derivatives could be 
ascertained for all four isomers. 

Structures of newly obtained ammonolysis products 
of 2 were elucidated easily by N M R data , viz., the 

TABLE 1. RATIOS OF AMMONOLYSIS AND AZIDOLYSIS PRODUCTS 

2,3-Anhydro 
sugars 

1 (a-lyxo) 

2 (a-ribo) 

3 OMyxo) 

4 (jff-ribo) 

Products'0 

2-
3-
2-
3-
2-
3-
2-
3-

A^~~ 

64 
36 
64 
36 
75 
25 
60 
40 

A 

[3/MeOH 

B b ) 

72* 
28* 
71* 
29* 
66* 
34* 

Ratios of 2-

mmonolysis 

] 

G b ) 

60* 
40* 

and 3-substi 

NH3 /H20 
A 

61 
39 
55 
45 
73 
27 
65 
35 

ituted products/% 

Azidolysis 

A 

22c) 

7 8 o 
44 
56 
57c) 

43c) 

30 
70 

B 

52 
48 

23 
77 

G 

15c)* 
85c )* 
51* 
49* 
55c )* 
45c )* 
18* 
82* 

D b ) 

16 
84 

57 
43 

a) 2-=2-Substituted product, 3-=3-substi tu ted product, b) The following methods were used for estimation; A: 
densitometer, B: optical rotation, G: weight, D: NMR (see Experimental), c) Isolated as 3-acetates. *These 
values were used for the estimation of relative rates described in Discussion. 



3016 

Compound 

7a 
8a 
5c 
6c 
7b 
8b 
8ba ) 

9c 
10c 
10cb) 

IIb 

H-T 
4.17 
4.89 
5.01 
4.43 
4.32 
4.93 
4.70 
4.36 
5.15 
5.10 
5.03 

a) 8b: Pr(FOD)3 

Hironobu HASHIMOTO, Koichi ARAKI, and Juj i YoSHIMURA 

TABLE 2. NMR DATA OF AMMONOLYSIS AND AZIDOLYSIS PRODUCTS 

Chemical shifts <5 

H-2 H-3 H-4 H-5a 

2.99 3.75 3.56 
3.38 2.93 3.28 3.59 

H-5e 

4.04 
3.74 

3.15 5.48 3.60—3.82 
5.15 3.74 3.82 3.57 

3.65 3.77 3.50 
3.20—3.80 

2.52 3.06 3.60 3.82 
3.44 4.89 3.62 3.20 
5.09 3.6—4.3 
5.25 3.65 2.86 3.16 
3.52 4.26 3.93 3.76 

= 6 : 1 . b ) I n C 6 D 6 . 

4.02 
4.02 

4.19 
4.06 

3.32 
3.95 

PhCHaO 

4.55,4.91 
4 .50,4 .78 
4.58,4.80 
4.53,4.83 
4.61,4.90 
4.52,4.78 
4.72, 5.12 
4.66,4.91 
4.51,4.74 
4.10,4.38 
4.58,4.76 

(100 MHz, CDC13) 

Coupling constants/Hz 

Jl,2 J2.3 Jz.i Ji.Sa. Ji,5e 

7.5 9.1 
3.5 10.1 
3.5 10.5 
6.0 8.3 
6.8 — 
2.0 — 
3.5 9.5 
8.9 10.2 
3.9 9.3 
3.6 10.5 
3.4 10.2 

2.3 
9.0 

- 9 . 5 
3.9 
3.0 

9.5 
10.2 

— 
3.9 
3.5 

1.5 
9.0 
— 

1.8 
2.0 

10.5 
10.8 

— 
1.7 
2.5 

TABLE 3. REACTION RATES OF AMMONOLYSIS AND AZIDOLYSIS 

2,3-Anhydro 
sugars 

t 1 

Ammonolysis10 2 
3 

l 4 

( 1 
1 2 Azidolysisc) < 

l 4 

Conversion ratios/% 

lh 

63.6 
18.8 
19.3 
41.1 

30 min 

39.3 
76.1 
44.8 
58.3 

3h 

100 
26.7 
28.2 
69.5 

70 min 

55.6 
94.0 
70.5 
80.3 

6h 

100 
38.3 
35.3 
84.9 

130 min 

73.4 
95.8 
85.7 
95.1 

2.3 
6.2 
— 

4.0 
3.0 

4.7 
5.3 
— 

1.5 
1.5 

i /5a,5e 

12.5 
10.5 

— 
12.2 
12.9 

10.5 
11.5 

— 
12.3 
10.9 
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Other 
signals 

2.79(NH2+OH) 
2 25(NH2+OH) 
2.20(OAc) 
2.05(OAc) 
2.82 (OH) 
2.36 (OH) 
2.56 (OH) 
2.14(OAc) 
2.11(OAc) 
1.67(OAc) 
2.52 (OH) 

Relative reaction 
ratesa) 

3.5 
1.0 
1.0 
2.2 

1.0 
1.9 
1.1 
1.5 

a) Calculated from the conversion rates at 1 h for ammonolysis and 30 min for azidolysis. b) In methanol at 95°C 
(sealed tube), c) In 2-methoxyethanol at 110 °C. 

R1 R2 

1 iel-ljxo) H N3 
U (fi-nbo) N3 H 

<Ri R3> 
fkWßn 

R2R* 

R' R2 R3 R* 

OH H H NH2 

OH H H N3 

OAc H H N3 

H NH2 OH H 

H N3 OH H 

H N3 OAc H 

H OH NH2 H 
H OH N3 H 

5a 
5b 
5c 
6a 
6b 
6c 
7a 
7b 
8a NH2 H H OH 
8b N3 H H OH 

fc3 
R2>V0Bn 

R' R2 

2 {(K-ribo ) H N3 
3 (ß-lyxo) N3 H 

<R'RJ> 
V-KOBn 
R2R* 

9a 
9b 
9c 

10a 
10b 
10c 
11a 
11b 
12 a 
12b 

R' R2 R3 R« 

H OH NH2 H 
H OH N3 H 
H OAc N3 H 
NH2 H H OH 

H OH 
H OAc 

N3 H 
N3 H 

OH H 

OH H 

H NH2 OH H 
H N3 OH H 

H NH2 
H N3 

chemical shift of H j and the coupling constants of ring 
protons. H x signals of 2-amino (7a) and 3-amino (8a) 
derivatives appear at ô 4.17 C/ i l 2 =7.5 Hz) and ô 4.89 
(Jx 2 = 3.5 Hz) , indicating axial-axial and equatorial-

axial orientations of Hj and H2 , respectively. This and 
the coupling constants of other ring protons confirmed 
oi-v-arabino (7a) and a-D-xylo (8a) configurations 
(Table 2). 

Ammonolysis reaction in aqueous ammonia was also 
examined. In this reaction, the anhydro sugar did not 
dissolve at first, but went into solution with the progress 
of the reaction. Little difference was observed between 
the two solvents, methanol and water (third column, 
Table 1). T h e reason for the slightly different ratio 
for the products of 2 is not clear. 

T h e 2,3-anhydro sugars was then treated with sodium 
azide in 2-methoxyethanol containing 5 % water at 
110°C in the presence of ammonium chloride. The 
ratios of two ring-opening products, 2-azido and 3-azido 
derivatives, were determined by the same method as 
described above. 

Estimation from N M R spectra was used as the fourth 
method (Method D) in the cases of azidolysis products 
of 2 and 3 because of poor separation on T L C . The 
reaction mixture could be separated on T L C after 0-
acetylation, the ratios being determined also by Methods 
A and G. As shown in Table 1 the results obtained from 
the various methods agree with each other. The error 
of these values was estimated to be about 5 % , but the 
densitometric method may give a larger error since the 
difference of color development for each compound has 
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TABLE 4. CONFORMATIONAL EQUILIBRIA OF BENZYL 2,3-ANHYDRO-4-AZIDO-4-DEOXYPENTOPYRANOSIDES 

2,3-Anhydro 
sugars 

1 

2 

3 

4 

Solvents 

CDC13
7) 

CD3OD 
CDC13

7) 

CDCl3+Eu(FOD)3 

CDCl3+Pr(FOD)3 

CD3OD 
CDC13 

CD3OD 
CDC13 

CDCl3+Pr(FOD)3 

CD3OD 

TÏ7~ 
< 0 . 5 
< 0 . 5 

2.7 
3.0 
3.0 
2.9 
2.0 
1.3 

< 0 . 5 
< 0 . 5 
< 0 . 5 

Coupling 

J3,i 

< 0 . 5 
_c> 
— 

< 0 . 5 
< 0 . 5 

— 
— 
— 
— 
3.8 
— 

constants/Hz 

J4.5a 

8.0» 
7 7b) 

— 
9.3 

12.0 
— 

2.4 
2.8 
3.8 
4.5 
4.5 

r a) 
.74,5e 

8.0b> 
7 7b) 

— 
4.2 
5.5 

— 
1.3 
2.0 

— 
3.0 

— 

95 
95 

57 

Ratios of conformers 
°H5 : 5//0 

77 : 23 (74>5tt) 
74:26(J4>5(1) 
82 : 18* C/1>2) 

: 5 (7i.2) 93 : 7 C/4>6a) 
: 5 (7i.2) 100 : 0 (J4>6a) 

91 : 9* C/1>2) 
d) 

e) 

73 : 27 (/4>5a) 
: 43 (73,4) 64 : 36 C/4>6a) 

64 : 36* (y4>6a) 

a) The suffixes 5a and 5e designate the axially and equatorially oriented protons on C-5, respectively, in the °H5 

conformation, b) Analyzed as AB2 and confirmed by simulation, c) Could not be obtained from the spectrum, 
d) The ratios estimated by J1>2 and J 4 5 a are 50 : 50 and 89 : 11, respectively, e) The ratios estimated by J12 and 
JiM are 18: 82 and 85 : 15, respectively. *These values were used for the estimation of relative rates (see Discus­
sion) . 

not been considered. 
Structures of these azidolysis products could be 

ascertained by their N M R data (Table 2). T h e products 
from 1 and 3 were characterized again as O-acetyl 
derivatives. 

In order to elucidate the above result, i.e. the different 
regioselectivity in the ammonolysis and azidolysis 
reactions, the relative reaction rates and the conforma­
tions of these 2,3-anhydropentopyranosides were ex­
amined. The reactions were carried out in sealed tubes 
and followed by TLG. The conversion ratios determined 
densitometrically and the relative reaction rates 
estimated from the conversion ratios after the shortest 
reaction time examined are summarized in Table 3. 
The relative reaction rates are qualitative, but show a 
clear difference in the relative reactivities of the 2,3-
anhydro sugars. 

The pyranoside ring in 2,3-anhydropyranosides takes 
two half-chair forms, °H5 and SH0. The conformational 
equilibrium between these two forms was estimated by 
the coupling constants of vicinal ring protons, 74.5 
together with J12 and 73.4- The following standard 
values4) were used for estimation: 74a.sa 9-9> 74e.se !- 5 î 
«*-7ipeq,2 3.1, cis-JlpaXt2 0.9; cis-J3Ape(i 5.4, cis-JZApzx 

1.7 Hz.9) Although the ratios estimated by 74.5 should 
be more reliable considering the magnitude of difference 
in two conformers, those by 7i.2 a n d 73.4 a^° indicate 
predominant conformers in the cases of the isomers 
having «.y-relationship between Hx and H2 , or H 3 and 
H4 . While the first-order analysis of H4 , H5 , and H5 , in 
38) and 46) were possible, the N M R signals of the 
corresponding protons in 1 and 2 were not well 
separated. Coupling constants concerning these protons 
could be obtained in the aid of lanthanoid shift reagents 
or simulation (Table 4). 

Predominance of °H5 conformation was confirmed in 
the cases of 1 and 2, while 4 adopts °H5 conformation 
slightly preferentially than 5H0 conformation (last 
column, Table 4). The use of lanthonoid shift reagents 
seems to cause no remarkable change of conformation10) 
as supposed in the cases of 2 and 4. In the case of 3 the 

ratios estimated by J12 and 74.5 a r e totally different, 
indicating a deviation from the half-chair conformation. 
T h e values of 71>2, 74 > 5 a and 7 4 i 5e are in line with the 
flattened half-chair conformation. The dihedral angles 
H-1-C-1/C-2-H-2, H-4-C-4/G-5-H-5a, and H-4-C-4/ 
C-5-H-5e are 40°, 55°, and 65°, respectively. They were 
determined by assuming the Karplus-type dependence of 
coupling constants.11-12) Thus, the predominant exist­
ence of °//5 conformation in 1, 2, and 4, and also 
the flattened half-chair conformation of 3 confirm the 
importance of the anomeric effects on the conformational 
stability, observed in some 2,3-anhydropyranosides 
taking half-chair conformation.13) 

D i s c u s s i o n 

In order to examine the factors affecting the regio-
specificity of ring-opening reactions the results were 
analysed with the following assumptions. 

1) T h e epoxides 1, 2, and 4 react with the nucleo-
philes in one of two half-chair conformations according 
to the Fürst-Plattner rule (Fig. 1). 

2) T h e mutual conformational inversion is much 
faster than the reaction. 

3) Epoxide 3 reacts in the flattened half-chair 
conformation, where the attack of nucleophiles can take 
place both at C-2 and C-3. 

Although the deviation from the Fürst-Plattner rule, 
i.e., trans diequatorial ring opening, was observed even in 
the conformationally rigid system especially when the 
favorable reaction site due to this rule is C-2, which is 
contrariwise the electronically unfavorable one14) in the 
case of 2,3-anhydropyranosides such as 2,3-anhydro-4,6-
O-benzylideneallopyranosides,15) the contribution of 
such ring opening may be negligible as the first approxi­
mation. The expected relative small value of the free 
energy of conformational inversion in these epoxides 
also supports the assumption. The second assumption 
may be admitted for a reaction, whose activation energy 
is much higher than the free energy of conformational 
conversion. The reactions discussed here seem to 

74e.se
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Fig. 1. Conformations and stereoelectronically preferred reaction sites of 2,3-anhydro-4-azido-
4-deoxypentopyranosides. 

correspond to this case, judging from those of substituted 
cyclohexene derivatives (25—30 kj/mol),16) which 
adopt a similar half-chair conformation to 2,3-anhydro-
pentopyranoside. 

The relative reaction rate of each conformer or site, 
K& and Kh, were estimated by means of the equations, 

K = NJ<LK + NhKh, 

P. = KKK 

Pb NbKh ' 

where N and P represent the mole fractions of two 
conformers (Table 4) and products (Table 1), respec­
tively, and K is the relative reaction rate of each epoxide 
(Table 3). Suffixes a and b indicate the conformers or 
positions which give the 2- and 3-substituted products, 
respectively. The following relative reaction rates were 
obtained, where the standards are the same as in Table 3 
and the comparison is significant only in the same 
reaction. In general the azidolysis reaction is faster 
than the ammonolysis. These results give useful informa­
tions for synthetic purpose. 

la l b 2a 2b 3a 3b 4a 4b 

Ammonolysis 12 1.7 0.8 3.1 0.7 0.3 4.0 1.2 
Azidolysis 0.8 1.0 1.1 10 0.6 0.5 0.75 1.9 

(a) Among several possible interactions between the 
nucleophile and the reactant epoxide the dipole-dipole 
interaction between G2—nucleophile and two Cx-O 
dipoles in the transition state may be the most effective 
factor as indicated in the cases of l a and 4a. These 
conformers show higher reactivities than the other in 
ammonolysis, and lower reactivities in azidolysis. The 
differene ccould be explained by reverse direction of C2— 
nucleophile diople as shown in Fig. 2.17> A comparison 
of the reactivity between 2a and 4a shows the effect, 
which affects only 4a. Thus the electronic character 
of the nucleophile controls the direction of ring opening. 

(b) If the reactivity is not markedly increased or 
decreased by the dipole-dipole interaction, the attack 
of the nucleophile at the electronically favorable G-3 
position predominates, as is well known in the reaction 
of 2,3-anhydro sugars.1) In ammonolysis, 2b , l b , and 4b 

OR^T^OBn 
Nrfo 

H O E 

O i f ^ ^ O B n 
N3 

Fig. 2. Dipole-dipole interactions at the transition state 
of substitution on G-2 ( O E and O R represent the oxy­
gens in the epoxide and pyranoside rings, respectively.) 

have higher reactivities except l a and 4a, while in 
azidolysis 2 b and 4 b show the same tendency. 

(c) T h e electronic or steric interactions between the 
nucleophile and the quasi-axial substituent (azido or 
benzyloxy group on the carbon adjacent to the epoxide) 
were also suggested by comparing l a with 4a and 2 b 
with 4b . There seems to be a little difference in the 
nature of the interactions between these groups and the 
nucleophiles. The axial azido group accerelates 
ammonolysis and retards azidolysis, while the axial 
benzyloxy group retards both reactions. 

The evaluation of these interactions would be helpful 
for prediction of the ammonolysis and azidolysis 
products of 2,3-anhydropentopyranosides. 

Exper imenta l 

General. Melting points were determined with a 
Beckmann Mel-temp melting point apparatus and are not 
corrected. Optical rotations were measured in methanol 
(M), unless otherwise stated, using a 0.5-dm tube with a Carl 
Zeiss LEP-A1 or a JASGO DIP-4 Polarimeter. IR spectra 
were recorded with a Hitachi EPI-G2 grating spectrometer, 
and NMR spectra with a JEOL JNM PS-100 spectrometer in 
chloroform-*/ containing tetramethylsilane as an internal 
reference. Chemical shifts and coupling constants are recorded 
in ô and Hz units, IR frequencies in cm - 1 . All NMR data 
are summerized in Table 2. Evaporation was carried out in a 
rotary evaporator under reduced pressure. The products 
were recrystallized from ethanol unless otherwise stated. TLG 
was performed on silica gel (Merck Kieselgel H type 60) using 
the following developing solvent: A, benzene-pyridine (3 : 2) • 
B, benzene-pyridine (7 : 3); C, benzene-methanol (200 : 1). 

Benzyl 2,3-anhydro-4-azido-4-deoxypentopyranosides hav­
ing oL-D-lyxo (1), OL-T>-ribo (2), ß-L-lyxo (3), and ß^-ribo (4) 
configurations were prepared according to published pro­
cedure. 6~8) 

Ammonolysis of 2,3-Anhydropentopyranosides. A solution 
of 2,3-anhydro sugar (250 mg, 1 mmol) in methanol (20 ml) 
saturated with ammonia was heated in a sealed tube at 95 °G. 
After complete disappearance of the starting material the 
reaction solution was evaporated to give a crystalline mixture 
of products, which was separated on preparative TLG with 
the developing solvent A or B. Ammonolysis products of 1 
(5a and 6a),6> 3 (9a and 10a),7) and 4 (11a and 12a)8) have 
been reported. 

Benzyl 2-Amino-4-azido-2i4-dideoxy-oL-T>-arabinopyranoside (7a) 
and Benzyl 3-Amino-4-azido-3i4-dideoxy-aL-T>-xylopyranoside (8a). 
Ammonolysis of 2 was performed for 48 h, two isomeric 
products being separated as described above. 7a: mp 119— 
121 °G, [oc]D +42.7° {c 1.1, M) ; IR (KBr) : 3260 and 3330 
(NH2 and OH), 2100 (N3), 700, and 730 (Phenyl). Found: 
G, 54.25; H, 5.97; N, 20.80%. Galcd for G12H16N403: G, 
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54.55; H, 6.10; N, 21.20%. 8a: mp 122—124 °C, [a]D +118° 
(c 0.75, M); IR(KBr): 3320 (NH2 and OH), 2100 (N3), 700 
and 735 (Phenyl). Found: G, 54.41; H, 6.13; N, 20.95%. 
Galcd for C12H16N403 : G, 54.55 ; H, 6.10 ; N, 21.20%. NMR 
data: see Table 2. 

Azidolysis of 2,3-Anhydropentopyranosides. A suspension of 
2,3-anhydro sugar (250 mg, 1 mmol), sodium azide (250 mg, 
3.8 mmol), and ammonium chloride (100 mg, 1.9 mmol) in 
2-methoxyethanol-water ( 1 4 : 1 , 20 ml) was heated in a 
sealed tube at 110 °G. After the reaction had been completed, 
the insoluble material was filtered off, and the filtrate evapo­
rated. The residue was extracted with methanol, the mixture 
of two isomeric products obtained by evaporation of the extract 
being separated by preparative TLG with multiple develop­
ment using solvent G. 

Benzyl 3-0-Acetyl-2,4-diazido-2,4 - dideoxy - a - D - xylopyranoside 
(5c) and Benzyl 2-0-Acetyl-3,4-diazido-3,4-dideoxy-cc-D-arabino-
pyranoside (6c) • Azidolysis of 1 was performed for 4 h as 
described above. Since a mixture of two isomeric products 
(5b and 6b) obtained could not be separated on TLG, it was 
acetylated with acetic anhydride in pyridine in the usual way 
to give 5c and 6c, which were separated by prepaprative TLG 
with developing solvent G. 5c: sirup [<x]D +229° {c 0.6, M) ; 
IR(NaCl): 2100 (N3), 1755 (OAc), 695, and 738 (Phenyl). 
Found: G, 50.66; H, 4.92; N, 24.89%. Galcd for G14H16-
N 6 0 4 : G, 50.60; H, 4.85; N, 25.29%. 6c: sirup, [oc]D +49.9° 
(c 1.7, M); IR(NaCl): 2100 (N3), 1745 (OAc), 695, and 740 
(Phenyl). Found: G, 51.04; H. 4.86; N, 24.93%- Galcd 
for C14H16N604 : G, 50.60 ; H, 4.85 ; N, 25.29%. NMR data : 
see Table 2. 

Benzyl 2,4-Diazido-2,4-dideoxy-cc-i>-arabinopyranoside (7b) and 
Benzyl 3,4-Diazido-3,4-dideoxy-oL-T>-xylopyranoside (8b). 
Azidolysis of 2 as described for 1 gave 7b and 8b, which could 
be separated without acetylation. 7b: sirup, [a]D +26.5° 
(c 0.6, M) ; IR(NaCl): 3320 (OH), 2110 (N3), 700,and 745 
(Phenyl). Found: 49.30; H, 4.48; N, 28.68%. Galcd for 
G12H14N603: G, 49.65; H, 4.86; N, 28.95%. 8b : sirup, [a]D 

+259° (*0.7, M); IR(NaCl) : 3400 (OH), 2110 (N3), 700, and 
745 (Phenyl). Found: G, 49.27; H, 4.52; N, 28.67%. Galcd 
for G12H14N603: G, 49.65; H, 4.86; N, 28.95%. NMR 
data: see Table 2. 

Benzyl 3-0-Acetyl-2,4-diazido-2,4-dideoxy-ß--L-xylopyranoside 
(9c) and Benzyl 2-0-Acetyl-3,4-diazido-3,4-dideoxy-ß-\.-arabino-
pyranoside (10c). Azidolysis of 3 and separation of the iso­
meric products were carried out in the same way as described 
for 5c and 6c. 9c: mp 107—110 °G, [<x]D + 18.0° (c 0.6, M) ; 
IR(KBr): 2100 (N3), 1755 (OAc), 715, and 750 (Phenyl). 
Found: G, 50.60; H, 4.64; N, 24.96%. Galcd for C14H16N604: 
G, 50.60; H, 4.85; N, 25.29%. 10c: sirup, [a]D +168° {c 
0.9, M); IR(NaCl): 2105 (N3), 1748 (OAc), 700, and 740 
(Phenyl). Found: G, 50.24; H, 4.59; N, 24.91%. Galcd for 
G14H16N604: G, 50.60; H, 4.85; N, 25.29%. NMR data: 
see Table 2. 

Benzyl 2,4-Diazido-2,4-dideoxy-ß-\.-arabinopyranoside (lib) 
and Benzyl 3,4-Diazido-3,4-dideoxy-ß-i,-xylopyranoside (12b). 
Azidolysis of 4 and separation of the isomeric products were 
carried out in the same way as described for 7a and 8b. l i b : 
sirup, [a]D +173° (c 0.7, M) ; IR(NaCl): 3380 (OH), 2100 
(N3), 700 and 740 (Phenyl). Found: G, 49.76; H, 4.60; N, 
28.91%. Galcd for G12H14N603: G, 49.65; H, 4.86; N, 38.95. 
12b: reported.8) NMR data: see Table 2. 

Ratios of Ammonolysis and Azidolysis Products. Method A. 
In order to estimate the ratio with a densitometer, TLG was 
performed using Merck silica gel plate and self-made one, 
whose uniformity of thickness was checked densitometrically 
before use, with solvent A or B for the ammonolysis products 

and G for azidolysis ones. Each spot was detected by sulfuric 
acid and also by ninhydrin in the case of the ammonolysis 
products, and measured at 560 nm with an Atago Kemic 
densitometer. Each sample was developed, detected, and 
determined densitometrically three times separately, and the 
values were averaged. Method B. An analytically pure mixture 
of the products was obtained by preparative TLG with the 
same solvent system as described for Method A. Its rotational 
value compared with that of each component gave the desired 
ratio. Method G. In some cases, where the products could 
be well separated on TLG, the ratios were also obtained 
from the amount of isolated isomers by preparative TLG using 
the same solvents as described above. Method D. The ratio 
was estimated from the intensity of Hx and H5a signals in the 
NMR spectra of the analytically pure mixture of azidolysis 
products obtained by Method B. 

This work was supported in part by a Grant-in-Aid 
for Scientific Research No. 554158 from the Ministry 
of Education, Science and Culture. 
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The title complex (3) is readily generated from 5,6-dibromoacenaphthene with butyllithium and the diamine 
in ether at —10—0 °G. The reaction of 3 with biacetyl gave cis-l^jSjô-tetrahydro-l^-dimethylcyclopentf^]-
acenaphthylene-l,2-diol but no trans-isomer, whereas the reaction of pyracenequinone (PYQ.) with methylmagne-
sium bromide gave both the eis- and trans-diols. The reactions of 3 with acenaphthenequinone and PYQ, also gave 
m-diols. On treatment with phenylboronic acid, these m-diols quantitatively yielded the corresponding cyclic 
esters. The diols and their derivatives tend to form crystalline molecular compounds with solvent molecules. 
The stereoselectivity of the cyclic addition between 3 and the acyclic a-diketone can be best explained in terms of 
five-membered chelate-ring formation in a transition state. 

5,6-Dilithioacenaphthene (l)2»3) can be regarded as a 
nucleophile like 1,8-dilithionaphthalene (2)4»5) which 
possesses two reaction sites at the peri positions of a 
naphthalene nucleus; thus, its synthetic conditions and 
reaction modes are of interest in connection with the 
peri interaction in naphthalene derivatives.6) This paper 
describes an improved method for the generation of 1 as 
a ^ ^ i V ^ ' - t e t r a m e t h y l - l ^ - e t h a n e d i a m i n e (TMEDA) 
complex, and reports its m-directing 1 : 1 cyclic 
additions with some a-diketones. 

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

Generation of 5,6-Dilithioacenaphthene-TMEDA Complex 
(3).1) T h e dihaloprecursor, 5,6-dibromoacenaph­
thene (4), can readily be prepared in a 15—20% yield 
from the reaction of acenaphthene (5) with JV-bromo-
succinimide by use of the procedure developed in our 
laboratory.2) 

An ethereal suspension of 4 was quantitatively 
converted into the solution of 3 by a 1 : 1 mixture of 
butylli thium (n-BuLi)8) and TMEDA 9 ) at - 1 0 — 0 °C 
within 15—30 min. Such mild conditions are preferable 
to those without T M E D A , in which case at least 1 h of 
refluxing is essential.2) The substantially quantitative 
formations of 5,6-acenaphthenedicarboxylic anhydride 
(6) and 5,6-diiodoacenaphthene (7) confirm that the 

structure of 3 possesses two reaction sites at the peri 
positions (Eq. I).10) 

cis-Directing 1 : 1 Cyclic Additions between 3 and a-
Diketones. The reactions of 3 were investigated 
with three a-diketones: acenaphthenequinone (ACQ) , 
pyracenequinone (5,6-dihydrocyclopent[/g]acenaph-
thylene-l ,2-dione; PYQJ , and biacetyl (Ac2). Reaction 
conditions and results are summarized in Table 1. 

T h e 1 : 1 cyclic additions of both A C Q and P Y Q 
with 1 have been reported by Mitchell et Û/.3> The 
reactions of the T M E D A complex (3) also gave the 
identical products (8 and 9) in almost the same yields 

(1) 

H 20 

\ / 

• I N T 

/ \ 

TMEDA 

TABLE 1. REACTIONS OF 5,6-DILITHIOACENAPHTHENE-TMEDA COMPLEX (3) WITH OC-DIKETONES (in EtaO) 

a-Diketone Mole ratio 
(diketone/3) 

Reaction time/ha) 

Consumption Recovery of T> , . 
^ r o / n / b ) J : I _ _ ^ in/ rTOuUCt 

Yield/% 0 / C) 

111 IV 
of 3 /% o/ b) dike tone/% B 

Mp/°Gd) 

A C Q 
PYQ, 

Ac« 

1.0 
0.5 
1.0 
1.5 
2.0 
1.1 
1.6 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

2 
4 
2 
2 
2 
1 
1 

0 
0 
0 
0 
0 
1 
0 

70 
60 
60 
93 
96 
85 
86 

10 
16 
28 
31 
37 

8e) 

9° 
9 
9 
9 

10 
10 

27 
27 
40 
41 

22 
18 
18 

320.0—322.0 (dec/Ar) 
347.0—348.0 (dec/Ar) 

134.0—135.0 

a) Step i: Adding of diketone to 3 at —10—0 °G; Step ii: Stirring at —10—0 °G; Step iii: Warming to room tempera­
ture; Step iv: Refluxing. b) Based on GLC-peak-area of acenaphthene in hydrolyzed sample, c) A: Based on 5,6-
dibromoacenaphthene; B: Based on a-diketone used, d) See Experimental, e) Lit,3) mp 304—308 °G (dec), 10—20% 
yield, f) Lit,3) mp 316—320 °G (dec), 13—26% yield. 
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as those reported. T h e use of T M E D A considerably 
shortened each reaction-time (see Table 1) in comparison 
with that in the literature3) (14 h at room temperature 
or 6 h on refluxing in ether) . The reactions of 8 and 9 
with phenylboronic acid (dihydroxyphenylborane ; PhB-
(OH)2)5 ) quantitatively yielded cyclic esters 8B and 9B, 
respectively (Eq. 2). These facts prove the ^ -confo rma­
tion of the 1,2-diols. 

ACQ,PYQ 

ACQ, 8 , 8B : X = H 
PYQ, 9 , 9B : X - X = -CH 2 -CH 2 -

3 + Ac2 

8B, 9B 

PYQ + 2MeMgBr t- .- l l j ï T ) ] 
reaction 

( Me = CH3- ) 

A 1 : 1 cyclic addition also took place between 3 and 
biacetyl and gave cis-dio\ 10 (mp 134—135 °C), which 
was quantitatively converted into cyclic ester 10B with 
PhB(OH) 2 . The foz^-isomer (11; m p 171—172 °C) 
was separately synthesized from the reaction of P Y Q 
with methylmagnesium bromide, and did not react with 
PhB(OH) 2 . In this Grignard reaction, cis-diol 10 was 
also yielded in the eis : trans ratio of about 3 : 2 (Eq. 3). 
O n the other hand, no 11 was detected in the reaction 
mixture of 3 with biacetyl. Hence, it is concluded that 
the cyclic addition of each of the three a-diketones to 3 
proceeds in a completely cù-directing mode. 

As Letsinger and Gilpin5) have discussed in the case of 
2 with A C Q , the five-membered o-quinone parts of A C Q 
and P Y Q sterically require the «j-orientation of the 
addition product with 1 or 2. But biacetyl itself, whose 
quasi-trans-conformation has been confirmed in the 
literature,11) does not require the «^-directing cycliza-
tion. The possibility that biacetyl forms a chelate (12) 
and adopts a cis-conformation before the addition 
(Scheme, path B) has been disproved spectroscopically : 
The electron spectrum of biacetyl was uninfluenced by 
the presence of lithium cation.12) The cyclic addition 
is, therefore, considered to be a two-step process that 
involves an a-oxide ketone intermediate (13) in which a 
five-membered chelate-ring permits only the cis-
directing intramolecular cyclization (Scheme, path A). 
An analogous transition state has been proposed by Cram 

O Me 
Ac2 ^ ^-i 

Me O 

path A 

O ^ ^ M e 

12 ( S = Et2OorTMEDA) 

pathB 

Me Me 
|LiO^) C^OLil 

H20 
10 

13 14 

Scheme 

8C 10C 

et Û/.13) in order to explain the stereoselectivities in the 
reactions of a-hydroxy ketones and a-methoxy ketones 
with monofunctional organolithium compounds. In 
comparison with their results, the stereoselectivity of 
the present system is very high. This must be ascribed 
to the specific structure of 3 described before. 

The reactions of m-diols 8, 9, and 10 with lead (IV) 
acetate gave diketones 8C, 9C, and 10C in 81, 84, 
and 9 2 % yields, respectively, under the appropriate 
conditions described later. Because it has been 
confirmed that the reaction of 5 with acetyl chloride in 
the presence of aluminium chloride yields only 3,6-
diacetylacenaphthene (mp 149 °C),14) the cleavage of 
10 is a new method for the synthesis of authentic 5,6-
diacetylacenaphthene (10C; m p 156—157 °C). 

It is worth noting that diols 8, 9, 10, and 11, cyclic 
esters 8B and 9B, and diketones 8C and 9C tend to form 
crystalline molecular compounds with some solvent 
molecules. Some of them are listed in Table 2. Notice 
that aj-diol 10 (mp 134—135 °C) formed a white 
molecular compound (mp 143—144 °C) with 5 (mp 
94—95 °C). The solvent molecules in these crystals 
did not dissociate under an aspirator pressure at room 
temperature, whereas recrystallizations from suitable 
solvents separated their components, except in the case 

TABLE 2. CRYSTALLINE MOLECULAR COMPOUNDS 

Component Component Composition 
A B (A : B)a> Mp/°C 

10 
10 
11 
9B 
9B 

Acenaphthene 
Benzene 
Cyclohexane 
Benzene 
Cyclohexane 

2 
3 
3 
1 
1 : 

: 1 
: 1 
: 1 
: 1 

1 

143.0—144.0 
127.0—129.0 
170.0—171.0 
302.0—304.0b) 

190b) 

a) Determined by elemental analysis and 1¥L NMR 
spectrum, b) Dissociation in an argon-filled, sealed 
capillary. 



3022 Norio TANAKA and Toshiyasu KASAI [Vol. 54, No. 10 

of cyclohexane- or benzene-9B (see Experimental) . 
"Solvated" crystals were also observed in the following 
systems: 8/ethanol, 8/acetone, 9/benzene, 10/cyclo-
hexane, 11/carbon tetrachloride, 8B/cyclohexane, 8C/ 
acetic acid, and 9C/acetic acid. By reference to 
analogous compounds known as "clathrate com­
pounds,"15) the three-dimensional bulkinesses of the 
diols and their derivatives seem to be related to the 
solvent inclusions. 

T h e reactions of benzil and 9,10-phenanthrenequinone 
with 3 gave no 1 : 1 cyclic addition product, but ra ther 
gave unexpected, novel products. Thei r details will be 
reported separately.16) 

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

General Procedures. All melting points except that 
over 360 °C are corrected; some of them were measured in 
argon-filled, sealed capillaries after degassing. Electron 
spectra were determined on a Shimadzu UV-200 double beam 
spectrophotometer. Fluorescence excitation- and emission-
spectra were measured on a Shimadzu RF-501 recording 
spectrofluorophotometer. IR spectra were taken on a JASCO 
IRA-1 spectrophotometer, using KBr pressed discs. 1H NMR 
spectra were recorded on a JEOL JNR-PS-100 (100 MHz) 
or a Hitachi R-40 (90 MHz) spectrometer. Chemical shifts 
are given in ppm relative to tetramethylsilane as an internal 
standard. In assignments, abbreviations PhH, NpH, ActH, 
and ArH mean benzene-, naphthalene-, and acenaphthene-
ring protons and aromatic protons, respectively. Mass 
spectra were taken on a JEOL JMS-D-100 or a Hitachi RMU-
7M mass spectrometer at an ion-source temperature of 200 °C 
and an ionizing voltage of 70 eV unless otherwise indicated. 
Analytical determinations by GLC were performed on a 
Shimadzu GG-3BT gas Chromatograph operated at 220 °C 
with a 3 m x 3 m m column of 10% SE-30 on Celite 545SK 
and with helium as carrier gas. 

Pyracenequinone was prepared according to the reported 
method;") mp 304.0—306.0 °G (dec), (lit,17*) rap 305—306 
°C). All other chemicals were obtained commercially.18) 
Acenaphthenequinone18a> was recrystallized from toluene. 
Each of the quinones was ground down and degassed in vacuo 
before use. The biacetyl used was freshly distilled. Lithium 
Perchlorate180) was dried at 200 °C/0.1 mmHgt for 2 h. 
Acetonitrile (Dotite Spectrosol)18b) was dried with Molecular 
Sieves 5A. Under an argon atmosphere, "dry" solvents 
(diethyl ether and benzene) were distilled from sodium wire 
and then stored with Molecular Sieves 4A or 5A. TMEDA18a) 
was refluxed with calcium hydride for 2—3 h and distilled. 

All the reactions of 3 and of lead (IV) acetate were carried 
out under an argon atmosphere. All organic extracts were 
washed with aqueous coned sodium chloride and dried with 
anhydrous magnesium sulfate unless otherwise indicated. 
All evaporations were carried out under a reduced pressure 
on a rotary evaporator below ca. 50 °G. 

5,6-Dibromoacenaphthene (4). This was prepared by the 
method of Yoshiwara2) with modifications. To a iV,iV-dimethyl-
formamide (DMF) suspension of acenaphthene (77.1 g, 
0.50 mol in 250 cm3), a DMF solution of iV-bromosuccinimide 
(NBS)18C) (89.0 g, 0.50 mol in 250 cm3) was added dropwise 
over a period of 90 min at 30—40 °C. After the mixture had 
been stirred for 1 h at about 30 °C, additional NBS (133.5 g, 
0.75 mol) was added in portions over a period of 90 min, the 

T 1 mmHg-133.3 Pa. 

temperature being maintained at 30—40 °C. The dark 
mixture which formed was stirred for 2 h at about 30 °C and 
then allowed to stand overnight in a refrigerator. The pale 
yellow crystalline 4 which precipitated was filtered off, washed 
with a small amount of DMF and 100 cm3 of methanol, and 
dried in vacuo. This crude product (mp 166.5—171.5°C) 
was recrystallized from carbon tetrachloride,19) giving 24—31 g 
(15—20%) of pure 4 as almost colorless needles: mp 174.0— 
176.0 °C, (lit,3) mp 173—175 °C). 

Generation of 3. All solutions of 3 were prepared just 
before use as follows. All glassware pieces were heated in a 
drying oven {ca. 100 °C) and then quickly assembled; 4 (1.560 
g, 5.00 mmol) was introduced into a four-necked 500 cm3-
fiask which was then equipped with a thermometer, a stopcock 
for sampling, a pressure-equalizing addition funnel joined with 
a stopcock, and a reflux condenser joined with a three-way 
stopcock for attachment to a vacuum-line and an argon-line. 
During a few repetitions of the pumping—argon-introducing 
cycle, the crystals of 4 were milled with a magnetic stirrer. 
Dry ether (300 cm3 or 150 cm3) was introduced into the flask 
with syringe-technique and then cooled on an ice-ethanol 
bath. During the period of cooling, n-BuLi (12.0 mmol in 
5.5 cm3 of hexane) was injected into the addition funnel and 
then mixed with TMEDA (2 cm3, 13.3 mmol). After the 
yellow suspension which resulted had been allowed to stand 
for 15 min, it was added dropwise to the ethereal suspension 
over a period of 15 min with gentle stirring, and the pale red 
solution which formed was then stirred for 15 min. During 
these operations, the temperature was maintained at —10— 
0°C. A 0.5—1.0 cm3 of sample of the solution was added to 
aqueous ammonium chloride and then analyzed gas-chro-
matographically. The relative peak-area of acenaphthene is 
usually>99% within 5—12 min after the adding of n-BuLi-
TMEDA. In case that a theoretical amount of n-BuLi was 
used, 5—10% of 5-bromoacenaphthene20) was observed. 

5,6-Acenaphthenedicarboxylic Anhydride (6). A solution of 
3 (5.00 mmol in 150 cm3 of ether) was cooled below — 70 °C 
and poured onto crushed dry ice under an argon atmosphere. 
After the mixture had been allowed to come to room tempera­
ture, the white salt which formed was filtered off, washed with 
ether, and dried in vacuo. The quantitative yield of lithium 
salt (mp^>340 °C) was extracted with 30 cm3 of aqueous 5% 
sodium carbonate, and the extract was acidified with coned 
hydrochloric acid, giving 1.11 g (91.4%) of crude 5,6-acenaph-
thenedicarboxylic acid: mp 282.0—289.0 °C (dec/Ar); IR 
3600—2400 (broad band) and 1670 cm-1 (C=0). Recrystal-
lization from acetic acid gave anhydride 6 : mp 298.5—299.5 
°C (under Ar), (lit,21) mp 293—294 °G) ; U V m ( C , H , O H ) 
213.5 (log e 4.20), 237 (4.41), 247 (4.34), 332 (3.89), and 352 
nm (3.88); IR 1790, 1765, and 1740 cm-1 (G=0). 

(Found: C, 75.41; H, 3.26%). 
5,6-Diiodoacenaphthene (7). To a solution of 3 (5.00 

mmol in 300 cm3 of ether), a solution of iodine (2.82 g, 11.1 
mmol in 25 cm3 of ether) was added dropwise over a period of 
30 min at —10—0 °C. The dark mixture was stirred for 
30 min with cooling and for 1 h without cooling. To the 
mixture 100 cm3 of aqueous 5% sodium thiosulfate was added 
with vigorous stirring. The organic layer which separated 
was washed with aqueous sodium thiosulfate and then water, 
dried, and evaporated. The pale brown residue, 1.94 g 
(95.4%) of crude 7 (mp 144.0—148.5 °C), was recrystallized 
from hexane and then ethanol,19) giving 1.26 g (62%) of pure 
7: mp 159.0—160.5 °C (dec), (lit,22) mp 159—160 °C). 

(Found: G, 35.44; H, 1.90; I, 62.24%). 
eis-1,2- Dihydrocyclopenta [ 1,2-a. : 3,4,5-f 'g'] diacenaphthylene -

4b,10b-diol (8). Acenaphthenequinone (0.900 g, 4.94 mmol) 
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was added to a solution of 3 (5.13 mmol in 300 cm3 of ether) 
with vigorous stirring over a period of 30 min at —10—0 °C. 
The deep violet suspension which resulted was stirred for 2 h 
with cooling and for 1 h without cooling. Aqueous ammonium 
chloride (30 g/100 cm3) was added to the suspension with 
vigorous stirring. The dark yellow solid which precipitated 
was filtered off, washed with water and ether, and dried in 
vacuo; 87 mg (9.7%) of the quinone being recovered. The 
combined organic layer was washed, dried, and evaporated. 
The residue was washed with hot carbon tetrachloride and 
water and dried in vacuo, giving 326 mg (21.8%) of crude 8 
(mp 280—283 °G (dec)). Recrystallization from benzene19) 
gave 269 mg (16.2%) of pure 8 as white needles: mp 320.0— 
322.0 °C (dec/Ar), (lit,3) mp 304—308 °C (dec)); U V ^ 
(G2H6OH) 219 (log e 4.89), 265 (3.54), 275 (3.75), 287 (3.88), 
316 (4.13), and 330 nm (4.15); Fluorescence^ (C2H6OH) 
398 nm (excitation at 325 nm); IR 3500 and 3350 cm-1 

(OH); MS (215 °C, 30 eV), tn/e (rel intensity), 336 (100), 318 
(34), 317 (21), and 290 (25). 

(Found: C, 85.89; H, 4.58%). 
cis-1,2,7,8- Tetrahydropentaleno[l,2,3-fg : 4,5,6-f'g']diacenaph-

thylene-4b,10b-diol (9). A solution of 3 (5.00 mmol in 300 
cm3 of ether) was treated with pyracenequinone (1.60 g, 7.67 
mmol) as described above for 8. After hydrolysis, the un-
reacted pyracenequinone was extracted with aqueous 10% 
sodium hydrogensulfite,17) 499 mg (31.2%) of the quinone 
being recovered. Crude 9 (27.4%, mp 292—295 °C (dec)) was 
recrystallized from benzene19) and then acetone, giving 386 mg 
(21.3%) of pure 9 as a white powder: mp 347.0—348.0 °C 
(dec/Ar), (lit,3) mp 316—320 °C (dec)); U V ^ (C2H6OH) 
216 (log e 4.80), 230 (4.87), 259 (3.28), 269 (3.51), 280 (3.78), 
291 (3.96), 319 (4.19), and 333 nm (4.24); Fluorescence^ 
(C2HBOH) 394 nm (excitation at 328 nm) ; IR 3435 and 3315 
cm-1 (OH); MS, m/e (rel intensity), 362 (100), 361 (27), 360 
(44), 359 (23), 345 (29), 344 (69), 343 (36), 334 (19), 333 (36), 
and 332 (16). 

(Found: C, 86.22; H, 4.79%). 
eis-1,2,5,6- Tetrahydro-1,2-dimethylcyclopent\f%\acenaphthylene-

1,2-diol (10). To a solution of 3 (10.0 mmol in 300 cm3 

of ether), a solution of biacetyl (1.35 g, 15.6 mmol in 50 cm3 

of ether) was added over a period of 30 min at —10—0 °G. 
The pink suspension which resulted was stirred for 1 h with 
cooling and for 1 h without cooling, and then hydrolyzed with 
aqueous ammonium chloride (30 g/100 cm3). The organic 
layer which separated was washed, dried, and evaporated. 
The dark residue was dissolved in 10 cm3 of hot benzene and 
allowed to stand at room temperature for one day, giving 950 
mg of a colorless crystal (mp 127.0—129.0 °C). This was 
spectrally identical with the molecular compound, benzene-10, 
prepared separately; the yield as C6H6• 3C16H1602 was 35.7%. 
The combined filtrate was evaporated and allowed to stand 
for four days, giving 162 mg of a pale brown crystal (mp 
133.0—143.0 °C). This was spectrally identical with the 
molecular compound, acenaphthene-10, the yield as C12H10« 
2C16H1602 being 5.1%. Each of the molecular compounds 
was recrystallized from hexane,19) giving a total of 914 mg 
(38.0%) of pure 10 as white needles: mp 134.0—135.0 °C; 
U V ^ (c-C6H12) 226sh (log e 4.71), 232 (4.87), 250 (2.83), 
260sh (3.09), 273sh (3.58), 284 (3.84), 292sh (3.90), 296 (3.93), 
305 (3.78), 311 (3.69), 319sh (3.12), and 325 nm (3.27); 
Fluorescence^ (c-C6H12) 386 nm (excitation at 303 nm) ; 
IR 3350 (OH), 3035, 2975, 2930 sh, 2915, 2835, 1165, and 
1090cm-1; NMR (CDC13) «5=7.33 (2H, d, / = 7 . 0 H z , m-
GH2-ActH), 7.26 (2H, broad d, 7 = 7 . 0 Hz, o-CH2-ActH), 
3.42 (4H, s, 2GH2), 3.14 (2H, s, exch., 20H) , and 1.59 (6H, 
s, 2CH3); MS, m/e (rel intensity), 240 (14), 222 (12), 221 (16), 

207 (48), 198 (17), 197 (100), and 179 (19). 
Found: C, 79.95; H, 6.72%; M+ 240.1121. Calcd for 

C16H16Oa: C, 79.97; H, 6.71%; M, 240.1150. 
Molecular Compounds of 10. With Benzene : A recrystal­

lization of 10 from benzene gave benzene-10 (1/3) as white 
needles; mp 127.0—129.0 °G. The IR spectrum and NMR 
spectrum were identical with those of pure 10, except for the 
bands at 1485 and 680 cm - 1 and <5 7.29 ppm, which are charac­
teristic of benzene. The ratio of NMR peaks was ArH : CH2 : 
OH : CH 3 =6 : 4 : 2 : 6. The benzene molecule in the 
crystal did not dissociate at 20 °C/20 mmHg, but the crystal 
sublimed at 100 °C/0.1 mmHg, giving pure 10. 

Found: C, 81.18; H, 6.79%. Calcd for C6H6 .3C16H1602: 
C, 81.17; H, 6.81%. 

With Acenaphthene : Acenaphthene (64 mg) and 10 (99 mg) 
were dissolved in 6 cm3 of ether and allowed to stand for one 
day at — 20 °C. A white precipitate formed (76 mg, mp 
142—144°C); this was filtered off and recrystallized once 
from ether, giving acenaphthene-10 (1/2); mp 143.0—144.0 
°C; UVmax (c-C6H12) 228 (loge based on the assumption that 
the molecular weight is 317.40: 4.99), 250 sh (2.88), 286 (3.97), 
292 (4.02), 296 (4.01), 305 (3.85), 310 (3.71), 320 (3.31), and 
325 nm (3.26); IR 3350 and 3310 sh (OH), 3070, 3035, 2995, 
2970, 2920, 2840, 1165, and 1090 cm-1; NMR (CDC18) <5= 
7.57—7.18 (7H, m, ArH), 3.42 (4H, s, CH2 of 10), 3.37 (2H, 
s, CH2 of 5), 3.00 (2H, s, exch., 2 OH), and 1.60 (6H, s, 2CH3). 

Found : C, 82.87 ; H, 6.59%. Calcd for C12H10. 2C16H1602 : 
C, 83.25; H, 6.67%. 

Reaction of Pyracenequinone with Methylmagnesium Bromide. 
Under an argon atmosphere, methylmagnesium bromide18*) 
(16.8 mmol in 5.6 cm3 of dibutyl ether) and 150 cm3 of dry 
ether were introduced into a three-necked 300 cm3-flask, and 
pyracenequinone (848 mg, 4.07 mmol) was added to the 
solution over a period of 30 min. After 2 h of refluxing, the 
mixture was cooled on an ice bath and hydrolyzed with 
aqueous ammonium chloride (15g/50cm3). The organic 
layer which separated was washed, dried, and evaporated. The 
resulting dibutyl ether suspension was allowed to stand at 
—20 °C for 16 h. The pale yellow precipitate was then 
filtered off, washed with carbon tetrachloride, and dried in 
vacuo, giving 287 mg (29.3%) of crude trans-diol 11 (mp 
168.5—170.0 °C). The combined filtrate was treated three 
times in a similar manner, giving 200 mg (20.4%) of crude 
cw-diol 10 (mp 130.0—132.5 °C) and 452 mg in total of a 
mixture of 10 and 11 (NMR spectral isomeric ratio eis : trans= 
8 : 1—4 : 1). Averaged over repeated runs, the total yield of 
10 and 11 was ^>95% and the total eis : trans ratio was approxi­
mately 3 : 2 . The crude 10 and 11 on this run were 
individually recrystallized from hexane,19) giving 123 mg 
(12.6%) of pure 10 and 237 mg (24.2%) of pure 11: mp 
171.0—172.0 °C; U V ^ (c-C6H12) 224sh (loge 4.63), 232 
(4.89), 273sh (3.58), 284 (3.83), 295 (3.92), 305 (3.76), 310sh 
(3.65), 320sh (3.12), and 325 nm (3.18); Fluorescence^ 
(c-C6H12) 387 nm (excitation at 304 nm); IR 3330 (OH), 
3085, 3045, 2975, 2925, 2840, 1180, 1055, and 1025 cm"1; 
NMR (CDClg) (5=7.34 (2H, d, y = 7 . 5 H z , m-CH2-ActH), 
7.28 (2H, broad d, J = 7 . 5 H z , o-CH2-ActH), 3.44 (4H, s, 
2CH2), 1.85 (2H, s, exch., 20H) , and 1.70 (6H, s, 2CH3); MS 
(150 °C, 75 eV), m/e (rel intensity), 240 (30), 222 (12), 221 
(15), 207 (36), 198 (18), 197 (100), and 179 (11). 

Found : C, 80.04; H, 6.70% ; M+ 240. Calcd for C16H1602 : 
C, 79.97; H, 6.71%; M, 240. 

Molecular Compound of 11 with Cyclohexane: A recrystalliza­
tion of 11 from cyclohexane gave cyclohexane-11 (1/3) as 
white hair-like crystals; mp 170.0—171.0 °C; IR 3340 (OH), 
3085, 3040, 2980, 2925, 2840, 1180, 1055, and 1025 cm"1. 
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The NMR spectrum was identical with a 1 : 3 mixture of 
cyclohexane and 11. The cyclohexane molecule in the 
crystal did not dissociate at 20 °C/20 mmHg for 48 h, but did 
at 20°C/0.1 mmHg, the weight-loss-ratio being 9.95% after 
8 h (Calcd for: 10.45%). 

Found : C, 80.07 ; H, 7.28%. Calcd for C6H12 • 3C16H16Oa : 
C, 80.56 ; H , 7.51%. 

l,2-Dihydro-14-phenyl-4b,10b-(epoxyboroxy)cyclopenta[l,2-a. : 3,-
4,5-f'g']diacenaphthylene (8B). A mixture of m-diol 8 
(168.25 mg, 0.5002 mmol) and phenylborenic acid18a> (62.39 
mg, 0.5116 mmol) in 50 cm3 of benzene was refluxed for 2 h. 
After a trace amount of suspended matter had been filtered 
off, the solution was evaporated to dryness, giving a quantita­
tive yield of crude 8B (mp 303—305 °C (under Ar)). 
Recrystallization from benzene gave 187.3 mg (88.7%) of pure 
8B as white needles: mp 307.0—308.0 °C (under Ar) ; U V ^ 
(oC6H12) 220sh (loge 4.79), 227 (4.81), 254 (3.50 ),264 (3.69), 
274 (3.91), 280sh (3.75), 285 (4.01), 300sh (3.96), 313 (4.18), 
and 328 nm (4.22) ; Fluorescence,^ (c-C6H12) 390 nm (excita­
tion at 322 nm); IR 3045, 2915, 2835, 1605, 1385, 1345 
(-B-0-) , and 1085 cm"1; NMR (CDC13) <5=8.04— 7.96 (2H, 
m, a-NpH), 7.89 (2H, d, 7 = 7 . 1 Hz, m-CH2-ActH), 7.89— 
7.78 (2H, m, o-B-PhH), 7.78—7,51 (4H, m, £-NpH), 7.43— 
7.17 (3H, m, m- and />-B-PhH), 7.27 (2H, d, 7 = 7 . 1 Hz, o-
CH2-ActH), and 3.41 (4H, s, 2CH2); MS (220 °C, 75 eV), 
m/e (rel intensity), 422 (100), 421 (23), 318 (21), 300 (23), 
288 (22), 262 (73), 186 (84), 149 (66), 104 (42), and 77 (30). 

Found: C, 85.38; H, 4.44%; M+ 422 and 421. Calcd for 
C30H19BO2: C, 85.33; H, 4.53%; M-"£ , 422 and M-10^, 421. 

1,2,7,8- Tetrahydro-14-phenyl- 4b, 10b -(epoxyboroxy)pentaleno-
[1,2,-3-îg : 4,5,6-î'g'~\diacenaphthylene (9B) and Its Molecular 
Compounds. m-Diol 9 ( 181.44 mg, 0.5006 mmol) was treated 
with phenylboronic acid (62.41 mg, 0.5119 mmol) in 50 cm3 

of benzene as described above for 8B. The white crystalline 
residue was dried overnight under an aspirator pressure, giving 
262.4 mg (99.6%) of crude benzene-9B (mp 299—302 °C 
(under Ar)). Recrystallization from benzene gave pure 
benzene-9B (1/1) as white needles: mp 302.0—304.0 °C (under 
Ar) ; MS (150 °C, 75 eV), m/e (rel intensity), 448 (100) and 78 
(48). The A ^ ' s of the UV spectrum in cyclohexane were 
identical with those of pure 9B and the loge's, based on the 
assumption that the molecular weight is 526.44, were consistent 
with those of 9B within ±0.03. The IR spectrum and NMR 
spectrum were identical with those of pure 9B, except for the 
bands at 3090, 3075, 1485, and 680 cm-1 and Ô 7.33 (6H, s). 

Found: C, 87.06; H, 5.00%. Calcd for C6H6 • C32H21BOa : 
C, 86.70; H, 5.17%. 

On recrystallization from cyclohexane, benzene-9B was 
converted into cyclohexane-9B (1/1). Under an argon 
atmosphere, these white needles melt at 190 °C with foaming 
and immediately solidify, and then re-melt at 300.0—301.0 °C. 
The UV spectrum, IR spectrum, NMR spectrum, and MS 
confirmed the composition to be the same as in the case of 
benzene-9B. 

Found : C, 85.51 ; H, 5.87%. Calcd for C6H12 • C32H21BOa : 
C, 85.71 ; H , 6.25%. 

On heating at 100°C/0.1 mmHg for 16 h and at 160 °C/ 
0.1 mmHg for 8 h, 47.749 mg of cyclohexane-9B (1/1) gave 
40.311 mg of pure 9B: mp 306.0—307.0 °C; Weight loss, 
found: 15.58%, calcd: 15.81%; U V ^ (c-C6H12) 224sh (loge 
4.96), 230 (5.01), 258sh (3.01), 268 (3.56), 275sh (3.68), 278 
(3.85), 286sh (3.81), 290 (4.04), 304sh (4.00), 315 (4.23), and 
330 nm (4.30) ; Fluorescence^ (c-C6H12) 390 nm (excitation 
at 326 nm); IR 3030, 2915, 2835, 1605, 1380, 1345 (-B-0-) , 
1115, and 1080 cm"1; NMR (CDC13) 5=7.87 (4H, d, 7 = 7 . 1 
Hz, m-CU2-ActR), 7.88—7.78 (2H, m, o-B-PhH), 7.36—7.22 

(3H, m, m- and />-B-PhH), 7.27 (4H, d, 7=7 .1 Hz, o-CH2-
ActH), and 3.40 (8H, s, 4CH2); MS (150 °C, 75 eV), m/e (rel 
intensity), 448 (100), 447 (27), 420 (8), 344 (12), 343 (16), 
326 (8), 316 (10), 315 (10), 313 (11), 262 (17), 186 (13), 149 
(34), 104 (5), and 77 (25). 

Found: C, 85.69; H, 4.65%; M+ 448 and 447. Calcd for 
C32H21B02: C, 85.73; H, 4.72% ; M-11^, 448 and M-10B, 447. 

1, 2, 4b, 7a - Tetrahydro - 4b, 7a - dimethyl-6-phenylcyclopent [5,6]-
acenaphtho[l,2-d][l,3,2]dioxaborole (10B). cw-Diol 10 
(240.76 mg, 1.002 mmol) was treated with phenylboronic acid 
(126.10 mg, 1.034 mmol) as described above for 8B. A 
quantitative yield of crude 10B (mp 164—168 °C) was 
recrystallized from hexane, giving 262.8 mg (80.4%) of pure 
10B: mp 169.5—171.0 °C; U V ^ (oC6H12) 227 (loge 4.83), 
231 (4.93), 254 (3.21), 261sh (3.41), 269sh (3.62), 274 (3.72), 
279sh (3.81), 283 (3.90), 291 (3.95), 295 (3.99), 304 (3.83), 
310 (3.71), 319 (3.09), and 324 nm (3.13); Fluorescence^ 
(c-C6H12) 387 nm (excitation at 303 nm); IR 3060, 2985, 
2945, 2915, 1600, 1390, 1385, 1350 ( -B-0-) , and 1090 cm-1; 
NMR (CDC13) (5=7.81—7.71 (2H, m, o-B-PhH), 7.49 (2H, 
d, 7 = 7 . 1 Hz, m-CH2-ActH), 7.43—7.14 (3H, m, m- and 
/>-B-PhH), 7.29 (2H, broad d, 7 = 7 . 1 Hz, o-CH2-ActH), 3.43 
(4H, s, 2CH2), and 1.86 (6H, s, 2CH3); MS (160 °C, 75 eV), 
m/e (rel intensity), 326 (100), 325 (24), 311 (4), 283 (66), 
282 (17), 222 (22), 221 (19), 207 (15), 205 (12), 189 (10), 179 
(18), 178 (13), 152 (12), 149 (8), 104 (16), and 77 (12). 

Found: C, 81.24; H, 5.81%; M+ 326 and 325. Calcd for 
C22H19B02: C, 81.01; H, 5.87%; M - n £ , 326 and M-10£, 
325. 

l,2-Dihydronaphtho[l',8s': 5,6,7]cyclooct[l,2,3-fg]acenaphthylene-
5,12-dione (8C). A mixture of difcl 8 (132.5 mg, 0.3939 
mmol) and lead(IV) acetate18*) (291 mg, 1.50 molar ratio) in 
30 cm3 of dry benzene was stirred at room temperature for 2 h, 
refluxed for 30 min, and allowed to come to room temperature. 
To the mixture 20 cm3 of dil hydrochloric acid was added 
dropwise. The pale yellow precipitate which formed was filtered 
off, washed with benzene, dil hydrochloric acid, and then 
water, and dried in vacuo, giving 106 mg (80.5%) of crude 8C. 
Recrystallization from benzene gave pure 8C: mp 343.0— 
345.0 °C (dec/Ar), (lit,3) mp 330—334°C (dec)); U V ^ 
(C6H6) 320sh (loge 4.08) and 334 nm (4.13); Fluorescence^ 
(C6H6) 401 nm (excitation at 333 nm) ; IR 1680 cm"1 (C=0) ; 
MS, m/e (rel intensity), 334 (100), 333 (45), 306 (17), 278 (41), 
277 (52), 276 (61), and 275 (12). 

(Found: C, 85.84; H, 3.78%). 
1,2,8,9-Tetrahydrocycloocta[l,2,3-{g : 5,6,7-i'g']diacenaphthylene-

5,12-dione (9C). A mixture of diol 9 (135.0 mg, 0.3725 
mmol) and lead(IV) acetate (300 mg, 1.63 molar ratio) in 
20 cm3 of dry benzene was treated as described above for 8C, 
giving 112.8 mg (84.0% ) of almost pure 9C. Recrystallization 
from benzene gave pure 9C as pale yellow needles : mp 390— 
400 °C (uncorrected, dec/Ar), (lit,3) mp >330 °C (dec)); 
U V ^ (C6H6) 326sh (loge 4.04) and 341 nm (4.12); Fluores­
c e n c e ^ (C6H6) 400 nm (excitation at 339 nm) ; IR 1680 cm-1 

(C=0); MS (240 °C, 35 eV), m/e (rel intensity), 360 (100), 
359 (24), 332 (9), 331 (20), 304 (9), and 303 (13). 

(Found: C, 86.63; H, 4.21%). 
5,6-Diacetylacenaphthene (IOC). A mixture of diol 10 

(240.6 mg, 1.001 mmol) and lead(IV) acetate (600 mg, 1.22 
molar ratio) in 25 cm3 of dry benzene was treated as described 
above for 8C, except that the lead(II) acetate which precipi­
tated was filtered off and the filtrate was chromatographed on a 
column of Wakogel C-20018b) (40 g). After tarry matters 
(mainly silicone grease) had been extracted with benzene, the 
effluent with chloroform was collected and evaporated to 
dryness, giving 219 mg (91.8%) of crude 10C (mp 153—155 
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°C). Recrystallization from cyclohexane gave 156 mg 
(65.4%) of pure IOC as pale yellow plates: mp 156.0—157.0 
°C; U V ^ (c-C6H12) 230 (loge 4.60), 277sh (3.63), 310 (3.93), 
and 324sh nm (3.84); (Fluorescence was not detected.); IR 
3045, 3015, 2940, 2910, 1670 (C=0), 1605, 1275, 1210, and 
1115cm-1; NMR (GDC1,) (5=7.80 (2H, d, 7 = 7 . 1 Hz, o-
CH3CO-ActH), 7.35 (2H, broad d, 7 = 7 . 1 Hz, o-CH2-ActH), 
3.44 (4H, s, 2CH2), and 2.70 (6H, s, 2GH3CO); MS (70 °G, 
75 eV), m/e (rel intensity), 238 (29), 224 (19), 223 (100), 195 
(14), 165 (22), 152 (21), 151 (10), 150 (5), and 149 (5). 

Found: C, 80.53; H, 5.84% ; M+ 238. Calcd for C16H1402: 
C, 80.65; H, 5.92%; M, 238. 
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The reaction of the title complex (3) with benzil did not give the 1 : 1 cyclic addition product expected, but 
gave 5,6-dibenzoylacenaphthene, 5-( 1 -hydroxy-2-oxo-1,2-diphenylethyl) -6-(2-oxo-1,2-diphenylethoxy)acenaphthene 
(5), 5-benzoyl-6-(l-hydroxy-2-oxo-l,2-diphenylethyl)acenaphthene, benzoin, and benzilic acid. Compound 
5 suggests a new type of oxophilic addition accompanied by a carbophilic addition. The reaction of 3 with 9,10-
phenanthrenequinone in a 1 : 1 molar ratio gave both the oxidative homo-coupling product of 3, 1,2,7,8-tetrahydro-
dicyclopenta[crf :/m]perylene, and the hydroquinone dianion, which was converted into 9,10-diacetoxyphenan-
threne on acetolysis. The differences in the reaction modes between 3 and a-diketones can basically be understood 
in terms of the redox potentials and the steric factors of the a-diketones. 

5,6-Dilithioacenaphthene (l)2 , s) can be regarded as a 
nucleophile like 1,8-dilithionaphthalene (2)*"8> which R e s u l t s and D i s c u s s i o n 
possesses two reaction sites at the peri positions of a 
naphthalene nucleus; thus, its synthetic conditions and Competitive Complex Reactions of 3 with Benzil; Oxophilic 
reaction modes especially with afunct ional electrophiles Addition, Carbophilic Additions, and Reduction of Benzil. 
are of interest in connection with the peri interaction in T h e a'j-directing 1 : 1 cyclic additions of 3 with A C Q , 
naphthalene derivatives.9) A 1 : 1 cyclic condensation P Y Q , and biacetyl (Ac2), reported separately,1) prompt-
or addition is the most possible reaction pa th in the ed us to examine the reaction with benzil. The product 
reaction systems of 1 and 2 with 1,2-dichlorodisilanes,2'8) expected, eis- or frfl«j-l,2,5,6-tetrahydro-l,2-diphenyl-
1,3-dichlorodisiloxanes,2) or acenaphthenequinone cyclopent[^]acenaphthylene-l ,2-diol (4), however, was 
(ACQ),3 '5) 1 with pyracenequinone (5,6-dihydrocyclo- not detected in the reaction mixture. Five products 
pent[/g]acenaphthylene-l ,2-dione; PYQ),3) and 2 with were isolated and identified as follows: 5-(l-hydroxy-2-
dialkyldichlorosilanes6) or organotin dihalides.7) No oxo- l ,2-diphenylethyl)-6-(2-oxo-l ,2-diphenylethoxy)-
other reaction mode except a 2 : 2 cyclic condensation acenaphthene (5), 5-benzoyl-6-(l-hydroxy-2-oxo-l,2-
in the last case7) has been reported. diphenylethyl) acenaphthene (6), 5,6-dibenzoylacenaph-

In the course of studies on the synthetic conditions thene (7), benzoin (8), and benzilic acid (9). Typical 
of 1, the authors have found that the 5,6-dilithioace- yields are cited in Table 1. T h e structure of 5 was 
naphthene-iV, N, N', JV'-tetramethyl-1,2-ethanediamine determined by means of a single-crystal X-ray analysis. 
(TMEDA) complex (3)!) reacts with some a-diketones in The details of this analysis are reported elsewhere.10) 
unexpected, novel modes which may illustrate new Figure 1 shows one of the two crystallographically 
aspects of the peri interaction. This paper is chiefly independent molecules of 5. Probably because of packing 
concerned with the complicated reactions of 3 with forces, their geometries are slightly different.10) 
benzil (Bz2) and the redox reaction between 3 and 9,10- T h e J H N M R spectrum of 5 shows some unusual 
phenanthrenequinone (PQ) . T h e factors tha t govern features, one of which is that the signal assigned to the 
the reaction modes will also be discussed. methine proton of the O-substituted benzoin moiety 

TABLE 1. REACTIONS OF 5,6-DILITHIOACENAPHTHENE-TMEDA COMPLEX (3) WITH <X-DIKETONES (in EtaO) 

a-Diketone 

Bz2 

PQ. 

Mole ratio 
(diketone/3) 

2.0 

1.0 
2.1 
1.0 

Reaction time/ha) 

i ii iii iv 

0.5 

0.1 
0.1 
0.1 

2 

1 
1 
4 

0.5 

1 
1 

2+lK) 

1 

0 
0 
0 

Consumption 
of3/%b> 

100 

76 
98 
87 

Recovery of 
diketone/% 

3.7 

62 
69 
0 

Product 

5 
6 
7e> 

9f> 
10 
10 
10 
llh> 

Yield/%c> 

A B 

7.9 
4.1 
21 

19 
4.3 

20 
27 
27 

48 

Mp/°Cd> 

181.0—182.5 
201.0—204.0 (dec/Ar) 
209.0—210.0 
135.0—136.0 
151.0—152.0 
345.0—346.0 (dec/Ar) 

203.0—204.0 

a) Step i: Adding of diketone to 3 at —10—0 °C; Step ii: Stirring at —10—0 °C; Step iii; Stirring without cooling; Step 
iv: Refluxing. b) Based on GLC-peak-area of acenaphthene in hydrolyzed sample, c) A: Based on 5,6-dibromoacenaph-
thene; B: Based on a-diketone used, d) Some melting points were measured in argon-filled, sealed capillaries, e) Lit ,n ) 

mp 207—208 °C. f) An authentic sample was obtained commercially, g) Treatment with Ac20/pyridine. h) Lit,12> rnp 
203—203.5 °C. 
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ion pair, Bza—Li+ ( = 1 2 a ^ cis-12h^± trans-12b), and 
disproportionates to benzil and dilithium stilbenediolate 
(13) which is converted into 8 on hydrolysis (Scheme 1, 
pa th A) . The formation of 5 can most readily be 
accounted for when the redox reaction of benzil with a 
probable intermediate (14) is assumed: The SET 
between the two followed by the coupling of the resulting 
radicals, 15 and 12b, will yield stilbene derivative 16, 
which can be converted into 5 on hydrolysis22) (Scheme 
1, pa th B). The other coupling product (17), sterically 
unfavorable, was not detected in the reaction mixture. 

Although 7 is the major product, no positive evidence 
that elucidates a mechanism for its formation has been 
obtained. However, a by-product expected for the 
oxidative fission of 17 ( R = H ) , benzoic acid, was not 
detected in the reaction mixture. There is a possibility 
that 1 : 1 cyclic addition product 4 is formed but 
decomposes to yield 7. This seems to be excluded 
because of the stabilities of trans-4,11) m-diaryl-1,2-
acenaphthenediols,23) and the methyl analogues, cis-
and trans-1,2,5,6-tetrahydro-1,2-dimethylcyclopent[fg]-
acenaphthylene-l^-diols,1) though the exact factor 
that prevents the formation of 4 is not yet clear. 

An acidification of the aqueous layer after hydrolysis 
gave benzilic acid. O n t reatment of benzil in an 
ethereal solution with an aqueous li thium hydroxide 
in the presence of T M E D A , benzilic acid rearrange­
ment24) did not take place. Hence, the acid must be 
formed in the reaction system before hydrolysis.25) 

In order to evaluate the reducing potential of the 
butyllithium (rc-BuLi) - T M E D A complex, it was allowed 
to react with benzil in a molar ratio of n-BuLi : B z 2 = 
2 : 1 under the conditions similar to those in the case 

18a,b 19 

Scheme 1. 

Fig. 1. Molecular structure of 5. Some close H - H 
contacts (Â) are also shown, e.s.d.'s being 0.06—0.08 Â. 

appears as a doublet (J=7.5 Hz) at ô 6.45 coupling 
with an aromatic proton, the signal of which appears 
as a multiplet at 7.00 (in (CD3)2SO).13> This remarkably 
large long-range coupling-constant must ascribed to 
the specific conformation of 5 in which the methine 
H-atom, H (27), is in contact with three aromatic H-
atoms: H(7) , H(33), and H(40) (Fig. 1).10>14> 

The structure of 5 suggests a new type of oxophilic 
addition which cooperates with a normal carbophilic 
addition. This is the first example of the heterophilic 
addition of an organolithium compound with an a-
diketone; in the case of Grignard reagent, not a few 
instances of this type of reactions have been reported.15) 
These heterophilic additions have shown the radical 
character of some Grignard reactions with certain 
carbonyl compounds.16) As discussed below, products 
5 and 8 also suggest strongly that the radical processes 
that involve the benzil radical anion (Bz2~*) take an 
important part in the reaction with 3. 

According to the reports published on the reduction 
of benzil,17-21) Bz2~* generated via a single-electron-
transfer (SET) in the presence of metal cation forms an 
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of 3 with Bz2. From the reaction mixture, erythro- or 
*Ara?-5,6-diphenyl-5,6-decanediol (46% of 18a and 2 2 % 
of 1 : 4 mixture of 18a and 18b),26) 5 % of 1,2-diphenyl-
1,2-hexanediol (19), and 2 % of benzoin were isolated 
(Eq. 1). Thus , the reducing effect of an excess n-BuLi 
which may remain in the solution of 327> is negligible. 

Oxidative Homo-coupling of 3. Although the 
reactions of o-quinones A C Q and P Y Q w i t h 3 yield 1 : 1 
cyclic addition products,1) another o-quinone, 9,10-
phenanthrenequinone ( P Q ) , has not yielded such a 
product (20). The reaction of 3 with P Q in a 1 : 1 
molar ratio gave both the oxidative homo-coupling 
product of 3, 1,2,7,8-tetrahydrodicyclopentajW : lrri\-
perylene (10; 27%) , and the hydroquinone dianion 
( P Q 2 - ) , which was converted into 9,10-diacetoxy-
phenanthrene (11; 48%) on acetolysis, as described 
below in detail. Thus, the redox reaction between 3 
and P Q took place preferentially. This is a novel 
instance of the behavior of a bifunctional organolithium 
compound in the system with quinones, although the 
homo-coupling of monofunctional Grignard reagent or 
organolithium compound is often induced by certain 
quinones.28) In the case of P Q , however, many normal 
additions with such organometals29) and some oxophilic 
additions with aryl and allyl Grignard reagents15) have 
been reported, but homo-coupling products are 
described only in the cases of jfr-tolyl-29c) and jö-methyl-
benzyl-29d) magnesium bromides. 

o o 
H H 

CH3C0 0CCH3 

path A 

20 

The molar ratio of P Q to 3 dramatically changed 
the appearance of the reaction. When an equivalent 
mol of P Q was added to a pale red solution of 3 over a 
period of 5 min, every portion of the yellow powder of 
P Q rapidly dissolved, the solution developed instan­
taneously a brilliant green color; just after the adding 
had been ended, the consumption-ratio of 3 was 50— 
6 0 % and the reaction mixture became a dark green 
suspension involving a dark yellow powder of 10. 
When the reaction was allowed to continue, the 
consumption-ratio increased and finaly reached to ca. 
9 0 % , and the suspension gradually changed to yellow. 
After a treatment with an aqueous iron (III) chloride, 
60—70% of P Q was recovered, while a t reatment with 
acetic anhydride gave a ca. 5 0 % yield of 9,10-diacetoxy-
phenanthrene and no P Q . When a 2 molar ratio of P Q 
was used, the consumption of 3 was approximately 
quantitative just after the adding and the dark green 
suspension which resulted did not change its color for at 
least 2 h. The maximum yield of 10 was 2 7 % regardless 
of the molar ratio, but in the case o f t h a t of 1 : 1, the 
yield depended on the reaction-time (Table 1). 

The reduction of P Q and the behavior of its radical 
anion (PQ"") and dianion (PQ 2 - ) in the presence of 
metal cation have been well documented.15a»30-32) O n 
the bases of these reports, the observations described 

Q Q' 

( Q , Q') = ( PQ , PQ~U+) or ( PQ~l_i+, PQ2"2Li+) 

pathB 

dimerization 
10 

Ov , 0 

24 

LiO OLi 

PQ 

OLi 

PQ PQ2"2Li+ 

Scheme 2. 
PQ"Li+ 

25 26 

above strongly suggest that a SET between P Q or 
PQ—Li+ and 3 or 22 (Scheme 2, path A) is more 
operative than a single two-electron-transfer between 
P Q and 3, followed both by the homo-coupling of the 
resulting biradical (24) and by the redox reaction 
between P Q 2 " and PQ31) (Scheme 2, path B). This idea 
was further examined. 

By reference to the trapping experiments of 1,8-
dehydronaphthalene (25) ,33) the reaction of 3 with P Q 
was investigated in the presence of a 77 molar ratio of 
cyclooctene,34) but the yield of 10 was not decreased 
(26%) and no cyclooctene adduct (26) was detected. 
This may disprove the presence of the free biradical 
(24). 35> 

T h e oxidative homo-coupling reactions of aromatic 
dilithium compounds by transition metal halides have 
been reported in the cases of 2,33) o-dilithiobenzene,36) 
and 2,2'-dilithiobiphenyl,37) and no evidence for the 
corresponding biradicals has been obtained. For 
comparison, the reaction of 3 with a 2 molar ratio of 
cobalt(II) chloride was investigated: complex 3 was 
readily decomposed by CoCl2 above —30 °C, the 
consumption-ratio reached to > 9 5 % within 2 h, and 
10 was isolated in a 2 8 % yield. 

T h e similarities between the reactions with P Q and 
CoCl2 in the reaction rate and the yield of 10 are quite 
in agreement with the idea that oxidative homo-coupling 
of 3 proceeds in a step-wise SET pathway regardless 
of the oxidizing agent. In fact, the reactions of 3 with 
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TABLE 2. CYCLIC VOLTAMMETRIC DATA FOR REDUCTION OF 

a-DiKETONES (in CH3CN, [diketone]= 1.3 mmol dm-3, 
[Et4NClO4] = 0 2 mol dm-3 , at 20 °C) 

a-Diketone 
Scan rate 

V s-1 

1st wave 2nd wave 

A/V B/mV C A/V 5/mV C 

PQ, 0.2 - 1 . 1 3 60 1.0 - 1 . 8 2 105 1.0 
ACQ 
PYQ 

Bz2 

Ac2 

0.14 
0.2 
0.01 
0.2 
0.01 
0.2 

- 1 . 3 9 
- 1 . 5 2 
- 1 . 5 2 
- 1 . 6 6 
- 1 . 6 6 

< - 1 . 8 

60 
140 
75 
85 
50 

1.0 
1.0 
1.0 
1.0 
1.0 

- 2 . 1 5 
- 2 . 2 5 
- 2 . 2 5 
- 2 . 3 1 
- 2 . 2 4 

80 
155 
85 

155 
100 

1.0 
1.0 
1.0 
0.7 
0.5 

A: Half-wave potential vs. Ag/satu. AgN03 . B: Peak-
separation. C: Anodic-peak-current/cathodic-peak-current. 

some />-quinones also yielded 10 (see Experimental) . 
O n the other hand, detailed examinations confirmed 
that other a-diketones ( A C Q , P Y Q , Bz2, and Ac2) did 
not induce the homo-coupling of 3. This indicates 
that the redox potential of a-diketone may be an 
important control-factor of the reaction modes. 

Redox Potentials ofu.-Diketones. As Table 2 shows, 
the one- and two-electron reductions of the a-diketones 
are easier in the order of 

P Q > A C Q > P Y Q > Bz2 > Ac2, (2) 

under the conditions where the ion-pairing effect170'32) 
is negligible. Then, the effects of l i thium cation and 
T M E D A , which may prevent the ion-pairing,38) were 
examined. 

All the cyclic voltammograms measured in the 
presence of lithium perchlorate in an acetonitrile 
solutions39) are complex and correspond to irreversible 
steps; thus, quantitative discussions are difficult. In 
the case of P Q , however, the clear, positive shifts of the 
cathodic peaks were observed. This can be explained 
in terms of the formation of an ion pair PQ"*Li+ , as in 
the literature.32) As expected, these positive shifts were 
reduced by adding T M E D A , but its effect was relatively 
slight. In the cases of A C Q , P Y Q , and Bz2, the positive 
shifts were not so clear as in the case of P Q , and no 
distinct effect of T M E D A was observed at any scan rate 
« 0 . 2 7 V s - 1 ) . These findings suggest tha t the order 
of the reduction potentials (Eq. 2) may be unchanged 
in the ethereal solution containing L i + - T M E D A . Thus, 
P Q i s the most reducible a-diketone in those investigated 
regardless of the presence of Li+ . The relatively low 
reducibility of benzil even under the influence of ion-
pairing supports the idea that only the sterically hindered 
intermediate, 14, is able to reduce benzil in the reaction 
system with 3, as discussed before. O n the other hand, 
the difference between P Q and A C Q in redox potential 
seems to be too small to contribute to the distinct 
disparity in their reaction modes toward 3. In fact, 
the reactions of these o-quinones with monofunctional 
organometals proceed in almost the same modes 
involving normal23 '29) and unusual40) carbophilic addi­
tions and redox reactions.153) It is clear that the specific 
structure of 3 has revealed an unknown difference 
between the two o-quinones, though its exact nature 
can not yet be explained. 

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

General Procedures. Melting points, electron spectra, 
fluorescence excitation- and emission-spectra, IR spectra, 1H 
NMR spectra, and mass spectra were recorded according to 
the methods given in the previous paper.1) The solution of 
3 was prepared from 5,6-dibromoacenaphthene, w-BuLi, and 
TMEDA in dry ether at — 10—0 °C just before use, as in the 
previous paper.1) All other chemicals were obtained com­
mercially.41) Benzil418) and 9,10-phenanthrenequinone4la) were 
recrystallized from ethanol and benzene, respectively, and 
ground down and degassed in vacuo before use. Tetraethylam-
monium perchlorate41b) was dried in vacuo at room temperature. 
Lithium perchlorate410) was dried at 200°C/0.1 mmHgt for 
2 h. Acetonitrile (Dotite Spectrosol)41b) was dried with 
Molecular Sieves 5A and degassed with argon-bubbling. All 
reactions were performed under an argon atmosphere. All 
evaporations were carried out under a reduced pressure on a 
rotary evaporator below ca. 40 °C. Chromatographic separa­
tions were carried out on the columns (2.2 cm X 60—90 cm) 
of Wakogel C-200.41b) Analytical determinations by GLC 
were carried out according to the previous paper.1) 

Reactions of 3 with Benzil. To a solution of 3 (10.0 
mmol in 300 cm3 of ether), a solution of benzil42) (4.280 g, 20.36 
mmol in 50 cm3 of ether) was added with stirring over a period 
of 30 min at — 10—0 °C. The solution became at first dark 
brown, changed to dark green, and finally to a brown purple 
suspension. This was stirred for 2 h at —10—0 °C and for 
0.5 h without cooling, and then refluxed for 1 h. After the 
suspension was allowed to stand for 30 min, aqueous ammo­
nium chloride (30 g/100 cm3) was added to it with vigorous 
stirring. The hydrolysate was then cooled on an ice bath 
for 2 h. The pale yellow precipitate which formed was 
filtered off, washed with water and ether, and dried in vacuo, 
giving a mixture of 5 and 7. This was chromatographed on a 
silica-gel column (150 g) with benzene and chloroform as 
successive eluents, giving 286 mg of crude 5 (mp 177—180 °C) 
and then 461 mg of crude 7 (mp 199—205 °C). The com­
bined filtrate was separated and the organic layer was washed 
with 3 X 100 cm3 of aqueous coned sodium chloride. The 
combined aqueous layer was acidified with coned hydrochloric 
acid and allowed to stand for a few days, giving 160 mg of 
pure benzilic acid (9). The acidic solution was then extracted 
with ether and gave additional 9 (39 mg) ; the total yield was 
4 .3%: mp and mixed mp 151.0—152.0 °C. The organic 
mother layer was dried (MgS04), concentrated to about 50 
cm3, and then cooled for one day at — 15 °C, giving 167 mg of 
crude 5 (mp 174—176 °C). The filtrate was then evaporated 
and the residue was triturated with ether, giving 432 mg of 
crude 8 (mp 122—133 °C). The filtrate of this trituration 
was evaporated to dryness and chromatographed on a silica-gel 
column (150 g) with benzene as eluent. The dark brown 
solution became dark green on this column. The first green 
eluent was collected and evaporated, and the brown residue 
was dissolved in carbon tetrachloride. The solution was then 
diluted with hexane, giving 108 mg of crude 6 as a pale brown 
crystal (mp 194—205 °C (dec)). The second yellowish green 
eluent was treated as described above for the first, giving 159 
mg (3.7%) of benzil. The filtrate of this treatment was 
evaporated to dryness and the residue was recrystallized from 
ethanol, giving 83 mg of crude 6 (mp 180—182 °C). Aftei 
the third deep green eluent (unknown), extraction with chloro-

t 1 mmHg-133.3 Pa. 
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from gave the fourth pale yellow eluent. This was evaporated 
to dryness, giving 390 mg of crude 8 (mp 128—132 °C). The 
fifth dark green eluent with chloroform was evaporated to 
dryness and then recrystallized from benzene, giving 306 mg 
of crude 7 (mp 206.5—208.5 °C). The total of 822 mg (19%, 
based on benzil used) of crude benzoin was decolorized in a 
short benzene-silica-gel column and then recrystallized from 
ethanol,43) giving 547 mg (12.7%) of pure 8; mp and mixed 
mp 135.0—136.0 °C. 

5-(1-Hydroxy-2-oxo-1,2-diphenylethyl) -6- (2-oxo-J, 2-diphenyl-
ethoxy)acenaphthene (5): A total of 453 mg (7.9%) of crude 
product was recrystallized from benzene,43) giving 331 mg 
(5.8%) of pure 5 as white plates: mp 181.0—182.5 °C; U V ^ 
(C2H6OH) 214 (loge 4.65), 240 (4.69), 300 (3.99), 318sh 
(3.87), and 334sh nm (3.66); Fluorescence^ (G2H5OH) 402 
nm (excitation at 341 nm); IR 3425 (OH),3065, 3035, 2920, 
1670 (C=0), 1600, 1450, 1265, 1225, 1140, 965, 855, 770, 750, 
720, 705, and 695 cm-1; NMR (5(CDC13) = 7.83—7.73 (4H, m, 
ArH), 7.68—6.80 (20H, m, ArH), 6.64 (1H, d, 7 = 7 . 5 Hz, 
CH), and 3.30 (4H, s, 2CH2), (5((CD3)2SO) = 7.98—7.91 
(2H, m, ArH), 7.70—6.80 (22H, m, ArH), 6.45 (1H, d, / = 
7.5 Hz, GH), and 3.29 ((4H), s, 2CH2); MS (270 °C, 75 eV), 
m/e (rel intensity), 574 (2.6), 572 (2.7), 558 (2.1), 556 (2.1), 
540 (3.2), 469 (5.3), 452 (9.2), 451 (23), 450 (6.5), 435 (5.0), 
364 (4.0), 363 (4.9), 362 (3.1), 361 (4.0), 347 (5.4), 346 (4.3), 
345 (3.6), 285 (4.0), 269 (4.4), 257 (5.9), 241 (4.4), 240 (3.7), 
239 (5.1), 167 (5.4), 152 (4.2), 105 (100), and 77 (70). 

Found: C, 83.39; H, 5.01% ; M+ 574. Calcd for C40H30O4: 
C, 83.60; H, 5.26% ; M, 574. 

5-Benzqy1-6- (1-hydroxy- 2-oxo-1,2-diphenylethyl) acenaphthene (6) : 
A total of 191 mg (4.1%) of crude product was recrystallized 
from ethanol,43) giving 144 mg (3.1%) of pure 6 as yellow rods: 
mp 201.0—204.0 °C (dec/Ar); U V ^ (oC6H12) 227 (loge 
4.68), 253sh (4.17), 292sh (3.90), 304 (3.98), and 320 nm 
(3.85) ; (Fluorescence was not detected.) ; IR 3500 (OH), 3065, 
3040, 2915, 2840, 1750 and 1675 ( C = 0 ) , 1595, 1450, 1415, 
1230, 1150, 1025, 840, 775, 730, 710, and 700 cm"1; NMR 
(CDC13) (5 = 7.72—7.56 (3H, m, ArH), 7.36—6.82 (13H, m, 
ArH), 6.69—6.53 (3H, m, ArH), 5.88 (1H, sharp s, exch., 
OH), and 3.38 (4H, broad s, 2GH2) ; MS (250 °C, 75 eV), mje 
(rel intensity), 468 (38), 364 (33), 363 (100), 346 (12), 286 (10), 
285 (21), 262 (23), 257 (30), 186 (23), 165 (24), 152 (15), 
105 (90), and 77 (80). 

Found: C, 84.64; H, 4.94%; M+ 468. Calcd for C33H24-
0 3 : C, 84.59; H, 5.16%; M, 468. 

5,6-Dibenzoylacenaphthene (7): A total of 767 mg (21.2%) 
of crude product was recrystallized from ethanol,43) giving 612 
mg (16.9%) of pure 7 as white needles: mp 209.0—210.0 °C, 
(lit,11) mp 207—208 °C); U V ^ (c-C6H12) 236 (loge 4.74), 
248sh (4.53), and 316 nm (3.99); (Fluorescence was not 
detected.); IR 3080, 3040, 2905, 1655 and 1645 (C=0), 1600, 
1270, 1230, 940, and 710 cm-1; NMR (CDC13) 0=7.80—7.70 
(4H, m, o-CO-PhH), 7.58 (2H, d, J=7.l Hz, o-CO-ActH), 
7.52—7.20 (6H, m, m- and />-CO-PhH), 7.35 (2H, broad d, 
y =7.1 Hz, o-GH2-ActH), and 3.49 (4H, s, 2CH2); MS (225 
°C, 75 eV), m/e (rel intensity), 362 (46), 286 (16), 285 (62), 
258 (25), 257 (92), 256 (10), 255 (14), 228 (16), 227 (23), 
226 (32), 186 (16), 151 (10), 105 (62), and 77 (100). 

(Found: C, 86.62; H, 4.81%). 
Reaction of Benzil with n-BuLi-TMEDA Complex. Under 

an argon atmosphere, w-BuLi (25.3 mmol in 11 cm3 of hexane) 
and TMEDA (4 cm3, 26.6 mmol) were introduced into a 
four-necked 200 cm3-flask, the mixture was stirred for 15 min, 
and then 35 cm3 of dry ether was added to the mixture . To 
this solution a solution of benzil (2.150g, 10.23 mmol in 
50 cm3 of ether) was added dropwise over a period of 30 min 

at — 10—0 °C. The yellowish orange solution which resulted 
was stirred at — 10—0 °C for 1 h and for 0.5 h without cooling, 
and then refluxed for 0.5 h. After the solution was allowed 
to stand for 30 min, it was hydrolyzed with aqueous ammonium 
chloride (15g/50cm3). The organic layer was separated, 
washed with aqueous coned sodium chloride, dried (MgS04), 
and evaporated to dryness. The residue was recrystallized 
from 10 cm3 of hexane, giving 1.401 g (42.0%) of crude 18a 
(mp 118—120°C). The filtrate was chromatographed on a 
silica-gel column (100 g) with hexane, benzene, and chloro­
form as successive eluents, giving 1.387 g of a mixture of 18a 
and 18b as a yellow oil, 44 mg (2.0%) of almost pure benzoin 
(mp 130—133 °C), and then 213 mg (7.7%) of crude 19 (mp 
108—118°C). The oily mixture was dissolved in 3 cm3 of 
hexane and allowed to stand; it gave 145 mg (4.3%) of crude 
18a (mp 119—121 °C). The filtrate of this operation was 
chromatographed on a silica-gel column (120 g) with hexane-
benzene as eluent, giving 743 mg (22.3%) of 1 : 4 mixture of 
18a and 18b as a colorless solid: mp 76.0—84.0 °C (found: 
G, 80.98; H, 9.36%); U V ^ (c-C6H12) 253 (loge 2.50), 259 
(2.59), and 265 nm (2.41); IR 3535 (OH), 3095, 3060, 3035, 
2960, 2865, 1445, and 1150 cm"1; NMR (GDC13) (5=7.14 
(10H, broad s, PhH), 2.55 (1.6H, s, exch., OH of 18b), 2.22 
(0.4H, s, exch., OH of 18a), 2.32—1.43 (4H, m), and 1.30— 
0.64 (14H, m). 

(5R*, 6R*)- or (5R*, 6S*)-5,6-Diphenyl-5,6-decanediol 
(18a) : A total of 1.546 g (46.3%) of crude product was recrys­
tallized from hexane, giving 1.341 g (40.2%) of pure 18a as 
colorless prisms: mp 121.0—122.0 °C; U V ^ (oC6H12) 218sh 
(loge 4.13), 253sh (2.47), 259 (2.62), and 265 nm (2.50); IR 
3600 (OH), 3055, 3035, 2955, 2930, 2865, 1445, and 1160 
cm-1; NMR (GDC13) (5=7.19 (10H, s, PhH), 2.22 (2H, s, 
exch., 20H) , 2.47—2.15 (2H, m), 1.77—1.48 (2H, m), and 
1.36—0.70 (14H, m); MS (150 °C, 20 eV), mje (rel intensity), 
326 (1.5), 309 (0.9), 292 (0.8), 164 (14), 163 (100), 162 (58), 
120 (5), 107 (5), 105 (3), 85 (5), 71 (1.3), 57 (6), and 43 (1.4). 

Found : C, 80.93 ; H, 9.53% ; M+ 326. Calcd for C22H30O2 : 
C, 80.94; H, 9.26%; M, 326. 

l,2-Diphenyl-l,2-kexanediol (19) : The crude product was 
recrystallized from hexane, giving 131 mg (4.7%) of pure 
19 as white hair-like needles: mp 123.0—124.0 °C; U V ^ 
(c-CflH12) 253 (loge 2.51), 259 (2.59), and 264 nm (2.48); IR 
3410 and 3355 (OH), 3065, 3035, 2940, 2865, 1450, and 1040 
cm-1; NMR (CDC13) (5 = 7.16—6.80 (10H, m, PhH), 4.77 
(1H, d, y = 3 . 9 Hz, CH), 2.51 (1H, d, y = 3 . 9 Hz, exch., OH), 
2.49 (1H, s, exch., OH), 2.13—1.97 (2H, m), and 1.47—0.77 
(7H, m); MS (135 °C, 23 eV), m/e (rel intensity), 270 (0.7), 
252 (0.7), 213 (0.7), 195 (1.8), 164 (18), 163 (100), 145 (2), 
120 (3), 108 (5), 107 (11), 105 (8), 103 (4), 85 (13), 79 (8), 
77 (4), 71 (4), 57 (17), 43 (4), and 41 (3). 

Found: C, 79.99; H, 8.12% ; M+ 270. Calcd for C18H2202: 
C, 79.96; H, 8.20%; M, 270. 

Oxidative Homo-coupling of 3. 1,2,7,8-Tetrahydrodicyclopenta-
[cd : \m]perylene (10). A) 3 : PQ, (1/2) : To a solution of 
3 (5.00 mmol in 150 cm3 of ether), 9,10-phenanthrenequinone 
(2.154 g, 10.3 mmol) was added with gentle stirring over a 
period of 5 min at —10—0 °C. The dark green suspension 
which resulted was stirred for 1 h at —10—0 °C and for 1 h 
without cooling. Aqueous iron(III) chloride (30g/100cm3) 
was then added to the supension. After 0.5 h of stirring, the 
dark brown solid which had precipitated was filtered off with 
10 g of Celite and washed with water and ether. The 
combined filtrate was separated and the organic layer was 
washed with aqueous coned sodium chloride, dried (MgS04), 
and evaporated. The residue was then chromatographed on 
a silica-gel column (150 g) with benzene as eluent, giving 
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472 mg of PQ. The residue containing Celite was exhaustively 
extracted with hot benzene. This extract was dried (MgS04), 
concentrated, and chromatographed on a silica-gel column 
(150 g) with benzene as eluent, giving 205 mg (26.9%) of 
crude 10 (mp 335—337 °C (dec/Ar)) and then 1.011 g of PQ,. 
Total recovery of the quinone was 68.8%. The crude 10 was 
recrystallized from benzene, giving 180 mg (23.7%) of pure 
10 as brilliant red rods: mp 345.0—346.0 °C (dec/Ar) ; U V ^ 
(c-C6H12) 382 (loge 3.78), 402 (4.27), 426 (4.64), 443sh (4.41), 
450sh (4.66), and 455 nm (4.82), (C6H6) 386 (3.70), 407 (4.18), 
431 (4.56), and 460 nm (4.69); Fluorescence^ (c-C6H12) 
462 (rel intensity 100), 489 (87), 524 (20), and 565 nm (3) 
(excitation at 450 nm), (C6H6) 470 (100), 495 (100), and 530 
nm (29) (excitation at 455 nm) ; IR 3065, 3030, 2905, 2830, 
1620, 1585, 1395, 1375, 840, and 815 cm-1; NMR (CS2) <5= 
7.76 (4H, d, / = 7 . 5 H z , m-CH2-ArH), 7.09 (4H, broad d, 
J = 7 . 5 H z , o-CH2-ArH), and 3.31 (8H, s, 4GH2); MS (200 
°G, 70 eV), m/e (rel intensity), 304 (100), 303 (33), 302 (19), 
301 (18), 300 (17), and 276 (6); m/2e, 152 (12), 151.5 (8), 
151 (11), 150.5 (10), 150 (17), and 149.5 (3); mße, 101.7 
(0.2), 101.3 (0.3), 101 (0.1), 100.7 (0.8), 100.3 (0.8), and 100 
(1.8). 

Found: C, 95.13; H, 5.15%; M+ 304. Calcd for C24H16: 
C, 94.70; H, 5.30%; M, 304. 

B) 3 : PQ, (1/1): This was carried out exactly as described 
above for run A), except that 1.077 g (5.17 mmol) of PQwas 
used. The consumption-ratio of 3 changed as follows : 59% 
(5 min), 67% (50 min), and 76% (2 h). Column-chromatog-
raphy gave 150 mg (19.7%) of 10 and 665 mg (61.7%) of 

PQ-
C) 3 : PQ, (1/1) with Acetolysis: This was carried out 

exactly as described for run A), except that 1.070 g (5.14 
mmol) of P Q was used and that the reaction mixture was 
treated with acetic anhydride (45 cm3, 0.48 mol) and pyridine 
(5 cm3), and then with 100 cm3 of dil hydrochloric acid. 
After the addition of PQ,, the consumption-ratio of 3 and the 
color of the reaction mixture changed as follows : 3—60 min, 
65%, dark green; 2—4 h, 73—82%, dark green and partly 
dark yellow: 5—6 h, 86—87%, dark yellow. Column-
chromatography gave 207 mg (27.2%) of 10 and then 703 mg 
(47.8%) of crude 11. The latter was recrystallized from 
benzene, giving 619 mg (42.1%) of pure 9,10-diacetoxy-
phenanthrene (11); mp 203.0—204.0 °C, (lit,12) mp 203— 
203.5 °G); IR 3075, 2930, and 1785 and 1770 cm"1 ( O O ) ; 
NMR (CDClg) (5 = 8.75—8.56 (2H, m), 7.95—7.78 (2H, m), 
7.78—7.50 (4H, m), and 2.46 (6H, s). 

(Found: G, 73.20; H, 4.72%). 
D) 3.PQ, (1/2) in the Presence of Cyclooctene: Freshly 

distilled cyclooctene (from sodium wire) (50 cm3) was added 
to a solution of 3 (5.00 mmol in 150 cm3 of ether) and the 
mixture was treated with PQ(2.195 g, 10.5 mmol) as described 
for run A). Column-chromatography gave 200 mg (26.3%) 
of 10 and 1.64g (73.5%) o fPQ. 

E) 3:CoCl2 (1/2)'. Anhydrous cobalt(II) chloride4]b> 
(1.580 g, 12.2 mmol) was dried at 120 °C/0.1 mmHg for 4 h, 
and then added to a solution of 3 (5.00 mmol in 150 cm3 of 
ether) over a period of 15 min at —78°G . During 1 h of 
stirring, the solution became pale brown and ca. 10% of 3 
was consumed. The reaction mixture was then allowed to 
come to room temperature gradually; after 2 h, > 9 5 % of 
3 was consumed. The black suspension which resulted was 
treated as described for run A), giving 210 mg (27.6%) of 10. 

F) 3 : 2,3-Dibromo-l,4-naphthoquinone (1/1) : This was car­
ried out exactly as described for run A), except that 1.617 g 
(5.12 mmol) of the quinone44> was used. The consumption-
ratio of 3 and the color changed as follows: 3 min, 94%, 

brown purple; 20 min, 98%, blue green; 1—2 h, 98%, dark 
green. Column-chromatography gave 40 mg (5.2%) of 10. 

G) 3 : 2,3-Dichloro-5,6-dicyano-l,4-benzoqinone (1/1): This 
was carried out as described for run A), except that 1.160 g 
(5.11 mmol) of the quinone41d> was used and that the reaction 
mixture was refluxed for additional 1 h. Finally, approxi­
mately 50% of 3 was consumed and 76 mg (10%) of 10 was 
obtained. 
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In an effort to explore the selective reducing agents suitable for prostaglandin synthesis, diisobutylaluminum 
2,6-di-f-butyl-4-methylphenoxide (1) is found to be among the best. Reduction of the G-15 ketone with 1 in 
toluene at — 78 °G produced the desired 1 öS-alcohol in 95% yield with 92% stereoselectivity. The present proce­
dure is suitable for the synthesis of prostaglandin derivatives and related polyfunctional natural products as shown 
in the conversion of PGE2 methyl ester to PGF2a methyl ester in 95% yield and 100% selectivity. 

One major problem encountered in the synthesis of 
prostaglandins2) is stereoselective construction of the 
functional groups present in these molecules. Three 
of the four chiral centers of prostaglandin E2, those at 
position 8, 11, and 12, are mutually trans and are 
relatively easily established. Stereochemical control of 
the fourth center at C-15, however, placed in a confor-
mationally mobile side chain, and at a considerable 
distance from influence of the ring, poses a much more 
difficult problem. For example, introduction of the 
lower side-chain and establishment of the frmr-C-13-ene 
unit are readily accomplished by simple Wadsworth-
Emmons ' reaction. T h e successive zinc borohydride or 
Meerwein-Ponndorf-Verley reduction of the resulting 
a,j8-unsaturated ketone produced a 1 : 1 mixture of 
\5S and \5R allylic alcohols. 

„ H OH 
P G F 2 a : X = V 

PGE, : X = 0 

6 5 

OH ,3 ÔH 

Fig. 1. 

So far tremendous efforts have been devoted to solve 
this problem, and 15S/15R ratio of 9 2 % was recorded 
in the reduction of the enone having a />-phenylphenyl-
carbamoyl protecting group at C- l l using a bulky 
trialkylhydroborate reagent at —130 °C.3) This result 
was explained on the basis that at low temperature the 
molecule is frozen into a conformation wherein the 
jb-phenylphenylcarbamoyl group is lined up with the 
enone side-chain, effectively screening one side of the 
molecule. The hydride then attacks from the opposite 
side of the molecule, but can give rise to the desired 15S 
alcohol only if the enone is in a S-cis conformation. 

Very recently an interesting asymmetric reduction of 
this enone with special binaphthol modified a luminum 
hydride reagent was reported.4) With this optically 
active reagent at —100 °G, 99 .5% stereoisomeric purity 
was achieved. 

Our interest has been focused on the stereoselective 
approach to the reduction of the C-9 and C-15 ketones 
in prostaglandins5) using the more practical reagent 
under mild reaction conditions. Diisobutylaluminum 
2,6-di-/-butyl-4-methylphenoxide (l)6) has solved this 
problem practically, and has been found to be among 
the best selective reducing agent for the control of the 

Fig. 2. 

stereochemistry at C-15. 

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

A solution of diisobutylaluminum 2,6-di-/-butyl-4-
methylphenoxide (1) can be prepared from diisobutyl­
a luminum hydride (DIBAH) in toluene and 2,6-di-t-
butyl-4-methylphenol (molar ratio 1 : 1 to 1 : 2)7) in 
toluene at 0 °C for 1 h. Reduction of the C- l l hydroxy 
enone 2a with the reagent 1 ( 1 0 equiv.) in toluene was 

<X. 
OR 

crio 

M N 
A 
OR RIV 

15S: R ^ O H , R 2 = H 
15Ä: R ^ H , R 2 = O H 

Scheme 1. 

complete at - 7 8 °C for 2 h, then at —40 °C for 1 h. 
The reaction mixture was then poured onto diluted 
hydrochloric acid and extracted with ethyl acetate. 
Short-path chromatographic separation to remove the 
recovered phenol gave allylic alcohol 3a in 9 5 % yield. 
The ratio of 15S to 15R isomers in several runs was 92/8 
by high pressure liquid chromatographic analysis. 
When the a luminum reagent 1 was decreased to 3 
equiv, the reaction proceeded slowly under the reaction 
conditions described above to give 3a in 8 5 % yield with 
the similar stereoselectivity (15^/15/2=92/8). 

T h e enone unit exists in both the S-cis and S-trans 
conformations, and the hydride attack can occur from 
either direction to give the 15»S or \5R configuration. 
Therefore, reduction of the enone with sodium boro­
hydride or zinc borohydride produced a 1 : 1 mixture 
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A 

2 * : X = IA>H 

2b: X = H<fk 

2«: « ^ ù r , HP 

2d: x= A 
THPO H 

A 

2e: xYbco-0-0 
2f: XYöC0NH-Q-O 
2g: X = A 

H ÖAc 

3 a : X 5 / b H 

3 b :
 ^ H O ' H 

Fig. 3. 

TABLE 1. REDUCTION OF THE ENONES CONTAINING THE 

LACTONE FUNCTION WITH DIISOBUTYLALUMINUM 

2,6-DI-*-BUTYL-4-METHYLPHENOXIDE IN TOLUENE 

?L 
R1 R^^f^^ 

R ^ H , R 2 = O H 
R ^ O H , R i = H 
R ^ H , R 2 = O T H P 
R ^ O T H P , R 2 = H 
R ^ H , R 2 =OAc 
R ! = H , R 2 = O C O -

C6H4-C6H5-/> 

15S/15Ä 

92/8a> 
85/15a> 
66/34a> 
79/2 lb> 
50/5085 

50/50c> 

%Total 
yield 

95 
94 
98 
92 
91 

90 

Conditions 

d) or e) 

d) 
d) or e) 
d) or e) 
d) or e) 

e) 

a) The ratio of 155 to 15Ä isomers was determined by 
high pressure liquid chromatography using a silica-gel 
column with a refractive index detector, b) After the 
removal of the THP group, the ratio was determined by 
high pressure liquid chromatography, c) The ratio was 
determined by high pressure liquid chromatography with 
UV (254 nm) index detector. d) The reaction condi­
tions were - 7 8 °C for 2 h, and then - 4 0 °C for 1 h. e) 
The enone was added to the aluminum reagent at — 78 
°C and the temperature was raised gradually to —20 °C 
over 2 h. 

Y 
o 

^9 
CsH, 

Ç5H11 

^ S 

OR r< J "OR \ 

S-cis enone form S-trans enone form 

Fig. 4. 

of epimeric 155* and 15Ä alcohols. As previously 
reported, the examination of Corey-Pauling-Koltun 
models showed that van der Waals contact of the p-
biphenylyl group in 2f and the enone unit is indeed most 
favored when the enone is in the S-cis conformation. 
Clearly, the /»-biphenylyl group must not only block 
approach from axis b but also stabilize the S-cis enone 
conformation in order to direct the formation of \bS 
alcohol. T h e present high stereoselectivity shown 
especially in 2a can be attr ibuted to the significant 
frontal steric bulk of the reagent 1 and at the same time 
to the substantial screening effect of S-cis enone chain 
to inhibit the a-approach of the reagent. Thus, the 
excess a luminum reagent, which is strongly coordinated 
at the C-11 hydroxyl function appears to play an 
important role as an exogeneous directing group to 
block the approach from axis b as well as to maintain 
S-cis enone conformation. 

O n the basis of this hypothesis, we examined the 
reduction of the T H P ethers 2c and 2d using the reagent 
1 under the standard conditions. I t was thought that 
moderate selectivity for formation of 15S alcohol should 
be observed in these cases, since the a luminum reagent 
may be coordinated with ethers ra ther weakly.6«8) The 
substrates and the observed \5Sj\5R ratios are shown in 
Table 1. In contrast to the high stereoselectivity in the 

TABLE 2. REDUCTION OF THE ENONES CONTAINING 

A-CHAIN WITH DIISOBUTYLALUMINUM 2,6-DI-

F-BUTYL-4-METHYLPHENOXIDE IN TOLUENE 

Enones 15a-OH/ %Total n , v . 
!5ß-OH yield C o n d l t l o n s 

QAc 

OH 

QAc 

> Y > ^ ^ C O O C H , 

O H 0 M c . 
QAc 

QAc 
COUCH, 
~ePh 

82/188 

86/14b> 

82/18a) 

87/13b> 

95 

83 

95 

92 

c) 

c) 

c) 

d) 

OTHP 

a) The ratio was determined by the isolation of each 
isomer using the usual silica-gel column chromatography. 
b) The ratio was determined by high pressure liquid 
chromatography, c) To a solution of the aluminum 
reagent in toluene cooled at — 78 °C was added a solution 
of the enone in toluene and then the temperature was 
raised gradually to —20 °C over 2 h. d) The reaction 
conditions were - 7 8 °C for 2 h, and then - 4 0 °C for 1 h. 

reduction of hydroxy ketones, the j&-phenylbenzoyl ester 
2e9> and the acetate 2g afforded the corresponding 
alcohols without any stereoselectivity (156'/15Ä=1/1). 

Although the reduction of the hydroxy enone 2a 
with the lactone unit using the reagent 1 was complete 
within 2 h at —78 °C, the reduction of hydroxy enones 

file:///5Sj/5R
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having a-chains proceeded considerably slowly at 
— 78 °C to afford a trace of the product in 4 h. There­
fore, the reaction mixture was warmed gradually to 
—20 °C over 2 h to produce 15a-allylic alcohols with 
moderate stereoselectivity as shown in Table 2. 
Presumably, in the reduction of the C- l l hydroxy 
enones with a-chains the S-cis enone conformation would 
be maintained at —78 °C by van der Waals contact 
of O-Al-OPh group and the enone moiety. However 
due to the steric hindrance of a-chains, the hydride 
attack along axis a would be unfavorable. At —20 °C, 
the stereoselectivity for formation of 15a-allylic alcohols 
is somewhat lost, since the S-cis enone conformation 
would not be stabilized at this temperature. 

The stereoselectivity in the reduction of 7 was signifi­
cantly influenced by the equivalent of the a luminum 
reagent 1, as listed in Table 3. The best result was 
obtained using more than 10 equiv. of the a luminum 
reagent 1. Surprisingly, with 2 equiv. of 1, the 15R 
alcohol was produced predominantly. These results 
might be attributed to the relatively weak coordination 
of the reagent 1 to C- l l T H P ether and then the direct 
attack of the coordinated a luminum reagent 1 to the 
substrate from the front side of the molecule (axis b) . 
This is in sharp contrast with the reduction of 2a, 
in which the stereoselectivity is essentially independent 
of the equivalent of 1 as described previously. 

The substituent effect of the aryl group in the 
aluminum reagents upon the stereoselectivity of allylic 
alcohols was investigated using the enone 2c and various 
diisobutylaluminum phenoxides in toluene. Under the 
similar reaction conditions, the use of 2,6-di-^-butyl-
phenoxides gave higher stereoselectivity compared to 
other phenoxides in shorter reaction time (Table 5). 

The significance of the frontal steric effect by the 
use of the aluminum reagent 1 was further demonstrated. 
Reduction of prostaglandin E with sodium borohydride 
or zinc borohydride proceeds in a nonstereoselective 
manner to give a mixture of G-9a and C-9/? hydroxy 
compounds10) with somewhat higher yield of the C-9/? 
hydroxy isomer. Owing to the lack of the stereochemical 
control in this transformation, the design of chemical 
synthesis of these substances was extremely limited : the 

TABLE 3. REDUCTION OF G n -OTHP ENONE 7 

WITH VARIOUS EQUIV. OF DIISOBUTYLALUMINUM 

2,6-DI-f-BUTYL-4-METHYLPHENOXIDE (1) 

ÇTHP QTHP 

^ 1 ^ " " COUCH, 

OTHP OTHP 

Equiv. 
o f l 15S/15Äa> %Total 

yield Conditions 

2 
5 

10 
20 

35/65 
59/41 
74/26 
68/32 

85 
85 
89 
85 

- 7 8 ° C - > 10°G(2h) 
- 7 8 ° C - > 0 ° G ( 2 h ) 
- 7 8 ° C - > - 2 0 ° C (2h) 
_ 7 8 ° C - > - 2 0 ° C (2h) 

a) The ratio was determined by high pressure liquid 
chromatography. 

TABLE 4. REDUCTION OF GU-HYDROXY ENONE 2a WITH 

DIISOBUTYLALUMINUM 2,6-DI-f-BUTYL-4-METHYLPHENOXIDE (1) 

o A 
OH OH 

OH 
2a 

EoqfUiV* 15SI15R» 

3 92/8 
10 92/8 

%Total 
yield 

85 
95 

3a 

Goditions 

- 7 8 ° C ( 2 h ) - » - 4 0 ° C ( l h ) 
- 7 8 ° C ( 2 h ) - » - 4 0 ° C ( l h) 

a) The ratio was determined by high pressure liquid 
chromatography. 

protected prostaglandin F a derivative (e.g. 4) may be 
prepared first, and oxidized to prostaglandin E deriva­
tive. Recently, some bulky trialkylhydroborate reagents5) 

have been employed successfully for the reduction of 
prostaglandin E to prostaglandin F a . O u r a luminum 
reagent 1 can be also effective for the preparat ion of 
prostaglandin F a with excellent stereoselectivity. Thus, 
reaction of prostaglandin E2 methyl ester (5a) with 1 
in toluene at — 78 °C for 2 h produced prostaglandin 

TABLE 5. REDUCTION OF Gn-OTHP ENONE 2C WITH VARIOUS DIISOBUTYLALUMINUM PHENOXIDES 

Phenoxide 

R ! = H or Me 
Ri = R2=R3=f_Bu 
R^f -Bu , R 2 = H , 
R 3 = H or Me 
R i = R 3 = f_Bu, R2= 
Ri=R2=f_Bu, R3= 
R i = R 2 = M e , R 3 = 
R 1 = R 2 = R 3 = H 

=H 
=H 
H 

A 
ÖTHP o 

2c 

15S/15Äa> 

66/34 

59/41 

61/39 

54/46 
62/38 
54/46 
63/37 

R1 

(i-Bu)2AI-O-0-R3 

R2 

%Total yield 

(95) 

(95) 

(94) 

(92) 
(90) 
(95) 
(95) 

o 

V V y v v 
ÖTHP ÖH 

11 Conditions 

_ 7 8 ° C - > - 1 0 ° C ( 3 h ) 

_ 7 8 ° C - > - 4 0 ° C ( 2 h ) 

_ 7 8 ° C - > - 1 0 ° C ( 3 h ) 

_ 7 8 °G->-10 °G(3 h), 25 °G(1 h) 
_ 7 8 °G->-40 °G(1 h), 25 °G(17 h) 
- 7 8 °G (30min), 0°C (1 h) 
- 7 8 °G (30 min), 25 °G (12 h) 

a) The ratio was determined by high pressure liquid chromatography. 
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OH 
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ÖTHP ÔTHP 
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 6H 

6 a : X = H / Ô H ' R , = O H ' R 2 : H 

V v y v s / 
X ÔH 

5 a ! X = H ' O H 

5 b : X = H O ^ 

OTHP 
> ^ ^=x \x^C00CH 3 

ÔTHP ^ 

7 

6 b : X = H O ^ ' R , = O H ' R 2 = H 

6c: XsO.R^OH.R^H 

6 d : ^ H 0 ^ ' R 1 = H ' R 2 = 0 H 

Fig. 5. 

F2 a methyl ester (6a) cleanly in 9 5 % yield with 100% 
selectivity. Furthermore, t reatment of the C-11 epimeric 
prostaglandin E2 methyl ester (5b) or prostaglandin D 2 

methyl ester (6c) using 1 afforded the C-11 epimeric 
prostaglandin F2 a methyl ester (6b) with 76% or 9 8 % 
selectivity.11»12) 

The generality of the new reagent 1 was examined 
using a simple hydroxy ketone and cyclic ketones with 
alkyl chains on the ring. Thus, t reatment of 4-hydroxy-
3-methyl-2-butanone with 1 at —78 °C gave a mixture 
of erythro- and /Ära?-2-methyl-l,3-butanediols (ratio, 
2 : 1) in 9 6 % yield. Moreover, reduction of 4-/-butyl-
cyclohexanone or 2-methylcyclohexanone with 1 at 
— 78 °C furnished 4-*-butylcyclohexanol (84% yield; 
eis I trans ratio, 28 : 72) or 2-methylcyclohexanol (85% 
yield; eis I trans ratio, 75 : 25), respectively. The results 
of this investigation clearly reveal that unlike in the 
reduction of prostaglandin derivatives, the aluminum 
reagent 1 showed no remarkable stereoselectivity in the 

case of the simple unhindered hydroxy ketone. There­
fore, the conformation of substrates also appears to be 
highly important to achieve the favorable frontal steric 
effect. It is also evident from the results that the reac­
tivity of 1 is totally different from that of the usual bulky 
metal hydrides (e.g. Selectrides), which gave the less 
stable (eis) isomer predominantly in the reduction of 
cyclic ketones with an alkyl chain.13) 

A plausible mechanism for the reduction of ketones 
with 1 involves an initial coordination of the trivalent 
a luminum reagent to the carbonyl group, followed by 
an intramolecular hydride transfer from the /?-carbon 
of the isobutyl group as shown in Scheme 2. Such a 
mechanism seems to be analogous to those in reductions 

* 
.-H. 

O. 

7 \ 
ArO i-Bu 

7CH3 

,CH2 

"? 
O 

/ \ 
ArO i-Bu 

CH3 CH3 
\ / 

C 
II 
CH2 

Scheme 2. 

with Grignard reagents,14»15) dialkylmagnesium com­
pounds,15) and triisobutylaluminum.16) Therefore, in 
the reduction of oc,/?-unsaturated ketones only 1,2-
reduction products can be obtained via the six-membered 
transition state. This is in sharp contrast with the 
reduction of enones using the bulky aluminum hydride 
reagents,17) which afforded conjugate addition products 
predominantly. 

Another mechanism may be considered for the 

i-Bu *-Bu 

\ / 
. .A I . . 

o- -o w 
-Bu i-Bu 

V 
+ 

H2C— H' ' 

II 
CH, V 

Scheme 3. 
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Scheme 4. 
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reduction with 1, in which the actual hydride source 
of the reagent 1 is derived from the methyl group of 
phenoxide. This possibility was ruled out by the follow­
ing experimental results. Scheme 4 represents the 
results obtained for the reduction of 2c with several 
aluminum phenoxides. Since the reduction with 
diisobutylaluminum 2,6-di-É-butylphenoxide (8) afford­
ed the same result as obtained with 1, the methyl 
group of the reagent 1 is not necessary for reduction 
(Eq. a ) . The use of diethylaluminum 2,6-di-£-butyl-4-
methylphenoxide (9) (Eq. b) produced three kinds of 
products: 11 (reduction product) , 12 (Michael adduct 
to the enone 2c), and 13 (ethylation product) . In the 
reaction with dimethylaluminum 2,6-di-£-butyl-4-meth-
ylphenoxide (10), only the methylation product 14 was 
formed (Eq. c). It is evident from these results (Eqs. b 
and c) that at least a /9-hydrogen of alkyl group of 
dialkylaluminum phenoxides is indispensable for reduc­
tion. Based on the above consideration we conclude 
that the mechanism shown in Scheme 2 is a most 
plausible one. 

The reduction process which is described herein 
should be extremely useful for complex or polyfunctional 
molecules. The new aluminum reagent 1 for the 
reduction of ketone group of prostaglandins is charac­
terized by the following features, (a) Yields are high 
and selectivities are unique, (b) No side reaction occurs. 
(c) Diisobutylaluminum hydride and 2,6-di-£-butyl-4-
methylphenol are commercially available and inex­
pensive, (d) This reagent is stable and can be stocked. 
(e) There is no neccessity for protecting the C-11 
hydroxy group with the special hindered function, (f) 
The process is operationally simple and can be done 
on a large scale. 

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

*H NMR spectra were taken on a JEOL PMX-60 or a 
Varian XL-100 spectrometer in CDC13. Chemical shifts are 
reported as parts per million relative to TMS as the internal 
standard. The infrared spectra were recorded on a Hitachi 
EPI-G2 model. The mass spectra were obtained on a JMS-
OlSG double focussing mass spectrometer. Molecular ion 
peaks of some compounds were too weak to be detected 
because of their low volatility, and in these cases the molecular 
weights were determined by their dehydration peaks. 

For TLC analysis throughout this work, Merck TLC plates 
(Kieselgel 60 F254, pre-coated, layer thickness 0.2 mm) were 
used. Column chromatography was carried out on silica gel 
(Merck, particle size 0.063—0.20 mm) or using Lobar Pre­
packed Column (Merck, silica gel). The isomeric ratio of 
the products was determined by high pressure liquid chromatog­
raphy using a JASCO TRI ROTAR instrument equipped 
with a Waters (x-Porasil and a refractive index detector or a 
UV index detector. 

Unless otherwise specified, all reactions were carried out 
under an atmosphere of argon. 

Preparation of Diisobutylaluminum 2,6-Di-t-butyl-4-methyl-
phenoxide (J). Diisobutylaluminum hydride in toluene (1.76 
M (1 M = 1 mol dm"3), 21.7 ml, 38.2 mmol) was added slowly 
at 4 °C over 20 min to a solution of 2,6-di-*-butyl-4-methyl-
phenol (16.81 g, 76.4 mmol) in toluene (180 ml) with the 
vigorous hydrogen gas evolution. During this operation, ca. 
1 equiv. of hydrogen gas was collected. Strring was conti­

nued at 4 °C for 1 h. The reagent, thus prepared, was 
directly used for the following reduction, and is stable 
enough to be stored under argon at 0 °C for several weeks. 

Reduction of Carbonyl Compounds. Method A : A solution 
of a carbonyl compound in toluene was added slowly below 
— 60 °C to a solution of the aluminum reagent 1 (10 equiv.) 
in toluene. The mixture turned into orange. Further stirring 
was continued at — 78 °C for 2 h, then at — 40 °C for 1 h. 
The mixture was poured onto cold 1 M hydrochloric acid 
(ca. total volume of the reaction mixture), and extracted with 
ethyl acetate. The combined extracts were washed with aq 
sodium hydrogen carbonate, followed by brine, dried 
over magnesium sulfate, and concentrated by the evaporator. 
The residue was applied to column chromatography on 
silica gel with dichloromethane to separate 2,6-di-*-butyl-4-
methylphenol, then with ethyl acetate to elute a mixture of 
15S and 15R alcohols. The ratio of 15S and 15Ä isomers 
was determined Lobar Pre-packed Column (Merck) or high 
pressure liquid chromatographic analysis. 

Method B: The reaction was carried out starting from 
— 78 °C according to the method A. After addition of a 
carbonyl compound, the cooling bath was removed. The 
reaction mixture was allowed to warm to —10 20 °C 
over 2 h, stirred at this temperature for 30 min, and worked 
up as described above. 

Reduction of (IS, 5R, 6R, 7R)-7-Hydroxy-6-[(E)-3-oxo-l-
octenyl]-2-oxabicyclo[3.3.0]octan-3-one (2a). Reduction of 
2a (1.016 g, 3.82 mmol) with 2,6-di-f-butyl-4-methylphenol 
(16.81 g, 76.4 mmol) and DIBAH (25g/100ml in toluene; 
21.7 ml, 38.2 mmol) was carried out using the method A to 
give a mixture of \5S and 15Ä isomers (0.964g, 95% yield): 
TLC, R{ 0.229 for \5S isomer, 0.289 for 15Ä isomer (AcOEt-
benzene, 2 : 1 , 2 developments).18) The ratio of \5S and 15Ä 
isomers was 92 : 8 by HPLC analysis (fx-Porasil, refractive 
index, AcOEt). Lobar Pre-packed Column chromatography 
on silica gel (Merck, size C, AcOEt-benzene, 4 : 1 ) separated 
the \5S isomer (833 mg) and the 15Ä isomer (72.3 mg) : 
155": IR (film) 3400, 2950, 2850, 1770, 980 cm"1; m NMR 
ô 5.22—5.81 (2H, m, olefinic H), 4.55—5.02 (1H, m, Q - H ) , 
3.52—4.36 (2H, m, CH-OH), 0.87 (3H, t, CH3); MS m/e 268 
(M+), 250 ( M + - H 2 0 ) , 232 ( M + - 2 H 2 0 ) ; high resolution 
MS mie 250.159 (dehydration peak, calcd for C15H2203, 
250.157). The IR, 1H NMR and MS spectra of the 15Ä 
isomer were identical with those of the 15S isomer: 15Ä: high 
resolution MS m/e 250.159 (dehydration peak, calcd for 
C15H2203, 250.157). 

The reaction using the method B gave the similar results. 
Reduction of (IS, 5R, 6R, 7S)-7-Hydroxy-6-[(E)-3-oxo-l-

octenyl] -2-oxabicyclo[3.3.0]octan-3-one (2b). Reaction of the 
enone 2b (50 mg, 0.188 mmol) and the aluminum reagent 1 
in toluene (9 ml, 1.88 mmol) was carried out according 
to the method A to afford a mixture of 15S and 15Ä isomers 
(47 mg, 94% yield) after short column chromatography: 
IR (film) 3400, 2950, 2850, 1770, 980 cm"1; ^H NMR Ô 5.66— 
5.89 (2H, m, olefinic H), 4.90—5.23 (1H, m, Cj-H), 4.20— 
4.42 (1H, m, C3,-H), 3.91—4.20 (1H, m, C7-H), 0.89 (3H, 
t, CH3); high resolution MS m/e 268.165 (calcd for C16H2404, 
268.168). HPLC analysis showed the ratio of 15S and 15Ä 
isomers to be 85 : 15 : TLC, R{, 0.420 for the 15S isomer, 
0.374 for the 15Ä isomer (ether-EtOH, 100 : 1, 3 develop­
ments). These Rt values were identical with those by the 
NaBH4 reduction of 2b. The configuration of two isomers 
was determined by comparison with the authentic samples, 
which were prepared as shown in Scheme A. 

Synthesis of (IS, 5R, 6R, 7S)-7-Hydroxy-6-[(IE, 3S)-3-
hydroxy-l-ocetenyl']-2-oxabicyclo[3.3.0]octan-3-one (19). A mix-
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ture of 15 (10 g, 32.3 mmol),18) 2,3-dihydropyran (5.9 ml 
64.5 mmol), and />-toluenesulfonic acid (60 mg) in dichloro-
methane (100 ml) was stirred in a water bath for 20 min. 
The reaction was terminated by the addition of pyridine (20 
drops). Dilution with ethyl acetate (500 ml), washing with 
aq sodium hydrogencarbonate, followed by brine, being dried 
over magnesium sulfate, and concentration of the extracts 
left the residue, which was dissolved in methanol (120 ml) and 
stirred at 25 °G for 15 min after addition of anhydrous potas­
sium carbonate (5.348 g) . The solution was then acidified to 
pH 4 by the addition of acetic acid, diluted with ethyl acetate 
(500 ml), and washed with aq sodium hydrogencarbonate, 
then brine. Being dried over magnesium sulfate, and purifica­
tion of the concentrated product by column chromatography 
(silica gel, 360 g ; AcOEt-benzene, 1 : 1 ) gave 17 (10.846 g, 
96% yield) : TLG, Rf 0.273 (benzene-AcOEt, 2 : 1 , 2 develop­
ments) ; IR (film) 3450, 2950, 2850, 1780, 980 cm"1; 1H N M R 
Ô 5.25—5.65 (2H, m, olefinic H) , 4.70—5.15 (1H, m, Gi -H) , 
4.61 (1H, br s, OGHO), 3.00—4.20 (4H, m, G7, C3 , -H, 
OGH 2 ) , 0.90 (3H, t, CH 3 ) ; M S m/e 352 (M+), 334 (M+ 
- H 2 0 ) , 268 ( M + - D H P ) , 243 ( M + - O T H P - H 2 0 ) , 250 
( M + - H O T H P ) . The alcohol 17 (5.00 g, 14.2 mmol) in 
dry T H F (70 ml) was treated with triphenylphosphine (7.443 
g, 28.4 mmol) and benzoic acid (3.465 g, 28.4 mmol). Diethyl 
azodiformate (4.941 g, 28.4 mmol) in T H F (10 ml) was then 
added slowly. The whole mixture was stirred at 25 °G for 
30 min, and concentrated under reduced pressure. The 
residue, thus obtained, was dissolved in methanol (100 ml), 
treated with anhydrous potassium carbonate (3.919 g, 14.2 
mmol) at 25 °G and stirred at 40—50 °G for 30 min. The 
mixture was cooled to 25 °G, acidified to pH 4 with acetic 
acid, diluted with ethyl acetate (500 ml), washed with aq 
sodium hydrogencarbonate followed by brine, dried over 
magnesium sulfate, and concentrated. Purification of the 
residue by column chromatography (silica gel, 150 g ; cyclohex-
ane-AcOEt, 2 : 1 , then 1 : 1 ) gave 18 (4.689g, 97% yield): 
TLG, Rf 0.357 (benzene-AcOEt, 2 : 1, 2 developments). 
The IR, 1H N M R , and M S spectra of 18 were identical with 
those of 17. The alcohol 18 (1.026 g) was dissolved in 65% 
acetic acid (30 ml) and T H F (3 ml). The resulting mixture 
was stirred at 50 °C for 1 h, poured onto iced water (150 ml), 
and extracted with ethyl acetate. Concentration of the 
extracts left the residue, which was purified by column chro­
matography (silica gel, 30 g ; AcOEt-cyclohexane, 2 : 1 ) to 
give 19 (664mg, 85% yield): IR (film) 3600, 3450, 1760, 
975 cm- 1 ; XH N M R Ô 5.40—5.97 (2H, m, olefinic H) , 4.98— 
5.25 (1H, m, Gj-HJ, 3.99—4.22 (2H, m, G7, C 3 , -H) , 0.90 (3H, 

t, GH 3 ) ; MS m/e 268 (M+), 250 ( M + - H 2 0 ) , 232 (M+ 
- 2 H 2 0 ) , high resolution MS m/e 268.165 (calcd for G1 5H2 404 , 
268.167). 

Synthesis of (IS, 5R, 6R, 7S)-7-Hydroxy-6-[(E)-3-oxo-l-
octenyl]-2-oxabicyclo[3.3.0]octan-3-one (19'). The title 
compound (275 mg) was prepared starting from 15' (633 
mg)17^ according to the procedure described above. The IR, 
XH N M R , and MS spectra of 19' were similar to those of 19: 
high resolution M S m/e 268.165 (calcd for G 1 5 H 2 4 0 4 , 268.167). 

Reduction of ( IS, 5R, 6R, 7R)-7-(Tetrahydro-2-pyranyloxy)-6-
[ (E)-3-oxo-l-octenyl\-2-oxabicyclo\3.3.0]octan-3-one (2c). 
Reduction of the enone 2c (500 mg, 1.43 mmol) with the 
aluminum reagent 1 (14.3 mmol) in toluene (48 ml) using the 
method B gave a mixture of \bS and 15/2 isomers (490 mg, 
98% yield) : TLG, Rf 0.418 for the major product, 0.345 for 
the minor product (ether, 2 developments). The R{ values of 
these isomers were identical with those of the reduction 
product of 2c with sodium borohydride. Column chromatog­
raphy (silica gel, 40 g ; ether-hexane-AcOEt, 2 : 1 : 1 ) 
separated the more polar isomer (92 mg), the less polar isomer 
(97 mg), and these mixture (199 mg). The two isomers gave 
the similar spectral data: IR (film) 3450, 1770, 975 cm"1; XH 
N M R ô 5.10—5.17 (2H, m, olefinic H) , 4.77—5.11 (1H, m, 
Gi -H) , 4.64 (1H, br s, OGHO), 3.64—4.25 (4H, m, G7, 
C3 , -H, OGH 2 ) , 0.91 (3H, t, CH 3 ) ; MS m/e 352 (M+), 334 
(M+ - H 2 0 ) , 268 (M+ - D H P ) ; high resolution MS m/e 
334.215 (dehydration peak, calcd for G20H30O4, 334.214). 
The two isomers were separately converted by the hydrolysis 
of the T H P group (aq 65% AcOH, 40—45 °G, 2 h) into the 
corresponding diols, which were compared with the authentic 
samples18) by TLG. The less polar isomer (major com­
ponent) was the 155 alcohol. The ratio of 155 to 15/2 was 
66 : 34 by HPLG analysis ((x-Porasil, refractive index, AcOEt-
GH2G12, 1 : 1). 

Reduction of ( IS, 5R, 6R, 7S)-7-(Tetrahydro-2-pyranyloxy)-6-
[( E) -3-oxo- l-octenyl]-2-oxabicyclo[3.3.0]octan-3-one (2d). 
Reduction of 2d (101 mg, 0.289 mmol) with the aluminum 
reagent 1 (2.89 mmol) in toluene (20 ml) by the method B 
furnished a mixture of 155' and 15R isomers (90 mg, 90% 
yield). Hydrolysis of the T H P group in these isomers gave 
the diols, which was characterized as described in the reduction 
of 2b . IR, 1H N M R , and MS spectra of the diols were 
identical with those of the reduction products of 2b. HPLG 
analysis showed the ratio of 155* to 15R isomers to be 79 : 21. 

Reduction of (IS, 5R, 6R, 7R)-7-(p-Phenylbenzoyloxy)-6-
[ (E) -3-oxo-l-octenyl]-2-oxabicyclo[3.3.0]octan-3-one (2e). 
Reduction of 2e (89 mg, 0.201 mmol) with the aluminum 
reagent 1 (2.01 mmol) in toluene (15 ml) using the method 
B afforded a mixture of 15S and 15R isomers (82 mg, 93% 
yield): TLG, Rt 0.546, 0.452 (2-butanone-benzene, 15 : 85). 
Column chromatography of the mixture (42 mg) on silica gel 
(2-butanone-benzene, 10 : 90) separated the less polar isomer 
(13 mg), the more polar isomer (11 mg), and a mixture of 
these isomers ( 17 mg). The two isomers gave the similar 
1H N M R spectra: ô 7.23—8.09 (9H, m, Phenyl H) , 5.23—5.42 
(1H, m, G 7 -H) , 4.89—5.10 (1H, m, G ^ H ) , 5.35—5.65 (2H, 
m, olefinic H) , 3.80—4.20 (1H, m, C 3 , -H), 0.90 (3H, t, GH3). 
The products by hydrolysis of the/>-phenylbenzoyl group (1 
equiv. of K 2 G 0 3 in M e O H , 25 °G for 2 h) was identical with 
the reduction products of 2a by TLG. HPLG analysis ((x-
Porasil, U V index 254 nm, hexane-AcOEt, 1 : 1 ) indicated 
the ratio of 15S/15R isomers to be 1 : 1. 

Reduction of (IS, 5R, 6R, 7R)-7-Acetoxy-6-[(E)-3-oxo-1-
octenyl]-2-oxabicyclo[3.3.0]octan-3-one (2g). Reduction of 
2g (195 mg, 0.635 mmol) with the aluminum reagent 1 (6.35 
mmol) in toluene (30 ml) according to the method A produced 
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a mixture of 155 and 15R isomers (177 mg, 91 % yield) : TLC, 
Rt 0.523, 0.424 (ether, 2 developments). Comparison of 
the Rt values with those of the authentic sample18> showed 
the less polar isomer to be the 155 alcohol. The mixture (100 
mg), obtained above, was applied to column chromatography 
(silica gel, 20 g; ether-AcOEt-cyclohexane, 2 : 1 : 1 ) to 
furnish the less polar isomer (33 mg), the more polar isomer 
(23 mg), and their mixture (35 mg). Both isomers had the 
similar spectroscopic properties (IR, 1H NMR, and MS), 
which were identical with those of the authentic sample : IR 
(film) 3450, 2950, 2850, 1780, 1760, 1250, 975 cm"1; XH NMR 
Ô 5.55—5.77 (2H, m, olefinic H), 4.86—5.23 (2H, m, C l5 

C7-H), 3.90—4.21 (1H, m, C3,-H), 2.01 (3H, s, CH3C=0), 
0.90 (3H, t, CH3); MS m/e 310 (M+), 292 ( M + - H 2 0 ) , 250 
(M+ -CH3COOH) ; high resolution MS m/e 310.178 for the 
155 isomer, 310.179 for the 15Ä isomer (calcd for C17H2606, 
310.178). The ratio of 155/15Ä isomers was 1 : 1 by HPLC 
analysis ((x-Porasil, refractive index, hexane-AcOEt, 1:1). 

In the reduction products of enones with oc-side chains using 
the aluminum reagent 1, every less polar isomer correspond 
to the 15R alcohol. This was based on the transformation 
of both isomers into the end products, followed by the results 
of their biological activity. The 15R isomer had little activity. 

Reduction of (5Z, 13E, 17R)-9oi-Acetoxy-lla-(tetrahydro-2-
pyranyloxy)-15-oxo-17 - methyl -20- chloroprosta -5,13- dienoic Acid 
Methyl Ester. Reduction of the enone (1.8 g, 3.33 mmol) 
with the aluminum reagent 1 (33.3 mmol) in toluene (65 ml) 
using the method B produced a mixture of 15Ä and 155 isomers 
(1.71 g, 95% yield): TLC, Rt 0.42 for the 15Ä isomer, 0.31 
for the 155 isomer (CH2Cl2-AcOEt, 4 : 1 ) . Column chro­
matography (silica gel, 200 g ; CH2Cl2-AcOEt, 5 : 1 ) sepa­
rated the 15Ä isomer (295 mg) and the 155 isomer (1.346 g). 
Both isomers had the similar spectroscopic properties: IR 
(film) 3450, 2950, 2850, 1740, 980 cm"1; ^ N M R ô 4.80— 
5.93 (5H, m, olefinic H, and C9-H), 4.52—4.55 (1H, m, 
OCHO), 3.63 (3H, s, COOCH3), 3.50 (2H, t, CH2C1), 2.06 
(3H, s, CH3COO), 0.95 (3H, d, C17-CH3); MS m/e 524 
(M+-H z O), 380 ( 5 2 4 - O C H 3 - D H P ) ; high resolution MS 
m/e 524.290 for the 15Ä isomer, 524.291 for the 155 isomer 
(dehydration peak, calcd for C29H4506C1, 524.290). 

Reduction of ( 13E)-9ot-Acetoxy-l lct-hydroxy-15-oxoprost- 13-enoic 
Acid Methyl Ester. Reduction of the enone (410 mg, 1.001 
mmol) with the aluminum reagent 1 (10.01 mmol) in toluene 
(40 ml) using the method B afforded a mixture of 155 and 15Ä 
isomers (389 mg, 95% yield) : TLC, Rt 0.46 for the 15Ä isomer, 
0.26 for the 155 isomer (benzene—AcOEt, 1:2) . Separation 
of the mixture (389 mg) by column chromatography (silica 
gel, 40 g ; benzene-AcOEt, 1:1) gave the \5R isomer (299 
mg) and the 155 isomer (65.8 mg). IR, XH NMR, and MS 
spectra of both isomers were identical : IR (film) 3450, 2950, 
2850, 1740, 1250, 980 cm"1; ^ N M R <5 5.30—5.76 (2H, m, 
olefinic H), 4.92—5.30 (1H, m, C9-H), 3.11 — 4.34(5H, m, 
C n , C15-H and COOCH3), 2.31—2.82 [2H, br s, OH (disap­
pearance in D 2 0)] , 2.05 (3H, s, CH3COO), 0.90 (3H, t, 
C20-H) ; MS m/e 394 ( M + - H 2 0 ) , 381 ( M + - O C H 3 ) , 376 
(M+ - 2 H 2 0 ) , 363 ( M + - H 2 0 - O C H 3 ) , 334 ( M + - H a O -
AcOH); high resolution MS m/e 394.272 for both isomers 
(dehydration peak, calcd for C23H3806, 394.272). The 155 
isomer was converted by treatment with potassium carbonate 
(1 equiv.) in MeOH at 45 °C for 2 h into the methyl ester of 
prostaglandin Fla (PGF la). The Rt value of this ester was 
in agreement with that of the authentic sample. 

Reduction of (5Z, 13E)-9a.-Acetoxy-l la.-hydroxy-15-oxo-16-( 3-
chlorophenoxy) -17,18,19,20-tetranorprosta-5,13-dienoic Acid Methyl 
Ester. Reduction of the enone (388 mg, 0.812 mmol) 
with the aluminum reagent 1 (8.12 mmol) in toluene (20 ml) 

by the method B furnished a mixture of 15R and 155 isomers 
(329 mg): TLC, Rt 0.44 for the 15Ä isomer, 0.22 for the 155 
isomer (benzene-AcOEt, 1:2) . HPLC analysis ((z-Porasil, 
UV index 273 nm, CH2Cl2-AcOEt, 20 : 1) showed the ratio 
of 155/15Ä to be 86 : 14. The mixture of 15Ä and 155 iso­
mers: IR (film) 3450, 2950, 2850, 1740, 1600, 1450, 980, 780 
cm-1; m NMR ô 6.70—7.22 (4H, m, phenyl H), 5.22—5.76 
(4H, m, olefiaic H), 5.05—5.23 (1H, m, C9-H), 4.00—4.31 
(1H, m, C16-H), 3.55—4.00 (6H, m, C n - H , CH2OAr, and 
COOCH3), 2.05 (3H, s, CH3COO) ; MS m/e 462 ( M + - H 2 0 ) , 
449 (M+-OMe) , 444 ( M + - 2 H 2 0 ) , 402 ( M + - H 2 0 -
AcOH). 

Reduction of ( 13E)-2-Phenylseleno-9<x-acetoxy-l la.-(tetrahydro-2-
pyranyloxy) -15-oxo-16,16-dimethylprost-13-enoic Acid Methyl Ester. 
Reduction of the enone (448 mg, 0.644 mmol) with the alumi­
num reagent 1 (6.44 mmol) in toluene (20 ml) according to 
the method B afforded a mixture of 155 and 15Ä isomers (417 
mg, 93% yield): TLC, homogeneous (CH2Cl2-AcOEt, 4 : 1). 
The ratio of 155/15Ä was 87 : 13 by HPLC analysis (fx-Porasil, 
UV index 273 nm, CH2Cl2-AcOEt, 3 : 1 ) . The mixture of 
155 and Ï5R isomers: IR (film) 3400, 2950, 2850, 1740, 1580, 
1440, 975, 790, 760 cm"1; ^ N M R ô 7.20—7.70 (5H, m, 
phenyl H), 5.50—5.72 (2H, m, olefinic H), 5.00—5.20 (1H, m, 
C9-H), 4.50—4.70 (1H, m, OCHO), 3.62 (3H, s, COOCH3), 
2.05 (3H, s, CH3COO), 0.80, 0.90, 0.91 (9H, s, s, t, CH3); 
MS m/e 661 ( M + - H 2 0 ) , 648 (M+-OMe) , 619 ( M + -
AcOH), 577 ( M + - H 2 0 - D H P ) . 

Reduction of (5Z, 13E)-9ot,llos.-Bis(tetrahydro-2-pyranyloxy)-15-
oxoprosta-5,13-dienoic Acid Methyl Ester (7). Reduction of 
the enone 7 (145 mg, 0.272 mmol) with aluminum reagent 1 
(2.71 mmol) in toluene (5 ml) using the method B produced a 
mixture of 155 and 15Ä isomers (129 mg, 89% yield): TLC, 
Rt, 0.476 for the 15Ä isomer, 0.285 for the 155 isomer (benzene-
AcOEt, 2 : 1 ) . HPLC analysis ({ji-Porasil, refractive index, 
CH2C12-AcOEt, 1:1) indicated the ratio of 15Ä/155 to be 
74 : 26. Column chromatography (silica gel, 9 g; CH2C12-
AcOEt, 7 : 1 ) separated the 155 isomer (96 mg) and 15R 
isomer (32 mg), which gave the similar spectral data: IR 
(film) 3450, 2950, 2850, 1740, 970 cm"1; ÏÏNMR ô 5.23— 
5.75 (4H, m, olefinic H), 4.50—4.83 (2H, m, OCHO), 3.30— 
4.20 (10H, m, s,COOCH3, C9 G u , C15-H, OCH2), 0.90 (3H, 
t, CH3); MS m/e 451 ( M + - T H P ) , 434 (M+-HOTHP) , 
332 (M+ - 2 H O T H P ) . Hydrolysis of the THP groups (65% 
aq AcOH, 40—45 °C for 2 h) in each isomer gave the cor­
responding triols. Their Rf values (CHCl3-THF-AcOH, 
1 0 : 2 : 1 or AcOEt) were identical with those of authentic 
samples (PGF2et and its epimer). 

Similarly, the enone 7 was reduced with 2, 5, and 20 equiv. 
of 1, and their results are shown in Table 3. 

Reduction of 2c with Various Diisobutylaluminum Phenoxides. 
The enone 2c was reduced with various diisobutylaluminum 
phenoxides, which were prepared under the similar conditions 
as described for the synthesis of 1. The reduction conditions 
are indicated in Table 5. The ratio of 155/15Ä was deter­
mined by HPLC analysis ((x-Porasil, refractive index, CH2C12-
AcOEt, 1:1) . 

Reduction of 2c with Diethylaluminum 2,6-Di-t-butyl-4-methyl-
phenoxide (9). Triethylaluminum (2.71 mmol) in hexane 
was added dropwise at 0 °C to 2,6-di-£-butyl-4-methylphenol 
(715 mg, 3.25 mmol) in toluene (10 ml) under ""nitrogen. 
Stirring was continued at 0 °C for 30 min, then at 25 °C for 
30 min. The solution was cooled to —78 °C, and the enone 
2c (210 mg, 0.600 mmol) in toluene (2 ml) was added dropwise 
at this temperature. Further stirring was carried out at — 70 
°C for 1 h, from - 7 0 °C to 0 °C over 5 h, and at 25 °C for 
1 h. The reaction was quenched by the addition of saturated 
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sodium hydrogentartarate. The crude product was extracted 
with ether, dried over MgS04 , concentrated, and purified by 
column chromatography (silica gel, 5 g; CH2Cl2-cyclohexane, 
1 : 1 , then only AcOEt) to give a mixture of 11, 12, and 13: 
TLC, Rt 0.727 for 2c, 0.454 for 11, and 13, 0.808 for 12 (ether, 
2 developments). Further purification by column chromatog­
raphy (silica gel, 10 g; ether) afforded a mixture of 11 and 
13 (105 mg), and 12 (32 mg) : the mixture of 11 and 13: IR 
(film) 3450, 1780, 1180,980 cm-1; m NMR ô 5.30—5.55 
(2H, m, olefinic H), 4.81—5.03 (1H, m, G9-H), 4.61—4.70 
(1H, m, OCHO), 3.02—4.05 (4H, m, Cn ,C1 5-H, OCH2), 
0.90 (3H, t, GH3); MS m/e 352 (M+ of 11 - H 2 0 ) , 278 
(M+ ûf 1 3 - H O T H P ) , 250 (352-HOTHP) : 12: IR (film) 
1780, 1720, 980 cm-1; XH NMR ô 4.40—5.00 (2H,m, C9-H, 
OCHO), 3.10—4.20 (3H, m, C n - H , OCH2), 0.90 (6H, t, 
CH3); MS m/e 380 (M+), 295 (M+-THP) . 

Reduction of 2c with Dimethylaluminum 2)6-Di-t-butyl'4-methyl-
phenoxide (10). Trimethylaluminum (2.71 mmcl) in 
hexane was added dropwise at 0 °C to a solution of 2,6-di-f-
butyl-4-methylphenol (715 mg, 3.25 mmol) in toluene (10 ml) 
under nitrogen. Stirring was continued at 0 °C for 30 min, 
then at 25 °G for 30 min. The solution was cooled to — 78 °G, 
and the enone 2c (210 mg, 0.600 mmol) in toluene (2 ml) was 
added slowly over 5 min at this temperature. The whole 
mixture was stirred at — 70 °C for 1 h, and warmed up to 
— 5 °C over 2 h. The cooling bath was then removed and 
further stirring was carried out overnight. The reaction was 
terminated with saturated sodium hydrogentartarate. Extrac­
tion with ether, being dried over MgS04 , concentration, and 
purification of the crude product by column chromatography 
(silica gel, 5 g; CH2Cl2-cyclohexane, 1 : 1 , then only AcOEt) 
afforded the methylation product 14 with the recovery of 2c : 
TLC, Rf 0.727 for 2c, 0.461 for 14 (ether, 2 developments). 
Repurification by column chromatography (silica gel, 6 g ; 
ether) furnished 2c (50 mg) and 14 (100 mg): 14: IR (film) 
3450, 1770, 980 cm-1; m NMR ô 5.40—5.56 (2H, m, olefinic 
H), 4.75—5.00 (1H, m, C9-H), 4.55—4.73 (1H, m, OCHO), 
1.19 (3H, s, CH3), 0.89 (3H, t, CH3); MS m/e 366 (M+), 348 
(M+ - H 2 0 ) , 264 (M+ - H O T H P ) ; high resolution MS m/e 
366.242 (calcd for C21H3406, 366.241). 

Reduction of Prostaglandin E2 Methyl Ester (5a). A solu­
tion of the ester 5a (104mg, 0.284 mmol) in toluene (1 ml) 
was added slowly over 5 min to a solution of 1 (2.84 mmol) in 
toluene (15 ml) at — 78 °C. The resulting mixture was stirred 
at —78 °C for 2 h, warmed up to —20 °C over 1 h, and again 
stirred at — 20 °C for 30 min. The reaction mixture was 
poured onto cold 1 M hydrochloric acid (20 ml) and ethyl 
acetate (20 ml). The aqueous layer was extracted with ethyl 
acetate twice. The combined organic layers were washed 
successively with 1 M hydrochloric acid once, aq sodium 
hydrogencarbonate twice, then brine once, and dried over 
MgS04 . Evaporation of the solvent, followed by purification 
of the residue by column chromatography (silica gel, 10 g; 
CH2C12, then AcOEt) gave PGF2a methyl ester (6a) (99 mg, 
95% yield) : TLC, Rf 0.562 (homogeneous, AcOEt, 2 develop­
ments), which was in agreement with that of the authentic 
sample; boric acid impregnated TLC,19) Rt 0.785 (homo­
geneous, AcOEt, 2 developments); IR (film) 3400, 2950, 
2850, 1720, 1250, 975 cm"1; ^ N M R ô 5.22—5.65 (4H, m, 
olefinic H), 3.70—4.30 (3H, m, C9, C n , C15-H), 3.66 (3H, s, 
COOCHg), 0.90 (3H, t, CH3); MS m/e 350 (M+ - H 2 0 ) , 332 
( M + - 2 H 2 0 ) , 319 ( M + - H 2 0 - O M e ) , 314 ( M + - 2 H 2 0 ) , 
301 (M+ - 2 H 2 0 - O M e ) ; high resolution MS m/e 350.244 
(dehydration peak, calcd for C21H3404, 350.246). PGF2/i 

methyl ester [TLC, Rf 0.424; boric acid impregnated TLC, 
Rt 0.462 (AcOEt, 2 developments)] was not detected in the 

reaction mixture. 
Synthesis of 11-Epiprostaglandin E2 Methyl Ester (5b). 

The ester 5b was prepared starting from the diol 19 using the 
Corey method:17) IR (film) 3400, 2950, 2850, 1740, 980 cm-1; 
XHNMR ô 5.59—5.82 (2H, m, trans olefinic H), 5.26—5.45 
(2H, m, eis olefinic H), 4.25—4.45 (1H, m, C n - H ) , 3.92— 
4.15 (1H, m, C15-H), 3.65 (3H, s, COOCH3), 0.90 (3H, t, 
CH3); MS m/e 348 ( M + - H 2 0 ) , 335 (M+-OMe) , 330 
( M + - 2 H 2 0 ) , 317 ( M + - H 2 0 - O M e ) ; high resolution MS 
m/e 348.230 (dehydration peak, calcd for C21H3204, 348.230). 

Reduction of 5b. Reduction of the ester 5b (200 mg, 
0.546 mmol) with the aluminum reagent 1 (5.46 mmol) in 
toluene (30 ml) according to the method for reduction of 5a 
afforded a mixture of 11 -epi-PGF2a methyl ester (6b) (major 
product) and ll-e/>i-PGF2j5 methyl ester (6d) (minor product) 
(188 mg, 94% yield) : boric acid impregnated TLC, Rf 0.380 
for 6b, 0.565 for 6d (AcOEt, 2 developments). These Rf 

values were in agreement with those of the reduction product 
from 5b using NaBH4.

20> Regular silica gel TLC plate 
showed a single spot with ethyl acetate (2 developments). The 
mixture of 6b and 6d : IR (CHC13) 3600, 3400, 1730, 980 cm"1; 
1H NMR ô 5.48—5.72 (2H, m, trans olefinic H), 5.20—5.48 
(2H, m,,eis olefinic H), 3.82—4.43 (3H, m, C9, C n , C15-H), 
3.68 (3H, s, GOOCH3), 2.90—3.55 [3H, brs, OH disap­
pearance in D 2 0) ] , 0.89 (3H, t, CH3): MS m/e 350 (M+ 
- H 2 0 ) , 332 ( M + - 2 H 2 0 ) , 314 (M+-3H 2 0) , 319 (M+ 
- H 2 0 - O M e ) ; high resolution MS m/e 350.243 (dehydration 
peak, calcd for C21H3404, 350.246). The ratio of 6b/6d was 
determined by the conversion of 6b and 6d to the acids (2 M 
KOH-MeOH, 1 : 1, 25 °C for 2 h), then to the phenacyl 
esters (a,/>-Dibromoacetophenone, Et3N, CH3CN, 25 °C for 
3 min), followed by the HPLC analysis of these esters (fx-
Porasil, UV index 264 nm, AcOEt-hexane, 4 : 1) to be 76 : 24. 

Reduction of Prostaglandin Dz Methyl Ester (Sc). Reduction 
of 6c (53 mg, 0.145 mmol) with the aluminum reagent 1 (1.61 
mmol) in toluene (5 ml) using the method for the reduction 
of 5a produced a mixture of ll-epi-PGF2a methyl ester (6b) 
(major product) and PGF2/S methyl ester (6a) (minor product) 
(49 mg, 92% yield) : TLC, homogeneous; boric acid impreg­
nated TLC, Rt 0.381 for 6b, 0.501 for 6a (AcOEt, 2 develop­
ments). The Rt values for 6b and 6a were completely identi­
cal with those for the reduction product of 5b, and for the 
authentic PGF2a methyl ester, respectively. The ratio of 6b/ 
6a (98/2) was determined, as described above, by the conver­
sion of 6b and 6a into the corresponding phenacyl esters, 
followed by their HPLC analysis ((x-Porasil, UV index 264 nm, 
AcOEt-hexane, 4 : 1 ) . The mixture of 6b and 6a: IR 
(CHG13) 3600, 3450, 1730, 980 cm-1; XH NMR ô 5.50-5.69 
(2H, m. trans olefinic H), 5.20—5.50 (2H, m, eis olefinic H), 
3.96—4.46 (3H, C9, C u , C15-H), 3.66 (3H, s, COOCH3), 
0.89 (3H, t, CH3); MS m/e 350 ( M + - H 2 0 ) , 332 (M+ 
- 2 H 2 0 ) , 319 ( M + - H 2 0 - O M e ) , 314 ( M + - 3 H 2 0 ) ; high 
resolution MS m/e 350.246 (dehydration peak, calcd for 
C21H3404, 350.246). 

Reduction of 4-Hydroxy-3-methyl-2-butanone. A solution of 
4-hydroxy-3-methyI-2-butanone (500 mg, 4.90 mmol) in 
toluene (5 ml), which was cooled below —60 °C, was added 
dropwise to the aluminum reagent 1 (49 mmol) in toluene 
(100 ml) at — 78 °C. The resulting mixture was stirred at 
— 78 °C for 4 h , warmed up to — 20 °C for 1 h, and again 
stirred at — 20 °C for 30 min. The reaction mixture was 
poured onto 0.1 M hydrochloric acid (20 ml). Removal of 
the white solid by filtration, washing of the filtrate with brine, 
being dried over MgS04 , and evaporation of the solvent 
left the crude oil, which was purified by column chromatog­
raphy (silica gel, 150 g ; CH2C12, then AcOEt) to furnish a 
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mixture of erythro- and fAra>-2-methyl-l,3-butanediol (480 mg, 
96% yield) : *H NMR (CD3OD) Ô 3.40—3.91 (3H, m, C H 2 - 0 , 
CH-O), 1.41—1.70 ( lH ,m, CH3-CH), 1.14, 1.16 (3H, two d, 
J = 6 . 5 Hz, C4-H), 0.87, 0.92 (3H, two d, 7 = 7 . 0 Hz, C2-
CH3) ; MS m/e 105 (M+ +1) , 89 (M+ - G H 3 ) , 86 (M+ - H 2 0 ) . 
The ratio of the peaks at <5 1.16 and 1.14 (or Ô 0.92 and 0.87) 
was 2 : 1 . The authentic erythro form21) showed the peaks for 
2 methyl groups at ô 1.16 (d, 7 = 6 . 5 Hz) and 0.92 (d, 7 = 7 . 0 
Hz). Furthermore, the 1H NMR analysis of the reduction 
product in the presence of the authentic erythro form showed 
the larger peaks at ô 1.16 and 0.92. Therefore, the ratio of 
erythro to threo form would be 2 : 1. 

Reduction of 4-t-Butylcyclohexanone. A solution of 4-t-
butylcyclohexanone (154 mg, 1 mmol) in toluene (2 ml) was 
added dropwise to the aluminum reagent 1 (10 mmol) in 
toluene (18 ml) at — 78 °C. Stirring was continued at —78 
°G for 4h . Then the mixture was poured onto ice, and 
diluted with 1 M hydrochloric acid (75 ml). Extraction with 
ether, washing of the extracts with brine, being dried over 
MgS04 , and concentration of the solvent left the crude oil, 
which was purified by column chromatography on silica gel 
(GH2C12, then CH2Cl2-AcOEt, 6 : 1) to afford the less polar 
isomer (37 mg, 24% yield) and the more polar isomer (94 mg, 
60% yield) as white crystals: TLC, Rt 0.50 for the less polar 
isomer, 0.38 for the more polar isomer (AcOEt-CH2Cl2, 1:5) . 
These Rt values were identical with those of the authentic 
samples (predominantly eis), which was prepared by the reduc­
tion of 4-f-butylcyclohexanone with L-Selectride in tetrahydro-
furan at —78 °C.22> The TLC analysis showed that the less 
polar isomer corresponded to the eis form, and therefore, the 
ratio of w-/fröH.y-4-f-butylcyclohexanol was 28 : 72. cisA-t-
Butyl-cyclohexanol: IR (CHC13) 3470, 1480, 1449, 1392, 1222, 
1135, 1106, 949 cm-1; m NMR ô 3.93—4.18 (1H, m, CH-O), 
1.14—2.04 (ÎOH, m, aliphatic CH, OH), 0.87 (9H, s, t-Bu); 
MS m/e 156 (M+), 141 (M+-CH, ) , 138 (M+-H a O) , 123 
( M + - H 2 0 - C H 3 ) , 99 (M+—*-Bu); high resolution MS m/e 
156.158 (calcd for C10H20O, 156.151). tomj-4-f-Butylcyclo-
hexanol: IR (CHC1,) 3457, 1461, 1373, 1112, 1059, 978 cm"1; 
»HNMR <5 3.29—3.80 (1H, m, CH-O), 0.80—2.23 (10H, m, 
aliphatic CH, OH), 0.83 (9H, s, f-Bu); MS mje 138 (M+ 
- H 2 0 ) , 123 ( M + - H 2 0 - C H 3 ) , 99 (M+-f-Bu), 81 (M+ 
- f - B u - H 2 0 ) . 

Reduction of 2-Methylcyclohexanone. A solution of 2-
methylcyclohexanone (112mg, 1 mmol) in toluene (2 ml) 
was added dropwise to the aluminum reagent 1 (10 mmol) in 
toluene (18 ml) at — 78 °C. Stirring was continued at —78 
°C for 3.5 h, then at - 2 0 °C for 3.5 h. The mixture was 
poured onto ice and diluted with 1 M hydrochloric acid (75 
ml). Extraction with ether, washing of the extracts with 
brine, and purification of the concentrated crude product by 
column chromatography on silica gel (CH2C12, then ether) 
gave a mixture of eis- and franj-2-methylcyclohexanol (97 mg, 
85% yield) as a colorless oil: IR (CHC1,) 3490, 1452, 1378, 
1220, 1123, 965 cm-1; XH NMR ô 2.83—3.30, 3.63—3.97 (1H, 
m, CH-O), 1.10—2.12 (9H, m, aliphatic CH), 0.83—1.10 
(3H, twod, CH3); MS m/e 96 ( M + - H 2 0 ) , 81 ( M + - H 2 0 
— CH3). The XHNMR spectrum showed the ratio of the 
eis to trans isomers to be 75 : 25. This analysis was deter­
mined by an absorption due to the a-proton peak (CH-OH) 
of the hydroxyl group at ô 3.63—3.97 and 2.83—3.30.23> 
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Irradiation of the hypoiodite of iV-acetyljervine in benzene containing mercury(II) oxide and iodine gave a 
mixture of products. The major product was iV-acetyl-11 -oxojerva-5,12(13) -dien-3ß-yl JV-acetyl-^4-homo-4-oxa-11 -
oxojerva-5,12 (13)-dien-3a-yl ether (4) (25%). Four minor products, iV-acetyl-2-iodo-ll-oxo-^-nor-2,3-secojerva-
5,12(13)-dien-3-yl formate, JV-acetyl-3a,5-epoxy-6a-iodo-^-homo-4-oxa-5a-jerva-5,12(13)-dien-11 -one, JV-acetyl-4-
oxajerva-5,12(13)-dien-ll-one, and iV-acetyl-4-oxa-^-homojerva-5,12(13)-diene-3,ll-dione, were also isolated. 
Irradiation of the hypoiodite of 3ß-hydroxy-17-ethyletiojerv-5-ene-ll,20-dione also gave a dimer corresponding to 
4. The formation of 4 as the major product contrasts with the result of the corresponding reaction of cholesterol. 

I t has been shown that hypoiodites generated from a 
variety of steroidal alcohols undergo heat- or light-
induced reaction to give products originating through 
alkoxy radical intermediates.2»3) Mercuric oxide-iodine 
reagent has been shown to be an effective reagent for 
the formation of hypoiodites from steroidal alcohols.4) 

In previous papers,5 - 7) we described the results of 
investigations of the photo- and thermally-induced 
rearrangements of hypoiodites of cholesterol and 
several related 5-cholesten-3-ols substituted with methyl 
groups on their C-3 and C-4 positions in the 
presence of mercury(II) oxide and iodine. I t has been 
found that 3a,5-epoxy-^-homo-4-oxa-5<x-cholestanes 
(type A) carrying a- or ^-oriented iodine on their C-6 
positions or 3a,5-epoxy-^4-homo-4-oxa-5a-cholest-6-enes 
(type B) are usually formed when the reactions are 
induced by irradiation, al though their yields varied 
widely; these products are usually accompanied by 
seco-iodide of type (C). It has also been found that 
methyl substituents on their C-3 or C-4 positions affect 
the relative yields of oxabicyclic compounds (type A) 
appreciably and that the presence of gem dimethyl 
group on the C-4 position results in the formation of 
3-oxa-5-cholestenes (type D) with the loss of one carbon 
atom.5»7) T h e products from thermally-induced reac­
tions were almost parallel, but the thermally-induced 
reaction of cholesterol hypoiodite gave a novel dimeric 
product of type (E) as the major product.5) 

T h e pathways of the rearrangements which can 
explain the stereochemistry of these products have been 
advanced in the previous papers.5 - 7) All the above 
products are formed from an allyl radical intermediate 
(F) derived from /^-scission of the corresponding 3/?-oxyl 
radicals. 

In this paper, we report the results of the photo-
induced reaction of hypoiodite of C-nor-Z)-homosteroid-
5-en-3/?-ols in which their C-ring is 5-membered 
instead of 6-membered as in normal steroids. 

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

JV-Acetyljervine (l)8) and 3/5-hydroxy-17<x-ethyl-

0 ^ ~ H 
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H 

m / c 4 66 

m / c 167 (100 % ) 

etiojerv-5-ene-ll,20-dione ( l l ) 9 ) were chosen as the 
substrates. The photo-induced reactions were conducted 
under the conditions reported previously;5-7) irradiation 
of iV-acetyljervine (1) in benzene containing mercury-
(II) oxide and iodine (ca. 3 mol equiv. each) with a 
100-W high pressure mercury arc for 12 h under an 
atmosphere of nitrogen gave a mixture of products, 
from which five crystalline products (8) (5%) , (9) (2%), 
(6) (1%) , (7) (1%) , and (4) (25%) in order of their 
mobility, were isolated by preparative T L C (Scheme 1 ). 
T h e noted yields of the products are those in pure 
crystalline states ; thus the actual yield of each product 
is higher than those described above. The structures 
of all these products were deduced by the analysis of 
their spectra. T h e mass, IR, U V , and 1H N M R 
spectra showed that the C, D, and heterocyclic rings in 
jervine were intact in all the five products. 

T h e structure of the crystalline product (8) carrying 
iodine, which was the most mobile on the T L C plate, 
was proved to be i\^-acetyl-3-iodo-ll-oxo-^4-nor-2,3-
secojerva-5,12(13)-dien-3-yl formate10) by the following 
spectral evidence. Although the mass spectrum showed 
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no molecular ion peak, the elemental analysis was in 
accord with the molecular formula C29H40NO|;I. A 
formate structure analogous to the formate2) obtained 
from the hypoiodite of cholesterol was suggested by 
the presence of the 1H singlet at T 1.91 in the XH N M R 
spectrum. T h e olefinic proton at the C-6 was present 
at T 4.06 as a one-proton diffused doublet with J=4.5 
Hz and the allylic C-3 methylene protons appeared as 
a broad singlet at T 5.40 ( H /

1 / 2 =5 Hz) . T h e I R spectrum 
was also in agreement with the assigned structure. The 
pathway to this formate has already been discussed for 
the formation of an analogous formate from cholesterol 
in the previous paper.5) 

The crystalline product (9) carrying iodine was 
proved to be iV-acetyl-3a,5-epoxy^6a-iodo-^4-homo-4-
oxa-5a-jerva-5,12(13)-dien-l 1-one7) (9) from the following 
evidence: the molecular formula C2 9H4 0NO5I was 
determined by mass spectrometry (m/e 609, M+) and 
elemental analysis. The 1 H N M R spectrum showed a 

broad one-proton singlet at T 4.48, a one-proton double 
doublet at T 5.55 with y = 4 . 5 and 12.3 Hz, and an AB 
quartet at T 5.84 and 6.24 with J = 7 . 6 H z . These 
signals were assigned to the 3/?-H, the 6/?-H, and the 
C-4a-methylene protons and were entirely analogous 
to those arising from the corresponding protons of 3a, 5-
epoxy-6/?-iodo-^-homo-4-oxa-5a-cholestane5) with re­
spect to their chemical shifts and the coupling constants. 
The I R spectrum was also in accord with the assigned 
structure. 

The molecular formula of the third T L C mobile 
crystalline product (6) was determined to be C 2 8 H 3 9 N 0 4 

by high resolution mass spectrometry. T h e structure 
was proved to be N-acetyl-4-oxajerva-5,12(13)-dien-ll-
one.10) T h e *H N M R spectrum showed a one-proton 
doublet at r 4.57 and a superimposed nine-proton 
multiplet (T 5.81—7.20). T h e former is assigned to the 
olefinic 6-H and the latter is assigned to superimposed 
signals arising from the C-2-methylene protons, C-4-
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methylene protons, 9<x-H, 22/S-H, 23a-H, and C-27-
methylene protons. The shape of the multiplet signals 
is almost identical with that obtained by superimposing 
the signals due to 22-H, 23-H, C-27-methylene protons, 
and 9-H in the spectrum of iV-acetyljervine and those 
due to C-2-methylene protons and C-4-methylene 
protons of 3-oxacholest-5-ene.5) The I R spectrum was 
also in agreement with the assigned structure. 

The molecular formula of the fourth T L C mobile 
crystalline product (7) was confirmed to be C2 9 H 3 9 N0 5 

by high resolution mass spectrometry. T h e results of 
the I R and N M R spectra were consistent with the 
structure, iV-acetyl-4-oxa-^4-homo-jerva-5,12(13) -diene-
3,11-dione. In the I R spectrum, a new band arising 
from an unstrained lactone carbonyl band is present 
at 1737 c m - 1 , together with the band due to the <x,/?-
unsaturated carbonyl. In the XH N M R spectrum two 
doublets, at T 5.36 and 5.84, and a one-proton doublet 
at T 4.21 assigned to the C-4a methylene protons and 
the 6-H could be seen. 

Finally, the structure of the most polar product (4), 
obtained in highest yield in this reaction, was deduced 
to be ^-acetyl-11 -oxojerv-5,12(13) -dien-3/5-yl i\f-acetyl-
^-homo-4-oxa-ll-oxojerva-5-en-3oc-yl ether, which was 
analogous to cholest-5-en-3/?-yl ^4-homo-4-oxacholest-5-
en-3a-yl ether obtained from thermal decomposition of 
cholesterol hypoiodite, on the basis of the spectroscopic, 
especially 1H N M R spectral evidence. The molecular 
formula, C5 8H8 0N2O8 , was deduced by the osmometric 
molecular weight determination1) and the elemental 
analysis. The molecular weight was further confirmed by 
F D mass spectrometry, which showed the M + + 1 ion 
at m\e 933. T h e IR , U V , and *H N M R spectra proved 
that the C, D, and the heterocyclic ring portions of the 
starting jervine molecule were unchanged in this 
compound, as described earlier. 

In the downfield region of the XH N M R spectrum, 
four signals (each one-proton) are present; these 
signals appeared at T 4.45 (broad singlet), 4.69 (broad 
singlet), 5.12 (triplet, J = 5 . 3 Hz) and 5.68 (doublet, 
y = 1 3 . 5 H z ) . These signals were assigned to those 
arising from 6-H of the iV-acetyl-ll-oxojerva-5,12(13)-
dien-3/?-yl portion, 6-H of the ^4-homo-4-oxa-ll-
oxojerva-5,12(13)-dien-3a-yl portion, and the 3/?-H and 
4a-H signals of ^4-homo-4-oxa-ll-oxojerva-5,12(13)-
dien-3a-yl portion on the basis of spin-decoupling 
experiments, deuterium labeling, acidic hydrolysis, and 
comparison of the spectrum with that of cholest-5-en-
3/?-yl ^-homo-4-oxacholest-5-en-3<x-yl ether.5) 

Decoupling experiments showed that the two signals 
at T 4.45 and 4.69 collapsed into two clear singlets on 
irradiation at r 7.5, while the triplet at r 5.10 is only 
partially decoupled. T h e behavior of these two signals 
in the spin-decoupling is similar to those of C-6 olefinic 
proton of A5-steroids. The diffused triplet at T 5.10 was 
also partially decoupled to a broad singlet {Wxi^=lS) 
Hz) on irradiation at T 8.3. O n the basis of an experi­
ment which used 3a-deuterio-i\f-acetyljervine (2), this 
signal was confirmed to arise from C-3a-H of N-
acetyljervine. 3a-Deuterio-i\f-acetyljervine (2) was 
prepared by reduction of JV-acetyljerva-5,12(13)-diene-
3,11-dione, which was prepared by the Jones oxidation 

of N-acetyljervine with NaBD4 . 3<x-Deuterio-iV-acetyl-
jervine in benzene containing mercury(II) oxide and 
iodine was subjected to the photolysis to give a product 
(5) carrying deuterium. The XH N M R spectrum of 5 
shows the absence of the triplet at T 5.10 which was in 
the spectrum of product (4), proving that the triplet 
originated from 3<x-H of the starting jervine. 

T h e doublet at T 5.68 in 4 was found to be a part of an 
AB quartet , and another doublet of the AB system 
superimposed with other signals was found at r 6.48. 
O n irradiation of the center of the doublet at T 6.48, 
the doublet at T 5.68 collapsed to a singlet. The irradia­
tion at the center of the doublet at T 5.68 caused a 
collapse of the doublet at r 6.48 to a singlet without any 
change of the signal shapes at T 4.45, 4.69 and 5.10. 
This AB quartet was thus assigned to an isolated C-4a 
methylene protons of ^-homo-4-oxacholest-5-en-3<x-yl 
portion. 

T h e dimeric structure assigned to compound (4) was 
further confirmed by its acidic hydrolysis (Scheme 2). 

4 

J H30* 

18 21 

10 
Scheme 2. 

Hydrolysis of either 4 or 5 in T H F containing dilute 
hydrochloric acid at room temperature gave only two 
products. As expected from the assigned structure, one 
of the products was found to be identical with N-
acetyljervine (1) or 3a-deuterio-iV-acetyljervine (2) by 
direct comparisons. All the spectra on the other product 
10 were consistent with tha t of iV-acetyl-^-homo-4-oxa-
ll-oxojerva-5,12(13)-dien-3oc-ol or its 3/?-deuterio com­
pound. The M S spectrum showed the molecular ion 
at m\e 483. T h e I R spectrum shows the presence of a 
hydroxy and an <x,/?-unsaturated carbonyl. The XH 
N M R spectrum shows two one-proton signals at T 4.41 
and 4.86 and an AB quartet at T 5.59 and 6.41, with 
y = 1 3 . 3 Hz, together with a set of signals arising from 
the B, C and heterocyclic rings of jervine. The series 
of signals in the downfield region shows a remarkable 
similarity to the signals of compound 4 with respect 
to the chemical shifts and behavior in spin-decoupling. 
However, the spectrum shows the absence of a signal 
corresponding to the ones at T 4.69 in the spectrum of 
compound 4, proving that it originated from the N-
acetyl-1 l-oxojerva-5,12(13)-dien-3/?-yl portion. 

All the foregoing results can be reconciled to the 
assigned structure 4. It is noted that the signals arising 
from the iV-acetyl, 18-H, 19-H, 21-H, and 26-H of the 
^-acetyl-ll-oxojerva-5,12(13)-dien-3/?-yl portion in the 
1 H N M R spectrum were superimposed with those due 
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to the corresponding protons of the i\^-acetyl-^l-homo-4-
oxa-1 l-oxojerv-5-en-3a-yl portion. 

The electron impact mass spectrum of compound 4 
showed no peak above mje 500 and showed weak peaks 
at mje 465, 466, 467, and a base peak at mje 167. The 
structures of the species of mje 167 and 466 may be 
assigned to (G)n> and (H). T h e 13C F T N M R spectrum, 
with the aid of the off-resonance spectrum of 4, fully 
supported the assigned formula. With the exceptions 
of the C-17 and the C-17', the NAc and the N 'Ac, and 
C-23 and C-23', which appeared as the superimposed 
singlets at T 172.97, 85.42, and 72.68 ppm, all the sp2 

carbon atoms and oxygen-bearing carbon atoms 
appeared as a pair of signals. Their assignments are 
as follows: C - l l - C O and C - l l ' - C O (Ô 206.65 ppm) , 
C-5 and C-5' (145.79 and 146.28), C-13 and C-13' 
(142.46 and 144.22), C-6 and C-6' (120.67 and 125.95), 
and C-3 of oxepane ring (99.08) and C-3' (75.72). 

To compare these results with those from a simpler 
C-nor-Z)-homosteroid, hypoiodite of 3/5-hydroxy-17a-
ethyletiojerv-5-ene-ll,20-dione (11)9> was subjected to 
the photolysis in the presence of mercury (I I) oxide and 
iodine under the conditions described for iV-acetyl-
jervine hypoiodite. The results were found to be almost 
parallel to the case of iV-acetyljervine (Scheme 3). 

14 
Scheme 3. 

From a mixture of the products a formate (12), a dimer 
(13), and a lactone (14) were isolated in 32, 26, and 
9 % yields. The structures of these products were 
deduced by spectrometry in a manner analogous to the 
case of the products from N-acetyljervine. The results 
of the analysis of the spectra on each product are 
described in the experimental section, but the results 
of the electron impact mass spectrum of dimer 13 are 
only mentioned here. In contrast to the mass spectrum 
of dimer 4, in which no molecular ion peak was present 
and the intensity of a fragment ion (H) was only 0.4%, 
that of dimer 13 showed the molecular ion peak at mje 
658 and the fragment ion of mje 329 corresponding to 
the fragment (H) is the base peak. These results further 

supports the structure given to the product 4. In this 
photolysis, two minor products (corresponding to 6 and 
9) were almost certainly present in the product mixture, 
but we failed to isolate these compounds in the pure 
forms. All the types of products, with the exceptions of 
lactone 7 and dimers 4 and 13, obtained in this experi­
ment were those already obtained in the photo-induced 
rearrangement of cholesterol5) and the related 5-
choleten-3-ols.6»7) Changing the C-ring from 6-
membered5) to 5-membered, however, introduces appre­
ciable variations in the products and their yields: 
dimeric acetal 4 was obtained as the major product, 
whereas no compound of this type was formed in the 
photo-induced reaction of cholesterol.5) O n the other 
hand, oxabicyclic compound 9 was formed in only a 
very minor amount although it is one of the major 
products in the corresponding reaction of cholesterol.5) 
Unlike the cholesterol case,5) we failed to isolate an 
oxabicyclic compound carrying /^-oriented iodine. 

The paths to dimeric acetal 4, 4-oxa compound 6, 
formate 8 and oxabicyclic compound 9 were already 
discussed in the previous papers.5 - 7) All these products 
are derived from an allyl radical (F) formed by a jo-
scission of the 3/?-oxyl radical. The Scheme 1 shows 
these pathways, including a path for the formation of 
lactone (7), the isolation of which in the present experi­
ment strengthened the validity of our proposed path­
ways.5) Although a further study is required for fuller 
understanding of origins of the variations in the products 
and their relative yields observed for C-nor-Z)-homo-
steroids and steroids,5) one of the important factors 
would be slight changes in the geometries between 
groups or atoms introduced to the vicinity of the 
reaction center of the intermediary allyl radical. The 
change would affect the subtle balance between rates 
of intra- and intermolecular processes and would bring 
about appreciable differences in the products and their 
yields. 

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

For instruments used and general procedure see Ref. 2. 
Low resolution mass spectra of compounds, 2, 3, 7—9, and 13 
(70 eV), high resolution mass spectra of 2, 3, 7, 9, and FD 
mass spectra of 4, and 5 were measured by Miss Yuko Chiba 
of the Faculty of Agriculture of this university. Low resolu­
tion mass spectra of compounds, 10, 12, and 14 (70 eV) were 
measured by the staff of Faculty of Pharmaceutical Sciences 
of this university. 13C FT NMR spectra (25.1 MHz, solvent 
CDC13: TMS as internal reference) were determined by JEOL 
Ltd., Tokyo. 

Irradiation ofN-Acetyljervine Hypoiodite in the Presence of Mercwry-
(II) Oxide and Iodine. iV-Acetyljervine (1) (806 mg), 
mercury(II) oxide (763 mg), and iodine (1.346 g) in benzene 
(60 ml) in Pyrex vessel were irradiated for 12 h with a 100-W 
high pressure mercury arc under a nitrogen atmosphere. 
After the solution was filtered, the filtrate was evaporated to 
give a residue which was dissolved in chloroform. The 
chloroform solution was washed with 5% sodium thiosulfate 
solution and water (twice), and dried over anhydrous sodium 
sulfate. After the usual work-up, the residue was subjected to 
preparative TLC (SiOa) with a chloroform-diethyl ether (10 : 
1 ). Five products : 8,9, 6, 7, and 4, in order of their increasing 
mobility in TLC, were obtained. The product 8, which was 
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the most mobile on the TLC plate, was recrystallized from 
ethanol to yield crystals (52 mg), mp 159—160.5 °C. The 
Beilstein test was positive. Found: C, 56.77; H, 6.64; N, 
2.37%. Calcd for G29H40NO5I: G, 57.12; H, 6.62; N, 
2.30%. IR, 1719 and 1672 (a,0-unsaturated carbonyl), 1751 
(formate carbonyl), 1627 (JV-acetyl), 1176 (formate C=0), 
895, and 840 cm"1; NMR, r 1.91 (IH, s, formate), 4.06 (IH, 
d, 7 = 4 . 5 Hz, 6-H), 5.40 (2H, s, W l / 2 = 5 Hz, CH2-OCHO), 
7.75 (3H, s, 18-H), 7.90 (3H, s, N-Ac), 9.95 (3H, d, 7 = 6 , 
21-H), 8.99 (3H, s, 19-H), and 9.13 (3H, d, 7 = 7 . 5 Hz, 26-H); 
MS, m/e (rel intensity), 435 (1.9), 156 (100), and 114 (27.7). 

Product 7 was recrystallized from acetone to yield crystals 
(21 mg), mp 218—220 °C. The Beilstein test gave a postive 
result. Found: C, 57.30; H, 6.69; N, 2.68%. Calcd for 
C29H40NO6I: C, 57.12; H, 6.62; N, 2.30%. IR, 1710 and 
1655 (a,/3-unsaturated carbonyl), 1628 (iV-acetyl), 1112 (C-O), 
928, 910, and 890 cm-1; NMR, r 4.48 (IH, broad s, Wi/2= 
3.9 Hz, 3-H), 5.55 (IH, dd, 7 = 4 . 5 and 12.3 Hz, 60-H), 5.84 
and 6.25 (each IH, AB quartet, 7 = 7.6 Hz), 7.77 (3H, s, 18-H), 
7.91 (3H, s, N-Ac), 8.96 (3H, d, 7 = 6 . 3 Hz, 21-H), 9.08 (3H, 
s, 19-H), and 9.13 (3H, d, 26-H); MS, m/e (rel intensity), 609 
(M+ 0.4), 482 ( M + - I , 0.7), 167 (100), 152 (8.7), 74 (14.7), 
59 (26.9), 45 (17.4), and 43 (8.4). 

Product 6 was recrystallized from diethyl ether to yield 
crystals (8 mg), mp 165—167 °G. Found: C, 73.82; H, 
8.73; N, 2.98%; M+m/e 453.2842. Calcd for C28H39N04: C, 
74.17; H, 8.67; N, 3.10%; M+453.2877. IR, 1712 and 1671 
(a,^-unsaturated carbonyl), 1624 (JV-acetyl), 1262, 1100, and 
904 cm-1; NMR, x 4.57 (IH, d, 7 = 3 . 0 Hz, 6-H), 5.81—7.20 
(9H, m, 2-H, 4-H, 9a-H, 220-H, 23a-H, and 27-H), 7.77 
(3H, s, 18-H), 7.92 (3H, s, N-Ac), 8.89 (3H, s, 19-H), 8.97 
(3H, d, 7 = 6 . 6 Hz, 21-H), and 9.14 (3H, d, 7 = 7 . 5 Hz, 
26-H); MS, m/e (rel intensity),453 (M+, 0.5), 167 (100), and 
152 (15.4). 

Product 7 was recrystallized from diethyl ether to yield 
crystals (8 mg) mp 258—260 °C. Found: 481.2800. Calcd 
for C29H39N05 : M, 481.2826. IR 1737 (7-membered lactone), 
1712, and 1633, shoulder (a,0-unsaturated carbonyl), 1624 
(JV-acetyl), 1277, and 1028 cm"1; NMR, T 4.21 (IH, d, 7 = 
3.0 Hz, 6-H), 5.36 and 5.84 (each IH, AB quartet, 7=13.5 
Hz, 4a-H), 7.78 (3H, s, 18-H), 7.94 (3H, s, N-Ac), 8.94 (3H, 
s, 19-H), 8.97 (3H, d, 7 = 6 . 6 Hz, 21-H), and 9.15 (3H, d, J= 
6.9 Hz, 26-H); MS, m/e (rel intensity), 481 (M+, 0.6), 167 
(100), and 152 (14.7%). 

Product 4 was recrystallized from acetone to yield crystals 
(201 mg), mp 216—218 °C. Found: C, 74.32; H, 8.80; 
N, 2.82. Calcd for C68H80N2O8: C, 74.64; H, 8.64; N, 
3.00%. FD MS, (rel intensity), m/e 933 (M++1, 100), 932 
(43.4), 931 (26.9), 918 (M+-CH 3 , 21.0), and 777 (17.2); 
MS, (rel intensity), 467 (0.5), 466 (0.4), 465 (0.7), 330 (4.9), 
167 (100), and 151 (10.6); IR, 1713 and 1633 (<x,/S-unsaturated 
carbonyl), 1659 (JV-acetyl), 1094, 1074, 1032, and 762 cm"1; 
NMR, T 4.45 (IH, broad, s, 6-H of iV-acetyl-11-oxojerva-
5,12(13)-dien-30-yl portion), 4.69 (IH, broad, s, 6-H of 
^4-homo-4-oxa-ll-oxojerva-5,12(13)-dien-3a-yl portion), 5.12 
(IH, t, 7 = 5 . 3 Hz, 3/5-H of ,4-homo-4-oxa portion), 5.68 and 
6.48 (each IH, AB quartet, 7 = 13.5 Hz, 4a-H of ^4-homo-4-
oxa-ll-oxojerva-5,12(13)-dien-3a-yl portion), 7.75 (6H, s, 18-
and 18'-H), 7.92 (6H, s, JV-acetyl and JV'-acetyl), 8.97 (6H, 
d, 7 = 6 . 6 Hz, 21-H and 21'-H), 9.00 (6-H, s, 19-H and 19'-H) 
and 9.14 (6H, d, 7 = 7 . 5 Hz, 26-H and 26'-H). 

Hydrolysis of N-Acetyl-ll-oxojerva-5,12(13)-dien-3ß-yl A-Homo-
4-oxa-ll-oxojerva-5,12( 13)-dien-3ct-yl Ether with Aqueous Metha-
nolic Hydrochloric Acid. A suspension of the dimer (100 
mg) in methanol (30 ml) containing coned hydrochloric acid 
( 1 ml) was stirred at room temperature. The crystals gradual­

ly dissolved over a period of 1 h. The solution was stirred 
at room temperature for four more hours. After the addition 
of water, methanol was removed at room temperature and 
solution was extracted with chloroform. The chloroform 
solution was washed with aq sodium carbonate solution, 
washed with water, and dried over anhydrous sodium sulfate. 
The usual work-up of the solution left a residue which showed 
two spots on a TLC plate (SiOa) (a 8:1 mixture of chloroform-
acetone) . The product was subjected to preparative TLC to 
give two products. The more TLC mobile product (39 mg) 
was recrystallized from acetone to yield a compound which 
was identical with iV-acetyljervine. The less TLC mobile 
amorphous product (45 mg) could not be induced to 
crystallise. IR, 3380 (OH), 1706, and 1620, broad, (<x,/3-
unsaturated carbonyl and iV-acetyl), 1100, 1056, and 1025 
cm-1; NMR, T4.41 (IH, d , 7 = 3 . 9 Hz), 4.86 (IH, t , 7 = 6 Hz), 
5.59 and 6.41 (each IH, AB quartet, J= 13.3 Hz, 4a-H), 7.76 
(3H, s, 18-H), 7.91 (3H, s, N-Ac), 8.96 (3H, d, 7 = 6 . 6 Hz, 
21-H), 9.01 (3H,s, 19-H), and 9.14 ( 3 H , d , 7 = 7.2 Hz, 26-H); 
MS, m/e 483 (M+). 

Oxidation of N-Acetyljervine with Jones Reagent. To N-
acetyljervine (652 mg) in acetone (40 ml) there was added 
Jones reagent dropwise until the solution turned brown. The 
solution was stirred for a few min. On addition of water 
(250 ml), crude 3-ketone crystallized out from the solution. 
The crystals were collected by filtration, washed with water 
and recrystallized from acetone to yield 255 mg of pure 
3-ketone 3, mp 172.5—174.5 °C. Found: m/e 465.2860. 
Calcd for C2 9H3 9N04 :M, 465.2877. IR, 1714,1640 (shoulder) 
and 1627 cm-1(six-membered ring ketone, and a,ß-unsaturated 
carbonyl), 1244, 1148, and 1096 cm"1; NMR, T 4.63 (IH, 
broad, s, 6-H), 7.73 (3H, s, 18-H), 7.91 (3H, s, NAc), 8.93 
(3H, s, 19-H), 8.93 (3H, d, 7 = 6 . 6 Hz, 21-H), and 9.12 (3H, 
d, 7 = 7 . 2 Hz, 26-H); MS, m/e (rel intensity), 465 (M+, 0.7), 
167 (100), 152 (15.5), and 43 (14.4). 

Preparation of 3a.-Deuterio-l>i-acetyljervine (2). The 3-
ketone (202 mg) in ethanol (40 ml) containing sodium 
borodeuteride (148 mg) was stirred for 50 min. After the 
addition of water, the solvent was evaporated and the residue 
was dissolved in chloroform. The chloroform solution was 
washed with water and dried over anhydrous sodium sulfate. 
The usual work-up of the solution gave a product which was 
recrystallized from acetone-diethyl ether to yield 3/S-ol, 2, 
mp 224.5—226.5 °C. Found: m/e 468.3086. Calcd for 
C29H40DNO4: M, 468.3097. IR, 3407 (OH), 1712 and 1649 
(<x,ß-unsaturated carbonyl), 1628 (NAc), and 960 cm-1; 
NMR, T 4.64 (IH, d, 7 = 4 . 5 Hz, 6-H), 7.76 (3H, s, 18-H), 
8.91 (3H, s, N-Ac), 8.96 (3H, d, 7 = 6 . 6 Hz, 21-H), 9.00 (3H, 
s, 19-H), and 9.13 (3H, d, 7 = 7 . 5 Hz) ; MS, m/e (rel intensity) 
468 (M+, 0.6), 167 (100), and 152 (8.7). 

The Irradiation of 3<x-Deuterio-N-acetyljervine Hypoiodite in the 
Presence of Mercury (II) Oxide and Iodine. 3a-Deuterio-iV-
acetyljervine (147 mg), mercury(II) oxide (157 mg), and 
iodine (243 mg) in benzene (30 ml) in a Pyrex vessel were 
irradiated for 26.5 h as in the case of JV-acetyljervine. The 
usual work-up of the reaction product gave a product which 
was subjected to preparative TLC (SiOa) with a 7 : 1 mixture 
of chloroform and acetone. The crude product (58 mg) was 
recrystallized from diethyl ether to yield a pure dimer incorpo­
rating deuterium. It had a mp of 220—222 °C. FD-MS, m/e 
(rel intensity), 936 (M++D, 78.2), 935 [(M+H)+, 100], 934 
(M+, 91.1), 878 (20.8), and 769 (16.5): IR, 1713 and 1633 
(«^-unsaturated carbonyl), 1659 (JV-acetyl), 1104, 1065, and 
1039 cm - 1 ; the NMR spectrum was identical with that of the 
corresponding dimer from JV-acetyljervine, with the exception 
of the absence of a IH triplet at T 5.12. 
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The Irradiation of 3ß-Hydroxy- 17cc-ethyletiojerv-5-ene-11,20-
dione(ll) in Benzene Containing Mercury (II) Oxide and Iodine. 
30-Hydroxy-17a-ethyletiojerv-5-ene-ll,2O-dione (11) (300 mg) 
in benzene (51 ml) containing mercury(II) oxide (581 mg) and 
iodine (695 mg) was irradiated for 5 h at room temperature 
under an argon atmosphere while stirring. The reaction 
mixture was worked up as usual. The product was a complex 
mixture and showed a pattern of spots on TLC similar to a 
mixture from iV-acetyljervine. The product was subjected 
to preparative TLC (chloroform-acetone, 20 : 1) to give 
six fractions (A-F in the order of decreasing mobility). The 
most mobile product A (100 mg) was an amorphous formate 
12. IR (CDC13), 1724 (broad, formyl carbonyl, 11-carbonyl 
and 20-carbonyl) and 1162 cm"1 (formyl C-O); NMR, rl.89 
(1H, s, OCHO), 4.03 (1H, d, 7 = 5 . 4 Hz, 6-H), 5.39 (2H, 
broad s, W l / 2 =3.6Hz, C-3 methylene), 6.93 (2H, m, C-2 
methylene), 7.84 (3H, s, 17a-acetyl), 8.82 (3H, d, 7 = 6 . 0 Hz, 
18-H), and 8.94 (3H, s, 19-H). MS, m/e 469 (M+). The 
fractions B (44 mg) and C (14 mg) were a mixture. The 
fraction D (57 mg) was crystals; they were identified to be a 
dimeric acetal 13. After recrystallization from acetone it had 
a mp of 250—253 °C. Found: m/e 658.4229. Calcd for 
C42H5806: M, 658.4232. IR, 1727 (11-carbonyl), 1703 (20-
carbonyl), and 1034 cm-1 (G-O); NMR, 4.39 (1H, d, J= 
4.5,6- H of ^4-homo-17a-ethyletiojerv-5-ene-ll,20-dion-3a-yl 
portion) 4.65 (1H, d, J=4.5, 6-H of 17oo-ethyletiojerv-5-ene-
ll,2O-dion-30-yl portion, 5.14 (1H, t, 7 = 6 Hz, 3£-H of 
^4-homo-17a-ethyletiojerv-5-ene - 11,20 - dion - 3a - y 1 portion), 
5.75 and 6.50 (each 1H, d, 7 = 12.8 Hz, 4a-methylene of A-
homo-17a-ethyletiojerv-5-ene-ll,20-dion-3a-yl portion), 7.85 
(6H, s, two acetyls), 8.79 (3H, d, 7 = 6 . 0 Hz, 18-H), 8.83 (3H, 
d, 7 = 6 . 0 Hz, 18'-H), and 8.97 (6H, s, superimposed 19-H). 
MS (rel intensity), m/e 658 (M+, 0.4), 347 (1.6), 346 (1.5), 329 
(100), 312 (46.8), 311 (29.2), and 269 (31.2). 

The fraction E (20 mg) was ^4-homo-4-oxa-17<x-ethyletiojerv-
5-ene-3,ll,20-trione (14). IR (CHC13) 3440 (hydroxy), 1735 
(11-carbonyl and lactone), and 1705 (20-carbonyl); NMR, T 
4.6 (1H, d, 7 = 4 . 5 Hz, 6-H), 5.27 and 5.72 (each 1H, d, J= 
13.5 Hz, 4a-H), 7.83 (3H, s, 21-H), 8.81 (3H, d, 7 = 6 . 0 Hz, 
18-H), and 8.87 (3H, s, 19-H). MS, m/e 342 (M+). 

Mrs. Tomoko Okayama for the measurements of the 
XH N M R spectra and the spin decoupling experiments. 
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When the title compounds were heated in an evacuated reaction vessel, both transsulfonation and rearrange­
ment occurred. At lower temperatures (80—120 °C) the corresponding phenylamidosulfates and sulfophenyl-
amidosulfates (transsulfonation products) were the main products. Increasing temperature led to the formation of 
ring mono- and disulfonates (rearrangement products) at the expense of the transsulfonation products. The sulfonate 
group always migrated to the ortho and/or para position(s) to the amino group. In no case was any meta-product 
detected. There was no significant difference in the ease of transsulfonation among the anilinium salts studied 
except 2,6-dimethyl- and 2,4,6-trimethylanilinium salts. On the other hand, the ease of rearrangement and the 
orientation of ring sulfonation depended strongly on the structure of the substrate anilines. The thermal reactions 
of 2,4,6-trimethylanilinium butylamidosulfate produced (2,4,6-trimethylphenylimido)bis(sulfate) in addition 
to (2,4,6-trimethylphenylamido)sulfate. This is the first isolation of an arylimidobis(sulfate) from such reactions. 
Mechanisms of the transsulfonation and the rearrangement have been discussed. 

Considerable attention has been paid to the chemistry 
of amidosulfuric acid and its iV-substituted derivatives in 
recent years.2) In particular, rearrangement of aryl-
amidosulfuric acids (ArNHSO a H) to the corresponding 
ring-sulfonated anilines is of great interest from both 
mechanistic and preparative viewpoints, because aryl-
amidosulfuric acids have been postulated as inter­
mediates in the sulfonation of aromatic amines with 
sulfuric acid3) as well as in the "bak ing" process.4-6) 

Accordingly we studied the thermal reactions of amine 
salts of iV-substituted amidosulfuric acids ( R N H S 0 3 ~ 
R 'NH 3 +; R = n - B u or />-CH3C6H4, R ' = n - B u or p-
GH3C6H4) and showed1) tha t : (1) at lower temperatures 
(80—120 °C) (4-methylphenylamido) sulfate and 4-
methylaniline-iy,2-disulfonate (transsulfonation prod­
ucts) are the main products ; (2) at higher temperatures 
(120—180 °C) 4-methylaniline-2-sulfonate and 4-meth-
ylaniline-2,6-disulfonate (rearrangement products) pre­
dominate ; and (3) the ease of both transsulfonation and 
rearrangement7) depends on the basicity of both the 
parent amine (RNH2) and the salt-forming amine 
(R 'NH 2 ) . O n the basis of these results we proposed a 
tentative mechanism involving a preequilibrium thermal 
dissociation into the free acid ( R N H S 0 3 H ) and the 
salt-forming amine (R 'NH 2 ) followed by a rate-deter­
mining nucleophilic attack by R ' N H 2 on the tetra-

Thermal Dissociation 

RNHS03"R'NH3
+ * = £ (RNHS03H^RNH2+S03") + R'NH2 

Transsulfonation (at lower temperature) 
H 0" H 

R - N ^ S p N - R ' A RNH2 • RNH/SOJ *=* R'NHSOfRNH; 
H 0 0 H 

Rearrangement (at higher temperature) 

H ?" J ^ 2 J^H2 NH2 

R ' - N ^ - f O ) ^R'NH2 • ( ^ fSQf ^ ( ^ O f R ' N ^ 

H 0 0 CH3 CH3 CH2 

R, R ' = n - B u and/or p - C H 3 C ^ 
Scheme 1 . 

coordinate sulfur a tom of the zwitterionic amidosulfuric 
acid (RNH2+S03-)(Scheme 1). 

In order to obtain a better picture of the mechanism 
of thermal reaction, we studied the substituent effects 
both on the ease of transsulfonation and rearrangement 
and on the orientation of ring sulfonation in a series 
of methyl-substituted anilinium salts of butylamido­
sulfuric acid (n-BuNHS0 3 -ArNH 3 +). 

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

Anilinium Butylamidosulfate (1). The thermal 
reaction of 1 at 100 °C for 8 h produced phenylamido-
sulfate (2) in an 8 5 % yield. Aniline-JV,4-disulfonate 
(3)8) was also formed at the temperatures ranging 
100—140 °G (Fig. 1). T h e structure of this new com­
pound, 3,9) was unequivocally established by acid 
hydrolysis; namely, a sulfo-amidosulfate fraction from 
the reaction of 1 at 115 °C for 8 h gave aniline-4-
sulfonic acid on acid hydrolysis. No isomeric aniline-
JV,2-disulfonate (which should give aniline-2-sulfonic 

100. 1 

| 60L \ ^ 

1 2 0 r / X 
100 120 140 160 180 

Tempera tu re / °C 

Fig. 1. Thermal reaction of anilinium butylamidosulfate. 
Reaction time 8 h. 
O : *-C4H9NHS03-, • : C 6H 6NHS(V, € : NH2C6H4-
S 0 3 - , 0 : C6H4(NHS03-) (SO,-), 3 : NH2C6H3(S03-)2. 
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acid on the hydrolysis) was detected on T L C . 
The thermal reaction of 1 at 160 °C for 8 h gave a 

mixture of aniline-2- (4) and 4-sulfonate (5) (57%)10> 
and aniline-2,4-disulfonate (+2,6-disulfonate) (26%) j11) 
neither 2 nor 3 was detected in the product. 

In no run was any evidence obtained for the forma­
tion of aniline-3-sulfonic acid {meta- compound). 

2,3-Dimethylanilinium Butylamidosulfate (6). 
Thermal reaction of 6 (120 °C, 8 h) gave (2,3-dimethyl-
phenylamido) sulfate (7) in an 8 5 % yield (Table 1). 
The amount of JV,ring-disulfonate(s) (8) was negligibly 
small. The reaction at 140 °G for 8 h gave a mixture of 
7 (13%), 8 (11%), 2,3-dimethylaniline-4-sulfonate (9) 
(27%), 2,3-dimethylaniline-6-sulfonate (10) (12%), 
and 2,3-dimethylaniline-4,6-disulfonate (11) (33%). 12> 

Reaction of 6 at 160 °G for 8 h produced a mixture of 
9 (5%), 10 (32%), and 11 (56%). T h e structure of 9 was 
established by direct comparison of its I R spectrum, R{ 

value (TLC), and melting point with those of an 
authentic sample prepared umambiguously (see Experi­
mental section). 

I t is interesting to note here tha t increasing reaction 
temperature tends to increase the ratio of 10 : 9 (0.52 : 1 
at 140 °C and 1.82 : 1 at 160 °C, respectively13)). 

2,4-Dimethylanilinium Butylamidosulfate (12). T h e 
reaction of 12 at 120 °C for 8 h gave (2,4-dimethyl-
phenylamido)sulfate (13) in a 9 3 % yield. 2,4-Dimethyl-
aniline-6-sulfonate (14)14> and 2,4-cUmethylaniline-iV,6-
disulfonate (15) were also formed in small amounts. O n 
the other hand, the thermal reaction of 12 at 160 °C 
for 8 h gave 14 in a 74% yield, together with 13 and 15. 

2,5-Dimethylanilinium Butylamidosulfate (16). T h e 
reaction of 16 at 100 °C for 8 h gave (2,5-dimethyl-
phenylamido)sulfate (17) in a 9 1 % yield. In contrast, 
the reaction at 120 °C for 8 h produced 2,5-dimethyl-
aniline-4-sulfonate (18) (43.5%), and 2,5-dimethyl-
aniline-iV,4-disulfonate (19) (16%), together with 17 
(32%). T h e reaction of 16 at 160 °C for 8 h 
yielded 18 predominantly; isomeric 2,5-dimethylaniline-
6-sulfonate was formed in a small quanti ty (TLC). It 
should be noted that most of 19 remained unchanged 
and no trace of 2,5-dimethylaniline-4,6-disulfonate (20) 
was detected even at 160 °C. This fact indicates that 
the introduction of a sulfonate group into the 6 position 
of 18 is highly sterically hindered. This position is 
flanked by an amino and a methyl groups. Moreover, a 
buttressing effect of both 2-methyl and 4-sulfonate 
groups is operative (see also under the headings "3,5-
dimethylanilinium butylamidosulfate" and "2,4,5-tri-
methylanilinium butylamidosulfate"). 

2,6-Dimethylanilinium Butylamidosulfate (21). In 
marked contrast with any other anilinium salt studied, 
21 was thermally very unstable and showed a great 
tendency to dissociate into 2,6-dimethylaniline and 
butylamidosulfuric acid (even at room temperature) . 15) 
Evidently this tendency is ascribable to B strain arising 
from the salt formation.16) 

It is to be expected that transsulfonation of 21 occurs 
much more readily than that of the other anilinium 
salts studied, because the transsulfonation of 
R N H S 0 3 - R ' N H 3 + is believed to involve a preequilib-
r ium thermal dissociation into the reacting species 

(RNH 2 +S0 3 - ) and the substrate amine (R 'NH 2 ) 
followed by a rate-determining transfer of a sulfonate 
group from R N H 2 + S 0 3 " to R 'NH^ 1 ) In fact, heating 
at 110 °C for as short as 30 min brought about ca. 9 0 % 
transsulfonation.17) The reaction for 2 h at the same 
temperature gave a mixture of (2,6-dimethylphenyl-
amido)sulfate (22) (66%), 2,6-dimethylaniline-iV,4-
disulfonate (23) (21%), 2,6-dimethylaniline-4-sulfonate 
(24) (7%) , and as little as 6 % of the starting salt 21 . 
Heat ing at 110 °C for 8 h gave 24 in a 4 4 % yield, in 
addition to 22 (38%) and 23 (15%). 

When 21 was heated at 160 °C for 8 h, 24 was pro­
duced in a 9 0 % yield. 22 disappeared almost completely 
(only a trace on T L C ) . No meta-isomer, 2,6-dimethyl-
aniline-3-sulfonate, was detected. 

Nitration of 2,6-dimethylaniline (25) and its N-acetyl 
derivative (26) with nitric acid or with mixed acid is 
known to occur exclusively at the meta position.18) This 
anomalous behavior has been attr ibuted to the steric 
inhibition of resonance.19) The situation, however, is 
more complex, because bromination of 25 both in 
hydrobromic acid and in glacial acetic acid and chlorina-
tion of 25 in glacial acetic acid have been reported to 
give the 4-substituted compounds.20) Bromination of 
26 in hydrobromic acid leads to the formation of the 
3-bromo derivative, whereas the bromination in glacial 
acetic acid gives a mixture of the 3- and the 4-isomers.20) 

These facts led us to examine the orientation of 
sulfonation of 25. O u r experiments showed that the 
"baking" of 2,6-dimethylanilinium hydrogensulfate in 
o-dichlorobenzene21) yields 24 as the sole product, while 
the sulfonation with 2 5 % oleum gave the m<?ta-isomer 
(27) as the main product and, in addition, minor 
amounts of 24 and (a) disulfonic acid(s). 27 was also 
produced by reaction of 26 with C1SÖ3H22) and sub­
sequent hydrolysis of the acetyl group. 

T h e structure of 24 was established both by direct 
comparison with an authentic material prepared from 
2-nitro-4,6-dimethylaniline and by chemical conversion 
of 24 to 3,5-dimethylbenzenesulfonic acid (see Experi­
mental section). 

Unlike the other JV,ring-disulfonates, 23 failed to give 
the bis(tetraphenylphosphonium) salt; therefore, 23 was 
isolated and characterized as the dipotassium salt 
(Table 5). Its structure was proved by acid hydrolysis 
to 24. 

3,4-Dimethylanilinium Butylamidosulfate (28). 
Thermal reaction of 28 at 120 °C for 8 h gave (3,4-
dimethylphenylamido)sulfate (29) in an 8 5 % yield. 
Additionally, 3,4-dimethylaniline-iV,6-disulfonate (30) 
(18%) was formed. No 3,4-dimethylaniline-6-sulfonate 
(31) was detected (TLC) . 

O n the other hand, the reaction at 160 °C for 8 h 
produced 31 in a high yield. 29 and 30 were also 
formed in small amounts. No isomeric 3,4-dimethyl-
aniline-2-sulfonate was found in the product. 

3,5-Dimethylanilinium Butylamidosulfate (32). 
When heated at 110 °C for 8 h, anilinium salt 32 
readily underwent transsulfonation to give (3,5-dimeth-
ylphenylamido)sulfate (33) in a 77% yield, but the 
subsequent rearrangement of 33 to 3,5-dimethylaniline-
2-sulfonate (34) proceeded with difficulty and incom-
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TABLE 1. THERMAL REACTIONS OF ANILINIUM SALTS OF BUTYLAMIDOSULFURIC ACID, w-BuNHS03-ArNH3
+ ft) 

Ar 
Temperature 

°C 

Product composition (mol %) 

n-BuNHSO,- ArNHSO,- Ar(NHS03-)-
(SO3-) 

Ar(NH2)-
(SO3-) 

Ar(NH2). 
(SO,-). 

2,3-Dimethylphenyl 

2,4-Dimethylphenyl 

2,5-Dimethylphenyl 

2,6-Dimethylphenyl 

3,4-Dimethylphenyl 

2,4,5-Trimethylphenyl 

2,4,6-Trimethylphenyl 

120 
160 
120 
160 
100 
120 
160 
110c) 

110 
120 
160 
120 
160 
130b) 

160 
120c3 

120 
120« 
160 
e) 

1.9 
5 
1 
0 

10 
9 
2 
0 
5.2 
9.5 

84.7 
1.1 

92.7 
14.8 
90.8 
31.9 
trace 
66.2 
37.8 

5.4 
trace 
84.7 

3.0 
98.3 
80.2 
90.2 
74.3 
93.7 
70.3 
69.7 

2.2 
trace 

2.2 
4.0 
4.5 

16.0 
15.0 
21.4 
14.8 
26.5 

7.9 
10.0 
7.9 
1.7 
1.6 
0.4f> 

23.1° 
0 

19.4° 
6.1» 

3.7 
96.8*> 
2.2 

74.1 
trace 
43.5 
83.8 

6.8 
44.3 
61.8 
90.2 
0 

87.3 
0 
7.8 
0 
0 
0 
0 
0 

1.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

a) Reaction time: 8 h. b) Reaction time: 4 h. c) Reaction time: 2 h. d) 2,4,6-Trimethylaniline was used as a reaction 
medium, e) The reaction was carried out in boiling 1,3,5-trimethylbenzene. f) (2,4,6-Trimethylphenylimido)bis(sulfate). 
g) A combined analytical yield of 2,3-dimethylaniline-4- and 6-sulfonate and 4,6-disulfonate. 

"100 120 140 160 

Temperature /°C 
Fig. 2. Thermal reaction of 3,5-dimethylanilinium 

butylamidosulfate. Reaction time 8 h. 
O : *-C4H9NHS03-, * : Me2C6H3NHS03-, © : Me2C6-
H2NH2(SO3-),0:Me2C6H2(NHSO3-)(SO3-) X :S04

2- . 

pletely (see Fig. 2). Even after heating of 32 at 180 °C 
for 8 h, 33 was the main product (54%) ; 3,5-dimethyl-
aniline-2-sulfonate (34) (14%), 3,5-dimethylaniline-iV, 
2-disulfonate (35) (22%), and 3,5-dimethylaniline-2,6-
(?)-disulfonate (a trace amount) were the minor 
products. T h e reaction at 200 °C gave rise to conside­
rable decomposition. 

I t is particularly noteworthy that the sulfonation 
occurred almost exclusively at the ortho position, the 
/>ara-isomer, 3,5-dimethylaniline-4-sulfonate (36) being 
formed in trace amounts.23) 

These results show that the transfer of the sulfonate 
group to the aromatic ring is very subject to steric 
hindrance. Such preferential or exclusive sulfonation at 
a less hindered ortho- or jtara-position (as observed 
with 16, 28, 32, and 37) may be explained in terms of 

the steric requirements of the attacking species.24) 
To determine the position of the sulfonate group in 34 

we carried out the deamination of 34; thus, diazotiza-
tion followed by reduction with NaBH 4 in methanol 
gave m-xylene-4-sulfonic acid. The structure of 34 was 
proved additionally by direct comparison with a sample 
prepared via an unambiguous route outlined below: 

X X X ~" X3 W' C^ 

The structure of 35 was confirmed by acid hydrolysis to 
34. 

A fourth component was isolated chromatographically 
in only a trace. This substance, which had the smallest 
Rf value on TLG, seemed to be 3,5-dimethylaniline-iV,4-
disulfonate, because this compound underwent hy­
drolysis on heating with dil HCl to give a spot corre­
sponding to 36. 

2,4,5- Trimethylanilinium Butylamidosulfate (37). 
This salt, when heated at 130 °G for 4 h, yielded (2,4,5-
trimethylphenylamido)sulfate (38) in an almost quanti­
tative yield. 2,4,5-Trimethylaniline has one available 
position ortho to the amino group. This position, 
however, is highly sterically hindered by 1-amino and 
5-methyl substituents. In addition there seems to be a 
"buttressing" effect of 2- and 4-methyl substituents. 

In accord with this view, 38 rearranged to 2,4,5-
trimethylaniline-6-sulfonate (39) with muth difficulty; 
thus, the thermal reaction of 37 at 160 °C for 8 h gave a 
mixture of the starting salt 37 (10.5%), 38 (80%), and 
39 (9.4%).25) There was no evidence of the formation of 
either (2,4,5-trimethylphenylimido)bis(sulfate) or 2,4,5-
trimethylaniline-iV,6-disulfonate. 
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2,4,6- Trimethylanilinium Butylamidosulfate (40). 
This salt had some tendency to dissociate to 2,4,6-
trimethylaniline (41) and butylamidosulfuric acid (42) 
at room temperature; consequently, 40 readily under­
went transsulfonation to give (2,4,6-trimethylphenyl-
amido) sulfate (43). Since 41 has no reactive site in 
the ring, any ring-sulfonated product cannot be formed. 
Deficiency of substrate amine 41 in the reaction mixture 
(caused by condensation of 41 on the cool wall of the 
reaction vessel) led to the formation of a new compound, 
(2,4,6-trimethylphenylimido) bis (sulfate) (44) in yields of 
19—23% (Table 1). This is the first example of 
isolation of an arylimidobis (sulfate) from such reactions. 
44 could also be obtained in an almost quantitative 
yield by fusion of an equimolar mixture of butylammo-
nium (2,4,6-trimethylphenylamido) sulfate 43 and 42 
(Scheme 2).26> 

n-BuNHSCV 2,4,6-Me3C6H2NH3
+ <=± 

40 

(n-BuNHS03H =̂-»> n-BuNH2
+S03") 

42 

+ 2,4,6-Me3C6H2NH2 

41 

41 + 42 <=£ 2,4,6-Me3C6H2NHS03-n-BuNH3
+ 

43 

42 + 43 «=± 2,4,6-Me3C6H2N(S03-n-BuNH3
+)2 

44 

Scheme 2. 

When the thermal reaction of 40 was carried out in 
41 or 1,3,5-trimethylbenzene as reaction medium, the 
formation of 44 was suppressed. 

Mechanistic Considerations. The thermal reactions 
of amine salts of amidosulfuric acids (RNHS0 3 -R'NH 3 +) 
are characterized by the initial thermal dissociation into 
the free acid (RNHS0 3 H) and the salt-forming base 
(R'NH2).27) The degree of dissociation, of course, 
depends greatly on the basicity of R'NH 2 ; a decrease 
in the basicity ofR'NH2 favors the dissociation(Scheme 1). 

Transsulfonation. There was no significant differ­
ence in the rate of transsulfonation among the anilinium 
salts examined except 2,6-dimethylanilinium and 2,4,6-
trimethylanilinium butylamidosulfates. Evidently, in 
these two cases relief of B strain favors the dissociation. 

It has been proved that free amidosulfuric acids exist 
as zwitterions (RNH2+S03~) at least in the solid 
state;2»28) the zwitterionic form is believed to be the 
reactive species.1»2) 

There are two possible mechanisms for the transfer 
of a sulfonate group from the zwitterionic amidosulfuric 
acid to the substrate amine. One involves rate-deter­
mining thermal cleavage of the N - S bond to give the 
parent amine and S 0 3 (Eq. 1), followed by an electro-
philic attack of S 0 3 on the substrate (Eq. 2). The 
other involves a bimolecular nucleophilic substitution 
at the tetracoordinate sulfur atom (Eq. 3). 

It should be noted that the transsulfonation occurs in 
the molten state (viz., non-solvolytic conditions) at such 

Unimolecular Transsulfonation. 
ative mechanism) 

A 

w-BuNH2 + S0 3 
slow 

(iS^l-type dissoci-

(1) 

ArNH2 + S 0 3 
fast 

(ArNH2
+S03- ,-=± ArNHS03H) 

M-BUNH, 

ArNHSO, 
fast 

n-BuNH3
+ (2) 

Bimolecular Transsulfonation (£N 2-type mechanism) 

+ ArNH2 ?=± n-BuNH2
+S03-

n-BuNH2 

O" 
i s+ 

/, 
o 

S..-NH2Ar 

O 

V*-BuNH3
+ (3) 

pentacoordinate transition state 

n-BuNH2 + ArNH2
+S03- -«± ArNHS03 

low temperatures that the zwitterion, w-BuNH2
+S03~, is 

quite stable. As an example may be cited the fact that 
the transsulfonation of 2,6-dimethylanilinium butyl­
amidosulfate (21) proceeds very rapidly at 110 °G 
(90% conversion of 21 occurred in 30 min at this 
temperature). The gas-phase reaction between sulfur 
trioxide and an amine such as trimethylamine is very 
exothermic.29) These two facts suggest that, under 
"non-solvolytic" conditions, the dissociative process may 
be unlikely, whereas the latter process involving syn­
chronous bond-forming and bond-breaking in the 
transition state is much more likely from the energetical 
point of view. It has been reported that iV-substituted 
amidosulfate salts undergo acid-catalyzed hydrolysis 
mostly by an A-2 type mechanism (involving a bimolec­
ular nucleophilic attack of water in the transition state) 
(Eq. 4).2) It has also been suggested that the catalytic 

R ^ N S O , RWNH+SCV 

H ,0 

slow 
R1R2NH2

+HS04- (4) 

sulfation of 1-hexadecanol with amidosulfuric acid in 
the presence of D M F may involve the formation of a 
D M F - S 0 3 complex by an £N2 mechanism (Eq. 5).30) 

NH 3
+ S0 3 - + DMF 

slow 
NH3 + DMF.S0 3 

ROH 
ROS03-NH4

+ (5) 

Further, the rates of sulfation of eleven alcohols with 
tt-Bu3N

+-S03~ have been measured and an 5'N2-type 
mechanism has been proposed (Eq. 6).31> 

O 
+ RO- - - -n-Bu3N+S03 n-Bu3N-S.. . -OR 

O o 
• ROS0 3 - + n-Bu3N (6) 

Rearrangement. There are at least three possible 
mechanisms to be considered for the rearrangement.32) 

(a) Intramolecular Pathway. Any mechanism which 
does not involve the N - S bond cleavage before a ring-
sulfonation, encounters geometrical difficulties; that is, 
direct transfer of the sulfonate group from the amino 
nitrogen to the jfazra-position of the ring is improbable 
because of the large distance which would have to be 
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spanned in the transition state.33) 
In order to account for the intramolecularity of the 

nitramine rearrangement , Dewar has proposed a n-
complex mechanism involving initial cleavage of the 
N - N 0 2 bond, followed by a series of 1,2-shifts via n-
complex intermediates.34) T h e very ready rearrange­
ment of butylammonium (2,6-dimethylphenylamido)-
sulfate (22) to 2,6-dimethylaniline-4-sulfonate (24) could 
not be accounted for by this scheme, because the migra­
tion of the sulfonate group passing through the ring 
to the j&ara-position should be highly sterically hindered 
(Fig. 3). 

H 0" 

H3V / V ° 

,avo 

Fig. 3. (2,6-Dimethylphenylamido)sulfuric acid zwitter-
ion. 

Hughes and coworkers proposed the "car twheel" 
mechanism in order to explain the intramolecular 
migration of the nitro group from the amino nitrogen 
to the jtara-position in the ring.35) If a similar mechanism 
were to operate, the amidosulfuric acid rearrangement 
could be written as follows: 

NH/SQf NH2 SOf 

45 

u 
46 

NH2 

SO3-

This mechanism seems unlikely from the following 
reasons. First, there is neither evidence nor analogy for 
such initial isomerization of 45 to JV-phenylhydroxyl-
amine-0-sulfite (sulfitoamine), 46.36) Secondly, 46, a 
postulated intermediate in the reaction of iV-phenyl-
hydroxylamine with SO a , has neither been isolated nor 
characterized. 

It should be noted that the formation of disulfonated 
products does not eliminate the possibility of an intra­
molecular process, because a sulfonate group exchange 
between an arylamidosulfate and an aniline occurs very 
rapidly in the presence of the anilinium chloride 
(Eq. 7).37> 

ArNHSCV + Ar'NH, ArNH2 + Ar'NHSCV (7) 

(b) Sx2-type Intermolecular Pathway : A second possible 
mechanism is an 61

N2-type intermolecular pathway 
involving a nucleophilic at tack by a substrate amine 
at the tetracoordinate sulfur a tom of the zwitterion 
(ligand-exchange) to form (a) o- complex (es) leading to 
ortho and/or para sulfonates (Eq. 8). 

H 0" W 2 NH2 NHz, NH2 

u n A X H 0 0 

NH2 

r^rS03"n-BuNH3+ 

H 5O3-
NH2 

S03
_n-BuNH3* 

(8) 

(c) Sxl-tj>pe Intermolecular Pathways : A third possible 
mechanism is an 6V-type intermolecular process, which 
involves a unimolecular thermal cleavage of the zwit­
terion, A r N H 2

+ - S 0 3 ~ , to the substrate aromatic amine 
(ArNH2) and SO a molecule. The latter species attacks 
at the ortho- and/or />öra-position(s) in the substrate 
(Eq. 9). 

NH2*503" NH2 Wz 
(o) J A (o) • so3 -

NH2 

^-SOfn-BuNHs* , j g 

V+.TSQ3" • K+'M 
n-BuNHb 

(9) 
S03"n-BuNH3* 

It is well known that , in marked contrast with 
amidosulfuric acid itself and its iV-alkyl derivatives, 
arylamidosulfuric acids are very unstable and have a 
great tendency to undergo a hydrolytic and thermolytic 
N - S bond cleavage.38) Further, it should be emphasized 
that (a) the composition of the product formed in the 
rearrangement of anilinium butylamidosulfate (160 °C, 
8 h) closely resembled that of the product obtained by 
heating free phenylamidosulfuric acid, C 6 H 5 NH 2 +S0 3 - , 
in dioxane at 100 °G for 30 min (in the solid state)28) 
and (b) in no case was any meta-sulfonated product 
detected. 

These facts support the .S^l-type intermolecular 
mechanism (Eq.9). A mechanism whereby the sulfonate 
group is transferred directly from the amino nitrogen 
to the ortho- and/or /xzra-position(s) of another molecule 
(Eq. 10) is excluded. If this mechanism were operative, 
one would expect meta substitution (positively charged 
nitrogen) ,3) 

NH2*S03- NH2
+S03- NH,* NH2*S03 

so-; 

NH3 

SO," 
(10) 

We suggested previously1) that the transsulfonation 
and the rearrangement may occur concurrently. 
However, in the present study we have found that the 
former process proceeds much more rapidly than the 
lat ter; therefore, it seems more likely that both processes 
proceed consecutively. 

Orientation of Ring Sulfonation. In marked con­
trast to the transsulfonation, the rearrangement was 
very subject to steric h indrance; viz., both the ease and 
the orientation of the rearrangement were governed by 
steric factors. Relief of the steric strain around the 
amido-nitrogen markedly accelerated the rearrangement 
as observed with 2,6-dimethylanilinium butylamido­
sulfate. Two methyl substituents ortho to the reactive 
site hindered the introduction of a sulfonate group as 
observed typically with 3,5-dimethylanilinium butyl­
amidosulfate. Moreover, a buttressing effect of 2- and 
4-methyl substituents may operate. Thus, 2,4,5-
trimethylanilinium butylamidosulfate underwent trans­
sulfonation as rapidly as the other anilinium salts, but 
the subsequent rearrangement was very much retarded. 
T h e absence of 3,4-dimethylaniline-2-sulfonate in the 
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NH2 

-(e)- - ( ér CH3 

CH3 

CH3 

NH2 C H r t è r C H 3 

t 

NH2 NH2 

CH3 T 

NH2 NH2 NH2 

^ C H a CH3V^CH3 C H 3 V 
CH3 Î CH3 

CH-

NH2 

t 

NHSO3 

NH2 

C H 3 l O ) ~ C H 3 

CH3 

NH2 NHS 

4B - „ 4 
NHSO3" 

—• indicates the position where sulfonation occurs. 

—¥ indicates the position where sulfonation occurs (almost) 

exclusively. 

--• indicates the position where sulfonation occurs to only 

a small extent. 

Fig. 4. The orientation of ring sulfonation. 

product of the rearrangement of 3,4-dimethylanilinium 
butylamidosulfate is also ascribable to this effect. 

Formation of N, Ring-disulfonates. Deficiency of the 
substrate aniline caused by the partial condensation 
of the dissociated amine on the cool part of the reaction 
vessel gave rise to the formation of disulfonates com­
pounds. Thus, the thermal reaction of 1 gave aniline-
iV,4- (3) and 2,4-disulfonates in addition to aniline-2-
and 4-sulfonates and phenylamidosulfate (Fig. 1). 
No trace of the iV,2-disulfonate was found in the product 
mixture. In contrast, the same reaction of 32 yielded 
3,5-dimethylaniline-iV,2-disulfonate (35), together with 
(3,5-dimethylphenylamido) sulfate and 3,5-dimethyl-
aniline-2-sulfonate. 4-Sulfonate (36) and JV,4-disulfonate 
(47) were formed in only traces. 

There are three possible pathways to an N,ring-
disulfonate : ( 1 ) iV-sulfonation of a ring monosulfonate 
(route a) ; (2) ring sulfonation of an arylamidosulfate 
(route b ) ; (3) rearrangement of an arylimidobis-
(sulfate) (route c) which could be formed by the N-
sulfonation of the corresponding arylamidosulfate 
(Scheme 3). 

The results described above can best be interpreted in 
terms of route a. T h e exclusive formation of 3 is 
accounted for by the preferential AT-sulfonation of 
aniline-4-sulfonate. The iV-sulfonation of aniline-2-
sulfonate must be sterically unfavored. If route b were 

SO3-

NHSO3-

S03" 

N(S03")2 

NHSO3" 

NHSO3 NHSO5-

R-^^R Jâr* A 
SO3-

R = H , CH3 

Scheme 3. 

to be followed, 47 should be formed instead of 35. 
Formation of 36 and 47 in only traces supports pathway 
b. Route c is unlikely, because this route is sterically 
unfavorable as compared with route a. 

Experimental 

General experimental details have been described previ­
ously.1) 

Material. Anilinium Salts of Butylamidosulfuric Acid (42) : 
These compounds were prepared simply by neutralization 
of the free acid (42) with an appropriate aniline in methanol.1) 

2,6-Dimethylanilinium and 2,4,6-trimethylamlinium salts 
were prepared as follows and immediately used fcr the reac­
tions : a large excess of the aniline was added to a methanol 
solution of 42 ; the mixture was evaporated in vacuo to give a 
slurry of the salt. This was filtered, washed with benzene, and 
dried in a desiccator (Table 2). 

Isolation and Identification of the Reaction Products. For 
details see Ref. 1. Amidosulfates were isolated by liquid 
chromatography (cellulose Whatman CF-11, dioxane-H20 
4 : 1 ) or by extraction with EtOH of the product mixtures 
obtained (as the sodium salts) from the reactions at lower 
temperatures. The crude amidosulfates thus obtained were 
readily purified and characterized as the tetraphenylphospho-
nium salts (Table 3). 

TABLE 2. ANALYTICAL AND SPECTRAL DATA FOR ANILINIUM SALTS 

OF BUTYLAMIDOSULFURIC ACID n-BuNHS03" ArNH3+ 

ArNH3+ Formula N(%) 
(Calcd) 

11.46 
(11.37) 
10.25 
(10.21) 
10.20 
(10.21) 
10.15 
(10.21) 
9.72 

(10.21) 
10.18 
(10.21) 
9.98 

(10.21) 
9.68 
(9.71) 
9.58 
(9.71) 

S(%) 
(Calcd) 

13.15 
(13.02) 
11.60 
(11.68) 
11.65 
(11.68) 
11.73 
(11.68) 
11.97 
(11.68) 
11.70 
(11.68) 
11.68 
(11.68) 
11.14 
(11.12) 
11.52 
(11.12) 

vNH 

3280 

3210 

3260 

3268 

3260 

3240 

3224 

3240 

3260 

*>sso3-

1048 

1026 

1026 

1024 

1033 

1044 

1038 
1027 
1069 

1051 

>pc\,tia. \i 

*asS03-

1187 
1229 
1147 
1231 
1156 
1235 
1156 
1235 
1161 
1236 

1170 

1232 
1160 
1233 
1186 
1229 

'/^ni ) 

Other prominent bands 

748, 683 

912, 880, 769, 705 

916, 876, 807, 720 

871, 828, 708 

890, 777, 706 

807 

917,855,756—746,684 

918, 876, 735 

858 

Anilinium 

2,3-Dimethylanilinium 

2,4-Dimethylanilinium 

2,5-Dimethylanilinium 

2,6-Dimethylanilinium 

3,4-Dimethylanilinium 

3,5-Dimethylanilinium 

2,4,5-Trimethylanilinium 

2,4,6-Trimethylanilinium 

C6H18N203S 

C8-H22N20 3S 

C8H22N203S 

G8H22N203S 

C8H22N203S 

C8H22N203S 

C8H22N203S 

C9H24N203S 

C9H24N203S 



3054 Fujio KANETANI and Hachiro YAMAGUCHI [Vol. 54, No. 10 

Ar 

TABLE 3. ANALYTICAL AND SPECTRAL DATA FOR TETRAPHENYLPHOSPHONIUM AMIDOSULFATES,0 

ArNHS03-(C6H5)4P+, ISOLATED FROM THE THERMAL REACTIONS OF n-BuNHS03-ArNH3
+ 

IR spectra" (5/cm-1) 
Formula N(%) S(%) P(%) ^ 

(Calcd) (Calcd) (Calcd) pNH ^ ^ ^ ^ Q t h e r p r o m i n e n t b a n d s 

Phenyl 

2,3-Dimethylphenyl 

2,4-Dimethy lphenyl 

2,5-Dimethyl phenyl 

2,6-Dimethylphenyl 

3,4-Dimethylphenyl 

3,5-Dimethylphenyl 

2,4,5 -Trimethylphenyl 

2,4,6-Trimethylphenyl 

C30H26NO3PS 

C32H30NO3PS 

C32H30NO3PS 

C32H30NO3PS 

C32H30NO3PS 

C32H30NO3PS 

G32H30NO3PS 

C33H32N03PS 

C33H32N03PS 

2 
(2 
2. 

(2 
2 

(2 
2. 

(2 
2, 

(2. 
2 

(2 
2 

(2 
2, 

(2 
2. 

(2. 

72 
74) 

63 
60) 

65 
60) 

62 
60) 

58 
60Ï 

65 
60) 

56 
60) 

40 
53) 

38 
53) 

6.50 
(6.27) 
6.04 

(5.94) 
6.08 

(5.94) 
6.03 

(5.94) 
5.85 

(5.94) 
6.16 

(5.94) 
6.07 

(5.94) 
5.85 

(5.79) 
6.04 

(5.79) 

5.97 
(6.05) 
5.87 

(5.74) 

5.70 
(5.74) 

5.82 
(5.74) 
5.73 

(5.74) 
5.85 

(5.74) 
5.89 
(5.74) 
5.73 
(5.59) 
5.61 

(5.59) 

3260 

3308 

3280 

3260 

3236 

3216 

3240 

1039 

1033 

1037 

1035 

1036 

1036 

1037 

1029 

1033 

1210 
1227 
1210 
1225 
1206 
1225 
1188 
1231 
1208 
1228 
1205 
1226 
1203 
1227 

885 

921, 834, 807, 778 

937, 864, 837 

950, 857, 813 

875, 779, 745 

958, 868, 846, 816 

955, 844 

874 1217 
1200 
1218 864,847,819 

a) Melting points of these phosphonium salts 
the iV-sulfonate group and hence the definite 
phonium cation are omitted. 

depended greatly on the rate of 
values could not be obtained. 

heating, probably because of the lability of 
b) Absorbtions due to the tetraphenylphos-

TABLE 4. ANALYTICAL AND SPECTRAL DATA FOR HEXYLAMMONIUM SALTS OF AMINOBENZENESULFONIC ACIDS (I) 

ISOLATED FROM THE THERMAL REACTIONS OF rt-BuNHSO, ~ A r N H , + NFL 

R1 

S0 3 H 

H 

CH3 

CH3 

CH3 

CH3 

CH3 

H 

S0 3 H 

S0 3 H 

CH3 

CH3 

R2 

H 

H 

GH3 

CH3 

H 

H 

H 

CH3 

CH3 

H 

CH3 

H 

R3 

H 

S0 3 H 

S0 3 H 

H 

CH3 

S0 3 H 

S0 3 H 

GH3 

H 

S0 3 H 

S0 3 H 

CH3 

R4 

H 

H 

H 

H 

H 

CH3 

H 

H 

CH3 

H 

H 

H 

R5 

H 

H 

H 

S0 3 H 

S0 3 H 

H 

CH3 

S0 3 H 

H 

H 

S0 3 H 

CH3 

Mp/°C 

190—190.5 

141—142 

138.5—139.5 

172—173 

153—154 

178.5—179.5 

125—126.5 

214—216 

138—139a) 

137—138 

178—179 

— 

Formula 

C12H22N203o 

C12H22N203S 

C14H26N203S 

C14H26N203S 

C14H26N203S 

C14H26N203S 

G14H26N203S 

C14H26N203S 

C12H22N203Sa> 

Gi8H37N306S2 

C20H41N3OS2 

G9HnK2N06S2 
•H2O

b> 

N(%) 
(Calcd) 

10.13 
(10.21) 
10.15 

(10.21) 
9.30 

(9.26) 
9.15 

(9.26) 
9.22 

(9.26) 
9.28 

(9.26) 
9.06 

(9.26) 
9.31 

(9.26) 
10.25 

(10.21) 
9.31 

(9.22Ï 
8.60 

(8.69) 
3.55 

(3.61) 

R 4 / \ y \ R 2 
i 

R3 

(I) 

IR spectra (y/ 

S(%) ' 
(Calcd) vNH vßC>3 

11.66 3340 1015 
(11.68) 3408 1110 
11.55 1037 

(11.68) 1125 
10.51 

(10.60) 3352 1031 
10.53 3336 1038 

(10.60) 3428 1079 
10.48 

(10.60) 1031 
10.52 3340 

(10.60) 3410 1065 
10.59 3360 

(10.60) 3425 1034 
10.51 3340 

(10.60) 3420 1058 
11.64 3350 1012 

(11.68) 3430 1075 
14.00 1029 

(14.07) 3365 1090 
13.40 

(13.26) 1047 
16.52 1028 

(16.50) — 1079 

" vasso3-

1160 
1200 

1162 

1175 
1178 
1221 
1172 
1210 

1180 
1130 
1220 
1165 
1221 

1178 
1186 
1215 

1182 

cm-1) 

Other 
prominent 

bands 

748, 710 

822, 701 
650 
971,816, 711 

800, 750, 700 

870, 797, 745 
797, 728, 676 
978, 912, 866 

888, 750, 737 
725, 663 
985, 895, 868 

910, 830, 681 

817, 752, 691 
750, 699 
960, 878, 800 

1223,1194 
1284,1246 929, 730, 689 

a) Butylammonium sait, b) Dipotassium (2,4,6-trimethylphenylimido)bis(sulfate) monohydrate. 



October, 1981] Thermal Reactions of Aromatic Amine Salts of Butylamidosulfuric Acid 3055 

TABLE 5. ANALYTICAL AND SPECTRAL DATA FOR BIS(TETRAPHENYLPHOSPHONIUM) AMIDOSULFATES (II)&) 

ISOLATED FROM THE THERMAL REACTIONS OF W - B u N H S 0 3 " A r N H 3 + N H S 0 3 - P h 4 P + 

R \ JR.1 

•Ol 
R 4 / \ / \ R 2 

i 
R 3 

(II) 

R1 

H 

GH3 

GH3 

H 

so3-
Ph4P+ 

R2 

H 

H 

H 

CH3 

CH3 

R3 

so3-
Ph4P+ 

so3-
Ph4P+ 

S03K 

CH3 

H 

R4 

H 

CH3 

H 

H 

CH3 

R6 

H 

H 

CH3 

so3-
Ph4P+ 
H 

Formula 

C64H45N06P2S2 

C66H49N06P2S2 

C8H9K2N06S2
b> 

C66H49N06P2S2 

C66H49N06P2S2 

N(%) 
(Calcd) 

1.30 
(1.51) 
1.57 

(1.46) 
3.90 

(3.92) 
1.75 

(1.46) 
1.42 

(1.46) 

S(%) 
(Calcd) 

7.04 
(6.90) 
6.50 

(6.69) 
17.85 

(17.94) 
6.75 

(6.69) 
6.85 

(6.69) 

P(%) 
(Calcd) 

6.51 
(6.66) 
6.45 

(6.47) 

6.39 
(6.47) 
6.55 

(6.47) 

*>NH 

3250 

3245 

3225 

3240 

3230 

IR spectrac)(îï/cm-1) 

*8so3-

1026 

1048 
1076 

1041 

1035 

1032 

Other 
vasS03~ prominent 

bands 

1206 890,841 

1179 870,812,797 
1220 
1175 920,904,806 
1218 

865, 814 
1202 

841 
1211 

a) See footnote a) to Table 3. b) Dipotassium salt, c) Absorptions due to the tetraphenylphosphonium cation are omitted. 

Amino-monosulfonic acids were easily isolated by treatment 
with hydrochloric acid of the sodium salt mixtures obtained 
from the reactions at higher temperature. These acids were 
characterized as the hexylammonium or butylammonium 
salts (Table 4) . 

Sulfo-amidosulfates (N, ring-disulfonates) were isolated by 
liquid chromatography or by fractional precipitation with 
(C6H5)4PC1 from the disulfonate fractions (obtained as the 
insoluble residues of the foregoing ethanol extraction). The 
tetraphenylphosphonium amidosulfates were more soluble in 
acetone than the bis (tetraphenylphosphonium) N, ring-disul­
fonates ; hence, the former salts can readily be removed by 
washing the precipitate with a small volume of acetone. 
Disodium 2,6-dimethylaniline-iV,4-disulfonate could not be 
converted to the corresponding bis (phosphonium) salt by the 
double-decomposition method (Table 5). 

{2,4,6-Trimethylphenylimido)bis{sulfate) was isolated by liquid 
chromatography. Isolation was also achieved as follows: the 
product from the reaction of 40 (2 mmol, 120 °C, 8 h) was 
dissolved in water and the solution was passed through a column 
of Dowex 50W (K+ form). The eluate was evaporated to 
dryness and the residue was extracted three times with 99.5% 
ethanol. The residual solid [composed of potassium (2,4,6-
trimethylphenylamido) sulfate and dipotassium (2,4,6-tri-
methylphenylimido) bis (sulfate)] was then dissolved in water 
(3 ml) containing a few drops of aqueous K O H ; to this solution 
was added 60 ml of hot ethanol with vigorous stirring. The 
mixture was filtered immediately and the nitrate was left at 
room temperature overnight. The precipitate was collected 
by nitration; for further purification this was dissolved in hot 
water containing a few drops of aqueous K O H , and reprecipi-
tated with hot ethanol, giving the pure imidobis(sulfate) as 
colorless needles (Table 4) . 

Confirmation of the Structures of the Products Isolated from the 
Thermal Reactions. Deamination of 2,6-Dimethylaniline-4-
sulfonic Acid: The aminosulfonic acid [obtained from the 
thermal reaction (160 °C, 5 h) of 22] was deaminated by 
diazotization followed by reduction with NaBH 4 in M e O H 
(5—10 °C, 5 h),39) yielding m-xylene-5-sulfonic acid; this was 
converted to the sulfonamide, mp 133—134 °C (lit,40) 133— 
134 °C), mixed mp 132—133.5 °C.41> 

Deamination of 395-Dimethylaniline-2-sulfonic Acid: The 

aminosulfonic acid isolated from the thermal reaction (180 °C, 
8 h) of 33 was deaminated in the same way as described above. 
The product was identical with authentic m-xylene-4-sulfonic 
acid;42> its anilinium salt melted at 203—204 °C (lit,40) 197— 
199 °C); mixed mp 202.5—203.5 °C; IR: 1551, 1194 (SO,- ) , 
1168, 1089 ( S 0 3 - ) , 1018, 833 (2H), 746 (5H), and 680 (5H) 
c m - 1 . 

Proof of the Constitutions of Aniline-N,4-disulfonate and 3,5-
Dimethylaniline-'N,2-disulfonate. Disodium aniline-iV,ring-
disulfonate [obtained from the thermal reaction of 2 (110 °C, 
8 h)] was hydrolyzed by refluxing for 30 min with dil HCl. 
After cooling, the mixture was neutralized with Ba(OH) 2 , 
filtered, and the nitrate was passed through a column of 
Amberlite IR-120B (H+ form). The effluent was evaporated 
to dryness and the residual solid washed in a minimum 
quantity of ethanol. The product thus obtained gave a single 
spot on TLC. Its R{ value and IR spectrum were entirely 
in agreement with those of authentic aniline-4-sulfonic acid. 

In the same manner, acid hydrolysis of disodium 3,5-
dimethylaniline-iV,ring-disulfonate gave 3,5-dimethylaniline-
2-sulfonic acid, deamination of which yielded m-xylene-4-
sulfonic acid. 

Preparation of Authentic Compounds. (1) 2,3-Dimethylaniline-
4-sulfonic Acid:*z> Nitration of 2,3-Dimethylacetanilide:^*^ To 
a stirred solution of 2,3-dimethylacetanilide (mp 130—131 
°C) (8.0 g) in coned H 2 S 0 4 (20 ml) was added H N 0 3 (d 1.42; 
3.3 ml) at 5—10 °C over a period of half an hour. The 
mixture was poured into ice water (250 ml) and the precipitate 
was filtered, washed, and dried. 

2,3-Dimethyl-4-nitroaniline :44) The foregoing nitroacetanilide 
was hydrolyzed by refluxing for 1 h with 60% sulfuric acid 
(100 ml). The product (6.91 g) was chromatographed on 
silica gel by use of CCl4-acetone (15 : 1 v/v) as an eluent. 
The 4-nitro compound thus obtained was recrystallized from 
CC14; the pure product (2.48 g) melted at 114—115 °C (lit,46) 
115.5—116.5 °C). 

2,3-Dimethyl-4-nitro-l-benzenesulfonic Acid: 2,3-Dimethyl-4-
nitroaniline (2.2 g) was diazotized in the usual way and the 
excess of nitrous acid was destroyed with N H 2 S 0 3 H . The 
mixture was poured in one portion into a cold, saturated 
solution of S 0 2 (8.7 g) in CH 3 COOH to which a solution of 
CuCl2 (0.37 g) in water (0.80 ml) had been added. The 
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temperature was raised gradually to 40 °C. The mixture was 
stirred for 1 h at this temperature, then poured into water 
(150 ml), and neutralized carefully with a NaHC0 3 solution; 
the oily layer was extracted twice with benzene and the 
extract was washed with aqueous NaHC0 3 , dried, and concen­
trated in vacuo to give the crude sulfonyl chloride. A mixture 
of the sulfonyl chloride, 50% aq MeOH (15 ml), and Na 2 C0 3 

(0.60 g) was boiled for 1 h. The reaction mixture was 
evaporated and the residual solid was dissolved in water (10 ml), 
filtered, and evaporated to dryness. The residue was again 
dissolved in methanol (35 ml). After filtration, the filtrate 
was concentrated to give the sodium nitro-sulfonate. IR: 1517 
(N02) , 1356 (NO,), 1178(S03-) 1067 (SO,-), 1039, 828(2H), 
802, and 663 (SO,-) cm-1; £-(l-naphthylmethyl)isothiouro-
nium salt, mp 222—222.5 °C. 

2,3-Dimethylaniline-4-sulfonic Acid: The crude nitrosulfonate 
was reduced with activated iron powder (2.5 g). Work-up 
in the usual way gave the pure sulfonic acid as needles; IR: 
1503, 1206 (SO,), 1082, 1052 (SOa), 818 (2H), and 695 cm"1. 
Found: S, 14.58%. Galcd for C 8 H u N O , S . H 2 0 : S, 14.62%. 
The hexylammonium salt (from EtOH-AcOEt 1:2) melted at 
138.5—139.5 °C. Found: S, 10.51%. Calcd for C14H26-
N 2 0 3 S:S , 10.60%. 

(2) 2,5-Dimethylaniline-4-sulfonic Acid: Treatment of 2,5-
dimethylacetanilide (mp 138—139 °C, 1.0 g) with C1S03H 
(4.2 ml) (80 °G, 1 h)47> and subsequent recrystallization from 
C6H6-AcOEt(l : 1) gave N-acetyl-2,5-dimethylaniline-4-sulfonyl 
chloride (0.55 g); mp 159—160 °G (lit, 47)160°C), IR: 1660 
(CO), 1560 (NH„+), 1360 (SO,), 1275, 1121 (SO,), 895 (IH), 
and 829 cm-1. 

A mixture of the sulfonyl chloride (0.30 g), ethanol (1 ml), 
and coned HCl (5 ml) was refluxed for lh. After cooling the 
sulfonic acid was collected and recrystallized from H aO. IR: 
1219, 1083, 1055, 900, and 873 cm-1. Its hexylammonium 
salt melted at 178.5—179.5 °C. Found: S, 10.52%. Calcd 
for C14H2603N2S : S, 10.60%. The sulfonic acid was converted 
to its sodium salt, which was then refluxed for 1 h with Ac20 
in pyridine to give the N-acetyl derivative. Its p-toluidinium 
salt melted at 232—233 °C. The same JV-acetylated sulfonic 
acid was also prepared according to Junghahn's procedure.48) 

(3) 2,6-Dimethylaniline-3-sulfonic Acid: This acid was 
prepared by two methods. 

(a) Sulfonation of 2,6-Dimethylaniline with Oleum: To 25% 
oleum (32 ml) was added, drop by drop, 2,6-dimethylaniline 
(5.1 ml) and the mixture was heated for 4 h at 80—90 °C. 
The reaction mixture was poured on cracked ice and neu­
tralized with BaC03 . After removal of BaS04 the filtrate was 
concentrated and treated with coned HCl (5 ml), giving the 
3-sulfonic acid in a 30% yield. IR: 1607, 1185 (SO,-), 1044 
(SO,-), 822 (2H), 741, and 694 cm"1. 

(b) Chlorosulfonylation of 2,6-Dimethylacetanilide.i9> To 
ice-cooled ClSOaH (18.69 g) was added the acetanilide 
(3.00 g) with stirring. The mixture was stirred at 5 °C for 
15 min, then at 25 °C for 1 h, and finally at 40 °C for 10 
min, and poured on cracked ice, yielding the sulfonyl chloride. 
IR: 3290 (NH), 1665 (CO), 1505, 1367 (SO,), 1202, 
1168 (SO,), and 814 (2H) cm"1. The sulfonyl chloride was 
treated with coned ammonia, giving N-acetyl-2,6-dimethyl-
benzene-3-sulfonamide. Recrystallization from water gave the 
pure sulfonamide; mp 263—264°C. IR : 3345 (NH), 3235 
(NH), 1638 (CO), 1327 (SO,), 1120 (SO,), and 810 (2H) 
cm - 1 . The foregoing sulfonyl chloride was heated under 
reflux with coned HCl for 1 h to give the 3-sulfonic acid. 

(4) 2,6-Dimethylaniline-4-sulfonic Acid: This acid was pre­
pared by "baking" 2,6-dimethylanilinium hydrogensulfate in 
o-dichlorobenzene (180 °G, 6h).21»61> No isomeric 3-sulfonic 

acid was detected. IR: 1618, 1529, 1438, 1222, 1190, 1154, 
1111, 1045 (SO,-), 883 (IH), and 723 cm-1. 

(5) 3,4-Dimethylaniline-6-sulfonic Acid: This acid was pre­
pared in a 76% yield by baking 3,4-dimethylanilinium hydro­
gensulfate in o-dichlorobenzene (171—175 °C, 3 h).43'61>62> 
IR: 1603, 1553, 1502, 1258, 1167 (SO,-), 1048 (SO,-), 880 
(IH), 787, 732, and 660 cm-1. 

(6) 3,5-Dimethylaniline-2-sulfonic Acid: This compound 
was prepared by three different methods.43) (a) Synthesis via 
2,4-Dimethyl-6-nitroaniline: The procedure was almost the 
same as that for the synthesis of 2,3-dimethylaniline-4-sulfonic 
acid. 2,4-Dimethyl-6-nitroacetanilide, mp 171.5—172.8 °C 
(from H 2 0) (lit,63) 172 °C); 2,4-dimethyl-6-nitroaniline, mp 
67—68 °C (from CC14) (lit,64) 67—68 °C); potassium 4,6-
dimethyl-2-nitrobenzene-l-sulfonate, IR; 1529 (NO,), 1377 
(NO,), 1208 (SO,-), 1093, 1032 (SO,-), 852 (IH), and 773 
cm - 1 ; 3,5-dimethylaniline-2-sulfonic acid (from H ,0 ) , IR: 
1200 (SO,-), 1162, 1123, 1087, 1015 (SO,-), 866 (IH), and 
683 (SO, -) cm - 1 ; p-toluidinium N-acetyl-3,5-dimethylaniline-2-
sulfonate melted at 180.5—181.5 °C (from H , 0 ) , IR; 1662 
(CO), 1580 (amide), 1322, 1184 (SO,-), 1082, 1017 (SO,-), 
858 (IH), and 806 (2H). (b) Sulfonation of 3,5-Dimethylaniline 
with 100% Sulfuric Acid: Sulfonation of 3,5-dimethylaniline 
(2.5 g) with 100% H,S0 4 (3.0 g) (170 °C, 1 h) gave almost 
exclusively the 2-sulfonic acid (TLC, IR).56) (c) Sulfonation 
of 3,5-Dimethylaniline with Chlorosulfuric Acid: Sulfonation of 
3,5-dimethylaniline (2.0 g) with C1S03H (3.25 g) in 1,1,2,2-
tetrachloroethane (150 °C, 45 min)56) also gave the 2-sulfonic 
acid as the main product, together with the 4-sulfonic and 2,6-
( ? )-disulfonic acids. 

(7) 3,5-Dimethylaniline-4-sulfonic Acid: This acid was pre­
pared by chlorosulfonation of 3,5-dimethylacetanilide.67) The 
sulfonyl chloride obtained was moderately soluble in water 
unlike the normal sulfonyl chlorides and considerably sus­
ceptible to hydrolysis. Accordingly, this chloride was immedi­
ately converted to the corresponding sulfonamide, which melted 
at 230—231 °C after repeated crystallization from dil alcohol. 
IR: 3245 (NH), 1660 (C=0), 1593 (NH), 1543, 1319 (SO,), 
1150 (SO,), 872, 850, and 740 cm"1. 

The sulfonyl chloride was subjected to hydrolysis with 
aqueous K2CO, (100 °C, 1 h), followed by acidification to 
give the 4-sulfonic acid. IR: 1476, 1242 (SO,-), 1148, 1118, 
1080, 1003 (SO,-), 860 (IH), and 680 (SO,-) cm"1; the 
butylammonium salt melted at 168.5—170 °C. 

Formation of (2,4,6-Trimethylphenylimido)bis(sulfate) (44) by 
Reaction of (2,4,6-Trimethylphenylamido)sulfate (43) with Butyl-
amidosulfuric Acid (42). An intimate mixture of 43 
(0.56 g) and 42 (0.30 g) was heated at 120 °C for 4 h in an 
evacuated tube; the product was dissolved in aqueous KOH. 
The solution was evaporated to dryness; the residual solid 
was dissolved in hot water (8 ml) containing two drops of 
aqueous KOH. This solution was added, with vigorous 
stirring, to boiling 99.5% ethanol (100 ml). The precipitated 
crystals were collected, and dried. Its IR spectrum was 
completely in accord with that of the material isolated from 
the thermal reaction of 40. 
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The structure of alnuserrudiolone was corroborated to be ( 12/2,205)-12,20-dihydroxy-24-methylenedammaran-
3-one by the X-ray crystallography together with the 13G NMR and the high resolution mass spectral measurements. 

In connection with biochemical and physiological 
studies of pollination,1) we investigated chemical 
constituents of the male flowers of Alnus serrulatoides 
GALL. (Japanese name : Kawara-hannoki) and reported 
the isolation and the structure elucidation of new G31 

dammarane-type triterpenoids, alnuserol,2) alnuseric 
acid,3) and alnuselide.3) In advance of these reports, 
the isolation of a new G31 dammarane- type triterpenoid, 
alnuserrudiolone, had been communicated, and struc­
ture (1) had been proposed to this triterpenoid on the 
basis of chemical and spectroscopic studies.4) T h e 
structure has a feature of G31 dammarane- type triter­
penoid having an acyclic side chain, in contrast to the 
above-described triterpenoids with the side chain 
including a tetrahydrofuran ring. I t is, however, 
considered essential to establish the skeletal structure of 
1, because 1 has not been yet related to any compound 
having the well-defined structure. We, therefore, 
studied the structure of alnuserrudiolone by the X-ray 
crystallographic method together with the 13G N M R 
and the high resolution mass spectral measurements. 

Results and Discussion 

The male flowers of Alnus serrulatoides GALL, grown 
naturally on a river side were collected just before the 
flowering and immersed in acetone. An ether-soluble 
fraction of the acetone extract was subjected to chro­
matography using silica gel to give the sample of 
alnuserrudiolone (1), which showed completely the 
same physical (mp and optical rotation), spectral (IR, 
1H N M R , MS, and O R D ) properties, and chemical 
behaviors as described previously.4) 

The acyclic side chain and functional groups charac­
teristic of the previously-proposed structure (1) were 
first corroborated by measurement of 13G N M R and 
high resolution mass spectra. Comparison of the 13G 
N M R chemical shifts of 1 with those of the dammarane-
type derivatives2»5) indicated that 1 possesses a 
dammarane-type skeleton with a carbonyl group at the 
3-position (<5C 217.8), a secondary hydroxyl group on 
C-12 (<5C 70.5), and a tertiary hydroxyl group on C-20 
(<5C 73.6). T h e last two signals showed that the chirality 
at C-12 and C-20 is R and S, respectively.5) O n the 
other hand, the signals at ôc 156.5 and 106.2 indicated 
the presence of an acyclic side chain with a terminal 
methylene on C-24. This was further supported by the 
high resolution mass spectrum, which exhibited ions 
characteristic of such an acyclic side chain at mjz 
141.1280 and 123.1279,4»6»7) together with an ion 
derived from the 3-keto dammarane- type skeleton at 
m\z 205.1603.«) 

1 : R 1 = 0 , R. _ / " 
OH 

H 
2: R 1 =H 2 , R 2 = 0 

X>H 
4: R ^ H . , R a = / 

H 

TABLE 1. FINAL ATOMIC COORDINATES ( X 104) OF 2, WITH 

STANDARD DEVIATIONS IN PARENTHESES 

Atoms 

O(l) 
0(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 

X 

9963(19) 
7328(16) 

11293(34) 
11604(32) 
11780(37) 
9458(36) 
8521(34) 
6933(24) 
6066(26) 
7443(24) 
9070(26) 
9949(27) 

10433(22) 
9499(24) 
7956(19) 
6642(22) 
5065(24) 
5006(26) 
6978(25) 
7836(27) 

11035(35) 
7604(33) 
9619(26) 
6430(31) 
6927(35) 
5522(27) 
3993(39) 
4155(39) 
2362(39) 
8219(37) 
9167(43) 
6095(31) 
5756(41) 

y 
8721(13) 
5223(11) 
7677(23) 
7676(30) 
6285(25) 
6056(31) 
6498(28) 
5656(28) 
6145(25) 
6188(19) 
7057(18) 
6657(21) 
7208(18) 
7719(17) 
6947(17) 
6940(22) 
6315(22) 
6869(20) 
7311(19) 
4823(18) 
5326(25) 
6635(27) 
6803(24) 
7117(23) 
6540(29) 
6852(21) 
5931(31) 
4803(29) 
6397(29) 
6969(35) 
4671(20) 
8415(16) 
7694(28) 

z 
302(7) 

-1072(7) 
2902(16) 
3835(13) 
4512(14) 
4116(11) 
3317(14) 
3046(11) 
2316(12) 
1678(10) 
1921(10) 
2649(14) 
1293(9) 
590(10) 
319(9) 
964(10) 
559(12) 

—229(12) 
-406(12) 

1484(13) 
2630(13) 

-1116(10) 
-1226(11) 
-1807(11) 
-2528(12) 
-3155(12) 
-3083(17) 
-3749(18) 
-3131(26) 

4751(13) 
4275(13) 
1119(11) 

-3674(14) 

* e q / A 2 a ) 

6.6 
5.8 
8.1 
7.3 
7.9 
7.1 
7.7 
7.6 
7.5 
4.9 
3.6 
7.9 
3.6 
4.0 
3.4 
5.4 
6.2 
8.3 
5.8 
6.4 
8.3 
7.6 
6.7 
8.2 
8.3 
6.9 
8.7 
8.3 
9.1 
7.9 
8.1 
8.3 
8.5 

a) Jßeq=8^2(C/1+C/2+f/3)/3, where C/i, U2, and Uz are 
the principal components of U matrix. 
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TABLE 2. INTERATOMIC DISTANCES (//Â) OF 2, WITH 

STANDARD DEVIATIONS IN PARENTHESES 

TABLE 4. FINAL ATOMIC COORDINATES ( X 104) OF 3, 

WITH STANDARD DEVIATIONS IN PARENTHESES 

C(l)-C(2) 

C(l)-C(10) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 

C(4)-C(28) 
C(4)-C(29) 

C(5)-C(6) 

C(5)-C(10) 
C(6)-C(7) 

G(7)-G(8) 
C(8)-C(9) 
G(8)-C(14) 

C(8)-C(18) 
C(9)-C(10) 
C(9)-C(ll) 
C(10)-C(19) 
C(ll)-C(12) 

1.67(3) 

1.56(3) 
1.60(4) 
1.60(4) 

1.61(3) 
1.60(4) 

1.49(3) 
1.52(3) 
1.61(3) 
1.56(3) 
1.54(3) 

1.55(2) 
1.61(2) 

1.47(2) 
1.57(2) 
1.48(2) 
1.54(3) 
1.52(2) 

C(12)-C(13) 
C(12)-0(l) 
C(13)-C(14) 

C(13)-C(17) 
G(14)-C(15) 

C(14)-C(30) 
C(15)-C(16) 
C(16)-C(17) 

C(17)-C(20) 
C(20)-C(21) 
C(20)-C(22) 

C(20)-O(2) 
C(22)-C(23) 
C(23)-C(24) 
C(24)-C(25) 
C(24)-C(31) 
C(25)-C(26) 
C(25)-G(27) 

1.48(2) 
1.23(2) 
1.51(2) 
1.53(3) 

1.54(2) 
1.59(2) 
1.64(3) 

1.59(2) 

1.49(2) 
1.54(3) 

1.60(3) 

1.47(2) 
1.44(3) 
1.57(3) 
1.46(3) 
1.21(3) 
1.42(4) 
1.60(3) 

TABLE 3. BOND ANGLES (0/°) OF 2, WITH 

STANDARD DEVIATIONS IN PARENTHESES 

C(2)-C(l)-C(10) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
G(3)-G(4)-C(5) 

C(3)-C(4)-G(28) 
C(3)-C(4)-C(29) 
C(5)-C(4)-C(28) 

G(5)-C(4)-C(29) 
G(4)-C(5)-C(10) 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(7) 

C(6)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(7)-C(8)-C(14) 

C(7)-C(8)-G(18) 
C(8)-C(9)-C(10) 
C(8)-G(9)-C(ll) 

C(9)-G(10)-C(19) 

C(9)-C(ll)-C(12) 
C(ll)-C(12)-C(13) 

C(l l)-C(12)-0(1) 

C(13)-C(12)-0(l) 
C(12)-C(13)-C(14) 

111(2) 
129(2) 
102(2) 
131(2) 
100(2) 
101(2) 
103(2) 
113(2) 
109(2) 

116(2) 
114(2) 

109(2) 
111(1) 
108(1) 
107(1) 

116(1) 

115(2) 
115(1) 

112(1) 
115(1) 
120(1) 

125(1) 

116(2) 

C(I2)-C(13)-C(17) 
C(14)-C(13)-C(17) 
C(13)-C(14)-C(15) 
G(13)-C(14)-C(8) 

C(13)-C(14)-C(30) 
C(14)-C(15)-C(16) 
C(15)-C(16)-C(17) 

C(16)-C(17)-C(13) 
C(16)-C(17)-C(20) 

C(17)-C(20)-C(21) 
C(17)-C(20)-C(22) 

C(17)-C(20)-O(2) 
C(21)-C(20)-O(2) 
C(22)-C(20)-O(2) 
C(21)-C(20)-C(22) 
C(20)-C(22)-C(23) 
C(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 

G(23)-C(24)-C(31) 
G(25)-C(24)-C(31) 

C(24)-C(25)-C(26) 
C(24)-C(25)-C(27) 
C(26)-C(25)-C(27) 

121(2) 
100(1) 
109(1) 
110(1) 
108(1) 

106(2) 
96(2) 

111(2) 
111(1) 

113(1) 
109(1) 

110(1) 
105(1) 
104(1) 

116(1) 

115(2) 
112(2) 
111(2) 

124(2) 
125(2) 
125(2) 

127(2) 
108(2) 

0(1) 

C(2) 

C(3) 

C(28) 

Atoms BJk 2 a) 

Br 
O(l) 
0(2) 
0(3) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C( l l ) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
G(19) 
C(20) 
C(21) 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
C(30) 
C(31) 

1029(4) 
5727(23) 

-1003(18) 
-1492(16) 

3223(24) 
4326(31) 
5559(27) 
6536(28) 
5344(26) 
6258(27) 
4998(30) 
3717(25) 
2962(21) 
4267(21) 
1633(21) 
236(23) 

1074(23) 
2221(22) 
2650(27) 
994(31) 

-164(28) 
4734(26) 
5287(25) 

-778(32) 
-2209(31) 

621(35) 
-160(38) 

-1026(31) 
-2604(31) 
-3485(32) 
-3973(42) 

8064(26) 
7112(30) 
1406(28) 
258(29) 

2164(2) 
8986(12) 
4085(11) 
1846(10) 
7118(16) 
8189(18) 
8156(21) 
7044(19) 
5993(17) 
4828(18) 
3826(18) 
3756(16) 
4984(15) 
5970(14) 
4900(15) 
4066(14) 
2859(15) 
2935(17) 
1630(18) 
1091(19) 
1818(16) 
3270(16) 
5906(16) 
1095(16) 
271(18) 
454(16) 
372(17) 

1533(15) 
1573(26) 
2718(18) 

712(26) 
7055(21) 
7067(22) 
3308(20) 
2441(14) 

2091(8) 
4576(5) 
3435(4) 
3245(4) 
3946(6) 
3982(8) 
4358(6) 
4437(6) 
4360(5) 
4396(6) 
4471(6) 
4095(5) 
4010(5) 
3949(5) 
3657(5) 
3780(6) 
3842(5) 
4230(5) 
4280(7) 
4274(7) 
3955(6) 
3702(6) 
3529(6) 
3572(6) 
3712(8) 
3316(7) 
2867(9) 
2825(7) 
2520(7) 
2488(7) 
2704(9) 
4140(6) 
4916(7) 
4643(5) 
2684(6) 

6.9 
6.4 
4.1 
3.1 
3.6 
5.5 
5.1 
4.5 
3.4 
3.9 
4.4 
3.1 
2.2 
2.2 
2.2 
2.8 
2.9 
2.5 
4.2 
5.0 
3.9 
3.7 
3.3 
4.5 
5.2 
5.1 
6.6 
4.5 
6.1 
5.7 
8.5 
4.7 
5.5 
4.5 
4.1 

C(29) C ( ^ C(7) 

Fig. 1. Perspective view of 2. 

a)Xq=87r8(Z71+£/2+£/3)/3, where t/x, £/2, and Us are 
the principal components by U matrix. 

T h e structure (1) for alnuserrudiolone was finally 
established by X-ray crystallography of a 3-deoxo-12-
keto derivative (2) and a 31-bromo derivative (3) 
derived from 1, because a good single crystal of 1 is not 
available. Huang-Minion reduction of 1 gave a 3-deoxo 
compound (4), which could be converted to the 3-
deoxo-12-keto derivative (2) by the Jones oxidation. 
T h e structure of 2 was determined by the direct method 
using MULTAN 8 ) and refined by full-matrix least-
squares techniques to /?=0 .105 for 1876 reflections. 
Final atomic coordinates, bond lengths, and bond angles 
are given in Tables 1—3. A perspective view of the 
molecule of 2 is shown in Fig. 1. Since the O R D and 
the CD curves of 2 exhibited a negative Cotton effect 
similar to that of 3/^acetoxy-20-hydroxydammaran-12-
o n e 9 , io ) t n e absolute configuration is as given in 2. 

Bromination of 1 was carried out with pyridinium 
tribromide11) with a view to preparing the bromo 
derivative of 1 for an X-ray crystallographic study. 
However, when 1 was treated with the above reagent, 
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TABLE 5. INTERATOMIC DISTANCES (//Â) OF 3, 

WITH STANDARD DEVIATIONS IN PARENTHESES 
C(2) 

C(l)-C(2) 
C(l)-C(10) 
C(2)-C(3) 
C(3)-C(4) 
C(3)-0(l) 
C(4)-C(5) 
C(4)-C(28) 
C(4)-C(29) 
C(5)-C(6) 
C(5)-C(10) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(8)-C(14) 
C(8)-C(18) 
C(9)-C(10) 
C(9)-C(ll) 
C(10)-C(19) 
C(ll)-C(12) 
C(12)-C(13) 

1.53(3) 
1.57(3) 
1.56(3) 
1.53(3) 
1.20(3) 
1.57(3) 
1.55(3) 
1.61(3) 
1.54(3) 
1.58(2) 
1.56(3) 
1.59(3) 
1.57(3) 
1.59(3) 
1.61(3) 
1.56(2) 
1.56(2) 
1.58(3) 
1.53(2) 
1-57(2) 

C(12)-0(2) 
C(13)-C(14) 
C(13)-C(17) 
C(14)-C(15) 
C(14)-C(30) 
C(15)-C(16) 
C(16)-C(17) 
C(17)-C(20) 
C(20)-C(21) 
C(20)-C(22) 
C(20)-O(3) 
C(22)-C(23) 
C(23)-C(24) 
C(24)-C(25) 
C(24)-0(3) 
C(24)-C(31) 
C(25)-C(26) 
C(25)-C(27) 
G(31)-Br 

1.49(2) 
1.55(2) 
1.60(3) 
1.56(3) 
1.54(3) 
1.46(3) 
1.62(3) 
1.57(3) 
1.56(3) 
1.58(3) 
1.48(2) 
1.58(3) 
1.52(3) 
1.60(3) 
1.45(2) 
1.54(3) 
1.51(4) 
1.60(4) 
2.03(2) 

TABLE 6. BOND ANGLES (0/°) OF 3, WITH 

STANDARD DEVIATIONS IN PARENTHESES 

G(10)-C(l)-C(2) 
C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(2)-C(3)-0(l) 
C(4)-C(3)-0(l) 
C(3)-C(4)-C(5) 
C(3)-C(4)-C(28) 
C(5)-C(4)-C(29) 
C(4)-C(5)-C(6) 
C(4)-C(5)-C(10) 
C(6)-C(5)-C(10) 
C(5)-C(6)-C(7) 
C(6)-C(7)-C(8) 
C(7)-G(8)-C(9) 
C(7)-C(8)-C(18) 
C(7)-G(8)-C(14) 
C(8)-C(9)-C(10) 
C(8)-C(9)-C(ll) 
C(9)-C(10)-C(l) 
C(9)-C(10)-C(19) 
C(5)-C(10)-C(l) 
C(5)-C(10)-G(9) 
C(9)-C(ll)-C(12) 
C(ll)-C(12)-C(13) 
C(ll)-C(12)-0(2) 

113(2) 
114(2) 
118(2) 
120(2) 
121(2) 
109(2) 
107(2) 
107(2) 
113(2) 
119(2) 
108(2) 
111(2) 
110(2) 
110(2) 
107(2) 
108(2) 
116(1) 
109(1) 
106(1) 
115(1) 
106(1) 
106(1) 
110(1) 
107(1) 
106(1) 

C(13)-C(12)-0(2) 
C(12)-C(13)-G(14) 
C(8)-C(14)-C(13) 
C(8)-C(14)-C(30) 
C(13)-C(14)-C(15) 
C(14)-C(15)-C(16) 
C(15)-C(16)-C(17) 
C(13)-C(17)-C(16) 
C(13)-C(17)-C(20) 
C(16)-C(17)-C(20) 
C(17)-C(20)-C(21) 
C(17)-C(20)-C(22) 
C(21)-C(20)-C(22) 
C(22)-C(20)-O(3) 
C(20)-O(3)-C(24) 
C(20)-C(22)-C(23) 
C(22)-C(23)-C(24) 
G(23)-C(24)-0(3) 
C(23)-C(24)-C(31) 
C(25)-C(24)-0(3) 
C(24)-C(25)-C(26) 
C(24)-C(25)-C(27) 
G(26)-C(25)-C(27) 
C(24)-C(31)-Br 

113(1) 
108(1) 
105(1) 
113(2) 
99(1) 

102(2) 
108(2) 
101(2) 
115(2) 
114(2) 
109(2) 
116(2) 
113(2) 
100(2) 
115(1) 
103(2) 
102(2) 
105(2) 
109(2) 
111(2) 
116(2) 
107(2) 
105(2) 
112(1) 

the bromination took place with the cyclization of the 
acyclic side chain of 1. The presence of the brominated 
side chain including a tetrahydrofuran ring was 
evidenced by the high resolution mass spectrum, which 
exhibited ions at m\z 491.2332, 489.2344, and 139.1104. 
The 13C N M R signals at <5C 88.2, 87.5, and 32.9 also 
demonstrated the presence of the tetrahydrofuran ring2 '3) 
with a bromomethyl group on C-24. O n the other hand, 
comparison of the high resolution mass and the 13C 
N M R spectra of the bromo derivative (3) with those 

C(26) 

Br (Ç) 
0(2) / ""^ ~̂ 

-C(19) C(ll) ({^ 0(31)^ 

CC28)H¥k y ^ W " VC(12) 0 ( 3 ) ( ^ C ( 2 4 ) C ( 2 7 ) 

0(1) 

T 
C(22) 

W C(23) 

Qß C(21) 

C(16) 

Fig. 2. Perspective view of 3. 

of 1 suggested that 3 possesses the same tetracyclic 
skeleton as 1. Further , the bromo derivative (3) was 
confirmed to be convertible into 1 in a quantitative 
yield by t reatment with zinc dust in acetic acid. The 
structural elucidation of 3 was carried out by X-ray 
crystallography using the heavy atom method. Refine­
ment by least-squares calculation gave a final R value 
of 0.075 for 1707 reflections. Final atomic coordinates, 
bond lengths, and bond angles are shown in Tables 
4—6. A perspective view of the molecule of 3 is shown 
in Fig. 2. T h e O R D and CD curves of 3 exhibited a 
positive Cotton effect, which indicated the absolute 
configuration to be as shown in 3. 

From the spectroscopic evidence of 1 and the X-ray 
crystallographic results of 2 and 3 derived from 1, it 
has now been established that alnuserrudiolone is 
( 12R,20S) -12,20-dihydroxy - 24 - methylenedammaran - 3 -
one (1). 

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

The XH NMR spectra were taken on a Varian T-60 spectrom­
eter using TMS as an internal standard. The 13C NMR 
spectra were obtained on a JEOL JNM FX-60 (15.1 MHz) and 
a Hitachi R-42 FT NMR (22.6 MHz) spectrometers (<5TMS= 
0). The ORD and the CD curves were taken on a JASCO 
ORD/UV-5 spectropolarimeter, equipped with a circular 
dichroism attachment, at 25 °C. The X-ray intensity data 
were collected on a syntex R3 and a Rigaku AFC-5 diffractom-
eters using graphite-monochromated radiation. 

Extraction and Isolation. The male flowers (10.3 kg) of 
Alnus serrulatoides CALL. Grown naturally on a river side in 
the suburbs of Hiroshima city were collected just before the 
flowering in December, 1975. The flowers, after minced 
mechanically, were immersed in acetone (54 1) at room temp 
for 2 months. Removal of the solvent from the acetone 
solution gave a viscous sirup, which was extracted with ether 
(500 ml X 5) to give a viscous oil (66.0 g). A part (7.0 g) of 
the viscous oil was subjected to centrifugal chromatography 
using silica gel (160 g) and a hexane-EtOAc mixture with 
EtOAc increasing 0 to 100% as a solvent, and then to prepar­
ative TLC (silica gel GF264; 0.75 mm thick) with hexane-
EtOAc ( 7 : 3 v/v) to give alnuserrudiolone (1) (1.27 g ; Rt 

0.20). 
Alnuserrudiolone (1). Mp 174—175 °C; [a]« +50.7° 

(c 0.61, CHC13); IR (0.005 M,t CC14) vmhX 3613 (free OH), 
3432 (intramolecularly hydrogen-bonded OH), 1708 (C=0), 
3082 and 1638 cm-1 (>C=CH2) ;

 XH NMR (CDC13) 0=0.90— 

t 1 M = 1 mol dm-3. 



3062 Toshifumi HiRATA, Tadashi AOKI, and Takayuki SUGA [Vol. 54, No. 10 

1.19 (Mex8) , 3.60 (1H, br, >CH-OH), 4.71 and 4.73 (2H, 
br, >C=CH2); " C N M R (CDC13) (5C=217.8 (s, C-3), 156.5 
(s, C-24), 106.2 (t, C-31), 73.6 (s, C-20), 70.5 (d, C-12), 26.7 
(q, Me), 26.4 (q, Me), 21.9 (q, M e x 2 ) , 21.0 (q, Me), 16.8 
(q, Me), 15.9 (q, Me), and 15.3 (q, Me); MS (70eV) mjz 
454.3869 (Calcdfor C31H60O2 ( M - H 2 0 ) : 454.3808), 436.3731 
(C31H480 ( M - 2 H 2 0 ) : 436.3705), 375.2911 (Ca4H3903: 
375.2900), 205.1603 (C1 4H2 10: 205.1592), 141.1280 (C9H1 70: 
141.1279), 123.1183 (C9H15: 123.1174); ORD (c 0.38, dioxane) 
[ 0 « o +216°, [0]689 +216°, [0]316 +2095°, [ # U +2033°, 
[0]3o6 +2077°, [0]279 +73.9°; CD (c 0.56, dioxane) [0]32O 0, 
[Ö]293+1170, [0]243O. 

Found: C, 79.00; H, 11.04%. Calcd for C31H5203: C, 
78.76; H, 11.09%. 

Huang-Minion Reduction of 1. A mixture of 1 (200 mg), 
hydrazine hydrate (3 ml), and diethylene glycol (30 ml) was 
refluxed for 2 h to give a 3-deoxo compound (4) (157 mg) : mp 
167—168 °C; [oc]£5 +10.7° (c 0.56, CHC13); IR (0.0004 M, 
CC14) vmtlx 3649, 3431 (OH), and 3081 cm"1 (>C=CH2); XH 
NMR (CDC13) (5=3.64 (1H, br, >CH-OH), 4.73 (2H,br, 
>C=CH2). 

Found: C, 81.35; H, 12.16%. Calcd for G31H6402: C, 
81.16; H, 11.87%. 

Jones Oxidation of 4. The Jones reagent12) (2 ml) was 
added to a solution of 4 (150 mg) in acetone (30 ml), followed 
by stirring for 1 h at 5 °C, to yield a 3-deoxo- 12-keto derivative 
(2) (114mg): mp 195—197 °C; [aß5 +44.3° (c0.70, CHC13); 
IR (0.0002 M, CC14) vmKX 3652, 3452 (OH), 1702, 1689 (C=0), 
and 3083 cm"1 (>C=CH2) ;

 XH NMR (CDC13) (5=4.73 (2H, 
br, >C=CH2); MS (70 eV) mjz (rcl. int.) 456 (M+, 16;, 438 
( M - H a O , 55), 359 (88), 315 (49), 191 (85), 141 (44), 124 
(100), 123 (73); ORD (c 0.23, dioxane) [£]600 +97°, [0]689 

+ 97°, [çi]309 -1069°, [ç>]296 0°, [ç5]260 +3645°; CD (c 0.22, 
dioxane) [0]318 0, [0]287 -1980, [0]244 0. 

Found: C, 81.48; H, 11.30%. Calcd for C3 1H6 202: C, 
81.52; H, 11.48%. 

Conversion of 1 to a Bromo Derivative (3). Pyridinium 
tribromide (264 mg)11) was added to a warmed solution 
(55 °C) of 1 (300 mg) in EtOH (7.7 ml) and then the mixture 
was stirred for 1 min. After removal of the solvent, the 
reaction mixture was subjected to preparative TLC [silica 
gel GF264; EtOAc-hexane (3 : 7 v/v); developed continuously 
for 3 h] to give a bromo derivative (3) (146 mg): mp 174— 
176 °C; [a]*5 +33.5° {c 0.82, CHC13); IR (Nujol) *max 3329 
(OH) and 1731cm-1 (C=0); »HNMR (CDC13) d=3.53 
(2H, d, 7 = 2 . 5 Hz, -CH2Br); «C NMR (CDC13) (5C=217.8 
(d, C-3), 88.2 (s, C-24), 87.5 (s, C-20), 70.6 (s, C-12), 32.9 
(t, C-31), 28.6 (q, Me), 26.7 (q, Me), 21.0 (q, Me), 18.0 (q, 
M e x 2 ) , 17.3 (q, Me), 16.2 (q, Me), 15.4 (q, Me); MS (70 
eV) mjz 491.2332 (Calcd for C28H4202Br: 491.2347), 489.2344 
(C28H4202Br: 489.2367), 205.1571 (C1 4H2 10: 205.1591), 
139.1104 (C9H1 60: 139.1122), 43.0539 (C3H7: 43.0547); 
ORD (c 0.38, dioxane) [0]6OO +204°, [0]689 +204°, [#]317 

+ 1750°, [0]312 +1640°, [£I308 +1714°, [0]292 0°, [£|276 

-985° , [0]246 - 7 9 ° ; CD (c 0.38, dioxane) [0]32O 0, [0]292 

+ 1224, [0]264O. 
Found: C, 67.24; H, 9.46%. Calcd for C31H6103Br: C, 

67.60; H, 9.43%. 
Conversion of 3 to 1. A suspension of 3 (8 mg) and Zn 

powder (5 mg) in ether (3 ml) and acetic acid (0.5 ml) was 
refluxed for 3 h at room temp. The reaction mixture was 
diluted with water and extracted with ether to give a crude 
product (6 mg), which was then purified by preparative TLC 
[silica gel GF264; EtOAc-hexane (3 : 7 v/v)J to afford alnuser-
rudiolone (1) (mp 171—173°C; direct comparison with 
mixed mp, W NMR, and MS). 

X-Rqy Crystallographic Analyses, (i) 3-Deoxo-12-keto Deriv­
ative (2). The crystal used was about 0.7 mm X 0.5 
mm x 0.05 mm in size. Cell dimensions were obtained by 
least-squares calculations from 20 values of 15 well-centered, 
resolved Cu Kcc diffraction peaks. Crystal data : monoclinic, 
space group P2X, two molecules per unit cell with dimensions 
fl=7.629(5), b= 10.438(5), c= 17.714(6) Â, 0=90.84(4)°; 
U= 1410.4Â3; Z) c=1.08gcm-3 ; Dm= 1.12 gem"3 ; #(Cu 
K<x)=4.30 cm-1. A total of 2506 reflections were collected 
on an automatic four-circle diffractometer by the 20-w 
scan method (0max=7O°); 1876 reflections with intensities 
greater than 2.0 times the standard deviations were used in the 
structure determination. The phases of 456 strong reflections 
with |£|]>1.30 were determined by the direct method, by the 
use of the program MULTAN.8) The E map for the best 
solution yielded positions for all non-hydrogen atoms. The 
structure was refined by full-matrix least-squares methods. 
Anisotropic refinement for carbon and oxygen atoms reduced 
the R index to 0.105. 

(ii) 31-Bromo Derivative (3). The crystal used was 
about 0.2 mm X 0.3 mm X 0.6 mm in size. Cell dimensions 
were obtained by least-squares calculations from 20 values of 
14 well-centered, resolved Mo Ka. diffraction peaks. Crystal 
data: orthorhombic, space group P212121, four molecules per 
unit cell with dimensions a=7.991 (3), b= 11.610(9), c= 
31.214(21) Â; £7=2898.2Â3; Dc= 1.26gem-3; Z>m=1.21g 
cm-3 ; /((Mo Ka.) =15.3 cm - 1 . A total of 2702 reflections were 
collected by using the co-scan technique (0max==6O°); 1707 
reflections with intensities greater than 1.96 times the standard 
deviations were used in the structure determination. The 
bromine atom position was obtained from a Patterson function, 
and then the positions of oxygen and carbon atoms were 
determined by difference-Fourier syntheses. A least-squares 
refinement using anisotropic temperature factors for bromine, 
carbon, and oxygen atoms and isotropic ones for hydrogen 
atoms reduced the R index to 0.075. 

The complete F0—Fc data and the tables of anisotropic 
thermal parameters for 2 and 3 are deposited as Document 
No. 8151, respectively, at the Office of the Editor of the 
Bulletin of the Chemical Society of Japan. 
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and a CH2-X Where X is an Electronegative Groupe 
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Conformational equilibrium of 9-(2-acyloxyethyl)-l,4-dimethoxytriptycenes in chloroform-rf suggests that the 
stability of the ±sc conformation increases as the electronegativity of the acyl group increases. The results together 
with other pertinent data are discussed from the stand point that there is an attractive interaction between the 
acyloxymethyl and the methoxyl groups in proximity. Reflecting its high ionization potential, the chloro group 
in 1-position showed no stabilization of the ±sc conformation, although mass spectra and some chemical properties 
indicate that there is an interaction between the chloro group and highly electronegative CH2X group. A possible 
correlation of these results with the incipient transition state for 5N2 reactions is suggested. 

During the course of investigations on the reactivity-
conformation correlations, we have encountered a 
striking difference in reactivities of 1,2,3,4-tetrachloro-
9- (2-chloro-1,1 -dimethylethyl) triptycene rotamers : the 
±sc conformation reacted in the presence of t i tanium 
tetrachloride to afford Friedel-Crafts cyclization 
products, whereas the ap conformation remained intact 
under the conditions.2) T h e results suggest that there 
may be a kind of interaction between the CH 2 -C1 group 
in the substituent at the bridgehead and the chloro 
group in the peri-position: the peri-chloro group 
stabilizes the transition state by delocalizing the partially 
developed positive charge on the carbon atom of the 
CH 2 -C1 group. Although this phenomenon is concerned 
with the transition state of the reaction, the ground 
state of the molecule may be stabilized as well if we 
consider a charge-transfer interaction between the n-
electrons of the chloro group and the o* orbital of the 
CH 2 -C1 group. 

Since we have succeeded in detecting the attractive 
interactions of n-electron-phenyl3) and n-electron-carbon-
yl4> in triptycene systems by looking at the population 
ratios of rotamers, we thought the same technique may 
be applied to the present case to diagnose the presence 
or absence of the interaction involving the CH 2 -C1 
group and a group carrying a lone pair of electrons. At 
the outset, it was thought tha t the attractive interaction 
could easily be observed if the group in 1-position of 
the triptycene system had a low ionization potential. 
Thus we first a t tempted to synthesize 9-(2-chloroethyl)-
1,4-dimethoxytriptycene from the corresponding alcohol 
and thionyl chloride and observed that the t reatment 
afforded only a cyclized product:5) it seemed that the 
interaction between a GH2-C1 (or possibly the corre­
sponding ion pairs) and a methoxyl group in this 
system was so strong that it caused a reaction. T h e 
results suggest that if we wish to find interactions 
instead of reactions, we should use a combination of a 
weaker electron acceptor than the CH 2 -C1 group and 
a methoxyl group or tha t of CH 2 -C1 group and a weaker 
electron donor than the methoxyl. O u r choice was 
acyloxymethyl groups instead of the CH 2 -C1 in combina­
tion with the methoxyl because the electronegativities 
and consequently the electron-accepting power of the 
former group can be easily modified by changing the 
acyl group. This paper reports the results of such 
investigations together with those of the interaction 

OCH3 CI 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 

C^f~X^ 
UA-Tl 1 0CH3 

XH2 
RO 

R = H 
R = C H 3 

R = C H 3 C O 
R=C 6 H 5 CO 
R=/>-CH3OC6H4CO 
R=/,-02NC6H4CO 
R=ClCH 2 CO 
R=Cl 2 CHCO 
R=Gl 3CCO 
R=F 3 CCO 

(11) 
(12) 
(13) 
(14) 

/OfVycl 

CH, r 1 ci 

X 
X = O H 
X = C H 3 C O O 
X=C1 
X=/>-CH3C6H4S03 

between a chloro group and a C H 2 - X where X is either 
a chloro or a />-toluenesulfonyloxyl group. 

Syntheses of the compounds were straightforward. 
9-(Formylmethyl)^ 1,4-dimethoxytriptycene or 1,2,3,4-
tetrachloro-9-(formylmethyl) triptycene was reduced to 
the corresponding alcohol (1 and 11). They were 
converted to esters by ordinary methods or to chloride 
by treatment with thionyl chloride. 

Exper imenta l 

*H NMR spectra were measured on a Hitachi R-20B 
spectrometer equipped with a temperature variation accessory. 
The temperature was read by the chemical shift differences of 
methanol protons. High resolution mass spectra were 
recorded on a JEOL JMS-D300 spectrometer. 

9- ( 2-Hydroxyethyl) -1,4-dimethoxytriptycene (1). To a boil­
ing solution of 1.3 g (3.7 mmol) of 9-(formylmethyl)-l,4-
dimethoxytriptycene4) in 20 mL of dichloromethane and 20 
mL of methanol, 0.5 g (13 mmol) of sodium tetrahydridoborate 
in 20 mL of methanol was added in 15 min. The mixture was 
heated for additional 30 min and evaporated. The residue 
was treated with dilute hydrochloric acid and extracted with 
dichloromethane. The alcohol, mp 220.8—221.5 °C, was 
obtained in 95% yield. Found: C, 80.30; H, 6.01 %. Calcd 
for C24H2203: C, 80.42; H, 6.19%. »HNMR (GDC13, Ô): 
2.00 (1H, m), 3.50 (2H, t, J=l Hz), 3.68 (3H, s), 3.77 (3H, s), 
4.20 (2H, t, J = 7 Hz), 5.88 (1H, s), 6.50 (2H, s), 6.80—7.70 
(8H, m). 

l,2,3,4-Tetrachloro-9-(2-hydroxyethyl)triptycene (11), mp 251— 
252 °C, was similarly prepared by sodium tetrahydridoborate 
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reduction of l,2,3,4-tetrachloro-9-(formylmethyl)triptycene.4> 
High resolution MS (M+): 433.9798, 435.9763, 437.9694, 
and 439.9718. G22H14OCl4 requires 433.9799, 435.9770, 
437.9740, and 439.9708. The intensities of these observed 
M + peaks agreed well with those calculated from the natural 
abun dance of 36G1 and 37C1. 

/, 4-Dimethoxy-9- ( 2-methoxy ethyl) triptycene (2). To a solu­
tion of 0.5 g (1.4 mmol) of 9-(2-hydroxyethyl)-l,4-dimethoxy-
triptycene (1) in 30 mL of tetrahydrofuran, was added 0.2 g 
(8 mmol) of sodium hydride which had been washed with 
hexane. The mixture was stirred for 1 h and then 0.5 mL 
(0.8 mmol) of methyl iodide was added to the mixture. Stirring 
was continued in a sealed system for 24 h and the solvent was 
evaporated. The residue was treated with dilute hydrochloric 
acid and extracted with dichloromethane. Evaporation of the 
solvent followed by recrystallization of the residue from 
benzene-hexane afforded the desired compound, mp 226— 
227 °G, in 92% yield. Found: C, 80.91 ; H, 6.66%. Calcd 
for G26H2403: G, 80.62; H, 6.49%. *H NMR (GDG13, Ô): 
3.45 (3H, s), 3.66 (3H, s), 3.74 (3H, s), ca. 3.5 (2H), 3.98 (2H, 
br t), 5.88 (1H, s), 6.46 (2H, s), 6.80—7.70 (8H, m). 

Esters of 9-(2-Hydroxy ethyl)-l,4-dimethoxy triptycene. A 
general procedure is given for acetylation. The other com­
pounds were similarly prepared from the alcohol and acyl 
chloride except trifluoroacetate, in the preparation of which 
the acid anhydride was used. 

A mixture of 0.6 g of the alcohol and 0.2 mL of acetyl 
chloride in 3 mL of pyridine was shaken for 5 min. To the 
mixture were added 30 mL of dichloromethane and dilute 
hydrochloric acid. The organic layer afforded, after chro­
matography on silica gel (benzene-hexane), the acetate (3), 
m p 167—168 °C, in 82% yield. Found: C, 77.77; H, 5.94%. 
Calcd for C26H2404: C, 77.98; H, 6.04%. *H NMR (GDC13, 
Ô): 2.21 (3H, s), 3.56 (2H, br t, 7 = 7 Hz), 3.70 (3H, s), 3.77 
(3H, s), 4.78 (2H, t, 7 = 7 Hz), 5.88 (1H, s), 6.50 (2H, s), 6.90 
—7.70 (8H, m). 

Benzoate (4), mp 170.4—171.2 °C. Found: C, 80.56; H, 
5.52%. Calcd for C31H2604: C, 80.50; H, 5.67%. *H NMR 
(CDC13, ô): 3.71 (3H, s), 3.79 (3H, s), 3.50—4.00 (2H), 5.07 
(2H, t, y = 7 Hz), 5.90 (1H, s), 6.51 (2H, s), 6.90—7.70 (11H, 
m), 8.10—8.30 (2H, m). 

p-Methoxybenzoate (5), mp 192.5—193.0 °C. Found: C, 
77.86; H, 5.53%. Calcd for C32H2805: C, 78.03; H, 5.73%. 
m NMR (CDC13, ô) : 3.73 (3H, s), 3.80 (3H, s), 3.89 (3H, s), 
3.50—4.00 (2H), 5.02 (2H, t, 7 = 7 Hz), 5.90 (1H, s), 6.52 
(2H, s), 6.90—7.70 (10H, m), 8.19 (2H, d, 7 = 9 Hz). 

p-Nitrobenzoate (6), mp 254—255 °C. Found : C, 73.52 ; H, 
4.71; N, 2.58%. Calcd for C31H25N06: C, 73.36; H, 4.97; 
N, 2.76%. This compound was so scarcely soluble in chloro­
form-*/ that the NMR measurement was not carried out. 

Chloroacetate (7), mp 166—167 °C. Found: C, 71.80; H, 
5.33; CI, 8.15%. Calcd for C26H2304C1: C, 71.69; H, 5.30; 
CI, 8.10%. *H NMR (CDC13, ô) : 3.56 (2H, br t, 7 = 7 Hz), 
3.71 (3H, s), 3.79 (3H, s), 4.20 (2H, s), 4.90 (2H, t, 7 = 7 Hz), 
5.88 (1H, s), 6.50 (2H, s), 6.90—7.60 (8H, m). 

Dichloroacetate (8), mp 166.5—167.0 °C. Found: C, 66.39; 
H, 4.75; CI, 14.97%. Calcd for C26H2204C12: C, 66.53; H, 
4.72; CI, 15.11%. *HNMR (CDC13, Ô) : 3.60 (2H, b r t ) , 3.72 
(3H, s), 3.79 (3H, s), 5.00 (2H, t, 7 = 6 . 5 Hz), 5.90 (1H, s), 
6.62 (2H, s), 6.90—7.60 (8H, m). 

Trichloroacetate (9), mp 178—179 °C. High resolution MS 
(M+) : 502.0485, 504.0471, 506.0357, and 508.0418. C26H21-
04C13 requires 502.0507, 504.0477, 506.0448, and 508.0418. 
The observed intensities of the molecular ions agreed well with 
those calculated from the natural abundance of 35C1 and 37C1. 
The base peak was 326.1292 to indicate that the loss of a 

trichloroacetoxyl and a methyl group occurred. 1H NMR 
(CDC13, Ô): 3.72 (3H, s), 3.80 (3H, s), ca. 3.75 (2H), 5.08 
(2H, t, 7 = 6 . 5 Hz), 5.90 (1H, s), 6.53 (2H, s), 6.90—7.60 
(8H, m). 

Trifluoroacetate (10), mp 170.0—170.3 °C. Found: C, 
68.94; H, 4.86%. Calcd for C26H2104F3: C, 68.72; H, 4.66%. 
*HNMR (CDC13, Ô): 3.60 (2H, br t, 7 = 6 . 5 Hz), 3.70 (3H, 
s), 3.79 (3H, s), 5.08 (2H, t, 7 = 6 . 5 Hz), 5.85 (1H, s), 6.52 
(2H, s), 6.90—7.60 (8H, m). 

9-(2-Acetoxyethyl)-l,2,3,4-tetrachlorotriptycene (12), mp 192— 
193 °C, was similarly prepared from the corresponding alcohol 
(11). Found: C, 60.40; H, 3.58%. Calcd for C24H1602C14: 
C, 60.28; H, 3.37%. *H NMR (CDC13, Ô): 2.23 (3H, s), 
3.86 (2H, t, 7 = 7 Hz), 4.61 (2H, t, 7 = 7 Hz), 6.01 (1H, s), 
7.00—7.70 (8H, m). 

1,2,3,4- Tetrachloro-9-( 2-chloroethyl)triptycene (13). A solu­
tion of 0.1 g of the alcohol (11) in 30 mL of dichloromethane 
and 0.2 mL of thionyl chloride were stirred at 0 °C for 30 min 
and then refluxed for 30 min. The mixture was mixed with 
dilute aqueous sodium hydroxide and shaken. Evaporation 
of the organic layer followed by recrystallization of the residue 
from tetrahydrofuran-hexane afforded the desired material, 
mp 270—271 °C, in 93% yield. High resolution MS gave 
M+ peaks at 451.9515, 453.9501, 455.9610, and 457.9221. 
Peaks corresponding to the loss of a hydrogen chloride and a 
chlorine were observed. The intensity ratios were in agree­
ment with the calculated from the natural abundance of 35C1 
and 37C1. C22H13C15 requires 451.9445, 453.9431, 455.9401, 
and 457.9372. *H NMR (CDC13, Ô) : 3.91 (2H, br t, 7 = 6 . 5 
Hz), 4.51 (2H, br t, 7 = 6 . 5 Hz), 6.03 (1H, s), 6.90—7.70 (8H, 
m). 

1,2,3,4-Tetrachloro-9-[2-(p-tolylsulfonyloxy)ethyl]triptycene (14). 
A mixture of 0.1 g of the alcohol (11), 10 mL of pyridine and 
0.1 g of j&-toluenesulfonyl chloride was stirred at room tem­
perature for 24 h. The mixture was shaken with 40 mL of 
dichloromethane and dilute hydrochloric acid. The desired 
product was rather labile and hydrolyzed to the starting 
material on standing and on chromatography. 1H NMR 
(CDC13, Ô): 2.45 (3H, s), 3.88 (2H, t, J =7 Hz), 4.60 (2H, t, 
7 = 7 Hz), 5.99 (1H, s), 6.90—7.60 (10H, m), 7.88 (2H, d, 
7 = 8 Hz). 

Deuterated Compounds. 9-Allyl-l,4-di(methoxy-</3)tripty­
cene was prepared as described elsewhere5) from the Diels-
Alder adduct between 9-allylanthracene and />-benzoquinone 
and di(methyW3) sulfate. It was ozonized as reported to 
produce 9- (formylmethyl) -1,4-di (methoxy-*/3) triptycene which 
was reduced with sodium tetrahydridoborate. The alcohol 
(l-d6) thus obtained was transformed into esters as described 
above. 

The *H NMR spectrum of a chloroform-*/ solution of the 
acetate at —55 °C showed an AB quartet {ô 3.08 and 3.74, 
7 = 15 Hz) and a singlet (ô 3.74), whose relative intensities 
were 2.1 ±0.4, on irradiation at ô 4.76 corresponding to 
AcOCH2 protons. Under the same conditions, the peak at 
ô 6.50 split into two peaks (ô 6.48 and 6.58). The intensity 
ratio (the low field peak over the high field peak) was 1.6±0.2. 

The 1H NMR spectrum of the trifluoroacetate at —50 °C 
gave the following data. 9-CH2: quartet ô 3.28 and 3.82, 
7 = 15 Hz; singlet ô 3.74; intensity ratio (quartet/singlet) 
2.9±0.8. Dimethoxybenzo protons: ô 6.51 and 6.42; intensity 
ratio (low/high) 3.1 ±0 .3 . 

Results and Discussion 

Determination of Conformations and Population Ratios. 
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Since the compounds studied here all carry a C H 2 group 
at the bridgehead of the triptycene skeleton, it should 
exhibit, in principle, a set of AB quar te t if it is the ± K 
conformation and a singlet if it is the ap. In practice, 
however, the determination of conformation poses 
difficult questions. Firstly, since the CH 2 (a) group at 
the bridgehead is connected to another CH 2 (ß) group, 
it is necessary for seeing clearly a set of AB quartet and 
a singlet to irradiate the /?-CH2 protons for decoupling. 
Then , if the chemical shifts of these two methylene 
protons are very close, the a-CH 2 protons are partially 
saturated to make it difficult to obtain good data for the 
intensity. Secondly, the compounds carrying methoxyl 
groups give the methoxyl signals in the range of those 
due to <x-CH2 to cause heavy overlaps. And finally 
irradiation of /?-CH2 protons may not cause saturation 
completely because of its range. 

These difficult situations were overcome by the 
following procedures. Since the overlap of the a-CH 2 

signals can be avoided by deuterating the methoxyl 
groups, we first synthesized two triptycenes (acetate 
and trifluoroacetate) carrying the fully deuterated 
methoxyl groups in 1,4-positions. Their population 
ratios were observed by irradiating the /?-CH2 protons. 
We found that the population ratios obtained by 
integrating the AB quartet and the singlet due to ±sc 
and ap conformations, respectively, involve ra ther large 
errors but are in agreement with those obtained by 
integrating singlets which are formed by splitting of the 
signal at Ô 6.5, if we assume tha t the signal at a higher 
magnetic field is due to the ap form and that at a lower 
field to the ±sc form. T h e protons which give a signal 
at ô 6.5 at room temperature are assigned to the aromatic 
protons of the dimethoxybenzeno bridge from the 
electronic density considerations. Since the splitting of 
the signal at ô 6.5 is definitely caused by freezing of the 
conformations, it is reasonable to assume that the 
intensities of these signals reflect conformational popula­
tions. Since the correspondence of the higher field 
signal to the population of the ap conformation and 
that of a lower field signal to the ±sc were unaltered 
in the cases examined, we may assume that the tendency 
is common in the series examined here, al though the 
exact cause for the chemical shifts is unknown. As 
discussed later, this assumption afforded reasonable data 
about the conformational populations. 

Conformational Equilibria. T h e population ratios 
of conformers of 1,4-dimethoxytriptycenes are listed in 

TABLE 1. POPULATIONS RATIOS (^sc/ap) OF 9-(2-ACYLOXY-

OR ALKOXYETHYL) -1,4-DIMETHOXYTRIPTYCENE 

AND pKA's OF THE CORRESPONDING ACIDS 

Acyl (or Alkyl) 
group (R) ±sc/ap Temp/°C ptfaofROH7> 

CH3 

CH3CO 
G6H5CO 
/>-CH3OC6H4CO 
GlCH2CO 
Cl2CHCO 
GI3CCO 
F3GCO 

0.7 
1.5 
1.7 
1.7 
2.0 
2.5 
3.0 
3.0 

- 5 0 
- 4 5 
- 5 0 
- 5 0 
- 4 5 
- 4 5 
- 5 0 
- 5 0 

14.4 
4.76 
4.20 
4.47 
2.86 
1.26 
0.65 
0.23 

Table 1 together with pKa values of the corresponding 
acids. Since the population ratio ±sc\ap of 9-ethyl-l,4-
dimethoxytriptycene is known to be 1.0,6) we cannot 
take the appearance of the ±sc conformer as evidence 
for the presence of attractive interactions as are the 
other cases.4) Thus we take the 9-(2-methoxyethyl) 
compound (2) as a reference. This compound exhibits 
a low ±scjap value which is close to that of 9-ethyl-l,4-
dimethoxytriptycene and can be taken that the at trac­
tive interaction between the methoxymethyl and the 
methoxyl groups is absent because of the low electron-
accepting power of the former: thus this much of 
population ratio is expected in the absence of the 
attractive interaction. 

Inspection of the da ta in Table 1 reveals that all the 
compounds examined here exhibit larger ±scjap values 
than that of the 9-(2-methoxyethyl) compound (2). 
The results cannot be attr ibuted to the electric effect 
al though it was the case for some carbonyl-substituted 
triptycenes.4) Although the conformation of the acyl-
oxyl group is not well known, the important contribu­
tion for the interaction with the dipole of the peri-
methoxyl group should be given by the C H 2 - 0 group. 
Then the ±sc form is considered to be more polar 
since the two dipoles are arranged in a closer proximity : 
there cannot be an important compensation by solvent 
molecules. Therefore, if it is the electric nature which 
dominates as a factor in controlling the population, 
the ±sc form should be disfavored in nonpolar solvents 
such as chloroform. T h e difference between the methoxy 
(2) and acyloxy compounds cannot be accommodated 
by the steric repulsion either, because the steric sizes 
are, by and large, the same among the conformers 
examined. 

T h e favoredness of the ±sc conformation relative to 
the ap, when an electronegative acyl group is introduced, 
should be attr ibuted to the increased stability of the 
±sc conformation, because no instability factor associated 
with the ap form is apparent . T h e results correspond 
to the fact tha t the acyloxyl group is more electronega­
tive t han the methoxyl and consequently the former 
group is more electron-accepting. pK& values of 
carboxylic acids are associated with the electronega­
tivities of the acyl group.8) The fact that , among 
carboxylic esters, the larger is the pKa of the corre­
sponding acid, the smaller is the ±scjap value, although 
a minor change in pK& does not seem to affect the 
±scjap value to a significant extent, clearly shows that 
the at tracting interaction is occurring between the 
acyloxymethyl group and the methoxyl group. T h e 
nature of the interaction is of the charge-transfer type, 
the acyloxymethyl group acting as an electron acceptor 
and the methoxyl group as an electron-donor. 

Since the acyloxymethyl group should possess at least 
two low-lying vacant orbitals, it may be worthwhile 
to discuss the orbitals involved in the interaction here. 
O u r choice is the a* orbital, which involves mainly the 
C H 2 - 0 group, tha t is responsible to the interaction. I t 
may be argued that the n* orbital of the carbonyl group 
is responsible because of its electron-accepting ability. 
Indeed, the G - T interaction involving the carbonyl 
moiety is well documented.4»9) However, we rule out 
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this possibility for the following reasons. T h e first is 
the fact that if the interaction between the carbonyl 
of the acyl group and the methoxyl had occurred, the 
ring formed there must be 8-membered. This kind 
of interaction is usually very unfavorable because of the 
decrease in entropy. It is especially so if we consider 
the weakness of the interaction discussed here. T h e 
second is indirect but is more convincing. Namely the 
at tempt at synthesizing the tosylate of 9-(2-hydroxyeth-
yl)-l,4-dimethoxytriptycene ended in the formation of a 
cyclic ether.5) In this case, the result is best accom­
modated by assuming that the interaction between the 
S 0 3 - C H 2 and the methoxyl groups was so strong that it 
resulted in a reaction. Several phenomena related to 
this may be cited: tha t is the reactivities of 9-(2-chloro-
ethyl) compound (13) which will be discussed later in 
this paper, where it becomes apparent that an interac­
tion between a CH 2 -C1 and a chloro group can take 
place. Finally the behavior of the trichloroacetate (9) 
may be taken into consideration. An at tempted purifica­
tion of the compound on a T L C plate which was 
inpregnated strongly activated silica gel ended in 
failure because a part of the compound reacted to give 
a cyclized compound, 6-methoxy-7,1 lb-o-benzeno-7,11b-
dihydronaphtho[l,2,3-rf«]chromene.5) T h e results to­
gether with the fact that the loss of a trichloroacetoxyl 
and a methyl groups was observed in the M S support 
the idea that it is the trichloroacetoxy-CH2 group that 
is interacting with the methoxyl group in the peri-
position. These considerations lead to a conclusion tha t 
a* orbital of the C H 2 - 0 group is responsible to the 
interaction. 

In contrast to the population ratios of the 1,4-di-
methoxytriptycenes, 9-(2-acetoxyethyl)-1,2,3,4-tetra-
chlorotriptycene (12) showed the sole presence of the 
ap form at —50 °C. It was not possible to obtain a 
±sc[ap ratio of l,2,3,4-tetrachloro-9-(2-chloroethyl)-
triptycene (13), since the N M R signals of a-CH 2 and 
ß-CH2 in this compound were too closely located to 
perform a decoupling experiment. 1,2,3,4-Tetrachloro-
9-[2-(/>-tolylsulfonyloxy) ethyl] triptycene (14) did show 
a sign of the presence of the ±sc form but the ±sc/ap 
value was practically zero. These results indicate that , 
being a weak electron-donor than a methoxyl group,10) 
the chloro group is not a good enough electron-donor 
for the detectable interaction: that is best illustrated 
by the fact that compound 14 was prepared at room 
temperature in contrast to the facile cyclization of 1,4-
d imethoxy-9- [2 - (^-tolylsulfonyloxy) ethyl] triptycene.5) 
T h e size of the chloro group is also responsible to the 
absence of the interaction. 

Although the interaction between the C H 2 - X and 
the chloro groups in compounds 12, 13, and 14 was not 
spectroscopically detectable, the chemical properties of 
the latter two compounds do indicate the presence of 

on* ci ~^+8 
15 16 

such an interaction. T h e CH 2 -C1 compound (13) 
afforded 1,2,3,4-tetrachloro-9- (2-hydroxyethyl) tripty­
cene (11) on chromatography on silica gel. Namely, the 
hydrolysis of the CH 2 -C1 group in 13 is very easy. 
Probably the stabilization of a chloronium cation (15)11) 
or the incipient transition state (16) for the formation 
of the chloronium cation is responsible to the phenom­
enon. A similar situation is found for the tosylate (14) 
as well : chromatography of this compound on silica gel 
or standing a solution of 14 in tetrahydrofuran-hexane in 
atmosphere caused hydrolysis to afford 11. Fragmenta­
tion of 13 in mass spectroscopy is a further support to 
the above discussion: those corresponding to the 
chloronium ion (15) and to the loss of a hydrogen 
chloride molecule were observed as strong peaks, 
whereas the molecular ion peaks were ra ther weak 
in this compound. 

Establishing that there is an attractive interaction 
between the CH 2 -C1 and the chloro group, we can now 
discuss the population ratios of l,2,3,4-tetrachloro-9-
(2-chloro-1,1-dimethylethyl)triptycene and 1,2,3,4-tetra-
chloro - 9 - ( 2 - chloro- 1 -chloromethyl-1 -methylethyl) tri­
ptycene.12) As were discussed elsewhere,13) the ±sc/ap 
ratio of l,2,3,4-tetrachloro-9-(2-phenyl-1,1-dimethyleth­
yl) triptycene is 0.48.14> Being larger than a methyl, the 
chloromethyl group in 9-(2-chloro-1,1-dimethylethyl) -
and 9- (2-chloro-1 -chloromethyl-1 -methylethyl) -1,2,3,4-
tetrachlorotriptycenes should disfavor conformations in 
which the chloromethyl group is close to the peri-chloro 
group. In practice, however, the ap form of the latter 
which has two chloromethyl groups flanking the peri-
chloro is unusually favored: ±sc/ap for the former is 
0.96 and that for the latter is 1.80. We may attr ibute 
this anomaly to the attractive interaction between the 
CH 2 -C1 and the chloro group. 

Incipient Transition State for SN2 Reactions. T h e 
above discussions reveal that the interaction as depicted 
by 16 is important . Then it implies that the molecules 
investigated here present models for the incipient 
transition state for 5*N2 reactions. Here the peri-chloro 
or peri-methoxyl group acts as a nucleophile and the 
chloro or acyloxyl group in the 9-substituent as the 
leaving group in .SN2 reactions. This view is in conform­
ity with the idea that pKa values of acids correspond­
ing to the leaving groups parallel with the leaving 
ability.15) As we predicted before, the triptycene 
system has proved to be a good one in finding weak 
interactions which are otherwise not detectable. Dunitz 
et al. were able to show that the intramolecular nucleo-
phile-carbonyl interaction could be taken as models 
for the nucleophilic addition to the carbonyl group.16) 
We now add that the intramolecular interaction 
between a chloro or a methoxyl group and a C H 2 - X 
group where X is an electronegative group can be 
considered as models for the incipient transition state 
of SN2 reactions. 

Sn2 reactions had originally been considered that it 
involves a single transition state.17) However, da ta are 
accumulat ing for these days which suggest that Sv2 
reactions may involve multisteps. Sneen et al. postulated 
tha t 5*N2 reactions involve prior ionization from product 
distributions and rates of reaction studied as a function 
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of nucleophile concentration in competitive substitutions 
by solvent and nucleophile.18) Ion cyclotron resonance 
study by Brauman and coworkers revealed that organic 
halides form complexes with nucleophiles before 
reaching the transition state for the Sv2 reactions.19) 
Roberts et al., using high-pressure mass spectrometry, 
have shown that various alkyl halides form complexes 
with nucleophiles.20) Hayami and his coworkers have 
shown that a mixture of an organic halide and a nucleo­
phile shows a definite shift in 1 H N M R spectroscopy and 
at tr ibuted this phenomenon to the formation of a 
hydrogen bond.21) Since our system is a pr imary halide 
or a pr imary alkyl ester, the phenomenon may be 
attr ibuted to the hydrogen bonding as well. However, 
we take the fact shown by Roberts et al. that even t-
butyl bromide or carbon tetrachloride can form a 
complex significant. We prefer to state that , during the 
course of SN2 reactions, there is a point which is stable 
due to interactions between n-electrons of a nucleophile 
and the o* orbital of a substrate. 

We wish to acknowledge the receipt of a Grant-in-Aid 
for Scientific Research from the Ministry of Education, 
Science and Culture which made this work possible. 
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A new method is described for protein sequence analysis. The principle is realized as follows : 1 ) determination 
by field-desorption mass spectrometry of the molecular weights of the constituents in peptide mixtures prepared 
from a polypeptide or protein by specific cleavage methods, 2) quantitation of the 3-phenyl-2-thiohydantoin deriva­
tives of amino acids liberated successively from the constituent peptides in 1) by Edman-degradation, and 3) deter­
mination of amino acid sequences with a computer from the data obtained in 1 ) and 2). The method was applied 
to sequence determination of a polypeptide of unknown structure, the iV-terminal BrCN fragment of Streptomyces 
erythraeus lysozyme. 

The Edman method1) is widely used for sequencing of 
polypeptides and proteins, making it possible to deter­
mine their partial or even almost complete sequences 
by cleavage and identification of the JV-terminal amino 
acid residue in each degradation reaction. Recently, 
we2-4) reported a new method for sequencing of peptide 
mixtures that cannot be achieved by Edman-degradat ion 
alone, by a combination of Edman-degradat ion and 
field-desorption mass spectrometry.5) T h e principle of 
the method is based on the determination of the molec­
ular weights of peptides and peptide fragments degraded 
by the Edman method in a mixture by the field-desorp­
tion ionization technique and calculation of possible 
mass differences before and after degradation. We also 
reported that when preparations of peptide mixtures 
are obtained from a polypeptide by two or more kinds 
of specific cleavage methods, the sequence of the poly­
peptide can be examined using the computer program 
" P R O S E Q , " 6 ) the da ta for which consist of the 
molecular weights and partial amino acid sequences, 
determined by the method 2 - 4) described above, of 
constituent peptides in mixtures. 

More recently, some of the authors and others7»8) 
developed another method for sequencing of poly­
peptides and proteins. The procedure consists of the 
following steps : 1 ) determination by the field-desorption 
ionization technique of the molecular weights of peptides 
in mixtures, which are prepared from a polypeptide by 
two or more kinds of specific cleavage methods, and their 
peptide fragments obtained after one-cycle of degrada­
tion, 2) estimation of the 3-phenyl-2-thiohydantoin 
derivatives of amino acids released successively from 
peptides in mixtures, prepared in 1), by Edman-degrada­
tion, and 3) deduction of amino acid sequences from the 
data obtained in 1) and 2) using the computer program 
"PROSEQ2."8> The program " P R O S E Q 2 " uses the 
data on the 3-phenyl-2-thiohydantoin amino acids 
released from peptide mixtures in each cycle of Edman-
degradation in place of those on partial amino acid 
sequences of constituent peptides used in "PROSEQUI." 
We named the procedure the "IPR-sequencing 
method." To appreciate the utility of the procedure, 

the sequence of a polypeptide of unknown structure was 
examined. 

In this paper we report in detail the sequence deter­
mination of the JV-terminal BrCN fragment of Streptomyces 
erythraeus lysozyme9) (SE lysozyme) of unknown se­
quence, which consists of 55 amino acid residues with 
an Ala residue at the iV-terminus,10) by the procedure. 
The amino acid sequence of this polypeptide was 
determined from data on peptides prepared by tryptic 
and chymotryptic digestion. 

M a t e r i a l s a n d M e t h o d s 

The iV-terminal BrCN fragment of SE lysozyme was 
isolated as described elsewhere.10) Trypsin treated with 
L-(l-tosylamino-2-phenylethyl) chloromethyl ketone was 
purchased from Worthington Biochemical Corp. (USA) 
and chymotrypsin treated with L-(l-tosylamino-5-
aminopentyl) chloromethyl ketone from Sigma Chemical 
Co. (USA). [Gly 1 ] -ACTH-(1—18)-NH 2

1 1 ) was ob­
tained from Shionogi Research Laboratory, Shionogi 
and Co., Ltd. (Osaka), by courtesy of Dr. K. Inouye. 
H - V a l - T y r - I l e - H i s - P r o - P h e - O H was synthesized by a 
conventional method in this laboratory. Reagents for 
Edman-degradat ion were obtained from Wako Pure 
Chemical Ind. Ltd. (Osaka). The solvents used were 
redistilled. All other reagents were reagent grade and 
were used without further purification. 

BrCN Cleavage. A peptide was dissolved at a 
concentration of 1 % (w/v) and in a ratio of its Met 
residue to BrCN of 50/1 (mol/mol) in 70% formic 
acid.12) The solution was stood for 20 h at 25 °C, 
diluted with distilled water and lyophilized repeatedly. 

Enzymic Digestion. The iV-terminal BrCN frag­
ment (0.7 mg ( l lOnmol ) and 1.0 mg (160nmol)) of 
SE lysozyme were digested with trypsin and chymo­
trypsin, respectively, at a substrate concentration of 1 % 
(w/v) and in a ratio of substrate to enzyme at 50/1 
(w/w) in 1% N H 4 H C 0 3 at p H 8.0 for 4 h at 37 °C, 
and the digests were lyophilized immediately after the 
reaction. 

Field-desorption Mass Spectra. Field-desorption 
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mass spectra were measured with a second-order 
double focusing mass spectrometer13) with a mono 
field-desorption ion source, equipped with a data 
processor ( J E O L JMA-2000 mass data analysis system). 
Mass assignment was made using polypropylene glycol 
as a standard.14) Silicon emitters15) grown on a tungsten 
wire were used for measurements of field-desorption 
mass spectra. T h e lyophilized material of sample 
peptides was dissolved in a mixture of pyridine and 
water (1/1, v/v) and the solution (1—2 fjd containing 
1—2 [Jig of sample peptides) was loaded by the syringe 
technique16) on the emitter. The conditions for measure­
ment of field-desorption mass spectra were as 
described.15) 

Edman-degradation. Degradations were performed 
manually as described1»4) using the following buffer 
solutions: a) a mixture of pyridine and water (1/1, v/v), 
p H 9.35; b) a mixture of pyridine and water (1/1, v/v), 
adjusted to p H 9.5 by adding JV-methylmorpholine ; c) 
a mixture of pyridine and water (1/1, v/v), adjusted 
to p H 9.5 by adding 3 0 % aq tr imethylamine and 
glacial acetic acid, and d) a mixture of pyridine and 
water (1/1, v/v), adjusted to p H 9.5 by adding N,N-
dimethylallylamine and trifluoroacetic acid.1) The 
resultant 3-phenyl-2-thiohydantoin derivatives of amino 
acids were subjected to high-performance liquid chro­
matography, and the remaining peptides in the water 
layer were subjected to field-desorption mass spectrom­
etry. 

High-performance Liquid Chromatography (HPLC). 
H P L G was performed on a Zorbax O D S column 
(4.6 m m x 25 cm) (Dupont) in a high-performance 
liquid Chromatograph (Shimadzu H P L G LG-3A 
equipped with a da ta processor chromatopac C-R1A), 
for the quanti tat ion of the 3-phenyl-2-thiohydantoin 
derivatives of amino acids released from sample peptides 
by Edman-degradat ion. Samples were dissolved in 
methanol and introduced into the sample holder. The 
solvent employed for chromatography was a mixture 
of CH 3 CN and 0.01 M N a O A c (pH 4.5) (42/58, v/v).17) 
Chromatography was performed at 62 °G at a flow 
rate of 1.0 ml/min for samples from the organic phase 
and at 2.0 ml/min for those from the aqueous phase. 

Computer Calculation. The computer programs 
"PROSEQUI "6> and "PROSEQ2" 8 > were used for 
deducing the major portions of the sequences or the 
complete sequences of the polypeptide from the data 
on the peptides obtained by digestions of the polypeptide 
with trypsin and chymotrypsin. Calculations were 
carried out in the A C O S 700 computer of the Crystal-
lographic Research Center (Institute for Protein 
Research, Osaka University). 

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

Mass Spectra of Peptides Containing Homoserine Residues 
at the C- Terminus. T h e cleavage of a polypeptide 
or protein containing a Met residue (s) by BrCN12) 
gives a peptide fragment (s) containing a homoserine 
residue at its (their) C-terminus and the C-terminal 
fragment of the original polypeptide or protein, as N-
terminal BrCN fragments. Therefore, in this experiment, 

1ÛQG 

CO 

z: 

408 

tjfa m wmw J —iinnirirpiimni[in:.t 

300 350 400 4S0 

ieeo_, 

2 
UJ 

351 

illUMl,..!,! 

373 

3GG 350 

},Wl^)<jl..\mJ|Mai.jlllvlllll|/! 

4ÖG 4SG 
rru 

Fig. 1. Field-desorption mass spectra of a peptide mix­
ture (A) prepared by cleavage of [Gly1]-AGTH-(1— 
18)-NH2 with BrCN and its one-step degraded peptide 
fragments (B). Spectra are shown in the range 
from 300 to 450 atomic mass units. 

it was necessary to obtain information on whether 
peptides containing a homoserine residue at their C-
termini give mass peaks with mass values of homoserine-
peptides or those of homoserine-lactone peptides in mass 
spectra. As examples, we measured the field-desorption 
mass spectra of a peptide mixture obtained by cleavage 
with BrCN of [ G l y ^ - A G T H - Ç l — 1 8 ) - N H 2

n ) containing 
a Met residue at the 5th position from the iV-terminus 
and its peptide fragments prepared after one-cycle of 
Edman-degradat ion, as shown in Figs. 1A and IB. The 
mass peaks of the peptide containing a homoserine 
residue in the mixture and its peptide fragment after 
Edman-degradat ion were observed at m/^=408 and 
351, respectively, which corresponded to mass values 
of peptides containing homoserine lactones. However, 
when the peptides were measured after being kept for 
a long time, they gave mass values of homoserines 
opened at the C-terminal lactone rings. Generally, free 
"underivat ized" peptides give mass peaks as quasi-
molecular ions ([M+H]+).1 8»1 9) I t is unknown whether 
peptides at their C-termini containing homoserine-
lactones are observed as molecular ions [ M ] + or as 
quasi-molecular ions ( [ M + H ] + ) . T h e mass values 
(m/^=408 and 351) of the peptides containing homo­
serine residues observed above are responsible for the 
molecular ions. However, these mass values may be 
observed with a discrepancy of 1 atomic mass unit, 
because the mass peak at m /^=373 shown in Fig. IB 
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is considered to be ( [ M + N a ] + ) derived probab ly from 
351 by addi t ion o f N a . T h i s prob lem remains to be 
invest igated further. 

Edman-degradation and Field-desorption Mass Spectra. 
I n our procedure o f sequence determinat ion , it w a s 
desirable to measure the mass spectra o f pept ides kept 
in the buffer solution for Edman-degradat ion . T h e r e ­
fore, w e a t tempted to measure the mass spectra of 
several pept ides in various buffer solutions. First w e 
measured the mass spectra o f pept ides dissolved in a 
buffer solution conta in ing iV,iV-dimethylallylamine as a 
base,1) w h i c h is general ly used in the coupl ing react ion 
of peptides w i t h pheny l i soth iocyanate in the E d m a n 
m e t h o d . H o w e v e r , in this buffer the mass peaks could 
not be observed w i t h h igh intensities in the spectra. 
T h e s a m e p h e n o m e n a were observed w h e n s o m e pept ides 
were treated by the E d m a n m e t h o d in the buffer 
solution a n d appl ied to the emitter. H o w e v e r , intense 
mass peaks could be obta ined w h e n the pept ides were 
degraded in a mixture o f pyridine a n d water wi thout 
N, iV-dimethylal lylamine. 2 » 4> 

T h e n w e measured the mass spectra o f a m o d e l pept ide 
(H-Val-Tyr-I le-His-Pro-Phe-OH) and its peptide 
fragments degraded successively under various condi­
tions, as described in the Experimental section. 
Examples are illustrated in Figs. 2A and 2B. The model 
peptide and its peptide fragment gave mass peaks at 
m/^=775 and 676, respectively, with high intensities 
in all the buffer solutions examined except that contain­
ing JV,iV-dimethylallylamine. It was made not clear 
why the spectrum could not be obtained with high 
intensity in buffer solution with iV,iV-dimethylallylamine 
as base. 

On the other hand, the 3-phenyl-2-thiohydantoin 
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Fig. 2. Field-desorption mass spectra of H - V a l - T y r - I l e -
His -Pro-Phe-OH (A) dissolved in a buffer solution 
containing iV-methylmorpholine as a base (see text) 
and its peptide fragment (B) after one-cycle of degrada­
tion in the buffer solution. 

derivatives o f a m i n o acids released from the m o d e l 
pept ide in the degradat ion were quant i ta ted by H P L G . 
T h e recoveries were similar in the all buffer solutions, 
but results s eemed best in buffer solut ion conta in ing 
JV-methylmorpholine (data not s h o w n ) , so, w e used 
this buffer solut ion in E d m a n - d e g r a d a t i o n of the 
u n k n o w n polypept ide , as described be low. 

Mass Spectra of Tryptic and Chymotryptic Peptides of the 
N-Terminal BrCN Fragment of SE Lysozyme. W e 
used trypsin a n d chymotryps in , w h i c h specifically 
c leave different pept ide bonds to e a c h other, as m e t h o d s 
for c l eavage of the TV-terminal B r C N fragment of S E 
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Fig. 3. Field-desorption mass spectra of the tryptic (T-0) and chymotryptic (C-0) peptides of the 
N-terminal BrCN fragment of SE lysozyme and their peptide fragments (T-l and G-l) after 
one-step of degradation. 
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lysozyme. T h e tryptic and chymotryptic peptides and 
their peptide fragments obtained after the first-cycle of 
Edrpan-degradation gave the field-desorption mass 
spectra illustrated in Fig. 3. T h e spectra of the tryptic 
peptides and their degraded peptide fragments were 
simple, suggesting that the original polypeptide was 
specifically cleaved by this enzyme since it has only 3 
Lys and 2 Arg residues. O n the other hand, the spectra 
of the chymotryptic peptides and their degraded peptide 
fragments should be ra ther complicated, because the 
polypeptide contains many aromatic amino acid 
residues (6 Tyr, 3 T rp , and 2 Phe residues), which are 
susceptible to chymotryptic digestion. In fact, chy­
motryptic peptides and their degraded peptide fragments 
gave ra ther complicated spectra in the mass region up 
to 600 atomic mass units, as shown in Fig. 3. All the 
possible mass differences before and after the first-cycle 
of Edman-degradat ion of the tryptic and chymotryptic 
peptides were examined by the collation to the 3-
phenyl-2-thiohydantoin derivatives of amino acids 
released in the degradation (Tables 1 and 2), as de­
scribed previously.2 '4) In this case, the mass spectra 
were examined for mass peaks of [ M + N a ] + , 
[ M + H - H 2 0 ] + and multiply charged ions [ M + 2 H ] 2 + , 
etc., which are occasionally observed with quasi-molecu­
lar ions [ M + H ] + in free "underivat ized" peptides. 
Fur thermore, the presence of peptides containing a Lys 
residue, giving mass peaks in the spectra with mass 
values that increased by addition of the phenylthio-
carbamoyl group (135) after Edman-degradation,4) was 
examined. T h e results revealed possible mass peaks 
of peptides obtained from the original polypeptide by 
enzymic digestion; namely, six tryptic peptides with 
R, F, A, and N20) as JV-termini and ten chymotryptic 
peptides with A, N, K, Q , F, W, and V as TV-termini, 
as illustrated in Fig. 3. It was also found that the mass 
peaks at m /z=627 , 826, and 1623 in tryptic peptides and 
at m/z=925 and 935 in chymotryptic peptides each 
contain a Lys residue. These findings are compatible 
with the presence of 3 Lys residues in the original 
polypeptide. 

T h e molecular weight of the polypeptide was assumed 
to be within the range of 6280 and 6293 from the 
amino acid composition,10) as described in Fig. 6, 
because Asp and Asn and Glu and Gin are quant i ta ted 
together on amino acid analysis of acid hydrolysates of 
peptides and proteins. This molecular weight was 
compared with the sum of the molecular weights of the 
tryptic and chymotryptic peptides, which were obtained 
from the mass peaks in Fig. 3. T h e molecular weight 
of each peptide was obtained by subtracting one proton 
from the mass value of each peptide, because the mass 
peaks of free "underivat ized" peptides are generally 
observed as quasi-molecular ions ( [ M + H ] + ) . Conse­
quently, the tryptic peptides were assumed to be 
composed of peptides with mass values at mjz= 175(R) : 
T , , 627(F) : T 4 , 826(A) : T 5 , 1310(A) : T l 5 1623(N) : 
T 2 and 1818(N) : T 6 (amino acid residues in parentheses 
indicate the iV-terminal amino acid residue of each 
peptide and T stands for tryptic peptide). Thus , the 
sum of the molecular weights of these six tryptic peptides 
was calculated as 6283. O n the other hand, the 

TABLE 1. RECOVERIES OF PHENYLTHIOHYDANTOIN DERIVATIVES 

RELEASED FROM TRYPTIC PEPTIDES OF THE IV-TERMINAL 

BrCN FRAGMENT OF Streptomyces erythraeus 
LYSOZYME BY EDMAN-DEGRADATION 

Cycle of Edman-degradation 

Asp 
Asn 
Glu 
Gin 
Ser 
Thr 
Gly 
Tyr 
Ala 
Met 
Hse 
Val 
Trp 
Pro 
Lys 
Phe 
He 
Leu 
His 
Arg 

1 

24 
96 

1 
6 

121 

3 
2 

1 
44 

1 

26 

2 

3 
3* 

* 
4* 

80 
12 

55 

58 

40 
1 
2 
4 

4 

3 

~26~ 

62 
11* 

* 
8 
3 

22* 
* 

29 

2 

1 

4 

4 

11 
8* 
* 

1 
25 

* 
32* 

8 
2 

9 

5 

T~ 
2 
6 
5 

12 
28 

6 
17 

3 

1 
1 
1 

6 

~~3~ 
2 
7 
6 

3 
16 
4 
2 

1 

20 

7 

~2Ö~ 

1 
5 

1 
7 
9 

1 

4 

8 

5 
* 

1 
1* 
* 

1 
3 
7 

14 

6 

1 

Numerals are recoveries (nmol) from the iV-terminal BrCN 
fragment (110 nmol). Ten % of the peptide fractions 
were removed for mass measurements before the 1st, 2nd 
and 3rd cycles of degradation. Thr was estimated in 
addition to Zl-Thr. The separations of Asn and Gin and 
Ser-derivatives and of Ala and Tyr-derivatives were not 
satisfactory in some cases. In these cases (*), recoveries 
were estimated as those of the main component, t means 
the presence of a trace of material. 

chymotryptic peptides were suggested to be 253(A) : C5, 
386(N) : C10, 440(N) : C9, 496(Q) : C3, 521 (K) : C7, 
533(N) : C2, 656(F) : C8, 925(V) : C6, 935(W) : C4 and 
1310(A) : Gx (C stands for chymotryptic peptide). The 
peptide with a mass value of m/^=496 was assumed to 
have Q, as the iV-terminal residue, because the intense 
mass peaks at 479 and 501 were considered to be 
derived from a peptide with a mass value of m/£=496 
by elimination of N H 3 during Edman-degradat ion or 
measurements of mass spectra and to correspond to 
[ M + H - N H 3 ] + and [ M + N a - N H 3 ] + , respectively. 
Therefore, another peptide with the same mass difference 
(128) before and after the first-cycle of Edman-degrada­
tion as that of the peptide (m/^=496) and with a mass 
value at m/^=521 was expected to have K as the N-
terminal residue, because one Lys residue, having the 
same residual weight (128) as that of Q , was observed 
in the 3-phenyl-2-thiohydantoin derivatives of amino 
acids released in the first-cycle of degradation, as shown 
in Table 2. T h e sum of the molecular weights of the 
chymotryptic peptides was calculated as 6283, and thus, 
completely coincided with that of the tryptic peptides 
and was definitely within the range (6280—6293) of the 
expected molecular weight of the polypeptide. Thus, 
the mass peaks of the tryptic and chymotryptic peptides 
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TABLE 2. RECOVERIES OF PHENYLTHIOHYDANTOIN DERIVATIVES 

RELEASED FROM CHYMOTRYPTIC PEPTIDES OF THE JV-TERMI-

NAL BrCN FRAGMENT OF Streptomyces erythraeus 
LYSOZYME BY EDMAN-DEGRADATION 

Asp 
Asn 
Glu 
Gin 
Ser 
Thr 
Gly 
Tyr 
Ala 
Met 
Hse 
Val 
Trp 
Pro 
Lys 
Phe 
He 
Leu 
His 
Arg 

1 

62 
277* 

59 
* 

28 

211 

67 
69 

113 
97 
3 

8 

2 

30 
113* 

Cycle of Edman-degradation 

3 4 

46 8 
11 2 

16* 75 37 
11* 

64 
51 
23 

102 

47 

2 
71 
3 

15 

8 

65* 31 
* 

13 25 
33 39 
—* 25 
48* 64 

75 15 
—* 1 
50* 3 

5 29 
1 
2 1 

5 

4 
1 

45 
5 

7 
43 
17* 
22* 

3 

2 

1 

3 

6 

3 
1 
9 
1 

7 
34 
4 
5 

2 

1 

39 

5 

7 

33 

12 
1 
1 

10 
10 
3 
1 

2 

t 
5 

8 

8 

4 
2 

3 
19 
2 
1 

24 

1 

1 

9 

3 

5 
3 
8 
5 

5 

1 

10 

2 
1 

19 
2 

1 

11 

1 

2 

1 
6 
2 

1 

10 

Numerals are recoveries (nmol) from the iV-terminal BrCN 
fragment (160 nmol). Ten % of the peptide fractions were 
removed for mass measurements before the 1st, 2nd, and 
3rd cycles of degradation. Thr was estimated in addition 
to A -Thr. The separations of Asn and Gin and Ser-deri-
vatives and of Ala and Tyr-derivatives were not satisfactory 
in some cases. In these cases (*), recoveries were estimated 
as those of the main component, t means the presence of 
a trace of material. 

seemed to be selected correctly. 
High-performance Liquid Chromatography of the 3-Phenyl-

2-thiohydantoin Derivatives of Amino Acids Released from 
Tryptic and Chymotryptic Peptides. The 3-phenyl-2-
thiohydantoin derivatives of amino acids released from 
peptide mixtures by Edman-degradation were quan-
titated using HPLC.17) The chromatograms of the 3-
phenyl-2-thiohydantoin derivatives of amino acids 
released from tryptic and chymotryptic peptides are 
illustrated in Figs. 4 and 5, respectively. The recoveries 
in each cycle of Edman-degradation are summarized 
in Tables 1 and 2. From these values, the kind and 
ratio of the 3-phenyl-2-thiohydantoin derivatives of 
amino acids released from the tryptic and chymotryptic 
peptides in each cycle of degradation were selected as 
interger values within the limits between possible 
maxima and minima, as described in Fig. 6, although 
the composition of the 3-phenyl-2-thiohydantoin deriva­
tives of amino acids released were rather complicated. 
In these cases, the specificity of the enzymes used and 
the expected number of peptides in mixtures were 
considered. Furthermore, the fact that the recoveries 
of 3-phenyl-2-thiohydantoin derivatives of amino acids 
from larger peptides or Arg-containing peptides are 
generally better than those from smaller peptides was 

Step 

1 1 1 H i ' H 
N QS 

Fig. 4. High-performance liquid chromatograms of the 
3-phenyl-2-thiohydantoin derivatives of amino acids 
released successively in the organic phase from the 
tryptic peptides of the JV-terminal BrCN fragment of 
SE lysozyme. Numerals indicate the cycle of Edman-
degradation. For conditions see text. 

taken into consideration. 
In this experiment, the 3-phenyl-2-thiohydantoin 

derivative of tryptophan was recovered with difficulty, 
because Edman-degradation was performed manually. 
Moreover, the 3-phenyl-2-thiohydantoin derivatives of 
homoserine and its lactone were not detected on the 
chromatograms. 

Sequence Deduction with a Computer Program. The 
amino acid sequence of the JV-terminal BrCN fragment 
of SE lysozyme was examined using the computer 
program "PROSEQ2,"8) which was designed for 
deducing sequences of polypeptides or proteins from the 
molecular weights of the constituent peptides prepared 
from the polypeptides or proteins by two or more kinds 
of specific cleavage methods, the N-terminal amino acid 
residues or partial sequences of the constituent peptides 
and the 3-phenyl-2-thiohydantoin derivatives of amino 
acids released from the constituent peptides by successive 
degradation. The input data were as described in 
Fig. 6 and A and U (U denotes an Hse residue in this 
paper) as iV- and C-terminal residues of the original 
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polypeptide,10) respectively. There was only one output applicable as a method for peptide or protein sequence 
in Fig. 6. T h e analysis, and compares favorably with other methods,1»21) sequence, and it was complete as seen 

results show that the procedure described above is 

Step 

I f 11 I Hil l I 
DE HG \ *-T V \ KF I 

NQS 

Fig. 5. High-performance liquid chromatograms of the 
3-phenyl-2-thiohydantoin derivatives of amino acids 
released successively in the organic phase from the 
chymotryptic peptides of the iV-terminal BrCN frag­
ment of SE lysozyme. Numerals indicate the cycle of 
Edman-degradation. For conditions see text. 

al though there may be no problem in sequencing a 
peptide as long as the TV-terminal BrCN fragment 
tested with an automated sequencer.22) 

We express our sincere thanks to Professors Y. Izumi 
(Institute for Protein Research, Osaka University), H . 
Matsuda (College of General Education, Osaka Univer­
sity) and T . Ikenaka (Faculty of Science, Osaka 
University) for much helpful discussion and encourage­
ment throughout this work. 
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1 ATVAGIDVSGHQRNVDWQYWV/MQGKRFAYVKATEGTGYKNPYFAQOYNGSYNIGU 
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tal conditions, as described in the text. 
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Reactions of 2/,3/,5/-tri-0-acetyl-i^2-protected or unprotected guanosine derivatives with phosphoryl, phos-
phinothioyl, arylsulfonyl, and silyl halides in dichloromethane gave the corresponding 06-substituted guanosine 
derivatives in good yields. In these reactions, 4-(dimethylamino) pyridine (DMAP) was found to be very effective 
catalyst. The physical data of these products and their stabilities under acidic and basic conditions were described 
in detail. Selective detritylation of 06-arylsulfonyl-iy2-tritylguanosine derivatives was accomplished by treatment 
with 80% acetic acid. It was found that 06-dibutylphosphinothioyl derivatives were relatively stable under 
conditions where acetyl group was predominantly removed. 

In recent years, introduction of new methodologies 
into nucleotide chemistry has facilitated dramatically 
the synthesis of oligonucleotides.1) T h e modern phase 
of chemical synthesis of oligonucleotides rests mainly 
on the development of new types of condensing agents2) 
and protecting groups3) and the application of rapid 
purification and separation procedures.4) For example, 
several (arylsulfonyl) azoles2) have proved to be the most 
promising condensing agents since the reaction time 
for the condensation is being outstandingly shortened 
and the yields of oligomers are usually high. Narang5) 
and Itakura6) have recently showed rapid and practical 
methods for the synthesis of oligodeoxyribonucleotides 
demonstrat ing its successful application to the chemical 
synthesis of the fragments of the double stranded 
bioactive genes of lactose operator,53) human 
hormones,63»0) and insulin.5b»c»6c»d) Ohtsuka and 
Ikehara7) have also reported the utility of arenesulfonyl 
azoles in "uni t - type" synthesis involving the total 
synthesis of tRNA fMet . These new synthetic devices 
seem to be accepted satisfactorily. However, it appears 
that the preparat ion of guanosine-containing oligomers 

AcO 

OR 

NHR' 

AcO OAc 

V. R= H , R'= Tr 

2: R = H , R' = Bz 

3: R = R' = H 

OSiRR, 

<6 N ^ N ^ N H T r 

AcO OAc 

7a : R = R= Me 

b: R = t - B u , R'=Me 

c : R = t - B u , R'= C6H5 

0 = P(0R) 2 
I 

OÔ NHR' 
AcO-

AcO OAc 

4 a : R = E t , R'r jr 

b: R = i -Pr , R'= Tr 

c: R = C6H5, R'= Tr 

d : R = *-CI-C,H« f R '= Tr 

5: R=C 6 H 5 , R '= Bz 

by the improved phosphotriester approach involves 
still synthetic problems, especially, on the aspect of the 
coupling yields. This problem is more severe in the 
case of the ribo-series. Several years ago, Reese8-10) 
reported that guanosine derivatives were sulfonylated 
at the Opposition of guanine moiety with arenesulfonyl 
chlorides in pyridine. It suggests strongly that during 
the elongation of oligonucleotide chains such unavoid­
able side reactions might occur at the Opposition of 
guanosine. Indeed, we have met similar troubles owing 
to these side reactions in the synthesis of a guanosine 
monomer (as a unit nucleotide) and guanosine-rich 
oligomers. In connection with our project in oligoribo-
nucleotide synthesis we have needed a highly lipophilic 
guanosine derivative capable for elaboration of a 
phosphate group at the 5'-ribose hydroxyl. Consequent­
ly, the coupling reaction between i\T2-tritylguanosine and 
cyclohexylammonium £,£-bis(4-methoxyphenyl) phos-
phorodithioate (MPT) was performed by use of 2,4,6-
triisopropylbenzenesulfonyl chloride (TPS) ( T P S - M P T 
reaction) according to the established procedure.11) 

o=s=o 

< 

Ac 0 OAc 

N ^ NHR' 

ôa : R = *-MeC6H* , R'= Tr 

b : R= 2,*,«-(Me)jC«H2 , R*= Tr 

c : R= ».*.«-(i-Pr)3C6H2 , R'= Tr 

9: R=2,«*-(i-Pr)3C6H2 , R'= Bz 

10a: R = *-MeC6H* , R'= H 

b: R = 2,«,«-(Me)3C6H2 , R'= H 

c: R*J,*,6-(j-Pr)3C6H2 , R'= H 

HO 

O 

^N j r tnH 
NHTr 

HO OH 

11 

S=PR2 
I 
0 

R'Q N ^ N ^ N H T r 

6 a : R = Bu , R= R' = Ac 

b: R= Ph , R'=R"= AC 

12 : R = Bu , R - R"= H 

13: R= Bu , R'=Ac , R"= H 

R"0 OR" 
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However, the desired 5'-0-phosphorylated product was 
not obtained and some unidentified by-products were 
formed. Careful investigation of the T P S - M P T reaction 
on more simplified (i.e., fully protected) guanosine 
derivatives such as 2',3',5'-tri-0-acetyl-JV2-trityl-
guanosine (1) and 2' ,3' ,5'-tri-0-acetyl-N2-benzoylguano-
sine (2) has revealed that 06-substitution reactions of 
the above mentioned compounds occured easily under 
similar conditions. This led us to study extensively the 
protection of the Opposition of guanosine residue, which 
would give some insight on the oligonucleotide synthesis. 

In this paper, we wish to report the facile phosphoryl­
ation, sulfonylation, silylation of the Opposition of 
guanosine derivatives and the properties of the O6-
substituted guanosine derivatives in detail.12) During 
this work, we dealed mainly with JV2-tritylguanosine 
derivatives since the trityl group has proved to be useful 
and promising protecting group of the 2-amino group 

of guanine moiety because of its stability and great 
lipophilicity. 

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

O6-Substitution Reaction of Guanosine Derivatives. 
At first, pyridine was chosen as a solvent for the above 
mentioned 06-substitution reaction, since it was the 
common solvent used for the T P S - M P T reaction. By 
use of pyridine, however, unsatisfactory results were 
obtained for 06-sulfonylation and 06-phosphorylation of 
JV2-substituted 2',3',5'-tri-0-acetylguanosines. Another 
disadvantage was difficult work-up procedure which 
allowed isolation of the 06-substituted derivatives only 
in low yields. O n the other hand, excellent results were 
obtained, when the reaction was carried out in the 
presence of a catalytic amount of 4-(dimethylamino)-
pyridine (DMAP)13,14> in dichloromethane. I t can be 

TABLE. 1 ^-SUBSTITUTED OR UNSUBSTITUTED 2',3',5'-TRI-0-ACETYL-OS-(ARYLSULFONYL) GUANOSINES 

Compound 

8a 

8b 

8c 

9 

10a 

10b 

10c 

R1 

Ph3C 

Ph3C 

Ph3C 

O 
ii 

PhC 

H 

H 

H 

Sulfonylating 
agent10 

TsCl 

MS 

TPS 

TPS 

TsCl 

MS 

TPS 

Time 
h 

3 

3 

3 

12 

24 

24 

24 

Yield 
0/ 
/o 

75 

83 

87 

78 

73 

78 

80 

Rt value1» 

0.58 

0.61 

0.67 

0.66 

0.36 

0.59 

0.43 

UV spectra, 

Ä x a n e ( e x l 0 - 3 ) 

303(6.2) 
258(12.4) 
300(6.2) 
290(6.2) 
254(12.3) 
300(7.7) 
290(7.7) 
255(14.9) 

276(7.3) 
233(12.0) 
298(8.1) 
245(12.4) 
298(6.2) 
288(6.2) 
238112.4) 
299(7.8) 
289(7.8) 
240(12.7) 

i/nm 

2 dloxane 
''•min 

278 
248 
291 
277 
250 
291 
277 
250 

250 
221 
267 
243 
265 
235 

265 
238 

a) TsCl=tosyl chloride. MS=mesitylenesulfonyl chloride. TPS=2,4,6-triisopropylbenzenesulfonyl chloride, b) Benzene-
ethyl acetate ( 4 : 1 , v/v). 

TABLE 2 . 0 8 - P H O S P H O R Y L A T E D 2',3',5'-TRI-0-ACETYL-iV2-TRITYLGUANOSINES (4 6) 

Compound 

4a 
4b 

4c 

4d 

5 
6a 

6b 

R 

Ph3C 
Ph3C 

Ph3C 

Ph3C 

o 
n 

PhC 

Ph3C 

Ph3C 

Phosphorylating 
agent 

(EtO),P(0)Gl 
(z-PrO)2P(0)Br 

(PhO)2P(0)Cl 

(/>-ClC6H40)2P(0)Cl 

(PhO)2P(0)Cl 
Bu2P(S)Br 

Ph2P(S)Cl 

Yield 

% 

b) 
35—40 

30—40 

30—40 

ca. 30 
90—98 

50—60 

R{ value0 

0.23 
0.31 

0.51 

0.65 

0.49 
0.67 

0.66 

UV spectra, 

Ä" n e (£XlO~ 3 ) 

b) 
291(8.3) 
257(13.9) 
291(7.5) 
261^13.3) 
292(6.3) 
257(12.1) 

c) 
300(9.25) 
258(12.9) 
299(8.0) 
256(15.3) 

A/nm 

2 dloxane 
''•min 

b) 
277 
244 
277 
245 
286 
250 

c) 
277 
246 
279 
247 

a) Benzene-ethyl acetate (4 : 1, v/v), b) Compound 4a was too unstable to be isolated in pure form, c) Compound 5 
was not purified by chromatography because of partial decomposition. 
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TABLE 3. 06-SILYLATED 2 , ,3 ' ,5 '-TRI-0-ACETYL-

JV2-TRLTYLGUANOSINES (7) 

Com­
pound 

7a 
7b 
7c 

Silylating 
agent 

Me3SiCl 
/-BuMe2SiCl 
*-BuPh2SiCl 

R{ valuea) 

b) 
0.64c> 
0.66 

Yield 

b) 
d) 
98 

UV spectra, 2/nm 
i ~ — \ 

Tdioxane 
'•'max idioxane 
(e x 10~3) Amin 

b) 
c) 

290(8.04) 
271 (sh) 
265 (sh) 
261(11.4) 
254 (sh) 

b) 
c) 
276 
243 

Other physical data (*H NMR and elemental analysis) 
are given as follows: 7c: *H NMR (CDC13) : Ô 1.18 (9H, 
s, (CH3)3C), 1.93 (3H, s, 5'-acetyl protons), 2.06 (6H, 
br. s, T- and 3'-acetyl protons), 5.06—5.53 (3H, m, 
ribose protons), 5.63 (3H, br. s, ribose protons), 7.10 (15 
H, br. s, ArH), 7.17—7.83 (11H, Ph2Si and H-8); 
Found: C, 69.07; H, 5.80; N, 7.47%. Calcd for C61H51-
N608Si : C, 68.82 ; H, 5.78 ; N, 7.87%. a) Benzene-ethyl 
acetate ( 4 : 1 , v/v). b) Compound 7a was too unstable 
to characterize its properties (see the text), c) It was 
not possible, according to the techniques developed in 
this report, to isolate 7b in pure form. Therefore, no 
elemental analysis, precise, UV, *H NMR data are given 
here. Rt value for 7b should be accepted with some 
reservation due to partial decomposition of 7b during 
TLC. d) The yield of 7b was ca. 90—95% (determined by 
the amount of triethylammonium hydrochloride and 
*H NMR appearance of the partially purified product; 
see General Procedure B. 

emphasized that 06-substitution reactions took place 
by use of appropriate sulfonyl and phosphoryl halides 
in the presence of D M A P and the reactions were very 
clean and the results were also satisfactory. The 
reaction conditions and the results are summarized in 

Tables 1—3. 
Concerning the reaction rate of 06-substitution 

reaction, it depended on the lipophilicity of the 
guanosine derivatives. For instance, compound 1 
containing trityl group was more reactive than 2',3' ,5'-
tri-O-acetylguanosine (3) having no trityl group, while 
1 entered in 06-substitutions a little faster than 2. 
As one could easily see from Tables 1—3, electronic and 
steric effects in the 06-substitution reactions have 
apparently a little influence on the reaction rates. 

The successful isolation of this type of guanosine 
derivatives (4 and 5) is of great interest since O6-
phosphorylated species have been discussed as by­
products in the synthesis of oligonucleotides involving 
guanosines but they have never been characterized. 

O n the other hand, two kinds of phosphinothioyl 
halides, i.e., dibutylphosphinothioyl bromide and di-
phenylphosphinothioyl chloride, were employed in place 
of the phosphoryl halides in order to introduce phos­
phinothioyl groups into the Opposition of guanosine 
derivatives. As a consequence, the corresponding O6-
phosphinothioylated guanosine derivatives (6a and 6b) 
were successfully obtained in 98 and 6 0 % yields, 
respectively. 

Furthermore, this DMAP/Et 3 N/CH 2 Cl 2 system could 
be also extended to the 06-silylation. We examined the 
DMAP-catalyzed silylation of 1 using trimethylsilyl 
chloride, ^-butyldimethylsilyl chloride, and J-butyldi-
phenylsilyl chloride. The superiority of DMAP/Et 3 N/ 
CH2C12 system was also confirmed in this case by 
comparison with the conventional system (imidazole/ 
JV,iV-dimethylformamide/silyl chloride15)). Thus, the 
^-butyldiphenylsilyl derivative (7c) was successfully 
isolated in an excellent yield of 9 8 % . However, in the 
case of the trimethylsilylation, it was impossible to 
isolate the silylated product (7a) and even to detect it 
on the T L C plate. Very rapid decomposition of 7a 

TABLE 4. ELEMENTAL ANALYSIS AND *H NMR SPECTRA OF 4 AND 6a) 

Compound 
formula 

Elemental analysis (%) 

Calcd 
Found H N [S] or (CI) 

*H NMR (CDC13), Ô 

4b 60.36 5.68 8.58 
C4iH46N6OnP 60.29 5.69 8.53 

4c 63.86 4.80 7.92 
C47H42N6OnP 64.06 4.78 7.61 

4d 55.02 3.90 6.83 
C47H40N6Cl2OnP. 55.04 3.98 6.46 
4H 2 0 

6a 61.00 5.91 8.27 
C43H60N6O8PS.H2O 61.39 6.06 8.03 

6b 64.34 4.82 7.98 
C47H42N608PS. 64.42 4.90 7.75 
1/2H20 

— 1.38 (6H, d, J=6 Hz, (CH3)2C), 1.96 (3H, s, 5'-acetyl), 2.08 
_ (6H, s, 2,,3,-acetyls), 4.16 (3H, br. s, ribose protons), 4.92 

(2H, m, (CH3)2CH), 5.20—5.63 (3H, m, ribose protons), 
6.56 (1H, s, NHTr), 7.23 (15H, br. s, ArH), 7.70 (1H, s, 
H-8) 
1.93 (3H, s, 5'-acetyl), 2.08 (6H, s, 2',3'-acetyls), 4.13 (3H, 
br. s, ribose protons), 5.13—5.55 (3H, m, ribose protons), 
6.08 (1H, br. s, NHTr), 7.18 (25H, br. s, ArH), 7.70 (1H, s, 
H-8) 

(6.94) 1.97 (3H, s, 5'-acetyl), 2.10 (6H, s, 2,,3'-acetyls), 4.17 (3H, 
(6 48) br. s, ribose protons), 5.17—5.63 (3H, m, ribose protons), 

1 6.27 (1H, br. s, NHTr), 7.20 (1H, s, H-8) 

[3.78] 0.67—2.43 (18H, m, C4H9), 2.00 (3H, s, 5'-acetyl), 2.06 (6H, 
1-3 62] s, 2,,3,-acetyls), 4.23 (3H, br. s, ribose protons), 5.22—5.80 

(3H,m, ribose protons), 6.43 (1H, br, s, NHTr), 7.23 (15H, 
br. s, ArH), 7.73 (1H, s, H-8) 

[3.65] 1.93 (3H, s, 5'-acetyl),2.04 (6H, s, 2,,3'-acetyls), 4.13 (3H, 
[3 451 br. s, ribose protons), 5.17—5.63 (3H, m, ribose protons), 

6.13(1H, s, NHTr), 7.08—8.10 (26H, br. s, H-8 and ArH) 

a) Compounds 4a 
elemental analysis 

and 5 could not be purified because of their instability during work-up procedure. Therefore no 
and *H NMR spectral data are given here. 
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TABLE 5. ELEMENTAL ANALYSIS AND *H NMR SPECTRA OF 8—10 

Elemental analysis (%) 
uumpuimu 

formula 

8a 
^42H39N6O10S 

8b 
G44H43N6O10S 

8c 
G60H66N6O10S 

9 

CuHoN.OuS 

10a 

10b 
C25H29N6O10S 

10c 
G81H41N6O10S 

Calcd n 
Found u 

62.60 
63.07 

63.37 
63.40 

65.41 
65.06 

58.53 
58.76 

49.02 
49.07 

51.76 
51.68 

55.10 
54.79 

H 

4.88 
5.09 

5.20 
5.21 

6.04 
6.08 

5.82 
5.77 

4.47 
4.59 

4.94 
4.99 

6.12 
6.12 

N 

8.69 
8.41 

8.40 
7.89 

7.63 
7.36 

8.98 
8.62 

12.43 
12.22 

11.84 
11.44 

10.36 
9.99 

S 

3.98 
3.78 

3.84 
3.76 

3.49 
3.40 

4.11 
3.90 

5.69 
5.53 

5.42 
5.30 

4.74 
4.63 

^NMRCGDGlg) , Ô 

1.95 (3H, s, 5'-acetyl), 2.06 (6H, s, 2,,3,-acetyls), 2.40 (3H, s, 
para-methyl), 4.15 (3H, br. s, ribose protons), 5.10—5.63 (3H, 
m, ribose protons), 6.42 (1H, br. s, NHTr), 7.18 (17H, s, ArH), 
7.7 (1H, s, H-8), 7.78 (2H, d , / = 8 H z ) 
1.93 (3H, s, 5'-acetyl), 2.09 (6H, s, 2,,3,-acetyls), 2.26 (3H, s, 
/>-CH3), 2.7 (6H, s, o-GH3), 4.15 (3H, br. s, ribose protons), 
5.13—5.53 (3H, m, ribose protons), 6.17 (1H, br. s, NHTr), 
6.83 (2H, s, m-ArH), 7.17 (15H, br. s, ArH), 7.70 (1H, s, H-8) 
1.20 (18H, d, 7 = 6 Hz, (GH3)2G), 1.86 (3H, s, 5'-acetyl), 2.03 
(6H, s, 2,,3,-acetyls), 3.05 (1H, m,/>-(CH3)2CH), 4.06 (3H, br. 
s, ribose protons), 4.10 (2H, m, o-(GH3)2GH), 5.00—5.46 (3H, 
m, ribose protons), 6.08 (1H, br. s, NHTr), 7.13 (15H, br. s, 
ArH), 7.62 (1H, s, H-8) 
1.26(12H,d,/=6Hz,o-(GH3)2G), 1.23 (6H,</=6Hz,/>-(CH3)2-
C), 2.00—2.23 (9H, br. d, acetyl), 2.92 (1H, m, />-(CH3)2CH), 
4.20 (2H, m, o-(GH3)2GH), 4.50 (3H, m, ribose protons), 5.85— 
6.18 (3H, m, ribose protons), 7.1—8.00 (8H, m, ArH) 
2.03—2.20 (9H, three singlets, acetyls), 2.42 (3H, s, />-CH3), 
4.33 (3H, br. s, ribose protons), 4.98 (2H, br. s, NH2), 5.57— 
5.97 (3H, m, ribose protons), 7.23 (2H, d, J = 8 Hz, ArH), 7.72 
(1H, s, H-8) 7.92 (2H, d, J=8 Hz, ArH) 
2.00—2.20 (9H, br. s, acetyls), 2.30 (3H, s,/>-CH3), 2.74 (6H, 
s, 0-CH3), 4.38 (3H, br. s, ribose protons), 5.08 (2H, br. s, NH2), 
5.60—6.00 (3H, m, ribose protons), 6.93 (2H, s, ArH), 7.80 
(1H, s, H-8) 
1.28 (18H, d, 7 = 6 Hz, (GH3)2G), 2.00—2.13 (9H, three 
singlets, acetyls), 3.05 (1H, m, />-(CH3)2CH), 3.70—4.23 (2H, 
m, o-(GH3)2GH), 4.37 (3H, m, ribose protons), 4.97 (2H, br. s, 
NH2), 5.60—6.00 (3H, m, ribose protons), 7.13 (2H, s, ArH), 
7.68 (1H, s, H-8) 

to the starting material was observed. However, 
indirect evidence of the 06-silylation was supported by 
the fact that a stoichiometric amount of triethylamine 
hydrochloride was obtained from the reaction mixture. 
When £-butyldimethylsilyl chloride was used for the 
silylation, it was possible to detect the corresponding 
silylated product (7b) by T L G and to separate it as a 
material which was contaminated with D M A P and 
traces of tr iethylammonium chloride (see Procedure B 
in Experimental Section). 

Stability of the O*-Substituted Guanosine Derivatives. 
Since it was quite important for our synthetic purpose, 
we undertook a careful examination of the stability of 
the above mentioned compounds (4—10) either during 
work-up procedure, in solid state, or in several acidic 
and basic mediums. Consequently, their stabilities have 
varied in a quite wide range. The summary of the 
results is given below (for further details see Table 6 
and Experimental Section). In connection with their 
stability in solid state, we have found that i\T2-unsub-
stituted guanosine derivatives were unstable and after 
two months at room temperature a significant decom­
position has been observed. 

It was proved also that an introduction of the bulky 
substituents near 06-oxygen of the 06-substituted 
guanosines increases their stability both during work-up 
and in the solid state. Thus, in the 06-sulfonylated 
derivatives of 3 the order of stability in the solid state 
was 1 0 a > 1 0 b > 1 0 c . O n the other hand, in (^-phos­
phorylation of 1, it was found that the 06-diethylphos-
phoryl derivative (4a) was not stable enoguh to be 

isolated in pure form, while the 06-diisopropylphosphor-
yl compound (4b) could be isolated, al though the yield 
was relatively low (ca. 30%) . 

Because of the circumstances under which this study 
was undertaken we have been in keen interest for 
lability of the substituent on 06-guanosine oxygen, 
especially, in different basic mediums. O u r principal 
goal is to obtain O6- and i\T2-disubstituted guanosines so 
that we can call them "fully protected" selectively in 
the guanine part . As a consequence, we tried to check 
the stability of 06-substituted 2',3',5'-tri-0-acetyl-iVr2-
tritylguanosines in more detail. I t was found that most 
of substituents of 06-guanosine oxygen were too unstable 
in several alkaline mediums to serve as protecting groups 
for Opposition of the compounds involved. T h e O6-
sulfonylated derivatives (8—10) were particularly sus­
ceptible to nucleophilic substitution at C6 carbon. A 
similar reaction of 2 ,,3',5 ,-tri-0-acetyl-06-mesitylsulfon-
ylguanosine (10b) has been described by Reese.9) 
Unfortunately, it was not possible to find a suitable 
reagent which would attack preferably ribose acetoxyl 
groups, but not the C6-carbon in the guanine moiety. 

In order to gain information on the possibility of 
using 06-substituents as protecting groups some data 
on their stability in acidic mediums were also required. 
We have found that , as a rule, they were quite labile 
under acidic conditions (see Table 6). It was, however, 
possible to find removal conditions of trityl group 
selectively from 2',3',5 ,-tri-0-acetyl-06-sulfonyl-iV2-tri-
tylguanosine (8a—c) where the sulfonyl groups remained 
intact to afford 10a—c in almost quantitative yields. O n 
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TABLE 6. REMOVAL OF THE PROTECTING GROUPS OF SOME 

08-SULFONYLATED PHOSPHORYLATED, OR SILYLATED 

COMPOUNDS IN ACIDIC OR BASIC MEDIUMS 

Compound Acidic or basic 
mediuma) Time/h Product 

8a 

8b 
8c 
8a 
8b 
8c 
8a 

7c 
6a 

6a 

6a 

80% acetic acid 
in dioxane-water 
( 4 : l , v / v ) 

60% formic acid 

14% methanolic 
ammonia*0 

^-butylamine in 
methanol-dichloro-
methaned) 

butylamine in 
dichloromethane 
f-butylamine in 
methanol 

1.0 

1.0 
1.0 
0.5 
0.5 
0.5 
2.0 

24 
6.0 

48 

0.25 

10a 

10b 
10c 
3 
3 
3 
b) 

11 
12 and 13e> 

no reaction 

12 and 13f> 

a) All operations were carried out at room temperature, 
if not otherwise stated, b) The TLC (CHC13- MeOH, 9 : 
1, v/v) of the reaction mixture after 2 h showed that at 
least 4 products were formed (no starting material 
remained). No attempts were made to identify these 
compounds, but at least for one of them it could be 
judged (from Rf value) that it was iV2-tritylguanosine. 
c) In 5% methanolic ammonia a similar reaction took 
place, d) This was one of the best solvent systems which 
have been tested for aminolysis of 6a. The reaction was 
sufficiently slow for isolation of monoacetyl- and deacety-
lated products of 6a. e) See Experimental section. 
f ) See the text. 

the other hand, simultaneous removal of both trityl and 
arylsulfonyl groups could be accomplished by employing 
60% formic acid (see Table 6). 

T h e 06-phosphorylated guanosine derivatives (4 and 
5) were also quite labile in basic mediums, and the 
0 6 - P bond was cleaved easily in either aqueous or 
anhydrous solvents to give rise to JV2-tritylguanosine (11) 
as a principal reaction product. 

For aminolysis of 2' ,3 ' ,5 '-tri-0-acetyl-06-dibutylphos-
phinothioyl-iV2-tritylguanosine (6a), ammonia, £-butyl­
amine, and butylamine in different solvent systems were 
tested. I t was found that both ammonia (in methanol) 
and butylamine (in methanol-dichloromethane) had 
given unsatisfactory results. T h e aminolysis was too 
fast and 06-dibutylphosphinothioyl group was cleaved 
considerably. O n the contrary, i-butylamine [in 
methanol and especially in methanol-chloroform (or 
dichloromethane)] had given good results both in terms 
of aminolysis reaction and stability of the 06-dibutyl-
phosphinothioyl group. The aminolysis with t-butyl­
amine appeared to be very sensitive to the solvent 
system. For instance, there was no reaction between 
6a and ^-butylamine in solvents such as dichloro­
methane, 2-propanol, and chloroform, while the 
reaction was very fast in methanol (only 15 min was 
enough for disappearance of 6a) and relatively slow in 
ethanol. Thus, it was shown that the dibutylphosphino-

thioyl group was relatively stable during the aminolysis 
of the corresponding guanosine derivatives with t-
butylamine. O n the other hand, an easy cleavage of the 
group was detected in acidic mediums (for example, 
80% acetic acid) to give 3. Therefore, it seems to us 
that the dibutylphosphinothioyl group (BPT) is useful 
for 06-protection of guanosine derivatives, because it 
has the following useful features; 1) ribose acetyl groups 
undergo more rapid aminolysis by /-butylamine than 
the 0 6 -BPT group; 2) it is possible to cleave easily 
0 6 -BPT groups in either acidic or appropriate basic 
mediums; 3) the corresponding 06-phosphinothioyl 
compounds could be obtained conveniently in high 
yields; 4) compounds 6a—c are stable in solid state 
at room temperature for a long period of time and in 
aqueous pyridine for one day and can survive T L C or 
other purification procedures; 5) 06-dibutylphosphino-
thioyl derivatives of iV2-tritylguanosine can be detected 
easily on T L C plates because of their characteristic blue 
fluorescence at 254 nm ; 6) compounds 6, 12, or 13 
have very characteristic U V spectra (see the later 
section); 7) butyl groups are easily detectable by 1H 
N M R and it might be useful in nucleotide synthesis, 
because no significant signals appeared in that region. 

Diphenylphosphinothioyl group showed similar pro­
perties to the BPT group but the introduction of the 
former to the 06-imidoyl group was performed only in 
moderate yields and it does not have blue fluorescence 
like BPT-containing compounds. 

Thus , as a result of this investigation, it seems that the 
BPT group might be useful for protection of the O6-
oxygen of guanosine. It could be a valuable starting 
point for designing similar and even better groups. 
Fur ther efforts toward this goal are now in progress in 
our laboratory. 

Solubility of 0*-Substituted Guanosine Derivatives. 
It is well documented by Guschlbauer that guanosine 
forms rigidly stable hydrogen bonded complexes of 
cyclic structure.16) This greatly diminishes the solubility 
of the molecule in many organic solvents and makes it 
impossible to perform some interesting synthetic trans­
formations. Generally, in the oligonucleotide synthesis, 
the longer the chain of an oligonucleotide is, the poorer 
its solubility is so that the R{ becomes low and the 
separation of the oligonucleotide from other polar by­
products is difficult. Therefore, from the two points 
of the prevention of the side reactions at the Opposition 
of guanine moiety and the enhance of the solubility of 
guanosine derivatives, introduction of a protecting 
group into the 06-imidoyl group seems to be important. 
The solubility of the 06-substituted guanosine derivatives 
obtained in the present works increases dramatically in 
several organic solvents. For example, the Z-butyldi-
phenylsilylated derivative (7c) is freely soluble in ether 
and fairly even in hexane. The high solubility of the 
06-substituted guanosine derivatives is seen from the 
Rf values described in Tables 1—3 and 7. 

UV and XH NMR Spectra of 06Substituted Guanosine 
Derivatives. All 06-substituted guanosines have 
similar U V spectra which are quite different from the 
corresponding U V spectral data of 06-unsubstituted 
derivatives. All 06-substituted compounds have a 
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TABLE 7. SOME PHYSICAL DATA FOR 0*-DIBUTYLPHOSPHINOTHIOYL-A^2-TRITYLGUANOSINE (12) 

AND 5/-0-ACETYL-06-DIBUTYLPHOSPHINOTHIOYL-IV^2-TRITYLGUANOSINE (13) 

Compound 

Elemental analysis (%) 
Formula 

UV spectra i/nm 

Galcd Found 

Ä fvaluea) ^ 

(sxlO-3) 
jdioxane 

J H N M R (GDGI3), Ô 

12 

13 

c, 
H, 
N, 

c, 
H, 
N, 

C37H44N606PS 
63.32 63.42 

6.32 6.30 
9.98 9.82 

C3,H48N608PS 
62.97 62.85 
6.23 6.30 
9.41 9.03 

0.14 

0.30 

300(8.75) 
258(10.6) 

299( 8.6) 
260^2.4) 

276 
246 

277 
298 

0.73—2.57 (18H, m, G4H9), 1.92 (3H, s, 5'-acetyl), 
3.02 (1H, br. s, OH), 3.77—4.20 (5H, m, 2 ,,3 ,,4 /, 
5'-ribose protons), 5.38 (1H, d, J r 2, = 1.1 Hz,H-l ') , 
6.47 (1H, s, NHTr), 7.23 (15H, br. s, ArH), 7.57 
(1H, s, H-8) 

0.67—2.33 (18H, m, G4H9), 3.33—4.57 (8H, m, 2', 
3',4', 5'-ribose protons and three OH groups), 5.53 
(1H, d, JV_2 ,= 1.1 Hz, H-l ' ) , 6.47 (1H, s, NHTr), 
7.27 (15H, br. s, ArH), 7.68 (1H, s, H-8) 

a) Benzene-ethyl acetate ( 4 : 1 , v/v). 

maximum at 290—305 n m (e=6000—9000) which is 
not characteristic of guanosine-type derivatives. In the 
case of the 06-sulfonylated compounds this maximum 
lies between 300—305 nm, while the corresponding O6-
silylated and phosphinothioylated derivatives have their 
higher wavelength maximum at 290 and 300 nm, 
respectively. 

1 H N M R spectra of 06-substituted guanosines also 
have some very characteristic features. For instance, 
all 06-substituted iV^-tritylguanosines have a moderately 
broad singlet around <5 6.0—6.5 (due to iV2-proton)9) 
which disappears after D 2 0 exchange. Also all O6-
substituted 2',3',5 ,-tri-0-acetyl-iVr2-tritylguanosines have 
their ribose protons split in two three protons groups, 
one located as a characteristic multiplet around <5 
5.0—5.6 and the other as a broad singlet around <5 4.2. 
Resonance positions of trityl, acetyl, and H-8 protons 
are also of great value, but usually their chemical shift 
on N M R scale does not depend so crucially on O6-
substitution pattern. In the case of 06-substituted 
2',3',5'-tri-0-acetyl-iVr2-benzoyl (or unsubstituted) de­
rivatives the same pat tern of resonance for the ribose 
protons was observed. 

In conclusion, preparative new findings on the O6-
substitution reactions of guanosine derivatives have been 
obtained by use of 4-(dimethylamino) pyridine as a 
catalyst. All 06-substituted guanosine compounds are 
highly^Soluble in many nonpolar organic solvents. It 
might be due to the cleavage of hydrogen bond between 
N1 and O6 by the introduction of the 06-substituent. 
The 06-dibutylphosphinothioyl derivatives are promising 
synthetic intermediates of guanosine compounds in 
nucleotide chemistry, because of some useful charac­
teristics of the BPT group. 

From the synthetic point of view in oligonucleotide 
synthesis, it is highly likely that coupling agents such as 
arenesulfonyl chlorides or azoles and phosphorylating 
species activated by the coupling agents at tack the 
06-imidoyl group of guanine residue during the desired 
internucleotidic bond formation. This seems to be the 
reason why yields of the coupling reactions of 
oligonucleotides containing guanosine residue are re­
markable unsatisfactory. 

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

Proton nuclear magnetic resonance spectra (60 M H z ) were 
taken on a Hitachi Model R-24 spectrometer and are reported 
in parts per million from internal tetramethylsilane on the 
ô scale ((5=0). Ultraviolet spectra were recorded on a 
Hi tachi Model 124 spectrophotometer. Elemental analyses 
were performed by the Microanalytical Laboratory , Tokyo 
Insti tute of Technology, at Nagatsuta . All solvents were 
distilled pr ior to use. Dichloromethane and pyridine were 
dr ied over 3A molecular sieves and calcium hydride, respec­
tively. /-Butyldiphenylsilyl chloride,17) diphenylphosphino-
thioyl chloride,18) and dibutylphosphinothioyl bromide19* were 
prepared according to the l i terature procedures. 

General Procedure for 06-Sulfonylation, Silylation, or Phosphoryla­
tion of ^-Substituted*) or Unsubstituted 2\3\5'-Tri-0-acetyl-
guanosines (Procedure A). T w o mmol of ^ - s u b s t i t u t e d or 

unsubsti tuted 2 / ,3 / ,5 /-tri-0-acetylguanosine and 0.12 mmol of 
D M A P were dissolvedb) in 20 ml of dichloromethane and then 
to this solution were added successively 3.3 ml of triethyl-
amine and 2.94 mmol of the corresponding sulfonyl, silyl, or 
phosphoryl halide. c ) After stirring of the homogeneous 
solutiond) for several hours,e> the solvent was evaporated at 
30 °G. T h e crystalline residue was redissolvedf> in 4 ml of 
dichloromethane and purified by column chromatography on 
silica gel. Elution was performed with benzene-ethyl acetate. 
Yields of the products are listed in Tables 1—3. 

a> ^ - S u b s t i t u e n t refers to trityl, benzoyl, or hydrogen. 
For a specific compound details are given in Tables 1—3. 

b> In the case of 2 / ,3 ' ,5 '- tri-0-acetylguanosine, it was not 
possible to dissolve completely the guanosine derivative before 
addition of the corresponding sulfonylating, phosphorylating, 
or silylating reagent. 

c) T h e corresponding silyl chloride (2.4 mmol) was used 
in the case of 06-silylation reaction. 

d) In the case of 2 / ,3 / ,5 /-tri-0-acetylguanosine the reaction 
mixture became homogeneous after 30 min. 

e) T h e reaction times for each individual compound are 
listed in Tables 1—3. 

f) In some cases it was not possible to dissolve completely 
the white solid residue in 4 ml of dichloromethane. This 
did not, however, hamper the purification because it was 
possible to apply this suspension to the silica-gel column. 

General Procedure for Partial Purification (Removal of Triethyl-
ammonium Chloride) of O*-Substituted ^-Substituted or Unsubsti­
tuted 2', 3\5'- Tri-O-acetylguanosines (Procedure B). The general 
procedure A was followed until the solid residue was obtained 
after evaporation of the solvent. T h e n the solid was suspended 
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in 20 ml of dry ether, stirred for 10 min. and the white 
precipitate of triethylamine hydrochloride was filtered. T h e 
06-substituted-iV2-substituted or unsubstituted 2 ' ,3 ' ,5 ' - t r i -0-
acetylguanosine was in the filtrate together with D M A P and 
the excess of the corresponding sulfonylating, silylating, or 
phosphorylating agent. This procedure is especially useful 
for a quick confirmation tha t the reaction between guanosine 
derivative and the corresponding 06-substitution reagent 
takes place. I t is supported by the formation of triethyl­
amine hydrochloride. 

General Procedure for Aminolysis of Compounds 4—8 (Procedure 
C). 06-Sulfonylated, 06-phosphorylated, or 0«-silylated 
iV2-substituted 2 / ,3 ' ,5'-tri-0-acetylguanosine (0.26 mmol) was 
dissolved in 1 ml of the corresponding organic solvent (dichlo-
romethane, chloroform, methanol , ethanol, 2-propanol, or 
mixtures of two of them) and 2.8 mmol of the amine (ammonia, 
J-butylamine, or butylamine) in 2 m L of the above mentioned 
solvent was added at once. T h e course of the reaction was 
monitored by T L C (chloroform-methanol, 9 : 1 , v/v). In 
the case of 2 / ,3' ,5'-tri-0-acetyl-06-dibutylphosphinothioyl-iV2-
tritylguanosine (6a: 1.59 mmol) , f-butylamine (16.4 mmol) 
in methanol (12 ml) were stirred for 15 min at room temper­
a ture . T h e organic solvent was evaporated at 25 °C and the 
solid residue was chromatographed on silica gel with benzene-
ethyl acetate to give 12 and 13 as white foams in 50 and 
10% yields, respectively. In Table 7 the da ta are given for 
compounds 12 and 13. 

General Procedure for Acid Hydrolysis of 06-Sulfonylated 2' ,3' ,5'-
Tri-O-acetyl-W-tritylguanosines to 06-Sulfonylated 2',3',5'-Tri-
O-acetylguanosines (Procedure D). 2 ' ,3 ' :5'-Tri-0-acethy]-0 6-

arylsulfonyl-iV2-tritylguanosineg) (0.1 mmol) was dissolved in 
1 ml of 8 0 % acetic acid in d ioxane-water ( 4 : 1 , v/v).h> After 
I h water (4 ml) was added to the homogeneous reaction 
mixture and the resulting suspension was extracted with 
dichloromethane ( 3 x 2 ml) . T h e combined dichloro-
methane solutions were washed with water ( 2 x 2 ml) , 
dr ied over anhydrous sodium sulfate and evaporated at 25 °C. 
T h e remaining residue was redissolved in a small amount of 
dichloromethane and purified by column chromatography 
on silica gel (2 g) . Benzene was used as the first eluent for 
removal of t r iphenylmethanol (about 10 ml of the eluate were 
collected) and the desired 06-sulfonylated 2 / ,3 ' ,5 ,- t r i -0-
acetylguanosine was eluted by ethyl acetate. T h e yield was 
nearly quanti tat ive. T h e results are summarized in Table 6. 
All obtained 2',3 / ,5 /-tri-0-acetyl-06-(arylsulfonyl)guanosines 
(see Table 6) were proved to be identified (XH N M R , Rf values, 
and U V spectra) with the corresponding 2' ,3' ,5 /-tri-0-acetyl-
06-(arylsulfonyl)guanosine obtained from direct 06-sulfonyl-
at ion of 2' ,3 / ,5 '-tri-0-acetylguanosine (see Table 1). 

g) Compounds 8a—c were subjected to this reaction. 
h) N o reaction took place in the absence of water. 
General Procedure for Conversion of 2',3',5'-Tri-0-acetyl-06-

arylsulfonyl-N2-tritylguanosines to 2',3',5'-Tri-0-acetylguanosine 
(Procedure E). 2 / ,3',5'-Tri-0-acetyl-06-arylsulfonyl-JV2-
tritylguanosine (0.1 mmol) was suspended in 70% aqueous 
formic acid (2 ml) and stirred at room tempera ture for 30 min. 
T h e white precipitate of tritylcarbinol was filtered off and the 
colorless filtrate was poured into 8 ml of water and extracted 
with chloroform ( 3 x 2 ml) . After evaporation of the 
chloroform at 30 °C the remaining residue was chromatogra­
phed on silica gel (2 g) with chloroform-methanol to give 
the desired 2 / ,3 ' ,5 '-tri-0-acetylguanosine (11). T h e yield of 
I I was nearly quanti tat ive in each experiment. 

2',3',5'-Tri-0-acetyl-W-tritylguanosine (1) 2 ' ,3 ' ,5 ' -Tri-0-
acetyguanosine (26.35 g, 64 mmol) was suspended in 400 ml 
of dry pyridine and heated at 100 °C and 53.9 g (0.193 mmol) 

of trityl chloride was added. After stirring at 100 °C for 6 h, 
the reaction mixture was poured into 1.5 1 of water and ex­
tracted with dichloromethane ( 3 x 4 0 0 ml) . T h e organic 
solvent was then removed by evaporation and the remaining 
oily residue was subjected to coevaporation with benzene 
( 2 x 1 5 0 ml) for removal of the traces of pyridine. After 
that the dark brown oil (sometime it could crystallize) was 
suspended and stirred in 500 ml of ether for 1 h at room 
tempera ture . T h e resulting yellow precipitate was filtered 
off. After drying at 40 °C in vacuo, the crude 2 / ,3 ' ,5 ' - tr i-0-
acetyl-iV2-tritylguanosine was dissolved in 90 ml of dichloro-
methane-methanol ( 9 : 1 , v/v) and was purified by column 
chromatography on silica gel (60 g) by using dichloromethane-
methanol as eluent. After evaporation of the eluate, the result­
ing light yellow solid was dissolved in 1.6 1 of boiling methanol. 
T h e hot solution was filtered and the filtrate was concentrated 
by evaporation until 800 ml of methanol remained. External 
cooling (10—15 °C) was applied and after stirring of the 
suspension for 3 h the purified 2',3 /,5'-tri-0-acetyl-iV2-trity4-
guanosine was filtered and washed with a small amount of 
methanol . T h e yield was usually 70—80%. 

W e express g r e a t t h a n k s to Prof. H i s a s h i T a k e i 
T o k y o I n s t i t u t e of T e c h n o l o g y , for his k i n d gift of 
D M A P . 
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and -lithium Reagents 
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Nucleophilic reactions of F-2-methyl-2-pentene (1) and (£,)-i?'-4-methyl-2-pentene (2), the dimers of hexafluoro­
propene, with organomagnesium and -lithium reagents were investigated. The reaction of 1 proceeded readily, 
giving two alkyl- or aryl-substituted polyfluoroalkenes which resulted from a- and y-fluorine elimination, respectively. 
Only phenyllithium reacted with 2, giving also a- and y-fluorine eliminated phenylpolyfluoroalkenes. The reaction 
mechanism of y-elimination was postulated in relation to the electropositive property of the organo group and to 
Mg-F or Li-F bond formation. 

In our continuing studies on the chemistry of 
hexafluoropropene oligomers,1) we have reported a 
number of reactions of the oligomers with various 
nucleophiles except those with C-nucleophiles such as 
organomagnesium or organolithium reagents. Although 
some reactions between terminal perfluoroalkenes and 
organometallic reagents of this type have been inves­
tigated,2) none of reports on those of non-cyclized inner 
perfluoroalkenes have appeared in the literature. 

In this paper we wish to reveal an interesting behavior 
of the dimers of hexafluoropropene, a typical inner 
perfluoroalkene, towards organomagnesium and organo­
lithium reagents. 

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

It is well known that two kinds of perfluoroalkenes 
are obtained by the anionic dimerization of hexafluoro­
propene:1) F-2-methyl-2-pentene (1) and (E)-F-4-
methyl-2-pentene (2). 

T h e perfluoroalkene 1 is thermodynamically more 
stable than the other isomer 2, and, nevertheless, 1 is 
much more reactive to O-, N- and S-nucleophiles than 
2.3) This is ascribed to the higher stability of the 
carbanion (3) formed from 1 and a nucleophile, 
compared with the carbanion (4) derived from 2, owing 
to the two electron-withdrawing trifluoromethyl groups 
at tached to the anionic carbon atom.3) 

C F l / F 2 C F 3 

C F / V 

Nu" 

< C F 3>2 C \ / 

CF 

CF 

CF„CF 
2 * r 3 

F 

Nu" 

V 

(CF3)2CF F 

F Nu 

In a course of studies on the reactions of these dimers 
with organo-magnesium and -lithium reagents, we 
observed a similar tendency. T h e reaction of 1 was 
instantaneous and highly exothermic for all Grignard 
reagents except aryl one, while the less reactive isomer 2 
with Grignard reagents, for example butylmagnesium 

bromide, did not produce any significant amount of 
products. 

The products obtained by the reactions between 1 and 
alkylmagnesium halides were, however, always a 
mixture of two isomeric compounds which resulted from 
a- and y-elimination of a fluoride ion from the inter­
mediate carbanion 3 ( N u = R ) . 

RMgX 

3 (Nu - R) 

All the reactions were carried out in diethyl ether 
using about twice molar amounts of the Grignard 
reagents to ensure fast reaction. Although the two 
isomeric compounds in the products were not separable, 
the combined yield was over 70% (from 19F N M R ) , 
and the structure of each isomer was readily established 
by careful checking of the 19F N M R spectra. For 
example, the chemical shifts and coupling constants 
for the compound 5 and 6 (R=n-Bu) were as follows:1" 

10 

-13.8 q 

-SO. 8 m 

fi 
+29.S q \ +2.2 q 

n-Bu 

I (R = M-BU) 

+SS.0 m 

f 

6 (R = M - B U ) 

t All the 19F chemical shifts throughout this article are 
shown in ô ppm upfield from external CF3C02H. The 
coupling constants are given in Hz. 
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TABLE 1. REACTION OF F-2-METHYL-2-PENTENE (1) WITH GRIGNARD REAGENTS 
RMgX 

(CF3)2C=CFCF2CF3 • (CF3)2C=C(R)CF2CF3+CF2=C(CF3)CF(R)CF2CF3 
EtaO 

1 5 6 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 

13 

14 

15 

16 

17 

RX 

EtI 
EtI 
EtBr 
EtBr 
*-PrI 
n-PrBr 
n-PrBr 
n-PrBr 
n-PrBr 
n-BuBr 
n-BuBr 

n-G8Hi7Br 

^G6HnCH2Br 

PhGH2Br 

f-PrBr 

PhBr 

/>-MeC6H4Br 

RX/1 
mol/mol 

2.3 
2.2 
2.1 
2.3 
2.4 
2.6 
2.5 
2.4 
2.2 
1.8 
1.2 

2.0 

2.7 

2.3 

2.4 

2.4 

2.4 

Et 20/RX 
ml/mmol 

0.7 
0.8 
0.8 
0.8 
0.7 
2.0 
0.7 
0.7 
0.8 
0.8 
2.5 

0.6 

0.8 

0.7 

0.7 

1.3 

0.8 

Temp 
°G&) 

0 
0 
0 
0 
0 
0 

- 4 5 
0 

+ 35 
0 

+ 8 

0 

0 

0 

0 

+ 23 

+ 23 

Time 
min 

5 
30 
5 

30 
5 
8 
8 

60 
60 
20 

180 

30 

7 

4 

4 

60 

60 

Yield1» 

91 
76 
85 
74 
87 
75 
75 
78 
75 
78 
70c) 

8 7 o 

88 

90 

77 

46c) 

59 

Ratio 
6/5 

1.9 y 
1.9 
2.0 
2 . 1 J 
1.3 > 
1.6 
1.0 
1.4 
1 . 7 J 
1.2 1 
1 . 4 J 

1.1 

1.0 

4.0 

7.4 

0.13 

0.12 

Product, 5 + 6 

Bp 
°C/mmHgd> 

- 102—103/760 

• 54—55/72 

• 131—133/760 

95—96/18 

83—85/22 

85—86/25 

42—43/40 

101—103/97 

80—82/21 

i 

( 

{ 
( 

( 

i 
( 

( 

i 

Found (C 

G 

30.69 
(30.98) 

33.51 
(33.35) 

35.23 
(35.50) 

42.89 
(42.60) 
41.58 

(41.28) 
42.00 

(41.95) 
33.09 

(33.35) 

40.42 
(40.24) 
41.73 

(41.95) 

alcd) (%) 

H 

1.60 
(1.63) 

2.24 
(2.18) 

2.68 
(2.68) 

4.46 
(4.35) 
3.54 

(3.46) 
1.92 

(1.90) 
2.18 

(2.18) 
1.47 

(1.41) 
1.86 

(1.90) 
a) Deviation in the range of ± 3 °G was allowed. 
c) Isolated yield, d) 1 mmHg^l33.322 Pa. 

b) Based on the 19F NMR signal intensities unless otherwise noted. 

Although no evidence was found for isomerization of 
6 into thermodynamically more stable 5 in the reaction 
system, and also in the post-treatment of the reaction 
mixture, the conversion was ascertained by the 19F N M R 
to be realized readily by adding triethylamine in a 
polar solvent such as acetonitrile or JV,iV-dimethyl-
formamide within 5 min, assisting confirmation of the 
structures. 

The ratios of isomeric products in reaction mixtures, 
6 vs. 5 or y-elimination vs. a-elimination varied with 
the organo group of the reagents, reaction temperature, 
and other reaction conditions. 

Thus, from Table 1, the order of percentage for y-
elimination forming 6 in ethereal solution was z-Pr> 
PhCH 2 >w-alkyl>aryl which is correlated to the relative 
reactivities of Grignard reagents, z - P r > ^ - B u > P h C H 2 > 
n-alkyl.4»6) Also the reactivity of Grignard reagents is 
correlated to the electropositivity of their identifying 
organo group6) and, in fact, the order listed above shows 
a general, if imperfect, similarity to that of the electro-
positivities of organo groups, i.e. PhCH 2 >z-Pr>w-
alkyl>aryl.7> 

Regarding the mechanism of the reaction of 1 with 
Grignard reagents, a-elimination of a fluoride ion from 
the carbanion 3 resulting in a substituted product 5 is 
quite natural, and this type of reaction is frequently 
observed in the normal reactions of 1 with O- and N-
nucleophiles.1) 

However, the formation of the ra ther unstable 
terminal alkene 6 resulted from y-elimination is unusual. 
The elimination of a fluoride ion from the terminal 
trifluoromethyl group should be assisted by an electron 
donating group on one side and a fluoride ion-pulling 
group on another side. Thus we postulate that the 
magnesium behaves as a strong fluoride ion acceptor, 
as it can occupy a very close position to the fluorine 
atoms of CF3 , and as the M g - F bond is thermodynami­
cally very strong (462 k j mol"1) .8) 

1 + RMgX '\ J 
F — - Mg 

MgXF 

This kind of y-elimination has been also observed in 
the reactions of 1 with thiols9) and with ortho-difunc-
tional benzenes.10) The experimental fact mentioned 
above revealed that the more electropositive the organo 
group of the Grignard reagent is, the more y-elimination 
becomes dominant. This is quite reasonable because an 
electropositive group will make the electron density 
more localized on a _ C(CF 3 ) group, and will make 
magnesium more "metal l ic ," and both effects will 



3086 Nobuo IsHiKAWA, Sigmund BUTLER, and Masamichi MARUTA [Vol. 54, No. 10 

render it easy to release a fluoride ion from the trifluoro-
methyl group. This assumption would be also supported 
by the difference in values 6/5 for RMgBr and R M g l . 
The more metallic organomagnesium bromide slightly 
prefers y-elimination than organomagnesium iodide 
does. However, a fluoride ion elimination from a 
trifluoromethyl group is a process demanding higher 
energy because of a stronger carbon-fluorine bond in 
CF3 . So that it is natural that the reactions at higher 
temperatures enhanced the y-elimination. 

Similar reactions of another dimer, (£ ,)-F-4-methyl-2-
pentene, 2, were sluggish and practically no products 
were formed with Grignard reagents. Phenyllithium, 
however, reacted with 2 and gave a significant amount 
of y-elimination product (9) together with normal <x-
elimination product (8) in a ratio 9 /8=0 .6 . 

2 + PhLi 

(CF3)2CF 

K CF, 

F + Li F 

F - . - L i 

This value seems ra ther high because probability of 
y-elimination for 2 should be one sixth of that for 1. 
However, it should be understandable by considering 
that the L i - F bond is very strong (577 k j mol - 1)8) and 
the tertiary fluorine atom would be released easily to 
give a stable perfluoro inner alkene. The structures 
of these isomers were also established by careful cheking 
of the 19F N M R spectra for the mixture though it was 
unable to separate them from each other. T h e ratio 
of 8 to 9 was 5 : 3, of which 8 containing (E) and (Z) 
form (1 : 6.5). T h e chemical shifts and coupling 

+101.2 

2.0 d,d d'Sept 

d,d}q CF,' 

/ V 25̂ î" 
-18.1 +9.4 d.q.q.q 

d,d,q 

J?. 

constants were assigned to all fluorine atoms of the 
isomers as above: 

Exper imenta l 

Grignard Reactions ofF-2-Methyl- 2-pentene (1). Grignard 
reagents were prepared in a dried apparatus with air replaced 
by argon. Magnesium turnings and mild heating were used 
to initiate the reaction; in no case were chemical initiators 
necessary. The Grignard reagents in diethyl ether were very 
clear, almost colorless solution, except for aryl reagents which 
were dark brown. After formation of the Grignard reagent, 
the solution was brought to a specified temperature, and 1 
was added with magnetic stirring. The addition was highly 
exothermic, and vigorous shaking of the bath was required 
to keep the temperature under control. Addition of the 
requisite amount of perfluoroalkene generally took about 5 
min, after which the mixture was quenched by 2% HCl. 
Typical procedures are as follows. 

Determination of Isomer Ratio. To the Grignard reagent 
prepared from magnesium turning (0.28 g, 11.5 mmol) and 
propyl bromide (1.51 g, 12.3 mmol) in dry diethyl ether (9 ml) 
was added 1 (purity over 95%, 1.62 g, 5.13 mmol) over 10 
min at 0 ± 3 °G. After stirring for 50 min at that temperature, 
the remaining Grignard reagent was quenched by the addition 
of dilute hydrochloric acid (2%, 2 ml). To the homogeneous 
ethereal solution, fluorobenzene (0.3784 g, 3.94 mmol) was 
added as internal standard. The 19F NMR spectrum for 
this solution showed that the ratio of 6 to 5 (R=Pr) was 1.4, 
in a combined yield of 78%. 

Isolation. To the Grignard reagent prepared from 
magnesium turning (2.65 g, 110 mmol) and octyl bromide 
(17.3 g, 90 mmol) in dry diethyl ether (55 ml) was added 1 
(13 g, 41 mmol) at 0 °G. After 30 min the reaction, was 
quenched by the addition of dilute hydrochloric acid (2%, 
10 ml). The mixture was extracted with ether, washed with 
brine and dried over MgS04 . After removing the solvent, 
distillation gave a mixture (15.2 g) of 5 and 6 (R = w-C8H17). 
The yield was 89%. 

Isomerization of 6 to 5. To a mixture of 5 and 6 (R= 
alkyl) was added an approximately equal volume amount of 
acetonitrile in an NMR tube. It was ascertained by 19F NMR 
that no isomerization occurred until a drop of triethylamine 
was added, upon which complete conversion of 6 to 5 occurred 
with 1 or 2 min. JV,JV-Dimethylformamide in the presence 
of triethylamine also effected the isomerization of 6 to 5 
quantitatively. 

Reaction with Phenyllithium. Into a solution of 1 (3.00 g, 
10.0 mmol) in dry diethyl ether (20 ml), a solution of phenyl­
lithium in diethyl ether (1.3 M (1 M = 1 mol dm"3), 10 ml) was 
dropped under nitrogen atmosphere at — 60 °G, controlling the 
temperature with Dry Ice-acetone bath. The reaction mixture 
was stirred for 2 h allowing the temperature to rise up to 
room temperature. After additional stirring for 1 h at room 
temperature, the reaction was quenched by the addition of 
dilute hydrochloric acid and ethereal layer was washed with 
water and dried over MgS04 . The solvent was removed and 
the residue was subjected to distillation in vacuo yielding a 
mixture of 5 and 6 (R=Ph) (2.25 g, 63%, 6/5=0.16), bp 
101—103 °G/97 mmHg. Found: G, 40.42; H, 1.47%. Galcd 
for C1 2H5FU : G, 40.24; H, 1.41%. 

In a similar manner, 2 (3.00 g, 10.0 mmol) and phenyl-
lithium-diethyl ether solution ( 1.0 M, 20 ml) were allowed to 
react for 1 h at —70 °G. The reaction mixture was worked 
up as mentioned above and distillation under reduced pressure 
gave a mixture of 8 and 9 (2.80 g, 78%, 9/8=0.6, (Z)8/(£)8= 
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6.5), bp 98— 102°G/115mmHg. Found:G,40.04; H, 1.48%. 
Galcd for G1 2H6Fn: G, 40.24; H, 1.41%. 
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A Synthesis of Human Proinsulin C-Peptide0 
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A peptide corresponding to the thirty-one amino acid sequence of human proinsulin C-peptide (positions 
33—63 of proinsulin) was synthesized by the solid-phase method. The product was purified consecutively by gel 
filtration, DEAE-cellulose chromatography, and high-performance liquid chromatography (HPLC). The purified 
material behaved as a single component in reversed-phase HPLC, gave correct amino acid ratios, and was not 
distinguished from natural human C-peptide in terms of immunoreactivity and chromatographic behaviors. The 
a—>ß transpeptidation at the Asp-Leu sequence, possible to occur associated with the HF cleavage, was studied 
using model peptides to demonstrate that the formation of ^-peptide was 3—4% regardless of whether the ß-car-
boxylic acid is free or protected as a benzyl ester. 

Proinsulin synthesized in the ß cells of the pancreas is 
transferred to the Golgi apparatus, where this precursor 
is degraded into insulin and G-peptide by certain 
proteolytic processes and both are released into the 
circulation.2»3) 

The measurement of the concentration of C-peptide 
in peripheral venous plasma is of increasing importance 
for estimating the endogenous function of the pancreas, 
particularly in patients receiving insulin therapy. For 
this purpose Melani et al. first established a radioim­
munoassay system using natural human C-peptide.3) 
However, the use of natural peptide is extremely 
limited and in addition human C-peptide can not be 
substituted by the animal peptides because C-peptides 
are highly species-specific in their pr imary structure. 
The chemical synthesis is thus the only means to meet 
the requirement for this peptide. 

1 10 20 30 
H-PSe-V*l-Asn-Gln-H;s-leu.Cys-Gly-Ser-H;s-Leu-Val-Glo-Ala-Leu-Tyr-Leu-Val-Cys-Gly-Glu-Arg-Gty-Ph«-Ph«-Tyr-Thr-Pro-Lyl-Thr 

Ï 

Gly-!U-Va!-Glu-Gln-Cys-Cys-Thr-S«r-lle-Cys-Ser-Leu-Tyr-Gln-Leu-Glo-A.n-Tyr-Cys-Atn-OH -Cys-i 

t 

X 

I 
Arg 

I 
Itlffi^J*^ 

Fig. 1. Primary structure of human proinsulin.4*) 
The shadowed portion indicates the region of C-peptide. 

H u m a n C-peptide (Fig. I)4) is a thirty-one amino acid 
peptide corresponding to positions 33—63 of human 
proinsulin and contains none of aromatic amino acids, 
basic amino acids, and sulfur-containing amino acids. 
T h e synthesis by the conventional solution method has 
already been done by Nai thani et al.,5*6) Geiger et al.,1) 
and Yanaihara et al.8) Yanaihara et al.9) also synthesized 
a derivative of human connecting peptide ( A r g - A r g - C -
pept ide-Lys-Arg, positions 31—65 of proinsulin). These 
synthetic products were used in establishment of the 
radioimmunoassay system for C-peptide.7»10»n) The 
present paper describes our synthesis of human C-
peptide by the solid-phase method.12) Synthesis of as 
large a peptide as C-peptide, particularly by the solid-
phase technique, often presents considerable difficulty 
because it usually affords a highly heterogeneous 
product. Recently, however, H P L C has become a 
powerful tool for separation of closely related poly­
peptides13»14) including synthetic corticotropins and 
semisynthetic insulins.14) In the present synthesis of 

C-peptide also, reversed-phase H P L C played a major 
role in purification and characterization of the product. 

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

The ac-*ß Rearrangement at the Aspartic Acid Residue. 
H u m a n C-peptide contains a single Asp residue in 
position 36 (as numbered for proinsulin sequence) 
within the sequence Glu-Asp-Leu-Gln . It has been 
of special concern, particularly in the solid-phase 
synthesis, that Asp(OBzl)-Ser(Bzl)15) and Asp(OBzl)-
Qlyi6,i7) sequences are highly susceptible to cyclic 
imide formation when treated with HBr in TFA or 
with H F . The aspartimide formed is subject to nucleo-
philic attack at either carbonyl to give a mixture of 
a-Asp and /3-Asp peptides. I t is known, however, that 
Asp-Ser(Bzl) or Asp-Gly sequences containing a free 
/7-COOH have little tendency to undergo this a->/3 
rearrangement.15»18) Thus, Yang, and Merrifield19) 
proposed the use of the Pac group for temporary 
protection of the /3-COOH. The Pac can be removed 
selectively after the completion of peptide synthesis 
but before the H F cleavage. This rearrangement is 
also known with other Asp peptides.20) Therefore, we 
tried to estimate the occurrence of the rearrangement 
in the present synthesis of C-peptide using Boc-Glu-
(OBzl ) -Asp(OR)-Leu-Gly-OBzl ( 1 : R = B z l , 2 : R = H , 
3 : R = P a c ) as model compounds. The authentic 
samples of a-peptide, H - G l u - A s p ( O H ) - L e u - G l y - O H 
(18), and ß-peptide, H - G l u - A s p ( L e u - G l y - O H ) - O H 
(23), were synthesized as illustrated in Fig. 2. They 
were well distinguished from each other and could, 
therefore, be determined easily on an amino acid 
analyzer. 

The model compounds 1—3 were treated with H F -
anisole in the usual manner and the product was 

H-Leu-Gly 

L_ 
jBoc-Asp(OBzl)-OH, DCC 

Boc-A$p(OBzl)-Leu-Gly-OBzl (16) 

JHCI/EtOAc 

H-A$p(OBzl)-Leu-Gly-OBzl (17) 

| B O C - G I U ( O B Z I ) - O H , DCC 

Boc-Glu(OBzl)-A$p(OBzl)-Leu-Gly-OBzl (1) 

J H2/Pd 

J TFA 
H-Glu-Asp(OH)-Leu-Gly-OH (18) 

•OBzl 

Jz-Asp(OH)-OBzl, DCC 

Z-A$p(Leu-Gly-OBzl)-OBzl (20) 

| H2/Pd 

H-A$p(Leu-Gly-OH)-OH (21) 

1 Z-Glu(OBuf) -ONp 

Z-G|u(OBuf)-A$p(Leu-Gly-OH)-OH (22) 

J H2/Pd 

| TFA 

H-Glu-A$p(Leu-Gly-OH)-OH (23) 

Fig. 2. Synthesis of model peptides. 
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TABLE 1. THE a —» ß REARRANGEMENT OF ASPARTYL 

PEPTIDES, AS EXAMINED WITH MODEL COMPOUNDS 

Boc-Glu(OBzl)-Asp(OR)-Leu-Gly-OBzla) 

TABLE 2. SCHEDULE FOR SOLID-PHASE SYNTHESIS OF PEPTIDE 

R 

Bzl 
H 
Pac 

Percent formation of 

a-Peptide 

96.9 
95.9 
49.4 

^-Peptide 

3.1 
4.1 

50.6 

a) For details see Experimental. 

subjected to an amino acid analyzer before and after 
treatment with triethylamine. Before the base treatment 
/3-peptide was not found in the product, but the chro-
matogram showed the presence of an unknown material . 
When treated with base, /^-peptide became detectable, 
while the unknown peak had disappeared completely, 
indicating the latter to be an aspartimide, H - G l u - A s p > 
L e u - G l y - O H , the intermediate to /^-peptide. The 
results are summarized in Table 1. The da ta show that 
compound 1 is not more susceptible to the atr-*ß rear­
rangement than compound 2, indicating that in 
compound 1 the rate of cyclization is much slower than 
the rate of cleavage of the benzyl ester, that is, the 
protecting group is removed first, then cyclization occurs 
very slowly as in compound 2. Since the Asp(OBzl)-Leu 
sequence was thus found not to be more susceptible 
than the Asp-Leu sequence, which gave 4 % of ß-
peptide under the conditions used, we decided to use the 
benzyl ester as a protecting group of Asp-36 in the 
present synthesis of C-peptide. 

Compound 3 containing a ß-Pac ester has a great 
tendency to undergo rearrangement as shown in 
Table 1. Therefore, the /3-Pac ester has to be removed 
completely prior to the H F cleavage,19) or otherwise its 
incomplete removal will lead to ready formation of 
ß-peptide. 

Solid-phase Synthesis of Human C-Peptide. The 
synthesis was started with the introduction of Boc-Gln 
to the solid support using perhydrodibenzo-18-crown-6 
as catalyst according to Roeske and Gesellchen.22) The 
resulting Boc-Gln-resin had a substitution of 0.35 mmol 
Gln/g. A 2.5-g portion (0.87 mmol) of the resin was 
placed in a peptide synthesizer and subjected to cycles 
of synthesis according to the procedure outlined in 
Table 2. The amino acid residues were introduced 
stepwise except for positions 50—51, 44—49, and 
38—40, which were introduced by using Boc-Ala-Gly-
O H (4), Boc -Leu-Gly -Gly -Gly -P ro -Gly -OH (5), and 
Boc -Gln -Va l -G ly -OH (6), respectively. 

The a-amino function was temporarily blocked by the 
Boc group and the side chain functional groups of Asp, 
Glu, and Ser were protected by the benzyl group. The 
Boc group was removed with TFA-CH 2 C1 2 (1 : 1 by 
vol).23) The coupling reactions were mediated by D C C 
throughout except for glutamines which were incor­
porated by the active ester method using Boc -Gln -ONp 
with D M F as solvent (steps 11—13 in Table 2). 

The D C C couplings were performed with 3 equiv of 
reactants (reactons) (6 equiv in the case of Boc-Pro or 
Boc-Val) at room temperature for 2 h, while the active 
ester couplings were carried out for 16 h with 6 equiv of 

Step 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 

11* 
12* 

13* 

Operation and reagent10 

50% TFA in CH2C12, 15 ml 
50% TFA in CH2C12, 15 ml 
CH2C12, 15ml 
2-Propanol, 15 ml 
CH2C12, 15 ml 
5% DIEA in CH2C12, 15 ml 
Repeat step 3 
Repeat step 4 
Repeat step 5 
Monitoringb) 

Boc-amino acid or Boc-peptide 
(3 equiv.)c:> in CH2C12, 6 mld> 
CH2C12 rinse, 6 ml 
DCC (3 equiv.) in CH2C12, 6 ml 

DMF, 15 ml 
Boc-Gln-ONp (6 equiv.) in 
DMF, 15 ml 
DMF, 15 ml 

Number 
of 

operation 

1 
1 
2 
2 
3 
2 

2 
1 

2 

Mixing 
time 
min 

3 
20 

3 
3 
3 
3 

120 

3 
960 

3 

14—20 Repeat steps 3—9 
21 Monitoring1» 

22—31 Repeat steps 11—20 
32 Monitoringb) 

33 15% Ac20 in CH2C12, 6 ml 
34 CH2C12 rinse, 6 ml 
35 15% DIEA in CH2C12, 6 ml 

36—42 Repeat steps 3—9 
43 Monitoringb) 

60 

a) For introduction of Boc-Gln follow steps 11*—13* in 
place of steps 11—13. b) See Table 3 for detailed pro-
dcedure. Delete step 10 when it follows deprotection of a 
Boc-Gln derivative, c) Use 6 equiv. in case of Boc-Pro 
or Boc-Val. d) DMF-CH2C12 mixtures are used in cases 
of Boc-peptides which are of low solubility in CH2C12. 

TABLE 3. PROCEDURE FOR MONITORING SOLID-PHASE 

SYNTHESIS BY THE PICRATE METHOD 

Step 

1 

2 
3 
4 
5 
6 
7 
8 

Operation and reagent 

0.1 M Picric acid in CH2C12, 
15 ml 
CH2Cl2,15ml 
2-Propanol 
CH2C12, 15 ml 
5% DIEA in CH2C12, 15 ml 
CH2C12, 15 ml 
2-Propanol, 15 ml 
CH2C12, 15 ml 

Number 
of 

operation 

1 

7 
2 
3 
2 
2 
2 
3 

Mixing 
time 
min 

CO
 

C
O

C
O

C
O

C
O

C
O

t
O

C
O

 

a) The washings collected in steps 5—8 are combined 
and subjected, after appropriate dilution with 95% 
ethanol, to manual measurement of absorption at 358 nm. 
The procedure basically follows Gisin's.24) 

Boc-Gln -ONp. All the coupling reactions were per­
formed twice by repeating steps 11—20 and the second 
coupling reaction was followed by acetylation with 
acetic anhydride to block any remaining amino function 
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completely (steps 33—42). 
The progress of solid-phase synthesis was monitored 

by the picrate method,24) which determines resin-bound 
free amino group by picric acid salt formation. The 
determination was carried out, according to the 
procedure shown in Table 3, after every reaction of the 
deprotection, couplings, and acetylation. Only when a 
Gin came to the N-terminal, the determination after 
deprotection was omitted to prevent the chain termina­
tion by possible formation of the pyrrolidone ring. The 
picric acid bound to the resin was displaced by D I E A 
and measured on a spectrophotometer based on the 
molar absorptivity of 16100 at 358 nm.24) T h e results 
are shown in Fig. 3. The total free amino group, as 
determined after deprotection, decreased progressively 
from 0.87 mmol for Gln-63 to 0.32 mmol for Ala-34 at 
an average rate of 4 . 5 % per cycle. 

0.8h ^ A 

* V 
"5* 0.6h X A 
ö X 

8 V ° o 
Ö 0.4h \ ^ A 

1 I r s 
8 { 
fe o.04 L y^7:T:r^~^^A 1 

0 0 2 r / i 

60 • 50 40 

Sequence number 

Fig. 3. Progress of solid-phase synthesis of human C-
peptide as monitored by the picrate method.24) 
O — O : After deprotection (step 10 in Table 2), A — A : 
after 1st coupling (step 21 in Table 2), A — A : after 
acetylation (step 43 in Table 2). Note that the scale 
is different between the upper part and the lower part 
of the ordinate. Sequence number (abscissa) represents 
position in the human proinsulin sequence. Positions 
51—50, 49—44, and 40—38 were introduced as frag­
ments. Glutamine residues occupy positions 54, 41, and 
38, where the determination after deprotection (step 10 
in Table 2) was eliminated. The arrow indicates 
the position of Pro-55. For details see text. 

T h e free amino group was also determined after 
both first and second couplings. The values for the two 
determinations were nearly identical and were little 
affected by the subsequent acetylation, indicating that 
the reaction had been achieved satisfactorily by a 
single coupling operation. Therefore, the second 
coupling and acetylation might not be essential in the 
present synthesis. I t is worthy of note that the picrate 
value showed a sudden rise by 0.02—0.03 mmol when 
Boc-Gln was introduced next to Pro-55. Schou et al.25) 
suggested that an N-alkylation takes place between Pro 
and surplus chloromethyl group on the resin to form a 
tertiary amine. Such amine may be a cause for the 

apparent increase in free amino group which is seen in 
Fig. 3. 

T h e protected peptide-resin obtained was found to 
contain 0.49 mmol of peptide, as calculated from the 
content of Leu. This value is significantly higher than 
the picrate value (0.32 mmol) obtained for Ala-34. 
The big difference might be a reflection of the accumula­
tion of incomplete couplings not easily detectable 
by the picrate method. 

Tube number 

Fig. 4. Fractionation of crude human C-peptide prepa­
ration on DEAE-cellulose column. 
Material: solid-phase synthetic product (gel-filtered 
through a Sephadex G-50 column), 237 mg; column: 
Whatman DE-52, 2.2x33 cm; eluent: 0—0.25 M 
NH 4 HC0 3 (3000 ml) with a linear concentration 
gradient; fractionation: 14 ml/tube. Fractions, as 
indicated by the horizontal arrows, were collected. 

T h e peptide-resin was deprotected with HF-anisole 
in the usual manner21) and the resulting crude product 
was gel-filtered first and then subjected to DEAE-
cellulose chromatography (Fig. 4). The fractions 
indicated by the horizontal arrows were collected and 
lyophilized. Tubes 199—220 and 221—234 had 
virtually the same and the simplest H P L C profile 
consisting of one major (b) and three minor components 
(a, c, and d) (Fig. 6A). These fractions were also shown 
to resemble human C-peptide more closely than any 
other fractions in the amino acid ratios. The combined 
amount of tubes 199—234 represented 2 5 % of the 
crude product. Rechromatography of this preparation 
on a DEAE-cellulose column afforded a major peak 
(tubes 174—200, Fig. 5), from which a preparation 
containing components a and b but not c and d was 
obtained (Fig. 6B). For final purification, this was 
subjected to H P L C under conditions similar to those 
used for analytical H P L C . The eluate corresponding 
to component b was collected and desalted by gel 
filtration. The resulting preparation was shown to be 
fairly homogeneous by the criteria of H P L C (Fig. 6D) 
and T L C . The amino acid composition was consistent 
with that expected for human C-peptide and the 
optical rotation was identical with those reported in the 
literature.5»6) Components a, c, and d have remained 
unidentified. 

The synthetic peptide thus obtained was then 
compared with natural C-peptide preparations in order 
to establish their identity. For this purpose C-peptide 
was isolated from human urine and purified to a single 
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100 
Tubt number 

Fig. 5. Rechromatography of synthetic human C-
peptide. Material: preparation from tubes 199—234 
in Fig. 4, 21.3 mg; column: Whatman DE-52, 1.74x 
33 cm; eluent: 0.05—0.25 M NH 4 HC0 3 (2000 ml) 
with a linear concentration gradient; fractionation: 
6 ml/tube. Fractions, as indicated by the horizontal 
arrows, were collected. 
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Fig. 6. HPLC of human C-peptide preparations. 
A, tubes 199—220 in Fig. 4; B, tubes 174—200 in Fig. 5; 
C, tubes 122—132 in Fig. 5; D, synthetic C-peptide 
(component b, isolated by HPLC from tubes 174—200 in 
Fig. 5) ; E, natural C-peptide isolated from human urine. 
Peaks seen in E, but not in D, are those derived from a 
phosphate buffer used as solvent of natural C-peptide. 
HPLC conditions: column, Nucleosil 5C18, 0.4x25 
cm; eluant, 0.1 M sodium phosphate (pH 7.0)-CH3CN 
(79 : 21 by vol), 1 ml/min; detection, at 220 nm (0.04 
AUFS). 

component. This preparat ion contained all the con­
stituent amino acids of human C-peptide in correct 
ratios. The isolation and purification of this urinary 
C-peptide will be described elsewhere. T h e identical 
H P L C profiles of the synthetic and natural preparations 
are shown in Fig. 6. Comparison between these two 

C-Peptide concentration/ng ml - 1 

Fig. 7. Radioimmunoassay of human C-peptide prepar­
ations. 
# — # : Synthetic C-peptide (component b), O — 0 : 

natural C-peptide isolated from human urine. The 
assay was performed using a C-peptide assay system 
described elsewhere.26) 

preparations was also made in terms of the ability to 
displace [125I]iodotyrosylated C-peptide specifically 
bound to the antibodies using a radioimmunoassay 
system developed by Kono et al.26) As illustrated in 
Fig. 7, the displacement curves of the synthetic and 
natural preparations are perfectly superimposable. T h e 
identical results were also obtained in the radioim­
munoassay performed with human pancreatic C-
peptide as reference (data not shown). 

These observations permit us to conclude that the 
synthetic peptide prepared in the present work is 
identical to human C-peptide. 

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

Protected amino acid derivatives, DCC, TFA, and chloro-
methylated copoly(styrene-2%-divinylbenzene) resin (200— 
400 mesh, 0.73 mmol Cl/g) were obtained from Protein 
Research Foundation, Osaka. DIEA (Aldrich) was distilled 
before use (bp 129—129.5 °C). Other reagents and solvents 
were of reagent grade and used without further purification. 
All melting points are uncorrected. TLC was performed on 
precoated silica gel plates (Kieselgel 60F254, Merck), unless 
otherwise specified, with the following solvent systems (ratios 
by vol): A, CHCl3-MeOH (9 : 1); B, CHCl3-MeOH (8 : 2); 
C, CHCl3-MeOH-AcOH (90 : 10 : 3) ; D, CHCl3-MeOH-
AcOH (80 : 20 : 3); E, EtOAc-AcOH-H20 ( 4 : 1 : 1); F, 
EtOAc-AcOH-H20 ( 3 : 1 : 1 ) . For detection the plate 
developed was sprayed with coned HCl, heated at 150 °C, 
and then sprayed with 0.2% ninhydrin in H20-saturated n-
BuOH. Silica gel used for column chromatography was 
Kieselgel 60 (Merck). Amino acid analyses were performed 
on a Hitachi amino acid analyzer KLA-5 equipped with a 
Shimadzu data processor Chromatopac-EIA. Acid hydrolysis 
of peptide-resin samples was carried out in sealed evacuated 
tubes with coned HCl-propionic acid (1 : 1 by vol)27) at 110 °G 
for 20 h. The hydrolysis of free peptides was carried out 
with 6 M HCl under similar conditions. Digestion with 
leucine aminopeptidase (Worthington) was performed as 
described by Hofmann et Ö/.28> in a substrate-enzyme ratio 
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of 10 (by wt). For HPLG a Waters Associates Model 6000A 
solvent delivery system, equipped with a Waters U6K injector, 
and a Japan Spectroscopic UVIDEC-100-11 variable-
wavelength UV detector were used throughout. 

Peptide Synthesizer. A microcomputer-controlled semiauto-
mated peptide synthesizer was designed and constructed in 
these Laboratories. The whole design basically followed that 
of Brunfeldt29) except for the reaction vessel and its shaking 
device, which are rather similar to those of Merrifield's 
instrument.30) The apparatus performed all the operations 
required for introduction of at least one amino acid residue or 
equivalent according to the schedule shown in Table 2. 
Although the apparatus is not equipped with any monitoring 
system, it performed transfer of reagents and solvents, for 
monitoring by the picrate method,24) along the reservoir-
reaction vessel-collecting bottle line. The spectrophoto-
metric determination of the displaced picric acid was carried 
out manually. 

Solid-phase Synthesis of Human C-Peptide. Neutralization 
of Boc-Gln-OH (2.1 g, 8.5 mmol) with KOH in 60% EtOH 
yielded Boc-Gln-OK, which was dried over P2Os and then 
dissolved in DMF (100 ml). To this were added perhydro-
dibenzo-18-crown-6 (3.21 g, 8.6 mmol)22) and chloromethyl-
ated copoly(styrene-2%-divinylbenzene) resin (10 g, 0.73 
mmol Cl/g) and the mixture was gently stirred at 50 °C for 
18 h. The Boc-Gln-resin thus obtained was filtered off, 
washed with DMF (30 ml X 3), 75% DMF (30 ml X 3), water 
(30 mix 2) and EtOH (30 mix4) and dried over P2Os in 
vacuo (11.2 g); Gin content: 0.35 mmol/g resin. 

The Boc-Gln-resin (2.5 g, 0.87 mmol Gin) was placed in 
the peptide synthesizer and the synthesis was performed at 
room temperature according to the procedure shown in 
Table 2. On completion of the synthetic cycles the protected 
peptide-resin obtained was dried over P 2 0 5 in vacuo (3.61 g). 

A 1.08-g sample of the protected peptide-resin was treated 
with HF (7 ml) at - 3 — 0 °C for 60 min in the presence of 
anisole (3 ml). After evaporation of the HF at the same 
temperature, the residue was triturated with EtOAc and the 
supernatant was discarded by décantation. The residue was 
washed with EtOAc two more times and then extracted with 
0.05 M NH4HC03 . Lyophilization of the extract gave 320 mg 
of crude product. 

The crude material (305 mg) was subjected to gel filtration 
on a column (3.3x91 cm) of Sephadex G-50 (superfine) 
with 0.05 M NH 4 HC0 3 as eluent. Fractions (7.5 ml/tube) 
collected were monitored by absorbance at 230 nm and by 
TLC on a cellulose plate (Cellulose F254, Merck) with n-
BuOH-AcOH-pyridine-H20 (30 : 6 : 20 : 24) as solvent. 
Tubes 40—83, which showed similar TLC patterns, were 
pooled and lyophilized (237 mg). This material was then 
fractionated on a DEAE-cellulose column (Whatman DE-52), 
as shown in Fig. 4, to give tubes 90—108 (40 mg), 118—130 
(22 mg), 156—161 (11 mg), 191—198 (7 mg), 199—220 (60 
mg), and 221—234 (17 mg). Amino acid ratios in acid 
hydrolysate of tubes 199—220: Asp 1.0 (1), Ser 1.8 (2), Glu 
7.1 (8), Pro 2.5 (2), Gly 6.9 (7), Ala 3.0 (3), Val 1.9 (2), Leu 
6.0 (6) (theoretical values for human C-peptide are given in 
parentheses). 

Tubes 199—220 and 221—234 were combined and its 
small portion (21.3 mg) was rechromatographed on a DE-52 
Column (Fig. 5). The major peak at tubes 174—200 afforded 
13.8 mg of peptide upon lyophilization. This was then 
subjected in ten separate portions ( 1.4 mg each) to HPLC 
on a column of Nucleosil 5C18 (1.0x30 cm) with a mixture 
of 0.01 M sodium phosphate buffer (pH 7.1) and CH3CN 
(84.5 : 15.5 by vol) as eluent. The flow rate was 6 ml/min. The 

eluete corresponding to a major peak, as monitored by 
absorbance at 220 nm, was collected. Evaporation of the 
solvent gave a residue, which was desalted by gel filtration on a 
column (2.4x120 cm) of Sephadex G-25 (medium) with 
5 mM NH 4 HC0 3 as eluent. The peptide emerged was 
lyophilized and dried over P2Os ; 7.6 mg (9% based on crude 
deprotection product), [a]2,6 —95.4±6.2° {c 0.2, 0.05 M 
NH 4HC0 3 ) . Lit: [a]2,2 -95.4° (c 0.3, 0.05 M NH4HC03),5> 
[a]23 -96.2° (c 0.4, 0.05 M NH4HC03),6) [a]22 -92.3° (c 0.3, 
0.1 M NH3aq),7) [a]20 -103.2° {c 1.00, 50% AcOH).9) 
Amino acid ratios in acid hydrolysate: Asp 1.04 (1), Ser 1.88 
(2), Glu 7.90 (8), Pro 2.24 (2), Gly 7.01 (7), Ala 3.09 (3), Val 
1.95 (2), Leu 6.00 (6). TLC (cellulose): homogeneous in 
H-BuOH-AcOH-pyridine-H20 (30 : 6 : 20 : 24). For HPLC 
see Fig. 6. 

Synthesis of C-Peptide Fragments. Boc-Ala-Gly-OBzl (7) : 
Coupling of Boc-Ala-OH and H-Gly-OBzl (free base) with 
DCC in CH2C12 yielded compound 7; 92%, mp 85—85.5 °C, 
[a]24-5 -28 .1±0.7° (c 1.0, MeOH). Lit:31) mp 83—84 °C, 
[a]20 -23.9° (c 1.0, CHC13). TLC: homogeneous in system 
C. 

Boc-Ala-Gly-OH (4) : Catalytic hydrogenolysis of 7 gave 4 
in 83% yield; mp 82—86 °C, [a]23-5 -25.1±0.6° {c 1.0, 
MeOH). Lit:32) mp 78—80 °C, [a]D - 2 3 ° (MeOH). TLC: 
homogeneous in system C. 

Boc-Pro-Gly-OBzl (8) : Coupling of Boc-Pro-OSu with 
H-Gly-OBzl (free base) in DMF yielded 8; 88%, mp 71 °C, 
[a]25 - 6 4 . 3 ± 1 ° (c 1.0, MeOH). Lit:33) mp 68—70 °C. 
TLC: homegeneous in system B. 

Boc-Gly-Pro-Gly-OBzl (9) : Treatment of 8 with 1 M HCl 
in AcOH yielded H-Pro-Gly-OBzl. HCl, which was coupled 
with Boc-Gly-OSu in DMF in the presence of Et3N to give 
9; 78%, mp 150—151 °C, [a]24 -81.3±1.6° (c 1.0, MeOH). 
Lit :33) mp 145—147 °C. TLC : homogeneous in system B. 

Boc-Leu-Gly-Gly-OH (10): Coupling of Boc-Leu-OSu 
with H-Gly-Gly-OH (solubilized by Triton B) in DMF gave 
10 as hygroscopic amorphous powder; 82%, [a]J7 —8.1 ±0.5° 
(c 1.0, MeOH). TLC: homogeneous in system D. Found: 
C, 50.92; H, 7.74; N, 11.02%. Calcd for C16H27N306. 
0.5H2O: C, 50.84; H, 7.96; N, 11.86%. 

Boc-Leu-Gly-Gly-NHNH2 (11) : Coupling of Boc-Leu-OSu 
with H-Gly-Gly-OBzl gave Boc-Leu-Gly-Gly-OBzl, from 
which compound 11 was derived by hydrazinolysis; 81%, 
[a]24 -8 .3±0 .5° (c 1.0, MeOH). TLC: homogeneous in 
system B. Found: C, 49.51; H, 7.83; N, 19.08%. Calcd for 
C15H29N5O5.0.5H2O: C, 48.90; H, 8.21; N, 19.01%. 

Boc-Leu-Gly-Gly-Gly-Pro-Gly-OBzl (12) : Treatment of 9 
with 1 M HCl in EtOAc gave H-Gly-Pro-Gly-OBzl. HCl, 
which was coupled to 10 with DCC-HOSu34> in DMF in the 
presence of Et3N to yield 12 as amorphous solid; 87%, [a]J4 

-56 .6±1.0° {c 1.0, MeOH). TLC: homogeneous in system 
B. Found: C, 56.61; H, 7.52; N, 12.56%. Calcd for 
C31H46N609: C, 56.78; H, 7.22; N, 12.81%. 

Coupling of H-Gly-Pro-Gly-OBzl with the azide derived 
from 11 by the treatment with isopentyl nitrite35) also produced 
12 in 96% yield; [a]24-5 -57 .0±0.9° (c 1.0, MeOH). 

Boc-Leu-Gly-Gly-Gly-Pro-Gly-OH (5): Catalytic hydro­
genolysis of 12 in AcOH gave 5 as amorphous solid; 96%, 
[a]2,4-5 -55 .9±1.0° {c 1.0, MeOH). TLC: homogeneous in 
system E. Found: C, 51.72; H. 7.18; N, 14.93%. Calcd for 
C24H40N6O9: C, 51.79; H, 7.24; N, 15.10%. 

Boc-Val-Gly-OBzl (13) : Coupling of Boc-Val-OH and 
H-Gly-OBzl with DCC yielded 13; 76%, mp 73—75 °C, 
[a]24 -27 .1±0.7° (c 1.0, MeOH). Lit: mp 63—69 °C;3«> 
mp 74.5—76.5 °C, [a]20 -8 .3° {c 2.0, DMF).37) TLC: 
homogeneous in system A. 
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Boc-Gln-Val-Gly-OBzl (14) : Treatment of 13 with TFA 
yielded H-Val-Gly-OBzl. TFA, which was coupled with 
Boc-Gln-ONp in DMF in the presence of DIEA to give 14; 
61%, mp 208—209 °C, [a]*8 -47.9±1.3° (c 1.0, MeOH). 
TLC: homogeneous in system D. Found: C, 58.56; H, 7.10; 
N, 11.36%. Calcd for C24H36N407: C, 58.52; H, 7.34; N, 
11.37%. 

Boc-Gln-Val-Gly-OH (6) : Catalytic hydrogenolysis of 14 
in AcOH yielded 6 as amorphous solid; 76%, [a]£6 —45.6 
±1.5° (c 0.5, MeOH). TLC: homogeneous in system F. 
Found: C, 50.47; H, 7.68; N, 13.76%. Calcd for C17H30-
N 4 0 7 : C, 50.47; H, 7.51 ; N, 13.92%. 

Synthesis of Model Peptides. H-Leu-Gly-OBzl-HCOOH 
(15): Coupling of Boc-Leu-OH and H-Gly-OBzl with 
DCC followed by treatment with HCOOH for 5 h yielded 15; 
74%, mp 93—94 °C, [a]£2-5 +7.4±0.5° (c 1.0, MeOH). 
Lit:3«) mp 92.5—93.5 °C, [a]J° +5.0° (c 1.0, MeOH). TLC: 
homogeneous in system E. 

Boc-Asp(OBzl)-Leu-Gly-OBzl (16) : Coupling of Boc-Asp-
(OBzl)-OH and H-Leu-Gly-OBzl (free base derived from 
15) with DCC yielded 16; 80%, mp 111—115 °C, [aß3 

— 38.6±0.8° (c 1.0, MeOH). TLC: homogeneous in system 
A. Found: C, 63.88; H, 7.19; N, 7.10%. Calcd for C31H41-
N 3 0 8 : C, 63.79; H, 7.08; N, 7.19%. 

H-Asp(OBzl)-Leu-Gly-OBzl-HCl (17): Treatment of 16 
with 1 M HCl in EtOAc produced 17; 91%, mp 172—174 °C, 
[a]23 _ 1 9 7 ±0.6°, (c 1.0, MeOH). TLC: homogeneous in 
system B. Found: C, 59.83; H, 6.61; N, 8.10; CI, 6.96%. 
Calcd for C26H33N306.HC1: C, 60.05; H, 6.59; N, 8.08; CI, 
6.82%. 

Boc-Glu(OBzl)-Asp(OBzl)-Leu-Gly-OBzl (1) : Boc-Glu-
(OBzl)-OH and 17 were coupled with DCC in CH2C12 in the 
presence of DIEA to give compound 1 as amorphous solid after 
purification on a silica gel column with EtOAc-hexane (1 :1) 
as solvent; 62%, [aß3 -30 .1 ±0.7° (c 1.0, MeOH). TLC: 
homogeneous in system B. Found: C, 64.04; H, 6.80; N, 
6.92%. Calcdfor C43H54N40n: C, 64.32; H, 6.78; N, 6.98%. 

H-Glu-Asp-Leu-Gly-OH (18) : Catalytic hydrogenolysis 
followed by treatment with TFA of compound 1 produced the 
TFA salt of 18. This was treated with Amberlite CG-400 
(acetate form) with 1 M AcOH as solvent.* The resulting 
solution was lyophilized and the residue was subjected to 
chromatography on a column (1.2 X 29 cm) of DEAE-cellulose 
(Whatman DE-52) using an NH 4 HC0 3 buffer (pH 7.8, 
2000 ml) with a linear concentration gradient of 0—0.2 M. 
The fractions (10 ml/tube) were monitored by absorbance at 
230 nm and those corresponding to a major peak were pooled 
and lyophilized. The resulting material was desalted by gel 
filtration on a Sephadex G-10 column with 0.1 M AcOH as 
eluent. A pure preparation of 18 was obtained as colorless 
powder upon lyophilization; 88%, [a]J4 -36 .2 ±1.4° (c 0.5, 
H 2 0) . TLC: homogeneous in system F. Found: C, 44.42; 
H, 6.82; N, 12.18%. Calcd for C17H28N409 .1.5H20: C, 
44.44; H, 6.80; N, 12.19%. Amino acid ratios in: acid 
hydrolysate: Asp 1.03 (1), Glu 1.03 (1), Gly 0.96 (1), Leu 
1.00 (1); leucine aminopeptidase digest: Asp 0.97 (1), Glu 
0.98(1), Gly 0.97 (1), Leu 1.00(1). 

Z-Asp(OH)-OBzl (19) : The Cs salt of Z-Asp(OBu')-OH 
was allowed to react with benzyl bromide at 25 °C for 3 d. 
The resulting Z-Asp(OBu')-OBzl was treated with 1 M HCl 
in EtOAc to give 19; 39%, mp 83—84 °C, [a]J5 -18 .1 ±0.6° 
(c 1.0, MeOH). Lit:40) mp 82—85 °C, [a]** -15.3° (c 1.60, 
EtOH). TLC: homogeneous in system B. 

Z-Asp(Leu-Gly-OBzl)-OBzl (20): Compound 19 and 
H-Leu-Gly-OBzl (free base derived from 15) were coupled 
With DCC to yield 20; 74%, mp 150 °C, [a]»5 -35.2±0.8° 

(c 1.0, MeOH). TLC: homogeneous in system B. Found: C, 
66.22; H, 6.53; N, 7.01%. Calcd for C34H39N308: C, 66.11; 
H, 6.63; N, 6.80%. 

H-Asp(Leu-Gly-OH)-OH (21): Crystalline 21 was ob­
tained from 20 by catalytic hydrogenolysis in AcOH; 93%, mp 
236—237 °C dec, [a]*6 -30 .0±0.7° {c 1.0, H 2 0) . Found: C, 
47.42; H, 7.09; N, 13.52%. Calcd for C12H21N306: C, 47.52; 
H, 6.98; N, 13.85%. 

Z-Glu(OBut)-Asp(Leu-Gly-OH)-OH (22) : Compound 21 
was coupled with Z-Glu(OBu')-ONp in DMF in the presence 
of DIEA to give 22 as amorphous solid; 89%, [a]J4 —24.9 
±0.6° (c 1.0, MeOH). TLC: homogeneous in system E. 
Found: C, 54.98; H, 6.88; N, 8.64%. Calcd for C29H42N4-
O n .0 .5H 2 O: C, 55.14; H, 6.86; N, 8.87%. 

H-Glu-Asp(Leu-Gly-OH)-OH (23) : Catalytic hydrogeno­
lysis and subsequent treatment with TFA of 22 yielded 23, 
which was purified in the same manner as described for 18; 
86%, [a]*4-5 -8 .0±0 .5° {c 1.0, H 2 0) . TLC: homogeneous 
in system E. Found: C, 43.99; H, 6.71; N, 11.73%. Calcd 
for C1 7H2 8N409 .2H20: C, 43.59; H, 6.89; N, 11.96%. 

Boc-Asp(OPac)-Leu~Gly-OBzl (24) : Boc-Asp(OPac)-OH 
derived from the dicyclohexylamine salt19) and H-Leu-Gly-
OBzl derived from 15 were coupled with DCC to give 24; 
84%, mp 233—233.5 °C, [a]*2 _36.5±0.8° (c 1.0, MeOH). 
TLC: homogeneous in system B. Found: C, 62.89; H, 6.91 ; 
N, 6.78%. Calcd for C32H41N309: C, 62.83; H, 6.76; N, 
6.78%. 

H-Asp(OPac)-Leu-Gly-OBzUHCl (25) : Treatment of 24 
with M HCl in EtOAc yielded 25; 90%, mp 79—80 °C, [a]J3 

-7 .4±0 .5° (c 1.0, MeOH). TLC: homogeneous in system 
D. Found: C, 58.93; H, 6.17; N, 7.65; CI, 6.55%. Calcd for 
G27H33N307.HC1: C, 59.17; H, 6.25; N, 7.67; CI ,6.47%. 

Boc-Glu(OBzl)-Asp(OPac)-Leu-Gly-OBzl (3) : Coupling of 
Boc-Glu(OBzl)-OH and H-Asp(OPac)-Leu-Gly-OBzl (free 
base derived from 25) with DCC yielded 3, which was purified 
on a silica gel column with 20—30% EtOAc in CH2C12 as 
solvent; 68%, mp 142—143.5 °C, [a]23 -31 .6 ±0.7° {c 1.0, 
MeOH). TLC: homogeneous in system B. Found: C, 
63.33; H, 6.55; N, 6.91%. Calcd for C44H54N4012: C, 
63.60; H, 6.55; N, 6.74%. 

Boc-Glu(OBzl)-Asp(OH)-Leu-Gly-OBzl (2) : Compound 3 
was treated with Zn in AcOH at 25 °C overnight to give the 
Zn salt of 2 as amorphous solid. TLC : almost homogeneous 
in system C. Found: C, 51.88; H, 6.25; N, 7.01%. Calcd for 
C36H47N40nZn: C, 50.95; H, 6.10; N, 7.21%. 

The a—»ß Rearrangement of Aspartyl Peptides. The model 
compound (1, 2, or 3 ; 108 mg) was treated with HF (2 ml) 
in the presence of anisole (0.3 ml) at 0 °C for 60 min. The 
HF was evaporated at 0 °C in vacuo and the residue was 
dissolved in water. The solution was washed twice with 
Et 2 0 and then lyophilized (80 mg). A 30-mg portion of this 
product was dissolved in 1 % Et3N (5 ml) and the solution was 
kept at 37 °C for 16 h, after which the solvent was removed by 
lyophilization. The resulting material was subjected to 
determination on an amino acid analyzer. The contents of 
a-peptide [H-Glu-Asp(OH)-Leu-Gly-OH] and ^-peptide 
[H-Glu-Asp(Leu-Gly-OH)-OH] were calculated with the 
authentic samples (18 and 23) as reference. The a-peptide 
and ^-peptide had retention times of 103 and 91 min, 
respectively, and the ninhydrin color intensity of ^-peptide was 
found to be 0.96 relative to that of a-peptide under the follow­
ing conditions: column, Hitachi Custom No. 2613, 0.9x 
55 cm; buffer, 0.2 M sodium citrate (pH 3.25), 30 ml/h; temp, 
55 °C. The results are shown in Table 1. 

The peptide synthesizer used in the present work was 
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constructed in these Laboratories in collaboration with 
Drs. Hiroshi Haka ta and Tetsuo Takahashi and their 
groups including Nobuhiko Imamura , Masayoshi 
Shudou, Masamitsu Nakanishi, and Hiroyuki 
Miyamoto. Their valuable contributions are gratefully 
acknowledged. Thanks are also due to Dr. Tadashi 
Okabayashi , these Laboratories, for his advice and 
encouragement. 
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Optically active alkyl cobalt complexes, GH3CHXGo(Hdmg)2-Base [X=GOOGH 3 or GN; Base=(Ä)- or 
(5)-l-phenylethylamine, H 2 0 , pyridine, or (lÄ,2£)-l,2-diphenyl-2-ammoethanol; Hdmg=dimethylglyoximate-
(1-)], have been prepared, and their spectroscopic and chiroptical data are given. The rotational contribution 
of the chiral alkyl moiety was shown to be considerably greater than that of the chiral amine moiety. This suggests 
that the rotational sign (in the longer-wave length region of about 546 to 589 nm) may be useful for deducing the 
chirality of the alkyl moiety. 

Transition-metal alkyl complexes are important 
intermediates in various catalytic reactions. The 
reactions with chiral alkyl transition metal complexes 
can provide a clearer description of the elementary 
process of catalytic reactions, especially catalytic 
asymmetric reactions. Studies on the mechanism of 
asymmetric hydrogénation catalyzed by the bis-
(dimethylglyoximato) cobalt ( I I ) -chi ra l amino alcohol 
system1-5) prompted us to prepare optically pure 
(alkyl)bis (dimethylglyoximato) cobalt complexes which 
have chirality at the carbon coordinated directly to 
cobalt. 

Two approaches are, in principle, possible in the 
preparation of such a complex. One is based on the 
stereospecific displacement of a labile group or atom 
of chiral-carbon compounds with metal complexes (1).6) 

Another method is the resolution of diastereomeric 
complexes with a chiral ligand (Lj*) other than the 
alkyl group, followed by the displacement of the chiral 
ligand Lx* with an achiral ligand (L2) (2). T h e optical 
purity gained by the former approach is completely 
dependent on the degree of stereospecificity of the 
reaction applied; also, there is no guarantee that the 
same stereospecificity will be afforded as in a model 
reaction. In fact, (—)-l-methylheptyl bromide 
([<X]D —29°) reacts with bis (dimethylglyoximato) cobalt 
(I) anion to give bis (dimethylglyoximato) (1-methyl-

(1) R2^T~X 
R3 

(M) 

o R2 

r 
(M) 

(2) 

heptyl)(pyridine)cobalt(III) of [<x]D +50°,6 a) while we 
could not detect the optical activity of the alkyl complex 
produced in a similar reaction with optically pure 
methyl 2-bromopropanoate. Therefore, the latter 
method (2) is considered to be favorable for obtaining 
optically pure alkyl complexes. 

We wish here to report preparations and properties 
of some optically pure (alkyl) bis (dimethylglyoximato)-
cobalt complexes. 

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

Bis (dimethylglyoximato) cobalt (II) was allowed to 
react with methyl acrylate or acrylonitrile in methanol 
under weakly acidic conditions under a hydrogen atmos-

ÇOOCH3 
CH3^H 

•+ (Co) 

fjlH2 

H^9^CH3 
Ph 

1-(R,R) 

COOCH3 
C H 3 . ^ H 

1) H2, CH2=CHCOOCH3 | Resolution 
• ( C O ) 

2)R(*)-PEA JL. 
NH2 

H^W:H3 

Co(Hdmg)2 

, POOCH3Ï 
|H-c*-*CH3 

(Co) 

H^9>CH3 
s Ph 

HS.R) 
not isolated 

CH3. 

1)H2,CH2=CHCN 

Fig. 1. 

C H 3 ^ H 
, I Resolution 

• (Co) 
2)S(-)-PEA ' 

NH2 
H<Ç>Ph 

CH3 
5 

Fig. 2. 

CN 

(do) 
NH2 

H^V^Ph 
CH3 

5-(R,S) 

CN 
H ^ C H 3 

• ( C o ) 

t)IH2 

H^Ç>Ph 
CH3 

5-(S,S) 
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TABLE 1. 1H NMR CHEMICAL SHIFTS OF DIASTEREOMERIC PAIRS OF 1-SUBSTITUTED ETHYL-

( 1 -PHENYLETHYLAMINE)COBALQXIMES, CH3CHX-Co(Hdmg)3•NH2CH(GH3)Ph 

Compound 

Substituent 

COOCHg 

COOCH3 

CN 

CN 

Configuration 
/ ' v v 

Alkyl Amine 

R 

R 

S 

R 

R 

S 

S 

s 

s 

CH3CHC0 

0.32 
(d, 3H) 

0.32 
(d, 3H) 

0.48 
(d, 3H) 
0.48 

(d, 3H) 

CH3CNH2 

1.22 
(d, 3H) 

1.22 
(d, 3H) 

1.25 
(d, 3H) 

1.25 
(d,3H) 

CHCo 

1.96 
(q, 1H) 

1.94 
(q, iH) 

1.98 
(q, 1H) 

1.96 
(q, 1H) 

Chemical shift 

CH3(Hdmg) 

2.20 and 
2.24 

(12H) 
2.20 and 
2.24 

(12H) 
2.25 
(12H) 
2.25 and 
2.27 

(12H) 

,à 

OCH3 

3.44 
(s, 3H) 

3.44 
(s, 3H) 

CHNH2 

3.63 
(q, iH) 

3.63 
(q, 1H) 

3.65 
(q, iH) 
3.65 
(q, 1H) 

NH2 

7.04 
(m, 2H) 

7.04 
(m, 2H) 

7.08 
(m, 2H) 
7.08 

(m, 2H) 

Ph 

7.26 
(m, 5H) 

7.26 
(m, 5H) 

7.30 
(m, 5H) 
7.29 
(m, 5H) 

TABLE 2. MAIN IR ABSORPOTION BANDS OF DIASTEREOMERIC 

PAIRS OF I-SUBSTITUTED ETHYL ( 1-PHENYL­

ETHYLAMINE) COBALOXIMES 

Compound Spectral bands, p/cra-

Substi- Configuration 
tuent 

NH, 
CN COOCH, C=N 

Alkyl Amine asym sym 

COOCH3 

COOCH3 

CN 
CN 

R 
R 
S 
R 

R 
S 
S 
S 

3313 
3305 
3320 
3304 

3266 
3250 
3232 
3235 

2200 
2199 

1685 
1686 

1555 
1556 
1559 
1560 

G0OCH3 
C H ^ H 

2N-HCI 
MeOH-H20 

COOCH3 

CH3^H 
J 

,COOCH3 
C H 3 ^ H 

(Cô) 

6 
3 

Py H3C 

H3C r^p^cH3 

ÇOOCH3 
C H 3 ^ H 

3 (S)-PEA 

O-Hj—Ö 

A 
2 

* ( C o ) 

ijtfc 
H<iNph 

CH3 

1-(R,S) 

DPAE 

CH3, 
SOOCH3 

(Co) 

f|lH2 

P h ^ - H 
H^Ç-OH 

Ph 
A 

Fig. 3. 

phere.7) After neutralization, (R)- or (S^-l-phenyl-
ethylamine was added to give diastereomeric alkyl 
complexes with a chiral axial base (1 or 5 ; see Fig. 2). 
The repeated recrystallization of 1 from a mixture of 
methanol and water gave ( + )578-bis(dimethylgly-
oximato) [1 - (methoxycarbonyl) ethyl] cobalt ( I I I ) , 1-
{R,R), with [<x]578 +211.3° . (S)-l-Phenylethylamine 
coordinated 1-cyanoethyl cobalt complexes were resolved 
into two diastereomers, 5-(R,S) ([<x]578 +55.85°) and 
5-(S,S) ( [a]5 7 8 - 6 0 . 1 3 ° ) . By the use of (Ä)-l-phenyl-
ethylamine, the enantiomer of the former, 5-(S,R), was 
also obtained ([a]5 7 8 —55.6°). 

The absolute configurations of cobalt-alkyl moieties 
of dextrorotating ( + ) 578 - bis ( dimethylglyoximato) -
[ l-(methoxycarbonyl)ethyl][(A) -1 -phenylethylamine]-
cobal t ( I I I ) , dextrorotating ( + )578- and levorotating 
( — ) 578 -1 - cyanoethylbis ( dimethylglyoximato ) [ ( S) -1 -
phenylethylamine] cobalt (III) were determined by the 
X-ray method to be (R), (R), and (S) respectively.8"10) 

T h e !H N M R spectra and main bands of the I R 
spectra of diastereomeric pairs of 1-(methoxycarbonyl)-
ethyl and 1-cyanoethyl complexes are shown in Tables 1 
and 2. 

A diastereomeric difference appears in the ^ N M R 
signals of the proton on the carbon at tached to cobalt : 
the H C - C o proton signal of the R-S complex (l-(Ä,5r), 5-
(R,S)) appears in a somewhat higher field (0.02 ppm) 
than that of the corresponding R-R or S-S complex 
(1-(Ä,Ä) or 5-(£,£))• The absorption bands due to the 
asymmetric stretching vibration of - N H 2 of the R-R 
or S-S complex appear at a higher frequency than that 
of the diastereomer, the R-S complex, while the other 
absorption bands are almost identical. 

Aquabis ( dimethylglyoximato) [ (R) - 1 -(methoxycar­
bonyl) ethyl] cobalt (III) was obtained in about a 60% 
yield by treating 1-(R,R) with 2 mol d m - 3 hydrochloric 
acid in aqueous methanol. T h e aqua ligand is so labile 
in this complex that the aqua complex is a useful 
intermediate in exchanging the axial ligand. Thus, the 
pyridine, (lÄ,2.S)-l,2-diphenyl-2-aminoethanol, and (£)-
1-phenylethylamine coordinated complexes were easily 
derived only by evaporating a methanol solution of an 
equimolar amount of the aqua complex and the axial 
base desired (Fig. 3). The pyridine complex (3) was 
also obtained in one step by treating 1-(R,R) with C 0 2 
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-5<RS) 

* f 

600 nm 

2 3 
X 

2 

1 

-1 

-2 

M 

—É—....._» . . i \ y . . 

1 400 M, //^*aT~~ " 600 nm 

Fig. 4. CD spectra of 10~3 mol d m - 3 dichloromethane 
solution of 1-(R,R), 1-(R,S), and 3. 

-5-<S,S) 

Fig. 5. CD spectra of 10~3 mol d m - 3 dichloromethane 
solution of 5-(Ä,S), 5-(S,S), and 6. 

TABLE 3. SPECIFIC AND MOLECULAR ROTATION OF 1-SUBSTITUTED ETHYL COBALOXIMES, 
CH3CHX-Co(Hdmg)2-BASE, AND THEIR CONFIGURATIONS AT OC-CARBON 

1-(RR) 
l-(RS) 
2 
3 
4 
5-(RS) 
5-(SR) 
5-(SS) 
6 

X 

COOCH3 

COOCH3 
COOCH3 
COOCH3 
COOCH3 

CN 
CN 
CN 
CN 

Axial base 

(i?)-l-PEAa> 
(S)-l-PEA 
H 2 0 
Pyridine 
(lÄ,25)-DPAEb) 

(S)-l-PEA 
(Ä)-1-PEA 
(S)-l-PEA 
Pyridine 

Conf. at a-carbon 

Ä o 
R 
R 
R 
R 
i?C) 

Sc) 

£C) 

R 

M?7T8 

+211(CHC13) 
+ 161(CHC13) 

+ 160(MeOH) 
+ 167(CHC13) 
+ 143(CHC13) 
+ 55.85(CHC13) 
-55.6(CHC13) 
-60.13(CHC13) 
+ 52.2(CHC13) 

»B&d) 

+ 1051 
+ 801 
+ 631 
+ 760 
+ 843 
+259 
- 2 5 8 
- 2 7 9 
+ 220 

a) 1-PEA: 1-phenylethylamine, b) (1Ä,25)-DPAE: (lÄ,2S)-l,2-diphenyl-2-aminoethanol. c) These configurations were 
determined by the X-ray method.3~5) d) Molecular rotation. 

TABLE 4. ESTIMATION OF PARTIAL CONTRIBUTION OF 
ALKYL AND AMINE PARTS FOR MOLECULAR ROTATION 

OF DIASTEREOMERIC 1-SUBSTITUTED ETHYL-
( 1 -PHENYLETHYLAMINE) COBALOXIMES 

Alkyl Pariai contribution 

Substi- Configu­
rent ration 

Base 
J alky IJ 578 H"amineJ578 L 

COOCH3 

COOCH3 

CN 
CN 

R 

R 

R 

S 

(Ä)-1-PEA&) 

(S)-1-PEA&) 

(S)-l-PEA 
(S)-l-PEA 

+925.9 
+925.9 
+ 269.3 
- 2 6 9 . 3 

+ 125.1 
- 1 2 5 . 1 

- 9 . 9 
- 9 . 9 

a) (R)- 1-PEA: (Ä)-l-phenylethylamine. 

and pyridine. 1-Cyanoethyl complex, 6, was obtained 
by the same procedure. The structures of these com­
plexes were characterized by IR, 1 H NMR, and/or 
elemental analyses. 

No substantial racemization occurs during the 
ligand-exchange process: optical rotation did not 
decrease during 12 h under the conditions applied in 
ligand exchange, and the (Ä)-l-phenylethylamine 
complex, 1-(R,R), regained through the aqua complex 
showed almost the same optical rotation ([a]6 7 8 +210°) 

as the original one. 
The CD spectra of chiral 1-cyanoethyl and 1-

(methoxycarbonyl) ethyl complexes are shown in Figs. 4 
and 5 respectively. (Ä)-l-Cyanoethyl complexes 
(5-(R,S), 6) have clear negative and positive Cotton 
effects at about 440 and 375 nm respectively; the (S)-\-
cyanoethyl complex (5-(S,S)) also has clear but reverse 
Cotton effects at the corresponding wave lengths. 
However, the (Ä)-l-(methoxycarbonyl)ethyl complexes 
(1-(R,R), 1-(R,S), 3) give broad positive spectra, ranging 
from 600 to 400 nm, and the CD peak around 380 nm 
is greatly influenced by the chiral amine moiety rather 
than by the chiral alkyl. Thus, the configuration of the 
alkyl part can not simply be deduced from the sign 
of the Cotton effect. 

The specific rotations and molecular rotations of the 
chiral alkyl-cobalt complexes prepared here are listed 
in Table 3. As may be seen from Table 3, the (R)-l-
substituted alkyl complex and the (S) -1 -substituted alkyl 
complex causes positive and negative rotation respec­
tively. If the contribution from a chiral distortion of the 
inplane ligand is negligible, the molecular rotation of 
diastereomeric complex will be expressed by the sum 
of the partial contributions of the alkyl part ([0aikyi]) 
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and the amine par t ( [0 a m i n e ] ) : 

[Ö>] = [dU y l ] + [^mlne]- (1) 

The [0 a l k y i ] and [0 a m i n e ] values of the diastereomers 
are calculated (Table 4). From Table 4 it can be said 
that the part ial contribution of the alkyl part is con­
siderably greater than that of the amine part , and the 
calculated values of the partial contribution of the 
alkyl part , [0 a i k y i ] , are comparatively near to the 
molecular rotations of the corresponding pyridine 
complex, 3 or 6, which has no chirality on the axial 
base. Thus , the rotational sign (in the longer-wave­
length region of about 546 to 589 nm) can be useful for 
deducing the configuration of the 1-substituted alkyl 
metal complexes. Further studies on this respect 
are now under way. 

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

The IR spectra were recorded on a JASGO A-3 spectrom­
eter. The NMR spectra were obtained on a JEOL JNM-PS-
100 spectrometer, using TMS as the internal standard. The 
optical rotations were measured on a Perkin-Elmer 241 
Polarimeter and a Carl Zeiss photoelectric precision Polarim­
eter. The circular dichroism spectra were recorded on a 
JASCO J-40C spectrometer. 

Bis(dimethylglyoximato) [(R)- /- (methoxycarbonyl) ethyl] [(R) -1-
phenylethylamine~\cobalt(IH), (1-(R,R)). To a methanol 
(100 cm3) solution of Co(OCOCH3)2 .4H20 (50 g) was added 
a hot solution of dimethylglyoxime (47 g) in methanol (400 
cm3) under a nitrogen atomosphere with stirring. The solu­
tion was stirred for 5—10 min. The reaction vessel was then 
connected to a hydrogen-gas burret. 22.5 cm3 of methyl 
acrylate was added to the reaction vessel by means of a syringe. 
The reaction mixture was then stirred under a hydrogen 
atmosphere. After a theoretical amount of hydrogen had been 
absorbed, the reaction mixture was neutralized by an aqueous 
solution of sodium hydroxide (16 g) on cooling. To the 
resulting solution, 25.5 cm3 of i?( + )-l-phenylethylamine 
([°0D3 +38°) was added. The products were extracted with 
dichloromethane (2 dm3) and washed several times with water. 
The dichloromethane solution was dried over anhydrous 
sodium sulfate and concentrated in vacuo to give a crystalline 
mass. The crude product was dissolved in methanol (370 
cm3) at room temerature. The solution was filtered, and 
then, to the filtrate, water (445 cm3) was added gradually by 
means of a syringe on warming (30—35 °C). The solution 
was left standing overnight at room temperature. The dark 
red crystals thus deposited were collected by filtration; 25.4 g 
(1C-I). 1C-I (25.4 g) was recrystallized from methanol 
(240 cm3) and water (288 cm3) to give 15 g of crystals (1C-II), 
[a]678 +195.5° (c 0.404, chloroform). The recrystallization 
of 1C-II (14.9 g) from methanol (144 cm3) and water (156 
cm3) gave 10.4 g of crystals (1C-III), [<x]678 +211.3°, [a]646 

+ 233,4° (c 0.407, chloroform). Found: C, 48.34; H, 6.33; 
N, 14.39%. Calcd for C20H3aN6O6Co : C, 48.29; H, 6.48; N, 
14.08%. 

Aquabis(dimethylglyoximato) [ (R) -l-(methoxycarbonyl) ethyl]-
cobalt(III), (2). To a methanol (20 cm3) solution of 4.5 g 
of 1-(R, R) was added 2 mol dm - 3 hydrochloric acid (9 cm3), 
after which the solution was left standing for 2 h, and then 
9 cm3 of 6 mol dm - 3 hydrochloric acid was added. The 
resulting complexes were extracted with three 100-cm3 portions 
of dichloromethane. The extract was neutralized by adding 
an excess of solid potassium carbonate and 1 cm3 of water. 

After 10 min, the dichloromethane solution was concentrated 
under a reduced pressure to give a crystalline mass. The 
crude product was dissolved in acetone (10 cm3). In a few 
minutes crystals appeared which were collected by filtration; 
1.7 g (48%). These are satisfactory enough for further 
syntheses. From the above filtrate another crop (0.9 g) of 
crystals was obtained by concentrating it, followed by treating 
the residue with acetone. The product was further purified 
by silica-gel column chromatography (Kiesel gel 60, Merck), 
using acetone-benzene as the eluent. Fractions giving a 
single spot on TLC [Rt 0.45, acetone (2)/benzene(l)] were 
collected and concentrated under reduced pressure to give a 
thick paste, which was then crystallized on addition of acetone. 
[a]578 +160° (c 0.206, methanol); IR(KBr): 3400 (OH), 1670 
(ester), 1565 cm"1 (C=N); W NMR (D20): Ô 0.05 (d, 3H, 
CH3CHC0), 2.28 and 2.29 (CH3 of Hdmg), 3.38 (s, 3H, 
-COOCH3), 4.75 (broad, HOD); Found: C, 37.05; H, 5.89; 
N, 14.50%. Calcd for C12H23N407Co: C, 36.56; H, 5.88; 
N, 14.21%. 

Bis (dimethylglyoximato) \_(R)-l-(methoxycarbonyl) ethyl] (pyridine) -
cobalt (III), (3). Method (A): 2.7 g of bis (dimethyl­
glyoximato) [(R) -1 -(methoxycarbonyl) ethyl] [(Ä)-l-phenylethyl-
amine]cobalt(III) ([<x]578 +209°) was dissolved in methanol 
(30 cm3), and pyridine (1.5 cm3) was then added. Carbon 
dioxide was bubbled through the solution for 20 min, and 
then 15 cm3 of water were added. The bubbling was contin­
ued for another 10 min. The reaction mixture was extracted 
with 200—250 cm3 of benzene and washed several times with 
water. The benzene layer was dried over anhydrous sodium 
sulfate and concentrated under reduced pressure to give a 
yellow crystalline powder; 2.14 g (87%). The crude product 
(1 g) was recrystallized from methanol (15 cm3) and water 
(25 cm3) to give leaflets (0.46 g), [a]678 +167°, [a]646 +198° 
(c 0.408, chloroform). The IR and *HNMR spectra were 
identical with those of the racemic compound. 

Method (B) : 8 g of bis (dimethylglyoximato) [(R)-1 - (metho-
xycarbonyl)ethyl][(Ä)-l-phenylethylamine]cobalt(III) ([<x]578 

+ 196°) was dissolved in methanol (35 cm3), and then 12 cm3 

of 2 mol dm - 3 hydrochloric acid were added. After 1 h, 
pyridine (2.5 cm3) was added to the solution. The resulting 
solution was left standing for another 30 min, extracted with 
200 cm3 of dichloromethane, and then washed with water. 
The dichloromethane layer was dried over anhydrous sodium 
sulfate and concentrated under reduced pressure to give a 
yellow crystalline powder; 7 g (96%). The IR and XH NMR 
spectra were identical with those of the racemic compound. 

Mutarotation of Compound 3 in Methanol- Water : To a methanol 
(5 cm3) solution of the pyridine complex 3 (0.0303 g, 0.09 
mmol) were added water (5 cm3) and pyridine (0.021 g, 0.27 
mmol). The optical rotational change of the above solution 
was followed. The change was very slow (see below) : 

Time/h a ^ 

0.0 +0.31 
0.5 +0.31 

12.0 +0 .30 
20.0 +0 .28 

111.0 +0.175 

Bis (dimethylglyoximato) [(R)-l- (methoxycarbonyl) ethyl] [(S) -1-
phenylethylamine]cobalt(IH), (1-(R,S)). 300 mg (0.76 
mmol) of the Ä( + )-aqua complex (2) and 93 mg (0.76 mmol) 
of (S)-(—)-l-phenylethylamine were dissolved in methanol. 
The solution was concentrated in vacuo to dryness. The 
procedure was repeated three times. The IR and *H NMR 
spectra were shown in Tables 1 and 2. [oc]f78 +161°, [a]fj6 
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+ 186° (c 0.404, chloroform); Found: G, 47.97; H, 6.64; N, 
13.93%. Galcd for C20H32N5O6Go: C, 48.29; H, 6.48; N, 
14.08%. 

Bis (dimethylglyoximato) [(K)-l- (methoxycarbonyl)ethyl] [( 1R9-
2S)-l,2-diphenyl-2-aminoethanol]cobalt(III), (4). 250 mg 
(0.63 mmol) of the Ä(+)-aqua complex (2) and 135 mg 
(0.63 mmol) of (IR, 2S)-l,2-diphenyl-2-aminoethanol were 
dissolved in methanol. The solution was concentrated in 
vacuo to dryness. The procedure was repeated three times. 
XHNMR (CDC13): Ô 0.25 (d, 3H, GH3CHGOOCH3), 1.95 
and 1.98 (GH3(Hdmg) and CH3CHC0), 3.34 (s, 3H, 
GOOCH3), 4.46 (d, 1H, HGOH), 6.84 (broad m, NH2), 7.22 
(m, 10H, Ph). [<x]578 +143.3°, [<x]546 +190° (c 0.30, chloro­
form). 

[(K) -1-Cyanoethyl] bis (dimethylglyoximato) [(S) - 1-phenylethyl-
amine]cobalt(III), (5-(R,S)), and [(S)-l-Cyanoethyl] bis(dimeth-
ylglyoximato) [(S)-l-phenylethylamine)cobalt(III), (5-(S,S)). 
Acrylonitrile (8 cm3) was added to a methanolic solution 
of bis (dimethylglyoximato) cobalt (II), prepared from Co 
(OGOCH3)2-4H20 (25 g) and dimethylglyoxime (23.5 g) in 
methanol (250 cm3). The reaction mixture was stirred under 
a hydrogen atmosphere at room temperature. After a 
theoretical amount ofhydrogen had been absorbed, an aqueous 
solution of sodium hydroxide (8 g) and 13 cm3 of (5)-l-phenyl-
ethylamine ([oc]D —39°) were successively added to the cooled 
reaction mixture. The resulting complexes were extracted 
with dichloromethane ( 1.5 dm3) and washed several times 
with water. The dichloromethane solution was dried over 
anhydrous sodium sulfate and then concentrated under 
reduced pressure to give a crude product. It was dissolved 
in 150 cm3 of methanol at room temperature. The solution 
was filtered, and 140 cm3 of water were added by means of a 
syringe on warming (30—35 °C). The solution was then 
left standing overnight at room temperature. Dark red 
crystals deposited were collected by filtration; 26.7 g (5C-I), 
[<x]678 +2° . 5C-I (25.3 g) was recrystallized from methanol 
(290 cm3) and water (350 cm3) to give 12.3 g of crystals 
(5G-II); [<x]578 +32° (c 0.5, chloroform). 5C-II (11 g) was 
again recrystallized from methanol (140 cm3) and water (200 
cm3) to give 6.68 g of crystals (5G-III) ; [<x]578 +48.5°. 5C-III 
(6.68 g) was recrystallized from methanol (94 cm3) and water 
(106 cm3) to give 4.5 g of crystals (5G-IV); [<x]578 +55.5° 
and [a]546 +60.5° (c 0.2, chloroform). Another experiment 
gave a constant rotation of [<x]f?8 +55.85°, [a]fj6 +60.10°(c 
0.188, chloroform). Found: C, 49.05; H, 6.45; N, 18.18%. 
Galcd for C19H29N604Go: C, 49.13; H, 6.29; N, 18.09%. From 
filtrates of 5G-I and 5C-II, 10 g of crystals (5F-I) ([<x]678 

-15.3°) and 2.5 g of crystals (5F-II) ([<x]678 -47.7°) were 
obtained respectively. The repeated recrystallization of 

5F-II (2g) from methanol/water (1.2/1) gave 0.275 g of 
crystals with a constant rotation; [a]J?8

5 —60.13°, [a]|Jj5 

-64.56° (c 0.158, chloroform). Found: G, 48.16; H, 6.34; 
N, 17.81%. Calcd for C19H29N604Co: C, 49.13; H, 6.29; N, 
18.09%. 

[ (K) - 1-Cyanoethyl] bis (dimethylglyoximato) (pyridine) cobalt (III), 
(6). Pyridine (0.42 cm3, 5.2 mmol) and water (6 cm3) 
were added to a solution of [(Ä)-l-cyanoethyl] bis (dimethyl­
glyoximato) [ (S) - 1-phenylethylamine] cobalt (III), 5- (R,S), 
(0.8 g, 1.7 mmol) in methanol (12 cm3). Carbon dioxide was 
bubbled through the solution for 20 min at room temperature. 
The reaction mixture was then extracted with benzene (200 
cm3) and washed several times with water. The benzene 
layer was dried over anhydrous sodium sulfate and concen­
trated in vacuo to give 0.65 g of a crude product (89%). The 
crude product (0.65 g) was recrystallized from methanol 
(19 cm3) and water (35 cm3) to give orange leaflets (0.08 g), 
Ml?« +52.2°, [<*]& +59.2° (c 0.157, chloroform). The IR 
and 1H NMR spectra were identical with those of the racemic 
compound. 

T h e authors wish to express their thanks to Mr . 
Hitoshi Matsumoto and Mr. Yuzuru Ishida for their 
N M R measurements. 
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Oxidation of olefins has been examined with the following three types of reagents; (i) (C6H5Se)2-Br2-(Bu3Sn)20, 
(ii) (C6H5Se)2-/-BuOOH, and (iii) (C6H6Se)2-(C6H5SeO)20, and the corresponding a-phenylseleno carbonyl 
compounds have been obtained directly from the olefins. 

Recent developments in organoselenium chemistry2) 
have brought about a wide range of synthetic utilities 
of a-phenylseleno carbonyl compounds. They have 
been used for regioselective introduction of various 
functional groups, especially for that of unsaturation 
via well established ^«-elimination process.2) For their 
preparation, both electrophilic and uncleophilic organo­
selenium reagents are usually available as shown below:3) 

OM O O 

A ArSeX ArSe-
,SeAr ,X. (1) 

However, no simple and reliable route to a-phenyl­
seleno carbonyl compounds from both internal and 
terminal olefins has been developed until now,4) although 
olefmic compounds are in general readily accessible via 
a number of established synthetic procedures. 

Electrophilic 1,2-addition of PhSeX species con­
stitutes a potential methodology for the introduction 
of double functionalities into carbon-carbon double 
bonds.2) It is expected tha t during this process if C H - X 
group is converted into a carbonyl simultaneously, a-
phenylseleno carbonyl compounds may be produced 
directly from olefins (Eq. 2). In this paper, we describe 
an efficient approach for one-step oxoselenenylation 
reaction of olefins to afford a-phenylseleno carbonyl 
compounds. 

X 

R-CH=CH-R 
ArSeX 

•* R -CH-CH-R 

ArSe 

R-CH-CO-R (2) 

ArSe 

Oxidation of Olefins with (C^HbSe)i-Br2-(BuzSn2)0. 
Trialkylstannyl ethers are well known to be transformed 
into carbonyl compounds on treatment with bromine or 
JV-chlorosuccinimide (NCS)5) as shown in the following 
equation. In a related reaction, a formation of a 

RCH2OSnR3 
Br2 

Br, 

\f CBr 

BuoSnOSnBu, 

CH 

Br, 

-» RCH = 0 
SnR', 

BiuSnOBr + Bu3SnBr 

(3) 

(4) 

hypohalite species, Bu3SnOBr, is postulated through the 
reaction of hexabutyldistannoxane with bromine.6) In a 
similar way, a formation of "C 6 H 6 SeOSnBu 3 " 1 is 
expected on treatment of hexabutyldistannoxane with 
benzeneselenenyl bromide. Like other electrophilic 
species such as ArSeCl, ArSeBr, ArSeOAc, etc.,2) 1 
appears to behave as an electrophile to at tack a G=C 
bond to form /?-(phenylseleno) alkyl tributylstannyl 

ether 2 which may be converted to the corresponding 
a-phenylseleno carbonyl compounds 3 as usual with 
stannyl ethers. Treatment of styrene with diphenyl 

C,H,SeBr 
Bu3SnOSnBu3 > Bu3SnOSeC6H5 + Bu3SnBr (5) 

RCH=CH, 

OSnBu3 

RCH-CH2SeC6H5 

> R-CO-CHlSeC6H6 (6) 
3 

diselenide (0.55 equiv.), bromine (0.50 equiv.), and 
hexabutyldistannoxane (1.0 equiv.) indeed afforded a-
(phenylseleno)acetophenone in 3 8 % yield. An optimum 
result was obtained when the reaction was performed 
with 2.2 equiv. of diphenyl diselenide, 2.1 equiv. of 
bromine, and 2.2 equiv. of hexabutyldistannoxane in 
refluxing chloroform for 2 h. Various olefins were also 

(C.H.Se),, Br„ (BuaSn),0 
C6H6CH=CH2 • 

C6H5CO-CH2SeC6H5 (7) 

converted to the corresponding a-phenylseleno carbonyl 
compounds 3 in good yields by this procedure. The 
results are shown in Table 1. 

Styrene gave a single regioisomer, whereas other 
terminal olefins usually afforded a mixture of a-phenyl­
seleno ketones and a-phenylseleno aldehydes. Their 
ratios are dependent on the reaction conditions, especial­
ly on the solvent. Electron-deficient olefins such as 
vinyl bromide or a,jô-unsaturated esters are almost inert 
to this oxidation reaction. The major drawbacks of this 
procedure are relatively troublesome work-up for 
removal of organotin moieties and lack of regioselectivity. 
To eliminate these disadvantages, other methods were 
investigated, especially for improvement of regioselec­
tivity in the oxoselenenylation reactions. 

Oxidation of Olefins with (CeH5Se)2-t-BuOOH or 
(C6H5Se)z-(C6H5SeO)20. I t has been described 
that allylic alcohols are oxidized with benzeneselenenyl 
bromide and silver acetate to give a,/S-unsaturated 
carbonyl compounds.7) More recently, oxidation of 
aldehyde hydrazones with benzeneseleninic anhydride 
was reported,8) which proceeded presumably via an 
intermediacy of selenenate esters. These examples 
indicate that alkyl selenenates appear to undergo 
fragmentation readily to afford carbonyl compounds 
and selenols.9) 

Benzeneselenenic anhydride "C 6 H 6 SeOSeC 6 H 5 " 4, a 
rare class of compound, is expected to add to olefins 
to form alkyl selenenates 5 in a similar manner with 
other kinds of electrophilic organoselenium species,2) 
and the resulting selenenate esters 5 may decompose to 
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TABLE 1. OXIDATION OF OLEFINS WITH (C6H5Se)2-Br2-(Bu3Sn)2Oa) 

3101 

Olefin Solvent Period/h Product (ratio) Yield/% o/b) 

1-Decene CC14 

Ethyl 10-undecenoate 

Cyclooctene0) 

Cyclododecenec) 

Cinnamyl acetate 
a-Methylstyrene 

/?-Bromostyrene 
Ethyl cinnamate 

CC14 

CC14 

THF 
C6H6 

CC14 

C6H5CH3 

C6H6 

CeHgCHg 
CC14 

CC14 

CC14 

10 
12 
8.5 
9 

6.5 

7 
8 
6.5 
2 

12 
6 

C8H17COCH2SeC6H5, C8H17CH(SeC6HB)CH==0 
(68 : 32) 
(67 : 33) 
(72 :28) 
(58 : 42) 
(80 :20) 

C2H602C(CH2)8COCH2SeC6H6, n i m 9q\ 
C2H502C(CH2)8CH(SeC6H5)CH=0 {U ' ZÔ) 

2 -Phenylselenocyclooctanone 
2 -Phenylselenocyclododecanone 
C6H5COCH(SeC6H5)CH2OAc 
C6H5C(CH3)GH8SeC6H5 

OH 
No reaction 
No reaction 

68 

54 
48 
60 
56 

60 

72 
52d) 

73 
62 

0 
0 

a) Reactions were performed on a 1 mmol scale with olefin : (C6H5Se)2 : Br2 : (Bu3Sn)20=l .0 : 2.0 : 2.0 : 2.0. 
b) Isolated yield, c) Olefin: (C6H5Se)2 : Br2 : (Bu3Sn)aO= 1 . 0 : 4 . 0 : 4 . 0 : 4 . 0 . d) 2-Cyclododeccnone was also 
formed in 20% yield. 

give a-phenylseleno carbonyl compounds. 
Woodbridge reported that the oxidation of diphenyl 

diselenide with ozone afforded benzeneseleninic 
anhydride,10) presumably via an intermediate of benzene-
selenenic anhydride 4. We have examined the olefin 
oxidation under the expectation that the oxidation of 
diphenyl diselenide with /-butyl hydroperoxide may 
produce benzeneselenenic anhydride 4. 

(CeHgSe),, + f-BuOOH • 

"C6H5SeOSeC6H5" + /-BuOH (8) 
4 

Treatment of styrene with diphenyl diselenide (1.5 
equiv.) and /-butyl hydroperoxide (2.0 equiv.) gave rise 
to a-(phenylseleno) acetophenone (48%) with l-/-but-
oxy-l-phenyl-2-(phenylseleno)ethane (38%). The latter 
product was certainly produced via oxyselenenylation 
with C6H5Se+ species and /-butyl alcohol formed from 
/-butyl hydroperoxide during the oxidation. The 
incorporation of /-butyl alcohol could be avoided by 
the removal of /-butyl alcohol after the oxidation of the 
diselenide with the peroxide followed by the addition 
of an olefin to the resulting solution. The opt imum 

4 
C6H6CH=CH2 • C6H6CO-CH2SeC6H5 (9) 

conditions were examined about the reaction of styrene. 
The results shown in Table 2 indicate that the use of 

ca. 2 equiv. of reagents leads to the optimum yield and a 
slightly higher reaction temperature is required for the 
completion of the reaction when compared with the 
previous system. 

Displacement of /-butyl hydroperoxide to other 
oxidants did not lead to the satisfactory result. Oxida­
tion of diphenyl diselenide with pyridinium chloro-
chromate (PCC), active manganese dioxide, or Jones 
reagent followed by the addition of styrene to the 
oxidation product gave only a trace amount of <x-
(phenylseleno)acetophenone.11) 

A remarkable result was obtained when styrene was 
treated with diphenyl diselenide (1.4 equiv.) and 

TABLE 2. OXIDATION OF STYRENE WITH (CH5Se)2-*-BuOOH. 

COMPARISON OF REACTION CONDITIONS13 

/-BuOOH 
(equiv.) 

2.0 
1.7 
1.7 
1.7 
2.0 
2.1 

(C6H5Se)2 
(equiv.) 

1.5 
2.2 
2.2 
2.2 
2.0 
2.1 

Period/h 

2 
2 
1 
0.75 
1 
1 

Yield % of 
a- (phenylseleno) -

acetophenone 

53 
71 
79 
74 
8 7 b > 

80 

a) Reactions were perormed in refluxing carbon tetra­
chloride. Yields were determined by NMR using a cali­
brated internal standard, b) Isolated yield. 

benzeneseleninic anhydride (0.7 equiv.) as oxidant in 
refluxing carbon tetrachloride. By this system, a-
(phenylseleno) acetophenone was obtained in 77% 
yield. Generation of benzeneselenenic anhydride 4 may 
occur via disproportionation reaction of diphenyl 
diselenide and benzeneseleninic anhydride, and it 
seems to be this species which acts as an electrophile 
toward olefins to form selenenate ester intermediates. 

2(C6H5Se)2 + (C6H5SeO)20 3"C6H5SeOSeC6H5' 
4 

C$H6CrI=CHj 
C6H5CO-CH2SeC6H5 (10) 

Oxidation of Terminal Olefins. Oxidation of 
terminal olefins with (C6H5Se)2-Br2-(Bu3Sn)20 system 
usually produces a mixture of a-phenylseleno ketones 
and aldehydes. T h e regioselectivity on the oxidation of 
terminal olefins with 4 was proved to be highly depend­
ent on the reaction solvent. Predominant formation of 
a-phenylseleno ketones was observed in D M S O solvent, 
whereas the ratio of a-phenylseleno aldehydes increased 
in toluene, acetonitrile, sulfolane, and ni t romethane. 
This tendency is explained in terms of the stabilization 
of the seleniranium intermediate which has often been 
involved in the addition process of ArSeX to olefins.12) 

Raucher has examined the addition of benzeneselenen-
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TABLE 3. OXIDATION OF TERMINAL OLEFINS0 

Olefin Solvent Temp/°C Product (ratio) Yield/%1 

1-Decene C6H6CH3 

GH3CN 
C6H5CH3

C> 
CH3CNC) 

CH3N02
c> 

Sulfolane 
DMSO 

(1 : l)DMSO-C6H5CH3
c> 

Ethyl 10-undecenoate DMSOd) 

1-Dodecene DMSOd) 

110 

82 
110 
82 
80 

110 
110 
110 
110 

110 

C8H17COCH2SeC6H5, C8H17CH(SeC6H5)CH=0 
(66 : 34) 
(55 :45) 
(58 :42) 
(54 : 46) 
(55 :45) 
(59 : 41) 
(91 : 9) 
(81 : 19) 

81 

75 
85 
72 
66 
79 
70 
86 

C2H602C(CH2)8COCH2SeC6H5, ,q. . 
C2H502G(CH2)8CH(SeC6H5)CH=0 {^ ' b) 

C10H21COCH2SeC6H6, 
C10H21CH(SeC6H5) CH=0 (93 : 7) 

70 

71 

a) Reactions were performed with olefin : (C6H6Se)2 : *-BuOOH=1.0 : 2.0 : 2.0. b) Isolated yield, c) Olefin : 
(G6H5Se)2 : (C6H5SeO)20= 1 . 0 : 1 . 4 : 0 . 7 . d) Olefin : (C6HsSe)2 : f-BuOOH= 1.0 : 4.4 : 4.4. 

TABLE 4. OXIDATION OF INETRNAL OLEFINS0 

Olefin Product 

C6H6CH=CHCHsOAc 

C6H5CH2OCH2GH=GHCH2OCHaC6H5 

O 

C6H5-CO-CHCH2OAc 

SeC6H5 

C6H5CH2OCH2-CO-CHCH2OCH2C6H5 

SeC6H6 
0 SeC6H5 

Yield/% 

83 

81 

67b> 

0 SeC6H5 

56° 

a) Reactions were performed in refluxing benzene with olefin: (G6H5Se)2 : f-BuOOH=l .0 : 4.4 : 4.4 or olefin: (C6H5Se)2: 
(C6H5SeO)aO= 1 . 0 : 2 . 8 : 1 . 4 . b) Cyclododecenone was formed in 15% yield, c) Reported by Smith III , Nicolaou et 
al., see Ref. 18. 

yl bromide to terminal olefins and has observed the 
following regioselectivity : under thermodynamically 
controlled conditions, olefin-PhSeX adducts undergo 
equilibration to form MarkownikofF type adducts 
predominantly, while under kinetically controlled 
conditions, the formation of anfr-Markownikoff adducts 
are favored.13) In this regard, in D M S O , oxygen atom 
on sulfoxide appears to associate with the seleniranium 
ion and stabilize it, which results in the equilibration of 
this intermediate to afford the Markownikoff adduct 
predominantly. 

One disadvantage of this oxidation lies in the 
insolubility of olefins in this solvent, and for reproducible 
results the use of an excess reagent is required. D M S O -
toluene solvent system has found a complemental use 
for insoluble olefins, al though regioselectivity has been 
somewhat decreased. 

We may exclude a possibility for the role of D M S O as 
oxidant by the following observations. I t is well known 
that olefin-PhSeX adducts are very susceptible to 
solvolysis.14) T h e reaction of these adducts with D M S O , 

Col l i 7 C H = C H o 
C,H6SeBr 

DMSO 
OH 

C8H17-CO-CH2SeC6H5 + C8H17CH-CH2SeC6H5 (11) 
Et3N: 3 % 6% 
AgBF4, EtN3: 14% 80% 

however, did not practically proceed. Even in the 
presence of silver tetrafluoroborate, a phenylseleno 
ketone was obtained in only low yield. These strongly 
suggest inefficiency of D M S O as an oxidant in the 
present system. 

Displacement of diphenyl diselenide did not noticea­
bly improve product distribution. 

"ArSeOSeAr" 
Ct jHi 7 CH=CH2 > 

toluene 
SeAr 

C8H17CO-CH2SeAr + C8H17CH-CH=0 (12) 
Ar: CfiHB 58:42 

2,4,6-(CH3)3C6H2 69:31 

Oxidation of Internal Olefins. By the procedures 
reported so far, oxidation of internal olefins to <x-
phenylseleno ketones appears to be quite difficult. For 
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example, treatment of (is)-3-hexene and (is)-6-dodecene 
with PhSeBr -AgPF 6 -DMSO-Et 3 N produced the corre­
sponding ß-hydroxy selenides in ca. 6 0 % yield,4b) whiles 
terminal olefins gave phenylselenomethyl ketones. The 
procedure developed by Tsuji et alM) does not appear 
to be applicable to internal olefins due to a facile syn-
elimination of the resulting selenoxides, although this 
point has not been tested. By the present method, 
internal olefins were smoothly oxidized to a-phenyl-
seleno ketones in good yields. The results are listed in 
Table 4. 

4 SeC6H5 

R-CH=CH-R • R-GO-CH-R (13) 

In general, however, internal olefins are less reactive 
than terminal ones even under the present oxidation 
conditions, and good conversion of the starting olefins 
calls for the use of ca. 4.4 equiv. of the reagent. 

The difference of the reactivity of C=C bonds in a 
polyene has been studied by van Tamelen and Sharpless 
using addition reaction of a hypohalite.15) More 
recently, Krief et a/.16) examined the reactivity of dienes 
bearing an internal and a terminal C=G bonds toward 
methane- and benzeneselenenyl bromide, and they 
observed selective addition to the terminal olefin. In 
the present oxidation, a terminal olefin was selectively 
oxidized to the corresponding a-phenylseleno ketone. 
For example, when an equimolar mixture of ethyl 10-
undecenoate and cyclododecene was treated with 
diphenyl diselenide (2.8 equiv.) and benzeneseleninic 
anhydride (1.4 equiv.) in D M S O at 110 °C for 30 min, 
a mixture of ethyl 10-oxo-ll-phenylselenoundecanoate 
and ethyl ll-oxo-10-phenylselenoundecanoate (92 : 8) 
was obtained in 6 4 % yield with the recovered cyclo­
dodecene (90%). It is expected that the present system 
will find applications in selective oxidation of polyenes. 

Reaction Mechanism. Sharpless and Reich have 
suggested a "Conproport ionat ion" reaction between 
diphenyl diselenide and benzeneseleninic acid to yield 
benzeneselenenic acid as a reactive species to olefinic 
bonds.17) Smith I I I and Nicolaou have also described 

O 

(C6H5Se)2 + C6H5Se-OH + H 2 0 
• 3"C6H5SeOH" (14) 

a cyclization reaction of dienes using this kind of 
species.18) 

We propose here a generation of benzeneselenenic 
anhydride 4 from both of the systems, which acts as a 
reactive species. However, it is not very clear whether 
the introduction of carbonyl proceeds via a selenenate 
ester or not. One possible alternative seems to be the 
involvement of the fragmentation of a seleninate ester 

"C6H5SeOSeC6H5 

RCH=CH, 

rv 
0-SeC6H5 

-> R^C-CH2SeC6H5 ( 

H 
5 

[0] 

•C6H5SeO-SeO-C6H5" O-SeO-CgHg 

> R^C-CH2SeC6^ 

R-CO-CH2SeC6H5 

(15) 

via addition of " C 6 H 5 S e O S e ( ^ 0 ) C 6 H 6 " species or 
oxidation of a selenenate ester intermediate. In regard 
to the reports dealing with fragmentation of seleninate 
esters proposed by Barton et a/.,19) we can not exclude 
the possibility of seleninates as the intermediates in this 
oxidation process. 

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

All reactions involving air- or moisture-sensitive compounds 
were performed under either argon or ultra-grade nitrogen 
atmosphere. NMR spectra were taken on a Hitachi R-24B 
spectrometer and chemical shifts are recorded in parts per 
million downfield from internal tetramethylsilane. IR 
spectra were taken on a Hitachi EPI- G3 or 260-10 spectrom­
eter, and mass spectra on a Hitachi RMU-7M or RMU-6C 
spectrometer at 70 eV ionizing irradiation. Analytical gas 
liquid chromatography was performed on a Hitachi 063 or 
163 instrument. Microanalyses were performed on a Perkin 
Elmer 240 instrument. Melting points which were taken in 
open capillaries and boiling points were uncorrected. 

Diphenyl diselenide, bis(/>-chlorophenyl) diselenide, and 
bis(2,4,6-trimethylphenyl) diselenide were prepared by the 
procedure reported by Sharpless and Reich.3c»17) Benzenesele­
ninic anhydride was prepared according to the procedure of 
Woodbridge,10) and was stored over P2Os. 

Oxidation of Styrene with (C6HbSe)2-Br2-(Bu3Sn)20. To a 
solution of diphenyl diselenide (686 mg, 2.2 mmol) and 
hexabutyldistannoxane (1.31 g, 2.2 mmol) in 3 ml of chloro­
form were added a carbon tetrachloride solution of bromine 
(1.55 ml of 1.35 M (1 M = l mol dm'3) solution, 2.10 mmol) 
and then a solution of styrene (104 mg, 1.0 mmol) in 2 ml 
of chloroform. After stirring for 2 h under refluxing, the 
brown colored mixture was washed with 5% aq NaOH, and 
satd aq NaCl. The organic layer was dried over MgS04 , 
concentrated, and purified by silica gel column chromatog­
raphy followed by bulb-to-bulb distillation to afford a-(phe-
nylseleno)acetophenone (204 mg,74%). Bp 150—160 °C/0.15 
mmHg;20) IR (neat) : 1665 cm-1; NMR (CDC13) : Ô 4.13 (s, 
2H), 7.13—7.63 (m, 8H), 7.73—7.97 (m, 2H) ; MS:21> m/e 
(%) 276 (M+, 16), 105 (100), 77 (20), 52 (13); Found: C, 
61.37; H, 4.62%. Calcd for C14H12OSe:C, 61.10; H, 4.40%. 

Oxidation of 1-Decene with (C6H5Se)2-Br2-(Bu3Sn)20. To 
a solution of diphenyl diselenide (686 mg, 2.2 mmol) and 
hexabutyldistannoxane (1.31 g, 2.2 mmol) in 5 ml of carbon 
tetrachloride in the presence of molecular sieves 3A (1 g) 
were added a carbon tetrachloride solution of bromine (1.3 ml 
of 1.64 M solution, 2.1 mmol) and then a solution of 1-decene 
(140 mg, 1.0 mmol) in 5 ml of carbon tetrachloride, and the 
mixture was heated to refluxing for 7 h. After a usual work­
up, the crude oil was purified by silica gel column chromatog­
raphy to give diphenyl diselenide (437 mg), 1 -phenylseleno-
2-decanone (143 mg, 46%), and 2-phenylselenodecanal(68 
mg, 22%). l-Phenylseleno-2-decanone, Bp 168 °C/0.3 mmHg;20) 
Mp 39—40 °C (hexane); IR (KBr): 1692 cm"1; NMR (CC14): 
Ô 0.60—1.90 (m, 15H), 2.50 (t, / = 7 . 0 Hz, 2H), 3.47 (s, 2H), 
6.70—7.60 (m, 5H); MS21) m/e (%) 321 (M+, 5), 155 (6), 141 
(6), 77 (20), 57 (69), 43 (100); Found: C, 61.66; H, 7.68%. 
Calcd for C16H24OSe: C, 61.73; H, 7.77%. 2-Phenylseleno-
decanal, Bp 142—143 °C/0.06 mmHg;20) IR(neat): 1705 cm"1; 
NMR (CC14): ô 0.70—2.20 (m, 17H), 3.20—3.90 (m, ÎH), 
7.10—7.70 (m, 5H), 9.40 (d, J = 4 . 0 Hz, 1H); MS:21> m/e (%) 
312 (M+, 18), 283 (18), 155 (19), 57 (75), 43 (100), 29 (59). 

Ethyl 10-Oxo-ll-phenylselenoundecanoate. Mp 37—38 °C 
(hexane); IR (KBr): 1730, 1695 cm"1; NMR (CC14): ô 1.00— 
2.00 (m, 17H), 2.23 (t, J = 8 . 0 H z , 2H), 2.50 (t, y = 7 . 0 H z , 
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2H), 3.47 (s, 2H), 4.10 (q, 7 = 5 . 0 Hz, 2H), 7.10—7.60 (m, 
5H); MS: 21> m/e (%) 384 (M+, 30), 339 (13), 213 (65), 171 
(54), 157 (41), 97 (65), 83 (28), 77 (33), 69 (70), 46 (100); 
Found: C, 59.67; H, 7.42%. Calcd for C19H2803Se: C, 
59.52; H, 7.36%. 

Ethyl 11-Oxo-10-phenylselenoundecanoate. IR (neat): 1720, 
1700 cm-1; NMR (CC14): Ô 0.85—1.90 (m, 19H), 2.13 (t, 
7 = 6 . 0 Hz, 2H), 3.20—3.60 (m, 1H), 3.97 (q, 7 = 5 . 0 Hz, 2H), 
7.00—7.50 (m, 5H), 11.5 (d, 7 = 3 . 0 Hz, 1H); MS:21) m/e (%) 
384 (M+, 5), 354 (2), 226 (5), 77 (8), 73 (92), 45 (12), 29 (100) ; 
Found: C, 59.34; H, 7.56%. Calcd for C19H2803Se: C, 
59.52; H, 7.36%. 

2-Phenylselenocyclododecanone. The reaction was carried out 
with cyclododecene (84 mg, 0.5 mmol) using diphenyl 
diselenide (2.2 equiv.), brcmine (2.1 equiv.), and hexabutyl-
distannoxane (2.2 equiv.) in refluxing benzene for 8 h. Purifica­
tion of the reaction mixture by silica gel column chromatog­
raphy gave 2-cyclododecenone (18 mg, 20%) and the title 
compound (87 mg, 52%). Bp 148—152 °C/0.06 mmHg;20> 
IR (neat): 1685 cm"1; NMR (CC14): Ô 0.70—2.35 (m, 18H), 
2.53 (unresolved dd, J= 10.0 and 6.0 Hz, 2H), 3.90 (dd, J= 
5.0 and 8.0Hz, 1H), 7.10—7.60 (m, 5H); MS:21> m/e (%) 
338 (M+, 2), 181 (6), 157 (28), 83 (61), 55 (100). 

3-Oxo-3-phenyl-2-phenylselenopropyl Acetate. IR (neat) : 
1740, 1680 cm-1; NMR (CC14): <5 1.90 (s, 3H), 4.40—4.90 
(m, 3H), 7.10—7.55 (m, 8H), 7.75—8.00 (m, 2H); MS:21) 
m/e (%) 348 (M+, 8), 289 (90), 271 (7), 191 (40), 105 (100), 
77 (45), 59 (88), 43 (40). 

l-Phenylseleno-2-phenyl-2-propanol. Bp 127—130 °C/0.4 
mmHg;20> IR (neat) : 3440 cm"1; NMR (CC14) : ô 1.57 (s, 3H), 
2.80 (brs, 1H, disappeared on DaO exchange), 3.38 (d, J = 
6.0 Hz, 1H), 3.40 (d, , /=6.0 Hz, 2H), 7.00—7.50 (m, 12H); 
M S : » » # (%) 274 (M+ - 1 8 , 5 ) ,172 (18), 117 (70), 115 (100), 
77 (80). 

Oxidation of Styrene with (C6H&Se)2-t-BuOOH (General 
Procedure). To a solution of diphenyl diselenide (628 mg, 
2 mmol) in 5 ml of carbon tetrachloride were added molecular 
sieves 3A (2 g) and a solution of 70% /-butyl hydroperoxide 
(256 mg, 2.0 mmol) in 5 ml of carbon tetrachloride, and the 
mixture was heated to refluxing for 1 h. Then all the solvent 
as well as f-butyl alcohol was removed in vacuo, and a solution 
of styrene (104 mg, 1.0 mmol) in 5 ml of carbon tetrachloride 
was added to the resulting pale yellow solid. After stirring 
for 1 h under refluxing, the reaction mixture was washed with 
satd aq NaCl and dried over MgS04 . Removal of the solvent 
gave a brown oil, which was purified by silica gel column 
chromatography to give a-(phenylseleno)acetophenone (238 
mg, 87%) and diphenyl diselenide (414 mg). 

Oxidation with (C6H5Se)2-(C6H5SeO)20 (General Procedure). 
To a solution of diphenyl diselenide (437 mg, 1.4 mmol) and 
benzeneseleninic anhydride (252 mg, 0.7 mmol) in 5 ml of 
the solvent were added an olefin ( 1 mmol) in 5 ml of solvent 
and molecular sieves 3A (2 g), and the mixture was stirred 
under refluxing until the starting olefin was all consumed. 
The resulting reaction mixture was worked up and purified 
as described above. 

Oxidation of 1-Decene. 1-Decene (70 mg, 0.5 mmol) was 
oxidized with diphenyl diselenide (686 mg, 2.2 mmol) and 
f-butyl hydroperoxide (282 mg of 70% solution, 2.2 mmol) in 
DMSO at 110 °C for 1 h. A mixture (108 mg, 70%) of 2-
phenylselenodecanal and l-phenylseleno-2-decanone was ob­
tained. The isomeric ratio was determined to be 9 : 91 by 
NMR analysis. Further purification gave bcth samples which 
exhibit similar spectroscopic properties to ones prepared 
previously. 

Oxidation of Ethyl 10-Undecenoate. Ethyl 10-undecenoate 

(106 mg, 0.5 mmol) was oxidized with diphenyl diselenide 
(686 mg, 2.2 mmol) and 70% f-butyl hydroperoxide (282 mg, 
2.2 mmol) in 10 ml of DMSO at 110 °C for 1.5 h. A mixture 
(134mg, 70%) of ethyl 10-oxo-l 1-phenylselenoundecanoate 
and ethyl 11-oxo-10-phenylselenoundecanoate was obtained, 
and their ratio was determined to be 94 : 6 by NMR analysis. 
Separation of the mixture gave pure samples which exhibit 
similar spectroscopic properties to ones prepared previously. 

Oxidation of 1-Dodecene. 1-Dodecene (84 mg, 0.5 mmol) 
was oxidized by the same procedure. A mixture of 1-phenyl-
seleno-2-dodecanone and 2-phenylselenododecanal was 
obtained, and their ratio was determined to be 93 : 7 by 
NMR analysis. Separation of the mixture gave pure samples. 
l-Phenylseleno-2-dodecanone, IR (neat): 1705 cm - 1 : NMR 
(CC14): ô 0.70—2.00 (m, 19H), 2.60 (t, 7 = 7 . 0 Hz, 2H), 3.57 
(s, 2H), 7.30—7.90 (m, 5H); MS:21) mje (%) 340 (M+, 71), 
172 (89), 15; (32), 133 (29), 109 (54), 95 (39), 91 (57), 85 
(54), 77 (25), 71 (57), 57 (100). 2-Phenylselenododecanal, IR 
(neat) : 1705 cm"1; NMR (CC14) : ô 0.70—2.00 (m, 21H), 3.3 
—3.9 (m,lH), 7.40—7.90 (m, 5H), 9.50 (d, 7=3 .0 Hz, 1H). 

3-Oxo-3-phenyl-2-phenylselenopropyl Acetate. Cinnamyl 
acetate (88 mg, 0.5 mmol) was oxidized by a similar procedure 
in benzene (5 ml) for 4 h, and the title compound (144 mg, 
83%) was obtained as an oil. IR (neat): 1740, 1680cm-1; 
NMR (CC14): ô 1.90 (s, 3H), 4.40—4.90 (m, 3H), 7.10— 
7.55 (m, 8H), 7.75—8.00 (m, 2H); Found: C, 58.92; H, 
4.78%. Calcd for C17H1603Se: C, 58.80; H, 4.64%. 

2-Phenylselenocyclododecanone. Cyclododecene (91 mg, 
0.5 mmol) was oxidized in a similar procedure in refluxing 
benzene for 3 h, and the title compound (118 mg, 67%) and 
2-cyclododecenone (14 mg, 15%) were obtained. 

l,4-Bis(benzyloxy) - 3-phenylseleno- 2-butanone. (E)-\ ,4-Bis-
(benzyloxy)-2-butene (120 mg, 0.5 mmol) was oxidized in a 
similar procedure in refluxing benzene for 4.5 h, and the 
title compound (166 mg, 81%) was obtained. IR (neat): 
3100, 1710, 1100, 750cm-1; NMR (CC14): Ô 3.90—4.17 (m, 
3H), 4.37 (d, 7 = 5 . 0 Hz, 4H), 7.00—7.53 (m, 5H). Further 
deselenenylation with benzenethiol (0.15 ml) and triethyl-
amine (1.0 ml) gave analytically pure deselenenylated product, 
l,4-bis(benzyloxy)-2-butanone. IR (neat): 3100, 1705cm-1; 
NMR (CC14): ô 2.71 (t, 7 = 7 . 0 Hz, 2H), 3.60 (t, 7=7 .0 Hz, 
2H), 3.90 (s, 2H), 4.07 (s, 2H), 4.74 (s, 2H), 7.20 (s, 10H); 
Found: C, 76.19; H, 7.14%. Calcd for C18H20O3: C, 76.037; 
H, 7.09%. 

Oxidation of Ethyl 10-Undecenoate in the Presence of Cyclododecene. 
To a mixture of diphenyl diselenide (437 mg, 1.4 mmol) and 
benzeneseleninic anhydride (252 mg, 0.7 mmol) were added 
a solution of cyclododecene (83 mg, 0.5 mmol) and ethyl 
10-undecenoate (106 mg, 0.5 mmol) in DMSO (10 ml) and 
then molecular sieves 3A (2 g). After stirring for 30 min at 
110 °C, the reaction mixture was washed with satd aq NaCl 
and was extracted with ether. Cyclododecanone (91 mg) was 
added to the reaction mixture as an internal standard, and 
the resulting solution was examined by GLPC to give an 
indication that cyclododecene was recovered in 90%. Purifica­
tion of the mixture by silica gel column chromatography 
afforded a mixture of ethyl 10-oxo-l 1-phenylselenoundec­
anoate and ethyl 11-oxo- 10-phenylselenoundecanoate (123 
mg, 64%). The ratio of the seleno ketone vs. the seleno 
aldehyde was determined to be 92 : 8 by NMR analysis. 
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The results of the X-ray photoelectron spectroscopy of a novel metathesis catalyst, MoOx//?-Ti02, are discussed 
with reference to its catalytic behavior. It is concluded that the active center for the metathesis reaction of olefin 
is the molybdenum ion with an oxidation higher than + 4 on the average, and that the hydrogen scrambling of 
olefin during the metathesis is caused by the OH group on the T i 0 2 surface. During the preparation of this catalyst, 
the decomposition of titanic acid to T i 0 2 is found to be accelerated by M o 0 3 ; a similar thing can be seen of the 
reduction of M o 0 3 to zero-valent molybdenum by Ti0 2 . 

M a n y active catalysts, homogeneous and hetero­
geneous, have been developed1) for the olefin-metathesis 
reaction, and its mechanism has been investigated since 
1964;2) the simultaneous hydrogen scrambling of olefin 
has been an intricate problem. We ourselves have 
reported a novel solid catalyst, MoO*//?-Ti0 2 ( # = 
2.3—2.9), on which the metathesis reaction of olefin 
proceeds with a negligible extent of hydrogen scrambling 
of olefin.3) When alumina and zirconia are used as 
catalyst supports, the hydrogen scrambling of olefin 
surpasses the metathesis.4) In this paper, this novel 
catalyst was characterized, mainly by using X-ray 
photoelectron spectroscopy. 

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

The catalyst was prepared by impregnating a powder of 
ß-titanic acid with an aqueous solution of ammonium moly-
bdate and then dried at 120 °C. The sample (ca. 0.3 g) was 
oxidized with 0 2 and evacuated at 500 °C in a conventional 
circulation apparatus with a volume of ca. 350 cm3. Preceding 
the metathesis reaction, the following pretreatments of the 
catalyst were performed: it was reduced with hydrogen at 
500 °C for 1 h and preconditioned by performing on it a 
reaction of N 2 0 (ca. 40 Pa) with H2 (ca. 100 Pa) at 200 °C 
for 1 h.4'5) By this pretreatment, the catalyst surface was 
controlled to give a characteristic activity for metathesis reac­
tion; i.e., it was active for metathesis, but had a negligible 
extent of hydrogen scrambling as well as of the isomerization 
of olefin.4) 

A mixture (1 :1 ) of propene and [D6]propene (CH2= 
CHCH3 and CD2=CDCD3) or aj-2-butene and [D8]cis-2-
butene was admitted at room temperature onto the catalyst 
at a total pressure of ca. 6 x 103 Pa, and its catalytic activities 
for the productive and degenerative metathesis, as well as 
for the hydrogen scrambling of olefin, were studied. The 
analysis of the products was carried out by GC, and the 
deuterated isomers separated by GG were analyzed by 
means of a mass spectrometer with low isonization voltages. 
The reagents used were of a chemically pure grade. 

The X-ray photoelectron spectra of the catalyst were 
obtained by means of an ESCA-3 apparatus of the Vacuum 
Generator Co. The untreated samples prepared from 
ammonia molybdate and ^-titanic acid were pressed on a 
sample hoder of the ESCA-3 apparatus and treated in a side 
chamber under conditions similar to those used in the catalyst 
pretreatments. The binding energies of Mo (3d) and Ti(2p) 
electrons were corrected using a reference of 530 eV for the 

Is electron from oxygen of oxide; this value is common for a 
variety of metal oxides.6) 

R e s u l t s 

The catalytic properties of 6.7 w t% M o 0 3 / T i 0 2 

change with the extent of reduction, as is shown in 
Fig. I,4) in which the extent of reduction (x in MoO*) 
was estimated from the amount of hydrogen consumed 
in the reduction of an oxidized catalyst sample at 
500 °C for 1 h. I t was found that the molybdenum oxide 
supported on t i tanium oxide was finally reduced to the 
zero-valent state, although Ti3+ could not be detected 
by ESR during the reduction of the catalyst.5) 
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Fig. 1. Characteristic profile of the catalytic activity of 

MoO^-TiOji for reactions of olefins at room tempera­
ture. 

Only oxidation of olefin was caused by a catalyst, 
MoO^/ß-TiOg, with an x value larger than 2.9. 
However, the catalyst of *=2 .3—2.9 , State I, gave 
preferentially olefin metathesis with little hydrogen 
scrambling of the olefins. As a result, a mixture of 
propene and [Z)6] propene yielded mainly [Z>2] and 
[Z)4] propene by degenerative metathesis, and [Z>0], 
[D2], and [Z>4]ethylene by productive metathesis, 
respectively. In contrast to the State I surface, the 
catalyst of * = 2 . 0 — 2 . 3 , State I I , is active for the iso­
merization of olefin in the presence of hydrogen. The 
more reduced surface, described by State I I I , of a 
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catalyst with x value less than 2.0 can catalyze the 
isomerization in the absence of hydrogen. Such an 
isomerization caused by a process other than metathesis 
can be followed by interconversion between 1-butène 
and 2-butene.7) The hydrogénation of olefin is also 
brought about over the catalyst surfaces of States I I 
and I I I . A more reduced surface has a higher activity 
for hydrogénation. We found that a State I or I I 
surface can be prepared from a reduced catalyst by 
carrying out on it the reaction of N 2 0 with H 2 at 200 °C 
or with C O at room temperature for 1 h. 

Figure 2 shows the amount of hydrogen consumption 
in the reduction of oxidized catalyst samples at 500 °C 
for 1 h, in which the stoichiometric reduction of M o 0 3 

is brought about if the catalyst samples are loaded with 
less than ca. 10 w t% of M o 0 3 . 
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Fig. 2. Amounts of H2 consumed in reduction of M0O3/ 
0-TiO2 catalysts loaded with different amounts of M o 0 3 

at 500 °C for 1 h. 
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Fig. 3. Catalytic activity changes of MoOx/0-TiO2 (*= 
2.3—2.9) depending on the amount of loaded Mo0 3 . 

Figure 3 shows the specific activities for a metathesis 
reaction and for a simultaneous hydrogen scrambling 
of olefin over catalysts with various w t % M o 0 3 , where 
the catalysts were prepared by oxidation, and the 
reduction at 500 °C, followed by the reaction of N 2 0 
with H 2 at 200 °C for 1 h and its evacuation at 500 °C. 
The ratio of a productive metathesis to a degenerative 
one is plotted in Fig. 3. The turnover frequency in 
this figure is evaluated by assuming that all the molyb­
denum loaded on T i 0 2 is active for the reactions. U p 
to ca. 15 w t % M0O3, the turnover frequency of rneta-

evac I h 
oxid Ih 

2 . 2 w t % 

460 470 
Binding energy/eV 

Fig. 4. XPS spectra of Ti(2p) electrons from surfaces of 
MoO3/0-TiO2 with different amounts of loaded Mo0 3 . 

M0O5//5-T1O2 

5 0 0 C evac I h 
500°C oxid I h 

2.2 w t % 

w t % 

0 wt % 

5 3 0 540 

Binding energy/eV 

Fig. 5. XPS spectra of O(ls) electrons from surfaces 
of MoO3/0-TiO2 with different amounts of loaded 
Mo0 3 . 

thesis is nearly constant,while that of hydrogen scrambl­
ing decreases steeply. 

Figures 4 and 5 show the X P S spectra of Ti(2p) and 
O( ls ) of oxidized samples with various w t % M o 0 3 . 
T h e X P S peak areas of Mo (3d), Ti(2p) , and O( l s ) , 
observed as measures of the surface concentrations of 
these components, are plotted in Fig. 6 against the 
loaded amounts of M o 0 3 . 

D i s c u s s i o n 

T h e activity for metathesis reaction increases propor­
tionally to the amount of loaded M o 0 3 up to ca. 15 w t%, 
as can be seen from the constant turnover frequency for 
metathesis shown in Fig. 3. This result implies that 
molybdenum js dispersed ra ther homogeneously on the 
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V » I I I L _ 

0 tO 20 30 4 0 50 
Wt % of M0O3 

Fig. 6. Changes of XPS-peak areas of Mo(3d), Ti(2p), 
and O(ls) electrons from the surfaces of Mo03//?-Ti02 

catalysts with different amounts of loaded M0O3. 

catalyst surface when the loaded M0O3 is less than ca. 
15 w t%. T h e valence state of the molybdenum ion is 
quite sensitive to a metathesis reaction, as is shown in 
Fig. 1, and a characteristic activity for metathesis 
reaction appears only in the range of x=2 .3—2.9 of 
M o O x / T i O a . In contrast to the result of Iwasawa 
et a/.,8) the activity for metathesis reaction became higher 
when the average oxidation state was slightly higher 
than Mo 4 + . 

I t was confirmed7) that , in the hydrogen scrambing of 
olefin, the relative contribution of n- and .y-alkyl species 
to the catalyst of State I I is quite similar to that of the 
MoS 2 catalyst.9) With the MoS 2 catalyst, the selectivity 
for isomerization and hydrogénation of olefin has been 
found to be sensitive to the degree of the coordinative 
unsaturation of the central Mo ion.9) 

T h e turnover frequency for a metathesis reaction 
decreases with an increase in the loaded amount of 
M0O3 above ca. 20 w t % , as can be seen in Fig. 3, while 
the ratio of the degenerative metathesis to the productive 
one, Vvjvr, is constant, irrespective of the loaded amount 
of M0O3. These results imply that the active sites on 
MoO-JTiOa are not influenced by the loaded amount 
of M0O3. In contrast to this, the turnover frequency 
for the simultaneous hydrogen scrambling of olefin is 
quite sensitive to the amount of M0O3 loaded on T i O a . 
It was found that the O( ls ) peak at 531.5 eV in the 
X P S spectra, which may be at tr ibuted to the O H 
group,10) was observed in the present experiments only 
on a catalyst with 2.2 w t % M0O3 (Fig. 5), and the 
hydrogen scrambling might be caused by this O H group 
on the T i 0 2 surface. 

As is shown in Fig. 6, the X P S peak area of Ti(2p) 
decreases steeply, while that of Mo (3d) increases to a 
plateau, with an increase in the loaded amount of M o O s 

above ca. 20 w t % . T h e samples subjected to X P S 
measurements were completely oxidized, so that this 
catalyst may be different from the catalyst used for the 
metathesis reaction. Ti tan ium oxide is not influenced 
by the pretreatment of the catalysts, and the reproducible 
results shown in Fig. 2 were obtained. This fact may 
indicate that the distribution of the molybdenum ion 

on the catalyst surface is not changed by this pretreat­
ment. The results given in Fig. 6 suggest that M0O3 
loaded with more than ca. 20 w t % causes its aggregation 
on the T i 0 2 surface and is more difficult to be reduced 
by hydrogen, as is shown in Fig. 2. As a result, the 
specific activity for the metathesis reaction decreases 
with an increase in the loaded amount of M o O s , as is 
shown in Fig. 3. 

Figures 4 and 5 show the XPS spectra of a sample of 
2.2 w t % M0O3. It is interesting that the sample loaded 
with M0O3 less than 4.6 w t % gives the exceptional 
peaks of the T i 3 + ion and the O( ls ) peak of the O H 
group. This fact indicates that the decomposition of 
titanic acid to T i 0 2 is accelerated by M o O s loaded more 
than 4.6 w t%. Furthermore, it has been reported11) 
that the reduction of M o 0 3 / T i 0 2 was far faster than 
those of M0O3 supported on SiOa , M g O , T h O a , etc. 
It was found in this work that M0O3 loaded on T i 0 2 

with ca. 10 w t % or less could be reduced to nearly the 
zero-valent state of molybdenum with hydrogen at 
500 °C for 1 h, while M0O3 loaded by an amount of 
more than 10 w t % was hard to be reduced to zero 
valence. This result is in contrast to the M0O3 loaded 
on alumina, which is difficult to be reduced to a state 
lower than Mo4+.12) I t may be concluded that a special 
interaction between molybdenum oxide and ti tanium 
oxide can keep the valence state of the molybdenum ion 
suitable for metatheses, while the coordinative unsatura­
tion of oxygen on the molybdenum ion may be more 
important in hydrogénation and/or isomerization reac­
tions, such as in the case of the MoS 2 catalyst.7-9) 

By referring to the results shown in Figs. 2, 3, and 6, 
we see that the catalyst of 6.7 w t% M o 0 3 , used by 
chance,3 '4-7) is one of the most effective catalysts for the 
selective metathesis of olefin, causing a negligible 
simultaneous hydrogen scrambling of olefin. 

The present work was supported in part by a Grant-in-
Aid for Scientific Research, No. 343001, from the 
Ministry of Education, Science and Culture and also 
by a grant from the Mitsubishi Foundation, 1979. We 
are much indebted to Professor Isamu Toyoshima ofthe 
Research Institute for Catalysis, Hokkaido University, 
for his valuable discussions of the X P S spectra. 
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Magnetic interaction in solvent-free DPPH and DPPH-solvent complexes has been studied by means of 
measurements of the magnetic susceptibility, the proton magnetic resonance, and the low-field ESR at very low 
temperatures. The susceptibility of solvent-free DPPH shows a round maximum at U K , and then it decreases 
with a lowering of the temperature, no ordered state being observed. The DPPH-benzene (1:1) complex shows 
a round maximum of susceptibility at 0.65 K and antiferromagnetic ordering at about 0.40 K. The DPPH-GG14 

(4 : 1) complex shows a curious temperature dependence of the susceptibility, which is interpreted in terms of a 
two-magnetic sublattice model; one sublattice is in the singlet spin state, while the other is in the paramagnetic 
state at low temperatures except below 0.45 K. Pair interaction is dominant both solvent-free DPPH and in 
solvent complexes of DPPH. A theoretical approach to the ordered state of DPPH-benzene is given by taking 
the inter-pair interaction into account. 

Recently many studies have been made of the magne­
tic properties of some organic stable free radicals, 
such as 4-hydroxy-2,2,6,6-tetramethyl-l-piperidinoxyl 
(TANOL), diphenyl nitroxide (DPNO) and 1,3-bis-
(biphenyl-2,2'-diyl)-2-phenylallyl (BDPA).1»2) It has 
been found that the linear-chain interaction is dominant 
in these radicals. 2,2-Diphenyl-l-picrylhydrazyl 
(DPPH) is a well known, stable, organic free radicals, 
and its magnetic properties have been investigated by 
many workers using various techniques.3-5) However, 
the results obtained by different workers have not been 
consistent with each other. For example, the results of 
N M R by Karimov and Schegolev5) were different from 
those reported by Anderson, Pake, and Tuttle.4) In 
1965, Weil and Anderson6) reported that there are 
three different crystal forms for the group of solvent-free 
DPPH and DPPH-solvent complexes (this group will 
be abbreviated as DPPHs hereafter). Subsequent X-
ray investigations by Williams showed that there are 
indeed three types of crystal structures for DPPHs.7) 
Hence, the complication of the magnetic properties of 
DPPHs is probably due to the differences in the crystal 
structures of the samples used by different workers. 
In order to understand the magnetism of DPPHs, it is, 
therefore, important to examine the relation between 
magnetism and crystal structure. 

Previously, we measured the magnetic susceptibilities 
of several DPPHs samples obtained by recrystallization 
from different solvents.8) The results showed that the 
magnetic susceptibilities are also classified into three 
types in accordance with the structure types reported by 
Williams. In this paper, the author will report the 
results of powder-magnetic-susceptibility, NMR, and 
ESR measurements of DPPH recrystallized from ether 
(hereafter abbreviated as free DPPH), DPPH-benzene 
( 1 : 1 ) complex (DPPH-Bz), and DPPH-CC14 ( 4 : 1 ) 
complex (DPPH-1/4CC14), in addition to the single-
crystal-susceptibility measurements of DPPH-Bz; he 
will also discuss the types of magnetic interactions 
existing in the different types of crystals. 

Here let us review the crystal structure of DPPHs 
before we proceed to the analysis of the magnetic 
properties. In the free DPPH, DPPH molecules are 
more closely packed (*/= 1.485) than in any other 

t Present address: JEOL Ltd., Akishima, Tokyo 196. 

Fig. 1. The crystal structure of DPPH-Bz projected on 
the ac-plane(a) and on the bc-plane(b) from the 
Williams' work. N-N bonds are shown by rods. A 
and B mean DPPH molecules in site "A" and site "B", 
respectively, a represents a-phenyl rings and ß does 
ß-phenyl rings (shaded portion). 

crystals of DPPH-solvent complexes. The crystal 
parameters of the free DPPH have been reported, but 
their precise structure has not yet been established. The 
crystal structure of DPPH-Bz, on the other hand, was 
precisely determined.7) In this case, DPPH molecules 
align face-to-face to form a chain along the a-axis 
(Fig. la) . A DPPH molecule at site "A" is 0.776 nm 
from the adjacent DPPH molecule at the same site 
along the a-axis. The DPPH molecules at site "B" 
are in a similar situation. The DPPH molecules at 
site "A" and site "B" make an alternative array. The 
nearest distance between the centers of their N - N bonds 
is about 0.85 nm. Two phenyl rings, the a phenyl of A0 

and the ß phenyl of B0 in Fig. 1 b, however, have the 
nearest carbon-carbon distance of 0.372 nm. Recently, 
the crystal structure of the DPPH-acetone ( 4 : 1 ) 
complex, considered to be very similar to that of D P P H -
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1/4CC14, was reported by Kiers et Ö/.9) This crystal has 
a hole with a diameter of at least 0.6 nm, which an 
acetone molecule possibly occupies, and four D P P H 
molecules in a unit cell ( ^ = 4 ) . T h e four D P P H 
molecules are located in two different crystallographic 
sites. Two of the four D P P H molecules in the unit cell 
are related to each other by an inversion center and are 
close together, with a distance of only 0.595 n m between 
the centers of their N - N bonds. These molecules 
surround the hole mentioned above, so that the molecules 
have a relatively large freedom of motion. O n the other 
hand, the other two molecules are separated by a 
distance of 0.692 n m between the centers of their N - N 
bonds. However, the nearest two phenyl rings of the 
latter lie parallel to each other at a carbon distance of 
0.393 nm. Solvent-acetone molecules are randomly 
distributed in the holes which make channels along the 
c-axis. The number of the acetone molecules is about 
one-fourth that of the D P P H molecules. 

These DPPHs show different magnetic properties. 
The susceptibility of D P P H - B z and free D P P H were 
explained by a pair model of localized spins (localized 
model).8»10»11) The DPPH-1/4CC1 4 complex shows a 
curious magnetic susceptibility which gives two Weiss 
constants, 0high (above 30 K) and 0iow (below 4.2 K ) . 
The spin concentration in the low-temperature region 
(below 4.2 K) is half of that in the high-temperature 
region (above 30 K ) . In order to interpret this phenom­
enon, Duffy and Strandberg3) proposed a "two-sublattice 
model ," one featuring the coexistence of strong and 
weak pair interactions between the electron spins 
localized on the D P P H molecules in the crystal. O n 
the other hand, Fedders and Kommandeur 1 2) applied a 
"narrow-band model" to explain the magnetic suscep­
tibility of the D P P H complexes. They assumed a 
derea l iza t ion of unpaired electrons throughout the 
crystal, resulting in the formation of an energy band of 
the electrons. 

In this paper, the present author tries to answer the 
following questions on the basis of the results of his 
magnetic measurements : ( 1 ) Which models are suitable 
to explain the magnetic behavior of the DPPHs 
crystals ? (2) Wha t types of magnetic interactions are 
dominant in these crystals ? (3) How do the solvent 
molecules affect the magnetic properties of the D P P H -
solvent complexes ? 

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

The samples were prepared by the oxidation of 2,2-diphenyl-
l-picryl-hydrazine(DPPH2) with P b 0 2 in extra pure diethyl 
ether, benzene, carbon tetrachloride, carbon disulfide, or 
chloroform solutions; they were then recrystallized several 
times using the same solvents. It was confirmed by the 
elementary analyses and preliminary X-ray analyses that the 
free DPPH and DPPH-solvent complexes can be classified 
into three groups with the different, definite crystal structures 
(I, III , and DPPH-Bz) reported in Williams' paper.7) Free 
DPPH has the same crystal structures as that of DPPH (I), 
while DPPH-Bz has the crystal structure identified by him. 
The crystal parameters of the complexes of DPPH with GS2, 
GGl4,and GHG13 are very close to those of DPPH (III) in 
Williams' paper7) and those of DPPH (Ilia) in Kiers' paper.9) 

Magnetic-susceptibility (x) measurements of polycrystalline 

samples were carried out with a magnetic torsion balance at 
temperatures between 1.2 K and 4.2 K and with a bridge 
method at the temperatures obtained by the adiabatic 
demagnetization described below. The measurement of the 
anisotropy of the magnetic susceptibility in DPPH-Bz was 
carried out in order to determine the phase-transition tempera­
ture ( Tv) to an antiferromagnetic state using a single crystal 
of 1.34g in the adiabatic-demagnetization temperature region. 
Single crystals of free DPPH and DPPH-1/4GG14 were too 
small for us to measure the anisotropy of %. The data obtained 
by the torsion balance above 1.7 K have been corrected for 
diamagnetism by the use of Pascal's constants. The data at 
the adiabatic-demagnetization temperatures were fitted to the 
data measured by the torsion balance at 4.22 K. The 
adiabatic demagnetization was carried out following the 
standard method. Samples were mixed with a high-vacuum 
diffusion oil and Apiezone-N-grease, and placed in contact 
with a coolant of chromium potassium alum (Gr-K-Alum) 
through 3000 Gu-formal wires. The temperatures were 
determined from the paramagnetic susceptibility of Cr -K-
Alum to temperature measurement; this substance was 
thermally linked by copper wires to the samples. The 
temperature gradient between the sample and the coolant 
was calibrated by comparing the susceptibility of the coolant 
with that of Gr-K-Alum mixed with diamagnetic DPPH2 at 
the same position. The temperatures, T*9 thus obtained 
were corrected to thermodynamic ones, T, by the use of 
T*-vs.-T table.13) 

In order to study the paramagnetic shift, 1H-NMR 
resonance (PMR) measurements were performed on powder 
samples (ca. 1 g), using Robinson and Pound-Knight-Watkins-
type spectrometers operating at 12—40 MHz in the tempera-

To vacuum pump 
(10"« Torr) 

20* 
Fig. 2. Sample cell for low-field ESR in adiabatic 

demagnetization temperature region. 
(a) Stainless steel spring, (b) heat guard; Mn-Tutton 
salt, (c) 40 mm0 glass tube, (d) polycarbonate sample 
cell, (e) coolant ; Gr-K-Alum, (f ) Gu rod for heat link, 
(g) 3 mm0 stainless steel tube for Lecher line, (h) 
sample, (i) RF coil (1.5 mm0, 6 turns), (j) Gr-K-Alum 
for thermometer, (k) coil for temperature measure­
ment. 
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ture range of 1.3—77 K. Low-field ESR measurements were 
carried out with a Kushida-type spectrometer14) with 80 Hz 
field modulation to confirm the presence of the antiferro-
magnetic state and T#. The sample cell for low-field ESR 
in the adiabatic-demagnetization-temperature region is shown 
in Fig. 2. The field-modulation power and radio-frequency 
power were minimized to prevent sample heating. 

R e s u l t s 

Magnetic Susceptibility. The data were analyzed 
with the isolated-pair model and also the interacting-
pair model to be discussed later. T h e susceptibility in 
the isolated-pair model15) is accurately given by: 

N'?ß*S(S+l) 
3kT (1) 1 + 1/3 cxp(ô/kT)' 

where ô=2\J\ and where N' is the number of spin 
pairs with S= 1, which is half the Avogadro number . 
Here, ô means the singlet-triplet energy separation for 
the electron-spin pairs. T h e exponential function in 
Eq. 1 can be expanded in the series of ôjk T; the high-
temperature approximation for Eq. 1 is given as follows : 

= N'g*pS(S+l) = C m 

* 4k(T+d/4k) T+6" v } 

where C'=N'fß2S(S+l)l4k and ef==ô/4k. Thus, the 
susceptibility in the pair model shows the same form 
as that of the Curie-Weiss law at high temperatures 
where T^djk. Figure 3 shows the molar susceptibilities 
of DPPHs , with the theoretical curves calculated using 
Eq. 1. 

Free DPPH: Free D P P H showed a magnetic behavior 
which can be well explained by the pair model with 
<5/A;=17.6K at temperatures down to 5 K. In the 
temperature region between 1.8 and 2.5 K, on the 
other hand, a paramagnet ic contribution to the suscep­
tibility corresponding to a spin concentration of 2 .5% 
was observed (see Fig. 3). From the comparison with 
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Fig. 3. Powder magnetic susceptibilities of free DPPH 
and DPPH solvent complexes, where 1 %mol (emu) = 
4 nXmoi (SI). Solid line : pair model curve with ô/k= 
1.04 K. Dotted line : pair model curve with ô/k= 
17.6 K. 
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Fig. 4. Anisotropy of the magnetic susceptibility of 
DPPH-Bz single crystal. Solid line represents the pair 
model curve with <5/£=1.04K, and dotted line is the 
interacting-pair model for K = 1.3 (Ohya's model). %// 
and x± denote the susceptibilities parallel and perpen­
dicular to the easy axis, respectively. 

the paramagnet ic shifts in the P M R spectra described 
below, it is concluded that the susceptibility increase 
below 2.5 K is due to an isolated paramagnetic 
" impur i ty ." 

DPPH-Bz: T h e susceptibility of DPPH-Bz reached 
a maximum Xmax a t about 0.65 K and remained 
constant below 0.3 K. T h e data above 0.40 K are 
better fitted to the pair model with 5/A:=1.04K than 
to other models, such as the linear-chain model. Figure 
4 shows the anisotropy of the susceptibility in a D P P H -
Bz single crystal. T h e squares ( • ) and filled circles 
( # ) in the figure indicate the observed susceptibility 
along the a-axis (x//a) and the directions perpendicular 
to the a-axis (%±a) respectively; they show the anisotropy 
of the susceptibility below 0.40 K. These data suggest 
an antiferromagnetic ordering at about 0.40 K in the 
DPPH-Bz . 

DPPH-lj4CCl^: This sample is characterized by two 
Weiss constants, 6 h i g h = — 2 6 K and 0 l o w = —0.3K, in 
the temperature ranges above 30 K and below 4.2 K 
respectively, which were obtained from a comparison 
of the experimental susceptibility and the Curie-Weiss 
law in Eq. 2. T h e spin concentration, C, in the low-
temperature region (below 4.2 K) is about half the 
high-temperature one (above 30 K ) . In the inter­
mediate region (4.2—30 K ) , 6 and C gradually changed. 
T h e susceptibility increased with a lowering of the 
temperature from 1.7 K down to 0.45 K and remained 
constant below 0.45 K. The constant susceptibility, 
probably due to spin ordering below 0.45 K, had a 
value similar to that of the DPPH-Bz complex. In the 
high-temperature region (above 30 K ) , the best fit 
for the pair model is obtained by assuming (5/A;(high) = 
96 K. T h e remaining unpaired spins at temperatures 
between 4.2 and 0.45 K show an ordinary paramagnetic 
behavior, following the Curie-Weiss law with the Weiss 
constant 0=— 0.3 K. 

A summary of the susceptibility data is given in 
Table 1, where C is the spin concentration obtained by 
comparing the observed and theoretical Curie constants. 

Proton Magnetic Resonance. In the case of the 
powder samples, the P M R line-width (AH{) is propor­
tional to both the resonance field for the i-th proton, Hh 
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TABLE 1. SUMMARY OF THE MAGNETIC SUSCEPTIBILITY DATA 

Sample 

Free DPPH 
DPPH-Bz 

DPPH-1/4GC14 

f a) 
•* max 

K 

11.0 
0.65 

60 
0.45 

v b) 
/.max 

175 
2900 

15 
2000 

C 

0.98 
1.00 
0.86c) 

0.44d) 

e 
~K~ 

- 1 0 . 0 
- 0 . 5 

-26.0C> 
- 0 . 3 d ) 

Ô 

17.6 
1.04 

96c> 

171 
kK 

8.8 
0.52 

4 8 o 

K 

Unknown 
0.40 

Unknown 

a) Temperature of Xmax* b) Maximum susceptibility in 10 -4 emu/mol. c) Determined by measurements above 30 K. 
d) Determined by measurements below 4.2 K. 

and the magnetic susceptibility, x, because of the 
proton-electron dipolar interaction. The paramagnetic 
shift (AHi) is also proportional to x and Hv as is given 
by: 

ôHl = i/i — HQ = — (3) 

where H0 is the resonance field for the free proton and 
where a{ is the hyperfine constant of the i-th proton. 
For T^>ô/k, this equation can be approximated as: 

-5.2ytfli 
ÔHt. 

T+0 W 

->H 

at 4.2 K 
f = 35.512 MH 

K H 
2»0mr 

Fig. 5. PMR spectra of free DPPH at low tempera­
tures. 
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Fig. 6. Temperature dependence of the relative para­
magnetic shift of free DPPH. 

where v{ is the observed resonance frequency in MHz 
and where 2nv\=y^Hv Therefore, one can determine 
X and the microscopic behavior of the compounds by 
measuring the temperature dependence of bHx and A//j . 

Free DPPH: Figure 5 shows the PMR-derivative 
spectra of free DPPH at 4.2 and U K . At about 11 K, 
where the susceptibility shows Xmax, f ° u r ^ n e s w e r e 

resolved, the ratio of the integrated line intensities 
being 2 : 4 : 3 : 3 . It should be noted that the unshifted 
line does not appear at these temperatures. The distance 
between the inner two lines of the spectra, ÔH, has the 
same temperature dependence as that of the observed 
susceptibility, and agrees well with that predicted by 
the pair model with <$/A=17.6K (Fig. 6). The pair-
model curve in Fig. 6 was fitted to the experimental 
results so that its maximum value coincided with the 
experimental one at 11 K. In spite of an increase in the 
static magnetic susceptibility below 2.5 K, the spectra 
did not show any shifted lines down to 1.2 K, as in 
Verlinden's work.16) It can be easily deduced from 
Eq. 3 that the disappearance of the shift leads to the 
decrease in x> Therefore, the susceptibility increase 
below 2.5 K shown in Fig. 3 is due to isolated para­
magnetic "impurity" spins, the concentration being 
about 2.5%. 

DPPH-Bz: The PMR spectra of DPPH-Bz show 
five lines at 4.2 K, as given in a previous paper.4) The 
intensity ratio of the five lines is about 2 : 4 : 6 : 3 : 3 . 
This ratio is consistent with the number of protons at 
five different positions in DPPH-Bz: i.e., two protons 
in metapicryl, four protons in metaphenyl, six protons 
in benzene, three protons at the ortho and para positions 
in a phenyl, and three protons at the ortho and para 
positions in ß phenyl.17) When the reciprocal of the 
paramagnetic shifts, ôHv is plotted as a function of the 
temperature, the Weiss constant of 9 = - 0 . 5 K is 
obtained by extrapolation to the absolute zero degree. 
This 0 value is in good agreement with that obtained 
from the susceptibility measurements. As the tempera­
ture is lowered or frequency is increased, the shifted 
lines become broader and split further. The broadening 
of the lines is roughly proportional to x- The central 
line due to benzene protons is easily saturated at 1.5 K, 
because the spin-lattice relaxation time, Tl9 of the 
diamagnetic benzene protons is longer than those of the 
paramagnetic DPPH protons. 

DPPH-1/4CCU: The PMR spectra of DPPH-1/4CC14 

below 20 K showed a strong unshifted line which is 
easily saturated at 1.5 K, in addition to four weak, 
shifted lines (two high-field and two low-field shifted 
lines), as was shown in Karimov's paper.5) Above 20 K, 
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four shifted lines coalesced into a broad central line. 
T h e intensity ratio of the unshifted central line to the 
sum of the four shifted lines at 18.082 M H z was 
determined to be 2.5 : 1 from the P M R absorption 
spectra at 4.2 K. T h e intensity of the central line 
increased as the frequency became higher. The unshifted 
line can be attr ibuted not to the protons of the D P P H 
molecule in the paramagnet ic state, but to the protons 
of D P P H in the singlet state.16) T h e relative shift for 
this sample is somewhat larger than that for DPPH-Bz . 
T h e following results were obtained from the reciprocal 
plot of the paramagnet ic shift versus the temperature. 
In the lower temperature region (below 4.2 K ) , the 
Weiss constant 0 ] o w = — 0 . 2 K is in agreement with 
that obtained from the susceptibility measurement. 

Low-field ESR. In order to confirm the long-
range ordering observed by the anisotropy of x for 
DPPH-Bz , low-field ESR measurements were carried 
out at 74.4 M H z in the range from 0.27 K to 4.2 K. 
T h e derivative spectra are shown in Fig. 7. T h e £ = 2 
signal intensity decreased rapidly below 0.6 K. T h e 

0 1.35 2,70 3.05 mT 

Fig. 7. Low-field ESR spectra of DPPH-Bz at 74.4 MHz. 

0.1 10 1.0 
T/K 

Fig. 8. Temperature dependence of low-field ESR (g=2) 
line-width of DPPH-Bz. 

line-width, A / / p p , increased with a lowering of the 
temperature and then diverged between 0.46 and 0.42 
K. (Fig. 8) Below 0.42 K, the g=2 resonance became 
very small, and the £ = 4 resonance due to forbidden 
dipolar transition became dominant.18) T h e rapid 
increase in the line-width observed in the paramagnetic 
region near 0.42 K is interpreted as follows : the critical 
fluctuation sets in the spin system and makes the 
exchange correlation time, re , long19) thus reducing the 
extent of exchange narrowing of the ESR line-width. 
Then , long-range ordering occurs at about 0.40 K. The 
transition temperature to the antiferromagnetic state 
(0 .43^0 .03 K) is consistent with that determined from 
the magnetic-susceptibility measurements for a single-
crystal sample. 

D i s c u s s i o n 

Magnetic Interaction in the Paramagnetic State. From 
the results of the magnetic susceptibility shown in 
Fig. 3, it can easily be understood that , in the D P P H -
solvent complexes, solvent molecules play an important 
part in constructing a spatial configuration of the 
magnetic moments. Different solvents form free D P P H 
and different solvent complexes with certain crystal 
structures. Therefore, the type and the intensity of 
magnetic interaction depend on the solvent used for 
preparing the crystal. 

In the free D P P H , D P P H molecules are most closely 
packed in the crystal (d= 1.485). The susceptibility 
results show that every two molecules make pairs with 
a strong antiferromagnetic exchange interaction {Jjk— 
—8.8 K) and fall into a singlet ground state at low 
temperatures below about 3 K. The results of the 
paramagnet ic shift in P M R spectra support this model. 
No fall in the P M R intensity was observed in the free 
D P P H below 3 K, at which point the paramagnetic 
shift lines are coalesced into an unshifted single line, 
while a sudden decrease in P M R intensity was observed 
in the BDPA and T A N O L radicals in the vicinity of 
their antiferromagnetic transition.20-21) In the low-field 
ESR measurements, a maximum of the line-width was 
observed in DPPH-Bz near the Néel temperature, while 
no such maximum was observed in the free D P P H . 
From these results, one can conclude that the magnetic 
properties of the free D P P H are characterized by the 
isolated-pair model. 

I n the case of DPPH-Bz , the powder magnetic 
susceptibility in Fig. 3 and that as well as the heat 
capacity measured by Duffy et a/.11) show that the pair 
interaction is ra ther dominant in this crystal. The pair 
interaction, however, does not lead to any long-range 
ordering. Therefore, some inter-pair exchange interac­
tion must be taken into account in order to explain the 
antiferromagnetic ordering. Duffy et al. proposed the 
exchange paths for DPPH-Bz described below in 
order to explain the magnetic susceptibility in the 
paramagnet ic region: D P P H molecules which are 
0.776 nm apart from each other along the a-axis are 
considered to form a chain along this axis from the 
crystallographic point of view (Fig. l a ) , suggesting the 
existence of linear-chain-type interaction along this axis. 



October, 1981] Magnetic Interaction in DPPHs 3115 

In a D P P H molecule, the unpaired electron is not 
localized on a N - N bond, about 30% of it being dis­
tributed on the phenyl and picryl rings.22) Therefore^ 
the exchange interaction between the unpaired electron 
on Site " A " and on Site " B " will take place dominantly 
through the overlap of the 2p7r-orbitals on the adjacent 
a and ß phenyl rings. (Fig. lb) This interpretation is 
reasonable if we take the crystal structure into account. 
However, their heat capacity and susceptibility measure­
ments were limited to the paramagnet ic region, and 
there was no mention of the antiferromagnetic transition. 
Below we will discuss the phase transition using the 
interacting-pair model based on the interpretation of 
the exchange pa th mentioned above. 

DPPH-1/4CC1 4 shows more complicated magnetic 
behavior. T h e magnetic susceptibility results have been 
explained by both the two-sublattice model and the 
narrow-band model. However, the P M R spectra can 
be analyzed in terms of the coexistence of weakly and 
strongly coupled spin pairs, supporting the two-sublattice 
model proposed by Duffy et al. This excludes the 
narrow-band model. T h e following exchange mecha­
nism is suggested from the point of view of the two-
sublattice model. DPPH-1/4CC1 4 has one CC14 molecule 
and four D P P H molecules in a unit cell. T h e two D P P H 
molecules are close together (0.595 nm) and are mutual­
ly coupled with a strong exchange interaction. They 
form singlet spin pairs at higher temperatures compared 
with free D P P H . O n the other hand, the other two 
weakly coupled D P P H molecules (0.692 nm apart) 
interact with each other with some weak exchange 
interactions through both paths between nearest N - N 
bonds and between nearest phenyl rings, which may 
trigger an antiferromagnetic ordering of unpaired spins 
below 0.9 K.23> 

Phase Transition to Antiferromagnetic State. An 
antiferromagnetic ordering of DPPH-Bz was suggested 
by Prokhorov and Fedrov from the disappearance of 
the low-field ESR signal near 0.18 K.24> In the present 
work, the low-field ESR signal disappeared at 0.43 ± 0 . 0 3 
K, below which point the magnetic susceptibility of a 
powder sample approaches a finite constant value with a 
decrease in the temperature. In addition, the single 
crystal shows magnetic anisotropy below 0.40 K, as is 
shown in Fig. 4. All of these da ta support the appearance 
of an antiferromagnetic ordering about 0.40 K. T h e 
Néel temperature, TN, is higher than that given by 
Prokhorov and Fedrov. As has been described already, 
the paramagnetic susceptibility of DPPH-Bz is ra ther 
well described by the isolated-pair model, although 
linear-chain interaction can be expected to be dominant 
from its crystallographic data. Duffy, Strandburg, and 
Deck reported the susceptibility and heat capacity of 
DPPH-Bz from 0.4 K up to room temperature , but 
neither the linear-chain model nor the quadratic-net 
Heisenberg model gives a satisfactory explanation of 
their data. T h e pair interaction, J, however, cannot 
cause a long-range ordering. Therefore, in order to 
explain the long-range ordering of a spin-pair system, 
inter-pair interaction must be considered. We try to 
explain the long-range ordering temperature and the 
magnetic behavior, in both paramagnetic and antifer-

Fig. 9. Interacting-pair model for DPPH-Bz. The 
positions of DPPH molecules are projected in the ac-
plane. J and J' represent intra-pair and averaged 
inter-pair interactions, respectively. 

romagnetic regions, by using the following model as a 
first-order approximation. This model is a modified 
version of Oguchi 's " improved molecular field theory 
of the antiferromagnet,"25) the details of which were 
recently described by Ohya-Nishiguchi.26) 

Assuming a spin pair i-j with intra-pair exchange 
interaction, J, having other exchange interactions with 
their neighboring spin pairs, averaged as J'(\J'|<CI,/I), 
as is shown in Fig. 9. J' is treated as a kind of molecular 
field. For such a spin system, a two-body Hamil tonian 
is given by the following equation : 

je = 2\J\(SrSi) +aSi + bS] 

a = 2 | 7 ' | Z ' ( - < ^ > + <AS->) - gfiH* (4) 

b = 2 | 7 / | Z ' « J -> + <AS"» - gliH\ 

where Z ' is the number of the nearest interaction paths 
of i-spin with all neighboring spins except the j-spin 
and is equal to three in the case of Fig. 9. Calculation 
using Eq. 4 gives the following paramagnet ic suscep­
tibility, Xpara> and Néel temperature , TN. T h e suscep­
tibility of the antiferromagnetic region is discussed in 
Ohya-Nishiguchi 's paper:26) 

v Nj2(gßY , 5 , 

exp ( - | y | /Ar N )+cosh ( |7|/*rM) = *Xsinh (|7|/*7V), (6) 

where i^—Z'x\J'\j\J\. In the case of «r=0, x p a r a *s 

equal to the pair-model susceptibility of Eq. 1. From 
Eq. 5, it can be seen that x depends also on the external 
field, H . At 4.22 K, such a field effect is negligibly 
small, i.e., x(0)/%(0.829 T ) = 0 . 9 8 . By taking the field 
effect into account, the susceptibility data obtained by 
the ballistic method in a zero external field were fitted 
to that obtained by means of a torsion balance in the 
field of 0.829 T at 4.22 K. A comparison of the theoret­
ical values with the experimental ones shows that the 
TxjTÇXmax) r a t i o is best fitted to the experimental one, 
0.6, which results in the value of * = 1 . 3 . T h e theoret­
ical susceptibility for the case of a single crystal obtained 
by Ohya-Nishiguchi 's model is represented by a dotted 
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line in Fig. 4 in the case of « = 1 . 3 ; it is qualitatively 
well fitted to the experimental susceptibility. Using the 
value of « = 1 . 3 , the inter-pair interaction \J'\ is estimat­
ed to be 0.43IJI for z '=3 i n t h e c a s e of Fig. 9, while 
| y ' | = 0 . 2 6 | y | is obtained for the case of Z ' = 5 proposed 
by Duffy et al., who take the other interaction paths into 
account, also.11) In both cases, the inter-pair interaction 
is not so small compared with the intra-pair one. 

In conclusion, a spin with antiferromagnetic interac­
tion with a nearest-neighbor spin in free D P P H makes 
a singlet spin-pair as a ground state. However, in the 
case of DPPH-Bz spin-pairs interact with each other 
by means of second-exchange interaction, J', and an 
antiferromagnetic ordering takes place at a temperature 
of about 0.40 K. It is difficult, at present, to say definite­
ly what kind of magnetic structure exists in D P P H -
1/4CG14, but it is most likely that DPPH-1/4CC1 4 is 
the case of the coexistence of isolated pairs and mutually 
interacting pairs. 
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NMR Studies of Picolyl-type Carbanions. V.12) 7Li and 13C Spectra 
of Picolyl-type Anions with Lithium as a Counter Ion 
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The 7Li and 13G NMR spectra have been observed for picolyl-type anions with lithium as a counter ion in polar 
solvents. With reference to the observed chemical shifts, it is concluded that these lithium salts are present in 
THF as tight ion pairs in which the anion-cation interaction lakes place mainly at the ring nitrogen. Thus, the 
picolyl-type anions are characterized by their ion-pair structures. 

In the previous reports on picolyl(pyridylmethyl)-type 
delocalized anions, the following points of interest were 
disclosed for I—IV (shown below) in polar solvents:1»3) 
(1) The methylene carbon in I is virtually sp2-
hybridized; (2) for I I , the observed 13G chemical shifts 
are linearly related to the calculated ^-electron densities; 
and (3) I I — I V can be regarded as delocalized anions 
with the same significance as I. In order to delineate the 
nature of interaction between the picolyl-type anions 
under discussion and the li thium ion, the 7Li, 13G, and 
*H resonances of these ionic species have been inves­
tigated in polar solvents. T h e anions prepared are 
numbered as follows : 

1 
II 

CH2 

H 8 C ^ N ^ C H 2 j 
14 
CH2 

H 3 C^hr^CH 3 

112 

The procedures used in this study are similar to those 
described in previous reports.1»3) All the anions were pro­
duced by reacting methyl-substituted pyridines, 2-methyl-
quinoline, and 2-aminopyridine with butyllithium. 

The 7Li and 13G NMR spectra were measured on a Varian 
FT 80A spectrometer installed at the Institute for Molecular 
Science, operating in the FT mode at 30.913 and 20.000 MHz 
respectively. The measuring temperatures and sample 
concentrations were 36—37 °G and 0.8—1.3 mol dm - 3 . The 
lithium chemical shifts were expressed relative to that for 
aqueous LiCl (0.5 mol dm - 3) , used as an external reference. 
The carbon chemical shifts were evaluated with the solvent 
peaks used as an internal reference. The more shielded peaks 
of diethyl ether (DEE), tetrahydrofuran (THF), 1,2-dime-
thoxyethane (DME), the most shielded peak of tetraglyme 
(TG),^and the peak of hexamethylphosphoric triamide 

(HMPA) were taken to be 17.1, 26.4, 58.8, 58.6, and 37.0 
ppm from TMS respectively. 

The PPP and CNDO/2 MO calculations for the 2- and 4-
pyridylmethyl (picolyl) anions4) were carried out using the 
Okitac-4300C and Hitac-8450 computer systems installed at 
The Industrial Technology Center of Mie Prefecture and at 
the Nagoya Institute of Technology respectively, using the 
same procedure as that described in the preceding paper.1) 
The bond lengths between the methylene and 2-carbons and 
between the methylene and 4-carbons were set at 1.39 Â in 
the calculations. 

Results and Discussion 

Some typical spectra of the anions with li thium as a 
counter ion are shown in Figs. 1 and 2. T h e 7Li and 13G 
chemical-shift data are given in Tables 1 and 2 respec­
tively. 

TABLE 1. THE LITHIUM CHEMICAL 

SHIFTS FOR THE ANIONS, IN ppm 1 a) 

Anion Solvent 

II 

I l ' b ) 

I 1 " M 

12 
13 
14 
I5C> 
III 
112 

III 

IV 

DEE 
THF 
DME 
TG 
HMPA 
THF 
THF 
THF 
THF 
THF 
THF 
DEE 
THF 
THF 
HMPA 
THF 
HMPA 
THF 
HMPA 

- 0 . 5 2 
- 0 . 2 9 
- 0 . 6 2 
- 0 . 2 6 
- 0 . 0 5 
- 0 . 0 1 
- 0 . 2 6 
- 0 . 4 0 
- 0 . 2 4 
- 0 . 3 4 
- 0 . 3 0 
- 0 . 1 0 
- 0 . 2 2 
- 0 . 0 3 
- 0 . 0 8 

1.08 
0.78 

- 0 . 0 8 
- 0 . 1 0 

a) Errors are estimated to be within ±0 .0 5 ppm. b) In 
proportions of starting materials, 2-methylpyridine : 
butyllithium=1.77 : 1, 1.31 : 1, and 0.58 : 1 for I I ' , 
I I " , and I I ' " respectively. c) Contaminated with a 
small amount of 112. 
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Anion 

ÏÏ 

12 
13 
14 
15 

III 
112 

III 

IV 

a) Errors 
from the 

Solvent 

DEE 
THF 
DME 
TG 
HMPA 
THF 
THF 
THF 
DEE 

THF 
THF 
HMPA 
THF 
HMPA 
THF 
HMPA 

are estimated 
corresponding 

KATOH, 

TABLE 2. THE 

Vc 
165.5 
164.2 
163.5 
161.9 

161.3 
163.2 
164.1 
166.0 
169.1 

149.7 
150.2 
150.1 
174.2 
173.2 
159.0 
159.0 

3-C 

118.8 
116.1 
115.7 
114.8 
113.6 
119.4 
116.6 
112.7 
114.2 

107.9 
106.4 
105.2 
113.3 
112.2 
126.0 
125.0 

to be within ± 0 . 3 
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CARBON CHEMICAL SHIFTS OF THE ANIONS, 

4-C 

134.7 
131.6 

131.3 
130.5 
129.8 
130.7 

134.2 
132.6 
144.7 

150.0 
151.9 
150.5 
136.3 
134.4 
128.6 
127.9 

ppm. 

5-C 

102.0 
97.3 
96.2 
94.1 

92.2 
97.2 

104.6 
97.3 

104.7 

107.9 
106.4 
105.2 
104.7 
101.0 
126.3 
125.5 

Assignment 

6-C 

149.8 
148.7 

148.8 
149.0 
149.8 
146.7 
147.1 
155.7 
156.8 

143.7 
150.2 
150.1 
148.1 
148.6 
111.8 
108.7 

7-C 

128.2 
127.7 

8-C 

117.7 
119.0 

IN ppma> 

9-C 

155.8 
156.5 

b) This value should be adopted, though 
CH2 value in Table 2 of Ref. 1. 

10-C 

122.7 
121.9 

CH2 

57.5 
57.0 

58.0 
61.5 

CH3 

62.6b> 
56.2 
54.2 
54.1 
52.9 

64.9 
62.2 
62.2 

70.2 
70.7 

21.0 
18.1 
24.6 
22.6 
25.5 

24.4 
24.3 
24.8 

it is somewhat different 

NMR Spectra of the Anions with Lithium as a Counter Ion.5) 
^Li Spectra : A typical spectrum is shown in Fig. 1. Wi th 
changes in the anion, the solvent, the concentration, 
and the temperature , the chemical shifts and/or line-
widths varied. In the case of 2-pyridylmethyllithium 
(II),6) the variation in the chemical shift was 0.24 ppm, 
and the linewidth increased about 6.5 times (i.e., from 
about 14 to 90 Hz) , with a change in solvent from T H F 
to H M P A . 

13C Spectra : T h e signals were assigned by comparison 
with the 1H spectra and by confirmation of a quarternary 
carbon by means of the off-resonance decoupling 
method. T h e 2- and 4-pyridylmethyl anions with 
li thium as a counter ion, produced from methyl-
substituted pyridines by the action of butyllithium, were 
distinguishable by a difference in spectral pat tern, as is 
shown in Fig. 2. 

25Hz 

Fig. 1. 7Li spectrum for II in THF. The less shielded 
peak is due to the signal of aqueous LiCl used as an 
external reference. 

cb) 

ca) i I 

i I i I i I 

150 100 50 ppm 
Fig. 2. 13C spectra of pyridylmethyl anions in THF; (a) 

II and (b) II2. 

Types and Structures of Ion Pairs Formed. In the 
7Li N M R spectra for I—IV, the signals appear at 
higher fields than those of typical alkyllithium com­
pounds (i.e., 1—2 ppm in ether, triethylamine, and 
cyclopentane)7) and at lower fields than those of typical 
aromatic l i thium salts present in T H F as primarily 
loose (or solvent-separated) ion pairs, such as fluorenyl-, 
1,3-diphenylalIyI-, triphenylmethyl-, and cyclonona-
tetraenyllithium (i.e., — 1 2 ppm in THF).8) These 
7Li spectra may indicate that the ionic natures of 
l i thium salts of I — I V are different from those of the 
alkyllithiums and the loose ion pairs. As has already 
been reported,9) phenylmethyl-(benzyl-), 1-phenylallyl-, 
cyclopentadienyl-, and indenyllithium exist as tight 
(or contact) ion pairs in T H F . The signals of phenyl­
methyl- (i.e., —0.12 ppm in T H F ) and 1-phenyl allyl-
l i thium (i.e., —0.71) are found within a range (—1—1 
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ppm) similar to those for I—IV, but those of cyclopenta-
dienyl-(z.*., —8.37) and indenyllithium (i.e., —6.12) 
show an upfield shift of more than 6 ppm from I—IV.8»10) 
This large difference reflects the specific location of the 
counter ion in relation to the anion in a tight ion pair. 
Consequently, if I—IV form tight ion pairs with lithium 
cations, the cations are not situated so as to be strongly 
subject to the diamagnetic shielding of the induced ring 
current.11) 

The dependence of the lithium chemical shift with a 
solvent for the II , 112, III, and IV given in Table 1 is 
relatively small. The lithium shift for II in D M E is 
0.33 ppm upfield from the THF value. This variation 
is similar to those for typical tight ion pairs, but is not 
large enough to indicate primarily loose ion pairs in 
THF and DME. An 1 ppm or greater difference 
between THF and D M E should be observed for primari­
ly loose ion pairs.8> 

The carbon chemical shifts of II , II2, III, and IV in 
various solvents are given in Table 2. As can be seen 
from the table, the effect of a change in solvent is large 
on the carbon shifts of 11. The 5-carbon shift, being a 
well-defined index of electron derealization,1) appears 
in a higher field with the change to a more polar 
solvent in this order: DEE, THF, DME, TG, and 
HMPA; it is about 5 and 10 ppm upfield in HMPA 
from the THF and DEE values respectively. The same 
tendency is observed with the proton chemical 
shifts.1»3»12) This upfield shift is induced by a change 
in the ion-pair equilibrium toward loose ion pairs or 
an increase in the external solvation of tight ion pairs.13) 
Generally, the same overall trends for the carbon and 
proton shifts are observed on a lowering of the tempera­
ture as on an increase in the solvating ability of the 
solvent. The 5-proton shifts of II in THF and D M E 
show a relatively large temperature dependence, but 
the magnitude of the upfield shift induced by changing 
the temperature from 40 °C to —30 °G in D M E is 
slightly larger than that in THF.1»3) The temperature 
dependence of the 5-proton shifts of 11 and 12 in D M E 
is shown in Fig. 3. The shift of II at —60 °G is about 
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Fig. 3. Temperature dependence of the 5-proton chemi­
cal shifts of II and 12. O- u in DME, # : 12 in DME, 
and © : coalescence temperature of the two methylene 
proton peaks of II, and © : 12 in DME. 

0.25 ppm upfield from the 40 °C value, but it is still 
about 0.2 ppm downfield from that at room temperature 
in HMPA, favoring loose ion pairs in comparison with 
DME. In addition, the two curves depicted in this 
figure cannot be claimed to be the remarkable sigmoid 
curves, which imply a change in the ion-pair equilibrium 
toward loose ion pairs in this temperature range.13) 
Consequently, in THF and DEE, which favor tight ion 
pairs in comparison with D M E at room temperature, 
the significant upfield shift induced by the change in 
solvent from DEE to T H F can be accounted for by an 
increase in the external solvation of tight ion pairs. 
These results on the lithium and carbon shifts in various 
solvents and the proton shifts at various temperatures 
lead to the conclusion that II forms a tight ion pair 
with a lithium cation in THF, and that, therefore, so do 
12—IV. 

At concentrations in the range of 0.5—2.0 mol dm - 3 , 
the variation in the lithium shifts for II in THF is 
negligibly small, but the linewidth at the half-peak 
height varies from 21 to 8 Hz. At 0.8—1.2 mol dm~3, 
the variations for II in DME, and for 14 and III in 
THF are less than 0.05 ppm. Thus, no meaningful 
difference in lithium shift for 11 is observed on a change 
in the concentration in discrete solvents. Consequently, 
it is reasonable to assume that either the state of associa­
tion does not change in this concentration range or that 
the effect of association is not important in determining 
the lithium shifts.8) 

The lithium shifts for II'—II"' contaminated with an 
excess of the starting materials in THF are given in 
Table 1. With an increase in the proportion of 2-
methylpyridine relative to butyllithium, the lithium 
signal is shifted to a lower field, and the linewidth 
becomes broader. In view of these shifts, the effect of 
contamination is negligibly small for the lithium salts 
prepared in this study. Further, when lowered to 
— 76 °G, the peak for IT and I T is split into two, but 
not so for IT", as is shown in Fig. 4. The ratio of the 
two peak areas for I T is roughly 1.8 : 1, while that for 
II" is 0.22 : 1. One of the two peaks for II ' and II" 
appears at about 1.35ppm, and the other, at—0.1 0.2 
ppm. It seems that the less and more shielded peaks 
with respect to inorganic lithium are attributable to 

200 Hz 

Fig. 4. 7Li spectra; (a) II', (b) II" 
(e) butyllithium in THF at -76°C. 

and 
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the 2-pyridylmethyllithium-2-methylpyridine complex 
formed and to 2-pyridylmethyllithium respectively. 

Turning now to the comparison of 2-pyridylmethyl­
l i thium (II) with phenylmethyl alkali compounds, 
especially with phenylmethyllithium in T H F , we note 
first that the preparat ion of H is indeed easy, and that 
I I is thermodynamically very stable in T H F and DME. 3 ' 
Secondly, it is apparent that phenylmethylpotassium is 
much more ionic than phenylmethyllithium in 
THF.io.14,15) T h e i H a n d i 3 G Spectra of phenylmethyl­
potassium in T H F are similar to those of 11 in D M E , 
except for the positions bonded to the ring nitrogen, i.e., 
the 2- and 6-positions. With the procedure reported 
for naphthylmethyl alkalis present as tight ion pairs 
in T H F at room temperature,16) the proton chemical 
shifts, calculated on the basis of the assumption that the 
cation radius for the phenylmethyl anion can be infinite­
ly large (that is, that the phenylmethyl anion may form 
a loose ion pair or free ions with the cation), would be 
about 5.2, 5.7, and 4.2 ppm for the o-(3-), m-(4-), and 
^-(5-) protons respectively. These values are comparable 
to values of 5.16, 5.68, and 4.33 ppm for I I in HMPA.1) 
The 3T-electron densities, calculated using the PPP M O 
method, at the 3-, 4-, and 5-positions in the phenyl­
methyl anion are also comparable to those in 11. These 
suggest that I I may be present as a loose ion pair in 
H M P A . Thirdly, we recall that the methylene carbon 
in I I is virtually sp2-hybridized.3> Fourthly, an o-
position in I I is a nitrogen atom. T h e excess charge 
density, calculated using the PPP and CNDO/2 M O 
methods, at the o-nitrogen (ring nitrogen) is comparable 
to that at the methylene carbon. Thus , I I has some 
different features as compared with phenylmethyl­
lithium, apparently caused by the effect of o-nitrogen, 
but it seems to be monomeric in polar solvents, much 
like to phenylmethyl and naphthylmethyl alkalis.16-17) 
Therefore, when 11 is present as a tight ion pair in T H F , 
either the methylene carbon or the ring nitrogen can be 
regarded as the site where the anion-cation interaction 
mainly takes place. 

A good correlation has been obtained between the 
carbon chemical shifts and the ^-electron densities 
calculated using the PPP and CNDO/2 M O methods 
for the 2-pyridylmethyl anions I and 4-anions I I . T h e 
relationship given in Fig. 5 shows that the ^-electron 
densities at the carbons in, both 2-anion 11 and 4-anion 

1.501 CPPP) CCNDO/2) 

S 1.1(4 

ta I 

° ° * 
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Fig. 5. ^-Electron densities vs. 13C chemical shifts. 
0 : I 1 , A-' 112 in THF, and A= 2- and 6-C corrected 
for effect of methyl group by reducing 5 ppm in 112. 

112 can be evaluated from the carbon chemical shifts 
using an identical scale. In addition, as is shown in 
Table 1, the lithium-shift difference between lithium 
salts of the 2-anions I and the 4-anions I I is less than 
0.31 ppm in T H F ; especially, that between 12 and I I I 
is negligibly small. These imply that both have essential­
ly the same ion-pair structure in T H F . However, it was 
previously reported that 2,4-dimethylpyridine and 2,4,6-
trimethylpyridine underwent deprotonation to give 
2-anions such as I, and that isomerization took place 
from the 2- to the thermodynamically more stable 4-
anions II.3) T h e li thium salts of the 4-anions I I are 
indeed surprisingly stable, for about 30—40% of these 
l i thium salts in T G could still be detected in the XH 
spectra after the samples had stood for 1 h at 100 °C, 
while the lithium salts of the 2-anions I completely 
changed to the corresponding methyl-substituted pyri­
dines in T G . In view of these experimental facts, it is 
not reasonable to assume that the anion-cation interac­
tion takes place mainly at the methylene carbon in 
l i thium salts of the 2-anions I and the 4-anions I I 
present as tight ion pairs in T H F , for this assumption 
would predict a primarily loose ion-pair structure for 
both li thium salts I—II . Therefore, in both lithium 
salts I and I I and, furthermore, in I I I — I V , the ring 
nitrogen can be regarded as the site where the anion-
cation interaction mainly takes place. 

I t is concluded that I — I V are present in T H F as 
tight ion pairs in which the anion-cation interaction 
takes place mainly at the ring nitrogen. Thus, the 
picolyl-type anions with li thium as a counter ion are 
characterized by their ion-pair structures. 

This work was supported by the Joint Studies Program 
(1978—1979) of the Institute for Molecular Science. 
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The Binding of Sodium Dodecyl Sulfate to Lysozyme in Aqueous Solutions 
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The binding mode of sodium dodecyl sulfate to lysozyme and the accompanying structural change of lysozyme 
by binding have been investigated by means of the binding isotherm, the precipitation curve, and the CD spectra 
in pure water, NaCl, and borate buffer solutions. The precipitation phenomena could be explained in terms 
of the neutralization of the net charge of lysozyme due to dodecyl sulfate-ion binding. The analysis of the binding 
isotherms by the use of the BET equation gave the site number of the first layer corresponding to the positively 
charged residues at the pH studied. The conformational change from the ^-structure to the a-helix has been 
observed in the second-layer binding. The environmental change of the side-chain residues has also been observed. 

I t has been well known that the denaturat ion of 
protein is caused or influenced by many factors, such 
as heat, the pH, and the addition of inorganic or organic 
substances.1) Above all, it is interesting tha t most ionic 
surfactants behave uniquely as strong dénaturants for 
proteins.1-3) The addition of a surfactant to a protein 
solution causes a drastic change in the conformation 
of protein. Even in a very low surfactant concentration 
(far below the critical micelle concentration, C M C ) , 
the protein is denatured by surfactant molecules. For 
instance, the extent of the conformational change of 
serum albumin increases with the surfactant concentra­
tion, but it reaches a certain limit at a concentration 
close to 10~5 mol dm~3.4) 

Wi th respect to the hen egg-white lysozyme, an X-ray 
study revealed that the lysozyme is a rigid and stable 
enzyme.5) In the range of physiological p H values, the 
lysozyme does not show any detectable change in its 
structure up to 77 °C, and at the physiological tempera­
ture no detectable change in the structure was observed 
with a p H change from 1.2 to 11.3. The stability of 
lysozyme has been at tr ibuted to the four disulfide bonds 
besides hydrogen bonds and hydrophobie interactions 
among the 129 amino-acid residues. Thus, it is supposed 
that the lysozyme molecule may be comparatively 
resistant to the addition of a surfactant. 

The precipitation and the inactivation of the enzyme 
occurred when a surfactant mixture of sodium dodecyl 
sulfate (SDS) and sodium tetradecyl sulfate (STS) was 
added to the lysozyme. T h e mixing ratio of SDS to STS 
was 80 to 20.6) In the past, these phenomena were 
interpreted in terms of the weight-mixing ratio of 
surfactant to protein. However, these experimental 
results should be interpreted with reference to binding 
isotherms. 

In a study of the binding of SDS to various proteins 
including lysozyme, it was found that as much SDS 
bound to a protein as the weight of the protein itself,7) 
and it was suggested, from the solubilizing ability of the 
SDS-protein complex for water-insoluble dye, that SDS 
formed a so-called hemimicelle containing a polypeptide 
as a core. We are interested in what type of hemimicelle 
is formed in the lysozyme-SDS system. Fortunately, 
the structure of lysozyme has been well defined, so that 
lysozyme may give some detailed information about 
the interaction. 

In this work, the binding of SDS to lysozyme, and the 

precipitation and structural change upon binding are 
investigated as a function of the concentrations of SDS 
and the added NaCl, and the p H by means of circular 
dichroism (CD) measurement and potentiometry. 

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

Materials. Hen egg-white lysozyme (6 times recrystal-
lized) was purchased from the Seikagaku Kogyo Co., Ltd., 
and was used without further purification. The SDS was 
synthesized from the purified 1-dodecanol according to the 
literature.8) The product was purified by recrystallizing it 
three times from ethanol. The CMC of the SDS was deter­
mined by electric-conductivity measurements. The value 
of 8.28 X 10-3 mol dm~3 at 25 °C was consistent with that 
in the literature.9) There was no minimum in the plot of the 
surface tension vs. the concentration. All the inorganic salts 
(Nakarai Chemical Co., Ltd.) were of a special grade and were 
used without further purification. 

Precipitation Measurements. An aqueous solution of 
lysozyme and one of the SDS solution were mixed in a test 
tube, and then water was added to make a 25-ml solution. 
Throughout the series of experiments, the concentration of 
lysozyme in the test tube was kept constant. After the samples 
had been allowed to stand at 25 °C for over 20 h, the 
precipitates were separated through a membrane filter (pore 
size, 0.1 [xm; Toyo Roshi, Co., Ltd.) The concentration of 
lysozyme in the filtrate was determined spectrophotometri-
cally at 280 nm (Model 323 of Hitachi Mfg. Co.) using the 
molar extinction coefficient of 36500 for lysozyme.10) The 
amount of protein precipitated was evaluated by comparing 
the absorbance of the filtrate with that of the reference 
solution without SDS. 

Binding Isotherms. The binding isotherms of SDS to 
lysozyme were constructed by the determination of the 
equilibrium SDS concentration by means of potentiometry.11) 
The electromotive force (emf ) of the cell with a liquid mem­
brane was measured by means of a digital multimeter(Takeda 
Riken TR 6856). The temperature of the solution in the 
cell was kept within 25 ± 1 °C using a thermostated water 
bath. The corresponding calibration curves of emf for SDS 
in pure water, NaCl, and buffer solutions showed a good 
linearity and gave a slope consistent with the Nernstian response 
(59.4±0.5 mV per decade of change in SDS at 25 °C). After 
the mixed solutions of lysozyme and SDS had been allowed 
to stand for I d at 25 °C, the emf was measured. The 
concentration of lysozyme in the sample solution was constant 
(2 X 10-6 mol dm -3) throughout the series of experiments. The 
coexistence of lysozyme in the solution has been reasonably 
assumed not to affect the response for the DS~ ion, and so the 
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change of emf should be ascribable specifically to the change 
in the free-DS~-ion concentration in solution. 

The average number of SDS molecules (v) bound to a 
lysozyme molecule can be given as : 

0 = (Ct-CJIC» (1) 

where Ct is the total SDS concentration, Ce is the equilibrium 
SDS concentration, as determined from the curve of emf vs. the 
concentration, and CY is the lysozyme concentration. 

Circular Dichroism (CD). The CD spectra in the ranges 
of 240—200 nm and 320—270 nm were measured by the use 
of a spectropolarimeter (JASGO-A40) under nitrogen flush. 
Calibration was made with a D- 10-camphorsulfonic acid 
solution. The path length of the cell used was 10 mm. The 
temperature was controlled at 25 ±0.1 °C by circulating 
thermostated water through the cell. 

The CD spectra were obtained by accumulating 4 times for 
240—200 nm and 8 times for 320—270 nm, with a micro-
proccessor equipped with a spectropolarimeter, and their 
mean values were recorded. The data were expressed in 
terms of the mean residue ellipiticity. 

All samples were equilibrated in a water bath at 25 °C for 
1 d, and then the CD spectra were measured. The concentra­
tions of lysozyme were 1.2 X 10~6 mol dm"3 and 2 . 7 x l 0 - 5 

mol dm"3 in the ranges of 240—200 nm and 320—270 nm 
respectively. 

R e s u l t s 

Figure 1 shows the binding isotherm of SDS to 
lysozyme as well as the precipitation curve at two 
lysozyme concentration in pure water. T h e ü was 
calculated according to Eq. 1. In the lower equilibrium 
concentration ( 4 x 10~5—9x 10~4 mol d m " 3 SDS), the 
v is about 10, while in the range higher than 9 x 10~4 

mol d m - 3 the v gradually rises to about 20, and then it 
reaches a certain limit of measurement, i.e., the upper 
limit of the linearity in the calibration curve of emf. 

The shape of the precipitation curve of lysozyme 
depends on the lysozyme concentration when the total 
concentration of SDS, C t , is taken as the abscissa. 
However, the data can be replotted against the equilib­
rium SDS concentration, Ce, which is calculated by 
using the binding isotherm. As is shown in Fig. 1, the 
precipitation curves at two different lysozyme concen-

loo Z 

trations coincide with each other when C e at equilibrium 
is taken as the abscissa. It can be seen from Fig. 1 that 
the amount of the precipitate increases parallel with the 
binding, and thereafter it is kept constant (i.e., the 
lysozyme is almost completely precipitated) when v is 
about 10. In the range of the binding number of 10, 
the lysozyme keeps being precipitated almost completely. 
Wi th an increase in û from 10 to 20, the precipitation 
curve goes down to zero. 

For the NaCl solution system whose ionic strength is 
0.1, as may be seen in Fig. 2, the binding isotherm begins 
to rise at C e = l X 10~4 mol d m - 3 . T h e region where the 
binding number is kept at 10 is very narrow as compared 
with Fig. 1. After reaching a v value of about 13, the 
binding isotherm is characterized by a sharp uprise. 
T h e precipitation (nearly 100%) is seen in the same 
manner as in a pure water system when v is also about 
10. Wi th an increase in ü from 10 to 20, the amount 
of precipitate also goes down to zero. The region of the 
maximum precipitation is narrow, corresponding to the 
narrowness of the region where v=\0. 

1 0 0 • 

Fig. 1. The binding isotherm of SDS (O) a n d precipita­
tion curve of lysozyme (LZ) in pure water (pH 5.8) at 
25 °C. A : Lysozyme concentration 3 .76x l0 - 5 mol 
dm""3, • : lyso2yme concentration 2.19x 10~6mol dm-3. 

l o g ( C / m o l dm 

Fig. 2. The binding isotherm of SDS (O) a n d precipi­
tation curve of lysozyme in NaCl solution (pH 5.8) at 
25 °C. A-* Lysozyme concentration 4 .20xl0- 5 mol 
dm - 3 , • : lysozyme concentration 2.56 X 10~5 mol dm - 3 . 

Figure 3 shows the binding isotherm and the precipita­
tion curves in a borate buffer system, the p H and the 
ionic strength of which are 9.2 and 0.1 respectively. 
T h e binding isotherm shows a gradual rise in the range 
of 1 X 10- 4— 1 X 10-3 mol d m - 3 SDS up to the binding 
number of 35, and then it shows an abrupt increase up 
to 55, which seems to be followed by a levelling-off 
tendency near the C M C . Each precipitation curve has 
a maximum at £ = 9 . In this case, 100% precipitation 
does not occur, and the amount of the precipitate 
depends on the lysozyme concentration, unlike the case 
in Figs. 1 and 2. 

T h e a-helix, ^-structure, and random coil of proteins 
each have their own characteristic SDS spectra. The 
CD spectra of synthetic polypeptides are changed by 
various factors, such as the pH , the solvent, the tempera­
ture, and the addition of a surfactant, and have been 
used as the criteria of the a-helix, the ^-structure, and 
the random coil.12-15) However, the magnitudes of the 
CD spectra do vary among different helical, ^-structured, 
and random-coiled polypeptides. In this work, we 
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Fig. 3. The binding isotherm of SDS (O) a n d precipi­
tation curves of lysozyme in borate-buffer solution (pH 
9.2) at 25 °G. A : Lysozyme concentration 3.95X 10~5 

mol dm - 3 , ••* lysozyme concentration 2.70 X 10~5 mol 
dm-3. 

applied the criteria of the a-helix, the ^-structure, and 
the random coil, which had been deduced from the CD 
spectra of 5 proteins (myoglobin, lysozyme, lactate 
dehydrogenase, papain, and ribonuclease) as analysed 
by means of X-rays.16) T h e optical activity of the above 
three conformations is assumed to be additive and can 
be expressed as described below. 

At any wavelength, A,16) 

[Q]i =fa^n,x + / B ^ B , J + /R^R, - I J (2) 

w h e r e / H - K / B + / R = 1 • [Ö] is the mean residue ellipticity. 
T h e f is the fraction of each conformation in a protein 
molecule. T h e Xu,\, XB,K, and Xn>x are the mean 
ellipticities for the helix (H), the ^-structure (B), and 
the r andom coil (R) at a certain wavelength A, respec­
tively. T h e fn, / B ? and / R were determined by fitting 
the CD spectra of lysozyme to Eq. 2. T h e calculation 
by Eq. 2 was made by the least-squares method at 3 nm 
intervals from 240 to 200 nm. Figure 4a shows the 
typical CD spectra of lysozyme alone and those of 
lysozyme saturated with SDS in a pure-water system. 
T h e results calculated for lysozyme alone are consistent 
with those deduced from X-ray study.5) In Fig. 5, we 
can see the correlation of the binding isotherm with 
the fraction of each conformation in the borate-buffer 
system. Below the concentration at which SDS binding 
begins to occur, none of the content of the conformations 
was affected by adding SDS. The dashed line shows 
the precipitation region where CD spectra can not be 
observed. T h e fractions of the a-helix and the ß-
structure change above the concentration where the 
redissolution of lysozyme takes place. Wi th an increase 
in P, the fraction of the a-helix increases, but that of the 
/^-structure decreases. T h e fraction of the r andom coil 
is almost constant over the whole range of equilibrium 
concentrations of SDS. Similar results were also 
obtained in pure-water and NaCl-solution systems. 

T h e typical near-ultraviolet C D spectra of lysozyme 
alone and that saturated with SDS in a pure-water 
system are shown in Fig. 4b. T h e change in the CD 
spectra in the near-ultraviolet region is more drastic t han 
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Fig. 4. The effect of the addition of SDS on CD spectrum 
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Fig. 5. The correlation of binding isotherm with the 
fraction of three conformations in borate-buffer solution. 
(H), (B), and (R) indicate the fractions of a-helix, ß-
structure, and random coil, respectively. 

that in the far-ultraviolet region. Figure 6 shows the 
binding isotherm and the corresponding change in [0] 
at 294 n m in a NaCl solution. T h e [0]294 of the redis-
solved lysozyme solution is negative in contrast with 
tha t of a lysozyme solution without binding. In both 
pure-water and borate-buffer solutions, the correspond­
ing plots showed the same tendency as that in a NaCl 
solution. 

D i s c u s s i o n 

T h e solubility of protein in an aqueous solution is on a 
critical balance between the net charge and the hydro-
phobicity. T h e net charge effect on the solubility of 
protein is typically demonstrated in the case of the 
precipitation at the isoelectric point. As is shown in 
Figs. 1—3, the binding number which gives the maximum 
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Fig. 6. The change of [0]294 due to SDS binding in NaCl 
solution. (O) : Binding isotherm, ( # ) : [0]294. 

precipitation is about 10 in each case. If the change 
in the net charge of lysozyme caused by the binding 
of DS~ ion can be estimated, it must give a means of 
interpreting the precipitation. 

The lysozyme molecule has ionizable residues (i.e.. 
6 Lys's, 11 Arg's, and 1 His) as basic amino acid residues 
and 7 Asp's and 2 Glu's as acidic residues. At the pH's 
studied (pH 5.8 for pure water and a NaCl solution; 
p H 9.2 for a borate buffer solution), Lys and Arg are 
positively ionized, since their pK values on lysozyme 
are within the ranges of 10.3—10.6 and 12.7—13.317) 
respectively. This means that the lysozyme molecule 
has 17 positive charges. O n the other hand, the negative­
ly ionized residues are 7 Asp's and one Glu7 in pure 
water and the NaCl solution system, since their pK 
values are within the ranges of 3.0—4.7 and 2.7—4.715> 
respectively. I n the borate buffer solution of p H 9.2, 
Glu35, whose pK is between 6 and 6.5,17) is also ionized 
besides 7 Asp's and one Glu7. Therefore, the value of 
the net charge of lysozyme is + 9 in the solutions with 
and without NaCl ( + 1 7 - 8 = + 9 ) and + 8 in the 
borate-buffer solution ( + 1 7 — 9 = + 8 ) . T h e number of 
binding which gives the maximum precipitation seems 
to be consistent with the number of negative ions 
necessary to neutralize the net charge of lysozyme. 
Here, we have assumed that , in the competitive binding 
to lysozyme, the DS~ ion is much superior to its co-ion, 
Cl~, because there exists a hydrophobic interaction 
between DS~ and lysozyme. 

The binding of the DS~ ion introduces the hydro-
phobicity to the lysozyme (LZ) surface in addition to 
the neutralization of the positive charges, since DS~ 
consists of both ionic and hydrophobic parts. Once the 
DS~ ions have neutralized the net positive charge, the 
solubility of the L Z + - D S - complex will depend on the 
hydrophobicity of the complex itself. T h e number of 
D S - neutralizing the net charge ( + 8 ) in a borate-buffer 
solution is smaller than those ( + 9 ) in pure water or a 
NaCl solution. Therefore, a number of DS~ ions 
necessary for the complete neutralization of lysozyme 
in the borate-buffer solution is one less than in pure 
water or the NaCl solution; i.e., the surface of the 
L Z + - D S ~ complex with a zero net charge is less hydro­
phobic in the borate-buffer solution. This causes less 

precipitation than in pure water or the NaCl solution. 
O n the other hand, Sophianopoulos and V a n Holde 
have suggested that the lysozyme is in equilibrium with 
the dimer in alkaline pH.18) If the dimerization was 
caused by the aggregation of the hydrophobic par t of the 
lysozyme, the reduction of the hydrophobic area by 
dimerization would lead to the easy dissolution of 
lysozyme. 

As is shown in Figs. 1—3, each isotherm has two or 
more steps. This means that there exist two or more 
kinds of mechanisms in the binding. It is well-known 
that the BET equation is applicable to the analysis 
of such a type of binding isotherm. According to Hill,19) 
the statistical expression for the B E T equation is 
given as : 

N 
M 

qxX 

( i - ^ + ^ K i - f t i ) ' (3) 

where N is the average number of molecules bound to 
protein; M, the number of sites; ql9 the partit ion 
function for the molecule in the first layer; q2, the 
partit ion function for the molecule in the second and 
higher layers, and À, the absolute activity of the free 
molecule in equilibrium with the bound molecule. 
Equation 3 is then rewritten as : 

N 
M 

KX 
(1-X+KX)(1-X) ' W 

where 

K = qjQt> and X = q2À. (5) 

T h e chemical potential of SDS in solution, psoh can be 
written, using the concentration, C, as : 

^soi = f + k T In (C/CMC), (6) 

where if is the chemical potential of SDS at C M C . 
From Eqs. 5 and 6, we obta in : 

X= qtcxp(ji*lkT) x 
CMC (7) 

By analogy with the adsorption of vapor on an absorbent, 
we can consider that , as the SDS concentration increases, 
the amount of the binding species increases, especially 
on the hydrophobic surface of the lysozyme-DS complex, 
where the DS~ ion is concentrated. In a bulk solution, 
a subsequent increase in SDS causes micelle formation, 
and simultaneously the amount of DS~ per site, JV/M, 
rises abruptly. We assume that N/M-+00 when C-> 
C M C ; thus, NIM-+00 means that X-> l,as is known 
from Eq. 4. Therefore, from Eqs. 6 and 7 we may 
obtain q2exp(fiBlkT) = \, and then; 

X: 
CMC 

Using Eq. 8, Eq. 4 may be rewritten as follows : 

MK + 
K-\ 

•x MK CMC 

(8) 

(9) N{CMC-C) 

Thus, if the BET equation reproduces the data , the 
plot of CIN(CMC-C) against C/CMC will be linear, 
while M and K may be obtained from the slope and 
the intercept of the line. T h e plots of CjN(CMC-C) 
against C/CMC for the pure-water, NaCl, and borate-
buffer solution systems are given in Fig. 7. T h e slopes 
and the intercepts give values of M = 1 8 and A"=10 
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C/CMC 
Fig. 7. BET plots for SDS binding on lysozyme in 

pure water (A), NaCl solution (0)> »nd borate-buffer 
solution ( • ) . 

for the pure-water system, M—16 and K—9 for the 
NaCl-solution system, and M=2l and K=\l for the 
borate-buffer solution system. According to the BET 
theory, M is the number of sites, i.e., the number of 
molecules forming the first layer. As has been mentioned 
above, the number of positively charged residues of 
lysozyme is 17 in the p H range studied. T h e values of 
M for both the pure-water and NaCl-solution systems 
are in fair agreement with the number of positively 
charged residues, but the value of M =21 for the borate-
buffer system is somewhat large. This aspect of the 
borate-buffer system is at tr ibutable to the dimerization 
of lysozyme in an alkaline pH.18) 

Recalling that the precipitation is interpreted in terms 
of the neutralization of the net charge, and that the site 
number corresponds to the number of positively charged 
residues, the driving force for the binding of SDS to the 
first layer may be mainly attr ibuted to the electrostatic 
interaction with the positively charged residues of 
lysozyme. The hydrocarbon tail of DS~ of the first 
layer can be expected to interact with the hydrophobic 
portion of the lysozyme surface, in addition to the ion-
pairing of the head with the positively charged residue 
of lysozyme. Consideration by photo of the space­
filling molecular models of lysozyme and SDS leads 
us to consider tha t the surface of lysozyme can be 
roughly covered with 17 DS~ ions, corresponding to the 
site number of the first layer, if they lay on lysozyme. 
This implies that mutual hydrophobic interaction 
between DS~'s can be expected for the subsequent 
binding over the first layer. The subsequent binding 
is reflected in the sharp uprise of the binding isotherms. 
This mechanism is supported by the fact that the 
equilibrium SDS concentration at which the binding 
isotherms rise sharply is lower in NaCl and borate-
buffer solution than in the pure-water solution, as in 
the case of the salt effect on the micelle formation. 

T h e change in the secondary structure of lysozyme 
is caused by binding above an SDS concentration where 
the binding of SDS to the second layer begins to occur 
in each case. Wi th an increase in the binding number , 

the helical content increases, but the jö-structure 
decreases; later both reach constant values. An increase 
in the helical content of lysozyme in an aqueous solution 
containing more than 60% (v/v) of ethanol, methanol, 
and 2-propanol has been reported by Ikeda and 
Hamaguchi.2 0) The increase in the helical content 
with the binding of SDS may be related to their finding 
that a development of the hydrophobic environment 
enhances the helical conformation. The tendency for 
the fraction of each conformation to reach a constant 
value indicates that the environment of lysozyme is 
no longer changed above a certain limit of the binding 
number of SDS, at which the surface of lysozyme is 
completely covered. 

Taking into account the constant fraction of the 
random coil, it seems that the /Mielix transition is 
induced partly by binding (p>10) . Hayakawa et al. 
have reported the /Mielix transition of poly (L-lysine) 
upon the addition of sodium 1-octanesulfonate.21) With 
respect to the surfactant-concentration dependence of 
the secondary structure, the renin substrate has been 
investigated by Yang and Wu.22> At a low SDS concen­
tration, the renin substrate shows the characteristic 
CD spectrum of /3-structure, but at a high SDS concen­
tration it shows the characteristic CD spectrum of the 
a-helix with double minima. These results surpport 
the idea that the ^-structure of lysozyme changes to the 
a-helix above a certain SDS concentration. 

T h e C D bands in the region between 275 and 300 nm 
originate in T rp and Tyr. The drastic change from 
the positive CD spectrum to the negative one upon 
binding, as is shown in Fig. 4b, means tha t the environ­
ment of these residues is largely altered. 

Ikeda and Hamaguchi have demonstrated that the 
positive CD spectrum of lysozyme in the range from 
275 to 300 n m is enhanced by the addition of alcohols 
(methanol, ethanol, and 2-propanol), but in a concentra­
tion of alcohols above 6 0 % (v/v) it begins to decrease, 
finally becoming a negative CD spectrum. A similar 
decreasing tendency of the CD spectrum of lysozyme 
has been observed in the case of the oxidation of Trp 's 
by JV-bromosuccinimide.20) These findings mean that 
T r p gives a clue to the CD spectrum in the range from 
275 to 300 nm. T h e effect of the polarity of a solvent 
on the CD spectrum of amino-acid derivatives has been 
examined by Shiraki.23) He showed that the positive 
CD spectrum of JV-acetyltryptophan amide in water 
changed to a negative one in dioxane, and so he 
suggested that the sign of the CD spectrum of T rp 
residues in protein may be changed by the change in 
their surroundings. It seems reasonable that the 
reduction of the positive CD spectrum of lysozyme is 
attr ibutable to the enhancement of the hydrophobic 
nature of surroundings of T r p on the binding SDS. 
Thus, the idea that lysozyme is covered with D S _ ions 
clustering like a micelle can explain the present CD 
spectrum obtained experimentally. 

The present work has been performed within a 
research program sponsored by The Institute for 
Advanced Research, Fukuoka University. The authors 
are grateful to Professor Keishiro Shirahama, Saga 
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Dissociation of Micelles and Intermicellar Concentrations of Aqueous 
Solutions of Calcium and Sodium Decyl Sulfates 
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Activities of the surfactant ions and the counterions were calculated from the electromotive forces of concen­
tration cell with ion-exchange membranes for the aqueous solutions of calcium (Ca(DeS)2) and sodium (NaDeS) 
decyl sulfates. Moreover, the mean activities and the activity coefficients were obtained. From these activities, 
the valence effects of the counterions on the dissolved state of micellar solutions were studied. The following 
results were obtained : (1) The mean activities were not constant, but increased with the increase in the concentra­
tion of the two surfactants above the CMC; the slope of curve of the mean activity for Ca(DeS)2 against its concen­
tration was smaller than that for NaDeS. (2) The CMCs were 6.4 for Ca(DeS)2 and 32.8 mmol dm"3 for NaDeS, 
respectively. (3) For the mechanism of micelle formation, the phase separation model was set up in both cases. (4) 
From this model, the degrees of dissociation of the micelles were calculated as 0.12 for Ca(DeS)2 and 0.28 for NaDeS, 
respectively. (5) The intermicellar concentrations of the Ca2+, the Na+, and the decyl sulfate (DeS~) ions were 
calculated ; those of the counterions increased but those of the DeS~ ions decreased with the increase in their surfac­
tant concentrations. Moreover, those of the DeS~ for Ca(DeS)2 changed slowly while those for NaDeS changed 
steeply. 

The dissolved state properties of surfactant solutions, 
e.g. the dissociation of micelles, a critical micellar 
concentration (CMC) , effects of addition of electrolytes 
on the C M C and dissociation, theories and mechanisms 
of micelle formation, have been studied by many 
investigators in terms of surfactant concentrations but 
in disregard of the activity coefficients.1) Taking surface 
energy of micelles into account, Hall and Pethica have 
proposed recently a detailed theory of micelle 
formation.2) But on the other hand, from an experi­
mental point of view, the activities of the surfactant ion 
and the counterion, being in equilibrium with the 
micelle, are necessary to investigate the dissolved state 
of micellar solution. This is because the micellar 
properties and validity of these theories can not be 
discussed without any assumption until the activities 
are obtained. Recently, correct measurements of 
activity for ionic surfactants by use of solid3-6) or 
liquid7 - 1 1) ion-exchange membranes have been reported. 
From these results for sodium alkyl sulfates, the following 
new knowledge has been obtained.4 - 6) Wi th an increase 
in the surfactant concentration, (1) the mean activity 
and the mean intermicellar concentration of the surfac­
tant above the C M C increased ; (2) the activity of the 
surfactant ion decreased, (3) while that of the counterion 
increased. (4) T h e activity of the surfactant ion above 
the C M C was approaching a constant when much more 
electrolyte was added into the surfactant solution.10) 
(5) Depression of the surface tension above the C M C 
could be explained by the change of the mean activity.4»5) 

It 'has been well known that the bivalent-metal ions 
affected the dissolved state of a micellar solution. Some 
reports on the activities for monovalent-metal alkyl 
sulfates are available, but those for bivalent- and 
polyvalent-metal alkyl sulfates are few.11) In the 
present paper, effects of valence in the counterions on 
the dissolved state are studied on the basis of the activities 
which are calculated from the membrane potentials 
developed across the ion-exchange membranes . Among 
these effects, we discuss the dissociation of micelles, 
the mechanism of micelle formation, and the inter-

Fig. 1. Apparatus of surfactant concentration cell. 
A: Cell and solutions; (I) standard solution, (II), 
sample solution, and (III), (IV), compartments of 
bridge inserted. B : Anion or cation-exchange mem­
brane. C : Silicon rubber washer. D : Stirrer. E : Agar 
bridge (2 M NH 4N0 3 , 2% agar). F : Saturated KCl 
solution. G: Reference electrode. 

micellar concentrations in the aqueous solutions of 
calcium (Ca(DeS)2) and sodium (NaDeS) decyl sulfates. 

Experimental 

In order to obtain good stability and reproducibility in 
the measurement of electromotive force (EMF), the cell shown 
in Fig. 1 was used. The cell consisted of four compartments. 
A standard solution was poured into I and a sample solution 
into II. The compartments III and IV were connected to 
them through small holes to avoid any contamination of KCl 
by agar bridges into it, because EMF was greatly affected by 
such contamination. The solutions in I and II were gently 
stirred by means of stirrers, D, rotating at a constant velocity 
(130 rmp). The EMF developed across a solid ion-exchange 
membrane, B, was measured at 30 zL 1 °C by means of an 
electrometer (Keithley, model 610C) through agar bridges 
(2 M NH4N03 , 2%-agar), E, and reference electrodes (Orion, 
model 90-01), G, and was recorded with time. The EMF was 
determined as an extraporated value at the time zero since it 
changed during the first 5 min and then decreased very slowly 
with time after it had passed a flat region. The solutions of 
5.0 and 1.0 mmol dm~3 for Ca(DeS)2, and 10.0 and 2.0 mmol 
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dm"3 for NaDeS were used as the standard solutions. Other 
experimental conditions and procedures were the same as in a 
previous paper.6) 

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

Single Ionic Activities and Mean Activities. The 
EMFs developing in the concentration cell of surfactant 
solution were measured for the two surfactants. The 
experimental values of the Ca2+ ion, Ec&, and of the 
decyl sulfate (DeS") ion, EDeSi are plotted against the 
concentration of Ca(DeS) 2 in Fig. 2 and those of the 
Na+ ion, E^, and of the D e S - ion, EDes, against the 
concentration of NaDeS in Fig. 3. According to Nernst 's 
equation, the single ionic activities are given by 

£ca = - (2.303RT/2F) log (acJa0CJ ) 

£Na = -(2.303Ä77F) log K ^ O N J (U 

(2.303RT/F) log (aDJa0DeS), J 

where R} T, and F are the gas constant, the absolute 
temperature, and the Faraday constant, respectively. 
The activities of the Ca2+, the Na+, and the D e S - ions 
in the sample solutions are represented as 0Ca, 0Na> and 
0Des; those of the corresponding ions in the standard 
solutions as floca, «oNa, and fl0Des- Their values, which 
were determined in the same way as in the previous 

E 

S "40 h 

C/mol dm'3 

Fig. 2. Electromotive force of the Ca2+ and the DeS~ 
ions against concentration of Ca (DeS)2. 
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Fig. 4. Activities of the Ca2+ and the DeS~ ions against 
concentration of Ca(DeS)2. 
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ions against 

paper,5»6) are listed in Table 1. The activities of the 
individual ions for Ca(DeS)2 , having been calculated by 
Eq. 1, are shown in Fig. 4 and for NaDeS in Fig. 5. 
All the activities increased linearly with the increase 
in the surfactant concentration up to the C M C ; after 
that concentration, those of the D e S - ions in the two 
surfactant solutions decreased, while those of the Ca 2 + 

and the N a + ions increased monotonously. It is also 
notable that the changes of activity of the Ca2+ and the 
D e S - ions with the concentration of Ca (DeS) 2 are 
smaller than those of the N a + and the D e S - ions of 
NaDeS. This finding comes mainly from the difference 
in the valence between the counterions and will be 
discussed later in connection with the dissociation of 
micelle and the intermicellar concentration. T h e mean 
activities calculated from the single ionic activities 
according to the usual definition are shown in Fig. 6; 
the values of the C M C , which were determined from the 
breaking points in their curves, are listed in Table 2 
and agreed with those reported in the literature.11»12) 
Below the C M C , the slope of the curve (mean activity 
coefficient) for Ca (DeS) 2 was smaller than that of 
NaDeS. This result can be explained by the difference 
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TABLE 1. ACTIVITIES OF THE STANDARD SOLUTIONS AND THE CONSTANTS OF K, L, AND M IN Eqs. 2 and 3 

Surfactant 

Ca(DeS)2 

NaDeS 

Surfactant 

aODeS aOCa, aONa 

mmol dm - 3 mmol dm - 3 

8.85 3.01 
9.16 9.16 

K 

0.078 
0.022 

C i 2=±QjMC 

L 

0.274 
0.073 

M 

97.0 

C ± > ( 

K 

0.984 
0.898 

T A B L E 2. THEDEGREES OF COUNTERION ATTACHMENT (r) AND DISSOCIATION 

OF MICELLES, CONSTANT (log KCAD> log i^NaD), AND THE C M C 

Dissociation 

r / •• 
This exp. Literature 

log A" 
CMC/mmol dm~3 

This exp. 

?CMC 

L 

2.087 
1.477 

Literature 

Ca(DeS)a 0.44 

NaDeS 0.72 

Co(DS)2
b> 

0.12 

0.28 
0.3812) 

0.3018) 

0.2310) 

0.10115 

-3.014 

-2.788 

6.4 

32.8 

6.7(30 °C)a) 

31.6(25 °C)12> 
33.0(25 °C)10> 

1.15(30 °C)11) 

a) The value was obtained as an extrapolated one by means 
J. Colloid Interface Sei., 46, 111 (1974).), when Kg=0.95 and 

10 10"" 10' 

Cc«o±, C/g,D± / m o l dm 
Fig. 6. Mean activities of Ca(DeS)2 and NaDeS against 

their mean concentrations. 

in the valence of the counterions, like that considered in 
simple electrolytes. I n spite of the decrease in the 
activities of the D e S - ion above the C M C (shown in 
Figs. 4 and 5), the mean activities of Ca(DeS) 2 and 
NaDeS did not remain constant, but increased gradually 
with the increase in their concentrations owing to a 
large increase in the activities of the corresponding 
counterions compensating completely for the decrease 
in the activities of the D e S - ions. Figure 6 and K in 
Table 1, which will be defined by Eq. 2, show clearly 
that the mean activity of NaDeS above the C M C 
changes with the concentrations steeper than that of 
Ca(DeS)2 , but the activity of the D e S - ion decreases 
slowly in comparison with that of NaDeS (Fig. 4). This 
is because the increase in the activity of the Na+ ion was 
much larger than that in the activity of the Ca 2 + ion. 
The mean activity coefficients of these surfactants 
within the concentration ranges illustrated are given 
by the following formula,4-6) except for that of NaDeS 
below the C M C : 

l o g / ± = -(JClog C±+Z.), (2) 

where f± and C± denote the mean activity coefficient 
and the mean concentration of the surfactant, respec­
tively. T h e constants of K and L are tabulated in 

of the reference(Y. Moroi, K. Motomura, and R. Matuura, 
<r=8.64x 104 were used, b) Cobalt dodecyl sulfate. 

Table 1. The activity coefficient of NaDeS solution 
below its C M C is expressed empirically and satisfactorily 
by 

log/± = - (K log C±+L)- MC±\ (3) 

where M is a constant and also shown in Table 1. 
Formation and Dissociation of Micelles. Various 

mechanisms of micelle formation have been proposed, 
but little satisfactory experimental investigation has 
yet been reported. Recently the mechanism and the 
dissociation of micelles have been discussed by use of 
the activity only on 1-1 electrolytic surfactants, such 
as sodium dodecyl sulfate4) or sodium tetradecyl 
sulfate.5'6) But they should be also focussed on the 
micelles of 2-1 electrolytic surfactants such as Ca(DeS)2 

in connection with the valence effect of counterions. 
If a micelle of Ca(DeS)2 is composed of j&DeS- ions and 
#Ca2 + ions which are always in equilibrium with the 
micelle, the micelle formation is expressed by 

/>DeS" + ?Ca2+ <=» CagDeS/-c*-2«\ 

According to the mass action theory,13-15) 

ÛM/^DeS^'OCa 9 ) = C o n s t 

holds, where au denotes the activity of micelle. Then, 

P !<>g ÛDeS + ? l o g ûCa =É cOnSt (4) 

is obtained. O n the other hand, according to the phase 
separation theory,15-17) in which aM is assumed to be 
constant, the micelle formation is expressed by 

flDeSP,flCa? = KCILD> 

therefore, P log aDeS + q log aCa = -̂ caD (5) 

holds, where KCa.T> is a constant. We can test which 
mechanism of the two is applicable, by plotting log aDes 
against log aCs.- Figure 7 shows two linear relationships 
for Ca(DeS) 2 and NaDeS. Therefore, the phase separa­
tion theory is also a more probable mechanism for the 
micelle formation of Ca(DeS)2 , as in the cases of 1-1 
electrolytic surfactants.4-6) The degrees of counterion 
at tachment , r=—q/p, for Ca(DeS)2(rCa) and NaDeS 
(̂ Na) were obtained from each slope of the straight 
lines, and the constants were also calculated independl-
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logaN( 

Fig. 7. Curves of log aCti and log aNa against log aDeS 

above their CMCs. 

ently. The degrees of dissociation of micelles, therefore, 
are given as 1— 2rCa and 1— rNa. Table 2 shows these 
values together with those reported.10-12»18) It is found 
that the dissociation of Ca(DeS) 2 micelles was less than 
a half of that of NaDeS micelles. This finding can be 
explained by the idea that the Ca 2 + ions remain ra ther 
near the surface of micelles because of the stronger 
coulombic interaction of the Ca 2 + ion than that of 
the Na+ ion; as the result of this, the micelle has a 
smaller dissociation. The observed degree of dissociation 
of Ca(DeS)2 micelle can not be compared with ones 
reported in the literature, because there were few found. 
But the value, being slightly larger than that of bivalent-
metal dodecyl sulfate as shown in Table 2, seems 
reasonable, because the shielding effect resulting from 
the high intermicellar concentration of Ca(DeS) 2 must 
lessen the counterion binding. The values for the NaDeS 
micelle in Table 2 scatter, but this discrepancy comes 
from the differences in the methods of measurement 
and in the assumptions made in the calculation. T h e 
value in the present study is reliable since it is almost 
free from assumption or approximations. 

The smaller increase in the activity of the Ca2+ ion 
than in the Na+ ion with the increasing concentrations 
of their surfactants above the CMCs observed already 
in Figs. 4 and 5 can be directly ascribed to the smaller 
degree of dissociation of the Ca(DeS) 2 micelle; in other 
words, the activity of Ca2+ ion varies with the increase 
in the intermicellar concentration of the Ca2+ ion which 
will be calculated later. Moreover, the mean activity of 
Ca(DeS)2 is given by 

*CaD± = (<*DeS2-*Ca)1/3 ( 6 ) 

according to the definition. If Eq. 5 is introduced into 
Eq. 6, 

*CaD± = ( ^ C a D ) 2 / 3 ^ C a C l ' 2 r - ) / 3 (7) 

is obtained. For NaDeS, 

*NaD± = ( ^ N a D ) 1 / 2 - ^ 1 - ^ 2 , (8) 

where flcaD± and flNaD± denote the mean activities of 
Ca(DeS)2 and NaDeS, respectively. The slope of the 
curves of mean activity are also given by 

d In aCKDJd In C± = [(1 -2rC a) /3] -d In <zCa/d In C±, 

dlnaN a D ± /dlnC± = [ ( l - r N a ) /2 ] .d lna N a /d ln C± 

which are equal to the osmotic coefficients of their 

solutions.4) As aCtL and aNa (shown in Figs. 4 and 5) 
increase, the gradual increases in their mean activities 
with the increasing concentration of their surfactants 
in Fig. 6 can be explained by Eqs. 7 and 8. Thei r 
increments are mainly restricted by the terms of 
( l - 2 r C a ) / 3 and ( l - r N a ) / 2 in Eq. 9. Therefore, the 
increment of ac&D± becomes smaller than that of 0NaD±-
T h e osmotic coefficient of Ca(DeS) 2 was 0.03 and that 
of NaDeS was 0.10, which almost agreed with 0.07 of 
sodium dodecyl sulfate.4) 

Calculation of the Intermicellar Concentrations. From 
the definition, flCa and aDeS above the C M C are expressed 

where /Ca, foes, Cca> and CDes are the activity coefficients 
and the intermicellar concentrations of Ca 2 + and DeS~ 
ions, respectively. According to Eq. 6, 

aCaD± = / c a D ± * Q î a D ± ( ^ ) 

holds, where UT>. = (/ca-Aes2)1'3 (12) 

and CCaD±=(CCa.CDeS*)V3 ( 1 3 ) 

are the mean activity coefficient and the mean inter­
micellar concentration, respectively. If micelles have 
no effect upon the relation between the mean activity 
and the mean intermicellar concentration, namely if the 
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C/1o'3moldm'5 

Fig. 8. Intermicellar concentrations of the Ca2+ and 
the DeS~ ions and intermicellar mean concentration 
against concentration of Ca(DeS)2. 
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Fig. 9. Intermicellar concentrations of the Na+ and the 
DeS~ ions and intermicellar mean concentration 
against concentration of NaDeS. 

The values were calculated by use of K= 0.301 
and L=0.591 in Eq. 2 which was set up satisfactorily 
within the range of concentration from 10.0 to 30.0 
mmol dm - 3 in stead of Eq. 3. 
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mean activity coefficient shows the same behavior as 
just below the C M C , then Eq. 2 holds above the C M C . 
Moreover, the conditions of electrical neutrality hold 

CCa = [(2C-CD e S ) ( l -2rC a ) + CDeS]/2, (14) 

where C is the concentration of Ca(DeS) 2 . Substi­
tuting Eqs. 2, 6, 11, 12, and 13 into Eq. 14 yields 

rcaCDeS
3+(l-2rC a)CCD e g

2-1000^+^ acaD ±) /ci-^ = 0 . (15) 

As a solution of Eq. 15, CDes is obtained, and then CCa 

is found by substituting CDeS into Eq. 14. With respect 
to NaDeS, the intermicellar concentrations are given in 
a manner similar to that of Ca(DeS)2 .4 , 6 ) 

CDeS = -0- 'Na)(C/2r N a ) + (l/2rNa) 

x[( l -rN a)2-C*+4rN aCN a D ±T/2 

C N a = - ( l - r N a ) ( C / 2 ) - ( l / 2 ) ^ (16) 

x[( l - rN a )* .C*+4rN aCN a DJT / 2 

CNaD± = 100a+loBO™*Va-*> J 

Figures 8 and 9 show the calculated results, which are 
essentially similar in the two surfactants: namely, the 
intermicellar mean concentrations and the intermicellar 
concentrations of counterions increase, while those of the 
D e S - ion decrease monotonously. But the increment and 
the decrement of Ca (DeS) 2 with the increasing concen­
tration are smaller than those of NaDeS. 
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A Conductance Study of Alkali Metal Ion-18-Crown-6 Complexes 
in iV,iV-Dimethylformamide 
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The formation constants, A^ML+5 f° r 1 •' 1 complexes of 18-crown-6 (18G6) with alkali metal ions (Na+, K+, Rb+ , 
and Cs+) and the limiting ionic molar conductivities, A°, of the complexed cations in iV,iV-dimethylformamide have 
been determined conductometrically at 25 °C. The KUh

+ sequences of the alkali metal ions with 18C6 are K+^> 
Rb+^>Gs+^>Na+. The stabilities and selectivities on complexation are governed by the solvent medium and the 
relative sizes of the cation and the 18G6 cavity. The A° values of the 18G6 complexes with the alkali metal ions are 
all approximately equal except for Gs+, suggesting that, in the cases of Na+, K+, and Rb+ , the charge of the alkali 
metal ion trapped in the 18G6 cavity is effectively screened by 18C6, while this is not true in the case of Cs+. The 
ratio of the size of the alkali metal ion to that of the 18G6 cavity appears to be an important factor in determining 
the magnitude of A° for alkali metal ion-18G6 complexes. 

Complexation reactions of 18-crown-6 (18C6) with 
alkali metal ions in various solvents have been inves­
tigated from the thermodynamic point of view by several 
different methods, e.g. conductance,1»2) calorimetry,3»4) 
potentiometry,5»6) and spectroscopy.7»8) T h e stabilities 
and selectivities on complexation are governed by the 
solvent medium and the relative sizes of the cation and 
the 18C6 cavity. 

In the present study, the formation constants for 1 : 1 
complexes of 18C6 with alkali metal ions and the 
limiting ionic molar conductivities of the alkali metal 
ion-18C6 complexes in JV, JV-dimethylformamide (DMF) 
have been determined conductometrically at 25 °C; 
the complex-formation constants have been compared 
with those in other solvents in order to clarify the factors 
influencing the magnitude of the complex-formation 
constant ; on the basis of the data for the limiting ionic 
molar conductivities of the alkali metal ion-18C6 
complexes, the behavior of the complexes in D M F has 
been discussed. 

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

Materials. 18G6 (Nisso Co., Ltd.) was recrystallized 
from acetonitrile and, prior to use, dried at 70 °C in a vacuum 
oven. The rubidium and caesium Perchlorates were prepared 
by adding an equimolar perchloric acid solution to aqueous 
solutions of rubidium and caesium chlorides respectively. The 
lithium, sodium, and potassium Perchlorates were purchased 
commercially. All the Perchlorates were recrystallized from 
water four times and, prior to use, dried at 150 °G in a vacuum 
oven. The DMF was distilled twice under nitrogen at 
approx. 12 mmHg.t The middle 70% of the distillate was 
used. The water content of the finally purified DMF, as 
determined by Karl Fischer titration, was less than 0.01%. 
The conductivity of the final product was less than 1 X 10~7 

I Î" 1 cm-1. 
Apparatus and Procedure. The conductance measure­

ments were conducted on a Yanagimoto conductivity appa­
ratus, model MY-7, in a water bath thermostated at 25.00± 
0.01 °G. Three cells were used with cell constants of 0.05971, 
0.09393, and 0.09776 cm"1. 

The experimental procedure to obtain the formation con­
stants and the limiting ionic molar conductivities of 18G6 
complexes xwith alkali metal ions was just the same as that 
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Fig. 1. A vs. [L] t/[M] t curves for 18G6-alkali metal 
perchlorate systems in DMF at 25 °G. 
A : Li+, # : Na+, Q : K+, A : Rb+, 0= Cs+, [ M ] t = 5 x 
IO-4 M. 

described in a previous paper.2) 

R e s u l t s 

T h e molar conductivity, A, vs. [ L ] t / [ M ] t plots in 
D M F at 25 °C are given in Fig. 1, where [L] t and [ M ] t 

are the total concentrations of 18C6 and the alkali 
metal ion respectively. T h e A vs. [ L ] t / [ M ] t plots show 
a decrease in A with an increase in the 18C6 concentra­
tion, except for Li+. In the case of Li+, a very small 
increase in A is found with an increase in the 18C6 
concentration. However, since the change in A is very 
small, the conductometric determination of the complex 
formation constant is impossible. I t is assumed that 
the association between the cation and the perchlorate 
ion in D M F is negligible under these highly dilute 
experimental conditions and that , in this work, 18C6 
forms the 1 : 1 complexes with the alkali metal ions in 
D M F . Since the 18C6 concentration was kept low 
« 2 . 0 X 10~3 M ; 1 M = l mol d m - 3 ) during these exper­
iments, corrections for viscosity changes were neglected. 
T h e procedure for obtaining the complex-formation 
constant, Kuh

+, and the limiting ionic molar conduc­
tivity, A°, of the alkali metal ion-18C6 complex was just 
the same as that described in a previous paper.2) M+ 
and L denote the alkali metal ion and 18C6 respectively. 
T h e log KUL+ and the A° values of the alkali metal i on -
18C6 complexes are listed in Tables 1 and 2, together 
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TABLE 1. log (K^/mol-1 dm3) VALUES AT 25 °C AND 

CRYSTAL IONIC RADII OF ALKALI METALS ( Â ) 

Crystal ionic radius145 

AN 

PC 

H 2 0 

CH3OH 

DMF 

DMSO 

18C6 
DB18C6 

18C6 

DB18C6 
18C6 

DB18C6 

18C6 

DB18C6 

18C6 

DB18C6 

18C6 
DB18C6 

Na+ 

0.95 
4.5663 

4.8,«> 
5.00

15) 

5.016) 

5.68
2) 

5.25
5) 

5.20
6) 

0.80
3> 

0.82
17) 

l . le1 8 ) 

1.15) 

4.32
6> 

4.36
4> 

4.3.« 
4 45) 

4.5103 

2.4 

2.45) 

2.80
19) 

1.43
5> 

1.93
5) 

K+ 

1.33 
5.70

5) 

4 . 8 ^ 
4.7„«> 
4.816) 

6.24
2> 

6.32
5> 

5.13
5 ) 

2.03
3) 

2.047
17) 

2.0.« 
1.67

18) 

1.65> 
6.16> 
6.05

4) 

5.00«> 
5.0.« 
5.110> 
4.6o16:i 

4.6le:> 

4.3X 

2.86 ) 

3.2X
5) 

2.46*> 
2.520> 

Rb+ 

1.48 

3.70"> 

5.32
2> 

3.9^ 
1.56

3> 

1.08
18) 

4.23
5> 

3.98 

2.15> 

1.96> 

Cs+ 

1.69 
> 4 7 ) 

3.59
5> 

3.50
16> 

4.48
2> 

4.5,«3 

4.27 ) 

3.3X
5) 

1.03) 

0.98
17> 

0.86) 

0.83
18> 

4.62
6) 

3.55«> 

3.67 

3.97> 
1.57) 

3.07> 
1.37) 

with the literature values and the A° values of the alkali 
metal and perchlorate ions in D M F at 25 °C respectively. 

D i s c u s s i o n 

As can be seen from Table 1, in the case of each crown 
ether-solvent system, except for Na+, the more closely 
the alkali metal ion fits into the crown ether cavity 
(18C6 cavity radius: 1.3—1.6 Â9)), the more stable is 
the alkali metal ion-crown ether complex. Of all the 
alkali metal ion-18C6 complexes in the same solvent, 
the log KUL,+ value of the Na+-18C6 complex is the 
second largest for acetonitrile (AN) and propylene 
carbonate (PC) ; however, it is the smallest for H 2 0 , 
GH3OH, D M F , and D M S O . T h e log K„L+ value of 
the Na+-dibenzo-18-crown-6 (DB18C6) complex is the 
largest for AN and PC, and the second largest for H 2 0 , 
CH3OH, D M F , and D M S O . T h e difference in the 
log -KML

+ values of Na+ and K+ with 18C6 about the 
same solvent is larger for H 2 0 , C H 3 O H , D M F , and 
D M S O than for AN and PC. T h e difference in the 
logÜTML+ values of Na+ and Rb+ with DB18C6 in 
relation to the same solvent is larger for AN and PC 
than for H 2 0 , C H 3 O H , D M F , and D M S O ; the same 
tendency is observed for the Na+ and Cs+ with the 
DB18C6 system. A possible interpretation for this is 
that , in every one of these solvents, Na + is the most 
strongly solvated of all the alkali metal ions (Na+, K + , 
R b + , and Cs+), and that the differences in the free 
energies of the solvation of Na+ and K + , Na+ and R b + , 

and Na+ and Cs+ are much smaller for AN and PC than 
for the others.5) 

T h e strength of the interaction of the alkali metal ion 
with the donor oxygen atoms of the crown ether is due 
to the basicity of the donor oxygen atoms. Since the 
aromatic ether oxygen atom is less basic than the 
aliphatic one, and since DB18C6 has four aromatic 
ether oxygen atoms, the stability of the DB18C6 complex 
with the same alkali metal ion may be lower than that 
of the 18C6 complex. For the same solvent, the log Ä"ML+ 
value of the DB18C6 complex with the same alkali 
metal ion is smaller than that of the 18C6 complex 
except in the case of Na+, which is consistent with this 
expectation; however, the log KUh+ value of the Na+-
DB18C6 complex is large for AN, H 2 0 , and D M S O , 
and nearly identical for PC, C H 3 O H , and D M F , 
compared with 18C6 (Table 1). This result is unex­
pected. Because the charge density of Na + is the largest 
of all the alkali metal ions (Na+, K+, Rb+, and Cs+), 
Na+ may attract the donor oxygen atoms of the crown 
ether much more strongly than the others. Thus, when 
a complexation reaction occurs between a flexible 
crown ether and the alkali metal ion, the greatest ligand-
ring conformational change may be observed in the case 
of Na+. Consequently, since 18C6 is more flexible than 
DB18C6, the 18C6 complex with Na+ may be entropy 
destabilized much more than the DB18C6 complex, 
resulting in the small or nearly the same log Ä"ML+ value 
of the Na+-18C6 complex compared with DB18C6. 
This explanation may be supported by the following 
data . T h e values of the enthalpy (AH/kJ mol - 1 ) and 
entropy changes (A.S/J K - 1 mol - 1 ) in methanol are 
- 3 5 . 0 and - 3 4 for the Na+-18C6 system,4) —31.3 and 
- 1 8 . 8 for the Na+-DB18C6 system,10) - 5 6 . 1 3 and 
- 7 2 . 4 for the K+-18C6 system,4) and —40.1 and - 3 6 . 7 
for the K+-DB18C6 system10) respectively. The reason 
why, in each case of Na+ and K+, the —AH value of 
DB18C6 is small and the — AS value of DB18C6 is 
very small compared with 18C6 may be largely due to 
the four aromatic ether oxygen atoms and the more 
rigid structure of DB18C6 respectively. Compared to 
DB18C6, the greater stability of the K+-18C6 complex 
entirely depends on the much larger —AH value of the 
K+-18C6 complex. However, in the case of Na+, 
compared to DB18C6, the larger — AH value of 18C6 
is greatly canceled by the much more unfavorable AS 
value of 18C6, resulting in the smaller log Ä"ML+ value 
of 18C6. For H 2 0 , C H 3 O H , D M F , and D M S O , the 
logKUL+ value of Na+ with DB18C6 is the second 
largest; however, that with 18C6 is the smallest of all 
the alkali metal ions. Similarly, for AN and PC, that 
with DB18C6 is the largest; however, that with 18C6 
is the second largest (Table 1). This may indicate that , 
from DB18C6 to 18C6, the Na+ complex is much more 
entropy destabilized than the other alkali metal ion 
complexes because the structure of 18C6 is more flexible 
than that of DB18C6. 

The solvation power sequences of the solvents for the 
same alkali metal ion are as follows: 

Na+ : P C < A N < C H 3 O H < H 2 0 < D M F < D M S O , 
K+ : C H 3 O H < P C < A N < H 2 0 < D M F < D M S O , 
Rb + : C H 3 O H < P C < A N < H 2 0 < D M F < D M S O , 
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Cs+: C H 3 O H < P C < A N < H 2 0 < D M F < D M S 0 . 5 ) 

The solvation power sequences of the aprotic solvents 
for the same alkali metal ion are P C < A N < C D M F < 
DMSO,5> while, for both 18C6 and DB18C6, the 
log KHL+ value sequences of the aprotic solvents about 
the same alkali metal ion are completely the reverse 
except that, for the Cs+-DB18C6 system, the log Kuh+ 
value of AN is larger than that of PC (Table 1). For 
the aprotic solvents, between the group of PC and AN, 
and that of DMF and DMSO, there is a very great 
difference in the solvation power for the same alkali 
metal ion, and also a large difference in the log Kuh

+ 

value with regard to the same alkali metal ion in every 
system except for the Cs+-18C6 system. These results 
indicate that, for the same alkali metal ion, the solvation 
power of the aprotic solvent is a very important factor 
in determining the JfML+-value sequences of the aprotic 
solvents for both 18C6 and DB18C6. For both 18C6 
and DB18C6, the log KUh+ value of CH 3 OH about the 
same alkali metal ion gains in ranking in these solvents 
with an increase in the size of the alkali metal ion. This 
may reflect the fact that, of all the solvents, the solvation 
power of CH3OH for Na+ is the third smallest, while 
those for K+, Rb+, and Cs+ are the smallest. It is 
interesting that, although the solvation power of H 2 0 
for the same alkali metal ion is the third largest of all 
the solvents, the log ÄML+ value of H 2 0 is the smallest 
for every alkali metal ion-crown ether system (Table 1). 

TABLE 2. (^°/Q_1 cm2 mol-1) VALUES OF ALKALI METAL 

ION-18C6 COMPLEXES, ALKALI METAL IONS, AND A 

PERCHLORATE ION IN D M F AT 2 5 ° C 

Ion 

Na+ 
K+ 
Rb+ 
Cs+ 

cio4-

X°/Q-

29.79 

30.67 

32.43 

34.72 

52.83 

1 cm2 mol -1 

M+-18C6 
24 
24.6 

24.3 

23. 4 

Table 2 shows that the X° value of the alkali metal 
ion-18C6 complex is much smaller than that of the 
corresponding alkali metal ion, indicating that the alkali 
metal ion-18C6 complex is much bulkier than the 
corresponding alkali metal ion in DMF. The A° values 
of the 18C6 complexes with the alkali metal ions are 
approximately equal except for Cs+ (Table 2). From 
the data, it appears that, in the cases of Na+, K+, and 
Rb+ , the charge of the alkali metal ion trapped in the 
18C6 cavity is effectively screened by the 18C6 and 
that the 18C6 complexes with the alkali metal ions are 
nearly equal to each other in size in DMF. Since Cs+, 
whose size is larger than the cavity size of 18C6, cannot 
get into the plane of the oxygen atoms of 18C6, Cs+ 
may protrude from the plane of 18C6. Thus, the 
exposed part of Cs+ in the 18C6 complex may strongly 
interact with the DMF molecules. This may be the 
reason why the X° value of the Cs+-18C6 complex is 
smaller than those of the others. Judging from the 
above observations, the ratio of the size of the alkali 
metal ion to that of the 18C6 cavity appears to be an 
important factor in determining the magnitude of A° 

TABLE 3. STOKES' RADII, RS, AND CRYSTAL IONIC RADII, 

RE, OF ALKALI METAL ION-18C6 COMPLEXES (A) 

Cation 

Na+ 
K+ 
Rb+ 
Cs+ 

Äe/A 

4.8 
4.9 
4.9 
4.9 

DMF 
4.3 
4 .1 . 
4.23 

4.40 

AS/A 

pC2) 

3.80 

3.63 

3.65 

3.69 

for alkali metal ion-18C6 complexes. 
The crystal ionic radii, RC(ML+), of the alkali metal 

ion-18C6 complexes may be approximately evaluated 
from the crystal ionic radii, RC(M+), of the alkali 
metal ions held in the 18C6 cavity and from the 18C6 
volume, V: 

RC(ML+) = {Äc(M
+)3+3F/4?r}V3. 

V may be approximated by summing the van der Waals 
volumes of the atoms or groups forming 18C6. The 
RC(ML+) values are given in Table 3, together with the 
Stokes' radii, Ä8(ML+), of the alkali metal ion-18C6 
complexes calculated from this equation: i?s(ML+)== 
0.819/90A°, where rjQ is the viscosity of the pure solvent. 
For the same alkali metal ion-18C6 complex, the Rs 

value of DMF, whose dielectric constant (36.71 at 
25 °Cn)) is smaller than PC (64.4 at 25 °Cn ) ) , is larger 
than that of PC. The crystal ionic radii of the alkali 
metal ion-18C6 complexes are nearly equal to that of a 
tetrabutylammonium ion (4.94 Â12)) (Table 3). The 
A° values of the alkali metal ion-18C6 complexes are, 
however, smaller than that of the tetrabutylammonium 
ion (26.913)) (Table 2). This is the same tendency as 
that found in the alkali metal ion-18C6 complex-PC 
system.2) Since, in the case of the tetrabutylammonium 
ion, four butyl groups effectively shield the surface 
charge of the central nitrogen atom, while, in the case 
of the alkali metal ion-18C6 complex, solvent contacts 
with the alkali metal ion trapped in the 18C6 cavity 
are still possible in the direction perpendicular to the 
plane of 18C6, the alkali metal ion-18C6 complex 
would much more strongly undergo specific solvation 
than the tetrabutylammonium ion. This may be the 
reason why the A° value of the alkali metal ion- l8C6 
complex is smaller than that of the tetrabutylammonium 
ion for both DMF and PC. 
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Liquid Crystal Formation in Binary Systems. IV.x) Induction of Smectic 
Phases in Mixtures of iV-(p-Nitrobenzy lidene)-p-aminoazobenzene and 

Various Electron Donors of the Type ^-(p-Substituted 
Benzy lidene) -p-aminoazobenzene 
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A study of the phase diagrams of binary systems consisting of nematogenic i^-(/>-nitrobenzylidene)-/>-aminoazo-
benzene and various electron donors of the type N-(p-X-benzylidene) -p-aminoazobenzene revealed the induction of a 
smectic A phase in the cases where X = M e O , EtO, n-PrO, Me2N, and Et2N and of a smectic B phase as well in the 
cases where X = E t O and n-PrO. The extent of thermal stability enhancement of the smectic A phase is larger 
with non-nematogenic dialkylamino derivatives than with nematogenic alkoxy derivatives; this supports our 
postulate that the smectic phases are stabilized by the intermolecular interaction of the electron donor-acceptor 
type. The induction of smectic A phases was shown also in all the combinations of the p'-ethoxy derivatives, 
including the cases where X = H , Me, and Ph. 

We reported earlier that nematic and smectic liquid 
crystals can be induced by mixing the/>-dimethylamino 
and /»-nitro derivatives of iV-benzylideneaniline, which 
are both potentially mesogenic.2) T h e induction of the 
mesophases in these binary systems was attr ibuted to the 
stabilization of the parallel molecular arrangement by 
the interaction of the electron donor-acceptor type. 
In order to seek further correlation between the donor-
acceptor interaction and the formation of smectic liquid 
crystals, we have applied the phase diagram approach 
to mixtures of nematogenic N-(/>-nitrobenzylidene)-/>-
aminoazobenzene and various electron donors of the 
type iV-(/>-^-benzylidene)-/>-aminoazobenzene. T h e 
latter compounds themselves are nematogenic or non-
nematogenic depending upon the substituent X . T h e 
following substituents were selected purely from the 
standpoint of the electron-donor strength: H , Me, M e O , 
E tO , n-PrO (hereafter abbreviated P rO) , Me 2N, and 
Et2N. As the nature of each of these terminal substituents 
is so different, the influence on the thermal stability of 
mesophases of the component compounds may be quite 
variable. In addition, we worked on mixtures of the 
^'-ethoxy derivatives. 

The appearance of a smectic phase has been noted 
by several research groups with a number of binary 
systems in which either one or both of the components 
are capable of giving nematic mesophases.3-8) For 
instance, Schroeder and Schroeder have found the 
formation of a smectic phase in the system comprised 
of nematogenic 4,4'-bis(hexyloxy)azoxybenzene and 
non-nematogenic N- (/»-methoxybenzylidene) -/>-nitro-
aniline.3) Engelen et al. have examined about thirty 
combinations and concluded that mixtures of terminal 
nonpolar and terminal polar nematogens usually induce 
a smectic phase of the type A.5) While the nematogens 
with only alkyl and alkoxyl groups are considered to be 
nonpolar, the cyano and nitro derivatives are polar. 
A paper of Domon and Billard published a year later 
has referred to about ten systems which comprise two 
different nonpolar nematogens and yield smectic 
phases.') T h e donor-acceptor systems examined in our 

previous work consist of only polar components and 
markedly differ from theirs. Thus , it seems difficult 
to explain the role of terminal substituents and their 
dipole moments in the induction of smectic phases in 
binary mixtures. Recently, Sharma et al. have reported 
their work on the electron donor-acceptor complexes 
formed by two mesogenic component compounds and 
noted that the formation of smectic A phase is favored 
by such an interaction.8) Their donor compounds are 
4,4'-bis(alkylamino)biphenyls and the acceptors are 
various compounds carrying nitro, cyano, and/or 
carbonyl groups. 

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

Materials. The condensation reaction between p-X.-
substituted benzaldehyde and/»-aminoazobenzene yields N-(p-
X-benzylidene)-£-aminoazobenzene, as reported by Vorländer 
and Schuster.9) The /»'-ethoxy derivatives were similarly 
prepared. Hereafter, the component compounds are repre­
sented by their terminal substituents: that is, [X, H] in the 
first series and [X, EtO] in the second series. p-Axaino-p'-
ethoxyazobenzene needed for the latter series was prepared 
by the rearrangement of/»-ethoxydiazoaminobenzene obtained 
by the coupling of benzenediazonium chloride with p-
phenetidine.10) Binary mixtures in known proportions were 
melted in small test tubes, shaken well to ensure homogeneity, 
and then rapidly cooled. 

Measurements. The calorimetric curves were recorded 
on a Rigaku Denki differential scanning calorimeter, Model 
8001 SL/C, during the processes of heating and cooling. The 
heating rate in the present work was 5 °C min -1 . The liquid 
crystals were identified by examining their texture with the 
aid of a polarizing microscope and/or by studying the continu­
ous miscibility with a reference mesogen. 

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

The [H, H] and [Me, H]-[N02} H~\ Systems. T h e 
acceptor compound [NO a , H ] has a nematic phase stable 
between 181 and 228 °C. T h e combination with non-
mesogenic [H, H] yields no smectic phase (see Fig. l a ) . 
A eutectic point is located at 122.5 °C and 14.5 mo l% of 
[ N 0 2 , H ] and a peritectic point at 161 °G and 81 mo l%. 
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Fig. 1. Phase diagrams of (a) the iV-benzylidene-/>-
aminoazobenzene-iV- (/?-nitrobenzylidene) -/>-aminoazo-
benzene, (b) iV-(/?-methylbenzylidene)-/?-aminoazoben-
zene-iV- (/>-nitrobenzylidene) -/>-aminoazobenzene, (c) 
N- (p- methoxybenzylidene) -p- aminoazobenzene - N- (p-
nitrobenzylidene)-/>-aminoazobenzene, and (d) N-(p-
ethoxy benzylidene) -/>-aminoazobenzene-iV- (/>-nitroben-
zylidene)-/>-aminoazobenzene systems. The open 
and shaded circles are transitions observed in the 
processes of heating and cooling respectively. 

T h e nematic liquid crystal-isotropic liquid (N-I) 
transition curve is met by the freezing point curve at 
150 °C and 56.5 mo l%. T h e extrapolation of the N-I 
transition curve, which is almost straight, to 0 mo l% 
of the acceptor indicates tha t [H, H ] has a latent N-I 
transition temperature around 50 °C. This temperature 
is far below its melting point, 131 °C.9) 

T h e compound [Me, H] exhibits a nematic phase 
stable between 118.5 and 120.5 °C. This temperature 
range is so narrow tha t the N-I transition is not detect­
able on the calorimetric curve recorded in the process 
of heat ing; however, the transition is well established 
in the process of cooling because of the delayed solidifica­
tion. T h e N-I transition curve in the [Me, H ] - [ N 0 2 , H] 
system is slightly convex upwards (see Fig. l b ) . A 
eutectic point is found at 114.5 °C and 10 m o l % of 
[ N 0 2 , H ] . As the phase change at the former tempera­
ture is detected only below 50 mol%, the solid molecular 
compound melting incongruently at 156 °C may be of a 
1 : 1 mole ratio. No smectic phase is induced in this 
system. 

The [MeO, H], [EtO, H], and [PrO, H]-[N02, H] 
Systems. The donor [MeO, H] is nematogenic.9) 

T h e liquid crystal is stable between 147.5 and 185.5 °C. 
T h e system [MeO, H ] - [ N 0 2 , H] gives a eutectic point 
located at 130 °C and 52 mol% of the acceptor. The 
N-I transition curve is convex upwards but only slightly. 
A smectic liquid crystal of the type A is induced and the 
maximum temperature of 154.5 °C is at 50 mol % 
(see Fig. lc ) . The smectic liquid crystal-nematic liquid 
crystal (S-N) transition curve intersects the freezing 
point curve of the donor component at 137.5 °C and 
27 mo l% and that of the acceptor component at 150 °C 
and 65 mol%. T h e extrapolation of the S-N transition 
curve to 0 mo l% gives a latent SA-N transition tempera­
ture of donor at about 90 °C, while the extrapolation 
to 100 mol % yields a temperature of about 100 °C. 
Thus, the smectic phase is stabilized as much as 60 °C 
by the interaction between these two mesogens. 

T h e nematic phase of [EtO, H ] covers the tempera­
ture range from 128 to 199 °C. The system with [ N 0 2 , 
H ] shows a eutectic point at 95 °C and 36 mol% of 
[ N 0 2 , H ] and a peritectic point at 100 °C and 47 mol% 
(see Fig. Id) . There seems to be a solid molecular 
compound at 50 mo l% with an incongruent melting 
point. Not only a smectic A phase but also a smectic B 
phase can be observed in this system. The maximum 
temperature of the former phase is about 167 °C and of 
the latter about 130 °C. The extrapolation of each 
transition curve to 0 mo l% suggests that the donor has 
latent SA-N and SB-SA transition temperatures at 
about 95 and 90 °C respectively. The existence of these 
two transitions has been confirmed by a study of the 
phase diagram of the system [EtO, H ] - [ N o O , H ] , N-
Qö-nonyloxybenzylidene) -jö-aminoazobenzene. The 
reference compound gives a smectic B phase stable 
between 109.5 and 126 °C and a smectic A phase stable 
between 126 and 156 °C, in agreement with the data 
reported by Demus and Sackmann.11) The freezing 
point curve of [EtO, H] is met by the SA-N transition 
curve at 114 °C and 31 m o l % of [NoO, H ] and by the 
SB-SA transition curve at 105 °C and 44 mol % (see 
Fig. 2a) . While the SA-N transition curve above 31 
mol% is convex upwards, the curve below this composi­
tion appears concave upwards. The extrapolation yields 
the latent transition temperatures of 95 and 89 °C which 
agree well with those suggested above. The latent 
SB-SA transition expected to be around 95 °C for 
[ N 0 2 , H ] is also supported by the phase diagram of the 
system with the same reference mesogen (see Fig. 2b). 
Here , the SA-N transition curve is markedly convex 
upwards, as has been noted with the shorter alkoxy 
derivatives (see Figs, lc and Id) . Passing the maximum 
at 177 °C and 60 mol % of [NoO, H ] , the transition 
curve is met by the freezing point curve of [ N 0 2 , H] 
at 157.5 °C and 3 7 m o l % . In contrast to the SA-N 
transition curve, the curve separating the smectic A 
and B phases is slightly concave upwards. The inter­
section with the freezing point curve is found at 112 °C 
and 58 mol%. Consequently, the extents of stabilization 
of the smectic A and B phases in the [EtO, H ] - [ N 0 2 , H] 
system are estimated to be about 70 and 38 °C respec­
tively. 

Wi th the [MeO, H ] - [ E t O , H ] system, we have 
confirmed the ideal linear relationship of N-I transition 
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Fig. 2. Phase diagrams of (a) the iV-(/>-ethoxybenzyl-
idene) -/>-aminoazobenzene-iV- (/>-nony loxy benzy lidene)-
/»-aminoazobenzene, (b) iV-(/>-nitrobenzylidene)-/>-ami-
noazobenzene- JV- (/»-nonyloxybenzylidene) -/»-aminoazo-
benzene, and (c)JV-(/>-propoxybenzylidene)-p-ami-
noazobenzene-N- (/»-nitrobenzylidene) -/»-aminoazoben-
zene systems and (d) the system consisting of N-(p-
phenylbenzylidene)-/>-(ethoxycarbonyl) aniline and the 
6 : 4 mixture of iV-(/?-propoxybenzylidene)-/>-amino-
azobenzene and JV-(/>-nitrobenzylidene)-/&-aminoazo-
benzene. As to the open and shaded circles, see the 
caption of Fig. 1. 

temperatures in the absence of a particular interaction. 
The single eutectic point is located at 115 °G and 56 
mol% of [EtO, H ] . It is ra ther surprising to see that 
solid [EtO, H ] can dissolve [MeO, H] up to 30 mol%. 
O n the other hand, the solubility of [EtO, H] into solid 
[MeO, H] is less than 10 mol%. 

The nematic phase of [PrO, H ] makes an appearance 
at 125 °C and is stable up to 178 °C. This donor has 
metastable smectic A and B phases: that is, the super­
cooled nematic phase is transformed into a smectic A 
phase at 117 °C and then into a smectic B phase at 
99 °G. When mixed with [ N 0 2 , H ] , a eutectic point 
appears at 83 °C and 44 mol% of the acceptor (see 
Fig. 2c). T h e smectic A phase has a region of existence 
from 4 to 65 mol% and the smectic B phase from 15 to 
5 0 m o l % . T h e upper temperature limit of the former 
mesophase is located at about 170 °C, which is higher 
by 62 °G than the straight line joining the SA-N transi­
tion temperatures of the components. When the 
composition is lower than 30 mol%, the SA-N transition 

temperatures recorded in the process of heating were 
found to deviate significantly from those recorded in the 
process of cooling. The curve was drawn on the basis 
of the latter points which are in conformity with the 
transition temperature of pure [PrO, H ] . In contrast 
to the smectic A phase, the maximum deviation from 
the ideal linear relationship in the smectic B phase 
apparently occurs at a composition far from a 1 : 1 
mole ratio. This phase at 30 m o l % is stabilized by 
about 28 °G. 

The induced smectic A and B phases could be 
identified by their characteristic fan-shaped texture. 
In addition, the classification has been confirmed by the 
selective miscibility with the smectic A phase of N-
(/>-phenylbenzylidene) -p- (ethoxycarbonyl) aniline (Ph, 

/ÖV~<fÖVcH=N-/oVc02Et 
G 0 2 E t ) which is stable between 121.6 and 131 °C.12> 
Fig. 2d presents the diagram of the pseudo-binary system 
consisting of a mixture of [PrO, H ] and [ N 0 2 , H ] at 
40 m o l % and the reference compound. T h e diagram is 
of the eutectic type. T h e N-I transition curve is slightly 
convex upwards and the nematic phase is not observable 
above 70 mol % of (Ph, C 0 2 E t ) . Doubtlessly the 
mesophases induced in the mixture at high temperatures 
form an uninterrupted series of mixed crystals with 
the smectic A phase of the reference compound. Another 
smectic phase appearing enantiotropically in the 
mixtures at lower temperatures is identical with the 
metastable smectic phase of (Ph, C 0 2 E t ) . T h e latter 
was classified into type B on the basis of its miscibility 
behavior with [NoO, H ] . 

T h e smectic B phase could be found also in the 
system comprising a 1 : 1 mixture of [MeO, H ] and 
[ N 0 2 , H ] and the reference mesogen. T h e phase is 
stable in the composition range from 5 to 68 mo l% of 
(Ph, G 0 2 E t ) . T h e extrapolation of the transition curve 
to 0 m o l % gives a temperature only a few degrees below 
the eutectic temperature of the [MeO, H ] - [ N 0 2 , H ] 
system. 

The [Me2N, H] and [Et2N, H]-[N02, H] Systems. 
T h e donor [Me2N, H ] is non-mesogenic. A eutectic 
point is located at 142 °C and 75.5 m o l % of [ N 0 2 , H ] . 
A peritectic point appears at 146 °C and 59 m o l % 
because of the formation of an incongruently-melting 
molecular compound, possibly of a 1 : 1 mole ratio. 
T h e mixtures give rise to a smectic A phase, as is shown 
in Fig. 3a. T h e induced S A - N transition curve is met 
by the freezing point curve of the donor component 
at 152 °C and 48 mol % and by that of the acceptor 
component at 166 °G and 87 mol%. T h e maximum 
may be located around 190 °C in the composition 
range between 60 and 70 mo l%. T h e steep slope on 
the donor-rich side suggests that the latent SA-N transi­
tion temperature of [Me2N, H ] is very low. This may 
be the reason why the maximum of the transition curve 
is found at an acceptor-rich composition. As this 
temperature is higher by 90 °C than the estimated SA-N 
transition temperature of [ N 0 2 , H ] , the extent of the 
stabilization of the smectic phase certainly exceeds 
100 °C. 

Replacement of a dimethylamino group by a diethyl-
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amino group in the donor compound seems to lower 
markedly the latent N-I transition temperature. As is 
shown in Fig. 3b, the N-I transitions lie on an approxi­
mately straight line in the diagram. T h e extrapolation 
to 0 m o l % of [ N 0 2 , H ] yields - 1 2 °C. The line 
intersects the induced SA-N transition curve at 167 °G 
and 72 mol%. The maximum temperature of the 
smectic A phase is found at 168 °C near 75 mol%. T h e 
extent of induction is at least 90 °C, because the latent 
SA-N transition of [Et2N, H ] is expected to be lower 
than the latent N-I transition. I t must be noted that 
the smectic A phase induced over the range of composi­
tion below 72 mo l% is thermally more stable than the 
nematic phase. At 83 mo l% and 164.5 °C, the SA-N 
transition curve is met by the freezing point curve of 
the acceptor. 

In summary, the maximum temperature of the 
induced smectic A phase in the present series decreases 
in the following order: [Me2N, H ] > [ P r O , H ] > [ E t O , 
H ] - [Et2N, H ] > [ M e O , H ] . Even though these results 
arise from the complex interplay of different molecular 
parameters determining the thermal stability of smectic 
phases, the extents of the stability enhancement with 
more electron-donating dialkylamino derivatives are 
clearly larger than those with less electron-donating 
alkoxy derivatives, 60—70 °C, supporting our postulate 
tha t the ordered arrangement of molecules characteristic 
of smectic phases can be achieved by the interaction 
of the electron donor-acceptor type. In the latter 
derivatives, the sequence of the extents is [EtO, H] 
> [ P r O , H ] ^ [ M e O , H ] . I t must be emphasized that 
the maximum deviation of the nematic phases from 
the ideal linear relationship is merely several degrees 
in the above-mentioned systems. Moreover, the induc­
tion of the smectic A phases is about twice as large as 
that of the smectic B phases when observable. As no 
smectic phase could be found in the [H, H ] and 
[Me, H ] - [ N 0 2 , H] systems, we decided to take up the 
second series, mixtures of the/>'-ethoxy derivatives. The 
unsubstituted compound [H, E tO] is an isomer of 
[EtO, H ] and has been found to be nematogenic by the 
work of Vorländer.10) 

The [H, EtO] and [Me, EtO]-[N02, EtO] Systems. 
T h e compound [H, E tO] melts at 136 °C and has an 
enantiotropic nematic range up to 204 °C. T h e range 
is shifted upwards by several degrees compared with 
tha t of the isomeric [EtO, H ] . When this donor is mixed 
with nematogenic [ N 0 2 , E t O ] , a smectic A phase is 
produced in the composition range from 50 to 88 mol% 
of the acceptor (see Fig. 4a) . At the latter composition, 
the induced SA-N transition curve intersects the freezing 
point curve of the acceptor. T h e extrapolation of this 
transition curve to 100 mo l% suggests that the acceptor 
has the latent transition temperature at about 155 °C. 
The smectic phase shows the maximum temperature 
of about 178 °C at 75 mol%. I t must be added that 
the latent SA-N transition temperature of pure [H, E tO] 
is apparently much lower than that of [EtO, H ] , which 
is located at 95 °C. This combination produces a 
congruently melting molecular compound, presumably 
at 33 mol%. Eutectic points are located at 118 °C and 
22.5 mo l% and at 127 °C and 47 mol%. The acceptor 
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Fig. 3. Phase diagrams of (a) the iV-[/>-(dimethylamino)-
benzylidene] - /?-aminoazobenzene-i^ - (p - nitrobenzyl-
idene)-/>-aminoazobenzene and (b) JV-[/>-(diethylami-
no) benzylidene] -/>-aminoazobenzene-iV- (/>-nitrobenzyl-
idene)-/>-aminoazobenzene systems. As to the open 
and shaded circles, see the caption of Fig. 1. 
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Fig. 4. Phase diagrams of (a) the iV-benzylidene-/?-
amino-//-ethoxyazobenzene-iV- (/>-nitrobenzylidene) -p-
amino-//-ethoxyazobenzene, (b) iV-(/>-methylbenzyl-
idene) -/>-amino-//-ethoxyazobenzene-iV- (p -nitrobenzyl-
idene)-/>-amino-//-ethoxyazobenzene, (c) iV-(/?-ethoxy-
benzylidene) -/>-amino-/?'-ethoxyazobenzene-iV- (/>-nitro-
benzylidene)-/>-amino-/>'-ethoxyazobenzene, and (d) N-
[p- (dimethylamino) benzylidene] -/>-amino-//-ethoxyazo-
benzene-j\r- (/>-nitrobenzylidene) -p-amino-p' -ethoxyazo-
benzene systems. As to the open and shaded circles, 
see the caption of Fig. 1. 

compound [ N 0 2 , E tO] is transformed from a solid 
to a nematic liquid crystal at 177.5 °C. 

T h e compound [Me, E tO] is nematogenic and melts 
at 154 °C. The mixtures with [ N 0 2 , E tO] in the 
composition range from 55 to 90 mol% of [ N 0 2 , EtO] 
yield a smectic A phase (see Fig. 4b) . The maximum 
temperature of 188 °C is found at 70 mol%. The 
molecular compound formed in this system has a 1 : 2 
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mole ratio and melts congruently at 164 °G. Eutectic 
points are located at 145 °C and 18 m o l % and at 
1 5 8 ° C a n d 7 4 m o l % . 

The [MeO, EtO], [EtO, EtO], and [PrO, EtO]-[N02, 
EtO] Systems. All the donor compounds are 
nematogenic. The donor [MeO, E tO] melts at 161 °C. 
When mixed with [ N 0 2 , E t O ] , a smectic A phase is 
induced in the composition range from 55 to 88 mol%. 
T h e SA-N transition curve has a maximum at 192 °C 
and 73 mol% and is met at 88 mo l% by the freezing 
point curve of the acceptor. As the donor molecule 
has electron donating groups at the p and p' positions, 
the molecular complex formed in the smectic phase may 
be, at least, partly of a 1 : 2 mole ratio. A solid molecular 
compound is found at a 1 : 2 mole ratio and is stable 
up to its melting point, 164 °C. A eutectic point on the 
donor-rich side is located at 161 °C and about 48 m o l % ; 
therefore, the freezing point curve below this point is 
flat. Another eutectic point is found at 158 °C and 
7 4 m o l % . 

The phase diagram of the [EtO, E t O ] - [ N 0 2 , E tO] 
system is presented in Fig. 4c. The donor compound 
has a nematic phase stable above 186 °C. The smectic 
mesophase appears in the range from 50 to 93 m o l % 
of the acceptor. The upper temperature limit of the 
mixture's smectic range is found at 211.5 °C and 68 
mol%. The equimolar solid molecular compound 
formed by the present combination melts at 170 °C. 
Eutectic points are located at 168 °C and 32 m o l % 
and at 159 °C and 67 mol%. 

T h e diagram of the [PrO, E t O ] - [ N O a , E tO] system 
bears a similarity to the afore-mentioned one. The 
nematogenic [PrO, EtO] melts at 167 °C. T h e induced 
smectic A mesophase can be seen in the composition 
range from 45 to 90 mol%. T h e maximum in smectic 
phase stability occurs at 226 °C and 65 mol%. T h e 
intersection between the SA-N transition curve and the 
freezing point curve on the acceptor-rich side may be at 
176 °C and 93 mol%. T h e 1 : 1 molecular compound 
melts at 165°C. As this melting point and the eutectic 
temperature are not distinguishable from each other, 
the latter location could not be determined. Another 
eutectic point is at 150 °C and 67 mol%. 

The [Me2N, EtO], [Et2N, EtO], and [Ph, EtO]-[N02, 
EtO] Systems. Contrary to [Me2N, H ] , the donor 
[Me2N, EtO] gives a stable nematic liquid crystal above 
193 °G. As is shown in Fig. 4d, a smectic A phase is 
induced in the mixtures with [ N 0 2 , E t O ] . T h e 
maximum for the SA-N transition is located at about 
216 °C and 75 mol%. This combination yields a 1 : 2 
molecular compound with a congruent melting point 
of 177.5 °C. Two eutectic points are at 168 °C and 
35 mol% and at 165 °C and 82 mo l%. 

The compound [Et2N, EtO] has a nematic range 
from 159.5 to 198.5 °C. T h e reduction of the enan-
tiotropic N-I transition temperature by replacement 
of a dimethylamino group with a diethylamino group 
is in accordance with the trend suggested for the latent 
N-I transitions in [Me2N, H] and [Et2N, H ] . T h e 
induced smectic A phase in the system with [ N 0 2 , E tO] 
covers a wide composition range. One end of the SA-N 
transition curve is the intersection with the freezing 

point curve of the donor located at 144 °C and 29 mo l% 
and the other is the intersection with the freezing point 
curve of the acceptor, possibly around 98 mo l%. T h e 
maximum temperature of 239 °C is found at about 77 
mol%. T h e solid 1 : 2 molecular compound in this 
system is of lower stability and ceases to exist stably 
at 146 °C, producing a peritectic point at 64 mol%. 
T h e eutectic is at 138.5 °C and 34 mo l%. 

In addition to the above-mentioned systems, the 
phase diagram has been prepared for the combination 
of [Ph, E tO] and [ N 0 2 , E t O ] . T h e donor [Ph, E tO] 
is transformed from a solid to a nematic liquid crystal 
at 199 °C. T h e diagram has a eutectic point at 159 °C 
and 64 mo l%. In this system too, only a smectic A 
phase is induced. T h e SA-N transition curve recorded 
in the range from 30 to 90 m o l % reaches its maximum 
at 234 °C and 54 mol%. T h e smooth extrapolation to 
0 m o l % suggests that the donor has the latent transition 
a little below 150 °C. T h e extent of induction may be 
about 90 °C. 

As described above, the smectic A phases induced in 
the second series are found to exhibit maxima beyond 
5 0 m o l % of [ N 0 2 , E t O ] . Except for the last donor, 
the latent SA-N transition temperatures are expected 
to be considerably lower than tha t of the acceptor. 
T h e large mole percentages at the upper temperature 
limits may be ascribed to the low latent transition 
temperatures of the donor compounds and also to the 
formation of 1 : 2 molecular complexes. T h e observed 
upper temperature limits of the induced mesophases 
give the following sequence of the donors : 

[Et2N, EtO]>[Ph, EtO]>[PrO, EtO]>[Me2N, E t O ] > 

[EtO, EtO]>[MeO, EtO]>[Me, E tO]>[H, EtO]. 

T h e extent of induction may be concluded to be less 
only when both the temperature limit and the composi­
tion are lower. Judging by such a condition, the 
donors may be partially arranged in order of their 
decreasing ability of inducing a smectic A phase: 
namely, 

[Me2N, EtO]>[MeO, EtO]>[Me, EtO], 

[Et2N, EtO]>[PrO, EtO], 

[Me2N, EtO]>[EtO, EtO], and 

[Me2N, E tO]>[H, EtO]. 

A plausible explanation for these features is that the 
stabilization is provided by the intermole cular electron 
donor-acceptor interaction. 

No smectic B phase could be observed in the second 
series. As the molecular compounds found in this 
series are more stable than those in the first series, the 
freezing point may be too high to allow the observation 
of the SB-SA transition. This assumption has been 
supported by a study on the system consisting of a 3 : 7 
mixture of [Me, E tO] and [NO a , E tO] and the reference 
compound [NoO, H ] . T h e composition of the mixture 
has been chosen to correspond to the upper temperature 
limit of the induced smectic A phase (see Fig. 4b). T h e 
diagram shown in Fig. 5 strongly suggests that the 
mixture has a latent SB-SA transition located around 
120 °C, which is not very different from the transitions 
exhibited by mixtures of [EtO, H ] and [ N 0 2 , H ] . T h e 
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Fig. 5. Phase diagram of the system consisting of N-{p-
nonyloxybenzylidene)-/>-aminoazobenzene and the 3 : 7 
mixture of iV-(/>-methylbenzylidene)-/?-amino-/>'-ethoxy-
azobenzene and N- (/»-nitrobenzylidene) -/>-amino-/>'-
ethoxyazobenzene. As to the open and shaded circles, 
see the caption of Fig. 1. 

SA-N transition curve is appreciably convex upwards 
and the maximum is located at about 25 m o l % of 
[NoO, H ] . These results imply that [NoO, H] is a better 
electron donor than [Me, E tO] is. 

T h e present work was partly supported by a Grant-
in-Aid for Scientific Research No. 543001 from the 
Ministry of Education, Science and Culture. 
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The Temperature Dependence of the Localization and Scavenging of 
Electrons in a Glassy 2-Methyltetrahydrofuran Matrix 
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Faculty of Engineering, Hokkaido University, Kita-ku, Sapporo 060 
(Received February 21, 1981) 

The nature and behavior of localized electrons in a y-irradiated 2-methyltetrahydrofuran matrix were studied 
at 4 and 77 K by optical absorption measurements. Electrons localized in shallow traps generated at 4 K in a 
neat matrix showed one broad peak with e ^ of 1.2 X 104 mol - 1 dm3 cm - 1 at 1490 run. The yield was 1.9 (for 100 
eV energy absorbed). This yield is less than the yield of electrons localized in deep traps at 77 K, 2.6. With an 
increasing concentration of biphenyl added to the matrix, the localized electrons were completely transformed 
into biphenyl anions. The scavenging efficiency was twice as high at 4 K as at 77 K. These results indicated that 
the electron scavenging took place by tunneling of the once localized electrons. 

Glassy 2-methyltetrahydrofuran ( M T H F ) is a rigid 
organic matrix in which the nature and behavior of 
radiation-generated localized electrons at 77 K have 
been extensively studied by means of optical absorption 
and electron spin resonance (ESR) measurements.1) 
The temperature dependence of an electron scavenging 
reaction in this glassy matrix was first studied by 
Higashimura and two of the present authors (M. O . 
and H. Y.). They used the 4 K y-irradiation technique 
combined with the ESR method. From the observed 
temperature dependence it was inferred that the 
scavenging efficiency of biphenyl was higher by about 
a factor of four at 4 K than at 77 K. This was at tr ibuted 
to a temperature-dependent competition among localiza­
tion, charge recombination, and scavenging of 
electrons.2) In this early study, however, the ESR 
measurements were made after warming of the samples 
to 77 K, so that ambiguity caused by the effect of 
warming could not be avoided. Hase et al. have tried 
to study the relaxation of electrons localized in the 
M T H F matrix by a 4 K irradiation-optical absorption 
method, but the spectrum of localized electrons obtained 
prior to their relaxation was not clear enough, mainly 
because of the efficient electron-scavenging at 4 K by 
impurities contained in the sample.3) Hager and 
Willard have studied the relaxation of localized electrons 
in this matrix by generating them photolytically in the 
temperature range 10—97 K.4) 

Owing to the recent progress in pulse radiolysis 
studies at low temperatures, electron tunneling from 
localized states to scavenger molecules has become the 
prevailing interpretation of the mechanism for electron 
scavenging reactions in rigid matrices.5) In this respect, 
we thought it was necessary to re-examine the tempera­
ture dependence of the electron scavenging in the 
M T H F matrix in a more quantitative way and also to 
examine the absorption spectrum of the localized 
electrons before their relaxation. 

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

MTHF was washed with an aqueous NaOH solution, 
distilled over Na metal, and dried with a Na-K alloy. Solu­
tions of zone-refined biphenyl in MTHF were degassed with 
freeze-pump-thaw cycles, sealed in Suprasil quartz cells (0,2 
cm optical path) under a vacuum of 10~6 Torr,t frozen in 

t 1 Torr«* 133. 322 Pa. 

liquid nitrogen into the glassy state, and transferred into a 
liquid helium cryostat. In order to avoid breakage of the 
cells in liquid helium, the glass in the cells was usually made 
moderately cracked by introducing a tiny piece of quartz. 

The samples were irradiated with 60Co y-rays at a dose rate 
of 6.24 X 1018 eV g"1 h"1 at 77 K (in the cryostat filled with 
liquid nitrogen) or at 4 K, and subjected to optical absorption 
measurements at the irradiation temperatures with a Shimadzu 
MPS-5000 spectrophotometer. Post-irradiation annealing of 
the samples irradiated at 4 K was carried out by transferring 
them into liquid nitrogen, keeping them there for ten minutes, 
and transferring them back into the liquid helium cryostat 
again. All measurements and the handling of the samples 
were carried out in complete darkness. The absorption 
spectra were corrected for the background absorption recorded 
before the irradiation. 

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

Spectra of Localized Electrons. The absorption 
spectrum due to localized electrons in neat M T H F 
irradiated at 4 K initially showed a broad single peak 
at 1490 n m and a long absorption tail to the high energy 
side as shown in Fig. 1. Annealing at 77 K changed the 
spectral shape; it became red-shifted and double-
peaked at 1150 and 1300 nm. Such a spectral change 
has been observed previously and was at tr ibuted to the 
rearrangement of M T H F molecules around electron 

x/nm 
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I | IMI I I I I I 1 1 1 1 1 1 1 
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Fig. 1. Absorption spectra obtained from y-irradiated 
MTHF at 4 K (A) in the absence and (C) presence of 
biphenyl. The spectrum B was obtained from y-
irradiated neat MTHF at 4 K after annealing the 
sample at 77 K for 10 min. 
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traps.3-4 '6) T h e possibility tha t the spectral change is 
due to a redistribution of the electrons into deeper 
traps, as is the case for aqueous glasses7) and (partly) 
for alcoholic glasses,8) cannot yet be discarded however. 
Irrespective of the mechanism responsible for the 
spectral change, the localization of the electrons becomes 
deeper when the samples are annealed at 77 K. T h e 
spectral shape after the annealing is almost the same as 
that recorded from M T H F irradiated at 77 K. 

T h e intensity increase at the absorption maximum 
during annealing seems to be complemented by a 
disappearance of the low-energy part of the absorption 
and an intensity decrease of the high-energy absorption 
tail. This kind of spectral change is theoretically 
expected from an effective deepening of electron traps 
on the basis of the cavity model.9) Assuming no loss of 
electrons during annealing, the molar absorptivity at 
the absorption maximum, em a x , of the electrons localized 
in shallow traps at 4 K is calculated to be 1.2 x l O 4 

m o l - 1 dm 3 c m - 1 at 1490 nm, based on the reported e m a x 

value, 1.9 X 104 m o l - 1 dm 3 c m - 1 for the electrons 
localized in deep traps generated at 77 K.10) It turns 
out that the yield (for 100 eV energy absorbed, G-value) 
of the localized electrons at 4 K is 1.9, which is signifi­
cantly lower than the G-value at 77 K, 2.6.n> This 
result is consistent with the previous finding2) that the 
G-value at 4 K is 7 5 % of that at 77 K in M T H F and 
is similar to the temperature-dependence of the G-values 
observed in glassy alkanes by steady-state measure­
ments.12) Klassen et a/.,13) however, have claimed, based 
on their pulse radiolysis study, that the apparent 
difference in the G-value is due to rapid decay of a 
fraction of localized electrons immediately after their 
formation. This is more significant at 4 K than at 77 K. 

In the presence of a small amount of biphenyl in 
M T H F , the optical absorption signal recorded after 
the irradiation at 4 K is comprised of the spectrum 
due to localized electrons and that due to biphenyl 
molecular anions as is shown in Fig. 1C. Although the 
high-energy absorption tail of the electron spectrum 
could not be examined in detail because it was over­
lapped by the anion spectrum peaks at 395, 408, and 
650 nm, the low-energy side of the electron spectrum 
is efficiently depleted. This depletion can probably be 
attr ibuted to the selective scavenging by biphenyl of 
the localized electrons. In contrast, the electron spec­
t rum at 77 K is depleted homogeneously by the addition 
of biphenyl. T h e heterogeneous depletion of electron 
spectra at 4 K has also been demonstrated for glassy 
ethanol.14 '15) 

Electron Scavenging of Biphenyl. The yields of 
localized electrons and biphenyl anions were determined 
for 4 K and 77 K-irradiations as a function of the 
biphenyl concentration by graphically decomposing the 
recorded absorption curves into their component 
spectra. They are shown in Fig. 2. The electron yield 
at 77 K was determined from the absorption peak height 
at 1150 nm, while tha t at 4 K was estimated from the 
spectral intensity integrated down to 400 nm (below 
this wavelength, free radicals from M T H F contribute 
to the optical absorption16)) to minimize the effect of 
the heterogeneous spectral depletion. T h e anion yield 

nit I —I—-n — • - — I—I 
u 0 OÎ 0 2 ^ 03 
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Fig. 2. Effect of biphenyl concentration on the yield 
of the localized electron, e^oe,

 a n d biphenyl anion, <j>ï, 
in y-irradiated MTHF at 4 and 77 K. 

at 4 and 77 K was determined by using the emax at 
408 nm measured at 77 K, 3.9 X 104 mol" 1 dm 3 cm-1 , 
reported by Shida,10) as the present study has shown 
emax t o be independent of the temperature. 

T h e plateau value of the anion yield at 77 K for 
high biphenyl concentrations agrees with the electron 
yield in the absence of the scavenger at the same tem­
perature. The plateau value at 4 K is 1.7, which 
appears to be a little lower than the initial electron 
yield of 1.9. However, this small difference may be the 
result of the uncertainty in the e m a x value for the localized 
electrons at 4 K. If one assumes a partial disappearance 
of 10% of the localized electrons in the M T H F during 
annealing, then the e m a x value will be l . l x l 0 4 m o l - 1 

dm 3 c m - 1 instead of 1.2 X 104 m o l - 1 dm 3 cm - 1 , and 
agreement at 4 K will be attained between the yields 
of the localized electrons and the anions. Within the 
uncertainty of the present experiments, it can be 
concluded that the yield of scavengeable electrons is 
equal to the yield of stably localized electrons in the 
absence of the scavenger. The yield of such electrons 
is appreciably lower at 4 K than at 77 K. 

Figure 2 also indicates the temperature dependence 
of the electron scavenging efficiency. The efficiency 
can be estimated from the reciprocal of that biphenyl 
concentration at which the electron yield is halved or 
from that where the anion yield is half of its plateau 
value. Biphenyl is about twice as efficient at 4 K as at 
77 K in scavenging electrons. This temperature depend­
ence is less significant but qualitatively consistent with 
the previous result obtained by ESR for the biphenyl-
M T H F system.2) When the concentration of added 
biphenyl exceeded 1 mol%, the G-value of the anion 
was found to decrease slowly at both 4 and 77 K. The 
reason for this is probably complicated. 

Localization and Tunneling of Electrons. T h e 
temperature dependence of the electron yield combined 
with the complete conversion into biphenyl anions at a 
high enough biphenyl concentration naturally leads 
to the conclusion that at first the electrons are localized 
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in traps in the matr ix; subsequently they are transferred 
to the scavenger molecules. If one assumes that the 
electrons are scavenged before localization, the observed 
temperature dependence of the electron yield can only 
be interpreted by the ra ther improbable hypothesis 
that the G-value of ionization is lower at 4 K than at 
77 K, i.e., tha t the W-value in the M T H F matrix is 
dependent on temperature. Otherwise, the plateau 
G-value of the anion should have been independent of 
temperature, as the electrons must be scavenged 
completely by biphenyl at sufficiently high concen­
trations. 

The low G-value of localized electrons at 4 K is 
interpreted as a competition between electron localiza­
tion and charge recombination. The former process 
will become less dominating at a lower temperature 
because of weaker interactions between the excess 
electron and the motions of the matrix molecules, so 
that the electron has a greater chance of encountering 
positive ions as its migration pa th is longer before being 
localized. An alternative interpretation is that a large 
fraction of the localized electrons have disappeared at 
low temperature before the steady-state measurements 
took place. This is the result of charge recombination 
by electron tunneling which competes with the slow 
relaxation of the localized electrons. This interpretation, 
however, seems unlikely as it predicts that the G-value 
of scavengeable electrons (the plateau G-value of the 
anions) is independent of temperature . 

The transfer of the localized electrons to scavenger 
molecules has generally been explained by a tunneling 
mechanism.5) T h e observed dependence of the electron 
and anion yields on the scavenger concentration is 
replotted in Fig. 3 ; this shows the survival probability 
of the localized electrons to decrease exponentially, 
consistent with the tunneling mechanism. The tunnel­
ing transfer of electrons in the M T H F matrix is also 
suggested by the previous observation that the rate of 
decay of the localized electrons by charge recombina­
tion deviates from an Arrhenius-type dependence in the 
low temperature region and is almost independent of 
temperature below 77 K.17> 

The slopes of the straight lines in Fig. 3 again indicate 
that the efficiency of scavenging of the localized elec­
trons is about twice as high at 4 K as at 77 K. This 
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Fig. 3. Survival probability of the localized electron as a 

function of biphenyl concentration at 4 and 77 K. 

temperature dependence can be understood qualitatively 
by taking into account that the height of the potential 
barrier to tunnel through is effectively lower for the 
electrons localized in shallow traps at 4 K than the ones 
in deep traps at 77 K. Unfortunately direct calculation 
of the tunneling probability is difficult or even impossible 
for the present case. The discrete electron energy 
pectrum of the chemical product of the scavenging 
reaction is unknown, so that the energy difference 
between electron-donating levels and electron-accepting 
levels can not be properly expressed in the calculation 
of the tunneling probability. Efficient scavenging of 
electrons localized in shallow traps has been reported 
also in glassy ethanol by using benzyl chloride14) and 
toluene15) as scavengers. 

A part of this work was carried out in the Research 
Reactor Institute, Kyoto University. T h e authors wish 
to thanks Prof. Takenobu Higashimura for giving 
opportunity to use the experimental facilities. 
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Adsorption Behavior of N-Containing Heterocycles at 
a Mercury/Water Interface 
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Adsorption behavior of 1-methylimidazole and 1-methylbenzimidazole at a mercury/water interface were 
investigated by electrocapillary measurement. These heterocycles showed a horizontal orientation at lower 
surface excesses, but at higher surface excesses a vertical one complicated by the presence of the horizontal one. In 
positive surface charge density, 1-methylbenzimidazole showed an anomalous behavior in which the potential 
drops across the inner layer, A^ does not change with adsorption through the displacement of the water molecules 
on the electrode. The analysis of the electrosorption valency indicated the absence of a partial charge transfer be­
tween the electrode and the adsorbate. This anomalous behavior was interpreted by the compensation effect between 
the polarization of the water molecules due to the permanent dipoles and that of the 1-methylbenzimidazole mole­
cules due to the dipoles induced in the electric field. 

It has been observed that organic compounds with 
^-electron system show unique adsorption behavior, 
compared to the compounds lacking ^-electron system. 
Gerovich et Ö/ . 1 - 4 ) studied adsorption of nonpolar 
organic compounds with ^-electrons, such as benzene, 
anthracene, phenanthrene and chrysene, and found 
that the adsorbability of these compounds at positive 
surface charges increases with an increase in the number 
of benzene ring in the molecule and at the same time the 
potential of zero charge (p.z.c) shifts toward the negative 
potentials. They considered that these characteristics 
are due to a strong interaction between ^-electrons and 
the positive charges. Similar consideration has also been 
given by Blomgren and Bockris,5) and Conway and 
Barradas.6 '7) Damaskin et al. studied adsorption of 
aniline molecules8) and anilinium cations9) by the 
differential capacity measurement. They found that the 
capacity-potential curves at highly positive potentials 
measured in pure electrolyte solution and solution 
containing aniline or anilinium cation approximately 
coincide, and that the anode peak is caused by the 
reorientation process not the adsorption-desorption 
process. These results were explained as following: 
the aniline and the anilinium cations lie horizontally 
on the electrode surface with the positive charges and 
constitute a kind of extension of the metallic surface 
toward the solution; the double layer capacity changed 
very slightly. 

Thereafter, the negative shift of the p.z.c due to 
adsorption of organic compounds with jr-electron system 
has been at tr ibuted to the extension of the metallic 
surface10) or the part ial charge transfer.11) However, 
the partial electron transfer from the adsorbed molecules 
to the electrode should increase the negative charge 
on the electrode, and as the result, the p.z.c seems to 
shift toward the positive direction. T h e possibility of 
this partial charge transfer was discussed in this study. 

Furthermore, in the previous report12) in which the ad­
sorption behaviors of various N-containing heterocycles 
were studied, it was pointed out tha t imidazole adsorbed 
through aggregates due to intermolecular association,13) 
because it did not take a vertical orientation owing to 
the large dipole moment.14) It was also found that on 
positive surface charges the potential drop across the 
inner layer A¥<l> was not changed with adsorption of 

imidazole. This anomalous behavior was considered 
to result from an interaction between positive charges 
on the electrode and the aggregates at the outer layer 
without displacement of the water molecules adsorbed. 
In order to clarify the above two phenomena, namely 
the formation of aggregates and the anomalous adsorption 
behavior of a constant Jf$, 1-methylimidazole (1-MI) 
without a possibility of intermolecular association,16) 
and 1-methylbenzimidazole (1-MBI) with larger n-
electron system were chosen, and their adsorption 
behavior at the mercury/water interface was studied. 
Besides the above two compounds which are classified 
into rc-excessive heterocycles, quinoxaline, which is a 
^-deficient heterocycle, was also studied, but the 
adsorption equilibrium was not observed in the mea­
surement of interfacial tension. 

Exper imenta l 

All chemicals were analytical grade materials. 1-Methyl-
imidazole (1-MI) was purified by distillation in a vacuum. 
1-Methylbenzimidazole (1-MBI) was prepared by the methyl-
ation of benzimidazole,16) and recrystallized twice from 
petroleum ether. Mercury was purified by treatment with 
dilute nitric acid, then triply distilled in vacuum. Nitrogen 
gas, after passing through a purification line, was used for 
deaeration of the solution. As the supporting electrolyte 
0.099 M (1 M = l moldm-3) NaC104 containing 0.001 M 
NaOH was prepared from triply distilled water, and treated 
with purified active charcoal before use. The 0.001 M NaOH 
was used to depress the ionization of the adsorbates. 

Adsorption behavior of 1-MI and 1-MBI was estimated 
from the analysis of the electrocapillary curves, which were 
measured by the maximum bubble pressure method.17»18) 
The interfacial tension was measured at 50 mV intervals, 
except for positive and negative extrema where 25 mV inter­
vals were chosen. The error of the measurement was ±0.1 
mN m _ 1 near the electrocapillary maximum, and ±0.3 mN 
m _ 1 at positive and negative extrema. The measurement 
was carried out in a water bath thermostated at 25 ±0.1 °C, 
and the potentials were measured against a normal calomel 
electrode (NCE). 

Most of the parameters essential to adsorption were derived 
by analyzing the electrocapillary curves with a computer 
program. In the analysis, no corrections were made for the 
medium effect on the activity coefficient of the supporting 
electrolyte19»20) and the activity coefficient of the adsorbate.21) 
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R e s u l t s a n d D i s c u s s i o n 

Electrocapillary Curves. T h e electrocapillary da ta 
for 1-methylimidazole (1-MI) and 1-methylbenzimi-
dazole (1-MBI) are summarized in Table 1. T h e 
interfacial tension, y for 1-MBI dropped gradually with 
an increase in the concentration, Corg. However, such 
a change was not observed in quinoxaline ( Q X ) . Figure 
1 shows the plot of y at —0.5 V against log C o r g with 
respect to 1-MBI and Q X . The surface excess, r can be 
obtained by a differentiation of the above plot 

(dy/d In C0Tg)E=-RTr. (1) 

The interfacial tension for Q X was nearly constant up 
to 1 m M , but fell abruptly beyond 2 m M , and then 
gradually at more than 5 m M . The surface excess 
obtained from the constant slope at higher concentrations 
is considered to be a saturated value of the surface 
excess, rs. These values were 3.4 X 10~10 mol c m - 2 for 
1-MBI and 2.9 X 10~10 mol cm" 1 for Q X , which are 
in fair agreement with 2.9—3.0 X 10 - 1 0 mol c m - 2 esti-

TABLE 1. ELECTROCAPILLARY DATA FOR 1-METHYLIMIDAZOLE 

AND 1-METHYLBENZIMIDAZOLE 

corg 

M 

0(base soln)c) 

1 -Methylimidazole 
0.005 
0.007 
0.010 
0.015 
0.020 
0.030 
0.040 
0.050 
0.070 
0.100 
0.150 
0.200 
0.300 

v a) 

/ecm mN m- 1 

425.1 

423.7 
423.2 
422.7 
421.8 
421.2 
419.8 
418.8 
417.9 
416.3 
414.4 
412.2 
410.2 
307.2 

1 -Methylbenzimidazole 
0.00010 
0.00015 
0.00020 
0.00030 
0.00040 
0.00050 
0.00060 
0.00070 
0.00085 
0.00100 
0.00150 
0.00200 
0.00300 

424.7 
424.2 
423.8 
422.9 
421.7 
420.6 
419.4 
418.4 
417.0 
415.7 
412.4 
409.9 
406.7 

-Eecmvs. NCEb> 
V 

0.504 

0.505 
0.504 
0.507 
0.510 
0.511 
0.510 
0.510 
0.512 
0.505 
0.502 
0.501 
0.499 
0.491 

0.503 
0.506 
0.505 
0.505 
0.506 
0.508 
0.506 
0.515 
0.517 
0.528 
0.533 
0.540 
0.534 

420 

410 

400 

(bp 

1 _ 1 

v (a ) 

i 1 

Corg'M 

Fig. 1. Plot of y at —0.5 V against log C0Tg for quinox­
aline (a) and 1-methylbenzimidazole (b). 

mated from the projected areas assuming a horizontal 
orientation for both compounds, though somewhat large 
with 1-MBI. 

The relation for Q X in Fig. 1 is similar to that in the 
presence of a diffusion limit, which was observed in the 
interfacial tension measurement due to drop time.22) 
However, the concentration of 10~3 M where y changes 
abruptly, is considered to be higher than that of 10 - 4 M 
observed for the diffusion limit. Probably, micelle 
formation23) or polymeric aggregate formation due to an 
interaction with water molecules seems to be the cause. 

Evaluation ofTs. T h e valuation of rs is necessary 
to elucidate the adsorption state qualitatively. When 
adsorption can be described by a Langmuir isotherm, rs 

is evaluated from the slope of the plot of xjr against 
x, where x is the molar fraction. If this is not the case, 
rs can be evaluated simply from the extrapolation of 
the plot of l / C o r g against l/T to 1 /C o r g =0. From the 
nature of this plot, rs obtained in this way reflects r$ at 
higher surface excesses. Therefore, the validity of the 
rs at rs should be confirmed by a fit to the isotherm 
molecular model. 

The values of rs evaluated by the above simple 
method are shown in Fig. 2 for 1-MI and 1-MBI. 
Various orientation parameters expected for 1-MI and 
1-MBI were estimated using the C P K molecular model; 
these are shown in Fig. 3 for 1-MI and in Fig. 4 for 

a) yecm is the interfacial tension at the electrocapillary 
maximum, b) Eecm is the potential of the electrocapil­
lary maximum, c) Base solution consists of 0.099 M 
NaC104 and 0.001 M NaOH. 

o/pC era" 

Fig. 2. Saturated value of surface excess as a function 
of surface charge density. (1) 1-Methylimidazole and 
( 2 ) 1 -methylbenzimidazole. 
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TABLE 2. ORIENTATION PARAMETERS FOR 1-METHYLIMIDAZOLE AND 1-METHYLBENZIMIDAZOLE 

1-Methylimidazole 1 -Methylbenzimidazole 
t "--— \ i ^ v 

Horizontal Vertical Horizontal Vertical 

AJA* 3577 2ÏÏ5 54^6 29?7 
r s /mo lcm- 2 4 . 7 x l 0 - 1 0 7 . 7 x l 0 - 1 0 3 .0x l0" 1 0 5 .6x l0" 1 0 

dJA 3.4 6.6 3.4 6.6 

Here AB and d1 are the projected area and the molecular height from the electrode, respectively. 

Fig. 3. Scale drawings of a 1-methylimidazole molecule 
adsorbed on the electrode through the horizontal orien­
tation (a) and the vertical orientation (b). The area 
of rectangles enclosing the molecule in (a) and (b) cor­
respond to the projected area of the vertical and the 
horizontal orientation, respectively. 

Fig. 4. Scale drawings of a 1-methylbenzimidazole 
molecule adsorbed on the electrode through the 
horizontal orientation (a) and the vertical orientation 
(b). The area of rectangles enclosing the molecule 
in (a) and (b) correspond to the projected area of the 
vertical and the horizontal orientation, respectively. 

1-MBI. The paramenters obtained for a horizontal 
and a vertical orientation are summarized in Table 2. 

Surface Excess. Figures 5 and 6 show the relations 
between T and surface change density o with respect to 
1-MI and 1-MBI, respectively. The broken line in 
Fig. 5 is the result for 0.2 M imidazole12) obtained 
previously. Adsorption behavior of 1-MI is somewhat 
similar to that of imidazole at positive charges, but at 
negative charges it is quite different. From the results 
in Fig. 2 and Table 2, 1-MI is considered to take a 
horizontal orientation at lower surface excesses, but 
change to a vertical orientation at higher surface 
excesses, owing to the large dipole moment24) and the 
absence of the intermolecular association.15) 

T h e difference in the adsorption behavior of imidazole 
and 1-MI supports the previous consideration12) that 
imidazole adsorbs in an aggregate form. O n the other 
hand, the adsorbability of 1-MBI is similar to that of 
imidazole, as can be seen from Fig. 6. This result also 
supports the formation of aggregate for imidazole, 
whose structure resembles that of 1-MBI with a large 

a/yC cm" 

Fig. 5. Relations between surface excess and the surface 
charge density at various concentrations of 1-methyl­
imidazole. The concentrations in M: (1) 0.3, (2) 0.2, 
(3) 0.1, (4) 0.03, and (5) 0.01. The broken line is for 
the 0.2 M imidazole.12) 

5 

0 I i i I I i I 
8 4 0 - 4 - 8 

o/yC cm 

Fig. 6. Relations between surface excess and the surface 
charge density at various concentrations of 1-methyl­
benzimidazole. The concentrations in mM: (1) 3.0, 
(2) 1.0, (3)0.6, (4) 0.4, and 0.2. 

7r-electron system and planarity. 
Potential Drop across the Inner Layer, A%<f>. Figures 

7 and 8 show the relations between A\<l> at constant 
charge and J1, with respect to 1-MI and 1-MBI, respec­
tively. The values of A¥$ were determined by the 
following equation 

Aty = E - Ez - 02, (2) 

where E is the measured potential against NCE, Ez 

is the potential of zero charge obtained in the electrolyte 
without specific adsorption of ions (—0.472 V vs. 
NCE2 5)), and 0 2

1 S t n e potential drop ascross the diffuse 
layer, which was determined using the Gouy-Chapman 
theory.26) 

The results in Fig. 7 also show that 1-MI changes its 
orientation from horizontal to vertical above a certain 
value of r . The change in the slope indicates that 1-MI 
at negative charges takes a vertical orientation with the 
positive pole of the dipole toward the electrode, but at 
positive charges it takes a vertical orientation with the 
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-0.2 h 

0.2 

Fig. 7. Change in A™<f> due to adsorption of 1-methyl-
imidazole. Charge densities are indicated by each 
line. 

X<F 

-0.4 

Fig. 8. Change in A\^> due to adsorption of 1-methyl-
benzimidazole. Charge densities are indicated by 
each line. 

negative pole of the dipole towards the solution side. 
The results in Fig. 8 show the presence of the region 

where M<1> does not change due to adsorption of 1-MBI, 
especially in <r>—2 (xC cm - 2 . This is similar to the 
results obtained in imidazole.12) In general, organic 
compounds without a net dipole moment, such as 
pyrazine, exhibit a constant A%<f> around a=— 4(xC 
cm~2,27) where the orientation of water molecules on 
the electrode becomes most disordered, they show 
linear lines with a positive or negative slope at more 
positive or negative charges than —2 4 (xC c m - 2 , 
respectively. An example is shown in Fig. 9 for pyrazine. 
This was obtained in the previous experiment12) and was 
nearly same as that reported by Conway et al.m 

The anomalous adsorption behavior of 1-MBI 
appears to result from an adsorption without displace­
ment of the adsorbed water molecules. However, such 
an adsorption seems to be unreasonable, because 

*<" 
-0.2 

-0.4 L 

r x l 0 1 0 / m o l cm"2 

Fig. 9. Change in À%<f> due to adsorption of pyrazine. 
Charge densities are indicated by each line. 

adsorption due to the displacement of water actually 
occurs at fairly negative charges, as can be seen from 
Fig. 8; generally organic compounds without a net 
dipole moment adsorb strongly at low electric fields. 
This behavior of 1-MBI will be discussed precisely in 
the following sections. 

The constancy of A}<t> disappeared at higher surface 
excesses. The cause is not clear at the present time. How­
ever, note the following: (1) rs of 1-MBI at the holizontal 
orientation was estimated from the projected area to be 
3.0 X 10~10 mol cm - 2 , which is somewhat smaller than 
that of 3.4 X 1 0 - 1 0 mol c m - 2 determined from the 
experiment. A vertical orientation contributing to a 
change in A\$ through the dipole moment will be 
mixed with the horizontal orientation at higher surface 
excesses. (2) Specifically adsorbed Perchlorate ions 
will be desorbed at higher surface excesses. 

The Adsorption Isotherm and Free Energy of Adsorption. 
The determination of the adsorption isotherm and the 
free energy of adsorption at infinite dilution, AG°, was 
carried out in the region where the change in the 
orientation was considered to be negligible, namely at 
lower surface excesses for 1-MI and that showed a 
constant A\<j> for 1-MBI. 

By examining a fit to various isotherms, 1-MI and 
1-MBI were found to obey the Langmuir (Fig. 10) and 
the Frumkin isotherm (Fig. 11) with r s = 3 . 0 x l 0 ~ 1 0 

Jt 0.4h 

0.2 0.4 0.6 0.8 1.0 1.2 

* x l 0 ° 

Fig. 10. Test of the Langmuir isotherm for adsorption of 
1-methylimidazole at various charge densities. 
Charges are indicated by each line. 
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0.2 0.4 0.6 0.8 1.0 

Fig. 11. Test of the Frumkin isotherm with ^ = 3 . 0 X 
10-10 mol cm~2 for adsorption of 1-methylbenzimidazole 
at various charge densities. Charges are indicated by 
each line. 

a/yC cm 

Fig. 12. Variation of AG° and 7% for 1-methylimidazole 
due to surface charge density. 

30 

28 

26 

24 

o 

i 

o Ö 

1 

à ' 

1 

"~o" — 

o/yC cm" 

Fig. 13. Variation of AG0 for 1-methylbenzimidazole 
due to surface charge density. 

mol c m - 2 and the interaction parameter 2a=2.5, 
respectively. _ 

rs and AG° obtained for 1-MI are shown in Fig. 12. 
—AG° was increased with an increase in the surface 
charge, and the maximum was observed at highly 
positive charges. This behavior is typical to that of 
organic compounds with ^-electrons. On the other 
hand, AG° for 1-MBI was charge independent, as 
shown in Fig. 13. If the isotherms are congruent to 
charge the slopes of linear lines in Fig. 8 are related 
to the change in AG° due to surface charge29) 

(dAW/dO) = - R T J \ ( d In ß/do), (3) 

where ß=exp{-AG°IRT). Since both (dJ^jdO) and 

(din ßjda) are nearly zero, Eq. 3 is set up for adsorption 
of 1-MBI. This indicates that the experimental results 
are reliable and the final picture is consistent. 

Quantitative Interpretation of Adsorption. From the 
fit to the adsorption isotherm, the horizontal orientation 
was approximately confirmed for both 1-MI and 1-MBI 
at lower surface excesses. Further to verify this, evalua­
tion of the dipole moment at the adsorbed state was made 
at <r = 0 (xC cm - 2 , to simplify the calculation. 

In general, if the adsorption of an organic compound 
is charge congruent, the change in A™<}> can be described 
by the following equation30) 

A(AM)/d = (rfJe^rjiPoleo) + *(1/Ci- 1/C0), (4) 

where P, e, and C are the effective normal dipole 
moment, the permittivity of the inner layer and the 
inner layer capacity, respectively, n is the number of 
water molecules displaced by adsorption of one adsorbate 
molecule, and subscripts 1 and 0 denote the surface 
layer saturated with the adsorbate and water. The 
potential drop due to water dipoles, AgSpoie can be 
represented by Eq. 5 

A^ipoie = -rsnP0leQ. (5) 

The gj can be obtained from Cx using the relation, 
C^eijd^ where dx is the thickness of the adsorption 
layer. Further, the values of Cx can be obtained by the 
extrapolation of the linear relation between 1/C1 and 
r at <T=0 (xC cm~2, as shown in Fig. 14, to the corre­
sponding to T s . They were 32.5 (xF cm"2 for 1-MI and 
40.0 (xF cm"2 for 1-MBI. 

One can obtain 30 mV as Ag$lpole at a=0 (xC cm"2 

from Bockris and Habib's water adsorption model,31) 
and 3.4 Â as d1 from Table 2, and - 2 0 mV for 1-MI 
and - 1 3 mV for 1-MBI as A(JW)/0 from Figs. 7 and 
8. By introducing the above values into Eq. 4, the 
effective normal dipole moment at <r=0 (xC cm - 2 , 
P1 was found to be —1.1 Debye for 1-MI and —1.0 
Debye for 1-MBI. The negative value of Px means an 
orientation with the negative pole of the dipole of the 
adsorbate toward the electrode. However, the above 
values seem to be too large, compared with the value 

Fig. 14. Plot of 1/C1 against r at various charge densities. 
Open and closed symbols correspond to 1-methyl­
imidazole and 1-methylbenzimidazole, respectively. 
Charge density in \LC cm"2: (1) and (T) 0, (2) 6 and 
(3) —6. r6 (a) and /% (b) represent J \ of 1-methyl­
imidazole and 1-methylbenzimidazole at the horizontal 
orientation, respectively. 
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expected for the horizontal orientation, ^ = 0 Debye, 
The cause of the large negative values is probably the 
presence of the specifically adsorbed perchlorate anions, 
which contribute to the negative dipole moment . 
Therefore, the effect of the specific adsorption of 
perchlorate anion was taken into consideration in the 
calculation of the true Px. In this calculation, the 
data obtained by Payne32) in the mixed solution of 0.1 M 
NH 4 C10 4 and 0.9 M N H 4 F was used. T h e procedures 
are as follows : (i) If the specific adsorption of C 1 0 4

-

is deducted, A%$ shifts towards a positive direction 
by 31 mV, which is the difference between A™$ at 
a=0 (xC cm- 2 in the base solution of 0.099 M N a C 1 0 4 + 
0.001 M N a O H , - 0 . 0 3 1 V and that in the 0.1 M 
NaF,33) 0 V. (ii) In the absence of the specific adsorp­
tion of C104~, true surface charge density at —0.504 V. 
which is the p.z.c for the base solution, can be estimated 
to be —0.64 (xC cm~2 from the result on 0.1 M NaF,33) 
then AgdiP0le at that charge amounts to 24 mV.31) 
(iii) True value of Cx, Q is given by the following 
relation derived using the data of Payne32) 

1/CJ = 1/C} + 4 . 7 3 x l 0 " 3 , (6) 

where C} is the apparent value of Cx in the presence of 
specifically adsorbed perchlorate ions. After the above 
treatment, the true Px was calculated to be —0.2 
Debye for 1-MI and - 0 . 1 Debye for 1-MBI. These 
values are reasonable for the horizontal orientation. 

Electrosorption Valency.11^ It was discussed on the 
basis of the electrosorption valency whether the constan­
cy of A%<f> observed clearly in 1-MBI results from 
a partial charge transfer or not. Figure 15 
shows a change in o at constant Af<f> due to adsorption 
of 1-MBI. The electrosorption valency, r is defined by 
Eq. 7 

r=(l/F)(daldrU^ (7) 

where F is the Faraday constant. Further , r at A%<f>=0, 
rN is represented by Eq. 8 with respect to neutral 
organic compounds 

r N = - ^ ( l - £ ) + * a d - H * - , (8) 

where A is the partial charge transfer coefficient, g is 
the geometric factor defined as (Xo—Xa)IX0, X0, and 
Xa are the distance of the outer Helmholtz plane and 
the adsorption plane from the electrode, respectively, 
Kad and Kw are the dipole terms of the adsorbate and 
water, and n is the same as used in Eq. 4. T h e value 
of r is plotted as a function of A%<f> in Fig. 16, from 
which rN was estimated to be 0.0035. 

As can be seen from Fig. 14, and as Eq. 4 and the 
result in Fig. 8 predict, Cx and C0 for 1-MBI are nearly 
equal in the region where the constancy of A%<f> is 
observed. This implied compensation between ( J V V e i ) 
and (-rsnP0le0). Therefore, (K^-nK^) in Eq. 8 
becomes also zero. If X0 and Xa can be represented by 
the sum of dx and the ionic radius of Na+(0.96 Â), and 
the half of dly respectively, g is calculated to be 0.61. 
Finally one obtains A near 0.01. However, this value 
is too small to be considered a partial charge transfer 
between the electrode and the adsorbed 1-MBI 
molecules. 

Wha t is the compensation between (rjPJeJ and 

Fig. 15. Change in a at constant A^<j> due to adsorption 
of 1-methylbenzimidazole. The values of A%<f> are 
indicated by each line. 

-0.05U 

0.05 

Fig. 16. Variation of electrosorption valency due to A\<f>. 

(—rsnP0/e0)
c? If this effect results from a partial 

charge transfer, it corresponds to the increased negative 
dipole moment or charge in 1-MBI. T h a t means the 
partial electron transfer from the electrode to the 
adsorbed 1-MBI molecules. Since the compensation is 
observed even at fairly positive charges, the above 
deduction is hard to accept. The most reasonable 
consideration will be an electronic polarization effect. 
Thus , the dipole moment of 1-MBI induced in the 
electric field compensates for the dipole moment of the 
water molecules displaced. Further, this effect is valid 
at positive charges and seems to disappear at highly 
negative electric field because of increased repulsion 
between ^-electrons and the negative charges on the 
electrode surface. 

The compensation effect observed in this study 
correlates with the constant adsorbability in positive 
charges. Such an adsorbability was clearly observed 
for heterocycles classified into 7t-excessive type, for 
example 1-MI and 1-MBI in this study, and imidazole 
and pyrazole,12) but not so clearly observed for those 
classified into jr-deficient type, for example pyrazine, 
pyrimidine and pyridazine.12) These results are also 
considered to support the compensation effect observed 
in 1-MBI which has easily polarizable 7t-electrons. 
Recently, King et a/.34) explained the enormous intensity 
enhancement observed for R a m a n scattering from 
pyridine adsorbed on the electrode on the basis of a 
classical electrostatic theory, namely electronic polariza­
tion. 
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"Macromolecular Ion Flotation" of MnOr by Combined Use of 
Macromolecular Anion and Cationic Surfactant 
Tsunetaka SASAKI,* Kiyoo MATSUBARA, and Ikuko MACHIDA 

Department of Chemistry, Faculty of Science, Tokai University, 1117 Kitakaname, Hiratsuka 259-12 
(Received March 26, 1981) 

Mn0 4 ~ ions in aqueous solution were subjected to macromolecular ion flotation, a process of flotation applied 
for an aqueous solution containing organic or inorganic ions to be floated, macromolecular ions including macro­
scopic or colloidal particles with an ion exchange capacity and polymer ions, and oppositely charged ionic surfactant. 
The macromolecular anions examined were basic aluminum chloride, poly aluminum chloride, car boxy methyl-
cellulose, sodium polyacrylate, sodium alginate, potassium poly (vinyl sulfate), sodium hexametaphosphate, poly-
phosphoric acid, polyacrylic acid, bentonite, and sodium metasilicate. As a cationic surfactant, hexadecyltri-
methylammonium chloride was used. All the above substances are effective for the Mn0 4 ~ ion flotation, whereas 
low molecular substances such as Na 3 P0 4 are ineffective, when used with the cationic surfactant. Molecular 
models of sublate formed during the macromolecular ion flotation are proposed. 

In our prevous papers,1 - 2) we have confirmed that 
combined use of macromolecular or polymer anions, 
such as bentonite and silicate ions, with a cationic 
surfactant is effective for the flotation of both organic 
and inorganic anions and cations. T h e purpose of the 
present investigation is to examine whether or not 
macromolecular anions, including both macroscopic or 
colloidal particles with cation exchange capacity and 
polymer anions, are in general effective for ion flotation 
when used in combination with a cationic surfactant. 

M n 0 4 ~ ions were adopted as the ions to be subjected 
to flotation. The macromolecular ions tested were 
aluminum chloride (A1C13) and polyaluminum chloride 
(PA1C13) in basic solution, carboxymethylcellulose 
(CMC), sodium polyacrylate (NaPA), sodium alginate 
(NaAlg), potassium poly (vinyl sulfate) (KPVS), 
sodium hexametaphosphate ( N a H M P ) , polyphosphoric 
acid (PPA), polyacrylic acid (PAA), bentonite (Bt), and 
sodium metasilicate (NaMS) ; N a H M P and PPA, not 
high molecules, were adopted since they behave similar­
ly to high polymer ions with respect to the flotation. 
The cationic surfactant tested was hexadecyltrimethyl-
ammonium chloride (HTAC) which had shown good 
floatability for both anions and cations. 

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

Materials. Commercial products of pure grade were used 
for AICI3 (A1C13.6H20), PA1C13 (A1C13.«A1203, A1203 content 
30wt%), CMC (dp, 700—850), NaPA (dp, 22000—66000), 
NaAlg (relative viscosity, 15.67 at 30 °C), KPVS (dp, 1500), 
NaHMP ([NaPOa]6), PPA (P604H l 3), PAA (dp, 8000— 
12000), Bt (montmorillonite), NaMS (Na2Si03-9H20), 
trisodium phosphate (TNaP), and potassium permanganate. 

Measurement. The concentration of silicate ions was 
measured colorimetrically at the wavelength 450 nm3> from 
the color developed by adding an aqueous solution of ammo­
nium molybdate to a sample liquor. The concentration of 
permanganate ions was determined by the usual titrimetric 
method using a solution of sodium oxalate. The concentra­
tion of each of the remainder was determined by dissolving 
its known amount of dried substance in water ; concentration 
of PA1C13 could not be determined accurately due to its 
A1203 content indicated 30 wt%, being qualitative. 

The solution to be subjected to flotation processing was 
prepared to contain Mn0 4~ ions at a constant concentration 

around 1.6 x 10_4mol dm - 3 , proper amounts of one or some 
macromolecular ions and HTAC, a small amount of NaPA 
if necessay, and HCl or NaOH for pH control when needed. 
A volume (12 cm3 for the systems of Table 1 and 10 cm3 for 
the other systems) of the solution thus prepared was put into a 
stoppered test tube, 1.6 cm in inner diameter and 19 cm in 
ength, equipped with a stop cock at its bottom. It was 
slowly mixed and kept standing for 1 min, then vigorously 
shaken by hand to float Mn0 4 ~ ions. After 5 min of standing, 
the lower portion was taken out and its Mn0 4~ concentration 
was measured by use of a Shimazu Model Spectronic-20 
spectrophotometer at wavelength 525 nm; the specific absor-
bance had been confirmed to be independent of the pH range 
1—11 at this wavelength. The floatability of M n 0 4

_ ions 
was calculated from the difference between concentrations 
before and after the flotation processing on Mn04~ ions. 

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

Table 1 shows results of preliminary measurements on 
the M n 0 4 ~ ion flotation by the combined use of macro­
molecular ions and H T A C . In these measurements, 
the concentration of M n 0 4 ~ ions was kept constant at 
1.59 x 10 - 4 mol d m - 3 in average. T h e concentrations 
of macromolecular ions and H T A C are not necessarily 
for the opt imum flotation condition ; Table 1 is compiled 

TABLE 1. MACROMOLECULAR ION FLOTATION OF Mn0 4~ 

Macromolecule 

Substance 

AICI3 
PAICI3 
CMC 
NaPA 
NaAlg 
KPVS 
NaHMP 
PPA 
PAA 
Bt 
NaMS 

Conen 
PPm 

996 
548 
666 
388 

1667 
898 

2196 
10670 
4514 
5839 
1314 

HTAG 
Conen 
ppm 

55 
55 

833 
809 

2447 
1691 
3306 

826 
1664 
662 
500 

NaPA 
Conen 
ppm 

1.67 
1.67 
— 
— 
— 
— 
— 
— 
— 
— 
— 

PH 

9.8 a ) 

9.8 a ) 

6.3 
1.5b) 

6.8 
l . l b ) 

1.5b) 

1.3 
2.3 
8.8 

11.2 

Floata-
bility/% 

87 
88 

100 
98 
98 

100 
100 
99 
90 

100 
98 

a) NH3 added, b) HCl added. [ M n 0 4 i = 1.59 x 10"4 

mol dm - 3 . For the abbreviation of the substance names 
see text. 
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Weight fraction of NaHMP 

0 . 8 
NaHMP 

Fig. 1. Diagram of Mn04~ ion flotation by NaHMP, 
HTAC, and HCl. 
Mn0 4 - : 1.49X 10"4 mol dm"3, pH: 1.4. 

0 .4 
HTAC 

Weight fraction of NaPA 

Fig. 3. Diagram of Mn04~ ion flotation by NaPA, 
HTAC, and HCl. 
Mn0 4 - : 1.64xl0-4moldm-3 , pH: 1.4. 
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Fig. 2. Diagram of Mn04~ ion flotation by Bt and 
HTAC. 
Mn04": 1.69 X 10"4 mol dm"3, pH:8.8. 

merely to show a possibility of effective ion flotatition 
of M n 0 4 ~ by combined use of macromolecular anions 
and cationic surfactant. As seen from Table 1, many 
macromolecular anions, when used with HTAC, are 
effective for the flotation of M n 0 4 ~ ions, whereas low 
molecular electrolytes were found ineffective for that 
flotation, as exemplified by as low a floatability as 46% 
which TNaP showed at pH 1.1 (not indicated in 
Table 1). On the basis of this finding, the present 
authors propose the term "Macromolecular ion 
flotation" for such flotations as are effected by use of 
macromolecular or polymer ions and ionic surfactants 
both carrying charges opposite to each other; the 
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r\ Floatability __> J \ 
> 95% V J 

vy 

i i 
0 . 2 
HTAC 

0 .6 

Weight fraction of NaAlg 

0 . 8 
NaAlg 

Fig. 4. Diagram of Mn04~ ion flotation by NaAlg and 
HTAC. 
Mn04~: 1.64X 10"4 mol dm"3, pH: 6.7. 

present investigation has dealt with a case of combination 
of macromolecular anions with an cationic surfactant 
and the preceding paper4) reported a case of effective 
use of poly(ethyleneimine) (cationic macromolecule) 
and sodium dodecyl sulfate (anionic surfactant). 

For several systems in Table 1, flotation of M n 0 4 ~ 
ions was studied in dedail by varying the ratio of 
macromolecular anions to HTAC and their total 
amount while the concentration of M n 0 4

_ ions was 
kept constant. The results obtained are shown in Figs. 1 
to 5 for N a H M P + H T A C + H C l , B t + H T A C , N a P A + 
H T A C + H C 1 , N a A l g + H T A C , and C M C + H T A C 
systems, respectively, each of which was treated similarly 
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100 

Weight fraction of CMC 

Fig. 5. Diagram of Mn0 4
_ ion notation by CMC and 

HTAG. 
Mn04": 1.58X 10"4 mol dm"3, pH: 6. 

PH 
Fig. 6. Floatability of Mn04~ ion vs. initial pH for 

NaMS+HTAC system. 
Mn04" : 1.67 X 10"4 mol dm"3, NaMS : 7570 ppm 
HTAG: 240.4ppm. 

PH 
Fig. 7. Floatability of Mn04~ ion vs. initial pH for 

NaAlg+HTAC system. 
Mn04" : 1.67 X 10"4 mol dm"3, NaAlg : 2000 ppm, 
HTAC: 2995 ppm. 
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PH 
Fig. 8. Floatability of Mn04~ ion vs. initial pH for 

NaPA+HTAG + HCL system. 
Mn04" : 1.67 x 10"4 mol dm"3, NaPA : 400.5 ppm, 
HTAG: 240.4ppm. 
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Fig. 9. Fostsbility of Mn04~ ion vs. initial pH for 

NaHMP+HTAC system. 
Mn04~: 1.67 xlO"4 mol dm-3, NaHMP: 5365 ppm, 
HTAG: 5191 ppm. 

to the N a M S + H T A C system already reported.1) In 
each solution studied, the concentration of M n 0 4 ~ ions 
and pH are given in the caption of each figure. In 
these diagrams, the floatability of the system is greater 
than 95% in the areas inside the curves. Thus we can 
confirm wide ranges of composition to be effective for 
ion flotation for the systems of Figs. 1 and 3, while we 
note narrow vertical ranges of the effective ion flotation, 
and only a small region for the system of Fig. 4. For 
the cases of Figs. 2 and 5, a nearly constant weight ratio 
of macromolecular ions to surfactant may be expected 
for the sublate composition, similarly to the case of 
N a M S + H T A C system already reported.1) 

To get the pH dependence of flotation efficiency of 
M n 0 4 ~ ions, a study was made on the systems of 
N a M S + H T A C , * * N a A l g + H T A C , N a P A + H T A C + 
HCl, and N a H M P + H T A C . The initial pH of solution 
was controlled by addition of HCl or NaOH. The 
results are shown in Figs. 6 to 9, where as a whole, 
float abilities are seen to exceed 90% over a wide pH 
range, especially in acidic regions for the NaPA and 
N a H M P systems, attaining nearly 100%. 

It is confirmed from the above results that the com­
position and total concentration of the set of macro­
molecular ions and surfactant as well as the pH of 
solution are important factors affecting the floatabiitly 

** The corresponding composition diagram has been 
shown in the preceding paper.1) 
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(a) (b) 

Macromolecular ion ' ' Macromolecular ion 

Fig. 10. Sublate structures of Mn04
_+macromolecular 

ion+HTAC. 
(a) : The case of macromolecular anion, (b) : the case 
of macromolecular ampholyte. 

of M n 0 4 ~ ions. In addition, it is noted that, although 
the N a P A + H T A C + H C l system is capable of effective 
M n 0 4 ~ flotation in an acidic region, the system PAA 
with H T A C is not so effective at p H 2.3 as shown in 
Table 1. T h e reason is not clear at present, but it may 
be due to the different order of adding the flotation 
reagent, namely, in the former case, PAA is formed by 
the acidification after the reaction of NaPA with 
H T A C , while in the latter case, PAA is added without 
NaPA and this makes difficult the a t tachment of 
hexadecyltr imethylammonium ion to polyacrylate chain. 
These phenomena are similar to those observed in the 

case1) of M n 0 4 - ion flotation by N a M S and H T A C 
where the order of adding N a M S and H T A C sensitively 
affects the floatability. 

A probable model of M n 0 4
- sublate is given in Fig. 

10a, which has already been proposed in the case of 
macromolecular anions.1) O n the other hand, for the 
case of ampholyte polymers like A1C13 and PA1C13 in 
alkaline solution, the model shown in Fig. 10b is appli­
cable since it is in conformity with the observation, 
given in Table 1, that H T A C in less quanti ty than in 
the case of other macromolecular anions is capable of 
resulting in effective M n 0 4 ~ flotation. 
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The objective of this work was to evalulate the effect of changing functional and structural groups on the protec­
tion efficiency imparted by the various inhibitor molecules. It was found that the molecules which include a thio-
carbonyl group e.g. thiourea (TU), thioacetamide (TA), and thiosemicarbazide (TSC) exhibited much higher 
protection efficiencies than the corresponding compounds which do not e.g. semicarbazide, guanidine, and amino-
guanidine. Furthermore, it made only little difference whether the thiocarbonyl group was attached to two amino 
groups as in thiourea, an amino and a methyl group as in thioacetamide or an amino and a methyl group as in thio­
acetamide above certain concentrations both TU and TA lose their efficiency and eventually become corrosion 
promotors. The adsorption behavior of TU and TA was quist complicated whereas that of TSC points towards 
complete coverage at high concentrations. The differences in behaviour between TSC, TU, and TA have been 
explained on the basis of derealization or resonance stabilization energy. 

The use of organic compounds as inhibitors for the 
aqueous corrosion of metals dates back several hundred 
years. A large number of such compounds has been 
developed to suit various applications. T h e diversity 
of these compounds and their applications, as well as 
the sheer volume of the pertinent literature, are quite 
evident in a classical review in the corrosion handbook1) 
which was published in 1947. 

This area is still a t t ract ing considerable attention 
in efforts to obtain more efficient inhibitors and to 
further the understanding of the mechanisms involved 
in the corrosion and inhibition processes. T h e work 
published in the last thirty years is quite extensive and 
is directed more towards understanding the effect of 
inhibitors on the kinetics of the half-cell reactions. Some 
of this work has already been reviewed.2-4) 

The relationship between the structure of the inhibitor 
molecule and its efficiency has been the subject of 
several investigations.5-16) O n the other hand, much 
less attention has been paid to the dependence of the 
protection efficiency on the size and the electronic 
distribution in the inhibitor molecule. This is an 
important question especially for sulfur-containing 
compounds e. g. thioamides ( -CS-NH 2 ) , many of which 
have been found to be good inhibitors. In this connec­
tion, several questions may be asked, for example; 
what is the effect on the protection efficiency of replacing 
the amino group of thiourea by a methyl group ? or 

upon replacing the thiocarbamoyl group G=S by 

either a carbonyl or carbonimidoyl group G=NH ? 

What is the effect of the above changes on the degree 
of surface converage and the mechanism of adsorption? 
The objective of this work is to answer some of the above 
questions by experimental measurements. 

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

The system chosen for this study is the acid corrosion of 
mild steel. Several organic compounds have been chosen for 

t Present address: Faculty of Science, University of the 
United Arab Emirates, Al-Ain, Abu Dhabi, United Arab 
Emirates. 

TABLE 1. MOLECULAR STRUCTURES AND ABBREVIATIONS 

OF THE INHIBITORS USED 

Compound Abbreviation Molecular formula 

S 

Thiourea TU H2N-C-NH2 

S 

Thioacetamide TA CH3-C-NH2 

S 

Thiosemiearbazide TSC NH 2-NH-C-NH 2 

O 

Semicarbazide SG NH 2-NH-C-NH 2 

O 

Urea U H2N-G^NH2 

NH 

Guanidine G H2N-G-NH2 

NH 

Aminoguanidine AG H2N-NH-G-NH2 

the purpose of this work. Table 1 lists these compounds. The 
main criterion for their selection was to provide a number of 

\ \ \ 
variables e. g. effect of a C=S as against G=NH or G=0 

/ / / 
substitution of an -NH 2 by a -GH3 group or by the hydra 
zino group -NH«NH2 . 

The experimental approach taken here was to evaluate 
the effect of the inhibitors on the overall corrosion rate, and 
on the rate of the hydrogen evolution reaction (h.e.r.) at 
different inhibitor concentrations. This was done using 
the steady state galvanostatic technique. From these results, 
the protection efficiency of the inhibitor and the degree of 
coverage of the metal surface was calculated. Details of the 
experimental procedure, cell design, electrode preparation, 
pre-electrolysis etc. were given elsewhere.17) The com­
position of the mild steel electrode was 0.08% G, 0.44% Mn, 
and trace amounts of both S and P. The temperature was 
adjusted to 30±0.1 °G using an air thermostat. The electro­
lyte was 1.0 mol dm"3 H2S04 . The compounds used as 
inhibitors were of the highest purity available. 

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

Effect of Inhibitor Concentration. Figures la, lb, 
and lc show the effect of the concentrations of TSC, 
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Fig. lc. Effect of the concentration of thioacetamide 
on the cathodic polarization curves of mild steel in 
1.0 mol dm-3 H 2S0 4 at 30 °G. 
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Fig. lb. Effect of the concentration of thiourea on the 
cathodic polarization curves of mild steel in 1.0 mol 
dm-3 H2S04 at 30 °G. 

T U , and TA on the current-potential relations of 
hydrogen evolution on mild steel in 1.0 mol d m - 3 

H 2 S 0 4 at 30 °G. Clearly the concentrations of TSC, 
T U , and TA have a strong effect on the current-
potential relations. Thus as their concentrations 
increase, it is seen that : 

1) In case of TSC, the electrode potential at low 
current densities and the corrosion potential were 
shifted in the cathodic direction by about 10 to 40 mV, 
while in the cases of both T U and TA, the shifts were 
smaller in magnitude and in the anodic direction. 

2) They caused large bodily shifts of the Tafel lines 

in the cathodic direction. In the case of TSC, the Tafel 
lines were shifted by 70 to 140 mV depending on the 
TSC concentration over the entire range. In the case 
of T U and TA, the magnitude of this shift also depended 
on their concentrations, only up to a critical value above 
which T U and TA became much less efficient (see 
below). 

3) The Tafel slopes were approximately constant 
independent of inhibitor concentration. 

The above two effects (2 and 3) indicate that TSC, 
T U , and TA have significant inhibiting effects on the 
hydrogen evolution reaction. From the Tafel slope, the 
transfer coefficient of the hydrogen evolution reaction is 
calculated to be /?=0.51 which agrees with the generally 
accepted values.18»19) The constancy of the cathodic 
transfer coefficient ß in the presence and in the absence 
of the inhibitors indicates that their adsorption in the 
double layer does not change the mechanism of the 
hydrogen evolution reaction even though they signifi­
cantly reduce its rate. This suggests that these inhibitors 
operate via a blocking adsorption mechanism. 

It is recognized that the inhibitors which shift the 
entire current-potential curves in the cathodic direction 
are cathodic inhibitors, while those which shift them 
in the anodic direction are anodic inhibitors.20) On the 
other hand, the inhibitors of the type of the mixed 
control shift the cathodic Tafel lines towards more 
cathodic potentials and the current-potential curves 
near the free corrosion potential towards less cathodic 
potentials. On the basis, TSC is characterized as a 
purely cathodic inhibitor while T U and TA exhibit 
dual inhibiting action, i. e. they inhibit both the cathodic 
and the anodic reactions, although to varying degrees. 

Adsorption Behavior. The degree of surface 
coverage can be calculated from the currents obtained 
at constant potential in presence (f2) and in absence 
(i^) of inhibitor.21»22) Thus 
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6 = 1 - i2/iv (1) 

Alternatively, the degree of coverage can be obtained 
at constant current.23»24) Thus 

0 = 1 exp(ßAe/b), 

where B is the transfer coefficient, AE=E] 

(2) 

inh" -'blank 
is the difference between the electrode potential in the 
inhibited solution and that in the blank solution, and 
b=RTjF. Under the present conditions, Eqs. 1 and 2 
gave virtually identical results. 

-4 -1 -3 -2 
log (C/mol dm-3) 

Fig. 2. Effect of inhibitor concentration on the surface 
coverage at 30 °G for mild steel in 1.0 mol dm"3 H2S04 . 

Figure 2 shows the effect of inhibitor concentrations 
on coverage of the electrode surface. TSC is the only 
compound which displays a simple behavior over the 
tested concentration range. Its behavior points to the 
tendency to form a monolayer of adsorbed TSC. Both 
T U and TA undergo an apparent loss in the degree 
of surface coverage above certain concentrations. It 
is evident that at a certain inhibitor concentration, the 
tendency for adsorption is in the order T S G > T U > T A 
(see below). 

-650 

log(i/A cm-2) 

Fig. 3. Effect of the structure of molecules on the 
cathodic polarization curves of mild steel in 1.0 mol 
dm-8 H2S04 . 

Effect of the Structure of the Inhibitor Molecule. 
Figure 3 shows a comparison of the cathodic polarization 
relations in the presence of TSC, T U , and TA at a 
concentration of 1 0 - 3 mol dm - 3 . Clearly the differences 
among these compounds are not too large. The 
inhibiting effect of these compounds on the h.e.r. is in 
the order T S G > T U > T A as evident by the extent of 
the shift in Tafel lines in the cathodic direction. 
Alternatively, Fig. 4 shows the effect of the functional 
group on the current-potential relations for TSC, SC, 
and AG at a concentration of 10 - 2 mol dm - 3 . Clearly 
aminoguanindine (AG) is a slightly better inhibitor 
than SC but TSC is far more efficient than both. 
The above evidence indicates that the inhibiting action 
of the compounds is mainly imparted by the thiocarbon-
yl group. 
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Fig. 4. Effect of TSC and AG molecules on the cathodic 
polarization curves of mild steel in 1.0 mol dm - 3 

H2S04 . 

Table 2 shows the effect of TSC, T U , and TA concen­
trations on the exchange current density of hydrogen 
evolution z0, corrosion current density *corr, the protec­
tion efficiency, P, the degree of surface coverage 6 
and the polarization resistance Rp (see below). The 
protection efficiency is the parcent of relative decrease 
in the corrosion rate, given by 

ieorr (inhibited) \ 
W(blank) / ' ^ ( W ) = 100 

( -
(3) 

The percent of relative decrease in the exchange current 
density is defined similarly. 

The efficiency of a corrosion inhibitor may also be 
evaluated by measuring its effect on the polarization 
resistance which is defined by 

Rp = d(E-Ecorr)/di Qcm2 
(4) 

where E and £ c o r r are in V and i in A c m - 1 Thus a 
plot of (E—Ecorr) in the low polarization region, when 
|Zs—ZscorrK20 mV, vs. current density i should give a 
straight line passing by the origin with a slope equal 
to the polarization resistance. Figure 5 shows such a 
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T A B L E 2. E F F E C T OF THE INHIBITOR CONCENTRATION O N : CORROSION POTENTIAL, TAFEL SLOPE, EXCHANGE 

AND CORROSION CURRENT DENSITIES, AND PERCENTAGE DECREASE IN EACH, DEGREE OF SURFACE COVER­

AGE, AND POLARIZATION RESISTANCE FOR MILD STEEL IN 1 .0 mol d m " 3 H 2 S 0 4 AT 30 °C 

Inhibitor 
Conen 1 mV 

Thiosemicarbazide TSC 
0 

io-4 

10-3 

io-2 

5 x l 0 - 2 

Thiourea TU 
0 

io-4 

io-3 

5X10-3 

10-2 

3 x l 0 - 2 

5 x l 0 - 2 

- 4 7 1 
- 4 8 0 
- 4 9 5 
- 5 1 0 
- 5 1 5 

- 4 7 2 
- 4 7 0 
- 4 6 7 
- 4 6 5 
- 4 6 3 
- 4 6 1 
- 4 5 1 

Thioacetamide TA 
0 

io-4 

io-3 

io-2 

3 x l 0 - 2 

5 x l 0 - 2 

- 4 7 2 
- 4 6 9 
- 4 6 7 
- 4 6 5 
- 4 6 3 
- 4 6 2 

mV 

- 1 1 6 
- 1 1 9 
- 1 1 8 
- 1 1 9 
- 1 1 8 

- 1 1 6 
- 1 1 7 
- 1 1 7 
- 1 1 7 
- 1 1 7 
- 1 1 7 
- 1 1 5 

- 1 1 6 
- 1 1 6 
- 1 1 6 
- 1 1 4 
- 1 1 4 
- 1 1 6 

*o 

5.2 
1.1 
0.93 
0.59 
0.4 

5.2 
2.0 
1.3 
0.98 
0.8 
0.89 
1.4 

5.2 
2.0 
1.0 
0.6 
0.1 
1.9 

F\*oJ 

— 
78.8 
82.1 
88.7 
92.3 

— 
61.5 
75.0 
81.2 
84.6 
82.9 
73.1 

— 
61.5 
80.8 
87.9 
96.3 
63.5 

[iA cm - 2 

220 
68 
48 
38 
32 

220 
71 
40 
32 
24 
22 
39 

22 
53 
28 
16 
60 
56 

/^corr ; 

73.6 
78.2 
82.7 
85.4 

— 
67.8 
81.8 
85.5 
89.1 
90.0 
81.9 

— 
75.9 
87.3 
92.7 
97.3 
79.1 

u 

— 
0.82 
0.89 
0.94 
0.96 

— 
0.72 
0.82 
0.87 
0.90 
0.79 
0.79 

— 
0.74 
0.85 
0.91 
0.97 
0.72 

J\vl\i cm-

83.0 
300.0 
366.7 
500.0 
666.7 

83 
530 
870 

1430 
2150 

909 
830 

83 
370 
630 
870 

2220 
350 

Blank 
1(?MTSC 
1ÖJM TU 
1(fM TA 

1 6 7 2 3 A 5 
2XlO-3/Acm-2 

Fig. 5. The relationship between \E—EC0TI\ and current 
density at low cathodoc polarization for mild steel in 
the presence of 10s mol dm - 3 of each TSC, TU, and 
TA at 30 °C. 

plot for TSC, T U , and T A at a concentration of IO"3 

mol d m - 3 of each. Similar straight lines were obtained at 
various concentrations of each inhibitor (see Table 2). 

Figure 6 shows a comparison between P(icorr) and 
P(i0) for TSC, T U , and TA. I t is seen tha t for T S C 
P{h)>P{horr) whereas for T U and T A P(icorr)>P{iJ 
over the entire concentration range. This indicates 
that for T U and T A the percentage decrease in corrosion 
rate is greater than the percentage decrease in the rate 
of the h.e.r. This can be true if the anodic reaction 
is also partially inhibited which supports the conclusions 
reached above, viz. tha t T U and T A are inhibitors of 
dual action. 

From Rp calculations, as shown in Table 2, it is 

a 
V 

log (C/mol dm-3) 

Fig. 6. Effect of inhibitor concentrations on the percent 
of relative decrease in i0 and icorr. 

seen tha t for T S C the polarization resistance increases 
with inhibitor concentration over the indicated range. 
In the cases of T U and T A the polarization resistance 
increases with inhibitor or concentration up to a critical 
value above which T U and T A lose their inhibiting 
efficiency and eventually stimulate, rather than inhibit, 
corrosion. T h e value of this critical concentration at 
30 °C is about 1 0 - 2 m o l d m - 3 in the case of T U and 
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about 3 x 10 _ 2 mol d m - 3 in the case of TA. Such a 
behaviour has not been observed with T S C up to a 
concentration of 5 X 10~2 mol dm - 3 . Preliminary results 
suggest that this critical concentration is temperature 
dependent. 

The reason for this behaviour of T U and T A is still 
in question. Thus whereas some workers25 '26) at tr ibute 
it to the hydrolysis of T U to produce corrosion promoting 
species e.g. HS~ and S2", others27»28) reported the 
disappearance of T U from the solution. T h e loss of T U 
in H N 0 3 has been recently explained2) by a scheme 
which involves its oxidation in solution followed by 
reduction at the metal surface. This scheme obviously 
cannot be applied in non-oxidizing acids e. g. HCl and 
H 2 S 0 4 . O n the other hand, the hydrolysis scheme 
cannot, as yet, be totally accepted since it is not clear 
why hydrolysis occurs to such an extent only in concen­
trated solutions and not in dilute ones. Determination 
of the equilibrium constant for such a reaction is 
required before a final judgement can be made with 
respect to this scheme. 

Consideration of the Molecular Structure. T h e above 
results indicate that the order of the stability of the above 
thiocompounds in solution and the extent of their 
tendency to adsorb on, and hence protect, the iron 
surface are as follows: T S C > T U > T A > n o n s u l f u r 
compounds. A qualitative explanation of this sequence 
may be found from a consideration of the electronic 
structure of these compounds (see Table 1). These are 
all similar on one side of the thiocarbonyl group and 
different on the other. T h e lone pairs of electrons on 
the nitrogen and sulfur atoms are delocalized and hence 
produce derea l iza t ion or resonance stabilization energy 
which stabilizes the compound.29) There is reason to 
believe that the larger the number of delocalized 
electrons, the more stable is the structure and the more 
is the charge density on the "anchor ing" atom (in this 
case S) and hence the larger is the extent of adsorption 
i. e. the larger is 0. 

Therefore, where as the methyl group of T A has no 
delocalized electrons, the amino group of T U has one 
lone pair of such electrons and the hydrazine group of 
TSC has two such pairs. This explains the above 
sequence. In fact in 1.0 mol d m - 3 H 2 S 0 4 medium, 
TA readily undergoes hydrolysis in presence of acid: 

S O 

CH 3 -C-NH 2 + H 2 0 ^ = ± CH 3 -C-NH 2 + H2S. (5) 

The decomposition of T U does not go to the same 
extent. O n the other hand, the results we obtained on 
TSC do not point towards measurable degree of decom­
position or hydrolysis of the compound over the tested 
concentration range. T h e resulting H2S or H S - are 
known to be promotors of hydrogen discharge, hydrogen 
embrittlement and general acid corrosion.30»31) There­
fore, as the concentration of T A increases, the equilib­
rium of Eq. 5 shifts towards the right producing more 
H2S which promotes the h.e.r. and hence the overall 
corrosion reaction. Similar considerations apply to the 
case of T U although obviously to a lesser extent. 
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Gas-Solid Chromatographic Studies of Organic Compounds on 
Zirconium Oxide Beadst 
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Adsorption properties of synthetic zirconium oxide beads were investigated by the gas-solid chromatography 
(GSG) method. Retentions of numerous alkanes, alkenes, aromatics and chlorinated compounds were measured 
in a wide temperature region. It appears that the surface activity of an adsorbent can be easily changed by thermal 
treatment, and in connection with it, the role of crystallographic structure of the adsorbent is emphasized. Thermo­
dynamic parameters obtained were used for explanation of the adsorbent-adsorbate interaction. 

The role of GSG in chromatographic practice is 
twofold: its early application was mainly connected to 
the analytical problems, while recently there is an 
increasing interest in physicochemical applications of 
GSG, among them, special attention is devoted to the 
adsorption phenomena. GSG measurements offer 
numerous advantages, the most important a re : speed, 
accuracy, wide temperature region, zero coverage of a 
surface and above all, this technique provides results 
in the dynamic conditions. 

Apar t from silica and alumina, which are extensively 
used both for practical and physicochemical purposes 
and therefore are well examined,1 - 3) a very few data 
concerning other metal oxides are available in 
literature.4 - 9) Analytical inapplicability of uncommon 
metal oxides, due to their surface inhomogeneity and 
polarity, makes tha t little attention is paid to those 
adsorbents. T o overcome serious problems linked with 
surface inhomogeneity and polarity, modifications with 
various polymeric stationary phases are generally 
applied. 

T h e first paper dealing with GSG properties of 
zirconium oxide,4) thermally pretreated at 1173 K, 
appeared at the time when the present study was 
undertaken. Since zirconium oxide may appear in 
amorphous as well as in monoclinic and tetragonal 
crystal form, it is normally expected that each modifica­
tion exhibits different adsorptive properties. There is 
no information on crystal form used by Lapteva and 
coworkers,4) but thermal t reatment applied strongly 
suggests the monoclinic structure. T h e authors4) have 
used three alkanes, n-pentane to n-heptane, adsorption 
and thermodynamic data of which were evaluated for 
temperature region between 493 and 543 K. 

Despite the lack of GSG data , zirconium oxide is 
widely used as an inorganic adsorbent both for anions 
and cations. I t seems tha t this material deserves more 
detailed investigations as far as the organic molecule 
adsorption processes are concerned. 

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

The experiments were performed with zirconium oxide 
precipitated from aqueous zirconium dichloride oxide (ZrOCl2 

t Presented at the 3rd World Chromatography Con­
ference, July 3—4, 1980, Zürich, Switzerland. 

•8H20) solution with ammonia.10) 
The following procedure was adopted : 30 g of zirconium 

dichloride oxide was dissolved in 500 ml of 4 mol dm - 3 of 
nitric acid, diluted by equal volume of deionized water, and 
precipitated by 1000 ml of 5% ammonia with vigorous stirring 
at room temperature. The resultant precipitates were 
nitrated, thoroughly washed with 1% ammonia solution till 
the negative reaction of chloride ion, then with deionized 
water till the neutral reaction. After that, the précipitants 
were dried in air at 383 K for the period of 10 d. This 
material was ground and sieved. The fraction of 45—60 
mesh was splitted into three portions and each was thermally 
treated for 4,5 h in air, at 523, 873, and 1173 K, respectively. 
These materials were used then in GSC experiments as a 
column packing. 

All the chemical used were of analytical grade. 

Fig. 1. X-Ray diffraction diagrams for zirconium oxide 
heated at various temperatures. The figures on the 
curves represent the heating temperatures, K. 

The specific surface areas of the above materials were 
determined by a Ströhlein area meter using the single point 
nitrogen adsorption method. The values obtained were 220, 
34, and 13 m2 g-1 for materials heated at 573, 873, and 1173K, 
respectively. To determine the crystalinity of the packing 
used, X-ray diffraction patterns were recorded using a Siemens 
Kristalloflex 4 with a GM counter. The diffractograms 
obtained are shown in Fig. 1. Diffraction diagram for the 
material treated at 523 K shows a typical pattern of the 
amorphous species. The product heated at 873 K is mainly 
monoclinic with a metastable tetragonal phase indicated 
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with a small peak at 30 degrees of 20 while that one at 
1173 K shows the stable monoclinic phase only. These 
results are in agreement with the recent information published 
by Sato et a/.") 

All the organic compounds, obtained from various com­
mercial sources, were of analytical reagent grade and used 
"as received." 

A Perkin-Elmer model F 17 and 881 gas-chromatographs 
were used in the experiments. As a carrier, dry nitrogen was 
employed, and its flow, depending on the experimental 
conditions applied, varied in the range of 10 to 20 cm3 min -1, 
as measured by a soap-bubble flowmeter. The adsorbates 
were injected as small vapour samples and the retention 
times were measured by a stop-watch. In all cases, stainless 
steel columns were used. Prior to the experiments, the 
packed column was conditioned overnight in a stream of 
nitrogen at 503 K. 

The retention volumes for each adsorbate were measured 
at 413,433,453,473, and 493 K, with the exception of adsorb­
ates with retention times exceeding 90 min. An average 
retention from a multiple injection was for the following 
calculations, and the gas hold up time was assumed to be equal 
to the retention time of methane at the same temperature. 
No sample size and tailing effects were observed, except for 
aromatics at lower experimental temperatures, and such 
data were omitted from the calculations since they cannot 
be used for derivation of the thermodynamic data. Generally, 
sample size effect or tailing indicates inhomogeneity of the 
adsorbent surface, nonlinearity of the adsorption isotherm 
or multilayer adsorption. 

The net retention volume, FN, was calculated for each 
adsorbate from the usual relation, 

VK=jt'RFo, (1) 

where /R is the adjusted retention time, Fc is the corrected 
carrier flow rate and j denotes the James-Martin pressure 
correction term. The net retention volumes were then 
converted into the adsorbate distribution coefficients, KD, at 
a given temperature, deviding FN by the total surface area of 
the adsorbent in the column. The values obtained correspond 
to the initial slope of the adsorption isotherm. The variation 
of KD from one adsorbent to another for the same adsorbate 
was used then to quantify the changes in the properties of the 
adsorbents. The isosteric heat of adsorbtion, AH, was 
calculated by plotting In (KJT) vs. (1/T), where the linear 
least-square slopes of the plots were taken to be equal to 
— AHjR (assuming that AH is invariant over the temperature 
range examined here). The Gibbs free energies of adsorbtion, 
AG, were calculated from the relation AG =—RTInKD, 
where R is the gas constant. The corresponding entropies of 
adsorption, AS, were calculated from AS= (AH—AG/T). 

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

As expected, the distribution coefficients of the 
adsorbates within the homologous series increase with 
the increasing chain length as well as with the increasing 
molecular weights or boiling points, the later dependence 
is shown in Fig. 2. T h e straight line connecting experi­
mental points for benzene and its dérivâtes is consider­
ably above the paraffin line because of the specific 
interactions of adsorbent with the aromatic ring. If we 
assume that normal alkanes can interact with the 
surfacenons pecifically only, then the plots similar to 
Fig. 2 can be used to elucidate the nature of the specific 
adsorption process. Using this approach, the vertical 
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Fig. 2. Logarithm of distribution coefficient at 473 K vs. 
boiling point for zirconium oxide treated at 873 K. 
1: 2-Methylbutane, 2 : pentane, 3 : cyclopentene, 5: 2-
methylpentane, 6: 2,2-dimethylbutane, 7: 2,3-dimethyl-
butane, 8: cyclohexane, 9: hexane, 10: heptane, 12: 
Octane, 13: 2,4-dimethylpentane, 14: 2,2,4-trimethyl-
pentane, 15: benzene, 16: toluene, 17: chlorobenzene, 
18: bromobenzene. 

distance between the normal alkane line (open circles) 
and any point on the plot for the aromatic line (filled 
circles) is related to the degree of specific interaction, 
shown by the compound representing that point.12) 
T h e plots similar to those in Fig. 2 and conclusions that 
follow can be drawn for other thermal modifications 
of the zirconium oxide. 

The role of a dominant element in GSC-geometrical 
factors, is evaluated by comparing the da ta for hexane 
and cyclohexane. Although cyclohexane boils 12 K 
higher than hexane, its retentions are shorter, regardless 
the thermal t reatment of the column material. Due 
to the shorter retention, the point corresponding to 
cyclohexane (Fig. 2) lies considerably lower than the 
saturated hydrocarbon line. Explanation for such a 
behaviour can be easily found in geometric properties 
of the molecules under consideration. In the case of 
hexane, all the six carbon atoms can approach a plane, 
while for cyclohexane only three or four of them can 
interact with a surface at the same time, depending on 
the steric form that cyclohexane may take. Similarity, 
the branched saturated hydrocarbons possess less carbon 
atoms available to contact and therefore to interact 
with the surface in comparison to the linear molecule 
with the same carbon atom number. Accordingly, all 
the branched hydrocarbons are eluted prior to the 
corresponding linear homologues. 

Halogenated compounds interact with zirconium 
oxide to a great extent, due to their possibility to form 
stable zirconium dichloride oxide organic complexes.13) 
We believe tha t this mechanism is responsible for 
permanent linking of chloroform, dichloromethane and 
carbon tetrachloride to the column material , even at 
higher experimental temperatures applied here. O n 
the contrary, halogenated alkenes as well as 1,2-
dichlorethane and halogenated benzene dérivâtes are 
eluted from the column with quite reasonable retentions, 
in spite of the fact tha t some of these adsorbates have 
two possibilities to interact specifically with zirconium 
oxide, e. g. double bond and chlorine atom. Here, the 
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J3 8 

triehloroeihylene 

pentane 

2.0 2.4 2.1 2.2 2.3 

r-vio-3 K-1 

Fig. 3. Representive plots of \n{KvjT) vs. (l/T) for 
indicated adsorbates O» X > # ZrOa heated at 523 K, 
A , + , A heated at 873 K and Q , X, • heated at 
1173 K. 

geometric factor is obviously responsible for such a 
behaviour, a nature of which requires a more detailed 
examination. 

Typical plots of the functionality, In KD=f(\lT) for 
pentane, trichlorethylene, and toluene are shown in 
Fig. 3. For other adsorbates studied, similar linear 
relationships were obtained. T h e AH values calculated 
from these plots and the corresponding entropies of 
adsorption are collected in Table 1. 

T h e isosteric heat of adsorption for pentane, hexane 
and heptane reported by Lapteva and coworkers4) are 
—28.9, —34.4, and —41.9 k j mol- 1 , respectively. These 
values are lower t h a n those we found. T h e different 
temperature region used in determining the AH values 
can easily produce discrepancy between the values of 
the isosteric heats. In addition, the mode of preparation 
of the initial zirconium oxide material, may also con­
tribute to the disagreement in AH values. 

20 30 40 

-AHJkJ mol"1 

Fig. 4. Dependence of isosteric heat of adsorption on the 
corresponding heat of vaporization for Z r 0 2 thermally 
treated at 523 K. 
Symbols as in Fig. 2. 4: 1-Pentene, 11: 1-hexene. 

Dependence of the isosteric heat of adsorption on the 
heat of vaporization, AHV) are illustrated in Fig. 4, for 
zirconium oxide treated at 523 K. All the compounds 
lying on the common straight line represent the same 
interaction mechanism with the surface. The compounds 
falling out of the line, e.g. benzene, 1-pentene, and 
chlorinated compounds, are capable to interact, beside 
always acting nonspecific mode, with one or other 
specific mechanism. 

T h e role of the specific par t of the interaction can be 
evaluated considering the free energy of adsorption. 
T h e values of A (AC?) for a pair of adsorbates, benzene 

TABLE 1. ISOSTERIC HEAT 

K.-1) VALUES FOR 

OF ADSORPTION ( — AH/kJ mol-1) AND ENTROPY OF ADSORPTION (—AS/J mol - 1 

NAMED ADSORBATES ON VARIOUS THERMALLY TREATED ZIRCONIUM OXIDE 

Absorbate 

Pentane 
Hexane 
Heptane 
Octane 
Cyclohexane 
2-Methylbutane 
2-Methylptntane 
2,2-Dimethylbutane 
2,3-Dimethylbutane 
2,4-Dimethylpentane 
2,2,4-Trimethy lpentane 
Cyclopentene 
Benzene 
Chlorobenzene 
Bromobenzene 
Toluene 
1,2-Dichloroethane 
Trichloroethylene 
Tetrachloroethylene 

523 K 
^ 

-AH 

44.32 
54.07 
70.69 

— 
50.79 
41.12 
49.92 
51.80 
51.91 

— 
— 

46.76 
53.95 

— 
— 
— 

40.73 
57.07 
62.21 

-AS 

113 
125 
149 
— 

118 
107 
117 
122 
121 
— 
— 

118 
119 
— 
— 
— 

115 
130 
135 

873 K 
,x 

-AH 

38.46 
45.74 
54.05 
64.03 
43.66 
38.05 
42.62 
42.62 
42.62 
48.86 
54.47 
44.70 
54.47 
65.49 
73.80 
60.29 
45.32 
51.35 
55.72 

-AS 

106 
115 
126 
142 
111 
106 
110 
111 
110 
118 
124 
116 
124 
136 
147 
129 
121 
122 
128 

1173 K 
^ 

-AH 

35.76 
44.70 
53.01 
68.73 
41.58 
35.34 
42.62 
39.92 
41.58 
49.90 
54.05 

— 
— 
— 
— 

63.20 
— 
— 
— 

-AS 

98 
111 
120 
146 
105 
98 

107 
103 
105 
117 
120 
— 
— 
— 
— 

128 
— 
— 
— 
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-AH/kJ mol-1 

Fig. 5. Plots of AS os. AH. 
19: 1,2-Dichloroethane, 20: trichloroethylene, 21: 
tetrachloroethylene. Other symbols as in Fig. 2. 

and hexane at 473 K, on the zirconia treated at 523, 
873, and 1173 K are - 2 . 8 2 , - 4 . 2 9 , and - 6 . 4 5 k j 
mol - 1 , respectively. These values represent the contribu­
tion of three double bonds from benzene ring. It is 
normal that A (AG) increases with the increasing 
treatment temperature; such a treatment leads to 
dehydroxylation of the surface and therefore to the 
surface activation. The increased A (AG) values are 
also connected to the thermal treatment which leads 
to the change of the crystalinity of zirconium oxide. 

Empirical dependence of AS on AH, designated in 
literature as a compensation effect, is shown in Fig. 5 
for the material preheated at 523 K. Nonspecific 
interacting adsorbates lie on the same straight line, 
although a separate line can be constructed for the 
chlorinated compounds. Two separate lines indicate 
two different types of interactions as pointed out above. 

The values of the isosteric heats of adsorption of 
normal alkanes on zirconium oxide are similar to those 
obtained on silica.14) O n the other hand, the increment 
of AH for each CH 2 group is much higher when zirconia 
is used as adsorbent, implying the stronger nonspecific 
adsorption. 

Many problems in the field of GSC thermodynamics 
remain without definite answers. A complete explana­
tion of the nature of the interactions acting between 
adsorbate and metal oxides must await further experi­
mentations. 

We are indebted to Dr. S. Malcic, from the Boris 
Kidrié Institute of Nuclear Sciences, for crystallographic 
examinations, to Miss V. Roglic for careful corrections 
of English, and to M.Sc. M. Trtanj for zirconium 
oxide grant . 
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Mössbauer Study of Solid State Photolysis of Alkali 
Tris (oxalato) ferrates (III) 
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Chemistry Department, Guru Nanak Dev University, Amritsar-143005, India 
(Received August 25, 1980) 

Solid state photolysis of alkali tris(oxalato)ferrates(III) (Li, Na, K, Gs, and NH4) was studied with mercury 
radiation in the visible region by means of Mössbauer spectroscopy. The intermediate K6[Fe^(ox)5] is formed in 
the case of potassium tris(oxalato)ferrate(III) and FeG204-2H20 in the case of other alkali tris(oxalato)ferrates-
(III) [Li, Na, Cs, a n d N H J . 

Mössbauer spectroscopy is effective for detecting the 
change in oxidation state and structure.1) By means of 
U V and visible spectroscopy and magnetic susceptibility 
measurements Wendlandt and Simmons2) found that 
i ron(II) oxalate is formed during the course of solid 
state photolysis of potassium tris(oxalato)ferrate(III). 
Bancroft et al.*) reported the formation of K6[Fey(ox)5] 
as an intermediate, the results contradicting the observa­
tion made by Wendlandt and Simmons.2) Sato and 
Tominaga4 '5) investigated the photolysis of potassium 
bis- and tris (oxalato) ferrate (III) in solid state and frozen 
solutions using Mössbauer spectroscopy, their results 
supporting those obtained by Bancroft et al.3> They also 
suggested the formation of metastable iron(II) species 
during the course of photolysis. In our earlier com­
munication,6) Mössbauer parameters of alkali tris-
(oxalato)ferrates (III) have been reported. T h e effect 
of change of cation on the isomer shift values have been 
observed. In this communication, the effect of change 
of cation (Li, Na, K, Cs, and NH 4) on the intermediates 
formed during the course of solid state photolysis of 
these complexes is reported. 

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

Alkali Tris(oxalato)ferrates(III) M3[Fe(ox)3]-3H20 (M= 
Li, Na, K). These were prepared by mixing three 
volumes of 1.5 mol dm - 3 alkali metal oxalate solution and one 
volume of 1.5 mol dm - 3 iron (III) chloride solution with 
vigrous stirring. The precipitated green product, i. e. M3[Fe-
(ox)3].3H20 (M=Li , Na, K), was recrystallized three times 
from warm water and dried in a current of warm air (45 °C) 
with a drier.7) The solid product was stored in the dark in 
order to avoid chemical change. 

Caesium Tris (oxalato )ferrate(III) Trihydrate Cs^Fefox)^ • 
3H20. Caesium oxalate was prepared from caesium 
chloride and oxalic acid. Three volumes of 1.5 mol dm - 3 

caesium oxalate solution and one volume of 1.5 mol dm - 3 

iron (III) chloride solution were mixed with vigrous stirring. 
The reaction mixture was concentrated on a water bath until 
crystals of caesium tris (oxalato) ferrate (III) formed. The 
crystals were recrystallized from warm water and then stored 
and dried in the dark. 

Ammonium Tris ( oxalato )ferrate( HI) Trihydrate (NHJ^ 
[Fe(ox)3]<3H20. This complex was prepared as re­
ported.8) 

The percentage of iron in the alkali tris (oxalato) ferrates (III) 
was determined by electronic spectroscopy and found to agree 
with that of the expected value.9) The percentage of sodium 
and potassium in sodium- and potassium tris (oxalato) ferrate-
(III) trihydrate respectively was determined with a flame 
photometer. 

For photo-irradiation, samples were exposed to medium 
pressure 125 watts mercury lamp radiations. 

A Mössbauer spectrometer MBS-35 (ECIL, India) coupled 
with MCA-38B with constant acceleration drive was employed 
to record the spectrum. A 5-mi 57Co (Rh) source was used. 
The values of isomer shift are reported with respect to natu-
raliron. All the spectra were recorded at temperature 25^2 
°C. A sample containing approximately 10 mg/cm2 of the 
natural iron was taken for each measurement. All the 
spectra have been fitted to Lorentzian line shape using pro­
gram and fitting procedures10) on microcomputer 2000 
(DCM, India). The intensities of quadrupole doublets are 
almost equal, the Mössbauer spectra of the tris (oxalato)-
ferrates(III) at room temperature being almost symmetrical. 
Slight deviations might be due to powdered random samples 
and due to spin lattice relaxation effect.11) 

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

T h e Mössbauer spectra of alkali tris (oxalato) ferrates-
(III) at room temperature (25 ± 2 °C) consist of a single 
broad absorption band due to an electronic spin relaxa­
tion effect.11) The Mössbauer parameters of alkali tris-
(oxalato)ferrates(III) are given in Table 1. T h e isomer 
shift value of 0.26 m m s_ 1 for potassium tris (oxalato)-
ferrate (III) trihydrate agrees with the reported 
value.1 '3 '4-12-14) 

TABLE 1. MÖSSBAUER PARAMETERS OF ALKALI 

TRIS ( OXALATO) FERRATES ( I I I ) 

Name of complex Isomer shift Width at half 
maximum Percentage 

absorption 

Li3Fe(C204)3 .3H20 
Na3Fe(Ca04)3 .3HaO 
K3Fe(C204)3 .3H20 
Cs3Fe(C204)3 .3H20 
(NH4)3Fe(C204)3-
3H 2 0 

0.03±0.02 
0.15±0.02 
0.26±0.02 
0.39±0.02 

0.2I±0.02 

1.39±0.02 
1.37±0.02 
1.78±0.02 
0.85±0.02 

6.09 
2.35 
6.12 
3.81 

1.16±0.02 2.07 

The alkali tris(oxalato)ferrates(III) are high spin 
complexes having octahedral structure with oxidation 
state ( + 3) of iron. The sp3d2 hybridization is involued 
in bonding with the ligands (oxalates). T h e change in 
polarization of the alkali metal cation affects the 3s-
electron density at the iron nucleus. The more electro­
negative cation will polarize the oxalato group causing 
a change in the electron density of the iron. The 
increase of electronegativity from caesium to lithium 
decreases the electron density in the 3d-orbital of iron 
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TABLE 2. MÖSSBAUER PARAMETERS OF THE PRODUCTS OF PHOTOLYSIS 

FROM ALKALI TRIS(OXALATO) FERRATES(III) 

Product 
Isomer shift 

mm s_1 

Quadrupole 
splitting Tentative assignment 

Product I 
Product II 
Product III 
Product IV 

1.16±0.04 
0 .28±0.04 
1.18±0.04 

3 .89±0.04 
0 .68±0.04 
1.80±0.04 

Parent compounds80 

K6[Fe2"(ox)5] 
M[Fem(ox)2(H20)2]b> 
FeG 2 0 4 .2H 2 0 

a) The values of isomer shift and quadrupole splitting are given in Table 1. b) M = N a , K, Cs. 

which affects the shielding of 3s-electron density at 
iron nucleus. Less electronegative cation would have less 
effect on the d orbital and the resulting s-electron 
density at the nucleus would decrease, giving higher 
isomer shift value. T h e effect of electronegativity of 
cation on the value of isomer shift is greater as compared 
with that in low spin octahedral complexes15) 
[hexacyanoferrate(II) and hexacyanoferrate(III)] and 
high spin tetrahedral complexes16) [alkalidithioferrate-
( I I I ) ] . A linear relationship between cationic size and 
isomer shift has been observed in alkali tris(oxalato)-
ferrates(III).«) 

The Mössbauer parameters of alkali tris(oxalato)-
ferrates(III) products for the solid state photolysis are 
given in Table 2. The Mössbauer spectrum of potassium 
tris(oxalato)ferrate(III), irradiated for 30 h at room 
temperature (Fig. lb) shows a broad band with isomer 
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Fig. 1. Mössbauer spectra of potassium tris(oxalato)-
ferrate(III) trihydrate at room temperature (25 °C). 
a : Unirradiated complex, b : irradiated for 30 h, 
c : irradiated for 60 h, d : irradiated for 200 h and on 
long standing in air. 

shift 0.29 m m s_1, indicating the presence of parent 
complex and a quadrupole doublet with isomer shift 
value 1.19 m m s - 1 and quadrupole splitting value of 
3.89 m m s-1 indicating the formation of K6[Fe2 ' (ox)5]. 
The Mössbauer spectrum of potassium tris(oxalato)-
ferrate(III) irradiated for 60 h at room temperature 
(Fig. lc) represents two sets of quadrupole doublets, 
one with isomer shift and quadrupole splitting value 
of 1.16 and 3.89 m m s - 1 , respectively, indicating the 
formation of K6[Fe2 ' (ox)5], and the other with isomer 
shift and quadrupole splitting values of 0.33 and 0.62 
m m s - 1 , respectively, indicating the formation 
of K[Fe i n (ox) 2 (H20) 2 ] species. Wendlandt and 
Simmons2) observed the formation of F e C 2 0 4 in the 
solid state photodecomposition of potassium tris-
(oxalato) ferrate (III) by means of magnetic susceptibility 
measurements. However, no such results were obtained 
on the basis of Mössbauer studies. O n further irradiation 
of the complex, oxidation of K6[Fe2

,(ox)5] to K[Fe m -
(ox) 2 (H 2 0) 2 ] takes place. T h e isomer shift and quadru­
pole splitting values of this complex i. e. K[Fe I ! I(ox)2-
( H 2 0 ) 2 ] are 0.32 and 0.65 m m s - 1 , respectively, showing 
that the complex has octahedral symmetry with oxida­
tion state ( + 3 ) . After irradiation with mercury radia­
tions for a period of 200 h (Fig. Id) , the Mössbauer 
spectrum shows isomer shift and quadrupole splitting 
values of 0.32 and 0.62 m m s_1, respectively, indicating 
complete photodecomposition to K[Fe U I (ox) 2 (H 2 0) 2 ] . 
No change in Mössbauer parameters has been observed 
on further irradiation. K6[Fe2

I(ox)5] is an unstable 
complex which, after being left to stand in the air for 
several days, gets oxidized to K[Fe i n (ox) 2 (H 2 0) 2 ] 
(product I I I ) . I t is possible that product I I I is formed 
by radiation and aerial oxidation. Sato and Tominaga5) 
reported the formation of metastable iron(II) and 
[Fe (ox) 2 (H 2 0) 2 ] 2 - intermediate. The formation of these 
species was not observed in our experiments. This might 
be due to the difference in wavelength and experimental 
conditions. T h e mechanism of the solid state photode­
composition of potassium tris(oxalato)ferrate(III) is 
suggested as follows : 

ft)/ In 
K3[FeIII(ox)3] • K6[Fe2

n(oX)5] • K[FeI»(ox)a(H20)2]. 
air 

(I) (II) (HI) 
T h e Mössbauer spectra of sodium and caesium 

tris(oxalato)ferrates(III) irradiated for a period of 60, 
150, and 200 h are shown in Figs. 2 and 3, respectively. 
The Mössabauer spectra of these complexes irradiated 
for 60 h (Figs. 2b and 3b) show a doublet with isomer 
shift and quadrupole splitting values of 1.22 and 1.82 
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Fig. 2. Mössbauer spectra of sodium tris (oxalato) -
ferrate(III) trihydrate at room temperature (25 °G). 
a : Unirradiated complex, b : irradiated for 60 h, 
c: irradiated for 150 h, d: irradiated for 200 h. 
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Fig. 3. Mössbauer spectra of caesium tris (oxalato) -
ferrate(III) trihydrate at room temperature (25 °C). 
a : Unirradiated complex, b : irradiated for 60 h, 
c: irradiated for 150 h, d: irradiated for 200 h. 

m m s_ 1 in the case of sodium tris (oxalato) ferrate ( I I I ) , 
and 1.18 and 1.77 m m s - 1 in the case of caesium tris-
(oxalato)ferrate(III). The values of isomer shift and 
quadrupole splitting are comparable to those reported 
for i ron(II) oxalate dihydrate.14) T h e same were 
observed in the Mössbauer spectrum of iron(II)oxalate-
dihydrate (pure A.R.) . O n further irradiation, the 
Mössbauer spectrum shows a quadrupole doublet with 
isomer shift and quadrupole splitting values of 0.30 
and 0.66 m m s - 1 in sodium tris(oxalato)ferrate(III) 

1 - 1 in the case of caesium tris(oxalato)ferrate(III) 
3d), indicating the formation of M[Fem(ox)2-

(Fig. 2c) and 0.28 and 0.66 m m s_ 1 in the case of 
caesium tris(oxalato)ferrate(III) (Fig. 3c). These values 
indicate the formation of an octahedral complex with 
oxidation s ta te(I I I ) . When these complexes (Na and Cs) 
were irradiated for 200 h and left to stand in the air for 
several hours, the Mössbauer spectrum represents a 
quadrupole doublet with isomer shift and quadrupole 
splitting values of 0.28 and 0.68 m m s_ 1 in sodium 
tris (oxalato) ferrate ( I I I ) (Fig. 2d) and 0.29 and 0.68 
m m s-

(Fig-
( H 2 0 ) 2 ] complexes ( M = N a , Cs). Further irradiation 
of these complexes shows on change in the Mössbauer 
spectra. The mechanism of photodecomposition of 
sodium- and caesium-tris (oxalato) ferrates (III) in solid 
state might be postulated as follows : 

M3[Fein(ox)3] ^U Fen(ox)2H20 — M[Fem(ox)2(H20)2]. 
air 

(IV) (M = Na, Cs) 

These observations are similar to those for the products 
obtained by the photolysis of potassium tris (oxalato) -
ferrate (III) in acidic solutions.17) Potassium tris-
(oxalato) ferrate (III) is used in actinometer. Photolysis 
of potassium tris (oxalato) ferrate (III) has 
been investigated in solution as regards 
actinometer. The formation of ferrous 
observed in solutions. 

In the case of lithium- and ammonium tris (oxalato) -
ferrates (III) the Mössbauer spectra of these complexes 
irradiated for 100 h at room temperature indicate a 
quadrupole doublet with isomer shift and quadrupole 
splitting values of 1.20 and 1.77 m m s - 1 in the case of 
li thium tris (oxalato)ferrate (III) (Fig. 4b) and 1.22 and 
1.74 m m s - 1 in the case of ammonium tris (oxalato) -

extensively 
its use in 
oxalate is 

fa******!:*,. *„..„, ,***d 

,?&# 

fi ! 

3 ! 6 l>';**.V* °o°'°''o°'°°o\°'i 

Velocity/mm s - 1 

Fig. 4. Mössbauer spectra of lithium tris (oxalato) -
ferrate (III) trihydrate at room temperature (25 °G). 
a: Unirradiated complex, b : irradiated for 100 h, 
c: irradiated for 200 h. 
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Velocity/mm s~ 

Fig. 5. Mössbauer spectra of Ammonium tris (oxalato) -
ferrate (III) trihydrate at room temperature (25 °G). 
a: Unirradiated complex, b : irradiated for 100 h, 
c : irradiated for 200 h. 

ferrate(III) (Fig. 5b). O n further irradiation upto 200 h 
(Figs. 4c and 5c) no change in the Mössbauer parameters 
was observed. 

In the photolysis of potassium tris (oxalato) ferrate-
( I I I ) , the K6[Fe"(ox)5] intermediate is formed and 
finally K[Fe n i (ox) 2 (H 2 0) 2 ] is obtained. In sodium-
and caesium tris(oxalato)ferrates(III), i ron(II) oxalate 
has been observed as an intermediate. However, in the 
case of lithium- and ammonium tris (oxalato) ferrates-
( I I I ) , i ron(II) oxalate is formed upto 200 h of irradia­
tion. It can be concluded that different intermediates 
are formed during the course of photolysis of alkali 
tris (oxalato) ferrates (111). T h e rate of photodecomposi-

tion is greater in the case of potassium- and ammonium 
tris(oxalato)ferrates(III). This might be the reason 
for the use of potassium tris (oxalato) ferrate (III) in an 
actinometer. 
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The Design of Organic Metals. Dibenzotetrathiafulvalene-2,3-
Dichloro-5,6-dicyano-p-benzoquinone (DBTTF-DDQ) 

James J. MAYERLE* and Jerry B. TORRANCE* 

IBM Research Laboratory, San Jose, California 95193, U. S. A. 
(Received November 4, 1980) 

The electrical and optical properties of the four charge-transfer salts formed between the two donors tetra-
thiafulvalene (TTF) and dibenzotetrathiafulvalene (DBTTF) and the two acceptors tetracyanoquinodimethan 
(TCNQ.) and 2,3-dichloro-5,6-dicyano-/>-benzoquinone (DDQJ are compared. The differences are rationalized 
on the basis of electrochemical considerations. DBTTF-TCNQ., the compound composed of the weakest donor 
and acceptor, is found to be a neutral complex. However, TTF-TCNQand the new material DBTTF-DDQ are 
mixed valence and highly conducting. The latter material, which is the first highly conducting salt to contain 
the common acceptor DDQ, has a room temperature pellet electrical conductivity of 8 Q_1 cm"1. Finally, the 
combination of best donor and acceptor, TTF -DDQ, forms an insulating, completely ionic salt. The structure 
of this salt has been determined and found to crystallize with relatively isolated dimers of TTF and strongly distorted 
stacks of DDQ. 

For the past few years we have been engaged in a 
program aimed at gaining a systematic understanding 
of the electronic and structural properties of organic 
charge-transfer complexes. As part of this work we 
have attempted to expand the range of materials that 
will form organic metals. We now report the electrical 
and optical properties of the new highly conducting 
salt DBTTF-DDQ, 1 ) the first2) such material containing 
the common acceptor D D Q . In order to understand 
why D B T T F - D D Q is highly conducting, we will 
compare the electrical and optical properties of the 
four charge-transfer salts formed between the two donors 
DBTTF and TTF and the two acceptors D D Q and 
TCNQ. 1) This comparison will illustrate the dependence 
of the solid state electrical properties of organic charge-
transfer complexes on the redox properties of the 
individual molecules and, consequently, will illustrate 
guidelines for how to make organic metals. 

High conductivity requires that two conditions be 
fulfilled: first, the donor and acceptor must crystallize 
in separate (segregated) stacks and, second, the degree 
of charge transfer, p, from donor to acceptor must be 
fractional (p<^\), i.e., the resulting complex must be 
mixed valence. The criteria we use in selecting donors 
and acceptors that will meet these conditions have been 

discussed in detail elsewhere.2-4) However, we will 
briefly mention under what conditions the criterion of 
incomplete charge-transfer is met3) since it is of central 
importance to the results reported here. 

The total binding energy of these materials per 
donor/acceptor pair, expressed as a function of p, the 
degree of charge-transfer, is given in Eq. 1, 

&B(P) = -p[flE*-V-A)]9 (1) 

where Eu is the Madelung (electrostatic binding) energy 
of the completely ionized lattice, / is the ionization 
potential of the donor, and A is the electron affinity 
of the acceptor. Since variations in Eu are smaller than 
variations in (I—A) for the types of materials under 
discussion, differences in p between different materials 
should depend mainly on the quantity (I—A). Since 
the values of / and A are generally not well known for 
organic molecules, however, we use the more readily 
obtained values of the electrochemical half-wave 
potentials (E1/2) as a measure of relative donor/acceptor 
strength. Since AiiREDox5 the difference between the 
E1/2 values of any donor/acceptor pair, can be related5) 
to the quantity (I—A) in Eq. 1, values of AEhEDOX 

can be used to predict the degree of charge-transfer 
in a given material. In particular, if AEREDOx is large 

TABLE 1. PROPERTIES OF DONOR/ACCEPTOR COMBINATIONS I A-^REDOX» VALENCE, 

AND ROOM TEMPERATURE PELLET ELECTRICAL CONDUCTIVITY 

N 

NC 

CN 

CN 

I II > < II I 
X/xs/ xs/\x 

DBTTF 
(£ 1 / 2 =0.55V) 

\ S > < 
/ S x 

s/ 
TTF 

( £ l / 2 = 0 . 2 9 V ) 

TCNQ 
(£ 1 / 2 =0.23V) 

+ 0 . 3 2 V 
Neutral 
10-7 Q-1 cm-1 

+ 0.06 V 
Mixed valence 
VOQ^cm-1 

CI 
\ 

CI 

o=Q.o 
Ncf XCN 

DDQ 
(£ 1 / 2 =0.56V) 

- 0 . 0 1 V 
Mixed valence 

- 0 . 2 7 V 
Ionic 
10-8 Q-1 cm-1 
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and positive, a neutral charge-transfer complex results, 
i.e., for a poor donor/acceptor combination, p=0. If 
AJ^REDOX is large and, negative, a fully ionic charge-
transfer salt results, i.e., for a good donor/acceptor 
combination, p= 1. For intermediate values of AERED0X, 
estimated3) as —1/4 V<;Ai}R E Dox^l/4 V, there is in­
complete charge-transfer and a mixed-valence, and 
therefore highly conducting, compound results. 

Table 1 gives E1/2 values6) (in parentheses) for the 
two donors, TTF and DBTTF, and the two acceptors, 
T C N Q and D D Q , as well as the AEREDOX values 
for the four donor/acceptor combinations. Since donor 
strength increases as E1/2 decreases, it is apparent that 
TTF is a considerably stronger donor than DBTTF. 
On the other hand, since acceptor strength increases 
as E1/2 increases, it can be seen that D D Q is a much 
stronger acceptor than T C N Q . Thus, for T T F - T C N Q , 
AJEREDOX is +0 .06 V and the material is a mixed-
valence, highly conducting salt. Because of its small 
value (—0.01 V) of AEREDOx, one would predict that 
D B T T F - D D Q would also be a mixed-valence, highly 
conducting solid. This is what we have found. D B T T F -
T C N Q , however, has a large, positive ( + 0 . 3 2 V) value 
of AJ^REDOX- Hence, it is a neutral insulating (p=0) 
solid. The A£RED0X value of - 0 . 2 7 V for T T F - D D Q 
lies too near the ionic boundary (AEREDOx^ — 1/4 V) 
to allow one to predict whether T T F - D D Q would be 
mixed-valence or ionic. We have found it to be, in 
fact, completely ionic. 

The reaction of DBTTF with D D Q in toluene results 
in a 1 : 1 compound7) with the relatively high room 
temperature powder electrical conductivity of 812 _ 1 

cm - 1 , compared to values in the range of 10~4—10~10 

Q,'1 c m - 1 for any of the previously known compounds 
of D D Q , and compared to a value of 70 X2_1 c m - 1 

for T T F - T C N Q . Although we have not been able 
to obtain single crystals of D B T T F - D D Q suitable for 
X-ray diffraction, the high electrical conductivity leaves 

2 3 
Energy /eV 

Fig. 1. Optical absorption spectra of the four complexes 
formed between the two donors TTF and DBTTF and 
the two acceptors DDQ and TCNQ. 

no doubt that the material is composed of mixed-
valence, segregated stacks of donors and acceptors. 
Convincing evidence for the mixed-valence nature of 
D B T T F - D D Q can also be obtained from its optical 
spectrum, Fig. 1. Like that of T T F - T C N Q , the 
spectrum consists of high energy bands largely charac­
teristic of the individual ions. In addition, and most 
importantly, there is a low energy band at ^ 0 . 4 eV 
which, in the case of T T F - T C N Q , has been shown to 
be a mixed-valence, intrastack charge-transfer transi­
tion.8) This mixed-valence charge-transfer band is found 
in and is characteristic of all known organic metals.8) 
Thus, D B T T F - D D Q is mixed-valence and is the first 
highly conducting material that contains D D Q . This 
compound is one of the rare examples4) of a highly 
conducting organic charge-transfer salt that does not 
contain T C N Q or one of its derivatives as the acceptor 
molecule. This compound is also significant as one of 
the first highly conducting materials containing DBTTF, 
the oldest TTF-like molecule.9) Metallic DBTTF 
compounds with BF4~ and TCNQC12 have recently been 
reported.10»11) 

Slow diffusion of an acetonitrile solution of TTF into 
a D D Q solution of the same solvent yields small, dark 
red crystals of almost cubic habit. A projection of the 
structure (space group PÏ with 0=10.227(4) , b = 
12.195(5), c=6.609(2) À, «=77 .51(2) , 0=81 .93(2) , and 
y=87.30(4)°, with 2 formula units per unit cell) onto 
the (001) plane is shown in Fig. 2(a). It consists of 

(b) 

Fig. 2. Structure of TTF-DDQ projected onto the (a) 
(001) plane and (b) onto the (100) plane. 



3172 James J. MAYERLE and Jerry B. TORRANCE [Vol. 54, No. 10 

strongly distorted stacks of D D Q and isolated, eclipsed 
dimers of T T F . T h e interplanar spacing between the 
two T T F molecules comprising the dimer is <=«3.4Â. 
There is virtually no overlap between adjacent dimers. 
T h e D D Q molecules also dimerize, but do so within the 
framework of infinite columns of D D Q stacked parallel 
to the c axis. T h e stacking of the D D Q molecules can 
be seen in the (100) projection of the structure, shown in 
Fig. 2(b). T h e interplanar spacing between molecules 
of the D D Q dimer is 3.0 Â. This is an extremely short 
distance. T h e interplanar spacing between molecules 
in adjacent dimers is 3.56 Â. This strong distortion of 
the D D Q stacks, as well as the existence of isolated 
dimers of T T F , accounts for the fact tha t there is no 
paramagnet ic contribution to the magnetic suscepti­
bility. The distortion of the acceptor stack is presumably 
caused by the same phenomenon1 2) that causes the 
distortion in the low temperature phases of other fully 
ionic complexes, such as K-TCNQ. 1 3 > T h e completion 
of the structural analysis ( Ä = 1 2 % ) has been com­
plicated by the fact tha t the D D Q molecule is dis­
ordered, exhibiting partial interchange of -CI and 
- C - N groups. Such disorder has previously been seen 
in the charge-transfer complex of DDQ, with benzo[c]-
phenanthrene.1 4) 

T h a t (0=1 in T T F - D D Q can be seen in its optical 
spectrum, shown in Fig. 1. T h e absence of a mixed 
valence charge transfer band near 0.4 eV indicates tha t 
this compound is not mixed valence. The optical 
spectrum is dominated by the stronger absorption of 
the T T F molecule and is nearly identical to that of 
(TTF+)2 dimers,15) consistent with the dimers evident 
in the structure (Fig. 2). T h e optical absorption 
indicates that they are not neutral , but completely 
ionic (|0=1) in agreement with the conclusions of 
Ikemoto and co-workers.16) 

The optical spectrum of D B T T F - T C N Q , also shown 
in Fig. 1, shows no evidence of any absorption17) due 
to T C N Q ~ and hence must be a neutral (p—0) complex. 
(Absorption due to DBTTF+, if it were present, would 
also appear near 2.0 eV, but would be considerably 
weaker than the T C N Q - absorption.) Recent ESR 
experiments18) also indicate tha t D B T T F - T C N Q is a 
neutral complex. This is expected from the large 
positive value ( + 0 . 3 2 V) of AEREDOx (Table 1). The 
energy of the charge transfer band at 0.91 eV is in 
agreement with a computed19) value based on AEREV0X. 
T h e second band near 2.4 eV is probably a second 
charge-transfer band. 

In summary, it seems apparent tha t if the AERETl0x 

value of the donor/acceptor pair in a 1 : 1 charge-
transfer complex differs significantly from zero, the 
degree of charge-transfer in the complex will be either 
zero or one (p=0,l). If, however, AJ£

,
REDOx=0, the 

complex will probably be mixed-valence. As described 
above, we have used the AZsREDOx values in Table 1 to 
successfully predict tha t D B T T F - T C N Q , would be 
neutral and that D B T T F - D D Q would be mixed-
valence and, therefore, highly conducting. I n so doing, 

we have convincingly demonstrated that by employing 
simple electrochemical considerations and readily ob­
tainable data , one can reliably estimate the degree of 
charge-transfer which might be expected for a 1 : 1 
compound. As a result, one can predict which combina­
tions of donors and acceptors have a reasonable 
probability of giving rise to organic metals. This 
predictability has been used to obtain the first highly 
conducting salt of the common acceptor D D Q . 

We wish to acknowledge the technical assistance of 
V. Y. Lee. 

References 

1) Abbreviations used are: DBTTF, dibenzotetrathiaful-
valene; TTF, tetrathiafulvalene ; DDQ, 2,3-dichloro-5,6-
dicyano-^-benzoquinone; TCNQ, tetracyanoquinodimethan; 
TCNQG12, dichlorotetracyanoquinodimethan. 

2) These results were first reported by us at the AGS/CSJ 
Chemical Gongess, Honolulu, Hawaii, April 1—6, 1979. 

3) J . B. Torrance, Ace. Chem. Res., 12, 79 (1979); J. J . 
Mayerle, in "Mixed-Valence Compounds," ed by D. B. Brown, 
D. Reidel Publishing Co., Dordrecht (1980), p. 451. 

4) J. B. Torrance, J . J . Mayerle, K. Bechgaard, and V. Y. 
Lee, J. Am. Chem. Soc, 101, 4747 (1979). 

5) V. D. Parker, J. Am. Chem. Soc, 98, 98 (1976) ; E. C. M. 
Chen and W. E. Wentworth, / . Chem. Phys., 63, 318 (1975). 

6) £i/a values (vs. SCE) were measured in acetonitrile 
using a Pt electrode and a sweep rate of 100 mV/s. 

7) The stoichiometry of DBTTF-DDQ was determined 
from both elemental analysis and solution optical data. 

8) J. B. Torrance, B. A. Scott, and F. B. Kaufman, Solid 
State Commun., 17, 1369 (1975); J. Tanaka, M. Tanaka, T. 
Kawai, T. Takabe, and O. Maki, Bull. Chem. Soc. Jpn., 49, 
2358 (1976). 

9) W. R. H. Hurtlay and S. Smiles, J. Chem. Soc, 1926, 
1821, 2263. 

10) I. V. Krivoshei, V. A. Babiyczuk, I. M. Guella, I. F. 
Golovkina, N. V. Mansia, V. A. Starodub, and S. A. Cheva, 
Phys. Status Solidi A, 50, K197 (1978). 

11) C. S. Jacobsen, H. J. Pedersen, K. Mortensen, and K. 
Bechgaard, J. Phys., 13, 3411 (1980). 

12) J. B. Torrance, Ann. N. Y. Acad. Sei., 313, 210 (1978); 
J . B. Torrance, J. J . Mayerle, and J. I. Crowley, Bull. Am. 
Phys. Soc, 23, 425 (1978). 

13) M. Konno, T. Ishii, and Y. Saito, Acta Crystallogr., 
Sect. B, 33, 763 (1977). 

14) J . Bernstein, H. Reger, and F. H. Herbstein, Acta 
Crystallogr., Sect. B, 33, 1716 (1977). 

15) T. Sugano, K. Yakushi, and H. Kuroda, Bull. Chem. 
Soc. jpn., 51, 1041 (1978); J. B. Torrance, B. A. Scott, B. 
Welber, F. B. Kaufman, and P. E. Seiden, Phys. Rev. B, 19, 
730 (1979). 

16) I. Ikemoto, T. Sugano, and H. Kuroda, Chem. Phys. 
Lett., 49, 45 (1977). 

17) Y. Iida, Bull. Chem. Soc Jpn., 42, 71 (1969). 
18) M. T. Jones, R. Kellerman, A. Troup, and D. J. 

Sandman, Proc Conf. Low-Dimensional Synthetic Metals, Chem. 
Scripta, in press. 

19) J. B. Torrance, J . Vazquez, J. J . Mayerle, and V. Y. 
Lee, Phys. Rev. Letts., 44, 253 (1981). 



October, 1981] © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 3173—3177 (1981) 3173 

Studies in the Molten State. Viscosities of frans-Stilbene, 
iV-Benzylideneaniline, and iV-Benzylidene-jp-toluidine 

Melts Near Their Melting Temperatures 
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The viscosities and densities of franj-stilbene, JV-benzylideneaniline (BA) and JV-benzylidene-/>-toluidene (BT) 
melts at various temperatures near their respective melting temperatures have been determined. In all the cases, 
a precursor behaviour in crystal phase at temperatures below the melting temperature has been observed. The 
viscosity vs. temperature relationships have been discussed in two parts : one in the liquid state and the other in the 
supercooled region. The values of energy and entropy of viscous flow are indicative of molecular association in BA 
and BT. The enhanced viscosity in the supercooled region has been attributed to the cluster formation. The 
hinderance to molecular rotation, as a factor influencing viscosity can not be ruled out. 

The measurement of viscosity (9) and its temperature 
dependence near transitions has yielded useful informa­
tion regarding liquid structure both for normal and 
polymeric liquids and for those which are non-
Newtonian.1 - 5) Rotational and ordering characteristics 
of molecules, intermolecular complexing tendency 
including hydrogen bonding, precursor behaviours of 
melting in crystal phase at temperatures below the 
melting temperature (premelting phenomenon) , cluster 
formation prior to freezing of the liquid phase 
(prefreezing phenomenon) and the molecular nature of 
the compounds have been confirmed from the log y 
versus reciprocal of temperature plots and from the 
thermodynamic parameters of viscous flow.7'8) Though 
viscosity behaviour of many liquids like paraffins,9) 
mono- and polysubstituted benzenes;10-14) polycyclic 
hydrocarbons7) etc. have been investigated, molecules 
having flexible aromatic rings as end groups at tached to 

a rigid central group like C=C; C=N-, etc. have 

not received serious attention.15»16) These type of 
molecules are of importance because a vast majority of 
compounds having such structure exhibit liquid crystal-
Unity and constitute a potentially mesomorphic system. 
As a part of our investigations on such molecules,17) 
we report in this paper the viscosities and densities of 
*ranj-stilbene, C 6 H 5 CH=CHC 6 H 5 ; JV-benzylideneaniline, 
C 6H 5CH=NC 6H 5 (BA) ; and, i^-benzylidene-/>-toluidine, 
C 6H 6CH=NC 6H 4CH 3(BT) melts at various temperatures 
near their respective melting region. These studies were 
aimed to investigate the behaviour of these compounds 
in molten liquid and supercooled region. 

Exper imenta l 

Chemically pure sample of trans-stilbene (mp 124 °C) 
supplied by "Fluka AG" was used as such without any further 
purification. JV-Benzylideneaniline (mp 51.5 °C) and N-
benzylidene-/>-toluidine (mp 34.2 °G) were prepared and 
purified following the standard established procedures.18) 

Densities of the melts were measured using a specifically 
designed pipette-like-pycnometer12> of about 6 ml capacity. 
A fine orfice opening into the liquid prevented easy flow of 

t Present address: Chemistry Department, University 
College for Women, Miranda House, University of Delhi, 
Delhi-110007 india. 

the liquid after the pycnometer was filled thus reducing 
turbulence and crystallization in the supercooled region. The 
viscosities were determined with the help of an Ubbelohde 
suspended level viscometer. For measurements at < 7 0 °C, 
a water thermostat with a temperature control of ±0.01 °C 
was used for maintaining constant temperature. Distilled, 
deionized and degassed water was used as a reference liquid 
in this temperature range and the literature values of the 
viscosities and densities19'20) were used to calibrate the ap­
paratus. For higher temperatures a glycerine bath was used 
with an accuracy in the maintenance of temperature up to 
±0.03 °C. The calibration of pycnometer and viscometer 
was checked at different temperatures by measuring the 
density and viscosity of several known liquids in the desired 
temperature range. The maximum error in the density 
values was ± 2 X 10-6 g cm-3. The viscosities at temperatures 
above the melting temperature was reproducible to within 
1 X 10-6 N s cm-2 at temperature below 70 °C and to within 
2 x l O _ 6 N s c m - 2 at higher temperatures. The measure­
ments in the supercooled region was particularly tedius and 
reproducibility was checked by repeating the measurements 
four or more times. Densities and viscosities in the super­
cooled region could not be reproduced to better than 
± 5 x 10 -5 g cm - 3 and ± 5 x 10-6 N s m - 2 respectively. 

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

The densities and viscosities of the three compounds 
in the molten state at various temperature in the vicinity 
of their respective melting temperatures are recorded 
in Table 1. 

T h e densities were found to vary linearly with the 
temperature, the deviations in most cases being within 
the experimental uncertainties of the data . 

T h e results of viscosity measurements are plotted as 
log 7) vs. T~x in Fig. 1. I t is observed that the viscosities 
follow two different linear relationships, one above the 
melting point and the other in the supercooled region 
with a break at temperature Tt and some uncertain 
points around this temperature. This is an indication 
of premelting or prefreezing transitions taking place in 
these compounds. For BT the break in log r) vs. T"-1 plot 
below the melting point is not as sharp and curvature 
not as high as is normally expected for melts deviating 
from the Arrhenius equation. Nevertheless, we have 
satisfied ourselves that the deviations from the Arrhenius 
line below the melting point are significant being larger 
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TABLE 1. DENSITIES AND VISCOSITIES OF COMPOUNDS IN THE MOLTEN STATE AT 

VARIOUS TEMPERATURES NEAR THE MELTING TEMPERATURE 

Temperature Density Viscosity X 104 Temperature Density Viscosity x 10* 
K 

396.15 
397.15 
398.15 
400.15 
403.15 
406.15 
408.15 
410.15 
413.15 
416.15 
418.15 
423.15 

299.15 
301.15 
303.15 
305.15 
307.15 
309.15 
311.15 
313.15 
315.15 
317.15 
319.15 
321.15 
323.15 
325.15 
327.15 

g cm - 3 

/ra/u-Stilbene 
0.95932 
0.95861 
0.95789 
0.95635 
0.95421 
0.95168 
0.95029 
0.94875 
0.94652 
0.94433 
0.94282 
0.93908 

JV-Benzylideneaniline 
1.0580 
1.0563 
1.0546 
1.0530 
1.0513 
1.0496 
1.0479 
1.0462 
1.0447 
1.0431 
1.0411 
1.0391 
1.0378 
1.0371 
1.0352 

N s m-2 

10.595 
10.398 
10.296 
10.096 
9.756 
9.357 
9.112 
8.866 
8.545 
8.376 
8.245 
7.915 

106.30 
96.53 
87.30 
80.55 
73.65 
68.12 
63.28 
58.84 
54.59 
51.46 
47.87 
45.22 
42.87 
41.72 
39.13 

K 

329.15 
331.15 
333.15 
335.15 
337.15 
339.15 
341.15 
343.15 

293.15 
296.15 
298.15 
300.15 
302.15 
304.15 
306.15 
308.15 
310.15 
313.15 
315.15 
317.15 
319.15 
321.15 
323.15 
325.15 
327.15 
329.15 
331.15 

g cm 3 

1.0331 
1.0323 
1.0303 
1.0277 
1.0264 
1.0252 
1.0228 
1.0217 

iV-Benzylidene-p-toluidine 
1.0443 
1.0422 
1.0403 
1.0383 
1.0369 
1.0357 
1.0342 
1.0325 
1.0312 
1.0293 
1.0278 
1.0258 
1.0246 
1.0227 
1.0211 
1.0195 
1.0180 
1.0163 
1.0151 

N s m " 2 

36.88 
34.89 
32.92 
31.32 
29.66 
28.26 
26.93 
25.78 

154.16 
137.03 
125.15 
112.79 
104.47 
96.49 
93.34 
85.00 
77.66 
69.79 
64.18 
56.78 
55.28 
51.74 
48.97 
45.43 
42.86 
40.37 
38.16 

J; 
bo o 

-2.96 

-2.98 

-3-00 

-302 

-3.04 

-3-06 

-3.08 

-3.10 

-3-12 
i i \ 

j-

1 ! 1 ..._ 

r-vkK-1 

Fig. 1(a). The variation of viscosity {rj) with tempera­
ture (T) for trans-stilbene. 

than the order of magnitude of the experimental error 
involved. It is observed that at any temperature, the 
liquid densities of the three compounds increases in the 
order fow.y-stilbene<BT<BA whereas the viscosities 
follow the order Jra?w-stilbene<BA<BT. The viscosity 
of BT is higher than that of BA and reveals that the 

r-VkK-1 

Fig. 1(b). The variation of viscosity (rj) with tempera­
ture (T) for JV-benzylideneaniline (O) a n d -W-benzyl-
idene-p-toluidine ( 0 ) . 

substitution of methyl group by hydrogen in BT facili­
tates its flow. 

The Arrhenius parameters for the melts have been 
calculated for the two regions and recorded in Table 2. 
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TABLÉE 2. 

Temperature 
range 

K 

ARRHENIUS PARAMETERS FOR THE MELTS 

Slope xlO2 Intercept. - ,—fi i s , , r kcal mol - 1 
AG* at T t 

kcal mol - 1 
AS* 

cal K"1 mol - 1 

c . „ 396.1—412.3 
trans-Stilbene 419 Q 493 1 

299 1 314 2 
AT-Benzylidene aniline 014.' 9 343 \ 

293 1 302.1 
JV-Benzylidene-/>-toluidine «Q^ ' 1 33 j ' j 

8.85 
5.85 

17.17 
12.58 
16.95 
15.18 

.209 

.484 
719 
256 
.592 

05 
68 
86 
75 
76 

-7.008 6.95 

4.92 

4.85 

5.12 

-2.14 
-5.46 
9.52 
2.82 
8.78 
6.11 

According to Mclaughlin,1) Eyis is made up of two 
terms namely the energy required to overcome the 
barrier for transport E-y\ and the energy required for 
forming a hole, Et. The former is related to the energy 
of vaporization, £VaP ( - 3£i)- The magnitude of E2 

is normally small in comparison to £ v a p for liquids at 
moderate temperatures. In fact, for most of the normal 
liquids, the ratio Evaq : £v i s is something between 3 
and 4. At sufficiently low temperatures, and, for 
sufficiently bulky molecules, E2 become predominant2) 
and hence the ratio tend to a value lower than 3. 
Grumberg and Nissan3) pointed out that the ratio for 
polar associated liquids would depend upon the extent 
of association both in the liquid and vapours state and 
the geometry of packing in the liquid state. The ratio of 
£ v a p : £v i s for tom-stilbene, BA and BT is «*5.2, 1.9, 
and 1.2 respectively. Further, the ratio EvaJAG* for 
trans-stilbene is ^2 .8 in agreement with the reported 
ratio of 2.45. For BA and BT, the value is far less. 
These observations are clear indicative of intramolecular 
association in BA and BT. The entropy of activation 
values recorded in Table 2 support this surmise. 
Tyuzyo4) reported a value of AS* = —2.9 cal deg-1 mol"1 

for a large number of compounds including polar ones. 
For frmy-stilbene, AS* is more negative in the liquid 
region indicating less ordering in it. Higher values of 
AS* for BA and BT suggest that the ordering in these 
compounds exists to a much larger extent especially in 
supercooled region as compared to many organic 
liquids. This is also confirmed by Batschinski's plot of 
the viscosity data.5-6) According to Batschinski: 

rj c c 
where, v=specific volume; vQ=limiting value of specific 
volume at infinite viscosity and t is a constant. The 
plots of 9 - 1 versus v yielded straight line plots with 
break at Tt and uncertain region around this tempera­
ture. The value of v0 for the three compounds obtained 
from these plots are recorded in Table 3. These values, 
though different from those reported for many other 
organic liquids,5) are close to the one reported for 

Cresols14) where strong hydrogen bonding and structur­
ing exist in the liquid state. 

Several functional relationships, emperical, semi-
emperical and theoretical have been proposed6) for the 
viscosity in the low temperature region. For many 
compounds the viscosity data in this region fit into the 
Doolittle equation.21) 

\ogV = A' + B>I(T-T0), (2) 
where T0 is evisaged as a second order transition 
temperature. The evidence of applicability of Doolittle 
equation for our systems was not conclusive because 
the region of supercooling is rather short. A rough 
numerical fit yielded TQ values of <10 K for the three 
compounds. These values are unexpectedly low con­
sidering that normally T0 is about 20—100 K less than 
the melting temperature.22) We consider it reasonable 
therefore, to assume that even below the melting 
temperature, the supercooled liquid follow an Arrhenius 
equation with different values of the constants. 

It is observed that the Ewis and AS* values are more 
positive in the supercooled region as compared to the 
high temperature region indicating an increase in 
association between molecules and a non-cooperative 
mechanism of flow. Two approaches based on the 
hinderance to rotation at or below Tt and on the 
cluster formation may be proposed to explain the 
enhanced viscosity in the supercooled region. The most 
commonly used procedure to establish the existence of 
hinderance to rotation is to compare the volume swept 
by rotation of the molecule, VT, about a suitable axis 
with the actual volume available to it on the basis of 
experimental density data. Following Ubbelohde's 
procedure,7) Vr for the molecules around the longer axis 
have been calculated and compared with the molar 
volumes in Table 3. The Vr is far in excess of the 
available volume, indicating that the enhanced viscosity 
of melts may result from hinderance to rotation. 

In the alternate approach in terms of cluster formation 
it is assumed that the increase in viscosity and hence 
Eyis is due to the formation of clusters, the volume 
fraction $ of clusters have been calculated from the 

TABLE 3. SOME 

v0 at ter 
1 • • • • 

<Tt 

fra/w-Stilbene 0.968 
JV-Benzylideneaniline 0.942 
JV-Benzylidine-/>-toluidine 0.952 

CALCULATED PARAMETERS OF THE COMPOUNDS 

nperatures 

0.985 
0.933 
0.947 

VT 

cm3 mol - 1 

368 
435 
500 

Molar volume 
rangea) 

cm3 mol - 1 

187—192 
170.5—178 
185.5—191 

* v a p 

kcal mol - 1 

14.0 
l l . lb> 
8.0b> 

a) From liquid density data at temperatures around Tv b) Extrapolated using Trouton's rule. 
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r-VkK-1 

Fig. 2. The variation of Volumes fraction of Clusters (<j>) 
with temperature ( T) for trans-stilbene ( • ) ; iV-benzyl-
ideneaniline (Ç)); and iV-benzylidene-/>-toluidine (%). 

Einstein equation.23) 

*/tf«t. = 1 + 2 . 5 0 + 7 0 » , (3) 

where J?ext is the viscosity extrapolated from high 
temperature region and r) is the actual viscosity. T h e 
plots of log <j> versus T~x are shown in Fig. 2. These 
are similar to the one obtained by Ubbelohde for 
dimeric, trimeric and even polymeric clusters of organic 
molecules. Following Ubbelohde,23) the equilibrium 
constant K for the equilibrium 

An ^=± nA, (4) 

where n are the number of molecules in the cluster. We 
have calculated K at different temperatures for various 
values of n between 2 and 6, and also the heat of depoly-
merization of clusters, AHd. I t was found to be same 
for different values of n. T h e AHd values have been 
compared with A i / f values for the compounds in Table 4. 
T h e ratio A / / d /A i / f , which is considered as the number 
of molecules in the cluster, n, is 2 for frmy-stilbene, 3 
for BA and 4 for BT. I t is possible tha t these clusters 
also consitute the unit of flow thus raising the isvig in 
the supercooled region. At the same time the volumetric 
effects due to the cluster formation seems to be too 
small to bring about any sharp change in density at Tt 

is passed. 
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Spectrophotometry Determination of Copper, Cobalt, Nickel, and 
Tellurium after Extraction with Morpholine-4-carbodithioate 

into Molten Naphthalene 
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(Received March 25, 1980) 

Potassium morpholine-4-carbodithioate has been examined as a reagent for the spectrophotometric deter­
mination of copper, cobalt, nickel and tellurium after extraction into molten naphthalene. The extracted mix­
ture of metal complex and naphthalene was dissolved in chloroform and the trace amounts of these metals de­
termined spectrophotometrically. Beer's law holds in the concentration range Gu: 5.0—70.0, Go: 5.0—81.0, 
Ni: 6.0—90.0, and Te: 5.7—125.0 (i.g per 10 ml of the final solution. The molar absorptivity and sensitivity 
are calculated to be Cu: 1.067 x 104 mol-1 cm-1, 0.0059 y.g/cm2 (440 nm), Go: 1.350x 104 mol-1 cm-1, 0.0043 
Hg/cm2 (360 nm), Ni: 7.920x 103 mol"1 cm-1, 0.0088 jig/cm2 (390 nm), and Te: 1.075 x 104 mol-1 cm-1, 0.0110 
(xg/cm2 (415 nm). Aliquots containing 25.0 \xg of copper, 27.0 \ig of cobalt, 24.0 (x'g of nickel and 25.5 (xg of 
tellurium gave a mean absorbance of 0.420, 0.620, 0.270, and 0.215 with a relative standard deviation of 0.0016, 
0.0024, 0.0015, and 0.0013 respectively. The interference of various ions has been studied in detail. Only cobalt 
interfered in the determination of nickel which was eliminated by extraction first at low pH. Methods were 
developed for the determination of copper, cobalt and nickel in various alloys. A method was also developed 
for simultaneous determination of tellurium and selenium in the pure solution, based upon the thermal insta­
bility of seleniumelided carbodithioate complex. 

Morpholine-4-carbodithioate has been suggested as 
a possible analytical reagent by Beyer and Ott1) in 
the spectrophotometric2,3) and volumetric4) determina­
tion of some metals. Recently, it has been utilized 
in the gravimetric determination of tellurium, copper, 
bismuth, palladium and nickel.5~8) The reagent was 
used in the thin layer9) and paper10) chromatographic 
separation of metal complexes. A preliminary study 
indicated that bismuth, copper, cobalt, nickel, and 
tellurium formed coloured, water insoluble and ther­
mally stable metal complexes which may be extracted 
with molten naphthalene. T h e extraction-spectropho-
tometric determination of bismuth has been reported.11) 
Conditions have been developed for the determination 
of copper, cobalt, nickel and tellurium and also for 
the analysis of alloys containing copper, cobalt and 
nickel. Based upon the thermal instability of selenium 
complex of this reagent, a method is suggested for 
the simultaneous determination of tellurium and 
selenium using this technique and liquid-liquid ex­
traction at room temperature. 

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

Reagents. Potassium morpholine-4-carbodithioate was 
prepared by the method given by Macrotrigiano et a/.,12> 
0.01 M aqueous solution being used when necessary. Solu­
tions of copper sulfate, cobalt nitrate, nickel nitrate and 
potassium tellurite were prepared from samples (analytical 
grade) in distilled water and standardized.13) Naphthalene 
and chloroform (analytical grade) were checked spectro­
photometrically before use. 1% alkali salt and 0.1% metal 
salt solutions were used to study intereference. Dilute solu­
tions of perchloric acid and ammonia were used to adjust 
P H . 

Equipment. An Elico pH meter and a SP-700 spec­
trophotometer were used. 

General Procedure. To an aliquot of each metal solu­
tion taken separately was added 1.0 ml of the reagent, the 
pH being adjusted (Fig. 2). After being transferred to 
round bottomed flasks with stopper and heated in a water-
bath at ca. 60 °C, 2 g of naphthalene was added, heating 

being continued till naphthalene melted and formed a sepa­
rate liquid-layer. This was stirred vigorously till the naph­
thalene separated out as a solid mass. The contents were 
again heated in the water-bath to remelt the naphthalene, 
shaken vigorously and allowed to stand. Naphthalene was 
separated from the aqueous phase by Alteration, dried in 
folds of filter paper, dissolved in chloroform and made ex­
actly 10 ml in each case. These solutions were dried by 
adding 2 g of anhydrous sodium sulfate, a portion being 
taken in a 1 cm cell and the absorbance measured against 
a reagent blank. This was referred to the calibration curve 
constructed under similar conditions in each case. 

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

Absorption Spectra. T h e absorption spectra of potas­
sium morpholine-4-carbodithioate and its copper, 
cobalt, nickel, and tellurium complexes were recorded 
in naphthalene-chloroform solution against water and 
reagent blank, respectively. Copper, cobalt, nickel, 
and tellurium morpholine-4-carbodithioates show ab­
sorptions at 440 nm, 360 nm, 385—390 nm, and 410— 
420 nm, respectively, the absorption of reagent being 
negligible at these wavelengths (Fig. 1). 

Effect of pH. Extraction was carried out at 
different pH, other conditions being kept constant. 
The characteristics of all spectral curves were the 
same, indicating the presence of only one complex. 
T h e absorbances of the extracts were constant in 
the p H range of Cu : 4.5—8.0, Co: 3.5—9.5, Ni : 
6.5—9.0 and T e : 4.0—6.5 respectively. The p H 
effect in each case is shown in Fig. 2. 

Effect of Reagent. Extraction was carried out 
a t opt imum p H and varying amounts of reagent 
(Fig. 3). I t was found to be quantitative in the 
volume range of C u : 0.8—1.5 ml, Co : 1.0—2.0 ml, 
Ni : 1.0—2.5 ml and T e : 0.5—1.5 ml of 0.01 M reagent. 

Effect of Naphthalene. Extraction was carried 
out by varying the amount of naphthalene from 0.25— 
4.5 g at opt imum p H and under constant conditions. 
In all cases absorbance remained constant for 1.0— 
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Reagent blank 
Copper 
Cobalt 

—*- Nickel 
Tellurium 

3.5 g of naphthalene. Below 1.0 g the extraction 
was incomplete and above 3.5 g it was difficult to 
dissolve naphthalene in a limited amount of chloro­
form (Fig. 4). 

Effect of Aqueous Phase. Since the amount of 
the organic phase is very small as compared to that 
of the aqueous phase the effect of the latter on ex­
traction was studied. Extraction was quantitative 

320 350 

Wavelength/nm 

Fig. 1. Absorption spectra. 
Reagent blank. Morpholine-4-carbodithioate (0.01 
M) : 1.5 ml, naphthalene: 2.0 g, reference: water. 
Gu: 25.0 tig, pH: 5.0; Go: 27.0 y.g, pH: 6.5; Ni: 24.0 
(xg, pH: 7.5; Te: 25.5 [ig, pH: 5.0; rest of the condi­
tions were same as in reagent blank. 
Reference : reagent blank. 

ö a 
i-
O 
CO 

< 

pH 

Fig. 2. Effect of pH. 
Gu: 25.0 [ig, wavelength: 440 nm; Go: 27.0 [ig, wave­
length: 360 nm; Ni: 24.0 ^g, wavelength: 370 nm; 
Te: 25.5 [ig, wavelength: 415 nm. Morpholine-4-car-
bodithioate (0.01 M) : 1.5 ml, naphthalene: 2.0 g, 
reference: reagent blank. 

a 

< 

0.5 10 1.5 2.0 2.5 3.0 

Reagent(0.01 M)added(ml) 

Fig. 3. Effect of reagent. 
Conditions were same as in Fig. 2. 

0.8 

Co 

Cu 

Nf 

' ^ J v 

o 

-TT-

Q 

—o-

, o 

-o 

0 1.0 2.0 3.0 

Naphthalene (g) 

Fig. 4. Effect of naphthalene. 
Conditions were same as in Fig. 2 

4.0 

j§ 0AL 

< 

20 A0 60 d0 

Aqueous phase (ml) 

Fig. 5. Effect of the aqueous phase. 
Conditions were same as in Fig. 2. 

100 
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TABLE 1. EFFECT OF DIVERSE ANIONS 

Gu: 25.0 [xg, Go: 27.0 (xg, Ni: 24.0 (zg, Te: 25.5 jig. 

Alkali salt added 
Anion 
added 
(mg) 

Absorbance at 

440 nm 360 nm 390 nm 

Sodium acetate 
Sodium oxalate 

Potassium, sodium tartrate 

Potassium bromide 
Potassium chloride 
Sodium citrate 

Potassium iodide 
Sodium fluoride 

Sodium orthophosphate 
Sodium thiosulfate 
Potassium thiocyanate 
Disodium EDTA 

40.00 
33.60 
25.20 
39.40 
29.50 
33.60 
23.80 
31.45 
15.72 
38.25 
22.60 
17.00 
25.00 
21.00 
29.85 
40.00 
20.00 

0.420 
0.420 
0.380 
0.420 
0.380 
0.415 
0.420 
0.420 
0.370 
0.415 
0.415 
0.380 
0.420 
0.420 
0.420 
0.420 
0.005 
0.008 

0.620 
0.615 
0.550 
0.620 
0.580 
0.620 
0.620 
0.620 
0.590 
0.620 
0.620 
0.580 
0.620 
0.615 
0.620 
0.620 
0.008 
0.008 

0.270 
0.270 
0.220 
0.270 
0.240 
0.272 
0.270 
0.270 
0.245 
0.270 
0.270 
0.245 
0.270 
0.270 
0.270 
0.270 
0.005 
0.005 

415 nm 

0.215 
0.220 
0.115 
0.215 
0.150 
0.215 
0.210 
0.215 
0.140 
0.215 
0.215 
0.150 
0.215 
0.220 
0.220 
0.215 
0.150 
0.210 

TABLE 2. EEFECT OF DIVERSE CATIONS 

Gu: 25.0 (zg, Co: 27.0 {xg, Ni: 24.0 (xg, Te: 25.5 [xg. 

Metal salt added 

— 
Copper(II) chloride 

Manganese (II) acetate 
Aluminium(III) nitrate 
Lead(II) nitrate 
Uranyl acetate 
Zinc sulfate 
Mercury(II) chloride 
Zirconyl chloride 
Thorium(IV) nitrate 
Iron(III) chloride 

Nickel(II) chloride 
Gobalt(II) sulfate 

Ammonium metavanadate 
Sodium tungstate 

Metal 

(mg) 

— 
0.431 
0.143 
0.480 
0.450 
0.616 
0.280 
0.596 
0.147 
0.458 
0.160 
0.200 
0.100 
0.450 
0.666 
0.111 
0.544 
0.577 

440 nm 

0.420 
— 
— 

0.420 
0.420 
0.415 
0.415 
0.415 
0.420 
0.420 
0.420 
0.350 
0.420 
0.420 
0.250 
0.415 
0.420 
0.420 

Absorbance 

360 nm 

0.620 
0.550 
0.620 
0.620 
0.620 
0.620 
0.620 
0.615 
0.615 
0.615 
0.620 
0.550 
0.615 
0.620 
— 
— 

0.620 
0.620 

: at 

390 nm 

0.270 
0.240 
0.270 
0.270 
0.270 
0.270 
0.270 
0.270 
0.272 
0.270 
0.270 
0.220 
0.272 
— 

0.600 
0.800 
0.272 
0.270 

415 nm 

0.215 
0.110 
0.210 
0.210 
0.220 
0.210 
0.215 
0.215 
0.215 
0.215 
0.210 
0.180 
0.215 
0.215 
0.115 
0.215 
0.215 
0.215 

when the aqueous phase did not exceed 60 ml but 
not quantitative, above 60 ml of the aqueous phase 
(Fig. 5). 

Effect of Standing Time. Absorbance of the 
extract in naphthalene-chloroform was constant for 
at least 24 h for copper and cobalt, 40 h for nickel 
and 3 h for tellurium. 

Effect of Electrolytes. Various electrolytes such 
as sodium chloride, sodium nitrate, and sodium acetate 
(0.01—0.08 M) caused no improvement in extrac­
tion, indicating tha t the extraction was complete. 

Composition of the Complex. The composition 
of the copper, cobalt, nickel, and tellurium morpho-
line-4-carbodithioates was established by Job 's method 
of continuous variation and the mole-ratio method. 
Cu(C 4H80NCS 2)2, Co(C4H8ONCS2)2, Ni(G 4H 8ON-
CS2)2 , and Te(C4H8ONCS2)4 h a v e been extracted 
into molten naphthalene. I t has been confirmed on 
the basis of gravimetric5-8 '14) volumetric4 '14) and con-
ductometric5) studies that the ligand acts as bidentate. 
The following tentative structures can be assigned 
to these metal complexes. 
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TABLE 3. DETERMINATION OF COPPER IN VARIOUS ALLOYS 
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Alloy Certified % composition 
Amount of 
Cu taken 

Amount of 
Cu found 

V-8 

Average 
(WE) 

Error 

Mallory No. 3 

Monel wire 

Monel 400 

Brass No. 41.2 

Cu: 99.2, Cr: 0.8 

Ni: 66.24, Cu: 31.18, 
Fe: 1.18, Mn: 1.08, 
Mg: 0.093, Al: 0.093, 
Si: 0.083, C: 0.083, 
S: 0.0037 

Ni: 63.0, C: 0.15, 
S: 0.0024, Mn: 0.01, 
Si: 0.5, Fe: 2.5, 
Cu: 31.0 

Cu: 58.18, Pb: 2.56, 
Zn: 38.99, Fe: 0.09, 
Sn: 0.12 

35.70 

46.80 

35.65 

30.55 

35.50 
35.50 
35.80 
35.50 
35.50 

46.50 
46.50 
46.50 
47.00 
46.50 

35.50 
35.50 
35.60 
35.50 
35.50 

30.50 
30.60 
30.60 
30.60 
30.10 

35.56 

46.60 

35.52 

30.66 

- 0 . 3 9 

-0 .42 

- 0 . 3 6 

+ 0.36 

TABLE 4. DETERMINATION OF COBALT IN ALLOYS 

Alloy Certified % composition 
Amount of 
cobalt taken 

f*g 

Amount of 
cobalt found Average Error 

% 

High speed steel 

Elgiloy (M-1712) 

Co: 9.25, Mn: 0.40, 
Si: 0.35, S: 0.05, 
P: 0.05, Cr: 4.15, 
Mo: 5.5, W: 6—18.5 

Co: 40.0, Cr: 20.0, 
Ni: 15.0, Mn: 2.0, 
Mo: 7.0, Fe: 15.0, 
Be: 0.05, C: 0.15 

50.00 

36.16 

49.50 
49.50 
50.00 
49.50 
49.50 

36.00 
36.50 
36.50 
36.50 
36.50 

49.80 

36.30 

-0 .40 

+ 0.39 

TABLE 5. DETERMINATION OF NICKEL IN ALLOYS 

Alloy Certified % composition 
Amount of 

Ni taken 
t*g 

Amount of 
Ni found 

y-g 

Average 
(W) 

Error 

Monel wire 

Stainless steel No. 304 

Inconel 600 

Ni: 66.24, Cu: 31.18, 
Fe: 1.18, Mn: 1.08, 
Mg: 0.093, Al: 0.093, 
Si: 0.083, C: 0.083, 
S: 0.0037 

Ni: 9.68, Cr: 18.0, 
Fe: 70—71 

Ni: 72.0, C: 0.15, 
Mn: 1.0, Fe: 8.0, 
S: 0.5, Cu: 0.50, 
Cr: 15.50. S: 0.015 

49.65 

35.50 

30.60 

49.50 
49.50 
49.20 
49.40 
49.40 

35.80 
36.50 
35.50 
35.40 
35.80 

30.50 
30.30 
30.60 
35.80 
35.80 

49.40 

35.80 

30.46 

-0 .54 

-0 .55 

-0 .45 



3182 Mamta GAUTAM, R. K. 

0 < > N - C < f >M//z 
X GH 2 -GH 2 / X S / 

where rc=2 for Gu, Go, and Ni, 4 for Te . Crystal 
structure study showed that in the case of the tel­
lurium complex all four dithiocarbamate groups are 
bidentate and the eight sulphur atoms are bonded 
around the central tellurium atom in a slightly dis­
torted dodecahedral manner;1 5) in I R studies, the 
C---N and C - S stretching frequencies in Te( IV) 
complex were observed at 1000 c m - 1 for the latter 
and 1480 c m - 1 for the former. In the free ligand 
these modes were observed at 990 c m - 1 and 1440 
c m - 1 , respectively. 

Beer's Law and Sensitivity. Under opt imum con­
ditions described above, calibration curves were con­
structed at 440, 360, 385—390, and 410—420 nm 
against reagent blank, respectively. Beer's Law holds 
in the concentration range Gu: 5.0—70.0 (xg, Go: 
5.0—81.0 (xg, N i : 6.0—90.0 (xg and T e : 5.7—125.0 
(xg per 10 ml of the final solution. T h e molar ab-
sorptivities and sensitivities in terms of SandelPs de­
finition were calculated to be Gu: 1.067 X 104 mol _ 1 

cm- 1 , 0.0059 fxg/cm2 (440 n m ) ; Go: 1.350X 104 mol"1 

cm- 1 , 0.0043 [xg/cm2 (360 nm) ; N i : 7.920 X 103 mol" 1 

cm- 1 , 0.0088 (xg/cm2 (390 nm) , and T e : 1.075 X 104mol-1 

c m - 1 , 0.0110 (xg/cm2 (415 nm) respectively. Aliquots 
containing 25.0 (xg of copper, 27.0 (xg of cobalt, 24.0 
(xg of nickel and 25.5 (xg of tellurium gave mean ab­
sorption of 0.42, 0.62, 0.27, and 0.215 with a relative 
standard deviation of 0.0016, 0.0024, 0.0015, and 
0.0013, respectively. 

Effect of Diverse Ions- 50 mg salt of the anions 
and 1.0 mg salt of the cations were added separately 
to aliquots containing 25.0 (xg of copper, 27.0 (xg of 
cobalt, 24.0 (xg of nickel and 25.5 (xg of tellurium, of 
the anions (Table 1 ) fluoride, citrate, tartrate, oxalate, 
and E D T A interfered in the determination of the 
metals, minor amounts of fluoride, citrate, tartrate 
and oxalate giving no serious effect. The extraction 
was almost nil in the presence of E D T A in the case 
of Gu, Go, and Ni probably due to higher stability 
of m e t a l - E D T A complexes. A smaller amount of 
E D T A is allowable in the case of tellurium. 

Of the cations (Table 2), Go (II) and Fe (III) 
interfered in the determination of copper, Gu (II) 
and Fe (III) in that of cobalt, and Gu (II) and Fe 
( I I I ) and Go (II) in that of nickel. In all cases the 
relatively small amount can be tolerated except in 
the determination of nickel where Go (II) seriously 
interfered. Its interference can be eliminated by 
extraction first at low p H , then nickel being determined 
from the aqueous phase. In the determination of 
tellurium relatively small amounts of Gu ( I I ) , Go 
( I I ) , and Fe (III) could be tolerated, nickel not in­
terfering at all. 

Determination of Copper, Cobalt, and Nickel in Various 
Alloys. 0.1 g of the alloy sample was taken in 
a beaker to which were added 10—15 ml of concen­
trated hydrochloric acid and a few ml of concentrated 
nitric acid. This was heated over a hot plate till 
the mixture dissolved completely and the solution 
was reduced to 5 ml. T h e solution was cooled, 10 
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TABLE 6. SIMULTANEOUS DETERMINATION 

OF NICKEL AND COBALT IN AN ALLOY 

Amount of Amount of 
A11 Ni/Go Ni/Go Average Error 
A l l o y taken found (jxg) % 

V& j*g 

33.70 
34.00 

Ni: 33.90 33.50 33.74 - 0 . 7 4 
33.80 

Elgiloy 3 3 - 7 0 

(M-1712) 3 6 . oo 
35.90 

Co: 36.16 36.00 35.98 - 0 . 5 5 
36.00 
35.00 

ml of hydrochloric acid being added, then diluted 
and filtered. T h e final volume was made exactly 
500 ml. 

An aliquot containing an appropriate amount of 
copper, cobalt or nickel was taken separately in a 
beaker, 1.0 ml of the reagent being added, the p H 
adjusted (Fig. 2), and determined by the general 
procedure. Results are given in Tables 3, 4, and 5 
respectively. 

Simultaneous Determination of Nickel and Cobalt in 
Alloys. Based upon the fact that the nickel com­
plex is decomposed by ammonia to form a more stable 
complex whereas the cobalt morpholine-4-carbodi-
thioate complex remains as such in chloroform, a 
method has been developed for the determination of 
nickel and cobalt present together. 

An aliquot containing nickel and cobalt was taken, 
2.0 ml of the reagent being added and the p H ad­
justed to 7.0. The solution was then extracted with 
molten naphthalene. Naphthalene containing nickel 
and cobalt morpholine-4-carbodithioate was dissolved 
in chloroform, the volume being made 10 ml. 5 
ml of the solution was taken, dried with sodium sulfate, 
the absorbance being measured at 390 nm against 
a reagent blank. This corresponded to total ab­
sorbance due to cobalt and nickel complexes. To 
the other 5 ml of the solution was added 5 ml of 1:10 
ammonia solution in a separating funnel. The organic 
phase was separated, dried by adding anhydrous 
sodium sulfate and the absorbance measured at 360 
and 390 nm. The cobalt complex is not affected by 
shaking with ammonia, the absorbance at 360 nm 
corresponding to the amount of cobalt present. The 
absorbance was referred to the calibration curve 
for cobalt prepared under similar conditions. The 
amount of nickel was determined by the difference 
of total absorbance at 390 nm and that due to cobalt 
at 360 nm and referring it to the calibration curve 
for nickel at 390 nm. The results of the determina­
tion of nickel and cobalt in one alloy sample are 
given in Table 6. 

Simultaneous determination may also be carried 
out by the control of p H . However, this is time 
consuming and less accurate since two steps are in­
volved (the relative error « 1 % ) . 

Simultaneous Determination of Tellurium and Selenium. 
Preliminary investigations indicated that selenium is 
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TABLE 7. 

Tellurium 
Morpholine-4-carbodithioate 
(0.01 M) : 1.0 ml. 
Naphthalene: 2.0g, 
Wavelength: 415 nm 
pH: 5.5 

SIMULTANEOUS DETERMINATION OF TELLURIUM AND SELENIUM 

Selenium 
Dithizone in GG14 

(60 (xmol/1) : 5.0 ml. 
acidity: 6 M HCl, 
Wavelength: 420 nm 

Amount present 
Hg 

Tellurium Selenium 

Amount found 

Tellurium Selenium 

Average 

Tellurium Selenium 

Error 
0 / 

/o 
Tellurium Selenium 

51.0 

51.00 

25.50 

25.50 

10.50 

7.78 

7.78 

10.50 

51.0 
50.5 
51.0 
50.5 
50.5 

50.5 
51.0 
51.0 
50.5 
50.5 

25.4 
25.4 
25.5 
25.5 
25.0 

25.5 
25.4 
25.5 
25.2 
25.15 

10.5 
10.5 
10.4 
10.5 

7.8 
7.7 
7.8 
7.7 
7.7 

7.7 
7.7 
7.8 
7.8 

10.5 
10.5 
10.4 
10.5 
10.5 

50.70 

50.70 

25.56 

25.35 

10.48 

7.74 

7.74 

10.48 

-0 .58 -0 .55 

- 0 . 5 8 - 0 . 5 1 

+ 0.55 •0.51 

-0 .58 -0 .55 

TABLE 8. THE EXTRACTION-SPECTROPHOTOMETRIC BEHAVIOR OF METAL MORPHOLINE-4-CARBODITHIOATES 

Metal 
Opti­
mum 
pH 

Morpholine-4-
carbodithioate 

(0.01 M) 
(ml) 

Extracted as 

Concen­
tration 
range 
from 
Beer's 
curve 
fig(lOml)-

Molar 
absorp­
tivity 

mol - 1 

cm - 1 

Sandell's 
sensi­
tivity 

S 
[ig cm-2 

Standard 
deviation 

Copper 
Cobalt 
Nickel 
Tellurium 
Bismuth») 

440 
360 
385—390 
410—420 
362—370 

4.0—9.0 
4.0—9.5 
6.5—9.0 
4.0—6.5 
4.0—6.5 

0.8—1.5 
1.0—2.0 
1.0—2.5 
0.5—1.5 
0.5—1.5 

Cu(C4H8ONCS2) 
Co(C4H8ONCS2)2 

Ni(C4H8ONCS2)2 

Te(C4H8ONCS2)4 

Bi(C4H8ONCS2)3 

5.0—70.0 1.067x10* 0.0059 0.0016 
5.0—81.0 1.350x10* 0.0043 0.0024 
6.0—90.0 7.92X103 0.0088 0.0015 
5.7—125.0 1.075x10* 0.0110 0.0013 
2.5—53.0 3.960x10* 0.0052 0.0035 

a) Réf.") 

not extracted with molten naphthalene. A method 
has been developed for the simultaneous determination 
of tellurium and selenium. 

An aliquot containing appropriate amounts of these 
two metals was taken, 1.0 ml of the reagent being 
added and the p H adjusted (Fig. 2). Tellurium was 
then determined. From the aqueous phase selenium 
was extracted in 6 M H C l as a dithizone complex 
in carbon tetrachloride.16) T h e absorbance was meas­
ured at 420 nm against a reagent blank. T h e 
amount of selenium was determined by the calibration 
curve prepared under similar conditions (Table 7). 
Selenium can be extracted with a suitable organic 
solvent by liquid-liquid extraction as morpholine-4-
carbodithioate, but not by spectrophotometry since 
the complex gives no absorption. 

T h e extraction behavior of metal morpholine-4-
carbodithioates is summarized in Table 8. 

One of the authors (M.G.) is grateful to the Council 
of Scientific and Industrial Research, New Delhi, 
India, for the award of Senior Research Fellowship. 
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The Effects of the BF2- and B(C2H5)2-siibstitution for Bridging Hydrogen 
Atoms in the Cobalt (II), Nickel (II), and Copper (II) 

Complexes with Some Oximate Ligands 
Yasuomi NONAKA* and Kohsuke HAMADA 

Department of Chemistry, Faculty of Science, Kyushu University 33, Hakozaki, Higashi-ku, Fukuoka 812 
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Gobalt(II), nickel(II), and copper(II) complexes with dioximes substituted by BF2- and B(C2H5)2-groups for 
bridging hydrogen atoms were prepared. The BF2-substitution caused a red-shift of d-d band and increase of gn-
value for copper(II) complexes and positive shift of Polarographie half wave potential of nickel(II) complexes. In 
the case of the B(G2H5)2-substituted complexes, such variations were not observed. The BF2-substituted cobalt(II) 
complexes are stable under an open atmosphere at room temperature in a solid state and in a DMF solution. These 
were interpreted in terms of the electron-withdrawing ability of BF2-group in the ligand. 

In 1962, nickel(II) complexes with BF2- or B R 2 ( R = 
CH3 , n-C3H7, H - C 4 H 9 , and z-C4H9)-linked dioximes were 
prepared and characterized by Schrauzer1) (the struc­
tures and abbreviations of these complexes are shown 
in Fig. 1). In the electronic spectra of these complexes, 

V F 

R y N \ / N x: 
C 2 H 5 v . D / C 2 H 5 

I I r M 

R = CH3:M(dmgBF2)2 

R = C6H5-M(dpgBF2)2 

R^N / V ^ R 
I I 

°X° 
C2H5 C2H5 

R = CH3 '• M{dmgB(et)2}2 

R = C6H5:M{dpgB(et)2}2 

Fig. 1. Structures and abbreviations of the complexes 
used in this study. 

little change due to the introduction of BF2- or BR2-
group was observed. Therefore, it was concluded that 
these substituents exert no effect on the ligand field 
around the nickel ion. Recently, Gagné2) obtained the 
dark purple complex, Cu(tnomBF2)C104 , from brown 
Cu( tnomH)C10 4 : 

o-H,'o + 

I l 
CH. V C H 3 

CH 3 ^N j r ^ C H s 

Cu(tnomH)C104 

o'N) + 

* c W r C H ä <» 

Cu(tnomBF2)C104 

Drago and Gaul3) found that Go(dpgBF2)2(A r-meim)2 

formed in a solution of Co(dpgBF 2 ) 2 -2CH 3 OH contain­
ing JV-methylimidazole (JV-meim) is stable under 
aerobic conditions. T h e discoloration by introduction 
of BF2-group (Eq. 1) and the high stability of resulting 
Co(dpgBF2)2(iV-meim)2 complex against molecular 
oxygen suggest that the electronic state of the complexes 
is affected by the introduction of BF2-group. Then , the 
substitution of BF2-group for the bridging hydrogen 
may bring about change in the ring size and/or the 

electron density on the nitrogen atoms. 
I n this study, we have systematically prepared cobalt-

( I I ) , nickel(II) , and copper(II) complexes with BF2-
or B(C2H5)2-substituted macrocyclic ligands as shown 
in Fig. 1, in order to elucidate the effects of these 
substituents on the electronic state of the complexes, 
coordination geometry, the reactivity of cobalt (II) 
complexes with molecular oxygen, and the equilibrium 
of cobalt(II) complexes with some organic bases, such 
as pyridine, in D M F solution. 

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

Synthesis. Triethylborane was prepared by the pro­
cedure of Meerwein and Mitab.4> This material ignites 
spontaneously in air and hence it was used for subsequent 
reactions as a diethyl ether solution (ca. 30%). 

Cu(dmgBF2)2-2dioxane: To a suspension of Cu(dmgH)2 

(4.5 g) in dioxane (90 cm3) was added dropwise a dioxane 
solution (50 cm3) containing boron trifluoride etherate (10 
cm3) at 60 °C. Reaction mixture was stirred at 80 °C for 
1 h. On standing overnight, fine dark purple crystals were 
separated. These were recrystalized from acetone-dioxane 
(1 :1) . 

Found: C, 33.84; H, 4.97; N, 9.93%. Calcd for C16H28-
N408B2F4Cu: C, 33.98; H, 4.99; N, 9.91%. 

Cu(dpgBF2) 2- 2dioxane: This was prepared in a procedure 
similar to that for Cu(dmgBF2)2-2dioxane by using Cu(dpgH)2 

(5.5 g) instead of Cu(dmgH)2. 
Found: C, 53.24; H, 4.53; N, 6.88%. Calcd for G36H36-

N408B2F4Cu: C, 53.13; H, 4.46; N, 6.88%. 
Cu{dmgB(et)2}2: To a suspension of Cu(dmgH)2 (4.5 g) in 

dioxane (100 cm3) was added dropwise at room temperature 
40 cm3 of a diethyl ether solution of triethylborane. Reaction 
mixture was stirred at 80 °C for 1 h and concentrated to ca. 
70 cm3. After being left to stand overnight, the product was 
collected and recrystallized from dichloromethane-benzene 
(1 : 1) to give brown fine crystals. 

Found: C, 44.73; H, 7.51; N, 13.04%. Calcd for C16H32-
N404B2Cu: C, 44.31 ; H, 7.41 ; N, 13.25%. 

Cu{dpgB(et) 2} 2- dioxane-H^O: This was obtained in a 
procedure similar to that for Cu{dmgB(et)2}2 by using Cu-
(dpgH)2 (5.5 g) instead of Cu(dmgH)2. Recrystallization 
was carried out from chloroform-dioxane (1 : 1 ). 

Found: C, 60.78; H, 6.15; N, 6.94%. Calcd for C40H60-
N407B2Cu: C, 61.28; H, 6.43; N, 7.14%. 

Ni(dmgBF2)2 and Ni(dpgBF2)2: These were prepared by 
the procedure of Schrauzer.1) 

Ni-[dmgB(et)2y2: To a suspension of Ni(dmgH)2 (4.3 g) in 
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dichloromethane (80 cm3) was added dropwise 40 cm3 of a 
diethyl ether solution of triethylborane at 40 °G. The solid 
dissolved gradually forming a red solution. The solution was 
evaporated to ca. 60 cm3 and left stand overnight to give 
reddish orange fine crystals. These were recrystallized from 
benzene-chloroform ( 1 : 1 ) . 

Found: G, 45.15; H, 7.62; N, 13.18%. Calcd for C16H32-
N404B2Ni: G, 45.24; H, 7.59; N, 13.19%. 

Ni{dpgB(et)2}2*\l2CH2Cl2: This was prepared in a 
procedure similar to that for Ni{dmgB(et)2}2 by using Ni-
(dpgH)2 (5.5 g) instead of Ni(dmgH)2. Recrystallization 
was carried out from dichloromethane-diethyl ether (2 : 1). 

Found: G, 61.01; H, 6.08; N, 7.57%. Galcd for C36.5H41-
N404B2GlNi: C, 61.27; H, 5.78; N, 7.83%. 

Co(dmgBF2)2-2H20: This was prepared in a procedure 
similar to that for Gu(dmgBF2)2-2dioxane by using Co-
(dmgH)2 .2H20 (4.2 g) instead of Gu(dmgH)2. The opera­
tions were carried out under nitrogen atmosphere and then 
brown fine crystals were obtained. These were dried at 
80 ° G for several hours under a reduced pressure over P205 . 

Found: G, 23.05; H, 3.87; N, 12.98%. Galcd for C8H16-
N406B2F4Co: C, 22.84; H, 3.83; N, 13.31%. 

Co(dpgBF2)2-2H20-dioxane: This was prepared in the 
procedure similar to that by Tovrog et al.b) Recrystallization 
was carried out from acetone-dioxane (1 : 1) under nitrogen 
atmosphere to give marron fine crystals. 

Found: G, 50.19; H, 4.35; N, 7.40%. Galcd for C32H32-
N408B2F4Co: C, 50.76; H, 4.26; N, 7.40%. 

Physical Measurements. Electronic spectra were measured at 
25.0±0.2 °G with a Shimadzu Multipurpose Spectrophotom­
eter Model MPS-5000. ESR spectra were measured with 
a JES-ME-3X Spectrometer using an X-band at room and 
liquid nitrogen temperatures. DPPH and Mn/MgO were 
used as standard markers. Thermogravimetric analyses were 
carried out with a Rigaku-denki Thermogavimetric and 
Differential Thermal Analyzer Model 8075E-1. All Polaro­
graphie measurements were made at 25.0±0.2 °G in N,N-
dimethylformamide (DMF), which was dried over molecular 
sieves (4A—1/16 type) and was distilled under nitrogen 
atmosphere. Tetraethylammonium Perchlorate (TEAP) was 
used as a supporting electrolyte (0.1 mol/dm3). The con­
centration of complexes was maintained constant ( 5 x l 0 - 4 

mol/dm3) except for Ni(dmgH)2. In the case of Ni(dmgH)2, 
the saturated solution was used. All solutions were deoxy-
genated by bubbling pure nitrogen gas. A Fuso Polarographic 
Analyzer Model 312 was used for sampled d. c. polarography. 

A three-electrode system6) consisting of the droping mercury, 
the platinum wire and the saturated calomel electrodes as a 
working, a counter and a reference electrodes, respectively, 
was adopted. The saturated calomel electrode was connected 
to the sample solution through a salt bridge.7) 

Determination of Adduct Formation Constant. Deoxy-
genated DMF solution (100 cm3) of Go(dmgBF2)2.2H20, 
Go(dpgBF2)2-2H20«dioxane, or Go(dpgH)2-2H20 was placed 
into a three necked flask (200 cm3, filled with dry nitrogen) 

fitted with a tube connected to the cell for spectral measure­
ment, and another neck being fitted with a buret to drop 
DMF solution of an organic base. After an organic base had 
been added to as olution of the complex, the solution was 
stirred for 10 min with a magnetic stirrer. The reaction 
mixture was led to the cell for spectral measurements. Equi­
librium constants were determined at 25.0±0.2 °G by the 
method of Marzilli et A/.8) 

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

Results of the elemental analyses and the infrared 
spectra suggested that the molecules of dioxane and/or 
water are contained in crystals of some compounds 
obtained. These were confirmed by thermogravimetric 
analyses. 

All attempts to isolate a BF2-linked metal free ligand 
or its alkali metal salt were unsuccessful to obtain 
dimethylglyoxime. 

Electronic Spectra of Copper (II) Complexes. The 
electronic spectra of Cu(dmgH) 2 in various solvents9»10) 
seem to consist of a number of bands overlapping each 
other. T h e d-d band9) observed at about 22.0 X 103 

c m - 1 as a shoulder is almost concealed by an intense 
G T band. A methanol solution of Cu(dmgBF2)2 

exhibits a peak at 2 1 . 5 x l 0 3 c m - 1 with a shoulder at 
20.0 X 103 c m - 1 . These bands regarded as d-d bands 

Fig. 2. Electronic spectra of Gu(dmgBF2)2 in methanol 
( ), acetone ( ), and DMF ( ). 

TABLE 1. ELECTRONIC AND ESR SPECTRAL DATA OF COPPER(II) COMPLEXES 

Compound Solvent ?/103cm- (e/mol-1 dm3 cm-1) S// A///10- cm -

Gu(dmgH)2 

Gu(dmgBF2)2 

Cu{dmgB(et)2}2 

Gu(dpgH)2 

Gu(dpgBF2)2 

Gu{dpgB(et)2>2 

DMF 
DMF 
DMF 
CHC13 

GHGI3 
GHGI3 

21.0*(1350) 
17.0*(200) 19.5(215) 

21.0*(660) 
21.0*(1220) 

19.0*(490) 20.8(540) 
21.5*(1540) 

29.0(5400) 
32.0(2900) 
29.0(4100) 
24.0*(1780) 
25.5*(950) 
25.5*(3280) 

2.148 
2.170 
2.147 
2.146 
2.167 
2.149 

197.8 
196.2 
202.4 
188.8 
194.4 
193.6 

*: Shoulder. 
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were shifted to lower energy side in a D M F solution 
(Fig. 2). O n the other hand, the spectrum of methanol 
solution of Cu{dmgB(et)2}2 is similar to that of Cu-
(dmgH) 2 (Table 1). Therefore, it can be concluded 
that no drastic change due to the substitution of BF2-
and B(C2H5)2-groups for bridging hydrogen occurs in 
the geometric structure and that the equatorial ligand 
field around the copper ion is weakened on account 
of the electron-withdrawing effect of BF2-group, bringing 
about the subsequent axial ligation of solvent molecules. 

Then, the lowering of 7i(2p)-orbitals of nitrogen atoms 
should be larger than that of dx y-orbital with an 
unpaired electron, i.e., the energy separation between 
metal dxy- and ligand jr(2p)-orbitals is expected to 
increase. In fact, the charge transfer band at 28.5 X 103 

cm- 1 in Cu(dmgH)2
9> is shifted by 2 . 5 x l 0 3 c m - 1 to 

higher energy side in Cu(dmgBF2)2 . 
ESR Spectra of Copper(II) Complexes. The ESR 

spectra of BF2- or B(C2H5)2-substituted copper (II) 
complexes were measured in D M F solution at room 
and liquid nitrogen temperatures. All these spectra are 
similar to those of Cu(dmgH)2

11> at both temperatures 
and essentially axial. The characteristic feature is that 
the gii-value of Cu(dmgBF2)2 is appreciably large 
compared with those of Cu(dmgH) 2 and Cu{dmgB-
(et)2}2 which are comparable to each other (Table 1). 
The g//-value for copper(II) complexes with axial 
symmetry is approximated12) by 

where X is the spin-orbit coupling constant of the copper 
ion, a is the coefficient of dx y in the molecular 
orbitals,12'13) and J is the energy separation between 
dx y and dxa_y2. This shows that £//-value increases 
with the decrease of energy separation J, because X 
is negative. Therefore, the order of^//-value is reasonable 
in view of that of the d-d b a n d ; Cu(dmgH)2=«Cu-
{dmg(et)2}2>Cu(dmgBF2)2 . Such tendency is recog­
nized in dpg-derivatives. These results support the 
conclusion mentioned above. 

Polarography of Nickel(II) Complexes. T h e sampled 
d.c. polarograms of Ni(dmgH) 2 , Ni(dmgBF2)2 , and 
Ni{dmgB(et)2}2 were obtained in D M F solution contain­

e r vs. SCE)/V 

Fig. 3. Sampled d.c. polarograms of (a) Ni(dmgH)2, 
(b) Ni(dmgBF2)25 and (c) Ni{dmgB(et)2}2 in DMF 
containing TEAP (0.1 mol/dm3). 

ing T E A P (0.1 mol/dm3) . These complexes exhibited 
two reduction waves (Fig. 3). All these reduction waves 
are reversible one-electron reduction, judging from the 
results of coulometry. Olson and Vasilevskis14) reported 
that a reduction wave corresponding to the electrode 
reaction, Ni(II)(14-diene)-»Ni(I)(14-diene), was ob­
served at - 1 . 5 7 V vs. Ag-0.1 M A g N O s (1 M = l mol/ 
dm 3 ; —1.28 V vs. SCE) in the cyclic voltammetry of 
Ni(14-diene)(C104)2 in acetonitrile. In view of this 
result, the first and the second waves should correspond 
to the following electrode processes, 

Ni(II)L - 1 - Ni(I)L 

Ni(I)L - 1 - Ni(0)L, (3) 

where L denotes (dmgH) 2 , (dmgBF2)2, and 
{dmgB(et)2}2. 

T h e half-wave potential of Ni(dmgBF2)2 is more 
positive in both processes than those of Ni (dmgH) 2 and 
Ni{dmgB(et)2}2 which are approximatly comparable. 
T h e same tendency was found in dpg-derivatives. The 
BF2-linked complexes are more facile to be reduced 
compared with corresponding hydrogen bridged or 
B(G2H5)2-linked complexes, due to the electron-
withdrawing effect of BF2-group. Therefore, the 
electron-withdrawing effect of BF2-group considerably 
exerts on the electronic states of the nikel(II) complexes, 
although Schrauzer1) claimed that the BF2-group little 
affects the ligand field around the nickel(II) ion. 

The reduction potentials of Ni(dpgX) 2 (X denotes H, 
BF2, and B(et)2) are more positive than those of the 
corresponding Ni(dmgX) 2 . This suggests that the 
electron density on nickel ion of Ni (dpgX) 2 decreases 
because of the rather weak electron-donating effect of 
phenyl group compared with that of methyl group. 

Electronic Spectra of Nickel(II) Complexes. 
Schrauzer1) reported that in the spectra of Ni (dmgX) 2 

(X denotes H, BF2, and BR2) in chloroform the bands 
at 21.1 and 2 4 . 4 x l 0 3 c m " 1 of Ni (dmgH) 2 are little 
shifted by the substitution of BF2- or BR2-groups for 
bridging hydrogen atoms. We measured the spectra 
of these complexes in D M F and in pyridine (Fig. 4). 
These spectra suffer little solvent effect in these solvents 
except for increase of intensity, although some of these 
solvents are capable of coordinating to a metal ion. 
O n the other hand, it was shown from our Polarographie 
results that the electron density on nickel ion of Ni-
(dmgBF2)2 decreases considerably compared with Ni-
(dmgH) 2 and Ni{(dmgB(et)2}2 . Consequently, the 
resemblance in the spectra of Ni (dmgX) 2 reported by 
Schrauzer is attributed to the fact that the axial coordi­
nation of solvents is not promoted by the substitution of 
BF2-group for bridging hydrogen atom. 

Formation Constants of Co(dmgBF2)2(base)n and Co-
(dpgBF2)2(base)n (n=l or 2). A solution of 
Co(dmgBF2)2 in D M F exhibits an absorption band at 
2 1 . 7 x l 0 3 c m - 1 (e=2700) at 25 °C. When pyridine is 
added to this solution, the band diminished and a new 
band appeared at 2 3 . 5 x l 0 3 c m - 1 with an isosbestic 
point at 2 2 . 7 x l 0 3 c m - 1 (Fig. 5). T h e spectrum con­
verged to one curve when pyridine concentration 
exceeded 0.1 mol/dm 3 (400 times of the complex 
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2 5 3 0 
? / 1 0 s cm'1 

Fig. 4. Electronic spectra of Ni(dmgBF2)2 in chloroform 
( ), DMF ( ), and pyridine ( ). 

concentration). This spectral variation should corre­
spond to the equilibrium, 

Co(dmgBF2)2 + n-py ^ ^ Co(dmgBF2)2(py)n(n = 1 or 2). 
(4) 

T h e equilibrium constant of this equation is given by the 
relation, 

ß = [Co(dmgBF1)1(py)J/[Go(dmgBF1)J[py]". (5) 
When A0, A, and A«, denote the absorbances of Co-
(dmgBF2)2 at 21.7 X 103 c m - 1 in the absence of pyridine, 
in the presence of pyridine and in the presence of large 
excess of pyridine, respectively, the equilibrium constant 
is given by 

log/* = log [(A0-A)/(A-A„)] - «log [py]. (6) 

T h e free pyridine concentration [py] is corrected by 

[py] = [py], - [(A0-A)/(A0-A„)] [M], (7) 

where [py] t and [M] denote total concentrations of 

2 5 
5 / I 0 3 cm*1 

Fig. 5. Electronic spectra of Go(dmgBF2)2 in DMF 
with various contents of pyridine: 1), 0; 2), 1.4 x 10-3; 
3), 2.7X10-3; 4), 5 .9x l0- 3 ; 5), 9.4 x 10"3; 6), 1.5x 
10-2; 7), 3.0X10-2; 8), 1.0 X 10"1 mol/dm3. The 
concentration of Co(dmgBF2)2 is maintained constant 
(2.5xlO"4 mol/dm3). 

pyridine and the metal complex, respectively. Then, 
log[(A0—A)l(A—Aa>)] was plotted against log [py] 
which was calculated by Eq. 7 for both cases of n=l 
and 2(Hill-plot). The plot for n = l gives a straight line 
with a slope nearly equal to 1, and that for n=2 gives 
no straight line. Then, it became evident that one 
molecule of pyridine is bound to a cobalt ion. The 
equilibrium constant (log /?)was evaluated by extrapolat­
ing log [py] to zero. In the cases that the other organic 
base was used instead of pyridine, the equilibrium 
constants and «-values were evaluated in a similar 
manner as above (Table 2). For all the reactions 
between Co(dmgBF2)2 and organic bases, n=\ was 

TABLE 2. FORMATION CONSTANTS OF Go(dmgBF2)2(base)r 

Co(dpgBF2)2(base)n, AND THEIR RELATED COMPLEXES 

Compound 

Co(dmgBF2)2 

Co(dmgBF2)2 

Co(dmgBF2)2 

Co(dmgBF2)2 

Co(dpgBF2)2 

Co(dpgBF2)2 

Co(dpgBF2)2 

Co(dpgBF2)2 

Co(dpgBF2)2 

Co(dpgH)2 

Go(dmgH)2 

Co(J-en)*> 
Co(ppIXdme)b> 
Co(ppIXdme) 

Basec) (ptf j 

im (7.03) 
py (5.27) 
2-etim (7.99) 
a-pic (5.97) 
im (7.03) 
y-pic (6.02) 
py (5-27) 
2-etim (7.99) 
a-pic (5.97) 
py (5.27) 
py (5.27) 
py (5.27) 
py (5.27) 
py (5.27) 

n 

1 
1 
1 
1 
2 
2 
2 
1 
2 
1 
1 
1 
1 
1 

log ß (Temp/°C) 

4.04(25) 
2.25(25) 
2.50(25) 
0.16(25) 
7.19(25) 
4.46(25) 
4.20(25) 
3.18(25) 
0.97(25) 
2.94(25) 
2.11 (r.t.) 
2.18(20) 
3.27(20) 
3.78(23) 

n*d) 

2 
2 
1 
2 
2 
2 
2 
1 
2 
o e ) 

2 e ) 

2 
— 
— 

Solvent 

DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
CH3OH 
DCEf> 
Toluene 
Toluene 

Reference 

This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
Ref. 15 
Ref. 16 
Ref. 17 
Ref. 18 

a) Jäger-type open-
2-ethylimidazole, a 
ESR spectrum, e) 

chain ligand. b) Protoporphyrin IX dimethyl ester, 
-pic : a-picoline, ''-pic : f-picoline. d) n* was evaluated 
See Ref. 20. f) 1,2-Dichloroethane. 

c) im: Imidazole, py: pyridine, 2-etim: 
from 14JV-superhyperfine splitting of the 
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obtained. This shows that one molecule of the organic 
base links to the metal complex to form a five-coordinate 
complex Go (dmgBF2) 2 (base). 

The formation constants of Go(dmgH)2(py),15) Go-
(J-en)(py),16> and Go(ppIXdme)(py)17»18) at room 
temperature were reported (Table 2). In all cases, the 
mono-base adducts are predominant in the solution. 
Accordingly, it seems that square planer cobalt(II) 
complexes tend to form five-coordinate complexes with 
an organic base in solution. Thus, the present result 
that a five-coordinate complex, Go(dmgBF2)2(base), is 
formed is consistent with this tendency. 

On the other hand, two molecules of organic base 
coordinate to Go(dmgBF2)2 at apical sites at 77 K, 
judging from the five-lined 14JV-superhyperfine structure 
in ESR spectrum in DMF glass containing organic base 
(except for 2-ethylimidazole). Therefore, it was revealed 
that the coordination manner of the organic base to 
Go(dmgBF2)2 at room temperature is different from 
that at low temperature, as seen in Go(J-en)-pyridine 
system reported by Kubokura et a/.16) 

The formation constants of Co(dpgBF2)2(base)w at 
25 °G were evaluated by using the variation of absorb-
ance at 2 0 . 0 x l 0 3 c m _ 1 by a procedure similar to the 
case of Co(dmgBF2)2(py)- When pyridine, imidazole, 
a- and y-picoline were used, n=2 was obtained from 
the slope of Hill-plots, and then, six-coordinate 
complexes Co(dpgBF2)2(base)2 were shown to be 
formed, in contrast to the general tendency as mentioned 
above. 

The electron-withdrawing effect of BF2-group is more 
effectively exerted on Go(dpgBF2)2 than Go(dmgBF2)2, 
because the electron-donating ability of phenyl group is 
negligibly weak compared with that of methyl group. 
Consequently, the electron density on the cobalt (II) ion 
decreases and the axial coordination of ligands is 
facilitated. 

When 2-ethylimidazole was used, the five-coordinate 
complex Co(dpgBF2)2(2-etim) was formed at 25 °G. 
This is explained in terms of the steric hindrance of 
ethyl group adjacent to the donating nitrogen atom. 

Reaction ofCo(dmgBF7k)2 and Co(dpgBF2)2 with Molecular 
Oxygen. The electronic spectra of Go(dmgBF2)2 in 
DMF solution were measured under N2-, 0 2 - , and an 
open atmospheres. The spectrum obtained under 0 2 -
atmosphere is practically same as those under an open 
and Ng-atmospheres. This indicates that Go(dmgBF2)2 

in the solution hardly reacts with molecular oxygen at 
room temperature. 

The ESR spectrum of Go(dpgBF2)2 measured in 
acetonitrile frozen solution under an open atmosphere 
exhibited an axial pattern characteristic of low-spin, 
d7-tetragonal complexes of cobalt(II) with (dxy)2(dz2)1-
ground state19) (Fig. 6). 

These results are noteworthy in contrast to the fact 
that the solutions of Go (dmgH) 2 and Go (dpgH) 2 are 
oxidized immediately on exposure to air. The d22-
orbital of Co(dmgBF2)2 and Go(dpgBF2)2 is lowlying 
relative to that of Go (dmgH) 2 and Go (dpgH) 2 because 
of the electron-withdrawing effect of BF2-group. 
Accordingly, in the cases of BF2-linked complexes the 
donation from metal-dza-orbital to oxygen-jr*-orbital is 

Fig. 6. ESR spectra of Go(dpgBF2)2 in (a) acetonitrile, 
(b) DMF-pyridine (19 : 1), and (c) DMF-2-etim 
(19 : 1) at liquid nitrogen temperature under aerobic 
conditions. ( 1G = 10"4 T). 

diminished. Drago and Gaul3) found that six-coordinate 
complex, Co(dpgBF2)2(N-nieim)25 is prepared in the 
solution of Go(dpgBF2)2 containing 7V-methylimidazole 
(7V-meim) and that no oxygenated complex is formed 
under aerobic conditions. The formation of the same 
type six-coordinate complexes is recognized in solutions 
of Go(dpgBF2)2 containing excess pyridine and y-
picoline under an open atmosphere (Fig. 6), although 
oxygenated complexes were found in a solution of 
Go (dpgH) 2 containing excess pyridine.20) These facts 
suggest that decrease of the electron density on cobalt 
ion facilitates the formation of normal coordination 
bond between cobalt and organic base, and that the 
formation of such strong bond hinders the exchange an 
organic base for molecular oxygen. 

ESR spectrum of the D M F frozen solution of Co-
(dmgBF2)2 containing excess pyridine under an open 
atmosphere exhibits a relatively weak, sharp signal at 
g=ca. 2, in addition to main signal due to the di-base 
adduct, Go(dmgBF2)2(py)2- This shows the slight 
formation of an oxygenated complex. The reason may 
be that the electron-withdrawing effect of BF2-group is 
partially canceled by the electron-donating ability of 
methyl group. 

The ESR spectra of Go(dmgBF2)2 and Go(dpgBF2)2 

in D M F frozen solution containing excess 2-ethyl­
imidazole under an open atmosphere (Fig. 6) are 
drastically different from those of the di-base adducts 
such as Go(dmgBF2)2(py)2 and are characteristic of 
oxygenated complexes formally described as a 
superoxide-cobalt(III) complex.21) As mentioned above, 
the five-coordinate complex is formed under an 
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unaerobic condition when 2-ethylimidazole was used. 
Thus , it becomes possible for a molecular oxygen to 
come close to a vacant sixth coordination site of cobalt 
ion. 

T h e authors are deeply grateful to Professor Sigeo 
Kida , Kyushu University, for his helpful discussion. 
We also would like to thank Professor Makoto Aihara, 
Fukuoka Woman 's University, for the Polarographie 
measurements. The present work was partially sup­
ported by a Grant-in-Aid for Scientific Research from 
the Ministry of Education, Science and Culture. 
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Preparation and Ligand Field Absorption Spectra of [CrF2(0-0)2]
3-

and [CrF2(0-0)(en)]- Type Complexes 
Sumio KAIZAKI,* Mieko AKAHo(nee ASADA), Yasuyo MORITA, and Kuniko UNO 
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Two geometrical isomeric pairs of [CrF 2 (0-0) 2 ] 3 _ and either one of two possible geometrical isomers of [CrF2-
(0-0)(en)]~, where O-O denotes oxalate and malonate anions, were newly prepared and characterized by means 
of the spectral and chromatographic elution behaviors. It was found that [CrF2(ox)(en)]~ and [CrF2(mal)(en)]~ 
obtained take eis and trans forms, respectively. The ligand field absorption spectra of the present complexes were 
compared with one another, and with those of the corresponding aqua complexes of the same type. On the basis 
of the analyses of the absorption spectra in terms of the angular overlap model, the AOM parameters (et and eK) 
for the ligands concerned were estimated, and their transferability assumption and the anisotropic n interactions 
of Cr-O bonding with respect to the chelate plane of the dicarboxylate ligands were discussed. 

There have been spectral as well as preparative 
studies on difluorochromium(III) complexes like trans-
[CrF 2 (H 2 0) 4 ]+ and trans-[Cr¥8(N) 4 ] + type com­
plexes.1-4) Such complexes exhibit characteristic 
spectral pat tern in the ligand field band region : signifi­
cant splitting of the second band, which facilitates the 
application of the angular overlap model (AOM). 
These studies have been mainly concerned with linearly 
ligating ligands5> such as saturated amines and halide 
ions, and with nonlinear ligators such as pyridine, but 
not with dicarboxylate chelates in which C r - O bonding 
may be formed with different ^-interactions vertical 
and parallel to the chelate planes besides with the o-
interactions.6) T h e estimates of the A O M parameters 
for the dicarboxylate ligands provide a valuable clue 
to test the assumption of parameter transferability from 
one complex to another and to clarify the anisotropy 
of the C r - O ^-interactions with respect to the chelate 
planes. For this purpose, such high symmetry complexes 
as fomj-[CrF2(0-0)2]

3- and fraiw-[CrF2(0-0)(en)]-
with dicarboxylates are considered to be suitable as a 
simple model case, because their ligand field spectra 
are expected to give splitting patterns as observed for 
those of *ra/w-difluoro chromium(II I ) complexes with 
aqua and/or ethylenediamine ligands. However, there 
has been known no such mixed difluorochromium(III) 
complex with dicarboxylates. 

T h e present paper deals with the preparation and 
characterization of two geometrical isomers, eis- and 
frmy-[CrF2(0-0)2]

3~, where O - O denotes oxalate and 
malonate ions, and those of «V-[CrF2(ox) ( e n ) ] - and trans-
[CrF 2(mal)(en)]- . The spectral behavior in the ligand 
field band region of these complexes is explored in 
connection with that of the corresponding aqua com­
plexes, [CrF 2 (H 20) 4 ]+, [CrF 2 (en)(H 20) 2 ]+, and [Cr-
(ox) 2 (H 20) 2 ]~, and analyzed in terms of the A O M . 

Exper imenta l 

Preparation of the Complexes. ( 1) eis- and trans- [CrF2-
(0-0)2]

3-: Five grams of aVK[Cr(ox)2(H20)2].3H20 and 
0.86 g of potassium fluoride were dissolved in 300 cm3 of water 
in a polyethylene beaker. After the solution was heated at 
60 °C on a water bath for about 6 h, the color of the solution 
changed from red violet to dark green. By adding the resul­
tant solution to a large amount of methanol, pale green precip­
itate was obtained. An aqueous solution of this precipitate 

was poured onto a column (4 X 60 cm) of anion exchanger 
(QAE-Sephadex A-25), and the column was swept with 
water. When the adsorbed band was eluted with a 0.1 mol 
dm - 3 sodium chloride solution, the column gave five bands. 
Of these bands, the four faster eluted bands (B-I, B-II, B-III, 
and B-IV) were found to be the complexes containing fluoride, 
oxalate ion, and water as ligands by the qualitative analyses 
in terms of zirconium alizarin paper tests for fluoride and 
potassium permanganate tests for oxalate, and by the fact 
that their first d-d absorption bands are shifted to the lower 
frequency by increasing in pH (ca. 10) of the eluate with a 
0.1 mol dm - 3 sodium hydroxide solution. Taking into 
account of these facts and the position of the first absorption 
band as well as the chromatographic elution behavior, three 
faster eluted bands (B-I, B-II, and B-III) may be three 
possible geometrical isomers of [CrF2(ox)(HaO)2]_ and two 
later eluted bands (B-IV and B-V) two possible isomers of 
[GrF3(ox)(H20)]2- or [CrF(ox)2(H20)]2-. But their char­
acterization was not attempted. When the fifth band(B-V) 
was eluted with a sodium chloride solution (0.2 mol dm - 3 in 
the early stage of elution, and then 0.25 and 0.3 mol dm - 3 

successively in the later stage), three bands (B-V, B-VI, and 
B-VII) were separated. The slowest eluate (B-VII) was 
confirmed to be tris(oxalato)chromate(III) ion from the 
absorption measurement. The remaining two bands (B-V 
and B-VI) were found to be complex ions containing only 
fluoride and oxalate ions as ligands, because the first d-d 
absorption band of these eluates shows no shift with increase in 
pH and the qualitative analyses indicate the presence of 
fluoride and oxalate ions in the complexes. The yield of the 
B-VI band was much smaller than that of the B-V one. 
After dilution with water, each eluate was loaded again on 
each column of QAE-Sephadex A-25. Each adsorbed band 
was eluted with a 1 mol dm - 3 sodium chloride solution. To 
each eluate was added a large excess of barium perchlorate. 
Then green fine powder was obtained. Each barium salt 
was converted to methylammonium salt by a batchwise 
method with a cation exchange resin of GH3NH3

+ form (Dowex 
50wx8) in water. The resultant green solutions were 
separately condensed by a vacuum rotatory evaporator at 
about 30 °C. By adding acetone and ethanol to each con­
densed solution, green solid was crystallized. Each green 
powder was recrystallized from water and acetone. Found 
for the B-VI: C, 23.21; H, 5.02; N, 11.60%. Galcd for 
(GH3NH3)3[CrF2(ox)2]: C, 22.84; H, 5.05; N, 11.24%. 
Found for the B-V: C, 21.41; H, 4.33; N, 7.65%. Calcd 
for (CH3NH3)3 [CrF2(ox)2] . C3H60 . 2.25NaCl (C3H eO= 
acetone): C, 21.71; H, 4.38; N, 7.62%. 

( 2) eis- and trans- \CrF2 (mal) 2]
 3_ Complexes : After dissolving 
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3.8 g of m-K[Cr(mal)2(H20)2].3H20 and 1.2 g of potassium 
fluoride in 100 cm3 of water in a polyethlene beaker, the 
solution was heated at 60 °C on a water bath for about 4 h. 
The resulting green solution was added to a large amount 
of methanol. Then pale green precipitate was obtained. 
An aqueous solution of this precipitate was poured onto a 
column (4x60 cm) of QAE-Sephadex A-25. After washing 
the column with water, the adsorbed band was eluted with 
a sodium chloride solution (0.1 mol dm~3 in the early stage 
of elution, and then 0.2 and 0.3 mol dm - 3 successively in the 
later stage). The column gave eleven bands. From the 
elution behavior and the absorption spectral change with 
increase in pH, the b-I—b-VIII bands were found to be 
univalent or bivalent complex anions containing H 2 0 , F - , 
and mal2 - as ligands. The slowest eluted band (b-XI) was 
confirmed to be [Cr (mal) 3 ] 3 - from the absorption measure­
ments. The two remaining eluates (b-IX and b-X) were 
found to be the complexes with' only fluoride and malonate 
ions but not with water. After dilution of these eluates with 
water, they were reloaded on short columns of QAE-Sephadex 
A-25. After each column was washed well with a 0.01 mol 
dm - 3 lithium chloride solution, each band was eluted with 
a 1.0 mol dm - 3 lithium chloride solution. To the condensed 
solutions was added ethanol and acetone; then lithium salts 
being precipitated. Each green powder was recrystallized 
from water and acetone. Found for the b-IX: C, 19.41; 
H, 2.55%. Galcd for Li3[CrF2(mal)2].2.5H20: G, 20.02; 
H, 2.52%. Found for the b-X: G, 16.72; H, 2.20%. Galcd 
for Li3[CrF2(mal)2].3H20.1.5LiCl: C, 16.66; H, 2.33%. 

The present oxalato and malonato complexes were also 
prepared from [CrF2(H20)4]N03 , which was obtained by 
evaporating the reaction mixture of Cr(N03)3«9H20 with 
40% hydrofluoric acid and formaldehyde.2a) 

(3) [CrF2(en)(H20)2]Br: This complex was used as a 
starting complex for the preparation of [GrF 2(0-0)(en)]-
type complexes. The preparation of this complex was 
performed by the similar method to that of [CrF2(pn)(H20)2]-
Br7) except that ethylenediamine(en) was used instead of 
l,2-propanediamine(pn). Found: C, 9.14; H, 4.67; N, 
10.46%. Calcd for [CrF2(en)(H20)2]Br: C, 9.03; H, 4.55; 
N, 10.53%. 

(4) [CrF2(ox)(en)]~: A solution containing 1.0 g of 
[GrF2(en)(H20)2]Br and 0.7 g of potassium oxalate mono-
hydrate was heated at 60 °C on a water bath for 2.5 h. After 
cooling the reaction mixture, the solution was added to a 
large amount of methanol to form violet precipitate. This 
solid was filtered and dissolved again in a small amount of 
water. The resultant solution was poured onto a column of 
anion exchange resin (Dowex 1 X 8, Cl~ form). The adsorbed 
band was washed with water and then eluted with a 0.05 
mol dm - 3 sodium chloride solution. The column gave three 
bands. The third eluate was confirmed to be [Cr(ox)2(en)]-
by the absorption measurement. The second band was proved 
to contain fluoride and oxalate ions but not water as ligands 
by means of the qualitative analyses for these ions and by the 
fact of no shift of the first band with increase in pH. This 
eluate was concentrated at about 25 °C by a vacuum rotatory 
evaporator. By adding methanol to the condensed solution, 
red violet crystals were obtained. Recrystallization was 
carried out from water and methanol several times. Found: 
C, 16.28; H, 3.48; N, 8.62%. Calcd for Na[CrF2(ox)(en)]. 
0.75 H 2 0.0 .5 CH3OH.0.6 NaCl: C, 16.60; H, 3.56; N, 
8.60%. 

(5) [CrF2(mal)(en)]-: This complex was prepared by the 
similar method to that of the corresponding oxalato complex 
as described in (4) except that potassium malonate was used 
in place of potassium oxalate. The sodium salt obtained was 

converted to lithium salt with a cation exchange resin (Dowex 
50 X 8, Li+ form) by a batchwise method. After concentrating 
the solution by a vacuum rotatory evapolator, red violet 
crystals were obtained by adding methanol and then cooling. 
Recrystallization was carried out from water and methanol. 
Found: C, 19.75; H, 4.97; N, 9.21%. Calcd for Li[CrF2-
(mal)(en)].2.5H20: C, 20.06; H, 5.00; N, 9.28%. 

Measurements. Absorption spectra were obtained on a 
Shimadzu UV-200S spectrophotometer. Diffuse reflectance 
spectrum was measured by a Hitachi EPS-3T spectrophotom­
eter with a reflectometer. CD curves were recorded on a 
JASCO MOE-1 spectropolarimeter, and infrared spectra on 
a JASCO DS-402G spectrophotometer. 

Calculations. Computer programs for the calculations of 
the transition energies of the d-d bands and for the Gaussian 
analyses of the observed curves were based on the programs 
(AOM/2 and LGNCD) already obtained. The calculations 
were carried out by a FACOM 230-28 at the Nara Women's 
University. 

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

Characterization. 1) [CrF2(0-0J2]
3~ Complexes: 

In view of the chromatographic elution behavior and 
the absorption spectra as well as the elemental analyses 
for each pair of the oxalato (B-V and B-VI) and the 
malonato (b-IX and b-X) complexes, each of them 
corresponds to the geometrical isomeric pair with the 
same chemical composition. The first absorption bands 
of [ C r F 2 ( 0 - 0 ) 2 ] 3 ~ are observed near the positions 
predicted by the average of environment.8) In such 
cases, it is empirically expected9) that the first absorption 
band of f ranj - [CrF 2 (0-0) 2 ] 3 ~ locates at the lower 
frequency side than that of m - [ C r F 2 ( 0 - 0 ) 2 ] 3 ~ , because 
the ligand fluoride lies below the ligands oxalate and 
malonate in the spectrochemical series.8) Since the 
B - V isomer of the present oxalato complexes gives the 
first band at the lower frequency side than the B-VI 
one as shown in Fig. 1, the former and the latter isomers 
may be assigned to trans and eis forms, respectively. 
This assignment is confirmed by the fact that the elution 
order of the ion exchange chromatography agrees with 
tha t generally recognized for eis and trans geometrical 

Fig. 1. Absorption curves of (a) m-[CrF2(ox)2]3- ( ), 
(b) fow-[CrF2(ox)2]

3- ( ) (left side ordinate), (c) 
m-[CrF2(mal)2]3- ( ), and (d) ^^-[CrF 2 (mal) 2 ] 3 -
( ) (right side ordinate) in water. 
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isomers of [MX 2L 4 ] type complexes,10) and also sup­
ported by the fact that the B-VI (eis) isomer is found 
to have larger molar absorption coefficients of the d-d 
bands than the B - V (trans) one (Fig. 1 ) as noticed in the 
cases of [Cr(CN)2(en)2]+11) and [Cr(NCS)2(en)2]+.12> 
Further, the validity of this assignment is justified by the 
CD behavior in the first band region of these complexes 
in solutions containing chiral environmental substances 
as is applied to the structural assignments of [SnCl2 

(acac)2] and the related complexes in */-malic acid 
systems.13) Tha t is, when the complexes at about 
5 x 10~3 mol d m - 3 in a mixture of water and acetone 
( 1 : 1 ) containing rf-cinchonine hydrochloride ( 1 5 x 1 0 - 3 

mol dm - 3 ) were allowed to stand for about half an hour, 
the intensity of the CD extremum of the B-VI isomer in 
this region ( A e = + 0 . 0 2 mol" 1 d m " 3 cm" 1 at 17750 
cm - 1 ) is found to be much larger t han that of the B - V 
isomer and to be as large as that of [Cr(ox) 3] 3 _ in the 
analogous condition.14) Since most bis (oxalato) -
chromate(III ) complexes are found to undergo rapid 
racemization,16) the present complexes are expected to 
exhibit the CD associated with the enrichment of one 
enantiomer in terms of the so-called Pfeiffer effect. 
Thus, it appears that the B-VI isomer is a racemic 
mixture consisting of enantiomers with configurational 
chirality due to eis arrangement of two fluoride ions, 
and that the B - V isomer takes achiral configuration 
owing to trans coordination of two fluoride ions. 

The corresponding malonato complexes show some­
what different spectral behavior from the oxalato 
complexes; the first absorption band of the faster eluted 
b - I X isomer was observed at a slightly higher frequency 
than that of the slower eluted b -X isomer. As shown 
in Fig. 1, the difference between the first band position 
of the b - I X isomer and that of the b -X one is too small 
to offer an any reliable clue for the assignment of the 
geometrical structures. The elution behavior on the 
column chromatography and the absorption intensities 
of the d-d bands seem to be more reliable for the struc­
tural assignments. As shown in Fig. 1, on the basis of 
these criterions, the b - IX and b -X isomers are to be 
assigned to trans and eis forms, respectively. This 
assignment is also supported by the CD behavior in a 
mixture of water and acetone containing rf-cinchonine 
hydrochloride as in the case of the corresponding 
oxalato complexes. T h a t is, the b -X (eis) isomer in 
such a solution gives a much stronger CD peak ( A e = 
+0 .01 mol - 1 dm 3 cm" 1 at 16880 cm- 1 ) , probably due 
to the Pfeiffer effect, than the b - I X (trans) isomer. T h e 
infrared spectra of the malonato complexes may provide 
another clue for the assignment of the geometrical 
structure. Three infrared bands are observed at 1620, 
1695, and 1720 c m - 1 for the b -X isomer and only one at 
1615 c m - 1 for the b - IX isomer in the region of C O 
asymmetric stretching as is observed for the correspond­
ing diaquabis (malonato) Chromate (III) complexes; i.e., 
three components for the cis-isomer and one component 
for the trans-isomer. Such a difference in the number of 
the observed bands between the geometrical isomers of 
the malonato complexes may be mainly ascribed to the 
difference in symmetry of the complexes. Thus, these 
infrared spectral behavior of the malonato complexes 

confirms the assignment on the basis of the chromato­
graphic elution orders, the molar absorption coefficients, 
and the Pfeiffer CD. 

2) \CrF2(0-0)(en)Y Complexes: For each of the 
oxalato and malonato complexes of this type, only one 
of two possible geometrical isomers could be isolated. 
T h e d-d absorption spectrum of the oxalato complex 
is symmetrical in shape and shows no splitting, whereas 
tha t of the malonato complex is of asymmetric shape 
and exhibits a shoulder at the higher frequency side for 
the first band and at the lower frequency side for the 
second band, as shown in Fig. 2. According to the 

J I I L 
15 20 25 30 

o/lO3 cm"1 

Fig. 2. Absorption curves of (a) rä-[CrF2(ox)(en)]+ and 
(b) trans-[CrF2(mal) (en)]+ in water, and the resolved 
curves of the latter complex ( ) using the Gaussian 
analysis. 

Yamatera 's rule,16) it is suggested that the oxalato and 
malonato complexes take eis and trans forms, respective­
ly. Tha t is, it is predicted that the orbitally doubly 
degenerate and nondegenerate components of the 4 T 2 g 

splitting states locate at 17390 and 19720 c m - 1 , respec­
tively, by using lOZty(en) =21900 cm"1 , 10D?(F-) = 
15050 cm- 1 , and 10Z>?(mal2-) = 17670 cm"1 . These 
predicted transition energies lie close to the peaks and 
near the shoulder observed for [CrF 2 (mal) (en)] - . For 
the eis form, three splitting components are predicted 
to locate at 19100, 18100, and 17390 cm- 1 . This 
splitting interval and the positions obtained may account 
for the observed symmetric pat tern and the maximum 
of the first band for the oxalato complex (Fig. 2). In 
addition, this assignment may be confirmed by the 
solvent effect on the absorption spectra of these com­
plexes. T h e second absorption band of trans-[CrF2-
(en)2]+ in JV-methylformamide (nmf) is more distinctly 
resolved into two components than tha t in water, and the 
corresponding ar-isomer gives almost unaltered behavior 
in these solvents. The present oxalato and malonato 
complexes exhibit the similar spectral behavior in water 
and nmf. The second band of the trans-diûuoro malonato 
complex in nmf is more remarkably split t han that in 
water, while that of the aV-difluoro oxalato complex 
remains unchanged. 

Assuming that [CrF 2 ( en ) (H 2 0) 2 ] + takes trans(F) form 
as mentioned below, the formation of the malonato 
complex seems to take place with retention of configura-



3194 Sumio KAIZAKI, Mieko AKAHO (nee ASADA), Yasuyo MORITA, and Kuniko UNO [Vol. 54, No. 10 

tion, but the oxalato complex may be formed with 
conversion to eis configuration. 

Ligand Field Absorption Bands. In spite of the fact 
that the ligand malonate lies at the higher position 
than the ligand fluoride in the spectrochemical series 
as in the case of the ligand oxalate,8) the first absorption 
band of £ra/w-[CrF2(mal)2]3_ locates at the higher 
frequency side than that of the eis one; i.e., contrary 
to the empirical prediction,9) which is valid for the 
corresponding oxalato complexes as mentioned before. 
It is noted that the ligand field band of the malonato 
complexes behaves unlike that of the oxalato complexes 
to some significant degree. Such a difference in the 
ligand field band between the malonato and oxalato 
complexes is not observed for the absorption spectra of 
[Cr(0-0) K (en) 3 _ K ] 3 - 2 M type complexes; e.g., the first 
band being observed at 20170 c m - 1 for both [Cr(ox)-
(en)J+ and [Cr(mal)en)2]+, at 18830 cm"1 for both 
[Cr(ox)2(en)]- and [Cr(mal)2(en)]-, and at 17500 and 
17670 c m - 1 for [Cr(ox)3]3~ and [Gr(mal)3]3_ , respec­
tively. It is interesting to note that both the first and 
the second bands of the present dicarboxylato complexes 
are compared with those of the corresponding aqua 
complexes of the same types; i.e., [CrF 2 (H 2 0) 4 ] + , 
[CrF2(en)(H20)2]+, and [Cr(ox) 2 (H 2 0) 2 ] - . The absorp­
tion spectrum of frmr-[CrF2(H20)4]

+ reported by Chia 
and King1) shows a large splitting in the second absorp­
tion band region as in Fig. 3. trans-Diaquabis (oxalato)-

Fig. 3. Absorption curves of (a) trans (F)-[CrF2(en)-
(H20)2]+ ( — ) and (b) fr^[CrF1(H10)4]+ ( ) 
(from Ref. 1) in water; diffuse reflectance spectrum of 
(c)^rfl«j-K[Gr(ox)2(H20)2].3H20 ( ) (right side 
ordinate) and its resolved curves using the Gaussian 
analysis ( ). 

chromate(III) complex also gives a splitting pattern 
for both the first and second bands, which is revealed 
with the aid of the Gaussian analysis of the diffuse 
reflectance spectrum (Fig. 3) as well as by the low-
temperature single-crystal polarized spectral study.17) 
Since the ligand field strength of the fluoride ligand is 
weaker than that of the aqua ligand,8) it is anticipated 
that the splitting of the d-d absorption spectra for the 
present newly prepared trans-diüuorobis (dicarboxylato) 

complexes is larger, at least in the first band region, 
than that for the diaqua complexes. Contrary to this 
expectation, however, both the present trans-diüuoro 
complexes show the symmetrical shape and no splitting 
in their absorption spectra as in Fig. 1. The analogous 
situation is observed in the case of trans-[CrF2(0)2(en)] 
type complexes. While the second absorption band of 
the malonato complex, trans-[CrF2(mal)(en)]-, is split 
similarly to that of Jra;w(F)-[CrF2(en)(H202)]+, the 
first band exhibits a shoulder at the higher frequency 
side for the malonato complex, but not for the aqua 
complex as in Figs. 2—3. 

In order to examine the different nature of Cr-ligand 
bonding, an attempt to estimate the angular overlap 
parameters is made by fitting the calculated transition 
energies to the observed positions of the d-d bands in 
terms of the angular overlap model on the assumption 
of orthoaxial ligation.4) The theoretical calculations 
are carried out by diagonalizing full energy matrix 
incorporating all configurational interactions for the 
d3 configuration.18) The results are summarized in 
Tables 1 and 2 together with the A O M (e* and eK) 
and Racah (B) parameter values as well as the assign­
ments of the transition states. By using the AOM 
parameters for the fluoride and aqua ligands transferred 
from trans-[CrF2(N)A]+ type and ammineaquachromium-
(III) complexes, [Cr(NH3)M(H20)6_J3+,3-4) the calcu­
lated positions of the ligand field bands for trans-[Cr¥2-
(H 20) 4 ]+ and [CrF2(en)(H20)2]+ (assumed trans (F) 
form) correspond fairly well to those of the observed 
ones, except that the rather large splitting of the first 
band is reproduced despite of the observed symmetrical 
envelope of this band (Fig. 1 and Table 1). Among 
several attempts to estimate the A O M parameters for 
*ra;w-[CrF2(H20)4]+,19-20) the parameter values esti­
mated by Keeton et al.19) are close to the present values. 
Similar calculations are carried out for trans-[Cr(ox)2-
( H 2 0 ) 2 ] - , *rtf^-[CrF2(mal)(en)]-, and trans-[CrF2-
( 0 - 0 ) 2 ] 3 ~ , assuming that the n orbitals vertical to 

TABLE 1. OBSERVED AND CALCULATED TRANSITION 

ENERGIES OF frawj-[CrF2(H20)4]+ AND trans-
(F)-[CrF2(en)(H20)2]+ COMPLEXES 

tom5-[CrF2(H20)4]+ 

Obsd Galcd (Assign)b) 

16.33a) 16.09a>(4E) 
17.20(*B2) 

22.70 22.68(4E) 
25.50 25.47(4A2) 
37.00 35.98(4A2) 

37.47(4E) 
*0(F) = 7.43a> 
«.(F) = 1.78 
*,(H2O) = 6.50 
e„(H20)=0.575 
£ = 0 . 7 3 

«rww(F)-[CrF1(csD)(H10)1] + 

Obsd Calcd(Assign)b) 

18.42a) 17.09a)(4E) 
19.10(*B2) 

24.10 23.81(4E) 
26.81 26.92(4A2) 
38.30 37.78(4A2) 

39.92(4E) 
*„(F) = 7.43a> 
*„(F) = 1.78 
*,(H2O)=6.50 
*„(HaO)=0.575 
*,(en) = 7.00 
£ = 0 . 7 1 

a) Wavenumbers are given in 1000 c m 4 , b) Assignments 
are made according to the results of the theoretical 
calculations. 
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TABLE 2. OBSERVED AND CALCULATED TRANSITION ENERGIES OF fra/w-[CrF2-

(mal)(en)]-AND /ra«j-[CrX2(0-0)2] - 3 TYPE COMPLEXES 

trans-K[Cr(c 

Obsda) 

17.20c) 

19.44 
23.13 
25.85 

)x)2(H20)2].3H20 

Calcd (Assign)1» 

17.12°(4E) 
19.05(4B2) 
23.81 (4E) 
25.75(4A2) 
37.60(4A2) 
39.32(4E) 

*„(H2O)=6.50c> 
^ ( H 2 0 ) = 0 . 5 7 5 
*„(0)d )=6.35 
^±(O) d ) =0.50 
£ = 0 . 6 6 

trans-

Obsda> 

17.46c> 
19.50 
23.60 
26.40 
38.30 

' .(F) = 
«.(F) = 
e0{0) 

•[CrF2(ma: 

Calcd I 

17.22c> 
19.50 
23.42 
26.53 
37.42 
39.81 

= 7.00c> 
= 1.25 
d> = 6.35 

^ ( O ) d ) = 0.50 
^ (en )=6 .65 
£ = 0 . 6 3 

l)(en)]-

II (Assign)1» 

17.05C>(4E) 
19.20(4A2) 
22.95(4E) 
27.07(4A2) 
36.98(4A2) 
39.69(4E) 
7.43c> 
1.78 
5.80 
0.00 
7,00 
0.63 

*ra>w[CrF2(0-C 

Obsd(ox) Obsd(mal) 

16.80c) 

23.90 

37.50 

17.05° 

23.90 

37.50 

))2]3" 

Calcd(Assign)b) 

16.33C)(4E) 
17.40(4B2) 
23.09(4E) 
24.83(4A2) 
36.32(4A2) 
37.48(4E) 

*„(F)=6.20C> 
^ (F )=0 .825 
*„(O)d> = 5.80 
^±(O) d ) =0.00 
5 = 0 . 7 1 

a) The positions are obtained by the Gaussian analyses as shown in Figs. 2—3. b) Assignments are made according to the 
of the theoretical calculations, c) Wavenumbers are given in 1000 cm - 1 . d) The parameter values for the dicarboxylate 
ligands; the same transition energies are obtained for the oxalato and malonato complexes owing to the assumption of 
orthoaxial ligation. 

chelate planes participate predominately in the C r - O 
^-interact ions: e„//^>ex±.b>^ Using the A O M parameter 
values for the aqua ligand from frtf7w-[CrF2(H20)4]

+ 

and Jra/w-(F)-[CrF2(en)(H20)2]+ , the reproduction of 
both the first and the second bands of trans-[Cr(ox)2-
( H 2 0 ) 2 ] ~ results in the estimation of the e<r(0) and 
**.L(0) values for the dicarboxylates as in Table 2. In 
addition, use of the transferred parameter values for the 
dicarboxylate ligand in calculating the transition 
energies for trans-[CrF2(mal) ( e n ) ] - leads to the reproduc­
tion of four gaussian-analyzed band positions of this 
complex, though the values for the fluoride and ethylene-
diamine ligands used in this case are estimated to be 
smaller than those from the aqua complex, trans(F) -
[CrF 2 (en)(H 20) 2 ]+, as shown in Calcd I of Table 2. 
The parameter values obtained for the dicarboxylates 
agree fairly well with those estimated by the less sophis­
ticated analyses for the ligand field bands of oxalato 
Cr( I I I ) complexes.21) O n the other hand , use of the 
parameters for the fluoride and ethylenediamine ligands 
transferred from the aqua complex requires a significant 
decrease in the e<r(0) and ex±(0) values for the di­
carboxylate ligand (Calcd I I of Table 2), in order to 
account for the four observed bands of Jra/w-[CrF2(mal)-
(en)]~. T h e similar situation may be also encountered 
for [ C r F 2 ( 0 - 0 ) 2 ] 3 ~ type complexes. T h a t is, the 
reproduction of the small splitting expected from the 
symmetrical shape of the first and the second bands of 
trans-[CrF2(0-0)2]

z~ results in the unlikely decrease 
in the A O M parameters for the fluoride and dicar­
boxylate ligands as is tentatively estimated (Table 2). 
By comparing the present parameter values which are 
not always the best fit ones for the ligands of the com­
plexes concerned, it is difficult to extract some quant i ta­
tive information about the bonding nature of Cr and 
ligator. Within the framework of the A O M , however, 
it is concluded that the anisotropic C r - O ^-interactions 

t In this case, J(l0Dq) equals to 3e0—2ex±—2ex//~3ea-
2*, *x# 

in the dicarboxylato complexes play an important role 
in the splitting of the ligand field band for trans- [Cr (ox) 2-
( H 2 0 ) 2 ] ~ and Jra/w-[CrF2(mal)(en)]_ , and that both the 
G and n ant ibonding interactions between Cr and 
ligators in the fluoro complexes with the dicarboxylate 
ligands become weaker than those in the aqua complexes 
with the fluoride or dicarboxylate ligands. 
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Unusual Transposition of the Carbonyl Group in the Reduction 
of 2-Amino-l-indanone 
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The catalytic reduction procedure of 2-amino-4,5-dimethoxy-l-indanone hydrochloride gave a major reduction 
product of 2-amino-4,5-dimethoxyindan hydrochloride, along with a small amount of a rearranged 4,5-dimethoxy-
2-indanone. The isolated intermediate, 2-amino-4,5-dimethoxy-1 -indanol hydrochloride yielded exclusively 4,5-
dimethoxy-2-indanone under catalytic reaction conditions (acid treatment). The unusual transformation product 
was verified on the basis of IR, NMR and the result of elemental analysis. A plausible mechanism for the rearrange­
ment is discussed. 

Apomorphine (1) which has assumed considerable 
importance in efforts at understanding the role of 
dopamine (2) in the etiology and therapy of 
Parkinsonism,1) has structural similarities (see the dotted 
line) to dopamine. I t is currently believed that apomor­
phine is a dopaminergic agonist and presumably it is 
through this mechanism that this agonist is effective 
clinically. By the Dreiding model inspection of apomor­
phine and dopamine, the 2-amino-4,5-indandiol hydro­
chloride (3) suggests itself as a candidate for possession 
of dopaminergic activity. This relationship has been 
noted by Rekker et al.2) as the rationale for the 
biologically active pharmacophore of the catechole ring 
and the amino group of dopamine. 

w-„ H2 

HCl 

Our prior works have dealt with a synthesis3) and 
dopamine-like effects4) of 2-amino-4,5-indandiol series 3. 
The objective of this investigation is to deal with the 
isolation and identification of an unusual rearranged 
product, 4,5-dimethoxy-2-indanone (4) from the cataly­
tic reduction of 2-amino-4,5-dimethoxy-l-indanone (5). 

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

Illustrating the previously published results3) in brief 
(Scheme 1), the carbonyl group a to the benzene ring 
of the amino ketone 5 was removed by hydrogenolysis 
in the presence of palladium on charcoal; the inter­
mediate amino alcohol, 2-amino-4,5-dimethoxy-l-
indanol (6) was not isolated, but 6 was continuously 
hydrogenated in the presence of H C 1 0 4 to bring about 
hydrogenolysis of the benzylic hydroxyl group directly 
to give 2-amino-4,5-dimethoxyindan (7). However, the 
catalytic reduction method of 5 gave exclusively a 
desired reduction product of 7, along with a small 
amount of a white solid, having a higher mobility than 

that of 7 in thin layer chromatogram. Repeats of the 
catalytic hydrogénation reactions yielded consistently a 
small amount of a solid which has much lower melting 
point (89—90 °C) than those of the compounds 5 
(193.5—194.5 °C) and 7 (205—206.5 °C). 

OMe 

MeO 

OMe 

M e O y ^ N , 

MeO 

OMe 

7 
m2 OMe 

uu, 
Scheme 1. 

T h e I R spectrum (KBr) of the starting material 5 
showed a benzylic carbonyl absorption peak at 1710 
c m - 1 . T h e unknown white solid showed a new absorp­
tion peak at 1740 c m - 1 which is assumed to be a carbonyl 
stretching vibration of an isolated ketonic group. As 
the conjugation of the carbonyl group with the benzene 
ring results in derea l iza t ion of the n electrons from the 
carbonyl group, the C = 0 bond length as in 5 increases 
and the frequency of absorption decreases. An integra­
tion of nuclear magnetic resonance spectrum of the 
unknown compound demonstrated two methoxyl and 
two aromatic protons plus four aliphatic proton signals. 
T h e characteristic proton signal of the four aliphatic 
C-l and C-3 protons gave two singlets (Ô 2.51 and 2.53), 
quite different from those of the compounds, 5 and 7 
which showed a multiplet. 

T h e white compound is thus believed to be 4,5-
dimethoxy-2-indanone 4, in veiw of the spectral charac­
teristics of the N M R and I R spectra, and the result of 
the elemental analysis. 

In order to further test whether the unknown 
compound, 4,5-dimethoxy-2-indanone was derived from 
the intermediate 6, we isolated the intermediate, 2-
amino-4,5-dimethoxy-l-indanol 6, before the H C 1 0 4 

t reatment in the catalytic hydrogénation process (see 
Experimental), and treated 6 with a few drops of 
concentrated HCl. At this stage, a white solid 4 was 
exclusively obtained as a major product, and the mp 
and spectroscopic da ta of the compound was exactly 
identical with those of the compound obtained from the 
hydrogenolysis. 
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Scheme 2. 

The following Scheme 2 shows a plausible mechanism 
for the rearranged product formation of 4 from 6. A 
central problem in the fundamental understanding of a 
plausible mechanism at the amino alcohol intermediate 
stage, is the question of whether 6 involves either 
kinetically controlled protonation at the hydroxyl 
oxygen to form oxonium ion 8, or thermodynamically 
controlled protonation at the basic nitrogen a tom to 
form ammonium salt 9 under the acidic conditions of 
the catalytic hydrogénation step. Since the good 
leaving groups will be those that can best stabilize an 
extra pair of electrons, that is a week base,6) the stronger 
base, N H 3 is hard to leave as a leaving group7) as in 
9, and therefore the weaker base, O H 2 will become a 
better leaving group, thus making 8 the sole reactive 
intermediate. Secondly, the generated carbonium ion 
10 has relatively good deal of influences on the speed 
of this ionization which partly depends on the stability 
of the carbonium ions formed. The much more stable, 
long-lived benzylic carbonium ion 10, will predominant­
ly favor the mechanistic routes in 8-*10—>12, excluding 
a route 9—>11. 

With these two controlling factors, the protonated 
oxonium ion 8 is preferentially formed and then con­
verted to the enamine 13,8) which is hydrolyzed to give 
the rearranged product 4 eventually. However, the 
pinacol-pinacolone type rearrangement from the hydride 
shift of 10 to 14, followed by the imminium salt 15, has 
not been eliminated as a possibility. O n the basis of the 
presently available data , the enamine-favored mecha­
nistic pa th is more compatible, and it is reasonable to 
discard a route 9 - » l l . 

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

All melting points were determined using a Polytemp 
(Polyscience Corporation) or Fisher-Johns apparatus, and 

are uncorrected. The IR spectra were taken in KBr disks 
with a Shimadzu 400 spectrophotometer. The XH NMR 
spectra were obtained at 60 MHz using a Varian EM-60 
spectrometer with TMS as an internal standard. 

2-Amino-4,5-dimethoxyindan Hydrochloride (7'HCl). A 
mixture of 3 g (0.013 mol) of 5 and 0.6 g of 10% Pd/C in 
100 ml of glacial AcOH was hydrogenated in a Parr apparatus 
at 38 °C under maximum pressure of 3.16 kg/cm2. Uptake of 
1 mol of H2 was complete in 48 h. The reaction mixture 
was cooled and 3 ml of HC104 was added with rinsing with 
3 ml of glacial AcOH, and hydrogénation was continued 
at 70 °G for 18 h employing a maximum pressure of 2.81 
kg/cm2. The catalyst was removed from the reaction mixture 
by filtration and the clear filtrate (yellow color) was treated 
with 6 g of KO Ac ; KC104 precipitated immediately and was 
removed by filtration. The filtrate was taken up to dryness 
under reduced pressure (steam bath) and 100 ml of aq 5% 
HCl was added to the residue and the small amounts of the 
insoluble solids were filtered. The aq solution was extracted 
with two 50 ml portions of Et 2 0 which were discarded. The 
aq phase was made strongly basic with 20% KOH, then was 
extracted with four 75 ml portions of Et 2 0. The combined 
Et 2 0 extracts were washed with 75 ml of H 2 0 , 75 ml of 10% 
NaCl, and finally with 75 ml of H 2 0 and then dried (MgS04) 
and filtered. The filtrate was treated with ethereal HCl to 
form 2.13 g (71%) of a white solid. Recyrstallization from 
MeOH-Et 2 0 (charcoal) gave 1.92 g (66%) of white crystals, 
mp 205—206.5 °C. IR (KBr) showed a disappearance of a 
strong band at 1710 cm-1. NMR (D 20); Ô 2.77—3.88 (m, 
5H, Aliphatic H), 3.88 (s, 6H, -OMe), 7.07 (q, 2H, Aromatic 
H). 

Found: C, 57.62; H, 7.13; N, 5.81%. Calcd for CUH16-
C1N02: C, 57.49; H, 7.02; N, 6.13%. 

Evaporation of the filtrate under reduced pressure gave a 
yellow oil which was distilled through a "short path column" 
apparatus, as a clear colorless liquid, bp 115—119°C (0.25 
mmHg) to give the free base 7. 

Isolation of the Intermediate, 2-Amino-4,5-dimethoxy-l-indanol 
Hydrochloride (6'HCl). At the end of the complete uptake 
of 1 mol H2, the catalyst was removed from the reaction 
mixture by filtration and the filtrate was evaporated under 
reduced pressure to obtain the oily residues. The residues 
were taken up into CHC13-Et20 (1 : 6) and ethereal HCl 
was added to precipitate the salt. The amino-indan hydro­
chloride salt was very hygroscopic and was dried in a vaccum 
desicator. Recrystallization from EtOH-Et 20 gave a white 
solid, mp 163—165 °C. IR (KBr) : 3327 (OH), 2892 (NH3+) ; 
NMR (D 2 0): Ô 3.18 and 3.98 (2s, 6H, OMe), 7.11 and 7.35 
(dd,2H, Aromatic H). 

Found: C, 53.76; H, 6.56; N, 5.70; CI, 14.14%. Calcd 
for CuHißNCKV C, 53.49; H, 6.51; N, 5.91%. 

Isolation of 4,5-Dimethoxy-2-indanone (4). The insoluble 
solids and the "discarded" two 50 ml portions were combined, 
and evaporated under reduced pressure. The residue ob­
tained, was crystallized from cyclohexane (charcoal) to yield 
a white solid, mp 89—90 °C. IR (KBr); 1740 cm-1; NMR 
(CDClg) : ô 2.51 and 2.53 (s, 4H, Aliphatic H), 3.81 and 3.87 
(2s, 6H, OMe) and 7.19 (s, 2H, Aromatic H). 

Found: C, 58.73; H, 6.29%. Calcd for C n H 1 2 0 3 : C, 
58.65; H, 6.21%. 

Reaction of 6 • HCl with Hydrochloric Acid (Preparation of 4,5-
Dimethoxy-2-indanone). The amino alcohol intermediate, 
6-HCl (1.11 g, 0.0022 mol) was dissolved in 100 ml of CHC13 

and added 7 ml of coned HCl and the reaction mixture was 
refluxed for 18 h. At the end of the reaction, the reaction 
mixture was washed with three 30 ml portions of saturated 
NaHCOg solution, three 30 ml portions of NaCl solution, 
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three 30 ml portions of H aO and the CHC13 layer was dried 
over MgS04 . Fitration and evaporation in vacuo gave solid 
residue, which were crystallized from cyclohexane (charcoal) 
to give 0.39 g (55%) of white solids, mp 89—90 °C. The 
IR and NMR spectra were identical with that of the previously 
obtained compound. 
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The catalytic activities of various kinds of binary systems consisting of KI and metal acetate were tested in 
liquid phase oxidation of ethylene in acetic acid at various pressures. KI-Mn(OGOGH3)2 was found to be the 
most reactive system and a new material, CH3COOCH2CH2OCOCH2OCOCH3, was formed as a major by­
product. It was also found that the main product at an early stage of the reaction was ethylene glycol mono-
acetate, from which other products were formed consecutively. It is considered that catalytic reaction does not 
proceed via IGH2GH2I, but via IGH2CH2OH which is formed by the oxidation of ethylene with HIO. On the 
basis of the rate equation and the results under various reaction conditions, a mechanism of the KI-Mn(OGOGH3)2-
catalyzed reaction has been proposed. 

At present, most of ethylene glycol is commercially 
manufactured by hydration of ethylene oxide. However, 
the total yield of ethylene glycol from ethylene is 
relatively low, because the selectivity of ethylene oxide 
production, in the vapor-phase oxidation of ethylene, 
is not so high.2) Therefore, other new methods of 
ethylene glycol synthesis, without ethylene oxide as an 
intermediate, have been proposed by several com­
panies.2) Halcon International has developed a new 
process via ethylene glycol mono- and diacetates which 
are easily hydrolyzed to ethylene glycol and acetic 
acid.3) This process involved the acetoxylation of 
ethylene with KI-meta l acetate catalyst. I t recently 
at t racted special interest because of the mild oxidizing 
conditions. Unti l now, however, the mechanism of this 
acetoxylation has not been published in detail. T h e 
authors have now studied the reaction mechanism and 
the results are published in this paper. 

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

Materials. The metal salts and acetic acid employed 
were all of a guaranteed grade and the ethylene and oxygen 
used were of a reagent grade; all were used without further 
purification. 

Apparatus and Procedures. The reaction was performed 
in a closed system at higher pressure. A titanium-lined 
autoclave (300 ml) equipped with a magnetic stirrer and a 
thermocouple was used in conjunction with a pressure control­
ler and a reservoir (469 ml) which was kept at 40 °G. The 
pressure inside the reservoir was measured by a strain gauge. 
The ethylene and oxygen gaseous mixture in a pressure ratio 
of 2 : 1 was preliminarily stored in this reservoir. 

A mixture of the catalyst components and acetic acid was 
placed in the reaction vessel ; the vapor phase was replaced with 
nitrogen, and the vessel was heated to the reaction temper­
ature. At first, ethylene was introduced into the vessel until 
the desired pressure was obtained and then the mixture 
of ethylene and oxygen from the reservoir was introduced 
through the pressure controller until the pressure inside the 
vessel reached the reaction pressure. The gaseous mixture 
which decreased in pressure by dissolution and reaction was 
supplied continuously from the reservoir. Accordingly, the 
pressure inside the reaction vessel was held constant during 
the period of reaction. 

The amount of mixed gas absorbed was measured by 
observing the pressure decrease inside the reservoir. The 

"reaction rate" means hereinafter the rate of pressure decrease 
during the initial stage of the reaction. 

Identification and Analysis. Reaction products were 
identified by comparing their GG-MS(EI, GI) (JEOL, JMS-
D300) and NMR (*H, 13G) (JEOL, JNM-FX100) spectra with 
those of authentic samples, and their amounts were deter­
mined by gas chromatography with a Shimadzu GC-4BT 
Chromatograph (3m X 3 mm column packed with 20% Silicone 
DC-550 on Chromosorb WAW DMGS, from 60 to 170 °G, 
and 2 m x 3 m m column packed with Porapak Q, from 180 
to 237 °G, He 40ml/min). o-Dichlorobenzene was used as 
an internal standard. 

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

Reaction Products. The major reaction products 
were ethylene glycol monoacetate (MA), ethylene 
glycol diacetate (DA), ethylene glycol (EG), AcOCH 2 -
C H 2 O C O C H 2 O H (1) (Ac means CH 3 CO) , H O C H 2 -
C H 2 O C O C H 2 O A c (2), A c O C H 2 C H 2 O C O C H 2 O A c (3), 
and I C H 2 C H 2 O C O C H 2 O A c (4)—the latter four will 
be designated the "higher boiling products ." 3 was the 
new material with bp 219—220 °C; M S (70 eV), m\e 
(rel intensity), 174(13), 132(12), 131(12), 101(100), 
87(18), and 73(16); M S (CI, NH3) m/e=222, M S (CI, 

TABLE 1. PRODUCT DISTIBUTION FOR THE OXIDATION 

OF ETHYLENE CATALYZED BY POTASSIUM IODIDE 

AND DIFFERENT METAL ACETATES 

Catalyst 
Metal salts/mmol 

KI-MnOA(c) 2 .4H 20 
-Ge(OAc)3 .H20 
-Gr(OAc)3 .H20 
-Go(OAc)24H20 
-Cu(OAc)2H20 
-Fe(OH)(OAc)2 

-AgOAc 
-Ni(OAc)2 .4H20 
-Zn(OAc)2 .2H20 

DA 

T738 
1.26 
0.70 
0.46 
0.69 
0.48 
0.35 
0.38 
0.34 

Yield/g 

MA 

öTeö 
0.65 
0.29 
0.12 
0.22 
0.17 
0.14 
0.14 
0.08 

EG 

(T 
0 

^ 0 
0 
0 
0 
0 
0 
0 

Reaction conditions; KI of 30 mmol, metal acetate of 5 
mmol and acetic acid of 100 g (1.67 mol) were used, the 
ethylene pressure was 20 kg/cm2, the oxygen pressure was 
5 kg/cm2, the reaction temperature was 140 °G and the 
reaction time was 60 min. 
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isobutane) m/e=205; " C - P H } N M R (CDC13) (5=171.2, 
170.0, 168.2(3CO), 63.5, 62.3, 61.1(3CH2) and 21.2, 
20.8(2CH3). 

Minor products were I C H 2 C H 2 O H , I C H 2 C H 2 O A c , 
CH2I2 , A c O C H 2 C H 2 O C H 2 C H 2 O A c , A c O C H 2 C H 2 -
O C H 2 C H 2 I , and I C H 2 C H 2 O C H 2 C H 2 O H . T h e seven 
major products were taken into account ; ordinarily 
the yields of the others could be ignored. 

Selection of Catalysts, T h e oxidation of ethylene 
at an applied pressure was carried out with different 
catalyst systems. The reaction conditions and results 
are shown in Table 1. The products which are not 
listed in the table are omitted because of their negligible 
yields under these reaction conditions. As Table 1 
shows, K I - M n ( O A c ) 2 is the most active catalyst for the 
oxidation; accordingly, the reaction with K I - M n ( O A c ) 2 

catalyst system was investigated in detail. 
Change of Product Yield with Reaction Time, The 

yields of the reaction products were determined at 
selected time intervals. As Fig. 1 shows, M A was the 
main reaction product at 15 min, the yields of MA, 2 
and 4 were maximum at 60 min and those of DA, EG, 
3 and 1 increased with reaction time. 

Effect of Oxygen Pressure. The reaction rate was 
of the first order in the oxygen pressure below 7.5 kg/cm 
and was independent of the pressure from 7.5 to 20 
kg/cm2 under the reaction conditions described in Fig. 2. 
The fact that the rate dependence on the oxygen pressure 
varied at 7.5 kg/cm2 indicates that the reaction mecha­
nism or the rate-determining step is different in the 
two regions. Figure 2 shows the effects of oxygen 
pressure on the product distributions after 90 min 
reaction. The yields of M A and 2 increased with an 
increase in the oxygen pressure, however, those of the 
other products were not affected greatly. T h e reaction 
was subsequently examined at an oxygen pressure of 
7.5 kg/cm2. 

Effect of Ethylene Pressure. The reaction rate was 
of the first order in the ethylene pressure below 25 
kg/cm2, and independent of the pressure from 25 to 
30 kg/cm2 under the reaction conditions; K I = 100 
mmol, M n ( O A c ) 2 - 4 H 2 0 = 5 m m o l , A c O H = 1 0 0 g , the 
oxygen pressure of 7.5 kg/cm2, the reaction temperature 
of 140 °C and the reaction time of 90 min. The 
reaction was subsequently investigated at an ethylene 
pressure of 20 kg/cm2. 

Effect of KI Concentration. The reaction rate was 
of the first order in the concentration of K I below 105 
mmol/100 g A c O H under the reaction conditions 
destribed in Fig. 3 ; at concentrations above 120 mmol/ 
100 g AcOH, a precipitate of K I was observed in the 
reaction mixture after the reaction. Figure 3 shows that 
the yields of DA and M A increased greatly with an 
increase in the K I concentration. O n the basis of these 
results, the optimal concentration of K I for a fast 
reaction rate and selective formation of DA and M A is 
considered to be 120 mmol/100 g A c O H in the K I - M n -
(OAc)2-catalyzed reaction. 

Effect of Mn(OAc)2 Concentration. The reaction 
rate increased markedly with an increase in the Mn-
(OAc)2 concentration between 0.1 and 1 mmol/100 g 
AcOH, and was independent of the concentration from 

30 60 90 

Reaction time/min 

Fig. 1. Change of product yield with reaction time 
in the KI-Mn(OAc)2-catalyzed reaction. Reaction 
conditions; K I = 120 mmol, Mn(OAc) 2 -4H 20=5 
mmol, AcOH= 100 g, the pressures of ethylene and 
oxygen were 20 and 5 kg/cm2, respectively, and the 
reaction temperature was 140 °C. 

) 5 10 15 20 

Oxygen pressure/kg cm"2 

Effect of the oxygen pressure on the product 
Reaction conditions; K I = 120 mmol, 

1 mmol, AcOH=100g, the ethyl­
ene pressure was 20 kg/cm2, the reaction temperature 
was 140 °C and the reaction time was 90 min. 

Fig. 2. 
distributions, 
Mn(OAc)2 .4H20 

1 to 10 mmol/100 g A c O H under the conditions de­
scribed in Fig. 4. Figure 4 shows that the Mn(OAc) 2 

concentration hardly affected the product distributions. 
Therefore, the favorable region of concentration seems 
to be l ^ [ M n ( O A c ) 2 ] ^ 1 0 m m o l / 1 0 0 g A c O H . 

Mechanism of the Reaction. Y. Ogata and K. Aoki 
have proposed a mechanism for the reaction of propylene 
with a mixture of iodine and peracetic acid.5) T h e 
mechanism of the KI-Mn(OAc) 2 -ca ta lyzed oxidation of 
ethylene is expressed as follows, by applying their 
mechanism to this react ion; 
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50 

KI/mmol 

Fig. 3. Effect of the KI concentration on the product 
distributions. Reaction conditions; Mn(OAc)2«4H20 
= 1 mmol, AcOH= 100 g, the pressures of ethylene and 
oxygen were 20 and 7.5 kg/cm2, respectively, the 
reaction temperature was 140 °G and the reaction time 
was 90 min. 

0 5 10 

Mn (OAc) 2/mmol 

Fig. 4. Effect of the Mn(OAc)2 concentration on the 
product distributions. Reaction conditions; KI=120 
mmol, AcOH=100g, the pressures of ethylene and 
oxygen were 20 and 7.5 kg/cm2, respectively, the reac­
tion temperature was 140 ° G and the reaction time 
was 90 min. 

Run 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 

12 
13 

Gas and 
pressure 
kg/cm2 

G2H4(20) 
02(7.5) 
G2H4(20) 
02(7.5) 
G2H4(20) 

G2H4(20) 
02(7.5) 
G2H4(20) 
02(7.5) 
02(7.5) 

G2H4(20) 

02(7.5) 

G2H4(20) 
G2H4(20) 
02(7.5) 

02(7.5) 
02(7.5) 

TABLE 2. REACTION CONDITIONS AND RESULTS 

_, Reaction 
Gatalyst/mmol and t j m e 

starting material/mmol&)
 : 

min 
Mn(OAc)2-4H2O(10) 90 

KI(120) 90 

I2(60)b> 90 

I2(60)b> 15 

I2(60)b> 90 

IGH2GH2I(20),KOAc(120)b) 15 
Mn(OAc)2-4H20(5) 
I2(60),KOAc(120)b) 90 
Mn(OAc)2-4H20(5) 
ICH2CH2OH(60),KI(60)b> 15 
KOAc(60),Mn(OAc) • 24H20(5) 

KIO(ll),c)AcOH(60g)b> 15 
KIO3(60)b) 15 
KI(120),Mn(OAc)2-4H2O(5) 15 
DA(20 g), AcOH(80 g) 
KI(120),Mn(OAc)2-4H2O(5) 15 
KI(120),Mn(OAc)2-4H2O(5) 15 
A mixture of EG acetates 

/ 
DA 

^ 0 

3.56 

0.43 

1.68 

5.26 

0.37 

1.09 

3.25 

0.19 
3.56 

20 

0 
23.3 

MA 

^ 0 

1.84 

0 

0.05 

0.59 

0.07 

0.15 

2.02 

0.29 
2.54 
«sO 

0 
9.97 

EG 

^ 0 

^ 0 

0 

0 

0 

0 

0 

^ 0 

0 
0 

0 

0 
0.43 

1 

0 

0. 

0 

0 

0 

0 

0 

0 

0 
0 
0 

0 
0. 

Yield/g 

14 

16 

2 

0 

0.41 

0 

0 

0 

0 

0 

0 

0 
0 
0 

0 
1.53 

3 

0 

0.99 

0 

0 

0 

0 

0 

0 

0 
0 
0 

0 
1.68 

x 

4 

0 

0.19 

0 

0 

0 

0 

0 

0 

0 
0 
0 

0 
0.03 

Other product 

IGH2GH2I(5.0) 
IGH2GH2OAc(1.86) 
IGH2GH2I(3.2) 
IGH2GH2OAc(1.86) 

IGH2GH2OAc(0.75) 
ICH2CH2OCH2CH2-
OH trace 

AcOGH2GOOH(0) 
IGH2GH2OH trace 
IGH2GH2OAc trace 

14 

15 

02(7.5) 

G2H4(20) 
02(7.5) 

(30g),d>AcOH(70g) 
KI(120),Mn(OAc)2-4H2O(5) 30 22.3 8.28 0.67 0.56 1.63 3.28 0.02 
A mixture of EG acetates 
(30g),d>AcOH(70g) 
KI(120),Mn(OAc)2-4H2O(5) 15 1.50 5.20 0.03 0 0 0 0 
H2O(10g), AcOH(90g) 

IGH2GH2OAc(0.29) 
ICH2CH2OH trace 

a) All except the 
g) was used, d) A 

Acetic acid (100 g) was used unless the amount is specified. The reaction temperature was 140 °G 
amount expressed in gram, b) A Teflon-lined autoclave was used, c) 5% aq solution of KIO (40 
mixture of DA(12.33 g), MA(10.46 g), EG(2.14 g), and acetic acid(5.07 g). 
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\-i.H.2=d.H.2 T" I2 •* -̂'-n-2 ^F >-"-H.2 
CH,CO,H 

IGH2CH2OAC + HIO. 

If the reaction proceeds by this mechanism., the main 
reaction product should be I C H 2 C H 2 O A c or DA which 
is formed from I C H 2 C H 2 O A c by the reaction with 
KOAc, because of the lack of water in the reaction 
mixture. However, Fig. 1 indicates that the initial 
reaction product is MA. Accordingly, this K I - M n -
(OAc)2-catalyzed reaction proceeds by a mechanism 
different from that proposed by them. 

In order to study the mechanism of the K I - M n -
(OAc)2-catalyzed reaction, this reaction was investigated 
under various conditions. Table 2 shows the reaction 
conditions and the results obtained. 

The catalytic reaction using M n ( O A c ) 2 alone as a 
catalyst yielded practically no products (Run 1), 
however, the reaction using only K I yielded all of the 
products (Run 2). T h e reaction using I 2 alone in the 
absence of oxygen yielded I C H 2 C H 2 I and I C H 2 C H 2 O A c 
as the major products and DA as the minor one (Run 3). 
However, in the presence of oxygen the yields of the 
major two products decreased and those of DA and M A 
increased with reaction time (Runs 4, 5). The results 
of the I2-catalyzed reactions indicate the following 
reaction pathway. 

ICH2CH2I • ICH2CH2OAC • 

AcOCH2CH2OAc • AcOCH2CH2OH 

Indeed, ICH 2 CH 2 I yielded much more DA than M A 
(Run 6). 

However, as Fig. 1 shows, M A was the main product 
in the beginning of the reaction and DA and EG yielded 
consecutively. These results imply that the catalytic 
reaction does not proceed via ICH 2CH 2 I . 2 ) Indeed, 
ICH 2 CH 2 I , in spite of its stability under the reaction 
conditions (Runs 3, 4), was not detected by means of 
lpc in the reaction mixture. 

The reaction in the absence of oxygen yielded very 
small amounts of products (Run 7). This result implies 
that oxygen does not reoxidize the reduced catalyst, 
but takes part in the main reaction. T h a t is to say, 
oxygen and iodine (or iodine-containing compound) 
may form a compound (for instance, H I O ) which gives 
a precursor of M A (Run 8), and that compound then 
reacts with ethylene to form I C H 2 C H 2 O H . T h e 
catalytic reaction seems to proceed as described above, 
actually, K I O and K I 0 3 gave MA and DA in the 
reaction conditions (Runs 9, 10). 

The assumption that the first reaction product is 
IGH 2 GH 2 OH is supported by the fact that a much 
greater amount of B r C H 2 C H 2 O H is formed in the 
KBr-Mn(OAc)2-catalyzed reaction than that of ICH 2 -
G H 2 O H in the KI-Mn(OAc) 2 -ca ta lyzed reaction. This 
could be explained in terms of the difference of the 
reactivities with K O A c between these two. 

Formation-path of Higher Boiling Products. T h e 
reactions with and without Mn(OAc) 2 as a catalyst 
component showed the same product distributions (Fig. 
4, Run 2). This result indicates that the M n salt does 
not take par t in the formation of the higher boiling 

products. Furthermore, neither the higher boiling 
products formed form DA (Run 11), nor acetoxyacetate 
yielded from acetic acid (Run 12). 

However, the higher boiling products are formed in 
high yields from a mixture of ethylene glycol acetates 
(Runs 13, 14). I n addition, as Fig. 1 shows, 2 is formed 
first among the higher boiling products with 3 secondly 
and 1 only later. These results suggest that the hydrogen 
of the acetoxyl groups of M A is at first substituted by 
iodine which is replaced by acetoxyl groups to form 2 ; 
then 3 is formed by the acetoxylation of 2, followed by 
the hydrolysis of 3 to form 1. 

O n addition of water to the reaction mixture, it was 
found that the yields of the higher boiling products 
decrease markedly and that of M A increases (Run 15). 
These facts support the idea that iodine was converted 
to H I O according to the equilibrium (I2-f H 2 0 = H I O + 
HI ) in the presence of water, and that H I O promoted 
the formation of M A . 

T h e reaction rate may be expressed as follows under 
the following conditions; oxygen pressure above 7.5 
kg/cm2, ethylene pressure below 25 kg/cm2 , K I concen­
tration between 30 and 105 mol/100 g A c O H , Mn-
(OAc)2 concentration between 1 and 10 mmol/100 g 
A c O H . 

V= -dP/dt = *[KI][Mn(OAc)2]°PCtH,Pg,. 

Furthermore, taking into account the above descriptions, 
the acidity of the reaction system and very little water 
in the reaction mixture in the beginning of the reaction, 
the catalytic reaction may be considered to proceed as 
follows; 

KI + AcOH = HI + KOAc (1), k¥.I + 02 = 2I2 + 2H20 (2) 

2Mn(0Ac)2 + 02 = (Ac0)2Mn-0-0-Mn(0Ac)2 (3) 

2HI + (Ac0)2Mn-O-O-Mn(0Ac)2 = 2HI0 + 2Mn(0Ac)2 ( U) 

CH =CH_ + HIO -^i^ICH-CK OH (5) 
2 2 2 2 +Ac0H 

ICH2CH20H + KOAc ^AcOCH^h^OH ^^TAcOCHjCHjOAc (DA) 

\ 

+ AcOH 

ICH2CH20Ac 

+I2J-HI 
[ICH2CH20C0CH2I] 

+K0Ac1 -KI 

ICH2CH20C0CH20Ac 

-HI < * > 

ICH2CH20CH2CK20H 

\ 
AcO 

/ +I2 J ~HI +Ac0H^^+H20 
[ICH2C00CH2CH20H] K0CH2CH20H (EG) 

+K0Ac1 -KI 

Ac0CH2C00CH2CH20H ( 2 ) 

+Ac0H J K H 2 0 

Ac0CH2C00CH2CK20Ac ( 3 ) 

+H2o|r+AcOH 

HOCH2COOCH2CH2OAc ( 1 ) 

-H2C 

:H2CH2OCH2CH2OAC 

The main reaction rate should be determined at the 
beginning of the reaction, because by-products are 
formed from the product of the main reaction. T h e 
above rate equation can be derived from this mecha­
nism, by assuming that Eq. 5 is the rate-determing step, 
Eqs. 1, 3, and 4 are in equilibrium, P02 and [AcOH] 
disappear seemingly because of their sufficient amounts 
in the reaction mixture, and equilibrium 1 lies to the 
left because of the liberation of acidic H I in acetic acid. 

M n 3 + and H I O seem to be the chemical species that 
are easy to form by oxidation from the viewpoint of 
redox potential, because the redox potentials of ( H I O + 
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H + + e = l/2 I 2 + H 2 0 ) and ( M n 3 + + e = M n 2 + ) in aqueous 
solution at 25 °C are 1.45 and 1.51 V, respectively,6) 
and the values are not so high, although application 
of the values in aqueous solution to the reaction system 
under different conditions is questionable. Of course, 
the actual participating structures in the reaction 
system are uncertain. However, some speculation 
concerning a likely mechanism can be made on the 
basis of the known data . J . A. Elvidge and A. B. P. 
Lever first reported the M n - O - O - M n complex with 
M n phthalocyanine in pyridine.7) I t is not unreasonable 
to consider chemical species such as ( A c O ) 2 M n - 0 - 0 -
Mn(OAc) 2 and H I O even in acetic acid at higher 
temperature. The addition of H I O to olefines is well 
known to occur.8) 

Y. Ogata and K. Aoki might have observed the 
results of acetoxylation of the first reaction product, 
halohydrin, during their classical analytical operations. 
These required a much longer time than more rapid 
analytical methods such as gas chromatography.5) 
Indeed, M A and I C H 2 C H 2 O H give corresponding 
acetates after a long time standing in acetic acid at 

room temperature. 

T h e authors wish to express their appreciation to 
Dr. K. Matsuura and Dr. K. Matsushita, of J E O L , for 
their cooperation in the mass spectrometry and N M R 
spectroscopy. 
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Synopsis. In a hexadecyltrimethylammonium bro­
mide solution containing the stable micelle, a solubilized 
di-J-butyl nitroxide facilitated the partial resolution of the 
high-field line of the ESR spectrum, which can be associated 
with the radical in aqueous and micellar phases. Further 
analysis of the lineshape was made as a function of the surfac­
tant concentration or the temperature. (b) 

Stable nitroxide radicals have been widely used as 
molecular probes or labels in order to study the dynamic 
effects in a variety of micellar and related membrane­
like systems.1-4) In the present study, the investigation 
of the ESR lineshapes of di-i-butyl nitroxide was made 
for various types of ionic micellar solutions, with the 
purpose of further establishing the motional contribu­
tion to the ESR linewidths in micellar systems. 

Sodium dodecyl sulfate (SDS), sodium tetradecyl 
sulfate (STS), hexadecyltrimethylammonium bromide 
(GTAB), and sodium l,2-bis(2-ethylhexyloxycarbonyl)-
ethanesulfonate (AOT) were chosen as the surfactants 
in this study. SDS and STS were synthesized according 
to the conventional method. Both CTAB and A O T 
were specially purified reagents. Surface-tension 
measurements for the surfactant solutions indicated 
no minima at 30 °C. The nitroxide probe, di-^-butyl 
nitroxide (DTBN), was synthesized by the method of 
Hoffman et a/.5»6) Prior to the ESR measurements, all 
the solutions were prepared by adding DTBN to the 
surfactant solutions and stirring them magnetically for 
several hours. The concentration of DTBN added was 
always 4.5 X 10 - 4 mol d m - 3 . All the ESR spectra were 
recorded on a J a p a n Electron Optics Laboratory J E S -
ME-3X spectrometer operating at the X band. 

Representative ESR spectra in various types of 
surfactants at 30 °C are presented in Fig. 1. As was 
observed from the earlier finding,1) the spectrum of 
DTBN in an SDS aqueous solution at concentrations 
below the C M C was identical with that obtained in 
pure water (Figs. 1(a) and 1(b)). These normal three-
line spectra of nearly equal width are characteristic of a 
variety of rapidly tumbling nitroxides, suggesting no 
significant variation that might indicate the formation 
of premicellar aggregates or DTBN-monomer interac­
tions. O n the other hand, the high-field hyperfine line 
of DTBN in a 33 mmol dm" 3 SDS micellar solution 
above the C M C is markedly broadened as a consequence 
of its interaction with the micelles. T h e relative magni­
tude of the tumbling motion of the radical is predicted 
from the rotational correlation time (TC) ; this value was 
computed from the linewidth and height of the ESR 
signals by the method of Martinie et al.1) T h e values 
obtained in water and SDS solutions with concentra­
tions above the C M C , where the linewidth was essential­
ly little dependent on the SDS concentrations, were 
approximately 10 - 1 1 s and 10~10s respectively. It can 

(dl 

!f) 

Fig. 1. Representative ESR spectra of 4 .5x l0 _ 4 mol 
dm-3 DTBN at 30 °C. 
(a): H 2 0 , (b): 5.5 mmol dm~3 SDS, (c) : 33 mmol 
dm-3 SDS, (d): 14mmoldm-3 STS, (e) : 33 mmol 
dm-3 AOT, (f ) : 36 mmol dm"3 CTAB. 

be seen that , although the experimental value for pure 
water agrees roughly with the one calculated (2.9 x 10 - 1 1 

s) from the Stokes law (assuming the DTBN particle 
radius of 0.3 nm) , the experimental values for the SDS 
solution are much smaller than that calculated for the 
radical rigidly adsorbed to a hypothetical rigid micelle 
(10- 8 s ) . As has been stated in connection with other 
nitroxides,1-3) the solubilized DTBN is considered to 
tumble too rapidly to be adsorbed on the micelles. 
Qualitatively, similar behavior was observed in solutions 
of the other surfactants studied, although there were 
some indications of the spectral distortion (or partial 
resolution) of the high-field line in both STS and CTAB 
micellar solutions (Figs. 1(d) and 1(f)). In the latter, 
most notably, the high-field line in a 36 mmol d m - 3 

CTAB micellar solution was replaced by two signals 
analogous to A and B. In this regard, the spectrum 
resembles that observed in the membrane-like system.2) 
T h e explanation of the distortion is that signals from 
the radical molecule in two environments, i.e., in the 
micelle and in the bulk aqueous solution, can be observed 
separately, indicating that the exchange of the radical 
between the two environments is very slow. O n the 
contrary, the single signal of the high-field line observed 
in A O T and SDS suggests that the radical exchanges 
rapidly to produce a single symmetric signal, which is a 
weighted average of the spectra found in the two 
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environments. In these spectra, it seems to be unneces­
sary to consider the overlapping of two types of spectral 
lines due to the different environments of the probe. 
Especially, the very narrow line resulting for A O T 
suggests a motion which is very rapid compared with 
those of the other surfactants studied. In contrast with 
our result at 30 °C, Atherton et al.5) found that the 
high-field line for SDS micellar solutions was barely 
resolved at 23 °G for DTBN in two environments. 
Accordingly, the rate of exchange of the radical probe 
for the SDS solution at 30 °C is presumed to be relatively 
slow compared to tha t of A O T ; therefore, a motional 
behavior similar to that of STS may rather be expected. 
Therefore, the greater asymmetry of the lineshape, as 
well as the larger TC value, is observed with a longer 
length of the surfactant alkyl chain. From the XH N M R 
study of an SDS micellar solution containing a Tempo 
radical, Oakes et al.*) showed that the radical-induced 
proton relaxation occurred preferentially at the a-
methylene group of the SDS micelle. Based upon the 
chemical similarity of DTBN and Tempo, we find a 
strong indication for a solubilization mainly occurring 
in the outer region within the SDS micelles. With 
GTAB, the relative intensities of the A and B signals 
of the high-field line were strongly dependent upon 
the CTAB concentration (Fig. 2). As the concentration 

(a) 

(b) 

(c) 

(d) 

Fig. 2. Concentration dependence for the high-field 
line of ESR spectra in CTAB solutions at 30*0. 
(a) : 10, (b) : 21, (c) : 30, (d) : 39, (e) : 45, (f) : 48, (g) : 54, 
(h) : 63 mmol dm"3 CTAB. 

of CTAB is increased, an increase in Signal A and a 
concomitant decrease in Signal B are observed, until 
Signal B, due to the radical in the bulk aqueous phase, 
is no longer observable. This results from the relative 
population of the DTBN tumbling rapidly in each 
phase. Recently, the CTAB micelle has been described 
as being a more closely packed micelle or having a 
long-range order, giving it a somewhat solidlike 
character.8) This suggestion is advantageous in explain­
ing the above-mentioned incorporation of the DTBN 
in the CTAB micelle. Tha t is, the small DTBN radical, 
which is nearly spherical, could rotate rapidly in a 
relatively rigid micelle; however, it would exhibit a 
slow chemical exchange of the radical between the 
micellar and the bulk aqueous phases. In solutions 

Fig. 3. Temperature dependence for the high-field line 
in 42 mmol dm-3 CTAB. 

containing the more stable micelles, the DTBN radical 
can be expected to exhibit two distinct spectra of the 
high-field line. 

The spectra for the 42 mmol d m - 3 CTAB solution 
have also been studied over the temperature range of 
30—86 °C. As the temperature is increased, the two 
signals of a high-field line progressively coalesce, until 
a single line is observed at ca. 46 °C (Fig. 3). The 
increase in the amount of solubilized radical in the 
micellar phase might be accounted for by the change 
in the micellar structure and in the solubilities of the 
radical in the aqueous phase. At higher temperatures 
above 46 °C, it is conceivable that the increase in the 
temperature could cause a linewidth decrease in the 
high-field line. This indicates that the narrowing due 
to the faster exchange rate between the two environ­
ments probably dominates in this temperature range. 
The most likely explanation is that the micelle would 
become less rigid as a result of the increased flexibility 
of the alkyl chains and that the above-mentioned 
packing restrictions would become less important, 
finally leading to a disruption of the micelles. 

We are gratefully indebted to Professor Hiroshi Kato 
for his very generous hospitality and invaluable advice 
during the synthesis of di-i-butyl nitroxide. 
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Synopsis. The alkoxo-bridged binuclear copper(II) 
complexes with iV,iV-dialkyl-A^'-(hydroxyalkyl)alkanediamine 
were investigated by electrochemical methods. The binuclear 
complexes exhibited two non-separable sequential, one-
electron steps, the half-wave potentials of which were almost 
identical, in iV,iV-dimethylformamide. On the other hand, 
the complexes gave two distinctive one-electron reduction 
waves in acetonitrile. 

Recently electrochemical investigations of binuclear 
copper(II) compounds have continued to increase. One 
of the interests in this field is the properties of the 
particular proteins in which a pair of copper(II) ions 
is strongly anti-ferromagnetically coupled.1) T h e copper 
atoms bound in such proteins are referred to as type I I I 
coppers. Binuclear metal nuclei in proteins usually 
undergo two-electron reduction in one step. A tentative 
series of intermediates during the reduction has been 
proposed.2) Synthetic binuclear copper(II) complexes 
exhibit either a one-electron reduction step3-5) or a two-
electron reduction step.6-8) 

The present report deals with the electrochemical 
behavior of the alkoxo-bridged binuclear copper(II) 
complexes with JV,JV-dialkyl-iV'/-(hydroxyalkyl)alkanedi-
amine, [ C u ( R 2 N ( C H 2 ) 3 N H ( C H 2 ) 2 0 ) ] X (abbreviated 
hereafter as [Cu(R-3-2)]X, R = H , CH 3 , C2H5 and 
X = C 1 0 4 ~ or B(C6H5)4~) in non-aqueous solvents. A 
schematic structure of the complexes studied is illustrated 
in Fig. 1. 

H < ^ ( C H 9 ) 9 - _ 
N 2 2 ß . 

f\/\/\ 
(CH9), Cu Cu ( C H 9 ) T 

(CH2)2— H 

x2 

Fig. 1. Structure of the complexes of the [Cu(R-3-2)]X type. 

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

Synthesis of the Complexes: The complexes were prepared 
according to the method reported previously.9) 

Electrochemical Measurements : All measurements were carried 
out in an 0.1 M tetraethylammonium Perchlorate (TEAP) 
solution of Af,iV-dimethylformamide (DMF) or acetonitrile 
(AN) at 25 ±0.1 °C. A Fuso model 312 polarograph and a 
DME (or HMDE) were employed for Polarographie and 
cyclic voltammetric measurements. The reference electrode 
was SCE with a salt bridge.10) Controlled-potential electro­
lysis was performed at a mercury pool under stirring. ESR 
controlled-potential electrolysis experiments were carried out 
under an atmosphere of nitrogen gas. The other apparatus 
was the same as described previously.10) 

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

The typical current-sampled dc polarogram for the 

binuclear copper(II) complex with the [Cu(C2H5-3-2)]-
X formula in D M F is shown in Fig. 2. The second wave 
for the binuclear complex with the [Cu(H-3-2)]X type 
formula was observed at more negative regions (ca. 
— 1.0 V vs. SCE) of potential, while the maxima were 
observed on the shoulder of the second waves for the 
binuclear complexes with [Cu(C2H5-3-2)]X or [Cu-
(CH3-3-2)]X type formula. A detailed discussion of 
these waves, however, is omitted here. 

-0.2 -0.1 -0.6 

( £ vs. SCE)/V 

Fig. 2. Current-sampled d.c. polarograms of 0.5 mM 
[Gu(C2HB-3-2)]X in DMF (curve a) and AN (curve b). 

TABLE 1. POLAROGRAPHIC DATA FOR [Cu(R-3-2)]X 

IN 0.1 M TEAP-SOLVENT AT 25 °C 

In DMF 
[Cu(H-3-2)]X 
[Cu(CH3-3-2)]X 
[Cu(C2H5-3-2)]X 
In AN 
[Cu(H-3-2)]X 
[Cu(CH3-3-2-)]X 

[Cu(C2Hs-3-2)]X 

E1/t vs. SCE 
V 

- 0 . 4 9 8 
- 0 . 3 2 7 
- 0 . 2 1 2 

- 0 . 5 6 0 
-0.237b> 
-0.452 c> 
-0 .166 1 " 
- 0 . 3 6 4 ° 

h 
l iA 

1.20 
1.70 
1.50 

2.04 
0.73 
1.05 
0.96 
1.23 

Slope 
mV 

62 
79 

110 

116 
ca. 50 

117 
ca. 50 

116 

n*> 

2.0 
2 .0 
1.9 

2.1 

2.1 

2 .0 

a) These values for n were determined by controlledpotential electrolysis 
at - 0 . 7 V vs. SCE. b) First wave, c) Second wave. 

T h e limiting current of each of the first steps was 
found to be diffusion-controlled. Table 1 gives the 
results obtained. 

T h e typical cyclic vol tammogram for the binuclear 
complex with the [Cu(C2H5-3-2)]X formula in D M F is 
shown in Fig. 3. The peak currents on the cathodic and 
anodic branches are nearly equal to each other, implying 
a reversible redox process, whereas the value of potential 
difference between the two redox peaks is larger than 
that (42 mV)8) of the difference theoretically expected 
for the reversible two-electron redox step, suggesting a 
quasi-reversible one. 

Constant potential electrolysis was performed at a 
fixed potential regions more negative than those of the 
first waves. T h e results of electrolysis showed the 
consumption of two electrons for each complex molecule, 
as summarized in Table 1, suggesting that this process 
is a two-electron reduction. O n electrolytic reduction, 
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Fig. 3. Cyclic voltammograms of 0.5 mM [Cu(C2H5-
3-2)]X in DMF ( ) and AN ( ) at HMDE, 
scan rate 200 mV. 

the originally green solution became yellow. Exposure 
to air gradually restored the green color again, suggesting 
that chemical oxidation can take place reversibly. 

T h e first waves observed in D M F for the binuclear 
complexes with the [Cu(CH 3-3-2)]X or [Cu(C2H5-3-2)]-
X formula were found to split into two steps in AN as 
shown in Fig. 2. Differential pulse polarograms also 
showed two cathodic peak splittings. 

T h e typical cyclic vol tammogram of the binuclear 
complex with the [Cu(C2H5-3-2)]X formula in AN is 
shown in Fig. 3 . T h e two peaks on the cathodic b ranch 
were clearly separated from each other, while those on 
the anodic one were not, suggesting an irreversible 
anodic process. Therefore, it was concluded that the 
chemical oxidation takes place reversibly, while the 
anodic oxidation cannot be followed due to the extremely 
rapid progress of the former even in a stream of nitrogen. 
The Polarographie da ta are given in Table 1. Reduction 
of 1 m M [Cu(R-3-2)]X in A N solution at - 0 . 7 V vs. 
SCE consumes two electrons per a complex molecule. 
The controlled-potential electrolysis at the potential 
region of the first wave in AN could not give any da ta 
available for the determination of number of electrons 
transferred because of a non-separable character of the 
first and the second waves, suggesting that no stable 
intermediate can exist. Tha t is, the reduction product 
which had been prepared from the copper(II) complexes 
through the cathodic reduction did not show any 
anodic peak on the cyclic vol tammogram. O n the 
contrary, the reduced binuclear complexes with [Cu-
(C2H5-3-2)]X formula in AN showed four-line ESR 
patterns as shown in Fig. 4. These four-line patterns 
obtained for the frozen solution suggest the location of 
odd electrons on a single copper nucleus on the E S R 
time scale. 

Voltammetric results in D M F showed that the three 
complexes undergo two sequential, one-electron reduc­
tion steps in which the reduction potentials of both 
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Fig. 4. ESR spectrum obtained for the frozen reduction 
product of the [Cu(C2H5-3-2)]X complex in AN, 
which was prepared by the controlled-potential elec­
trolysis at —0.25 V vs. SCE. 

steps are almost identical. The reduction process was 
quasi-reversible and the replacement of R by ethyl 
group caused a shift of the reduction potential of the 
first wave toward a more negative value. 

O n the other hand, voltammetric results in AN, 
coupled with those of ESR, showed two one-electron 
reduction steps occurring at different potentials as 
follows : C u ( I I ) - C u ( I I ) ->Cu( I I ) -Cu( I ) ->Cu( I ) -Cu( I ) . 
The solvation of AN may contribute to the formation 
of a "super complex" with a stable moiety of the 
Cu( I I ) -Cu( I ) complex. The reduction potential of 
these complexes shift to a more positive direction of 
potential in order H - < C H 3 - < C 2 H 5 - . T h e replacement 
of the JV-substituent causes the sterical geometry of the 
complex to alter and simultaneously brings about the 
changes in properties of releasing electrons. 

So far the effect of donor atoms on the standard redox 
potential of the coplanar Cu(II) complexes has been 
discussed and the order of positively-increasing redox 
potential of Cu( I I ) /Cu( I ) couple was found to be 
N 4 < N 2 0 2 < N 2 S 2 donor sets.7) The redox potential, 
E°, of Cu( I I ) /Cu( I ) couple for the binuclear complex 
with the [Cu(C2H5-3-2)]X formula in D M F was found 
to be —0.04 V vs. N H E , which was more positive than 
values of the Cu( I I ) /Cu( I ) couple for the other synthetic 
complexes found in Ref. 7. 
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Synopsis. Specific coprecipitation of Gr(VI) in 
artificial seawater with Co(II)-APDC complex was investig­
ated. The maximum recovery by coprecipitation was 60.6± 
4.54% at pH 2 in which Gr(III) was completely separated 
from Cr (VI). 

Historically, determination of Cr (VI) /Cr ( I I I ) ratio 
in seawater is one of the most important subjects, in 
chemical oceanography. From pure thermodynamic 
calculation, the amount of Cr(VI) is expected to be 
over 109 times more than that of Cr(III) .1 '2) This means 
almost all chromium will exist in the Cr(VI) state. 
However, even under oxidative conditions, appreciable 
amount of Cr(III)3»4) can be found in seawater. This 
discrepancy between the thermodynamic calculation 
and the actual finding of the Cr (VI ) /Cr ( I I I ) ratio was 
sometimes explained in terms of the reduction of Cr (VI) 
by organic substances coexistent in the seawater or 
due to the catalytic participation of inorganic materials 
such as manganese nodules. O n the other hand, the 
lack of an analytical method specific to Cr(VI) might 
also cause this discrepancy. 

For Cr( I I I ) ion, hydroxides of iron and zirconium 
have been successfully applied to seawater analysis.4'5) 
Unfortunately, there is no specific method for Cr(VI) ion 
except solvent extraction.5 - 8) However, solvent extrac­
tion might not be preferable for Cr(VI) stability because 
of the possibility that the use of large amount of organic 
solvent causes the reduction of Cr(VI) , and also it is 
time-consuming when many samples have to be 
analysed. 

In the present note, the coprecipitation with C o -
APDC complex, which was first reported by Boyle et al.9) 
was applied as a selective and specific method for 
separating Cr(VI) from seawater. 

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

As the chromium salts, K2Cr207 and Cr(N03)3«8H20 were 
used. When coprecipitation was performed, the artificial 
seawater of 25—50 ml was taken, and 100 fxl of ammonium 
1-pyrrolidinecarbodithioate (APDG) solution ( 3 % : M).18 M) was 
added to the sample after adding 200 fxl of cobalt solution 
(0.85 g CoGl2-6H20/l: %0.3mM). All the experiments in 
this paper were done with artificial seawater which was 
prepared according to Ref. 10. Go-APDG suspension was 
left for about 1 h and centrifuged at 5000 min - 1 X 20 min. 
After drying the centrifuge tube, the precipitate was dissolved 
in 1 ml of 10% nitric acid solution, and chromium was deter­
mined by atomic absorption spectrometry with a carbon rod 
furnace (a Hitachi 170-50 atomic absorption spectrophotom­
eter with a Jarrell-Ash FLA 100 atomizer). 

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

The dependence of coprecipitation recovery of Cr (VI) 

and Cr ( I I I ) on p H of seawater is shown in Fig. 1. T h e 
values in the figure were the average of duplicate or 
triplicate measurements. Cr(VI) is well coprecipitated 
in the low p H region, being maximum at p H 1—3. 
W h e n the solution was adjusted to p H 2, the recovery 
was 60.6 ;£4 .54% (standard deviation for nine independ­
ent coprecipitations). This value is almost constant 
against 0.2—10 ppb of Cr(VI) region. In the present 
experiment, the samples with C o - A P D C Suspension 
were left for 1 h before centrifuging. However, the 
recovery scarcely changed during the overnight standing 
of C o - A P D C suspension. 

Fig. 1. Dependence of coprecipitation recovery on pH 
of seawater. 
pH of seawater was adjusted by adding hydrochloric 

acid and sodium hydroxide solution. # : Gr(VI), 

À:Cr(III) . ~ 

O n the other hand, the amounts of Cr ( I I I ) copre­
cipitated with C o - A P D C are negligible at p H regions 
lower than 5. However, these values increase steeply 
above p H 9. T h e Cr ( I I I ) coprecipitation at low p H 
could be considered as contamination due to the 
incomplete separation of precipitate from the superna­
tant solution in the centrifugal process. 

Figure 2 shows the effect of Cr( I I I ) coexistence on the 
Cr(VI) coprecipitation. As can be seen in the figure, 
coexistence of Cr (III) up to 100 times more than Cr(VI) 
does not disturb the result of coprecipitation of Cr(VI) 
ion. Since oxidation of Cr ( I I I ) to Cr(VI) hardly 
proceeds in the present condition, the contamination of 
Cr (III) in the centrifugal separation might cause the 
increase of signal at the sample which contains 4000 
p p m o f C r ( I I I ) . 
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0 4 40 400 4000 
Cr(III)co-existent ppb 

Fig. 2. The effect of Cr(III) coexistence on Cr(VI) 
coprecipitation. 
All the solution contained 4 ppb of Cr (VI), and 
adjusted at pH 2. 

From the present result, it has been confirmed that 
the cobalt 1-pyrrolidinecarbodithioate coprecipitation 
technique, which was first proposed for the analyses of 
Cu, Ni, and Cd in seawater,9) is also effective for the 
selective and specific separation of Gr(VI) from seawater. 
Although the recovery of Co-APDC coprecipitation for 
Cr (VI) is only about 6 0 % , this value is quantitative 
and reproducible. Therefore, the present method is a 

useful technique for the determination of Cr(VI) in 
seawater. 

The authors would like to thank Prof. D. R. Kester, 
Univ. of Rhode Island for his suggestions concerning 
this work. 
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Synopsis. Optically active cation-exchangers were 
newly prepared as Sephadex derivatives derived from L-
alanine, L-valine, L-aspartic acid, and L-threonine. They 
were applied to the column-chromatographic resolution of 
some cobalt(III) complexes, partial resolution being attained. 

The chromatographic method using an SP-Sephadex 
column has been successfully applied in the last decade 
to resolve optical isomers and to separate geometrical 
isomers of metal complexes. The method is useful for 
resolution, but it requires a considerable amount of 
optically active eluent. Direct column-chromatographic 
resolution without optically active eluents could be 
attained with use of an optically active stationary-phase. 
However, natural chiral substances such as quartz, 
starch, or lactose have been found to be unsuitable for a 
highly efficient resolution. 

O n the other hand, an ion-exchanger with optically 
active groups on itself could be applied to the column-
chromatographic resolution of metal complexes. Two 
types of TA-Sephadex, T A ( E T ) - and TA(ES)-Sephadex, 
in which L-tartrate groups are linked to form ether and 
ester, respectively, were prepared and successfully 
applied to completely resolve [Co(en)3]3 + by column-
chromatography.1) 

In the present study, a series of Sephadex derivatives 
with optically active cation-exchanging groups derived 
from L-amino acids were newly prepared and a couple 
of cationic and non-electrolyte complexes were chro-
matographed on their columns. 

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

Sephadex cation-exchanger with optically active groups was 
prepared by the following reactions : 

IM HCl 
L - H 2 N - C H ( R ) - C O O H • 

NaCl+NaNO, 
1 

Cl-CH(R)-COOH, (1) 

2 
benzene 

SD-OH + Cl-CH(R)-COOH > 
50% NaOH 

SD-0-CH(R)-COONa, (2) 

where SD-OH (3) denotes Sephadex framework. The method 
of preparation for reaction (1) is similar to that for (5)(+)-2-
chlorosuccinic acid from D-(—)-aspartic acid by Tosa et a/.2> 
For the reaction (2), Flodin's method of the preparation of 
CM-Sephadex was used with a slight modification.3) 

A typical procedure is as follows: Eighty-nine grams of 
L- alanine and 35 g of sodium chloride were dissolved in 900 

ml of 1 M (1 M = 1 mol/dm3) HCl by heating. To the cold solu­
tion (about 3 °C) was added 900 ml of a cold 4% NaNOa 

solution in small portions with stirring below 5 °C. The 
solution was then stirred for one day. Eight hundred mil­
liliters of coned HCl was then added with stirring. The 
solution was filtered off from precipitated sodium chloride 
and extracted three times with ether. After concentrated 
extracts had been dried with anhydrous Na2S04 , 2-chloro-
propionic acid was obtained by distillation under reduced 
pressure: pale-yellow liquid (24 g), bp 105 °C/43 mmHg. 

To the suspension of 60 g of dry Sephadex G-25 in 200 g of 
benzene, was added 90 g of 50% NaOH solution in small 
portions with stirring. Eighty-four grams of 2-chloropro-
pionic acid was slowly poured into the mixture below 55 °G. 
The reaction mixture was kept standing at ca. 50 °G for 12 h, 
with constant stirring. This was filtered and washed 
throughly with water, methanol, and then water. This 
Sephadex derivative was converted into sodium form with 
sodium hydroxide. 

The Sephadex derivative is denoted by PR-Sephadex (PR= 
propionate). By similar methods, three other types of 
Sephadex derivatives were prepared by using L-valine, L-
aspartic acid, and L-threonine; they are denoted by IVA-, 
SU-, and HBU-Sephadex, respectively (IVA=isovalerianate, 
SU=succinate, and HBU=3-hydroxybutyrate). 

Five kinds of complexes were subjected to column-chromatog-
raphy on each column of the Sephadex cation-exchangers 
prepared and GM-Sephadex (R = H, available from Phar­
macia). A sodium sulfate solution was used as an eluent 
except for the case of mer-[Co(gly)3] which was eluted with 
water. Each 3 ml of effluent was collected and measured for the 
maximum absorbance of the first absorption band and for the 
maximum CD intensity in the corresponding region of the CD 
spectrum. From the results, the ratio of Ae/e, the apparent 
dissymmetric factor, was obtained for each fraction and used 
as a measure of resolution. 

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

Configuration around an asymmetric carbon atom is 
inverted in reaction (l).4) Thus, L-amino acids of S-
chirality give chloro derivatives (2) of D-form with R-
chirality. 

Ion-exchange capacity for [Go(en)3]3+ of the Sephadex 

TABLE 1. ION-EXCHANGE CAPACITY AND COLUMN SIZE 

Sephadex derivatives 

PR-Sephadex 
IVA-Sephadex 
SU-Sephadex 
HBU-Sephadex 
GM-Sephadex 

Capacity10 

0.91 
0.12 
0.12 
0.53 
1.23 

Column size 

1.8 cmx 130 cm 
1.8 cm x 90 cm 
1.8 cmx 90 cm 
1.8 cmx 150 cm 
1.8 cmx 130 cm 

a) For [Co(en)3]
3+ (in mmol/g). 
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TABLE 2. APPARENT DISSYMMETRIC FACTORS IN THE FIRST AND LAST FRACTIONS OF ELUTIONS0 

[Co(en)3]
3+ 

[Co(gly)(en)2;r 

[Co(ox)(en)2] + 

KCo(N02)2(en)2] + 

m^r-[Go(gly)3] 

PR-Sephadex 
b) 

( + ) 1 . 4 - ( - ) 2 . 5 
(6.6) (12) 

( + ) 2 . 3 - ( - ) 3 . 5 
(9.6) (15) 

b) 

( - ) 1 . 6 - ( + )1.9 

IVA-Sephadex 
b) 

( + ) 0 . 8 - ( - ) 1 . 2 
(3.8) (5.6) 

( + ) 3 . 0 — ( - ) 2 . 9 
(13) (12) 

( + ) 2 . 0 - ( - ) 4 . 5 
(11) (25) 

( - ) 3 . 2 — ( + ) 2 . 6 

SU-Sephadex 
b) 

( + ) 0 . 5 — ( - ) 0 . 5 
(2.3) (2.3) 

( + ) 2 . 0 — ( - ) 2 . 0 
(8.4) (8.4) 

( + ) 1 . 0 - ( - ) 1 . 0 
(5.6) (5.6) 

( - ) 2 . 2 - ( + ) 1 . 5 

HBU-Sephadex 

( + ) 5 . 8 — ( - ) 5 . 8 
(26) (26) 

( + ) 6 . 0 — ( - ) 6 . 5 
(28) (31) 

( + ) 2 . 0 - ( - ) 3 . 5 
(8.4) (15) 

( + ) 0 . 8 — ( - ) 2 . 0 
(4.5) (11) 

b> 

CM-Sephadex 

( _ ) 8 . 0 _ ( + ) 9 . 2 
(36) (41) 

( - ) 4 . 4 - ( + ) 5 . 5 
(21) (26) 

( + ) l l - ( - ) 1 6 
(46) (67) 

( + ) 1 . 8 - ( - ) 2 . 4 
(10) (14) 

( _ ) 1 . 5 _ ( + ) 1 . 7 

a) Signs and figures denote (As/s) X 103 values at the main CD peak. 
b) No significant resolution. 

Figures in parentheses denote optical purity (%). 

530 590 650 

Fig. 1. The elution of [Go (ox) (en)2]+ on a PR-Sephadex 
column with a 0.07 M Na2S04 solution. 

derivatives prepared is given in Table 1 together with 
that of CM-Sephadex. Lower capacities of IVA- and 
SU-Sephadex might be at t r ibuted to lower yields of 
reaction (2). 

T h e elution of [Co(ox)(en)2]+ from a PR-Sephadex 
column is shown as a representative example in Fig. 1. 
No clear-cut resolution is seen in the elution curve, but 
part ial resolution is a t ta ined with a column of PR-
Sephadex as well as other optically active Sephadex 
derivatives, as indicated by the change in dissymmetric 
factor from the top to the tail of the eluate. 

T h e values of Ae/e and optical purity in the first and 
the last fraction of each elution, together with the 

results on CM-Sephadex are summarized in Table 2. 
CM-Sephadex has no asymmetric centers on ion-
exchange groups. Resolution with its column is, thus, 
due to the Sephadex skeleton which consists of dextran 
with a chirality similar to that of potato starch. With 
IVA- and SU-Sephadex, m^r-[Co(gly)3] is resolved more 
efficiently than with GM-Sephadex, in spite of the fact 
tha t the ion-exchange capacities of the IVA- and SU-
derivatives are only one-tenth of that of CM-Sephadex. 

In the elution experiments of [Co(gly)(en)2]2+ with 
columns of Sephadex derivatives, the fast eluted enan-
tiomer is the one with a negative CD peak. O n the 
other hand, the enantiomer with a positive peak is 
eluted faster with a column of CM-Sephadex, as well 
as in the case of HBU-Sephadex for [Co(en)3]3+. Thus, 
optically active ion-exchanging groups on the Sephadex 
derivatives contribute to the resolution of the complexes. 
However, stereoselectivity for the complexes is opposite 
to that of Sephadex itself and the effect of optically 
active ion-exchanging groups for resolution is partially 
cancelled by the effect of the Sephadex skeleton. 
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Synops i s . Photosubstitution reactions of several 
methyl substituted derivatives of p- and o-nitroanisole with 
hydroxide ion were investigated. T h e methyl substituent 
seemed to show an uncertain (probably electronic) effect in 
addit ion to the steric effect for the replacement of both the 
methoxy and the nitro groups. Mainly, the replacement 
reaction of the nitro group is discussed. 

It is well known that aromatic nucleophilic substitu­
tion reactions take place differently in the ground state 
and in the excited state.2) Theoretical calculations3) 
support the sharp contrast between them.4) In the 
photosubstitution reaction of /rc-nitroanisole with hy­
droxide ion, /H-nitrophenol was produced as a single 
product as was expected from the orientation rule that 
the nitro group activates the replacement at the meta-
position.5) However, with o- and />-nitroanisoles the 
meta-orientation rule is not useful for the prediction 
of the product. For instance, Letsinger6) and Havinga7) 
independently studied the photosubstitution reactions of 
p- and ö-nitroanisoles (1 and 5) with hydroxide ion and 
obtained p- and ö-methoxyphenols ( l b and 5b) in 
addition to p- and ö-nitrophenols ( l a and 5a) . The 
formation of l b and 5 b could be explained by the 
orientation rule that the methoxyl group activates at 
the o- and /^-positions.7) However, it has not been 
rationalized why methoxyl group at para or ortho 
positions of the nitro group is replaced and why the 
product ratios ( l a / l b and 5a/5b) are inverted in the 
o- and /^-isomers (see Table 1). Dudell's study on the 
flash photolysis of 1 and 5 showed that l a and 5a were 
formed from the triplet states,8) but no clear explanation 
has been made on the reaction machanism. In order 
to gain an insight into the reaction mechanism, we 
studied the methyl substituent-effect on the replacement 
of the nitro- and the methoxyl group in the derivatives, 
2—4 and 6—8, with hydroxide ion. An expectation is 
that the ortho-substituted methyl group should supress 
more effectively the TI-TC* excitation than the n-7t* 
excitation of the nitro group, thus resulting in decrease 
in the replacement of the methoxyl group. 

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

The methyl substituent-effect on the photosubstitution 
reactions of 1—8 is discussed on the basis of the quan tum 
yields shown in Table 1. T h e introduction of a methyl 
group at a position next to the nitro group, as in 2 and 6, 
resulted in a great retardation of the replacement of both 
the methoxyl and the nitro groups. Neither 2 b nor 
6b were detected and 2a and 6a were formed only in 
poor yields. Decrease in the reactivity of 2 and 6 is 
clearly to be ascribed to the steric effect of the methyl 
group that inhibits the coplanarity of the nitro group 
and the phenyl moiety (see the U V spectra).9) The 
methyl group also prevents the attack of hydroxide ion 

T A B L E 1. QUANTUM YIELDS'15 FOR THE DEPLETION OF THE 

REACT ANTS ( 1 8 ) AND FOR THE FORMATION OF 

THE PRODUCTS ( l a , l b — 8 a , 8b) 

REACTANT(-0) 

Me0-<f \ N O 2 

(0.111) 

MeO-̂  V N O 2 

(0.005) 

MeO- !02 

Me 
( 0 . 1 4 5 ) 

(0.005) 

MeCk / N 0 2 o 
(0.028) 

MeOv ,N02 

(0.003) 

M e O v / N 0 2 

(0.044) 

M e O N 0 2 

Me (0.008) 

PRODUCTS( 0 ) 

2a 

3a 

4a 

5a 

6a 

7a 

8a 

H0-<^ V N O 2 

(0,020) 

Me 

H0 \ / N°2 

(0.005) 

H0\ / N°2 

Me (0.056) 

Me 

HO-rs N02 

Me 
(0.003) 

HCL / i 0 2 

O 
(0.022) 

HO, /N02 

0~*e 
(0.003) 

HCl H02 

( 0 . 0 4 4 ) 

lb 

2b 

3b 

4b 

5b 

6b 

7b 

8b 

M e O - ^ \ o H 

(0.091) 

Me 

MeO-/ y-0H 

(0.000) 

MeO OH 

Me (0.089) 

Me 

Me0-/y-CH 

(0.002) 

M e O / 0 H 

M 
(0.006) 

MeOv m 

(0.000) 

M e O O H 

M e H \ 3 
(0.000) 

Me (0.004) 

a) The quantum yields during the initial stage (less than 
5 min) of the substitution reactionsare shown here. Side 
reactions appeared after prolonged irradiation. 

to the nitro group. In addition to these effects, the 
photo-valence isomerization between the nitro-form (9) 
and the aci-form (10) should become a main decay 
process in the excited state of 2 and 6. When 2 was 
irradiated in dioxane containing deuterium oxide, in­
corporation of deuterium was found to take place in the 
methyl group. 

With 3 and 7, the introduction of the neighboring 
methyl group led to the rapid formation of 3a and 7a. 
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MeO 
CH„ 

hv 

MeO 

Compared with 1 and 5 the more sterically hindered 
methoxyl group was replaced more easily by hydroxide 
ion. This can be rationalized by the stabilization of the 
excited states, 3E and 7E, by the methyl substituent 
meta to the nitro group as shown in the following 
scheme.11) 

Contrary to this, the replacement of the nitro group 
in 3 and 7 seemed to be retarded very little by the 
methyl group located ortho to the methoxyl group. 

T h e substitution reaction of 5-methyl-2-nitroanisole 
(8) was found to occur at a slow rate, even though the 
methyl group is not present at the positions next to 
the nitro and the methoxyl groups. T h e formation of 
8 b was not affected by the methyl substituent, but 
that of 8 b was retarded compared to the formation of 
5a. However, this retardation could not be accounted 
for by the methyl substitution present.12) Thus , it can 
be concluded that the methyl group enhances the 
replacement of the ortho-substituted methoxyl group in 
/H-nitrotoluene derivatives such as 3 and 7, but it 
retards the replacement of the para- or ortho-substituted 
methoxyl group in o- and /?-nitrotoluene derivatives 2, 
6, and 8. 

In the photosubstitution reaction of 2,5-dimethyl-4-
nitroanisole (4), products 4a and 4 b were obtained in 
poor yields. It is difficult to predict how methyl groups 
affect the substitution reaction of 4, but the effect of the 
methyl group ortho to the nitro group seems to be 
stronger than that of the methyl group meta to the 
nitro group. 

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

Materials. Methyl derivatives of nitroanisole were 
prepared according to the literature13-16) and identified by 
their mp and spectral data. 

Measurements. A spectro-photofluoromenter Hitachi 
MPF-4 [xenon monochromatic light (UXL-150D)] was used 
as the light source for the irradiation. Absorption spectra 
were measured with a Hitachi 340 spectrophotometer. The 
quantum yields were obtained by using the potassium tris-
oxalatoferrate(III) chemical actoinmeter.17) A solution ( l x 

10~4 mol/dm3) of /»-nitroanisole (1) in a mixture of f-butyl 
alcohol and water ( 1 : 3 ) containing 0.2 mol/dm3 sodium 
hydroxide was irradiated with monochromatic light (at 313± 
20 nm) in a quartz cell under nitrogen atomsphere. The 
absorption maximum of/nrntrophenol (at 420 nm, e=20700) 
was used for the reference and the quantun yield of the forma­
tion of l a was measured spectroscopically based on the absorp­
tion coefficient at 420 nm. The UV spectrum of this reaction 
mixture corresponded well with a spectrum calculated for a 
mixture of 82% of/>-methoxyphenol and 18% of/>-nitrophenol 
(see report by Letsinger et a/.6>). On the other hand, the 
isolation of photoproducts, l a and lb , was carried out in 
preparative scale experiments. The photoreactions of other 
derivatives (2—8) were monitored in the same way as men­
tioned above and the quantum yields shown in Table 1 were 
thus obtained. 

T h e authors wish to thank Dr. K. Okada for his 
helpful discussion. 
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Persistent Nitrogen-centered Free Radicals, iV-(Arylthio)-3,5-di-f-
butylphenylaminyls. Decomposition Reactions^ 
Yozo M I U R A , * Akifumi YAMAMOTO, and Masayoshi KINOSHITA 

Department of Applied Chemistry, Faculty of Engineering, Osaka City University, Sumiyoshi-ku, Osaka 558 
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Synopsis. JV-(4-Chlorophenylthio)-3,5-di-*-butylphenyl-
aminyl was decomposed in oxygen-free benzene, and the 
products were examined. On the basis of the results, the 
decomposition mechanism of the radical is described. 

In a previous report1) we described how JV-(arylthio)-
3,5-di-i-butylphenylaminyls are very persistent radicals 
and that they can be isolated as dimers which dissociate 
into the orginal radicals, even at room temperature 
(K= [ radical ] 2 [d imer]" 1 =0.98 X 10"4—4.59 X 10- 4 mol 
1_ 1 in benzene at 27 °C). O n standing in solution over a 
long period, however, the radicals gradually decompose. 
In order to elucidate the decomposition mechanism, 
JV-(4-chlorophenylthio)-3,5-di-/-butylphenylaminyl (1), 
which is one of this family, was decomposed in oxygen-
free benzene, and the products were examined. In this 
report the results will be described, and the decomposi­
tion mechanism of the radical will be presented. 

. £>+ 

The dimer, 2, was dissolved in 30 ml of benzene, and 
the resultant dark blue solution (Amax: 602 nm) , in which 
0.498 mmol of 2 and 0.043 mmol of 1 were present,2) 
was allowed to stand under oxygen-free conditions 
(at s»20 °C in the dark) . After ca. three months, the 
solution turned orange, indicating the complete decom­
position of 1 (and 2). T h e orange solution was concen­
trated, and the residue was chromatographed on 
alumina. Elution with benzene-hexane ( 1 : 2 ) gave a 
mixture of five products, and the subsequent elution 
with benzene gave N-(4-chlorophenylthio)-3,5-di-J-bu-
tylaniline (3). The mixture was then run on a preparative 
TLG (silica gel; hexane) to give 1,3,5,7-tetra-i-butyl-

TABLE 1. PRODUCTS OF THE DECOMPOSITION 

OF THE DIMER, 2 a ' b ) 

Product 
Yield 

mg (mmol) 

3 
4 
5 
6 
7 
8 

Total 

68 (0.195) 
34 (0.084) 

9 (0.031) 
18 (0.026) 

150 (0.306) 
49 (0.121) 

328 

a) These data are compiled from three experiments. 
b) Dimer, 360 mg (0.519 mmol); benzene, 30ml; 
««20 °C. 

phenazine (4), bis(4-chlorophenyl) disulfide (5), 
Product 6, JV,iV-bis(4-chlorophenylthio)-3,5-di-J-butyl-
aniline (7), and 3,3 ,5,5'-tetra-*-butylazobenzene (8). 
T h e results are listed in Table 1 and the yields in the 
table are determined by weight. Since 3 and 5 are the 
known compounds, they were identified by means of 
the melting points and by a comparison of the I R and 
N M R spectra with those of authentic samples. T h e 
structures of the other products were determined by 
means of the IR , N M R , and mass spectra and the 
elemental analyses. Also, Product 7 was prepared 
independently by the reaction of 3,5-di-i-butylaniline 
with two equivs of 4-chlorobenzenesulfenyl chloride in 
the presence of triethylamine. Interestingly, the 
substance, on photolysis with a high-pressure mercury 
lamp, gave 1 effectively. 

> • O 2 Cl-f VSCI 

hV 
-> 1 + c i 

The major products of the decomposition are 3,3) 4, 7, 
and 8. In addition, small amounts of 5 and 63) were 
isolated. T h e sum of the products isolated is 328 mg, 
which corresponds to 9 1 % of the starting material 
(360 mg). O n the basis of the results shown in Table 1, 
we present a decomposition mechanism of 1 (and 2) in 
Scheme 1. Product 3 is formed from 1 via hydrogen-
atom abstractions, probably from 9 or an intermediate 
derived from 10 which finally gives the phenazine, 4. 

2 l 

NSAr < > ^~%NSAr 

H 

•N=N-f ^ + 2 ArS. 

£r -NSAr 

"H "NSAr 

Q - N H S A r 

.NSAr 

6 

+ 2 Ars» + 3 

Qr-P: 
10 

Ar : -f VC1 

Scheme 1. 
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Product 7 is formed via the radical-coupling reaction 
between 1 and a thiyl radical. Also, 4 is derived from 10 
with the loss of a hydrogen atom and two arylthiyl 
radicals, and 6 is formed from 10 via hydrogen-atom 
abstractions. O n the other hand, the azo compound, 
8, is considered to be derived from the dimer, 2, with 
the loss of two arylthiyl radicals. If this decomposition 
mechanism is reasonable, the mole quanti ty of 3 should 
be equal to twice tha t of 4 with respect to hydrogen 
atoms, and with arylthiyl radicals, the sum of the mole 
quanti ty of 5 and a half that of 7 should be equal to the 
sum of those of 4 and 8. As can be seen in Table 
1, these stoichiometric requirements are approximately 
satisfied. 

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

All the melting points were taken on a Yanaco Model 
melting-point apparatus and are uncorrected. The IR 
spectra were run on a JASCO Model IR-G spectrometer. 
The *H NMR spectra were recorded with a Hitachi Perkin 
Elmer R-20 spectrometer, with tetramethylsilane as the 
internal standard. The mass spectra were obtained on either 
a JEOL JMS-07 or a Hitachi M-60 mass spectrometer. The 
dimer, 2X) and 3,5-di-*-butylaniline4> were obtained by the 
reported methods. 

Decomposition of The Dimer. The dimer, 2 (360 mg, 0.519 
mmol), and benzene (30 ml) were placed in a glass tube, and 
the solution was degassed by three freeze-pump-thaw cycles 
and sealed under a vacuum. On standing for three months 
at «»20 °C in the dark, the dark blue solution turned orange. 
The solvent was evaporated under reduced pressure, and 
the resultant residue was subjected to column Chromatograph 
(alumina; E. Merck Art 1097; column-size: 3x30 cm). 
Elution with benzene-hexane ( 1 : 2 ) gave a mixture of 
l,3,5,7-tetra-*-butylphenazine (4), bis(4-chlorophenyl) disul­
fide (5), Compound 6, JV,JV-bis(4-chlorophenylthio)-3,5-di-/-
butylaniline (7), and 3,3',5,5'-tetra-f-butylazobenzene (8), and 
elution with benzene gave JV-(4-chlorophenylthio)-3,5-di-tf-
butylaniline (3) (68 mg). The mixture was then run on a 
preparative TLC (silica gel; E. Merek Art 7730; eluent: 
hexane) to give 4 (34 mg), 5 (9 mg), 6 (18 mg), 7 (150 mg), 
and 8 (49 mg). The products were purified by recrystal-
lization from the appropriate solvents or sublimation. 

Product 3 was identified by means of its melting point. 
Product 4. Light yellow crystals; mp>305 °C (subli­

mation) ; *HNMR (CDC13): Ö 1.48 (s, *-Bu, 18H), 1.74 (s, 
*-Bu, 18H), 7.64—7.82 (m, aromatic, 4H); MS (20 eV), m/e 
(rel intensity), 404 (5, M+), 389 (21), 362 (19), 348 (29), 347 
(94), 305 (20), 158 (40), 141 (20), 127 (26), 113 (33), 99 (42), 
85 (94), 71 (100), 57 (90). Found: C, 82.63; H, 10.04; N, 

6.80%. Calcd for C28H40N2: C, 83.11; H, 9.97; N, 6.92%. 
Product 6. Colorless plates; mp 167—168 °C (ethanol) ; 

IR (KBr): 3400 (NH), 2950—2850 cm-1 (CH); *H NMR 
(CDCI3): Ô 1.24, 1.27, and 1.30 (s, *-Bu, 36H), 4.97 (s, NH, 
1H), 6.70—7.54 (m, aromatic, 13H); MS (30 eV), mje (rel 
intensity), 694 (6, M++2), 692 (6, M+), 551 (27), 550 (25), 
549 (27), 408 (16), 405 (19), 350 (59), 349 (100), 347 (42), 
291 (19). Found: C, 69.11; H, 7.16; N, 4.31; CI, 10.50; S, 
9.21%. Calcd for C40H50C12N2S2: C, 69.24; H, 7.26; N, 
4.04; CI, 10.22; S, 9.24%. 

Product 7. Colorless plates; mp 119—121°C(methanol); 
*HNMR (CDCI3): Ô 1.24 (s, *-Bu, 18H), 6.93—7.33 (m, 
aromatic, 11H); MS (20 eV), mje (rel intensity), 489 (5, M+), 
406 (13), 349 (21), 348 (19), 347 (63), 332 (15), 311 (27), 290 
(.16), 288 (75), 287 (15), 286 (100), 205 (17), 204 (15), 189 
(38), 144 (38), 143 (41). Found: C, 63.33; H, 5.85; N, 2.81%. 
Calcd for C26H29C12NS2: C, 63.66; H, 5.96; N, 2.86%. 

Product 8. Orange crystals ; mp 210—212 °C (methanol) ; 
*HNMR (CDCI3): ô 1.39 (s, /-Bu, 36H), 7.48—7.72 (m, 
aromatic, 6H); MS (75 eV), m/e (rel intensity), 406 (18, M+), 
363 (8), 190 (17), 189 (100), 147 (9), 133 (24), 91 (9), 57 (92). 
Found: C, 82.65; H, 10.88; N, 7.12%. Calcd for C28H42N2: 
C, 82.70; H, 10.41; N, 6.89%. 

Product 3 was identified by the melting point [148—150 °C 
(hexane), lit,1) 150—151 °C] and its IR and NMR spectra, 
and Product 5, by means of its IR spectrum. 

Preparation of 7. 4-Chlorobenzenesulfenyl chloride, 
prepared by the treatment of 4-chlorobenzenethiol (1.72 g, 
11.9 mmol) with chlorine in dry chloroform at 0—5 °C, was 
dissolved in 50 ml of dry ether, and the solution was added, 
drop by drop, to a stirred solution of 3,5-di-f-butylaniline 
(1.09 g, 5.32 mmol) and triethylamine (1.3 g, 13 mmol) in 
dry ether (200 ml) at 0—5 °C. After being stirred for 2 h at 
the same temperature, the reaction mixture was filtered, 
concentrated, and the residue was recrystallized from methanol 
to give colorless plates (119—120 °C) in a 17% yield (0.22 g). 
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JV-Sulfonylaminyls. The Isolation of Dimers and Their Properties1 
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Synopsis. From the reaction mixtures of sulfon­
amides [3,5-(^Bu)2C6H3NHS02C6H4CH3-/> and 3,5-(*-Bu)2-
C6H3NHS02CH3] with di-f-butyl diperoxyoxalate, dimers of 
iV-sulfonylaminyls were isolated as pure crystals which, in 
solution, dissociated into the corresponding JV-sulfonylaminyls 
upon heating to 60 °G. 

Since JV-sulfonylaminyls ( R N S 0 3 R ' ) are important 
intermediates in organic and photochemical reactions,2) 
the radicals have been a subject of considerable interest 
and have been actively investigated by means of ESR 
spectroscopy.3) We have reported the ESR spectra 
of N-sulfonyl-(3,5-di-^butylphenyl)aminyls (2), which 
are generated by the reaction of sulfonamides 1 with 
di-^-butyl diperoxyoxalate.4) Since JV-sulfonylaminyls 
are transient species, it is quite difficult to isolate them 
in a pure form. However, the radicals may be isolated 
as dimers. If the dimers are isolated, we can confirm 
the assignments of their ESR spectra. Also, their 
chemical properties are of interest in connection with the 
structurally related dimers, 5 and 7.5»6) For this purpose, 
we have carefully examined the products from the 
reaction of 1 with di-£-butyl diperoxyoxalate and have 
successfully isolated JV-sulfonylaminyl dimers, 3, in 
moderate yields. This is the first isolation of JV-sulfonyl-
aminyl dimers.7) In this report we will describe the 
isolation of 3 and their chemical properties. 

^C (t-Bu00C0}2 

/3-NHS02R * 

Fig. 1. ESR spectrum of 2b detected from the solution 
of 3b in benzene at 60 °G. 

The dimers are highly soluble in most organic solvents, 
such as benzene, hexane, alcohols, and tetrahydrofuran, 
and the dimer solutions show no ESR signals. Thus, the 
dimers were found not to dissociate into 2 at room 
temperature . However, upon heating to 60 °C in 
benzene, the dimer solutions gave a relatively strong and 
clean ESR signal due to 2, as is illustrated in Fig. 1; 
this finding clearly indicates that the dimer dissociate 
in part into 2 at this temperature. T h e assignments of 
the signals were based on their ESR parameters : 
aN: 0.78; a0.H: 0.56; ap.K: 0.76 m T for 2a and aN: 
0.77; a0.K: 0.56; ap.K: 0.77 m T for 2b . These values 
are in good agreement with the previously reported 
values.8) 

T h e equilibrium constants ([radical]2[dimer] - 1) for 
the equilibria, however, are very small, even at 60 °C 
(probably<10~ 9 mol l"1). Also, upon heating at 60 °C 
in benzene for 2 h, trace amounts of the dimers were 
indicated by T L C analysis to decompose. 

2 2 
RS02 

S02R 2 f VNSAr 

b : R=CH_ 

In the general procedure, an oxygen-free benzene 
solution of 1 and di-£-butyl diperoxyoxalate (excess) 
was allowed to stand for 3 d at room temperature , 
after which the reaction mixture was concentrated and 
chromatographed on silica gel, using benzene as the 
eluent. The second band was collected and the solvent 
was evaporated to give crude 3 in 17—23% yields; 
this was then recrystallized from hexane: colorless 
crystals; yield, 12—17%. In the I R spectra of the 
crystals, no N - H absorptions were found, and the N M R 
spectra and the elemental analyses were satisfactrily 
consistent with the structures of 3. Also, in the mass 
spectra, the peaks corresponding to ions of M + + 1 — 
S 0 2 C 6 H 4 C H 3 (for 3a) and M + - S O 2 C H 3 (for 3b) were 
found, though molecular-ion peaks could not be 
detected. Thus, we identified the crystals as 3 dimers. 

t>** 

It is of interest to compare the equilibrium constants 
obtained for 3 with those reported for 5 and 7. T h e 
reported values are 0.98 X 10~4—4.59 x 10~4 mol l - 1 for 
5 (in benzene at 27 °C) and 6.00 X 10~6 mol 1"1 for 7 
(in methylcyclohexane at 44.7 °C). Thus , the magni­
tudes of the equilibrium constants of these dimers 
decrease in the following order: 5 > 7 > 3 . Tha t is, when 
Y in 8 is an electron-donating group, - S R (dimers 5) . 
the equilibrium constants are remarkably increased, 
while when Y is an electron-withdrawing group, 
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- S 0 2 R (dimers 3), the equilibrium constants are, on the 
contrary, decreased. These changes in the magnitudes 
of the equilibrium constants may be reasonably inter­
preted as follows : in the case of 5, the great electron-
donating character of the - S R group enhances the 
dipolar repulsion between the nitrogen atoms, leading 
to a weakening of the nitrogen-nitrogen bond in 5. In 
contrast, in the case of 3, the electron-withdrawing 
character of the - S O a R group weakens the dipolar 
repulsion between the nitrogen atoms, leading to a 
strengthening of the nitrogen-nitrogen bond in 3. 

8 

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

All the melting points were taken on a Yanaco Model MP 
melting-point apparatus and are uncorrected, The IR 
spectra were run on a JASCO Model IR-G spectrometer, 
while the 2H NMR spectra were recorded with a JEOL PS-100 
spectrometer, with tetramethylsilane as the internal standard. 
The mass spectra were obtained on either a JEOL JMS-D-300 
(for 3a) or a Hitachi M-60 mass spectrometer (for 3b). The 
ESR spectra were recorded with a JEOL JES-ME-3X 
spectrometer equipped with an X-band microwave unit and 
100 kHz field modulation. The temperature was controlled 
with a JEOL JES-VT-3A temperature controller. The field 
sweep was calibrated by using a JEOL Mn2+ reference sample. 
JV-(3,5-Di-^butylphenyl)-/>-toluenesulfonamide (la) and N-
(3,5-di-^-butylphenyl)methanesulfonamide (lb) were prepared 
by the previously reported method,4* and di-f-butyl diper-
oxyoxalate was obtained according to Bartlett's method.9) 

N, N' - Bis (3,5- di -t-butylphenyl) - N, N'- bis ( p-tolylsulfonyl ) hy­
drazine (3a).10> Sulfonamide la (500 mg, 1.39 mmol), di-
f-butyl diperoxyoxalate (500 mg, 2.13 mmol), and benzene 
(10 ml) were placed in a glass tube (1.5x40 cm), and the 
mixture was degassed by three freeze-pump-thaw cycles and 
then sealed under a vacuum. After the sealed tube had been 
allowed to stand for 3 d at room temperature (««20 °C), the 
benzene solution was washed twice with a 10% Na2S203 

aqueous solution and twice with water, and then dried over 
anhydrous MgS04 . After filtration, the solvent was evapor­
ated under reduced pressure, and the residue was chromato-
graphed on a silica-gel column (Mallinckrodt 100 mesh; 
column size: 3x50 cm), using benzene as the eluent. The 
second band was collected, and the solvent was evaporated 
to give 87 mg of crude 3a (17%), which was afterward recryst-
allized from hexane to afford 61 mg of prisms (12%); mp 
131—132 °G; (KBr): 2950—2850 (GH), 1160 cm"1 (S02) ; 
*HNMR (GG14) Ô 1.20 (s, *-Bu, 36H), 2.42 (s, GH3, 6H), 
7.14—7.86 (m, aromatic, 14H); MS (70 eV), m/e (rel 
intensity), 562 (M+ + 1 - GH3G6H4S02, 6), 407 (10), 361 (20), 
359 (100), 345 (24), 344 (98), 204 (42), 190 (20), 148 (20), 

133 (44), 57 (37). Found: G, 70.71; H. 7.91; N, 3.74%. 
Galcd for C42H56N204S2 : G, 70.35; H, 7.87; N, 3.91%. 

N, N'-Bis(3,5-di-t-butylphenyl)-N, K-(methylsulfonyl) hydrazine 
(3b).10^ The hydrazine was prepared in a similar 
manner. Sulfonamide l b (400 mg, 1.41 mmol), di-*-butyl 
diperoxyxalate (500 mg, 2.13 mmol), and benzene (10 ml) 
were placed in a glass tube, degassed, and sealed as has been 
described above. After 3 d of standing at room temperature, 
the benzene solution was washed with a 10% Na2S203 aqueous 
solution and then with water, and dried over anhydrous 
MgS04 . After filtration, the solvent was evaporated, and 
the residue was chromatographed on silica gel as has been 
described above. The second band was collected, and the 
solvent was evaporated to give 90 mg of crude 3b (23%), 
which was then recrystallized from hexane to afford 68 mg 
of needles (17%); mp 130.5—131.5 °G; IR (KBr): 2950— 
2850 (GH), 1160cm-1 (S02); « N M R (GG14) Ô 1.32 (s, 
t-Bu, 36H), 3.14 (s, GH3, 6H), 7.15—7.39 (m, aromatic, 6H); 
MS (30 eV), m/e (rel intensity), 486 (M+ + 1 - C H 3 S 0 2 , 22), 
485 (M+ - G H 3 S 0 2 , 47), 408 (28), 407 (54), 341 (22), 284 (25), 
269 (52), 190 (70), 133 (29), 57 (100). Found: G, 63.50; H, 
8.46; N, 5.06%. Galcd for G30H48N2O4S2 : G, 63.79; H, 
8.57; N, 4.96%. 

Dissociation of 3. The dimer, 3 (20 mg), and benzene 
(0.2 ml) were placed in an ESR cell, and the solution was 
degassed as has been described above. The ESR spectra 
from the solution were recorded during heating at 60 °G. 
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Synopsis. The AlGl3-catalyzed acylation of benzene 
with 2-methylbutanedioic anhydride afforded a mixture of 
3-benzoyl-2-methylpropanoic acid and 3-benzoylbutanoic 
acid. The intramolecular acylation of 2-benzylbutanedioic 
anhydride in the presence of A1G13 gave a mixture of 4-oxo-
l,2,3,4-tetrahydro-2-naphthoic acid and 3-oxo-2-indanacetic 
acid. The results were discussed in terms of the solvent effect 
on the acylations. 

We have previously reported1»2) that the A1C13-
catalyzed acylations of benzene with 2-phenyl-butane-
dioic or -pentanedioic anhydride proceeded by means of 
competitive inter- and intramolecular acylations, where 
an electron-attracting phenyl group in the anhydrides 
had a strong influence on the direction of each acylation. 
A more detailed mechanism of the acylation with 
unsymmetrical dibasic acid anhydrides may be get by 
introducing an electron-donating methyl group into 
the dibasic acid anhydride and by treating individually 
the inter- and intramolecular acylations. T h e present 
paper deals with the acylation of benzene with 2-
methybutanedioic anhydride (1) in the presence of 
AICI3 as an example of the intermolecular acylation, 
and with the AlCl3-catalyzed condensation of 2-benzyl­
butanedioic anhydride (2) as an intramolecular example. 

TABLE 1. A1G13-CATALYZED ACYLATION WITH 2-METHYL- OR 

2-BENZYLBUTANEDIOIC ANHYDRIDE AT 3 0 ° C FOR 5 H 

Anhydride 

Ï 

2 

Solvent 
(20 cm) 

— 
— 

(G1GH2)2 

(G1GH2)2 

G6H5N02 

G6H5N02 

— 
— 
— 
— 

(G1GH2)2 

(G1GH2)2 

(G1GH2)2 

C6H5N02 

[A1C1J 
mmol 

20 
10 
20 
10 
30 
20 

20 
10 

e) 

O 

20 
10 
20 
30 

[CeH6] 
mmol 

250b) 

250b) 

10 
10 
10c) 

10c) 

250d) 

250d) 

250d) 

250d) 

10 
10 
0 

10 

Product 

3 
62 
28 
61 
14 
21 
12 
5 

37 
28 
65 
34 
34 
26 
32 
81 

yields10 

0 

4 
39 
14 
34 
6 
2 
1 
6 

63 
37 

1 
66 
59 
35 
60 

5 

a) Calculated on the basis of the amount of anhydride 
used, b) At 40 °G for 2 h. c) For 24 h. d) At 40 °G. 
e) Two hundred mmole of coned H 2S0 4 were used as the 
catalyst, f ) Twenty mmol of AlBr3 were used as the 
catalyst. 

Several investigators3»4) have isolated only 2-aroyl-2-
methylpropanoic acid in the condensations of some 
aromatic compounds with 1 in the presence of A1C13. 
However, when 10 mmol of 1 was condensed in the 

presence of 20 mmol of A1G13 with benzene, which was 
used in a large excess as a reactant and as a solvent, a 
mixture of 3-benzoyl-2-methylpropanoic acid (3) and 
the isomeric 3-benzoylbutanoic acid (4) was obtained; 
the yield of 3 was about twice that of 4. T h e predomi­
nant formation of 3 was also observed in the cases using 
a limited amount (10 mmol) of benzene in 1,2-dichloro-
ethane or in nitrobenzene. T h e lower yield of the keto 
acids in nitrobenzene may be a complex formation 
between A1G13 and nitrobenzene. The small solvent 
effect on the acylation of benzene with 1 suggests that 
the actual acylating agent in this acylation is a type of 
oxonium compound (3a and 4 a ) ; since they are less 
polarized than the acylium ions, the solvent effect on 
them appears smaller. 

CH^CH-CO 5 ' V I > + AIC13 
CHoCO 

( 1 ) 

OrAlCl, 

AlCl7 

0:AICU 

Scheme 1. 

0 : A I C 1 3 

C6H6 ^ C H 3 C H - C - C 6 H 5 

CH2C02AIC12 

( 4 ) 

C6H6 ^ CH3ÇH-CQ2A1C12 

A l C l3 CH2C-Ç6H5 

O:AICI3 

( 3 ) 

T h e electron-donating effect of a methyl group 

reduces the electrophilic reactivity of the C = 0 located 

closely to the methyl group; hence, the production of 3 
is more favored than that of 4. 

T h e acylation with 2 in the presence of two equivalents 
of AICI3 in a large excess of benzene proceeded only 
intramolecularly to yield two isomeric keto acids, 4-
oxo-l,2,3,4-tetrahydro-2-naphthoic acid (5) and 3-oxo-
2-indanacetic acid (6), in a predominant yield, al though 
early workers5"8) in an analogous case succeeded in 
isolating only 5. Similar results were also observed 
in 1,2-dichloroethane, whereas an overwhelming yield 
of 5 was obtained in nitrobenzene. Since the polarity 
of the solvent appears to affect markedly the relative 
yields between 5 and 6, a reaction path including either 
the oxonium compounds (5a and 6a) or the acylium ions 
(5b and 6b) as the actual acylating agents may be 
formulated for the intramolecular acylation of 2 in the 
presence of A1C13. 

T h e formation of 6 a is probably more favored than 
that of 5a due to the electron-donating effect of a 
benzyl group,9) al though the electrophilic reactivity of 

\ + 
C - O of 5 b to a benzene nucleus may be greater than 

that of 6 b ; a higher concentration of 6a results in a 
predominant yield of 6. O n the other hand, in a polar 
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PhCHo-CH-CO 
I > + AlCl3 
CHoCO 

( 2 ) 

Wj 
6-

p:AlCl: 

( 6 a ) 
PhCHo-CH-C 

CHoC' 

V PhCH2-CH-cf 

C H ? C e 

( 5a) 

.0 
ÇH2 

/CH-CH2C02H 

( 6 ) 

AlCl; 

0 :AlCl : 

V 
A lC l : 

CHo 
CHC02H 

CH, /•"2 

( 5 ) 
+ -

PhCH2-ÇH-C0- Al CI 4 PhCH2-CH-C02AlCt 2 

CH2C0'Aici/, 
I 
CH2C02AIC12 

( 6 b ) ( 5b) 
Scheme 2. 

solvent such as nitrobenzene or in the presence of a large 
amount of coned H 2 S 0 4 , the acylium ions bearing a 
more positive charge than the oxonium compounds 
may be greatly stabilized by solvation; therefore, a 
more reactive 5 b should give 5 in an overwhelming yield. 

T h e product ratio obtained above dose not result 
from the thermodynamic equilibrium, since no isomeri-
zation between 5 and 6 was observed in the presence 
of two equivalents of A1C13 in 1,2-dichloroethane. 

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

Materials. 2-Methylbutanedioic anhydride: bp 238— 
240 °G. 2-Benzylbutanedioic anhydride was prepared by 
the method ofHaworth etal. : mp 98.5 °G (lit,7) mp 95—97 °G). 

Acylation Procedures. The general procedure was as 
previously described.1) A mixed solution of diethyl ether and 
methyl acetate was used to extract the keto acids. 

Analyses of the Products. The acylation products of 
benzene with 2-methylbutanedioic anhydride, after being 
esterfied with an ethereal solution of diazomethane, were 
analyzed by GLG employing a Yanagimoto G-180 F model 
on a 1.5 m X 3 mm column packed with Ucon Oil 50 LB 
550 X (3 wt %) on Uniport KS of 60—80 mesh at 180 °C. 
GC analyses of the intramolecular acylation products of 2-
benzylbutanedioic anhydride in the presence of A1G13 were 

made by using a column packed with Apiezon Grease L 
(3 wt %) at 170 °C or Ucon Oil 50 LB 550 X (3 wt %) at 
171 °C. The compounds, 3, 4 and 5, were synthesized 
according to the method described in the literature : 3-benzoyl-
2-methylpropanoic acid (3): mp 142 °C (lit,10) mp 140.5 °C); 
3-benzoylbutanoic acid (4): mp 55 °G (lit,11) mp 59 °C); 
4-oxo-l,2,3,4-tetrahydro-2-naphthoic acid (5): mp 149 °C 
(lit,5)mp 149 °C). 

3-Oxo-2-indanacetic Acid (6). A solution of 2-benzyl-
butanedioic anhydride (1.90g) in benzene (12.1cm3) was 
treated with AlBr3 (5.34 g) in benzene (10 cm3) at 30 °C for 
5 h. The reaction mixture was then work up in a usual 
manner. The crude keto acid was repeatedly recrystallyzed 
from acetic acid and then methyl acetate-petroleum ether: 
mp 150.5—151 °C; IR (KBr disk), 1750 (C=0), 1669, 1600 
cm"1; MS (methyl ester) m\e (%) 204 (M+, 30), 173, 172 
(M+-OGH3, 25), 145 (M+-GOOCH3, 75), 131 (M+ 
-CH 2 COOCH 3 , 49), 116 (100); ^ - N M R [(GD3)2GO] Ô 
7.4—7.7 (m, 4H, arom.), 3.5 (q, 1H, / = 8 ) , 3.0 (m, 2H), 2.7 
(q, 2H, / = 8 ) ; 13C-NMR [(CD3)2CO] Ô 209.0 (s, G=0), 
175.5 (s, -COOH), 156.0 (s, C-9), 139.0 (s, G-4), 137.0, 129.5, 
129.0 and 125.5 (d, C-arom.), 45.0 (d, C-2), 35.5 (t, QH2-
COOH), 34.0 (t, C-3); Found: C, 69.43; H, 5.31%. Galcd 
for CuH1 0O3 : G, 69.46; H, 5.30%. 

T h e author wishes to thank Professor Yoshiro Ogata , 
Nagoya University, for his valuable discussions. 
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R-C-CHF-COMe + H2N-NHR' — 

6 6 
i 

R = alkyl or aryl 
R ' = H or Me 

/ R ' 
N—N 

n i 
R ' X / ^ O H 

F 

Ring Monofluorinated Hydroxypyrazoles 
Serry R. F. KAGARUKI, Tomoya KITAZUME, and Nobuo ISHIKAWA* 
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Synopsis. 3-Alkyl(or aryl)-4-fluoro-5-hydroxypyra-
zoles and their 1-methyl derivatives were prepared by the 
reaction of methyl <x-fluoro-/?-alkyl(or aryl)-/?-keto esters with 
hydrazine hydrate or methylhydrazine in ethanol. The 
reaction of arylhydrazines with oc-fluoro-/?-keto esters gave 
only hydrazones which could not be cyclized to pyrazoles. 

There has been the growing interest in utilization of 
some kind of monofluoro organic compounds because of 
their biological activities1) and several practical methods 
for monofluorination of organic molecules have been 
developed in these days.2) From this point of view, we 
have revealed that <x-fluoro-/?-keto esters (1), potent 
intermediates for monofluoroheterocycles, can be pre­
pared easily from trifluoroethene or from hexafluoro-
propene.3) As the first example of preparat ion of 
monofluoroheterocycles from <x-fluoro-/?-keto esters, we 
now wish to report the preparat ion of 3-alkyl(or aryl) -4-
fluoro-5-hydroxypyrazoles by the reaction with hydra­
zine or with methylhydrazine. There has been no 
reports on pyrazole compounds carrying a fluorine atom 
directly at tached to the ring. 

/?-Diketones are generally known to cyclize easily 
into pyrazoles by treating them with hydrazines.4) The 
reactions between <x-fluoro-/?-keto esters with hydrazine 
or methylhydrazine proceeded smoothly in refluxing 
ethanol, and 3-alkyl(or aryl)-4-fluoro-5-hydroxypyra-
zoles (2a) were obtained as expected in good yields 
(Table 1). 

TABLE 1. PREPARATION OF 3-ALKYL(OR ARYL)-

4-FLUORO-5-HYDROXYPYRAZOLES 2 a a ) 

MeOH 

2a 

spectra. The 19F N M R spectra in DMSO-</6 solution 
revealed only one singlet signal at about H O p p m 
upfield from external C F 3 C 0 2 H , while in the 1H N M R 
spectra one broad signal due to the O H proton appeared 
at z&ô 10 as well as the other signals due to alkyl or 
aryl protons. In addition, no absorption band due to 
a carbonyl group was observed in the spectra of these 
pyrazole compounds. These results suggest that these 
compounds prefer the hydroxypyrazole type structure 
to the pyrazolone type one. This may be ascribed to the 
hydrogen bonding formation between the oxygen 
atom and the fluorine atom, which stabilizes the enol 
form 2a ra ther than the keto form 2b . 

N — r r 

>-7 
2a 

N—f 

JA 
2b 

Yield Mp 19F NMRb ) 

Arylhydrazines and tosylhydrazine, on the other 
hand, reacted with 1 to give only hydrazones 3 and none 
of cyclized compounds were obtained. This is in 
contrast to the case with non-fluorinated /?-keto esters, 
which give readily pyrazolone compounds with aryl­
hydrazines. 

Me 
Pr 
Ph 
4-MeC6H4 

4-GlG6H4 

Me 
Pr 
Ph 
4-MeC6H4 

4-GlG6H4 

4-Me2NG6H4 

. 3-MeC6H4 

4-FG6H4 

H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

% 

52 
53 
61 
98 
94 
56 
58 
65 
80 
79 
58 
52 
85 

°G 

104—106 
126—128 
184—186 
205—206 
230—233 
101—103 
123—125 
130—132 
200—202 
229—230 
250—252 
220—221 
234—235 

GF 

112 
110 
110 
110 
109 
112.5 
111 
110 
110 
109 
110.5 
110 
112 

1 + H2N-NHAr -> R-G-GHF-GOMe 
n n 

NNHAr O 

3 

/Ar 

-//-> ?~? + MeOH 
R / \ X x O H 

F 

a) New compound : The structures were confirmed on the 
basis of their IR and NMR spectral data and the micro­
analysis was satisfactory agreement with the calculated 
value, b) Chemical shifts are given in ô ppm from ext. 
CF3C02H in DMSO-</6. 

The structures of the fluoropyrazoles obtained was 
confirmed from their 19F and l H N M R and mass 

Experimental 

Typical procedures are described below. 
4-Fluoro-5-hydroxy-l-methyl- 3-phenylpyrazole (2a) (R—Ph, R' 

— Me). A mixture of methyl a-fluorobenzoylacetate ( 1.96 
g, 10 mmol), methylhydrazine (0.46 g, 10 mmol), and ethanol 
(5 ml) was refluxed for 3 h. On cooling the reaction mixture 
was filtered and the solid material was recrystallized from 
ethanol, affording a fluoropyrazole compound in 65% yield, 
mp 130—132 °G. *H NMR (DMSO-</6) Ô: 3.6Ö (GH3), 7.50 
(ArH), 9.87 (OH); 19F NMR (DMSO-</6) Ô: 110 ppm from 
ext. GF3G02H. Found: G, 62.86; H, 4.85; N, 14.61%. 
Galcd for G10H9N2OF: G, 62.50; H, 4.72; N, 14.57%. M+, 
192. 
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2,4-Dinitrophenylhydrazone of Methyl aL-Fluorobenzoylacetate. 
A mixture of methyl a-fluorobenzoylacetate (0.4 g, 2 mmol), 
2,4-dinitrophenylhydrazine (0.42 g, 2 mmol), and coned 
sulfuric acid (2 ml) in ethanol (10 ml) was stirred for 24 h at 
room temperature. The solid material was collected by 
filtration and recrystallized from ethanol to give the hydrazone 
in 80% yield, mp 196—198 °C. IR (KBr): 3300 (NH), 
1760 (C=0) cm"1; ^ N M R (DMSO-4,) Ô: 3.90 (C02CH3), 
6.77 (CHF, y H -F=45 Hz), 7.52—9.07 (ArH), 11.87 (NH); 
1 9FNMR (DMSO-</6) ô: 112 ppm from ext. CF3C02H. 
Found: C, 49.29; H, 3.53; N, 15.25%. Calcd for C15H13-
N 4 0 6 F: C, 49.46; H, 3.60; N, 15.38%. 
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A Product from the Photo-induced Reaction of Cholesterol 
in the Presence of Lead Tetraacetate and Iodine1} 

Hiroshi SUGINOME* and Kimitoshi K A T O 
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(Received February 3, 1981) 

Synopsis. The irradiation of a benzene solution of 
cholesterol in the presence of lead tetraacetate and iodine 
gives cholest-5-en-3/?-yl ^4-homo-4-oxacholest-5-en-3oc-yl ether 
in a 23% yield. 

Earlier parts of this series have described the results 
of the investigations of the photo- and thermally-induced 
rearrangements of hypoiodites of cholesterol2) and of the 
related 5-cholesten-3-ols3) and C-nor-Z)-homosteroid-5-
en-3/J-ols1) in the presence of mercury(II ) oxide and 
iodine. Cholesterol (1) and epicholesterol hypoiodites 
in benzene have been found to give two oxabicyclic 
compounds, 3a,5-epoxy-6/?-iodo-^4-homo-4-oxa-5/3-
cholestane (2) and its 6a-isomer (3), accompanied by a 
moderate yield of 3-formyloxy-2-iodo-^4-nor-2,3-seco-
cholest-5-ene (4).2> The introduction of methyl groups 
on the G-3 or G-4 of 5-cholestene framework has been 
found to result in appreciable variations in the products 
and their yields.3) The pathways which explain the 
stereochemistry of the products and the effects of alkyl 
substitutions have been discussed in previous papers.2 '3) 

The reaction involved a new type of ring enlargement. 
The active species generated from mercury (I I) oxide 
and iodine was believed to be iodine oxide, I 20, 4) which 
reacted with intermediary radical species to lead to the 
products. It is of interest to see, therefore, variations 
in the products caused by replacing mercury(II) oxide 
with other oxidizing reagents, e.g., lead tetraacetate. 
The reaction of steroidal alcohols with lead tetraacetate 
and iodine reagent is also believed to proceed through 
hypoiodite or lead(IV) alkoxide.5»6) 

In this paper we will report on a considerable varia­
tion in the products in this reaction when the mercury-
(II) oxide and iodine reagents are replaced by lead 
tetraacetate and iodine.5) 

The irradiation of cholesterol in dry benzene contain­
ing a freshly prepared lead tetraacetate and iodine 
through Pyrex with a 100-W high pressure mercury arc 
under an argon atmosphere for 5 h gave a mixture of 
products. The examination of the products by TLG 
proved the absence of any oxabicyclic compounds, 2 and 
3, and formate, 4. It showed, however, the formation of 
an appreciable amount of cholest-5-en-3/?-yl ^4-homo-4-
oxacholest-5-en-3oc-yl ether (6), obtained from the 
thermally-induced reaction of cholesterol hypoiodite in 
the presence of mercury (I I) oxide and iodine.2) This 
ether, 6, was isolated in a 2 3 % yield as crystals by the 
aid of preparative TLG. A number of other unidentified 
products were also formed. 

The variation in the products caused by lead tetra­
acetate is thus significant, but the role of the reagent 
which makes this difference is not certain, although the 

** Present address: Organic Chemistry Laboratory, 
Department of Chemical Process Engineering, Faculty of 
Engineering, Hokkaido University, Sapporo 060. 

RO 

1) Pb(OAc)4-I2 

2) rv ' 

X ' 

x£r 
Scheme 1. 

oxidation of intermediary radicals (e.g., 5 in Scheme 1) 
to a cationic species with lead tetraacetate might play a 
part . A probable pa th via an allyl radical (5) has been 
suggested for the dimer 6.2) Since cholesterol is the 
steroid most abundant ly available, and since 5 is 
readily hydrolyzed to ^4-homo-4-oxacholest--5-en-3a-ol 
and cholesterol with acid,2) the reaction may be of use 
for the transformation of cholesterol into biologically 
useful compounds. 

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

For the instruments used and general procedures, see Ref. 2. 
Irradiation of Cholesterol in Benzene Containing Lead Tetraacetate 

and Iodine. Cholesterol (300 mg) in benzene (44 ml) 
containing a freshly prepared lead tetraacetate (1.03 g) and 
iodine (600 mg) in a Pyrex vessel was irradiated with a 100-W 
high pressure mercury arc under an argon atmosphere for 5 h. 
The solution was then filtered, and the filtrate was washed 
with a sodium hydrogensulfite solution twice, a 10% sodium 
carbonate solution, and water successively and thereafter dried 
over anhydrous sodium sulfate. The evaporation of the 
solvent left a redidue which was subjected to preparative TLC 
with a mixture of 10 : 1 chloroform and acetone to give 
dimeric acetal, 6 (69 mg), together with a number of ill-defined 
products. The compound, 6, was shown by a direct comparison 
to be identical with the specimen obtained from the thermal 
decomposition of cholesterol hypoiodite.2) 
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The Synthesis of 2,5-Bis(p-methoxycinnamoyl)-l,3,4,6,7,8- and 4,5-Bis-
(p-methoxycinnamoylJ-l^jS^^jS-hexamethoxyxanthene^ 

Heitaro OBARA,* Jun-ichi ONODERA, Takashi SAITO, Shingo SATO, Tsutomu SHIBATA, 

and Kimio SHIBAYAMA 
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Synopsis. In connection with studies of the structure 
of carthamin derivatives, 2,5-bis(/>-methoxycinnamoyl)-l,3,-
4,6,7,8- and 4,5-bis(/>-methoxycinnamoyl)-1,2,3,6,7,8-hexa-
methoxyxanthene were synthesized. The comparison of these 
two hexamethoxyxanthenes with carthamin derivatives is 
described. 

Recently, we have obtained two hexamethoxyxan-
thene isomers, A-l (mp 74—76 °C) and A-2 (mp 
190—191 °C), which are presumed to be 2,5-bis(/>-
methoxycinnamoyl)-1,3,4,6, 7,8 - hexamethoxyxanthene 
(1) and 4,5-bis(^-methoxycinnamoyl)-l,2,3,6,7,8- or 
2,7-bis(/>-methoxycinnamoyl) -1,3,4,5,6,8-hexamethoxy-
xanthene (2 or 3) produced by the methylation of the 
hydrolysis products of car thamin, the red coloring 
matter of the flowers of safflower (Carthamus tinctorius 
L.).D 

In this paper, the synthesis of 1 and 2 and the com­
parison of the synthetic samples with car thamin deriva­
tives will be described. 

An equimolecular mixture of 2,3,4,6-tetrahydroxy-
acetophenone (4)2> and 3-formyl-2,4,5,6-tetrahydroxy-
acetophenone (5), obtained by the formylation of 4, 
was refluxed in methanol containing a small amount 
of 50% sulfuric acid to afford the condensation product 
(6) as dark violet crystals. Compound 6 was hydrog-
enated in ethanol using 5 % palladium charcoal as a 
catalyst. The reduction product was then methylated 
with dimethyl sulfate-potassium carbonate in acetone 
to give 2,5-diacetyl-l,3,4,6,7,8-hexamethoxyxanthene 
(7). The unsymmetrical structures of 6 and 7 were 
supported from the observation of the two separate 
signals of their acetyl groups in their 1 H - N M R spectra. 

The condensation of 7 with/>-methoxybenzaldehyde in 
methanol containing a 50% aqueous potassium 
hydroxide solution afforded 1 (mp 74—76 °C) in a 
57% yield. T h e I R and ^ - N M R spectra of 1 were 
completely identical with those of one of the natural 
derivatives, A- l . 

Since the condensation of 4 with 5 did not give the 
other symmetrical compound, 2 was synthesized by the 
alternative method described below. 

4,5-Diacetyl-l,2,3,6,7,8-hexamethoxyxanthene (10) 
was obtained by the methylation of 4,5-diacetyl-
1,2,3,6,7,8-hexahydroxyxanthene (9), prepared by the 
G-acetylation of 1,2,3,6,7,8-hexahydroxyxanthene (8)3> 
with the boron trifluoride-acetic acid complex. 4,5-Bis-
(/»-methoxycinnamoyl) -1 ,2 ,3 ,6 , 7 ,8-hexamethoxyxan­
thene (2) (mp 157—158 °C) was afforded by the 
condensation of 10 with /»-methoxybenzaldehyde by a 
manner similar to that of 1. 

From the disagreement of this compound, 2, with the 
natural derivative, A-2, it is assumed that the structure 
of another isomer, 2,7-bisQ&-methoxycinnamoyl)-l,3,4,-

5,6,8-hexamethoxyxanthene (3), should be assigned for 
A-2. 

OMe 
i 

OMe 

R1 R4 

Toi IO . 
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Exper imenta l 

All the melting points are uncorrected. The UV and IR 
spectra were recorded on a Hitachi 135 spectrophotometer, and 
a Hitachi EPI-S2 spectrophotometer respectively. The 1H-
NMR spectra were measured with a Hitachi R-22 spectrom­
eter (90 MHz), using tetramethylsilane as the internal 
standard. The mass spectra were obtained on a Hitachi 
RMU-6M mass spectrometer. 

3-Formyl-2,4,5,6-tetrahydroxyacetophenone (5). Into a solu­
tion of 2,3,4,6-tetrahydroxyacetophenone (4)2> (20 g), zinc 
cyanide (16 g), and anhydrous aluminium chlroride (18 g) in 
dry ether (300 ml), dry hydrogen chloride gas was stirred for 



3226 N O T E S [Vol. 54, No. 10 

8 h under cooling with ice water. The reaction mixture was 
then allowed to stand overnight at 0 °G. After the solvent had 
been removed by décantation, the residue was refluxed with 
water (100 ml) for 3 h and then filtered. After cooling, 5 
(9.2 g, 40%) was obtained from the filtrate. Mp 232—236 °C, 
iH-NMR (DMSO-</6) à 2.61 (3H, s, -COGH3), 9.97 (1H, s, 
-CHO). Found: C, 50.67; H, 3.82%; M+, 212. Calcd for 
C9H806 : G, 50.94; H, 3.77%; M, 212. 

Condensation Product of 4 with 5. A mixture of 4 (500 
mg), 5 (570 mg), and 50% sulfuric acid (1 ml) in methanol 
(30 ml) was refluxed for 10 h. After cooling, the condensation 
product (6) was obtained as dark violet crystals (mp 280 °C) 
in a 19% yield. UVm a x (EtOH) 352 and 540 nm, IR (KBr) 
1700 and 1620 cm"1 (C=0), XH-NMR (DMSO-</6) Ô 2.67 and 
2.82 (each 3H, s, -GOCH 3 x2) , 8.27 (1H, s, -GH=), MS m\e 
360 (M+). This compound was used without purification for 
the next reaction. 

2,5-Diacetyl-1,3,4,6,7,8-hexamethoxyxanthene (7). Compound 
6 (5.0 g) was hydrogenated in ethanol (300 ml), using 5% 
palladium charcoal (0.8 g) as the catalyst. The reaction 
mixture was filtered, and the filtrate was evaporated in vacuo 
to afford an unstable reduction product (4.8 g). 

A mixture of the reduction product (300 mg), dimethyl 
sulfate (3 ml), and potassium carbonate (5 g) in dry acetone 
(70 ml) was refluxed for 3 h. The reaction mixture was then 
worked up in the usual manner, and the crude product was 
chromatographed on a column of silica gel with benzene-ethyl 
acetate (4 : 1) to give 7 in a 27% yield. Mp 119—120 °C 
(from methanol), IR (KBr) 1647 cm-1 (C=0), XH-NMR 
(CDC13) Ô 2.49 and 2.61 (each 3H, s, -COCH 3 x2) , 3.77 and 
3.87 (each 3H, s, - O M e x 2 ) , 3.84 and 3.90 (each 6H, s, 
- O M e x 4 ) , 3.97 (2H, s, -CH a - ) . Found: C, 61.79; H, 5.95%; 
M+, 446. Calcd for C23H2609: C, 61.87; H, 5.87% ; M, 446. 

2,5-Bis (p-methoxycinnamoyl)- 1,3,4,6, 7,8-hexamethoxyxanthene 
(1). Into a mixture of 7 (500 mg) and /»-methoxy-
benzaldehyde (1 ml) in methanol (10 ml), we added a 50% 
aqueous potassium hydroxide solution (2.0 g) ot room tempera­
ture. The reaction mixture was warmed to 50—60 °C for 
1 h and then extracted with ether. The ether was evaporated 
in vacuo, and the residue was chromatographed on a column 
of silica gel with benzene-ethyl acetate (9 : 1) to afford crude 
1, which was further chromatographed on silica gel with 
chloroform-ethyl acetate (40 : 3). Compound 1 (380 mg, 
50%), mp 74—76 °C, IR (KBr) 1632 cm-1 (C=0), XH-NMR 
(CDC13) ô 3.75 (2H, s, -CH 2 - ) , 3.80—4.10 (24H, m, - O M e x 
8), 6.95—7.60 (12H, m,/»-substituted cinnamoylx 2). Found: 
C, 68.63; H, 5.64%; M+, 682. Calcd for C3 9H3 8Ou : C, 
68.61 ; H, 5.61%; M, 682. This compounds was completely 
identical with the natural derivative A-l. 

1,2,3,6,7,8-Hexahydroxyxanthene (8). This compound was 
prepared by the reduction of the condensation product of 

l,2,3,5-benzenetetrol4) with ethyl formate as has previously 
been reported.3) Although this reduction product contained 
a small amount of an isomer, 1,3,4,6,7,8-hexahydroxyxanthene, 
it was used without purification for the next reaction. 

4,5-Diacetyl-1,2,3,6,7,8-hexamethoxyxanthene (10). A mixture 
of 1,2,3,6,7,8-hexahydroxyxanthene (8) (2.5 g), containing 
a small amount of 1,3,4,6,7,8-hexahydroxyxanthene and the 
boron trifluoride-acetic acid complex (10 ml) was heated on a 
water bath for 2 h. The reaction mixture was then stirred 
into an aqueous potassium acetate solution, drop by drop. 
The resulting precipitate was filtered, and the filtrate was 
concentrated to dryness to afford 4,5-diacetyl-1,2,3,6,7,8-
hexahydroxyxanthene (9) (mp^>280 °C), containing a small 
amount of 2,5-diacetyl-l,3,4,6,7,8-hexahydroxyxanthene. 

A mixed solution of the above crude 9 (1.0 g), dimethyl 
sulfate (3.2 ml), potassium carbonate (4.6 g), and dry acetone 
(50 ml) was refluxed for 6 h. The reaction mixture was 
worked up in the usual manner, and the crude product was 
chromatographed on a column of silica gel with benzene-ethyl 
acetate (8 : 1) to afford 10 (550 mg, 45%); mp 130—131 °G, 
IR (KBr) 1710 cm-1 (G=0). XH-NMR (CDC13) ô 2.44 (6H, 
s, -COCH 3 x2) , 3.79 (2H, s, -CH2-) , 3.85, 3.87, and 3.96 
(each 6H, s, - O M e x 6 ) . Found: C, 61.58; H, 5.86%; M+3 

446. Calcd for C23H2609 : C, 61.88; H, 5.87% ; M, 446. 
4,5-Bis(p-methoxycinnamoyl)-l, 2, 3,6,7,8-hexamethoxyxanthene 

(2). To a solution of 10 (50 mg) in methanol (0.3 ml), 
we added/»-methoxybenzaldehyde (50 mg) and a 50% aqueous 
potassium hydroxide solution (0.2 g) at room temperature. 
The reaction mixture was then warmed to 50—60 °C for 1 h, 
and the resulting precipitate was recrystallized from methanol 
to give 2 as colorless needles (48 mg, 63%); mp 157—158 °C, 
IR (KBr) 1646 cm-1 ( C O ) , JH-NMR (CDC13) <5 3.80 (12H, 
s, - O M e x 4 ) , 3.84 (2H, s, -CH2-) , 3.86 and 3.99 (each 6H, s, 
- O M e x 4 ) , 6.68 and 7.22 (each 2H, d, J= 16.0 Hz, -CH= 
CH-), 6.76 and 7.32 (each 4H, d, J = 8 . 5 Hz, /»-substituted 
phenylx2). Found: C, 68.42; H, 5.63%; M+, 682. Calcd 
for C3 9H3 8Ou : C, 68.61 ; H, 5.61%; M, 682. 

The authors wish to express their thanks to Mr . 
Kazuaki Sato for his microanalyses. 
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Synopsis. The reaction of 7-bromo-7-chlorobicyclo­
t r i . 0] heptane and 7-bromo-7-fluorobicyclo [4.1.0] heptane 
with activated magnesium in THF at —50 to — 40 °G gave 
7-bromobicyclo [4.1.0] heptane, in addition to 7-chloro- and 
7-fluorobicyclo[4.1.0]heptane, respectively. 

Although much work has been done on the reaction 
of^m-dihalocyclopropanes with a variety of metals1) or 
organometallic reagents,2) there exists only scattered 
information on the reaction of gem-dihalocyclopropanes 
with metallic magnesium ; l c _ e ) the products reported 
are exclusively allenic compounds, derived from the 
intermediary cyclopropylmagnesium halides. 

This paper describes the reaction of some gem-ôxhdlo-
cyclopropanes with activated magnesium, which resulted 
in reduction without ring opening. 

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

The halogen compounds used in this study, 7,7-
dibromo- ( l a ) , 7-bromo-7-chloro- ( l b ) , and 7-bromo-7-
fluorobicyclo[4.1.0]heptane ( l c ) , were prepared by the 
addition of the corresponding dihalocarbene to cyclo-
hexene. The latter two compounds were obtained as a 
mixture of two geometrical isomers. The reaction was 
conducted by adding a solution of 7,7-dihalobicyclo-
[4.1.0] heptane in T H F to a suspension of finely pow­
dered magnesium, prepared from anhydrous magnesium 
chloride and potassium metal in THF.3) The products 
isolated in this reaction were bicyclo[4.1.0]heptane (2), 
7-chloro- or 7-fluorobicyclo[4.1.0]heptane (3), 7-bromo-
bicyclo[4.1.0]heptane (4), 7-(2-tetrahydrofuranyl)-
bicyclo[4.1.0]heptane (5), and 7,7'-bi(bicyclo[4.1.0]-
heptylidene) (6), whose structures were determined by 
comparison of their spectral data and other physical 
properties with those of authentic samples. The yields 
of the products were measured on G L C by use of an 
internal standard. Where only isomer distributions 

Oî-
l 

a: X=Y=Br 

b: X=C1, Y=Br 

c: X=F, Y=Br 

Mg 

THF o-Oi-cx-cy0 
4 5 

•OO b : X=C1 

c : X=F 

in the products (3 and 4) were desired, no internal 
standard was added. The results are summarized in 
Table 1. 

The reaction proceeded smoothly to give the reduc­
tion products (2, 3, and 4), together with a small 
amount of other products (5 and 6) derived from 
decomposition of 7-halobicyclo [4.1.0] hept - 7 - ylmag-
nesium compounds. Thus , l a gave an isomeric mixture 
of 7-bromobicyclo[4.1.0]heptane (4) in 8 0 % yield. The 
reaction of l b and l c gave bromide (4), in addition 
to 7-chloro (3b) and 7-fluorobicyclo[4.1.0]heptane (3c), 
respectively. To be noted is that not only the bromine 
atom, which is usually much more susceptible to reduc­
tion, but also the chlorine or the fluorine atom is 
concurrently reduced. These findings suggest that the 
activated magnesium metal is in a highly reactive form 
and thus is relatively unselective toward halogen. The 
higher selectivity for chlorine than for bromine (see 
the reduction of l b to 3 b and 4) or the concurrent 
reduction of bromine and fluorine (see the reduction 
of l c to 3c and 4) may be explained by strengthening of 
the C-Br bond or weakening of the C-Cl or the C-F 
bond caused by the presence of a geminal halogen atom. 
A support for this rationalization was afforded by the 
reaction of 7-halobicyclo[4.1.0]heptanes with activated 
magnesium: Under the same reaction conditions, 7-
bromobicyclo[4.1.0]heptane (4) was readily reduced to 
give bicyclo[4.1.0]heptane in 6 5 % yield whereas no 

TABLE 1. REACTION OF 7,7-DIHALOBICYCLO[4.1.0]HEPTANES (1) 

Halide 
(endo-X/exo-X.) 

l a 

l b 
(47/53) 

l b 
(100/0) 

l b 
(0/100) 

lc 
(34/66) 

l c 
(100/0) 

Yield 
% 

95 

70 
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reaction occurred with 7-chloro- (3b) or 7-fluorobicyclo-
[4.1.0] heptane (3c), the starting halides being recovered 
quantitatively. 

As shown in Table 1, the isomer ratios of 7-fluoro-
bicyclo[4.1.0]heptane (3c) are identical with those of the 
initial halide ( l c ) . This indicates that the reduction 
takes place with complete stereospecificity, i.e., with 
complete retention of configuration. T h e reduction 
of 7-bromo-7-chlorobicyclo[4.1.0]heptane ( lb) to 7-
chlorobicyclo [4.1.0] heptane (3b) proceeds in a less 
stereospecific manner . These trends are entirely 
analogous to those found in the reduction of gem-
dihalocyclopropanes with organotin(IV) hydride20) and 
in the Hunsdiecker reaction of a-halocyclopropanecar-
boxylic acids,4) both of which are believed to proceed 
via a-halocyclopropyl radicals. From the stereo­
chemical trends cited above, it is highly probable that 
the reduction with activated magnesium described 
herein proceeds by a radical mechanism rather than a 
carbanionic one. The latter mechanism, however, 
cannot be ruled out at the present time.5) 

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

All boiling and melting points are uncorrected. Infrared 
spectra (IR) were recorded on a Shimadzu IR-400 infrared 
spectrometer. A Varian EM-360 spectrometer (60 MHz) 
was used to measure XH NMR spectra in solutions of CC14 with 
Me4Si as an internal standard. Mass spectra (MS) were taken 
on a Hitachi RMS-4 spectrometer at an ionization potential 
of 70 eV. Gas chromatographic analyses (GLG) were 
performed with a Shimadzu GC-2G or GG-6A gas Chromato­
graph. 

7,7-Dihalobiçyclo[4.1.0]heptanes (la—c). 7,7-Dibromo-
(la), 7-bromo-7-chloro- (lb), and 7-bromo-7-fluorobicyclo-
[4.1.0]heptane (lc) were prepared by the reaction of cyclo-
hexene with dibromo-,6* bromochloro-,4) and bromofluoro-
carbene,7) respectively, generated by basic decomposition of 
the corresponding trihalomethane : la , 57% yield, bp 108— 
111 °C/16 mmHg; lb , 77% yield (exo-Br : endo-Br =47 : 53), bp 
69—72 cC/4mmHg; lc, 63% yield (exo-Br: endo-Br=34 : 66), 
bp 70—71 °C/22 mmHg. An isomeric mixture of l b or l c 
was treated with hot quinoline8) to give pure 7-£*o-bromo-7-
e?w*/0-chlorobicyclo[4.1.0]heptane (bp 71—72 °C/6 mmHg) and 
7-^o-bromo-7-^w^o-fluorobicyclo[4.1.0]heptane (bp 64—66 °G/ 
13 mmHg). Isomerically pure 7-^w^o-bromo-7-^o-chlorobi-
cyclo [4.1.0] heptane was obtained according to the method 
of Köbrich,9) bp 76—77 °C/5 mmHg. 7-Halobicyclo[4.1.0]-
heptanes (3 and 4) and bicyclo [4.1.0] heptane (2) were 
synthesized by the reduction of the corresponding 7,7-dihalo 
compound with organotin(IV) hydride2C) and were used for 
determination of the yields and the structures of products. 

Reaction of 7,7-Dihalobicyclo[4.1.0]heptanes with Activated 
Magnesium. To a suspension of activated magnesium, 
prepared from anhydrous MgCl2 (12.6 mmol) and potassium 
metal (24.0 mg-atom) in THF (14 ml), was added under 
nitrogen a solution of a halide (10 mmol) in THF (2 ml) at 
such a rate that the temperature did not rise to —40 °G. After 
the addition, the mixture was stirred at —50 to —40 °C for 
3—8 h. The reaction was quenched with a saturated solution 
of ammonium chloride and the resultant mixture was 
repeatedly extracted with ether. The combined extracts were 
dried over anhydrous Na2S04 , filtered, and concentrated 

under atmospheric pressure. The residual oil was analyzed 
on GLG by the internal standard method to measure the 
yields of products. 

7-exo-(2-Tetrahydrqfvranyl)bicyclo[4.1.0]heptane (5): Bp 86.5 
—87.5 °C/6 mmHg; n™ 1.4819 (lit,9) wj° 1.4828); IR (film) 
2932, 2860, 1452, 1371, 1355, 1342, 1175, 1128, 1062, 919, 770 
cm-1; m NMR ô 0.2—2.2 (m, 15H), 3.2 (m, 1H), 3.7 (m,2H). 

cis-7,7-Bi(bicyclo[4.1.0]heptylidene) (6): Bp 69—72 °C/2 
mmHg; mp 80.5—81.5 °G (needles from methanol) (lit,9) mp 
77.5—78.5 °G); *H NMR à 0.7—2.0 (m, 20H); IR (KBr) 
2980, 2915, 2860, 1446, 1332, 1252, 1207, 1192, 1088, 991, 
977, 949, 904, 840, 827, 782, 740 cm"1; MS m/e (%) 188 (M+. 
11), 173 (21), 159 (30), 145 (68), 131 (64), 119 (31), 117 (49), 
105 (55), 91 (100). 

Found: C, 89.03; H, 10.92%. 
trans-7\7'-Bi(bicyclo\4.l.0]heptylidene) (6): Mp 124.0—125.0 

°C (needles from methanol) (lit, mp 121.5—122.5 °C,9> 124 
°C10>); IR (KBr) 2980, 2930, 2860, 1442, 1338, 1327, 1293, 
1247, 1167, 1085, 988, 943, 840, 811, 787, 737 cm"1; MS m/e 
(%) 188 (M+, 12), 173 (21), 159 (30), 145 (68), 131 (63), 119 
(30), 117 (49), 105 (54), 91 (100). 

Found: G, 89.09; H, 10.93%. Calcd for C14H20: G, 89.29; 
H, 10.71%. 
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Synopsis. Trimethylsilyl enol ethers were prepared 
by using a combination of chlorotrimethylsilane and 1,8-diaza-
bicyclo[5.4.0]undec-7-ene in good yields. Trimethylsilylation 
of acetylenes was also achieved with the same reagents in the 
presence of silver salt as catalyst. 

Triethylamine is the most frequently used base for 
enol trimethylsilylation of carbonyl compounds1) under 
equilibrating conditions. However, enol silylation with 
this base in combination with chlorotrimethylsilane 
requires rather vigorous conditions (refluxing in N,N-
dimethylformamide for several hours),2) and despite 
some modifications,3) the yields have been less satis­
factory than those with trimethylsilyl trifiuoromethane-
sulfonate4) or with trimethylsilyl nonafluorobutane-1 -
sulfonate formed in situ.5'6) 

Here, we wish to show that the use of 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) as a base in combination 
with chlorotrimethylsilane, provides a rapid, mild, and 
efficient method of enol silylation of various carbonyl 
compounds. 

Me3SiCl, DBU D O U n p / 
R C H 2 C O R ' • R G H = Y R 

CHsCiü OSiMe 3 

The yields are summarized in Table 1 (entry 1—15). 
Ketones, aldehydes, and oc,ß-unsaturated ketones were 
smoothly enol silylated at the refluxing conditions in 
dichloromethane. An exceptionally low yield of 3,3-
dimethyl-2-trimethylsiloxy-l-butène (entry 6 in Table 1) 
can be ascribed to the steric crowdness of the ether 
which is considered to be in equilibration with the 
starting ketone and chlorotrimethylsilane under the 
presence of chloride ion.7) I t is noteworthy that the 
addition of silver nitrate to the reaction mixture im­
proved the yield to 9 2 % (entry 8). In other cases 
examined, the addition of silver nitrate did not show 
much influence on the final yields. 

The poor regioselectivity of the present method is 
demonstrated by the silylation of 2-methylcyclohexanone 
(entry 3 and 4 in Table 1 and notes therein). The ratio 
of the two isomers did not change after prolonged 
reaction time (50 h).8) 

MejSiCl, AgCl(cat.)( DBU 
RCsGH • RG=GSiMe3 

CHSC1, 

In trimethylsilylation of acetylenes, strong bases such 
as butyl lithium9) or Grignard reagent10) have usually 
been used for the generation of acetylide anions, except 
for one example where monosubstituted acetylenes were 
heated with trialkylchlorosilanes and triethylamine in 
the presence of catalytic amount (0.15 mol equiv.) of 
copper (I) chloride at 150 °G in an autoclave for 100— 
120 h.11) When the present method with DBU was 
applied directly to trimethylsilylation of monosub­
stituted acetylenes, no silylation took place despite the 
modifications of the reaction conditions. However, the 

addition of a small amount of silver salt (0.1 mol 
equiv.) such as silver chloride or nitrate to the reaction 
mixture resulted in smooth silylation in refluxing 
dichloromethane in good yields. They are summarized 
in Table 1 (entry 16—23). Because of the mildness 
of the reaction conditions, the present method seems 
to have wide applicability. The use of triethylamine in 
place of DBU was ineffective. In experiments with 
phenylacetylene, copper(I) chloride gave a less satis­
factory result than[silver chloride, and zinc chloride was 
almost useless. 

Application of the method to the formation of ketene 
acetals from carboxylic esters was unsuccessful. 

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

Commercial DBU was distilled from calcium hydride. 
Commercial chlorotrimethylsilane was once distilled. 

Silylation of Carbonyl Compounds. For the determination 
of the yield given in Table 1, chlorotrimethylsilane (0.55 
mmol) was added to a stirred mixture of a ketone (0.50 mmol) 
and DBU (0.60 mmol) in dichloromethane (500 JJE.1) at 40 °C. 
The progress of the reaction was followed by GLPC (SE-30) 
with the addition of an appropriate internal standard. The 
product was identified by comparing the retention time with 
that of the authentic specimen prepared by one of the reported 
procedures.12) 

In the experiment with silver nitrate as an additive, chlorotri­
methylsilane (0.55 mmol) was added to a suspension of 
powdered silver nitrate (0.55 mmol) in dichloromethane and 
stirred for 15 min. The mixture was then warmed to 40 °C 
and a solution of a ketone (0.50 mmol) and DBU (0.60 mmol) 
in dichloromethane (300 (xl) was added to this. 

A typical example of the isolation experiment is as follow 
(entry 1, Table 1) : A mixture of cyclopentanone (1.23 g, 14.7 
mmol), chlorotrimethylsilane (1.76 g, 16.2 mmol), and DBU 
(2.68 g, 17.6 mmol) in dichloromethane (15 ml) was stirred 
at 40 °C for 1 h. The mixture was diluted with pentane (10 
ml) and washed successively with dilute hydrochloric acid 
(1%) and aqueous sodium hydrogencarbonate, dried over 
magnesium sulfate, and distilled, giving 1-trimethylsiloxycyclo-
pentene [1.83 g (80%), bp 85 °C (bath)/6670 Pa]. 

Silylation of Acetylenes. A typical example is given below 
(entry 23, Table 1). 1-Ethynylcyclohexyl acetate ( 1.054 g, 
6.34 mmol) and DBU (1.16 g, 7.61 mmol) were successively 
added to a stirred suspension of silver chloride13) (90.0 mg 
Ü.634 mmol) in dichloromethane (6.5 ml). The mixture 
was heated at 40 °C and chlorotrimethylsilane (0.827 g, 7.61 
mmol) was added to this. After stirring for 25 h at the same 
temperature, the mixture was cooled, diluted with pentane 
(15 ml), washed successively with aqueous sodium hydrogen-
carbonate, hydrochloric acid (1%), and water, dried, and 
distilled. l-(Trimethylsilylethynyl)cyclohexyl acetate: 1.36 g 
(90%), bp 149 °C (bath)/8000 Pa. NMR (CDC1,) Ô 0.17, 
[s, 9H, -Si(CH,)8], 1.4—1.8 (m, 10H, -CH 2 - ) , and 2.03 (s, 
3H, -COCH3). Found: C, 65.40; H, 9.30%. Calcd for 
C13H22OaSi: C, 65.50; H, 9.30%. 
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Entry 

1 

2 

3 

4 
5 

6 

7 
8 
9 

10 
11 
12 

13 

14 

15 
16 
17 
18 
19 
20 
21 
22 

23 

N O T E S 

TABLE 1. SILYLATION OF CARBONYL COMPOUNDS AND MONOSUBSTITUTED ACETYLENES 

Substrate 

~ I > 
Q-° o> 
C6H6COGH3 

(CH3)3CCOCH3 

CH3(CH2)5CHO 

C6H5CH=CHCOCH3 

<IX° 
C6H6CSCH 

CH3(CH2)5C=CH 
AcOCH2C=CHk> 

Additive 
(mole equiv.) 

None 

None 

None 

AgN0 3 ( l . l ) 
None 

None 

None 
AgN0 3 ( l . l ) 
AgNO3(0.1) 
None 
None 
None 

AgN0 3 ( l . l ) 

None 

AgN0 3 ( l . l ) 
AgCl(O.l) 
AgNO3(0.1) 
CuGl(O.l) 
ZnCl2(0.1) 
AgCl(O.l) 
AgCl(O.l) 

EtCH(OAc)CH2C=CHk> AgCl(O.l) 
/—VC=CHk> 
\ / ^ O A c AgGl(O.l) 

Time/h^ 

0.5 

1 

2 

2 
0.25 

4 

2 . 5 " 
4 
2 
0.25 
2h> 
0.5 

0.25 

4 

4 
24 
24 
24 
24 
21 
24 
24 

25 

Product 

1 VoTMSc> 

/ Y-OTMS 

/ VoTMS / VoTMS 
a b 

C6H6C=CH2 

OTMS 
(CH3)3CC=CH2 

OTMS 

CH3(CH2)4CH=CHOTMS 
CH3(CH2)4CH=CHOTBDMSI) 

C6H5CH=CH-C=CH2 

OTMS 

< : K T M S 

C6H5C=CTMS 

CH3(CH2)6C=CTMS 
AcOCH2C=CTMS15 

EtCH(OAc)CH2C=CTMSm) 

/ — \ / C = C T M S n > 
\ / x O A c 
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Yield/%" 

98(80) 

96(84) 

92d> 

81 e ) 

92 (82) 

57 

73 
92 (80) 
75 
97(85)*> 

(81)J) 

97 

92 

84 

82 
94 
91(83) 
76 
6 

84(62) 
(84) 
(89) 

(90) 

a) Other reaction conditions; see experimental section, b) GLPG yield. Isolated yield is given in parentheses, c) TMS 
= trimethylsilyl. d) a : b = 6 3 : 37 (GLPC). e) a : b = 5 7 : 43 (GLPC). f) HMPA was used as the solvent at 40 °C. 
g) E : Z = 3 0 : 70 (GLPC). h) ClSi(*-Bu)Me2 (1.1 equiv.) and DBU (1.2 equiv.) were used, i) TBDMS=f-butyldi-
methylsilyl. Bp 104 °C (bath)/930 Pa. Found: C, 68.09; H, 12.37%. Calcd for C13H28OSi: C, 68 32; H, 12.35%. j) E: 
Z=61 : 39. [NMR (CDC13) : Olefinic proton ß to oxygen appears at ô 4.98 (dt, J= 11.8 and J= 7.3 Hz) and 4.44 (dt, 
J = 5 . 9 and J— 7.1 Hz) for £-isomer and Z-isomer, respectively.], k) The corresponding alcohol was acetylated with 
acetic anhydride and 4-dimethylaminopyridine. 1) Bp 104 °C (bath)/9600 Pa. NMR (CDC13) <5 0.17 [s, Si (CH3)3]. 
Found: G, 56.30; H, 8.36%. Calcd for C8H1402Si: C, 56.43; H, 8.29%. m) Bp 136 °C (bath)/9870 Pa. NMR(CDC13) 
Ô 0.11 [s, Si(CH3)3]. Found: C, 62.03; H, 9.60%. Calcd for CuH20O2Si: C, 62.21; H, 9.49%. n) Characterization: 
See experimental section. 
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for Scientific Research No. 443008 from the Ministry 
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Synopsis. The reaction of diphenylsulfine with a 
Grignard reagent or alkyllithium gives a variety of products 
depending on the structure of the Grignard reagent or alkyl­
lithium. 

2,2,4,4-Tetramethyl-3-pentanethione 5-oxide (di-£-
butylsulfine) reacts with Grignard reagents affording a 
variety of products depending on the structure of the 
Grignard reagent.1) The reactions were interpreted in 
terms of a delicate competition of thiophilic attack 
(one-electron transfer process) and proton-abstraction 
(acid-base reaction). 

In this paper we wish to describe the reactions of thio­
benzophenone 5-oxide (diphenylsulfine) with various 
carbanionic reagents. The results will be compared 
with those from the corresponding reactions of àx-t-
butylsulfine. 

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

The reactions were carried out, in general, by adding 
a solution of diphenylsulfine, l a , to a solution containing 

R2C=S-»0 

l a : R = P h 
l b : R=*-Bu 

a three-fold excess of Grignard reagent at room tempera­
ture. However, it was confirmed that inverse addition 
did not change the products. Reaction conditions and 
products are summarized in Table 1 together with data 
from the reactions with alkyllithiums. 

Products obtained by the present reactions are quite 
different in type from those obtained from the reactions 
of dW-butylsulfine, l b . Detailed analyses of product 
distribution have revealed that the differences can be 

accounted for by the difference in the structure of 
initially formed anions. 

1a R W C M , c ° 

\ XCR1R2R3 

2a 

1b > c = S 
CR1R2R3 

(1) 

X 
2b 

The reaction course from 2a seems to depend on the 
softness (polarizability, thiophilicity) and hardness 
(basicity) of the attacking reagent. 

When a primary-alkyl reagent is employed in the 
reaction in D M E , the hard base abstracts an acidic 
a-proton in 2a resulting in the formation of a dianion, 
3, which is subsequently converted into an olefin through 
the corresponding thiocarbonyl ylide and thiirane. The 
electrocyclic ring-closure of a thiocarbonyl ylide has 
been reported.2) Methyll i thium in D M E , on the other 

a-elim. R»CH,M 
Ph2G: < 2a • 

Ph2C-S 

à X ? H R 3 

M 

3a 

+ / O M 
Ph2C-S (2) 

j!l XCHR3 

3b 

TABLE 1. REACTION OF DI PHENYLSULFINE10 

Reagent Solvent Product 
(Yield/%)b> 

Reagent Solvent Product 
(Yield/%)b> 

CH3MgI 

CH3Li 

G2H6MgBr 

C3H7MgBr 

C3H7Lic) 

Et 2 0 
DME 
Et 2 0 

DME 

Et 2 0 
DME 
E t 2 0 

Et 2 0 

Ph2C=CPh2 

Ph2C=CH2 

PHCHSCH3 

4 
Ph2C=CH2 

Ph2GHGH3 

Ph2C=CHCH3 

Ph2C=CHCH3 

Ph2feCHEt 
Ph2CSPr 

i 
Pr 

Ph2CHSPr 

£ 

(77) 
(69) 
(87) 

(64) 
(10) 
(52) 
(41) 
(40) 
(46) 

(92) 

PhCH2MgCl 

Me2CHMgCl 

EtCHMgCl 
i 

Me 
Me3CMgCl 

E t 2 0 

DME 
Et 2 0 

DME 

Et 2 0 

Et 2 0 

Ph2CSCH2Ph (86) 

CH2Ph 
Ph2C=CHPh (62) 
Ph2CSCHMe2 (69) 

CHMe2 

Ph2CHSCHMe2 (78) 

è 
Ph2GSGH(Me)Et (78) 

CH(Me)Et 
Ph2GHSGMe3 (32) 

i 
Ph2G=GPh2 (6) 
Ph2CH2 (2) 

a) At room temperature for 3 h. b) Isolated yield, c) At — 20°C. 
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hand, is a very hard reagent, and the reaction with this 
reagent results in an a-elimination.3-5) An extremely 
hard reagent, such as li thium compounds in ether, no 
further reaction takes place from 2a. It is reported 
that both a sulfoxide and tetraarylethylene are formed 
by the reaction of a diarylsulfine with methyllithium 
in benzene.6) Thus, the predominancy of a course (or 
courses) shown in Reaction 2 depends on the reaction 
conditions and reagents. 

A secondary-alkyl reagent forms a sulfide by the 
reaction in ether. Since the secondary-carbanion is 
soft enough to attack the sulfur and a proton in 2a is 
not acidic enough to be abstracted, the reaction scheme 
may be represented by Reaction 3. T h e process from 4 

R 2 R 3 C H M . +yCHR2R3 ^CHR2^ 
23 ^ ^ ^ P h 2 C - S W R 3 - - 2 Ç i c H R ¥ 

4 (3) 

„ SCHRV 
" Ph2C^CHR2R3 

to the sulfide is well-known as the Stevens rearrange­
ment.7 '8) 

Benzylmagnesium chloride undergoes the secondary 
alkyl-type reaction in ether, whereas it behaves as a 
primary-alkyl reagent in D M E . This is a marked 
difference between the reactions of l a and lb.1) A 
further difference between the reactions of l a and l b 
with a secondary-alkyl reagent is that l a affords a 
sulfide which is composed of two parts of the alkyl 
reagent, whereas the sulfide from l b has only one part.1) 

J-Butylmagnesium chloride is a very soft reagent and 
may behave similarly to the secondary-alkyl reagent. 
However, the product from this reagent was the 
sulfoxide. Probably the steric effect of two i-butyl and a 
diphenylmethyl groups prevents this reagent from 
attack on sulfur. 

T A B L E 2. REACTION OF DIPHENYLMETHYL 

ALKYL (OR ARYL) SULFOXIDE10 

R i n 
O 

i2CH-S-R 

CH3 

CH3 

GH3 

Me2CH 
Me2CH 
Me2CH 
PhCH2 

PhCH2 

PhCH2 

Ph 
Ph 

Reagent 

CH3MgI 

CH3Li 

PhCH2MgCl 

GH3MgI 
CH3Li 
C4H9Li 
CH3Li 
G4H9Li 
PhCH2MgCl 
CH3MgI 
C4H9Li 

Product 

Ph2G=CH2 

Ph2CH2 

Ph2C=CH2 

Ph2CHCH3 

Ph2C=CH2 

Ph2CH2 

Ph2C=GH2 

No reaction00 

No reaction0^ 
Ph2C=CHPh 
Ph2C=CHPh 
Ph 2 OCHPh 
No reaction 
No reaction 

Yield/% 

34~~ 
28 
13 
53 
25 
31 
64 
— 
— 
58 
64 
55 
— 
— 

a) At room temperature in 1,2-dimethoxyethane (DME). 
b) Isolated yield. c) The formation of carbanion was 
recognized by color and H-D exchange. 
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I n the above discussion we proposed that 2a is an 
universal intermediate in the present reactions. To test 
the intermediacy of 2a, we studied the reactions from 
diphenylmethyl alkyl (or aryl) sulfoxide by abstracting 
an a-proton and the results are summarized in Table 2.9) 
T h e formation of 1,1-diphenylethylene from diphenyl­
methyl methyl sulfoxide is consistent with the proposed 
reaction scheme. However, it is recognized, by the 
isolation of diphenylmethane, that ,S'N2-type displace­
ment on sulfur takes place in D M E competitively with 
the proton-abstraction.10) 

Exper imenta l 

Materials. Thiobenzophenone11) and thiobenzophenone 
^-oxide12) were prepared according to literature procedures. 
Ether and 1,2-dimethoxyethane were dried over sodium weire 
and distilled prior to use. Sulfoxides were obtained by oxida­
tion of the corresponding sulfides. 

General Procedure. All reactions were carried out under 
a nitrogen atmosphere with stirring. Into 6 mmol of a 
Grignard reagent (or an alkyllithium) in 10 ml of ether was 
added 1 mmol of the sulfine in 10 ml of ether (or 1,2-dimetho­
xyethane) or vice versa. No difference was recognized in the 
result by the change of the addition order. When equivalent 
amounts ef a Grignard reagent and the sulfine were reacted, 
the reaction became slower but the product was the same as 
that obtained from the above reaction, though the yield was 
poor. After usual work-up, the products were subjected to 
column chromatography over silica gel with hexane-benzene 
(4 : 1 v/v) eluent. Analytically pure products were obtained 
by means of preparative VPG on a Varian Aerograph 920. 
The same procedure was employed for the reaction of 
sulfoxides. 

The structure of products were confirmed by the identity 
of spectral data with those authentic samples. 
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Synopsis. The thermal denaturation of ovalbumin 
(egg albumin) was investigated by means of differential scann­
ing calorimetry in the water-content range from 0.11 to 1.15 g 
of water per g of protein. At water contents above 0.76 g/g, 
the temperature, TA, and the enthalpy, AHa, of denaturation 
were scarcely dependent at all on the water content. At 
lower water contents, however, both 7^ and AHd showed a 
marked dependence on the water content. The degree of 
the hydration dependence of the TA and AH& suggested that 
the amount of water required to hydrate ovalbumin was 0.76 
g/g and that at least two types of the hydration phase contri­
buted to the thermal stability of the protein. 

It is well known that water is an essential element 
in many biological processes. In spite of the importance 
of hydration in the maintaining of protein structure 
some important questions on protein hydration remain 
unresolved. As reviewed by Kuntz and Kauzmann,1) 
approximately 0.3—0.5 g of water per g of protein is 
bound to globular protein; its properties are evidently 
different from those of pure water, e.g., a lowered vapor 
pressure, a reduced mobility, and a much-reduced 
freezing point. 

In previous papers,2-4) the effect of hydration on the 
thermal stability of lysozyme and chymotrypsinogen A 
was investigated by means of differential scanning 
calorimetry (DSC). The essential hydration values for 
stabilizing the spatial structure of lysozyme and chymo­
trypsinogen A were considerably larger than those 
estimated by other techniques. I t was also suggested 
that at least two types of the hydration phase contributed 
to the thermal stability of the proteins. 

The present work was undertaken in order to inves­
tigate the effect of hydration on the thermal stability 
of ovalbumin and at the same time to confirm the above 
suggestions. 

Exper imenta l 

Materials. The chicken ovalbumin (egg albumin) 
used in the present study was a salt-free, five-times-crystallized 
sample from Miles Laboratories, Inc. The molecular weight 
of ovalbumin was taken as 45000.5> 

Methods. The water content of the sample was adjusted 
by conditioning in a constant-humidity apparatus at the 
appropriate relative humidity for 7 d. Higher water contents 
were adjusted by placing the sample in saturated vapor at 
293 K for an appropriate period. The water content was 
determined gravimetrically by drying at 378 ± 5 K in vacuo 
for 24 h. 

The calorimetric measurements were performed with a 
Rigaku Denki differential scanning calorimeter and a her­
metic aluminum pan at a heating rate of 2.5 K/min. 

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

The thermal denaturation of ovalbumin was measured 
by means of DSC in the water-content range from 0.11 

to 1.15 g of water per g of protein. T h e DSC curves 
showed an endothermic peak, having a temperature 
width 10—15 K. T h e temperature, Td, and the 
enthalpy, AHd, of denaturat ion were estimated from 
the peak temperature and the peak area of the DSC 
curve here obtained respectively. The Td and AHd 

are plotted as functions of the water content in Fig. 1. 

390r 

;370h 

350r 

0 

^400 

H200 

0.2 1.2 0.4 0.6 0.8 1.0 

Water content/g g_1 

Fig. 1. The temperature, Td, and the enthalpy, AHA, of 
denaturation of ovalbumin as functions of the water 
content. 

At water contents above 0.76 g/g, both Td and AHd 

were scarcely dependent at all on the water content. 
The mean values in this region were 350.5 K and 393 
kj/mol, values which were in rough agreement with those 
for ovalbumin in aqueous solutions.6) Below the water 
content of 0.76 g/g, however, the Td increased with a 
decrease in the water content. T h e increase became much 
more marked at water contents lower than about 
0.35 g/g. O n the other hand, the AHd decreased 
gradually with a decrease in the water content in the 
same region, until the decrease became more pronounced 
at water contents below 0.34 g/g. 

It is interesting tha t the Td and AHd values at water 
contents higher than 0.76 g/g hardly differ from those 
for the protein in an aqueous solution. From heat-
capacity measurements on ovalbumin in the solid state 
with different amounts of water and in solution, 
Suurkuusk7) has suggested that , between 0.1 gig and a 
dilute solution, there can be no substantial change in the 
protein structure. It appears reasonable to assume 
that a conformational change similar to that which 
takes place in solution occurs in the solid state. In 
addition, it is suggested that the hydration for 
ovalbumin, an essential process for stabilizing its native 
structure, is completed at about 0.76 g/g. The hydration 
value is considerably higher than those determined by 
other techniques.1) 

According to Kauzmann,8) the most important 



3234 N O T E S [Vol. 54, No. 10 

contributor to the increase in heat capacity on protein 
denaturat ion is the interaction of nonpolar groups with 
water. At water contents below 0.76 g/g, the large 
decrease observed in A / / d may be substantially attrib­
uted to the reduction of the interactions between the 
exposed nonpolar groups with water, i.e., the reduction 
of the hydrophobic hydration in the denatured state. 
In addition, it may be expected that , at a very low 
water content, the protein molecule does not completely 
unfold, because water is a competitor of the protein 
polar groups in creating "hydrogen bond." This causes 
a decrease in the enthalpy and entropy of protein 
denaturat ion. 

300 
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Fig. 2. The reduction in the denaturation enthalpy of 
ovalbumin by dehydration, A{AHd), as a function of 
the water content. The denaturation enthalpy at the 
full hydration is regarded as 393 kj/mol. 

can be classified into two phases as follows: (I) the 
pr imary hydration phase, i.e., the water contents 
below 0.34 g/g, and (II) the secondary hydration phase, 
i.e., the water-content range of 0.34—0.76 g/g. 

The primary hydration phase is completed at 0.34 
g/g. This value is comparable to the amount of 
unfreezable water determined by NMR 9 ) and calori-
metric studies,10) which is barely sufficient to constitute 
a monolayer and which corresponds to 850 mol of water 
per mol of protein. These water molecules may be 
selectively arranged in the vicinity of the polar regions 
of a protein surface by hydrogen bonds and thus form 
part of a first hydration monolayer. 

T h e secondary hydration phase is completed at 
0.76 g/g. The real nature of the secondary hydration 
water is not yet clear, though it may be expected to 
play an important role in determining the structure and 
biological function of protein. In a recent calorimetric 
study of a frozen a-chymotrypsin solution, Luscher 
et Ö/.11) have suggested that the heat, entropy, and 
temperature of fusion of the secondary hydration water 
are lower in value than those of bulk water. This can be 
explained by hydrogen-bonding defects in the ice 
lattice. As has been pointed out by Kuntz and 
Kauzmann,1) it is considered that the secondary hydra­
tion water has rotational properties only slightly 
different from those of bulk water and can not be 
readily differentiated by N M R and dielectric dispersion 
techniques, as there is little experimental evidence for 
the secondary hydration phase using either of the 
dispersion techniques. 
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Synopsis. Iodine monobromide is an extremely 
effective catalyst for the redistribution of alkoxyl groups on 
silicon atoms in dimethyldiakoxysilanes. The equilibrium 
constants of these reactions were determined at 40 °C by 
means of gas chromatography. Assuming that the reaction 
intermediate is the dative form of a dimethyldialkoxysilane-
iodine monobromide complex, a mechanism of the reaction 
was proposed. 

Although numerous examples of redistribution reac­
tions in organosilicon compounds have been reported,1 - 3) 
only a few studies concerning alkoxyl-alkoxyl exchange 
are found in the literature.4 - 8) I n these studies, the 
quantitative determination of the equilibria of the 
following reaction systems has been made by means of 
G L P C : 

Tetramethoxysilane-Tetraethoxysilane6,8) 

Methyltrimethoxysilane-Methyltriethoxysilane7) 

Dimethyldimethoxysilane-Dimethyldiethoxysilane7) 

These reactions were carried out under rather severe 
conditions in the absence of a catalyst. Thus, to reach 
equilibrium the reaction mixtures were heated for 4 d 
at 150 °C,6) 2 d at 120 °C,8> or 7 d at 150 °C.7> 
Consequently, the equilibrium data of such reactions 
at ordinary temperatures have not been available. 

I n the course of our studies of alkoxysilane-iodine 
complexing, we noticed that iodine or interhalogen 
compounds catalyzed alkoxyl-alkoxyl exchange, and 
that iodine monobromide was an especially favorable 
catalyst for the disproportionation of alkylalkoxysilanes. 
In the presence of iodine monobromide, the redistribu­
tion equilibrium was readily attained at the ambient 
temperature, and the equilibrium constants were 
determined by means of gas chromatography. 

Results and Discussion 

Redistribution Equilibria in Dimethyldialkoxysilanes. 
T h e following dimethyldialkoxysilane-systems were 
investigated at (40 .0±0.1)°C: 

Me2Si(OEt)2 + Me2Si(OBu-n)a «=± 

2Me2Si(OEt)(OBu-n) 

MeaSi(OEt)2 + Me,Si(OBu-j), • = • 

2MeaSi(OEt)(OBu-j) 

Me2Si(OEt)2 + Me2Si(OBu-02 ^ = ^ 

2Me2Si(OEt)(OBu-0 

Me2Si(OBu-n)2 + Me2Si(OBu-j)2 ^ = ± 

2Me2Si(OBu-n)(OBu-^) 

Me2Si(OBu-n)2 + Me2Si(OBu-i)2 ^==± 

2Me,Si(OBu-»)(OBu-0 

Both forward and reverse reactions proceeded in the 

presence of iodine monobromide. In most cases, the 
composition of the reaction mixture became constant 
within a few hours; the equilibrium constant was then 
evaluated from the composition. T h e values thus 
obtained for reactions from both sides agreed very well 
with each other ; the results are summarized in Table 1. 

TABLE 1. EQUILIBRIUM CONSTANTS OF THE DISPRONPORTIONATIO 

OF DIMETHYLDIALKOXYSILANES CATALYZED BY IODINE 

MONOBROMIDE AT (40.0^0.1) °C 

Me2Si(OR)2+Me2Si(OR')2 ^ ^ 2 Me2Si(OR)(OR') 
ü:=[Me2Si(OR)(OR /)]2/{[Me2Si(OR)2][Me2Si(OR /)2]} 

Substituent 
K /Forward \ /Reverse \ 

OR OR' 
,X-UIW«I«J ^ ( . v c v c ^ c ) ^ ( M e a n ) 

\reaction/ \reaction/ v ' 

OEt OBu-n 4 .17±0.04 4 .18±0.02 4 .17±0.03 
OEt OBU-J 4 .91±0.03 4 .88±0.05 4 .90±0.04 
OEt OBu-*' 4 .17±0.07 4 .18±0.05 4 .17±0.05 
OBu-n OBu-5 4 .65±0.06 4 .72±0.01 4 .67±0.06 
OBu-« OBu-« 3 .98±0.04 3 .98±0.04 3.98±0.04 

The K values of the reaction systems with e thoxy-
butoxy, ethoxy-isobutoxy and butoxy-isobutoxy pairs 
are 4.17, 4.17, and 3.98, respectively, suggesting that 
these equilibria are close to the random distribution, 
where iC=4 . However, in the cases associated with the 
j-butoxyl group, /C=4.90 and. . £=4 .67 , some deviation 
from random distribution is indicated. 

Iodine monobromide was added to the reaction 
system as a piece of crystal, or solution in hexane, o- or 
/»-xylene. The same equilibrium constant was obtained 
in each case; therefore, the influence of these solvents 
on the equilibrium state appeared to be negligible. 
The reaction was well-promoted in the presence of 
about 0.001 (mole fraction) of iodine monobromide. 

It is noted that GLPC may be employed for the 
study of the disproportionation equilibria of alkyl­
alkoxysilanes in which the rate of reaction is slow 
compared to the retention times of the reactants and 
products.1) Hence, the following at tempt was made to 
see if the GLPC technique could be employed for the 
study of the catalyzed reactions presented here. 

The equilibrium mixture of the ethoxy-butoxy system 
was divided into two parts, one of which was treated 
with silver powder in order to allow it to react with 
iodine monobromide to remove the catalyst from the 
reaction system,9) while the other was left untreated. 
The G L P C analysis of each sample gave virtually 
identical results, i.e., iC=4.16 was the mean value from 
the former case, and iC=4.15, from the latter. (The 
mean value in the table is 4.17) This means tha t 
equilibrium does not shift during G L P C analysis even 
in the presence of iodine monobromide, and it was 
concluded that the composition of the equilibrium 
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mixture could be directly analyzed by GLPC. 
Iodine Monobromide-Dimethyldialkoxysilane Complexes. 

T h e absorption spectra of iodine monobromide solutions 
in dimethyldialkoxysilanes were examined with a 
Shimadzu model UV-200 double-beam spectrophoto­
meter, using stoppered silica cells with a path length of 
10.0 mm. The visible and ultraviolet absorption peaks 
were observed at 428—436 n m and 218—234 nm 
respectively, indicating the formation of charge-transfer 
complexes,10) similarly to the iodine-tetraethoxysilane 
system.11) 

A C T complex is usually represented as a resonance 
hybrid of a no-bond form and a dative form, and the 
dative form of a iodine monobromide-dimethyldialkoxy-
silane complex is regarded as [(CH3)2Si(OR)2---I]+Br-. 

Proposed Reaction Mechanism. In the study of the 
disproportionation of ethyltrimethylsilane catalyzed by 
a luminum bromide, Russell postulated a reaction 
mechanism via a four-centered transition state.12) An 
iodine monobromide-alkoxysilane complex is apparently 
of an ionic character, while an alkoxyl group also has 
considerable polarity. Consequently, in this case, a 
reaction intermediate with an ionic structure can be 
readily deduced, leading to the following mechanism, 
similar to that proposed by Russell: 

(CH3)2Si(0R)2
 + [(CH3)2Si(0R')2—I]+Br" 

OR 

(CH3>2(0R)Si/\é_^i(CH3>2(0R') 

R'<r 
Br" 

I 

«** (CH3)2Si(0R)(0R') + C(CH3)2Si(0R)(0R')—I]+Br~ 

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

General Procedure. In an about 10-cm3 reaction vessel 
with a sealing-cap, a certain amount of each alkoxysilane was 
placed; iodine monobromide was then added as a piece of 
crystal or a proper quantity of the solution in hexane, o- or 
/»-xylene. Each reaction mixture thus prepared was divided 
into two or three parts and maintained in a thermostat setting 
of (40.0±0.1) °C. One of them was used to follow the time 
course of the reaction until the composition came to a constant, 
and then the others were used to determine the equilibrium 
composition. 

Analysis. Analyses were performed by GLPC using a 
Shimadzu model GC-4B gas Chromatograph with a thermal 
conductivity detector and equipped with a printing integrator. 

In the case of the ethoxy-butoxy system, a 3 mm <j> X 5 m 
glass column with Neopak 1A (diatomaceous earth) supporting 
25% PEG 4000 was employed at a column temp of 120 °C, 
the relative retention times being: Me2Si(OEt)2: 1, Me2(OEt)-
(OBu-w) : 2.46, Me2Si(OBu-w)2: 5.85. 

In the other cases, a 4 mm 0X 6 m glass column with 5% 
Silicone OV-17 on Chromosorb W (diatomaceous earth) was 
used at a column temp of 110°C. The relative retention 
times under these conditions were as follows: Me2Si(OEt)2: 1, 
MeaSi(OEt)(OBu-j) : 2.30, Me2Si(OBu-j)2: 4.93, Me2Si(OEt)-
(OBu-z): 2.40, MeaSi(OBu-t)a: 4.95, Me2Si(OEt)(OBu-w) : 
3.30, MeaSi(OBu-/i)(OBu-j): 6.67, MeaSi(OBu-n)(OBu-t): 
6.68, Me2Si(OBu-«)2: 9.78. 

Reagents. The dimethyldiethoxysilane was prepared 
by the reaction of octamethylcyclotetrasiloxane with tetraetho-
xysilane in the presence of potassium hydroxide.13* The 
dimethyldibutoxysilanes and dimethylethoxybutoxysilanes 
were prepared by the iodine-catalyzed reaction of dimethyl­
diethoxysilane with butyl, j-butyl, or isobutyl alcohol. After 
the resulting ethanol and excess alcohol had been removed 
by distillation, each alkoxysilane was obtained by fractional 
distillation. 

The dimethyldiethoxysilane was purified by repeated 
fractional distillation under ordinary pressure, while the 
dibutoxy-, di-j-butoxy-, and diisobutoxy-silanes were distilled 
under reduced pressure. The dialkoxysilanes with different 
alkoxyl groups were purified by means of GLPC fractional 
elution, employing a Shimadzu model GG-5A gas Chromato­
graph, equipped with a model 4APP-5 autofraction collecteor. 
Stainless columns (8 mm 0x2.8—3.5 m) containing 25% 
Ucon oil on Chromosorb W or 35% PEG 6000 on Shimalite 
NAW were used at a column temp of 120—180 °C. 

The iodine used in the alcoholysis of dimethyldiethoxysilane 
was purified by repeated sublimation with calcium oxide and 
potassium iodide. The iodine monobromide was prepared 
and purified by recrystallization as reported in the literature.14* 
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Synopsis. In the reaction of 2-ethoxy-1,3-oxathiolane 
with carbonyl compounds in the presence of ZnCl2 or HgCl2, 
it has been found that only the breaking of the endocyclic bond 
(G-O or G-S bond) occurs, while the breaking of the exocyclic 
C-O bond to give the l,3-oxathiolan-2-ium ion is unfavorable. 
This behavior is different from that of 2-ethoxy-1,3-dithiolane, 
in which the breaking of the endocyclic C-S bond occurs by 
means of HgCla and the exocyclic C-O bond, by means of 
ZnCl2. 

It has already been shown1) that the reaction of 2-
ethoxy-l,3-dithiolane with acetone in the presence of 
HgClj,-gives exclusively 2,2-dimethyl-l,3-dithiolane (1), 
whereas the employment of ZnCl2 , under otherwise 
identical conditions, yields l-(l,3-dithiolan-2-yl)-2-pro-
panone (2), along with 1. The pathway leading to 1 
involves the C-S bond fission of 2-ethoxy-1,3-dithiolane, 
and the breaking of the exocyclic C - O bond to give 
the l,3-dithiolan-2-ium ion is necessary for the formation 
of 2. 

This report will describe the somewhat different 
behavior of 2^ethoxy-1,3-oxathiolane, in which these 
Lewis acids cause only the breaking of the endocyclic 
bond, with no evidence of the formation of the 1,3-
oxathiolan-2-ium ion. 

When 2-ethoxy-1,3-oxathiolane was allowed to react 
with aldehydes or ketones in dichloromethane at room 
temperature, in the presence of ZnCl2 , the corresponding 
2-substituted or 2,2-disubstituted 1,3-oxathiolane (3) 

TABLE 1. REACTION OF 2-ETHOXY- 1,3-OXATHIOLANE 

WITH ALDEHYDES OR KETONES 

2-Ethoxy-1,3-oxathiolane, 20 mmol; Aldehyde or 
ketone, 20 mmol; ZnCl2 or HgCl2, 4 mmol; Dichloro­
methane, 35 ml. Reaction conditions : room tem­
perature, 16 h. 

Aldehyde or ketone 

R R ' 
Catalyst Product (yield/%) 

C,H5 

C,H6 

CH3(CH2)2 

CH3(CH2)2 

~(CH2)6-

ZnCl2 3 a " (60), 
HgCl2 3 a " (74), 
ZnCl2 3 b ° (53), 
HgCl2 3 b " (72), 

ZnCl2 3c«5 (82), 

C,H5CH(SCH2CH2OCHO)2
b ) (14) 

C,H 6 CH(SCH 2 CH 2 OCHO) 2
w (4) 

CH3(CH2)2CH(SCH2CH2OCHO)2
, 1 ) (12) 

CH3(CH2)2CH(SCH2CH2OCHO)2
d> (4) 

,—v ,SCH 2 CH 2 OCHO° 

<-A 
- (CH 2 ) S - HgCl2 3c« (92) 

CH 3 CH, HgCl2 3 d « (72) 
C,H5 CH3 ZnCl2 3eh5(43) 
C,H6 CH3 HgCl2 3 e» (42) 

C,HSCH=CH H HgCl2 3 f ° (39) 

SCH 2CHjOCHO 
(3) 

a) Bp 94.5—95 °C/2 Torr (lit,2' 86—87 °C/5 Torr). NMR (CDC13) : Ô 7.5—7.1 (m, 
5H), 5.97 (s, 1H>, 4 . 6 - 4 . 3 (m, lH) , 4 .0—3.6 (m, 1H), 3.22—3.17 (m, 2H). b) Bp 
170—171 °C/2 Torr. NMR (CDC13): <5 7.97 (s, 2H), 7.5—7.2 (m, 5H), 5.03 (s, 1H), 
4.23 (t, 4H), 2.78 (d oft , 4H). c) Bp 83 °C/35 Torr (lit,« 84 °C/34 Torr). NMR 
(CDC13): Ô 5.05 (t, IH), 4.7-—4.2 (m, 1H), 4 .0—3.5 (m, IH), 3.1—2.9 (m, 2H), 
2.0—0.8 (m, 7H). d) Bp 119.5—120.5 °C/3 Torr. NMR (CDC13) : 5 8.05 (s, 2H), 
4.33 (t, 4H), 3.88 (t, IH), 2.55 (d of t , 4H), 1.9—0.8 (m, 7H). e) Bp 59°C/2 .5 
Torr (lit," 47 °C/0.6 Torr). NMR (CDC13): ô 4 .13 (t , 2H), 3.00 (t, 2H), 2 .0—1.3 
(m, 10H). f) Bp 153—154 °C/2 Torr. NMR (CDC13): 5 8.02 (s, 2H), 4.28 (t, 4H), 
2.87 (t, 4H), 2 .0—1.3 (m, 10H). g) Bp 44.5 °C/25 Torr (lit,« 70 °C/65 Torr). NMR 
(CDClj) : 5 4.12 (t, 2H), 3.08 (t, 2H), 1.60 (s, 6H). h) Bp 78 °C/1.5 Torr (lit,45 96 
°C/2 Torr). NMR (CDC13): 5 7.5—6.8 (m, 5H), 4 .5—3.7 (m, 2H), 3.3—2.9 (m, 
2H), 1.87 (s, 3H). i) Bp 98—101 °C/2.2 Torr. NMR (CDC13): d 7.4—7.2 (m, 5H), 
6.63 (d, 1H) ,6 .23 (d of d, IH), 5.63 (d, IH) , 4 .5—3.6 (m, 2H), 3.1—3.0 (m, 2H). 

was produced as the main product in all cases. 

/ C \ / R 
| CH-OC2H5 + 0=C 
^ S / NR.' 

ZnCls or HgCls / 0 \ / R 

> | C 
\ S ' NR' 

a : R=C 6 H 5 , R ' = H d: R = R ' = C H 3 

b : R=CH3(CH2)2 , R ' = H e : R=C 6 H 5 , R ' = C H 3 

c : R, R '= - (CH 2 ) 5 - f : R=C6H5CH=CH, R ' = H 

From the previously known data1) it seems reasonable 
to propose that the coordination of the O atom in the 
ring with ZnCl2 occurs preferentially, thus bringing 
about the formation of the resonance-stabilized thio-
carbonium ion. The employment of HgCl2 instead of 
ZnCl2 , under otherwise identical conditions, also 
yielded 3. This may be also explained in terms of 
another path involving the intial coordination of the 
S atom with HgCl2 and the subsequent formation of 
the resonance-stabilized oxycarbonium ion. 

Ethyl acetoacetate, methyl acetoacetate, or acetyl-
acetone was also used for the reaction with 2-ethoxy-1,3-
oxathiolane in the presence of ZnCl2 or HgCl2 . The 
reaction proceeded without a solvent at room tempera­
ture, and 1,3-oxathiolane derivatives of the 4 formula 
were isolated. 

/ O x / R 
I c 

\ S / \CH 2COR' 
4 

a : R = C H 3 , R '=OC 2 H 5 

b : R=CH 3 , R ' = O C H 3 

c : R=GHq, R = C H , 

The only product obtained was 4 ; the remainder 
consisted of unchanged starting materials containing 
some resinous matter. Even in runs in which ZnCl2 

TABLE 2. REACTION OF 2-ETHOXY-1,3-OXATHIOLANE 

WITH SOME ACTIVE METHYLENE COMPOUNDS 

2-Ethoxy-1,3-oxathiolane, 45 mmol; Active methylene 
compound, 30 mmol ; Lewis acid catalyst : described in 
individual cases. Reaction conditions : room temperature, 
24 h. 

Active methylene 
compound 

R R' 

Catalyst 
(mmol) 

Product 
(yield/%) 

CH3 

CH3 

CH3 

CH3 

CH3 

OC2H5 

OC2H6 

OC2H5 

OCH3 

CHS 

ZnCl2(7) 
HgCl2(ll) 
FeCl3(6) 
ZnCl2(7) 
ZnCl2(7) 

4aa> (37) 
4aa) (9) 
4aa> (44) 
4bb ) (66) 
4cc> (28) 

a) Bp 131—134°C/25.5 Torr (lit,4) 117°C/20 Torr). 
NMR (CDC13): 5 4.17 (t, 2H), 4.13 (q, 2H), 3.06 (t, 
2H), 2.87 (bs, 2H), 1.72 (s, 3H), 1.25 (t, 3H). b) Bp 
82—83 °C/3 Torr. NMR (CC14) : ô 3.98 (t, 2H), 3.53 
(s, 3H), 2.92 (t, 2H), 2.70 (s, 2H), 1.62 (s, 3H). c) Bp 
74_77°C/2.5 Torr. NMR(CC14): 5 3.94 (t, 2H), 
2.88 (t, 2H), 2.81 (s ,2H),2.02 (s, 3H), 1.51 (s, 3H). 
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TABLE 3. REACTION OF 2-ETHOXY-1,3-DITHIOLANE WITH 

SOME A C T I V E M E T H Y L E N E C O M P O U N D S U S I N G 

THE H g C l 2 CATALYST 

2-Ethoxy-l,3-dithiolane, 33 mmol; Active methylene 
compound, 38 mmol; HgCl2 (or HgBr2) catalyst, 15 
mmol. Reaction conditions : room temperature, 24 h. 

Active 
methylene 
compound Catalyst Product (yield/%) 

R R 

S C0CH a* 
CH3 OC2H6 HgCl2 5aa )(35), \ >H-CH 3 

^ s NCO2C2H5 

(5) 

CH3 OC2H5 HgBr2 5aa) (36), [ 

>-CH 

- S x /C0CH3 a ) 

CH-CM (3) 
S C02C2H5 

,C0CH, 
(0 ,5) 

C0,CH, 

g rnr u a> 

C6H5 OC2H5 HgCl2 5cb)(35), [ W 6 5
 (1) 

^ S x COoCoH, 

r - S v rOCH, a ) 

C6H3 CH3 HgCl2 5da )(30), , /H-CH7 

^ S 7 xC0CH, 
(9) 

-(CH 2) 3- HgCl2
c> 5ed)(7), 

.—s ru f) 
Diacetyl HgCl2 f V 3 < 2 8 ) , 

^ V XC0CH, 

(5) 

r S x H3CS .) 

! C(CH3)-<( (9) 
l--V Xs~-J 

a) The data of these compounds can be seen in the 
literature.^ b) Bp 163—165 °C/2 Torr. NMR 
(GDGI3): ô 7.8—7.2 (m, 5H), 3.93 (q, 2H), 3.46 
(s, 2H), 3.28 (s, 4H), 1.01 (t, 3H). c) Dichloro-
methane was used as the reaction solvent, d) Bp 
134—136 °C/2 Torr (lit,6) 130—136 °C/0.6 Torr). 
NMR (GDGI3): 5 3.30 (s, 4H), 2.87 (bs, 2H), 
2.5—1.9 (m, 6H). e) After the evaporation of 5e 
from the crude product, the residue was column-
chroma tographied on silica gel, using 20% ether-
hexane as the eluent, to afford this product. Mp 
155—156 °G (ethanol) (lit,7) 158—158.5 °G). NMR 
(CDC13): ö 3.28 (s, 8H), 2.71 (bs, 2H), 2.1—1.8 
(m, 6H). f ) Bp 82—84 °C/2 Torr. NMR (CDC13): 
Ô 3.43 (bs, 4H), 2.39 (s, 3H), 1.81 (s, 3H). g) Mp 
83—84 °C (ethanol) (lit,8) 83 °C). NMR (CDG13) : Ö 
3.5—3.3 (m, 8H), 2.03 (s, 6H). 

was employed, none of the product which would arise 
from the intermediate l,3-oxathiolan-2-ium ion was 
detected. O n the other hand, in our previous work5) on 
the reaction of 2-ethoxy-1,3-dithiolane with active 
methylene compounds in the presence of ZnCl2 , the 
exclusive formation of the intermediate l,3-dithiolan-2-
ium ion was observed. When HgCl2 was used instead of 
ZnCl2 , the reaction with the dithiolane proceeded via a 
resonance-stabilized thiocarbonium ion. The formation 
of 1,3-dithiolane derivatives with the formula of 5 in 

this reaction suggests that the coordination of HgCl2 

with the S atom in the 1,3-dithiolane ring is favorable. 
The products obtained in the reaction are summarized 
in Table 3. 

/ S N 

*s/ 

/GOR Hgci2 / S W R 
CH-OC2H5 + CH2 > I C 

\COR r \ S ' \CH2COR / 

a : R = C H 3 , R '=OC 2 H 5 d: R = R ' = C H 3 

b : R = C H 3 , R ' = O C H 3 e : R, R '=- (CH 2 ) 3 -
c : R = C 6 H 5 , R '=OC 2 H 5 

Exper imenta l 

Reaction of 2-Ethoxy-1,3-oxathiolane with Aldehydes or Ketones. 
To a mixture of 2-ethoxy-l,3-oxathiolane (20 mmol) and an 
aldehyde (or a ketone) (20 mmol) in dichloromethane (35 ml), 
we added HgCl2 (or ZnCl2) (4 mmol) at 0—5 °C. The 
mixture was stirred for 16 h at room temperature and then 
poured into a mixture of water and dichloromethane. The 
organic layer was separated, and then it was combined with 
a dichloromethane extract of the aqueous phase. The 
dichloromethane solution was washed with dilute aqueous 
NaHCO s , and then with water, dried over MgS04 , and 
distilled. 

Reaction of 2-Ethoxy-1,3-oxathiolane with Active Methylene 
Compoundes. To a mixture of 2-ethoxy-l,3-oxathiolane 
(45 mmol) and an active methylene compound (30 mmol), 
we added a Lewis-acid catalyst (as is shown in Table 2) at 
0—5 °G. The mixture was stirred for 24 h at room temper­
ature and then worked up as above. 

Reaction of 2-Ethoxy-1,3-dithiolane with Active Methylene Com­
pounds in the Presence of HgCl2. To a mixture of 2-ethoxy-
1,3-dithiolane (33 mmol) and an active methylene compound 
(38 mmol), we added HgCl2 (or HgBr2) (15 mmol) at 0—5 °G. 
The mixture was stirred for 24 h at room temperature and 
then poured into a mixture of ice water and ether. The 
organic layer was separated and combined with an ethereal 
extract of the aqueous phase. The ethereal solution was 
washed with dilute aqueous NaHCOs, and then with water, 
dried over MgS04 , and distilled. The product was further 
purified by column chromatography on silica gel, if necessary 
(the eluent in most cases was 50% hexane-ether). 
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Flavonoids of Polygonum sieboldi and P. filiforme 
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Synopsis. Five flavonoids containing a new flavonol 
glycoside were isolated from Polygonum sieboldi and P. filiforme. 
The structure of the new compound was determined as 
quercetin 3-rhamnoside 2"-gallate by chemical and spectro­
scopic data. 

Many flavonoids have been isolated from Polygonum 
species {Polygonaceae), and we previously reported the 
identification of five flavonoids from P. nodosum Pers.1»2) 
Further investigation of this species has led to the 
isolation of several flavonoids containing a new com­
pound. Two known compounds, quercetin (1) and 
quercetin 3-rhamnoside (2), were isolated from P. 
sieboldi Maxim. (Akino-unagitsukami in Japanese) and 
four known compounds, 1, 2, myricetin 3-rhamnoside 
(3), and quercetin 3-glucoside 2 "-gallate (4), and a new 
flavonoid glycoside (5) were isolated from P. filiforme 
Thunb . (Mizuhiki in Japanese) . The 13C N M R 
spectrum of 5 and the *H N M R spectrum of the T M S i 
ether of 5 (6) were almost identical with that of 4 with 
the exception of the sugar part, which was assignable 
as L-rhamnose from these spectra.3»4) The fragment 
ions of 5 by M S spectrum are assignable as quercetin 
(mjz 302), gallic acid (170), and galloyl group (153). 
The U V spectrum of 5 shows also the presence of a 
substituted hydroxyl group at C-3 of flavonol by 
bathochromic shifts in addition of both NaOAc and 
AICI3-HCI.2 '4) The compound obtained by the 
hydrolysis of 5 with aqueous ammonia was identical 
with 2 by T L C . From the 13C shift values (A<5) of C-2, 
C-3, and CA of rhamnose of 5 having ca. —3.0, + 1 . 0 , 
and —2.0, respectively,3) and the downfield shift of 
H-2 (ô 5.56) of rhamnose of 6 by 1 H N M R spectrum, 
the galloyl group may be at tached to C-2 of rhamnose. 
Accordingly, compound 5 has the structure of quercetin 
3-a-L-rhamnopyranoside 2 "-gallate. The similar 
compound, myricetin 3-a-L-rhamnopyranoside 2"-ga­
llate5) had been isolated some years ago. 

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

Isolation of Flavonoids. By the previous reported pro­
cedure,2) compounds 1 and 2 from P. Sieboldi Maxim., and 
compounds 1, 2, 3, 4, and 5 from P. filiforme Thunb. Com­
pounds 1, 2, 3, and 4 were identified as quercetin, quercetin 
3-rhamnoside, myricetin 3-rhamnoside, and quercetin 3-
glucoside 2"-gallate, respectively, by comparison with the 
TLG and the IR spectra of authentic samples and thier 
acetates. 

Isolation of Quercetin 3-Rhamnoside 2"-Gallate (5). Compound 
5, yellowish plates from MeOH-H 2 0, mp 207—208.5 °C; 
[a]»5 - 1 . 8 (*=0.9, MeOH); Found: C, 50.92; H, 3.94%. 
Calcd for C2 8H2 401 5 .3H20: C, 51.38; H, 4.62%; MS (20 eV) 
m/z 302, 170, and 153; UV (EtOH) : Amax 257 (sh), 267 (e 
27900), and 351 nm (e 16400), ( + A1C18): 276, 303 (sh), and 
432 nm, (+AlCl8-fHCl): 271, 355, and 400 nm (sh), 
(4-NaOAc): 273 and 359 nm; IR (Nujol) : vmmx 3250, 1710, 
1655, 1605, and 1205 cm"1; 13C NMR (25 MHz, DMSO-</6): 
Ô 17.7 (0-6*), 68.6 (C-3*), 70.8 (C-5"), 71.8 (C-2* and 4*), 
93.8 (C-8), 98.5 (C-l"), 98.9 (C-6), 104.1 (C-10), 109.0 (C-2'" 
and 6"'), 115.7 (C-2' and 5'), 119.3 (C-1'"), 120.6 (C-l'), 
121.2 (C-6'), 133.4 (C-3), 138.6 (C-4'"), 145.3 (C-3'), 145.5 
(C-3*' and 5"'), 148.6 (C-4'), 156.5 (C-2), 157.3 (C-9), 161.3 
(C-5), 164.3 (C-7"'), 165.0 (C-7), and 177.5 (C-4). 

TMSi Ether of 5 (6). 1H NMR (100 MHz, CDC13) : 
Ô 0.99 (3H, d, J = 6 Hz, H-6"), 3.4 (IH, m, H-5"), 3.57 (IH, 
t, / = 8 Hz, H-4"), 4.02 (IH, dd, f=S and 2 Hz, H-3"), 5.56 
(IH, t, J = 2 H z , H-2"), 5.66 (IH, d, 7 = 2 Hz, H-l"), 6.26 
(IH, d, 7 = 2 Hz, H-6), 6.37 (IH, d, 7 = 2 Hz, H-8), 6.97 (IH, 
d, 8 Hz, H-5'), 7.23 (2H, s, H-2'" and 6'"), 7.37 (IH, d, 7 = 2 
Hz, H-2'), and 7.51 (IH, dd, 7 = 8 and 2 Hz, H-6'). 

Alkaline Hydrolysis of 5. To 5 (7 mg) were added 0.1 
mol dm - 3 aqueous ammonia (0.8 ml) and MeOH ( 1 ml) and 
the mixture allowed to stand for one day at room temperature. 
From the TLC of the reacting solution, the product was 
identified as quercetin 3-rhamnoside (2) [on silica gel plate; 
solvent, EtOAc-MeCOEt-HC0 2H-H 20, 5 : 2 : 0.1 : 1]. 

We are grateful to Mr . Kozo Shibata, Osaka 
City University, for the measurement of 1 H and 13C 
N M R . 
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"Anomalous" Raman Polarization as Observed in Anthracene Anion 
Etsuko FUJIMOTO, Toshio KAMISUKI, and Shiro M A E D A * 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 
Midori-ku, Yokohama 227 

(Received December 27, 1980) 

An example of " anomalous" Raman polarization is presented by measuring the polarization dispersion of 
a resonant depolarized line of anthracene anion near the first absorption band. The molecular origin of the asym­
metric Raman tensor is discussed on the basis of a vibronic effect associated with the resonant electronic level. 

Anomalous polarization refers to an unusual aspect 
of polarization in vibrational R a m a n scattering, in 
which the depolarization ratio exceeds the normal 
maximum value /t>=3/4 in isotropic media. This oc­
curs when the scattering tensor becomes appreciably 
asymmetric under appropriate resonance conditions. 
Asymmetry of the scattering tensor is by no means 
unusual in the R a m a n transition between different 
electronic states.1) In vibrational R a m a n transitions 
within the non-degenerate ground state, the tensor 
usually has a virtually symmetric form even when 
an asymmetry is claimed from the group theory, 
leading to the well-known rule /o<3/4. 

Deviation from the rule was first demonstrated by 
Spiro and Strekas for the extreme case of p~oo (in­
verse polarization) in cytochrome G and hemoglobin.2) 
This remarkable state of polarization arises from an 
entirely antisymmetric R a m a n tensor, which may re­
ally exist only in molecules with three-fold or higher 
symmetry axes. Namely, the orbital degeneracy of 
electronic excited states contributing to the scattering 
tensor plays an essential role in bringing about the 
antisymmetric tensor. Less striking cases of 3/4</0<oo 
were subsequently found in various porphyrins 
and heme proteins,3) but the tensor asymmetry in 
those systems could be understood in essentially the 
same vibronic scheme as in the original high symmetry 
case. Anomalous polarization of somewhat different 
origin was also found out in I rX 6

2 - , 4 ) where the de­
generacy of the electronic ground state is responsible 
for the tensor asymmetry. 

Now, confining our attention to the usual vibra­
tional R a m a n spectrum in non-degenerate ground state, 
it may be noted that, from the group theoretical point 
of view, the scattering tensor is not always symmetric 
but is rather often asymmetric. Particularly, in lower 
symmetries without any three-fold or higher axes, 
which occur in a majority of organic molecules, the 
tensor of non-totally symmetric vibrations is always 
asymmetric, so that the depolarization ratio is greater 
than 3/4. Such an argument is of little significance 
in ordinary non-resonant R a m a n observations, where 
the antisymmetric part of the tensor almost dies out 
by the nature of wave-functions,5) but may become 
more realistic if an appropriate resonance condition 
is found. An example substantiating this remark has 
been given in a previous study on dehydro annulenes 
of D 2 h symmetry.6) In some point groups, on the 
other hand, tensor asymmetry is also possible for 
totally symmetric vibrations: an example of such a 
type of anomaly was found out very recently in Fe(I I ) -
bis[ 1 - (2'-pyridylmethyleneamino) -2-aminoethane] ion 

of C2 symmetry.7) 
In view of the particular significance of anomalous 

polarization in connection with the vibronic interac­
tion, further experimental evidence should be sought. 
In this context, we take anthracene anion (An - ) as 
a promising candidate, because our previous resonance 
R a m a n study8) of this system recorded a remarkably 
resonant depolarized line at 1466 c m - 1 , which is sup­
posed to be 'anomalous' intrinsically. In order to 
study the behavior of this line more definitely, the 
polarization dispersion has been carefully measured 
near the first absorption band. 

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

Anthracene anion was prepared by bringing anthracene 
into contact with metallic sodium in tetrahydrofuran 
(THF). The Raman spectra were obtained by «10- 3 mol 
dm~3 THF solutions at room temperature. The intensity 
and depolarization ratio of 1466 cm - 1 line were determined 
by the band area, using 914 cm-1 THF line as a standard. 
Since there exists a weak and broad depolarized band of 
THF extending over 1400—1550 cm -1, due correction was 
made by subtracting the contribution from the measured 
area. 

The MGD spectrum was recorded for a A l0 - 6 moldm- 3 

THF solution under the field strength of 104 G. 

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

The whole span R a m a n spectrum recorded by 514.5 
nm excitation is shown in Fig. 1 by the parallel and 
perpendicular scattered components. I t is observed 
that the depolarization ratio of 1466 c m - 1 line is 
slightly but certainly greater than 3/4 even in this 

1600 ITO 1200 1000 800 600 TO 200 

Raman shift/cm-1 

Fig. 1. Resonance Raman spectra of anthracene anion 
in THF solution by 514.5 nm excitation, obtained 
by parallel and perpendicular polarization condi­
tions. Solvent line is marked by *. 
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moderately resonant condition. A partial spectral re­
cord of the interesting region is shown in Fig. 2 for 
some different exciting frequencies; here the dotted 
line indicates the baseline due to the solvent scattering 
as estimated in proportion to 914 c m - 1 T H F line. 
Uniform instrumental sensitivity for the two different 
analyzer settings has been confirmed by measuring 
well-defined depolarized lines of a known sample. 

Since the deviation of p from the normal behavior 

595.0 n m EXCITATION '188.0 n m EXCITATION 457.9 n m EXCITATION 

Raman shift/cm-1 

Fig. 2. Changes in polarization features of 1466 cm - 1 

line by different exciting light frequencies, where the 
dotted line indicates the baseline due to the solvent 
scattering. 

500 600 700 800 

Wavelength/nm 

Fig. 3. Polarization dispersion (O) and excitation pro­
file (A) of 1466 cm - 1 line of anthracene anion in 
THF solution, with the electronic absorption spec­
trum. 

was rather small in the observed region, the meas­
urement was carefully made by repeated scanning 
with an alternating polarization sequence. The p 
values averaged for 6—7 records are plotted in Fig. 
3 against the exciting laser frequency, together with 
the intensity plot and absorption curve. Scatter of 
the data was fairly small, and the composite error 
including the baseline uncertainty is estimated to be 
well within 10%. Although accurate measurement 
was impeded by increasing fluorescence in the more 
interesting region closer to the absorption maximum, 
the depolarization ratio has been verified to increase 
beyond the normal maximum of 3/4 along with the 
intensity, indicating the resonantly increasing tensor 
asymmetry. 

The p value at 457.9 n m excitation is observed 
to be slightly lower than 3/4 in Fig. 3, in contradiction 
to the presumably non-totally symmetric nature of 
1466 c m - 1 mode. This is properly ascribed to the 
effect of a polarized line included in the measured 
area, because such a signal emerges at about 1450 
c m - 1 in the parallel component of 457.9 nm record 
as the result of much reduced resonance effect in 
1466 c m - 1 scattering. This polarized line may be rea­
sonably assigned to an ag mode corresponding to 
1480 c m - 1 of neutral anthracene. 

The polarization dispersion as observed above is 
properly interpreted as due to the vibronic mixing 
that gives rise to a polarization change of the resonant 
electronic transition. In order to see the circum­
stances more precisely, the nature of the relevant 
electronic states has been investigated by a PPP-
SGF-MO calculation and M G D measurement. The 
polarization of each transition predicted by the cal­
culation is consistent with the sign of the observed 
ellipticity [0]M, assuming B-term contributions in the 
M G D spectrum. The results are listed in Table 1 
and the assignment of transitions is shown in Fig. 
3. These results indicate that the first B2 g excited 
state with ^-polarized transition moment has a good 
possibility to vibronically couple with the next B3 g 

states of j/-polarization through b l g in-plane vibrations. 
Then, the b l g R a m a n tensor having the form 

0 ocxy 0\ can be appreciably asymmetric for 

,0 0 0/ 
exciting laser frequencies sufficiently close to the 
first absorption band, because in such a resonant 
condition, the non-zero element is shown to be ap­
proximately represented6) by the predominant term 

as 

TABLE 1. ASSIGNMENT OF ELECTRONIC ABSORPTION SPECTRUM FOR ANTHRACENE ANION 

< 

Abs. spectrum 

Wavelength/nm 

726 
400 
366 
326 

Dbserved transition 

MGD spectrum 

Wavelength/nm 

410 
365 
325 

~S|M 

+ 
— 
_ 

+ 

Wavelength/nm 

822 
485 
344 
294 

Calculated transion 

PPP-SCF-CI 

Symmetry type Direction of polarization 

B2g<—Blu 

B3g^-B lu 

B3g^-B lu 

B2g^-B lu 

X 

y 
y 
X 
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*xy OC-
Mx(djuy/dQJ0 

"e + "R — V + ir ' *yx ' 
Mx(dMy/dQ,)o 
ve—v-\-\r (i) 

Here ju, ve, and r are the moment, frequency, and 
damping factor of the resonant B l u (ground) ->B2g 

transition, vR and Q, a r e the frequency and normal 
coordinate of the b l g R a m a n mode, and v is the laser 
frequency. The depolarization ratio is thus given6) 
by 

5 
' = T + T 

*-xy *yx 

0Cxy-i-0Cy 

' 3 V*' 

16 (ve+\/2vn-v)* + r*' 

(2) 

which is appreciably greater than 3/4 in the resonant 
region. 

Further insight into the origin of the asymmetric 
tensor may be obtained by applying Warshel's model,9) 
which approximately represents the transition moment 
derivative by an assembly of the products of transition 
monopoles qi} allocated to individual atoms, and the 
corresponding components of normal mode vector Da 

dVoldQ= S qiLlo(mpB.)~1/2. ™i'> atomic mass (3) 

The transition monopoles of the first absorption band 
as calculated by PPP-SCF-CI method are shown by 
the circles in Fig. 4. 

Since available vibrational data of the anion have 
been quite insufficient for obtaining Ll<T accurately, 
a normal mode calculation has been made for neutral 
anthracene using the library programs BGLZ and 
LSMB at the Computer Center, the University of 
Tokyo. The calculated R a m a n frequencies are shown 
in Table 2 together with those observed for neutral 
and anion species, the force constants being given 
in Table 3. The vibrational mode of 1466 c m - 1 anion 
line may be properly related to v1& and v17 modes of 
the neutral molecule, which are shown in Fig. 4 by 
calculated atomic displacements. The M O calcula­
tion suggests that the anion mode is more closely 
allied to the neutral v1Q mode, because the change 

VT7 

Fig. 4. Transition monopoles of the resonant An~ tran­
sition and the atomic displacements of b l g modes 
of anthracene related with 1466 cm - 1 An~ mode. 
Open and hatched circles designate positive and 
negative transition monopoles respectively, li'—fl 
gives the change of transition dipole. 

in bond order from neutral to anion predicts a down­
shift of v16 as large as 87 c m - 1 in contrast with only 
3 c m - 1 up-shift of v17. Then, by putt ing the v1Q neu-

TABLE 2. ASSIGNMENT OF RAMAN SPECTRA 

FOR ANTHRACENE 

Calcda) i'/cm-

a g " i 
v2 

"3 

"4 

"5 

"6 

"? 

"8 

"9 

"lO 

*'ll 

"12 

b l g "13 

"14 

"15 

"16 

"17 

"18 

"19 

"20 

"21 

"22 

"23 

Neutral 

3089 
3087 
3085 
1575 
1472 
1405 
1257 
1145 
1013 
737 
665 
373 

3092 
3086 
1669 
1570 
1346 
1232 
1173 
1093 
903 
544 
405 

1 Obsd i'/cm-

Neutral 

GG14 soin10) 

1561 
1479 
1406 
1260 
1164 
1006 

394 

1634 

1183 

523 

a) UBFF modified by taking into 

-i 

s 
Anion 

Grystal11) THF soin8) 

1556 s 
1480 s 
1400 s 
1264 vs 
1164vs 
1007 vs 
754 vs 
625 w 
397 vs 

1632 s 
1574 w 
1346 w 
1273 w 
1187vs 
1102 w 
903 w 
521 vs 

account the 
bution of resonance of 4 Kekulé structures. 

TABLE 3 

Stretching 

Deformation 

Repulsion 

. FORCE 

K(Ci 
K(C, 
K(C3-
K(Ct-
K(C,-

1545 
1450 
1363 
1234 
1153 
1024 
738 

390 

1466 

contri-

CONSTANTS F O R A N T H R A C E N E 

:Ä) 
-c.) 
-C) 
-c.) 
-c,) 

K(C-H) 

H(C-
H(C-

F(CV 
F(C2-
F(C3-
F(CV 
F(C2-
F ( C 

Kekulé constant 

13 I 
E r ^ N ^ 

3 
v ? ^ ^ \ t 

-C-C) 
C-H) 

-0.) 
••Q) 

••c.) 
• •C7) 
••C14) 
•H) 

5.0 mdynÂ - 1 

4.3 
6.1 
4.4 
4.4 
4.8 

0.30 
0.20 

0.70 
0.45 
0.45 
0.45 
0.45 
0.35 

0.30 
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tral mode in place of the 1466 c m - 1 anion mode, 
we can trace the ultimate source of the off-diagonal 
tensor elements, Eq. 1, to the wagging motion of 
Blu—»B2g transition moment nx, which mostly comes 
from the rotational motion of the four equivalent 
carbon atoms at 3, 6, 10, and 13 positions which carry 
the predominant transition monopoles. 

"Anomalous" polarization as reported above is by 
no means a unique occurrence theoretically, but should 
be observed quite generally as long as it is measured 
under well-resonant conditions. Nevertheless, it seems 
still worth investigating in view of its particular sig­
nificance in studying the vibronic interaction in com­
plex molecules. 

The authors wish to thank Professor Makoto Miwa 
and Dr. Tomoko Komiyama of Seikei University for 
providing the facilities of M C D measurement. 
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l-Chloro-l,3-butadiene Copolymers. III. Reactivity of 1-Chloro-
1,3-butadiene in Radical CopoJymerizations 
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Department of Chemistry, Kyoto Institute of Technology, Matsugasaki, 
Sakyo-ku, Kyoto 606 

(Received November 14, 1980) 

Radical copolymerizations of l-chloro-l,3-butadiene (CB) were carried out with styrene (St), 1,3-butadiene 
(Bd), or chloroprene (Cp) in toluene at 70 °C by AIBN. The monomer reactivity ratios are found as follows: 
rCB= 1.21 ±0.10, r s t=0.10+0.03; rC B=0.27±0.02, rB d=0.56±0.03. Gopolymerization of CB and Cp show­
ed CB was much less reactive than Cp. The Q,and e values of CB were calculated to be 3.13 and +0.65, respec­
tively. ^ N M R and IR of poly(CB-co-St) showed 60% of CB units are of 1,4-configuration and the rest 3,4-
configuration. 

On the polymerization of 1-chloro-1,3-butadiene 
(CB), only a few papers1 - 4) have been published up 
to now, while there have been so many works relevant 
to polychloroprene. This difference is probably due 
to their industrial significance. Garothers studied the 
polymerizations of 1,3-butadiene, chloroprene, and CB 
in the course of his research to synthesize a new syn­
thetic rubber.1) Klebanskii et al?) briefly reported 
the polymerizations of CB and 1-bromo- 1,3-butadiene. 
Winston and Wichacheewa carried out the radiation-
induced copolymerization of CB and styrene, and 
reported the monomer reactivity ratios.3) They claim­
ed all the CB units in the polymer are of 1,4-configu-
ration.3) However, in our previous studies on the 
polymer reactions and physical properties of GB-buta-
diene and GB-styrene copolymers,4-7) it was pointed 
out that the CB units carried two different kinds of 
chlorine in their reactivity, suggesting the coexistence 
of two configurations of the CB unit, i.e., 1,4- and 
3,4-microstructures.5-7) 

In the present work, the reactivity of CB in radical 
polymerizations was determined relative to styrene, 
1,3-butadiene or chloroprene, and the microstructure 
of CB units was analyzed by spectroscopic methods. 
This study will provide fundamental data of much 
importance in the syntheses and chemical modifica­
tions of CB copolymers. 

Exper imenta l 

Materials. 1-Chioro-1,3-butadiene (CB) was prepared 
according to the method of Heasley and Lais.8) The prod­
uct was distilled twice just before use: bp 65—67 °C (lit,8) 
65—68.5 °C), yield 40%. Purity by GLPC was above 
98%. Commercial 1,3-butadiene (Bd) was purified by the 
method previously reported.9) Chloroprene (Cp) was dis­
tilled twice under a reduced pressure. Its purity by GLPC 
was 99.7%, and the trace amount of impurity (below 0.3%) 
was CB. Styrene (St), 2,2'-azobisisobutyronitrile (AIBN), 
toluene, and ethylbenzene were purified according to the 
usual procedures. As low mol-wt model compounds for 
CB units in the polymer, l-chloro-2-butène (1, for the 1,4-
microstructure) and 1-chloro-1 -butène (2, for the 3,4-mi-
crostructure) were subjected to *H NMR measurements. 
The compound 2 was prepared by the method of Henne 
et a/.,10) and 1 was commercially available from Tokyo Kasei 
Kogyo Co., Ltd. Both were purified by repeated distil­
lations. 

Polymerization Procedures. Monomers, AIBN, and 
toluene were introduced into a glass ampoule. The ampoule 

was connected to a vacuum system, and was subjected to 
degassing, followed by the sealing in vacuo. When Bd was 
used as monomer, it was introduced into the ampoule by 
the vacuum distillation method. The ampoule was placed 
in a bath maintained at 70 °C and rotated at a speed of 
24 min -1. In the copolymerization of CB and Cp, the reac­
tion was conducted under a nitrogen atmosphere and aliquots 
of the polymerization solution were withdrawn by a 
syringe at fixed time intervals. The aliquots then were 
mixed with acetone containing ethylbenzene as an internal 
standard for GLPC (carrier flow gas, hydrogen: column; 
LP 84, 65 °C). 

Analyses of Polymers. IR and 1H NMR spectra were 
measured on a Hitachi IR Spectrophotometer 215 and a 
Varian T-60A Spectrometer, respectively. Viscosity meas­
urements were carried out in toluene using an Ubbelohde 
viscometer at 25.9 °C for the CB-Bd copolymer and at 
30 °C for the CB-St copolymer. Copolymer compositions 
were determined by elemental analysis and/or XH NMR. 
Monomer reactivity ratios (MRRs) were calculated by the 
Fineman-Ross method. 

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

Stability of CB Copolymers. The stability of poly-
(CB-co-Bd)s obtained by emulsion polymerization has 
been reported.7) According to the results, the allylic 
chlorine in these CB-Bd copolymers was easily hydro-
lyzed to give a hydroxyl group because they were 
produced in an aqueous medium.7) T h e CB copoly­
mers obtained in toluene solution also contain allylic 
chlorines as will be described later in this paper. How­
ever, these polymers were produced under non-aqueous 
conditions, and could be kept unchanged for a few 
months. Table 1 shows the change of poly(CB-co-
St) with standing time. Oxygen was detected from 
the CB copolymers obtained by emulsion polymeriza-

T A B L E 1. 

Standing 
timeb) 

d 

ELEMENTAL ANALYSIS OF poly(CB-co-St)a) 

G ( % ) H ( % ) C l ( % ) Total (%) 

10 
50 

100 
(Calcd)c) 

76.30 
77.25 
76.81 

(77.59) 

6.21 
6.83 
6.60 

(6.51) 

15.60 
15.38 
14.95 

(15.90) 

98.11 
99.45 
98.36 

(100) 

a) Polymer sample No. 3 in Table 2. b) Time in day 
after the polymerization. c) Calculated values for 
poly(CB-co-St) whose CB content is 43.9 mol%. 
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tion,7) but it is not the case for the poly(GB-co-St) 
by solution polymerization as indicated in Table 1. 
While the found values of G, H , and Gl contents were 
in good agreement with the theoretical ones even 
after the storage for 100 d, these polymers began to 
color slightly and became darker with time in several 
months. Therefore, all the copolymer samples were 
treated in a few months after the polymerization. 

Copolymerization of CB with St or Bd. Elemental 
analysis is applicable to the composition determination 
of many copolymers. The compositions of GB-St and 
GB-Bd copolymers were determined by the elemental 
analysis of chlorine. In case of GB-St copolymers, 
their XH N M R spectra also allow us to evaluate the 
compositions since the phenyl protons of St units 
in the copolymer appear separately from the others 
at a lower field as shown later in Fig. 3. Table 2 
shows the results of composition determination of poly-
(CB-co-St) both by elemental analysis and by 
1 H N M R . A very good agreement was found between 
the compositions obtained by two methods. Thus, 
1H N M R was equally employed to determine the com­
position of GB-St copolymers. 

T h e copolymer composition curves, A for poly(CB-
co-St), and B for poly(GB-co-Bd), are shown in Fig. 
1. The times of polymerizations were adjusted to 
get the conversions below 10% so that Mayo-Lewis' 

T A B L E 2. COMPOSITION DETERMINATIONS OF 

poly(GB-co-St)sa) 

Monomer feed CB in copolymer 
N o (mol%) Conversion (mol%) 

o/ 
CB St ! H N M R Anal.*) 

1 100 0 17.8 100 
2 50 50 16.7 64.2 66.7 
3 25 75 25.2 43.6 43.9 
4 15 85 29.6 27.9 28.0 
5 0 100 89.6 0 

a) [Monomer] = 4.0 M, [AIBN] =0.02 M; temp, 70 °C; 
time, 86 h. (1 M = 1 mol dm~3) b) From elemental 
analysis of chlorine. 

Mole fraction of CB in monomer feed 

Fig. 1. Copolymer composition curves for CB-St(A) 
and CB-Bd(B). [Monomers] = 4.0 M, [AIBN] = 0.02 
M; solvent, toluene; temp, 70 °C. 

equation could be used to evaluate the M R R s . From 
the experimental points in Fig. 1, M R R s were given 
as follows: 

Copolymerization of CB (Mj) and St (M2), 

rx = 1.21±0.10, r2 = 0 .10±0 .03 ; 

Copolymerization of CB (Mj) and Bd (M2), 

H = 0 .27+0.02, r2 = 0 .56±0 .03 . 

T h e solid lines in Fig. 1 are calculated ones from 
these values and fit well with the experimental points. 
Q and e values for CB were evaluated from the M R R s 
with St as follows: 

d= 3.13, e= + 0 . 6 5 . 

The same values from the copolymerization with Bd 
were (£ = 1.01 and £ = + 0 . 3 3 . These values are un­
derstandable because CB is a conjugated diene and 
has an electron-withdrawing chlorine. The composi­
tion curve, B, in Fig. 1 is of an inversed sigmoid shape, 
which suggests an alternating tendency for GB-Bd 
pair. Since Bd has a negative e value (—1.0511)), 
the positive e value obtained for CB is in conformity 
with the observed alternating tendency. 

Copolymerization of CB with Cp. Both CB and 
Cp are diene monomers of the same molecular for­
mula. Consequently, it was difficult to determine the 
composition of the copolymer accurately by elemental 
analysis or 1H N M R . Here, in order to compare 
the reactivity of the two monomers, the consumptions 
of monomers with the time of polymerization were 
determined by GLPC. Figure 2 shows the amount 
of residual monomers plotted against time of poly­
merization. Curves A and B indicate the decreases 
of CB and Cp in their homopolymerizations, respec­
tively, and Cp was found to be polymerized faster 
than CB under the present conditions. Curves C 
and D show the decrease of CB and Cp in their copoly­
merization. Again Cp was consumed faster than CB, 
but the difference in their consumption rates is less 
enhanced in the copolymerization where both polymer 

0 50 100 

Time/h 

Fig. 2. Monomer consumption curves of CB(A, C) 
and Cp(B, D) in the homopolymerizations (A, B) 
and the copolymerization (C, D). Solution polymer­
izations in toluene at 70 °C: [AIBN] =0.04 M. Curve 
A; [CB] = 5.4M; curve B, [Cp] = 5.4M; curves C 
and D, [CB] = [Cp]=2.7 M. 
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radicals derived from GB and Gp are responsible for 
the propagation. Since the conversions from the 
weights of the resultant polymers agreed with those 
from monomer consumptions within the experimental 
error, it can be concluded that Gp is more reactive 
than GB in radical polymerization. This result is in 
accord with the reported difference in the reactivity 
between Gp and Bd (rC p=3.41 and r B d =0.059 , or 
rC p=2.86 and r B d = 0 . 0 ) n ) together with the compa­
rable reactivity of GB with Bd described in the previous 
section. 

Combining all the results of the polymerizations 
described above, we can propose the order of the 
monomer reactivity as follows: 

C p > C B ~ B d > St. 

It has not been reported the successful synthesis of 
a new diene rubber containing chlorine by the co-
polymerization of Gp and Bd, probably because of 
the difference in their reactivities.11) Now, CB is 
found to be a good candidate as a comonomer of Bd 
to synthesize a butadiene rubber containing chlorine. 
In fact, the emulsion copolymerization of GB and Bd 
was previously reported,4) and the product is feasible 
for various chemical modifications due to allylic reac­
tive chlorine.6»7»12) 

Intrinsic Viscosity of CB Copolymers. T h e three 
CB copolymers obtained in toluene were all soluble 
in toluene, and no insoluble fraction was found. In 
other words, the gelation did not occur in solution 
polymerizations, while it did occur and some insoluble 
parts were found in emulsion copolymerizations.4) In 
Table 3 is shown the intrinsic viscosity of poly(GB-
co-Bd)s prepared at various monomer feeds. The vis­
cosities listed in Table 3 were much lower than those 
of the copolymers obtained by emulsion polymeriza­
tion ([^] =2.5—5.5).4) In addition, the viscosity of 
poly(CB-co-Bd) decreases with the increase of GB 
content in monomer feed. This tendency was also 
observed in poly(CB-co-St)s, the intrinsic viscosities 
of which were in the range of 0.15 to 0.30. GB mono­
mer seems to be subject to monomer transfer reaction. 

It is reasonable to get lower mol-wt copolymers 
by solution polymerization than by emulsion poly­
merization, because in the micelle the monomer can 
be regarded as being at the state of bulk and it is di­
luted in the solution. The produced polymer con­
taining diene units is also more diluted in solution 
polymerization, and this fact could contribute to the 

TABLE 3. INTRINSIC VISCOSITY OF poly(CB-co-Bd)a) 

No. 

1 
2 
3 
4 
5 

CB in 
monomer 

(mol%) 

0 
20 
40 
65 
85 

Conver­
sion 

% 

21 
15 
17 
16 
16 

CB in 
copolymer 

(mol%) 

0 
25 
42 
57 
70 

Mb> of 
copolymer 

dm3 g_1 

0.163 
0.111 
0.109 
0.081 
0.069 

a) Polymerization conditions : [monomer] = 2.5 M, 
[AIBN] = 1.25X10-2 M ; solvent, toluene; temp, 70 °C; 
time, 40 h. b) Measured in toluene at 25.9 °C. 

absence of gelation. 
Microstructure of CB Unit. Four kinds of micro-

structures are possible for GB units in the polymer: 

CI 

-CH 

:i 

ÜH-CH-

CH=CH2 

1,2 

[ CH2-
\ / 2 

CH=CH 

-CH 2 -CH-

CH=CH 

CI 
3,4 

CI 

-CH 
XCH=CH 

N CH 2 -
cis-1,4 trans-1,4: 

In the I R spectra of poly(GB-co-St), any peak as-
cribable to vinyl group (ca. 920 cm - 1 ) was not ob­
served. In Fig. 3, ! H N M R spectra of poly(St) (A), 
poly(GB) (B), and poly(GB-co-St) (G) are indicated. 
The peak due to olefinic methylene protons in the 
region of ca. 3.8 p p m is not observed. These two 
experimental findings suggest the absence of 1,2-micro-
structure in poly(GB-co-St), and its absence confirms 
the reluctance of 1,2-disubstituted olefins to polymer­
ize,13) because GB is involved in 1,2-propagation reac­
tion as a 1,2-disubstituted olefin. Considering the 
spectra of model compounds i.e. 1 and 2, an assignment 
of the peaks in 1H N M R was made as listed in Table 
4. I t is noticeable that the protons of GB units are 

Fig. 3. *HNMR of polystyrene (A), poly(CB)(B), and 
poly(CB-co-St)(C) produced in toluene in the pres­
ence of AIBN. 

TABLE 4. ASSIGNMENT OF 1H NMR PEAKS IN 

poly(CB-co-St) 

Symbol Assignment 

7.35 6.40 Phenyl proton (5H) in St 
6.20 5.85 Olefinic proton (1H) geminal 

to chlorine in 3,4-CB 

5.85 5.10 Olefinic proton in 1,4-CB (2H) 
and in 3,4-CB vicinal to 
chlorine (1H) 

4.40 3.80 Methyne proton ( 1H) in 1,4-CB 

3.20 1.10 Methyne proton in 3,4-CB 
(1H) and in St (1H), meth­
ylene proton in 1,4-CB (2H), 
in 3,4-CB (2H), and in St 
(2H) 
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subject to shielding to the higher field when GB units 
are incorporated in the copolymer with St. Similar 
shifts were observed in Bd-St and methyl methacry-
late-St copolymers,14^ and this shielding effect has 
been interpreted in terms of the magnetic anisotropy 
of the phenyl group in St units. Therefore the ob­
served shift may indicate that this poly(GB-co-St) 
is the true copolymer instead of the mixture of the 
homopolymers. 

According to the assignment, the peak, a, is due 
to St units and the peaks, b , c, and d, are due to GB 
units, and the composition of poly(GB-co-St) was eval­
uated as shown in Table 2. Additionally, mol % of 
1,4- and 3,4-microstructures could be evaluated from 
1 H N M R , though eis and trans was not distinguishable. 
The results are shown in Table 5. We may conclude 
that in poly(GB-co-St) 60-mol% GB units are always 
of 1,4-configuration regardless of their contents, and 
the rests are of 3,4-configuration. This conclusion 
is in agreement with our previous estimation5-7) from 
polymer reactions, while it is contrary to the result 
by Winston and Wichacheewa3) who reported that 
all the GB units were of 1,4-configuration based on 

TABLE 5. MICROSTRUCTURE OF CB UNIT IN 

poly(CB-co-St)a> 

(mol%) 

100 
87 
77 
73 
64 
54 
52 
39 

1,4 

66 
55 
57 
60 
57 
66 
59 
70 

3,4 

34 
45 
43 
40 
43 
34 
41 
30 

a) Polymerization in toluene by AIBN at 70 °C. b) 
Mol% of CB unit in copolymer. 

the results of the elimination reaction of hydrogen 
chloride from the poly(GB-co-St) obtained by the 
radiation-induced bulk copolymerization. Since both 
poly(GB-co-St)s were prepared by the radical poly­
merization, two copolymers have presumably almost 
the same microstructure. This discrepancy remains 
unsolved, but we suppose that their result is ques­
tionable due to the complex reactions following the 
hydrogen chloride elimination. 
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The penetration of an anthraquinoid acidic dye into the micelle of a cationic surfactant, hexadecyltrimethyl-
ammonium bromide (HTAB), was studied kinetically by the stopped-flow method. The rate-determining step 
of this process was considered to be the dye reorientation from the micelle surface to its core. The apparent rate 
constants, k&pp, of the dye penetration were determined by the first-order kinetics. The k&pp values were a func­
tion of the surfactant micellar concentration. Above a certain micellar concentration (CMC) the k&pp values 
become constant. The constant £app was about 0.37—0.38 s_1 regardless of the total dye concentration. In 
the lower micellar concentration, there was a linear relationship between the £app value and the number of the 
dye molecules which penetrated into a single micelle, n. This n was one of the factors which governed the 
dye penetration process. 

Although the static properties of surfactant micelles, 
of their solubilization and of their interaction with 
organic compounds have been investigated extensively, 
only a few kinetic studies have been reported, prob­
ably due to the difficulty of measuring such rapid 
reactions. The development of modern techniques of 
analyzing fast reactions, such as the stopped-flow, the 
temperature-jump, the pressure-jump, and the ul­
trasonic relaxation methods, made it possible to dis­
cuss the kinetics of the micelle formation and dis­
sociation.1) Kinetic studies of the dye penetration 
into micelles have been reported recently.2-4) 

The micelles are in a dynamic equilibrium with 
themselves. The relaxation times obtained by the 
above techniques lead to the conclusion that there 
are at least two relaxation processes. The slower 
process is the micelle formation and dissociation, and 
its relaxation times are calculated to be about 10~2 

s from the results of the temperature- and/or the pres­
sure-jump experiments.5) The faster one is the ex­
change of surfactant monomers between the aqueous 
and the micellar phases, and its relaxation times are 
estimated as 10~6 s by the ultrasonic relaxation meth­
od.6) Since the micellization processes were faster 
than the dye penetration into micelles, these effects 
would be negligibly small in the kinetic study of the 
dye penetration.2 - 4) 

The kinetic studies of the dye penetration have 
been carried out by using ionic dyes with opposite 
charges to that of the surfactants, by the stopped-
flow method.2 - 4) In all cases, the apparent rate con­
stants, which were calculated assuming a first-order 
reaction, increased with the increase in surfactant 
micellar concentration, and subsequently became con­
stant. The mechanism at the lower micellar con­
centration was not discussed in detail, probably because 
of some complicated and unknown factors. In the 
region of constant £app values, the mechanism was 
simplified, since these factors can be neglected. Thus, 
the discussions have been concentrated on this region.7) 

In the present paper, the rate constants of the pen­
etration of an anthraquinoid acidic dye into cationic 
micelles were determined by measuring the change 
of dye absorbance, using the stopped-flow method. 
The main purpose is to develop a reasonable mech­

anism. The problem in the lower micellar concen­
tration is discussed in detail, referring to the spec­
troscopic data8) on the dye-surfactant system used in 
this study. 

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

Materials. Hexadecyltrimethylammonium bromide 
(HTAB), was obtained from Tokyo Kasei Industries Go. 
Ltd., and purified by recrystallizing from ethyl acetate 
containing 10 vol% ethanol and vacuum-drying at 80 °G. 
The CMC was determined to be 9.7 X 10-4 mol dm"3 by 
conductometry. 

The dye, which was synthesized from the same process 
as used in a previous work,4) has the structure shown in 
Fig. 1. The dye was paper-chromatographically pure, and 
the interaction among the dye molecules themselves was 
negligible spectrophotometrically in the concentration range 
used in this study. 

0 NHo 

S0,Na 

o NHSO 2 - /Q VNH2 

Fig. 1. Structure of an anthraquinoid acidic dye. 

(a) 

(f) 

J 
fT] [71 

U-—I-

l 
(j) 

(k ) 

t= & 

(1) 

(h) 

(m) 

( i ) 

Fig. 2. Block diagram of RA-1100 and RA-108S sys­
tems. 
(a) : N2 gas, (b) : electromotive valve, (c) : pushing 
syringe, (d) : sample syringes, (e) : mixing cell, (f ) : 
monochromator, (g) : optical cell, (h) : photomultiplier, 
(i) : DC source, (j) : trigger circuit, (k) : digital memory 
RA-108S, (1): oscilloscope, (m): X-Y recorder. 
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Apparatus. The stopped-flow apparatus was a Fast 
Reaction Analyzer RA-1100 of Union Scientific Eng. 
Co. Ltd.. Its block diagram is shown in Fig. 2. The 
reagents were forced by a pressure of ca. 0.3 MPa into the 
optical cell, whose path was 10 mm, through a four-jet mix­
ing cell. The mixing was established within 1 ms. The 
dye absorbance change at 547 nm against time was stored 
in the digital memory apparatus (RA-108S), and subsequent­
ly displayed on an oscilloscope or recorded on an X-Y re­
corder. During the experiment, the cell temperature was 
controlled by circulating water at 30 ±0.5 °C. 

Methods. The sample syringes A and B were filled 
with a given concentration of dye solution and a certain 
concentration of the surfactant solution above CMC, re­
spectively. The results were analyzed by first-order kinetics. 

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

Some typical spectra of the dye in H T A B solution 
are shown in Fig. 3. T h e two characteristic bands 
at 510 and 547 n m are called a- and ß-bands, respec­
tively. The a-band appeared in absence of HTAB. 
In the presence of a sufficient amount of HTAB, the 
a-band changed to the ß-band, indicating that dyes 
interacted with surfactants and/or micelles. The fact 
that the absorbance of both a- and /?-bands increased 
in proportion to the dye concentration proved that 
there was no dye-dye interaction. The spectrum of 

0.8 

0.4 

0 1 

-

1 

ct / 

1 

i 

\ ( a ) 

1 1 

\ (b> 

\ \ 1 

450 650 

X/nm 

Fig. 3. Typical dye spectra. 
(a) In absence of HTAB, (b) in presence of 10 mmol 
dm - 3 of HTAB. The dye concentration is 0.1 mmol 
dm-3. 

TABLE 1. MIXING CONDITIONS AND RESULTS 

Run 
A solution B solution 

mmol dm - 3 mmol dm - 3 

Mixed 
solution 

mmol dm - 3 

Dynamic abs. 
change 

Dye 0.2 
HTAB 20 

Water 
Water 

Dye 0.2 HTAB 2 

Dye 0.1 
HTAB 1 HTAB 20 

Dye 0.1 
HTAB 10 
Dye 0.1 
HTAB 1 
Dye 0.05 
HTAB 10.5 
Dye 0.1 

5 Dye 0.2 HTAB 20 g ^ j j 

None 
None 
Increase 

slightly 
Increase 

greatly 
Increase 

greatly 

the dye which had interacted with surfactants and/ 
or micelles was similar to that the dye dissolved in 
methanol or acetone. These results lead to the in­
ference that dyes are located in a methanol- or acetone­
like atmosphere of the micelle core near the micellar 
surface. This is in agreement with the result of 
Sepulveda.9> 

After mixing solutions of dye and surfactant, the 
system was followed by the absorbance at 547 nm; 
the results are listed in Table 1. Then, the time 
scale for observation of absorbance change against 
time changed from 10 ms to 50 s in all the Runs. 
I t was difficult to determine the rate constant in Run 
3, since the absorbance change was very slight. O n 
the contrary, appreciable changes were observed in 
Runs 4 and 5, and both the absorbance changes were 
nearly the same. 

We have some data on the interaction between 
H T A B and the dye.8> At first, the dye forms with 
H T A B an insoluble 1:1 salt (DS). The salt is re­
solved by further addition of H T A B below CMC, 
and the concentration of resolved salt is a linear func­
tion of that of HTAB. Thus , the authors assume 
that the dye forms a small complex with HTAB. The 
slope of the straight line shows that the complex con­
sists of a single dye and three H T A B molecule. 
Moreover, the complex (DS3) has similar spectroscopic 
characteristics, i.e. similar shape of the absorption 
curve and wavelength of maximum absorption (547 
nm) , to those of the dye which penetrated into mi­
celles. Above C M C , the absorbance at 547 nm in­
creases more intensively with the increase in the con­
centration of HTAB, and finally becomes constant. 
This absorbance is regarded to be caused by the dye 
penetration into the micelles. The magnitudes of the 
absorbances at 547 nm of both the complex below 
C M C and the dye which penetrated into micelles 
are proportional to the concentration of the dye, 
but the molar extinction coefficients are different, as 
shown in Table 2. T h e authors assume that the 
dye forms a complex with H T A B in the bulk of solu­
tion prior to the penetration in the mixing experiment. 
Consequently, the following sequence was proposed; 

D + S > DS -» DS, •* D r 

where D m refers to the dye which penetrated into 
the micelles. Here, the process to forms DS 3 from 
DS would be very fast, because there exists a larger 
amount of D S 3 in R u n 3 a short time after mixing. 
Accordingly, the process to form D m from D S 3 will 
be the rate-determining step in the above sequence. 
If the dye penetration was established by the accu-

TABLE 2. MOLAR EXTINCTION COEFFICIENTS 

OF THE DYE 

State of dye 

Hydrated (D) 
Complex (DS3) 
In micelle (Dm) 

s at 547 nma> 
dm3 mol - 1 cm - 1 

4470 
7870 
9620 

a) Ref. 8. 
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mulation of H T A B molecules around DS 3 (refers to 
the induced micellization),2) the rate would be com­
parable to the micellization from the H T A B mono­
mers. But, the relaxation in this study is much slower 
(about 10 s) than the micellization. A more reason­
able model is though to be the adhesion of D S 3 to 
the micelle surface. At first, DS 3 diffuses onto the 
micelle surface, then the dye reorients into the inner 
hydrophobic portion of the micelle. T h e diffusion 
coefficient of DS 3 would be larger than that of H T A B 
micelle; it was estimated to be about 1 0 - 6 c m 2 s _ 1 by 
the Polarographie measurements.10) Thus , as the dif­
fusion process of DS 3 onto the micelle surface is also 
expected to be fast, it is not the rate-determining 
step. O n the micelle surface, H T A B molecules in 
DS 3 may be replaced by that in the micelle and in 
the bulk in a short time.11) Therefore, the dye would 
be in the state of D S 3 or a naked state in a dynamic 
equilibrium. As a result, the reorientation mention­
ed above is the most probable rate-determining step. 
The previous work4) showed that the salt addition 
accelerated the reaction, probably due to the reduc­
tion of the surface potential of the micelle, and it 
supports the above assumption. During the dye pen­
etration, the momentary fluctuation in the physical 
properties of the micelle, such as the aggregation 
number, can be neglected, because the micelle equi­
librates much faster than the dye penetration.11) 

A reformed sequence for evaluating the apparent 
rate constants is proposed: 

k 

DSa D s D n 

where D s , k, and h! refer to the dye which exists on 
the micelle surface in the state of DS 3 and/or a naked 
state, and to the rate constants of the forward and 
backward reactions, repectively. The authors postu­
late similar extinction coefficients for DS 3 in the bulk 
and D s , since the atomosphere of the dye chromo-
phore of D s is not so different from that of DS 3 . T h e 
rate equation is expressed as 

~ " ^ " = X ; [ D s ] ~ ^ [ D m ] - ( 1 ) 

In the adsorption process prior to the dye reorienta­
tion it is assumed that the dye exists predominantly 
on the micelle surface and that [DS3] in the bulk 
is negligible; thus the equilibrium constant is ex­
pected to be about 104 according to the previous 
paper.*) Since [Dm] = [ D ] 0 - [ D 8 ] , and Ä [ D 8 ] e = * ' x 
[ D m ] e at equilibrium, Eq. 1 is converted to Eq. 2 : 

An integration of Eq. 2 with respect to time yields 

[D 8 ] - [D 8 ] e [D]0 
In 

[D]o-[D8] e C D l o - C D J . * 1 " " * ^ 
(3) 

where [Ds] and [Dm] are the concentrations of the 
adsorbed dye on the micelle surface and of the dye 
penetrated into the micelle, respectively, and [D] 0 

stands for the total concentration of the dye, and the 
subscript e refers to equilibrium. 

Figure 4 shows the typical reaction curve. Ab-

0.04 

Fig. 4. Typical reaction curve. 

sorbance increased with elapsed time, and subsequently 
flattened out. The total absorbance change (A^40) 
is in proportion to the amount of the dye which pen­
etrated into the micelle at equilibrium ([D m ] e ) , and 
LA refers to that during the relaxation process 
( [D m ] ) . The subtraction of AA/AA0 from unity yields 

LA [Dm] = [D s ] - [D s ]e 
AA0 [Dm] e [D] 0 - [D s ] e 

(4) 

Therefore, the logarithm of Eq. 4 is the same as the 
left-hand side of Eq. 3. The apparent rate constants, 
k&pv, were calculated by Eqs. 3 and 4. The A:app 

values increased sharply with the increase in the 
surfactant concentration above C M C , and subsequently 
became constant, as shown in Fig. 5. The £app had 
the same values regardless of the total dye concen­
tration at high concentration of micellar surfactants. 

At lower micellar concentration, some complicated 
factors may take par t in the reaction. In papers 
by other workers,2»3) there has been little explanation 
about the results obtained in this region. In our 
previous work, [D s ] e values were determined.8) The 
A:app values were recalculated in consideration of 
[D s ] e ; these are connected by the dotted lines shown 
in Fig. 5. This treatment lowers A:app values to some 
extent, but no interesting result is obtained. Con­
sequently, the [D s ] e values slightly affect A:app values. 
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Fig. 5. Plots of £app against HTAB concentration, [G]0 

•••••••: [D]0=0.05mmoldm-3 , —O 
dm - 3 . 
[DJ e are connected by dotted line. 

0.1 mmol 
Recalculated A;app values in consideration of 
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As one additional factor, the [D s ] e value induces 
the number of the dye molecules which penetrate 
into a single micelle, n. T h e n value shown in Fig. 
6 was obtained use of the following equation: 

tf([D]o-[DJe) 
n = [ C ] 0 - C M C 

(5) 

where N is the aggregation number of H T A B micel­
les,1) and [G]0 stands for the total H T A B concen­
tration. The n decreased with the increase in the 
H T A B concentration until n attained unity. T h e n 
value is not actually less than unity even in the higher 
H T A B concentration, where there are micelles con­
taining a single dye and those without dye. The 

C0/mmol dm~3 

Fig. 6. Plots of the number of dye penetrated into a 
single micelle (n) vs. HTAB concentration, [G]0. 
••••••••• [D]0=0.05mmoldm-3 , . . .(>••: 0.1 mmol 
dm - 3 . 

0.35h 

Fig. 7. Relation between A:app and n. 

dm - 3 . 
[D]0=0.05 mmol dm"3, • •. O• • • : 0.1 mmol 

£app becomes constant at the same H T A B concen­
tration for which n is unity. Moreover, in the lower 
H T A B concentration, there is a linear relationship 
between the £app and the n value, as shown in Fig. 
7. This suggests that the n value is one of the factors 
which govern the rate-determining step of the dye 
penetration. When n is unity, a single dye molecule 
reorients into a single micelle without any interac­
tion with the other dyes. Then, the dye mortion 
seems to be dominated only by the dye structure 
and the properties of the micelle surface. When n 
values are more than unity, dyes on the surface of a 
single micelle reorient into its core slowly, since dyes 
are able to interact with each other directly and/or 
indirectly through the micellar surfactants. The in­
crease in n value strengthens this interaction, and 
consequently the penetrating rates are further de­
celerated. 

The dye penetration process consists of a number 
of elementary reactions. The inquiry into each re­
action by other techniques will make it possible to 
gain more insight into the detailed mechanism. 

We thank Dr. Noriko Shinozuka for her helpful 
discussions. 
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Molecular adsorptions of phenols and carboxylic acids on crosslinked poly(4-vinylpyridine) were studied 
in comparison with those on various polymeric adsorbents. Enthalpies for the adsorption of phenol on various 
polymeric adsorbents were evaluated based upon the temperature dependence of the phenol adsorption iso­
therms. The enthalpy on crosslinked poly(4-vinylpyridine) was close to that on porous poly(styrene-divinyl-
benzene) resin with no ion exchange functional group, and was much smaller than that on commercial weak base 
anion exchange resin. The relative adsorption capacities of various polymeric adsorbents for carboxylic acids 
and substituted phenols indicated that the acid-base interaction as well as hydrophobic interaction between these 
organic acids and crosslinked poly(4-vinylpyridine) was an important factor in the adsorption. 

In previous papers of this series, crosslinked poly-
(vinylpyridine) was reported to be an excellent poly­
meric adsorbent for removal and recovery of phenol1) 
and carboxylic acids2) from aqueous solution. The 
capacities of crosslinked poly(vinylpyridine) for the 
adsorption of these organic acids were scarcely af­
fected by the presence of inorganic salts. O n the 
contrary, the capacities of commercial strong base 
and weak base anion exchange resins for the adsorp­
tion of these organic acids were conspicuously re­
duced in the presence of inorganic salts. Elution of 
the adsorbed organic acids from crosslinked polyvinyl-
pyridine) was easily accomplished by a simple treat­
ment with organic solvents such as acetone and meth­
anol, which was notably easier than those from anion 
exchange resins, and crosslinked poly(vinylpyridine) 
was efficiently regenerated. These observations show­
ed that an ion exchange mechanism could not ex­
plain the adsorption of these organic acids by cross-
linked poly(vinylpyridine). O n the other hand, the 
capacities of crosslinked poly(vinylpyridine) for the 
adsorption of these organic acids were remarkably 
higher than those observed with porous poly(styrene-
divinylbenzene) resin with no ion exchange functional 
group, in spite of the fact that the crosslinked poly-
(vinylpyridine) in the pulverized form was used. 
Therefore, a simple physical interaction between these 
organic acids and crosslinked poly(vinylpyridine) could 
not wholly explain the ability of the polymer for the 
adsorption of these organic acids. In this work, we 
have investigated the mechanism of the adsorption 
of phenol and carboxylic acids on crosslinked poly-
(vinylpyridine). 

Exper imenta l 

Materials. Crosslinked poly(4-vinylpyridine) contain­
ing 72 mol% 4-vinylpyridine was prepared by a copoly-
merization of 4-vinylpyridine with divinylbenzene followed 
by griding and sifting to 60—80 mesh as was described 
previously.1) The mean particle diameter was 0.20 mm in 
the wet state. For comparison, three commercial resins 
supplied by Rohm and Haas Co., Philadelphia, Pa., U. S. A., 
were used in this work. Amberlite IRA-400 was used as 

a strong base anion exchange resin, which had a styrene-
divinylbenzene matrix with quarternary ammonium group. 
The particle size of this resin in the chloride form was 0.38— 
0.45 mm. This resin was used in the hydroxide form. Am­
berlite IRA-45 was used as a weak base anion exchange 
resin, which had a styrene-divinylbenzene matrix with pri­
mary, secondary, and tertiary amino groups. This resin 
was used in the free base form. The particle size was 0.36— 
0.46 mm. Amberlite XAD-4 was used as a porous poly-
(styrene-divinylbenzene) resin with no ion exchange func­
tional group, which had a styrene-divinylbenzene matrix. 
The supplier claimed that the surface area of the resin was 
784 m2/g. These resins were preconditioned as was de­
scribed previously.1) Commercial products of phenol, p-
cresol, /»-nitrophenol, carboxylic acids, and other chemicals 
were used without further purification. Deionized water 
was used throughout the experiments. 

Procedure. Column studies were conducted using a 
1.0-cm diameter glass column with a fritted glass filter con­
nected with a dropping funnel in a down-flow fashion at 
room temperature as was described in a previous paper.1) 
The adsorption capacity of resins was evaluated in two 
ways: (i) the breakthrough capacity, which was based upon 
the total amount of adsorbed organic acids until the ef­
fluent concentration reached 1 mg dm - 3 (in the adsorption 
of substituted phenols), or until the effluent solution became 
acidic using Methyl Red as the indicator (in the adsorp­
tion of carboxylic acids) ; (ii) the total capacity, which was 
based upon the total amount of adsorbed organic acids 
until the effluent concentration reached the influent con­
centration. The concentrations of phenol, /»-cresol, and p-
nitrophenol were determined based upon the adsorptivities 
at 275, 279, and 318 nm, respectively, or with aid of 4-amino-
antipyrine3) using a Shimadzu UV-200S, UV-100-01 or 
UV-100-02 spectrophotometer. The concentrations of car­
boxylic acids were determined by titration with a standard 
0.1 mol dm - 3 sodium hydroxide solution using Phenolphthal­
ein as the indicator. 

Equilibrium adsorption tests were conducted by placing 
weighed quantities of polymeric adsorbent and samples of 
aqueous solution of organic acids in a 300-cm3 Erlenmeyer 
flask sealed by a rubber stopper with magnetic stirring at 
the prescribed temperature. After the mixture reached equi­
librium, the concentration of organic acids was determined. 
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R e s u l t s a n d D i s c u s s i o n 

Enthalpies for Phenol Adsorption. The experimen­
tal isotherms of phenol adsorption on crosslinked poly-
(4-vinylpyridine), porous poly(styrene-divinylbenzene) 
resin with no ion exchange functional group (Amberlite 
XAD-4) , and weak base anion exchange resin in 
the free base form (Amberlite IRA-45) are shown 
in Figs. 1, 2, and 3, respectively. T h e linear rela-

io-3 

i<r* 

— i i 

H 
v3 10" r2 10 * 10 

Equilibrium concentration/mol l - 1 

Fig. 1. Phenol adsorption isotherms on crosslinked poly-
(4-vinylpyridine). 
A : 20 °G, O: 50 °C. 

Equilibrium concentration/mol l - 1 

Fig. 2. Phenol adsorption isotherms on porous poly-
(styrene-divinylbenzene) resin with no ion exchange 
functional group (Amberlite XAD-4). 
A : 20 °C, O: 50 °C. 

10"A 10~3 10" 

Equilibrium concentration/mol l - 1 

Fig. 3. Phenol adsorption isotherms on weak base 
anion exchange resin (Amberlite IRA-45) in the free 
base form. 
A : 20 °C, O: 50 °G. 

tionship of Figs. 1, 2, and 3 indicates that the adsorp­
tion isotherms of phenol on these polymeric adsorb­
ents follow the Freundlich equation. T h e type of 
adsorption of phenol on crosslinked poly(4-vinylpyr-
idine) appears to be not unusual but commonly ob­
served in most of liquid-phase adsorptions. The tem­
perature dependence of isotherms was large in the 
adsorption of phenol on weak base anion exchange 
resin in the free base form (Fig. 3), when compared 
with that on crosslinked poly(4-vinylpyridine) (Fig. 
1) and that on porous poly(styrene-divinylbenzene) 
resin with no ion exchange functional group (Fig. 2). 

In order to evaluate the temperature dependence 
of isotherms more quantitatively, we calculated the 
enthalpies for phenol adsorption on these three poly­
meric adsorbents. The enthalpy of adsorption on poly­
meric adsorbents is generally calculated from isotherms 
for adsorptions at two different temperatures by use 
of the following relationship:4) 

AH° = 
2.303RT1T2 

( l o g ^ - l o g Q ) . 

Here, AH0 is the enthalpy of adsorption, R is the 
gas constant, Cx and C2 are the equilibrium concen­
trations of solute in moles per liter at the absolute 
temperatures Tx and T2, respectively. Enthalpies of 
phenol adsorption were calculated based upon the 
isotherms at 20 and 50 °G. The enthalpy of ad­
sorption calculated by use of the above relationship 
depends upon the value of q, which is the number 
of moles of solute adsorbed per gram of dry adsorbent, 
and we calculated the enthalpy at four different values 
of q. Results are given in Table 1. 

T h e enthalpy of phenol adsorption on weak base 
anion exchange resin (IRA-45) was large, and that 
on crosslinked poly(4-vinylpyridine) was close to that 
on porous poly(styrene-divinylbenzene) resin with no 
ion exchange functional group. These results show 
that the adsorption of phenol on crosslinked poly (4-

T A B L E 1. ENTHALPIES FOR PHENOL ADSORPTION 

Crosslinked poly(4-vinyl-
pyridine)a> 

Amberlite XAD-4b> 

Amberlite IRA-45C> 

? 
mol g - 1 

8 . 0 x l 0 - 5 

2.0x10-* 
6 .0x10-* 
l .OxlO- 3 

8.0 x lO- 5 

2.0x10-* 
6.0 x lO- 4 

1.0x10-3 

8 . 0 x l 0 - 5 

2 . 0 x l 0 - 4 

6.0x10-4 
l .OxlO- 3 

-AH0 

kcal mol - 1 

3.8 
3.4 
2.7 
1.9 

3.4 
3.4 
3.4 
3.4 

11.0 
8.6 
5.0 
4.4 

a) Pulverized copolymer of 4-vinylpyridine with divinyl-
benzene containing 72 mol% 4-vinylpyrine. b) Porous 
poly(styrene-divinylbenzene) resin with no ion exchange 
functional group. Claimed to have a surface area of 
784 m2 g-1, c) Weak base anion exchange resin in the 
free base form. 
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vinylpyridine) occurs through a different mechanism 
from that on anion exchange resin, and that the ad­
sorption is rather close to physical adsorption. 

Capacities for the Adsorption of Carboxylic Acids. 
Column studies were also performed in order to ob­
tain detailed information concerning the nature and 
mechanism of the adsorption of phenol and carboxylic 
acids on crosslinked poly(4-vinylpyridine). Since the 
crosslinked poly(4-vinylpyridine) was developed as a 
polymeric adsorbent for removal and recovery of or­
ganic pollutants from waste water, the column studies 
were much more important and practical than the 
studies of adsorption equilibrium for this purpose. 
Relative adsorption capacities of these organic acids 
on the polymeric adsorbents were compared. 

Effects of two factors, i.e., hydrophobic interaction 
and acid-base or electrostatic interaction between the 
polymeric adsorbents and the organic acids, were 
evaluated on the basis of the relative adsorption ca­
pacités. The hydrophobic interaction between the 
polymeric adsorbents and the organic acids were eval­
uated in terms of the effect of the length of hydro­
carbon chain. T h e acid-base or electrostatic inter­
action between the polymeric adsorbents and the or­
ganic acids were evaluated in terms of the effect of 
p^Ta of the organic acids. 

Breakthrough and total capacities of polymeric ad­
sorbents for the adsorption of various carboxylic acids 
were determined by the continuous flow column meth­
od. In Table 2 are given the capacities of the porous 
poly(styrene-divinylbenzene) resin with no ion ex­
change functional group (Amberlite XAD-4) . T h e 
adsorption capacity increased with the hydrocarbon 
chain length of the carboxylic acid, i.e., in the order: 
formic < acetic < propionic < butyric < valeric acid. 
Similar tendency has been reported in the adsorption 
of carboxylic acids on a porous poly(styrene-divinyl-
benzene) resin,5) although the results were obtained 
using the batch method. 

T h e acidity of carboxylic acid did not affect sig­
nificantly the adsorption capacity. For example, the 
adsorption capacities for valeric acid were 20—30 
times larger than those for acetic acid, although pK& 

values of these carboxylic acids are similar in mag­

nitude. T h e adsorption capacities for formic and tri-
fluoroacetic acid were much smaller than those for 
butyric and valeric acid, although the former car­
boxylic acids are more acidic. 

In order to obtain a quantitative information about 
the effect of the structure of carboxylic acid on the 
adsorption capacity of the resin, the logarithm of 
the adsorption capacity was plotted against the num­
ber of carbon atoms in the carboxylic acid. T h e 
result is shown in Fig. 4. T h e straight line in Fig. 
4 indicates that the logarithm of the adsorption ca­
pacity varies in proportion to the number of carbon 
atoms of the carboxylic acid. 

I t is widely held that the standard free energy change 
for transfer of hydrocarbon chains from aqueous solu­
tion to other phase varies in proportion to the num-

1 2 3 A 5 
Number of carbon atoms 

Fig. 4. Capacities of porous poly(styrene-divinylben-
zene) resin with no ion exchange functional group 
(Amberlite XAD-4) for the adsorption of carboxylic 
acids as a function of the number of carbon atoms 
of the carboxylic acids. 
# : Total adsorption capacity, O: breakthrough ca­
pacity. 1: HCOOH, 2: CH3COOH, 3: CH3CH2-
COOH, 4: CH3(CHa)2COOH, 5: CH3(CH2)3COOH, 
6: CH2=CHCOOH, 7: ClCH2COOH, 8: CF3COOH. 

T A B L E 2. CAPACITIES OF POROUS POLY(STYRENE-DIVINYLBENZENE) RESIN WITH NO ION EXCHANGE FUNCTIONAL 

GROUP FOR THE ADSORPTION OF CARBOXYLIC ACIDS FROM AQUEOUS SOLUTION8-) 

Run 

1 
2 
3 
4 
5 
6 
7 
8 

Carboxylic acid 

HCOOH 
CH3COOH 
CH3CH2COOH 
CH3(CH2)2COOH 
CH3(CH2)3COOH 
CH2=CHCOOH 
ClCH2COOH 
CF3COOH 

P*a 

3.75 (25 °G) 
4.76 (25 °C) 
4.87 (25 °G) 
4.82 (25 °C) 
4.84 (25 °C) 
4.26 (25 °C) 
2.87 (25 °G) 
0.25 (25 °C) 

Breakthrough capacityb) 
mmol g - 1 

0.01 
0.04 
0.14 
0.52 
1.20 
0.12 
0.06 
0.02 

Total adsorption capacity0) 
mmol g - 1 

0.03 
0.07 
0.28 
0.83 
1.55 
0.25 
0.16 
0.03 

a) Determined by the continuous flow column method using 10 mmol dm - 3 aqueous solution of carboxylic acids. 
Amberlite XAD-4 was used as the adsorbent. The flow rate was 3 bed volumes per hour, b) The total amount 
of adsorbed carboxylic acid until the effluent solution became acidic using Methyl Red as the indicator, c) The 
total amount of adsorbed carboxylic acid until the effluent concentration reached the influent concentration. 
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ber of carbon atoms.6) For example, the standard 
free energy change for transfer of hydrocarbons from 
aqueous solution to pure liquid hydrocarbon was 
shown to be a linear function of the length of the 
hydrocarbon chain.6-7) T h e free energy change for 
transfer of undissociated fatty acids from a dilute 
aqueous buffer solution to liquid heptane was also 
found to be proportional to the number of carbon 
atoms.6 '8) These relationships were explained in terms 
of hydrophobic interactions of the hydrocarbon chain. 

The adsorption capacity obtained in column studies 
depends upon the diameter of the column, the flow 
rate, and other experimental factors. However, such 
factors were almost constant throughout the present 
study. Therefore, the relative adsorption capacity may 
closely relate to the thermodynamic adsorption equi­
librium constant and its logarithm may correlate to 
the free energy change of transfer of a carboxylic 
acid from aqueous solution to the resin. T h e straight 
line in Fig. 4 suggests that such free energy change 
varies in proportion to the number of carbon atoms 
in the carboxylic acid. 

O n the basis of these arguments, it is reasonably 
considered that hydrophobic interactions between the 
hydrocarbon chain of the carboxylic acid and the 
resin matrix are responsible for the increase in ad­
sorption capacity with the chain length of the car­
boxylic acid. 

In Tables 3 and 4 are given the capacities of the 
weak base anion exchange resin (Amberlite IRA-45) 
in the free base form and those of strong base anion 
exchange resin (Amberlite IRA-400) in the hydroxide 
form for the adsorption of carboxylic acids. The 
adsorption capacities were not significantly affected 
by the chain length of the carboxylic acid. How­
ever, the adsorption capacities decreased with an in­
crease in püTa of the carboxylic acid. Thus, it was 
felt that the ion exchange or acid-base interaction 
between the carboxylic acid and the resin played 
an important role in the adsorption of carboxylic 
acid on these anion exchange resins. 

In Table 5 are given the capacities of crosslinked 
poly(4-vinylpyridine) for the adsorption of carboxylic 
acids. The adsorption capacity for a series of sat­
urated aliphatic carboxylic acids increased in the or­
der: acetic <propionic <butyr ic <valeric acid. How­
ever, pK& values indicate the similar acidity of these 
carboxylic acids. The relation between the logarithm 
of the adsorption capacity and the number of carbon 
atoms of the carboxylic acid is shown in Fig. 5. The 
figure shows a linear relationship for this series of 
saturated aliphatic carboxylic acids of similar p j^ a . 
Therefore, hydrophobic interaction between the hy­
drocarbon chain of the carboxylic acid and the resin 
matrix seems to play an important role in the ad­
sorption on the crosslinked poly(4-vinylpyridine). 

TABLE 3. CAPACITIES OF WEAK BASE ANION EXCHANGE RESIN IN THE FREE BASE FORM FOR THE 

ADSORPTION OF CARBOXYLIC ACIDS FROM AQUEOUS SOLUTION8-) 

Carboxylic acid 
Breakthrough capacity13) Total adsorption capacity0) 

V^a. 

3.75 (25 °C) 
4.76 (25 °G) 
4.87 (25 °C) 
4.82 (25 °C) 
4.84 (25 °C) 
4.26 (25 °C) 
2.87 (25 °C) 
0.25 (25 °C) 

mmol g - 1 

4.00 
3.13 
3.02 
3.25 
4.64 
3.44 
4.29 
4.29 

mmol g - 1 

4.98 
4.08 
4.36 
4.91 
5.99 
5.15 
5.37 
5.45 

HCOOH 
CH3COOH 
CH3CH2COOH 
CH3(CH2)2COOH 
CH3(CHa)3COOH 
CH2=CHCOOH 
ClCH2COOH 
CKCOOH 

a) Determined by the continuous flow column method using 100 mmol dm - 3 aqueous solution of carboxylic acids. 
Amberlite IRA-45 was used as the adsorbent. The flow rate was 3 bed volumes per hour, b) See footnote 
(b) in Table 2. c) See footnote (c) in Table 2. 

TABLE 4. CAPACITIES OF STRONG BASE ANION EXCHANGE RESIN IN THE HYDROXIDE FORM FOR THE 

ADSORPTION OF CARBOXYLIC ACIDS FROM AQUEOUS SOLUTION11) 

Carboxylic acid 
Breakthrough capacity13) Total adsorption capacity0) 

F-^a 

3.75 (25 °C) 
4.76 (25 °C) 
4.87 (25 °C) 
4.82 (25 °C) 
4.26 (25 °C) 
2.87 (25 °C) 
0.25 (25 °C) 

mmol g - 1 

3.15 
2.78 
2.75 
2.73 
2.95 
3.37 
3.01 

mmol g - 1 

3.87 
3.67 
3.74 
3.99 
3.88 
4.01 
3.35 

HCOOH 
CH3COOH 
CH3CH2COOH 
CH3(CH2)2COOH 
CH2=CHCOOH 
ClCH2COOH 
CKCOOH 

a) Determined by the continuous flow column method using 100 mmol dm - 3 aqueous solution of carboxylic acids. 
Amberlite IRA-400 was used as the adsorbent. The flow rate was 3 bed volumes per hour, b) See footnot (b) 
in Table 2. c) See footnote (c) in Table 2. 
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TABLE 5. CAPACITIES OF CROSSLINKED POLY(4-VINYLPYRIDINE) FOR THE ADSORPTION OF 

CARBOXYLIC ACIDS FROM AQUEOUS SOLUTION8-

Run 

1 
2 
3 
4 
5 
6 
7 
8 

Carboxylic acid 

HCOOH 
CH3COOH 
CH3CH2COOH 
CH3(CH2)aCOOH 
CH3(CH2)3COOH 
CH2=CHCOOH 
ClCHaCOOH 
CFgCOOH 

P*a 

3.75 (25 °C) 
4.76 (25 °C) 
4.87 (25 °C) 
4.82 (25 °G) 
4.84 (25 °C) 
4.26 (25 °C) 
2.87 (25 °G) 
0.25 (25 °C) 

Breakthrough capacity13) 
mmol g - 1 

2.61 
1.00 
1.75 
2.72 
4.21 
2.36 
2.45 
6.66 

Total adsoi, on capacity0) 
mmol g - 1 

3.03 
1.33 
2.02 
2.95 
4.70 
— 

4.78 
6.72 

a) Determined by the continuous flow column method using 100 mmol dm - 3 aqueous solution of carboxylic acids. 
The flow rate was 3 bed volumes per hour. Crosslinked poly(4-vinylpyridine) containing 72 mol% 4-vinylpyridine 
in the pulverized form was used as the adsorbent, b) See footnote (b) in Table 2. c) See footnote (c) in 
Table 2. 

1 2 3 A 5 
Number of carbon atoms 

Fig. 5. Capacities of crosslinked poly (4-vinylpyridine) 
containing 72 mol% 4-vinylpyridine for the adsorp­
tion of carboxylic acids as a function of the number 
of carbon atoms of the carboxylic acids. 
# : Total adsorption capacity, O: breakthrough ca­
pacity. 1: HCOOH, 2: CH3COOH, 3: CH3CH2-
COOH, 4: CH3(CH2)2COOH, 5: CH3(CH2)3COOH, 
6: CH2=CHCOOH, 7: ClCH2COOH, 8: CF3COOH. 

However, marked deviations from the linear rela­
tionship of Fig. 5 were observed for formic acid (1), 
chloroacetic acid (7), and trifluoroacetic acid (8), in 
contrast to the relation shown in Fig. 4 for the ad­
sorption on porous poly(styrene-divinylbenzene) resin 
with no ion exchange functional group. These car­
boxylic acids have much lower pK& values than those 
of the saturated aliphatic carboxylic acids mentioned 
above. The effect of acidity on the capacity of cross-
linked poly(4-vinylpyridine) for the adsorption of 
carboxylic acids is also demonstrated by a tendency 
that the adsorption capacity increased with the acidity 
in a series acetic <chloroacetic <trifluoroacetic acid. 
The larger capacity for the adsorption of acrylic acid 
than that for propionic acid can also be attributed 
to the difference in acidity of these carboxylic acids, 
since both of these carboxylic acids have a similar 
chain length. T h e larger adsorption capacity for for­
mic acid than that for acetic acid cannot be explained 
in terms of the hydrophobic interaction, since such 
interaction seems to be smaller in the adsorption of 

formic acid as can be seen in Fig. 4. Higher acidity 
of formic acid may be responsible for the larger ad­
sorption capacity. These observations clearly indicate 
the importance of acidity of the carboxylic acid in 
the adsorption on crosslinked poly (4-vinylpyridine). 
However, as was reported previously, 1,2> ion exchange 
mechanism does not appear to be suitable for the 
adsorption of phenol or carboxylic acids on cross-
linked poly (4-vinylpyridine). Thus, the effect of acid­
ity on the above adsorption capacity may be ascribable 
to the contribution of the acid-base interaction be­
tween the pyridyl group of the crosslinked polyvinyl-
pyridine) and the carboxyl group of the carboxylic 
acid. Because pyridine is an organic base, it is rea­
sonable to consider the following interaction, where 
the pyridyl group of the resin uptakes a proton from 
the carboxylic acid to form a complex with the 
carboxylate anion as the associated counterion: 

RCOOH NQKÊ) RC0CT--HN yy® 
The formation of hydrogen bond may also contribute 
to the interaction between the pyridyl group and the 
carboxylic acid: 

RCOOH o-® RCOOH <y® 
Such acid-base interactions may increase with acidity 
of carboxylic acid, and may be responsible for the 
remarkably higher capacity of the crosslinked poly-
(vinylpyridine) for the adsorption of carboxylic acid 
than that of the resin with no ion exchange functional 
group as Amberlite XAD-4. 

Capacities for the Adsorption of Substituted Phenols. 
Breakthrough capacities of polymeric adsorbents for 
the adsorption of substituted phenols were also deter­
mined by the continuous flow column method. Re­
sults are given in Table 6. 

Adsorption capacities of the porous poly(styrene-
divinylbenzene) resin with no ion exchange function­
al group (XAD-4) for substituted phenols were in 
the order : j&-nitrophenol « phenol < j&-cresol. The 
larger adsorption capacity for j{>-cresol than that for 
phenol may be attributed to the higher hydrophobicity 
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TABLE 6. BREAKTHROUGH CAPACITIES OF POLYMERIC 

ADSORBENTS FOR THE ADSORPTION OF SUBSTITUTED 

PHENOLS FROM AQUEOUS SOLUTIONA> 

Breakthrough capacity 
Substituted „ mmol g-1 b> 

phenol P** , J l v 

XAD-4C> IRA-45*) PVP«) 

/»-Cresol 10.26 (25 °C) 2.41 2.38 3.88 
Phenol 10.00 (20 °C) 1.59 2.89 2.93 
/>-Nitrophenol 7.15 (25 °G) 1.58 3.60 5.39 

a) Determined by the continuous flow column method 
using 35 mmol dm - 3 aqueous solution of substituted 
phenols. The flow rate was 3 bed volumes per hour. 
b) The total amount of adsorbed phenols before the 
effluent concentration reached 1 mg dm - 3 . c) See 
footnote (b) in Table 1. d) See footnote (c) in Table 
1. e) See footnote (a) in Table 1. 

of /»-cresol. The capacity for jö-nitrophenol adsorp­
tion was close to that for phenol adsorption in spite 
of large difference in pK& of the two phenols. This 
result implies that the acidity of phenolic hydroxyl 
group did not significantly affect the adsorption ca­
pacity. In contrast, the adsorption capacity of weak 
base anion exchange resin (IRA-45) in the free base 
form for substituted phenols was in the order: />-cresol< 
phenol</>-nitrophenol. Thus , the adsorption capac­
ity increased with the acidity of adsorbate in this 
case. This result suggests the importance of the ion 
exchange or acid-base interaction between the sub­
stituted phenols and the resin. 

In the adsorption on crosslinked poly(4-vinylpyr-
idine), the capacity for jfr-cresol adsorption was higher 

than that for phenol adsorption. This fact may be 
explained in terms of higher hydrophobicity of the 
former adsorbate. Adsorption capacity for /»-nitro-
phenol was also higher than that for phenol. Higher 
acidity of /»-nitrophenol than that of phenol seems 
to be responsible for this result. These observations 
may suggest that both hydrophobic interaction and 
acid-base interaction played important roles in the 
adsorption of substituted phenols on crosslinked poly-
(4-vinylpyridine) as well as in the adsorption of 
carboxylic acids. 

This work was supported in part by a Grant-in-
Aid for Scientific Research No. 503042 from the 
Ministry of Education, Science and Culture. 
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Nature of Acid Sites on Ti02, and Their Reactions with OH and NH2 

Groups of 3-Amino-l-propanol, 1-Propanol, and 1-Propylamine 
Toshinori K A N T O H and Susumu O K A Z A K I * 

Department of Industrial Chemistry, Faculty of Engineering, Ibaraki University, Nakanarusawa, Hitachi 316 
(Received February 19, 1981) 

The IR spectra for pyridine adsorbed on the surfaces of TiOa (SA) (anatase type), prepared from titanium 
tetraisopropoxide, showed the existence of only Lewis acid sites which were not converted to the Brönsted type 
by the addition of water. However, TiOa (SB) (anatase type), prepared by the hydrolysis of titanium oxide sul­
fate, showed both Lewis and Brönsted acidities. The Lewis acidity of SB was converted to the Brönsted type 
by the introduction of water vapor. The 3-amino-l-propanol compound interacted with both Lewis and 
Brönsted acid sites on the T i 0 2 surfaces in a manner similar to propylamine rather than to l-propanol. How­
ever, in the case of SA, interactions between OH groups of the amino alcohol and surface OH groups seemed to 
take place to some extent. The mode of the surface reaction of TiOa diffères markedly from that of Si02 which 
has no surface acidity. A linear relationship between the amount of surface OH groups on SB and the amount 
of the reaction of 3-amino-l-propanol at 235 °C in an autoclave was observed. The formation of oriented and 
closely packed layers of adsorbed molecules was observed for all the combination of SB and 3-amino-l-propanol, 
in which some condensation (mainly dimerization) seemed to be promoted by acid sites on SB. 

Recently, the acid-base properties of the T i 0 2 sur­
faces have become the object of practical attention 
because of their wide use for catalysts1) and ion ex­
changers. 2> Accordingly, extensive studies of the re­
activity of T i O a surfaces have been carried out to 
learn their specific properties.3) I t has been shown 
that hydroxyl groups and metal ions on the T i O a 

surfaces are active sites for chemisorption, and the 
interactions of these sites with alcohol4,5) and amines6) 
have been studied. However, the reactions of amino 
alcohols with the T i O a surfaces have not been in­
vestigated. I t would be of great interest to know 
which of the groups, O H or NH 2 , interact prefer­
entially with active sites on the T i 0 2 surfaces. Fur-
theremore, it is worthwhile to clarify the difference 
in mode of interaction between an amino alcohol 
with two functional groups and an alkylamines or 
alcohol, each of which has a single functional group. 

In the present investigation, the interactions of O H 
and N H 2 groups in 3-amino-l-propanol with the sur­
faces of T i 0 2 were studied by comparing the infrared 
spectra of the adsorbed molecules with those of 1-
propanol and propylamine. T h e infrared spectra of 
pyridine adsorbed on T i O a were first examined in 
order to know the nature of acid sites which would 
interact with N H 2 or O H groups in organic reagents. 
For a further study of the reactivities of O H and N H 2 

groups, the reactions of 3-amino-l-propanol, l-pro­
panol, and propylamine with T i O a surfaces were carried 
out in an autoclave. The reactions of other amino 
alcohols with various types of structures were also 
tested for comparative purposes. 

Exper imenta l 

Materials. The TiOa samples were used to see the 
effect of the solid acidity on the surface reaction. The 
first of the samples was prepared by the hydrolysis of titanium 
tetraisopropoxide (Wako Pure Chemical Co.), followed by 
repeated washing with deionized water. The product con­
tained no significant traces of sulfate or chloride ions. The 
sample was designated as SA. The other sample (SB) 
was prepared using an intermediate product from the sulfuric 
acid process, supplied by the Sakai Chemical Co. Even 

after repeated washing with deionized water, SB has a con­
siderable amount of combined sulfate ions, possibly in the 
form of titanium oxide sulfate. Before use, both SA and 
SB were heat-treated at 500 °C for 3 h. The X-ray analysis 
showed that both crystalline forms of SA and SB are anatase 
after the heat-treatment. 

The organic reagents used were of a special or reagent 
grade from the Wako Pure Chemical Co. The propylamine 
was dried over solid KOH, and the other reagents, over 
4A molecular sieve. Immediately before adsorption, the 
reagents were purified by repeating a freeze-pump-thaw 
cycles. The water used was distilled from an aqueous solu­
tion of KMn0 4 . 

IR Absorption Experiment. The infrared spectra of the 
organic reagents adsorbed on T i 0 2 were measured in an 
in situ cell equipped with NaCl windows. The TiOa samples 
were ground and fabricated into discs of 20 mm in diameter. 
The discs were heat-treated at 500 °C before insertion in 
the cell. Immediately before adsorption, the discs were 
further treated at 250 °C for 12 more hours under evacuation 
at pressure of 10 -4 mmHg.t Oxygen treatment was done 
by introducing 0 2 into the cell, followed by heat-treatment 
at 250 °C for 0.5 h to burn out any organic contaminants 
on the T i 0 2 surface. Adsorption was carried out by bring­
ing the saturated vapor of organic reagents into contact 
with the T i 0 2 in the cell for 0.5 h at room temperature 
or at 250 °C. The infrared spectra were measured after 
evacuation at 120 °C for 0.5 h and then cooling to room 
temperature. IR transmission through SA was almost zero 
in the wavenumber range from 2800 to 4000 cm -1 , probably 
because of the reflection of the rays due to the large particle 
size of the TiOa sample. Therefore, the infrared spectra 
were measured in the range below 1750 cm -1 , since most 
of the essential bands for this study are in the lower-wave-
number region. 

Reaction Procedure. SA or SB (5 g) was treated with 
a large excess of organic reagents (about 100 m mol) diluted 
with hexane (30 ml) in an autoclave having a volume of 
100 ml. The reactions were carried out for 1 h at 235 °C 
(the critical temperature of hexane) with vigorous stirring. 
The products were washed with hexane and then with ace­
tone, followed by drying under evacuation at about 100 °C. 

Chemical Analysis, DTA, TG, and Measurements of Surface 
Area and Acid-Base Amount. The carbon and nitrogen 

t I m m H g « 133.322 Pa. 
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contents of the products were determined by the Pregl-
Dumas method.7) The specific surface areas were deter­
mined by the BET method using N2 at —195 °G. The 
solid acidities were determined by titration with butylamine, 
using Methyl Red (piCa=+4.8) as the indicator.8) The 
amount of surface OH groups was determined by a modi­
fication of Boehm's method9). To ascertain the thermal-
decomposition or decomposition temperature, DTA and TG 
were carried out using a Thermoflex (Rigaku Denki Go.) 
by heating the sample (20 mg) at a rate of 5 °G/min in an 
air flow. 

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

Crystal Forms, SO^~ Content, and Surface Properties of 
Samples. As is shown in Table 1, the surface 
areas and amounts of the surface O H groups of SB 
were close to those of SA when both samples were 
treated at 500 °G. However, the acid amount on 
SB was more than ten times that on SA. The large 
acidity of SB is probably due to sulfate ions which 
diffused to the surface during the heat treatment.10) 
The crystal forms of SA and SB were both anatase, 
and SB contained a considerable amount of sulfate 
ions. 

IR Spectra of Pyridine Adsorbed on Ti02. The 
infrared spectra of pyridine adsorbed on SA evacuated 
at room temperature showed adsorption bands at 

TABLE 1. SURFACE PROPERTIES OF TiOa SAMPLES*) 

Crystal formd) 
S04

2" content/wt% 
Surface area/m2 g_ 1 

Amount of surface OH 
groups/mmol g_ 1 

Acid amount 
(//0<4.8)/mmol g"1 

SAb) 

Anatase 
Trace 
95 

0.55 

0.02 

SB°) 

Anatase 
4.7 

93 

0.58 

0.35 

a) Calcined at 500 °C. b) Prepared by the hydrolysis 
of titanium isopropoxide. c) Prepared by the sulfuric 
acid process, d) Incompletely crystallized. 
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Fig. 1. IR spectra of pyridine adsorbed on SA. 
(a) Initial surface, (b) exposed to pyridine at room 
temperature, evacuated at room temperature, (c) 
evacuated at 250 °C, (d) then, exposed to H 2 0 at 
room temperature, evacuated at room temperature. 

1145, 1220, 1442, 1485, 1575, and 1603 cm- 1 (Fig. 
lb ) . Except for the band at 1142 c m - 1 the bands 
almost coincide with those observed on rutile by 
Parfitt et al.11) and are assignable to Lewis-acid sites. 
Unlike the other bands, the band at 1145 cm- 1 be­
came appreciably weaker under evacuation at 250 °G. 
Taking into account the fact that a weak shoulder 
at about 1140 c m - 1 was assigned to weakly coor­
dinated pyridine,11) this band at 1142 c m - 1 may also 
be attr ibutable to weak Lewis acid sites. The band 
is clearly detectable in this study because the sample 
(anatase type) was heat-treated at a temperature not 
so high as the rutile. O n exposure to water at room 
temperature, the bands attributed to Lewis acid sites 
became weaker, but the bands characteristic of 
Brönsted acid sites such as that at 1540 cm" 1 12) did 
not become apparent . These facts indicate that there 
is no conversion of Lewis acid to Börnsted acid with 
the addition of water to SA, much as with the result 
observed when water was added to the rutile sample.11) 

O n the other hand, the spectra of pyridine adsorbed 
on SB showed an absorption band at 1537 c m - 1 be­
sides the bands attributed to Lewis-acid sites at 1445 
and 1575 c m - 1 (Fig. 2). The band at 1537 cm" 1 

may be taken as the principal band due to Brönsted 
acid sites.13) Upon heating up to 250 °G, this band 
became considerably weaker in contrast to that of 
the band characteristic of Lewis acid sites at 1575 
c m - 1 , which became more distinct. With the ad­
dition of water vapor, the band due to Lewis acid 
sites almost disappeared, while the bands due to 
Brönsted acid sites became more prominent. Such 
a conversion of Lewis to Brönsted acid sites occasioned 
by the addition of water vapor has also been observed 
for other metal oxides12) and for Si0 2 -Al 2 0 3 , 1 3 ) but 
it was not observed in the case of SA, as has just been 
described. The band at 1375 c m - 1 observed in the 
spectrum of SB is ascribed to - 0 - S 0 2 - 0 - groups, 
which should be found at 1330—1450 cm"1.14) The 

1700 1500 1300 
Wave number/cm -1 

Fig. 2. IR spectra of pyridine adsorbed on SB. 
(a), (b), (c), and (d) are the same as in Fig. 1. 
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groups may withdraw electrons from adjacent O H 
groups and make them Brönsted acids. Upon the 
addition of water vapor, the band at 1375 c m - 1 was 
noticeably shifted to a lower-wave number region. 
Since the absorption bands due to - S 0 3 H groups 
should be generally found at 1150—1260 cm"1,14) the 
- O - S - O - bond on the surface might be broken by 
the attack of water, as is shown below: 

i i 
Ti Ti 

+ H20 ^ ? 

W 
/* 

PH 

Ti 
/ N 

Also, this conversion, accompanied by the addition 
of water, should contribute to an increase in the 
Brönsted acidity. 

IR Spectra of 3-Amino-l-propanoic 1-Propanoic and 
Propylamine Which Were Adsorbed on Ti02. The 
spectra of 3-amino-l-propanol adsorbed on SA are 
given in Fig. 3. The spectra of 1-propanol and propyl­
amine are given in Figs. 4 and 5 respectively for com­
parative purposes. The band at about 1600 c m - 1 in 
the spectrum of liquid 3-amino-l-propanol (shown by 
Fig. 3, curve(d)) is shifted to near 1580 c m - 1 (curves 
(b) and (c)) by the adsorption. Such a shift is also 
seen in the spectra of propylamine adsorbed on SA. 
Since a similar shift has been observed in the infrared 
spectrum of me thy lamine on alumina,15) which is a 
typical Lewis acid, the band-shift observed here is 
considered to be due to the coordination of unshared 
electron pairs on the N atoms with Lewis acid sites 
or with exposed Ti ions on the surface. The shoulder 
at about 1650 c m - 1 due to C=C bands in the spectra 
of 1-propanol adsorbed on SA (shown in Fig. 4, curves 
(b) and (c)) is not observed in the spectra of adsorbed 
3-amino-l-propanol (Fig. 3). This fact indicates that 
the ^-elimination of H 2 0 or N H 3 from the adsorbed 
molecules seems improbable for 3-amino-l-propanol. 

Unlike the spectra of propylamine adsorbed on 

1700 1900 1300 

Wave n u m b e r / c m - 1 

1100 

Fig. 3. IR spectra of 3-amino-l-propanol adsorbed on 
SA. 
(a) Initial surface, (b) exposed to 3-amino-l-propanol 
at room temperature, (c) heated with 3-amino-l-
propanol vapor at 250 °G, evacuated at 120 °G, (d) 
spectrum of 3-amino-l-propanol (liquid). 

SA, three absorption bands, at about 1430, 1390, 
and 1245 cm - 1 , are found in the spectra of the amino 
alcohol adsorbed on SA, and they become more marked 
on heating to 250 °G. The first band is also found 
in the spectrum of free amino alcohol (Fig. 3, curve 
(d)). The second band can be assigned to the C - O 
bond in t i tanium alkoxide by reference to the ob­
servation that a strong band has been found at 1385 
c m - 1 in the spectrum of aluminium ethoxide and in 
that of ethanol adsorbed on alumina.16) The last 
band, at about 1245 c m - 1 , was not found in the spec­
tra of 1-propanol and propylamine, which were ad­
sorbed on T i 0 2 (SA and SB). The band is in the 
range of bands due to G - O stretching vibration ( 1000— 
1300 cm - 1 1 7 ) ) and is especially assignable to the 
epoxy ring (strong absorption, near 1250 c m - 1 1 8 ) ) . 
The band in the G-N stretching vibration region 
(1120—1150 cm - 1 ) is broader and is shifted to a range 
lower than that found in the spectrum of propylamine 
adsorbed on SA at 250 °G. (Fig. 5(c)). Thus, it is 
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room temperature, evacuated at room temperature, 
(c) heated with 1-propylamine vapor at 250 °G, evac­
uated at 120 °G, (d) 1-propylamine (gas). 
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probable, although not certain, that, besides the N 
atom, the O H group of the amino alcohol may also 
participate in the surface reaction to some extent. 
Thus, the following reaction scheme is conceivable: 

H H H H H H H H H 
i i i i i i i i i 

H-C-C-Ç-H H-C-C-C-H H-C-C-C-H 
I I I I I I \ / i 

HO H NHo - ^ O H NHo — ^ 0 NHo 
OH | i 2 ^ | 2 

-0-Ti-O-Ti-O- -0-Ti-O-Ti-O- -O-Ti-O-Ti-0-
(A) (B) (C) 

Here, the ^-hydrogen atom in the (B) structure may 
become acidic as a result of the withdrawal of elec­
trons by the surface T i ion through the O atom, thus 
forming the O H group shown in (G) structure. The 
molecule formed on the T i 0 2 surface may be adsorbed 
through the bond resulting from the coordination of 
the free electrons of the N atoms to the Ti ion, as is 
shown in the structure. 

The infrared spectra of 3-amino-l-propanol, 1-
propanol, and propylamine, which were all adsorbed 
on SB, are shown in Figs. 6, 7, and 8 respectively. As 
the 3-amino-l-propanol was adsorbed on SB, absorp­
tion bands at 1605 and 1510 c m - 1 became observable. 
These are assigned to assymetric N H 3

+ (1560—1625 
cm - 1 ) and symmetric NH 3+ (1505—1550 c m - 1 respec­
tively. 19> The bands also show that Brönsted acid 
sites on T i 0 2 probably take par t in the surface reac­
tion with the amino alcohol. The participation of 
Brönsted acid sites was observed in the interaction 
of propylamine with the SB surface at 250 °G (Fig. 
8, curve(G)). However, when SB was heated up to 
250 °G together with the amino alcohol, the bands 
due to NH3+ almost disappeared (Fig. 6(c)), while 
the band at about 1590 c m - 1 related to the coordina­
tion bond between the Ti ion and the N H 2 groups 
became distinct with the heat-treatment. Such a 
change in the spectra indicates that the interaction 
of N H 2 groups with Lewis acid sites became predo-

T 1 1 1 1 ~r 

I I ! I » I » I 
1700 1500 1300 

Wave number/cm -1 

Fig. 6. IR spectra of 3-amino-l-propanol adsorbed on 
SB. 
(a), (b), (c), and (d) are the same as in Fig. 3. 

minant at higher temperature because of the decrease 
in the amount of O H groups, which may be Brönsted 
acid sites, as a result of dehydration. As is clear 
from the spectrum of the amino alcohol adsorbed 
on SA at 250 °G, there are no absorption bands which 
indicate the formation of G - O bonds. This suggests 
that the amino alcohol may interact with the SB sur­
face mainly through the N H 2 groups. 

Infrared spectroscopic studies of the reaction of 3-
smino-1-propanol with S i 0 2 surfaces have shown that 
free silanol reacted with alcoholic hydroxyl groups, 
while the N H 2 groups of the amino alcohol interacted 
only partially through hydrogen bonding.20> The large 
difference in the mode of surface reaction between 
T i 0 2 and S i 0 2 may be due to the difference in the 
surface acidity. Tha t is, the cation electronegativity 

- J i l i l L 
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Fig. 7. IR spectra of 1-propanol adsorbed on SB. 
(a), (b), (c), and (d) are the same as in Fig. 4. 
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Fig. 8. IR spectra of 1-propylamine adsorbed on SB. 
(a), (b), (c), and (d) are the same as in Fig. 5. 
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TABLE 2. REACTIVITY OF TiOa TO VARIOUS REAGENTS AND DECOMPOSITION TEMPERATURES OF THE PRODUCTS 

Sample 

SA 

SB 

Regent 

f GH3(GH2)3OH 
GH3(GH2)3NH2 

, HO(GH2)3NH2 

[ GH3(GH2)3OH 
GH3(GH2)3NH2 
HO(GH2)3NH2 

Content in product 
wt% 

G N 

2.67 
2.20 
2.67 

2.54 
2.45 
3.86 

0 
0.94 
0.99 

0 
1.12 
1.52 

Degree of reaction 
Molecules per 100 Â2 of surface 

calculated from content of 
G N 

4.9 
4.0 
5.0 

4.8 
4.6 
7.5 

4.4 
4.7 

5.4 
7.7 

Decomposition t( 

°cT 

Beginning 

140 
160 
150 

190 
210 
180 

împerature 

Active 

240 
240 
230 

260 
255 
260 

of T i 4 + is much larger than that of Si4+;21) the O H 
groups bound to T i 4 + are acidic in nature, unlike 
those bound to Si4+ , and so readily interact with N H 2 

groups in the amino alcohol, resulting in the for­
mation of N H 3

+ groups. In addition, T i 4 + also func­
tions as a Lewis acid site, and the Lewis acidity should 
also make the reactivity of the T i 0 2 surfaces higher 
than that of S i 0 2 . O n the other hand, S i 0 2 which 
has essentially no surface acidity,22) forms only an 
ester due to the reaction of the silanol with the al­
coholic O H groups of the amino alcohol.20) 

Comparison of the Reaction of 3-Amino-l-propanol with 
Those of 1-Propanol and Propylamine at Higher Tempera­
tures in an Autoclave. Table 2 shows the results 
of the reactions for SA and SB. The degree of re­
action was calculated on the assumption that there 
were no C-C bond scissions during the reaction. Ex­
cept for the reaction between 3-amino-l-propanol and 
SB, the degree of the reaction was roughly the same 
for all the reactions; thus, the O H and N H 2 groups 
of the reagents appeared to have the same reactivity 
toward T i 0 2 under the reaction conditions tried here. 
In addition, as is shown at the right end of Table 2, 
the temperatures at which the desorption or decom­
position takes place actively were nearly the same 
for 3-amino-l-propanol, 1-propanol, and propylamine 
as long as they are adsorbed on the T i 0 2 sample (SA 
or SB). Thus, the resistivity against heating of the 
adsorbed phase is considered not to differ much from 
reagent to reagent. 

The degree of reaction per unit of surface area is 
calculated to be 4—5 molecules/100 Â2 of the T i 0 2 

surface (Table 2). The areas occupied by one mol­
ecule of the reagents (20—25 Â2) nearly equal those 
occupied by normal alkylamine (20.5 Â2) and normal 
alkanols (21.6 Â2) in a unimolecular layer on water.23) 
This fact suggests the formation of oriented and close-
packed alkyl groups on T i 0 2 surfaces. The excep­
tionally small value of the area occupied by 3-amino-
l-propanol on SB (13 Â2) may be due to the con­
densation (mainly, dimerization) of the amino alcohol 
on the surface. The intermolecular reaction of the 
amino alcohol due to the O H and N H 2 groups is 
probably promoted by the acid sites on SB. 

Effect of Surface OH Groups on the Reactivity of Ti02 

(SB). Figure 9 shows a plot of the amount of 
the reaction of 3-amino-l-propanol vs. the amount of 
surface O H groups on SB treated at various temper­
atures. Except for SB heat-treated at 300 °G, at 
which SB exists not as T i 0 2 but as t i tanium hydroxide 
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TABLE 3. REACTIONS OF VARIOUS AMINOALCOHOLS 

WITH TiOa
a> 

Sample 

SA ( 

SB 

Aminoalcohol 

' HO(CH2)2NH2 

H O ( C H 2 ) 2 X N T T 
H O ( C H 2 ) / N W 

HO(CH2)2V 
HO(CH2)2-N 

, HO(CH 2 ) / 

' HO(CH2)2NH2 

H O ( C H 2 ) 2 X N T T 
H O ( C H 2 ) / N ± 1 

HO(CH2)2V 
HO(CH2)2-N 

, H O ( C H 2 ) / 

Carbon 
content in 
products 

wt% 

1.82 

2.58 

3.29 

3.98 

6.59 

12.04 

Density of 
organic groups 

Number per 100Â2 

of surface 

5.0 

3.6 

3.1 

12.0 

10.4 

14.4 

a) Preheated at 500 °G just before use. 

or hydrate of T i0 2 , 2 4 ) a linear relationship is observed 
between the two amounts. From the slope of the 
straight line, the ratio of the amount of the reaction 
to that of the surface O H groups is determined to 
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be about 2. These facts show that N H 2 groups of 
the amino alcohol should react with surface O H groups 
on SB at a higher temperature under an autogeneous 
pressure, and that the amino alcohol may dimerize 
due to the N H 2 and/or O H groups of the molecules. 
The H 2 0 molecules generated by the dimerization 
or condensation may convert the Lewis acid sites on 
SB to Brönsted acid sites or acidic O H groups as was 
previously been observed in the I R study of pyridine 
adsorption. 

Effect of Structure of Amino Alcohol on Reaction with 
TiO% Surfaces. The results of the surface reac­
tions of various amino alcohols with SA and SB 
are shown in Table 3. For the reactions with SA, 
the amount of reaction per unit of surface area of 
T i 0 2 decreased as the structure of amino alcohol 
became more complicated. For the reactions with 
SB, the amount of reaction per 100 A2 are ^ 1 0 , mark­
edly more than those for the reactions with SA. A 
maximum in the amount was obtained for the reac­
tion of triethanolamine. The ratio of the amount 
of the reaction of the triethanolamine to that of the 
surface O H groups is above 4. Extensive conden­
sations due to O H groups may be the main reason 
that the triethanolamine showed the highest value 
in the amount of the reaction in spite of its extremely 
bulky structure. 
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Photo-induced reduction of Cu2+ ion by organic electron donors was studied, main attention being paid to 
the decay kinetics of the cationized donor using two kinds of Gu2+ ions ; one is free to move around the micellar 
surface of copper(II) dodecyl sulfate(Cu(DS)2), the other being fixed in a cyclic polyamine, Gu2+ complex of 2-
tetradecyl-l,4,7,10-tetraazacyclododecane (CPA). Sodium 12-(10-phenothiazinyl)dodecanesulfonate (PTHDS) 
functions quite similarly to iV-methylphenothiazine (MPTH) in an electron transfer reaction in Cu(DS)2 mi­
celles, and the reduced Cu+ is ejected from the micelles.1) In the MPTH-CPA system, MPTH+ is completely 
ejected from the host micelle in the CPA micellar system. In consequence, the decay of the cationized donor 
obeys a second-order rate law, while the rate constant becomes much less. In PTHDS-CPA micellar system, 
on the other hand, the kinetics of the cationized donor is a superposition of two first-order decays of different rate 
constants, which suggests that the cationized donor can not escape into an intermicellar bulk phase due to the 
hydrophobic interaction between the long alkyl chain and its host micelle. A similar decay was also observed 
in the mixed micelles of the polyamine and hexadecyltrimethylammonium bromide. 

Considerable effort has been expended on attempts 
to convert light energy to chemical energy,2-3) and 
as a result mechanisms of photochemical reactions in 
micellar systems have become quite clear.4 - 7) 

Macrocyclic compounds with a long alkyl chain 
have been prepared for use as phase-transfer cata­
lysts.8) Micelle formation and surface activity of these 
compounds, as well as their cation transfer reaction9) 
and complex formation with Gu2 + or Ag+,10) have 
been reported in recent publications. As described 
in our previous paper,11) micellar aggregates of macro-
cyclic surfactant containing Cu 2 + ion were found 
to exhibit a high efficiency in quenching the excited 
state of fluorophores such as cyanine dyes and pyrene. 
In the light of our previous discussion from the view 
point of the reaction mechanism concerning the light-
induced reduction of Gu 2 + ion by JV-methylpheno-
thiazine followed by the back electron transfer from 
the Gu+ to the cationized JV-methylphenothiazine in 
copper(II) dodecyl sulfate micelles,12) it is worth car­
rying out an experimental investigation in pursuit 
for the effect of substitution of Gu 2 + in the cyclic 
polyamine cage on the reaction sequence. Another 
interest is in the effect of the variation of electron 
donors, which would possibly cause some alteration 
of the decay mechanism. 

The object of the present study is to make clear 
the mechanism of photo-redox reactions in the micellar 
system, i.e., to derive kinetic equations capable of 
accounting for experimental results obtained from laser 
photolysis studies. O u r first attention was concen­
trated on the difference in effects on reaction mecha­
nism caused by two kinds of electron donors: one 
has a long hydrocarbon chain attached to the pheno-
thiazine ring and the other has none. The former, 
even when positively charged, cannot escape into the 
intermicellar bulk phase due to hydrophobic interac­
tion which is stronger than electrostatic repulsion with 
positively charged micelle. O n the contrary, the 
latter, when positively charged, has the possibility 
of being ejected from the micelle. O u r first interest 
was then shifted from the electron donors to electron 

acceptors, i.e., two kinds of Gu 2 + ions: one is free to 
move around the micellar surface and the other is 
fixed in the polyamine cage as a complex. 

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

Materials. The Cu2+ complex of 2-tetradecyl-1,4,7, 
10-tetraazacyclododecane (CPA) was kindly given us by Dr. 
P. Tundo of the Institute de Ghimica Organica, University 
di Trino, and used as supplied. The iV-methylpheno thiazine 
(MPTH) and sodium 12-(10-phenothiazinyl)dodecanesulfo-
nate (PTHDS) were synthesized by Dr. A. M. Braun in 
Dr. GrätzePs laboratory. The hexadecyltrimethylammoni­
um bromide (HTAB) of certified grade was obtained from 
E. Merck, Darmstadt, and purified by repeated recrystal-
lization from acetone-ethanol mixture. The copper(II) 
dodecyl sulfate(Cu(DS)2) was prepared by the method de­
scribed previously.13) The deionized water was distilled 
first from alkaline permanganate and then twice with a 
quartz still. All samples were deoxygenated by passage 
of nitrogen of high purity. 

Apparatus. Time-resolved experiments were run by 
the laser photolysis technique; laser photolysis experiments 
employed a frequency doubled KJ-2000 ruby or neodymium 
laser with pulsewidth of 25 ns and energy output of ca. 20 
mj . 

Analysis. In the cases where PTHDS+ decay kinetics 
in PTHDS-cationic micellar systems can result from super­
position of two kinds of first-order decays, the rate parameter 
(a2) for slower decay was first determined from an oscilloscope 
trace of longer-time scale. The rate parameter(ax) for 
faster decay was then evaluated from the difference be­
tween the total optical density and the extraporated optical 
density of the shorter-time scale which had been calculated 
from the optical density of longer-time scale with the aid 
of the rate parameter a2. 

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

The light-initiated redox reaction in question is 
represented as 

A + D ^=± A- + D+, (1) 

where A and D stand for an electron acceptor and 
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Fig. 1. Second-order plots of the 516 nm absorbance 
decay for MPTH (1.0xlO"4Mt) and PTHDS (l.Ox 
10"4M) in Gu(DS)2 (2.0xlO"2M) micellar systems. 

donor, respectively, corresponding to Cu 2 + ion and 
M P T H or P T H D S for the present experiment. The 
first requirement for analyzing the reaction mechanism 
is to pursue the decay rate of the cationized electron 
donor with absorption maximum at 516 nm on an 
oscilloscope screen. Q u a n t u m yields of the cationized 
and triplet states of the donors are given in our previous 
paper.11) Figure 1 shows second-order plots of the 
516 n m absorption decay for the M P T H - and P T H D S -
Cu(DS) 2 micellar solutions. I t can be seen that, down 
to 30 percent or less of the initial optical density, 
a good linear relation exists between the inverse of 
optical density and time, i.e., that the cationized donor 
decays according to a second-order rate law. The 
slopes which are almost the same with each other 
give the following estimates: 

£obsd = 9 -3 X 109 M- 1 s-1 for MPTH, 

£obsd = 7 .9x 109 M- 1 s-1 for PTHDS. 

This close equality indicates similar decay mechanism 
in operation. P T H D S plays the same role as M P T H 
in reduction of Cu 2 + and subsequent reaction mecha­
nism. T h a t is to say, on the analogy of the M P T H 
case, the reduced electron acceptor C u + is detached 
from its host micelle not only by electrostatic sub­
stitution with Gu 2 + but also via a hopping process 
before recombination with the oxidized donor.12) With 
this view, at tempt will be made to probe further into 
the effect of variation of electron acceptor on the 
decay mechanism of the cationized donor: one is 
free to move around the micellar surface and the 
other is fixed in the polyamine cage. For the latter 
acceptor, the hydrophobic electron donor, M P T H , 
is incorporated in the polyamine aggregate. The ex­
cited state of M P T H has such a propensity for strong 
reduction1) as to be expected to react with Cu 2 + in 
the complex as follows: 

HN NH 

0 2 + 1 • 
HN NH R 

NH 

- » MPTH C-'J-. (2) 
HN NH 

J 

where R refers to C1 4H2 9 and M P T H * is the excited 
singlet state.11) Figure 2 shows an oscilloscope trace 
illustrating a transient absorption at 516 nm for 

t 1 M = l mol dm - 3 . 
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Fig. 2. Second-order plots of the 516 nm absorbance 
decay for MPTH (1.0xlO"4M) in Cu2+-polyamine 
complex (5.0xlO~3M) micellar system. Insert: 
Oscilloscope traces showing the long-time MPTH+ 
decay. 

M P T H + , together with plots of the inverse of optical 
density against time. The apparent decay process 
obeys the second-order kinetics in this case, too. The 
slope is, however, much less than those in the Cu(DS)2 

micellar assemblies. 

^obsd 1 .26x l0 9 M- 1 s - 1 . 

The discussion presented above leads to a possibility 
that either the oxidized M P T H + or the reduced Cu+ 
is ejected from its host micelle by electrostatic repulsion 
before the backward reaction occurs. If not, the decay 
should obey a first-order rate law because the cati­
onized electron donor and the reduced electron ac­
ceptor ought to be paired in their host micelle. An­
other possibility is that both M P T H + and Cu+ leave 
the micelle. In this case, however, the kohsd value 
should be larger than those for the M P T H - and 
P T H D S - G u ( D S ) 2 systems because neither of the cat­
ions is trapped in the cationized micelle for a long 
time, resulting in a higher chance for them to come 
closer to each other for the backward electron transfer. 
In addition, not only Cu 2 + but also C u + ions can 
form a stable complex with macrocyclic tetramine.14-16) 
Hence, the chance that C u + leaves its mother micelle 
is very low. 

In order to examine whether M P T H + is ejected, 
we succeeded in using P T H D S as an electron donor, 
since P T H D S , even when charged positively, cannot 
be detached from its host micelle. I t will be discussed 
more in detail from an energy point of view. If 
M P T H is assumed to be twice as strong as benzene 
in hydrophobic interaction because of a presence of 
two benzene rings in the molecule, the free energy 
change of transfer of M P T H from aqueous bulk into 
micellar core is 6—7 kT.17*18) A location of solubilized 



November, 1981] Mechanisms of Light-initiated Redox Reaction 3267 

aromatic molecules in the micellar phase is generally 
a palisade layer of micelle,19) and the phenothiazine 
molecule is really solubilized in the palisade layer 
of alkyl sulfate micelles.20) Accordingly, the free en­
ergy change for the present case is less than that value. 
On the other hand, the electrical surface potential 
is calculated22) as 6.6 and 4.9 cWjkT for 1.0 and 0.2 
of dissociation degree of the micelle, respectively, by 
using 50 A2 for molecular surface area at the micellar 
surface, its C M C value for the counter-ion concen­
tration, and 40 for the dielectric constant.21) Suppose 
now that the free energy change of M P T H due to 
hydrophobic interaction is 6.5 kT. Then, a fraction 
of M P T H + ejected from the micelle is more than 50 
and 16 percent for 1.0 and 0.2 of dissociation degree 
of the micelle, respectively. O n the other hand, 
P T H D S has a longer alkyl chain of twelve carbon 
atoms and a free energy change of transfer per meth­
ylene group from aqueous bulk into micellar core 
is 1.1 A;!7.22) Thus, the total free energy change due 
to hydrophobic interaction is about 22 kT, whereas 
the gross electrostatic repulsive energy due to micellar 
surface potential is zero even when the electron donor 
group is cationized, because the molecule has an 
SO3- group. Hence, just after the electron transfer 
reaction has taken place, some fraction of cationized 
donor groups is detached from its host micelle by 
electrostatic repulsion. However, the whole molecule 
cannot escape into the bulk phase, because the cati­
onized group is anchored to the host micelle through 
the hydrophobic interaction between its alkyl chain 
and the hydrophobic micellar core. 

The absorbance signal at 516 n m on the oscilloscope 
screen for the P T H D S - C P A system decays apparently 
in two steps, where the first component amounting 
to 55 percent of the total signal corresponds to the 
decay of the triplet of P T H D S . T h e kinetics obeys 
the first-order rate law with a time constant of 1.7 X 
107 s-1.11) The slow second component can be pro­
duced by neither the first nor the second-order kinetics 
but only by a superposition of two kinds of first-order 
decays (Fig. 3). Another difference in behavior be­
tween M P T H + and PTHDS+ is that the latter decays 

T imers 

Fig. 3. The slower second-component decay of the 
absorbance at 516 nm for PTHDS (1.0 X 10~4 M) in 
Cu2+-polyamine complex (5.0xlO_ 3M) micellar sys­
tem. 

much faster than the former as far as the apparent 
decay of the second component is concerned. This 
may be expected if the slow component is associated 
with the M P T H + which leaves the micellar aggregate 
and escapes into the intermicellar bulk phase. In 
contrast to M P T H + the detachment of PTHDS+ will 
be incomplete, since the cation remains anchored to 
its mother micelle as mentioned above. Eventually, 
the charge recombination of PTHDS+ and C u + occurs 
giving rise to a faster decay process, and variation 
of laser intensity did not cause any change of this 
decay pattern, although two rate parameters, OL1 and 
a2, altered in small amount (Table 1). 

In the light of the above discussion, it will be in­
quired whether the schematic diagram for the decay 
processes assists us in explaining the decays of both 
M P T H + and P T H D S + in the Cu2+-polyamine micellar 
systems. As was mentioned above, the forward elec­
tron transfer from the photoexcited M P T H or P T H D S 
(electron donor D) to Cu 2 + in a complex form (elec­
tron acceptor A) occurs within the duration of the 
laser pulse. Hence, the D+---A - pairs produced at 
the end of the pulse are the starting state of the decay 
processes. T h e kinetic parameters in the present study 
are quite similar to those used in our previous paper.12) 

Wi th the solution containing P T H D S in the micelle, 
PTHDS+ cannot be ejected into the intermicellar phase 
for the above reasons. Therefore, the whole molecule 
of PTHDS+ cannot be detached from its host micelle 
even during the completion of the cation decay; the 
relaxation time of the gross rate of micelle association 
reaction is more than a millisecond order.23,24) This 
means that the decay of D+ is associated with the 
electron transfer to D+ either inside or outside the 
micelle. Thus , we have the decay processes depicted 
in the scheme of Fig. 4, where the rate parameter 
kb refers to the electron back transfer of D+ inside 
the micelle, kï that of D+ outside the micelle, ke the 
reaction of D + escape from the micellar interior, and 
kx the reaction of D + return into the micellar interior. 

SCHEMATIC OF KINETIC PROCESSES I 

•' MICELLE 

D : ELECTRON 

DONOR 
S N-CßHaSOjNa 

: ELECTRON ACCEPTOR 
Cu+ IN CROWN COMPLEX 

Fig. 4. Schematic illustration of the elementary pro­
cesses for the decay kinetics of PTHDS+ in Gu2+-
polyamine complex micellar system. 
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O n the basis of the schematic diagram for the decay 
processes, we shall now develop kinetic equations to 
analyze the results. The following notations will be 
used for concentration terms: CD+I for micelles as­
sociated with D + inside the micelle; CD+O for micelles 
associated with D+ outside the micelle. 

dCD+1 

dt 

dCD+, 
at 

— — (^b "H^e^D*! + krCB*0f 

= — ( ^ b + ^ r ^ D ' o -f ^e^D+i-

(3) 

(4) 

From Eqs. 3 and 4, the decay rate of the total amount 
of the oxidized donor which is an experimentally 
observable quantity can be expressed as 

d(CD+i-|-CD*0) 
dt 

-&bCD+i — klCD+0. (5) 

Introduction of Eqs. 3 and 4 into the time derivative 
equation of Eq. 3 gives 

where 

_p. + a _ ^ + bCDH = 0, 

a = kl
b + hi + ke + kT 

O — KbKb -f- fCbKT -f- rCbKe . 

(6) 

(7) 

(8) 
and 

The solution of Eq. 6 becomes 

CD+1 = Axz-°S + A2e-a2*t (9) 

where a 1 + a 2 = t f and a1a2=^>. Here, we assume a x > 
a2. The boundary condition that the cation at time 
zero is totally CD

+i, reduces Eq. 9 to 

A1 + A2 = C0, (10) 

where C0 is the total cationized donor concentration 
a t time zero and A1 and A2

 a r e integration constants. 
Introducing Eq. 9 into Eq. 3, CD\> can be obtained 
as 

Cn+o — 
^ l ^ i + ^ e - « ! ) ^ . « ^ , A2(kb+ke-0C2) 

kt *r 
-e~ a2c. 

(11) 
As CD

+o should be zero at time zero, we obtain for 
Ax and ^42 

(kl
b+ke-a2)C0 

and 

Ax = 

A* = 

* 1 ~ "2 

(ÄiH-Äe-a^Co 

(12) 

(13) 

Thus , the total decay of the cationized donor can be 
expressed as 

CD+i -1- CD*0 = Q e - i « + C2e-°*t, (14) 

where 

C1 = 

and 

A2{kl
b-\-kQ-\-kx — a2) 

(15) 

(16) 

Hence, Eq. 14 indicates that the total decay is a super­
position of the fast lst-order decay on the slow lst-

order decay, which is the case with the present ex­
periment. Now, we have to find a way to determine 
the rate parameters. Introducing Eqs. 9 and 11 into 
Eq. 5 and adopting the above two boundary conditions 
at time zero give k\> in the form, 

Ci 

°0 °0 
(17) 

Using a l5 a2, Cly and C2 which can be evaluated from 
the decay curves, kl> can be determined without any 
assumption and any mathematical approximation. 
Similarly, ke value can also be determined by intro­
ducing Eqs. 9 and 11 into Eq. 4 and using the same 
boundary conditions in the following form, 

*. = J!!M=*-°L) + J«±*!=SL-£.). (18) 
V o^-aa C0 J \ a.2-u.x C0 J 

As kb+ke is nearly equal to % (see Appendix), the 
third term cancels out and Eq. 18 can be rearranged 
using Eq. 17 into 

ke = *1-kb, (19) 

which means that Eq. 18 is consistent with the contents 
in the Appendix. Elimination of kT term, using Eqs. 
7 and 8, gives 

_ Â:1b
2-|-A:bA:e-(a1-|-a2)Â:b+a1a2 

Kb — - . \/V) 

Introducing kl, kl, and ke thus obtained into Eq. 
7, we obtain kT value (Table 1). The kT values for 
the systems are almost zero, if the experimental error 
is taken into account. Thus, the initial fast kinetics 
can be eventually represented by the equations in 
the Appendix. If the preceding reaction mechanisms 
are correct, the similar kinetic decay must be observed 
in the G P A - H T A B mixed micellar system. In fact, 
a superposition of two kinds of first-order decays took 
place in this system, too (Table 1), which assists the 
decay mechanism to be correct. A brief mention 
should be made of the difference in numerical values 
of the reaction parameters between the GPA and 
G P A - H T A B mixed micellar assemblies. Going back 
again to Table 1, we see that the kl and ke values 
in the mixed micellar system are much larger than 
those in the GPA micelle. I t is highly likely, therefore, 
that the polyamine cage is much more mobile in the 
mixed micelle leading to higher k* value and that 
the electrostatic surface potential is more positive in 
the mixed micelle, as reflected in the higher ke value. 
The surface potential of HTAB is VAzWjkT by a 
similar calculation, whereby a dissociation degree of 
the micelle is assumed to be 0.2, so that the value of 
9.4 becomes less for the present mixed micellar system 
where a ratio of GPA to H T A B is 0.09. O n the other 
hand, kl is much less in the mixed system. This 
too is owing to higher surface potential which causes 
larger separation between Gu + and D + outside micelle. 

Next, we proceed to the M P T H + cation decay in 
the Gu 2 +-polyamine micellar system. As mentioned 
before, the decay kinetics obeys the 2nd-order law 
and M P T H + , not Gu+, escapes into an intermicellar 
phase due to an electrostatic repulsion between M P T H + 
and the positive micellar charge. This can be verified 
by 1) very large ke value of the PTHDS-cat ionic 
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TABLE 1. RATE PARAMETERS FOR PTHDS (1 . O X 10~*M) IN GU2+-POLYAMINE COMPLEX (5 .OX 10~3 M) 

AND Gu2+-POLYAMINE COMPLEX/HTAB (1 . 0 X 10~ 3 /1 . 0 X 10~ 2 M ) MIXED MICELLAR SYSTEMS 

« 1 

10* s-1 
a2 

10* s-1 
H 

10* s-1 
kl 

10* s-1 
*. 

10* s-1 
* r 

10* s-1 

CPA 8.10±0.36 1.04±0.10 4.82 
C1/C0 = 0.536, C2/C0=0.464 

CPA/HTAB 135±10 0.261 ±0.019 94.0 
C!/C0 = 0.698, C2jC0 = 0.302 

1.04 

0.261 

3.28 

40.5 

- 0 

- 0 

The standard deviation for the numerical values of rate parameter is less than 10%. 

SCHEMATIC OF KINETIC PROCESSES I I 

D* 

: MICELLE 

K. 

D : ELECTRON 

DONOR 
S N-CH3 

Kd 

Kd 

+ D* 

E : ELECTRON 

ACCEPTOR Cu* 

Ka 
D' + 

Fig. 5. Schematic illustration of the elementary pro­
cesses for the decay kinetics of MPTH+ in Cu2+-
polyamine complex micellar system. 

micellar systems and 2) that the higher the surface po­
tential of micelles, the larger the ke value (see Table 1). 
In addition, as mentioned earlier, the kT value was found 
to be almost zero. T h a t is, the probability that the 
ejected cation donor goes back again into a micellar 
interior should be extremely small. Hence, the decay 
processes after the initial fast back electron transfer 
and after the cation ejection can be illustrated sche­
matically in Fig. 5, where the reaction parameter 
k& refers to the association reaction of D+ with the 
micellar aggregate and kd to the dissociation reaction 
of D+ from the micellar aggregate. Now that the 
schematic diagram has been given, we can develop 
the kinetic equations for the decay processes. Fol­
lowing notations will be used for the concentration 
terms: CD+A- for micelles with simultaneous D+ and 
A~ association (location of D+ association is micellar 
surface); CD+ for D+ in the intermicellar bulk phase; 
CMD+ for micelles with D+ association; CMA- for mi­
celles with A~ association; CM for empty and D-con-
taining micelles. 

dt 

dCD+ 

dt 

dCUB* 

—1~ (^S +£d)GxrA- + ^CMA-ÇD*» (21) 

dt 

= - AaCD*(CMA- + CM) + *d(CD+A- + CMD+), (22) 

== — k^Cjgj)* + ^a^D + "M, (23) 

d* 
— — ft&CiiD"^D* "1" "-d^D+A"« (24) 

What we can observe experimentally is the sum of 

C D + A - + C D
+ + C M D + . Hence, the 

total cationized donor is 
decay rate of the 

d(CD+A- + Cp+ + C W ) 
dt 

= - kZQ b'-'D+A- (25) 

After the initial fast back electron transfer reaction, 
the concentration of D+A~ becomes negligibly small 
and the system reaches a steady state for the concen­
tration of CD+A- and for the partitioning of D+ be­

tween the intermicellar phase and the micellar sur­
face.12) 

dC, D+A" 

dt 
= 0. (26) 

ÄaCD+CM = /CdCMD+. (27) 

An additional relationship is from the electroneutrality 
of the solution: 

CMA- = CD+ + CMD* • (28) 

Two equations which are derived by the introduction 
of Eq. 26 into Eqs. 21 and 25 give the total decay 
in the form, 

dt k$+ka 

Introducing Eqs. 27 and 28 into Eq. 29 gives 

d(CD+ + CMD+) 

d* 

where 

Anhnrl 

- — — £obsd(CD
++ CMD+)2, 

* b V d 

(*S+*d)(*d4-AaCM) ' 

(29) 

(30) 

(31) 

Thus, it has become clear that the cationized donor 
M P T H + is detached from the host micelle and that 
the decay rate of the total cation obeys the 2nd-order 
(Fig. 2). Namely, the mechanism depicted in Fig. 
5 is consistent with the experimental results. Unfor­
tunately, however, an evaluation of each rate param­
eter of this reaction system, unlike the system of M P T H 
in sodium dodecyl sulfate-europium decyl sulfate mixed 
micellar solution, can not be made only by increasing 
surfactant concentration,12) because the micellar ag­
gregation number of GPA increases with the surfactant 
concentration.10) When the kohsa value of M P T H + 
decay in the GPA micellar assembly is compared with 
that in the Cu(DS) 2 micellar assembly, we find that 
the former is as small as one-seventh of the latter. 
This is mainly attr ibutable to the smaller £a value 
for the former system which involves the repulsive 
force between M P T H + and the positive surface poten­
tial of GPA micelles, while, in the latter system, the 
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negative surface potential gives rise to an attractive 
force between Gu+ and micellar surface. 

T h e author is grateful to Professor M . Grätzel of 
Ecole Polytechnique Fédérale de Lausanne in 
Switzerland for his helpful comments and generous 
permission to publish this work which was partly 
done during my stay there. 

Appendix 

In the schematic diagram of Fig. 4, the returning reaction 
of D+ outside the micelle into micellar core must be very 
slow, because the probability that the cationized donor 
repelled from the micelle by an electrostatic repulsion goes 
back again into the micellar core must be very small. There­
fore, especially when we are discussing the short-time decay 
just after the laser pulse, kTCD*0 term can be neglected in 
Eqs. 3 and 4. Hence they become 

- ^ p - = -(K+k6)CDn, (32) 

- ^ j p - = -*SCD + 0 4- fteCD-i. (33) 

Integration of Eq. 32 yields 

CD+i = C0e-<*i+*e)*. (34) 

Introducing Eq. 34 into Eq. 33 and the subsequent inte­
gration give 

c- = *dfe<e~(li+i- ,'-e~*iI>- (35) 

The total cation concentration then becomes 

+ nrtn*^'- (36) 

Comparing Eq. 36 with Eq. 14 as respects the first part, 
we have the following equation concerning just the initial 
decay rate: 

oc1 = kl
b+k6. (37) 
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The Formation and Electronic Relaxation of Intermodular Exciplex 
in the Vapor Phase 
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The intermolecular exciplex formation and electronic relaxation of 1,4-dicyanonaphthalene (DCN) with 
pentamethylbenzene (PMB) in the vapor phase have been studied by means of nanosecond fluorescence spec­
troscopy. The exciplex formation and decay-rate constants were independent of the excitation energy, while 
the decay-rate constants of DCN fluorescence was dependent on the excitation energy. The rate constants of 
the exciplex formation and decay kinetics were discussed in comparison with the collisional relaxation rate of the 
upper vibrational states. 

The observation of the exciplex formation in the 
vapor phase provides valuable information concerning 
the electronic interaction between the electron donor 
and acceptor in the absence of solvent. I t also pro­
vides information concerning vibrational effects on 
the radiative and nonradiative deactivation of the 
exciplex. Exciplex formation in the vapor phase has 
been reported on 9-cyanoanthracene and alkylamine 
systems.1'2) Prochorow et a/.3) and Okajima and Lim4> 
have reported on exciplex formation and electronic 
relaxation in the 1,2,4,5-tetracyanobenzene (TGNB) 
and /»-xylene system in the vapor phase. Very re­
cently, I toh et a/.5'6) reported the intramolecular ex­
ciplex formation of l-(9,10-dicyano-2-anthryl)-3-(l- or 
2-naphthyl)propane (DGAN) in the vapor phase. In 
the collision-free vapor of DGAN, the excitation wave­
length dependence in the S1«-S0 spectral region of 
exciplex formation and the lifetimes was observed. 
A considerable blue shift of the exciplex fluorescence 
of the collision-free vapor on the excitation of the 
upper vibrational state was also observed in com­
parison with the excitation of the lower vibrational 
state. They suggested that the fluorescent relaxation 
from the upper vibrational state of the exciplex was 
significant. 

This paper will describe the intermolecular exciplex 
formation and electronic relaxation of 1,4-dicayno-
naphthalene (DGN) and also 1,4-dicyanonaphthalene-
d6 with pentamethylbenzene (PMB) in the vapor phase. 
The rate constants of the exciplex formation and 
decay kinetics were measured in the excitations at 
337 and 293 nm. T h e lifetime of the exciplex fluo­
rescence is independent of the excitation wavelength, 
while that of the DGN fluorescence is dependent. 
The reaction rates and the vibrational relaxation sug­
gest that PMB may act not only as an electron donor, 
but also as a vibrational relaxer of the upper vibra­
tional states of the Si state. 

Exper imenta l 

The 1,4-dicyanonaphthalene was prepared and purified 
by known procedures.7) l,4-Dicyanonaphthalene-üf6 was pre­
pared from naphthalene-â?8 (Merck, G10D8, 99%) by bro-
mination in bromine vapor and by cyanogenation in a pyri­
dine-^ (merck, G5D5N, 99%) solution, and was purified 
two times by means of silica-gel chromatography and re-
crystallization. Proton NMR gave an isotope purity of 
approximately 95%. The H-D exchange reaction was ex­
amined by the following method : after a mixture of DCN-<4 

and PMB (1:1) has been heated for 3 h at «523 K, the 
proton NMR signal shows that no H-D exchange reaction 
has occured between the two compounds. The spectral 
determinations in the vapor phase were made as follows: 
a rectangular quartz cell (1 cm) with graded seals containing 
solid DCN and PMB was degassed by means of a vacuum 
line and then sealed off. By using hexane as a buffer gas, 
a cell containing crystalline compounds and a trace of hexane 
corresponding to «500 Torr (1 Torr =133.32 Pa) at «503 
K was degassed by the freeze-pump-thaw method. The 
absorption and fluorescence spectra and lifetimes were meas­
ured in a quartz Dewar vessel at a controlled temperature 
by means of a heated air flow. The absorption and fluo­
rescence spectra were measured by means of Hitachi 220 
and MPF-4 spectrophotometer, respectively. The fluores­
cence lifetimes were determined by excitation with a nitrogen 
laser and a dye laser (Molectron DL-14) with a frequency 
doubler (Rhamda Physik KDP unit). The fluorescence 
decays were measured by the use of a HTV R666 photo-
multiplier and by means of Tektronix 7904 (7A19 and 7B85) 
oscilloscope, and were analyzed by the deconvolution meth­
od. 

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

T h e exciplex fluorescence at room temperature and 
also the excited-state complex fluorescence a t low tem­
peratures have been reported in a solution of 1,4-
dicyanonaphthalene (DCN) and alkylbenzenes.7) O n 
the other hand, the fluorescence polarization of DGN 
in a rigid solution of 3-methylpentane at 77 K suggests 
that the absorption spectrum of D C N at 280—340 
n m is attr ibutable to the L a ( S ^ S o ) and L b (S2<-
S0) bands. T h e absorption spectrum of D C N in the 
vapor phase shown in Fig. 1 may be ascribed to the 
L a and L b bands, though the spectral feature is quite 
different from that in solution. Figure 1 shows the 
fluorescence and excitation spectra of D C N and P M B 
vapor. T h e excitation spectra monitored at several 
wavelengths are identical with that of the D C N fluo­
rescence determined in the vapor phase, which is 
attr ibutable to the S1<-S0 absorption band of D C N . 
T h e fluorescence spectrum exhibits the exciplex fluo­
rescence (Ama3.«395 nm) in addition to the D G N fluo­
rescence (Am a x«343 nm) . I n the presence of a buffer 
gas (hexane, « 5 0 0 T o r r = 6 . 6 5 x 104 Pa) which may 
act as a vibrational relaxer, both exciplex and D C N 
fluorescence increase in intensity in comparison with 
those in the absence of a buffer gas, as shown in Fig. 
1. T h e fluorescence maximum of the vapor-phase 
exciplex exhibits a considerable blue shift from that 
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Fig. 1. (1) Fluorescence (excited at 300 nm) and (2) 
excitation (monitored at 450 nm) spectra of 1,4-
dicyanonaphthalene and pentamenthylbenzene in the 
vapor phase at «503 K. (3) fluorescence spectrum 
determined in the identical condition with (1) except 
addition of hexane gas («500 Torr=6.6 X 104 Pa) as 
a vibrational relaxer (1 M = l moldm - 3 ) . (4) Fluo­
rescence (excited at 300 nm) and (5) absorption 
spectra of 1,4-dicyanonaphthalene vapor at «503 K. 

in the nonpolar solution (Am a x«416 n m in 3-methyl-
pentane) at room temperature,7) while that of the 
DGN fluorescence shows no significant spectral shift. 

The well-known photochemical reaction scheme and 
decay kinetics of DGN and exciplex are as follows;8) 

A* + D ^ = b (DA)* 

\ * 2 

\ 
A + hv A D + A + hv', D + A 

[A*] = c1exp(—Â1t) -f £2
exP(—ht) 

[(DA)*] = czexp(-Xxt) - <?8exp( —Agf) 

+ ({^+^+^[D]-^4+^5+^6)}2 + 4^4)V2], 

where A and D are DGN and PMB, respectively. 
The time constants, Ax and A2 were determined in 
several concentrations of PMB in the excitation at 
337 nm at « 5 0 3 K. Figure 2 shows a plot of Ax+^2 
(=k1+k2+k3[D]+k4t+k5+ke) vs. [D], the slope of 
which yields the rate constant of £ 3 = 1 . 2 X 1011 dm 3 

mol s - 1 . Further, the fluorescence intensity ratio of 
DGN (excited at 337 nm) in the absence (I0) and 
presence (/) of the electron donor (PMB) is expressed 
by the following equation:8) 

(1,11) - 1 =* 8 |p](*5 + *6)/(*4 + *5 + *6)(*l+*l). 

From k3, the lifetimes of the exciplex and DGN, and 
the slope of the plot of I0/I vs. [D], the dissociation 
rate constant (k4) of the exciplex was determined to. 
be 3 . 5 6 x l 0 7 s - 1 , as is summarized in Table 1. 

The exciplex formation can be expressed by the 
following scheme: 

A * K ) + D • (DA)*(vh) 

+ R 

A*(n) + D 

+ R 

(DA)*fa), 

2.0 3.0 
CPMB]/10"3M 

Fig. 2. Plots of (Aj+Ag) vs. concentration of penta-
methylbenzene in the vapor phase at 503 K; Â1 and A2 

were obtained from double exponential decay curves 
determined at 370 nm in the excitation at 337 nm. 

TABLE 1. THE DECAY-RATE CONSTANTS AND THE FORMATION 

AND DISSOCIATION RATE CONSTANTS OF THE EXCIPLEX IN THE 

VAPOR PHASE AT 5 0 3 K IN THE EXCITATION AT 3 3 7 n m 

Rate constant DCN-PMB DCN-</«-PMB 

(*1+Ara)/s-l»> 
l c - l &3/dm3 mol - 1 s 

{ki+ki+kàir-1 

*</s-i 
&q/dm3 mol - 1 

1.25X108 

1.2X1011 
4 .9xl0 7 b > 
3.56 xlO7 

2 . 6 x l 0 2 

1.05X108 

1.2x1011 
5.2xl07 c> 
4 . 1 x l 0 7 

2 . 4 x l 0 2 

a) Determined in DCN and DCN-</6 vapors, b) De­
termined in the DCN (6.7 x 10"6 mol dm-3) and PMB 
(1.2x 10 -3 mol dm - 3) vapor, c) Determined in the 
DCN-</6 (6 .7xl0- 3moldm- 3 ) and PMB ( l x l 0 - 3 m o l 
dm -3) vapor. 

where vh and vx denote high and low levels of the 
vibrational state, respectively. R is a vibrational re­
laxer. In the excitation of the S1«-S0 absorption band 
at 337 nm, the fluorescence lifetimes of DGN vapor 
is 8.0 ns, while it is 3.6 ns for the S2«-S0 excitation 
at 292 nm. Since the energy level of the S2 state 
may be very close to that of the Sx state, and since 
the isoenergetic internal conversion from the S2 state 
to the vibrationally hot Sx state proceeds very rapidly, 
the short lifetime of DGN (3.6 ns) for the excitation 
of S2 is at tr ibutable to decay from the upper vibra­
tional state of Sj . However, the fluorescence lifetime 
of the exciplex in the D C N - P M B vapor does not 
exhibit any of the excitation-wavelength dependence 
mentioned above. Okajima and Lim4) suggested that, 
in the vapor-phase exciplex of TCNB-j&-xylene, the 
rate constant of the exciplex formation ( 7 x l 0 1 2 d m 3 

m o l - 1 s -1) between the vibrationally hot electron ac­
ceptor, A*(vh), via the S2 excitation and the ground 
state of the electron donor is 10 times greater than 
that of the formation of (DA)*(^) , measured for 
excitation into Sv Further, the rate constant of the 
intramolecular exciplex formation from the A * ( ^ ) 
and D moieties in the collision-free vapor of DCAN 
was determined to be much greater than that from 
the A*(^j) and D moieties.9) Therefore, if the rate 
constant of the (DA)*(i>h) formation in the D C N -
PMB vapor is assumed to be 5—10 times greater than 
the value of 1.2 X 1011 dm 3 m o l - 1 s - 1 obtained in the 
(DA) * (vx) formation, the rate constant of the (DA) * (vh) 
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formation is estimated to be approximately 1012 dm 3 

m o l - 1 s - 1 . O n the other hand, the concentration of 
PMB (10-2— 1 0 - 3 m o l d m - 3 ) corresponds to the gas 
pressure of 50 Torr and to the collisional relaxation 
rate of 5 X 108 s_ 1 obtained by the use of a hard-sphere 
collision model.4»10) Therefore, the rate of the 
(DA)*(*>h) formation via S2 excitation («1012[Z>] s -1) 
is greater than the decay of A*(*>h) and the vibra­
tional relaxation by « 5 0 Torr of PMB. However, 
since the decay-rate constant of (DA)*(vh) is assumed 
to be approximately 3 x 107 s - 1 , the vibrational relaxa­
tion of the upper vibrational state of (DA)*(rh) by 
PMB vapor may proceed at the rate of 5 x l 0 8 s _ 1 , 
followed by the fluorescent decay from (DA)*(^ ) . 
These arguments are consistent with the absence of 
the excitation-wavelength dependence of the fluores­
cence lifetimes of the exciplex. The fluorescence-in­
tensity ratio of the exciplex and DGN is not very 
much dependent on the absence or presence of the 
buffer gas, though the intensity ratio shows a slight 
increase in the latter, as shown in Fig. 1. This fact 
suggests that the exciplex formation and emission may 
take place according to the reaction scheme mentioned 
above. In the scheme, D and R are P M B as the 
electron donor and also as the vibrational relaxer. 

The rate constants of the exciplex formation and 
decay kinetics were obtained in the DCN-*/6 and PMB 
system, as summarized in Table 1. Figure 3 com­
pares the fluorescence spectrum of DCN-öf6 and PMB 
vapor with that of D G N - P M B vapor determined under 

Fig. 3. (H) Fluorescence spectrum of 1,4-dicyanonaph-
thalene (6.7 X 10~6 mol dm -3) and pentamethylben-
zene (3.8 X 10~3 mol dm -3) in the vapor phase at 
«503 K. (D) Fluorescence spectrum of 1,4-dicyano-
naphthalene-d6 (6.7 X 10-6 mol dm -3) and pentameth-
ylbenzene (3.8 X 10~3 mol dm -3) determined in the 
identical condition with (H). 

identical conditions. The fluorescence-intensity ratio 
of the exciplex and DGN in DCN-</6-PMB slightly 
increases in comparison with that of D G N - P M B . 
However, the rate constant of the exciplex formation 
(A;3) and the quenching constant (kq) obtained from 
the plots shown in Figs. 2, show no significant differ­
ence between DCN-*/6 and DGN, as summarized in 
Table l.n> Okajima and Lim4) reported that the 
Stern-Volmer quenching constant in the TCNB-jb-
xylene-öf10 vapor is smaller by a factor of 1.4 than 
that for TGNB-/?-xylene, and they suggested the 
occurence of important vibrational effects in the 
photoassociation. However, the lack of any significant 
effects of the deuterium substitution in DGN reported 
here suggests a slight contribution of G-D stretching 
to the high-frequency vibrational mode of a large 
molecule such as D G N in the exciplex formation and 
the radiationless deactivation. 

This work was partially supported by a Grant-in-
Aid for Scientific Research from Ministry of Education, 
Science and Culture. 
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The magnetic susceptibility of l,5-diphenyl-3-(4-chlorophenyl)verdazyl (Gl-TPV) has been measured on 
a powder sample in the temperature region between 1.8 and 80 K. It exhibited a round maximum at 21.0 K; 
this temperature is the highest among those observed for verdazyl monoradicals. The susceptibility can be well 
described by the Heisenberg linear chain model; the estimated exchange interaction parameter is J/k= — l6A 
K. The crystal structure of Gl-TPV has been determined by means of X-ray diffraction. The crystal is 
orthorhombic, with the space group of Pbca and with 0=22.041(5), b=7.166(4), c=21.379(5) Â, and Z = 8 . The 
molecules are arranged in a column along the b axis. The exchange interaction has been discussed based on 
the crystal structure and the spin density distribution. 

Electron spin-spin exchange interaction in a radical 
crystal is dependent on the crystal structure and the 
spin density distribution. I n order to obtain the ex­
change interaction as a function of the interatomic 
distance and the spin density, 1,3,5-triphenylverdazyl 
(TPV) and its methyl derivatives, such as 1,3,5-tri-
phenyl-6-methylverdazyl and l,3-di-/>-tolyl-5-phenyl-
verdazyl (DTPV) , have been studied to determine 
their magnetic susceptibilities, spin densities, and crys­
tal structures.2) T h e G-phenyl ring in T P V lies in 
the nodal plane of the highest-occupied molecular 
orbital,3) so the replacement of the hydrogen atom 
in that ring scarcely perturbs the spin density dis­
tribution. Thus, a chlorine atom has been introduced 
into />ara-position and the molecular packing has been 
modified from that of T P V . The exchange inter­
action estimated from the magnetic susceptibility of 
this l,5-diphenyl-3-(4-chlorophenyl)verdazyl (Cl-TPV) 
is the strongest among the verdazyl monoradicals ex­
amined. In order to understand the exchange inter-

Fig. 1. Chemical structures of verdazyl radicals. 
Radical Ri R3 R5 R6 

TPV H H H H 
Gl-TPV H Cl H H 
DTPV CH3 CH3 H H 

action of Cl-TPV and to try the tractable function 
in Ref. 2, the crystal structure of this radical has been 
determined by means of X-ray diffraction. 

Experimental 

Gl-TPV was prepared from /»-chlorobenzaldehyde, aniline 
and formaldehyde.4) The dark green crystals, elongated 
along the b axis, were purified several times through re-
crystallization from a mixed solution of acetone and metha­
nol. 

The magnetic susceptibility was measured on the pow­
dered sample by means of a magnetic torsion balance.5) 
The temperature was determined using an AuCo-Cu ther­
mocouple and a carbon résister. Manganese Tutton salt 
was used for the calibration of the thermometers and the 
field intensity. 

ESR spectra of Gl-TPV and TPV in toluene were recorded 
on an X-band spectrometer at room temperature, in order 
to estimate the difference in the spin density distributions 
of these radicals. 

The unit-cell parameters were obtained from the photo­
graphic data. The crystal data are summarized in Table 
1. The Weissenberg intensity data (hOl—h5l, Okl—\kl) were 
collected with Gu Kcc radiation and corrected for Lorentz 
and polarization effects. There were 2326 independent 
reflections, of which 1741 were regarded as observed. 

TABLE 1. CRYSTAL DATA OF Cl-TPV 

** Permanent address: Laboratory of Chemistry, Faculty 
of General Education, Ehime University, Matsuyama, Ehime 
790. 

Molecular formula 
Molecular weight 
Melting point 
Crystal system 
Space group 
Cell dimensions; 

a/A 
bjk 
cjk 
V/A3 

Z 
Density (calcd)/g cm - 3 

Density (obsd)/gcm~3 

C20H16N4C1 
347.8 
144—145 °C 
Orthorhombic 
Pbca 

22.041(5) 
7.166(4) 
21.379(5) 
3376.5 
8 
1.368 
1.35 
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R e s u l t s o f Magnet i c 
M e a s u r e m e n t s 

The susceptibility data were corrected for the dia-
magnetic contribution using Pascal's constants.6) The 
paramagnetic molar susceptibility, xm, is shown in 
Fig. 2. The susceptibility follows the Curie-Weiss law 
with a negative Weiss constant, 0=—-18.4K, in the 
high temperature region. However, the susceptibility 
deviates from the Curie-Weiss law at low temperatures, 
and it shows a round maximum with a value of X m a x = 
6.70 X l 0 - 3 c g s emu mol" 1 at T ' m a x =21.0 K.*** 
When the temperature is lowered further, the suscep­
tibility decreases towards a finite value at 0 K. The 
radical concentration, as determined from the suscep­
tibility data at high temperatures, is 100%, with an 
experimental error of 3 % . 

The ESR spectrum of T P V exhibited nine line 
splittings, with the hyperfine coupling constant of 
0.59 m t due to the nearly equivalent four nitrogen 
nuclei; the splittings from protons were unresolved. 
O n the other hand, the spectrum from Cl-TPV show­
ed many incompletely resolved splittings due to the 

protons, as is shown in Fig. 3. However, the spacing 
of 0.59 m T of the nine line splittings was unchanged. 

Structure D e t e r m i n a t i o n 
a n d Ref inement 

The crystal structure was solved by the direct meth­
od using a program written in our laboratory. The 
positions of all the 25 non-hydrogen atoms located 
on an E map were refined by the blockdiagonal least-
squares procedure. T h e positions of all the 14 hy­
drogen atoms in the phenyl rings were deduced from 
a difference Fourier map, but both hydrogen atoms 
in the methylene group were located geometrically. 
The R value was reduced to 0.091 for 1741 observable 
reflections by blockdiagonal least-squares refinement 
with anisotropic thermal parameters for the non-hy­
drogen atoms and isotropic ones for the hydrogen 
atoms. The atomic coordinates are listed in Table 
2. The atomic scattering factors for CI, N, and C 
were those of the International Tables for X-Ray 
Crystallography.7) For the hydrogen atom, the scat­
tering factor was adopted from the table of Stewart 
et al.8) 

Fig. 2. Paramagnetic molar susceptibility of Cl-TPV 
powder. Solid circles show the experimental data 
and solid line is the susceptibility of the Heisenberg 
linear chain. 

Fig. 3. ESR spectra of TPV (a) and Cl-TPV (b) 
in toluene. 

***The value of the molar susceptibility in m3 mol - 1 

(SI) can be obtained by multiplying the value in emu moi - 1 

(cgs) by 47TX10-6. 

Descr ip t ion o f the Structure 

T h e molecular structure of Cl -TPV and the num­
bering system are illustrated in Fig. 4. The bond 

TABLE 2. FRACTIONAL ATOMIC COORDINATES OF Gl-TPVa> 

Atom 

G ( l ) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
G (10) 
G (11) 
G (12) 
G (13) 
G (14) 
G (15) 
G (16) 
G (17) 
G (18) 
G (19) 
G (20) 
N ( l ) 
N(2) 
N(3) 
N(4) 
Cl 

*Xl0 4 

3709(3) 
2805(3) 
4391(3) 
4875(3) 
5441 (2) 
5533(2) 
5049(3) 
4479(3) 
3293(2) 
2920(3) 
2967(3) 
3397(3) 
3754(3) 
3714(3) 
2245(3) 
2264(3) 
1742(3) 
1193(3) 
1156(3) 
1686(3) 
3815(2) 
3326(2) 
2745 (2) 
3265(2) 
520(1) 

yxlO* 

95(11) 
1300(10) 
766(10) 

-238(11) 
-190(10) 

827(10) 
1822(12) 
1790(11) 
2100(10) 
3507(11) 
4291(12) 
3633(12) 
2208(12) 
1328(10) 
1398(10) 
1832(11) 
1929(12) 
1600(11) 
1149(11) 
1014(11) 
767(8) 

1038(8) 
1684(8) 
1379(8) 
1814(3) 

zxlO* 

2826(3) 
2133(3) 
1901(3) 
2168(3) 
1878(3) 
1331(3) 
1075(3) 
1354(3) 
3694(2) 
3868(3) 
4455(3) 
4888(3) 
4716(3) 
4122(3) 
1753(3) 
1123(3) 
773(3) 

1060(3) 
1678(3) 
2027(3) 
2188(2) 
1824(2) 
2749(2) 
3082(2) 
631(1) 

a) The coordinates of hydrogen atoms, the anisotropic 
and isotropic thermal parameters, and the F0— Fe table 
are kept by the office of the Chemical Society of Japan 
(Document No. 8145). 
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lengths and the bond angles are listed in Table 3. 
The four nitrogen atoms are coplanar (N-plane) with­
in ±0.001 Â and the jym-tetrazinyl ring has a de-

TABLE 3. BOND LENGTHS (//Â) AND BOND ANGLES (0/°) 

The estimated standard deviations are less than 
0.01 Â and 1°, respectively. 

Bond Length Bond Length 

C(l)-N(l) 1 
C(l)-N(4) 1 
C(2)-C(15) 1 

C(2)-N(2) 1 
C(2)-N(3) 1 

G(3)-G(4) 1 
G (3)-G (8) 1 
G(3)-N(l) 1 
G (4)-G (5) 1 
G (5)-G (6) 1 
G (6)-G (7) 1 
G (7)-G (8) 1 
G (9)-G (10) 1 
G (9)-G (14) 1 

Bond 
N(l)-G(l)-N(4) 
C(l)-N(l)-N(2) 
N(l)-N(2)-G(2) 
N(2)-G(2)-N(3) 
C(2)-N(3)-N(4) 
N(3)-N(4)-C(l) 

G(l)-N(l)-G(3) 
N(2)-N(l)-G(3) 
N(l)-C(3)-C (4) 

N(l)-G(3)-G(8) 
G(8)-G(3)-G(4) 

G(3)-G(4)-G(5) 
G(4)-G(5)-G(6) 
G(5)-G(6)-G(7) 
G(6)-G(7)-G(8) 

G (7)-G(8)-G(3) 
G(l)-N(4)-G(9) 
N(3)-N(4)-G(9) 
N(4)-G(9)-G(10) 

.47 

.44 

.48 

.34 

.35 

.40 

.40 

.41 

.39 

.38 

.40 

.39 

.35 

.42 

Angle 
105 
117 
115 
126 
113 
118 
123 
118 
121 
119 
120 
119 
122 
119 
121 
120 
124 
117 
120 

N 
G 
G 
G 
G 
G 
G 
N 
N 
G 
G 
G 
G 
G 
G 
G 
G 
G 
G 

G(9)-N(4) 
G (10)-G (11) 

G (ll)-G (12) 
C(12)-C(13) 
G (13)-G (14) 

G (15)-G (16) 
G (15)-G (20) 
C(16)-C(17) 
G (17)-G (18) 

G(18)-G(19) 
G (19)-G (20) 

N(l)-N(2) 
N(3)-N(4) 
G (18)-Gl 

Bond 

(4)-G(9)-G(14) 
(14)-C(9)-C(10) 
(9)-C(10)-C(Il) 

(10)-G(11)-G(12) 
(11)-C(12)-C(13) 
(12)-C(13)-C(14) 
(13)-C(14)-C(9) 
(2)-G(2)-G(15) 
(3)-G(2)-G(15) 

(2)-G(15)-G(16) 
(2)-C(15)-C(20) 
(20)-C(15)-C(16) 
(15)-G(16)-G(17) 

(16)-C(17)-C(18) 
(17)-C(18)-C(19) 
(18)-C(19)-C(20) 
(19)-G(20)-G(15) 
(17)-G (18)-Gl 
(19)-G (18)-Gl 

1.41 
1.38 
1.40 
1.35 
1.42 
1.38 
1.39 
1.37 
1.38 

1.36 
1.39 
1.34 
1.37 
1.75 

Angle 
119 
121 
121 
121 
118 
123 
117 
117 
116 
122 
120 
119 
121 
119 
122 
119 
120 
120 
119 

formed boat form; these have been observed in other 
verdazyls.9-11) The atomic deviations from N-plane 
are as follows: C ( l ) = 0 . 6 2 , C(2 )=0 .14 , C(3) = - 0 . 3 4 , 
C(9) = —0.42, and C ( 1 5 ) = 0 . 3 0 Â . These values are 
close to those of D T P V and T P V except that G (9) 
(—0.22Â in T P V ) . The dihedral angles between 
N-plane and each plane of N ( l ) - , N(4)- and C(2)-
phenyl rings are 37.5, ( —)35.7, and 25.5°, respec­
tively. The twist angles around the inter-ring bonds, 
defined by the dihedral angle between the plane of 
each phenyl ring and the plane through a-, /?-, y-, 
and / - a t o m s , are 20.9, (—)15.6, and 25.2° for N ( l ) -
G(3), N(4) -C(9) , and C(2)-C(15) bonds, respectively. 
The last angle is much greater than those in the other 
verdazyls examined, this fact is attributed to the inter-
molecular packing forces, as can be seen from Fig. 5. 

Figure 5 shows how the Gl-TPV molecules are 
arranged in the unit cejl. The molecules form col­
umns along the b axis. The shortest intermolecular 
distance between the non-hydrogen atoms is 3.48 Â 
for the N(l)—G(19) contact in the column. This 
columnar structure seems very similar to that of DTPV, 
as can be seen from Fig. 6.n> Within the column, 
the mean values of the intermolecular distances for 
the jr-framework are actually 7.05 and 7.15 Â for 
Gl-TPV and D T P V , respectively, while they are 
7.76—7.86 Â for the other verdazyls. However, there 
are some substantial differences between Gl-TPV and 

C(6) 

012) 

Fig. 4. Molecular structure of Gl-TPV and the num­
bering system. 

Fig. 5. Stereoscopic view of the crystal structure of Gl-TPV along the b axis. The 
a axis is horizontal, from left to right, and the c axis is downward vertical. The hydrogen 
atoms were omitted for clarity. 
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?AB — -SLS*XJÎTpîp*„ (3) 

Fig. 6. Molecular packing of DTPV.11) 
The methyl carbon atom in G-tolyl group makes 
the outmost thorn of the column along the c axis. 

DTPV, e.g. in the shortest N---N contact: 3.74 Â in 
the former, but 4.15 Â in the latter. 

D i s c u s s i o n 

The susceptibilities of a number of verdazyls have 
been described by the Heisenberg linear chain mod­
el 2,12,13) The numerical study of the thermodynam­
ic properties of the Heisenberg linear chain of S= 
1/2 spins has been made by Bonner and Fisher.14) 
The theory predicts the following relation independent 
of the exchange parameter, J: 

Xmax-* max = 0.142. (1) 

The predicted susceptibility for antiferromagnetic cou­
pling exhibits a round maximum at 

r m a x = 1 . 2 8 2 | / | / * , (2) 

where k is the Boltzmann constant. The suscep­
tibility of Gl-TPV gives 0.141 for Relation (1). 
Based on Eq. 2, the exchange parameter is estimated 
to be Jlk= —16.4 K ; this is the strongest anti-
ferromagnetic exchange interaction among the verdazyl 
mono-radicals examined. The solid line in Fig. 2 
is the susceptibility of the Heisenberg linear chain 
with this / value. The calculated susceptibility is 
very close to the observed one. The systematic dis­
agreement in the lowest temperature region can be 
attributed to a small amount of impurities; it is hard 
to prepare and keep the radical completely pure. 
Therefore, an adequate model to describe the sus­
ceptibility of the Gl-TPV crystal is the Heisenberg 
linear chain model with Jjk= — 16 .4K. 

Because the exchange interaction between the aro­
matic radicals is caused by the overlapping between 
the p z jr-orbitals, the Gl-TPV molecules in the column 
are coupled to one another by the exchange inter­
action. Therefore, a Gl-TPV crystal is a one-di­
mensional magnet in view of the molecular packing. 
This is consistent with the result derived from the 
susceptibility. 

An approximated spin density Hamiltonian for the 
exchange interaction between the aromatic radicals 
A and B has been presented by McGonnell:15) 

- e 

where SA and JS>B are the total spin operators on mol­
ecules A and B, pi and p* are the jr-spin densities 
on atoms i and j of A and B, respectively, and where 
J if is the two-center exchange integral between 
i and j . The observed / corresponds to the summa­
tion in Eq. 3. Using this equation the ferromagnetic 
exchange interaction in a galvinoxyl radical crystal 
has been discussed.16) The same procedure has been 
applied to T P V and its methyl derivatives.2) Ac­
cording to that study, the order of the observed / ' s 
can be explained by means of the following tractable 
function for Jif: 

Jif = -pC/rtr, (*) 
where C is a positive constant, rt* is the distance 
between atoms i and j , and where p is an angular 
correction. A possible angular correction is p= 
cosöt COS0? where di and 0? are the angles between 
respective axes of the p^-orb i ta l s of i and j atoms j 
and the vector distance rf/.17) However, the follow­
ing rather crude correction factor was adopted: 

( 1 when rtf f£ 6 Â 
when rfj* > 6 Â . 

W h e n the layered structure with the separation of 
4 Â between the layers is assumed, 

rtf ^5 6 Â corresponds to cos0£ cos0^ 2=̂  0.45 
and 

rt? > 6 Â corresponds to cosöf cos05 < 0.45. 

When other functions for /f/, such as the overlap 
integral and exchange integral calculated by Dulcic 
and Herak,18) were adopted, the order of the observed 
/ 's has been reversed.2) 

The spin densities on Gl-TPV are similar to those 
on T P V , in view of the same hyperfine coupling con­
stant due to nitrogen nuclei. The same spin dis­
tribution as that of Gl-TPV can be reasonably as­
sumed for D T P V . Therefore, the spin densities for 
Gl-TPV and D T P V used in the calculation are taken 
to be identical with those for T P V discussed else­
where;16) they are shown in Table 4. 

Using Eqs. 4 and 5, the summation in Eq. 3 has 
been calculated for pairs of molecules along the three 
cristallographie axes. The results are summarized in 
Table 5, together with those for D T P V . The pro­
minent negative value suggests the antiferromagnetic 

TABLE 4. THE 7Ü-SPIN DENSITY DISTRIBUTION IN Gl-TPV 

(5) 

(6) 

Atom Spin density 

N(l), N(4) 
N(2), N(3) 

G (2) 
G (3), C(9) 

C(4), C(8), C(10), C(14) 
C(5), C(7), C(ll), C(13) 

C(6), C(12) 
C(15) 
C(16), C(20) 
C(17), C(19) 
C(I8) 

0.2040 
0.1944 

-0.0461 
-0.0345 

0.0473 
-0.0179 
0.0505 
0.0032 

-0.0179 
0.0067 

-0.0131 
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TABLE 5. RESULTS OF THE CALCULATION BASED ON 

MCCONNELL'S SPIN DENSITY HAMILTONIAN 

Direction Sum in Eq. 3a> 
in the --—— -— -
crystal Cl-TPV DTPV2> 

Along the a axis —3.41 
Along the b axis —16.4 

along c axis —21.3 
Along the c axis 0.0369 
Observed J/k - 1 6 . 4 K - 1 1 . 1 K 

a) The sums have been adjusted by using the factor 
obtained from the observed J for Cl-TPV and the 
calculated J along the b axis of the Cl-TPV crystal. 

exchange coupling in the column along the b axis 
of the Cl-TPV crystal. The calculated exchange cou­
plings between the columns are less than 1/5 of that 
within the column. These results are consistent with 
the fact derived from the susceptibility: an anti-
ferromagnetic linear chain spin system. The ratio of 
the observed J of Cl -TPV to that of D T P V is 1.5. 
However, the calculated ratio is 0.8; this is not im­
proved by adopting the squared cosine factor for p. 
The three other functions for J if in Ref. 2 give 
the ratios of 0.7—0.004, where 0.7 is obtained with 
JtjB=~pC(rtjB)-3. I n conclusion, Eq. 3 combined 
with Eqs. 4 and 5 has roughly explained the order 
of the observed J's of five verdazyl radicals. This 
tractable procedure would thus be practically more 
useful in correlating the exchange interaction with 
the crystal structure than complicated procedures, 
such as that adopted by Dulcic and Herak.18> 

T h e authors wish to thank Professors Yasuo Deguchi, 
Hiroaki Ohya-Nishiguchi, Noboru Hirota, and 
Masayoshi Kinoshita for their helpful discussions. 
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Magnetic Circular Dichroism Studies of 4,4-Disubstituted Biphenyls 
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The magnetic circular dichroism (MCD) and ultraviolet (UV) absorption spectra of 4,4'-disubstituted bi­
phenyls were measured. The MCD spectra showed diverse spectral patterns reflecting the natures of the sub­
stituent groups. These observed MCD spectra were reproduced by the theoretical calculations based on the 
Pariser-Parr-Pople-SCF-CI method. The dihedral angles of 4,4'-disubstituted biphenyls were estimated to be 
about 20° by comparing the observed MCD spectra with the calculated ones. The assignments for the MCD 
bands of 4,4'-disubstituted biphenyls were given on the basis of these calculations. The substituent effects of 
biphenyls were interpreted by the use of the coefficients of the configuration interactions. 

One of the most interesting aspects of the optical 
properties of biphenyl and its sterically hindered de­
rivatives has been displayed by the appearance of 
an intense, structureless absorption band with its max­
imum at ca. 40000 cm - 1 . T h e band is well known 
to be very sensitive to the variation in the torsional 
angle, 6, around the central carbon-carbon bond of 
biphenyl (see Fig. 1), giving rise to a change in both 
the location of the band and its intensity.1) The 
conjugation between the two benzene rings becomes 
large with a decrease in the dihedral angle of biphenyl. 
Thus, if the dihedral angle decreases, this band shows 
a marked red-shift and an enhancement in its in­
tensity; therefore, it is called the conjugation band. 
The stable conformation of biphenyl is, in principle, 
established on the basis of a balance between the two 
effects, electronic derea l iza t ion and electrostatic re­
pulsion between non-bonded atoms.2) Especially, 
however, repulsion among the hydrogen atoms at 
ortho positions (2, 6, 2' , and 6' in Fig. 1) in the bi­
phenyl skeleton is considered to be of primary im­
portance. Accordingly, on substitution by bulky 
groups at the ortho positions, the dihedral angle of 
biphenyl increases due to the appreciable increase in 
steric repulsion, giving rise to a hypsochromic effect 
on the transition energy and a hypochromic effect 
on the intensity of the conjugation band. In fact, 
Beaven et a/.1) have reported that the conjugation 
band shifts toward a higher-energy region with a 
decrease in its intensity on successive substitution by 
methyl groups at the ortho positions of biphenyl. 

O n the other hand, the dihedral angle is considered 
to change only slightly or remain unchanged on sub­
stitution at the para positions (4 and 4 ' in Fig. 1). 
Kurland3) gave an equation in which the difference 
in chemical shift between the protons at the meta 

X=NH2,OH,N02»CN,CH3,Ct 

Fig. 1. The nuclear skeleton and coordinate system 
of 4.4'-disubstituted biphenyl. 

and ortho positions of biphenyl was expressed as a 
function of 6; using that equation, he then tried to 
estimate the dihedral angles, 0, of the 4,4'-disubstituted 
biphenyls, including 4,4'-dideuterated biphenyl. The 
experimental results were well reproduced by taking 
0 = 4 5 ° in his equation. In addition, the dihedral 
angle is found to be independent of the substituent 
groups. O n the other hand, Suzuki4) tried to elu­
cidate the U V spectra of biphenyl and estimated the 
dihedral angle, 0, by making use of the core-resonance 
integral for the central bond as a function of 0. H e 
obtained 0°, 23°, and 43° for biphenyl in gas, solution, 
and a crystalline state respectively. According to his 
results, the dihedral angles of 4,4'-disubstituted bi­
phenyls in solution may be expected to take a value 
of about 20°. 

So far, M C D studies, which are very useful for the 
investigation of the electronic states of the compounds, 
have been carried out on biphenyl, para-substituted 
biphenyls with electron-donating groups and bridged 
biphenyls.5 '6) The 1st and 2nd M C D bands of the 
parent molecule, biphenyl, have positive and negative 
signs respectively, while those of the para-substituted 
derivatives have the opposite signs. Thus, the M C D 
spectra of biphenyls show an apparent substituent 
effect, suggesting that the M C D measurement is more 
sensitive with respect to the natures of the substituents 
than the U V measurement, and therefore useful in 
giving reasonable spectroscopic assignments. 

T h e molecular orbital investigations of biphenyls 
were limited to those of biphenyl itself, using the 
Pariser-Parr-Pople method,7»8) molecules in the mol­
ecule method,9) and the GNDO/2 method.10) 

I n this work, 4,4'-disubstituted biphenyls with var­
ious substituents are investigated by means of U V 
and M C D spectroscopies in order to examine the 
substituent effects in a systematic fashion. The cal­
culations for the M C D spectra of these compounds 
were carried out on the basis of the PPP method so 
as to reproduce the observed M C D spectra and di­
hedral angles of 4,4'-disubstituted biphenyls in solu­
tions. I t seemed that it would be interesting to see 
to what extent the observed spectra for hindered 
biphenyls can be explained by theoretical calculations 
on the basis of a simple approximation. 

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

4,4'-Diaminobiphenyl, 4,4'-dihydroxybiphenyl, 4,4'-di-
nitrobiphenyl, 4,4'-dicyanobiphenyl, 4,4'-dichlorobiphenyl, 



3280 Hiroyuki UCHIMURA, Akio TAJIRI, and Masahiro HATANO [Vol. 54, No. 11 

and 4,4'-dimethylbiphenyl obtained commercially were 
recrystallized several times from appropriate solvents. 

All the measurements were carried out at room tempera­
ture, using ethanol, methanol, or cyclohexane as solvents 
for the derivatives with strong electron-donating groups, 
with electron-attracting groups, or with weak electron-
donating groups respectively. The MGD and UV spectra 
were measured on a JASGO-J20A recording spectropolar-
imeter equipped with a 1.14 T electromagnet and on a Hitachi 
EPS-3T recording spectrophotometer respectively. 

Theoret i ca l 

The electronic transition energies, oscillator 
strengths, and Faraday B values of 4,4'-disubstituted 
biphenyls were estimated on the basis of the PPP 
method,11^ including configuration interactions among 
singly excited configurations with transition energies 
below 10 eV. One-center-core and repulsion inte­
grals were evaluated from the valence-state ioniza­
tion potentials and electron affinities. Two-center-
core integrals were calculated by the use of the 
Wolfsberg-Helmholtz equation.12) Two-center repul­
sion integrals were evaluated by the use of the 
Nishimoto-Mataga equation.13) The repulsion inte­
gral, ypq, within a benzene ring was evaluated ac­
cording to the usual formula: 

14.397 / A n 

y P q = R , „ (eV)> 0 ) 

28.794 

*M = ~^W (2) 

where Rpq is the distance between the p and q atoms 
and where yvv stands for the one-center repulsion 
integrals. The repulsion integral, ypq, in which the p 
and q atoms belong to different benzene rings was 
calculated using Eq. 1, while modifying apq as follows: 

28.794 
ß p q ( 7 P P + 7qq) COSTO+ (y'„ + y'w) sin*0 ' 

Yw = 7PP ~ 6F2, (4) 
where 0 is the dihedral angle and F2 is the Slater-
Condon parameter . The benzene rings in biphenyl 
were assumed to be regular hexagons. The coordi­
nate system employed is represented in Fig. 1. The 
x axis lies along the long molecular axis, and the y 
axis bisects the dihedral angle, 0. Since the repul­
sions among orthoprotons in 4,4'-disubstituted bi­
phenyls are considered to be equal to that in biphenyl, 
their dihedral angles have been assumed to be equal 
throughout the calculations. 

The theoretical Faraday B term associated with an 
electronic transition, j<-a, is expressed as follows: 

B(j<-a) = Im{ S (<k\^\a>/(Ek-E&))' 
k if a 

<a\M\j>X<j\M\k> 

+ -E«j\7\k>/(Ek-Ei))-
k * j 

<a\M\j>X<k\M\a>}, (5) 

where M and M denote the magnetic and electronic 
dipole moment operators respectively. The quantities 
in the denominator, E^ etc., are the energies of the 

k states. The electric-transition dipole moments were 
estimated on the basis of the dipole-velocity method. 
The atomic integrals of the electric and magnetic 
dipole moments were retained only for the nearest 
neighbor atoms, while those for the distant atoms 
were neglected because they were small and expected 
no decisive effect on the calculated results. The 
orthogonalized set of atomic orbitals obtained by the 
Löwdin procedure14) was used for the calculations of 
these quantities. The calculations were carried out 
by using the ACOS-700 computer in the Computer 
Center of Tohoku University. 

R e s u l t s a n d D i s c u s s i o n 

The U V and M C D spectra of 4,4'-dihydroxybi-
phenyl are represented in Fig. 2, where e is the molar 
extinction coefficient in dm 3 m o l - 1 c m - 1 and where 
[0]M is the molar ellipticity in degree dm 3 m o l - 1 c m - 1 

45 40 35 

vxlO^/cm- 1 

4 

o 

s • 
x -1 

*[ 

^ H * 

S 

10 48 41 

vXlO-3/cm-1 

Fig. 2. The observed and calculated results of 4,4'-
dihydroxybiphenyl. 
(a) The MCD (top) and UV (bottom) spectra in 
ethanol measured at room temperature, (b) The 
calculated Faraday B value (top) and oscillator 
strength (bottom). 
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T _ 1 . The U V spectrum shows a single peak with 
its maximum at 37800 cm- 1 , whereas the M G D spec­
t rum exhibits a negative peak at 34600 c m - 1 and a 
positive peak at 38000 c m - 1 . 4,4'-Diaminobiphenyl 
shows a spectral profile (Fig. 3) similar to that of 
the dihydroxy derivative— a negative band at a lower 
frequency and a positive at a higher, but its M G D 
peaks shift toward a frequency region higher by about 
2000 c m - 1 in comparison with the dihydroxy deriv­
ative. 

O n the contrary, the M G D spectra of nitro and 
cyano derivatives show a positive band in the lower-
frequency region and a negative in the higher, while 
the M G D extrema of the former are observed in a 
frequency region lower by about 3000 c m - 1 than that 
of the latter (Figs. 4 and 5). 

Furthermore, the signs of the M G D spectra of the 
methyl and chloro derivatives are all negative in the 
corresponding spectral region (Figs. 6 and 7). Thus , 

vXlO-3/cm-1 

S 
u 

CI 

X 
Ol 
I 

X 

II 41 41 35 
vXlO-3/cm-1 

Fig. 3. The observed and calculated results of 4,4'-
diaminobipheny 1. 
(a) The MGD (top) and UV (bottom) spectra in eth-
anol measured at room temperature, (b) The cal­
culated Faraday B value (top) and oscillator strength 
(bottom). 

the U V spectrum of each compound is apparently 
observed as a single peak in the spectral region of 
35000—40000 cm- 1 , whereas the M G D spectra show 
various spectral patterns corresponding to the natures 
of the substituent groups. 

The estimated Faraday B values (B) and oscillator 
strengths (f) are represented in Figs. 2—7. The 
longitudinal axis takes —B, since the Faraday param­
eter, B, appears as —B in the expression of the 
molar ellipticity [0]M. The estimated Faraday B 
values for the hydroxy and amino derivatives show 
positive signs in the lower-frequency region and 
negative signs in the higher, whereas those for the 
nitro and cyano derivatives are negative in the 
lower region and positive in the higher. The methyl 
derivatives are all predicted to have positive B values. 
The transition energies of hydroxy, amino, nitro, and 
methyl derivatives are in fairly good agreement with 
the experiments. However, in the cyano derivative 
the energy separation between the 1st and 2nd M G D 
bands is too small in comparison with the observed 
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Fig. 4. The observed and calculated results of 4,4'-
dinitrobiphenyl. 
(a) The MGD (top) and UV (bottom) spectra in 
methanol measured at room temperature, (b) The 
calculated Faraday B value (top) and oscillator 
strength (bottom). 
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Fig. 5. The observed and calculated results of 4,4'-
dicy anobiphenyl. 
(a) The MCD (top) and UV (bottom) spectra in 
methanol measured at room temperature, (b) The 
calculated Faraday B value (top) and oscillator 
strength (bottom). 

one, and the experimental M G D signs of the chloro 
derivative are not reproduced. The disagreement be­
tween the calculations and experiments in cyano and 
chloro derivatives is mainly due to the parametriza-
tions for atomic integrals in the present calculations. 

T h e calculated results are summarized and listed 
in Table 1. The 4,4'-disubstituted biphenyls belong 
to the point group, D2 , as well as the parent molecule. 
The 1st, 2nd, and 3rd n*<-n transitions of the hydroxy, 
amino and methyl derivatives are calculated to be 
i ß a ^ A , 1^1<-1A, and ^ « ^ A respectively, whereas 
those in the nitro and cyano derivatives to be 1B3<-
*A, i ß a ^ A , and ^ « ^ A . Therefore, the 1st and 
2nd M G D bands of the derivatives with electron-
donating groups are assigned to the 1B2<-1A and 
i ß g ^ A transitions respectively, and those of deriv­
atives with electron-attracting groups, to the 1B3<-
XA and 1^<-1A transitions. The ^ « ^ A transitions 
in the lower-frequency region of all the compounds 
are considered to be too weak to be distinctly observed. 

I n the above M G D calculations, the dihedral angles 

45 40 35 
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Fig. 6. The observed and calculated results of 4,4'-
dimethylbiphenyl. 
(a) The MGD (top) and UV (bottom) spectra in 
cyclohexane measured at room temperature, (b) The 
calculated Faraday B value (top) and oscillator 
strength (bottom). 

of all the compounds were assumed to be 20°. O n 
the contrary, according to Kurland,3) the dihedral 
angles of 4,4'-disubstituted biphenyls were supposed 
to be 45°; in that way the observed N M R spectra 
were well explained. The calculation of the tran­
sition energies and Faraday B parameters was carried 
out for the hydroxy, amino, and nitro derivatives, 
in which the dihedral angles were taken to be 45°. 
The results are summarized and listed in Table 2, 
along with the results with 0 = 2 0 ° . The results cal­
culated with 0 = 4 5 ° seemed to be in poor agreement, 
especially with respect both to the excitation energies 
and Faraday B values, with the experimental values. 
Accordingly, it is concluded that the dihedral angles 
of 4,4'-disubstituted biphenyls in solution are about 
20°. 

In Fig. 8 the molecular orbitals of biphenyl, 4,4'-
diaminobiphenyl, and 4,4'-dinitrobiphenyl are 
schematically illustrated in order to show the inter­
action between biphenyl and the substituents. In the 
derivatives with electron-donating groups, the mo­
lecular orbitals of substituents interact, preferably with 
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Fig. 7. The observed and calculated results of 4,4'-
dichlorobiphenyl. 
(a) The MGD (top) and UV (bottom) spectra in cy-
clohexane measured at room temperature, (b) The 
calculated Faraday B value (top) and oscillator 
strength (bottom). 

the upper occupied orbitals of biphenyl, so that some 
of the occupied orbitals of biphenyl are destabilized. 
O n the contrary, in the derivatives with electron-
attracting groups, the molecular orbitals of substi-
tuents preferably interact with the lower unoccupied 
orbitals of biphenyl. 

In Table 3 the wave functions which describe the 
three lowest excited states of biphenyl, 4,4'-diamino-
biphenyl, and 4,4'-dinitrobiphenyl are shown, where 
<fik-+i denotes a singly excited configuration from the 
k-th molecular orbital to the /-th. As is expected 
from Fig. 8, the lowest-energy excited state is con­
sidered to make a dominant contribution to the singly 
excited configuration arising from the L U M O < -
H O M O transition in each molecule. However, the 
lowest B 3 state is not able to be the lowest because 
of the weak configuration interaction with the higher 
B 3 states. O n the contrary, the strong configuration 
interaction between ^ 5 - 7 and ^ 6 - 8 and that between 
^4_7 and <P6-*Q lower the B2 and Bx states below the 
B 3 state. This is also true for the amino derivative. 
I n the nitro derivative, there exists a configuration 

6? 

S -II 

Fig. 8. The molecular orbitals of biphenyl, 4,4'-di-
aminobiphenyl, and 4,4,-dinitrobiphenyl. 

with B 3 symmetry, ^ 5 - 1 2 , close to the ^ i 0 - n arising 
from the single excitation from the H O M O to the 
L U M O . The energy level of the B 3 state is lowered 
appreciably due to the configuration interaction, 
whereas the effect of the configuration interaction 
among the B2 states, and also that among Bx con­
figurations, does not exceed the stabilization of the 
B 3 states. Consequently, the B 3 state is the lowest 
energy state in the nitro derivative. 

The discrepancy of the M G D signs between the 
derivatives with the strong electron-donating groups 
and those with the attracting groups can then be 
explained. Here, only the strong M G D bands in the 
lower-frequency region in both derivatives are con­
sidered; they are assigned to the 1B2<-1A and XB3<-
XA transitions in the former and to 1B3<-1A and XB2<-
*A in the latter. As can clearly be seen from Eq. 
5, the contribution of the 2nd term is considered to 
be of primary importance in the calculation of the 
Faraday B values because of its appreciable contri­
bution to Eq. 5 thanks to the small energy difference 
in the denominator. Furthermore, the matrix ele­
ment of the nearest neighboring state is of crucial 
importance; for example, the B2 state mixes with B3, 
and vice versa. 

The excited electronic-wave functions of biphenyl 
derivatives are considered to be expressed for the 
lowest B2 and B 3 states by a slight modification of 
the wave functions of biphenyl itself: 
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TABLE 1. THEORETICAL TRANSITION ENERGIES (V), OSCILLATOR STRENGTHS ( / ) , AND FARADAY B 

VALUES (B) OF 4,4/-DISUBSTITUTED BIPHENYLS 

Compound 

4,4,-Dihydroxybiphenyl 

4,4,-Diaminobiphenyi 

4,4,-Dinitrobiphenyl 

4,4'-Dicyanobiphenyl 

4,4,-Dimethylbiphenyl 

4,4,-Dichlorobiphenyl 

Symmetry 

W^A 
W^A 
iB3<-iA 

^ « - l A 
i ß ^ A 
iB3<-iA 

iB3<-iA 
^ « - l A 
1B1<-1A 

^^A 
W^A 
W^A 

W^A 
i ß ^ A 
i B , ^ A 
i ß ^ A 

^ ^ l A 
i ß ^ A 
iB3<-iA 
i A ^ A 
î B ^ A 

vxio-3 

cm - 1 

35.54 
35.69 
37.54 

33.87 
33.90 
35.31 

34.20 
36.64 
36.72 

36.46 
36.61 
36.93 

37.40 
37.71 
39.57 
49.63 

36.45 
36.74 
37.24 
46.83 
49.04 

Theoretical 

/ 

0.028 
0.001 
0.270 

0.043 
0.002 
0.381 

1.346 
0.139 
0.005 

0.421 
0.003 
0.0002 

0.0003 
0.000 
0.176 
0.016 

0.009 
0.0004 
0.265 
forb. 
0.014 

- £ x i o 5 

- 2 8 6 . 3 
- 1 1 . 7 
331.9 

- 6 5 2 . 8 
- 2 4 . 2 
689.1 

233.6 
- 3 2 7 . 2 

- 1 1 . 6 

1512 
-1546 

- 2 2 . 0 

- 2 0 . 8 
- 0 . 7 6 
- 1 . 5 0 
- 4 . 5 9 

- 4 2 5 . 6 
- 2 6 . 7 
468.3 

— 
- 8 . 8 5 

Experimental 

* X l 0 " 3 [0JSaxXlO-3 
C m - 1 L J * 

34.60 - 1 3 . 8 4 
— — 

37.88 7.10 

32.68 - 1 2 . 2 3 
_ _ 

36.10 10.37 

31.45 4.36 
35.10 - 9 . 0 1 

- — • 

34.36 7.44 
38.50 - 4 . 4 1 

— — 

36.01 - 2 . 5 1 
_ _ 

39.30 - 0 . 6 2 
46.51 - 4 . 8 9 

35.52 - 2 . 6 5 
— — 

38.61 - 2 . 1 6 
— — 

46.08 - 4 . 9 5 

TABLE 2. T H E CALCULATED RESULTS OF HYDROXY, AMINO, AND NITRO DERIVATIVES WITH 

THE DIHEDRAL ANGLES OF 20° AND 4 5 ° 

Compound 

4,4'-Dihy droxy-

4,4'-Diamino-

4,4'-Dinitro-

TABLE 3. 

Compound 

20° 

vxio-3 

cm - 1 

35.54 
35.69 
37.54 

33.87 
33.90 
35.31 
34.20 
36.64 
36.72 

# X l 0 5 

ßD^/cm-1 

286.3 
11.7 

- 3 3 1 . 9 

652.8 
24.2 

- 6 8 9 . 1 

- 2 3 3 . 6 
327.2 

11.6 

THE WAVE FUNCTIONS OF THE 

State 

7T*<—7T 

vxio-3 

cm - 1 

36.16 
36.17 
39.98 

34.45 
34.40 
37.55 
36.17 
37.32 
37.30 

STATES OF 

45° 

£xio5 

j5/)2/cm-i 

171.9 
28.7 

- 1 9 7 . 4 

257.8 
51.1 

- 3 4 6 . 5 

- 6 3 6 . 0 
620.2 
116.8 

BIPHENYL AND 4,4'-

Wave function 

Experimental 

vxlO- 3 5x105 
cm-1 ßD2/cm-1 

34.60 338.0 

37.88 - 4 3 6 . 0 

32.68 456.0 

36.10 - 5 3 1 . 0 

31.45 - 1 6 1 . 0 

35.10 642.3 

-DISUBSTITUTED BIPHENYLS 

Biphenyl 

4,4'-Diamino-

4,4'-Dinitro-

1B1 

1B1 

JB2 

0.639 W„-M + 0 . 3 0 3 ( < V X 0 - $ „ ) 
0.634 ( i V 7 + çiW> + 0.312 ( ^ l o + ^ s ) 
0.986 $„ + 0.077 ( ^ n + ^ 7 ) + 0.080 fftM+0.070 0 M 

0.813 0 „ M - 0.376 Wv.»+^7-n) + 0.222 ^ 1 2 

0.824 &,_„ - 0.392 ^7_10 + 0.340 ^ » - 0.211 ^ M 

0.981 ^ , - 0 . 1 5 2 <p7^u 

0.969 ^ 1 ( W 1 + 0.233 ^>5_X2 + 0.040 ( ^ „ + ^ M ) 
0.814 ^ n + 0.422 0 M 1 - 0.395 <pw^13 

0.824 ^ n + 0.441 0 W 1 - 0.352 ^ 1 4 
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F * = * M , (6 ) 

where the coefficients, Cx—C4, are taken to be positive. 
In biphenyl, C± is equal to C2, and C3 to C4. 

The Faraday B terms of the B2 and B 3 states are 
expressed as follows within this nearest-neighbor ap­
proximation : 

B(B2±-A) = - I m < B 2 | ^ z | B 3 > < A | A f y | B 2 > 

X<B3\Mx\A>/(EBs-EB2) 

B(B3±-A) = Im<B 3 | i M z |B 2 ><A|Af x |B 3 > <7> 

X<B2\MY\A>/(EB2-EB3). 

As can clearly be seen from Eq. 7, B(B2<-A) = 
—B(B3<r-A). In amino derivatives the following equa­
tions hold for the energies and the ofF-diagonal matrix 
element of the \iz operator: 

£ B , < £ B 3 (8) 

Im<B 2 | ^ z |B 3 > = ) 5 { C 1 < ^ 5 | 7 x V l ^ 6 > z 

-c2<^8kxvl^7>z} 
» i » { 0 . 7 C 1 + l . l C 1 } > 0 , (9) 

where ß is the Bohr magneton and where <f>k denotes 
the A-th molecular orbital of biphenyl. 

The configurations, ^ 5 - 7 , ^ 8 , ^ 4- 1 0 , and ^ 3 - 9 , in 
biphenyl correspond to <p6^9, ^8-1 0 , ^5-i2> a n d ^7-11 
respectively in the amino derivative. If the para-
positions of biphenyl are replaced by the electron-
donating groups, such as ~ N H 2 or - O H , the energy 
levels of <PQ-+8 and <pz-+9 are found to be lower than 
those of ^ 5 - 7 and ^ 4 - 1 0 respectively, as may be seen 
from Fig. 8 and Table 3. This means that C ^ Q 
and C^<C^. Then, the ofF-diagonal matrix element 
of M7, < A | M y | B 2 > , is expressed as: 

< A | M y | B 2 > = i ^ 2 " { C 1 < ^ | m y | ^ 7 > - C 1 < ^ f | m y | ^ 8 > 

+ C 3 < ^ 4 | m y | ^ 1 0 > - C 4 < ^ 3 | m y | ^ 9 > } 

« l /T{(C 1 -C 1 )m 1 + (C,-C4)ifi1} < 0, (10) 

where ; 

<05 |™yl07> ~ <06 l™yl08> = ™i> 0, 

and 

< 0 4 K I 0 i o > ~ <03 |™yl09> = m 2 > 0. 

In addition, the matrix element, < B 3 | A f x | A > , is cal­
culated to be : 

<BZ\MX\A> = VT<<f>6\mx\<f>7> > 0. (11) 

From Eqs. 7—11, the Faraday B values for the deriv­
atives with strong electron-donating groups are found 
to be : 

£(B2«-A) = -£(B 3«-A) > 0. (12) 

O n the contrary, in the nitro derivative, 

EB,<EB4. (13) 

Equations 9 and 11 hold for the nitro derivative as 
well as the amino derivative, but with C{>C2 and 
C 3 >C 4 the matrix element, < A | A f y | B 2 > , of the nitro 
derivative has the opposite sign of that of the amino 
derivative. Therefore, this leads to the following re­
lationship : 

< A | M y | B 2 > > 0 . (14) 

From Eqs. 9, 11, 13, and 14, the signs of the Faraday 
B values of the nitro derivative are shown to be the 
same as in Eq. 12; i.e., 

B(B2+-A) = -B(B3±-A) > 0. 

Equation 12 implies that the M G D band which 
is assigned to the 1B2<-1A transition must be negative 
and that the M G D band which is assigned to the 
1B3<-XA transition must be positive. In the hydroxy 
and amino derivatives, the electronic transitions are 
1B2<-1A and ^ « - ^ A in the increasing order of energy; 
therefore the M G D profile is negative for the 1st band 
and positive for the 2nd band. In the nitro and 
cyano derivatives, the situation is completely reversed; 
the M G D profile is positive for the 1st M G D band 
and negative for the 2nd band because of the inver­
sion of the B2 and B 3 excited states in these molecules. 

T h e authors wish to thank Dr. Akira Kai to for 
his useful advice and stimulating discussions during 
the course of this work. 
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The asymmetric transformation which converted iV-acyl-DL-amino acids to the desired optically active 
isomers was studied. iV-Acylamino acids such as i\f-butyrylproline, iV-acetylleucine, and 7V-benzoylphenyl-
glycine were easily racemized in the presence of a catalytic amount of acetic anhydride in melted states or in ace­
tic acid or chloroform solutions. The racemic modification of these jV-acylamino acids crystallized as a true 
racemic mixture suitable for optical resolution by a preferential crystallization procedure under the conditions 
of racemization. By combining preferential crystallization of the desired enantiomer by seeding from a super­
cooled melt or a supersaturated solution of a racemic modification and simultaneous racemization of the oppo­
site isomer, iV-acyl-DL-amino acid was partially converted to an optically active isomer and the whole reaction 
mixture became optically active (10—40% enantiomeric excess). 

T h e optical resolution of DL-amino acids by a pref­
erential crystallization procedure has been extensively 
investigated in our laboratory.1 - 7) This procedure is 
considered to be one of the most useful methods for 
practical and industrial purposes since it enables the 
desired optical isomer to crystallize preferentially from 
a supersaturated solution of the racemic modification 
by simple inoculation of the same isomer. 

O u r previous report6) showed that some iV-acyl-
DL-prolines were resolvable by the preferential crystal­
lization procedure and that the undesired optically 
active isomer recovered from the mother liquor was 
completely racemized by heating at a temperature 
above its melting point in the presence of a catalytic 
amount of acetic anhydride and could be reused as 
the starting material. I n the course of further studies, 
a large single crystal of almost optically pure N-
butyryl-L-proline (i^-Bu-L-Pro) was found to deposit 
in the reaction vessel when JV-butyryl-D-proline (N-
Bu-D-Pro) was completely racemized by heating with 
acetic anhydride and allowing the racemized melt to 
stand for 2 d at room temperature. This fact indicated 
that one of the optically active isomers preferentially 
crystallized from the super-cooled melt of iV-butyryl-
DL-proline (iV-Bu-DL-Pro) by spontaneous crystalliza­
tion of the isomer. If such optical resolution by 
preferential crystallization can be achieved at a high 
temperature, which enables the opposite isomer in 
the melt to racemize at a high rate, all of the racemic 
modification will be theoretically transformed to the 
optically active crystals. We were interested in the 
asymmetric transformation of iV-Bu-DL-Pro by the 
combination of the preferential solidification from a 
melted racemic modification and simultaneous race­
mization of the opposite isomer in the melt. Besides 
iV-Bu-DL-Pro, some JV-acyl- DL-amino acids such as N-
acetyl-DL-leucine8) (JV-Ac-DL-Leu) and iV-benzoyl-DL-
phenylglycine9) ( J V - B Z - D L - P G ) are known to form a 
true racemic mixture suitable for the optical resolu­
tion by a preferential crystallization procedure. These 
optically active isomers are expected to be readily 
racemized. Therefore, these substances were also cho­
sen as test compounds; we sought the systems in which 
the asymmetric transformation took place by pref­
erential crystallization under conditions of simultane­
ous racemization. T h e screening was carried out 
with combinations of the racemization process and 

two kinds of resolution procedures, i.e., solidification 
from a melted racemic modification and the usual 
preferential crystallization from a supersaturated solu­
tion dissolving a racemic modification. In the former 
case, iV-Bu-DL-Pro and JV-Ac-DL-Leu were found to 
be partially converted to the respective optically active 
isomers and to become optically active as a whole. 
In the latter case, the asymmetric transformation was 
observed with iV-Bu-DL-Pro, N-Ac-DL-Leu, and N-
B Z - D L - P G . We wish to report here these results. 
A preliminary account of this work has been already 
published.10) 

Racemic and optically active JV-Bu-Pro, JV-Ac-Leu, 
and iV-Bz-PG were prepared by the usual acylation 
of the respective amino acids. The physical properties 
are shown in Table 1 ; these indicate that these racemic 
modifications crystallize as a true racemic mixture 
suitable for the preferential crystallization procedure 
in the appropriate solvent. As shown in Table 2, 
these optically active isomers could be racemized at 
a very high rate by melting at a temperature near 
each one's melting point in the presence of a catalytic 
amount of acetic anhydride. Furthermore, as shown 
in Table 3, they could be easily racemized by heating 
at a relatively low temperature in acetic acid (for 
JV-Ac-Leu and iV-Bz-PG) or chloroform (for N-Bu-
Pro) solution containing a small amount of acetic 
anhydride. In both cases, no racemization occurred 
without acetic anhydride, which was essential for the 
racemization process. Thus, the two important re­
quirements for the intended asymmetric transforma­
tion were fulfilled. 

The first approach for asymmetric transformation 
was carried out by preferential solidification from a 
super-cooled melt of a racemic modification. In the 
cases of iV-Bu-Pro and JV-Ac-Leu, the whole reaction 
mixtures became optically active (34% and 10% 
enantiomeric excess respectively). The second ap­
proach was carried out by preferential crystallization 
from a supersaturated solution of a racemic modi­
fication. In this case, two modes of operation were 
employed to maintain a supersaturation state during 
the asymmetric transformation, i.e., continuous removal 
of solvent or addition of an inert solvent effective for 
reducing the solubility. In both operational modes, 
the asymmetric transformation of iV-Bu-Pro, JV-Ac-
Leu, and N-Bz-PG was observed and the respective 
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TABLE 1. PROPERTIES OF N-ACYLAMINO ACIDS 

7V-Acylamino 
acid Form Mp/°G MÎ?/° 

Solubility 

g/100 ml (Temp/°G) Solvent 
IR-Spectraa> 

#-Bu-Pro 

TV-Ac-Leu 

N-Bz-VG 

DL 

L 

DL 

L 

DL 

L 

89— 90 | 

114—116 | 

159—160 

187—188 

- 1 0 5 . 4 
(c 1, H 2 0 ) 

- 2 4 . 9 
(c 1, MeOH) 

152 (50) 
149 (50) 

194 (55) 
173 (55) 

64 (50) 75 (55) 

65 (70) 
55 (70) 

— b ) 

88 (80) 
75 (80) 

28 (70) 34 (80) 

3—180 | 178-

195—196 I (<t 116.1 
MeOH) 

33 (70) 
24 (70) 

53 (80) 
37 (80) 

— b ) 

8 (70) 12 (80) 

GHG13/Ac20(6/1) 
GHG13 
GHG13/Ac20(6/1) 
GHGI3 

AcOH/Ac2O(10/l) 
AcOH 
AcOH/Ac2O(I0/l) 
AcOH 

AcOH/Ac20 (100/3) 
AcOH 
AcOH/Ac20 (100/3) 
AcOH 

Identical 

Identical 

Identical 

a) The infrared spectra of L- and DL- forms which were crystallized from each solvent were compared, b) The 
solubility of L-isomer could not be determined because the dissolved L-isomer was readily racemized in the solvent 
system. L-Isomer was not dissolved in a saturated solution of DL-form. 

TABLE 2. RACEMIZATION OF N-ACYLAMINO ACIDS BY MELTING WITH ACETIC ANHYDRIDE 

7V-Acylamino 
acid 

Conditions 

L-Isomer 
( g ) 

Ac20 
(ml) 

Temp Time 
Initial 
a2

D
5/° 

Finala> 
a2

D
6/° 

Racemizationb> 
degree 

7^-Bu-L-Pro 

N-Ac-L-Leu 

# - B Z - L - P G 

1.0 
1.0 

1.0 
1.0 

0.05 

0.05 

0.04 

120 
97 

150°) 
150 

160d> 
160 

2 
0.5 

0.5 
0.5 

1 
1 

- 1 . 7 1 3 
- 1 . 7 1 3 

-0.482 
-0.482 

+ 2.295 
+ 2.295 

- 1 . 4 3 9 
0.000 

-0.482 
0.000 

+ 2.295 
+ 0.642e) 

16 
100 

0 
100 

0 
72 

a) After the reaction, the whole reaction mixture was dissolved in methanol (50 ml) and the optical rotation was 

measured, b) Initial optical rotation—final optical rotation 
X 100. c) N-Ac-L-Leu remained in solid state be-

Initial optical rotation 
cause the reaction temperature was lower than the melting point. At 190 °G for 30 min, the racemization was 
complete, but 7\f-Ac-Leu partially decomposed, d) N - B Z - L - P G remained in solid state because the reaction tem­
perature was lower than the melting point. At 200 °G for 30 min, the racemization was complete, but N-Bz-PG 
partially decomposed, e) The formation of by-products or decomposition was observed. 

TABLE 3. RACEMIZATION OF N-ACYLAMINO ACIDS BY HEATING IN A SOLUTION CONTAINING ACETIC ANHYDRIDE 

Conditions 
7^-Acylamino 

acid L-Isomer 
( g ) 

Ac20 
(ml) 

Solvent 
(ml) 

Temp Time 
Initial Finala> 

a2
DV° 

Racemization13) 
degree 

#-Bu-L-Pro 

N-Ac-L-Leu 

iV-Bz-L-PG 

1.0 — GHGI3, 1.2 50 4 - 1 . 6 7 0 - 1 . 6 7 0 
1.0 0.10 GHGI3, 1.2 50 4 - 1 . 6 7 0 - 0 . 0 3 3 
1.0 — AcOH, 5 75 8 - 0 . 4 5 3 - 0 . 4 3 5 
1.0 0.11 AcOH, 5 75 2 - 0 . 4 5 3 - 0 . 0 0 9 

1.0 — AcOH, 10 75 8 +1.955 +1.955 
1.0 0.07 AcOH, 10 75 8 +1.955 +0.059 

0 
98 

4 
98 

0 
97 

a) After the reaction, the whole reaction mixture was diluted in methanol (50 ml) and the optical rotation was 

measured. 
, . Initial optical rotation — final optical rotation 
b) ^ T . . , ,. t 7-^- xlOO. Initial optical rotation 

optically active crystals were actually separated from 
the reaction mixture. From the mother liquor, the 
racemic modification was recovered. These results 
are shown in Table 4 and Table 5. In a typical 
experiment by addition of inert solvent, 4.70 g of N-
Ac-L-Leu with an optical puri ty of 89 .6% was ob­
tained from 9.5 g of iV-Ac-DL-Leu. From the mother 

liquor, 3.53 g of iV-Ac-DL-Leu was recovered. In the 
usual optical resolution by the preferential crystal­
lization procedure, the yield of the seeded isomer in 
one operating cycle is rather low, owing to the limita­
tion of supersaturated state of the opposite isomer; 
it is usually 5 to 10% based on the original weight 
of racemic modification. O n the other hand, the 



3288 Ghikara H O N G O , Shigeki YAMADA, and Ichiro CHIBATA [Vol. 54, No. 11 

T A B L E 4. ASYMMETRIC TRANSFORMATION BY PREFERENTIAL CRYSTALLIZATION PROCEDURE 

(Crystallization by continuous removal of solvent) 

JV-Acyl-
amino 
acid 

Composition of 
solution 

Reaction Separated crystals 

D L -
Form 

( g ) 

A c 2 0 
(ml) 

Solvent 
(ml) 

Seed 
crystals 

( g ) 
T e m p Time 

' C 

Amount of 
removed 
solvent 

mi 

Yield 
Optical 
puri ty 

Trans­
formed11) 
amount 

g 

iV-Bu-Pro 10.60 0 . 8 

N- Ac-Leu 10.00 1.1 

JV-Bz-PG 10.00 0 . 7 

CHG13 

5.2 
A c O H 

11.0 

A c O H 
25 .0 

0.20 

0.40 

0.60 

50 20 

75 7 

75 7 

4 . 4 

7.2 

14.0 

9 .38 
( -
6 .60 

(0.40 

7.12 
(1.20 

4 1 . 3 

50.2 
0.0 

43 .1 
0 .0 

3.67 
— ) b , c ) 

2.91 
0.00) b> 

2 .47 
0.00) b> 

a) Weight of seed crystals was subtracted from the net weight of the active form obtained, b) T h e second crop 
was obtained by cooling the filtrate after the separation of the first c rop ; the data are shown in parentheses. 
c) Although a second crop could not be obtained, the filtrate did not show optical rotation. 

T A B L E 5. ASYMMETRIC TRANSFORMATION BY PREFERENTIAL CRYSTALLIZATION PROCEDURE 

(Crystallization by addit ion of inert solvent) 

JV-Acyl-
amino 
acid 

Composition of 
solution 

React ion Separated crystals 

D L -
Form 

( g ) 

A c 2 0 
(ml) 

Solvent 
(ml) 

Seed 
crystals 

T e m p Time 
h 

Added 
solvent 

(ml) 

Yield ° P ^ a l 
puri ty 

% 

Trans­
formed4) 
amount 

g 

iV-Bu-Pro 

.AT-Ac-Leu 

N-Bz-FG 

10.60 

9 .50 

9 .00 

0 . 8 

1.0 

1.0 

CHGI3 
5 .2 

A c O H 
9 .0 

A c O H 
29 .0 

0.60 

0.20 

0.60 

50 

75 

75 

7 

5 

5 

î - P r 2 0 
25 

Toluene 
50 

Xylene 
50 

5.42 
(2.00 
4.70 

(3.53 
3.30 

(1.50 

60.6 
0.0 

8 9 . 6 
0 . 0 

67.3 
0.0 

2.68 
0 .00) b ) 

4 .01 
0.00) 13) 

1.62 
0.00) to) 

a) Weight of seed crystals was subtracted from the net weight of the active form obtained, b) The second crop 
was obtained by cooling the filtrate after the separation of the first c rop ; the da ta are shown in parentheses. 

a s y m m e t r i c t r a n s f o r m a t i o n p r o p o s e d h e r e c a n give a 
h i g h y ie ld , s ince t h e c o n c e n t r a t i o n of t h e oppos i t e 
i s o m e r is d e c r e a s e d b y t h e r a c e m i z a t i o n a n d t h e t o t a l 
e x t e n t of s u p e r s a t u r a t i o n of t h e des i r ed i s o m e r c a n 
b e i n c r e a s e d b y us ing t h e c o n t i n u o u s o p e r a t i o n m e t h ­
ods d e s c r i b e d a b o v e . 

T h e a s y m m e t r i c t r a n s f o r m a t i o n b y a c o m b i n a t i o n 
of o p t i c a l r e so lu t ion b y select ive p r e c i p i t a t i o n of t h e 
less so lub le d i a s t e r eo i somer i c sal t a n d e p i m e r i z a t i o n 
of t h e so lub le d i a s t e r eo i somer i c sal t is wel l k n o w n 
as a n a s y m m e t r i c t r a n s f o r m a t i o n of s e c o n d order . 1 1 ) 
H o w e v e r , t h e a s y m m e t r i c t r a n s f o r m a t i o n b y a c o m ­
b i n a t i o n of p r e f e r e n t i a l c rys ta l l i za t ion of a des i r ed 
e n a n t i o m e r b y seed ing f rom a s u p e r s a t u r a t e d solu­
t ion of a r a c e m i c m o d i f i c a t i o n a n d s i m u l t a n e o u s r a c e ­
m i z a t i o n of t h e oppos i t e i s o m e r is u n i q u e a n d h a s 
n o t b e e n r e p o r t e d e x c e p t i n t h e case of a - a m i n o - e -
c a p r o l a c t a m - n i c k e l c h l o r i d e complex 1 2 ) a n d a few ex­
a m p l e s of s o m e w h a t a n a l o g o u s a s y m m e t r i c t ransfor ­
m a t i o n s . 1 3 - 1 5 ) T h e p r o p o s e d m e t h o d is ve ry p r o m i s i n g 
for i n d u s t r i a l a p p l i c a t i o n b e c a u s e of its o p e r a t i o n a l 
s impl ic i ty . M o r e d e t a i l e d e x p e r i m e n t s o n t h e m e c h ­
a n i s m of th is a s y m m e t r i c t r a n s f o r m a t i o n a n d t h e bes t 
cond i t i ons for p r a c t i c a l a p p l i c a t i o n wi l l b e d e s c r i b e d 
i n a s u b s e q u e n t p a p e r . 

E x p e r i m e n t a l 

Materials and Analyses. Analytical s tandard grade 
amino acids manufactured by our company, T a n a b e Seiyaku 
Co., Ltd. , were used. Other chemicals were obtained from 
Tokyo Kasei Kogyo Co., Ltd . All samples were dried 
overnight in vacuo a t room temperature . Melting points 
were measured with a Yamato MP-21 melting point ap ­
paratus in an unsealed capillary tube and are uncorrected. 
Infrared spectra of samples were determined in nujol using 
a Shimadzu infrared spectrophotometer, Model IR-27G. 
Optical rotations were measured with a Perkin-Elmer 141 
automatic polarimeter. Elemental analyses were performed 
with a Perkin-Elmer 240 elemental analyzer. Solubility 
was determined by approaching saturation equilibrium from 
the side of undersaturat ion. Solute concentration was meas­
ured with a Kar l Zeiss immersion refractometer. Identifi­
cation of iV-acylamino acids was carried out by elemental 
analysis, IR-spectrum, specific rotation and thin-layer chro­
matography (solvent system: C H C l 3 - M e O H - A c O H , 85:15: 
3, v/v/v) using the ascending technique on Merck's pre-
coated Kieselgel 60 F2 5 4 . T h e chromatograms were sprayed 
with 4 0 % hydrobromic acid, heated at 105 °C for about 
5 min, and stained with ninhydrin at 105 °G for 5 min. 
T h e stained spots were compared with authentic samples. 

Preparation of N-Acylamino Acids. iV-Bu-L- and - D L -

Pro were prepared from L- and DL-proline by acylation 
with n-butyryl chloride in chilled aqueous alkali, according 
to the usual manner described in our previous report.6) 
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The racemic modifications and L-isomers of JV-Ac-Leu and 
JV-Bz-PG were similarly prepared from DL- and L-leucine 
and DL- and L-phenylglycine with acetyl chloride and ben­
zoyl chloride, respectively (yield, 80—95%) . T h e products 
were used for asymmetric transformation without further 
purification. T h e elemental analyses of these JV-acylamino 
acids recrystallized from chloroform (for JV-Bu-Pro) or 
acetic acid (for JV-Ac-Leu and JV-Bz-PG) corresponded to 
the respective theoretical values. T h e properties of these 
JV-acylamino acids are shown in Table 1. 

Racemization of N-Acyl-L-amino Acids. Racemization by 
Melting in the Presence of Small Amounts of Acetic Anhydride: 
A mixture of JV-Bu-L-Pro (1.0 g) and 0.1 molar equivalents 
of acetic anhydride (0.05 ml) was maintained at 97 °C 
in a sealed tube. T h e mixture was liquefied with the elapse 
of time. After 30 min, the liquefied sample was dissolved 
in methanol (50 ml) and the optical rotation was measured. 
The initial optical rotation before the reaction was a3

D
5 

— 1.713°. T h e reaction mixture did not show any optical 
rotation. Therefore JV-Bu-L-Pro seemed to be completely 
racemized. In the absence of acetic anhydride, the optical 
rotation was a2

D
B —1.439° even after heating at 120 °G 

for 2 h. In this case, the racemization degree was estimated 
to be 16%, based on a2

D
8 —1.713° of the initial optical rota­

tion. In similar ways, JV-Ac-L-Leu and J V - B Z - L - P G were 
maintained at 150 °C for 30 min and at 160 °G for 1 h re­
spectively in the presence of 0.1 molar equivalents of acetic 
anhydride. T h e racemization degrees were estimated as 
described above. The results were compared with those 
in the absence of acetic anhydride and are shown in Table 
2. T h e racemization was also confirmed by separation of 
the reacted JV-acylamino acids in the following way. After 
the complete racemization, the mixture was cooled to room 
temperature and the crystallized JV-acylamino acid was 
suspended with a small amount of toluene (for JV-Bu-Pro) 
or w a t e r / M e O H (2/1, v/v) (for JV-Ac-Leu and JV-Bz-PG). 
The suspended JV-acylamino acid was collected and dried. 
T h e specific rotations, melting points, and I R spectra of 
these separated JV-acylamino acids showed that the products 
were the respective racemic modifications and the true 
racemic mixtures. In the case of iV-Bz-PG, however, a 
slight decomposition and some by-products formation were 
observed. 

Racemization by Heating in a Solution Containing Small Amounts 
of Acetic Anhydride: JV-Bu-L-Pro (1.0 g) was dissolved in 
chloroform (1.2 ml) containing 0.2 molar equivalents of ace­
tic anhydride (0.10 ml) . T h e mixture was maintained at 
50 °G for 4 h. T h e whole reaction mixture was dissolved 
in methanol (50 ml) and the optical rotation was measured, 
a2

D
B —0.033°. T h e racemization degree was estimated to 

be 9 8 % , based on the initial optical rotation, a2
D
B —1.670°. 

In the absence of acetic anhydride, the racemization did 
not occur. In similar ways, JV-Ac-L-Leu and J V - B Z - L - P G 
were racemized in acetic acid containing 0.2 molar equiv­
alents of acetic anhydride and the racemization degrees 
were estimated as described above. T h e results were com­
pared with those in the absence of acetic anhydride and 
are shown in Table 3. 

T h e racemization was also confirmed by separation of 
respective JV-acylamino acids from the reaction mixture. 
After the complete racemizations, the reaction mixtures 
were concentrated to a half volume, and the racemized JV-
acylamino acids were crystallized at room temperature . 
The precipitated crystals were collected and dried. T h e 
specific rotations, melting points, and I R spectra of these 
separated JV-acylamino acids showed tha t the products were 
the racemic modifications and the true racemic mixtures. 

Asymmetric Transformation by Preferential Solidification from 
Melted Racemic Modification. N-Bu-VL-Pro: A mixture 
of JV-Bu-DL-Pro (10.00 g) and acetic anhydride (0.5 ml) 
was melted by heating at 100 °C. T h e complete melt was 
maintained at 70 °G, seeded with finely pulverized crystals 
of JV-Bu-L-Pro (0.50 g) , and gently stirred in a sealed flask 
for 7 h. Dur ing the reaction, the crystal growth of seeded 
L-isomer was observed. After 7 h, toluene (10 ml) was 
added into the reaction mixture at the same temperature 
and the precipitated crystals were quickly separated by 
filtration and dried to give JV-Bu-L-Pro (6.30 g) , [a]s

D
B 

- 6 4 . 7 ° (c 1, water) , optical puri ty 61 .4% (3.87 g of JV-
Bu-L-Pro plus 2.43 g of JV-Bu-DL-Pro). After the separation 
of the first crop, the second crop was crystallized by cooling 
the filtrate and was separated by filtration to give JV-Bu-
DL-Pro (3.30 g) , [a]2

D
B 0.0° (c 1, water) , m p 89—90 °G. 

T h e mother liquor did not show any optical rotation. 
Therefore, we subtract 0.5 g of seeded JV-Bu-L-Pro from 
the net weight of JV-Bu-L-Pro obtained, and find that 3.37 
g of JV-Bu-L-Pro was newly formed from JV-Bu-DL-Pro. 
T h a t is, 3.37 g of JV-Bu-DL-Pro was transformed to JV-Bu-
L-Pro. 

N-Ac-VL-Leu: A mixture of JV-Ac-DL-Leu (10.00 g) and 
acetic anhydride (0.6 ml) was melted in a sealed flask by 
heating at 150 °C. T h e complete melt was cooled to 117 
°G, seeded with finely pulverized crystals of JV-Ac-L-Leu 
(0.05 g) , and kept at the same temperature for 18 h in a 
sealed flask to allow the preferential solidification of L-isomer 
to proceed. Then , w a t e r / M e O H (2/1, v/v, 20 ml) was 
added into the reaction mixture at the same temperature 
and the precipitated crystals were quickly separated by 
filtration and dried to give JV-Ac-L-Leu (1.21 g) , [a]3

D
s 

- 2 1 . 4 ° (c 1, M e O H ) , optical puri ty 85 .9% (1.04 g of JV-Ac-
L-Leu plus 0.17 g of JV-Ac-DL-Leu). T h e second crop was 
crystallized from the filtrate by stirring at a room temper­
ature and separated by filtration to give JV-Ac-DL-Leu (4.20 
g), [a]2

D
8 0.0° (c 1, M e O H ) , m p 158—159 °G. T h e mother 

liquor did not show optical rotation. Therefore, we sub­
tract 0.05 g of seeded JV-Ac-L-Leu from the net weight of 
JV-Ac-L-Leu obtained above, and find that 0.99 g of JV-
Ac-L-Leu was transformed from JV-Ac-DL-Leu. 

Asymmetric Transformation by Preferential Crystallization from 
Supersaturated Solution of Racemic Modification. Crystalliza­
tion by Continuous Removal of Solvent: T h e supersaturation 
state was kept by continuous removal of solvent dur ing 
the preferential crystallization of L-isomer and the simul­
taneous racemization of D-isomer. JV-Bu-DL-Pro (10.60 g) 
was dissolved in chloroform (5.2 ml) at 70 °G and maintain­
ed at 50 °G. After acetic anhydride (0.8 ml) was added 
to the solution, the solution was seeded with finely pulverized 
crystals o JV-Bu-L-Pro (0.20 g) and stirred for 20 h at the 
same temperature . Since the reaction was carried out in 
an open vessel without condenser, the solution was spon­
taneously concentrated. T h e amount of removed solvent 
was calculated to be 4.4 ml from the decrease in the weight 
of the reaction mixture. T h e precipitated crystals were 
quickly collected by filtration, washed with a small amount 
of cold chloroform, and dried to give JV-Bu-L-Pro (9.38 
g), W " - 4 3 . 5 ° (c 1, water ) , optical puri ty 4 1 . 3 % (3.87 
g of JV-Bu-L-Pro plus 5.51 g of JV-Bu-DL-Pro). Although 
the second crop was not obtained from the mother liquor, 
the mother liquor did not show optical rotation. There­
fore, we subtract 0.20 g of seeded JV-Bu-L-Pro from the net 
weight of JV-Bu-L-Pro obtained above and find that 3.67 
g of JV-Bu-L-Pro was transformed from JV-Bu-DL-Pro. 

T h e reactions of JV-Ac-DL-Leu and J V - B Z - D L - P G were 
carried out at 75 °G for 7 h by using acetic acid as a solvent. 



3290 Chikara HONGO, Shigeki YAMADA, and Ichiro GHIBATA [Vol. 54, No. 11 

During the reaction, the solvent was removed at the rates 
of 1 ml/h for JV-Ac-Leu and 2 ml/h for JV-Bz-PG under a 
slightly reduced pressure. After 7 h, the precipitated crys­
tals were quickly filtered, washed with a small amount of 
acetic acid, and dried. The second crops were obtained 
from the mother liquors which were stirred at room tem­
perature. The results are shown in Table 4. 

Crystallization by Addition of an Inert Solvent: During the 
preferential crystallization of L-isomer and the simultaneous 
racemization of D-isomer, the supersaturation state was 
maintained by addition of an inert solvent which was ef­
fective for reducing the solubility of racemic modification. 
iV-Ac-DL-Leu (9.50 g) was dissolved in acetic acid (10.0 
ml) containing acetic anhydride (1.0 ml) at 90 °C. The 
solution was maintained at 75 °C and seeded with finely 
pulverized crystals of N-Ac-L-Leu (0.20 g). Then toluene 
(50 ml) was added to the solution over a period of 5 h under 
stirring at the same temperature. The precipitated crystals 
were quickly collected by filtration and dried to give N-
Ac-L-Leu (4.70 g), [a]s

D
B -22.3° (c 1, MeOH), optical 

purity 89.6%, (4.21 g of iV-Ac-L-Leu plus 0.49 g of N-Ac-
DL-Leu). The second crop (3.53 g) was recovered from 
the mother liquor which was stirred at room temperature, 
[a]2

D
5 0.0° {c 1, MeOH), mp 158—159 °C. Therefore, 

we subtract 0.20 g of seeded iV-Ac-L-Leu from the net weight 
of N-Ac-L-Leu of the first crop and find that 4.01 g of N-
Ac-L-Leu was transformed from JV-Ac-DL-Leu. In similar 
ways, the reactions of iV-Bu-Pro and JV-Bz-PG were carried 
out at 50 °G for 7 h in chloroform solution and at 75 °G 
for 5 h in acetic acid solution, respectively. In these cases, 
diisopropyl ether (for iV-Bu-Pro) or xylene (for JV-Bz-PG) 
was added into the respective solutions to reduce the solu­
bility of racemic modification. The results are shown in 

Table 5. 
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The asymmetric transformation of iV-acetyl-DL-leucine by a combination of preferential crystallization of 
a desired isomer and simultaneous racemization of the opposite isomer was studied. The reaction was analyzed 
in detail and a practical method for the asymmetric transformation was established. A supersaturated solution 
of iV-Ac-DL-Leu in acetic acid containing catalytic amounts of acetic anhydride was seeded with the crystals of 
iV-Ac-L-Leu and cooled at a rate of 10 °G/h from 100 °C to 40 °G. As a result, almost optically pure JV-AC-L-
Leu was obtained in a yield of 70%, based on the original weight of iV-Ac-DL-Leu. 

Our previous paper1) reported some experimental 
facts demonstrating the asymmetric transformation of 
certain iV-acylamino acids, including iV-acetyl-DL-
leucine (A'-Ac-DL-Leu), iV-butyryl-DL-proline, and N-
benzoyl-DL-phenylglycine. T h e asymmetric transfor­
mation was achieved by a combination of an 
optical resolution process and racemization process. 
Among these experiments, a combination of the pref­
erential crystallization of the seeded iV-Ac-L-Leu from 
the acetic acid solution supersaturated with JV-Ac-
DL-Leu and racemization of the unseeded iV-Ac-D-
Leu remaining in the liquid phase was considered 
to be most promising for practical application. How­
ever, the details were not investigated and the yields 
were low. Subsequently to that work, the reaction 
was analyzed and a practical method for the asym­
metric transformation of iV-Ac-DL-Leu was established. 

In the optical resolution process by preferential 
crystallization, the crystallization of the desired optical 
isomer (for example L-isomer) by seeding leads to 
an excess of the undesired opposite isomer (D-isomer) 
in the solution. This excess D-isomer also begins to 
crystallize spontaneously after a certain time, resulting 
in low enantiomeric purity of the product. Accord­
ingly, the rate of racemization of the excess D-isomer 
in the optical resolution system is a very important 
factor in the asymmetric transformation by this type 
of optical resolution method. This is distinct from 
the common cases of a second order asymmetric trans­
formation2) which use the difference in solubility be­
tween the diastereoisomeric salts with a chiral resolving 
agent. Therefore, the factors accelerating the rate of 
racemization of JV-Ac-D-Leu were investigated. 

Since the presence of acetic anhydride was essential 
for accelerating the racemization of iV-Ac-D-Leu, the 
effect of amounts of acetic anhydride was investigated 
at 75 °G using acetic acid as a solvent. If the race­
mization of iV-Ac-D-Leu is complete in several hours, 
the rate of racemization is sufficient for practical 
asymmetric transformation. Although the rate of race­
mization was decreased with the decrease of the molar 
ratio of acetic anhydride, as can be seen in Fig. 1, 
a racemization rate sufficient for the asymmetric trans­
formation was obtained even at 0.1 molar ratio of 
acetic anhydride. T h e effect of temperature on race­
mization was investigated under various conditions. 
The rate of racemization was greatly influenced by 
temperature and varied with the composition of the 

0 1 2 3 4 
Time/ h 

Fig. 1. Effect of acetic anhydride on racemization of 
iV-Ac-D-Leu. 
The solutions containing 6.0 g of iV-Ac-D-Leu, 30 
ml of AcOH and various amounts of AcaO were 
heated at 75 °G. Molar ratio of AcaO for JV-Ac-
D-Leu was varied from zero to 0.5: O ; zero, # ; 
0.05, A ; 0.1, A ; 0.2, • ; 0.5. Samples (0.5 ml) 
from the reaction mixture were diluted by methanol 
(10 ml) and optical rotations were measured. Race­
mization degree was calculated from the following 
equation : 
initial optical rotation—optical rotation after reaction 

initial optical rotation 
XlOO. 

reaction mixture, as shown in Fig. 2. A temperature 
higher than 40 °G was necessary for practical racemiza­
tion. T h e stability of crystalline optically active N-
Ac-Leu was also investigated under the above con­
ditions for racemization in a liquid phase. As a 
result, crystals of optically active N-Ac-Leu were found 
to be not racemized even at 90 °G. Thus the most 
essential requirement for this kind of asymmetric trans­
formation was fulfilled. 

Subsequently, optical resolution of i\f-Ac-DL-Leu by 
a preferential crystallization procedure was carried out 
at 80 °G under appropriate conditions to cause the 
rapid racemization of J^-Ac-D-Leu in the liquid phase. 
After stirring for 1 h, all of the racemic modifications 
existing in excess as a supersaturation state, 12 g of 
iV-Ac-DL-Leu per 100 ml of solvent, were converted 
to optically pure crystalline iV-Ac-L-Leu and the 
nitrate was the saturated solution of N-Ac-DL-Leu. 
Figure 3 illustrates the above batch asymmetric trans­
formation, compared with the ordinary optical résolu-
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tion by a preferential crystallization procedure. In 
the asymmetric transformation, all of the racemic mo­
difications existing in the supersaturation state are 
converted to crystalline optically active L-isomers and 
the supersaturation state is cancelled. O n the other 
hand, in the ordinary optical resolution, some un­
seeded D-isomer remains in the liquid phase as an 
unstable supersaturation state. This is a marked dif-

40 60 80 

T e m p e r a t u r e / °C 

Fig. 2. Effect of temperature on racemization of N-
Ac-D-Leu. 
The mixture of the following composition was heated 
for 3h . JV-Ac-D-Leu/ÀcOH/Ac20 (g/ml/ml): O; 
0.2/1.0/0.1, • ; 0.2/4.0/0.4, A ; 0.2/8.0/0.8, A ; 0.2/ 
1.0/0.0. : The solid of N-Ac-D-Leu did not 
dissolve completely during the reaction. The whole 
reaction mixture was diluted with methanol (20 ml) 
and the optical rotation was measured. Racemiza­
tion degree was calculated as shown in Fig. 1. 

ference between the two cases. 
Since the driving force for the optical resolution 

by preferential crystallization procedure is provided 
only by the supersaturation degree of the racemic 
modification, the yield of the enantiomer produced 
by a simple batch experiment of this type of asym­
metric transformation is dependent on the extent of 
the supersaturation state of the racemic modification 
dissolved in the reaction mixture. T o obtain a higher 
yield of enantiomer, it is necessary to make up for 
the decrease of the supersaturation degree due to the 
preferential crystallization. This may be achieved by 
removal of solvent or addition of inert solvent effective 
for lowering the solubility of the racemic modifica­
tion, as described in the previous report. In the 
present work, however, fresh racemic modification was 
added as a solid after completion of a batch asym­
metric transformation and it was dissolved at an ele­
vated temperature. I n this case, fortunately, only TV-
Ac- DL-Leu in a solid mixture of newly added N-Ac-
DL-Leu and previously crystallized 7V-Ac-L-Leu was 
dissolved and iV-Ac-L-Leu was not dissolved because 
iV-Ac-DL-Leu forms a true racemic mixture in the 
reaction system.3) Thus a semicontinuous asymmetric 
transformation was able to be achieved by repeating 
the batch operation. The results are shown in Fig. 
4, indicating that all of 7V-Ac-DL-Leu introduced suc­
cessively into the reaction system was transformed 
to almost optically pure 7V-Ac-L-Leu. Using 2 g of 
seed crystals of 7V-Ac-L-Leu and 208 g of total N-
Ac-DL-Leu on 100 ml scale, 130 g of 7V-Ac-L-Leu 
was obtained as 9 4 % optically pure crystals. After 
the separation of 7V-Ac-L-Leu, 42 g of 7V-Ac-DL-Leu 
was recovered from the filtrate as the second crop. 

From the practical view point, however, the above 
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Fig. 3. Batch asymmetric transformation and ordinary 
optical resolution by preferential crystallization pro­
cedure of iV-Ac-DL-Leu existing in excess as super-
saturation state. 
Batch asymmetric transformation was carried out 
under the conditions described in the text. Ordinary 
optical resolution was carried out at 40 °G using 0.1 
g of seed crystals with the supersaturated solution of 
JV-Ac-DL-Leu, 27g/AcOH 100 ml. : Solubility 
of iV-Ac-DL-Leu, 88 g/100 ml solvent at 80 °G and 
23g/100ml AcOH at 40 °G, E23 : supersaturated 
part of iV-Ac-Leu, t\<\\ : crystals of JV-Ac-L-Leu. 

250 \-

T i m e / h 

Fig. 4. Illustration of semicontinuous asymmetric trans­
formation by repeating supply of DL-form in batch 
operation. 
— O — : Total amount of N-Ac-Leu existing in the 
reaction mixture, — # — : concentration of N-Ac-Leu 
(almost DL-form) in the liquid pKase, —: temperature, 
I;»:v3 : solid phase (almost L-form), j , : addition of 
solid DL-form (12.0 g), S: seeding of iV-Ac-L-Leu 
(2.0 g). 
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semicontinuous operation was considered to be complex 
and troublesome. The racemization experiments al­
ready demonstrated that the racemization proceeded 
at a rapid rate even at a relatively low temperature. 
Then, a continuous asymmetric transformation was 
carried out by a method in which the supersaturation 
state was continuously provided by cooling the solu­
tion from 100 °G to 40 °G. I t is preferable that the 
rate of crystallization of the desired 7V-Ac-L-Leu is 
nearly equal to the rate of racemization of the un-
desired 7V-Ac-D-Leu in the solution. Therefore, the 
rate of cooling was controlled to meet those rates. 
When the temperature was decreased at a rate of 
10 °C/h, which was selected as the opt imum condition, 
the time course of the asymmetric transformation is 
shown in Fig. 5. In this experiment, acetic anhydride 
was supplemented after 2.5 h because its concentration 
had decreased at a relatively high rate, as can be 
seen in Fig. 5. Since the excess of the undesired 
7V-Ac-D-Leu in solution was kept to a relatively low 
level (1 ± 0 . 5 g/100 ml solvent) during the reaction, 
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Fig. 5. Time course of continuous asymmetric trans­
formation by gradient cooling from 100 °G to 40 °G. 
O: Temperature, # : concentration of N-Ac-Leu in 
the liquid phase, A : amount of precipitated crystals 
of JV-Ac-L-Leu, which was calculated from decrease 
of the concentration of JV-Ac-Leu in the liquid phase, 
• : concentration of JV-Ac-D-Leu existing in excess 
in the liquid phase, \Z\: concentration of AcaO, S: 
seeding of JV-Ac-L-Leu (6.0 g), J, : addition of Ac20 
(10.0 ml). 

racemization seemed to proceed at a rapid rate to 
meet the preferential crystallization of 7V-Ac-L-Leu. 
The decrease in the concentration of acetic anhydride 
may be accounted for by the formation of a mixed 
anhydride or an azlactone of JV-Ac-Leu, which are 
well known as racemizing intermediates.4 - 6) After 
being cooled to 40 °G, the reaction mixture was allow­
ed to stand for 30 min at the same temperature to 
complete racemization and crystallization. In this ex­
periment, almost optically pure 7V-Ac-L-Leu was ob­
tained in a high yield of 70%, based on the original 
weight of racemic modification (or 140% based on 
the enantiomer content of the racemic modification). 
The reproducibility of the reaction is demonstrated 
by the results of repeated runs given in Table 1. 

The main disadvantage of the ordinary optical re­
solution by preferential crystallization is that crystal­
lization of the desired isomer by seeding leads to an 
excess of the undesired isomer in the solution and 
the resolution system is racemic as a whole (Fig. 3). 
T h e resolution is not finished until the crystals of 
the desired isomer are separated from the mother 
liquor containing the undesired isomer. Furthermore, 
the yield is limited by the stability of the supersaturated 
state of the undesired isomer and is usually low be­
cause the supersaturation is relatively unstable. O n 
the contrary, the asymmetric transformation now pre­
sented causes a substantial change of the composi­
tion of D- and L-isomers in the reaction system and 
almost optically pure crystals of the desired isomer 
is obtained in a high yield up to 140%, based on the 
enantiomer content of the racemic modification. T h e 
simplicity of the operation is also one of the advantages 
of the present asymmetric transformation. Therefore, 
application of the present method for the industrial 
production of L-leucine, an essential amino acid, is 
considered to be very promising if combined with a 
proper synthetic method for iV-Ac-DL-Leu. The fur­
ther applications of the asymmetric transformation 
combining optical resolution process and racemiza­
tion process to other amino acids or their derivatives 
are under investigation. 

E x p e r i m e n t a l 

Materials and Analyses. iV-Ac-DL-Leu, iV-Ac-L-Leu, 
iV-Ac-D-Leu, and other chemicals were the same as described 

TABLE 1. ASYMMETRIC TRANSFORMATION BY COOLING FROM 100 °G TO 40 °Ca> 

Exptl 
No. 

1 
2 
3 
4 
5 

Yield 

g 

112.6 
111.8 
113.5 
113.7 
110.2 

First 

MS/° 
(c 1, MeOH) 

- 2 4 . 6 
- 2 4 . 4 
- 2 4 . 0 
- 2 4 . 3 
- 2 4 . 4 

crop 

Optical 
purity 

% 

98.8 
98.0 
96.4 
97.6 
98.0 

.—x 

Transformed11) 
amount 

g 

105.2 
103.6 
103.4 
105.0 
102.0 

Second 

Yield 

g 

22.5 
25.4 
21.3 
18.5 
21.9 

cropc> 

(c 

s 

Mï/° 
1, MeOH) 

0.0 
0.0 
0.0 
0.0 
0.0 

a) Reactions were carried out on a 100 ml-scale using 150 g of JV-Ac-DL-Leu and 6.0 g of seed crystals of N-
Ac-L-Leu. b) Amount of seed crystals was subtracted from the amount of net optically active form separated. 
c) The filtrate showed no optical rotation. 
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previously.1) All samples for analyses were dried overnight 
in vacuo a t 40 °C. Analytical and identification methods 
of JV-acylamino acids were described in the previous paper.1) 
T h e optical puri ty of separated crystals was determined 
by measuring the optical rotation with a Perkin-Elmer 141 
automatic Polarimeter. The total concentration of JV-Ac-
Leu in the reaction mixture was measured as total solute 
concentration with a Kar l Zeiss immersion refractometer. 
The amount of iV-Ac-D-Leu existing in excess in liquid 
phase was determined by refractometric and Polarimetrie 
measurements.7) T h e amount of acetic anhydride remaining 
in a reaction mixture was determined by a Shimadzu gas 
Chromatograph GG-3BT using a 3 m column of 2 0 % Silicone 
DC-550 on Celite 545. Tempera ture control for reaction 
was carried out by using a Chino program setter NP-121-B 
and a Chino electronic recording controller ET-1561 . 

Racemization of ~N-Ac-T>-Leu. Effect of Amount of Acetic 
Anhydride: JV-Ac-D-Leu (6.0 g) was dissolved in A c O H (30 
ml) at an elevated temperature and maintained at 75 °G. 
Various amounts (0.05, 0 .1 , 0.2, and 0.5 molar ratio) of 
acetic anhydride were added to the solution under stirring. 
T h e samples (0.5 ml) were taken out from the reaction mix­
ture at intervals of 30 or 60 min, and were added into 10 ml 
of methanol . T h e optical rotation of the solution was meas­
ured and the racemization degree was evaluated on the 
basis of the initial optical rotation and its decrease. I t 
was confirmed by thin-layer chromatography that significant 
degradation did not occur dur ing the reaction. T h e da ta 
are shown in Fig. 1. 

Effect of Temperature: Since the solubility of iV-Ac-D-Leu 
varied largely with temperature , the reaction was carried 
out in three levels of the concentration of JV-Ac-D-Leu cor­
responding to the reaction temperatures. A mixture of 
JV-Ac-D-Leu (0.2 g) and various amounts of A c O H - A c a O 
(10: l ,v /v) solution was heated at various temperatures in 
a sealed tube and shaken occasionally. After 3 h, the mix­
ture was added into 20 ml of methanol and the optical rota­
tion was measured. T h e racemization degree evaluated 
from the decrease of optical rotation is shown in Fig. 2. 

Stability of Crystalline ~N-Ac-L-Leu under Conditions of Racemiza­
tion. JV-Ac-DL-Leu (12.5 g) was dissolved in 10 ml of 
A c O H - A c 2 0 ( 1 0 : 1 , v/v) solution at an elevated tempera­
ture to prepare the solution saturated with JV-Ac-DL-Leu 
at 90 °G. T o the saturated solution maintained at 90 °G, 
the crystals of JV-Ac-L-Leu (10.0 g) were added. T h e het­
erogeneous reaction mixture was stirred for 5 h at the same 
temperature . T h e insoluble crystals were quickly separated 
by filtration, washed with a small amount of A c O H and 
then toluene, and dried. T h e insoluble crystals were proved 
to be optically pure iV-Ac-L-Leu (8.5 g) , [a]2

D
5 - 2 4 . 9 ° 

(c 1, M e O H ) . 

Asymmetric Transformation. Batch Transformation: JV-
Ac-DL-Leu (100.0 g) was dissolved in 100 ml of A c O H -
A c 2 0 ( 1 0 : 1 , v/v) solution at 90 °G and maintained at 
80 °G. I n this case, 12.0 g of JV-Ac-DL-Leu existed as a 
supersaturation state, because the solubility of JV-AC-DL-
Leu at 80 °G was 88.0 g/100 ml solvent. T h e supersaturated 
solution was seeded with finely pulverized crystals of JV-
Ac-L-Leu (2.0 g) and stirred for one hour to achieve pref­
erential crystallization of JV-Ac-L-Leu and simultaneous 
racemization of JV-Ac-D-Leu. T h e precipitated crystals were 
quickly collected by filtration, washed with a small amount 
of A c O H , and dried to give JV-Ac-L-Leu (14.5 g) , [a]2

D
B 

- 2 4 . 1 ° (c 1, M e O H ) , optical purity 96 .8% (14.0 g of JV-
Ac-L-Leu and 0.5 g of JV-Ac-DL-Leu). Subtracting 2.0 g 
of seeded JV-Ac-L-Leu, 12.0 g of pure JV-Ac-L-Leu was 
obtained. After the separation of JV-Ac-L-Leu, the filtrate 

was stirred at 20 °G for 2 h and the precipitated crystals 
were collected by filtration to give JV-Ac-DL-Leu (57.6 g) , 
[a]a

D
B 0.0° (c 1, M e O H ) . T h e filtrate showed no optical 

rotation. Consequently, all of JV-Ac-DL-Leu (12.0 g) ex­
isting as supersaturation was completely transformed to JV-
Ac-L-Leu. T h e schematic comparison of the transformation 
with the ordinary optical resolution is shown in Fig. 3. 

Semicontinuous Transformation by Repeating a Batch Run: JV-
Ac-DL-Leu (100.0 g) was dissolved in 100 ml of A c O H -
A c 2 0 ( 1 0 : 1 , v/v) solution at 90 °C and cooled to 80 °C. 
T h e solution was seeded with the crystals of JV-Ac-L-Leu 
(2.0 g, 65—100 meshes) and stirred for one hour at the same 
temperature for preferential crystallization of JV-Ac-L-Leu 
and simultaneous racemization of JV-Ac-D-Leu. Then , fine­
ly pulverized crystals of JV-Ac-DL-Leu (12.0 g) were added 
into the heterogeneous system consisting of crystals of JV-
Ac-L-Leu and the solution saturated with JV-Ac-DL-Leu. 
T o dissolve the added JV-Ac-DL-Leu, the mixture was heated 
at 85 °C for 10 min under stirring. All of the added JV-
Ac-DL-Leu was dissolved and most of the crystallized JV-
Ac-L-Leu remained in a solid state. T h e mixture was 
cooled again to 80 °C and stirred for one hour at the same 
temperature for the subsequent transformation. This opera­
tion was repeated nine times under heterogeneous condi­
tions. After the last run , the precipitated crystals were 
quickly collected by filtration, washed with a small amount 
of toluene, and dried to give JV-Ac-L-Leu (130.0 g), [a]2

D
6 

- 2 3 . 3 ° (c 1, M e O H ) , optical purity 93.6% (121.7 g of JV-
Ac-L-Leu and 8.3 g of JV-Ac-DL-Leu). If we subtract 2.0 
g of seeded JV-Ac-L-Leu, we see that 119.7 g of JV-Ac-L-
Leu was obtained. After the separation of JV-Ac-L-Leu, 
the filtrate was stirred for 2 h at 20 °C and the precipitated 
crystals were collected by filtration to give JV-Ac-DL-Leu 
(41.8 g), [a]5 0.0° (c 1, M e O H ) . T h e filtrate showed 
no optical rotation. Consequently, 119.7 g of the total JV-
Ac-DL-Leu (12.0 g x 10) used to make supersaturation state 
was transformed to JV-Ac-L-Leu. T h e process of this ex­
per iment is illustrated in Fig. 4. 

Continuous Transformation by Gradient Cooling of the Solution: 
JV-Ac-DL-Leu (150.0 g) was dissolved in 100 ml of A c O H -
A c 2 0 (10 :1 , v/v) solution under reflux. T h e solution was 
cooled to 100 °C, seeded with finely pulverized crystals of 
JV-Ac-L-Leu (6.0 g) , and then the cooling was continued 
at the constant speed of 10 °C/h under stirring. After 2.5 
h, A c 2 0 (10.0 ml) was added into the reaction mixture 
at 75 °C. W h e n the temperature reached 40 °C, the cool­
ing was stopped and the reaction mixture was stirred for 
30 min at the same temperature to complete racemization 
and crystallization. T h e precipitated crystals were quickly 
collected by filtration, washed with a small amount of A c O H , 
and dried to give JV-Ac-L-Leu (112.6g) , [a]2

D
B - 2 4 . 6 ° 

(c 1, M e O H ) , optical puri ty 98 .8% (111.2 g of JV-Ac-L-
Leu and 1.4 g of JV-Ac-DL-Leu). If we subtract 6.0 g of 
seeded JV-Ac-L-Leu, we see that 105.2 g of JV-Ac-L-Leu 
was obtained. After the separation of JV-Ac-L-Leu, the 
filtrate was concentrated in vacuo to about half the initial 
volume, and allowed to crystallize. T h e precipitated crystals 
were collected by filtration to give JV-Ac-DL-Leu (22.5 g) , 
[a]2

D
B 0.0° (c 1, M e O H ) . T h e filtrate showed no optical 

rotation. Consequently, about 70% of the initially used 
JV-Ac-DL-Leu was transformed to JV-Ac-L-Leu. A typical 
time course of the transformation is shown in Fig. 5. The 
results of the five experiments carried out by the same pro­
cedure as described above are shown in Table 1. 
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Use of Propagators in the Hiickel Model. IV. 
Chemical Reactivity in Radiation Field 
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Department of Chemistry, Faculty of Science, Kanazawa University, Marunouchi, Kanazawa 920 
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The propagator approach is applied to chemical reactivity in the presence of radiation field. The 
Woodward-Hoffmann's rule in photochemical reactions is generally derived. As an illustrative example, the 
ring closure or ring opening reactions are discussed. 

In the previous work,1) we have successfully applied 
the propagator theory to the problem of chemical 
reactivity and stability in the absence of radiation 
field. The treatment is fairly general, not restricted 
to the specified levels, e.g., the highest occupied molec­
ular orbital ( H O M O ) or the lowest unoccupied mo­
lecular orbital ( L U M O ) but whole electrons and levels 
are involved. The results have been shown analyti­
cally and, to some extent, quantitatively even though 
we are confined to the Hiickel Hamiltonian. 

In the present paper, we generalize the above theory 
to the chemical reactivity of photochemical reaction, 
and derive the Woodward-Hoffmann's rule in the 
presence of the radiation field. 

G e n e r a l 

As has been mentioned in early papers,1»2) the total 
energy of the electronic system described by the 
Hamil tonian H is given as 

E = T r - ^ fdz zG(z) 
2.711 J c 

TrMdzHG{z)' (i) 

where G(z) is the Green's function matrix with energy 
parameter z, and the integration contour, so called 
the Goulson contour, encloses only poles corresponding 
to the occupied levels. T h e second equality of Eq. 
1. is obtained by adding and subtracting H to the 
right hand side of the first line and by noting that 
( z — H ) - 1 = G ( z ) . I t should be noticed that the ex­
pression of Eq. 1. is independent of the kind of rep­
resentation. 

Let us consider that the original system with 
Hamil tonian h is perturbed by a static interaction 
v, under influence of the radiation field. The 
Hamiltonians to be considered are 

H = H0 + v, (2) 

H0 = h + F, (3) 

where F denotes the radiation field and the interaction 
between radiation and electron. We now investigate 
the extra energy defined by 

AE = Tr^rfdz[HG(z) -H0G°(z)]. (4) 

Substituting Eqs. 2. and 3 into Eq. 4, we obtain 

AE = T r ^ r rdz[ (h + F + v ) G ( z ) - ( h + F)G°(z)] 

^ Tr-î-r- fdz[(h + F + v)(G%z) + G%z)vG°(z)) 
2nijc 

- (h+F)G°(z ) ] 

= T r ^ fdz[vG°(z) + (h + F)G°(z)vG°(z)]. (5) 

In this derivation, terms of first order with respect 
to v are retained. Further simplification shall be 
m a d e : If we add and subtract z to the second term 
in Eq. 5, it yields that 

-^-r f dz(h+F)G°(z)vG°(z) 

= -^-r fdz zG°(z)vG°(z) 

2.711 J c 

—5^7- f dz(z-h-F)G°(z)vG°(z) . 
2nijc 

(6) 

Noting that G°(z) = ( z — h — F ) - 1 , we can see that the 
second term of Eq. 6. cancel the first term by inte­
gration by part . Then we obtain 

AE 
2nijc 

dzvG°(z). (7) 

Certainly, Eq. 7. is exactly accordance with the first 
order term of our previous result (See Eq. 3. of Ref. 

The Green's function, G°(z) which describes the 
electronic structure of the system interacting with ra­
diation, but without v is derived in the appendix 
as 

G°(z) = [ z - h - ?l£*nk(z + œk-h)-*£* 
k 

- S f * ( l + » * ) ( z - o > * - h ) - i f * ] - i . (8) 

Here f* is the interaction (matrix) between electron 
and radiation with the mode k, nk, and wk are, re­
spectively, number and angular frequency of photon 
with the mode k. The term with nk is to do with 
absorption and the term with (l-\-nfc) does emission. 

First, if we confine ourselves, for simplicity, to the 
case of absorption with a single mode, it follows that 

G°(z) = ( z - h ) - 1 + (z-h)-1fw(z + ft)-h)-1f(z-h)-1, (9) 

where we omitted the mode index k. 
Substituting this into Eq. 7, and picking up the 

term relating with the radiation field, we obtain 

AEa
f =nTr-^-r fdzv(z-h)-1f(z + co-h)" 1 f (z -h ) - 1 . 

2.711 J c 
(10) 

The Green's function, ( z — h ) _ 1 has been precisely 
investigated in II3) of this series for the case of the 
Hiickel model. 
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Remembering that Eq. 10 has an expression in­
dependent of the kind of representation, we can ma­
nipulate this by the representation that the Green's 
functions are diagonal, namely by the M O representa­
tion. Thus 

i r l 
AE} = n S Viifikfu-— \ Az- — —— r , 

(H) 
where e i is the orbital energy or the eigenvalue of 
h . Now we impose an experimental condition usu­
ally met in the laboratory: suppose that the radiation 
field has a strong intensity at the frequency 

oi = eL — «H> (12) 

where eL and eH are orbital energies of L U M O and 
H O M O , respectively, and the electronic carries the 
oscillator strength only between L U M O and H O M O . 
Then Eq. 11 becomes 

+ «ÖLL|/LHr U* 
-eH)2(2 + co—eL) 

1 
(z-eh)\z+co-eH) ' 

(13) 

The contour integration using the Goulson contour 
(Fig. 1) is easily carried out to yield 

A E ; = » | / H L I 
0LL »HH 

(eH-eL-w)2 (eL-eH-ö>)2 

= -» | /HL| a»HH/(eL-eH -") a , (14) 

where the condition 12 is used to get the final result, 
neglecting the first term. 

If we deal with the emission par t of Eq. 8, the similar 
treatment gives rise to 

0LL 
A £ ; = ( l + n ) | / H L | 3 - (15) 

(£L-eH-w) 2 ' 

Therefore, the net effect is 

AEf = AE} + AE} 

= l/HL|2{-WHH + (l+«)yLL}/(£L-eH-«>)2
J (16) 

the value of which should be negative for the photo­
chemical reaction to take place. An analytical ex­
pression of the Woodward-Hoffmann's rule in the 
radiation field4) is thus obtained. 

Electrocycl ic Reac t ion 

As an illustrative example, we want to apply the 
general result 16 to the electrocyclic reaction. The 
ring closure and ring opening reactions are to be 
discussed, based on the same model that has been 
explained in III2) of this seres. In Fig. 2 we display 
the model of the closure reaction of the conjugated 
chain molecule with JV number of atoms; when the 
reaction path is con-rotatory the interaction between 
two ends, vQiN_x is positive, while when dis-rotatory, 
VO,N-I i s negative. 

In order to determine which of these two is likely 
to take place, it suffice to examine z>HH and vhh in 
Eq. 16. As is shown in Fig. 2, the non-vanishing 
matrix elements of v are only »0 ,^-i a n d vN_10, and 
then we can decompose these as follows 

"AA = <A|v|A> = S <A|J><J |v|*X«|A>, ( A = L and H) 

= 2vOlN-1<0\AXA\N-l) 

= 2v0, N-x-^rjàz g(Q, N-1 ; z). (17) 

The final expression is obtained by the use of the 
definition of the Green's function; g(0,N— \;z) being 
the (0,iV—1) matrix element of the propagator. T h e 
contour A encloses only the pole at eA. In other 
words, the partial bond order between the 0-th and 
(N— l )- th atoms of the chain molecule is given by 
the pole strength of the corresponding propagator 
(except for the spin factor). The propagator g(0, 
N—l; z) is given in I I as 

g(0,N-l; z) = sin0/sm(iV+l)0, 

z = 2cos0. (18) 

Using these in Eq. 17, and noticing that 

0 A = ±nAj(n+l), (19) 

we obtain 

»AA = (-l^j^wfinA/iN-l), (20) 

when v is the abbreviation of vQN_v 

Here if we put A=H, and note that L—H-\-\> we 
obtain 

AEf= ( - 1 ) % I/B 
N+l (eL-eH-co)* 

X \n sin2 „ , , + ( 1 + ») sm2- v ' 
N+l N+l 

o c ( - l ) H y . (21) 

This is the selection rule for the electrocyclic reaction 
in the presence of the radiation field. We shall ex­
amine in more detail conditions that the reaction 
takes place, or AEf<0. 

i) If H is even, the sign of v should be negative. 
In this case, the H O M O is designated to be the 2m-th 
level (m is integer). If levels are doubly occupied 
up to the H O M O , namely concerned with 4m elec­
trons system, the dis-rotatory reaction path is probable 
both for the ring closure and ring opening reaction. 

ii) If H is odd, the sign of v should be positive. In 
this case, the H O M O is designated to be the (2m -f-
l ) - th level. If levels are doubly occupied up to the 
H O M O , namely concerned with Am+2 electrons sys­
tem, the con-rotatory reaction path is probable both 
for the ring closure and the ring opening reaction. 
These selection rules are also tabulated in Table 1. 

I t should be mentioned that the above statements 
for the photochemical reaction give reverse prediction 
comparing with rules of the thermal electrocyclic 
reaction.3) 

Concluding R e m a r k s 

We have explained that even for the photochemical 
reaction the propagator approach works as well as 
for the ground state properties. In our theory the 
excited state are virtually taken into account, so that 
not only the absorption process but also the emission 
process are involved to photochemical reactivity. In 
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(A4) 

Fig. 1. Coulson contour and eigenvalues. 

rt ii. 

Fig. 2. Model for the ring closure reaction. 
a: Con-rotatory, Z>O,N-I>0J b : dis-rotatory, fl0,N-i<0' 

TABLE 1. SELECTION RULES OF THE ELECTROCYCLIC 

REACTION IN THE PRESENCE OF RADIATION FIELD 

Number of electron Condition Path Type of ring 

4 m v < 0 dis Hückel ring 
4 m + 2 v > 0 con Möbius ring 

order to derive the Woodward-Hoffmann's rule as 
is written in a usual way, we have impose a special 
(laboratory) condition such as the relation (12) and 
the comments following it. However this restriction 
does not ha rm our general procedure, which ensures 
possibilities to analyze the more complicated phe­
nomena and to get clear cut results. 

Appendix 

We derive G°(z), the propagator of the electronic system 
in the radiation field, in a field theoretical way by means 
of the equation of motion method, combined by the decou­
pling procedure.5'6^ The Hamiltonian of the system under 
investigation is 

H0 = S ocsa-tas + S ßsttfat + S f.\a+at(ci + cte) 
s s,t s,t,k 

+ S u>kc\ck. 
k 

(Al) 

Here matrix elements are written in the AO representation, 
indices s and t indicate atomic sites, and a\ (a8) is the crea­
tion (annihilation) operator of electron at the site s, ci 
(ck) is the creation (annihilation) operator of photon with 
mode k, /,*, and œk being the electron-photon coupling 
constant and the photon frequency, respectively. The re­
presentation used above is only for convenience. The final 
result will be independent of the kind of representation. 

We investigate the Green's function denned by 

&.(*) = - i<r[«r(*K(0)]>, (A2) 
where <•••> denotes the ground state average, and T is 
the time ordering operator. The equation of motion of 
Gr,(t) is Fourier transformed with respect to time as 

zG*rt(z) = Srs + <<[>r, / / „ ] ; « Î » . (A3) 

where 

Gi.(z) = « 0 r ; « î » , 

= [~àte*"«ar(t); at}} = [°° d**«"G£(z). 
J - o o J - o o 

[ar, H0] = ocrar + £ ßru<*u + E/rl (r î + **K- (A5) 
u u,k 

The commutator in Eq. A3 is evaluated as 

[ar, H0] = arar + S ßmau + 2 
u u, 

Using this in Eq. A3, we obtain 

zGr\(z) = ôr8 + ocrG?,(z) + S ßruGL(z) 
u 

+ Hfru«ctau; a + » , + S/««<*««5 «î»»-
(A6) 

If we want to evaluate Gr°,(z) utilizing this equation, we 
have to evaluate the higer order Green's functions: 

Ml(z) = «ckau; a+yyz. (A7) 

Again we set the equation of motions for these: this time 
the Kronecker delta does not appear, calculation being a 
little tedious, but straigtforward, and we obtain 

zMu\+(z) = {au-œk)M£+{z) + ^ßUvMv
k,+ (z) 

V 

v,l 

+ s / i « * î * i « t > ; * î » . 
v,l 

(A8) 

At this stage we apply decoupling procedure as follows: 

«cU*h; at}}, = <cUi>«av; a+)}z = ôklnkGl{z). (A9) 

Further we might assume that 

«cUUv; « Î » . = 0, (A10) 

since the two photon process described by this Green's func­
tion should be negligibly important, and we assume also 

((a+atau; a t » * = 0, 

since this is a higher order correction to the electronic process. 
Accordingly Eq. A8 is approximately rewritten as 

zMu\+(z) = (<xu-œk)Mu
k
s
+(z) + HßuvMv

k+(z) 

+ nk^fifil(z)9 (All) 

or in the matrix notation 

zM*+(z) = (h-œk)M*+(z) + nk£*G<>(z), 

or 

M*+(z) = nk(z-h + œk)-*£*G°(z)i (A12) 

where 

h = a + ß. (A13) 

In a similar way, 

M*(z) = (l+nk)(z-h-œk)-H*G°(z). (A14) 

Substituting Eqs. A12 and A14 into Eq. A6, we obtain 

zG°(z) = 1 + hG°(z) + S f*M*+(z) + S f*M*(z) 
k k 

= 1 + hG°(z) + S fknk(z-h + œk)-WG«(z) 
k 

+ HS*(l+nt)(z-h-a>k)^£*GP(z), 
k 

G°(z) = [ z - h - S f ^ * ( z - h + o ) * ) - > f * 
A 

-^f*(l+nk)(z-h-cok)-W]-\ 
k 

(A15) 
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The Crystal Structure of iV-Methylviologenium 2-Dicyanomethylene-
1,1,3,3-tetracyanopropanediide, [(CH3• NC5H4• C A N • CH3)

2+ • (C10N6)
2] 

Kenichi NAKAMURA,1" Yasushi K A I , Noritake YASUOKA,^ and Nobutami KASAI* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, 
Yamadaoka, Suita, Osaka 565 
(keceived April 13, 1981) 

[(GH3-NG5H4.G5H4N-GH3)2+.(G10N6)2-] crystallizes in the space group of P2Jc, with four formula units. 
The unit-cell dimensions are; a= 14.625(2), £=8.361(2), £=17.332(3) Â, and ^=107.51(2)°. The crystal struc­
ture was established by means of the symbolic addition method. For 2767 non-zero reflections, R is 0.074. In 
the crystal, divalent cations and divalent anions are stacked alternately to form infinite columns which are par­
allel to the b axis. Short atomic contacts are mostly involved between nitrogen atoms of the anion and car­
bon atoms of the cation. The (G10N6)

2~ anion takes a three-bladed propeller shape; however, it has no sym­
metry, unlike those in hexahydrated calcium and quinolinium salts. In the [(CH3 'NC5H4 'C5H4N*CH3)2+] 
cation, two pyridine rings are twisted about the central G-G bond ; the dihedral angle between the planes of two 
rings is 19.6(2)°. 

In a series of structural studies of organic charge-
transfer salts,1-4) the crystal structure of JV-methyl-
viologenium 2-dicyanomethylene-1,1,3,3-tetracyanopro-
panediide, [ (CH 3 - NC 5 H 4 • C 5 H 4 N • CH3) 2+ • (C10N6) 2 ~ ] , 
has been determined by means of X-ray diffraction. 
This salt consists of a divalent cation and a divalent 
anion ; 

N ^ *c^ 

c 

I 

Interest in the structure of the anion in this crystal 
has also prompted the present study in relation to 
the structures of the anion in the quinolinium3) and 
calcium salts.5) 

E x p e r i m e n t a l 

Dark-red crystals of [(GH3.NG5H4.G5H4N-GH3)2+. 
(G10N6)

2~] were supplied by Professor H. Mikawa and his 
co-workers of this university. They were recrystallized from 
a saturated aqueous solution by slow evaporation at room 
temperature. Platelet crystals elongated along the b axis 
were usually obtained. 

The unit-cell dimensions and the integrated intensities 
were measured on a Rigaku automated, four-circle diffractom-
eter, using Ni-filtered Gu Ken. radiation. The crystal data 
are given in Table 1. A total of 2767 independent reflec­
tions was collected by means of the 6-26 scan technique 
(20<115°). The intensities were corrected for the usual 
Lorentz and polarization effects, but no absorption cor­
rection was made (yu/cm~1=6.78 for Cu Koc). 

t Present address: Energy Conversion Research Labo­
ratory, Matsushita Electric Industrial Go., Ltd., Kadoma, 
Osaka 571. 
tt Present address: Institute for Protein Research, Osaka 

University, Yamadaoka, Suita, Osaka 565. 

TABLE 1. CRYSTAL DATA OF [(GH3-NC5H4-

C5H4N.GH3)2+.(C10N6)2-] 

C22N8H14, F.W. 390.41 
Monoclinic, Space group P22/c 
a/A 14.625(2) 
b/k 8.361(2) 
c/k 17.332(3) 
ßl° 107.51(2) 
F/A3 2021.9 
D m /gcm- 3 1.275 (by flotation in CCl4-CH3OH) 
Z 4 
Ztyg cm-3 1.283 

Solut ion o f the Structure 
a n d Ref inement 

The structure was solved by the symbolic-addition 
procedure for the centrosymmetric space group.6) The 
positional and thermal parameters were refined by 
the block-diagonal least-squares procedure. A differ­
ence Fourier synthesis was auxiliarily used to determine 
the location of hydrogen atoms. The neutral atomic-
scattering factors used in the calculations were taken 
from those given by Hanson and his co-workers.7) 

The final positional and thermal parameters of the 
non-hydrogen atoms are listed in Table 23 while Table 
3 gives those of hydrogen atoms.îîî 

Calculations of the symbolic addition procedure were 
done with the SSGM program revised by one of the 
present authors (N.Y.). The HBLS I V in the UNICS*) 
and other programs in the UNICS-Osaka9) were also 
used. Almost all the computations were done on a 
F A C O M 230-60 computer at Kyoto University, with 
the rest being done on an A C O S Series 77 N E AC 
System 700 computer at Osaka University. 

R e s u l t s a n d D i s c u s s i o n 

An ORTEP drawing10) of the cation and anion is 
shown in Fig. 1. 

ttt Lists of the observed and calculated structure factors 
and anisotropic thermal parameters are kept at the Chemical 
Society of Japan; Document No. 8147. 
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TABLE 2. FRACTIONAL ATOMIC COORDINATES AND 

ISOTROPIC THERMAL PARAMETERS OF NON-HYDROGEN 

ATOMS, WITH e.S.d. 's IN PARENTHESES 

Atom 

G(l ) 
G (2) 
G (3) 
G (4) 
G (5) 
G (6) 
G (7) 
G (8) 
G (9) 
C(10) 
G ( l l ) 
G(12) 
N( l ) 
N(2) 
G(21) 
G (22) 
G (23) 
G (24) 
G (25) 
G (26) 
G (27) 
G (28) 
G (29) 
G (30) 
N(21) 
N(22) 
N(23) 
N(24) 
N(25) 
N(26) 

X 

0.0814(4) 
0.0660(3) 
0.2182(3) 
0.2589(3) 
0.1030(3) 
0.2023(3) 
0.2452(3) 
0.1936(3) 
0.3398(3) 
0.3782(3) 
0.2349(4) 
0.3710(4) 
0.1228(3) 
0.3267(3) 
0.2183(3) 
0.3659(3) 
0.4453(3) 
0.3334(3) 
0.1628(3) 
0.0914(3) 
0.2848(3) 
0.3482(3) 
0.1768(3) 
0.2705(3) 
0.1692(3) 
0.4270(3) 
0.5238(3) 
0.3246(3) 
0.1475(3) 
0.0213(3) 

y 

0.1936(7) 
0.3663(6) 
0.3117(6) 
0.3931(6) 
0.4482(6) 
0.4639(5) 
0.5468(5) 
0.5716(6) 
0.5985(6) 
0.6693(6) 
0.6429(6) 
0.7729(7) 
0.2956(5) 
0.6924(5) 

-0.1223(6) 
0.0208(6) 
0.0489(6) 
0.1902(6) 
0.0065(6) 
0.0280(6) 

-0.0250(6) 
0.0877(5) 
0.0218(6) 
0.0283(5) 

-0.2016(6) 
0.0555(7) 
0.0161(7) 
0.2762(6) 

-0.0128(5) 
0.0381(6) 

z 

-0.0193(3) 
0.0904(3) 
0.0815(3) 
0.1512(3) 
0.1599(3) 
0.1934(3) 
0.2714(3) 
0.3262(3) 
0.2945(3) 
0.3675(3) 
0.3986(3) 
0.4975(3) 
0.0524(2) 
0.4188(3) 
0.1331(3) 
0.1662(3) 
0.3358(3) 
0.3879(3) 
0.3500(3) 
0.2070(3) 
0.1904(3) 
0.3278(3) 
0.2732(3) 
0.2632(3) 
0.0844(3) 
0.1426(3) 
0.3459(3) 
0.4369(3) 
0.4105(3) 
0.1561(3) 

iWA2 

5.2 
4.5 
3.9 
3.6 
4.3 
3.5 
3.3 
4.1 
4.2 
4.3 
4.2 
5.6 
3.8 
4.1 
3.6 
4.2 
4.2 
3.7 
3.6 
3.8 
3.4 
3.3 
3.4 
3.1 
5.1 
6.7 
6.3 
5.3 
4.5 
5.3 

TABLE 3. FRACTIONAL ATOMIC COORDINATES AND 

ISOTROPIC THERMAL PARAMETERS OF HYDROGEN 

ATOMS, WITH e.s.d.'s IN PARENTHESES 

Atom 

H(1A) 
H(1B) 
H(1G) 
H(2) 
H(3) 
H(4) 
H(5) 
H(8) 
H(9) 
H(10) 
H ( l l ) 
H(12A) 
H(12B) 
H(12G) 

X 

0.084(4) 
0.115(4) 
0.029(4) 
0.000(3) 
0.252(4) 
0.329(3) 
0.055(3) 
0.127(4) 
0.378(3) 
0.439(3) 
0.202(3) 
0.396(5) 
0.407(4) 
0.329(4) 

y 

0.064(7) 
0.206(7) 
0.202(8) 
0.359(5) 
0.266(6) 
0.390(5) 
0.505(6) 
0.533(6) 
0.595(6) 
0.708(5) 
0.652(6) 
0.885(8) 
0.69.1 (8) 
0.791(7) 

z 

0.000(4) 
-0 .059(3) 
-0 .035(4) 

0.065(3) 
0.050(3) 
0.172(2) 
0.182(3) 
0.317(3) 
0.261(3) 
0.380(3) 
0.444(3) 
0.489(4) 
0.530(4) 
0.523(4) 

Bjk* 

6.0(15) 
5.3(14) 
7.4(17) 
2.4(10) 
3.5(11) 
0.5(7) 
2.6(10) 
4.2(12) 
3.1(11) 
1.3(8) 
2.9(10) 
8.7(19) 
7.1(17) 
6.3(15) 

Structure of the [CHZ-NC5H^C5H^N• CHZ]2+ Cation. 
The skeleton of the cation, together with the bond 
lengths and bond angles, is illustrated in Fig. 2(a) . 
Each pyridine ring is approximately planar (Table 

( a ) ( b ) 

Fig. 1. A perspective view of the cation (a) and anion 
(b). Non-hydrogen atoms are drawn by thermal 
ellipsoids with 50% probability level. 

Oc(12) 

N(22) 

Fig. 2. Bond lengths (//Â) and bond angles (0/°) 
in the cation (a) and anion (b) with e.s.d.'s in paren­
theses. 

4) . These two rings are twisted about the C ( 6 ) -
C(7) bond, the dihedral angle between the planes 
of two rings being 19.6(2)°. The methyl carbon, 
C ( l ) , attached to the N ( l ) a tom is considerably dis­
placed (0.14 Â) from the (1) ring plane, whereas 
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TABLE 4. LEAST-SQUARES PLANES AND DIHEDRAL ANGLES 

Least-squares planes 
AX+BY-\-CZ+D=0, where X=ax+cz-cosß, Y=by, and Z=cz-sinß 

A/A B/A C/A D/A Displacement of atoms from the plane (//Â) 

(GH3.NG5H4.G5H4N.GH3)2+ ion: 
(1) Pyridine ring 1 -0 .1340 -0 .8389 0.5275 1.8375 

(2) Pyridine ring 2 0.1812 -0.8925 0.4131 1.8331 

(G10N6)2- ion: 
(3) Plane defined by -0 .0762 

G(27), G(28), G(29), and G(30) 

(4) Plane defined by -0 .3813 
G (21), G (22), G (27), 
N(21), and N(22) 

(5) Plane Defined by 
G (23), G (24), G(28): 
N(23), and N(24) 

0.9234 -0 .3761 1.6176 

0.8153 -0 .4359 2.7534 

0.2540 0.7900 -0 .5580 1.5843 

(6) Plane defined by 
G (25), G (26), G (29), 
N(25), and N(26) 

0.0430 -0 .9940 -0 .1006 0.5878 

N( l ) 
G (2) 
G (3) 

N(2) 
G (7) 
G (8) 

G (27) 
G (28) 

G(21) 
G (22) 
G (27) 

G (23) 
G (24) 
G (28) 

G (25) 
G (26) 
G (29) 

- 0 . 0 1 0 
- 0 . 0 1 0 
- 0 . 0 0 3 

- 0 . 0 0 4 
- 0 . 0 0 1 
- 0 . 0 0 1 

- 0 . 0 0 1 
- 0 . 0 0 1 

0.008 
- 0 . 0 1 2 

0.001 
0.020 

- 0 . 0 1 3 
- 0 . 0 0 1 

- 0 . 0 2 5 
0.022 
0.002 

G (4) 
G (5) 
G (6) 

G (9) 
G(10) 
G ( l l ) 

G (29) 
G (30) 

N(21) 
N(22) 

N(23) 
N(24) 

N(25) 
N(26) 

-0 .002 
0.009 
0.017 

- 0 . 0 0 0 
0.003 
0.003 

- 0 . 0 0 1 
0.003 

- 0 . 0 0 5 
0.007 

-0 .012 
0.006 

0.012 
- 0 . 0 1 0 

Dihedral angles {<j>l°) and angles between vectors and planes (<j>/°) 

Dihedral angles between the (1) and (2) planes 19.6(2) 
between the (3) and (4) planes 18.9(2) 
between the (3) and (5) planes 23.1(2) 
between the (3) and (6) planes 27.9(2) 

Angles between N(l)-G(l) vector and the (1) plane 4.7 
N(2)-C(12) vector and the (2) plane 1.7 

the deviation of C(12), at tached to the N(2) atom, 
from the (2) plane is only 0.02 Â. This significant 
displacement of the methyl carbon, C ( l ) , from the 
(1) ring plane probably depends upon the strong 
interaction between the cation and the anion. The 
structure of the same cation in the crystal of 
[ (CH 3 -NC 5 H 4 -C 5 H 4 N-CH 3 ) 2 +- (CuCl4)2-] has pre­
viously been reported;11) in this structure two pyridine 
rings and two methyl carbons attached to the respec­
tive rings are all coplanar within the range of experi­
mental error. However, in the present complex, the 
cations are considerably distorted, as has been men­
tioned above. 

Structure of the (C10NJ2~ Anion. The bond 
lengths and bond angles in the anion are also given 
in Fig. 2(b) . The four central carbon atoms, G (2 7), 
C(28), C(29), and C(30), are coplanar (Table 4), 
while three dicyano-substituted carbon groups, 
- C ( C N ) 2 , are tilted out of this p lane; the tilt angle 
are 18.9(2), 23.1(2), and 27.9(2)° respectively (Table 
4) . T h e (G10N6)2~ anion has a G3-3 (or approximately 
D3-32) symmetry in hexahydrated calcium salt4) and 
a G2-2 symmetry in quinolinium salt,5) whereas in 
the present salt the anion has no symmetry. However, 
there is no considerable difference in the corresponding 
bond lengths and bond angles in these three salts. 

Crystal Structure. The crystal structure as viewed 
along the b and a axes is shown in Figs. 3 and 4 re­
spectively. The crystal consists of infinite columns 
parallel to the b axis. In the column the divalent 

N(21) 

Fig. 3. Crystal structure projected along the b axis. 

c(i)( 

Fig. 4. Crystal structure projected along the a axis. 

cations and the divalent anions are stacked alter­
nately. They lie roughly on the (022) plane. This 
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TABLE 5. INTERMOLECULAR ATOMIC CONTACTS (//Â) 

LESS THAN 3.4A 

1. 

2. 

3 . 

4 . 

5. 

6. 

7. 

Cation (A;, y, z) to 
C ( 2 ) - N ( 2 6 ) 

G(3)...G(22) 
G(3)...G(27) 
G(8)..-N(24) 
G(11)...N(24) 

Cation(#, y, z) to 
G(6)...N(21) 
G(11)...G(25) 
G(11)...N(25) 

Cation(#, y, z) to 
C ( l ) - N ( 2 5 ) 
G ( 3 ) - N ( 2 5 ) 

Cation(#, y, z) to 
G(l).--N(26) 

Cation(,v, y, z) to 
C(12) -N(23) 

Cation(#, y, z) to 
G ( 2 ) - N ( 2 5 ) 
G ( 8 ) - N ( 2 6 ) 

Cation(#, y, z) to 
G(4)...N(23) 
G(9)..-N(22) 
G(10).»N(22) 

anion(#, y, z) 
3.115(7) 
3.290(7) 
3.367(6) 
3.353(6) 
3.322(6) 

anion(#, 1 -\-y, z) 
3.328(6) 
3.245(6) 
3.182 (6) 

anion(#, 0.5 — y, —0.5-fz) 
3.200(7) 
3.291(6) 

anion(#, y, z) 
3.080(7) 

anion( 1 — x, 1 —y, 1 — z) 
3.214(7) 

anion(£, 0.5 +y, 0.5 — z) 
3.278(6) 
3.261(6) 

anion(l— x, 0,5+y, 0.5— z) 
3.327(7) 
3.272(7) 
3.058(7) 

structure well explains the particularly strong intensity 
of the 022 reflection. Short atomic contacts (less than 
3.4 A) between the cation and anion are listed in 

Table 5. Most of them are between electronegative 
nitrogen atoms of the anion and electropositive carbon 
atoms of the cation. 

T h e authors wish to express their deep thanks to 
Professor Hiroshi Mikawa for the supply of crystals 
and for his helpful discussions. Thanks are also due 
to Mr . Takashi Mizuma for his help in the ORTEP 
drawings. 
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Picosecond Laser Spectroscopy of Intramolecular Heteroexcimer Systems. 
Time-resolved Fluorescence Studies of p-(CEU)jNC!Ä-(CH2)II-(9-Aiithryl), 

jP-ICHaJJVCeH l̂C^J^fl-Pyrenyl) Systems and 9,9'-Bianthryl 
Masahito M I G I T A , Tadashi O K A D A , Noboru M A T A G A , * Yoshiteru SAKATA,* 

Soichi MISUMI,* Nobuaki N A K A S H I M A , ^ and Keitaro YOSHIHARA** 
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Toyonaka, Osaka 560 
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(Received April 21, 1981) 

In order to elucidate the details of elementary processes of photochemical charge transfer and heteroex­
cimer formation processes, and also in order to compare the obtained results with those of transient absorption 
spectral measurements, we have examined the following intramolecular heteroexcimer systems by means of ps 
time-resolved fluorescence measurements with a mode-locked Nd3+: YAG laser and a streak camera: />-(GH3)2-
NC6H4-(CH2)n-(9-anthryl) (n=0, 1,2, 3),/>-(GH3)2NC6H4-(CH2)n-(l-pyrenyl) («=1 ,2 ,3 ) and 9,9'-bianthryl. 
Effects of methylene chain length, solvent polarity and viscosity upon the intramolecular charge transfer pro­
cesses have been clearly demonstrated. It is concluded that molecules with sandwich configuration in the 
ground state are not recognized in both « = 3 compounds, and it takes a few ns for the heteroexcimer formation 
in hexane because of an extensive conformation change necessary to take sandwich configuration. Both con­
formation change and solvent reorientation are involved in the heteroexcimer formation processes in polar sol­
vents, and heteroexcimer formation becomes faster with increase of solvent polarity and decrease of its viscosity. 
Moreover, two step conformation changes are observed in the case of the heteroexcimer formation of n—3 com­
pounds in polar solvents, i.e. a heteroexcimer with loose structure is formed first, and then follows a structural 
change to the one of sandwich type. In acetonitrile, a strongly polar solvent, formation of heteroexcimer is very 
fast, occurring within the time-resolution of the picosecond apparatus. 

T h e nature of GT (charge transfer) interactions in 
electronically excited states is a subject under lively 
investigation at present,1) and the results appear to 
be important from the viewpoint of photochemical 
as well as photobiological reaction mechanisms. 

In order to clarify the details of photo-induced 
C T and H E (heteroexcimer) formation processes, we 
have been examining intramolecular H E systems such 
as > (GH 3 ) 2 NC 6 H 4 - (CH 2 ) n - (9 -an th ry l ) (AB, n = 0 , 1, 2, 

3 ) , H C H 3 ) 2 N C 6 H 4 - ( C H 2 ) n - ( l - p y r e n y l ) (P . , n=\, 2,3) 
and 9,9'-bianthryl (Bian), by means of ns time-resolved 
fluorescence and ns as well as ps time-resolved ab­
sorption spectral measurements.2 - 1 0 '1 2 , 1 4 '1 6) I t has been 
demonstrated that fluorescence spectra of A l 5 A2 and 
P t in nonpolar solvents can be ascribed to the an­
thracene or pyrene par t (LE (locally excited state) 
fluorescence), and they show H E fluorescences only 
in polar solvents due to the solvent-induced change 
of electronic state during the excited state lifetime. 
Analogous results have been observed also for A0. 
For A3, P3 , and P 2 H E fluorescences can be observed 
not only in polar solvents but also in nonpolar sol­
vents, due to a conformation change from an extended 
form to the sandwich or a similar structure during 
the excited state lifetime. Moreover, it has been dem­
onstrated that the H E formation process is affected 
considerably by solvent polarity. By means of ps 
transient absorption measurements of P 3 in 2-propanol 
photoinduced C T has been found to produce at first 
a loose H E followed by a structural change to the 
more compact one. 

In the present study, by means of ps time-resolved 
fluorescence measurements we have made direct ob­
servations of GT fluorescence rise curves as well as 
L E fluorescence decay curves of the above intramo­

lecular exciplex systems in various solvents of different 
polarity, and have provided a systematic interpreta­
tion of photoinduced C T processes in solution. 

E x p e r i m e n t a l 

Apparatus and Measurements. The third harmonic (355 
nm, 15 ps, 1 mj) of a passively mode-locked Nd3+:YAG 
laser was used as an exciting light source. The ps pulse 
repeated at 1 Hz. Fluorescence rise and decay curves were 
measured with a streak camera (HTV C979), the streak 
being digitized by a TV camera/microcomputer system 
(HTV CI000). Measurements in a few ns region were 
made also by a high speed tandem microchannel plate photo-
multiplier (HTV R1294X) connected to a transient digitizer 
(Tektronix R7912). All solutions for the measurements 
were de-aerated by freeze-pump-thaw cycles. 

Materials. All solvents used were Merck spectro-
grade. Hexane, acetone and acetonitrile were used with­
out further purification. 2-Propanol and butyronitrile were 
distilled before use. Bian was the same sample as used 
previously.12) An (n=0, 1, 2, 3) and Pn (/i=l, 2, 3) were 
synthesized and purified as described below. 

All melting points are uncorrected. The NMR and MS 
spectra were recorded with a Hitachi Perkin-Elmer R-20 
or a Varian XL-100 and a Hitachi RMU-7, respectively. 

•p-(9-Anthryl)-N,'N-dimethylaniline (AQ). To a Grignard 
reagent prepared from /»-bromo-iV,iV-dimethylaniline (20 g, 
0.1 mol) and magnesium flake (2.4 g, 0.1 mol) in tetrahydro-
furan, a solution of anthrone (5.82 g, 0.03 mol) in tetra-
hydrofuran was added with stirring over a period of 30 min 
at 0 °C under nitrogen atmosphere. After stirring for ad­
ditional 1 h, the reaction mixture was worked up. The 
crude product was chromatographed on alumina and re-
crystallized from benzene. 

A0: yelloe granulars, 1.1 g (12.3%), mp 260—260.5 °C, 
NMR (GDC13) Ô 3.11 (s, CH3), 7.0—8.4 ppm (m, ArH). 
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Found: G, 88.94; H, 6.23; N, 4.72%; MS (m/e) 297 (M+). 
Galcd for G22H19N: G, 88.85; H, 6.44; N, 4.71%; M, 297.38. 

p-Arylmethyl-N^-dimethylaniline (A19 PJ. A mixture 
of JV,iV-dimethylaniline (2 ml) and 9-(bromomethyl) anthra­
cene19) (500 mg, 1.9 mmol) was stirred overnight at room 
temperature and at 40—50 °G for 30 min. After adding 
10 ml of methanol to the reaction mixture, resulting pre­
cipitate was collected and washed with methanol. Re-
crystallization of the precipitate from acetone gave pale 
yellow plates of Ax (180 mg, 30%), mp 133—134 °G. NMR 
(GDG13) Ô 2.75 (s, GH3), 4.82 (s, GH2), 6.68 (m, ArH of 
phenyl), 7.0—8.3 ppm (m, ArH of Anthryl). Found: C, 
88.45; H, 7.06; N, 4.50%, MS (m/e), 311 (M+). Galcd 
for G23H21N: G, 88.70; H, 6.80; N, 4.50%; M, 311.41. 

In a similar manner, Px was prepared. Px: colorless 
needles from acetone, mp 103—105 °G. NMR (GDG13) 
Ô 2.86 (s, GH3), 4.62 (s, GH2), 6.85 (m, ArH of phenyl), 
7.7—8.4 ppm (m, ArH of pyrenyl). Found: G, 89.30; H, 
6.23; N, 4.06%; MS (m/e), 335 (M+). Galcd for G25H21N: 
G, 89.51; H, 6.31; N, 4.18%; M, 335.43. 

p-(2-Arylvinyl)-N,'N-dimethylaniline (IAlp)- To a stir­
red suspension of phosphonium salt (2.7 g, 5 mmol) in ben­
zene, prepared from 9-(bromomethyl) anthracene19) and tri-
phenylphosphine, was added an ethereal solution of phenyl-
lithium (1 mol dm - 3 , 5 mmol) under nitrogen. To this 
mixture a solution of /?-dimethylaminobenzaldehyde (0.75 
g, 5 mmol) in benzene was added dropwise for 5 min. 
Stirring was continued overnight at room temperature. 
After working up in the usual manner the crude product was 
recrystallized from acetone to afford yellow needles of IA 

(500 mg, 31%), mp 178—180 °G. Found: C, 88.89; H, 
6.37; N, 4.26%. Galcd for G24H21N: G, 89.12; H, 6.55; 
N, 4.33%. 

The synthesis of IP was done in the same manner. IP : 
yellow granulars from benzene-acetone, mp 193.5—195 °C. 
Found: G, 89.90; H, 6.08; N, 3.91%. Galcd for G26H21N: 
G, 89.87; H, 6.09; N, 4.03%. 

p-(2-Arylethyl)-N,'N-dimethylaniline (A2, P2). Catalytic 
hydrogénation of IA (3.23 g, 10 mmol) in benzene was car­
ried out by stirring with 5% Pd-G (200 mg) for 30 h. The 
reaction mixture was worked up and chromatographed on 
silica gel to afford yellow solid A2 (1.97 g, 60.6%). A2: 
yellow needles from acetone, mp 119.5—120.5 °G. NMR 
(GDG13) ô 2.92 (s, GH3), 2.8—4.0 (m, GH2), 6.9 (m, ArH 
of phenyl), 7.1—8.4 ppm (m, ArH of anthryl). Found: 
G, 88.50; H, 7.11; N, 4.26%; MS (m/e), 325 (M+). Galcd 
for G24H23N: G, 88.57; H, 7.12; N, 4.30; M, 325.43. 

The preparation of P2 was accomplished in a similar man­
ner. P2: pale yellow granulars from acetone, mp 118—120 
°G. NMR (GDG13) ô 2.92 (s, GH3), 2.9—3.7 (m, GH2), 
6.94 (m, ArH of phenyl), 7.8—8.4 ppm (m, ArH of pyrenyl). 
Found: G, 89.41; H, 6.64; N, 3.99%, MS (m/e) 349 (M+). 
Galcd for G26H23N: G, 89.36; H, 6.63; N, 4.01%; M, 439.45. 

p- (3-Aryl-3-oxo-1 -propertyI) -N,N-dimethylaniline (HA t P). 
A mixture of 9-acetylanthracene (27.5 g, 125 mmol), p-à\-
methylaminobenzaldehyde (18.5 g, 125 mmol), and potas­
sium cyanide (3 g, 45 mmol) in ethanol was heated under 
reflux for 4 h. The resulting precipitate was collected and 
recrystallized from toluene to yield ketone IIA (39 g, 90%), 
orange granulars, mp 188—189 °G. Found: G, 85.64; H, 
5.76; N, 3.81%. Galcd for G25H21NO: G, 85.44; H, 6.02; 
N, 3.99%. 

The preparation of I I P was done in the same manner. 
I I P : orange plates from acetone-benzene, mp 171.5—172.5 
°G. Found: G, 86.12; H, 5.32; N, 3.63%. Galcd for 
G27H21NO: G, 86.37; H, 5.64; N, 3.73%. 

p- (3-Aryl-3-oxopropyl) -NyN-dimethylaniline (IIIA , p ) • 

The ketone IIA (20 g, 57 mmol) was reduced with lithium 
aluminium hydride (4 g, 110 mmol) in boiling diethyl ether 
for 20 h using an extractor of Soxhlet-type. After removal 
of the solvent, the residue was recrystallized from acetone 
to give pure IIIA , yellow granulars, 17.4 g (87%), mp 103— 
103.5 °G. Found: G, 84.79; H, 6.41; N, 3.92%. Calcd 
for G25H23NO; G, 84.95; H, 6.56; N, 3.96%. 

In the same manner I I I P was prepared. I I I P : yellow 
plates from acetone, mp 142—143 °G. Found: G, 86.09; 
H, 6.09;, N. 3.72%. Galcd for G27H23NO: G, 85.91; H, 
6.14; N, 3.71%. 

p-(3-Arylpropyl)-N,N-dimethylaniline (Az, Pz). The di-
hydroketone IIIA (2 g, 5.6 mmol) was added to a stirred 
suspension of lithium aluminium hydride (0.38 g, 9.8 mmol) 
and aluminium chloride (2.66 g, 19.6 mmol) in diethyl ether 
(50 ml). After stirring for 2 h under reflux, ethyl acetate, 
water, and 5% aq sodium hydroxide were successively added 
to the reaction mixture. It was extracted with diethyl 
ether, and the organic layer was worked up in the usual 
manner. The residual yellowish brown solid was chromato­
graphed on silica gel to give A3 (34 mg, 18%). A3: colorless 
granulars from acetone, mp 105—106 °G. NMR (GDC13) 
ô 2.92 (s, GH3), 1.9—3.8 (m, GH2), 6.95 (m, ArH of phenyl), 
7.3—8.3 ppm (m, ArH of anthryl). Found: G, 88.65; H, 
7.29; N, 4.10% MS (m/e), 339 (M+). Galcd for G25H25N: 
G, 88.45; H, 7.42; N, 4.13%; M, 339.46. 

In the same manner P3 was prepared. P3: pale yellow 
powder, mp 97—97.5 °G. NMR (GDG13) ô 2.9 (s, GH3), 
2.0—3.5 (m, GH2), 6.89 (m, ArH of phenyl), 7.1—8.2 ppm 
(m, ArH of pyrenyl). Found: G, 89.12; H, 6.95; N, 3.90%, 
MS (m/e), 363 (M" 
6.93; N, 3.85%; M, 363.48, 

Galcd for G27H25N: G, 89.21; H, 

R e s u l t s 

Az and Pz in Hexane Solution. Fluorescence spec­
tra of A 3 and P 3 in hexane are shown in Fig. 1. Decay 
times (rd) of LE fluorescence measured in the wave­
length region of 390—420 n m and rise time (r r) of 
H E fluorescence observed through a filter transparent 
for the region longer than 550 nm are listed in Table 
1. Both Td and r r values of each compound agree 
within experimental error. 

I t should be noted here that the rise curve of the 
H E fluorescence measured at 540 nm contains a con­
siderable amount of the rapid component. However, 
the rapid component is negligible if the fluorescence 
is observed through a filter which is transparent above 
550 nm (Fig. 2). 

3 
d 
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V o 

o 
3 

Fig. I. 
(1): 

Wavelength/nm 

Fluorescence spectra of A3 and P3 in hexane. 
A3, (2): P3. 
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TABLE 1. DECAY TIMES OF LE FLUORESCENCE AND RISE 

TIMES OF H E FLUORESCENCE OF A 3 AND P 3 IN HEXANE 

Td/ns r r/ns 

A3 

P, 
2 . 3 ± 0 . 1 
4 . 6 ± 1 . 0 

2 . 6 ± 0 . 4 
3 . 9 ± 0 . 6 

Time (channel) 

Fig. 2. Fluorescence rise curves of A3 in hexane 
measured by means of ps streak camera. 
A: Observed at 540 nm, B: observed through a filter 
which passes the wavelength region longer than 550 

An and Pn in 2-Propanol Solution. Fluorescence 
spectra of A n and P n in 2-propanol solution are shown 
in Fig. 3. The H E band is shifted to considerably 
longer wavelength compared to that in hexane solu­
tion. Decay times of LE fluorescence observed in 
the region of 390—420 nm and rise times of H E flu­
orescence observed through a filter which is trans­
parent above 520 n m are given in Table 2 for A l 5 

Pj , A2, and P2 . The rd and r r values of each com­
pound approximately agree, although there is a tend­
ency that Tr value is a little longer than that of rd 

for Aj and Pj_. As a typical example, the observed 
decay curve and also the rise curve of Px are shown 
in Fig. 4. 

For A3 and P3 , circumstances are somewhat com­
plicated. By detailed observation of P 3 at 401 nm, 
we detected clearly a two-component decay of flu­
orescence as shown in Fig. 5A, from which decay 
times were estimated to be T a = 3 4 0 ± 2 0 p s and x\ = 
l . l ± 0 . 2 n s . 

We examined dynamic features of the H E fluores­
cence at several different wavelength regions. T h e 
measurement through a filter which is transparent 
above 680 nm indicated clearly rise and two-component 
decay curves (Fig. 5B). By analyzing this result, the 

350 400 450 500 550 600 650 700 750 800 

Wavelength/nm 

Fig. 3. Fluorescence spectra of An and Pn in 2-pro­
panol. 
A: An, B: Pn , (normalized at LE band maxima). 

'• Ai , Pi , : A», P ^15 * 1 > 2) r 2 > -: A3, P3. 

TABLE 2. DECAY TIMES OF LE FLUORESCENCE AND 

RISE TIMES OF H E FLUORESCENCE OF A l 5 P l 5 A 2 , 

AND P 9 IN 2-PROPANOL SOLUTION 

Td/pS T r /pS 

\ 
A2 

P i 

Pa 

40± 9 
98± 5 
62± 6 

170±39 

54± 9 
93±23 
93 + 20 

192±39 

Time (channel) 

Fig. 4. Decay curve of LE fluorescence (A) and rise 
curve of HE fluorescence (B) of Px in 2-propanol. 

fluorescence rise time and the decay time of the fast 
component of the two-component decay curve were 
estimated to be T * E = 3 4 5 ± 5 0 p s and T? E = 1 . 1 ± 0 . 1 
ns, respectively. We can see a good agreement be-
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Fig. 5. Decay curve of LE fluorescence observed at 
401 nm (A) and rise and decay curve of HE fluo­
rescence observed through a filter which passes the 
wavelength region longer than 680 nm (B) in the case 
of 2-propanol solution of P3. The observed results 
were calibrated for variations in the value of ps/ 
channel in the following way. Conversion of n-th 
channel to the delay time t(n) was made according 

n 

to: *(«) = S A*(0> where A*(0 is the value of ps/ 

channel of the i-th channel, and the observed intensity 
I(i) at i-th channel was corrected according to: 
/ c o r r ( 0 = J ( 0 / A * ( 0 . 

tween T*B and r\ as well as between T 5 E and x\. 
Therefore, the results in Fig. 5 satisfy the ordinary 
kinetics of H E formation and decomposition. How­
ever, the measurement of H E fluorescence in the 
region including shorter wavelengths gave rather com­
plicated results due to the contribution from the LE 
fluorescence. 

Although we have not made such a detailed study 
for A 3 in 2-propanol, the circumstance seems to be 
analogous to P3 , since we have observed two com­
ponent decay of the H E fluorescence by observing 
in the region longer than 650 n m and obtained the 
approximate T? E value of the fast component to be 
1.5 ns.16) 

P 3 in an Acetone Solution. The results were sim­
ilar to those in 2-propanol. However, the observed 
r i value was much shorter (60 ps), while the T? E 

value was not so much different ( « 1 ns). 
P2 and Pz in Acetonitrile Solutions. Both L E flu­

orescence decay and H E fluorescence rise times of 

P 2 in acetonitrile were shorter than 20 ps, the response 
time of the apparatus. The LE fluorescence decay 
time of P 3 was also shorter than 20 ps. Thus , the 
G T or H E formation becomes very fast in acetonitrile, 
a strongly polar and less viscous solvent. However, 
the ordinary kinetics for H E formation and decom­
position as observed for P 3 in 2-propanol was not 
recognized clearly in this case. 

A0 and Bian in Polar Solvents. In the fluores­
cence spectra of these compounds in polar solvents, 
the LE and H E bands are not so distinct as those 
of A n and Pw ( n = l , 2, 3). One can recognize, how­
ever, that the vibrational structure of the LE band 
superposed upon the broad GT (HE) fluorescence 
band for Bian.11»12) In accordance with this result, 
the decay curve of LE fluorescence in the region, 
390—420 n m and the rise curve of G T fluorescence 
in the region above 520 n m for Bian were observed 
in 2-propanol (Fig. 6). In Fig. 6A, the fluorescence 
observed at longer delay times is due to the GT flu­
orescence band superposed upon the L E band. T h e 
decay time (rd) of the L E fluorescence and the rise 
time (r r) of the GT fluorescence of Bian in 2-propanol 
were estimated to be r d = 8 0 ± 1 7 p s and r r = 8 0 ± 2 0 
ps. These values are in good agreement with each 

3 

O 
3 

100 150 
Time (channel) 

Fig. 6. Fluorescence decay and rise curves of Bian 
in 2-propanol. 
A: Decay curve of LE fluorescence observed in the 
wavelength region of 320—420 nm. The long life 
tail is due to the GT fluorescence extending to this 
wavelength region, B: rise curve of GT fluorescence 
observed through a filter which passes the wavelength 
region above 520 nm. 



3308 M. MiGiTA, T. OKADA, N. MATAGA, Y. SAKATA, S. MISUMI, N. NAKASHIMA, and K. YOSHIHARA [Vol. 54, No. 11 

other. Both the LE fluorescence decay and C T flu­
orescence rise times of Bian in acetone and aceto-
nitrile were shorter than the response time of the 
apparatus ( « 2 0 ps). 

For A0, the fluorescence spectra in polar solvents 
are more broad, and one cannot recognize clearly 
the LE fluorescence band.2 '6) In 2-propanol solu­
tion, we observed a decay curve in the region, 320— 
420 n m with the apparent decay time of approxi­
mately « 70 ps, and a rise curve in the region longer 
than 520 nm with the apparent rise time of approxi­
mately « 110 ps. Jus t as for Bian, both LE fluores­
cence decay and C T fluorescence rise times of A0 

in less viscous or more polar solvents like acetone, 
butyronitrile and acetonitrile were shorter than the 
response time of the apparatus ( « 2 0 ps). 

D i s c u s s i o n 

HE Formation in Nonpolar Solvents. I t is well 
established now that intramolecular H E formation is 
not possible for A l 5 A2, and Vx in nonpolar solvents, 
while it is possible for A3 and P 3 even in nonpolar 
solvents.1-7) I t has been confirmed already for P 3 

in decalin solution that the rise time of the H E for­
mation at room temperature is about 8 ns.4»7) The 
fully slow formation process is ascribed to the internal 
rotations around C H 2 - C H 2 bonds necessary for the 
conformation change and somewhat high viscosity of 
decalin. Both internal rotaions and solvent viscosity 
are affected by temperature, and the rise time be­
comes much longer by lowering temperature. For 
example, for P 3 in decalin, rT is 25 ns at —10 °C and 
58 ns at - 5 0 °C.4'7> 

Even if a less viscous solvent, hexane, is used, the 
rise of intramolecular H E fluorescence still takes a 
few ns for both A 3 and P3 , which indicates an im­
portant role of internal rotation for slowing down 
the H E formation process. Assuming the reaction 
mechanism of Eq. 1, where k2 and kz are sum of radia­
tive and non-radiative rate constants, the well-known 
Eq. 2 representing time dependence of each species 
is obtained. 

HES 

sandwich 

heteroexcimer 

* 3 

S(A* / \ / \ D) ; 
*-i |_ hetei 

I " I 
[S] = Gx exp ( - A J O + (Co-Ci) exp (-2.2t) 

[HES] = C2[exp {-^t) - exp (-A2*)] . 

(1) 

(2) 

The values of A2
_1 were determined as shown in Table 

1, and these of Aj - 1 in hexane were given by the pre­
vious study as 130 ns and 87 ns for A 3 and P3 , re­
spectively.7) 

T h e rapid component in the fluorescence rise curve 
observed at 540 n m (Fig. 2A) is indicative of the ex­
istence of ground state A3 molecules in a sandwich 
configuration, which give H E fluorescence immediate­
ly after excitation as reported by Gnädig and 
Eisenthal.13) However, this possibility is rejected, be­
cause no rapid component is found when the rise 
curve was observed only for the region longer than 

550 n m (Fig. 2B). 
Although the Sn<-S1 spectrum of anthracene itself 

does not show any appreciable absorbance at 694 
nm where Gnädig and Eisenthal monitored the tran­
sient absorbance of A3 H E , we have confirmed by 
ps transient absorbance measurements on A3 that the 
Sn<-S1 spectra of anthracene are affected by alkyl 
substitution, and there arises some absorbance around 
694 nm.16) Thus, the rapid component observed in 
the ps transient absorption of A3 can be ascribed to 
Sn<-S1 spectra, and that shown in Fig. 2A must be 
ascribed to LE fluorescence. 

Photo-induced CT and HE Formation of An and Pn 

(n=l, 2, 3) in Polar Solvents. In general, the 
wave equation and the Hamiltonian operator for the 
solute-solvent system may be given by 

= EW, & = jr., + «ar, &' = -fiov-F, (3) 
F= V'fJa3> f. = 2 ( e - l ) / ( 2 e + l ) , ß = <P\H>V\¥>, 

where, 30" represents the solute-solvent interaction, 
— • — » 

Mop is the dipole operator, F is the Onsager's reaction 
field and s is the dielectric constant of solvent. 

For an excited C T system, a simplified wavefunc-
tion may be given by 

W = C.WCT + C.FLB, (4) 

where ¥CT represents the C T structure A~D+, and 
WLE the LE structure A*D. By using Eqs. 3 and 
4, the following matr ix elements are defined: 

< r O T | 5 f |yOT> = < ^ C T | ^ O I ^ C T > + <Woi\&"\vm> 

= £ c - < ^ C T | ? o p - i ^ C T > 

= EC- Cx*WI*)f, 

<¥CT | 3F | ^LE> = «, <FL E | St | ^LE> = Ee . (5) 

With these matrix elements, the secular equations are 
written as 

Cxtfr-ctwi+yf.-E) + c2« = o 
C i a + C2(E0-E) = 0. (6) 

By solving these nonlinear equations and by adding 
the polarization energy of the solvent to the solution 
of Eq. 6, the energies of the states relevant to the flu­
orescence transition can be obtained.1) 

For Ax and P l 9 for example, a which is due to the 
electronic derea l iza t ion interaction between electron 
donor and acceptor groups may be negligibly small. 
Therefore, the energy of the C T state relaxed with 
respect to solvation may be given by, 

Em = E*-{\ß)utri*w.t (7) 

where / C is the dipole moment of the relaxed C T 
state. ECT is higher than Ee in nonpolar solvents 
for A l 5 P l 5 and A2. With increase of the solvent po­
larity, ECT becomes lower than E0. At the inversion 
point, there arises the orientational destabilization 
energy ôEF0 in the Franck-Condon ground state of 
the fluorescence transition. 

ÄE;° = ( I/2)-otcv«3) •(/.-/») 
/ n = [ 2 ( n 2 - l ) / ( 2 « 2 + l ) . (8) 
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Therefore, in more polar solvents than that giving 
the inversion point, the frequency of the GT fluores­
cence is given by Eq. 9. 

hve = Const. - (»l*>/2a*)(2ft-fn). (9) 

We have actually observed, for A l 5 P l 5 and A2, es­
pecially large red shifts of the H E fluorescence at 
the inversion point due to <52£FC,3-5) and have confirmed 
that Eq. 9 holds not only for the H E fluorescence of 
A n and P n ( w = l , 2) but also for A 3 and P3.

3"5> 
In the present work, we are investigating the dy­

namic processes of appearance of the H E state. The 
simple picture described above seems to be especially 
suitable to the cases of Ax and P r Thus , the time-
resolved fluorescence measurements of these systems 
will reflect directly the solvation process in the GT 
state. 

The results indicated in Table 2 and Fig. 4 for 
A1 and P1 in 2-propanol solution show that the re­
laxation processes of the decay of LE and appearance 
of the GT state take about 50—100 ps. These values, 
however, are considerably longer than the shorter 
reorientational relaxation time15) ( < 3 0 p s ) of 2-prop­
anol liquid. This result seems to indicate two pos­
sibilities: (a) the relaxation process of the G T state 
formation involves not only the rapid reorientational 
relaxation of 2-propanol but also slower ones covering 
a wider region around the solute molecule and in­
volving hydrogen bond breaking and formation; (b) 
the relaxation process involves not only the solvent 
reorientation and solvent-induced change in the elec­
tronic structure as outlined by Eqs. 3—7 but also 
the geometrical change i.e. internal rotations of the 
solute molecule around single bonds connecting the 
GH 2 group with two aromatic groups, and the re­
laxation time is inherent in this conformation change. 

However, the fact the relaxation times for the GT 
state formation of Bian and A0 in 2-propanol are 
likewise 50—100 ps indicates that this relaxation time 
is inherent in reorientation of 2-propanol molecules 
around the bichromophoric molecule in the excited 

where k3, #4, and k5 are sums of rate constants of ra­
diative as well as radiationless deactivations, respec­
tively. 

[S] = C^exp (-AJ-0 + (C0'-CO exp ( -AÎ-0 

[HEJ = Cî[exp (-AJ-0 - exp (-AW)] 

[HEJ = Cz[(K-k5) exp ( - « . * ) - ( « - * , ) exp (-AI-0 

- ( « - « ) exp ( -V03- (U) 
In view of the good correspondence between the 

T values, the* time-dependences of fluorescence ob­
served at 401 nm and those observed in the region 
longer than 680 n m are assigned to S and HE l 5 re­
spectively, from which T d =T? E =T /

2 ~ 1 «350 ps and 
T d = T Î B = T /

1 ~ 1 « l . l ns were obtained. The assign­
ment of the long wavelength band to the loose H E 

GT state formation rather than its conformational 
change. 

A little longer rT value than that of rd for A1 and 
Px may be due to the time-dependent red shift of 
H E band during the rise of H E fluorescence. 

The considerably longer relaxation times of A2 and 
P 2 compared with those of A1 and F1 may be explained 
as due to more extensive conformational change neces­
sary for the photo-induced GT and for taking the 
stable H E configuration. 

The behavior of P 3 in 2-propanol is a good example 
of enhancement of photo-induced G T process in polar 
solvent, and also of the control or slowing down of 
the G T reaction by internal rotations which are neces­
sary to bring A* and D to the mutual distance and 
orientation where the GT is possible. The latter ef­
fect of the internal rotations makes it possible to elu­
cidate photo-induced GT processes in solution which 
are difficult to study in detail even by ps laser methods 
for free A* and D. This difficulty is caused by very 
rapid and mutually combined translational and 
rotational diffusions, and they make the result com­
plicated. 

The faster decay of LE fluorescence and the faster 
rise of H E fluorescence of P 3 in 2-propanol solution 
than in hexane solution despite the higher viscosity 
of 2-propanol suggest that the photo-induced GT in 
polar solvent is possible, even if A* and D are some­
what separated, because the energy of the GT state 
is lowered by the interaction with the polar solvent, 
and loose H E is formed. Moreover, our previous 
semi-quantitative studies of ps transient absorption 
spectra of P 3 in 2-propanol indicated a two step change 
of spectra which is probably due to loose H E forma­
tion followed by a conformational change into the 
one of sandwich-type.8»10) 

The double exponential decay of L E fluorescence 
observed at 401 n m and the rise as well as decay of 
H E fluorescence observed in the region longer than 
680 n m can be well reproduced by assuming the re­
action scheme of Eq. 10 and by Eq. 11 derived from it. 

* / \ / \ D) £± HE! 

*3 

loose 

heteroexcimer 

U 

k2 

> -+ HES 

sandwich 

heteroexcimer 
(10) 

may be supported also by the fact that the ordinary 
(time-integrated) fluorescence spectra of Px and P 2 

in 2-propanol are somewhat red-shifted compared to 
those of P 3 in the same solvent. The latter spectra 
can be attributed almost completely to HE S because 
of its much longer lifetime ( « 1 0 0 ns) compared with 
HEj . Moreover, our recent results of accurate ps 
time-resolved absorption measurements on the same 
system can be explained quantitatively assuming the 
same scheme (10), and they give the same A' values.16) 

The results of similar measurements in acetone solu­
tion can be interpreted by the same scheme as Eq. 
10, with A ' 2

- 1 ~60 ps and A'- , - 1«! ns. Since the po­
larity of acetone is close to that of 2-propanol, it is 
necessary to have a similar conformation ( H E J for 
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the photo-induced C T to occur. Therefore, the much 
shorter value of X'^1 might be due to the considerably 
lower viscosity of acetone compared to 2-propanol, 
resulting in faster conformation change. However, 
the reason why the value of A^ - 1 is not so much dif­
ferent from that in 2-propanol solution is not so clear 
at the present stage of investigation. Presumably, the 
HEj formation may occur by solvent reorientation 
and a small rotation of two chromophore groups 
with only a slight internal rotation around C H 2 - C H 2 

bonds, while the HE S formation involves extensive 
internal rotations which seem to determine the ve­
locity of the process irrespective of the solvent viscosity. 

T h e photo-induced intramolecular C T process be­
comes much faster in acetonitrile, a strongly polar 
and less viscous solvent, since C T may be possible 
at longer mutual distance between A* and D due to 
the rapid and stronger solvation. In other words, 
the extent of the conformation change necessary for 
the photo-induced C T may be much smaller in aceto­
nitrile than in 2-propanol. 

Thus , both the L E fluorescence decay time and 
H E fluorescence rise time of P 2 are shorter than 20 
ps, the response time of the apparatus. The L E 
fluorescence decay time of P 3 is also shorter than 20 
ps, but the corresponding rise of the H E fluorescence 
was not observed. T h e fluorescence from the loose 
H E formed immediately after the rapid photo-induced 
C T may not be detectable in the case of P 3 because 
of the very small fluorescence yield due to strong 
solvation of the ion-pair state. 

Behaviors of Bian and A0 in Polar Solvents. In ­
terestingly Bian shows in the excited state intramo­
lecular C T from one anthracene nucleus to another, 
which is caused by the interaction with polar solvent 
molecules.11^ This is a solvent-induced "broken sym­
met ry" phenomenon, i.e. the lowering of the sym­
metry of the solute molecule due to the interaction 
with polar solvent molecules, resulting in the C T 
state even if the molecule is composed of two identical 
chromophores.12) Direct confirmation of the intra­
molecular C T was made by transient absorption spec­
tral measurements in polar solvent.12) 

I n the present work, we have directly demonstrated 
the C T state formation process and decay of the cor­
responding LE state in 2-propanol. Both the C T 
state rise and the LE state decay times are ca. 80 ps, 
which are considerably longer than the shorter re-
orientational relaxation time of 2-propanol liquid at 
room temperature. Jus t as in the cases of Aĵ  and 
Px in 2-propanol, two interpretations might be pos­
sible. One is the relaxation process which includes 
some contribution from slower processes involving sol­
vent hydrogen bond breaking and formation. The 
other involves not only the solvent reorientation but 
also the geometrical structural change of Bian, i.e. 
the rotation around the 9 -9 ' bond which determines 
the observed relaxation time. 

T h e two ^-electronic systems of Bian are oriented 
perpendicular to each other because of a strong steric 
hindrance in the relaxed ground state as well as the 
Franck-Condon excited state. I t was suggested that 
the stable conformation in the excited state may not 

be the perpendicular one but the oblique one.11) Since 
the C T fluorescent state of excited Bian may be con­
sidered as a resonance hybrid of the C T configura­
tion mixed with the LE configuration, its solvation 
by polar solvents will oppose the electronic derea l iza­
tion between two chromophores, because the solva­
tion energy increases with increasing charge separa­
tion in the C T system. When the conformation is 
the perpendicular one, the electronic dereal izat ion 
will become very small. Therefore, the excited equi­
librium conformation in polar solvents will be very 
close to that of the excited Franck-Condon state. 

The above considerations lead to the conclusion 
that the rate of the photo-induced C T state formation 
of Bian will be determined by the solvent reorientation 
relaxation time and will become faster in a less viscous 
polar solvent. Actually, we have found that the L E 
fluorescence decay and the C T fluorescence rise times 
of Bian in acetone as well as in acetonitrile are much 
shorter ( < 2 0 p s ) than those in 2-propanol. 

Although the fluorescence spectra of A0 are quite 
broad, we were able to observe the LE fluorescence 
decay in 2-propanol solution at the shorter wavelength 
edge of the fluorescence band, and the C T fluores­
cence rise process in the longer wavelength region. 
This result is somewhat analogous to those of A l 5 

P l 5 and Bian. Although the C T character of Sx state 
seems to be evident from the very large red shift of 
fluorescence with increase of solvent polarity, another 
evidence comes from the measurement of the effect 
of solvent polarity upon the S ^ « - ^ spectra.6) I t has 
been confirmed that the S^^-Sj^ spectra in moderately 
or strongly polar solvents are comparable to the su­
perposition of those of anthracence anion and D M A 
cation.6-17) 

In this case too, the LE fluorescence decay time 
( ~ 7 0 p s ) as well as the C T fluorescence rise time 
( « H O p s ) in 2-propanol are considerably longer than 
the shorter reorientation relaxation time of 2-propanol 
liquid at room temperature. A little larger value of 
the latter compared with the former can be explained 
as due to the time-dependent red shift of the C T flu­
orescence band occuring during the C T state rise 
process just as for Ax and Px . The fact that the C T 
fluorescence rise time agrees approximately with the 
LE fluorescence decay time for Bian in 2-propanol 
may be explained as due to the much smaller solvent-
induced red shift of the C T fluorescence band of Bian 
compared with A0. Namely, the wavenumber dif­
ference between the fluorescence band maxima of 
Bian in hexane and 2-propanol is ca. 1 . 4 x l 0 3 c m - 1 , 
smaller compared with the corresponding value of 
A0, 5.3 x108 cm- 1 . 

Thus , there arises a similar problem with A1} P l 5 

and Bian concerning the mechanism of C T state for­
mation in 2-propanol, i.e. the relaxation process in­
cludes some contribution from the slower process of 
solvent rearrangements involving hydrogen bond break­
ing and formation, or it involves structural changes 
of A0. T h e possibility of an excited equilibrium struc­
ture of A0 in polar solvents where molecular planes 
of two moieties are perpendicular to each other has 
been discussed already.6 '18) Moreover, we have also 
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confirmed that the LE fluorescence decay time as 
well as the G T fluorescence rise time of A0 in less 
viscous and polar solvents, like acetone, butyronitrile 
and acetonitrile are much shorter than the response 
time (20 ps) of the apparatus. Analogously to the 
cases of Al9 P1 , and Bian, the rate of the GT state 
formation in polar solvents for A0 seems to be deter­
mined by the solvent reorientations. 

S u m m a r y 

We have observed directly by means of ps time-
resolved fluorescence measurements the intramolec­
ular H E formation process and its solvent dependence 
for typical hydrocarbon-amine systems and have con­
firmed our prediction of the enhancement of intra­
molecular GT process with increase of solvent polarity. 
Existence of loose HE ' s as an intermediate during sand­
wich type H E formation in polar solvents has been 
demonstrated for three methylene-chain compounds 
and we have found that the loose H E emits at longer 
wavelength than sandwich type one. Moreover, it 
has been found that the loose H E in strongly polar 
solvents is non-fluorescent. These results demonstrate 
clearly the effect of solvent polarity upon the photo-
induced GT and H E formation processes as well as 
upon the electronic and geometrical structures of the 
formed HE ' s . 

The cost of the present investigation was partly 
defrayed by the grants given by Toray Science Founda­
tion and Mitsubishi Foundation, and also by Grant-
in-Aid for Special Project Research on Photobiology 
from the Japanese Ministry of Education, Science and 
Culture. 

References 

1) See for example: N. Mataga and M. Ottolenghi, 
"Molecular Association," ed by R. Foster, Academic Press, 

London (1979), Vol. 2. 
2) T. Okada, T. Fujita, M. Kubota, S. Masaki, N. 

Mataga, R. Ide, Y. Sakata, and S. Misumi, Chem. Phys. 
Lett., 14, 563 (1972). 

3) N. Mataga, "The Exciplex," ed by M. Gordon and 
W. R. Ware, Academic Press, New York (1975). 

4) N. Mataga, T. Okada, H. Masuhara, N. Nakashima, 
Y. Sakata, and S. Misumi, J. Luminescence, 12/13, 159 (1976). 

5) S. Masaki, T. Okada, N. Mataga, Y. Sakata, and 
S. Misumi, Bull. Chem. Soc. Jpn., 49, 1277 (1976). 

6) T. Okada, T. Fujita, and N. Mataga, Z. Phys. Chem. 
N. F., 101, 57 (1976). 

7) T. Okada, T. Saito, N. Mataga, Y. Sakata, and S. 
Misumi, Bull. Chem. Soc. Jpn., 50, 331 (1977). 

8) M. Migita, M. Kawai, N. Mataga, Y. Sakata, and 
S. Misumi, Chem. Phys. Lett., 53, 67 (1978). 

9) J . Hinatu, H. Masuhara, N. Mataga, Y. Sakata, 
and S. Misumi, Bull. Chem. Soc. Jpn., 51, 1032 (1978). 

10) N. Mataga, M. Migita, and T. Nishimura, J. Mol. 
Struct., 47, 199 (1978). 

11) F. Schneider and E. Lippert, Ber. Bunsenges. Phys. 
Chem., 72, 1155 (1968). 

12) N. Nakashima, M. Murakawa, and N. Mataga, Bull. 
Chem. Soc. Jpn., 49, 854 (1976). 

13) K. Gnädig and K. B. Eisenthal, Chem. Phys. Lett., 
46, 339 (1977). 

14) M. Migita, T. Okada, N. Mataga, N. Nakashima, 
K. Yoshihara, Y. Sakata, and S. Misumi, Chem. Phys. Lett., 
72, 229 (1980). 

15) L. A. Hallidy and M. R. Topp, Chem. Phys. Lett., 
48, 40 (1977). 

16) T. Okada, M. Migita, N. Mataga, Y. Sakata, and 
S. Misumi, J. Am. Chem. Soc, 103, 4715 (1981). 

17) T. Okada, M. Kawai, N. Mataga, Y. Sakata, S. 
Misumi, and S. Shionoya, unpublished. 

18) A. Siemiarczuk, Z. R. Grabowski, A. Krowczynski, 
M. Asher, and M. Ottolenghi, Chem. Phys. Lett., 51, 315 
(1977). 

19) J . S. Meek, W. B. Evans, V. Godefroi, W. R. Benson, 
M. F. Wilcox, W. G. Glarks, and T. Tiedeman, J. Org. 
Chem., 26, 4281 (1961). 



3312 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 3312—3316 (1981) [Vol. 54, No. 11 

The Hartree-Fock and Electron-Hole Potential Methods 

from a Hypervirial Theorem Standpoint 
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The hypervirial theorem is introduced in the second quantized expanded form, and utilized for reviewing 
the Hartree-Fock and electron-hole potential methods. A possibility of going beyond the latter is suggested 
within the scope of handy methods- Brillouin's and the extended Brillouin's theorems are shown to be contain­
ed in the hypervirial theorem. 

The hypervirial theorem (HVT)1) is nothing other 
than the statement that the expectation value of any 
physically nonpathological operator does not depend 
on time in stationary states, and has vast range 
of application because of its great fundamentahty. 
Essential explorations of the theorem in molecular 
quan tum mechanics have been made already in 1960's 
from both variation-2) and perturbation-theoretical3) 
points of view, where the form of operators is either 
nonspecified or given as a function of coordinates 
and momenta. In this paper the H V T is introduced 
in the second quantized form, expanded under the 
exponential prescription,4) and utilized for reviewing 
the Hartree-Fock (HF)5) and electron-hole potential 
(EHP)6 '7) methods. We can immediately arrive at 
the H F method in the first order one-particle H V T 
for the ground state; that for the excited state leads 
us to the E H P method and further gives a possibility 
of a handy modification beyond the method. 
Brillouin's8) and the extended Brillouin's6) theorems 
are shown to be contained in the H V T . Supple­
mentary remarks are added on what is implied in 
the first order two-particle H V T for the ground state 
and in connection with the perturbation-theoretical 
approach. 

T h e Hyperv ir ia l T h e o r e m 

Let \<f>} be an eigenstate of a Hamil tonian H 
and W be an arbitrary operator, the restriction on 
W being only that W\<py should not j u m p outside 
the space considered. The H V T is simply written 
as 

<0i[H,mii&> = o. o) 
Take a system of identical particles and denote the 
creation and annihilation operators for the one-particle 
quan tum state j by a) and at respectively. Then, 
any one-particle operator of the system is of the fol­
lowing form. 

W = Hwjka]ak. 

The strong requirement that Eq. 1 must hold for 
any W leads to the one-particle H V T : 

<*M[tf,aJflJ|0> = O (any/»,?)- (2) 
Likewise we have the two-particle H V T , 

(<J> | [tf, ala\asaq\ | <P) = 0 (any p, q, r, s), (3) 

and so on. For arbitrary products of the creation 
and/or annihilation operators we have 

<^|[//,n4nag]|^> = o. (4) 

However, unless the numbers of creation and an­
nihilation operators are equal, the relation is trivial 
for the particle-conservative system. 

Separating a Hamiltonian into the unperturbed 
Hamil tonian K and the perturbation XV with a real 
parameter A, 

H=K + W, (5) 

we can obtain a perturbation expansion of Eq. 1 
on the assumption that an eigenstate \<py of H is 
attainable from the corresponding eigenstate \<p) of 
K through a unitary transformation: 

!</>> = exp(S)|ç>>, (6) 

where S is an antihermitian operator independent 
of the energy level index.3»4) Noting that S has no 
zeroth order term, we put it in the power series of 
X as 

S = XS1 + A*S2+- (7) 

with antihermitian operators {St}. Substitution of Eq. 
6 into Eq. 1 rewrites the H V T as a form of the unper­
turbed state expectation value: 

<ç»|exp (S)[H, W] exp (S)|0> = 0, 

which is expanded by means of Eqs. 5 and 7; 

+ A2<çH([IT, w], $] + i[[[jc, w],s,]f sj 

+ [[K,W], S a ) | 0 > + - = O . (8) 

Thus we have the first order HVT, 
<<f>\([V,W] + l[K,WlS1\)\ty = 0, (9) 

or, using the Jacobi-Lie identity, 
<<j>\[v+iK,s1iw]\<f>y = o. (io) 

T o decompose St into the one-particle part St^\ 
the two-particle one St^, and so on, 

Si = S?>+ &?+-, (11) 

enables us to proceed a little further. Assuming that 
K is one-particle and that V consists of the one- and 
two-particle parts, 

V= VV> + F<2>, (12) 

we can write the first order H V T as 

(13) 

with 

s <<f>\[Yw,w]\<f>y = o 
n = l , 2 

y(n) = p<n) + IK, #">] . (14) 

The terms of n=\ and 2 in the left-hand side of Eq. 
13 concern the one- and two-particle operators for 
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W=a\aq and two- and three-particle ones for W= 
alata,aq respectively. We can make all S^'s vanish 
for n larger than 2. 

Th e Hartree-Fock M e t h o d 

The Hamiltonian of electrons in the fixed nuclear 
framework is given by 

W = S A « , « U ^ + - n - S v(/TalMalvaTvavlt, (15) 
f ï ii Z. f i)9 ri>» 

where the second suffices, p and v, refer to the electron 
spin. I t is assumed hereafter that the matrix elements, 
{Af,}, {vf,9r}, and so on, are all spin-independent. 
Taking a relevant hermitian one-particle operator 

which is to be determined later, we rewrite the 
Hamiltonian in the molecular orbital representation 
as 

Jli Z. jklm/iv 

- S ^ 4 A . Ö * P . (16) 

The molecular orbital coefficients {u(J} and their 
energies {sj} are determined by the eigenvalue problem 
diagonalizing { A e , + * « , } : 

S (A«,+*«»)«iy = Vtjs,. (17) 
i 

Now let us take the unperturbed Hamiltonian in 
Eq. 16 as 

K=^ejalajt, (18) 

and assume that its ground state |F> have a closed-
shell form: 

|J^ = «Jt«,V"*Wi*WilO>, 
where t and j stand for the up- and down-spin 
states, respectively, and |0> means the vacuum state. 
Denoting a set of the occupied orbitals {1,2, ••• , /} by 

F and that of the unoccupied by F, we define the 
occupation indicator as 

Substituting 

]7(i) = _ S xjUa]ßahflf (20) 
jkp 

VW = 4 - 2 viLalalamvakli, (21) 

SP = S slta]„akßt (22) 
J*P 

5Ï» = 4- S si^.ata^a,,, (23) 

and Eq. 18 into Eq. 13 through Eq. 14, we obtain 
the first order one-particle H V T putt ing W=at,aqa, 
since the present Hamiltonian includes no spin-chang­
ing term. For the ground state, putt ing \<p}=\F), 
we see the following condition result from the theorem. 

(-xqp+vqp+(eq-ep)(sqp+sqp)Mq)-f(p)) = 0, (24) 
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the quanti ty with a tilde being defined as 

Ik = s ( 2 ^ : - * i î ) f ( m ) . 

Although for any peF and qcF the same equation 

is obtained as for any peF and qeF, they are not 
independent of each other as far as X and V are kept 
hermitian and S antihermitian. If we use no S, that 
is, take an approximation that | 0 > = | 0 > , then 
Eq. 24 gives 

xjk — Vjk (any jeF, keF and vice versa), (25) 

which is just the H F condition. Note that x^'s for 
j,ktF and j,keF are, as easily seen in Eq. 24, not 
conditioned here, the H F ambiguity being implied. 
Setting xjk=vjk for all j and k, we have 

* „ = S (2*$:-*«7)f(m), (26) 
m 

which gives the standard H F equation, substituted 
into Eq. 17. For general choices of X and S Eq. 
24 should be read as a mutual restriction on them. 
Especially, under the H F choice of X, Eq. 25, the 
restriction is reduced to 

sjk + sjie = 0 (any jeF, keF and vice versa). (27) 

Denoting the singlet and triplet excited states of 
K by 

|we>±> = S L , ( ± ) 4 / i f l w j / ? > (v€F,weF) (28) 
p 

with 

L / , (±) = (<5M±<5/ll)/-i/-2, (29) 

where + and — stand for the singlet and triplet states 
respectively, we have 

(F\H\vw±y = S L , ( ± ) < F | [ t f f f l . W ] | F > , (30) 

since < F | a ^ vanishes. Thus Brillouin's theorem is 
contained in the H V T 

<F | [H, al„aq,] | F} = 0 (peF, qeF and vice versa) (31 ) 

or equivalently 

<F| [H, alaqa] \F) = 0 (any p, q\ (32) 

which characterizes the H F method. 

T h e Electron-Hole 
Potent ia l M e t h o d 

The evaluation of excitation energies by the closed-
shell H F method9) is to be improved in the E H P meth­
od, as far as only one specific excitation is concerned.6) 
A persuasive derivation of the E H P method consists 
of constructing the new occupied and unoccupied 
orbitals, respectively, from the occupied and unoc­
cupied H F orbitals through the variational procedure 
for the excited state in question. Here , confining 
ourselves to the single configuration excitation case, 
we view the method from a H V T standpoint, which 
seems helpful in understanding a nature of the method. 

The first order one-particle H V T for the singlet 
and triplet excited states are obtained by putting 
\<f>)=\vw±y after substitution of Eqs. 18, 20, 21 , 
22, and 23 into Eq. 13 through Eq. 14: 
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(yQP +J>qp +>(»)«* - i W<ZP) (f (q) - f( /0) 

- (yll-yll){àqv}-ôpw) - (yll-yZ)(àqv-ôpv)) 

with 

and 

^{yll{àiV3-ôpw)-VyZ{ôqv-ôpv)) = 0 

yjk = —xjk + (£j-£k)sjk 

(33) 

ylL = v{l
m -f (ej-\-el — em—ek)s

i
k
l
my 

the quanti ty with a single dot being defined as 

i(m)jk = tiZ-tim
kß. 

Consider the single-determinant approximation, the 
case without S. Then, Eq. 33 is reduced to the condi­
tion that 

-xvj + vvj - v)Z + vVi ± vlwj = 0 (jeF'), (34a) 

~xjw + vjw + vil - viv
w ± {~vil) = 0 (jeF'), (34b) 

-xwj + vwj + vj: - vK ± vTj = 0 (jeF'), (34c) 

- * , . + vjv + rf« - viZ ± {-v*Z) = 0 (jeF'), (34d) 

- * / * + vjk + *(*)./* - »(a;),/* = 0 (jeF', keF'), (34e) 

and 
vww . / wv__ ww\ Q 
VW«; n _ V.47«» "VW] U 7 (34f) 

where the primes on F and F mean the exclusion of 
w and v respectively. T h e complex conjugate equa­
tions are omitted for brevity. If we take the canoni­
cal and virtual H F orbitals, the first and second terms 
in each left-hand side of Eqs. 34a, b , c, d, and e cancel 
out. But the rest does not vanish in general, and we 
see the violation of the H V T by the standard H F 
method. Here it is worth while to note that the 
orbital symmetry tends to lessen the violation. 

I t enables us to make Eqs. 34a and b hold that 
the first order one-particle H V T for the ground state 

imposes no condition upon xjk's for j,keF and j,keF, 
Eq. 25 remaining satisfied. Determine the orbitals 
so as to satisfy 

*iu = vik - vlZ + vÜ ± viw
k U, te?) (3 5 a) 

and 

X,M = vjk + vil - vil ± (-vil) (j,keF). (35b) 

Then Eqs. 34a and b clearly hold and the violation 
occurs in the same form in Eqs. 34c, d, e, and f as 
the H F case. There the orbital symmetry still in­
clines to diminish the violation. If the H F orbitals 
{u$j} and their energies {sj} are already known, 

we have only to work out a set of eigenvalue problems 
that 

S (ôjk£j+z(w±)jk)ckm = 

and 

S {àjk£j—z{v±)jk)dkm = djmßn 
keF — -

(jeF) (36a) 

( jeF) (36b) 

with 

z(l±)Jk = -v{\ +v¥k±vil
k, 

which is equivalent to the original form of the basic 
equations of the E H P method. 

Noting that under Eqs. 35's the one-particle H V T 
for the excited states without S holds for a restricted 
region as 

(vw± | [H, 4aaqa]\vw±} = 0 (p, qeF and p, qeF), (37) 

we can prove that the extended Brillouin's theorem 
in the E H P method, 

<pw± \H\v'w±y = 0 (v^v') (38a) 

and 

(pw± \H\vw'±} = 0 (w^w'), (38b) 

is contained in the H V T as follows. Arrange the 
left-hand side of Eq. 38a as 

<vw±\H\v'w±} 

= T>1Lll(±Kvw±\Halllôltvawv\Fy 

= S LM(±)(vw± \Haitt(av/talv -\-al„av/t)awv \F} 
ft V 

= S (vw+ \HatIÂavlt \vw±} 

= S <pw± | [H, 4 , « . , ] I vw±y, (39) 
f 

where the terms under the summation of the last 
line are independent of ju. Hence the condition 

.<pw± | [H, «£,«. ,] I vw±} = 0, (40) 

which is assured by Eq. 37, is equivalent to Eq. 38a. 
We have similar argument for Eq. 38b. 

The E H P method is characterized by the H V T 
Eq. 37 besides Eq. 32, so it can be said that the E H P 
method satisfies the H V T better than the standard 
H F method. The hole potential method10) may look 
characterized by the H V T defined in a smaller region 
of p and q than Eq. 37, 

<vw± | [H, alaqa]\vw±} = 0 (p, qeF), (41) 

besides Eq. 32. However, Eq. 41 is actually inde­
pendent of v9 and we have Eq. 41 for all of veW. Thus 
it is not necessarily appropriate to regard the hole 
potential method as an intermediate between the stand­
ard H F and E H P methods;6) of course, when we 
confine ourselves to one specific excitation, it is correct 
that the E H P method satisfies the H V T better than 
the hole potential method. 

Beyond t h e Electron-Hole 
Potent ia l M e t h o d 

Let us give a perturbation expansion to the excita­
tion energy as preliminaries. Define the excitation 
energy AE(I-*J) from the state |^7> to \<pj} as 

AE(I-*J) = (<PJ IH\ <PJ} - WJ IH\ <PJ}, (42) 

which is converted with Eqs. 5, 6, and 7 into 

AE(I-»J) =KJ-KI 

+ A « £ H H 0 / > - < 0 z i n 0 z » 

+ A»«£H([K,£J + j t f t f , « , « ) ! ^ ) 

-<^/|([^ÄJ+-i[[JC,ÄJ,ÄJ)|^>)+..., 

(43) 

where \<f>z} and 1 ^ ) are, respectively, the eigen-



November, 1981] The HF and EHP Methods from 

states with the eigenvalues Kx and Kj of K. T o first 
order the excitation energy is independent of S. Both 
the H F and E H P methods calculate Eq. 43 to first 
order with | 0 X > = | F > and \<f>J

y)=\vw±y. 
Now consider to satisfy the first order one-particle 

H V T for the excited state as well as the ground by 
including S as simple as possible. Under the E H P 
choice of X, Eqs. 35's together with Eq. 25, the fol­
lowing condition results from Eq. 33. 

(e. -ej){svl +s.t -s% + sVj±s%) = 0 (jeF'), (44a) 

(eJ-ew)(sJW + ~sJV, + sll-s!:±(sl:)) = 0 ( jeF') , (44b) 

yw
il-y1l±yTi + (ew-ej)(svj + svi) = 0 {jeF'), (44c) 

yil -yiZ ± (-yiZ) + (ej-ev)(sjv+sjv) = 0 
(jeF'), (44d) 

}(v)jk - y{w)jk + (ej—ek)(sJt + sJk) = 0 

UeF',keF'), (44e) 

and 

j>V. - y™ ± (yZ-yïZ) = 0 . (44f) 

Here note that any term concerning VW has one of 
the following forms: yil, yil, yil, and yil (jeF, 

keF). This shows a way to attain the present pur­
pose. Set the matrix elements of S as 

sii = s\{ = -vül(ej-ek) I jeF,keF \ (45a) 

s{l — su — —vil/{Ej—ek) and vice versa; (45b) 

s„ = (MZ-vMlfa-eJ \ l=w,v J (45c) 

and 

sil = sJk = 0 (otherwise), (45d) 

where the one-particle terms are prepared for the 
condition given by Eq. 27. Clearly this choice of 
S suffices for the satisfaction of Eq. 33 as well as Eq. 
24, and gives the second order term in Eq. 43 for 
| 0 7 > = | F > and \<j>J)=\vw±) as 

W S 2A{üW±)*k + s B(™±h s C(™±)J\ 
XjeF £* — £j jtF ev — ej jeF Sj — ew J 

ktF 

(46) 

with 

A(vw±)Jk = D{v)ik{v)Z-D{v)kJ) + D{w)jk{v)l-D{w)kj) 

- v&v)l - ullv)l + ( 1 ± 1 )v{lvk
w

w
}, (47) 

B(vw±)j = |»;;|> + \v7A2 - 2 ( 1 ± 1 K > ^ , (48) 
and 

C(vw±)j = \v7,\* + \v7A2 ~ 2 ( 1 ± 1 ) « , (49) 

where 

D{l)Jk =vi\-v{\. 

In the first, second, and third summations in the 
above correction term 46, only j and k of the same 
symmetry, j of the same symmetry as v, and j of the 
same symmetry as w have only to be taken into ac­
count respectively. 

In the E H P method the orbitals are determined 
under the influence of the scatterings of electrons 

inside F and F by the potentials due to the electron 
in v and the hole in w respectively. Roughly speaking, 
the adoption of the S of Eq. 45's means to take it into 

account the scatterings of electrons from F to F and 
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from F to F by the electron and hole potentials. The 
first order correction to the excited state has one elec­
tron in F and one hole in F besides v and w in con­
sequence : 

jeF fiv 
ktF 

with 

G(vw±)yk=lsp{±){viZ-vil-ô,v{viw
k-v{l))l{ej-ek). 

(51) 

The ground state is not affected, because it involves 
neither electron in v nor hole in w. As easily seen, 
we have 

(S« + S « ) | F > = 0 . (52) 

Before we discuss the effect of the correction 46, a 
considerable amount of examinational numerical cal­
culation is to be performed, and we would like to 
regard the recipe as a possibility at present. 

S u p p l e m e n t a r y R e m a r k s 

The First Order Two-Particle HVT. T o put W= 
a\«a}taaxaq, in Eq. 13 gives the first order two-par­
ticle H V T , which has the following expression for 
the ground state after substitution of Eqs. 18, 20, 
21 , 22, and 23 through Eq. 14. 

-(yVr-ôOTyVP)(g(qs:rp)-g(pr:sq)) = 0 (53) 

with 

g(pr:sq) =f(*)f(r)(f(*) + f ( * ) - l ) , (54) 

and 

yjk = yjk +yjk-

Provided that the first order one-particle H V T for 
the ground state is satisfied, that is, 

j>jk = 0 ( jeF, keF and vice versa), 

Eq. 53 results in 

vVr ~ ôaTv% + (e9+e.-er-e,Xsyr-d.Ts%) = 0 

(q, seF; p, reF and vice versa), (55) 

which leads us to 

sii = -W, + «.-«--«.) (j-lf'.k'meF). (56) 
\and vice versa/ 

This shows that the electron correlation in the ground 
state can be taken into account first by including 
the contribution from the double excitation configura­
tions for any choice of orbitals satisfying Eq. 24. In 
using the E H P orbitals, therefore, the first aid for 
the ground state |F> is to use the S in the form of 
Eq. 56 likewise in using the H F orbitals. Further 
adopting Eq. 56 together with Eqs. 45's, we can im­
prove the ground state, the first order one-particle 
H V T for the excited state remaining alive, since .s*m's 

for j,UF, k,mtF and vice versa do not concern sJks. 
The Perturbation-Theoretical Choice. I t is never 

futile to add some remarks in connection with the 
perturbation-theoretical approach. Under the expo­
nential prescription, Eq. 6, perturbation equations in 
the operator form are derived from3 '4 '11) 
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[exp (-S)Hexp (S),K] = 0. (57) 

Making use of Eqs. 5 and 7, we obtain the first order 
perturbation equation as 

IV+IK,SA,K]=0, (58) 

which becomes the two separated equations cor­
responding to the one- and two-particle parts after 
calculation with Eqs. 18, 20, 21 , 22, and 2 3 : 

S ^ t ( £ r £ t ) f l l f l M = ° (5 9 a) 

and 

S J^i(ei + e«—e»-e*)Ä7^?»«»»«*^ = 0, (59b) 
jklmft v 

which lead us to 

Sjk = Xjkl(£j-£k) U,k such that ej±ek) (60a) 
and 

,, ,, s // ,£./,/w such that\ ™ x 

The matrix elements of S other than these can be 
set to vanish by imposing such auxiliary restriction 
upon S as that S should be completely off-diagonal 
in the representation {|0>}.4> Clearly Eqs. 60's sat­
isfy the first order one-particle H V T . This pertur­
bation-theoretical choice requires nothing of orbitals 
bu t sufficient inclusion of configurations. Hence, un­

less we know the well-behaved orbitals suitable for 
purpose beforehand, the choice is not necessarily prac­
tical. 
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Transmission of Low-energy Electrons (0—15 eV) through Thin Films 
of Ethers, Ketones, Alcohols, and Ice. 

Determination of the Quasifree Electron State Energy 
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Faculty of Engineering, Yamanashi University, Takeda-4, Kofu 400 
(Received May 6, 1981) 

The transmission of low-energy electrons (0—15 eV) through 10—100 Â films of ethers, ketones, alcohols, 
and ice has been studied. Structures are indicated by electron current It transmitted through a thin film as a 
function of the incident electron energy Vi, displayed as d/ t/dFi vs. Vi- With increasing the film thickness, a de­
crease of the height of the first peak (due to injection of electrons in the film) and an appearance of a second peak 
are observed for ethers and alcohols. The energies of quasifree electron state V0 are determined by measuring 
the energy of the second peak from the first peak for solid diethyl ether, tetrahydrofuran, 2-methyltetrahydro-
furan, methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 1-pentanol, 1-hexanol, and 1-nonanol. For acet­
one, diethyl ketone, dimethyl sulfoxide, and ice, neither a decrease of the first peak nor an appearance of a second 
peak is observed, indicating that these compounds have negative V0 values. From the energy of the onsets of 
broad negative peaks appeared at « 14 eV for ethers and alcohols, the solid phase ionization energies Is and the 
polarization energies of cations P+ by the solid media are determined. 

Condensed hydrocarbons are complex and electron 
interactions in them are the focus of much current 
interest. The energies of quasifree electron state V0 

have been reported for several liquid hydrocarbons.1 - 5) 
However, attempts to measure V0 directly in polar 
or nonpolar glassy matrices have failed.5) T h e V0 

values in glassy matrices have been estimated by an 
indirect method using Eq. I,5-7) 

lu Is = Ig + P++ V0 (1) 

where 7X and I8 are the ionization potential of an 
impurity molecule A in a liquid and solid solution, 
respectively, Ig the gas phase ionization potential of 
A, and P+ the polarization energy of the medium by 
the positive ion A+. 

Recently, Hiraoka and Hamill8) and Sanche9) re­
ported a simple method for measuring the electronic 
levels of molecules supported as ultrathin films on a 
metal surface at « 80 K. T h e film was bombarded 
by a beam of low-energy electrons, and the current 
transmitted through the film (It) was measured as 
a function of the incident electron energy (Fj). T h e 
transmission spectra, displayed as dIJdVl vs. Viy were 
found particularly useful for detecting optically for­
bidden electronic transitions.8«9) In the previous 
work,10) we reported direct measurements of V0 for 
solid hexane and benzene by measuring the transmis­
sion spectra d / J d l ^ vs. Vi for 10—100Â films of 
these compounds deposited on the metal block at 
« 8 0 K. In this work, the interactions of injected 
excess electrons with solid films are studied by meas­
uring the transmission spectra for ethers, ketones, al­
cohols and ice. The main objective of this work is 
to relate the energy dependence of the transmission 
features to specific interactions occurring in solid films. 

Exper imenta l 

The experimental procedure has been described.8>10> The 
temperature of the stainless steel metal block was Ä 80 K 
and the pressure was < 1 0 - 7 P a . The cathode was mod­
ulated by 0.3 V at 78 Hz by the reference signal of a lock-
in amplifier. The cathode voltage was swept upward with 
It<2 X 10"° A transmitted through the thin film. The trans­

mission spectra were displayed as dIJdVi vs. Vi, where 
eVi is the energy of the incident electron. Because no es­
tablished sharp transitions are available as internal standards, 
the zero of the electron energy scale in the present work 
has been chosen arbitrarily as the onset of the first peak 
of the spectrum dIt/dVi vs. Vi (i.e. for electron injection). 
The film thickness was changed by changing the deposition 
time with the constant vapor pressure of a sample at 1.3 X 
10"5Pa. 

R e s u l t s a n d D i s c u s s i o n 

In the previous work,10) the transmission spectra 
dIJdVl vs. Vl for benzene and hexane were examined 
in detail. I t was found that there was almost no 
difference in shape (height and half-width) between 
the first peak for the metal block and those for 2 to 
10 U thick benzene films. O n the contrary, the first 
peak of transmission spectra for hexane decreased 
drastically and a second peak appeared and grew 
as the film thickness was increased. From these ex­
perimental results, it was concluded that solid films 
of benzene and hexane have negative and positive 
V0, respectively. T h e energy of quasifree electron state 
V0 for hexane, 0.9 eV, was determined by measuring 
the energy of the second peak from the first peak 
of the spectrum for the metal block as a reference. 
I n the following sections, the results for ethers, ketones, 
dimethyl sulfoxide (DMSO) , alcohols, and ice are 
summarized, and a discussion is made for the deter­
mination of the energy of quasifree electron state 
V0, the solid phase ionization energy Ia and the cation 
polarization energy P+ by the solid media. 

Ethers. T h e transmission spectra, d / J d F j vs. 
Vit for diethyl ether, tetrahydrofuran (THF) , and 2-
methyltetrahydrofuran (2-MTHF) have been meas­
ured. T h e transmission spectra for diethyl ether and 
2 - M T H F are shown in Figs. 1 and 2. A drastic 
decrease of the first peak and an appearance of the 

t The amount of the gas admitted in the vacuum chamber 
is expressed in Langmuir units (1 L = 1.33X10-4 Pa-s). 
When the sticking probability is unity, the surface will be 
covered by approximately one monolayer with 1 Langmuir 
gas admission. 
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Fig. 1. The transmission spectra d/ t/d7i vs. Vi for metal 
block and diethyl ether. The film thickness was 
changed from 2 to 10 L. 
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Incident electron energy/eV 

Fig. 2. The transmission spectra for metal block and 
2-methyltetrahydrofuran (2-MTHF). 

second peak and its strong growth are observed for 
all of these compounds, indicating that they have 
positive V0. 

Ketones and DMSO. T h e transmission spectra 
of acetone are shown in Fig. 3. T h e first peak of 
the transmission spectra for acetone and diethyl ketone 
shows only a slight decrease by the deposition of 2 L 
thick sample and the second peak does not show up 
for both of these compounds. These are characteristic 
features for solid films whose V0 are negative. Thus 
the solid acetone and diethyl ketone are considered 
to have negative V0s. 

Masaji NARA [Vol. 54, No. 11 
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Fig. 3. The transmission spectra for metal block and 
acetone. 

T h e continuous decrease of the first peak is ob­
served for these compounds as the film thickness is 
increased from 2 to 10 L. This is due to the decrease 
of the electron emission efficiency of the cathode which 
is poisoned by the admission of ketone vapor in the 
vacuum system. The electron gun used in this ex­
periment is a commercial T V gun (The J a p a n Lamp 
Industrial Co., Ltd) and has an indirectly heated 
oxide-coated cathode. This type of cathode was found 
to be easily poisoned by the admission of some kinds 
of organic vapors, especially ketones. Usually the 2 
L thick film is prepared by the admission of 1.3 X 
10 - 5 Pa vapor pressure of the sample for 20 s. In 
cases of acetone and diethyl ketone, 2 L thick sample 
was deposited by the admission of 3.3 X 10~6 Pa vapor 
pressure for 80 s in order to suppress the decrease 
of the electron emission efficiency of the cathode. 
This operation was successful only to some extent as 
shown in Fig. 3. After the samples were desorbed 
by increasing the temperature of the metal block, 
the transmission spectra were measured again. The 
height of the first peak for the bare metal block was 
found almost the same as those for 10 L thick samples 
at liq. N 2 temperature. If these compounds had posi­
tive V0 values, the first peak should increase by the 
desorption of samples on the metal block. 

In Fig. 4 are shown the transmission spectra of 
D M S O . The height of the first peak for 2 L thick 
film is even larger than that for the bare metal block 
and no second peak appears. There is no doubt 
that the solid D M S O film has a negative V0 value. 

Alcohols. T h e transmission spectra for metha­
nol, ethanol, 1-propanol, 2-propanol, 1-butanol, 1-
pentanol, 1-hexanol, and 1-nonanol have been meas­
ured. The transmission spectra for methanol and 1-
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DMSO 
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Fig. 4. The transmission spectra for metal block and 
dimethyl sulfoxide (DMSO). 

-BUTHANOL 
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Fig. 6. The transmission spectra for metal block and 
1-butanol. 
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Fig. 5. The transmission spectra for metal block and 
methanol. 

butanol are shown in Figs. 5 and 6. 
A decrease of the first peak and a growth of the 

second peak are observed for methanol with an in­
crease of the film thickness, indicating that the solid 
methanol has a positive V0. 

It was found that the film thickness dependence 
on the transmission spectra was very similar for etha-
nol and higher alcohols (see Fig. 6). For these com­
pounds, a drastic decrease of the first peak and an 

appearance of a sharp second peak are observed by 
the deposition of 2 L thick film, indicating that these 
compounds have positive V0. However, the decrease 
of the first peak and the increase of the second peak 
are only very gradual for further deposition of the 
sample. These results strongly suggest that electrons 
in solid alcohols with an energy lower than V0 have 
a large contribution to the transmitted electron current 
to the anode. 

Ice. T h e transmission spectra of ice are shown 
in Fig. 7. Contrary to the spectra of alcohols, the 
first peak neither decreases nor a growth of the second 
peak is observed with an increase of the film thickness, 
indicating that the energy of quasifree electron state 
V0 in ice is negative. 

Work Function Change of the Metal Block. I t is 
worthy to note that in the spectra of ethers and some 
of alcohols, the first peak shows a negative shift when 
samples were deposited on the metal block. If the 
film was charged by the electron irradiation, the 
first peak should show a positive shift.10) For all 
compounds measured in this experiment, the peaks 
of the spectra do not show any shifts under repeated 
electron irradiation under the present experimental 
conditions (It<2 X 10~9 A) , i.e., the charging of the 
film is negligible. Therefore, the shift of the first 
peak must be due to the change of the current-voltage 
characteristic curve determined by the contact po­
tential difference between the cathode and the metal 
block. After the samples were desorbed by increasing 
the temperature of the metal block, the first peak 
shifts back to the original energy value of the first 
peak for the metal block. This means that the shift 
of the first peak is due to the work function change 
of the metal block by the deposition of the sample 
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Fig. 7. The transmission spectra for metal block and 
ice. 

on it. 
Absorption is usually associated with a variation of 

the work function 0 which provides a simple procedure 
for monitoring the state of a surface. Moreover, the 
sign of the work function change Afi is connected 
with the direction of the electron transfer between 
the substrate and the adsorbate, i.e. with the dipole 
moment of the adsorbate complex. Although the sur­
face of the stainless steel metal block used in this meas­
urements is not characterized rigorously, it would be 
informative to discuss the work function changes ob­
served by the deposition of several compounds. 

T h e observed work function changes A0 are sum­
marized in Table 1 (column 6).1"! The negative A^s 
are observed for ethers and some of alcohols. For 
higher alcohols, A^s are observed to become smaller. 
The positive A^s are observed by the deposition of 
ice and D M S O . I t has been observed that A^s 
are nearly zero for alkanes and aromatic compounds 
at » 8 0 K in the previous experiments. 10 'n> 

T h e sign and the amount of A<j> may give some 
information on the interaction of adsorbed molecules 
with the metal surface. The relatively large A^s 
are observed for ethers. These compounds have large 
permanent dipole moments, but the positive charge 
is rather delocalized in molecules in comparison with 
the localized negative charge on oxygen atoms. Con­
sidering that the nonpolar compounds give very small 
A0s, ethers are considered to be interacting with the 
metal surface directing the oxygen atoms toward the 
metal surface. Alcohols (protic solvents) have also 
negatively charged oxygen atoms but A^s are gen­
erally smaller than those for ethers. This may be 
due to the fact that the molecules of the first monolayer 
on the metal surface form hydrogen bonds with mole­
cules of the second monolayer and the dipole moments 
induced by the interaction between the substrate and 
the adsorbate are smaller than in cases for ethers. 
This may explain why A<p becomes smaller for higher 
alcohols. T h e positive shifts for ice and D M S O are 
difficult to understand. I t would only be suggested 
that the sign of the net dipole moments induced by 
the interactions between the substrate and these com­
pounds are opposite to cases for ethers and alcohols. 

I t was found that A^s are highly temperature-
dependent and the sign of A^s for some polar mole­
cules changes as the temperature of the metal block 
is increased. A more detailed investigation on the 
work function changes in this respect is now in pro­
gress. 

TABLE 1. V0, Is, 4 , P+, AND A& 

Compound 

Diethyl ether 
THF 
2-MTHF 
Acetone 
Diethyl ketone 
DMSO 
Methanol 
Ethanol 
1-Propanol 
2-Propanol 
1-Butanol 
1-Pentanol 
1-Hexanol 
1-Nonanol 
Ice 

a) Ref. 7. b) Ref. . 

70/eV 

1.0 
1.1 
1.1(1.15,») 0.98b>) 

<o 
<o 
< 0 
0.7(0.13,a> -0.01b>) 
1.1(0.34,•> 0.24b>) 
1.1(0.38,*) 0.36b)) 
1.0 
1.3(0.47a)) 
1.3 
1.3 
1.3 
<0( -0 .36 b >) 

/s/eV 

8.4 
8.1 
8.8 

9.2 
9.0 
9.1 
8.9 
8.8 
8.7 
8.4 
8.8 

/g/eV 

9.5 
9.42 

10.84 
10.46 
10.3 
10.12 
10.04 

P+/eV 

- 2 . 1 
- 2 . 4 

- 2 . 3 ( - 1 . 9 9 , a ) 
- 2 . 5 ( - 2 . 0 V ) 
- 2 . 3 ( - 2 . 0 4 , a ) 
- 2 . 2 
- 2 . 5 ( - 2 . 0 8 a > ) 

-1 .84 b ) ) 
-1 .94 b ) ) 
-2 .01 b ) ) 

A^/eV 

- 0 . 2 
- 0 . 3 
- 0 . 3 

+ 0.1 
- 0 . 1 
-0.2 
- 0 . 1 
- 0 . 1 
« 0 
« 0 
« 0 
« 0 
+ 0.2 

tt For acetone and diethyl ketone, A^s are not given in Table 1 because the shifts of the first peak are partly due to 
the work function changes of the cathode. 
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The Energy of Quasifree Electron State V0. In 
the previous work,10) the V0 values are determined 
by measuring the energy of the second peak from the 
first peak of the spectrum for the metal block as a 
reference. In the present study, the first peak of 
the spectrum for the metal block can not be chosen 
as a reference because the first peak shows positive 
or negative shifts by the deposition of the sample, 
as was mentioned in the previous section. In this 
work, V0 is estimated by measuring the energy dif­
ference between the first and second peaks of a spec­
trum for each compound. Here , it is assumed im­
plicitly that the first peak represents a crude profile 
of the electron energy distribution function. We think 
that this assumption is reasonable because the half-
width of the first peak remains almost the same before 
and after the sample deposition. The estimated V0s 
are listed in Table 1 (column 2). I t is evident from 
our experimental results that V0s for acetone, diethyl 
ketone, D M S O , and ice are negative, but the estimation 
of their values is difficult because of the lack of sharp 
structures in the transmission spectra for the calibra­
tion of the electron energy scale. 

In Table 1, the values of VQ in some solid alcohols 
and 2 - M T H F measured by an indirect method5 '7) 
are also shown in parentheses of column 2. T h e 
agreement between these values and our directly meas­
ured values is good for 2 - M T H F but poor for alcohols. 
The observed disagreement seems to be larger than 
the experimental errors in our measurements and it 
likely comes from the completely different experimental 
approaches for the determination of V0. I t is worthy 
to note that for almost all of solid alkanes,5-7 ,10 '11) 
a good agreement is observed between V0 values de­
termined by these two different methods. As shown 
in Table 1, V0 values for alcohols obtained by an 
indirect method5 - 7) are 0.6—0.8 eV lower than those 
obtained in this experiment. As is pointed out in 
the previous section, the contribution of electrons in 
solid alcohols with an energy lower than V0 to the 
transmitted electron current is much larger than that 
in other solid samples whose V0 are positive. This 
suggests the existence of dense trapping sites in solid 
alcohols for the efficient transport of nearly zero-
energy electrons. In the indirect method, if the im­
purity molecules could be photoionized by ejecting 
electrons to the energy levels of pre-existing dense 
trapping sites, the onset of the recombination lumi­
nescence or of the appearance of the absorption of 
ionized impurity molecules would extend to lower 
photon energy and the rigorous determination of V0 

would be intrinsically difficult. This might explain 
the observed discrepancy. Although the Springett-
Jortner-Cohen model12) gives the rigorous theoretical 
definition for V0, the experimentally determined V0 

represents the macroscopic "bu lk" properties of the 
solid and the experimental V0 could be highly de­
pendent on each experimental method. 

Cation Polarization Energy P+ by the Medium. I t 
has long been known that the ionization potential 
of a molecule in a condensed phase is lowered relative 
to the value measured in the gas phase. Lyons and 
his coworkers13'14) emphasized the importance of the 

polarization of the medium P+ around the cation 
and the ejected electron. Since Ig is known, the 
VQ value may be derived by Eq. I5'7) if the cation 
polarization energy P+ can be evaluated. So far, 
P+ has been calculated by Eq. 2, 

. P + ^ ( l . 4 ) . 
where s is the optical dielectric constant and r0 the 
cation radius. 

Since the V0 values are directly measured in this 
experiment, P+ may be derived by Eq. 1 if Is can be 
measured experimentally. When a molecule in a solid 
film is ionized by an incident electron, the incident 
and ejected electrons in the film will have energies 
nearly equal to or larger than V0 with respect to the 
vacuum. Because the produced hole (cation) in the 
film will be ultimately annihilated by a recombination 
or diffusion to the anode by tunneling or hopping 
mechanisms, the ionization of a molecule in a film 
by an incident electron must contribute to the "de­
crease" of the transmitted current. When the film 
has a positive V0 value, the reflection coefficient for 
an electron at the film-vacuum interface is considered 
to be small enough that a discernable negative peak 
is expected to appear in the transmission spectrum. 
All transmission spectra for compounds whose V0 are 
positive have broad negative peaks with onsets at 
around 9—10 eV. We think that these broad neg­
ative peaks observed at Ä 14 eV are due to the ioni­
zation of molecules in a film. 

For a film with a positive V0, the threshold ioniza­
tion energy Ia may be obtained by measuring the 
energy of the onset of a negative peak from the 
"second" peak as a reference. T h e measured IB values 
are listed in Table 1 (column 3) with the reported 
Ig values (column 4). By knowing the values 7S, 
ig, and V0, the P+ values can be derived by Eq. 1 
which are shown in Table 1 (column 5), with the 
calculated P+ by Eq. 2 in parentheses.5«7) T h e error 
for values of Is and thus P+ which arises from the 
uncertainty for the determination of the onsets of 
the broad negative peaks may be estimated as ± 0 . 4 
eV. T h e experimentally determined P+ are a few 
tenths of an eV higher than the calculated P+. 

For a compound with V0<0, the onset of a negative 
peak would not correspond to that for the ionization 
of a molecule in the film because the ejected electron 
with an energy ~ V0 with respect to the vacuum can 
not escape to the vacuum due to the positive energy 
barrier (— V0). Thus the Is values for compounds 
with F 0 < 0 are difficult to estimate by the present 
method. 

This work was partly supported by the Grant-in-
Aid from the Ministry of Education, Science and 
Culture. 
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Vibrational Spectra and Normal Coordinate Calculations 
for Trimethylgermane 

Yoshika IMAI* and Koyo AIDA 

Department of Engineering Science (Chemistry), Faculty of Engineering, Tohoku University, Sendai 980 
(Received May 18, 1981) 

Vibrational spectra of (CH3)3GeH, (CH3)3GeD, (CD3)3GeH, and (CD3)3GeD were obtained. Assign­
ments for all the fundamentals except internal torsions were made by assuming the C3V molecular symmetry. 
Normal coordinate calculations were carried out to confirm the assignments. 

In our previous paper,1) we reported on a study 
of vibrational spectra and normal coordinate calcula­
tions for trimethylsilane. The study has now been 
extended to trimethylgermane. Although numerous 
vibrational studies on trimethylsilane have been re­
ported,2) only a limited number have been reported 
on trimethylgermane3 - 6) and most of them relate to 
substituent effects on the GeH stretching mode. As 
far as we know, study on the assignment of all the 
active fundamentals has been made only by Van de 
Vondel and Van der Kelen.6> They made also normal 
coordinate calculations with no data of isotopic com­
pounds available by assuming the methyl group as 
a point mass. In the paper1) on trimethylsilane, it 
was pointed out that the methyl rock, the SiH bend, 
and the asymmetric SiC3 stretch are fairly strongly 
coupled with one another. Since it may highly be 
expected that a similar vibrational coupling will be 
operative also in the case of trimethylgermane, it 
seems inadequate to make the calculation by assuming 
that the methyl group is a point mass. In this paper, 
we will report vibrational spectra of trimethylgermane 
and its deuterated analogues and results of normal 
coordinate calculations on these compounds carried 
out without assuming the methyl group as a point 
mass. 

Exper imenta l 

(CH3)3GeH and (CH3)3GeD were prepared by reduction 
of (CH3)3GeI with LiAlH4 and LiAlD4, respectively. (CH3)3-
Gel was prepared through a reaction of tetramethylgermane 
with I2 in a sealed tube at 50 °C. The crude trimethyl­
germane was purified by vacuum distillation with a con­
ventional vacuum line. (CD3)3GeH and (CD3)3GeD were 
prepared similarly to (CH3)3GeH and (CH3)3GeD, respec­
tively, by using (CD3)4Ge instead of (CH3)4Ge. The purity 
of the compounds was checked by their infrared spectra 
in the gas phase. 

Infrared spectra (4000—300 cm-1) and far-infrared spec­
tra (400—80 cm-1) were recorded on a Hitachi 345 spec­
trophotometer and on a Hitachi FIS-III spectrophotom­
eter, respectively, in the gas phase and with solid films at 
liquid nitrogen temperature. 

Raman spectra were recorded with liquids in capillary 
tubes on a JEOL JRS-S1 Raman spectrophotometer 
equipped with a 50 mW NEC GLG 5800 He-Ne laser. 

R e s u l t s a n d Vibrat iona l 
A s s i g n m e n t s 

If each methyl group in a molecule is staggered to 
both the G e - H bond and the adjacent Ge-G bonds, 

the molecule will have a C3 v symmetry. O n this 
assumption the 36 normal vibrations are made dis­
tributed as 8 A 1 + 4 A 2 + 12E. T h e Ax and E modes 
are active in infrared and R a m a n spectra but the 
A2 modes inactive in both. 

Symmetry coordinates have been classified, accord­
ing to the description of the modes of methyl group 
and of the skeletons in the molecules, as given in Table 
1, where the numbering of the symmetry coordinates 
is the same as that for the corresponding coordinates 
for trimethylsilane.1) Figures 1 and 2 show the in­
frared spectra in the gas phase and the R a m a n spectra 
in the liquid phase, respectively. Tables 2—5 list 
the observed fundamental frequencies. 

By taking into consideration the isotopic shift and 
polarization of R a m a n bands as well as data for related 
compounds,7 - 9) assignments for the methyl stretches 
and the G e H and GeD stretches may easily be made. 

There should be five methyl deformations. Asym­
metric deformations bonded to a metal a tom are 
usually relatively weak and broad, and their positions 
in spectra do not markedly shift with change in the 
nature of the metal atom, whereas symmetric methyl 
deformations usually give relatively strong and sharp 
bands and exhibit slight shifts with change in the 
nature of the metal atom.10) For (CH 3 ) 8 GeH and 
(GH3)3GeD the asymmetric deformations are observed 
at ca. 1410 cm - 1 . Upon deuteration of the methyl 
groups, these shift to ca. 1040 cm - 1 . The symmetric 
deformations are observed at ca. 1250 c m - 1 for 
(GH 3 ) 3GeH and (GH3)3GeD and at ca. 970 c m - 1 for 
(CD 3) 3GeH and (GD3)3GeD. 

Three methyl rocks, two GeC 3 stretches, and a 
G e H or GeD bend are expected to appear in the 

T A B L E 1. DESCRIPTION OF THE SYMMETRY COORDINATES 

FOR TRIMETHYLGERMANE11) 

Vibrational mode 

Stretching (CH3)a or (GD3)a 

Stretching (CH3)S or (CD3)S 

Stretching (GeH) or (GeD) 
Deformation (CH3)a or (GD3)a 

Deformation (CH3)S or (CD3)S 

Rocking (GHS) or (CD3) 
Bending (GeH) or (GeD) 
Stretching (GeC3) 
Deformation (GeC3) 
Torsion 

y 

A, 

Si 

s2 
s3 
s4 
s5 
s« 

s7 
s8 

A2 

s9 

$ 1 0 

s„ 

S12 

E 

$13 , ^: 

s„ 

Sie» S-
$ 1 8 

Sl9, S< 
S21 

S22 

^ 2 3 

S24 

a) Abbreviations used: a, asymmetric; s, symmetric. 
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Fig. 1. Infrared spectra of (GH3)3GeH (A), (GH3)3GeD (B), (GD3)3GeH (G), and 
(GD3)3GeD (D) in the gas phase. 

(A) 

VJ 
(C) 

ÜÜ U 

(D) 

_1__LU' U 
4000 2000 1000 0 4000 2000 

Frequency / cm"1 

1000 

Fig. 2. Raman spectra of (GH3)3GeH (A), (GH3)3GeD (B), (GD3)3GeH (G), and 
(GD3)3GeD (D) in the liquid. 

range 900—400 cm - 1 . Of these vibrations the Ax 

GeC 3 stretching mode should give an intense polarized 
R a m a n band. Therefore, the R a m a n bands at ca. 
550 cm" 1 for (CH 3 ) 3 GeH and (GH3)3GeD may un­
doubtedly be assigned to this mode. Upon deuter-
ation of methyl groups these shift to 520 c m - 1 . Ax 

methyl rocking frequencies are expected to be ap­
proximately identical with each other for (GH 3) 3GeH 
and (GH3)3GeD and for (GD3)3GeH and (CD3)3GeD, 
since it is also the case with trimethylsilane (850 c m - 1 

for (GH3)3SiH and 847 cm" 1 for (GH3)3SiD; 704 cm" 1 

for (GD3)3SiH and 705 cm" 1 for (GD3)3SiD).1) O n 
this basis, to this mode we have assigned the R a m a n 
bands at 830 cm" 1 for (CH 3 ) 3 GeH and (GH3)3GeD 
and at ca. 650 cm" 1 for (GD3)3GeH and (GD3)3GeD. 
However, these R a m a n bands are only partly polar­
ized. This suggests that there are some other vibra­

tions in the E class coinciding on these bands. The 
most probable candidate is the E methyl rock, since 
the same accidental degeneracy is found in the Ax 

and E methyl rocks in (CH3)3GeCl,7> (CH3)3GeGF3,9) 
and (GH3)3GeGeH3 .11) 

The remaining bands observed in the range 900— 
400 c m - 1 may be considered to be the vibrations 
due to the E modes but it is not easy to assign these 
bands. However, the 480 cm" 1 band in (GH3)3GeD 
and the 780 cm" 1 one in (GD3)3GeH are probably 
due to the GeD and G e H bends, respectively, since 
no corresponding R a m a n bands are observed for 
(GH 3 ) 3GeH or (GD3)3GeD in the same region. As­
signment of the other bands is impossible without 
the aid of normal coordinate calculations. 

The two GeC 3 deformation modes (Ax and E) 
should be expected in the region below 300 cm - 1 , 
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TABLE 2. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR (GH3)3GeH 
TABLE 4. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR (CD3)3GeH 

No. 

1 

2 
3 
4 
5 
6 
7 
8 

13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 

Infrared 
gas 

2982 

2922 

2040 

1426 

1246 

833 
571* 

187 

2982 

2982 

2922 

1426 

1426 

1246 

624* 

833 
850* 

592 
187 

Raman 
liquid 

2982 

2913 

2036 

1419 

1247 

830 
573 
189 

2982 

2982 

2913 

1419 

1419 

1247 

626 
830 
850 
597 
189 

Galcd 

2986 

2914 

2041 

1425 

1250 

830 
578 
188 

2987 

2986 

2914 

1425 

1425 

1251 

627 
834 
852 
604 
188 

PED 

lOOSi 

99S2 

100S3 

97S4 

85S5, 10S2 
95S6 

98S7 

77S8, 23S6 

' '^13> ^«3^14 

77S14, 2oS13 

99S15 

90SI6 

88S17 

86S18( 10SI5 

44o19, 4JO 2I, 1ZO 22 

89S20 

4oo2i, 4oo19 

/y^22> *^^21 

i7C7»J2o 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 

Infrared 
gas 

2236 

2129 

2041 

1043 

976 
654 
520* 

160 

2236 

2236 

2129 

1043 

1043 

976 
511 
654 
787 

552 
160 

Raman 
liquid 

2232 

2123 

2032 

1038 

969 
650 
520 
163 

2232 

2232 

2123 

1038 

1038 

969 
500 
650 
780 
553 
163 

Galcd 

2227 

2121 

2041 

1030 

966 
649 
515 
163 

2225 

2226 

2121 

1031 

1029 

965 
505 
633 
780 
548 
166 

PED 

99SX 

97S2 

100S3 

98S4 

75S5, 13Sa, 12S7 

90S6 

88S7 

73S8, 27S6 

52S13, 47S14 

52S14, 47S13 

97SI5 

83S,6, 15S17 

82S17( 15S16 
'J^IQ, lji>15 

76Si9, 23S2I 

90S20 

89S21( 10S„ 

86S22 

y/o23 

* The frequency is taken from the solid state spectrum. * See the footnote in Table 2. 

TABLE 3. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR (GH3)3GeD 

No. Infrared Raman 
gas liquid Galcd PED 

1 

2 
3 
4 

5 
6 
7 
8 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

2982 

2920 

1470 

1410 

1248 

833 
570* 

187 

2982 

2982 

2920 

1410 

1410 

1248 

787 
833 
490 
603 
187 

2982 

2913 

1467 

1420 

1249 

830 
574 
190 

2982 

2982 

2913 

1420 

1420 

1249 

785 
830 
490 
606 
190 

2986 

2914 

1454 

1425 

1250 

829 
578 
187 

2987 

2987 

2914 

1424 

1425 

1251 

783 
836 
486 
610 
188 

lOOSi 

99S2 

100S3 

97S4 

85S5, 

95S6 

98S7 

77S8, 

76S13, 

76S14, 

99S15 

91S16 

89S17 

86S18, 

85S19, 

y4o20 

78S21, 

y*^22 

yy^23 

10S2 

23S6 

24S14 

24S13 

10S15 

10S21 

20S19 

TABLE 5. OBSERVED AND CALCULATED FREQUENCIES 

(cm-1) FOR (GD3)3GeD 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 

Infrared 
gas 

2235 

2128 

1468 

1038 

976 
649 
520* 

161 

2235 

2235 

2128 

1038 

1038 

976 
649 
635* 

447 
550 
161 

Raman 
liquid 

2232 

2122 

1463 

1037 

969 
646 
520 
163 

2232 

2232 

2122 

1037 

1037 

969 

646 
646 
448 
551 
163 

Calcd 

2227 

2121 

1454 

1030 

966 
649 
514 
163 

2225 

2226 

2121 

1031 

1029 

965 

646 
626 
444 
546 
166 

PED 

99SX 
97S2 

100S3 

98S4 

75S5, 13S2, 12S7 

90S« 

88S7 

73S8, 27S6 

56S13, 43S14 

56S14, 43S13 

97S15 

82S16, 16S17 

81S17, 16S16 
75S18, l«3o15 

•̂ '̂ i9> ^4o20, ̂ 7^2i 

65S20, 20S21, 12S21 

55S2i, 44S19 

81S22 
y/b23 

* See the footnote in Table 2. * See the footnote in Table 2. 

However, only one band is observed in the infrared 
and R a m a n spectra for each isotopic compound below 
300 cm - 1 . I t may be considered that these two vibra­
tions coincide with each other in the present com­
pounds, since i n (CH3)3GeCl the Ax and E GeC 3 

deformation modes are observed in the R a m a n spectra 
as two closely positioned bands at 193 and 185 cm_ 1 ,7 ) 

N o r m a l Coordinate 
Calcu lat ions a n d D i s c u s s i o n 

Normal coordinate calculations were carried out 
by Wilson's GF-matrix method on an A C O S 77/900 
computer at the Computer Center, Tohoku University, 
the iterative least-squares procedure being used in 
the usual way. The G matrix was calculated by 
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use of the molecular parameters determined from mi­
crowave study12) ( r ( G e - H ) = 0 . 1 5 3 2 n m , r (Ge-C) = 
0.1947 nm, r ( G - H ) = 0 . 1 9 0 5 nm, Z C - G e - C = 109.6°) 
and by assuming a tetrahedral angle around carbon 
atoms. In the calculations the observed frequencies 
were weighted by (1/A). T h e torsional mode was 
neglected in the E class. 

A least-squares refinement was carried out in terms 
of symmetry force constants which had been fitted 
simultaneously to the observed frequencies for the 
four isotopic species. This refinement was carried out 
in the same manner as with the acetonitrile-borane 
adduct13> and trimethylsilane.1) T h e calculated fre­
quencies have an average error of 0 .39% for Ax vibra­
tions and 0 .59% for E vibrations. The sum of the 
weighted squares of errors S(Ao b s d-A c a l c d)2 /Ao b s d was 
1.7 X 10-3 for Ax vibrations and 3.2 X 10~3 for E vibra­
tions. The symmetry force constants, together with 
the uncertainty ranges from the last cycle in the least-
squares refinement, are given in Table 6. 

T A B L E 6. SYMMETRY FORCE CONSTANTS FOR 

TRIMETHYLGERMANEA) 

Fx 
F3 

F, 
F4 

F5 

F6 

F7 

F8 

F2 ,5 

F5,r 
F6 l8 

Constant 

4.739 
4.715 
2.439 
0.527 
0.510 
0.415 
2.803 
0.620 

- 0 . 3 8 8 
- 0 . 1 4 5 
- 0 . 2 1 6 

a 

0.011 
0.055 
0.008 
0.003 
0.016 
0.017 
0.041 
0.070 

0.067 
0.032 
0.045 

F13 

Fu 
F i . 

Fie 

F17 

F i . 

F19 
L 20 

F , i 

F22 

•^23 

Fl5,18 

Fi8,22 

Fl9,21 

F21,22 

Constant 

4.754 
4.743 
4.718 
0.527 
0.522 
0.512 
0.381 
0.479 
0.482 
2.596 
0.457 

- 0 . 3 8 8 
- 0 . 1 4 4 

0.102 
0.016 

a 

0.014 
0.014 
0.062 
0.003 
0.003 
0.018 
0.007 
0.005 
0.007 
0.040 
0.018 

0.076 
0.033 
0.004 
0.026 

a) The stretching force constants are given in 102 N 
m - 1 , the deformation force constants in 10-18 N m rad -2 , 
and the stretching-deformation interaction constants in 
10-8 N rad -1 . The subscript number i in F^ corresponds 
with that in Sj in Table 1. 

TABLE 7. COMPARISON OF FORCE CONSTANTS (102Nm_ 1) , 

BOND DISTANCES (nm), AND BOND ANGLES (°) 

(CH3)3GeCN 
(CH3)3GeCl 
(CH3)3GeH 
(CH3)4Ge 

/(Ge-CH3) r(Ge-CH3) 

2.838> 0.1930 + 0.000615) 
2.697> 0.1940 + 0.000316) 
2.67a> 0.1947±0.000612> 
2.6514) 0.1945±0.000317> 

(CH3-Ge-CH3) 

114.8±0.115> 
112.8±0.516> 
109.6±0.212> 
109.517) 

a) Present work. 

Potential energy distributions also are given in Tables 
2—5. It is clear from these tables that the methyl 
rocks (S19 and S20) and the GeH or GeD bend (S21) 
are strongly coupled with each other. 

The valence force constant of the G e - G H 3 bond, 
derived from the symmetry force constants, is given 
in Table 7, together with those of the related com­
pounds. The Ge-GHg bond distances and C H 3 - G e -
GH 3 angles, determined by the microwave and elec­
tron diffraction study, are included for each com­
pound in Table 7. The G e - C H 3 force constant for 
the present compound is nearly equal to those for 
(GH3)4Ge and (CH3)3GeCl and slightly smaller than 
that for (GH3)3GeCN. This is in agreement with 
what might be expected from the G e - G H 3 bond dis­
tances and C H 3 - G e - C H 3 bond angles. 

This work was partly supported by a grant from 
the Asahi Glass Foundation for Industrial Technology 
to which our thanks are due. One of the authors 
(Y. I.) wishes to express his thanks to Prof. Fumio 
Watar i , Iwate University, for the computer programs 
used in calculations. 
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Mass-spectrometric Study of the Vaporization of Magnesium 
Oxide from Magnesium Aluminate Spinel 

Tadashi SASAMOTO,*'1" Hiroshi H A R A / Ï and Toshiyuki SATA 

Research Laboratory of Engineering Materials, Tokyo Institute of Technology, 
4259 Nagatsuta, Midori-ku, Yokohama 227 
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The partial vapor pressures of Mg(g) over the spinel solid solution system, MgO-nAl203(n= 1.0, 2.0, and 
2.8), have been measured by the mass-spectrometric Knudsen-cell method. In the temperature range from 1850 
to 2300 K, the pressures are described by these equations: 

log[P(Mg,g) over 1.0-spinel/atm] = 7 . 7 2 + 0 . 2 4 - (26900+490)/r, 
log[P(Mg,g) over 2.0-spinel/atm] = 7.72±0.32-(27400±670) jT, 
log[P(Mg,g) over 2.8-spinel/atm] = 7 .78±0.42-(27900±1220) / r . 

These observed values were discussed in comparison with the calculated ones obtained by an approximate ther­
modynamic treatment of an ionic solid solution with composition-dependent vacancies. 

In a previous paper1) one of the present authors 
(T. Sata) reported that the vaporization of a magnesia 
component from spinels, MgO-0 .9Al 2 O 3 and M g O -
2.8A1203, proceeds in two stages: the initial stage 
with a constant rate before the free surface is covered 
with the corundum precipitating during the prefer­
ential vaporization of the magnesia component, and 
the second stage controlled by the diffusion of O 2 -

ions through the corundum layer. I t was concluded 
that the vaporization rate at the initial stage was 
controlled by the decomposition reaction, the activa­
tion energies of which were 587 and 327 kj/mol for 
M g O 0 . 9 A l 2 O 3 and M g 0 2 . 8 A l 2 0 3 respectively. 

The aim of the present study is to measure the equi­
librium vapor pressures and vaporization coefficients 
of Mg(g) and the activities of the magnesia component 
in the initial stage of the vaporization reaction in 
the spinel solid solution system, M g A l 2 0 4 - A l 2 0 3 , and 
to provide data for discussing the detailed mechanism 
of the vaporization of a defective spinel the vapor 
pressure of which is affected by vacancies induced by 
the dissolution of A1203 , and to compare the observed 
vapor pressures with those calculated by the approx­
imate treatment of thermodynamics, considering the 
electrical neutrality condition and the vacancy con­
centrations. 

Instrument. The instrument used for the measure­
ment of the vapor pressure was a JMS-01BK-type double-
focussing mass spectrometer equipped with a Knudsen-cell 
ion source, which had been described by Watanabe et al.2'3) 
The main advantages of this mass spectrometer in the 
Knudsen measurement are: (1) high resolution, (2) the two 
ion-detecting systems of the electrical and photographic 
methods, and (3) the facility of sample exchange. 

The Knudsen cell assembly, the ion source, and the slit 
system are shown in Fig. 1. The Knudsen cells, made of 
tungsten, sometimes has a ThO a liner; they were about 
10 mm in both inner diameter and height. The knife-
edge effusion orifice of the W or ThO a lid was 0.5 mm or 

t Present address: Tokyo National Technical College, 
1220-2 Kunugida, Hachioji, Tokyo 193. 

tt Present address: The Institute of Public Health, 4-6-1 
Shirokanedai, Minato-ku, Tokyo 108. 

0.3 mm in diameter, so that the ratio of the effusion hole 
area to the sample surface area was less than about 1/400. 
The cell was set within the outer cell by means of the three 
legs and indirectly heated by the radiation from the outer 
cell, which was heated by electron bombardment. Although 
the temperature gradient in the cell was not checked, it 
must has been sufficiently small because the cell was set 
in an outer cell as a thermal block and the positions of the 
W-filaments for the electron bombardment were carefuly 
regulated. The cell temperature was measured both with 
the optical pyrometer, which was sighted into the orifice 
of the cell through a quartz window, and with a W-5%Re/ 
W-26%Re thermocouple positioned under the bottom of 
the cell. The calibration for the thermocouple was carried 
out by comparison with the temperature of the cell with a 
graphite liner measured by the pyrometer calibrated against 
the standard lamp and by taking advantage of the plateau 
of the ion intensity on the basis of the constancy of the vapor 
pressure at the melting points of several high-purity metals. 
The estimated uncertainty of the determined temperature 
was less than ± 1 % . 

The resolving power, M/AM, measured using the peaks 
of two silver ions, 107Ag+ and 109Ag+, was about 2600 for 

Fig. 1. Mass spectrometer with Knudsen-cell ion 
source. 
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the main slit width of 30 [Jim. It was enough for separating 
peaks of metal ions from the background peaks of hydro­
carbon caused mainly by the decomposition of the diffusion 
oil. Since the shutter effect for permanent gases like oxygen 
was difficult to be obtained because of the imperfection of 
the slit mechanism and the insufficient evacuating ability, it 
was not possible for such a permanent gas to be distinguished 
from non-condensable residual gases in the source region 
of the mass spectrometer. The partial pressures of 0 2 and 
O, therefore, could not be measured in this experiment. 

The operational conditions of the ion source were as fol­
lows: ionization potential, 30 eV; ionization current, 500 
y.A; ion-accelerating voltage, 7.8 kV, and temperature of 
ionization chamber, 250 °G. 

Procedure. About 350 mg of a sample (35—100 mesh 
grains) was placed in the cell with a weighed quantity of 
about 3 mg of the silver powder used as the reference material 
for vapor pressure. The Knudsen cell was then evacuated 
and heated by radiation from W-filaments up to 1400 K, 
followed by the electron bombardment. The vacuum was 
kept approximately in the 10 -9 atm region at elevated tem­
peratures. 

When the temperature reached about 1300 K, the silver 
vapor beam effusing from the cell was ionized by electron 
impact with an energy of 30 eV, and the intensity of the 
107Ag+ ion beam was measured in order to determine the 
relation between the vapor pressure inside the cell and the 
intensity of the corresponding ion. After the silver had 
been completely vaporized, the temperature of the cell was 
rapidly raised up to a given temperature of from 1800 to 
2300 K, and then we began to measure the Mg+ ion intensity. 

In the experiments using a photoplate as a detector, a 
few mg of copper were placed in the W-cell, together with 
a sample, as the reference material for both the vapor 
pressure and the calibration of the sensitivity of the photo-
plate (Ilford Q2). The conversion of the blackness of the 
spectrum on the plate into the relative ion intensity was 
carried out by means of Seidel's blackness versus relative ion-
intensity curve, obtained by the two-line method using two 
isotope ions, 63Cu+ and 65Cu+. Sometimes, instead of copper, 
such stable background peaks as CO+, N2

+, 02+, and C 0 2
+ 

were also successfully used. 
The conversion of the ion intensities to the absolute pres­

sures of Mg(g) was calculated by using the following equa­
tions:4) 

P(Mg) =K1K2I(™Mg+)T(Mg), 

P(Ag)r(107Ag) 
Ki = 

K,= 

/ ( 1 0 7 A g + ) r ( A g ) > 

<7(Ag)A£(Ag+)y(Ag+) 

(1) 

(2) 

(3) 
tf(Mg)A£(Mg+)y(24Mg+)' 

where Kx and K2 were the proportionality constants and 
P was the vapor pressure; / , the ion current; T, the absolute 
cell temperature; a, the first ionization cross section given 
by Mann;5* r, the isotopic abundance ratio; y, the electron 
multiplier efficiency for ions in the first stage of the dynode, 
and AE=E—EAF9 where EAF was the appearance potential, 
and E, the energy of the ionization electron in eV. Kx is 
called the calibration factor or the sensitivity factor. 

Samples. Three kinds of single-crystal spinels with 
molar ratios of MgO to A1203 of 1.0 to 1.0 (called 1.0-spinel 
for simplicity), 1.0 to 2.0 (2.0-spinel), and 1.0 to 2.8 (2.8-
spinel), prepared by the flame-fusion method, were used. 
The molar ratios of MgO to A1203 were determined by 
measuring the X-ray lattice parameters on the basis of the 
data of Shirasuga et a/.6) The lattice parameters calculated 

from the (8.4.4), and (9.3.1) peaks were a=8.079Â for the 
stoichiometric spinel, 1.0-spinel, a= 7.992 A for the 2.0-
spinel, and a= 7.978 A for the 2.8-spinel. 

R e s u l t s 

Vaporization of Spinel from Tungsten Cell. The 
intensities of ions formed from the gaseous species 
over the spinel/W-cell system were measured by the 
photographic detecting method. Figure 2 shows the 
time dependence of the ion intensities for the 2.8-
spinel/W-cell system at 2180 K. Of these ions, the 
parent ones were determined from the appearance-
potential data to be Mg+, W 0 2 + , W 0 2 + , W 0 3 + , 
A1+, and AIO+. This shows that the tungsten cell 
reacts with M g O to produce volatile W-oxides. The 
vapor pressure ratios, W 0 2 / W 0 3 and AlO/Al, were 
about 2 and 27 respectively, these ratios agreed with 
those in the mass-spectrometric studies of the kinetics 
of the W - 0 2 reaction by Berkowitz-Mattuck et al.1) 
and Shissel et al.*) and with those of the equilibrium 
vapor pressures in the W - A 1 2 0 3 system reported by 
Drowart et al.9) Although the peak at mje—^Q cor­
responding to MgO(g) was observed, the existence 
of molecular species MgO(g) was ambiguous because 
of the superposition of the 4 0(MgO) + and 40Ca+ peaks, 
as was pointed out by Drowart et al.10) No other 
complex vapor, such as A1 20, A1202 , and (W0 3 ) n (w> 
4), was detected, since such vapors were present in 
quantities less than the detection limit of the instrument. 
T h e time dependences of the vapor-pressure ratios 
of Mg(g) to Al(g) at each temperature are shown 
in Fig. 3. These values lay approximately in the 
range from 102 to 103. 

Figure 4 plots the partial vapor pressures of Mg(g), 
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Fig. 2. Intensity of ions formed from gas species over 
the 2.8-spinel/W-cell system at 2180 K detected by 
a photographic plate. 
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Fig. 3. Time-dependence of ratio of P(Mg,g) to P(A1, 
g) in the system 2.8-spinel/W-cell. 

Fig. 4. Partial pressures of Mg(g) over the ra-spinel/W-
cell system as a function of reciprocal absolute tem­
perature. 

P ( M g ) , as a function of l/T. From the slopes of 
these lines, the heats of vaporization for Mg(g) over 
spinel were calculated to be 574, 494, and 436 k j / 
mol for 1.0-, 2.0-, and 2.8-spinel respectively. The 
heat of vaporization for Mg(g) over pure MgO(s) 
was also determined to be 418 kj/mol. 

Vaporization of Spinels from W-Cell with a Th02 Liner. 
Figure 5 shows a typical time-dependence of the ion 
intensities of 24Mg+ detected by means of a secondary 
electron multiplier (SEM) for 1.0- and 2.8-spinels. 
The appearance potential for M g + obtained from the 
ionization efficiency measurement was 7.3 eV. This 
value means that the Mg+ ion results from the simple 
ionization process. As can be seen in Fig. 5(A), a 
plateau of ion intensity was initially observed for the 
1.0-spinel; a similar result was also obtained for the 

..1.-.J L_J.^.I .L_.i...J.;..L...J....I.i.J,.L_L..._L,-J.j_Ji:J-L-._]_.J.-.-l..... 

(A) 

• __J J.....I..;.i. .J....J... J....U..I.. J_.J....!„.-LLJ.--.L-.-J-:.-L..-l-. .1 ...I....J....I- J._ 

(B) 

Fig. 5. Typical examples of the time-dependence of 
the ion intensities of 24Mg+ on (A) 1.0-spinel and (B) 
2.8-spinel. 

2.0-spinel. In the case of the 2.8-spinel, however, 
no plateau appeared and the ion intensity decreased 
with time, as is shown in Fig. 5(B). This was because 
the vaporizing surface was gradually covered with the 
precipitated alumina. Therefore, the ion intensities 
extrapolated to the intercept of t i m e = 0 were employed 
in the calculation of the equilibrium vapor pressure. 

Figure 6 shows the van ' t Hoff plots of magnesium 
vapor pressure over the 1.0-spinel, P ( M g , g), calculated 
from Eq. 1 using the values of the ion intensity ob­
tained by the step-by-step measurement in which the 
temperature was raised, step by step, at intervals of 
from 5 to 10 min. The vapor pressures obtained by 
both the step-by-step and isothermal measurements 
were in good agreement with each other. The values 
of P (Mg) over the 1.0-spinel were about half of that 
over pure M g O and were formulated by the least-
squares method in the temperature range from 1850 
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Fig. 6. Equilibrium vapor pressures of Mg(g) over the 
systems of n-spinel or magnesia/Th02-lined W-cell. 

to 2300 K as follows: 

log[P(Mg, g)/atm] = 7.72±0.24 - (26900±490)/T. (4) 

A similar temperature-dependence was obtained in 
the isothermal: 

log[P(Mg, g)/atm] = 7.72±0.32 - (27400±670)/7\ (5) 

For the 2.8-spinel, the initial values obtained in the 
isothermal experiment were plotted against \\T for 
the reason described above, and the following equation 
was obtained: 

log[P(Mg, g)/atm] = 7.78±0.42 - (27900±1220)jT. (6) 

T h e vapor pressures of P ( M g ) over pure MgO(s) 
were given by this equation: 

log[P(Mg, g)/atm] = 7.29±0.18 - (25200±310)/r. (7) 

Table 1 shows the activities of the magnesia com­
ponent, fl(MgO), as calculated by this equat ion: 

P(Mg, g) over n-spinel (s) 
û(MgO) = (8) 

P(Mg, g) over MgO(s) ' 

using P ( M g , g) over M g O and the «-spinel given 
by Eqs. 4 to 7. 

Using the Langmuir vapor pressures given by Sata 
et al.,1) the apparent vaporization coefficient of Mg(g) 
over the 1.0-spinel was given by this equation: 

og av = log[PL(Mg, g)/PK(Mg, g)], (9) 

= -0 .833 - (1330/F) (10) 

where P L is the vapor pressure in the Langmuir free 
vaporization, and P K the Knudsen vapor pressure, 
the equilibrium vapor pressure. From this equation, 
av at the melting point, ~2100 °C, was found not 
to be equal to unity; this was also observed in the 
experiment on the 2.8-spinel/W-cell system, as is 

shown in Fig. 4. These results differed from those 
for a's for MgO n > and MgCr 20 4 . 1 2) 

Discussion 

If we use the phase diagrams of the M g O - A l 2 0 3 

system13'14) and the JANAF Tables™) for the following 
reaction : 

MgAl204(s) = Mg(g) + yO a (g ) + Al203(s), (11) 

and calculate the activities of the magnesium com­
ponent, fl(Mg), at 1800 °C in a spinel solution on 
the basis of Raoult 's law, we could expect the rela­
tion between a(MgO) and A1 2 0 3 composition shown 
in Fig. 7. T h e measured values plotted in the figure, 
however, greatly deviated from the expected ones. 
This might come from the application of Eq. 11 as 
the vaporization reaction for this case; the A1 20 3 on 
the right-hand side in Eq. 11 should be replaced by 
the spinel solid solution (»>1) , because M g A l 2 0 4 and 
A1 2 0 3 do not exist together, as can be seen from the 
phase diagram of Fig. 7. In fact, as is shown in Fig. 
8, the P ( M g ) values over MgAl 20 4(s) calculated from 
the JANAF Tables™) on the basis of MgAl a0 4(s) = 
M g ( g ) + l / 2 0 2 ( g ) + A l 2 0 3 ( s ) were smaller than our 
values and those of the literature.16 '17) Altaian16) 
suggested that the alumina produced by the vaporiza­
tion reaction immediately formed a spinel solid solu­
tion with M g A l 2 0 4 and decreased the activity of M g O . 

Considering the above discussion, the desired P-
(Mg) over the single-phase of n-spinel, PMg/n-Spinei, 
was determined by the following steps: first, P (Mg) 
over the two-phase region of the spinel-corundum, 
Png/two-phase, was calculated using mainly the JANAF 
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1800°C j \ : 
I- - CalculâtedL • i \ 

Observed ^ ^ ^ • i 
JANAF 

i i i i ~~^i 

MgO 20 40 60 
Mol Vo 

80 Al203 

Fig. 7. Calculated relative vapor pressure of Mg(g) 
over the MgO-Al 20 3 system assuming the Raoult's 
law. 
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Fig. 8. Comparison of observed Knudsen vapor pres­
sures of Mg(g) over 1.0-spinel with JANAF data. 

Tables; next, the relative P(Mg) over the single n-
spinel on an arbitrary basis, P^g/n-spinei, was estimated 
as a function of the composition, n, by applying 
the method by Nakano18) and Koumoto et al. ;19) and 
finally, Pis/n-spinei was converted to PMg/n-sPinei using an 
appropriate correction factor, which was obtained 
by comparing Pig/n-spinei with PMg/two-PhaSe at the solu­
bility limit of A1 2 0 3 in the spinel. 

The vaporization reaction in the two-phase region 
is as follows: 

4 , „ , , 1 
Mg4/3n+1Al8n/3n+104(s) = 

3 H + 1 

4n 

Mg(g) + -o2(g) 

+ 3n+l 

3n+l 

Al203(s, a) + AGV, 

(12) 

where a donates alpha-type alumina, i.e., corundum. 
This reaction is decomposed into the following three 
reactions : 

3n-\-l 
-MgAl204(s) 4 ( » - l ) Al203(s, a) = 

3n+l 

Mg4/3n+1Al8n/3n+104(s) + AGi, 

MgO(s) + Al203(s, a) = MgAl204(s) + AG2, 

MgO(s) = Mg(g) + l o t ( g ) + AG3, 

(13) 

(14) 

(15) 

where AG denotes the Gibbs energy. By combining 
Eqs. 13, 14, and 15, the following equation was de­
rived : 

2 / A G 2 PjAg/n- •spinel 

• Mg/MgO 
= exp 

3 K + 1 (AG1 

6 \RT y 3\RT / (16) 

where Paig/w-spinei and PMg/Mgo stand for the partial 
pressure of Mg(g) over the rc-spinel(s) and MgO(s) 
respectively. 

Here, AG2 can be obtained from the JANAF 
Tables.15) O n the other hand, the AG± for the for­
mation reaction of a solid solution in Eq. 13 is given 
as the sum of the following two Gibbs energies: 

TABLE 1. ACTIVITIES OF MAGNESIA COMPONENT, a(MgO), 

IN THE SPINEL SOLID-SOLUTION SYSTEM MgO-/îAl203 

Specimen 

1.0-Spinel 
2.0-Spinel 
2.8-Spinel 

1700 °G 

0.376 
0.206 

fl(MgO) 

1800 °G 

0.408 
0.234 
0.154 

1900 °G 

0.444 
0.262 
0.177 

2000 °G 

0.481 
0.290 
0.200 

4 MgAl204(s) + 3 i ! , ! } Al8/3Q4(s, y) 
3n+l 

4 ( i t - l ) 
3 n + l 

Al203(s, a = 

3 H + 1 

Mg4/3n+1Al8w/3ra+104(s) + AGi, (17) 

4 ( » - l ) 
-Al203(s, y) + AG\\ (18) 

(19) 

3 H + 1 

AGX = AG[ + AGi', 

where y stands for y-type alumina. 
Shirasuka et al.20>21) have recently reported, on the 

basis of the D T A experiment, that the exsolution of 
alumina from the spinel body with n=l.5—5.6 was 
exothermic. I t is thought that this exothermic reac­
tion resulted from the y to a-transformation reaction, 
as is shown in Eq. 18. 

T h e AG}" in Eq. 18 can be obtained from the 
JANAF Tables. The A G / for Eq. 17 was obtained 
in the following manner . As the change in the volume 
of this reaction was very small (for examples, —0.16% 
for 3.0-spinel), the enthalpy change for the reaction 
was considered to be negligibly small. Therefore, 
A G / is reduced to : 

AG[~ -TASm, (20) 

where ASm is the mixing entropy for Eq. 17. Here, 
ASm is obtained by simple statistical thermodynamics 
on the assumption that the cations and cation vacan­
cies are distributed randomly at tetrahedral and 
octahedral sites at a high temperature in the case 
of a spinel solid solution with the composition 
of MgO-nAl 2 0 3 =(3n+l ) /4Mg 4 / (3 n + l ) Al 8 n / ( 3 T O + 1 ) -
ö(n-i)/(3w+i)04. Let Nt be the total number of ca­
tion sites, and let NKg, NA1, and NY be the numbers 
of the Mg 2 + , Al3+, and cation vacancies respectively. 
Then, the following relationships hold: 

Nt = 3NAi 

N ( 4 V^ 

/ 8n \Nt 

NAI ~ V^TT/X' 
N„ = N%- NMg - NAl = ( - J ^ y - ' 

(21) 

where NA is Avogadro's constant. The number of 
distinguishable arrangements of cations and cation 
vacancies, W, is expressed as follows: 

W = till . (22) 
# M g ! # A l ! # v ! 

The contribution of mixing term to the entropy is 
expressed as: 

Sc = klnW, (23) 
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TABLE 2. GIBBS ENERGIES RELATING TO THE VAPORIZATION REACTION OF SPINELS 

AND THE PARTIAL PRESSURES OF MG(G) OVER VARIOUS «-SPINELS 

r/°c 

1500 
1600 
1700 
1800 
1900 

n at T °Ca> 

1.67 
2.14 
2.95 
4.26 
6.81 

AGJforEq. 17b> 
kj/mol 

- 6 . 1 1 6 
- 7 . 4 2 8 
- 8 . 0 7 7 
- 7 . 9 5 1 
- 6 . 9 4 1 

AG Ï for Eq. 18c> 
kj/mol 

8.588 
7.775 
6.950 
6.129 
5.291 

AG2 for Eq. 14c> 
kj/mol 

- 3 5 . 1 2 
- 3 5 . 6 8 
- 3 6 . 3 0 
- 3 6 . 9 8 
- 3 7 . 7 3 

*(MgO) 
from 

Eq. 16 

0.242 
0.224 
0.205 
0.188 
0.180 

P(Mg) over n-spinel 
atm 

1.86X10-8 

l.ooxio-7 

4.49 xlO- 7 

1.73x10-« 
6.08x10-« 

a) n in MgO-nAl203 on the solubility limit line at temperatures in the first column. 
25. c) From JANAF Tables. 

b) Calculated from Eq. 

where Se denotes the configurational entropy. The 
substitution of Eqs. 21 and 22 into Eq. 23 yields the 
desired equation: 

c / \ on/^Mg, Nag NAl NAl Nw NY\ 

-R 
3n+l 

-3 (3«+ l ) ln3 (3«+ l ) ] , 

and thus: 

AG[~ -TASm 

4 

[4:ln4 + 8nln8n + (n-l)ln(n-l) 

-TÏSc(n = n) — 
3n+l 

sc(„=i)_-?jLJisc0 
3n+l 

(24) 

:»=<») J 
[8n\n8n-\-(n-l)ln(n-l) 

-RT 

3rc+l 

-3 (3«+ l)ln3(3»+l) + 3.139«+ 10.045]. (25) 

T h e Gibbs energies of A G / , A G / , and AG2 for 
the n-spinel on the solubility limit line at several tem­
peratures between 1500 and 1900 °G are summarized 
in Table 2. From these Gibbs energies, and by ap­
plying Eq. 16, the ratios of P M g over the n-spinel(s) 
to P M g over MgO(s) , i.e., ö (MgO) , were calculated. 
The partial pressures of Mg(g) over the rc-spinel, 
calculated using this a (MgO) and JANAF da ta for 
P (Mg) over pure MgO(s) , are also shown in the last 
column in Table 2 and graphically in Fig. 9. 

T h e partial pressures of Mg(g) over the spinel 
solid solution in the single-phase region are given by 
the following equation:18»19) 

lnP(Mg, g)3/2 = ln; 
3(3«+1) 

n-\ 1-V4 

3(3«+1) 
+ C 

c = RT 
(26) 

where AMg0 is the enthalpy term and where KUs and 
Ko2 are constants independent of the composition. 
As it was assumed that a spinel solid solution is ideal; 
that A / / m ^ 0 , and that every vapor species behaves 
as a perfect gas, C should be constant. P ( M g ) over 
n-spinel(s) in the single-solid solution region, there­
fore, can be obtained by shifting the P (Mg) calculated 
from Eq. 26 in the direction of the ' 'pressure-axis" 
of the diagram for logP-vs.-n and joining it to the 
P(Mg) in the two-phase region. The results are 
shown in Fig. 9, along with the experimental values. 
T h e calculated values agreed with those obtained by 

-4 

-5 

£ 

2 

o 

-8 

n in MgO-nAl203 
1 15 2 3 A 6 10 

n 1 1 1—l—I—r-

• Measured 

— Calculated 

faoo°cl 

1800°C 

1700°C 

1600°C 

L S l ! S e l / Spinel ss* 
1500°C 

Corundum" 
i I 

50 60 70 80 90 100 
Al203 mol% 

Fig. 9. Calculated and measured vapor pressures of 
Mg(g) over the system MgAla04-Al203. 

mass spectrometry. 

W e would like to thank Mr . Ryoichi Kondoh of 
the Tokyo Denki Kagaku Co., Ltd., for his assistance 
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The Formation Constants and Configurations of the Complexes of Cr(II), 
Mn(II), Fe(II), Co(II), Cu(II), and Zn(II) with 2,2'-Bipyridine and of Co(II) 

with 2,2' : 6',2"-Terp3nridine in Hexamethylphosphoric Triamide 
Yuriko A B E * and Goro W A D A 

Department of Chemistry, Nara Women's University, Nara 630 
(Received December 13, 1980) 

The absorption spectra and the first formation constants, K19 of complexes [M(bpy)]2+ (M(II) = Cr(II), Mn-
(II), Fe(II), Co(II), Cu(II), and Zn(II), bpy=2,2/-bipyridine) were determined spectrophotometrically in hexa­
methylphosphoric triamide(HMPA). The values of log Kx obtained were 4.61+0.02, 3.10+0.12, 4.82+0.04, 
5.84+0.07, 7.33 + 0.02, and 1.77 + 0.07 for respective metal ions. The configurations of complexes [M(bpy)]2+ 

were discussed on the basis of these data. The Kx values of [Cr(bpy)]2+, [Mn(bpy)]2+, [Fe(bpy)]2+, and [Co-
(bpy)]2+ in HMPA are slightly larger than those in H 2 0 , indicating that their configurations are tetrahedral, 
whereas the value of [Gu(bpy)]2+ in HMPA is slightly smaller than that in H aO, indicating that its configura­
tion in HMPA is either square planar or tetragonal. It seems that [Zn(bpy)]2+ is octahedral in HMPA, be­
cause its Kx value is smaller about three orders of magnitude than that in H 2 0 . In addition, the second forma­
tion constant, K2, of complex [Co(bpy)2]2+, and the first and second formation constants of complexes [Co-
(terpy)]2+ and [Go(terpy)2]2+ (terpy=2,2':6',2"-terpyridine) were also determined to be log K2=3.59±0.03 
for the bpy complex, and log 7^=4.87 + 0.01 and log K2=3.35 + 0.01 for the terpy complexes, respectively. 
These three complexes are concluded to be octahedral. 

In a previous paper,1) the configurations of solvated 
complex ions of the first transition metals (Mn( I I ) , 
Fe ( I I ) , Go(I I ) , N i ( I I ) , Gu( I I ) , and Zn( I I ) ) in hexa­
methylphosphoric triamide (HMPA) were reported. 
I t was found that the metal ions are tetrahedrally 
solvated in the cases of M n ( I I ) , Fe ( I I ) , Go(I I ) , and 
Gu( I I ) , while equilibria are established among oc­
tahedral , square planar and tetrahedral solvated spe­
cies in the case of Ni ( I I ) , and that Zn( I I ) forms prob­
ably an octahedrally solvated complex ion. 

Now the problems on the complex-forming equi­
libria between the first transition metal ions and a 
ligand in H M P A are very interesting, since the con­
figurations of the solvated ions in H M P A are widely 
different from those in water or in a number of other 
organic solvents, such as dimethyl sulfoxide, N,N-
dimethylformamide, and methanol, in any of which 
the solvated ions are generally octahedral. 

U p to date, however, no thermodynamic studies 
have been done yet except for the case of Go (I I) com­
plexes in HMPA.2»3) In the present study, the ab­
sorption spectra and the values of the formation con­
stants of the following complexes will be reported: 
the first formation constants, Kl9 of complexes [M-
(bpy)]2+ ( M ( I I ) = C r ( I I ) , M n ( I I ) , Fe ( I I ) , Go(I I ) , 
Gu( I I ) , or Z n ( I I ) , bpy=2,2 / -b ipyr id ine) , t the second 
formation constant, K2, of the complex [Go(bpy)2]2+, 
and the first and second formation constants of the 
complexes [Co(terpy)]2+ and [Co(terpy)2]2+ ( t e rpy= 
2,2':6'52"-terpyridine). The configurations of [M-
(bpy)]2+ in H M P A will be discussed on the basis 
of these data. 

E x p e r i m e n t a l 

Materials and Procedure. HMPA of guaranteed reagent 
grade was purified as described elsewhere.1) Bpy was re-
crystallized from hexane, and terpy was used without further 

t In this expression, HMPA molecules solvating the 
metal ions are omitted. 

purification. Anhydrous sodium Perchlorate was prepared 
by heating monohydrous salt which had been recrystallized 
twice from water. Complexes of various metal ions [M-
(hmpa)4](C104)2 (M(II) = Mn(II), Fe(II), Co(II), Cu(II), 
or Zn(II)) were synthesized according to the methods by 
Donoghue and Drago.4»5) Stock solutions of these metal 
Perchlorates were prepared, and portions of them were 
taken to analyze the metal ion concentrations by the spec-
trophotometric methods already published.1) Complex solu­
tions were prepared by mixing the aliquots of stock solutions 
of metal Perchlorates with those of bpy or terpy solutions. 
The ionic strength was kept at / = 0.06 mol dm - 3 with so­
dium Perchlorate. 

Solution of chromium (II) Perchlorate in HMPA was 
prepared under nitrogen atmosphere as follows. Metallic 
chromium was dissolved in aqueous solution of perchloric 
acid, and the hydrated Perchlorate was crystallized from 
it. After the removal of water in vacuum at room tem­
perature until the blue crystals turned white, the white 
crystals were treated with a slight excess of HMPA and an 
appropriate amount of ether and crystals of chromium Per­
chlorate solvated by HMPA were obtained and dissolved 
in HMPA. The total chromium(II) ion concentration in 
solution was determined spectrophotometrically by diphenyl-
carbazide method6) (molar absorptivity e=6.590 X 104 dm3 

mol - 1 cm - 1 at 540 nm). 
Apparatus. The absorptivities of complex solutions 

were measured using a Hitachi Spectrophotometer Model 
100-40 and a Hitachi Recording Spectrophotometer Model 
EPS-3T, with a thermostated cell compartment, respectively. 
The temperature was kept at 25.0±0.1 °C. 

R e s u l t s 

T h e values of Kx were obtained by a method by 
use of Job ' s curves (Method I),7) the linear rela­
tionship method (Method II),7) and the relative sta­
bility constant method (Method III).8) 

Determination of Kx by Method I. The curves of 
Job ' s continuous variation method were obtained at 
two different total concentrations (c=c& and ch) of 
M ( I I ) ( M ( I I ) = M n ( I I ) , Fe( I I ) , Co(I I ) , or Zn(II) ) 
and bpy ; an example is given in Fig. 1, essentially 
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o 

Fig. 1. Job's curves for Mn(II) + bpy system in HMPA 
at 317 nm. 
Curve A: £ a=1.00x 10~3 mol dm-3, curve B: ch = 
7.00x10-* mol dm-3. 

similar data being obtained in other cases. Curves 
A and B indicate that the 1:1 complex [M(bpy)]2+ 
is predominantly formed between M( I I ) and bpy, so 
that the following relations are established: 

M2+ + bpy ^ = ± [M(bpy)p+, (1) 

[[M(bpy)]»+] 
1 [M*+][bpy] * {Z) 

In the Figure, the abscissa shows x=[bpy]0lc, and 
the ordinate Y is defined as follows: 

^ = ( ^ - ^ o - ^ ) [ [ M ( b p y ) ] 2 + ] (3) 

in which e0, e15 and eh are the molar absorptivities 
of M2+, [M(bpy)] 2 + , and bpy, respectively. The val­
ues of Kx and ex are calculated by Eq. 3 and the fol­
lowing equations from curves A and B.7) 

*a(l—*a)*î—*b(l—*b)*S [[M(bpy)]^] = 

c& — Cb 

[M»+] = *a*a - [[M(bpy)]«+], 

[bpy] = ( l - * t t K - [[M(bpy)P+], 

(4) 

(5) 

(6) 
where x& and xh are the x values having a common 
Y value on curves A and B. The results are sum­
marized in Table 1. 

Determination of Kx and K2 by Method II.1) At 
concentrations of both M ( I I ) and bpy low enough 
so that the amount of [M(bpy) 2 ] 2 + formed is negligibly 
small, the apparent molar absorptivity of M ( I I ) , e, 
is expressed by a linear relationship, Eq. 7, with 
(s0—£)/[bpy].7> When the molar absorptivity of M 2 + , 
s0, is zero, Eq. 8 holds. 

e = £j -f 
1 ( g p - £ ) 

Kx [bpy] 

1 
• + • 

1 1 

K^i [bpy] 

(7) 

(8) 

Accordingly, plotting e vs. (eo—s)l\bpy] or 1/e vs. 
l / [bpy] will give the values of Kx and ex from the 
slope and the intercept. Figure 2 shows the linear 
relationship of Co (II) + bpy system; similar relation­
ships were obtained for Mn( I I ) + b p y and Fe(II) -f-
bpy systems, respectively. The values of Kx and s± 

thus obtained are also summarized in Table 1. These 
values of Kx are in good agreement with those ob­
tained by Method I. 

The second complex formation constant of [Go-
(bpy)J«+, ^=[[Go(bpy)J«+]/[[Go(bpy)]«+][bpy], is 
obtained from Eq. 9 in the more concentrated regions 
for both Go(II) and bpy than in Fig. 2, 

e = e2 -f 
1 (e0-e) + (e1-e)K1[bpy] 

K* ^ifbpy]2 (9) 

where e2 is the molar absorptivity of [Go(bpy)2]2 + . 
The linearity is obvious between e and {(e 0 ~ £ ) + 
(«!—e)X1[bpy]}/X1[bpy]2 as shown in Fig. 3, giving 
the value of K2 from the slope. T h e first and second 
formation constants of Go(II)-terpy complexes are also 
determined by the same method, the results being 
listed in Table 2. 

Determination of Kx by Method III.8) When both 
M2+ and Ma

2+ ions coexist in H M P A , equilibria (1) 

-/108 dm6 mol-2 cm-1 

[bpy] 

Fig. 2. Linear relation of e against (e0—e)/[bpy] in 
HMPA at 630 nm. 
[Co(II)] = 8.00x 10-4 mol dm-3, [bpy]0=1.00x 10"4— 
6.00 Xl0^4 mol dm-3. 

TABLE 1. FIRST FORMATION CONSTANTS OF THE COMPLEXES OF Mn(II), Fe(II), Co(II), OR Zn(II) 

WITH bpy IN HMPA BY METHOD I AND METHOD II 

Method Mn(II) Fe(II) Go(II) Zn(II) 

Method I 

Method II 

loggj 

l o g ^ i 
loggj 

3.21±0.24 
2.81±0.07a> 

2.98+0.02 
1.26±0.09°> 

4 .86+0.11 
3.88±0.02b> 

4 .78+0.02 
2.42±0.04 f) 

5 .77±0.22 
3.95±0.03c> 

5.90±0.02 
2.25±0.05s> 

1.77±0.07 
3.10+0.06d> 

The following values were adopted in Method I : a) log e0 = 0.60, logeb = 2.02 at 317 nm, b) log e0 = 3.20, log eb 

= 2 .90>t 310 nm, c) e0 = 0, logeb = 3.36 at 305 nm, d) loge0 = 0.48, logeb = 2.02 at 317 nm. The following 
wavelengths were used in Method II : e) 380 nm, f ) 522 nm, g) 630 am. 
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and (10) hold simultaneously among those ions and 
bpy, 

MJ+ + bpy [Ma(bpy)]2+, (10) 

where K& is the formation constant of [M a (bpy)] 2 + . 
Therefore, an equilibrium (11) is also established with 
a formation constant KT as expressed by Eq. 12. 

M2+ + [Ma(bpy)]2+ = ^ ± Ml+ + [M(bpy)]2+, (11) 

KT = 
[Mr][[M(bpy)]2+] K, 

[M2+][[Ma(bpy)]2+] K& 
(12) 

(e0-e) + (e1-e)K1 [bpy] 
/105dm6mol-2cm-1 

^itbpy]2 

Fig. 3. Linear relation of e against {{e0—e)-\-(e1—e) X 
^i[bpy])/^i[bpy]2 in HMPA at 580 nm. 
[Co(II)] = 3.20x 10-3 mol dm"3, [bpy]0=3.80x 10"3— 
5.60 X 10-3moldm-3 . 

TABLE 2. COMPARISON OF FIRST AND SECOND FORMATION 

CONSTANTS OF THE COMPLEXES OF G o ( I I ) WITH b p y 

OR terpy IN HMPA AND H 2 0 

Ligand Solvent logiC, logK2 logK3 

h*y {2; 
terpy ( g 

HMPA 
,09> 

HMPA 
09> 

5.84+0.07 
5.65 

4.87+0.01 
8.4 

3 .59+0.03 
5.60 

3.35+0.01 
9.9 

<la> 
4.80 

a) This value was calculated on an assumption that e 
of [Co(bpy)3]

2+ in HMPA is the same value as that 
in H 2 0 . [Go(II)] = 1 .00xl0- 2 mol dm-3, [bpy]0 = 
1.50X10-1 mol dm-3 . 

The absorptivity of the solution, A, is denned by the 
following equation: 

A = £o[M*+] + £ l[[M(bpy)P+] + *a[MÏ+] 

+ e;[[Ma(bpy)]2+], (13) 

where s& and s J are the molar absorptivities of Ma
2+ 

and [M a(bpy)]2+, respectively. When both the values 
of Kx and K& are considerably large, the concentra­
tion of free bpy will be negligibly small, and there­
fore, the total concentration of bpy, [bpy]0 , will be 
equal to the sum of [[M(bpy)]2+] and [ [M a (bpy)] a + ] . 
Consequently, when the molar absorptivities of M2+, 
[M(bpy)]2+, Ma

2+, and [Ma(bpy)]2+ are known, the 
value of Kv can be obtained because the total con­
centrations of M (I I ) , M a ( I I ) , and bpy and observed 
A are known. Therefore, the value of Kx is given 
by virtue of the relationship K1=K&Kr and the known 
K& value. For the determination of the formation 
constants, Kl9 of [Cu(bpy)]2+ and [Cr(bpy)]2+, Go-
(II) was used as M a

2 + ion in equilibrium (10). Since 
the molar absorptivity of [M(bpy) ] 2 + can not be ob­
tained directly, the absorptivity of the solution, A, 
was determined at the wavelength of the isosbestic 
point between M2+ and [M(bpy)]2+ (e 0=«i) . The 
results are summarized in Tables 3 and 4. 

Absorption Spectra of bpy- and terpy-Complexes. The 
absorption spectra of pure bpy- or terpy-complexes 
can be calculated from the apparent spectra of the 

TABLE 3. FIRST FORMATION CONSTANT OF THE COMPLEX OF Cu(II) WITH bpy IN HMPA BY METHOD IIIa> 

[Ou(II)] 
10-* mol dm-3 

2.00 
2.00 
2.00 

a) Measured at the 
-=0.88, logea(Co2+) = 

TABLE 4. FIRST 

[Cr(II)] 
10-2moldm-3 

3.20 
2.85 
1.75 
1.50 
1.15 
0.91 

10-

isosbestic 
2.50, log 

[Co(II)] 
3 mol dm - 3 

3.00 
4.00 
5.00 

point 580 nm 
ea'([Co(bpy)]w 

FORMATION CONSTANT OF 

10-
[Co(II)] 
3 mol dm - 3 

2.53 
2.12 
3.04 
2.92 
3.04 
2.63 

[bpy]0 

10-4 mol dm~ 

2.00 
2.00 
2.00 

between Cu2+ and 
-)=2 

THE 

.12. b) logtfa 

3 
\ogKT 

1.48 
1.52 
1.50 

[Cu(bpy)]2+. log£o 

= 5. 

COMPLEX OF C r ( I I ) 

[bpylo 
10 -3 mol dm~ 

2.33 
2.40 
2.95 
2.65 
2.92 
2.60 

3 

84 was 

WITH 

used. 
(Cu2+) 

bpy IN HMPA 

logKr 

- 1 . 2 1 
- 1 . 2 1 
- 1 . 2 5 
- 1 . 2 7 
- 1 . 2 7 
- 1 . 1 9 

log*!1» 

7.32 
7.36 
7.34 

mean 7.33±0.02 

=log£l([Cu(bpy)]2^) 

BY METHOD I I I a > 

l o g ^ ) 

4.63 
4.63 
4.59 
4.57 
4.57 
4.65 

mean 4 .61±0.02 

a) Measured at the isosbestic point 650 nm between Cr2+ and [Cr(bpy)]2+. log£0(Cr2+): 
= 1.11, loge0(Co2+) = 2.45, logea'([Co(bpy)]2+) =2 .00 . b) l o g ^ a = 5.84 was used. 

:log£l([Cr(bpy)]2+) 
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mixture of M 2 + and bpy- or terpy-complexed M2+ 
ions by using the values of Kx and K2 listed in Tables 

bo 
O 

A/nm 

Fig. 4. Absorption spectra of solvated Mn2 + (A: 
—o—), Fe2+ (B: — oo—), Zn2+ (G: —ooo—), and 
those of [Mn(bpy)]2+ (D: ), [Fe(bpy)]2+ (E: 

), [Zn(bpy)]2+ (F: ), and bpy (G: 
) in HMPA. 

700 1200 

A/nm 

Fig. 5. Absorption spectra of solvated Co2+ (A: ), 
[Co(bpy)]2+ ( B : — - ) , [Co(bpy)2]2t (C: ), and 
[Go(terpy)]a+ (D: ) in HMPA. 

bo 
o 

A/nm 

Fig. 6. Absorption spectra of solvated Cu2+ (A: ) 
and [Cu(bpy)]2+ (B: .) in HMPA, 

1—4. T h e observed absorption spectra of the sol­
vated Mn 2 + , Fe2+, and Zn2+, and the calculated ones 
of [Mn(bpy)]2+, [Fe(bpy)]2+, and [Zn(bpy)]2+ are 
shown in Fig. 4, those of Co2+, [Co(bpy)]2+, [Go-
(bpy)2]2+, and [Co(terpy)]2+ in Fig. 5, and those of 
Cu2+ and [Cu(bpy)]2+ in Fig. 6, respectively. 

D i s c u s s i o n 

Configurations of [Cr(bpyJ]2+, [Mn(bpy)]2+, [Fe(bpy)]*+, 
and [Co(bpy)Y+ {n HMPA. T h e Kx values ob­
served for bpy-complexes are in a sequence G r ( I I ) > 
M n ( I I ) < F e ( I I ) < G o ( I I ) < C u ( I I ) > Z n ( I I ) in H M P A . 
Figure 7 shows the comparison of the Kx values in 
H M P A and in H 2 0 . 9 ) The factors which would 
make the values of the formation constants (K) in 
H M P A differ from those in H 2 0 or in other organic 
solvents might be the dielectric constants, basicities, 
and steric effects of the solvents. Since bpy and 
terpy ligands are electrically neutral, the K values 
might be little affected by the dielectric constant of 
the solvents. Since the competitive coordination to 
a metal ion occurs between bpy (or terpy) and the 
solvent molecules, the increase in basicity and in the 
degree of steric hindrance of the solvent would result 
in a decrease in K value. 

I t was reported1) that the solvated Mn2+, Fe2+, 
Co2+, and Gu 2 + ions are tetrahedral in contrast with 
the octahedrally solvated Zn2+ ion in H M P A . Be­
cause an H M P A molecule is very bulky, solvated 
metal ions in H M P A will prefer the tetrahedral con­
figurations to the octahedral ones.1) If their bpy-
complexes tend to form octahedral configurations in 
H M P A , Kx values in H M P A would become smaller 
than those in H 2 0 or in D M S O because of a larger 
basicity and steric hindrance of H M P A molecules which 
would be more closely packed in the octahedral co­
ordination sphere. However, since the observed Kx 

values of Cr ( I I ) , M n ( I I ) , Fe( I I ) , and Go(II) in H M P A 
are slightly larger than those in H 2 0 as shown in 
Fig. 7, it is supposed that their bpy-complexes would 
not be octahedral. According to Gu tmann et al.,10> 
the donor strength of H M P A towards Go(II) is smaller 

bo 
O 

Cr(H) Mn(Il) Fe(Il) Co(II) Ni(II) Cu(II) Zn(II) 

Fig. 7. Comparison of log K% in HMPA (A:—) an4 
in HgO (B: ), 
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than that expected from its donor number and the 
coordination center in [Co(hmpa)4]2+ is rattling with­
in the tetrahedron formed by the bulky H M P A mole­
cules. When their bpy-complexes in H M P A are also 
assumed to be tetrahedral, the Kx values in H M P A 
would not be much smaller than those in H 2 0 be­
cause of the smaller steric hindrance and the decreased 
donor strength of H M P A molecules. Actually, the 
absorption spectrum of [Go(bpy)]2+ in H M P A ex­
hibits the spectral pat tern characteristic of tetrahedral 
complexes as is seen in Fig. 5, having the absorption 
band due to *>3(4Ti(P)<-4A2), (e=100—2000 dm 3 

m o l - 1 cm - 1 ) in the visible region.11) Although the 
configurations of bpy-complexes of Cr ( I I ) , M n ( I I ) , 
and Fe (II) can not be judged from the observed ab­
sorption spectra, they would be also tetrahedral be­
cause their Kx values in H M P A , as well as the Kx 

value of tetrahedral [Go(bpy)(hmpa) 2 ] 2 + , are similar­
ly larger than those in H 2 0 . Then , the following 
equilibrium seems to be established in all these cases. 

[M(hmpa)4]2+ + bpy 
tetrahedral 

* i 

[M(bpy)(hmpa)2]2+ -f 2hmpa 
tetrahedral 

(14) 

M(II) = Cr(II), Mn(II), Fe(II), or Co(II) 

O n the other hand, the absorption spectrum of 
bis(bpy)cobalt(II) complex in H M P A as is shown in 
Fig. 5 has a spectral pat tern characteristic of the octa­
hedral complexes, having the absorption band near 
500 nm (£=5—40 dm 3 mol" 1 cm"1).11) Therefore, the 
following tetrahedral<->octahedral configurational equi­
librium must be established; 

[Co(bpy)(hmpa)2]2+ + bpy 
tetrahedral 

[Go(bpy)2(hmpa)2]2+i 

octahedral 

(15) 
Kz 

[Co(bpy)2(hmpa)2]2+ + bpy ^ = ^ [Co(bpy)Ja+ + 2hmpa. 
octahedral octahedral 

(16) 

When terpy as a terdentate ligand coordinates to 
Co2+ ion, the 1:1 complex is octahedral as is shown 
from its absorption spectrum11) in Fig. 5. Accord­
ingly, this equilibrium is also a tetrahedral<->octahedral 
configurational change; 

[Co(hmpa)4]2+ -f terpy ; ^ 
tetrahedral 

[Go(terpy)(hmpa)3]2+ -f hmpa, (17) 
octahedral 

[Co(terpy)(hmpa)3]2+ -f terpy ^ = ^ 
octahedral 

[Co(terpy)2]
2+ + Shmpa. (18) 

octahedral 

As is evident from Table 2, the K2 value of ECo(bpy)2]2 + 

and the Kx value of [Go(terpy)]2+ are remarkably 
smaller than those in H 2 0 , because the steric hindrance 
of H M P A molecules in octahedral [Co(bpy) 2 ] 2 + and 
octahedral [Go(terpy)]2 + may be large. The reason 
why the K% value of [Co(bpy) 3 ] 2 + and the K% value 

of [Go (terpy) 2]2+ in H M P A are extremely smaller 
than those in H 2 0 is probably the larger effect of 
the basicity of H M P A molecules than that due to 
their steric hindrance. 

Configurations of [Cu(bpy)~\2+, and [Zn(bpy)]2+ in 
HMPA. Since the steric hindrance caused by 
H M P A in the square planar complex or tetragonal 
complex is larger than that in the tetrahedral complex, 
but smaller than that in the octahedral one, it seems 
that Kx value of the square planar or tetragonal com­
plex in H M P A would be smaller than that in H 2 0 . 
According to both the Kx value and the absorption 
spectrum observed for C u ( I I ) - b p y complex, it is safe­
ly said that its configuration is square planar or tetra­
gonal.11) Therefore, one of the following two' equi­
libria may hold: 

[Cu(hmpa)4]2+ + bpy ^ = ± 

tetrahedral 

[Cu(bpy)(hmpa)2]2+ + 2hmpa 

square planar 

or 
[Cu(hmpa)4]2+ -f bpy 

tetrahedral 

# i 

[Cu(bpy)(hmpa)4]2+. 

tetragonal 

(19) 

We have reported that the solvated Zn2+ ion in 
H M P A may be octahedral, since its Stokes radius 
is larger than that expected if it were tetrahedral.1) 
The fact that the Kx value in H M P A is smaller about 
three orders of magnitude than that in H 2 0 is ac­
counted for by a larger steric hindrance of H M P A 
molecules in octahedral [Zn (bpy) (hmpa) 4 ] 2 + and their 
larger basicity than those in the case of H 2 0 molecules. 
Accordingly, the following equilibrium seems to be 
established ; 

* i 

[Zn(hmpa)6]2+ + bpy ^ = ± 
octahedral 

[Zn(bpy)(hmpa)4]2+ + 2hxnpa. (20) 
octahedral 

General Conclusion. In H M P A , solvated Mn 2 + , 
Fe2+, Co2+, and Cu2+ are tetrahedral, while solvated 
Zn2+ ion is octahedral;1) Since an H M P A molecule 
is very bulky, it seems that solvated metal ions prefer 
the tetrahedral configurations to the octahedral ones. 
Gu tmann and Weisz reported that mono-, di-, tri-, 
and tetrahalo complexes of cobalt (I I) are tetrahedral 
in H M P A (halide i o n = C l ~ , Br- , or I~).2) When 
multidentate ligands such as bpy and terpy coordinate 
to metal ions in H M P A , the configurations of [Gr-
(bpy)]2+, [Mn(bpy)]2+, [Fe(bpy)]2+, and [Cp(bpy)]2+ 
are lalso tetrahedral, while that of [Cu(bpy)]2+ is 
either square planar or tetragonal. In the case of 
Zn ( I I ) , its configuration seems to be octahedral. The 
Kx value and the absorption spectrum of Ni( I I ) -
complex was not obtained, because the equilibria 
among the tetrahedral, square planar and octahedral 
solvated-species were too complicated to analyze them.1) 
The configurations of both [Go(bpy)2]2 + and [Go-
(terpy)]2+ are octahedral. In conclusion, it is likely 
that the complexes coordinated by more than three 
nitrogen atoms are mostly octahedral in H M P A . 
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The Kinetics and Mechanisms of the Racemization 
of TrisfiV, iV-dimethylethanediiminejironfll) 
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Tris(JV,JV'-dimethylethanediimine)iron(II) (trivial name: tris(glyoxal-bis-iV-methylimine)iron(II)1)), [Fe-
(gmi)3]2+, has been resolved for the first time, and its racemization mechanism has been investigated in acid solu­
tions. A mechanism similar to that for tris(2,2'-bipyridine)iron(II) was verified from the acid dependence of 
the racemization rate. At 69.4 °C, 30% of the racemization proceeded by means of an intramolecular bond-
rupture mechanism and the remainder by means of an intramolecular twist mechanism. The activation 
enthalpy and the activation entropy for the twist path were 148(A#*/kJ mol"1) and 110(A«S"7J K"1 mol-1) 
respectively. These values were compared with 127 and 114 for [Fe(bpy)3]2+ (bpy=2,2'-bipyridine) and 
with 119 and 91 for [Fe(phen)3]2+ (phen = 1,10-phenanthroline). The racemization rate was larger in organic 
solvents, increasing in the order water <nitromethane<formamide< dimethyl sulfoxide, which is the same as 
the order for the bpy and phen complexes. The rate was less dependent on the solvent in the order 
[Fe(phen)3]2+>[Fe(bpy)3]2+>[Fe(gmi)3]2+. A salt effect on the racemization rates was also observed. 

T h e intramolecular twist mechanism2) is one of the 
basic mechanisms of the stereochemical rearrangement 
of metal chelates. T h e nature of the mechanism, 
however, does not seem to be fully understood.3) Many 
investigations have been made concerning the intra­
molecular stereochemical rearrangement of stereochem-
ically nonrigid complexes by means of dynamic nu­
clear magnetic resonance spectroscopy.4) The mech­
anisms proposed in these studies have, however, been 
mainly based on indirect evidence. O n the other 
hand, the studies of inert complexes based on rather 
classical kinetic methods have given more definitive 
evidence to show the reaction mechanisms.5) 

Tris (1,10-phenanthroline) iron (II)6) is one of the few 
examples of such inert complexes which racemize by 
means of an intramolecular twist mechanism. Iron-
(II) forms very stable, strongly colored complexes not 
only with bpy and phen, but also with JV,JV'-dialkyl-
1,2-diimines.7) The racemization of the simple N,N'~ 
dialkyl-l,2-diimine complex, [Fe(gmi)3]2 + ( g m i = 
CH 3 N=CH-CH=NCH 3 ) , has been studied to disclose 
whether or not a twist mechanism also occurs in this 
case, and to gain a better understanding of the char­
acteristics of the twist mechanism. 

E x p e r i m e n t a l 

Materials. Preparation and Resolution of the Complexes: 
Tris(iV,iV-dimethylethanediimine)iron(II) iodide, [Fe-
(gmi)3]I2-3H20, was prepared by Krumholtz's method.1) 
The complex was resolved for the first time by the fractional 
crystallization of its (+)589-tartratoantimonate. Racemic 
iodide (2.0 g, 3.6xl0~3mol) was dissolved in water (10.5 
cm3), and, to the resulting solution, silver ( + )589-tartratoanti-
monate (2.8 g, 7 .2xl0- 3mol) was added with vigorous 
stirring. The stirring was continued for several minutes, 
during which double decomposition was completed to yield 
the solution of the ( + )589-tartratoantimonate of the racemic 
complex and the insoluble silver iodide. After the latter 
was filtered off, the solution was heated to 40 °G and ethanol 
was slowly added to it until the solution became slightly 
cloudy. The solution was then kept overnight at 0 °G 
to give a crystalline precipitate. Crystals of the (+)s89-
tartratoantimonate of this complex, (—)589-[Fe(gmi)3]-

t Present address: Kagawa Nutrition College, Sakado, 
Saitama 350-02. 

(Sbtart) 2, were filtered off from the solution, and the crystals 
of (+)589-[Fe(gmi)3](Sbtart)2 were precipitated by adding 
ethanol to the filtrate. By repeating the fractional crystal­
lization five times, 0.15 g of (+)58»-diastereomer (Ae570= 
+ 32) and 0.32 g of (—)589-diastereomer (Ae570=—30) were 
obtained. These diastereomers were converted into active 
bromide by the use of the anion-exchange resin, Dowex 
2-X8, by the column method. The [a]589 values for (+)589-
and ( — )589-enantiomers were +950° and —900° respectively. 
Anal. (+)589-[Fe(gmi)3]Br2.3H20: Found: C, 27.40; H, 
5.49; N, 15.96; Calcd for C12H30N«O3Br2Fe: C, 27.61; H, 
5.75; N, 16.10. 

Tris(l,10-phenanthroline)iron(II) Perchlorate was resolved 
through precipitation as ( + )589-tartratoantimonate according 
to the method of Dwyer and Gyarfas;8) [a]589= +1460°. 
The resolution of tris(2,2'-bipyridine)iron(II) Perchlorate 
through precipitation as iodide ( + ) 589~tartratoantimonate 
was carried out in a manner similar to that previously 
described;9) [a]5 8 9=+4970°. 

Solvent: Nitromethane was refluxed with urea, dried with 
anhydrous sodium sulfate, and distilled. Dimethyl sulfoxide 
was distilled under reduced pressure, treated with alumina, 
and distilled again under reduced pressure. Formamide 
was dried with anhydrous sodium sulfate and distilled twice 
under reduced pressure. 

Other Reagents: Guaranteed-grade potassium chloride and 
potassium iodide were recrystallized from water. Guar­
anteed-grade hydrochloric acid was purified by azeotropic 
distillation. Guaranteed-grade potassium thiocyanate was 
recrystallized from an aqueous ethanolic (1:1) solution. 
All the other chemicals were of a guaranteed grade and 
were used without purification. 

Experimental Procedure. Racemization and Dissociation of 
[Fe(gmi)3~]2+: The optically active bromide was dissolved 
in a given solvent ((0.42—2.5) X 10~4 Mtt), containing other 
chemicals whenever necessary. Aliquots of the solution 
were sealed in eleven small test tubes. They were placed 
in a thermostat(±0.1 °G) and taken out, one by one, at 
proper intervals. They were then cooled in ice water, and 
their circular dichroism(CD) strength was measured at 
570 nm and their absorbance, at 560 nm. The apparent 
racemization (rate constant: £*pp) was studied by following 
the loss of optical activity for one to five half-lives. From 
the changes in the absorbance of the solution during the 
apparent racemization, the dissociation rate (rate constant: 
kd) was calculated. Both the apparent racemization and the 

tt 1 M= 1 mol dm-3. 
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dissociation were first-order with respect to the metal-com­
plex concentration in the time range of the experiments. 
The net rate of racemization (rate constant: kn

z
ot) was 

obtained as kn
t
ot=ka

t
vv—kd. 

Racemization of [Fe(bpy)3]
2+ and [Fe(phen)3Y+: The (0.5— 

1.0)xlO~4M solutions of optically active Perchlorates were 
placed in a thermostatted (±0.1 °G) quartz cell, and the 
change in the optical rotation (at 510 nm for the phenanthro-
line complex, 525 nm for the bipyridine complex) was fol­
lowed on a recorder. The temperature was measured dur­
ing the reaction by putting a thermister directly in the solu­
tion. The reactions were followed for one to two half-lives. 

Dissociation of [Fe(bpy)3]
2+ and [Fe(phen)z]

2+: The 0.5 X 
10~4 M solutions of the complex were placed in a thermo­
statted (±0.1 °G) quartz cell, and the change in the ab-
sorbance (at 510 nm for the phen complex, 520 nm for the 
bpy complex) of the solution was followed on a recorder. 

The racemization and dissociation rate constants were 
calculated by the usual method for first-order reactions. 
The racemization rate constant was defined as A:r=[ln-
(a0/at)]/£, where a0 and at are the optical rotations or the 
CD strengths at time zero and t respectively. 

Apparatus. A JASGO ORD/UV-5 with a CD at­
tachment was used for measuring the CD strength and the 
optical rotation, and for recording the CD spectra. A 
Hitachi 323 Spectrometer was used for recording the ab­
sorption spectra, and Hitachi 101 and 124 Spectrophotom­
eters, for measuring the absorbances. 

R e s u l t s a n d D i s c u s s i o n 

CD Spectrum. Figure 1 shows the absorption 
and CD spectra of the resolved complex. T h e CD 
spectrum of the complex is very similar to those of 
the bpy and phen complexes;10) the positive and neg­
ative CD peaks near 2 0 x l 0 3 c m - 1 are attr ibuted to 
charge-transfer transitions by analogy with the cor­
responding bands in the bpy and phen complexes. 
The CD peak at 2 8 . 5 x l 0 3 c m " 1 is that of the d-d 
transition (1T2 g

<-1A l g in octahedral approximation), 
in agreenjient with the assignment of the absorption 
band near 2 8 . 5 x l 0 3 c m " 1 by Ito et al.11) O n the 
other hand, the CD peaks at (25—26) X 103 cm" 1 of 
[Fe(phen)3]2+ and [Fe(bpy) 3] 2 + were suggested to be 

v /103cm~ 1 

Fig. 1. Absorption (AB) and circular dichroism (CD) 
spectra of (-f )589[Fe(gmi)3]Br2 in aqueous solution. 

of metal-to-ligand charge-transfer transitions.10) In 
view of the d-d spectral parameters of [Fe(phen) 3 ] 2 + 

and [Fe(bpy)3]2+,12> a d-d absorption band (1T2g<-
x A l g in O h approximation) is suspected to exist around 
(25—26) X 103 c m - 1 , though it is hidden by the strong 
GT-bands. Thus , the C D peaks of tris(l,2-diimine)-
iron(II) at (25—30) X 103 cm" 1 are probably of xT2g^-
x A l g d-d transition. T h e observed intensities of these 
C D peaks of magnetically forbidden d-d transitions 
may be attributed to a trigonal distortion of the com­
plex and to mixing with charge-transfer transition. 

Kinetics and Mechanism of Racemization. Race-
mization in a Neutral Solution : T h e apparent race­
mization, as measured by the change in optical activity, 
was first^order throughout approximately 9 0 % of the 
reaction. The C D strength throughout the spectrum 
diminished monotonously to zero as the reaction pro­
ceeded. T h e decrease in absorbance (A) observed 
during this apparent racemization gave a straight line 
in the graph of log A vs. time. T h e decrease in ab­
sorbance was attr ibuted to the dissociation of the 
complex, since the monotonous absorbance change oc­
curred over the whole range of the absorption spec­
trum. T h e dissociation of the complex was an ir­
reversible reaction, probably due to the immediate 
hydrolysis of the dissociated ligand. T h e formation 
of the bis complex from the tris complex was regarded 
as rate-determining;13) i.e., tonce one gmi ligand has 
been released from the tris complex, the complex 
will decompose irreversibly to yield an aqua-complex. 
Thus , the net racemization of this complex will take 
place exclusively by means of intramolecular mech­
anisms and not by intermolecular ligand-exchange 
processes. The net racemization rates were not af­
fected by the presence of possible decomposition prod­
ucts of the complex (methylamine and/or glyoxal). 

Racemization in an Acidic Solution: T h e decomposi­
tion of thç complex is known to be acid-catalyzed,14) 
and the rate expression is known to be similar to that 
for [Fe(bpy)3]2+ ,6) which dissociates through an inter­
mediate with one bond ruptured. In order to clarify 
the role of this process in the racemization, the race­
mization rate was measured at various acid concen­
trations. The results are depicted in Fig. 2. The 
observed acid dependence of the rates can be explained 
by the reaction scheme shown in Fig. 3. I n the re­
action scheme, k\ and kï'1' represent the rate con­
stants of an intramolecular twist racemization process 
and that of an intramolecular bond-rupture racemiza­
tion process respectively. 

T h e rate constant for the apparent racemization, 
k\pp, can be expressed as : 

£app = £t + ki 

( * - l 

£2+Atr+*3[H+3 

* > a) 
if the steady-state approximation is applied to the 
bond-rupture intermediate . T h e rate constant of acid 
dissociation, kA, can be expressed as: 

/ A,+*JH+] \ 
\ * _ 1 + * , - r * b | H + ] / (2) 

T h e net rate of racemization is given by : k?' = 
kT-kà. 
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Fig. 2. Influence of acid concentration on the race-
mization and dissociation rate constants of [Fe(gmi)3]

2+ 
at 69.4 °G and 7=2.00 (HC1-KC1). 
O: k\", &: kd, • : k?\ 

à-(gm)zFe2+' Y -™EÜ A-(gmi)2Fe2 + + H+gmi 

H ^ i y H + v . 

\

CH3 rapidN^ 

K J'H k ™H«/ 
4-(gmi)2Fe + T ^ J ^ a-(gmi) Fe2t J _ L > A-(gmi) Fe2+ + gmi 

, X N ' ^ H k - l | i r ^ H 

2+ 
Fe + 2gmi 

J\* .H 

èH, 

£H3 

tb.r. 
CH0 

-(gmi)2F<!+ T ;==± rac-(gmi)?Fe2+ J — l * rac-(gmi)9Fe2+ + gmi 
X ^ H k-l > N ^ H * 

CH, rapid \ 

rac-

k 3 [ H + ] / 

-(gmi)2Fe2+ ^ 

H^ ' 

^H 

V 
CH, 

rapid rac-

rapids 

-(gmi)2Fe2+ 

Fe2t 

+ H< 

+ 2gmi 

gmi 

Fig. 3. The reaction scheme. 

When [H+] is sufficiently low, the values of k\vp 

and k& will be approximately equal to the respective 
limiting values given by : 

k- *»'i k( K+kr' \ 

Then, Eqs. 1 and 2 can be transformed in to : 

k™ = (*! + *{) 
[H+] ' 

k& — k± -\-
fc—l~l~^2 " 'd .—^d 

*3 [H+] 

In Fig. 4, the A;*pp"'and A:d values, observed in aqueous 
H G l - K G l solutions (7=2.00) at 69.4 °G, are plotted 

against (A:?P-A:?)/[H+] and "(Ad-A;ï)/[H+] respec­
tively. T h e values, £a

r
p p=(1.39±0.02) X 10"4 s"1 and 

A : d = ( 2 . 7 ± 0 . 1 ) x l 0 - 5 s - 1 , observed in 2 M KG1 were 
taken as the k% and kl values respectively. The 
intercepts and the slopes of the lines shown in Fig. 
4 give £ 1 = ( 3 . 7 0 ± 0 . 1 0 ) x l 0 - 4 s - 1 , (k.i+kj I kB= {0.102 
±0.005) mol dm- 3 , (A:1+A:tr) = (4.52±0.12) X 10"4 s"1, 
and {k^+kz+kr-ilkz = (0.125±0.010) mol dm"3 . 
These values, together with £? = ( 1.39 ±0.02) x 10"4 

s"1 and Â:S = ( 2 . 7 ± 0 . 1 ) x l O - 5 s - 1 , lead to k_xjk2= 
12<7±0.9, A:8/A:a=(129±13) mol" 1 dm3 , and kh

r'
T'lk2= 

1.41 ± 0 . 4 1 . The curves in Fig. 2 are the theoretical 
ones for A:arpp, kd, and kV\ obtained on the basis 
of the above values. 

Racemization Mechanism: The results discussed above 
indicate that, in a solution containing no hydrochloric 
acid at 69.4 °G, 7 0 % of the racemization of [Fe-
(gmi) 3 ] 2 + occurred by way of an intramolecular twist 
mechanism, and the remainder, by means of an intra­
molecular bond-rupture mechanism. Thus , complexes 
with flexible ligands, such as bpy and gmi, racemize 
intramolecularly by means of a bond-rupture mech­
anism as well as by means of a twist mechanism. This 
is in contrast to [Fe(phen) 3] 2 + , which is known to 
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Fig. 4. Plots of £a
r
pp vs. (A:a

r
pp-A:;)/[H+] for apparent 

racemization (# ) and kd vs. {kd—A:J)/[H+] for disso­
ciation (O) of [Fe(gmi)3]

2+ at 69.4 °C and 7=2.00 
(HCl-KOl). 

TABLE 1. THE RACEMIZATION AND DISSOCIATION RATE 

CONSTANTS OF [ F e ( g m i ) J 2+ IN VARIOUS MEDIA 

(3) 

(4) 

(5) 

(6) 

DUS 

ted 

t # p p 

°G 10-5 s-1 

A. Water 
50.0 1.13±0.01 
58.8 4 .45±0 .15 
59.4 5 .07±0.09 
69.2 22 .4±0 .4 

B. 2 M KCl 
50.0 0 .62±0.01 
58.9 2 .66±0.17 

69,2 13 .9±0 .2 

£net 

10-5 s-1 

C 
0 .93±0.03 
4 .01±0.15 
4 .42±0.09 
19 .2±0 .4 

D 
0 .50±0.01 
2 .35±0.17 

11 .6±0.2 

k*PP 

10-ß s-1 
h 

10-5 s-1 

. 0.25 M HCl 
2.79±0.08 
9 .55±0.17 

— 
41 .5+1 .0 

. 2 M HCl 
2.41±0.02 
9.54±0.17 
38 .7±2 ,7 

2.27±0.01 
6.33±0.20 

— 
28 .3±1 .7 

2.15+0.01 
7.49±0.16 
32*3+1.0 
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t 
°G 

15.0 
20.0 
22.4 
25.0 
27.5 
30.1 

32.5 

TABLE 2. THE RATE CONSTANTS 

OF [Fe(bpy)3]2+ AND 

[Fc(bpy)J«+ 

kT 

10-3 s-1 

0.219 
0.543 
0.705 
1.208 
1.73 
2.41 
2.52 
3.80 
3.94 

t 
°G 

15.0 
19.9 
22.4 
25.0 
27.5 
30.0 

32.5 

*d 

10-3 s-1 

0.159 
0.400 
0.588 
0.850 
1.26 
1.90 

2.59 

OF THE RACEMIZATION A N D DISSOCIATION 

[Fe(phen)3]2+ IN 

t 
°G 

20.0 
22.6 
25.0 
27.65 
30.25 
32.65 
35.1 

2 M HCl 

[Fe(phei 

kT 

10-3 s-1 

0.214 
0.339 
0.493 
0.745 
1.110 
1.745 
2.50 

*)3]2 + 

t 
°C 

20.5 

27.6 

35.3 

h 
10-4 s-1 

0.283 
0.287 

0.971 
0.987 

3.61 
3,73 

TABLE 3. T H E APPARENT RACEMIZATION RATE CONSTANTS IN IONIC MEDIAE 

[KCl] 
M 

0.00 

0.25 

1.00 

2.00 

2.00 

1.75 

1.50 

1.00 

0.00 

[HCl] 
M 

0.00 

0.00 

0.00 

0.00 

0.00 

0.25 

0.50 

1.00 

2.00 

[Fe(gmi)3]2+ 

k 
10-4 s-1 b> 

2 .24+0.04 
(1.92±0.04) 
1.87 

(1.59) 
1.67+0.01 

(1.41±0.02) 
1.39+0.02 

(1.16+0.02) 
1.43d> 

(1.17) 
3.52d> 

(0.83) 
3.83d> 

(0.73) 
4.17d) 

(0.86) 
4.45d) 

(0.86) 

[Fe(bpy)3P+ 
k 

10-3 s - i c) 

2.17+0.14 

— 

1.88+0.10 

1.68+0.01 

1.19+0.01e) 

1.96+0.05e> 

2.09+0.01e) 

2.43±0.03e) 

2.46±0.06e> 
(0f_56±0.06) 

[Fe(phen)3;r 
k 

10-3 s - l c) 

1.92±0.02 

— 

1.76+0.02 

1.70+0.03 

1.28+0.02°) 

— 

— 

1.14±0.01e) 

K12+0.02e) 
(0.97±0.02) 

a) Data in parentheses are net racemization rates, b) Data at 69.2 °C. c) Data at 32.0 °C. d) Data at 69.4 °C. 
e) Data at 30.0 °G. 

TABLE 4. T H E ACTIVATION PARAMETERS FOR THE REACTIONS OF [Fe(l,2-diimine)3]2+ 

IN VARIOUS AQUEOUS IONIC MEDIAa) 

Complex 

[FeCgmi),]^ 

[Fe(bpy)3p+ 

[Fe(phen)3P+ 

Medium 

Water 
2.0 M KCl 
0.25 M HCl 
2.0 M HCl 

2.0 M HCl 
1.0 M HCl*» 

2.0 M HCl 
1.5 M HClb) 

A i / * 
kj mol-1 

140+1 
147+2 
127+2 
131+4 

117±0 
— 

120+0 
— 

&app 

AS* 
J K-1 mol"1 

94±4 
108+6 
59 + 5 
71 + 11 

93+0 
— 

93+0 
— 

kj mol-1 

— 
139+1 
119+4 
128+2 

114±0 
112±2 

128+0 
132±2 

J K"1 mol-1 

— 
73 + 2 
33+13 
60+6 

78±1 
71+4 

104+0 
U 7 ± 8 

kj mol-1 

141 + 1 
148+3 
148+5 
149+24 

127±1 
106+8 

119+1 
119±8 

k?et 

AS" 
J K-1 mpl-1 

9 6 ± 3 
110 + 9 
112±15 
109+72 

114±3 
50+29 

91±2 
88±29 

a) Calculated by least-squares method. Errors are the standard deviations, b) Data from Ref. 6. 
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undergo intramolecular racemization only by means 
of a twist mechanism because of the rigidity of the 
ligand. I t is not clear whether a twist process pro­
ceeds via a trigonal or a rhombic intermediate and 
whether the bond-rupture intermediate is a square 
pyramid or a trigonal bipyramid. 

Activation Parameters: Table 1 shows the racemiza­
tion and dissociation rate constants of [Fe(gmi)3]2 + 

at various temperatures. Those of [Fe(bpy) 3 ] 2 + and 
[Fe(phen) 3 ] 2 + are listed in Table 2 for the sake of 
comparison. The racemization rate constants in media 
of different salt and acid concentrations are given in 
Table 3. As has been described above for the case 
of [Fe(gmi)3]2 + , the nearly identical values for the 
racemization rate constants at acid concentrations of 
1 M and 2 M suggests that the net racemization rates 
of the complexes in 2 M H C l correspond to the rates 
of twist racemization. Table 4 shows the activation 
parameters of the three complexes for dissociation and 
twist racemization; the values obtained for [Fe­
r n e n ) 3 ] 2 + and [Fe(bpy) 3 ] 2 + are in good agreement 
with the literature values6) (see Table 4) except that 
the low A H * and A£* values previously reported 
for the twist racemization of [Fe(bpy) 3 ] 2 + may be 
accompanied by greater errors than those accompanied 
by the present values, because the number of experi­
mental data is smaller in the former case. 

Although the complexes differ in hydrophobic prop­
erties, and thus in solvation, the entropies of activa­
tion for the twist racemization of the complexes are 
very similar. T h e large, positive activation entropies 
may be related to the formation of bond-expanded 
high-spin reaction intermediates3) and/or to the rear­
rangement of the solvent sheath during the twist mo­
tion. These large, positive entropies of activation will 
lower the barrier for the operation of the twist mech­
anism by canceling a considerable par t of the large 
activation enthalpies. The differences in activation 
enthalpies for the twist process between the complexes 
may come from differences in the ligand-field strength, 
which are shown by the CD spectra of the complexes. 
T h e ligand-field activation energies will become greater 
with the increase in the ligand-field strength if the 
reaction intermediates of racemization are similar for 
the three complexes. T h e observed activation param­
eters suggest that the ligand-field strength influences 
the ligand-field activation energy, but not so greatly 
as to change the mechanism. 

T h e activation enthalpies of [Fe(gmi)3]2 + and [Fe-
(bpy) 3 ] 2 + for the dissociation via bond-rupture inter­
mediates are lower than those for the twist racemiza­
tion, while the enthalpy of activation for the dissocia­
tion of [Fe(phen) 3 ] 2 + is higher than that for the twist 
racemization. Unlike the flexible bpy and gmi, the 
rigid phenanthroline ligand hardly serves a t all as 
a monodentate ligand to form a bond-rupture inter­
mediate leading to dissociation. Thus , two bonds 
have to be broken simultaneously in order for the 
ligand to be liberated from the complex, and a greater 
activation enthalpy is required for the dissociation of 
[Fe(phen)3]2+. 

Salt Effects: The racemization of [Fe(phen) 3 ] 2 + was 
found to be retarded by KCl and accelerated by K I 

and KSGN. These salt effects have been attributed 
to ion-pair formation.15) T h e salt effects on the race­
mization of [Fe(gmi)3]2 + and [Fe(bpy)3]2 + have also 
been studied. The racemization rates of the com­
plexes decreased with an increase in the KCl con­
centration, as is shown in Table 3. The racemiza­
tion rates of [Fe(gmi)3]2 + increased in the presence 
of KSGN, but the addit ion of K I had no effect. The 
dissociation rates of [Fe(gmi)3]2 + increased in the 
presence of KSGN, but decreased slightly in the pres­
ence of K I . The results are shown in Fig. 5. Anal­
yses of the data with due consideration of ion-pair 
formation15) gave the racemization and dissociation 
rate constants of free and ion-paired complexes, and 
also the ion-association constants (Table 5). The 
curves in Fig. 5 were obtained by calculation on the 
basis of the values listed in Table 5. 

T h e intramolecular racemization rates of the ion-
pair increase in the order I « C K S C N , and the dis­
sociation rates, K G K S G N . The sequence is sim­
ilar to that for [Fe(phen) 3 ] 2 + ; this gives support for 
the previously proposed mechanism of the nucleophilic 

1.0 2.0 
tKX]/moldm"3 

Fig. 5. Salt effects on the rates of racemization (open 
marks) and dissociation (full marks) at 69.1 °G and 
1=2.00 (KCl). 
0 , # : KSGN, Q « : KI. 

TABLE 5. THE ION-ASSOCIATION CONSTANTS OF [Fe(gmi)3]
2+ 

WITH A N ANION A N D THE DISSOCIATION 

A N D INTRAMOLECULAR RACEMIZATION RATE CONSTANTS 

OF [Fe(gmi)3]
2+ IN AN ION-PAIR 

Counter 
ion 

^d(X) 
JLi, I 

( X ) 

10-4 s-1 10-4 s-1 

tfS?x)/mol dm-3 

Diss. Racem. 

H2O
a> 0 .32±0.02 1.86±0.14 — — 

Gl- 0 .22±0.02 1.08+0.11 4 . 0 + 3 . 5 3 . 7 ± 2 . 4 
SGN- 3.21±0.41 2.74+0.15 5 . 6 + 3 . 4 6 .1±3 .0 
I - 0 .06±0.02 0.90±0.07 6 . 4 + 3 . 4 — 

a) The value for a free ion. 
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T A B L E 6. RECEMIZATION RATE CONSTANTS IN VARIOUS 

SOLVENTS 

Solvent 

Water 
Nitromethane 
Formamide 
DMSO 

[Fe(gmi)g]
2+ 

10-5 s - i a) 

4.12±0.11 
7 .8±0 .6 

21 .5±0 .4 
38 .0±0 .1 

[Fc(bpy)J«+ 
k 

1 0 - 4 s - i b> 

2.86±0.14 
7 .7±0 .7 

15 .9±0.3 
146±7 

Fe(phen)J"+ 
k 

!0-4 s-i b) 

2.80±0.14 
13.0±0.7 
32 .8+0 .2 
450 ±100 

a) Data at 59 °G. Corrected for decomposition, b) 
Data at 20.1 °G. 

interaction of the anions with complex cations.15) 
Solvent Effects : In spite of several investigations car­

ried out thus far,16) the nature of the solvent effects 
on the racemization rates of tris(l ,2-diimine)iron(II) 
is not yet well understood. In order to compare the 
effects of solvents on the racemization rates of [Fe-
(gmi)3]2+, [Fe(bpy)3]2+, and [Fe(phen)3]2+, their race­
mization rates were observed in water, dimethyl 
sulfoxide (DMSO) , nitromethane, and formamide. 
The results are summarized in Table 6. T h e net 
racemization rates were larger in organic solvents than 
in an aqueous solution. The dissociation rates of 
[Fe(bpy)3]2 + and [Fe(phen)3]2+ were reported to be 
not so large as the racemization rates in organic 
solvents.16b'17) Thus, the increase in racemization rates 
in organic solvents can reasonably be considered to be 
due to the acceleration of the intramolecular process. 

The abilities of the solvents accelerating the race­
mization were in the order D M S O > formamide > ni­
tromethane > water for the three complexes. This 
order may be correlated with the polarizability of 
a solvent, by analogy with the fact that the effect 
of nucleophiles accelerating the intramolecular racemi­
zation of [Fe(phen) 3] 2 + in an aqueous solution is cor­
related with their polarizability.15) T h e electronic po­
larization of a solvent is related to its refractive index 
on the Na D line, the values being 1.476, 1.446, 1.380, 
and 1.333 for D M S O , formamide, nitromethane, and 
water respectively; this order of decreasing refractive 
index is consistent with the decreasing order of the 
accelerating ability of a solvent shown above. How­
ever, this cannot be extended to other solvents. The 
order of the ability to accelerate the racemization 
of [Fe(phen)3]2 + was observed to be D M S O > acetone « 
methanol > acetonitrile > formamide > nitrobenzene « 
nitromethane > water,18) whereas the order of the re­
fractive index was nitrobenzene > D M S O > formamide 
> nitromethane > acetone > acetonitrile > water > meth­
anol. 

For the racemization of [Ge(acac)3]+1 9) and [Ni-
(phen) 3] 2 + 2°) in organic solvents, the accelerating abil­
ity of the solvent was nicely correlated with Gutmann 's 
donor number,21) a parameter to express the electron-
donating ability of a solvent molecule, although the 
mechanism for racemization differs from complex to 
complex. For the racemization of [Fe(l,2-di-
imine)3]2 + , the accelerating ability of a solvent may 
also be correlated with the donor number, the order 
of which is D M S O > methanol ^ H 2 0 ^ acetone> aceto­
nitrile > nitrobenzene > nitromethane, in rough agree­

ment with the trend in the acceleration of the race­
mization, if water is regarded as an exception. T h e 
correlation of the racemization rate of [Fe(l,2-di-
imine) 3 ] 2 + in organic solvents with the polarizability 
and/or donor number of the solvents may indicate 
the assistance of solvent molecules in the twist race­
mization. 

As is shown in Table 6, the extent to which the 
rate is affected by the solvent is decreased in the order 
[Fe(phen) 3] 2+>[Fe(bpy) 3] 2+>[Fe(gmi) 3] 2+. This or­
der is consistent with the expectation that the most 
hydrophobic substance [Fe(phen) 3 ] 2 + would interact 
with an organic solvent most strongly, and the least 
hydrophobic substance [Fe(gmi)3]2 + , least strongly. 
Thus , solvation plays some role in the racemization 
of tris(l ,2-diimine)iron(II) complexes, as was sug­
gested by V a n Meter and Neumann.1 6 0) 
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Study on the Regeneration of Mn203 Catalyst for Simultaneous 
Abatement of NO* and SO* 
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A technique to regenerate catalysts used for the simultaneous abatement of N O , and S O , in flue gases was 
investigated. Formation of sulfate ions on the metal which is an active component of the catalyst was proved 
to be a poison for the catalysis. The most effective means to remove the sulfate ions on the catalyst is to heat the 
used catalyst at 300 °C in NH3-water vapor. 

I t has been proposed to make use of coal for saving 
liquid fuels, although emission of N O , and S O , may 
be enhanced by the coal combustion. Hence, the 
development of catalysts to remove N O , and S O , 
simultaneously has been desired. The present authors 
have investigated catalysts for the removal of N O , 
in flue gases using N H 3 as reducing reagent,1) and 
have started to develop catalysts for the simultaneous 
removal of N O , and S O , on the basis of the results 
obtained so far. The principle of our techniques for 
the simultaneous abatement was reported in the pre­
vious paper.2) I t was also reported tha t M n 2 0 3 and 
M n 2 0 3 / C o 3 0 4 had the highest activities for the removal 
of N O , and S O , of all the transition metal oxides 
and their mixtures.2) T h e activities, however, de­
creased with the reaction time, and became about 
5 0 % of the initial values. T h e purpose of the present 
work is to study the mechanism of the catalyst deac­
tivation and to develop the techniques to regenerate 
the used catalysts. 

E x p e r i m e n t a l 

The catalyst employed in the present work is M n 2 0 3 

which was prepared by the precipitation method using 
Mn(N03)2-6H20 and Na2COa. The precipitates obtained 
were calcined in air at 550 °C for 3 h. The catalyst thus 
prepared was crushed to particles with « 1 mm in diameter. 
The experiments were carried out using a conventional 
flow reactor with 5 ml of the catalyst at a space velocity 
of 10000 h-1. The composition of the gas passed through 
the catalyst bed was as follows; »500 ppm of S0 2 , «250 
ppm of NO, «500 ppm of NH3, « 3 % of oxygen, « 1 0 % 
of water vapor, and nitrogen as a balance gas. The ac­
tivities were measured by the analyses of NO and SOa con­
centrations at the inlet and outlet of the reactor, which were 
made using an NO analyser of chemiluminescence type 
and an S 0 2 analyser of NDIR type, respectively. The 
surface area of the catalyst was measured by the BET method 
using nitrogen at —196 °G. An infrared spectroscopy was 
used to identify the species formed on the catalyst during 
the reaction. Experiments for the catalyst regeneration were 
made in the same reactor employed for the activity mea­
surements. The catalysts used were regenerated in the fol­
lowing gases: 1) « 2 0 % of water vapor in N2, 2) « 2 0 % 
of water vapor in G02 , and 3) « 2 0 % of water vapor and 
« 5 % of NH3 in N2 stream. The temperature employed 
in the regeneration experiment was in the range of 250— 

T Present address: School of Materials Science, 
Toyohashi Univ. of Technology, 1-1 Hibariga-oka, Tempaku-
cho, Toyohashi 440. 

350 °C. To estimate the performance of the catalyst for 
practical use, a life test was performed for 200 h with the 
regeneration of the catalyst after every 20 h of the reaction. 
In this experiment a swing reactor3) was employed, which 
consisted of two reactors with the same amount of catalyst 
peacked in each reactor. While one reactor was used for 
the reaction, the other was used for the regeneration. 

R e s u l t s 

T h e activity of M n 2 0 3 catalyst for S O a acceptance 
was measured a t the temperatures between 150— 
400 °C (Fig. 1). T h e amount of S 0 2 absorbed in 
the catalyst was estimated in a similar way shown 
in the previous paper.2) Infrared spectra were mea­
sured for the catalysts used at various temperatures 
so as to identify the species formed by S 0 2 absorption 
(Fig. 2). T h e regeneration of the catalyst which was 
used for the reaction at 200 °G for 40 h was done 
by heating it in various gases. T h e results obtained 
were summarized in Table 1. I n Fig. 3 the surface 
area of the catalysts regenerated is shown. The result 
seems to indicate that the activities of the catalysts 
recovered were proportional to the surface areas of 
the catalysts regenerated. Accordingly, the life test 
of the catalyst was carried out with subsequent re­
generation using « 2 0 % of water vapor and « : 5 % 
of N H 3 in N 2 stream at 300 °G, under whose condi­
tions the surface areas of the used catalysts were re­
covered almost completely. Infrared spectra of the 
catalysts regenerated were shown in Fig. 4. Figure 
4-c shows an infrared spectrum of the catalyst regen­
erated by water vapor and N H 3 in N 2 stream at 300 °G 
for 2 h. Figure 4-d shows an infrared spectrum of 
the catalyst after 4 cycles of the reaction (20 h) and 

5 . 0 ( I 1 1 ] 

? 

OM2 2.5L V - J ^ 7 \ 

*« &o 
°-3 

I8 

a 0 I 1 1 i I 
^ 100 200 300 400 

Temperature/°C 
Fig. 1. Amount of S 0 2 accepted in Mn 2 0 3 at various 

temperatures. 
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Fig. 2. Infrared spectra of the species formed on 
Mn 2 0 3 by SOa adsorption at various temperatures. 
a) : Infrared spectrum of Mn2O s , b) : S 0 2 adsorbed 
at 300—400 °G, c): S 0 2 adsorbed at 200 °G, d) : 
S 0 2 adsorbed at 150 °G. 

100 

50 

o 

2 50 
H 

50 

50 k 

b) 

d) 

4000 3000 2000 1600 1200 800 
Wave number/cm -1 

Fig. 4. Infrared spectra of the catalysts used and re­
generated. 
a) : Fresh Mn2O s , b ) : used at 200 °G for 20 h, c): 
regenerated at 300 °G by water-NH3, d) : after 4th 
regeneration. 

TABLE 1. SURFACE AREA AND S0 2 ACCEPTANCE OF THE 

CATALYST REGENERATED BY VARIOUS REGENERATION METHODS 

(The space velocity of the gases used for the regenera­
tion was 5000 h - 1 in each regeneration method.) 

Regeneration methods 

(Fresh catalyst) 
(Used at 200 °G for 30 h) 
Water vapor/N2 at 350 °G 
CO 2-water vapor/N2 

at 350 °G 
NH3-water vapor/N2 

at 300 °G 
N2 at 850 °G 

Surface area 
m 2 g - l 

55.0 
18.6 
35.1 

35.5 

42.5 

0.1 

SO2 acceptance 
mmol g - 1 

3.4 
— 

2.1 

2.4 

3.1 

0 
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Fig. 3. Surface area of the catalyst regenerated. 
C : Regenerated by water-NH3? O : regenerated by 
water-G02 , Q : regenerated by water. 

ö o 
•H 
W 

u 

o o 

o\o 

o 
•H 
w 
u 
0) 

> 
o 
O 

100 

60 

- 5 / 1 C V 

removal of NOx 

removal of SOx 

100, 

10 20 30 40 50 60 70 80 90 100 

Reaction time/h 

100 110 120 130 140 150 160 170 180 190 200 

Reaction time/h 

Fig. 5. Activity changes in the life test of the catalyst. 
(Odd run number for the catalyst in reactor A and 
even run number in reactor B. Reaction conditions: 
SV 5000 h-1. Reaction temperature 200 °G. For 
gas composition see Experimental.) 

the regeneration (2 h) . These results mean that the 
sulfate ions accumulated in the catalyst during the 
cycle of the reaction and regeneration. 

The change in the activity and the surface area 
during the life test were shown in Figs. 5 and 6, re­
spectively. In this work a swing reactor was em­
ployed and the change in the activity in the reactor 
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T r 

O Before Regenerat ion 

0 20 40 60 80 
Reaction stream/h 

Fig. 6. Change in the surface area of the catalyst 
during the life test (Catalyst packed in reactor A). 
O: Before regeneration, # : after regeneration. 

A was indicated by odd run numbers and those in 
the reactor B by even run numbers. 

D i s c u s s i o n 

The adsorption of SO a on metal oxides was studied 
by Galderbank et ö/.,4> who reported that the adsorp­
tion isotherms at low temperatures were expressed in 
a different form from those at high temperatures. 
In the present work it was observed that the amount 
of S 0 2 accepted in the catalyst decreased up to 250 °C, 
and then increased with the elevation of the tem­
perature (Fig. 1). T o understand this result, it is 
important to know the species formed on the catalyst 
when S 0 2 was accepted at various temperatures. The 
catalyst used for the reaction was submitted to an 
infrared analysis. As is seen in Fig. 2, the species 
formed in the catalyst were different depending on 
the temperatures of the reaction. Manogue5) and 
Lunsford6) studied the adsorption of S 0 2 on GuO 
and M g O , respectively, by means of infrared spec­
troscopy. They observed formation of sulfate and 
sulfite ions on both oxides. Furthermore, they re­
vealed that sulfate ions in the bulk oxides showed 
infrared bands at the lower wave numbers (704 c m - 1 

for GuO and probably 860 c m - 1 for M g O ) , while 
those on the surface of the oxides were not detected 
because of their structual symmetry. In the present 
study, an infrared band appeared at 820 c m - 1 for 
the catalyst used at the temperatures higher than 
300 °C (Fig. 2-b), while a trace or no absorption 
band was observed in the temperatures lower than 
300 °G (Fig. 2-c). This means that the migration 
of the sulfate ions into the bulk of the catalyst will 
be enhanced at the temperatures higher than 300 °C, 
as was reported by Keppler7) who observed the forma­
tion of bulk sulfate ions around 350 °G in metal oxides. 
When the catalyst was used at 200 °G, infrared bands 
were observed at 1410 c m - 1 and 1175 c m - 1 , and weakly 
around 3300 cm - 1 . These bands mean that ammo­
nium sulfates or sulfites were formed on the catalyst 
at this reaction temperature, since the band at 1410 
c m - 1 is characteristic of ammonium ions and that 
at 1175 c m - 1 of both sulfates and sulfites. The weak 
band around 3300 c m - 1 showed an existence of the 

species containing NH X group. These bands were 
not observed at the higher temperatures due to the 
decomposition of the ammonium salts, their decom­
position temperatures being about 250 °G. A band 
appeared at 1610 c m - 1 when the reaction was carried 
out at 150 °G (Fig. 2-b). This band may be assigned 
to the water vapor condensed on the surface of the 
catalyst. As S 0 2 and S O s on the catalyst may react 
with this water vapor to form H 2 S 0 3 and H 2 S 0 4 , 
the band at 1175 c m - 1 characteristic of sulfates and 
sulfites became strong (Fig. 2-d). The band at 1410 
c m - 1 shows that a small amount of ammonium salts 
were produced. From these observations it was con­
cluded that the species formed on the catalyst were 
classified as follows depending on temperatures; 

1) Temperatures around 150 °G: S 0 2 was accepted 
in the forms of H 2 S 0 4 and H 2 S 0 3 as well as 
in the forms of ammonium salts. 

2) Temperatures around 200 °G : Main species pro­
duced were ammonium salts. 

3) Temperatures around 250 °G: The ammonium 
salts were decomposed to ammonia and SO.,. 
adsorbed on the catalyst. A par t of S O x was 
released to gas phase and the others migrated 
into the bulk of the catalyst. 

4) Temperatures higher than 300 °G: The migra­
tion of the sulfate ions was enhanced, and a 
large amount of the bulk sulfates was produced. 

Thus, S 0 2 was trapped and accumulated in the cata­
lyst in the present experimental conditions. Hence, 
a regeneration technique was necessary to be devel­
oped for practical use of this catalyst. There have 
been several papers which proposed catalyst regen­
erations by heating at high temperatures. Kasaoka 
et Ö/.8> studied the sulfation of metal oxides and the 
thermal regeneration of the metal sulfates to the oxides 
at 700—750 °G in N 2 and air streams. After 30 min 
of sulfation, the catalysts were well regenerated. They 
did not mention, however, how well the catalysts 
were regenerated when the catalysts had been used 
for a prolonged time. In our experiments, it was 
observed that about 3 0 % of M n 2 O a became M n S 0 4 

or M n S 0 3 after 30 h reaction at 400 °G. I t was 
also observed that the regeneration to M n 2 0 3 needed 
the temperature as high as 850 °G in N 2 and air 
streams, T h e surface area of the catalyst thus regen­
erated was less than 0.1 m2 /g, and no activity for the 
S 0 2 acceptance was recovered (Table 1 and Fig. 
3). Accordingly, we studied the regeneration at lower 
temperatures using a few kinds of gas mixtures to 
prevent reduction of the surface area of the catalyst. 

Another point to be mentioned in our regeneration 
experiments was that the abatement reaction of both 
N O x and SO^. was carried out at the temperatures 
as low as 200 °G, since the bulk sulfates formed at 
high temperatures were hard to be removed from 
the catalyst by our regeneration methods. The space 
velocity employed for the regeneration was 5000 h _ 1 . 
As the gas for regeneration G 0 2 was employed, since 
M n S 0 4 was expected to be regenerated to M n 2 O s 

through the formation of MnC03 .9> Ammonia was 
employed to let it react with SO^ adsorbed on the 
catalyst surface and form ammonium salts which are 
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then decomposed to N H 3 and S 0 2 in the gas phase. 
This method seems to prevent the surface sulfate ions 
from migrating into the bulk of the catalyst. As 
is seen in Fig. 3 and Table 1, the most effective means 
to regenerate the surface area and the activity of 
the catalyst was to heat in the gas stream containing 
» 2 0 % water vapor and « 5 % of ammonia at 300 °G 
for 2 h. T h e infrared spectrum of the catalyst thus 
regenerated showed that a small amount of the sulfates 
remained unremoved (Fig. 4-c). Unfortunately, this 
bulk sulfates unremoved proved to accumulate in the 
catalyst in the every regeneration procedure, reducing 
the life of the catalyst. The most important point 
for the regeneration techniques seems to sweep out 
the sulfates completely from the catalyst. During the 
life test of the catalyst with the subsequent regeneration 
after 20 h of the reaction, a small par t of the catalyst 
was submitted to the measurement of the surface 
area. T h e surface area of the catalyst regenerated 
decreased after every regeneration probably due to 
the accumulation of the sulfates. The rate of deac­
tivation of the catalyst regenerated also became higher 
after every regeneration (Figs. 5 and 6). The infrared 
spectrum shown in Fig. 4-d corresponds to the catalyst 
observed after 4th regeneration procedure. This rep­

resents the accumulation of the sulfate ions in the 
catalyst. 
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Dianionochromium(III) complexes coordinating (.S^-i^iNT-bis (2-pyridylmethyl) propylenediamine (ab-
brev. .S-picpn) or (*S')-l-(2-pyridyl)ethylamine (abbrev. S-pea) show CD spectra of a dispersion type in the region 
of pyridine ring absorption band. Utilizing the data of X-ray crystal structure analysis of A-cis-OL-\OrC\2{S-
picpn)]Gl, the difluoro complex shows the correct exciton CD sign pattern expected from a simple theory but 
the dichloro and dibromo complexes the inverse sign pattern. The latter fact is explained in terms of overlap­
ping of the pyridine ring absorption band with the halogeno-to-chromium charge transfer band, referring to 
MGD spectra. The absorption and MGD bands appeared in the region 30—35 X 103 cm - 1 for all the chro­
mium (III) complexes are assigned to the spin-forbidden 7T->7T* transition of the coordinated pyridine group. 

When two or three ligands having a n electron 
system coordinate to take a chiral configuration around 
a metal ion, an exciton splitting of the C D (circular 
dichroism) band emerges in the region of the TZ-+TZ* 
transition,2-4) 1,10-phenanthroline, 2,2'-bipyridine, ace-
tylacetonato,5»6) and tropolonato7) ligands being typ­
ical examples. Several reports are available also for 
the exciton C D splitting of pyridine ring absorption 
band, but the treatment remained so far quite unsatis­
factory. Bosnich pointed out firstly the occurence of 
exciton coupling in cis-oc-[CoX2(S-picpn)]n+ and eis-
[CrCl2(S-picpn)]+ complexes8) (S-picpn=(S)-7V,7V'-bis-
(2-pyridylmethyl))propylenediamine). Later Gragel 
and Brubaker discussed the case of the a.y-/?-cobalt(III) 
complexes,9) but assigned incorrectly the cis-ß structure 
for a violet (+)6

cooD-m-a-[GoGl2(6'-picpn)]+.1) O n the 
other hand, it has been claimed by Branca et al. 
that no exciton interaction occurs between the two 
pyridine rings in trans positions for i ron(III ) com­
plexes coordinating N, N '-bis (2-pyridylmethyl) ethylene-
diamine (abbrev. picen) because of far distance of 
the two pyridine rings.10) 

In the present paper, we deal with the exciton 
splitting of chromium(III ) and cobalt(III) complexes 
of £-picpn, picen, pma (=2-pyridylmethylamine) , and 
S-pea ( = (S)-l-(2-pyridyl)ethylamine), referring to the 
M G D (magnetic circular dichroism) spectra. More­
over, the assignment of a weak absorption band which 
emerges in the region of 3 0 — 3 5 x l 0 3 c m ~ 1 for the 
complexes having the coordinated pyridine group, is 
attempted. 

E x p e r i m e n t a l 

Ligands. 2-Pyridylmethylamine (pma) : This ligand was 
purchased from Aldrich Go. 

(S)-1-(2-PyridyI) ethylamine (S-pea) : The (R,R) -hydrogen 
tartrate diastereomer was prepared by the method in lit­
erature;11) [a]589 +3.9° (c=1 .00x l0- 2 gcm- 1 , water) (lit,11) 
M589 +4.3°). To an aqueous solution of the diastereomer 
was added an equimolar amount of barium chloride. After 
filtering off the precipitated barium (R,R) -tartrate, an excess 
amount of potassium hydroxide was added to the filtrate. 
An oily product separated was extracted with ether. The 
ether solution was dried on anhydrous sodium sulfate and 

ether was evaporated off to obtain the free amine. The 
free amine was distilled at atmospheric pressure; bp 189 
°G, [a]ü -27.7° (c=0.01gcm-3 , water). 

(S)-N,N'-Bis (2-pyridylmethy I)propylenediamine (S-picpn) and 
N,N'-Bis (2-pyridylmethyl) ethylenediamine (picen) : These were 
prepared from (SJ-propylenediamine or ethylenediamine and 
2-pyridinecarbaldehyde by the method of Goodwin and 
Lions.12) 

Cobalt(III) Complexes. A-(-)b89-[CoCl2(en)2]Cl'H20: 
The racemic complex was resolved with ammonium ( + )589-
(IR, 3S, 4S, 7#)-3-bromocamphor-9-sulfonate.13) 

tra.ns(py)cis(H20)-[Co(H20)2(pma)2]HSO^SO^: The com­
plex was prepared by the method of literature.14) 

cis-\Co( H20 ) 2( en) 2~\Clz: This was prepared by the method 
of the literature.15) 

A>-cis-a-[CoCl2(S-picpn)~\Cl: The complex was prepared 
previously.1) 

Chromium(III) Complexes. A.-(—)589-[CrCl2(en)2~\Cl-
H20: The racemic complex was prepared as reported by 
Pedersen16) and resolved by the method of Selbin and Bailar17) 
with ammonium ( -f- ) 589- ( 1 R,3S,4S,7R) -3-bromocamphor-9-
sulfonate. 

eis-[CrF2(en)2]I: This was prepared by the method of 
literature.18) 

trans-\CrF2(py) ^Br: This complex was prepared by the 
method of literature.19) 

A-trans (py) eis (Cl) - [CrCl2 (pma) 2] C704, trans (py) eis (F) -
[CrF2 (pma) 2]Br, trans (py) eis (CI) -[CrCl2 (pma) 2] CI, trans (py) -
cis(H20)-[Cr(H20)2(pma)2](NOJ3, cis-oc-[CrCl2(picen)]Cl, and 
cis-ß-[CrCl2(picen)]N03: These were prepared by the meth­
ods of Michelsen.20) 

ïa.c-[CrCl3(py)3]: This was prepared by the method in 
the literature.21) 

A-tra.ns (py) eis ( CI)-[CrCl2( S-pea) 2]X: The samples pre­
pared by the following three methods showed the same 
CD spectra; that is, only one isomer was obtained. 

(a) Chromium shot (0.5 g, 10 mmol) was crushed and 
dissolved in 6 mol dm - 3 hydrochloric acid (15 cm3) under 
a current of nitrogen. The blue solution was evaporated 
in a vacuum rotary evaporator and heated to dryness. To 
the residue was added .S-pea (2.5 g, 20 mmol in 10 cm3 

pyridine). The mixture was heated and then a solution 
of iodine (1.2 g, 4.7 mmol in 4 cm3 pyridine) was added. 
After refluxing for twenty minutes, the violet precipitate 
was filtered and washed with ethanol. The crude product 
was treated with silver chloride, the resulting iodide being 
filtered, The filtered solution was poured onto an SJ*-* 
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Sephadex C-25 column (ç535x400mm) and eluted with 
0.1 mol dm - 3 sodium chloride aqueous solution acidified 
with hydrochloric acid (0.12 mol dm - 3) . Only one band 
was eluted and collected in several fractions. The former 
90% parts of the fractions showed the same CD spectrum; 
they were combined and concentrated in a vacuum rotary 
evaporator. The deposited sodium chloride was removed 
from the concentrated solution, to which was added sodium 
iodide. The desired violet complex precipitated. Found : C, 
31.53; H, 4.43; N, 10.33%. Calcd for [CrClaOS-peaJJI. 
2H2O=C14H20N4Cl2CrI-2H2O: C, 31.72; H, 4.56; N, 
10.57%. 

(b) The preparation was performed as in (a) using 
hydrobromic acid instead of hydrochloric acid. The ob­
tained complex was adsorbed on an SP-Sephadex C-25 
column and eluted with 0.5 mol dm - 3 sodium chloride aque­
ous solution. The only one band was eluted and collected 
in several fractions, all of which showed the same CD spec­
trum. The product was a dinuclear complex. Found: C, 
28.62; H, 4.12; N, 9.55%. Calcd for [{Cr(OH)(,S,-pea)2}2]-
I4 .2.5H20 = C28H42 N 80 2Cr 2I 4 .2 .5H 20: C, 28.52; H, 4.02; 
N. 9.50%. The dinuclear complex was dissolved in water 
and sodium Perchlorate was added. The obtained Per­
chlorate salt of dinuclear complex was dissolved in coned 
hydrochloric acid. After 10 d, several drops of 70% per­
chloric acid was added. After ten more days, violet 
crystals of the desired mononuclear complex appeared. 
Found: C, 33.64; H, 4.74; N, 11.11%. Calcd for [CrCla(5-
pea)2]ClO4-2H2O=C14H20N4O4Cl3Cr-2H2O: C, 33.45; H, 
4.81; N, 11.41%. 

(c) Anhydrous chromium(III) chloride (3.9 g, 24.6 mmol) 
was suspended in dimethyl sulfoxide (12 cm3). Six grams 
of S-pea (49.1 mmol) was added with stirring. After half 
an hour, ethanol (20 cm3) was added to the reaction mixture, 
and the red-violet product was filtered. The product was 
extracted with an appropriate amount of hot water (70 
°C). The extracted solution was poured onto an SP-
Sephadex C-25 column (040 X 400 mm) and eluted with 
0.1 mol dm - 3 sodium chloride aqueous solution acidified 
with hydrochloric acid (0.12 mol dm - 3) . Five bands, a 
violet one (i), a red-violet one (ii), blue violet one (iii), and 
two violet ones (iv) and (v), were eluted in this order. 
Eluate (i) was condensed to a small volume in a vacuum 
rotary evaporator; violet crystals began to appear and whole 
was left in a refrigerator overnight. Violet crystals were 
filtered and washed with ethanol-water (1:1), ethanol and 
ether. Found: C, 37.75; H, 5.42; N, 12.51%. Calcd for 
[CrCl2(,S'-pea)2]Cl • 2.5H20=C14H20N4Cl3Cr • 2.5H20 : C, 
37.56; H, 5.63; N, 12.51%. From eluates (ii), (iii), (iv), 
and (v), no pure crystals were obtained. 

A-tra.ns(py)cis(F)-[CrF2(S-pea)2]Br: To a solution of 
[CrF2(py)4]Br (0.50 g) in 2-methoxyethanol was added S-pea 
(0.25 g) and the mixture was refluxed for twenty minutes, 
A saturated ethanol solution of LiBr was added to it and 
the precipitates obtained were recrystallized twice from 
water by adding a saturated ethanol solution of LiBr. 
Found: C, 30.37; H, 4.56; N, 10.09%. Calcd for [CrF2(S-
pea)2]Br • 2.5H20 • LiBr= C14H20N4BrCrF2 • 2.5H20 • LiBr: C, 
31.05; H, 4.56; N, 10.34%,. The complex was dissolved 
in coned HCl and saturated with HCl gas. After three 
days, the solution was concentrated and the precipitate 
was recrystallized from water. Found: C, 34.95; H, 5.02; 
N, 11.70%. Calcd for [CrCl2(S-pea)2]Br-2H2O = C14H20-
N4BrCl2Cr-2H20: C, 34.80; H, 5.01; N, 11.60%. The 
CD spectrum of this dichloro complex was the same as that 
of [CrCl2(5-pea)2]X prepared in the above section. 

&-cis-a-[CrCl2(S-picpn)]Cl, A-cis-a-[CrCl2(S-picpn)]Cl, A-

ck-x-[CrBr2(S-picpn)]I, A-cis-<x-[CrBr2(S-picpn)]Br, and A-
cis-a-[CrF2(S-picpn)]Br: The preparations of these com­
plexes was described in a previous paper.1) 

cis-a-[CrF2(picen)]Br: To a solution of [CrF2(py)4]Br 
in 2-methoxyethanol was added the stoichiometric amount 
of picen and the mixture was refluxed for thirty minutes. 
After cooling, a saturated ethanol solution of LiBr was added. 
The obtained precipitates were recrystallized from water. 
The product was eluted with 0.1 mol dm - 3 NaCl aqueous 
solution on an SP-Sephadex C-25 column, only one band 
being observed. Found: C, 34.06; H, 4.85; N, 11.88%. 
Calcd for [CrF2(picen)]Br-2.5H2O-0.3LiBr=C14H18N4BrCr-
F2-2.5H2O-0.3LiBr: C, 34.58; H, 4.77; N, 11.52%. The 
complex was dissolved in coned HCl and saturated with 
HCl gas below —13 °C. The solution was left for three 
days and then concentrated with a rotary evaporator. The 
precipitated product was recrystallized from water and 
dried in a vacuum desiccator over CaCl2. Found: C, 41.12; 
H, 4.43; N, 13.76%. Calcd for [CrCl2(picen)]C1.0.5H2O= 
C14H18N4Cl3Cr.0.5H2O: C, 41.05; H, 4.68; N, 13.68%. 
The absorption spectrum of this dichloro complex was the 
same as that of m-a-[CrCl2 (picen)] CI. Thus, the structure 
of the difluoro picen complex is determined to be cis-oc. 

Measurements. The visible and ultraviolet absorp­
tion spectra were measured with a Shimadzu UV-200 and 
a Hitachi 330 spectrophotometers. The CD and MCD 
spectra were measured on a JASCO MOE-1 spectropolarim-
eter. The specific rotation was measured with a JASCO 
DIP-4 Polarimeter. All the measurements were performed 
at room temperature. 

R e s u l t s a n d D i s c u s s i o n 

Structural Assignments of the Complexes. The struc­
tures of .S-picpn complexes were assigned previously.1) 
Only one isomer was prepared for the dinuclear S-pea. 
complex, [{Gr(OH)( lS

,-pea)2}2]4+, the structure of which 
has been determined as A -trans (py) trans (py),22) the 
most probable one from the viewpoint of avoiding 
the steric hindrance between four pyridine rings. The 
[CrCl2(>S'-pea)2]+ complex derived from the dinuclear 
complex is assigned to the trans (py) eis (Gl) structure. 
T h e absolute configuration of this .S-pea complex is 
assigned to A from the comparison of CD spectrum 
in the d-d transition region with that of J - [CrCl 2 -
(en)2]+. No other isomer was obtained for the di­
chloro complex in any of the three different prepara­
tions. The stereospecificity may exist in the formation 
of [Cr Cl2 (»S-pea) 2] + complex to produce only the A-
trans (py) isomer. The structures of [CrF2 (.S-pea) 2] + 
and [CrF 2 (picen) ] + are A-trans (py) eis (F), and cis-a, 
respectively (see Experimental) . 

Exciton Interaction between Pyridine Rings. When 
two identical chromophores (n system) exist in a chiral 
molecule, they couple to produce an exciton splitting 
in absorption and related CD bands, the splitting 
interval being expressed by exciton interaction energy 
2V12 (Fig. 1).23> The following explanation is re­
stricted to the coupled chromophore having G2 sym­
metry, being harmonized with all the present com­
plexes, which have at least one G2 or pseudo C2 axis. 
In Fig. 1 is shown the exciton splitting for positive 
F 1 2 ; the splitting component due to the transition 
moment pair A symmetry is higher in energy than 
that of B. T h e rotatory strength R of A and B com-
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Fig. 1. The exciton splitting with positive V12. 

ponents are given by {7iv/2)Rf and —(nvfflR', respec­
tively, v being the wave number of the transition. 
The rotatory element, R', is written as follows: 

R! - fa x R12 X ju2 

— ß2 dsinx sin/? sinö, 

(0<a<180°, 0<£<180° 

(1) 

(1)' 

where juk (k=l or 2) are transition moments, R12 

is vector from the center of gravity of ju2 to that of 

pl9 and n is the magnitude of transition moment. 
The definition of parameters, d, oc, ß, and 6 are shown 
in Fig. 2, where d is the distance between the two 
transition moments AB (chromophore 1) and A'B ' 
(chromophore 2), and 6 the dihedral angle between 
the two planes B C C and B 'C 'C, its displayed orien­
tation being taken as positive. Thus, R ' is positive 
at O<0<18O°; and negative at O > 0 > - 1 8 O ° . 

The absorption spectrum of pma is shown in Fig. 
3. In this study the lower energy band, 1L b , of pyri­
dine ring at about 39800 c m - 1 is treated. T h e tran­
sition moment direction of this absorption band is 
depicted with an arrow in Fig. 3, and supposed to 
be independent of the alkyl substitution (R) at 2 
position of pyridine ring. 

In Fig. 4 is shown the transition moments in the 

^ 

Fig. 2. The parameters, d, a, ß, and 6 defining the 
rotatory element R'. 

A5 a/103cm" 

Fig. 3. Absorption Spectrum of pma (R=CH2NH2) 
in water, and the directions of transition moments 
for xLb (lower energy) and XL^ (higher energy) bands. 

case of Zl-m-a-[CrCl2(picen)]+. The exciton interac­
tion energy, V12, is generally written,23*) 

V12 = ^ r{(//i-/ /2)-3(//1-Ä1 2)(//2-Äi2W2}. (2) 

The centers of gravity of transition moments being 
set on the x axis and the exciton interaction energy 
being approximated as coulomb interaction energy 
between point dipoles, V12 can be written as follows,23*) 

u2 

V12 = -^•(m1fn2 + n1n2 — 2l1l2)9 

where lk, mk, and nk (k=l or 2) are the direction co­
sines for the transition moment k against the coor­
dination axes x, y, and z, respectively (x, y, and z 
are taken as shown in Fig. 4) . 

I t has been reported for J - /^- [Co(S-pea) 3 ] 3 + 24> that 
the angles < N C r N p y (Np y stands for pyridine nitro­
gen) in the chelate rings are not exactly 90°. Thus 
the angles coxl and cox2, which are the angles between 
the transition moments and the + x axis, are intro­
duced as shown in Fig. 5, where co x l +co x 2 = 180°. 
Consequently, the interaction energy V12 is approxi­
mately expressed as follows: 

</3 (cos0 + 2cos2coxl). (2)' 

The rotatory element R' and the exciton interaction 
energy V12 can be calculated approximately from the 
relative orientation of the transition moments on the 
two pyridine rings by Eqs. 1 and 2 (or Eqs. 1' and 

> Hj^a 

Fig. 4. The structure of A-cis-ix-lCrC^ipicen)]^ and 
the directions of the transition moments for the 1Lb 

band. The C2 axis coincides with the bisector be­
tween y and z axis. 

Fig. 5. The transition moment pair of A symmetry 
viewed from — z direction (from the arrow I in Fig. 
4 ) -
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2') respectively. The expected CD patterns are given 
in Table 1 for the four combinations of R' and V12; 
for example, when R' and V12 are positive, a negative 
and then a positive component from the lower energy 
side, ( — , + ) , are expected. 

CD and MCD Spectra of the Pyridine Ring Absorption 
Band (^Lh Transition). The absorption and CD 
data of oy-a-[CrX2(S-picpn)]+ ( X = F , Gl, and Br) 
are exhibited in Table 2 (the band assignments are 
shown in the Table) and Figs. 6, 7, and 9. All the 
S-picpn complexes show ( + , — ) or ( — , + ) dispersion 
type C D pattern in the pyridine ring absorption band 
region f1!^ transition). For the A difluoro complex, 
a typical ( + , — ) pat tern is observed clearly (Fig. 
6). The C D sign pat tern is ( — , + ) from the lower 
energy side for the A complexes except for the difluoro 
complex, and that of the A complexes is ( + , — ) 
for the dichloro and the dibromo complexes (Table 

By using the atomic positions (Table 3) of pyridine 
ring carbon atoms determined in the X-ray structure 
analysis of A-cis-oc-[CrCl2(S-picpn)]Cl,25) the exciton 
C D pat tern is estimated from Eqs. 1' and 2. The 

TABLE 1. EXPECTED CD PATTERN 

IN THE EXCITON REGION 

R 
CD sign pattern from the 
lower energy side 

+ 
+ 

+ 

+ 

(-, + ) 
( + , ~) 
( + , ~) 
(-, +) 

25 , 30 

Fig. 6. Absorption (AB) and CD spectra of A-cis-a-
[CrFg^-picpn^Br in water ( ). Absorption spec­
trum of m-[CrF2(en)2]I ( ) and an eluted 
solution passed through Dowex l-x8 (Gl~ form) (•••). 
MCD spectra of m-a-[CrF2(picen)]Br ( ), cis-
[CrF2(en)2]I ( ), the eluted solution ( ), 
and pma ( ) in water, 

numbering scheme of the carbon atoms is shown in 
Fig. 8. In the explanation of the component A sym­
metry, the directions of transition moments are taken 
from the midpoint of C(4) and C(5) to that of G(l) 
and G(2), and from the midpoint of C(10) and C ( l l ) 
to that of C(13) and C(14). The evaluated values 
of R' and V12 from Eqs. 1' and 2 are both negative. 
Thus the expected GD pattern is (-—,+) from the 
lower energy side (Table 1), which is inverse to those 
observed for the dichloro and dibromo A complexes. 

For the A complex, the expected exciton GD pat­
tern is ( + , — ) , since it is probable that the relative 
orientation of the two pyridine rings in the A complex 
is not so much different from the mirror image of 
that in the A complex. Only the difluoro A complex 
matches this calculated GD pattern. 

The absorption and GD spectra of a j - [CrX 2 (en) 2 ] + 

( X = F or Gl) are shown in Figs. 6 and 7. The ligand-
to-metal charge-transfer (GT) band of the dichloro 
complex is located near the pyridine 1Lh band, but 

30 35 

o/Kftrn1 

Fig. 7. Absorption (AB) and CD spectra of A-cis-x-
[CrCl2(S-picpn)]Cl, ( ), J-aW[CrCl2(S-picpn)]Cl 
( )9 and ̂ -aj-[CrCla(en)a]Cl ( ) in 0.1 mol 
dm-3 HCl. MCD spectra of m-a-[CrCl2(picen)]Cl 
in 0.1 mol dm"3 HCl ( ) and m-[CrCl2(en)2]Cl 
(_.._.._) i n methanol. 

Fig. 8. The structure of J-a.y-a-[CrCl2(£-picpn)]Cl 
and the numbering scheme of the atoms, 
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TABLE 2. ABSORPTION AND CD DATA OF Cr (III) AND Co (III) COMPLEXES MEASURED 

IN 0.1 mol dm~3 HCl AND IN METHANOL (sh = shoulder) 

Complex 

J-«\f-a-[CrF2(S-picpn)]Brb.c> 

A-trans(py)cis(F)-

[CrF2(S-pea)2]Brb> 

m-[CrF2(en)2]P) 

«j-[CrFa(en)JCP> 

*raw-[CrF2(py)4]Brb> 

Absorpt 

^ m a x / C m " 1 

34000(sh) 

38020 

19270 

26810 

31000(sh) 

34000(sh) 

37740 

19160 
26250 

40000(sh) 

19080 
24450 
29410(sh) 
30300(sh) 
31750(sh) 
32790(sh) 
37170(sh) 
38170 
38610(sh) 
45050 

ion 

log ea) 

CD 

a ext/cm-1 

(in HCl) 

2 . 4 

3 .89 

2 .03 

1.77 

2 . 2 
2 . 6 

3 .90 

1.74 
1.48 

1.12 

1.44 
1.04 
1.49 
1.74 
2 .11 
2 .33 
2 .82 
3 .97 
3 .95 
3 .99 

29850 

30960 

31750 

36740 

38760 

43670 

18350 

20580 

25910 

28900 

34250 

37040 

39840 

46080 

\ 

Ae a ) 

+ 0 .06 

+ 0 . 0 4 

+ 0 .03 

+ 1.69 

- 3 . 3 7 

+ 5 .35 

- 0 . 7 3 

+ 0 .87 

- 0 . 2 8 

- 0 . 0 7 

+ 0 . 2 4 

+ 6 .79 

- 0 . 6 4 

+ 5 .12 

Absorpl 

^ m a x / C m " 1 

18690 

26460 

33000(sh) 

37880 

19010 

27170 

38020 

18760 
24210 
29590(sh) 
30490(sh) 
31750(sh) 

38460 

42190 

:ion 

log ea) 

CD 

a ext/cm-1 

(in methanol) 

1.88 

1.68 

2 . 4 

3 .83 

1.88 

1.65 

3 .88 

1.42 
0.91 
1.61 
1.81 
2 . 0 4 

3 .99 

4 .01 

17180 

19720 

23040 

26740 

35000(sh) 

36630 

39060 

18280 

20450 

23810 

27550 

33670 

37040 

38760 

42370 

Aea> 

- 0 . 9 8 

+ 0 .79 

- 0 . 6 9 

+ 0 .25 

+ 0 .35 

+ 1.43 

- 2 . 7 0 

- 0 . 6 0 

+ 0 .40 

- 0 . 2 2 

- 0 . 1 4 

+ 0 .15 

+ 5 .36 

- 0 . 8 6 

+ 4 . 0 4 

Assignment 

d-d 

py(triplet) 

py^Lb) 

d-d 

py(triplet) 

py^Lb) 

d-d 

d-d 

d-d 

py( triplet) 

py^Lb) 

J-m-a-[CrCl2(5'-picpn)]Cle) 18050 2.00 

34000(sh) 
36500(sh) 
37390 

5 
6 
77 

30300 
31250 
32260 
36230 
37040 
39200(sh) 

+ 0.02 
+ 0.05 
+0 .09 
+ 3.13 
+ 2.40 
- 1 . 7 

16860 +1 .00 d-d 

19340 - 1 . 0 3 

24270 2.02 22730 +0 .23 

34000(sh) 2.6 34000(sh) - 0 . 2 7 py(triplet) 

37000 3.8 36230 + 1.59 
py^Lb) 

J-«j-a-[CrCl2(S-picpn)]Cl°/e> 

A-trans(py)cis(C\)-
[CrCl2(pma)2]C104 

48540 

34000(sh) 
36500 
37390 

18520 

4 .40 

2 . 6 
3 .58 
3 .77 

1.97 

43860 

33500(sh) 
36360(sh) 
37310 
38170(sh) 
39600(sh) 
42370 
46950 

17420 
19570 

- 1 8 . 1 

- 0 . 3 
- 4 . 9 
- 7 . 9 6 
- 4 . 6 
+ 3 . 0 

+ 13.1 
- 4 1 . 8 

+ 0 . 6 3 
- 0 . 8 5 

17700 

24100 

34000(sh) 
37000 

18020 

2 .03 

2 .10 

2 . 6 
3 . 8 

1.97 

43290 

16390 
18800 
21790 
23420 
25320 
34000(sh) 
37040 
38760 

42020 

17180 
19420 

- 1 5 . 9 

- 1 . 0 9 
+ 1.41 
- 0 . 2 4 
+ 0 .07 
- 0 . 2 7 
- 0 . 2 5 
- 5 . 0 8 
+ 2 .53 

+ 9 .07 

+ 0 .60 
- 0 . 5 8 

d-d 

py(triplet) 
py^Lb) 

d-d 
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Complex 

A-trans(py)cis(Cl)-
[CrCl2(S-pea)2]Cl 

J-m-[GrGl2(en)2]Gl 

A-cis-x-[CoC\2(S-picpn)]C\°) 

J-m-[GoGl 2(en) 2]Gl 

A-cis-x- [GrBr2(5'-picpn)] Ic> 

yl-m-a-[GrBr2(5'-picpn)]Brc) 

2-Pyridylmethylamine 

Yukihiro YAMAMOTO and Yoichi SHIMURA 

Absorpl 

^ m a x / C m - 1 

24880 
34000(sh) 

37810 

18600 

24060 
34000(sh) 

37000(sh) 
37590 

19010 
19800 
24810 

47390 

30000(sh) 
34500(sh) 
39530 

18690 

25640 
32000(sh) 
38500(sh) 
42920 

33000 
37500(sh) 

44400 

33000 

37500(sh) 

37500(sh) 
38460 
39500(sh) 

:ion 

log ea> 

TABLE 2. 

CT 

tfext/cm-1 

(in HCl) 

1.94 
2 .5 

3 .78 

2 .02 

1.99 
2 . 4 

3 .7 
3.81 

1.87 

1.83 

4 .11 

3 .1 
3 . 7 
4 .30 

1.98 

1.95 
2 . 9 
4 .1 
4 .28 

3 .15 
4 . 0 

4 . 4 8 

3 . 3 

4 . 0 

3 .04 
3 . 2 0 
3 .13 

24570 
30670 
31650 
33300 
36830 
38020 
38850 
44250 

17480 
19570 
24630 
28820 
29940 
30770(sh) 
31550(sh) 
36580 
37790 
39900(sh) 
43980 

17240 
19800 
24040 
40820 
46080 

30490 
35590 
39220 

(Continued) 

> 

Ae a ) 

+ 0 .15 
- 0 . 0 1 
- 0 . 0 2 
+ 0 .15 
- 1 . 2 3 
- 1 . 1 4 
- 1 . 1 0 

- 1 4 . 6 

- 0 . 5 7 
+ 1.03 
- 0 . 2 1 
+ 0 .02 
+ 0 .03 
+ 0 . 0 5 
+ 0 .08 
+ 3 .85 
( - )*> 
+ 4 .22 

+ 15.78 

- 0 . 2 9 
+ 0 .59 
+ 0 . 2 3 
- 1 . 7 0 
+ 1.70 

+ 2 .34 
- 1 8 . 4 5 
+ 36 .60 

43000(sh) + 1 6 
46510 
16390 
18870 
24510 
33670 
37590 
42370 

33000 
36560 
36830 
39920 
44250 

32470 
35090 
36300(sh) 
37370 
39630 
43860 

- 2 1 
- 0 . 5 5 
- 0 . 7 2 
+ 0 .22 
- 1 . 2 3 
+ 7.97 

- 1 4 . 6 5 

+ 0 .95 
- 2 . 8 8 

( + ) d ) 

- 9 . 6 0 
+ 23 .06 

- 1 . 6 8 
+ 1.58 
+ 0 .97 
- 2 . 5 9 
+ 5 .83 

- 2 9 . 0 3 

Absorpt 

<7 m a x / C m - 1 

( 

24630 
34000(sh) 

37000(sh) 

18180 

24880 
33000(sh) 

17180 

23420 
34000(sh) 

37600(sh) 

17120 

23420 

34000(sh) 

37600(sh) 

ion 

log ea> tfext/cn: 
in methanol) 

1.97 
2 .5 

3 .7 

2 .02 

2 .01 
2 . 4 

2 .07 

2 .18 
3 .5 

4 . 0 

2 .02 

2 .03 

3 . 4 

4 . 0 

23640 
29590 
30400 

35340 
37740 
39840 
43100 

17390 
19490 
24000 
29070 
29760 

35100 
38760 

43500 

16530 
18940 
24510 
31550 
34960 
36500 
39680 

16130 
18420 
22320 
24390 
31250 
35090 

37170 
38910 
42640 
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"CD 

i-1 Ae a ) 

+ 0.17 
+ 0 .02 
+ 0 .02 

+ 0 .34 
- 3 . 3 1 
+ 0 . 8 4 
- 9 . 9 4 

- 0 . 4 8 
+ 0 .74 
- 0 . 2 2 
+ 0 .02 
+ 0 .02 

- 0 . 2 5 
+ 5.91 

+ 10.7 

+ 0 .78 
- 0 . 8 2 
+ 0 .07 
+ 0.81 
- 1 . 8 4 
- 1 . 2 3 
- 8 . 6 1 

- 1 . 1 7 
+ 1.53 
+ 0 .29 
- 0 . 4 8 
- 1 . 7 4 
+ 2 . 9 4 

- 1 . 7 9 
+ 2 .20 

- 2 1 . 0 

Assignment 

py(triplet) 

py^Lb) 

d-d 

py(triplet) 

py(iLb)5CT 

d-d 

CT 

CT 

py(iLb) ,CT 

d-d 

CT 

d-d 

CT 

py(iLb) ,CT 

d-d 

CT 

py(iLb) ,CT 

py^Lb) 

a) e is defined in mol - 1 dm3 cm - 1 unit, b) Measured in water, c) The data in the d-d transition region are re­
ported in the previous paper.1) d) The negative (positive) peak is in the positive (negative) area in fact because 
of the overlapping of intense positive (negative) band in close proximity, e) The Perchlorate salt was measured in 
methanol, 
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T A B L E 3. T H E POSITIONS OF PYRIDINE RING CARBON ATOMS 

G( l ) 
G (2) 
G (3) 
G (4) 
G (5) 
G (10) 
G (11) 
G (12) 
G (13) 
G (14) 

25 
88 
02 
52 
96 
38 
22 
72 

-0.35 

0.42 

2.56 
3.28 
2.78 
1.54 
0.78 

-1.13 
-1.98 
-3.16 
-3.45 
-2.59 

3.86 
4.86 
6.13 
6.43 
5.41 
1.56 
0.83 
0.28 
0.48 
1.26 

that of the difluoro complex is far from the pyridine 
1L b band (the absorption band at ca. 40000 c m - 1 

in £Ù-[CrF2(en)2]+ is the third spin-allowed d-d tran­
sition band) . Also in Figs. 6 and 7 are shown the 
M G D spectra of «>-<*-[GrX2(picen)]+, a.y-[CrX2(en)2] + 
( X = F or Gl), and pma. No M G D band was ob­
served for the £Ù-[CrF2(en)2]+ complex in the 35000— 
40000 c m - 1 region, but a very strong tail of higher 
energy M G D band for the dichloro complex, eis-
[GrGl2(en)2]+, in that region. In m-a-[GrF2(picen)] + 
complex a broad M G D band of pyridine rings is ob­
served, while in the «V-a-[GrGl2(picen)] + complex, 
the rather complicated M G D spectra indicate an over­
lap of the bands due to pyridine ring and G T transi­
tions. 

It has been established that exciton coupling is 
not observed in M G D spectra of tris(phenanthroline) 
metal complexes.26) Likewise, the present complexes 
having two pyridine rings show no exciton coupling 
in the M G D spectra. The exciton coupling GD pat­
tern in the dichloro complexes is considered to suffer 
from the overlap of GT bands. The GD spectrum 
of the difluoro complex shows the unperturbed pattern 
and correct signs in this region. In the dibromo 
complexes, it is clear that the bromo-to-chromium 
GT bands overlap with the pyridine ring absorption 
band. The exciton treatment can not be made in 
the case of overlapping of charge transfer band to 
the pyridine ring absorption band and the overlapping 
of GT band can be distinguished more clearly by 
using M G D spectrum. 

The absorption and GD spectra of trans(py)eis (F)-
[GrF2(S-pea)2]+ are shown in Fig. 9 with the M G D 
spectrum of trans (py) eis (F)-[CrF2(pma)2]

+. The M G D 
spectra in the pyridine ring absorption band region 
shows a similarity to that of p m a ; that is, only the 
B term of pyridine ring is observed.27) The exciton 
GD spectra of the difluoro complexes are expected 
to show the GD pattern estimated by the simple theory. 
Though the observed GD spectrum is somewhat shifted 
to the positive area, the GD pattern is ( + , — ) from 
the lower energy side. This case is explained by 
using the Eqs. 1' and 2' and Fig. 5. An X-ray analy­
sis of J- /^-[Go(6 , -pea) 3 ] (G10 4 )3-2H 20 showed that 
the pyridine ring of each S-pea ligand is tilted against 
the plane determined by cobalt and two nitrogen 
atoms of the ligand.24) The tilt angle is 13—17°. 
Since the central chelate ring in Fig. 5 is absent, the 

15 20 25 30 35 
o/103crrT1 

Fig. 9. Absorption (AB) and CD spectra of A-cis-a-
[CrBr2(S-picpn)]Br ( ), A-cis-<x-[CrBr2(S-picpn)]I 
( ) in 0.1 mol dm"3 HCl, and A-trans (py) eis (F)-
[CrFaOS-peaJJBr in water ( ). MGD spectra 
of Jra7w(py)m(F)-[CrF2(pma)2]Br in water (-
and pma in water (- • — • - ) . 

angle | 0 | becomes larger than 90°, being estimated 
to be ca. 120°. From Eqs. 1' and 2 ' (coxl=ea. 84° 
was estimated from the X-ray analysis of A-cis-oc-
[GrGl2(S-picpn)]Gl25)) the value of V12 becomes neg­
ative and R' is positive. Thus, a ( + , — ) G D pattern 
is expected from Table 1, which coincides with the 
observed pattern. I t is established that the exciton 
GD between the two pyridine rings depends on the 
chelate ring conformations containing the pyridine 
rings. 

In the case of A-trans (py) eis (CI)-[CrCl2(S-pea)2] + 
complex, (Fig. 10), the observed ( + , — , + ) GD pattern 
does not coincides with the expected exciton pattern. 
For the complex A-tr ans (py) eis (Gl)-[Cr Cl2(pma,)2]

+, a 
vibrational pat tern is observed in the GD spectrum. 
Moreover, the £-pea and pma complexes change the 
GD spectra by solvent change. 

The observed GD pat tern in the pyridine ring ab­
sorption band of A-cis-oc-[CoC\2(S-picpn)] + (Fig. 10) 
coincides with the expected pattern. In the cobalt-
( I I I ) complex, the chloro-to-cobalt GT band overlaps 
with the pyridine ring absorption band. Thus the 
coincidence between the observed and expected pat­
terns might be accidental. 

Solvent Effect. The absorption and GD spectra 
of all the chromium (III) complexes treated here were 
also measured in methanol and the spectral data 
are shown in Table 2. The absorption spectra in 
methanol are generally shifted to the lower energy 
side as compared with those measured in hydrochloric 
acid or water in the d-d transition region. But they 
show rather small change in the pyridine ring ab­
sorption band region. A solvent effect studies have 
been reported previously for the typical cobalt(III) 
and chromium(II I ) complexes,28) which showed red 
shift by the solvent change from water to alcohols» 



3358 Yukihiro YAMAMOTO and Yoichi SHIMURA [Vol. 54, No. 11 

TABLE 4. MGD SPECTRAL DATA, MEASURED IN WATER OR 0.1 mol d m - 3 HCl AND IN METHANOL (sh=shoulder) 

Complex tfext/cm-1 102 AeM
a ) ^ext/cm-1 102 AeM

a ) 

(in water or HCl) (in methanol) 
Assignment 

cis-oL- [CrF2 (picen) J Br 

fraHj(py)m(F)-[CrF2(pma)2]Br 

m-[CrF2(en)2]I 

/nww-[CrF2(py)4]Br 

m-a-[CrCl2(picen)]Cl 

14810 
15460 
17390 
20000 
20960 
21140 
21830 
22470 
23150 
26670 
30770 
34250 
36360 
37590 
41490 

14930 
16390 
19610 
21050 
21510 
23150 
27030 
31060 
34480 
38460 
42550 
14880 
15060 
19610 
21880 
23040 
26320 
14480 
14660 
14930 
15060 
15150 
15290 
15580 

23150 

29850 
34480 
39220 
41320 
14390 

14970 
18520 
20620 
21280(sh) 

25000 
30770 

-0.39 

+ 0.21 
+ 0.05 
-0.10 
+ 0.31 
-0.31 
-0.05 
+ 0.09 
-0.07 
+ 0.17 

-2.1 
+ 9.9 
-34 
-33 

-132 

-0.24 
-0.07 
-0.11 
+0.04 
-0.11 
-0.04 
+ 0.09 
-0.04 
+ 0.09 
-1.0 
-53 
+ 0.15 
-0.36 
-0.31 
-0.19 
-0.06 
+ 0.13 
+ 0.03 
-0.04 
-0.03 
-0.03 
+0.01 
-0.05 
-0.01 

-0.03 

-0.08 

+ 3.92 
+ 52 
-18 
-0.11 
+ 0.16 
-1.1 
-0.56 
-0.39 

+0.89 

-0.22 

14810 
15410 
20880 

21070 

26320 
30960 
34480 

41490 
46510 
14840 
15420 
20900 
21280 

27030 
30960 
34480 
36360 
41670 

14410 
14560 
14710 
14840 
15040 
15200 
15460 
15720 
18870 
22080 
30770 
34970 
39220 

14600 
14810 
17860 
20000 
20200 
20830 
21050(sh) 
25000 
30770 

-0.21 
+ 0.17 
+ 0.15 

-0.21 

+ 0.4 
-1.6 

+ 11 

-82 
-100 
-0.18 
+ 0.08 
+ 0.07 
-0.09 

+ 0.09 
-1.3 
+ 6.5 
-17 
-70 

+ 0.01 
-0.01 
-0.01 
+ 0.04 
+ 0.06 
-0.02 
-0.08 
-0.07 

+ 0.02 
+ 0.02 
-0.51 

+ 6.42 
+ 63 

-0.12 
+ 0.06 
-0.97 

-0.42 
-0.46 
-0.27 
-0.23 
+ 0.87 
-0.73 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

py (triplet) 

py OLb) 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

py (triplet) 

py OLb) 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

py (triplet) 

py (^b) 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

py (triplet) 
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TABLE 4. (Continued) 

Complex tfext/cm-1 102 AeM
a) 

(in water or HCl) 
G ext/cm-1 102 AeM

a) 

(in methanol) 
Assignment 

m-ß-[CrCl2(picen)]N03 

^a^(py)m(Cl)-[CrCl2(pma)2]Cl 

«HCrCla(en)JCP> 

2-Pyridylmethylamine 

33900 
36360 
41490 
14900 
18180 
19880 
20660 
24690 
30030 
33900 
39220 
42550 
14390 
15150 
18520 
20830 
21550(sh) 

25000 
303000 
33900 
37040 

41840 

38460 

+ 3.5 
-10 
+ 94 

+ 0.21 
-0.81 
-0.51 
-0.50 
+0.73 
-0.54 

+ 4.2 
+ 62 
+ 44 
-0.36 
+ 0.13 
-0.85 
-0.430 
-0.33 

+ 0.76 
-0.26 
+ 3.0 
-4.0 
+ 75 

-14 

33670 
35590 
40490 

c) 

29850 

37740 
42190 
14290 
15040 
17860 
20200 
20620 
21050 
21280(sh) 
25000 
30770 
33900 
35840 
39680 
14490 
15150 
18520 
21510 
25000 
33330 
42000(sh) 
45450 

+ 5.3 
-0.60 
+ 68 

-1.1 

+ 39 
+ 57 
-0.19 
+ 0.34 
-1.4 

-0.52 
-0.67 
-0.45 
-0.46 

+ 1.4 
-1.3 
+ 7.5 
-2.8 

-120 
-0.25 
+ 0.06 
-0.06 
-0.33 
+ 0.57 
-0.09 
+ 46 
+ 61 

PY OU), CT 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

py (triplet) 

py (iL,,), C T 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

py (triplet) 

py (iL,,), C T 

d-d (doublet) 

d-d (quartet) 

d-d (doublet) 

d-d (quartet) 

CT 

py O U) 

a) A^M is given in mol - 1 dm3 cm - 1 T_ 1 . b) Measured in methanol, because of decomposition in water or in 0.1 
mol dm - 3 HCl. c) Data were not obtained because of low solubility. CT : Charge transfer band. 

The same trend is observed in this study. The CD 
spectra of all the complexes show the red shift in the 
d-d transition region and large shift or change in the 
pyridine ring absorption band region. Especially, the 
dichloro complexes show remarkable changes in this 
region; that is, the ( + , — ) or ( — , + ) dispersion type 
CD pattern can more clearly be observed in methanol 
solution than in hydrochloric acid solution, large shift 
to the lower energy side being also observed. 

The spectral change in the dibromo complexes is 
also distinctive in the pyridine ring absorption band 
region. The red shift in 30—35 X 103 c m - 1 region is 
larger than that in the other regions. 

Spin-forbidden Transition of the Coordinated Pyridine 
Groups. The M G D spectral data are shown in 
Table 4. In the pyridine ring absorption band region, 
the M C D change by the solvent change show a similar 
tendency to that observed in the CD spectra. 

Some peculiar M G D spectra are observed in 30— 
3 5 x l 0 3 c m _ 1 region. Only weak GD spectra are ob­
served in this region for the difluoro and dichloro 

complexes, but a ( — , + ) M G D pat tern from the 
lower energy side is observed in all the complexes 
with coordinated pyridine groups. In methanol solu­
tion the strength of the band is strengthened for all 
the complexes including aj*-/?-[GrGl2(picen)] + (Fig. 11) 
and frmy-[GrF2(py)4]

 + (Fig. 11). There are three pos­
sibilities for the assignment of this band. 

(1) GT transition from pyridine to chromium (T&-> 

(2) GT transition from chromium to pyridine (d-> 

»*> 
(3) spin-forbidden transition of pyridine. 

If it is the GT band (1), the position will change by 
changing the central metal, because the energy of 
the GT band is inversely proportional to the optical 
electronegativity of the metal (1.9 and 2.3 for Gr(I I I ) 
and Go(I I I ) , respectively).29) The absorption spectra 
of £U(H20)£ra7w(py)-[Gr(H20)2(pma)2]3+ and the co-
bal t ( I I I ) analog are shown in Fig. 11. The band 
for the chromium complex locates at lower energy 
than that for the cobalt complex. Moreover, from 
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a/10 cm"1 

Fig. 10. Absorption (AB) and CD and MGD spectra 
of A- or racemic-tram(py)cis{Q\)-\QYQ\2{pvci2L)^\Q\ in 
0.1 mol dm - 3 HCl ( ). CD spectrum of A-trans-
(py)cM(Gl)-[GrGla(Ä

,-pea)a]Gl in 0.1 mol dm"3 HCl 
( ). Absorption (AB) and CD spectra of 
J-aW[CoCl2(S-picpn)]Cl ( ), and A-cis-[CoC\2-
(en)JCl (•••) in 0.1 mol dm"3 HCl. 

Fig. 11. Absorption (AB) (lower curves) and MGD 
spectra of a>-/?-[CrGl2(picen)]N03 in 0.1 mol dm - 3 

HCl ( ) and taww-[CrFa(py)JBr in water ( ). 
Absorption (AB) (upper curves) spectra of trans(py) -
m(H20)-[Go(H20)2(pma)2]HS04- S 0 4 ( ), cis-
[Go(H20)2(en)2]Gl3 (- ), • trans (py) eis (H20)-
[Gr(H20)2(pma)2](N03)3 ( ) in 0.1 mol dm"3 

HCl, and [CrCl3(py.)3] in methanol (•••). 

the data of [CrCl3(py)3] and [MoCl3(py)3]30> this kind 
of bands are observed in almost the same position 
(the optical electronegativity value of Mo( I I I ) is 1.729)). 
Accordingly, the possibility of (1) is diminished. 
Jorgensen observed such band for several i r idium(III) 
complexes coordinating pyridine and named it " I r -
(III)-pyridine band,"3 1) which changes the position 
by changing the number of the coordinated pyridine 
ligands or their relative positions in coordination octa­
hedron. In our complexes treated here, the position 

does not change by the number of the coordinated 
pyridine groups. Furthermore, cis-oc- and cis-ß-[CrCl2-
(picen)] + complexes, which has trans (py) and eis (py) 
structure, respectively, show the M G D bands of the 
transition at about the same position (Table 4). Thus 
the assignment (2) is ruled out. The third assignment 
is most plausible because the position of this band 
in absorption or M G D spectra is not so much deviated 
from complex to complex. Evans found a fine struc­
ture of the spin-forbidden band of pyridine in this 
region under a high pressure of oxygen and assigned 
it 7i->7i* singlet-triplet transition.32) A similar vibra­
tional structure is observed for the /ra7W-[GrF2(py)4] + 
complex in the absorption band (Fig. 11 and Table 
2), and for some present complexes in the GD band 
(Table 2). 
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A kinetic investigation was carried out by means of a thermomagnetic analysis on two structural transfor­
mation reactions in solid phase: monomeric square planar-to-polymeric octahedral for Ni(iV-Me-salam)2 and 
polymeric octahedral-to-monomeric square planar for Ni(iV-Ph-salam)2. The polymerization process followed the 
Avrami-Erofeev equation (rc=2) with £^=303 kj/mol and the monomerization followed the first order equa­
tion with 1^=78 kj/mol. The thermal pyridine liberating reaction of Ni(iV-Ph-salam)2py2, involving an 
octahedral-to-square planar transformation, has been investigated isothermally and found to follow the first 
order equation with E&= 167 kj/mol. 

Extensive investigations of the nickel(II) complexes 
having the formula Ni(iV-R-X-salam)2 (where N-R-
X-salam represents an anion of the Schiff bases derived 
from the ring-substituted saHcylaldehydes X-sal and 
amine R - N H 2 ) have revealed that the complexes exist 
in several structural forms with different coordination 
geometries: i.e., square planar,1) tetrahedral,1 - 3) di-
meric square bi-pyramidal,4) and polymeric octahed­
ral5»6) structures. Isomerization reactions in solid phase 
have also been found to occur for some complexes 
of these structural forms.3,6_9) However, the kinetics 
of the isomerization reaction has remained ambiguous. 

In this work, the kinetics of the transformation reac­
tions in solid phase, monomer-to-polymer of Ni(iV-
Me-salam)2 and polymer-to-monomer of Ni(iV-Ph-
salam)2, have been investigated by means of a ther­
momagnetic analysis measuring magnetic susceptibil­
ity changes of the sample under isothermal or dynamic 
conditions. 

Exper imenta l 

Materials. Diamagnetic dark green complexes, Ni-
(Ar-Me-salam)2 and Ni(iV-Ph-salam)2 (Form I), were pre­
pared by the published procedure.7'8'10'11) The paramag­
netic light green modification (Form II) of Ni(iV-Ph-salam)2 

was prepared in the following manner: the Form I complex 
was saturated into dichloromethane (50 ml) at ca. 35 °C, 
then to the solution was added ethanol (50 ml). The mix­
ture was kept at room temperature under stirring until light 
green crystals separated. 

The bis(pyridine) adduct Ni(iV-Ph-salam)2py2 was pre­
cipitated from pyridine solution saturated with the Form 
I complex by addition of ethanol. 

Found for Form I I : C, 69.07; H, 4.51; N, 6.39; Ni, 13.19 
%. Galcd for C26H20N2O2Ni : C, 69.22; H, 4.44; N, 6.21; 
Ni, 13.02%. Found for the pyridine adduct: Ni, 9.75%. 
Calcd for C3flH30N4O2Ni: Ni, 9.64%. 

Neodymium oxide was purified by repeating the following 
procedure: commercial reagent grade Nd2Oa was dissolved 
in aqueous HCl, and the solution was evaporated to dryness. 
The residue was dissolved in water, and to the resulting 
solution was added aqueous oxalic acid to precipitate neo­
dymium oxalate. The oxalate thus obtained was collected 
on a filter, and then pyrolyzed at ca. 800 °G to give Nd2Os. 
The purity was ascertained by Nd-content analysis using 
the EDTA titration method. 

Measurements. Thermogravimetric (TG) and differ­
ential scanning calorimetric (DSC) curves, and X-ray pow­

der diffraction patterns were recorded as described in a 
previous paper.12) Reflectance spectra were measured by 
means of an opal glass method13) using a Shimadzu MPS 
5000 spectrophotometer. The isothermal weight-loss mea­
surements were made with a Sinku Riko micro DTA appa­
ratus TGD-3000-RH, under a constant flow of nitrogen. 

A thermomagnetic analysis14) was carried out by using 
a thermomagnetic analysis instrument which was constructed 
by assembling a Faraday type magnetobalance and an 
infrared lamp furnace.15) The sample was heated at a con­
stant heating rate or kept at a desired temperature with 
a Sinku Riko temperature controller HPG-3000. On this 
instrument the following thermomagnetic curves were re­
corded: the isothermal thermomagnetic curve (hereafter 
abbreviated as ITM curve), obtained by plotting the mag­
netic susceptibility change of the sample against time while 
it was kept under isothermal conditions; the sample was 
usually heated to the desired temperature at a heating rate 
of 200 °G min - 1 ; and the dynamic thermomagnetic curve 
(DTM curve), obtained by plotting the magnetic suscep­
tibility change of the sample under dynamic conditions 
against temperature; the sample was usually heated at a 
heating rate 1 °G min -1. These measurements were carried 
out in a nitrogen atmosphere. The magnetobalance was 
calibrated by using [Ni(en)3]S203 and Nd 20 3 , and the 
strenght of the applied magnetic field was regulated to an 
appropriate constant value around 0.85 T. 

R e s u l t s 

The magnetic and electronic spectral data of the 
complexes in the solid state are given in Table 1. 
Whereas the dark green Form I isomer of Ni(iV-Ph-
salam)2 is diamagnetic and is considered to have a 
square planar structure,10) the light green Form I I 

T A B L E 1. M A G N E T I C AND ELECTRONIC SPECTRAL DATA 

Ni(iV-Ph-salam)2, Form I diac) 16.3 
Ni(i\T-Ph-salam)2, Form II 3.28 10.1, 16.6 
Ni(iVr-Ph-salam)2py2 3.09 9.9, 16.8 
Ni ( iV-Me-salam) 2 dia 16.6 
Ni(iV-Me-salam)2 3.30d> 12.7, 18.0 

a) Determined at room temperature, 22—25 °G. b) 
Powder reflectance. c) dia: Diamagnetic. d) See 
Refs. 7 and 8. 
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isomer prepared in the present work is paramagnetic 
with fie{{=3.28 #B. T h e electronic reflectance spec­
t rum of the Form I isomer exhibits a peak with the 
maximum at 1 6 . 3 x l 0 3 c m _ 1 ascribed to the square-
planar crystal field band of Ni ( I I ) , 1Alg-^

1A2g t ran­
sition,16) while the spectrum of the Form I I isomer 
is composed of two peaks with the maxima at 10.1 
and 16.6 x 1 0 3 c m _ 1 ; these may be ascribed respec­
tively to the 3A2 g-*3T2 g and 3A2 g-+3T l g(F) transitions 
of the octahedral crystal field bands.16) The para­
magnetism and the spectral da ta are indicative of an 
octahedral coordination and hence a polymeric struc­
ture for the Form I I isomer. 

The T G and DSC curves of the Form I and I I 
isomers of Ni(iV-Ph-salam)2 are shown in Figs. 1-a 
and -b. No weight-loss is observed up to 320 °G in 
these T G curves. In the DSG curves of both isomers, 
however, an endothermic peak is observed a t 280 °G 
due to the melting. An exothermic peak at 210 °G 
observed for the Form I I isomer may be attributed 
to the transformation reaction into the Form I isomer. 
The X-ray diffraction pat tern of the product obtained 
by heating the Form I I isomer at 230 °G coincided 
with that of the Form I isomer. 

As for diamagnetic Ni(iV-Me-salam)2, the T G curve 
shown in Fig. 1-c exhibits no weight-loss up to 290 °G; 
the DSG curve shows two endothermic peaks due to 
the melting at 215 and 302 °G. T h e former melting 
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Fig. 1. TG( ) and DSC( ) curves; heating 
rate, 10 °C min -1, in a static air atmosphere. 
(a): Ni(iV-Ph-salam)2 (Form I), (b) : Ni(iV-Ph-salam)2 

(Form II) , (c): diamagnetic Ni(iV-Me-salam)a, (d) : 
Ni(iV-Ph-salam)apya. 

is found to be followed by the solidification of the 
melt ; this does not disagree with the observation 
under microscope by Sacconi et al.7) O n heating 
diamagnetic Ni(iV-Me-salam)2 at 230 °G, a paramag­
netic complex was obtained which showed quite dif­
ferent X-ray powder pattern from that of starting 
diamagnetic complex. Thus, the melting at 215 °G 
is thought to occur together with the transformation 
reaction of diamagnetic Ni(#-Me-salam) 2 into the 
paramagnetic complex; the latter melts at 302 °G 
with a partial decomposition. 

The D T M curve of the paramagnetic Form I I 
isomer of Ni(N-Ph-salam)2 is presented in Fig. 2. 
When W mg of the sample is placed in the magnetic 
field, the response of the electrobalance, W mg, is 
expressed by Eq. 1 : 

W'=W+W'Xl'He, (1) 

where Xl is the apparent gram magnetic suscepti­
bility of the sample, and H0 a constant value which 
is determined by the apparatus and the strength of 
the applied magnetic field. T h e D T M curve shown 
by Fig. 2-a is obtained by plotting (Wf—W)jW value 
vs. temperature under dynamic conditions of a heating 
rate of 1 °G m i n - 1 . In this curve a large decrease 
in the magnetic susceptibility of the Form I I isomer 
is seen in the 170—230 °G region. This may cor­
respond to the transformation reaction of the para­
magnetic Form I I to the diamagnetic Form I isomer, 
which is consistent with the results of the thermal 
analyses. O n the basis of the D T M data, XNI(„), 
the apparent susceptibility per mole of Ni ( I I ) , not 
corrected for the diamagnetism of all atoms, was 
calculated by Eq. 2 : 

Zmdi) - (W-W)M/(HeW), (2) 

where M is relative molecular mass of the complex, 
450.7. T h e / / c value has been determined by using 

Temp/°C 

Fig. 2. DTM curve for Ni(iV-Ph-salam)2 (Form II), 
(a); plots of reciprocal XNI(II) VS. temperature, for 
Form II , (b); sample, 18.40 mg. DTM curve for 
diamagnetic Ni(iV-Me-salam)2, (c); sample, 18.40 mg. 
Heating rate, 1 °C min -1. On the dashed line in 
the curve (a) magnetic-field strength was attenuated 
to zero to check the base line. 
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N d 2 0 3 as a standard17) to be 8.40 X10 3 under the 
present experimental conditions; it is practically con­
stant in the range 25—300 °G. And the plots of re­
ciprocal ZNi(n) against temperature give a curve shown 
by Fig. 2-b. The curve indicates that a Curie-Weiss 
dependence of the magnetic susceptibility of the Form 
I I isomer is broken at 165 °G; at this temperature 
the transformation reaction from the Form I I to Form 
I isomer is thought to occur. 

The I T M curves for the Form I I isomer recorded 
under isothermal conditions at 175.6, 180.9, 186.1, 
and 191.3 °G are shown in Fig. 3. The apparent 
gram susceptibility of the sample, xl, can be expressed 
by Eq. 3, where xl, Xl1, and a are the gram sus­
ceptibilities of the Form I and I I isomers, and the 
molar fraction of Form I I transformed into Form I, 
respectively : 

M-xl = [Xl
g
l(l-«) + xl-«]M. (3) 

Then, the a value is given as 

"=(ZI-Z?)I(ZI-XÏ)- (4) 

The xl value was found to be practically zero and 
XV was evaluated from a Curie-Weiss dependence, 

191.3°C 186.1»C 
180.9°C 

100 

t /min 

Fig. 3. ITM curves for Ni(iV-Ph-salam)2 (Form I I ) ; 
polymer-to-monomer transformation under isothermal 
conditions. 

i.e., by extrapolating the linear par t below 165 °C 
of the line in Fig. 2-b to each desired temperature. 
As shown in Fig. 4, the transformation reaction pursued 
at four different temperatures is found to be well 
described by the first order equation: — ln( l— a) = 
kt, where k and t are the rate constant and time. O n 
the basis of these data , the activation energy E& and 
pre-exponential factor A in the Arrhenius equation 
were determined to be 78 kj/mol and 1 X 107. 

In the case of diamagnetic Ni(iV-Me-salam)2, the 
D T M curve shown in Fig. 2-c indicates that the mag­
netic susceptibility begins to increase gradually at 
190 °C, and rapidly increases at > 2 1 5 °C, which cor­
responds to the DSC peak temperature due to the 
melting. The I T M curves recorded at 186.7, 191.3, 
and 197.7 °C for the transformation to the paramag­
netic form are shown in Fig. 5. In this case the xl 
and X? in Eq. 3 are the gram magnetic susceptibilities 
of the paramagnetic and diamagnetic Ni(iV-Me-salam)2, 
respectively. The xl values at these temperatures 
were determined after the reaction was completed, 
and xl1 was found to be practically zero. As shown 

t/min 

Fig. 4. First order rate plots for polymer-to-monomer 
transformation of Ni(iV-Ph-salam)2 (Form II). 

TABLE 2. KINETIC DATA OF TRANSFORMATION REACTIONS IN SOLID PHASE 

Complex 
Reaction £a 

Mode Scheme kj mol~ 

Temp 
g ^ / i i i i u ; 

7 . 0 ± 0 . 6 

33±2 

22±1 

10-2 min-1 

0.723 
0.867 
1.13 
1.46 

3.76 
7.81 

24.9 

0.668 
0.937 
1.23 
1.73 

°G 

175.6 
180.9 
186.1 
191.3 

186.7 
191.3 
197.7 

86.8 
88.8 
90.6 
93.0 

Ni(iV-Ph-salam)2 

Ni ( JV-Me-salam) 2 

Ni ( JV-Ph-salam) 2py2 

a ) — ln(l— <x)=kt 78± 5 

b ) - l n ( l - a ) = (fo)2 303±11 

c ) - l n ( l - a ) = A * 167±12 

a) Polymer-to-monomer, b) Monomer-to-polymer, c) Monomer (octahedral)-to-monomer (square-planar). 
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191.3°C 

t/nàn 

Fig. 5. ITM curves for diamagnetic Ni(iV-Me-salam)2; 
monomer-to-polymer transformation under isothermal 
conditions. 

t/rain 

a -2 

In(t/min) 

Fig. 6. Plots of ln[—ln(l— a)] vs. ln(£) for monomer-
to-polymer transformation of Ni(iV-Me-salam)2. 

in Fig. 6, the transformation isotherms thus obtained 
are well fitted to the Avrami-Erofeev equation:18) 

- I n [ - I n ( 1 - a ) ] - (kt)n. [«=1.94—2.02] (5) 

The kinetic parameters, E& and A, were calculated 
to be 303 kj/mol and 1 X1033 , respectively. 

For the purpose of comparison, the thermal dis­
sociation reaction of the axial pyridine molecules of 
Ni(iV-Ph-salam)2py2 n a s been subjected to kinetic anal­
ysis. The DSG curve of the adduct shown in Fig. 
1-d exhibits two endothermic peaks at 140 and 280 
°G; the former peak is accompanied by 26 .0% weight-
loss in the range 100—150 °G, which corresponds to 
the elimination of 2 mol of pyridine per mol of the 
adduct, while the latter one is accompanied by no 

0.5L 

120 

t/min 

Fig. 7. First order rate plots for pyridine-liberating 
reaction of Ni(iV-Ph-salam)2py2. 

I N - , 

tf*. 

-rNi-r 

+-Ni-r 

"M 

Fig. 8. Skeletal representation of monomer-to-polymer 
transformation. 

weight-loss, and corresponds to the melting of the 
Form I isomer of Ni(iV-Ph-salam)2. T h e X-ray dif­
fraction pattern of the sample obtained after heating 
at ca. 150 °C was identical to that of an authentic 
Form I isomer. The pyridine-liberating reaction of 
the adduct could easily be followed by the isothermal 
weight-loss measurements. The liberation isotherms 
obtained at 86.8, 88.8, 90.6, and 93.0 °G fit well to 
the first order equation, as shown in Fig. 7. The 
kinetic parameters, E& and A, were calculated to be 
167kJ/mol and 1 x 1022, respectively. 

D i s c u s s i o n 

The polymerization reaction of Ni(iV-Me-salam)2 

including the alteration of the spin-state of central 
Ni ( I I ) , singlet (monomer)-to-triplet (polymer), has been 
considered to progress through the further coordination 
of the phenolato oxygen atoms in the complex molecule 
to a Ni (I I) ion of adjacent molecules at the apical 
position, forming octahedral coordination geometry 
around the Ni (II) ion, as drawn above.8) The poly­
merization kinetics is found to be depicted by the 
Avrami-Erofeev equation with w—2, suggesting that 
the reaction rate is determined either by two dimen­
sional growth of nuclei19) or by random nucleation 
and one dimensional growth of nuclei.20) By taking 
into account the fact that the proposed polymeric 
structure includes a one-dimensionally extended mono­
mer, the latter model seems to be preferable for the 
present polymerization. O n the other hand, the mono-
merization reaction of Ni(iV-Ph-salam)2 includes the 
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spin-state alteration of Ni ( I I ) , triple t (polymer)-to-sin-
glet (monomer) ; the monomerization kinetics fits the 
first order equation. The thermal pyridine liberating 
reaction of Ni(iV-Ph-salam)2py25 which occurred with 
the accompanying triplet-to-singlet alteration of Ni(II) 
and the formation of monomeric Ni(iV-Ph-salam)2, 
is also depicted by the first order equation. 

As shown in Table 2, the larger E& and A values 
for the polymerization of Ni(iV-Me-salam)2 than those 
for the monomerization of Ni(iV-Ph-salam)2 could be 
understood by speculating that the progress of the 
polymerization requires more extensive movement of 
the molecules than that of the monomerization does. 

We can compare the polymer complex and the 
pyridine adduct of Ni(iV-Ph-salam)2, both having 
octahedral and triplet Ni(I I ) ; the larger E& value for 
the pyridine-liberating reaction than for the mono­
merization reaction seems to reflect a weaker associa­
tion interaction than the adduct-formation interaction. 
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Tervalent neptunium in an HG104 solution was extracted by means of bis(2-ethylhexyl)hydrogenphosphate, 
HDEHP, in an octane solution. The oxidation state of neptunium in the organic phase was determined by spec­
trophotometry. The intense peak in the absorption spectrum of tervalent neptunium was found at 348 nm, this 
peak was attributed to t h e / - W transition. The oxidation rate of the Np(III)-HDEHP complex in an oxygen-
free octane solution was about 10%/h. 

I t has been well known that the tervalent neptunium 
ion in an acidic solution is fairly stable in an oxygen-
free atmosphere. However, during a chemical opera­
tion like solvent extraction or ion exchange, it is dif­
ficult to maintain the neptunium ion in a tervalent 
state. Consequently, the study of the aqueous chem­
istry of Np( I I I ) has been made mainly by means 
of the spectrophotometric technique. Shiloh and 
Marcus1) found the characteristic absorption peaks of 
384 n m and 387 n m in the chloride and bromide 
solution of N p ( I I I ) respectively. They determined the 
stability constants of the chloride and bromide com­
plexes by measuring the increases in their charac­
teristic peaks as the concentrations of the chloride 
and bromide ions increased. 

Inoue et al.2) recently investigated the effect of the 
neptunium concentration on the fraction of tervalent 
neptunium produced by hydrogen reduction. They 
concluded that neptunium was quantitatively reduced 
to the tervalent state at concentrations higher than 
1 0 _ 3 M (1 M = l mol d m - 3 ) , while the tracer concen­
trations of neptunium were quantitatively reduced to 
the tervalent state in the presence of more than 10~3 

M S n ( I I ) . 
I t has not been reported up to the present, how­

ever, that tervalent neptunium could be evidently 
extracted to the organic phase in the solvent extrac­
tion, which has been one of the most effective methods 
of investigating aqueous chemistry. In order to ex­
tract the tervalent neptunium, and in order to deter­
mine the oxidation state of the extracted neptunium 
by spectrophotometry, we made a specially designed 
reduction and extraction apparatus with reference to 
other authors5.2»3) The apparatus was constituted of 
two par ts : the spectrophotometric cell in which the 
extracted tervalent neptunium was introduced, and 
the reduction and extraction part . 

H D E H P was used as the extractant, and octane, 
as the solvent, in this work. 

E x p e r i m e n t a l 

The 237Np was obtained from the Radiochemical Centre, 
Amersham, and was purified by the method of Moore,4) 
while the final stock solution was 10 M HN0 3 . The con­
centration of 237Np in the stock solution was determined 
by the a-counting method using a surface barrier Si-detector 
and the EDTA titration method. The results of the two 

methods agreed well within the limits of experimental error. 
HDEHP was purified by the way of McDowell et al.5) 

and was stocked as the copper salt. The desired quantities 
of the copper salt were weighed and then dissolved in octane. 
After the copper had been removed by shaking with an 
acid solution, the concentration of HDEHP in the octane 
solution was determined by the titration of the NaOH solu­
tion. The results of the titration method agreed well with 
the results of the gravimetry, within the limits of experi­
mental error. 

For the measurement of the absorption spectrum, a Hitachi 
330 recording spectrophotometer was used. 

The experimental apparatus used in this work is shown 
in Fig. 1. It was made of quartz, and at the top of it, a 
polyethylene plug was placed, through which Teflon tubes 
passed. At the end of the Teflon tubes, freshly prepared 
platinum-black-coils were fixed. 

Three milliliters of the 2 M HDEHP/octane solution was 
placed in the spectrophotometric cell, while the same volume 
of a 0.3 M HG104 solution containing 20 mg of 237Np (2.7 X 
10-2 M) was placed in the other part. 

The hydrogen gas, which had been deoxidized by passing 
through a pyrogallol-KOH solution, was bubbled into the 
Np/HG104 solution, and the neptunium was reduced to 
the tervalent state by the hydrogen gas catalyzed by the 
platinum-black-coil. A part of the deoxidized hydrogen 
gas was passed through the octane solution and then bubbled 
into the HDEHP/octane solution. 

HDEHP/octane^ \ . S^ V - : y ^ Np/HCIO« 

Pt- black-coil 

Fig. 1. Experimental apparatus. 
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The neptunium in the HC104 solution was completely 
reduced to the tervalent state about after three hours bub­
bling, as was recognized by the change in color. Then the 
apparatus was tilted and the HDEHP/octane solution in 
the spectrophotometric cell was introduced into the other 
part. The apparatus was shaken about ten minutes while 
the hydrogen gas was bubbling. After the two phases had 
separated, the organic phase was introduced to the spec­
trophotometric cell and the absorption spectrum was im­
mediately measured. The Teflon tube and the platinum-
black-coil were placed in the upper side so as not to disturb 
the measurement of the absorption spectra. The spectro­
photometry of the organic phase was carried out every hour 
after the extraction in order to investigate the stability of 
the Np(III)-HDEHP complex in an octane solution. The 
absorption spectrum of the Np(IV)-HDEHP complex in 
an octane solution was measured after the oxidation had 
been completely concluded. 

The absorption spectra of Np(III) and Np(IV) in 0.3 
M HC104 solution were also measured. 

An aliquot part of the organic phase was placed in the 
polyethylene test tube, and the concentration of the 237Np 
was determined by y-ray spectrometry. For the y-ray spec­
trometry, a Tracor Northern TN-4000 pulse-height analyzer 
and a pure-Ge detector were used. The peak at 86.49 
keV, the characteristic peak of 237Np, was used to determine 
the concentration of neptunium. 233Pa, the daughter of 
237Np, also has a weak peak at 86.59 keV. These two peaks 
could not be separated, so the contribution of the peak at 
86.59 keV to the peak at 86.49 keV was eliminated by the 
y-ray spectrometry of pure 233Pa. 

R e s u l t s and D i s c u s s i o n 

The absorption spectrum of the N p ( I V ) - H D E H P 
complex in an octane solution shown in Fig. 2 is very 
similar to the spectrum of Np(IV) in a 0.3 M H G 1 0 4 

solution except in the region of 900 nm. The char­
acteristic peaks of the former are 427, 508, 735, 812, 
896, 968, and 1167 nm, and the former shifts toward 
a lower energy compared with the latter. This shift 
may be caused by the nephelauxetic effect.6) 

O n the other hand, the absorption spectrum of 
the N p ( I I I ) - H D E H P complex (shown in Fig. 3) is 
not so similar to the spectrum of Np( I I I ) in the 0.3 
M HC10 4 solution. This shows that the f-^f tran­
sition was affected by the environment, e.g., the ligand 
or the crystal field. The characteristic peaks of the 
former are 348, 557, 630, 760, 782, 835, 931, 987, 
and 1345 nm. Among these, the peak of 348 nm is 
clearly distinguished from the other peaks, which are 
attributed to the / - » / transition in the visible and 
near-infrared regions. T h e molar extinction coef­
ficient, em, of this peak is about 1500, while the half-
width toward the lower energy, <?( — ), is 1500 cm - 1 . 
This peak is attributed to the f-*d transition or the 
electron-transfer-from-ligand transition. Usually, the 
former band is relatively more intense and narrow 
than the latter.7) However, it is difficult to discrim­
inate between them. Poturaj-Gutniak and Taube8) 
identified the absorption peak as the f-^d transition 
by e m >3000, and o{—)<2000 cm- 1 , and as electron-
transfer by e m <3000, and < ? ( - ) > 2000 cm- 1 . 

The characteristic peaks of Np( I I I ) in concentrated 

: Np(IV)-HDEHP/octane 

:Np(IV)/b.3M HCIOA 

.Sss. 
400 500 600 700 800 900 1000 1100 1200 1300 1400 

Wavelength/nm 

Fig. 2. Absorption spectra of Np(IV) in HG104 solu­
tion and Np(IV)-HDEHP complex in octane solution. 

?1500 

^00 

Fig. 3. 
tion 
tion. 

: NpUin-HDEHP/octaneJ 

Np(III)/o.3M HCIO* J 

700 800 900 
Wavelength/nm 

Absorption spectra of Np(III) in HCI0 4 solu-
and Np(III)-HDEHP complex in octane solu-

LiCl and LiBr solution found by Shiloh and Marcus1) 
are £ m =1170 and < ? ( - ) = 2 4 0 0 cm" 1 at 384 n m (26000 
cm-1) in LiCl and £ m = 8 3 0 and a(—)=2400 c m - 1 

at 387 n m (25800 cm-1) in LiBr. These bands are 
attributed to the f-^d transition. 

The peak at 348 n m (28700 cm- 1) found in this 
work seemed to have the same cause as the peaks 
found by Shiloh and Marcus described above. T h e 
shifts of these peaks effected by the ligands are small. 
Generally, the shift of the f-^d transition with a ligand 
is much less than that observed in the case of the elec­
tron-transfer band.7) For example, the shift of the 
electron-transfer is 7000—9000 c m - 1 ; on the other 
hand, that of the /—></ transfition is about 1000 c m - 1 

in tervalent actinoide hexahalides.9) Therefore, the 
peak at 348 nm is ascribed to the f-*d transition. 

The N p ( I I I ) - H D E H P complex in an octane solu­
tion is unstable and is oxidized to the quadrivalent 
state, even in an oxygen-free atmosphere. The oxi­
dation rate was found to be about 10%/h by the spec­
trophotometry that was carried out every hour after 
the extraction. 

The color of the N p ( I I I ) - H D E H P complex in an 
octane solution is golden yellow, while that of the 
N p ( I V ) - H D E H P complex is slightly greenish yellow. 
I t is difficult to distinguish between them by color, 
especially at a low concentration of neptunium. 
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The use of the conversion of aliphatic primary and secondary amines into metal dithiocarbamate chelates 
was examined for high-performance liquid chromatographic determination of these amines. Characteristic 
chromatogram patterns based on the difference in the rate of ligand exchange were obtained for different cen­
tral metal ions. When Hg(II) chelates were tested, trace determination of individual secondary amines was 
possible because only the peaks of binary complexes corresponding to each amine appeared on chromatograms. 
When Ni(II) and Pd(II) chelates were tested, peaks to ternary complexes as well as those of binary complexes 
appeared on chromatograms. This phenomenon was applied to the determination of optical purity of opti­
cally active amines. A description is given of applications to microdetermination of antiasthmatic ephedrine 
isomers, to determination of their optical purity in Chinese crude drugs, and to their preparation. 

The metal chelate formation is widely applied to 
the colorimetric determination of metal ions. Since 
most chelating reagents are synthesized from organic 
substances, there have been made several attempts 
to determine organic substances after their conversion 
into metal chelates. Along with the recent progress 
of high-performance liquid chromatography(HPLC), a 
large number of UV-visible derivatization methods 
have been presented, but with little attention paid 
to utilization of the metal chelate formation for deri­
vatization reactions of organic substances; this situa­
tion seems ascribable to the presumption that, as is 
often the case in gas chromatography, metal chelates 
usually undergo decomposition in course of chromatog­
raphy. The purpose of the present series research 
is to clarify to what extent the metal chelate forma­
tion is useful for the UV-visible derivatization meth­
od in H P L C . The present report is concerned with 
conversion of aliphatic pr imary and secondary amines 
into dithiocarbamate chelates. We have described1) 
an H P L C determination of various metal ions with 
the aid of their conversion into diethyldithiocarbamate 
chelates, and successively characterized2»3) their chro­
matograms by means of ligand exchange. In ex­
perimental investigation on the application of the 
metal chelate formation to an analysis of organic 
substances, we should take into account the follow­
ing two factors: (1) the organic substance needs to 
be converted into so stable a chelate as to undergo 
no decomposition in course of chromatography; (2) 
the ratio of central metal ion to ligand is of importance. 
If only 1:1 complexes are allowed to form, the deter­
mination of each organic substance may be performed 
easily. If 1:2 complexes are allowed to form, the 
ternary complex formation needs to be taken into 
consideration. When the ternary complex is very 
labile, it will undergo disproportionation into two 
binary complexes (2MAB->MA 2 +MB 2 ) as soon as it 
gets separated; in this case, only the peaks for the 
binary complexes appear on the chromatogram, mak­
ing the determination of individual organic substances 
possible. When the ternary complex is fairly inert, 
the peaks for ternary complex MAB will also appear 
on the chromatogram, complicating the chromatogram. 

E x p e r i m e n t a l 

Reagents. Sodium salts of various iVjiV^-disubstituted 
and AT-monosubstituted dithiocarbamic acids were prepared 
by mixing an aliphatic amine, carbon disulfide, and sodium 
hydroxide. The following aliphatic primary and secondary 
amines were used: dimethylamine, dièthylamine, dipropyl-
amine, dibutylamine, diisopropylamine, diisobutylamine, 
pyrrolidine, piperidine, perhydroazepine, morpholine, diben-
zylamine, methylamine, ethylamine, propylamine, pheneth-
ylamine, and /-ephedrine. Each sodium salt was recrys-
tallized from chloroform-methanol or chloroform-hexane. 
Standard solutions of each metal ion (0.1 M, 1 M = l mol 
dm -3) were prepared by dissolving each metal salt in water. 
The metal ions used are Mn(II), Fe(III), Co(II), Ni(II), 
Cu(II), Zn(II), Ag(I), Cd(II), Hg(II), Pb(II), Bi(III), 
and Pd(II). 

Apparatus. The HPLC apparatus used was the same 
as the one used previously.1-3) Absorption spectra of metal 
chelates were recorded on a Model-124 Hitachi double-
beam spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

Relationship between Stability Constant and Chromato­
graphic Behavior of Metal Chelates. Solutions of vari­
ous dithiocarbamate chelates were prepared by mix­
ing each of sodium dithiocarbamates and each metal 
ion at a suitable p H . The chelate formed was ex­
tracted with chloroform. Except Fe( I I I ) and Mn-
( I I I ) , all the dithiocarbamate chelates derived from 
the secondary amines gave solutions stable at least 
for 2 d. Since dithiocarbamates derived from primary 
amines in general have a strong reducing property, 
the metal chelates for Ag(I ) , H g ( I I ) , and Cu(II ) 
decomposed readily, whereas those for Pd ( I I ) , Ni-
( I I ) , and Co(I I I ) were stable. 

T h e H P L C of various metal diethyldithiocarbamate 
chelates has been described in several reports4 - 8) and 
ours.1) Chromatographic behaviors of various di­
thiocarbamate chelates were examined. Of the 
chelates tested, H g ( I I ) , Pd( I I ) , Cu( I I ) , Ni ( I I ) , and 
Go (III) chelates gave good chromatograms without 
any occurrence of decomposition. All of these 
chelates, except chemically unstable Hg( I I ) and Çii-
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(II) chelates derived from primary amines, gave linear 
calibration curves over the range from a few \xg to 
a few ng. Chelates of other metals, M n ( I I I ) , Fe-
( I I I ) , Z n ( I I ) , C d ( I I ) , Pb ( I I ) , and Bi( I I I ) , sometimes 
accompanied decomposition when sample amounts 
were small, giving nonlinear calibration curves. Ag(I) 
chelates were adsorbed on the silica-gel surface too 
strongly to be eluted out. T h e stability of metal 
di thiocarbamate chelates has been investigated by 
several workers.9-13) For example, Bode and Tusche 
reported the following order of increasing stability: 
M n ( I I I ) < F e ( I I I ) < Z n ( I I ) < Cd(I I ) < Go(III) < Pb(I I ) 
< B i ( I I I ) < N i ( I I ) < G u ( I I ) < A g ( I ) < P d ( I I ) < H g ( I I ) . 
The present results suggest that no decomposition 
occurs when the metal chelate is very stable (Hg(I I ) , 
Pd ( I I ) , Gu( I I ) , and Ni(II ) ) or robust (Go(II I ) ) . 

Formation of Dithiocarbamate Chelates and Exchange of 
Central Metal Ion. An examination was made in 
pursuit for the opt imum conditions for the formation 
of metal di thiocarbamate chelates from aliphatic 
amines. Since, of various metal ions, H g ( I I ) , Pd-
(I I ) , Gu( I I ) , Ni ( I I ) , and Go(III) had formed chelates 
stable enough for amine analysis, the examination 
was limited to these metal ions. T h e formation of 
dithiocarbamates and metal chelates is expressed by 

RiRsjNH + CS2 + O H - ^ = ± R ^ N C S S - + H aO (1) 

and 

«RjRaNCSS- + Mn+ > MCRjRaNCSS)«. (2) 

Reaction 1 cannot go to completion in the forward 
direction because in acidic media the backward re­
action is allowed to proceed. As the metal chelate 
formation proceeds and the chelate formed is caused 
to go into the the organic layer, free dithiocarbamate 
ion in aqueous solution gets removed from the aqueous 
layer, thereby leading the entire reaction to comple­
tion. Of various procedures tested, the following was 
capable of giving quantitative results: T o 1 cm3 of 
dilute amine solution were added 1 cm 3 of 0.1 M 
standard solution of each metal ion, 1 cm3 of cone 
aqueous ammonia, and 5 cm3 of chloroform contain­
ing 2 % carbon disulfide. The mixed solution in a 
test tube equipped with a ground glass stopper was 
shaken vigorously for about 30 s to complete the re­
action. T h e chloroform layer was washed with water 
three times. Pd ( I I ) , Ni(I I ) and Go(III ) chelates al­
lowed the reaction to proceed quantitatively ( > 9 8 % ) 
for both primary and secondary amines. Gu(II) gave 
quantitative results only for secondary amines since 
the Cu(I I ) chelates obtained from primary amines 
were chemically unstable. This procedure was inap­
plicable to Hg( I I ) chelates because Hg( I I ) salts are 
insoluble in cone aqueous ammonia. Hg( I I ) chelates 
of secondary amines were formed quantitatively by 
means of exchange of central metal ion as follows. 
To chloroform solution of corresponding Ni(I I ) di­
thiocarbamate chelates, which are brownish yellow, 
HgCl 2 aqueous solution was added and the mixture 
was shaken vigorously for a few seconds. Since sta­
bility constants of Hg( I I ) chelates are much larger 
than those of Ni(II) chelates, exchange of central 
metal ion occurred according to 

[Ni(R1RaNGSS)2]org + [Hg(H)]w > 

[Hg(R1RaNCSS)2]org + [Ni(II)]w, (3) 

where org and w denote the organic and the aqueous 
phase, respectively. Hg( I I ) chelates allowing no ab­
sorption in the visible range, the brownish yellow 
color of chloroform layer was caused to disappear, 
indicating the completion of the exchange of central 
metal ion. Hg( I I ) chelates thus prepared gave good 
chromatograms without any occurrence of decompo­
sition. 

Chromatograms of Ni(II) and Pd(II) Complexes. 
Various dithiocarbamate chelates were prepared by the 
methods given above and their elution behaviors p u t 
into examination. When diethylamine was used, the 
following elution sequence for central metal ions was 
obtained in parallel with increase in retention time: 
Hg( I I ) < Gu(II) < Ni(II) < Pd(II) < Go(I I I ) . Similar 
results were obtained for diisopropylamine and pi-
peridine. For Ni(II ) chelates derived from various 
amines was obtained the increasing order of retention 
time as follows: dibutylamine<diisobutylamine<di-
propylamine< dibenzylamine < diisopropylamine < per-
hydrazepine < diethylamine < piperidine < pyrrolidine < 
dimethylamine < propylamine < phenethylamine < mor-
pholine < ethylamine < methylamine < J-ephedrine ; the 
retention time was found to increase with increase in 
the carbon number of alkyl chains. This may be in­
terpreted in terms of the solubility of metal chelates 
in eluents because the solubility increases with increase 
in the chain length of hydrophobic alkyl groups. The 
prolonged retention times of morpholine and /-ephed-
rine may be interpreted from the fact that oxygen 
atoms included in these amines will be adsorbed 
strongly on the silica-gel surface. 

Chromatograms of mixtures of two different amines 
were examined, the results being exemplified in Fig. 
1. Both Ni(II ) (Fig. 1(a)) and Pd(I I ) (Fig. 1(b)) 
gave three peaks. This implies that a ternary complex 
is formed according to the following equation and 
that the ternary complex formed is inert enough to 
be eluted out without being subjected to dispropor-
tionation during the course of chromatographic run:2 ,3) 

MA2 + MB2 ; = ± 2MAB (4) 

with 

K = [MAB]2/[MA2][MB2] . (5) 

This phenomenon which results in complicate chro-
matogram patterns has led Liska et aZ.14> to claim 
that it is difficult to determine amines by application 
of the conversion into dithiocarbamate chelates. How­
ever, as described previously,15) the present authors 
think that this phenomenon has some analytical value 
for the determination of optical purity of optically 
active amines. When an racemic mixture of amines 
exists in solution, the following optically active chelates 
will be formed: 

MD2 + ML2 ^=r± 2MDL, (6) 

where D and L represent derivatives derived from 
d- and /-isomers, respectively. Since M D 2 and M L 2 

are enantiomers and their chemical properties except 
optical activity are identical, they cannot be separated 
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Fig. 1. Chromatogram patterns of dithiocarbamate 

chelates derived from the mixture of two amines. 
Column: LiChrosorb SI 100 (4 mm X 15 cm). 
Eluent: hexane: ethyl acetate=100:3 (water satu­
rated). Flow rate: 2.5 cm3/min. Detector: (a) 325 
nm, (b) 308 nm, (c) 270 nm, (d) 268 nm. Sample: 
(a) Ni(II), (b) Pd(II), (c) Cu(II), (d) Co(III). 
Sample size: 50 jxl (Concentrations of each amine 
were about 0.2 mM). 
1 : MA2, 2: MB2, 3: MAB, 4: MA3, 5: MB3, 6: MA2B, 
7: MAB2. A-(C3H7)2NCSS-, B=(GHa)5NGSS-. 

(a) (b) 

J V 
10 20 10 20 

mm 
Fig. 2. Chromatograms of Ni(II) dithiocarbamate che­

lates derived from optically active and racemic ephed-
rines. 
Column: LiChrosorb SI 100 (4 mmX 25 cm). 
Eluent: hexane :isopropyl acetate = 100:11.5 (water 
saturated). Flow rate: 2.5 cm3/min. Detector: 325 
nm. Sample: (a) 0.2 mM /-ephedrine(</-ephedrine 
gave similar chromatograms), (b) 0.2 mM <//-ephed-
rine Sample size: 50 JJLI. 

from each other. O n the other hand, M D 2 (or ML 2) 
and M D L are diastereomers, and can possibly be 
separated. Figures 2(a) and (b) show chromatograms 
of Ni(II) chelates derived from /- and û?/-ephedrine, 
respectively. The /-isomer exists in nature and has 
widely been used as an antiasthmatic agent. O n the 
contrary, ^/-isomer, not known to exist in nature, is 
ineffective as antiasthmatic agent. As shown in Fig. 

2(b) , the racemate gave two peaks, one being as­
signed to M D 2 + M L 2 and the other to M D L . In 
Fig. 2(b), the peak area of the former (S-^ is equal 
to that of the latter (S2), which suggests that the ternary 
complex formation according to Eq. 6 is controlled 
statistically ( # = [ M D L ] 2 / ( [ M D 2 ] [ M L 2 ] ) = 4 . 0 ) . The 
optical purity of {//-mixture is determined as follows: 
When the initial concentrations of d- and /-isomers 
and d0 and /0, respectively, the equilibrium concen­
trations of M D 2 and M L 2 are dQ—rj2 and l0—r/2, 
respectively, where r is the concentration of M D L . 
Since the ternary complex formation is controlled 
statistically, it is derived that r=2d0l0l(d0-\-l0). The 
following relation will then hold between two peak 
areas Sx and S2: 

W i + $i) = [MDL]/([MDJ + [MLJ + [MDL]) 

- r/(l0 + d0) = 2d0l0/(d0 + l0)* = 2p(\-p) 

= _2( />-1/2)2+ 1/2, (7) 

where p=d0l(d0^-l0). Figure 3 shows parabolic plots 
for Eq. 7 with different ratios of d- to /-isomer. Both 
the calculated and observed results agreed well. The 
total ephedrine content was determined from the sum 
of the two peak areas *Sf

1+«Sf
2. 

Pd(I I ) chelates gave similar results, with retention 
times slightly longer than those of corresponding Ni-
(II) complexes. 

Chromatograms of Co (III) Complexes. I t is well 
known that, when Go(II) ion reacts with dithio-
carbamates to form metal chelates, Go (III) chelates 
are formed as a result of oxidation of Go (I I) ion.16> 
As shown in Fig. 1(d) four peaks, each assigned to 
MA 3 , MA2B, MAB2 , and MB3 , appeared on chro­
matograms when Go(II) solution was added. This 
result indicates that oxidation of the central metal ion 
occurs with formation of 1:3 complexes. No further 
investigation was made toward analytical application. 

Chromatograms of Cu(II) Complexes. Figure 1(c) 
shows an example chromatogram for a mixture of 
two Gu(II) chelates. Since Gu(II) chelates are labile, 
their ternary complexes partially undergo dispropor-
tionation into two binary complexes during the course 

Fig. 3. Plot of Eq. 7 at various d- and /-isomer ratio 
chromatographic conditions were similar to those 
shown in Fig. 2. 

: Calculated value, # : observed value. 
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of chromatographic run. The degree of the progress 
of disproportionation was sensitive to experimental 
conditions3) such as the flow rate of p u m p and column 
temperature. The disproportionation within the co­
lumn proceeded with increased proportions at higher 
column temperatures or at lower flow rates. Since 
the chromatogram pattern is very sensitive to exper­
imental conditions, the analytical application seems 
unpromising. 

Chromatograms of Hg(II) Complexes. Figure 4 
shows chromatograms of Hg( I I ) chelates derived from 
mixtures of various aliphatic secondary amines. Un­
like the other metal ions, only the peaks of the binary 
complexes corresponding to each amine appeared on 
chromatograms. The following aleternative explana­
tions are plausible, the second being more likely: 
(1) no ternary complex formation occurs for Hg( I I ) 
chelates; (2) since Hg( I I ) complexes are very labile, 
the ternary complexes formed in the equilibrium state 
undergo disproportionation almost instantaneously 
after they are separated from the binary complexes. 
This seems a reasonable explanation because the rate 
of ligand exchange for Hg( I I ) complexes is known 
to be very high. 

Figure 4 suggests that determination of individual 
amines will be possible when Hg( I I ) chelates are 
used. T h e mixture of samples shown in Fig. 4 was 
diluted to various concentrations and supplied for 
H P L G . The chromatograms were unsusceptible to 
experimental conditions and calibration curves were 
linear within a wide range of sample amounts. Thus, 
about 5 ng of each amine could be detected. 

Application to Antiasthmatic Agents. Aliphatic 
amines usually show no or weak absorption in the 
U V or visible range. Since metal dithiocarbamate 
chelates show very strong absorption in th U V or 
visible range (log £ > 4 ) , the present method will be 
useful for color-producing reactions. The present 
method was applied to the determination of ephedrines 
in crude drugs and Chinese crude drug preparations. 

10 

mm 
Fig. 4. Chromatograms of Hg(II) chelates derived 

from the mixture of various secondary amines. 
Column: LiChrosorb SI 100 ( 4 m m x l 5 c m ) . 
Eluent: hexane: ethyl acetate =100:3 (water satu­
rated). Flow rate: 2.5 dm3/min. Detector: 273 nm. 
Sample size: 50^1 (Concentrations of each amine 
were about 0.03 mM). 
1 : Dipropylamine, 2 : dibenzylamine, 3 : diethylamine, 
4: piperidine, 5: pyrrolidine, 6: dimethylamine. 

Four ephedrine isomers, /-, d-, /-pseudo, and ûf-pseu-
doephedrine exist. Ephedra herba, which is one of 
the most important Chinese crude drugs and has 
widely been used as an antiasthmatic agent or for 
cough remedy, contains two isomers, /- and ûf-pseu-
doephedrine, the former being more effective. The 
synthesized racemates dl- and *//-pseudoephedrine are 
less pharmacologically active because d- or /-pseu-
doephedrine is not effective. Thus, the determina­
tion of total content and optical purity of ephedrines 
is important . Sample treatment was made as fol­
lows : to 200 mg of powdered ephedra herba or 
Chinese crude drug preparations, 40 cm3 of 0.5 M 
H 2 S 0 4 was added. The extraction was carried out 
for 1 hr three times. Then, to the combined extract 
100 cm3 of 0.05 M NiCl2 in cone aqueous ammonia 
and 40 cm3 of chloroform containing 2 % carbon 
disulfide were added, and the mixture was shaken 
vigorously for about 30 s. A brownish yellow color 
appeared in the chloroform layer. The chloroform 
layer was washed with water three times and the 

-l*U (BL (B) 

(f) 

(d) 

^ 

(b) 

Fig. 5. Chromatograms of ephedrines in Ephedra herba 
and Chinese crude drug preparations. 
Column: LiChrosorb SI 100 ( 4 m m x l 5 c m ) . 
Eluent : hexane : isopropyl acetate = (A) 100:12 (B) 
100:25 (water saturated). Flow rate: 2.5 cm3/min. 
Detector: (a)(c), and (e) 325 nm, (b), (d), and (f) 
273 nm. Sample size: 50 jxl. 
Sample: (a) and (b) ephedra herba, (c) and (d) 
Chinese crude drug preparations (Kakkonto), (e) and 
(f) ephedra herba+ûf-ephedrine: (a),(c), and (e) 
Ni(II) chelates (b), (d), and (f) Hg(II) chelates. 
1: M(/-EP)2, 1': M(</-EP)2+M(/-EP)2, 2: M{d-<f>-
EP)2, 3: M(/-EP)(</-EP), 4: M(/-EP)(</-0-EP), 5: 
M(</-EP)(</-0-EP). /-EP, </-EP, and d-<f>-E? denote 
dithiocarbamates derived from /-ephedrine, é/-ephed-
rine, and d-<j>-ephedrine, respectively. 
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extract was divided into two parts, one of which was 
supplied directly for H P L G (Ni(II) chelates). To the 
other part 1 m M HgCl 2 aqueous solution was added 
and the mixture was shaken for a few seconds. The 
brownish yellow color disappeared immediately as a 
result of the progress of the exchange of central metal 
ion according to Eq. 3. The solution was then sup­
plied for H P L G (Hg(II) chelates). Figure 5 shows 
example chromatograms. Since /- and */-pseudo-
ephedrine are diastereomers, two peaks corresponding 
to individual amines appeared on chromatograms 
when Hg(I I ) chelates were tested (Figs. 5(b) and 
(d)). Contrary to this, three peaks including the peak 
of ternary complex appeared on chromatograms when 
Ni(II) chelates were tested (Figs. 5(a) and (c)). Fig­
ures 5(a) and (c) show that no ûf-ephedrine is contained 
in these samples. Figure 5(e) shows chromatograms 
of Ni(II) chelates when a small amount of ^/-ephedrine 
was added. Two new peaks, assignable to ternary 
complexes M(rf-EP)(rf-^-EP) and M(rf-EP)(/-EP), ap­
peared on chromatograms (Fig. 5(e)). The optical 
purity of {//-mixture of ephedrine in this sample can 
be determined by the following two methods: (1) 
equation 7 gives optical purity by comparing two 
peak areas of peaks V (M(/-EP)2+M(</-EP)2) and 
3 ( M ( Û ? - E P ) ( / - E P ) ) ; (2) the ratio of two peak areas 
of peaks 4 (M(/-EP)(</-0-EP)) and 5 (M(rf-EP)(rf-0-
EP)) directly indicates the ratio of d- and /-isomer. 
Contrary to the case with Ni (II) chelates, no chro­
ma togram patterns of Hg( I I ) chelates were affected 
by addition of ^/-ephedrine (Fig. 5(f)). The peak 
height of the former was increased by addition of 

^/-ephedrine while that of the latter unaffected. The 
area of the former peak 1 indicates the total content 
of û?/-mixture of ephedrine. These results permit the 
calculation of individual contents of /-, d-, and d-
pseudoephedrine. 
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The labile ternary complex formation (MA2+MB2^±2MAB with X=[MAB]2/([MA2][MB2])) between 
Ni(II) diethyldithiocarbamate(MA2) and other several Ni(II) chelates(MB2) was investigated by high-perfor­
mance liquid chromatography; two solutions of MA2 and MB2 were mixed and equilibrated. The tendency 
to form a ternary complex is summarized as follows: (1) no ternary complex formation takes place (B—dimethyl-
glyoxime and l-(2-pyridylazo)-2-naphthol), for which high structural stability of binary complex MB2 is respon­
sible; (2) the ternary complex formation is controlled statistically (Ä"=4.0), suggesting the absence of any factor 
to stabilize or unstabilize the ternary complex (B=iV,JV-disubstituted dithiocarbamates and JV-monosubstituted 
dithiocarbamates) ; (3) the ternary complex formation is favored (7C>4.0) (B=xanthates); and (4) all initial 
binary complexes are converted into a very stable species which is possibly a ternary complex (B=dithizone). 
Kinetic characteristics of these ternary complex formations are examined. 

Ternary complex formation usually occurs as fol­
lows when two solutions of labile binary complexes 
are mixed: 

k 
MA2 + MB2 ^ = ± 2MAB (1) 

k. 

with 

K = [MAB]2/[MA2][MB2] = k/k.. (2) 
Study of the ternary complex formation has been 
carried out mainly by the spectroscopic method since 
many ternary complexes have characteristic absorp­
tion bands. However, this method cannot be ap­
plied if the ternary complex gives rise to no char­
acteristic absorption. O u r previous studies1'2) made 
use of the high-performance liquid chromatography 
(HPLG) to investigate the ternary complex forma­
tion between two different iV,iV-disubstituted dithio-
carbamate chelates of Ni(II) or Gu(I I ) . In this meth­
od two solutions of MA 2 and MB 2 are mixed, kept 
standing to reach the equilibrium state for the ternary 
complex formation, and a portion of the mixture is 
subjected to the H P L G . The separation speed of 
H P L G is so high that labile ternary complexes are 
allowed to be eluted out without undergoing any 
disproportionation. Thus, considerably fast equilibria 
can be traced by the H P L G based on the conven­
tional principle. Rate constants k and k_ can be 
determined as follows: when two very dilute solu­
tions of MA 2 and MB 2 are mixed, the ternary complex 
will gradually be produced until the equilibrium 
shown in Eq. 1 is attained. During the progress of 
ternary complex formation, portions of the mixed 
solution are taken out to be subjected to HPLG. The 
progress of the reaction is caused to stop immediately 
after the solution is injected into the column. Thus, 
concentrations of each species can be determined as 
a function of time, allowing the determination of k 
and k_. 

I t was confirmed in our previous report2) that labile 
ternary complex formations between two different 
jV,iV-disubstituted dithiocarbamate chelates are con­
trolled statistically with a factor of iT=4.0 in the case 
of Ni(II) and C u ( I I ) ; different factors are expected 
in cases where two binary complexes whose coor­

dinated ligands are different in property from each 
other are mixed, depending on the nature of the 
ligands. The purpose of the present study is to clarify 
to what extent the H P L G is applicable to the investiga­
tion of labile ternary complex formation. We se­
lected Ni (II) chelates since they provide ternary com­
plex formations of such a moderately high rate as 
to allow kinetic studies to be carried out easily. 

E x p e r i m e n t a l 

Reagents. The chelating reagents used are sodium 
diethyldithiocarbamate (NaDEDTC), sidum ethyldithio-
carbamate (NaEDTC), sodium propyldithiocarbamate 
(NaPDTG), pottasium ethylxanthate (KEXAN), pottasium 
propylxanthate (KPXAN), l-(2-pyridylazo)-2-naphthol 
(HPAN), dimethylglyoxime (HDMG), dithizone (H2Dz), 
oxine, salicylaldehyde oxime, l-nitroso-2-naphthol, and (E)-
benzoin oxime. NaEDTC and NaPDTC were prepared 
by the usual procedure3) from alkylamine, carbon disulfide, 
and sodium hydroxide. KPXAN was prepared from 1-
propanol, carbon disulfide, and pottasium hydroxide.4* 
These salts were recrystallized from chloroform-methanol. 
The other chelating reagents were obtained commercial­
ly and purified when necessary. NaDEDTC, NaEDTC, 
NaPDTC, KEXAN, and KPXAN were dissolved in water. 
H2Dz was dissolved in chloroform and the content was de­
termined by measuring the absorption at 606 nm (e=4.06x 
104).6'6) The other chelating reagents which are sparingly 
soluble in water were dissolved in suitable organic solvents 
such as chloroform and methanol. The standard solution 
of Ni (II) was prepared by dissolving NiCl2-6H20 in water. 
The content of Ni(II) was determined by colorimetry on 
its diethyldithiocarbamate. Before use all solvents used for 
HPLC were saturated with water. 

Apparatus. The HPLC apparatus used in this study 
is similar to the one described previously.1'7) Absorption 
spectra of each metal chelate were measured by a Model-
124 Hitachi double-beam spectrometer. 

Procedure. The Ni(II) chelates of DEDTC, EDTC, 
PDTC, EXAN, and PXAN were prepared by mixing the 
Ni(II) standard solution and the corresponding chelating 
reagent in water. The metal chelates prepared were ex­
tracted with chloroform under the condition for complete 
extraction. In order to remove residual free ligands in 
chloroform, the extract was washed with water four times. 
The Ni(II) chelate of dithizone was prepared in the following 
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way: To the Ni(II) aqueous standard solution, a slight 
excess of dithizone in chloroform was added. Since in 
acidic media the rates of formation and extraction of Ni(II) 
dithizonate are slow,8) a small amount of dilute aqueous 
ammonia (0.5 vol%) was added and the mixture was shaken 
vigorously for 30 min. Then, the chloroform layer was 
washed three times with 0.2 vol% aqueous ammonia to 
remove the residual free dithizone in chloroform. The 
solutions of the other Ni(II) chelates were prepared by 
mixing the Ni (II) standard solution and the corresponding 
chelating reagent in an organic solvent, and diluting the 
resulting solution with chloroform to a proper concentration. 

R e s u l t s and D i s c u s s i o n 

HPLC of Various Ni(II) Chelates. Chromato­
graphic behavior of various Ni(II) chelates was ex­
amined on silica gel packings. Among them, Ni-
(DEDTC) 2 , Ni (EDTC) 2 , Ni(PDTG) 2 , Ni (EXAN) 2 , Ni-
(PXAN)2 , Ni (DMG) 2 , Ni(PAN) 2 , and Ni(HDz) 2 gave 
good chromatograms. Calibration curves of these 
metal chelates are linear over a wide range of sample 
amounts. Contrary to this, the Ni (II) chelates of 
oxine, salicylaldehyde oxime, l-nitroso-2-naphthol, and 
(E) -benzoin oxime gave no quantitative results because 
partial or complete decomposition takes place in the 
course of chromgatography. Silica gel seems too ac­
tive for these chelates of relatively low stability and 
other less active packings are expected to give sat­
isfactory results. In the present research these Ni(II) 
chelates which failed to give quantitative results on 
silica gel packings were left omitted from further ex­
amination. 

Ni(DEDTC)2-Ni(EDTC)2. These two binary 
chelates were mixed at 25 °C and after kept standing 
long enough to attain the equilibrium, the mixture 

(a) (b) (c) 

0 2 4 0 2 4 0 2 4 

Fig. 1. Ternary complex formation between Ni-
(DEDTC)2 and Ni(EDTC)2. 
Column: Shodex silipak ( 4 m m x l 5 c m ) . Eluent: 
(hexane: ethyl acetate=100:15 (water saturated). 
Flow rate: 3.2 cm3/min. Detector: 325 nm. Sample 
size: 50 (il. 
Sample: (a) 2.5 X 10~4 mol dm-3 Ni(DEDTC)2, (b) 
2 .5x l0 - 4 moldm- 3 Ni(EDTC)2, (c) 2.5xl0-*mol 
dm-3 Ni(DEDTC)2+2.5x 10-* mol dm"3 Ni(EDTC)2. 
These samples are solutions in hexane xhloroform : 
ethyl acetate= 3:1:1 at 25 °C. 
1: Ni(DEDTC)2, 2: Ni(EDTC)2, 3: Ni(DEDTC)-
(EDTC). 

was supplied for H P L C . Three peaks corresponding 
to Ni (DEDTC) 2 , Ni (EDTC) 2 , and Ni (DEDTC)-
(EDTC) appeared on chromatograms (Fig. 1). The 
heights of each peak were independent of flow rate, 
suggesting that no disproportionation of the ternary 
complex occurs in course of chromatography. Sim­
ilar to the system composed of two different Ni (I I) 
N,iV-disubstituted dithiocarbamate chelates,1 '2) the 
equilibrium constant K was 4.0. The system Ni-
( D E D T C ) 2 - N i ( P D T C ) 2 gave similar results. From 
these results it can be concluded that the ternary 
complex formation according to the following equa­
tions is controlled statistically, i.e., there exists no 
factor in operation which makes the ternary complex 
stable or unstable: 

R i \ / S \ / R 2 \ / S \ k 
N - C Ni + N - C Ni ^ = 

R / \ s / 2 \ R / \ S t *-

S ,R9 Rl\ / S \ / ° \ /±v2 

2 N - C Ni C - N (3) 
R / \ S / \ S / \ R 2 

R i \ / S \ / H s / S \ * 
N - C Ni + N - C Ni ; F = ± 

R / ^ S / 2 \ R / N S / 2 *-

R i \ / $ \ / $ \ / H 
2 N - C Ni C - N (4) 

R / \ S / \ S / ^R2 , 

where Rx and R 2 denote alkyl groups. 
Rate constants k and k_ were determined by the 

following equation with a procedure similar to the 
one described in our previous report:2) 

k = - ( I K * ) m (1-.?/<) (5) 

with 
k. = A/4, (6) 

where the initial concentrations of two binary com­
plexes M A 2 and M B 2 are designed to be the same 
(=« 0 ) with each other and y is the concentration of 
ternary complex MAB at a reaction time t after mix­
ing. Thus, rate constants k and k_ were determined 
to be ( 1 . 6 ± 0 . 2 5 ) x l 0 2 m o l - 1 d m 3 s - 1 and (4.0±0.6) X 
101 m o l - 1 dm 3 s_1, respectively, for the system Ni-
( D E D T C ) 2 - N i ( E D T C ) 2 (in chloroform: ethyl acetate: 
h e x a n e = l :1:3) at 25 °C. These values are similar 
to those reported in our previous report2) for cor­
responding complex formations between N i ( D E D T C ) 2 

and other various Ni(II ) iV,iV-disubstituted dithio­
carbamate chelates. 

Ni(DEDTC)2-Ni(EXAN)2. Both dithiocar-
bamates and xanthates are ^,^-coordinates chelating 
reagents and their chemical structures are similar to 
one another. When solutions of two binary com­
plexes of Ni(II) di thiocarbamate and xanthate are 
mixed, the following ternary complex formation oc­
curs : 

R i \ / S \ / / S \ k 

N - C Ni + Ra-O-C Ni ; F = ± 
R / XSA \ \ S / 2 *-

Ri\ / s \ / s \ 

2 N - C Ni 
R / \ S / \ S / 

C-0-R 2 , (7) 

as evidenced by Fig. 2. Unlike the system composed 
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(a) (b) (c) 

0 2 4 0 2 0 2 4 

min 
Fig. 2. Ternary complex formation between Ni-

(DEDTG)2 and Ni(EXAN)2 

Column : Shodex silipak (4 mm X 15 cm). Eluent : 
hexane :ethyl acetate =100:8 (water saturated). Flow 
rate: 3.2 cm3/min. Detector: 315 nm. Sample size: 
50 ji.1. 
Sample: (a) 2.5 X 10"4 mol dm"3 Ni(DEDTG)25 (b) 
2 . 5 x l 0 - 4 m o l d m - 3 Ni(EXAN)25 (c) 2 .5xl0" 4 mol 
dm-3 Ni(DEDTG)2+2.5 X 10~4 mol dm"3 Ni(EXAN)2. 
These samples are solutions in hexane .'chloroform : 
ethyl acetate=3:1:1 at 25 °G. 
1: Ni(DEDTC)25 2: Ni(EXAN)25 3: Ni(DEDTC)-
(EXAN). 

of two Ni (II) di thiocarbamate chelates, this system 
gave an equilibrium constant K larger than 4.0 (8.3 ± 
1.2, in chloroform:ethyl acetate: hexane = 1 :1:3) at 25 
°G, and about 6 0 % of the initial binary complexes 
was converted into the ternary complex. This result 
suggests the presence of some factor to stabilize the 
ternary complex, even though there seem to exist 
none of apparent driving factors in favor of the ternary 
complex formation, such as steric factors, jr-bond for­
mation, hydrogen bond formation, and neutralization 
of the charge.9) 

When K is not equal to 4.0, rate constants k and 
k_ should be determined from the following rather 
complicated equation10) derived on the assumption 
that a bimolecular collisional process is operating in 
the ternary complex formation: 

k = (2/nioO 

where 

In 

/ 2a0 -f m0 \ 
V 1-4/iC" y) 
/ 2a0-m0 \ 

V 1-4/Ä- y) 

ln(2a°-m°) 
\ 2a0 + m0 J + M-^re- L W 

m0 = 4a0Vl/K. (9) 

Two solutions of M A 2 and MB 2 were mixed at 25 °G 
and after a measured time a portion of the mixed 
solution was supplied for H P L G . With the lapse of 
time the peak of the ternary complex rose while those 
of the binary complexes fell, the results being plotted 
in Fig. 3. The validity of the bimolecular collisional 
process was confirmed by changing the initial con­
centration a0. Ra te constants k and k_ were deter­
mined to be ( 1 . 3 ± 0 . 1 ) x l 0 2 m o l - 1 d m 3 s - 1 and (1.6± 
0.2) X 101 m o l - 1 dm 3 s"1, respectively, (in chloroform: 

o 

X 

I 

Fig. 3. Plot of Eq. 8. 
Chromatographic conditions were similar to those 
shown in Fig. 2. 

(a) (b) (c) 

.1 

f 
[/JUL LAJLA- L_J 

0 2 4 0 2 4 0 2 

min 
Fig. 4. Ghromatograms of a mixture of Ni(DEDTG)2, 

Ni(PAN)2, and Ni(DMG)2. 
Column: Shodex silipak ( 4 m m x l 5 c m ) . Eluent: 
hexane : ethyl acetate = 100:25 (water saturated). 
Flow rate: 3.2 cm3/min. Detector: (a) 254 nm, (b) 
325 nm, (c) 530 nm. Sample sizes : 5 JJLI. 
1: Ni(DEDTC)2, 2: Ni(PAN)2, 3: Ni(DMG)2. 

ethyl acetate :hexane= 1:1:3) at 25 °G. 
Similar results were obtained for the system Ni-

(DEDTG) 2 -Ni (PXAN) 2 . Equilibrium constant K and 
rate constants k and k_ for the ternary complex for­
mation were also determined (K=7.6±\A, k=(l.0± 
0.1) X 102 mol - 1 dm 3 s"1, and A_ = (1.3±0.25) X 101 

m o l - 1 dm 3 s_1, in chloroform : ethyl acetate: h e x a n e = 
1:1:3) a t 25 °G. 

Ni(DED TC)2-Ni(PAN)2-Ni(DMG)2. When 
these two or three binary metal chelates were mixed, 
the peaks of the initial binary chelates alone appeared 
on chromatograms (Fig. 4). Then, an at tempt was 
made to cause ternary complexes to be formed in 
the following way: Two or three free chelating 
reagents in methanol were mixed and then the Ni(II) 
aqueous solution was added to form metal chelates. 
The metal chelates were extracted with chloroform 
and then supplied for H P L G . The chromatogram 



November, 1981] Ternary Complex Formation of Labile Ni(II) Chelates 3377 

patterns were similar to those shown in Fig. 4, ex­
cluding the possibility of the formation of any stable 
ternary complexes. Thus, the following alternative 
explanations are plausible: (1) no ternary complex 
formation occurs because initial binary complexes have 
very stable structures; and (2) a very labile ternary 
complex is formed. In this case, the ternary complex 
formed should undergo disproportionation into two 
binary complexes almost instantaneously in the col­
umn, resulting in the appearance of only the peaks 
of binary complexes on chromatograms. The present 
authors regard the former explanation as the more 
plausible for the following reasons: as shown below, 
Ni (DMG) 2 has a very stable structure by dint of hy­
drogen bond formation11) and Ni (PAN) 2 has a stable 
six-coordinated structure.12) When a ternary complex 

O-H-0 

3H C-cA A C - C H 3 
A .Ni i 

,HC-

(a) (b) (c) (d) (e) (f) (g) 

- C * » " ' - W G * N̂= CH-
O-H-0 

T - N 

is to be formed, either the hydrogen bond should 
be broken or the five-coordinated ternary chelate form­
ed. These ternary chelates will be rather unstable 
energetically. The chromatogram patterns shown in 
Fig. 4 were independent of experimental conditions 
such as flow rate, column temperature, and initial 
concentrations of binary complexes, which is in favor 
of the former explanation.2) If the latter explanation 
is correct, the Ni(II ) ternary complex formed should 
be extraordinarily labile in comparison with other 
various Ni(II) chelates. 

Ni(DEDTC)2-Ni(HDz)2. When these two bi­
nary complexes were mixed, characteristic chromato-
grams different from those for the other systems were 
obtained. As ashown in Fig. 5, with the lapse of 
time, the peaks of binary complexes fell while a new 
peak appeared and grew gradually. The progress of 
the reaction was slow at room temperature. After 
1-d standing, the peaks of the binary complexes dis­
appeared completely when the initial concentrations 
of two binary complexes had been chosen the same 
(=fl0) ' There seems to remain some debatable points 
on what reaction occurred in the mixed solution. To 
the solution given in Fig. 5(g), in which the reaction 
had been completed, dilute aqueous ammonia (0.5 
vol%) was added and the mixture was shaken vig­
orously for about 30 s. No free dithizone was ex­
tracted out into the aqueous layer, excluding the 
possibility of free dithizone being liberated in the re­
action. I t is reported8) that Ni (II) dithizonate may 
exist in two forms, i.e., as the keto-form complex Ni-
(HDz)2 and enol-form complex NiDz. The Ni(I I ) 
chelates used in the present research was spectro-
scopically confirmed to be the keto-form complex. 
The absorption spectrum of the species produced, 
shown in Fig. 6(c), is different from those of such 
species as the initial binary complexes and free di-

1i 1 3 

I.2 1,23 1. 

JllmJUl^ v. 

024 024 0 24 02 4 024 024 024 
min 

Fig. 5. Change of chromatogram patterns of the mix­
ture of Ni(DEDTC)2 and Ni(HDz)2. 
Column : LiChrosorb SI 100 (4 mm X 25 cm). 
Eluent: hexanerethyl acetate = 100:10 (water satu­
rated). Flow rate: 3.2 cm3/min. Detector: 312 nm. 
Sample size: 50 JJLI. Sample: 2.5 X 10 -5 mol dm - 3 

Ni(DEDTC)2+2.5 X 10"5 mol dm"3 Ni(HDz)2 (a) ; 
after mixing 1 min, (b) ; 3.5 min (c) ; 6 min, (d) ; 
8.5 min, (e); 11 min, (f); 13.5 min, (g); I d . 
These samples are solutions in chloroform : ethyl ace­
tate: hexane= 1:1:3 at 50 °C. 
1: Ni(DEDTC)2, 2: Ni(HDz)2, 3: a new species 
(see text). 

ö 

S 

700 500 A00 300 600 

Wavelength/nm 

Fig. 6. Absorption spectra of various species in the 
system Ni(DEDTC)2-Ni(HDz)2. 
(a): 4 . 0 x l 0 - 5 m o l d m - 3 Ni(HDz)2, (b): 4.0xlO"5 

mol Ni(DEDTC)2, (c) : the reaction product between 
4.0 X 10-5 mol dm-3 Ni(HDz)2 and 4.0 X 1 0 5 mol 
dm-3 Ni(DEDTC)2, (d): 2.0 X 10"5 mol dm"3 H2Dz. 
These samples are solutions in chloroform. 

thizone. I t is different also from the one of the enol-
form complex NiDz.13) These results suggest that a 
new species was produced in the reaction. The ab­
sorption spectrum of the new species resembles the 
one of Ni(HDz) 2 in the visible range, with weaker 
absorption; in the U V range the absorption maximum 
( = 312 nm) appeared between those of Ni (DEDTG) 2 

( = 3 2 5 nm) and Ni (HDz) 2 ( = 2 8 0 nm) . These phe­
nomena may be interpreted well in terms of the ternary 
complex formation. The possibility of the formation 
of higher-order complexes such as polynuclear com-
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plex, however, cannot completely be ruled out for 
the following reason: I t should be noted that Ni-
(HDz) 2 has the N, TV-coordinated structure,14) though 
most of other metal dithizonates have the ^ ^ - c o o r ­
dinated structure. Some intramolecular structural re­
arrangement which stabilizes the ternary complex 
might occur during the course of ternary complex 
formation. The structure of the possible ternary com­
plex will be as follows, provided that no structural 
rearrangement occurs. 

H-S-C. Ni C-N 

Ni(DEDTC)2 + Ni(HDz)2 2Ni(DEDTC)(HDz). 

N = N' 

6 
t2H5 

The following chemical equation will hold for the 
possible ternary complex formation since the reverse 
reaction can be neglected: 

12 

10 
o 

X 8 

CsT 

?6 
i 

>5t ^ 
^ 2 

m^*^ 

^s^ o^-""^ 

200 800 1000 400 600 

t/s 

Fig. 7. Plot of Eq. 12. 
Chromatographic conditions were similar to those 
shown in Fig. 5. 
O: flo^i-OxlO^moldm-3, # : a 0 =2.5x 10"5 mol 
dm - 3 . 
These samples are solutions in chloroform : ethyl ace­
tate: hexane= 1:1:3 at 50 °G. 

(10) 

Rate constant k of this reaction will be obtained from 
the following equations based on the bimoelcular col-
lisional process: 

1/*= \/a0 + kt (11) 

\l(a0-y/2) = \/a0 + to, (12) 

where x and y are concentrations of Ni (DEDTC) 2 

( = N i ( H D z ) ? ) and Ni (DEDTG)(HDz) , respectively, at 
a reaction time t after mixing. Figure 7 shows plots 
for Eq. 12. The validity of the bimolecular process 
was confirmed by changing the initial concentration 
a0. Ra te constant k was thus determined to be (1.8± 
0.2) X 101 mol" 1 dm 3 s"1 and (7.4±0.4) X 101 mol" 1 dm 3 

s _ 1 at 25 °G and 50 °G, recepectively (in chloroform: 
ethyl acetate :hexane= 1:1:3). 
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Kinetics of the Oxidation of iV-(2-Hydroxyethyl)ethylenediamine-
iVjiV'jiVP-triacetate Complex of Di-/*-oxo-bis[oxomolybdenum(V)] 
with Hexachloroiridate(IV) and j«-Hyperoxo-bis[pentaammine-

cobalt(III)] Ions in Aqueous Media 
Yoichi SASAKI* and Reiko KAWAMURA 

Department of Chemistry, Faculty of Science, Tohoku University, Aoba, Aramaki, Sendai 980 
(Received March 5, 1981) 

Kinetics of outer-sphere oxidations of [Mo j 0 4 (hedta) (H 2 0) ] _ (1) (H3hedta=JV-(2-hydroxyethyl)ethylene-
diamine-iV,iVv,iV'/-triacetic acid) with [Ir IVCl6]2- ([H+] = 10-5-8—0.10 M (1 M = l tnoldm"3); ionic strength, 
7=0.1 M (adjusted with LiC104) ; 25—45 °G) and with [(NH8)6Cora(ji-Oa<->)Com(NH3)6]B+ ([H+] = 0.01—0.30 
M; 7=0.1 and 2.0 M; 10—30 °C), were studied under pseudo-first-order conditions (the reductant in large ex­
cess). The following reaction scheme is consistent with the observed rate laws: 

1 ^ ± [MoIO,(hedta)(OH)]2- (2) + H+ 
k <a) 

1 + [IrIVGl6]2- > (MovMoVI) + [ I rmCl 6 ] 3 -
*<b> 

2 + [Ir IVCl6]2- • (MovMoVI) + [ I rmCl 6 ] 3 -

1 + [ß-O^Y+ ^ ± IP (a) (ion-pair) 
•KlP<b> 

2 + Lu-0<->]6+ ^ ^ IP(b) (ion-pair) 
*e<b> 

IP(b) • (MovMoVI) + |>i-0?-)]*+ 
fast 

(Mo^MoVi) + oxidant ». 2(Mo(VI)). 
At 25 °C and 7=0.1 M, K&, k(&), k{h), KIP(&), Kmw, and Ae(b) are 7.9x 10~4 M, 23 M"1 s"1, 1.11 X 104 M"1 s"1, 
40.5 M - 1 , 1046 M_ 1 , and 2.56 s-1, respectively. Activation parameters for the k(b) path are A77* = 38±8kJ 
mol-1 and AS* = - 2 5 + 2 9 J K"1 mol"1. The product £e(b)^ip(b)^a is 7.35 x 10~2 s"1 at 25 °C and 7=2.0 M, 
and the corresponding activation parameters are A77" = 67±8 kj mol - 1 and AS* = — 34+29 J K - 1 mol -1. The 
oxidation of 2 is ca. 10* times as fast as that of 1. The results are compared with the oxidation reactions of other 
Mo j 04

a+-complexes. 

Redox reactions of molybdenum (V) complexes are 
attracting interest not only of coordination chemists 
but also of biochemists because of their importance 
in biochemical studies and biomimetic approach to 
complex catalysis.1) We reported the kinetics of ox­
idations of two molybdenum (V) complexes contain­
ing di-jU-oxo-bis[oxomolybdenum(V)] (MoI0 4

2 +) core, 
[MoI0 4 (ed ta ) ] 2 ~ (H4edta=ethylenediaminetetraacet ic 
acid) and [ M o I 0 4 ( H 2 0 ) w ] 2 + , with [(NH3)5ComGu-
02(_>)Gon i(NH3)5]5+ in aqueous perchloric acid solu­
tion,2) and of [ M o I 0 4 ( p d t a ) ] 2 _ (H 4 pdta=propylene-
diaminetetraacetic acid) with [(en)2Con i(/*-NH2 ,02< -))-
Gom(en)2]4+ (en=ethylenediamine) in aqueous solu­
tion at p H 4.6.3) Sykes and his co-workers studied 
the oxidation of edta and aqua complexes of the molyb­
d e n u m ^ ) dimer with [Fem(phen) 3] 3+ ( p h e n = l , 1 0 -
phenanthroline) and with [ I r I V Cl 6 ] 2 - in aqueous per­
chloric acid solution.4»5) All these reactions proceeded 
via the outer-sphere mechanism. T h e rate of oxida­
tion of [ M o I 0 4 ( e d t a ) ] 2 _ with these one-electron ox­
idants is of first-order with respect to the concentra­
tion of [ M o I 0 4 ( e d t a ) ] 2 _ and of the oxidant at 1.0 
and 2.0 M (1 M = l mol d m - 3 ) of ionic strength / , 
and is independent of [H+] (0.01— 0.5 M).2»4) 

The rate of the predominant pathway for the ox­
idation of [ M o I 0 4 ( H 2 0 ) „ ] 2 + is, on the contrary, 
independent of the concentration of the oxidant and 
reciprocally dependent on [H+].2 '5) The proposed 
mechanism involves a rate-determining cleavage of one 
of the oxo bridges in [ M o I 0 4 ( O H ) ( H 2 0 ) n _ 1 ] + to 

give a single-bridged molybdenum (V) dimer prior to 
electron-transfer.2 »5) 

The ligand environment including the presence of 
aqua ligands should play an important role in deter­
mining the pat tern of oxidation mechanism. In order 
to clarify the factors controlling the oxidation mech­
anism, we have extended our study to the oxidation 
of [ M o I 0 4 ( h e d t a ) ( H 2 0 ) ] - (H3hedta = iV"-(2-hydroxy-
ethyl)ethylenediamine-iV,iV',iV'-triacetic acid),6) which 
is structurally similar to [ M o I 0 4 ( e d t a ) ] 2 _ bu t has no 
coordinated water molecule. Kinetics of the oxida­
tion of the hedta complex with [Ir I VGl 6] 2- , [ (NH3)5-
Go I I I(^-02(-))Go I I I(NH3)5]5+, a n d [(en)2Go I I I(//-NH25 

0 2 (~ ) )Co m ( en ) 2 ] 4 + are discussed in this paper. 

E x p e r i m e n t a l 

Materials. Sodium aqua-//(iV,iV/)-iV-(2-hydroxyeth-
y^-ethylenediamine-iVjiV', JV'-triacetato - di - yu-oxo - bisfoxomo-
lybdate(V)] dihydrate, Na[MoI0 4 (hedta) (H20)]-2H20,6> 
//-hyperoxo-bis[pentaamminecobalt(III)] Perchlorate dihy­
drate, [(NH3)5Co1"(iM-02 <-))Co"1(NH3)5] (C104)6 • 2H2C-,2> 
and ft - amido - p - hyperoxo - bis [bis (ethylenediamine) cobalt-
(III)] chloride trihydrate, [(en)2Com(^-NH2,02<-))Coni-
(en)2]Cl4-3H20,7> were prepared by the known methods. 
Sodium hexachloroiridate(IV) hexahydrate, Na2[IrIVCl6]« 
6H 2 0 (Johnson Matthey Chemical Limited), was used with­
out further purification. Aqueous solution of lithium Per­
chlorate was prepared as described previously.2) 

Kinetic Runs. All the kinetic runs were carried out 
under pseudo-first-order condition with the molybdenum (V) 
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complex in at least ten fold excess to the oxidant. The 
oxidation with [Ir IVCl6]2- was studied by the stopped-flow 
method. The decrease in the concentration of [Ir IVCl6]2-

was followed by using its absorption peak at 487 nm (e= 
4070 M- 1 cm-1).4) The rate of oxidation with [(NH3)6Com-
(/*-02<->)CoIn(NH3)6]

5+ was markedly affected by the ionic 
strength of aqueous solution. The conventional spectro­
photometry and the stopped-flow method were used for 
reactions at 7=2.0 and 0.1 M, respectively. The decrease 
in the concentration of [(NH3)5CoIII(//-02(-))CoIII(NH3)5]5+ 
was followed by using its absorption peak at 670 nm (e— 
832 M"1 cm-1).8) The rate of oxidation with [(en)2Com-
(#-NH2,02<->)Com(en)2]4+ was followed by the stopped-
flow method by using its absorption peak at 690 nm (e— 
485 M - 1 cm"1).') Errors for the activation parameters were 
determined by the least squares treatment with a confidence 
level 0.95. 

Measurements. A Hitachi 124 spectrophotometer with 
a Hitachi recorder QPD-34 and a Union-Giken RA-401 
stopped-flow spectrophotometer were used for kinetic mea­
surement. The acid dissociation constant of [Moa04(hedta)-
(H 2 0) ] _ was determined by the pH titration with a Model 
E300B pH meter of Metrohm Herisau, which was stand­
ardized against perchloric acid solutions in 2.0 and 0.1 M 
LiC104 to find the concentration rather than the activity 
of hydrogen ions. 

R e s u l t s 

Preliminary Studies. The binuclear complex anion 
[ M o I 0 4 ( h e d t a ) ( H 2 0 ) ] _ undergoes acid hydrolysis in 
aqueous perchloric acid solution ( [H+]>0 .5 M).e) T h e 
complex is oxidized with [ I r I VCl 6 ] 2 - , [ (NH 3 ) 5 Co m ( / / -
02(-))Go I I I(NH3)5]5+ and [ (en) 2 Co m ( / ' -NH 2 ,0 2 ( - ) ) -
C o m ( e n ) 2 ] 4 + in aqueous solution. The //-hyperoxo 
complex [ (NH 3 ) 5 Go n i (^ -0 2 ( - ) )Go m (NH 3 ) 5 ] 5 + decom­
poses slowly in aqueous solutions containing less than 
0.01 M H+.2> The other two oxidants are stable over 
the p H range 1—5.8. Stoichiometrics of the oxida­
tion with [ I r I V Gl 6 ] 2 - and with [(NH3)5Com( ,u-02(->)-
Co m (NH 3 ) 5 ] 5 + were determined in 0.01 M perchloric 
acid solution at 25 °G. Solutions were prepared to 
contain 2 to 10 fold excess (in molar ratio of the com­
plex ions) of the oxidant to the molybdenum complex 
(ca. 5 x l 0 - 4 M ) . The amount of unreacted oxidant 
was estimated as soon as the redox reaction was com­
pleted, so that the error caused by the slow decom­
position of the oxidant was minimized. Two moles 
of both oxidants are consumed per one mole of the 
molybdenum complex. T h e overall reaction can be 
written similarly to that of the oxidation of [ M o I 0 4 -
(edta)]2~ with these oxidants.2-4) 

[MoI04(hedta)(H20)]- + 2[IrIVCl6J2- > 

2"Mo(VI)" + "HEDTA" + 2[Ir I I ICl6]3- (1) 

[MoI04(hedta)(H20)]-

+ 2[(NH3)5Co™(//-OM)Co™(NH3)5]5+ > 

2"Mo(VI)" + "HEDTA" + 4"Co(II)" 

+ 2 0 2 + 20NH4+. (2) 

Here, " M o ( V I ) " and " C o ( I I ) " represent Mo(VI) and 
Go (II) species, respectively, present in the solution, 
whose structures are not specified. " H E D T A " re­
presents variously protonated forms of the ligand which 
would possibly coordinate to Mo(VI) and/or Go(II) 

under the given conditions. 
Kinetics of the Oxidation with [7rIVC76]2-. This 

was studied at 7 = 0 . 1 M for most runs and at 25—45 
°G. First-order plots log(OD t—ODoo) vs. t gave ex­
cellent straight lines up to almost completion of the 
reaction, where OD f stands for the absorbance at 
487 nm at time t. The first-order rate constant, 
ôbsd> w a s not affected by the concentration of [IrIV-

C l 6 ] 2 - (hereafter [Ir IV]) (1.89 X lO"5—9.90 X 10~5 M) 
at [ H + ] = 0 . 1 and 10"5-1 M . Values of kobsd at a 
given [H+] are proportional to the concentration of 
[ M o I 0 4 ( h e d t a ) ( H 2 0 ) ] - (hereafter [Mo2]) (5.22 X 
10- 4 —4.28x10-3 M ) , and expressed by Eq. 3. The 

- d [ L ^ ] / d * = * o b s d r i r^] = ftiOfoJPr"] (3) 

dependence of kx on [H+]- i ( [ H + ] = 0 . 0 1 — 0.10 M) is 
given in Fig. 1. T h e plot gives a straight line with 
a small intercept (Fig. 1(a)), as formulated by Eq. 4. 

*i = *a + k3[H+]-K (4) 

Values of k2 and k3 are 4 5 ± 1 7 M " 1 s"1 and 16.5±0.4 
s-1 at 25 °G, and 5 8 ± 3 2 M - 1 s ~ 1 and 27.7±0.7 s"1 

at 35 °C, respectively. 
The kx value increases further in lower [H+] regions 

to reach a limiting value (£4) at about [H+] = 10-4-5 

M (Fig. 1(b)). Values of £4 at [H+] = 10-5-1 M are 
2.22 X l0 4 , 2.95 x l O 4 , 4.08 x l O 4 , 4.83 x l O 4 , and 6.86 x 
^ M - i s - 1 at 25, 30, 35, 40, and 45 °G, respectively. 
Activation parameters are AH"=38+8 k j m o l - 1 and 
A,S* = - 2 9 ± 2 9 T K - 1 m o l - 1 . The effect of ionic 
strength was briefly investigated; £4 values at 7 = 0 . 5 
and 1.0 M at [H+] = 10-5-1 M are 3.42 X 104 and 4.23 X 
104 M - 1 s-1, respectively, at 25 °G. 

Kinetics of the Oxidation with [(NHz)bConi(\x-OJ-))-
CoIn(NH3)5y+ at Ionic Strength 2.0 M. This was 
studied at 10—30 °G and [H+] =0.01—0.30 M . First-
order plots, log ( O D / ) vs. t, were linear to more than 
9 0 % of the course of reaction for most runs, where 
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Fig. 1. The dependence of second-order rate con­
stants, klt on [H+]-1 for the oxidation of [MoI04-
(hedta)(HaO)]- with [Ir IVCl6]2- at 7=0.1 M (LiC104), 
(a) in aqueous perchloric acid solutions and (b) in 
acetate buffer solutions. 
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O D / stands for the absorbance at 670 n m at time 
t. The first-order rate constant, £obsd, was not af­
fected by the concentration of [(NH3)5Goni()U-02<-))-
Co m (NH 3 ) 5 ] 5 + (hereafter |>O a(->]) ( (2 .96-8 .05) X 
1 0 " 4 M ) . First-order plot at [ H + ] = 0 . 3 M was not 
linear, probably due to acid hydrolysis of the oxidant,6) 
and kohsd was obtained from the initial par t of the 
plot. 

The kohsd value depends linearly on [Mo2] at a 
given [H + ] (Fig. 2), and is reciprocally dependent 
on [H+] at given concentrations of the reactants (Fig. 
3). The rate law is expressed by Eq. 5. Values of 

-d[/z-0<->]/d* = * o b s d [ / / - O n = *5[H+]-i[Mo2][/*-0<->] 

(5) 
k5 are 3 .17x l0~ 2 , 6 . 3 9 x l 0 ~ 2 , 0.100, 0.147, and 0.222 
s-1 at 10.5, 16.0, 22.0, 25.5, and 30.0 °G, respectively. 
Activation parameters are AH"=67±8 k j m o l - 1 and 
AS* = - 3 8 ± 2 9 J K - 1 mol- 1 . 

Kinetics of the Oxidation with [(NH3)5CollI([i-02(-))-
Com(NHJ5Y+ at Ionic Strength 0.1 M. This was 

[Mo 2 ] / l ( r 3 M 

Fig. 2. The dependence of koh8d on [Moï04(hedta)-
(H20)-] for the oxidation of [Moî0 4 (hedta)(H 20)]-
with [(NH3)5Go in(^02(-))Gonl(NH3)5]5+ in 0.1 M 
HG104 solution at 25 °G and 7=2.0 M. |>-02(-)] = 
5.21 XlO"4 (# ) and 2.96X10"4 M (A). 
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Fig. 3. The dependence of £obsd/[Mo2] on [H + ] _ 1 for 
the oxidation of [MoI04(hedta)(H20)]- with 
[(NH3)5GoIII()W-02(-))GoIII(NH3)5]

5+ at 25 °G and 7= 
2.0 M with [Mol] in large excess. 

studied at 25 and 30.6 °G and [H+]=0.02—0.10 M . 
First-order plots deviated from straight lines for the 
initial par t of the reaction for ca. I s regardless of 
reactant concentrations and of [ H + ] . The first-order 
rate constant (kohsd) was obtained from the linear 
par t of the plot. The dependence of koh8d on [Mo2] 
at a given [H+] was not linear (Fig. 4), but plot of 
^obscT1 vs- [ M o 2 ] _ 1 gave a straight line with a positive 
intercept at each [H+]. Therefore, koh8d can be ex­
pressed by Eq. 6 at a given [ H + ] . Values of x and 

^obsd-1 = x + X M o J - 1 (6) 

y were obtained from 52 kinetic runs and their de­
pendences on [H + ] are shown in Figs. 5 and 6. 

Kinetics of the Oxidation with [(en)2Colll(\i-NH2tiO^~))' 
CoIU(en)2y+. This was studied briefly at [H+] = 
10-5-1 and 10" 5 - 8 M, 7 = 0 . 1 M and a t 25 °G. First-
order plots gave good straight lines up to almost com­
pletion of the reaction. The koh8d values for [Mo2] = 
1.04 XlO" 3 M at [H+] = 1 0 - 5 1 and 10"5-8 M are 11.1 
and 11.6 s - 1 , respectively, suggesting that the de­
pendence on [H+] is negligible in this [H+] range. 
The dependence of kohsd on [Mo2] ( [ M o 2 ] = 5 . 1 9 x 
10-4—3.11 X 10-3 M ; [oxidant] = 9 . 2 4 x 10~5 M) con-

[Mo2]/l0* 

Fig. 4. The dependence of £obsd on [MoJ04(hedta)-
(H 20)-] for the oxidation of [MoI04(hedta)(H20)]-
with [(NH3)5Gom(^02(-))Go I I I(NH3)5]5+ at 7=0.1 M 
in aqueous Perchlorate media (HC104-LiC104) at 
25 °G and [>O2<-)] = 3.0x 10~4 M. 

0.05 
[ H * ] / M 

0.10 

Fig. 5. The dependence of x on [H+] for the oxidation 
of [MoI0 4(hedta)(H 20)]- with [(NH3)5Conl0u-
02<-))Coin(NH3)5]5+ at 7=0.1 M. 
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Fig. 6. The dependence of jv_1 on [H+]_1 for the 
oxidation of [MoI04(hedta)(H20)]- with [(NH3)5-
GoIII(jM-02(-))Coni(NH3)5]5+ at 7=0.1 M. 

formed to the rate law (6). Values of x and y at 
[H+] = 1 0 " 5 1 M are (1.7+0.6) X 10~2 s and (7.9±0.6) 
X 10 - 5 M - 1 s, respectively. 

Effect of Added Halide Ions. The effect of added 
chloride and bromide ions was studied with [(NH3)5-
Com0w-O2(->)Co i n(NH3)5]5+ as oxidant at given con­
centrations of the reactants (Table 1). T h e pseudo-
first-order rate constant becomes smaller on addition 
of halide ions. Various conditions shown in the foot­
note of Table 1 do not seem to change the degree 
of influence by the halide ions. 

The pKa Value of \Mo\0^(hedta)(H20)y. Val ­
ues of pÄ"a of this complex are 3.10 and 3.25 at 25 
°G and 7 = 0 . 1 and 2.0 M , respectively. The latter 
value was carefully determined, since it is clearly 
different from our previously determined value (3.02) ;6) 

the value should therefore be revised to 3.25. At 
35 °G pK& is 3.18 (7=0.1 M ) . 

[MoI04(hedta)(H20)]- + [Ir^CLJ»-

, j f 
[MoI04(hedta)(OH)]2- + [Ir^Cl6]2-

Rate law (7) is obtained for this mechanism. A 

d[IrIV]/d* 
= {2(Ä ( a )[H+]+^ ( b ))[Mo2][Ir iv]}/(ü: a +[H+]) (7) 

comparison with the experimental rate law (4) indi­
cates that ku) and K&k(b) correspond to kJ2 and k3/2, 
respectively, under the condition Ä \ a ) < [ H + ] . The 
term k(b) should correspond to kJ2, since £(a>[H+] 
is negligible as compared with K&k(b) at [ H + J C ^ . 
The K& values determined by the p H titration and 
the observed k3 values give k(w as 1.04 X 104 and 2.09 X 
104 M - 1 s-1 at 25 and 35 °G, respectively. These 
values are in excellent agreement with the experi­
mentally obtained kJ2 values at given temperatures. 
Also the pK& values (3.13 and 3.17 at 25 and 35 °G, 
respectively) calculated from the observed values of 
kz and k± are in good agreement with those deter­
mined by the p H titration. These facts support the 

TABLE 1. THE EFFECT OF HALIDE IONS ON THE RATE 

OF OXIDATION OF [MoI04(hedta) (H 2 0) ] - WITH 

[ (NH^sCoin^-O^^Gon^NH^s]^ AT 25 °0> 

Halide ion (X~) [X~]/M *obsd/103 S"1 

CÏ1 0 6.70b> 
0.1 6.351» 
0.5 4.37*» 
0.5 4.00°) 
0.5 4.02d> 
0.5 4.02e) 

Br- 0.5 4.46b> 

a) 7=2 .0 M (LiC104), [H+]=0 .10M (HC104), [Mo2] 
= 5 x 10-3 M, 0-O£->] = 5 X 10-4 M. b) The ^-hyperoxo 
complex solution containing lithium halide was mixed 
with the molybdenum solution to cause the electron 
transfer to start, c—e) The yu-hyperoxo complex solu­
tion was mixed with the molybdenum complex solution 
containing lithium chloride to cause the electron transfer 
reaction to start. Lithium chloride was added to the 
molybdenum complex solution c) 40 m, d) 220 m, and 
e) 345 m before the redox reagents were mixed. 

D i s c u s s i o n 

Interpretation of Kinetic Data. None of the three 
oxidants is likely to be protonated or deprotonated 
in the p H range employed. Therefore, the p H de­
pendence of the oxidation rate should be interpreted 
by considering the protonation-deprotonation equi­
librium of the reductant . A consideration similar to 
those for the oxidation2 '4) of [ M o I 0 4 ( e d t a ) ] 2 - sug­
gests that the oxidation of the first molybdenum (V) 
ion in the dimer is the rate-determining step, which 
is followed by a rapid oxidation of the second molyb-
denum(V) ion. 

The Oxidation with [7rIVC76]2~: Kinetic data were 
most reasonably interpreted in terms of the following 
mechanism. 

• "MovMoV I" + [IrmGl6]3-

• "MovMoV I" + [I rmCl 6 ] 3 -

proposed mechanism. Activation parameters for kJ2 
must correspond to those for k(b) ( A 7 7 * = 3 8 ± 8 k j 
mol"1 , AS* = - 4 2 ± 2 9 J K - 1 m o l - 1 ) . Those for £<a) 

were not obtained because of big uncertainty in k2 

values. 
The Oxidation with [(NH3)5Com(ii-02<-))Coin-

(NH3)5]
5+: The marked influence of ionic strength 

upon the rate suggests the importance of electrostatic 
interaction of the charged redox couple. The kinetics 
can be more precisely discussed at lower ionic strengths 
where such an interaction is expected to be stronger. 

The observed rate law at 7 = 0 . 1 M (Eq. 6) is con­
sistent with a mechanism involving an ion-pair for­
mation prior to electron transfer. Thus, the following 
mechanism is considered.10) The terms 7Cip(a) and 
Kip(b) stand for the ion-pair formation constants for 
the original complex and its conjugate base, respec-
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[ M o I 0 4 L ( H 2 0 ) ] - + 0-O<->]5+ ^ ± [Mo204L(H20)-^-0^-)]*+ - ^ l 

AJf , . " i f (IP<a)) .. 
[MoI04L(OH)]2- + [>0<->]5+ ^ ± [Mo204L(OH)-,u-0(-)]3+ - ^ > 

(IP(b)) 

tively, L 3 _ is hed ta 3 - , and keM and ke(b) are the rate 
constants for the electron transfer within the ion-
pairs, IP(a) and IP(b) , respectively. The following 
rate law is derived for this mechanism. Thus, kobsd 

is expressed by Eq. 9. The terms x and y in Eq. 6 

dfc-on 
6t 

_ 2{*e(a)ü:IP(a)[H+] +ke(h)^p(b)^a>[MoJLu-Ot->] 
Ka+\B.+\ + {K1Pl&)[U^+Kmb)K&}\_Mo2}

 [ ] 

. = 2{A:e(a)^IP(a)[H+]+^(b)^IP(b)^a}[Mo2] 
obsd ^a+LH+l + ̂ p w I H + l + ^ p w ^ C M b J K } 

are expressed by Eqs. 10 and 11, respectively. Since 
7Ta<[H+], Eq. 11 is rearranged to Eq. 12. A plot 

* = {^ip(a)[H+]+^IP(b)ü:a}/2{A;e(a)ü:Ip(a)[H+] 

+ *e(b)#IP(b)#a} (10) 

y = (K^\H+])l2{keU)K1PU)\H+-[+k6(b)Kmb)K,} (11) 

JT1 = 2{ke(&)Km&) +Äe(b)#Ip(b)/Ca[H+]-i} (12) 

of experimental y~x against [ H + ] _ 1 gives a straight 
line without intercept (Fig. 6). This fact suggests 
that ^e(a)A"ip(a) is negligible as compared with £e(b) X 
JKip(b)-Ka[H+]-1 and x is rewritten to Eq. 13. A plot 

* = {*IP<a>|H+]/2*.to)ffiP(b)tfa} + l/(2Ae(b>) (13) 

of x against [H+] gives a straight line (Fig. 5). All 
the parameters are obtained as follows by use of the 
K8 value (7.9 X 10~4 M ) at 7=0 .1 M and 25 °G : K1FM = 
40.5 M - 1 , ^Tip(b) = 1046 M _ 1 , £e(a) not observed, and 
Ae( b ) -2 .56s- 1 at 25 °C; tfip(a>=30 M - 1 , ^ i P ( b , = 1100 
M _ 1 , keU) not observed, and £ e (b )=4 .3s _ 1 at 35 °G. 
These values are subject to nearly 5 0 % uncertainty 
because of such a complicated analysis. No further 
trials for obtaining their temperature dependence were 
made. Nevertheless, the results provide additional ex­
ample of first-order rate constant for the electron 
transfer within an ion-pair.2'3'11»12) 

For the reaction a t 7 = 2 . 0 M, the following assump­
tions are required to obtain a rate law which is of a 
form similar to the experimentally obtained rate law, 
Eq. 5 : (i) the third term in the denominator of Eq. 
9 is negligible (reasonable since the ion-pair formation 
at higher ionic strengths is expected to be less sig­
nificant); (ii) £e(a)-Kip(a) is negligible as compared 
with Â;e(b)^ip(b)^a[H+]-1 (this relation is experimentally 
derived at 7=0 .1 M (vide supra)); (iii) K& is negligible 
as compared with [H+] (experimental condition). 
Under these assumptions Eq. 9 is simplified to Eq. 14. 

*obSd = 2Äe(b)#ip(b)#a[H+]-1[Mo2] (14) 

The product £e(b)^ip(b)^a is 7 .35X10-2S- 1 at 25.5 
°G, thus £e(b)-Kip(b) is estimated to be 2.97 x 104 M " 1 

s_ 1 by use of the pKa value (3.25). 
The Oxidation with [(en)2Coin(\i-NH2,02^)Colu-

(en)2]
i+: The molybdenum(V) dimer is present al­

most entirely in the conjugate base form, [ M o I 0 4 -
(hed ta ) (OH)] 2 - , a t [H+] = 1 0 - 5 1 and 10" 5 - 8 M. The 
following scheme is consistent with the kinetic behavior 
of the system (Eq. 6). The following rate law 15 

[MoI04(hedta)(OH)]2- + [>NH2,0<->]4+ ^ ± IP(c) 

> products 

is derived for this mechanism. A comparison of Eq. 
15 with Eq. 6 leads to the values KÏF(C) = 210+90 

*obsd = 2A;e(c)iCIp(c)[Mo2]/{l+/i:Ip(c)[Mo2]} (15) 

M - 1 and £ e ( c )=30±10 s"1 at 7 = 0 . 1 M and at 25 °G. 
Ion-pair Formation Constants. The ion-pair for­

mation constant between [(NH3)5Co i n0u-O2(->)Com-
(NH)3)5]5+ and [Mol 0 4 (hedta) (OH) ] 2 ~ at 7 = 0 . 1 M 
(1046 M - 1 at 25 °G) is ca. 4 times bigger than that 
between the j«-02( -) complex and [ M o I 0 4 ( e d t a ) ] 2 _ 

(270 M - 1 at 40 °C).2> The electronic charge may be 
more localized in [ M o I 0 4 (hedta) ( O H ) ] 2 - than in the 
more symmetrical edta complex. Such a localization 
would produce a more negatively charged site within 
the complex anion, at which the ion-pair formation 
would be more extensive. 

Reaction Mechanism. Present reactions must pro­
ceed via the outer-sphere mechanism for the follow­
ing reasons. The oxidation of [MoI0 4 ( ed ta ) ] 2 ~ with 
[ I r I VGl 6 ] 2 - and with [ (NH 3 ) 5 Co n V-0 2 <->)Co m -
(NH 3 ) 5 ] 5 + are believed to occur by the outer-sphere 
mechanism, since these oxidants are unable to coor­
dinate to the molybdenum (V) unless the edta ligand 
is partially displaced.2 '4 '13) The present hedta com­
plex has a coordinated water, for which the oxidant 
can substitute. The remarkable increase in the rate 
of oxidation on changing from [ M o I 0 4 ( h e d t a ) ( H 2 0 ) ] ~ 
to its conjugate base, [ M o I 0 4 (hedta) ( O H ) ] 2 - , does 
not support the inner-sphere mechanism, however, 
since the O H ~ ligand is more strongly coordinated 
than H 2 0 and should be less easily dissociated from 
the metal ion.14) There seems to be no example 
that /f-hyperoxo-dicobalt(III) complexes behave as 
inner-sphere oxidants.3»16) 

The Marcus theory predicts that when a series of 
oxidants are reduced by two different reductants via 
the outer-sphere process, ratio of the two rate con­
stants should be similar for all members of the se­
ries.17'18) Such ratios are often used as a diagnostic 
criterion for assigning redox reactions involving chro-
mium(I I ) , vanad ium(I I ) , etc. as proceeding by an 
outer-sphere mechanism.19) Ratios of the oxidation 
rate of [Mol0 4 (hed t a ) (OH)] 2 ~ to that of [ M o I 0 4 -
( ed t a ) ] 2 - (£hedta(0H)/£edta) are listed in Table 2. 
Ratios for the two oppositely charged oxidants are 
within one order of magnitude, and can be taken 
as an evidence for the outer-sphere mechanism for the 
present reactions. 
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TABLE 2. RATIOS OF THE RATE CONSTANT FOR THE 

OXIDATION OF [MoI04(hedta) (OH)]2~ (£hedta(oH)) 
TO THAT OF [MoI04(edta)]2- (£edta) WITH THE 

GIVEN OXIDANT AT 25 °C 

Oxidant 7/M Order of the 
rate constant i(OH)A« 

[irivcys-
Lu-0<->]5+ *•) 

1.0 
0.1 
2.0 

second-orderb) 
first-order (£e)

c> 
second-order 

3 . 9 x l 0 3 

9 . 8 x l 0 3 

2 9 . 7 x l 0 3 

a) [A-0^>]^=[(NH3)5Coni(^-0$- ))Gom(NH3)5]^. b) 
The &hedta(OH) value at 7=0 .1 M was estimated from 
those at 7=0.1 and 2.0 M, to be 3.9 x 104 M"1 s-1. c) 
The 

•̂edta values at 25 °C were calculated from the 
activation parameters in Ref. 2, to be 2 .60x l0 - 4 s~ 1 

and S ^ l x l O - ^ M - ^ s - 1 at 7=0 .1 and 2.0 M, respec­
tively. 

Rat io of the first-order rate constants ke for the 
oxidation with [ (NH 3 ) 5Com (^-0 2<->)Com (NH 3 ) 5 ] 5+ at 
7 = 0 . 1 M is ca. 3 times smaller than that of keKIT a t 
7 = 2 . 0 M , where ke and KIF values cannot be obtained 
separately. The difference in KIF values should be 
responsible for such a difference in the ratios. This 
fact indicates that electrostatic interactions should sig­
nificantly affect the ratio of the redox rates which 
are usually obtained as a product of ke and KIP. 

Comparison with Other Reactions. Rate of the Reac­
tion: The second-order rate constants of the oxida­
tions of MoI04

2+-complexes with [ I r I VCl 6 ] 2 - , [ F e m -
(phen)3]3+, [ (NH3) 5Go» I (^0 2 ( - ) )Go I»(NH 3 ) 5 ] 5+ and 
[(en)2Com(/*-NH2 ,02<->)Con i(en)2]4+ are summarized 
in Table 3. The following sequence is given for the 
decrease in oxidation rate. This sequence suggests 

[MoI04(hedta)(OH)]2~ > [MoI04(hedta)(H20)]-

> [MoI04(edta)]2- > [MoI04(H20)n]2+ 

([Moî04(OH)(H20)n_1]+ must be more reactive than 

[MoI04(hedta) (H20)]~) 

that the total charge of the complex is not important 
in determining the rate. T h e two hydroxo complexes 
are significantly more reactive than thier conjugate acids. 
A possible interpretation may be that the stronger 

Lewis base, the hydroxide, makes the metal ion more 
negative and more electron donating. Outer-sphere 
oxidations of [VnI(H2O)6]3+,20> [V I V0(H 20)B] 2+, 2 1) 
[ V I V 0 ( p m i d a ) ( H 2 0 ) ] (H2pmida=iV-(2-pyridylmethyl)-
iminodiacetic acid),22) [ V I V 0 ( n t a ) ( H 2 0 ) ] - (H3nta 
=nitri lotriacetic acid),22) and [Tim(H20)6]3+2 3>2 4) 
with various oxidants exhibit predominant rate-
terms proportional to [H+]- 1 . The products in all 
of these reactions are mono- or dioxo metal ions; 
the number of oxo ligands increases and protons are 
reliesed on the oxidation. Such a structural require­
ment was claimed to be responsible for the higher 
reactivity of conjugate bases of these complexes.24) 
A similar interpretation may be applied to the ox­
idation of MoI0 4

2 + -complexes , although the rate-
determining electron-transfer gives a mixed valence 
(V, VI) dimer as an immediate product, the struc­
ture of which is not known. 

Activation Parameters: Table 4 shows that A H " for 
[ M o ï 0 4 ( h e d t a ) ( O H ) ] 2 - is significantly smaller than 
that for [ M o I 0 4 ( e d t a ) ] 2 _ whenever a common ox­
idant is used. The big difference in oxidation rate 
between these two complexes seems to be due to the 
difference in AH" rather than AS". 

The activation entropy for a given molybdenum (V) 
complex is more positive and the activation enthalpy 
is bigger for the oxidation with [(NH3)5Go I I I( i«-02(-))-
Co m (NH 3 ) 5 ] 5 + than those for the oxidation with 
[Ir I VCl6]2~. Such differences can be explained in 
terms of the change in solvation accompanied by the 
encounter complex formation from the separated re-
actants. Negative AS" for redox reactions between 
reactants with charges of the same sign were claimed 
to be largely the result of the charge concentration 
on encounter complex formation, which causes sub­
stantial mutual ordering of the solvated water mol­
ecules.25) O n the other hand, the positive entropy 
brought about on the encounter complex (ion-pair) 
formation between oppositely charged reactants,2 '11) 
may be attr ibuted to the weakening of solute-solvent 
interaction by the partial compensation of charges 
in the ion-pair. The change in AH" with the charge 
of oxidant is more difficult to explain. The contri­
butions of AH" and AS" to the rate constant seem 

TABLE 3. A COMPARISON OF SECOND-ORDER RATE CONSTANTS/M-1 S_1 AT 25 °G FOR THE OXIDATIONS 

OF SOME MOI04
2 +-COMPLEXES WITH FOUR OXIDANTS 

Mo J 04
2+-complexes 

[MoI04(edta)]2-
[MoI04(pdta)]2-
[MoI04(hedta)(OH)]2-
[MoI04(hedta)(H20)]-
[Moî04(OH)(HaO)n_1]+ 
[MoI04(H20)n]2+ 

[Irivci6]2-

6.6C> 

l . lXlO*«) 
2 . 3 x l 0 l f ) 
26<c>h.1) 
5 .7x l0 - 2 «) 

Oxidants 

[Fe"i(phen)3]3+ 

1.9 x10 s«) 

3000 <°-11.1) 
1 .6xl0 l c > 

[>0<->]5+ a> [>NH2,0£->]*+ b> 

8 .8xl0- 3 d ' e > 
1 .87xl0- l f ) 

2 . 6 2 x l 0 2 e ) 6 .30xl03s> 
5 x 10-2 e> 

(Not observed) J) 
(Not observed) •>) 

Ref. 

2,4 
3 

This work 
This work 

2,5 
2,5 

a) [(NH3)5CoiII(^-0^))CoIII(NH3)5]5+. b) [(en)aCom(|i-NHa,OJ-))Coni(en)a]*+. c) 7 = 1 . 0 M . d) Calculated 
from the activation parameters in Ref. 2. e) 7 = 2 . 0 M. f) 7=0 .2 M. g) 7=0 .1 M. h) Estimated on the 
reasonable assumption that the acid-dissociation constant of [Mol04(H20)n]2+ is less than Ï0~3 M. i) For these 
reactions, significant part of the redox reaction proceeds via a pathway independent of the oxidant concentra­
tion.6) j) The oxidation rate is independent of the concentration of the ^-hyperoxo complex.2) 
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TABLE 4. ACTIVATION PARAMETERS FOR THE OXIDATION OF THE COMPLEXES WITH MO][04
2+-CORE 

Oxidant / /M AH"/kJ mol-1 AS" J J K-1 mol-1 Ref. 

[Ir^Cl«]2-

{jl-Oi->]*+ a> 

[Mol 0 4 (edta)] 2~ 
[MoI04(hedta)(OH)]2-
[MoI04(edta)]2-
[MoI04(edta)]2-
[MoI04(hedta)(OH)]2~ 

1.0 
0.1 
0.1b> 
2.0 
2.0 

56+ 1 
38± 8 

118±17 
111+ 3 
80+13 

- 4 2 + 4 
- 2 9 + 29 

76+46 
88±13 
55±42 

4 
This work 

2 
2 

This work 

a) [(NH3)6Co in(^-0£-))Com(NH3)5]5+. b) For the first-order rate constant of the electron-transfer within the ion-
pair, c) In evaluating AH" and A*", it is assumed that AH0 and AS° for K& are - 8 lSkJmol- 1 and - 8 0 

100 J K - 1 mol -1, respectively, which were estimated from the Ka data at 25 and 35 °C as given in the text. 

to compensate each other. Such a relationship is 
more clearly observed for the oxidations of [ V I V O -
( p m i d a ) ( O H ) ] - and [ V I V 0 ( n t a ) ( O H ) ] 2 - with [ I r i y -
Gl 6 ] 2" and [(en)2Co i n(/*-NH2 ,02<->)Com(en)2]4+ (iso­
kinetic relationship is observed).22) This fact suggests 
that the factors controlling AH" must be closely 
related to those controlling AS". Therefore, the solva­
tion state of the encounter complex would be important 
in determining AH". Activation enthalpy is smaller 
for redox reactions involving more solvated encounter 
complexes, and is larger for reactions between op­
positely charged reactants which form less solvated 
encounter complexes.22) 

Reaction Pattern : Existence of a rate-term independ­
ent of the oxidant concentration is the characteristic 
feature of the oxidation of [ M o I 0 4 ( O H ) ( H 2 0 ) n _ 1 ] + 
with the three oxidants in Table 3.2>5> The cleavage 
of one of the two oxo-bridges to give a single-bridged 
species was claimed to be the rate-determining step, 
the O H - ligand being responsible for the bridge 
cleavage.2) Chloride ions were found to catalyze 
markedly the oxidation of [ M o I 0 4 ( H 2 0 ) J 2 + with 
[(NH3)5Gom( iM-02(-))Co I I I(NH3)5]5+. The chloride 
ion was reckoned to substitute for the coordinated 
water and facilitate the bridge cleavage.2) Such a 
mechanism is not plausible for the present reaction, 
since the rate formulae misses the term independent 
of the oxidant concentration and the positive catalytic 
effect by the halide ion was not observed. [ M o I 0 4 -
( H 2 0 ) J 2 + and [ M o I 0 4 ( h e d t a ) ( H 2 0 ) ] - are oxidized 
mainly via their conjugate bases, but mechanism is 
different. The present work stresses that the rate and 
mechanism of oxidations of the complexes with 
MoI0 4

2 + -core depend significantly on the ligand en­
vironment. 
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In the extraction of vanadium (IV) from aqueous solutions containing hydrochloric acid and/or a mixture 
of hydrochloric acid and lithium chloride by bis(2-ethylhexyl) hydrogenphosphate (DEHPA; HX), trioctyl-
methylammonium chloride (Aliquat-336), trioctylamine (TOA), trioctylphosphine oxide (TOPO) and tributyl 
phosphate (TBP), the complexes formed in the organic phases have been examined by spectrophotometry and 
electron spin resonance spectroscopy. It is found that in the extraction by DEHPA, the vanadium in the or­
ganic phase exists as the monomeric species, VO(X2H)2, or the polymeric one, (VOX2)n, and that in the extrac­
tions by Aliquat-336, TOA, TOPO, and TBP, tetravalent vanadium complexes are stable in the organic phases 
extracted from a mixed solution of hydrochloric acid and lithium chloride, while complexes containing pentava-
lent vanadium and VOV4+ ions are formed in the organic phases extracted from hydrochloric acid solutions. 

For the extraction of vanadium(IV) from hydro­
chloric acid solutions by trioctylmethylammonium chlo­
ride (Aliquat-336; R3R'NC1), trioctylamine (TOA, 
R 3 N), trioctylphosphine oxide ( T O P O ; R 3 P O ) , and 
tributyl phosphate (TBP; (RO) 3 PO) 5 the spectral prop­
erties of the organic phases have been discussed in 
a previous paper.1) The present paper extends the 
work to the extraction by bis(2-ethylhexyl) hydrogen-
phosphate (DEHPA; H X ; ( R O ) 2 P O O H ) 5 and obser­
vations on the difference in the structure among the 
complexes formed in the organic phase with those 
acid, basic, and neutral extractants are reported on 
the basis of the results obtained by spectrophotometry 
and electron spin resonance (ESR) measurement. 

E x p e r i m e n t a l 

Chemicals. DEHPA (Daihachi Chemical Industry Co., 
Ltd.), Aliquat-336 (General Mills) and TBP (Daihachi 
Chemical Industry Co., Ltd.) were purified by the usual 
methods,2-4) and diluted with hexane or benzene. TOA 
(Kao Soap Co., Ltd.) and TOPO (Hokko Chemical In­
dustry Co., Ltd.) were used without purification. The 
vanadium (IV) chloride oxide solutions were prepared by 
dissolving vanadium(IV) chloride oxide, VC120, in hydro­
chloric acid solutions of the required concentration. The 
chemicals used were of analytical reagent grade. 

Extraction Procedures. Equal volumes (15 cm3 each) 
of the aqueous and organic phases were shaken for 10 min 
in 50 cm3 stoppered conical flasks in a thermostated water 
bath at 20 °C. The mixture was centrifuged and separated, 
and then the concentrations of vanadium in both phases 
were determined by edta titration as described already.5) 
(In this case vanadium in the organic phase was stripped 
with 0.1 mol dm - 3 hydrochloric acid). The complexes were 
isolated by drying the organic phases in vacuo at 50—60 °C. 

Spectrophotometrical and ESR Measurements. The elec­
tronic spectra were obtained on a Shimadzu Model QV-50 
spectrometer, using matched 1.00 cm fused silica cells. 
ESR spectra were recorded at 20 °C with a high sensitivity 
X-band spectrometer, designed in the Research Institute 
of Electronics, Shizuoka University, and at —30 °C with 
a JEOL JES-PE-3X X-band spectrometer, which operated 
at about 9.3 GHz using 100 kHz field modulation. Field 
calibration was checked by using DPPH and MnO doped 
in MgO. The calculation of ESR derivative line shape 
was made by using the computers of FACOM 230-45S 

and MELCOM COSMO 500.6) 

R e s u l t s a n d D i s c u s s i o n 

Electronic Spectra. T h e representative electronic 
spectra of organic phases for the extraction from aque­
ous hydrochloric acid solutions containing 0.036 mol 
d m - 3 vanadium(IV) chloride oxide with 0.05 mol d m - 3 

D E H P A , 0.05 mol d m " 3 Aliquat-336, 0.05 mol dm" 3 

T O A , 0.05 mol dm~ 3 T O P O , and 0.5 mol dm~ 3 TBP 
at 20 °G are shown in Fig. 1. The blue organic phase 
is obtained in the extraction by DEHPA. In the 
extractions by Aliquat-336, T O A , T O P O , and TBP, 
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Fig. 1. Electronic spectra of organic phases from the 
extraction of aqueous solutions containing vanadium 
(IV) chloride oxide of 0.0036 mol dm - 3 in hydrochloric 
acid with 0.05 mol dm-3 DEHPA (A), 0.05 mol dm~3 

Aliquat-336 (B), 0.05 mol dm-3 TOA (G), 0.05 mol 
dm-3 TOPO (D), and 0.5 mol dm-3 TBP (E) (nu­
merals on curves are hydrochloric acid concentrations 
in aqueous phase, mol dm - 3) . 
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the organic phases depend on the kind of extractants 
in colour (yellow for Aliquat-336 and T O A, greenish 
yellow for T O P O , and pale yellow for TBP) at the 
aqueous hydrochloric acid concentration below 7 mol 
dm~3, bu t at higher acidity above 8 mol d m - 3 redish 
orange colour is developed in these organic extracts. 

The spectra of the organic phases from the extraction 
by D E H P A , classified as acid extractant, show the 
d-d bands at 14700 and 12700 cm" 1 accompanied by 
a shoulder around 9530 cm - 1 . F rom the results ob­
tained previously,7) it is deduced that their bands 
rise from those of monomeric species V O X 4 H 2 and/or 
polymeric one ( V O X 2 ) n . I n both the complexes, the 
X - group is bound to vanadium ion through the oxygen 
atoms which occupy the corner of a square, implying 
that the ligand field effect to vanadium ion resemble 
each other. Assuming that the extracted species is 
in a point group C4 v symmetry, the absorption bands 
at 14700 and 12700 c m - 1 are assigned to the transi­
tions 2 B 2 ^ 2 B ! and 2B2-^2E(I), respectively. 

In the extractions by Aliquat-336 and T O A , clas­
sified as basic extractant, the spectra of yellow organic 
solutions exhibit no band due to the d-d transition of 
tetravalent vanadium ion bu t a band at 26000—27000 
c m - 1 . These organic solutions do not reveal a signal 
in the E S R experiment. In the extraction from 9 
mol d m - 3 hydrochloric acid solution, the absorption 
at about 21000 c m - 1 appears in the spectra of redish 
orange organic solutions. This band probably arises 
from binuclear ion V O V 4 + , which is an intermediate in 
the reaction between di- and tetravalent vanadium 
ions.8> Accordingly it is considered that in the ex­
tractions by Aliquat-336 and T O A at the aqueous 
hydrochloric acid concentration below 7 mol d m - 3 , the 
vanadium is oxidized during the extraction process, 
while the species formed in the extraction at higher 
acidity exists as a polymer containing ion such as 
VOV 4 +. 

In the extractions by neutral extractants, the spectra 
of organic phases for the extraction from 9 mol d m - 3 

hydrochloric acid solution are analogous to those with 
the basic extractants. In contrast, the spectrum of 
organic phase from 5 mol d m - 3 hydrochloric acid solu­
tion with T O P O exhibits the absorption bands at 
11600, 13500, and 26700 c m - 1 due to 2B2-^

2Bly
 2B2-^ 

2 E(I) , and ^Bg-^A-i, respectively, indicating that the 
complex formed in the organic phase contains tetra­
valent vanadium ion. I n addition the spectrum of 
the organic phase with TBP reveals a trace of band 
at about 14000 c m - 1 similar to that with T O P O , 
although those absorption bands are hard to assign 
because of its low extractability. 

O n the other hand, the spectra of organic phase 
for the extraction from aqueous solution containing 
0.036 mol d m - 3 vanadium (IV) chloride oxide in a 
mixture of 0.06 mol d m - 3 hydrochloric acid and 10 
mol dm~3 lithium chloride by Aliquat-336, T O A , 
T O P O , and TBP exhibit the d-d bands in the range 
of 10000—14000 c m - 1 (Fig. 2), which are character­
istic bands of V 0 2 + ion. I n the extraction by T O P O , 
the spectrum of the organic phase from mixed solution 
of hydrochloric acid and lithium chloride is similar 
to that from 5 mol d m - 3 hydrochloric acid solution 

' o 
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Fig. 2. Electronic spectra of organic phases from the 
extraction of aqueous solutions containing vanadium 
(IV) chloride oxide of 0.036 mol dm - 3 in a mixture 
of 0.06 mol dm-3 hydrochloric acid and 10 mol dm"3 

lithium chloride with 0.05 mol dm~3 Aliquat-336 (A), 
0.05 mol dm-3 TOA (B), 0.05 mol dm-3 TOPO (C), 
and 0.5 mol dm-3 TBP (D) in benzene. 

except that the former molar extinction coefficient of 
the band at 13500 c m - 1 is larger than the latter one. 
This implies that the tetra- and pentavalent vanadium 
complexes coexist in the latter organic phase. In 
other spectra, the bands are assigned as follows: for 
Aliquat-336 26500, 14300, and 12800 cm" 1 to 2B2-> 
2AX, 2B2-^2E(I), and 2B2-^2B1, respectively; for T O A 
26700, 12300, and 10600 c m - 1 to 2B2-^2A l3 % - > % , 
and 2B2->2E(I), respectively; for TBP 27000, 13500, 
and 11800 c m - 1 to ^ - ^ A ^ 2B2-^2E(I), and 2B2-^ 
2B1? respectively. As the complexes contained in these 
organic solutions could be formulated as VOCl 2 -
R 3 R ' N C l x H 2 0 , V O ( O H ) C l R 3 N H C l , V O ( O H ) C l -
2R 3 PO, and V O ( O H ) C l - 2 ( R O ) 3 P O , respectively,1) the 
following structures are presumed to satisfy an octa­
hedral or square pyramidal coordination: 
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ESR Spectra. ESR spectra of organic phases 
from the extraction of aqueous solutions containing 
vanadium(IV) chloride oxide in 0.01 mol d m - 3 hydro­
chloric acid with 0.05 mol d m " 3 D E H P A in hexane 
at 20 °C are shown in Fig. 3. T h e well resolved hy-
perfine line with eight components is observed in the 
spectrum at the molar ratio of [ D E H P A ] / [ V ] o r g = 
10.2, which is assigned to that of the monomeric species 



November, 1981] Electronic and Electron Spin Resonance Spectral Studies of Vanadium(IV) Complexes 3389 

3000 3200 3400 3600 3800 4000 

Magnetic field/10~4xT 

Fig. 3. ESR spectra of the organic phases from the 
extraction of vanadium(IV) by 0.05 mol dm - 3 DEHPA 
in hexane (numerals on curves are the molar ratio of 
[HX]/[V]org). 

V O X 4 H 2 . O n the one hand, the spectrum at the 
molar ratio of [DEHPA] / [V] o r g =4 .10 contains the 
broad line showing no hyperfine structure, and that 
at the molar ratio of [DEHPA] / [V] o r g =2 .37 is so 
broadened that the hyperfine structure is unresolved, 
although the spectra of aqueous solutions exhibit hy­
perfine structure, indicating that the vanadium ion 
concentration in the aqueous phases before extraction 
is magnetically diluted. This broadening is probably 
due to the exchange interaction among the unpaired 
electrons of vanadium ions, suggesting that the poly­
meric species is formed in the organic phase by sub­
stituting the hydrogen ions of the monomeric species 
V O X 4 H 2 for V 0 2 + ion in the aqueous phase. I t is 
thus considered that the anisotropy in ESR spectrum 
of the organic extract prepared by drying the organic 
phase for the extraction of 0.0072 mol d m - 3 vana­
d i u m ^ V) chloride oxide solution containing 0.01 mol 
d m - 3 hydrochloric acid with 0.05 mol d m - 3 D E H P A 
in hexane is due to that of the monomeric species 
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because of the molar ratio of [ D E H P A ] / [ V ] o r g = 7 . 1 4 > 
4. 

In the extraction of aqueous solution containing 
0.036 mol dm~3 vanadium(IV) chloride oxide in a mix­
ture of 0.06 mol d m - 3 hydrochloric acid and 10 mol 
d m - 3 lithium chloride with 0.05 mol d m - 3 Aliquat-336, 
0.05 mol dm" 3 T O A , 0.05 mol d m " 3 T O P O , and 0.5 
mol dm~~3 TBP in benzene, the ESR spectra of the 
frozen organic phases were measured at —30 °C in 
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Fig. 4. ESR spectra of frozen organic phases from the 
extraction of aqueous solutions containing vanadium 
(IV) chloride oxide of 0.036 mol dm - 3 in a mixture 
of 0.06 mol dm - 3 hydrochloric acid and 10 mol dm - 3 

lithium chloride with 0.05 mol dm - 3 Aliquat-336 (A), 
0.05 mol dm-3 TOA (B), 0.05 mol dm~3 TOPO (C), 
and 0.5 mol dm-3 TBP (D) in benzene. 

order to estimate ESR parameters (Fig. 4), because 
apparent change in the colour of organic phases was 
observed during the evaporation of benzene to isolate 
the complexes by drying. As the transition due to 
S1-S2 is not observed in the spectra of the organic 
solutions extracted with T O A , T O P O , and TBP, the 
exchange interaction between vanadium ion in the 
complexes [ I I ] , [ I I I ] , and [IV] is presumed to be 
weak and/or less anisotropic. In addition the dif­
ference to be expected in the x, y components is not 
resolved in the spectra. Therefore those spectra can 
be described by the axially symmetric spin Hamil tonian 
including the terms of Zeeman and nuclear-electron 
hyperfine interactions: 

* = ßH(g//S2cosO + 2gLSxsmd) + A A + B(SXIX + S7I7) 

0) 
where ß is the Bohr magneton, H the applied magnetic 
field, gii and g± the g-tensor values parallel and 
perpendicular, respectively, to z-axis corresponding to 
the V = 0 bond direction, 0 the angle between H and 
z-axis, SXt7t% and IXtJt% the components of the electron 
and nuclear spin vectors, respectively, and A and B 
the hyperfine splitting constants for vanadium nucleus. 
Computer simulation method described in an earlier 
paper6) is used for determining the E S R parameters 
of V 0 2 + complexes with DEHPA, Aliquat-336, T O A , 
T O P O , and TBP. The resulting parameters are shown 
in Table 1. 

T h e ^-values and hyperfine splitting constants are 
related to the energy levels and bonding parameters. 
For the purpose of estimating approximate bonding 
parameters, it is assumed that the complexes are ap-
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proximately in a point group C4 v symmetry, because 
the parameters indicating the difference in bonding 
between two perpendicular directions can not be ob­
tained, and that the b 2 orbital is a non-bonding orbital. 
This leads to the following relationship: 

A*„ = 8*v/?!*7^/A (2) 

Ag±. = 2 V , * V ^ ± . (3) 

A = P [ - ( 4 / 7 + *T) - Bi^ß^/A,/) - 6l7(te,**IA±)l, 

(4) 

and 

B = P[2(2/7-KY) - 1 1 / 7 ^ * 7 ^ ) ] , (5) 

where Ag„=2.002-g„, Ag± = 2.002-g±, & « and 
e^*2 are the fractional contributions of the orbitals 
dX2_y2 and dxz (and/or dyz) in antibonding molecular 
orbitals 2B1 and 2 E(I) , respectively, À the spin-orbital 
coupling constant for the free ion of vanadium, KY 

the Fermi contact term for the vanadium atom, P= 
2.002gN — ßßxir-zy in which r is the distance from the 
central nucleus to the electron and ßN the nuclear 
magneton, Aj_ the energy in the transition 2B2->2E(I) 
and A// the energy in the transition 2B2-^

2!B1. T h e 
molecular parameters of the V 0 2 + complexes with 
DEHPA, Aliquat-336, T O A , T O P O , and TBP obtained 
from simultaneous solution of Eqs. 3—6 are given 
in Table 1. The values of ß^*2 for those complexes 
range from 0.50 to 0.59 except that of the complex 
with D E H P A being 0.78. This means that for the 
complexes with Aliquat-336, T O A , T O P O , and TBP 
the in-plane a bonding is covalent so that the unpaired 
electron is delocalized, while somewhat covalent for 
that with D E H P A . This values of £ff*

2 range from 
0.66 to 0.98, implying that the out-of-plane n bonding 
is almost completely ionic for the complexes with 
DEHPA, Aliquat-336, and TBP, somewhat covalent 

TABLE 1. ESTIMATED ESR PARAMETERS OF THE 

VANADIUM ( I V ) COMPLEXES WITH D E H P A , 

ALIQ.UAT-336, TOA, TOPO, AND TBP 

Vanadium (IV) complex 
Parameter . -̂  v 

DEHPA Aliquat-336 TOA TOPO TBP 

~~g~n 1.930 1.940 1.947 1.935 K945~ 

g± 1.976 1.979 1.980 1.980 1.978 
\A\/cm-1 0.0147 0.0177 0.0170 0.0170 0.0155 
151/cm-1 0.0063 0.0067 0.0069 0.0069 0.0074 

for that with T O P O and covalent for that with T O A . 

Conclus ion 

I n the extraction by DEHPA, the monomeric species, 
V O ( X 2 H ) 2 , in which central vanadium ion possesses 
little 7t bonding of coordinated oxygen atoms of 
DEHPA, is formed when D E H P A is present in excess, 
and an increase in the organic vanadium concentration 
involves the formation of polymeric species arising 
from the substitution of the hydrogen ion of coor­
dinated anion X 2 H~ by vanadium ion in aqueous 
phase. In the extraction by Aliquat-336, the tetrava-
lent vanadium species, R 3 R'NVOCl 3 , which is also 
deduced from the extractions of other metals, exists 
stably in the organic phase extracted from a mixed 
solution of hydrochloric acid and lithium chloride, 
and while the hydrolytic tetravalent vanadium species, 
V O ( O H ) C l n L , are found in the extractions by TOA, 
T O P O , and TBP. 
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The activities of the KCl-NaCl system were mass-spectrometrically determined by the ion-current-ratio 
method in the temperature range from 793 to 1083 K. As a result, the activities of KCl or NaCl in the solid solu­
tion showed greatly positive deviations from Raoult's law while the liquid solution at 1083 K gave slightly 
negative values. The heats of mixing in the solid solution were calculated from the temperature dependence of 
the modified ion-current ratios, [(/Na2ci+/^Naci)/(^K2ci+/-^Kci)]- The excess entropy of mixing in the solid 
solution was attributed to the change in the vibrational spectrum, and the vibrational contribution to the heat 
of mixing was evaluated. 

The Knudsen-cell mass-spectrometric method devel­
oped by Belton and Fruehan1) has been applied to 
the determination of the thermodynamic properties of 
metallic solutions at elevated temperatures and has 
proved to be very useful. However, there have been 
few reports concerning the application of this method 
in activity measurements in inorganic-solid-solution 
systems between compounds. In the case of the ac­
tivity measurement of a solid-solution system, a dif­
ficult problem is a surface depletion caused by the 
preferential vaporization of certain components. 

In this study, the applicability of the mass-spec­
trometric method has been checked for the mea­
surement of activities in the KCl -NaCl system. This 
system is proper for a discussion of the adaptability 
of the mass spectrometry to the activity measurements 
in an inorganic-solid-solution system because of the 
relatively small difference in the vapor pressures of 
the components (the ratio of the vapor pressure of 
KCl to that of NaCl is about two) and the ease of 
thermodynamical analysis from the observed data. 

Exper imenta l 

The instrument used was a doubly focused mass spectrom­
eter (JEOL JMS-01/BK) with a Knudsen-cell source {cf. 
Fig. 1). The Knudsen cell(G), made of alumina, had di­
mensions of 8 mm I.D. by 8 mm in height and had a cy­
lindrical orifice 0.2—0.7 mm in diameter bored in the center 
of a lid about 1 mm thick. The cell was heated by radia­
tion from tungsten ribbon heaters (H). The temperature 
of the cell was measured with a W5%Re-W26%Re ther­
mocouple attached at the inner bottom of the outer cell(F), 
which had been calibrated in advance from the difference 
in the temperatures between the inside and outside of the 
cell (containing a sample), the difference having been deter­
mined using a PR 13 thermocouple (0.2 mm in diameter) 
inserted through the orifice. Samples in the KCl-NaCl 
solid solutions were prepared by the melting a mixture of 
exactly weighted KCl and NaCl powders dried in a vacuum 
for a day and by then quenching them to room tempera­
ture in a quartz tube. They were crushed to powder just 
before the measurement, and about 300 mg was used in the 
Knudsen cell for each run of an experiment. 

The ion intensity for the derived species was measured 
by the usual mass-spectrometrical technique in the tem-

10N 

1" Present address: Tokyo National Technical College, 
1220-2, Kunugida, Hachioji, Tokyo 193. 

Fig. 1. Scheme of the mass spectrometer with Knudsen 
cell ion source. 
A: Mirror, B: liquid N2 trap, C: ion source chamber, 
D: electron beam, E: shutter slit, F : outer cell, G: 
Knudsen cell, H : filament, I : radiation shield, J : 
W5%Re-W26%Re thermocouple, K: Th02-tube. 

perature range from 793 to 1083 K, changing the temper­
ature in steps of 40 K intervals. The temperature was held 
for about 15 min at each temperature level in order to ob­
tain the constant ion intensity indicating the chemical equi­
librium. The total weight loss of the sample after each 
run was about 0.1 mg in the solid state and about 3 mg 
in the liquid state. If a perfect shutter effect could not 
be obtained because of the contamination by alkali halide 
vapors, the ion source was completely cleaned. The ioniza­
tion potential of 25 eV was used. 

R e s u l t s a n d D i s c u s s i o n 

The detected ion species were Na + , K+, NaCl + , 
KG1+, Na2Gl+, K2G1+, NaKGl+, and G1+. Their ap-
perance potentials, referred to H 2 0 + , were 10.3, 11.0, 
10.0, 10.5, 10.0, 10.8, 10.5, and 15.5 eV respectively. 
The ion intensities of the Na 3Gl 2

+ and K 3G1 2
+ trimers 

were under 1/100 for those of the Na2Gl+ and K2G1+. 
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Both by considering the temperature dependences of 
the ion currents and by using an analogy with other 
chlorides,2»3) the formation processes of ions from the 
alkali-halide vapors were estimated to be as follows: 

MCI + e- = M+ + Gl + 2e-, (1) 

MCI + e- = MG1+ + 2e-, (2) 

M2G12 + e- = M2G1+ -f CI + 2e~, (3) 

MM'Cl + e- = MM'C1+ + Gl + 2e-, (4) 

CI + e- = G1+ + 2e-, (5) 

where M and M ' stand for Na or K. T h a t is to say, 
MC1+, M2C1+, and MM'C1+ were the molecular(or 
parent) ions formed by the simple ionization, while 
M + and Gl+ were the fragment ions. Therefore, we 
considered that the sum of the ion currents of M + 

and MC1+ was proportional to the vapor pressure of 
MCl(g) . 

In order to confirm the equilibrium in the cell, 
the dimer ion-current ratio, /Na2cr//K2ci+ was mea­
sured at 913 K as a function of the orifice diameter, 
as shown in Fig. 2. From the results, the equilibrium 
in the cell was confirmed. 

Belton and Fruehan1) have derived expressions re­
lating to the activity of a solution which is favorable 
to mass spectrometry. The activity in the system 
was determined using the expression for the ion-current 
ratios of any two peaks for Na 2 Cl + , K 2 C1 + , or N a K C l + . 
For example, the activity coefficient for the KCl com­
ponent, yKC1, is given by : 

-^NaCl 
In?] KOI - -r 

X d{ln(/Na2C1+//K2C1+) -ln(ZNaCi/XKci)2}5 (6) 

where Xi is the mole fraction. This equation means 
that the activity can be determined from the ion-
current ratio, /Na2cr//K2cr, as a function of the com­
position. The experimental results are shown in Fig. 
3 as plots of ln(/Na2ci+/^K2ci+) vs. \jT. These plots 
for each composition fall on straight lines, the slopes 
of which are given in Table 1. T h e broken lines 

1 

0 

-1 

- 2 

1 ~J*— 

h 

1 J 

T 1 1 1 

- t ~ 
X N Q C I = 0 . 8 

XNaC( = 0.1 J 
• 1 

I • 
1 — l .___. l _ 1 

0.2 0.4 0.6 0.8 1.0 
Orifice diameter/mm 

Fig. 2. Orifice diameter dependence of ln(/K2C1+/ 
^Na2cr)-

in Fig. 3, located on the gaps between the two straight 
lines in the lower and higher temperature sides, cor­
respond to the regions where the solid and liquid 
coexist. The solidus and liquidus temperatures ob­
tained from this figure agreed approximately with 
those in the phase diagram.4) In order to graphically 
integrate Eq. 6, the term of {ln(/Na2cr/^K2cr)—ln-
(^Naci/^Kci)2} w a s plotted against the composition, 
X, as is illustrated in Fig. 4. Using this figure, the 

9. oh 

1.0 1.1 

r-vkK-1 

Fig. 3. The observed ion current ratio of dimer ions 
in the KCl-NaCl system. 

^K 2 C1 + -^KCl 

Fig. 4. Preliminary curves for the graphical integra­
tion in Eq. 6. 

TABLE 1. VALUES OF SLOPES FOR THE LINES DRAWN IN Fig. 3 

^NaCl 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

dln( /Na2C1* ) / d ( l / r ) 6250 5030 
\ ^K 2 C1 + / 

3050 1240 - 4 7 0 -990 -2970 -4310 -6830 
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activity coefficients for NaCl and KCl are calculated 
by the graphical integration on the basis of Eq. 6. 
The results are shown in Fig. 5. 

The activity can be obtained also using a complex 
dimer, NaKGl2(g) , in the following manner . The 
equilibrium reaction between the gas and the con-
denced phases containing the complex vapor : 

Na2Gl2(g) + KGl(c) = NaKGl2(g) + NaCl(c) (7) 

gives another expression for the activity coefficient 
corresponding to Eq. 6: 

\nyK -Xi NaCl 

X d{ln(/NaKCi+//K2ciO-ln(^Naci/^KCi)}. (8) 

The obtained ion-current ratios vs. \jT and the 
{ln(/NaKci+//K2ci+)— ln(ZNaci/^Kci)} vs. composition are 

Fig. 5. Activities in the KCl-NaCl system. 
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Fig. 6. The observed ion current ratio of dimer ions 
in the KCl-NaCl system. 

shown in Figs. 6 and 7. The activities derived from 
Fig. 7 are shown in Fig. 8; they are in close agreement 
with those shown previously in Fig. 5. The closed 
circles in Fig. 8 indicate that the activities of NaCl 
at 1083 K were determined by the monomer-dimer 
method,5) in which the following equation was used: 

flNaCl = (-^Na2Cl+/-^NaCl+) solution/(-^Na2Cl+ / -^NaCl+) pure« (9) 

The plots were in good agreement with the values 
determined by the ion-current-ratio method. This fact 
supports the idea that the following fragmentation 
can be neglected: 

Na2CI2 + e- -* Na+ + NaCl + CI + 2e~, (10) 

Na2Cl2 + e- NaCl+ + NaCl + 2e~. (H) 

Topor and Topor6) have determined the activity 
of the K C l - N a C l system at 1153 K by means of the 
galvanic-cell method. The activity reported by them 
(Fig. 5) shows a great positive deviation from that 
for the ideal solution, while their values disagree with 
those extrapolated from our data up to 1153 K. When 
the excess partial entropy of mixing was evaluated 
using Topor and Topor 's activity data and Hersh 
and Kleppa 's calorimetric data,7) the value of —0.72 
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Fig. 7. Preliminary curves for the graphical integra­
tion in Eq. 8. 

Fig. 8. Activities in the KCl-NaCl system. 
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e.u . w a s o b t a i n e d for t h e c o m p o s i t i o n of X N a C 1 = 0 . 5 . 
T h i s v a l u e , h o w e v e r , is cons ide r ed to b e too l a r g e 
for this s imp le sys tem. 

T h e h e a t s of m i x i n g , AH*, for t h e solid so lu t ion 
w e r e d e t e r m i n e d b y a g r a p h i c a l i n t e g r a t i o n of E q . 
12 ^ 

A-flVci = = - « / Xv 

XKC.I = 1 

, rdln{/Na2C1+ ••XjCi/IK2CV • J^Naci} 
(12) 

d ( i / r ) 

u s ing t h e va lues of t h e s lope g i v e n i n T a b l e 1. T h e 
i n t e g r a t i o n a l o n g t h e c u r v e i n F ig . 9 yields F i g . 10. 
T h e l a r g e pos i t ive h e a t of m i x i n g in t h e solid so lu t ion 
sys tem p r o b a b l y arises f rom t h e di f ference i n r a d i u s 
b e t w e e n t h e r a d i i of N a + (0 .96 Â) a n d K + (1 .33 A ) . 

As is s h o w n in F i g . 10, AHKC1 is l a r g e r t h a n A / / N a C 1 . 
T h i s is d u e to a r e q u i r e m e n t of a l a r g e r e n e r g y t h a n 
t h a t for t h e case of a s m a l l i on for t h e i n t r o d u c t i o n 
of a l a r g e i o n i n t o a l a t t i ce . I f t h e ion ic r a d i i i n t h e 
s t a t e of solid so lu t ion a n d b u l k m o d u l i of t h e ions 
a r e k n o w n , t h e c o n t r i b u t i o n of t h e s t r a i n e n e r g y to 
t h e h e a t of m i x i n g c a n b e e s t i m a t e d . I n t h e K G 1 -

O 
es 

-8000 -4000 0 4000 8000 

dln(lNaxCrX,KCl/lK.CI+X,NaCl)/d(1/T) 

Fig. 9. Integrat ion plot for the K C l - N a C l system. 
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Fig. 10. Heats of mixing in the K C l - N a C l solid solu­
tion system. 

N a C l sys tem, t h e ca t ions m a y t a k e a n a r r a n g e m e n t 
w i t h a s h o r t - r a n g e o r d e r i n o r d e r to r e d u c e t h e s t r a in 
e n e r g y . 

T h e e n t r o p y of m i x i n g , AS*, in t h e solid so lu t ion 
w a s c a l c u l a t e d f rom t h e w e l l - k n o w n t h e r m o d y n a m i c 
r e l a t i o n : 

AS* = - ( A # M - A G M ) / 7 \ (13) 

I t is s h o w n i n F i g . 1 1 . I f t h e a r r a n g e m e n t of t h e 
ca t ions is close to t h e r a n d o m s ta te i n t h e solid so lu t ion , 
t h e e n t r o p y is g i v e n b y on ly t h e i dea l conf igu ra t iona l 
t e r m , A S X . u : 

AS!inl = - Ä ( Z K C 1 l n X K C 1 + X N a C 1 l n X N a C 1 ) . (14) 

ASTaeai is also p l o t t e d i n F i g . 11 . T h e n t h e excess 
e n t r o p y , AS?*ceBB, is g iven b y : 

AS»eeBB = AS* - AAÏ. . , . (15) 

T h e e n t r o p y of m i x i n g i n t h e l i q u i d so lu t ion s h o w n 
in F ig . 11 w a s c a l c u l a t e d f rom t h e act ivi t ies f rom 
H e r s h a n d K l e p p a ' s c a l o r i m e t r i c d a t a . T h e smal l 
excess e n t r o p y of m i x i n g a n d t h e sma l l h e a t of m i x i n g 
sugges t t h a t t h e l i q u i d so lu t ion is n e a r l y a n idea l 
so lu t ion . T h e l a r g e pos i t ive excess e n t r o p y of m i x i n g 
i n t h e solid so lu t ion is cons ide red to ar ise f rom a c h a n g e 
i n t h e v i b r a t i o n a l e n t r o p y assoc ia ted w i t h a c h a n g e 
i n t h e v i b r a t i o n a l s p e c t r u m . T h e v i b r a t i o n a l e n t r o ­
pies (AS*) of K C l a n d N a C l c a n b e c a l c u l a t e d f rom 
D e b y e ' s theory 8 ) u s ing t h e D e b y e t e m p e r a t u r e s 9 - 1 1 ) 
of K C l (235 K ) a n d N a C l (321 K ) . T h e v i b r a t i o n a l 
e n t r o p y of solid s o l u t i o n ^ ) is t h e m e a n v i b r a t i o n a l 
e n t r o p y , oiea^^-AKciOKci +X»»ci& ,

lci) , p lus t h e excess 
e n t r o p y , ASf^BSB. T h e c a l c u l a t e d Sv,s a r e s h o w n in 
F ig . 12. T h e D e b y e t e m p e r a t u r e of t h e solid so lu t ion 
was c a l c u l a t e d f rom t h e Sv ; i t is s h o w n i n F ig . 13, 
a l o n g w i t h t h e D e b y e t e m p e r a t u r e , 0D, c o r r e s p o n d i n g 
to t h e .Smean. I t is a lso poss ible to c a l c u l a t e t h e h e a t 
c a p a c i t y , C v , for t h e K C l - N a C l solid so lu t ion . T h e 
c h a n g e in t h e h e a t c a p a c i t y to form t h e solid so lu t ion 

i s : 

A C V — C'y,solid solution — ^KClCv.KCl ~ ^NaClCv ,NaCl-

(16) 

<! 

<1 

solid solution 

3h 

2\-

liquid solution 

08 10 
NaCl 

Fig. 11. Entropies of mixing in the K C l - N a C l solid 
solution and liquid solution systems. 
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A//M- v 

Fig. 12. Vibrational entropy and mean entropy of the 
KCl-NaCl solid solution system. 

= fo
TACp*T. (17) 

T h e results are shown in Fig. 10. For the purposes 
of this study, it is possible to estimate that ACp is 
close to ACV. As is shown in Fig. 10, A / / M , v makes 
only a small contribution to AH M . 

Conclusion 

(1) The activities of KCl and NaCl in the solid 
solution showed greatly positive deviations from 
Raoult 's law, while the liquid solution gave slightly 
negative values. 

(2) T h e large positive heat of mixing in the solid 
solution was attr ibuted to the strain energy which 
arises from the difference in radius between the radii 
of Na+ and K+. 

(3) The large positive excess entropy of mixing 
in the solid solution is considered to arise from a change 
in the vibrational spectrum. 

300 h 

200. 

250r 

1.0 
NaCl 

I ig. 13. Debye temperature for the KCl-NaCl solid 
solution system. 

The change in the heat of mixing caused by the change 
in the vibrational spectrum is calculated using the 
following equation: 
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Bis(/?-diketonato)palladium(II) and -platinum(II) readily react with tertiary phosphines (L) to afford [M-
Off-dik)Qff-dik-0)L], [M0?-dik)L2]0ft-dik), [ML4]Q5-dik)2, [M(£-dik-0)2L2], and [MOS-dik)Qff-dik-C)L] com­
plexes, which were characterized mainly by infrared and *H and 13C NMR spectroscopy. Factors influencing the 
relative stability of each bonding mode of /?-diketonate anions were investigated. 

Since bis (2,4-pentanedionato) palladium (I I) was 
found to react readily with Lewis bases such as tri-
phenylphosphine, pyridine, and diethylamine to con­
vert one of the chelating ligands into the central-
carbon-bonded state,1) we have carried out com­
prehensive studies on the reactions of various bis(/?-
diketonato)palladium(II) and -plat inum(II) complexes, 
[M(/S-dik)2], with a wide variety of nitrogen and 
phosphorus bases. In a previous paper2a) the reac­
tions of [Pd(/?-dik)2] with nitrogen bases were sum­
marized in Scheme 1. Besides compounds 7 and 8 
containing the carbon-bonded /5-dik ligand, secondary 
and primary amines gave the cationic complexes 4 
and 5, respectively, which contain the /?-dik anion 
as the counter ion in the outer sphere. In the plat-
inum(II ) case, compounds of the type 6 were also 
isolated as the linkage isomer of 4.2>3) 

Since the kinetic study4) revealed that compound 
7 is produced via 4 and not directly from 1, compound 
4 seems to be formed via 3 which contains the oxygen-
bonded /?-dik as a unidentate ligand. However, no 
compounds of types 2 and 3 have been isolated in 
the reactions between [M((8-dik)2] and nitrogen bases. 
Then the reactions with phosphorus bases have been 
examined, which proceed in a similar manner to 
those with nitrogen bases following Scheme 1, giving 
2 and 3 as well as 4, 5, 6, and 7. 

Several five-coordinate complexes [M(hfac)2L] were 
prepared by the reactions of [M(hfac)2] (M = Pd and 
Pt) with P(o-tolyl)3, PCy3 , and PPh(o-tolyl)2 as L. 
The square-pyramidal structure of these complexes 
was inferred by the XH, 13G, and 19F N M R studies, 
and confirmed by X-ray analysis in the case of [Pd-
(hfac)2P(o-tolyl)3] and [Pt(hfac)2PCy3].5> Ito et al also 
examined the reactions between [Pt(acac)2] and phos­
phorus bases to obtain [Pt(acac-0)2(PEt3)2]6) as well 
as [Pt(acac)(acac-C3)L] ( L = P P h 3 and PCy3),7) which 
were characterized by the N M R spectroscopy. The 
present paper reports the other new compounds ob­
tained by the reactions of [M(/?-dik)2] (M = Pd and 

tt In this paper the chelated, single oxygen bonded, and 
central carbon bonded anions of /?-diketones such as 
2,4-pentanedione (acacH), l,l,l-trifluoro-2,4-pentanedione 
(tfacH), l,l,l,5,5,5-hexafluoro-2,4-pentanedione (hfacH), 1-
phenyl-1,3-butanedione (bzacH), and l-(2-thienyl)-4,4,4-
trifluoro-1,3-butanedione (ttaH) are represented by /?-dik, 
ß-dik-O, and ß-dik-C, respectively, and /?-dik in the outer 
sphere shows a counter ion. Other abbreviations: PCy3, 
tricyclohexylphosphine; dpe, m-l,2-bis(diphenylphosphino)-
ethylene; dppe, l,2-bis(diphenylphosphino)ethane. 
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Scheme 1. 

Pt ; /?-dik=mainly acac, tfac, and hfac) as well as 
mixed-ligand chelates [M(acac)(tfac)] and [M(acac)-
(hfac)] with several kinds of tertiary phosphines. 

Exper imenta l 

Preparation of Complexes. The starting bis(/?-di-
ketonato)palladium(II) and -platinum(II) complexes were 
prepared by the methods reported recently.8) Most of 
tertiary phosphines were purchased and used without fur­
ther purification, but less stable triethylphosphine was dis­
tilled under reduced pressure before use and tri-o-tolylphos-
phine was purified by recrystallization from ethanol. 

7,7,7- Trifluoro- 2,4 -pentanedionato (1,1,1' - trifluoro -2,4 -pentane-
dionato-O) (tri-o-tolylphosphine)palladium (II), [Pd(tfac) (tfac-O) -
{P(o-tolyl)3}] (3a): Hexane (10 cm3) was added to a red 
solution of [Pd(tfac)2] (886 mg, 2.15 mmol) and P(o-tolyl)3 

(663 mg, 2.18 mmol) in hot benzene (15 cm3) and the mix­
ture was left to stand overnight at room temperature. 
Orange plates deposited were filtered, washed with diethyl 
ether (10 cm3) and air-dried. The yield was 1.12 g (73%). 

[Pd(tfac) (tfac-O) (PCyJ] (3c) : [Pd(tfac)2] (151 mg, 
0.366 mmol) and tricyclohexylphosphine (PCy3) (110 mg, 
0.392 mmol) were dissolved in dichloromethane (2 cm3) to 
result in a red solution. The solvent was allowed to evap­
orate spontaneously at room temperature to leave orange 
needles, which were recrystallized from hexane. The yield 
was 60 mg (24%). 
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[Pd(acac) (tfac-O) {P(o-tolyl)3}] (3d) : Hexane (2 cm3) 
was added to a red solution of [Pd(acac)(tfac)] (108 mg, 
0.301 mmol) and P(o-tolyl)3 (94 mg, 0.31 mmol) in benzene 
(1.5 cm3), and the mixture was left to stand at ambient tem­
perature to deposit orange yellow columns. The product 
was filtered, washed with petroleum ether ( b p < 5 0 °C), 
and air-dried. The yield was 83 mg (42%). 

[Pt(acac)(acac-0){P(o-tolyl)3}] (3e): A toluene solution 
(15 cm3) containing [Pt(acac)2] (327 mg, 0.831 mmol) and 
P(o-tolyl)3 (1.024 mg, 3.36 mmol) was refluxed for 5.5 h. 
Hexane (20 cm3) was added to the solution and the mixture 
was left to attain room temperature. Yellow needles form­
ed were filtered, washed with hexane and dried in vacuo. 
The yield was 393 mg (68%). 

[Pt(tfac) (tfac-O) {P(o-tolyl)3}] (3f) : A solution of oj-[Pt-
(tfac) J (300 mg, 0.599 mmol) and P(o-tolyl)3 (203 mg, 0.667 
mmol) in toluene (30 cm3) was heated under reflux for 
3 h. The solvent was then distilled away under reduced 
pressure to leave a yellow powder, which was washed with 
diethyl ether. The product was dissolved in dichlorometh-
ane and recrystallized by addition of hexane to afford yellow 
needles (271 mg) in a 56% yield. A similar reaction of 
frmy-[Pt(tfac)2] also gave 3f in a 48% yield. 

[Pt(acac) (tfac-O) {P(o-tolyl)3}] (3h): The reaction of 
[Pt(acac)(tfac)] with three times molar amount of P(o-
tolyl)3 and work up in a similar manner as above gave tiny 
white needles of 3h in a 46% yield. 

[Pt(acac) (tfac-O) (PPh3)] (3i) : [Pt(acac)(tfac)] (133 mg, 
0.297 mmol) and triphenylphosphine (79 mg, 0.30 mmol) 
were dissolved in dichloromethane (1 cm3) and the solvent 
was allowed to evaporate spontaneously at room temper­
ature to leave yellow needles, which were gathered, washed 
with hexane, and dried in vacuo. The yield was 125 mg 
(59%). 

[Pt(acac) (tfac-O) (PEt3)] (3j): A dichloromethane solu­
tion (2 cm3) of triethylphosphine (25 mg, 0.21 mmol) was 
added dropwise to a solution of [Pt(acac)(tfac)] (73 mg, 
0.163 mmol) in the same solvent with stirring. The solvent 
was then allowed to evaporate spontaneously at room tem­
perature to deposit colorless cubes. Recrystallization from 
dichloromethane-hexane gave white plates ( 11 mg) in a 
12% yield. 

Bis (tricyclohexylphosphine) (7,7,7 - trifluoro -2,4-pentanedionato)-
palladium (II) 7,7,7- Trifluoro-2,4-pentanedionate, [Pd(tfac) -
(PCy3)2](tßc) (4a): [Pd(tfac)2] (210 mg, 0.509 mmol) and 
PCy3 (290 mg, 1.03 mmol) were dissolved in dichloromethane 
to afford an orange yellow solution. The solvent was al­
lowed to evaporate spontaneously at room temperature to 
leave viscous red-orange oil, to which was added hexane 
(1 cm3) to deposit a yellow precipitate. Recrystallization 
from dichloromethane-hexane gave a yellow crystalline solid 
(116mg) in a 33% yield. 

\Pt(acac)(PPh3)2\(tfac) (4d): A solution of [Pt(acac)-
(tfac)] (145 mg, 0.324 mmol) and PPh3 (176 mg, 0.671 
mmol) in diethyl ether was kept in a refrigerator for two 
days to precipitate white plates, which were filtered and 
dried in vacuo. The yield was 232 mg (74%). 

Bis[cis-7,2-bis(diphenylphosphino)ethylene]palladium(II) 7,7,7-
Trifluoro-2,4-pentanedionate, [Pd(dpe)2\(tfac)2 (5a): To a sus­
pension of [Pd(tfac)2] (206 mg, 0.500 mmol) in dichloro­
methane (4 cm3) was added dpe (396 mg, 1.00 mmol) to 
result in a clear yellow solution, which on standing for several 
minutes began to deposit pale yellow plates. After being 
left overnight, the precipitate was filtered, washed with 
dichloromethane, and dried in vacuo. The yield was 536 
mg (89%). 

[Pd(PMe2Ph)i](hfac)2 (5b) : To a solution of [Pd(hfac) J 
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(520 mg, 0.996 mmol) in diethyl ether (4 cm3) was added 
a solution of about four times molar amount of dimethyl-
phenylphosphine (PMe2Ph) (0.7 cm3) in the same solvent. 
Color of the solution changed immediately from red to orange 
yellow and yellow needles precipitated, which were filtered 
and washed five times with diethyl ether. Addition of 
hexane to a mixture of the filtrate and washings gave another 
crop of the product. The total yield of yellow crystals was 
880 mg (82%). 

[Pd(dpe)2](hfac)2 (5c): When dpe (159 mg, 0.401 mmol) 
was added to a solution of [Pd(hfac)2] (104 mg, 0.199 mmol) 
in dichloromethane (1 cm3), the red color of the solution 
became light, precipitating white plates, which were filtered, 
washed with small portions of dichloromethane and diethyl 
ether, and dried in vacuo. The yield was 243 mg (92%). 

[Pt(PMe2Ph)t\(tfac)2 (5d): On addition of a solution 
of PMe2Ph (100 mg, 0.725 mmol) in diethyl ether (1cm 3 ) 
to a solution of cw-[Pt(tfac)2] (106 mg, 0.212 mmol) in the 
same solvent, a creamy precipitate appeared immediately. 
After being washed three times with diethyl ether, the crude 
product ( 174 mg) was dissolved in hot dichloromethane 
(4 cm3). A small amount of petroleum ether was added 
to the solution to deposit a white crystalline solid, which 
was filtered and washed with acetone. The yield was 82 
mg (37%). 

[Pt(dppe)2](tfac)2 (5e): A white precipitate appeared 
immediately after addition of a solution of l,2-bis(diphenyl-
phosphino) ethane (dppe) (130 mg, 0.327 mmol) in dichloro­
methane (3 cm3) to a solution of [Pt(tfac)2] (80 mg, 0.16 
mmol) in the same solvent (3 cm3). Recrystallization from 
dichloromethane-hexane gave colorless columns (96 mg) in 
a 46% yield. 

[Pt(dppe)2](hfac)2 (5h) and [Pt(dppe)2](acac)(tfac) (5j): 
Similar reactions of [Pt(hfac)2] and [Pt(acac)(tfac)] with 
dppe in dichloromethane gave colorless plates of 5 h and 
pale yellow crystals of 5j in 65 and 64% yields, respectively. 

[Pd(dpe)2](tfac)2'7/4CH2Cl2 (5f): To a solution of cis-
[Pt(tfac)2] (170 mg, 0.339 mmol) in dichloromethane (5 
cm3) was added dpe (278 mg, 0.702 mmol). After being 
left overnight, white plates produced were filtered, washed 
with dichloromethane, and dried in vacuo. The yield was 
415 mg (93%). 

[Pt(dpe)2](hfac)2 (5i): White plates of 5i were similarly 
prepared by the reaction between [Pt(hfac)2] and dpe in 
dichloromethane. The yield was 96%. 

[Pt(PMe2Ph)i](hfac)2 (5g): White columns of 5g (109 
mg) were obtained in a 38% yield by the reaction of [Pt-
(hfac)2] (150 mg, 0.246 mmol) with PMe2Ph (115 mg, 0.833 
mmol) in diethyl ether (3 cm3). 

Bis (7,7,7 -trifluoro -2,4- pentanedionato - O) bis (triethylphosphine) -
platinum(II), [Pt( tfac-O )2(PEt3)2] (6a): To a solution of 
aj-[Pt(tfac)2] (72 mg, 0.14 mmol) in dichloromethane (0.5 
cm3) was added PEt3 (35 mg, 0.30 mmol) followed by a 
small amount of petroleum ether and the mixture was left 
overnight to allow spontaneous evaporation of the solvents. 
Colorless plates left were gathered, washed with a mixture 
of diethyl ether and ethanol (1:1 by volume) followed by 
neat ether, and air-dried. The yield was 67 mg (63%). 
/raw.y-[Pt(tfac)2] also gave the same product in ca. 50% yield. 

[Pt( tfac-O )2(PCy3)2\ (6b): The reaction of [Pt(tfac)2] 
with PCy3 in a similar manner as above afforded yellow 
plates of 6b in an 87% yield. Recrystallization from di­
chloromethane-hexane gave rise to colorless transparent 
plates, which became opaque on drying in vacuo. The final 
yield was 112 mg (50%). 

[Pt(acac-O) (tfac-O) (PEt3)2] (6c) : Addition of a dichloro­
methane solution (0.5 cm3) of PEt3 (57 mg, 0.48 mmol) 
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to a solution of [Pt(acac)(tfac)] (81 mg, 0.18 mmol) in the 
same solvent (1 cm3) changed the solution colorless. Hexane 
(2 cm3) was added to the solution and the mixture was left 
standing overnight at room temperature. The mixed solvent 
was then evaporated spontaneously to deposit colorless 
plates, which were washed repeatedly with ethanol until 
odor of the phosphine was lost and dried in vacuo. The 
yield was 89 mg (79%). 

2,4-Pentanedionato(2,4-pentanedionato - C3) (triethylphosphine)pal-
ladium(II), \Pd(acac)(acac-Q?) (PEt3)] (7a): Triethylphos-
phine (43 mg, 0.36 mmol) was added drop wise to a solu­
tion of [Pd(acac)2] (101 mg, 0.331 mmol) in chloroform 
(0.4 cm3) with stirring. After addition of petroleum ether 
(0.5 cm3) to the solution, the solvent mixture was vaporized 
spontaneously at ambient temperature to deposit yellow 
plates on the wall of vessel, which were filtered and washed 
with a mixture of ethanol and hexane ( 1:5 by volume). The 
yield was 31 mg (22%). 

[Pd(acac)(acac-C3)(PMePh2)] (7c): To a suspension of 
[Pd(acac)2] (76 mg, 0.25 mmol) in benzene (2 cm3) was 
added PMePh2 (52 mg, 0.26 mmol) to result in a red solu­
tion. After addition of petroleum ether (2 cm3) to the 
solution, the solvent mixture was allowed to evaporate spon­
taneously at room temperature to leave yellow plates on 
the wall, which were gathered and washed with diethyl 
ether. The crude product (74 mg, 59% yield) was dis­
solved in dichloromethane and recrystallized as yellow cubes 
on addition of petroleum ether. The final yield was 40 
mg (32%). 

1 -Phenyl-1,3-butanedionato( 1 -phenyl -7,3- butanedionato - C2) (tri-
phenylphosphine)palladium(H), [Pd(bzac) (bzac-G2) (PPhJ] 
(7d) : A mixture of [Pd(bzac)2] (100 mg, 0.233 mmol) and 
PPh3 (61 mg, 0.23 mmol) in diethyl ether (2 cm3) was stirred 
for ca. 4 h at room temperature. A yellow precipitate form­
ed was filtered and washed with diethyl ether. The yield 
was 57 mg (35%). Recrystallization was performed from 
dichloromethane-hexane. 

1-(2-Thienyl)-4,4,4-trifluoro- 1,3-butanedionato[1 - (2-thienyl)-
4,4,4-trifluoro -1,3- butanedionato-C2~\(triphenylphosphine)palladium-
(II), [Pd(tta)(tta-C2)(PPh3)] (7e): The reaction of [Pd-
(tta)2] with equimolar PPh3 in diethyl ether in a similar 
manner as above gave a yellow powder of 7e in a 60% yield. 

Measurements. Infrared spectra were obtained in 
Nujol mull with Hitachi EPI-S and 295 infrared spectro­
photometers. NMR spectra were recorded on JEOL-C60HL 
and JNM-MH100 (in the case of 1H), FX60Q, (for W and 
13C), and FX90Q, (for 19F and 31P) instruments. Molecular 
weight was determined in dichloromethane at 27 °C with 
a vapor pressure osmometer manufactured by Knauer, West 
Berlin, West Germany. 

R e s u l t s a n d D i s c u s s i o n 

Tertiary phosphines react quite readily with [M.(ß-
dik)2] (1) at room temperature. Table 1 lists the 
new compounds prepared by these reactions in ap­
propriate organic solvents. In contrast to the case 
of nitrogen-base complexes, compounds 3 containing 
a tertiary phosphine as L and an O-unidentate ß-
dik ligand are sufficiently stable to be isolated and 
characterized. The n bonding between the d8 metals 
and the phosphine ligands may strengthen not only 
the M - L bond but also the M-O(ß-dik) bond by de­
creasing the electron density at the metal atom. Fur­
thermore bulky phosphines are prone to prevent for­

mation of the type 4 complexes. 
In Table 2 are shown the infrared bands observed 

in the 1500—1800-cm - 1 region for the representative 
complexes of each type. The frequencies of these 
bands assignable to the *>(C—O) -fî>(C—C) vibrations 
are helpful for diagnosing the bonding mode of ß-
dik anions. I to et al pointed out that the y(G=0) and 
v(C-O) bands at 1650 and 1160 cm - 1 , respectively, 
are characteristic of the unidentate acac ligand in 
[Pt(acac-0)2(PEt3)2].6> Each of compounds 3 and 6 
also shows a band in the 1640—1660-cm -1 region 
ascribable to the i»(C=0) vibration of the O-bonded 
ß-dik ligand. In addition, 3e exhibits a strong v(C-
O) band at 1165 cm - 1 . In the case of the tfac and 
hfac complexes, however, very strong v(C-F) bands 
appear in the 1100—1200-cm -1 region, making the 
absorption due to the »»(C-O) vibration indiscernible. 

Compared with 6, compounds 3 show a few ad­
ditional I R bands in the 1500—1625-cm -1 region 
caused by the chelated ß-dik ligand. The tfac and 
hfac anions involved in the outer sphere of compounds 
4 and 5 exhibit a single band in the 1604—1612-cm -1 

and 1676—1680-cm -1 regions, respectively. The latter 
frequency coincides with that (1670—1680 cm - 1 ) re­
corded for the corresponding hfac compounds 4 and 
5 containing nitrogen bases as L.2) O n the other 
hand, the former frequency for the tfac anions in 4 
and 5 is ca. 30 c m - 1 lower than that (1630—1640 
cm - 1 ) observed for the corresponding nitrogen-base 
complexes.2) The cause of this discrepancy is not 
rationalized at present. Compounds 7 show one or 
two bands in the 1650—1683-cm - 1 region assignable 
to the v(G=0) vibration of the C-bonded /?-dik ligands. 

XH NMR Spectra. The 1H N M R data for com­
plexes 5 are listed in Table 3. A single set of the 
methyl and methine signals was observed for each 
complex, indicating that the two /?-dik anions are 
environmentally equivalent. Much higher solubilities 
of 5 in methanol than in less polar solvents and ab­
sence of the P t - H coupling in the proton signals from 
the ß-dik anions in compounds 5d—5j accord with 
the proposed salt-like structure. O n the other hand, 
the methyl-proton signals from PMe 2Ph in 5d and 
5g show coupling to plat inum certifying that the 
phosphine is coordinated to the metal. The methine 
proton of the hfac anion in [Pd(PMe2Ph)4](hfac)2 

(5b) resonates at higher field (5.67 and 5.57 ppm 
in CDC13 and C D 3 O D , respectively) than that in 
[Pd(hfac)2] (6.42 and 6.50 p p m in respective solvents) 
because of the higher charge density on the nonco-
ordinating anion. The methine signal from 5b in 
G6D6 is shifted downfield by ca. 0.7 ppm, while the 
methyl signal from PMe 2Ph is shifted upfield by ca. 
0.4 p p m as compared with the corresponding signals 
in GDGlg. Similar phenomena were noted previously 
for analogous complexes containing nitrogen bases and 
attributed to the stereospecific interaction between the 
square planer complex and benzene molecules.2) 

In GD3OD solution, the methine-proton signal from 
the tfac anion in 5 diminishes and instead a broad 
OH-proton signal becomes larger with time, attaining 
equilibrium in 2—3 h. Such a kind of H-D exchange 
is also observed in solutions of potassium ß-diketonates 
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TABLE 1. ANALYTICAL DATA OF THE NEWLY PREPARED COMPLEXES,*1) [M(/?-dik)(/?-dik-0)L] (3), 

[M(ß-dik)L2]Q5-dik) (4), [ML4] (ß-dik) 2 (5), [Pt (ß-dik-0)2L2] (6), AND [Pd (ß-dik) (ß-dik-C)L] (7) 

Compd 

3a 

3c 

3db) 

3e 

3f 

3hb> 

3ib> 

3jb> 

4a 

4db> 

5a 

5 b 

5c 

5 d 

5e 

5fc> 

5g 
5 h 

5Î 

5 j 

6a 

6 b 

6c 

7a 

7c 

7 d 

7e 

M 

Pd 

Pd 

Pd 

Pt 

Pt 

Pt 

Pt 

Pt 

Pd 

P t 

Pd 

Pd 

Pd 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pt 

Pd 

Pd 

Pd 

Pd 

ß-dik 

tfac 

tfac 

f acac 
t tfac 

acac 

tfac 

( acac 
t tfac 
f acac 
( tfac 

j acac 
t tfac 

tfac 

f acac 
\ tfac 

tfac 

hfac 

hfac 

tfac 

tfac 

tfac 

hfac 

hfac 

hfac 

( acac 
t tfac 

tfac 

tfac 

( acac 
t tfac 

acac 

acac 

bzac 

t ta 

L 

P(o-tolyl)3 

PCy 3 

P(o-tolyl)8 

P(o-tolyl)3 

P(o-tolyl)3 

P(o-tolyl), 

PPh 3 

PEt 3 

PGy3 

PPh 3 

l/^dpe 

PMe 2 Ph 

1/^dpe 

PMe 2 Ph 

l/^dppe 

fcdpe 
PMe 2 Ph 

l/^jdppe 

l/2dpe 

l/^dppe 

PEt 3 

PCy 3 

PEt 3 

PEt 3 

PMePh 2 

PPh 3 

PPh 3 

Dec temp 

164—166 

132—134 

160—165 

190—192 

208—209 

220—226 

137—145 

135—138 

122—124 

131 — 134 

150—155 

114—116 

204—209 

136—138 

226—227 

202—203 

168—170 

280—284 

« 2 3 8 

208—213 

146—147 

196—199 

145—146 

131 — 132 

125—127 

154—156 

115—125 

Found (Calcd)(%) 

C 

51 .72(51 .93) 

48 .77 (48 .53 ) 

56 .11(56 .16) 

53 .02(53 .37) 

45 .95 (46 .22) 

49 .43 (49 .53) 

47 .64(47 .39) 

34 .02(33 .98) 

55 .61(56 .76) 

56 .79 (56 .85) 

61 .30 (61 .76 ) 

47 .36(47 .01) 

56 .09(56 .70) 

48 .05 (47 .85 ) 

57 .42(57 .36) 

56 .68 (56 .84) 

43 .48(43 .42) 

53 .11 (52 .96) 

52 .66(53 .11) 

58 .75(59 .85) 

35 .93(35 .82) 

52 .32(52 .02) 

39 .03(38 .65) 

45 .34(45 .45) 

54 .67(54 .72) 

65 .72 (66 .05) 

49 .81 (50 .35) 

H 

4 . 0 3 ( 4 . 0 8 ) 

6 .02 (5 .96 ) 

4 . 8 1 ( 4 . 8 7 ) 

4 . 9 8 ( 5 . 0 6 ) 

3 .57(3 .63) 

4 . 2 8 ( 4 . 2 9 ) 

3 .68(3 .69) 

4 .65 (4 .64 ) 

7 .67 (7 ,66) 

4 . 2 7 ( 4 . 2 5 ) 

4 .34 (4 .35 ) 

4 . 3 8 ( 4 . 3 2 ) 

3 .61(3 .53) 

4 . 9 1 ( 4 . 9 7 ) 

4 . 4 0 ( 4 . 3 5 ) 

4 . 1 0 ( 4 . 0 2 ) 

4 . 0 2 ( 3 . 9 9 ) 

3 .58(3 .58) 

3 .41(3 .31) 

4 .67 (4 .60 ) 

5 .25(5 .19) 

7 .15(7 .02) 

6 .08 (6 .05 ) 

6 .97 (6 .91 ) 

5 .42 (5 .39 ) 

4 . 8 5 ( 4 . 8 1 ) 

2 .94 (2 .86 ) 

a) The following compounds were not isolated, but characterized by IR and/or NMR spectroscopy in solution: 
[Pd(tfac)(tfac-0)(PPh3)] (3b), [Pt(tfac) (tfac-0)(PPh3)] (3g), [Pt(acac)(hfac-0)(PPh3)] (3k), [Pd(tfac)(PPh3)2](tfac) 
(4b), [Pt(tfac)(PPh3)2](tfac) (4c), [Pt(acac)(PPh3)2](hfac) (4e), [Pd(acac)(acac-C3)(PMe2Ph)] (7b), and [Pd(tfac)-
(tfac-C3) (PPh3)] (7f). b) The acac ligand is chelated, c) Including 1/4CH2C12. 

in D 2 0 and the rate decreases in the sequence of bas­
icity: acac> tfac> hfac. The same trend is noted in 
the present complexes 5 - C D 3 O D systems, the hfac 
anion reacting very slowly except that in 5g which 
attains the exchange equilibrium in 24 h. Of the two 
methine proton signals from [Pt(dppe)2] (acac) (tfac) 
(5j), the one at ô 5.56 attains the exchange equilibrium 
in 3 min but the signal at ô 5.30 diminishes very slowly. 
Thus the former signal is assigned to the acac anion 
and the latter to tfac. Previously the analogous com­
pounds 4 and 5 containing amines as L were found 
to exchange the amine protons and the methine proton 
of ß-dik in the outer sphere with CDC13 , the rate 
paralleling the basicity of ß-dik.2»9> 

Compounds 4, on the other hand, exhibit two sets 
of methyl and methine signals from tfac anions (Table 
4). The signals assignable to acac in [Pt(acac)-
(PPh8)a](tfac) (4d) are flanked by the 195Pt satellites, 

while those from tfac are not, indicating that acac 
was retained in and tfac was repelled from the co­
ordination sphere in the reaction of [Pt(acac)(tfac)] 
with PPh3 . When increasing amounts of PPh 3 was 
added to [Pt(acac)(hfac)] in GDG13, signals assign­
able to [Pt(acac)(hfac-0)(PPh3)] (3k) grew at first 
(vide infra). After the amount of PPh 3 exceeded the 
equimolar level, signals attributable to [Pt(acac)-
(PPh3)2](hfac) (4e) appeared and increased gradually 
at the expense of the 3k signals, which disappeared 
almost completely when three times molar PPh 3 was 
added. Thus the difference in the coordinating ability 
of ß-dik ligands in the mixed chelates is manifested 
by the reaction with PPh3 , the fluorinated ß-dik ligands 
being displaced in preference to acac. 

When twice molar PPh 3 reacted with m-[Pt(tfac)2] 
in GDG13, two sets of methyl and methine signals 
attr ibutable to the tfac anions in [Pt(tfac)(PPh3)2]-
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(tfac) (4c) were observed. Unfortunately, however, 
a spectrum distinct enough to allow the determination 
of exact coupling constants to 195Pt could not be re­
corded, since the succeeding reactions gave rise to 
[P t ( t fac(2- ) -C,0) (PPh 3 ) 2 ] containing a C,0-chelated 
l,l , l-trifluoro-2,4-pentanedionate dianion.10) O n the 

TABLE 2. CHARACTERISTIC IR BANDS IN NUJOL (cm-1) 

Compd V(C^0)+V(C=-C) 

3a 
3d 
3e 
3f 
3h 

3j 
4a 
4ba> 
4d 
5b 
5d 

5g 
6a 
6b 
6c 
7a 
7d 
7fb) 

1649 m, 
1650 s, 
1647 s, 
1651 m, 
1646 m, 
1641 s, 
1610 vs, 
1610 vs, 
1604 m, 
1678 vs, 
1612 s, 
1676 vs, 
1660 vs, 
1670 sh, 
1646 s, 
1683 vs, 
1653 vs, 
1715 vs, 

1614 vs, 1588 m, 1515 vs 
1565 vs, 1510 vs 
1561 vs, 1525 vs 

1612 vs, 1600 sh, 1520 vs 
1564 vs, 1517 vs 

1575 vs, 1515 vs 
1560 vs, 1535 sh 
1550 vs, br 
1588 s, 1555 vs, 1526 vs 
1547 vs, 1529 vs 

1545 vs, br 
1548 vs, 1528 vs 
1513 vs, br 
1660 vs, 1540 vs, br 

1510 vs, br 
1650 vs, 1568 vs, br, 1515 vs 
1558 vs, 1517 vs 
1665 s, 1615 vs, br, 1523 vs 

a) In CDC13. b) Orange red oil left after evaporation 
in vacuo of solvent from a solution of [Pd(tfac)(tfac-C3)-
(PPhg)] (7f) of which formation by the reaction of 
[Pd(tfac)2] with equimolar PPh3 in CDC13 was con­
firmed by 1H NMR spectroscopy. 

contrary, the reaction mixture of [Pd(tfac)2] and 
twice molar PPh 3 in GD2G12 at room temperature 
exhibited one set of broad methyl and methine signals, 
which became sharper with increasing temperature. 
At —45 °C, on the other hand, two sets of sharp sig­
nals were observed and assigned to the tfac anions 
in the inner and outer spheres of [Pt(tfac)(PPh3)2]-
(tfac) (4b), and the temperature change of spectrum 
was reversible. The proposed structure is also sup­
ported by the 13G N M R spectroscopy (vide infra). I t 
is not certain at the present stage whether the rapid 
interchange of the tfac anions at room temperature 
occurs directly, 

[Pd(tfac)(PPh3)2](tfac*) ^ = b [Pd(tfac*)(PPh3)2](tfac), 

(1) 
or is effected by the forward and reverse processes of 

[Pd(tfac)(PPh3)2](tfac) ^ = i [Pd(tfac)2] + 2PPh3. (2) 

The fact that [Pd(tfac)(PCy3)2](tfac) (4a) shows no 
sign of the tfac exchange seems to suggest the asso­
ciative nature of the ligand exchange, since the bulky 
PCy3 ligands may prevent attack of tfac on palladium. 
Complex 4c does not undergo the tfac exchange either, 
probably because of its substitution inertness as com­
pared with the corresponding Pd(II) complex 4b . 

The methyl protons of the chelated ß-dik ligands 
in complexes 4b—4e resonate at «5 1.5—1.7. They 
are upfield shifted by 0.3—0.8 ppm compared with 
4a and complexes 4 containing nitrogen bases as L.2> 
The phenyl rings of PPh 3 situated at the adjacent 
coordination sites seem to exert the anisotropic mag­
netic effect.la> Similar upfield shift of the methyl 
proton signals caused by the adjacent PPh 3 ligand 
is also noticed for complexes 3 and 7. 

TABLE 3. ^ N M R DATA FOR COMPLEXES [ML4] (y?-dik)2 (5) AND *r<w.r-[Pt(ß-dik-0)2L2] (6)a) 

Compd 

5a 
5b 

5c 
5d 
5e 
5f 
5g 
5i 

5j 

6a 
6b 
6c 

Solvent 

CD3OD 
CDCI3 
C6D6 

CD3OD 
CD3OD 
CD3OD 
CD3OD 
CD3OD 
CD3OD 
CD3OD 
CD3OD 

CDCI3 
CDCI3 
CDCI3 

£-dik 

CH3 

2.28 

2.11 
2.27 
2.29 

2.05 br") 
2.32c) 
2.37(4.4} 
2.36(4.5} 
2.23(6} 
2.06 
2.35(3}«) 

CH 

5.25b) 
5.67 
6.35 
5.57 
5.55 
5.23b> 
5.22b) 
5.241» 
5.58b) 
5.56 
5.56b) 
5.30b.c> 
6.41(12.7} 
6.58(11} 
6.31(14} 

6.49(12}°) 

CH3 

1.53 
1.14 
1.48 

1.57br(25} 

1.58br(25.4} 

1.22 [8] (8)d> 

1.20 [8] (8)d> 

L 
^ 
CHa 

2.73 m, br 

2.77m, br 

1.66 m 
1.3br, 1.9br 
1.53 m 

Ph 

7.4 br«) 
7.5 br 
7.0—7.7 m 
7.7br 
7.4 bre> 
7.7br 
7.5 br 
7.4bre> 
7.7br 
7.4 bre> 
7.8 br 

a) Chemical shifts in ppm from internal Me4Si at 25 °C. 
H), J ( 3 1 P-H) , and y(CH 2 -CH 3 ) i n H Z j respectively, m: 
time due to the H-D exchange reaction with the solvent, 
the virtual coupling between the 31P atoms located at the 
that from the vinyl protons of dpe. 

Figures in braces, brackets, and parentheses are y(196Pt-
multiplet, br: broad, b) The intensity decreases with 

c) Signals from the tfac anion, d) Quintet due to 
mutually trans positions, e) This large signal masks 
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TABLE 4. ' H N M R DATA FOR COMPLEXES [M(/?-dik)La](£-dik) (4)a> 

Compd 

4a 
4bd> 

4cd> 
4d 

4ed> 

Solvent 

CDC13 

CD2Cl2e) 
CD2Cl2f) 
GDGI3 
CDCI3 
CD3OD 
CDCI3 

jff-dik(IS) 

CH3 CH 

2.47 
2.01 br 
1.70 
1.47{«5} 
1.50(4} 
1.51(3} 
1.48(3} 

6.08 
5.47 br 
5.92 
6.01 
5.51(6} 
5.65(6} 
5.54(5} 

£-dik 

CH3 

2.27 
2.01 br 
2.33 
2.46 
2.47 
2.30") 

(OS) 

CH 

5.34 
5.47 br 
5.19 
5.38 
5.25 
5.23b> 
5.61 

Lc> 

Ph or Cy 

1.9br, 1.4br 
7.36 br, 7.46 br 
7.43 br 
7.4m, br 
7.3m, br 
7.4m, br 
7 .4m, br, 7 .7m, br 

a), b) Same as footnotes for Table 3. IS and OS abbreviate the inner and outer spheres, respectively, c) L is 
PPh3 except for 4a which has PCy3 as L. d) [M(tfac)(PPh3)2](tfac), where M = Pd (4b) and Pt (4c), were 
prepared in solution by the reactions of [M(tfac)2] with twice molar PPh3, and [Pt(acac)(PPh3)2](hfac) (4e) was 
formed by the reaction of [Pt(acac)(hfac)] with excess PPh3. See text, e) The /?-dik anions in IS and OS are 
interchanging with each other rapidly at 25 °C. f) At — 45 °C. 

The *H N M R data for complexes 6 are included 
in Table 3. They are quite similar to those for trans-
[Pt(acac-0)2(PEt3)2]6) and ta*-[Pt(acac-0)2(pip)2],

3) 
where pip represents piperidine. Each of 6a and 6 b 
exhibits single tfac-methyl signal flanked by the 195Pt 
satellites, indicating that the acetyl oxygen is pref­
erentially bonded to the metal. T h e characteristic 
quintet resonance ( J=8 Hz) of the methyl protons 
of PEt3 in 6a and 6c suggests the trans arrangement 
of the PEt3 ligands.11) Even when m-[Pt(tfac)2] re­
acted with the phosphine, the product was trans-[Pt-

fT CN:H3 

0^ 
C-CF, 

L = PEt3 (6a) and PCy3 (6b) 

(tfac-0)2L2] exclusively. T h e trans configuration seems 
to be thermodynamically more stable and may have 
been realized by the geometrical isomerization cat­
alyzed by the tertiary phosphine12) contained in ex­
cess in the reaction mixture. The cis-trans isomer­
ization may proceed by means of the intramolecular 
rearrangement of a five-coordinate intermediate. T h e 
dynamic behavior in solution of the five-coordinate 
complexes [M(hfac)2{P(o-tolyl)3}] ( M = P d and Pt) was 
elucidated by the 13G and 19F N M R spectroscopy and 
interpreted based on a proposed mechanism.5) 

Complexes 3 are stable in solution. Molecular 
weights of 3a and 3e were determined in dichloro-
methane to be 716 and 659, which are near the cal­
culated values, 717 and 698, respectively. The 1 H 
N M R data for 3 are listed in Table 5. Since the 
tfac anion is unsymmetric, the following two geomet­
rical isomers are conceivable even though the uni-
dentate tfac is bound to the metal preferentially via 
the more basic acetyl oxygen as was the case for corn-

fa) H,C 

( b ) H3C 
H,C -w 

plexes 6. Thus four tfac-methyl signals are observed 
for 3f at 1.63, 1.92, 1.97, and 2.11 ppm with the area 
ratio of 1: 1 :4 :4 , disclosing coexistence of the two 
isomers in the 1: 4 ratio. T h e signal at the highest 
field is readily assigned to GH3(a) of the chelating 
tfac in the m ( M e , L ) isomer and in turn the signal 
at ô 1.92 to G H 3 of the O-unidentate tfac in the same 
isomer. The remaining signals at ô 1.97 and 2.11 
are attr ibuted to the trans (Me,L.) isomer, but dis­
crimination of them is not straightforward. T h e 
higher-field signal («5 1.97) near the above one at 
d 1.92 is tentatively assigned to G H 3 of the O-uni­
dentate tfac and the one at ô 2.11 to GH3(b) of the 
chelating tfac. The assignment is supported by the 
fact that the methyl protons of the chelating tfac in 
the frûBj(Me,L) isomer of [Pd(tfac)(tfac-C3)(PPh3)] 
(7f) also resonate at 2.22 ppm. I t is noteworthy that 
the GH3(a) protons couple to 195Pt ( V = 4 H z ) but 
CH 3(b) does not in accordance with the higher trans 
influence of the tertiary phosphine than that of the 
O-unidentate /?-dik which is shown by the following 
31P N M R data . 

Figure 1 displays the 1 9 F( 1 H} N M R spectrum of 
3f in CDG13. Two overlapping triplets are observed 
at 72.81 and 72.96 ppm upfield from external GFG13, 

T 

50 Hz 

O-Bonded 

Chelated 

_A 
-73 -74 -75 

pie(Me,L) £rq:ns(Me,L) 

ppm from ext. CFC13 

Fig. I. 19F(!H} NMR spectrum at 84.31 MHz of [Pt-
(tfac)(tfac-0)(P(o-tolyl)3}] (3f) in CDCl3. 
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TABLE 5. XHNMR DATA FOR COMPLEXES 3 AND 7 IN CDCLa) 

Compd 

3a 

3b 

3c 

3d 
3e 

3f 

3g 

3h 
3i 
3id> 

3j 
3k 
7a 
7b 
7c 

7de> 

7ef) 

7f 

eis 
trans 

1 
"5 

1 
5 

1 
4 

- ^ j r -

1 
1 
1 
1 
1 

T 

Isomer 

eis 
trans 
cisc> 
trans 
eis 
trans 

eis 
trans 
eis 
trans 

eis 
trans 

eis 
trans 

b 

Chelated ß-

CH^T 
1.74 

2.13 

1.56 
1.46(4} 
1.63(4} 

1.72(4} 

1.48(5} 
1.64(5} 
1.45(5} 

c ) 
1.54(5} 
1.84 
1.92 
1.64 
1.55 

1.65 

^ 
CH3(b; 

2.20 

2.23 

2.52 
2.05 
1.98 

2.11 

2.11 
1.95 
2.00 
1.81 

c ) 
1.90 
1.94 
1.99 
2.02 

2.16 

( 

2.22 

f°vL 

W o ' No o 

3 » d̂ik 

rck 
5.76 

5.90 
5.70 
5.94 
5.44 
5.43(6.5} 

c ) 
5.85(6.5} 

c ) 
5.92 
5.43(7.5} 
5.52(7} 
5.23(7.5} 
5.48 
5.42(9} 
5.09 
5.37 
5.51 
5.94 
5.98 
6.20 
6.23 
5.75 
5.76 

b / 

7 

4̂  
Unidentate /?-dik 

CHT~ 
1.89 
1.94 

2.02 
2.17 
2.20 
1.93 
1.89, 1 
1.92 
1.97{» 

c ) 
1.97 
1.95 
2 .00{« 
2.05(4} 

c ) 

2.20 
2.06 
2.17 
2.60 ) 
2.58 f 

2.43 
2.41 

_̂  

.82 

4} 

3} 

~ C H 

c ) ( 
5.84 ) 

6.27 
5.94 ) 
6.30 J 
5.91 
5.72(7.5} 

c) J 
5.94(7.5}) 

c ) 
6.33 j 
5.88 
6.39(8} 
6.44(9} 
6.47 
5.59 
3.53 [4] 
3.55 [5] 
3.72 [5] 

4.38 [5.4] 

4.41 [5] ) 
4.34[5] j 
3.91 [4] j 
3.98[4] J 

CH7 

2.29 

2.33 
2.29 

2.27 

2.28 

L 

Phb> 

7.87dd[12](7), 1.9 br, 1.3 br 

7.5m, br 

Cy: 1.9br, 1.3br 

7.88dd[13](8), 7.2—7.6m 
7.78dd[13](7), 7.1—7.5m 

7.84dd[13](7), 7.2—7.6m 

7.4m, br 

7.82dd[15](7), 7.0—7.4m 
7.2—7.8 m 
7.1—7.7 m 
Et: c) 
7.3—7.9 m 

1.26(6) CH2: 1.5—2.1m 
1.78[11] 7.2—7.8 m 
2.11 [11] 7.2—7.8m 

Ph and thienyl: 7.2—7.8m 

7.3—7.8 m 

a) Same as footnote (a) for Table 3. Gis and trans abbreviate cw(Me,L) and trans (Me.,U), respectively. See 
text, b) dd: doublet of doublets. The coupling constants 3y(P-H) and 3y(C-H) are given in brackets and 
parentheses, respectively, c) Indiscernible because of overlapping with other signals, d) Determined in a mixture 
of CDC13 and G6D6 (2:1 by volume), e) Phenyl protons of the bzac and PPh3 ligands resonate at 6.9—7.9 ppm. 
f) Two isomers coexist in approximately equal proportions but are indistinguishable. 

4 y(P t -F ) being ca. 10 and 16 Hz, respectively. O n 
the basis of their relative intensities, the more intense 
higher-field signal is assigned to C F 3 of the chelating 
tfac in the trans (Me, L) isomer and the lower-field 
one to that in the w ( M e , L ) isomer. Two sharp 
singlets observed at 75.74 and 75.97 p p m upfield from 
external GFG13 with the area ratio of 4:1 are assigned 
to the GF 3 groups of unidentate tfac in the trans(Me,h) 
and cw(Me,L) isomers, respectively. I t should be not­
ed that the dangling GF3GO group has no bonding 
interaction with the plat inum atom, exhibiting a sharp 
19F singlet. The five coordinate complex [Pt(hfac)2-
(P(o-tolyl)3}] containing the phosphine ligand in the 
basal plane of a square pyramid structure5) exhibits 
an analogous 19F N M R spectrum, but the higher-
field singlet is broad, indicating coupling to plat inum. 

The 3 1P( 1H} N M R spectrum of 3f in GDC13 shows 
two signals at 4.5X and 5.25 ppm upfield from external 
H 3 P 0 4 flanked by the 195Pt satellites with V ( p t - P ) = 
4410 and 4380 Hz, respectively. Based on the rela­
tive intensities, they are assigned to the m(Me ,L ) 
and lrflw(Me,L) isomers, respectively. The minor 

signal at 4.5-L appears as a quartet with 5
v / (F-P) = l . l 

Hz, certifying that the CF 3 group occupies the 
trans position to the phosphine ligand in the 
a.y(Me,L) isomer. The larger \ / ( P t - P ) value for 
the m ( M e , L ) isomer than that for trans(Me,L) sug­
gests that the poorer donor-ability of the GF3GO 
moiety than that of G H 3 C O decreases the charge 
density at platinum, suppressing the jr-character and 
increasing the a -character of the trans P t - P bond. 

Complex 3f was produced by the reaction of P(o-
tolyl)3 with either of eis- and frww-[Pt(tfac)2] and the 
ratio of m ( M e , L ) and £ra/w(Me,L) is almost constant. 
Geometrical isomerization catalyzed by the tertiary 
phosphine via a five-coordinate intermediate as men­
tioned above may have occurred to result in the equi­
librium mixture of 3f, since the bulkiness (cone angle 
194°)13> of P(o-tolyl)3 seems to make the consecutive 
substitution mechanism (Eq. 3) via a bis (phosphine) 
complex less probable. 

[Pt(acac)(acac-0)(P(o-tolyl)3}] (3e) exhibits four 
acetyl-methyl signals, which were assigned by reference 
to 3f and [Pt(acac)(acac-C3)(PPh3)].7) Proton res-
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Mv IH3CV 1 H 3 C \ _ ' • 
H-ft P t ' + L < * H-G Pt ( t f a c ) «± H-tf Pt + L 

\ ^ 0 ' 0 0 \~.0' VL ^ - O ' VL 

^ „3C\ACF3 ^ J 
H (3) 

ois(Me.L) £ra?is(Me,L) 

onances from other complexes 3 were assigned in a 
similar way and listed in Table 5. I t should be noted 
that the GH3(a) protons in [Pd(tfac)(tfac-0)(PCy3)] 
(3c) resonate at much lower field as 2.13 ppm than 
those in other complexes containing the triarylphos-
phine as L. 

[Pt(acac) (tfac-O) {P(o-tolyl)3}] (3h) exhibits two 
acetyl-methyl signals at 1.48 and 1.95 ppm in the area 
ratio of 1: 2. The peak at ô 1.48 is assigned to GH3(a) 
of the chelated acac and the other to GH3(b) of acac 
and GH 3 of the O-unidentate tfac which resonate 
at the same field accidentally. If tfac were chelated 
alternatively to Pt and acac served as the unidentate 
ligand, more peaks (at most six) should appear, since 
two geometrical isomers are possible and the unidentate 
acac should exhibit two separate methyl signals. The 
corresponding palladium(II) complex 3d shows three 
signals at 1.56, 2.05, and 1.93 ppm, of which the 
former two are assigned to the chelated acac and 
the last one to the unidentate tfac in a similar manner 
as above. 

Thus the chelated tfac has stronger tendency than 
acac to transform into the O-unidentate state. In 
fact [Pd(acac)2] did not react with three times molar 
P(o-tolyl)3 even when kept in boiling toluene for 5 h, 
whereas [Pd(tfac) (tfac-O) {P(o-tolyl)3}] (3a) was form­
ed in a good yield when equimolar amounts of [Pd-
(tfac)2] and P(o-tolyl)3 were mixed in hot benzene 
and the mixture was kept overnight at room tem­
perature. However, compound 3d is not so stable 
in CDC13, but about 3 0 % of P(o-tolyl)3 is liberated 
according to 

[Pd(acac) (tfac-O) {P(o-tolyl)8}] 

; = ± [Pd(acac) (tfac)] + P(o-tolyl)3. (4) 

O n addition of excess phosphine, the equilibrium is 
shifted to left and proton signals from [Pd(acac) (tfac)] 
disappears. O n the contrary, complex 3h is quite 
stable in solution and shows no sign of dissociation. 
Thus the plat inum(II) complexes of type 3 seem more 
stable than the corresponding pal ladium(II) complexes. 

The proton signal pattern of [Pt(acac) (tfac-O) -
(PPh3)] (3i) in CDC13 resembles quite well to that 
of 3h. O n addition of G6D6 to this solution, the 
overlapped methyl signal at 2.00 p p m was separated, 
giving rise to three equi-intensity methyl signals. I t 
has been reported that as compared with the spectra 
in other solvents, C6D6 shifts the methyl and methine 
signlas from the chelated ß-dik to the higher field 
and those from ß-dik in the outer sphere to the lower 
field.2>8b> The Ô 1.45, 1.81, and 5.23 signals observed 
in the mixed solvent lie in the higher field than the 
corresponding ones in GDG13 and are assigned to 
GH3(a) , GH 3(b) , and C H of the chelated acac, re­
spectively. The remaining peaks at ô 2.05 and 6.44 
are then ascribed to C H 3 and C H of the unidentate 

tfac, indicating that G6D6 shifts these resonances to 
the lower field in a similar way as it shifts the signals 
from ß-dik in the outer sphere. Thus the two GH 
signals for 3i were distinguished, the higher-field one 
being assigned to the chelated ß-dik and the lower-
field one to the O-unidentate ß-dik. Similarly methine 
signals from each of compounds 3 were distinguished 
and listed in Table 5. 

When PEt 3 was added in small portions to GDG13 

solutions of [Pt(acac)2] and [Pt(tfac)2], proton signals 
at tr ibutable to [Pt(ß-dik-0)2(PEt3)2] (6) appeared, but 
those assignable to the intermediate complexes 3 could 
not be observed. O n the other hand, addition of 
PEt 3 to a solution of [Pt(acac)(tfac)] in GDG13 gave 
rise to new signals at 5.48 and 6.47 ppm, which are 
assigned to methine protons of [Pt(acac) (tfac-O) -
(PEt3)] (3j). Methyl resonances of 3j were indis­
cernible because of overlapping with signals from 6c, 
successor of 3 j . In a similar manner , addition of 
PPh 3 in limited amounts to a GDG13 solution of [Pt-
(acac)(hfac)] produced proton signals due to [Pt-
(acac)(hfac-0)(PPh3)] (3k) as recorded in Table 5. 
Compound 3j was isolated, while 3k was not. How­
ever, characterization of these compounds in solution 
suggests that compounds [Pt(acac)(ß-dik-0)L] contain­
ing chelated acac and unidentate ß-dik other than 
acac are more stable than the corresponding com­
pounds 3 containing one kind of ß-dik. 

As is noticed in Table 5, the trans(M.e,L.) isomers 
of compounds 3 containing tfac are invariably more 
stable than the m(Me ,L ) isomers. The «--donating 
ability of the G H 3 C O moiety is higher than that of 
the GF 3 CO moiety, strengthening the Pt-phosphine 
TT-bonding. Although the o-character of the P t - P 
bond is decreased in this case as was evidenced by 
the lower xJ ' (Pt-P) value for fra«j(Me,L)-3ff than that 
for the eis isomer, the overall stability of the trans-
(Me,L) isomer is higher, suggesting that the ^-bonding 
of Pt-phosphine is more important than the a -bonding 
in these complexes. 

The rH N M R spectrum of the O-unidentate acac 
was first recorded for R3Si(acac-0) by Pinnavaia and 
his collaborators.14> I t is composed of two sets of 
signals assignable to two geometrical isomers. The 
trans isomer, in which the acetyl and R3SiO groups 
occupy the trans positions around the G=C bond, 
exhibits a methine multiplet and two acac methyl 
doublets as the result of the spin-spin coupling be­
tween the methine proton and both methyl groups. 
O n the other hand, the eis isomer shows a methine 
singlet and a methyl singlet due to a rapid fluxional 
motion at room temperature interchanging intramo-
lecularly the coordinating oxygen atom of the uni­
dentate acac ligand. The unidentate acac in 3e 
and 6c exhibits one methine and two methyl resonances 
showing no coupling to each other. Similarly the 
unidentate tfac in each of other compounds 3 and 
6 gives only one set of mutually uncoupled methine 
and methyl signals for the or(Me,L) or trans(Me,'L) 
isomer. These results indicate that the unidentate acac 
and tfac ligands always have the stereochemically 
rigid eis structure as depicted above. The O-uni­
dentate ß-dik originates from the O sO'-chelate and 
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eis configuration around the G=C bond was reserved 
during the reactions with phosphines under the mild 
conditions. 

Table 5 includes the XH N M R data for complexes 
7 inclusive of 7 b and 7f which were not isolated. Pro­
ton signals from [Pd(acac)(acac-C3)L] ( L = P E t 3 (7a), 
PMe 2 Ph (7b), and PMePh 2 (7c)) were assigned by 
reference to [Pd(acac)(acac-C3)(PPh3)] . l a) There ex­
ist cis(M.e,L) and trans(Me,L) isomers in the case of 
7d, 7e, and 7f containing unsymmetrical /?-dik, and 
the signals were assigned by reference to the data 
for [Pt(etac)(etac-C2)(PPh3)],15> of which etac repre­
sents the l-ethoxy-l ,3-butanedionate anion. Since [Pd-
(tta)(tta-C2)(PPh3)] (7e) lacks the methyl group, the 
geometrical isomers are indistinguishable though two 
sets of methine signals indicate their coexistence. 
When an equimolar amount of PPh 3 was added to a 
solution of [Pd(tfac)2] in GDC13, proton signals as-
cribable to [Pd(tfac) (tfac-0)(PPh3)] (3b) appeared 
first followed by those due to [Pd(tfac)(tfac-C3)(PPh3)] 
(7f), which is more stable and was the sole product 
after 1 h. [Pd(bzac)(bzac-C2)(PPh3)] (7d) is also sta­
ble in dichloromethane, giving a molecular-weight 
value of 640 near the calculated value (691). 

13C NMR Spectra. The 13G N M R data for com­

pounds 5 are listed in Table 6. None of the carbon 
signals from /S-dik in 5 is flanked by 195Pt satellites, 
indicating that the ß-dik anions are not coordinated 
with the metal atom. T h e C H 3 and GF 3 carbon 
signals from /?-dik in the outer sphere show down-
field shift of 2—4 ppm, while the GH carbon upfield 
shift of 3—10 ppm as compared with the correspond­
ing carbons in [M(0-dik)2]. T h e V ( C - F ) value for 
compounds 5 is more than 5 Hz larger and 2 y(G-F) 
is about 4 Hz smaller than those for the corresponding 
carbons in the bis-chelates. Similar trend was also 
noted for complexes of the type 5 containing nitrogen 
bases as L2) and for [K(18-Crown-6)](ß-dik). 

Compound 4a exhibits two sets of carbon signals 
from ß-dik, which were easily assigned as is listed 
in Table 7 based on the above information. The 
GH 3 carbon of the chelated tfac appears as a doublet 
of doublets due to coupling to both 31P atoms, XJ-
(P-C) being 5 Hz to trans P and 2 Hz to eis P. The 
C F 3 carbon, on the other hand, couples only to trans 
P ( V = 9 H z ) . The acetyl carbon, CH3GO, also cou­
ples only to trans P and the 3 y ( P - C ) is smaller (2.5 

Hz) than that for GH 3 which is remote from P. Sim­
ilar situation is observed for [Pt(ß-dik)2] ;8) the 3 y ( P t -
C) values for GH3 , GF3 , and G H are about twice 

TABLE 6. 1 3CNMR DATA FOR [MLJ (£-dik) 2 (5) IN CD3ODa> 

Compd GH, CF„ GH CH3ÇO CF3ÇO 

5a 

5bd> 

5c 

5e 

5f 

5g 

5i 

29.0 
(127) 

29.1 

29.0 

121.3 
[290] 
118.1 
[291] 
119.3 
[287] 
121.3 
[289] 

b ) 

119.5 
[290] 

b ) 

96.1 

c ) 
85.5 

85.8 

96.1 

96.1 

85.9 

85.9 

199.7 

199.8 

199.8 

171.7 
[29] 
173.7 
[30] 
175.2 
[32] 
171.8 
[29] 
171.8 
[28] 
175.1 
[31] 

b ) 

GH: 146.0 q((19)); Ph: P-C 125.0 m, o-C 
134.0 q((3.4)), m-C 131.2 q((2.5)), p-C 134.6 
GH3: 14.5 br; Ph: 129—131 
complex 
GH: 146.1 q((19)); Ph: P-G 125.2 m, o-C 
134.2 q((3.4)), ro-C 131.3 q((2.5)), p-C 134.7 
CH2: 29.4 m; Ph: P-C 125.2 m, o-C 135.0 
br, m-C 130.8 q((2.5)), p-C 134.7 
CH: 146.1m, br; Ph: P-C 124.7 m, o-C 
134.2 q((3.4)), m-C 131.1 q((2.6)), p-C 134.6 
CH3: 14.4m; Ph: 130—134 
complex 
CH: 147.0m; Ph: P-C 125.1m, o-C 134.9 
q((3.4)), m-C 131.2 q((2.5)), p-C 134.8 

a) Chemical shifts in ppm from internal Me4Si. Figures in parentheses, double parentheses, brackets, and braces 
give \ / ( C - H ) , 7(3 1P-C), 7(1 9F-C), and y(195Pt-C) in Hz, respectively, q: quintet, m: multiplet, br: broad. 
b) Indiscernible because of low intensity or overlapping with other signals, c) Indiscernible because of the fast 
H-D exchange with the solvent, d) In CDG13. 

TABLE 7. «C NMR DATA FOR [Pd(tfac)L2] (tfac) (L = PCy3 (4a) AND L = PPh3 (4b)) IN CDC13*) 

Compd C H CF„ CH CH3CO CF,CO PCy3
c> or PPh3 

4a 

4b«) 

ISd> 28.5 
((5;2): 

OSd) 29.3 

28.4 

118.5 
((9)) 
[284] 
120.8 
[292] 

b ) 

96.8 br 194.5 
((2.5)) 

166.7 ) 
[34] 

94.5 197.0 

95.7 196.0 

Ca 34.1br((19)), 34.2 br((19)); 

Cß 27.3br((9)); C 30.3 br; 

C» 25.8 br 
168 P-C 126.1 br((59)), o-C 134.1((11)), m-C 

129.0((I1)), p-C 132.3 

170.1 
[28] 

a, b) Same as footnotes for Table 6. c) p_££L d) IS and OS refer to tfac in the inner and outer spheres. 

e) Only one set of broad signals for tfac was observed due to the rapid exchange reaction between tfac anions 
in the inner and outer spheres. 
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~A 
I 

193.0 

O 6 / P ^ H a ^ H ^ , 
Pt 

EUP N0 O 

*^S* 

I 
118.0 

K-l-H 

Ai 
16 Hz 

L-ULJL JJ uyj 
TMS 

96.8 
I 

24.7 12.9 7.1 0 

Fig. 2. " C j ^ l N M R spectrum at 15.04 MHz of [Pt(tfac-0)2(PEt3)2] (6a) in CDCl3. 
The J(Pt-C) values are 55, 28, and 55 Hz for GH3, CO, and CH of tfac, respectively, 
and 24 and 15 Hz for CH2 and GH3 of PEt3, respectively. y ( C - F ) = 2 9 2 Hz, 
V(C-F) = 31 Hz. 

as large as the 2 7(P t -C) values for C H 3 C O and GF 3 GO. 
Compound 4b shows one set of carbon signals from 

jö-dik, which are broad, sharpening at higher tem­
perature, and their chemical shifts are rough average 
of those for tfac anions in the inner and outer spheres 
of 4a except the C H 3 carbon. T h e exchange reac­
tion between tfac anions in 4 b is occurring in CDG13 

solution rapidly on the N M R time scale as was also 
evidenced by the XH N M R spectra {vide supra). 

Figure 2 displays the 13G{1H} spectrum of [Pt(tfac-
0)2(PEt3)2] (6a) in GDC13. Each carbon of the 
GHgCOGH moiety couples to 195Pt ( 7 = 5 5 , 28, and 
55 Hz, respectively), whereas GF 3 does not, implying 
that the tfac ligands coordinate to the metal via the 
acetyl oxygen without bonding interaction through 
CF 3 CO. The CH 2 carbon of PEt3 resonates at 12.9 
ppm as a 1:2:1 triplet ( 7 ( P - C ) = 16 Hz) flanked by 
195Pt satellites. Although the " C ^ H } N M R spectra 
were first thought to provide a powerful tool for deter­
mining the stereochemistry of bis(phosphine) metal 
complexes,16) later studies have questioned this pro­
posal.17) Nelson and his collaborators18) showed that 
normally the 13C resonances for the eis isomers of 
the square-planar M X 2 ( P R 3 ) 2 type complexes should 
appear as a quintet, a non 1:2:1 triplet, a doublet 
of doublets, or a doublet depending on the relative 
values of 2 7(P-P ' ) and | 1 7 ( P - C ) 3 - 7 ( P ' - G ) | 2 , while 
those for the trans isomers with large 2 7(P -P ' ) always 
appear as 1:2:1 triplets. T h e 1:2:1 appearance of 
the GH2 carbon of PEt3 in 6a seems to support the 
trans structure of 6a in accordance with the *H N M R 
evidence {vide supra). The fact that the 13G signals 
from the O-unidentate tfac ligands in 6a show no 
coupling to 31P is also in conformity with the trans 
structure. 

The complex 13G{1H} N M R spectra of compounds 
3 were analyzed based on the above-mentioned char­
acteristics of the O-unidentate /?-dik and also on the 
equilibrium ratio of the m(Me ,L) and trans{Me,h) 
isomers determined by the XH N M R spectroscopy. 

As is noticed in Table 8, the difference in the 13G 
shielding between the two geometrical isomers is more 
remarkable for the chelated tfac than for the O-uni­
dentate tfac. I t seems to be caused by the larger 
difference in the trans influence between the tertiary 
phosphine and the O-unidentate tfac than that be­
tween the CH 3 GO and CF 3 CO moieties of the chelat­
ed tfac ligand. 

The 1 3 C N M R data for [Pd(bzac)(bzac-C2)(PPh3)] 
(7d) and [Pd(tfac)(tfac-C3)(PPh3)] (7f), both having 
unsymmetric /?-dik, are included in Table 8. Their 
spectra resemble those of [M(acac)(acac-C3)(PPh3)] 
( M = P d and Pt)7) but are more complex due to co­
existence of the geometrical isomers. T h e isomer ratio 
determined by the 1H N M R spectroscopy was again 
helpful in assigning the 13G signals. In a similar manner 
as the case of compounds 3, the difference in the 13C 
shielding between the cù(Me,L) and trans {Me,h) 
isomers is more remarkable for the chelated bzac and 
tfac ligands than for the central-carbon bonded ones. 
I t is worth noting that the carbon-bonded tfac dis­
criminates the geometry of the chelated tfac, whereas 
the carbon-bonded bzac is insensitive to the con­
figuration of the chelated bzac. Thus the two signals 
assigned to G8 of cis-7f and trans-It are 0.5 ppm apar t 
from each other, while G8 of 7d resonates as a single 
peak. The difference in trans influence between the 
C H 3 C O and GF 3GO moieties in the chelated tfac 
seems to be larger than that between the GH 3 GO 
and G 6H 5GO moieties in the chelated bzac. 

The Sequence of Reactions between [M(ß-dik)2] and 
Tertiary Phosphines and Relative Stabilities of Various 
Products. Compounds 2—7 in Scheme 1 were 
obtained by the reactions of [M(/?-dik)2] with tertiary 
phosphines. When an equimolar amount of PPh 3 was 
added to a solution of [Pd(tfac)2] in CDC13, the 1H 
N M R signals attributable to 3 b appeared first prior 
to those assignable to 7f which was the final product 
in this case. Employment of twice molar PPh 3 gave 
rise to 4b , which was characterized in solution. Thus , 
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T A B L E 8. 13C N M R DATA FOR SOME COMPLEXES OF TYPES 3 AND 7 IN CDCl3
a) 

,1 17. H,C\ 
U \ X 

H3c4yho 
eis (Me, L)-3 eis (Me, L)-7 

H,C 
j&sKK S0(OS C) 

frawj(Me, L)-3 and -7 

Compd 

m-3a 

trans-3a. 

3e 

m-3f 

trans-3f 

m-7dc> 

trans-7de> 

cis-7£ 

trans-7î 

Ci 

27.5 
((2)) 
(130) 

28.1 
((7)) 
(130) 

b ) 

27.3 

28.2 
( b ) } 
((7)) 
27.5 

29.2 

((7)) 
28.2 br 
( ( « 2 ) ) 

29.7 

((7)) 

Chelated 0-dik 

C2 

195.7 

195.7 
((3)) 

183.9 

{24} 

b ) 

193.2 
{24} 
((4)) 
186.9 

188.1 

((3)) 
193.6 

194.5 

((3)) 

^ 
C3 

95.7 
(163) 

97.1 
(160) 

101.6 
{69} 

97.7 

98.9 
{68} 

96.1 br 

95.7 br 

C* 

169.5 
[34] 

166.2 
[34] 

185.8 
{16} 

((3)) 
b ) 

165.0 
[34] 

177.8 

((3)) 
178.8 

167.9 
[34] 
166.8 
[33] 

—-
C5 

b) N 

b ) 

b ) 

b ) 

b ) 

b ) 

b ) 

b ) 

b ) 

C6 

25.8 
1 (128) 

b ) 

24.8 
{55} 

31.4 

31.0 

31.1 

Unidentate /j 

C7 

193.6 

183.6 
{30} 

b ) 

193.4 
{27} 

208.0 

204.9 

204.3 

„ 

C* 

94.9 
(154) 

102.5 
{22} 

94.6 
{23} 

47.8 

((5)) 

43.4 

((4)) 
43.9 

((4)) 

-dik 

C» 

175.6 
[30] 

194.3 

b ) 

175.8 
[31] 

197.8 

197.5 

186.4 
[33] 
186.6 
[32] 

V. 

Cio 

117.8 
(292) 

30.8 

118.0 
[292] 

141.5 

b ) 

b ) 

C " 

122.6 
((56)) 

122.4 
((56)) 

123.5 
((60)) 
{19} 
122.4 
((65)) 
122.2 
((65)) 
{20} 

b ) 

126.8 
((49)) 

C12 

142.9 
((8)) 

143.0 
((8)) 

142.8 

((9)) 
{18} 

142.8 

((9)) 
{17} 

134.1 

( (H)) 
134.5 

( (H)) 

P(o-tolyl)a or 

Q13 

131.9 
((9)) 
(161) 

131.5 

( (H)) 

132.1 

( (H)) 

128.6 

( ( " ) ) 

„ 

C14 

131.8 
((3)) 
(161) 

131.3 

131.9 

132.0 

((3)) 
131.5 

((3)) 

"ppi^ 

C 1 5 

126.2 
((12)) 
(163) 

126.1 
((12)) 
(163) 
125.6 

((12)) 

126.0 

((12)) 
125.8 

((12)) 

C16 

135.2 
((12)) 
(162) 

135.4 

((12)) 
{22} 

135.2 

((13)) 
{19} 

C 1 7 

23.1 
((7)) 
(126) 

22.9 
((7)) 
(126) 
22.8 

((6)) 

22.9 
( ( « 6 ) ) 
22.7 

((6)) 

leic 

B" 

0 
M 

£ 
o 
2 
> 
> 

| 
&3 
B 
o-

Ht 
S* ich

i 
K

A
W

A
I 

o 

a 
M 

a, b) Same as footnotes for Table 6. c) The phenyl-ring carbons of bzac and PPh3 resonate in the 126.5—141.5 ppm region and 
overlapping except the quaternary carbon (C10) of the C-bonded bzac resonating at 141.5 ppm and the ortho carbon of PPh3 at 134, 

are indiscernible because of 
.8 ppm with V(P-C) = 11 Hz. ? 

? 



November, 1981] Reactions of [Pd(^-dik)a] and [Pt(j9-dik)2] with Phosphines 3407 

compound 7 seems to be formed by a sequence of 
reactions l->(2)->3->4->7 as was the case for [Pd-
(acac)(acac-C3)Et2NH].*) The reaction 4 ^ 7 is re­
versible and controlled by relative concentrations of 
the reactants. The five-coordinate complex of the 
type 2 was not identified for this reaction system, 
but is presumed to be involved as an intermediate, 
since stable compound 2 was isolated in the reaction 
of [Pd(hfac)2] with P(o-tolyl)3.5) 

When cû-[Pt(tfac)2] was allowed to react with an 
equimolar amount of PPh3 , the product was exclu­
sively 3g, which was converted to 4c by the reaction 
with another equivalent of PPh3 . Similar N M R spec­
troscopic observation of the reaction sequence was 
also performed for [Pt(acac)(hfac)]. 

Relative stabilities of these ternary complexes are 
determined by the natures of the metal ion, /?-dik, 
and L, and also by the combination of these com­
ponents. The O-unidentate linkage of /5-dik in com­
plexes 3 and 6 seems to be more favorable for Pt( I I ) 
than for Pd(II ) as suggested by Table 1. For in­
stance, [Pt(acac)2] reacts with P(o-tolyl)3 to yield 3e, 
while [Pd(acac)2] does not. Both of [M(tfac)2] ( M = 
Pt and Pd) react with equimolar PCy 3 to produce 
compounds 3, but the succeeding reactions with an­
other mole of PCy 3 give rise to 6 b in the Pt ( I I ) case, 
while to 4a in the Pd(I I ) case. I t is noteworthy 
that Pd(II) prefers [Pd(tfac)(PCy3)2](tfac) (4a) over 
the /ra^-[Pd(tfac-0)2(PCy3)2] structure in spite of the 
mutual steric hindrance of the two PCy3 ligands at 
the eis positions in 4a. 

The central carbon bonding in 7 is much more 
favorable for Pd(II ) than for P t ( I I ) . Thus the re­
action of PEt3 with [Pd(acac)2] gives 7a exclusively, 
whereas that with [Pt(acac)2] results only in [Pt(acac-
0)2(PEt3)2].6) In the reactions of [M(acac)2] with 
secondary amines, Pd(II)2 a) gave complexes of types 
4 and 7, while Pt(II)2b> 4 and 6. O n the other hand, 
[Pt(acac)2] was reported to produce [Pt(acac-C3)2(py)2] 
besides [Pt(acac)(acac-C3)(py)],19> but [Pd(acac)2] gave 
only the latter type-7 complex.la> Plat inum looks to 
prefer carbon bonding with acac more strongly than 
palladium does in this [Pd(acac)2]-py system, al­
though reasonable rationalization is difficult. 

As to the role of /?-dik, the basicity is the most im­
portant factor. Thus the reactivity of [Pd(/?-dik)2] 
with nitrogen bases was in the sequence a c a c < t f a c < 
hfac, half prefering most strongly to go out of the coor­
dination sphere.2) Similar trend is also observed for 
reactions with less bulky tertiary phosphines (Table 
1). The type-2 complexes were obtained only from 
[M(hfac)2] whose acidity may be the highest among 
the [M(/?-dik)2] complexes due to the lowest basicity 
of hfac. 

The unsymmetric tfac anion seems to stabilize the 
O-unidentate linkage as compared with acac, giving 
many kinds of compounds of the 3 and 6 types. O n 
the other hand, [M(acac)2] gave 7 by the reactions 
with phosphines1*»7) except P(o-tolyl)3 and PEt 3 which 
reacted with [Pt(acac)2] to afford 3e and the type-6 
complex,6) respectively. The central carbon bonding 
is more favorable for acac than for tfac and hfac. 
Ito and Yamamoto20) examined the reactions of [Pt-

(acac)(acac-C3)(PPh3)] with several ß-dicarbonyl com­
pounds (ß-dikH) in refluxing toluene and found that 
the keto-favoring ß-dikH could replace the carbon-
bonded acac more easily. 

The reactions of [M(acac)(^-dik)] with phosphines 
clearly distinguish the labilities of the /?-dik ligands. 
The tfac or hfac chelate is preferentially cleaved firstly, 
the acac chelate being preserved intact. Complexes 
3 and 4 derived from the mixed ligand chelates seem 
to be more stable than those from the binary chelates. 
The acac ligand preferring the chelated state and tfac 
which is suitable as the unidentate ligand or counter 
anion may cooperate to stabilize 3 and 4. 

The o-basicity of tertiary phosphines was deduced 
from the frequency of the Ax carbonyl mode of Ni-
(CO) 3L in GH2G12 to be in the sequence,13) PCy 3 > 
PEt 3 > PMe 2 Ph > P(o-tolyl)3 > PMePh 2 > PPh3 . The 
fact that the reaction of [Pt(acac)2] with PPh 3 gives 
7,7) whereas that with PEt 3 results solely in 66) seems 
to reflect the electronic effect of phosphines on the 
choice of the bonding mode of ß-dik ligands. In 
complexes 7, less a -basic and more rc-acidic triaryl-
phosphines will diminish the charge density on the 
metal atom, strengthening the bond with strong a-
donors such as the carbon-bonded /?-dik. O n the 
other hand, strongly a -basic trialkylphosphines will 
prefer the O-unidentate /5-dik which is a weak o-
donor to the carbon-bonded one, stabilizing complexes 
6. 

The steric effect of tertiary phosphines is more 
remarkable. For example, P(o-tolyl)3 can convert only 
one of the chelating ligands in [M(ß-dik)2] into the 
O-unidentate state to result in complexes 3, but can 
not give succeeding products. Bulky P(o-tolyl)3 (cone 
angle 194°)13) in the coordination sphere might prevent 
attack of the second phosphine molecule on the central 
metal in both the kinetic and thermodynamic senses. 
O n the other hand, PPh 3 (cone angle 145°)13) can 
conduct reactions to give 3->4-»7. Less bulky PMe 2 Ph 
(122°) and dppe (125°)13) afford complexes 5 although 
the electronic factor might also be favorable. 

We wish to thank Mr. Junichi Gohda for the ele­
mental analysis and Mr . Tetsu Hinomoto of J E O L , 
Ltd. for the measurements of 19F and 31P N M R spectra. 
S. O. and S. K. are also grateful to the Ministry of 
Education, Science, and Culture for Grant-in-Aid for 
Scientific Research, Nos. 454196 and 243014, respec­
tively. 
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Synergistic Extraction of VanadiumfV, IV) with Dithizone 
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By employing the synergistic extraction technique, vanadium (V, IV) has been found to form the primary 
dithizonate in the presence of a synergist. The extraction of the element proceeds according to the following 
equations. 

V02+ + H2dz,org + TBPOo r g ^ = ± VO2(Hdz)(TBPO)0rg + H+, 
and 

VOOH+ + H2dz,org + TOPO o r g ^ = ± VOOH(Hdz)(TOPO)o r g + H+, 
where H2dz, TBPO, and TOPO denote dithizone, tributylphosphine oxide and trioctylphosphine oxide, respec­
tively, and the subscript org indicates the benzene phase. The resulting adduct VOa(Hdz)(TBPO) has an ab­
sorption maximum at 503 nm and is stable for at least 1 h. However, the red color of VOOH(Hdz)(TOPO) 
in benzene fades away during the standing time, probably due to the dimerization of the initially extracted mono-
meric species. 

Since the introduction of dithizone(3-mercapto-l ,5-
diphenylformazan = H2dz) into the field of analytical 
chemistry by H . Fischer,1) extensive studies have been 
made with the reagent because of its excellent nature 
as a chelating agent.2) However, the complexation 
of vanadium(V,IV) with dithizone has not been re­
ported so far. In the work described below, sufficient 
evidence for the formation of dithizonatovanadium(V, 
IV) is given by employing the synergistic extraction 
technique. 

Exper imenta l 

Reagent. A stock solution of vanadium(V) (100 \xg 
cm-3) was prepared by dissolving a weighed amount of 
ammonium metavanadate (NH4VOs, Wako Pure Chemicals) 
in water. Similarly, a stock solution of vanadium(IV) (100 
u.g cm-3) was prepared by using vanadyl sulfate(VOS04 

3H20, Nakarai Chemicals). Trioctylphosphine oxide 
(TOPO), tributylphosphine oxide (TBPO), and dithizone 
were obtained from Wako Pure Chemicals and used with­
out further purification. Benzene and all other reagents 
used in this work were of guaranteed grade. 

Apparatus. The absorbance measurements were con­
ducted with a Hitachi Model 200-10 type spectrophotom­
eter and 1.00 cm glass cells. The pH of the aqueous phase 
was measured with a Hitachi-Horiba F-7SS type pH meter, 
and the extraction was carried out by using a Iwaki KM 
type shaker. 

Procedure. The aqueous phase containing 1.96xl0~5 

mol dm - 3 vanadium(V) or vanadium(IV) was shaken vig­
orously for 10 min in a separatory funnel with an equal 
volume of the organic phase (benzene) containing dithizone 
and a synergist. After the phases were allowed to separate, 
the vanadium (V) or vanadium (IV) remaining in the aque­
ous phase was determined spectrophotometrically by using 
4-(2-pyridylazo)resorcinol.3> The pH of the aqueous phase, 
which was preliminarily adjusted with nitric acid or acetate 
buffer solution, was measured after the extraction. All 
experiments were conducted at room temperature. 

R e s u l t s and D i s c u s s i o n 

No extraction of vanadium (V and IV) with di­
thizone (H2dz) in benzene has been confirmed at any 
p H range, although vanadyl ion was reported to in­
terfere with the spectrophotometric determination of 

lead(II).4»5) In contrast, when the aqueous solution 
containing vanadium (V) or vanadium (IV) was shaken 
with a mixture of dithizone and trioctylphosphine 
oxide ( T O P O ) , the organic phase was observed to 
change in its color from green to red though the color 
was not very stable. This phenomenon indicates the 
possible formation of dithizonatovanadium(V) and 
vanadium(IV) in the presence of a synergist. 

Extraction of Vanadium(V). Although the mech­
anism was not clear, a stable reddish dithizonatovana-
dium(V) could be extracted into benzene by using 
tributylphosphine oxide (TBPO) as a synergist. In 
this extraction system, H V O s was reported to react 
with dithizone to form VO a (Hdz) (TBPO) by the 
present authors.6) However, this conclusion has be­
come dubious because the formation of VO a (Hdz ) -
(TBPO) can also be explained by the reactive nature 
of V 0 2

+ toward dithizone. 
The effect of the T B P O concentration on the spec­

t rum of the extract is given in Fig. 1. Below 2.0 X 
10~3 mol d m - 3 TBPO, each spectrum agrees with that 
of dithizone, indicating no formation of the colored 

0 i , 1 , 1 , 1 
4 0 0 5 0 0 600 7 0 0 

Wavelength/nm 

Fig. 1. Effect of TBPO concentration on the absorp­
tion spectrum of the organic phase. 
H2dz: 3 .9x l0- 6 moldm- 3 , pH: 4.10, TBPO(mol 
dm-3): 1; 2.0xlO"3 , 2; 6.0xlO-3 , 3; 1.0 xlO"2 , 4; 
2.0X10-2, 5; 4.0X10-2, 6; 6 .0x l0- 2 , 7; I.OxlO"1. 
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vanadium(V) complex. O n the other hand, in the 
higher concentration range of TBPO, the reddish di-
thizonatovanadium(V) is formed; this has an absorp­
tion maximum at 503 nm and is stable for at least 
1 h (Fig. 2). The two isosbestic points seen in Fig. 
1 suggest that only two kinds of colored species, di-
thizone and V O a ( H d z ) ( T B P O ) , exist in the organic 
phase. The shape of the spectrum depends upon the 
p H of the aqueous phase, as can be seen in Fig. 3, 
and the existence of two isosbestic points here also 
supports the above assertion. Therefore, only V 0 2 -

0.5 h 

4 0 0 500 6 0 0 700 

Wavelength/nm 

Fig. 2. Absorption spectra of the organic phase. 
H2dz: 1.95xlO"5 mol dm-», TBPO: l .OxlO^mol 
dm"3, vanadium(V): 1.96 X 10~4 mol dm"3, pH: 4.0, 
1: reagent balnk, 2: V(V)-H2dz-TBPO complex, 
standing time after the extraction (min ) : a; 10, b ; 
30, c; 60. 

2.0 

o 

^ 3 

< 

400 700 500 600 
Wavelength/nm 

Fig. 3. Effect of pH on the absorption spectrum of 
the organic phase. 
H2dz: 3 .9x l0 - 5 moldm- 3 , TBPO: l .OxlO^mol 
dm-3, pH: 1; 1.16, 2; 2.38, 3; 3.81, 4; 4.43, 5; 4.66, 
6; 5.00. 

(Hdz)(TBPO) is considered to be extracted a t any 
p H region. 

Since the concentration of the polynuclear complex 
of vanadium(V), H / V ^ O ^ 1 - 6 can be neglected com­
pared with those of V 0 2 + , H V 0 3 , and V 0 3 ~ , accord­
ing to the previous observation,7) the reactions in the 
aqueous phase can be written by Eqs. 1 and 2 in 
all cases. 

VO„+ + H 2 0 H V 0 3 + H+ 

and 

HVO, V 0 3 - + H+. 

(1) 

(2) 

The equilibrium constants for the above reactions 
are defined by Eqs. 3 and 4. 

[HV03][H+] 

and 

* i = 

iC2 = 

[V02+] 

[VQ3-J[H+] 
[HV03] 

(3) 

(4) 

The extractions of vanadium (V) with 1-butanol (n-
BuOH) and trialkylphosphine oxide(TAPO) were as­
cribed to the formations of H V 0 3 ( B u O H ) 2 and H V 0 3 -
(TAPO) 2 , respectively.8'9) In both cases B u O H and 
T A P O can be considered to act as solvating agents, 
although the detailed scheme of solvation is still un­
known. In our previous report, the extraction of 
vanadium(V) with a mixture of dithizone and TBPO 
was estimated to proceed according to the reaction: 
H V 0 3 + H 2 d z , o r g + T B P O o r g ^ V 0 2 ( H d z ) (TBPO) o r g + 
H 2 0 , where the subscript org denotes the organic 
phase.6) And the p H of the maximal extraction of 
vanadium (V) in the di thizone-TBPO system agreed 
well with those obtained by alcohol extractions.7 '10) 
At that time, therefore, we concluded that H V 0 3 

might react with dithizone in this case. However, 
if we assume H V 0 3 to be a reacting species, the 
extraction of vanadium (V) should be expressed as 
the O H - releasing reaction: V 0 2 ( O H ) + H2dz ^± 
V 0 2 ( H d z ) + H 2 0 ; here, H V 0 3 seems to act as a 
base, in contradiction to Eq. 2. And the synergistic 
extraction of vanadium (V) with a chelating agent has 
generally been explained by the reactive nature of 
V 0 2 + instead of H V 0 3 . 

Moreover, the extraction of 8-quinolinolatovanadi-
um(V) in the presence of alcohol (ROH) was found 
to proceed according to the reaction: V O 2

+ + 2 H Q , 0 r g 

+ R O H o r g ^ V O Q , 2 ( O R ) o r g + H + + H 2 0 . " ) Similarly, 
vanadium (V) /2-thenoyltrifluoroacetone (TTA—Htta) / 
1-butanol or T O P O systems were explained by the 
reactions : V 0 2 + + 2Htta , o r g + BuOH o r g ^ VO(t ta ) 2 -
( B u O ) o r g + H + + H 2 0 and V O 2 + + H t t a , 0 r g + T O P O 0 r g 

^ V 0 2 ( t t a ) ( T O P O ) o r g + H + . 7 ) Consideration of these 
examples suggests that complexation of vanadium (V) 
with a chelating agent may start from V 0 2 + as a 
Lewis acid. 

The extracted species was shown spectrophotome-
trically to be only one, e.g. V 0 2 ( H d z ) ( T B P O ) , which 
is formed by the reaction: 

V02+ + Ff2dz,org + TBPOo r g 

^ ^ VOa(Hdz)(TBPO)org + H+ (5) 
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for which the extraction constant is defined as follows: 
_ [VO2(Hdz)(TBPO)]0rg[H+] 

e* [VO2+][H2dz]0rg[TBPO]0rg • ( ' 

The distribution ratio of vanadium (V) is written by 
Eq. 7: 

D = [VQ2(Hdz)(TBPO)]or8 

[V02+] + [HV03] + [ V 0 3 - ] - (> 

Combining Eqs. 3, 4, 6, and 7, the following equa­
tion can be obtained: 

K, 
logD = l o g - j ^ - + log [H2dz]org + log [TBPO]org 

M^-ik) (8) 

where [ H 2 d z ] o r g = (total concentration of dithizone) — 
[VO 2 (Hdz) (TBPO)] 0 r g . 

A logarithmic plot of D against [H 2 dz] o r g is shown 
in Fig. 4 ; a straight line having a slope of unity is 
obtained. Similarly, the plot given in Fig. 5 shows 
a straight line with a slope of unity. The above 
results are in good agreement with those expected 
from Eq. 8. In addition, the p H dependence of 
log D also supports Eq. 8 (Fig. 6). By employing 
the curve-fitting method, Kx and K2 were estimated 
to be 1.9 X l 0 " 4 and 1 .3x l0~ 4 respectively, Kex being 
3.0x10*. 

Extraction of Vanadium (IV). Vanad ium (IV) 
was also found to react with dithizone in the presence 
of T O P O ; the spectra of the resulting reddish complex, 

0 . 5 h 

o 

- 0 . 5 F 

-4.5 -5 .5 -5.0 
log [H2dz]org 

Fig. 4. Effect of dithizone concentration on the ex­
traction of vanadium(V). 
TBPO: l .OxlO^moldm- 3 , pH: 4.1. 

- 2 . 0 -1.5 H.O 
log [TBPO]org 

Fig. 5. Effect of TBPO concentration on the extraction 
of vanadium (V). 
H2dz: 3 .9x l0- 5 moldm- 3 , pH: 4.1. 

along with standing time in the organic phase, are 
given in Fig. 7. The vanadium (IV) -d i th izone-
T O P O complex is not very stable, but it is assumed 
that the complex may be stable during the extraction 
process and the changes in the spectrum may start 
after the phase separation. Assuming that the ex­
traction of vanadium(IV) proceeds according to the 
following reaction: 

VOOH+ + H2dz,org + TOPO o r g 

^ = ± VOOH(Hdz)(TOPO)o r g + H+, (9) 

the extraction constant may be defined by Eq. 10. 

K* = [VOOH(Hdz)(TOPO)]org[H+] 
ex [VOOH+][H2dz]o rg[TOPO]o rg

 [ } 

Neglecting ( V O O H ) 2
2 + compared with V 0 2 + and 

V O O H + , the distribution ratio can be written as 
follows : 

D = 
[VOOH(Hdz) (TOPO)]o r g 

[V02+] + [VOOH+] * ( ^ 

Hydrolysis of V 0 2 + in the aqueous phase can be ex­
pressed by Eq. 12 and the equilibrium constant can 
be written by Eq. 13: 

V02+ + H 2 0 ; = ± VOOH+ + H+ (12) 

3.0 
pH 

Fig. 6. Effect of pH on the extraction of vanadium(V). 
H2dz : 3.9 X 10"5 mol dm"3, TBPO : 1.0 X 10"1 mol 
dm - 3 , O: experimental value, —: the best fitted 
normalized curve. 

400 700 500 600 
Wavelength/nm 

Fig. 7. Absorption spectra of the organic phase. 
H2dz : 3.9 X 10-5 mol dm"3, TOPO : 1.0 X 10"1 mol 
dm-3, vanadium(IV) : 1.96X 10"4 mol dm"3, pH: 
3.96, standing time after the extraction (min) : 1; 10, 
2; 20, 3; 30, 4; 40, 5; 50, 6; 60. 
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K* = 
[VOOH+][H+] 

(13) 
[V02+] 

Combining Eqs. 10, 11, and 13, Eq. 14 can be ob 
tained : 

log D = log K*ex + log [H2dz]org + log [TOPO] o r g 

+ pH - log (^•> (14) 

As is seen in Fig. 8, a logarithmic plot of D against 
dithizone concentration shows a straight line having 
a slope of unity in the high concentration region of 
dithizone. Deviations from the straight line at low 
dithizone concentration may be due to extraction of 
vanadium(IV) with T O P O alone. A logarithmic plot 
of D against T O P O concentration given in Fig. 9 
also shows a straight line having a slope of unity re­
gardless of the presence of dithizone. But it should 
be mentioned that the D value obtained by T O P O 
alone is negligibly small compared with that given 
by a mixture of dithizone and T O P O . The above 
results coincide with those expected from Eq. 14. 
The p H dependency of log D given in Fig. 10 fits 
a curve obtained by calculation using 7 = p H — l o g 
([H+J/Äh + l ) , indicating that the extracted species 
may contain V O O H + . This is also valid at low di­
thizone concentration region, in which the free con­
centration of dithizone can be calculated by using 

0.5h 

bD 
O 

-0.5h 

- 2 . 5 -2 .0 
log [H2dz] 

org 
Fig. 8. Effect of dithizone concentration on the ex­

traction of vanadium(IV). 
TOPO: 1 .0xl0- 2moldm- 3 , pH: 4.O. 

SP 

- i .Oh 

-3.0 -2.0 -1.0 
log [TOPO] o r g 

Fig. 9. Effect of TOPO concentration on the extrac­
tion of vanadium (IV). 
Hadz: 1; 3.9 X 10"4 mol dm"3, 2; none. 

the equation: [H 2 dz ] o r g =( to t a l concentration of di­
thizone)—[vanadium (IV)] o r g . A plot of (log D-log 
[H2dz]o r g) against p H also fits the above curve (Fig. 
11). T h e deviations of some experimental values from 
the calculated ones above p H 4.6 may be due to the 
formation of unreactive (VOOH) 2

2 + in the aqueous 
phase. From the results given in Figs. 9 and 10, 
Kh was estimated to be 103-6, K*ex being 102-5±0-3. 
As a result, the synergistic extraction of vanadium(IV) 
with a mixture of dithizone and T O P O proceeds ac­
cording to Eq. 9. For the composition of the ex­
tracted species, V O O H ( H d z ) ( T O P O ) , two types of 
structure can be assumed : 

Hdz, 

0 
II 

: v : 

(0 

*0H 
»TOPO 

^ \ 
T 0 P 0 

H 

- 0 ' 
H 

(10 

I ^ 
T0P0 

Hdz 

where type I is a monomer and presumably extracted 
initially. The existence of an isosbestic point observed 
in Fig. 7 shows that V O O H ( H d z ) (TOPO) in the 
organic phase may be converted to another stable 
complex, e.g. type I I . T h a t is to say, the instability 

bo 
O 

3.0 4.0 
PH 

Fig. 10. Effect of pH on the extraction of vanadium 
(IV). 
H2dz: 1.56XIO"4 mol dm-3, TOPO: 1.0xl0-2mol 
dm-3, O : log D vs. pH, — : Y vs. pH. 

H 5.0 

4.0 

H 3.0 

-J 2.0 

Fig. 11. Effect of pH on the extraction of vanadium 
(IV). 
H2dz: 3 .9x l0- 5 moldm- 3 , TOPO: l .OxlO^mol 
dm-3, O : log D-log [H2dz]org vs. pH, —: Y vs. pH. 
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of V O O H ( H d z ) ( T O P O ) can not simply be attributed 
to decomposition, as is observed in the cases of di-
thizonato complexes of manganese(II) and i ron(II ) . 
I t should be mentioned that stable dithizonato-
vanadium(IV) could be obtained by the extraction 
with a mixture of dithizone and T B P O . At present, 
we cannot explain the difference in the stability be­
tween T O P O and T B P O complexes. 
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Octaethylporphyrinatoiron(III) Perchlorate, its mono (pyridine) and mono(4-substituted pyridine) ad­
ducts and bis(tetrahydrofuran)octaethylporphyrinatoiron(III) Perchlorate were prepared to mimic the ferri­
cytochrome c'. Magnetic susceptibilities, Mössbauer spectra, and ESR spectra have been measured. Mag­
netic properties in the crystalline state revealed; (i) Octaethylporphyrinatoiron(III) Perchlorate, OEPFemC104 

and bis(tetrahydrofuran)octaethylporphyrinatoiron(III) Perchlorate, OEPFe in(THF)2C104 are of intermedi­
ate-spin state(£=3/2). (ii) Magnetic susceptibilities and Mössbauer parameters of mono (pyridine) and mono-
(4-substituted pyridine)octaethylporphyrinatoiron(III) Perchlorate, OEPFeIn(4-X-py)C104 [X=GHO, X = C N , 
and X = H ] are rather similar to those of the low-spin (S= 1/2) states. Absorption spectra showed that octaethyl­
porphyrinatoiron (III) Perchlorate is of intermediate-spin state in dichloromethane solution, but of high spin 
state in acetone solution. Close spectral resemblance of these complexes to the ferricytochrome c' at physio­
logical pH suggests that the latter is in intermediate-spin state. 

Ferrihemoproteins and ferriheme enzymes in general 
have been classified into two spin-states, that is, the 
five-coordinated high-spin (£=5 /2 ) state and the six-
coordinated low-spin (5=1 /2 ) state. I t is noted that 
the ferricytochrome c' isolated from photosynthetic 
and denitrifying bacteria1 - 4) have anomalous magnetic 
properties defined as intermediate-spin state ( £ = 3 / 2 ) . 
An unusual electronic spectrum is found in cyto­
chrome c \ The oxidized form5) in alkaline solution 
shows a hemichrome spectrum of the low-spin. 
Below p H 11 the spectrum reverts to a chracteristic 
of high-spin ferric hemes with split Soret bands. 
Further change of electronic spectrum is observed as 
p H decreases. The magnetic moment at physiological 
condition anomalously shows intermediate values be­
tween high-spin and low-spin.6 '7) Mössbauer spectra8) 
show large quadrupole splittings which are comparable 
to those of methemoglobin with the opposite sign. 

In order to aid understanding anomalous spin-state, 
there have been reported few simulations to inter­
mediate-spin complexes by synthetic hemes. In pre­
vious communication,9) we reported briefly syntheses 
and some magnetic properties of octaethylporphy-
rinatoiron(III) Perchlorate and its mono (amine) ad­
ducts. We have described the unusual magnetic mo­
ments of these complexes at 288 K as an admixture 
of the high-spin and low-spin states as follows: 

6A2 ==± 2T2 . 

Since then, two groups have reinvestigated the physico-
chemical properties of the Perchlorate salts of ferric 
porphyrins. Dolphin and his coworkers10) reexamined 
magnetic moments and measured Mössbauer spectra 
of octaethylporphyrinatoiron (II I) perchlorate and 
bis(ethanol)octaethylporphyrinatoiron(III) perchlorate. 
They have, however, suggested that these complexes 
possesses an intermediate-spin i ron(III) atom, with the 
£ = 3 / 2 at the ground state possibly involving some 
high-spin character. Scheidt and his coworkers11) have 
reported physicochemical properties of diaqua-a,/?,y,(5-

tetraphenylporphyrinatoiron(III) perchlorate and per-
chlorate-a,/3,y,(5-tetraphenylporphyrinatoiron(III). We 
have studied crystal structure of the perchlorate 
complex12) and its paramagnetic ^ - N M R spectra in 
organic solvents.13) In a previous communication,9) 
we also reported the first syntheses of mono (amine) 
adducts and their magnetic moments at room tem­
perature. We wish to report here elaborate measure­
ments on magnetic susceptibilities, Mössbauer spectra, 
and ESR spectra of octaethylporphyrinatoiron(III) 
perchlorate, and three mono (amine) adducts in solid 
state. 

Exper imenta l 

Preparation of Compounds. Ocatethylporphyrinatoiron(III) 
Perchlorate [OEPFe^ClO^ (1): To 500 mg of OEPFem-
Gl14) in benzene (200 ml) was added 500 mg of anhydrous 
silver perchlorate and the solution was refluxed gently for 
1 h. The hot solution was filtered and then allowed to 
stand overnight at room temperature. The resultant needle 
crystals (450 mg) were collected, washed with petroleum 
ether and dried under vacuum. Bis (tetrahydrofuran) octa-
ethylporphyrinatoiron(III) perchlorate [OEPFe in(THF)2-
ClOJ (2). To 100 mg of 1 in dichloromethane (20 ml) 
was added tetrahydrofuran (10 ml). The solution was warm­
ed for 15 min and allowed to come to room temperature. 
The crystals were collected, washed with tetrahydrofuran, 
and dried under vacuum (95 mg). 

(4 - Formylpyridine) octaethylporphyrinatoiron (HI) Perchlorate 
[OEPFeIIl(4-CHO-py)ClOi\ (3): To 100 mg of 1 in dry 
benzene (100 ml) was added 0.5 ml of 4-formylpyridine. 
The solution was refluxed for 2 h, condensed to a small 
volume and allowed to stand overnight at room temperature. 
The resulting dark brown crystals were filtered, washed 
with petroleum ether and dried under vacuum (90 mg). 

(4-Cyanopyridne) octaethylporphyrinatoiron (III) Perchlorate 
[0EPFeul(4-CN-py)Cl0i] (4): The preparative method 
is identical with that described above. The dark brown 
crystals (95 mg) were obtained from 100 mg of 1. 

(Pyridine)octaethylporphyrinatoiron(III) Perchlorate [OEPFe111-
(py)ClOi] (5): To 100 mg of 1 in dry benzene (100 ml) 
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(1) 
(2) 
(3) 
(4) 

(5) 

C36H44N404ClFe 
C44He0N4O6ClFe 
C42H49N505ClFe 
C42H48Ne04ClFe 
C41H49N504ClFe 

Calcd 

62.84 
63.50 
63.44 
63.67 
64.19 

C (%) 

Found 

62.94 
63.45 
63.36 
63.40 
64.33 

H 

Calcd 

6.45 
7.27 
6.21 
6.10 
6.44 

(%) 

Found 

6.48 
7.26 
6.28 
6.26 
6.34 

N 

Calcd 

8.14 
6.73 
8.81 

10.61 
9.13 

(%) 
• "s 

Found 

8.04 
6.79 
8.89 

10.32 
8.95 

was added 0.5 ml of pyridine and the solution was refluxed 
for 20 min. The deep red precipitates were collected, wash­
ed with benzene, and dried under vacuum (95 mg). The 
results of elemental analyses are tabulated above. 

Magnetic and Spectral Measurements. Magnetic Suscep­
tibilities: A Faraday magnetic balance was employed for 
measurements of magnetic susceptibilities from 77 K to 300 
K. The magnetic susceptibilities of anhydrous hexaammine-
chromium chloride powder was used as a "thermometer" 
which was calibrated at each run to an atmospheric liquid 
nitrogen temperature with corrections for the Hg-barometer 
and gravitational constant following the procedure of 
Linder.15) The accuracy for the measurements was not less 
than 10%. The diamagnetic susceptibilities of porphyrin 
ligand and axial ligands were corrected by measurement 
of free base octaethylporphyrin and by Pascal's rule. 

Mössbauer Spectra: Mössbauer spectra were obtained with 
a scanned velocity spectrometer operating in the time mode. 
The velocity scale was calibrated absolutely from an in­
dependent Mössbauer run using a thin metallic iron ab­
sorber and the center of symmetry of the spectrum was taken 
as zero velocity. The velocity was determined to an ac­
curacy of ±0.01 mm/s. 

ESR Spectra: The ESR spectra of polycrystalline sample 
and in dichloromethane glass were measured at 77 K and 
at 293 K by using a JEOL X-band spectrometer. 

R e s u l t s 

Figure 1 shows effective magnetic moments of 1, 
2, 3, 4, and 5 at various temperatures from 77 K to 

L. (6) • 

(1) . • • • • • t | * l t t ^ " 
CD o o 1 

> o O -

» S°oo0o°o0oooo00o°< 

r/K 
Fig. 1. Effective magnetic moments versus temperatures. 

(1): OEPFe(III)C104, (2): OEPFe(III)(THF)2C104, 
(3): OEPFe(III)(4-CHO-py)C104, (4): OEPFe(III)-
(4-CN-py) C104, (5) : OEPFe(III) (py) C104, (6) : 
OEPFe(III)SCN. 

270 K. The effective magnetic moments of 1 and 
2 are lower than those of typical high-spin state (5.9 
BM) and higher than typical low-spin state (2.15— 
2.72 BM).16) O n the other hand, for mono(amine) 
adducts, 3, 4, and 5, the effective magnetic moments 
vary greatly with the kinds of substituent at 4-posi-
tion of pyridine. The effective magnetic moments of 
mono (pyridine) adduct 5 and mono(4-cyanopyridine) 
adduct 4 are closely similar to the six-coordinated 
low-spin complexes16) at low temperature, but at high 
temperature these values become larger than those 
of low-spin complexes. I t is noted that the magnetic 
moments of the 4-formyl pyridine adduct 3 are larger 
than those of mono (amine) adducts 4 and 5, but 
smaller than those of the Perchlorates 1 and 2. 

Table 1 summarizes the Mössbauer parameters, 
isomer shifts ô (mm/s) and quadrupole splitting A £ Q 

(mm/s) of complexes at various temperatures. The 
isomer shifts of all these complexes are in the range 
of 0.2—0.4 mm/s, indicating typical i ron(III) state. 
O n the other hand, the quadrupole splittings of 1 and 
2 show 3.14 and 3.08 mm/s at room temperature, 
respectively. These values are very large compared 
with those of usual iron (III) complexes and identical 
with those reported by Dolphin and his coworkers.10) 
Mono (amine) adducts 3 , 4, and 5 have smaller quad­
rupole splittings than the complexes 1 and 2. In 
particular Mössbauer parameters of the mono (pyridine) 
adducts 3—5 are close to those of the six-coordinated 
low-spin complexes.16) As shown in Figs. 2—6, high 
velocity lines of the complexes 4 and 5 are broadened 
at lower temperatures. Therefore, the sign of the 
quadrupole coupling can be determined to be posi­
tive. In the case of mono(4-formylpyridine) adduct 
3, the line broadening at high velocity due to the 

TABLE 1. MÖSSBAUER PARAMETERS 

1 

2 

3 

4 

5 

Compound 

O E P F e ( I I I ) C 1 0 4 

O E P F e ( I I I ) . 
(THF)2-C104 

O E P F e ( I I I ) . 
(4-CHO-py)C104 

O E P F e ( I I I ) . 
(4-CN-py)-C104 

O E P F e ( I I I ) . 
(py).C104 

r/K 
RT 

77 
4.2 

RT 
77 

RT 
77 
4.2 

RT 
77 
4.2 

RT 
77 
4.2 

AEq/mm s_1 

3.14 
3.57 
3.54 

3.04 
3.34 

2.29 
2.35 
2.22 

<5/mm s_1 

0.31 
0.39 
0.40 

0.31 
0.42 

0.30 
0.38 
0.40 

2.34 0.27 
2.05 0.25 

relax. 

1.96 
1.95 
1.94 

0.21 
0.27 
0.27 
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Fig. 2. Mössbauer spectra of OEPFe(III)C104 at RT, 
77 K, and 4.2 K. 

Velocity/mm s_: 

Fig. 3. Mössbauer spectra of OEPFe(III)(THF)2C104 

at RT and 77 K. 

relaxating is much smaller than the other two mono-
famine) adducts even at 4.2 K. 

ESR spectra of these complexes in solid state at 
293 and 77 K are shown in Figs. 7 and 8, respec­
tively, and observed ^-values are summarized in Table 
2. Complexes 1 and 2 show very broad signals at 
around g=4 at room temperature. O n the other 
hand the mono (amine) adducts 3, 4, and 5 show 
also broad signals at g=4A\, 3.75, and 2.40 with 
very weak peaks around g=2, respectively. T h e line 
shapes and g-values of these complexes at room tem­
perature are very much different from those of or­
dinary high-spin or low-spin i ron(III) complexes hith­
erto reported. For mono (pyridine) adduct 5, the 
signal at g=2.Q6 seems to be contaminated by organic 
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I -3 -2 -1 0 1 2 3 

Velocity/mm s_1 

Fig. 4. Mössbauer spectra of OEPFe(III)(4-CHO-py) 
C104 at RT, 77 K, and 4.2 K. 

""•Vv.-... 

- 3 - 2 - 1 0 1 2 3 
i 1 1 i i i i 

Velocity/mm s_1 

Fig. 5. Mössbauer spectra of OEPFe(III)(4-CN-py)-
C104 at RT, 77 K, and 4.2 K. 

radical species. T h e ESR spectra at 77 K were re­
markably different from those at room temperature 
as shown in Fig. 8. T h e complex 2 shows still one 
broad signal at g = 4 . 6 1 in solid state, but anisotropic 
g-values at g = 4 . 6 8 and 2.00 in dichloromethane glass. 
The complex 1 shows a pair of anisotropic ^-values 
at 5.83 and 1.48. O n the other hand, three mono­
a m i n e ) adducts exhibit similar spectra with a pair 
of anisotropic ^-values at low temperature, although 
the ^-values are slightly different from each other. 
The g-values are markedly changed from 4.69 to 5.40 
upon introduction of the formyl group at the 4-posi-
tion of pyridine. T h e ESR spectra of 1 and 2 at 
77 K show entirely different signals from those of 
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Velocity/mm s - 1 

Fig. 6. Mössbauer spectra of OEPFe(III)(py)G104 at 
RT, 77 K, and 4.2 K. 

G/10-4T 

Fig. 7. ESR spectra at RT. 
(1): OEPFe(III)C104, (2): OEPFe(III)(THF)2C104, 
(3): OEPFe(III)(4-CHO-py)Cl04, (4): OEPFe(III)-
(4-CN-py)C104, (5): OEPFe(III)(py)C104. 

usual high-spin or low-spin complexes of ferric por­
phyrin. The ESR spectra of mono (amine) adducts 
3, 4, and 5 exhibit the strong broad signals at high 
g-values (lower magnetic field) and the maximum 
absorption (zero derivative) is shifted towards lower 
g-values (higher magnetic field). 

Absorption spectrum of the complex 1 changes re­
markably with polarity of solvent as shown in Fig. 9. 
In acetone the complex 1 exhibits a spectral char­
acteristic of the high-spin complexes, whereas in di­
chloromethane the Soret band is largely broadened 
and slightly splitted. T h e band at 630 n m assigned 
to a charge transfer band is shifted to longer wave 

Gyi0-4T 

Fig. 8. ESR spectra at 77 K. 
(1): OEPFe(III)C104, (2): OEPFe(III)(THF)2C104, 
(3): OEPFe(IH)(4-CHO-py)C104, (4): OEPFe(III)-
(4-CN-py)C104, (5): OEPFe(III)(py)C104. 

TABLE 2. ESR PARAMETERS 

1 OEP.Fe(III) .C104 

2 OEP.Fe(III) . 
(THF)2.C104 

3 OEP.Fe(I I I ) . 
(4-CHO-py).C104 

4 OEP-Fe(III) . 
(4-CN-py)-C104 

5 O E P F e ( I I I ) . 
(py)-cio4 

ESR spectral state A 
Protein state Bt 

Protein state Ax 

Protein state A2 

Protein state B2 

Acid metmyoglobin 

RT 

g// gL 

3.9 
3.9 

2.1 4.4 

2.0 3.8 

2.1 2.4 

77 K 

git g± 

1.5 5.8 
4.6 

2.0 4.7a> 

1.7 5.4 

2.0 5.0 

2.5 4.7 

7 K 

g// 
1.99 
2.02 
1.99 
1.99 
2.00 
2.01 

g± 
4.7720> 
5.9420> 
4.7520> 
5.2720> 
5.68, 6.1420> 

5.92b> 

a) Measured in dichloromethane glass, b) J . Peisah, 
W. E. Blumberg, S. Ogawa, E. A. Rachmilewitz, and 
R. Oltzik, J. Biol. Chem. 246, 3342—3355 (1971). 

length (636 nm) in dichloromethane than in acetone 
(628 nm) . 

D i s c u s s i o n 

The complex 1 showed effective magnetic moments 
ft«=4.2 B M at 77 K and 4.7 B M at 275 K. Then 
these values are compared with calculated spin only 
values 0eff=5.92, 3.87, and 1.73 B M for 5 = 5 / 2 , 3/2, 
and 1/2, respectively. T h e complexes 1 and 2 can be 
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Fig. 9. Absorption spectra of OEPFe(III)C104, 
( ) in CH2C12 and ( ) in acetone. 

regarded as intermediate-spin complexes. Harris has 
predicted a possible existence of pure quartet ground 
state (£=3 /2 ) on theoretical consideration by using 
a strong crystal field model.17) The ESR signals in 
the tetragonal symmetry might have only one tran­
sition between the exited state doublets with g=2 
and 4. T h e intensity of this transition should be 
temperature dependent and also should vary with 
extent of spin-orbital coupling.18) In fact the com­
plexes 1 and 2 give a very broad signal at about g= 
3.9 as shown in Fig. 7, whose patterns are very similar 
to that of iron (III) bis(thiocarbamates) characterized 
as an intermediate-spin complex.16) At low tempera­
ture, the complex 1 has some anisotropic character so 
that g-value at around 4 seems to split into the two 
values g=5.S3 and 1.48, as shown in Fig. 8. O n 
the other hand, the complex 2 in solid state has no 
anisotropic character even at 77 K, but in dichloro-
methane glass it gives anisotropic g-values at 4.68 
and 2.00. The Mossbauer spectra of the complexes 
1 and 2 did not show any relaxation broadning, as 
mentioned by Dolphin and his coworkers, suggesting 
fast spin relaxation between both | ± l / 2 > and | ± 3 / 2 
> doublets. Comparison of the magnetic suscep­
tibilities, the ESR spectra and the Mossbauer spectra 
leads us to conclude that the complexes 1 and 2 are 
of intermediate-spin state. 

Mono (amine) adducts 3, 4, and 5 have effective 
magnetic moments between the low-spin and the inter­
mediate-spin states. T h e ESR spectra of these com­
pounds give anisotropic g-values at g=5 .47—4.67 and 
^ = 1.70—2.05 at 77 K. In particular, the magnetic 
moments and Mossbauer parameters of the mono-
(pyridine) adduct 5 indicate that the spin state of 
5 at low temperature is essentially low-spin state. 
However, the ESR spectrum of 5 is different from 
that of the hexa-coordinated low-spin complex. This 
fact suggests that mono (amine) adducts do not exist 

in pure low-spin state, but in a mixed spin state with 
low-spin(S= 1/2) and intermediate-spin(S=3/2) states. 
Small differences in the magnetic properties among 
them may be attributed to the extent of admixture 
of two spin states. Weight of the quartet state in 
the mixed spin state increases in the following order, 
3 > 4 > 5 . Magnetic properties of the 4-formylpyridine 
adduct 3 are very close to those of the complex 1. 
Also magnetic properties of the mono (amine) adducts 
are consistent with the theoretical prediction for a 
quartet-doublet mixed spin iron (111) ion by Harris.17) 
T h e effective magnetic moments of ferricytochrome 
c' at p H 720) have been reported to be 5.15 BM at 
293 K and 3.4 B M at 2.8 K. Ferricytochrome c' 
shows anomalous feature in the ESR parameters and 
the shape of the Soret band in absorption spectrum. 
T h e ferricytochrome c' at physiological p H exhibits 
a strong ESR absorption at high g-value g=4.77 and 
a weaker one at g=1.99.2°) The former absorption 
is much broadened and its maximum absorption (zero 
derivative) is shifted toward lower ^-values than fer-
rimyoglobin and ferrileghemoglobin.7) Mai tempo has 
described unusual properties of ferricytochrome c' by 
assuming that the electronic comfiguration of hemin 
at the ground state consists of substantial quantum 

mechan ica l admixture of intermediate-spin(S=3/2) and 
high-spin(S— 5/2) states, coupled via the spin-orbit in­
teraction. Therefore, intermediate spin complexes 1 
and 2 seem to be good models for ferricytochrome 
c' at physiological p H . 

Present results lead us to postulate that a histidyl 
imidazole coordinates weakly to the i ron(III) atom 
of ferricytochrome c' even at physiological p H . There­
fore, the mono (amine) adducts rather than complexes 
1 and 2 are better model complexes for the ferricyto­
chrome c'. 

As is seen in Figs. 7 and 8, the mono (amine) adducts 
can duplicate unusual ESR specturm of ferricyto­
chrome c'. The g-values of ferricytochrome c' at 
the various conditions are referred in Table 2. Com­
parison of its ^-values with model compounds suggests 
that the ground state of the ferricytochrome c' at 
low temperature is similar to those of the mono (amine) 
adducts. Histidyl imidazole is considered to be most 
probable axial ligand to the heme in the enzyme. 
Analysis of amino acid sequence of apocytochrome 
c' rationalizes possible ligation of the histidyl imidazole 
as fifth axial ligand.21) There are, however, so many 
candidates of the sixth ligand such as water, aspartic 
acid, glutamic acid, and lysine.22) O n the basis of 
physicochemical properties of model complexes, it is 
proposed tha t relatively weak ligand coordinates to 
the hemin in cytochrome c', and the bonding between 
iron atom and sixth ligand has more ionic character 
t h a n that of the ferric hemoproteins. Positive charge 
seems to be localized on the iron (III) atom relative 
to the penta-coordinate ferric high-spin state. As is 
stated by Strekas and Spiro,23) the differences of energy 
levels between dn orbital and dz

2 or dz
2 and dx

2-y
2 

orbitals are very sensitive to the nature of axial ligands. 
Spin state of ferric porphyrin complex is markedly 
dependent on strength of axial ligation of the fifth 
and sixth ligands. Coordination of the histidyl 
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imidazole seems to be strongly influenced by changes 
in environment near proximity of the heme, which 
are induced by p H and temperature. Extensive in­
vestigations on the ferric porphyrin complex conclude 
that spin state is generally determined by coordina­
tion numbers of axial ligands. Namely it has been 
believed that the high-spin state and low-spin state 
constitute the five-coordinated complex of square 
pyramidal structure and the six-coordinated complexes 
of octahedral structure, respectively. W e have found 
new iron (I II) complexes having anomalous spin-state 
and coordination numbers, when a weak field ligand 
such C104~ was employed.13) Recently LaMar2 4) and 
Scheidt's11) groups have pointed out the existence of 
the six-coordinated high-spin species in the solution 
or in crystalline state. 

Visible spectrum of ferricytochrome c' shows ab­
sorptions at 400, 490, and 632 nm.25) The absorp­
tion at 632 nm is explained as a charge transfer band. 
There is no essential difference between the electronic 
structure of d^-orbital for intermediate spin(.S'=3/2) 
and high sp in(£=5/2) . Absorption spectra of 1 in 
CH2C12 and solid state can duplicate that of the ox­
idized form of cytochrome c'. Penta-coordinated iron-
(III) complex 1 shows remarkable solvent effect on 
electronic spectrum.13) Axial ligation of polar solvent 
molecule results in formation of asymmetric hexa-
coordinated (B) and symmetric hexa-coordinated iron-
(III) complex(C). The complex 2 is defined as the 

OClOg OCIO3 SOlv 
I solv I solv I 

-Fe- ^ = ^ -Fe- ;==i -Fe+- • C104-
î Î 
solv solv 

(A) (B) (C) 

solv: solvent molecule 
type (G). New hexa-coordinated complexes 3—5 con­
stitute asymmetric coordinated complex at axial fifth 
and sixth sites. Addition of strong basic ligand such 
as imidazole to the hemin affords bis (imidazole) ad-
duct. Consequently, spin state of the hemin is sen­
sitive to coordination of axial ligand and de rea l i za ­
tion of positive charge. These two factors are very 
important in biological systems. The spin state of 
the prosthetic heme in hemoproteins is determined by 
axial ligation of the residue of amino acid and polarity 
near proximity of the heme. 

From present results, we are enforced to support 
that the ground state electronic configuration of the 
ferricytochrome c' at physiological p H is of substantial 
quantum mechanical admixture of quartet and sextet 
states. Furthermore, a possibility of an admixture of 
quartet and doublet states is also proposed for the 
ferricytochrome c' at low temperature. 

This work was partially supported by a Grant-in-
Aid for Special Project Research No. 511311 from 
Ministry of Education, Science and Culture. 
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A Reexamination of the Robinson Annelation of 2-Methylcyclohexanone 
with 3-Penten-2-one and ^Phenyl-S-buten^-one^ 
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t Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, Sendai 980 

(Received February 10, 1981) 

The reported Robinson annelation of 2-methylcyclohexanone with 3-penten-2-one has been reexamined. 
In contrast to the previous result, it was found that the reaction product was not only obtained in a low yield, 
but also the solvent-depending stereoselectivity in the formation of m-4,4a-dimethyl-4,4a,5,6,7,8-hexahydro-
naphthalen-2(3//)-one (3a) and its trans isomer (3b) was considerably lower than that reported. As expected, 
regioisomers, 4/?,8a-dimethyl-4,4a/?,5,6,7,8-hexahydronaphthalen-2 (3//)-one and 4/?,8/?-dimethyl-4,4aa,5,6,7,8-
hexahydronaphthalen-2(3//)-one, were also formed in the annelation. A similar tendency was observed in the 
reaction with 4-phenyl-3-penten-2-one. The annelation products, 3a, 3b, tû-4-phenyl-4a-methyl-4,4a,5,6,7,8-
hexahydronaphthalen - 2 (3//) - one, and trans - 4 - phenyl - 4a]- methyl-4,4a,5,6,7,8-hexahydronaphthalen-2 (3//) -one, 
were also synthesized by an alternative route. 

T h e Robinson annelation has most widely been 
employed as a useful method of synthesizing sir-1,8a-
dimethyldecalins, the fundamental structures of ere-
mophilanoids. 

Scanio and Starrett2) recently reported that cis-
dimethyloctalone (3a) in an isomeric purity exceeding 
9 5 % was produced by the Robinson annelation of 
2-methylcyclohexanone (1) with 3-penten-2-one (2) in 
dioxane, while change of the solvent to dimethyl sul­
foxide dramatically altered the ratio of the diastereo-
mers to give /rmy-dimethyloctalone (3b) in a high 
isomeric purity (over 95%) (Scheme 1). They also 
proposed a reaction mechanism (Scheme 2) for the 
predominant formation of the trans-homer 3b in di­
methyl sulfoxide; the enolate, 4, of 2-methylcyclohex­
anone (1) gives the l,3-butadien-2-olate anion (5) 
by proton exchange, and the latter attacks the regen­
erated ketone, 1, to yield olefinic alcohol, 6. Under 
these reaction conditions, 6 is dehydrated to crossed 
dienone 7, and its enol form, 8, thermally cyclizes 
in a disrotatory manner to yield 9 predominantly. 

T o test their hypothesis concerning this unusual 
Robinson annelation in dimethyl sulfoxide, we reex-

cx*~^ — cd.*ct!x 
3a 3b 

Scheme 1. 

1 + 

- H , 0 

OH 

C Û L - 3b 

Scheme 2. 

amined their reaction of 1 and 2, and also that of 1 
and 4-phenyl-3-buten-2-one (11) for comparison. 

In order to obtain authentic samples for the G L C 
analysis of the annelation products, four octalones, 
3a, 3b, 14a, and 14b, were synthesized by the alter­
native route shown in Scheme 3, because, contrary 
to the claim of Scanio and Starrett, these compounds 
were obtained only in poor yields under similar reac­
tion conditions, as will be discussed later. 

\ ^ 0 T M S 

70 
2 (R-Me) 

11 (R-Ph) 

TiCU 

Ö^ N AUO, or KO H r ^ ^ l ^ N 

°oi >CUo 12a(R=Me) 

13a(R=Ph ) 
3a (R-Me) 

K a ( R - P h ) 

ot^L^^ai 
12b (R-Me) 

13b (R=Ph) 

Scheme 3. 

3b (R-Me) 

U b CR=Ph) 

Silyl enol ether (10), prepared from 2-methylcyclo­
hexanone (1), was treated with 3-penten-2-one (2) 
(or 4-phenyl-3-buten-2-one (11)) in dichloromethane 
in the presence of t i tanium tetrachloride,3) thus giving 
a mixture of 1,5-diones 12a and 12b in a ratio of 25:75 
(or 13a and 13b in a ratio of 71:29) and in a good 
yield. These diones were separated by chromatog­
raphy and then submitted to aldol cyclization to 
give 3a and 3b (or 14a and 14b) respectively. The 
stereochemistry of the octalones thus obtained was 
assigned by means of XH NMR. 4 ) In the lanthanoid-
shifted spectra of 3a using Eu(dpm) 3 , the signals of 
the protons on G(3) and G (4) were assigned by a 
concentration dependence of their chemical shifts on 
the shift reagent; coupling were confirmed by de­
coupling experiments, as is shown in Table 1 (cf. 
the conformational structure 15a). The large coupling 
constant (J, 13 Hz) between H ( l ) - and H(3)-protons 
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15a (R,-N)e, Ra=Hs) 

15 b ( R r H s , R2-Me) 

R 

16a 16b 

clearly demonstrated a trans diaxial disposition of these 
protons, leading to the cw-dimethyloctalone structure 
3a. O n the other hand, the 3b isomer showed a 
small coupling between these protons (J, 5 Hz) , which 
indicated this compound to be a /razw-dimethyloctalone, 
3b (cf. 15b) . Similar reasoning may also be applicable 
to 14a and 14b. 

I t is worth a short comment that, in the Lewis 
acid-promoted Michael addition of 10, the erythro-
threo ratio of the product was reversed, depending 
on the acceptor used. Considering two preferable 
conformations, 16a and 16b, in the transition states, 

TABLE 1. LANTHANOID-SHIFTED X H N M R OF SOME 

PROTONS OF THE OCTALONESA> 

Octalone Proton Chemical 
shift, <5b> 

Coupling pattern 
and constants, Hz 

3a 

3b 

14a • 

14b 

[ H i 
H2 

I H 3 

[ H ' 
H2 

[ H3 

[ H* 
H, 

I H 3 

H, 
H2 

H3 

5.20 
5.44 
3.48 

5.82 
5.51 
3.36 

5.18 
4.70 
4.32 

4.55 
4.79 
4.00 

d.d, 
d.d, 
d.d, 

d.d, 
d.d, 
d.d, 

d.d, 
d.d, 
d.d, 

d.d, 
d.d, 
d.d, 

J\>2~ 
A.= 
Jl,Z~ 

An= 
. / i . . = 
JlfZ-

Jl,2 = 

Jl,2~ 

Jl,Z~ 

7i, ,= 
«/l.2 = 

Jl,Z~ 

,18, 
= 18, 
= 12, 

= 16, 
= 16, 
= 5, 

= 18, 
= 18, 
= 16, 

= 16, 
= 16, 
= 5, 

Jl,Z~ 
J2,Z~ 
J2,Z~ 

Jl,Z~ 

J2,Z~ 

J2,Z~ 

Jl,Z~ 
J2,Z-

J2,Z~ 

Jl>Z~ 

J2>3 = 

J2,Z~ 

= 12 
= 6 
= 6 

= 5 
= 8 
= 8 

= 16 
= 5 
= 5 

= 5 
= 9 
= 9 

a) Eu(dpm)3 was added to a 
substrate in a molar ratio of 
100 MHz. 

CDC13 solution of the 
1/3. b) Measured at 

the R substituent (methyl or phenyl) would control 
the population of these conformers. When R is meth­
yl, 16b is more favored than 16a because the bulkier 
acetonyl would be disposed between the methyl and 
cyclohexane methylene groups, yielding the threo iso­
mer, 12a. Meanwhile, phenyl is bulkier than ace­
tonyl, and the favored conformation in the transition 
state of the reaction with 11 must be 16a, which leads 
to the erythro isomer, 13b. 

With the four authentic octalones, 3a, 3b, 14a, 
and 14b, in our hands, we set about the G L C analy­
sis5) of the Robinson annelation product of 1 with 
2 or 11. The results of the analysis are shown in 
Table 2. 

Entry 1 indicates the analytical result of the enone 
fraction of the product obtained from 1 and 2 under 
the reaction conditions described by the original au­
thors. The combined yield of enones was quite low, 
and the major products were, rather, the regioisomer, 
17a or 17b, and the dienone, 18. These by-products 
were separated by preparative GLG, and their struc­
tures were assigned spectroscopically; the enone showed 
a carbonyl absorption at 1668 c m - 1 in the I R spectrum. 
Two pairs of methyl doublets in the XH N M R spectrum 
demonstrated this compound to be a regioisomer of 
3a ; meanwhile, in the lanthanoid-shifted *H N M R , 
its C(3)-methylene protons exhibited a coupling pat­
tern (J, 18 and 12 Hz for H ( l ) and 18 and 6 Hz for 
H (2)) which was very similar to tha t of 3a. This 
result supported the idea that the G (4)-methyl in the 
regioisomeric enone must be equatorial. From these 
results, we concluded that the 17a or 17b stereostruc-
ture should be assigned to this compound because 
this compound was produced under equilibrating con-

"CD 
17a 17b 

Ph 
19a and 19b 

TABLE 2. T H E ROBINSON ANNELATION OF 2-METHYLCYCLOHEXANONE WITH 3-PENTEN-2-ONE 

AND 4-PHENYL-3-BUTEN-2-ONE 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 

Enone 

2 
2 
2 
2 

11 
11 
11 
11 

Solventa> 

A 
A 
B 
B 
A 
A 
B 
B 

Reaction conditions 

Temp/°C 

112—117 
112—117 

75 
75 

112—117 
112—117 

75 
75 

Time/h 

100 
9 
6 
3 
6 
3 
6 
3 

Combined 
yield/% 

9 
14 
22 
36 
29 
36 
26 
26 

Ratio 

cis-
Enone 

23 
56 
25 
26 
53 
54 
37 
37 

of produ 

trans-
Enone 

7 
24 
75 
74 
15 
16 
34 
36 

cts/%i» 

By-products 
identified 

28(17), 40(18) 
20 (17) 

32 (19a) 
30(19a) 
10(19a), 19(19b) 
8(19a), 12 (19b) 

a) A, dioxane; B, dimethyl sulfoxide, b) Cf. Réf. 5 for the analytical method, 



3422 Mitsuko KiKUCHi and Akira YOSHIKOSHI [Vol. 54, No. 11 

ditions. 
Another crystalline by-product showed a carbonyl 

absorption at 1659 c m - 1 in the I R spectrum and a 
strong U V absorption at 239 nm, which indicated an 
a,/?,y,<5-unsaturated dienone chromophore. The dehy-
drogenation of 3a with chloranil in i-butyl alcohol 
afforded the same dienone. Thus, this dienone is 
unambiguously shown by the formula 18. This di­
enone was probably produced by the air oxidation 
of 3a for a long period. 

When the reaction time was shortened (Entry 2), 
the combined yield of the product was slightly raised 
and the only detectable by-product was the regio-
isomeric enone 17. 

In the reaction employing dimethyl sulfoxide as 
the solvent, the ratio of 3a and 3b was reversed (Entries 
3 and 4), although the stereoselectivity of the reaction 
was not so high as Scanio and Starrett stated.2) Unlike 
the reaction with 3-penten-2-one, no regioisomer was 
detectable in the reaction in dimethyl sulfoxide. 

I n the reaction of 1 and 11 employing dioxane as 
the solvent, the product was a mixture of eis- and 
trans-enone (14a and 14b) and the regioisomer 19a, 
in which the m-enone 14a was predominant (Entries 
5 and 6). The structure of the regioisomer was sup­
ported by a carbonyl absorption at 1661 c m - 1 in the 
I R spectrum and a three-proton doublet in the 1 H 
N M R spectrum. O n the other hand, a comparable 
formation ratio of the eis- and trans-enones (14a and 
14b) was observed in the reaction using dimethyl 
sulfoxide as the solvent (Entries 7 and 8). Two re-
gioisomers, 19a and 19b, were also isolated. The 
structures of the by-products were confirmed by the 
I R (1661 cm"1) and ^ N M R (a three-proton doublet) 
spectra, which demonstrated that these by-products 
must both be stereoisomers. However, we have ob­
tained no evidence that allowed us to assign stereo-
structures to these regioisomers. 

In conclusion, we could not observe such high stereo­
selectivity as was reported by Scanio and Starrett2) 
in the Robinson annelation of 2-methylcyclohexanone 
and 3-penten-2-one, although a change in the forma­
tion ratio of the 3a and 3 b stereoisomers was 
observed to some extent by replacing the reaction 
solvent. Accordingly, we are suspicious of the reaction 
mechanism (Scheme 2) they have proposed for the 
annelation in dimethyl sulfoxide, for if it will operate, 
the reaction would proceed much more stereoselectively. 

E x p e r i m e n t a l 

All the melting and boiling points are uncorrected. The 
IR spectra were taken on a Hitachi G-2 or 215 spectro­
photometer. The XH NMR spectra were recorded on a 
Hitachi R-22 (90 MHz) or JEOL PS-100 (100 MHz) in­
strument, using TMS as the internal standard and CDG13 

as the solvent. The recorded chemical shifts are on the 
ô (ppm) scale. The high resolution mass spectra were re­
corded on a JEOL JMS-OISC spectrometer. The GLC 
analysis was performed on a Shimadzu Model 5A instrument 
using the following columns: A (5% OV-17, 2 m x 3 m m ) 
and B (5% SE-30, 2 m x 3 m m ) . The formation ratios of 
the reaction products were all determined by GLC.5) The 
elemental analyses were performed in the microanalytical 

laboratory of the Chemical Research Institute of Non-Aque­
ous Solutions, Tohoku University. 

2-Methylcyclohexanone (1). The ketone of a reagent 
grade (Tokyo Kasei Corp.) was distilled, and a fraction 
boiling at 163.2 °C was utilized. 

3-Penten-2-one (2). This enone was prepared accord­
ing to the method of Lawesson et a/.6) A fraction boiling 
at 52—54 °C/260 mmHg was immediately used. 

1,5-Diketones 12a and 12b. These diketones were 
prepared according to the method of Mukaiyama et ß/.3> 
A solution of TiCl4 (570 mg, 3 mmol) in CH2C12 (12 ml) 
was cooled to — 78 °C under N2. Solutions of 2 (303 mg, 
3.6 mmol) and 108> (552 mg, 3 mmol) in the same solvent 
(5.4 and 4.5 ml respectively) were added successively to 
the above solution with stirring. After stirring for 30 min 
at — 78 °C, the mixture was quenched with aqueous K 2 C0 3 

(1.05 g in 22 ml of water), and the resultant precipitates 
were filtered off. The filtrate was extracted with pentane, 
and the extract was washed with water and brine. After 
the removal of the solvent, the crude product (553 mg) 
was distilled in a vacuum to give the main fraction (374 
mg; bp 102—126 °C (bath temperature)/l mmHgtt), which 
consisted of two isomers, 12a and 12b (25:75). Because 
the separation of these isomers by preparative TLC (AgNOs-
impregnated silica gel, hexane-AcOEt (5:1)) was incomplete, 
only one isomer, 12b was separated in the pure state (21 
mg, 13%). In order to separate the isomers completely, 
preparative GLC (Column B at 140 °C) was utilized. 12a: 
Rt 6.7 min (Column B at 140 °C); IR (CHC13) 1700 cm-1; 
*HNMR 0.86 (3H, d, 7 = 7 Hz), 0.91 (3H, s), and 2.09 
(3H, s). 12b: Rt 7.8 min, IR (CHCLJ 1700 and 1209 
cm-1; !HNMR 0.73 (3H, d, 7 = 7 Hz), 0.94 (3H, s), and 
2.17 (3H, s). 

cis-4,4a-Dimethyl-4,4a,5,6,7,8 -hexahydronaphthalen - 2(3H) - one 
(3a). A mixture of 12a (40 mg, 0.2 mmol), active 
alumina (activity II, 1.6 g), water (1.33 ml), and dioxane 
(4 ml) was heated at 105—109 °C under reflux for 3 h with 
stirring under N2. Then the mixture was filtered, and 
the crude product (88 mg) was obtained from the filtrate 
on the removal of the solvent. Pure 3a (21 mg, 58%) was 
obtained by preparative TLC repeated four times, using 
cyclohexane-AcOEt (10:1) as the solvent. IR (CHC13) 
1660 and 1616 cm-1; 1U NMR 0.95 (3H, d, 7 = 6 Hz), 
1.09 (3H, s), and 5.98 (1H, d). The lanthanoid-shifted 
XH NMR spectra were taken as follows : an exact amount 
of Eu(dpm)3 was added, portion by portion to a solution 
of 3a (20 mg) in CDC13 ; the spectrum was recorded after 
each addition until the molar ratio of the substrate and the 
reagent reached 3:1. The experimental results obtained 
are shown in Table 1. 

tra.ns-4,4a-Dimethyl - 4,4a,5,6,7,8 - hexahydronaphthalen - 2(3H)-
one (3b). Pure 3b (23 mg, 80%) was obtained from 
12b (32 mg, 0.16 mmol) in the same manner as has been 
described for 3a. IR (CHC13) 1660 and 1618 cm-1; 1H 
NMR 0.98 (3H, d, 7 = 6 Hz), 1.28 (3H, s), and 5.78 (1H, 
d). Found: C, 81.04; H, 10.34%. Calcd for C12H180: 
C, 80.85; H, 10.18%. 

7,5-Diketones 13a and 13b. A solution of freshly 
distilled TiCl4 (380 mg, 2 mmol) in CH2C12 (8 ml) was 
cooled to - 7 8 °C under N2. A solution of 117> (308 mg, 
2.1 mmol) and 10 (450 mg, 2.4 mmol) in the same solvent 
(3 ml both) were added successively to the above solution 
with stirring. The mixture was then further stirred at 
— 78 °C for 2.5 h. After quenching with aqueous K 2 C0 3 

(0.7 g in 15 ml of water), the resultant precipitates were 

tt 1 mmHg« 133,322 Pa, 
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filtered off. T h e filtrate was extracted with GH2G12 and 
the extract was washed with water and brine. T h e sub­
sequent removal of the solvent gave the crude product (598 
mg) . G L C (Column A at 180 °C) indicated two isomers 
(13a and 13b, 71:29) . Without distillation, the crude prod­
uct was separated by preparative T L C , using hexane-AcOEt 
(5:1), to afford the respective isomers, 13a ( 114mg, 22%) 
and 13b (211 mg, 4 1 % ) . 13a: Rt 9.4 min (Column A 
at 180 °C), I R (CHC13) 1702 and 1690 c m - 1 ; ^ N M R 
0.99 (3H, s) 1.98 (3H, s), 3.01 (H l 5 dd, Jx a = 1 6 , J i ^ l O 
Hz) , 2.48 (H2 , dd, y l i a = 1 6 , y 2 > 3 = 4 H z ) , 3.93 (H3 , dd, Jlt% 

= 10, y 2 i 3 - 4 H z ) and 7.36 (5H, s). Found : C, 79.36; H, 
8 .91%. Calcd for C 1 7 H 2 2 0 2 : C, 79.03; H , 8 .58%. 13b: 
Rt 10.1 min, I R (CHC13) 1701 and 1689 c m - 1 ; ^ N M R 
1.00 (3H, s). 2.03 (3H, s), 2.68 (H15 dd, J 1 ) 2 = 1 6 , y l i 8 = 4 
Hz) , 3.03 (H2 , dd, y l i 2 = 1 6 , J 2 ) 3 = l l H z ) , 3.83 ( H „ dd, 
J i , 3 = 4 , y 2 > 3 = l l Hz) , and 7.35 (5H, s). Found : C, 79.30; 
H , 8 .83%. Calcd for C 1 7 H 2 2 0 2 : C, 79.03; H , 8 .58%. 

cis-4-Phenyl-4a-methyl-4,4a,5,6,7,8 -hexahydronaphthalen-2(3H) -
one (14a). Aqueous K O H (213 mg in 0.39 ml of 
water) was added to a mixture of 13a (128 mg, 0.50 mmol) 
and ethanol (3 ml) with stirring under N 2 . T h e whole 
mixture was heated at 90 °C under reflux for 4 h. T h e 
mixture was then cooled with ice, and 2 % HCl was dropped 
into the mixture until the solution became p H 4. T h e 
resulting solution was extracted with CH2C12 , and the ex­
tract washed with water and brine. T h e subsequent re­
moval of the solvent gave the crude product (187 mg) . Pre­
parative T L C , using cyclohexane-AcOEt (4:1) as the solvent, 
gave the pure enone (90 mg, 7 6 % ) , which solidified on 
distillation (bp 123—186 °C (bath temperature) / l m m H g , 
m p 70.2—72 °C (recrystallized from pentane-benzene (5:1)) ; 
I R (GHG1,) 1662 and 1616 c m - 1 ; 1H N M R 1.10 (3H, s), 
5.98 (1H, d ) , and 7.44 (5H, m ) . Found : C, 84.67; H , 
8.29%. Calcd for C 1 7 H 2 0 O: C, 84.95; H, 8.39%. 

trans-4- Phenyl -4a- methyl - 4,4a,5,6,7,8 - hexahydronaphthalen-2-
(3H)-one (14b). Pure 14b (109 mg, 73 % ) was ob­
tained from 13b (161 mg, 0.63 mmol) in a similar manner . 
Distillation (bp 101—121 °C (bath temperature) /1 mmHg) 
of the enone gave a soft mass; m p 48.5—52 °C. No ap­
propriate solvent was found for recrystallization. I R (CHC13) 
1662 and 1614 c m - 1 ; ^ N M R 1.35 (3H, s), 6.14 (1H, d ) , 
and 7.48 (5H, m ) . Found : C, 84.64; H , 8 .29%. Calcd 
for C 1 7 H 2 0 O: C, 84.95; H , 8.39%. 

The Annelation Reaction of 2-Methylcyclohexanone with 3-
Penten-2-one. In Dioxane: N a H (178 mg, 3.6 mmol) was 
suspended in a solution of 1 (345 mg, 3.0 mmol) and dioxane 
(10 ml) , and the mixture was stirred at 112—117°C for 
3 h under N 2 . After cooling to room temperature , a solu­
tion of 2 (313 mg, 3.7 mmol) in dioxane (4 ml) was added, 
and the whole mixture was stirred for 9 h at room tempera­
ture. After the subsequent addition of a small amount 
of cold water, the mixture was extracted with pentane . 
T h e extract was washed with water and brine, and dried. 
After the removal of the solvent, the residue (512 mg) was 
distilled in a vacuum (bp 110—159 °C (bath temperature) / 
1 m m H g ) . T h e distillate (245 mg) was separated by pre­
parative T L C , repeated four times, using cyclohexane-AcOEt 
(7:1) as the solvent; this gave two main fractions (Rt 4.8, 
50 mg, 9% and Rf 5.3, 28 mg, 5%) . T h e polar fraction 
was shown to be a mixture consisting of 3a and 3b (84:16), 
which was identified with authentic samples by G L C ; how­
ever, the at tempted separation of these isomers by G L C 
was fruitless. T h e by-product, 17a (9 m g ; m p 38.5—39 
°C), in the less polar fraction was isolated by preparat ive 
GLC (Column A at 140 °C) and crystallized on standing, 
although no appropriate recrystallization solvent was found. 

I R (GHGI3) 1668 and 1619 c m - 1 ; » H N M R 1.07 (3H, d, 
7 = 6 Hz) , 1.16 (3H, d, J=6 Hz) , and 5.86 (1H, s). Found : 
M+ 178.1357. Calcd for C 1 2 H 1 8 0 : M+ 178.1357. 

In a similar manner , 1 (337 mg, 3.0 mmol) and 2 (270 
mg, 3.2 mmol) were allowed to react in dioxane for 100 h, 
after which the reaction mixture was worked up as above. 
A fraction (164 mg) obtained by short-path distillation was 
chromatographed on a silica-gel column, using hexane -
AcOEt (7:1) as the solvent, thus giving an oil (46 mg, 9 .0%) . 
T h e G L C analysis (Column B at 140 °G) of the oil showed 
two peaks, 17a (Rt 7.9 min) and 18 (Rt 11.2 min) , along 
with those of 3a and 3b. Two by-products were separated 
by preparat ive G L C (Column B at 140 °G); 17a (25 mg) 
and 18 (13 mg) . T h e former by-product, 17a, was iden­
tified by spectral comparison with the authentic compound. 
T h e latter one, 18, solidified on s tanding; m p 39.8—42.5 
°C ; I R (GHG18) 1659 and 1622 c m - 1 ; ^ N M R 0.98 (3H, 
d, / = 7 H z ) , 1.01 (3H, s), 5.72 (1H, s), and 6.21 (2H, br 
s) ; U V m a x (95% E t O H ) 239 n m (e 12122); M S , m/e (rel 
intensity) 176 (M+, 98), 134 (100), 119 (45), 105 (48), 91 
(65). 

This dienone was identified by spectral comparison with 
the authentic compound prepared by the dehydrogenation 
of 3a (vide post). 

In Dimethyl Sulfoxide (DMSO) : A suspension of N a H 
(178 mg, 3.6 mmol) in D M S O (6 ml) was stirred at 75 °C 
for 30 min. After the addition of a solution of 1 (340 mg, 
3 mmol) in D M S O (2 ml) and stirring for 3 h at room tem­
perature, a solution of 2 (307 mg, 3 mmol) in the same sol­
vent (3 ml) was added. T h e whole mixture was then stirred 
for 3 h at room temperature . After the subsequent ad­
dition of a small amount of ice water, the mixture was ex­
tracted with pentane. T h e extract was washed with water 
and brine, and dried. T h e evaporation of the solvent left 
an oil (373 mg) , which was distilled in a vacuum (bp 114— 
158 °C (bath tempera ture) / l m m H g ) to give an oil (306 
mg) . T h e oil was purified by preparative T L C , repeated 
three times, using cyclohexane-AcOEt (7:1) as the solvent, 
to afford the main fraction (Rt 3.3, 193 mg, 3 6 % ) . T h e 
G L C analysis of the fraction with a capillary column showed 
two peaks, 3a and 3b (29:71). T w o other unidentified 
by-products were detected by the G L C (Column A at 140 
°C, Rt 3.3 and 3.4 min) of the crude product . 

Dehydrogenation of 3a with Chloranil. Authentic 18 
was obtained by dehydrogenation according to the method 
of Agnello and Laubach.1 0) A mixture of pure 3a (36 mg, 
0.2 mmol) , chloranil (149 mg, 0.6 mmol) , and £-butyl al­
cohol (5.5 ml) was heated at 80—90 °C for 3.5 h under 
N 2 with stirring. T h e reaction mixture was extracted with 
GHC13 , and the extract was successively washed with water, 
5 % aqueous N a O H , water, and brine, and dried. After 
the removal of the solvent, the residue (30 mg) was purified 
directly by preparat ive T L C , using hexane-AcOEt (5:1) 
as the solvent, to give pure 18 (18 mg, 50%) as a soft mass 
(mp 39—42 °C). 

The Annelation of 2-Methylcyclohexanone with 4-Phenyl-3-
buten-2-one. In Dioxane: By a similar t reatment , a 
crude product (952 mg) was obtained from 1 (336 mg, 3 
mmol) and 11 (438 mg, 3 mmol) by allowing them to react 
at 112—117 °C for 3 h ; subsequent distillation in a vacuum 
gave a fraction (bp 158—190 °C (bath temperature) / l m m H g , 
439 mg)) which was separated by preparat ive T L C , repeated 
twice, using hexane-AcOEt (15:1) as the solvent, to give 
two fractions (Rt 4.3 and 4.8). T h e two main compounds 
in the polar fraction (145 mg, 20%) were 14a and 14b (78: 
22), as identified with an authentic sample by G L C . T h e 
less polar fraction (113mg, 16%) gave 19a as the main 
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component upon preparative GLC (Column B at 180 °C, 
Rt 10.7 min, 9mg) ; IR (GHG18) 1668 and 1619 cm-1; 1U 
NMR 1.19 (3H, d, 7 = 7 Hz), 5.90 (1H, br s), and 7.24 
(5H, m). 

In DMSO: By a similar treatment, a crude product 
(990 mg) was obtained from 1 (449 mg, 4 mmol) and 11 
(584 mg, 4 mmol) by a reaction at room temperature for 
6 h. Vacuum distillation afforded a fraction (364 mg; bp 
135—200 °C (bath temperature)/l mmHg) which was sub­
sequently separated by preparative TLC, using hexane-
AcOEt (5:1) as the solvent, to give two fractions (Rt 3.5, 
165 mg and Rf 4.0, 84 mg). Two enones, 14a (10 mg) 
and 14b (12 mg), were separated from the polar fraction 
by preparative GLC (Column A at 180 °C). 14a, Rt 13.4 
min; IR (GHG1,) 1658 and 1616 cm-1; ^ N M R 1.09 (3H, 
s), 5.86 (1H, br s), and 7.31 (5H, m). 14b, Rt 11.5 min; 
IR (CHC13) 1650 and 1618 cm-1; i H N M R 1.33 (3H, s), 
2.73 (1H, q, 7 = 5 and 16 Hz), 3.0 and 3.12 (2H, in total), 
5.96 (1H, br s), and 7.30 (5H, m). The two main com­
ponents, 19a (13 mg) and 19b (24 mg), were separated from 
the less polar fraction by preparative GLC (Column A at 
180 °C). 19a, Rt 10.7 min; IR (CHC13) 1661 and 1601 
cm-1; ! H N M R 1.19. (3H, d, 7 = 7 Hz), 5.96 (1H, s), and 
7.33 (5H, m). Found: M+ 240.1520. Calcd for C17H20O: 
M+ 240.1513. 19b, Rt 12.3 min; IR (CHC13) 1661 and 
1619 cm-1; ^ N M R 1.16 (3H, d, 7 = 6 Hz), 5.79 (1H, s), 
and 7.36 (5H, m). Found: M+ 240.1525. Calcd for C17-

H2 0O: M+ 240.1513. 

We wish to thank Professor Toshitaka Tamura , 
College of Science and Technology, Nihon University, 
for his measurements of the high-resolution mass spectra. 
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Preparation and Physicochemical Properties of Tervalent 
Cobalt Complexes of Porphyrins 

Hiroshi SUGIMOTO,* Nobuhiro U E D A , and Masayasu M O R I 
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Tervalent cobalt complexes of octaethylporphyrin (OEP) and tetraphenylporphyrin (TPP), [Co111 (OEP) -
(H20)2]X (X=C104 , BF4), [Co in(OEP)(THF)2]C104, [Con i(TPP)(H20)2]X (X=C10 4 , BF4), and [Com-
(TPP)(H20)Y] (Y=C1, Br, SCN, N3) were synthesized. Molecular weight measurements indicate that only 
[Com(TPP)(H20)2]BF4 and [Com(TPP)(H20)2]C104 aggregate at higher concentrations in chloroform. In 
polar solvents such as methanol, all are monomeric. In nonpolar solvents, all the complexes show Soret bands 
at shorter wavelengths and somewhat paramagnetic XH NMR spectra ; these anomalies are absent in polar sol­
vents. Tetrafluoroborates and Perchlorates react with ethyl vinyl ether smoothly to form 2,2-diethoxyethyl-
cobalt(III) complexes which are easily converted to formylmethylcobalt(III) complexes. XH NMR and ab­
sorption spectra of the amine adducts prepared in this study, [Com(OEP)(L)2]C104 (L=pyridine, 2-methyl-
imidazole) and [Com(TPP)(I/)2]C104 (L'=pyridine, 4-cyanopyridine, 4-methylpyridine), indicate that the two 
amine molecules coordinate to the central cobalt atom. As regards redox potentials for the Co(III)/Co(II) 
couple as measured by cyclic voltammetry, the cobalt(III) porphyrins are categorized into three groups: (i) BF4 

and C104 salts with redox potentials at about 0.7 V; (ii) halides and; pseudohalides with those at 0.2—0.3 V; 
and (iii) bis(amine) adducts with those at —0.3 \-0.1 V. In polar solvents, however, the redox potentials 
of (i) and (ii) are very similar to one another. 

I t is well known that the active site of vitamin B12 

is the cobalt complex of the corrin ligand and that 
its coenzyme form and related alkylcobalamin are 
the only organometallic compounds hitherto found 
in nature. Since the discovery of the cobalt ff-bond 
between cobalt(III) and 5'-carbon of an adenine moi­
ety through crystallographic studies by Hodgkin,1) a 
large number of model compounds have been syn­
thesized to elucidate the basic chemistry of the cobalt-
carbon bond in square planar macrocyclic systems.2-8) 
Metal complexes of porphyrin are particularly suitable 
for model studies on the structure and reaction of 
coenzyme B12, because both porphyrin and corrin9) 
are of tetrapyrrole macrocycle. Since the rapture and 
recombination of the cobalt-carbon bond are key steps 
to achieve the enzymatic catalysis, main interes thas 
existed in the formation and cleavage of the cobalt-
carbon bond by uni-, bi-, and tervalent metal com­
plexes. The formation of the cobalt-carbon bond 
through nucleophilic reactions of Go (I) toward organic 
halides has been investigated in relation to the reaction 
of coenzyme B12. Similar nucleophilic reactions of 
Co(I) species were found in porphyrin complexes of 
Rh(I)1 0) and Ir.11) O n the other hand, another mode 
for the cobalt-carbon bond formation was recently 
found in an electrophilic reaction of coenzyme B12 

having a tervalent cobalt atom12) with alkyl vinyl 
ether. Ogoshi et a/.13) reported that a tervalent rho­
dium complex of porphyrin reacted with ethyl vinyl 
ether to give a rhodium-carbon bond. Silverman 
and Dolphin12) also showed a cobalt-carbon bond 
formation by the electrophilic reaction of cobalt(III) 
oxime with vinyl ether. Dolphin suggested the in-
termediacy of an olefin ^-complex of cobalt(III) in 
the reaction. However, there has hitherto been no 
report about the electrophilic reaction of cobalt(III) 
porphyrins toward electron rich olefins. This is prob­
ably because tervalent cobalt atoms of usual cobalt-
(III) porphyrin complexes have no sufficient cationic 
character to cause the reaction. Thus, usual cobalt-
(III) porphyrins are six-coordinated by inclusion of 

halogens and/or amines in the coordination sphere, 
such as [Go111 (porphyrin) (amine) 2 ]X and [Go m (por­
phyrin) (amine) X ] , and the electrophilicity or cationic 
character of the central cobal t (III) ion is thereby 
reduced. In order that cobal t (III) porphyrins should 
have sufficient electrophilicity to react with various 
organic nucleophiles, therefore, the electron-donating 
ability of the counter anion should be sufficiently 
weak. In this sense it was thought of utmost im­
portance to compare cobalt(III) complexes of por­
phyrins having various types of axial ligands: weak 
ligands such as BF4 and C10 4 ions; intermediate 
ligand such as halides and pseudohalides; and strong 
ligands such as amines. Although active investiga­
tions14) have been made for bromides and chlorides 
and their amine adducts, for Perchlorates only our 
research group15 '16) has recently reported of syntheses 
and X-ray crystallographic data . This paper is con­
cerned with synthetic methods, electrophilic reactions 
toward electron rich olefins, and redox potentials for 
various tervalent cobalt complexes of octaethylpor­
phyrin and tetraphenylporphyrin, and discusses the 
relation between mode of coordination of counter 
anions to the central cobalt atom and physicochemical 
properties such as absorption and XH N M R spectra, 
particularly redox potentials of the cobalt a tom.** 

E x p e r i m e n t a l 

Synthesis. [Coia(OEP)(THF)^ClOti (1): Octa-
ethylporphyrinatocobalt(II) Coi^OEP), (100 mg) was dis­
solved in tetrahydrofuran (100 cm3) containing 1cm3 of 
70% perchloric acid. The reaction mixture was stirred 
for 24 h under an aerobic condition until black crystals 

** Abbreviations used are: OEP, octaethylporphyrin; 
TPP, oc,/?,y,(5-tetraphenylporphyrin; THF, tetrahydrofuran; 
py, pyridine; 2-MeIm, 2-methylimidazole; 4-CNpy, 4-
cyanopyridine; 4-Mepy, 4-methylpyridine; TBAP, tetrabutyl-
ammonium Perchlorate; TBAF, tetrabutylammonium fluoro-
borate; TBAB, tetrabutylammonium bromide; TBAC, tetra 
butylammonium chloride. 
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were precipitated. T h e crystals thus obtained were col­
lected and washed with petroleum ether. Recrystallization 
from b e n z e n e - T H F afforded reddish purple crystals (75 
mg) in 5 3 % yield. Found : C, 63.28; H , 7.43; N , 6 .76%. 
Calcd for C 4 4 H 6 0 N 4 ClO 6 Co: C, 63.26; H , 7.24; N , 6 . 7 1 % . 

[Co™(OEP) (H20)2\ClOi (2) : Recrystallization of 1 from 
benzene-dichloromethane saturated with water gave dark 
red, slightly hygroscopic crystals in a quanti tat ive yield. 
Found : G, 59.00; H , 6.29; N , 6.99%. Calcd for C3 6H4 8N4-
C10 6 Co: C, 59.46; H , 6.65; N , 7.70%. 

[CoIU(OEP)(H20)2]BFi (3): To a solution of Co11-
(OEP) (100 mg) in methanol (100 cm3) was added 10% 
tetrafluoroboric acid (2—3 cm3) and the solution was stirred 
for several hours. Then the solvent was removed carefully 
under reduced pressure until fine purple crystals were pre­
cipitated. The crystals were collected, washed with water , 
and dried over P 2 0 5 in vacuo to give 3 in 7 0 % yield. Found : 
C, 61.62; H , 6.72; N , 7.87%. Calcd for C 3 6 H 4 8 N 4 BF 4 0 2 Co: 
C, 60 .51; H , 6.77; N , 7 .84%. 

[CoÎII(OEP)(py)2]ClOi (4): Recrystallization of 1 from 
benzene containing an excess amount of pyridine gave red­
dish purple crystals in almost a quanti tat ive yield. Found : 
C, 64.56; H , 6.63; N , 9 .69%. Calcd for C 4 6H 5 4N 4C10 4Co : 
C, 65.05; H , 6.40; N , 9 .89%. 

[Colll(OEP) (2-MeIm)2]ClOi (5): Recrystallization of 1 
from benzene-dichloromethane containing an excess amount 
of 2-methylimidazole afforded reddish purple crystals in 
a quantitative yield. Found : C, 61.94; H , 6 .83; N , 12.90%. 
Calcd for C 4 4 H 5 6 N 8 C10 4 Co: C, 61.78; H , 6.60; N , 13.10%. 

[CoIII(OEP)CH2CH(OCH2CH3)2] (6): T o an ethanol 
solution (100 cm3) of 1 (100 mg) were added vinyl ethyl 
ether (100 mg) and triethylamine (0.5 cm3) . T h e reaction 
mixture was stirred at room temperature until a fine powder 
was precipitated. T h e powder thus obtained was collected 
and recrystallized from benzene-dichloromethane to afford 
reddish purple crystals (64 mg) in 7 5 % yield. Found : C, 
71.47; H , 7.55; N , 8.07%. Calcd for C 4 2 H 5 7 N 4 0 2 Co : C, 
71.16; H , 8.10; N , 7.90%. 

[CoUI(OEP)CH2CHO] (7): A dichloromethane solution 
of 6 was treated with silica gel or allowed to stand for 1 d. 
T h e solvent was evaporated under reduced pressure. The 
residual solid was recrystallized from benzene to afford 
orange red crystals in almost a quanti tat ive yield. Found : 
C, 71.14; H , 7 .51; N , 8.46%. Calcd for C 3 8 H 4 7 N 4 OCo: 
C, 71.90; H , 7.48; N , 8.84%. 

[CoÎII(TPP)(H20)2]ClOi (8): T o a suspension of Co11-
(TPP) (100 mg) in methanol (100 cm3) was added 10% 
perchloric acid (1—2 cm3) and the solution was stirred for 
about 10 h to almost complete dissolution. T h e solvent 
was removed under reduced pressure. T h e residual solid 
was recrystallized from methanol-benzene to give reddish 
purple crystals in 7 5 % yield. Found : C, 66.23; H , 3.77; 
N , 7.09%. Calcd for C 4 4 H 4 0 N 4 ClO 4 Co: C, 66.62; H , 4.32; 
N , 7.06%. 

[CoUI( TPP) (H20)2]BFi (9) : T o a solution of C o n ( T P P ) 
(100 mg) in dioxane (100 cm3) was added 10% tetrafluoro­
boric acid (2—5 cm3) and the solution was stirred for about 
1 h. Then the solvent was removed carefully under re­
duced pressure until fine crystals were precipitated. T h e 
crystals were collected, washed with water and dried over 
P 2 0 5 in vacuo to give 9 in 6 5 % yield. Found : C, 63.62; 
H , 4.42; N , 6 .63%. Calcd for C4 4H3 6N4BF4Co: C, 63.63; 
H , 4.37; N , 6 .75%. 

[ColîI(TPP)(H20)I] (10): A dichloromethane solution 
of 8 was washed with an aqueous sodium iodide solution 
several times and then with water and dried over N a 2 S 0 4 . 
T h e solvent was removed under reduced pressure. T h e 

residual solid was recrystallized from methanol to give red­
dish purple crystals in almost a quantitative yield. Found: 
C, 64.97; H , 4 .08; N , 6 .36%. Calcd for C 4 4 H 3 0 N 4 OICo: 
C, 64.72; H , 3.70; N , 6 .86%. 

[CoUI(TPP)(H20)Br] (11): T o a suspension of Co11-
(TPP) in methanol was added 10% hydrobromic acid and 
the mixture was stirred for 20 h. Methanol was removed 
under reduced pressure. T h e residual solid was recrystal­
lized from methanol to give reddish purple crystals in a 
quanti tat ive yield. Found : C, 68.38; H , 3.96; N , 7.29%. 
Calcd for C 4 4 H 3 0 N 4 OBrCo: C, 68 .31; H , 4.17; N , 7 .41%. 

[Coîlî(TPP)(H20)Cq (12) : This was synthesized by the 
method reported by Yamamoto et al.lih>U 

[Coin(TPP)(H20)SCN] (13) : This was prepared by the 
same procedure as for 10 except that K I was replaced by 
K S C N . Found : C, 72.73; H , 3.86; N , 9.50%. Calcd for 
C 4 5 H 3 0 N 5 OSCo: C, 72.28; H , 4.04; N , 9 .37%. 

[Coul(TPP)(H20)N3] (14): This complex also was pre­
pared by the same procedure as for 10 but by using N a N 3 

in place of K I . Found : C, 72.85; H , 4.12; N , 13.36%. 
Calcd for C 4 4 H 3 0 N 7 OCo: C, 72.22; H , 4 .13; N , 13.40%. 

[CoIU(TPP)(py)2]ClOi (15): Recrystallization of 8 from 
benzene-pyridine (10:1 vol/vol) gave reddish purple crystals 
in 8 0 % yield. Found : C, 70.14; H , 4 .33; N , 8.72%. 
Calcd for C 5 4 H 3 8 N 6 C10 4 Co: C, 69.79; H , 4.12; N , 9.04%. 

[CoUI( TPP) (4-CNpy) 2 ]C/0 4 (16) : Recrystallization of 8 
from benzene containing an excess amount of 4-cyanopyridine 
gave reddish purple crystals. Found: C, 68.37; H , 3.69; 
N , 11.39%. Calcd for C5 6H3 6N8C104Co : C, 68.68; H , 
3.71; N , 11.44%. 

lCoI11(TPP)(4-Mepy)2]ClOi (17): Recrystallization of 8 
from benzene containing an excess amount of 4-methyl-
pyridine gave reddish purple crystals in a quantitative yield. 
Found : C, 70.78; H , 4.70; N , 9 .19%. Calcd for C56H42-
N 6 C 1 0 4 : C, 70.25; H , 4.42; N , 8 .78%. 

[CoIU(TPP)(py)2]Cl (18): Recrystallization of 12 from 
benzene-pyridine (1:1 vol/vol) gave reddish purple crystals. 
Found : C, 74.73; H , 4.87; N , 9 .67%. Calcd for C54H46N6-
ClCo: C, 74.60; H , 4.87; N , 9 .67%. 

{Colu(TPP)(py)Cl\ (19): This was prepared by the 
method previously reported,141) and also obtained from 
recrystallization of 18 from benzene-dichloromethane. 

[Co™(TPP)CH2CH(OCH2CH3)2] (20): T h e procedure 
for preparat ion was the same as that described for octa-
ethylporphyrin complex 6. Found : C, 75.73; H , 4.92; 
N , 7 .32%. Calcd for C 5 1 H 4 5 N 4 0 2 C o : C, 76.10; H , 5.64; 
N , 6 .96%. 

tCoIll(TPP)CH2CHO] (21): A dichloromethane solution 
of 20 was treated with silica gel as described for 7. Found : 
C, 76.93; H , 4.42; N , 7.99%. Calcd for C 4 6 H 3 5 N 4 OCo: 
C, 76.87; H , 4 .91 ; N , 7.80%. 

Molecular Weight. Molecular weights were measured 
by the vapour pressure osmometry at 31.5 °C in chloro­
form and methanol on a Knour vapour pressure osmometer. 

Spectral Measurements. *H N M R spectra were obtain­
ed on Var ian HA-100D and J E O L HM-100 spectrometers. 
Infrared spectra were measured on a Hitachi G-3 spec­
trometer and absorption spectra on a Hitachi model 200-
10 spectrophotometer. 

Cyclic Voltammetry. All solvents were dried and dis­
tilled before use. As a supporting electrolyte, tetrabutyl-
ammonium Perchlorate (TBAP) was used after being sub­
jected twice to crystallization from benzene. Cyclic vol-
tammograms were obtained on a HA-104 potentiostat 
(Hokuto Denko) in combination with an HB-107A func­
tion generator. A three-electrode system was used which 
consisted of p la t inum working and counter electrodes and 
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a commercial saturated calomel electrode (SCE) separated 
from the bulk of solution by a bridge filled with solvent 
and supporting electrolyte. The bridge had its solution 
changed periodically to avoid aqueous contaminants from 
entering the cell via the SCE. All solutions were purged 
of oxygen by passing purified nitrogen through them for 
10 min just before taking cyclic voltammograms. After the 
degassing a blanket of nitrogen was kept over the solution. 
The half-wave potential E^ was taken as that potential 
lying midway between the oxidation and reduction peaks 
for a given couple. All experiments were carried out at 
room temperature (20 °C) and the potentials reported refer 
to the SCE. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis. All the tervalent cobalt complexes 
were prepared generally by air oxidation of their 
corresponding bivalent cobalt complexes in the pres­
ence of aqueous acid.14) Perchlorate, tetrafluorobo­
rate, bromide, and chloride salts of tetraphenylpor­
phyrin complexes 8, 9, 11, and 12 were obtained 
in methanol. Iodide and pseudohalide salts 10, 13, 
and 14 were obtained through anion exchange from 
the Perchlorate salt. The bis(tetrahydrofuran) adduct 
of the Perchlorate salt of cobalt(III) octaethylporphy-
rin 1 was obtained by using tetrahydrofuran as the 
solvent. This could easily be converted to bis (aqua) 
adduct 2 by recrystallization from benzene-dichloro-
methane saturated with water. The tetrafluoroborate 
salt of octaethylporphyrinatocobalt(III) was obtained 
by the same method as that for tetraphenylporphyrin 
derivative 9. Bis (amine) adducts 4, 5, 15, 16, 17, 
18, and 19 were prepared by recrystallization from 
benzene containing each amine in excess. The bis-
(pyridine) adduct of chloride salt 18 was easily con­
verted into mono (pyridine) adduct 19 by recrystal­
lization from benzene-chloroform. However, the bis-
(pyridine) adduct of Perchlorate salt 15 could not 
be converted into mono (pyridine) adduct . These two 
types of pyridine adducts were confirmed by elemental 
analysis and XH N M R spectra. 

Molecular Weights. For cobalt (111) complexes 
of porphyrin, no aggregation phenomena have been 
reported.17) However, the molecular weight measure­
ments in chloroform indicate that two of the com­
plexes, 8 and 9, tend to aggregate as the concentration 
is increased. For example, Fig. 1 shows the concen­
tration dependence of molecular weight for 9 and 3. 
At low concentrations around 0.01 mol d m - 3 , both 
the complexes assume monomeric molecular weights. 
However, as the concentration is increased, the mo­
lecular weight of 9 is gradually increased. As high 
concentrations around 0.05 mol d m - 3 , complex 9 is 
almost dimeric; in polar solvents such as methanol 
all of the tervalent complexes are monomeric at these 
high concentrations. As will be described below, XH 
N M R spectra of complexes 8 and 9 show no significant 
changes when the concentration is increased from 0.01 
to 0.05 mol d m - 3 . The observed molecular weights 
indicate that the complexes are not ionized in these 
solvents. When the anions are coordinated, the solute 
species are considered to be of nonelectroly te ; other­
wise, they should be of ion pair or ion-pair aggregate. 
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Fig. 1. Concentration dependency of the molecular 
weight in chloroform. 
• : [Co° I(TTP)(H10)JBF4 , O: [Co™(OEP)(H10)J-
BF4. 

In the case of tetraphenylporphyrin derivatives 8 and 
9 where higher molecular weights were observed, the 
aggregation mode of ion pair is not considered to be 
the stacking of porphyrin planes via a sort of the n-n 
interaction,17) because such stacking is more difficult 
to be realized in the case of tetraphenylporphyrin 
derivatives because of the large steric hindrance of 
phenyl groups; this is contrary to the present situation. 
T h e most probable picture for the aggregation seems 
to be that in which the ion-pairs are bound through 
hydrogen bonding between the aqua ligands and the 
Perchlorate (or tetrafluoroborate) anions as is realized 
in crystals.16) Such hydrogen bonding seems to be 
more favorable in the case of tetraphenylporphyrin 
derivatives than in the case of octaethylporphyrin 
derivatives owing to the electron-withdrawing char­
acter of the former. 

Absorption Spectra. Absorption spectral data are 
summarized in Table 1. Absorption spectra of the 
tervalent cobalt complexes except the amine complexes 
are highly dependent on properties of solvents.15) 
Halides and pseudohalides 10—14 showed Soret bands 
at about 400—-407 n m in nonpolar solvents such as 
dichloromethane. Addition of polar solvents such as 
methanol gave shifts toward longer wavelengths. In 
methanol the spectra of these complexes are very 
similar to one another. This can be explained in 
terms of the coordination of polar solvent molecules 
to form [ C o m ( T P P ) (solvent) 2] + species. O n the other 
hand, BF4 and 0 0 4 salts 8 and 9 showed Soret bands 
at 426 n m in dichlorome thane which are close to those 
in methanol (425 nm) . This result indicates that, in 
dichloromethane, the cobalt atoms of BF4 and C10 4 

salts are coordinated by water molecules as the fifth 
and sixth axial ligands.16) In methanol these water 
molecules seem to be replaced with solvent molecules 
as suggested by the XH N M R and the cyclic voltam-
metry studies described below. The six-coordinated 
species [ C o m ( T P P ) ( H 2 0 ) 2 ] + o r [Go111 (TPP)(solvent) J + 
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T A B L E 1. ABSORPTION SPECTRA OF TERVALENT 

COBALT PORPHYRINS 

Compound Solvent "max 

/nm(loge) 1 
2 

3 
4 
5 
6 
7 
8 

9 

10 

11 

12 

13 

14 

15 
16 
17 
18 
19 
20 
21 

CH2C12 

CH2C12 

CH3OH 

py 
CH2C12 

CH2C12 

CH2C12 

CH2G12 

CH2C12 

CH2C12 

CH3OH 
CH2C12 

CH3OH 
CH2C12 

CH3OH 
CH2C12 

CH3OH 
CH2C12 

CH3OH 
GH2C12 

CH3OH 
CH2C12 

CH3OH 
CH2C12 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

CH2C12 

378(4.82) 
375(4.82) 
409(4.98) 
418(5.09) 
377(4.82) 
418(5.09) 
424(5.11) 
393(5.30) 
396(5.40) 
426(4.98) 
425 (4.99), 
426(4.99) 
426(4.99), 
407(5.01) 
426 (4.99), 
405(4.99) 
426(4.99) 
404(5.00) 
426(4.99) 
400(5.00) 
426(4.99) 
403(4.99) 
426(4.99) 
434(5.01), 
433(5.14), 
434(5.13), 
434(5.12), 
437(5.00), 
408(5.20), 
407(5.21), 

, 524(8.35), 557(3.86) 
, 524(3.85), 556(3.86) 
, 525(3.99), 559(3.99) 
, 530(4.00), 562(3.98) 
, 524(3.35), 557(3.86) 
, 530(4.00), 562(3.98) 
, 536(4.01), 556(4.47) 
, 520(4.01), 556(4.47) 
, 522(4.03), 558(4.50) 

536(3.84) 
539(3.88) 
540(3.83) 
539(3.89) 
528(3.92) 
540(3.88) 
549(3.53) 

, • 542(3.90) 
545(3.80) 
543(3.99) 
550(3.74) 
542(3.98) 
550(3.99) 
550(3.89) 

550(3.91), 584(3.41) 
545(3.99), 578(3.65) 
550(3.99), 585(3.66) 
550(3.99), 580(3.65) 
552(3.96), 588(3.60) 

526(4.00) 
522(3.99) 

can be expected to have a cationic character, if the 
solvent molecule is allowed to dissociate easily due 
to weak solvation. Neither the bis (amine) adducts 
nor the mono (amine) adduct was much influenced 
by solvent polarity. This result indicates that there 
exists tight coordination of the amine molecules to 
the cobalt atom, which is consistent with results from 
^ N M R spectra. 

XH NMR Spectra. X H N M R data are summa­
rized in Table 2. In nonpolar solvents such as dichlo-
romethane and chloroform these tervalent cobalt com­
plexes except the amine adducts and organocobalt 
complexes show very broad and shifted signals. Figure 
2 illustrates the XH N M R spectra of 8—14 in chlo­
roform at room temperature. T h e signals of the phenyl 
and ß-pyrrole protons are significantly broad and shift­
ed compared with those for usual diamagnetic spec­
t rum. This phenomenon is qualitatively the same as 
that reported by Yamamoto et al. in the case of chloride 
salt 12.14k> I t is noteworthy that the signals of the 
pyrrole ^-protons for complexes 8 and 9 are very 
much shifted toward higher magnetic fields.18) The 
magnetic moments of complexes 8 and 9 in chloroform 
at room temperature (31 °G) showed smaller para­
magnetism (about 0.7 BM) than the one for a chloride 
salt (1.66 BM) previously reported.14k) Such large up-
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Fig. 2. ^ N M R spectra in chloroform at 31.5 °C. 
(a) : [Co in(TPP) (H20)2]BF4, (b) : [Com(TPP)-
(H20)2]C104, (c): [Co™(TPP)(H20)Cl], (d): [Co™-
(TPP) (H20)Br], (e) : [ C o ^ T P P ) (H20)I] , (f) : 
[Coi"(TPP)(H20)N3], (g) : [Co™(TPP)(H20)SCN]. 

field shifts of pyrrole ^-protons and small paramag­
netism, as compared with those of the chloride salt, 
suggest that the mechanisms of the spin dereal izat ion 
on the porphyrin plane are somewhat different from 
each other. The difference in the mechanism of spin 
derea l iza t ion between the group of G104 and BF4 

salts and the group of Gl, Br, I, and N 3 salts may 
result from the different coordination modes. Sakurai 
et a/.1411»1) reported that the cobalt atom in the chloride 
salt is coordinated by the chlorine atom as the fifth 
ligand. In Perchlorate salt 8, on the other hand, 
the cobalt a tom is coordinated by two water molecules 
as described above.16) 

In polar solvents these complexes showed usual di­
amagnetic XH N M R spectra. The addition of amines 
such as pyridine gave also diamagnetic spectra which 
were very similar to those of bis (amine) adducts. 
For example, bis(tetrahydrofuran) adduct 1 showed 
only one broad signal at about 2 p p m in chloroform, 
but an addition of pyridine in twice the equivalent 
gave a spectrum indicating the existence of the bis-
(pyridine) adduct and free tetrahydrofuran.15) The 
XH N M R spectra of amine adducts 4, 5, and 15—20 
indicate a coordination of these amine molecules to 
the cobalt atom. In particular, it is noteworthy that 
both bis (pyridine) adduct 19 and mono (pyridine) ad­
duct 20 can be isolated in the case of chloride salt, 
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TABLE 2. 1 H N M R DATA OF TERVALENT COBALT PORPHYRINS (Ô VALUES) a) 

Solvent meso -CHo £-CH3 Others 

1 CD2C12 

CD2Cl2-fpy 

2 CD2C12 

Acetone-*/6 

Methanol-^ 
DMSO-</6 

3 

4 CD2CL 

5 CD2CL 

6 CD2CL 

7 CD2C12 

Very broad signal at about 2 
10.10(s, 4H), 4.04(q, 16H), 1.80(t, 24H) 

Very broad signal at about 2 
9.10(s, 4H), 5.44(q, 16H), 1.81 (t, 24H) 

10.78(s, 4H), 4.40(q, 16H), 2.04(t, 24H) 

10.41 (s, 4H), 4.15(q, 16H), 1.77(t, 24H) 

Very broad signal at about 2 

10.06(s, 4H), 4.04(t, 16H), 1.80(t, 24H) 

9.67(s, 4H), 5.88(q, 16H), 1.72(t, 24H) 

10.03(s, 4H), 4.13(q, 16H), 1.99(t, 24H) 

10.34(s, 4H), 3.83(q, 16H), 1.88(t, 24H) 

3.56(m, 8H, THF), 1.68(m, 8H, THF) 
5.66 (t, 2H, y-H of py), 
4.50(t, 4H, ß-H of py), 
0.00 (d, 4H, a-H of py) 

5.66(t, 2H, y-H of py), 
4.48(t, 4H, ß-H of py), 
0.00 (d, 2H, a-H of py) 

3.88 (m, 2H, 5-H of 2-MeIm), 
1.26(m, 2H, NH), 
-1.04(t, 2H, 4-H of 2-MeIm), 
-2.76(s, 6H, 2-CH3) 

1.09(m, 4H, OCH2-), 
0.06(t, 6H, OCH2CH3), 
-4.80(t, 1H, -CH2CH), 
-6.40(bd, 2H, -CH2CH) 
3.20(t, 1H, CHO), 
-4.28(d, 2H, CH2) 

Pyrrole ß Phenyl 

8 CDCI3 
9 CDCI3 

Acetone-</6 

10 CDCI3 

11 CDCI3 

12 CDCI3 

13 CDCI3 

14 CDCI3 

15 CDCL 

16 CDCI3 

17 CDCI3 

18 CDGI3 

19 CDCI3 

20 CDCI3 

21 CDCL 

-2.2(br , 8H), 8(br, 20H) 
-2.1(br, 8H), 8(br, 20H) 

9.18(s, 8H), 8.20(m, 8H), 7.80(m, 12H) 

9.36(br, 8H), 8.44(br), 7.84(br) 

10.0(br), 9.28(br), 8.76(br) 

9.0(br), 8.8(br), 7.7(br) 

8.8(br), 8.14(br), 7.72(br) 

9.22(br), 8.38(br), 7.86(br) 

9.13(s, 8H), 7.8(m, 20H) 

9.28 (s, 8H), 7.9 (m, 20H) 

9.02(s, 8H), 7.7(m, 20H) 

9.13(s, 8H), 7.8 (m, 20H) 

9.00(s, 8H), 8.8(m, 8H), 7.7(m, 12H) 

9.39(s, 8H), 8.04(m, 8H), 7.60(m, 12H) 

8.82(s, 8H), 8.04(m, 8H), 7.60(m, 12H) 

6.21 (t, 2H, y-H of py) 

5.06 (t, 4H, ß-H of py) 
0.90 (d, 4H, a-H of py) 

5.56(d, ß-H of 4-CNpy) 
1.20(d, 4H, a-H of 4-CNpy) 

4.84(d, 4H, ß-H of 4-Mepy) 
1.26(s, 6H, 4-CH3) 

0.66 (d, 4H, a-H of 4-Mepy) 

6.21 (t, 2H, y-H of py) 
5.06 (t, 4H, ß-H of py) 
0.90 (d, 4H, a-H of py) 

5.82(t, 1H, y-H of py) 
4.84(t, 2H, ß-H of py) 
0.84(d, 2H, a-H of py) 

1.44(m, 4H, -OCH2), 
0.45 (t, 6H, OCH2CH3) 
-2.22(t, 1H, CH2CH) 
-4.06(d, 2H, CH2CH) 
3.81 (t, 1H, CHO) 
-3.72(d, 2H, CH2) 

a) Abbrebiations used: s, singlet; d, doublet; t, triplet; q, quältet; m, multiplet; br, broad. 
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although mono (pyridine) adduct can not be isolated 
in the case of Perchlorate salt. Moreover, the 1 H 
N M R spectrum of 2-methylimidazole adduct 5 showed 
tight coordination of such a sterically-hindered axial 
base. 

Cyclic Voltammetry. The electrochemical behav­
ior of cobalt porphyrin complexes has actively been 
investigated.19»20) These studies usually dealt with co­
balt (I I) porphyrins and disclosed two distinct redox 
couples for the metal redox processes, Go(II I ) /Go(II ) 
and Go(II ) /Go(I) . Addition of various types of amines 
to such systems was found to bring about shifts of 
the redox potentials for Go(I I I ) /Go(I I ) to more neg­
ative values, the shift getting greater as the basicity 
of the amine is increased. The redox couple Go(II) / 
Go(I) , on the other hand, was almost insensitive. 
However, there have been no reports on redox process 
of Go(III) porphyrins in which anions are present 
either as axial ligands or as counter ions. Study of 
such process seems to be of importance for estimation 
of the influence by such anions on the electrophilicity 
of cobalt atoms. There have been some reports on 
the effect of anions in the supporting electrolyte on 
the redox couple Go(I I I ) /Go(I I ) associated with co-
bal t ( I I ) porphyrins,20*1) but no study on such factors 
can give any direct information and we have no as­
surance that the anion is coordinated during the oxi­
dation process. 

Table 3 summarizes the half wave potentials (E1/2) 
of tervalent cobalt porphyrins. One of the most out­
standing features is that in dichloromethane these 
tervalent cobalt porphyrins have Go(II I ) /Go(II ) redox 
couples varing in their combination significantly with 
counter anions or axial ligands and that accordingly, 
they can be categorized into three groups: Group 
(i) complexes have BF4~ or C104~ as the counter 
anion and have the most positive redox values similar 
to that of the bivalent complex G o n ( T P P ) . Group 

T A B L E 3. H A L F - W A V E POTENTIALS FOR 

Compound Solvent 

Con(TPP) CH2G12 

[Co™(TPP)(H20)2]BF4 

[Coni(TPP)(H20)2]C104 

[Com(TPP)(H20)Br] 
[Com(TPP)(H20)Cl] 
[Com(TPP)(H20)SCN] 
[Com(TPP)(H20)I] 
[Coni(TPP)(H20)N3] 
[Com(TPP) (4-CNpy)2]C104 

[Coni(TPP)(py)2]C104 

[Com(TPP) (4-Mepy)2]C104 

[Co in(TPP)(imd)2]C104 

[Com(TPP) (H20) 2]BF4 CH2Cl2-EtOH 
[Coni(TPP)(H20)2]G104 

[Com(TPP)(H20)Br] 
[Com(TPP)(H20)Cl] 
[Coin(TPP)(H20)N3] 

(ii) includes salts of Gl~, Br - , S G N - , and N3~ and 
have less positive redox potentials by about 0.4 V 
which varies slightly with the kind of counter anions. 
These values reveal that there is no exchange of the 
axially coordinated anion with the Perchlorate ion of 
the supporting electrolyte TBAP; otherwise, the redox 
values for these complexes would be close to that of 
the Perchlorate salt. Group (iii) complexes have var­
ious amines as axial ligands and have the lowest redox 
potentials. 

The difference between the redox potentials of 
Groups (i) and (ii) may be explained in terms of dif­
ferent modes of coordination. As previously discussed, 
two water molecules are coordinated axially in [Co m -
( T P P ) ( H 2 0 ) 2 ] G 1 0 4 and the same is expected to be 
true with the tetrafluoroborate salt and its corre­
sponding O E P derivatives. The fact that the values 
for both Group (i) complexes and the bivalent com­
plex are quite similar to one another, indicates that 
coordination of the axial water molecules is very weak 
and that it has little influence on the redox potentials 
in dichloromethane. O n the other hand, the chloride 
anion, and probably other halide and pseudohalide 
anions, too, coordinate to the cobalt a tom directly 
as the fifth ligand, and the increasing covalency of 
such axial ligands seems to lower the redox potential 
of the Go(II I ) /Go(II ) couple. 

I t is interesting to compare the Go(III) /Go(II) po­
tentials of Go(III) porphyrins with those of Go n (TPP) 
with various supporting electrolytes, reported by 
Truxillo and Davis.20a> Thus, the redox values for 
[ G o m ( T P P ) ( H 2 0 ) 2 ] X ( X = G 1 0 4 , BF4) and [Go m -
( T P P ) ( H 2 0 ) Y ] ( Y = B r , Gl) are +0 .72 , +0 .72 , +0 .38 , 
and +0 .27 , respectively. The redox values for the 
Go(II I ) /Go(II ) couple of Go n (TPP) are reported to 
be + 0 . 7 5 , +0 .94 , +0 .29 , and + 0 . 7 4 volt for elec­
trolytes TBAP, TBAF, TBAB, and TBAG, respectively. 
Slightly lower values of the cobalt(III) porphyrin 

BI- AND TERVALENT COBALT PORPHYRINS 

V vs. SCE 

Co(III)/Co(II) Co(II)/Co(I) 

+ 0.71 
+ 0.72 

+ 0.72 

+ 0.35 
+ 0.27 
+ 0.26 
+ 0.23 
+ 0.18 

+ 0.15 
- 0 . 0 5 
- 0 . 1 1 
- 0 . 3 1 

+ 0.31 
+ 0.32 
+ 0.27 
+ 0.28 
+ 0.29 

- 0 . 9 3 
- 1 . 1 4 

- 1 . 0 5 

- 1 . 0 3 
- 1 . 1 2 
- 0 . 9 4 
- 0 . 9 1 
- 0 . 8 9 

- 0 . 9 8 
- 1 . 1 4 
- 1 . 0 4 
- 1 . 0 2 

- 0 . 8 5 
- 0 . 9 5 
- 0 . 9 6 
- 0 . 9 9 
- 0 . 9 9 
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Perchlorate and tctrafluoroborate than those of Go(II) 
porphyrin in TBAP and TBAF can reasonably be 
explained in terms of the presence of axially coor­
dinated water molecules which have a weak electron-
donating character. O n the other hand, the much 
higher potential of the Go(II) porphyrin in the pres­
ence of TBAC than that of [ C o m ( T P P ) ( H 2 0 ) C l ] in­
dicates that the chloride ion in the supporting elec­
trolyte coordinate neither to Go(II) porphyrin nor 
to Co (III) formed by the oxidation of Go (I I) por­
phyrin during the time of voltage cyclings. 

In dichloromethane-ethanol solution the tervalent 
cobalt complexes studies showed almost the same redox 
potentials with one another, referring presumably to 
[Go«i(TPP)(EtOH)2]+ (0.27—0.33 V) , in conformity 
with the replacement of the axial anion by the solvent 
molecules as has just been concluded from the absorp­
tion spectra. 

In the case of Group (iii) porphyrins, the redox 
potentials are still lower and dependent predominantly 
on the nature of axial ligands, which is consistent with 
the results in the case of bivalent cobalt porphyrins 
with various amines, reported by Walker et al.20e) 
The 1H N M R spectra of these complexes in chloroform 
indicate a tight coordination of two amine molecules. 
Large irreversibility for the bis (amine) adduct, com­
pared with that for other tervalent complexes, suggests 
a considerable dissociation of the axial amines in 
the reduced state. In fact, it is well known that bi­
valent cobalt complexes prefer five-coordination to 
six-coordination.22^ 

Reaction with Ethyl Vinyl Ether. We previously 
reported15) that Perchlorate salts 1 and 2, and 8 react 
with ethyl vinyl ether to afford organocobalt(III) 
complexes 6 and 20, respectively. Other halides and 
pseudohalides also gave similar reaction products in 
ethanol solution although their yields are low. This 
result indicates that the solvent-coordinated species 
(B) has sufficient electrophilicity toward ethyl vinyl 
ether to form organocobalt complex (D) probably 
via 7r-complex (C). T h e obtained 2,2-diethoxyethyl-
cobalt(III) complexes 6 and 20 could easily be con­
verted to formylmethylcobalt(III) complexes 7 and 
21, respectively. These organocobalt complexes have 
been well characterized by elemental analysis and 
spectroscopic measurements, in particular XH N M R 
spectra. Figure 3 shows the 1H N M R spectra of 20 
and 21 . The presence of 2,2-diethoxyethyl and 

inlV-

(a) 

JL_ 

Jl 

0 -1 -2 -3 -4 

(b) 

\—/ULa 

Fig. 3. XHNMR spectra of (a) [Coni(TPP)CH2GH-
(OC2H5)2] and (b) [Co"i(TPP)CHaCHO] in chloro­
form. 

formylmethyl groups bonded to the central metal ion 
can reasonably be confirmed by the high field shift 
of the protons in the groups due to the large diamag-
netic ring-current effect of porphyrin ring. Assign­
ments of the protons are listed in Table 2. 

This synthetic method for organocobalt(III) com­
plexes of porphyrins is very convenient for the model 
study of vitamin B12, because it is very simple and 
gives high yields, compared with the reaction of Co (I) 
species with organo halides. 

O n the other hand, bis (amine) adducts or mono­
a m i n e ) adduct reacted with ethyl vinyl ether to give 
only reduced bivalent cobalt porphyrins. These re­
sults indicate that the strong electrophilic property 
of central cobal t (III) ion in the amine adducts is 
cancelled by the strong ligation of amine molecules 
and that only the electron transfer from ethyl vinyl 
ether to cobalt ion occurs. 

T h e present work was partially supported by a 
Grant-in-Aid for Scientific Research from the Ministry 
of Education, Science and Culture. 
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Neighboring Effect of Mercapto Group in the Silver Ion-promoted 
Aminolysis of Ä-Monoacyldihydrolipoamide 
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Nagatsuta, Midori-ku, Yokohama 227 

(Received December 10, 1980) 

The aminolysis of iV-benzyl-8->S'-(/>-nitrobenzoyl)dihydrolipoamide has been enhanced remarkably with ex­
cess silver perchlorate compared with that of jV-benzyl-£,S'-bis(/>-nitrobenzoyl)dihydrolipoamide. From the 
results of kinetics and complex formation followed by UV and IR spectra, the large enhancement in the reac­
tion has been concluded to be derived from the activation of acyl group through the binding of two equivalents 
of silver ion to the neighboring mercapto group. 

Whereas arenethiol ester is one of the activated 
esters which is able to be utilized for the activation 
of amino acids and peptide syntheses, less reactive 
alkanethiol esters are scarcely used for the activation 
of acyl group. 

O n the other hand, it is well known that 5-(1,2-
dithiolan-3-yl)pentanoic acid (lipoic acid) plays an 
important role in transfer of acetyl group enzymatically 
from pyruvic acid-thiamine adduct to coenzyme A 
(CoASH), and the thiol ester (GoASAc) thus pro­
duced, in turn, is transferred into T C A cycle. 

Further, the aminolysis of thiol esters has been 
shown to be catalyzed with various metal ions such 
as silver and mercuric ions.1) 

As part of the investigation on the synthesis and 
reaction of lipoic acid derivatives, we have already 
reported the silver ion-promoted acyl transfer on S,S'-
diacyl-6,8-dimercaptooctanoic acid (^.S'-diacyldihydro-
lipoic acid) derivatives to nucleophiles such as amines 
and alcohols2) and applied to the polymeric system 
to provide polymeric acylating agents.3) In the pre­
vious report,2) we mentioned briefly that aminolysis 
of 8-S-acetyldihydrolipoamide which had a neighboring 
mercapto group was enhanced remarkably with silver 
ion compared to that of SjS'-diacetyl derivatives. I t 
is interesting to study the mechanism of the neigh­
boring effect of mercapto group in this reaction, re­
lated to the similarity of the relative position between 
mercapto and acylthio groups in S-S-acetyl derivative 
to the 6-^-acetyl isomer isolated from a natural en­
zymatic system, to the applicability of this system 
for polymeric acylating agents,11) and to the activation 
of acyl group through complex formation in the metal-
ion-promoted hydrolysis of 8-quinolyloxycarbonyl de­
rivatives of amines.4) We report here the mechanistic 
study on the aminolysis of JV-benzyl-8-»S'-(/>-nitroben-
zoyl)dihydrolipoamide (1) with cyclohexylamine in the 
presence of silver perchlorate (AgC104) followed spec-
trophotometrically and the comparison of the result 
with that of the SjS'-diacyl derivative (2). 

/ ~ \ -CH 2NHCO(CH 2) 4—CH—SX 

CH2 

CHa—SY 

1: X = H , Y = - C O - R ( R = / ~ ~ V N 0 2 ) 

2: X = Y = - C O - R ( R = < C ^ - N 0 2 ) 

E x p e r i m e n t a l 

Materials. Silver perchlorate was purchased from 
Kojima Chemical Co., Ltd. JV-Benzyl-.S',S"-bis(/>-nitroben-
zoyl)dihydrolipoamide (2) was prepared by the method 
reported previously.3) Solvents were purified by the usual 
procedure. 

Preparation of N-Benzyl-8-(S-p-nitrobenzoyl)dihydrolipoamide 
(1). To a solution of iV-benzyllipoamide3) (295 mg, 1 
mmol) in methanol (15 ml), sodium borohydride (95 mg, 2.5 
mmol) was added portionwise at 0 °C and stirred for 2 h at 
room temperature under nitrogen. Reaction mixture was 
then acidified to pH 2 with 0.1 Mt hydrochloric acid. The 
solution was extracted with dichloromethane (50 ml) and the 
organic layer was dried over MgS04 . To the dichloro­
methane solution were added /»-nitrobenzoyl chloride (196 
mg, 1 mmol) and triethylamine (0.1 ml) under nitrogen, 
and the solution was stirred for 15 h at room temperature. 
The solvent was removed by evaporation and the obtained 
residue was dissolved in ether. The precipitated triethyl­
amine hydrochloride was filtered off and the filtrate was 
evaporated to afford an oily residue, which was recrystal-
lized from ether to give 1 (160 mg, 36%): mp 71—73 °C; 
NMR (CDC13) 6=1.41 (d, 1, 7 = 7 . 5 Hz, SH), 1.5—2.0 
(m, 8, CH2), 2.2 (d, 2, 7 = 6 . 0 Hz, COCH2), 2.9 (m, 1, 
>CHS-), 3.3 (t, 2, / = 6 . 0 Hz, CH2SCO), 4.4 (d, 2, 7 = 5 . 7 
Hz, C6H5CH2), 5.9 (s, 1, NHCO), 7.3 (s, 5, C6H5), and 
8.2 ppm (q, 4, C6H4N02); IR (THF) 3550, 1670, 1525, 
and 1345 cm-1; UVmax(THF)(log e) 260 (4.15) and 290 nm 
(shoulder, 4.02); Found: C, 59.11; H, 6.00; N, 6.01%. 
Calcd for C22H26N204S2: C, 59.18; H, 5.87; N, 6.28%. 

Kinetic Measurements. To a tetrahydrofuran (THF) 
solution of acyl derivative 1 or 2 and cyclohexylamine, silver 
perchlorate was added at 35.5 °C under nitrogen. Final 
concentrations were [1 or 2 ]=2 .5x 10 -4 M, [cyclohexyl­
amine] = 3—12 X IO-3 M, [AgC104]=1.5—10xlO-3M. A 
portion of the reaction mixture taken out with a pipet was 
centrifuged to remove the white thiolate. The supernatant 
was diluted with THF to obtain an appropriate absorbance 
in UV spectra. The absorbance at 290 nm was measured 
as a function of time. The measured data were treated as 
first-order kinetics by plotting ln|^4oo—At\ versus time. 
The slope of this line was taken as the pseudo-first-order 
rate constant k, k0, or k'. 

Reaction Products. A preparative scale experiment was 
carried out with mono (tester) 1. The white precipitate 
formed was collected by centrifuging the reaction mixture. 
The precipitate was washed well with THF and dried to 
give the silver thiolate (4) which showed amide bands at 
1540 and 1630 cm -1, but showed no NO a band in IR spec-

t l M = l m o l d m - 3 , 



3434 Yoko NAMBU, Takeshi ENDO, and Makoto OKAWARA [Vol. 54, No. 11 

trum (Found: G, 24.73; H, 2.75; N, 2.14%. Galcd for 
C15HaiN05Ag3Cl: C, 25.17; H, 2.95; N, 1.95%). After 
evaporation of the supernatant, the resulting oily residue 
was dissolved in ethyl acetate and washed with aqueous 
hydrochloric acid. iV-Cyclohexyl-//-nitrobenzamide (3) ob­
tained from the organic layer was recognized by comparing 
the IR and UV spectra with those of the authentic sample, 
which was prepared from /»-nitrobenzoyl chloride and cyclo­
hexylamine (Found; G, 62.55; H, 6.48; N, 11.32%. Calcd 
for C13H16N203: G, 62.89; H, 6.50; N, 11.28%); IR (KBr) 
3410, 1640, 1545, and 1345cm-1; UV m a x (THF) (loge) 
266 nm (4.10). 

Spectral Measurements. 1H NMR spectra were mea­
sured with a varian EM 360 NMR spectrometer in chloro­
form-«/ with tetramethylsilane as the internal standard. IR 
spectra were recorded on a Hitachi EPI-S2 spectro­
photometer. UV absorption spectra were recorded on a 
Hitachi 200-10 spectrophotometer. 

R e s u l t s a n d D i s c u s s i o n 

Reaction of Mono(S-ester) 1 with Cyclohexylamine. 
Aminolysis of 1 with cyclohexylamine was carried out 
by mixing 1 and excess cyclohexylamine in T H F 
at 35.5 °C. No appreciable reaction was observed 
in the absence of AgC10 4 . A white precipitate (4), 
however, was produced gradually by adding AgC10 4 . 
The change of absorption spectra at various time 
intervals for the supernatant liquid obtained by cen-
trifuging the reaction mixture is shown in Fig. 1. 
The absorption spectrum (A) in Fig. 1 is ascribed 
to thiol ester 1 which was scarcely affected by adding 
excess cyclohexylamine, but changed to spectrum (B) 
immediately by adding AgC10 4 . Spectrum (B) 
changed further to spectrum (G) in the rate depending 
on the concentration of AgC10 4 . Spectrum (C) final­
ly changed to spectrum (D) which corresponded to 
iV-cyclohexyl-p-nitrobenzamide (3) in the slower rate 
than that of (B) to (C). T h e change in absorbance 
at 266 nm from (B) to (C) and from (G) to (D) followed 
first-order-kinetics, and the pseudo first-order rate con­
stants kQ for (B) to (G) and k for (C) to (D) were ob­
tained. 

As shown in the dependences of k0 or k on the con-

300 

Wavelength/nm 

340 

Fig. 1. Change of UV absorption in aminolysis of 
mono(iS'-ester) 1 with cyclohexylamine in the presence 
of AgC104, [1]=2.5 x 10-4 M, [C6HUNH2]=5.0 x 
10-3M, [AgClO 4 ]=4 .8xl0- 3 M, THF, 35.5 °C. 
A: 1 and cyclohexylamine, B: 0 min, C: 60 min, D: 
l 550 min, 

O AgCIO 
-NH2 ; = B) (G) 

AgCl0 4 

-NHCOR + ^ = ^ - G H 2 N H C O ( G H 2 ) 4 X X \ (1) 

3 — 4 
Ags • S S 

i I 
Ag5*Ag 
G104-

centration of AgC10 4 (Fig. 2), only the change from 
(B) to (C) was observed at the lower concentration 
of AgC10 4 . At the higher concentration of AgC104 , 
however, faster change from (B) to (C) and slower 
change from (G) to (D) were observed. The both 
process were remarkably accelerated as the concen­
tration of AgC10 4 increased, and k increased linearly 
at the concentration of AgC10 4 higher than that of 
cyclohexylamine. 

Figure 3 shows the dependence of k on the concen­
tration of cyclohexylamine. Aminolysis was retarded 
considerably at the concentration of cyclohexylamine 
higher than that of AgC10 4 . 

Reaction of Di(S-ester) 2 with Cyclohexylamine. 
Aminolysis of 2 with cyclohexylamine was followed 
spectrophotometrically and the change of U V spectra 

2 4 6 

CAgCIO4]/10-3M 

Fig. 2. Dependence of k0, k, or k' on the concentration 
of AgClO, [1 or 2 ] = 2 . 5 x l 0 - 4 M (SCO unit), 
[C6HnNH2] = 5 .0xlO- 3 M, THF, 35.5 °C. 
A : k0, O: k, • : k'. 

2 4 6 

CC6HiiNH2l/10-3M 

10 

Fig. 3. Dependence of k on the concentration of 
C6HnNH2 , [I] = 2 . 5 x l 0 - 4 M , [AgC104]=5.7x 10"3 

M, THF, 35.5 °Ç, 
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Fig. 4. Change of UV absorption in aminolysis of 
di (S-ester) 2 with cyclohexylamine in the presence 
of AgC104, [2] = 1.2 x 10-4 M, [AgClOJ=6.3 x 10~3 

M, [G6HnNH2] = 5 .0xlO- 3 M, THF, 35.5 °G. 
1: 0min, 2: 80 min, 3: 125 min, 4: 240min, 5: 410 
min. 

is shown in Fig. 4. Contrary to the case of m o n o ^ -
ester) 1, di ( t e s t e r ) 2 showed no spectral change by 
adding AgG104 . In the presence of excess AgG104 

and cyclohexylamine, the spectrum of 2 changed 
gradually to that of amide 3. Pseudo-first-order rate 
constant k' was obtained by following the decrease 
of absorbance at 300 nm. As shown additionally in 
Fig. 2, k! increased linearly by increasing the con­
centration of AgG104 , bu t was not so much ac­
celerated as in the case of 1. 

2 + -NH9 
AgC104 

^ 3 + 4 (2) 

Complex formation from Mono(S-ester) 1 and AgClO^. 
The large enhancement of aminolysis of mono(iS'-ester) 
1 at the higher concentration of AgG10 4 compared 
to that of di(6*-ester) 2 is considered to be due to the 
formation of active complex from 1 and AgG10 4 as 
observed in the change of U V spectra of 1 (Figs. 1 
(B) and (G)). This was further examined with molar 
ratio method,5) by plotting the observed absorbances 
at 260 n m against the molar ratio of AgG10 4 to 1 
with a fixed concentration of mono(.S'-ester) 1 in T H F 
as shown in Fig. 5. The absorbance at 260 n m in­
creased linearly by increasing the ratio of AgG104 

to 1 up to 1, where the curve broke sharply. Further 
addition of AgC10 4 resulted in the minimum absorb­
ance at a molar ratio of 2. These results suggested 
the formation of a tight 1:1 complex and a 1:2 complex 
respectively from 1 and AgG104 . Further binding of 
AgG104 to the complex was presumed to be occurred 
from the increase of absorbance again by increasing 
the molar ratio. O n the other hand, in the presence 
of excess cyclohexylamine, a different curve was ob­
tained at a ratio of more than 1, as shown with the 
dotted line in Fig. 5. This result suggested that a 
different complex might be formed in the presence 
of amine. 

Silver thiolates are well known to be formed from 
Ag+ ion and thiols, therefore, the tight 1:1 complex 
deduced by the molar ratio method is presumed to 
be a thiolate (5) of mono(.S'-ester) 1. Owing to the 

0.7 h 

~ 0 . 6 

0.5 
JS3 

< 
2 4 6 

GAgClO^/m 

Fig. 5. Change of A260 n m in molar ratio method by 
complex formation from AgC104 and 1, [l] = 3.9x 
10-5M. 
O: In the absence of amine, # : in the presence 
of amine, [C6HnNH2] = 9.9x 10~4 M. 

strong affinity of silver ion to sulfur atom, further 
1:2 complex (6) is considered to be formed through 
binding another A g + ion to the sulfur atom of acylthio 
group. 

In addition, silver thiolates are known to form 
further complexes with excess A g + ion6) (Eq. 3), which 
is suppressed in the presence of amine.7) 

RSAg + Ag+ • (RSAg)Ag+ (3) 

In the present case, further binding of A g + ion 
to the thiolate might be facilitated to form complex 
(7) in the presence of free Ag+ ion. Thus complexes 
formed from 1 and AgG10 4 are formulated as follows. 

1 + AgC104 
I 

S S <. 

OÀ 

AgC104 

Ag 

S 
I 

Ag 0=G 

R 

S-->Ag+ 

ciCY 

AgCl04 

Ag«+<~ S S~>Ag+ (4) 

Ag<5V-0=C 
C104~ | C104-

R 
7 

The I R spectrum of a T H F solution of m o n o ^ -
ester) is shown in Fig. 6. In the presence of more 
than 3 equivalents of AgG104 to 1, >G=0 stretching 
band shifted from 1670 c m - 1 to 1640 c m - 1 , which 
might be attributed to the formation of the complex 
7. 

Complex Formation from AgClOé and Cyclohexylamine, 
Ag+ ion is known to form 1:1 and 1:2 complexes 
with amines in aqueous media.8) Here the complex 
formation of AgG104 with cyclohexylamine in T H F 
was examined by the molar ratio method in the pres­
ence of mono(iS'-ester) 1. Figure 7 shows the change 
of absorbance at 260 n m against the molar ratio of 
cyclohexylamine to AgG10 4 with a fixed concentration 
of AgG104 ( 7 . 9 6 x l O - 4 M ) and 1 (3.92 X 10~4 M ) . 
The line bent gradually at a ratio of 1 and broke 
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Fig. 6. IR spectra of 1 in THF. 
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CC6HiiNH2:/CAgClOA3 

Fig. 7. Change of A290 n m in molar ratio method by 
complex formation from AgC104 and cyclohexylamine 
in the presence of 1, [l] = 3.9x 10~5 M, [AgC104] = 
8.0x10-* M. 

sharply at a ratio of 2. These results suggested that 
AgC10 4 might form a 1:1 complex (8) and a tight 
1:2 complex (9) with cyclohexylamine (Eq. 5), and 
each complex formed further complex with mono (.S'­
ester) 1 to cause the spectral change. 

AgC104 + <^ ^>-NH2 ; = ± AgClCy<^ ^>-NH2 

o NH, 

AgG104-2 -NH. (5) 

Mechanism of Acyl Activation by Silver Ion. From 
the results of kinetics and complex formation, Scheme 
1 may be proposed for the silver ion-promoted ami­
nolysis of mono ( t e s t e r ) 1 with cyclohexylamine. 

At the lower concentration of AgC10 4 , silver ion 
exists mainly in the form of complex 9 (Eq. 5), where 
silver ion has less affinity to sulfur atom, caused by 
the coordination of two basic ligands, therefore, the 
complex (10) losely formed from 1 and 9 showed 
no further change. Increasing the concentration of 
AgC10 4 , complex 8 coexists with 9 following to Eq. 
5 and complex 5 is formed immediately from 1 and 
8, corresponding to the spectral change from (A) 
to (B). Complex (11) is further formed from 5 and 
8 which might be derived from the stronger affinity 
of one-coordinated silver ion to sulfur a tom compared 

Q 

-m£) 
s s 
I l 
Ag 0=C 

I 
R 

Ag 

NH2 
* + 

0=C NH0 

R 

10 

iNn. 

0' 

-NH 2 -Q 
S 
I 
Ag 

S 
I 

o=c 
Ag 0=C<--NH„ 

AÔ' 
1 1 

AgC104 

3 + 4 <r f a s t 
Ag£+-? Sy>Ag' 

igi+-0-^_NH+
2 

12 

Scheme 1. Proposed mechanism. 

to the two-coordinated one, corresponding to the spec­
tral change from (B) to (C). The increase of the 
rate constant k0 obtained from the spectral change 
of (B) to (G) by increasing the concentration of AgC10 4 

might therefore correspond to the resulting increase 
of the concentration of 8. 

At the higher concentration of AgC104 , active in­
termediate (12) would be formed from 11 in the pres­
ence of free silver ion to result in the activation of 
acyl group by interaction between Ag+ ion binding 
to - S A g and ) 0 0 group, which is well correlated 
to the lowering shift of ) C = 0 band9) in the I R spec­
t rum of 1 in the presence of three equivalents of AgC10 4 

(Fig. 6). Amide 3 and complex 4 are formed from 
11 via activated intermediate 12, corresponding to 
the spectral change from (C) to (D). Linear de­
pendence of k on the concentration of AgC10 4 at 
this region is well correlated to Scheme 1. 

In the presence of excess cyclohexylamine, the for­
mation of 12 is suppressed by consumption of both 
free Ag+ ion and complex 8 following to Eq. 5, which 
is also correlated to the rate-retardation at the higher 
concentration of amine as shown in Fig. 3. 

Thus the acceleration effect of silver ion on the 
aminolysis of thiol ester having neighboring mercapto 
group is explained by the binding of 2 equivalents 
of silver ion to the mercapto group to lead to the acti­
vation of acyl group. 

O n the other hand , in the case of aminolysis of 
di(£-ester) 2, the rate was accelerated linearly by 
increasing the concentration of AgC10 4 in the region 
that complex 8 was formed mainly. These results 
suggest that the rate-limiting step in this case is the 
binding of complex 8 to 2, as reported in the case of 
aminolysis of »S-ethyl thiobenzoate, lb> where the acyl 
group was not so much activated as in the case of 
aminolysis of 1. Therefore, the rate enhancement re­
mained less than that in the aminolysis of 1 as shown 
in Fig. 1, 
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Takagi et al.XQ) have reported the accelerated reaction 
of ^-acyldihydrolipoic acid and alcohol with iodine. 
However, the probability of similar oxidative activation 
resulted in the formation of lipoic acid structure (S-S 
formation) with silver ion as formulated in Eq. 6 
was ruled out in our case from the analysis of the 
reaction product 4, as described in the experimental 
section. 

Oxidizing 
I / — \ agent | | 

0=C + H 2 N - / \ > S — S 

R 

+ R C O N H - / y (6) 
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The hydroformylation of 1-alkenes was efficiently catalyzed by PtCl2-diphosphine-SnX2 systems whose di-
phosphines were l,4-bis(diphenylphosphino)butane derivatives with rigid ring skeletons. The effects of the 
structure of diphosphines, the P/Pt atomic ratio, the sort of tin(II) halide or solvent, the reaction variables, and 
the structure of olefins on the relative rate and the product distribution were investigated. A higher reaction 
rate than when using HRh(GO)(PPh3)3, and a linearity of aldehydes up to 99%, were attained. The coordina­
tion structure of the effective diphosphines as well as the reasons for the rate enhancement and for the excellent 
selectivity were discussed. 

Industrial hydroformylation processes have been car­
ried out by the use of cobalt or rhodium-complexes 
as catalysts.1) Of the two, the latter has been known 
to be 103 times more active than the former.2) O n 
the other hand, platinum-tin-complex catalysts were 
investigated by Orchin et a/.3) or by Knifton et al.*) 
with triphenylphosphine as a ligand. They reported 
that the complex is more active than cobalt-complexes, 
but far less active than rhodium-complexes, and that, 
moreover, it gives aldehydes with a high molar ratio 
of a linear aldehyde to the total aldehydes from a 
1-alkene without the addition of any excess of the 
phosphine. I t has also been reported4) that the ac­
tivity of the complex was markedly reduced by the 
addition of l,2-bis(diphenylphosphino)ethane which 
can make up a strong chelate ring. 

The present authors have found, however, in the 
course of the study of asymmetric induction in the 
hydroformylation of butènes using the PtCl2((—)-
D I O P ) - S n C l 2 system,*) that ( - ) - D I O P , (4Ä,5Ä)-2,2-
dimethyl - 4,5 - bis (diphenylphosphinomethyl) -1,3 - dioxo-
lane, strikingly raises the activity of the platinum-tin 
system, though it is one of the chelating phosphines. 
Through a study using Ph2P(CH2)„PPh2,6> it was re­
vealed that the diphosphine of w = 4 is particularly 
effective, while ( —)-DIOP is even more so. In this 
paper, the full details of the study will be described, 
along with those of further studies undertaken to 
elucidate the structure of the active catalyst species 
and the cause of the marked enhancement of the 
catalytic activity and the selectivity for linear aldehyde. 

E x p e r i m e n t a l 

1-Pentene was degassed before use. Thiophene-free ben­
zene was dried over Na and distilled under N2. The hy­
drogen was of a pure grade (99.99%), while the GO was 
of a research grade (99.95%). 

The PtCla(PhCN)a,
7> (lÄ,2Ä)-l,2-bis(diphenylphosphino­

methyl) cyclohexane (II),8) tran s-1,2 -bis (diphenylphosphino­
methyl) cyclopentane (III),9) (-)-DIOP,10> (15,25')-l,2-bis-
(diphenylphosphinomethyl)cyclobutane (IV),8> trans-l,2-bis-
(diphenylphosphinooxy) cyclopentane (VI),11) and 1,4-bis-
(dicyclohexylphosphino)butane (VIII)12) were prepared ac­
cording to the literature. The HRh(CO)(PPh3)3 was pur­
chased (Strem). The (+)-DIOP was presented by Dr. 
Iwao Ojima, Saga mi Chemical Research Center. All the 
manipurations to prepare phosphines were carried out under 
N,. 

trans-2,3-Bis(diphenylphosphinomethyl) norbornane(V). 
To an ether (100 cm3) suspension of LiAlH4 (7.8 g) was 
added an ether (800 cm3) solution of Jran.y-5-norbornene-
2,3-dicarboxylic acid13) at a rate to maintain a gentle reflux. 
After a refluxing for further 40 min, water (7.8 cm3), 15% 
NaOH aq. solution (7.8 cm3) and three portions of water 
(7.8 cm3 X 3) were added to the cooled solution succesively. 
After the decomposition was complete, the solution was 
filtered to separate the precipitate and was dried over 
Na2S04 ; this afforded 10.2 g (98%) of tom-5,6-bis(hydroxy-
methyl ) -2 -norbornene. 

A methanol (100 cm3) solution of the diol was added to 
a methanol (10 cm3) suspension of PtOa (0.25 g), and the 
mixture was stirred under a H2 atmosphere for 6 h at room 
temperature until the gas absorption ceased. The filtrate 
gave £ran^-2,3-bis(hydroxymethyl)norbornane (9.6 g, 93%). 
The diol was then dissolved in dry pyridine (50 cm3) and 
added to a pyridine (110 cm3) solution of tosyl chloride 
(35 g) at —20 °C. The solution was stirred for 4 h, while 
the temperature was allowed to rise to room temperature. 
The mixture was then poured into 250 cm3 of ice water, 
and the colorless precipitate thus formed was separated by 
filtration and dried in vacuo. Recrystallization from MeOH 
gave 25.8 g (90%) of the ditosylate; mp 101.8—102.8 °C. 

The diphosphine was obtained from the ditosylate as 
a viscous oil according to the procedure in Ref. 8, bp 226— 
228 °C (bath temperature)/4xlO-2Pa, 16.6 g (78%). 
Found: C, 80.32; H, 7.06%. Calcd for C33H34P2: C, 80.47; 
H, 6.96%. 

2 - endo - 3 - endo - 2,3 - Bis (diphenylphosphinomethyl) norbornane 
(XI). 2 - endo - 3 - endo - 2,3 - Bis(hydroxymethyl)norborn-
ane14) (3.1 g) was ditosylated as above and recrystallized 
from MeOH; 4.6 g (51%). The diphosphine was again 
prepared according to Ref. 8 as a viscous oil; bp 245—248 °C 
(bath temperature)/5xlO-2Pa, 1.3 g (27%). Found: C, 
79.84; H, 6.96%. Calcd for C33H34P2: C, 80.47; H, 6.96%. 

eis-7,2-Bis(diphenylphosphinomethyl) cyclohexane (X). X 
was prepared from the corresponding ditosylate as a viscous 
oil according to the procedure used for the trans-isoraet 
I I ; bp 215—220 °C (bath temperature)/5 X 10~a Pa. 65% 
Yield. Found: C, 79.88; H, 7.15%. Calcd for C32H34P2: 
C, 79.98; H, 7.13%. 

a,a/-Bis(diphenylphosphino)-o-xylene (VII). a,a'-Di-
bromo-o-xylene (Tokyo Kasei)(ll g) was added to a solution 
of LiPPh2 (prepared from 21.8 g of PPh3 and 2.6 g of Li 
in THF (140 cm3), followed by f-BuCl treatment) at 0 °C. 
After the addition, the mixture was stirred as the temperature 
rised and refluxed for 30 min. After the solution had cooled, 
the THF was removed and 40 cm3 of water was added. The 
diphosphine was extracted with benzene (100 cm3, 50cm3X 
2) and recrystallized from EtOH-benzene twice; 13.4 g 
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(68%); mp 117.0—118.0 °G. Found: G, 81.58; H, 6.08%. 
Galcd for G32H28P2: G, 81.00; H, 5.95%. 

a,a'-Bis ( diphenylphosphino )-p-xylene (IX). IX was pre­
pared as above from a,a'-dibromo-/>-xylene (6.1 g) and re-
crystallized from toluene; 5.5 g (50%); mp 177—179 °C. 
Found: G, 80.92; H, 6.03%,. Galcd for G32H28P2: G, 81.00; 
H, 5.95%. 

Hydroformylation Procedure. A typical procedure was 
as follows: PtCl2(PhCM)2 3 .2xl0- 5 mol, ( - ) - D I O P 3.2 X 
10-5mol, and SnCl2-2H20 1.6xl0-4mol were placed in 
a 50 cm3 Schlenk-tube type high-pressure reactor made 
of SUS-316, whose inside atmosphere was then replaced 
by N2 (99.995%). Benzene (18 cm3) and 1-pentene (3 
cm3) were added by the use of syringes. Carbon monoxide 
was pressurrised up to 50 kg/cm2 (at room temperature) ; 
then H2 (up to 100 kg/cm2) was added into the reactor, 
and then heated in a 100 °G oil bath with magnetic stirring. 
The maximum slope of the pressure-vs. -time plot, recorded 
automatically, was adopted as the measure of the relative 
rate. The rate in the above reaction when 2PPh3 was used 
in place of (—)-DIOP was taken as the base (100). After 
the pressure drop had ceased, the reactor was cooled and 
the residual gas (which was usually about 65 kg/cm2 at room 
temperature) was discharged. The reaction solution was 
then subjected to GLG analysis. Hydrocarbons were ana­
lyzed by gas chromatography on a Shimadzu GG-4B ap­
paratus equipped with a column (2 mm i.d. X 3 m) of VZ-7 
at room temperature. The aldehydes were analyzed on 
a Shimadzu GC-4A apparatus with a Golay column of 
DDP-90 at 60 °G. 

R e s u l t s 

Catalytic reactions were conducted with the amounts 
of platinum complexes of 3 . 2 x l 0 ~ 5 m o l in Figs. 1, 
3, and 5, and Tables 2—4, or of 3 . 2 x l 0 - 6 m o l in 
Figs. 4, 7—13, and Table 1. 

Effect of the Structure of Diphosphines. Several 
a,co-bis (diphenylphosphino) alkanes, Ph 2 P(CH 2 ) n PPh 2 

(n=\—6, 10), were used for activating the PtCl2-
(PhCN) 2 -SnCl 2 -2H 2 0 system as hydroformylation cat­
alysts and compared with PPh3 . The results are pre­
sented in Fig. 1. Bis (diphenylphosphino)methane as 
well as 1,2-bis (diphenylphosphino) ethane were almost 
completely ineffective. The diphosphine of n=3 was 
equally as effective as PPh3 , and the rate enhancement 
effect attained maximum at n=4, where the reaction 
rate observed was several times higher than when 
PPh 3 was used. When n exceeded four, the effec­
tiveness was reduced abruptly, and it gradually van­
ished. The linearity of the aldehydes formed, i.e., 
the molar ratio of hexanal to the total aldehydes formed 
(hexanal, 2-methylpentanal, and 2-ethylbutanal) was 
91—94%, and it did not greatly depend on the n of 
Ph 2 P(CH 2 ) n PPh 2 except in the case of n=3 in which 
the linearity was reduced to ca. 6 9 % . This excep­
tional linearity at ?i=3 may be caused by the insta­
bility of the chelating coordination because of the 
steric repulsion of 1,3-diaxial phenyl groups of the 
six-membered chelate ring, which is made up by 
the coordination of the two phosphorus atoms to the 
platinum center. A similar exception to the regio-
selectivity of hydroformylation has been observed in 
the rhodium-diphosphine-catalyzed reaction of methyl 
methacrylate or methyl crotonate using Ph 2P(CH 2 ) 3 -

n in Ph2P(CH2)nPPh2 

Fig. 1. Effect of methylene chain length of diphosphine 
ligands in PtCl2(PhCN)2-SnGl2.2H20-catalyzed hy­
droformylation of 1-pentene. 
1-Pentene 3 cm3, benzene 18 cm3, PtCl2(PhCN)2 3.2 X 
10-5mol, Pt/P/Sn= 1/2/5 (atomic ratio), p(GO) = 
p(H2) = 50 kg/cm2 initial at room temperature, reac­
tion temperature 100 °G. 
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r^y"" OC: ©: 
.'N>Ph0 
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Fig. 2. Bidentate phosphorus ligands used with PtCl2-
(PhCN)2-SnX2 system. 

PPh2.15) 
In order to clarify the effect of the structure of the 

derivatives of 1,4-bis(diphenylphosphino)butane (I) and 
related compounds on the reaction rate and the product 
distribution, several diphosphines and phosphorus li­
gands capable of forming a seven-membered chelate 
ring like I were prepared and applied to the reactions 
(Fig. 2). The results are compared with that using 
the H R h ( C O ) ( P P h 3 ) 3 catalyst. In these reactions, the 
catalyst concentration was reduced to one-tenth of 
that in Fig. 1 so that reaction rate could be compared 
exactly (Table 1). 

Under these reaction conditions, the rate-enhance­
ment effect of I (Run 2) was 7.5 times higher than 
that of PPh3 . I t is noteworthy, however, that the 
reaction time required for complete conversion using 
I was incomparably shorter than that using PPh3 , 
because the dependence on the olefin concentration 
of a reaction rate using a diphosphine was smaller 
than that of one using PPh 3 as will be discussed later. 

The effectiveness of I was further enhanced by 
bridging the 2- and 3-carbon to construct a rigid and 
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TABLE 1. EFFECT OF STRUCTURE OF BIDENTATE LIGAND IN THE HYDROFORMYLATION OF 1-PENTENE 

Run 

_ 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Ligand 

2PPh3 

I 
II 
III 
( - ) -DIOP 
dl-DlOY 
(+)-DIOP 
(-)-DIOPb> 
IV 
V 
Rhc> 
VI 
VII 
IVd> 
Rhc>d) 

Time 

24 
10 
18 
4 
5 
4 
4 
4 
3 
2 
4 
5 

10 
2 
5 

Relative 
ratea) 

ÎÔ 
75 
60 

170 
210 
240 
240 
210 
310 
440 
240 
180 
80 

400 
120 

Conversion 

% 

4 
100 
100 
100 
100 
100 
99 
99 

100 
100 
100 
99 
95 

100 
100 

Product 

Hexanals 
(Lin.) 

79(92) 
71(91) 
76(90) 
73(96) 
75(96) 
70(96) 
71 (97) 
89 (96) 
79(99) 
72(99) 

100(54) 
55 (94) 
68(91) 
89(99) 
99 (70) 

distribution/% e> 

Pentane 

8 
14 
13 
9 
9 

10 
10 
3 
6 
8 
0 

12 
10 
3 
0 

2-Pentenes 

13 
15 
10 
18 
16 
20 
19 
8 

13 
20 
0 

33 
22 

8 
1 

1-Pentene, 3 cm3; benzene, 18 cm3; PtCla(PhCN)a, 3 .2x l0- 6 mol ; SnCl2.2HaO, 1.6x10-« mol; P t /P=l /2 (atomic 
ratio), p(CO) = p(H2) =50 kg/cm2 at room temperature; reaction temperature, 100 °G. 
a) The maximum rate of the pressure drop in Run 1 was taken as the base (10). b) p (CO) = 150 kg/cm2, c) 
Rh: HRh(CO)(PPh3)3. d) Pt or Rh 3.2 X 10-fi mol, reaction temperature 70 °C. e) The molar ratio of each 
product. The deficiency was ascribed to some high-boiling product which might be formed through the con­
densation of aldehydes. 

saturated ring skeleton. Both the reaction rate and 
the product linearity increased distinctly upon the 
use of trans -1,2 - bis (diphenylphosphinomethyl) cyclo-
pentane ( I I I ) (Run 4), and they increased further 
upon the use of (IS,2S)- 1,2-bis(diphenylphosphinometh­
yl) cyclobutane (IV) with a saturated four-membered 
ring (Run 9). The effectiveness of (lÄ,2Ä)-l,2-bis-
(diphenylphosphinomethyl)cyclohexane (II) as a ligand 
(Run 3) was almost identical with that of I ; that is, 
the at tempt at the construction of a flexible six-mem-
bered ring skeleton was ineffective. The higher ef­
fectiveness of (—)-DIOP (Run 5) than that of I I I 
(Run 4) may be due to the somewhat smaller size 
of the dioxolane ring than that of the cyclopentane 
ring. 

These diphosphines, however, accelerated not only 
the hydroformylation reaction, but also such side reac­
tions as the hydrogénation16) and isomerization of the 
olefin. Of course, the side reactions could be di­
minished by raising the carbon monoxide partial pres­
sure, as is shown by the comparison of Runs 5 and 
8. Even in this case, however, the reaction rate 
was not sacrificed because of the nearly zero-order 
rate dependence on the pressure, which will be dis­
cussed later. By the use of IV, which has a more 
rigid ring skeleton, the relative rate was increased 
31 times in comparison with that when PPh 3 was 
used, and the product linearity was raised up to 9 9 % . 
The reaction rate observed using I V was apparently 
higher than that in the reaction catalyzed by H R h -
(GO)(PPh 3 ) 3 in the absence of excess PPh 3 (Run 11). 
The superiority of the P tCl 2 - IV-SnCl 2 • 2 H 2 0 system 
to H R h ( C O ) ( P P h 3 ) 3 was distinctly shown in the reac­
tions with higher catalyst concentrations at the lower 

reaction temperature of 70 °G (Runs 14 and 15). 
A bicyclic diphosphine, £ra?w-2,3-bis(diphenylphos-

phinomethyl)norbornane (V) (Run 10), showed the 
highest effectiveness as a catalyst ligand; the observed 
relative rate was 44 times higher than that observed 
using PPh3 . 

As has been shown by Knifton et alß with various 
monodentate ligands, such as PPh 3 or P(«-Bu)3, the 
electronic effect of phosphines did not influence the 
result in Pt-Sn catalyzed hydroformylation very much. 
This was fairly true for bidentate ligands; trans- 1,2-
bis (diphenylphosphinooxy) cyclopentane V I (Run 12) 
and I I I (Run 4), which are sterically similar but 
electronically different, gave similar results. Further, 
a,a'-bis(diphenylphosphino)-o-xylene V I I (Run 13), 
which must be electronically different from I I , caused 
an activity similar to that caused by I I . Thus, the 
effectiveness of diphosphines as catalyst ligands is con­
sidered to be determined mainly by a steric factor. 
However, the difference in electron-donating ability 
between a diarylphosphino group and a dialkylphos-
phino one may be multiplied when they are in biden­
tate ligand. In fact, l,4-bis(dicyclohexylphosphino)-
butane (VII I ) (Table 2) was far less effective than 
I, and also less effective than the monodentate ligand 
PPh3 , probably because its donating ability is too 
high. 

In order to elucidate the further steric requirements, 
closely related isomers of diphosphines were prepared 
and their degrees of effectiveness were compared. The 
catalyst-system concentration was the same as in Fig. 
1 (Table 2). a,a ' - Bis(diphenylphosphino)-/»-xylene 
( IX) , which is unable to effect chelation, was distinctly 
less effective than the position isomer, V I I , and also 
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T A B L E 2. EFFECT OF STRUCTURE OF DIPHOSPHINE IN THE PtGl2(PhGN)2-DiPHOSPHiNE-SnGl2-2H20-

CATALYZED HYDROFORMYLATION OF 1-PENTENE 

Diphosphine 

I 
VIII 
VII 
IX 
II 
X 
V 
XI 

pph3 

PPh3a) 
PPh2Et 
PPh2Eta> 

Time 
h~~ 

1.5 
17 
2 
6 
2 
2.5 
1 
1 

5 
3.5 
4 
4 

Relative 
rate 

400 
50 

370 
80 

340 
180 

1880 
720 

100 
180 
150 
120 

Conversion 

% 

100 
76 

100 
94 

100 
100 
100 
100 

87 
100 
100 
100 

Product 

Hexanais 
(Lin.) 

74(92) 
63(91) 
64(87) 
62(85) 
69(92) 
71(90) 
53(97) 
42(92) 

84(91) 
58(86) 
79(89) 
62(86) 

distribution/% 

Pentane 

12 
5 

11 
5 

11 
8 
9 
8 

5 
7 
7 
7 

2-Pentenes 

14 
25 
25 
33 
14 
21 
14 
22 

11 
17 
15 
19 

1-Pentene, 3 cm3; benzene, 18 cm3; Pt 3 .2xl0" 5 mol; Pt/P/Sn= 1/2/5 (atomic ratio); p(GO) =p(H a) =50 kg/cm2 

at room temperature; reaction temperature, 100 °G. 
a) Pt/P/Sn= 1/1/5. 

less effective than monophosphines. O n the other 
hand, among the stereo isomers of l,2-bis(diphenyl-
phosphinomethyl)cyclohexanes ( II and the m-isomer 
X) and 2,3-bis(diphenylphosphinomethel)norbornane 
(V and the endo, endo-homex X I ) , m-isomers were 
half as effective as the corresponding frmy-isomers. 
Tha t is, a £raw.y-connguration of the ring skeleton of 
the diphosphines was more favorable to rate enhance­
ment than a m-configuration, although the former 
seems to be fairly disadvantageous to chelating coor­
dination. 

Effect of P/Pt Atomic Ratio. I t is well known 
that the amount of excess phosphine plays a significant 
role in the activity and selectivity of rhodium catalysts 
in hydroformylation.17) However, in the PtCl2-SnCl2 

catalyzed hydroformylation,4) it was reported only that 
excess PPh 3 retarded the reaction, even at P / P t = 4 . 
In contrast with this, the effect of the P/Pt ratio of 
diphosphines on the reaction rate was more serious 
than has been expected, as is shown in Fig. 3. Tha t 
is, the opt imum P/Pt ratio to attain the maximum 
reaction rate was between 1.0 and 2.0, but not so 
distinct when a monophosphine such as PPh 3 or PPh2Et 
was used. In contrast, when diphosphine I was used, 
the opt imum P/Pt value increased to 2.0 and became 
distinct. By the use of a more effective diphosphine, 
(—)-DIOP, this value became about 2.5—3.0. Tha t 
is, the more effective the ligand, the higher the opti­
m u m P/Pt atomic ratio. 

By the use of the most effective ligand, V, the effect 
of the P/Pt ratio was investigated with a catalyst 
amount one-tenth of that in Fig. 3. At this concen­
tration, the optimum ratio of (—)-DIOP increased 
somewhat to about 3 as is shown in Fig. 4, while the 
reaction rate obtained by the use of V showed a plateau 
between 2.0—3.5 values of the P/Pt ratio. 

Effect of Tin (II) Halide. I t has been reported 
that the effectiveness of tin (II) halide as a cocatalyst 
for PtCl2(PPh3)2 was in the order of S n C l 2 - 2 H 2 0 > 

1500 

? 1000h 

0 1 2 3 4 5 

P/Pt (atomic ratio) 

Fig. 3. Effect of phosphorus to platinum ratio in 
hydroformylation of 1-pentene catalyzed by PtCl2-
(PhCN) 2-phosphine-SnCl2 • 2HaO system. 
Reaction conditions are the same as in Fig. 1 except 
phosphine amount. O : ( —)-DIOP, # : I A : 
PPh2Et, • : PPh3. 

ouu 

400 

300 

200 

100 

0 
( 

r i i i ' i | 

• C-4 
/ 1 

3 1 2 3 4 5 

P/Pt (atomic ratio) 

Fig. 4. Effect of phosphorus to platinum ratio in 
hydroformylation of 1-pentene catalyzed by PtCl2-
(PhCN)2-diphosphine-SnCl2 • 2HaO system. 
Reaction conditions are the same as in Table 1 except 
phosphine amount. # : V, O: ( —)-DIOP. 
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T A B L E 3. EFFECT OF THE SORT OF STANNOUS HALIDE IN THE PtCl2(PhCN)2-PHOspHiNE-SnX2-

CATALYZED HYDROFORMYLATION OF 1-PENTENE 

Phosphine SnX, 
Time Relative Conversion 

rate 

Product distribution/% 

% Hexanals 
(Lin.) Pentane 2-Pentenes 

2PPh„ SnF2 

SnCl2 .2H20 
SnBr2 

Snl2 

24 
5 
5 

24 

25 
100 
65 
5 

61 
87 
98 
26 

87(95) 
84(91) 
76(92) 
85 (90) 

11 
19 
11 

( - ) -DIOP SnF2 

SnCl2. 
SnCl2 

SnBr2 

Snl2 

2H 9 0 
1180 
1010 
1140 
620 

45 

100 
100 
100 
100 
100 

75 (94) 
75(95) 
77 (96) 
55(96) 
64(93) 

9 
10 
8 

10 
8 

15 
15 
15 
25 
28 

The reaction conditions are the same as in Table 2. 

1500 [ 

1000 h 

TABLE 4. RELATIVE RATE IN THE HYDROFORMYLATION 

OF 1-PENTENE CATALYZED BY PtCl2(PhCN)2-

( — )-DIOP-SnCl2-2H20 IN VARIOUS SOLVENTS 

1 2 3 4 5 

Sn/Pt (atomic ratio) 

Fig. 5. Effect of tin to platinum ratio in PtCl2(PhCN)2-
( - ) - DIOP-SnCl2 • 2HaO - catalyzed hydroformylation 
of 1-pentene. 
Reaction conditions are the same as in Fig. 1 except 
SnCl2-2H20 amount. 

SnBr2>SnI2 .4) T in( I I ) fluoride, which had not yet 
been used, was less effective than bromide (Table 
3). However, the fluoride was more effective than 
SnBr2, and as effective as S n C l 2 - 2 H 2 0 , when a diphos­
phine, ( —)-DIOP, was used. Although it is uncertain 
how much SnX 2 operates as an anionic ligand, SnX2Gl, 
as in the case of SnCl2,18) these results indicated that 
the effect of a cocatalyst was different depending on 
whether a phosphorus ligand was monodentate or 
bidentate. 

The effect of the Sn/Pt atomic ratio was examined 
by the use of the most effective S n C l 2 - 2 H 2 0 as a 
cocatalyst for PtGl2-(—)-DIOP-system; the results are 
shown in Fig. 5. T h e system had no activity without 
tin (I I) halide, and the significant activity appeared 
even at S n / P t = l , which suggests that one SnCl3 group 
is necessary for, and also enough for the catalytically 
active species. 

Choice of Solvent. The effect of the solvent on 
the reaction rate using the PtCl2-diphosphine-SnCl2 

system was examined, the results are listed in Table 
4. The relative rate was the highest when benzene 
or GH2C12 was used. In the latter, however, the 

Solvent Relative rate 

Benzene 
GH2G12 

Acetone 
THF 
CH3CN 
Hexane 
MeOH 

1010 
920 
350 
170 
130 
45 
5 

The reaction conditions are the same as in Table 2 
except for the solvent. 

linearity was low (89%), and, after the reaction, 
some metal deposit was observed. Acetone, which 
was one of the best solvents for the PtCl2(PPh3)2-SnCl2 

system,4) was not so suitable for the diphosphine sys­
tem. Thus , it was best to carry out the reaction 
in benzene when diphosphines were used. 

Effect of Reaction Variables. A diphosphine must 
coordinate to a platinum-metal center competing with 
olefin, hydrogen, and carbon monoxide. Therefore, 
the behavior of a diphosphine can be clarified if the 
effect of the catalyst or olefin concentration and the 
H 2 and C O partial pressure are examined. Thus, 
these variables were altered by the use of ( —)-DIOP 
and benzene as diphosphine and solvent respectively, 
and the relative rate was measured. 

T h e relative rate was plotted full-logarithmically 
against the charged amount of the catalyst system. 
The slope means that the order to the catalyst con­
centration was about 0.7 (Fig. 6) 

O n the other hand, the relation between the initial 
olefin concentration and relative rate (Fig. 7) showed 
the order of ca. 0.3, which was remarkably low for the 
dependence on the olefin concentration in hydrofor­
mylation. Hence, the reaction rate was nearly con­
stant until almost all the olefin had been consumed, 
and the total reaction time required for a complete 
conversion was remarkably shorter than would be 
expected from the relative rate comparison between 
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1 2 3 5 10 15 

Catalyst concentrât!on/10 M 

Fig. 6. Full-log plot of relative rate vs. catalyst system 
concentration in PtCl2(PhCN)a-(-)-DIOP-SnCl2 . 
2H20-catalyzed hydroformylation of 1-pentene. 
Reaction conditions are the same as in Table 1 except 
catalyst system concentration. 

1 2 3 4 

1-Pentene concentrât!on/M 

Fig. 7. Full-log plot of relative rate vs. 1-pentene con­
centration in PtCl2(PhCN)2-(-)-DIOP-SnCla .2HaO 
catalyzed hydroformylation of 1-pentene. 
Reaction conditions are the same as in Table 1 except 
1-pentene concentration. 

1000 

Fig. 8. Full-log plot of relative rate vs. p(H2) (initial 
at room temperature) in PtCl2(PhCN)2-( —)-DIOP-
SnCl2 • 2H20-catalyzed hydroformylation of 1-pentene. 
Reaction conditions are the same as in Table 1 except 
P(H2). 

100 150 

p(C0)/kgcm' 

Fig. 9. Full-log plot of relative rate vs. p(CO) (initial 
at room temperature) in PtCl2(PhCN)2-( — )-DIOP-
SnCl2 • 2HaO-catalyzed hydroformylation of 1-pentene. 
Reaction conditions are the same as in Table 1 except 
p(GO). 

the case of ( - ) - D I O P and that of PPh3 . 
T h e rate was proportional to the H 2 partial pressure, 

p(H2) (Fig. 8). T h e reaction order was almost 1.0 
with respect to p (H 2 ) , as in other hydroformylation 
catalyst systems. O n the other hand, the rate hardly 
depended on p (CO) at all, and Fig. 9 indicates an 
order of nearly zero. 

T h e product distribution virtually did not depend 
at all on the reaction variables except on the partial 
pressures of C O and H 2 . Isomerization was sup­
pressed by increasing p(H2) or p (GO) , while hydro­
génation was suppressed by increasing p (CO) or de­
creasing p(H 2 ) . 

Although the kinetic order described above was 
rather qualitative, the results can be represented by 
the following rate expression in the range of the above-
mentioned reaction conditions: 

Rate oc [Pt]0-'[l-Pentene]0-8p(Ha)
1-0p(CO)0-0. (1) 

Effect of the Structure of Olefins. In the previous 
sections, 1-pentene has been used as the substrate 
because it is easy to handle and also easy to analyze 
the isomerization or hydrogénation products. The 
present catalyst system was further applied to propene 
or 1-butène hydroformylation, and the results were 
compared with that of 1-pentene. As is shown in 
Fig. 10, the shorter a 1-alkene was, the lower the 
product linearity. However, the effect of the rigid 
ring skeleton of a diphosphine on the linearity became 
distinct with shorter olefins. 

Internal olefins reacted only sluggishly. For ex­
ample, the rate of m-2-pentene hydroformylation was 
one twentieth that of 1-pentene, and the product 
was composed of aldehydes (linearity 65%) 4 3 % , 
trans-2-pentene 3 8 % , m-2-pentene 1 1 % , and pentane 
4 % . 

Effect of Temperature. T h e hydroformylation of 
propene was carried out at various temperatures be­
tween 80—140 °C by the use of the P tCl 2 - IV-5SnCl 2 • 
2 H 2 0 catalyst system (Fig. 11). Lowering the reac­
tion temperature improved the yield of aldehydes, 
which means the competitive hydrogénation or alde­
hyde loss was almost entirely suppressed. The line­
arity in aldehydes was also improved by lowering 
the temperature. 

Effect of Total Pressure. I t is important , from 
the industrial point of view to know to what degree 

.= 60 

Fig. 10. Effect of the structure of diphosphines and the 
chain length of 1-alkene on the selectivity to the 
straight-chain aldehyde. 
Other conditions are the same as in Table 1. O: 
IV, # : ( - ) -DIOP, A : II . 
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80 100 120 140 

Reaction temperature/°C 

Fig. 11. Effect of reaction temperature in the hydro-
formylation of propene catalyzed by PtCl2(PhCN)2-
I V-SnCl2 • 2H20-system. 
Propene (/) 3 cm3, other conditions are the same as 
in Table 1 except reaction temperature. 

Total pressure/kgcm 

Fig. 12. Effect of total pressure (GO/H 2 =l) on the 
product distribution, linearity in the aldehydes, and 
reaction rate in PtCl2(PhCN)2-(-)-DIOP-SnCl2-
2H20-catalyzed hydroformylation of 1-pentene at 
constant pressure. 
Reaction conditions are the same as in Table 1 except 
gas pressures. • : Hexanals, A : pentane, (D: trans-
2-pentene, 0 : n.y-2-pentene. 

the total gas pressure can be lowered. Thus, 1-pentene 
was hydroformylated by the use of P tGl 2 (PhGN) 2 -
[ ( - ) - D I O P ] - S n G l 2 - 2 H 2 0 ( P t / P / S n = 1/2/5 , atomic 
ratio) at a constant pressure (Fig. 12). Lowering 
the pressure decreased the relative rate, as was ex­
pected from the effect of partial pressures shown in 
Figs. 8 and 9. Aldehyde linearity was almost con­
stant down to a pressure of 50 kg/cm2 , bu t it was 
lowered gradually below that pressure. The product 
distribution showed an interesting pa t te rn ; with a 
lowering of the total pressure, the yield of aldehydes 
was decreased until ca. 3 5 % at 25 kg/cm2, while those 
of m-2-pentene and pentane remained almost con­
stant, and only that of tom.y-2-pentene increased. 

Also, in the reaction of propene carried out by 
the use of the most active catalyst system, PtCl2-
( P h C N ) 2 - V - S n C l 2 - 2 H 2 0 , at the opt imum atomic ratio 
of Pt/P/Sn (1/3/2.5) (Fig. 13), the relative rate de­
creased with a lowering of the pressure, as above. 
O n the other hand, the yield of aldehydes and its 

Total pressure/kgcm"' 

Fig. 13. Effect of total pressure (GO/H a =l) on PtCl2-
(PhCN)2-V-SnCl2-2H20 catalyzed hydroformylation 
of propene at constant pressure. 
Propene(/) 3 cm3, Pt/P/Sn= 1/3/2.5, other conditions 
are the same as in Table 1 except gas pressures. 

linearity was not so much lowered, because the iso-
merization of the olefin is excluded; i.e., even at a 
total gas pressure of 25 kg/cm2, both values were 
more than 8 0 % . 

D i s c u s s i o n 

The rate-enhancement effect of diphosphines in hy­
droformylation has been observed in the rhodium-
catalyzed reaction of 1-alkenes by the use of Ph2P-
(GH 2 ) nPPh 2 (n=2—4)19> or IV.20) However, the de­
gree of the enhancement was low, i.e., two times at 
the most. These effects can be interpreted as showing 
that a little excess of diphosphine plays the role of 
a large excess of monophosphine in keeping the rhodium 
complex catalytically active by coordination. The ef­
fect became more distinct in the rhodium-catalyzed 
hydroformylation of ethyl acrylate.15) However, the 
operating mechanism of diphosphines in the rate en­
hancement seems to be qualitatively different from 
that of the platinum-diphosphine-catalyzed hydrofor­
mylation presented in this paper, because, in the 
rhodium-catalyzed reaction, Ph 2 P(GH 2 ) n PPh 2 are ef­
fective only for ethyl acrylate, and the diphosphines 
of n=2 and 3, which were ineffective in the platinum-
catalyzed reaction, also accelerated this reaction. 

Figure 14 shows the conceivable coordination types 
of diphosphines in square-planar plat inum complexes. 
Among these, A was postulated for the PtCl(SnCl3)-
[( —)-DIOP] complex.21) A complex of the B type 
was prepared with (*-Bu)2P(GH2)nP(*-Bu)2, w^9.22) 
A di- or trinuclear complex of the C or D type was 
isolated by the use of Ph 2 P(GH 2 ) n PPh 2 of n=3 or 4 
respectively.23) 

As has been reported in Ref. 4, l,2-bis(diphenyl-
phosphino) ethane, which is known to form a complex 
of the A type, inhibited the reaction almost completely. 
Moreover, Ph 2 PGH 2 PPh 2 was also completely inef­
fective (Fig. 1), and the recovered precipitate in the 
reaction solution showed a 31P N M R spectrum which 
was ascribable to a chelating form rather than a 
bridged one.24) However, many results in this paper 
support the idea that the active species has a form 
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G 

Fig. 14. Conceivable coordination types of diphos-
phines in square planar platinum complexes. 

of the A type, where the chelating coordination is 
rather loose. In Ph 2 P(CH 2 ) n PPh 2 («=1—10) , only 
that of w=4 was prominent as a catalyst ligand (Fig. 
1), and so the possibility of B-type coordination can 
be excluded. O n the other hand, the possibility that 
a diphosphine bridges two plat inum centers in the 
active species is negligible judging from the following 
considerations: 1) If the active species is a di- or tri-
nuclear complex of the C or D type, with two or three 
bridging diphosphine molecules, the result of the reac­
tion by the use of the fl?/-form of a diphosphine would 
be different from the result when only one antipode 
of the diphosphine is used, because the former might 
give a complex which has both antipodes. However, 
the result using Ü J / - D I O P was almost the same as that 
when (—)-DIOP or (-f-)-one was used. 2) An <x,oc'-
bis(diphenylphosphino)-/»-xylene, I X , which is able to 
make only a bridging coordination, was much less 
effective than the o-isomer, V I I , which is electronically 
similar to I X but which is able to form a m-chelation 
complex of the A type. 3) T h e reaction rate depended 
on the charged-catalyst amount in the order of ca. 
0.7 (Fig. 6), which may be due to the aggregation of 
the active species of the A type by the formation of 
inactive bridging complexes, such as C or D , with 
an increase in the catalyst concentration. Thus, the 
bridging-type coordination of C and D can be excluded. 

As is shown in Fig. 3, the effectiveness of diphos-
phines I and ( —)-DIOP was extremely low at the 
P/Pt atomic ratio of 1, in contrast with the inefficiency 
at P / P t = 2 , and there was no significant difference 
either in rate enhancement or in product linearity 
between diphosphines and monophosphines so long 
as the P/Pt ratio in the reaction system was 1. This 
result suggests that, even if another bridging complex 
of the E type is formed at P / P t = l , it operates as if 
it were a monophosphine complex of P / P t = l . O n 
the other hand, the presence of excess diphosphine 
retarded the reaction distinctly; the relative rate at 
P / P t = 4 was similar to that using PPh 2Et at P / P t = 
2, probably because the diphosphines at a high P/Pt 
ratio behave as monodentate ligands, as in Type 
F or G. 

Rather high opt imum ratios of P/Pt of ca. 3 was 
observed for diphosphines with a rigid ring skeleton, 

as is shown in Figs. 3 and 4. This may be explained 
as follows. Because of the steric rigidity, it is difficult 
for these diphosphines to make a ^ -che la t ing coor­
dination. Therefore, not enough of the catalytically 
active species of Type A is formed at P/Pt up to 2, 
while some bridged complexes, such as C and D, 
may be formed. When excess diphosphine is added, 
it may displace one phosphorus end of bridging di­
phosphine in, for example, C to make up a bridging 
complex such as G, whose P/Pt ratio is 3. This di-
nuclear complex then dissociates to give the active 
species, A, and the inactive complex, F . Thus, some 
excess of diphosphine is necessary to maximize the 
concentration of the active species, A. 

O n the other hand, the ineffectiveness of 1,2-bis-
(diphenylphosphino) ethane and l,4-bis(dicyclohexyl-
phosphino) butane indicates the necessity of the dis­
sociation of a chelating diphosphine during the cata­
lytic cycle. The necessity of the loose m-chelation 
of a diphosphine can be explained as follows. In 
contrast with a rhodium or cobalt system, SnCl3 is 
necessary as a supplementary ligand, and it is con­
sidered to occupy one coordination site throughout 
the catalytic cycle; moreover, one phosphorus atom, 
probably trans to SnCl3, has to dissociate to provide 
a vacant site for the activation of olefin, GO, and H 2 . 
As P t - P bonds are comparatively stable,25) the dis­
sociation can not easily occur without the aid of the 
instability of a seven-membered chelate ring, which 
is increased by the construction of a rigid ring skeleton. 

Scheme 1. 

As is shown in Scheme 1, the reaction site for olefin 
is provided by the dissociation of one phosphorus 
end of the diphosphine, and the following m-addit ion 
of H - P t to the G=G bond of the olefin to give the 
ff-alkyl complex may be accelerated26) by the re-
coordination of the dissociated phosphorus end, which 
is forced to be located near the reaction site by the 
steric bulkiness of the rigid ring skeleton of the diphos­
phine itself. This process may operate in successive 
steps of C O insertion and/or hydrogenolysis. In this 
manner, l ,4-bis(diphenylphosphino)butane derivatives 
can enhance the hydroformylation as well as com­
petitive hydrogénation. O n the other hand, the hy­
droformylation catalyzed by the PtCl 2 -diphosphine-
S n G l 2 - 2 H 2 0 system showed a low-order dependence 
of the rate on the GO partial pressure and on the 
olefin concentration in comparison with the reactions 
catalyzed by the P tCl 2 (PPh 3 ) 2 -SnCl 2 -2H 2 0 system,4) 
Co2(CO)8,27) and Rh4(CO)12

28> where the rate ex­
pressions were proportional to [Pt]1-5[Olefin]1-0p(H2)1-°-
p(CO)-o.53 p ( H 2 ) / [ p ( H 2 ) + p ( G O ) ] x [Go][Olefin], and 
[Rh][01efin]p(H2) /p(CO) respectively. The low de­
pendence of the rate on [Olefin] suggests a spontaneous 
dissociation of one phosphorus end of the chelated 
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diphosphine, affording a vacant site. The low de­
pendence on the GO partial pressure also suggests 
that the diphosphine keeps off the excess coordination 
of GO, which retards the reaction. However, the 
first-order dependence of the reaction rate on p(H2) 
is like that in a rhodium- or cobalt-catalyzed reaction, 
in which the rate-determining step is considered to 
be the hydrogenolysis of an acyl complex. 

Not only the remarkable rate enhancement, but 
also the improvement of linearity in aldehydes pro­
duced was brought about by diphosphines bearing 
rigid ring skeletons. The linearity is originally as 
high as 9 2 % (Table 1), even when the PtCl 2 (PPh 3 ) 2 -
SnGl 2 *2H 2 0 catalyst was used, much higher than 
when the H R h ( G O ) ( P P h 3 ) 3 or cobalt catalyst was 
used, this difference may be ascribed to both the 
steric bulkiness of the SnGl3 ligand and that of the 
two PPh 3 ones, which do not easily dissociate. The 
rigidity and bulkiness of the ring skeletons of diphos­
phines must cause a larger steric hindrance, not only 
when the diphosphine makes a cw-chelating coordina­
tion, but also when its one phosphorus end dissociates 
in order to receive substrate or reactant molecules. 

Lpt-H =F=̂  > t ^ = ^ pPt 

,-Pt-H = 

s t e r i c fence 

Scheme 2. 

The process of how a terminal olefin gives linear alde­
hyde is shown schematically in Scheme 2. The in­
crease in isomerized tfraw.y-2-pentene in comparison with 
cw-pentene with a prolonged reaction time can also 
be explained by the scheme. The steric hindrance 
is considered to prevent tfraw.y-2-pentene from taking 
part in the catalytic cycle again. 

The authors wish to thank Mr . Kazuteru Ebata 

and Mr . Yukio Izawa for their experimental assist­
ance. 
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orfÄo-Disubstituted F-Benzenes. III. 
Preparation of (F-Benzo)heterocyclic Compounds from F-Benzoic Acid 

and F-Phenol, and the Reactions of Some Intermediary 
F-Benzoyl- and F-Phenoxy Compounds 

Yoshinari INUKAI,* Yoshitsugu O O N O , Takaaki SONODA, and Hiroshi KOBAYASHI* 

Research Institute of Industrial Science, Kyushu University 86, Hakozaki, Higashi-ku, Fukuoka 812 
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With the intention of achieving the selective or/Tzo-substitution of F-benzoic acid and F-phenol via intramo­
lecular nucleophilic cyclization, preparation of some requisite precursory F-benzoyl- and F-phenoxy compounds 
and their nucleophilic cyclization reactions were examined. l,2-(F-Benz)isoxazol-3(2//)-one, 2-(/>-tolyl)-l,2-
(F-benz)isoxazol-3(2//)-one, l,3-dimethyl(F-benzo)pyrimidine-2,4(l//,3//)-dione, and l,4-(F-Benz)oxazin-3(2//)-
one were obtained from the respective precursory F-benzohydroxamic acid, iV-(/?-tolyl)-iV'-hydroxy-F-benzamide, 
i^JV'-dimethyl-iV-(F-benzoyl) urea, and 2-(F-phenoxy) acetohydrazide. Attempted cyclizations of 2-(F-phen-
oxy)acetohydroxamic acid and (F-phenoxy) acetic acid were accompanied by simultaneous ring-opening and 
resulted in the formation of the identical product: (2-hydroxy-F-phenoxy) acetic acid. Transamidation of ethyl 
F-benzoate with hydroxylamine failed to give F-benzohydroxamic acid, which was then obtained by the cat­
alytic debenzylation of JV-benzyloxy-F-benzamide. 

In the continuation of studies on the preparation 
of (F-benzo) heterocyclic compounds1) from simple and 
readily accessible monofunctional F-benzenes by in­
tramolecular cyclization,2»3) syntheses and cyclization 
of some precursory compounds were investigated by 
use of F-benzoic acid and F-phenol as the starting 
substances. 

R e s u l t s a n d D i s c u s s i o n 

Preparation of the Requisite Precursors. From F -

Benzoic Acid: The precursory F-benzoyl compounds 
were fabricated by F-benzoylation of the amino com­
pound carrying a cyclizing agent by use of F-benzoyl 
chloride, as shown in Scheme 1. 

base 

H0HN<P 

base 

» 

>CH3 

CH3NHCONHCH3 

U) 

Scheme 1. 

The oxygen in a JV-hydroxycarbamoyl group is 
known to be one of the most effective nucleophiles, 
and is regarded as an effective cyclizing agent readily 
associable with an F-benzoyl group. Attempts to pre­
pare F-benzohydroxamic acid (2)4) from ethyl F-ben-
zoate and hydroxylamine resulted in failure.5) In the 
present case, F-benzohydroxamic acid (2) could be 
attained by the reductive debenzylation of JV-benzyl-
oxy-F-benzamide (1), which was derived from F-ben­
zoyl chloride by the reaction with O-benzylhydroxyl-

t Present address: Government Industrial Research 
Institute in Kyushu, Shukumachi, Tosu, Saga 841. 

amine in the presence of base. 
O n the other hand, N-(p-tolyl) hydroxylamine re­

acted with F-benzoyl chloride to give iV-(/?-tolyl)-iV-
hydroxy-F-benzamide (3) in a usual manner.6) Here, 
the />-tolyl group was introduced onto the amide 
nitrogen in such a way as to be favorable to the sub­
sequent intramolecular cyclization due to its steric 
bulkiness. 

The nitrogen of urea was also regarded as a nucle-
ophile capable of replacing the fluorine atom on an 
F-phenyl nucleus. Then, we examined whether an 
F-benzoyl group could be combined with a urea mole­
cule at the nitrogen only on one side. The reaction 
of F-benzoyl chloride with urea in the presence of 
pyridine, however, afforded none of the expected N-
(F-benzoyl) urea (5). From the reaction mixture, di-
(F-benzoyl) amine (8) was isolated and the mass spec­
t rum of the crude product indicated the formation 
of a compound whose molecular weight corresponded 
to di(F-benzoyl) urea (6) as a minor by-product. 
Occurrence of the dibenzoylamine (8) indicates that, 
as shown in Scheme 2, the intermediary F-benzoyl 
derivatives, (5) and/or (6), cleaved in some way at 
the oc-ß bond relative to the F-benzoyl group prior 
to the intramolecular cyclization, to liberate di(F-
benzoyl) amide anion (7) in the presence of pyridine. 

C6F5COCl + H2NCONH2 •* [c6F5CONHCONH2] 
P y (5) 

C e F g C O O ^ ^ P y I C6F5COCl 

(C6F5CO)2N2H2CO • [(C6F5CO)2N°] (C6F5CO)2NH 

(6) (7) (8) 

Scheme 2. 

O n the other hand, the reaction with JV,iV'-dimethyl-
urea gave N,iV'-dimethyl-^V-(F-benzoyl)urea (4), in 
which no protic hydrogen was present at the a-amide 
nitrogen and the second F-benzoylation at the same 
site could not occur. Thus, the oc-ß bond cleavage 
seems to be suppressed. The electron-donation due 
to the methyl group on the nitrogen atom might also 
contribute to this stabilization. 
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From ¥-Phenol: For this purpose, we used ethyl 
(F-phenoxy) acetate (9), which was prepared by the 
reaction of potassium F-phenolate with ethyl chloro-
acetate.7) 

The carboxylic acid (10) from the ester (9), and 
its acyl derivatives, (11) and (12), were examined as 
the potential precursors for the subsequent intramo­
lecular cyclization; they were prepared as shown in 
Scheme 3. / 

-OK CICH2COOEt ff^fC 

( 9 ) 

^ 2 J 
COOEt 

H' 

NH2NH2-H20 
-f> 

0eC 

i)NH2OH,MeOH 

ii)aq BaCl2,NH3 

iiOAcOH 

Scher ne 3. 

^ ^ COOH 

(10) 

• (gr0 s^H 2 
• s i ^ CONHNH 

0 1 ) 

ffV°TH2 
^ y CONHOH 

(12) 

T h e ester function of the (F-phenoxy) acetate (9) 
was converted to a hydrazide to yield 2-(F-phenoxy) -
acetohydrazide (11) by the reaction with hydrazine 
hydrate at 0 °G. Although the reactions were usually 
performed by heating under reflux,8) the present ester 
(9) was treated under much milder conditions lest it 
should result in the formation of hydrazinium F-
phenoxide.9) 

An oxygen nucleophile was fabricated at the terminal 
position of the side chain in the form of 2-(F-phenoxy) -
acetohydroxamic acid (12), which was prepared in 
a usual manner.5) Under a prolonged reaction time, 
the yield of the acetohydroxamic acid (12) decreased, 
while the more amount of F-phenol was generated 
as a by-product. T h e G - O bond fission to liberate 
F-phenol seems due to the higher stability of F-phe-
noxide, as often encountered in the reaction of F-
phenoxy compounds in the presence of base.10) 

(F-Phenoxy) acetic acid (10) was regarded as another 
precursor carrying an oxygen nucleophile at the ter­
minal position. The acetic acid (10) was obtained 
by the hydrolysis of the ester (9) in a good yield.11) 

Intramolecular Nucleophilic Cyclization. From F-
Benzoyl Compounds: (F-Benzo)heterocyclic compounds 
were prepared by the base-catalyzed cyclization of 
the precursory F-benzoyl compounds (2, 3, and 4) . 

F-Benzohydroxamic acid (2) was refluxed with alkali 
in an aqueous solvent. The reaction proceeded to 
give l,2-(F-benz)isoxazol-3(2//)-one (13a), F-aniline, 
and F-benzoic acid. The X H-NMR spectrum of the 
(F-benz)isoxazoline (13) indicated that it was a mix­
ture of tautomers, (13a) and (13b). T h e X H-NMR 
signal in acetone-âf6 showed a broad peak centered 
at (5=6.2 at 35 °C, while at —58 °G the peak is sepa­
rated into two peaks centered at (5=5.5 and 8.5, which 
correspond to the hydrogens of hydroxyl group in 
13b and amino group in 13a. F-Aniline was the 
product which resulted from Lossen rearrangement12) 

NH 
aq.K2C03 I 

NH fj\ !N 

( 2 ) 

"0 

(13 a ) 

Scheme 4. 

0 

(13b) 

of F-benzohydroxamic acid (2), and F-benzoic acid 
could be generated by hydrolysis of the same com­
pound (2). In order to prevent the hydrolysis, F -
benzohydroxamic acid (2) was treated with base in 
anhydrous solvents such as D M F , D M S O , and pyri­
dine. The reactions, however, were unsuccessful, re­
sulting in a trace amount of the heterocyclic com­
pound (13). 

The reaction of JV-(/>-tolyl)-iV-hydroxy-F-benzamide 
(3) showed somewhat peculiar behavior in basic media. 
In anhydrous pyridine, 2-(/>-tolyl)-l,2-(F-benz)isoxazol-
3(2/ / ) -one (14) was isolated together with JV-Qb-tolyl)-
F-benzamide (15) as a major product. When treated 
with base in an aqueous solvent of D M F , the sole 
product was the benzamide (15). The formation of 
the benzamide (15) suggested that the iV-hydroxy-F-
benzamide (3) favored the cleavage of N - O bond 
rather than the intramolecular cyclization in basic 
media. This N - O bond cleavage was presumably 
related with the electron-withdrawing effect of F-
phenyl group. No further details of the mechanism 
were examined. 

t ®><0>CH3 - ^ T igÇ*®«** 0T ^©CH, 
0 
H 

( 3 ) (14) 

Scheme 5. 

(15) 

The F-benzoylurea (4) was intramolecularly cyclized 
to give l,3-dimethyl-7-dimethylamino(F-benzo)pyrim-
idine-2,4( l / / ,3/ / )dione (16) in the presence of sodium 
hydride in anhydrous D M F . 1 9 F-NMR spectrum of 
the product shows three signals of equal intensity; 
their splitting patterns indicate that the product is 
of a 1,2,4-trisubstituted F-benzene structure. The as­
signment of the fluorine atom at 8-position of the 
product (16) is due to its multiplet peak, owing to 
the coupling between the adjacent iV-methyl hydro­
gens and other fluorines.13) The long-range coupling 
(J =9 Hz) of N-methyl hydrogens with the fluorine 
at the 8-position was also observed in the ^ - N M R 
spectrum of the product (16). Such long-range cou­
pling over five bonds between fluorine and hydrogen 

NaH 

* , NCH3 

CONHCHq 

( A ) 

DMF 

KF 

DMF 

Scheme 6, 

- ^ C H 3 

( C H 3 ) 2 N ^ ^ ^ C = 0 
CH3 

(16) 

@6? 
CH3 

0 7 ) 
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has been encountered sometimes in methylaminosub-
stituted F-benzenes.14> O n the other hand, the as­
signment of the fluorine a tom at 5-position in the 
(F-benzo)pyrimidinedione (16) is based on its simple 
double-doublet peak due to the coupling with two 
unequivalent fluorines. The position of dimethylamino 
group is, therefore, assigned to 7-position of the prod­
uct. 

O n the other hand, the F-benzoylurea (4) was 
cyclized into the expected l ,3-dimethyl(F-benzo)pyrim-
idine-2,4(l / / ,3/ /)-dione (17), in the presence of potas­
sium fluoride in anhydrous DMF.1 5) The 1 9 F-NMR 
spectrum of the product shows four signals of equal 
intensity, and their splitting patterns show that the 
product is of an ortAo-disubstituted F-benzene struc­
ture. The long-range coupling (Jg-U=9 Hz) between 
the fluorine at the 8-position and JV-methyl hydrogens 
was again observed in both 1 9F- and X H-NMR spectra 
of the heterocyclic compound (17).13) 

The dimethylamino group present in the former 
product (16) is considered to come from D M F , where 
D M F plays the parts of both dimethylaminating agent 
and solvent in the nucleophilic cyclization reaction 
at the presence of sodium hydride. 

From Y-Phenoxy Compounds: The reaction of 2-(F-
phenoxy)acetohydrazide (11) with potassium fluoride 
in D M F gave l ,4-(F-benz)oxazin-3(2//)-one (18), 
though in a poor yield. A great majority of the prod­
uct was F-phenol, which resulted from the G - O bond 
cleavage during the reaction. T h e heterocyclic com­
pound (18) was identical with that previously derived 
from F-aniline,3) and would be formed by cyclization 
accompanied with the simultaneous cleavage of N - N 
bond of the terminal hydrazide functions. Under some 
other basic conditions, such as pyridine and potassium 
carbonate in D M F , no definite products were obtained 
except F-phenol. 

KF 

CONHNH2 DMF ®Os • ®" 
on 

N 
H 

(18) 

Scheme 7. 

We tried to cyclize the acetohydroxamic acid (12) 
by heating under reflux with potassium carbonate in 
D M F . The reaction proceeded to give (2-hydroxy-
F-phenoxy) acetic acid (21), while the expected in­
termediary heterocyclic compound (19) could not be 
isolated. The 1 9 F-NMR spectrum of the product shows 
four signals of equal intensity; their splitting patterns 
indicate that the product is of an ortAo-disubstituted 
F-benzene structure. The assignment of the fluorine 
atom at the 6-position in the product (21) is based 
upon its multiplet peak, due to the coupling with 
the adjacent O-methylene hydrogens and three other 
ring-fluorines. The assignment of the fluorine at the 
3-position is based upon its doubled double-doublet 
peak, due to the coupling with three ring-fluorines. 

We tried to cyclize the acetic acid (10) by refluxing 
it in the presence of potassium fluoride in DMF.16 '17) 
The reaction also proceeded to give (2-hydroxy-F-
phenoxy) acetic acid (21); again the expected inter­

ne H2 K2C03> 

CONHOH D M F 

0-CH2 

0-NH 

(12) (19) 

F)| °V2 
COOH 

(10) 

DMF 

VCH 2 

'C=0 

(21) 

CH,CO0H 

(20) 

Scheme 8. 

mediary heterocyclic compound (20) could not be 
isolated. 

The reactions of the two different precursors, (10) 
and (12), resulted in the direct formation of the iden­
tical or/Ao-disubstituted F-benzene (21) under basic 
conditions. 

E x p e r i m e n t a l 

Melting points are uncorrected. The spectral data are 
those obtained on the following instruments and apparatus 
unless otherwise noted: IR spectra: JASCO DS-403G, A-l, 
and A-102. UV spectra: Hitachi 124 and 220. iH-NMR 
spectra: Varian A-60 and Hitachi R-24B against the internal 
TMS reference. »F-NMR spectra: JEOL PS-100 as the 
positive value downfield from the internal F-benzene ref­
erence. Mass spectra: JEOL JMS-07 and 01SG. 

N-Benzyloxy-F-benzamide (1). F-Benzoyl chloride 
(2.70 g, 12 mmol) was added dropwise to a stirred mixture 
of O-benzylhydroxylamine (31 mmol),18) anhydrous pyridine 
(1.96 g, 25 mmol), and absolute ether (50 ml) over a 30-
min period. The mixture was refluxed for an additional 
1.5 h, cooled, and filtered. The filtrate was washed suc­
cessively, with water, diluted hydrochloric acid, and water, 
and dried over magnesium sulfate. The residue obtained 
after evaporation in vacuo was recrystallized from benzene, 
to give iV-benzyloxy-F-benzamide (1) (3.18 g, 85%) in color­
less plates, mp 140.0—141.0 °C. IR(KBr): 3120 (NH) and 
1670 cm-1 (C=0). 'H-NMR (acetone-^,) <5=5.50 (s, 2H, 
CH2), 7.4 (s, 5H, arom.), and 10.7—11.1 (br. s, 1H, NH). 
Found: G, 52.95; H, 2.52; N, 4.32%. Galcd for C14H8-
NF 5 0 2 : C, 53.01; H, 2.54; N, 4.42%. 

F-Benzohydroxamic Acid (2). The iV-(benzyloxy) amide 
(1) (1.73 g, 5.4 mmol) dissolved in methanol (50 ml) was 
hydrogenated in the presence of 5% palladium on charcoal 
(0.30 g) under atmospheric pressure at room temperature. 
The catalyst was filtered out, and the filtrate was evaporated 
to dryness in vacuo. Recrystallization from benzene gave 
F-benzohydroxamic acid (2) (1.00 g, 80%) in colorless nee­
dles, mp 140.0—141.0 °G. IR(KBr): 3230 (NH, OH) and 
1650 cm-1 (G=0). XH-NMR (acetone-*/,) 6=7.35 (s, 1H, 
OH) and 9.4—10.1 (br. s, 1H, NH). Found: C, 37.04; 
H, 1.00; N, 6.60%. Galcd for G2H2NF502: C, 37.02; H, 
0.89; N, 6.17%. The hydroxamic test using iron(III) chlo­
ride solution was positive. 

N- (p- Tolyl) -N-hydroxy-F-benzamide (3). F-Benzoyl 
chloride (3.30 g, 14 mmol) was added dropwise to a stirred 
mixture of ethereal N-{p-tolyl)hydroxylamine (2.10 g, 17 
mmol in 80 ml of ether) and aqueous sodium hydrogencar-
bonate (2.60 g, 31 mmol in 15 ml of water) over a 1-h period 
at 0 °G. The mixture was stirred at 0 °C for an additional 
2 h, and poured into ether. The ethereal solution was 
washed with water, dried over sodium sulfate, and evapo­
rated to dryness in vacuo. The residue was recrystallized 
from aqueous methanol to give N- (/»-tolyl) -iV-hydroxy-F-
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benzamide (3) (3.80 g, 84%) in colorless needles, m p 178— 
179 °C. I R ( K B r ) : 3200 (OH) and 1650 c m - 1 ( C = 0 ) . 
Found : C, 53.05; H , 2.67; N , 4 .40%. Galcd for C1 4H8-
N F 5 0 2 ; G, 53 .01 ; H , 2.54; N , 4 .42%. T h e hydroxamic 
test using i ron(I I I ) chloride solution was positive. 

Reaction of V-Benzoyl Chloride with Urea. ^-Benzoyl 
chloride (1.00 g, 4.3 mmol) was added dropwise to a stirred 
mixture of urea (0.25 g, 4.2 mmol) , anhydrous D M F (7 
ml) , and anhydrous pyridine (2 ml) over a 30-min period 
at room temperature and under a dry nitrogen atmosphere. 
T h e mixture was refluxed for an additional 30 min, cooled, 
and poured into ether. T h e ethereal solution was washed 
with water , dried over sodium sulfate, and evaporated to 
dryness in vacuo. T h e residue was recrystallized from aque­
ous methanol to give a white solid (315 mg) . M S of the 
white solid; Found : m/e, 448. Galcd for C 1 5 H 2 N 2 F 1 0 O 3 ; 
448. T h e solid was chromatographed on a silica-gel column. 
T h e fraction eluted with hexane-chloroform was sublimed 
to give di(F-benzoyl)amine (8) (27 mg, 3%) in colorless 
needles, m p 157—158 °G. IR(KBr ) : 3280, 3200 (NH) , 
and 1 7 5 0 c m - 1 ( G = 0 ) . Found : G, 41.54; H , 0.35; N , 
3 .56%; M+, 405. Galcd for C 1 4 HNF 1 0 O 2 : G, 41.50; H , 
0.25; N , 3 .46%; M , 405. 

N , N ' - Dimethyl - N - (F-benzoyl) urea (4). F-Benzoyl 
chloride (4.25 g, 18 mmol) was added dropwise to a stirred 
mixture of JV,iV-dimethylurea (2.20 g, 25 mmol) and anhy­
drous pyridine (15 ml) over a 20-min period at room tem­
perature . T h e mixture was refluxed for an additional 6 h, 
cooled, and poured into ether. T h e ethereal solution was 
washed with water , dried over sodium sulfate, and evaporated 
in vacuo. T h e residue was chromatographed on a silica-
gel column. T h e fraction eluted with hexane-chloroform 
and that with chloroform-dichloromethane gave JV,JV'-di-
methyl - iV-^-benzoy^urea (4) (2.30 g, 4 4 % ) . Recrystalliza-
tion from cyclohexane afforded colorless needles, m p 62— 
63 °G. I R ( K B r ) : 1720 c m - 1 ( G = 0 ) . ^ - N M R (GDG13) 
0 = 2 . 8 5 (d, 7 = 4 Hz, 3H, N C H 3 ) , 3.15 (s, 3H, CH 3 ) , and 
8.15—8.75 (br. s, 1H, N H ) . F o u n d : G, 42.56; H , 2.50; 
N , 9 .84%; M+, 282. Galcd for C 1 0 H 7 N 2 F 5 O 2 : G, 42.57; 
H , 2.50; N , 9 . 9 3 % ; M , 282. 

2-(F-Phenoxy)acetohydrazide (11). A solution of ethyl 
(F-phenoxy)acetate (9) (8.10 g, 30 mmol) in ethanol (5 
ml) was added dropwise to a stirred solution of 100% hydra­
zine hydrate (4.50 g, 90 mmol) in ethanol (5 ml) over a 
10-min period at 0 °G. T h e mixture was stirred at 0 °G 
for an additional 20 min, and poured into saturated aqueous 
sodium chloride. T h e resulting solid was filtered, washed 
with water, and air-dried. Sublimation gave 2-(i?-phenoxy)-
acetohydrazide (11) (7.20 g, 94%) in colorless needles, m p 
67—69 °C. I R ( K B r ) : 3330 c m - 1 ( N H ) . Found : C, 37.52; 
H , 1.98; N , 10.94%. Calcd for G 8 H 5 N 2 F 5 0 2 : C, 37 .71; 
H , 2.14; N , 10.85%. 

2-(F-Phenoxy)acetohydroxamic Acid (12). A solution of 
potassium hydroxide (2.40 g, 43 mmol) in methanol (7.5 
ml) was added to a stirred solution of hydroxylamine hy­
drochloride (2.40 g, 35 mmol) in methanol (13.5 ml) at 
room temperature . Ethyl (F-phenoxy) acetate (9) (3.50 g, 
13 mmol) was added to the stirred mixture, and then the 
mixture was filtered immediately. T h e filtrate was left 
standing overnight at room temperature , poured into water, 
and acidified with diluted hydrochloric acid. Barium chlo­
ride (3.50 g, 15 mmol) was dissolved in the acidified solution, 
and then the solution was basîfied with aqueous ammonia . 
T h e resulting precipitates were collected by filtration, washed 
with water, and air-dried. T h e solid (3.5 g) was warmed 
to dissolve in 10% aqueous acetic acid (20 ml) for a few 
minutes, and cooled to room temperature . T h e resulting 

precipitates were collected by filtration, washed with water, 
and air-dried. Recrystallization from petroleum ether-ethyl 
acetate gave 2-(i r-phenoxy)acetohydroxamic acid (12) (2.10 
g, 59%) in colorless plates, m p 106—108 °C. I R (KBr) : 
3220 ( O H , N H ) and 1650 c m - 1 ( G = 0 ) . Found : C, 37.37; 
H , 1.57; N , 5 .45%. Galcd for C 8 H 4 N F 5 0 3 : C, 37.31; H , 
1.62; N, 5 .48%. T h e hydroxamic test using i ron(III) chlo­
ride solution was positive. 

1,2-(F-Benz)isoxazol-3(2H)-one (13a). A mixture of 
F-benzohydroxamic acid (2) (1.00 g, 4.4 mmol) , potassium 
carbonate (1.00 g, 1.2 mmol) , and water (20 ml) was refluxed 
for 10 h with stirring and cooled. F-Aniline (90 mg, 11%) 
deposited on the inside of a condencer, and was identified 
by comparison with an authentic specimen.3* The reaction 
mixture was neutralized, and extracted with ether. T h e 
ethereal extract was dried over magnesium sulfate, and 
evaporated in vacuo. T h e residual solid was chromatog­
raphed on a silica-gel column by elution with benzene. 
An earlier fraction gave the starting material (2) (75 mg, 
7.5%). A later fraction gave l,2-(F-benz)isoxazol-3-(2//)-
one (13a) (55.mg, 6 % ) . Recrystallization from benzene 
afforded colorless prisms, m p 171.0—172.0 °G. I R (KBr) : 
3400 ( O H ) , 3000 (NH) , and 1665 c m - 1 (C=N). X H-NMR 
(acetone-</6) «5 at 35 ° C = 6 . 2 (br. s ) ; Ô a t - 5 8 ° G = 5 . 5 (br. 
s) and 8.5 (br. s). Found ; G, 40.44; H , 0.70; N , 6 .25%; 
M+, 207. Calcd for G 7 N H F 4 0 2 ; G, 40.60; H , 0.49; N , 
6 .77%; M , 207. 

T h e neutral aqueous layer was acidified and then extracted 
with ether repeatedly. T h e combined extracts were treated 
in a similar manner to that described above. U p o n elution 
chromatography with ethyl acetate-chloroform on a silica-
gel column, an earlier fraction gave the heterocyclic com­
pound (13) (85 mg, 9 % ) . A later fraction gave F-benzoic 
acid (50 mg, 5%) , which was identified by comparison with 
an authentic specimen.20> 

2-(p-Tolyl)-7,2-(F-benz)isoxazol-3(2H)-one (14). A 
solution of iV-(/>-tolyl)-JV-hydroxy-.F-benzamide (3) (427 mg, 
1.3 mmol) in anhydrous pyridine (15 ml) was refluxed for 
10 h with stirring, cooled, and poured into ether. T h e 
ethereal solution was washed with water and dried over 
sodium sulfate. Evaporat ion in vacuo gave a residual oil, 
which was chromatographed on a silica-gel column. 

T h e fraction eluted with hexane gave 2-(/>-tolyl)-l,2-(F-
benz)isoxazol-3(2//)-one (14) (35 mg, 9 % ) . Sublimation 
afforded colorless needles, m p 116.0—117.0 °C. I R (KBr) : 
1780 c m - 1 ( G = 0 ) . Found : G, 56.42; H , 2.35; N , 4.62; 
F, 25 .50%; M+, 297. Galcd for G 1 4 H 7 N F 4 0 2 : G, 56.58; 
H , 2.37; N , 4 .71 ; F, 2 5 . 5 9 % ; M , 297. 

T h e fraction eluted with hexane-chloroform and that 
with chloroform gave JV-(/?-tolyl)-.F-benzamide (15) (80 mg, 
2 0 % ) . Recrystallization from cyclohexane-ethanol afforded 
colorless needles, m p 198.5—199.5 °G. I R (KBr) ; 3240 
(NH) and 1670 c m - 1 ( G = 0 ) . Found : G, 55.89; H , 2.83; 
N , 4 .59%. Galcd for G 1 4 H 8 NOF 5 : C, 55.82; H , 2.68; 
N , 4 . 6 5 % . 

7 ß-Dimethyl-7-dirnethylamino (F-benzo)pyrimidine-2,4 (1FL, 3H) -
dione (16). A solution of iV,JV'-dimethyl-iV-(F-ben-
zoyl)urea (4) (595 mg, 2.1 mmol) in anhydrous D M F 
(10 ml) was added dropwise to a stirred suspension of sodium 
hydride (3.3 mmol) and anhydrous D M F (10 ml) over a 
15-min period a t room temperature . T h e mixture was 
refluxed for an additional 5 h, cooled, and poured into ether. 
T h e ethereal solution was washed with water, dried over 
sodium sulfate, and evaporated to dryness in vacuo. The 
residue was chromatographed on a silica-gel column. The 
fraction eluted with chloroform gave 1,3-dimethyl-7-dimeth-
ylamino(F-benzo)pyrimidine-2,4(l / / ,3/ / ) -dione (16) (0.40 g, 
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6 6 % ) . Recrystallization from benzene afforded colorless 
needles, m p 186—187.5 °C. I R (KBr) : 1700 c m - 1 ( C = 0 ) . 
X H-NMR (CDC13) 0 = 3 . 0 5 (m, 6H, CH 3 ) , 3.35 (s, 3H, 
CH3) and 3.67 (d, J=9 Hz, 3H, CH 3 ) . 1 9 F-NMR (CHC13) 
0 = 9 . 5 (d.sep, IF , F6) , 19.9 (dd, IF , F5) , and 24.3 (m, IF , 
F8) , (y B _ 8 =11.5 , y 5 - e = 2 0 . 0 , y H - 6 = 3 . 0 H z ) . Found : C, 
50.19; H, 4 .23; N, 14.65; F, 19 .6%; M+, 287. Galcd for 
C 1 2 H 1 2 N 3 0 2 F 3 : C, 50.18; H , 4 .21 ; N, 14.63; F, 19 .8%; 
M, 287. 

7,3-Dimethyl(F-benzo)pyrimidine-2,4 ( 1 H,.?HJ -dione (17). 
A solution of iV,iV /-dimethyl-JV-(F-benzoyl)urea (4) (2.44 g, 
8.7 mmol) in anhydrous D M F (20 ml) was added dropwise 
to a stirred mixture of potassium fluoride (1.00 g, 18 mmol) 
and anhydrous D M F (30 ml) over a 30-min period at room 
temperature. The mixture was refluxed for an additional 
7 h, cooled, and poured into ether. The ethereal solution 
was worked up in a similar manner to that described above. 
The chromatographic fraction eluted with hexane-chloro-
form gave l ,3-dimethyl(F-benzo)pyrimidine-2,4(l / / ,3/ / ) -
dione (17) (1.12 g, 4 9 % ) . Recrystallization from cyclo-
hexane afforded colorless needles, m p 102—104 °C. I R 
(KBr) : 1720cm- 1 ( C = 0 ) . X H-NMR (CDG13) 6 = 3.35 (s, 
3H, CH3) and 3.73 (d, J=9 Hz, 3H, CH 3 ) . 1 9 F-NMR 
(GHG13) 6 = 0 . 0 5 (dd, IF , F6) , 12.8 (ddq, IF , F8) , 17.3 (ddd, 
IF , F ' ) , and 24.2 (ddd, IF , F5) , ( J 5 _ 6 = J 6 _ 7 = 23.0, J 7 _ 8 = 
21.0, y 5 _ 8 = 1 3 . 0 , y 5 _ 7 = 1 1 . 5 , y e - 8 = 1 . 0 , and y 8 _ H = 9 H z ) . 
U V ( E t O H ) ; AmtLX (log e); 218 (4.49) and 313 n m (3.45). 
Found: C, 45.93; H , 2.34; N , 10.53; F, 2 9 . 1 % ; M+, 262. 
Calcd for C 1 0 H 6 N 2 F 4 O 2 : C, 45.82; H, 2 .31 ; N , 10.69; F, 
29.0%o; M , 262. 

Reaction of 2-(¥-Phenoxy ) acetohydrazide (11) with Potassium 
Fluoride in DMF. A mixture of 2-(F-phenoxy)aceto-
hydrazide (11) (1.04 g, 4.0 mmol) , potassium fluoride (0.57 
g, 9.8 mmol) , and anhydrous D M F (15 ml) was refluxed 
for 13.5 h with stirring and then, after being cooled, was 
poured into ether. The ethereal solution was washed with 
water, dried over sodium sulfate, and evaporated in vacuo. 
The residue was chromatographed on a silica-gel column. 
The fraction eluted with chloroform contained F-phenol, 
which was identified by spectral comparisons with an au­
thentic specimen.7^ T h e residual solid from the fraction 
eluted with chloroform, was sublimed to give l ,4-(F-benz)-
oxazin-3(2//)-one (18) (13 mg, 1.5%) in colorless needles, 
m p 190—191.5 °C measured in a sealed tube. The product 
was identified by comparison with an authentic specimen.3) 
Found: M+, 221.012. Calcd for C 8 H 3 N F 4 0 2 : M , 221.016. 

Reaction of 2-(¥-Phenoxy)acetohydroxamic Acid (12) with Base. 
A mixture of 2-(F-phenoxy)acetohydroxamic acid (12) (1.00 
g, 3.9 mmol) , potassium carbonate (0.60 g, 4.3 mmol) , and 
anhydrous D M F (20 ml) was refluxed for 10 h, cooled, 
and poured into ether. The ethereal solution was washed 
with 3 % hydrochloric acid and water, successively, and 
dried over magnesium sulfate. T h e residue from evapora­
tion was sublimed to give (2-hydroxy-F-phenoxy) acetic acid 
(21) (95 mg, 11%). Recrystallization from cyclohexane-
chloroform afforded colorless needles, m p 114—116°C. I R 
(KBr) : 3520 and 3460 (phenolic O H ) , and 1720 c m - 1 ( C = 0 ) . 
19F-NMR21> (MeOH) 6 = - 2 . 2 (dm, IF , F6) , 3.1 (ddd, IF , 
F3), 4.8 (ddd, IF , F4), and 11.8 (ddd, IF , F5) , ( / . - 4 = / 4 - B = 
y 5 _ 6 = 2 2 . 5 , y4_6 = 3.0, y 3 _ 6 = 5 . 5 5 and / , _ 5 = 6.5 Hz) . T h e 
phenol test using i ron(I I I ) chloride solution was positive. 

Reaction of (F-Phenoxy) acetic Acid (10) with Potassium Fluoride. 
A mixture of (F-phenoxy)acetic acid (10)22> (1.02 g, 4.2 
mmol), potassium fluoride (0.57 g, 9.7 mmol) , and anhy­
drous D M F (15 ml) was refluxed for 13.5 h with stirring, 
cooled, and poured into ether. The ethereal solution was 
washed with water, dried over sodium sulfate, and evapo­

rated in vacuo. T h e residue wras chromatographed on a 
silica-gel column. T h e fraction eluted with dichloromethane 
gave a solid product . Recrystallization from benzene fol­
lowed by sublimation afforded (2-hydroxy-F-phenoxy) acetic 
acid (21) (56 mg, 6%) in colorless needles, m p 113—114°C. 
T h e product was identified by comparison with an authentic 
specimen obatained by the above reaction. 

W e wish to express o u r s incere t h a n k s to Professor 
K e i h e i U e n o of K y u s h u U n i v e r s i t y for his c o n t i n u o u s 
e n c o u r a g e m e n t t h r o u g h o u t th is s t u d y . 

W e also wish to t h a n k Mess r s . A k i r a K i t o a n d 
A t sush i I y o d a of t h e G o v e r n m e n t I n d u s t r i a l R e s e a r c h 
I n s t i t u t e a t O s a k a for t h e i r m e a s u r e m e n t s of t h e 
1 9 F - N M R s p e c t r a . F i n a n c i a l s u p p o r t f rom t h e M i n i s t r y 
of E d u c a t i o n , Sc ience a n d C u l t u r e u n d e r a G r a n t -
i n - A i d for D e v e l o p m e n t a l Scientif ic R e s e a r c h (2) 
(P ro jec t N o . 585221) is g ra te fu l ly a c k n o w l e d g e d . 
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The photolysis of iV,iV'-dibromo-2,5-piperazinedione in dichloromethane gave an unstable photoproduct. 
The alcoholysis of the photoproduct in the presence of a small amount of hydrogen bromide yielded 3,6-diethoxy-
2,5-piperazinedione and its alcoholyzed products, ethyl diethoxyacetate, ethyl 2-(diethoxyacetylamino)-2-eth-
oxyacetate, iV-(l-ethoxy-l-ethoxycarbonylmethyl)oxamide, and ethyl iV-(diethoxyacetyl)glycinate. The re­
actions of the photoproduct with other nucleophiles also gave the corresponding substituted 2,5-piperazinediones. 
The structure of the primary photoproduct was deduced to be 3,6-dibromo-2,5-piperazinedione on the basis of 
these observations. 

In recent years, attention has been focused on the 
chemical reactivity and selectivity of the succinimido 
radical produced from JV'-bromosuccinimide(NBS).1-3) 
The preferential attack of the succinimido radical to 
a carbon-carbon double bond has been reported to 
proceed in competition with hydrogen abstraction re­
actions.2-3^ The presence of two states of the imido 
radical, a ground state ?r-radical and an exited state 
<?-radical was suggested to explain the reaction pat­
terns observed under homogeneous conditions. 

In the course of our investigation on the reactivity 
of 7V,^V'-dibromo-2,5-piperazinedione (1, NBP), we re­
ported a photo-induced alkoxybromination of some 
olefins with NBP in the presence of alcohols.4) Because 
the structure of NBP is similar to that of NBS, photo-
reactions of NBP with olefins proceeded easily to 
give the corresponding addition products in aprotic 
media. A solvent incorporated product was also pro­
duced. However, no rearranged product was detect­
ed, such as was often found in the photoreactions 
of NBS. Thus, detailed examination of the photo­
chemical behavior of NBP is desirable. This paper 
concerns the photoreaction of NBP in dichloromethane. 

( 1 ) 

^ S H C O C H 3 O * V 

R e s u l t s a n d D i s c u s s i o n 

Photolysis of NBP in dichloromethane was carried 
out in a Pyrex apparatus. The concentration of NBP 
was usually around 0.4 mol d m - 3 . Because of the low 
solubility of NBP in dichloromethane (and in most 
of organic solvents), the irradiation was carried out 
under heterogeneous conditions with agitation. In a 
few hours the reaction mixture turned red. After 8 h, 
the photolysate was filtered to give a pale yellow 
solid (2) which was found not to be NBP. The solid 
2 was so unstable that we could not recrystallize it 
satisfactorily. However, the bromine analysis of a 
specimen of 2 (not completely pure)5) revealed the 
presence of two bromine atoms in the molecule. The 
methine proton signal was observed at «5=5.0, A 

photo-enolization of the amide group of NBP and a 
subsequent 1,3-bromine shift might result in the un­
stable 2. 

Accordingly, immediately after filtration and quick 
rinsing with dichloromethane, 2 was allowed to react 
with ethanol to give 3,6-diethoxy-2,5-piperazinedione 
(3a, 3%) , ethyl diethoxyacetate (4, 4 % ) , ethyl 2-
(diethoxyacetylamino)-2-ethoxyacetate (5, 2 5 % ) , ethyl 
JV-(diethoxyacetyl)glycinate (6, 16%), JV-(l-ethoxy-l-
ethoxycarbonylmethyl)oxamide (7, 2 % ) , and ammo­
nium bromide, respectively. 

Br 

O ^ V CH2CI2 

Br 

(1) 

H 

O^N^Br EtOH 
H 

(2) 

H 

Etcyù^o 
O^N^OEt 

H 

(3a) 

(EtO)2CHC02Et 

(A) 

+ (EtO)2CHCONHCH(OEt)C02Et + (EtO^CHCONHCr^COjEt 

( 5 ) ( 6 ) 

+ H2NCOCONHCH(OEt)C02Et + NtyBr 

(7 ) 

The structures of the above products were all deter­
mined taking into account their elemental analyses, 
and IR , N M R , and mass spectra. Compound 3a 
had an infrared absorption pat tern in its finger print 
region similar to that of 2,5-piperazinedione, except 
for the presence of G - O stretching bands in the former. 
The N M R spectrum of 3a showed a distinct ring 
proton signal at «3=4.5 (dd, / = 4 and 1 Hz ) , an N H 
proton signal («3=8.9, d, 7 = 4 Hz) , and ethoxy proton 
signals. Elemental analysis and the M S fragment pat­
tern6) also confirmed the structure of 3a. Compound 
3a was considered to be a primary alcoholysis product 
of 2 as described latter. The spectra of 4 were found 
to be identical with those of authentic ethyl diethoxy­
acetate prepared by the recorded method.7) Com­
pound 5 showed I R absorptions at 3400(vNH), 1760, 
1710(v c = o)cm - 1 , and its N M R spectra revealed the 
presence of two methine protons («3=4.7, s and 5.3, 
d, 7 = 9 Hz) , one N H proton («3 = 7.3, d, 7 = 9 Hz) , 
and four ethoxyl groups. Compound 6 also showed 
C = 0 (1760, 1690 cm- 1) and N H (3350 cm-1) absorp­
tions, and C H 2 («3=3.9, d, 7 = 6 Hz) , C H («3=4.7, s), 
N H («5 = 7.0, t, 7 = 6 Hz) , and three ethoxyl proton 
signals. Both N M R spectra [«3=1.1 (CH 3) , 3.5 (CH 2 

of ethoxyl group), 4.1 (CH 3 of ethoxycarbonyl group), 
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5.2 (CH), 7.8 and 8.0 (NH 2 ) , and 9.1 (NH)] and 
I R absorptions [3380 and 3270 (NH) and 1760 and 
1680 (G=0) cm - 1 ] supported the structure of 7 to 
be that depicted above. The amide protons of 7 
resonated at d = 7.8 and 8.0 (DMSO-flf6) at ambient 
temperature. These two signals began to coalesce at 
around 100 °G, indicating the presence of restricted 
rotation around a formal single bond.8) 

Because the structure of 5 is composed of two gly-
oxalic acid units, 4 was thought to be produced from 
5 in the course of the treatment of ethanol. Actually 
the ethanolysis of 5 in the presence of hydrochloric 
acid gave 4. The same treatment of 6 also yielded 
4 and ethyl glycinate hydrochloride. In addition, the 
treatment of 3a with ethanol containing hydrogen 
bromide gave 4 and 5. Thus 3a was a key inter­
mediate of the successive reactions of 2 giving 4 and 
5, where hydrogen bromide liberated from 2 played 
a catalytic role in the ethanolysis. The alcoholysis 
reactivity of 3a seemed rather high, but one can an­
ticipate that an addition of a hydrogen bromide scav­
enger can increase the yield of 3. The yield of 3,6-
dialkoxy derivative was found as follows. Reactions 
were carried out using methanol instead of ethanol: 
a 5 % yield of 3,6-dimethoxy-2,5-piperazinedione (3b) 
was obtained by an irradiation of NBP in dichloro-
methane and a subsequent treatment of the remaining 
solid with methanol ; 4 8 % was obtained by the same 
irradiation followed by a treatment with methano l -
pyridine. As expected, 2 reacted with other nucle-
ophiles; water, acetic acid, and an azide ion. 

H 

O ^ N ^ X 
H 

3b; X = OMe 
3c; X - O H 
3d; X = OAc 
3e; X = N3 

The whole reaction scheme will be represented as 
follows: the photoisomerization of NBP gave the in­
termediate 2, which on ethanolysis yielded 3a. A 
nucleophilic attack of ethanol to the carbonyl group 
of 3a and a subsequent ring opening followed by 
transacetalization gave 5, which in turn yielded 4 
by ethanolysis. A part of NBP was converted to 
iV-bromo-2,5-piperazinedione by the protodebromina-
tion with hydrogen bromide.9) A similar photo iso 
merization-ethanolysis of this iV-bromo compound could 
give 3-ethoxy-2,5-piperazinedione and the correspond­
ing ring opening product (6). The formation mecha­
nism of 7 is not determined at present. 

One of characteristic features of the photoreaction 
of NBP is the absence of the photo ring opening reac­
tion, which has been often encountered in reactions 
of NBS giving 3-bromopropionyl isocyanate in a va­
riety of conditions.1»10) Massive evidence exists that 
the succinimido radical isomerizes to •GH 2 GH 2 GONGO 
by a photochemical a-cleavage-like reaction, and the 
latter radical abstracts a bromine atom of NBS to 
give 3-bromopropionyl isocyanate. However, in the 
case of NBP, this was not the case. This characteristic 

may arise from the structural feature of NBP, which 
is characterized as a bromide of cyclic diamide. In­
vestigations are in progress to elucidate the dissimilarity 
of NBP to NBS in reactivity. 

Exper imenta l 

Melting points were determined on a Yanagimoto hot 
stage and were uncorrected. NMR spectra were determined 
on a JEOL PMX-60 spectrometer using TMS as the internal 
standard. IR spectra were recorded on a JASCO IRA-1 
spectrometer. Mass spectra were recorded on Hitachi 
RMU-6MG and JEOL JMS-01SG-2 spectrometers. All ir­
radiations were carried out using Ushio UM 453B(450 w) 
and Halos EHB-WU(lOOw) high pressure mercury arc 
lamps. Dichloromethane was washed with sulfuric acid 
to remove the contained ethanol, washed thoroughly with 
water, dried and distilled. iV,iVr/-Dibromo-2,5-piperazine-
dione was prepared as described in the literature.4) 

Photoreaction of NBP. A suspension of NBP (1, 10 g) 
in 100 cm3 of dichloromethane in a Pyrex vessel was irra­
diated by a high pressure Hg arc lamp for 8 h with stirring 
at ambient temperature. The mixture was filtered to give 
a pale yellow solid (2). In the filtrate, nothing was found 
but bromine. The solid 2 was quite unstable.5) The color 
of 2 turned red, and meanwhile 2 decomposed spontane­
ously to a clear viscous liquid. Accordingly 2 was rinsed 
quickly with dichloromethane and was added into ethanol. 
The mixture was stirred overnight at room temperature, 
and was filtered to give white crystals. Recrystallization 
from ethanol gave 240 mg (3.3% based on NBP) of 3,6-
diethoxy-2,5-piperazinedione (3a), mp 217 °C (dec). IR: 
3230, 1680 cm-1; NMR (DMSO-</6) : <5=1.1 (6H, t, J= 
7 Hz), 3.5 (4H, q, 7 = 7 Hz), 4.5 (2H, dd, 7 = 4 and 1.2 
Hz), 8.9 (2H, broad d, 7 = 4 Hz); MS (m/e)^: 174 (M+), 
131, 115, 72, 60. Found: C, 47.83; H, 6.98; N, 13.97%. 
Calcd for C8H14N204: C, 47.52; H, 6.93; N, 13.86%. 

The ethanolic filtrate was evaporated up to a syrup (11.5 
g) which was separated on siliga-gel column to afford prod­
ucts in the following order. Yields are given on the basis 
of NBP employed. 

Elution with benzene-ether (9:1) gave 530 mg (4.2%) 
of ethyl diethoxyacetate (4), a colorless liquid. IR: 1760 
cm-1; NMR (CC14) : 0=1.1 (9H, m), 3.5 (4H, q, 7 = 7 
Hz), 4.0 (2H, q, 7 = 7 Hz), 4.6 (IH, s). Found: G, 53.88; 
H, 9.10%. Calcd for C8H1 604 : C, 54.55; H, 9.11%. The 
IR and NMR spectra of this compound were found to be 
identical to those of an authentic sample prepared by a 
recorded method.7) 

Further elution gave 2.48 g (24.8%) of ethyl 2-(diethoxy-
acetylamino)-2-ethoxyacetate (5) as a colorless liquid. IR: 
3400, 1760, 1710cm-1; NMR (GC14): 6=1.2 (12H, m), 
3.5 (6H, q, / = 7 Hz), 4.1 (2H, q, 7 = 7 Hz), 4.7 (IH, s), 
5.3 (IH, d, 7 = 9 Hz), 7.3 (IH, broad d, 7 = 7 Hz); MS 
(m/e): no M+, 131, 130. Found: C, 51.25; H, 8.41; N, 
4.79%. Calcd for C12H23N06: C, 51.95; H, 8.31 ; N, 5.05%. 

Next the column was eluted with benzene-acetone (4:1) 
to give 128 mg (1.6%) of iV-(l-ethoxy-l-ethoxycarbonyl-
methyl)oxamide (7) as white crystals, mp 163—165 °C. 
IR: 3380, 3270, 1760, 1690 cm"1; NMR (DMSO-d6): <5= 
1.1 (6H, m), 3.5 (2H, q, J=l Hz), 4.1 (2H, q, 7 = 7 Hz), 
5.2 (IH, d, 7 = 8 Hz), 7.8 and 8.0 (2H, rotation restricted 
NH2), 9.1 (IH, broad d, 7 = 8 Hz); MS (m/e): 218 (M+), 
173, 145, 116. Found: C, 44.06; H, 6.60; N, 12.80%. 
Calcd for C8H14N205: C, 44.04; H, 6.42; N, 12.84%. 

Elution with benzene-ethanol (9:1) afforded 1.11 g (13%) 
of ethyl N- (diethoxyacetyl)glycinate (6) as a yellow liquid. 
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I R : 3350, 1760, 1690 cm" 1 ; N M R (CC14) : 0 = 1 . 2 (9H, 
m) , 3.6 (4H, q, 7 = 7 Hz) , 3.9 (2H, d, 7 = 6 Hz) , 4.1 (2H, 
q, 7 = 7 Hz) , 4.7 (1H, s), 7.0 ( I H , broad t, 7 = 6 H z ) ; M S 
(m/e): no M+, 174, 131, 130. Found : C, 51.38; H , 8 .11; 
N, 5.77%. Calcd for C 1 0 H 1 9 NO 5 : C, 51.50; H , 8.15; N , 
6 .01%. 

Elution was continued using benzene-ethanol (4:1) and 
a compound was isolated. T h e structure of this compound 
has not been determined yet. Final elution with ethanol 
afforded ammonium bromide (2.3 g, 2 8 % ) . 

Ethanolysis of 3,6-Diethoxy-2,5-piperazinedione (3a). 
Compound 3a (1 g) was refluxed in a 0.5 mol d m - 3 ethanolic 
hydrogen bromide solution for 1.5 h. After the usual work­
up and column chromatography, 270 mg (31%) of 4 and 
230 mg (42%) of 5 were obtained. 

Ethanolysis of Ethyl 2-(Diethoxyacetylamino)-2-ethoxyacetate (5). 
Compound 5 (1 g) was refluxed in an ethanol solution con­
taining 0.5 mol d m - 3 hydrochloric acid for 3 h. After the 
usual work-up and column chromatography, 570 mg (39%) 
of 4 and unchanged 5 (280 mg, 28%) were obtained. 

Ethanolysis of Ethyl N-(Diethoxy acetyl)glycinate (6). A 
similar t reatment of 6 (450 mg) gave 4 (138 mg, 3 8 % ) , 
unchanged 6 (240 mg, 5 3 % ) , and ethyl glycinate hydro­
chloride (100 mg, 3 5 % ) : m p 133—135 °C; I R : 3400, 1750 
cm- 1 ; N M R (DMSO-</6) : 0 = 1 . 1 (3H, t, 7 = 7 Hz) , 3.7 
(2H, s), 4.1 (2H, q, 7 = 7 Hz) , 8.4 (2H, s). 

Reaction of the Primary Photoproduct (2) with Other Nude-
ophiles. T h e reaction of 2 with methanol (or me thano l -
pyridine) for 6 h at room temperature gave 3,6-dimethoxy-
2,5-piperazinedione (3b) in 5 % (or 48%) yield; m p 226 °C 
(dec); I R : 3250, 3180, 1680 c m - 1 ; N M R (DMSCW6) : <5= 
3.3 (6H, s), 4.5 (2H, dd, 7 = 4 and 1.2 Hz) , 8.9 (2H, broad 
d, 7 = 4 H z ) ; Found: C, 41.38; H , 6.02; N , 16.30%. Calcd 
for C 6 H 1 0 N 2 O 4 : C, 41.38; H , 5.75; N , 16.09%. 

Similar t reatment of 2 with aqueous acetone, acetic ac id -
triethylamine, and sodium azide yielded 3,6-dihydroxy-, 
3,6-diacetoxy-, and 3,6-diazido-2,5-piperazinediones, respec­
tively. 3,6-Dihydroxy-2,5-piperazinedione (3c) ; 2 2 % yield; 
m p 260 °C (dec); I R : 3380, 3200, 1690 cm" 1 ; N M R 
( D M S O - 4 ) : 0=4 .6—4.8 (2H, dd, 7 = 4 and 1.2 Hz and 

d, 7 = 2 Hz) , 5.9 (2H, broad s), 8.3 ( I H , broad s), 8.4 ( I H , 
broad d, 7 = 4 H z ) ; F o u n d : C, 32.73; H , 4.29; N , 19.19%. 
Calcd for C 4 H 6 N 2 0 4 : C, 32.88, H , 4 .11 ; N , 19.18%. 3,6-
Diacetoxy-2,5-piperazinedione (3d) ; 4 4 % yield; m p 185 °C 
(dec); I R : 3200, 3120, 1760, 1720cm" 1 ; N M R ( D M S O -
d6): 0 = 2.1 (6H, s), 5.8 (2H, dd, 7 = 5 and 1.2 Hz) , 9.3 (2H, 
broad d, 7 = 5 Hz) , Found : C, 41.77; H , 4 .63; N , 11.99%. 
Calcd for C 8 H 1 0 N 2 O 4 : C, 41.74; H , 4 .35; N , 12.17%. 3,6-
Diazido-2,5-piperazinedione (3e) ; 32% yield; m p 168 °C; 
I R : 3250, 2150, 1700 cm" 1 ; N M R ( D M S O - 4 ) : <5=5.2— 
5.4 (2H, dd, 7 = 4 and 1.2 Hz , and d, 7 = 2 Hz) , 9.1 (2H, 
broad s ) ; Found : C, 24.57; H , 2 .25; N , 57 .08%. Calcd 
for C 4 H 4 N 8 0 2 : C, 24.49; H , 2.04; N , 57.14%. 
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Electrolysis of allyl halides and diethyl fumarate (2) in iV,iV-dimethylformamide containing 0.2 Mt tetra-
ethylammonium tosylate gave a conjugate addition product, ethyl 3-(ethoxycarbonyl)-5-hexenoate, in a mod­
erate yield. The electrochemical reaction of l-chloro-3-methyl-2-butene (4) with 2, that of allyl chloride 4 with 
methyl crotonate (6), and that of methyl 4-halo-2-butenoate with 2 likewise gave the corresponding conjugate 
addition products, ethyl 3-(ethoxycarbonyl)-6-methyl-5-heptenoate, methyl 3,4,4-trimethyl-5-hexenoate, and 
ethyl 3-(ethoxycarbonyl)-4-(methoxycarbonyl)-5-hexenoate, respectively. The addition reaction of 4 to 2 takes 
place at the a-carbon terminus of 4 exclusively, whereas the addition of 4 to 6 at the y-carbon terminus of 4. 
These regioselectivities of the additions and pathways of the reactions are discussed. 

The electrochemical reduction of organic halides has 
been extensively studied, but most of these studies 
have been concerned with the elucidation of the mech­
anism of the cleavage of the carbon-halogen bond.1) 
These studies have shown that the electrochemical 
reduction of carbon-halogen bonds generally gives 
radical or carbanion intermediates2) which result in 
the formation of dimers or hydrocarbons.*) 

Although these species generated by ordinary chem­
ical reaction are widely used in a variety of organic 
syntheses, only a limited number of investigations have 
been reported on the application of these species gen­
erated by the electrochemical reduction of organic 
halides to the formation of the carbon-carbon bond. 
These electrochemical investigations include ones on 
the cyclization of a,co-dihalides,3) cyclization of acet-
ylenic halides,4) alkylation of substrates containing an 
acidic hydrogen by alkyl halides,5) acylation of benzyl 
halides,6) and addition of alkyl halides to carbon-
carbon7) or to carbon-nitrogen double bonds.8) The 
electrochemical addition of allyl bromide to acryl-
onitrile, ethyl acrylate, or diethyl maleate has also 
been reported to give a conjugate addition products.7a) 

In this paper we report a conjugate addition of 
the allyl group in allyl halides to ^ - u n s a t u r a t e d 
esters by the electrochemical reduction. The elec­
trochemical conjugate additions of the allyl groups 
in substituted allyl halides to a,/?-unsaturated esters 
were found to take place in a regioselective manner 
at either their a- or y-carbon terminus. 

R e s u l t s a n d D i s c u s s i o n 

T h e electrolysis of allyl chloride ( l a ) , allyl bromide 
( l b ) , or allyl iodide ( lc) together with diethyl fum­
arate (2) in iV,iV-dimethylformamide (DMF) contain­
ing 0.2 M tetraethylammonium tosylate as a support­
ing electrolyte gave a conjugate addition product, 
ethyl 3-(ethoxycarbonyl)-5-hexenoate (3), in the yields 
shown in Table 1. Electrolyses were carried out at 
a constant current in a normal undivided cell with 
two plat inum plate electrodes. Electrolysis of l b in 
the presence of tenfold excess of 2 gave 3 in a 70% 
yield, although electrolysis of l a or l c under the same 

t 1 M = 1 mol dm-3. 

TABLE 1. RESULTS OF ELECTROCHEMICAL ADDITIONS 

OF ALLYL GROUPS IN ALLYL HALIDES ( l a , l b , 

AND l c ) TO DIETHYL FUMARATE (2)a> 

Î 2 F/mol C o n v - / % Yield/%»» 
(mmol) (mmol) ' of 1 of 3 

la 1.7 15 2 — 15 
l b 1.5 1.5 4 100 36 

1.5 3 2 68 58 
1.5 3 4 75 61 
1.5 15 2 85 70 

l c 1.5 15 2 90 39 

a) Conducted at 5 mA/cm2 in DMF containing 0.2 M 
Et4NOTs. b) Yields are based on 1 consumed. 

C 2H 50 2C\ / H 
CH2=CHCH2X + C=C 

H / \C0 2 C 2 H 5 
la: X = C1 2 
b : X - B r 
c: X = I 

» CH2-CHCH2CHCH,C02C2H5 

I 
C02G2K5 

3 

Scheme 1. 

conditions gave a lower yield of 3. 
When substituted allyl halides are used in this 

electrolysis, the formation of a mixture of two isomers 
arising from the combination of the allyl halides at 
their a- and y-carbon termini to a,/?-unsaturated ester 
might be expected. The electrochemical reaction of a 
substituted allyl chloride, l-chloro-3-methyl-2-butene 
(4), with a two-fold excess of diethyl fumarate (2) at 
0 °G, however, gave exclusively ethyl 3-(ethoxycar-
bonyl)-6-methyl-5-heptenoate (5) in a 15% yield, in 
which a less heavily substituted carbon terminus of 
the allyl group was attached to the a,/#-unsaturated 
ester. The electrolysis was conducted in D M F con­
taining 0.2 M tetraethylammonium tosylate at a con­
stant current of 25 mA/cm2 . Electricity passed was 
2 Faraday per mole of 4. O n the other hand, the 
electrochemical reaction of 4 with methyl crotonate 
(6) gave methyl 3,4,4-trimethyl-5-hexenoate (7) as a 
single product, in which a more heavily substituted 
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GHa 

CH3C=CHCH2C1 + 2 

CH3G=GHGH.2CHCH2C02C2H5 
i i 

CH, G02C2H5 

4 + 
CH 3 \ / H 

G=C 

6 
H / \G0 2 GH 3 

GH2=GHG GHGH2G02GH3 

GHa 
7 

Scheme 2. 

TABLE 2. RESULTS OF ELECTROCHEMICAL ADDITIONS 

OF METHYL 4-HALO-2-BUTENOATE (8) TO DIETHYL 

FUMARATE (2)a> 

8a 

8b 

8 
(mmol) 

1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 

2 
(mmol) 

15 
15 
15 
15 
5 

15 
15 
15 
15 

Gurr. dens. 
mA cm~2 

5«) 
5 
5 

25 
5 
5d> 
5d> 
5 
5d> 

F/mol 

2 
2 
4 
2 
2 
2 
4 
2 
2 

Yield/%b> 
of 9 

16 
39 
18 
14 
20 
27 
31 
11 
11 

a) Conducted at - 4 0 °G in DMF containing 0.2 M 
Et4NOTs using a platinum cathode, b) Yields are 
based on 8 used, c) Conducted at 0 °G. d) Mercury 
pool was used as a cathode. 

carbon of the allyl group was attached to the oc,ß-
unsaturated ester, in a 2 2 % yield. The structures of 
5 and 7 were determined by elemental analyses and 
spectroscopies. The 1 H N M R spectrum of 7 gave 
well-resolved signals consistent with the assigned 
structure by an addition of 40 mol % of tris(dipivaloyl-
methanato) europium. 

Electrolysis of methyl 4-bromo- (8a) or methyl 4-
iodo-2-butenoate (8b) with ten-fold excess of 2 gave 
ethyl 3- (ethoxycarbonyl) -4- (methoxycarbonyl) -5-hex-
enoate (9) as the major product, in which the allyl 
group was again combined to the a,ß-unsaturated 
ester with an allylic rearrangement. The structure of 
9 was confirmed by the elemental analysis and spec­
troscopy. Traces of two isomeric products (10 and 
11) were also obtained in this electrolysis. Table 2 
shows the yields of 9 under various conditions. When 
electrolysis was conducted at —40 °G, 9 was obtained 
in a higher yield than at 0 °G. This is probably 
due to the decomposition or the condensation of the 
anion generated from 8 at room temperature. I t is 
also seen that plat inum is better than mercury as a 
cathode material. 

The allyl groups were thus regioselectively com-

XCH2GH=CHG02CH3 + 2 > 
8a: X = Br 

b : X = I 

GH2=GHGHCHCH2C02C2H5 

G02G2H5 

G02GH3 

I 
+ CH3CH=C-CHCH2C02C2H5 

G02C2H5 

10 

+ GH302CGH=CHGH2CHGH2C02G2H5 

I 
C02G2H5 

11 

Scheme 3. 

V vs. Hg pool 

Fig. 1. Linear-sweep voltammograms of 4, 2, and 6 
with a platinum disc electrode. Sweep rate, 0.023 
Vs- 1 . 
(a): 0.2 M Et4NOTs in DMF, (b): 0.018 M 6 in 
0.2 M Et4NOTs-DMF, (c): 0.017 M 4 in 0.2 M 
Et4NOTs-DMF, (d): 0.013 M 2 and 0.017 M 4 in 
0.2 M Et4NOTs-DMF. 

bined to the two different a,ß-unsaturated esters 2 
and 6 at different sites. These regioselectivities can 
be interpreted by assuming the involvement of two 
different mechanisms. The reaction pathway of each 
electrochemical addition may be determined by wheth­
er a more readily reducible species in the electrolysis 
is a,/?-unsaturated esters or allyl halides. Linear sweep 
voltammetry showed that allyl halides 4 and 8a are 
reduced at about —2.5 and —1.1 V vs. Hg, while 
oc,ß-unsaturated esters 2 and 6 are reduced at —1.7 
and — 2 . 7 V vs. Hg , respectively (Fig. 1). 

Therefore, in the electrochemical reaction of 4 with 
2, a preferential one-electron reduction of 2 generates 
an anion radical which reacts with the carbon atom 
of 4 carrying chlorine in an SN2 fashion to give an 
intermediary radical species. A further reduction of 
the radical followed by a protonation of the resulting 
carbanion would give the observed addition product 
5 [Scheme 4, (1)]. 

In the reaction of either 4 with 6 or 8 with 2, how­
ever, a two-electron reduction of allyl halides 4 or 
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R ^ ^ ( 
R3 " 

R 2 

C02Et C02Et 

1 9 ° 2 E S „1 Ç°2 E t
3 

1 ^ X R3 + e < _ 1 R3 
(1) 

R1 

>f^X R l 
R N ^ C 0 2 M e H+ ? 3 

*" — * " < ^ ^ \ ^ C 0 2 M e (2) 
R! R 2 

4: R ^ R ^ G H , , X - G l 2: R3 = C02Et 
8: R ^ G 0 2 M e , R* = H, X-Br , I 6: R3^CH3 

Scheme 4. 

8 may take place to generate allylic carbanions which 
then add to a,/?-unsaturated esters to afford the ob­
served addition products 7 or 9 [Scheme 4, (2)]. 

The aforementioned explanations are further sup­
ported by the results of ordinary chemical reactions. 
Several carbanions such as 2-substituted allyllithium,9) 
dienolate anions derived from a,ß-unsaturated 
acids,10»11) or a-phenylsulfonyl carbanions12) always un­
dergo nucleophilic substitution on 4 at the less heavily 
substituted carbon terminus. On the other hand, the 
addition reactions of allylic carbanions derived from 
3,3-dimethylallyl compounds to carbonyl group,13) acyl 
halide,14) acetal,15) or a,/?-unsaturated carbonyl com­
pounds16) take place at the more heavily substituted 
carbon terminus of 4 exclusively. Moreover, lithium 
dienolates derived from a,/?-unsaturated esters undergo 
alkylation reactions at the a carbon of the ester almost 
exclusively.10) 

The formation of the addition product such as 5 
having an allylic unit attached at a less heavily sub­
stituted carbon in the present electrochemical reac­
tion is worth noting, since allylic organometallics al­
ways gave the addition products having the allyl 
groups at a more highly substituted carbon terminus.16) 

Experimental 

All the products were isolated and purified by distillation 
and by preparative GLPG with a JEOL JGG-20K instru­
ment. IR spectra were obtained with a Hitachi EPI-22 
spectrometer, and NMR spectra in GG14 were measured 
with a Hitachi R-22 high-resolution spectrometer (90 MHz) 
using TMS as an internal reference. Mass spectra were 
obtained with a Hitachi RM-50GG mass spectrometer. 
Quantitative GLPG analyses were carried out with a Hitachi 
063 instrument by an internal standard method. 

Materials. JV,i\T-Dimethylformamide (DMF) was 
shaken with phosphorus pentaoxide and then stirred over­
night with potassium hydroxide. It was distilled under a 
reduced pressure of nitrogen atmosphere and then distilled 
over picric acid. The allyl halides used were washed with 
sodium thiosulfate solution, dried over calcium chloride, 
and then distilled. 

l-Ghloro-3-methyl-2-butene (4) was prepared from iso-
prene by the described procedure.17) Dry hydrogen chloride 
(183 g) was added to isoprene (344 g) over a period of 2.5 

h at —40 °G, and the resulting mixture was refluxed for 
1 h. Distillation of the reaction mixture gave 4 (228 g, 
43%): bp 107—109 °G; NMR Ô 1.74 (3H), 1.78 (3H), 
4.02 (2H), 5.44 (IH). 

Methyl 4-bromo-2-butenoate (8a) was prepared from meth­
yl crotonate by the described procedure.18) To methyl 
crotonate (24 g) in carbon tetrachloride (100 ml) was added 
iV-bromosuccinimide (25 g) and benzoyl peroxide (0.2 g) 
and the mixture was refluxed for 7 h. The usual work up 
and a distillation of the reaction mixture gave 8a: bp 88— 
89° G/15 mmHgtt (lit,18) 83—85 °C/13 mmHg) ; NMR ô 3.70 
(3H, s), 3.98 (2H, m), 5.99 (1H, m), 6.96 (1H, m); MS 
m/e 180 (M++2), 178 (M+). 

Methyl 4-iodo-2-butenoate (8b) was prepared from 8a 
and sodium iodide by a literature procedure;19) bp 108 °G/ 
19 mmHg; MS m/e 266 (M+). 

General Procedure of Electrolysis. For most of the pre­
parative electrolysis, a normal undivided cell (2.8 cm dia.) 
equipped with a magnetic stirrer, a reflux condenser, and 
a serum cap for introduction of nitrogen gas was used. Elec­
trolysis was carried out under nitrogen atmosphere at a 
constant current using two platinum plate electrodes (2 X 
2 cm2). Amounts of the substrates in each electrolysis are 
shown in Tables 1 and 2. After electrolysis, the reaction 
mixture was dissolved in diethyl ether and the solution was 
washed with sodium thiosulfate solution and water, and 
dried over magnesium sulfate. The usual work up of the 
solution gave a product mixture which was subjected to 
distillation and preparative GLPC with a JEOL-20K in­
strument to give pure products. 

Some physical properties of the products are recorded 
below. 

Ethyl 3-(Ethoxycarbonyl)-5-hexenoate (3): Bp 101—103 °G/ 
18 mmHg; w2

D
4 1.4330; IR (neat) 3090, 1735, 1645, and 

925 cm-1; NMR ô 1.24 (6H, t, C02CH2CH3), 2.5 (5H, 
m, G-2H, G-3H, and G-4H), 4.10 (2H, q, C02CH2CH3), 
4.13 (2H, q, C02CH2CH3), 5.05 (2H, m, G-6H), and 5.7 
(IH, m, G-5H); MS m/e (rel intensity) 169 (M+-OC2H5, 
46), 140 (56), 123 (40), 95 (44), 67 (100), and 41 (42). 
Found: G, 61.29; H, 8.34%. Galcd for GnH1804: G, 61.66; 
H, 8.47%. 

Ethyl 3-(Ethoxycarbonyl)-6-methyl-5-heptenoate (5): Bp 118— 
119°G/19mmHg; w2

D
4 1.4422; IR (neat) 3050, 1730, and 

855 cm-1; NMR ô 1.24 (6H, t, C02CH2CH3), 1.61 (3H, 
s, -GH3), 1.70 (3H, s, -CH3), 2.5 (5H, m, G-2H, C-3H, 
and G-4H), 4.10 (2H, q, G02CH2GH3), 4.12 (2H, q, 
G02GH2GH3), and 5.07 (IH, m, G-5H); MS m/e (rel in­
tensity) 242 (M+, 12), 197 (M+-OG2H5, 38), 168 (97), 
and 95 (78). Found: G, 64.13; H, 9.06%. Galcd for 
G13H2204: G, 64.44; H, 9.15%. 

Methyl 3,4,4-Trimethyl-5-hexenoate (7): Bp 117—120 °G/ 
48 mmHg; IR (neat) 3090 and 1745 cm-1; NMR ô 0.88 
(3H, d, G-3-GH3), 0.97 and 0.99 (each 3H, s, -G(GH3)2), 
2.0 (3H, m, -GHGH2G02), 3.62 (3H, s, G02GH3), 4.9 
(2H, m, GH2=GH), and 5.80 (IH, m, =GH); NMR (GG14, 
40mol% of Eu(DPM)3 added) ô 1.79 and 1.84 (each 3H, 
s, G(GH3)2), 3.41 (3H, d, G-3-CH3), 5.3—5.7 (2H, m, 
GH2=GH), 6.3—6.7 (IH, m, -CH), 6.57—6.9 (IH, m, 
=GH), 7.02 (IH, dd, 7=10 Hz, y=15Hz, -GH2G02), 7.54 
(IH, dd, 7 = 4 Hz, y = 15 Hz, -GH2G02); MS m/e (rel 
intensity) 170 (M+, 3), 96 (59), and 69 (100). Found: 
G, 70.33; H, 10.37%. Galcd for G10H18O2: G, 70.55; H, 
10.66%. 

Ethyl 3- (Ethoxycarbonyl) -4- (methoxycarbonyl) -5-hexenoate (9) : 
Bp 67 °C/1 mmHg; «S 1.4492; IR (neat) 3090, 1740, 

tt 1 mmHg« 133.322 Pa. 
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1640, 935, and 860 cm" 3 ; N M R Ô 1.26 (6H, t, G 0 2 G H 2 G H 3 ) , 
2.5 (2H, m, G-2H), 3.2 (2H, m, G-3H and G-4H), 3.70 
(3H, s, C 0 2 C H 3 ) , 4.12 (4H, q, C 0 2 C H 2 C H 3 ) , 5.2 (2H, 
m, G-6H), and 5.8 (1H, m, G-5H); M S m/e (rel intensity) 
241 ( M + - O G H 3 , 21), 240 (47), 227 ( M + - O G 2 H 5 , 82), 
226 (44), 167 (56), 166 (53), 99 (68), 67 (65), and 29 
(100). Found : G, 57.36; H , 7.37%. Galcd for G 1 3 H 2 0 O 6 : 
G, 57.34; H , 7.40%. 

Ethyl 3-(Ethoxycarbonyl)-4-(methoxycarbonyl)-4-hexenoate (10) : 
N M R ô 1.28 (6H, t, C 0 2 C H 2 C H 3 ) , 1.97 (3H, d, 7 = 7 . 5 
Hz, C-6-CH 3 ) , 2.8 (3H, m, G-2H and C-3H), 3.78 (3H, 
s, G 0 2 G H 3 ) , 4.19 (4H, q, two G 0 2 G H 2 G H 3 ) , and 7.07 
(1H, q, 7 = 7 . 5 Hz, G-5H). M S m/e 227 ( M + - O G 2 H 5 ) . 

Methyl Ethyl 5-(Ethoxycarbonyl)-2-heptene-1,7-dioate (11) : 
N M R ô 1.24 and 1.26 (each 3H, s, G 0 2 G H 2 G H 3 ) , 2.7 (5H, 
m, G-4H, G-5H, and G-6H), 3.71 (3H, s, G 0 2 G H 3 ) , 4.13 
and 4.17 (each 2H, q, G O a C H 2 G H 3 ) , 5.85 (1H, d, J= 
16 Hz, C-2H), and 6.85 (1H, dt, J= 16 Hz , 7 = 8 Hz , C-3H). 
M S m/e 227 ( M + - O G a H 5 ) . 

Voltammetry. Vol tammetry was carried out with a 
Yanaco V8 potentionstat at a sweep rate of 0.023 V s - 1 

using a plat inum disc electrode (1 m m dia.) in D M F con­
taining 0.2 M Et 4 NOTs. A potential was measured in 
V vs. H g pool. 
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A variety of aminoarenes react with aliphatic aldehydes in the presence of a catalytic amount of a rhodium 
complex and an excess amount of the corresponding nitroarenes at 180 °C to give 2-alky 1- and 2,3-dialkyl-sub-
stituted quinolines in excellent yields. Among the rhodium complexes examined, [Rh(norbornadiene)Cl]2 ex­
hibits the highest activity as a catalyst. Thus, 2-methyl-, 2-ethyl-3-methyl-, 2-propyl-3-ethyl-, and 2-fc>utyl-3-
propylquinoline derivatives are readily obtained from aminoarenes and ethanal, propanal, butanal, and pent-
anal respectively. 

The Skraup and related syntheses are well known 
as methods for the preparation of quinolines from 
aminoarenes and carbonyl compounds.1) These meth­
ods, however, have some disadvatages ; the uncon­
trolled violence of the reaction and the use of a large 
amount of acid. Quinolines can be prepared from 
aminoarenes and olefins using transition-metal com­
plexes as catalyst precursors.2»3) Rhodium trichloride 
catalyzes the reaction between aniline and ethylene 
to give 2-methylquinoline in poor yields.2) Octacar-
bonyldicobalt catalyzes the reaction between 7V-benzyl-
ideneaniline and ethyl vinyl ether in tetrahydro-
furan under nitrogen to give 2-phenylquinoline in 
moderate yields.3) More recently, we found that rho­
dium complexes such as /*,/*'-dichlorobis(norbornadi-
ene)dirhodium(I) are active as catalysts for 7V-hetero-
cyclization, the preparation of quinolines from amino­
arenes and aliphatic aldehydes in a non-acidic me­
dium.4) This is a novel method for the preparation 
of 2-alkyl- and 2,3-dialkyl-substituted quinolines, ap­
plicable in a large-scale reaction. Here, a detailed 
study on the rhodium-catalyzed synthesis of quinolines 
will be described. 

R e s u l t s a n d D i s c u s s i o n 

Aniline reacts with aliphatic aldehydes having two 
a-hydrogens in the presence of a catalytic amount 
of /*,//-dichlorobis(norbornadiene)dirhodium(I) and an 
excess amount of nitrobenzene as an oxidizing agent 
at 180 °C to give alkyl-substituted quinolines in mod­
erate to excellent yields. The results are summarized 
in Table 1. This provides a convenient method for 
the synthesis of quinolines. 

The combination of aniline with ethanal, propanal , 
butanal , and pentanal gives 2-methyl-, 2-ethyl-3-
methyl-, 2-propyl-3-ethyl-, and 2-butyl-3-propylquino-
line, respectively. 2-Methylquinoline was identified by 
comparing its I R and *H N M R spectra with those 
of the authentic sample. None of the 1H N M R spectra 
(60 M H z in GDG13, with Me4Si as the internal stand­
ard) of these products exhibited the peak at ô 8.8 
ppm characteristic of the 2-H of the quinoline nu­
cleus.5) The * H N M R (60 MHz) spectrum of the 
product from anil ine-propanal showed a typical pat­
tern of the methyl and ethyl groups, while the 

TABLE 1. RHODIUM-CATALYZED SYNTHESIS OF SUBSTITUTED 

QUINOLINES FROM ANILINE AND ALDEHYDES 

**** Aldehyde 

1 

2 

3 

4 

5 
6 

7 

8 

9 

10 

11 

12 

Ethanal 

Ethanal 

Ethanal 

Ethanal 

Ethanal 

Ethanal 

2-Butenal 

Paraldehyde 
(CH 3 CHO) 3 

Metaldehyde 
(CH 3 CHO) 4 

Propanal 

Butanal 

Pentanal 

Product 

2- Methylquinoline 

2-Methylquinoline 

2-Methylquinoline 

2-Methylquinoline 

2-Methylquinoline 
2-Methylquinoline 

2-Methylquinoline 

N o reaction 

No reaction 

2-Ethyl-3-methylquinoline 

2-Propy 1- 3-ethy lquinoline 

2-Butyl-3-propylquinoline 

Yield/%a> 

51(30)*» 

14c> 

42d> 

40 

23e> 

17f) 

Trace 

— 

-— 

75(59) 

119(82) 

(45) 

**Present address: Department of Industrial Chemistry, 
Kyung-park National University, Taegu, Korea. 

Under argon at 180 °C for 4h . Molar ratio: Aniline 
(41 mmol)/aldehyde/nitrobenzene =1.0/2.5/1.5. Rhodium 
complex: 0.03 mmol [Rh (NBD) Cl] 2. Solvent: Ethanol or 
benzene(20 ml). 
a) Determined by GLC. Based on the amount of aniline 
used. The figures in parentheses show isolated yields. 
b) Benzene used as solvent, c) At 150 °C. d) Without 
solvent, e) Acetic acid (4.1 mmol) was added, f) Acetic 
acid (8.2 mmol) was added. 

13G N M R (25.05 MHz) spectrum showed three peaks, at 
12.5(CH3), 18.7(GH3), and 29.1(CH2) ppm, in the 
aliphatic carbon region, assignable to the 2-ethyl(12.5 
and 29.1 ppm) and 3-methyl(18.7 ppm) groups. Ac­
cordingly, this is concluded to be 2-ethyl-3-methyl-
quinoline. 

Alkyl groups of 2,3-disubstituted quinolines produced 
from butanal and pentanal can be readily identified 
by means of the 1H N M R (60 and 220 MHz) and 
13G N M R spectra. The products from anil ine-butanal 
and -pen tana l were assigned to 2-propyl(14.4, 22.5, 
and 37.5 ppm)-3-ethyl( 14.4 and 25.0 ppm)quinoline 
and 2-butyl(14.0, 23.0, 31.7, and 35.4 ppm)-3-propyl-
(14.0, 23.5, and 34.3 ppm)quinoline respectively. 

The mass spectra of these products exhibited the 
corresponding molecular ions, and the elemental 
analysis gave satisfactory results. 

The reaction of ethanal gave a considerable amount 
of a tarry material which appears to reduce the yield 
of 2-methylquinoline. An at tempt of reduce the for-
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mation of this tarry material was unsuccessful. The 
reaction at a low temperature (150 °G) or without a 
solvent gave 2-methylquinoline in poor yields. 2-
Butenal gave only a trace of 2-methylquinoline, but 
a large amount of the tarry material. Paraldehyde 
[ (GH 3 CHO) 3 ] and metaldehyde [ (GH 3 GHO) 4 ] show­
ed no reactivity for this reaction under the conditions 
used. 

O n the other hand, propanal , butanal , and pentanal 
give the corresponding 2,3-disubstituted quinolines in 
fairly good yields without the formation of any tarry 
material. The reaction between aniline and butanal 
was examined in some detail in order to determine 
the opt imum conditions for the preparation of the 
quinoline; the results are summarized in Table 2. 
7V-Butylaniline was formed as a by-product in 5—31 % 
yields. The presence of excess amount of nitrobenzene 
reduced the formation of 7V-butylaniline. A hydrogen 
transfer should take place for the formation of the 
quinoline nucleus. 

PhNH2 + 2CH3CH2CH2CHO 
CR10 

P h N O , 

i ii i 
V ^ N ^ Y p r 

+ 2H 2 0 + 2H 

The nitrobenzene appears to act as an oxidizing 
agent and to be partially reduced to aniline through 
the reaction. iV-Butylaniline appears to be derived 
via 7V-butylideneaniline by hydrogénation. The reac­
tion without nitrobenzene also gave a mixture of N-
butylaniline and the quinoline, but in poor yields. 
When the aniline/butanal/nitrobenzene molar ratio is 
fixed at 1.0/2.2/0.33, the catalytic activity is highest 
with /*,/*'-dichlorobis(norbornadiene)dirhodium(I), fol­
lowed by chloro tris (triphenylphosphine) rhodium (I) and 
hydridocarbonyltris(triphenylphosphine) rhodium (I). 

The catalytic activity also depends on the amounts 
of the rhodium complex used. With jw,jw'-dichlorobis-
(norbornadiene)dirhodium(I), the quinoline yield is 
highest (119%) when the rhodium catalyst of 0.03 

TABLE 2. THE RHODIUM-CATALYZED SYNTHESIS 

OF 2-PROPYL-3-ETHYLQUINOLINE FROM ANILINE 

AND BUTANAL a> 

Catalystb> Molar 
ratio6) 

Product yieldd>/% 

2-Propyl-3-ethyl-
quinoline 

iV-Butyl-
aniline 

1 
2 
3 
4 
5 
6 
7 

A 
A 
A 
B 
C 
A 
A 

1.0/2.2/0.33 
1.0/2.2/1.0 
1.0/2.5/1.5 
1.0/2.2/0.33 
1.0/2.2/0.33 
1.0/2.5/1.5 
1.0/2.5/1.5 

96 
99 

119 
61 
41 
85e> 
57f) 

31 
20 
5 

10 
7 

a) Under argon at 180 °C for 4 h in ethanol (20 ml). 
b) Rhodium complex, 0.03 mmol. A, [Rh(NBD)Cl]2 

(20 mg); B, RhCl(PPh3)3; C, RhH(CO)(PPh3)3. c) 
Molar ratio: Aniline (41 mmol)/butanal/nitrobenzene. 
d) Determined by GLC. Based on the amount of 
aniline used, e) [Rh(NBD)Cl]2, 10 mg. f) [Rh-
(NBD)G1]2, 5mg. 

mmol (20 mg) is used. The turn-over of the catalyst 
is calculated to amount to 1600, based on the yield 
(119%), and the product selectivity is estimated to 
be more than 9 5 % , based on the butanal used. Higher 
(200 °C) or lower (160 °C) temperatures gave poorer 
yields of the quinoline. 

Accordingly, the opt imum conditions for the prepara­
tion of the quinoline are those of Exp. 3 in Table 
2. This procedure is applicable for a variety of aniline 
derivatives combined with ethanal, propanal , and 
butanal . The reaction between aminoarenes and al­
dehydes was carried out in the presence of the cor­
responding nitroarenes as the oxidizing agent. The 
aminoarene/aldehyde/nitroarene molar ratio was fixed 
at 1.0/2.5/1.5 in the reaction. The results for o- and 
/^-substituted anilines including methyl, methoxy, and 
chloro groups as substituents are summarized in Table 
3. 

/j-Methyl-, />-methoxy-, and />-chloroaniline- reacted 
smoothly with ethanal, propanal , and butanal to give 

T A B L E 3. SYNTHESIS OF QUINOLINE DERIVATIVES FROM 

0- AND /»-SUBSTITUTED ANILINES AND ALDEHYDESA> 

Exptl Yieldb> 
No. 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

j T l l l l l l l l C 

/>-MeO 

P-MGO 

P-MGO 

p-Me 

p-Me 

p-Me 

p-C\ 

p-C\ 

o-MeO 

o-MeO 

o-MeO 

o-Me 

o-Me 

o-Me 

o-Cl 

o-Cl 

o-Cl 

r u u c n y u c 

Butanal 

Propanal 

Ethanal 

Butanal 

Propanal 

Ethanal 

Butanal 

Propanal 

Butanal 

Propanal 

Ethanal 

Butanal 

Propanal 

Ethanal 

Butanal 

Propanal 

Ethanal 

2-Propyl-3-ethyl-6-
methoxyquinoline 
2-Ethyl-3-methyl-6-
methoxyquinoline 
6- Methoxy- 2- methy 1-
quinoline 
2-Propyl-3-ethyl-6-
methylquinoline 
2-Ethyl-3,6-
dimethylquinoine 
2,6-Dimethylquino-
line 
2-Propyl-3-ethyl-6-
chloroquinoline 
2-Ethyl-3-methyl-6-
chloroquinoline 
2-Propyl-3-ethyl-8-
methoxyquinoline 
2-Ethyl-3-methyl-8-
methoxyquinoline 
8- Methoxy- 2- methy 1-
quinoline 
2-Propyl-3-ethyl-8-
methylquinoline 
2-Ethyl-3,8-
dimethylquinoline 
2,8-Dimethyl-
quinoline 
2-Propyl-3-ethyl-8-
chloquinoline 
2-Ethyl-3-methyl-8-
chloroquinoline 
8-Chloro-2-methyl-
quinoline 

% 
65 

70 

34 

60 

64 

30 

41 

48 

39 

25 

10 

59 

45 

24 

25 

11 

Trace 

a) Under argon at 180 °C for 4h . Solvent, ethanol 
(20 ml). [Rh(NBD)Cl]2; 0.03 mmol(20 mg). Molar 
ratio : Aminoarene (41 mmol) /aldehyde/nitroarene = 1.0/ 
2.5/1.5. b) Isolated yield based on the amount of 
aminoarene used. 
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2,6- or 2,3,6-substituted quinolines in fairly good yields. 
The reaction of ethanal has an inclination to give 
poorer yields because of the formation of the tarry 
material. 

o-Methyl- and o-methoxyaniline also showed a mod­
erate reactivity to give 2,3,8-substituted quinolines in 
good yields when combined with propanal and butanal . 
o-Chloroaniline, however, gave the product in poor 
yields, indicating that the chloro group located at 
the ortho position has an inhibitory effect on the re­
action. The combination of o-chloroaniline with eth­
anal failed to give 8-chloro-2-methylquinoline almost 
entirely. 

The results for m-methyl-, m-methoxy-, and m-chloro-
aniline are summarized in Table 4. These amino­
arenes reacted with ethanal, propanal, and butanal to 
give 2,7-di-, 2,3,5-, and 2,3,7-trisusbtituted quinolines 
in fairly good yields. From m-substituted amino­
arenes, two isomeric products are expected to be 
formed. 

The products isolated from m-methoxyaniline-eth-
anal, -p ropana l , and -bu t ana l were proved by GLG 
to be pure. Their 1 H and 13G NMR. spectra in the 
aliphatic region exhibited typical patterns of alkyl 
groups characteristic of 2-methyl, 2-ethyl-3-methyl, 
and 2-propyl-3-ethyl groups respectively. The 1H 
N M R (220 MHz) spectra of the products from prop­
anal and butanal in the aromatic region showed two 
singlets and two doublets, assignable to the isomeric 
7-substituted quinoline, 2,3,7-substituted ones. The 
spectrum of the ring hydrogens of the 5-isomers, 2,3,5-
substituted ones, should have a different pa t tern; one 
singlet, two doublets, and one doublet of doublet. 
Accordingly, the products from propanal and butanal 
are identified as 2-ethyl-3-methyl-7-methoxyquinoline 
and 2-propyl-3-ethyl-7-methoxyquinoline respectively. 
T h e * H N M R (220 MHz) spectrum of the product 
from ethanal exhibited one singlet and four doublets 
in the aromatic region, asssignable to the 7-isomer. 

T A B L E 4. SYNTHESIS OF QUINOLINE DERIVATIVES FROM 

^-SUBSTITUTED ANILINES AND ALDEHYDES8") 

EN*P« Aniline 

30 m-MeO 
31 m-MeO 
32 m-MeO 
33 m-Me 
34 m-Me 
35 m-Me 
36 m-Cl 
37 m-Cl 
38 m-Cl 

Aldehyde 

Butanal 
Propanal 
Ethanal 
Butanal 
Propanal 
Ethanal 
Butanal 
Propanal 
Ethanal 

Yield") 

% 

44 
45 
26 
68 
62 
38 
61 
55 
20 

Distribution of products0) 

5-Isomer 

0 
0 
0 

10 
16 
15 
18 
17 
18 

7-Isomer 

100 
100 
100 
90 
84 
85 
82 
83 
82 

a) Under argon at 180 °C for 4h . Solvent, ethanol 
(20 ml). Rhodium complex; [Rh(NBD)Cl]2, 0.03 
mmol(20 mg). Molar ratio; m-Aminoarene(41 mmol)/ 
aldehyde/m-nitroarene =1.0/2.5/1.5. b) Isolated yield 
based on the amount of m-aminoarene used, c) 
Determined by GLC. 5-Isomer, 2, 5- or 2, 3, 5-sub-
stituted quinolines; 7-isomer, 2, 7- or 2, 3, 7-substituted 
quinolines. 

The 5-isomer from ethanal should have a different 
pa t tern; four doublets and one doublet of doublet. 
Thus, the product from ethanal is identified as 2-
methyl- 7-methoxyquinoline. 

The reaction of m-toluidine and m-chloroaniline with 
ethanal, propanal, and butanal appeared to give mix­
tures of 5- and 7-isomers respectively. The distribu­
tion of the two isomers was determined by GLG 
analysis. The 7-isomers appear to predominate. 

The 1 H and 13C N M R spectra of the products from 
w-toluidine-butanal exhibited the typical pattern of 
the 7-isomer, assigned to 2-propyl-3-methyl-7-methyl-
quinoline. The 13G N M R spectrum clearly showed 
another pair of peaks with small intensities, assignable 
to the three alkyl groups (methyl, ethyl, and propyl) 
in the aliphatic carbon region and the quinoline ring 
in the aromatic region; nine peaks, five singlets and 
four doublets by off-resonance decoupling, were ob­
served in the aromatic region. Therefore, the other 
product is believed to be the 5-isomer, 2-propyl-3-
ethyl-5-methylquinoline. 

T h e corresponding 5- and 7-isomers from m-toluidine 
and m-chloroaniline, combined with ethanal, propanal 
or butanal , were similarly analyzed by the spectro­
scopic method. The fact that the 7-isomers predom­
inate in this procedure is consistent with the finding 
of the Skraup synthesis, the acid-catalyzed synthesis 
of quinoline.6) 

The results obtained here clearly demonstrate that 
the novel iV-heterocyclization method catalyzed by 
rhodium complexes in a non-acidic medium is ap­
plicable to a veriety of combination of aminoarenes 
and aldehydes, giving 2-alkyl- and 2,3-dialkyl-sub-
stituted quinolines in good to excellent yields. 

The Skraup synthesis is generally accepted to follow 
the following reaction sequence: the self-aldol con­
densation of aldehyde; the addition of an amine to 
the condensate, a,/?-unsaturated aldehyde; ring closure 
by dehydration to form 1,2-dihydroquinoline, and the 
oxidation of the 1,2-dihydroquinoline. Acids such as 
concentrated sulfuric acid used as catalysts may par­
ticipate in the ring-closure process of this sequence. 

The mechanism of the rhodium-catalyzed synthesis 

-HoO 2 RCH2CH0^2^ 

H? R 
0 

HC.R 

OH 

H I 

[Hi 

R _ H20 ax 
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of quinolines is not yet clear, but the rhodium catalyst 
also seems to participate in the ring-closure process. 
Aminoarene reacts with the rhodium catalyst to form 
an iV-coordinated complex in which the ortho hy­
drogen in a phenyl ring of aminoarene can be ac­
tivated. The iV-coordinated complex may be trans­
formed into an ortho metallated complex by the in­
tramolecular oxidative addition of the activated G - H 
bond, for it is the key intermediate for the ring-closure 
reaction. This consideration may be supported by 
the fact that triphenylphosphine complexes of iridium7) 
and iron8) give hydridometal complexes, ortho metal­
lated complexes, by intramolecular oxidative addition 
and the fact that X-ray structures of triphenylphosphine 
complexes of ruthenium9) and rhodium10) reveal a 
short separation between metal and ortho hydrogen 
in a phenyl ring of the ligand. Aldehydes with two 
a-hydrogen atoms have a great tendency to aldol 
condensation under the conditions used, 180 °G in 
the presence of a base, suggesting that the formation 
of a,/?-unsaturated aldehydes is also one of the key 
steps in the reaction. The nitroarenes used may be 
supposed to act as oxidizing agents in the final step, 
the oxidation of 1,2-dihydroquinolines. 

E x p e r i m e n t a l 

//,//'-Dichlorobis (norbornadiene)dirhodium(I), [Rh(NBD) -
CI] 2, was prepared according to the method in the litera­
ture.11) The ethanal, propanal, butanal, nitroarenes, ami-
noarenes, and other compounds employed in this study were 
all commercial products. The aldehydes, nitroarenes, and 
aminoarenes were distilled before use. The benzene and 
ethanol used were dried by the usual methods. 

Analytical Procedure. The melting points and boiling 
points are uncorrected. The melting points were taken 
on a Yanagimoto capillary melting-point apparatus. The 
infrared spectra were measured on a Hitachi model 215 
grating spectrophotometer. The 1H NMR spectra were ob­
tained at 60 MHz with a JEOL LNM-60 NMR or at 220 
MHz with a Varian model HR-220 NMR spectrometer. 
The 13C NMR spectra were determined at 25.05 MHz with 
a JEOL pulsed Fourier Transform spectrometer, model 
FX-100. Samples were dissolved in CDC13, and the chem­
ical-shift values were expressed in <5 ppm relative to Me4Si 
as an internal standard. The mass spectra were recorded 
on a JMS OlSG mass spectrometer. The elemental analyses 
were performed at the Microanalytical Center of Kyoto 
University. 

Reaction Procedure. A stainless steel autoclave (100 
ml) equipped with a magnetic stirrer was used in the reaction. 
Ethanol (20 ml) and [Rh(NBD)Cl]2 (20 mg, 0.03 mmol) 
were put into the autoclave. After the air in the autoclave 
had been replaced with argon, 88—100 mmol of aldehyde, 
41 mmol of aminoarene, and 60 mmol of nitroarene were 
put into it, and then the remainder of the air was replaced 
with argon. The autoclave was kept at 180 °C by electrical 
heating for 4 h, and then the heating was turned off. The 
GLC analysis of the reaction products was made using a 
column (0.3cmç5x3m) packed with 10% Versamid on 
Neopak 60—80 mesh. After the solvents had been distilled 
off, the reaction products were subjected to fractional 
distillation. 2-Methylquinoline and 2-methyl-6-methoxy-
quinoline were identified by comparing their IR and 1H 
NMR spectra with those of authentic samples (Aldrich). 

The other products were identified by means of the IR, 
^ N M R , " C N M R and MS spectra and by elemental 
analysis. Although the products could not be isolated in 
an analytically pure form in Exps. 13, 24, 32, 34, and 36, 
the corresponding quinoline derivatives were identified on 
the basis of their spectral data. 

2-Ethyl-3-methylquinoline (Exptl 10): Yield, 59%; Yellow 
oil, bp 84—85 °C/0.35 Torr; ^ N M R (60 MHz) (CDC13) : 
Ô (ppm) 1.32 (t, 3H, CH3), 2.25 (s, 3H, CH3), 2.86 (q, 2H, 
CH2), 7.34—8.09 (m, 5H, Ar). 13C NMR (25.05 MHz) 
(CDC13): Ô (ppm) 12.5 (q, CH3), 18.7 (q, CH3), 29.1 (t, 
CH2), 125.3 (d), 126.6 (d), 127.1 (s), 128.0 (d), 128.5 (d), 
129.0(s), 135.2(d), 146.6(s), 162.5(s), MS (m/e): 171 (rel 
intensity 87, M+), 170(100), 143(43), 115(44). Found: C, 
84.28; H, 7.92; N, 8.13%. Calcd for C12H13N: C, 84.17; 
H, 7.65; N, 8.18%. 

2-Propyl-3-ethylquinoline (Exptl 11): Yield, 82%; Yellow 
oil, 92 °C/0.3 Torr; W NMR (220 MHz) (CDC13): ô (ppm) 
1.05 (t, 3H, CH3), 1.25 (t, 3H, CH3), 1.82 (sex, 2H, CH2), 
2.73 (q, 2H, CH2), 2.93 (t, 2H, CH2), 7.36 (t, 1H), 7.57 
(t, 1H), 7.66 (d, 1H), 7.77 (s, 1H), 8.07 (d, 1H). 13C NMR 
(CDC13): ô (ppm) 14.2 (q, CH3), 14.4 (q, CH3), 22.5 (t, 
CH2), 25.0 (t, CH2), 37.5 (t, CH2), 125.3 (d), 126.8 (d), 
127.3 (d), 128.1 (s), 128.5 (s), 128.8 (s), 133.1 (s), 135.1 
(s). Found: C, 83.78; H, 8.87; N, 6.86%. Calcd for 
C14H17N: C, 84.37; H, 8.60; N, 7.03%. 

2-Butyl-3-propylquinoline (Exptl 12): Yield, 45%0; Yellow 
oil, 115°C/0.35Torr; »HNMR (220 MHz) (CDC13): ô 
(ppm) 0.94 (t, 3H, CH3), 0.95 (t, 3H, CH3), 1.46 (sex, 2H, 
CH2), 1.77 (qt, 2H, CH2), 2.64 (t, 2H, CH2), 2.95 (t, 2H, 
CH2), 7.68 (s, 1H), 7.59 (d, 1H), 7.34 (t, 1H), 7.52 (t, 1H), 
8.05 (d, 1H). 1 3CNMR (CDC13): ô (ppm) 14.0 (q, 2CH3), 
23.0 (t, CH2), 23.5 (t, CH2), 31.7 (t, CH2), 34.3 (t, CH2), 
35.4 (t, CH2), 125.5(d), 126.8(d), 127.2(s), 128.3(d, d), 
133.7(s), 134.8(d), 146.3(s), 161.9(s). MS (m/e): 227 (rel 
intensity 13, M+), 212 (23), 198 (27), 185 (69), 170 (85), 
157 (100). Found: C, 84.55; H, 9.58; N, 5.99%,• Calcd 
for C16H21N: C, 84.53; H, 9.31; N, 6.16%. 

2-Propyï-3-ethyl-6-methoxyquinoline (Exptl 13): Yield, 65%; 
Yellow oil, bp 118°C/0.3Torr; »HNMR (220 MHz) 
(CDC13): ô (ppm) 1.02 (t, 3H, CH3), 1.27 (t, 3H, CH3), 
1.77 (sex, 2H, CH2), 2.73 (q, 2H, CH2), 2.91 (t, 2H, CH2), 
3.66 (s, 3H, - O C H 3 ) , 6.98 (s, 1H), 7.03 (d, 1H), 7.73 (s, 
1H), 7.95 (d, 1H). » C N M R (CDC13): ô (ppm) 14.3 
(q, 2CH3), 23.0 (t, CH2), 25.0 (t, CH2), 37.2 (t, CH2), 55.4 
(q, - O C H 3 ) , 104.7(d), 113.9(s), 114.7(d), 121.0(d), 128.2 
(s), 129.2(d), 133.3(d), 135.6(s), 157.2(s). 

2-Ethyl-3-methyl-6-methoxyquinoline (Exptl 14) : Yield, 70%o ; 
Yellow oil, bp 98 °C/0.3 Torr; »HNMR (60 MHz) (CDC13) : 
<5(ppm) 1.33 (t, 3H, CH3), 2.30 (s, 3H, CH3), 2.87 (q, 2H, 
CH2), 3.73 (s, 3H, -OCH3) , 6.80—8.00 (m, 4H, Ar). 
Found: C, 77.02; H, 7.88; N, 7.16%. Calcd for C13H15NO: 
C, 77.58; H, 7.51; N, 6.96%. 

6-Methoxy-2-methylquinoline (Exptl 15) : Yield, 34%0 ; Yellow 
oil or yellow crystalline, bp 96 °C/0.4 Torr or mp 63— 
64 °C; ! H N M R (60 MHz) (CDC13): d(ppm) 2.67 (s, 3H, 
CH3), 3.73 (s, 3H, -OCH3) , 6.67—7.93 (m, 5H, Ar). 13C 
NMR (CDC13): <5(ppm) 24.8 (q, CH3), 55.4 (q, -OCH3) , 
105.1(d), 121.7(d), 122.0(d), 127.2(s), 129.8(d), 134.8(d), 
143.7(s), 155.9(s), 156.9(s). MS (m/e): 173 (rel intensity 
100, M+), 158 (38), 130 (80), 103 (23), 77 (23). Found: 
C, 75.37; H, 6.48; N, 5.99%. Calcd for C n H 1 0 NO: C, 
76.28; H, 6.40; N, 6.16%. 

2-Propyl-3-ethyl-6-methylquinoline (Exptl 16): Yield, 60%; 
Yellow oil, bp 96—97 °C/0.2 Torr; ^ N M R (220 MHz) 
(CDC13): <5(ppm) 1.02 (t, 3H, CH3), 1.14 (t, 3H, CH3), 
1.84 (sex, 2H, CH2), 2.30 (s, 3H, CH3), 2.57 (q, 2H, CH3), 
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2.84 (t, 2H, CH2), 7.50 (s, 1H), 7.23 (s, 1H), 7.25 (s, 1H), 
7.93 (d, 1H). 1 3GNMR (GDC1,): <5(ppm) 14.2 (q, CH3), 
14.4 (q, CH3), 21.3 (t, CH2), 22.5 (q, GH3), 25.0 (t, CH2), 
37.5 (t, CH2), 125.7 (d), 127.3(s), 128.4(s), 130.2(d), 132.7 
(d), 134.7(s), 134.9(s), 145.2(s), 160.3(s). MS (m/e): 213 
(rel int 26, M+), 198 (39), 185 (100), 184 (62). Found: 
C, 84.44; H, 9.02; N, 6.51%. Calcd for C15H19N: C, 84.45; 
H, 8.98; N, 6.57%. 

2-Ethyl-3-methyl-6-methylquinoline (Exptl 17): Yield, 64%; 
Yellow oil, bp 85—86 °C/0.17 Torr; 1H NMR (220 MHz) 
(CDC13): (5(ppm) 1.32 (t, 3H, GH3), 2.27 (s, 3H, CH3), 
2.30 (s, 3H, CH3), 2.86 (q, 2H, CH2), 7.25 (s, 1H), 7.30 
(d, 1H), 7.48 (s, 1H), 7.89 (d, 1H). Found: C, 84.30; 
H, 8.46; N, 7.24%. Calcd for C13H15N: C, 84.28; H, 8.16; 
N, 7.56%. 

2-Propyl-3-ethyl-6-chloroquinoline (Exptl 19): Yield, 40%; 
Yellow oil, bp 101—102 °C/0.2 Torr; »HNMR (220 MHz) 
(CDC13): (5(ppm) 1.02 (t, 3H, CH3), 1.25 (t, 3H, CH3), 
1.82 (sex, 2H, CH2), 2.73 (q, 2H, CH2), 2.89 (t, 2H, CH2), 
7.44 (d, 1H), 7.52 (s, 1H), 7.57 (s, 1H), 7.89 (d, 1H). 13C 
NMR (CDC13): <5(ppm) 14.1 (q, CH3), 14.3 (q, CH3), 22.5 
(t, CH2), 25.0 (t, CH2), 37.4 (t, CH2), 125.5 (d), 127.8(s), 
129.0(d), 129.8(d), 131.1 (s), 132.8(d), 136.3(s), 144.4(s), 
162.1 (s). Found: C, 71.74; H, 7.28; N, 5.90; CI, 15.13%. 
Calcd for C14H16NC1: C, 71.94; H, 6.90; N, 5.99; CI, 15.17%. 

2-Ethyl-3-methyl-6-chloroquinoline (Exptl 20): Yield, 48%; 
Yellow oil, bp 101—102 °C/0.35 Torr; *H NMR (60 MHz) 
(CDC13): <5(ppm) 1.33(t, 3H, CH3), 2.20(s, 3H, CH3), 2.83 
(q, 2H, CH2), 7.20—8.00(m, 4H, Ar). Found: C, 70.04; 
H, 6.05; N, 6.74; CI, 17.05%. Calcd for C12H12NC1: C, 
70.07; H, 5.88; N, 6.81; CI, 17.24%. 

2-Propyl-3-ethyl-8-methoxyquinoline (Exptl 21): Yield, 39% ; 
Yellow oil, bp 116—117 °C/0.2 Torr (mp 63.8—64 °C). *H 
NMR (220MHz)(CDCl3): <5(ppm) 1.02(t, 3H, CH3), 1.16 
(t, 3H, CH3), 1.84(sex, 2H, CH2), 2.64(q, 2H, CH2), 2.95 
(t, 2H, CH2), 3.86(s, 3H, -OCH3) , 6.75(d, 1H), 7.16(dt, 
2H), 7.61 (s, 1H). 13C NMR(CDC13) : <5(ppm) 14.2(q, CH3), 
14.4(q, CH3), 23.0(t, CH2), 25.0(t, CH2), 37.8(t, CH2), 
55.8(q, -OCH3) , 106.9(d), 118.9(d), 125.5(d), 128.5(s), 
133.6(d), 135.6(s), 138.4(s), 155.1 (s), 160.5(s). MS(m/e): 
229(rel int 73, M+), 228(59), 214(36), 201(100), 200(64). 
Found: C, 77.67; H, 8.31; N, 5.97; O, 7.26%. Calcd 
for C15H19NO: C, 78.56; H, 8.35; N, 6.11; O, 6.98%. 

2-Ethyl-3-methyl-8-methoxyquinoline (Exptl 22): Yield, 25%; 
Yellow oil, bp 110 °C/0.8 Torr; *H NMR (60 MHz)(CDCl3) : 
<5(ppm) 1.33(t, 3H, CH3), 3.03(q, 2H, CH2), 2.40(s, 3H, 
CH3), 4.00(s, 3H, -OCH3) , 6.67—7.69(m, 4H, Ar). MS 
(m/e): 201 (rel int 80, M+), 200(100), 172(47), 171(41). 
Found: C, 77.51; H, 7.55; N, 7.15; O, 8.25%. Calcd 
for C13H15NO: C, 77.58; H, 7.51; N, 6.96; O, 7.95%. 

8-Methoxy-2-methylquinoline (Exptl 23): Yield, 10%; Yellow 
oil, bp 108 °C/0.8 Torr; *H NMR (60 MHz)(CDCl3) : ö(ppm) 
2.77(s, 3H, CH3), 4.03(s, 3H, -OCH3) , 6.86—8.00(m, 5H, 
Ar). Found: C, 76.15; H, 6.43; N, 8.19%. Calcd for 
C n H u N O : C, 76.28; H, 6.40; N, 8.09%. 

2-Propyl-3-ethyl-8-methylquinoline (Exptl 24) : Yield, 59% ; 
Yellow oil, bp 90—92 °C/0.25 Torr; *H NMR(220 MHz) 
(CDC13): <5(ppm) 0.93(t, 3H, CH3), 1.14(t, 3H, CH3), 1.80 
(sex, 2H, CH2), 2.61 (q, 2H, CH2), 2.66(s, 3H, CH3), 2.82 
(t, 2H, CH2), 7.13(t, 1H), 7.32(d, 1H), 7.43(d, 1H), 7.64 
(s, 1H). 13C NMR(CDC13) : <5(ppm) 14.2(q, 2CH3), 17.9 
(q, CH3), 21.7(t, CH2), 25.0(t, CH2), 37.3(t, CH2), 124.8 
(d), 125.1(d), 126.6(s), 127.1 (s), 128.2(d), 133.5(d), 134.8 
(s), 136.5(s), 159.9(s). 

2-Ethyl-3,8-dimethylquinoline (Exptl 25): Yield, 45%; 
Yellow oil, bp 85 °C/0.25 Torr; 1U NMR(60 MHz)(CDCl3): 
ö(ppm) 1.35(t, 3H, CH3), 2.20(s, 3H, CH3), 2.80(s, 3H, 

CH3), 2.83(q, 2H, CR>), 7.30—7.50(m, 4H, Ar). 13C NMR 
(CDC13): <5(ppm) 11.7(q, CH3), 17.8(q, CH3), 18.4(q, CH3), 
28.9(t, CH2), 124.6(d), 124.9(d), 126.9(s), 128.0(d), 128.7 
(s), 134.9(d), 136.5(s), 145.5(s), 160.6(s). Found: C, 84.05; 
H, 8.32; N, 7.45%. Calcd for C13H15N: C, 84.28; H, 8.16; 
N, 7.56%. 

2-Propyl-3-ethyl-8-chloroquinoline (Exptl 27): Yield, 25%; 
Yellow oil, bp 92 °C/0.35 Torr; !HNMR(220 MHz)(CDCl3): 
<5(ppm) 1.02(t, 3H, CH3), 1.18(t, 3H, CH3), 1.91 (sex, 2H, 
CH2), 2.61 (q, 2H, CH2), 2.86(t, 2H, CH2), 7.16(t, 1H), 
7.43(d, 1H), 7.55(d, 1H), 7.60(s, 1H). 13C NMR(CDC13) : 
<5(ppm) 19.0(q, CH3), 19.2(q, CH3), 26.9(t, CH2), 29.9 
(t, CH2), 42.3(t, CH2), 130.1(d), 130.4(d), 130.9(s), 131.8 
(d), 133.1(s), 132.2(d), 138.5(s), 150.5(s), 170.3(s). Found: 
C, 72.32; H, 7.19; N, 5.94; CI, 14.19%. Calcd for 
C14H16NC1: C, 71.94; H, 6.89; N, 5.99; CI, 15.19%. MS 
(m/e): 233(rel int 31, M+), 235(11), 218(48), 205(100), 
127(48). 

2-Propyl-3-ethyl-7-methoxyquinoline (Exptl 30) : Yield, 44% ; 
Yellow oil, bp 122—123 °C/0.38 Torr; XHNMR (220 MHz) 
(CDC13): <5(ppm) 1.02(t, 3H, CH3), 1.16(t, 3H, CH3), 1.82 
(sex, 2H, CH2), 2.61 (q, 2H, CH2), 2.86(t, 2H, CH2), 7.05 
(d, 1H), 7.37(s, 1H), 7.45(d, 1H), 7.^7(s, 1H). 13C NMR 
(CDC13): <5(ppm) 14.2(q, CH3), 14.4(q, CH3), 22.9(t, CH2), 
24.9(t, CH2), 37.6(t, CH2), 55.1 (q, -OCH3) , 106.5(d), 118.5 
(d), 122.4(s), 127.8(d), 132.8(s), 133.6(d), 147.8(s), 159.9 
(s), 161.7(s). MS(m/e): 229 (rel int 52, M+), 214(40), 201 
(100), 200(44), 190(62). Found: C, 78.35; H, 8.65; N, 
6.22; O, 7.27%. Calcd for C15H19NO: C, 78.56; H, 8.35; 
N, 6.11; O, 6.98%. 

2-Ethyl-3-methyl-7-methoxyquinoline (Exptl 31): Yield, 45% ; 
Yellow oil, bp 99 °C/0.25 Torr; 1H NMR (60 MHz)(CDCl3) : 
<5(ppm) 1.27(t, 3H, CH3), 2.23(s, 3H, CH3), 2.87(q, 2H, 
CH2), 3.73(s, 3H, -OCH3) , 6.00—8.00(m, 4H, Ar). Found: 
C, 77.62; H, 7.23; N, 7.06%. Calcd for C13H15NO: C, 
77.58; H, 7.51; N, 6.96%. 

7-Methoxy-2-methylquinoline (Exptl 32) : Yield, 26% ; Yellow 
oil, bp 90—92°C/0.7Torr; »HNMR (220 MHz) (CDC13) : 
<5(ppm) 2.67(s, 3H, CH3), 3.83(s, 3H, -OCH3) , 6.91 (d, 
1H), 7.02(d, 1H), 7.32(s, 1H), 7.45(d, 1H), 7.73(d, 1H). 

2-Propyl-3-ethyl-7-methylquinoline and 2-propyl-3-ethyl-5-meth-
ylquinoline (Exptl 33): Yield, 68%; Yellow oil, bp 100— 
102 °C/0.2 Torr; »HNMR (220 MHz)(CDC13) : (5(ppm) 1.00 
(t, 3H, CH3), 1.10(t, 3H, CH3), 1.82 (sex, 2H, CH2), 2.30 
(s, 3H, CH3), 2.50(q, 2H, CH2), 2.80(t, 2H, CH2), 7.00 
(d, 1H), 7.31 (d, 1H), 7.43(s, 1H), 7.77(s, 1H). 7-Isomer: 
1 3CNMR (CDC13): <5(ppm) 14.2(q, CH3), 14.4(q, CH3), 
21.6(t, CH2), 22.4(t, CH2), 24.9(t, CH2), 37.4(q, CH3), 
125.3(d), 126.5(d), 127.7(d), 133.0(s), 134.1 (s), 137.8(s), 
146.7(s), 161.1 (s). 5-Isomer; 18.3(q, CH3), 18.7(q, CH3), 
21.2(t, CH2), 25.2(t, CH2), 29.2(t, CH2), 36.8(q, CH3), 
114.0(d), 116.5(d), 117.2(d), 125.9(d), 127.0(s), 129.3(s), 
135.6(s), 143.7(s). Found: C, 84.35; H, 9.02; N, 6.54%. 
Calcd for C15H19N: C, 84.45; H, 8.98; N, 6.56%. 

2-Ethyl-3,7-dimethylquinoline and 2-ethyl-3,5-dimethylquinoline 
(Exptl 34): Yield, 62%; Yellow oil, bp 75 °C/0.35 
Torr; *H NMR (220 MHz)(CDC13) : <5(ppm) 1.32(t, 3H, 
CH3), 2.05(s, 3H, CH3), 2.30(s, 3H, CH3), 2.73 (q, 2H, 
CH2), 7.00(d, 1H), 7.25(td, 2H), 7.77(s, 1H). » C N M R 
(CDC13): ö(ppm) 12.7(q, CH3), 18.8(q, CH3), 2I.6(q, 
CH3), 29.2(t, CH2), 126.2(d), 127.5(d, d), 135.1(d), 
128.1 (s), 128.8(s), 137.9(s), 146.7(s), 162.6(s). 5-Isomer; 
18.3(q, CH3), 21.1(q, CH3), 26.7(q, CH3), 30.1(t, CH2), 
117.4(d), 125.2(d). 

2,7-Dimethylquinoline and 2,5-dimethylquinoline (Exptl 35) : 
Yield, 38%; Yellow oil, bp 53—54 °C/0.25 Torr; ' H N M R 
(220MHz)(CDCl3): <5(ppm) 2.39(s, 3H, CH3), 2.61 (s, 3H, 
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CH3), 7.00(d, 1H), 7.01 (d, 1H), 7.45(d, 1H), 7.75(d, 1H), 
7.77(s, 1H). 5-Isomer; 2.45(s, 3H, CH3), 2.62(s, 3H, CH»), 
7.00—8.00(m, 5H, Ar). Found: C, 83.80; H, 7.23; N, 
8.48%. Calcd for G U H U N: C, 84.04; H, 7.05; N, 8.91%. 

2-Propyl-3-ethyl-7-chloroquinoline (Exptl 36): Yield, 6 1 % ; 
Yellow oil, bp 119—120 °C/0.18 Torr; XH NMR (220 MHz) 
(CDC13): <5(ppm) 1.00(t, 3H, CH3), 1.18(t, 3H, CH3), 1.77 
(sex, 2H, CH2), 2.61 (q, 2H, CH2), 2.80(t, 2H, CH2), 7.16 
(d, 1H), 7.34(d, 1H), 7.52(s, 1H), 7.91 (s, 1H). 13C NMR 
(CDCI3): ö(ppm) 14.0(q, CH3) 14.3(q, CH3), 22.4(t, CH2), 
25.0(t, CH2), 37.5(t, CH2), 125.4(d), 126.3(d), 127.3(d), 
127.8(s), 128.0(d), 130.2(s), 133.3(s), 133.8(s), 162.8(s). 

2-Ethyl-3-methyl-7-chloroquinoline (Exptl 37): Yield, 55%; 
Yellow oil or yellow crystalline, bp 95—96 °C/0.25 Torr 
(mp 54—56 °G). ' H N M R (220 MHz)(CDCl3): <5(ppm) 
1.34(t, 3H, CH3), 2.43(s, 3H, CH3), 3.00(q, 2H, CH2), 
7.39(d, 1H), 7.57(d, 1H), 7.80(s, 1H), 8.09(s, 1H). Found: 
C, 69.88; H, 5.84; N, 6.79; Gl, 17.20%. Calcd for 
G12H12NC1: C, 70.07; H, 5.88; N, 6.81; CI, 17.24%. 

7-Chloro-2-methylquinoline and 5-Chloro-2-methylquinoline (Exptl 
38): Yield, 20%; Yellow oil, bp 70—71 °C/0.2 Torr; *H 
NMR (220MHz)(CDCl3): ö(ppm) 2.63(s, 3H, CH3), 7.09 
(d, 1H), 7.25(d, 1H), 7.48(d, 1H), 7.80(d, 1H), 7.93(s, 
1H). 5-Jsomer; 2.66(s, 3H, CH3), 7.1 l(d, 1H), 7.24(d, 
1H), 7.45(t, 1H), 7.84(d, 1H), 8.20(d, 1H). Found: C, 
67.37; H, 4.57; N, 7.98; CI, 19.72%. Calcd for C10H8-
NC1: C, 67.62; H, 4.54; N, 7.89; CI, 19.95%. 

The authors wish to express their thanks to Professor 
Yoshinobu Takegami for his helpful discussions. 
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Syntheses and Properties of a-Ethyl-substituted Bisdehydro-
[13]annulenone and Its Benzo-annelated Derivatives 
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2-Ethyl-5,10-dimethyl-, 13-ethyl-10-methyl-4,5-benzo-, 2-ethyl-10-methyl-4,5-benzo-, and 2-ethyl-4,5:10,ll-
dibenzo-6,8-bisdehydro[13]annulenone were synthesized. Influence of a-ethyl substitution upon the skeleton 
of the bisdehydro[13]annulenone ring system is discussed on the basis of 1H NMR and UV spectra of these an-
nulenones and their corresponding a-methyl-substituted derivatives. 

In a previous paper1) the synthesis of the paratropic 
5,10-dimethyl- 1 and 2,5,10-trimethyl-6,8-bisdehydro-
[13]annulenone 2 was reported and it was shown 
that a-methyl-unsubstituted annulenone 1 exists in the 
conformation indicated and, in contrast, the extra a-
methyl group of trimethylbisdehydro[ 13] annulenone 2 
causes a change of conformation due to rotation of 
the opposite double bond, 2 existing in the confor­
mation of 2a at —60 °G. The benzo-annelated de­
rivatives of 1 and 2 were also prepared and it was 
shown that the extra a-methyl substituent and fused 
benzene ring(s) exert a considerable influence on the 
development of paratropic character and conforma­
tional mobility in the bisdehydro[ 13] annulenone sys­
tem, as compared with that in the case of a-methyl-
unsubstituted compounds.2) 

In view of these results, we investigated effects of 
different steric bulks of a-alkyl groups on the molec­
ular skeleton of the bisdehydro[ 13] annulenone ring 
system. I t required the preparation of 3-alkyl-2-
alkanones of types 9 and 11 (R=a lky l , R ' = H ) . In 
practice, we could obtain only 3-ethyl-2-alkanones 9 b 
and l i b by acid-catalyzed aldol condensation from 
aldehydes 7 and 10 (Scheme 1). Thus we could 
prepare a-ethyl-substituted bisdehydro[13]annulenones 
3—6. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis. I t is known that reaction of 2-but-
anone 8a, an unsymmetrical aliphatic ketone, with 
aldehydes shows regioselectivity, depending on con­
ditions used; base-catalyzed aldol condensation of 2-
butanone 8a favors C± of ketone as the position of 
attack, in contrast to G3 favored by acid-catalyzed 
reaction.3) In practice, reaction of 3-methyl-2-penten-
4-ynal 74) or o-ethynylbenzaldehyde 105) with 8a yield­
ed 9a1) or 11a2) under acidic conditions but 9fx) or 
l l f under basic conditions, respectively. 

We examined aldol condensations of aldehydes 7 
and 10 with 2-pentanone 8 b and its branched isomers 
8c and 8d, as illustrated in Scheme 1. The results 
obtained demonstrate that only 2-pentanone 8 b shows 
regioselectivity for aldehydes 7 and 10, as 2-butanone 
8a does. Under acidic conditions (acetic acid-sulfuric 
acid) 8 b yielded C3-products, while both 4-methyl-
8c and 4,4-dimethyl-2-pentanone 8d yielded C^-prod-
ucts. O n the other hand, under basic conditions 
(sodium hydroxide in aqueous ethanol) all of 8 b — d 
gave Cj-products usually in higher yields than under 

H , C ^ 

CHO 

CC 
10 

c, c3 

I I 
CH3COCH2R 

8 a : R = C H 3 

b:R = CH2CH3 

c :R = CH(CH3)2 

d:R=C(CH3)3 

a : R=CH3>R'=H 

b: R^h^CH^R^H 

c: R=H* R^CHCCH^ 

d: R=H* R'=C(CH3)3 

e : R= H* R'= CH2CH3 

f • R=H? R,= CH3 

Scheme 1, 
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Hf ^ 

-> 3 

-> 4 

-» 6 

TABLE 1. ELECTRONIC ABSORPTION MAXIMA OF BISDEHYDRO[13]ANNULENONES IN ETHER 

^ m a x / n m (£max) 

210 (22900) 
250 sh (15800) 
263 (27100) 
274 (28700) 
390 (1000) 

234 sh (22700) 
276 (33900) 
290 sh (26400) 
388 (2980) 

232 sh (22800) 
263 (25400) 
275 (30600) 
290 sh (15700) 
380 (3600) 

223 (36300) 
268 sh (23800) 
281 (37600) 
295 (39000) 
352 (5510) 

acidic conditions. 
Thus, we could prepare only 3-ethyl-2-alkanones 

9 b and l i b . For ketones such as 9c—d and l i e — d , 
attempts were tried in vain to make them condense 
with aldehyde 7 or 10 to get their corresponding acyclic 
ketones. Starting with ketones 9 b and l i b , syntheses 
of a-ethyl-substituted [13]annulenones 3—6 were car­
ried out according to the previously reported pro­
cedure,1»2) outlined in Scheme 2. 

Ketone 9 b was condensed with (Z)-3-methyl-2-
penten-4-ynal 74) in the presence of ethanolic sodium 
ethoxide in ether to give the acyclic ketone 12 in 7 7 % 
yield. Oxidative coupling of 12 with anhydrous cop-
per(II) acetate in pyridine and ether at 50 °G6> af­
forded annulenone 3 in 3 2 % yield. Condensation of 
9 b with o-ethynylbenzaldehyde 10,5> allowed to pro­
ceed similarly to that of 9 b with 7, gave the acyclic 
ketone 13 in 4 7 % yield. Oxidation of 13, as with 
12, gave the monobenzannulenone 4 in 4 4 % yield. 
Similarly, condensation of ketone l i b with 7 gave 
ketone 14 in 2 8 % yield, which was oxidized to give 
another monobenzannulenone 5 in 3 7 % yield. Reac­
tion of l i b and 10 afforded ketone 15 in 4 7 % yield. 
Oxidation of 15 gave dibenzannulenone 6 in 4 6 % 
yield. The structures of these new compounds were 

established on the basis of their spectral properties 
and results of elemental analysis. 

Trea tment of annulenones 3—6 with trifluoroacetic 
acid or trifluoroacetic aeid-ö? gave their corresponding 
protonated or deuteronated carbonyl species 3'—6', 
respectively; 3 '—5' were dark red and 6' was yellow. 
Quenching of 3 '—6' with aqueous sodium hydrogen-
carbonate resulted in regeneration of 3—6, respec­
tively. 

Properties. Electronic absorption maxima (in 
ether) of annulenones 3—6 are given in Table 1. 
As expected, the spectra are similar to one another, 
the medium bands exhibiting an appreciable batho-
chromic shift with increasing number of fused ben­
zene rings, as observed for some benzo-annelated an-
nulenes.6) In contrast, the longest wavelength bands 
of these annulenones exhibit absorption shift toward 
longer wavelengths in the sequence of 3 > 4 ~ 5 > 6 , 
demonstrating the sequence for the degree of extended 
conjugation of ^-electron systems in the bisdehydro-
[13] annulenone ring. Electronic absorption maxima 
of annulenones 3—6 in trifluoroacetic acid are given 
in Table 2, and it is evident that protonation with 
this acid causes a bathochromic shift of their main 
maxima, 
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TABLE 2. ELECTRONIC ABSORPTION MAXIMA OF BISDEHYDRO-

[13]ANNULENONES IN TRIFLUOROACETIC ACID 

Amax/nm(Relative extinction coefficient) a> 

250 sh (0.60) 277 sh (0.91) 273 sh (0.81) 285 sh (0.83) 
268 sh (0.89) 292 (1.00) 287 (1.00) 299 (1.00) 
281 (1.00) 354sh (0.17) 342sh(0.16) 352sh(0.12) 
345 sh (0.12) 420 sh (0.08) 415 (0.12) 413 sh (0.04) 

a) All the spectra showed tailing to Ä 700 nm. 

1H N M R chemical shifts of the protons of annul-
enones 3—6 and those of their corresponding acyclic 
ketones at 90 M H z are listed in Table 3, together 
with data for the deuteronated species 3'—6', ob­
tained through dissolution in trifluoroacetic acid-fl?. 
Individual assignments were made on the basis of 
multiplicity, coupling constants (see Experimental), 
and data of closely related compounds.1»2) Variable-
temperature 1H N M R spectra of 3—6 were taken at 
100 M H z over the range —60 to 60 °G, chemical 
shifts being summarized in Table 4. As indicated 
in Fig. 1, the spectra of ethyldimethyl-6,8-bisdehydro-
[13]annulenone 3 are temperature-dependent. At 35 
°G (and above), the H A ' , H B ' , and H c ' bands of 3 
are unresolved multiplets. O n cooling, the bands be­
come resolved, and the expected first-order pattern 
is observed at —30 °G. Further cooling results in 
increased separation of the H A ' and the H B ' bands. 
These observations are similar to those for the spectra 
of the corresponding a-methyl derivative 21) and in­
dicate that the ethyldimethylbisdehydro[13]annulenone 
3 exists as conformer 3a and not 3b . A marked 

difference observed in variable-temperature *H N M R 
spectra between 2 and 3 is that a spectrum of complete 
first-order pattern for the structure of 3a is attained 
at —30 °G, whereas for the structure of 2a it is at­
tained at —60 °G. This result reveals that the intro­
duction of the extra ethyl group into 1 to give 3 is 
more effective than that of the extra methyl group 
into 1 to give 2, causing a conformational change on 
the other trans double bond in this bisdehydro[13]-
annulenone ring system. O n the other hand, the 
spectra of annulenones 4—6 were found essentially 
temperature-independent (Table 4), revealing that the 
conformations indicated for 4—6 will remain un­
changed over the range —60 to 60 °G; similar tem­
perature independence has been obtained for their 
corresponding a-methyl derivatives.2) 

If we judge the tropicity of these annulenones from 
differences in chemical shift among various protons 
for the cyclic ketone (annulenone) and its correspond­
ing acyclic model (upfield shift for the outer protons 
and downfield shift for the inner) (Table 3), annul­
enone 3 is taken to be a paratropic molecule, while 
4—6 to be atropic ones. It has been observed that 
the paratropicity of the a-unsubstituted bisdehydro-
[13] annulenone series decreases with increasing num­
ber of fused benzene rings.7) However, an examina­
tion of the data shown in Table 3 reveals that a-ethyl-
substituted series (3—6) does not show such a trend. 

TABLE 3. 1H NMR CHEMICAL SHIFTS OF 3—6, 12— 

Compd 

12 
3a> 
3' 
zl(3-12) 
A (3'-12) 

13 
4 
4' 
A (4 -13 ) 
A (4'-13) 

14 
5 
5' 
A (5 - 14 ) 
J (5 ' -14) 

AT 

H A ' 

3.13 
2.10 

b ) 
- 1 . 0 3 

(2.25— 
2.50 
2.18 

3.13 
2.87 
3.12 

- 0 . 2 6 
- 0 . 0 1 

15 (2.4—2.8) 
6 
6' 
J (6-15) 
J (6 ' -15) 

a) At - 2 5 
formational 

2.18 
1.98 

9 0 M H z , DETERMINED AT 35 

HB 

2.52 
0.38 

- 0 . 3 7 
- 2 . 1 4 
- 2 . 8 9 

2.75) 
0.95 
0.18 

2.30 
2.17 
2.28 

- 0 . 1 3 
- 0 . 0 2 

2.18 
1.86 
1.66 

- 0 . 3 2 
- 0 . 5 2 

H B ' 

2.23 
2.50 

b ) 
+ 0.27 

1.88 
2.12 
1.93 

+ 0.24 
+ 0.05 

2.17 
1.98 
1.31 

- 0 . 1 9 
- 0 . 8 6 

1.78 
1.97 
1.72 

+ 0.19 
- 0 . 0 6 

H° 
3.27 
3.37 
3.45 

+ 0.10 
+ 0.18 

3.23 
3.24 
3.25 

+ 0.01 
+ 0.02 

15 (IN GDC1 3 ) , AND 3-

°G (T Value; Internal standard, 

H c ' 

3.49 
3.73 
3.79 

+ 0.24 
+ 0.30 

3.45 
3.40 
3.25 

- 0 . 0 5 
- 0 . 2 0 

ArH 

2.25—2.75 
2.6—2.8 
2.6—2.9 

2.4—2.8 
2.5—2.8 
2.5—2.7 

2.4—2.8 
2.5—2.8 
2.4—2.8 

°G. b) The HA ' and HB ' chemical shifts of 3' appeared as a 
mobility. 

-CH2CH3 

7.49 
7.69 
7.65 

+ 0.20 
+ 0.16 

7.43 
7.57 
7.54 

+ 0.14 
+ 0.11 

7.42 
7.52 
7.47 

+ 0.10 
+ 0.05 

7.38 
7.40 
7.35 

+ 0.02 
- 0 . 0 3 

i multiplet 

- 6 ' (IN CF. 
Me4Si) 

-GH2GH3 

8.98 
9.00 
8.95 

+ 0.02 
- 0 . 0 3 

8.92 
8.94 
8.90 

+ 0.02 
- 0 . 0 2 

8.92 
9.02 
8.97 

+ 0.10 
+ 0.05 

8.87 
8.90 
8.89 

+ 0.03 
+ 0.02 

at, t 1.67— 

jCOOD) 

CH, 

7.92, 7.97 
8.17 
8.20 

+ 0.20—+ 0.25 
+ 0.23—+ 0.28 

7.93 
8.10 
8.10 

+ 0.17 
+ 0.17 

7.93 
8.10 
8.00 

+ 0.17 
+ 0.07 

-2.13, due to con-
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TABLE 

Gompd 

4. m NMR 

T/°C 

DATA 

HA ' 

FOR COMPOUNDS 

HB 
H B ' 

3 - -6 (IN 

H c 

GDG13) 

H c 

AT 100 MHz 

ArH 

(T Value ; 

-GH2GH 

Internal standard, 

3 GH3 

Me4Si) 

-CH2CH3 

3 

4 

5 

6 

f +60 
+ 22 
- 3 0 

[ - 6 0 

f +60 
+ 22 
- 3 0 

[ - 6 0 

f +60 
+ 22 
- 3 0 

[ - 6 0 

f +60 
| +22 
| - 3 0 
( - 6 0 

2.32 
2.31 
2.18 
2.09 

2.55 
2.54 
2.53 
2.52 

2.89 
2.94 
3.10 
3.22 

2.07 
2.04 
2.03 
2.03 

0.65 
0.58 
0.48 
0.42 

1.05 
1.01 
0.93 
0.90 

2.24 
2.22 
2.24 
2.26 

1.98 
1.93 
1.88 
1.87 

2.52 
2.53 
2.56 
2.63 

2.18 
2.16 
2.14 
2.14 

2.09 
2.02 
1.84 
1.73 

2.23 
2.21 
2.19 
2.18 

3 
3 
3 
3 

3 
3 
3 
3 

.48 

.47 

.43 

.41 

.29 

.28 

.27 

.25 

3.82 
3.82 
3.81 
3.80 

3.48 
3.45 
3.41 
3.38 

2.7—2.9 
2.7—2.8 
2.7—2.8 
2.7—2.8 

2.7—2.9 
2.7—2.8 
2.7—2.8 
2.7—2.8 

2.5—2.8 
2.5—2.8 
2.5—2.8 
2.5—2.7 

7.69 
7.70 
7.70 
7.70 

7.59 
7.60 
7.61 
7.61 

7.55 
7.54 
7.51 
7.50 

7.43 
7.42 
7.40 
7.38 

8.22, 8.24 
8.22 
8.19 
8.18 

8.15 
8.14 
8.12 
8.11 

8.12 
8.11 
8.09 
8.07 

9.00 
9.01 
9.01 
9.01 

8.96 
8.97 
8.97 
8.97 

9.02 
9.02 
9.03 
9.04 

8.93 
8.93 
8.92 
8.91 

PCb Hf/~ ~ ~ \ H 3 "CH2- fCH3 ft-crç 

JJLJCL _JUlöL 
60C 

k-CH3 fi-OfeCHj 

Fig. 1. The *HNMR FT spectra of 3 in CDC13 at 
100 MHz (Internal standard, TMS). 

Because it has been pointed out that annelation of 
an aromatic ring with an antiaromatic system exerts 
rather a minor effect on the paratropicity of the 4nn 
electron system,8) and that the patatropicity of An 
moiety in the annelated [4w]annulene is quite sensitive 
to even a minor change in conformation,9) the above-
mentioned trend observed in the series of a-ethyl-
substituted bisdehydro[13]annulenone (3—6) should be 
ascribed to small change in the conformation of the 
[13]annulenone ring due to ethyl substitution at oc-
position and benzo-annelation, although the local an­
isotropic effect of the diacetylene unit can not be 
excluded. 

In conclusion, the results obtained from this study 
indicate that the change of a-substituent from methyl 
to ethyl group causes both paratropic nature and con­

formational stability to decrease in the bisdehydro-
[13]annulenone ring system. 

E x p e r i m e n t a l 

Deoxygenated ether was used to minimize oxidation of 
the compounds used for aldol condensation, and was freed 
from peroxide by passage through a short column of basic 
alumina (Woelm Act. I) followed by flushing with nitrogen 
immediately before use. Melting points were uncorrected. 
Mass spectra were recorded by the direct insertion tech­
nique with a JEOL JMS-200 spectrometer operating at 
75 eV. IR spectra were taken on a Hitachi EPI-S2 spec­
trophotometer; only those absorptions characteristic of the 
carbonyl group are given in cm - 1 for compounds 9 and 
11. UV spectra were measured on a Hitachi 124 instru­
ment in ethanol solution, unless otherwise specified, and 
recorded in nm. e-Values are given in parentheses, shoul­
ders being denoted by sh. 1H NMR spectra were recorded 
on a Varian EM-390 (90 MHz) or a JEOL FX-100 (100 
MHz) spectrometer, and the data taken with a Varian EM-
390 instrument are specified in this section by r-value in 
GDGI3 solution, TMS being used as an internal standard, 
unless otherwise stated. The coupling constants (J) are 
given in Hz. Alumina (Act. II—III) was used for column 
chromatography. 

3-Ethyl-6-methyl-3,5-octadien-/r-yn-2-one (9b). A solution 
of aldehyde 74> (3.00 g, 32 mmol) in acetic acid (16 ml) 
was added dropwise during 2 h to a stirred solution of 2-
pentanone 8b (10.0 g, 16 mmol) and concentrated sulfuric 
acid (2.8ml) in acetic acid (110ml) at ambient temper­
ature. The solution was stirred for a further 4.5 h, and then 
was cautiously poured into saturated aqueous potassium 
carbonate (200 ml). The mixture was diluted with water, 
and extracted with benzene. The extracts were washed 
with saturated aqueous sodium chloride solution, and dried 
over sodium sulfate. The residue obtained after removal 
of the solvent was chromatographed on alumina (80 g) 
with 5% ether in hexane. The early fractions gave ketone 
9b (2.08 g, 40%) as a light yellow oil; MS, m/e, 162 (M+, 
70%) and 119 (100); mol wt 162.2; IR (neat) 1660 cm"1; 
UV m a x 304 nm (51600); NMR T = 2 . 4 7 (d, 11, IH, HB), 
3.27 (d, 11, IH, H c ) , 6.33 (s, IH, -CEECH), 7.57 (q, 8, 2H, 
-CH2CH3), 7.60 (s, 3H, CH3), 7.90 (s, 3H, CH3), and 9.02 
(t, 8, 3H, -CH2CH3). 

Found: G, 79.86; H, 8.40%. Galcd for C n H u O : G, 
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81.44; H , 8.70%. Attempts to improve the elemental 
analysis failed. 

2,8-Dimethyl-5,7-decadien-9-yn-4-one (9c)\ Yield 12% (acidic 
conditions) and 2 3 % (basic conditions); light yellow oil; 
M S , m/e, 176 (M+, 13%) and 119 (100); mol wt 176.2; 
I R (neat) 1680 and 1660 cm" 1 ; U V m a x 305 n m (33500); 
N M R T = 2 . 4 0 (dd, 15.5, 11, 1H, H B ) , 3.56 (d, 11, 1H, H c ) , 

3.80 (d, 15.5, 1H, H A ) , 6.43 (s, 1H, - C E C H ) , 7.53 (d, 7, 

2H, - C H 2 C H - ) , 7.76 (m, 1H, - C H 2 C H - ) , 7.95 (s, 3H, CH 3 ) , 
and 9.03 (d, 7, 6H, - C H ( C H 3 ) 2 ) . Found : G, 81.94; H , 
8.95%. Galcd for C 1 2 H 1 6 0 : G, 81.77; H , 9 .15%. 

2,2,8-Trimethyl-5,7-decadien-9-yn-4-one (9d) : Yield 18%, 
(acidic conditions) and 2 5 % (basic conditions) ; light yellow 
oil; MS , m/e, 190 (M+, 16%) and 134 (100); mol wt 190.2; I R 
(neat) 1675, 1660, and 1650 cm" 1 ; U V m a x 304 n m (39700); 
N M R T = 2 . 4 2 (dd, 16, 12, 1H, H B ) , 3.55 (d, 12, 1H, H c ) , 

3.80 (d, 16, 1H, H A ) , 6.42 (s, 1H, - G E G H ) , 7.52 (s, 2H, 

- C H 2 - ) , 7.95 (s, 3H, CH 3 ) , and 8.95 (s, 9H, - C ( C H 8 ) , ) . 
Found : G, 79.78; H , 9 .15%. Calcd for C 1 3 H 1 8 0 : G, 
82.06; H , 9.54%. Attempts to improve the elemental 
analysis faield. 

Ketones 9c and 9d were prepared by reaction of 8c and 
8d with 7, respectively, in a manner similar to that described 
above for the preparat ion of 9b . Compounds 9c and 9d 
were also prepared by the reaction, under basic conditions, 
described below for the preparat ion of 9e, and the yields 
under both acidic and basic conditions are given below. 

8-Methyl-5,7-decadien-9-yn-4-one (9e). A solution of 2 .6% 
aqueous sodium hydroxide (7.0 ml) was added to an ice-
cooled stirred solution of aldehyde 7 ( 1.0 g, 11 mmol) and 
8 b (2.8 g, 33 mmol) in ethanol (6 ml) . T h e solution was 
stirred for a further 2 h at 3 °G, and aqueous sulfuric 
acid (2 M, 10 ml) was then added. T h e solution was 
diluted with water and extracted with benzene. T h e ex­
tracts were washed with aqueous sodium hydrogencarbonate 
and sodium chloride solution, and dried over sodium sulfate. 
T h e residue obtained after removal of the solvent was chro-
matographed on alumina (70 g) . T h e fractions eluted with 
5 % ether in hexane afforded ketone 9e (425 mg, 35%) 
as a light yellow oil: M S , m/e, 162 (M+, 17%) and 129 (100); 
m o l w t 162.2; I R (neat) 1685 and 1660 cm" 1 ; U V m a x 301 
n m (27000); N M R T = 2 . 3 7 (dd, 16, 11, 1H, H B ) , 3.54 (d, 

11, 1H, H c ) , 3.79 (d, 16, 1H, H A ) , 6.37 (s, 1H, - G E G H ) , 

7.42 (t, 8, 2H, - C H 2 C H 2 - ) , 7.97 (s, 3H, CH 3 ) , 8.34 (m, 
8, 2H, - C H 2 C H 2 - ) , and 9.05 (t, 8, 3H, - C H 2 C H 3 ) . Found : 
G, 81.24; H , 8.44%. Galcd for C u H 1 4 0 : G, 81.44; H , 
8.70%. 

Reactions of 8 b — d with aldehyde 105> were carried out 
similarly to those with aldehyde 7 under both acidic and 
basic conditions. 

3-Ethyl-4-(o-ethynylphenyl)-3-buten-2-one (lib). Yield 29%0 ; 
yellow oil; M S , m/e, 198 (M+, 23%0) and 155 (100); mol 
wt 198.2; I R (neat) 1665 cm" 1 ; U V m a x 227 sh (25100), 
239 (31700), and 281 n m (19600); N M R T = 2 . 1 7 (S, 1H, 
H B ) , 2.33—2.80 (m, 4H, A r H ) , 6.52 (s, 1H, - G E G H ) , 7.52 

(s, 3H, CH 3 ) , 7.53 (q, 7, 2H, - C H 2 C H 3 ) , and 8.90 (t, 7, 
3H, - C H 2 C H 3 ) . Found : G, 84 .71; H , 7 .15%. Galcd for 
C 1 4 H 1 4 0 : G, 84 .81 ; H , 7.12%. 

6- (o-Ethynylphenyl) -2-methyl-5-hexen-4-one (1 lc). Yield 
17% (acidic conditions) and 6 7 % (basic conditions); yellow 
oil M S , m/e, 212 (M+, 15%) and 155 (100); mol wt 212.2; I R 
(neat) 1680, 1670, and 1660 cm" 1 ; U V m a x 228 (31900), 242 
(40900), 247 sh (39700), and 293 n m (37100): N M R r= 
1.92 (d, 16, 1H, H B ) , 2.29—2.70 (m, 4H, A r H ) , 3.23 (d, 
16, 1H, H A ) , 6.45 (s, 1H, - G E G H ) , 7.44 (d, 7, 2H, - C H 2 - ) , 

7.52—7.99 (m, 1H, - C H < ) , and 9.02 (d, 7, 6H, - G H -
(CH 3 ) 2 ) . Found : G, 84.68; H , 7 .35%. Galcd for G15-

H 1 6 0 : G, 84.87; H , 7.60%. 

2,2-Dimethyl-6- (o-ethynylphenyl) -5-hexen-4-one (Hd). Yield 
3 4 % (acidic conditions) and 7 1 % (basic conditions); yellow 
oil; M S , m/e, 226 (M+, 6%) and 155 (100); m o l w t 226.3; 
I R (neat) 1680 and 1650 cm" 1 ; U V m a x 229 (22400), 243 
(27900), 248 (27400), and 294 nm (26100); N M R T = 1 . 8 8 
(d, 16, 1H, H B ) , 2.23—2.68 (m, 4H, ArH) , 3.18 (d, 16, 
1H, H A ) , 6.50 (s, 1H, - G E G H ) , 7.40 (s, 2H, - C H 2 - ) , and 

8.90 (d, 9H, - C ( C H 3 ) 3 ) . Found : C, 84.84; H , 7.95%. 
Galcd for C 1 6 H 1 8 0 : G, 84.91; H , 8.02%. 

6-(o-Ethynylphenyl)-5-hexen-4-one (He). Yield 37% ; light 
yellow cubes from hexane-benzene; m p 64—65.5 °G; M S , 
m/e, 198 (M+, 14%) and 155 (100); m o l w t 198.2; I R (KBr 
disk) 1675 c m - 1 ; U V m a x 228 (14200), 242 (19800), 247 sh 
(19000), and 292 n m (18100); N M R T = 1 . 9 0 (d, 16, 1H, 
H B ) , 2.35—2.80 (m, 4H, A r H ) , 3.22 (d, 16, 1H, H A ) , 6.49 
(s, 1H, - C E C H ) , 7.33 (t, 7, 2H, - C H 2 C H 2 - ) , 8.28 (m, 7, 

2H, - C H 2 C H 2 - ) , and 9.01 (t, 7, 3H, CH 3 ) . Found: G, 
84.99; H , 7.00%. Galcd for C 1 4 H 1 4 0 : G, 84.81; H , 7.12%. 

5-(o-Ethynylphenyl)-4-penten-3-one (Hf). Yield 3 8 % ; 
light yellow oil; M S , m/e, 184 (M+, 14%) and 155 (100); 
m o l w t 184.2; I R (neat) 1685 and 1665cm" 1 ; U V m a x 229 
(16300), 243 (22400), 249 (21500), 261 (8340), and 290 
n m (1Ö500); N M R T = 1 . 8 9 (d„ 16, 1H, H B ) , 2.2—2.7 (m, 
4H, A r H ) , 3.20 (d, 16, 1H, H A ) , 6.43 (s, 1H, - C E C H ) , 

7.25 (q, 8, 2H, - C H 2 - ) , and 8.80 (t, 8, 3H, CH 3 ) . Found: 
C, 83.60; H , 6 .39%. Galcd for C 1 3 H 1 2 0 : G, 84.75; H , 
6 .57%. Attempts to improve the elemental analysis failed. 
, 6-Ethyl-3,77-dimethyl-3,5,8,70-tridecateiraene-7,7 2-diyn-7-one 12. 

T o a mixture of aldehyde 74> (1.30 g, 14 mmol) and ketone 
9 b (562 mg, 3.4 mmol) in deoxygenated ether (20 ml) was 
added a 2 0 % methanolic potassium hydroxide solution (1.7 
ml) with stirring at 0 °C. T h e mixture was then stirred 
for 6 h at the same temperature . Neutralization with acetic 
acid (4.6 ml) followed by pouring into water (200 ml) and 
extraction with benzene gave an organic extract which 
was worked up as usual. T h e residue obtained by evapora­
tion of the solvent was chromatographed on alumina (100 
g). T h e initial fractions gave the unchanged ketone 9 b 
(164 mg) . T h e following fractions eluted with hexane-ether 
(4:1) afforded ketone 12 (626 mg, 77%) as a solid. Re-
crystallization from hexane-benzene afforded yellow needles; 
m p 74.5—75 °C, M S , m/e, 238 (M+, 10%) and 165 (100); 
m o l w t 238.3; I R (KBr disk) 3250 ( - C E C H ) , 2100 ( - C E C - ) , 
1645 ( C = 0 ) , 1605, 1590, 1580 (G=G), and 980 cm" 1 {trans 
G=G); U V m a x (ether) 251 (19200), 256 (19300), 269 sh 
(17200), 293 (15300), 324 sh (27500), 336 (29800), and 
3 5 4 n m s h (20900); N M R T = 2 . 2 3 (dd, 15, 11, 1H, H B ' ) , 
2.52 (d, 11, 1H, H B ) , 3.13 (d, 15, 1H, H A ' ) , 3.27 (d, 11, 
1H, H c or H c ' ) , 3.49 (d, 11, 1H, H c or H c ' ) , 6.46 (s, 1H, 
- C E C H ) , 6.52 (s, 1H, - C E C H ) , 7.49 (q, 8, 2H, - C H 2 C H 3 ) , 

7.92 (s, 3H, GH 3 ) , 7.97 (s, 3H, CH 3 ) , and 8.98 (t, 8, 
3H, - C H 2 C H 3 ) . Found : G, 85.39; H , 7 .63%. Calcd for 
C 1 7 H 1 8 0 : C, 85.67; H , 7 . 6 1 % . 

2-Ethyl-5,70-dimethyl-6,8-bisdehydro[73]annulenone (3). A 
solution of ketone 12 (825 mg, 3.5 mmol) in pyridine (48 
ml) and dry ether (18 ml) was added dropwise during 3.5 
h to a stirred solution of anhydrous copper(II) acetate (4.40 
g) in pyridine (100 ml) and dry ether (35 ml) at 49—53 
°G (bath) . T h e solution was stirred at the same temper­
a ture for a further 1.5 h and then cooled. After addition 
of benzene (200 ml) , the mixture was filtered through a 
Hyflo Super-Cel. T h e precipitates were washed with ben­
zene ( 100 ml X 3 ) and the filtrate was poured into water. 
T h e organic layer was separated and the aqueous layer 
was extracted with benzene. T h e combined organic ex­
tracts were washed successively with 7% hydrochloric acid, 
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aqueous sodium hydrogencarbonate, and water, and dried 
over sodium sulfate. T h e dark red liquid obtained after 
removal of the solvent was chromatographed on alumina 
(80 g) . The fractions eluted with hexane-ether (9:1) af-
fored annulenone 3 (257 mg, 3 2 % ) , which formed red plates 
from hexane; m p 49—50 °C, M S , m/e, 236 (M+, 28%) and 
178 (100); m o l w t 236.3; I R (KBr disk) 2150 ( - C E C - ) , 
1650 ( C = 0 ) , 1620 (G=G), and 985 cm" 1 (trans C=C) ; U V , 
see Tables 1 and 2 ; N M R ( - 2 5 °C) T = 0 . 3 8 (d, 10, 1H,. 

H B ) , 2.10 (d, 16, 1H, H A ' ) , 2.50 (dd, 16, 6, 1H, H B ' ) , 3.37 
(d, 10, 1H, H c ) , 3.73 (d, 6, 1H, H c ' ) , 7.69 (q, 8, 2H, - C H 2 -
CH 3 ) , 8.17 (s, 6H, CH 3 ) , and 9.00 (t, 8, 3H, - C H 2 C H 3 ) , 
and see Figure 1; N M R (CF 3 COOD) T = - 0 . 3 7 (d, 10.5, 
1H, H B ) , 1.67—2.13 (m, 2H, H A ' and H B ' ) , 3.45 (dd, 10.5, 
1.5, H c ) , 3.79 (dd, 6, 1.5, 1H, H c ' ) , 7.65 (q, 8, 2H, 
- C H 2 C H 3 ) , 8.20 (broad s, 6H, CH 3 ) , and 8.95 (t, 8, 3H, 
- C H 2 C H 3 ) . Found: C, 86.30; H , 6 .76%. Calcd for C17-
H 1 6 0 : C, 86.40; H , 6 .83%. 

4-Ethyl- 7 - (o-ethynylphenyl) -7-methyl-l,4,6-nonatrien-8-yn-3-one 
(13). A solution of o-ethynylbenzaldehyde 105> (1.40 g, 
10.6 mmol) in deoxygenated ether (20 ml) was added drop-
wise during 30 min with ice-bath cooling to a stirred solu­
tion of ketone 9 b (1.20 g, 7.3 mmol) in deoxygenated ether 
(35 ml) containing ethanolic sodium ethoxide (2.1 ml) [from 
sodium (760 mg) and absolute ethanol (50 ml ) ] . After 
stirring for a further 6 h at the same temperature , the re­
action was quenched by addition of aqueous oxalic acid. 
The mixture was poured into water (100 ml) and extracted 
with benzene. After working up as usual, the red liquid 
obtained was chromatographed on alumina (100 g) . T h e 
early fractions gave the recovered aldehyde 10 (285 mg) . 
The following fractions eluted with hexane-ether (17:3) 
gave ketone 13 (1.18 g, 47%) as a solid. Recrystallization 
from hexane-benzene afforded light yellow needles: m p 
114—115 °C; M S , m/e, 274 (M+, 15%) and 245 (100); 
m o l w t 274.3; I R (KBr disk) 3250 ( - C E C H ) , 2150 ( - C E C - ) , 
1645 ( C = 0 ) , 1590 (C=C), 990, and 980 cm" 1 (trans C=C) ; 
U V m a x (ether) 230 (21600), 252 (22100), 259 sh (20600), 
309 sh (17200), 327 (19700), and 352 n m sh (13600); N M R 
T = 1 . 8 8 (d, 16, 1H, H B ' ) , 2.25—2.75 (m, 6H , H A ' , H B , 

and ArH) , 3.23 (d, 11, 1H, H ° ) , 6.42 (s, 1H, - C E C H ) , 6.51 

(s, 1H, - C E C H ) , 7.43 (q, 8, 2H, - C H 2 C H 3 ) , 7.93 (s, 3H, 

CH 3 ) , and 8.92 (t, 8, - C H 2 C H 3 ) . Found : C, 87.38; H , 
6 .45%. Calcd for C 2 0 H 1 8 O: C, 87.56; H , 6 . 6 1 % . 

13-Ethyl-10-methyl-4,5-benzo-6,8-bisdehydro[73]annulenone (4). 
A solution of ketone 13 (1.1 g, 4 mmol) in pyr idine-dry 
ether (3:1, 84 ml) was added dropwise during 3 h to a stirred 
solution of anhydrous copper(II) acetate (5.0 g) in pyr id ine-
dry ether (3:1, 180 ml) at 45—50 °C (bath) . T h e solution 
was stirred for a further 30 min at the same temperature 
and then cooled. After working up as in the preparat ion 
of 3, the red liquid obtained was chromatographed on alumi­
na (100 g). T h e fractions eluted with hexane-ether (17:3) 
gave monobenzannulenone 4 (481 mg, 4 4 % ) . Recrystalliza­
tion from hexane-benzene afforded yellow needles; m p 
119—120 °C; M S , m/e, 272 (M+, 20%) and 229 (100); 
m o l w t 272.3; I R (KBr disk) 2150 ( - C E C - ) , 1650 ( C = 0 ) , 
1600 (C=C), and 980 cm" 1 (trans C=C) ; U V , see Tables 1 
and 2, N M R r = 0 . 9 5 (d, 11, 1H, H B ) , 2.12 (d, 16.5 1H, 
H B ' ) , 2.50 (d, 16.5, 1H, H A ' ) , 2.6—2.8 (m, 4H, A r H ) , 3.24 
(dd, 11, 1, 1H, H c ) , 7.57 (q, 8, 2H, - C H 2 C H 3 ) , 8.10 (d, 

I, 3H, CH 3 ) , and 8.94 (t, 8, 3H, - C H 2 C H 3 ) ; N M R (CF3-
C O O D ) T = 0 . 1 8 (d, 11, 1H, H B ) , 1.93 (d, 16.5, 1H, H B ' ) , 

2.18 (d, 16.5, 1H, H A ' ) , 2.6—2.9 (m, 4H, A r H ) , 3.25 (d, 
I I , 1H, H c ) , 7.54 (q, 8, 2H, - C H 2 C H 3 ) , 8.10 (s, 3H, CH 3 ) , 
and 8.90 (t, 8, 3H, - C H 2 C H 3 ) . Found : C, 88.40; H , 5 .67%. 
Calcd for C 2 0 H 1 6 O: C, 88.20; H , 5.92%. 

2-Ethyl- 7 - (o-ethynylphenyl) -7-methyl-7,4,6-nonatrien-8-yn-3-one 
(14). Potassium hydroxide-ethanol (5.0 ml ; 10% W/V) 
was added to a solution of ketone l i b (2.40 g, 12.1 mmol) 
in dry tetrahydrofuran (35 ml) , and a solution of aldehyde 
7 (2.3 g, 24 mmol) in dry tetrahydrofuran (17 ml) was then 
added dropwise during 40 min with stirring at 9—10 °C. 
After stirring for a further 3 h at the same temperature, the 
reaction was quenched by addition of acetic acid (7 ml) . 
T h e resulting solution was poured into water (150 ml) and 
extracted with benzene. T h e usual working up afforded 
a red liquid which was chromatographed on alumina (120 
g) . T h e early fractions gave the recovered ketone l i b 
(586 mg) . T h e following fractions, eluted with hexane -
ether (9:1), gave ketone 14 (885 mg, 28%) as a partly crystal­
lized liquid. Crystallization from hexane-benzene afforded 
yellow cubes: m p 90—92 °C ; M S , m/e, 274 (M+, 5%) and 
217 (100); mol wt 274.3; I R (KBr disk) 3300, 3250 ( - C E C H ) , 
2100 ( - C E C - ) , 1650 ( C = 0 ) , 1595 (G=G), and 980 cm" 1 

(trans C=C); U V m a x (ether) 226 (21000), 244 (18000), and 
315 n m (22200); N M R T = 2 . 1 7 (dd, 15, 11, 1H, H B ' ) , 2.30 

(s, 1H, H B ) , ca. 2.4—2.8 (m, 4H, A r H ) , 3.13 (d, 15, 1H, 
H A ' ) , 3.45 (d, 11, 1H, H c ' ) 6.50 (s, 1H, - C E C H ) , 6.60 (s, 

1H, - C E C H ) , 7.42 (q, 8, 2H, - C H 2 C H 3 ) , 7.93 (s, 3H, CH 3 ) , 

and 8.92 (t, 8, 3H, - C H 2 C H 3 ) . Found : C, 87.59; H , 6.40%. 
Calcd for C 2 0 H 1 8 O: 87.56; H , 6 . 6 1 % . 

2-Ethyl-70-methyl-4,5-benzo-6,8-bisdehydro[73]annulenone (5). 
A solution of ketone 14 (737 mg, 2.7 mmol) in pyr id ine-
dry ether ( 3 : 1 , 56 ml) was added dropwise during 2.5 h 
to a stirred solution of anhydrous copper(II) acetate (3.4 
g) in pyr idine-dry ether (3 :1 , 120 ml) at 45—50 °C (bath) . 
T h e solution was stirred at the same temperature for a fur­
ther 45 min and then cooled. After working up as in the 
preparat ion of 3, the red liquid obtained was chromato­
graphed on alumina (100 g) . T h e fractions eluted with 
hexane-ether (9 :1) , gave benzannulenone 5 (269 mg, 3 7 % ) . 
Recrystallization from hexane-benzene afforded yellow cubes : 
m p 101—102 °C ; M S , m/e, 272 (M+, 100%) ; mol wt 272.3; 
I R (KBr disk) 2150 ( - C E C - ) , 1625 ( C = 0 ) , 1595 (C=C), 
and 970 cm" 1 (trans C=C) ; U V , see Tables 1 and 2 ; N M R 
T = 1 . 9 8 (dd, 16, 9, 1H, H B ' ) , 2.17 (s, 1H, H B ) , 2.5—2.8 

(m, 4H, A r H ) , 2.87 (d, 16, 1H, H A ' ) , 3.40 (d, 9, 1H, H c ' ) , 
7.52 (q, 8, 2H, - C H 2 C H 3 ) , 8.10 (s, 3H, CH 3 ) , 9.02 (t, 8, 
3H, - C H 2 C H 3 ) ; N M R ( C F 3 C O O D ) T = 1 . 3 1 (dd, 16, 11, 
1H, H B ' ) , 2.28 (s, 1H, H B ) , 2.5—2.7 (m, 4H, A r H ) , 3.12 
(d, 16, 1H, H A ' ) , 3.25 (d, 11, 1H, H c ' ) , 7.47 (q, 8, 2H, 
- C H 2 C H 3 ) , 8.00 (s, 3H, CH 3 ) , and 8.97 (t, 8, 3H, - C H 2 C H 3 ) . 
Found : C, 88.44; H , 5.76%. Calcd for C 2 0 H 1 6 O: C, 88.20; 
H , 5 .92%. 

2-Ethy1-7,5-bis (o-ethynylphenyl) -7,4-pentadien-3-one (15). 
A solution of o-ethynylbenzaldehyde 10 (2.0 g, 15 mmol) in 
deoxygenated ether ( 17 ml) was added dropwise during 30 
min with ice-bath cooling to a stirred solution of ketone 
l i b (0.86 g, 4 mmol) in deoxygenated ether (43 ml) con­
taining ethanolic sodium ethoxide (24 ml) [from sodium 
(0.38 g) and absolute ethanol (50 ml ) ] . After stirring for 
a further 8 h at the same temperature, the reaction was 
quenched by addition of aqueous oxalic acid. T h e mix­
ture was poured into water (100 ml) and extracted with 
benzene. After usual working up , the semi-solid obtained 
was chromatographed on alumina (120 g) . T h e early frac­
tions gave the recovered aldehyde 10 (434 mg) . T h e fol­
lowing fractions eluted with hexane-ether (4:1) gave ketone 
15 (626 mg, 4 7 % ) . Recrystallization from hexane-benzene 
afforded light yellow needles: mp 117—118 °C ; M S , m/e, 
310 (M+, 13%) and 155 (100); m o l w t 310.3; I R (KBr 
disk) 3250 ( - C E C H ) , 2150 ( - C E C - ) , 1655 ( C = 0 ) , 1600 
(C=C), and 980 c m - 1 (trans C=C) ; U V m a x (ether) 225 
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(28800), 245 (25200), 254 sh (20600), and 302 nm (16700); 
NMR T = 1 . 7 8 (d, 16, 1H, HB ' ) , 2.18 (s, 1H, HB), ca. 2.4— 

2.8 (m, 9H, HA ' and ArH), 6.54 (s, 1H, - G E G H ) , 6.62 (s, 

1H, - C E C H ) , 7.38 (q, 8, 2H, -CH2CH3), and 8.87 (t, 8, 
3H, -CH2CH3). Found: G, 89.18; H, 5.67%. Galcd for 
C2 3H1 80: G, 89.00; H, 5.85%. 

2-Ethyl-4,5:70,7 7-dibenzo-6,8-bisdehydro[73]annulenone (6). 
A solution of ketone 15 (0.52 g, 1.7 mmol) in pyridine-dry 
ether (3:1, 36 ml) was added dropwise during 3.5 h to a 
stirred solution of anhydrous copper(II) acetate (2.2 g) in 
pyridine-dry ether (3:1, 80 ml) at 45—50 °G. The solu­
tion was stirred for a further 30 min at the same temperature 
and then cooled. After working up as in the preparation 
of 3, the brown solid obtained was chromatographed on 
alumina (90 g). The fractions eluted with hexane-ether 
(3:2) gave dibenzannulenone 6 (241 mg, 46%). Recrystal-
lization from hexane-benzene afforded yellow needles: mp 
154 °G (dec); MS, m/e, 308 (M+, 100%); mol wt 308.3; 
IR (KBr disk) 2200 (-G=G-), 1660 (G=0), 1610 (G=G), 
995 and 985 cm-1 (trans G=G); UV, see Tables 1 and 2; 
NMR T = 1 . 8 6 (s, IH, HB), 1.97 (d, 16, IH, HB ' ) , 2.18 (d, 

16, IH, HA ' ) , ca. 2.5—2.8 (m, 8H, ArH), 7.40 (q, 8, 2H, 
-CH2CH3), and 8.90 (t, 8, 3H, -CH2CH3); NMR (CF3-
COOD) T = 1 . 6 6 (s, IH, HB), 1.72 (d, 16, IH, HB ' ) , 1.98 
(d, 16, IH, HA ' ) , ca. 2.4—2.8 (m, 8H, ArH), 7.35 (q, 8, 
2H, -CH2CH3), and 8.89 (t, 8, -CH2CH3). Found: C, 
89.31; H, 5.00. Galcd for G23H160: G, 89.58; H, 5.23%. 
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Syntheses and Properties of a-Ethyl-substituted Bisdehydro-
[15]annulenones 

J ü r o O J I M A * and Yoshiko MUROSAWA 

Department of Chemistry, Faculty of Science, Toyama University, Gofuku, Toyama 930 
(Received March 2, 1981) 

2-Ethyl-5,10-dimethyl- and 15-ethyl-5,10-dimethyl-6,8-bisdehydro[15]annulenone were synthesized. In­
fluence of a-ethyl substitution upon the skeleton of the bisdehydro[15]annulenone ring system is discussed on the 
basis of XH NMR and UV spectra of these annulenones and their a-methyl-substituted derivatives. 

In a previous paper1) we reported the synthesis of 
the diatropic bisdehydro[ 15] annulenones 1—3 and 
showed that the planarity, i.e., the rigidity of molecular 
skeleton, of bisdehydro[15]annulenone ring system de­
creases in the sequence of 1 > 2 > 3 , reflecting the 
effect of perturbation caused by the introduction of 
a-methyl substituent. Since 3-ethyl-2-alkanones 62) 
and 9 were made available, we examined the effect 
of a-ethyl group on the molecular skeleton of bis-
dehydro[15]annulenone ring system. 

R e s u l t s and D i s c u s s i o n 

Synthesis. Annulenones 4 and 5 were synthesiz­
ed by a reaction sequence similar to that used for 
their corresponding a-methyl derivatives.1) Conden­
sation of ketone 6,2> obtained from aldehyde 103) and 
2-pentanone, with (2£,4Z)-5-methyl-2,4-heptadien-6-
ynal 74) in the presence of ethanolic sodium ethoxide 

in ether gave the acyclic ketone 8 in 7 5 % yield. Ox­
idative coupling of 8 with anhydrous copper (II) ace­
tate in pyridine and dry ether at 50 °G5) gave an-
nulenone 4 in 3 8 % yield. Acid-catalyzed aldol con­
densation of 7 with 2-pentanone yielded ketone 9 
in 3 4 % yield. Reaction of 9 and 10, under the same 
conditions as for 6 and 7, afforded ketone 11 in 3 6 % 
yield. Oxidation of 11, as with 8, afforded another 
annulenone 5 in 3 4 % yield. 2-Ethyl-5,10-dimethyl-
4 and 15-ethyl-5,10-dimethyl-6,8-bisdehydro[ 15]annul­
enone 5 formed yellow needles (mp 145—146 °G) and 
orange cubes (mp 97—98 °C), respectively; both 4 
and 5 appear to be considerably stable. All the new 
compounds gave spectral data consistent with the as­
signed structures and satisfactory results of elemental 
analysis were obtained except for the unstable acyclic 
ketone 11. 

Treatment of annulenone 4 or 5 with trifluoroacetic 
acid or trifluoroacetic acid-rf gave a red solution indi­
cating formation of the protonated or deuteronated 
species 4 ' or 5 ' , respectively. Quenching of 4 ' or 
5 ' with aqueous sodium hydrogencarbonate resulted 
in regeneration of 4 or 5, respectively. 

Properties. Electronic absorption maxima of 
these annulenones 4 and 5 as well as related derivatives 
1—31) are listed in Table 1. As expected, the spectra 
are similar to one another. However, the main and 
longest wavelength bands exhibit a small bathochromic 
shift in the sequence of 4 > 1 > 2 as the a-substituent 
at G2-position passes from ethyl via methyl to hydrogen, 
whereas in the spectra of 3 and 5, the positions of 
these maxima are in relatively short wavelengths and 
appear to be independent of alkyl substitution at e x ­
position, reflecting that the molecular skeletons of 3 
and 5 are less planar than those of 1, 2, and 4. The 
absorption maxima of these annulenones 1—5 in tri-

H 3 C H 2 ^ C H 3 

CH 3 CO(CH 2 ) 2 CH 3 — 
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TABLE 1. ELECTRONIC ABSORPTION MAXIMA OF BISDEHYDRO[15]ANNULENONES IN ETHER Am a x /nm (en 

la> 

232sh (13400) 
246 (13800) 
258 (14800) 
304 (42600) 
310sh (41200) 
384 (7880) 

2a) 

247 sh (13000) 
258 (14300) 
301 (33200) 
382 (5700) 

3a> 

247 sh (12500) 
257 sh (14200) 
298 (40500) 
366 (6530) 

221 sh 
247 
258 
308 
387 

4 

(17500) 
(12200) 
(13700) 
(41200) 
(7350) 

5 

247 sh (12600) 
252 sh (13300) 
258 sh (14700) 
297 (37800) 
369 (6540) 

a) See Ref. 1. 

TABLE 2. ELECTRONIC ABSORPTION MAXIMA OF BISDEHYDRO[15]ANNULENONES IN TRIFLUOROACETIC ACID 

l m a x / n m (Relative extinction coefficient) 

la> 

298 sh (0.08) 
356 sh (0.72) 
370 (1.00) 
470 sh (0.11) 
500 sh (0.18) 
524 (0.23) 
562 (0.29) 

2a) 

292 (0.08) 
352 sh (0.68) 
367 (1.00) 
496 sh (0.15) 
513 (0.Î9) 
555 (0.34) 

3a> 

350 (1.00) 
366 sh (0.72) 
502 (0.35) 
536 (0.35) 

4 

356 sh (0.72) 
371 (1.00) 
470 sh (0.07) 
500 sh (0.16) 
524 (0.20) 
562 (0.25) 

5 

350 (1.00) 
366 sh (0.74) 
502 (0.34) 
536 (0.33) 

a) See Ref. 1. 

TABLE 3. 1H N M R CHEMICAL SHIFTS OF 1—5, 8, 11 (IN CDC13), AND 1'—5' (IN GF3GOOD) 

AT 90 MHz, DETERMINED AT 35 °G (T Value ; Internal standard, Me4Si) 

Compd 

la) 
l ' a ) 

2a) 

2' a> 

3a> 
3 ' a> 

8 
4 
4'b) 

J ( 4 -
J (4 ' -

11 
5 
5'b> 
J ( 5 -
J (5 ' -

-8) 
-8) 

-11) 
-11) 

HA 

3.35 
1.31 

3.33 
1.60 

3.15 
3.30 
1.60 

+ 0.15 
- 1 . 5 5 

HA ' 

4.50 
10.57 

4.37 
10.10 

3.12 
4.47 

10.53 
+ 1.35 
+ 7.41 

HB 

4.48 
10.60 

4.17 
9.92 

4.38 
8.52 

2.48 
4.50 

10.58 
+ 2.02 
+ 8.10 

2.25 
4.38 
8.46 

+ 2.13 
+ 6.21 

HB ' 

2.37 
0.17 

2.44 
0.29 

4.53 
8.05 

2.57 
2.36 
0.17 

- 0 . 2 1 
- 2 . 4 0 

2.85 
4.58 
8.02 

+ 1.73 
+ 5.17 

H c 

2.57 
0.60 

2.75 
0.89 

2.73 
1.30 

3.26 
2.56 
0.60 

- 0 . 7 0 
- 2 . 6 6 

3.50 
2.73 
1.30 

- 0 . 7 7 
- 2 . 2 0 

H c 

3.15 
1.20 

3.19 
1.28 

2.87 
1.25 

3.52 
3.14 
1.20 

- 0 . 3 8 
- 2 . 2 2 

2.93 
2.82 
1.23 

- 0 . 1 1 
- 1 . 7 0 

HD ' 

4.71 
10.69 

4.53 
10.15 

4.61 
8.95 

2.87 
4.69 

10.67 
+ 1.82 
+ 7.80 

3.35 
4.62 
8.83 

+ 1.27 
+ 5.48 

HE ' 

2.75 
0.80 

2.75 
0.89 

2.91 
1.33 

3.56 
2.73 
0.77 

- 0 . 8 3 
- 2 . 7 9 

3.50 
2.90 
1.30 

- 0 . 6 0 
- 2 . 2 0 

GH3 

7.71, 7.79 
6.68, 6.75, 6.80 

7.76, 7.82 
6.73, 6.82 

7.79, 7.90, 7.95 
6.89, 7.07, 7.12 

7.90, 7.98 
7.70, 7.80 
6.60, 6.73 
- 0 . 1 0 0.28 
- 1 . 1 7 1.38 

7.97 
7.80, 7.92 
6.93, 7.07 
_ 0 . 0 5 0.17 
- 0 . 9 0 1.04 

—dHgdH3 

7.47 
7.25 
6.18 

- 0 . 2 2 
- 1 . 2 9 

7.47 
7.42 
6.60 

- 0 . 0 5 
- 0 . 8 7 

—dHgGH3 

8.97 
8.84 
8.30 

- 0 . 1 3 
- 0 . 6 7 

8.97 
9.00 
8.50 

+ 0.03 
- 0 . 4 7 

a) See Ref. 1. b) Determined with GH2G12 as an internal standard. 

TABLE 4. 1H N M R CHEMICAL SHIFTS OF COMPOUNDS 4 AND 5 (IN CI}Ç!13) AT 100 MHz 

(T Value; Internal standard, Me4Si) 

H B ' Gompd T/°C H A H A ' H B 

( + 60 4^44 4^46 2 
+ 22 4 .51 4 .54 2 
- 3 0 4 .60 4 .68 2, 
- 6 0 4 .63 4 .74 2, 

+ 60 3 .40 4 .33 4 .59 
+ 22 3 .36 4 .43 4 .63 
- 3 0 3 .30 4 .60 4 . 7 4 

1 - 6 0 3 .26 4 .68 4 .77 

H c H c ' H D ' H E ' -OHgdH3 CH„ -GH2GH3 

45 
42 
36 
32 

2 .66 
2 .64 
2 .58 
2 .54 

2 .86 
2.81 
2 .76 
2 .72 

3 .24 
3 .20 
3 .14 
3 .09 

2 .94 
2 .90 
2 .80 
2 .75 

4 .62 
4 . 7 3 
4 .89 
4 .95 

4 .58 
4 .66 
4 .78 
4 .83 

2.83 
2.80 
2.73 
2.68 

3.01 
2 .98 
2 .92 
2 .88 

7.30 
7 ,30 
7.29 
7.28 

7 .46 
7.45 
7 .44 
7.41 

7.75, 
7 .73, 
7 .69, 
7.65, 

7.84, 
7.82, 
7.77, 
7.74 

7.84 8 .88 
7.82 8 .88 
7.79 8 .88 
7.76 8 .88 

7.96 9.01 
7.92 9 .02 
7.88 9 .02 
7.83 9 .02 
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fluoroacetic acid are given in Table 2, and it is evident 
that protonation of 4 and 5 with this acid causes shift 
of main maxima to longer wavelengths, similarly to 
the case of 1—3. The main maxima of these an-
nulenones in trifluoroacetic acid exhibit a batho-
chromic shift in the order of 4 ~ 1 > 2 > 3 ~ 5 , sug­
gesting that the positions of main maxima do not 
depend on alkyl substitution, but on molecular plan-
arity (vide infra). Also, the bathochromic shifts (53— 
63 nm) of the main maxima of 4 and 5 by protonation 
are much larger than that observed for their cor­
responding a-ethyl-substituted bisdehydro[13]annulen-
one (7nm); 2 ) similar relations have been observed 
between [4n—2]- and [4rc]annulenes and dehydroan-
nulenes.6) 

!H N M R chemical shifts of the protons of 4, 5, 8, 
and 11, together with those of 1—3 reported by us1) 
are summarized in Table 3. The individual assign­
ments, some of which are tentative, were made on 
the basis of multiplicity, coupling constants (Exper­
imental), and data of closely related compounds.1) 

A comparison of the 1 H N M R chemical shifts of 
various protons of annulenones 4 and 5 with those 
of their corresponding acyclic ketones 8 and 11 indi­
cates that both 4 and 5 are diatropic, as might be 
expected with lérc-electron systems. This follows from 
the fact that all the inner protons in 4 and 5 resonate 
at higher fields than their corresponding protons in 
8 and 11, respectively, whereas essentially all the 
outer protons (including allylic methylene and methyl 
protons) in 4 and 5 resonate at lower fields. 

OD HB 

1 H N M R chemical shifts of the deuteronated species 
1'—5', obtained through dissolution in trifluoroacetic 
acid-df, are also given in Table 3. I t is evident that 
the conformations of 4 and 5 are unchanged. A 
comparison of the chemical shifts of various protons 
of 4 ' and 5 ' with those of their corresponding acyclic 
models 8 and 11, as with 4 and 5 mentioned above, 
indicates that the diatropicities of the deuteronated 
species 4 ' and 5 ' are much more marked than those 
of annulenones 4 and 5, respectively. 

Variable-temperature *H N M R spectra of 4 and 5, 
recorded over the range of —60 to 60 °G and sum­
marized in Table 4, show that temperature has es­
sentially no effect on spectra of 4 or 5. Spectra of 
ethyldimethylbisdehydro[13]annulenone 5, expected to 
be more mobile than 4, are shown in Fig. 1. O n 
cooling, the resonance of the inner (HB , H B ' , HD ' ) 
protons of 5 shifts to a slightly higher field, whereas 
that of the outer (HA , H c , H c ' , H E ' ) protons (including 
allylic methylene and methyl protons) to a slightly 

Fig. 1. The *H NMR FT spectra of 5 in GDG13 at 
100 MHz (internal standard, TMS). 

Fig. 2. The 90 MHz *H NMR spectra of 4 and 5 in 
GF3GOOD at 35 °G. 

lower field. However, the JBC value (11 Hz) , indi­
cating an s-trans relationship of the H B and H c bonds, 
does not vary in the range —60—60 °G, excluding 
any change in conformation due to rotation of the 
CH A =CH B double bond over this temperature range, 
in contrast to the case of a-ethyl-substituted bisde-
hydro[ 13]annulenones.2) The signals of both the inner 
and outer protons of 4 exhibit less temperature de­
pendence than those of 5 in the range —60—60 °G 
(Table 4), reflecting an enhanced rigidity in the mo-
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lecular skeleton of 4. This tendency is manifested 
very markedly in the spectra of 4 and 5 in trifluoro-
acetic acid-^/, illustrated in Fig. 2. I t is to be noted 
that the magnitudes of upfield shifts of the inner pro­
tons and of downfield shifts of the outer and methyl 
protons decrease in the order of 4 > 5 . Also, the 
chemical shifts of the olefinic and methyl protons of 
4 ' are almost the same with those of their correspond­
ing protons of 1'. Similar relations in chemical shift 
are seen between 3 ' and 5 ' (Table 3). This fact 
suggests that the planarity, i.e., the rigidity, of this 
bisdehydro[15]annulenone ring system decreases in the 
sequence of 4 ~ 1 > 2 > 3 ~ 5 . This interpretation, al­
ready presented on a different basis, is supported by 
the fact that their bathochromic shifts in main maxima 
as well as the longest wavelength bands are in the 
same sequence in both ether and trifluoroacetic acid 
(Tables 1 and 2). 

Thus, the difference in behavior observed for the 
bisdehydro[15]annulenone ring system against the a-
ethyl and a-methyl substitutions is not so large as 
that for the corresponding bisdehydro[13]annulenone 
system,2) reflecting higher planarity of the molecular 
skeleton of the former system. 

Exper imenta l 

Deoxygenated ether was prepared and used as reported. 1>a> 
Melting points were uncorrected. IR spectra were taken 
with a Hitachi EPI-S2 spectrophotometer. UV spectra 
were measured on a Hitachi 124 spectrophotometer and 
recorded in nm. e-Values are given in parentheses, shoulders 
being denoted by sh. Mass spectra were recorded with a 
JEOL JMS-200 spectrometer operating at 75 eV. XH NMR 
spectra were recorded with a Varian EM-390 (90 MHz) 
or a-JEOL FX-100 (100 MHz) spectrometer. Data taken 
with .& Varian EM-390 instrument at 35 °G are specified 
by T-value for GDG13 solution, TMS being used as an internal 
standard unless otherwise stated. Coupling constants (J) 
are given in Hz. Merck alumina (Act. II—III) was used 
for column chromatography. Sodium sulfate was used as 
drying agent, and solvents were evaporated at the water 
aspirator pressure. 

6 - Ethyl-3,13-dimethyl-3,5,8,10,12-pentadecapentaene-1,14-diyn-7-
one (8). A solution of aldehyde 74> (1.10 g, 9.3 mmol) 
in deoxygenated ether (17 ml) was added dropwise during 
30 min to a stirred ice-cooled solution of ketone 62> (1.0 g, 
6.2 mmol) in deoxygenated ether (47 ml) containing eth-
anolic sodium ethoxide (6.7 ml) [from sodium (760 mg) 
and absolute ethanol (50 ml)]. After stirring for 5 h, por­
tions of the ethanolic sodium ethoxide (each 2.0 ml) were 
added every 2 h. After stirring for a total 8 h, the reaction 
was quenched by addition of aqueous oxalic acid. The 
solution was poured into water and extracted with benzene. 
The benzene extracts were washed successively with aque­
ous sodium hydrogencarbonate and brine, and then dried. 
The semi-solid obtained after removal of the solvent was 
chromatographed on alumina (80 g). The early fractions 
gave the recovered ketone 6 (188 mg). The later fractions 
eluted with hexane-ether (4:1) gave ketone 8 (1.23 g, 75%) 
as a solid. Recrystallization from hexane-benzene afforded 
orange needles: mp 69—70 °C; MS, m/e, 264 (M+, 74%) 
and 192 (100); mol wt 264.3; IR (KBr disk) 3300 (-C=CH), 
2100 (-C=G-), 1640 (G=0), 1610, 1585 (C=G), and 1085 
cm-1 (trans C=C); UV m a x (ether) 225 sh (10300), 231 

(10900), 253 sh (16100), 266 (20500), 277 (20800), 290 
(21400), 304 (22800), 340 sh (32000), 356 (36100), and 
373 nmsh (29600); NMR T = 2 . 4 8 (d, 11, 1H, HB), 2.57 
(dd, 15, 11, 1H, HB ' or H c ' or HD ' ) , 2.87 (dd, 15, 11, 1H, 
HB ' or H c ' or HD ' ) , 3.12 (d, 15, 1H, HA ' ) , 3.26 (d, 11, 1H, 
H c or HE ' ) , 3.52 (dd, 15, 11, 1H, HB ' or H c ' or HD ' ) , 3.56 
(d, 11, 1H, H c or H E ' ) , 6.43 (s, 1H, - C H C H ) , 6.53 (s, 1H, 
-C=CH), 7.47 (q, 8, 2H, -CH2CH3), 7.90 (s, 3H, GH3), 
7.98 (s, 3H, GH3), and 8.97 (t, 8, 3H, -CH2CH3). Found: 
G, 86.05; H, 7.43%. Calcd for C19H20O: C, 86.32; H, 
7.63%. 

2-Ethyl-5,10-dimethyl-6,8-bisdehydro\l5]annulenone (4). A 
solution of ketone 8 (1.17 g, 4.4 mmol) in pyridine (79 ml) 
and dry ether (27 ml) was added dropwise to a stirred solu­
tion of anhydrous copper(II) acetate (5.3 g) in pyridine 
(159 ml) and dry ether (53 ml) during 6 h at 49—52 °C. 
The solution was stirred for a further 30 min at the same 
temperature, and then cooled. After addition of benzene 
(300 ml), the mixture was filtered through a Hyflo Super-
Cel. The precipitates formed were washed with benzene 
(100 mix3) and the filtrate was poured into water. The 
organic layer was separated and the aqueous layer was ex­
tracted with benzene. The combined organic extracts were 
washed successively with 7% hydrochloric acid, aqueous 
sodium hydrogencarbonate, and brine, and then dried. 
The semi-solid obtained after removal of the solvent was 
chromatographed on alumina (80 g). The fractions eluted 
with hexane-ether (7:3) gave annulenone 4 (434 mg, 38%). 
Recrystallization from hexane-benzene afforded yellow nee­
dles: mp 145—146 °C; MS, m/e, 262 (M+, 27%) and 203 
(100); molwt 262.3; IR (KBr disk) 2170 (-G=C-), 1635 
(C=0), 1610 (G=G), and 975 cm-1 (trans C=C); UV, see 
Tables 1 and 2; NMR T = 2 . 3 6 (dd, 16, 5, 1H, HB ' or H c ' ) , 
2.56 (d, 11, 1H, H c or HE ' ) , 2.73 (d, 11, 1H, H° or HE ' ) , 
3.14 (dd, 16, 5, 1H, HB ' or H c ' ) , 4.47 (d, 16, 1H, HA '),4.50 
(d, 11, 1H, HB), 4.69 (dd, 16, 11, 1H, HD ' ) , 7.25 (q, 8, 2H, 
-CH2CH3), 7.70 (s, 3H, CH3), 7.80 (s, 3H, GH3), and 8.84 
(t, 8, 3H, -CH2CH3); NMR (CF3COOD, determined with 
CH3G12 as an internal standard) T = 0 . 1 7 (dd, 15, 7, 1H, 
HB ' or H c ' ) , 0.60 (d, 12, 1H, H° or HE ' ) , 0.77 (d, 12, 1H, 
H c or HE')> 1.20 (dd, 15, 7, 1H, HB ' or H c ' ) , 6.18 (q, 8, 
2H, -GH2GH3), 6.60 (s, 3H, CH3), 6.73 (s, 3H, GH3), 8.30 
(t, 8, 3H, -CH2CH3), 10.53 (d, 15, 1H, HA')> 10.58 (d, 12, 
1H, HB), and 10.67 (dd, 15, 11, 1H, HD ' ) , and see Fig. 2. 
Found: G, 87.15; H, 6.84%. Galcd for G19H180: G, 86.98; 
H, 6.91%. 

3-Ethyl-8-methyl-3,5,7-decatrien-9-yn-2-one (9). A solution 
of aldehyde 74> (3.0 g, 25 mmol) in acetic acid (13 ml) was 
added dropwise during 20 min to a stirred solution of 2-
pentanone (15.1 g, 0.175 mol) and concentrated sulfuric 
acid (4.7 ml) in acetic acid (95 ml) at 8—9 °G. The solu­
tion was stirred for a further 3 h, and then cautiously poured 
into saturated aqueous potassium carbonate (200 ml). The 
mixture was diluted with water, and extracted with benzene. 
The extracts were washed with saturated aqueous sodium 
chloride solution, and then dried. The dark red liquid 
obtained was chromatographed on alumina (80 g). The 
fractions eluted with hexane-ether (9:1—4:1) gave ketone 
9 (1.59 g, 34%) as a yellow liquid: MS, m/e, 188 (M+, 80%) 
and 159 (100); molwt 188.2; IR (neat) 3250 (-C=GH), 
2100 (-G=G-), 1655 (G=0), 1610, 1595 (G=G), and 980 
cm-1 (trans C=G); UV m a x (ether) 227 (5600), 236 (5710), 
310 sh (23700), 331 (32800), and 341 nmsh (32500); NMR 
T = 2 . 8 9 (d, 11, 1H, HB), 2.95 (dd, 15, 11, 1H, HD), 3.38 
(dd, 15, 11, 1H, HC), 3.52 (d, 11, 1H, HE), 6.55 (s, 1H, 
- C H C H ) , 7.56 (q, 8, 2H, -GH2CH3), 7.63 (s, 3H, CH3), 
7.98 (s, 3H, GH3), and 8.01 (t, 8, 3H, -GHaCH3). Found: 
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G, 82.68; H, 8.29%. Galcd for G13H160: G, 82.93; H, 
8.57%. 

8-Ethyl-3, 13-dimethyl-3,5,8,10,12-pentadecapentaene-1,14 -diyn-7-
one (11). A solution of ethanolic sodium ethoxide (2.4 
ml) [from sodium (760 mg) and absolute ethanol (50 ml)] 
was added to a solution of ketone 9 (1.0 g, 5.3 mmol) in 
deoxygenated ether (47 ml), and a solution of aldehyde 
103> (1.0 g, 11 mmol) in deoxygenated ether (16 ml) was 
then added dropwise during 15 min with stirring and ice-
bath cooling. After stirring for a further 14.5 h at room 
temperature, the reaction was quenched by addition of 
aqueous oxalic acid. The mixture was poured into water, 
and extracted with benzene. After working up as in the 
preparation of 8, the semi-solid obtained after removal of 
the solvent was chromatographed on alumina (100 g). The 
early fractions gave the recovered ketone 9 (438 mg). The 
following fractions eluted with hexane-ether (4:1) gave 
ketone 11 (498 mg, 36%). Recrystallization from hexane-
benzene afforded brown needles: mp 92—93°G; MS, m/e, 264 
(M+, 100%,); mol wt 264.3; IR (KBr disk) 3250 ( - C E C H ) , 
2100 ( - C E C - ) , 1640 (C=0), 1580 (G=G), and 985 cm-1 (trans 
G=G); UV m a x (ether) 233 sh (12600), 250 sh (18500), 260 
sh (22400), 275 sh (26600), 287 (29900), 299 (29300), 342 
sh (44900), 358 (50100), and 375 nm sh (43800); NMR 
T = 2 . 2 5 (dd, 15, 12, IH, HB), 2.85 (d, 12, IH, HB ' ) , 2.93 

(dd, 15, 12, IH, H c ' ) , 3.15 (d, 15, IH, HA), 3.35 (dd, 15, 
12, IH, HD ' ) , 3.50 (d, 12, 2H, H c and HE ' ) , 6.53 (s, IH, 
- C E C H ) , 6.60 (S, IH, - C E C H ) , 7.47 (q, 8, 2H, -CH2CH3), 

7.97 (s, 6H, CH3), and 8.97 (t, 8, -CH2CH3). 
Crystals of 11 decomposed rapidly on exposure to diffused 

light and air at room temperature. Compound 11 gave 
unsatisfactory results of elemental analysis, which seems 
attributable to its instability. Found: C, 85.64; H, 7.35%. 
Calcd for C19H20O: C, 86.32; H, 7.63%. 

15-Ethyl-5,10-dimethyl-6,8-bisdehydro[15]annulenone (5). A 
solution of ketone 11 (370 mg, 1.4 mmol) in pyridine-dry 
ether (3:1, 32 ml) was added dropwise during 2.5 h to a 
stirred solution of anhydrous copper(II) acetate (1.8 g) in 
pyridine-dry ether (3:1, 64 ml) at 48—50 °C. The solu­
tion was stirred at 49—51 °C for a further 30 min and then 
cooled. After working up as in the preparation of 4, the 

semi-solid obtained after removal of the solvent was chro­
matographed on alumina (70 g). The fractions eluted with 
hexane-ether (3:1—2:3) gave annulenone 5 (124 mg, 34%) 
as a yellow liquid. Crystallization from hexane-benzene 
afforded orange cubes: mp 97—98 °C; MS, m/e, 262 (M+, 
25%) and 203 (100); mol wt 262.3; IR (KBr disk) 2150,2100 
( - C E C - ) , 1620 (C=0), 1590 (C=C), 1000, and 970 cm-* 
(trans G=G); UV, see Tables 1 and 2; NMR r=2.73 (d, 
11, IH, H c ) , 2.82 (dd, 16, 11, IH, H c ' ) , 2.90 (d, 11, IH, 
HE ' ) , 3.30 (d, 16, IH, HA), 4.38 (dd, 16, 11, IH, HB), 4.58 
(d, 11, IH, HB ' ) , 4.62 (dd, 16, 11, IH, HD ' ) , 7.42 (q, 8, 
2H, -CH2CH3), 7.80 (s, 3H, CH3), 7.92 (s, 3H, CH3), and 
9.00 (t, 8, 3H, -CH2CH3), and see Fig. 1 ; NMR (CF3COOD, 
determined with CH2C12 as an internal standard) T = 1 . 2 3 
(dd, 15, 11, IH, HC), 1.30 (d, 11, 2H, H c and HE ' ) , 1.60 
(d, 15, IH, HA), 6.60 (q, 8, 2H, -CH2CH3), 6.93 (s, 3H, 
CH3), 7.07 (s, 3H, CH3), 8.02 (d, 11, IH, HB ' ) , 8.46 (dd, 
15, 11, IH, HB), 8.50 (t, 8, 3H, -CH2CH3), and 8.83 (dd, 
15, 11, IH, HD ' ) , and see Fig. 2. Found: C, 87.18; H, 
6.82%). Galcd for C1 9H1 80: G, 86.98; H, 6.91%. 
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Reduction by a Model of NAD(P)H. 32. Stereoselective Reduction 
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(-f-)-, ( — )-> and racemic camphoroquinones (CQJ were reduced by each of four NAD(P)H-models such as 
JV-(a-methylbenzyl)-l-propyl-2,4-dimethyl-l,4-dihydronicotinamide (Me2PNPH) in the presence of magnesium 
ion in acetonitrile with a view to elucidating the intermolecular arrangement in the transition state for asym­
metric reduction. Partial rate factors for each attacking mode were calculated. Electronegative substituents 
in the substrate prefer to facing the carbamoyl group in Me2PNPH, which is the most important factor deter­
mining the stereochemical course of the reduction. 1-Methyl group in C Q has a tendency to interfere with the 
dihydropyridine moiety in Me2PNPH approaching the G2-carbonyl group in GQ,. This interference is more 
important for the selectivity than the intrinsic exojendo reactivity difference. 

Qui te a few organic chemists have tried to design 
their reactions after the model of biochemical trans­
formations which exhibit too high reactivity and 
stereospecificity. Dihydropyridine nucleotides, N A D H 
and N A D P H , are coenzymes of NAD(P)H-dependent 
dehydrogenases that reduce carbonyl and other un­
saturated compounds stereospecifically in almost all 
organisms. Hence, for bioorganic chemists, reduction 
by models of N A D ( P ) H has been an interesting sub­
ject to study. In the course of our study on the bio-
mimetic chemistry of NAD(P)H, we have found that 
bivalent metal ions such as M g 2 + and Zn2+" affect 
reduction of carbonyl compounds by models of 
NAD(P)H.1 - 9> A series of investigations has revealed 
that the reduction is composed of a three-step electron-
proton-electron transfer process and that the bivalent 
metal ion catalyzes the process of initial electron-
transfer.3-6'9'10) 

T h e bivalent metal ions also control stereospecificity 
of the reduction.1 '2 '11_15> For example, reduction 
of certain carbonyl compounds with N- (a-methyl 
benzyl) -1 -propyl-2,4-dimethyl-1,4- dihydronicotinamide 
(Me 2PNPH) in the presence of magnesium ion re­
sults in an excellent asymmetric induction.15) The 
configuration of predominant enantiomer of product 
alcohol is determined from the configuration of the 
C4-position of Me 2 PNPH. O n an assumption that the 
carbonyl-oxygen in a substrate points toward the ring-
nitrogen of Me 2 PNPH, it has been proposed that an 
electronegative polar group in a substrate faces the 
electronegative carbamoyl group in M e 2 P N P H in the 
transition state for reduction (1) and that the relative 

H 3 C
V

H 

.= - ' C \ . 
HC C-CON HR 
A—AU 

by coordinating two electronegative groups to freeze 
the intermolecular configuration in the transition state, 
as an origin of the stereospecificity of the magnesium 
ion-catalyzed reduction. Thus, it is important, for 
understanding the role of magnesium ion in the re­
duction, to get information about the intermolecular 
arrangement in the transition state for the reduction; 
for this reason we studied the reduction of 1,7,7-tri-
methylbicyclo[2.2. l]heptane-2,3-dione (camphoroquin­
one, G Q ) with Me 2 PNPH. CQ, has two carbonyl 
groups constrained in a rigid framework, and the 
oxygen atom in the reacting carbonyl group will be 
caused to point toward the ring-nitrogen of Me 2 PNPH 
in the transition state because of the large steric effect. 

R e s u l t s 

(—)-GQ, ( + ) - G Q , and ( ± ) - G Q were reduced 
by (4Ä)-N-[(Ä)-a-methylbenzyl]-l-propyl-2,4-dimethyl-
1,4-dihydronicotinamide ( Ä ß - M e 2 P N P H ) , SS-Me2-
P N P H , [ (R) - a - methylbenzyl] - 1 - propyl -1,4 - dihydro­
nicotinamide (i?-PNPH), 1 -propyl-1,4-dihydronicotin-
amide (PNAH), or 1 -benzyl-1,4-dihydronicotinamide 
(BNAH). All reactions were carried out in dry 
acetonitrile in the presence of magnesium ion in equiv­
alent amount at room temperature under an argon 
atmosphere in the dark. The reduction did not pro­
ceed without magnesium ion. (—)-GQ afforded a 
mixture of diastereomeric isomers of four a-keto 

S , C H 3 
H C O N H C ^ 

Rp: polar substituent 
Rn : nonpolar substituent 

bulkiness of substituents R n and Rp plays no im­
portant role in determining the configuration of prod­
uct alcohol.15) The proposal that two electronegative 
groups face each other contradicts to a common idea 
of electronic effect. However, when it gets proved 
to be correct, it may suggest that the magnesium 
ion positions itself between the substrate and M e 2 P N P H 

CH, H 

X ^ CONHC u \ Ph 

I 
P r 

i?-P£JPH 

CONH-

R = P r : PNAH 

R = PhCH2 : BNAH 
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alcohols: (2S) -2 -exo- hydroxy-1,7,7- trime thylbicyclo-
[2.2.1]heptan-3-one (2£-£#0-hydroxyepicamphor, X-
2a) , (2^)-2-^âfo-hydroxy-l,7,7-trimethylbicyclo[2.2.1]-
heptan-3-one (2i?-^wöfo-hydroxyepicamphor, Z)-2a), 
(3Ä)- 3-exo- hydroxy- 1,7,7- trime thylbicyclo[2.2.1] hep-
tan-2-on (3i?-^ö-hydroxycamphor, Z-3a) , and (3£)-

endo - hydroxy - 1,7,7 - trimethylbicyclo [2.2.1] heptan - 2 -
one(3£-£ftâ?0-hydroxycamphor, Z)-3a), whereas ( + ) - C Q , 
afforded a mixture of their corresponding enantiomeric 
isomers Z-2b , Z>-2b, Z-3b , and Z>-3b (Scheme 1). 

Structures and relative yields of products were deter­
mined on the basis of ^ - N M R spectra.10) Results 
for the reductions with BNAH, PNAH, and Ä-PNPH 
are summarized in Table 1 and those with M e 2 P N P H 
in Table 2. I t was confirmed that no isomerization 
took place between isomeric products. 

D i s c u s s i o n 

CQ, has two prochiral carbonyl groups and it is 
potentially possible that four isomers are to be formed 
as reduction products. Since these carbonyl groups 
are frozen to the Z-configuration on a rigid hydro­
carbon framework which has diastereotopic faces, the 
ratio of the yields of these isomers reflects the con-
figurational requirement for the carbonyl group in 
the transition state for the reduction. The results in 
Table 1 indicate that the &*0-C3-attack (see Scheme 
2) is the most preferential process in the reduction 
with such models as have two available hydrogens 
on the Opposition, whereas the other modes of attack 

D-2*-zxo-C2^\ y^exo-Ci —»D-3 

X-2 <— endo-C2 endo-C3 —» X-3 

Scheme 2. 

TABLE 1. REDUCTION OF CAMPHOROQUINONE WITH NAD(P)H-MODELS 

Substrate 

( - ) - G Q 
( - ) - C Q 
( - ) - C Q 

( + )-CQ 

Model 

BNAH 
PNAH 
Ä-PNPH 

Ä-PNPH 

T/h*) 

235 
48 
91 

91 

GQ r ec(%)b ) 

42.3 
65.6 
50.2 

61.6 

r/%c> 

7.3 
4.3 
8.6 

6.8 

X-2a 

14 
13 
15 

X-2b 

8 

Product 

Z>-2a 

13 
11 
9 

D-2h 

10 

ratiod) 

X-3a 

16 
24 
14 

X-3b 

20 

Z>-3a 

57 
52 
62 

D-3h 

62 

a) T is reaction time, b) G Q r e c is the recovered, isolated C Q . c) Y is the yield of product isolated, d) Rela­
tive intensities of 1 H - H M R signals. 

T A B L E 2 . R E D U C T I O N O F C A M P H O R O Q U I N O N E W I T H JV-(a-METHYLBENZYL)-l-pROPYL-

2,4-DIMETHYL-1,4-DIHYDRONICOTINAMIDE ( M e 2 P N P H ) 

Substrate 
Config. of 
M e 2 P N P H r/ha 

CQ r e c(%) a > r/%a> Product ratioa) 

( - ) -CQ, 

(-)-ca 
( + )-GQ 
( + ) - G Q 

(±)-CQ,c> 

RR 
SS 

RR 
SS 

SS 

52 
52 

52 
52 

52 

57.7 
36.2 

53.1 
50.9 

46.0 

40.6 
67.6 

47.3 
58.7 

54.1 

X-2a 
8 

20 
X-2b 

21 
7 

X-2b> 
14 

Z>-2a 

19 
16 

D-2h 

14 
21 

Z>-2b> 

16 

X-3a 

68 
6 

X-3b 

7 
62 

X-3b> 

27 

Z>-3a 
5 

58 

Z)-3b 

58 
10 

Z>-3b> 

43 

a) See footnotes in Table 1. b) Mixture of a and b . c) Racemic camphoroquinone. 
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appear to have no practical predominance. The chir-
ality of the side chain of Ä-PNPH plays no important 
role in determining the stereochemistry of the prod­
uct. The observation reveals that the stereochemistry 
of the reduction depends on the structural preference 
of substrate and that no enantiotopic difference for 
the dihydropyridine ring has any effect. I t should 
be noted that it is the G^methyl group that makes 
the C3-attack preferential to the C2-attack. Although 
not yet given any reasonable explanations, this methyl 
group plays an important role in determining the 
intermolecular arrangement in the transition state for 
the reduction, for which mention will be made later. 

Contrary to the above, the stereochemistry of the 
reduction with M e 2 P N P H mainly reflects the con­
figuration of this model compound, the intrinsic re­
activity of each position in CQ, having only a minor 
influence. Validity of the product ratios listed in 
Table 2 is supported by the fact that identical results 
have been obtained from the following two pairs of 
reactants essentially the same with each other in com­
position: (—)-CQ,and # £ - M e 2 P N P H vs. ( + ) - C Q , a n d 
SS-Me 2 PNPH; and ( - ) - C Q , and SS-Me2PNPH vs. 
( + ) - C Q , and Äß-Me 2 PNPH. Since the plane of di-
hydropyridine-ring in M e 2 P N P H is not enantiotopic 
but diastereotopic, these results can be interpreted 
only on the basis of such an idea that CQ, and 
M e 2 P N P H have a preference for the orientation of 
substituents in the transition state for the reduction. 

Before discussing the orientation, it is helpful to 
evaluate partial rate factors with all the reaction 
modes for ( —)- and ( + ) - C Q ; this evaluation may be 
effected by solving linear simultaneous equations for 
eight variables (eight reaction modes) by using the 
data listed in Table 2. The result is shown in Table 
3. First of all, the calculated values predict that 
the susceptibility of (—)-CQ toward reduction with 
^ - M e 2 P N P H will be 66/34 times greater than that 
of ( + ) - C Q , . This prediction was in excellent agree­
ment with an experimental result that, after the reac­
tion with racemic C Q , the recovered C Q was sub­
jected to a measurement for optical rotation [a]D 

and a ratio 61/39 of consumed CQ's was obtained. 
The most preferable mode of attack is exo-C3 for 

(—)-CQ. In this mode the carbamoyl moiety in SS-
M e 2 P N P H will face the electron-rich carbonyl group 

TABLE 3. PARTIAL RATE FACTORS IN THE REDUCTION 

OF ( — ) - AND ( + )-CAMPHOROQUINONE WITH (4,S)-JV-

[ ( S ) -A-METHYLBENZ YL] -1 -PROP YL-2,4-DIMETHYL-

1,4-DIHYDRONICOTINAMIDE (6 '6 ' -ME 2 PNPH) 

Reaction 
mode Product Camphoroquinone 

(-) (+) 
endo-G2 

exo-G2 

endo-C3 

exo-G3 

Total 
Obsda> 

a) See text. 

X-2 
D-2 
X-3 
D-3 

0.13 
0.10 
0.04 
0.39 

0.66 
0.61 

0.02 
0.07 
0.22 
0.03 

0.34 
0.39 

of the substrate. I t is interesting that for ( - | - ) -CQ 
the second preferable mode is not exo-C2 bu t endo-
G3. Although, as already mentioned, C Q has a higher 
intrinsic reactivity for the ^o-attack than for the endo-
attack, the presence of the Ci-methyl group prevents 
so much the reaction of (+)-C!Q, from preceding 
in this mode that even the less realizable endo-attack 
is chosen. Thus, the effect of the methyl group over­
whelms the exojendo reactivity difference. Alcohol Z)-2b 
is one of the least abundant products. A similar 
result has been obtained in our laboratory for reduc­
tions of a series of 2-pyridyl alkyl ketones.17) 

Two explanations are feasible for this phenomenon: 
it is established that magnesium ion will interact 
with non-reacting electron-rich substituents of sub­
strates.8) Since the methyl group is an electron-re­
leasing group, the carbonyl-oxygen on G2 becomes 
more electron-rich than the one on G3. Consequently, 
the carbonyl-oxygen on C2 becomes the coordinating 
site, with the carbonyl group on C 3 remaining as the 
reacting moiety. The other possibility is that the 
steric effect of 1-methyl group prevents the approach 
of the dihydropyridine moiety of Me 2 PNPH. Al­
though no investigations with CPK-molecular models 
have predicted such an effect, the orientation of methyl 
group seems quite important, if this is the case, be­
cause none of such effects have been recognized for 
the endo-attack. 

For concluding the discussion, we would like to 
emphasize that the intermolecular arrangement in the 
transition state for the reduction has proved to be 
such as shown in 1, with polar groups facing each 
other, possibly because the magnesium ion assists their 
approach by getting into coordination with these 
groups. 

Exper imenta l 

Melting points were not corrected. XH-NMR spectra 
were recorded on a JNM-FX100 spectrometer. Optical 
rotation was observed on a Perkin-Elmer 241 Polarimeter. 

Materials. Racemic camphoroquinone purchased from 
Aldrich Chemical Co. was recrystallized from hexane: mp 
199 °C. 

Anhydrous magnesium Perchlorate was dried at 80 °C 
overnight and used immediately. Acetonitrile was distilled 
three times over phosphorus pentaoxide before use. 

(—)- and ( -\- )-Camphoroquinone (CQ,). The Evans' 
procedure18) with modifications was employed as follows. 
A mixture of ( + )-camphor (10 g, 0.07 mol) and selenium 
dioxide (15 g, 0.14 mol) in 10 cm3 of acetic anhydride was 
heated at 150 °C overnight. After the mixture had been 
cooled to room temperature, selenium metal was removed 
from the mixture by filtration and the metal was washed 
with acetic acid. The combined orange-yellow filtrate was 
neutralized carefully with a 30% aqueous potassium hy­
droxide. Yellow crystals appeared, which were filtered and 
washed with water to yield 10 g (93% yield) of ( —)-CQ. 
The crude ( — )-CQ thus obtained was recrystallized several 
times from hexane: mp 199 °C (lit,18) mp 199 °C); [a]2J 
-108° (£=1.93, benzene) (lit,16) [a]2

D
3 - 1 2 2 ± 3 ° (c= 1.825, 

benzene) ). 
( + )-CQwas prepared by the same method: mp 199 °C; 

[a]2D° +105° (£=1.96, benzene). 
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Models of NAD(P)H. The methods of preparation 
adopted for BNAH,19> PNAH,19> i?-PNPH,12> and 
Me2PNPH15> have already been described in literature. 

General Procedure. To a mixture of a substrate, a 
model compound, and magnesium Perchlorate, each of 1 
mmol, in a flask filled with argon and sealed, 20 cm3 of dry 
acetonitrile was added through a syringe. The mixture 
was allowed to react at room temperature for an appropriate 
period with stirring in the dark. The reaction was quenched 
by addition of 10 cm3 of water and the solution was con­
centrated in vacuo below 30 °C. The organic materials were 
extracted with chloroform several times and the solvent 
was evaporated slowly from the extract in vacuo below 30 °C. 
Ample caution was exercised so as not to cause the materials 
to sublime. The residue was chromatographed on a column 
of silica gel (Wakogel 200 M) with benzene-ether (4:1 
v/v) as eluent, affording unchanged C Q and a mixture of 
reduction products. The mixture and the recovered CQ, 
were weighed to obtain their yields. An analysis of 1H-
NMR spectra of the products in CDC13 led to the assignment 
of a mixture of four isomeric a-keto alcohols X-2, D-2, X-3, 
and Z>-3:16> 0=3.55 s, 1H for X-2), 3.75 (s, 1H for X-3), 
3.87 (s, 1H for D-2), and 4.22 (s, 1H for D-3). Relative 
yields of these four isomeric products were obtained from 
the peak areas for each. 

Optical rotation observed for the recovered ( ± ) - C Q was 
[a]aD° +22.4 (£=1.935, benzene), indicating that the mix­
ture was composed of 61% ( —)-CQ and 39% ( + )-CQ. 

Conversion of Physical Unit. The unit used for tem­
perature is correlated with the Si-unit by 

t/°C = T/K- 273.15. 
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Series of alkyl and fluorinated alkyl 2-pyridinyl ketones have been reduced by a chiral NAD(P)H-model 
(Me2PNPH) in the presence of magnesium ion in acetonitrile. Optical yield decreases in the order of substi­
tuent: CH3>C2H5>C(CH3)3>CH(CH3)2 and CH 3 >CH 2 F>CHF 2 >CF 3 . The results have been interpreted 
in terms of conformation of the substrates for alkyl 2-pyridinyl ketones and of electronic competitional effect be­
tween two substituents for fluorinated alkyl 2-pyridinyl ketones. Magnesium ion freezes intermolecular arrange­
ment at the transition state of the reduction. 

Chiral N- (a-methylbenzyl) -1 -propyl-2,4-dimethyl-1,4-
dihydronicotinamide (Me 2 PNPH) reduces certain ket­
ones in the presence of magnesium ion in acetonitrile 
resulting in excellent chemical and optical yields.1) 
Conformation of the product from the reaction reveals 
that the carbonyl-oxygen in a substrate points toward 
the ring-nitrogen of M e 2 P N P H and the polar (elec­
tronegative) substituent in the ketone faces against 
the (electronegative) carbamoyl group of Me2PNPH.2) 
Relative bulk of substituent on the carbonyl group 
in a substrate seems to have little influence on inter­
molecular arrangement at the transition state of the 
reduction. Namely, the pyridinyl moiety behaves as a 
polar substituent in the reduction of 2-acetylpyridine, 
whereas trifluoromethyl group is a polar substituent 
in the reduction of a,a,a-trifluoroacetophenone. T h e 
stereospecificity of the reduction is so excellent that 
it is interesting to obtain further insight into the factor-
(s) that is operating to determine the stereochemical 
course of the reduction. Evidence obtained from the 
study may provide an information on the mechanism 
of stereochemical transformation. 

In this paper, we wish to report results from the 
reduction of series of 2-acylpyridines and a-fluorinated 
2-acylpyridines. 

R e s u l t s 

2-Acylpyridines ( l a — d ) and a-fluorinated 2-acyl­
pyridines ( l e—g) were reduced to the corresponding 
alcohol by Ä ß - M e 2 P N P H in the presence of equivalent 
amount of magnesium Perchlorate in dry acetonitrile 

C H 3 H CÖ3 H 

ÛCONHÔ^ 
Ph 

7 °H3 
Pr 

l a : 

l b : 

l e : 

l d : 

R = CH3 

R = C.H.. 

l e : R = CH2F 

l f : R = CHF, 

B7?-Me0PNPH 

R = C H ( C H 3 ) 2 l g : R = C F j 

R = C ( C H 3 ) 3 

Mg(cio4 )2 t H* <T) 

in ChUCN 

C H 3 
C H 3 ^H 

;ONHCf 
N. Ph 

at room temperature in the dark. Chemical yields 
and conversion percentages are listed in Table 1. For 
the products 2a and 2b , enantiomer excess was cal­
culated from their observed optical rotations, whereas 
those for the other products were calculated from 
their 1H- and 1 9 F-NMR spectra by the aid of a-
methoxy-a-trifluoromethylphenylacetic acid (MTPA) .3> 
Absolute configurations of the products were elucidated 
independently from their signs of optical rotations and 
CD spectra as well as chemical shifts in N M R spectra 
of the corresponding M T P A esters. Results are sum­
marized in Table 2. 

Complexation constants, K, for complexes of 2-acyl­
pyridines and magnesium ion were measured spec-
trophotometrically,4) and the results are listed in Table 
3. 

I t has been confirmed that C4-hydrogen in Me 2 PNPH 
is transferred onto the carbonyl-carbon in a substrate 
without exchange and that the chirality on the carb-
amoyl-side chain exerts no influence on the stereo­
chemical course of the reduction in the presence of 

TABLE 1. CHEMICAL YIELDS AND CONVERSION 

PERCENTAGES FROM THE REDUCTION 

Substrate R in 1 

l a 
l b 
l c 
l d 
l e 
lf 

lg 

CH3 

C2H5 

CH(CH3) 

C(CH3)3 

GH2F 
CHF2 

CF3 

eld/%-) 

50.1 
45.2 
78.3 
40.3 
43.3 
39.4 
35.7 

Conversion/%b> 

100 
76 
92 
47 
98 

100 
100 

a) Isolated yield, b) The amount of consumed sub­
strate. 

TABLE 2. ENANTIOMER EXCESS AND ABSOLUTE 

CONFIGURATION OF EXCESS ENANTIOMER 

2a - g 

Alcohol 

2a 
2b 
2c 
2d 
2e 
2f 

2g 

R in 2 

CH3 

C2H6 

CH(GH3)2 

G(CH3)3 

CH2F 
CHF2 

CF3 

e.c/% 

62.8 
52.1 

« 0 
43.4 
53.5 
30.3 
16.5 

Configuration 

R 
R 
— 
R 
S 
S 
S 
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TABLE 3. COMPLEXATION CONSTANT FOR COMPLEXES 

OF 2-ACYLPYRIDINES AND MAGNESIUM IONA> 

Acylpyridine 

l a 
l b 
l c 
Id 
l e 
If 

lg 

R in 1 

CH3 

C2H5 

CH(CH3)2 

C(CH3)3 

CH2F 
CHF2 

GF3 

K/M-1 

283 
279 
124 

18.6 
_ b ) 

_ b ) 

b) 

a) In acetonitrile at 25 °G. Estimated error is ± 2 % . 
b) Too small to be observed accurately. 

magnesium ion.1) 

D i s c u s s i o n 

a-Flaorinated 2-Acylpyridines. Configurations of 
alcohols 2a and 2e—g reveals that, regardless the 
number of fluorine atom, the pyridinyl moiety in the 
ketone faces against carbamoyl group in M e 2 P N P H 
at the transition state of the reduction as depicted by 
3. However, the stereospecificity is largely affected 

CH< 
\ts\n CONHR 

by the number of fluorine-substituent. The result can 
be accounted for by the difference in electronegativity 
of substituents on the carbonyl group : as the number 
of fluorine atom in the substituent R increases, the 
difference in electron-withdrawing ability between R 
and pyridinyl group becomes smaller and recognition 
of polarity-difference becomes difficult. Consequently, 
magnesium ion can coordinate onto both pyridinyl 
and fluorinated a]kyl groups (See structures 4a—c) . 

4c 

Note that trifluoromethyl group is the coordination-
site in the reduction of a,a,a-trifluoroacetophenone and 
that complexation constants for l e , If, and l g are 
too small to be measured with a reasonable accuracy. 
The latter evidence indicates that the pyridinyl-nitro-
gen has no lone-electron pair available for the co­
ordination at least at the ground state of these ketones. 

2-Acylpyridines. According to the structure 3, 
the substituent R faces against the open-side of 
Me 2 PNPH. Nevertheless, the increase in bulk of R 
results in the decrease in the stereospecificity of the 
reduction. The substrate l c exerts an abnormal 
stereospecificity. It is obvious that relative bulk of 
the substituents cannot account for the result. 

Previously we suggested that the change in com­

plexation constant is due to the distortion of dihedral 
angle between the planes of pyridinyl and acyl groups.4) 
Free 2-acylpyridine in a solution exists with the con­
formation in which pyridinyl-nitrogen and carbonyl-
oxygen sit themselves in the inform.5) O n the other 
hand, 1 3 C-NMR, IR , and other spectroscopic studies 
have revealed that some 2-acylpyridines serve as 
bidentate ligands that coordinate onto a bivalent metal 
ion with the nitrogen and oxygen being in the Z-
form.6-8) 2-Acetyl- ( l a ) and 2-propionyl- ( l b ) pyr­
idines are 2-acylpyridines of this kind (Fig. l a ) . A 
large complexation constant suggests that the con­
formation of the complex is rigid. In these 2-acyl­
pyridines, steric repulsion between the substituent R 
and pyridinyl-hydrogen on C 3 is negligibly small. 

An inspection with a CPK-model , however, sug­
gests that the £-butyl group in I d is so bulky that the 
dihedral angle in a stable conformation of complexed 
I d should be about 90° (Fig. lb ) . The conformation 
shown in Fig. l b ' has extremely high steric strain 
because of Mg2 +-BuÉ repulsion. Small complexation 
constant for this compound supports the idea that 
I d is no more a bidentate ligand to magnesium icn. 
Although magnesium ion cannot behave as a fixer 

(a') 

(b) <b') 

(0 (C) 

II ! 

(cM) (c") 

Fig. 1. Conformations of (a) 2-acetyl- and 2-propio-
nylpyridines, (b) 2-pivaloylpyridine, and (c) 2-iso-
butyrylpyridine in the complex with magnesium ion. 
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of conformation of I d , the steric bulk of £-butyl group 
itself freezes the conformation intrinsically resulting in 
relatively satisfactory stereospecificity. 

The situation is different in l c . The steric bulk 
of 2-propyl group is too large to set two planes coplanar, 
but it is not large enough to freeze the conformation. 
Stabilization energy by bidentate coordination onto 
magnesium ion is not so large as those for l a and 
l b but larger than that for I d , as seen in the mag­
nitude of complexation constant. Therefore, all four 
possible rotomers (Fig. lc) are available as a par t of 
the transition-state complex of the reduction with l c , 
and net result appears non-stereospecific. 

Role of Magnesium Ion. The substituent effect 
on the stereospecificity described above coincide with 
the idea proposed previously1»2) that stereospecificity 
of the reduction is mainly defined by electronic effect. 
The steric effect has only secondary importance, if 
any, to define intermolecular arrangement at the tran­
sition state of the reduction. However , steric bulk 
of a substituent in a substrate exerts intrinsic effect 
on the conformation of the substrate. 

Magnesium ion-catalysis for the stereospecificity has 
an origin in tetradentate sandwich-type coordination 
to freeze the configuration of transition-state complex 
(Fig. 2) : dihydropyridinyl-nitrogen and carbamoyl-

oxygen in M e 2 P N P H on one side and pyridinyl-nitrogen 
or other electronegative substituent and carbonyl-
oxygen in a substrate on the other side.9) 

Exper imenta l 

Instruments. UV, IR, NMR, and mass spectra were 
recorded on Union Giken SM-401, Hitachi EPI-S2, JEOL 
JNMFX-100, and JEOL JMSO-1SG or Hewlett Packard 
5992B GG/MS spectrometers, respectively. The optical ac­
tivity was measured on a Perkin-Elmer 241 Polarimeter. 
The CD spectra were obtained with a JASGO J-20 spec-
tropolarimeter. A Yanaco G-1800F and Varian Aerograph 
Model 920 were used for VPG, and a Yanaco Model L-
2000 was used for high-pressure liquid chromatography. 
Melting and boiling points were not corrected. 

Materials. Acetonitrile was distilled three times over 
phosphorus pentaoxide and stored over 4A molecular sieves 
under an atmosphere of argon. Anhydrous magnesium 
Perchlorate was dried at 100 °G and stored in a vacuum 
desiccator over phosphorus pentaoxide. 2-Acetylpyridine 
(la) (bp 95 °G/34 mmHg) was purchased from Nakarai 
Ghem. Go. 

2-Propionylpyridine (lb) (bp 96.5—97.5 °G/20 mmHg), 

TABLE 4. OPTICAL ROTATIONS OF PRODUCT ALCOHOLS 

Alcohol M i Temp/°C Solvent 

Fig. 2. Schematic illustration of the transition state 
of the reduction. 

2a 

2b 

2c 

2d 

2e 

2f 

2g 

+ 35.6 
+ 26.8 

+ 38.0 
+ 23.8 

+ 0.390 
+ 0.232 

+ 27.0 
+ 12.8 

+ 36.9 
- 3 . 0 4 

i 
! 

( +10 . 

+ 6.21 
10.3 

2 
821 

1.03 
1.95 

1.68 
1.59 

0.770 
0.818 

0.215 
1.67 

0.255 
1.19 

0.145 
0.800 

0.420 
0.875 

25 
25 

25 
25 

25 
25 

20 
25 

20 
20 

20 
20 

20 
20 

EtOH 
CC14 

EtOH 
CC14 

EtOH 
CC14 

EtOH 
CC14 

MeOH 
CC14 

MeOH 
CC14 

MeOH 
CC14 

TABLE 5. 1H- AND 19F-NMR CHEMICAL SHIFTS OF ( + )-MTPA ESTERS OF THE PRODUCT ALCOHOLS 

Alcohol 
Gonfig. of 

alcohol 

1H Chemical shifta> 19F Chemical shiftb> 

Acid-OMe Alcohol-H Alcohol-R Acid-CFo Alcohol-R 

2a 

2b 

2c 

2d 

2e 

2f 

2g 

R 
S 

R 
S 

R 
S 

R 
S 

R 
S 

R 
S 

R 
S 

3.49 
3.55 

3.52 
3.52 

3.64 
3.53 

55 
55 

3.61 
3.50 

82 
82 

76 
71 

36 
36 

29 
25 

40 
43 

0.88 
0.88 

0.92 
0.97 

4.82 
4.82 

6.30 
6.30 

72.01 
72.01 

71.87 
71.87 

71.71 
71.79 

71.45 
71.56 

71.97 
72.29 

72.16 
72.48 

72.18 
72.36 

154.89 
156.31 

129.41 
129.16 

75.32 
75.47 

a) Ô from TMS in CDC13. b) Ô from CC13F in CDCL 
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2-isobutyrylpyridine ( lc ) (bp 99.0—100.0 °G/19 m m H g ) , 
and 2-pivaloylpyridine ( Id ) (bp 100.5—101.5 °G/20 mmHg) 
were prepared from the corresponding alkyl cyanides 
and 2-pyridinyllithium.10) 2-(Fluoroacetyl)pyridine ( l e ) (mp 
70.0—71.0 °G), 2-(difluoroacetyl)pyridine ( I f ) (purified on 
a silica-gel column), 2-(trifluoroacetyl)pyridine ( lg ) (mp 
84.0—85.0 °G) were synthesized from the corresponding 
esters and 2-pyridinyllithium.11) Elemental analyses and 
spectral data were satisfactory for all materials. Racemic 
alcohols as authentic samples of the products were obtained 
by reducing the corresponding ketones with sodium boro-
hydride.12) 

General Procedure for the Reduction. One millimole each 
of /?Ä-Me2PNPH and magnesium Perchlorate were dis­
solved in 25 ml of anhydrous acetonitrile in a sealed flask. 
One millimole of the substrate in 5 ml of anhydrous aceto­
nitrile was added by injection by using a syringe, and the 
mixture was allowed to react at room tempera ture (about 
25 °G) for an appropriate reaction time in the dark in an 
argon atmosphere. T h e reaction was stopped by the ad­
dition of water, and the product was extracted three times 
with dichloromethane. T h e combined dichloromethane solu­
tion was dried over sodium sulfate. After evaporation of 
the solvent at below 30 ° G under reduced pressure, the re­
sidue was chromatographed on a column of silica gel. T h e 
product was further purified by preparat ive VPG or high-
pressure liquid chromatography when neccesary. T h e puri ty 
of the product was confirmed by VPG and by elemental 
analyses. Columns used for V P G were mainly Silicone 
D C 200 5 % (1 m) and DEGS 10% (1 m) . Appropriate 
mixtures of benzene-ethyl acetate or benzene-ether were 
employed as the eluents for column chromatography. Thus 
obtained products were subjected for the measurement of 
optical rotations or converted into the corresponding M T P A 
esters for N M R spectroscopy. Optical rotations of the 
products and N M R chemical shifts of the corresponding 

esters are summarized in Tables 4 and 5, respectively. 
Correlation of Physical Units. Physical units used in 

this report are correlated with Si-units by the following 
relationship. 

1 M = l mol dm- 3 , * / ° C = r / K - 2 7 3 . 1 5 , p m m H g = 13.5951 
x 9 8 0 . 6 6 5 x l 0 - 2 / > P a . 

R e f e r e n c e s 

1) A. Ohno , M . Ikeguchi, T . K imura , and S. Oka , 
J. Am. Chem. Soc, 101, 7036 (1979). 

2) A. Ohno , T . Goto, J . Nakai , and S. Oka; Bull. Chem. 
Soc. Jpn., 54, 3478 (1981). 

3) J . A. Dale, D . L. Dull, and H . S. Mosher, J. Org. 
Chem., 34, 2543 (1969); J . A. Dale a n d H . S. Mosher, J. 
Am. Chem. Soc, ,95, 512 (1973). 

4) A. Ohno , S. Yasui, and S. Oka, Bull. Chem. Soc. Jpn., 
53 , 2651 (1980). 

5) J . Barassin, G. Queguiner , and H . Lumbroso, Bult. 
Soc. Chim. Fr., 1967, 4707. 

6) R. R. Osborne and W. R. McWhinnie , J. Chem. 
Soc, A, 1967, 2075. 

7) Y. Kidani , M . Noji, and H . Koike, Bull. Chem. Soc. 
jpn., 48, 239 (1975). 

8) R . A. Gase and U . K. Pandi t , J. Am. Chem. Soc, 
101, 7059 (1979). 

9) Cf. also, A. Ohno , T . K imura , H . Yamamoto , S. 
G. Kim, S. Oka, and Y. Ohnishi , Bull. Chem. Soc. Jpn., 50, 
1535 (1977). 

10) J . P . Wibaut , A. P. de Jonge , H . G. P. van der Voort , 
and P. Ph . H . L. Ot to , Reel. Trav. Chim. Pays-Bas, 70, 1054 
(1951). 

11) T . F . McGra th and R . Levine, / . Am. Chem. Soc, 
77, 3656 (1955). 

12) M . R. Johnson and B. Rickborn, J. Org. Chem., 35, 
1041 (1970). 



3486 (g) 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 3486—3488 (1981) [Vol. 54 :No. 11 

Reduction by a Model of NAD(P)H. 34. Substituent Effect on 
Asymmetric Reduction of Trifluoroacetophenones 
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Substituted and unsubstituted a,a,a-trinuoroacetophenones were reduced by a chiral NAD(P)H-model (RR-
Me2PNPH). Both electron-releasing and -withdrawing substituents give better optical yields than unsubstitued 
compound. The result has been interpreted in terms of three-step mechanism which involves initial electron-
transfer process. 

Kinetics, isotope effects, and other evidence have 
proved that the reduction of certain ketones by 1,4-
dihydronicotinamide derivatives proceeds through 
three-step electron-proton-electron transfer processes.1) 
Magnesium ion catalyzes the reduction by assisting 
the initial electron-transfer process. 

O n the other hand, it has been demonstrated that 
the reduction proceeds with excellent stereospecificity 
when a chiral 1,4-dihydronicotinamide derivative is 
used as a reductant.2) Stereospecificity is also catalyz­
ed by magnesium ion. Namely, substituted and un­
substituted a,a,a-trifluoroacetophenones are reduced by 
a chiral JV-(a-methylbenzyl)-l-propyl-2,4-dimethyl- 1,4-
dihydronicotinamide (Me 2 PNPH) in more than 9 0 % 
enantiomer excess in the presence of magnesium ion.2) 
Magnesium ion plays a role to freeze the conformation 
of transition state complex,3) and electronic substituent 
effect is more important than the steric effect to difine 
the stereochemical course.3'4) 

We have been interested in to study whether the 
reduction of a series of a,a,a-trifluoroacetophenones 
without magnesium ion results in variation of en­
antiomer excess due to electronic substituent effect 
and whether the stereochemical result can be ex­
plained by the proposed three-step mechanism with­
out contradiction. 

R e s u l t s 

a,a,a-Trifluoroacetophenone and its /»-methoxy, p-
methyl, /»-chloro, /i-bromo, and m-trifluoromethyl de­
rivatives were reduced by A/?-Me2PNPH in dry aceto-

nitrile at room temperature in the dark. 
T h e enantiomer excess in the product alcohols (2) 

and their absolute configurations were determined on 
1 H - and 1 9 F-NMR spectroscopies5) as well as by VPG 
( 1 5 % BDS, 1 m) after the alcohols were converted 
into their corresponding a-methoxy-a-trifluoromethyl-
phenylacetic acid (MTPA) esters. Chemical yield, 
conversion percentage, enantiomer excess, and the con­
figuration of the product are summarized in Table 1. 
In Fig. 1 logarithms of the isomer ratios are plotted 
against Hammet t tr-values for the substituent. 

D i s c u s s i o n 

Both electron-releasing and -withdrawing substituents 
increase the stereospecificity of the reduction. The 

TABLE I. CHIRAL REDUCTION OF SUBSTITUTED AND 

UNSUBSTITUTED a,a,a-TRIFLUOROACETOPHENONES 

Product Yield/%a> Conversion/%b> e.e./% Configuration 

2a 
2b 
2c 
2d 
2e 
2f 

78.4 
33.6 
68.0 
55.3 
52.5 
58.0 

97 
95 

100 
99 

100 
99 

80.2 
76.4 
71.3 
82.5 
82.2 
85.9 

R 
R 
R 
R 
R 
R 

a) Isolated yield, b) The amount of consumed sub­
strate. 

l a : X = p-CH3C 

b : X = p-CH 3 

c : X = H 

d: X = p - C l 

e : X = p - B r 

f: X = m-CF, 

CHa_H H ÇH3 

'CONHC^ 

k 3 

£i?-Me„PNPH 

CH3CN 

CH3 H N PH 3 

• 3 + ô : C 0 N H c ; -
^ N ^ C H 3 

Pr 

I 
bo °-8 

o 

-

-

" 

-

-

?P-0CH 3 

P-CH3 x ^ 

1 1 

0 
H 

p - c i / 

/ 0 
/ m-CF 

-

1 

H 

1 

+0.2 +0.4 

Fig. 1. A plot of log[iq/[S] against a. 
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result cannot be accounted for by simple steric or 
electronic substituent effect in a unit reaction. 

However, the multi-step mechanism with an initial 
electron-transfer process explains the variation of stereo-
specificity. An electron-releasing substituent reduces 
the electron-affinity of a substrate and the electron-
transfer to a substrate of this sort requires high activa­
tion energy as shown in Fig. 2a. In this category, 
only a substrate which has proper intermolecular ar­
rangement can form an electron-transfer complex with 
Me 2 PNPH. Since the intermediate electron-transfer 
complex is an unstable species, the following proton-
transfer step proceeds almost spontaneously. Tha t is, 
the stereochemistry of the net reduction is defined 
kinetically in the process of initial electron-transfer. 

The selectivity-reactivity relationship6) predicts that 
the less the electron-releasing power of a substituent 
on the substrate, or the less the activation energy for 
the electron-transfer process, the less the difference 
in energy between preferred and other conformations 
(Fig. 2b). Consequently, the reduction becomes less 
stereospecific. 

With a strongly electron-withdrawing substituent on a 
substrate, on the other hand, the electron-transfer 
takes place quite rapidly and the intermediate elec­
tron-transfer complex becomes more stable than the 
reactant system (Fig. 2c). The preferential course of 
reduction in this category is, therefore, controlled by 
thermodynamic stability of the intermediate. I t is 
noteworthy that the reaction mixture with I d , l e , 

( a ) ( b ) ( c ) 

Fig. 2. Schematic representation of energy diagram 
for the reduction. Electron-withdrawing power in­
creases in the order: (a )<(b)<(c) . 

or I f turned dark green during the reaction and the 
color disappered a t the end of the reaction. T h e 
color change suggests the formation of a stable long-
living intermediate. Thus, stereochemical course of 
the reduction is determined by the complex-forming 
process. When the complex is unstable, stereochem­
istry is controlled kinetically, whereas when the com­
plex is stable, thermodynamics controls the course. 
Since magnesium ion catalyzes the electron-transfer 
process, stereochemistry of the reduction in the presence 
of magnesium ion is controlled thermodynamically 
yielding quite high enantiomer excess.2) 

The energy diagrams shown in Fig. 2 are the same 
as those proposed previously. In conclusion, we would 
like to emphasize that not only kinetic bihavior bu t 

TABLE 2. OPTICAL ROTATION OF PRODUCT ALCOHOL*) 

Alcohol M D 

2a 
2b 
2c 
2d 
2e 
2f 

- 3 5 . 9 
- 2 4 . 0 
- 9 . 3 2 
- 1 9 . 0 
- 2 1 . 5 
- 1 7 . 1 

1.35 
0.825 
1.18 
1.05 
1.04 
1.58 

a) In ethanol at 20 °G. 

TABLE 3. VPG ANALYSIS OF PRODUCT ALCOHOL AND 

ITS ( - J - ) - M T P A ESTERa> 

Alcohol 

2a 
2b 
2c 
2d 
2e 
2f 

Column 
temp/°C 

170 
150 
150 
170 
170 
135 

Retention time/ 

A1 , , Ester of 
A l c o h o 1 (Ä)-alcohol 

7.9 
5.5 
4.0 
5.9 

10.0 
6.9 

24.5 
19.7 
14.0 
13.0 
21.4 
17.0 

min 

Ester of 
(S) -alcohol 

30.7 
25.0 
17.6 
16.6 
27.9 
21.3 

a) The analyses were done on a Yanaco G-1800F with 
a 1 m, 15% BDS column. 

TABLE 4. 1H- AND 19F-NMR SPECTRA OF ( + )-MTPA ESTERS OF PRODUCT ALCOHOLS 

Alcohol 

2a 

2b 

2c 

2d 

2e 

2f 

Config. of 
alcohol 

R 
S 
R 
S 
R 
S 
R 
S 
R 
S 
R 
S 

!H Chemical shifta> 

Acid-OMe 

3.58 
3.46 
3.58 
3.47 
3.59 
3.46 
3.60 
3.47 
3.60 
3.47 
3.60 
3.46 

Alcohol-H 

6.18 
6.26 
6.21 
6.29 
6.24 
6.31 
6.22 
6.29 
6.21 
6.28 
6.30 
6.37 

19F Chemical shiftb) 

Acid-CF3 

72.31 
72.31 
72.31 
72.31 
72.29 
72.29 
72.18 
72.18 
72.18 
72.18 
72.21 
72.21 

Alcohol-CF3 

76.31 
76.49 
76.26 
76.47 
76.13 
76.39 
76.25 
76.47 
76.26 
76.48 
76.13 
76.42 

a) Ô from TMS in CDC13. b) Ö from CC13F in CDC13. 
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also stereochemical result can be explained by the 
three-step reduction mechanism which proposes initial 
electron-transfer step as the driving force of the reduc­
tion. 

E x p e r i m e n t a l 

Instruments and general procedure for the reduction were 
described in a previous paper.1»3) Melting and boiling 
points were not corrected. 

Materials. Me2PNPH,2> acetonitrile,1»3) and magne­
sium Perchlorate1»3) were prepared or purified as described 
before. 

/>-Methoxy- (la) (bp 114— 115 °C/20 mmHg),7) />-methyl-
(lb) (bp 77.5—78 °G/20 mmHg),7) unsubstituted (lc) (150 
°C/760 mmHg),7) />-chloro- (Id) (81 °C/20 mmHg),8) p-
bromo- (le) (95 °C/4 mmHg),9) and m-trifluoromethyl-a,a,a-
trifluoroacetophenone (If) (77 °C/50 mmHg)1) were syn­
thesized according to the literature procedures. 

Configurational Analyses of Products. Optical rotations 
of the product alcohols are listed in Table 2. Results of 
VPG-analyses and chemical shifts in 1H- and 19F-NMR 
spectra of MTPA esters of the alcohols are summarized in 
Tables 3 and 4, respectively. 

Correlation of Physical Units. Physical units used in 
this report are correlated with SI-units by the following 
relationship. 

1 M = l mol dm-3, t/°C= T/K-273.15, p mmHg= 13.5951 
X 980.665X10-2/? Pa. 
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Reduction by a Model of NAD(P)H. 35. Spectroscopic Detection 
of Charge-transfer Intermediate 
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Institute for Chemical Research, Kyoto University, Uji, Kyoto 611 

(Received March 26, 1981) 

4,4-Disubstituted 1,4-dihydropyridine derivatives are employed as models of NAD(P)H. Electronic and 
ESR spectroscopies have proved that these models form charge-transfer complexes with certain substrates, which 
supports a mechanism of the reduction with 1,4-dihydronicotinamide derivatives to be initiated by initial elec­
tron-transfer. 

I t has been proposed that the reduction of an un­
saturated compound with an NAD(P)H-model involves 
at least one intermediate.1"3) The nature of the inter­
mediate has been discussed, but direct evidence has 
scarcely reported.2'4>5> 

Recently, we reported that results from the studies 
on kinetics and isotope effects for the reduction of a 
series of substituted and unsubstituted a,a,a-trifluoro-
acetophenone with 1 -propyl-1,4-dihydronicotinamide 
revealed the importance of initial electron-transfer.3) 
Stereochemistry of the reduction with a chiral model 
compound also supported the proposed mechanism.6) 
However, since the intermediate undergoes further re­
action spontaneously, it is not easy to detect it. Only 
when the intermediate becomes thermodynamically 
more stable than the reactant system, the detection 
has been succeeded.2'4»5) 

In order to obtain direct evidence for an unstable 
intermediate, we studied electronic and ESR spec­
troscopies by the aid of model compounds that have 
no G4-hydrogen. 

R e s u l t s 

l-Propyl-4,4-dimethyl-l,4-dihydropyridine ( l a ) and 
1 -phenyl-4,4-dimethyl-1,4-dihydropyridine ( l b ) 
employed as reductants. 

were 

OHq OHq 

l a : 
l b : 

II II 

i 

R 
R = G3H7 

R = C6HB 

2a: 
2b: 
2c: 
2d: 

H 

O 
X = H, Y=Br 
X = H, Y = C F 3 

X=-H, Y = N 0 2 

X = CF3, Y = N O 

Electronic Spectra. To test the formation of a 
stable charge-transfer (GT) complex with l a or l b , 
strongly electron-demanding substrates such as TCNQ, , 
iV-methylacridinium iodide, and 1,3,5-trinitrobenzene 
were used for the spectroscopy. Note that these sub­
strates are known to form stable intermediates with 
an ordinary NAD(P)H-model which has a G4-hydro-
gen.2'3»7'8) When, TGNQ, was mixed with l a in an­
hydrous acetonitrile at 50 °G, the solution turned green 
and exhibited a spectrum with absorption maxima 
at 746, 764, 825, and 846 n m as shown in Fig. 1. The 
complexation constant was measured to be 116M" 1 . 
The spectrum is identical to those reported previ­
ously.9»10) 1,3,5-Trinitrobenzene (Fig. 2)11) and N-
methylacridinium iodide (Fig. 3)2) also showed GT-

bands when they were mixed with l b in acetonitrile. 
m-Bromo- (2a), m-trifluoromethyl- (2b), m-nitro-

(2c), and m-trifluoromethyl-m'-nitro- (2d) a,a,a-tri-
fluoroacetophenones were, then, subjected to the spec­
troscopy. Kinetics and other evidence have predicted 
that the intermediates formed from these substrates 
are thermodynamically less stable than their corres­
ponding reactant systems.3) Yet, their mixtures with 
l a in acetonitrile clearly showed new absorptions with 
maxima at 367, 369, 371, and 374 nm for 2a, 2b , 
2c, and 2d, respectively, as shown in Fig. 4. The 
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Fig. 1. Electronic spectrum of anion radical of TCNQ,. 

0.3 

.8 0.2 

J3 

0.1 

1 1 

( a ) 

(c) N \ 

(d) ^ " ^ C ^ ^ 

I l 

1 1 

-1 

"j 

500 600 700 
Wavelength/ nm 

800 

Fig. 2. CT spectra of 1,3,5-trinitrobenzene and 1-
phenyl-4,4-dimethyl-l,4-dihydropyridine; (a) [TNB] 
= 3.56xl0- 2 M, [Ib] = 3 . 1 5 x l 0 - 2 M ; (b) [TNB] = 
3.67X10-2 M, [ I b ] = 2 . 3 2 x l 0 - 2 M ; (c) [TNB] = 
3.79X10-2 M, [Ib] = 1 .44xl0- 2 M; (d) [TNB] = 
3.91x10-2 M, [lb] = 0.495 x 10~2 M. 

0 .10 

0 . 0 5 

1 — 

" 

1 

1 1 x—y 

( a ) 
(b) ~ ^ _ I 

( c ) ' — — - ^ T T - - ^ . "I 
(d) " ^ ^ ^ ^ 

-~T~ 
500 600 700 800 

Wavelength/ nm 

Fig. 3. CT spectra of iV-methylacridinium iodide and 
l-phenyl-4,4-dimethyl-l,4-dihydropyridine; (a) [AI] = 
1.20xlO-2M, [ I b ] = 6 . 3 5 x l 0 - 2 M ; (b) [AI] = 1.30x 
10-2 M, [ I b ] = 4 . 3 1 x l 0 - 2 M ; (c) [AI] = 1.38x 10~2 

M, [ lb ]=2 .74x 10-2 M; (d) [AI] = 1.47x 10~2 M, 
[ I b ] = 0 . 9 7 3 x l 0 - 2 M . 
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new absorptions satisfied well-known criteria for CT-
complexation in solution.12) 

ESR Spectra. A mixture of T C N Q with l a 
in tetrahydrofuran at room temperature (about 25 °G) 
gave well-resolved ESR signals that were attributable 
to the signals from anion radical of TCNQ, 1 0 ' 1 3 ) The 
spectrum is shown in Fig. 5. O n the other hand, 
substrates 2a—d did not give signals under the same 
condition. However, when magnesium Perchlorate 
was added to the system, broad but distinct signals 
were recorded. A spectrum from 2d is shown in 
Fig. 6 as a representative. The spectrum with g= 
2.003 is characterized by a large width of about 100 G, 
which indicates that the splitting due to fluorine atoms 

0.4 

,0 .3 

i 0.2 

0.1 V-

400 A 50 500 
Wavelength/n m 

Fig. 4. CT spectra of substituted a,a,a-trifluoroaceto-
phenones and 1-propyl-4,4-dimethyl-1,4-dihydro­
pyridine; (a) [2d] = 1.39xlO"2M, [la] = 5.58 x 10"2 

M; (b) [2c] = 1.23xlO-2M, [la] = 1.98 x 10~2 M; (c) 
[2a] = 4 .57xlO- 2 M, [ la] = 6.42 X 10~2 M; (d) [2b] = 
4 .71xlO- 2 M, [Ia] = 3 .84x l0 - 2 M. 
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Fig. 5. ESR spectrum of anion radical of TCNQ,. 

Fig. 6. ESR spectra from mixtures of m-trifluoromethy 1-
m'-:rûtro-a,a,a-trifluoroacetophenone and (a) 1-propyl-
4,4-dimethyl-l,4-dihydropyridine and (b) sodium 
metal. 

is involved in the spectrum. The recorded spectrum 
is identical to that observed from the system of 2d 
and sodium metal (Fig. 6b). The signal width is 
identical to that reported for anion radical of a,a,a-
trifluoroacetophenone.14) 

D i s c u s s i o n 

Thus, both electronic and ESR spectroscopies have 
proved that 1,4-dihydropyridine can transfer an elec­
tron onto certain substrate forming a GT-complex. 
However, there still remains a question whether the 
detected intermediate is abortive or real. In this con­
nection, it should be noted that the substrates 2a— 
c are those the reduction of which is catalyzed by 
magnesium ion.3) If magnesium ion increased the 
concentration of abortive GT-complex to exhibit an 
ESR signal, or if the concentration of reacting sub­
strate were decreased by the addition of magnesium 
ion, the reduction in the presence of magnesium ion 
must be slower than that in its absence. The fact 
that the increase in reduction rate corresponds with 
the increase in concentration of GT-complex reveals 
that the GT-complex is not an abortive species but 
is a real intermediate of the reduction. 

In conclusion, we have succeeded to prove that the 
initial step of the reduction with an NAD(P)H-model 
is an electron-transfer process. 

E x p e r i m e n t a l 

Materials. Acetonitrile was distilled three times on 
phosphorous pentoxide. Tetrahydrofuran was distilled and 
dried over sidium, then dried over alloy of potassium and 
sodium under reduced pressure. TCNQ, and 1,3,5-trinitro-
benzene were purchased from Nakarai Ghem. Co. and 
purified by recrystallization. iV-Methylacridinium iodide 
(mp 87 °C),12> m-bromo-a,a,a-trifluoroacetophenone (bp 78 
°G/15 mmHg) (2a),15> m-trifluoromethyl-a,a,a-trifluoroaceto-
phenone (bp 150 °C/760 mmHg) (2b),3> m-nitro-a,a,a-tri-
fluoroacetophenone (mp 54 °C) (2c),15> and m-trifluoro-
methyl-m'-nitro-a^ja-trifluoroacetophenone (bp 90 °G/8 mm 
Hg) (2d)3> were prepared according to literature pro­
cedures. 1 -Propyl-4,4-dimethyl-1,4-dihydropyridine (bp 72 
°C/47 mmHg) (la)16) and l-phenyl-4,4-dimethyl-l,4-dihydro-
pyridine (mp 36 °C) (lb)17> were also synthesized according 
to literature procedures. All materials gave satisfactory 
results from elemental analyses and spectroscopies. 

Visible Spectra. Acetonitrile was flushed with dry 
argon prior to use. A solution of a substrate in acetonitrile 
was prepared and placed in a cell (1 cm) equipped with a 
silicone-rubber stopper, then the solution of a model com­
pound in acetonitrile was injected into this solution. Visible 
spectra was obtained with Union Giken SM-401 spectrometer, 
the cell-compartment of which was filled with dry argon 
and kept at 50.0±0.1 °C. 

The measurement of association (complexation) constant 
of TCNQ, with la was carried out by the procedure described 
below. The concentration of la was kept at 2 x l 0 ~ 4 M 
and the concentration of TCNQ, was changed from 1.58 X 
10~3 to 6 .32xl0- 3 M. The change in the intensity at 746 
nm was measured. The slope of the double reciprocal 
plot of the intensity and the concentration of TCNQ gave 
a linear line. 

Spectra of the other substrates were obtained with the 
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T A B L E 1. CONCENTRATIONS OF REAGENTS FOR THE 

OBSERVATION OF CHARGE-TRANSFER SPECTRA 

Substrate 

1,3,5-Tri-
nitrobenzene 
JV-Methyl 
acridinium iodie 

2a 
2b 
2c 
2d 

Conen/10-2 M 

3.50—3.90 

1.25—1.50 

4.40—5.50 
4.40—4.90 
1.21—1.25 
1.39—1.48 

Model 

l b 

l b 

l a 
l a 
l a 
l a 

Conen/10-2 M 

0.5—3.2 

1.0—6.3 

1.0—8.0 
1.0—8.0 
1.0—3.0 
2.0—5.6 

concentrations listed in Table 1. 
ESR Spectra. Appropriate amounts of a substrate and 

1 were placed in a sample tube and desired amount of the 
purified dry tetrahydrofuran was brought into the tube 
in a vacuum. The spectra were obtained on a J E O L -
J M S - M E - 3 X spectrometer at room temperature or below. 

Correlation of Physical Units. Physical units used in 
this report are correlated with Si-uni t by the following 
relationship. 

1 M = l mol dm" 3 , * / ° C = 7 7 K - 2 7 3 . 1 5 , p m m H g - 1 3 . 5 9 5 1 
x 9 8 0 . 6 6 5 x l 0 ~ 2 / > P a . 
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Intramolecular [2+2]Photocycloaddition of the 3-(3-Butenyloxy)-
2-cyclohexenone System 

Takashi UMEHARA, Yoshinobu INOUYE,* and Hiroshi KAKISAWA 

Department of Chemistry, The University of Tsukuba, Sakura-mura, Niihari-gun, Ibaraki 305 
(Received March 25, 1981) 

The irradiation of 5,5-dimethyl-3-(4-methyl-3-pentenyloxy)-2-cyclohexenone gave regioselectively, 6,6,10,10-
tetramethyl-2-oxatricyclo[5.4.0.01'5]undecan-8-one, while, that of 5,5-dimethyl-3-[(3-methylcyclohexenyl)meth-
oxy]-2-cyclohexenone afforded, regio- and stereoselectively, l,5,5-trimethyl-8-oxatetracyclo[8.3.1.02'7.01'5]tetra-
decan-3-one. 

Since a successful synthesis of caryophyllene by 
Corey and his co-workers in 1963,1) a number of [ 2 + 2 ] -
photocycloaddition reactions have been reported as an 
important step2) in the synthesis of natural products. 
Most of them were intermolecular reactions, for ex­
ample, the addition of an a,/?-unsaturated carbonyl 
moiety of one molecule to a double bond of a second 
one, but intramolecular approaches have limited to 
a few cases.3-5) Nevertheless, the latter a re very 
worthy of investigation because bond formation is ex­
pected to be prompted by the closer situation of reac­
tion sites compared to the case of intermolecular reac­
tions and becuase regio- and/or stereoselectivities will 
be enhanced by a specific and limited arrangement 
of reaction sites. 

W e will here report two intramolecular [ 2 + 2 ] -
photocycloadditions of 3-(3-butenyloxy)-2-cyclohexen-
one derivatives, 7 and 10. These cyclohexenones can 
be easily prepared from a ß-diketone and a 3-butenyl 
alcohol derivative or a corresponding halide, as will 
be described below. 

A simple system of 3-alkenyloxy-2-cyclohexenones 
had been investigated by T a m u r a and his co-workers.6) 
In their work, 5,5-dimethyl-3-allyloxy-2-cyclohexenone-
(1) changed into a tricyclic compound 2 upon irradia­
tion with a H g lamp, while 3-(3-butenyloxy)-2-cyclo-
hexenone 3 was reversed in regioselectivity to give 
another tricyclic compound 4. The reaction of the 
dimethyl compound 5 proceeded differently to afford 
a tetrahydrofuran derivative 6 as a result of a facile 
ene reaction. Therefore, we initially tried the photo-
reaction of 5,5-dimethyl-3-(4-methyl-3-pentenyloxy)-2-
cyclohexenone(7), a dimethyl derivative of 3, in order 
to clarify the influence of dimethyl groups on the 
reaction paths. The dimethyl compound 7 was pre­
pared from dimedone and 5-chloro-2-methyl-2-pent-
ene.7) 

The irradiation of a 1 % hexane solution of 7 with 
an Ushio high-pressure mercury arc lamp gave a 
single photoadduct as a crystal in a 6 3 % yield. The 

FK^ 
•5(R=Me) I II J1(R=H) 

mass spectrum shows that the reaction was intra­
molecular, while the absorption at 1695 c m - 1 in I R 
and the four methyl singlets at 0.94, 1.05, 1.05, and 
1.08 p p m in N M R spectra clearly indicate that the 
reaction proceeded by means of [ 2 + 2 ] cycloaddition. 
Either structure, 8 or 8', is possible for the adduct; 
the N M R spectrum, a broad singlet at 2.35 (HA) , 
an AB center at 2.03 of J= 18 Hz (HB , H c ) , a singlet 
at 1.90 ( 2 x H D ) , and a complex multiplet between 
3.60 and 4.20 ( - G H 2 - 0 - ) are consistent with both 
structures, although, in 8', the coupling constant be­
tween H A and H E is nearly zero, as is to be anticipated 
from the dihedral angle (90°) of these two protons 
in the Dreiding models. 

.& 

The pseudo-contact shift with Eu-FOD was mea­
sured ; the results are shown in Fig. 1 and in Table 1. 
The three protons (HA , HB , and H c ) adjacent to the 
carbonyl group are most deshielded, and the mag­
nitudes of the shifts are very close to each other. This 
shows that the shift reagent nearly comes in contact 
with the carbonyl oxygen and on the same side with 
H A (see 9). O n the other hand, the H E proton shifts 

0h 

S 

0.5 h 

• H A 

Hß t He 
center 

_J I I L 
0.05 0.1 
Eu-FOD/8 

Fig. 1. Pseudocontact shifts of 8 with Eu-FOD in 
GG14. 
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TABLE 1. PSEUDOCONTACT SHIFTS OF 4, 8, AND 16 WITH 

THE ADDITION OF 0 . 1 m o l EQUIVALENT OF 

Eu-FOD IN GG14 

Proton 

HA 

HB,Hc 
Hp 
HE 

HG 

CH3 

4 

1.18 
1.08a> 
0.40 

0.25*> 
0.20*> 
0.36 
0.31 

A<5 Values in ppm 
^ 

8 

1.12 
1.05a> 
0.34 
0.30 
0 .3 / ) 

o.y» 
0.47 
0.34 
0.30 
0.17 

16 

1.18 
1.14a> 
0.34 
0.26 
0.28 
0.19 
0.49 
0.32 
0.17 

a) Shifts at AB-type center, b) Less precise because 
of complex multiplets. 

less than H A and has a magnitude similar to that of 
H D . These facts well accord with the structure 8. 
In the alternate structure, 8', the H E proton is situated 
closer to the carbonyl group than H D ; thus, it must 
have a larger Aô value. Furthermore, H E was found 
to be a double doublet with the coupling constants of 
7 and 5 Hz upon the addition of the shift reagent. 
This is also inconsistent with the structure 8', in which 
the dihedral angle between H E and the neighbouring 
axial proton ( H J is very close to 90°. 

Different from the case of 1 vs. 5, the dimethyl 
group did not exert any influence on the reaction 
path and regioselectivity in the case of 3-(3-butenyloxy)-
2-cyclohexenone 3 vs. 7. This remarkable regioselec­
tivity to give the bicy clo [3. m.0]-system has been ob­
served in other cases.3b'4»8) 

The successful conversion of 7 into 8 led us to in­
vestigate the photochemical reaction of 5,5-dimethyl-
3-[(3-methyl-2-cyclohexenyl)methoxy]-2-cyclohexenone-
(10), which has a less flexible olefinic side chain 
containing one asymmetric carbon atom. 

n . , „ H2(Pt02 > " > HT
y EtOH HO , 

°v UBr IJ > Q L,Br | — *" UBr 

COOH 

Z n , AcOH 

COOEt 
13 

The bromo lactone 11, prepared9) from m-toluic 
acid, was hydrogenated over the Adams catalyst to 
give a saturated lactone 12. As the direct reduction 
of 12 with zinc in acetic acid gave a mixture of an 
olefinic acid and a debromo lactone, probably pro­
duced during the isolation procedure, 12 was initially 
changed into an ethyl ester 13 and then reduced with 
Z n - A c O H to afford an unsaturated ester 14. The 
ester group in 14 was reduced with lithium aluminum 
hydride to give an alcohol 15. The reaction of dime-
done with 15 in the presence of jb-toluenesulfonic acid 
afforded the enol ketone 10 as an oil. 

û 

»WS< H 
10 16 

H G H G 

A similar irradiation of 10 gave a photoadduct in 
a 4 7 % yield. Its spectroscopic properties well accord 
with the structure 16: the carbonyl absorption at 
1690 c m - 1 in the I R spectrum and the three methyl 
singlets at 0.92, 1.00, and 1.01, the one broad proton 
singlet at 2.68, an AB-type quartet at 1.98 of / = 1 8 
Hz, a two proton singlet at 1.88, and the two triplets 
at 3.64 ( y = 9 Hz) and 3.94 (J=9 Hz) in the N M R 
spectrum. The cis-anti-cis stereochemical assignment 
was deduced from the fact that 16 was unchanged 
upon treatment with lithium diisopropylamide. The 
predominant formation of one diastereoisomer seems 
to be characteristic of the intramolecular reaction 
and is largely due to the steric requirement in the 
transition state. 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were taken on a Hitachi 215 grating spectrophotometer. 
The NMR spectra were obtained with Hitachi H-60 and 
JEOL MH-100 spectrophotometers, using TMS as the in­
ternal standard. The mass spectra were obtained with a 
Hitachi RMU-6MG mass analyzer. The flash chromatog­
raphies were performed using the Wakogel G-300 as the 
adsorbent. 

Irradiation Procedure. A test solution of 170 mg of 5,5-
dimethyl-3-(3-butenyloxy)-2-cyclohexenone (3) 0(CHC13) : 
1640 and 1605 s cm - 1] , prepared from dimedone and 4-
bromo-1-butène in the presence of potassium methoxide, 
in 20 ml of hexane was irradiated in a Pyrex test tube 
with an Ushio 450 W high-pressure mercury arc lamp 
under nitrogen for 30 min. The solvent was then evaporated, 
and the residue was chromatographed with hexane-ethyl 
acetate (4:1) to give the known adduct, 46a> (120 mg, 72%). 
m/e: 194 (M+) and 124 (base); v(GGl4): 1700, 1065, and 
1040 cm-1; Ô (CG14, 100 MHz): 1.00 (s, 3H), 1.06 (s, 3H), 
1.71 (AB center, 2H, J = 1 5 H z ) , 2.15 (AB center, 2H), 
2.62 (dd 1H, J = l l and 6 Hz), 1.5—2.0 (m, 2H), 2.0—2.4 
(m, 4H), 2.5—2.8 (m, 1H), and 3.7—4.2 (m, 2H). 

5,5-D imethyl-3- (4-methyl-3-pentenyloxy) -2-cyclohexenone ( 7). 
A solution of dimedone (2.48 g) in 15 ml of dry HMPA 
was added, drop by drop, to a solution of potassium meth­
oxide, prepared from 1.02 g of potassium, 5 ml of dry meth­
anol, and 10 ml of HMPA. 5-Chloro-2-methyl-2-pentene7> 
(2.14 g) was added to the mixture, and the whole was heated 
at 100 °G overnight. Water was added, and the products 
were taken up in hexane. The solvent was evaporated, 
and the residue was chromatographed with hexane-ethyl 
acetate (9:2) to give 7 (741 mg, 19%) as an oil. An anal­
ytical sample was prepared by Kugelrohr distillation [bath 
temp: 70 °G/2 mmHg(l mmHg= 133.322 Pa)], m/e: 222 
(M+) and 83 (base); v (CC14): 1660, 1615, and 1220cm"1; 
Ô (CC14): 1.08 (s, 6H), 1.65 (br. s, 3H), 1.73 (br. s, 3H), 
2.08 (s, 2H), 2.23 (s, 2H), 2.37 (q, 2H, J = 7 H z ) , 3.78 (t, 
2H, J = 7 Hz), 5.1 (br. t, 1H, J = 7 H z ) , and 5.18 (s, 1H). 
Found: G, 75.35; H, 9.96%. Galcd for G14H2202: G, 75.63; 
H, 9.97%. 

6,6,70,70-Tetramethyl^-oxatricyclolö.e.O.O^^undecanS-one (8). 
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A solution of 573 mg of 7 in 86 ml of hexane was divid­
ed into four Pyrex test tubes. The solution was then 
irradiated under nitrogen for 30 min. The solvent was 
evaporated, and the residual oil was chromatographed with 
hexane-ethyl acetate (5:1) to give colorless 8 (361 mg, 63%). 
Bath temp: 92 °C/2 mmHg; mp 48—49 °G (from pentane); 
m/e: 222 (M+) and 83 (base); v (CC14): 1695, 1180, and 
1050 cm-1; Ô (CC14, 100 MHz): 0.94 (s, 3H), 1.00 (s, 3H), 
1.05 (s, 3H), 1.08 (s, 3H), 1.90 (s, 2H), 2.02 (AB center, 
2H, y = 1 8 H z ) , 1.7—2.4 (m, 3H), 2.34 (s, 1H), and 3.6— 
4.2 (m, 2H); Ô (CC14, 100 MHz, with the addition of a 0.11 
equivalent of Eu-FOD) : 1.20 (s, 3H), 1.27 (s, 3H), 1.45 
(s, 3H), 1.56 (s, 3H), 1.9—2.2 (m, 2H), 2.27 (s, 2H), 2.48 
(dd, IH, J = 7 and 5 Hz), 3.17 (AB center, 2H, y = 1 8 H z ) , 
3.56 (s, IH), and 3.9—4.4 (m, 2H). Found: C, 75.57; H 
10.06%. Galcd for C14H2202: G, 75.63; H, 9.97%. 

8-Bromo-cis-5-methyl-6-oxabicyclo[3.2.7]octan-7-one (12). 
The known bromo lactone 119> (1.02 g) in 20 ml of ethyl 
acetate was hydrogenated over the Adams catalyst (109 
mg) at a pressure of 1 atm for 80 min. The catalyst was 
then removed by filtration, and the filtrate was evaporated 
to give crystals. Recrystallization from pentane gave 12 
(0.59 g, 93%); mp 59—60 °G. v (CC14): 1790s and 1105 
cm-1; <3 (GC14): 1.45 (s, 3H), 1.0—2.5 (m, 6H), 2.75 (m, 
IH), and 4.37 (d, IH, J = 6 H z ) . Found: C, 43.97; H, 
4.99%. Galcd for C 8 H u 0 2 Br: G, 43.86; H, 5.06%. 

3-Methyl-2-cyclohexenylmethanol (15). A solution of 12 
(13.4 g) in 60 ml of ethanol was refluxed in the presence of 
a catalytic amount of hydrochloric acid for 2d . The mix­
ture was passed through a sodium carbonate layer and then 
evaporated. The residue, after having been made free 
from a carboxylic acid produced, weighed 12.9 g. The 
IR spectrum of the residue showed that it was a mixture 
of 12 (vc=0 1790 cm-1) and 14 (vc=0 1735 cm-1) in the ratio 
of 1:3. The mixture was refluxed in 10 ml of acetic acid 
with 12.8 g of freshly activated (HCl) zinc powder. The 
solids were removed by filtration and washed with 20 ml 
of hexane. The filtrate and the washing were combined 
and then evaporated to give an oil (5.6 g). The oil was 
dispersed in a 5% sodium hydroxide solution and extracted 
with ethyl acetate. The extracts were washed with water, 
dried over Na2S04 , and then evaporated to give an ethyl 
ester 14 (4.4 g) as an oil; v(CCl4): 1730 and 1175 cm-1. 

A solution of 14, without further purification, in 50 ml 
of dry THF was added, drop by drop, to a cooled solution 
of lithium aluminum hydride (1.06 g) in 50 ml of dry THF. 
The mixture was stirred at room temperature for 30 min 
and then treated successively with 1 ml of water, 1 ml of 
a 15% sodium hydroxide solution, and 3 ml of water. The 
granular precipitates were removed by filtration and washed 
with THF. The filtrate and the washing were combined 
and then evaporated to give an alcohol 15 (2.5 g, 33% from 
12). Bp 55—63 °G/1 mmHg; v (GG14): 3400br, 1060, and 
1030 cm-1; ô (GG14) : 1.65 (s, 3H), 1.1—2.4 (m, 8H), 2.83 
(s, IH, OH), 3.37 (d, 2H, J=6 Hz), and 5.30 (br.s, IH). 

Elemental analysis was performed on its />-nitrobenzoate 
derivative; mp 78—80 °C (from hexane); v (KBr) : 1715, 
1520, 1345, 1285, 1270, and 815 cm-1. Found: C, 65.60; 
H, 6.14; N, 4.71%. Galcd for G15H17N04: C, 65.44; H, 
6.22; N, 5.08%. 

5,5-Dimethyl-3-[(3-methyl-2-cyclohexenyl)methoxy]-2-cyclohexenone 
(10). A mixture of 200 mg of dimedone, 179 mg of 
15, and 25 mg of jfr-toluenesulfonic acid was heated under 
refiuxing with 40 ml of toluene for 43.5 h, while the water 
was being removed continuously by means of a water-sep­
arator. The mixture was then washed with a 15% sodium 
hydroxide solution and water until the washing was neutral. 
After having been dried, the solvent was evaporated to give 
an oil. The oil was chromatographed with hexane-ethyl 
acetate (4:1) to give 10 (204 mg, 58%). Bath temp: 60— 
65 °C/2 mmHg; m/e: 248 (M+) and 108 (base); v (GG14): 
1660, 1616, and 1220 cm-1; Ô (GC14): 1.08 (s, 6H), 1.66 
(br.s, 3H), 2.08 (s, 2H), 2.25 (s, 2H), 1.0—2.8 (m, 10H), 
3.65 (d, 2H, J = 6 . 5 Hz), 5.22 (br.s, IH), and 5.2—5.5 (m, 
IH). Found: G, 77.08; H, 9.77%. Galcd for C16H2402: 
G, 77.37; 9.74%. 

7,5,5- Trimethyl-8-oxatetracyclo 18.3.1.0**.0X**\tetradecan-3-one 
(16). A solution of 200 mg of 10 in 22 ml of hexane 
was irradiated for 6 h. The solvent was then evaporated, 
and the residue was chromatographed with hexane-ethyl 
acetate (5:1) to give 16 (93 mg, 47%); mp 76—77 °C (from 
hexane); m/e: 248 (M+) and 108 (base); v (GC14) : 1690, 
1050, and 1045 cm-1; Ô (CG14, 100 MHz); 0.92 (s, 3H), 
1.00 (s, 3H), 1.01 (s, 3H), 1.88 (s, 2H), 1.98 (AB center, 
2H, J = 1 8 Hz), 1.98 (d, IH, J = 1 0 H z ) , 2.68 (br.s, IH), 
3.64 (t, IH, y = 9 H z ) , and 3.94 (t, IH, y = 9 H z ) . Found: 
G, 77.28; H, 9.74%. Calcd for C16H2402: G, 77.37; H, 
9.74%. 

16 was unchanged even when it was treated with 5 equi­
valents of lithium diisopropylamide at room temperature 
overnight. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Reseach (No. 564174) from 
the Ministry of Education, Science and Culture. 
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Trialkylphosphines react with equimolar amounts of sulfur trioxide to form the 1:1 adducts R3P©-S03©. 
Trialkylarsines and -stibines undergo sulfur trioxide insertion reactions across the metal-carbon bond to give the 
trisulfonates of the metal M(OS02R)3 (M=As, Sb). The reactions of trialkyl phosphites, with sulfur trioxide 
yield trialkyl phosphates, trialkyl thiophosphates, dialkyl alkylphosphonates, dialkyl sulfates, and polymers which 
contain phosphorus atoms. The reactions of trialkoxyarsines and -stibines result in the insertion of sulfur tri­
oxide across the metal-oxygen bond to form the alkoxymetal alkylsulfates (RO)3_MM(OS03R)M (M=As, Sb; 
n = l , 2, 3) depending on the stoichiometric ratios of the reagents used. Pyrolysis of the metal sulfates gives di­
alkyl sulfates and undistillable residues containing the metals. 

In a previous paper,1) we reported that the reactions 
of trialkoxyarsines and -stibines with sulfur dioxide 
gave dialkyl sulfites and metal oxides, whereas trialkyl 
phosphites were oxidized to the phosphates and the 
thiophosphates. There are a few reports2-4) concern­
ing the reaction of sulfur trioxide with tervalent arsenic 
or antimony halides. Recently, Touzin and Mitacek5) 
reported that arsenic(III) fluoride forms the mono-, 
di-, and tr i-SO s insertion products F3_ r aAs(OS02F)m 

depending on the stoichiometric molar ratios. O n 
the other hand, Schmidt and Bipp6) reported that 
the 1:1 adducts of triphenyl-, diphenylchloro-, and 
phenyldichlorophosphines with sulfur trioxide were ob­
tained by the reaction at —78 °C, but phosphine 
oxides and sulfur dioxide were formed by the 
reaction at room temperature. Becke-Gogehring and 
Thielemann7) reported that triphenyl- and tricyclo-
hexylphosphines, -arsines, and -stibines gave the sul­
fates (G 6 H n )3AsS0 4 and (G 6 H 5 ) 3 SbS0 4 in addition 
to the corresponding adducts (C6H5)3P©-S03Q, 
(G6Hn)3P®-S03©, and (C6H5)3As©-S03©. However, 
there has been no report about the insertion re­
action of sulfur trioxide across the metal-carbon or 
metal-oxygen bond of the compounds containing the 
group V elements. We have investigated the reac­
tions of trialkyl- and trialkoxyphosphines, -arsines, and 
-stibines with sulfur trioxide. 

R e s u l t s and D i s c u s s i o n 

Trialkylphosphines. Trialkylphosphines reacted 
readily with sulfur trioxide in dichloromethane at 
— 78 °C to give 1:1 adducts of the type R 3 P©-S0 3 © 
in good yields. T h e adduct of trialkylphosphine ( l a ) 

R3P + S 0 3 > R3P©-S03e (1) 

is a colorless crystal (mp 35—39 °C) ; it dispropor-
tionated to triethylphosphine oxide and a small amount 
of triethylphosphine sulfide with evolution of sulfur 
dioxide on distillation under reduced pressure. The 
adduct of triisopropylphosphine ( lb ) is a stable crystal 
and has a very high melting point compared with 
the others. Ph 2 Bu r e P®-S0 3

e ( lc) was obtained in 
70 % yield by the equimolar reaction of butyldiphenyl-
phosphine with sulfur trioxide. The I R spectrum of 
the adduct ( lc) shows the symmetric and asymmetric 
stretching vibrations of the S0 3 © group8) at 1270, 
1120, and 1038 cm- 1 . Assignments of the 13G N M R 
spectra of the adducts were done according to the 

literature.9) Both the large P - G coupling constants 
observed for the all adducts and the upfield shift of 
ipso-carbon of the phenyl group of the adduct ( lc) 
are characteristic of the phosphonium compounds.1 0 - 1 2) 
T h e 1:1 adduct of triethylphosphine with S 0 3 ( l a ) 
reacted at room temperature with 3 molar excess 
of triethylphosphine to give 3 mol of triethylphosphine 
oxide and 1 mol of triethylphosphine sulfide. T h e 

la + 3Et3P • 3Et3PO + Et3PS (2) 

phosphonium ion structures of the adducts were also 
confirmed by their reactions with methyllithium, hy­
drogen chloride, and acetic acid. T h e structures of 

l a -f MeLi > Et3MePSOaLi (3) 

l a + HCl • Et3ClPS03H (4) 

l a + CH3COOH > Et3P(OCOCH3)S03H (5) 

these reaction products were confirmed by their spec­
troscopic data and also by elemental analyses. 

Trialkylarsines and -stibines. Arsenic or antimony 
tris(alkanesulfonate) were formed on treatments of tri­
alkylarsines or -stibines with a 3 molar excess of sulfur 
trioxide. The yields and some spectroscopic da ta of 

R3M + 3S03 > M(OS0 2 R) 3 (6) 

M=As , Sb 

these insertion products are shown in Table 1. T h e 
reactivity order among the trialkyl derivatives was 
found to be R 3 S b > R 3 A s . Trialkylarsines and -stibines 
behave quite differently from triphenylarsine and -stib­
ine7) and also trialkylphosphines during the reactions 
with sulfur trioxide. This difference in the chemical 
behavior might be attributable to the fact that the 
metal-carbon bond of trialkylarsines and -stibines is 
weaker than the metal-phenyl or the phosphorus-
alkyl bond.13) 

Trialkyl Phosphites. When sulfur trioxide was 
added to an equimolar amount of trimethyl phosphite 
at —78 °C, a violent reaction took place to give tri­
methyl phosphate, trimethyl thiophosphate, dimethyl 
methylphosphonate, dimethyl sulfate, and polymeric 
compounds containing phosphorus atoms. T h e reac­
tion does not obey a simple stoichiometry. Table 2 

(RO)3P + nS03 • (RO)3PO + (RO)3PS 

+ (RO)2P(0)R + (RO)2S02 + "P-polymers" (7) 

shows the effects of the alkyl group of trialkyl phos­
phite, the molar ratio of the reactants, and the reaction 
temperature on the distribution of reaction products, 
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TABLE 1. SULFONATION PRODUCT OF TRIALKYLARSINE AND -STIBINE; M(S03R)3 

[Vol. 54, No. 11 

M R 

*-Pr 

n-Bu 

z-Pr 

n-Bu 

Yield 

88 

92 

90 

84 

IR 
KSO^/cm-1 

1185 
1035 
1190 
1045 

1195 
1050 
1185 
1040 

Cx 

37.9 

34.0 

37.9 

34.3 

13C-NMR((5) 

G2 

18.0 

24.9 

18.0 

26.5 

G3 

24.9 

25.0 

G4 

13.2 

13.3 

iH-NMR^) 

1.58(t, 3H) 
3.68(m, 1H) 
1.00(t, 3H) 
1.17—2.25(m, 4H) 
3.07(t, 2H) 

1.67(d, 6H) 
3.56(m, 1H) 
0.97(f, 3H) 
1.13—2.16(m, 4H) 
2.80(t, 2H) 

As 

Sb 

TABLE 2. EFFECT OF ALKYL GROUP, MOLAR RATIO, AND TEMPERATURE ON THE REACTION 

OF TRIALKYL PHOSPHITE WITH S O , 

P(OR)3 

R - M e 
Me 
Me 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Et 
Et 
Et 
f-Pr 

i-Pr 
n-Bu 
n-Bu 

Molar ratio 
P(OR)3 /S03 

1/1 
1/1 
1/1 
3/1 
4/1 
4/1 
4/1 

1/1 
1/1 
4/1 
4/1 
1/2 
1/3 

1/1 
4/1 

1/1 
4/1 

Temp 
°G 

- 5 0 
- 7 8 
- 9 5 
- 5 0 
- 5 0 
- 7 8 
- 9 5 
- 5 0 
- 7 8 
- 5 0 
- 7 8 
- 7 8 
- 7 8 
- 5 0 
- 5 0 
- 5 0 
- 5 0 

(RO)3PO 

7 
22 

100 
56 
55 
48 
25 
55 
64 
64 
70 
30 

2 
18 
67 
70 
64 

Products distribution/% 

(RO)3PS (RO)2S02 

0 
4 
0 
0 
1 

16 
4 
0 
0 

21 
23 
0 
0 
0 

25 
0 

22 

93 
55 
0 

18 
12 
3 
0 

17 
14 
3 
2 

65 
97 
72 
8 

28 
2 

(RO)2P(0)R 

0 
19 
0 

26 
32 
9 

71 
28 
22 
11 
5 
5 
1 
0 
0 
2 

12 

The relative amounts of the products varied depending 
on the molar ratio of the reactants and the temperature. 
The selective oxidation of phosphite was observed 
at low temperature with formation of sulfur dioxide. 
T h e formation of sulfates is favored at high temperature 
and by increasing the amounts of sulfur trioxide. 
The formation of thiophosphates occured mainly under 
the reaction conditions where the excess amount of 
trialkyl phosphite was used. From these results of 
product distributions, we wish to propose a tentative 
reaction mechanism as follows: 

SOj • (R0)jP , > KR0y*-S(§] >(R0)5P0 + S02 

route B 

((R0)2P0S0jR] 
route C 

_/°> 
(RO^P^SO^ 

*R-0 

(R0) 3 P| 

(R0)jP0 + (RO^PS 

(R0)2PR + S0j (8) 
0 

route D 

Rtf* SOjR 
-> (R0)2SC^ + "P- polymer" 

Trialkyl phosphite is an electron donor which forms 
a donor-acceptor complex with various electron ac­
ceptors. The sulfur atom of sulfur trioxide is the 
most electrophilic center in the molecule. Therefore, 
it is reasonable to assume that trialkyl phosphite reacts 
preferentially with the sulfur atom of sulfur trioxide 
to give alkoxyphosphonium intermediate (route A), 
which is not stable because of the electron-withdrawing 
alkoxyl group on the phosphorus atom. The phos-
phonium ion decomposed to trialkyl phosphate and 
sulfur dioxide, which, in turn, reacts with an addi­
tional trialkyl phosphite to give trialkyl phosphate 
and thiophosphate.1) T o explain the formation of 
dialkyl sulfate and dialkyl alkylphosphonate, we pro­
pose a mechanism involving the insertion of sulfur 
trioxide across the P - O bond of phosphite (route B). 
T h e formation of dialkyl alkylphosphonate can be 
explained by an intramolecular rearrangement of the 
insertion intermediate with elimination of sulfur tri­
oxide (route C) . An analogous mechanism has been 
reported by Lemper and Tieckman14) for the rear­
rangement of diethyl 1-methylallyl phosphite to the 
phosphonate, Dialkyl sulfate and "P-polymers" might 
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be formed through the route D. Concerning the 
formation of dialkyl sulfate and "P-polymers," there 
might be another mechanism involving the reaction 
of trialkyl phosphate (formed through route A) with 
sulfur trioxide as reported by Du Plessis.15) T h e reac-

(MeO)3PO -f S 0 3 • (MeO)2S02 + "P-polymers" (9) 

tion of trimethyl phosphate with sulfur trioxide gave 
dimethyl sulfate and methyl polyphosphates.15) Tri­
alkyl phosphates whose alkyl substitueras were higher 
than the ethyl group, however, formed stable 1:1 
adducts with sulfur trioxide and the corresponding 
dialkyl sulfates and "P-polymers" were not obtained 
from the adducts.16) Therefore, the route D in the 
reaction mechanism proposed is much more probable 
than the latter route. 

Trialkoxyarsines and -stibines. When sulfur tri­
oxide and trialkoxyarsines were allowed to react at 
—50 °G in 1:1, 1:2, and 1:3 molar ratios, the cor­
responding insertion products were obtained almost 
quantitatively. The insertion products are sensitive 

As(OR)3 -f »S03 • (RO)3_nAs(OSOaR)w (10) 

» = 1 , 2, 3 

to moisture and oxygen, while they are stable at room 
temperature under an inert atmosphere. Attempts to 
distill the insertion products under reduced pressure 
(0.1 m m H g (1 m m H g « 133.322 Pa)) resulted in decom­
position giving dialkyl sulfates and white or brown-
black residues containing arsenic atoms. 

Trialkoxystibines also gave the corresponding inser­
tion products with cleavage of the S b - O bond. T h e 

Sb(OR)3 + nS03 • (RO)3_nSb(OS03R)n (11) 

n=;L 2, 3 

reactivity of trialkoxystibines toward sulfur trioxide 
is somewhat greater than that of trialkoxyarsines be­
cause of higher polarizability of the metal-oxygen 
bond of trialkoxystibines than that of trialkoxyarsines. 
T h e insertion products were viscous liquids and very 
sensitive to air and moisture. Attempts to purify 
these products by distillation or recrystallization were 
unsuccessful. Pyrolysis under reduced pressure gave 
dialkyl sulfates along with charred decomposition prod­
ucts containing antimony atoms. T h e IR , 1 H N M R , 
and 13C N M R spectra of the arsenic or antimony 
mono-, bis-, and tris (alkyl sulfates) are given in Table 
3 along with the parent metal alkoxide. The I R 
spectra exhibit symmetric and asymmetric stretching 
vibrations of S 0 2 group at 1220 and 1390 c m - 1 , re­
spectively. In the 13G N M R spectra, a-methylene car­
bons shift to low field by the shielding effect of S 0 2 

group.17) 

E x p e r i m e n t a l 

All reactions were carried out under an atmosphere of 
argon or nitrogen. Infrared spectra were recorded on a 
Shimadzu IR 430 spectrometer. XH NMR spectra were 
recorded on a JEOL G 60 HL spectrometer and 13G NMR 
spectra on a JEOL JNM-FX 60 FT NMR instrument. 
Analytical GLC was carried out on a Shimadzu GG 60A 
apparatus using a 3 m grass column packed with PEG 6000 
(10%) with helium as a carrier gas. Dichloromethane was 
dried over calcium chloride and distilled through a frac­
tionating column. 

Reagent. Sulfur trioxide (bp 46 °G) was distilled from 
sulfuric anhydride (Yotsuhata Ghem. Go.) into an ice-cooled 
flask containing dichloromethane. The concentration of 
sulfur trioxide was determined by a titration with a standard 

TABLE 3. SPECTROSCOPIC DATA OF THE ALKOXYARSENIC OR ALKOXYANTIMONY 

ALKYL SULFATES; (ROS03)nM(OR)3_w 

M 

As 

As 

Sb 

R 

GH3 

G2H5 

C2H5 

n 

0 
1 

2 

3 

0 

1 

2 

3 

0 

1 

2 

3 

IH: 

ROSO3 

— 
4.01 (s, 1H) 

4.07(s, 2H) 

4.11 (s) 

— 

1.42(t, 3H) 
4.34(q, 2H) 
1.46(t, 2H) 
4.49(q, 2H) 
1.43(t, 3H) 
4.46(q, 2H) 

— 

1.38(t, 3H) 
4.34(t, 2H) 
1.41 (t, 6H) 
4.40(q, 4H) 
1.43(t, 3H) 
4.49(q, 2H) 

N M R © 

RO 

3.60 (s) 
3.90(s, 2H) 

3.98(s, IH) 

— 

1.27(t, 3H) 
3.94(q, 2H) 
1.33(t, 6H) 
4.17(q, 4H) 
1.38(t, IH) 

— 

1.37(t, 3H) 
4.01 (q, 2H) 
1.40(t, 6H) 
4.29(q, 4H) 
1.45(t, 3H) 
4.36(q, 2H) 

— 

18Q 

ROSO3 

58.0 

59.1 

59.4 

— 

14.7 
68.4 
14.5 
71.1 
14.5 
71.3 

— 

14.8 
67.2 
14.7 
68.7 
14.6 
67.7 

NMR (d) 

RO 

50.0 
52.5 

54.1 

— 

18.1 
58.5 
17.6 
61.3 
17.2 
65.2 

— 

19.8 
58.9 
18.8 
61.3 
17.1 
63.7 

— 

IR 
v(S03)/cm-1 

— 
1400 
1218 
1390 
1216 
1388 
1218 

— 

1400 
1218 
1390 
1216 
1388 
1215 

— 

1392 
1230 
1388 
1210 
1389 
1216 
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solution of sodium hydroxide. Trimethyl phosphite, tri-
ethyl phosphite and tributyl phosphite were of commercial 
material and distilled before use. Tripropyl phosphite (bp 
84—87 °G/14 mmHg) and triisopropyl phosphite (bp 63— 
66 °G/12 mmHg) were prepared by the method described 
in the literature.18) Trialkoxyarsines and -stibines19) were 
prepared by the reaction of arsenic or antimony trichloride 
with an appropriate alcohol in the presence of ammonia; 
As(OMe)3; bp 95—96 °C/35 mmHg, As(OEt)3; bp 59— 
60°C/14mmHg, Sb(OEt)3; bp 49—52 °C/14 mmHg. 

Equimolar Reaction of Trialkylphosphine with Sulfur Trioxide. 
Sulfur trioxide (19.7 mmol in 5 cm3 of dichloromethane) 
was added to a solution of triethylphosphine (2.31 g, 19.6 
mmol) in 10 cm3 of dichloromethane at — 78 °G. The 
mixture was kept for 2 h at — 78 °C and then warmed up 
gradually to room temperature. After removal of the sol­
vent, the product was recrystallized from petroleum ether/ 
chloroform (5/1) to give Et3P©-S03e (3.27 g, 84%), mp 
35—39 °C. X HNMR (CDC13): 0=1.40 (dt, 3H, 3 y P H = 
19.2 Hz) and 2.49 (dq, 2H, V P H =12.0 Hz). 13C NMR 
(GHC13): 0=5.2 (d, V P C = 4 . 9 HZ) and 18.2 (d, VP C = 
64.7 Hz). 3 1PNMR (CHC13): <5=-79.5. IR (CHC13): 
v(S03-) 1276, 1160, and 1040 cm-1. Found: C, 36.9; 
H, 7.74; P, 15.0%. Calcd for C6H1503PS: C, 36.36; H, 
7.63; P, 15.62%. An attempted distillation resulted in a 
decomposition which gave triethylphosphine oxide (78%) 
and triethylphosphine sulfide (5%). In a similar way, 
reaction of triisopropylphosphine (2.05 g, 12.8 mmol) with 
an equimolar amount of sulfur trioxide gave white crystals, 
i -Pr3Pe-S03e (2.27 g, 74%), mp 201—203 °C (dec). xH 
NMR (GDC13): 0=1.59 (dd, 6H, 3yP C=16.8Hz) and 
2.87 (m, 1H). " G N M R (GHC13): (5=17.3 (d, 2yP C=2.9 
Hz) and 24.8 (d, V P C =51.9 Hz). IR (KBr): v(S03-) 
1238, 1168, and 1020 cm"1. Found: C, 45.3; H, 8.73; 
P, 13.1%. Calcd for C9H a i03PS: C, 44.98; H, 8.81; P, 
12.89%. Reaction of butyldiphenylphosphine (1.03 g, 4.25 
mmol) with an equimolar amount of sulfur trioxide gave 
Ph2BuP©-S03e (0.96 g, 70%) ; 13C NMR (CHC13) : 0=28.2 
( V P C = 7 0 . 8 H Z ) , 23.2 (VP C=1.2 Hz), 23.9 (3JPC=12.2 Hz), 
13.4 ( V P C « 0 H Z ) , 129.8 (ipso, / P C = 100.1 Hz), 130.92 
(ortho, J P C = 9.77Hz), 129.06 (meta, y P C = 12.21 Hz), and 
132.7 (para, y P C =3.1 Hz). IR (neat) : KS03~) 1270, 1120, 
and 1038 cm-1. 

Reactions of Et3P®-S03Q with Various Reagent. Triethyl­
phosphine (1.94 g, 16.4 mmol) was added to Et3P©-S03@ 
(1.09 g, 5.47 mmol) in 5 cm3 of dichloromethane at —78 
°C. The mixture was warmed up to room temperature and 
an exothermic reaction took place to give triethylphosphine 
oxide (1.61 g, 55%) and triethylphosphine sulfide (0.53 g, 
16%). The structures of both compounds were confirmed 
by comparison of the physical properties and spectroscopic 
data with those of authentic samples.20) An equimolar 
reaction of Et3P©-S03© (1.01 g, 5.12 mmol) and methyl-
lithium in ether gave the lithium sulfonate Et3PMeS03Li 
(0.93 g, 87%), a brown solid, mp>250 °C. 13C NMR 
(CHC13): (5=6.2 (2JP C=4.6 Hz, CH3CH2), 17.4 (V P C = 
35.6 Hz, CH2), and 19.3 C/PC=66.7 Hz, CH3P). Found: 
P, 14.1%. Calcd for C7H18PS03Li: P, 14.07%. Reaction 
of Et3P©-S03© (1.84 g, 9.29 mmol) with anhydrous hydrogen 
chloride in ether gave the sulfonic acid Et3P(Cl)S03H (2.09 
g, 96%) as a viscous liquid. lK NMR (CDC13): (5=1.28 
(dt, 9H, V P H =19 .1Hz) , 2.23 (dq, 6H, V P H = 1 2 . 4 H Z ) , 
and 12.44 (s, 1H, SOaH). 13C NMR (CHC13): 6=5.1 
(VP C=5.5 Hz) and 17.2 (VP C=62.9 Hz); IR (neat): y(OH) 
2240, v(S02) 1198, 1050, and v(P-C) 560 cm-1. Found: 
P, 13.5%. Calcd for C6H16PS03C1; 13.20%. Reaction of 
Et3P©-S03© (0.58 g, 2.93 mmol) with acetic acid (0.20 g, 

3.33 mmol) gave the corresponding acetate Et3P(OCOCH3)-
S0 3 H (0.69 g, 92%) as a viscous liquid. xH NMR (CDC13) : 
0=1.26 (dt, 9H, V P H = 1 9 - 4 H Z ) , 2.18 (dq, 6H, 3 J P H = 
12.6 Hz), 2.09 (s, 3H, CH3CO), and 12.41 (s, 1H, S0 3H): 
1 3CNMR (CHC13): 6=5.0 (VP C=5.1 H Z ) , 16.6 ( V P C = 
16.6 Hz), 20.9 (CH3CO), and 176.1 (CH3Co). IR (neat): 
j>(C=0) 1724 cm-1. Found: P, 11.6%. Calcd for C8H19-
0 5 PS: P, 11.99%. 

Reaction of Trialkylarsines with Sulfur Trioxide. Sulfur 
trioxide (20.5 mmol in 10 cm3 of dichloromethane) was 
added to triisopropylarsine (1.40 g, 6.83 mmol) in 10 cm3 

of dichloromethane at —50 °C. After removal of the sol­
vent, arsenic tris(2-propanesulfonate) (2.67 g, 88%) was ob­
tained as a viscous liquid. Found: C, 24.3; H, 4.83%. 
Calcd for C9H21As09S3: C, 24.32; H, 4.74%. Reaction of 
tributylarsine (1.78 g, 7.28 mmol) with 3 molar excess of 
sulfur trioxide gave arsenic tris(l-butanesulfonate) (3.26 g, 
92%). Found: C, 28.9; H, 5.52%. Calcd for C12H27-
As09S3: C, 29.63; H, 5.60%. 

Reaction of Trialkylstibines with Sulfur Trioxide. Tri-
isopropylstibine (2.06 g, 8.20 mmol) and sulfur trioxide (24.6 
mmol) were treated in 20 cm3 of dichloromethane at —50 
°C. Antimony tris(2-propanesulfonate) (3.62 g, 90%) was 
obtained as a viscous liquid. Found: C, 22.4; H, 4.56%. 
Calcd for C9H2109S3Sb: C, 21.96; H, 4.30%. Tributyl-
stibine (2.08 g, 7.11 mmol) and 3 molar excess of sulfur 
trioxide gave antimony tris(l-butanesulfonate) (3.18 g, 84%), 
a viscous liquid. Found: C, 27.4; H, 5.12%. Calcd for 
C12H2709S3Sb: C, 27.03; H, 5.10%. 

Reaction of Trialkyl Phosphite with Sulfur Trioxide. A 
typical reaction is described. When a solution of sulfur 
trioxide (19.2 mmol in 5 cm3 of dichloromethane) was added 
to trimethyl phosphite (2.38 g, 19.2 mmol) in 10 cm3 of 
dichloromethane at — 78 °C, a violent reaction took place. 
After removal of the solvent, the mixture was distilled under 
reduced pressure to give a fraction (2.57 g) of the bp range 
of 60—86 °C/12 mmHg. The following substances were iso­
lated from this fraction (1.50 g) by column chromatography 
on silica gel (changing eluent from cyclohexane to benzene 
and then to chloroform) : trimethyl phosphate (0.33 g), tri­
methyl thiophosphate (0.06 g), dimethyl methylphosphonate 
(0.30 g), and dimethyl sulfate (0.82 g). All these compounds 
were identified by comparing the physical and spectroscopic 
(IR, *H, 13C, and 31P NMR) data with those of the authentic 
samples.21) In a similar manner, the reactions of other 
trialkyl phosphites with sulfur trioxide were performed and 
the distribution of the reaction products were analyzed by 
analytical GLC. 

Reaction of Triakoxyarsines with Sulfur Trioxide. A solu­
tion of sulfur trioxide (17.3 mmol in 5 cm3 of dichlorometh­
ane) was added slowly to trimethoxyarsine (2.93 g, 17.4 
mmol) in 10 cm3 of dichloromethane at —50 °C. After 
the solvent was evaporated, dimethoxyarsenic methyl sulfate 
(3.90 g, 90%) was obtained as a colorless liquid. A dis­
tillation of the crude product (2.65 g) under reduced pressure 
gave pure dimethoxyarsenic methyl sulfate (1.01 g, 39%), 
bp 96—97 °G/0.22 mmHg; Found: C, 14.3; H, 3.63%. 
Calcd for C3H906SAs: C, 14.52; H, 3.66%, along with 
dimethyl sulfate (0.35 g, 27%) and a residue (1.18 g) con­
taining arsenic atoms. Reaction of trimethoxyarsine (1.65 
g, 9.82 mmol) and sulfur trioxide (19.7 mmol) was carried 
out under similar conditions. The white crystals which 
formed were washed with hexane. Methoxyarsenic bis-
(methyl sulfate) (3.03 g, 94%) was obtained, mp 59—63 
°C. The distillation of the crude methoxyarsenic bis(methyl 
sulfate) (1.93 g) gave methoxyarsenic bis (methyl sulfate) 
(0.54 g, 28%), bp 98—103 °C/0.2 mmHg; Found: C? 10.7; 
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H, 2.89%. Calcd for C3H909S2As: C, 10.98; H, 2.76%, 
dimethyl sulfate (0.52 g, 38%) and a grayish residue (0.60 
g). Reaction of trimethoxyarsine (1.97 g, 11.7 mmol) with 
sulfur trioxide (35.2 mmol) gave crude arsenic tris (methyl 
sulfate) (4.49 g, 94%). Distillation of this crude product 
gave arsenic tris (methyl sulfate) (19%), bp 82—85 °C/0.08 
mmHg, Found: C, 8.76; H, 2.28%. Calcd for C3H9012-
S3As: C, 8.83; H, 2.20%, and dimethyl sulfate (21%). Equi-
molar reaction of triethoxyarsine (1.65 g, 7.86 mmol) and 
sulfur trioxide gave diethoxyarsenic ethyl sulfate (2.02 g, 
88%). The distillation gave diethoxyarsenic ethyl sulfate 
(44%), bp 107—110 °C/0.1 mmHg and diethyl sulfate (36%), 
bp 94—96 °C/18 mmHg; IR (neat): v(S02) 1385, and 1158 
cm-1; *HNMR (CC14) : 0=1.43 (t, 3H), and 4.30 (q, 2H); 
» C N M R (CHC13): (5=14.6, and 69.8. When reaction of 
triethoxyarsine with sulfur trioxide was carried out in 1:2 
and 1:3 molar ratios of the reagents, the corresponding oily 
insertion products were obtained in 97 and 92% yields, 
respectively. Attempted distillation of the adducts caused 
a complete decomposition which afforded diethyl sulfate 
(54 and 40%, respectively). 

Reaction of Triethoxystibine with Sulfur Trioxide. A 
solution of sulfur trioxide (20.0 mmol in 10 cm3 of dichloro­
methane) was added to triethoxystibine (5.12 g, 19.9 mmol) 
in 10 cm3 of dichloromethane at —50 °C. In a few minutes, 
white crystals were formed. The mixture was warmed to 
room temperature and the crystals were collected by filtra­
tion. Recrystallization from benzene/chloroform (9/1) gave 
diethoxyantimony ethyl sulfate (5.9 g, 88%), mp 76—80 
°C. Found: C, 20.5; H, 4.54%. Calcd for C6H15OeSSb: 
C, 21.38; H, 4.49%. An attempted distillation of the di­
ethoxyantimony ethyl sulfate (1.23 g, 3.64 mmol) caused the 
decomposition which gave diethyl sulfate (0.40 g, 2.58 mmol) 
and a residue (0.82 g). A solution of sulfur trioxide (19.7 
mmol in 5 cm3 of dichloromethane) was added to triethoxy­
stibine (2.55 g, 9.92 mmol) in 10 cm3 of dichloromethane 
at — 50 °C. After removal of the solvent, the residue was 
dried under reduced pressure (5 h, at 15—20 °C/0.07mmHg), 
leaving a brown viscous liquid (3.96 g) which was used 
without further purification for 1H and 13C NMR and 
IR spectra measurements. These spectra proved the product 
to be ethoxyantimony bis (ethyl sulfate) (96%). Found: 
C, 17.8; H, 3.42%. Calcd for C6H1509S2Sb: C, 17.28; 
H, 3.62%. In a similar way, the reaction of triethoxystibine 
(3.37 g, 13.1 mmol) and sulfur trioxide (39.4 mmol) in 20 
cm3 of dichloromethane gave antimony tris (ethyl sulfate) 
(6.03 g, 93%), orange oil. Found: C, 14.5; H, 3.00%. 
Calcd for C6H15012S3Sb: C, 14.49; H, 3.04%. Pyrolysis 

of the tris (sulfate) (2.00 g, 4.02 mmol) under reduced pres­
sure gave diethyl sulfate (0.53 g, 3.42 mmol) and a charred 
residue (1.37 g). 
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Irradiation of benzene solutions of 9-[2-(iV-substituted aminomethyl)-l-naphthyl]phenahthrenes ( S a - ^ ) gave 
pyrroline derivatives by the attack of the NH group on the C-9 carbon atom of the phenanthrene ring. The 
reactions were highly selective in regio- and stereochemical senses, and occurred through exciplexes form­
ed by intramolecular interaction between the amino group and the excited phenanthrene moiety in 3a—d. 
Mechanistic features of these photoreactions are discussed on the basis of chemical and photochemical prop­
erties of substrates and products. 

The photochemical reactions of aromatic hydrocar­
bons with amines have been studied extensively in 
recent years. For example, pr imary and secondary 
amines undergo the photoaddition to aromatics such 
as benzene1) and anthracene2) mainly at their nitrogen 
atoms, and tertiary amines generally at their carbon 
atoms a to the amino groups. Similar photoaddition 
was observed for naphthalene3) and stilbene.4) Sub­
stituted aromatics sometimes undergo the photosub­
stitution by amines.6) I t has been reported that these 
reactions occur through exciplexes or solvated radical 
anion-radical cation pairs produced by an intermo-
lecular interaction between the excited aromatics and 
the ground state of amines. However, since tfyese 
reactions usually afford several products at the same 
time, the mechanistic interpretation of the réactions 
often becomes equivocal. 

Intramolecular interactions between excited aromat­
ic hydrocarbons and ground state of amines have 
also been studied in bichromophoric molecules con­
taining both an aromatic moiety and a tertiary amino 
group.6) These studies have mainly manifested photo-
physical processes such as intramolecular electron-trans^ 
fer and exciplex formation, but the photochemical 
properties, of these systems have not been much elu­
cidated. 

In this study, we synthesized 9-{2*(iV-substituted 
aminomethyl)- l-naphthyl]phenanthrenes (3a—f) from 
9-(2-methyl-l-naphthyl) phenanthrene (1), and studied 
their photochemical behavior. In these compounds 
(Scheme 1), phenanthrene ring (electron acceptor) 
and amino group (electron donor) are connected by 
naphthylrnethyl group, whereby the spatial relationship 
between both groups is rendered relatively rigid for 
a steric reason: a molecular model shows that in these 
compounds, the : two chromophoric groups can be situ­
ated in a neighboring position in their favorable con­
formations. Consequently, these compounds may serve 
as a good candidate for the elucidation of photochem­
ical properties in a bichromophoric system. 

In this paper we demonstrate that the R N group 
and hydrogen atom of the amino functions in 3a—d 
add respectively to the C-9 and C-10 atoms of the 
phenanthrene ring in a cis mode to form a pyrroline 
ring system. This reaction is highly selective in regio-
and stereochemical senses and occurs through ex­

ciplexes formed by intramolecular interaction between 
the amino groups and the excited phenanthrene moiety. 

R e s u l t s a n d D i s c u s s i o n 

Preparations of the Compounds. The compounds 
3a—f were prepared by the route shown in Scheme 
1. The structures of these compounds were secured 
from their elemental analyses and spectral data (see 
Experimental) . 

Preparative Photochemistry and Properties of Products. 
Irradiation of a degassed benzene solution of 3a in 
Pyrex tube with a high-pressure mercury arc gave 
4a as a sole isolable product in high yield. Similar 
irradiation of 3 b — d gave the corresponding cyclized 
compounds, 4b—d, also in high yields (Scheme 2). 
However, 3e and 3f were essentially unreactive under 
similar conditions, although prolonged irradiation of 
3e afforded a mixture containing at least four com­
pounds. The results are summarized in Table 1. 
The structures of 4a—d were established from their 
elemental analyses, spectral data, and chemical prop­
erties. The relevant XH N M R spectral data are listed 
in Table 2. 

R 
CH2Br ^ J ^ C H 2 X R 2 

O 
3 d - f 

a: R^CßHg, R2 = H; b : R ^ G H g , R2 = H; c: R* = 
C6HU, R2 = H; d: R* = *-C4H9, R» = H; e: Ri = C A , 
R2 = CH3; f: Ri = Ra = CH8 

Scheme 1. 

3a-d 
4>? 

(R=c6H5) Q 

A a - d 5 

a: R = C6H6) b : R = C H 3 , c: R=C 6H 1 1 ) d: R=*-C4H„ 

Scheme 2, 
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TABLE 1. PHOTOREACTION OF 3a—d 

Solvent 

Benzene 

Gompd 

3a 
3b 
3c 
3d 

Acetonitrile 3a 
3b 
3c 
3d 

Methanol 3a 
3b 
3c 
3d 

Conen 
moll1 1" 

0.016 
0.016 
0.016 
0.016 

0.006 
0.018 
0.016 
0.016 

— 
0.018 
0.016 
0.016 

Irradia­
tion 

time/h 

1 
5 
3 
3 

1 
5 
3 
3 

1 
5 
3 
3 

a) Ethanol was used as solvent. 

Product 

TABLE 2. l H N M R CHARACTERISTIC 

Gompd 

3a 
3b 
3c 
3d 
3e 

3f 
4a 
4b 
4c 
4d 

3a—f AND 

Aromatic-Hb> CH2 

8.6—8.8 
8.4—8.8 
8.4—8.8 
8.5—8.8 
8.5—8.8 

8.4—8.7 
— 
— 
— 
— 

4.10 
3.50 
3.50 
3.50 
4.10, 4 . 
(AB-q,/ 
3.15 
5.00 
4.20 
4.38 
4.50 

4a—da> 

HA 

30 
= 17 Hz) 

3 
3. 
3 . 
3. 

45 
14 
04 
37 

4a 
4b 
4c 
4d 

4a 
4b 
4c 
4d 

— 
4b 
4c 
4d 

SIGNALS 

HB 

— 
— 
— 
— 

— 

— 
3.97 
3.58 
3.68 
3.61 

Yield/% 

93 
30 
86 
84 

82 
< 2 
< 2 
75 

— 
< 2 

10a> 

45 

OF 

/ A B / H Z 

— 
— 
— 
— 

— 

— 
19 
17 
17 
18 

a) ô Values. Solvent for 3c and 3f was GG14 and 
that for others was CDC13. b) Signals in the region 
of ô 8.4—8.9 ppm were shown. 

The 1H N M R spectrum of 3a (Fig. la) remarkably 
changed after irradiation. A characteristic multiplet 
around ô 8.6—8.8 (2H, H-4 and H-5 of phenanthrene 
ring) shifted to higher field region (<5 6—8, usual 
aromatic region). A broad singlet at ô 3.80 (1H, 
NH) and a singlet at «4.10- (2H, CH 2 NH) of 3a dis­
appeared and shifted, respectively. Instead, a singlet 
at ô 5.00 (2H) and an AB quartet ( / A B = 1 9 H z ) cen­
tered at ô 3.45 (1H) and 3.97 (1H) appeared (Fig. 
lb ) . The singlet at ô 5.00 was assigned to the meth­
ylene protons in the pyrroline ring of 4a. The higher 
field signals in the AB quartet were assigned to the 
H A proton in the cyclohexadiene ring in 4a and the 
lower field ones to the H B proton in the same ring. 
A downfield shift of H B proton compared to the H A 

proton m a y be due to a deshielding effect of lone-
pair electrons on the adjacent nitrogen atom. Further 
support for the structure of 4a was derived from the 
following observations. 

Irradiation of 3a in D aO-saturated benzene led to 
the formation of a monodeuterated compound of 4a 
(4a-DB) : it must be noticed here that the N H hydrogen 
in 3a is replaced by deuterium through a rapid H-D 

(a) 

Jit 

(c) 

(b) 

U Uik 

(d) 

5 4 3 
S/ppm 

_ _ J i i — 

5 4 3 
S/ppm 

Fig. 1. XH NMR spectra of 3a and 4a in the region of 
3—5 ppm. 
(a) : 3a, (b) : 4a, (c) : 4a-DB contaminated by 4a, 
(d); 4a-DA contaminated by 4a. 

-&U 
CH2-ND<^z-
H C6H5 

3a-ND 

CH2 

> - K D Aa-DB 

CHo 

f 2-PA 

Scheme 3. 

exchange to form 3a-ND before irradiation. The XH 
N M R spectrum of 4a-DB (Fig. lc) showed a singlet 
at ô 3.45 (1H), which indicates that the H B atom of 
4a is displaced by deuterium atom in the photoreaction 
of 3a -ND (see Scheme 3). 

Compound 4a was quantitatively converted back 
into 3a by heating at its melting point or by treating 
with sulfuric acid. Compound 3a thus obtained gave 
again 4a in high yield upon irradiation in benzene. 
However, the compound obtained by heating 4a-DB , 
followed by irradiation in benzene showed the dif­
ferent XH N M R spectrum from that of the other com­
pound which was obtained by treating 4a-D B with 
sulfuric acid, followed by irradiation in benzene. The 
XH N M R spectral examination revealed that the former 
compound is 4a-D B (Fig. lc) contaminated by a small 
amount of 4a. However, the 1H N M R spectrum of 
the latter compound displayed a singlet at ô 3.93 
(1H) (Fig. Id) , indicating that at this time the H A 

atom of 4a is replaced with deuterium atom to give 
4a-DA . 

All of the above observations can be explained in 
terms of the pathway illustrated in Scheme 3. Irra­
diation of 3a-ND causes the addition of the N D func­
tion to the C-9 and C-10 carbons of the phenanthrene 
ring in a aV-mode to give 4a-DB . Thermolysis of 
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4a-D B gives 3a-ND by m-elimination of the N D func­
tion. O n the other hand, treatment of 4a-D B with 
acid affords the deuterium-incorporated compound 6 
by /^^-e l imina t ion of the N - H bond. Irradiation 
of 6 results in the formation of 4a-DA . 

The X H N M R spectral da ta of 4 b — d shown in 
Table 2 strongly support that they also have the struc­
tures given in Scheme 2. The possibility of the 
structure of 5 for these compound can be neglected. 

Spectral Studies. Fluorescence of aromatic hy­
drocarbons is often quenched by amines. I t has been 
demonstrated that such quenching occurs through ex-
ciplexes produced by interaction between the excited 
aromatics and the ground state of amines, and that 
the exciplexes thus formed have a high polarity due 
to electron-transfer from the latter to the former.7) 

Compound 1, which has no amino group in the 
molecule, emitted strongly fluorescence upon irradia­
tion in benzene. Its spectral pattern was similar to 
that of phenanthrene. The fluorescence was efficient­
ly quenched by adding triethylamine into the solution. 
I t is therefore supposed that there exists intermolecular 
electron-transfer interaction between the amine and 
the excited phenanthrene moiety in 1. 

Figure 2 shows the fluorescence spectra of 3b , e, 
f in benzene; the fluorescence of 3a was too weak 
to be detected. The spectral pat tern of these com­
pounds was similar to that of phenanthrene and also 
of 1. However, the intensities of the fluorescent lights 
were appreciably weaker than the intensity of fluo­
rescent light of 1, and decreased with decreasing ioni­
zation potentials of the amino moieties of these com­
pounds.8) In addition, the intensity of fluorescence 
of 3 b in benzene decreased by adding acetonitrile 
into the solution (Fig. 3), whereas that of 1 remained 
substantially unchanged by the addition of acetonitrile. 
Furthermore, new broad emissions were observed in 
benzene in 440 n m region for photochemically un-
reactive compounds, 3e and 3f. The maxima of these 
new emissions shifted to longer wavelength side by 
the addition of acetonitrile. Therefore, these emissions 
are attr ibutable to the formation of exciplexes. 

in 
c 

> 

rr 

400 500 

x/nm 
Fig. 2. Fluorescence spectra of 3b, 3e, and 3f in 

benzene. 
; 3b, — ; 3e, ; 3f, 

These results suggest that intramolecular interaction 
between the amino groups and the excited phenan­
threne ring occurs upon irradiation of 3a—d and 
also 3e—f, and that the interaction has a character 
of electron-transfer. 

Mechanism and Solvent Effect on the Photochemical Reac­
tivity. We now propose a mechanistic pathway 
shown in Scheme 4 for the photoreaction of 3a—d. 

In an initial stage, intramolecular exciplexes 7 are 
formed by interaction between the amino groups and 
the excited phenanthrene moiety. The exciplexes may 
dissociate to the cation radical-anion radical pairs 
8 in polar solvents. The addition of the N H group 
to the C-9, C-10 bond of phenanthrene ring occurs 
from 7 or 8 only if the pairs exist in a solvent cage. 
This reaction takes place almost in a concerted fashion 
and selectively in a mode of m-addit ion to form 4a— 
d. When 7 have no hydrogen on the nitrogen as 
in the cases of 3e and 3f, the addition reaction does 
not occur. In these cases, the emissions from ex­
ciplexes can be observed. 

This mechanistic pathway is consistent with the 
solvent effect on the photochemical reactivity. The 
results of Table 1 and Fig. 4 indicate that the yields 
of 4 a — d decrease with increasing solvent polarity, 
and the yield depression of 4 b in polar solvent is 
particularly remarkable. 

If 7 and 8 are in a nonpolar solvent, their amino 
and phenanthryl groups exist in a neighboring position. 
In such a case, the addition of the amino groups to 

5 10 
Mol% 

Fig. 3. Effect of addition of polar solvents on the in­
tensity of fluorescent light of 3b in benzene (ordinate : 
relative fluorescence intensities; abscissa: mol% of 
polar solvents in benzene). 
— # — : Acetonitrile, — O — : methanol. 

3a—d 
intramolecular 

exciplexes 

7 

4a—d 

Scheme 4, 
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100 

Fig. 4. Contents of the photoproducts 4a or 4b in 
the reaction mixtures obtained by the photoreactions 
of 3a or 3b in mixed solvents (abscissa: vol% of polar 
solvents in benzene). 
— 3 — : R=C 6 H 5 , C6H6-CH3OH, irradiated for 1 h, 
— • — : R = C H 3 , G6H6-CH3OH, irradiated for 4h , 
—O—: R = C H 3 , C6H6-CH3CN, irradiated for 4 h . 

the phenanthrene moiety occurs efficiently. O n the 
other hand, they may dissociate in polar solvents to 
form solvent separated ion pairs which will go back 
to the component neutral species by back electron-
transfer. This assumption accounts for both the stereo­
chemical course of the reaction and the solvent effect 
on the reactivity. A molecular model shows that in 
3a—d, particularly in 3a, the amino and phenanthryl 
groups lie in close proximity in their prefered con­
formation. The preponderance of the conformation 
will be multiplied by the at tachment of a bulky group 
on the amino nitrogen. As a result, 3a reacts smoothly 
to give 4a in any solvent. 

Exper imenta l 

All melting points are uncorrected. IR spectra were 
obtained on a Hitachi 215 infrared spectrophotometer. XH 
NMR spectra were recorded on a Hitachi R-24A spec­
trometer (60 MHz) with tetramethylsilane as an internal 
standard. Ultraviolet and visiblelight absorption spectra 
were obtained on a Hitachi EPS-3T spectrometer. Fluo­
rescence spectra were recorded on a Shimadzu RF-501 
fluorophotometer. 

Materials. 9-(2- Methyl-1 - naphthyl) phenanthrene (1) : 
Grignard reagent, prepared from l-bromo-2-methylnaphth-
alene (6.8 g, 30 mmol), magnesium (0.75 g, 30 mmol), and 
a small amount of iodine in ether-benzene (1:1, v/v), was 
added over 30 min to a solution of 9-bromophenanthrene 
(5.5 g, 20 mmol) and dichlorobis(triphenylphosphine)nickel-
(II) (0.15 g) in anhydrous ether (50 ml). The mixture was 
refluxed for 5 h and acidified with dil hydrochloric acid. 
The organic layer was separated, dried (MgS04), and evap­
orated. The gummy residue was triturated with a small 
amount of hexane to give a white solid. The solid was 
filtered off and recrystallized from ethanol-benzene (2:1, 
v/v), giving 1 (4.8 g, 70% based on 9-bromophenanthrene) : 
mp 148—150 °C; NMR (GG14) 0=2.12 (3H, s, CH3) and 
6.5—8.8 (15H, m, aromatic). Found: C, 94.32; H, 5.58%. 
Calcd for C25H18: C, 94.30; H, 5.70%. 

9-(2-Bromomethyl-1-naphthyl)phenanthrene (2) : A mixture of 
1 (3 g, 9.4 mmol), iV-bromosuccinimide (1.7 g, 9.5 mmol) 
and benzoyl peroxide (3 mg) in CC14 (50 ml) was refluxed 

for 8 h. After cooling, the deposited solid was filtered off. 
Evaporation of the filtrate left a gummy substance which 
solidified upon treatment with a small amount of petroleum 
ether. The NMR spectrum showed that this solid contains 
2 in 90—97% purity. Chromatography of the crude ma­
terial on silica gel with hexane gave pure compound: mp 
123—125 °C; NMR (CC14) (5=4.14 and 4.32 (2H, AB-type 
q, 7 = 1 0 Hz, CHa) and 6.8—8.8 (15H, m, aromatic). 
Found: C, 75.91; H, 4.14%. Calcd for C35H17Br: C, 75.57; 
H, 4.31%. 

9- (2-Anilinomethyl-1-naphthyl)phenanthrene (3a) : A mixture 
of 2 (3.4 g, 8.5 mmol) and aniline (3.2 g, 34 mmol) in 1,2-
dimethoxyethane (60 ml) was stirred for 24 h at room tem­
perature, and the deposited solid was removed by filtration. 
The filtrate was concentrated under reduced pressure, and 
the oily residue crystallized immediately upon adding a 
small amount of methanol. The solid was recrystallized 
from benzene-hexane (1:1, v/v) to give 3a (2.41 g, 64%): 
mp 169—170 °C; IR (KBr) 3400 (NH) and 1320 cm-1 

(CN); NMR (CDG1,) (5=3.80 (IH, broad s, NH), 4.10 
(2H, s, CHa), 6.2—8.0 (18H, m, aromatic) and 8.6—8.8 
(2H, m, aromatic). Found: C, 90.84; H, 5.56; N, 3.47%. 
Calcd for C31H23N: C, 90.92; H, 5.66; N, 3.42%. 

9-(2-Methylaminomethyl-1 -naphthyl)phenanthrene (3b) : A so­
lution of 2 (2.5 g, 6.3 mmol) in 1,2-dimethoxyethane 
(15 ml) was added to a mixture of methylamine hydro­
chloride (17 g, 0.25 mol) in methanol (80 ml). Solid potas­
sium hydroxide (14 g, 0.25 mol) was then added in 3 g por­
tions with stirring. After stirring for 12 h, the deposited 
solid was filtered off, and the filtrate was concentrated in 
vacuo. The residue was poured into water and extracted 
with ether. The extract was concentrated and chromatog-
raphed on silica gel with benzene-ether (1:1, v/v) to give 
3b (0.83 g, 38%): mp 65—67 °C; NMR (CDC13) (5=1.4 
(IH, s, NH), 2.12 (3H, s, CH3), 3.50 (2H, s, CH2), 7.0— 
8.0 (13H, m, aromatic), and 8.4—8.8 (2H, m, aromatic). 
Found: C, 89.63; H, 6.11; N, 3.87%. Calcd for C26H21N: 
C, 89.88; H, 6.09; N, 4.03%. 

9-(2- Cyclohexylaminomethyl -1- naphthyl)phenanthrene (3c) : A 
mixture of 2 (2.0 g, 5 mmol) and cyclohexylamine (5 
ml) in 1,2-dimethoxyethane (20 ml) was stirred for 12 h 
at room temperature, and the deposited solid was removed 
by filtration. The filtrate was poured into 100 ml of water, 
and extracted with benzene. Evaporation of the solvent 
gave a white solid which was purified by chromatography 
on silica gel with benzene-ether (1:1, v/v), yielding 3c (1.43 
g, 73%): mp 160.5—161.5 °C; NMR (CC14) (5=0.3—2.4 
(12H, m, cyclohexyl and NH), 3.50 (2H, s, CH2), 6.7—8.3 
(13H, m, aromatic), and 8.4—8.8 (2H, m, aromatic). 
Found: C, 89.44; H, 7.25; N, 3.44%. Calcd for C31Ha9N: 
C, 89.59; H, 7.03; N, 3.37%. 

9-(2-t-Butylaminomethyl-1 -naphthyl)phenanthrene (3d) : This 
compound was prepared by the method similar to that 
for 3c. The product was purified by chromatography on 
silica gel with benzene. The yield of 3d was 85%: mp 
64—70 °C; NMR (CDC13) (5=0.65 (9H, s, CH3), 1.0—1.2 
(IH, broad s, NH), 3.50 (2H, s, CH2), 7.0—8.0 (13H, m, 
aromatic) and 8.5—8.8 (2H, m, aromatic). Found: C, 
89.39; H, 6.98; N, 3.55%. Calcd for C29H27N: C, 89.42; 
H, 6.99; N, 3.60%. 

9 - [2 - (N - Methylanilinomethyl) -1 - naphthyl\phenanthrene (3e) : 
This compound was prepared from 2 and ^V-methylaniline 
in 1,2-dimethoxyethane by the method applied for the pre­
paration of 3a: mp 167.5—168.5 °C; NMR (CDC13) (5= 
2.80 (3H, s, CH3), 4.10 and 4.30 (2H, AB-type q, J=\7 
Hz, CH2) and 6.4—8.8 (20H, m, aromatic). Found: C, 
90.53; H, 5.90; N, 3.38%. Calcd for C32H25N: C, 90.74; 
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H , 5.95; N , 3.30%. 
9-(2-Dimethylaminomethyl-1 -naphthyl)phenanthrene (3f) : This 

compound was prepared from dimethylamine hydrochlo­
ride and 2 by the method applied for the preparat ion of 
3 b : m p 115—117 °G; N M R (GG14) 0 = 1 . 9 7 (6H, s, GH 3 ) , 
3.15 (2H, broad s, GH 2 ) , 6.8—7.9 (13H, m, aromatic) , and 
8.4—8.7 (2H, m, aromatic) . Found : G, 89.97; H , 6.36; 
N, 3 .89%. Galcd for G 2 7H 2 3N: G, 89.71 ; H , 6.41 ; N , 3 .88%. 

Photoreactions. A general procedure is shown in an 
example of the photoreaction of 3 a : a solution of 3a (100 
mg, 0.25 mmol) in benzene (10 ml) in a Pyrex tube was 
degassed by three freeze-pump-thaw cycles under argon 
and the tube was sealded under reduced pressure. I r radia­
tion was carried out by using a merry-go-round apparatus 
(Eikosha PIH-300) with a 300 W high-pressure mercury 
l amp cooled with water. After irradiation, benzene was 
evaporated under reduced pressure. T h e residue was dis­
solved in GDG13 and its 1 H N M R spectrum was recorded. 
T h e yield of the photoproduct 4 a was estimated from the 
intensities of methylene signals. 

Benzene-</6 solutions of 3 a — d ( 8 x l O ~ 2 M ) sealded in 
N M R measureing tubes were irradiated in a manner similar 
to that employed for preparat ive photoreactions. T h e rates 
of the photoreactions were measured by following the changes 
in intensities of signals in the N M R spectra at appropriate 
t ime intervals. Yields were estimated on the basis of the 
relative intensities of methylene signals of each cyclic com­
pound to that of tetramethylsilane used as an internal stand­
ard. 

Photoproducts. T h e photoproducts were purified by 
chromatography on silica gel (4a and 4b) or recrystalliza-
tion from methanol (4c and 4d ) . 4 a : m p 105—120 °G 
(dec); N M R (GDG13) 0 = 3 . 9 7 and 3.45 (2H, AB-type q, 
y = 1 9 H z , CH 2 ) , 5.00 (2H, s, CH 2 ) , and 6.2—8.1 (19H, 
m, aromatic) . Found : G, 90.84; H , 5.65; N , 3 .53%. Galcd 
for G3 1H2 3N: G, 90.92; H , 5.66; N , 3.42%. 4 b : m p 6 5 — 
75 °G (dec); N M R (GDC13) 0 = 2 . 0 5 (3H, s, GH 3 ) , 3.58 
and 3.14 (2H, AB-type q, J=\l Hz , GH 2 ) , 4.20 (2H, s, 
GH2) and 6.8—8.0 (14H, m, aromatic) . Found : G, 90.03; 
H , 6.40; N , 4.00%,. Galcd for G 2 6H 2 1N: C, 89.88; H , 6.09; 
N , 4 . 0 3 % . 4 c : m p 125—130 °G (dec); N M R (CDG13) 
6=0 .5—1.7 (m, cyclohexyl), 3.04 and 3.68 (AB-type q, 
7 = 1 7 Hz , GH 2 ) , 4.38 (s, GH2) and 6.8—8.0 (m, aromatic) . 
Found : G, 88.97; H , 7.52; N , 3.49%,. Galcd for G3 1H2 9N: 
G, 89.59; H , 7.03; N , 3.37%,. 4 d : m p 100—110 °G (dec); 

N M R (GDG13) 6 = 0 . 9 2 (s, GH 3 ) , 3.37 and 3.61 (AB-type q, 
/ = 18 Hz , GH 2 ) ,4 .50 (s, CH 2 ) , and 6.9—8.0 (m, aromatic). 
Found : G, 90.06; H , 7.33; N , 3.58%. Galcd for G2 9H2 7N: 
G, 89.42; H , 6.99; N , 3.60%,. 

T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d b y a 
G r a n t - i n - A i d for Scientif ic R e s e a r c h f rom t h e M i n i s t r y 
of E d u c a t i o n , Sc ience a n d C u l t u r e ( N o . 510206) . 

R e f e r e n c e s 

1) M . Bellas, D . Bryce-Smith, and A. Gilbert, / . Chem. 
Soc, Chem. Commun., 1976, 263, 862; M . Bellas, D . Bryce-
Smith, M . T . Clarke, A. Gilbert, G. Klunkin, S. Krestonosich, 
G. Manning , and S. Wilson, J. Chem. Soc, Perkin Trans. 
1, 1977, 2571, and references cited therein. 

2) R . S. Davidson, J. Chem. Soc, Chem. Commun., 1969, 
1450; N . G. Yang and J . Libman, J. Am. Chem. Soc, 95, 
5783 (1973); N . G. Yang, D . M . Shold, and B. Kim, ibid., 
98, 6587 (1976). 

3) J . A. Barltrop and R. J . Owers, J. Chem. Soc, Chem. 
Commun., 1970, 1492. 

4) M . Kawanishi and K. Matsunaga, J. Chem. Soc, 
Chem. Commun., 1972, 313; T . Kubota and H . Sakurai, Chem. 
Lett., 1972, 923, 1249; A. Gouture, A. Lablache-Gombier, 
and H . Oftenberg, Tetrahedron, 21, 2023 (1975); F . D . Lewis 
and T. - I . Ho , / . Am. Chem. Soc, 99, 7991 (1977). 

5) M . Ohashi , K . Miyake, and K. Tsujimoto, Bull. 
Chem. Soc. Jpn., 53 , 1683 (1980), and references cited therein. 

6) R. Ide , Y. Sakata, S. Misumi, T . Okada , and N. 
Mataga , J. Chem. Soc, Chem. Commun., 1972, 1009; Rev., 
F. G. De Schryver, N . Boens, and J . Put , "Advances in 
Photochemistry," ed by J . N . Pitts, J r . , G. S. Hammond , 
and K. Gollnick, J o h n Wiley & Sons. Inc. , New York 
(1977), Vol. 10, p . 359. 

7) H . Leonhardt and A. Weller, Ber. Bunsenges. Phys. 
Chem., 67, 791 (1963); N , Mataga , T . Okada , and H . 
Masuhara , Kagakusousetsu, No. 24, p . 101 (1979). 

8) This conclusion was derived from the assumption 
that the ionization potentials of the amino moieties in these 
compounds can be estimated from those of the corresponding 
JV-substituted methylamines : for example, 8.36 eV for 
(CH 3 ) 2 NH, 8.12 eV for (CH 3) 3N, and 7.36 eV for (CH3)2-
N C 6 H 5 were used as the ionization potentials of the amino 
moieties in 3b , 3f, and 3e, respectively. 



November, 1981] © 1981 The Chemical Society of Japan Bull Chem. Soc. Jpn., 54, 3505—3509 (1981) 3505 

Branched-chain Sugars. XXIII. Stereoselectivities in the Addition 
of Nucleophiles to Several 4-uloses^ 

Masafumi MATSUZAWA, Ken-ichi SATO, Toshio YASUMORI, and Juji YOSHIMURA* 

Laboratory of Chemistry for Natural Products, Faculty of Science, Tokyo Institute, of Technology, 
Nagatsuta, Midori-ku, Yokohama 227 

(Received April 24, 1981) 

The stereoselectivities in the 1,2-addition of nucleophiles such as methylmagnesium iodide, vinylmagnesium 
bromide, and 2-lithio-2-methyl- 1,3-dithiane to seven kinds of 4-uloses were examined. The configurations of 
C-vinyl derivatives obtained were determined from the chemical shifts of a-carbons in 13C-NMR spectra. 

In the preceding paper of this series1) benzyl 2,3-
di-O-benzyl- (1), and 2,3-O-methylene-^-L-^r^o-pento-
pyranosid-4-uloses (2), benzyl 2,3-di-0-benzyl-6-deoxy-
(3) and 6-deoxy-2,3-O-methylene-a-D-ry/0-hexopyrano-
sid-4-uloses (4), and methyl 6-deoxy-2,3-0-methylene-
a-D-n'6o-hexopyranosid-4-ulose (5) were synthesized as 
the starting materials for the synthesis of 2,3-O-meth-
ylene-4-C-substituted aldonolactones found in orthoso-
mycins.2) For this purpose, a two-carbon unit should 
be stereoselectively introduced into the carbonyl func­
tion of 2 and 4. In this paper, stereoselectivities in 
the addition of nucleophiles to the above 4-uloses 
were examined, together with newly synthesized methyl 
6 - deoxy - 2,3 - 0 - methylene - a - D - ^o-hexopyranosid-4-
ulose (6) and known methyl 2,3-di-0-benzyl-6-deoxy-a-
D-ry/o-hexopyranosid-4-ulose (7) .*) 

R e s u l t s and D i s c u s s i o n 

The new 4-ulose 6 was synthesized as follows. Reac­
tion of methyl 4,6-O-isopropylidene-a-D-mannopyrano-
side4) in JV,JV-dimethylformamide with sodium hy­
dride and dibromomethane gave the corresponding 
2,3-O-methylene derivative (8) in 6 1 % yield. Partial 
hydrolysis of 8 in 70 % acetic acid at room temperature 
for 16 h gave the corresponding O-deisopropylidenated 
product (9) in quantitative yield. Monotosylation of 
9 gave the 6-O-tosylate (10) in 6 3 % yield. Reduction 
of 10 in tetrahydrofuran with lithium aluminium hy­
dride gave the 6-deoxy derivative (11) in 7 8 % yield. 
Oxidation of 11 with dimethyl sulfoxide-trifluoroacetic 
anhydride5) gave 6 in 9 3 % yield. 

The coupling constants of 5 {Jx 2 = 4 . 2 , J2,z=8&> 
y 3 5 = 0 . 8 H z ) and 6 C / l f 2 = 0 , / 2 3 = 6 . 4 Hz) indicate 
that these Compounds exist in a boat or a skew-boat 
conformation, but not in the usual CI conformation. 
Collins and Whitton6) suggested the °S4 conformation 
to the 2,3-O-isopropylidene analogue ( y i f 2 = 3 . 8 , y2 ,3— 
9.0, y 3 f 5 = 1 . 2 H z ) of 5, however, the assingment of 
1AB for 5 and the °S4 for 6 will be more probable 
from y2,3 values. 

As the nucleophiles for 1,2-addition to 4-uloses, 
methylmagnesium iodide, methyllithium, vinylmagne­
sium bromide, and 2-lithio-2-methyl- 1,3-dithiane were 
used, and the results were summarized in Table 1. 

The configuration of products in these reactions was 
mainly determined from the chemical shifts of the 
branching a-carbons in 13G N M R spectra. Applica­
tion of the fact that equatorially oriented C-methyl 
carbons are deshielded with respect to axially oriented 
methyl carbons for the configurational assignment of 

0=<sr>c 
Me 

OBn 
OR 

(1) R = B n 
(2) R,R = CH 2 

Bn=benzyl 

OMe 

r0R 
0Ri 

(3) R = Ri=Bn 
(A) R = Bn,Ri,Ri=CH2 

(7) R - M e , R,=Bn 

0 OMe 

(5) 

Me o-^v 

OMe 

OMe 

Me 

(6) 

(8) (9) R = 0 H 

(10) R = OTs 
(11) R =H 

C-methylhexopyranosides7) has been extended to the 
l,3-dithian-2pyl,8) hydroxymethyl,9) nitromethyl,10) and 
benzoylaminomethyl10) derivatives. As shown in Table 
2, this principle1 was successfully used for the deter­
mination of the configuration of 4-C-vinyl derivatives, 
by the comparison of the chemical shifts of methin 
carbons in the vinyl groups. However, this trend 
could not be observed in those of methylene carbons 
in vinyl groups. Miljkovic et al. depicted that there 
are ca. 6 ppm difference in the chemical shifts between 
axial and equatorial C-methyl carbons.7) The smaller 
differences between 12 and 13, and 14 and 15 indicate 
that the conformation of pentopyranosides having an 
axial substituent tends to deviate from CI. 

The configurations of epimeric 4-C-(2-methy 1-1,3-
dithian-2-yl) derivatives (16 and 17) were determined 
from the fact that 16 exists in \C C / i ,2=l -3 , Jztz— 
3.0 Hz) , whereas 17 in CI ( 1 / i ( 2 = 4 . o / 4 / 2 ) 3 = 9 . 2 H z ) 
conformation. I t is known that this bulky group in 
axial orientation causes a similar inversion of the 
conformation to that of 16.11) The reliability of these 
assignments was proved by the actual derivation of 
15, 22, and 28 into naturally occuring branched-
chain sugars12»13) and also by the establishment of 
a principle for the determination of the chirality of 
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TABLE 1. NUCLEOPHILIC REACTIONS OF 4-ULOSES 

R u n 

1 
2 
3 
4 
5 

6 
7 

8 

9 
10 
11 
12 

13 

14 

4-Ulose 

1 

2 

3 

7 
4 

5 

6 

Nucleophile 

MeMgl 
MeMgl 
MeLi 
CH2=CHMgBr 
DTNLia> 

MeMgl 
CH2=CHMgBr 

CH2=CHMgBr 

MeMgl 
MeMgl 
CH2=CHMgBr 
DTNLia> 

MeMgl 

MeMgl 

Conditions 

Solvent 

Ether 
Ether-THF 
Ether 
THF 
THF 

Ether-THF 
THF 

THF 

Ether 
Ether-THF 
THF 
THF 

Ether-THF 

Ether 

Temp 

- 7 8 °C 
RT 
RT 
RT 

- 3 0 °C 

RT 
RT 

RT 

RT 
RT 
RT 
RT 

RT 

RT 

Ratio of products 

Axial : equatorial attack 

(12) 
(12) 
(12) 
(14) 
(16) 

(18) 
(20) 

(23) 

(26) 

(29) 

1 : 2.6 
2.5 : 1 

1 : 0 
2.5 : 1 
2.5 : 1 

1 : 2.8 
1 : 4.6 

0 : 1 

1 : 2.2 
0 : 1 
1 : 15 
0 : 1 

1 : 0 

0 : 1 

(13) 
(13) 

(15) 
(17) 

(19) 
(21) 

(22) 

(24) 
(25) 
(27) 
(28) 

(30) 

Yield/% 

98 
84.5 
32 
48 
35 

72 
59 

44 

86 
89 
55 
35 

95 

96 

a) The abbreviation of 2-lithio-2-methyl-l,3-dithiane. 

R2 VSvA 
B n O l 

OBn 
(12) R1 = Me,R2=0H 
(13) R, = 0H.R2=Me 
(14) R1=-CH=CH2.R2=0H 
(15) Ri = OH.R2=-CH = CH2 
(16) R^DTN» R2=0H 
(17) R^OH.R^DTN 

X % ̂ o 

B n 0 Ar> OR 

(22) R = B n . R ^ O H . R ^ H s C ^ 
(23) R =Me, R,=Me,R2=0H 
(24) R =Me, R! = 0H,R2=Me 

R î \ ^ \ 

V ^ OBn 
(18) R1=Me, R2=0H 
09) R^OH.R^Me 
(20) R1=CH=CH2,R2=OH 
(21) R1=OH,R2^CH = CH2 

Me 

XHe ô 
„oA^A 

0 - y OB" 

(29) 
B 

OBn 

(25) R! = 0H,R2=Me 
(26) R1=-CH=CH2.R2=OH 
(27) R^OH. R2=-CH = CH2 

(28) R 1 = 0H, R2 = DTN 

Bn=benzyl 
(30) 

TABLE 2. DETERMINATION OF THE CONFIGURATIONS OF 

4-EPIMERS FROM THE CHEMICAL SHIFTS OF BRANCHING 

A-CARBONS IN 1 3 C - N M R SPECTRA 

Chemical shifts 

C-Methyl 

Axial 

20.4(12) 
15.8(18) 
14.9(23) 

18.4(29) 

(ppm) 
4-C-substitutec 

derivatives 

Equatorial 

22.8(13) 
22.0(19) 
22.3(24) 
22.1(25) 

21.1(30) 

of a-carbons of 
epimers 

C- Vinyl 

Axial 

137.1(14) 
135.2(20) 

132.7(26) 

derivatives 

Equatorial 

138.5(15) 
137.2(21) 
139.7(22) 
137.6(27) 

1-hydroxyethyl groups introduced via the corresponding 
vinyl and ethylidene derivatives.14) 

In the results of 1 (Runs 1—5) shown in Table 1, 

it is characteristic that the axial attack generally 
predominates over the equatorial attack, excepting 
the Grignard reaction in ether at —78 °G. The com­
plementary stereoselectivity between the Grignard and 
methyllithium reactions at lower temperature was also 
observed in the cases of methyl 2,3-di-O-methyl-
and 253-di-0-mesyl-6-0-trityl-a-D-^);/o-hexopyranosid-4-
uloses.7) The reason for this remarkable fact should 
be pursued in more detail. The predominancy of 
the axial attack will be attributed again to changeable 
conformation of 1, because the equatorial attacks are 
predominant in the case of 2 (Runs 6, 7) in which 
the 2,3-O-methylene ring prohibits the inversion of 
the CI conformation. A similar trend is also observed 
in the reaction of 7 and 4 (Runs 9, 10) with methyl-
magnesium iodide, though the equatorial attack is 
predominant in these hexopyranosides. In the cases 
of 5 and 6, the nucleophile exclusively approaches 
to the carbonyl function from the opposite side of 
the bulky 2,3-O-methylene ring. Similar stereoselec-
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TABLE 3. ^ N M R PARAMETERS OF 4-C-METHYL DERIVATIVES 
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4-C-Methyl 
derivative 

H-l 

(7i.i) 
H-2 

(7i..) 

Chemical shifts (ô) and coupling constants (Hz) 

H-3 H-5e H-5a H-6 
(75e,5a) \Jb,6) 

Other protons 

12 

13 

18 

19 

23 

24 

25 

29 

30 

4.76d 
(2.8) 

4.90 d 
(3.1) 

5.26d 
(3.8) 

5.35d 
(3.1) 

4.55d 
(3.8) 

4.60 d 
(3.8) 

5.30d 
(3.2) 

4.68d 
(5.2) 

5.00 d 
(0.5) 

3.49 dd 
(7-2) 

3.85 dd 
(9.6) 

3.32 dd 
(9.8) 

3.84 dd 
(10.0) 

3.44 dd 
(9.8) 

3.86 dd 
(9.5) 

3.78 dd 
(10.5) 

4.21 t 
(5.6) 

3.88 dd 
(5.3) 

3.66 d 

3.68 d 

3.90 d 

3.72d 

3.74d 

3.58 d 

3.77d 

3.86d 

3.76d 

3.66 d 
(11.5) 

3.64d 
(12.0) 

3.50 d 
(11.3) 

3.41 d 7.4—7.1 (Ph; m), 4.4—5.1(CH2Ph; m), 
2.50 (OH), 1.20(CMe) 

3.45 d 7.5—7.0(Ph; m), 4.4—5.1 (CHaPh; m), 
2.35(OH), 1.14(CMe) 

3.34d 7.4—7.2(Ph; m), 5.13 and 5.10 
(OCH20;eachs), 4.8—4.5(CH2Ph; m), 
2.16(OH), 1.39(CMe) 

3.50 s 7.5—7.3(Ph; m), 5.14 and 5.08 
(OCH20; ABq, 7=1.0) , 4.7—4.4 
(GH2Ph; m), 2.40(OH), 1.39(CMe) 

3.74q 1.11 d 7.4—7.2(Ph; m), 4.4—5.1(2xCH2Ph; 
(6.0) 2xABq, 7=11.5, 11.8), 3.36(OMe), 

1.99(OH), 1.13(CMe) 

3.71q 1.21 d 7.4—7.2(Ph; m), 4.5—5.0(2xGH2Ph; 
(6.5) 2xABq, 7=11.5, 10.8), 3.38(OMe), 

2.27 (OH), 1.12(CMe) 

3.58q 1.18d 7.5—7.2(Ph; m), 5.10 and 5.15 
(6.4) (OCHaO; ABq, 7=1.0) , 4.72 and 4.68 

(GH2Ph; ABq, 7=12.0), 2.25(OH), 
1.31(CMe) 

3.93q 1.22d 5.25 and 5.02(OCHaO; ABq, 7=2.0) , 
(6.7) 3.38(OMe), 2.35(OH), 1.21(CMe) 

3.70q 1.23d 5.31 and 4.91 (OCHaO; ABq, 7=1.4) , 
(6.6) 3.43(OMe), 2.40(OH), 1.14(CMe) 

TABLE 4. 1H NMR PARAMETERS OF 4-C-VINYL DERIVATIVES 

4-C-Vinyl 

Chemical shifts (ô) 

H-l H-2 H-3 H-5e H-5a 
\Jl.i) (72,3) (7öe,5a) (75,6) 

and coupling constants (Hz)a) 

H-6 H-4a and HAß 
\J trans,eis, gem) 

O H OCH20 
(7ABq) 

14 

15 

20 

21 

22 

26 

27 

4.51d 
(3.0) 

4.82d 
(2.9) 

5.26d 
(3.3) 

5.38d 
(3.0) 

4 .83d 
(3.0) 

5.28d 
(3.5) 

5.35d 
(3.0) 

3.83 dd 
(10.0) 

3.56 dd 
(9.1) 

3.37 dd 
(9.2) 

3.90 dd 
(9.4) 

3.80 dd 
(9.8) 

3.52 dd 
(10.0) 

3.88 dd 
(9.5) 

3.92 d 

3.74d 

4.Old 

3.97 d 

3.88d 

4.03d 

4.Old 

3.72 dd 
(11.5) 

3.74d 
(11.5) 

3.62d 
(10.8) 

3.54d 
(11.0) 

3.35 d 

3.63 d 

3.56 d 

3.47 d 

3.93q 
(6.5) 

3.75q 
(6.5) 

3.72q 
(7.0) 

1.11 d 

1.05d 

1.12d 

5 .80dd ,5 .50dd ,5 .27dd 
(16.2,9.8,2.1) 

6 .09dd ,5 .49dd ,5 .26dd 
(16.7,10.0,2.0) 

6 .12dd ,5 .52dd ,5 .32dd 
(17.6, 11.0, 1.8) 

5.86 dd, 5.53 dd, 5.30 dd 
(16.7, 10.0,2.0) 

5.77 dd, 5.41 dd, 5.28 dd 
(17.0,10.0,2.0) 

5 .99dd ,5 .55dd ,5 .46dd 
(17.6,11.0,2.0) 

5.84 dd, 5.48 dd, 5.32 dd 
(17.0, 10.4, 1.9) 

2.71db> 

3.22 

2.96 

3.05 

2.54 

2.47 

2.14 

5 . 0 9 d , 5 . 0 3 d 
(1.0) 

5 . 1 5 d , 5 . 0 7 d 
(1.0) 

5.12 d , 5.07 d 
(1.0) 

5 . 1 8 d , 5 . 1 0 d 
(1.0) 

a) Data of protons in benzyl groups were omitted, b) 7oH,5e —3.0 was observed. 

tivities were also observed in the reduction of 2,3-0-
isopropylidene analogue of 56> and 2,3-0-isopropylidene 
analogue of 615> and the Grignard reaction16) of the 
enantiomer of the latter. It is obvious that bulkier 
nucleophiles such as vinylmagnesium bromide and 2-
lithio-2-methyl-l,3-dithiane (Runs 7, 8, 11, 12) afford 
selectively the equatorial attack products, unless oth­
erwise a special steric hindrance is present. 

1H NMR parameters of 4-C-methyl and 4-C-vinyl 
derivatives thus obtained were shown in Tables 3 and 
4, respectively. Among C-methyl derivatives, coupling 

constants (7i,2 a n d 72,3) °f 29 and 30 indicate that 
these compounds exist in the usual alio and talo con­
figurations, respectively. The parameters shown in 
the both tables will be reasonable for the individual 
compounds. 

Exper imenta l 

General Methods. Melting points were determined 
with a Mel-Temp melting point apparatus and not cor­
rected. Optical rotations were measured at room tern-

file:///Jl.i
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perature in 0.5 dm tube with Carl Zeiss LEP-A1 or J A S C O 
DIP-4 Polarimeter, using chloroform as a solvent. 1 H -
N M R spectra were recorded with a J E O L J N M PS-100 
spectrometer in deuteriochloroform containing tetramethyl-
silane as the internal reference. 1 3 C-NMR da ta (Table 
2) were obtained at 30 °C on a J E O L J N M FX-100 spec­
trometer in the pulse Fourier transform/proton noise de­
coupled mode at 25.15 M H z in deuteriochloroform. Each 
spectrum was obtained after 1000 transients with a frequency 
range of 5000 Hz. T h e pulse angle of 45° was used, with 
an acquisition time of 0.8 s and a pulse delay of 0.7 s. 
Chemical shifts and coupling constants were recorded in 
ô (ppm) and Hz units. Evaporations were conducted under 
diminished pressure. 

Methyl 4,6-0-Isopropylidene-2,3-0-methylene-a- T>-mannopyrano-
side (8). T o a solution of methyl 4,6-O-isopropyridene-
a-D-mannopyranoside (5.0 g, 21.3 mmol) and sodium hy­
dride (1.5 g, 65 mmol) in JV,iV-dimethylformamide (10 ml, 
D M F ) was added dibromomethane (11.5 g, 65 mmol) at 
0 °C. After keeping the mixture at 0—5 °C for 2 h, the 
solution was poured into cold water, and extracted with 
ether. The extract was washed with water , dried, and 
evaporated to give a syrup which was purified on a silica-
gel column (benzene-ethyl acetate 5:1) to give a colorless 
syrup 8 (3.2 g, 60 .9%) . [ a ] D + 2 . 0 ° (c 1.9); N M R : 5.19 
and 4.94. (each s, 2H , O C H 2 0 ) , 4.97 (s, 1H, H - l ) , 4.25— 
3.50 (m, 6H, H-2,3,4,5,6,6'), 3.38 (s, 3H, O M e ) , 1.50 and 
1.42 (each s, 6H , 2 x C M e ) . Found : C, 53.54; H , 7 .52%. 
Calcd for C n H 1 8 0 6 : C, 53.65; H , 7.37%0. 

Methyl 2,3-O-Methylene-a-D-mannopyranoside (9). Par­
tial hydrolysis of 8 (2.0 g, 8.1 mmol) in 70% acetic acid 
(20 ml) under reflux for 2 h gave the corresponding 0 -
deisopropylidenated product 9 in quanti tat ive yield (1.67 
g). M p 74— 75 °C (ethyl acetate), [ a ] D + 2 9 . 6 ° (c 1.1); 
N M R : 5.17 and 4.98 (each s, 2H, 0 C H 9 0 ) , 4.96 (s, 1H, 
H - l ) , 4.21 (dd, 1H, A 3 = 5 . 8 , A 4 = 7 . 0 , H-3) , 3.89 (d, 1H, 
H-2) , 3.85 (d, 2H, J5t6=3A, H-6 and H-6 ' ) , 3.80—3.55 
(m, 2H, H-4 and H-5) , 3.40 (s, 3H, O M e ) . Found : C, 
46.75; H , 6.90%o. Calcd for C 8 H 1 4 0 6 : C, 46.60; H , 6 .84%. 

Methyl 2,3-0-Methylene-6-0-p-tolylsulfonyl-a-i>-mannopyrano-
side (10). T o a solution of 9 (1.0 g, 4.85 mmol) in 
pyridine (10 ml) was added jfr-toluenesulfonyl chloride (1.4 
g, 7.4 mmol) in dry benzene (15 ml) at 0 °C with stirring. 
After standing at 0 °C for 16 h, the solution was poured into 
ice-water and extracted with chloroform. T h e extract was 
processed as usual to give a syrup. The syrup was purified 
on a silica-gel column (benzene-acetone 8:1) to give a col­
orless 10 (1.1 g, 62 .9%) . [ a ] D + 6 . 5 ° (c 1.2); N M R : 7.78 
and 7.30 (each d, 4H , 7 = 8 . 0 , Ph) , 5.13 and 4.95 (each 
s, 2H, O C H 2 0 ) , 4.88 (s, 1H, H - l ) , 4.27 (d, 2H, J 5 | 6 = 3 . 6 , 
H-6 and H-6 ' ) , 4.16 (q, 1H, J 2 , 3 = 5 . 8 , y 8 # 4 = 7 . 0 , H-3) , 
3.86 (d, 1H, H-2) , 3.40—3.76 (m, 2H, H-4 and H-5) , 3.55 
(s, 3H, O M e ) , 2.44 (s, 3H, C M e ) . Found : C, 50.10; H , 
5.75; S, 8 .65%. Calcd for C 1 5 H 2 0 O 8 S: C, 49.99; H , 5.59; 
S, 8.90%. 

Methyl 6- Deoxy- 2,3 - O - methylene-oc-T>-mannopyranoside (11). 
T o a solution of 10 (1.0 g, 2.8 mmol) in dimethyl sulfoxide 
(30 ml, D M S O ) was added sodium borohydride (530 mg) 
and the mixture was kept at 80 °C for 4 h, poured into water 
(150 ml) , and extracted with ether. T h e etheral extract 
was treated as usual to give syrupy 11 (410 mg, 77.7%) 
showing a single component on T L C and N M R . [a ] D 

+ 30.8° (c 0 .9); N M R : 5.14 and 4.96 (each s, 2H , O C H 2 0 ) , 
4.87 (s, 1H, H - l ) , 4.11 (dd, l H , / , i 8 = 6 . 0 , / , i 4 = 7 . 0 , H - 3 ) , 
3.87 (d, 1H, H-2) , 3.65 (oct, 1H, Jit5=9.2, J5tQ=6.0, H-5) , 
3.30 (dd, 1H, H-4) , 1.29 (d, 3H, H-6) , 3.37 (s, 3H, O M e ) , 
2.80 (broad s, 1H, O H ) . Found : C, 50.47; H , 7 .55%. 

Calcd for C 8 H 1 4 0 5 : C, 50.52; H , 7.42%. 
Methyl 6-Deoxy-2,3-0-methylene-oc-T>-\yxo-hexopyranosid-4-ulose 

(6). T o a chilled solution ( - 7 8 °G) of D M S O (143 
mg, 2 mmol) in dichloromethane (2 ml) was successively 
added a solution of trifluoroacetic anhydride (318 mg, 1.5 
mmol) in dichloromethane (2 ml) with stirring, and after 
10 min, a solution of 11 (135 mg, 0.7 mmol) in dichloro­
methane (4 ml) dropwise. After stirring for 1 h, the reac­
tion mixture was carefully neutralized with triethylamine 
at — 78 °C, and then poured into ice-water. The resulting 
solution was extracted with chloroform. The usual work­
up of the extract gave 6 (125 mg, 93.6%) as a syrup, showing 
a single component on T L C and N M R . N M R : 5.17 (s, 
1H, H - l ) , 4.98 and 4.88 (each s, 2H, O C H 2 0 ) , 4.33 (d, 
1H, A 3 = 6 . 4 , H-2) , 4.37 (d, 1H, H-3) , 4.24 (q, 1H, J5l6= 
7.0, H-5) , 3.47 (s, 3H, O M e ) , 1.37 (d, 3H, H-6) . 

This syrup was used for the next reaction, without further 
purification and measurement of the rotational value, be­
cause a small amount of impurities detectable in the N M R 
spectrum could not be removed. 

Reaction of 4-Uloses with Methylmagnesium Iodide. Syn­
thesis of 4-C-methyl derivatives is illustrated by the pre­
parat ion of benzyl 2,3-di-0-benzyl-4-C-methyl-a-D-xylopyra-
noside (12) and -/?-L-arabinopyranoside (13). To a chilled 
solution ( — 78 °C) of methylmagnesium iodide in ether (2 
ml) , prepared from magnesium turnings (0.12 g, 4.9 mmol) 
and methyl iodide (1 g, 7 mmol) , was added dropwise a 
solution of 1 (0.3 g, 0.72 mmol) in ether ( 1 m l ) , and the 
mixture was stirred for 2 h at the same temperature, diluted 
with ether, and then poured into water. The ether layer 
was washed with water, dried, and then evaporated to give 
a syrup. Fractionation of the syrup on a silica-gel column 
(hexane-ethyl acetate 3:1) gave 12 and 13 as syrups in 2 7 % 
(84 mg) and 70.6% (220 mg) yield, respectively. 

When the reaction was carried out in e t h e r - T H F (1:1) 
a t room temperature, 12 and 13 were obtained in 60.5 
and 2 4 % yield, respectively. 12: [a ] D +90 .1° (c 1.1); 
13 : [ a ] D + 1 0 2 ° (c 5.0). Found for 12: C, 74.23; H , 7.08, 
and for 13 : C, 74.13; H , 7 .18%. Calcd for C 2 7 H 3 0 O 5 : 
C, 74.63; H , 6.96%0. 

A similar reaction of 2 (0.2 g, 0.8 mmol) with methyl-
magnesium iodide in e t h e r - T H F at room temperature and 
separation of the epimeric products gave benzyl 4-C-methyl-
2,3-O-methylene-a-D-xylopyranoside (18) and -/?-L-arabino-
pyranoside (19) in 19% (40 mg) and 53%0 (112 mg) yield, 
respectively. Found for 18: C, 62.86; H , 6 .75%, and for 
19: C, 63.02; H , 6.63%0. Calcd for C 1 4 H 1 8 0 5 : C, 63.14; 
H , 6 . 8 1 % . 

In a similar way, methyl 2,3-di-0-benzyl-6-deoxy-4-C-
methyl-a-D-glucopyranoside (23) and -a-D-galactopyranoside 
(24) were obtained from 7 as syrups in 27 and 5 9 % yield, 
respectively. 2 3 : [a ] D + 4 3 . 9 ° (c 1.1), 24 : [a ] D +81 .6° (c 
1.3). Found for 2 3 : C, 70.81; H , 7.35%0, and for 24: C, 
70.65; H , 7.47%. Calcd for C 2 2 H 2 8 0 5 : C, 70.94; H , 7.58%. 

T h e reaction of 5 and 6 with methylmagnesium iodide 
as above gave selectively one epimer, methyl 6-deoxy-4-C-
methyl-2,3-0-methylene-a-D-allopyranoside (29) and -a-D-
talopyranoside (30), respectively. 29 : syrup, [a ] D +81 .7° 
(c 0.8), 30 : m p 105—108 °C, [a ] D +13 .3° (c 1.3). Found 
for 29 : C, 52.76; H , 7.95%0, and for 30 : C, 52.87; H , 
7.99%0. Calcd for C 9 H 1 6 0 5 : C, 52.93; H , 7.90%. 

Reaction of 4-Uloses with Vinylmagnesium Bromide. Syn­
thesis of 4-C-vinyl derivatives is typically presented by the 
preparat ion of benzyl 2,3-di-0-benzyl-4-C-vinyl-a-D-xylopyra-
noside (14) and -/?-L-arabinopyranoside (15). T o a solu­
tion of vinylmagnesium bromide, prepared from magnesium 
turnings (1.2 g, 49 mmol) and vinyl bromide (6 g, 56 mmol) , 
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in T H F (5 ml) was added with stirring a solution of 1 (3 g, 
7.2 mmol) in T H F (5 ml) at room temperature, and the 
mixture was stirred for 1 h, poured into a saturated aqueous 
ammonium chloride solution and then extracted with ether. 
The usual work-up of the extract and separation of the epi-
meric products on a silica-gel column (hexane-ethyl acetate 
15:1) gave 14 and 15 as syrups in 34.4% (1.1 g) and 14% 
(0.45 g) yield, respectively. 14: [a ] D + 1 0 9 ° (c 0.8), 15: 
[a] D + 1 5 2 ° (c 1.2). Found for 14: C, 75.59; H , 6 .58%, 
and for 15: C, 75.31; H , 6 .80%. Calcd for C 2 8 H 3 0 O 5 : C, 
75.31; H , 6 .77%. 

A similar reaction of 2 (1.1 g, 4.4 mmol) and vinylmag-
nesium bromide in T H F (10 ml) , prepared from magnesium 
turnings (0.8 g, 32.9 mmol) and vinyl bromide (4.0 g, 37.3 
mmol) , and separation of the epimeric products with a pre­
parative T L C (developed four times with hexane-ethyl 
acetate 4:1) gave benzyl 2,3-0-methylene-4-C-vinyl-a-D-
xylopyranoside (20) and -/?-L-arabinopyranoside (21) as 
syrups in 10.5% (129 mg) and 47 .8% (585 mg) yield, re­
spectively. 20 : [a ] D + 1 3 7 ° (c 3.0), 2 1 : [a ] D + 1 7 0 ° (c 
1.2). Found for 20 : C, 64.87; H , 6.49%, and for 2 1 : 
C, 64.24; H , 6 .48%. Calcd for C 1 5 H 1 8 0 5 : C, 64.73; H , 
6.52%. 

Reaction of 3 (664 mg, 1.5 mmol) as above gave one 
epimer, benzyl 2,3-di-0-benzyl-6-deoxy-4-C-vinyl-a-D-galacto-
pyranoside (22) as a syrup in 43 .8% (310 mg) yield. [a] D 

+ 141° {c 6.0). Found : C, 74.83; H , 6 .72%. Calcd for 
C 2 9 H 3 2 0 5 : C, 75.63; H , 7.00%. 

A similar reaction of 4 (4 g, 15.1 mmol) in T H F with 
vinylmagnesium bromide and separation of the epimeric 
products with a lobar column (hexane-ethyl acetate 4:1) 
gave benzyl 6-deoxy-4-C-vinyl-2,3-0-methylene-a-D-glucopyra-
noside (26) and -a-D-galactopyranoside (27) as syrups in 
3.4% (0.15 g) and 51 .8% (2.29 g) yield, respectively. 26: 
[a ] D + 1 6 7 ° (c 2.3). 27 : [a ] D + 1 4 1 ° (c 6.8). Found for 
26 : C, 64.96; H , 6 . 6 1 % , and for 27 : C, 65.98; H , 6.72%. 
Calcd for C 1 6 H 2 0 O 5 : C, 65.74; H , 6.90%. 

Reaction of 4-Uloses with 2-Lithio-2-methyl-1,3-dithiane. 
Synthesis of 4-C-[2-methyl-l,3-dithian-2-yl] derivatives is 
illustrated by the preparat ion of benzyl 2,3-di-O-benzyl-
4-C-(2-methyl-l,3-dithian-2-yl)-a-D-xylopyranoside (16) and 
-/?-L-arabinopyranoside (17). T o a chilled solution of 2-
methyl-l ,3-dithiane (1 g, 7.5 mmol) in T H F (5 ml) was 
added dropwise butyllithium (10%, 1.3 ml, 2 mmol) in 
hexane at —30 °C (Dry Ice-carbon tetrachloride) under 
argon atmosphere, and the mixture was stirred for 3 h. A 
solution of 1 (0.3 g, 0.72 mmol) in T H F (2 ml) was further 
added to the mixture at — 78 °C, and stirred for 1 h. The 
reaction mixture was poured into water and extracted with 
ether. The usual work-up of the extract and separation 
of the eprimeric products on a silica-gel column (benzene-
acetone 16:1) gave 16 and 17 as syrups in 25 .2% (0.1 g) 
and 10 .1% (0.04 g) yield, respectively. 16: [a ] D +82 .4° 
(c 3.5), N M R : 7.6—7.3 (m, 15H, 3 x P h ) , 4.76 (d, 1H, 
y i i 2 = 1 . 3 , H - l ) , 5.05—4.51 (m, 6H, 3 x C H 2 P h ) , 4.30 (dd, 
1H, J 2 , 3 = 3 . 0 , J 3 , 5 a = 1 . 0 , H-3) , 4.30 and 3.96 (ABq, 2H, 
7 = 1 1 . 3 H-5e and H-5a) , 3.60 (dd, 1H, H-2) , 3.54—1.70 
(m, 6H, SCH 2 CH 2 CH 2 S) , 1.57 (s, 3H, GMe) . 17: [a ] D 

+ 82.4° (c 3.5); N M R : 7.6—7.3 (m, 15H, 3 x P h ) , 5.04— 
4.37 (m, 6H, 3 x C H 2 P h ) , 4.83 (d, 1H, J l l 2 = 4 . 0 , H - l ) , 
4.47 (dd, 1H, A 3 = 9 . 2 , 73.56=1.0, H-3) , 4.18 and 3.98 
(ABq, 2H, 7 = 1 2 . 8 , H-5e and H-5a) , 3.96 (dd, 1H, H-3) , 
3.20—1.50 (m, 6H, SCH 2 CH 2 CH 2 S) , 1.96 (s, 3H, GMe) . 
Found for 16: C, 67.29; H , 6.34; S, 11.25%, and for 17: 

C, 67 .41 ; H , 6 .71; S, 11.32%. Calcd for C 3 1 H 3 6 0 5 S 2 : C, 
67.36; H , 6.57; S, 11.60%. 

In a similar manner , benzyl 6-deoxy-4-C-(2-methyl-l,3-
dithian-2-yl)-2,3-0-methylene-a-D-galactopyranoside (28) was 
obtained from 4 as a syrup in 3 5 % yield. [ a ] D + 1 1 6 ° 
(c 8.0), N M R : 7.6—7.3 (m, Ph) , 5.77 and 5.67 (ABq, 2H, 
7 = 1 2 . 0 , CH 2 Ph) , 5.26 (d, 1H, 7 i , 2 = 3 . 8 , H - l ) , 5.16 and 
5.09 (ABq, 2H, 7 = 1 . 0 , O C H 2 0 ) , 4.29 (d, 1H, 7 2 l 3 = 9 . 7 , 
H-3) , 4.28 (q, 1H, 7>,6=6.2 , H-5) , 3.90 (dd, 1H, H-2) , 3.22 
—1.72 (m, 6H, S C H 2 C H 2 C H 2 S ) , 2.00 (s, 3H, GMe) , 1.52 
(d, 3H, H-6) . Found : C, 57.28; H , 6.58; S, 15.88%. Calcd 
for C 1 9 H 2 6 0 5 S 2 : C, 57.26; H , 6.58; S, 16.09%. 

Reaction of 1 with Methyllithium. T o a solution of 1 
(0.1 g, 0.24 mmol) in ether (10 ml) , a 1 M (1 M = 1 mol dm"3) 
ethereal solution (1 ml) of methylli thium was added with 
stirring at room temperature . After the reaction mixture 
was stirred for 1 h, water was added, the ethereal layer 
was separated, and the aqueous layer was extracted two 
times with ether (10 ml) . T h e usual work-up of the 
combined ethereal solution and purification of the product 
on a preparative T L C (hexane-ethyl acetate 3:1) gave 
syrupy 12 in 32% (34 mg) yield. 

T h e p r e s e n t w o r k w a s s u p p o r t e d b y a G r a n t - i n -
A i d for Scientif ic R e s e a r c h N o . 347023 f rom t h e 
M i n i s t r y of E d u c a t i o n , Sc i ence a n d C u l t u r e , J a p a n . 
T h e a u t h o r s wish to t h a n k M r . Y . N a k a m u r a for 
t h e m e a s u r e m e n t s of t h e 1 3 G N M R s p e c t r a . 
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Oxidation of Olefins into a-Phenylseleno Carbonyl Compounds. 
Highly Regioselective ara£/-Markownikoff Type Oxidation 

of Allylic Alcohol Derivatives^ 
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By using (C6H5Se)2-KBuOOH or (G6H5Se)2-(G6H5SeO)20 system, oxoselenenylation reactions of G=G bonds 
have been examined with allylic and homoallylic alcohol derivatives, and substituted cyclohexenes, and allyl t-
butyldimethylsilyl ethers are found to undergo regioselective conversion into /?-siloxy a-phenylseleno carbonyl 
compounds in high yields. 

Regioselective introduction of various functional 
groups into the carbon atom adjacent to a carbonyl 
constitutes a major concern in synthetic organic chem­
istry. For this purpose, a-halo or a-phenylthio sub­
stituted carbonyl compounds offer one of the most 
promising methodologies to distinguish a from a' car­
bons to a carbonyl group. 

Recent developments in organoselenium chemistry2) 
have realized that carbanions stabilized by arylseleno 
group are capable of attacking various electrophiles3) 
and that arylseleno group is readily removed via syn-
elimination reaction through selenoxides,2) reduction 
with Raney nickel or trialkyltin hydride,4) and so 
on. 

Recently, several methods have been introduced by 
us1»5) and others6) for the direct preparation of a-
phenylseleno carbonyl compounds from olefins. How­
ever, high regioselectivity in these oxidation reactions 
has only been achieved with terminal olefins to yield 
phenylselenomethyl ketones. We have examined steric 
and electronic effects of substituents for determining 
regiochemistry in the oxidation of olefins by using 
a system of diphenyl diselenide and £-butyl hydro­
peroxide^, or diphenyl diselenide and benzeneseleninic 
anhydride.1) 

In this paper, we describe oxidation reactions of 
allylic and homoallylic alcohol derivatives, together 
with those of substituted cyclohexenes. Although a 
real reactive species in this reaction has not been 
confirmed yet,7) it still appears to be reasonable for 
us to assume benzeneselenenic anhydride 1 as a plau­
sible one as shown in the following equations. 

(G6H5Se)2 + *-BuOOH > "C6H5SeOSeC6H5" 

1 

2(G6H5Se)2 + (G6H5SeO)20 

• 3"C6H5SeOSeC6H5" 
1 

OSeC6H5 (!) 

R1GH=GHR2 -» RiCH-CHR 

SeC6H5 

> RiCH-CO-R 2 + G6H5SeH 
I 
ScG6H5 

Oxidation of Allylic Alcohol Derivatives. Allylic 
alcohols are in general easily accessible via a number 
of standard procedures. Neighboring carbonyl group 
participation (Eq. 2) for allylic esters,8) and steric 

OCOR 

RCHCH=CH2 0 ^ 0 -

"OSeC6H5 

OCOR' 

- RCHCOCH2SeC6H5 (2) 

OR' 

RCHCH=CH2 

>0R, "OSeCeHs 

OR' 

RCHCHCH=0 

SeC6H5 

(3) 

and electronic effects (Eq. 3) for allylic ethers are 
considered to play important roles which direct the 
site of introducing carbonyl functionality in the oxida­
tion of carbon-carbon double bonds. Effects of sub­
stituents on oxygen atom were initially surveyed using 
1-phenyl-4-hexen-3-ol derivatives. Thus, diphenyl di­
selenide was oxidized with an equimolar amount of 
£-butyl hydroperoxide in carbon tetrachloride, and t-
butyl alcohol formed was removed together with the 
solvent in vacuo. The allylic alcohol derivatives were 
then treated with the resulting solid in refluxing ben­
zene or toluene for an appropriate period and the 
corresponding oxoselenenylation products 2 and 3 were 
isolated. The results are listed in Table 1. 

Comparison of these results implies that increasing 
steric conjestion around G=G bonds may enhance 
regioselectivity to introduce carbonyl functionality onto 
the remote carbon atoms of the double bonds. Tri-
methylsilyl ethers did not survive the reaction condi­
tions to result in the formation of complex mixtures; 
a possible side-reaction may involve generation of the 
parent allylic alcohols which undergo oxidation under 
the present reaction conditions.9) But, ^-butyldimeth-
ylsilyl ether gave a remarkable result; only a single 
isomer was obtained in excellent yield. Satisfactory 
regioselectivity was also observed even with benzyl 
ether. In contrast, an effect based on neighboring 
group participation shown in Eq. 2 appeared to have 
little influence on the direction of this reaction. 

Based on these results, similar oxidation was ex­
amined with a variety of allyl ^-butyldimethylsilyl 
ethers. O n treating with diphenyl diselenide and ben­
zeneseleninic anhydride, they underwent regiospecific 
oxoselenenylation reaction to give the corresponding 
/?-£-butyldimethylsiloxy a-phenylseleno carbonyl com­
pounds 4—8 in excellent yields, without any contam­
ination of their regio-isomers (see Table 2). 
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TABLE 1. R E G I O S E L E C T I V I T Y ON THE OXIDATION OF 4-ALKOXY-6-PHENYL-2-HEXENEa> 

OR OR OR 

^ 6 r 

a ) 
b ) 
c ) 
d ) 

i 5 ^ n 2 ^ n 2 ^ n - ^ n = ^ n -

R 

GH3GO-
(GH3)3GGO-
C6H5CH2-
(CH3)3CSi(CH3)2-

- ^ n 3 > ^ 6 n 5 ^n« 

Solvent 

Toluene 
Toluene 
Benzene 
Benzene 

SeG6H5 

2a—d 

Period (h) 

3.0 
10.0 
6.5 
4.0 

3 i- ^ 6 n 5 ^n 2 ^n 2 ^ 

3a -

Ratio (2/3) 

67 : 33 
75 : 25 
95 : 5 

100 : 0 

-d 
SeC6H5 

Yield/% 

71 
60 
79 
89 

a) Reactions were carried out in a refluxing solvent with olefin: (G6H5Se)2: J-BuOOH=^1.0 : 4.4 : 4.4. 

Olefin 

TABLE 2. OXIDATION OF ALLYL J-BUTYLDIMETHYLSILYL ETHERS^ 

Product Yield/% 

OR 
1 

C7H15C!H-C!H=C!H2 

OR 
1 

G6H.5GH2GH2GH.—GH=GH2 

OR 
1 

GgH5GH—GH=GH2 

OR 

(CH3)2CHCH-CH=CH2 

OR 

C7H15CH-CHCH=0 (4) 

SeC6H5 

OR 

G6H5GH2GH2CH-GHGH=0 (5) 

SeG6H5 

OR 

C6H5CH-CHCH=0 (6) 

SeC6H5 

OR 

(GH3) 2GHGH-GHGH=0 (7) 

SeC6H, 

< : > 
OR OR (8) 

Ö SeC6H5 

OR 

C6H5CH2CH2CH-CH=C!H-C!H3 

OR 
1 

G6H5GH2GH2GH-GH-GOGH3 (2d) 

SeG6H5 

87 

81 

79 

74 

76 

89 

a) Reactions were carried out in reflxing toluene with olefin: (G6H5Se)2: (G6H5SeO)20= 1.0:1.4:0.7 for terminal 
olefins and 1.0:2.8:1.4 for internal olefin, b) R = (GH3)3GSi(GH3)2-. 

I t should be remarkable that the ethers possessing 
a terminal olefin can be cleanly converted to the 
corresponding /?-siloxy a-phenylseleno aldehydes ex­
clusively, although such type of addition process ap­
pears to be disfavored electronically. ^-Hydroxy or 
ß-alkoxy aldehydes are usually quite unstable to un­
dergo dehydration, but in these cases the products 
could be isolated without such kind of decomposition. 

R ^ H - C H ^ C H R 1 

OSiMe2 

i-Bu 

SeC6H5 

-> R2CH-GH-CO-R1 
(4) 

OSiMe2 

*-Bu 

As the reaction solvent, benzene or toluene is pref­

erable for this transformation. In other low-boiling 
solvents, a concomitant formation of ^-hydroxy 
selenide was observed. The effect of ^-butyldimethyl-
siloxy group was also prominent in the case with 
cyclohexene derivative, but the oxidation of 3-^-butyl-
dimethylsiloxy-1-cyclopentene 9 afforded a mixture of 
3-siloxy-2-phenylselenocyclopentanone 10, 2-phenyl-
seleno-2-cyclopentenone 11, and 3-siloxy-2-phenyl-
seleno-1-cyclopentanol 12. 

In addition to the bulky ^-butyldimethylsiloxy group, 
substituents on the allylic position appear to have 
a marked influence on the regioselectivity ; allyl t-
butyldimethylsilyl ether derived from primary allylic 
alcohol did not show good regioselectivity to give 
a mixture of 13 and 14, 
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0 0 
(*S 1 A^S e C6H5 + A/SeCgHs 

OSiMe2 OSiMe2 

9 t-Bu t-Bu 
10(25%) 11(25%) (5) 

OH 
^ySeCeHs 

OSiMe* 
t-Bu 

12(5%) 

C3H7CH=CHCH2OSiMe2 

*-Bu 

G3H7GO-GHGH2OSiMe2 + G3H7CH-GOGH2OSiMe2 

G6H5Se *-Bu G6H5Se )-Bu 
13 14 (6) 

71% (13:14 = 77:23) 

Addition of hypohalite to terminal olefins bearing 
tertiary carbon at their allylic position has been re­
ported to proceed in a highly regioselective manner , 
and the dwft'-Markownikoff adducts were formed ex­
clusively although the yields were low.10) In a related 
system, <zrcft'-Markownikoff type oxidation was found 
to take place exclusively with methyl ethers of tertiary 
allylic alcohols in the present procedure. The results 
are shown in Table 3. However, in the case with 
a highly hindered olefin, the reaction did not proceed 

R1R2G-GH=GH2 

ÖCH, 

1 SeC6H5 

— • R1R2C-CH-GH=0 (7) 
OGH. 3 

practically under the same conditions to recover the 
starting olefin. 

The aldol type products obtained by the present 
procedure undergo a facile conversion to the cor­
responding a-phenylseleno enals on treatment with 
fluoride anion.11) The use of other stronger bases 

TABLE 3. OXIDATION OF J-ALLYL METHYL ETHERS'1) 

Allyl methyl ether Product Yield/% 

oC 
-0CH3 

C0H9^/OCH3 

Q H Q V - C H O 
SeQ>H5 

—yOCH, 

VVy-cHO 
SeCeHö 

,0CH3 

:HO 

SeC6H5 

15 

16 

93 

86 

traceb> 

a) Reactions were carried out in refluxing toluene with 
olefin: (C6H5Se)2: (G6H5SeO)20-1.0:1.4:0.7. b) Most 
of the starting material was recovered. 

SeC6H5 

G7H15GH-CH-GH=0 

OSiMe2 

t-Bu 

SeC6H5 

(C4H9)2C-CH-CH=0 

OCH3 

15 

KF, l8-crown-6(trace) 

71% 

SeG6H5 

C7H15CH=C-CH=0 

17 

KF, 18-crown-6(trace) 

> 
79% 

(8) 

SeC6H5 

RCH-CH-CH=0 

OSiMe2 

*-Bu 

SeC6H5 

(G4H9)2G=G-GH=0 
18 

SeG6H5 

-> RCH=C-CH=0 

(9) 

+ RGH=GH-GH=0 (10) 

such as lithium diisopropylamide (LDA), potassium 
J-butoxide, or te t rabutylammonium hydroxide led to 
formation of a mixture composed of several products. 
O n the other hand, acidic treatment led to a mixture 
of a-phenylseleno enal and deselenenylated enal.12) 
The products arising from the oxidation of allyl methyl 
ethers were more easily transformed into a-phenyl­
seleno enals. They readily liberated methanol 
treatment with silica gel. 

on 

SeC6H5 

(C4H9)2C-CH-CH=0 

OGH3 

15 

silica gel 
> 

84% 

SeC6H5 

(C4H9)2C=C-CH=0 

18 

(H) 

In addition, removal of phenylseleno group can 
also be readily performed. For example, treatment 
of 2-^butyldimethylsiloxy-3-phenylselenocyclohexanone 
8 with an excess amount of benzenethiolate anion in 
tetrahydrofuran afforded the deselenenylated ketone 
19 in 8 8 % yield.13) 

O 

/ \ / S e C 6 H 5 

I I 
\ / \ O S i M e 2 

*-Bu 

8 

C 6 H 5 SNa 

o 
II 

18-c£wn-6 \y\OSiMe2 

t-Bu 

19 

(12) 

Considering that the starting materials are easily 
accessible, this procedure may be employed as a useful 
alternative for the synthesis of aldols or a,/?-unsaturated 
carbonyl compounds. 
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TABLE 4. OXIDATION OF 6-PHENYL-3-TRIALKYLSILOXY-1-HEXENE 

OR 
i 

C6H5CH2CH2CHCH2—CH=CH.2 

R 

a ) Si(CH3)2C(CH3)3 

b) Si(CH3)2C(CH3)3 

c ) Si(G6H5)3 

d ) Si(C6H5)3 

OR 
"ArSeOSeAr" | 

•> C H GH CK CHCH 

20a—d 

Ar 

C6H5 

2J4,6-(CH3)3C6H2 

C6H5 

2,4,6-(CH3)3C6H2 

-CHGH=0 

SeAr 

OR 

-f- CßH5CH2CH2CriCri2-

21a—d 

Ratio (20/21) 

60 : 40 
75 : 25 
73 : 27 
77 : 23 

-CO-CH2SeAr 

Yield/% 

70a) 
7 4 b ) 

72a> 
71b> 

a) Reactions were carried out in refluxing benzene with olefin: (G6H5Se)2: (C6H5SeO)20= 1.0:1.4:0.7. b) Reac­
tions were carried out in refluxing benzene with olefin: (ArSe)2:J-BuOOH= 1.0:2.0:2.0. 

TABLE 5. OXIDATION OF 1-^-BUTYLDIMETHYLSILOXY-

3-PENTENEa) 

CH3CH=CH-CH2CH2OSiMe2 • 

t-Bu 

CH,CO-CHGH9CH9OSiMe9 

SeAr 
22a—c 

t-Bu 

+ GH3CHGO-CH2CH2OSiMe2 

SeAr *-Bu 
23a 

Ar Ratio (22/23) Yield/< 

a ) G6H5 75 : 25 
b) 2,4,6-(CH3)3C6H2 6 6 : 3 4 
c ) />-ClC6H4 80 : 20 

78 
88 
72 

a) Reactions were carried out in refluxing benzene with 
olefin: (ArSe)a:(ArSeO)20= 1.0:2.8:1.4. 

Oxidation of Homoallylic Alcohol Derivatives. As 
described above, the /-butyldimethylsilyl group has 
worked quite effectively on directing the site of intro­
ducing carbonyl functionality in the oxidation of allyl 
alcohol derivatives. Application of this procedure to 
homoallylic alcohol analogues has found relatively good 
regioselectivity. 

As typical examples, we have examined the oxida­
tion of l-phenyl-5-hexen-3-ol, 3-penten-l-ol, and 4-
propyl-6-octen-4-ol. The results are listed in Tables 
4, 5, and 6. 

The results shown in the tables reveal that the 
effects of homoallylic substituents are not so sufficient 
to distinguish the remote sp2 carbon from the other 
as those of allylic ones. In these cases, the highest 
ratio of y-alkoxy a-phenylseleno ketones to their regio-
isomers is approximately 4 : 1 . From a synthetic point 
of view, the present method is not so useful for this 
kind of transformation. 

O n the other hand, this system offers a convenient 
route to 4-siloxy-2-cyclopentenone 28, a useful precursor 
for the synthesis of prostaglandin derivatives. 14> Thus, 
oxidation of 4-triphenylsiloxycyclopentene 26 by the 
present procedure followed by treatment with hydrogen 
peroxide afforded the cyclopentenone 28 in 6 5 % over-

T A B L E 6 . O X I D A T I O N O F 5-ALKOXY-5-pROPYL-2-ocTENEa) 

OR 

CH3CH=CHCH2C(C3H7)2 • 

OR OR 

CH3CO-CHCH2C(C3H7)2 + CH3CH-COCH2C(C3H7)s 

SeC6H5 

24a—b 
SeCfiH 6 X X 5 

25a—b 

R Ratio (24/25) Yield/% 

a ) CH3 

b) C6H5CH2 

78 : 22 
85 : 15 

71 
75 

a) Reactions were carried out in refluxing benzene with 
olefin : (C6H5Se) 2 : (C6H5SeO) 2 0 = 1.0:2.8:1.4. 

Ph3SiO 

1 ^ X SeCçHs 

26 
Ph3SiO 

27 (71%) 

HaQz.Fy 
(13) 

Ph3Si( 
28(92%) 

all yield. 
Oxidation of Cyclohexene Derivatives. In the ad­

dition process to cyclohexene derivatives, two major 
interactions which may direct the site of introduction 
of anionic species, e.g., C 6 H 5 SeO- , appear to be in­
volved; one is 1,3-diaxial interaction and the other 
is 1,2-interaction based on tortional strain. In the 
case with 3,3-disubstituted cyclohexene, if 1,3-diaxial 
interaction severely prevents the introduction of 
C 6 H 5 S e O - species to C-1 carbon, oxidation at C-2 
may predominate, whereas the attack at C-1 will 
be a subject of tortional strain. Table 7 lists the re­
sults. 

T h e result of the oxidation of spiro compound 29 
indicates that 1,2-interaction predominates over 1,3-
interaction. Apparently, this interaction was not so 
prominent for 3-monosubstituted cyclohexene, and the 
selectivity was greatly decreased with the substrate 
31. Other cases, e.g., 4,4-disubstituted derivatives did 
not show any preference for regioselectivity of 1,2-
electrophilic addition, probably because the steric con­
gestions are almost same for both olefinic carbons 
and because there is little difference of electronic 
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T A B L E 7. OXIDATION OF SUBSTITUTED CYCLOHEXENES4) 

Substrate Product (ratio) Yield/% 

29 0° 
cfSeCeHs 

^SeCfeHs O (55:A5) 

/^VcHzOfeCy* 31 ^"VCHZCHZCBHS (Yc^O-feCel-te 

O SeCérb CeHgSe 0 (60:40) 

>o 32 V^SeCeHs 

SeCfeHs 0 ( 5 7 : A3) 

72 

70 

67 

68 

a) Reactions were carried out in refluxing benzene with 
olefin : (C6H5Se) 2 : f -BuOOH = 1.0:4.4:4.4. 

effects. 

E x p e r i m e n t a l 

All reactions were performed under either argon or ultra 
grade nitrogen atmosphere. N M R spectra were taken on 
a Hitachi R-24B spectrometer and chemical shifts are re­
corded in parts per million downfield from internal tetra-
methylsilane. I R spectra were taken on a Hitachi EPI 
G-3 or 260-10 spectrometer, and mass spectra on a Hitachi 
R M U - 7 M or R M U - 6 G spectrometer at 70 eV ionizing 
irradiation. Boiling points were uncorrected. 

Diphenyl diselenide, bis(/>-chlorophenyl) diselenide, and 
bis(2,4,6-trimethylphenyl) diselenide were prepared by the 
procedure reported by Sharpless15) or Reich.16) Benzene-
seleninic anhydride was prepared according to the procedure 
of Woodbridge,17> and was stored over P 2 0 5 . 

Oxidation of 4-Alkoxy-6-phenyl-2-hexene with (C6H5Se)2-t-
BuOOH. Examination of Regioselectivity (General Proce­
dure). T o a solution of diphenyl diselenide (1.382 g, 4.4 
mmol) in 10 ml of carbon tetrachloride were added mo­
lecular sieves 3A (4 g) and a solution of 70% f-butyl hydro­
peroxide (563 mg, 4.4 mmol) in 10 ml of carbon tetrachlo­
ride, and the mixture was heated to refluxing for 1 h. Then , 
*-butyl alcohol formed as well as the solvent was removed 
in vacuo, and a solution of 4-alkoxy-6-phenyl-2-hexene (1 
mmol) in 5 ml of benzene or toluene was added to the re­
sulting solution. After heated to refluxing for the period 
indicated in Tab le 1 followed by usual work-up, the ratio 
of the regio-isomers was determined on the bases of chro-
matographycally pure samples. 

4-Acetoxy-6-phenyl-3-phenylseleno-2-hexanone (2a). I R 
(neat) : 1730, 1710 c m - 1 ; N M R (CC14) : 6 1.80—2.41 (m, 
2H) , 2.21 (s, 3H) , 2.30 (s, 3H) , 2.42—3.00 (m, 2H) , 3.43— 
4.00 (m, 1H), 5.01—5.32 (m, 1H), 7.00—7.52 (m, 10H); 
Found : C, 61 .91; H , 5.50%. Calcd for C 2 0H 2 2O 3Se: C, 
61 .71 ; H , 5 .69%. 

4-Acetoxy-6-phenyl-2-phenylseleno-3-hexanone (3a). I R 
(neat) : 1730, 1710 c m - 1 ; N M R (CC14) : «5 1.83—2.10 (m, 
2H) , 1.91 (d, 7 = 4 . 0 Hz , 3H) , 2.20 (s, 3H) , 2.51—3.00 
(m, 2H) , 3.35 (q, 7 = 6 . 0 Hz, 1H), 5.06—5.32 (m, 1H), 
7.00—7.52 (m, 10H); Found : C, 61.82; H , 5 .63%. Calcd 
for C 2 0H 2 2O 3Se: C, 61 .71; H , 5.69%. 

4-Pivaloyloxy-6-phenyl-3-phenylseleno-2-hexanone (2b). I R 
(neat ) : 1725, 1710cm- 1 ; N M R (CC14): Ô 1.20 (s, 9H) , 
2.10—2.42 (m, 2H) , 2.31 (s, 3H) , 2.35—2.62 (m, 2H) , 3.60— 

4.02 (m, 1H), 4.91—5.42 (m, 1H), 6.98—7.62 (m, 10H); 
Found : C, 64.23; H , 6.50%. Calcd for C 2 3 H 2 8 0 3 Se: C, 
64.04; H , 6.54%. 

4-Pivaloyloxy-6-phenyl-2-phenylseleno-3-hexanone (3b). I R 
(neat ) : 1725, 1705cm- 1 ; N M R (CC14): Ô 1.10 (d, 7 = 4 . 5 
Hz , 2 H ) , 1.21 (s, 9H) , 1.93—2.42 (m, 2H) , 2.43—3.01 (m, 
2H) , 4.00—4.20 (m, 1H), 4.92—5.45 (m, 1H), 6.88—7.71 
(m, 10H); Found : C, 63.90; H , 6 . 4 1 % . Calcd for C23-
H 2 8 0 3 S e : C, 64.04; H , 6.54%. 

4 -Benzyloxy-6-phenyl-3-phenylseleno-2-hexanone (2c). I R 
(neat ) : 1705cm- 1 ; N M R (CCLJ: ô 1.80—2.33 (m, 2H) , 
2.12 (s, 3H) , 2.47—2.83 (m, 2H) , 3.57—4.08 (m, 2H) , 4.50 
(s, 2 H ) , 6.85—7.53 (m, 15H); Found : C, 68.35; H , 6.09%. 
Calcd for C 3 5 H 2 6 0 2 Se : C, 68.64; H , 5.99%. 

3 - Ben zyloxy-6-phenyl-2-phenylseleno-3-hexanone (3c). I R 
(neat ) : 1705 c m - 1 ; N M R (CC14) : ô 1.30 (d, 7 = 6 . 5 Hz, 
3H) , 1.76—2.30 (m, 2H) , 2.37—2.80 (m, 2H) , 4.00—4.37 
(m, 2H) , 4.50 (s, 2 H ) , 6.90—7.50 (m, 15H). These spectra 
were identical with those of the authentic samples prepared 
in the following manne r : addition of sodium benzene-
selenolate to 4-benzyloxy-6-phenyl-2-hexene oxide followed 
by oxidation with benzeneseleninic anhydride and diphenyl 
diselenide.9) 

4 -1 - Butyldimethylsiloxy-6-phenyl-3-phenylseleno-2-hexanone (2d). 
I R (nea t ) : 1700 cm" 1 ; N M R (CC14) : ô 0.11 (s, 6H) , 0.92 
(s, 9H) , 2.00—2.60 (m, 2H) , 2.30 (s, 3H) , 2.70—3.00 (m, 
2 H ) , 4.00 (d, 7 = 6 . 0 Hz , 1H), 4.10—4.42 (m, 1H), 7.00— 
7.81 (m, 10H); Found : C, 62.25; H , 7.39%. Calcd for 
C 2 4 H 3 4 0 2 SeSi : C, 62.45; H , 7.42%. 

Preparation of Allyl t-Butyldimethylsilyl Ethers. Silyl 
ethers were prepared by silylation of the corresponding 
alcohols.18) They exhibit the following spectroscopic prop­
erties. 

3-t-Butyldimethylsiloxy-l-decern. I R (neat ) : 1640, 1460, 
1255, 1080, 1010, 995, 925, 840, 780 cm" 1 ; N M R (CC14) : 
ô 0.00 (s, 6H) , 0.73—1.80 (m, 24H including singlet at 0.82 
(9H, *-Bu)), 3.73—4.17 (m, 1H), 4.90 (dd, 7 = 8 . 0 and 3.0 
Hz, I H ) , 5.00 (dd, 7 = 1 6 and 3.0 Hz, I H ) , 5.70 (ddd, J= 
16.0, 8.0, and 6.0 Hz , I H ) . 

3-t-Butyldimethylsiloxy-5-phenyl-7-pentene. I R (neat) : 
1640, 1600, 1460, 1255, 1090, 1010, 995, 925, 845, 780, 750, 
700 c m - 1 ; N M R (CC14): ô 0.00 (s, 6H) , 0.90 (s, 9H) , 1.50— 
2.00 (m, 2H) , 2.43—2.80 (m, 2H) , 4.10 (dt, 7 = 5 . 5 and 
5.5 Hz , I H ) , 5.00 (dd, 7 = 8 . 5 and 2.0 Hz , I H ) , 5.12 (dd, 
7 = 1 6 . 0 and 2.0 Hz, I H ) , 5.80 (ddd, 7 = 1 6 - 0 , 8.5, and 5.5 
H z , I H ) , 7.07 (s, 5 H ) . 

3 -1 - Butyldimethylsiloxy - 3 -phenyl -1 -propene. I R (neat) : 
1640, 1600, 1460, 1255, 1130, 1090, 1070, 1010, 990, 940, 
925, 870, 840, 780, 700 c m - 1 ; N M R (CC14): ô - 0 . 0 3 (s, 
3H) , 0.67 (s, 3H) , 0.90 (s, 9H) , 4.90—5.40 (m, 3H) , 5.90 
(ddd, 7 = 1 6 . 0 , 10.0, and 4.0 Hz , 1H), 7.22 (s, 6H) . 

3 -1 - Butyldimethylsiloxy - 4 - methyl-1 -pentene. I R (neat) : 
1690, 1470, 1255, 1080, 1010, 995, 925, 865, 845, 780 cm" 1 ; 
N M R (CC14): ô 0.00 (s, 6H) , 0.80 (d, 7 = 6 . 0 Hz , 6H) , 0.83 
(s, 9H) , 1.65 (ses, 7 = 6 . 0 Hz, 1H), 3.80 (dd, 7 = 5 . 0 and 
5.0 Hz , 1H), 5.00 (dd, 7 = 8 . 0 and 2.0 Hz , 1H), 5.03 (dd, 
7 = 1 6 . 0 and 2.0 Hz , 1H), 5.73 (ddd, 7 - 1 6 . 0 , 8.0, and 
5.0 Hz , 1H). 

3-t-Butyldimethylsiloxy-7-cyclohexene. I R (neat) : 1250, 
1080 c m - 1 ; N M R (CC14): ô 0.11 (s, 6H) , 0.98 (s, 9H) , 1.64— 
2.21 (m, 6 H ) , 4 . 0 8 ^ . 3 6 (m, 1H), 6.15—6.80 (m, 2 H ) . 

4 -1 - Butyldimethylsiloxy - 6 -phenyl -2- hexene. I R (neat) : 
3010, 1250, 1100cm- 1 ; N M R (CCLJ: ô 0.12 (s, 6H) , 0.97 
(s, 9H) , 1.61—2.10 (m, 3H) , 1.89 (d, 7 = 5 . 0 Hz, 2H) , 2.50— 
2.86 (m, 2H) , 3.84—4.30 (m, 1H), 5.43—5.63 (m, 2H) , 
7.17 (s, 5H) . 

3-t-Butyldimethylsiloxy-2-phenylselenodecanal (4) (General Pro-
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cedure for the Oxidation of Allyl t-Butyldimethylsiloxy Ethers). 
T o a solution of diphenyl diselenide (874 mg, 2.8 mmol) 
and benzeneseleninic anhydride (504 mg, 1.4 mmol) in 5 
ml of toluene was added a solution of 3-f-butyldimethyl-
siloxy-1-decene (540 mg, 2.0 mmol) in 15 ml of toluene. 
After stirring for 30 min under refluxing, the reaction mix­
ture was washed with satd aq NaCl and the aqueous layer 
was extracted with ether. Drying and concentration of 
the combined extracts followed by purification by silica 
gel column chromatography afforded the title compound 
(764 mg, 87%) as an oil and diphenyl diselenide (1.03 g) . 
I R (neat) : 1710 c m - 1 ; N M R (CC14) : 6 0.03 (s, 6H) , 0.80— 
2.00 (m, 15H), 0.83 (s, 9H) , 3.23—3.70 (m, 1H), 3.90— 
4.30 (m, 1H), 6.90—7.77 (m, 5H) , 9.23 (d, 7 = 6 . 0 Hz, 
C H = 0 ) , 9.43 (d, 7 = 4 . 0 Hz, C H = 0 ) ; Found : C, 60.11 ; H , 
8.90%. Calcd for C 2 2H 3 80 2SeSi : C, 59.84; H , 8.67%. 

3-t-Butyldimethylsiloxy-5-phenyl-2-phenylselenopentanal (5). 
Bp 110°C/0.25mmHg;1 9> I R (nea t ) : 1710 cm" 1 ; N M R 
(CC14): <5 0.03 (s, 6H) , 0.87 (s, 9H) , 1.73—2.33 (m, 2H) , 
2.33—2.90 (m, 2H) , 3.30—3.83 (m, 1H), 3 . 9 3 ^ . 4 0 (m, 
1H), 6.70—7.80 (m, 10H), 9.36 (d, 7 = 5 . 0 Hz , C H = 0 ) , 
9.43 (d, 7 = 3 . 0 Hz , C H - O ) ; MS:20) m/e (%) 311 (M+ - 1 3 7 , 
2), 262 (2), 216 (7), 157 (4), 132 (22), 129 (17), 117 (9), 
115 (9), 104 (9), 91 (78), 77 (57), 76 (100); Found : C, 62.17; 
H , 7.37%. Calcd for C 2 3 H 3 2 0 2 SeSi : C, 61.73; H , 7 . 2 1 % . 

3-t-Butyldimethylsiloxy-3-phenyl-2-phenylselenopropanal (6). 
Bp 115—120 °C/0.02 mmHg; 1 9) I R (neat) : 1710 c m - 1 ; N M R 
(CC14): Ô - 0 . 0 2 , - 0 . 0 1 5 , and 0.08 (s, 6H) , 0.90 (s, 9H) , 
3.56—3.83 (m, 1H), 5.07 (d, 7 = 7.0 Hz , CHOSi ) , 5.22 
(d, 7 = 4 . 0 Hz, CHOSi ) , 7.00—7.50 (m, 10H), 9.43 (d, 
7 = 4 . 0 Hz, C H = 0 ) , 9.50 (d, 7 = 8 . 0 Hz , C H = 0 ) ; MS:20> 
m/e (%) 283 (M+ - 1 3 7 , 9), 264 (2), 258 (3), 218 (4), 205 
(4), 177 (6), 176 (6), 157 (7), 137 (20), 131 (18), 117 (6), 
115 (5), 105 (10), 103 (12), 77 (62), 76 (100); Found : C, 
60.06; H, 6.57%. Calcd for C 2 1 H 2 8 0 2 SeSi : C, 60.13; H , 
6 .73%. 

3-t-Butyldimethylsiloxy-4-methyl-2-phenylselenopentanal (7). 
Bp 100—105 °C/0.025 mmHg; 1 9) I R (neat ) : 1705 cm" 1 ; 
N M R (CCLJ: Ô 0.18 (s, 6H) , 0.85—1.20 (m, 1H), 1.10 
(d, 7 = 2 . 0 Hz, 6H) , 1.00 (s, 9H) , 3.57—3.87 (m, 1H), 3.87— 
4.13 (m, 1H), 6.70—7.53 (m, 5H) , 9.30 (d, 7 = 4 . 0 Hz, 
C H = 0 ) , 9.33 (d, 7 = 4 . 0 Hz, C H = 0 ) ; MS:2 0) m/e (%) 303 
(M+ - 8 3 , 8), 249 (M+ - 1 3 7 , 33), 182 (23), 170 (27), 167 
(47), 155 (40), 142 (20), 130 (18), 127 (33), 113 (7), 95 
(33), 77 (17), 76 (70), 75 (100); Found : C, 56.39; H , 7 .88%. 
Calcd for C18H30O2SeSi : C, 56.09; H , 7.84%. 

3-t-Butyldimethylsiloxy-2-phenylselenocyclohexanone (8). I R 
(neat) : 1710cm- 1 ; N M R (CCLJ: ô 0.11 (s, 6H) , 0.92 (s, 
9H) , 1.22—2.90 (m, 6H) , 3.31—4.50 (m, 2H) , 6.98—7.61 
(m, 5 H ) ; Found : C, 56.09; H , 7.42%. Calcd for C 1 8 H 2 8 0 2 -
SeSi: C, 56.39; H , 7.36%. 

Oxidation of 3-X-Butyldimethylsïloxy-1-cyclopentene (9). Di­
phenyl diselenide (312 mg, 1.0 mmol) was oxidized with 
70% f-butyl hydroperoxide (141 mg, 1.0 mmol) in refluxing 
carbon tetrachloride (5 ml) for 1 h. Then all the solvent 
as well as i-butyl alcohol was removed from the reaction 
mixture, to which was added a solution of 3-f-butyldimethyl-
siloxy-1-cyclopentene (100 mg, 0.5 mmol) in 12 ml of ben­
zene. After heating to refluxing for 2 h, the mixture was 
washed with satd aq NaCl and the aqueous layer was ex­
tracted with ethyl acetate. T h e combined extracts were 
dried and concentrated to give an oil, which was purified 
by preparative T L C to afford 3-*-butyldimethylsiloxy-2-
phenylselenocyclopentanone 10 (46 mg, 2 5 % ) , 2-phenyl-
seleno-2-cyclopentenone 11 (30 mg, 2 5 % ) , and 3-J-butyl-
dimethylsiloxy-2-phenylseleno-l-cyclopentanol 12 (9 mg, 5%) . 

3-t-Butyldimethylsiloxy-2-phenylselenocyclopentanone (10). 

I R (nea t ) : 1730 c m - 1 ; N M R (CC14) : ô 0.12 (s, 6H) , 0.91 
(s, 9H) , 1.67—2.30 (m, 4H) , 3.42—3.65 (m, I H ) , 3.71—4.05 
(m, I H ) , 7.10—7.71 (m, 5H) . 

2-Phenylseleno-2-cyclopentenone (H). I R (nea t ) : 1690 
cm" 1 ; N M R (CC14): ô 2.41—2.87 (m, 4H) , 7.01 (t, 7 = 3 . 0 
Hz , I H ) , 7.20—7.70 (m, 5 H ) . 

3-t-Butyldimethylsiloxy-2-phenylseleno-1-cyclopentanol (12). 
I R (neat ) : 3350 c m - 1 ; N M R (CC14) : ô 0.12 (s, 6H) , 0.92 
(s, 9H) , 2.12—2.70 (m, 5H) , 3.10—3.40 (m, I H ) , 3.43— 
3.76 (m, 2 H ) , 7.12—7.62 (m, 5H) . 

/ -1 - Butyldimethylsiloxy - 2-phenylseleno -3-hexanone (13). 
I R (neat ) : 1705 c m - 1 ; N M R (CC14) : ô 0.11 (s, 6H) , 0.92 
(s, 9H) , 1.05—1.82 (m, 5H) , 2.34—2.72 (m, 2H) , 3.54— 
4.05 (m, 3H) , 7.01—7.52 (m, 5 H ) ; F o u n d : C, 56.22; H , 
8 . 0 1 % . Calcd for C1 8H3 ! )02SeSi: C, 56.08; H , 7.84%. 

7 -1 - Butyldimethylsiloxy - 3 -phenylseleno -2- hexanone (14). 
I R (neat ) : 1705cm" 1 ; N M R (CC14): ô 0.19 (s, 6H) , 0.93 
(s, 9H) , 1.05—1.81 (m, 7H) , 3.66—3.90 (m, I H ) , 4.20 (d, 
7 = 7 . 0 Hz, 2H) , 7.00—7.51 (m, 5 H ) ; Found : C, 56.18; 
H , 7 .96%. Calcd for C1 8H3 0O2SeSi : C, 56.08; H , 7.84%. 

3-Butyl-3-methoxy-2-phenylselenoheptanal (15) (General Proce­
dure) . T o a solution of diphenyl diselenide (874 mg, 
2.8 mmol) and benzeneseleninic anhydride (504 mg, 1.4 
mmol) in 2 ml of toluene was added a solution of 3-butyl-
3-methoxy-l-heptene (368 mg, 2 mmol) in 3 ml of toluene. 
After stirring for 30 min at refluxing temperature , the reac­
tion mixture was washed with satd aq NaCl and the aqueous 
layer was extracted with ether. Drying and concentration 
of the combined extracts followed by purification by silica 
gel column chromatography ( S i 0 2 deactivated with 2 0 % 
of water was used) afforded the title compound (649 mg, 
91%) and diphenyl diselenide (960 mg) . I R (neat) : 1700 
c m - 1 ; N M R (CC14): ô 0.67—2.00 (m, 18H), 3.20 (s, 3H) , 
3.50 (d, 7 = 7 . 0 Hz , I H ) , 7.00—7.60 (m, 5 H ) , 9.77 (d, J= 
7 .0Hz , I H ) ; Found : C, 61.03; H , 7 .98%. Calcd for C18-
H 2 8 0 2 S e : C, 60.84; H , 7.94%. 

2 - ( 1 - Methoxycyclohexyl) - 2 -phenylselenoacetaldehyde (16). 
Bp 110—115 °C/0.02 mmHg; 1 9) I R (neat ) : 1700 c m - 1 ; N M R 
(CC14): ô 1.00—2.20 (m, 10H), 3.17 (s, 3H) , 3.62 (d, J= 
7.0 Hz , I H ) , 7.00—7.67 (m, 5H) , 9.42 (d, 7 = 7 . 0 Hz , I H ) ; 
MS:2») m/e (%) 312 (M+, 13), 277 (7), 230 (7), 197 (8), 157 
(40), 123 (73), 113 (60), 95 (60), 81 (60), 77 (100), 67 (60); 
Found : C, 57.87; H, 6 .39%. Calcd for C 1 5H 2 0O 2Se: C, 
57.88; H , 6 .48%. 

2-Phenylseleno-2-decenal (17). T o a suspension of po­
tassium fluoride (102 mg, 1.77 mmol) in 1 m l of benzene 
were added a solution of 3-f-butyldimethylsilaxy-2-phenyl-
selenodecanal (78 mg, 0.177 mmol) in 2 ml of benzene and 
18-crown-6 (4.7 mg, 0.018 mmol) in 1 ml of benzene. After 
stirring for 12 h at room temperature, the reaction mixture 
was washed with satd aq NaCl and the aqueous layer was 
extracted with ether. Drying and concentration of the 
combined extracts followed by purification by silica gel 
column chromatography ( S i 0 2 deactivated with 2 0 % water) 
afforded the title compound (38 mg, 71%) as an oil. Bp 
115—118 °C/0.37 mmHg; 1 9 ) I R (nea t ) : 1685 c m - 1 ; N M R 
(CC14): ô 0.67—1.80 (m, 13H), 2.26—2.83 (m, 2H) , 6 . 8 3 ^ 
7.50 (m, 6H) , 9.20 (s, I H ) ; MS:2 0) 310 (M+, 5), 187 (5), 
157 (20), 115 (23), 91 (28), 81 (45), 78 (50), 77 (60), 67 
(65), 55 (100). 

3-Butyl-2-phenylseleno-2-heptenal (18). T o a suspension 
of silica gel (2 g) in 10 ml of carbon tetrachloride was added 
a solution of 3-butyl-3-methoxy-2-phenylselenoheptanal (196 
mg, 0.55 mmol) in 2 ml of carbon tetrachloride. After 
stirring for 2 h under refluxing, the / react ion mixture was 
filtered. Concentration followed by purification by silica 
gel column chromatography (SiO a deactivated with 2 0 % 
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water) gave the title compound (150 mg, 8 4 % ) . Bp 9 5 — 
100°G/0.01 mmHg; 1 9 ) I R (neat ) : 1680 c m - 1 ; N M R (CC14) : 
Ô 0.50—1.90 (m, 14H), 2.30—2.90 (m, 4H) , 7.00—7.33 
(m, 5H) , 9.53 (s, 1H) ; MS:20> mje (%) 324 (M+, 4), 314 
(8), 234 (4), 167 (10), 166 (10), 157^ (19), 139 (17), 132 
(56), 123 (13), 111 (40), 97 (25), 95 (77), 91 (13), 83 (33), 
81 (40), 77 (40), 69 (33), 55 (100); Found : C, 60.56; H , 
7 . 8 1 % . Calcd for G 1 7H 2 4OSe: C, 60.84; H , 7.94%. 

3-t-Butyldmethylsiloxycyclohexanone (19). T o a solution 
of sodium hydride (55% in mineral oil, 18 mg, washed 
twice with hexane) in 1 ml of T H F was added a solution 
of benzenethiol (90 mg, 0.8 mmol) in 1 ml of T H F at room 
temperature , and the mixture was stirred for 5 min. Then 
a solution of 3-J-butyldimethylsiloxy-2-phenylselenocyclohex-
anone (76 mg, 0.2 mmol) and a trace amount of 18-crown-
6 in 2 ml of T H F was added to the resulting solution. After 
allowed to stand for 6 h at room temperature, the mixture 
was washed with satd aq NaCl , and the aqueous layer was 
extracted with ether. T h e combined extracts were dried 
and concentrated to give an oil, which was purified by silica 
gel column chromatography to afford the title compound 
19 (41 mg, 8 8 % ) . I R (neat ) : 1705cm- 1 ; N M R (CC14): 
ô 0.11 (s, 6H) , 0.92 (s, 9H) , 1.22—2.41 (m, 8H) , 3 .91— 
4.20 (m, I H ) ; Found : C, 63.24; H , 10.37%. Calcd for 
C 1 2H 2 4O aSi: C, 63.10; H , 10.59%. 

l-Phenyl-5-hexen-3-ol was prepared by the reaction of 
3-phenylpropanal with allylmagnesium bromide. 3-Penten-
l-ol was prepared by treating l-bromo-3-pentene with aq 
sodium acetate and then with aq sodium hydroxide. 4-
Propyl-6-octen-4-ol was preapared by treating ethyl 3-
pentenoate with 2.2 eq of propylmagnesium bromide in 
ether. 

4-t-Butyldimethylsiloxy-6-phenyl-2-phenylselenohexanal (20a). 
I R (neat ) : 1700cm- 1 ; N M R (CC14): ô 0.11 (s, 6 H ) , 0.98 
(s, 9H) , 1.46—2.33 (m, 4H) , 2.51—2.88 (m, 2 H ) , 3.30—3.61 
(m, I H ) , 4 .08 - -L30 (m, I H ) , 7.02—7.48 (m, 10H), 8.30 
(d, 7 = 2 . 0 Hz , C H = 0 ) , 8.80 (d, 7 = 2 . 0 Hz, C H = 0 ) ; Found : 
C, 62 .71; H , 7 .58%. Calcd for C 2 4H 3 40 2SeSi : C, 62.45; 
H , 7.42%. 

4-t-Butyldimethylsiloxy-6-phenyl-7-phenylseleno-2-hexanone (21a). 
I R (neat ) : 1700cm- 1 ; N M R (CC14): ô 0.12 (s, 6H) , 0.97 
(s, 9H) , 1.41—2.31 (m, 4H) , 2.31—2.85 (m, 2H) , 3.17 (s, 
2H) , 3.72—4.01 (m, I H ) , 7.01—7.55 (m, 10H); Found : C, 
62.57; H , 7 .63%. Calcd for C 2 4H 3 40 2SeSi : C, 62.45; H , 
7.42%. 

4-t-Butyldimethylsiloxy-6-phenyl-2-mesitylselenohexanal (20b). 
I R (neat ) : 1700cm" 1 ; N M R (CCLJ: ô 0.12 (s, 6H) , 0.92 
(s, 9H) , 1.44—1.78 (m, 4 H ) , 2.00—2.75 (m, 2H) , 2.28 (s, 
3H) , 2.45 (s, 6H) , 3.31—3.52 (m, I H ) , 4.05—4.31 (m, I H ) , 
6.86 (s, 2H) , 7.00—7.40 (m, 5H) , 8.31 (d, 7 = 3 . 0 Hz, C H = 0 ) , 
8.78 (d, 7 = 3 . 0 Hz , C H = 0 ) ; Found : C, 64 .51; H , 8.19%. 
Calcd for C2 7H4 0O2SeSi: C, 64.39; H , 8 .01%. 

4 -1 - Butyldimethylsiloxy - 6 -phenyl - 1 - mesitylseleno - 2 - hexanone 
(21b). I R (neat ) : 1700cm" 1 ; N M R (CC14): ô 0.13 
(s, 6H) , 0.92 (s, 9H) , 1.42—1.75 (m, 4 H ) , 2.00—2.85 (m, 
2 H ) , 2.27 (s, 3H) , 2.43 (s, 6H) , 2.98 (s, 2H) , 4 . 0 1 ^ . 3 0 
(m, I H ) , 6.83 (s, 2H) , 7.00—7.40 (m, 5 H ) ; Found : C, 64.60; 
H , 8 .23%. Calcd for C2 7H4 0O2SeSi : C, 64.39; H , 8 . 0 1 % . 

6-Phenyl-4-triphenylsiloxy-2-phenylselenohexanal (20c). I R 
(neat ) : 1705 c m - 1 ; N M R (CC14) : ô 1.62—2.38 (m, 4H) , 
2.42—2.83 (m, 2H) , 3.41—3.73 (m, I H ) , 4 . 0 8 ^ . 3 1 (m, 
I H ) , 6.67—7.74 (m, 25H) , 8.53 (d, 7 = 3 . 0 Hz, C H = 0 ) , 
8.80 (d, 7 = 3 . 0 Hz, C H = 0 ) ; Found : C, 71.52; H , 5.80%. 
Calcd for C 3 6 H 3 4 0 2 SeSi : C, 71.38; H , 5.66%. 

6-Phenyl-4-triphenylsiloxy-1 -phenylseleno-2-hexanone (21c). 
I R (neat ) : 1 7 1 0 c m - 1 ; N M R (CC14): ô 1.50—2.35 (m, 4H) , 
2.41—2.80 (m, 2 H ) , 3.19 (s, 2H) , 4.01—4.32 (m, I H ) , 6.62— 

7.75 (m, 2 5 H ) ; Found : C, 71.59; H , 5.76%. Calcd for 
C 3 6 H 3 4 0 2 SeSi : C, 71.38; H , 5.66%. 

2 - Mesitylseleno - 6 -phenyl -4- triphenylsiloxyhexanal (20d). 
I R (nea t ) : 1700cm- 1 ; N M R (CC14): ô 1.53—2.15 (m, 4H) , 
2.17—2.70 (m, 2 H ) , 2.27 (s, 3H) , 2.47 (s, 6H) , 3.41—3.62 
(m, I H ) , 4.07—4.30 (m, I H ) , 6.67—7.64 (m, 20H), 6.85 
(s, 2H) , 8.56 (d, 7 = 3 . 0 Hz , C H = 0 ) , 8.83 (d. 7 = 3 . 0 Hz, 
C H = 0 ) ; Found : C, 72.53; H , 6.47%. Calcd for C3 9H4 0O2-
SeSi: C, 72.31; H , 6.22%. 

1-Mesitylseleno-6-phenyl-4-triphenylsiloxy-2-hexanone (21d). 
I R (neat ) : 1700cm- 1 ; N M R (CC14): ô 1.57—2.16 (m, 4H) , 
2.21—2.72 (m, 2H) , 2.28 (s, 3H) , 2.48 (s, 6H) , 3.05 (s, 2H) , 
4 . 0 6 ^ . 3 2 (m, I H ) , 6.68—7.64 (m, 20H) , 6.86 (s, 2 H ) ; 
Found : C, 72.18; H , 6.09%. Calcd for C3 9H4 0O2SeSi: 
C, 72.31; H , 6.22%. 

5 -1 - Butyldimethylsiloxy - 3 -phenylseleno - 2 -pentanone (22a). 
I R (nea t ) : 1700cm- 1 ; N M R (CC14): ô 0.11 (s, 6H) , 0.92 
(s, 9 H ) , 1.62—2.01 (m, 2 H ) , 2.31 (s, 3H) , 3.51—3.93 (m, 
3H) , 7.01—7.54 (m, 5 H ) ; Found: C, 54.91; H , 7.52%. 
Calcd for C 1 7 H 2 8 0 2 SeSi : C, 54.97; H , 7.60%. 

5 -1 - Butyldimethylsiloxy - 2 -phenylseleno - 3 -pentanone (23a). 
I R (neat ) : 1700cm" 1 ; N M R (CC14): ô 0.11 (s, 6H) , 0.92 
(s, 9H) , 1.45 (d, 7 = 8 . 0 Hz , 3H) , 2.62 (t, 7 = 8 . 0 Hz, IH) , 
2.67 (t, 7 = 6 . 0 Hz , 2H) , 3.40—3.90 (m, 2H) , 7.00—7.50 
(m, 5 H ) ; Found : C, 54.85; H , 7.54%. Calcd for C 1 7 H 2 8 0 2 -
SeSi: C, 54.97; H , 7.60%. 

5 -1 - Butyldimethylsiloxy- 3 - mesitylseleno - 2 -pentanone (22b). 
I R (nea t ) : 1705 c m - 1 ; N M R (CC14) : ô 0.11 (s, 6H) , 0.92 
(s, 9H) , 1.05—1.35 (m, 2H) , 2.01 (s, 3H) , 2.32 (s, 3H), 2.71 
(s, 6H) , 3.10—3.90 (m, 3H) , 6.85 (s, 2 H ) ; Found : C, 58.21; 
H , 8.12%. Calcd for C20H34O2SeSi : C, 58.09; H , 8.29%. 

5 -1 - Butyldimethylsiloxy -2- mesitylseleno - 3 -pentanone (23b). 
I R (nea t ) : 1700cm- 1 ; N M R (CC14): ô 0.11 (s, 6H) , 0.92 
(s, 9H) , 1.38 (d, 7 = 6 . 0 Hz , 3H) , 2.21—2.41 (m, 2H) , 2.25 
(s, 3H) , 2.50 (s, 6H) , 3.42 (q, 7 = 6 . 0 Hz , I H ) , 3.51—3.87 
(m, 2H) , 6.85 (s, 2 H ) ; Found : C, 58.35; H , 8.08%. Calcd 
for C2 0H3 4O2SeSi: C, 58.09; H , 8.08%. 

5 -1 - Butyldimethylsiloxy - 3 - (p-chlorophenylseleno) - 2 - pentanone 
(22c). I R (neat ) : 1705 c m - 1 ; N M R (CC14) : (5 0.11 
(s, 6H) , 0.92 (s, 9H) , 1.74—2.03 (m, 2H) , 2.28 (s, 3H) , 
3 .52^1 .03 (m, 3H) , 7.01—7.45 (m, 4 H ) ; Found : C, 50.28; 
H , 6 .79%. Calcd for C 1 7H 2 70 2ClSeSi : C, 50.30; H , 6.70%. 

5 - t - Butyldimethylsiloxy - 2 - (p-chlorophenylseleno) -3-pentanone 
(23c). I R (neat ) : 1705cm" 1 ; N M R (CC14): ô 0.11 
(s, 6H) , 0.92 (s, 9H) , 1.31 (d, 7 = 6 . 0 Hz , 3H) , 2.72 (t, J= 
6.0 Hz, 2H) , 3.53—4.05 (m, 3H) , 7.00—7.30 (m, 4 H ) ; 
Found : C, 50.20; H , 6.69%. Calcd for C 1 7 H 2 7 0 2 ClSeSi : 
C, 50.30; H , 6.70%. 

5-Methoxy-5-propyl-3-phenylseleno-2-octanone (24a). I R 
(neat ) : 1700cm- 1 ; N M R (CC14): ô 0.70—1.61 (m, 16H), 

2.13 (s, 3H) , 2.92 (s, 3H) , 3.57—3.90 (m, I H ) , 7.00—7.61 
(m, 5 H ) ; Found : C, 61.02; H , 8.06%. Calcd for C 1 8 H 2 8 0 2 -
Se: C, 60.84; H , 7.94%. 

5-Methoxy-5-propyl-2-phenylseleno-3-octanone (25a). I R 
(neat ) : 1705 c m - 1 ; N M R (CC14) : ô 0.75—1.65 (m, 17H), 
1.92 (s, 2 H ) , 2.95 (s, 3H) , 3.82—4.10 (m, I H ) , 7.02—7.61 
(m, 5 H ) ; Found : C, 61.13; H , 8 .11%. Calcd for C 1 8 H 2 8 0 2 -
Se: C, 60.84; H , 7.94%. 

5-Benzyloxy-3-phenylseleno-5-propyl-2-octanone (24b). I R 
(neat ) : 1 7 0 5 c m - 1 ; N M R (CC14): ô 0.73—1.68 (m, 16H), 
2.15 (s, 3H) , 3.72—4.01 (m, I H ) , 4.31 (s, 2H) , 7.01—7.58 
(m, 10H) ; Found : C, 67.02 ; H , 7 .68%. Calcd for C 2 4 H 3 2 0 2 -
Se: C, 66 .81; H , 7 .48%. 

5-Benzyloxy-2-phenylseleno-5-propyl-3-octanone (25b). I R 
(neat ) : 1700cm- 1 ; N M R (CC14): ô 0.78—1.72 (m, 17H), 
1.85 (s, 2H) , 3.72—3.95 (m, I H ) , 4.34 (s, 2H) , 7.01—7.55 
(m, 10H); Found ; C, 66.95; H , 7.56%. Calcd for C24-
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H 3 2 0 2 S e : G, 66 .81; H , 7 .48%. 
2 - Phenylseleno -4- triphenylsiloxycyclopentanone (27). I R 

(neat) : 1740 cm" 1 ; N M R (CC14) : Ô 2.39—2.53 (m, 4H) , 
3.29—3.60 (m, I H ) , 4.54 (t, J = 5 . 0 Hz, I H ) , 7.07—7.62 
(m, 20H). 

4-Triphenylsiloxy-2-cyclopentenone (28). T o a solution 
of 2-phenylseleno-4-triphenylsiloxycyclopentanone (155 mg, 
0.3 mmol) and pyridine (0.07 ml, 0.72 mmol) in 1 ml of 
dichloromethane were added 30% hydrogen peroxide (0.28 
ml, 2.6 mmol) and water (0.28 ml) at 0 °G. After stirring 
at 0 °G for 30 min, the reaction mixture was washed with 
7% N a H G 0 3 and then with 4 % HCl . Drying and concen­
tration of the extracts followed by purification with pre­
parative T L G gave the title compound (99 mg, 92%) as 
an oil. I R (neat) : 1680 cm" 1 ; N M R (GG14) : Ô 2 . 21— 
2.40 (m, 2H) , 3.74—4.00 (m, I H ) , 4.83—5.11 (m, I H ) , 
5.80—6.00 (m, I H ) , 7.00—7.66 (m, 15H); Found : G, 77.32; 
H , 5.40%. Galcd for G2 3H2 0SiO2 : G, 77.49; H , 5 .65%. 

Oxidation of Substituted Cyclohexenes. Oxidation of these 
compounds was performed in a similar manner with that of 
4-alkoxy-6-phenyl-2-hexene in refluxing benzene for 3—5 h. 
T h e reaction mixtures were treated with benzenethiolate 
anion as described above, and the resulting deselenenylated 
products were identified by comparison with the authentic 
samples. Ratios of the regio-isomers were also determined 
with the deselenenylated products by GLPG analyses. 
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Tetra(2-cyanophenyl)porphine (ToGNPP) has been synthesized and isolated into the four respective at-
ropisomers. The rotation of a cyanophenyl ring about the bond to the me thine carbon of the porphyrin leads 
to interconversion reactions among the isomers. The isomerization reactions have been studied kinetically by 
the separation and quantitative measurement of each isomer on thin layer chromatography plates. The results 
show that the free energy of activation for the hindered rotation is an average of AG* = 110 kj/mol at 50 °G. 
This is the highest barrier ever measured in similar porphyrin atropisomers. The apparent interaction between 
adjacent cyario groups is observed. The energy of interaction is estimated to be about 2.0 kj per mole unit of 
interaction. 

Rotational isomerism of some tetraarylporphyrins 
and their metal derivatives have been investigated 
by several groups of workers.1-5) The principal fea­
tures of the atropisomerism, i.e., tautomerism and 
statistical distribution of isomers, have been known 
since the resolution and isomerization of tetra(2-hy-
droxyphenyl)porphine (ToOHPP) was communicated 
twelve years ago.1) M a n y nuclear magnetic resonance 
(NMR) studies have also ratified the features.2-4) 

O n the other hand, the isolation of a particular 
a,a,a,a atropisomer of tetra(2-aminophenyl)porphine 
(ToNH 2PP) brought great advances in studies of syn­
thetic models of the hemeproteins, such as the "picket 
fence" porphyrins.6 - 8) We are interested in the steric 
control of ligand coordination and redox reactions 
of the central metal ions of metalloporphyrins9) in 
connection with the catalytic selectivity and activity 
of various heme enzymes. Tetra(2-cyanophenyl)por-
phine (ToGNPP) is expected to be a good and new 
source for the synthetic models as well as ToNH 2 PP . 

In the course of our study to synthesize and isolate 
the desired isomer, a,a,a,a-isomer, of ToGNPP, we 
have found a new, but unfavorable for this isomer, 
effect of the cyano substituents on the atropisomerism. 
There is a steric repulsion between the GN groups 
through the space above the porphyrin plane, that 
disturbs the statistical distribution of isomers, especially, 
low yields of the a,a,a,a-isomer. This is the first 
report describing the kinetic analysis of the steric 
interaction as well as the synthesis and rotational 
isomerization of ToGNPP. 

E x p e r i m e n t a l 

Materials. A typical procedure to synthesize ToGNPP 
is as follows: 2-Cyanobenzaldehyde (10 g, 76 mmol) and 
pyrrole (5.3 ml, 76 mmol) in a mixture of acetic acid and 
pyridine (4:1 in volume, total 400 ml) were refluxed for 
2 h. After the reaction mixture was cooled down to room 
temperature, twice the volume of methanol was added and 
the solution was allowed to stand for at least 2 d. Crystal­
line products precipitated in the solution were separated by 
filtration, washed with methanol, and dried in an oven at 
50 to 70 °G. It was further purified by chloroform extrac­
tion using a Soxhlet extractor. The resulting purple crystals 
in the solution were collected by filtration (yield : ca. 0.4 g, 
3%). Found: G, 80.22; H, 3.25; N, 15.11%. Galcd for 
C48H26N8: C, 80.66; H, 3.67; N, 15.68%. IR (KBr) cm"1: 

vc^ 2230. UV (GHG13) Amax nm (exlO"4): 419 (37.4), 
512 (2.12), 544 (0.72), 587 (1.04), 644 (0.57). Mp >300 °C. 

Since ToGNPP is a mixture of four atropisomers, each 
component was separated by column chromatography using 
silica gel 100 (70—230 mesh, Merck) and dry chloroform. 
The chloroform solution of each isomer was evaporated 
in vacuo immediately after elution from the column. Before 
kinetic experiments, the atropisomers were purified further 
by preparative thin layer chromatography (TLG) (silica 
gel 60, 0.5 mm thick, Merck). 

All reagents and solvents of reagent grade were used with­
out further purification except chloroform which was washed 
with water, dried over GaH2, and distilled. 

Measurement of the Isomerization Rates. A chloroform 
solution of each atropisomer (ca. 5 mg/20 ml) in a flask was 
placed in a water bath kept at 50 or 60 °G. A few micro­
liters of the solution was sampled with a glass capillary at 
appropriate intervals, and spotted on a TLG plate (silica 
gel 60, 0.25 mm thick, Merck). The rotational isomeriza­
tion reaction of an isomer to the additional three components 
was monitored by measurements of the quantity of respective 
isomers which were separated with 98:2 chloroform-acetone 
on a TLG plate. The quantity was measured by spectro­
metry after the extraction of each isomer from the TLG 
plate with chloroform. The mole fractions of minor com­
ponents determined by this method have relatively larger 
errors than the fraction of major ones. Under the present 
reaction conditions, no product other than the isomers was 
detected by TLG even after the reaction for 3d. 

Processing of the Data. The digital integration of the 
differential rate equations, 

d t A J / d ^ S S ^ A J , 
j 1 

where k$ is the first-order rate constant for the j th reaction 
concerning the Ai species, was performed at small increments 
of time by a local Fortran program using the Runge-Kutta 
approximation.10) An initial set of inputs, i.e., rate constants 
and concentrations of isomers, was the experimental data 
obtained by the usual graphic method adapted to the initial 
stage of the reactions. The rate constants were refined by 
trial and error to fit the computed values to the experimental 
values of all isomers for the entire time course of the reaction. 

The general structural parameters of the porphyrin 
skeleton11) and atomic coordinates of cyano(m^o-tetraphenyl-
porphinato)manganese(III)12) in the crystal were tentatively 
used for calculating the distances between atoms and for 
drawing.13) The positions of the GN substituents were 
determined by assuming that the carbon and nitrogen atoms 
were on the linear extension from the center of phenyl ring 
to the ortho carbon with distances of C o r t U o -C=l f 5 A and 
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C-N=1.15Â. All calculations were carried out at the 
computing center of this university using a NEAG system 
700S computer. 

R e s u l t s and D i s c u s s i o n 

The Synthesis of ToCNPP. Two solvent systems 
have been proposed for the general syntheses of meso-
tetraarylporphyrins in solution14»15) besides Rothemund's 
original method and its applications.16-18) Utilization 
of propionic acid, as proposed by Adler et al.,1*) to 
make ToGNPP has resulted in a large amount of 
tarry and black by-products which hamper the puri­
fication of the porphyrin in gram-quantities. O n the 
other hand, Treib's procedure,15) using 1:2 pyr idine-
acetic acid, for this porphyrin gave no precipitate 
even though the reaction mixture was allowed to 
stand for 2 d in a refrigerator. 

The precipitation of crystalline products of reason­
able purity and high yield from a simple reaction 
batch is considered to be the most important merit 
of the preparative procedure. We have determined 
the optimal conditions for preparing ToGNPP by 
varing the ratio of pyridine to acetic acid and by 
following the time course of the formation. The prod­
uct yields obtained in situ by spectrometric methods 
increase from 4 to 8 % by increasing the pyridine ratio 
from 10 to 3 3 v / v % . ToGNPP is found to be ap­
preciably soluble in pyridine but much less soluble 
than the by-products, while ToGNPP is insoluble in 
acetic acid. Thus, the purest porphyrin products and 
highest isolated yield of a batch process have been 
obtained in 2 0 % pyridine as described in Experi­
mental. The total spectrometric yield reaches 7 to 
8 % level, but the complete isolation of the porphyrin 
is very difficult. The formation of ToGNPP in the 
boiling solution seems finished within 30 min and longer 
reaction time do not improve the yield. 

The pyridine-acetic acid solvent system is also found 
to improve the isolation of crystalline tetra(2-nitro-
phenyl)- and tetra(2,6-dichlorophenyl)porphines from 
the single batch compared to the literature methods.6»19) 

Separation and Identification of the Atropisomers. 
The TLG of the reaction products show three distinct 
spots with Rf values of 0.47, 0.41, and 0.23 together 
with several minor spots at 0 to 0.2 when it is devel­
oped with 98:2 chloroform-acetone. The three mate­
rials extracted from the main spots display identical 
electronic absorption spectra with characteristic por­
phyrin maxima19) and a common I R spectrum with 
a single G=N stretching band. Each of the three 
compounds mutually interconverts in chloroform solu­
tion, and a new species at 7? f=0.04 on T L G is gener­
ated in the interconversion. Thus the four spots on 
TLG correspond to the four atropisomers of ToGNPP. 
The distribution of the four isomers, equilibrated at 
50 °G for 3 d , is 39 ( ± 4 ) , 24 ( ± 3 ) , 35 ( ± 3 ) , and 
2 ( ± 1 ) % , in the order of decreasing Rf values. 

The compound with the smallest Rt value and mole 
fraction is easily assigned to a,a,a,a-isomer (iv) by 
consideration of the molecular polarity seen on TLG 
and the steric hindrance to assembling four cyano 
groups on the same side of the porphyrin plane. The 

kinetic studies mentioned below distinguish the oc,oc,oc,ß-
isomer (iii) from the others as it is the only primary 
product of the isomerization of every isomer. We 
have tentatively identified the first and second eluents 
of chromatography to the a,ß,oc,ß- (i) and oc,oc,ß,ß-
(ii) isomers, respectively, based on the polarity on 
TLG. This assignment of the four atropisomers is 
consistent concerning the order of R^ values on TLG 
with that of T o N H 2 P P reported by Gollman et A/.6) 
T h e crystal structure of ii may be analysed for a de­
finitive assignment elsewhere. 

The proton N M R spectra of the isomers have been 
poorly characterized owing to the complex multiplicity 
of the phenyl protons and low solubility in N M R 
solvents at room temperature. 

The Kinetic Studies of the Isomerization. Rotation 
of any one of the four phenyl rings of ToGNPP about 
the bond to the porphyrin skeleton leads to the stereo­
chemical isomerizations as shown in Fig. 1. Two 
or more rings can rotate simultaneously, but this 
can be ignored in the kinetic analysis as a secondary 
perturbation of small statistical probability. Intramole­
cular isomerization reactions are generally first-order 
reactions. The present case is also found to be first-
order from the analysis. The designation of the rate 
constants for the six isomerization reactions is dis­
played in Fig. 1. 

The equilibrium constants defined by Km=k3/ki+1 

are conveniently determined by the distribution of 
four isomers at 50 °G mentioned above, and the values 
obtained at 40 and 60 °G are invariant within ex­
perimental error. Each of the purified isomers were 
subjected to the rate determinations. 

The refined rate constants are listed in Table 1 
and the computer simulations of them are reasonable 
matches for all experiments at 50 and 60 °G. Two 
examples are displayed in Figs. 2a) and 2b). The 
solid lines in the figures are the computer simulations. 
The rate constants are also consistent with the equi­
librium constants obtained experimentally. 

The activation energies determined by the Arrhenius 
equation are found to spread over 84 to 94 kj/mol 
for the six reactions, hence, they are averaged into 
an E& which is reported in Table 2. 

The Rotational and Steric Effects of the Cyano Substituent. 
The free energy of activation (AG*) is considered 
to reflect the height of the rotational barrier princi­
pally generated by the friction between an ortho 
substituent and a pyrrole proton of the porphyrin. 
O u r result, a weighted average value AG* = 110kJ/ 
mol given by the Eyring equation at 50 °G, can be 
compared with the published kinetic data 1 - 4 ) for ortho 
substituted tetraphenylporphyrins. The comparison of 
AG* should be done at the same temperature. How­
ever, since the entropy of activation or the substitute 
for it is unavailable, we must adapt our data to the 
extensions of temperatures by assuming that the acti­
vation energy (EJ is employable over the tempera­
ture range of 23 to 180 °G. This assumption is plau­
sible because of the intrinsic independence of E& with 
temperature. The AG* values of the present iso­
merization, calculated at appropriate temperatures, are 
summarized in Table 2, and compared with the bar-
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a ) '-Ox 

(iv) (iii) 

Fig. 1. Schematic representation of the rotational isomerizations of ToGNPP. The kv denote 
the first-order rate constant of the reaction. 
(i) oc,ß,oc,ß-, (ii) oc,oc,ß,ß~, (iii) oc,oc,oc,ß-, (iv) a,a,a5a-, conformations. 

TABLE 1. THE FIRST-ORDER RATE CONSTANTS FOR THE 

ROTATIONAL ISOMERIZATION OF T O G N P P 

Temp 
°G 

50 
60 

Rate constants/h-1 

k\ k2 kz k± kb k% 

0.089 0.100 0.220 0.135 0.609 0.052 
0.228 0.256 0.583 0.361 1.730 0.148 

Fig. 2. Time course of isomerization reactions starting 
from (a) iv at 50 °G and (b) i at 60 °G. 
(O) i; (X) ii; (A) iii; ( • ) iv. The solid lines rep­
resent the computer simulations. 

riers reported in literature.1 - 4) 
The order C N > C H 3 « C H 3 0 « O H is seen in the 

barriers. The cyano substituent on the ortho position 
of a phenyl ring has a higher rotational barrier, as 
expected by the bulk of the constituted atoms, than 
O H or CH 3 . Moreover, since the GN group is erected 
linearly from the phenyl ring while G H 3 0 is bent 
at the oxygen atom, the awkwardness of GN passing 
through the porphyrin plane may contribute some 
kj/mol to the activation state as compared with the 
flexible methoxide. The calculated rate constant for 
the rotation about one cyanophenyl-porphyrin bond 
at 23 °G is of the order of 10~6 s_1. This value allows 
direct comparison with the only explicit parameter 
reported for ToOHPP. 1 ) T h a t the rate in ToGNPP 
is about a tenth of that in T o O H P P indicates the 
reasonable substitution effect for GN. 

T h e abundance ratio of the ToGNPP isomers de­
viates from the statistical expectation. This is the 
first reported example of the quantitative measurement 
for a nonstatistical distribution of porphyrin atrop-
isomers. This can be interpreted as the non-bonded 
interactions of a GN substituent to GN substituent. 
The small mole fraction of iv indicates the interaction 
to be repulsive or maybe electrostatic. With con­
sideration of the statistical ratios, the relative free 
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T A B L E 2. ACTIVATION ENERGY AND FREE ENERGY OF ACTIVATION FOR A PHENYL RING ROTATION, 

AND ENERGY OF STERIC INTERACTION BETWEEN NEIGHBORING SUBSTITUENT GROUPS AT 

ORTHO POSITION OF THE PHENYL RING IN SEVERAL PORPHYRINS 

Substituent 
group 

GN 
OH 
OGH3 

CH3
d> 

K 
kj mol-1 

88.5a> 
— b ) 

— b ) 

— b ) 

296 K 

108 
100 
— 

— 

AG*/kJ mol-i 

433 K 

118 
— 

108 
— 

453 K 

120 
— 
— 

>109 

£ i n t C ) 

kj moi-1 

2.0 
0 
0 
0 

Ref 

This work 
1 
4 
2 

a) Averaged value, b) The data were not shown, c) See text, d) Ni complex. 

energy differences of any one of the isomers can be 
determined by the relationship AG°=— RT\n K. The 
energy levels of ii, iii, and iv lie at 3.2, 4.0, and 7.9 
kj/mol above the level of i, respectively, based on the 
experimental data observed at 50 °G. The repulsive 
forces are thought to be due to the nitrogen atom 
of GN, because no such effect is reported for O H , 
NH 2 , or GH 3 substituents. The intramolecular atomic 
distances of the nitrogen to the adjacent or diagonal 
nitrogen are interesting parameters to evaluate the 
long range and weak non-bonded interactions. Sup­
posing that the dihedral angles between the porhyrin 
plane and all phenyl rings are 90° in molecule iv, 
the distances are estimated to be 6.1 Â between the 
adjacent nitrogens and 8.6 Â between the diagonal 
ones. The latter does not seem to be responsible 
for the interaction as it must be further than the dis­
tance between the adjacent nitrogens of N H 2 in a,a,a,a-
ToNH 2 PP. This static model leads to the conclusion 
that the energy of an interaction between two nitrogens 
of GN 6.1 Â apart is 2.0 k j per mole unit of interaction, 
since iv has four interactions. This value is also 
consistent with the interactions in iii. The smaller 
value seen in ii is perhaps the result of lessened con­
tacts between adjacent cyano phenyl rings resulting 
from tilting a bit more away from each other, but 
without making any new closer contacts. However, 
we do not necessarily predict that the dihedral angles 
between the porphyrin plane and phenyl planes in 
the crystal of ii are as small as the smallest angles 
found in metallotetraphenylporphyrins.20) There are 
many examples of intermolecular contacts shorter than 
6.1 Â, a result of crystal packing effects. We do, 
however, claim that the long range (6.1 Â) and ap­
preciable (2.0 kj/mol-interaction) interaction between 
the GN groups is observed in the atropisomers of 
ToGNPP. The unfavorable effect on the isolation 
of a,a,a,a-isomer may be overcome by the utilization 
of the intermolecular interaction, e.g., adsorbance,5) 
selective crystalization and so on. 

W e thank Prof. W. R. Scheidt for discussion and 
editorial assistance. 
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Asymmetric Synthesis of Axially Dissymmetric l,l'-Binaphthyls via an 
Intramolecular Ullmann Coupling Reaction of (Ä)- and (S)'292

f-
Bis(l-bromo-2-naphthylcarbonyloxy)-l,l/-binaphthyl12) 

Sotaro M I Y A N O , * Masayuki TOBITA, and Harukichi HASHIMOTO 

Department of Applied Chemistry, Faculty of Engineering, Tohoku University, 
Aramaki-Aoba, Sendai 980 
(Received May 7, 1981) 

An Ullmann reaction of the chiral bifunctional substrate containing two l-bromo-2-naphthyl moieties, (£)-
2,2/-bis(l-bromo-2-naphthylcarbonyloxy)-l,r-binaphthyl, gives an intramolecularly coupled 12-membered 
cyclic diester in a 36% isolated yield. The intramolecular coupling reaction proceeds with virtually complete dia-
stereoselectivity to induce S-chirality into the newly formed bond between the two naphthyl units. 

A number of 2,2'-disubstituted 1,1'-binaphthyls have 
been resolved into atropisomers, and proved to be 
highly resistant to thermal racemization.3) The axi­
ally dissymmetric binaphthyl structure would be ef­
fective for chiral recognition because of its steric bulki-
ness and structural rigidity.4>5> Having only the C2 

axis for the element of chirality, and thus minimizing 
the possibility of complex diastereomeric interactions, 
the biaryl moiety may also be useful for the elucidation 
of the mechanism of asymmetric induction. Thus, 
much attention has recently been centered on asym­
metric reactions by the use of axially dissymmetric 
biaryl derivatives; in some cases a remarkable success 
has been accomplished.6»7) 

Although there are a number of methods currently 
available for the synthesis of biaryls,8) direct routes 
to their atropisomers are limited :7a>9> optical resolution 
of racemates has been adopted in conventional practices 
for the preparation of the prerequisite atropisomeric 
binaphthyl skeletons. In 1971, Jacques et al.10) showed 
that the readily available l , r -binaphthyl-2,2 ' -diol (1) 
can be easily resolved into its antipodes via a phosphate 
ester. We have for some time been trying to utilize 
the axial dissymmetry of atropisomeric 1 for asym­
metric synthesis of other biaryls, and here we wish 
to describe copper-promoted Ul lmann biaryl coupling 
of l-bromo-2-naphthoates of l.1) 

R e s u l t s a n d D i s c u s s i o n 

The synthesis of l-bromo-2-naphthoates of 1 (3 and 
4, and their atropisomers) is outlined in Scheme 1. 

l-Bromo-2-naphthoyl chloride, prepared from 1-bromo-
2-naphthoic acid11) by reaction with thionyl chloride, 
was allowed to react with 1 in pyridine-benzene to 
give the corresponding monoester 2 and diester 3. 
Each ester product was cleanly separated by column 
chromatography on alumina; benzene eluted the latter 
only, while ethanol-benzene could be used to liberate 
the former. The hydroxy ester (2) was in turn treated 
with 2-naphthoyl chloride to yield the mixed diester 
4. Optically active substrates were synthesized by 
use of (S)- and (R)-l. 

Although the optical yield was poor, the Ullmann 
coupling reaction of the chiral substrates, (R)- and 
(S) -4, induced (R)- and (S) -chirality, respectively, into 
the newly formed 1,1'-binaphthyl bond, as evidenced 
as follows: In a typical reaction, (Ä)-4 was treated 
with freshly activated copper powder in gently re-
fluxing D M F under nitrogen. Debromination of the 
substrate ((A)-4) was completed within 5 h by heating 
under reflux to give a 15:85 mixture of the reduction 
((i?)-6) and the coupled product ((RRR)-5) in an 
almost quantitative yield (Scheme 2). Reductive 
cleavage of the ester linkage of the coupled product 
((RRR)-5) with lithium aluminum hydride (LAH) in 
boiling ether gave a sample of (Ä)-2,2'-bis(hydroxy-
methyl ) - l , r -b inaphthyl ((A) -7), which had [a]L3

6 

+ 3 . 5 ° (c 0.8, acetone). This value corresponds to 
the optical purity of 4 % on the assumption that the 
enantiomerically pure (Ä)-7 has the value of [oc]ll6 

+ 8 6 ° (vide infra). The diol was transformed into 
(Ä)-a-methoxy-a-trifluoromethylphenylacetic acid ester 
( (Ä)-MTPA ester);12) an ^ N M R spectral study of 

?co 

Scheme 1, 
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Scheme 2. 

(s) -3 (55)-12 

+ (5)-6 + (555)-5 + OLIGOMERS 

Scheme 3. 

the ester in the presence of a chiral shift reagent, Eu-
(fod)3, also showed the % e.e. of the sample to be 
4 — 6 % . Any significant racemization of the substrate 
((A)-4) or products ((RRR)-5 and (R)-6) under the 
reaction conditions was ruled out by considering the 
optical purity of the recovered (Ä)-l. Alternatively, 
( ^ - ^ l ' - b i n a p h t h y l ^ ^ ' - d i c a r b o x y l i c acid (R)-9 of 3 % 
optical purity13) was obtained via a hydrolytic treat­
ment of a similar Ul lmann product with K O H in 
boiling aq ethanol. 

We have previously shown that an Ul lmann coupling 
of C-chiral alcohol esters of l-bromo-2-naphthoic acid 
induces axial dissymmetry into the 1,1'-binaphthyl 
bonds, but that the highest optical yield attained is 
only 13%.9a> These and above results may imply 
that intermolecular Ul lmann coupling of chiral sub­
strates of type 11 is discouraging for asymmetric syn­
thesis of binaphthyl atropisomers. 

Br 
y \ A / C O O R * 
I II I 

11 

(R*: Chiral substituent) 

O n the other hand, we have found that copper-
promoted reaction of bifunctional substrates, (£*)- and 
(R)-3, is promising: Ul lmann products from these 
diesters were hydrolyzed by heating under reflux with 
K O H in aq ethanol to give 9's in ca. 4 5 % chemical 
yields. The apparent net optical yield for the joining 

of two binaphthyl units was estimated to be 30—45% 
on the basis of optical rotations of the recovered diacids. 
I t seemed that these rather high asymmetric induc­
tions should be attributed to intramolecular interactions 
of the substrates, as the intermolecular coupling of 
atropisomeric 4 scarcely induced axial dissymmetry. 

Thus, we tried an at tempt to enhance the uni-
molecular debromination of the diester, (S) -3 . To a 
well stirred suspension of copper powder in gently 
refluxing D M F was slowly added a sample of (S) -3 
over 1 h period, and then heating was continued 
for another 5 h. As judged by T L G and HPLG, 
however, the intended intramolecular Ul lmann cou­
pling of (S) -3 to 12 was accompanied by the formation 
of serious amounts of reduction product ((£*) -6), di-
meric ((SSS)-5 and (SSSS)-IS), and other higher 
oligomeric products (Scheme 3). I t should be pointed 
out here that careful H P L G analysis, including varia­
tion of column and eluant, showed only one peak 
for the intramolecularly coupled product (12).14) A 
chromatography of the Ullmann product on a silica-
gel column using chloroform ( 1 % ethanol) as the 
eluant gave a 3 6 % isolated yield of the intramolec­
ularly coupled cyclic diester ((SS)-12) as a white 
powder. The compound was characterized by ele­
mental analysis, mass, IR , and other spectral studies 
as well as chemical transformation. Thus, treatment 
of the cyclic diester with L A H in e t h e r - T H F gave 
only two diols, (S)-7 and (£)- l , the specific rotations 
being [<x]ll - 8 6 . 0 ° (c 1.4, acetone) and [a]2

D
4 - 3 4 . 9 ° 
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(c 1.03, T H F ) , respectively. These values compare 
well with literature ones claimed for enantiomerically 
pure samples; [<x]ll6 - 8 3 . 0 ° for (S)-?11) and [a]2

D
6 

—33.3° for (S)-!.6*15) Furthermore, within the limits 
of the N M R detection at 60 M H z , the (Ä)-MTPA 
esters of these diols showed, in the presence of Eu(fod)3 , 
no indication of the presence of (R) -diols. 

These observations unequivocally indicate that the 
two 1,l '-binaphthyl axes in the cyclic diester (12) 
have an ^-conf igurat ion of high enantiomeric purity. 
This leads to the conclusion that intramolecular 
Ul lmann coupling of (S)-3 proceeds, though under 
rather severe reaction conditions, with a virtually com­
plete diastereoselectivity to give cyclic diester of SS-
configuration ((SS)-12). An inspection of GPK models 
of the cyclic diester 12 suggests that two sets of N a p h -
G O O - N a p h moieties of (SS) -12 arrange to a double 
helix-like structure to accommodate the 12-membered 
cyclic diester as schematically shown in Fig. 1, while 
those of (672)-counterpart must be bent to a highly 
strained right angle in order to form the cycle (Fig. 
2), thus strongly favoring the ^-conf igurat ion over 
SÄ-isomer. I n conclusion, the origin of the remark­
able diastereoselectivity in the intramolecular coupling 
may be attributed to the steric requirements of the 
product cyclic diester, while at present there is no 
basis for mechanistic conclusions with regard to the 
Ul lmann reaction. 

Fig. 1. (SS)-U. 

3f ^t ' ) 
r T 

Fig. 2. (SR)-12. 

I t is interesting that both of the newly formed 1,l'-
binaphthyl bonds in the cyclic dimer ((5,

lS'lS'5')-13) have 
also .SS-chirality of rather high optical purity, though 
the paucity of the sample has been retarding the elu­
cidation of their accurate structures. Further work 
along this line is in progress. 

E x p e r i m e n t a l 

Measurements. IR spectra were obtained on a 
Shimadzu IR 430 spectrophotometer. NMR spectra were 
determined on a Hitachi R-24A instrument using hexa-
methyldisiloxane as an internal standard in CC14 unless 
otherwise stated. Mass spectra were recorded on a JEOL 

JMS-D300 double focusing mass spectrometer with direct 
sample injection. Optical rotations were recorded on a 
Union PM-101 automatic digital Polarimeter in a 1-cm 
cell at ambient temperature. High performance liquid 
chromatography (HPLG) was carried out on a JASCO 
TRIROTAR-III and/or JASCO FAMILIC-100 instrument 
using columns packed with JASCO SC-01 (ODS), HP-01 
(styrene-divinylbenzene), and WC-03 (Carbowax 400) with 
conventional eluants. Molecular weight was determined in 
benzene solution with a Hitachi-Perkin-Elmer 115 vapor 
pressure osmometer. All melting points were corrected. 

Materials. Analytical and preparative TLC were car­
ried out on Merck Silica Gel 60H. Solvents for experi­
ments requiring anhydrous conditions were distilled from 
CaH2 and stored under nitrogen. l-Bromo-2-naphthoic 
acid11) (mp 188—190 °G), racenric 117> (mp 217—218 °G), 
and 2-naphthoyl chloride18) (bp 130—131 °C/400 Pa, mp 
51.3—52.3 °G) were prepared according to the reported 
methods. 

1-Bromo-2-naphthoyl Chloride'. A mixture of l-bromo-2-
naphthoic acid (5.95 g, 23.7 mmol) and 10 mit of thionyl 
chloride was refluxed for 3 h, and the resulting brown-red 
solution was evaporated to dryness. The residue was dis­
solved in hot cyclohexane, filtered hot from activated char­
coal, and recrystallized to give pale yellow, feather-like 
crystals: yield, 5.40 g (84.5%); mp 82.5—83.5 °C; IR (KBr) 
1780 cm-1 ()G=0). Found: C, 49.30; H, 2.10; halogen, 
43.07%. Calcd for CuH6BrG10: C, 49.02; H, 2.24; halogen, 
42.80%. 

Resolution of 1: The method of Jacques et a/.10) and Kyba 
et a/.6) was slightly modified. To a stirred solution of 
racemic 1 (50 g, 0.175 mol) in CH2C12 (200 ml) and pyridine 
(150 ml) was added dropwise 20 ml of POGl3. The mix­
ture was refluxed for 3 h, and then volatiles were evaporated 
under slightly reduced pressure. The residue was dissolved 
in a hot Na 2C0 3 (60 g) solution in water ,(2 ltt). An amount 
of activated charcoal was added, and the mixture was fil­
tered hot. The filtrate was made acidic by addition of 
50 ml coned HCl, and the resulting white slurry was stirred 
overnight at room temperature. The white precipitate was 
collected and dried in a rotatory evaporator in vacuo to give 
52.4 g (85.7% yield) of the acid phosphate of 1. Resolu­
tion of the binaphthyl acid phosphate with cinchonine gave, 
after successive two runs of crystallization from MeOH-
H 2 0 followed by HCl treatment, a 12.0 g sample of ( + ) -
acid (46% yield): [a]22 +605° and [a]22

6 +717° (c 1.16, 
MeOH) (lit,6) [a]L5a +722° (c 0.9, MeOH). The levorotatory 
acid was recovered from the mother filtrate: 8.3 g (32% 
yield); [a]2

D
3 - 6 0 8 ° ; [a]22, -721° (c 0.824, MeOH) (lit,6) 

[a]2« -734° (c 0.9, MeOH)). The ( + ) - and ( -^phos­
phoric acid were treated with LAH in THF6) to give (S)-
( —)- and (i?)-(+)-l, respectively. 

(S)-l: 8.69 g (88% yield based on the (+)-phosphoric 
acid); mp 209—210 °G (PhMe); [a]2

D
3 -35.0° (c 1.18, 

THF). 
(R)-l: 5.72 g (84% yield); mp 208—210 °G (PhH); 

[a]2
D

3 +34.6° (c 0.892, THF). 
2-Hydroxy-2' -(1 -bromo-2-naphthylcarbonyloxy)-1,1'-binaphthyl 

(2): To a stirred, water-chilled solution of racemic 1 (1.0 
g, 3.49 mmol) in PhH(20 ml)-pyridine(5 ml) was slowly 
added 0.945 g (3.51 mmol) of l-bromo-2-naphthoyl chlo­
ride. The mixture was stirred overnight at ambient tem­
perature and finally heated under reflux for 3 h. The re­
action was quenched with 50 ml of 2 M (1 M = l mol dm -3) 

t l m l = l c m 3 . 
tt 11=1 dm3. 
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HCl, and extracted with portions of P h H . T h e combined 
extracts were washed successively with 2 M HCl , 1 M 
N a 2 G 0 3 , and then H 2 0 , and dried over N a 2 S 0 4 . The 
organic phase was concentrated to a ca. 5 ml volume, which 
was chromatographed on a lumina column (Wako-Activated 
Alumina, 300 mesh). After a small amount of 3 (vide infra) 
was eluted with P h H , 1.32 g of 2 was recovered by use of 
P h H - E t O H (10:1) eluant ( 7 3 % yield based on 1 ) : m p 
202—203 °G ( P h H ) ; I R (KBr) 3450 ( - O H ) and 1735 cm" 1 

( ) G = 0 ) . Found : G, 72.01; H , 3.88; Br, 15.60%. Galcd 
for G 3 1 H 1 9 0 3 Br: C, 71.68; H , 3.69; Br, 15.38%. 

Similar reactions of (S)- and (R)-l gave their corresponding 
atropisomeric 2. 

(S)-2: M p 179—180 °G ( P h H ) ; [a]2
D

2 - 3 2 . 0 ° (c 0.874, 
acetone); I R (KBr) 3450 ( - O H ) and 1730cm" 1 ( ) G = 0 ) . 
Found: G, 71.56; H , 3.69; Br, 15.72%. 

(R)-2: M p 177—178 °G ( P h H ) ; [a]2
D

3 + 3 4 . 1 ° (c 1.38, 
acetone). 

2,2' - Bis (1 - bromo -2- naphthylcarbonyloxy) -1,1 '-binaphihyl (3) : 
Following the procedure used for the preparat ion of 2, a 
9 3 % yield of 3 was obtained by the reaction of 2.2 g (8.16 
mmol) of l-bromo-2-naphthoyl chloride and 1 (1.10 g, 3.84 
mmol) in PhH(20 ml)-pyridine(5 ml) : yield, 2.69 g ; mp 
226.5—227 °G; I R (KBr) 1745 cm" 1 ( ) G = 0 ) . Found : C, 
67.04; H , 3.34; Br, 21 .55%. Galcd for G 4 2 H 2 4 0 4 Br 2 : C, 
67.04; H , 3 .21; Br, 21 .24%. 

(S)-3: M p 180—182 °G; [a]2
D

2 +34 .7° (c 0.922, acetone); 
I R (KBr) 1750 cm" 1 (>G=0) . Found : G, 66 .81; H , 3.16; 
Br, 20.84%. 

(R)-3: M p 177—180 °G; [a]2
D

4 - 3 3 . 5 ° (c 1.08, acetone). 
2,2''-Bis(2-naphthylcarbonyloxy) -1 ,V-binaphthyl (6) : M p 

211—213 °G; I R (KBr) 1730 cm" 1 (>G=0) . Found : C, 
84.73; H , 4 .46%. Galcd for G 4 2 H 2 6 0 4 : G, 84.83; H , 
4 .40%. 

2 - (2 - Naphthylcarbonyloxy) -2'- (1-bromo-2-naphthylcarbonyloxy)-
1,1'-binaphthyl (4): A mixture of 3.71 g (7.14 mmol) of 2 
and 1.41 g (7.40 mmol) of 2-naphthoyl chloride in P h H -
(40 ml)-pyridine(5 ml) was stirred overnight at ambient 
temperature and then refluxed for 3 h. T h e reaction mix­
ture was diluted with 50 ml of P h H , to which was added 
100 ml of 2 M HCl . T h e solid was filtered off and recrystal-
lized from GHG13 to give 3.86 g (5.73 mmol) of 4 : yield 
8 0 . 3 % ; m p 248—249 °G; I R (KBr) 1725 and 1745 cm" 1 

( ) G = 0 ) . Found : G, 74.66; H , 3.68; Br, 12.12%. Galcd 
for G 4 2 H 2 5 0 4 Br: C, 74.89; H , 3.74; Br, 11.86%. 

Optically active 4's were soluble in benzene and purified 
by alumina column chromatography. 

(S)-4: Vitreous powder; [a]2
D

4 « 0 ° ; [a]4
2
3
4
6 + 2 0 . 3 ° (c 

1.03, acetone); I R (KBr) 1730cm" 1 ( ) G = 0 , broad) . 

(R)-4: Vitreous powder; [a]2^ —18.9° (c 2.17, acetone). 
Ullmann Reaction of (R)-4. Jus t prior to the reaction, 

1.0 g of copper powder (200 mesh, Junsei Chemical Go.) 
was pretreated for activation according to a literature pro­
cedure,19) except that all manipulations were carried out 
under nitrogen and that the acetone-moist powder was 
further washed with several portions of P h H . T h e copper 
powder and 0.524 g (0.778 mmol) of (R)-é were charged 
into a 30 ml round-bottomed flask equipped with a reflux 
condenser topped with nitrogen inlet. T h e whole system 
was evacuated and refilled with nitrogen, and then 10 ml 
of D M F was added to the flask. The mixture was mag­
netically stirred and heated to gentle reflux under nitrogen. 
After 5 h heating, the cooled mixture was diluted with 50 
ml of P h H , and solids were filtered off. T h e filtrate was 
washed with 2 M HG1 and then water, and dried over 
N a 2 S 0 4 . Evaporation of the solvent in vacuo afforded a 
pale yellow residue, 0.458 g (0.770 mmol, calculated as 6), 

which was comprised of a 15:85 mixture of (R)-6 and (RRR)-
5, as judged from the peak areas of U V absorption at 254 
n m on H P L G ( JASGO SG-01 column, M e C N / H 2 0 (98/ 
2) e luant) . A negative Beilstein test confirmed the absence 
of the unreacted ester. A preparat ive T L G of an aliquot 
of the Ul lmann product (0.40 g) using P h H as eluant gave 
21 mg of (R)-6 and 0.302 g of (RRR)-5. T h e (RRR)-5 
melted gradually over a temperature range of 150—160 °G 
(dec); [a]2

D
3 + 9 1 . 8 ° (c 1.0, acetone). Found : G, 84.85; H , 

4 . 3 1 % . Galcd for G 8 4 H 5 0 O 8 : G, 84.98; H , 4 .24%. 
T h e (RRR)-5 (0.25 g) was boiled with 0.2 g of L A H in 

ether for 3 h. T h e reaction was worked up as usual, and 
a preparat ive T L G with GHGl 3 /AcOEt (4/1) enabled the 
recovery of (R)-7 (36 mg, [a]2

4
3
6 + 3 . 5 ° (c 0.8, acetone)), 

(R)-l (80 mg, [a]2
D

3 + 3 5 . 2 ° (c 0.90, T H F ) ) , and 8 (26 mg) . 
T h e diol ((R)-7) was completely acylated in GG14 with ex­
cess acid chloride of ( /?)-(+ ) -MTPA in the presence of 
excess 4-dimethylaminopyridine to give the diastereomeric 
pair of d i - (Ä)-MTPA ester.120) N M R (GDG13) : ô 3.33 
(3H, - O C H 3 ) , 2 H at 4.76 ( - C H 2 - for (ÄR)-isomer) and 
4.82 ( - C H 2 - for (67?)-isomer), 7.25 (10H, - P h ) , and 6.7— 
8.1 (12H, Naphthyl ) . Addition of Eu(fod)3 caused separa­
tion of the - O G H 3 signal, where the induced downfield 
shift for the (SR) -ester was larger than that for the (RR)-
isomer. 

Ullmann Reaction of (R)- and (S)-3. Procedure A: 
T h e following example is typical. As above, a mixture of 
(R)-3 (1.00 g, 1.33 mmol) and activated copper powder 
(prepared from 1.2 g of Gu) in 10 ml of D M F was refluxed 
for 5 h with vigorous stirring under nitrogen. T h e organic 
residue obtained weighed 0.785 g, [a]2

D
4 + 7 0 . 4 ° (c 0.83, 

P h H ) . This sample was refluxed with 2 g of K O H in 9 5 % 
aq E t O H (20 ml) for 5 h. After the solvent was evaporated, 
the residue was dissolved in 30 ml of H 2 0 and made acidic 
with coned HCl to give a white precipitate. T h e mixture 
was extracted with portions of ether. Combined ether ex­
tracts were then extracted with 1 M N a 2 G 0 3 ; after usual 
work-up of the aq layer, 2-naphthoic acids ((R)-9-\-10) 
were recovered (0.42 g, 9 2 % yield) while diol ((R)-l) was 
obtained from the ether layer (0.34 g, 8 9 % , [a]2

D
4 +33 .2° 

(c 1.00, T H F ) ) . After a T L G ( E t O H / 2 8 % N H 4 O H / H 2 0 = 
16/3/1) of the acid mixture, 0.203 g of diacid ((R)-9, 44 .6% 
yield based on (R)-3) and 0.140 g of monoacid (10) were 
obtained. 

(R)-9: [a]24 + 3 4 . 0 ° (c 0.78, 0.1 M N a O H ) ; m p 255— 
265 °G (dec). 

I n another run, 0.302 g (0.401 mmol) of (S)-3 was treated 
with Gu ( l g ) in 10 ml of D M F at 120—130 °G for 10 h. 
T h e specific rotation of the diacid ((S)-9) was [ a ] ï —49.4° 
(c 0.85, 0.1 M N a O H ) ; the yield was 60 mg. 

Procedure B: T o a well stirred, gently refluxing suspension 
of freshly activated copper powder (prepared from 3 g of 
Gu) in 50 ml of D M F was slowly added (S)-3 (1.54 g, 2.05 
mmol) over 1 h period under nitrogen, and heating was 
continued for another 5 h. T h e pale yellow organic res­
idue (1.21 g, [a ] ï - 1 9 6 . 5 ° (c 1.11, PhH)) was analyzed 
by H P L G ( JASGO SG-01 column, MeCN) to show the 
presence of, in the order of elution, (SS)-12 (1.00), (S)-6 
(0.20), (SSSS)-13 (0.21), (SSS)-5 (0.19), and other higher 
oligomeric products (in parentheses are shown relative peak 
areas of U V absorption at 254 n m ) . A chromatography 
on a silica-gel column (Wako Gel C-200) using GHG13 ( 1 % 
E t O H ) as eluant gave 0.437 g of (AS)-12 and 40 mg of 
(SSSS)-13 as well as trace amounts of (S)-6 and (SSS)-5. 

(SS J - Tetranaphtho [2,1 - b : / ,2-d : 2,1 - h : / ,2 - j ] [/ ,6] dioxacyclo-
dodeca-2,4,8,10-tetraene-7,12-dione ((SS)-12): M p > 3 5 0 ° G ; 
[a]2

D
3 - 4 5 7 . 6 ° (c 0.507, P h H ) ; I R (KBr) 1752cm" 1 ()G= 
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O ) ; M S (70 eV), m/e (%) , 592 (M+, 27.1), 280 (8.3), 268 
(26.6), 252 (4.2), and 239 (4.2). Found : G, 85 .41; H , 
3 . 8 1 % . Galcd for G 4 2 H 2 4 0 4 : G, 85.12; H , 4 .08%. 

T h e cyclic diester ((ÄS>12, 0.332 g, 0.56 mmol) was 
treated with 0.15 g of L A H in ether(30 m l ) - T H F ( 10 ml) . 
After a T L G ( C H G l 8 / A c O E t = 4 / l ) , 0.149 g (0.474 mmol) 
of (S>7 ([a]6

2
4
3
6 - 8 6 . 0 ° (c 1.43, acetone)) and 0.124 g (0.433 

mmol) of (S>1 ([a]2
D

4 - 3 4 . 9 ° (c 1.03, T H F ) ) were recovered. 
( S S S S J - 1 3 : M p > 4 0 0 ° G ; M . W . 1220 (calibrated with 

(ÄS>12 (M.W. = 592)) ; [a]S « 0 ° (c 0.304, P h H ) ; [a]2
3
4
6 

- 2 9 1 ° (c 0.134, P h H ) ; I R (KBr) 1745cm" 1 ( ) G = 0 ) . 
Found : G, 84.75; H , 3 .63%. Calcd for C 8 4 H 4 8 0 8 : C, 85.12; 
H , 4 .08%. 

L A H treatment of the cyclic dimer (ca. 30 mg) gave a 
ca. 8 mg sample of (S) -7, the specific rotation of which was 
estimated to be [a]^6 —75 85° (acetone). 

(S)-6: M S (70 eV), m/e (%) , 594 (M+, 22.3), 440 
(2.5), 268 (2.7), 156 (8.1), and 155 (56.3). 

T h e (SSS)-5 was inferred from its retention volume on 
H P L G and I R spectrum. 
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The Biotransformation of Foreign Substrates by Tissue Cultures. I. 
The Hydroxylation of Linalool and Its Related Compounds with 

the Suspension Cells of Nicotiana tabacum 
Toshifumi H I R A T A , Tadashi AOKI , Yoshio H I R A N O , 

Takashi I T O , and Takayuki SUGA* 
Department of Chemistry, Faculty of Science, Hiroshima University, 

Higashisenda-machi, Naka-ku, Hiroshima 730 
(Received May 22, 1981) 

It was found that the tissue cultures of Nicotiana tabacum "Bright Yellow" possess the ability to transform 
selectively the trans-methyl group in the 3-methyl-2-butenyl group of such foreign substrates as linalool and the 
related compounds into the hydroxymethyl group. Also, the cultures were found to have the ability to hydro-
lize the acetoxyl group of their acetates. 

In connection with studies on the biosynthetic abil­
ity of plant callus tissues,1) we are considerably in­
terested in their ability to transform foreign substrates. 
Recently, it has been documented that some plant 
cell cultures have the ability to transform administered 
substrates, and such an ability may be used for the 
transformation of chemical substances.2~9> However, 
there have been few systematic studies on their trans­
formation ability and pattern. We, therefore, began 
investigating the transformation of acyclic mono-
terpenoid alcohols by the cultured cells of Nicotiana 
tabacum "Bright Yellow." As the acyclic mono terpenoid 
alcohols, linalool (1), linalyl acetate (2), dihydrolinalool 
(3), and dihydrolinalyl acetate (4) were used. The 
results have been partly outlined in the preliminary 
communication.10) We will here report details of the 
results. 

1: R ^ O H , R2 = CH3 

2: R ^ O A c , R2 = CH3 

5: R ^ O H , R2 = CH2OH 
7: R ^ O H , R2 = CHO 
8: R ^ O A c , R2 = CH2OH 

10: R ^ O A c , R2 = GHO 

3: R ^ O H , R2 = CH3 

4: R j^OAc, R2 = CH3 

6: R ^ O H , R2 = GH2OH 
9: Rj = OAc, R2 = CH2OH 

R e s u l t s and D i s c u s s i o n 

Callus tissues induced from the stem of Nicotiana 
tabacum "Bright Yellow" were used in this work. The 
callus tissues were precultured for 3—4 weeks in 

Murashige and Skoog's medium11) prior to the ad­
ministration of the substrates. A sample of the mono-
terpenoids was administered to the suspension cells. 
The suspension cultures were incubated at 25 °C for 
7 d under shaking in the dark. After incubation, 
transformation products were detected by comparing 
the ether-soluble constituents of both the cultured 
mass and the culture medium with those of the 
metabolites of N. tabacum suspension cells by means of 
GL G and T L G The transformation products were 
separated by chromatographic methods. 

In the biotransformation of linalool (1), compound 
5 was a major product, as shown in Table 1. The 
compound (5) exhibited the 1 H N M R signal at ô 
4.00 due to - G H 2 O H , instead of the 8- or 10-methyl 
signal of 1. This suggested that the product is a 
G(8)- or a G(10)-hydroxylated derivative of 1. The 
dihydroxy compound (5) was selectively hydrogenated 
with P t 0 2 to give a dihydro derivative 6, which showed 
a 17% N O E between the hydroxymethyl group (ô 
3.94) and the C ( 6 ) - H (<3 5.42). The NOE1 2) indicated 
that the hydroxymethyl group is trans to the C ( l ) -
G(5) chain portion. This was further supported by 
the agreement of the observed chemical shift (ô 6.45) 
of the G(6 ) -H of the hydroxy aldehyde 7, with the 
evaluated shift value (ô 6.40) calculated for the trans 
isomer by fitting Pascual's equation.13 '14) Thus, the 
product 5 was elucidated to be 8-hydroxylinalool. 

When linalyl acetate (2) was fed to the ^tobacco 
suspension cells, two transformation products, 8-hy­
droxylinalool (5) and 8-hydroxylinalyl acetate (8), 
were found, as shown in Table 1. However, linalool 
(1) resulting from linalyl acetate (2) by hydrolysis 
was not found. Accordingly, the preferential for­
mation of 8-hydroxylinalool (5) seems to indicate oc-

TABLE 1. BIOTRANSFORMATION OF LINALOOL (1) AND ITS DERIVATIVES (2, 3, AND 4) 

BY Nicotiana tabacum SUSPENSION CELLS 

Substrates Products Yield/%a> 

Linalool (1) 

Linalyl acetate (2) 

Dihydrolinalool (3) 

Dihydrolinalyl acetate (4) 

8-Hydroxylinalool (5) 
8-Hydroxylinalool (5) 
8-Hydroxylinalyl acetate (8) 
8-Hydroxydihydrolinalool (6) 
8-Hydeoxydihydrolinalool (6) 
8-Hydroxydihydrolinalyl acetate (9) 

16.5 
14.8 
1.9 

14.9 
15.5 
2.2 

a) The weight percent of the products per the administered substrates. 
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c u r r e n c e of t h e hydro lys i s of l ina ly l a c e t a t e (2) fol­
l o w e d b y t h e i m m e d i a t e h y d r o x y l a t i o n a t C ( 8 ) or 
o c c u r r e n c e of t h e i m m e d i a t e h y d r o x y l a t i o n a t G (8) 
of 2 fol lowed b y t h e hydro lys i s of t h e ace toxy l g r o u p . 
T h e q u i t e s imi la r resul ts w e r e o b t a i n e d in t h e a d ­
m i n i s t r a t i o n of d i h y d r o l i n a l o o l (3) a n d d i h y d r o l i n a l y l 
a c e t a t e (4 ) , as s h o w n in T a b l e 1. 

W e n o w h a v e es t ab l i shed t h a t t h e suspens ion cells 
of Nicotiana tabacum " B r i g h t Y e l l o w " h a v e t h e ab i l i ty 
to h y d r o x y l a t e select ively in t h e /r<zw.y-methyl g r o u p 
i n t h e 3 - m e t h y l - 2 - b u t e n y l g r o u p of l ina loo l (1) a n d 
its r e l a t e d c o m p o u n d s ( 2 — 4 ) , b u t n o t in t h e eis-
m e t h y l g r o u p . Also , i t w a s found t h a t t h e c u l t u r e d 
cells a r e c a p a b l e of h y d r o l i z i n g t h e ace toxy l g r o u p 
of t h e ace t a t e s . 

E x p e r i m e n t a l 

N O E experiments were carried out on a Hitachi R-22 
spectrometer in the frequency-swept and in te rna l -TMS-
locked mode. T h e sample solution was prepared in con­
centration of 5 % (w/v) in GG14 and carefully degassed just 
prior to measurements. GLG analyses were performed on 
a Shimadzu GG-6A equipped with a F I D and a glass column 
( 3 m m x 2 m ) packed with 2 % OV-17 and 10% DEGS 
on Ghromosorb A W - D M C S (80—100 mesh) at 120 °G and 
150 °G, respectively, for each case. T L G analyses were 
carried out with silica gel (Kieselgel GF 2 5 4 ; 0.25 m m thick) 
by using two different solvent systems [(i) E tOAc-hexane 
(3:7, v/v) and (ii) M e O H - b e n z e n e (1:24, v/v)] for each 
case. 

Sample Used. Linalool and its acetate donated from 
Takasago Perfumery Go. Inc . were purified by column 
chromatography (silica gel) with a hexane-E tOAc mixture 
with E tOAc increasing 0 to 15% to give (—)-linalool (1) 
[[a]a

D
6 - 1 9 . 9 ° (neat) ; r% 1.4600; d? 0.8639; > 9 9 . 5 % 

pure on GLG] and ( - ) - l i na ly l acetate (2) [[a]2
D

6 - 2 . 1 ° 
(neat ) ; i # 1.4550, d? 0 .8991; > 9 9 . 5 % pure on G L G ] . 
( - ) -Dihydrol ina lool (3) [[a]2

D
6 - 2 . 5 ° (c 1.8, M e O H ) ; 

ri* 1.4558; df 0 .8601; >99 .5%, pure on GLG] and ( - ) -
dihydrolinalyl acetate (4) [|>]2

D
6 - 1 . 8 ° (c 2.5, M e O H ) ; 

w2
D
6 1.4502; d? 0.8983; > 9 9 . 5 % pure on GLG] were pre­

pared from 1 and 2, respectively, by selective hydrogénation 
with Adams ' P t O a . 

Feeding of the Monoterpenoids to the Tobacco Suspension Cells. 
I n this work, we used the callus tissues which were derived 
from the stem of Nicotiana tabacum "Bright Yellow" and 
then subcultured for about 5 years. Jus t before use for 
the transformation, the callus tissues were transplanted to 
freshly prepared Murashige and Skoog's medium1 1) (100 
ml per one flask) containing 2 p p m of 2,4-dichlorophen-
oxyacetic acid and 2 % sucrose and then grown with con­
tinuous shaking for 3—4 weeks at 25 °G in the dark. T o 
the suspension cells (40—60 g per one flask), the mono­
terpenoids ( 2 0 m g p e r one flask; total 200 mg) were ad­
ministered, and then the suspension cultures were incubated 
at 25 °G for 7 d on a rotary shaker (70 m i n - 1 ) in the dark. 

Isolation of the Products. After incubation as described 
above, the cells were filtered off and tr i turated with meth­
anol. T h e methanol solution, after the removal of the 
solvent, was extracted with ether. T h e culture medium 
filtered from the cells was extracted with ether. These 
ether soluble fractions were compared by means of G L C 
and T L G with those of the metabolites of the suspension 
cells. Transformation products were isolated from the ether 
soluble fractions by chromatography on a 3 % A g N 0 3 -

silica-gel plate (1 m m thick) with E tOA-hexane (3:7, v/v) 
and/or preparative GLG with a glass column (5 m m X 2 
m) packed with 10% DEGS on Ghromosorb AW-DMCS 
(80—100 mesh) at 150 °G. These products were identified 
as shown below. T h e identified products and their quantities 
are shown in Table 1. 

Identification of the Products. 8-Hydroxylinalool (5) : 
[a]2? - 1 2 . 8 ° (c 1.08, M e O H ) ; I R (Liq.) 3380 (OH) and 
1640 c m - 1 (G=G); X H N M R (CDC13) 6 = 1 . 3 0 (3H, s, G(9 ) -
H 3 ) , 1.68 (3H, bs, C(10) -H 3 ) , 4.00 (2H, s, - C H 2 - O H ) , and 
5.0—6.2 (4H, olefinic H ) ; M S (70 eV), m/z (rel intensity) 
152 (5, M - H 2 0 ) , 137 (7), 119 (9), 71 (51), 67 (37), and 
43 (100); direct comparison with a synthetic specimen (co-
T L G , co-GLG, I R , ^ N M R , and M S ) . 

Derivation of 8-Oxolinalool (7) from 8-Hydroxylinalool (5) : 
A mixture of 8-hydroxylinalool (5) (50 mg) and active M n O a 

(40 mg) in GC14 (5 cm3) was stirred at room temp for 12 h. 
Removal of the solvent from the reaction mixture, after 
filtration from the inorganic solid, gave an oily product 
(36 mg) . This product was subjected to preparative T L G 
(silica gel ; 1 m m thick) with hexane-EtOAc (4 :1 , v/v) to 
give 8-oxolinalool (7) (28 mg) : I R (Liq.) 2720, 1685 (GHO) , 
and 1640 c m - 1 (C=C); X H N M R (CC14) 6 = 1 . 3 3 (3H, s, 
C (9 ) -H 3 ) , 1.73 (3H, bs, C ( 1 0 ) - H 3 ) ; 6.45 (1H, bt, >C=CH-) , 
and 9.43 (1H, s, G H O ) ; M S (70 eV), m/z (rel intensity) 
150 (21, M - H 2 0 ) , 135 (5), 83 (82), 71 (99), and 43 (100). 

8-Hydroxydihydrolinalool (6)\ m/z 154 ( M — H 2 0 ) ; I R 
(Liq.) 3350 (OH) and 1620 c m - 1 (C=C); 1U N M R (CC14) 
6 = 0.90 (3H, t, J 7.5 Hz , C ( l ) - H 3 ) , 1.19 (3H, s, C ( 9 ) -
H 3 ) , 1.70 (3H, bs, C(10) -H 3 ) , 3.94 (2H, s, - C H 2 O H ) , and 
5.42 (1H, bt , J 7.0 Hz , > C = C H - ) ; direct comparison with 
a synthetic specimen (co-TLG, co-GLG, M S , I R , and XH 
N M R ) . 

8-Hydroxylinalyl Acetate (8): m/z 212 (M+); I R (Liq.) 
3500 ( O H ) , 1735 (OAc), 1638 (G=G), and 1250 c m - 1 ( G - O ) ; 
X H N M R (CDC18) 6 = 1 . 5 5 (3H, s, C (9 ) -H 3 ) , 1.67 (3H, 
bs, C(10) -H 3 ) , 2.01 (3H, s, OAc) , 4.00 (2H, s, - C H 2 O H ) , 
4.65 (1H, bt, J 6.5 Hz , >C=CH-) , and 5.0—6.2 (3H, 
olefinic H ) . Hydrolysis of 8 with 5 % methanolic N a O H 
gave 8-hydroxylinalool (5). 

8-Hydroxydihydrolinalyl Acetate (9): m/z 214 (M+); I R 
(Liq.) 3450 (OH) and 1735 c m - 1 (OAc) ; *H N M R (CDC13) 
6 = 1 . 5 0 (3H, s, C (9 ) -H 3 ) , 1.69 (3H, bs, C(10) -H 3 ) , 1.95 
(3H, s, OAc) , 3.99 (2H, s, - C H 2 O H ) , and 5.0—6.2 (4H, 
olefinic H ) . Hydrolysis of 9 with 5 % methanolic N a O H 
gave 8-hydroxydihydrolinalool (6). 

Preparation of the Authentic Samples. 8-Hydroxylinalool 
(5) : Following the reported procedure,15) linalyl acetate 
(2) (980 mg) was oxidized with SeO a (560 mg) in 9 5 % 
dioxane (5 cm3) at 70 °G for 30 min. T h e reaction mix­
ture was subjected to preparat ive T L G (Si gel; 1 m m thick) 
with hexane -E tOAc (4 :1 , v/v) to give 8-oxolinalyl acetate 
(10) (227 m g ) : I R (Liq.) 2701 and 1686 (GHO) , 1734, 
1368, and 1 2 4 6 c m - 1 (OAc) ; ^ N M R (GG14) 6 = 1 . 5 4 (3H, 
s, C ( 9 ) - H 3 ) , 1.70 (3H, s, C(10) -H 3 ) , 1.95 (3H, s, OAc), 
6.37 (1H, bt, J 7 . 0 H z , C ( 6 ) - H ) , 9.34 (1H, s, G H O ) ; M S 
(70 eV), m/z (rel intensity) 150 (21, M - A c O H ) , 135 (14), 
121 (18), 107 (17), 71 (45), and 43 (100). Reduction of 
this oxolinalyl acetate (110 mg) with LiAlH4 (120 mg) in 
ether under reflux gave dihydroxy compound 5 (56 mg) ; 
I R (Liq.) 3400 ( O H ) , 1642, and 922 c m - 1 (C=C); 1H N M R 
(GDG13) 6 = 1 . 2 9 (3H, s, C (9 ) -H 3 ) , 1.67 (3H, bs, G(10) -
H 3 ) , 4.00 (2H, s, - C H 2 O H ) , and 5.0—6.2 (4H, olefinic 
H ) ; M S (70 eV), m/z (rel intensity) 152 (3, M - H 2 0 ) , 
137 (6), 119 (10), 71 (49), 67 (39), and 43 (100). 

8-Hydroxydihydrolinalool (6) : Selective hydrogénation 
of 8-hydroxylinalool (5) (15 mg) on Adams ' P t O g (5 mg) 
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in MeOH (3 cm3) gave 6 (12 mg): IR (Liq) 3350 (OH) and 
1620 cm-1 (G=G); XH NMR (GG14) (5=0.90 (3H, t, J 7.5 
Hz, C(l)-H3) , 1.19 (3H, s, C(9)-H3), 1.70 (3H, bs, G(10)-
H3), 3.94 (2H, s, -CH 2 -OH), and 5.42 (1H, bt, J 7.0 Hz, 
>C=CH-) ; MS (70 eV), m/z (rel intensity) 154 (12, M -
H 2 0) , 139 (12), 125 (27), 73 (44), and 43 (100). 

The authors wish to express their thanks to Dr. 
Kunihiko Ojima of Faculty of Agriculture, Tohoku 
University, for a gift of Nicotiana tabacum callus and 
to the Takasago perfumery Go. Inc. , for a gift of sample 
of linalool and linalyl acetate. 
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Several linear and branched all-Zraws-multiprenylacetic acids were synthesised, and introduced to the 6 
position of the sugar moiety of muramyl dipeptide and its analog, via an amino acid as a linking unit. Compared 
with the saturated stearoyl derivative, all the compounds having a multiprenylacetyl group exhibited more 
potent adjuvant activity on the induction of delayed-type hypersensitivity to iV-acetyl-3-(4-arsonophenylazo)-L-
tyrosine. The derivatives with larger branched side chains tended to have increased activity. 

Following the finding that iV-acetylmuramyl-L-alanyl-
D-isoglutamine (MDP) is the effective minimal com­
ponent of bacterial cell walls eliciting the function 
of Freund5s complete adjuvant,2) many studies on the 
synthesis and evalutation of the activity of M D P and 
its analogs have been carried out.3) During these 
investigations, several attempts to apply these chemical­
ly well-defined compounds to immunotherapy of cancer 
and infectious disease have been undertaken. Par­
ticularly some derivatives with a lipophilic substituent 
introduced to the 6 position of the carbohydrate moiety 
of M D P showed interesting results. For example, 6-
O-mycoloyl- N- acetylmuramyl-L-alanyl-D-isoglutamine, 
in which the mycoloyl moiety was of either natural4) 
or synthetic origin,5) and 6-O-quinonyl-iV-acetylmu-
ramyl-L-valyl-D-isoglutamine methyl esters6) suppressed 
syngeneic tumor growth (Meth-A fibrosarcoma in 
BALB/c female mice). Furthermore, 6-O-stearoyl-iV-
acetylmuramyl-L-alanyl-D-isoglutamine protected the 
mice from infections.7) The potent adjuvant activity 
of M D P for the induction of delayed-type hypersen­
sitivity to N-acetyl-3- (4-arsonophenylazo)-L-tyrosine 
(ABA-Tyr) in guinea pigs was also retained in these 
compounds. The results indicate that the lipophilicity 
of the residues introduced to the M D P molecule plays 
an important role in potentiating the immunological 
activity of M D P . The incorporated fatty acid may 
furnish an affinity for the membranes of macrophages 
and/or lymphocytes to the molecule: the precise role 
of the quinone nucleus moiety in the quinonyl M D P 
derivatives is left to be solved in future. 

In order to investigate further the role of the lipo­
philicity, we tried to introduce a lipophilic unsaturated 
carboxylic acid to the 6 position of the muramyl moiety 
of M D P . Thus, nine multiprenylacetic acids (7) with 
different chain lengths were first synthesized. In view 
of lability of these carboxylic acids to the final hydro-
genolytic deprotecting procedure, a coupling of them 
with amino group of 6-O-aminoacyl-iV-acetylmuramyl 
dipeptides (8)8) was attempted under mild conditions 
to give the desired compounds. The versatility of 
these compounds (8) as intermediates for the syn­
thesis of M D P derivatives has been demonstrated.8»9) 

In this paper, we describe the synthesis and im­
munological evaluation of eight new polyprenylacetyl-
amino-acylated M D P derivatives (9). The compounds 

synthesized are presented in Table 3. 

C h e m i s t r y 

Synthesis of Multiprenyl Alcohols (2). All-trans-
1 - benzyloxy -3,7,11,15- tetramethyl - 9 - ( p - tolylsulfonyl) -
2,6,10,14-hexadecatetraene (la)10) served as material 
for the synthesis of multiprenyl alcohols containing 
more than four isoprenyl units (2a—c) as shown in 
Scheme 1. All -trans- 3,7,11,15 -tetramethyl -2,6,10,14-
hexadecatetraen-1-ol (2a) was prepared by reductive 
elimination of the sulfonyl and benzyl group of l a 
with lithium in ethylamine at —60 °C in 95 .6% yield. 

H PBr3 

Ts 

la,n=l ;lk,n=3;]c,n=5 

("W;)^TSMH 

^,n=4, 3b,n=6; 2ç,n=8 4a.n=4; 4b,n=6 

Scheme 1. 

2a, n=4 ; 2b, n=6 ; 2£, n= 8 

BzlO\ ;f^° , (from la) 
t-BuOK k (from 1Ö 

Compound 2a was then converted to all-trans-l-bromo-
3,7,11,15-tetramethyl-2,6,10,14-hexadecatetraene (3a) 
by treatment with PBr3. Without further purification, 
the bromo compound (3a) was allowed to react with 
sodium jfr-toluenesulfinate dihydrate to give all-trans-
3,7,11,15-tetramethyl-1 - (p- tolylsulfonyl) -2,6,10,14-hexa­
decatetraene (4a) in an overall yield of 8 5 % . Com­
pound 4a was coupled with /raw^,/r<my-l-benzyloxy-8-
chloro-3,7-dimethyl-2,6-octadiene (5)10) in the presence 
of J-BuOK to give all-fomr-l-benzyloxy-3,7,11,15,19, 
23 - hexamethyl-9- (jö-tolylsulfonyl) -2,6,10,14,18,22-tetra-
cosahexaene ( lb ) (89%) which was subjected to reduc­
tion with lithium in ethylamine, giving all-trans-3,7,-
11,15,19,23- hexamethyl - 2,6,10,14,18,22 - tetracosahexa-
en-l-ol (2b) in 8 2 % yield. The multiprenyl chain 
elongation of 2b to all-trans-3,7,11,15,19,23,27,31-octa-
methyl-2,6,10,14,18,22,26,30-triacontaoctaen-1 -ol (2c) 
was performed by repeating the above mentioned 
procedure (2b -> 3 b -> 4 b -> l c -> 2c). Physicochemical 
properties of the multiprenyl alcohols (2) and their 
intermediates are listed in Table 1, 
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T A B L E 1. YIELDS AND DATA OF ELEMENTAL ANALYSIS OF MULTIPRENYLALCOHOLS (2) 

AND THEIR INTERMEDIATES ( 1 AND 4 ) 

3531 

Compound 

l a 

l b 

l c 

2a 

2b 

2ca> 

4a 

4b 

n 

1 

3 

5 

4 

6 

8 

4 

6 

Yield 
o/ 
% 

91.0 

88.9 

86.4 

95.6 

82.0 

71.5 

84.7 

77.2 

Formula 

C34H4603S 

C44H6203S 

C^t^gOgS 

C20H34O 

C30H50O 

C40H66O 

C27H40O2S 

C37H5602S 

-̂  G 

76.24 
(76.36 
78.66 

(78.75 
80.46 

(80.34 
82.95 

(82.69 
84.75 

(84.44 
85.56 

(85.34 
75.78 

(75.78 
78.75 

(78.66 

Found (Calcd)(%) 
^ 
H 

8.89 
8.67 
9.46 
9.31 
9.79 
9.74 

12.17) 
11.80) 
12.19 
11.81) 
12.13 
11.82) 
9.73 
9.47 

10.02 
9.99 

\ S 

6.19 
6.00) 
4.69 
4.78) 
3.98 
3.97) 

7.30 
7.48) 
5.72 
5.68) 

a) Wax with low m p . 

T A B L E 2. YIELDS AND DATA OF ELEMENTAL ANALYSIS OF MULTIPRENYLACETIG ACIDS (7) 

AND THEIR INTERMEDIATES ( 6 ) 

Compound 

6a 

6a' 

6b 

6b' 

6ca> 

6c' a> 

6d 

6d' 

7a 

7a' 

7ba> 

7b' a> 

7ca> 

7c' a> 

7d 

7d' 

7e 

n 

4 

4 

6 

6 

8 

8 

2 

2 

4 

4 

6 

6 

8 

8 

2 

2 

3 

R 

H 

H 

• M 
H 

»Tri 
H 

»fYfc 
H 

Hfrt 
H 

»Ms 
H 

»lYi 
H 

«m 
H 

Yield 

52.0 

13.4 

38.0 

44.0 

40.7 

16.6 

54.2 

27.1 

73.2 

92.9 

100 

74.6 

82.0 

96.0 

89.9 

85.6 

— i i ) 

Formula 

C27H4404 

Ci 4 7 r i 7 6 ( J 4 

^ 3 7 ^ 6 0 ^ 4 

^ 6 7 ^ 1 0 8 ^ 4 

C47H7604 

^ 8 7 H 1 4 0 O 4 

G17H2804 

C27H4404 

^'22^-36^'2 

^'42^68^-'2 

^ZV^-HS^I 

^ 6 2 H 1 0 o ^ 2 

^ 4 2 H 6 8 0 2 

^ 8 2 H 1 3 2 0 2 

^ ,12^-20^'2 

^22"-36^ '2 

G17H2802 

Found 

G 

74.97 
(75.02 
79.86 

(80.12 
78.48 

(78.12 
82.27 

(82.32 
80.29 

(80.06 

83.80 
(83.59 

69.17 
(68.89 

75.23 
(74.95 

79.46 
(79.46 

83.13 
(83.38 

81.74 
(81.99 

85.12 
(84.86 

83.44 
(83.38 

85.62 
(85.65 

73.29 
(73.42 
79.46 

(79.46 

77.55 
(77.22 

(Calcd)(%) 

H 

10.35 
10.26) 

10.89 
10.79) 

10.75 
10.75) 

11.20 
11.14) 

11.05 
10.87) 

11.37 
11.29) 

9.67 
9.52) 

10.47 
10.25) 

11.20 
10.91) 

11.52 
11.32) 

11.50 
11.18) 

11.77 
11.49) 

11.47 
11.32) 
11.79 
11.57 

10.57 
10.27) 

11.02 
10.91) 

10.64 
10.68) 

a) Wax with low mp . 
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Synthesis of Mutiprenylacetic Acids (7). All-trans-
5,9,13-trimethyl-4,8,12-tetracosatrienoic acid (7d) was 
synthesized according to the method reported by 
Fuji ta et al.11) The eight other multiprenylacetic acids 
with different chain lengths were synthesized from 
multiprenyl alcohols (2, n—2—8) by the malonic ester 
method as shown in Scheme 2. 

Br H • N c t o f l C O O C ^ - > H A^C(COOC^)2 ^ ^ " ^ 

-di CH-COOH 1) HONB-DCC 
2) H-A-( --{ff CO-AO 

NHAc 
CH3CHCO-Y-cK3lu-NH2 

8 

NHAc 
CH3CHCO-Y-o<3lu-NH2 

9 

Scheme 2. 

Multiprenyl alcohols (2) were converted to the cor­
responding bromides (3, w=2—8) by treatment with 
PBr3. Using the resulting suitable multiprenyl bro­
mides, diethyl malonate was alkylated in the presence 
of N a H to give the diethyl, mono- and disubstituted 
malonate (6). The molar ratio of the products of 

mono- (6b) and disubstituted (6b') malonate was 2:1 
when one equivalent of 3b , for example, was allowed 
to react with diethyl malonate in the presence of one 
equivalent of N a H in D M F at room temperature 
for 2 h. The combined yield of 6 b and 6 b ' was 82.1 % 
based on 3b . The reaction conditions that might 
affect the overall yield as well as the ratio of mono-
and disubstituted compounds were not further examin­
ed since the result obtained was satisfactory for the 
present study. After the separation of the products by 
means of silica gel column chromatography with 
hexane-diisopropyl ether (15:1) as an eluent, each prod­
uct was hydrolyzed in 1 M K O H (5 equ iva len t ) -MeOH-
T H F (2:5:1) under reflux. The resulting dicarboxylic 
acids were subjected to decarboxylation in D M S O 
at 140—150 °G to give the straight and branched 
chain multiprenylacetic acids, i.e., all-trans-5,9,13,17,21,-
25-hexamethyl-4,8,12,16,20,24-hexacosahexaenoic acid 
(7b) and 2 - (a l l -^^ -3 ,7 , l l , 15 ,19 ,23-hexamethy l -2 ,6 , -
10,14,18,22-tetracosahexaenyl) -all- trans- 5,9,13,17,21,25-
hexanethyl - 4,8,12,16,22,24- hexacosahexaenoic acid 
(7b ' ) . Physicochemical properties of the multiprenyl­
acetic acids synthesized by this procedure are listed 
in Table 2 together with those of the intermediates (6). 

Synthesis of 6-O-Multiprenylacylaminoacyl MDP Deriv­
atives (9). The carboxylic acids prepared above 
were then converted to iV-hydroxy-5-norbornene-2,3-

TABLE 3. YIELDS AND PHYSICOCHEMICAL PROPERTIES OF MDP DERIVATIVES 9, 10 AND 11 

Compound 

9d 

9e 

9aa> 

9b 

9c 

9d' 

9a' 

9b' 

10 

lla> 

I n 

2 

3 

4 

6 

8 

2 

4 

6 

Stearoyl 

Retinoyl 

R 

H 

H 

H 

H 

H 

»frfc 
"Trt 
»fYie 

A 

£-Ala 

£-Ala 

£-Ala 

L-Leu 

L-Leu 

£-Ala 

£-Ala 

L-Leu 

£-Ala 

ß-Ala 

«{r} 

Y 

L-Ala 

L-Ala 

L-Ala 

Aib 

Aib 

L-Ala 

L-Ala 

Aib 

L-Ala 

L-Ala 

.àHCO-A-

H( î 
CH3CHCO-V 

Yield 

56 .0 

49 .5 

34 .0 

17.9 

14.1 

13.2 

28 .0 

13.5 

6 6 . 3 

27 .0 

VOH 

"NHAc 

'-0-GI11-NH2 

W D 
(temp, c, solvent) 

(24, 

(23, 

(27, 

(25, 

(23, 

(24, 

(27, 

(25, 

(27, 

(27, 

+ 28.2b> 
0 .5 , H 2 0 ) 

+ 3 8 . 4 
0 .5 , DMF) 

+ 25 .8 
0 . 4 , EtOH) 

+ 20 .0 
0 . 4 , EtOH) 

+ 17.5 
0 . 3 , EtOH) 

+ 24.7b> 
0 . 3 , H 2 0 ) 

+ 20 .0 
0 . 3 , EtOH) 

+ 15.4 
0 .4 , EtOH) 

+ 27.4b> 
0 .5 , 70% 
EtOH) 

+ 23.9*» 
0 .5 , H 2 0 ) 

Formula 

C M H 5 5 N 5 0 1 3 

H 2 0 

^ 3 9 ^ 6 3 ^ 5 0 i 3 
H 2 0 

C 4 4 H 7 1 N 5 0 1 3 

2 H 2 0 

^58H95N5013 

H 2 0 
GesHinNgOjg 

H 2 0 

C 4 5 H 7 1 N 5 0 1 5 

H 2 0 

^64H103N5O13 

2 H 2 0 

C88H143N5013 

H 2 0 

C4 0H7 1N5O1 3 

2 H 2 0 

C 4 2 H 6 3 N 5 0 1 3 

5 H 2 0 

Found 

G 

53.71 
(53.74 

56 .24 
(56.57 

57 .59 
(57.81 
64 .06 

(64.00 

66.21 
(66.68 

57.07 
(57.48 

64 .58 
(64.28 

70.46 
(70.60 

55.71 
(55.47 

53.47 
(53.85 

(Colcd)(%) 

H 

7.43 
7 .56 

7.96 
7.91 

7.95 
8 .27 
8 .96 
8 .98 

9 .38 
9 .30 

7.81 
7 .82 

9 .08 
9 .09 

9 .79 
9 .76 

8 .88 
8 .73 

7.19 
7 .86 

N 

8 .99 
9.21) 
8 .43 
8.45) 

7.62 
7.66) 

6 .32 
6.44) 

5 .73 
5.72) 

7 .64 
7.49) 

6 .00 
5.90) 

4 .59 
4.68) 

8 .12 
8.09) 

7 .43 
7.48) 

a) These compounds were reported previously.8) b) Optical rotation was determined when mutarotation was 
completed (25 h). 
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dicaboximide (HONB)12) active ester by dicyclohexyl-
carbodiimide (DGG) and coupled with 6-0-amino-
acyl-JV-acetylmuramyl dipeptide (8)8> to give multi-
prenylacetyl derivatives of M D P with an amino acid 
as a linking unit (9) (Scheme 2). In this study, 
6 - ö-/?-alanyl-iV-acetylmuramyl-L-alanyl-D-isoglutamine 
(8a) as an analog of a natural M D P type and 
6-0-L-leucyl-iV-acetylmuramyl-a-aminoisobutyryl-D-iso-
glutamine (8b) as an analog of an artificial M D P 
type with higher activity were used. In this acylation, 
the carboxylic acids with higher molecular weight 
gave the lower yields. Particularly the acylation with 
7c ' could not be accomplished in spite of many trials. 
In addition to the steric effect, the large difference 
in the polarities of the two reactants (7c' and 8b) 
may prevent access of each component to the reacting 
point. Stearoyl (10) and retinoyl (11) residues were 
introduced to 8a in a similar manner for comparison 
of the biological activity. The resulting products were 
purified by column chromatography on silica gel with 
A c O E t - p y r i d i n e - A c O H - H 2 0 (80:10:3:5) as a solvent 
system. Rechromatography using Sephedex LH-20 
with E t O H as an eluent gave the pure products listed 
in Table 3. 

Biology 

The adjuvant activity of these synthetic M D P an­
alogs for the induction of delayed-typed hypersen­
sitivity to N- acetyl - 3 - (4 - arsonophenylazo) - L - tyrosine 
(ABA-Tyr) in guinea pigs was assayed by a method 
described earlier.13) The reslults are shown in Table 4. 

All the compounds reported in this paper showed 
more potent activity than the saturated stearoyl de­
rivative (10). Among them, five compounds (9b, 9c, 
9b ' , 9<T, 11) revealed higher activity than M D P . The 
high activity of 9e, in which the carbon number in 
the side chain is comparable to that of the stearoyl 
derivative (10), showed that the presence of the multi-
prenyl structure in the carbon chain is favorable for 
the activity. The activity of 9d ' is higher than 9a, 
indicating that the branched structure of the chain 

TABLE 4. ADJUVANT ACTIVITY OF MDP DERIVATIVES 

9, 10, AND 11 IN DELAYED-TYPE HYPERSENSITIVITY 

TO ABA-Tyr (100 [ig) IN GUINEA PIGS 

Skin reaction (mm+s.e.) 
Compound*1) 

9d 
9e 
9a 
9b 
9c 
9d' 
9a' 
9b' 
10 
11 
MDP 

24h 48 h 

22 .8±0 .6 
25 .0±1 .3 
22 .1±1 .2 
24 .3±0 .7 
26 .4±1 .2 
25 .8+0 .9 
24 .0±1 .6 
26 .1±1 .4 
21 .1±1 .4 
24 .1±0 .9 
23 .9±1 .1 

23 .5±1 .7 
26 .3±1 .6 
24 .1±1 .4 
28 .9+1 .3 
26 .6+1 .3 
29 .8+2 .0 
26.1 + 1.3 
30 .9+2 .6 
23 .1±2 .0 
28 .1±1 .4 
26 .9±1 .2 

Control (ABA-Tyr + FIA) b> 0 0 

a) Dose; 100 (xg. b) FIA: Freund's incomplete adjuvant. 

is also favorable. The remarkable tendency for the 
compounds with larger side chains (9b, 9c, and 9b') 
to possess increased activity is interesting although 
there was no clear-cut relation between the chain 
length and the activity. The high activity of retinoyl 
derivative (11), in spite of its small carbon number in 
the chain, suggested that there is some additional 
immunological function caused by retinoyl moiety as 
in the case of quinonyl derivatives9) of M D P . 

These results show that the introduction of lipophilic 
unsaturated carboxylic acids leads to the potentiation 
of the immunological activity of M D P , thus providing 
another approach to the development of a new family 
of immunologically active compounds. 

E x p e r i m e n t a l 

Optical rotations were determined with a Perkin-Elmer 
Model 141 Polarimeter. NMR spectra were obtained on 
Varian EM-360 and EM-390 spectrometers. All chemicals 
and solvent were reagent grade and used without further 
purification. The reactions were monitored on TLC with 
Merck F254 silica-gel plates. Evaporation was carried out 
in a rotary evaporator under reduced pressure at temperatures 
below 45 °C. 

All - trans - 3,7,11,15- tetramethyl - 2,6,10,14-hexadecatetraen-1 - ol 
(2a). Li (10.9 g, 2 g atom) was dissolved in EtNH2 

(300 ml) at —60 °C under N2. After the solution became 
blue, a solution of all-*rawj-l-benzyloxy-3,7,11,15-tetrameth­
yl^-/*-tolylsulfonyl-2,6,10,14-hexadecatetraene (la) (21 g, 393 
mmol) in anhydrous THF (40 ml) was added dropwise for 
30 min. The mixture was stirred for 15 min at —60 °C, 
while blue color was kept. Isoprene (5 ml) and MeOH 
(100 ml) were carefully added to quench the excess Li. 
After the careful addition of water (500 ml), the organic 
solvents were evaporated. The residual aqueous solution 
was extracted with diisopropyl ether (150 mix 3). The 
organic layer combined was washed with water, and dried 
over Na2S04 . The solvent was evaporated and the re­
sulting residue was purified by column chromatography 
(7 X 15 cm) on Si02 using hexane-diisopropyl ether (5:3, 
and then 1:2) as solvent: 10.9 g (95.6%) (Table 1). NMR 
(CDClg): 1.62 (9H, s), 1.70 (6H, s), 1.91—2.18 (12H, m), 
4.15 (2H, d), 5.0—5.2 (3H, m), 5.43 (1H, t). 

Other Multiprenyl Alcohols (2b and 2c) were prepared from 
l b and l e in a similar manner. 

All -trans -3,7,11,15-tetramethyl-1 - (p-tolylsulfonyl) -2,6,10,14-
hexadecatetraene (4a). To a solution of 2a (14.4 g, 49.6 
mmol) in absolute THF (70 ml) was added a solution of 
PBr3 (5.6 g, 20.7 mmol) in THF (70 ml) dropwise at - 7 — 
—10 °C. Then the mixture was stirred at the same tem­
perature for 15 min. The solvent was evaporated and the 
residue was dissolved in hexane-diisopropyl ether (1:1, 200 
ml). The solution was successively washed with 5% 
NaHC0 3 and water, and then dried over Na2S04 . The 
solvent was evaporated to give all-/raw^-l-bromo-3,7,ll,15-
tetramethyl-2,6,10,14-hexadecatetraene (3a). Without fur­
ther purification, 3a was dissolved in DMF (150 ml), and 
sodium />-toluenesulfinate tetrahydrate (24.8 g, 99.2 mmol) 
was added. After stirring for 1 h at room temperature, 
the mixture was diluted with hexane-diisopropyl ether (1:1, 
400 ml), washed with water, and then dried over Na2S04 . 
After evaporation of the solvents, the resulting residue was 
purified by silica gel chromatography (6 X 25 cm) using 
hexane-diisopropyl ether (2:1) as solvent: 18.0 g (84.7%) 
(Table 1). NMR (CDC13): 1.36 (3H, d), 1.61 (9H), 1.68 



3534 T. FUKUDA, S. KoBAYASHi, H . YuKiMASA, S. T E R A O , M . FujiNO, T . SHIBA, 
I. SAÏKI, I . AZUMA, and Y. YAMAMURA 

[Vol. 54, No. 11 

(3H, s), 1.98—2.25 (12H, m) , 2.44 (3H, s), 3.78 (2H, d ) , 
5.10 (3H, m) , 5.18 (1H, t ) , 7.31 and 7.74 (4H). 

Compound 4b was prepared from 2 b in a similar manner . 
All- trans-7 - benzyloxy-3,7,11,15,19,23-hexamethyl-9- (p-tolylsul-

fonyl)-2,6,10,14,18,22-tetracosahexaene (lb). To a solu­
tion of 4a (17.7 g, 41.3 mmol) and trans,trans-1-benzyloity-
8-chloro-3,7-dimethyl-2,6-octadiene (5) (13.1 g, 47 mmol) in 
absolute T H F ( lOOml) -DMF (12 ml) was added *-BuOK 
(6.96 g, 62 mmol) at - 2 0 °C. After stirring for 20 min 
at the same temperature , the mixture was diluted with 
hexane-diisopropyl ether (1 :1 , 400 ml) , and washed with 5 % 
phosphoric acid (400 ml) and water, and then dried over 
N a 2 S 0 4 . T h e solvent was evaporated, and the residue 
was chromatographed on a silica-gel column (5.5 X 20 cm) 
with hexane-diisopropyl ether (1:1) as an eluent: 24.6 g 
(88.9%) (Table 1). N M R (GDC13): 1.25 (3H, d) , 1.55 
(3H, s), 1.62 (12H, s), 1.70 (3H, s), 1.85—2.16 (16H, m) , 
2.44 (3H, s), 2.88 (2H, dd) , 3.80 (1H, dd) , 4.01 (2H, d) , 
4.50 (2H, s), 4.90 (1H, d) , 4.95—5.24 (4H, m) , 5.37 (1H, 
t) , 7.30 and 7.71 (4H, m ) , 7.33 (5H, s). 

Compound Ic was prepared from 4 b and 5 in a similar 
manner . 

Ethyl 2-Ethoxycarbonyl-all-trans-5,9,13,17,21,25-hexamethyl-4,-
8,12,16,20,24-hexacosahexaenate (6b) and Ethyl 2-(All-trans-
3,7,11,15,19,23 - hexamethyl-2,6,10,14,18,22 - tetracosahexaenyl) -2-
ethoxycarbonyl-all- trans-5,9,13,17,21,25 - hexamethyl-4,8,12,16,20,-
24-hexacosahexaenate (6b'). All-trans-3,7,11,15,19,23-
hexamethyl-2,6,10,14,18,22-tetracosahexaen-l-ol (2b) (2.13 g, 
5 mmol) was converted to the corresponding bromo-com-
pound (3b) in a manner similar to that described in the 
synthesis of 4a . T o a solution of diethyl malonate (800 
mg, 5 mmol) in absolute D M F (10 ml) N a H (240 mg, 5 
mmol ; 5 0 % suspension in mineral oil) was added under 
N 2 with stirring. After stirring for 20 min at room tem­
perature , the solution was cooled to —10 °G. A solution 
of 3 b in absolute T H F (10 ml) was added dropwise at —10— 
— 6 °C. After 30 min, the mixture was allowed to react 
at room temperature and stirring was continued for an 
additional 2 h. Water (100 ml) was carefully added and 
the solution was extracted with diisopropyl ether ( 100 ml) . 
T h e organic layer was washed with water and dried over 
N a 2 S 0 4 . T h e solvent was evaporated and the resulting 
residue was chromatographed on a silica-gel column (4.2 
X 15 cm) with hexane-diisopropyl ether (15:1) to give 
pure 6 b and 6 b ' : 1.09 g (38.0%) and 1.08 g (44.0%) 
(Table 2). N M R (GDG13) for 6 b : 1.27 (6H, t ) , 1.64 (21H, 
s), 1.88—2.19 (20H, m ) , 2.57 (4H, dd) , 3.33 (1H, t) , 4.17 
(4H, q) , 4.92—5.62 (6H, m) . 

Other Esters (6a, 6a', 6c, 6c', 6d, and 6d") were prepared 
from the appropriate alcohols a r d diethyl malonate in a 
similar manner . Geraniol for the preparat ion of 6d and 
6cT was purchased from Wako Pure Chemical Industries, 
L T D , Osaka. 

2- (All-trans-3,7,11,15,19,23-hexamethyl- 2,6,10,14,18,22 - tetra-
cosahexenyl)- all-trans -5,9,13,17,21,25-hexamethyl-4,8,12,16,20, -
24-hexacosahexaenoic Acid (7b'). A solution of 6 b ' 
(1.08 g, 1.1 mmol) in I M K O H - M e O H - T H F (2 :5 :1 , 22 
ml) was heated under reflux for 100 h. After cooling to 
room temperature, 0.5 M HCl (50 ml) was added and the 
solution was extracted with AcOEt (40 ml) . T h e organic 
layer was washed with water, dried over N a 2 S 0 4 , and then 
evaporated. T h e residue (dicarboxylic acid) was dissolved 
in D M S O (5 ml) and the solution was heated at 150 °C 
for 20 min, dur ing which time the evolution of C O a was 
completed. After cooling to room temperature , the mixture 
was diluted with H 2 0 (30 ml) and extracted with A c O E t -
diisopropyl ether (1 :1 , 50 ml) . T h e organic layer was washed 

with water, dried over N a 2 S 0 4 , and evaporated. The re­
sulting residue was chromatographed on a silica-gel column 
( 3 . 8 x 6 cm) with hexane-diisopropyl ether (4 :1 ) : 720 mg 
(74.6%). (Table 2) . N M R (CDC13): 1.61 (42H, s), 
1.95—2.45 (45H, m) , 4.95—5.21 (12H, m) . 

Other Multiprenylacetic Acids (7a, 7a', 7b, 7c, 7c', 7d, and 
7d') were prepared from the corresponding esters in a similar 
manner . 

N- Acetyl-6-0-[[2-(all-trans-3,7,11,15,19,23-hexamethy1-2,6,10, -
14,18,22-tetracosahexaenyl)-all-trans-5,9,13,17,21,25-hexamethyl-
4,8,12,16,20,24-hexacosahexaenoyl] -L-leucyl]muramyl-a-aminoiso-
butyryl-D-isoglutamine (9b'). T o a solution of 7 b ' (87.7 
mg, 0.1 mmol) and H O N B (21.6 mg, 0.12 mmol) in 
AcOEt-acetoni t r i le ( 1 : 1 , 2 ml) was added D C C (24.7 
mg, 0.12 mmol) at 0 °C. The mixture was stirred at 0 °C 
for 1 h and then at room temperature for 3 h. After filtra­
tion of precipitates, the solvent was evaporated. The re­
sulting active ester, JV-acetyl-6-0-(L-leucyl)muramyl-a-amino-
isobutyryl-D-isoglutamine (8)8> (62 mg, 0.1 mmol) and 
N E M (26 ̂ 1) were dissolved in D M F (1 ml) , and the mixture 
was stirred at 60 °C for 70 h. After evaporation of the 
solvent, the residue was purified by chromatography on 
a column of silica gel ( 2 x 1 2 cm) with AcOEt -pyr id ine -
A c O H - w a t e r (80 :10 :3 :5 ) , followed by rechromatography 
on a column of Sephadex LH-20 ( 1 . 5 x 9 0 cm) with E t O H 
as an eluent: 20 mg (13.5%) (Table 3). 

Other MDP Derivatives with Acylated Amino Acid (9) listed in 
Table 3 were prepared from the appropriate carboxylic 
acids and M D P derivatives with an amino acid in a similar 
manner . 

Biological Assays. Determination of the adjuvant ac­
tivity on induction of delayed-type hypersensitivity was 
carried out according to the method described earlier.13) 

W e wish to t h a n k D r . M a s a o N i s h i k a w a of this 

d iv is ion for discuss ion. 
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Neighboring Group Participation in Solvolysis. XIII. Kinetic Isotope 
Effects in Solvolysis of 2-Arylethyl /J-Nitrobenzenesulfonates1,2) 

Yasuhide YUKAWA, Takashi A N D O , * Katsuo ToKEN,t Mitsuru KAWADA, 
Kenichi MATSUDA, Seung-Geon KiM,tt and Hiroshi YAMATAKA 

The Institute of Scientific and Industrial Research, Osaka University, Suita, Osaka 565 
(Received May 29, 1981) 

Carbon-14 kinetic isotope effects (&12/£14) were determined for the solvolysis of phenethyl (la) and 2-(/>-
methoxyphenyl)ethyl (lb) />-nitrobenzenesulfonates in acetic, formic, and trifluoroacetic acids. Phenyl-1 carbon 
effects were all in the range of 1.02—1.04 except for the acetolysis of l a (k12/ku— 1.005), which has been proved 
to proceed mainly via the aryl unassisted (ks) pathway. In all other reactions, which proceed mainly via the aryl 
assisted (&A) pathway, the phenyl-1 carbon apparently changes its bonding in the transition states. A large 
a-carbon effect (1.131) and a small /?-carbon effect (1.013) as well as a medium phenyl-1 effect (1.022) were ob­
served for the formolysis of lb , whose mechanism is thought to be exclusive kj without troublesome ion-pair 
return. These observations, together with a- and /^-deuterium effects reported already, enabled us to describe 
the qualitative nature of the bridged transition-state structure of the k& pathway, i.e., advanced C a - 0 bond 
rupture, slight C^-Cp^! bond formation, C^-C^ double bond formation, slight C^-Cpt-! bond rupture, and 
breakdown of aromaticity at the phenyl-1 position. These characteristics are very similar to those of the phe-
nonium ion. 

After a long debate it has become a generally ac­
cepted idea that the solvolyses of all primary and 
most secondary 2-arylalkyl derivatives proceed through 
discrete aryl assisted (kb) and/or aryl unassisted (ks) 
pathways (Scheme l).3) A great deal of attention 
has been focused on the kk pathway, since it can be 
regarded as a prototype of intramolecular catalysis, 
an important phenomenon in enzyme reactions, and 
also because it leads to the so-called phenonium ion 
intermediate whose structure has been a subject of 
discussion.3) In 1969, we communicated the obser­
vation of normal carbon-14 kinetic isotope effects (k12/ 
£1 4>1.0) of labeling at phenyl-1 in the solvolysis of 
2-arylethyl jfr-nitrobenzenesulfonates (nosylates, l).2) 
I t was the first definitive evidence for the bonding 
change of the phenyl-1 carbon in the transition state 
of the reaction. Details of the study are described 
in the first half of this paper. 

In order to obtain further detailed information con­
cerning the structure of the transition state of the kk 
pathway, it is desirable to observe kinetic isotope 

Scheme 1. 

t Present address : Faculty of Science, Toyama University, 
Gofuku, Toyama 930. 

tt Present address : Faculty of Science, Tokai University, 
Kitakaname, Hiratsuka, Kanagawa 259-12. 

effects of labeling at several different atoms of 2-aryl­
ethyl esters. This type of approach is referred to as 
the successive labeling technique.4) The first study 
along these lines has been carried out with 2-methyl-
2-phenylpropyl (neophyl) esters (2).5»6) 

ArCH2CH2OS02Ar , 

l a : Ar = C6H5, Ar'=/>-N02C6H4 

b : Ar=/>-CH3OC6H4, Ar' =/>-N02C6H4 

ArC(CH3)2CH2OS02Ar , 

2 

Introduction of two methyl groups on the ^-carbon 
of 1 not only causes the reaction to proceed via the 
kb pathway almost exclusively but also inhibits scram­
bling of labels at a and ß during the course of the 
reaction of 2.7»8) Thus, kinetic isotope effects have 
been successfully measured for a-14C, a-D2, /M4C as 
well as phenyl- 1-14C in the solvolysis of 2,5»6) and the 
transition-state structure has been discussed both qual­
itatively and quantitatively using these data.6) 

In the present study, the successive labeling technique 
was extended to the parent 2-arylethyl system. The 
transition-state structure of the kk pathway of 2-aryl­
ethyl esters is discussed with the kinetic isotope effects 
measured for the formolysis of 2-(/>-methoxyphenyl)-
ethyl nosylate ( l b ) , and compared with that for the 
neophyl solvolysis. 

R e s u l t s 

Labeling with carbon-14 at the specific carbons of 
phenethyl nosylate ( l a ) and 2-(/>-methoxyphenyl)ethyl 
nosylate ( lb ) was performed by well-established pro­
cedures (see Experimental Section). The solvolyses of 
l a and l b in acetic, formic, and trifluoroacetic acids 
were followed by the gravimetric method, in which 
unreacted nosylates were recovered from the reaction 
solutions at various fractions of reaction, ranging from 
0 to 70 or 8 0 % . The recovery was quantitative for 
l a and almost so for l b ; in the latter case the recovery 
factor was used in order to determine the fractions 
of reaction. The formolysis of l b was also followed 
by the spectrophotometric method. The rate con-
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TABLE 1. RATE CONSTANTS AND CARBON-14 KINETIC ISOTOPE EFFECTS IN SOLVOLYSIS OF PHENETHYL 

NOSYLATE (la) AND 2- (/HMETHOXYPHENYL)ETHYL NOSYLATE (lb) 

Substrate 

hi 

l a 
l a 
l a 
l b 
l b 
l b 
l b 
l b 

Label 

Phenyl-le> 
Phenyl-Ie) 
Phenyl-le> 
Phenyl-le> 
Phenyl-is) 
Phenyl-is) 
Phenyl-le) 
a1) 

JV 

Solvent 

CH3C02H 
H C 0 2 H 
CF3C02H 
CF3C02Hf) 
CH3C02H 
H C 0 2 H 
CF3C02Hf) 
H C 0 2 H 
H C 0 2 H 

*/°Ca) 

100 
60 
45 
30 
60 
30 
0h) 

30 
30 

kxlO^/s-1 

4.65+0.04 
6 .67+0.07 
9 . 7 + 0 . 9 

5 .96+0.12 
2 .63+0.02 
12 .1+0.1 
3 .24+0.04 
12.2+0.1J) 
12 .2+0 . ID 

( r )b) 

(0.9997) 
(0.9997) 
(0.97) 
(0.9992) 
(0.9998) 
(0.9994) 
(0.9996) 
(0.998) 
(0.998) 

k^/k1* 

1.005+0.002 
1.023+0.001 
1.029+0.002 
1.036+0.004 
1.028+0.002 
1.022+0.002 
1.039+0.014 
1.131+0.002 
1.013+0.002 

nc) 

5 
6 
5 
4 
5 
5 
3 
7 
7 

(r)*> 

(0.76) 
(0.994) 
(0.991) 
(0.991) 
(0.996) 
(0.991) 
(0.94) 
(0.998) 
(0.96) 

a) +0.02 °C unless otherwise noted, b) Correlation coefficients of pseudo-first order rate plots, c) Number of 
radioassayed samples recovered at various fractions of reaction. See Ref. 10. d) Correlation coefficients for fit 
of radioactivities to Eq. 1. in the text, e) Substrate in 0.065 M ( 1M = 1 mol dm - 3) . f) Sodium trifluoroacetate 
(0.1 M) was added, g) Substrate in 0.059 M. h) +0.1 °C. ;) Substrate in 0.05 M. j) Determined spectro-
photometrically. 

stants obtained by these two methods agreed very 
well with each other. The linearity of the first-order 
rate plot for the trifluoroacetolysis of l a was rather 
poor in the absence of sodium trifluoroacetate, but 
it was much improved when the sodium salt was added 
to the reaction medium. 

Carbon-14 kinetic isotope effects were determined 
according to the procedures described previously.6) 
Calculation of isotope effects was carried out by the 
linear regression method using 

log^x - log^0 - [ l - ( * " / * u ) ] l o g ( l - * ) , (1) 

where x is the fraction of reaction, and A0 and Ax 

are the molar radioactivities of the initial and re­
covered esters, respectively.9»10) The results of kinetic 
isotope effects are summarized together with rate data 
in Table 1. 

D i s c u s s i o n 

Phenyl-1 carbon isotope effects were measured in 
seven cases for different substrates, solvents, and tem­
peratures (Table 1). All the values were in the range 
of 1.02—1.04 except for the acetolysis of l a , for which 
a very small value close to unity (1.005) was obtained. 
Dissection of the rate constants (kt) of the 2-arylalkyl 
solvolysis into the aryl assisted (Fki) and aryl unassisted 
(k8) components has been carried out by a number 
of research groups.3) They found that only the aceto­
lysis of the phenethyl ester among all the systems studied 
here proceeds mainly via the k8 pathway,1 1 - 1 4) although 
the dissection was usually studied not for nosylates 
but for tosylates or brosylates. The fraction of the 
kb pathway (FkA/kt) for the acetolysis of phenethyl 
tosylate was estimated to be 0.30—0.42 at 115 °C. n - 1 4 ) 
Because no bonding change for the phenyl-1 carbon 
is expected in the transition state of the ks pathway, 
no isotope effect should be observed for this carbon. 
Thus, our observation of a small isotope effect in the 
acetolysis of l a is well in accord with the dissection 
studies by the tracer11-13) or kinetic14) method. 

All the other values of the phenyl-1 carbon-14 
isotope effects (1.02—1.04) definitely show that the 

bonding of the phenyl-1 carbon changes in the tran­
sition state of these reactions. Among these values, 
those for the trifluoroacetolysis (1.03—1.04) were slight­
ly larger than those for the acetolysis or formolysis 
(1.02—1.03, Table 1). A similar phenomenon was 
also observed in the solvolysis of 2 ; the phenyl-1 car­
bon-14 effect was 1.035 for the trifluoroacetolysis at 
0 °C and 1.023 for the acetolysis at 75 °C.5) Although 
the solvent effect on the isotope effects can not be 
completely neglected, since weaker solvation to the 
cationic moiety in a less nucleophilic solvent such 
as trifluoroacetic acid would result in decreased bond­
ing and thus larger isotope effects, most of the difference 
in these isotope effects is likely to be attributable 
to the temperature dependence of the isotope effects. 
Trifluoroacetolysis was always carried out at a lower 
temperature than acetolysis and formolysis by 55— 
75 °C, and a definitive normal temperature dependence 
(a larger isotope effect at a lower temperature) was 
observed for this phenyl-1 carbon-14 effect in the 
acetolysis of 2.6) As a reported increase of the isotope 
effect was 0.003 for a decrease in temperature of 15 
°C or 0.008 for 35 °C, the observed difference of 0.01 
for 1 can be reasonably attributed to a difference in 
temperature of 55—75 °C. 

In order to carry out the successive labeling study 
in the parent 2-arylethyl system, it is necessary to 
measure kinetic isotope effects in a solvolysis, in which 
the reaction not only proceeds exclusively via the 
kb pathway, but is also free from an ion-pair return 
which is liable to cause scrambling of labels. The 
formolysis of l b is fitted for this purpose. According 
to the tracer study carried out with carbon-14 by 
Jenny and Winstein,15) the formolysis of 2-(jfr-meth-
oxyphenyl) ethyl tosylate proceeds exclusively via the 
kk pathway (F^A/^ t=1.0) without any ion-pair return 
( F = 1 . 0 0 ) . The strong ionizing power and the con­
siderable nucleophilicity of formic acid as well as the 
fairly strong nucleophilicity of the neighboring p-
methoxyphenyl group may be the reasons for this 
unique situation. Taking advantage of this, Saunders 
and Glaser have already studied secondary a- and 
^-deuterium isotope effects in this formolysis;16) we 
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Fig. 1. Carbon-14 and deuterium isotope effects in 
the solvolysis of (a) 2-(/>-methoxyphenyl)ethyl nosylate 
(lb) in formic acid at 30 °C, and (b) neophyl brosylate 
(2) in acetic acid at 75 °C. Deuterium effects in 
(a) are those reported by Saunders et A/.16) for the 
tosylate. 

will use their results in our discussion. 
Kinetic isotope effects observed in the formolysis 

of l b are summarized in Fig. 1, together with those 
reported for the acetolysis of 2 for comparison.5) 

I t is obvious from Fig. 1 that the isotope effects 
for various atoms of l b , i.e., a large a-14C, medium 
a-D2, small ß-uC, and medium phenyl-1-14C effects, 
are almost the same as those for the corresponding 
atoms of 2. These observations not only support the 
results of the dissection studies7»8»15) that both the 
formolysis of l b and the acetolysis of 2 proceed via 
the kb mechanism, but also indicate that the tran­
sition-state structures of both reactions are almost 
identical. This conclusion confirms the general as­
sumption that neophyl solvolysis can be regarded as 
a model of the k& process for phenethyl solvolysis.13»17-19) 
Thus, the characteristics of the transition-state struc­
ture of l b can be discussed below in a similar manner 
to those of 26) by use of the observed data of kinetic 
isotope effects. 

The magnitude of the phenyl-1 carbon-14 effect, 
1.022, is within the range (1.02—1.05) observed for 
the phenyl-1 carbon in a number of phenyl group 
rearrangements whose mechanisms have been proved 
to be concerted.20-23) I t is interesting that these me­
dium carbon-14 effects show normal temperature de­
pendence as mentioned above and as observed in the 
Beckmann rearrangement of acetophenone oxime.23) 
When the bonding at the labeled position increases 
in the transition state, the isotope effect could be 
small normal, null, or even inverse, and the tempera­
ture dependence should be inverse. Thus, the total 
bonding of the phenyl-1 carbon should decrease, in 
spite of the hybridization change of this carbon from 
sp2 to sp3. In conclusion, the phenyl-1 carbon changes 
its bonding in the transition state of the kk solvolysis 
as a result of GP h_1-G a bond formation, breakdown 
of aromaticity in the benzene ring, and C p ^ j - C ^ 
bond rupture, among which the last two overwhelm 
the first one. 

A large a-carbon-14 isotope effect comparable to 
those observed in 6*N224) and a medium a-deuterium 
effect in contrast to large values for SNl and small 
ones for 6*N2 are most characteristic of the kk mech­

anism.5»6»25) The importance of symmetry for a carbon 
isotope effect has been demonstrated in the SN2 reac­
tion,26) in which the isotope effect of the central carbon 
atom becomes maximum when the two partial bonds 
are equal in strength. The magnitude of an a-
deuterium effect is dependent on the vibrational 
frequencies of the bending motions including the G-H 
bond, and a larger effect is observed for a looser tran­
sition state.27) Thus, the observed a-effects are com­
patible with a loose, pseudo-three-centered transition 
state composed of the phenyl-1 carbon, the a-carbon, 
and the oxygen of the leaving arenesulfonate.5»6»25) 

The difference between the a-carbon-14 effects for 
l b (1.131) and 2 (1.093), the only apparent difference 
in Fig. 1, is larger than that expected for the tem­
perature dependence of this effect, since the reported 
increase in the effect is 0.004 for a decrease of 15 °G 
in the acetolysis temperature of 2.6) The difference 
in the solvent, formic acid vs. acetic acid, wolud not 
have much influence on the isotope effects. There­
fore, the rest of the difference in the a-carbon-14 
isotope effects may be attributed to the substituent 
effect of the phenyl group on the symmetry of the 
three-centered transition state.6) The transition-state 
structure of l b may be more symmetric than that of 
2 in terms of the breaking G a - 0 bond and the form­
ing G a -G P h _ 1 bond, resulting in a larger a-carbon 
isotope effect. Participation by the unsubstituted phen­
yl group in 2, which is less nucleophilic than the p-
methoxyphenyl group in l b , may lead to a later tran­
sition state with a stronger C ^ - C p , ^ bond and a 
weaker G a - 0 bond, giving rise to a smaller isotope 
effect.6»26) 

A small /?-carbon-14 isotope effect, 1.013, is con­
sistent with small but distinct bonding changes at 
this carbon, which may include GPh_1-G j3 bond rupture 
and Ga-Gß double bond formation.28) I t is inter­
esting that this change has not been detected by 
the ^-deuterium effect.16) Quite recently, we ob­
served negative GD 3 effects in the solvolysis of [y-
D6]-2 (0.959 per D 6 in acetic acid at 75 °G), which 
were attributed to the inductive effect by these non-
migrating methyl groups.1) Nevertheless, the ^-car­
bon-14 isotope effects of l b and 2 did not show any 
appreciable difference. The fact suggests that the 
inductive effect exerted on the ^-carbon by the methyl 
groups may not greatly alter the structure of the tran­
sition state in this solvolytic rearrangement, although 
the rate of the reaction itself is enhanced to a great 
extent in the presence of these methyl groups.29) 

All of the above enable us to describe the qualitative 
nature of the transition-state structure of the ka pathway 
in the phenethyl solvolysis as follows: (1) G a - 0 bond 
rupture is well advanced, (2) the neighboring phenyl 
group behaves as an intramolecular nucleophile but 
G a -G P h _ 1 bond formation is not advanced, (3) the 
aromatic ^-electron system of the phenyl group has 
broken down as a result of the participation, and (4) 
geometrical changes at Gß are small but may include 
partial G^-Cp^^ bond rupture and Ga-G /3 double 
bond formation. Although a bridged ion intermediate 
does not necessarily follow this bridged transition state 
of the kk solvolysis, as exemplified in the case of the 
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n e o p h y l solvolysis, i n w h i c h t h e r e a r r a n g e d t e r t i a r y 
c a t i o n is be l ieved to b e t h e first i n t e r m e d i a t e , i t is 
i m p o r t a n t to p o i n t o u t t h a t t h e p h e n o n i u m ion , w h o s e 
s t r u c t u r e w a s e s t i m a t e d b y m o l e c u l a r o r b i t a l c a l c u l a ­
tions,30»31) c a n b e a t t a i n e d w i t h t h e leas t s t r u c t u r a l 
c h a n g e s f rom this t r a n s i t i o n s ta te . 

E x p e r i m e n t a l 

Materials. [phenyl-l-uC\Phenethyl alcohol was pre­
pared from [phenyl-l-^C]benzoic acid via benzoyl chloride, 
a-diazoacetophenone, and methyl phenylacetate ; the last 
step made use of the Wolff rearrangement in methanol.32) 
Esterification of the phenethyl alcohol with /?-nitrobenzene-
sulfonyl chloride in pyridine gave [phenyl-l-uC]-la.. T h e 
multistep synthesis of 2-(/>-methoxy[/>/^/-l-1 4C]phenyl) ethyl 
nosylate ([phenyl-l-uC]-lh) from [phenyl-U^C]toluene has 
already been reported.33) 2-(/>-Methoxyphenyl)ethyl nosylates 
labeled with carbon-14 at the a- and /7-carbons ([a-1 4C]-
and [/?-14C]-lb, respectively) were prepared from />-meth-
oxybenzyl cyanide (3) labeled at the cyanide- and benzyl-
carbons, respectively, via acid hydrolysis, esterification with 
methanol, reduction with li thium a luminum hydride, and 
esterification with />-nitrobenzenesulfonyl chloride, succes­
sively. One of the precursors, [cyanide-^C]-^, was synthe­
sized from the reaction of /?-methoxybenzyl chloride with 
sodium [14C]cyanide.34) T h e other, [benzyl-uC]-3, was pre­
pared by cyanation of />-methoxyphenyl bromide with cop­
per (I) [14CJcyanide35»36) followed by hydrolysis, esterification, 
reduction, chlorination, and cyanation.34) T h e chemical pu­
rity of the labeled compounds was verified by comparison 
of their physical constants and spectroscopic da ta with those 
for the unlabeled compounds. All 14C labeled compounds 
had molar radioactivities of about 1.3—2.7 mCi/mol . T h e 
final arenesulfonates were carefully purified by repeated 
recrystallization until the molar activities remained constant. 
Phenethyl nosylate ( l a ) : m p 102—103 °C (from hexane -
carbon tetrachloride). 2-(/>-Methoxyphenyl)ethyl nosylate 
( l b ) : m p 100.0—100.5 °C (from hexane-carbon tetrachloride 
or hexane-benzene). 

Solvolysis Media. Acetic acid was refluxed over 2.0 
w t % potassium permanganate , fractionally distilled, and 
the middle cut was refluxed with 1% pure acetic anhydride 
followed by fractional distillation (bp 119.1—119.3 °C).37) 
Formic acid was purified according to the procedure de­
scribed by Winstein and Marshall (bp 28.0—29.0 °C/6.60 
kPa).38> Trifluoroacetic acid was distilled through a i m , 
vacuum-jacketed column packed with glass helices. T o the 
middle cut (bp 72.2—72.4 °C) was added 1 w t % freshly 
distilled trifluoroacetic anhydride.39) Buffered medium (1.0 
dm3) was prepared by dissolving 0.1 mol of sodium trifluoro-
acetate in the above trifluoroacetic acid. 

Quantitative Recovery of Nosylates la and lb. About 
100 mg of l a or l b was weighed in a flask and dissolved 
in H—30 cm3 of solvolysis media. Cold distilled water 
(5 to 20 times the volume of the media used) was added to 
the solution, and the mixture was left overnight in a refrig­
erator. Precipitates of l a or l b were filtered with a weighed 
glass filtering crucible, washed thoroughly with cold distilled 
water, dried overnight in an oven at 70 °C (for l a ) or in 
a vacuum desiccator over phosphorus pentaoxide (for l b ) , 
and weighed. T h e recovery of l a was 99.3 ± 0 . 5 % (acetic 
acid), 9 9 . 7 + 0 . 3 % (formic acid), and 99.1 ± 0 . 9 % (trifluoro­
acetic acid), and that of l b was 9 7 . 6 ± 0 . 1 % (acetic acid), 
9 8 . 4 ± 0 . 1 % (formic acid), and 9 5 . 9 ± 1 . 4 % (trifluoroacetic 
acid). 

Kinetic Procedures. Samples of starting material large 

enough to yield about 100 mg unreacted esters after pre­
selected fractions of reaction, ranging from 0 to 8 0 % com­
pletion, were delivered to individual ampoules, dissolved 
in suitable volumes of the reaction media, and the ampoules 
were sealed. T h e reaction was started by placing the am­
poules in a constant temperature ba th , and quenched by 
cooling them in an ice ba th or a Dry Ice-acetone mixture. 
After breaking the seal, the contents and the washings of 
the ampoules (5 cm3 of the reaction media) were poured 
into cold water (5 to 20 times the combined volume of the 
reaction solution and the washing). After standing overnight 
in a refrigerator, the precipitates (unreacted esters) were 
filtered with a glass filtering crucible, and then treated as 
described above. T h e fractions of reaction were determined 
from the quantities of the samples used and recovered. For 
l b the recovery factors of 1.025 (acetic acid), 1.016 (formic 
acid), and 1.043 (trifluoroacetic acid) were used. Da ta 
points measured were usually seven. 

T h e rate of formolysis of l b was also determined by a 
spectrophotometric method similar to that used for trifluoro-
acetolysis by Peterson,40) in which the increase in the ab -
sorbance at 275 n m was followed. T h e rate constant de­
termined by this method agreed very well with that deter­
mined by the gravimetric method (Table 1). 

Radioactivity Measurement. The recovered precipitates 
of unreacted esters were recrystallized repeatedly, usually 
four times. T h e purified esters (5—10 mg) were oxidized 
in a modified Pregl micro combustion furnace,41) and the 
ionization current of the radioactive carbon dioxide gas 
thus generated was measured in an ionization chamber 
(250 cm3 capacity, Nuclear-Chicago) with a vibrating-reed 
electrometer (Nuclear-Chicago Model 6000 Dynacon elec­
trometer system). T h e rate-of-charge method using a Model 
T 4 interval timer was applied.41) For the formolysis of 
[a-1 4C]- and [/?-14C]-lb, the ionization current was measured 
with a Takeda Riken T R - 8 4 M vibrating-reed electrometer 
connected with a digital voltmeter and a computer.6) I t 
was confirmed that further recrystallization did not change 
the radioactivities beyond experimental errors. 
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Reactions of Ketone Hydrazones and /3-Keto Enamines with Disulfur 
Dichloride. New Synthesis of Thioketones and 5//-l,2,3-Dithiazoles 
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Ketone hydrazones react with disulfur dichloride in the presence of triethylamine to afford thioketones in 
good yields. The reaction mechanism involving iV-thiosulfinylamine (R2C=N-N=S=S) and S-thioxothioketone 
(R2C=S=S) is proposed. The formation of di-^-butyl and di-1 -adamantyl thioketones even at low temperatures 
has been interpreted as steric congestion alone being not enough to stabilize the corresponding S-thioxothioketones. 
The reaction of /?-ketoenamines with disulfur dichloride gives 5//-l,2,3-dithiazoles via intramolecular cycliza-
tion of intermediary iV-thiosulfinylamines. 

We previously reported an interesting ring-chain 
tautomerism for 7V-thiosulfinylaniline l a which was 
prepared by reaction of disulfur dichloride with the 
corresponding aniline;1) l a is in equilibrium with l b 
in solution, while only l b exists in the solid state.2) 
The conversion of l a to l b can be regarded as intra­
molecular 1,3-dipolar cycloaddition of the 7V-thio-
sulfinyl group3) or electrocyclization of 1,5-dipole.4) 

Such a facile cyclization at the expense of loss of 
aromaticity observed for l a suggests that similar cy-
clizations are expected to occur also in other systems 
having X=Y-N=S=S structure. 

We report in this paper that the reaction of ketone 
hydrazones and ß-keto enamines with disulfur dichlo­
ride indeed proceeds via intramolecular cyclization of 
the iV-thiosulfinyl group to form thioketones and 5H-
1,2,3-dithiazoles, respectively.5) 

R e s u l t s a n d D i s c u s s i o n 

Reactions of Ketone Hydrazones with Disulfur Dichloride. 
Since a ketone hydrazone is considered to react with 
disulfur dichloride to give 7V-thiosulfinylamine 2, which 
would undergo intramolecular cyclization in view of 
the tautomerism of 1, we reasoned that this reaction 
would provide a route to a hitherto unknown SÇLV)-
thiocumulene, ^-thioxothioketone 3.6) 

2 s.</ 

-N2 R-„ -

R' *e 

Ü:C-N 
R I w 

(i) 

The reaction occurred, as expected, smoothly at a 
low temperature, but the product was not »S-thio-
xothioketone but thioketone. For example, simultane­
ous addition of benzene solutions of di-2-butyl ketone 
hydrazone and disulfur dichloride to a benzene solu­

tion of triethylamine at 0 °G afforded di-2-butyl thio­
ketone in 9 6 % yield. The formation of di-2-butyl 
thioketone is most probably due to loss of a sulfur 
a tom from the expected thioxothioketone which is 
unstable at the reaction temperature. 

In the hope that the reaction at lower temperatures 
would enable the isolation of the thioxothioketone, 
the same reaction was carried out at —85 °G with 
toluene as solvent, but the product was again di-t-
butyl thioketone (97%). The reaction using di-1-
adamantyl ketone hydrazone in toluene at —90 °G 
also gave di-1-adamantyl thioketone (pink crystals, 
71%) . These reactions proceeded very fast, and the 
color due to the thioketones appeared during the ad­
dition of the reagents, suggesting that the thioxothio­
ketone was too unstable to decompose into the thio­
ketone even at such low temperatures. 

Decomposition of £(IV)-thiocumulenes with loss of 
sulfur is generally believed7) to proceed via cycliza­
tion into a three-membered ring as shown below and, 
therefore, such a change as from 3-coordinated to 
4-coordinated carbon would be less favorable as R 
group becomes bulkier. 

R x / S _s R \ 
C | • C = S 

R / \ S R / 
The failure of formation of thioxothioketone having 

such a bulky group as 2-butyl or 1-adamantyl suggests 
that the steric congestion alone is not enough to stabilize 
the thioxothioketone. 

I t is known that as the electronegativity of X in 
thiocumulenes X=S=0 or X=S=N-R increases, the S= 
O bond in the former or the S=N bond in the latter 
becomes stronger as suggested by shortening of the 
bond length.8) If this is the case with the thioxo­
thioketone, then the use of a hydrazone bearing strong­
ly electron-withdrawing substituents is expected to lead 
to a more stable thiocumulene. T o this end, hexa-
fluoroacetone hydrazone (4)9) was allowed to react 
with disulfur dichloride at —23 °G, but thioxothio­
ketone 6 was not formed, the only characterizable 

S2CI2 

c = s 

(CF3)2C=NNH2 

4 
[(CF.: 

(CF3)2C=S=S] 

6 

,C=N-N=S: 
5 

CF3'S. 

=S 

i 
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product being 7,7'-bis(trifluoromethyl)-l,2,3,4,5,6-hexa-
thiacycloheptane (7) (3%) along with some sulfur. 

A reaction closely related to the above has been 
reported;10^ N,TV-bis(trimethylsilyl)sulfonamides 8 react 
with disulfur dichloride to give an eight-membered 
heterocycle 10. Since the formation of 10 is explained 
by the reaction of thiosulfinylamine intermediate 9 
with sulfur formed during the reaction,10) a similar 

C / - i l 

R2N-S02-N(SiMe3)2 ——U [R2N-S02-N=S=S] 
8 9 

S 8 /"-> K 

> R2NS02 -N. S 

10 

mechanism via 5 and 6 is thought to be operative 
in the formation of 7. 

An at tempt to t rap 6 by cycloaddition with di-
benzoylacetylene was unsuccessful.3) 

Although the reaction of ketone hydrazones with 
disulfur dichloride did not give expected S-thioxothio-
ketones, the formation of thioketones in good yields 
indicates that the present reaction provides a simple, 
new method for the synthesis of thioketones from hy­
drazones and the results using some hydrazones are 
listed in Table 1. 

TABLE 1. SYNTHESIS OF THIOKETONES FROM 

HYDRAZONES (R1R2G=NNH2)a) 

Hydrazor 

R1 

*-Bu 
1-Adb> 

les 

R2 

*-Bu 
1-Ad 

-Me2CCH2CH2CMe2-c> 
C10H16*> 
C10H16e> 

Ph Ph 

Yield/% 

UV 

Quant. 
71 

Quant. 
Quant. 

63 
54 

of thioketones 

Isolated 

66 
59 
58 
54 

a) The reactions were carried out in benzene at 5 °G 
except for di-1-adamantyl ketone hydrazone, where the 
reaction was done in toluene at — 90 °C. b) 1-Ad 
denotes 1-adamantyl. c) 2,2,5,5-Tetramethylcyclo-
pentanone hydrazone. d) Fenchone hydrazone. e) 
Camphor hydrazone. 

The yields for sterically hindered thioketones are 
usually excellent although isolated yields are somewhat 
diminished. The simultaneous addition of the both 
substrates has to be done to get a good yield of thio­
ketones. For example, the simultaneous addition meth­
od gave thiobenzophenone in 5 4 % yield while the 
addition of a benzene solution of a hydrazone and 
triethylamine to disulfur dichloride in benzene formed 
the thioketone in 8%; the yield was 3 7 % when the 
reverse addition was used. 

The solvent effect of this reaction is remarkable. 
Although the reactions of di-2-butyl ketone hydrazone 
with disulfur dichloride in benzene and toluene gave 
di-^-butyl thioketone in 96 and 9 7 % respectively as 
previously described, those in dichloromethane and 
ether resulted in the yields of 39 and 3 7 % respectively. 

Thus, the aromatic hydrocarbon is a solvent of choice 
in the present reaction. 

Another preparative method of thioketones from 
hydrazones, which uses the reaction of phosphoranes 
with sulfur, has recently been reported,11) but we 
believe that the present method is simpler in ma­
nipulation and the reaction conditions are milder. 

Although the pathway via thioxothioketone (Eq. 1) 
is considered to be a most likely mechanism for the 
formation of thioketones, other two mechanisms are 
also conceivable. One is oxidation of a hydrazone 
with disulfur dichloride to give a diazomethane, fol­
lowed by the reaction with sulfur (Eq. 2)12) and the 
other involves loss of the terminal sulfur from N-
thiosulfinylamine intermediate to give thionitroso com­
pound 11 followed by cyclization and loss of nitrogen 
molecule (Eq. 3). 

s2ci2 + -
R2G=NNH2 > R2C=N=N 

- N , 
R2C=S (2) 

S2CI2 —S 

R2G=NNH2 > R2C=N-N=S=S • R2C=N-N=S 
11 

R 2 C - N _N2 

I II 
S—N 

(3) 

The possibility of Eq. 2 was eliminated by the fact 
that the reaction of diphenyldiazomethane with sulfur 
in the presence of triethylamine did not give thioben­
zophenone under identical conditions. No di-2-butyl 
thioketone was formed by the reaction of di-2-butyl 
ketone hydrazone with sulfur dichloride (SG12) in the 
presence of triethylamine which is expected to yield 
11 (R=2-Bu) , thus ruling out the possibility of Eq. 3. 

Reaction of ß-Keto Enamines with Disulfur Dichloride. 
Since ß-keto enamines 12 are known to exist as en-
amine form instead of imine form,13) the reaction of 
ß-ketoenamines with disulfur dichloride is expected 
to lead to TV-thiosulfinylamine 13 or its cyclized form, 
5i/-l,2,3-dithiazole 14 (Eq. 4). 

2HN 0 S2C12 N * S * S 

R1 R2 

12 13 

N S o 

V-JCOR3 

R1 R2 

14 

(4) 

a: R1R2=(GH2)4 , R3 = OEt 
b : RiR*=(CHa)8 , R3 = OEt 
c: Ri = R» = Me, R2 = H 
d: R ^ M e , R2 = H, R3 = OEt 
e: R* = R2 = R8 = Me 
f: R! = Ph, R2 = R3 = Me 
g: Ri = Ra = Me, R3 = OEt 

The reaction indeed proceeded as expected. 1-
Amino-2-ethoxycarbonyl-l-cyclohexene (12a) was al­
lowed to react with disulfur dichloride to give 6-eth-
oxycarbonyl - 7,8 - di thia- 9 - azabicyclo[4.3.0]non -1 (9)-
ene (14a) in 7 4 % yield. The product was a stable 
yellow liquid and identified by spectral and analytical 
data. The electronic spectrum (Amax 380 nm, s 290) 
clearly inidicates that the product is not 7V-thiosul-
finylamine 13 but 5i/-l,2,3-dithiazole 14; the iV-thio-
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sulfinylamine should have a strong absorption in the 
visible region {e.g., 538 nm (e 39000) for j&-(dimethyl-
amino)-7V-thiosulfinylaniline3) and 584 n m (e 1280) for 
2,4-di-^-butyl - 6 - methyl - N- thiosulfinylaniline) .*) The 
mass spectrum showing the fragment of M + — C 0 2 E t 
as a strong base peak is also in keeping with the struc­
ture 14, since cation 15 is a stable 6jz-aromatic system 
and hence is easily formed. T h e strong peak of M+— 

R1 R2 
15 

C O R 3 (i.e. 15) is characteristic of all the products 
14 a ,c ' ,d ' ,e , f obtained in this study (see Experimental) . 

Contrary to the successful isolation of 14a, the reac­
tion of l-amino-2-ethoxycarbonyl-l-cyclopentene 12b 
with disulfur dichloride resulted in black polymeric 
products. In this case intermediary 13b is unable 
to cyclize into 14b probably because of strain due to 
two fused five-membered rings and polymerizes via 
intermolecular reaction. Since attempts to prepare 1-
amino - 2 - ethoxycarbonyl -1 - cycloheptene, 1 -amino-2-
ethoxycarbonyl-1 -cyclooctene and 1 -amino-2-ethoxy-
carbonyl-1-cyclododecene by the same procedure13) as 
used for 12a and 12b were unsuccessful, the effect 
of a ring size on the stability of 14 ( R 1 R 2 = ( G H 2 ) n ) 
could not be studied. 

The reaction of 4-amino-3-penten-2-one (12c) with 
disulfur dichloride in the presence of triethylamine at 
0 °G in dichloromethane give a trace amount (0.75%) 
of 5-acetyl-5-methoxy - 4 - methyl - 5H-1,2,3 - dithiazole 
(14c') instead of 14c as a sole isolable product. Since 
the methoxyl group in 14c' was thought to come from 

2HN 0 

12c: R = M e 
12d: R = O E t 

s 2 c i 2 - ^ N ; S > 
CH2CI2 V-^OMe 

7 NC0R 
14c': R = Me 
14d': R = OEt 

methanol present in dichloromethane as stabilizer, the 
reaction using an equimolar amount of methanol and 
two molar equivalents of disulfur dichloride and tri­
ethylamine was carried out to give 5 3 % of 14c'. 

A similar reaction of ethyl 3-amino-2-butenoate 
(12d) with disulfur dichloride in the presence of tri­
ethylamine and methanol gave 3 5 % of 5-ethoxycar-
bonyl-5-methoxy-4-methyl-5#-1,2,3-dithiazole (14d') 
( R = O E t ) . The reaction without methanol under 
otherwise identical conditions gave no product other 
than sulfur. 

The formation of 14c',d' can be explained in terms 
of oxidation of the hydrogen at 5-position in inter­
mediary 14c,d by disulfur dichloride followed by reac­
tion of methanol with a resulting dithiazolium ion 15. 
The relation of this reaction with the Herz reaction14) 

S2Cl2 

y-lH ~HCl,-2S 
' COR 

14c,d 

N'SV 

15 

MOMe 
~~„ COR 

14c',d' 

TABLE 2. SYNTHESIS OF 5//-1.2,3-DITHIAZOLES 

Dithiazoles Yield/% Bp (°G, mmHg**) Mp/°C 

14a 
14c' 
14d' 
H e 
14f 

73 
53 
35 
83 
6.4 

115, 
136, 
100, 
83, 

110, 

0.5 
5 
6 
6 
6 68—69 

** 1 mmHg =133.322 Pa. 

has already been discussed.5b) 
In support of the above mechanism, the reaction 

of 4-amino-3-methyl-3-penten-2-one (12e) where there 
is no hydrogen to be oxidized gave 5-acetyl-4,5-di-
methyl-5i/-l ,2,3-dithiazole (14e) in 8 3 % yield. A 
similar reaction also took place with 4-amino-3-methyl-
4-phenyl-3-buten-2-one (12f) to afford 5-acetyl-5-
methyl-4-phenyl-5i/-l,2,3-dithiazole (14f) in 6 .4% 
yield. Although 3-amino-2-methyl-2-butenoate (12g) 
was allowed to react under the same conditions, only 
polymeric products were obtained for reasons unclear 
to us yet. 

The dithiazoles 14 are thought to be produced by 
the intramolecular cycloaddition of thiosulfinylamino 
group to the carbon-carbon double bond of 13. This 
is the first synthesis of the compound with a 5//-1,2,3-
dithiazole ring in the aliphatic system. The 5//-1,2,3-
dithiazoles synthesized in the present study are sum­
marized in Table 2. 

The spectral da ta indicate that there is no equi­
librium between 13 and 14 in the case of these di­
thiazoles in contrast to the system l a ^ l b . The 
visible spectra do not show any absorption due to 
TV-thiosulfinyl group (-N=S=S) as mentioned previ­
ously. Any peak assignable to the open-chain struc­
ture 13 was not observed also in the N M R spectra. 
However, there still remains a possibility that 14 
exists as an equilibrium mixture with 13 to such an 
extent that it cannot be detected spectroscopically. 
To check this possibility, the reactions of 14e with 
some dipolarofiles (norbornadienes, 7V-phenylmale-
imide, 4-phenyl-l,2,4-triazole-3,5-dione, dimethyl acet-
ylenedicarboxylate) were carried out under various 
conditions,3^ but the cycloadducts were not obtained. 
These facts seem to suggest that 14 does not dissociate 
into 13 to an appreciable extent. 

E x p e r i m e n t a l 

NMR spectra were recorded at 60 MHz in deuterio-
chloroform on a Hitachi R-24B or a Hitachi R-24 spec­
trometer with tetramethylsilane as an internal standard. 
Mass spectra were measured on a Hitachi RMU-6L mass 
spectrometer. High resolution mass spectra were obtained 
with a JOEL D-300 mass spectrometer. Infrared spectra 
were recorded on a Hitachi EPI-G2 or a Hitachi 260-30 
infrared spectrophotometer. Ultraviolet and visible spectra 
were taken on a Hitachi EPS-3 spectrophotometer or a 
Hitachi 340 recording spectrophotometer. All melting points 
were uncorrected. The reactions of hydrazones and en-
amines with disulfur dichloride were carried out under 
argon atmosphere. 

Materials. Disulfur dichloride was distilled from sul-
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fur and active carbon and stored in ampules in a refrigerator. 
DW-butyl ketone and di-1-adamantyl ketone hydrazones 
were prepared by the reported method.15) T h e hydrazones 
of camphor, fenchone, 2,2,5,5-tetramethylcyclopentanone and 
benzophenone were prepared from the corresponding ketones 
by the method of Barton.16) 2,2,5,5-Tetramethylcyclopen-
tanone was prepared by the exaustive methylation of cyclo-
pentanone.17) Hexafluoroacetone hydrazone9) was prepared 
from hexafluoroacetone. /MCetoenamines were prepared 
from the corresponding /?-diketones by the method of Kloek 
and Leshinsky,13) and the new enamines 12 e,f,g had following 
properties. 12e: m p 118 °G; N M R (GDG13) : d = 1 . 8 3 (3H, 
s), 1.95 (3H, s), 2.13 (3H, s), and 6.8—8.0 (2H, b road) ; 
I R (KBr) : 3250, 3100, 1600, 1500—1420, 1280, 1220, 970, 
and 6 5 0 c m - 1 ; M S : m/e (rel intensity) 113 (M+, 76), 98 
(100), 70 (44), 55 (20), and 43 (38). Found : C, 63.54; 
H , 10.09; N , 12.25%. Calcd for C 6 H n N O : G, 63.69; 
H , 9.80; N , 12.38%. 12f: m p 146.5—147.0 °C; N M R 
(CDC13): <5=1.66 (3H, s), 2.08 (3H, s), and 7.12 (s), 6.5— 
9.0 (broad) (7H in to ta l ) ; I R (KBr) : 3250, 3100, 1600, 
1500—1420, 1300, 1000, and 700 c m - 1 ; M S : m/e (rel in­
tensity) 175 (M+, 42), 174 (100), 160 (8), 105 (23), 98 (32), 
and 77 (31). Found : C, 75.28; H , 7.52; N , 7.72%. Calcd 
for G n H 1 3 N O : C, 75.40; H , 7.48; N , 7.99%. 12g: m p 
51.0—51.5 °C; N M R (CDC13): 0 = 1 . 2 3 (3H, t, J = 7 H z ) , 
1.78 (3H, d, 7 = 1 1 Hz) , 4.03 (2H, q, J = 7 H z ) , and 5.5— 
7.0 (2H, b road) ; I R (KBr) : 3370, 3120, 1600, 1500, 1270, 
1220, 970, and 650 cm- 1 . Found : G, 58.33; H , 9.16; N , 
9 .30%. Calcd for C 7 H 1 3 N 0 2 : C, 58.72; H , 9.15; N , 9 .78%. 

Reaction of Di-t-butyl Ketone Hydrazone with Disulfur Dichloride. 
a) In Benzene'. T o an ice-cold solution of triethylamine 
(1.06 g, 10.5 mmol) in benzene (20 cm3) were added simul­
taneously benzene solutions (10 cm3 each) of di-^-butyl ke­
tone hydrazone (0.78 g, 5 mmol) and disulfur dichloride 
(0.71 g, 5.25 mmol) at about the same rate using two drop­
ping funnels during 15 min. After stirring for 30 min at 
room temperature, the reaction mixture was washed with 
water and dried over anhydrous magnesium sulfate. The 
yield determined for the solution by the visible spectrum 
Umax(ethanol) 536 n m (s 8.9))18> was 9 6 % . After removal 
of the solvent under reduced pressure, the residue was sub­
jected to bulb to bulb distillation (bp 90—116°C, 18 
m m H g * * ) to give 521 mg (66%) of pure di-^-butyl thio-
ketone as pink oil.16) 

b) In Other Solvents: Similar reactions in toluene ( — 85 
°C), ether ( - 1 0 0 °C), dichloromethane ( - 9 0 °C) using 3 
mmol of the hydrazone afforded the thione in 97, 37, and 
3 9 % (estimated by the visible spectra), respectively. 

Reaction of Di-t-butyl Ketone Hydrazone with Sulfur Dichloride. 
T o an ice-cold benzene solution (20 cm3) of triethylamine 
(1.687 g, 16.7 mmol) were added simultaneously benzene 
solutions (15 cm3 each) of di-^-butyl ketone hydrazone (1.241 
g, 7.95 mmol) and sulfur dichloride (0.86 g, 8.35 mmol) . 
After stirring for 1 h at room temperature, the deep red 
reaction mixture was washed with water and dried over 
anhydrous magnesium sulfate. T h e visible spectrum showed 
the absence of di-^-butyl thioketone. T L C of the reaction 
mixture also showed that di-^-butyl thioketone was not 
produced in this reaction. Removal of the solvent gave 
1.267 g of red oil, 761 mg of which was subjected to bulb 
to bult distillation to give 251 mg (20%, based on the hy­
drazone) of di-^-butyl thioketone and 43 mg of unidentifiable 
yellow oil. This suggested that the thione was formed by 
the thermal decomposition of the reaction mixture. 

Reaction of Di-l-adamantyl Ketone Hydrazone with Disulfur 
Dichloride. The reaction of the hydrazone (330 mg, 
1.06 mmol) using the above simultaneous addition method 

was carried out at —85 °C, and the yield was determined 
for the reaction solution by the visible spectrum to be 7 1 % . 
After removal of the solvent under reduced pressure, the 
residue was purified by T L C (silica gel, hexane) to give 
195 mg (59%) of di-1-adamatyl thioketone as pink crystals: 
m p 184.5—185.0 °C; N M R (CDC13): 0=1.60—1.80 (18H, 
m) and 2.00—2.30 (12H, m ) ; I R (KBr) : 2950, 1730, 1610, 
1440, 1290, 1220, 1140, 1100, 1020, and 720 cm" 1 ; M S 
mje (rel intensity) 314 (M+, 13), 179 (17), and 135 (100); 
U V : Am a x (benzene) 548 n m (e 16.6), Am a x (hexane) 548 
n m (e 13.9); Found : C, 80.47; H , 9.35; S, 10 .11%. Calcd 
for C 2 1 H 3 0 S: C, 80.19; H , 9 .61; S, 10.19%. 

Reaction of Other Hydrazones with Disulfur Dichloride. a) 
2,2,5,5-Tetramethylcyclopentanone and Fenchone Hydrazones: The 
cyclopentanone (155 mg, 1.0 mmol) and fenchone hydrazones 
were allowed to react with disulfur dichloride in benzene 
at 5 °C by a method similar to that described for di-^-butyl 
ketone hydrazone (the simultaneous addition method) . The 
yield was determined for the reaction mixture to be quan­
titative for both the thiones using the literature values of 
n-77;* absorption.19»20) After removal of the solvent, the 
residue was subjected to bulb to bulb distillation to give 
pure thiones: the cyclopentane thione, 92 mg (58%), bp 
116 °C (121 mmHg); 1 8 ) thiofenchone, 457 mg (54%), bp 
120 °C (10 mmHg).2 0) 

b) Camphor and Benzophenone Hydrazones: The reactions 
of the two hydrazones were carried out by the simultaneous 
addit ion method in benzene at 5 °C. The reaction mixtures 
were analyzed for the corresponding thiones by the electronic 
spectra (n-77;* band) , the yields of thiocamphor19) and thio-
benzophenone20) being 63 and 5 4 % , respectively. The ad­
dition of a solution of the benzophenone hydrazone and 
triethylamine to that of disulfur dichloride and the addition 
of a solution of disulfur dichloride to that of the hydrazone 
and triethylamine gave thiobenzophenone in 8 and 37% 
yields, respectively, as estimated by the electronic spectra. 

Reaction of Hexafluoroacetone Hydrazone with Disulfur Dichloride. 
T o a dichloromethane solution (30 cm3) of triethylamine 
(5.34 g, 52.9 mmol) cooled with carbon tetrachloride-Dry 
Ice ba th at —23 °C, were added simultaneously dichloro­
methane solutions (10 cm3 each) of hexafluoroacetone hy­
drazone (5 g, 27.8 mmol) and disulfur dichloride (3.75 g, 
26.5 mmol) during 1 h. After stirring for 30 min at room 
temperature , precipitated triethylamine hydrochloride was 
filtered off, the filtrate was passed through a short column 
of silica gel, and the solvent was removed under reduced 
pressure to give 4.12 g of a red-purple oil. Bulb to bult 
distillation (bp 110°C, 0.5 mmHg) of the oil gave 1.15 g 
of a red oil, which was subjected to chromatographic separa­
tion (TLC, silica gel, carbon disulfide) to afford 254 mg 
(2.7%) of 7 : bp 110 °C (0.5 m m H g ) ; I R (neat) : 1280— 
1140, 925, 880, 840, 730, and 700 cm" 1 ; Found : mje 341.8250. 
Calcd for C3F6S6 : M , 341.8228. M S : m/e (rel intensity) 
342 (M+, 34), 278 (100), 259 (9), 246 (3), 227 (2), 214 (60), 
and 182 (21). 

Reactions of ß-Ketoenamines with Disulfur Dichloride. a) 
1-Amino-2-ethoxycarbonyl-1-cyclohexene (12a) : T o a solution of 
12a (200 mg, 1.18 mmol) and triethylamine (2.51 mg, 2.49 
mmol) in dichloromethane (20 cm3) was added dropwise 
a solution of disulfur dichloride (168 mg, 1.24 mmol) in 
dichloromethane (10 cm3) at room temperature during 30 
min. After additional stirring at room temperature for 
1 h, the reaction mixture was washed with water and dried 
over anhydrous magnesium sulfate. Removal of the solvent 
under reduced pressure left 271 mg of orange oil, which 

**1 m m H g = 133.322 Pa. 
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was purified by T L C (silica gel, dichloromethane) to give 
14a (203 mg, 74%) as yellow oil: bp 115 °C (0.5 m m H g ) ; 
N M R (GDClg): 0 = 1 . 2 5 (t, 7 = 7 Hz) and 1.0—3.1 (m) 
(11H in total), and 4.16 (2H, q, J =7 H z ) ; I R (neat ) : 2950, 
1730, 1610, 1440, 1290, 1220, 1140, 1100, 1020, and 720 
c m - 1 ; M S : mje (rel intensity) 231 (M+, 17) and 158 (100); 
U V : Am a x (hexane): 380 (e 288), 278 (1890), and 234 nm 
(2010). Found : C, 46.48; H , 5.64; N , 5.92; S, 27 .28%. 
Calcd for C 9 H 1 3 0 2 N S 2 : C, 46.73; H , 5.66; N , 6.05; S, 
27.72%. 

b) 7-Amino-2-ethoxycarbonyl-7-cyclopentene (12b) : T o an ice-
cold solution of 12b (298 mg, 1.92 mmol) and triethylamine 
(427 mg, 4.23 mmol) in dichloromethane (20 cm3) was added 
a solution of disulfur dichloride (286 mg, 2.11 mmol) in 
dichloromethane ( 10 cm3) dropwise during 30 min. The 
color of the solution turned from yellow to black-brown 
at the end of the addition. Trea tment of the reaction mix­
ture gave no identifiable product . 

c) 4-Amino-3-penten-2-one (12c) : The reaction of 12c (1.043 
g, 10.5 mmol) was carried out at 0 °C by the procedure 
described in a). Chromatographic separation (DCG, silica 
gel, CC14) and Kugel Rohr distillation (bp 60 °C, 5 m m H g ) 
gave 15 mg (0.75%) of 14c' as yellow oil: N M R (GDG13) : 
0 = 2 . 0 5 (3H, s), 2.32 (3H, s), and 3.18 (3H, s ) ; I R (neat) : 
3450, 3000—2900, 1720, 1430, 1360, 1080, 820 and 740 
cm" 1 ; M S : mje (rel intensity) 191 (M+, 5), 160 (3), and 
148 (100); U V : Am a x(hexane) 360 {e 271), 282 (3210), and 
244 n m (2710). Found : C, 37.42; H , 4.70; N , 7.49; S, 
33.42%. Calcd for C 6 H 9 N 0 2 S 2 : C, 37.68; H , 4.74; N , 
7.32; S, 33.52%. 

When a dichloromethane solution (10 cm3) of disulfur 
dichloride (911 mg, 6.75 mmol) was added to an ice-cold 
dichloromethane solution (20 cm3) of 12c (318 mg, 3.21 
mmol) , triethylamine (1.36 g, 13.5 mmol) , and methanol 
(0.1 g, 3.21 mmol) , 326 mg (53%) of 14c' was obtained 
after a similar work up to the above. 

d) Ethyl 3-Amino-2-butenecarboxylate (12d) : A similar reac­
tion with 12d (372 mg, 2.89 mmol) to that in c) in the pres­
ence of methanol (92 mg, 2.89 mmol) gave a brown reaction 
mixture. After washing with water and removal of the 
solvent, it gave black-brown oil (555 mg) , which was sub­
jected to chromatographic separation (DCC, silica gel, dichlo-
romethane-carbon tetrachloride 1:1) to give 14d' (221 mg, 
35%) as brown oil. I t was purified by distillation (bp 
I 1 0 ° C , 3 mmHg) to give 194 mg of yellow oil: N M R 
(CDCI3): 0 = 1 . 3 0 (3H, t, J = 7 Hz) , 2.15 (3H, s), 3.18 (3H, 
s), and 4.22 (2H, q, J = 7 H z ) ; I R (neat ) : 3000—2900, 
1740, 1440, 1260, 1100, and 740 c m - 1 ; M S : mje (rel intensity) 
221 (M+, 9), 172 (31), 162 (38), 148 (100), 127 (64), and 
126 (81); U V : Am a x(hexane) 352 (e 273), 275 (2930), and 
202 n m (3620). Found: C, 38.18; H , 4 .85; N , 6.29; S, 
29 .65%. Calcd for C 7 H n N 0 3 S 2 : C, 37.99; H , 5 .01; N , 
6.33; S, 28 .98%. 

e) 4-Amino-3-methyl-3-penten-2-one (12e) : T h e reaction of 
12e (3.56 g, 31.5 mmol) was carried out by the method 
described in a). After usual work up , purification by Kugel 
Rohr distillation (bp 83 °C, 6 mmHg) afforded 14e (4.59 
g, 83%) as yellow oil: N M R (CDC13): 0 = 1 . 7 7 (3H, s), 
2.05 (3H, s), and 2.41 (3H, s ) ; I R (neat) : 2980, 2930, 1710, 
1600, 1430, 1360, 1190, 1090, 960, and 730 cm" 1 ; M S : 
mje (rel intensity) 175 (M+, 14), 132 (100), 91 (4), 74 (15), 
59 (39), and 43 (68); U V : Am a x(hexane) 390 (e 376), 352 
(338), 280 (1530), and 236 n m (1980). Found : C, 41.39; 
H , 5.26; N , 8.11; S, 36.22%. Calcd for C 6 H 9 N O S 2 : C, 
41.12; H , 5.18; N, 7.99; S, 36 .58%. 

f) 4-Amino-3-methyl-4-phenyl-3-buten-2-one (12f): The 
yellow reaction mixture obtained from the reaction of 12f 
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(300 mg, 1.71 mmol) by the procedure described in a) was, 
after usual work up , subjected to Kugel R o h r distillation 
to give 14f (30 mg, 6.4%) as yellow oil which solidified 
upon s tanding: bp 110 °C (6 m m H g ) ; m p 68—69 °C; N M R 
(CDCI3): 0 = 1 . 8 2 (3H, s), 2.37 (3H, s), and 6.9—7.4 (5H, 
m ) ; I R (KBr) : 1705, 1370, 1350, 1200, and 6 9 0 c m " 1 ; M S : 
m/e (rel intensity) 237 (M+, 9), 194 (100), 136 (13), 104 (15), 
91 (46), 77 (17), 59 (26), and 43 (32): U V : Am a x(hexane) 
408 (e 2340), 348 (2450) 310 (3300), and 246 n m (9120). 
Found : C, 55.35; H , 4.46; N , 5.69%. Calcd for C n H n -
N O S 2 : C, 55.67; H , 4.67; N , 5.70%. 

g) Ethyl 3-Amino-2-methyl-2-butenoate (12g) : T h e reaction 
of 12g (515 mg, 3.60 mmol) by the method described above 
gave a brown reaction mixture, the usual work up of which 
afforded no characterizable product . 

T h e a u t h o r s a r e g ra te fu l to Professor N o b u o 
I s h i k a w a of T o k y o I n s t i t u t e of T e c h n o l o g y for a g e n ­
e rous gift of h e x a f l u o r o a c e t o n e . 
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Absolute Intensity Measurement of the v4 Band of Fluoroform 
by the Use of a Tunable Diode-laser Source 
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The absolute infrared absorption intensities have been measured for the P35(35) and P36(36) lines, which 
belong to the Î>4 fundamental of fluoroform, by the use of a tunable diode-laser source. The observed intensity, 
r, was 5360+220 cm2 mol -1 . This intensity value was compared with that observed by the conventional method. 

The absorption intensities of the vibration spectra 
of gaseous molecules have been discussed as the inten­
sities integrated over the whole absorption bands. 
This has been largely due to the fact that the limited 
resolution of a dispersion-type spectrometer is insuf­
ficient to observed individual vibration-rotation lines. 
Therefore, the experimental method based on the 
theory of Wilson and Wells1) has conventionally been 
employed. In their method, the total pressure in the 
absorption cell is raised so that the rotational fine 
structures are completely smeared out, giving the band 
a smooth contour; this reduces the error resulting 
from the finite instrumental line-width. The dis­
advantage of this method is that the observed intensity 
value can be spoiled by some systematic errors. The 
two main origins of the systematic errors a re : 

1) the existence of hot bands originating from the 
combinations between the vibrational mode in ques­
tion and the other modes, 
and 

2) the existence of the accidental coincidence of 
vibrational-energy levels. 

I t em 2) can further be divided into two categories: 
the anharmonic resonance (Fermi resonance) and the 
Goriolis interaction. 

A high-resolution method has an advantage over 
the conventional method with respect to these prob­
lems. In the high-resolution method, it is enough 
to observe the intensities of several vibration-rotation 
lines in determining the intensity for the whole band. 
Since the instrumental line-width can be narrower 
than a Doppler width, two peaks whose frequency 
separation is larger than the Doppler width can be 
observed separately. Usually the molecular constants 
of the hot bands are slightly different from those of 
the fundamentals. Therefore, it is possible to detect 
this slight difference and to observe a spectrum cor­
responding to a single vibration-rotation transition. 
As for the problem of resonances, it should be remem­
bered that it is the vibration-rotation levels that really 
interact with each other. Therefore, even if there 
are degeneracies with respect to the vibrational levels, 
only some vibration-rotation levels are considerably 
perturbed. The other vibration-rotation levels may 
be too far from their counter levels. Thus, it is pos­
sible to estimate the pure intensity for the vibration 
by observing the resonance-free transitions to these 
unperturbed vibration-rotation energy levels. 

The purpose of this study is to examine the ex­
perimental possibility of intensity observation for a 
vibration spectrum by the use of a tunable diode-

laser source spectrometer and to compare the intensity 
thus observed with that observed by the conventional 
method. Fluoroform was chosen because we have 
already determined its molecular constants on the v± 
fumdamental.2) The vibrational intensity for the *>4 

fundamental has also been reported as determined 
by the use of a conventional method.3) 

Exper imenta l 

Commercial fluoroform of a 99.95% purity was distilled 
several times just before the measurement. The sample 
cell was made of a Pylex tube (30 mm in diameter and 150 
cm in length) with GaF2 windows at its ends. The end 
planes of the Pylex tubes had been ground by means of 
a diamond grinder to make an angle of about 88° to the 
optical axis of the tube, thus avoiding interference. In 
order to produce the optimum transmittance under an 
appropriate pressure, it was often necessary to use several 
sample cells in a series. These cells were connected to a 
usual glass and grease manifold. The temperature of the 
sample was believed to be equal to the room temperature. 

The measurement of the sample pressure is a critical 
problem in this kind of work. In the present experiment, 
a variable-inductance transducer (Tsukasa Sokken, model 
P90DL channeled to a special carrier amplifier) was con­
nected to the vacuum system. By introducing air into 
the system, we calibrated the transducer against an MKS 
Baratron. We could not use the Baraton itself for our pres­
sure measurements because the surface of the diaphragm 
is corroded by fluoride and so can be damaged by the sample 
fluoroform. The nonlinearity of the P90DL was estimated 
to be 4% up to 200 mTorr.tt This figure can serve to indicate 
the relative accuracy of the instrument as long as the Baratron 
is accurate. Although the transducer is rather sensitive 
to the temperature change, we did not use any thermo-
statting equipment in this work, for the room temperature 
was controlled well enough. It was recognized that the 
pressure of the system increased by 2—3% during the in­
tensity measurement; this increase was ascertained to stem 
from the evaporation of the vacuum grease. 

A laser diode, in a closed-cycle refrigerator operating 
at about 20 K, served as the source of monochromatic radia­
tion. The emitted energy was focused on the en trace slit 
of a grating monochromator, which served both for the 
coarse frequency calibration and for the isolation of discrete 
laser modes. A mechanical vibrating chopper, operating 
at 400 Hz, was placed immediately before the entrance 
slit. The laser from the exit slit of the monochromator 
passed through the sample cells and was focused onto a 
HgCdTe or PbSnTe detector kept at 77 K. The chopped 
signal was amplified and fed to a lock-in amplifier, whose 
reference was obtained from the chopper. The DC signal 

tt 1 Torr =133.322 Pa. 
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Fig. 1. The block diagram of the experimental ar­
rangement for the intensity measurement. 
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Fig. 2. The spectra for P35(35) and P36(36) of the 
vA fundamental of fluoroform. 

was channeled to an X-T recorder. The signal was strong 
enough for us to record lines with a high signal-to-noise 
ratio with a rather short time constant (300 ms) in com­
parison with the time needed to record an absorption line. 
Lines were identified in reference to the neighbouring lines. 
The FWMH (full-width at half maximum) was measured 
relative to the separation of three line peaks, with the middle 
one being measured. Figure 1 illustrates the experimental 
arrangement. 

R e s u l t s a n d D i s c u s s i o n 

Observed Spectra. Figure 2 shows the spectra 
observed for the PP35(35) and PP36(36) lines of fluoro­
form. The length of the cell was 300 cm, and the 
pressure was 13.6 mTorr . The observation was made 
at 293 K. As the accurate frequencies had already 
been determined for these lines,2) the F W H M ' s could 
be estimated for these two lines. They were 59.7 
MHz for PP35(35) and 63.3 M H z for PP3 6(36). I t is 
probable that these two line-shapes are governed by 
the Doppler broadening, for the calculated Doppler 
width is 60.5 M H z in this frequency region ( H C F 3 = 
70, T = 2 9 3 K ) . This postulation seems reasonable if 
the following three points are taken into account: 

1) the line-width due to the collision broadening 
is of the order of 0.1 M H z (the pressure-broadening 
parameter for fluoroform is 18 MHz/Torr 4 ) ) , 

2) the instrumental line-width can be narrower 
than l O ^ c m - 1 (3 M H z ) , 
and 

3) the synthetic spectra calculated from the precise 

molecular constants2) predict no overlapping from 
other lines with considerable intensities. 

Determination of the Line Intensity. The absorp­
tion intensity associated with the transition from the 
energy level, i, to another energy level, j , is defined 
by this relation: 

Su = f"jWdv> (1) 

where k(v) is the absorption coefficient which appears in 
the Lambert-Beer law: 

I{v) = I0(v)exp(-k(v)x). (2) 

In Eq. 2, I0 and / correspond to the intensities for 
the incident and transmitted light respectively. X is 
a measure of the number per unit of area of the ab­
sorbing molecules occurring along the direction of the 
propagation of the radiation in the sample gas. If 
the absorbing molecules are at a certain concentra­
tion, n, and are contained in a space with a certain 
length, /, in the direction in which the radiation travels 

X = nl. (3) 

Knowledge about the dependence of the absorp­
tion coefficient on the frequency is needed to estimate 
S^ from Eq. 1. T h a t is, the explicit expression for 
the distribution function; 

kiy) =Sisf(v-v0), (4) 

must be known. In the present study, f can be con­
sidered to have the form of a Doppler profile under 
appropriate conditions. Defining AvB as a F W H M 
of the Doppler limited-absorption line, the following 
normalized distribution function is obtained: 

/ ( " - " „ ) = - ^ ^ - e x p [ - ( l n 2 ) { ( . - , 0 ) / ( A v D / 2 ) } 2 ] . 

(5) 

By combining Eqs. 4 and 5, one can get this expression : 

$ , = 1.0645 * K ) A * D , (6) 

which shows that only knowledge about the absorp­
tion coefficient at the peak frequency is required to 
evaluate the line intensity as long as the line shape 
is approximated by a Doppler profile. 

The absolute line intensities estimated from Eq. 6 
are summarized in Table 1. In the estimation, we 
used the theoretically estimated Doppler width, AvB= 
60.5 M H z , instead of the experimentally observed line-
widths, because the experimentally observed line-
widths were not accurate enough for the quantitative 
work; this may be due to the irregularity in the scan 
rate of the electric current fed to the diode. 

Determination of Transition Moment for the v± Funda­
mental. The absolute line intensity defined by 
Eq. 1 can have another form in the quantum-mech­
anical expression. The time-dependent perturbation 
theory has shown tha t : 

8TT 

3hc - W - # i > i j | / * i j | , (7) 

where h is Planck's constant; c, the velocity of light; 
Ns, the molecular density of the energy level, E8 (E^ > 
E^; vl}, the transition frequency, and //lj5 the tran­
sition dipole moment. Suppose that the molecules are 
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TABLE 1. TRANSITION DIPOLE MOMENT DEDUCED FROM ABSORPTION LINES IN V4 OF HCF3 

Line 

pP35(35) 

^ ( 3 6 ) 

Pressure 
mTorr 

( 13.6 
( 21.7 

( 13.6 
( 21.7 

Intensity S 
cm2 atm 

0.153 
0.163 

0.310 
0.302 

\Mij\ 

D 

0.110 
0.113 

0.112 
0.111 

( • dß 4 

- ) < 0 | £ 4 K = 1 > | / D 

0.111 
0.115 

0.114 
0.113 

a) Z>(Debye) = 10"18 g1/2 cm5/2
 s-\ 

in thermal equilibrium; that is, the molecules follow 
the Boltzmann distribution. Then, the density of mol­
ecules in the energy level, Es, can be expressed as; 

Ns = Ngsexp(-Es/kT)/Z, (8) 

where N is the total molecular density and gs, the 
degree of the degeneracy of the level, s. The estima­
tion of gs has been discussed in the previous paper.2) 
Z is the total partition function, which can be eval­
uated by computor calculation. In this evaluation, 
we considered the rotational levels belonging not only 
to the vibrational ground state, but also to the v3=\ 
and v6=l states. As the band origins a re : *>3=700 
c m - 1 and ^6 = 507 cm - 1 , the number of molecules in 
these energy levels at room temperature cannot be 
neglected. The vibrational-energy levels higher than 
1000 c m - 1 (2v6, v2, v5, vs+v6, *>4, 2*>3, etc.) were neg­
lected because the distribution density is very small. 
Then, Z can be expressed as the sum of the partition 
functions for three vibrational levels: 

Z = Z0 + Z3 + Z6. (9) 

For example, the explicit formula for Z 0 is: 

Z0=J1 S (2J+l)gKgiexp(-EjK/kT), (10) 
J=oj=-j 

where EJK is equal to the E(J,K) of our previous 
paper,2) and : 

gK = 1 for K = 0, 

gK = 2 for K ± 0, 

gl = 2 for K = 3n (n=l, 2, 3, •••), and 

gi= I for K^ 3n. 

The summation was executed until the term newly 
added became less than 10 - 1 0 of the sum theretofore. 
Z 3 and Z 6 were calculated in the same way, special 
attention being paid to the symmetry species of the 
vibration-rotation energy levels (z>3=l, Ax\ vß=\, E). 
The result was: 

Z= 45836 + (3.21 Xl0-2) x 45991 + (8.26 x 10"2) X 91875 

= 54904, (12) 

where (3.21 X 10-2) and (8.26 X 10~2) are the Boltzmann 
factors for z>3=l and z>6=l respectively. The tran­
sition dipole moments thus obtained are shown in 
Table 1. 

O n calculating the transition moment from the ob­
served line intensities, we have to pay much atten­
tion to the mixing of the energy levels. In the case 
of the v± fundamental of fluoroform, the possible per­
turbations are the x-y type Goriolis interaction with 
2vs and the /-type resonance. Fortunately, for the 
cases of PP35(35) and PP36(36) we do not have to con-

(11) 

sider the existence of the x-y type Coriolis interac­
tion, because there are no counter levels in the 2vz 

state.5) The presence of the /-type resonance is not 
a critical problem for the determination of the tran­
sition moment. The degree of the mixing can be 
calculated exactly, for the eigenvectors can be cal­
culated from the constant #4.

6) However, there are 
no interacting pairs for these transitions.7) In other 
words, 10, 1 : y , y , — 1 > remains the eigenfunction 
of the overall Hamiltonian, and J, k, and / are good 
quan tum numbers. The matrix elements of the direc­
tion cosine can then, readily be calculated.8) 

Now, the transition moment corresponding to the 
*>4 fundamental can be derived. By expanding the 
components of the electric dipole moment with re­
spect to the normal coordinates, we obtain: 

df*x 
M* = (M* 

k 

/ g f e \ 

ak=o 
Q,k + (13) 

and by neglecting the terms higher than the quadratic, 
we can express the matrix element of px by this rela­
tion: 

<oi / i ,k4=i> = ( - ^ - ) < o i a 4 i ^ = i > . (i4) 

The constant term of Eq. 13 vanishes so long as the 
anharmonicity is neglected. The numerically esti­
mated values of Eq. 14 are summarized in Table l.8) 

Comparison with the Results Obtained from the Conventional 
Method. The observed transition-moment values 
were converted into the absolute absorption-intensity 
values in order to compare the present results with 
the absorption intensities obtained by conventional 
method.3) The relation between the absolute inten­
sity, F, and the transition moment is: 

r = 
8TT3 

-W-Ni) ( ! & > ' a«i*4=i> (15) 

This equation has the same form as Eq. 7 when F is 
replaced by S^/v^. \uii\

2 can be written for a vibra­
tional transition as: 

l<o" l /<Fk>| 2 = | < 0 | / / x k = l > | 2 + |<0 | / / y |»=l> 2 

= 2 |<0 | /* X K-1> | 2 . (16) 

The coefficient of 2 corresponds to the degeneracy 
of the vibration, which is designated as k in Eq. 15. 
Again, the vibration-rotation partition functions were 
considered for the estimation of Ns. In Table 2, 
the r values calculated from Eq. 15 are compared 
with those obtained by the conventional method. The 
error for F was considered to arise mainly from the 
errors in the pressure measurement. The direct com­
parison of these intensity values is not possible because 
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TABLE 2. ABSOLUTE INTENSITIES r/cm2 mol - 1 

5360 ±220 
6360+312 
4960+240 

Present result 
S. Saeki et al.&) 

b ) 

a) S. Saeki, M. Mizuno, and S. Kondo, Spectrochim. 
Acta, Part A, 32, 403 (1976). b) The intensity for the 
Î>4 fundamentaal calculated from the value of a), as­
suming r = 293K. 

the intensity values observed by the conventional 
method contain not only the absolute intensity for 
the *>4 fundamental, but also the absolute intensities 
for such hot bands, like v^>v%-\-v^ and v3-^v3-\-v^ 
or overtones like 2v3. For the subtraction of the con­
tributions from these hot band, knowledge about the 
types of transitions and the intensities of these hot 
bands is necessary. As the symmetry species of vß 

is E, the resultant level, ^3+*>6, has the symmetry 
of A1-\-A2-\-E. The direct product of the species of 
these two states: 

E x (Ai+Az+E) = A1 + A2 + 3£ 

shows the types of transition. The intensity of the 
A±+A2 type band is supposed to be quite weak, for 
it is governed by a higher-order derivative of the 
dipole moment. The v^>v^-\-v^ transition belongs to 
E. In order to discuss the overtone problem, it is 
necessary to know the magnitude of |<0|juJ*>3=2>|. 
However, as we do not see any bands with considerable 
intensities in the 1400 c m - 1 region of the survey spec­
tra, 2v3 is supposed to be quite weak, and so its con­
tribution to r might be negligible. Thus, we can 
estimate the relative intensities of these hot bands 
by calculating the Boltzmann factors. 

Although Saeki et al. do not describe the tempera­
ture explicitly in their report,3) we assumed that their 
intensity measurement had been carried out at 293 
K. Then, the intensity value of Ref. 3 can be cor­
rected for the hot-band effects. The intensity value 
of 6360 cm2 m o l - 1 is reduced to : 

6360 x 
1+3ex<-J^)+ex<-2ir) 

4960. 

This intensity value agrees with our present result 
within the limits of experimental error. This, in turn, 
suggests that the present experimental procedure is 
effective enough to observe vibrational intensities with 
a high accuracy. 

Effect of x-y Type Coriolis Interaction on Line Intensity. 
As the method is established for determining the line-
intensities of individual rotation-vibration lines, it is 
of some interest to see the effects of an x-y type 
Coriolis interaction on line-intensities. For this pur­
pose, we observed the line-intensities for the pPj_6(y) 
series lines, because it has been established in our 
previous work2) that the x-y type Coriolis interac­
tion affects the energy levels of this line-series con­
siderably. 

A part of the observed results are summarized in 
Table 3. In can be seen from the table that the 
effective transition moment, \Mti\9 decreases in mag-

T A B L E 

Line 
pP24(30) 
pP27(33) 
pP3o(36) 

3. L I N E INTENSITÉS 

S/cm2 atm-1 

0.277 
0.237 
0.191 

OF P P j - -e(7) 

Mi*l*> 

0.121 
0.117 
0.111 

Z>(Debye) = 10~18 g1/2 cm5/2 s"1. 

nitude with the increase in J and K values for z>4=l. 
Using the spectral data for the 2v3^-v3 band obtained 
by Graner et al.,9) together with the molecular con­
stants related to the v± band,2) we can ascertain that 
the energy level of the | f l 4 =l , J, K=J— 6 > state is 
lower than the of \v3=2,J,K=J—5> for J>36, and 
vice versa for J<36. Therefore, the intensity behaviour 
of Table 3 may be explained by Coriolis coupling 
with the 2v3 band, whose intensity is rather weak 
in comparison with that of *>4. 

If we take a Coriolis interaction and a /-type res­
onance into account, the wave-function of an excited 
state may be expressed as: 

v = ^ ; ( o 4 = i , j , K+\) + bf0(oz=2, j , K) 

+ c<P'_(vt=l,J9K-l), (17) 

where <z, b, and c are constants. As the effect of the 
/-type resonance is negligible in the present case,2) 
Eq. 17 can be simplified as: 

# = cosj0#fo = 2, J, K) + sin^'_(i>4 = 1, J , K- 1) 

# = - a i i i 0 # f a = 2, J, K) + cos/W_(»4=l, / , K-\) 

where : 

AE 
cos2/? = -77—, and sin2/? = 

2r 
-£: 334 

(18) 

L / C / + i ) - * ( * - i ) ] V 2 

with 

r = [(-~^)2 + &»uv+i)-K(K-mr", 
In the above relations, AE represents the energy dif­
ference between two unperturbed states, \v3=2,J,K> 
and | P 4 = \,J,K—1>. The transition moment corre­
sponding to the transition from the ground state, <p\ is: 

<r\n\4>>> = -sin/K^''M^> + COS/K^'M^:> 
= -sin^.Afr.Affc

fc + cos^.Afs.Affc
fc-1, (19) 

where : 

and 

M, 

Ms 

-(wK- k=2> 

= ( ! & ) < 0 | ( i * k = i > 

and Mk"
k' is a direction cosine matrix element. Thus, 

the rotation-vibration line-strength is shown to be 
proportional to this value: 

K 0 " M # > l a = cos2ß(MsMk
k~1)2 - sin2ßMrMsMjckMk

k-i 

+ sin2ß {MrMk
k)2 

= {cos2ß-ocun2ß + a.2sm2ß){MsMk
k-1)2

t (20) 

where : 

MrMuk 

* MsMk*-i * 
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According to the experimental results of Table 3, 
the line internsity of the v4 band decreases with the 
decrease in the energy difference between the levels 
interacting with each other through the Goriolis res­
onance. Therefore, the second term of Eq. 20 is 
positive; that is, 

a sin 2ß > 0 

and, accordingly;10) 

^MrMg > 0. (21) 

The relation of Eq. 21 has been referred to as an "posi­
tive perturbat ion," following Mills, Smith, and Dun­
can.11) As the v3=2 state has not yet been studied 
with sufficient accuracy, though, the quantitative anal­
ysis of line intensities based upon Eq. 20 is left for 
the future. We can only conclude at this stage that 
the observed line-intensity values show that the per­
turbation is positive. 

References 

1) E. B. Wilson, Jr., and A. J . Wells, J. Chan. Phys., 
14, 578 (1946). 

2) S. Sofue, K. Kawaguchi, E. Hirota, and T. Fujiyama, 
Bull. Chem. Soc. Jpn., 54, 897 (1981). 

3) S. Saeki, M. Mizuno, and S. Kondo, Spectrochim. 
Acta, Part A, 32, 403 (1976). 

4) C. H. Townes and A. H. Shawlow, "Microwave 
Spectroscopy," Dover Publications, New York (1955). 

5) The matrix elements of the Hamiltonian for the 
Goriolis interaction between v4 and 2vz are expressed as: 

(v, = 2, v,=0; J,K,l=0 \Hc\ us = 0, uA=l; J, K±l, 

l=±l} = ±?334[7(y+l)-*(*±l)]1/2. 
Notice that J>K. 

6) For the definition of qi9 see Ref. 2. 
7) The perturbed energies can be obtained from the 

diagonalization of a 2 x 2 matrix of the form: 

mj, K-\, -\) w i 
L W E(J,K+l, +1)J. 

8) The following relations are used, where DfF is a matrix 
element of a direction cosine matrix: 

(J±k+l)(J±k+2) 
l<7 k\DxP\j+i, k±iy\* = 

|<7 k\DxP\J, A±l>|s = 

2(7+1) (2/+1) 
(7T*)(7±*+1) 

l<7, *|2>»,|y-i, *±i>|« = 

27(7+1) 
(7+*) (7+*+i) 

27(27+1) 
9) G. Graner, R. Anttila, and J . Kaouppinen, Mol. 

Phys., 38, 103 (1979). 
10) 

M M,k 

sin2ß=itiïà=ï{~^3i)UU+1)-*^-1)]172/*-
As MK/MK'1 is negative, the product, ?334AfrMA, 

is positive. Therefore, we obtain this relation: 

Hw)v^)>0-
11) I. M. Mills, W. L. Smith, and J . L. Duncan, J. Mol. 

Spectrosc, 16, 349 (1965); G. DiLauro and I. M. Mills, 
ibid., 21, 386 (1966). 
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The kinetics of oxidation of dimethyl sulfoxide (DMSO) by peroxomonosulfate (PMS) was carried out in 
aqueous H 2S0 4 medium (0.1—0.5 M H+î) and in buffered media, pH=4.6 and 7.0, at temperatures, 10 and 20 
°G. The reaction obeys a total second order kinetics, first order each with respect to [PMS] and [DMSO]. The 
rate was found to be immeasurably fast at p H > 9 and T > 2 0 °G. In strong acid medium, [H2SO4]=0.1—0.5 
M, the reaction was found to follow an inverse first order dependence on [H+]. The rate law for the disappear­
ance of PMS is found to be 

Rate - {Ara+^H+^HPMSHDMSO] 
indicating both the acid-independent and inverse acid-dependent reactions occurring concurrently. Dimethyl 
sulfone was identified as the oxidation product and the reaction stoichiometry, [DMSO]:[PMS] was found to 
be 1:1. The kinetic and thermodynamic parameters evaluated strongly suggest the nucleophilic substitution 
mechanism characteristic of peroxides. A comparison is also made with the corresponding reactions of the sim­
ilar peroxides, H 2 0 2 , S208

2-, P208
4- , and H2P05~. 

There are many investigations on the oxidation of 
organic and inorganic compounds by the well-known 
oxidant, peroxodisulfate,1»2) S208

2~, whereas the cor­
responding monoperoxo compound, namely peroxo­
monosulfate, H S 0 5 ~ has received relatively little at­
tention despite the fact that it is known to chemists 
nearly a century ago.3) Peroxomonosulfate can be 
regarded as mono substituted hydrogen peroxide in 
which one of the hydrogens is replaced by a S 0 3 group. 
Metal ion catalysed4) and uncatalysed5) thermal de­
composition of peroxomonosulfate (PMS) and oxida­
tion of chloride and halide6) and nitrite7) ions have 
already been carried out by Edwards and coworkers. 
Recently radiolytic chain decomposition8) and oxida­
tion of azide, azidopentamminechromiun(III)9) and 
tris (2,2'-bipyridine) iron (II)10) by peroxomonosulfate 
have been carried out. I t has been observed that 
peroxomonosulfate is a better oxidant than peroxo-
disulfate in the reaction with halide ions. 

I t was the intention of the authors to utilize per­
oxomonosulfate in the oxidation reaction of various 
substrates to explore the possibility of its synthetic 
utility. As a part of this goal, dimethyl sulfoxide, 
which is emerging not only as a solvent but also as a 
versatile reagent, was chosen as the substrate for the 
present investigation to find out the ease with which 
an aprotic solvent is oxidized by peroxomonosulfate. 
In general, peroxoacids11»12) are found to be effective 
oxidants in bringing about the oxidation of sulfides 
and sulfoxides. In the reactions of sulfides, it is in­
ferred that the nucleophilic attack is made by the 
sulfur of sulfides on the peroxo oxygen of the oxidant 
and the reverse was found to be true in the case of 
sulfoxides. Peroxomonosulfate may resemble either 
peroxodisulfate (free radical mechanism) or organic 
peroxides (ionic mechanism) in its reactions. The 
present investigation focuses attention on (i) the ki­
netics of the reaction with the concurrent effect of 
p H and high acidity since the peroxides are prone 
to acid-catalysis (ii) mechanistic aspects with the ki-

t 1 M = 1 mol dm~3. 

netic and thermodynamic reasoning and (iii) the com­
parative behaviour of P M S with those of H 2 0 2 , S 2 0 8

2 _ , 
P 2 0 8

4 _ , and peroxomonophosphate, H 2 P 0 5 ~ , in ef­
fecting the oxidation of D M S O . 

E x p e r i m e n t a l 

All the chemicals used were of analar grade. Potassium 
peroxomonosulfate was donated by Du Pont Chemical Co., 
U.S.A. under the trade name "oxone." It is a triple salt 
with the composition 2 KHSO s • KHS0 4 • K2S04 . The purity 
of this salt was estimated by cerimetry using ferroin indicator, 
as well as by iodometry and was found to be 96% pure. 
Tests with permanganate showed the absence of free hydro­
gen peroxide. No attempt was made to further purify 
this compound because all previous attempts have been 
reported unsuccessful.8) From the methods of preparation 
of this compound, it is assumed that K H S 0 4 or K 2 S0 4 or 
both might account for the 4% difference between the for­
mula and the analysis results8). Other chemicals such as 
dimethyl sulfoxide (Fluka), KI, Na2S203-5H20, NaH2P04 , 
Na2HP04 , GH3GOOH, and GH3COONa (BDH) were all 
analytical grade samples. Perchloric acid (60%) was from 
E. Merck and all these chemicals were used as such. 

Experiments were carried out in buffered media, pH 
4.6 and 7, and in acidic medium provided by 0.1 to 0.5 
M H2S04 . In buffered media, it was always necessary to 
use a high concentration of the buffer (0.1 M) since the 
product, HS04~, is a stronger acid than the oxidant, HS05~. 
Under the present experimental conditions, no spontaneous 
self-decomposition of peroxomonosulfate, even up to pH 
12, was observed. The kinetics of the reaction was follow­
ed by estimating the amount of peroxomonosulfate disap­
peared by iodometry at different time intervals. The rate 
constants were obtained using integral method. The stoi­
chiometry of the reaction was determined by taking a known 
excess concentration of peroxomonosulfate over dimethyl 
sulfoxide and allowing the reaction to completion at room 
temperature (30 °G). Different concentrations of DMSO 
(0.01—0.04 M) and PMS (0.02—0.08 M) were taken and 
after the reaction was over, the remaining PMS was es­
timated by iodometry. The stoichiometry of the reaction, 
[DMSO] : [PMS] in all the concentration range studied, 
was found to be 1:1. The only product of the reaction was 
identified to be dimethyl sulfone, a white solid, mp 109 °G; 
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IR: j>s = 0 at 1310 and 1140 cm-1, characteristic of sulfones. 
The error limits of the kinetic constants were calculated 
by the method of least squares. Duplicate experiments 
were carried out to check the reproducibility of the results 
and it was found that the results were reproducible within 
the error of ± 5 % . 

R e s u l t s a n d D i s c u s s i o n 

All the experiments were carried out under pseudo-
first-order conditions with [DMSO] at least ten times 
higher than that of PMS. The experiments could 
be done only at two different temperatures, 10 and 
20 °G, and at higher temperatures, the reaction was 
found to be immeasurably fast. Plots of log [PMS] , 
versus t ime/min (Fig. 1) were found to be linear show­
ing a first-order dependence on [PMS] . The pseudo-

1.5 2.25 

Time/min 

Fig. 1. First-order kinetics in [PMS]. pH=4 .6 ; ju= 
0.12 M, r = 2 0 ° C ; [DMSO]-0.125 M; [PMS] = 
2,4,6,8,10xlO-3M (A—E). 
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Fig. 2. Evaluation of pseudo-first-order rate con­
stants at different [DMSO]. pH=4 .6 ; ^ - 0 . 1 2 M; 
r = 2 0 ° C ; [PMS]=4.3xlO~ 3 M; [DMSO]-5,7.5,10, 
12.5X10-2 M (A—D). 

first-order rate constants, k'/s'1, evaluated from the 
slopes of the above plots were found to be independent 
of the initial concentration of PMS (Fig. 1), further 
confirming the first-order dependence on [PMS]. The 
plots of log [PMS] j vs. time at different initial con­
centrations of D M S O and at a fixed concentration 
of P M S were found to be linear (Fig. 2) and the pseudo-
first-order rate contants, k\ evaluated from these plots 
were found to increase with increase in [DMSO] . 
Plots oîk' vs. [DMSO] were found to be linear passing 
through origin (Fig. 3) showing a first-order dependence 
with respect to [DMSO] also. From the slopes of 
the above plots, the second-order rate constants, k2 

(dm3 m o l - 1 s - 1) , were evaluated. In acid medium 
( H 2 S 0 4 ) , the values of k2 were found to decrease with 
increase in [H + ] (0.1—0.5 M) and the plot of k2 vs. 
[H+] was found to be linear with negative slope show­
ing an inverse first-order dependence on [H + ] and 
consequently the plot of k2 [H+] vs. [H+] was linear 
with intercept on the ordinate (Fig. 4). The varia­
tion of p H from 4.6 to 7 was found to increase the 
rate (Table 1) and the reaction at p H > 9 was found 

0.125 0.025 0.05 0.075 0.1 

[DMSO]/M 

Fig. 3. First-order dependence on [DMSO]. plot A: 
pH 4.6; plot B: pH=7 .0 ; ,u=0.12 M; !T=20 °G. 
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Fig. 4. Effect of [H+] on k2. JLI=0.6M; T=20°C. 
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TABLE 1. KINETIC AND THERMODYNAMIC PARAMETERS 

T 
pH 

4.6 

7.0 

0.3MH+ 

T 
°G 

10 
20 
10 
20 
10 
20 

k2 x 102 

dm3 mol - 1 s - 1 

4.80 
9.90 
6.91 

13.36 
4.93 
8.83 

£a 
kj moi-1 

50.2 

45.6 

40.2 

AH* 
kj mol-1 

47.7 

43.1 

37.7 

AS* 
J deg - 1 mol - 1 

- 1 0 1 . 7 

- 1 1 4 . 7 

- 1 4 6 . 1 

AG* 
kj mol-1 

77.5 

77.5 

80.8 

to take place instantaneously and consequently no 
experiment was done at p H > 7 . The presence or 
absence of atmospheric oxygen was found to have 
no effect on the reaction rate. Added acrylonitrile 
monomer was found to polymerize in deaerated reac­
tion systems containing (i) acrylonitrile and P M S and 
(ii) acrylonitrile, P M S , and D M S O when [ D M S O ] < 
[PMS] . However, when the concentration of D M S O 
was increased to greater than ten times that of PMS, 
complete suppression of polymerization occurred and 
consequently no polymer formation was observed. 
This indicates that at low concentrations of D M S O 
and in the absence of it, the polymer formed was 
only due to the direct reaction between P M S and 
acrylonitrile and not due to the formation of any 
radical intermediate in the reaction between D M S O 
and PMS. The absence of any radical intermediate 
was also confirmed ESR by experiments.13) D M S O and 
PMS were mixed in the ESR cavity in a flow system14) 
and the ESR measurements were taken. No ESR signal 
corresponding to any radical species could be seen. 
Since peroxomonosulfate would give rise to ' O H and 

S 0 4 ~ by homolytic scission and S 0 4 ~ and O H " or 
O H and S 0 4

2 _ with reducing agents,10) such very 
reactive radical species, if they are formed, would 
have produced radicals such as CH3

15) from D M S O . 
Experiments were also conducted by mixing P M S 
solution and that of D M S O containing fumaric acid 
in the flow system and ESR signals were looked for. 
Since fumaric acid is an efficient spintrapping 
agent16-18) for O H , SÖ4~, and organic radicals, ab­
sence of any ESR signal confirms positively the absence 
of radicals as the intermediate in the P M S - D M S O 
system. 

Peroxomonosulfuric acid ( H O - O S 0 3 H ) has two ion-
isable protons. Strictly speaking, one is the sulfuric 
acid proton and the other is the hydrogen peroxide 
proton. The pK& value of the sulfuric acid proton 
lies in a high acidity region and that of hydrogen 
peroxide proton4) is 9.4. Since the rate was found 
to be increased enormously as the p H is increased 
and decreased as [H+] was increased and also from 
the nature of A;2[H+] vs. [H+] plot leaving intercept 
on the ordinate (Fig. 4), the following mechanism 
of oxidation involving acid-independent and inverse 
acid-dependent paths may be proposed. 

HO-O-SO, -

(GH3)2SO + HO-OSO3-

-O-O-SO3- + H+ 

(GH3)2S02 + S0 4
2 - + H+ 

(1) 

(2) 

(CH3)2SO + -O-O-SO3- • (GH3)2S02 + S0 4
2 - (3) 

T h e rate equation for the disappearance of P M S is 
given as 

-d [PMS] 
Rate = 

d* 
£a[DMSO][HS05-] 

-f£b[DMSO][S05
2-] 

= £a[DMSO][HS05-] + 

Rate 

£b/C[DMSO][HS05-] 

[DMSO] [PMS] 

[H+] 

- h = K + MT[H+]- \ 

(4) 

(5) 

(6) 

where k2 is the overall second-order rate constant 
and k& and kh are acid-independent and inverse acid-
dependent rate constants respectively. Equation 6 
may be rearranged into a convenient form, 

* 2 [ H + ] = * a [ H + ] + * b [ K ] . (7) 

Using the rate constants at [H+]=0 .1—0.5 M , the 
plot of A;2[H+] vs. [H+] was drawn (Fig. 4). From 
the line of best fit, the value of £ a = 7 . 7 0 x 10"2 M " 1 

was obtained as the intercept. From the slope of 
the above plot, khK, the value of kh = 7.37 x 106 dm 3 

m o l - 1 s - 1 was obtained using the literature value4) 
of K=3.9Sx 10 - 1 0 . I t is seen that kh is approximately 
eight orders of magnitude higher than k&. So, it is 
not surprising that the reaction between D M S O and 
P M S is instantaneous at p H > 9 where P M S exists 
as " O - O - S O g - . This also points to the fact that 
the reaction occurs predominantly with S 0 5

2 _ as the 
active species of P M S . In general, the reactions of 
peroxide are prone to acid-catalysis. The present in­
vestigation is interesting in that an inverse acidity 
dependence is observed. The higher reactivity of 
S 0 5

2 ~ than that of H S 0 5
_ may be considered to be 

in favour of a nucleophilic attack by the peroxide. 
The foregoing kinetic results, second-order kinetics 

and inverse acidity dependence, may suggest a nu­
cleophilic substitution mechanism on the sulfur atom 
in D M S O by P M S as shown below. 

GH3SOGH3 + -O-O-SO3 
ci^.f1 n 

S - 0 - 0 S O 3 -
C H 3 / j 

O 

• (GH3)2S02 + S04*-. (8) 

A similar mechanistic behavior involving the nu­
cleophilic attack of peroxide oxygen on the sulfur 
a tom of sulfoxide has been observed in the oxidation 
of diphenyl sulfoxide by perbenzoic acid.12) There is 
also abundant evidence that peroxo anions are strongly 
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nucleophilic as pointed out in earlier work.19) The 
kientic and thermodynamic parameters, for the pres­
ent investigation, calculated by using standard equa­
tions are presented in Table 1. The thermodynamic 
parameters given are for the overall second-order rate 
constants, k2, obtained only at two temperatures, 10 
and 20 °G because the reaction was immeasurably 
fast above 20 °G. Nevertheless the values of activa­
tion parameters, 

A # * = 37.7 to 47.7 kj mol-1 and 

AS* = - 1 0 1 . 7 to - 1 4 6 . 1 J d e g ^ m o l - 1 

observed by us, are of the same order of magnitude 
as observed by Edwards20) for typical nucleophilic 
second-order reactions, 

Ai /* = 37.7 to 71.2 kj mol-i and 

AS* - - 4 1 . 9 to - 1 4 6 . 5 J d e g ^ m o l - 1 . 

Comparison with the oxidation of sulfoxides by 
other inorganic peroxides: 

Oxidations12»20»21) of sulfides and sulfoxides by hy­
drogen peroxide and organic peroxoacids, are dis­
cussed in terms of nucleophilic reactions. In general, 
the reactions follow a second order rate law, first 
order each with respect to [peroxoacid] and [reduc-
tan t ] . In the case of sulfides, the nucleophilic attack 
on peroxo oxygen is made by sulfur of the sulfide 
and the reverse was found to be true in the case of 
sulfoxides.12) The kinetic and thermodynamic param­
eters are found to be consistent with the mechanistic 
reasonings for an SN2 mechanism. 

Peroxodisulfate oxidation of D M S O has not been 
carried out so far. But from the available data22»23) 
on the sulfoxides, such as diethyl and diphenyl sul­
foxides, it can be understood that the oxidation rates 
at low concentrations of sulfoxides follow a total first 
order kinetics, first order with respect to [S 2 0 8

2 _ ] 
and zero order with respect to [sulfoxide] and a total 
second order, first order each with respect to [S208

2~] 
and [sulfoxide] at higher concentrations of sulfoxide. 
From the observation that oxygen does not affect 
the rate of the diethyl sulfoxide-S208

2 _ reaction, 
Howard and Levitt18»19) suggested that the reactions 
do not proceed by a free radical mechanism. But 
it is argued2) that the increase in the rate of disap­
pearance of peroxodisulfate ion in the presence of 
sulfoxide and the zero order dependence upon sul­
foxide concentration would indicate that a chain re­
action is operative. 

The kinetics and mechanism of oxidation of di­
methyl sulfoxide by peroxodiphosphate24) was carried 
out recently. I t was found that the reaction was 
strongly acid-catalysed. The reaction obeys a total 
first order, first order with respect to the [oxidant] 
and zero order with respect to [ D M S O ] . The ki­
netic data are rationalised by a free radical chain 
mechanism. Dimethyl sulfone was identified to be 
the sole product of oxidation, the stoichiometric reac­
tion being 

(GH3)2SO + H 3 P 2 0 8 - + H 2 0 • 

(CH3)2S02 + 2H 2 P0 4 - + H+. (9) 

The energy of activation for the reaction is 75.8 k j 
m o l - 1 which is lower than the - O - O - bond energy 
of the peroxide. Comparison of the data on the 
oxidation of water by peroxodiphosphate indicated 
that the aprotic solvent, D M S O , was oxidised with 
more facility than the pro tic solvent, H 2 0 . 

The kinetics of oxidation of dimethyl sulfoxide by 
peroxomonophosphate,25) H 2 P 0 5 ~ , the phosphorus an­
alog of peroxomonosulfate, was found to follow the 
similar rate law as in the present investigation except 
for the acid-dependence. The reaction is found to 
obey a second order kinetics, first order each with 
respect to [DMSO] and [ H 2 P 0 5 ~ ] . The reaction 
shows a direct first-order dependence on [H + ] in 
strong acid (H 2 S0 4 ) medium and the rate decreases 
with increase in p H in buffered media. This acid-
dependence is in sharp contrast to that found in the 
present investigation wherein an inverse acidity de­
pendence is observed. Comparison of rate constants 
under similar experimental conditions show that per­
oxomonosulfate is a more powerful oxidant than per­
oxomonophosphate and the former oxidant can be 
used as an analytical reagent to estimate dimethyl 
sulfoxide at room temperature, provided the estima­
tion is done at alkaline p H . 
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Effects of Intermolecular Hydrogen-bonding on the Luminescence 
Properties of Acetophenone, Characterization of Emission States 
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The effects of intermolecular hydrogen-bond formation by protic solvents on the absorption and lumines­
cence properties of acetophenone have been investigated. It has been concluded from analysis of the T<—S0 ab­
sorption, phosphorescence excitation spectra and the emission characteristics that the lowest triplet state of aceto­
phenone in its vapor phase and in nonpolar as well as in moderately polar solvents (e.g., ethanol, EPA etc.) is 
of n-n* character. In rigid polar media, acetophenone exhibits a very weak 17r-7C*->S0 fluorescence and a weak 
37C-7C*—»S0 phosphorescence superposed with the principal 3n-7C*—»S0 emission. A progressive enhancement of 
both of these emissions with increasing polarity of the solvent has been observed. It is shown that the fluores­
cence and the dual phosphorescence emissions from acetophenone in rigid polar media arise as a result of de­
creased efficiencies of the spin-orbit and vibronic coupling interactions due to intermolecular hydrogen-bond 
formation by the protic solvents. 

In spite of extensive spectroscopic1-18) and photo-
physical19-21) studies ambiguity remains concerning the 
assignment of the lowest triplet state of acetophenone. 
The phosphorescent state of acetophenone in glassy 
nonpolar and moderately polar media (e.g., ethanol, 
EPA) at 77 K has been shown to possess a n-n* char­
acter by several investigators1-6) and a n-n* character 
by others.7»8) More recently, Mathews and Lytle9) 
characterized it as n-n* and n-n* type in polar (etha­
nol, methanol) and nonpolar media, respectively, at 
77 K. In the case of pure acetophenone crystal, n-n* 
assignment was made of its lowest triplet state on 
the basis of polarized phosphorescence-excitation spec­
tra11) and P M D R studies,12) and n-n* assignment on 
the basis of T<-S 0 absorption10) and the polarization 
and Zeeman splitting measurement of the T<-S 0 ab­
sorption.13) 

As regards the origin of dual phosphorescence emis­
sions in rigid polar media, the phenomenon has been 
interpreted on the basis of various assumptions.14»17) 
Koyanagi et al.*) proposed a model of highly distorted 
(triple minimum) potential surface in the lowest triplet 
state of acetophenone in order to explain its dual 
phosphorescence. A non-interacting density of states 
model has been postulated to account for the phe­
nomenon. In each case a close proximity of the 
3n-n* states has been assumed as an essential pre­
requisite for the occurrence of dual phosphorescence 
emission, but little information is given on the relative 
positions of the triplet levels in environments pertinent 
to the problem. The dual phosphorescence is ob­
served in rigid polar media and H-bond acceptor 
properties of the aromatic ketones5 >22>23) but the pos­
sibility that this phenomenon could be associated with 
the solute-solvent intermolecular H-bonding interac­
tion has not be considered. 

Though the fluorescence activation of several aro­
matic aldehydes, ketones and other carbonyl com­
pounds in protic media is well known24) no investigation 
seems to have been made on the possibility of fluo­
rescence activation in the case of acetophenone. 

In view of the significance of luminescence prop­
erties of aromatic carbonyls in hydrogen bonding media 
and the conflicting assignment of the lowest triplet 

state of acetophenone, a detailed investigation on the 
absorption and emission characteristics of this aromatic 
ketone has been carried out. This study was carried 
out in order to obtain information on the relative 
positions of the n-n* and n-n* levels of acetophenone 
under various conditions, and to examine the effect 
of intermolecular H-bonding on the photophysical 
behavior of this phenyl alkyl ketone. 

Exper imenta l 

Materials. Acetophenone (EGA-Chemie, West 
Germany) was purified by repeated fractional distillation 
till no impurity could be detected with a flame ionization 
detector column (Hewlett-Packard, Model 5730A). Spec-
trograde ethanol, ether, isopentane, and 3-methylpentane 
(3-MP) of E. Merck and hexane, pentane, and methylcyclo-
hexane of BDH were further purified by fractional distilla­
tion. Freshly prepared and deoxygenated solutions of con­
centrations 10 - 4—10 - 5M were used for recording all the 
spectra except in the cases of T<—S0 absorptions where more 
concentrated solutions (ca. 10~3 M) were used. 

Apparatus : The room temperature (300 K) solution and 
vapor phase (ca. 10~2Torrt) emission spectra and low tem­
perature (77 K) emission, excitation and polarization spectra 
were recorded on a Perkin Elmer Model MPF 44A fluo­
rescence spectrophotometer. The vapor phase absorption 
spectra with 10 cm quartz cell at 300 K and 760 Torr and 
the solution spectra at 300 K and 77 K with a 1 cm quartz 
cell were obtained with a Shimadzu 210A UV-VIS Ab­
sorption spectrophotometer. Photoselection technique was 
employed for the measurement of the degree of polarization, 
which was corrected following Azumi and McGlynn.25) The 
phosphorescence lifetimes were determined by using 
Molectron UV-1000 N2-Laser as the excitation source in 
conjunction with an EG storage Oscilloscope. 

R e s u l t s 

Absorption Characteristics. Figure 1 shows the ab­
sorption spectrum of acetophenone in the vapor phase 
and in protic as well as aprotic solvents at room tem­
perature (300 K ) . Appreciable solvatochromic effects, 
such as the hypso- and bathochromic shifts, respec-

î 1 Torr =133.322 Pa. 
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TABLE 1. RELATIVE POSITIONS (cm-1) OF THE n-rc* AND 

7C-7C* SINGLET A N D TRIPLET STATES OF ACETOPHENONE 

MEASURED FROM THE ABSORPTION SPECTRA8") 

180 220 340 380 260 3 0 0 

Wavelength/nm 

Fig. 1. Singlet-singlet absorption spectra of acetophe­
none in the vapor phase ( ), 3-MP ( ), and 
1% HCl ( ) at 300 K. 
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Fig. 2. Phosphorescence excitation spectra of aceto­
phenone in 3-MP ( ) and ethanol ( ) at 
77 K. 

tively, of the n-rc* and n-n* bands and noticeable 
hypochromic effect on both types of bands are evident 
from a comparison of the spectra. Although in mod­
erately polar and H-bonding media {e.g., ethanol) 
the higher energy TZ-TZ* bands (xLa and XK) are rela­
tively less affected, in highly polar and acidic media 
(e-g-> 1% HCl) , the red-shifts and hypochromic effect 
on these bands are substantial but the n-rc* bands 
are completely obliterated. The results demonstrate 
the effects of intermolecular H-bonding on the various 
7r*<-n and n*±-n electronic transitions of acetophenone 
in pro tic media. 

The phosphorescence excitation spectra of aceto­
phenone (Fig. 2) in glassy polar ethanol and nonpolar 
3-MP at 77 K provide further data attr ibutable to 
the effect of solute-solvent H-bonding interaction (Table 
1). An appreciable blue shift (ca. 464 cm - 1 ) and 
marked diminution and blurring out of vibrational 
structure of the 1n-jr*<-S0 bands in the excitation 
spectra are observed in going from 3-MP to ethanol. 
The 1n-jr*<-S0 excitation spectra show a significant 

Electronic 

levels Vapor 

*La 42997 

300 K 77 K 

3-MP Ethanol 3-MP Ethanol 

42092 41395 39875 39740 
(39892) (39749) 

(39358) b> 

iLb 35387 34954 34712 34687 34615 
(34675) (34532) 

(34500) *> 

hi-rc* 27886 27692 31736 27769 28003 
(27776) (28240) 

(28481) b> 

*n-n* 26946 26517 26510 26377 26308 
(26383) (26377) 

(26363) b> 
3n-7c* 25899 26000 — 25832 25966 

(25933) (26034) 
(26075) *> 

a) Values in parentheses are obtained from the phos­
phorescence excitation spectra at 77 K. b) Data in 
ethanol-water mixture. 

lowering (ca. 100 cm - 1 ) of the excited state carbonyl 
stretching frequency of the molecule in ethanol as 
compared to that in 3-MP glass (Table 2). With 
increase in the polarity of the medium (e.g., from 
ethanol to predominantly ethanol-water mixture), fur­
ther obliteration of the 1n-jr*<-S0 bands takes place. 
In highly polar and acidic media ( 1 % HCl) these 
bands are no longer observable in the phosphorescence 
excitation spectra. The 1 L a band also shows a similar 
solvent dependent intensity variation. 

Both the vapor and solution phase T<— S0 absorption 
spectra of acetophenone (Fig. 3) display two weak 
but distinct bands. T h e spectral positions of these 
bands under different environmental conditions are 
given in Table 1. From a consideration of the relative 
changes in absorbance and the solvatochromic shifts 
exhibited by the bands on passing from the vapor 
phase to hydrocarbon and to polar solvents, the re­
spective assignments of these bands to ZTZ-TI*<-S0 and 
3n-7i;*<-S0 transitions have been made (Fig. 3). The 
bands can be clearly discerned in the phosphorescence 
excitation spectra of acetophenone in polar as well 
as in nonpolar media at 77 K (Fig. 2). In glassy 
hydrocarbon (3-MP), the lower energy band (25933 
cm - 1 ) has an eminent overlap with the phosphores­
cence band origin (25815 c m - 1 ) , the higher energy 
one appearing at 26383 c m - 1 , i.e. 450 c m - 1 towards 
the higher frequency side of the former. The as­
signment of these bands to 3n-7i*—>S0 and 37r-7r*<-S0, 
respectively on the basis of their characteristic 
solvatochromic shifts and hypochromic effects are 
analogous to and conform with those made in the 
case of absorption. 

Emission Characteristics. a) Phosphorescence Spectra: 
Figure 4 shows the phosphorescence and the phos­
phorescence polarization (PP) spectra of acetophenone 
in glassy polar, EPA (ether, isopentane, and ethanol 
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TABLE 2. OBSERVED VALUES OF PHOSPHORESCENCE BAND ORIGIN, FUNDAMENTAL FREQUENCIES, MEAN 

PHOSPHORESCENCE LIFETIME (TP) AND QUANTUM YIELD RATIO (0F/@F) O F ACETOPHENONE 

300 K 77 K 

Phosphorescence band origin/cm-1 

Fundamental frequency/cm-1 

Tp/ms 

0F/0F 

Vapor 

25670 
25786a> 

1701 

2.2 

Isopentane 

25668 

1709 

2.4 

3-MP 

25815 

45, 260, 
1143, 1346*, 

2.5 
1710 

Ethanol 

26007 

95, 208, 
1170, 1240*, 1666 

5.0 
1.2b>Xl03 

500 
400°) 
125*) 

a) Ref. 6. b) Lifetime in acidic media, c) Value in ethanol-water mixture, d) Value in 1% HCl. * G=0 
stretching frequencies obtained from 1n-7C*<-S0 phosphorescence excitation spectra at 77 K. @F/@F values are 
considered to be qualitative. 
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Fig. 3. Singlet-Triplet absorption spectra of acetophe­
none (a) in the vapor phase ( ), 3-MP ( ) 
and ethanol ( ) at 300 K. (b) In 3-MP ( ) 
and ethanol ( ) at 77 K. 

5 :5 :2 ) and nonpolar (3-MP) media under identical 
conditions. Despite the close resemblance of the two 
spectra, distinct changes in phosphorescence spectra 
brought about by the pro tic solvent are apparent : 

(1) The sharp and structured phosphorescence spec­
t rum observed in 3-MP at 77 K appears broadened 
in EPA glass. 

(2) A substantial blue shift (ca. 190 cm - 1 ) of the 
phosphorescence band origin and lowering of carbonyl 
stretching frequency (^c=o) occurs with the change 
of solvent from nonpolar to polar. 

(3) A significant diminution in phosphorescence 
intensity of acetophenone takes place in polar media 
in comparison with that in glassy hydrocarbon matrices. 

(4) Whereas the phosphorescence intensity on the 
smaller wavelength side of the 0-0 band in glassy 
hydrocarbon matrices falls steeply, in glassy polar 
media the band origin is accompanied by a short 
tail which extends to the higher frequency region 
beyond the band maximum (384.5 nm) . In fact, the 
phosphorescence spectrum of acetophenone recorded 
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Fig. 4. Phosphorescence (P) and phosphorescence po­
larization (PP) spectra (with 250 nm excitation) of 
acetophenone in 3-MP ( ) and EPA ( ) 
at 77 K. 

with an expanded scale and higher resolution (Fig. 
5) reveals a weak partially resolved blue shoulder 
at ca. 381 nm. 

The phosphorescence polarization (PP) curves of 
acetophenone in glassy hydrocarbon (3-MP) and polar 
(EPA) media show that in both cases the phospho­
rescence is strongly positively polarized with respect 
to x L a excitation, indicating a predominantly in-plane 
polarization of the phosphorescence emission (Fig. 4). 
The sharp fall in the value of the degree of polarization 
(P) in the 3-MP curve around the immediate vicinity 
of the phosphorescence band origin indicates the pres­
ence of some low frequency nontotally symmetric vi-
bronic band in the phosphorescence spectrum. An 
important distinction between the PP curves in 3-MP 
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and EPA glass is that the P value is predominantly 
more positive in aprotic medium than in pro tic me­
dium. The PP curve in EPA also shows markedly 
less positive value at 381 nm. A further decrement 
of the polarization is observed in more polar EWA 
(ether, water, and ethanol 5:1:4) glass at 77 K. 

The phosphorescence decay curves for acetophenone 
show that while the nature of the decay is nearly 
exponential in the case of vapor and in hydrocarbon 
solutions, it is markedly nonexponential (in fact, bi-
exponential) in rigid polar media like ethanol and 
water at 77 K (Fig. 6). The initial and final slopes 
of a first order plot from the decay curves of aceto­
phenone in ethanol glass correspond to lifetimes (rp) 
of ca. 5 and 70 ms, respectively. T h e shorter lived 
component of the phosphorescence emission is, however, 
found to be contributing mostly (ca. 9 0 % of the total 
intensity) to the phosphorescence intensity. In etha-
nol-water mixture at 77 K the rp values corresponding 
to the short and long lived components are 6 and 100 
ms, respectively, in agreement with the earlier find­
ings.5) 

As the polarity of the solvent is increased there 

-4-> 

3 
-4-> 

0-05 

——"^ i 

L PP 

P 

\ 

370 380 390 

Wavelength/nm 

Fig. 5. Part of the phosphorescence (P) spectra (re­
corded on expanded scale) of acetophenone showing 
the phosphorescence band origins and the blue shoul­
der in ethanol ( ), EWA ( ) glasses at 77 K 
and the corresponding phosphorescence polarization 
(PP) spectrum in EWA. 

•A V-
1 ms -10 m s 

occurs an enhancement in the intensity of the longer 
lived component of the dual phosphorescence emission 
until in strongly acidic media it overwhelms the shorter 
lived one. In this case the phosphorescence lifetime 
becomes of the order of seconds. This result is similar 
to that reported by Lamola.3) 

Thus, the predominantly in-plane polarization of 
the phosphorescence emission, the short lifetime, the 
solvent shifts and the vibronic structure of the phos­
phorescence emission provide the conclusive evidence 
for the n-7i* character of the lowest triplet state of 
acetophenone in its vapor phase and in nonpolar 
as well as moderately polar media (e.g., EPA, ethanol) 
at 77 K. The T<-S 0 absorption spectra of the com­
pound strongly confirm the n-n* nature of its lowest 
triplet state in these media. 

b) Fluorescence Spectra: In addition to its charac­
teristic strong 3n-7t*-*S0 phosphorescence emission, 
acetophenone in rigid protic media at 77 K exhibits 
a very weak ^-TZ*—>S0 fluorescence with x L a and 
1 L b excitation (Fig. 7). Increase in the polarity or 
H-bond forming capacity (e.g., ethanol + water, 1% 
HCl) of the media results in a progressive enhancement 
of such fluorescence but a gradual decrease in the 
phosphorescence intensity in the same order. The 
measured $ P / $ F values of acetophenone in these polar 
media are given in Table 2. The data when com­
bined with the reported value of $ P ( Ä 0 . 6 ) for aceto­
phenone4) yield an approximate @F value of 1.2 X 
10~3 for this molecule in ethanol. Under these con­
ditions, no emission attr ibutable to the 1n-7r*->S0 fluo­
rescence could be detected. 

D i s c u s s i o n 

Occurrence of the phenomena, viz., blue-shifts of 
the n-7i* bands, hypochromic effect on the n-jz* and 
71-71* (1La) bands, significant lowering of vco, fluo­
rescence activation and dual phosphorescence emission 
from acetophenone in protic media and the progressive 
enhancement of each with increasing solvent H-bond 

Fig. 6. Phosphorescence decay curves of acetophenone 
(a) in the vapor phase at 300 K (b) in ethanol at 
77 K. 

Wavelength/nm 

Fig. 7. Fluorescence (F) and phosphorescence (P) 
spectra of acetophenone in 3-MP ( ), predomi­
nantly ethanol-water mixture ( ), and in 1% 
HCl ( ) at 77 K (Note the broken wavelength 
scale.). 
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donor capacity, indicates a close interrelation with 
intermolecular H-bonding. I t might be related to 
changes in the electronic configuration of the aceto-
phenone molecules caused by solute-solvent interaction, 
in view of the importance of the electronic structure 
associated with the carbonyl group, particularly the 
nonbonding (n) orbital on the oxygen atom, in de­
termining the photophysical behavior of the aromatic 
ketones and the possible involvement of the oxygen 
electrons in intermolecular H-bond formation. 

The hypsochromic shift of n*<-n transition bands 
of carbonyls in H-bonding media has now been es­
tablished.26»27) I t is known by infrared and R a m a n 
studies22»28»29) that the vco of carbonyls decreases with 
increasing H-bonding. O u r experimental results are 
in line with these findings. 

Intermolecular H-bonding interaction between the 
proton acceptor carbonyls and the donor protic mole­
cules affects the electronic configuration of the car­
bonyl group in several ways. I t increases the polarity 
of the carbonyl group (in the direction C + - 0 ~ ) by 
increasing the n electron charge on the carbonyl oxygen 
atom28'30»31). As a consequence, the C - O bond 
strength decreases leading to an increased G - O bond 
length and smaller vco. Since the n electrons on 
the carbonyl are primarily involved in intermolecular 
H-bond formation, such solute-solvent interaction is 
expected to have a pronounced effect on the n orbital 
of the oxygen atom. The work of Hollas et A/.32> 
indicates that the s character of the n orbital and its 
extent of derea l iza t ion are important in determining 
the 7T*<-n transition intensity in aromatic aldehydes 
and ketones. The marked diminution in the intensity 
of n-n* bands of acetophenone observed in going 
from hydrocarbon to hydroxylic solvents suggests an 
appreciable decrease in the s character of the sp2 

hybridized28'33»34) n orbital of the carbonyl oxygen 
atom. 

In aromatic aldehydes and ketones, because of the 
presence of closely spaced n-n* and n-n* electronic 
states (the n-n* states being the lower-lying one), 
the spin-orbit and vibronic interactions between n-n* 
and n-n* excited states are generally very strong. 
The radiationless deactivation processes, such as in­
ternal conversion (IG) and intersystem crossing (ISG) 
between the pertinent excited states, are very fast 
and efficient in these types of molecules. This largely 
accounts for their nonfluorescent nature. The occur­
rence of Ti-Ti* fluorescence from acetophenone in protic 
media and the progressive enhancement of such emis­
sion with increasing H-bond donor capacity of the 
solvent thus imply a considerable decrease in the 
efficiency of ISG or IC, or of both in such media. 

The rate or the efficiency of IG between the n-n* 
and n-n* states is dependent to a significant extent 
on the vibrational overlap integral between the states 
concerned. Since the magnitude of vibrational over­
lap integral between n-n* and n-n* states decreases 
as a result of decrease in the charge density of the 
nonbonding electrons following H-bond formation,34»35) 
it is expected that the efficiency of IG between the 
xn-n* and xn-n* states of acetophenone would de­
crease in protic media. 

The magnitude of spin-orbit coupling between the 
xn-n* and 3n-n* states of aromatic aldehyde and 
ketone molecules is largely governed by factors such 
as the partial n electron density (CI) and Slater charge 
(Zv) on the carbonyl oxygen atom and the form (hy­
bridization and extent of dereal izat ion) of the n 
orbital on this atom.36) I t follows that while the n 
electron density on the carbonyl oxygen atom in­
creases a little, the hybridization factor (y) undergoes 
a significant decrement upon H-bond formation. The 
analysis of Del Bene37) shows that the increase of n 
electron charge on the heteroatom due to H-bonding 
leads to the lowering of the effective nuclear charge 
(Zv) of the atom. Because of the dependence of 
the spin-orbit interaction matrix element, \ß\2 (Eq. 
8, Ref. 36), on the higher power of Z and the fact 
that both y and Z values decrease as a result of H-
bonding, it seems that there is an overall decrease 
in the value of \ß\2, despite a small increment in 
the value of CI. Accordingly, the spin-orbit coupling 
between the xn-n* and zn-n* states of acetophenone 
should decrease in H-bonding media, and so should 
the ISG rate between them. It is conceivable, there­
fore, that because of the decreased efficiencies or rates 
of ^n-n* -VWV* xn-n* IC and xn-n* -WA» sn-n* ISG, the 
17r-7r*->S0 radiative process may become to some extent 
competitive with these radiationless processes such that 
some n-n* fluorescence could be emitted from aceto­
phenone molecules in protic media. 

The 1 L a state of aromatic aldehydes and ketones 
(e.g., benzaldehyde and acetophenone) which provides 
the dipole allowed character and in-plane polarization 
to the lowest triplet state through spin-orbit coupling1) 
is known38) to possess considerable intramolecular 
charge transfer character. The marked diminution 
in the xL a band intensity of acetophenone in protic 
media indicates that the intramolecular charge transfer 
character of the associated singlet-singlet n*<-n tran­
sition is perhaps inhibited as a result of solute-solvent 
H-bonding interaction. The significant lowering of 
the P values of phosphorescence emission from aceto­
phenone molecules in H-bonding media, compared 
to those observed in nonhydrogen bonding media, 
could be related, at least partly, to the diminished 
spin-orbit coupling between xn-n* (xL)a and 3n-n* 
state due to H-bonding. This may be interpreted 
as evidence in favor of the supposition that the spin-
orbit coupling should decrease in H-bonding media. 

The simultaneous emission of phosphorescence from 
both the triplet states (zn-n* and 3n-n*) of aceto­
phenone in protic media suggests that the solvent 
induced decrease in the efficiency of 3n-n* -WW* 3n-n* 
IG process could be at the basis of such phenomenon. 

According to Avouris et <z/.,39) the rate constant 
of the IG process between two states is given by 

Kl? = ïnlhV&pAEÙ, (1) 

where Pt(E^ is the density of closely spaced state 
'P (final) nearly degenerate with the initial state T 
and Vlt is the interaction matrix element for the IC 
process. Vif is dependent on the electronic factor 
ß™ and vibrational overlap integral. 

Intermolecular H-bonding can bring about a dimi-
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nution in the overlap integral through the decrease 
of nonbonding charge density. I t can be shown that 
the magnitude of Vi{ in the triplet manifold would 
also decrease as a result of intermolecular H-bond 
formation. We see from Eq. 1 that the density of 
states, Pt{E^ could also be an important factor con­
tributing to the radiationless transition between the 
two triplet states. Because of the smaller energy gap 
between the T 2 (TI-TI*)—Tx (rwz*) states of aceto­
phenone in protic solvents, the level densities of T x 

near the T 2 origin are expected to be small. Conse­
quently, internal conversion from the low-lying vibra­
tional levels of T 2 to T x would be less efficient. As 
a result of the combined effect of a decrease in both 
these factors, it is possible that the T 2 -WW* T x IG 
rate would become sufficiently slow so as to make the 
z7i-7i*-*S0 radiative process to some extent competent 
with the IG process, leading to the observation of 
dual phosphorescence emission in the case of aceto­
phenone. Several authors previously observed dual 
phosphorescence emission from other aromatic ketones, 
e.g., jfr-benzoquinone,40) indanone,41) and related mole­
cules in rigid polar media, and attributed the phenom­
enon to severely prohibited internal conversion from 
the z7i-n* state to a lower lying 3n-n* state of these 
molecules. 

Thus, the profound influence of the H-bonding sol­
vents on the luminescence spectral properties of aceto­
phenone is seen to arise primarily from the electronic 
effect of the intermolecular H-bonding interaction. 
When polarity or H-bond donor capacity of the solvent 
increases, the ISG and IC processes become progres­
sively less efficient and a trend of progressive enhance­
ment of the 7t-7t* fluorescence and 37i-7i*->S0 phos­
phorescence is observed. In strongly acidic media 
protonation of the carbonyl lone pair electrons occurs ; 
the conjugation of the oxygen electrons across the 
carbonyl group and the intramolecular charge transfer 
character of the ^ ^ S « , transition are strongly af­
fected. In this situation, as the n electrons on the 
carbonyl oxygen atom no longer remain nonbonding, 
the 7i*<-n electronic transition loses its significance 
and the luminescence characteristics exhibited by the 
protonated species become more or less normal TI-TI* 
type. 
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Potassium (26',46')-2,4-pentanediaminetetraacetatochromate(III) monohydrate was newly prepared and was 
found to be formed stereospecifically with a A (AAA) absolute configuration as has been revealed for the corres­
ponding Go(III) complex. The circular dichroism spectra in the spin-forbidden transitions of this new com­
plex along with the known analogues, ( —)589-ethylenediamine-iV,iV/-diacetato-iV,iV/-dipropionatochromate(III) 
and ( + )589-(»S',6')-2,2/-(ethylenednmino)disuccinatochromate(III) complexes, were measured and discussed in 
comparison with those in the first spin-allowed transitions on the basis of the theoretical relations between the 
rotational strengths for the spin-forbidden and the spin-allowed transitions in trigonal and tetragonal fields. 

In our previous papers of this series,1-3) circular 
dichroism (CD) spectra in the spin-forbidden d-d tran­
sitions of trigonal and tetragonal Cr (111) complexes 
have been elucidated in comparison with those in 
the first spin-allowed d-d transitions by using the 
theoretical relations between the rotational strengths 
for the spin-forbidden and the spin-allowed transitions. 
No CD da tum in the spin-forbidden transitions and 
few CD data in the spin-allowed transitions of chiral 
Cr ( I I I ) complexes with sexidentate ethylenediamine­
tetraacetate (ed ta) type ligands have been reported, 
whereas the CD spectra of several Go (III) complexes 
with edta analogues have been studied and discussed 
in relation with their absolute configurations and the­
ories of optical activity.5-7) The CD spectra in the 
first band region of such complexes have been dealt 
with the assumption of G2 symmetry descending from 
trigonal(D3) or tetragonal (D4) symmetry.4»5*-0»7*»8) 
T o clarify these GD behavior, it is significant to reveal 
whether the GD in the spin-forbidden transitions of 
Gr(I I I ) complexes with edta analogues will be elu­
cidated in terms of the theoretical considerations for 
the rotational strengths in the d-d transitions on either 
the trigonal or tetragonal symmetry assumption. In 
this instance, it is desirable to examine the GD spectra 
in the spin-forbidden and the spin-allowed transitions 
of chiral Gr( I I I ) complexes containing edta analogues 
with four glycinate rings as well as those of the known 
Gr(I I I ) complexes,4) (—)589-£raw.y(05)t-ethylenedi-
amine- N, iV'-diace ta to- N, iV'-dipropionatochromate ( I I I ) , 
( - )589-[Cr(eddda)]- , and (+)589-trans (05)HS,S)-
2,2 /-(ethylenediimino)disuccinatochromate(III), ( +)5 8g-
[Cr(£,£-edds)]~, both of which have two five-mem-
bered and two six-membered N - O chelate rings. 
Apar t from some racemic complexes of the former 
type,9) no chiral Gr(I I I ) complexes have yet been 
known. 

This paper reports the preparation and stereospecific 
formation of a new chiral Gr(I I I ) complex containing 
(2S,4S) -2,4-pentanediaminetetraacetate (.S^-ptnta4 -) as 
one of the closely similar sexidentate ligands to the 
edta ligand. The GD data in the spin-forbidden tran­
sitions as well as in the spin-allowed transitions of 

t Oxygens of five-membered chelate rings occupy trans­
axial coordination sites. 

this complex are examined together with those in 
the spin-forbidden transitions of chiral trans(05) iso­
mers of ( - ) 5 8 9 - [ G r ( e d d d a ) ] " and ( + W [ C r ( S , S -
edds)]~, of which the GD spectra in the spin-allowed 
transitions have been previously reported by Radanovic 
and Douglas.4) Their GD spectra in the whole region 
of the d-d transitions are compared with one another 
and discussed on the basis of both trigonal and tet­
ragonal symmetry assumptions. 

Exper imenta l 

Preparation of Ligands and Complexes. 1 ) (2S,4S)-2,4-
pentanediaminetetraacetic Acid (S,S-ptntaHA'1.5H20) : This 
ligand was prepared from (2£,4£)-2,4-pentanediamine by 
the method for the racemic one.6) Found: G, 43.27; H, 
6.92; N, 7.63%. Galcd for S^-ptntaH*• 1.5H20: G, 43.21; 
H, 6.97; N, 7.75%. 

2) ( + )589-K[Cr(S,S-ptnta)]'H20: To a solution of 1.0 g 
of »S'j.S'-ptntaH^ • 1.5H20 in 15 cm3 of water was added a 
solution containing 0.79 g of potassium hydroxide in 10 
cm3 of water. After dissolving 1.2 g of Gr(N03)3-9H20 
in this solution at 70 °G, the mixture was heated at 75— 
80 °G with stirring for about 16 h. The color of the solution 
changed gradually from violet to red violet. By adding 
ethanol to this chilled solution, red powder was obtained. 
Recrystallization was performed from warm water and etha­
nol. Found: G, 35.29; H, 4.61; N, 6.36%. Galcd for 
K[Cr(S*,S-ptnta)].H20: G, 35.53; H, 4.59; N, 6.38%. 

3) (-)589-[Cr(eddda)]- and ( + )589-[Cr(S,S-edds)]~: The 
ligands, ethylenediamine-iV,iV'-diacetic-iV,iV'-dipropionic acid 
(edddaH4)

5b> and (6',6')-2,2/-(ethylenediimino)disuccinic acid 
(»S'j.S'-eddsH )̂,7*1) were prepared by the reported methods. 
(—)589-[Cr(eddda)]~ and (+)589-[Gr(6',6,-edds)]- were ob­
tained by the method of Radanovic and Douglas.4) The 
absorption and GD spectra along with the infrared spectra 
confirm that these complexes are trans (05) isomers which 
have been previously established.4»10) 

Measurements. Absorption spectra were recorded on 
a Shimadzu UV-200S spectrophotometer, and GD spectra 
on a JASGO MOE-1 spectropolarimeter. Infrared spectra 
were obtained by a JASGO DS-402S spectrophotometer. 

R e s u l t s a n d D i s c u s s i o n 

Stereospecificity of [Cr(S,S-ptnta)~]-. The visible 
absorption spectrum of [ G r ^ S - p t n t a ) ] - is quite similar 
in band position and intensities to that of the trimeth-
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ylenediaminetetraacetatochromate(III) complex of the 
analogous type, [Cr ( t rd t a ) ] - , as shown in Fig. 1. 
This fact lends support to sexidentate coordination 
of an ^S-p tn ta ligand as in the trdta complex. The 
CD intensities of the .S^-ptnta complex are found 
to be as large as those of (—) 5 8 9 - [Cr(eddda)] - and 
(+) 5 8 9 - [Cr(£ 5 £-edds)] - as shown in Fig. 1 and Table 
1. The CD pattern in the spin-allowed band region 

Fig. 1. Absorption and CD curves of (+)589-[Cr(6',6'-
ptnta)]- ( ), ( + )589-[Cr(6,,6'-edds)]- ( ), and 
( — )589-[Cr(eddda)]- ( ), and absorption curve of 
[Cr(trdta)] - ( ) in water. 

of the £,£-ptnta Cr ( I I I ) complex is much different 
from that of the corresponding Go (111) complex,6) 
whereas the CD spectra of (+) 5 8 9 - [Cr(£ 5 £-edds) ] - and 
(—) 5 8 9 - [Cr(eddda)] - behave similarly to those of the 
corresponding chiral trans(05) isomers of the £,£-edds 
and eddda Co(I I I ) complexes, respectively.4»5b»7a) As 
has been revealed for [Co(i?,i?-ptnta)] - ,6) the stereo-
specific formation of [Cr(£ ,£-p tn ta ) ] - is expected to 
take place with a A {A A A) absolute configuration 
owing to the preference of the equatorial orientation 
of two methyl groups to the chelate rings.6) I t has 
been proposed for Co (III) complexes with edta type 
ligands5 '7) that the C D signs of the lowest frequency 
component in the first band region are correlated 
to the absolute configurations; the complexes giving 
a positive CD component at the lowest frequency 
side of the first band take a A [A A A) configuration, 
and vice versa. For the £,£-ptnta Cr ( I I I ) complex, 
the absolute configuration on the basis of the CD 
criterion is consistent with that determined in terms 
of stereospecificity arising from preferential coordina­
tion of sexidentate chiral ligands to Cr ( I I I ) . T h a t 
is, as in Fig. 1, [Cr(£ ,£-ptnta) ] - with a A (AAA) 
configuration gives a positive CD component at the 
lowest frequency side of the first band as has 
been confirmed for A(AAA)-(—)589-[Cr(eddda)]- and 
A(AAAy(+)589-[Cr(SiS-edds)]-, of which the ab­
solute configurations have been determined by the 
X-ray analysis10) and the stereospecific formation,4) 
respectively. Thus, the £,£-ptnta Cr ( I I I ) complex is 
formed stereospecifically with a A (AAA) configura­
tion. 

CD Spectra in the d-d Transitions. O n the as­
sumption of effective C2 symmetry for the complexes 
of this type, the lowest-frequency CD component in 
the first band region is assigned to the 4B(C2) state, 
for which the CD signs are considered to be the same 
as those for the 4B(C2) state with 4E(4T2 g) trigonal 
parentage or with 4E(4T2 g) tetragonal parentage as 
in the case of the 1 T l g <- 1 A l g transitions for Co(I I I ) 
complexes.4 '5 b 'c 'n) 

TABLE 1. CD DATA OF CHROMIUM(III) COMPLEXES WITH edta TYPE LIGANDS 

("i")589" 

14.21 
14.38 
14.53 
14.87 

15.44 
17.54 
19.33 
21.83 
23.33 
27.03 

[Cr(S,S-edds)]-

Aeb> 

( + 0.0348) 
(-0.0024) 
(+0.0036) 
(-0.0120) 

( + 0.0690) 
( + 0.409)c> 
(-0.396) 
( + 0.453) 

(ca. +0.33) 
( + 0.386) 

(-)589-[Cr(eddda)]-

tfexta) Aeb> 

14.25 

14.87 

15.26 
16.53 
18.62 
20.33 
22.17 
24.10 
26.53 

( + 0.0352) 

(-0.0092) 

( + 0.0780) 
( + 0.207)c> 
(-0 .765) 

(ca. - 0 . 1 9 ) 
(ca. - 0 . 0 5 ) 

( -0 .075) 
( + 0.23) 

( + )589" 
y i 

13.92 
14.35 
14.46 
14.62 
14.85 
15.00 
15.31 
18.00 
19.67 
21.67 
24.00 
25.25 
29.66 

•[Cr^S-ptnta)]-

Aeb> 

(-0.0038) 
( + 0.0055) 
( + 0.0058) 
(-0.0017) 
( + 0.0014) 
(-0.0021) 
( + 0.0260) 

(ca. +0.2) c> ) 
( + 0.442) } 
( -0 .064) 
( + 0.435) 

(ca. +0.27) 
( -0 .024) 

Assignment (D4) 

2E(*Tlg) 
*At or « A ^ ' B ^ E g ) 

•A.CTx,) 
4E(*T2g) 

4B2(4Täg) 

a) In units of 103 cm -1, b) 
the 4B(C2) state (see Text). 

The As values are given in units of mol - 1 dm3 cm -1, c) This band is assigned to 
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0.008 

0.004 

0 

-0.001h 

(a) 

CD 

-M 

-10.5 

0 *-

-0.5 

14 15 16 14 15 

a/lO3™"1 

16 14 15 16 

Fig. 2. Absorption (right side ordinate) and CD (left 
side ordinate) curves in the spin-forbidden transitions 
of (a) (+) 5 8 9 - [Gr(^-ptnta)] - , (b) (-)589-[Cr-
(eddda)]-, and (c) ( + )589-[Gr(6*,6*-edds)]- in water. 

The CD spectra in the spin-forbidden transitions 
of the present complexes are shown together with 
the corresponding absorption spectra in Fig. 2. 
(+)ß89-[Gr(Ä,Ä-edds)]- and ( - ) 5 8 9 - [ C r ( e d d d a ) ] - give 
a positive C D component near 15300 c m - 1 and a 
positive CD one at 14300 c m - 1 where the lowest-
frequency absorption peak is observed. The positions 
of these two CD peaks coincide with those of the low-
temperature absorption bands observed for bis(imino-
diacetato) Chromate (III) complex.12) In the region be­
tween two strong CD peaks with a positive sign, a 
weak negative CD component is observed at 14870 
c m - 1 for both the £,£-edds and (—)589-eddda com­
plexes as shown in Fig. 2 and Table 1. Assuming 
pseudo D 3 symmetry for the complexes, the three 
CD peaks, ( + ) near 14300 cm"1 , (—) at 14870 cm"1 , 
and ( + ) near 15300 c m - 1 , may be assigned to the 
2 E( 2 E g ) , 2 A 2 ( 2 T l g ) , and 2 E( 2 T l g ) states from the lower 
frequency side as in the case of (+)54 6-[Cr(ox)2(en)]-.1) 
The similar CD behavior is observed in the spin-
forbidden transitions of the £,£-ptnta Cr ( I I I) complex, 
except for the lowest-frequency CD component with 
a negative sign as shown in Fig. 2. T h a t is, the positive 
CD peak at 14350 c m - 1 corresponding to the lowest-
frequency absorption peak of the .S^-ptnta complex 
and the positive highest-frequency C D peak may be 
due to the 2E(2Eg) and 2 E( 2 T l g ) states, respectively, 
as for the £,£-edds and (—)589-eddda complexes. In 
the region corresponding to the 2A2<—4A2 transition, 
three weak CD peaks with alternate signs are observed 
for the £,£-ptnta complex. In view of these CD 
behavior, it appears that the correlation between the 
CD in the spin-forbidden transitions and the absolute 
configurations for tris-chelate complexes1) holds also 
for the present complexes; the complexes giving two 
2E(D3) CD components with a positive sign take a 
A (AAA) configuration. From a theoretical point 
of view,1) the rotatianal strengths for the 2E(2Eg)<-

4A2 transition and those for the 2E(2T l g)<-4A2 tran­
sition in trigonal field are predicted to have the same 
signs as the net rotational strengths for the 4T2g<— 
4A2g transitions and the rotational strengths for the 
4E(4T2 g)<-4A2 transition, respectively. In the case of 
the »S^-edds and .S^-ptnta complexes, such a theoret­
ical relation for the rotational strengths in trigonal 
field is applicable to C D in the region of the 2E(2Eg) 
and 2E(2T l g)<-4A2 transitions, because the net CD 
signs in the first band region and the signs of the 4B(C2) 
CD component with 4E trigonal parentage are positive. 
The CD of (—)5 8 9-[Cr(eddda)]- , however, does not 
follow this relation, since this complex gives a major 
negative CD band in the first band region, which 
is presumed to result in the sign inversion of the lowest-
frequency CD in the spin-forbidden transitions. As­
suming tetragonal symmetry for the complexes, the 
theoretical relation predicts2) that the positive highest-
frequency CD peak near 15300 c m - 1 is due to the 
2A2(2T l g) state and the lower frequency one near 
14300 cm" 1 to the ^ ( ^ or [«Aj + 2 B J ( 2 E g ) state; 
the rotational strengths for the 2A2 and 2A1<-4B1 tran­
sitions being borrowed from those for the 4E(4T2 g)<-
4iB1 transition, and the sum of the rotational strengths 
for the 2AX and 2B1<—éB± transitions from the net one 
for the 4T2 g<-4A2 g transition. The remaining CD 
peaks may correspond to the 2E( 2T l g ) state. For 
(—)5 8 9-[Cr(eddda)]~, the assignment of the lowest-
frequency CD peak to the p A ^ B J ^ E g ) state is 
questionable as in the case of the trigonal assumption 
as mentioned before, because the C D sign of this 
component is opposite to that of the major component 
in the first band region. Such a failure of the the­
oretical relations for the CD in the d-d transitions 
may be explained by the following approach. 

The CD pattern in the spin-forbidden transitions 
of the »S^-edds complex is similar as a whole to that 
of the (—)589-eddda complex despite the different CD 
patterns at the higher frequency side of the first band 
for these complexes as in Figs. 1 and 2. This fact 
suggests that the rotational strengths for the spin-
forbidden transitions are little affected by those for 
the higher-frequency components of the 4T2g<-4A2g 

transitions but are dominantly borrowed from those 
for the lowest-frequency 4B(C2)4T2 g(Oh)<-4B(C2)4A2 g-
(Oh) transition. This intensity borrowing mecha­
nism may be ascribed mainly to the difference 
in energy intervals between the doublet states and 
the quartet excited states as has been considered for 
the elucidation of CD in the spin-forbidden transitions 
of /raftj-[CrX2(N)4] type complexes.2) This mechanism 
is supported by the fact that the CD intensities of the 
spin-forbidden bands for the present complexes in­
crease in the order of increasing the lower-frequency 
shift of the lowest-frequency 4B(C2) CD component 
as shown in Figs. 1, 2, and Table 1. In such a situa­
tion, the contribution to the CD intensities of the 
spin-forbidden bands from the CD intensity of the 
negative major spin-allowed band of (—)589-
[ C r ( e d d d a ) ] - is estimated to be only one-half that 
from the CD intensity of the positive lowest frequency 
band in the first band region. Therefore, it is prob­
able that the relatively strong C D intensities of two 
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positive peaks near 14300 and 15300 cm" 1 are ac­
counted for by the dominant contribution from the 
CD intensity of the positive lowest frequency 4B(C2) 
component. And the minor contribution from the 
CD intensity of the negative higher-frequency band 
in the first band region may be responsible for the 
weakness of the CD peaks near 15000 c m - 1 . However, 
the following consideration for the 2 E( 2 T l g ) state sug­
gests that the assignment of the negative CD peaks 
near 15000 c m - 1 to the electronic transitions is doubt­
ful. 

At the lowest frequency side in the spin-forbidden 
absorption band region for the »S^-ptnta complex, a 
negative CD peak is observed as in Fig. 2. The as­
signment for this CD component is at tempted as fol­
lows. O n the one hand, this CD peak is assumed 
to correspond to one of the splitting components of 
the 2E g state which arise from the interplay of the 
spin-orbit coupling and trigonal field,13) as in the 
case of (+)5 4 6-[Cr(acac)2(en)]+ and (—)589-[Cr-
(biguanide)3]3+.1) Then, provided that two positive 
lower-frequency CD components and a negative higher-
frequency one are assigned to the 4E(D3) and 4A2(D3) 
states, respectively, for the present complex, it may 
be predicted by the use of Eq. 6 and Table 2 of Ref. 
1 that the CD components of the 2E(2Eg) splitting 
states, E and 2A, have positive and negative sings, 
respectively, and locate in this order from the lower 
frequency side. For the »S^-ptnta complex, however, 
this predicted CD pattern is reverse to the observed 
one. Thus, the lowest-frequency CD peak of this 
complex may not be assigned to one of the splitting 
components of the 2 E g state. 

O n the other hand, the assumption of the holo-
hedrized tetragonal symmetry for this complex makes 
alternative assignments possible. In this case, the pos­
itive lower-frequency and the negative higher-frequency 
CD components in the first band region are due to 
the 4E and 4B2 states, respectively. From the detailed 
analyses of the low temperature spin-forbidden ab­
sorption and luminescence spectra of Na[Cr( ida) 2] • 
1.5H20 (ida2 _=iminodiacetate),1 2) it has been revealed 
that the 2E( 2T l g) state is largely shifted to the lower 
frequency than the 2A1 and 2B1(2Eg) states. And 
this shift is considered to occur owing to the large 
configurational interaction between the 2 E( 2 T l g ) and 
2E(2T2g) states as in the case of Jra^-[CrF2(en)2]C104.14> 
The present £,£-ptnta complex has the identical chro-
mophore to the bis(iminodiacetato)chromate(III) com­
plex except that two i d a 2 - ligands are joined by a 
1,3-dimethyltrimethylene linkage. The doublet states 
for the »S^-ptnta complex are expected to behave 
similarly to the bis-ida complex as has been revealed 
from the magnetic circular dichroism measurements 
of several Cr( I I I ) complexes with edta analogues.15) 
Accordingly, the lowest-frequency CD component with 
a negative sign may be assigned to the 2 E( 2 T l g ) state 
in tetragonal field, though the position of this CD 
peak is shifted to the higher frequency than that of 
the absorption and phosphorescence bands.12) The 
negative sign of this CD peak is elucidated by taking 
into account both the configurational interaction be­

tween the upper 2E(2T2 g) and the lower 2E( 2T l g ) 
states and the strong spin-orbit coupling between the 
2E(2T2 g) state and the nearby 4B2(4T2g) state, which 
may give rise to the splitting of the negative C D peaks 
near 22000 c m - 1 as shown in Fig. 1. Then, the 
2E(2T l g)<-4B1(4A2 g) transition attains the negative ro­
tational strength by acquiring a piece of the negative 
rotational strength for the 4B2(4T2g)<-4B1(4A2g) tran­
sition to a larger extent than a piece of the positive 
rotational strength for the 4E(4T2g)<-4B1(4A2g) tran­
sitions as has been found for the CD of /raw.y-[CrX2(N)4] 
type complexes with chiral diamines.2) Thus , the as­
signments of these CD components to the electronic 
transitions suggest that the remaining weak CD peaks 
are due to the vibronic origin rather than the electronic 
one. 

In conclusion, the CD behavior in the whole region 
of the spin-forbidden transitions for (+)589-[Cr(lS',lS'-
p t n t a ) ] - and related complexes is elucidated on the 
tetragonal symmetry assumption more consistently than 
on the trigonal one as summarized in Table 1. 

The authors wish to express their thanks to Prof. 
Yoichi Shimura, Osaka University, for his kind guid­
ance and continuous encouragement throughout this 
work and also for making the circular dichroism and 
infrared spectra available for the present work. 
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Kinetics and Mechanism of Reduction of Hexacyanoferrate(III) 
by Sodium Tetrahydroborate 
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A kinetic investigation of the reduction of hexacyanoferrate(III) by sodium tetrahydroborate in buffered 
aqueous solution has been carried out. The rate of the reaction is proportional to the concentration of both, 
tetrahydroborate and hydrogen ions. The effect of the addition of some inorganic salts has been studied. The 
temperature has been varied, and the Arrhenius parameters have been evaluated. The rate of hydrolysis of 
tetrahydroborate has been separately studied. It has been observed that the activation energies for both the 
reactions—the reduction of hexacyanoferrate(III) and the hydrolysis of tetrahydroborate—are equal. A plau­
sible mechanism for the reduction of hexacyanoferrate(III) has been proposed. 

Sodium tetrahydroborate in water or methanol solu­
tion was found to be an effective reagent for the con­
version of aldehydes and ketones to the corresponding 
alcohols.1) The rate of reduction of ketones by so­
dium tetrahydroborate in isopropyl alcohol as "solvent 
was found to follow second order kinetics.2) I t was 
though worthwhile to investigate the kinetics of re­
duction of hexacyanoferrate(III) ions by using this 
versatile reducing agent, NaBH 4 , and to propose a 
mechanism consistent with the observed kinetic data. 
The decomposition of NaBH 4 as a function of time 
and temperature was separately studied with a view 
to support the mechanism proposed for this reaction. 

E x p e r i m e n t a l 

Materials. Sodium tetrahydroborate (Loba Chemi­
cal Go.) was kept under vacuum. The purity of NaBH4 

was checked by infrared analysis. Two sharp peaks were 
obtained at 2290 cm-1 and 1120 cm-1, both being char­
acteristic for NaBH4. These have been assigned3) as fol­
lows : 

( i ) 2290 cm-1: (B-H) a s y m stretching 

/ H 
( ii ) 1120 cm - 1 : B deformation. 

\ H 

The (B-H) a s y m stretching mode was further split (2380 cm - 1 

and 2220 cm - 1). It has been suggested that the splitting 
was a consequence of the inability of the tetrahedral anion 
to rotate freely in the crystal lattice.4) 

All other substances used were of BDH(AR) grade. 
Methods. Sodium tetrahydroborate was weighed out 

accurately and the solution was prepared in sodium hy­
droxide, whose strength had been determined. Potassium 
hexacyanoferrate(III) was weighed out accurately and the 
solution was prepared in sodium hydroxide. The pH of 
each solution was checked using a pH meter (Toshniwal, 
digital model). The two solutions were separately ther-
mostated at 25 °G for 3 h. The solutions were then mixed 
in equal volumes, and the reaction was followed by ob­
serving the disappearance of hexacyanoferrate(III). Read­
ings were taken at regular intervals of time, by noting the 
decrease in optical density at 420 nm,5> using a spectro­
photometer (Systronics, Mk II model). At this wave 
length, the absorption due to hexacyanoferrate(II) was 
negligible.6> The pH of the reaction mixture was checked 
periodically, during the course of the reaction. 

All infrared measurements were carried out using an 
IR 297 (Perkin-Elmer) spectrophotometer. 

Product Analysis. Sodium tetrahydroborate ( 5 x l 0 - 2 

Mt) in NaOH (1 X 10-2 M), and potassium hexacyanofer-
rate(III) (5xlO" 4 M) in NaOH ( I x l 0 - 2 M ) , were mixed 
in equal volumes. The mixture was allowed to stand at 
room temperature for 48 h to ensure the completion of the 
reaction. The reaction mixture was slowly evaporated in 
a porcelain dish to near dryness; it was then digested with 
concentrated HCl and again evaporated to dryness to obtain 
the residue. The residue was recrystallized from hot water. 

A small portion of the recrystallized product was taken 
in a porcelain dish, mixed with a small amount of concen­
trated H 2 S0 4 to make a paste. About 3 ml of absolute 
methanol was added. The solution was heated and the 
vapours ignited. A green-edged flame was obtained, con­
firming the presence of the borate radical in the residue. 

An infrared spectrum of the product sample was taken 
and compared with the infrared spectrum of a pure boric 
acid sample. Both the samples were found to be identical. 
This confirmed that the residue was boric acid. 

R e s u l t s a n d D i s c u s s i o n 

Stoichiometry. The stoichiometry of the reaction 
was confirmed from colorimetric measurements in the 
following manner : reaction mixtures containing an 
excess of hexacyanoferrate(III) were allowed to go 
to completion, and then analyzed, spectrophoto-
metrically, for the hexacyanoferrate(III) which was left. 
The results gave a 1:8 ratio according to 

BH4~ + 8Fe(GN)6
3~ + 2H 20 > 

B 0 2 - + 8Fe(GN)6
4~ + 8H+. 

Kinetic Results. The rate of disappearance of 
hexacyanoferrate(III) was first order in each, the tetra­
hydroborate and hydrogen ions. 

Effect of Tetrahydroborate. The rate of the reac­
tion was found to be directly proportional to the con­
centration of B H 4 " ions. A plot of log kx versus the 
concentration of BH4~ ions was linear, confirming the 
first order dependence of the reaction on the con­
centration of BH4~ ions (Fig. 1). 

Effect of Hydrogen Ions. The reaction was stud­
ied at varying p H . The rate of the reaction was 
found to vary as a function of the hydrogen ion con­
centration. The logarithm of the rate of disappearance 
of hexacyanoferrate(III) divided by B H 4

- ion con­
centration was plotted against p H . The plot was 

t 1 M = 1 mol dm - 3 . 
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Fig. 1. 
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Plot of logarithm of rate constant (kx) versus 
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Fig. 2. Plot of logarithm of rate constant (k±) divided 
by concentration of [BH4~] versus pH. 

TABLE 1. EFFECT OF HEXACYANOFERRATE(III) 

[Hexacyanoferrate(III)] 

1 0 4 M 

1.0 

2 .5 

5 .0 

7.5 

10.0 

25 .0 

50 .0 

l O ^ i / m i n - 1 

2.71 

2 .60 

2 . 5 4 

2 .44 

2 .56 

2 .50 

2 .62 

[BH4~] = 2 . 5 x l 0 - 2 M ; 
11.50; T e m p - 2 5 ° C . 

N a O H = l x l O - 2 M ; pH = 

linear, with a slope equal to unity (Fig. 2). This 
indicated a first order dependence of the reaction 
on the hydrogen ion concentration. 

Effect of Hexacyanoferrate(III). The rate of the 
reaction was found to be independent of the concen­
tration of hexacyanoferrate(III) ions in the range 
studied, from 1 . 0 x l O - 4 M to 5 . 0 x l O ~ 3 M (Table 1). 

Effect of Hexacyanoferrate(II). The addition of 
hexacyanoferrate(II) ion to the reaction mixture re­
sulted in a decrease in the rate of the reaction (Table 
2). This decrease in the rate might suggest the pos­
sibility of an equilibrium being attained between the 
hexacyanoferrate(III) and the hexacyanoferrate(II). 
In the reaction of As (111) with hexacyanoferrate(III) 
in alkaline medium,7) added hexacyanoferrate(II) was 
found to retard the rate of the reaction. In the reac­
tion of mercaptoacetic acid with hexacyanoferrate(III) 

TABLE 2. EFFECT OF HEXACYANOFERRATE(II) 

[Hexacyanoferrate (II)] 

10 4 M 

0 .0 

1.0 

2 .5 

4 . 0 

Hexacyanoferrate(III) = 2 .5 x 1(H 
M ; N a O H = 1 x 1 0 - 2 M ; p H - 1 1 

l M ; 
.50 ; 

l O ^ / m i n - 1 

9 .50 

4 . 8 6 

2 .29 

0 .84 

[ B H 4 ~ ] - 8 x 1 0 - 3 
Temp = 2 5 ° C . 

TABLE 3. EFFECT OF COPPER(I) IONS 

[Gopper(I) ion] 

1 0 5 M 

0 . 0 

2 .5 

5 .0 

7 .5 

10.0 

12.5 

l O ^ / m i n - 1 

9.50 

7 .50 

4 .36 

3 .05 

1.84 

1.07 

Hexacyanoferrate(III) = 2.5 X 10~4 M ; [BH4~] = 8 X 10~3 

M; N a O H - l x l O - 2 M ; p H - 1 1 . 5 0 ; T e m p - 2 5 °G. 

in acid medium,8) a similar retardation was also ob­
served when hexacyanoferrate (II) was added to the 
reaction mixture. 

Effect of Copper (I) Ions. The addition of cop­
per (I) ions to the reaction mixture resulted in a de­
crease in the rate of the reaction (Table 3). 

The choice of copper(I) ions was appropriate, since 
under the present experimental conditions, there was 
no possibility of further reduction of the copper (I) 
ions by the BH4~ ion. The retardation in the rate 
of the reaction thus observed may be due to the for­
mation of copper (I) tetrahydroborate (CuBH4) , which 
is stable at —12 °G, but undergoes decomposition at 
higher temperatures. At 25 °G, the CuBH 4 formed 
would be unstable and would undergo decomposi­
tion. 

Effect of Added Salts. Potassium, rubidium, and 
caesium are known to form simple tetrahydroborates, 
M(BH 4 ) n , which are stable or decompose only very 
slowly. The stability of these tetrahydroborates is in 
the order K < R b < G s , and can be related to two 
factors: (a) the electronegativities of the metal atom 
of the salts added (K, R b , Gs), which are much lower 
than that of boron; and (b) the percentage ionic 
character. The greater the ionic character, the more 
stable will be the metal tetrahydroborate. 

I t is to be expected that the rates would follow 
the order of stability of these metal tetrahydroborates. 
This has been observed (Table 4). 

Effect of Temperature. The reaction has been 
studied over the temperature range 25 °G to 55 °C. 
The rate of the reaction was found to be directly de­
pendent on the temperature, the rate showing an 
increase with an increase in temperature (Table 5). 
The plot of log kx versus the reciprocal of temperature 
was linear, and the slope was used to calculate the 
activation energy. The Arrhenius parameters have 
been calculated and are shown in Table 6. The 
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T A B L E 4. EFFECT OF ADDED SALTS 

Concentrat ion of salt 

1 0 5 M 

l O ^ / m i n - 1 for 

K+ Rb+ Gs+ 

OF TIME A N D TEMPERATURE 

1.0 

2 . 5 

5 .0 

7.5 

0 .88 

0 .97 

1.62 

6 .29 

13.20 

14.50 

15.40 

18.40 

16.03 

18.80 

23 .67 

25 .20 

Hexacyanoferrate(III) = 2 . 5 x 10~4 M ; [BH4~] = 8 x 10~ 
M ; N a O H = l x l O - 2 M ; p H = 11 .50 ; T e m p - 2 5 °G. 

T A B L E 5. E F F E C T OF TEMPERATURE 

Temp/°G l O ^ / m i n - 1 

25 
30 
35 
45 
55 

4 . 5 4 

4 .97 

5 .55 

6 .58 

7 .37 

Hexacyanoferrate(III) = 2 . 5 x 10~4 M ; [BH4~] = 8 x 10~3 

M ; N a O H = l x l O ~ 2 M ; p H - 1 1 . 5 0 . 

T A B L E 6. ARRHENIUS PARAMETERS 

Energy of activation (EK)= 19.14 k j m o l - 1 

Frequency factor (^4) = 1.59 s _ 1 

Entropy of activation (AS)= — 241 .4 J K " 1 mo l - 1 

Enthalpy of activation (AH) = 19.14 k j m o l - 1 

r e a c t i o n h a s a l a r g e n e g a t i v e e n t r o p y of a c t i v a t i o n . 
Q u a l i t a t i v e l y , this w o u l d i m p l y a l o w e r i n g of t h e 
p o t e n t i a l e n e r g y of t h e t r a n s i t i o n s t a t e . T h i s w o u l d 
e n a b l e t h e facile f o r m a t i o n of t h e t r a n s i t i o n s t a t e . 
M o r e o v e r , a l a r g e n e g a t i v e e n t r o p y of a c t i v a t i o n w o u l d 
c o r r e s p o n d to a v e r y low f r e q u e n c y f ac to r ; this h a s 
b e e n obse rved for t h e r e a c t i o n . 

Decomposition of NaBH± as a Function of Time. It 
w a s t h o u g h t a p p r o p r i a t e to s t u d y t h e d e c o m p o s i t i o n 
of N a B H 4 , as a func t ion of t i m e . T h i s w o u l d e n a b l e 
t h e d e t e r m i n a t i o n of t h e r a t e of hydro lys i s of N a B H 4 

a n d w o u l d a lso t h r o w s o m e l igh t o n t h e p r o b a b l e 
m e c h a n i s t i c p a t h w a y of t h e h y d r o l y t i c r e a c t i o n . 

N a B H 4 (0 .05 M ) w a s p r e p a r e d in w a t e r , a n d t h e 
so lu t ion w a s k e p t a t 2 5 °G. A t def ini te i n t e rva l s of 
t i m e , 5 m l a l i quo t s of this so lu t ion w e r e r e m o v e d , 
a n d m i x e d w i t h 5 m l of a so lu t ion of h e x a c y a n o f e r -
r a t e ( I I I ) ( 5 . 0 x l O " 4 M ) in N a O H (2.0 X 1 0 " 2 M ) , also 
m a i n t a i n e d a t 25 °G. T h e r e a c t i o n w a s fol lowed b y 
m e a s u r i n g t h e dec rea se i n op t i c a l d e n s i t y a t 4 2 0 n m . 
T h e r a t e c o n s t a n t (kx) w a s d e t e r m i n e d , a n d t h e con­
c e n t r a t i o n of B H 4 ~ w a s c a l c u l a t e d f rom t h e e q u a t i o n : 

d [Fe(CN) 6
3 - ] 

d* 
= * i [BH 4 - ] . 

A p l o t of log C ( c o n c e n t r a t i o n of B H 4 ~ ions) versus 
t i m e w a s f o u n d to b e l i nea r , w h i c h i n d i c a t e d a first 
o r d e r d e p e n d e n c e of t h e r e a c t i o n o n B H 4 ~ i o n con ­
c e n t r a t i o n . 

T h e r e a c t i o n w a s r e p e a t e d a t d i f ferent t e m p e r a ­
tu res , a n d t h e r a t e c o n s t a n t a t e a c h of these t e m p e r a ­
tu re s w a s c a l c u l a t e d . T h e d a t a a r e g iven in T a b l e 7. 

A p l o t of log k-i versus t h e r e c i p r o c a l of t e m p e r a t u r e 

Tempera ture T ime 
102 fcj/min-

[BH4-*] 

10* x M 

25 

30 

40 

30 

60 

90 

30 

60 

90 

30 

60 

90 

22 .20 

14.60 

9 .55 

25 .36 

16.60 

10.96 

31 .80 

20 .70 

13.60 

5 .55 

3.65 

2 .39 

6 .34 

4 .15 

2 .74 

7.95 

5.17 

3 .40 

H e x a c y a n o f e r r a t e ( I I I ) - 2 . 5 x 10-« M ; N a O H = 1 X 10~2 

M . 

w a s l i nea r , a n d t h e s lope w a s used to c a l c u l a t e t h e 
a c t i v a t i o n e n e r g y . T h e a c t i v a t i o n e n e r g y for t h e h y ­
drolysis of N a B H 4 w a s found to b e 19.14 k j m o l - 1 . 
F o r t h e r e a c t i o n i nvo lv ing t h e r e d u c t i o n of h e x a c y a n o -
f e r r a t e ( I I I ) b y N a B H 4 , t h e v a l u e of t h e ac t i va t i on 
e n e r g y w a s also found to b e 19.14 k j m o l - 1 ( T a b l e 6 ) . 

M e c h a n i s m 

Since t h e r a t e of t h e r e a c t i o n is p r o p o r t i o n a l to 
t h e c o n c e n t r a t i o n s of b o t h , t e t r a h y d r o b o r a t e a n d h y ­
d r o g e n ions , t h e c h e m i c a l c o m p o s i t i o n of t h e a c t i v a t e d 
c o m p l e x c a n b e w r i t t e n as H + B H 4 ~ . 

T h e first s t ep of t h e r e a c t i o n i s : 

B H 4 - + H+ • H + B H 4 - . (1) 

A k ine t i c s c h e m e cons is t ing of E q . (1) , followed b y 
consecu t ive steps i nvo lv ing h e x a c y a n o f e r r a t e ( I I I ) cou ld 
b e used as a basis to e x p l a i n t he e x p e r i m e n t a l resul ts . 
E a c h b o r o n i n t e r m e d i a t e cou ld r e a c t w i t h e i the r a 
h e x a c y a n o f e r r a t e ( I I I ) i on o r w i t h a h y d r o g e n p r o ­
d u c i n g species s u c h as w a t e r . 

T h e r e a c t i o n c o u l d b e r e p r e s e n t e d b y t h e fol lowing 
s e q u e n c e of s t eps : 

B H 4 - 4 H+ • H+BH 4 - , 

H + B H 4 - + 2Fe(CN) 6
3 - + H 2 0 > 

B H 3 O H - + 2Fe(GN) 6
4 - + 3H+, 

B H 3 O H - -h 2Fe(GN) 6
3 - • 

B H 2 O H + 2Fe(GN) 6
4 - + H+, 

B H 2 O H + Fe (GN) 6
3 - + H 2 0 • 

B H ( O H ) 2 - + Fe (GN) 6
4 - + 2H+, 

B H ( O H ) 2 - + Fe (GN) 6
3 - • 

B H ( O H ) 2 + Fe(GN) 6
4 - , 

B H ( O H ) 2 + 2Fe(GN)6
3~ • 

B 0 2 - + 2Fe(GN) 6
4 - + 3H+. 

T h e ove ra l l s t o i ch iome t r i c r e a c t i o n w o u l d t h e n b e : 

B H 4 - + 8Fe(GN) 6
3 - + 2 H 2 0 > 

B 0 2 - + 8Fe(GN) 6
4 - + 8H+. 

T h e r a t e l a w c o u l d b e expressed as 
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_ dDMCNV-] = , i [ B H 4 _ ] [ H + ] . 

I t has been found that for this reaction, kx has the 
frequency factor of 1.59 s_1, and an activation energy 
of 19.14 k j mol"1 . 

The essential feature of this mechanism is that any 
given intermediate reacts only with a hydrogen pro­
ducing species, or else with hexacyanoferrate(III) . 
There is thus no competition for a given intermediate. 

Further support of this mechanism is found from 
the rate measurements of the hydrolysis of BH4~ ion, 
in the absence of hexacyanoferrate(III) . The mech­
anism for the hydrolysis may be represented by : 

BH4- + H+ • H+BH4-

followed by hydrogen yielding steps of the type: 

( a ) BH2OH + H 2 0 > BH(OH)2 + H2, 

( b ) 2BH2OH + 2H 2 0 > 

2BH(OH)2~ + 2H+ + H2, 

( c ) BH(OH)2 + H 2 0 > H3BO3 + H2 . 

This mechanism would predict 

T h e rate of hydrolysis of NaBH 4 was measured and 
it was found that the rate constant, kv corresponds 
to an activation energy of 19.14 k j mo l - 1 . This was 
in agreement with the value determined from the 
kinetic studies, in the presence of hexacyanoferrate(III) . 

Intermediate Boron Compounds. The intermediate 
boron compounds, described in the reaction sequence, 
could not be isolated. However, there is evidence 
for the existence of such intermediates from the reac­
tion of diborane with ice and with the "bound water" 
in silica gel.9) 

These intermediates differ in reducing capacity, and 
the formulas of the boron intermediates used are 
primarily intended to show the reducing capacity of 

the intermediate. 
Consider the following steps: 

( a ) BH2OH + Fe(GN)6
3- + H 2 0 > 

BH(OH)2- + Fe(GN)6
4~ + 2H+ 

and 

( b ) 2BH2OH + 2H 2 0 > 

2BH(OH)2- + 2H+ + H 2 . 

These steps describe a one-electron oxidation by hexa-
cyanoferrate(III) and water respectively, to give the 
intermediate BH(OH) 2 ~, which has three equivalents 
of reducing capacity. 

Again, consider the following steps: 

( a ) BH2OH + 2Fe(GN)6
3~ + H 2 0 > 

BH(OH)2 + 2Fe(GN)6
4~ + 2H+ 

and 

( b ) BH2OH + H 2 0 • BH(OH)2 + H 2 . 

These steps involve a two-electron oxidation to give 
B H ( O H ) 2 , which has a two-electron reducing capacity 
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The Synthesis of Antigenic Glycopeptides, 2-Acetamido-iV-(iâ-L-aspartyl)-
2-deoxy-4-0-iS-(D-galactopyranosyl)-iâ-D-glucopyranosy lamine. 

(iV-Acetyllactosaminyl-L-asparagine) 
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The title compound, serving as intermediate in the chemical and biochemical synthesis of glycopeptides and 
as a reference substance in the structure elucidation of glycoproteins, was synthesized. 2-Acetamido-4-0-allyl-
3,6-di-0-benzyl-2-deoxy-/?-D-glucopyranosyl azide was reduced to the corresponding /?-D-glucosylamine and 
coupled with 1-benzyl iV-benzyloxycarbonyl-L-aspartate to give 2-acetamido-4-0-allyl-3,6-di-0-benzyl-iV:-[(6')-
3-benzyloxycarbonyl-3-benzyloxycarbonylamino)propionyl]-2-deoxy-j5-D-glucopyranosylamine. Removal of the 
allyl group of the latter followed by condensation with 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide gave 
the fully protected iV^acetyllactosaminyl-L-asparagine. De-blocking of the O-acetyl, benzyl, and benzyloxy-
carbonyl groups gave the title compound. 

Carbohydrate chains attached to protein and to 
lipid moieties are known to be antigenic both at the 
surface of bacterial and mammal ian cells. The role 
of carbohydrate in antigenic components at the surface 
of erythrocytes has been well established for the ABO 
and MN-antigen systems and suggested for I , P, and 
T-antigen systems.1) Carbohydrate chains are also 
components of the cancer cells2) and transplantation 
antigens.3) 

In view of these facts and the interest in (a) studying 
the inhibition of lectins in relation to the structure 
of receptor sites4-6) and (b) structural indentification 
by gas-liquid chromatography combined with mass 
spectrometry,7) a research program has been launched 
for the synthesis of antigenic oligosaccharides,8) glyco­
peptides,9) and isoprenoid sugar phosphates.10) 

The synthesis of iV-acetyllactosaminyl-L-asparagine 
has been undertaken as a par t of this program and 
because 2-amino-2-deoxy-4-0-/?-D-galactopyranosyl-D-
glucose (lactosamine) is the determinant group in the 
antigenic, Type X I V pneumococcus polysaccharide.11) 
The synthesized glycopeptide may also be used as a 
starting material for the synthesis9»12) and biosynthesis 
of larger glycopeptides. 

R e s u l t s a n d D i s c u s s i o n 

I n synthesizing iV-acetyl-D-glucosamine-containing 
glycopeptides12-17) it has been shown that derivatives 
of 2-acetamido-2-deoxy-/?-D-glucopyranosyl azide18) 
were the most convenient starting materials since they 
are stable, crystalline, and can be transformed, under 
mild conditions, into /?-D-glucopyranosylamine deri­
vatives ready for coupling with amino acids. In ad­
dition, /?-D-glycosyl azides showed no sign of changing 
their anomerization throughout reduction and Cou­
p l i n g . 1 7 ' 1 ^ ) 

Taking these facts into consideration while designing 

t Present address : Department of Chemistry, Faculty of 
Science, King Abdul Aziz University, Jeddah, P.O. Box 
9028, Saudi Arabia. 

a synthetic pathway for the title compound, one of 
three possible approaches may be adopted (a) starting 
with Af-acetyllactosamine and going through the a-
glycosyl halide, ^-glycosyl azide, /?-glycosylamine, and 
finally iV-acetyllactosaminyl-L-asparagine; (b) Koenigs-
Knor r condensation of a-D-galactosyl halide with a 
suitably protected 2-acetamido - 2 - deoxy - ß - D - gluco-
pyranosyl azide, followed by reduction of the azido 
group and coupling with aspartic acid; and (c) 
Koenigs-Knorr condensation of a suitably blocked 2-
acetamido-2-deoxy-/?- D - glucopyranosylamine - L - aspar­
tic acid derivative with a-D-galactopyranosyl halide. 
The first approach suffers the disadvantages of the 
inavailability of iV-acetyllactosamine, and the possible 
splitting of the glycosidic linkage during the prepara­
tion of the glycosyl halide.16»17) Executing either of 
the two other alternatives requires the synthesis of 
a 2-acetamido-2-deoxy-/?-D-glucopyranosyl azide block­
ed at positions 3 and 6 and having the 4-hydroxyl 
group available for Koenigs-Knorr condensation. 

Previous work21-23) has shown that the 4-hydroxyl 
group in 2-acetamido-2-deoxy-D-glucopyranosyl resi­
dues is not reactive in the Koenigs-Knorr reaction, 
and that, when both 4- and 6-hydroxyl groups are 
free, this reaction occurs exclusively at 0-6.22>23) Re­
course to open chain intermediates24) was necessary 
to prepare (l->4) linked iV-D-glucosamine-containing 
oligosaccharides.8»24-26) Although 2-acetamido-3,6-di-
O-acetyl-2-deoxy-D-glucopyranosyl derivatives showed 
no reactivity at the 4-hydroxyl group, benzyl 2-acet-
arnido-3,6-di-0-benzyl-2-deoxy-a- and /?-D-glucopy-
ranosides8»27) were successfully condensed to give (1—>4) 
linked oligosaccharides.8»28) We decided, therefore, 
to prepare 2-acetamido-356-di-0-benzyl-2-deoxy-/?-D-
glucopyranosyl azide (14) as a suitable substrate for 
Koenigs-Knorr condensation with a-D-galactosyl halide 
to give /^iV-acetyllactosaminyl azide. 

2-Acetamido-4,6-0-benzylidene-2- deoxy - ß - D - gluco-
pyranosyl azide13) (2) was prepared by a modified 
method in which 2-acetamido-2-deoxy-/?-D-glucopy-
ranosyl azide18) (1) was treated with benzaldehyde 
and anhydrous formic acid as a dessicant instead of 
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the usually used anhydrous zinc chloride. Benzyla­
tion of 2 with benzyl bromide in iV,JV-dimethyl-
formamide and in the presence of a mixture of bar ium 
hydroxide and barium oxide, gave the 3-0-benzyl 
derivative 3. Removal of the 4,6-O-benzylidene group 
was achieved by heating with 6 0 % acetic acid to 
give 4, which was tritylated to afford 5. An at tempt 
to prepare 2-acetamido-4-0-benzoyl-3-0-benzyl-2-
deoxy-6-0-triphenylmethyl-/?-D-glucopyranosyl azide 
(7) by benzoylating 5 with benzoyl chloride in the 
presence of pyridine at room temperature resulted in 
N- and O-benzoylation to give 6. O-Benzylation, how­
ever, could be effected when the reaction was per­
formed at — 70 °G and in the presence of a limited 
amount of benzoyl chloride to give 7 in good yield 
(78%). Detritylation of 7 with hydrochloric acid in 
aqueous methanol for 4 h at room temperature gave 
8. Attempted conversion of 2-acetamido-4-0-benzoyl-
3-0-benzyl-2-deoxy-/?-D-glucopyranosyl azide (8) to 2-
acetamido-4-0-benzoyl-3,6-di- 0 -benzyl - 2 - deoxy - ß - D-
glucopyranosyl azide (9) by benzylation with benzyl 
bromide and silver oxide, according to the method 
described by Sinay27) for a similar derivative, gave 
a mixture difficult to separate either by chromatog­
raphy or fractional crystallization. This result, to­
gether with a previous similar one,8) may be attributed 
to the partial migration of the 4-O-benzoyl group 
under the slightly alkaline conditions of the reaction. 

Consequently, a new route for the synthesis of 
2-acetamido-3,6-di-0-benzyl-/?-D-glucopyranosyl azide 
(14) was contrived with intermediates containing the 
O-allyl protective group29»30) instead of the benzoyl 
group. Allylation of 5 with allyl bromide and sodium 
hydroxide in benzene for 72 h gave 2-acetamido-4-
0-allyl-3-0-benzyl-2-deoxy-6- 0 - triphenylmethyl - ß - D-
glucopyranosyl azide (10) in 7 7 % yield. However, 
the reaction could be expedited (5 h) and the yield 
improved (89%) by carrying out the allylation in 

iV,iV-dimethylformamide. Detritylation of 10 with 
6 0 % acetic acid gave 2-acetamido-4-0-allyl-3-0-benzyl-
2-deoxy-/?-D-glucopyranosyl azide (11). Benzylation of 
the latter with benzyl bromide in iV,iV-dimethyl-
formamide and in the presence of sodium hydroxide 
gave the expected O-benzylated product 12 in ad­
dition to the 0 - and iV-benzylated product 13 in a 
1: 1.7 ratio. Attempted removal of the 4-O-allyl group 
of 12 by isomerization with tris(triphenylphosphine)-
rhodium chloride in the presence of 1,4-diazabicyclo-
[2.2.2]octane8'31»32) followed by splitting of the re­
sulting O-1-propenyl group with mercury(II) chlo­
ride,8 '33) failed giving a complex mixture of highly 
polar compounds devoid of the azido group. This 
may be attributed to the reaction of the azido group 
with the rhodium triphenylphosphine complex to give 
glycosylphosphinimines.34 '35) I t was necessary, there­
fore, to reduce the azido group of 12, and coupling 
the resulting glycosylamine with L-aspartic acid prior 
to the removal of the 4-O-allyl group. 

The commonly used method1 2 - 1 7) of reducing glyco-
syl azides by hydrogénation in the presence of Adam's 
catalyst, would be unsuitable for reducing compound 
12 as it would lead to indiscriminate reduction of 
the azido and allyl groups. Saturation to O-propyl 
groups deprive the O-allyl groups their desirable selec­
tive removal in the presence of O-benzyl groups. 
Sodium borohydride was at tempted as a selective 
reductant of the azido group without affecting the 
O-allyl function. In methanol, no such reduction 
took place and compound 12 was recovered unchanged. 
In JV,iV-dimethylformamide5 however, the reduction 
took place smoothly at room temperatures to give 
the unstable glycosylamine 15 which showed a posi­
tive ninhydrin reaction.36) The amine 15 was charac­
terized by acetylation into the stable and crystalline 
2-acetamido-iV- acetyl - 4 - 0 - allyl - 3,6 - di - 0 - benzyl - 2-
deoxy-/?-D-glucopyranosylamine (16). 

14 

All= CH2CH=CH2 Bz= COPh 

NHAc 

10 R = Tr 

U> R = H 

12, R = Bzl 

Bzl = CH-Ph 

BzlO 

A110 
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COOH 
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C-O-

,22, R= Cbz, R = Bzl 

23 R= R'= H 

In order to prevent the formation of bis(glycosyl-
amines),17 '19 '37) the unstable amine 15 was used with­
out further purification in the next step. Condensa­
tion of 15 with 1-benzyl-iV-benzyloxycarbonyl-L-as-
partate38 '39) (17) in the presence of dicyclohexylcarbo-
diimide gave crystalline 2-acetamido-4-0-allyl-3,6-di-
O-benzyl- N- [(S) - 3 - benzyloxycarbonyl - 3 - (benzyloxy-
carbonylamino)propionyl]-2 - deoxy - B - D - glucopyrano-
sylamine (18) in 5 3 % yield. Removal of the 4 -0-
allyl group of 18 using tris (triphenylphosphine) rho­
dium chloride and mercury (I I) chloride gave crystalline 
19. 

Koenigs-Knorr condensation of 19 with 2,3,4,6-tetra-
O-acetyl-a-D-galactopyranosyl bromide40) (20) in the 
presence of mercury(II) cyanide gave the fully pro­
tected JV-acetyllactosaminyl-L-asparagine 21 . Assign­
ing the ^-D-configuration to the D-galactopyranosyl 
residue was based on the result of a previous syn­
thesis.16) Trea tment of 21 with lithium hydroxide 
removed the protective 0-acetyl groups of the D-
galactopyranosyl moiety and the benzyl ester of L-
aspartic acid giving 22. Hydrogenolysis of the N-
benzyloxycarbonyl and 0-benzyl groups of 22 gave 
the title compound 23. 

E x p e r i m e n t a l 

General. Melting points were determined with a 
Mettler FP2 hot stage equipped with a microscope, and 
correspond to "corrected" melting points. Optical rota­
tions were determined for solutions in 1-dm, semimicro 
tubes with a Perkin-Elmer Model 141 Polarimeter. In­
frared spectra were recorded, for potassium bromide discs 
or for thin film, with a Perkin-Elmer Model 237 spectro­
photometer. Chloroform used was analytical grade and 
contained about 0.75% ethanol. All solvent mixtures used 
were v/v. Solvents were dried over molecular sieve (type 
5A, Grade 522, 8—12 mesh, Fisher Scientific Co., Fairlawn, 
N. J .) . The cation-exchange resin used was in at least 
two-fold over the quantity necessary to effect complete ion 

exchange. Evaporations were performed in a rotary evap­
orator under diminished pressure, with an outside bath-
temperature kept below 40 °C. Solutions (<5ml ) were 
evaporated under a stream of nitrogen. The microanalyses 
were performed by Dr. M. Manser, Zurich, Switzerland. 

Chromatographic Methods. Column chromatography on 
silica gel was performed on Silica gel Merck (10—325 mesh, 
E. Merck A. G., Darmstadt, Germany) used without pre­
treatment. The ratio of the diameter of the column to 
its length was 1:8 to 1:12. The volume of the fractions 
eluted was 2 to 3 ml/g of substance to be chromatographed. 
The proportion of weight of substance to weight of silica 
gel was 1:60 to 1:100. Thin-layer chromatography (TLC) 
was performed on plates precoated with Silica gel G (layer 
thickness 0.25 mm. Merck), the plates supplied were cut 
to a length of 6 cm before use, but otherwise they were used 
without pretreatment. The distance of solvent-travel was 
5 cm and the zones were detected by spraying the chro­
ma tograms with 1:1:18 />-anisaldehyde-sulfuric acid-
ethanol40) following by heating on a hot plate for a few min­
utes. 

2-Acetamido-4,6-0-benzylidene-2-deoxy-ß-D-glucopyranosyl Azide 
(2). A suspension of 2-acetamido-2-deoxy-/?-D-gluco-
pyranosyl azide18) (1) (1.88 g) in freshly distilled benz-
aldehyde (15 ml) was stirred for 5 min at room temperature 
and then treated with 99% formic acid (20 ml). After 
stirring for a further 30 min, the reaction mixture was cooled 
in an ice-bath and gradually neutralized with a saturated 
aqueous solution of potassium carbonate. The heterogene­
ous mixture was distilled under reduced pressure and the 
excess benzaldehyde removed by repeated co-distillation 
with water. The residue, which remained, was triturated 
with water, filtered, washed with water, and dried. Crystal­
lization from methanol gave 1.95 g (76%) of 2 as needles, 
mp and mixed mp13> 214—216 °C (dec). 

2-Acetamido-3-0-benzyl-4,6-0-benzylidene-2 - deoxy - /? - D - gluco-
pyranosyl Azide (3). A solution of 2 (1.4 g) in dry N,N-
dimethylformamide (30 ml) was treated with benzyl bromide 
(1.3 ml), barium oxide (5 g), and barium hydroxide octa-
hydrate (1.3 g) and the mixture was stirred for 2 h at 
room temperature. Chloroform (50 ml) was added and 
the mixture was heated under reflux for 2 h while stirring 
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and then filtered while hot. The inorganic residue was 
washed with hot chloroform (3 X 50 ml) and the filtrate 
and washings were evaporated to dryness. Crystallization 
of the residue from chloroform-methanol gave 1.45 g (82%) 
of 3 as needles, mp 224—225 °C (dec); [a]3D° - 3 0 ° (c 2.1, 
pyridine); v g 3290 (NH), 2130 (N3), 1655 (Amide I), 
1555 (Amide II), 750, 725, and 690 cm"1 (Ph); TLC in 
19:1 chloroform-ethanol R{ 0.32. Found: C, 62.18; H, 
5.71; N, 13.16; O, 18.70%. Calcd for C22H24N405: C, 
62.25; H, 5.70; N, 13.20; O, 18.85%. 

2-Acetamido-3-0-benzyl-2-deoxy-ß-D-glucopyranosyl Azide (4). 
A suspension of 3 (1.06 g) in 60% acetic acid (50 ml) was 
heated for 2 h at 90—95 °C. The clear solution was evap­
orated under diminished pressure and the residue was dried 
by several co-distillations with toluene. Chromatography of 
the residue on a column of silica gel with 19:1 chloroform-
ethanol gave 655 mg (78%) of 4, which crystallized from 
methanol-chloroform-ether; mp 173—174 °C (dec); [a]2D° 
- 2 9 ° (c 2.24, methanol); v™ 3350 (OH), 3290 (NH), 
2130 (N3), 1645 (Amide I), 1550 (Amide II), 730, and 690 
cm-1 (Ph); TLC in 4:1 chloroform-ethanol Rt 0.52. Found: 
C, 53.47; H, 5.99; N, 16.71; O, 23.58%. Calcd for 
C15H20N4O5: C, 53.57; H, 5.99; N, 16.66; O, 23.78%. 

2-Acetamido-3-0-benzyl-2-deoxy-6-0-triphenylmethyl-ß- D -gluco-
pyranosyl Azide (5). A solution of 4 (700 mg) in dry 
pyridine (30 ml) was treated with chlorotriphenylmethane 
(1.4 g) for 30 h at room temperature. The mixture was 
poured onto a mixture of ice (200 g) and potassium carbonate 
(5 g), and then extracted with chloroform (4x50 ml). The 
extracts were washed with water (3x50 ml), dried (K2C03) 
and evaporated. The last traces of pyridine was removed 
by several additions and evaporations of toluene. The 
residue was chromatographed on a column of silica gel with 
19:1 chloroform-ethanol containing 0.1% of triethylamine, 
to give 1.16 g (84%) of 5, which crystallized from dichloro-
methane-carbon tetrachloride as needles, mp 116—118°C; 
[a]2D° - 2 2 ° (c 2.3, chloroform); y g 3500 (OH), 3280 
(NH), 2120 (N3), 1650 (Amide I), 1550 (Amide II), 740, 
and 690cm - 1 (ph); TLC in 19:1 chloroform-ethanol, Rf 

0.32. Found: C, 63.79; H, 5.27; N, 8.62; O, 12.13%. Calcd 
for C34H34N405-CH2C12: C, 63.99; H, 5.37; N, 8.29; O, 
11.84%. 

2-CN-Acetylbenzamido) -4-0-benzoyl-3-0-benzyl- 2 - deoxy - 6 - O-
triphenylmethyl-ß-D-glucopyranosyl Azide (6). A solution of 
5 (800 mg) in dry pyridine (30 ml) was treated with benzyl 
chloride (2 ml) for 2 h at room temperature. The mixture 
was poured into an ice-cold solution of sodium hydrogen-
carbonate and then extracted with chloroform (4 X 50 ml). 
The chloroform extracts were washed with water (3x50 
ml), and dried (K2C03). Evaporation of the solvent and 
removal of the residual pyridine by several co-distillations 
with toluene gave a residue which was chromatographed 
on a column of silica gel with chloroform. Fractions con­
taining 6 were evaporated and the residue crystallized from 
dichloromethane-ether-pentane as needles (863 mg; 91%), 
mp 154—157 °C; [a]2

D
2 -33.4° (c 2.3, chloroform); v%* 

2120 (N3), 1725 (O. COPh), 1700 (N. COPh), 1670 (N. 
COCH3), 745, and 690cm"1 (Ph); TLC in chloroform 
Rf 0.54. Found: C, 73.23; H, 5.42; N, 7.15; O, 14.20%. 
Calcd for C48H42N407: C, 73.27; H, 5.38; N, 7.12; O, 
14.23%. 

2 - Acetamido -4-0- benzoyl^ -O- benzyl -2- deoxy - 6 - O - triphenyl-
methyl-ß-v-glucopyranosyl Azide (7). A solution of 5 (664 
mg) in dry pyridine (10 ml) was cooled to — 70 °C and 
treated with a 14% (w/v) solution (1 ml) of benzoyl chloride 
in dry benzene. The mixture was kept at —20 °C for 16 
h and then treated with a few drops of methanol, evaporated, 

and the residual pyridine removed by repeated addition 
and distillation of toluene. The syrupy residue which ob­
tained could not be crystallized, and it was, therefore, chro­
matographed on a column of silica gel with 19:1 chloro­
form-ethanol to give 532 mg (78%) of 7. It crystallized 
from dichloromethane-ether as needles, mp 169—170 °C; 
[a]aD° +0.5° (c 2.8, chloroform); y g 3280 (NH), 2130 
(N3), 1730 (O. COPh), 1655 (Amide I), 1550 (Amide II), 
740, and 680cm"1 (Ph); TLC in 19:1 chloroform-ethanol 
Rf 0.38. Found: C, 72.10; H, 5.54; N, 8.12; O, 14.14%. 
Calcd for C41H38N406: C, 72.12; H, 5.61 ; N, 8.20; O, 14.06%. 

2-Acetamido-4-0-benzoyl-3-0-benzyl-2-deoxy-ß- D -glucopyranosyl 
Azide (8). A solution of 7 (1.9 g) in methanol (75 
ml) was treated with 2 M hydrochloric acid until the mixture 
becomes just turbid (about 10 ml) and kept for 4 h at room 
temperature. The mixture was diluted with cold water 
(200 ml), extracted with chloroform (5x75 ml), and the 
extracts were washed with water (2x50 ml), saturated 
sodium hydrogencarbonate solution (2x50 ml), and water 
(3x50 ml), dried (Na2S04), and evaporated. The residue 
was chromatographed on a column of silica gel with 9:1 
chloroform-ethanol, to give 1.03 g (84%) of 8, which crystal­
lized from dichloromethane-ether; mp 178—190 °C (dec); 
[a]2D° - 2 8 ° (c 2.0, chloroform); *£g 3480 (OH), 3280 
(NH), 2130 (N3), 1720 (O. COPh), 1655 (Amide I), 1550 
(Amide II), 745, and 700cm"1 (Ph); TLC in 19:1 chloro­
form-ethanol, Rf 0.20, and in 9:1 chloroform-ethanol, R{ 

0.40. Found: C, 60.06; H, 5.49; N, 12.76; O, 21.98%. 
Calcd for C22H24N4Oe: C, 59.99; H, 5.49; N, 12.72; O, 
21.79%. 

Attempted Synthesis of 2-Acetamido-4-0-benzoyl-3,6-di-0-benzyl-
2-deoxy-ß-D-glucopyranosyl Azide (9). Compound 8 (500 
mg) in anhydrous benzene (30 ml) was treated with benzyl 
bromide (1.5 ml) and silver oxide (700 mg) and the mixture 
stirred for 24 h at 60—70 °C in the dark. After cooling 
to room temperature, the mixture was diluted with dichloro-
methane (30 ml) and filtered through a celite layer. To 
the filtrate pyridine (3 ml) was added and the mixture was 
evaporated and dried by several additions and distillations 
of toluene. The syrup obtained showed, on TLC, to con­
tain more than four products. Attempted separation of 
these products by fractional crystallization or by repetitive 
column chromatography on silica gel using different solvent 
systems was unsuccessful. 

Carrying the reaction at lower temperature (40—50 °C) 
and for a shorter duration (16 h) led to the same result. 

2-Acetamido-4-0-allyl-3-0-benzyl-2-deoxy-6 - O - triphenylmethyl-
ß-T>-glucopyranosyl Azide (10). Method A: To a solu­
tion of 5 (500 mg) in dry benzene (20 ml) allyl bromide 
(110 mg) and powdered sodium hydroxide (1.25 g) were 
added and the mixture stirred for 72 h at room temperature. 
The mixture was filtered on a celite layer and the inorganic 
residue was washed with benzene (2 X 50 ml). The filtrate 
and washings were washed with water (3x50 ml), dried 
(Na2S04), and evaporated. The residue which obtained 
was chromatographed on a column of silica gel with 19:1 
chloroform-ethanol to give 360 mg (77%) of 10, which 
crystallized from dichloromethanol-pentane as needles, mp 
190—191 °C; [a]2D° +1.4° (c 1.04, chloroform); v™ 3300 
(NH), 2130 (N3), 1650 (Amide I), 1550 (Amide II), 740, 
and 680cm"1 (Ph); TLC in 19:1 chloroform-ethanol Rt 

0.44. Found: C, 71.72; H, 6.20; N, 9.05; O, 13.04%. 
Calcd for C37H38N405: C, 71.82; H, 6.19; N, 9.06; O, 12.93%. 

Method B: A solution of 5 (500 mg) in JV,JV-dimethyl-
formamide (20 ml) was treated with the same amounts 
of allyl bromide and sodium hydroxide as described in Meth­
od A. After completion of the reaction (5 h), the mixture 
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was diluted with chloroform (200 ml), washed with water 
( 4 x 5 0 ml) , and dried ( N a 2 S 0 4 ) . Evaporation of the sol­
vents and chromotography of the residue gave 416 mg (89%) 
of 10 having the same properties as those just described. 

2-Acetamido-4-0-allyl-3-0-benzyl- 2 - deoxy-ß- D - glucopyranosyl 
Azide (11). A suspension of 10 (619 mg) in 6 0 % 
acetic acid (50 ml) was heated for 2 h at 90 °C. T h e clear 
solution was evaporated and the residue, which obtained, 
was dried by several co-distillations with toluene and then 
chromatographed on a column of silica gel with 19:1 chloro-
form-ethanol to give 285 mg (79%) of 11. I t crystallized 
from dichloromethane-e ther-pentane as needles, m p 188 
°C; [a]2

D° - 1 1 ° (c 2, chloroform); *gg 3250 ( O H ) , 3480 
(NH) , 2140 (N3), 1650 (Amide I ) , 1550 (Amide I I ) , 745, 
and 680 c m - 1 (Ph) ; T L C in 19:1 chloroform-ethanol Rf 
0.21 and in 9:1 chloroform-ethanol R{ 0.43. Found : C, 
57 .41 ; H , 6.45; N , 14.89; O , 21 .89%. Calcd for C1 8H2 4-
N 4 0 5 : C, 57.44; H , 6.43; N , 14.88; O , 21 .25%. 

2- Acetamido -4-0- ally1-3,6-di-O - benzyl -2- deoxy - /? - D - gluco­
pyranosyl azide (12) and 2-CN-Acetylbenzylamino)-4-0-allyl-3,6-
di-O-benzyl-2-deoxy-ß-D-glucopyranosyl Azide (13). Benzyl 
bromide (1.2 ml) and powdered potassium hydroxide (3 g) 
were added to a solution of compound 11 (600 mg) in a 
mixture of anhydrous benzene (30 ml) and iV,iV-dimethyl-
formamide (5 ml) and stirred for 3 h at room temperature . 
T h e mixture was cooled in an ice-bath, diluted with chloro­
form (200 ml) , washed with ice-water ( 3 x 5 0 ml) , 5 % citric 
acid solution ( 2 x 5 0 ml) , saturated sodium hydrogencarbon-
ate solution ( 3 x 3 0 ml) , and water ( 3 x 5 0 ml) , and dried 
(Na 2 S0 4 ) . Evaporation of the solvents gave a syrup which 
on chromatography on a column of silica gel with 99:1 chloro­
form-ethanol gave 191 mg (33%) of 13 in the fast-moving 
fractions as a syrup which could not be crystallized, [a]?,0 

+ 2.15° (c 1.6, chloroform), v™ 2125 (N3) , 1650 (Amide 
I ) , 725, and 680 cm" 1 (Ph) ; T L C in 29:1 chloroform-ethanol 
Rf 0.62. Found : C, 69.06; H , 6.46; N , 10.04; O , 14.60%. 
Calcd for C 3 2 H 3 6 N 4 0 5 : C, 69.05; H , 6.52; N , 10.06; O, 
14.37%. 

From the slow-moving fractions, 365 mg (56%) of 12 
were obtained, which crystallized from methanol as needles, 
m p 159—160 °C ; [a]2

D° + 7 . 5 ° (c 2.7, chloroform), vg* 
3250 (NH) , 2125 (N3) , 1645 (Amide I ) , 1550 (Amide I I ) , 
735, and 6 8 0 c m - 1 (Ph ) ; T L C in 29:1 chloroform-ethanol 
i?f 0.34. Found : C, 64.45; H , 6.52; N , 12.04; O , 17.25%. 
Calcd for C 2 5 H 3 0 N 4 O 5 : C, 64.36; H , 6.48; N , 12.01; O , 
17.15%. 

Attempted Preparation of 2-Acetamido-3,6-di-0-benzyl-2-deoxy-
ß-D-glucopyranosyl Azide (14). A solution of 12 (500 
mg) and l,4-diazabicyclo[2.2.2]octane (75 m g ; Eastman 
Kodak Co., Rochester, N . Y. 14650) in 9 0 % methanol (25 
ml) was heated to boiling. Tris (triphenylphosphine) rho­
d ium chloride (200 m g ; Alpha Products, Ventron Corpora­
tion, D a n vers, M A 01923) was added, and the mixture 
was boiled under reflux for 4 h, cooled to room temperature, 
filtered, and the filtrate, evaporated without being dried. 
A solution of the residue in chloroform (100 ml) was suc­
cessively washed with 5 % citric acid solution ( 2 x 2 5 ml) 
and water ( 2 x 2 5 ml) , and evaporated without being dried. 
T h e residue was dissolved in 9 0 % acetone (25 ml) , and 
the solution was stirred with mercury (II) chloride (500 
mg) and yellow mercury (II) oxide (500 mg) for 30 min at 
room temperature . T h e mixture was filtered on a celite 
layer, the inorganic residue was washed with acetone, and 
the filtrate and washings were evaporated to a syrupy res­
idue (600 mg) . T L C of this residue revealed the presence 
of a complex mixture of highly polar compounds and in­
frared showed the total loss of the characteristic azido group 
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absorption. 
2 - Acetamido -N- acetyl-4-0-allyl-3,4-0-benzyl-2-deoxy-ß-T>-gluco-

pyranosylamine (16). At tempted reduction of a solu­
tion of 12 (117 mg) in methanol (29 ml) with sodium boro-
hydride (100 mg) for 16 h at room temperature or for 6 h 
at 80 °C was unsuccessful and gave the unchanged azido 
compound. Therefore, a solution of 12 (117 mg) in N,N-
dimethylformamide (10 ml) was cooled to 0 °C and treated 
with sodium borohydride (100 mg) and then allowed to 
at tain room temperature for 6 h. The mixture was treated 
with a few pieces of Dry Ice, diluted with chloroform (100 
ml) and washed with water ( 5 x 2 5 ml), and dried (Na 2 S0 4 ) . 
Evaporat ion of the solvents gave a residue of 2-acetamido-
4-0-allyl-3,6-di-0-benzyl-2- deoxy - / ? - D - glucopyranosylamine 
(15) which gave positive test with ninhydrin. T h e residue 
was dissolved in methanol (10 ml) , treated with acetic an­
hydride (0.5 ml) for 2 h at room temperature, and evaporat­
ed. After several co-distillations with toluene, the sub­
stance was chromatographed on a column of silica gel with 
19:1 chloroform-ethanol to give 95 mg (79%) of 16, which 
crystallized from methanol, m p 214—216 °C; [a]a

D° + 3 3 ° 
(c 1.12, methanol ) ; yg£ 3280 (NH) , 1650 (Amide I ) , 1550 
(Amide I I ) , 730, 6 8 0 c m " 1 (Ph) ; T L C in 9:1 chloroform-
ethanol Rf 0.53. Found : C, 67 .11; H , 7.06; N , 5.69%. 
Calcd for C 2 7 H 3 4 N 2 0 6 : C, 67.20; H , 7.10; N , 5.80%. 

2-Acetamido-4-O-ally1-3,6-di-O- benzyl - N[(S) -3- benzyloxycar-
bonyl-3- (benzyloxycarbonylamino)propionyl\ -2-deoxy-ß-D-gluco­
pyranosylamine ( 18 ) . A solution of compound 12 (1.1 g) 
in iV,iV-dimethylformamide (10 ml) was reduced with so­
d ium borohydride (1 g), as described for the preparation 
of 15. Carbon dioxide was bubbled into the solution while 
maintaining the temperature at 0 °C. T h e mixture was 
diluted with chloroform (300 ml) , washed with water ( 6 x 
50 ml) , and the solvents were evaporated under reduced 
pressure with the ba th temperature being kept below 30 
°C. T h e residue, without further purification, was dis­
solved in dichloromethane (30 ml) and treated with 1-benzyl 
iV-(benzyloxycarbonyl)-L-asparate39) (17, 1 g) and dicyclo-
hexylcarbondiimide (700 mg) , and the mixture was stirred 
for 16 h at room temperature . T h e iV,iV-dicyclohexylurea 
that had precipitated was filtered off, and the filtrate was 
evaporated. T h e residue was chromatographed on a column 
of silica gel which was first eluted with chloroform to remove 
the non-carbohydrate compounds, and then with 29:1 chloro­
form-ethanol to give 975 mg (53%) of 18. I t crystallized 
from dichloromethane-methanol as needles, m p 216—218 
°C; [a]2

D° + 4 3 ° (c 1.83, chloroform); vg* 3300 (NH), 
1740 ( C = 0 ester), 1650 (Amide I ) , 1550 (Amide I I ) , 725, 
and 6 8 0 c m - 1 (Ph) ; T L C in 19:1 chloroform-ethanol Rt 

0.33. Found : C, 67.73; H , 6 .31; N , 5.34%0. Calcd for 
C 4 4 H 4 9 N 3 O 1 0 : C, 67.76; H , 6.33; N, 5.39%. 

2-Acetamido-3,6-di-O - benzyl - N - [( S) -3- benzyloxycarbonyl - 3-
(benzyloxycarbonylamino)propionyl\ - 2 - deoxy-ß- D - glucopyranosyl­
amine (19). A boiling solution of 18 (780 mg) and 
l,4-diazabicyclo[2.2.2]octane (80 mg) in 9 5 % methanol (60 
ml) was treated with tris (triphenylphosphine) rhodium chlo­
ride (250 mg) and the mixture was boiled under reflux for 
5 h, and then processed as described for the at tempted syn­
thesis of 14. T h e residue obtained was chromatographed 
on a column of silica gel with 19:1 chloroform-ethanol to 
give 503 mg (68%) of 19, which crystallized from dichloro-
methane-e the r ; m p 163—165 °C, [a]2

D° + 2 6 ° (c 2.4, chloro­
form), vg* 3500 ( O H ) , 3300 (NH) , 1740 ( C = 0 ester), 1650 
(Amide I ) , 1545 (Amide I I ) , 750, and 6 9 0 c m " 1 (Ph) ; T L C 
in 19:1 chloroform-ethanol Rf 0.24. Found : C, 66.28; H , 
6.27; N , 5 . 5 1 % . Calcd for C 4 1H 4 5N 3O 1 0 : C, 66.56; H , 
6.13; N , 5 .68%. 
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2-Acetamido-3,6-di-0 - benzyl - N - [(S) -3- benzyloxycarbonyl - 3-
(benzyloxycarbonylamino)propionyl\-2- deoxy -4-0- (2,3,4,6- tetra-
O-acetyl-ß-it-galactopyranosyl) -ß-Tt-glucopyranosylamine (21). 
A solution of 19 (740 mg) and mercury(II ) cyanide (1.2 
g) in 1:1 benzene-1,2-dichloroethane (250 ml) was distilled 
at atmospheric pressure until 100 ml of the solvents were 
distilled. T h e mixture was cooled to room temperature 
and treated with a solution of 2,3,4,6-tetra-O-acetyl-a-D-
galactopyranosyl bromide40) 20 (1.5 g) in dry 1,2-dichloro-
ethane (50 ml) during 3 h, while being strirred. T h e mix­
ture was stirred for a further 48 h, treated with additional 
amounts of mercury(II ) cyanide (1 g) and 20 (1 g), and 
stirring was continued for a further 24 h. T h e mixture 
was diluted with chloroform (300 ml), filtered through a 
celite layer, and the filtrate was successively washed with 
water ( 3 x 5 0 ml) , a saturated solution of sodium hydro-
gencarbonate (2 X 50 ml) , a saturated solution of potassium 
iodide ( 3 x 2 5 ml), and water ( 3 x 5 0 ml) , and dried 
(Na 2 S0 4 ) . Evaporation of the solvents gave a residue that 
was chromatographed on a column of silica gel with 19:1 
chloroform-ethanol to give 480 mg (42%) of pure 21. This 
could not be crystallized and was obtained as an amorphous 
powder by precipitation from an ethereal solution by ad­
dition of pen tane ; [a]2

D° + 2 9 ° (c 1.1, methanol) , vgg 3300 
(NH), 1740 ( C = 0 ester), 1665 (Amide I ) , 1555 (Amide 
I I ) , 750, and 690 cm" 1 (Ph) ; T L C in 19:1 chloroform-
ethanol R{ 0.29. Found : G, 57.84; H , 6.26; N , 3 .63%. 
Galcd for C 5 5 H 6 1 N 3 0 1 9 - 4 H 2 0 : C, 57.79; H , 6.35; N , 
3.68%. 

2-Acetamido-3,6-di-0- benzyl - N - [N - (benzyloxycarbonyl) - ß - L-
aspartyl\ -2-deoxy-4- O - ß - D - galactopyranosyl - ß - D - glucopyranosyl-
amine (22). Compound 21 (570 mg) was stirred with 
a solution of lithium hydroxide (80 mg) in water (30 ml) 
for 2 h at room temperature. T h e solution was deionized 
by passage through Amberlite IRC-50 (H+) ion-exchange 
resin, and then evaporated. T h e residue could not be 
induced to crystallize and 22 was obtained as an amorphous 
powder 351 mg (82%) from methanol -e ther -pentane ; [a]2

D° 
+ 13° (c 2 .1 , methanol) , v™ 3350 (broad, N H and O H ) , 
1720, ( C O O H ) , 1650 (Amide I ) , 1550 (Amide I I ) , 750, and 
690 c m - 1 (Ph) ; T L C in 8:2 chloroform-ethanol R{ 0.40. 
Found: C, 55.74; H , 5.80; N , 4 .77%. Calcd for C4 0H4 9-
N 3 0 1 5 - 2 . 5 . H 2 0 : C, 56.07; H , 6.35; N, 4 .90%. 

2-Acetamido-N- (ß-L-aspartyl) -2-deoxy-4-0-/?-D-galacto-
pyranosyl-ß-it-glucopyranosylamine (23). A solution of 22 
(215 mg) in 5 0 % methanol (100 ml) was hydrogenolyzed 
with hydrogen in the presence of 10% palladium-on-charcoal 
(100 mg) for 24 h at room temperature and 2 a tm. T h e 
mixture was filtered on a celite layer and the filtrate was 
hydrogenolyzed for a second time as just described. Evapo­
ration of the solvents gave a residue (108 mg, 81%) that 
showed a positive ninhydrin reaction.36) This residue could 
not be crystallized and 23 was obtained as a hygroscopic 
amorphous powder from methanol -ace tone-pentane ; [a]2

D° 
+ 6° (c 1.1, methanol) , v™£ 3400 (broad, N H 2 and O H ) , 
1725 ( C O O H ) , 1650 (Amid I ) , and 1550 cm" 1 (Amide 
I I ) . Found: C, 40.51; H , 6.59; N, 7.72%. Calcd for 
C 1 8 H 3 1 N 3 0 1 3 2 H 2 0 : C, 40.53; H , 6 .61; N , 7 .88%. 
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Synopsis. Thermal microgravimetry, mass spectro­
metry, and X-ray diffractometry were used to investigate 
the ability of NOa to oxidize copper. NOa oxidizes a copper 
plate with formation of oxide film consisting of Cu 20 (pre­
dominant) and CuO. The oxidation obeys a cubic law, 
and proceeds faster than in oxygen. An oxidation mech­
anism is presented on the basis of kinetic and structural data. 

Although many studies have been made on high 
temperature oxidation of metals in oxygen, only a 
few have adopted NO.,, as oxidizing agent.1 - 3) We 
previously reported that copper could be oxidized 
in N O around 973 K but that the oxidation rate was 
much lower than that in oxygen.4»5) The present 
investigation examined corrosive characteristics of ni­
trogen dioxide N 0 2 for oxidation of copper by means 
of thermal microgravimetry, mass spectrometry, and 
X-ray diffractometry, mainly with a view elucidating 
the oxidation mechanism for this system. 

Exper imenta l 

A poly-crystalline copper plate (99.99% Cu, 0.5 mm in 
thickness) was annealed in vacuo at 1073 K for 2 h, and then 
cut to the size 10x10 mm2. After being abraded with an 
emery paper, the specimen was electropolished in an acid 
solution (H 2 S0 4 :H 3 P0 4 :H 2 0= 170:540:308 in volume), and 
rinsed in water and acetone. Highly pure N 0 2 , NO, and 
N 2 0 each in a glass cylinder (Takachiho Chemical Co., 
Ltd.) were used without further purification. The oxygen 
and argon were purified by bulb-to-bulb distillation with 
liquid nitrogen coolant. The oxidation process was fol­
lowed by a Gulbransen-type microbalance contained in a 
conventional high-vacuum apparatus which could be evac­
uated to 2xlO" 5 Torr (1 Torr =133.3 N m"2). Before use 
for the oxidation experiment, the test specimen was reduced 
in 20 Torr of hydrogen at 973 K for 1 h. Argon was used 
to determine the zero point of the microbalance. Oxide 
species were identified by an X-ray diffraction analysis 
(Cu Ka, 0.9 kW), in which the oxide film formed on each 
specimen was analyzed as it was. A mass spectrometer 
(JOEL, JMS-D-100) was used to determine the compo­
sition of the gas phase. Gas samplers for mass spectrometry 
were attached to the reaction tube of the microbalance 
equipment. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows oxidation curves for copper plates 
placed at 673 K in 10 Torr of each of the corrosive 
gases N 0 2 , N O , N a O , and O a . Oxidation rate of 
copper in N O a was the highest and that in N O was 
the lowest. As indicated in Fig. 2, the oxidation of 
copper in N 0 2 obeyed a cubic rate law (AW)3= 
kG-t, where A W signifies weight gain, ke the cubic 
rate constant, and t oxidation time. According to 

200h 
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Fig. 1. Oxidation curves of copper plates in 10 Torr 

of N0 2 , NO, N 2 0 , or 0 2 at 673 K. 

-623K 

T IME, t / m i n 

Fig. 2. Cubic plots of the oxidation curves of copper 
at various temperatures in 10 Torr of N 0 2 . 

the mass spectrometry, the gas phase after a 1 h oxi­
dation of copper at 673 K in 10 Tor r of N 0 2 consisted 
of about 97 per cent of N 0 2 and a few per cent of 
N O and N 2 0 . Since the dissociation of nitrogen di­
oxide is not negrigible above 753 K, oxidation meas­
urements were performed below 723 K. The oxide 
film formed in N 0 2 was rather coarse and consisted 
of both G u 2 0 (predominant) and GuO, while the 
one formed in 0 2 was dense and consisted only of 
GuO. In Table 1, the oxidation law, rate constant, 
apparent activation energy, and kinds of the oxides 
formed were listed for comparison between oxidation 
behaviors of copper in N 0 2 and 0 2 . According to 
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TABLE 1. COMPARISON BETWEEN CHARACTERISTICS OF 

N 0 2 AND 0 2 FOR THE OXIDATION OF COPPER PLATES 

Gas Oxidation * c
a > £ab> 

law ^g3 cm - 6 min - 1 kj mol - 1 Oxides 

N 0 2 

o9 

Cubic 
Cubic 

l l x l O 4 

3 . 8 x l 0 4 
84 
88 

Cu 20, CuO 
CuO 

a) kc is the rate constant at 673 K. b) E& is apparent 
activation energy. 

»(^ 

h -• 
0 . 1 mm 

Fig. 3. Optical metallographs of the surfaces of Cu 
specimens oxidized in 10 Torr of 0 2 or N 0 2 at 673 K. 
(a) : Non-oxidized (electropolished), (b) : oxidized in 
10 Torr of Oa for 1 h, (c) and (d) : oxidized in 10 
Torr of N 0 2 for 5 min and 1 h, respectively. 

the Mot t theory,6 - 8) the rate determining process in 
the oxidation which obeys cubic rate law is the transfer 
of ions through the oxide layer under an electronic 
field formed between the adsorbed layer of gas and 
the oxide-metal interface. T h e reason for the higher 
rate of oxidation of copper in N O a than in 0.2 is pos­
sibly in relation to the formation of a coarse oxide 
film as shown in Fig. 3. Such a coarse oxide film 
might result from formation of two different oxides 
C u 2 0 and C u O . O n the basis of the above results, 
the following oxidation mechanism is proposed in which 
only G u 2 0 is considered as metal oxide species because 
it is predominant in the oxide layer. 

Gas-oxide interface 

N 0 2 + e , - = N 0 2 -

2N0 2 - = Cu 20 + 2Vcu** + NO + N0 2 , 

6 N 0 2 - = 3Cu20 + 6V-Cjc+ + N 2 0 + 4N02 , 

In oxide 

- • e i 

V-cu,- -fr> V- Cuo+ 

(i) 
(2) 

(3) 

(4) 

(5) 

I Ç 
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1.5 

Fig. 4. The relation between the pressure of N 0 2 

and rate constant for the oxidation of copper at 673 K. 

Oxide-metal interface 

Vcuo+ + G u = eö, (6) 

where Vcu„+, Vcu0
+, e*, and eö signify the cation 

vacancy at the gas-oxide interface, that at the oxide-
metal interface, the electron at the gas-oxide inter­
face, and the one at the oxide-metal interface, re­
spectively. Considering the theory presented by 
Mott , 6 - 8 ) the cubic rate constant at a constant tem­
perature can be given by A;c°cPw

N02j where n= —1/2 
(in the case of Reaction 2) or n=— 3/2 (in the case 
of Reaction 3).9> The pressure dependence of oxida­
tion constant obtained from this experiment is —3/4 
as shown in Fig. 4. This value is within the region 
for the theoretical values given above, suggesting that 
both Reactions 2 and 3 are occurring in the oxidation 
process. 

One of the authors (Y.T.) gratefully acknowledges 
the support of this research by a grant from the Itoh 
Kagaku Shinkokai. 
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Synopsis. Ni-B catalysts modified with a small 
amount of copper(II) salt have a higher selectivity than 
palladium and modified Raney nickel catalysts for partial 
hydrogénation of phenylacetylene, 1-heptyne, 1-ethynylcyclo-
hexene, and propargyl alcohol. 

O u r previous paper1) reported that cobalt boride 
catalyst (Go-B), especially when modified with a small 
amount of metal salts, are much more effective than 
nickel boride catalyst (Ni-B) for selective hydrogéna­
tion of a,/9-unsaturated aldehydes to a,/9-unsaturated 
alcohols; however, for selective hydrogénation of acet­
ylenes to olefins Ni-B is more selective than Go-B. 
This work investigated modifications of Ni -B by ad­
dition of a small amount of metal salts with a view 
to increasing the selectivity for the partial hydro­
génation of acetylenes. 

Although palladium has almost completely displaced 
nickel to be used as catalyst of choice for the partial 
hydrogénation of acetylenes, the lower price of nickel 
will make it more useful than palladium if equal or 
higher selectivity is to be obtained with it.2) Thus 
it is worthwhile to study the partial hydrogénation on 
Ni-B which is very simple to prepare and to use and 
which is, in activity, equal to or, in some cases, su­
perior to Raney nickel catalyst (R-Ni) for hydro­
génation of many kinds of organic functions. With 
R-Ni, Eisner and Paul3) reported that deactivation 
of the catalyst with copper(II) salt in ethanol might 
provide a selective catalyst for partial hydrogénation 
of octadecynes, without presenting any information 
on quantitative compositions of the products. 

Exper imenta l 

Catalyst. Ni-B and R-Ni were prepared according 
to the method described previously.4) Copper boride cat­
alyst (Cu-B) and Co-B were prepared, respectively, with 
copper(II) chloride and cobalt acetate in a manner similar 
to that for Ni-B. The copper-modified nickel boride cat­
alyst (Cu-modified Ni-B) was prepared by stirring Ni-B 
(0.2 g, by the P-l method4»6)) in a solution of copper(II) 
chloride (2—10 mol % of Ni) in 99% ethanol (10 ml) at 
30 °C for 10 min. The copper-modified Raney nickel cat­
alyst (Cu-modified R-Ni) was prepared in the same way 
by using R-Ni (0.2 g) activated at 70 °C. The coprecipitat­
ed nickel copper boride catalyst (Ni-Cu-B) was prepared 
by reducing a mixture of measured amounts of nickel acetate 
and copper (I I) chloride with NaBH4 in water. 

Hydrogénation. Acetylenes (0.2 ml) were hydrogenated 
at 30 °C in ethanol or in cyclohexane (10 ml) under atmos­
pheric pressure of hydrogen. The olefin selectivity of a 
catalyst was defined as the mol% of olefin in olefin plus 
paraffin determined by a GLC method at 30% conversion 
of acetylene. Selectivities of the catalysts were almost in­
dependent of the conversion of acetylenes up to 90%. 

The other experimental details are the same as those 
described in our previous paper.1) 

R e s u l t s a n d D i s c u s s i o n 

Selectivities of boride catalysts in the partial hydro­
génation of phenylacetylene fell in the order G u - B > 
Ni-B > Go-B, which is considered to be reverse to 
the order of the strength of adsorption of the acetylene 
on the catalyst surface as based on the surface ^-elec­
tron density.1»8) 1-Phenyl-1-propyne, which is sup­
posed to be adsorbed more weakly than phenylacet­
ylene because of the steric hindrance of methyl group, 
was hydrogenated to the olefin more selectively than 
phenylacetylene on Ni -B. These facts support the 
idea, presented in our previous paper1) concerning 
the selectivity of Go-B, that the stronger the adsorp­
tion bond between the G=C bond and the metal, 
the lower the olefin selectivity. 

The selectivity of Ni -B was enhanced by the modi­
fication with a small amount of copper(II) chloride 
even to such an extent as exceeds that of Gu-B or 
polymer-bound Pd complex catalyst (93%), 6 ) although 
the hydrogénation rate decreased considerably. In 
the case of R-Ni, it was necessary to add a larger 
amount of the copper(II) salt to obtain as high a 
selectivity as that of Gu-B, probably because of the 
larger surface area of R-Ni. The selectivity of a 
coprecipitated nickel copper boride catalyst was lower 
than those of Ni -B and Gu-B. This fact again shows 

TABLE 1. THE OLEFIN SELECTIVITY (S) OF VARIOUS 

CATALYSTS IN THE HYDROGENATION OF ACETYLENES 

Catalyst 

Ni-B (P-l)*) 
Ni-B (P-2)b) 
R-Ni 
Cu-B 
Co-B 
Cu-modified Ni-B 
Cu-modified Ni-B 
Cu-modified Ni-B 
Cu-modified R-Ni 
Cu-modified R-Ni 
Cu-modified R-Ni 
Ni-Cu-B 
Ni-B (P-l) 
Ni-B (P-l) 
R-Ni 
Cu-modified Ni-B 
Cu-modified R-Ni 
Cu-modified Ni-B 
Ni-B (P-l) 
Cu-modified Ni-B 

Cu/Nia) 

— 
— 
— 
— 
— 

0.02 
0.05 
0.10 
0.05 
0.10 
0.20 
0.10 

— 
— 
— 

0.05 
0.05 
0.10 
— 

0.10 

Reactant 

Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
Phenylacetylene 
1 -Phenyl-1 -propyne 
1-Heptyne 
1-Heptyne 
1-Heptyne 
1-Heptyne 
1 -Ethynylcyclohexene 
Propargyl alcohol 
Propargyl alcohol 

s/% 
90.0 
91.3 
88.0 
92.0 
79.0 
96.3 
97.7 
98.3 
84.1 
83.8 
93.2 
88.9 
92.3 
72.5 
78.5 
89.7 
70.7 
94±1 
68.0 
80.3 

a) Molar ratio of copper(II) salt to nickel salt. 
Prepared in water (P-l) or in 95% ethanol (P-2). 

b) 
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that the coprecipitation method for preparing binary 
boride catalysts is ineffective for increasing the catalytic 
selectivity, as already shown for the selective hydro­
génation of a,/?-unsaturated aldehydes in our previous 
paper.1) 

The addition of zinc or i ron(II) salts instead of 
copper(II) salts to the Ni -B catalyst raised the selec­
tivity only slightly. 

The Gu-modified Ni -B was highly selective also for 
the partial hydrogénation of 1-heptyne, while Gu-B 
was almost inactive towards 1-heptyne. X P S studies 
on Gu-modified Ni -B and R-Ni indicated that the 
copper (I I) ion was deposited as copper metal on the 
catalyst surface. From these facts, the high selectivity 
of Gu-modified Ni -B is supposed to be due to the 
synergetic effect between copper and nickel metals 
on the catalyst surface, where copper atoms adsorb 
acetylenes rather weakly but do not adsorb olefins 
in outer surface or a t the top of rugged surface and 
where nickel atoms activate hydrogen in inner pores 
or at the bottom of rugged surface. 

As an instance of partial hydrogénation of con­
jugated acetylenes, 1-ethynylcyclohexene was hydro-
genated over the Gu-modified Ni -B in cyclohexane. 
After all reactant I had been exhausted, no further 
uptake of hydrogen was observed; 

<3_c,c _ <3-c=c + <3-c-c + 

I II III 

/ " N - C = C + / \ = G - G 

IV V 

compositions of the products were as follows: I I 9 4 ± 

1%, I I I + I V ca. 3 % , and V and the others ca. 3 % . 
Ethylcyclohexane was not detected. The yield of I I 
was reported to be 8 6 % at 9 4 % conversion on the 
Lindler catalyst,7) and to be 8 1 % at 100% conversion 
on polymer-bound Pd complex catalyst.6) 

Propargyl alcohol was selectively hydrogenated to 
allyl alcohol on the Gu-modified Ni-B catalyst in 
ethanol without being accompanied by hydrogenolysis 
of the hydroxy 1 group. 

These findings suggest that we can regard Gu-
modified Ni-B as superior to the Lindler catalyst 
for the partial hydrogénation of acetylenes if we take 
into account both the ease of preparation and sepa­
ration and the moderate price of nickel. 

The authors wish to thank Dr. Yasuaki Okamoto 
for his valuable discussion and for his assistance in 
obtaining XPS data. 
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The Molecular Conformation of 6,14-Di-0-acetyl-3-0-(2-chlorobenzoyl)-
grayanotoxin II as Revealed by X-Ray Methods 
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Synopsis. An X-ray crystal analysis has revealed 
that the six-membered G-ring in the title compound takes 
a boat conformation, in contrast with that in grayanotoxin 
II itself. 

A series of X-ray crystal analyses1) revealed that 
the G-ring conformation of grayanotoxins2) with the 
exocyclic double bond, G(10)=G(20), depends largely 
on the multiplicity of the C(15)-C(16) bond. When 
this is a single bond, the G-ring prefers a chair con­
formation. However, the enthalpy difference between 
the chair and boat conformations of the G-ring is 
supposed to be small, because the change of the B-ring 
conformation reduces that energy difference. In this 
paper, we wish to report an example of grayanoids 
in which, although the G(15)-G(16) and C(10)-C(20) 
bonds are single and double bonds respectively, the 
G-ring adopts a boat conformation. 

E x p e r i m e n t a l 

Colorless single crystals of 6,14-di-0-acetyl-3-0-(2-chloro-
benzoyl) grayanotoxin II (1) were grown from an acetone-
diisopropyl ether solution. The crystal data are as fol-

..20 

2-CIC6H4 COO ^ O f ^ ^ K c ^ 

OAc ,5 ÔH 

1 

lows: G31H3908G1, M.W.=575.1, orthorhombic, space group 
P212121, «=12.51(1), £=22.12(2), *= 10.39(1) A,Z=4,Dm= 
1.33 g cm~3, Z>c= 1.328 g cm -3 . The intensities were re­
corded on multiple Weissenberg photographs taken with 
G u ^ a radiation for the Oth—10th layer around the a axis 
and for the 0th—8th layer around the c axis, and were meas­
ured visually with a calibrated intensity scale. The 2811 
independent intensity data thus obtained were corrected 
for the Lorentz and polarization factors, but not for the 
absorption or the extinction effect. 

Structure D e t e r m i n a t i o n 

Various attempts were made to solve the structure 
by the heavy-atom method or the symbolic-addition 
procedure,3) but all such attempts were unsuccessful. 
Thus, the structure analysis was delayed more than 
10 years. Since the Monte Carlo direct method was 
recently developed,4) it was applied to the present 
phase determination. The 50 strongest reflections were 
chosen as the starting set. In order to extend the 
tentative-phase set derived from random numbers, 12 
cycles of the tangent procedure were performed using 
542 \E\ values above 1.30. Since the 24th phase 
set showed a low RK value of 0.339 (RK=T>\\E0\ — 
\EC\ | / S | 2 i 0 | ) , 6 additional cycles of the tangent pro­

cedure were carried out using 658 \E\ values above 
1.20; the RK value was reduced to 0.249. An E-
m a p based on 641 phases afforded all the 40 non-
hydrogen atoms. The structure thus obtained was 
refined by the block-diagonal-matrix least-squares 
method with anisotropic temperature factors. The 

TABLE 1. THE FINAL ATOMIC PARAMETERS 

Atom 

~C\ 
O ( l ) 
0 ( 2 ) 
O(S) 
0 ( 4 ) 
0 ( 5 ) 
0 ( 6 ) 
0 ( 7 ) 
0 ( 8 ) 
C ( l ) 
G (2) 
G (3) 
G (4) 
G (5) 
C(6) 
C(7) 
C(8) 
C(9) 
G (10) 
G (11) 
G (12) 
G (13) 
G (14) 
C(15) 
G (16) 
G (17) 
G (18) 
C(19) 
G (20) 
C(21) 
G (22) 
C(23) 
G (24) 
G (25) 
C(26) 
G (27) 
C(28) 
G (29) 
G (30) 
G (31) 

A N D ESTIMATED STANDARD 

x( X 104) 

11205(3) 
7972(5) 
6607(5) 
6954(5) 
4244(5) 
1930(6) 
9124(7) 
6902 (7) 
4276(8) 
5539(7) 
6114(8) 
7208(7) 
7410(8) 
6382(8) 
6080(7) 
5062(8) 
3992(7) 
3640(7) 
4479 (7) 
3258(8) 
2422(8) 
2659(7) 
3877 (8) 
3093 (8) 
2193(7) 
1137(8) 
8468(9) 
7465(10) 
4202(9) 
8894(9) 
9590(8) 

10664(9) 
11375(10) 
10949(12) 
9851(12) 
9160(10) 
7315(9) 
8212(9) 
4476 (9) 
4889(11) 

y( X 10*) 

2477(2) 
2183(3) 
2700(3) 
3892(3) 
4874(3) 
4763(3) 
2674(4) 
4880 (4) 
5509(4) 
2946(4) 
2432(5) 
2698(4) 
3203(5) 
3166(4) 
3748(4) 
3698(4) 
3793(4) 
3265(4) 
2770(4) 
3503 (5) 
4011(4) 
4417(4) 
4387 (4) 
3870 (4) 
4217(4) 
3838(5) 
3120(6) 
3813(5) 
2189(5) 
2253(5) 
1709(5) 
1777(6) 
1276(7) 
722(7) 
625 (6) 

1130(5) 
4472(5) 
4530(6) 
5408(5) 
5857 (5) 

DEVIATIONS 

z(xl0*) 

1912(4) 
1716(7) 
4428(7) 
5049 (7) 
4407 (7) 
5323 (7) 

411(8) 
4476(11) 
2688(9) 
2553(10) 
1837(11) 
1598(11) 
2601(10) 
3488(10) 
4178(9) 
5011(10) 
4320(9) 
3370(10) 
3138(9) 
2071 (10) 
2171(10) 
3325(11) 
3555(10) 
5340(10) 
4639(10) 
4561(12) 
3376(13) 
1872(13) 
3385(14) 
1093(11) 
1279(11) 
1614(12) 
1681 (14) 
1497(15) 
1225(17) 
1138(13) 
5106(12) 
6005(13) 
3800(12) 
4784(14) 

iVVA2 

5.74 
2.55 
2.27 
2.14 
2.21 
2.97 
3.98 
4.82 
4.56 
1.98 
2.85 
2.36 
2.32 
2.20 
2.04 
2.20 
2.05 
2.02 
1.85 
2.37 
2.35 
2.06 
2.16 
2.26 
1.93 
3.04 
3.86 
3.60 
3.56 
2.84 
2.56 
3.38 
4.35 
4.97 
5.14 
3.66 
2.97 
3.57 
2.93 
4.25 

a) Beq = 8n2(u1
2-\-u2

2 + uz
2)/3, where ut is the root-mean-

square deviation in the ith principal axis of the thermal 
ellipsoid. 
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final R value was 0.123. The final atomic parameters 
are listed in Table 1. The table of the anisotropic 
temperature factors and the F0—Fc table are kept 
at the Chemical Society of J a p a n (Document No. 
8148). 

All the calculations were performed on a H I T A G 
M-200H computer at the Hokkaido University Com­
puting Center, using our own programs. The atomic 
scattering factors were taken from the International 
Tables.5) 

R e s u l t s a n d D i s c u s s i o n 

The molecular framework of 1 and the torsion 
angles for the grayanane skeleton are shown in Figs. 
1 and 2 respectively. The A-ring takes an envelope 
form; the C(2) -C(3) -C(4) -C(5) part is nearly planar. 
Since this conformation makes the O ( l ) a tom and 
the C(18)H 3 group eclipse each other around the 
C(3)-C(4) bond, it is probably less stable than the 
envelope form with a planar C ( 5 ) - C ( l ) - C ( 2 ) - C ( 3 ) 
or C ( l ) - C ( 2 ) - C ( 3 ) - C ( 4 ) part . In fact, the present 

Fig. 1. A perspective view of the molecule of 1. 

Fig. 2. The torsion angles (^/°) for the grayanane 
skeleton. 
Only the torsion angles relevant to atoms which 
form the same ring are given in the ring. 

envelope form has not been observed in grayanotoxins 
I?ia) H j ib) XV,6) XVI, l c> and XIX. l e ) The B-ring 
has a chair form with an approximate mirror plane 
through the C(5) atom, while the C-ring adopts a 
deformed boat form. Force-field calculations indicate 
that, in grayanotoxins having the C(15)-C(16) single 
and C(10)-C(20) double bonds, the molecular con­
formation with the boat C-ring is less stable than 
that with the chair C-ring by about 4 k j mol -1 .7) 
If this is true, it follows that the occurrence of the 
present boat C-ring may be due to the molecular-
packing effect. The D-ring takes a conformation in­
termediate between the envelope form with a mirror 
plane through the C(14) atom and the half-chair 
form with a two-fold rotation axis through the C(16) 
atom. 
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Synopsis. Pressure-composition-temperature data 
were collected for the LiCl-LiH system in the respective 
ranges 0.1—10 mmHgtt, 4.5—22.3 mol % LiH, and 550— 
700 °G by measuring equilibrium hydrogen pressure in a 
Sieverts' apparatus. The square root of hydrogen pressure 
vs. composition isotherm follows Sieverts' relation for com­
positions below 10 mol% LiH. 

The recent increased interest in physicochemical 
and thermodynamic properties of solutions containing 
lithium hydride as one component, such as those of 
hydrogen isotopes in liquid lithium,1 - 4) has been moti­
vated by their use for direct energy conversion devices. 
The simplest ionic crystal of L iH consisting of L i + 

and H~ has a NaCl-type structure, in which the ionic 
radius of H~ is as large as 0.2 nm. The molten L iH 
may be of simple ionic melt like molten lithium halide 
and may have a high decomposition-pressure of hy­
drogen at a temperature just above its melting point 
686 °G under 1 a tm of H 2 (g) . According to the study5) 
on solid-liquid phase equilibrium the L iCl -L iH system 
has eutectic temperature 496 °G at 34.0 mol % LiH 
and no formation of solid solutions was observed. 
In this work we report variation of equilibrium dis­
sociation pressure of hydrogen with concentration and 
temperature for molten L iCl -L iH binary mixtures. 
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Fig. 1. Temperature dependence of hydrogen pressure 
for the LiCl-LiH system with each concentration 
of A: 4.5, B: 5.3, C: 7.5, D: 9.8, E: 12.3, F : 20.2, 
and G: 22.3 mol% LiH. 
The measurements of PH2 with increasing and de­
creasing temperatures correspond to the open circles 
or squares and the solid circles or squares, respectively. 

E x p e r i m e n t a l 

Experiments were carried out in a so-called Sieverts' 
apparatus6) which consisted of four main sections designed, 
respectively, for (a) gas metering, (b) gas equilibration 
with LiCl-LiH melt, (c) gas pumping, and (d) gas supply. 
The gas metering section consisted of a mercury manometer 
(1—760 mmHg) and a McLeod gauge (10-4—1 mmHg). 
The equilibration section was a fused-silica tube containing 
a molybdenum crucible filled with sample; the crucible 
was kept in a long sintered-Al203 tube because hydrogen 
is permeable through fused silica at higher temperatures. 
Before measuring the equilibrium hydrogen pressure, PHz, 
the apparatus, with no sample contained, was evacuated 
up to 10 -5 mmHg at the high temperature of interest. PUz 

was measured as a function of temperature from 550 °C 
to 700 °C at each of the LiH concentrations, 4.5, 5.3, 7.5, 
9.8, 12.3, 20.2, and 22.3 mol%. 

R e s u l t s a n d D i s c u s s i o n 

Figure 1 shows variation of hydrogen pressure with 
temperature and Fig. 2 shows isothermal plots of 
the square root of hydrogen pressure vs. composition. 

Since component L iH in a molten LiCl dissociates 
into a host of ions L i + and H - , the binary solution 
has a common cation of Li+ and the equilibrium 

0.2 0.3 0.4 0.5 

XLiH ^ XLiCl 

Fig. 2. Isothermal data on the square root of hydrogen 
pressure vs. mole fraction ratio, *L i H /*L i C i , for the 
LiCl-LiH system. 

reaction between the gaseous and liquid phases may 
be written as 

i-H2(g, T, PH2) + Cl-(soln, T, P01l) ^ = ± 

H-(soln, T, PH2) + yC l 2 ( g , T, P01l) (1) 

tt 1 mmHg= 133.322 Pa. 
T h e equilibrium constant, K(T), for this reaction is 
given by 
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K(T) = ßLlH-Pci^V^LiCl-PH^2» (2) 

where a is activity for each component and P is equi­
librium pressure of H 2 or Cl2. Activity coefficient 
of LiCl, yLiC1, has been calculated by use of the tem­
perature-composition solid-liquid equilibrium diagram, 
with no formation of solid solutions, for the L i C l -
L iH system.5) I t is equal to ca, unity up to 10 mol % 
L i H around 600 °G, whereas for component L iH at 
low concentrations yLiH may be interpreted as being 
equal to the constant k{T) in Henry 's law. The 
magnitude of K(T), as evaluated with the aid of chem­
ical potentials7) of pure liquids L iH and LiCl and 
pure gases H 2 and Cl2, indicates that the partial pres­
sure of Cl2 is very low as compared with that of H 2 . 
If we assume that the square root of Pci2 is proportional 
to the concentration of chlorine anion or #LiC1, the 
square root of PH 2 in Eq. 2 is given by 

P H r = * a p p ( T ) Ä , (3) 
*LiCl 

where K&pv(T) is apparent Sieverts' constant. The 
three straight lines shown in Fig. 2 correspond, re­
spectively, to the values of K&pp(T), K&pp(700°C) = 
20, Xapp(650) = 16, and ^ a p p (600) = 13 mmHgV8/(mole 
fraction ratio, #LiH/*Lici)3 though experimental values 
for the square root of P H 2 deviate from Sieverts5 law 

toward the lower values for compositions above 10 
m o l % LiH. The experimentally determined K (T) 
values are equal to ca. one third of those for the hy­
drogen isotope—lithium system.4) The knowledge of 
the Sieverts' law constant is of importance to evaluate 
P H 2 for dilute solutions. 
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Synopsis. Kinetic effect of pressure on the reac­
tion of hydroxide ion with 2-bromoethanesulfonate was 
studied. The reaction was moderately accelerated by pres­
sure and the activation volumes suggest that the presence 
of the negative charge on the sulfonato group does not pro­
duce any measurable solvation increase during activation. 

Although kinetic effects of pressure have been studied 
for a variety of organic reactions,1) little work has 
been done for reactions between anions or cations. 
This is rather surprising because activation volume 
is known to be sensitive to solvational changes, and 
the approach of two ionic species with the same sign 
is expected to produce an increase in solvation. For 
example, when we compare the following two reac­
tions, we would expect more negative activation volume 
for the latter because of the concentration of the nega­
tive charges. 

A + B- > [A...B-]* > P (1) 

A- + B- > [A..-B2-]* > P (2) 

In fact, this effect of charge concentration on volume 
change has been observed in the ionization equilibria 
of some dicarboxylic acids. According to Hoiland,2) 
and Delben and Grescenzi,3) the second ionization is 
accompanied by much larger volume contraction than 
the first ionization when the two carboxyl groups 
are located in close spatial proximity to each other 
(Table 1). Therefore, it is an interesting question 
whether a similar effect of charge concentration on 
volume can be observed in kinetic processes. 

In this communication, the kinetic effects of pressure 
on the following elimination reaction4) is discussed. 

TABLE 1. VOLUME CHANGES FOR THE FIRST AND SECOND 

IONIZATIONS OF SOME DICARBOXYLIC ACIDA'B> 

Compound A F ï/mL mol"1 A F ?/mL mol"1 

Oxalic acid 
Malonic acid 
Succinic acid 
Glutaric acid 
eis- 1,2-Cyclohexane-

dicarboxylic acid 

- 6 . 7 2 
- 1 0 . 0 6 
- 1 2 . 8 6 
- 1 3 . 1 7 

- 1 2 . 1 

- 1 1 . 9 1 
- 1 8 . 5 5 
- 1 3 . 5 8 
- 1 3 . 5 9 

- 2 2 . 9 

BrCH2CH2S03- + OH" 

GH2=GHS03- + Br- + H 2 0 (3) 

The second-order rate constants of the reaction at 
various pressures are given in Table 2 and illustrated 
in Fig. 1. I t is clearly seen in Fig. 1 that the ap­
plication of pressure causes a moderate increase in 
the rate constant, and the plot of In A: against pressure 
is linear in the pressure range studied. The activa­
tion volumes of the reaction estimated from the slopes 
of the plots are given in the last column of Table 2. 
When we consider the volume change accompanying 
the approach of an ion toward a neutral substrate, 
two factors should be taken into account, i.e., volume 
decrease caused by the partial bond formation be­
tween the two species, and volume increase caused by 
charge delocalization from the attacking ion to the 
substrate. These factors counterbalance each other, 
and as a result, moderately negative activation volumes 
are observed. A case in point is the base-catalyzed 
hydrolysis of alkyl acetates. The activation volumes 
for the reaction are in the range of —5.6—7.6 m L 
mol-1.5»6) O n the other hand, if the substrate is 
electrically charged as in the present case, a stronger 
solute-solvent interaction in the transition state is con-

a) From Refs. 2 and 3. b) At 25 °G in water. 

P/MPa 

Fig. 1. Pressure dependence of the second-order rate 
constant for the reaction of hydroxide ion with 2-
bromoethanesulfonate. 
A : In H 2 0 at 10 °C, O: in H 2 0 at 25 °C, Q : in 
60 wt% MeOH at 25 °G. 

TABLE 2. SECOND-ORDER RATE CONSTANTS AND ACTIVATION VOLUMES FOR THE REACTION 

OF HYDROXIDE ION WITH 2-BROMOETHANESULFONATE ION 

Solvent 

H 2 0 
H 2 0 
60wt% MeOH 

T/°C 

10 
25 
25 

1 

2.22 
11.3 
4.32 

ArXlOVM^s-i 
Pressure X 10_5/Pa 

245 

2.39 
11.8 
4.49 

490 

2.53 
12.3 
4.68 

736 

2.72 
13.1 
4.80 

981 

2.89 
13.9 
5.00 

AF* 
mL mol - 1 

- 6 . 3 
- 5 . 3 
- 3 . 6 
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ceivable and it might result in much larger negative 
activation volume. However, the activation volumes 
in water for the present reaction are in the same range 
as the saponifications, suggesting strongly the absence 
of solvation reinforcement by the presence of the 
negative charge on the sulfonato group. T h e results 
in aqueous methanol support this argument . If the 
solvation increase occurs in the activation step, more 
negative activation volume could be expected in less 
polar solvents. The experiment shows, however, it is 
not the case. The value is slightly less negative in 
aqueous methanol. 

T h e comparison of the present results with the 
ionization of dicarboxylic acids reveals an interesting 
point. Since the hydroxide ion attacks a hydrogen 
a tom on the a-carbon which bears the sulfonato group, 
the distance between the two charge centers in the 
transition state may be comparable to the one in 
malonate ion if the delocalization of the negative 
charge from the hydroxide ion to the substrate is 
not extensive. Such a transition state formation is 
expected to be accompanied by solvation increase as 
in the second ionization of malonic acid, but the ac­
tivation volumes reported here are not in accordance 
with this expectation as discussed above. Therefore, 
it can be safely stated tha t the extensive negative 
charge delocalization is realized in the transition state 
and, probably, the hydration sheath around the sul­
fonato group remains intact while desolvation occurs 
around the hydroxide ion. 

The present results also indicate that care must 
be taken when we use reaction volume values in the 
estimation of activation volumes. 

E x p e r i m e n t a l 

Sodium 2-bromoethanesulfonate was prepared as de­
scribed.7) The total consumption of hydroxide ion agreed 
with the theoretical value. 

The reactions under pressure were performed by means 
of a high pressure vessel shown in Fig. 2. The reaction 
mixture, c, contained in a 50 mL glass syringe was with­
drawn through the stainless steel capillary tubing, b, by 

Fig. 2. High pressure reaction vessel with a sampling 
device. 
a: Sampling valve, b : stainless steel capillary tubing, 
c: reaction mixture. 

opening the sampling valve, a, while the pressure of the 
system was kept constant by sending in pressurizing fluid, 
hexane. The decrease of the hydroxide ion was followed 
by titration after quenching the mixture by an excess amount 
of hydrochloric acid. 

References 

1) T. Asano and W. J . le Noble, Chem. Rev., 78, 407 
(1978). 

2) H. Hoiland, J. Chem. Soc, Faraday Trans. 1, 71, 797 
(1975). 
3) F. Delben and V. Grescenzi, J. Solution Chem., 7, 597 

(1978). 
4) E. F. Landau, W. F. Whitmore, and P. Doty, / . 

Am. Chem. Soc, 68, 816 (1946). 
5) M. L. Tonnet and E. Whalley, Can. J. Chem., 53, 

3414 (1975). 
6) B. Andersen, F. Gronlund, and J . Olsen, Acta Chem. 

Scand., 23, 2458 (1969). 
7) G. S. Marvel and M. S. Sparberg, Org. Synth., Coll. 

Vol. II , 558 (1943). 



November, 1981] © 7987 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 3587—3588 (7987) 3587 

Studies of Matrix Effects on 57Co-Labelled Tris(/3-diketonato)cobalt(III) 
by Means of Mössbauer Spectroscopy 

Yoichi SAKAI, Kazutoyo ENDO,* and Hirotoshi SANO*'t 

Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 773 
t Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, 

Fukasawa, Setagaya-ku, Tokyo 758 
(Received September 26, 1980) 

Synopsis. The emission Mössbauer spectra at 78 
K of 67Co-labelled Co(dbm)3 (dbm=dibenzoylmethanato) 
dispersed in 2-methyltetrahydrofuran, or of 57Co-labelled 
Co(acac)3 (acac=acetylacetonato) dispersed in a mixed 
medium of oxalic acid and polystyrene, give no appreciable 
magnetic hyperfine structure (hfs), while those of "Co-
labelled Co(acac)3 dispersed in polystyrene and 67 Co-labelled 
crystalline Co(dbm)3 give a magnetic hfs. The results in­
dicate that the local radiolysis of EC-decay involves not 
only the labelled species itself, but also the neighbouring 
host matrix. 

A number of emission Mössbauer spectroscopic 
studies of the 57Go-labelled diamagnetic cobalt(III) 
compounds have shown practically no magnetic hy­
perfine structure (hfs), although the decayed " F e -
(III)-paramagnetic species are considered to be mag­
netically diluted in a diamagnetic host.1-5) T h e re­
sults are indicated in terms of an enhanced spin-spin 
interaction between the unpaired electrons of the 57Fe 
and paramagnetic species produced through the EC-
decay in the vicinity of 57Fe. In our previous work,6 - 7) 
however, a well-resolved paramagnetic hfs was found 
in the emission Mössbauer spectra of 57Co-labelled 
tris(dibenzoylmethanato)cobalt(III), Co(dbm)3 , at 4.2 
K. The results are explained from the viewpoint of 
the reduced formation of paramagnetic species (mainly 
organic radicals) in the vicinity of the decayed 57Fe. 
I t was also reported that the radical formation in 
the EG-Auger after-effects is small in such compounds 
that have ligands with a ^-conjugated system and 
that the results are closely related to the radiolytic 
stability of the labelled compounds.8) 

In the present paper, we examined the emission 
Mössbauer spectra of the dispersion systems of " C o -
labelled compound in order to get information about 
the matrix effects in the EC-decay. The dispersion 
systems of /5-diketonates of cobalt(III) used are " C o -
labelled Co(acac)3 dispersed in a mixed medium of 
oxalic acid and polystyrene, and Co(dbm) 3 in 2-
methyltetrahydrofuran. 

Exper imenta l 

Preparation of Source Materials. 57Co-labelled Co-
(dbm)3 was prepared by following the method described 
previously.7) The labelled complex was dissolved in 2-
methyltetrahydrofuran, which is known to exist in vitreous 
structures when it is rapidly cooled. The solution was poured 
into a cell specially designed for the emission Mössbauer 
measurement. The cell was set in a cryostat and cooled 
by immersing it in liquid nitrogen as rapidly as possible. 

A 100-mg portion of polystyrene and about 10 mg of 
Co(acac)3 containing the 67 Co-labelled compound were dis­
solved into tetrahydrofuran, and then a 5-mg portion of 

oxalic acid was added to the mixture. Oxalic-acid crystals 
were dissolved on heating, after which the solution was 
allowed to stand in the air. The homogeneous dispersion 
of the sample prepared in the cold run was checked by X-
ray diffractometry. 

Measurement of Mössbauer Spectra. The emission 
Mössbauer spectra of the source materials at 78 K were 
measured against an 57Fe-enriched stainless-steel absorber 
moving in a mode of constant acceleration. Velocity calibra­
tion was carried out by normalizing to iron metal. 

R e s u l t s a n d D i s c u s s i o n 

T h e emission Mössbauer spectra a t 78 K of " C o -
labelled Co(acac)3 dispersed in a mixed medium of 
oxalic acid and polystyrene give practically no mag­
netic hfs, as is shown in Fig. 1—a; they are similar 
to those found for pure crystalline "Co-labelled Co-
(acac)3.4) When the results are compared with the 
emission spectrum of "Co-labelled Co(acac)3 dispersed 
in polystyrene,7) they show that the oxalic acid plays 
a role in accelerating the rate of relaxation. 

The emission Mössbauer spectrum at 78 K of " C o -
labelled Co(dbm) 3 dispersed in 2-methyltetrahydro­
furan is shown in Fig. 1—b. T h e magnetic hfs found 
in pure crystalline "Co-labelled Co(dbm)3

6-7) de­
creased drastically in the present system. 
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Fig. 1. Emission Mössbauer spectra at 78 K of "Co-
labelled tris(acetylacetonato)cobalt(III) dispersed in 
a mixed medium of oxalic acid and polystyrene (a), 
and 57Co-labelled tris(dibenzoylmethanato)cobalt(III) 
dispersed in 2-methyltetrahydrofuran (b). 
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We have explained that the appearance or disap­
pearance of magnetic hfs in the emission Mössbauer 
spectrum of a cobalt(III) compound depends on the 
radiolytic stability of the source compounds; i.e. a 
compound which is stable against the local radiolysis 
of EC-decay gives a magnetic hfs.8> The acceleration 
of the relaxation rate (or the disappearance of the 
magnetic hfs) in the present dispersion system can 
be explained by assuming an enhanced spin-spin inter­
action due to the increased radiolytic production of 
paramagnetic radicals in the vicinty of the decayed 
5 7 Fe(I I I ) . Probably the radiolysis may occur in a 
dispersion medium as well as in a source compound, 
and it may be reasonable to conclude, from the results 
of the present experiment, that the radiation stability 
of a dispersion medium will contribute to change the 
rate of relaxation. 

Although the relaxation rate is also enhanced by 
the spin-lattice interaction, this will make a minor 
contribution since the local heating due to the recoil 

energy of EC-decay should spread over the surrounding 
atoms by thermal diffusion in a much shorter time 
than the lifetime of the Mössbauer nuclear level. 
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Synopsis. The time stability of the extracted com­
plexes in isobutyl methyl ketone depends on the pH of the 
washing solution of the extract and on the stability of the 
metal complex. The extract is stable to concentrated acid 
when the organic extract is separated rapidly and washed 
with water. Gopper(II) tetramethylenedithiocarbamate is 
quantitatively extracted from 1—6 and 1—2 mol dm - 3 hy­
drochloric and nitric acid media respectively. 

Sodium diethyldithiocarbamate(DDTG) and ammo­
nium tetramethylenedithiocarbamate (Ammonium 1-
pyrrolidinecarbodithioate, APGD) have been widely 
used as extraction and colorimetric reagents for many 
metal elements. There are a number of publications 
about the determination of copper(II) with those com-
plexing agents.1-8) The general principles are based 
on Sandell and others.9_10> Many analytical proce­
dures require precise adjustment of p H , usually in the 
range 2—4, and APGD is often preferred to D D T G 
when extractions are performed in acidic solution. 
However, some studies indicate that the pH-range 
for extraction with APGD is different for copper.6 - 8) 
Moreover, these papers do not provide any informa­
tion on the optimum range of strongly acidic con­
centration required for the extraction of copper(II) . 
We have studied the time stability of coppe r ( I I ) -
DDTG and - P G D complexes in isobuthyl methyl 
ketone(IBMK) with the different acidities of the aque­
ous phase and the effect of p H of the washing solution 
on the extract, and we have applied this result to 
determine trace amounts of copper(II) . 

Exper imenta l 

Reagents. All solutions were prepared by dissolving 
analytical reagent grade chemicals in doubly distilled water. 
A 0.01 mol dm - 3 copper(II) standard solution was prepared 
by dissolving recrystallized copper (I I) sulfate pentahydrate 
in water, and diluted with water to give an adequate con­
centration before use. A 1% aqueous solution of DDTG 
and APGD were prepared. All other solvents were used 
without further purification. 

Recommended General Procedure. The aqueous phase 
containing standard or sample should be acidified with 
hydrochloric or nitric acid; then adjust the acidity to the 
desired value. Add 10 cm3 of the 1% DDTC or APCD 
solution, mix and allow to stand for 30 s. Extractions should 
be done in separatory funnels shaken for 7—10 min with 
25 cm3 of IBMK. After the aqueous phase is withdrawn, 
the organic phase should then be shaken with 50 cm3 of 
water for about 5 min. After separating the two phases, 
the absorbance of the yellow copper complex in the IBMK 
phase can be measured at 435 nm against a reagent blank 
prepared in an identical manner. 

R e s u l t s a n d D i s c u s s i o n 

Effect of Washing Solution on the Stability of the Extracts. 
The extraction of metal complex into the organic 
phase depends upon the hydrogen-ion concentration 
of the aqueous phase. If the p H is less than some 
critical value, the amount of the metal ion extracted 
decreases steeply. Therefore, when the I B M K phase 
is not separated from the aqueous phase, the decom­
position of the metal complex will be faster and will 
depend on the treatment of the extracts. 

Figure 1 show that the time stability of the copper-
PGD and - D D T G complexes in I B M K depends on 
the treatment of the extracts. In this experiment, 
the aqueous phase was adjusted to acidity 4 mol d m - 3 

with hydrochloric acid. I t is seen that the absorb-
ances of both extracts remain almost constant for at 
least 2 h after washing with water, whereas the use 
of 4 mol d m - 3 hydrochloric acid as washing solution 
causes the very rapid change of the absorbance with 
time. I t was thought that the copper-PGD and 
- D D T G complexes might be made stable in the I B M K 
if, after the extraction, the organic phase was washed 
with neutral water to prevent decomposition of ex­
tract by hydrogen ion attack. 

Extraction Behavior in Hydrochloric Acid. The ex­
tractions of copper(II) with APCD and D D T G in 
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Fig. 1. Effect of acidity of washing solution on the 
absorbance of Gu-APGD and -DDTG complexes 
in IBMK. 
a : Wash with 50 cm3 of water, b : wash with 50 cm3 

of 4 M HCl, IBMK: 25cm3, Gu: 4 x l 0 ~ 4 M . 
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5 3 
Acidity/M 

Fig. 2. Effect of acidity on the extraction of Cu(II) 
with APCD and DDTC in IBMK. 
a: Cu-APCD-HCl system, b : Cu-DDTC-HCl sys­
tem, c: Cu-APCD-HN0 3 system, d: Cu-APCD-
HCl system, e: Cu-DDTC-HCl system. In the a, b, 
and c system, IBMK phase was washed with 50 cm3 

water, but in the d and e system, IBMK phase was 
not washed. 
IBMK: 25 cm3, Cu; 8 x l O - 4 M . 

I B M K were studied over the acidity range 1—8 mol 
d m - 3 . The effects of acidity and the degree of ex­
traction are shown in Fig. 2. With D D T C , the ex­
traction is quantitative at acidity 1—3 mol dm" 3 , but 
is incomplete a t higher acid concentration. With 
APCD, copper(II) is completely extracted over the 
acidity range 1—6 mol d m - 3 , bu t extraction is incom­
plete outside this acidity range. The decomposition 
of copper-PGD complex will be faster in the acidity 
range more than 6 mol d m - 3 and will depend on the 
increase in the acidity of the aqueous phase. 

Extraction Behavior in Nitric Acid. With APCD, 
copper (I I) is extracted into I B M K at acidity less than 
3 mol d m - 3 , but the extraction of coppe r -DDTC com­
plex is incomplete for acidity values. The oxidation 
decomposition of the dithiocarbamate complex with 
nitric acid is considered to occur in both the aqueous 
and organic phases. However, although the extrac­
tion range in nitric acid is very narrow compared to 
that in hydrochloric acid, it is noticeable that the 
stability of the copper-PCD complex in the organic 
phase is rather higher than that of the coppe r -DDTC 
complex. 

Interferences. Synthetic mixtures were prepared 

with cations commonly found with copper in cadmium 
metal. No interference was observed in the deter­
mination of 5 fi.g of copper(II) with 1 mg of zinc(II) , 
lead(II ) , i ron( I I I ) , and thal l ium(II) , and 106 times 
of cadmium(II ) . 

Determination of Copper in Cadmium Metal. The 
method has been applied to the determination of a 
trace amount of copper in cadmium metals as follow: 
Dissolve 5 g of the sample into 100 cm3 of 4 mol d m - 3 

nitric acid and rinse the beaker with 5 cm3 of water. 
Transfer the solution to a 300 cm3 separating funnel 
with 160 cm3 of water. Add 10 cm3 of 0 . 1 % APCD 
solution. Shake the funnel for 8 min with 25 ml of 
IBMK. The two phases should be allowed to settle 
for 30 s; the aqueous phase was rapidly separated. 
T h e organic phase should then be shaken with 50 
cm 3 of water for 5 min. The two phases thus separated. 
T h e yellow copper complex in the I B M K phase was 
measured photometrically at 435 nm against the rea­
gent blank. Amounts of copper in various types of 
cadmium metals were determined and results were 
compared with those obtained by the atomic absorp­
tion method. The values were in good agreement. 
A study of the precision at 0.1 ppm level of copper 
showed the relative standard deviation of 1.3% for 
five replicates. 

T h e procedure described in this paper is special 
additional step is unnecessary for stabilization of the 
extract; it is simple and permits the direct extrac­
tion of copper in various metals after decomposition 
of the metals with concentrated hydrochloric or nitric 
acid. 
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Synopsis. When a gaseous mixture generated by 
heating a mixture of A1C13 and FeCl3 (<19wt%) was in­
troduced, with a hydrogen stream, into a reaction zone 
held at various temperatures, the iron content in the sub­
limate decreased markedly above 300 °G; A1C13 containing 
less than 10 ppm of iron was obtained at 600 °C. 

The production of aluminium via the electrolysis 
of aluminium trichloride (A1C13) or the production of 
special-grade alumina from A1C13 requires pure A1C13. 
The AlClg produced by the chlorination of aluminium-
containing materials, however, contains impurities, such 
as iron, silicon, and ti tanium chlorides. 

The separation of silicon tetrachloride or ti tanium 
tetrachloride from A1C13 presents no special problems 
because of the sufficient difference in relative volatility 
and the absence of vapor-phase complexes. The re­
moval of iron trichloride (FeCl3) from A1C13 has been 
described as being considerably difficult despite the 
high volatility of pure A1C13 relative to the pure FeCl3 

phase,1»2) because of the formation of a volatile com­
plex, AlFeCl6, on heating a mixture of A1C13 and 
FeClg.1'3) 

Considering the relative ease of the reduction of 
Fe(II I ) to Fe(I I ) , the present authors examined the 
separation of FeCl3 from A1C13 by means of selective 
hydrogen reduction. 

Exper imenta l 

The AlClg used was prepared by the reaction between 
aluminium (Al: 99.99%) and chlorine at 400 °C.4> The 
FeCl3 used was prepared by the reaction between iron (Fe: 
99.98%) and chlorine at 500 °C.5> The hydrogen used 
was purified up to a dew point below — 70 °G by passing 
it through a membrane of palladium heated at 400 °G. 

To examine the FeCl3 content in the sublimate on heating 
a mixture of A1C13 and FeCl3 in an argon stream, a mixture 
of AlClg and FeCl3 at a specified ratio in a quartz boat (width: 
16mm, length: 72 mm, depth: 9 mm) was placed in a 
straight, transparent quartz tube (inner diameter : 24 mm, 
length: 1000 mm) and heated at 150 °G for 1 h in the middle 
of a tubular electric furnace (heating length : 300 mm) in 
an argon stream at a flow-rate of 150 cm3/min. The tem­
perature of the sample part was controlled within ± 2 °G. 

For the experiments on the separation of FeCl3 from A1C13 

by means of selective hydrogen reduction, a gaseous mix­
ture generated by heating a mixture of A1C13 and FeCl3 

at 150 °G was introduced, with a hydrogen stream at 
a flow-rate of 150 cm3/min, into a reaction zone (inner 
diameter: 24 mm, length: 280 mm) held at a specified tem­
perature for 1 h. 

The total amount of aluminium and iron in the sublimate 
obtained outside the reaction zone was determined by 
chelatometric titration,6) while the amount of iron was deter­
mined colorimetrically as 1, 10-phenanthroline complex7) 
by using a Shimadzu double-beam spectrophotometer, Model 

UV-200S. The amount of aluminium was determined by 
subtracting the amount of iron from the above total amount 
of aluminium and iron. The chlorine content was deter­
mined gravimetrically as AgCl. 

Throughout this work, chlorides of aluminium and iron 
were handled in an argon atmosphere to prevent any con­
tamination by moisture in the air. 

R e s u l t s a n d D i s c u s s i o n 

The FeCl3 content in the sublimate obtained by 
heating 5.0 g of a mixture of A1C13 and FeCl3 at a 
specified ratio in an argon stream was examined. 
Considering the vapor pressures of A1C13 and FeCl3, 
the heating temperature was maintained at 150 °G 
(PAi2ci6 = 1 1 . 5 3 x l 0 3 P a , PF e 2ci6=1.4Pa).8> The re­
sults are shown in Fig. 1. 

Jorgensen and Moyle9) have examined the equi­
librium in the AlCl 3 -FeCl 3 -Cl 2 system and described 
that the vapor pressures of A12C16, AlFeCl6 , and Fe2Cl6 

at 160—180 °C are not changed by the initial FeCl3 

content in the range of 5 — 5 0 m o l % ( 6 — 5 5 w t % ) . 
From the above description, we could well understood 
that the FeCl3 content in the sublimate was constant 
on heating a mixture of A1C13 and FeCl3 with an 
initial FeCl3 content above 3 w t % . The results shown 
in Fig. 1 indicate that the clean separation of FeCl3 

from A1C13 is difficult by a repetition of the fractional 
sublimation. 

Next, experiments for separating FeCl3 from A1C13 

by selective hydrogen reduction were carried out. The 
FeCl3 content in the sublimate obtained by heating 
5.0 g of a mixture of A1C13 and FeCl3 at a specified 
ratio in a hydrogen stream at 150 °G was examined. 
The results obtained were the same as those obtained 
by the heating in an argon stream, shown in Fig. 1. 

Then, the gaseous mixture generated by heating 
5.0 g of a mixture of 95 w t % A1C13 and 5 w t % FeCl3 

at 150 °G (Fe content in the gaseous mixture: 1.46 

w t % as FeCl3 or 0 . 5 0 w t % as Fe) was introduced, 

u 0 
£ 0 5 10 15 

Initial FeCl3 content/wt% 
Fig. 1. FeCl3 contents in the sublimates obtained 

by heating mixtures of A1C13 and FeCl3 at various 
ratios in an argon stream. 
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Fig. 2. Fe contents in the sublimates obtained by 
heating the gaseous mixture, generated by heating 
a mixture of A1C13 and FeCl3, in a hydrogen stream 
at various temperatures. 

with a hydrogen stream at a flow-rate of 150 cm3/ 
min, into a reaction zone held at various temperatures 
for 1 h. The iron content in the sublimate obtained 
outside the reaction zone was then examined. The 
results are shown in Fig. 2. 

When the temperature of the reaction zone was 
below 250 °G, no change in the iron content was 
observed. Above 300 °G, the iron content decreased 
markedly, being reduced to 0.002 w t % at 600 °C. 
At 300—450 °G, it was observed that a colorless powder 
was deposited in the reaction zone. This colorless 
powder was identified as iron dichloride(FeCl2) by 
chemical analysis. Above 500 °G, the formation of 
iron in the form of thin film was observed in addition 
to FeCl2 . 

The vapor pressure of FeCl2 is negligible in the 
temperature range of this experiment.8) However, it 
could also be considered that a par t of the FeCl2 formed 

was carried by the hydrogen stream and contaminated 
the sublimate. Therefore, the sublimate obtained 
above 400 °G was heated in an argon stream at 150 °G, 
and the iron content in the sublimate obtained outside 
the heating zone was examined. From the results, 
the iron contents were found to be 0.006 w t % at 400 
°G, 0.004 w t % at 450 °G, 0.003 w t % at 500 °G, and 
<0.001 w t % at 600 °G. 

From these experimental results, it is revealed that 
A1G13 containing less than 10 ppm of iron can be 
obtained by introducing a gaseous mixture, generated 
by heating a mixture of A1G13 and FeGl3, with a hydro­
gen stream into a reaction zone held at 600 °G. 
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The Preparation and Properties of Cobalt(III) Phosphine Complexes 
Containing Nitrite and Acetylacetonate Ions 
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Synopsis. Two complexes, [Co(N02)(acac)2(P)> 
(acac=acetylacetonate ion, P=PBu3 , PBu2Ph, PMe2Ph, and 
PMePh2) and [Co(N02)2(acac)(PMe2Ph)2], were prepared 
by a reaction between Na[Co(N02)2(acac)2] and phosphines. 
The geometrical structures were determined on the basis 
of the XHNMR, electronic, and IR spectra. A m(N0 2 , 
P) configuration was assigned to [Go(N02)(acac)2(P)], and 
a trans(P,'P) configuration, to [Co(N02)2(acac)(P)2]. 

There have been a few cobalt (III) phosphine com­
plexes among the so-called Werner-type complexes.1) 
The coordination of phosphine groups to a cobalt (111) 
ion may be affected by the kinds of other ligands 
coexisting in the complex. The unidentate phosphine 
complexes of cobalt(III) thus far prepared have been 
those with dimethylglyoximate,2) acetylacetonate,3) cya­
nide,4»5) and halide6) ions. Other types are, however, 
required to extend the study of the chemistry of cobalt-
(III) phosphine complexes. This note will be con­
cerned with the preparation and properties of cobalt-
(III) phosphine complexes containing nitrite and 
acetylacetonate ions. 

E x p e r i m e n t a l 

The phosphines were prepared according to the procedures 
described previously,7) and handled under a nitrogen at­
mosphere until they formed cobalt (III) complexes. The 
electronic spectra were measured with a Hitachi 139 spec­
trophotometer, the XH NMR spectra, with a JEOL C-60 H 
spectrometer in CDG13, using tetramethylsilane as the in­
ternal reference, and the IR spectra, with a JASCO DS-301 
spectrometer. 

Preparation. Nitrobis( acetylacetonato )tributylphosphinecobalt-
(III): Tributylphosphine(PBu3) (4 cm3, 12 mmol) was 
added to Na[Co(N02)2(acac)2]8> (4 g, 10 mmol) in a mix­
ture (200 cm3) of benzene and ethanol (4:1), after which 
the solution was stirred at 50 °C for 5 h. The resulting 
red-brown solution was evaporated under reduced pressure 
to dryness. The residue was extracted with a small amount 
of benzene, which was then chromatographed with a column 
(01.5x30 cm) of alumina, using a mixture of benzene 
and acetone (6:1) as the eluent. Red-brown crystals were 
obtained by concentrating the first main, red-brown eluate 
and by adding a proper amount of hexane. Found: C, 
52.10; H, 8.54; N, 3.05%. Calcd for [Co(N02)(acac)2-
(PBu3)]: C, 52.31; H, 8.12; N, 2.77%. The materials 
remaining at the top of the column were not characterized. 

Nitrobis(acetylacetonato)dibutylphenylphosphinecobalt(III) : This 
complex was prepared by means of a reaction between 
Na[Co(N02)2(acac)2] and dibutylphenylphosphine(PBu2Ph) 
in a mixture of benzene and ethanol (4:1) by a method 
similar to that used for the PBu3 complex. Found: G, 
54.64; H, 7.15; N, 2.66%. Calcd for [Co(N02)(acac)2-
(PBu2Ph)]: C, 54.86; H, 7.10; N, 2.67%. 

Nitrobis (acetylacetonato) dimethylphenylphosphinecobalt (III) : A 

** Present address: Department of Chemistry, Faculty 
of Science, Nagoya University, Nagoya 464. 

mixture of Na[Co(N02)2(acac)2] (3 g, 9 mmol) and di-
methylphenylphosphine(PMe2Ph) (1cm3, 9 mmol) in ben­
zene (150 cm3) was stirred at room temperature for 48 h. 
The resulting solution was then subjected to procedures 
similar to those used for the PBu3 complex except for the 
use of a mixture of benzene and acetone (15:1) as the eluent. 
Found: C, 48.37; H, 5.71; N, 2.96%. Calcd for [Co(N02)-
(acac)2(PMe2Ph)]: C, 48.99; H, 5.71; N, 3.17%. 

Nitrobis(acetylacetonato)methyldiphenylphosphinecobalt(III) : A 
mixture of Na[Co(N02)2(acac)2] (3 g, 9 mmol) and methyl-
diphenylphosphine(PMePh2) (3 cm3, 15 mmol) in benzene 
(150 cm3) was stirred at room temperature for 48 h. The 
subsequent procedures were similar to those used for the 
PBu3 complex. Found: C, 54.62; H, 5.57; N, 2.69%. 
Calcd for [Co(N02)(acac)2(PMePh2)]: C, 54.88; H, 5.41; 
N, 2.78%. 

Dinitroacetylacetonatobis(dimethylphenylphosphine) cobalt (III) : A 
mixture of Na[Co(N02)2(acac)2] (3 g, 9 mmol) and 
PMe2Ph (1.3 cm3, 12 mmol) in ethanol (100 cm3) was stirred 
at 50 °C for 2 h. The resulting red-brown solution was 
evaporated under reduced pressure to dryness. The residue 
was extracted with benzene, which was then chromatographed 
in a way similar to that used for the PBu3 complex. The 
eluate was concentrated under reduced pressure to a small 
volume and then allowed to stand in a refrigerator to yield 
red-brown crystals. The presence of [Co(NOa)(acac)2-
(PMe2Ph)] in the solution was confirmed by the XH NMR 
spectrum. Found: C, 48.16; H, 5.64; N, 4.87%. Calcd 
for [Co(N02)2(acac)(PMe2Ph)2]: C, 47.92; H, 5.55; N, 
5.32%. 

The yields for the above-mentioned complexes were 10— 
20%. 

R e s u l t s a n d D i s c u s s i o n 

The facile substitution or solvolysis of a nitrite ion 
in Na[Co(N0 2 ) 2 (acac) 2 ] has been known and utilized 
for preparing other bis (acetylacetonato) cobalt (III) de­
rivatives, such as [Co(NÖ2)(acac)2L].8-9) Tertiary 
monophosphines can also be expected to react with 
the dinitro complex in a similar manner. Trialkyl-
or alkylarylphosphines react readily with the dinitro 
complex and yield complexes of the [Co(N0 2 ) (acac) 2 -
(P)] type, but triphenylphosphine does not yield the 
corresponding complex. 

[Co(N0 2 ) 2 (acac)(PMe 2 Ph) 2 ] was obtained from a 
reaction mixture of PMe 2 Ph and Na[Co(N0 2 ) 2 (acac) 2 ] 
in ethanol, [Go(N0 2 ) (acac) 2 (PMe 2 Ph)] also being in­
volved in the solution. Free PMe 2 Ph and the lib­
erated N 0 2

_ might attack the [Co(N0 2 ) (acac) 2 -
(PMe2Ph)] first formed, thus yielding [Go(N02)2(acac)~ 
(PMe 2Ph) 2 ] . 

A nitrite ion can coordinate to a metal ion through 
a nitrogen or oxygen atom. None of the complexes 
prepared in this study show the N - O stretching in 
the region of 1000—1100 cm - 1 , indicating the coor­
dination through the nitrogen atom. 

There are two geometrical isomers for the [Co-
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T A B L E 1. 

[Co(N02) (acac)2(PBu2Ph)] 

[Co(N02)(acac)2(PBu3)] 

(Co(N02)(acac)2(PMePh2)] 

[Co(N02)(acac)2(PMe2Ph)] 

[Co(N02)2(acac)(PMe2Ph)2] 

m-Na[Co(N02)2(acac)2]
9> 

/m«5-Na[Co(N02)2(acac)2]
8.8) 

ELECTRONIC 

AB 
v/lO^m-^loge) 

19.8(2.54) 

20.6(2.50) 

19.2(2,56) 

19.7(2.50) 

20.8(3.34) 

19.2(2.25) 

19.3(2.24) 

N O T E S 

(AB) AND N M R SPECTRAL DATA 

-CH3(acac) 

1.66 1.77 
1.97 2.18 

1.94»> 
2.02 2.25 

1.61 1.86 
2.04 2.24 

1.51. 1.86 
2.01 2.25 

1.26 

2.10 2.20 

2.18 

NMR, ô (7/Hz)a> 

-CH 

5.00 
5.44 

5.40 
5.52 

5.03 
5.57 

5.02 
5.46 
4.67 

5.75 

5.79 

[Vol. 54, No. 

P-CH3 

2.00 (d, 13) 

1.76(d, 13) 

1.90(t, 8) 

11 

a) d; doublet, t; triplet, the J value refers to the interval of the two outer peaks, b) The peak intensity is twice that of the others because 
of accidental degeneracy. 
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Fig. 1. Absorption spectra in dichloromethane. 
(a): [Co(N02)(acac)2(PBu2Ph)] ( ), [Co(N02)-
(acac)2(PBu3)] ( ), (b) : [Co(N02) (acac)2-
(PMePh2)] ( ), [Co(N02) (acac)2(PMePh)] 
( ), [Go(N02)2(acac)(PMe2Ph)2] ( ). 

(N0 2 ) (acac) 2 (P)] complex. The ^ N M R spectra 
can distinguish a eis or trans configuration. The spec­
tral da ta are summarized in the table, together with 
those of the related compounds. All complexes of 
this type can be assigned to a cis configuration on the 
basis of the number of methyl and methine signals 
of the coordinated acetylacetonate. One of the 
methine peaks in each PBu2Ph, PMe 2Ph, and PMePh 2 

complex is shielded by a phenyl group on the phos­
phorus atom and is observed at high magnetic fields, 
5.00—5.03 ppm.10) The absorption spectra exhibit a 
broad first-absorption band around 20000 c m - 1 (see 
Fig. 1). The replacement of the alkyl groups on a 
phosphorus atom by a phenyl group causes the red 
shift and increases the intensity of the first absorption 
band. The ligand-field strength of these phosphines 
is nearly identical with that of a nitro ligand, or slightly 
stronger. 

There are three geometrical isomers for [Co(N0 2 ) 2 -

(acac)(PMe 2Ph) 2] . T h e 1¥L N M R spectrum shows 
one kind of methyl signal for the acetylacetonato 
ligand, indicating a trans(P,P) or trans(N,N) config­
uration. The remarkable high-field shift of the 
methine signal strongly suggests a trans(P,P) configura­
tion where a phenyl group of the PMe 2Ph molecule is 
located over the acetylacetonate ring and shields the 
methine proton, causing it to resonate at a higher 
magnetic field.10) The electronic and I R spectra also 
suggest a trans(P,P) configuration. The first absorp­
tion band shows a strong intensity (log e=3 .34) , which 
is characteristic of the trans(P,P) arrangement of two 
phosphorus donor atoms.11) The I R spectrum shows 
sharp peaks at 821 and 825 c m - 1 attributable to the 
N 0 2 ~ bending mode, the presence of two bands sug­
gesting a cis configuration of two nitrite ions.12) 
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Preparation and Circular Dichroism Spectrum of a (Triazacyclononane)-
(tribenzo[6, f,j] [1,5,9]triazacyclododecenejcobalt(III) Complex 
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Synopsis. A new [Co(tacn)(tri)]3+ complex has been 
prepared and optically resolved (TACN represents 1,4,7-
triazacyclononane, and TRI, tribenzo[£,/,j][l,5,9]triazacyclo 
dodecene). From the CD spectral similarity of ( + )£,o-
[Co(tacn)(tri)]3+ with (+)546[Co(tri)2]3+, it has been con­
cluded that the metal-centered optical activity of the two 
tri complexes is derived from a chiral arrangement of (ben­
zene ring)-C=N- moieties. 

Gummings and Busch1) have reported the formation 
of a macrocyclic terdentate ligand, t r ibenzofô, / ,^]-
[l,5,9]triazacyclododecene (abb. as T R I ) , by the con­
densation of three molecules of o-aminobenzaldehyde 
in the presence of metal ions. There are two geo­
metrical isomers in a bis (tri) cobalt (III) complex; one 
is chiral form and the other meso form. The former 
has been prepared and resolved by Gummings and 
Busch.1) The absolute configuration of the (+ ) 5 4 6 [Co-
(tri)2]3+ complex has been determined by Wing and 
Eiss2) by means of X-ray analysis. The (+)s 46 isomer 
exhibits a similar GD spectrum to that of the ( + )546-
[Go(en)3]3 + complex in the first absorption band re­
gion; the arrangement of the donor atoms in the ( + ) 5 4 6 -
[Co(tri)2]3 + isomer also resembles that in the ( + ) 5 4 6 -
[Go(en)3]3+ complex to give a left-handed helix about 
the threefold symmetry axis. O n these bases, Wing 
and Eiss regarded the bis (tri) complex as strong ev­
idence for the metal-centered optical activity arising 
from the twisted crystal field. O n the other hand, 
Mason and Seal3) have explained the optical activity 
of the [Go(en)3]3 + complex in terms of a dynamic 
coupling model. Therefore, it is necessary to rein­
vestigate the source of the optical activity in the [Co-
(tri)2]3+ complex. 

In this report, the preparation and optical resolu­
tion of a complex containing a symmetric cyclic-
terdentate TAGN ligand and a dissymmetric T R I 
ligand, [Go(tacn)(tri)]3+, will be reported (TACN re­
presents 1,4,7-triazacyclononane). The GD spectrum 
of the resolved complex will be compared with that 
of the [Go(tri)2]3 + complex in order to determine the 
sources of the metal-centered optical activity. 

Exper imenta l 

Preparation and Optical Resolution of \Co(tacn)(tri)~\z+. 
The [Co(N02)3(tacn)] complex4) (2.5 g, 7.7 mmol) was 
suspended in a mixture of ethanol (275 cm3) and 64% HC104 

(25 cm3). The whole system was stirred at 60 °C for 3—4 
h, whereupon the color of the solution turned from yellow 
to deep red-brown. After cooling of the resulting solution 
to room temperature and removal of some precipitated 
material by filtration, the filtrate was adjusted to pH 3 by 
a 2 mol/dm3 ethanolic KOH solution, and then the precipi­
tated KC104 was filtered off. To the filtrate was added 
freshly prepared o-aminobenzaldehyde5) (5 g, 41 mmol), and 
the mixture was refluxed at 80 °C for 8—9 h. The resulting 

solution was cooled to room temperature, and the precipitated 
material was filtered and washed with small amounts of 
ethanol and acetone in turn. The product was dissolved 
in a large amount of water (ca. 2000 cm3) which had been 
adjusted to pH 4 by diluted HCl (all adjustments of pH 
were carried out with diluted HCl, unless otherwise noted). 
The solution was charged on a column of SP-Sephadex 
C-25 (2.5x30 cm). The column was rinsed with water 
(pH 3), and then the adsorbed band was eluted with a 0.3 
mol/dm3 NaCl solution adjusted to pH 3. A yellow band 
of tervalent cation was collected in a fraction. The effluent 
was diluted with a large amount of water (ca. 2000 cm3, 
pH 4), and then poured onto a column of SP-Sephadex 
C-25 (2x20 cm). The adsorbed band was eluted with a 
0.3 mol/dm3 NaC104 solution adjusted to pH 3 with diluted 
HCIO4, whereupon one species was eluted and the other 
remained. The former was identified to be the known 
[Co(tacn)2]3+ species.6) The remaining band was then 
eluted with a 0.3 mol/dm3 NaCl solution (pH 3). The 
effluent was concentrated by a rotary evaporator at ca. 35 
°C, with simultaneous removal of the eluent. To the final 
filtrate was added small amounts of 64% HC104 and solid 
NaC104, and the whole was kept in a refrigerator for a few 
days. The yellow crystals which deposited were collected 
and washed with water (pH 3). The crystals were dried 
in vacuo. The yield was ca. 30 mg. Found: C, 40.75; H, 
3.80; N, 10.56%. Calcd for [Go(tacn)(tri)](G104)8=Co-
C27H30N6O12Cl3: C, 40.39; H, 3.75; N, 11.02%. The 
product is explosive on heating. 

A partial optical resolution was attained by means of a 
column chromatography (SP-Sephadex C-25, 2 cmX 110 cm) 
by use of a 0.3 mol/dm3 Na2[Sb2(ö?-tart)2] solution as eluent.7) 
The earlier eluted species was (+)°0£[Co(tacn)(tri)]3+ isomer. 

Measurements. The absorption and CD spectra were 
measured with a Hitachi 323 spectrophotometer and a 
JASCO J-40CS automatic recording spectropolarimeter, re­
spectively. 

R e s u l t s a n d D i s c u s s i o n 

T h e absorption and GD spectra of the (+)5
cooD[Co-

(tacn)(tri)]3+ complex are shown in Fig. 1, with those 
of the related (+)5 4 6[Co(tr i)2]3+ and (+) 5 4 6 [Ni( t r i ) -
( H 2 0 ) 3 ] 2 + complexes. The absorption spectrum of the 
[Go(tacn)(tri)]3+ exhibits a shoulder at ca. 21000 c m - 1 

( log£~2.5) , which is assignable to the first absorption 
band. The band is observed at a frequency higher 
by 1000 c m - 1 than the corresponding band for the 
[Co(tr i)2]3 + complex, indicating that the ligand field 
strength of T R I is weaker than that of TAGN. An 
absorption band observed at 34000 c m - 1 is assigned 
intra-ligand transition.2) Both (+)B

co0
D[Co(tacn)(tri)]3+ 

and (+)54 6[Co(tri)2]3+ exhibit a positive CD peak at 
the lowest frequency in the d-d absorption band region, 
in contrast to ( + ) 5 4 6 [ N i ( t r i ) ( H 2 0 ) 3 ] 2 + which shows 
no apparent GD peak. In the region of 33000— 
37000 c m - 1 , the three complexes exhibit one or two 
intense GD peaks with negative sign. These bands 
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Fig. 1. Absorption and CD spectra. 
: (+)SS [Co(tacn)(tri)]»+, : (+)546[Co(tri)2]3+, 

: (+)546[Ni(tri)(H20)3]2+ . 

(a) (b) 
Fig. 2. Absolute configurations. 

a) : ( + )546[Co(tri)2]3+, b ) : (+)g[Go(tacai)(tri)]«+. 

are considered to be associated with a benzene ring 
inclining against a - C = N - bond, as is seen in a styrene 
chromophore.8) Therefore, it is concluded that these 
complexes have the same absolute configuration with 
respect to the T R I ligand, namely, the pitch of the 
benzene rings has the sense of a left-handed screw.2) 
The absolute configuration of (+)6

co? [Co(tacn)(tri)]3+ 
is predicted as shown in Fig. 2. 

According to the X-ray analysis of (+ ) 5 4 6 [Co-
(tri)2]3+,2> there is a distortion around a threefold 
axis to give a twisted trigonal prism having the sense 

of a left-handed screw, due to a strong attractive in­
teraction between two aromatic ligands. Wing and 
Eiss2) have considered two sources of the metal-centered 
optical activity in the (+)546[Co(tr i)2]3 + complex; one 
is the arrangement of donor atoms distorted from 
octahedron, and another is structural features inherent 
in the T R I ligand such as a pitch of the benzene rings 
or a chiral arrangement of (benzene r ing)-C=N-
moieties. O n the basis of the CD spectrum of ( + ) 5 4 6 -
[Ni ( t r i ) (H 2 0) 3 ] 2 + , they have concluded that one T R I 
ligand is ineffective in generating dissymmetric en­
vironment around a metal ion and that the former 
source is the principal one in (+) 5 4 6 [Co( t r i ) 2 ] 3 + . 

O n the other hand, the present [Co(tacn)(tr i)]3 + 

complex exhibits a clear CD peak in the d-d absorp­
tion band region, like (+)546[Co(tr i)2]3 + does. Fur­
thermore, the distortion around the threefold sym­
metry axis seems to be small in (-j-)6

c
0?[Co(tacn)-

( t r i ) ] 3 + , on account of a weak interaction between 
the T A C N and T R I ligands, which is considered to 
be repulsive rather than attractive. Consequently, the 
crystal field distortion is not regarded as the principal 
source for the metal-centered optical activity in the 
(+)foDo[Co(tacn)(tri)]3+ and (+ ) M , [Co( t r i ) J»+ com-
plexes. I t is known7) that the T A C N chelate rings 
in [Co(tacn)2]3+ and [Co(gly)(NH3)(tacn)]2+ are 
flexible and the conformations are not fixed in an 
aqueous solution. Stereo models suggest that there 
is no preferential conformation of T A C N in the [Co-
( tacn)( t r i ) ] 3 + complex. Therefore, the optical activity 
due to conformations of T A C N is considered to be 
small. I t is reasonable to consider that the T R I 
complexes gain some activity from the chiral sequence 
of the (benzene r ing) -C=N- moieties through the dy­
namic coupling mechanism.3) A helical arrangement 
of the six benzene rings in (+) 5 4 6 [Co( t r i ) 2 ] 3 + (in a 
sense of a left-handed helix, A) is also ineffective in 
raising the apparent metal-centered optical activity. 
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The down-field shifts of a-carbons in N- the difference in the N M R behavior. In addition, 
alkylglycines, which were caused by the chelation to cobalt- w e w iH discuss about the relationship between the 
(III), were larger than those in C-alkylgly ein es. The down-
field shifts of iV-(carboxymethyl)glycine (ida) and N-(2-
aminoethyl)glycine (enma) in fac complexes were also larger 
than those of ida and enma in mer complexes, respectively, 
and those of the C-alkylglycines. 

In the previous paper,2) we reported that the chela­
tion of a-amino acids to cobalt(III) ion brigns about 
down-field changes in 13G N M R chemical shifts of 
their carboxyl-carbons (Coxy) and a-carbons (G„). 
However, references were not made concerning the 
difference in 13G N M R behavior between a-amino 
acids containing - N H 2 group and those containing 
- N H - R group. In the present paper, we will describe 

coordination forms of the tridentate ligand and the 
13G N M R chemical shifts, in connection with the chela­
tion shifts of the a-amino acids containing the - N H - R 
group. 

E x p e r i m e n t a l 

The complexes examined were prepared by the procedures 
similar to those described in previous papers.2-7* 

13G NMR spectra at 22.5 MHz were recorded on a JEOL 
FX-90Q, spectrometer, in pulsed Fourier transform/proton 
noise decoupled mode. The field frequency ratio was sta­
bilized by locking to internal D 2 0 . Peak positions were 
measured relative to internal dioxane (6=67.40). 

TABLE 1. 13G CHEMICAL SHIFTS (ppm) OF SUBSTITUTED GLYCINES AND THEIR COBALT(III) COMPLEXES 

Ligand 
/Structure and abbreviationN 
\ (Acidic form) / 

Glycine 
NHtCH2COOH, H2gly) 
L-Alanine 
(NHtGH(CH3)GOOH, L-H2ala) 
a-Aminobutyric acid 
(NHtCH(C2H6)COOH, a-H2abu) 
Norvaline 
(NH£CH(C3H7)COOH, H2nva) 
Sarcosine 
((CH3)NH+CH2COOH, H2sar) 
JV-Ethylglycine 
((C2H5)NH+CH2COOH, H2etgly) 
JV-Propylglycine 
((C3H7)NH+CH2COOH, H2prgly) 
L-Proline 
(NH+(CH2)3CHCOOH, L-H2pro) 

i | 

L-Hydroxyproline 
(NH;CH2CH(OH)CH2CHCOOH, L-H2 

1 1 
Iminodiacetic acid 
(NH+(CH2COOH)2, H3ida) 

Ethylenediamine-JV-acetic acid 
(NHt (GH2) 2NHîCH2GOOH, H3enma) 

[Co(gly)(NH3)4]*+ 

[Co(L-ala)(NH3)4]
2+ 

[Co(a-abu)(NH3)4]2+ 

[Co(nva)(NH3)4]*+ 

[Co(sar)(NH3)4]*+ 

[Go(etgly)(NH3)4]^ 

[Co(prgly)(NH3)4]2+ 

[Co(L-pro)(NH3)4]
2+ 

[Co(L-hyp)(NH3)4]2+ 
hyp) 

[Co(ida)(NH3)3]+ 

a-/ac-[Go (ida) J _ 

s-fac- [Go (ida) 2] -
mer- [Go (ida) 2 ] ~ 

[Co(glygly)(ida)]-
[Co(enma)(NH3)3]2+ 

fra/w(0)-[Co(enma)2]+ 
[Go(glygly)(enma)] 

à <5ch 
(Coxy)a) (Coxy)b) 

170.14 

173.02 

172.38 

172.82 

169.40 

169.60 

169.31 

172.24 

172.04 

169.16 

169.11 

186.15 

186.97 

186.44 

186.73 

183.85 

184.43 

184.39 

186.97 

186.58 

184.68 

184.93 
184.19 
185.66 
184.53 
184.34 
184.19 
185.17 

185.32 
184.68 

4>h 
(Coxy)

c> 

+ 16.01 

+ 13.95 

+ 14.06 

+ 13.91 

+ 14.45 

+ 14.83 

+ 15.08 

+ 14.73 

+ 14.54 

+ 15.52 

+ 15.77 
+ 15.03 
+ 16.50 
+ 15.37 
+ 15.18 
+ 15.03 
+ 16.06 

+ 16.21 
+ 15.57 

Ô 
(CJ*> 

40.95 

49.59 

54.86 

53.44 

49.59 

47.59 

47.98 

60.28 

58.96 

47.88 

48.56 

(C„)b> 

46.65 

54.03 

59.93 

58.13 

57.88 

54.22 

54.66 

65.69 

64.47 

59.30 

59.59 
57.98 
58.32 
57.05 
56.91 
56.32 
56.52 

55.44 
53.83 

(CJC> 

+ 5.07 

+ 4.44 

+ 5.07 

+ 4.69 

+ 8.29 

+ 6.63 

+6 .68 

+ 5.42 

+ 5.51 

+ 11.42 

+ 11.71 
+ 10.10 
+ 10.44 
+ 9.17 
+ 9.03 
+ 8.44 
+ 7.96 

+ 6.88 
+ 5.27 

a) <5(Ca) and a(Go x y): Chemical shifts of C„ and Co x y in the free ligand (in acidic D 2 0 solution), b) <5ch(Ga) 
and <5ch(Coxy): Chemical shifts of C a and Goxy in the chelated ligand. c) Aeh(Ca) and ^ c h (G o x y ) : Ach(Ca) = 
<W(Ca)-<5(CJ and Ach(Goxy)=ôeh(Coxy)-ô(G^y). 
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R e s u l t s a n d D i s c u s s i o n 

T h e chemical shift changes arising from the chela­
tion of amino acids are listed in Table 1, together 
with the structures and abbreviations of the ligands. 
T h e Aeh(Ca) and ^ c h (G o x y ) values of C-alkylglycines 
( N H 2 C H R C O O H ) are smaller than those of glycine. 
This result is consistent with those described in the 
previous papers.2 '3) T h a t is, the ^ c h ( G a ) values of 
L-val, L-leu, L-ile, L-ser, L-thr, and L-phe were in­
cluded in the range + 3 . 8 — + 5 . 4 ppm, compared 
with + 5 . 7 p p m of glycine. 

O n the other hand, the AetL(Ca) values of JV-alkyl-
glycines ( R - N H C H 2 C O O H ) are larger than that of 
glycine, though the dch(Coxy) values of the iV-alkyl-
glycines are smaller than that of glycine. T h e J c h -
(C t t) values of L-pro and L-hyp, which may belong 
to JV-alkyl-C-alkylglycines, are intermediate between 
the zlch(Ga) value of the JV-alkylglycine and that 
of the C-alkylglycine. 

iV-(Carboxymethyl) glycine (=iminodiacet ic acid; 
ida) and Ar-(2-aminoethyl) glycine ( = ethylenediamine-
JV-acetic acid; enma) containing - N H - R groups are 
able to coordinate to cobalt(III) in both of meridional 
(mer) and facial (fac) forms. I t is known that the 
tridentate ida prefers the fac form to the mer form 
in both [Co(ida)(NH3)3]+ and [Co( ida) 2 ] - com-
plexes,4-7) although recently the mé?r-[Co(ida)2]~ com­
plex was isolated.9 '10) The ^ c h ( G J values of the 
ida taking the fac form are larger than that of glycine. 
Similarly, the ^Ich(Ga) values of the enma, taking 
the fac form in [Co(enma)(NH 3 ) 3 ] 2 + and trans(O)-
[Co(enma)2]+,8) are larger than that of glycine. One 
of the important factors which are responsible for 
the large Ach(Ca) values will be the - N H - R groups 
of ida and enma, as is suggested by the present result 
that the Ach(Ga) values of iV-alkylglycines are larger 
than that of glycine. 

T h e chemical shifts of cobalt ( III) complexes are 
affected by the anisotropic effect of cobalt(III) and 
by the trans influence of the coordinating atoms.12-15) 
These effects in mer- [Go (ida) 2 ] ~ are equal to those 
in s-fac-[Co(ida)2]~. However, the ^ c h ( G a ) value of 
mer-[Go(ida)2]~ is smaller than that of s-fac-[Co(ida)2]-. 
This difference may result from the difference of the 
geometrical structures of the ida. Similar result was 
obtained for the complexes containing diethylene-tri-
amine (dien) by H a et a/.16) They pointed out that 
the 13G N M R spectral pat tern of the mer forms of 
dien is distinguishable from the fac forms of dien. 
The carbons attaching to the central - N H - in the 

mer dien were resonated at lower field than those 
in the fac dien, that is, the Aeh values of the mer dien 
are smaller than those of the fac dien. T h e Ach-
( C J value of [Go(glygly)(ida)]~, which includes a 
mer ida,11) is also smaller than the ^ c h ( C a ) values 
of the complexes including the fac ida. Similar result 
was obtained for the enma complexes. T h a t is, the 
Zlch(Ga) value of enma in mer-[Go(glygly)(enma)],11) 
is smaller than those of the fac enma in the other enma 
complexes (Table 1). 

T h e differences of the zlch(Goxy) values among the 
ligands examined were not so distinct as those of the 
4 h ( G J values. 

This work was partially supported by a Grant-in-
Aid for Scientific Research No. 554189 from the Min­
istry of Education, Science and Culture. 
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Synopsis. The hydrogenolysis and dimerization of 
iodoalkanes were catalyzed by Pd in the presence of an 
appropriate reducing agent. Hydrazine was found to be 
effective for the coupling of 1-iodoeicosane to give tetracon­
tane, C40H82, in a 74% yield. The yield of the coupling 
product decreased with the decrease of the number of the 
carbon atoms in the 1-iodoalkanes. Both alkylhydrazines 
and alkenes were shown not to take part in the reaction 
as a reaction intermediate. 

We reported1 '2) that iodoarenes were converted to 
the corresponding biaryls in high yields by the use 
of a catalytic amount of palladium amalgam. No 
report has been published on the coupling of halo-
alkanes by the use of a catalytic amount of metal. 
Stille and Lau3> reported that the reactive haloalkanes 
such as 9-bromofluorene were coupled with a stoi­
chiometric amount of a palladium(0) complex. The 
present study has, therefore, been carried out in order 
to examine the homocoupling of the inert haloalkanes 
by the use of a catalytic amount of palladium metal 
or its salts. The higher iodoalkanes gave the cor­
responding bialkyls in high yield. 

R e s u l t s and D i s c u s s i o n 

As shown in Table 1, 1-iodoalkanes reacted with 
hydrazine in the presence of catalytic amounts of 
palladium salt to produce coupling products. The 
highest yield was obtained in the case of 1-iodoeicosane. 
Palladium chloride was reduced in the initial stage 
of the reaction to give the metal, and the palladium 
metal formed was quantitatively recovered after the 
reaction. The coupling of iodoalkanes was examined 

TABLE 1. REDUCTIVE HOMOCOUPLING OF 1-IODOALKANES 

USING HYDRAZINE AND PALLADIUM CATALYSTA> 

Iodoalkane 

1-Iodohexane 
1-Iodooctane 
1-Iododecane 
1-Iodododecane 
1 -Iodotetradecane 
1 -Iodotetradecane 
1 -Iodohexadecane 
1 -Iodooctadecane 
1-Iodoeicosane 
1-Iodoeicosane 

Coupling product 

Dodecane 
Hexadecane 
Eicosane 
Tetracosane 
Octacosane 
Octacosane 
Dotriacontane 
Hexatriacontane 
Tetracontane 
Tetracontane 

Yield/%») 

0.7 
5.4 
7.9 

14.8 
33.9 
44.5«) 
40.3d) 
47.2d) 
55.3d) 
74.2c'd) 

a) A reaction mixture of iodoalkane(25.0 mmol), NaOH 
(125 mmol), and PdCl2(2.5 mmol) in 16 ml of MeOH 
containing of 85% NH2NH2-H20(15 mmol) was re-
fluxed for 6h . b) Yield determined by GLPG. c) 
The 1.5-fold amounts of NaOH and 85% NH2NH2-
H 2 0 were used, d) Yield of the crude product. 

with a catalytic amount of palladium metal in place 
of its salt to give the corresponding dimers in low 
yield (Eqs. 1 and 2). 

2RI + Pd > RR + Pdl2 (1) 

Pdl2 + NH2NH2 > Pd + 2HI + N2 + H2 (2) 

To determine the products and the effect of hy­
drazine on the present reaction, the reaction involving 
1-iodotetradecane(1) was examined, as shown in Table 
2. The reaction products consisted of 1-methoxy-
tetradecane(2), l-tetradecene(3), tetradecane(4), and 
octacosane (5). The distribution of these products was 
strongly affected by the presence or absence of pal­
ladium and/or hydrazine. The highest yield of the 
dimer was obtained in the reaction with 8 5 % hydra­
zine hydrate. In the absence of the catalyst, the 
methanolysis of iodoalkane occurred, and the hydro­
genolysis and dimerization did not. No hydrazine 
was necessary for the coupling of iodoalkanes, in con­
trast with that of iodoarenes.1) 

The facts that an alkylhydrazine(RNHNH2) was 
prepared with anhydrous hydrazine and haloalkane4) 
and that its decomposition produced the corresponding 
alkanes (RH and RR)5> indicate that the reaction 
via alkylhydrazine derivative might be involved in the 
present system. Several results which exclude this 
are as follows: (1) The yield of 5 with tetradecylhy-
drazine (Run 4) was lower than that with hydrazine 
hydrate (Run 2)6> and (2) No reaction of hydrazine 
hydrate with 1 occurred. 

Since the reaction with methylhydrazine (Run 3) 
gave 3 in 46 .4% yield, the dimerization of 3 was ex­
amined. Its intermediate may be denied from the 
following results: (1) No octacosene was detected (Run 
2), and (2) No reductive coupling of 3 occurred under 
the experimental conditions in R u n 2 except 1, be­
cause 3 was quantitatively recovered. 

I t is consequently concluded that the coupling of 

TABLE 2. EFFECT OF REDUCING AGENT ON THE REDUCTIVE 

HOMOCOUPLING OF 1-IODOTETRADECANE BY THE USE 

OF PALLADIUM CHLORIDE AS CATALYSTA) 

Run Reducing agent 
Products/%b) 

1 None 
2 85% NH 2NH 2 -H 20 
3 CH3NHNH2 

4 w-C14H29NHNH2 

5 C6H5NHNH2 

11.0 15.1 59.8 13.3 
12.2 19.5 36.4 33.9 
0.0 46.4 48.9 3.3 
5.1 44.1 99.5 8.0 

36.3 13.4 50.8 Trace 

a) A mixture of 1(25.0 mmol), PdGl2(2.5 mmol), and 
NaOH( 125 mmol) in 16 ml of MeOH containing the 
reducing agent(15 mmol) was refluxed for 6 h with 
stirring, b) Based on the iodoalkane. 



3600 N O T E S [Vol. 54, No. 11 

1-iodoalkanes with hydrazine may not proceed through 
the hydrazine derivative and the alkene. Presumably, 
the hydrogenolysis and dimerization of 1-iodoalkanes 
proceed via an alkylpalladium complex, and the hy­
drazine used is consumed for reducing the palladium 
iodide formed. 

E x p e r i m e n t a l 

Materials. The reagents used were of commercial 
grade except of 1-iodooctane,7) 1-iododecane,7) 1-iododo-
decane,7) l-iodotetradecane(l),7) 1-iodohexadecane,7) 1-iodo-
octadecane7) (mp 34.2—35.0 °C, lit,8) 33.7—34.1 °C), 1-
iodoeicosane7) (mp 39.5—40.0 °G, lit,8) 41.3—41.6 °C). 
Anhydrous hydrazine9) was prepared by the methods given 
in the literature. The purity of all iodoalkanes determined 
by GLPC was over 98%. 

Preparation of Tetradecylhydrazine(a New Compound) : A mix­
ture of anhydrous hydrazine (13 g, 0.38 mol), 1-bromotetra-
decane (21 g, 0.072 mol), and ethanol (15 ml) was refluxed 
with a magnetic stirrer for 35 h in a flask equipped a reflux 
condenser with a drying tube. The mixture was cooled 
until room temperature and then poured into water (50 
ml) of 7 g of sodium hydroxide. The solid products and 
the ether-extractable materials were combined, and distilled 
under reduced pressure in a nitrogen atmosphere, giving 
8.65 g (52%) of the hydrazine: bp 185—188 °C/1.5 kPa; 
white crystals, mp 40.5—42.0 °G. This melting point agreed 
closely with the value interpolated from the results of 
Westphal4) for dodecylhydrazine (31 °C) and hexadecylhy-
drazine (57—58 °C). This new hydrazine was identified 
with maleic acid derivative. The cû-2-butenedioic dihy-
drazide showed: mp 116.5—117.3 °G; Found: G, 69.87; 
H, 10.60; N, 9.11%. Calcd for C18H32N202: G, 70.09; 
H, 10.46; N, 9.08%. Since the free hydrazine slowly de­
composed in air, it was prepared before every use. 

Reductive Coupling of 1-Iodoalkane Using Hydrazine and Palla­
dium Catalyst. A mixture of 1-iodoalkane (25.0 mmol), 
NaOH (125 or 188 mmol), and PdCl2 (2.5 mmol) in 16 ml 
of MeOH containing 85% NH2NH2-HaO (15 or 22.5 mmol) 
was refluxed for 6 h with stirring. The resulting mixture 
was filtered, and the residual metal was washed with hexane, 
and subsequently water. The organic layer was separated 
from the aqueous layer and evaporated. The yield of dimer 
was determined by GLPG. The dimers having more than 
twenty-eight carbon atoms were separated as a residue 
in the vacuum distillation using the Büchi Kugelrohrofen 
GRK-50, weighed, and recrystallized from hexane-methanol. 
Dotriacontane: mp 66.7—67.5 °G (lit,10) 69.5—70.6 °C) ; 
Found: C, 85.38; H, 14.81%. Calcd for G32H66: C, 85.24; 
H, 14.76%. Hexatriacontane: mp 72.5—73.3 °C (lit,10) 

75.2—76.1 °C); Found: C, 85.20; H, 14.91%. Calcd. for 
C36H74: C, 85.29; H, 14.71%. Tetracontane: mp 78.8— 
79.5 °G (lit,8) 81.2—81.4 °C); Found: C, 85.20; H, 14.82%. 
Calcd. for C40H82: C, 85.32; H, 14.68%. 

Reductive Coupling of 1-Iodotetradecane with Various Reducing 
Agents. A mixture of 1 (25.0 mmol), PdCl2 (2.5 mmol), 
and NaOH (125 mmol) in 16 ml of MeOH containing 
the reducing agent (15 mmol) was stirred for 6 h under 
reflux. The resulting mixture was filtered, and the residual 
metal was washed with hexane and then with water. After 
the organic layer was separated from the aqueous layer, 
the reaction products were obtained by the evaporation 
of the solvent, and analyzed by GLPC and GC-MS. Since 
both 3 and 4 gave an overlapped peak on the column used 
(SE-30), the peak of 3 was separated from that of 4 by bro-
minating 4 with a bromine-tetrachloromethane solution, 
followed by the estimation of 4. Octadecane and eicosane 
were used as the internal standards. 

The present work was partially supported by a 
Science and Engineering Research Grant-in-Aid from 
the Science and Engineering Research Institute of 
Doshisha University. 
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Synopsis. We synthesized two new electron acceptor 
molecules. Their electron affinities were estimated by meas­
uring the charge-transfer absorption spectra with three donor 
molecules in a 2-methyltetrahydrofuran solution. The former 
molecule was estimated to have an electron affinity com­
parable to 1,3,5-trinitrobenzene, and the latter, to m-dinitro-
benzene. 

3,6 - Bis(dicyanomethylene) - 1,4 - cyclohexadiene (1), 
often called TCNQ, , is known to form highly con­
ductive organic complexes with various donor mole­
cules.1) The acceptor molecule, 9,10-bis(dicyanometh-
ylene)-9,10-dihydroanthracene (2) is also expected to 
form highly conductive complexes, but it has not yet 
been synthesized. Although the a t tempt to prepare 

NC v ĈN 
C 

C 
NC/ NC02C2H5 

3a 

NCX /C02C2H5 
C 

C 
NC7 XC02C2H5 

3b 

C 

NC 7 NC02C2H5 

2 was unsuccessful, we could obtain the precursor of 
2, 9,10 - bis[cyano(ethoxycarbonyl) methylene] - 9,10-
dihydroanthracene (3), and a by-product, 10-[cyano-
(ethoxycarbonyl) methylene]-9-an throne (4). Their 
electron affinities were estimated by measuring the 
charge-transfer (GT) absorption bands of the 2-meth­
yltetrahydrofuran (MTHF) solution of these new ac­
ceptors and of three donor molecules. 

R e s u l t s a n d D i s c u s s i o n 

Synthesis of the New Acceptors. The synthetic 
route is illustrated below. 9, lO-Bis(cyanomethyl) an­
thracene (5) was synthesized by the procedures de­
scribed in the literature.2) The treatment of 5 with 
sodium ethoxide and diethyl carbonate, followed by 
hydrolysis, gave 9,10-bis[cyano(ethoxycarbonyl)meth­
yl] anthracene (6). The dehydrogenation of 6 with 
iV-iodosuccinimide (NIS) gave new electron acceptors, 

3a, 3b, and 4. The acceptors, 3a and 3b , were also 
obtained by the reaction of 5 with sodium ethoxide 
and diethyl carbonate, followed by the reaction with 
cyanogen chloride or cyanogen bromide.3) 

CH2CN NC-C-COzCzHs NC-C-CO&Hs 

CH2CN NC-C-C02Qtt; 

5 Na* 

BrCN 

or CICN 

3a* 3b 

NIS 

3a* 3b* 4 

Measurements of the Charge-transfer Absorption Spectra. 
The GT-absorption spectra of the new acceptors were 
measured in a 2-methyltetrahydrofuran ( M T H F ) solu­
tion of 3 and 4 with three donor molecules at room 
temperature or at 77 K. iV,iV,JV',JV'-tetramethyl-/>-
phenylenediamine (TMPD) , iV,iV-dimethyl-/>-phenyl-
enediamine (DMPD) , and N,iV-dimethylaniline (DMA) 
were used as the donors. Figure 1 shows the elec­
tronic-absorption spectra of these donor molecules with 
3. All these solutions showed a purple color at 77 
K, although the color was not seen at room tempera­
ture even with the concentrated solution. New ab­
sorption bands were observed at the region of wave­
lengths longer than 400 nm.4) The plot of the new 

400 450 500 550 600 650 700 750 

Wavelength/nm 

Fig. 1. Charge-transfer absorption spectra of 3 with 
TMPD, DMPD, and DMA in 2-methyltetrahydro­
furan at 77 K. 
[3] = 1.37xl0-2mol/l, [TMPD] = 1.45 xl0- 2 mol/ l , 
[DMPD] = 1.38 X 10-2 mol/1, [DMA]=2.0 mol/1. 

: TMPD-3, : DMPD-3, : DMA-3, 
: 3 only. 
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a b s o r p t i o n p e a k pos i t ions (hvCT) a g a i n s t t h e i o n i z a t i o n 
p o t e n t i a l s (7p) of t h e d o n o r molecules 5 ) g a v e t h e l i n e a r 
r e l a t i o n a p p r o x i m a t e d as hvCT=l.l 7 p —5.3 in e V un i t s , 
w h i c h is a l m o s t i d e n t i c a l w i t h t h a t o b t a i n e d b y t h e 
use of 1 ,3 ,5 - t r in i t robenzene w i t h v a r i o u s d o n o r m o l e ­
cules . 5> S imi l a r l y t h e e l e c t r o n i c - a b s o r p t i o n m e a s u r e ­
m e n t s of 4 w i t h t h e s a m e d o n o r m o l e c u l e s a t r o o m 
t e m p e r a t u r e g a v e t h e l i n e a r r e l a t i o n of hvCT=0.9 7 p — 
3 . 3 , a l m o s t i d e n t i c a l w i t h t h a t o b t a i n e d b y t h e use 
of m - d i n i t r o b e n z e n e w i t h v a r i o u s donors.5> T h u s , t h e 
n e w a b s o r p t i o n s a r e a sc r ibed to t h e C T - t r a n s i t i o n . 
T h e e l e c t r o n affinities of 3 a n d 4 a r e r o u g h l y e q u a l 
to those of 1 ,3 ,5 - t r in i t robenzene a n d m - d i n i t r o b e n -
zene. 6 ) 

E x p e r i m e n t a l 

Preparations of 9,70-Bis\cyano(ethoxycarbonyl)methylene~\-9,70-
dihydroanthracene (3) and 70-[Cyano(ethoxycarbonyl)methylene]-9-
anthrone (4). 9,10-Bis[cyano( ethoxycarbony l) methy ^anthra­
cene (6) : Sodium metal (0.5 g) was added to ethanol (20 
ml) , and the unreacted ethanol was distilled out. T o the 
residual sodium ethoxide we then added a mixture of diethyl 
carbonate (10 g), toluene (3 ml) , and 5 (1.5 g) . The solution 
became yellow green. T h e resultant reaction mixture was 
stirred under reflux. Since the solvent was distilled out 
dur ing the reaction, toluene was added from a dropping 
funnel in order to maintain a roughly constant volume of 
the reaction medium. After 1.5 h, the reaction mixture 
was cooled to room temperature and then hydrolysed by 
adding water (40 ml) . Acetic acid (2 ml) was added, the 
mixtures was extracted three times with dichloromethane 
(50 ml) , and the extract was shaken three times with 50 
ml of water. T h e organic layer was separated and dried 
overnight over anhydrous magnesium sulfate. After the 
filtration of the magnesium sulfate, the dichloromethane 
was completely distilled out, hexane was added, we thus 
obtained 1.6 g of a brown solid (68%) . After t reatment 
with active charcoal, the raw material was recrystallized 
from diethyl ether to give a yellow powder of 6 : m p 198— 
205 °C ; Found : C, 72.03; H , 5.01; N , 6 . 8 1 % . Calcd for 
C 2 4 H 2 0 N 2 O 4 : C, 71.98; H , 5.03; N , 7 .00%; M S : m/e 400 
(M+); I R (KBr) : 2250 (C=N), 1730 c m - 1 ( C = 0 ) ; N M R 
(CDC13) 0 = 1 . 1 5 (6H, m, CH 3 ) , 4.20 (4H, m, CH 2 ) , 6.20 
(2H, s, tert H ) , 7.70 (4H, m, ring H ) , 8.30 (4H, m, ring H ) . 

9,70-Bis [cyano (ethoxycarbonyl) methylene] 9,70-dihydroanthracene 
(3a, 3b) and 70-\Cyano(ethoxycarbonyl)methylene]-9-anthrone (4) 
Method A: After 5 has been reacted with sodium ethoxide 
and diethyl carbonate by the procedures described above, 
BrCN (3.75 g) was stirred in, the mixture was heated grad­
ually up to 55—60 °C for 2 h, and kept overnight at room 
temperature , and the toluene was distilled out. T h e addition 
of cold water, followed by the filtration of the precipitate, 
gave a raw product (3). An additional precipitate was 
obtained after keeping the filtrate for several days. Purifica­
tion by means of a liquid Chromatograph (Japan Analytical 
Industry, L C 07), using chloroform as the eluent, gave 1.58 
g of 3 (66%) as a pale yellow powder. In the above pro­
cedure, C1GN can also be used instead of BrCN. Compound 

3 : mp 145—152, 176—182 °C, arising from eis- and trans-
isomers. Found : C, 72.70; H , 4.52; N, 6.96%. Calcd 
for C 2 4 H 1 8 N 2 0 4 : C, 72.35; H, 4.55; N, 7 .03%. M S : m/e 
398 (M+); I R (KBr) 2210 (G=N), 1720 ( C = 0 ) , 1580cm- 1 

(G=C); N M R (CDC13) 0 = 1 . 2 5 (6H, m, CH 3 ) , 4.30 (4H, 
m, CH 2 ) , 7.50 (4H, m, ring H ) , 8.15 (4H, m, ring H ) . 

Method B: The reaction vessel was covered with alu­
minum foil. In to the acetonitrile (12 ml) solution of N-
iodosuccinimide (0.6 g) we stirred, drop by drop, an aceto­
nitrile (60 ml) solution of 6 (0.5 g) under a nitrogen atmos­
phere. The solution was stirred for 3 h at room temperature 
under the nitrogen atmosphere, 400 ml of chloroform was 
added, and the solution was shaken four times with 200 
ml of an aqueous solution of sodium thiosulfate and potassium 
hydroxide (both 5%) in the separatory funnel. The organic 
layer was washed with water until the aqueous layer became 
neutral . T h e solution was then dried overnight over calcium 
chloride, and the solvent was distilled out, we thus obtained 
a reddish-brown oil. T h e addition of hexane gave a yellow 
powder (0.32 g). The raw material was purified by liquid 
Chromatograph, using chloroform as the eluent, to give 3 
(0.2 g, 40%) and 4 (0.1 g, 4 3 % ) . The recrystallization of 
4 from a benzene-hexane mixed solvent gave yellow, needle­
like crystals. Compound 4 : m p 146—147 °C. Found: C, 
75.00; H , 4.06; N, 4 .47%. Calcd for C 1 9 H 1 3 N 0 3 : C, 
75.24; H , 4.32; N , 4 .62%. M S : mje 303 (M+). I R 
(KBr) 2210 (C=N), 1720, 1690 ( C = 0 ) , 1580 c m - 1 (C=C). 
N M R (CDCI3) «5=1.20 (3H, m, CH 3 ) , 4.20 (2H, m, CH 2 ) , 
7.65 (4H, m, ring H ) , 8.24 (4H, m, ring H ) . 

Electronic-absorption Measurements. The electronic-ab­
sorption spectra were measured by means of a Hitachi 340 
recording spectrophotometer. 
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Synopsis. 3-(Diethoxymethyl)alkanals were ob­
tained in moderate yields by the diisobutylaluminium hydride 
reduction of ethyl 3-(diethoxymethyl)alkanoates, which were 
simply synthesized in one pot by the copper(II)-catalyzed 
reaction of ethyl diazoacetate with 1-trimethylsiloxy-l-al-
kenes, followed by the ring cleavage of the resulting cyclo-
propanes with concentrated sulfuric acid in the presence 
of triethyl orthoformate. 

1,4-Dicarbonyl compounds are attractive interme­
diates, and their synthesis is of interest because they 
can be converted into cyclopentenones, furans, and 
lactones. Among the many synthetic methods for 1,4-
dicarbonyl compounds, the method via the cycloprop-
anation of enol acetates,1-3) enol ethers,3-6) or silyl 
enol ethers3 '7-9) with carbenes generated from 2-diazo 
carbonyl compounds is the elegant one. 

The cyclopropanation was applied to the one pot 
preparation of ethyl 3-(diethoxymethyl)alkanoates (3) 
based on the consideration that the ring cleavage of 
the cyclopropanes derived from 1-trimethylsiloxy-l-
alkenes and ethyl diazoacetate with an acid in the 
presence of triethyl orthoformate would result in the 
one pot synthesis of 3. When 1-trimethylsiloxy-l-hex-
ene ( la) was allowed to react with ethyl diazoacetate 
(4 equimolar amounts) in cyclohexane in the presence 
of a catalytic amount of copper(II) sulfate under 
reflux, distillation under reduced pressure yielded a 
colorless oil, ethyl 2-butyl-3-(trimethylsiloxy)cyclopro-
panecarboxylate (2a), in 9 2 % yield. Treatment of 
2a in ethanol with concentrated sulfuric acid in the 
presence of triethyl orthoformate for 24 h at room 
temperature gave ethyl 3-(diethoxymethyl)heptanoate 
(3a) in 9 1 % yield ( 8 3 % total yield from l a ) . O n 
the other hand, when the ring cleavage was carried 
out without isolation of 2a after the cyclopropanation, 
similar yield was achieved (78% total yield from 
l a ) . The reduction of 3a with diisobutylaluminium 
hydride (1.5 equimolar amount) in a mixture of cyclo­
hexane and ether (2:3) at - 7 0 °C for 3 h, followed 
by thin layer chromatographic purification, gave 3-
(diethoxymethyl)heptanal (4a) in 74% yield. 

These results mean that the precursors for 3-sub-
stituted furan synthesis, 3-(diethoxymethyl)alkanals 
(4), could be conveniently obtained by the diisobutyl­
aluminium hydride reduction of ethyl 3-(diethoxymeth-
yl)alkanoates (3), which were simply synthesized in 
one pot through two reaction steps; step 1) the cyclo­
propanation of 1-trimethylsiloxy-l-alkenes (1) with 
ethyl diazoacetate, step 2) the ring cleavage of the 
resulting cyclopropanes (2) with concentrated sulfuric 
acid in the presence of triethyl orthoformate, as shown 
in Scheme 1. 

Several runs were carried out giving similar ethyl 
3-(diethoxymethyl)alkanoates (3) or 3-(diethoxymeth­
yl) alkanals (4) (Table). 

N „ C H C 0 , E t 

R 1 R 2 C=CH0SiMe 3 

R' R-

X C0„Et 

2 S 0 4 EtO^K^COpEt H " ^ EttK^X^CHO H „ S 0 , 

H C ( 0 E t ) 3 

R1 

a : C H 3 ( C H 2 ) 3 

b : CgHgCHg 

c : C H 3 ( C H 2 ) 7 

d : C 6 H 5 

Scheme 1. 

TABLE 1. SYNTHESES OF ETHYL 3-(DIETHOXYMETHYL)-

ALKANOATES AND 3-(DIETHOXYMETHYL)ALKANALS 

Materkls P r o d u C t Y i e l d / % B P / ° C (mmHg)*> 

la 
2a 

la 
l b 
l c 
Id 

3a 
3b 
3d 

2a 
3a 

3a 
3b 
3c 
3d 

4a 
4b 
4d 

92 
91 

78 
84 
86 
71 

72 
67 
76 

64—67 (0.7) 
93—94 (3) 

90—91 (2) 
118—120 (0.1) 
110—113 (0.3) 
121—124 (0.08) 

[100b) (12)]°) 
[130") (0.9)]«) 
[138b) (0.8)]°) 

a) 1 mmHg« 133.3 Pa. b) Bath temperature, c) The 
products were separated by TLC, and the boiling 
points were determined by bulb to bulb distillation. 

E x p e r i m e n t a l 

Boiling points are uncorrected. The 1H-NMR spectra 
were recorded in CC14 solution at 60 MHz on a Varian 
A-60 Spectrometer using TMS as an internal standard. 
The IR spectra were determined on a JASCO IR-2A 
Spectrometer. 

Materials. All silyl enol ethers were synthesized by 
the similar method described in the literature10) giving mix­
tures of (£)- and (Z)-isomers, and they were used without 
separation. Ethyl diazoacetate and diisobutylaluminium 
hydride were prepared by the methods reported, respec-
tively.11-12) 

Synthesis of Ethyl 3-(Diethoxymethyl)alkanoate (3). To 
a refluxing suspension of 1-trimethylsiloxy-l-alkene (1) (10 
mmol) and anhydrous GuS04 (185 mg, 1.2 mmol) in dry 
cyclohexane (4 ml) was added ethyl diazoacetate (4.57 g, 
40 mmol) in dry cyclohexane (19 ml) under argon atmos­
phere with vigorous stirring in a period of 2.5 h. After 
refluxing for additional 9.5 h, the reaction mixture was 
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cooled, and insoluble materials were filtered off and washed 
with cyclohexane (15 mix 3). The filtrate and the washings 
were combined and concentrated under reduced pressure. 
The oily product was dissolved in dry ethanol (5 ml). To 
the solution were added ethyl orthoformate ( 1.48 g, 10 
mmol) and two drops of concentrated H2S04 . After standing 
for 24 h, H 2 S0 4 was neutralized by addition of sodium eth-
oxide in dry ethanol. The insoluble mass appeared was 
filtered off and washed with ether (15 mix 3). The filtrate 
and the washing were combined and concentrated using 
a rotary evaporator. Distillation of the oil remained gave 
ethyl 3-(diethoxymethyl)alkanoate (3). 

3a: IR (neat) 1740, 1180, 1130, and 1075 cm"1; NMR 
(GG14) (5=0.90 (t, 3H, 7 = 5 Hz), 1.03 (t, 3H, 7 = 7 Hz), 
1.14 (t, 3H, J = 7 Hz), 1.22 (t, 3H, 7 = 7 Hz), 1.1—1.6 
(m, 6H), 1.9—2.7 (m, 3H), 3.49 (q, 2H, 7 = 7 Hz), 3.50 
(q, 2H, J = 7 Hz), 4.06 (q, 2H, 7 = 7 Hz), and 4.26 (d, 
1H, J = 4 Hz). 

Found: G, 64.35; H, 10.56%. Galcd for G14H2804: G, 
64.58; H, 10.84%. 

3b: IR (neat) 1740, 1140, 1080, 1040, 760, and 710 
cm-1; NMR (GG14) (5=1.12 (t, 3H, 7 = 7 Hz), 1.15 (t, 3H, 
7 = 7 Hz), 1.17 (t, 3H, J = 7 Hz), 2.0—3.0 (m, 5H), 3.44 
(q, 2H, 7 = 7 Hz), 3.46 (q, 2H, 7 = 7 Hz), 3.99 (q, 2H, 
7 = 7 Hz), 4.28 (d, 1H, 7 = 4 Hz), and 7.16 (s, 5H). 

Found: G, 69.23; H, 9.16%. Galcd for G17H2604: G, 
69.36; H, 8.90%. 

3c: IR (neat) 1730, 1160, 1115, and 1060 cm"1; NMR 
(GG14) 6=0.89 (t, 3H, 7 = 5 Hz), 1.17 (t, 3H, 7 = 7 Hz), 
1.24 (t, 3H, 7 = 7 Hz), 1.25 (t, 3H, 7 = 7 Hz), 1.2—1.5 (m, 
14H), 1.9—2.5 (m, 3H) 3.50 (q, 2H, 7 = 7 Hz), 3.54 (q, 
2H, 7 = 7 Hz), 4.09 (q, 2H, 7 = 7 Hz), and 4.30 (d, 1H, 
7 = 4 Hz). 

Found: G, 68.30; H, 11.46%. Galcd for G18H3604: G, 
68.31; H, 11.47%. 

3d: IR (neat) 1740, 1170, 1130, 1080, 750, and 700 
cm-1; NMR (GG14) (5=1.00 (t, 6H, 7 = 7 Hz), 1.07 (t, 3H, 
7 = 7 Hz), 1.51 (s, 3H), 2.72 (s, 1H), 2.83 (s, 1H), 2.9— 
4.1 (m, 6H), 4.36 (s, 1H), and 7.0—7.5 (m, 5H). 

Found: G, 69.17; H, 8.94%. Galcd for G17H2604: G, 
69.36; H, 8.90%. 

Reduction of 3 to 3-(Diethoxymethyl)alkanal (4). To 
a solution of ethyl 3-(diethoxymethyl)alkanoate (3) (1.0 
mmol) in a mixture of cyclohexane (10 ml) and ether (15 
ml) was added a solution of diisobutylaluminium hydride 
(1.5 mmol) in cyclohexane (1.5 ml) at — 70 °G under argon 
atmosphere in a period of 10 min. After stirring for addi­
tional 3 h at — 70 °G, water (0.5 ml) was added to remove 
excess diisobutylaluminium hydride, and the mixture was 
warmed to room temperature. To the resulting mixture 
was added water (10 ml), and the insoluble materials ap­
peared were filtered off. The organic layer was separated, 

dried with sodium sulfate, and concentrated under reduced 
pressure. Silica gel thin layer chromatographic purification 
gave 3-(diethoxymethyl)alkanal (4). 

4a: IR (neat) 1730, 1115, and 995 cm-1; NMR (GG14) 
(5=0.90 (t, 3H, 7 = 5 Hz), 1.14 (t, 6H, 7 = 7 Hz), 1.2—1.7 
(m, 6H), 2.0—2.5 (m, 3H), 3.48 (q, 2H, 7 = 7 Hz), 3.52 
(q, 2H, 7 = 7 Hz), 4.23 (d, 1H, 7 = 4 Hz), and 9.43 (t, 1H, 
7 = 1 Hz). 

Found: G, 66.59; H, 11.34%. Galcd for G12H2403: G, 
66.63; H, 11.18%. 

4b: IR (neat) 1730, 1120, 990, 750, and 700 cm"1; 
NMR (GG14) (5=1.13 (t, 3H, 7 = 7 Hz), 1.15 (t, 3H, 7 = 
7 Hz), 2.2—2.9 (m, 5H), 3.45 (q, 2H, 7 = 7 Hz), 3.49 (q, 
2H, 7 = 7 Hz), 4.22 (d, 1H, 7 = 4 Hz), 7.23 (s, 5H), and 
9.56 (t, 1H, 7 = 1 Hz). 

Found: G, 72.25; H, 8.71%. Galcd for G15H2203: G, 
71.97; H, 8.86%. 

4d: IR (neat) 1730, 1120, 1005, 750, and 700 cm-1; 
NMR (GG14) (5=1.14 (t, 3H, 7 = 7 Hz), 1.20 (t, 3H, J= 
7 Hz), 1.48 (s, 3H), 2.46 (d, 2H, 7 = 1 Hz), 3.52 (q, 2H, 
7 = 7 Hz), 3.65 (q, 2H, 7 = 7 Hz), 4.21 (s, 1H), 7.0—7.5 
(m, 5H), and 9.50 (t, 1H, 7 = 1 Hz). 

Found: G, 71.83; H, 9.14%. Galcd for G15H2203: G, 
71.79; H, 8.86%. 
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Synopsis. The effects of experimental conditions 
(molar ratio of reactants, concentration, temperature, and 
pressure) on the yield of DL-alanine produced by the reaction 
of (±)-2-chloropropionic acid with aqueous ammonia have 
been studied. Molar ratio of NH3 : CH3CHG1G02H (ca. 
10:1) much lower than that reported in the literature (68:1) 
can give a comparable yield (ca. 78%) by the reaction under 
pressure at 70 °C for 5 h, a much shorter time than that 
reported in the literature (over 96 h). Addition of am­
monium carbonate does not increase the yield against the 
literature.16) 

There are a number of methods for the chemical 
synthesis of 2-amino acids, e.g., Strecker reaction with 
aldehyde-HCN-NHg,2"4) Bücherer method5) using hy-
dantoin with the components analogous to the 
Strecker's, and also ammonolysis of 2-halo acids with 
aqueous ammonia.6 - 1 6) The ammonolysis of 2-halo 
acids uses a large excess of ammonia (e. g., N H 3 : halo 
a c i d = 6 0 : l ) at room temperature to avoid by-products, 
2,2 ,-iminodipropionic and 2,2 ,,2 , ,-nitrilotripropionic 
acid. 

CH3CHC1C02H + NH3 CH3CH(NH2)C02H 
alanine 

+ [CH3CH(C02H)]2NH + [CH3GH(C02H)]3N 
2,2/-iminodipropionic 

acid 
(Im) 

2,2/,2//-nitrilotripropionic 
acid 

However, this large excess of ammonia and a very 
long reaction time, e. g., 4 d, are inconvenient, whereas 
the reaction at higher temperature in an open vessel 
gave a very poor yield because of the volatilization 
of ammonia. Hence we wished to shorten the reaction 
time and lower the molar ratio of (NH3) : (halo acid), 
and we examined the effects of the molar ratio, reac­
tion time, pressure, and temperature on the yield of 
DL-alanine produced by the reaction of (±)-2-chlo-
ropropionic acid with NH 3 . 

A few reports6-16) are available on this type of syn­
thesis of 2-amino acid, but the reports discussing the 
effects of reaction conditions in detail are rare 10'16) 
The present report is the summary of our data on 
the effect of several reaction parameters, especially 
pressure, on the yield of DL-alanine formed by the 
reaction of (±)-2-chloropropionic acid with aqueous 
saturated ammonia. 

R e s u l t s a n d D i s c u s s i o n 

Effect of Temperature. A mixture of (±)-2-chlo-
ropropionic acid and 1 4 . 5 M ( 1 M = 1 mol d m - 3 ) am­
monia in a molar ratio of 10:1 was allowed to react 
in a sealed tube at various temperatures of 0—130 °G 
for 5 h, and the yield was measured by N M R . The 
results are shown in Fig. 1. 

The optimum temperature was in a range of 50— 
70 °C; hence the increase of yield with progress of 
the reaction was recorded at 50, 60, and 70 °G. The 

results are shown in Fig. 2, which indicates that the 
opt imum temperature is 70 °C, where a 7 8 % yield 
based on (±)-2-chloropropionic acid is attained in 
5 h reaction. 

Effect of the Molar Ratio of Reactants. The am­
monolysis was conducted with various ratios of [NH 3 ] 0 / 
[ C H 3 C H C 1 C 0 2 H ] ? : 5/1, 10/1, 20/1, and 30/1. 

The reaction with the molar ratio of 5:1 gave an 
appreciable amount of 2,2 ,-iminodipropionic acid ( Im), 
while virtually no I m was found in the reaction with 
the ratio of 10:1. Consequently, we employed the 
ratio of 10:1 for most of the ammonolysis study. The 
higher ratio such as 68 :1 , which had been recom­
mended in the literature10»11) gave really somewhat 
better yields, but the isolation of the product became 
troublesome due to dilution. 

Effect of Initial Concentration of Ammonia. In order 

Reaction temp/°C 

Fig. 1. Effect of the reaction temperature on the 
yield of DL-alanine formed by the reaction of ( ± ) -
2-chloropropionic acid with aqueous ammonia at 
0—120 °C for 5 h with [NH3]0: [ClCH(CH3)CO2H]0 

= 10:1. 
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Fig. 2. Conversion curves for the formation of DL-
alanine at various temperatures with [NH3]0:[CH3-
CHClCO2H]0==10:l. 
• : 50 °C, A : 60 °C, # : 70 °C. 
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TABLE 1. EFFECT OF INITIAL CONCENTRATION OF N H 

ON THE YIELD ( % ) OF DL-ALANINE AT VARIOUS 

INITIAL RATIOS OF [NH3]0/[CH3CHC1G02H]0 

[NH3]0 

[CH3CHC1G02H]0 

[NH3]0=14.5M, yield/% 
[NH3]0 = 22.2M, yield/% 

5 10 20 30 

60.5 75.7 84.4 89.7 
66.2 75.1 84.0 89.6 

to find the effect of increasing concentration of am­
monia, 22.8 M aqueous ammonia was prepared by 
passing gaseous N H 3 into the ice-cooled aqueous 14.5 
M ammonia. 

The effect of an increase in initial concentration 
of ammonia on the yield of DL-alanine at various 
initial molar ratios of reactants is shown in Table 
1. T h e data in Table 1 show that the supersaturated 
solution of N H 3 cannot give a higher yield. 

Effect of Agitation, Pressure and Addition of Ammonium 
Carbonate. Since there was no appreciable dif­
ference between the reaction in an autoclave and 
that in a sealed tube, the effect of agitation seems 
to be small. When the reaction was conducted at 
over 100 °G in an autoclave (e. g., 130—140 °Cf at 
17—19atm) , the yields of the by-products, Im, and 
DL-lactic acid, tended to increase. 

Addition of ammonium carbonate was reported to 
give a better yield of DL-alanine,16) but in our hands 
its addition reduced the yield to 3 7 % accompanied 
by a rather high yield of DL-lactic acid. 

Isolation of VL-Alanine. The N M R analysis of 
DL-alanine was checked by its isolation. The isolation 
was done by evaporation, addition of methanol and 
filtration. T h e decrease of alanine yield in the iso­
lation and purification processes was ca. 3 2 % in com­
parison with the yield based on the N M R analysis, 
whereas the yield of purified alanine which contained 
ca. 0.8 w t % NH4C1 and no iminodipropionic acid, 
was 4 6 % . T h e large loss of alanine in the purification 
process is due to a high solubility of alanine similar 
to that of NH4G1 in aqueous solution. The analogous 
yield (43—46%) was reported in the reaction of 68 
fold excess ammonia with chloropropionic acid carried 
out at room temperature for 96 h.10»11) Although a 
better isolation yield may be obtained for bromopro-
pionic acid due to small solubility of NH 4 Br in metha­
nol,10) we did not at tempt to use it because of its high 
cost. 

E x p e r i m e n t a l 

General. NMR spectra were measured on a 60 MHz 
Hitachi R-24B NMR spectrometer at 25 °G using dimethyl 
sulfoxide as an internal standard. Melting points were 
measured by a Yanagimoto micro melting point apparatus 
and uncorrected. 

Materials. (±)-2-Chloropropionic acid (bp: 182.0— 
182.5 °G) was of guaranteed grade and used without further 
purification. Aqueous ammonia of 28% (14.5 M) was ti­
trated by standard 0.1 M HCl. DL-Lactic acid with bp 
130.0—134.0 °G (25 Torr), and DMSO with bp 81.0— 
83.5 °C (23 Torr) were of first-grade commercial products. 
2,2'-Iminodipropionic acid was prepared according to the 
literature.17) DaO used was 99.8% pure. 

Apparatus. Two sorts of apparatus were used for 

ammonolysis; one is a 1.5 mm thick sealed tube of 150 ml 
(38 mm X 200 mm) capacity dipped in a polyethylene glycol 
(PEG) thermostat; the other is a stainless steel autoclave 
made by Taiatsu Glass Ind. Co., TEM-D 300 type, of 250 
ml capacity with a mechanical stirrer, which is dipped in 
a PEG thermostat. 

Typical Procedure. A mixture of (±)-2-chloropropionic 
acid (0.07 mol, 3.4 g) and 14.5 M aqueous ammonia (50 
ml, 0.73 mol) was placed in a sealed tube or an autoclave 
and heated in a PEG bath. The internal temperature 
was maintained in a range of ± 3 °C. 

Thus far, the yield of alanine was measured by isolating 
it by addition of methanol after completion of the reac­
tion,8-11) and evaporation of water, but poor solubility of 
accompanying NH4C1 in methanol rendered the estimation 
of the yield rather inaccurate ; hence the NMR measurement 
of the formed DL-alanine solution was employed for estima­
tion of the yield as described below. 

Identification and Estimation of Products. Aliquots (each 
I ml) of the reaction mixture were pipetted out, and each 
sample was added with DMSO as an internal standard, 
diluted with D 2 0 , and the NMR peak assigned to methyl 
proton of DL-alanine (ô : 1.43 d) was measured. The work­
ing curve was prepared with an aqueous 14.5 M ammonia 
solutions of given concentrations of DL-alanine at pH 10— 
II containing NH4C1 (2.0 g). Contaminated DL-lactic acid, 
(±)-2-chloropropionic acid, and 2,2'-iminodipropionic acid 
were also characterized and estimated analogously by using 
their characteristic NMR peaks, ô 1.40, 1.65, and 1.54 d, 
respectively. 

Besides estimation of the yield by NMR analysis DL-alanine 
was isolated from the reaction mixture. The reaction of 
(±)-2-chloropropionic acid (0.07 mol) with 14.5 M aqueous 
ammonia (50 ml, 0.73 mol) was conducted at 70 °C for 
5 h in an autoclave. Then the solution was concentrated 
under a reduced pressure to 10 ml, added with methanol 
(100 ml), and the product was filtered. The filtered mass 
weighing 4.6 g (60% ) contained 18% NH4C1, and it was 
purified by reprecipitation from water (20 ml) with methanol 
(100 ml) and then standing the mixture overnight in a re­
frigerator. The filtered pure DL-alanine (2.9 g) contained 
0.8wt% NH4C1, and the yield was 46%. 
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Synopsis. The reaction of terpinolene with tetra-
hydrogeraniol in the presence of boron trifluoride etherate 
gave an aromatic ether in addition to the corresponding 
aliphatic ether, along with />-cymene, />-cymen-8-ol, and 
the monoterpene hydrocarbons formed by double-bond mi­
gration. The aromatic ether was proved to form upon 
the treatment of the aliphatic ether with boron trifluoride 
etherate. 

In connection with previous papers on the formation 
of ethers from monoterpene1 - 6) and aliphatic7»8) alco­
hols with boron trifluoride etherate, the effect of the 
same reagent on the addition reaction of tetrahydro-
geraniol (2) to terpinolene (1) was examined. 

In a typical experiment, equal portions (1.0 g) of 
terpinolene and tetrahydrogeraniol were mixed with 
boron trifluoride etherate (0.05 ml), after which the 
mixture was allowed to stand at room temperature 
for 5 days. The reaction mixture was then subjected 
to elution chromatography on silica gel, followed by 
preparative-GLG in Garbowax 6000, to give Com­
pounds 3, 4, and 5 and also jfr-cymene. The struc­
tures of 3, 4, and 5 were characterized as 1 -methyl-4-
[ 1 - (3,7 - dimethyloctyloxy) -1 - methylethyl] benzene, 1 -
methyl-4- [1 - (3,7- dimethyloctyloxy)- 1 - methylethyl]-1-
cyclohexene, and 1-methyl-4-(1-hydroxy-1-methyleth­
yl) benzene (jfr-cymen-8-ol) respectively on the basis 
of their spectral data and chemical behavior. 

Under mild conditions (Exp. No. 1, Table 1), the 
aromatic alcohol, 5, jfr-cymene, and two ethers, 3 
and 4, were obtained as the major products. O n 
the other hand, under vigorous conditions (Exp. No. 
2), jfr-cymene was produced as the major product, 
together with small amounts of 3 , 4, and 5 and three 
monoterpene hydrocarbons. Under these conditions, 
aromatic compounds were obtained as the main com­
ponents. Furthermore, all the compounds were con­
firmed by GG/MS analysis. The aromatic ether, 3, 
was also prepared albeit in a low yield, by treating 
the 4 ether with boron trifluoride etherate, as is shown 

6-& 
X X 
(1) (2) 

^OH 

BF3'Et20j 

BF3Et20 

Scheme 1. 

in Table 2 and Scheme 1. 
The results obtained in this paper are essentially 

comparable with those of previous works.1 '4-6) How­
ever, the formation of the aromatic compounds in 
considerable amounts is remarkable; this can be in­
terpreted in terms of the participation of oxygen rather 
than disproportionation. In this connection, the ob­
taining of jfr-cymen-8-ol (5) is interesting ; the mecha­
nism of its formation is now under investigation. 

E x p e r i m e n t a l 

Apparatus. The IR spectra were taken in a CC14 

solution, while the ^H-NMR spectra were obtained in a 
CC14 solution, using TMS as the internal reference on a 
60 MHz spectrometer. The mass spectra were measured 
by means of a Hitachi RMS-4 spectrometer under the fol­
lowing operating conditions : 80 eV, ionization-chamber volt­
age; 80 uA, total emission; 1800 eV, ion-accelerating voltage, 
and 200 °C, ionization-chamber temperature. The GLG 
was carried out on an FID-type apparatus in connection 
with a glass column (3 m m x 2 m) packed with OV-1 (2%) 
on Diasolid L (60—80 mesh) and DEGS (3%) on Shimalite 
W (60—80 mesh) under a 20 ml/min flow rate of a N2 carrier. 

Materials. Commercial 1 and 2 were used after 
repeated fractional distillations. Each of them showed a 
single peak in GLG with OV-1 and DEGS-packed columns, 
and the IR and ^H-NMR spectra of these materials were 
coincident with those of authentic ones. 

A chemical-grade reagent of BF3-Et20 (BF3 47%) was 
used without any purification. 

Reaction of 1 with 2 in the Presence of BFz-Et20. To 
a mixture of 1 (1.0 g) and 2 (1.0 g), 0.05 ml or 0.15 ml of 
BF3-Et20 was added, drop by drop. The mixture was 
then allowed to react at room temperature for 5 or 7 d re­
spectively. The reaction mixture was shaken with a satu­
rated aqueous solution of sodium carbonate to neutralize 
the remaining BF3-Et20, washed with water, dried over 
anhydrous sodium sulfate, and separated through column 
chromatography on silica gel with a hexane-ethyl acetate 
mixture and through preparative-GLG with Garbowax 6000 
(cf. Table 1). 

Characterization of 3. A colorless oil was obtained 
in a 10% yield. Ag«: 272 nm (220), 264 (260), 256 (250), 
251 (280), 217sb. (5320), 212 (5580); IR (CC14, cm-1): 

1511 (aromatic ring), 1385, 1379, 1360 (GH3-GH-GH3, 

CH3-C-CH3 , CH3-CH-), 1162, 1075 (G-O-G); !H-NMR 
i i 

(GG14): ô 0.88 (9H, d, J=7 Hz, CH3-CH-CH3 , CH3-CH-), 

1.23 (8H, bs, - C H 2 - x 4 ) , 1.53 (6H, s, (CH3)2-G-0-), 1.66 

(2H, bs, -GH-X2), 2.38 (3H, s, CH3-Ar), 3.20 (2H, t, 
jT=7Hz, -0-CH2-CH2-), 7.25 (4H, bs, aromatic proton); 
Mass (m/e): 290 (4%, M+, C20H34O), 135 (15), 133 (58), 
112 (30), 110 (22), 105 (21), 91 (21), 81 (19), 71 (49), 70 
(35), 69 (50), 57 (67), 43 (base). 
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T A B L E 1. REACTION CONDITIONS AND REACTION PRODUCTS 

Reaction 
conditions 

Reaction products < 
(yield/%)-) 

' Experiment No. 
Terpinolene (g) 
Tetrahydrogeraniol (g) 
B F 3 - E t 2 0 (ml) 

React , period/d 
s React . temp/°C 

/ a-Terpinene 
/?-Phellandrene 
y-Terpinene 
^-Cymene 
j&-Cymen-8-ol (5) 
Aromatic ether 3 
Aliphatic ether 4 

^ Others 

1 
1.0 
1.0 
0 .05 
5 

20 

7 .7 
3 .0 

1.2 
2 1 . 8 
37 .6 
10.1 

14.2 
4 . 4 

2 
1.0 
1.0 
0 .15 

7 
23 

2 .0 
2 . 8 
5 .6 

7 6 . 4 
0 . 6 
8 .6 
1.4 
2 . 6 

T A B L E 2. CONVERSION OF ALIPHATIC ETHER 4 

BY B F 3 . E t 2 0 (%) 

a) T h e ratios of the components were calculated by 
means of G L C from their relative peak areas. 

Characterization of 4. A colorless oil was obtained 

in a 14% yield. I R (CC14, c m - 1 ) : 1680, 895 ( - C H = C - ) , 

1390, 1369 ( C H 3 - C H - C H 3 , C H 3 - C - C H 3 ) , 1165, 1142, 1121, 

1082 ( G - O - C ) ; ^-H-NMR ( C D c l 3 ) : Ô 0.85 (9H, d, J = 6 

Hz, C H 3 - C H - , C H 3 - C H - C H 3 ) , 1.10 (6H, s, ( C H 3 ) 2 - C - 0 - ) , 

1.67 (3H, s, C H 3 - C = C H - ) , 1.93 (4H, bs, - C H 2 - C = C - x 2 ) , 
3.36 (2H, t, J = 7 H z , - 0 - C H 2 - C H 2 - ) , 5.46 (1H, bs, w/2 = 

8 Hz, - C H = C - ) ; Mass (m/e): 294 ( 2 % , M+, C 2 0 H 3 8 O), 
199 (8), 141 (5, C1 0H2 1) , 136 (15), 121 (5), 95 (9), 93 (10), 
81 (12), 59 (8), 55 (21), 43 (base), 41 (55), 39 (14). 

Catalytic Hydrogénation of 4. Compound 4 (300 mg) 
was hydrogenated over p la t inum oxide (30 mg) in acetic 
acid (7 ml) to take u p 1 mol-equivalent of hydrogen, thus 
giving the dihydro derivative of 4 as a colorless oil in a yield 

of 8 0 % . I R (CC14, c m - 1 ) : 1383, 1368 ( C H 3 - C H - C H 3 . 

CH3-C-CH3), 1173, 1151, 1121, 1071 (C-O-C);
 XH-NMR 

(CDC13): ô 0.85 (12H, d, J=6 Hz , C H 3 - C H - C H 3 , 

CH.3 -CH-X2) , 1.10 (6H, s, ( C H 3 ) 3 - C - 0 - ) , 3.34 (2H, t, 
J = 7 Hz, - 0 - C H 2 - C H 2 - ) . 

Preparation of Dihydro 4. Tetrahydrogeranyl bromide 
(1.0 g) and sodium dihydro-a-terpineolate (1.0 g) were treat­
ed according to the Williamson procedure to give the dihydro 
derivative of 4 as a colorless oil in a yield of 1 5 % . 

Conversion of 4 into 3 by BFrEt20. The ether 4 (20 
mg) , was dissolved in dried ether (1 ml) and mixed with 
0.04 ml of B F 3 - E t 2 0 . After the mixture had then been 
allowed to stand at room temperature for 9 d, a small amount 
of water was added to the reaction mixture to decompose 
the excess reagent. T h e reaction mixture thus reacted was 
then analyzed by means of gas chromatography on the D E G S 
separation column to determine the compositions (cf. Table 
2) . Each compound was identified by comparing the reten­
tion times with those of authentic samples. 

Characterization of 5. Compound 5 was isolated as 

Unreacted ether 

a-Terpinene 

y-Terpinene 

/»-Cymene 

Tetrahydrogeraniol 

Aromatic ether 3 

Others 

66 .7 

1.6 

1.4 

3.2 

14.5 

3 .0 

9 .6 

T h e ratios of the components were calculated by means 
of G L C from their relative peak areas. 

a colorless oil in a yield of 3 8 % . A ^ H : 272 n m (330), 
263 (390), 257 (310), 251 (210), 221 6 h (6920), 216 (8080), 
213 (8020); I R (CC14, c m - 1 ) : 3599 ( - O H ) , 1511 (aromatic 

ring), 1380, 1364 ( C H 3 - C - C H 3 ) , 1168, 1112 ( C - O - C ) ; 

^ - N M R (CC14): ô 1.56 (6H, s, ( C H 3 ) 2 - C - 0 - ) , 1.76 (1H, 
bs, - O H , disappeared with D 2 0 ) , 2.36 (3H, s, CH 3 -Ar ) , 
7.21 7.40 (each 2H, d, 7 = 8 Hz, aromatic pro ton) ; Mass 
(m/e): 150 (20%, M+, C 1 0 H 1 4 O), 135 (base), 133 (16), 91 
(24), 43 (21). T h e spectra were in good agreement with 
those of l-methyl-4-(l-hydroxy-1-methylethyl) benzene, the 
synthesis of which will be described in the following section. 

Preparation of 5. Methyl j&-methylbenzoate (500 mg) 
in ether (20 ml) was refluxed with 5 % methyllithium in 
ether (7 ml) for 6 h. T h e mixture was then treated ac­
cording to the usual procedure to give l-methyl-4-(l-hy­
droxy-1-methylethyl) benzene in a 70% yield. 

GC/MS of Reaction Products. G C / M S analyses of reac­
tion products were carried out using a glass column (3 m m X 
2 m) packed with 3 % OV-1 on Gas Chrom. Q under a 
7 °C/min temperature program from 80 to 230 °C; 70 eV, 
ionization voltage; 3500 eV, ion-accelerating voltage; 290 
°C, the ion-source temperature , and 270 °C, the separator 
temperature . Each compound was gas-chromatographically 
identical with the respective authentic sample. 

W e wish to t h a n k Professor A k i r a H a y a s h i , K i n k i 
U n i v e r s i t y , F a c u l t y of Sc ience a n d T e c h n o l o g y , for 
t h e d e t e r m i n a t i o n of t h e G C / M S . 
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Synopsis. The Rose Bengal-sensitized photooxida-
tion of some dioxetane-forming olefins, the Diels-Alder dimer 
of spiroheptadiene, indene, acenaphthylene, and thujopsene, 
under an 1802-atmosphere yielded the labelled analogs of 
the previously characterized cw-l,2-glycols. According to 
the mass-spectral analysis, both oxygens of the glycols were 
derived from the oxygen molecule. 

Recently, we have shown the formation of cis-\,2-
glycols in the Rose Bengal (RB)-sensitized photooxy-
genation of certain dioxetane-forming olefins.2-4) I t 
was deduced that the intermediate dioxetanes were 
involved in this reductive step. Should this be the 
case, both the oxygen atoms must come from the 
molecular oxygen. However, an accompanying for­
mation of a ^co-cyclopropane glycol (A), even in low 
yields, in the reaction of dispiro[cyclopropane-1,3'-
tricyclo[5.2.1.02>6]deca-4',8'-diene-10',l " - cyclopropane] 
(1) arises the question that an epoxide (B) may 
be a precursor of both A and the eis-1,2-glycol 
(2). Consequently, to provide independent evidence, 
we have carried out 1 80-labelling experiments with 
1, indene (3),4»5) a frequently studied dioxetane-form­
ing olefin, and acenaphthylene (4),4) as well as with 
thujopsene (5), a sesquiterpenoid cyclopropane der­
ivative.3) 

Following the previous method,2) the irradiation of 
1 was performed by means of a tungsten lamp with 
a relatively large amount of RB, ca. 1.4 mmol/cm3 , 
in a mixed solution of methanol and pyridine under 
a 99%-enriched 1 802-atmosphere6) for 51 h by cooling 
with running water ; the product mixture was then 
fractionated by silica-gel column chromatography to 
give the solvolyzed methoxy alcohol (6), 3 % , and 

3 , 4 , 5 

0-0 
- * — - » 

K 
% o-o 

' D > 

Scheme 1. 

the glycol (2), 10%. The mass-spectral determina­
tion of 2 revealed an incorporation of two 1 8 0-atoms 
in the molecule with a more than 6 2 % isotopic purity. 
Because of the weakness of the intensities of the mo­
lecular ions (less than 1 % of the total ions), the peaks 
at m/e: 220 (G 1 4 H 1 8 0 1 8 0) and 218 (C 1 4 H 1 8 0 2 ) were 
obscured under the noise level, and so the given figures 
(see Experimental) for the intensities of these weak 
peaks might be higher than the actual isotopic contents. 
At this stage, it can merely be pointed out that the 
solvolytic formation from B must be a minor path. 

Next, a similar 1 802-photooxygenation was carried 
out with indene (3) ; when the oxygenation was carried 
out at —40 °G in methanol, the major product was 
identified as the tetraepoxide (7), which was previously 
reported to be formed in the oxidation in aprotic 
solvents.7) However, when the oxygenation was car­
ried out at ca. 15—25 °G, after a work up by silica-
gel column chromatography of the reaction mixture,2»4) 
the desired cù-l,2-indandiol (8) was obtained in an 
1 8 % yield, together with other, previously identified 
products.4»5) The mass-spectral analysis of 8 again 
confirmed the incorporation of two 1 8 0-atoms, with 
the relative intensity of m/e: 150, 152, and 154 being 
2 .3:1 .7:96. 

Although the relative rate of the oxygenation of 
acenaphthylene (4) is known to be very small, we 
have also carried out an 1 802-experiment. The results 
were entirely the same as those of 8; the cû-l,2-diol 
(9), obtained in a 2 4 % yield, was shown to be C12H8-
1 8 0 2 , the relative intensity of the peaks at mje: 186: 
188:190 being 8:6:86. The major product in this 
case was 1,8-naphthalic anhydride (10) (58%), whose 
mass spectrum indicated the incorporation of three 
1 8 0-a toms. 

As has previously been described, the solvolysis of 
the epoxy derivatives is known to give not only trans-
1,2-diols, but, also the cis-glycoh, 8 and 9;4) the present 
experiments can be employed to evaluate such solvolytic 
formation of cis-1,2-glycols by analyzing the mono-
1 80-labelled products. The results show that this 
process is merely a side pa th ; in the cases of 8 and 
9, a mass spectrometry gave estimates of ca. 2% and 
6%. Consequently, the possible involvement of the 
epoxides in the sensitized photooxygenative formation 
of 8 and 9 has been unambiguously eliminated, and 
in turn, the intermediacy of the dioxetanes for the 
cis-glycol formation has been established. 

Finally, the RB-sensitized photooxygenation of 5 was 
carried out in methanol under a recovered 1 8 0 2 -a t -
mosphere, contaminated with 1 6 0 2 ; after a usual work­
up using silica gel column chromatography afforded 
the cis-glycol (11)3) in a 1 5 % yield, together with 
other products characterized previously. The mass-
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spectral determination of 11 clarified the incorpora­
tion of two l sO-atoms in the molecule; the relative 
intensity of the molecular ions for 238:240:242 was 
54:4:42, where the peak due to the mono-1 80-labelled 
11 was very weak compared to the peaks of the other 
isomers, providing firm evidence for eliminating a 
trioxetane precursor (C).8) Should this be the case, 
these three peaks should have a ratio of ca. 7:4:5 on 
the basis of the observed 1 6 0 : 1 8 0 ratio of 5:4. At 
the same time, it may be difficult for any mechanism 
involving two oxygen molecules to explain these isotope 
distributions. 

E x p e r i m e n t a l 

RB-Sensitized Photooxidation of 1 with 1 802 . Isolation of 
2 and 6: A mixed solution of methanol (20 cm3) and 
pyridine (5 cm3) containing 1 (735 mg) and RB (115 mg) 
was repeatedly degassed and flushed with nitrogen under 
reduced pressure at — 70 °C, after which 99%-1802 gas 
(100 cm3) was introduced into the reaction vessel by means 
of a gas buret. The irradiation was performed by means 
of a 500-W tungsten lamp for 51 h at 15—20 °G with vigorous 
stirring of the solution by the use of a magnetic bar. The 
reaction was checked occasionally by the volumetric analysis 
of 02-consumption. The mixture was then warmed in vacuo 
to remove the solvent, and the residue was chromatographed 
on a silica-gel column; together with the recovered 1 (265 
mg), the vinyloxirane and the dialdehyde,9) the glycol 2 
(colorless needles, mp 56—57 °G (57 mg, 10%) [Found: 
m/e, 218(4.3), 219(3.7), 220(2.8), 221(1.6), 222(11.6)]), and 
methoxy alcohol (6)(a colorless oil (18 mg, 3%) [Found: 
m/e, 232(27.8, 233(8.2), 234(100), 235(26.5), 236(7.5)]), were 
isolated. 

RB-Sensitized Photooxidation of 3. Formation of 7: A 
methanol solution (20 cm3) of 3 (735 mg) was similarly 
irradiated with RB (135 mg) at - 4 0 °G for 10.5 h. The 
only product consisted of colorless crystals (mp 175—176 °G 
(lit,7) 178.5—180.5 °G)), whose NMR spectrum was identical 
with that of 7 [Found: m/e, 188.0567 (10.4, M+, Galcd for 
C9H8

1804: 188.0592), 183(4.4), 185(1.7), 186(1.1), 187.0522 
(100, M + - 1 , Galcd for C9H7

1804: 187.0514, and C 9H 90 1 80 3 

requires 187.0628)]. 
RB-Sensitized Oxidation of 3 with 1 802 . Isolation of 8: 

A methanol solution (20 cm3) of 3 (500 mg) was irradiated 
at 15—25 °G by means of a 500-W tungsten lamp in the 
presence of RB (100 mg) under an 1802-atmosphere for 
8.5 h. The reaction mixture was then evaporated in vacuo 
to remove the solvent, and the residue was chromatographed 
on a silica-gel column; fractions eluted from hexane-ethyl 
acetate (8:2) contained two methoxy hydroperoxides, homo-
phthalaldehyde and its cyclic acetal,4) but no further char­

acterization was attempted. From hexane-ethyl acetate 
(6:4), 8 (colorless crystals, mp 102.5—103 °G, 90 mg (18%) 
[Found: m/e, 154.0766 (M+, Galcd for C9H10

18O2: 154.0766)]) 
was isolated. 

RB-Sensitized Photooxidation of 4 with 1802 . Isolation of 9 
and 10: A methanol solution (12 cm3) of 4 (430 mg) 
was irradiated at 15—25 °G by means of a 500-W tungsten 
lamp in the presence of RB (70 mg) under an 1 8 0 2 atmosphere 
for 55 h. The reaction mixture was then evaporated in 
vacuo to remove the solvent, and the residue was chromato­
graphed on a silica-gel column to give, after the elution of 
the recovered 4 (200 mg), colorless needles (mp 213—214 
°G, 9, 70 mg (24%) [Found: m/e, 190.0767 (M+, Galcd for 
C12H10

18O2: 190.0766)). The relative intensity of m/e: 186: 
188:190=8:6:86], and 1,8-naphthalenedicarboxylic anhy­
dride (10), mp 268—270 °G, 178 mg (58%) [Found: m/e, 
204 (C12H6i803)]. 

RB-Sensitized Photooxygenation of 5. Formation of 11: 
A mixed solution of methanol (8 cm3) and acetone (6 cm3) 
containing 5 (535 mg) and RB (75 mg) was irradiated by 
means of a 500-W tungsten lamp under an 1802-atmosphere 
(45%) for 35 h at 20—25 °G. The mixture was then 
chromatographed on a silica-gel column to give, after the 
elution of the recovered 5 (238 mg), colorless needles (mp 
63—65 °C, 11 (53 mg, 15%) [Found: m/e, 242.2009 (M+, 
Galcd for C15H26

1802: 242.2015)). The relative intensities 
of m/e: 240:241:242 = 54:4:42; m/e: 220:222=45:55]. 
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Synopsis. The alkylation of benzene with (+)-2-
chlorobutane (1) by Lewis acid catalyst gave stereospecifîcally 
(—)-2-phenylbutane (2) with inversion of configuration at 
low temperature for short reaction times. A lowering of 
the stereospecificity of the reaction was found to be partly 
due to the racemization of ( + ) - l and (—)-2. 

Friedel-Crafts alkylation has long been pointed out 
to proceed with almost complete racemization when 
an optically active alkylating reagent was used. For 
example, Price, Burwell, and Streitwieser reported that 
the alkylation of benzene with optically active 2-
butanol and propan-l , l , l -^3-2-ol gave almost racemic 
2-phenylbutane and 2-phenylpropane-l , l , l -^3 , respec­
tively, and concluded that these alkylations proceeded 
via a free carbonium ion intermediate.1 - 3) However, 
some examples of the highly stereospecific reactions 
have been reported ; the high degree of stereospecificity 
of the reactions was explained on the basis of the 
cyclic nature of the alkylating reagents or the forma­
tion of the cyclic intermediates.6) 

Recently, Rosenberg reported that the Friedel-Crafts 
alkylation of benzene with (+) -2-butanol by AlBr3 

catalyst gave (—)-2-phenylbutane with 2 7 % inversion 
of configuration.4) This is the only example of stereo-
specific Friedel-Crafts alkylation with such a simple 
alkylating reagent. O n the other hand, Eliel reported 
that an optically active 2-phenylbutane was readily 
racemized under the influence of A1C13 at 0 °C.5) 
These results prompted us to investigate the reaction 
with a simple acyclic reagent, optically active 2-
chlorobutane (1). 

R e s u l t s a n d D i s c u s s i o n 

Optically pure ( £ ) - ( + ) - l was easily prepared from 

(+)-propylene oxide via (—)-2-butanol. The alkyla­
tion of benzene with ( + ) - l was carried out using a 
variety of Lewis acids as the catalyst. These reactions 
gave 2-phenylbutane (2) mainly and few by-products 
( < 1 % ) . The 2 produced was separated and its optical 
rotation was determined. The results are summarized 
in Table 1. The alkylations by A1C13, FeCl3, and 
A1C1 3 -CH 3 N0 2 catalysts proceeded with inversion of 
configuration to give (R)-(—)-2. In the case of AlBr3 

catalyst the product was an almost racemic 2. 
In the case of the alkylation by A1C13 catalyst at 

— 30 °C, the optical yield of the reaction decreased 
from 24%(50s) to 14%(100s) or 12%(120s) with 
increasing reaction time. The product given at —10 
°C for 20 min was completely racemic. The decrease 
of the optical yield appears to be due to a great ex­
tent to the racemization of (—)-2 produced, because 
the alkylation proceeds to completion within 30 s even 
at - 3 0 °C. 

In the presence of FeCl3 the racemization of (—)-2 
scarcely occurred for 60 min at 0 °C (Table 2). O n 
the other hand, the starting ( + ) - l was racemized 
from [a]D +27 .0° to + 6 . 1 ° by FeCl3 catalyst in 1,2-
dichloroethane for 4 min at 0 °C. 

In the preceding paper,6) we at tempted to evaluate 
the net stereospecificity in the alkylation from the 
extent of alkylation and the remaining optical ac­
tivity of the starting material by considering a kinetic 
model.7) In the alkylation with ( + ) - l at 0 °C (4 
min) , 2 was obtained in 7 0 % yield and in 2 4 % optical 
yield, and the optical activity of the starting chloride 
was depressed to 2 2 % of the initial value. The rate 
of alkylation and racemization of the chloride were 
calculated to be ö . O x l O ^ s - 1 and ^ x l O ^ s - 1 , re­
spectively. Therefore, the net stereospecificity in the 

T A B L E 1. ALKYLATION OF BENZENE WITH ( (S')-2-CHLOROBUTANE (1) IN THE PRESENCE OF LEWIS AciDSa 

Lewis acid 
Temp 

°C 
Time Conv.b> 

(i2)-2-Phenylbutane (2) 

min 

0.8 
1.6 
2.0 
20 
4.0 
15 
1.0 

% 

100 
100 
100 
100 
70 
30 
100 

(c 
M D 

5, CHC13) 
O.Y.c> 

% 

AlCl3
d> 

AIGI3*) 
AIGI3*) 
AlCl3d) 
FeCl3e) 
A1C13-CH3N02 

AlBr,d> 
(1:15) 

- 3 0 
- 3 0 
- 3 0 
- 1 0 

0 
30 

- 3 0 

-4.7° 
-2.8° 
-2.4° 
0.0° 

-4.6° 
-2.5° 
0.0° 

24 
14 
12 
0 

24 
13 
0 

a) Mole ratio is (S)-l: Lewis acid : benzene= 1:0.15:30. The optical rotation of (S)-l used was [a]D +28.0° 
(neat), b) Determined by GLG. c) Calculated from the reported rotations of (S)-l ( + 34.8°)8> and (R)-2 
(—23.6°).9) d) A small amount of carbon disulfide was added, e) A small amount of 1,2-dichloroethane was 
added. 
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T A B L E 2. REACTION OF (Ä)-2-PHENYLBUTANE (2) 

IN THE PRESENCE OF I R O N ( I I I ) CHLORIDE AT 0 °Ca) 

Time 
min 

0 
5 

60 

Recovered 

M D 

- 2 . 8 ° b) 
- 2 . 5 ° b> 
- 2 . 6 ° c) 

(R)-2 

O.P./%*> 

12 
10 
11 

a) Mole ratio is (R)-2: FeCl3 : benzene = 1:0.15:30. A 
small amount of carbon disulfide was added, b) 
Measured in benzene (c 5.0). c) Measured in benzene 
(c 3.0). d) Calculated from the reported rotation [a ] D 

- 2 3 . 6 ° (neat).9) 

a l ky l a t i on s tep w a s c a l c u l a t e d to b e 4 0 % . 

F r i ede l -Cra f t s r eac t ions of p r i m a r y ha l ides a r e 
t h o u g h t to p r o c e e d in p a r t b y a d i s p l a c e m e n t p r o ­
cess.10 '11) S u c h views a r e cons is ten t w i t h o u r s te reo­
c h e m i c a l resul ts a b o u t t h e r e a c t i o n of 2 - c h l o r o b u t a n e . 
H o w e v e r , t h e possibi l i ty of a c a r b o n i u m ion c h a r a c t e r 
in t h e a l k y l a t i n g i n t e r m e d i a t e is n o t e x c l u d e d . I n 
a d d i t i o n , t h e lesser s tereospecif ici ty in t h e a lky la t ions 
r e p o r t e d in t h e l i t e r a t u r e 1 - 3 ) m a y b e a t t r i b u t e d in 
p a r t to t h e successive r a c e m i z a t i o n of t h e p r o d u c t 
a n d t h e s i m u l t a n e o u s r a c e m i z a t i o n of t h e s t a r t i n g 
m a t e r i a l , w h i c h a r e c a u s e d b y ra i s ing t h e r e a c t i o n 
t e m p e r a t u r e a n d p r o l o n g i n g t h e r e a c t i o n t i m e . 

E x p e r i m e n t a l 

GLG analysis was carried out on a 2 m column of 10% 
Carbowax 20 M on Diasolid L with a Shimadzu GG-3BT 
instrument. Optical rotations were taken with a J A S G O 
DIP-SL Polarimeter using 1 or 0.5 cm tubes. 

Benzene was washed with concentrated sulfuric acid and 
water, and distilled after drying on sodium ribbon. Other 
solvents were dried12) and distilled before use. Aluminium 
chloride was purified by sublimation under nitrogen. O the r 
Lewis acids of commercial G R grade were used without 
further purification. 

( + )-2-Chlorobutane (1). ( + )-Propylene oxide6) (20 
g, 0.35 mol) was added to an ethereal solution (400 ml) 
of methyllithium (1.0 mol) at 0 °C. After the addition, 
the reaction mixture was refiuxed for 12 h, decomposed 
with water (50 ml) , and extracted three times with 100 ml 
of ether. T h e extracts were fractionally distilled to give 
19 g of ( —)-2-butanol, [ a ] D — 11.8°(neat). Dichlorophen-
ylphosphine (12.2 g, 0.0682 mol) and ( - ) - 2 - b u t a n o l (10 
g, 0.137 mol) were mixed at 0 °C, stirred for 1 h, then dis­
tilled on a cooled t rap in vacuo. T h e distillate was frac­

tionated by a column to yield 4 g of ( + ) - l , bp 68 °G, [a] D 

+28.0° (nea t ) , [Lit,8) [a ] D +34 .8° (neat)] . 
Alkylation. T o a stirred mixture of benzene (13 g, 

160 mmol) , Lewis acid (0.81 mmol) , and carbon disulfide 
(4 ml) , ( - f ) - l (500 mg, 5.4 mmol) was added at the pre­
scribed temperature . T h e resulting mixture was allowed 
to stand at the above temperature for the prescribed period 
with stirring, then quenched with ice water (5 ml) . T h e 
organic layer was separated, washed with water, and dried 
over anhydrous sodium sulfate. After the removal of solvent, 
the residue was distilled by fractionating column to give 
( - ) - 2 , bp 68—70 °G/20 m m H g . 

Racemization of (-\-)-l or (—)-2. A stirred mixture 
of ( + ) - l (500 mg, 5.4 mmol) , iron ( I I I ) chloride (130 mg, 
5.4 mmol) , and 1,2-dichloroethane (14 ml) was treated at 
0 °G for 4 min. After the usual work-up, the optical rotation 
of the recovered 1 was measured. Racemization of (—)-2 
was also carried out in a similar manner . 
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Synopsis. Geometrical optimization of the proton-
ated neopentyl alcohol and the transition state of its heter­
olysis was carried out using the MINDO/3 SGF-MO method. 
A cyclic structure was predicted for the transition state. 
Agreement between the calculated and experimental values 
for the carbon-14 kinetic isotope effects was excellent. 

Neopentyl derivatives 1, having a fully substituted 
carbon atom next to the reaction center, usually give 
rise to substitution and elimination products to be 
derived from the rearranged £-pentyl cation 2 under 
solvolytic conditions (Eq. 1). The timing of this rear-

_, * 
CH3 

/ \ 
(CH3)3C CH2 

(CH3)3C-CH2X 

1 

(CH3)2C-CH2CH3 

2 

Products 

(1) 

(CH3)3C-CH2 

rangement, concerted or stepwise, has long been a 
subject of controversy. Pieces of evidence for and 
against methyl participation have been accumulated 
from kinetic and stereochemical researches.1 '2) 

Recent studies using kinetic isotope effect (KIE) 
revealed that the three methyl groups are not equiv­
alent in the role in governing the reaction rate, only 
the migrating methyl group showing a large isotope 
effect.3'4^ This fact, as well as the K I E data for a 
and ß carbons, tends to support the concerted mech­
anism.3 '4) 

However, methyl participation or bridging is not 
the only possible explanation for the observed in­
equality in the K I E for the methyl carbons. Hy-
perconjugation is also strongly angular-dependent, and 
the idea that hyperconjugation and bridging may merge 
has been presented.5) 

In order to gain an additional insight to the mech­
anism of neopentyl solvolysis, semiempirical SCF-MO 
calculations were carried out on the heterolysis process 
of neopentyl alcohol. Kinetic isotope effects were cal­
culated from the molecular vibration frequencies of 
both the reactant and the transition state, and com­
pared with the experimentally observed values. 

R e s u l t s a n d D i s c u s s i o n 

Calculations were carried out by the M I N D O / 3 
method.6 '7) The local minimum of the protonated 
neopentyl alcohol (GH 3 ) 3 GGH 2 OH 2

+ as reactant was 

determined by the geometrical optimization procedure 
based on the gradient method.8) The results are 
shown in Fig. 1. 

In order to determine the transition state geometry, 
the entire system at given G - O bond lengths was en­
ergetically optimized9) with respect to the remaining 
degrees of freedom. As the G - O bond was elongated, 
the methyl group at the s-trans position was caused to 
draw nearer to the a-carbon to form a distorted tri­
angle. The transition state was reached when the 
G-G distance in question was 1.819 Â, as shown in 
Fig. 2. 

Force constants and molecular vibration frequencies 
were calculated for the reactant and the transition 
state. The former has 51 normal frequencies, while 
the latter has one imaginary (430z cm - 1 ) and 50 normal 

u 1.109 MT 

111.0° N , ! * 7 ! 31.i 

Fig. 1. Optimized structure of protonated neopentyl 
alcohol. Bond lengths appended are in units of Â. 

^ 1 . 5 2 9 ^ 1-461 ^ " T l J H 

1.969 

0 

Fig. 2. Optimized structure of the transition state. 
Bond lengths in Â and reaction-coordinate motion 
are included. 
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TABLE 1. CALCULATED AND EXPERIMENTAL KINETIC 

ISOTOPE EFFECTS IN THE HETEROLYSIS OF 

NEOPENTYL ALCOHOL AT 100 ° G 

Position*) Calculated Observedb) 

a-14C 1.084 1.073 
a-D2 0.982 1.187; 1.190 
jff-14C 1.011 1.019 
y-14C 1.022 1.037 
y-D3 1.224 1.123 
y'-14C 1.003 (1.00)c> 
y'-D3 1.007 (0.95)c> 

a) y corresponds to the migrating methyl group while 
y' to the nonmigrating groups, b) Combined data for 
the acetolyses of neopentyl />-nitrobenzenesulfonate and 
2-methyl-2-adamantylmethyl brosylate (Ref. 3). c) 
Estimated from the data for the above-mentioned two 
compounds. 

frequencies. The reaction-coordinate motion, i.e., the 
mode of vibration with the imaginary frequency at 
the transition state, is also shown in Fig. 2. Kinetic 
isotope effects were calculated from the vibrational 
frequencies obtained.10»11) The results are summarized 
in Table 1 together with the corresponding experi­
mental data. 

As can be seen from Table 1, the carbon-14 isotope 
effects calculated for the various carbon atoms in­
volved agree reasonably well with the experimental 
data . The results lend strong support to the concept 
of the concerted mechanism for the neopentyl solvoly-
sis. As for the deuterium isotope effects, however, 
the agreement between calculated and observed values 
is found to be rather poor. These contrasting results 
could best be reconciled by the view that the solva­
tion effect, not considered in the present calculations, 
would perhaps be more important to those hydrogen 
atoms which embroider the skeleton carbon atoms 
and hence are exposed to the solvent environment 
to a higher extent. 

In conclusion, the present calculations support the 
concerted mechanism for the neopentyl solvolysis, even 

though there is still some question with respect to 
the accuracy of M I N D O / 3 calculations on transition 
states for ionic reactions. 
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Synopsis. A pair of diastereoisomeric phosphines, 
(R) - N,N- dimethyl - 1 - [2 - (diphenylphosphino) ferrocenyl] -2 -
propanamines, have been prepared and used as ligands 
for nickel-catalyzed asymmetric cross-coupling of 1-phenyl-
ethylmagnesium chloride with vinyl bromide to give 3-
phenyl-1-butène of 14—15% enantiomeric excess. 

We have recently prepared various kinds of chiral 
ferrocenylphosphines, e.g., (S)-N,N-dimethyl-l-[(R)-2-
(diphenylphosphino) ferrocenyl] ethylamine [ (S) - (R) -
PPFA], starting with iV,JV-dimethyl-l-ferrocenylethyl-
amine.1) Some of them have been found to be ef­
fective ligands for several transition metal complex 
catalyzed asymmetric reactions giving rise to high 
optical yields.2) Here we report the preparation of 
new chiral ferrocenylphosphines from N,N-dimeihyl-\-
ferrocenyl-2-propanamine and their use as ligands for 
nickel-catalyzed asymmetric Grignard cross-coupling. 

R e s u l t s a n d D i s c u s s i o n 

(E) - N, JV-Dimethyl-1 -ferrocenyl-2-propanamine3) ( 1 ) 
(80% ee) was lithiated with an excess of butyllithium 
in ether, and the lithiated ferrocene was then treated 
with chlorodiphenylphosphine. (Ä)-JV,iV-Dimethyl-l-
[2- (diphenylphosphino) ferrocenyl] -2-propanamines (2), 
which consisted of two diastereomeric isomers in a 
1:1 ratio, were obtained in 3 5 % yield (Eq. 1). The 

r^\ ,Me
H 1) BuLT 

d Fe > - C H 2 - C - - H -
\>y NMe2 2) ClPPh2 

(*)-! 

erc Me 

NMe, 

PPh2 

(tf)-(s)-(-)-2 

^ . P P h 2 

+ ( Fe \ Me 

NMe2 

( Ä ) - ( Ä ) - ( + ) - 2 

(1) 

two isomers were isolated by alumina preparative 
T L G ; the specific rotation of one isomer was [a]2

D
B 

+ 187° and that of the other was [a]î>8 - 2 1 9 ° . The 
configurations of ferrocene planar chirality of ( + )-
and ( — )-2 were estimated empirically1) to be R and 
S, respectively. I t should be noted that the lithia-
tion of 1 is not stereoselective while the lithiation of 
JV,iV-dimethyl-l-ferrocenylethylamine has been report­
ed to proceed with high stereoselectivity.4) 

The asymmetry inducing ability of (E)-(E)- and 
(E)-(S)-2 as chiral ligands was examined in the nickel 
catalyzed cross-coupling of 1-phenylethylmagnesium 

TABLE 1. ASYMMETRIC CROSS-COUPLING OF 3 WITH 4a> 

Chiral 
ligand 

(i?)-(i?)-2d> 
(R)-(S)-2V 
(5)-(i2)-PPFAf) 

Yield of 5b> 

% 

88 
77 
95 

Mî>2 

(neat) 

+ 0.86° 
- 0 . 8 0 ° 
- 3 . 5 9 ° 

Optical purity (%>)c) 

(configuration) 

15(18)o) ( S ) 
14(17)«) (R) 
61 (R) 

a) The coupling reaction was carried out at 0 °C for 
40 h. 3:4:catalyst = 400:200:1. b) Yields based on 4 
used were determined by GLC. c) Optically pure (R)-
(~-)-3-phenyl-l-butène (5) has [a]3

D
2 -5 .91 ±0.04° (neat): 

T. Hayashi, M. Fukushima, M. Konishi, and M. 
Kumada, Tetrahedron Lett., 21, 79 (1980). d) 2:NiCl2 = 
0.8:1.0. e) Corrected for the optical purity of the 
phosphine ligand (80% ee). f) PPFA:NiCla = 2.0:1.0. 

chloride (3) with vinyl bromide (4) (Eq. 2). The 

2/NiCl2 * 
PhCHMgCl + CH2=CHBr > PhCHCH=CH2 (2) 

Me 
3 

Me 

results are summarized in Table 1, which also contains 
the results obtained with (S)-(R)-PPFA ligand.2") The 
catalysts were prepared in situ by mixing nickel chloride 
and a chiral ligand. The ratio of nickel to ligand 
did not influence the stereoselectivity, and the cataly-
tically active species is thought to consist of nickel 
and 2 or PPFA in a one-to-one ratio, not in a one-
to-two ratio, regardless of the initial ratio of nickel 
chloride to the ligand.21) The Table contains three 
significant features. (1) The optical purity of the 
coupling product, 3-phenyl-l-butène (5), obtained here 
with 2 (14—15% ee) is much lower than that ob­
tained with the PPFA ligand ( 6 1 % e e ) . (2) The 
ferrocene planar chirality in 2 plays a more important 
role than the carbon central chirality, the diastereo­
meric isomers (R)-(R)- and (R)-(S)-2 giving 5 with 
almost the same optical purity and different con­
figurations. (3) T h e phosphine ligands (R)-(R)-2 and 
(S) -(E) -PPFA, both of which have the same planar 
chirality R, exhibited opposite stereoselectivity. 

The important role of the ferrocene planar chirality 
causing asymmetric induction is what has been always 
observed in asymmetric synthesis catalyzed by chiral 
ferrocenylphosphine-transition metal complexes.2) The 
dimethylamino group on the ferrocene side chain has 
been thought to enhance the stereoselectivity by co­
ordinating to the magnesium atom of the Grignard 
reagent.20) In ferrocenylphosphine 2 the dimethyl-
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a m i n o g r o u p is o n e m e t h y l e n e f a r t h e r a w a y f rom t h e 
fe r rocene n u c l e u s t h a n i n P P F A . T h i s g r e a t e r dis­
t a n c e b e t w e e n t h e a m i n o g r o u p a n d t h e c h i r a l fer­
r o c e n e m o i e t y i n 2 m u s t m a k e t h e s t e r eocon t ro l b y 
c o o r d i n a t i o n less effective. 

E x p e r i m e n t a l 

Optical rotations were measured with a Yanagimoto 
OR-50 polarimeter. XH N M R were measured with a J E O L 
MH-100 spectrometer in chloroform-*/using tetramethylsilane 
as an internal s tandard. 

(A)-iVr,iV-Dimethyl-l-ferrocenyl-2-propanamine (1) ([<x]l°iB 

- 2 4 . 2 ° (c 1.075, ethanol)) was prepared from (R)-l-
ferrocenyl-2-propanamine ([a]„e —3.29° (c 5, ethanol) , 
8 0 % ee) according to the procedure previously reported,3) 
which was obtained by optical resolution of the racemic 
amine via its tartaric acid salt.3) 

(R) - N , N - Dimethyl-1 - [(R) -2- (diphenylphosphino)ferrocenyl]-
2-propanamine [(R)-(R)-2] and (R)-N,N-Dimethyl-1-[($)-2-
(diphenylphosphino)ferrocenyl]-2-propanamine [(R)-(S)-2]. 
T o a stirred solution of 255 mg (1.1 mmol) of (R)-l (80% 
ee) in 2.5 ml of ether was added 3.4 ml of 1.6 M butylli thium 
(5.4 mmol) in hexane at room temperature under nitrogen. 
After 5 h stirring at room temperature, 1.3 ml (7.0 mmol) 
of chlorodiphenylphosphine was added at 0 °C. T h e reac­
tion mixture was refluxed for 2 h, and then hydrolyzed 
with saturated aqueous sodium hydrogencarbonate. T h e 
resulting organic layer and benzene extracts from the aqueous 
layer were combined and extracted with 10% phosphoric 
acid. T h e aqueous layer was made alkaline with 10% 
sodium hydroxide, and extracted with ether. T h e ether 
solution was dried over anhydrous sodium sulfate, and evap­
orated under reduced pressure. T h e residue was purified 
by preparat ive T L C on silica gel (Rt 0.3—0.7 with 9:1 ethyl 
acetate-methanol) to give 160 mg (35% yield) of the product 
2 as an orange-red oil. XH N M R spectrum showed that 
the product obtained consists of two diastereomeric isomers 
in one to one ratio. T h e two isomers were isolated by pre­
parat ive T L C on alumina (3 :5 chloroform-benzene). (/?)-
(Ä)-2 (42 mg, 9 % ) ; Rf 0.7, [af t + 1 8 7 ° (c 0.82, chloro­
form), N M R : Ô 0.65 (d, 3H, 7 = 7 Hz, C H C H 3 ) , 2.11 (s, 
6H, N C H 3 ) , 2.33—2.62 (m, 1H, C H C H 3 ) , 2.63—2.82 (m, 
2H, CH 2 ) , 3.75—4.52 (m, 3H, FeC 5 H 3 ) , 3.92 (s, 5H, FeC 5 H 5 ) , 
7.13—7.75 (m, 10H, C 6 H 5 ) . (R)-(S)-2 (contaminated with 
10% of (R)-(R)-2) (40 mg, 9 % ) ; Rf 0.6, [aft6 - 2 1 9 ° (c 
0.78, chloroform), N M R : Ô 0.78 (d, 3H, / = 7 H z , C H C H 3 ) , 

2.02 (s, 6H, N C H 3 ) , 1.94—2.30 (m, 2H, CH 2 ) , 2.93—3.21 
(m, 1H, C H C H 3 ) , 3.65—4.43 (m, 3H, FeC 5H 3) , 3.95 (s, 
5H, FeC 5 H 5 ) , 7.08—7.70 (m, 10H, C 6H 5) . Found: C, 
71.33; H , 6.58; N , 3.04%. Calcd for C 2 7 H 3 1 NPFe: C, 
71.21; H , 6.64; N , 3 .08%. 

Asymmetric Grignard Cross-coupling. T o a 100-ml pres­
sure glass tube containing 13 mg (0.10 mmol) of anhydrous 
nickel chloride and 36 mg (0.08 mmol) of 2 was added at 
— 78 °C 2.14 g (20 mmol) of vinyl bromide and 27 ml (40 
mmol) of 1.5 M 1-phenylethylmagnesium chloride in ether. 
T h e glass tube was stoppered and allowed to warm up to 
0 °C. T h e mixture was kept standing at 0 °C for 40 h, 
and hydrolyzed with 10% hydrochloric acid. After usual 
work-up, distillation through a short Vigreux column under 
reduced pressure followed by purification with preparative 
G L C (Silicone DC-550) gave 3-phenyl-l-butène. T h e yields 
and optical rotation data are shown in Table 1. 

T h e p r e s e n t w o r k was p a r t l y s u p p o r t e d b y a G r a n t -
i n - A i d for Scientif ic R e s e a r c h Nos . 510209 a n d 547080 
f rom t h e M i n i s t r y of E d u c a t i o n , Sc ience a n d C u l t u r e . 
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Fused Heterocycles. IV.1} Synthesis of 7-(o-Hydroxyphenyl)-
3,5-dimethyl-7,8-dihydro-6fl-isoxazolo[4,5-6]azepines 

Kooturu M A L L A R E D D I , Gitineni JANAKIRAMA R A O , and Ananthula KRISHNA M U R T H Y * 

Department of Chemistry, University College, Kakatiya University, Warangal 506009, India 
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Synopsis. Michael addition of acetylacetone to 3-
methyl-4-nitro-5-(o-hydroxystyryl) isoxazoles gives 4-(o-acetoxy-
phenyl) -5- (3-methyl-4-nitro-5- isoxazolyl) - 2 - pentanones (4). 
Reductive cyclization of 4 with tin (I I) chloride and con­
centrated hydrochloric acid leads to 7-(o-hydroxyphenyl)-
3,5-dimethyl-7,8-dihydro-6//-isoxazolo[4,5-^]azepines. The 
formation of 4 has been rationalized through ortho effect. 
NMR and mass spectra of products have been discussed. 

Though the formation of isoxazoles fused to a variety 
of heterocycles2) has been extensively investigated, the 
isoxazoloazepines3) have received very little attention. 
Furthermore, there is no general method of synthesis 
of isoxazoloazepines to date. Hence we recently re­
ported the formation of hitherto unknown 3-methyl-
5,7-diarylisoxazolo[4,5-£]azepines4) by a facile reduc­
tive cyclization of e-nitro ketones. In continuation 
of our interest, the report describes the preparation 
of title compounds. 

Condensation of 3,5-dimethyl-4-nitroisoxazole (1) 
with various salicylaldehydes in boiling ethanol in the 
presence of piperidine gave the regioselective products 
namely, 3-methyl-4-nitro-5- (o-hydroxystyryl) isoxazoles 
(2).5'6) Michael addition of acetylacetone to 2 has 
been carried out in boiling triethylamine for 4 h. T h e 
products which were insoluble in aq dil. sodium hy­
droxide and gave no colouration with iron (111) chlo­
ride have been identified as 4-(o-acetoxyphenyl)-5-(3-
methyl-4-nitro-5-isoxazolyl)-2-pentanones (4) on the 
basis of I R (transparent in the hydroxyl region, 1775 
c m - 1 for ester )CO and 1725 c m - 1 for ketonic ) C = 0 ) 
and N M R spectra (Ô 2.35, s, 3 H - O C O C H 3 and two 

doublets one each for 2H at 3.50 and 2.85 from two 
C H 2 groups). T h e 2-pentanone (4) might come 
through the intermediacy of 3 via 3A and 3B i.e., 
due to ortho effect. T h e mechanism put forth is 
amply supported by the fact that 3-methyl-4-nitro-
5-styrylisoxazoles (with no o-hydroxyl in the styryl 
moiety) and acetylacetone under identical conditions 
gave the ß-diketones (5).7) 

The Michael products (4) on heating with tin (I I) 
chloride and coned hydrochloric acid for 1.5—3.5 h 
underwent reductive cyclisation to 7- (o-hydroxyphenyl) -
3,5-dimethyl- 7,8 - dihydro - 6H- isoxazolo[4,5-£]azepines 
(6) through the intermediacy of the transient amino 
ketone. Five isoxazoloazepines thus prepared have 
been included in the table along with the characteri­
zation data. Chemical as well as spectroscopic ev­
idence has been adduced for the occurrence of de-
acetylation during reduction. T h e cyclized product 
is not only soluble in dil. sodium hydroxide but also 
gives fairly intense colouration with iron (I II) chlo­
ride. The I R spectrum shows no carbonyl absorp­
tion but a hydroxyl function (3300 c m - 1 ) . Mass spec­
t rum supports the same as it shows molecular ion at 
mje 256. N M R spectrum shows only two methyls 
(ô 2.2, s, 3-CH3 ; 1.8, s, 5-CH3) and a hydroxylic proton 
at ô 3.8 which was neatly exchanged with D 2 0 . The 
four protons of the two methylenes and one methine 
proton of the azepine ring are not displayed distinctly 
and show complex splitting pat tern in the region ô 
2.4—3.5. Probably the chemical shift differences of 
these three types of protons are very little. The N M R 

CHO 

3 XXcH3 V @ C R
 P,PendmV X^CH=CH^H + CH 

1 2 \ ^ 
2(Ac)2 

(Ac)? 
Et3N 

X > ^ C H 2 - C H 

&x0H 
R'-^-R 

v ̂ M V * C H ^ CH3 

CH2 - - C H ^ 0 - - ^ 

Ä0 

3(A) 

e i n 
o o^ 
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H3C. „ N 0 2 ^ E t 3 f i H j " ^ - N ° 2 

% C / C H 3 
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Fig. 1. 
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TABLE 1. THE PHYSICAL PROPERTIES AND ELEMENTAL ANALYSIS OF THE PRODUCTS 

Compound Mp Reaction 
time Yield 

Formula 
Found (%) Calcd (%) 

H N H 

2a 

2b 

2c 

2d 

2c 

4a 

4b 

4c 

4d 

4e 

6a 

6b 

6c 

6d 

6e 

230 

195 

250 

203 

200 

80 

152 

95 

155 

140 

180 

176 

166 

178 

175 

1.5 
2.0 
2.0 
2.5 
2.5 
3.0 
4.0 
4.5 
4.5 
5.0 
2.0 
2.0 
2.0 
2.5 
2.5 

85 

85 

80 

82 

80 

60 

55 

50 

40 

35 

45 

40 

45 

30 

25 

C12H10N2O4 

C12H9N204C1 
C12H9N204Br 
C12H8N204C12 

C12H8N204Bra 

C 1 7 H 1 8 N 2 O Ä 

C17H17N206G1 
C17H17N206Br 
C17H16N206CI2 

C17H16N206Br2 

C15H16N202 

C15H16N202CI 
C15H15N202Br 
C16H14N202CI2 

C15H14N202Br2 

58.40 
51.15 
44.00 
45.52 
35.27 
58.65 
53.90 
48.50 
49.10 
40.25 
70.25 
61.90 
53.50 
55.17 
43.60 

3.99 
3.10 
2.58 
2.37 
1.75 
5.10 
4.27 
3.95 
4.00 
3.25 
6.00 
5.25 
4.15 
4.52 
3.28 

11.10 
9.85 
8.56 
8.78 
6.80 
8.00 
7.25 
6.38 
6.59 
5.43 

10.82 
9.54 
8.27 
8.50 
6.67 

58.53 
51.42 
44.30 
45.71 
35.64 

58.95 
53.68 
48.00 
49.15 
40.47 

70.31 
62.06 
53.73 
55.38 
43.47 

4.06 
3.21 
2.76 
2.53 
1.98 

5.20 
4.47 
4.00 
3.85 
3.17 

6.25 
5.17 
4.47 
4.30 
3.38 

11.30 
10.00 
8.61 
8.88 
6.93 

8.09 
7.36 
6.58 
6.74 
5.55 

10.93 
9.65 
8.35 
8.61 
6.76 

( T C H 3 " C H " : tT C H 3 

214 

Ar 

187 

H 

173 

Fig. 2. Mass fragmentation of 6a. Ar = o-OH-C6H4-

behaviour of these protons is in keeping with our 
eariler observation.4) 

In the mass spectrum of 6a, the signal at mje 214 
is due to the ion 8 formed along with ketene by the 
fragmentation of 7 which comes from the molecular 
ion. This decomposition of the molecular ion is in­
itiated by the cleavage of the N - O bond, the weakest 
linkage,8^ followed by ring transformation.9) The base 
peak at m/e 145 is due to the resonance stabilised 
cation (9) formed together with 10 from the molecular 
ion. 

E x p e r i m e n t a l 

All the melting points are uncorrected. The purity of 
the compounds was checked by TLG. The IR spectra 
were recorded on Perkin-Elmer 283 model as KBr discs. 
^ N M R spectra were run on 90 MHz Varian EM-390 
and 100 MHz JEOL spectrometers using TMS as internal 
reference and the mass spectra on Varian MAT GH-7 in­
strument at 70 eV. All the compounds prepared have been 
included in the table along with the characterization data. 

3-Methyl-4-nitro-5-(o-hydroxystyryl)isoxazoles (2). 3,5-
Dimethyl-4-nitroisoxazole (2.8 g, 0.02 mol) and salicylalde-
hydes (2 ml, 0.02 mol) were refluxed in ethanol (30 ml) 
in presence of traces of piperidine for 1.5 h. The reaction 
mixture was cooled and the products crystallized from etha-
nol-acetone. 

4-(o-Acetoxyphenyl)-5-(3-methyl-4-nitro-5-isoxazolyl) - 2 -penta-
nones (4). 3-Methyl - 4 - nitro - 5- (o-hydroxystyryl) isoxa-
zoles (2.4 g, 0.01 mol), acetylacetone (3 ml, 0.03 mol), 
and triethylamine (35 ml) were refluxed for 3 h. Trieth-
ylamine was allowed to evaporate at room temperature. 
The residue was triturated with pet.ether and finally de­

composed in methanol and filtered; colourless crystals from 
methanol. ^ N M R (GDG13) of 4a: Ô 7.0—7.4 (m, 4H, 
Ar-H); 4.05 (m, 1H, >C-H); 3.5 (d, 2H, isoxazole-CH2) ; 
2.85 (d, 2H, -COCH 2 - ) ; 2.5 (s, 3H, isoxazole-CH3) ; 2.35 
(s, 3H, -OGOGH3) and 2.05 (s, 3H, -COCH3). 

7-(o-Hydroxyphenyl) - 3,5 - dimethyl - 7,8 - dihydro - 6H - isoxazolo-
[4,5-b]azepines (6). Compound 4 (1.7 g, 0.005 mol), 
tin(II) chloride (12 g), and coned hydrochloric acid (15 ml) 
were heated together on water bath. Within a few minutes 
the reaction mixture became clear solution. After 0.5 h 
yellow crystalline compound began to separate. The heat­
ing is continued for further 2 h, cooled, filtered and washed 
writh water. Recrystallization was effected from methanol. 
*H-NMR (GDGI3) of 6a: Ô 6.9—7.2 (m, 4H, Ar-H); 
3.8 (s, 1H, Ar-OH); 2.4—3.5 (5H, 6-GH2-, 8-GH2-, and 
>CH); 2.2 (s, 3H, 3-GH3) and 1.8 (s, 3H, 5-GH3). 
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Theory of Molecular Deformation Due to the Vibronic Interaction 
between Two Closely-spaced Electronic Levels. I 
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An theoretical investigation was made of the vibronic interaction between two electronic levels which are 
degenerate or nearly degenerate. Within the mean field approximation we derive a simplified effective Hamil tonian 
to analyze the problem of bond distortion of a molecule ; the effective Hamil tonian is diagonalized by a linear 
canonical transformation of electronic operators. Thermodynamic arguments predict a possibility for appearance 
of a distorted phase below a characteristic temperature . T h e distorted phase is realized under a sufficiently strong 
coupling condition in a non-degenerate case, but under an arbitrarily small coupling condition in a degenerate 
case. T h e shift of electronic spectrum, the stabilization energy of the distortion, and thermodynamic quantities 
are expressed in terms of the parameters associated with the Hamil tonian. Change in electromagnetic properties 
due to the distortion is discussed. Magni tudes of the bond distortion and energy stabilization in the ground state 
are numerically estimated for cyclobutadiene, with results in good agreement with l i terature values. 

Let us consider an electronic system with two discrete 
levels which are degenerate or nearly degenerate and 
coupled with each other through a vibronic interaction. 
Such a system can be taken as a prototype model for 
the variety of molecular distortion phenomena such as 
the Jahn-Teller or the pseudo Jahn-Tel ler effect and 
the bond alternation in conjugated molecules so-called 
the Peierls transition.1) 

One attractive point with the present model is that 
it gives us a simple physical picture for the mechanism 
of molecular distortion; one can derive analogues with 
other similar problems in physics, e.g., lattice distortions 
caused by electron-phonon interactions. It should be 
noted that there is a marked difference between the 
two problems, the lattice distortion and the present 
distortion; the former treats macroscopically large 
systems whereas the latter considers a single molecule 
or, at least, an aggregate of independent molecules. In 
our problem, therefore, we cannot expect any clear-cut 
transition at a finite temperature but can only anticipate 
a possible tendency with a large fluctuation towards 
transition to a new distorted ground state as tempera­
ture is lowered. Our finite temperature treatment, 
presented below, shows that phenomena are charac­
terized by a temperature Tc below which this distortive 
character is expected to become noticeable. Within 
our present approximation this characteristic tempera­
ture is given by the apparent non-analyticity in free 
energy and electronic spectrum. 

If temperature is much lower than Tc the molecule 
exists at its ground state where the distorted phase is 
well defined and stable as compared with the normal 
undistorted phase, provided the vibronic interaction is 
sufficiently strong. 

To orient ourselves we will recapitulate the theory of 
bond alternation presented by Longuet-Higgins and 
Salem2) for conjugated molecules of linear polyenes 
and also present the iterative procedure developed by 
Nakajima et a/.3) As the first step we tentatively adopt 
a structure with equal bond lengths and use the Hükel 
theory. We can thus specify molecular orbitals and 
orbital energies. From the former we find a set of bond 
orders, Prs, between the r th and sih atomic sites. Next, 

we assume the relation of bond order, bond length, 
Rrs, and of bond length, resonance integral, ßrs, as 

Rr, = R°rS + aPrs, (1) 

/3„ = fl,exp ( - « * „ ) , (2) 

where Ä°s and ß°TS refer to the standarad geometry. 
Constant a in Eq. 1 is related to the force constant of 
lattice vibration which is assumed to be harmonic.2) 
Applying the Prs obtained in the first step to Eq. 1, 
we can get a new set of bond lengths which enables 
us to estimate new resonance integrals by Eq. 2. We 
can then proceed to the next step on the eigenvalue 
problem. Such iterative treatments are repeated until 
a stable structure has been found. In the present 
theory, however, we can estimate stabilization energy 
and stable bond lengths in a single step. 

H a m i l t o n i a n 

The system in question is assumed to be well described 
by the Hamiltonian in the second quantized represen­
tation : 

H = J^^a, + 5 > A + * « + Hiij:çhat+"j> (3) 
i ? ijq 

where at and a, are the creation and annihilation 
operators for the electron at the ith level, e, its energy, 
o)q the phonon energy for mode q, giy.g vibronic interac­
tion constant, and $q is the phonon operator defined by 

<Pq = V + V W 
Throughout this article, we will use the unit of tt=kB= 1 
(A;B is the Boltzmann constant) . 

As mentioned above, we are considering only two 
electronic levels and, in order to avoid unnecessary 
complexity, the relevant phonon mode is also assumed 
to be single. It is convenient to use the following 
notations : 

ex = - e , ea = e(e>0), (5) 

C = ( ' * ) , C + = (fll
+, O , (6) 

*-0""- (7) 
Vibronic interaction constant g can be taken as real and 
we arrive at the model Hamil tonian: 
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H = C+i-eott+qo^C + wb+b, 

where the Pauli matrices 

,1 Ox /O h /0 - iv A 0 x 

"=(o i ) ' f f l =d o)''*-(i o ) ' " - ( o - i ) (9) 

are used. 
We further introduce the effective Hamiltonian, a 

good approximation to that of Eq. 8: 

H<" = - eC+o3C + g^yC+^C + w | <£> |2. (10) 

This form is based on an expectation that the so-called 
coherent state impling < ^ > ^ 0 would be arranged by 
vibronic interaction. 

Canonical T r a n s f o r m a t i o n 

To diagonalize Heff we will carry out a canonical 
transformation as follows: 

y = UC, y+ = C+U+, (11) 

where 
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U •• 
) ' u + = ( ' ( 1 2 ) 

u2+v2 = 1. (13) 

For these equations u and v are real and we have M > 0 . 
It is obvious that U is unitary (U+ = U-1), so we have 

U = w0 — iva2, 

U+ = ua0 + iw2. (14) 

If we use the inverse transform of Eq. 11, Eq. 10 
becomes 

H<" = y+{-eUa9U++gty>UatU+)y + œ\<b)\K (15) 

Equation 14 readily gives 

UosU
+ = u2az + 2uva1 — v2(T3, 

UaxU+ = u2ox - 2uvaz - v2al9 (16) 

so we have 
Heff = Hd + Hod9 (17) 

where Hd and Hod are the diagonal and off-diagonal 
terms, respectively, as defined by 

Hd = -y+{(u2-v2)e+2uvg<<f>)}a3y -f Û>|<£>|2, 

H°d = y+{-2uve+(u2-v2)g^)}a1y. (18) 

We determine u and v so as to make the off-diagonal 
term Hod vanish : 

2uve= {u2-v2)g<0}. (19) 

Combining this with Eq. 13, we get 

o 1 

-(1 + e / v W A » ) , 

- ( 1 - e / V W A 2 ) , 

or alternatively, 

w here 

u2—v2 = e / y V + A 2 , 

2uv=M*s/é
2~+~E\ 

A 

(20) 

(21) 

(22) g<<f>> ( > 0 ) . 

As will be explained in a later section, the molecular 
deformation arises from < 0 > ^ O . The positive sign 

adopted in Eq. 22 corresponds to specifying that we 
set the coordinate direction so as to make the molecular 
deformation have positive sign. 

Under the condition of Eq. 20 Hd becomes 

H*= -y+~eozy + Û>|<£>|2 , (23) 

where 

ê = (u2 — v2)e + 2uvg(<f>} 

= Vër+Â2~. (24) 

At this stage, we will look for the solution for a static 
deformation of molecule which satisfies 

<h = 0. (25) 

To make this explicit, we examine the equation of 
motion for operators b and b+. For b we have 

iJ = [b, H] = gC+^C + <ob. (26) 

T h e static condition of Eq. 25 leads to 

<b}=-<C+a1C)a>/g. (27) 

Since we can obtain entirely the same result for < £ + > , 
we conclude that < £ > and < £ + > are real and given 
by 

<b> <*>+> = y < ^ > - (28) 

Therefore, combining this with Eq. 23, we arrive at the 
result : 

H* = -y+ëa9y + 
V 

-A. (29) 

Parameter A should be determined self-consistently. 

T h e r m o d y n a m i c s 

Let us study thermodynamic properties of an assembly 
of molecules on the basis of the approximate 
Hamiltonian of Eq. 29. The partition function (per 
molecule) defined by 

Z = T r e x p ( - / / < 7 r ) (30) 

is easily calculated by use of Eq. 29. Using the relation 

y+ozy = yx+yx - y2+y2, (31) 

we obtain 

Z = exp ( - o i A W r j T r exp (-ëy^yJT) 

x T r e x p {ey2
+y2/T) 

= exp ( - a i A W r ) { c x p ( - e / 2 r ) + e x p (e/2T)}2, (32) 

for which we have used the fact that the eigenvalue of 
ytyt is 0 or 1. 

The free energy of this system is given by 

F= - r i n Z 

= Û I A W - 2Tin {2cosh (ë/2T)}. (33) 

Now we minize the free energy with respect to A: 

O n application of Eq. 24 we get 

A f e ~ T t a n h ( * / 2 r ) } = 0 - <35> 
The nontrivial solution for A is determined from the 
relation : 
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oê/2g2 = tanh(ê/2T). (36) 

This is the gap equation for A and has a solution ( A ^ F O ) 
if 

<»ë/2£2<l. (37) 

This is an important relation among the parameters 
included in the original Hamiltonian. If the two levels 
are degenerate, the above condition is always satisfied. 
In the case of non-degenerate levels sufficiently strong 
vibronic interactions can satisfy Eq. 37. 

Characteristic temperature Tc at which A vanishes 
is obtained from Eq. 36 as 

û>Ê/2£2 = tanh(e/2r c) . (38) 

Now, we will tentatively examine other thermo­
dynamic quantities. The entropy S of this system is 
estimated as follows : 

S = -§L = - (ÈE.\ ÊA- (OIL] 
~ dT \dA)TdT \dT)L 

= 21n{2cosh(ê/2r)} • tanh (5/27*). (39) 

In the above derivation, we have made use of Eq. 34. 
Using the gap equation (36), we get 

S = 2 In {2cosh (ê/2 T)} - œë2/2g2T. (40) 

At the characteristic temperature, 

S(TC) = 2 In {2cosh (e/2Tc)} - J L tanh (e/2Tc). (41) 
•* c 

Since the entropy of the normal phase is given by 

Sn( T) = 2\n {2cosh (e/2 T)} - -^ - tanh (e/2 T), (42) 

the value of entropy changes continuously from the 
coherent phase (A^O) to the normal phase ( A = 0 ) , 
i.e., 

S(Tc-0)=S(Tc+0). (43) 

O n the other hand, heat capacity at constant volume 

C = T-
dT 

behaves in a different manner , as will be seen in what 
follows. From Eqs. 36 and 40 we get 

w^^WT)w (45) 

We differenciate the gap equation (36) with respect to 
T and apply some algebraic treatments to have 

|5L = ë{\-(<oë/2g2)2}IT{(œT/g2) + (œë/2g2)2-l}, (46) 

which, in conjunction with Eqs. 44 and 45, leads to the 
formulation of heat capacity: 

C = (we2/2g2T){l-(we/2g2)2}/{(wT/g2) + (we/2g2)2-\} 

= _ L tanh (ê/2T) sech2 (ë/2T)l{(wTlg2)-sech2 (ë/2T)}. 

(47) 

The heat capacity of the normal phase is obtained from 
Eq. 42 as 

Cn = (e2/2 T2) sech2 (e/2 T). (48) 

At the characteristic temperature, the heat capacities 
of the coherent and normal phases are given by 

C = (e2/2 TC
2){1- (œe/2g2)2}/{l + (g2/œ Tc)[(œe/2g2)2- 1]} 

C n=(6»/2r e«){l-(a»e/V)*}, (49) 

hence 

- £ - = l/{l + ( ^ > ^ c ) [ ( ^ / 2 ^ 2 ) 2 - l ] } > 1. (50) 

We want to point out that , as T goes to 0, the heat 
capacities of these phases behave in accord with 

C=(ë2/2T2)exp(-ê/T), 

Cn=(e2/2T2)exp(-e/T). (51) 

It is seen that the former decreases faster than the latter 
because ê^>e. 

Ground State Proper t i e s 

At the limit of T=0, the gap equation (36) becomes 

ë = *S^T¥ = 2g2/œ, (52) 

which gives 

A2=(e/s)2(\-s2), (53) 

where s is a dimensionless quantity defined by 

s = wsl2g2 (<1) . (54) 

The ground state energy of the coherent phase is given 
as a sum of electronic and lattice parts : 

Ê = -ë H- wA2/4g2 

= -e(\-s)2/2s - e. (55) 

Since the energy of the normal phase is E= —e, the 
stabilization energy is thus obtained as 

ÖE= E- Ë=e{l-s)2/2s 

= 2g2/w{l-(œe/2g2)}2. (56) 

It is seen that , if the inequality (37) holds, we have an 
energy depression. 

The deformation of lattice is expressed as 

^ = W2^<*> (57) 

' / where a refers to the site and coordinate indicies and L{ aq 
is the transformation matr ix from the normal mode q 
to the real displacement. Laq is calculated by the 
standard method for actual systems. If we restrict 
ourselves to treatment of a single mode as we have done 
so far, we can simplify Eq. 57 to 

ôRa = sJ~Laq{2glœ){\-{œel2f)2y/\ (58) 

for which Eqs. 23 and 53 are used. The results obtained 
in this section will be applied to cyclobutadiene later. 

Elec tromagnet i c Propert i e s 

If the system has an induced dipole moment between 
levels 1 and 2, the interaction between the radiation 
field and the electron in our system is described as 

Hint= - E . d C + ^ C 

= -E.dy+U^U+y, (59) 

where E is the electric field associated with the applied 
radiation field and d is the induced dipole moment in 
the electronic system. Using Eq. 16, we can rewrite 
Eq. 59 as 
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Hln% = -E.dy+{(W2_,2 ) ( T i_2w , ( T 3 } y j (60) 

hence we have for the radiative transition probability 

21 

W%1 oc (K-&y\<2\y+{u*-v>)<jiy\\>\* 

= (E.d)2(w2-ü2)2 

= (E.d)2
 o

c* . (61) 

We have an additional information that , even if there 
is no permanent dipole in the normal phase, there will 
appear a permanent dipole in the coherent phase, as 
embodied by 

P = — 2uvd<y+ozyy 

dA 
5 {exp(25/ r )+l}-* . (62) 

It should be pointed out that increasing A causes the 
radiative transition probability to decrease but the 
permanent dipole to increase. 

I l lustrat ive E x a m p l e . Cyclobutadiene 

Cyclobutadiene is a fictious molecule, but has 
frequently been a subject for theoretical considerations. 
We will begin with an investigation on the assumption 
that cyclobutadiene is, in a crude approximation, a 
square molecule with bonds of equal length, 1.42 Â. 
This structure has two n electronic levels which are 
degenerate. The vibrational modes which connect 
these two levels have symmetries blg and b2g as shown 

Fig. 1. 
a blg mode 

Normal modes of molecular vibrations, 
b : £2o. mode. 

in Fig. 1. Those vibronic coupling constants referring 
to those modes are designated g± and g2, respectively. 
These constants are evaluated by the method of Murrel 
and Pople4) as 

^ 0 . 4 3 2 / v ^ e V , 

£2 = 0 . 1 1 2 / v ^ e V , (63) 

where V{ is the wave number of the vibration in question 
in units of 1000 c m - 1 ; we adopt v,-=1.5, as is usually 
the case with hydrocarbons having several carbon atoms. 

Wave function for the degenerate n levels are written 
as 

1 

(p2 = y(%i-%2-X3+X4)> (64) 

or alternatively, 

<Pi = -7=^(Xi-X*)> 

*/~2 
=(X2-X*)> (65) 

where Xi is the 2pjr atomic orbital at site i. Equation 64 
is suitable for considering the blg vibrational mode, 
whereas Eq. 65 is applicable to the b2g mode, so that 
the coupling matrix g is written as Eq. 7. 

We can calculate stabilization energies using Eq. 56 
with £ = 0 (degenerate case) as 

ÖE{blg) = 0.831 eV (rectangle), 

ôE(b2g) = 0.107 eV (diamond). (66) 

Apparently the former is much higher than the latter, 
in agreement with the most stable structure of this 
molecule being a rectangle. The stabilization energy, 
0.831 eV, obtained here is very close to that obtained by 
Liehr, 0.907 eV.5) 

We turn to evaluation of ôRa («=/ ,# ) , with our 
interest restricted in the blg type distortion. Since Laq 

has been estimated to be 0.0109 by the standard 
method,6) we have from Eq. 58 

<5i?a = 0.0325 A, (67) 

hence the longer and shorter bond distances are 
evaluated as 

A = 1.485 A, D8 = 1.355 A. (68) 

For reference, the following values have been obtained 
by Liehr5) and by Salem:7) 

Dx = 1.54 A, Ds = 1.33 A (Liehr), 

D, = 1.463 A, D8 = 1.388 A (Salem). (69) 

Similar arguments may be applicable to conjugated 
chain molecules. In these case, the bXg vibrational mode 
is expected also to contribute dominantly to the stabili­
zation; however, e is finite in these case, though we can 
expect the inequality (37), to be applicable; both the 
stabilization energy and bond distortion would be 
smaller than those in the degenerate case discussed in 
this paper. 

D i s c u s s i o n 

We have presented the mean field theory for such an 
electronic system as is composed of two closely-spaced 
levels and strongly coupled with a phonon mode. Even 
though we have adopted quite a simple Hamiltonian 
given by Eq. 8, we have successfully derived some 
physically interesting results; the appearance of coherent 
phase and the condition for this phase to be more 
stable than the normal phase. Expressions for the 
stabilization energy and associated bond distortion have 
been derived and their numerical values estimated for 
cyclobutadiene, with results in good agreement with 
those obtained by conventional methods. 

It should be pointed out that, for usual finite mole­
cules, the characteristic temperature at which the 
coherent phase appears is so high (over 10000 °C as 
estimated by Eq. 38) that common molecules should 
be in the well-established coherent phase with respect 
to the phonon modes even at room temperature. 

As to long chain molecules, there is a leading opinion 
that the stabilization is caused mostly by electron 
correlation.8) We agree to this but want to stress that 
the electron correlation term, if included in our 
Hamil tonian, would rise a new problem to us. 
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Finally, we shoud note that the appearance of non-
analyticity of free energy at the finite temperature Tc 

is to be taken as a shortcoming of our simplest approxi­
mation. Nevertheless, we can regard it as an important 
step of theoretical development, though fluctuating, 
on the distortion. The thermodynamic properties 
derived above also must be considered as indicating 
characteristic features below Tc for the transition 
towards the distorted ground state. At any rate, a 
more satisfactory theory is expected which gose over 
the present framework of approximation. 

The problem treated here can also be manipulated 
by means of Green's function, which will be discussed 
in the following paper. 
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Vibronic interaction between two closely-spaced electronic levels was investigated by use of the temperature 
Green's function. A Green's function version for the mean field approximation was derived which is capable of 
reproducing results obtained in the preceding work. The spectrum of phonon in the normal phase was then 
calculated and the critical (strictly speaking, characteristic, since we are dealing with a finite system) temperature 
Tc was obtained where the phonon becomes completely soft causing lattice distortion. The fluctuation effect 
was investigated and the mean field theory was examined for its applicability. When the level spacing is com­
parable to or larger than the value of the electron-phonon coupling constant, the mean field theory is satisfactory, 
but when the two levels are nearly degenerate, it is not so good because the problem in question is in the regime 
involving extremely strong coupling. 

In the preceding work (referred to as I hereinafter) we 
have developed the mean field theory for the title 
subject. T h e model considered there is outlined as 
follows. Let at (ai) be the creation (annihilation) 
operator of the electron at level i, and b+(b) the creation 
(annihilation) operator of phonon. T o simplify formula­
tions we introduce the notations 

C+ = (fll+ a2+), C = p). 
0 = b+ + b. 

Thus , the Hamiltonian is given by 

H = -eC+ozC + g^C+axC 

where 

/l 0v /0 1\ /0 

cobH, 

1 0 

*Ho i)5<Ti=(i o)'"Hi o^Ho- i ) 

(2) 

(3) 

(4) 

•gov (5) 

are used. Later we will use the following marix for 
electron-phonon (vibronic) interaction: 

8e=\go) 
Within the mean field approximation, operators b+ 

and b in Eq. 3 are replaced by their averages. This 
approximation reduces the Hamil tonian given by Eq. 3 
to 

//*// = -eC+ozC + g^yC+^C + co\<b>\K (6) 

This form is based on an expectation that the so-called 
coherent state impling < 0 > : ^ F O will be arranged by the 
electron-phonon interaction. In I He& was diagonalized 
by a linear canonical transformation. T h e value of 
< 0 > has been determined on the condition that the 
free energy of our system is optimized with respect to 
< 0 > . As a numerical example, the bond distortion 
and stabilization energy were calculated for cyclobuta-
diene, in good agreement with those obtained by a 
current theory. 

In this paper, we will present the Green's function 
theory for the problem. In the first section, we will 
show that the result obtained in I is derivable on the 
basis of the simplest approximation on Green's function. 
In the remaining section, we will investigate the fluctua­

tion effect to examine the validity of the mean field 
theory. 

P h o n o n Softening 

It is known well in the physics of one-dimensional 
(1-D) conductors4 '5) that the phonon softening induced 
by electron-phonon interaction causes lattice deforma­
tion in these systems. To show that an analogous 
mechanism is operative in the present problem, we will 
begin with investigating behaviors of the phonon 
propagator in the normal state; we will work with the 
simplest approximation for the polarization part of 
the phonon propagator as shown in Fig. 1. Analytically 
it is expressed by 

Fig. 1. First order polarization part of the phonon 
Green's function. 

H(iv„) = r2Tr iG»(ù» , )gG»( iv , - i» , ) , (7) 

where G0(iœn) is the Matsubara (temperature) Green's 
function2) for a free electron and its expression can be 
obtained from the first term of Eq. 3 as 

G°(w>n) = (icona0+eC^C)-1 

' : i 
= 2 CK"».) ak 

k 
(8) 

with 

\icon + e icon — ej 

If we use Eqs. 5 and 8, Eq. 7 is rewritten as 

(9) 
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n(ivn) = 2g* T E {G°(Uon) G°(ivn - icon) 
icon 

-G°z(icon)Gl(ivn-icon)}. (10) 

The frequency sum3) in Eq. 10 leads to 
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nw = -f 
4e 

-tanh(e/2r). . , - , , . , . (11) 

The interacting phonon Green's function is obtained 
from the Dyson equation 

D(ivn) = D>(ivn)l{l - D0(ivn)ll(ivn)}, (12) 

where the free phonon propagator D°(ivn) is given by 

Combining Eqs. 11, 13, and 12, we obtain 

-2<oM+4e2) 

(13) 

D(ivn) - (14) 
« + " 2 ) « + 4 e 2 ) - 8 £ 2 *» tanh(e/2r) 

In this equation ivn is analytically continued to v and 
thus the poles of Eq. 14 are found at 

1 17 <o2+4e2 \ 2 

,1/2 

(»2)± = - ( co 2 + 4*2) ± 

+ Sg2ew tanh(e/2r) - 4e2 w< (15) 

First, we note that, if coupling constant g is extremely 
small, Eq. 15 reduces to 

^ * ~ | 4 2 {oTa)>e> 

and 

M: U2 for co<^e. 

(16a) 

(16b) 

They are spectra of independent electron and phonon. 
Aside from this simplest case, spectrum v~ in general 
depends on temperature in a very specific way. In 
paticular, the behavior of v- is quite specific. If g is 
strong enough, it becomes soft as temperature is lowered. 
Complete softening of v- occurs at the temperature Tc 

in accordance with 

tanh(e/2rc) = (eco/2g2). (17) 

A unique solution is obtainable for Tc if g is so strong 
as to satisfy the inequality 

g2>ea>/2. (17a) 

At the temperature Tc we get the spectrum 

r<o2+4e2 

W±= j 0 (18) 

Equation 17 is equal to the relation defining the charac­
teristic temperature for the distortive transition (given 
b y E q . 38 in I ) . 

The above-demonstrated similarity to the case of 1-D 
conductor is of significance ; however, it is worth while 
to take notice of the strong coupling condition (17a) 
applicable to our case, in contrast to the case of 1-D 
Peierls transition where any weak coupling can lead 
to the softening. 

Electron Propagator 

The description in the preceding section is inapplicable 
to the temperature range below the characteristic 

temperature Tc. To see how the system behaves at 
T^TC, we consider the solution with deformation on 
the basis of the effective Hamiltonian (6). T h e 
propagator for a "free" electron suitable for this case 
is given by 

G(i^n) = (i^n^o + e*s - Atfi)-1, (19) 
where 

A = g<$>. (20) 

A straightforward calculation leads to an alternative 
form for Eq. 19 

(21) 
ft 

Gk(icon) 
1 

(i<»n-ê)(ia>n+ë) x < 
A 

0 
for k = \ 

< 0 

1 

2 ' 
(21a) 

where 

ê=viJ+a2- (22) 
T o estimate < 0 > , we now look for the solution of the 
static distortion as has been done in I, namely, 

-<yT
b> = <[*>"]> = o, (23) 

which is the average of the Heisenberg equation of 
motion with respect to the imaginary time T. Using 
Eq. 3 to make a calculation on Eq. 23, we obtain 

< * > = - - ^ < C ^ 1 C > . (24) 

Obviously, for <^b+^> we are led to entirely the same 
expression and it follows that 

A = g<<f>> = - —KC+o.Cy - ^ ( 0 - ) , (25) 

where 0~ is negative infinitesimal and 

Gi(O-) = 7*2 diiwn) exp (icon0-) 

A 
= TJJ~P zrr—r^rexP ([(°n0") 

6i (i(on-e)(io)n+ë) 
= (A/2e) tanh(ê/2r) . (26) 

Combining Eqs. 25 and 26, we arrive at the " g a p " 
equation 

(eW2^ 2 )=tanh(e /2r) , (27) 
which is identical with Eq. 36 in I. 

T h e r m o d y n a m i c s 

According to Ref. 6 the difference in free energy 
between the coherent and normal phases 

ÔF=F-Fn (28) 
is given by 

*F= J ' dg <0C+ oxC>. (29) 
Jo 

In the integrand in Eq. 29 the average <C0C+<TiC'> is 
approximated to < 0 > <C+</1C>, which permits Eq. 29 
with the aid of Eqs. 25, 26, and 27 to give 

ÔF=-[9 dg2 <<f>> ^ t a n h (ë/2T) 
Jo *e 

$: 
= - \ dg (Û.AV2«3). (29a) 
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T h e integration for Eq. 29a can be performed as follows: 

= ?fA 2^-[ilr t a n h^rOd ê 

= T J ! ( ê 2 _ £ 2 ) "è"[y t a n h {èl2T)] d°9 (30) 
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Fig. 2. First order self-energy terms of the electron 
propagator, 
a : Direct term, b : exchange term. 

where for the second line the gap equation (27) has been 
used and for the third line the definition of I by Eq. 22 
used. Finally, the integration by parts for Eq. 30 gives 
the free energy difference as 

^ = y [ — — tanh(ê/2r)J 

-2 r{ ln [2cosh (5/2T)] - In[2 cosh (e/2T)]}. (31) 

For comparison we evaluate the free energy for the 
normal state; the partit ion function for this state is 
given by 

Zn = Tr exp(-eC+ ax C/T) 

= Tr exp (-ea+aJT) X Tr exp(ea}a2/T) 

= [exp (e/2T) + e x p ( - e / 2 r ) ] 2 (32) 

for which we have made use of the fact that the 
eigenvalue of ata{ is 0 or 1. Therefore, the free energy 
of the normal state is given by 

Fn= - T\nZn = - 2Tln[2 cosh (e/2r)] , (33) 

which, combined with Eq. 31, leads to 

F = ( A W ) - 2Tln[2 cosh(«/2r)]. (34) 

Thus, we have obtained the free energy of the distorted 
state, which is identical with Eq. 33 in I ; as far as the 
above treatment is concerted, the two methods have 
been shown to be identical. 

Fluctuat ion Effect 

Let us examine to what extent the above results are 
valid by estimating the correction due to fluctuation. 
To describe the deviation from the mean field quantities, 
new operator /?, /?+, and (p are defined by 

b = < * > + ft b+ = < 6 > 4- ß\ (35) 

(p = ß H- ß+. (36) 

These definitions allow the Hamil tonian to be rewritten 
as 

H=H0 + Hint + co < * > $ + wpß + H O > | 2 , (37) 

with 

H0=C+(-eaz + A*i)C, (38) 

"m* = C+gf*iC. (39) 

In what follows, we at tempt to estimate the fluctuation 
effect on electronic spectra within the lowest order of g 
by considering the self-energy contribution shown in 
Fig. 2. 

Mean field electron propagator G (displayed in solid 
line in Fig. 2) is obtained from H0 in Eq. 37. It has 
already been given by Eq. 21 with A to be determined 
by Eq, 27. Phonon propagator D° (displayed in wavy 

line in Fig. 2) is easily calculated from the third and 
fourth terms of Eq. 37 and is shown to be identical 
with Eq. 13. 

Using these expressions for propagators, we can 
express the self-energy parts in Fig. 2 analytically as 

I I = S i r + 2 * , (40) 
where 

(40a) SWi*») = 7 i ! < ; 1 f l , , ( 0 ) 2 T w 1 G W 
lVlt 

EB(iû>n) = - T^J]elG(Wn)D»{ian - ivn)av 
ivn 

(40b) 

2 / * is the contribution of Fig. 2a and J]E that of Fig. 2b. 
Following the usual procedure, we evaluate 2 H as 

2 * ( i « ü = ( - 4 ^ » r 2 ^ i G 1 ( i v n ) 

= * i (4£» (A/2ë ) tanh (ê/2T) 

= <7iA. (41) 

In the last step in Eq. 41 we have used the gap equation 
(27). 

T h e calculation of %}E is tedious: First, the algebra of 
the Pauli matrices yields 

HE = ^OI1O + * iUi - "sU» (42) 
where 

2*(i*Ü = - S2T^Gk{ivn)D\icon - ivn), 

k = 0, 1, 3. (42a) 

Each term of this equation will be evaluated separately. 
T h e frequency summation of 2 o ^s performed to give 

2o(^n) = g' ["J + • b s 4 (4S> .(iû>n)2-(ë+û>)2 (icony-(ê-
where 

Ni = w ( - ê ) H- nb(co) 

# o = l - « ( -5 ) + nb(co) (44) 

and n(—ê) and nb(œ) are, respectively, the Fermi and 
Bose function with corresponding arguments. 

We have an approximation 

(icon)2 - (5 + co)2 ~ ë2 - (5 + co)2 ~ - 2eco (45) 

considering that £>co; this approximation is possibly 
applicable to the example case discussed in I. Equation 
43 can then be reduced to 

2 o ( i « 0 - 2 o ( ± 5 ) = =F «/4. (46) 

T h e remaining two terms in Eq. 42 are evaluated in a 
similar manner as 

2 i K J = - A/4 
2 3 ( i«Ü = e/4. (47) 

Combining Eqs. 41 , 46, and 47, we obtain 

1 /qpë-e 3A\ 
S(i^I](±*) = T(3A T i J . (48) 
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Finally, the full electron propagator 

G(iœn) = [GöHkoJ - 2 ( i o O ] - i 

is given in the form 

7A. 

G(iœn) ~ 

ë 5e 
jio>n ± 4- + 4-

7A . , I 5eJ 
(49) 

The electronic spectrum which involves the contribution 
from the fluctuation effect is determined from Eq. 49 as 

/ 24 A2 W 2 

(1+254-) • <5°> v= ±5 1 + 

According to this equation the electronic spectrum is 
to be corrected by a factor 

= / 24-*T_l. (51) 

In the case where the two electronic levels are nearly 
degenerate, i.e., e—0, the factor (51) is considerably 
large since X<>\/~2— 1, whereas if e is so large that 
0 > A the correction is small since A—0. T h e latter 
inequality implies 

e a 2g*jo>, (52) 

i.e., relatively weak coupling cases. Such cases as 
involve nearly degenerate levels belong to the extremely 
strong coupling regime. 

Conc lus ion 

We have made use of Green's functions to reproduce 
the results from the mean field theory presented in I 
and examined effects of fluctuation on electronic 
spectra. We are led to conclude that , as seen from 

Eq. 50, the mean field theory is not necessarily good; 
if the level spacing is fairly large, i.e., e—g or e—A, 
the mean field theory is a pretty good approximation, 
but if the two levels are nearly degenerate, a substantial 
deviation is inevitable to the mean field theory. For 
this reason, the numerical estimate for cyclobutadiene 
(where e—0) given in I, though in good agreement with 
results of other works, must be considered to be only 
qualitatively reliable. 

In order to improve this situation and to reach better 
understanding of this problem, the perturbation scheme 
can be hardly suitable because we have no smaller 
parameters available for the series expansion. In 
paticular, the vertex renormalization which we have 
ignored can be expected to be superior to any other 
corrections. For metals we have the well-known Migdal 
theorem7) which has demonstrated that the vertex 
correction is as small as the order of the small parameter 
m J M (electron-nucleus mass ratio). We do not think 
that the theorem is actually applicable to the case of 
finite systems such as molecules. 
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Ammonium heptamolybdate (6—) tetrahydrate (AHM) was studied by means of high temperature oscillating 
X-ray diffraction with a large capacity generator of 12 kW. Experimental conditions were determined precisely. 
It was possible to settle the maximum value of diffracted patterns, and the inherited error was about 1.5%. Thermal 
decomposition of AHM was studied by means of TG-DTA, but the first decrease of TG could not be explained as a 
single process of decomposition. Moreover it could also not be explained by means of high-temperature oscillating 
X-ray diffraction with a standard generator. However, with a large capacity generator, the first decrease of 
TG could be explained to be a convolution of three steps of decomposition. Moreover, the second and third steps 
could be explained by observing the microscopic structural change. In a high-temperature oscillating XRD, 
(heating rate 2 °C/min), a peak temperature of 96 °C was recognized, which had not been reported before. Also 
from 110 °C to 226 °C, a row of the small peak has been found. Finally, the first stage of decomposition which was 
thought to be a single step in the experiment of TG-DTA, could be seperated into three steps. Moreover, the onset 
and offset temperatures of changes of characteristic diffraction intensity are determined. It was proved that high-
temperature oscillating X-ray diffraction is a powerful analysing method in thermal analysis. 

Thermogravimetry (TG) is defined to be a single step 
process as illustrated in Fig. I.1) We have been studying 
thermal decomposition of ammonium heptamolybdate-
( 6 - ) tetrahydrate ( ( N H 4 ) 6 M o 7 0 2 4 - 4 H 2 0 , A H M ) in the 
range of room temperature to 500 °C during several 
years. We first measured the thermal decomposition 
of A H M by means of T G under an atmosphere of static 
air. One of the typical results is shown in Fig. 2.2) 
The intermediates (a), (1), and (n) are considered to be 

A B \ 

\ c D 

T o r t • 

Fig. 1. TG curve of a single step process. 
W, T, and t are weight change, temperature and time, 
respectively. AB and CD are plateaus. 

Fig. 2. One of the typical results of TG-DTG-DTA 
under a static air atmosphere. 
Heating rate: 3°C/min; TG full scale range: 10 mg; 
DTA full scale range : ± 100 jxV. 

plateaus, but the intermediates (j), (k), and (m) are 
not. T h e steps (j) and (k) on a T G curve show gentle 
slopes. We must consider the gentle slopes owing either 
to some thermal decomposition or to an instrumental 
effect. From the definition of T G , the stages (j) and (k) 
contain multistep processes. However, this could be 
explained partly by D T A (differential thermal analysis). 
We hope to define elementary processes of this decom­
position more precisely by studying the microscopic 
structure. The experimental methods used were mainly 
a simultaneous T G - D T A under various atmospheres, 
and a high-temperature oscillating X R D analysis 
( X R D : X-ray diffraction). The experimental results 
of the former have been already published partly.2) 
The results of the latter will be discussed in this report. 

The decomposition of A H M has received considerable 
attention as it is an isopoly anion reaction. Numerous 
investigators have studied thermal decompositions of 
A H M by means of T G , TG-DTA, powder X R D , 12-tron 
mass spectrometry, and infrared absorption spectrometry, 
etc. Moreover thermal decomposition of A H M was 
studied by simultaneous T G - D T G - D T A - H R M S (DTG: 
differential thermogravimetry, H R M S : high resolution 
mass spectrometry) under various atmospheres (static, 
dry air flow, wet air flow, and ( N H 3 + N 2 ) mixture gas 
flow).2»3) Recently thermal decomposition of A H M was 
measured by means of DSC (DSC : differential scanning 
calorimetry) by the authors.4) Furthermore, by using 
microscopic structural analysis, we observed a phase 
transition occurring at 175 °C in addition to those at 
110 °C, 210 °C, and 297 °C by means of high-tempera­
ture oscillating X R D with a standard X-ray generator. 
The conditions were: heating rate 2.5 °C/min, ranges 
of scanning angle, 20: 10.5°—13.5°, and voltage and 
current of the standard X-ray generator 30 kV and 
30 mA, respectively. Since the intensity of the X-ray 
is about 800 cps and the signal-to-noise ratio at a 
maximum value of diffracted patterns (20) is about 10, 
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the statistical error is about 9 .7%. The result of this 
experiment did not elucidate a gradual decrease of the 
T G curve. Because of a large statistical error, we could 
estimate neither the order of the reaction, nor the 
Arrhenius parameter . Then , using a rotating anode 
type large capacity generator thermal decomposition 
of A H M was measured by means of high-temperature 
oscillating X R D (the maximum voltage and the current 
are 60 kV and 200 mA, respectively). An X-ray inten­
sity with a brilliance over 6 times as bright as a conven­
tional hermetically-sealed X-ray tube was obtained. As 
the current can be varied from 10 mA to 200 mA in 
steps of 5 mA, the maximum peak intensity of the 
diffracted X-ray can be kept constant, independent of 
grain size, thickness of the sample, or flatness of the 
sample surface. In the present experiment it is possible 
to settle the maximum value of the diffracted pattern 
at 7200 cps and the inherited error is about 2 % . As the 
maximum value of the diffracted pattern is fixed to be 
7200 cps, it will be possible to determine the reaction 
rate of the thermal decomposition in the case of constant 
heating.5) 

First we considered the opt imum experimental 
conditions of high temperature oscillating X R D . This 
is discussed below. 

Exper imenta l 

Details of the experimental conditions are described below. 
X-Ray Tube Output. Patterns of XRD are obtained by 

JEOL ROTEX JRX-12 using Cu K<x radiation. Precise 
performances are itemized in Table 1. 

TABLE 1. PERFORMANCES OF JEOL ROTEX JRX-12 

X-Ray output 12 kW (Cu anode type) 
Xal= 1.54050 A 
200 mA 
60 kV 
0.5x10 mm2 

10 mmçJ (Beryllium) 
0.05% 

Maximum tube current 
Maximum tube voltage 
Focus size 
X-Ray tube window 
Tube voltage stability 
(input power±10% fluctuation) 
Tube current stability 0.05% 
(input power±10% fluctuation) 
Diameter of the rotating anode type generator 

100 mm0 
Anode type species Cu K<x 

High-temperature Sample Holder. The standard sample 
holder of the goniometer was replaced by a high-temperature 
sample holder, DX-GOH-V2(JEOL) in Fig. 3. This is 
made of a Pt-20%Rh alloy, and the area of the sample setting 
is 18x12 mm2, the setting depth being 0.15 mm. It has a 
low resistance and is heated directly by a large current. 
Improved temperature measurements have been made using 
a thin thermocouple wire, Pt-Ptl3%Rh, welded to the ribbon 
sample heater of a high temperature oscillating XRD atta­
chement. The output signal of the thermocouple was read 
by a digital voltmeter (Takeda Riken Co., TR-6855) via a 
cold junction compensator. Temperature control of the hot 
stage is done by a controller, ULVAC-RICO PLUG-IN 
MODULE type THERMAL PROGRAM CONTROLLER, 
Model HPC-5000 Series. In Fig. 4, a 1 : 13 wounded trans-

thermocouplé 
0.4 mm 

Fig. 3. A high temperature sample holder made of Pt-
20%Rh alloy. 

Fig. 4. An apparatus for high-temperature oscillating 
XRD. 
HS: Hot stage; UL: upper limit switch; LL: lower 
limit switch; SC: scintillation counter; TC: ther­
mocouple of Pt-Ptl3%Rh; CJ: cold junction com­
pensation; PC: thermal program controller; DA: 
diffraction angle; R: recorder; E: electric circuit. 

former is connected between the sample holder and the con­
troller. Intensity of diffracted X-ray signal, angle marker 
signals of oscillating ranges and output reading of the ther­
mocouple are recorded by a Desk Top Recorder D-2R-1S 
(Ohkura Denki Co.).t 

Profiles of the Diffracted X-Ray Signal. Profiles of the 
diffracted X-ray signal are determined under the conditions 
described in Table 2. If more precise angular resolution that 
is described below is needed, the conditions shown in paren-

Table 2. PROFILES OF DIFFRACTED X-Ray SIGNAL 

Glancing angle of X-Ray beam 4.5° 
Sol 1er slit, full opening angle 4.8° 
Divergence slit 
Scattering slit 
Receiving slit 
Filter species 
Goniometer radius and angular accuracy 

250 mm and ±1/100°. 

a) If more precise angular resolution of oscillating XRD 
is needed, the conditions shown in parentheses are used. 

1° (l/2°)a) 

1° (l/2°)a) 

0.2 mm (0.05 mm) ° 
Ni 

t In order to calibrate the linearity of the recorder, 
programmable DC voltage/current generator, TR-6141 
(Takeda Riken K.K.), is used and its total accuracy is ± 5 (i.V. 
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theses in Table 2 are used. 
Ranges of Oscillating Angles of Goniometer. The intensity 

of the diffracted angle, ranging between 20low and 20hlgh, is 
measured by high temperature oscillating XRD analysis, using 
limiting switches. At first usual powder XRD patterns are 
measured from 20=5° to 20=50°. The angle of a maximum 
value of the diffracted X-ray signal is included in the range 
between 20low and 20hlgh. Moreover, on heating the sample in 
steps of 20 °C up to 500 °C, powder patterns of XRD are 
recorded. The angle of the highest dynamically changing 
value of the diffracted pattern is included in the range between 
20low and 20hlgh too. In the present case of the thermal 
decomposition of AHM, an angle of maximum intensity of 
the diffracted pattern, (20=9.7°), is included in the range of 
the angle. Together with the angle of maximum intensity, 
more angles of strong intensity are included in the ranges of 
20low = 9.2° and 20hlgh=13.2°. Consequently the oscillating 
range of the goniometer is about 4°. 

Selection of a Time Constant, T, of the Electric Circuit. A 
time constant, r, of a counting system is chosen below, i.e. 
"T IS smaller than half of the oscillation time of the slit."6) 

Concerning the opening angle of the receiving slit, the goniom­
eter scanning rate, its radius and the oscillation of the slit 
(described below), r is chosen to be 0.172 s. Opening angle 
of the receiving slit, goniometer radius, and time width of the 
slit are found to be 0.0458°, 250 mm, and 0.344 s, respectively. 

Conditions of the Experimental Room. In order to get rid 
of intensity variation due to scattering caused by the air in the 
path of the X-ray beam, measurements are done under the 
conditions of constant temperature and moisture. The 
present experiment is done at the constant temperature of 
25 (±0.2) °C. 

Heating Rate. The temperature difference, A T, between 
the temperature at an angle 20low and that at an angle 26hlgh 

in the course of programmed heating, is defined by 

AT-
A2d-dT/dt 

(1) 

where «S = scanning speed, dTyd*=heating or cooling rate, and 
A20=20j high" -20low. In a typical experimental condition, AT 
is chosen to be 1 °C, under the conditions, A20=4°, dT/dt= 
2 °C/min, and 5 = 8 °/min. 

Response of the Pen Recorder. The response of the pen 
recorder is 0.6 s for full scale. The half width of a peak is 
5 mm and it takes 5 s to describe it. As the response time 
is shorter than this time, the use of this recorded for high 
temperature oscillating XRD is satisfactory. 

R e s u l t s a n d D i s c u s s i o n 

Experimental Conditions. Time Constant, r: As 
seen from Fig. 5 the best choice of the time constant x 
is 0.1 s. 

Stability of the Diffracted X-Ray Intensity : In order to 
examine the stability of the X-ray generator during a 
measurement, the intensity of the diffracted X-ray 
signal from the P t - 2 0 % R h ribbon heater versus experi­
mental time was measured under the same conditions 
of the actual experiment described below, i.e. oscillation 
angle range from 20 l o w = 36.92° to 20 h i g h =41.17° and 
constant room temperature, during about 250 min. 
The peak intensity was measured versus experimental 
time and was averaged for during 250 min. During 
the first 24 min we observed a small increase of the 
signal of 20=40.20° (</=2.244 Â), probably because the 

25 

>» 15 
a 
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r* • I 
L • J 

02 0.5 1.0 

s 
Fig. 5. Plot of intensity of XRD versus some time con­

stant (T). 

current of X-ray tube had not yet reached its stationary 
value. As the fluctuations of the X-ray intensity were 
below 1.5%, we may consider the stability of the X-ray 
source as fairly good. 

High-temperature Oscillating XRD of AHM. 
A H M of Nakarai Co. (GR quality) was used in the form 
of a powder for the measurements. It was ground and 
sieved through standard sieves to seperate the fractions 
of 115—150 mesh, of 150—170 mesh and of 270—325 
mesh. Moreover, for reference, a sample of Johnson-
Mat they Co. of high purity (specpure chemical batch 
No. S84208**) was used for the measurements. In 
particular, in order to compare the experimental results, 
we mainly used samples of 150—170 mesh. 

The intensity ratios of the peaks in the diffracted 
pattern are changed by the flatness and the thickness 
of the sample setting. So it is important how a sample 
is placed on the sample holder by a spatula, and was 
smoothed by a spoon. The intensity of the diffracted 
X-ray is about 9 0 % of the full scale intensity (full scale 
is 2 X 104 cps in one case) of the recorder. 

The intensity / of the characteristic X-ray is given by 
Eq. 2, C, A, V, and V{ are a constant, tube current, tube 

I=C-A.(V-Vt)™ (2) 

voltage, and exciting voltage, respectively. The intensity 
of the diffracted X-ray (/) of the diffraction angle, 
20=9 .7° and the tube current are examined under the 
same experimental conditions as before. With A 
ranging from 10 mA to 150 mA, the relation (2) was 
examined experimentally. Considering / as a linear 
function of A : I=aA-{-b, we found by least squares 
method ö = 0 . 3 4 c p s per Ampere and b=l.85 cps. 
Thinking b is small, it is satisfactory to use this X-ray 
generator for the present experiment under the condi­
tions, mentioned above. 

In the present experiment, high temperature oscillat­
ing X R D is measured at various heating rates, 0.5, 1, 
2, 3, 4, 30, and 50 °C/min, etc. AT dit the various 
heaintg rates is presented in Table 3. For the com­
parison with the results of T G - D T A and DSC, the 
heating in the high-temperature oscillating X R D is 
chosen to be 2 °C/min. 

A result of a high temperature oscillating X R D of 

** Specification: Cu below 7 ppm, Si below 2 ppm, Ca, 
Fe, and Mg below 1 ppm, respectively. 
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TABLE 3. AT*(DIFFERENCE OF THE TEMPERATURE BETWEEN 

AT 26low AND 26hll[b AT THE VARIOUS HEATING RATES 

dTjdt (heating rate) 
°C/min 

0.5 
1.0 
2.0 
3.0 

AT 

°C 

0.25 
0.5 
1.0 
1.5 

dT/dt (heating rate) 
°C/min 

4 
30 
50 

Ar 
°C 

2 
15 
25 

S=8°/min, A20=4°. 

M I K J I H G F E D C 8 A 

ASTM index Molecular formula ™ svstem 

11-71 (NH4)6Mo7024-4H20 Monoclinic 
18-117 (NH4)4Mo8026 Triclinic 
21-0567 Mo0 3 Hexagonal 
5-0508 Mo0 3 Orthorhombic 

A H M (150—170 mesh) at the heating rate, 2 °C/min 
is shown in Fig. 6. Powder X R D patterns have been 
collected in the A S T M X-ray diffraction data files 
for the compounds given in Table 4. T h e X R D 
intensities for every plane index as a function of tempera­
ture are examined precisely. In the following I0 stand 
for the maximum peak intensity. 

ASTM Index 11-71, (NHJ6Mo70M-4H20. T h e 
starting material was confirmed to be A H M by means 
of the standard powder X R D . 

d = 9.08 A, Ijl0 = 100, plane index (040), 20 = 9 . 7 ° . 

At about 65 °C this intensity shows a small increase 
and scattering becomes bigger. At about 84 °C the 
intensity begins to decrease drastically until about 95 °C 
and from that temperature it is gradually decreasing 
and finally at about 157 °C the peak disappears com­
pletely. 

d = 7.56 A, I/I0 = 9, plane index (110), 2 0 = 11.7° 

This intensity begins to decrease from about 84 °C and 
disappears at about 100 °C. 

d = 7.42 A, ///„ = 9, plane index (110), 2 0 = 1 1 . 9 ° 

This intensity also begins to decrease from about 84 °C 
and disappears at about 100 °C. 

d = 7.17 Â, J//0 = 20, plane index (121), 20 = 1 2 . 3 ° 

This intensity also begins to decrease from about 77 °C 
and this decrease stops at about 90 °C and then it 
increases at about 97 °C from that temperature it begins 
to decrease again and at about 130 °C disappears 
completely. 

The peak intensity of the l v a l u e , not described above, 
corresponding with the diffraction angle 20=9 .7° begins 
to appear at about 118 °C. Moreover the peak at the 
diffraction angle, 20=13.4° begins to appear at about 
110 °C and it is stable from about 124 °C to about 
180 °C. From about 180 °C it begins to decrease and it 
disappears completely at about 226 °C. 

ASTM Index 18-117, (NHJ^Mo^O^, Ammonium Octa-
molybdate(4 — ) . 

d = 7.21 Â, 7//0 = 100, plane index undefined, 20 = 12.2°. 

This intensity begins to appear at about 176 °C and 
becomes stable at about 233 °C; it begins to decrease 
at about 266 °C and disappears completely at about 
290 °C. 

d = 9.21 Â, III0 = 35, plane index undefined 20 = 9.6°. 

This intensity begins to appear at about 175 °C and 
becomes stable at about 200 °C. Moreover it becomes 
larger at about 250 °C. 

ASTM Index 21-569, Hexagonal MoOs. 

d = 9.12 A, J//0 = 80, plane index (100), 20 = 9.7°. 

T h e stable state of this peak produced from ammonium 
octamolybdate(4—) (AOM) is considered to be com­
pleted at about 175 °C, but at about 254 °C the peak 
becomes larger and becomes stable again at about 
295 °C. In these temperature ranges, the intensity at the 
diffraction angle, 20=9 .7° , of hexagonal M o 0 3 is three 
times larger than that of A O M . It begins to decrease 
at about 355 °C and it disappears at about 405 °C. 

ASTM Index 5-0508, Orthorhombic MoOs. 
d= 6.93 A, ///„ = 34, plane index (020), 20 = 12.7°. 

This peak appears at about 358 °C, and becomes 
constant at about 426 °C. Its intensity is gradually 
increasing. 

Meanwhile, in order to confirm an appearance 
temperature of maximum intensity at about 98 °C, 
we measured some high-temperature oscillating X R D ' s 
under the conditions described below. These conditions 
and the result are shown in Fig. 7. 

Next, particular temperature stages of thermal 
decomposition are analysed by means of s tandard high 

XXfC IKfC l « J t 13CTC I2CTC HCfC lOtTC OTC BOC 70"C 60 'C 

Fig. 7. One of the typical results of high-temperature 
oscillating XRD of AHM (115—150 mesh). Experi­
mental conditions: heating rate: 2 °C/min; chart speed: 
20mm/min; 20,Ow = 9.19°; 20hJgh= 13.41°; full scale of 
diffracted XRD: 2x10* cps; scanning sped: 8°/min; 
time constant: 0.1 s; divergency: 1°; receiving slit: 0.1 
mm. 

Fig. 6. One of the typical results of high-temperature 
oscillating XRD of AHM (115—150 mesh). 
Experimental conditions: heating rate: 2 °C/min; 
chart spped: 5 mm/min; 20 low=9.37°; 20hlgh= 13.43°; 
full scale of diffracted XRD: 1 X 104 cps; scanning 
speed: 8°/min; time constant: 0.1 s; divergency: 1°; 
receiving slit: 0.1 mm. 

TABLE 4. POWDER XRD PATTERNS OF VARIOUS 

MOLYBDATES AND MOLYBDENUM OXIDES IN THE 

A S T M X - R A Y DIFFRACTION DATA FILES 
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H 230 °C 
A room temp. 

I 260°C| B 88 *C I 

J 290°C| ^ 

K 330-0 D 122'C 

M 50p°d I 
G ,216°C 

>ukj>A«VkJW">A-Xj(»»ÀJ_1 

Fig. 8. The standard XRD at several temperatures. 
(A) Room temperature ; (B) 88 °C ; (C) 96 °C ; (D) 122°G ; 
(E) 150 °C; (F) 182 °C; (G) 216 °C; (H) 230 °C; 
(I) 260 °C; (J) 290 °C; (K) 330 °C; (m) 380 °C; 
(M) 500 °C. 

temperature X R D . At the desired temperature , the 
heating was stopped and after three minutes, the 
sample was cooled to room temperature, the standard 
powder X R D ' s are measured. The results are shown in 
Fig. 8, A)—M). The patterns of A), H ) , K ) , and M) 
are considered to be A H M , A O M , hexagonal M o 0 3 

and orthorhombic M o O a , respectively. 
Correspondence with the Results of TG-DTA and High-

temperature Oscillating XRD. Thermal decomposi­
tion of A H M has been studied by E. Ma7) and three 
clear steps were found to be : 

130°C 
(NH4)4Mo5017, (NH4)6Mo702 4 .4H20 

240CC 

( N H 4 ) 4 M o 6 O n • (NH 4 ) 4 Mo 8 0 2 6 , 

360°C 

(NH4)4Mo8O20 • Mo0 3 . 

We had already studied thermal decomposition of A H M 
by means of T G - D T G - D T A and DSC,2>3>>tt but the 
upper decomposition schemes are not consistent precisely 
with the present experimental results. T h e discrepancy 
can be explained partly by high-temperature oscillating 
X R D . Before explaining the experimental results, we 
summarize and X R D measurement method at high 
temperature step by step. 

I. After confirming each reaction stage by means of 
T G - D T A , the sample of the intermediate product is 
taken out from a thermobalance and measured by means 
of standard powder X R D . 

I I . At constant high temperature stage, high 
temperature X R D ' s are measured.8) In our experiment, 
using a strong X-ray generator, we are enabled to take 
only 5 min to measure a s tandard X R D . It is possible 
to find an intermediate more easily than in case I. 
T h e reaction proceeds further, because the temperature 

tt TG-DTG-DTA was measured by means of Rigaku 
Co. Thermoflex, model 8002 and DSC by means of Daini 
Seiko Co. DSC, model SSC/560S. 

is kept constant during 5 min, so some intermediate 
may happen to be missed. 

I I I . High temperature oscillating X R D is the best 
analysis in order not to miss an intermediate of thermal 
decomposition. This method allows to find the best 
setting angle ranges of oscillation. Using a large capacity 
generator, however, the signal-to-noise ratio improve 
and gains better accuracy than using a standard X-ray 
generator. At a desired temperature during high-
temperature oscillating X R D , a standard X R D is 
easily measured in a short time. By this improved 
technique, the structural changes of the precise reaction 
stages are observed. 

Next, in comparison with a high-temperature oscillat­
ing X R D , in Fig. 2 we show a typical TG-DTG-DTA 
result under a static air atmosphere. The temperature 
of onsets and offsets of T G decrease are shown in Table 
5. Also initial, final, and peak top temperatures of DTA 
and DSC are shown in Table 6. 

TABLE 5. THE TEMPERATURES OF ONSETS 

AND OFFSETS OF T G DECREASE 

Decomposition 
stage 

Onsets temperatures 
of each stage 

Offsets temperatures 
of each stage 

I 
II 

III 

92 
185 
277 

135 °C 
234 °C 
362 °C 

TABLE 6. THE INITIAL, PEAK TOP, AND FINAL 

TEMPERATURES OF D T A AND D S C 

Decomposition 
stage 

Initial 
temperature 

Peak top 
temperature 

Final 
temperature 

I 
II 

III 

92 °C 
165 °C 

256 °C 

103 °C, 112°Ca) 

192 °C, 217°Ca) 

(223 °C, 239 °C)a) 

263 °C, 305 °C 
(329 °C) 

130 °C 
236 °C 

346 °C 

a) indicates the bigger peak when two peaks appear. 
Temperatures in the parentheses are obtained by DSC. 

The results of T G showed a sharp decrease of the first 
stage at about 92 °C and this decrease ends at about 
132°C. From this temperature T G begins to decrease 
gradually. At about 185 °C the second step of T G 
begins and at about 277 °C the third step. High-
temperature oscillating X R D experiments, however, 
show a decrease in intensity of the (040)-plane from 
about 84 °C to 95 °C. This intensity finally disappears 
completely at about 157 °C. These two tendencies 
of the intensity curve (rapid and gradual) decreases of 
high-temperature oscillating X R D are consistent with 
the decreasing tendency of the first stage of T G . 

Concerning the plane (121), two tendencies, a 
decreasing intensity at about 77 °C and a peak at about 
97 °C, are convolved. We tried to seperate them, but 
did not succeed until now. 

Moreover, we considered the intensity of d=7.2î Â 
of A H M , the intensity of d=9.21 Â of A O M and the 
intensity of d=9.\2 A of hexagonal M o 0 3 from 176 °C 
to 258 °C. As the difference of the interplanar spacing, 
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d of the last two cases {i.e., Û ? = 9 . 2 1 A and ûf=9.12Â) 
is very small, we could not seperate these two interplanar 
spacings. There are two possible explanations: one is a 
co-existance of A O M and hexagonal M o 0 3 , and the 
other one is that we simply could not seperate the peaks. 
In order to consider the possibility of co-existence of 
A O M and hexagonal M o 0 3 , we compare with the 
standard high-temperature XRD's , H) and K ) , at 
230 °C and 310 °C, respectively in Fig. 8. Though the 
difference of d=9.2\ A in A O M and of ^ = 9 . 1 2 A in 
hexagonal M o 0 3 is recognized slightly, we could not 
seperate them in a high temperature oscillating X R D . 
This experiment shows two stable peaks of A O M , d— 
7.21 A and 9.21 A. At the phase transition of A O M 
to hexagonal M o 0 3 , two peaks disappear partly and a 
new peak, Û ? = 9 . 1 2 A of hexagonal M o 0 3 appears. In 
order to confirm these results, we improved the angle 
resolution of high-temperature oscillating X R D . Under 
the conditions of Z>=0.5°, £ = 0 . 5 ° , Ä = 0 . 0 5 mm, and 
d20/d*=4°/min, we could not succeed in seperating 
both peaks. The results also show stable temperature 
ranges of hexagonal M o 0 3 and orthorhombic M o 0 3 . 

The results of T G and D T A may explain the produc­
tion of M o 0 3 only, but whether it is hexagonal or 
orthorhombic M o 0 3 cannot be explained by T G - D T G -
DTA alone. 

Jlmg 

>^100oC 

^200°C 

367°C S ^ 

-*>£LAOOOCJ 

«•"Tare 

3 ^ D T S 

Fig. 9. Results of TG-DTA of a sample removed from 
the X-ray hot stage at about 330 °C, sample weight: 
25.40 mg; TG full scale range: 10 mg; DTA full scale 
range: ±25 [iV; chart speed: 20cm/h; heating rate: 
5 °C/min. 

A sample of hexagonal M o 0 3 was removed from the 
hot stage, and was analyzed by means of TG-DTA. The 
results are shown in Fig. 9 and two different decreasing 
types of T G are found. In one type the gradual weight 
loss of T G is about 2.4% from the room temperature to 
300 °C. The other type is the rapid weight decrease 
of about 1.6% from 367 °C to 404 °C. Also the peak 
temperature of DTA is about 394 °C. T h e sample may 
not be simply M o 0 3 , but may be thought to be either 
n ' ( N H 4 ) 2 0 ' m ' M o 0 3 or A>H 2 0«Mo0 3 (n, m, k are 
positive integers). For the identification of this substance, 
a gas analysis is planned by means of simultaneous 
TG-MS. The weight loss of 2.4% may be due to 
desorption of water adsorbed by the sample after its 
removal from the hot stage. We conclude that the 
intermediate of (K) has hexagonal M o O a structure 
merely. 

In X-ray spectroscopy there is always some back­
ground signal, and to decide whether or not this can be 
ignored is an important problem. Moreover, we must 

consider the accuracy of intensity measurements in high-
temperature oscillating X R D . The statistical error 
depends on the peak intensity. If we define the number 
of signal intensity and of back ground as Np and Nb, 
respectively, the statistical error &(%) is given by the 
equation,9) 

a(Q/o) = - ± - . ^ l + mlN*..l0Q. (3) 
j Np {\-NbjNp) 

In the present experiment, Np and Nb are found to be 
7040 cps and 440 cps, respectively, with <r=1.35%. For 
a s tandard X-ray tube (30 kV and 30 mA) , Np and Nb 
were 650 cps and 70 cps, respectively, with now <r = 
4.62%. Obviously the present experiment has a better 
accuracy, which enables to analyze a reaction rate 
and to determine Arrhenius parameters. 

TABLE 7. T H E RESULTS OF OSCILLATING 

HIGH TEMPERATURE XRD 

Decomposition 
stage 

Temperature range 
of intensity plateaus 

Cross point 
temperature 

5 mm/min chart speed 
I2 room temp—84 °C 
12 96 —100 °C 
13 128—177 °C 
11 232—251 °C 
III 295 —345 °C 

20 mm/min chart speed 
i! room temp—77 °C 
12 102 —104 °C 
I , 129—174 °C 

89 
126 

183 °C, 
265 
384 

99 
126 

183 °C, 

°C 
°C 
187 

°C 
°C 

°c 
°c 
187 

°C 

°G 

(ft 

c 

Fig. 10. Model of the result of high-temperature oscil­
lating XRD. In the range OA one structural substance 
is present. In the range AC a mixture of more struc­
tural substances is present. 

An appearance, disappearance, and cross point 
temperatures of the intensity of the diffraction patterns, 
are shown in Fig. 10. Moreover O A in Fig. 10 is 
considered to be a range of spacing versus sample 
temperature under programmed heating. From these 
measurements we may conclude that in the temperature 
range OA in Fig. 10, there is only one structural sub­
stance, but in the range AC, there is a mixture of 
structural substances. Finally we could measure points 
A and C more sharply by this experimental method. 
Consequently high-temperature oscillating X R D will 
become one of the most important methods of thermal 
analysis. 

Some other inorganic salts (salts of isopoly acid) will 
be analyzed by high-temperature oscillation X R D 
method in future. 

file://{/-NbjNp
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S u m m a r y 

Thermal decomposition of A H M was measures by 
means of high-temperature oscillating X R D with a 
rotating anode type large capacity generator. This 
method enables us to measure microscopical structural 
changes in the field of thermal analysis. Especially, with 
improved S/N ratio, it is easy to determine the tempera­
ture of a phase transition and a reaction rate constant. 

In a high-temperature oscillating X R D of A H M with 
the heating rate 2 °C/min, a peak temperature of 96 °C 
was found, which has not been reported before. Also 
from 110 °C to 226 °C, a series of small peaks was found. 
Finally, one stage of decomposition which was obtained 
in T G - D T A experiments, was seperated into three steps. 
T h e stability ranges of A O M , hexagonal M o 0 3 , and 
orthorhombic MoO t3 were clarified. 

T h e X-ray generator is situated in the Research 
Institute for Material Science and Engineering, Fukui 
University. The author wishes to thank Professor 
Tohgoro Matsuo and Mr. Shigeru Hashiya for con­
venience of using their X-ray generator. The assistance 
of Miss Masayo Yoshimen during the early experiments 

is also acknowledged. The author would like to thank 
Dr. A. J . H. Boerboom and Dr. G. Harkvoort for 
critical reading of the manuscript. This work was partly 
supported by the Grant-in-Aid for Scientific Research 
from the Ministry of Education, Science and Culture. 
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The phosphorescence spectra and their lifetimes of 9,10-anthraquinone and its 2-methyl and 2,3-dimethyl 
derivatives in various kinds of glassy solutions at 77 K have been obtained. In the non-hydrocarbon solutions, 
2-methylanthraquinone shows, in most cases, a dual phosphorescence, consisting of a rm* phosphorescence and a nn* 
phosphorescence with different lifetimes, while 2,3-dimethylanthraquinone shows a very broad nn* phosphorescence 
spectrum. The qui none-solvent interactions and the relative positions of the close-lying 3nn* and znn* levels 
of these quinones are discussed on the basis of the experimental results. 

Previously, we have studied the phosphorescence 
spectra of 9,10-anthraquinone1 '2) (AQ) in various 
solutions at 77 K. All the phosphorescence spectra 
observed have been of the roi* type, having a distinct 
progression of the C - O stretching vibration and a short 
lifetime around 3 ms. Recently, we have observed the 
7t7i* phosphorescence spectra of alkylsubstituted 1,4-
naphthoquinones3) in glassy solutions at 77 K, while in 
1,4-naphthoquinone only the rm* phosphorescence 
spectra have been observed in all the solutions. This 
is thought to be due to the rise of the phosphorescent rm* 
level and the fall of the low-lying z7in* level of 1,4-
naphthoquinone in the alkyl derivatives, resulting from 
the alkyl-group substitutions and the specific (hydrogen-
bond and charge-transfer) and dispersion-force4) interac­
tions between the quinones and solvents. In this work, 
the phosphorescence spectra of the methyl-substituted 
anthraquinones, 2-methyl- and 2,3-dimethyl-AQs, in 
various kinds of glassy solutions at 77 K have been 
studied from this point of view. The phosphorescence 
spectra of A Q in those solutions have also been studied 
for the purpose of comparison. 

Exper imenta l 

Measurements. The phosphorescence spectra and their 
lifetimes in solutions at 77 K were measured using a phos-
phoroscope in the manner described in previous papers. 1_3> 
The solvents used were methylcyclohexane, toluene, ethanol, 
methanol, and 1-chloro- and 1-bromobutanes. All the solu­
tions were glassy at 77 K. In the toluene solutions, the 
crystalline state was also formed by slow-cooling. 2> The 
concentrations of the solutions used always less than 10~3 mol 
dm"3. 

Materials. The A Q and the methyl-substituted anthra -
quinones used were commercially available. The A Q and 
2-methyl-AQ were zone-refined (mp 286.6—287.2 °C and 
176.6—177.5 °C). The 2,3-dimethyl-AQwas twice recrystal-
lized, from a toluene-cyclohexane (1 : 2) mixture and from 
acetic acid (mp 207.5—208.8 °C). Spectrograde methyl­
cyclohexane, methanol, and toluene of the Dozin Yakukagaku 
Co., analytical-grade ethanol of Wako Pure Chemical 
Industries, and G.R.-grade 1-choro- and 1-bromobutanes of 
the Tokyo Kasei Kogyo Co. were used. 

Results. The phosphorescence spectra obtained are 
shown in Figs. 1—6, while their observed lifetimes are shown 
in Table 1.6> In the methyl-substituted anthraquinones, the 
phosphorescence spectra depend on the turning-rate of the 
sector and the excitation-wavelength in some cases, but show 

no concentration dependence. In A Q ,the phosphorescence 
spectra show none of these dependences. In the captions of 
Figs. 3—5, the words in parentheses, "slow" and "fast", 
denote that the turning-rates of the sector are slow and fast 
respectively. In the captions of Figs. 5 and 6, the wavelengths 
in parentheses denote the excitation-wavelengths. When the 
phosphorescence spectra showed sector-turning-rate depend­
ences, two kinds of lifetimes were obtained, the shorter ones 
of which were obtained with the sector turning relatively fast, 
and the longer ones of which, with the sector turning as slow 
as possible. 

D i s c u s s i o n 

A Q shows only the rm* phosphorescence spectra in 
the solvents used in this work at 77 K ; they show a 
distinct progression of the C - O stretching vibration and 
short lifetimes (Figs. 1 and 2 and Table 1).6> Therefore, 
A Q may have the T x rm* state in these cases.7) T h e 
phosphorescence spectrum of A Q in a toluene crystal 
is at wavelengths longer by ca. 250 cm" 1 t han that in 
toluene glass, and is situated very close to that in 
methylcyclohexane. Therefore, the charge-transfer 
interaction between A Q and toluene in a toluene 
crystal may be very small. Similar phenomena are also 
observed in the cases of the methyl-substituted anthra­
quinones, as will be mentioned later. 

450 500 550 

À / n m 
Fig. 1. Phosphorescence spectra of AQand 2,3-dimethyl-

A Q in methylcyclohexane at 77 K. 
: A Q , : 2,3-dimethyl-AQ. 
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TABLE 1. OBSERVED LIFETIMES, T, OF THE PHOSPHORESCENCE SPECTRA 
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r/rns 

Solvent Methylcyclohexane Toluene Ethanol Methanol 1 -Chlorobutane 1 -Bromobutane 

A Q 

2-Methyl-AQ, 

2,3-Dimethyl-AQ 

3.3 

4.6 

5.1 

3.6 
(3.4)a> 
17 
86 

(4.7) 
100 
(7.6) 

3.3 

5 

92 

3 

13 
47 

150 

7 
64 

73 

3.1 

7 
29 

19 

a) The values in parentheses are the ones in toluene crystals. 

500 550 

À / n m 
Fig. 2. Phosphorescence spectra of A Q in solutions at 

77 K. 
(1) Lower curves, : toluene glass, : toluene 
crystals, (2) Upper curves, : methanol, : 1-
bromobutane. 

The phosphorescence bands of the methyl-substituted 
anthraquinones in methylcyclohexane (Fig. 1)13> may 
reasonably be assigned to the rm* spectrum because of 
their similarity to that of AQ, and their short lifetimes 
(Table 1 ). Since the positions of the phosphorescence 
spectra of the methylsubstituted anthraquinones are 
very close to that of AQ,, the rise in the T x rm* levels 
of the methyl-substituted anthraquinones relative to that 
of AQ, may be very small. As may be seen in Table 1, 
the lifetime of 2-methyl-AÇHs a little longer and a little 
shorter respectively than those of AQ,and 2,3-dimethyl-
AQ,. This may be due to increases in the mixing14"16) 
of the close-lying znn* state into the T, rm* state in 
these methyl-substituted anthraquinones, accompanied 
by decreases in the energy separation between these two 
states resulting from the methyl-group substitutions. 

The phosphorescence spectrum of 2-methyl-AQ, in 
toluene glass, obtained with the sector turning fast 
(Fig. 3), is considerably broader than that of A Q in 
toluene glass, while the one obtained with the sector 
turning slow is still broader. In this case, two considera­
bly different lifetimes ( 17 and 86 ms) are obtained 
(Table 1). In these spectra, two kinds of phosphores­
cence spectra, the relatively sharp rut* spectrum and the 
broad nn* spectrum, seem to overlap. The above facts 

500 
À / n m 

Fig. 3. Phosphorescence spectra of 2-methyl- and 2,3-
dimethyl-AQ's in toluene at 77 K. 
(1) Lower curves, 2-methyl-AQ, : glass (fast), 

: glass (slow), : crystals, (2) upper curves, 
2,3-dimethyl-AQ, : glass, : crystals. 

may be explained as follows. As the shorter lifetime 
(17 ms) is too long as that of the rm* spectrum, it is 
thought that 2-methyl-AQ in toluene glass has the T1 

nn* state and that the energy separation between the 
T x nn* state and the close-lying T 2 rm* state is dis­
tributed according to the degree of solvation of the 
quinone molecules.17) Consequently, the degree of 
mixing of the T 2 rm* state into the Tx nn* state and 
the rate of thermal population to the T 2 rm* state in 
the excited states18) may take various values. Hence, 
dual phosphorescences, consisting of the rm* and nn* 
spectra, appear with various figures and lifetimes. 

In the toluene glassy solution of 2,3-dimethyl-AQ, the 
very broad phosphorescence spectrum may be assigned 
to the nn* spectrum because of the absence of the 
C - O stretching vibrational structure and its long 
lifetime ( 100 ms). Previously, in the toluene glassy 
solution of 2-methyl-1,4-naphthoquinone, a similar, 
very broad phosphorescence spectrum with a short 
lifetime (2.0 ms) was observed. The difference in the 
lifetime between these two quinones is remarkable. Since 
the intensity of the latter phosphorescence spectrum 
is considerably weaker than that of the former, the short 
lifetime of the latter may be mainly due to the existence 
of some efficient non-radiative dissipative route from the 
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phosphorescence state. 
The above differences in the phosphorescence spectra 

of 2-methyl- and 2,3-dimethyl-AQs between the 
methylcyclohexane and toluene glass solutions may be 
partly due to the rise in the 3nrc* levels resulting from 
the Tt-Ti type charge-transfer interaction between the 
quinones and toluene, and partly due to the fall in the 
*7i7t* levels resulting from the relatively strong dispersion-
force interaction between the quinones and toluene.19) 
The phosphorescence spectra of the methylsubstituted 
anthraquinones in toluene crystal may be assigned 
to the arc* spectra because of their similarity to that of 
A Q and their short lifetimes, close to those in the 
methylcyclohexane solution. 

>* 
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450 500 

A/n.m 
550 

Fig. 4. Phosphorescence spectra of 2-methyl- and 2,3-
dimethyl-AQ's in alcohols at 77 K. 
(1) Lower curves, 2-methyl-AQ, : ethanol, : 
methanol (fast), : methanol (slow), (2) Upper 
curves, 2,3-dimethyl-AQ, : ethanol, : meth­
anol. 

In the methanol solution of 2-methyl-AQ (Fig. 4) , a 
dual phosphorescence similar to that in the toluene 
solution is observed. As the shorter lifetime (13 ms) is 
close to that in the toluene solution, the T x state of 
2-methyl-AQ in methanol is thought to be the 7m* 
state, as in the toluene solution. O n the other hand, in 
the ethanol solution of 2-methyl-AQ, the Tt state may 
be the rrn* state, as its phosphorescence spectrum show 
a distinct C - O stretching vibrational structure and its 
lifetime is short. 

2,3-Dimethyl-AQ in methanol may have the T1 Tin* 
state because of the similarities of the phosphorescence 
spectrum and its lifetime to those in the toluene glassy 
solution. In the phosphorescence spectrum of 2,3-
dimethyl-AQ in ethanol, the sharp nn* and broad TITI* 
spectra seem to overlap, but the relative weight of the 
former seems to be far smaller than that of the latter. 
In view of the above relative weights of the two spectra 
and the sector-turning-rate independence of the phos­
phorescence spectrum, it is thought that the %nn* level 
is lower than the zrm* level, and that the rm* spectrum 
appears weakly because of the thermal population in 
the excited states. The above results indicate that the 
hydrogen-bond between ethanol and the quinones is, 

J 

lr 
,<£?" 
O - N 

/ / \ \ 

4 ^ 
\ % 

7 v * N 

..___! . . . L 

i 

^ 5 ï a 

5a 
450 550 500 

A/nm 
Fig. 5. Phosphorescence spectra of 2-methyl-AQ in 1-

chloro and 1-bromobutanes at 77 K. 
(1) Lower curves, 1-chlorobutane, : (fast, 313 nm), 

: (fast, 365 nm), : (slow, 313 nm), (2) upper 
curves, 1-bromobutane, : (fast, 313 nm), : 
(fast, 365 nm), : (slow 313 nm). 

to some extent, weaker than that between methanol and 
the quinones. 

In the 1-chloro- and 1-bromobutanes solutions of 2-
methyl -AQ, dual phosphorescences similar to those in 
the toluene and methanol solutions are observed 
(Fig. 5). In these 1-halogenobutane solutions, however, 
as the shorter lifetimes (7 ms in both solutions) are 
considerably shorter than those in the toluene and 
methanol solutions, and are ra ther close to those in the 
methylcyclohexane and ethanol solutions, it is thought 
that differently solvated species which have either the 
Tx rm* or the T-, Tin* state coexist and that the shorter 

«J // ; / \ \ ^^Z^"A 

450 500 

À/nm 
550 

Fig. 6. Phosphorescence spectra of 2,3-dimethyl-AQ in 
1-chloro and 1-bromobutanes at 77 K. 
(1) Lower curves, 1-chlorobutane, : (313 nm), 

: (365 nm), (2) upper curves, 1-bromobutane, 
: (313 nm), : (365 nm). 
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TABLE 2. ASSIGNED TX STATES OF THE QUINONES' 

Solvent Methylcyclohexane Toluene Ethanol Methanol 1-Chlorobutane 1-Bromobutane 

A Q n7r* n7r* nn* nn* nrc* nn* 
(n;r*) 

2-Methyl-AQ nn* nn* nn* nn* nn*, nn* nn*, nn* 
(n;r*) 

2,3-Dimethyl-AQ nn* 7T7T* 7 r 7 r * nn* nn* nn* 
(n;r*) 

a) The states in parentheses are the ones in toluene crystals. 

lifetimes are due to the species which have the Tx nn* 
state. In the 1-halogenobutane solutions of 2,3-dimethyl-
A Q , in view of their phosphorescence spectra (Fig. 6), 
it is thought that the znn* level is lower than the zrm* 
level, and that the weak appearances of the sharp rm* 
spectrum are due to the thermal population in the 
excited states, as in the ethanol solution. 

As may be seen in Fig. 5, with the same turning-rate 
of the sector the weights of the sharp rm* spectrum 
relative to the broad nn* spectrum are considerably 
larger in the 313 nm excitation than in the 365 nm 
excitation. Similar excitation-wavelength dependences 
are seen in the case of 2,3-dimethyl-AQin Fig. 6. In a 
previous work,3) a similar phenomenon was also ob­
served in the phosphorescence spectrum of 2-methyl-l,4-
naphthoquinone in ethanol at 77 K, where the weight 
of the sharp rm* spectrum relative to the broad nn* 
spectrum was larger in the 365 nm excitation than in 
the 313 nm excitation. No definitive explanation of 
these facts can be obtained at this stage. 

In Table 1, the lifetimes corresponding to those of the 
nn* phosphorescence spectra of the methyl-substituted 
anthraquinones in 1-bromobutane are quite short in 
comparison with those in the 1-chlorobutane solutions. 
This may be due to the intermolecular heavy-atom 
effect20) brought about by the bromine atom in 1-
bromobutane. 

The T x states of these quinones in the solutions 
assigned in this work are shown in Table 2. When the 
quinone molecules with the T1 rm* and nn* states are 
thought to coexist, both of the two states are described 
in Table 2. The results obtained in this work may be 
useful in studying the photochemistry of these quinones. 
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The Molecular Structures of Thiomethoxymethylbis(triphenylphosphine)-
palladium Hexafluorophosphate and Perchlorate at —160 °C 

Kunio MIKI,* Yasushi KAI, Noritake YASUOKA,** and Nobutami KASAI* 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadaoka, Suita, Osaka 565 
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The molecular structures of [Pd(CH2SCH3)(PPh3)2]PF6(3a) and [Pd(CH2SCH3)(PPh3)2]C104(3b) at -160°C 
were determined by means of X-ray diffraction. Crystals of both complexes belong to the monoclinic system : 
3a, a=11.535(2), 6=17.990(4), c=17.754(2)A and 0=101.07(1)°, space group P2,/c with Z = 4 ; 3b.CH2Cl2 

solvate, fl= 11.496(5), i=20.872(9), c=15.056(6) A and 0=94.77(4)°, space group P2i/n with Z = 4 . Both 
structures were solved by the heavy atom method and refined by the least-squares procedure to Ä=0.141 for 3906 
reflections and R=0.102 for 4595 reflections for 3a and 3b respectively. The geometry around the Pd atom in 
each complex is essentially planar. However, the coordination behavior of the CH2SCH3 group in 3a and in 3b 
seems to be different. In 3a, the CH2SCH3 group is bonded to the Pd atom through the Pd-C <7-bond and the 
donation of the sulfur to the metal atom, forming a Pd-C-S three-membered ring [Pd-CH2 = 2.06(4), Pd-S = 
2.367(8), CH 2 -S= 1.77(4) and S-CH3= 1.78(4) A]. On the other hand, the GH2SCH3 group in 3b is coordinated 
to the metal atom as a methylenemethylsulfonium ion, containing a C=S double bond[Pd-CH2 = 2.208(13), Pd-S = 
2.303(6), CH 2 -S= 1.678(14) and S-CH,= 1.86(4) A]. 

We have hitherto studied the structural chemistry 
of a series of palladium complexes containing the 
C H 2 S R ( R = C H 3 , C6H5) groups in order to elucidate 
their coordination behavior, especially that of the sulfur 
to the metal atom.1"3) It is interesting that the CH 2 SR 
group is coordinated to the transition metal not only 
as a monodentate ligand but also as a bidentate one.4 ,5 ) 

Three types of coordination modes are possible for the 
thiomethoxymethyl(CH2SCH3) group, as shown below: 

>== _ + X L H 3 

L 
M 

(a) 

P d ( P P h , ) . + ClCH-SCH 

j : c — s 

M 

(b) 

/ C H 3 
/ C H 3 

'3'4 2""n3 

M 

(c ) 

CH, 
P h 3 P \ S C a 2 ^ / 

Pd ( . ) 
c r x p p h 3 

R e c r y s t a l l i z a t i o n -PPh, 

(a) NH4PF6 

(b) AgC104 

(c) NH4BF4 

(d) CH3OS02F 

(e) AgN03 

P h 3 P N / C H 2 

Pd 

[Pd(CH2SCH3) (PPh3)2]
+Y_ ( 3 ) 

[Pd(CH2SCH3)(PPh3)2]PF6 (3a) 

[Pd(CH2SCH3)(PPh3)2]C104( 3b) 

[Pd(CH2SCH3)(PPh3)2]BF4 (3c) 

[Pd(CH2SCH3)(PPh3)2]S03F( 3d) 

[Pd(CH2SCH3) (PPh3)2]N03 (3e) 

( 2\ 

XC1 

PdCl , (C,H,CN) , + LiCH„SC,H -6"5 6" 5 

:H / C H
2 -

> d 

• \ > -

V s c/6H5 

( 4 ) 

J 4 

T h e CH 2 SCH 3 group behaves as a 7r-bonded two-
electron ligand in (a), as a bidentate ligand in (b), or 
as a ff-bonded monodentate ligand in (c). 

Recently, a series of novel palladium complexes 
containing these CH 2 SR groups have been prepared by 
Okawara , Yoshida, and their co-workers.3>6~8) The 
outline of the reactions is summarized in Scheme 1. 

We have previously carried out structure analyses of 
Complexes l,1) 2,2> and 4.3> In Complex 1,D the 
CH 2 SCH 3 group is bound to the Pd atom through the 
P d - C ff-bond (type c). O n the other hand, in Complex 
2,2> the CH 2 SCH 3 group is coordinated with the type b 
mode to form a P d - C - S three-membered ring. The 
thiophenoxymethyl (CH2SC6H5) groups bridge four Pd 
atoms in Complex 4,3> which can be considered as an 
internuclear modification of type b. These differences in 
bonding modes may be due to the slight difference of the 
nucleophilicity of S atom in these complexes. 

As a part of this study, we will report here the molecu­
lar structures of Complexes 3a and 3b, determined by 
means of X-ray diffraction at —160 °C, in order to 
reveal the coordination of the CH 2 SCH 3 group in these 
cationic complexes. 

E x p e r i m e n t a l 

Several efforts were made for five kinds of complexes, 3a—e, 
to obtain good single crystals from GH2C12 solutions. 
Crystals of [Pd(CH2SCH3)(PPh3)2]S03F(3d)7> were too small 
to use for intensity data collection, and Complex 3e, [Pd(CH2-
SCH3)(PPh3)2]N03, did not crystallize.7) Crystals of [Pd-
(CH2SCH3)(PPh3)2]BF4(3c)7> were comparatively large, large 
enough to collect intensities. However, preliminary oscil­
lation and Weissenberg photographs showed many diffuse 
spots near the normal Bragg reflections, suggesting a disordered 
structure. If all these diffuse spots can be disregarded, the 3c 
crystals can be said to have a C-centered monoclinic unit cell 
with dimensions of a = 18.0, b= 18.4, c= 12.3 A, and ß= 107°. 

The crystals of 3a and 3b are colorless needles and plates 

Scheme 1. 

** Present address: Crystallographic Research Center, 
Institute for Protein Research, Osaka University, Yamadaoka, 
Suita, Osaka 565. 



3640 Kunio MiKi, Yasushi KAI, Noritake YASUOKA, and Nobutami KASAI [Vol. 54, No. 12 

TABLE 1. CRYSTAL DATA 

[Pd(CH2SCH3)(PPh3)2]PF6 
(3a) 

[Pd(CH2SCH3) (PPh3)2]C104 • 0.25CH2C12 

(3b) 

Formula 
Formula weight 
F(000) 
Crystal system 
Space group 
Z 

a/A 
b/k 
c/k 

ßr 
Z7/Â3 

DJgcm-3 

DJgcm-*» 
H (Mo Kocj/cm-1 

C38H35P2PdS 
837.1 

1696 
Monoclinic 
P21/c 

4 
[-160°CJ 
11.535(2) 
17.990(4) 
17.754(2) 

101.07(1) 
3615.5(11) 

1.538 

7.55 

PF6 

[20 °C] 
11.650(2) 
18.198(5) 
17.956(3) 

101.24(2) 
3733.7(15) 

1.489 
1.49 
7.31 

C38H35P2PdS 
812.8 

1658 
Monoclinic 
P2JU 

4 
[ -160°C] 
11.496(5) 
20.872(9) 
15.056(6) 
94.77(4) 

3600(3) 
1.499 

8.03 

Î-C104.0.25CH2C12 

[20 °G] 
11.526(4) 
21.110(8) 
15.328(5) 
94.42(4) 

3718(3) 
1.452 
1.44 
7.78 

a) By flotation in carbon tetrachloride/hexane at 25 °C. 

respectively. X-Ray structure analyses of these crystals have 
been performed, although they seemed not too suitable for 
X-ray diffraction study judging from their size, shape, and/or 
habits. Preliminary oscillation and Weissenberg photographs 
taken at room temperature with Cu KOL raditaion determined 
their crystal system and space group. Accurate unit-cell 
dimensions at —160 and 20 °C were determined by a least-
squares fit of the 20 value of 25 strong reflections measured on 
a Rigaku diffractometer. The crystal data are summarized 
in Table 1. 

Measurements of the integrated intensities were made at 
— 160°C on the Rigaku automated, four-circle, single-crystal 
diffractometer. The crystals used had approximate dimen­
sions of 0.1 mm x 0.1 mm x 0.25 mm and 0.25 mm x 0.3 mm x 
0.35 mm for 3a and 3b respectively. The low temperature 
was attained by the gas flow method using liquid nitrogen. 
The intensity data were collected by the 6-26 scan technique, 
using graphite-monochromatized (for 3a) and Zr-filtered (for 
3b) Mo KOL radiation (A=0.71069 A). The scan speed was 4° 
min^1, and the scan width was A20= (2.5 + 0.7 tan0)°. The 
background intensities were measured for 5 s at both ends 
of a scan. Totals of 7899 and 7907 reflections with 26 less 
than 54° were collected for 3a and 3b respectively, 3906 and 
4595 reflections of which were considered as observed (|F0|^> 
3a(\F0\)). The standard reflections (600, 019, and 219 for 
3a and 800, 555, 008 and 0, 10, 0 for 3b) monitored at regular 
intervals were constant throughout the data collection. Cor­
rections for Lorentz and polarization factors were carried out 
in the usual manner, while neither absorption nor extinction 
correction was made. 

Structure Solution and Ref inement 

Both structures were solved by the heavy atom 
method. T h e structures were refined by the block-
diagonal least-squares procedure (HBLS-V9)), the func­
tion minimized being $]w( |F 0 | — I^J)2- The unit 
weights were employed throughout the refinement. The 
atomic scattering factors were taken from International 
Tables for X-Ray Crystallography10) for non-hydrogen 
atoms and from those of Stewart et a/.11) for hydrogen 
atoms. T h e final atomic positional parameters are 

presented in Table 2.f 

[Pd(CH2SCH3)(PPh3)2]PFe (3a). All the non-
hydrogen atoms were reasonably located by the 
Patterson and Fourier syntheses. Several cycles of 
isotropic refinement reduced the R value (R = 
S I I F o l - l ^ c l l / S l ^ o l ) to 0.17. The temperature factors 
of the F atoms in the PF 6 anion showed relatively large 
values (maximum i 5 = 11.2 A2). Further anisotropic 
refinement in the usual manner did not go on straight­
forwardly, some abnormal temperature factors being 
observed. Therefore, the subsequent refinement was 
carried out step-by-step using small damping factors 
for the shifts of the parameters. O n a Fourier map, a 
relatively high peaks, the peak height of which was 
about 80% of tha t of the G(l) atom, appeared 1.12 and 
2.37 A distant from the S and Pd atoms respectively. 
If this peak is identified as a disordered fragment of the 
S atom, the geometry around the Pd atom is far from 
the square-planar coordination. Therefore, this peak 
was ignored and not included in the subsequent refine­
ment. The final R value is 0.141 for 3906 reflections. 

[Pd(CH2SCH3) (PPhJ 2] CIO i • 0.25CH2Cl2 (3b). 
The Fourier synthesis based on the coordinates of the 
Pd atom, determined from a three-dimensional Patterson 
map, revealed the locations of all the non-hydrogen 
atoms in the cation. A few cycles of isotropic refinement 
reduced the R value to 0.14. A difference Fourier map 
revealed the location of only the CI atom of the C104 

anion, and its electron density was relatively low and 
very broad. Subsequent difference Fourier maps could 
locate only one of the four O atoms in the C104 anion. 
These CI and O atoms indicated abnormally large 
temperature factors in the further refinement. In 
addition, three other peaks were found on a Fourier 
map. They were interpreted as those of the solvent 
CH2C12 molecule. The calculated density for the 
formula weight, assuming that one molecule of CH2C12 

is included in an asymmetric unit [1.566 g c m - 8 ] , is 

f Tables of the complete F0—Fc data and of the final 
anisotropic temperature factors are deposited at the Chemical 
Society of Japan as Document No. 8150. 
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TABLE 2. FINAL ATOMIC PARAMETERS 

Estimated standard deviations are given in parentheses. Beq values are equivalent isotropic temperature 
factors calculated from anisotropic thermal parameters.12) 

(a) [Pd(CH2SCH3)(PPh3)2]PF6 (3a) 

Atom 

Pd 
S 
P(l) 
P(2) 
C(l) 
C(2) 
C(l l ) 
C(12) 
C(13) 
G(14) 

C(15) 
C(16) 
C(21) 
C(22) 
C(23) 
G (24) 
C(25) 
C(26) 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(36) 
C(41) 

C(42) 
C(43) 
C(44) 
C(45) 
C(46) 
C(51) 

C(52) 
C(53) 
C(54) 
C(55) 
C(56) 
C(61) 
C(62) 
C(63) 
G(64) 
C(65) 
C(66) 
P(3) 
F(l) 
F(2) 
F(3) 
F(4) 
F(5) 
F(6) 

X 

0.67007(14) 
0.4737(6) 
0.8027(5) 
0.7904(5) 
0.509(3) 
0.422(3) 
0.9603(18) 
1.034(3) 
1.153(3) 
1.201(2) 
1.133(3) 
1.0122(17) 
0.7993(17) 
0.890(3) 
0.880(3) 
0.782(4) 
0.698(3) 
0.707(2) 
0.762(2) 
0.791(3) 
0.753(3) 
0.690(3) 
0.659(3) 
0.698(3) 
0.7210(15) 
0.6496(19) 
0.599(3) 
0.621(3) 
0.687(2) 
0.7395(19) 
0.889(3) 
0.9790(19) 
1.055(2) 
1.042(3) 
0.954(3) 
0.877(3) 
0.8805(19) 
1.000(3) 
1.063(3) 
0.999(3) 
0.877(3) 
0.817(3) 
0.5228(7) 
0.4013(16) 
0.454(3) 
0.639(2) 
0.583(3) 
0.493(3) 
0.549(3) 

y 

0.02532(11) 
0.0431(5) 
0.0113(3) 
0.0270(4) 
0.0299(19) 

-0.0465(16) 
0.0021(13) 
0.0647(15) 
0.057(3) 

-0.0149(18) 
-0.0780(18) 
-0.0656(14) 

0.0861(11) 
0.0965(14) 
0.1543(16) 
0.203(3) 
0.2005(15) 
0.1384(16) 

-0.0702(14) 
-0.0808(16) 
-0.1461(16) 
-0.2019(14) 
-0.1909(18) 
-0.1252(16) 

0.0348(10) 
0.0966(12) 
0.1029(15) 
0.0489(16) 

-0.0107(14) 
-0.0183(13) 

0.1070(12) 
0.1157(13) 
0.1755(13) 
0.2272(13) 
0.2195(13) 
0.1587(14) 

-0.0566(12) 

-0.0585(12) 
-0.1269(14) 
-0.1986(13) 
-0.1935(14) 
-0.1225(17) 

0.2723(4) 
0.2265(11) 
0.336(2) 
0.3163(13) 
0.2017(15) 
0.293(3) 
0.249(3) 

z 
0.22058(9) 
0.1540(4) 
0.1363(3) 
0.3379(3) 
0.2547(16) 
0.1216(17) 
0.1724(12) 
0.1936(15) 
0.2267(16) 
0.2377(14) 
0.2190(14) 
0.1866(11) 
0.0662(10) 
0.0257(14) 

-0.0267(14) 
-0.038(2) 

0.0086(16) 
0.0649(17) 
0.0806(13) 
0.0060(14) 

-0.0366(15) 
-0.0044(15) 

0.067(2) 
0.1053(16) 
0.4227(10) 
0.4276(12) 
0.4932(16) 
0.5508(13) 
0.5444(13) 
0.4816(12) 
0.3525(13) 
0.4191(13) 
0.4251(13) 
0.3686(15) 
0.3025(12) 
0.2950(12) 
0.3545(11) 

0.3761(12) 
0.3881(12) 
0.3739(12) 
0.3518(13) 
0.3369(14) 
0.2220(4) 
0.2079(12) 
0.246(2) 
0.2365(15) 
0.207(3) 
0.1375(13) 
0.3079(13) 

* e q / A 2 

2.0 
3.5 
1.4 
1.6 
4.0 
4.0 
2.0 
3.1 
5.1 
3.5 
3.5 
2.0 
1.2 
2.7 

3.8 
5.6 
3.2 
3.6 
2.3 
3.2 
4.1 
3.3 
4.9 
3.5 
1.1 

2.0 
3.5 
3.2 
2.7 
2.1 
2.2 
2.2 
2.2 
3.0 
2.4 
2.4 
1.7 

2.3 
2.4 
2.1 
2.8 
3.3 
3.2 
5.8 

15.2 
8.1 

12.6 
13.0 
11.5 

much larger than the observed value of 1.44 g cm - 3 . 
These facts suggest a low occupancy of CH2C12 . The 
occupancy factor for CH2C12 was then estimated as 
0.25, which gives the calculated density of 1.452 g cm"3 . 
The coordinates of the C atom of CH2C12 were fixed in 

the further refinement. Several more cycles of refinement 
were carried out anisotropic ally for the Pd, S, P, and C 
atoms in the cation and isotropically for CI, O, and C 
in the C10 4 anion and the CH2C12 molecule. T h e final 
R factor is 0.102 for 4595 reflections. 
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(b) [Pd(CH2SCH3)(PPh3)2]ClO4.0.25CH2Cl2 (3b) 

Atom x y z Beq or B*jk2 

Pd 0.04915(9) 0.13720(5) 0.17868(7) 2?4 
S 0.0116(6) 0.1166(3) 0.0287(4) 5.7 
P(l) 0.0635(3) 0.24730(16) 0.1976(3) 1.9 
P(2) 0.0470(3) 0.09187(15) 0.3175(3) 1.8 
C(l) 0.0133(12) 0.0517(6) 0.0945(9) 2.3 
C(2) -0.145(3) 0.1380(16) 0.0090(16) 8.6 
C(l l ) -0.0487(11) 0.2778(7) 0.2647(9) 2.6 
G(12) -0.1645(12) 0.2541(8) 0.2405(11) 3.4 
C(13) -0.2558(13) 0.2746(10) 0.2911(13) 5.2 
C(14) -0.2320(15) 0.3146(11) 0.3623(12) 5.3 
C(15) -0.1190(16) 0.3373(10) 0.3864(12) 5.1 
C(16) -0.0253(14) 0.3176(9) 0.3382(11) 4.0 
G(21) 0.2024(10) 0.2823(6) 0.2391(8) 1.9 
G(22) 0.2981(11) 0.2424(7) 0.2590(9) 2.3 
G(23) 0.4068(12) 0.2683(8) 0.2850(10) 2.9 
G(24) 0.4196(13) 0.3344(8) 0.2908(10) 3.5 
G(25) 0.3255(12) 0.3745(7) 0.2717(10) 3.0 
G(26) 0.2145(12) 0.3485(7) 0.2455(9) 2.7 
C(31) 0.0371(10) 0.2898(6) 0.0913(9) 2.1 
G(32) 0.1283(12) 0.2868(7) 0.0336(9) 2.6 
G(33) 0.1167(12) 0.3197(7) -0.0484(9) 2.5 
G(34) 0.0152(12) 0.3532(6) -0.0742(9) 2.3 
G(35) -0.0743(11) 0.3556(7) -0.0179(9) 2.6 
G(36) -0.0650(11) 0.3247(6) 0.0660(9) 2.1 
C(41) 0.1782(10) 0.0470(6) 0.3522(9) 1.9 
G(42) 0.2668(11) 0.0424(6) 0.2909(9) 2.1 
G(43) 0.3702(11) 0.0079(7) 0.3183(9) 2.5 
C(44) 0.3847(12) -0.0205(7) 0.4013(10) 2.7 
G (45) 0.2974(11) -0.0162(6) 0.4608(9) 2.3 
G(46) 0.1956(11) 0.0176(7) 0.4342(9) 2.3 
G(51) 0.0327(11) 0.1422(6) 0.4149(9) 2.2 
C(52) 0.1176(11) 0.1876(7) 0.4365(9) 2.4 
G(53) 0.1115(14) 0.2267(7) 0.5105(9) 3.1 
G(54) 0.0178(13) 0.2190(7) 0.5655(9) 3.0 
G(55) -0.0669(12) 0.1728(7) 0.5452(9) 2.8 
G (56) -0.0621(11) 0.1329(7) 0.4688(9) 2.5 
G(61) -0.0753(11) 0.0359(6) 0.3152(8) 2.1 
G(62) -0.1868(12) 0.0603(8) 0.2881(11) 3.2 
G(63) -0.2836(12) 0.0197(8) 0.2816(11) 3.4 
G(64) -0.2677(12) -0.0464(7) 0.2998(10) 2.9 
G(65) -0.1563(12) -0.0696(7) 0.3275(10) 2.9 
G(66) -0.0603(12) -0.0293(6) 0.3350(9) 2.2 
Gl(l) 0.5065(15) 0.1197(9) 0.1529(11) 20.7(6)* 
O(l) 0.579(3) 0.1116(14) 0.0822(19) 18.5(10)* 
C1(1S) 0.240(3) 0.0348(16) -0.025(3) 9.1(8)* 
G1(2S) 0.378(3) -0.0351(15) 0.092(2) 8.5(7)* 
G(S) 0.380 0.013 0.003 8.9(28)* 

R e s u l t s and D i s c u s s i o n 

Bond lengths and bond angles in the two complexes 
are listed in Tables 3 and 4 respectively. 

In spite of the low temperature measurements, the 
precision of neither structure is high enough to make a 
detailed discussion. This is considered mainly due to 
the poor quality of the 3a and 3 b crystals. In both 3a 
and 3 b crystals, the PF 6 and C10 4 anions have rather 
disordered structures, which may also be connected 

with the precision of the present structures. 
Structures of PF6 and ClO± Anions. In 3a, six F 

atoms of the PF 6 anion, especially four out of those, 
show abnormally low peak heights and a broadening 
in the electron density distribution. As an example, an 
electron density map on the plane formed by the P and 
four F atoms is given in Fig. 1. T h e 19F N M R studies 
of 3a suggested that the PF 6 anions are rapidly reorient­
ing about the octahedral axes13) at random, or nearly 
so, even at liquid nitrogen temperature.14) 

The locations of three oxygen atoms in the C10 4 anion 
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TABLE 3. BOND LENGTHS, WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Length (//A) 3a 

[Pd(CH2SCH3)(PPh3)2] cation 
Pd-P(l) 
Pd-S 
S-C(l) 
PO)-C( l l ) 
P(l)-C(21) 
P(l)-C(31) 
C(ll)-C(12) 
C(12)-C(13) 
C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(ll) 
C(21)-C(22) 
C(22)-C(23) 
C(23)-G(24) 
C(24)-C(25) 
C(25)-C(26) 
C(26)-C(21) 
G(31)-C(32) 
C(32)-C(33) 
C(33)-C(34) 
C(34)-C(35) 
C(35)-G(36) 
C(36)-C(31) 

2.350(5) 
2.367(8) 
1.77(4) 
1.82(3) 
1.83(2) 
1.78(3) 
1.42(4) 
1.39(5) 
1.41(5) 
1.38(5) 
1.42(4) 
1.36(4) 
1.39(4) 
1.39(4) 
1.41(5) 
1.39(5) 
1.49(4) 
1.42(4) 
1.44(4) 
1.42(5) 
1.42(5) 
1.39(5) 
1.40(5) 
1.36(4) 

PF6 and C104 anions 
P(3)-F(l) 
P(3)-F(3) 
P(3)-F(5) 
C l ( l ) -0 ( l ) a ) 

CH2C12, crystalline 
C1(1S)-C(S) 

1.60(3) 
1.53(3) 
1.52(4) 

solvent 

3b 

2.320(3) 
2.303(6) 
1.678(14) 
1.818(14) 
1.819(12) 
1.834(13) 
1.44(3) 
1.41(3) 
1.37(3) 
1.40(3) 
1.41(3) 
1.39(3) 
1.39(2) 
1.39(2) 
1.39(3) 
1.38(3) 
1.41(2) 
1.39(2) 
1.42(2) 
1.41(2) 
1.39(2) 
1.39(2) 
1.41(2) 
1.41(2) 

1.42(4) 

1.69b) 

Length (//A) 

Pd-P(2) 
Pd-C(l) 
S-C(2) 
P(2)-C(41) 
P(2)-C(51) 
P(2)-C(61) 
C(41)-C(42) 
C(42)-C(43) 
C(43)-C(44) 
C(44)-C(45) 
C(45)-C(46) 
C(46)-C(41) 
C(51)-C(52) 
C(52)-C(53) 
C(53)-G(54) 
C(54)-C(55) 
C(55)-G(56) 
C(56)-C(51) 
C(61)-C(62) 
C(62)-C(63) 
C(63)-C(64) 
C(64)-C(65) 
C(65)-C(66) 
C(66)-C(61) 

P(3)-F(2) 
P(3)-F(4) 
P(3)-F(6) 

C1(2S)-C(S) 

3a 

2.271(6) 
2.06(4) 
1.78(4) 
1.84(2) 
1.82(3) 
1.82(3) 
1.40(3) 
1.40(4) 
1.40(4) 
1.33(4) 
1.37(4) 
1.40(3) 
1.43(4) 
1.38(4) 
1.36(4) 
1.40(4) 
1.40(4) 
1.37(4) 
1.36(4) 
1.43(4) 
1.48(4) 
1.39(4) 
1.45(4) 
1.40(4) 

1.50(4) 
1.50(4) 
1.56(4) 

3b 

2.297(3) 
2.208(13) 
1.86(4) 
1.814(13) 
1.822(13) 
1.826(13) 
1.43(2) 
1.42(2) 
1.38(2) 
1.40(2) 
1.40(2) 
1.38(2) 
1.38(2) 
1.39(2) 
1.42(3) 
1.39(3) 
1.43(2) 
1.43(2) 
1.41(2) 
1.40(3) 
1.42(3) 
1.40(2) 
1.39(2) 
1.40(2) 

1.68b) 

a) The other O atoms in the C104 anion could not be located, b) The coordinates of the C(S) atom were not refined. 

F(5) 

Fig. 1. Electron density distribution on the plane formed 
by the P(3), F(2), F(4), F(5), and F(6) atoms of the 
PF6 anion in [Pd(CH2SCH3)(PPh3)2]PF6 (3a). The 
contours are drawn at the interval of 1.0 e/A3. Zero 
contours are shown as broken lines while negative 
contours are omitted. 

could not be determined in 3b , because the electron 
densities around the central CI atom are very broad and 
relatively low except for the O ( l ) atom. Disordered 
structures and large thermal motions of the C10 4 anion 

have been reported in some complexes.15) 
Structures of [Pd(CH2SCHJ (PPhJ2] Cations. 

Figure 2 shows ORTEP drawings16) of the cations in 
these complexes. In Fig. 3, the coordination geometries 
around the Pd atom in 3a and 3 b are compared with 
that of 2.2) The geometry around the Pd atom in each 
complex is essentially square-planar. The equations of 
the least-squares planes and the deviation of atoms from 
the planes are presented in Table 5. T h e planarity of 
the coordination plane in each complex is not so high, 
the maximum deviations from the plane being 0.17 and 
0.10 A for 3a and 3b respectively, while that in 2 is only 
0.04 A.2) 

Two PPh 3 groups are bonded to the Pd atom in cis-
coordination. In both complexes, the P d - P ( l ) bond 
lengths are slightly longer than those of the Pd-P(2) . 
This is partly due to the difference in the /ra/w-influences 
of the C and S atoms in the CH 2 SCH 3 groups. 

In the C H 2 S C H 3 group in 3a , the S-C( l ) and S-C(2) 
bond lengths are close to the S-C single bond length 
[1.82 A].17> The P d - C ( l ) bond length is considered to 
be a normal value for the Pd(II ) -C(sp 3 ) </-bond. Since 
these bond lengths, as well as the P d - S , are comparable 
to the corresponding ones in 2,2> the coordination mode 
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TABLE 4. BOND ANGLES, WITH THEIR ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Angle (0/°) 

[Pd(CH2SCH3)(PPh3)2] 
P( l ) -Pd-P(2) 
P( l ) -Pd-S 
P(2)-Pd-C( l ) 

C ( l ) -Pd-S 
Pd-S-C( l ) 
Pd-S-C(2) 
C( l ) -S-C(2) 
Pd-C( l ) -S 
P d - P ( l ) - C ( l l ) 

Pd-P( l ) -C(21) 

Pd-P( l ) -C(31) 

C ( l l ) -P ( l ) -G (21 ) 

C ( l l ) -P ( l ) -G (31 ) 
C(21)-P(l)-G(31) 
Pd-P(2)-P(41) 
Pd-P(2)-P(51) 

Pd-P(2)-P(61) 
C(41)-P(2)-G(51) 
C(41)-P(2)-G(61) 
C(51)-P(2)-G(61) 

P ( l ) -C ( l l ) -G (12 ) 
P ( l ) -C ( l l ) -G (16 ) 

C(16) -C( l l ) -C(12) 

C( l l ) -C(12) -C(13) 
C(12)-C(13)-C(14) 

C(13)-C(14)-C(15) 

C(14)-C(15)-C(16) 
C(15)-G(16)-C( l l ) 
P( l)-C(21)-G(22) 
P(l)-C(21)-G(26) 

C(26)-C(21)-C(22) 

C(21)-C(22)-C(23) 
C(22)-C(23)-C(24) 

C(23)-C(24)-C(25) 
C(24)-G(25)-C(26) 

C(25)-C(26)-C(21) 
P( l)-C(31)-G(32) 
P(l)-C(31)-G(36) 
C(36)-C(31)-C(32) 

C(31)-C(32)-C(33) 
C(32)-C(33)-C(34) 
G(33)-G(34)-C(35) 

C(34)-C(35)-C(36) 

3a 

cation 
103.2(3) 
112.0(3) 
99.0(10) 
46.5(10) 

57.7(11) 
105.7(11) 
101.7(15) 

75.8(13) 
121.0(8) 
115.0(7) 

107.7(8) 
101.3(10) 

105.3(11) 
105.1(10) 
117.7(7) 

113.3(8) 

111.5(8) 
100.4(10) 
104.8(10) 
108.1(11) 

122.0(18) 
121.5(18) 

116.3(22) 
121.8(27) 

118.5(32) 
122.4(31) 
115.7(27) 

125.3(24) 
122.1(17) 
114.8(17) 

122.5(21) 
118.2(24) 
121.4(30) 

122.0(32) 
117.0(27) 

117.8(24) 
122.3(19) 

121.7(20) 
116.0(23) 
119.5(25) 
120.1(28) 
120.3(28) 

117.0(30) 

3b 

107.58(12) 
108.10(17) 
100.0(4) 

43.6(4) 

65.2(5) 
102.3(11) 
104.6(12) 
71.2(6) 

111.6(5) 
119.5(4) 

111.6(5) 

108.2(6) 
104.0(7) 
100.5(6) 
113.8(5) 

120.2(5) 
108.2(5) 
101.2(6) 
107.2(6) 

105.3(6) 
115.1(11) 
123.5(12) 
121.3(14) 

118.2(15) 

119.8(18) 
122.0(20) 
119.9(19) 

118.6(16) 
119.2(10) 
120.2(10) 

120.5(12) 
120.3(13) 
119.5(14) 

120.9(15) 
120.0(14) 

118.9(13) 
115.9(10) 
124.1(10) 

120.0(12) 
119.6(12) 
120.5(13) 
119.7(12) 

121.7(13) 

Angle (0/°) 

C(35)-C(36)-C(31) 
P(2)-C(41)-C(42) 
P(2)-C(41)-C(46) 

C(46)-C(41)-C(42) 

C(41)-C(42)-C(43) 
C(42)-C(43)-C(44) 
C(43)-C(44)-C(45) 
C(44)-C(45)-C(46) 
C(45)-C(46)-C(41) 

P(2)-C(51)-C(52) 
P(2)-C(51)-C(56) 

C(56)-C(51)-C(52) 
C(51)-C(52)-C(53) 
C(52)-C(53)-C(54) 
C(53)-C(54)-C(55) 
C(54)-C(55)-C(56) 
C(55)-C(56)-C(51) 

P(2)-C(61)-C(62) 
P(2)-C(61)-C(66) 

C(66)-C(61)-C(62) 
C(61)-C(62)-C(63) 
C(62)-C(63)-C(64) 
C(63)-C(64)-C(65) 

C(64)-C(65)-C(66) 
C(65)-C(66)-C(61) 

PF6 anion 

F( l ) -P(3)-F(3) 
F(2)-P(3)-F(4) 
F(5)-P(3)-F(6) 
F( l ) -P(3)-F(2) 
F( l ) -P(3)-F(4) 
F( l ) -P(3)-F(5) 

F( l ) -P(3)-F(6) 
F(2)-P(3)-F(3) 
F(2)-P(3)-F(5) 

F(2)-P(3)-F(6) 
F(3)-P(3)-F(4) 

F(3)-P(3)-F(5) 
F(3)-P(3)-F(6) 
F(4)-P(3)-F(5) 

F(4)-P(3)-F(6) 
CH2C12, crystalline solvent 

G1(1S)-G(S)-G1(2S) 

3a 

126.9(28) 
117.8(15) 
122.0(15) 

120.1(18) 

117.4(21) 
120.6(25) 
121.4(26) 
119.9(24) 

120.7(21) 
122.7(18) 
117.5(18) 

119.7(22) 

120.1(21) 
120.2(22) 
120.6(24) 

120.1(23) 
119.3(22) 
125.7(18) 
114.2(18) 

119.9(22) 
121.7(23) 
120.2(22) 
115.7(22) 
121.9(24) 
120.0(25) 

179.3(14) 

171.3(21) 
178.0(21) 
87.0(16) 
87.7(17) 
87.2(17) 

90.8(16) 
92.7(17) 

93.2(20) 
87.0(20) 

92.5(18) 
93.4(18) 
88.6(17) 

93.4(21) 
86.3(20) 

3b 

118.5(12) 
117.8(10) 

122.9(10) 

119.3(12) 

118.0(12) 
121.0(13) 
120.8(13) 
118.5(13) 

122.5(12) 
118.4(10) 
120.2(10) 

121.3(12) 
120.8(13) 
119.4(14) 
120.3(14) 
120.7(14) 

117.5(13) 
117.0(10) 
122.4(10) 

120.5(12) 
120.1(14) 
119.3(14) 
119.7(14) 

121.2(13) 

119.3(12) 

106.6a) 

a) The coordinates of the C(S) atom were not refined. 

of the CH 2 SCH 3 group to the Pd atom in 3a is con­

sidered to be virtually the same as in 2. The CH 2 SCH 3 

group is bonded to the Pd atom by the P d - C tf-bond, 

and also by the donation from the S to the Pd atom 

(the b-type mentioned above). 

O n the other hand, the coordination mode of the 

CH 2 SCH 3 group to the Pd atom in 3 b is different from 

those in 2 and 3a. In 3b , the S-C( l ) bond length is 

significantly shorter than those in 2 and 3a, and it 

is close to the S=C double bond length [1.61 Â]17) ra ther 

than the S-C single bond length [1.82Â].17) The 

S-C(2) bond length is considered to be equal to the S-C 

single bond length. The P d - C ( l ) distance is obviously 

longer than those in 2 and 3a, and rather near to the 

Pd-C(olefin) lengths [2.174 and 2.233 Â] in [Pd(?5-

C5H5)(PEt3)(styrene)]BF4.18) The Pd-S distance, some­

what shorter than those found in 2 and 3a, is in good 

agreement with that in [Pd(CS)2(PPh3)2][2.31 Â].19) 

These facts imply that the a-type coordination mode, 

where the CH 2 SCH 3 group functions as a methylene-

methylsulfonium ion, makes a great contribution to the 

bonding of the CH 2 SCH 3 group. 

Perspective views of the coordination mode are shown 

in Fig. 4. The C( l ) -S -C(2 ) plane is almost perpen­

dicular to the P ( l ) - P d - P ( 2 ) plane in 3b . The dihedral 

angles between these planes are 91.3° in 3b , whereas 
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(a) 

(b) 

Fig. 2. An ORTEP drawing16) of the [Pd(CH2SCH3)-
(PPh3)2] cation. The thermal ellipsoids correspond to 
30% probability levels. The atomic numberings for 
the phenyl groups of the triphenylphosphine groups 
are omitted. Six carbon atoms of the phenyl group are 
numbered as C(wl)—C(w6), where w= 1—6. The 
C(l 1), C(21), and C(31) atoms are attached to the P(l) 
atom while G(41), C(51) and C(61) to P(2). 
(a): [Pd(CH2SCH3)(PPh3)2]PF6(3a), (b) : [Pd(CH2-
SCH3)(PPh3)2]C104(3b). 

TABLE 5. LEAST-SQUARES PLANES AND ATOMIC 

DEVIATIONS FROM THE PLANES 

The equation of the plane is of the form: AX-\-BY-\-CZ 
+ Z) = 0, where X, Y, and Z are measured in Â units; 
X=ax-\-czcosß, Y=by, and Z=czs'mß. 
(a) Coordination plane of Pd through Pd, P(l) , P(2), 

C(l) , and S 
(3a) -0 .119AT-0.993y+0.005Z+1.278=0 
(3b) 0.993AT-0.117F-0.029Z+0.174=0 

(b) Plane denned by Pd, P(l) and P(2) 
(3a) -0 .091AT-0 .9947+0.059Z+0.861=0 
(3b) - 0 . 9 9 6 Z + 0 . 0 6 9 F - 0 . 0 6 3 Z + 0 . 3 1 2 = 0 

Deviations of atoms from the plane (//A) 
Plane (a) Plane (b) 

Pd 
P(l) 
P(2) 
C(l) 
S 
C(2; 

(3a) 
+ 0.014 
+ 0.042 
-0.124 
+ 0.171 
-0.066 
+ 1.590a) 

(3b) 
-0.101 
+ 0.036 
+ 0.045 
-0.042 
+ 0.026 
+ 1.836a) 

(3a) 
0 
0 
0 

+0.133a) 

-0.200a) 

+ 1.413&) 

(3b) 
0 
0 
0 

+ 0.263&) 

+ 0.356a) 

+ 2.176&) 

a) Not included in the calculation of the plane. 

—0.20 Â away from it respectively, while in 3 b these 
two atoms deviate by 0.26 and 0.36 Â on the same side 
o f t h e P ( l ) - P d - P ( 2 ) plane. 

The resonance structures (d) and (e) presented below 
are suggested for the bonding of the CH 2 SCH 3 group 
to the Pd atom,8) which is connected with the stabiliza­
tion of these complexes, although the main representa­
tion of the structure is probably (e). The contribution 
from (d) in the cationic complexes 3 may play a greater 
part than in a neutral complex such as 2. However, the 
contributions from (d) in 3a and 3 b seem to differ from 
each other, which may be due to the counter anions. 

\ . 
pa-

/ 

CH 

I-
\, 

•« ». 
\ A Pd 1 
/ N 

:H2 

\, CH CH, 

(d) (e) 

they are 100.0° in 3a and 100.9° in 2. As presented in Table 6 shows the contacts between the [Pd-
Table 5, the C( l ) and S atoms in 3a are located on (CH 2SCH 3)(PPh 3) 2] cation and the PF 6 or C10 4 anion 
the opposite sides of the P ( l ) - P d - P ( 2 ) plane, 0.13 and in 3a and 3b . Both anions are considered to have the 

P(2) 
P(2) 

S-C(2)=1.78(4) A 
S-C(2H.807(7) A 

(b) (C) 

Fig. 3. The coordination geometry around the Pd atom along with selected bond lengths and bond angles. 
(a) :3a, (b) : 3b, (c) : 2.2> 
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Fig. 4. Perspective views of the coordination geometry 
of the CH2SCH3 group to the Pd atom. 
(a) : 3a, (b) : 3b, (c) : 2.2> 

TABLE 6. CONTACTS BETWEEN THE [Pd(CH2SCH3)(PPh3)2] 

CATION AND THE PF6 OR G104 ANION 

Distances between the Pd atom (the center of the cation) 
and the P (for PF6 in 3a) or CI (for C104 in 3b) atom 
(the center of the anion) are shown. 
Distance (//A) (3a) (3b) 

Pd(v,*)».P(3) P d ( * ^ * ) - C l ( l ) 
Nearest 4.759(8)(x^,*) 5.317(17) (x#,z) 
Second 5 .252(8)( l-x, 6.288(17) 

-ll2+y,l/2-z) (-\+x,y,z) 
As shown in Fig. 5, only the above two contacts may 
exemplify significant interaction between the cation and 
the anion. 

spherical symmetry. The distances between the Pd 
atom and the central atom of the anions (the P and CI 
atoms) are compared with each other in Table 6. The 
radius of the PF 6 anion (P -F=1 .54 'Â) is larger than 
that of the C10 4 anion ( C l - 0 = 1.42 A). Nevertheless, 
the P d - P ( 3 ) distances in 3a are sigificantly shorter 
than those of the Pd -C l ( l ) in 3b . These facts imply 
that 3a may behave as a stronger ion-pair than 3b , 
which js probably connected with the difference in the 
coordination modes between 3a and 3b . 

Crystal Structure. T h e crystal structures of 3a 
and 3b , both projected along the a* axis, are given in 
Fig. 5. All the intermolecular atomic contacts in 3a 
are considered as usual van der Waals distances, the 
shortest atomic contact being 3.22(4) A [C(15)(x9y,z) — 
F(3)(2—*, —1/2+JU/2 — * ) ] . In 3b , an abnormal short 
contact [2.82 A] can be calculated for C(S)(x,y,z)--' 
C(S)(1— x,—y,— z) distance. However, we can not 
discuss it further because of the low occupancy (0.25) 
of the CH2C12 molecule. 

All the computations were carried out on NEAC 
2200-700 and ACOS 800 computers at Computat ion 
Center, Osaka University, and on an A C O S 700 
computer at Crystallographic Research Center, Institute 
for Protein Research, Osaka University. 

(a) 

Fig. 5. The crystal structure projected along the a* 
axis. 
(a) [Pd(CH2SCH3)(PPh3)2]PF6 (3a). 
Atoms are represented by thermal ellipsoids at 30% 
probability levels. 
(b) [Pd(CH2SCH3)(PPh3)2]ClO4.0.25CH2Cl2 (3b). 
Atoms of [Pd(CH2SCH3)(PPh3)2] cation are repre­
sented by thermal ellipsoids at 30% probability levels, 
while those of the C104 anion and the solvated CH2C12 

molecule are drawn by circles with Z?=7.0Â2. The 
locations of three oxygen atoms in the C104 anion are 
estimated from stereochemical consideration. 

The authors wish to express their deep thanks to 
Professor Emeritus Rokuro Okawara , Dr. Hideo 
Kurosawa, and Dr. Gohei Yoshida of Osaka University 
for their kindness in supplying samples and their valuable 
discussions. Thanks are also due to Professor Hideko 
Kir iyama of Kobe University and Dr. Yoshihiro 
Furukawa of Nagoya University for their N M R studies 
of Complex 3a and for their useful suggestions. 
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(Received February 13, 1981) 

Ultrasonic relaxational absorption was observed in solutions of Nal in *-PrOH. Assuming the excess ultrasonic 
absorption to be caused by the relaxation of the dissociation equilibrium of Nal in the solutions, the dissociation 
and recombination rates of Nal, the Arrhenius activation energy, and the enthalpy and volume changes due to 
dissociation were calculated; these were compared with the values estimated from other methods. An increase of 
the dissociation constant of Nal was observed with an increase in the concentration of H aO in *-PrOH-H20 mixtures. 

Strong 1-1 electrolytes such as sodium iodide dissociate 
completely in aqueous solution. Ultrasonic absorptions 
due to chemical relaxation are not found in such 
solution. But in isopropyl alcohol, which has a lower 
dielectric constant than water, N a l would dissociate 
incompletely and a dissociation equilibrium would 
exist between the Na + ions, the I - ions, and the undis-
sociated N a l molecules. Then the excess ultrasonic 
absorption observed in î'-PrOH would be caused by the 
relaxation of the reaction. 

E x p e r i m e n t a l 

The ultrasonic absorption spectra of Nal solutions in 
*-PrOH-H20 mixtures were measured by the ultrasonic pulse 
method from 10 to 90 MHz at 20 °C. The concentrations 
of Nal were 0.1—0.3 molality (mol/1000g solvent) and 
weight percentages of *-PrOH in *-PrOH-H20 mixtures were 
50, 60, 70, 80, 90, and 100%. The ultrasonic velocity was 
measured by the interference of the pulse wave and a con­
tinuous wave at 5 MHz. 

R e s u l t s a n d D i s c u s s i o n 

The ultrasonic absorption a/f2 in solutions of N a l in 
*-PrOH is shown in Fig. 1, where a is the absorption 
coefficient of amplitude and f the frequency. A single 
relaxation represented by the next equation fits the 
curves over the frequency range measured: 

a 

p i+(//^ 
+ B, 

Sal 

O 

70 90 

Frequency/MHz 

Fig. 1. Ultrasonic absorption in solutions of Nal in 
Molality of Nal, M- 0.15, A-' 0.20, « : 0.25, Q: 0.30. 

where fmaK is the relaxational frequency, A the relaxa­
tional absorption, and B the non-relaxing absorptions 
due to viscosity, thermal conduction, etc. The relaxation 
parameters are listed in Table 1. 

Temp 
°C 

20 

25 

30 

35 

TABLE 1. THE RELAXATION 

SOLUTIONS OF N a l IN 

Conen 
of Nal 

(molality) 
0.15 
0.20 
0.25 
0.30 
0.15 
0.20 
0.25 
0.30 
0.15 
0.20 
0.25 
0.30 
0.15 
0.20 
0.25 
0.30 

10 
A 

~17 s2 cm - 1 

28.6 
33.3 
37.0 
40.0 
27.0 
31.3 
34.5 
38.5 
26.3 
30.3 
33.3 
37.0 
25.6 
29.4 
32.3 
35.7 

PARAMETERS IN 

î-PrOH 

~w 
B 

-17 s2 cm-1 

118 
120 
120 
122 
110 
110 
110 
112 
100 
100 
102 
102 
90 
90 
92 
92 

Jmax 

MHz 

58.0 
61.3 
64.0 
66.8 
64.1 
67.6 
70.7 
73.6 
69.8 
73.0 
76.0 
78.4 
75.8 
79.3 
82.1 
85.8 

Here we assume the relaxation to be caused by the 
following equilibrium : 

Nal +=± Na+ + I". 

For such an equilibrium the relaxation frequency / m a x 

is given by1) 

Wm kt^khay\C[2 + 
d lnff 

(1) 

where o is the degree of dissociation, y± means the ionic 
activity coefficient, kf and kh are the rate constants, and 
C is concentration. The dissociation constant K can be 
described by2> 

kt _ o*Cy\ 

b 

h 1-e ' 

4TZN 

1000 \DkT 

e* 

w)™> 

(2) 

(3) 

aRDkT ' 
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0.15 0.20 0.25 

Molality of Nal 

Fig. 2. Relation between fmtiX and concentration of Nal 
in î-PrOH at 20 °C. 
0 : Experimental value. 

TABLE 2. THE KINETIC VALUES OF Nal in *-PrOH 

Temp K 
°C 10-3Ma) 

20 7 .1±1 .8 
25 6 .4±1 .8 
30 5 .9±1 .7 
35 5 .4±1 .5 

a) 1 M = l mol dm 

*b 

1010 M- 1 s-1 

2 . 4 ± 0 . 6 
3 .0±0 .8 
3 .4±0 .9 
3 .9±1 .0 

-3 

k 
KPs-1 

1.7±0.1 
1.9±0.1 
2 . 0 ± 0 . 1 
2 .1±0 .1 

aB 

10-8cm 

5 .8±1 .0 
5 . 9 ± l - 0 
5 . 9 ± 1 . 0 
5 .9±1 .0 

where aB is the distance between the centers of the two 
ions forming the ion pair at their closest distance of 
approach, k is Boltzmann's constant, D dielectric 
constant, N Avogadro's constant, T absolute tempera­
ture, e the electronic charge, and Q(b) is a function of 
b. By the method of successive approximation,3) £f, kb, 
K, and aB were calculated using Eqs. 1, 2, and 3. In 
Table 2, the kinetic values derived by this process are 
listed. The experimental and the calculated values of 
/max a r e s h o w n in Fig. 2. As may be seen in Table 2, the 
apparent Bjerrum distance Û B - 5 . 9 Â is larger than the 
sum of the ion radii 3 Â and is independent of tempera­
ture. This result suggest that a solvated ion pair state 
exists and that the number of solvation would be 
invariable over the temperature range measured. 

The rate constant kb is given by Arrhenius as follows : 
kh = Pe-AWT, 

where P is a constant and Ais is the activation energy. 
When logÂ:b values are plotted against 1/7", the 

activation energy is obtained from the slope. Using 
R v a l u e s in Table 2, one obtains AE^ 5.4 kcal mol"1 . 
This value is of the order of magnitude to be expected 
for a diffusion controlled process.1) The rate constant 
kbi as due to a diffusion controlled process, is given by4) 

, _ SNkT ( -b \ 
e-b-\) D 3000? V 

where r) is solvent viscosity, 
numerical values5) at 25 °C, 

(mol"1 s"1), 

By substitution of the 
one gets £ b ^ 1 . 7 x l 0 1 0 

m o l - 1 s - 1 . The agreement between the calculated and 
experimental values is fairly good. 

T h e variation of the dissociation constant with 

Fig. 3. Energy diagram of Nal in /-PrOH. 
AE~ 5.4 kcal mol"1, AH - 3 . 1 kcal mol"1. 

temperature is given by 

' d i n if 
3T 

AH 
RT2> 

where AH is the enthalpy change. Taking the K values 
in Table 2, one gets AH^ —3.1 kcal mol"1 . The energy 
diagram of N a l in the solution is shown in Fig. 3. T h e 
maximum excess ultrasonic absorption per wavelength 
at the relaxation frequency, //max , is given by1»6) 

/ 'max (4) 

X = -+-L+- ' 
r 'Na+ W T -

where A F is the volume change for the reaction, / the 
coefficient of thermal expansion, Cp the heat capacity 
at constant pressure, d density, V the volume, ß the 
adiabatic compressibility, and «Na

+, « r , and «NaI) are 
the numbers of the moles of the sodium ion, the iodide 
ion, and the undissociated sodium iodide. The adiabatic 
compressibility is obtained from the measured values of 
ultrasonic velocity. The number of the moles of species 
«Na+, ni-, and «Nai are estimated from the degree of 
dissociation. Solvent parameters are given in Table 3. 
By substituting these values in Eq. 4, we find AV— 
— 15 cm3/mol. This value is of the same order as the 
volume change of N a l in Î ' - B U O H : 1 0 ) 

TABLE 3. 

d 
g cm - 3 

0.78547) 

10-

1 

THE 

/ 
Meg-1 

.03 

SOLVENT PARAMETERS AT 

V 
m s - 1 

1167.6 

J g 
2 

cP 
-i deg- i 

55248) 

20 °C 

D 
(c.g.s.e.s.u.) 

18.69) 

IS 

The ultrasonic absorptions a/f2 in solutions of N a l in 
f - P r O H - H 2 0 mixtures are shown in Figs. 4, 5, and 6. 
As may be seen in these figures, the addition of N a l in 
î - P r O H - H 2 0 mixture causes an increase in the magni­
tude of the relaxational absorption. This increase is 
attributed to the relaxation of dissociation equilibrium 
of N a l in the solution, assuming that the relaxational 
absorption of f - P r O H - H 2 0 mixture1 1 - 1 3) is independent 
of the concentration of N a l . Therefore we assume the 
relaxational absorption due to dissociation of N a l to be 

solution 
+ B, 

solvent 1 + C/Z/max)2 

where (#//2) solution 1S t n e absorption of the N a l solution 
in the *"-PrOH-H20 mixture and (<*//2)soivent is t n e 

absorption of the * ' -PrOH-H 2 0 mixture. The relaxation 
parameters and the kinetic values are listed in Tables 4 
and 5. As is seen in Table 5, the dissociation constants 
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is 

o 

2 50 

200 

150 

TABLE 4. THE RELAXATION PARAMETERS IN SOLUTIONS 

0.1 0.2 0.3 
Molality of Nal 

absorption in solutions of Nal in Fig. 4. Ultrasonic absorption in 
90 wt% i-PrOH-10 wt% H 2 0 mixture at 20 
0 : 10 MHz, # : 30 MHz, A : 50 MHz. 

3C. 

a 
u 
O 

250 h 

200 

150 

0.1 0.2 

Molality of Nal 

Fig. 5. Ultrasonic absorption in solutions of Nal in 
80 wt% t-PrOH-20 wt% H 2 0 mixture at 20°C. 
Q: 10 MHz, # : 30 MHz, ±: 50 MHz. 
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r* 
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V 

•M 
C/5 

1 

o 
•—" 

300 

250< 

200 

^—-""""""^ Â A —| 

, i i 1 

0.1 0.2 
Molality of Nal 

0.3 

Fig. 6. Ultrasonic absorption in solutions of Nal in 
70 wt% i-PrOH-30 wt% H 2 0 mixture at 20 °C. 
Q : 10 MHz, # : 30 MHz, A : 50 MHz. 

of N a l increase with decreasing the concentration of 
z-PrOH in mixtures. This increase is caused by an 

Conen of 
f-PrOH 
(wt%) 

Conen of 
JTOi 

90 

80 

îolality) 

0.1 
0.15 
0.2 
0.25 
0.3 
0.1 
0.15 
0.2 
0.25 
0.3 

l O - ^ c m - 1 

27.8 
41.7 
55.6 
66.7 
74.6 
22.2 
32.3 
41.0 
48.8 
55.6 

lO-^säcm-1 

16 
18 
20 
22 
24 
8 
9 

10 
11 
12 

MHz 

53.1 
57.0 
60.3 
63.5 
66.2 
47.2 
50.7 
53.8 
55.0 
57.3 

TABLE 5. THE KINETIC VALUES OF Nal 

*-PrOH-H20 MIXTURE AT 20 °C 

Conen of is 
e-PrOH — — — 
(wt%) J 0 - 2 M 

90 1.0±0.3 
80 2 . 0 ± 1 . 0 

*b 
1010 M-1 s-1 

1.7±0.5 
0 . 8 ± 0 . 3 

kt 

lOSs-1 

1.7±0.1 
1.6±0.1 

IN 

«B 

10"8cm 

6 .0±1.2 
6 .1±2.2 

increase of dielectric constant in the solution. However, 
no relaxational absorption due to N a l was observed 
when the weight percent of î'-PrOH in * ' -PrOH-H 20 
mixtures were lower than 60. Perhaps N a l dissociates 
completely in such solutions. 
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Studies on the Electronic Structures of Hydrocarbon Diradicals 
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Electronic structures of low-lying states of cyclobutadiene, trimethylenemethane (2), and tetramethylene-
ethane (3) are studied by the unrestricted Hartree-Fock (UHF) theory. Characteristics of electronic correlations, 
called dynamical spin polarization effect, in these molecules are well described by corresponding orbitals and spin 
density structures of low-lying UHF solutions. The spin polarization of a electrons is found to be relatively small 
but not negligible for quantitative discussion. The two low-lying singlet states of 2 are described by two UHF 
solutions with different spin density structures. The fact that the singlet UHF state of 3 lies a little below the 
triplet UHF state is explained by the difference in the spin polarization of the bonding n electrons between the 
singlet and triplet states. Two rules are given which predict the spin structure of low-lying UHF states and the spin 
multiplicity of ground states of hydrocarbon diradicals. These rules are applied to 1,1,2,3,3-pentamethylene-
propane and 1,3-dimethylenecyclobutadiene, which confirms their validity. 

Recent theoretical studies on cyclobutadiene (1) and 
trimethylenemethane (2) have revealed the importance 

• A H 
1 2 3 

of correlation effects in determining the spin multiplicity 
of ground states and the stable geometry of low-lying 
states of hydrocarbon diradicals. Borden1) showed that 
a strong correlation effect in 1 causes a violation of 
Hunt 's rule and makes the ground state singlet. This 
effect was also shown to make the equilibrium geometry 
close to a square. These results are in agreement with 
experiments.2) As for 2, Yarcony and Schaefer III3 a) 
and Borden3b) pointed out that the correlation of the 
two nonbonding (NB) electrons much reduces the energy 
difference in the singlet state between the planar 
geometry and the geometry with a methylene group 
orthogonal to the remaining allyl group. 

These results indicate that in order to understand 
electronic properties of hydrocarbon diradicals, it is 
necessary to clarify correlation effects involved. As 
pointed out by Borden1) and Kollmar and Staemmler,4) 
the most important correlation effect in diradicals is 
similar to the spin polarization effect in free radicals. 
They called it the dynamical spin polarization effect. 
Therefore, the unrestricted Hartree-Fock (UHF) theory 
is powerful in analyzing the correlation effect. In this 
paper, we apply the U H F theory to three diradicals 1, 
2, and tetramethyleneethane (3). We show that the 
corresponding orbitals and the spin density structure 
in the U H F theory well describe the dynamical spin 
polarization effect in low-lying states of the molecules. 
Concerning 3, the singlet state is predicted to lie a 
little below the triplet state. From results for 1, 2, and 
3, we derive simple rules to predict the spin multiplicity 
of ground states and the spin structure of low-lying U H F 
solutions of hydrocarbon diradicals. 

U H F calculations were made with the I N D O approxi­
mation5) using the computer program written by 
Takahashi and Igawa which uses the direct optimization 

method developed by Igawa and Fukutome6) and is 
capable of calculating U H F solutions and their insta­
bilities of any types. We use the notation proposed by 
Fukutome7) for the types of U H F solutions and their 
instabilities. 

Analys i s o f a S impl i f ied Mode l o f 
D irad ica l s w i t h T w o Elec trons 

in T w o NB M O s 

Before performing all-valence-electron U H F analyses, 
we examine in this section U H F solutions for a simple 
model with two degenerate NB M O s 0A and 0B of 
different symmetries in a spatial symmetry group. In 
the model, there are one triplet state (WT) and three 
singlet states (WS1, WS2, and ¥S3) which are represented 
as 

^T = ( W B - W / ^ T , 

3rSl=(^A^A-^B^B)/v'T6/S, 

Ï V M M B + M A Î A V / T S B , 

6>T = (aß+ßa)l*/T, ®s =(aß-ßa)WT. 

Their energies are given by 

ET = 2K + <AA|BB> - <AB|BA>, 

ES1 = 2K + y - <AB|BA>, 

£S2 = 2 # + y + <AB|BA>, 

ES3 = 2K+ <AA|BB> + <AB|BA>, 

where 

<AB|A'B'> = ^ Jd ld2^ A ( l ) ^ B ( l ) ^ (2 )^ (2 ) / r 1 2 , 

and we assume that the single particle energies of 0A 

and 0B are equal to K and that < A A | A A > = 
< B B | B B > = y . By the relation 

y > <AA|BB> > <AB|BA> > 0 

the energetic order of the states except ¥S3 is determined 
as 

where R H F means the restricted H F state |0A«,0AJ9| 
with the energy EBKF = 2K+y. The energetic position 
of WS3 depends on the extent of the differential overlap 
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dimensional in the model and are given by 

,2a, 2b\ ,2a, 0 
A + M + = , A+M_ = 

\2*. 2a) + \ 0 , 2a 

Differential overlap 

Fig. 1. The correlation diagram of low-lying states of 
diradicals against the extent of the differential overlap 
between the two NB MOs. 

between <f>K and 0B- Let's consider two extreme cases. 
When the overlap is nearly complete, < A A | B B > is 
nearly equal to y, so that ¥S3 is higher than the R H F 
and nearly degenerate with WS2. ¥S1 and WT also are 
nearly degenerate. When <f>k and 0B are disjoint, 
< A A | B B > is much smaller than y, so that $FS3 is lower 
than the R H F and nearly degenerate with ¥T. ¥S1, W$2, 
and the R H F are also nearly degenerate. By connecting 
these extreme cases we obtain dependence of the 
energetic order of the four states on the overlap of <f>K 

and 0B as shown in Fig. 1. It is found that in the two-
electron model the ground state is always the triplet 
state. In the two extreme cases, however, the singlet 
state lies close to the triplet state, so that the enegetic 
order is possible to change in the all-valence-electron 
model. Figure 1 shows that in the case of the inter­
mediate overlap the two singlet states Wsx and 3FS3 may 
lie below the R H F . I n the following, we examine how 
the two singlet states are described by the U H F theory. 

First we obtain the U H F solution emerging from the 
instability of the R H F . The four instability matrices 
OST*, 3ST±)7> of the R H F are 1 X 1 dimensional in the 
model and are given by 

*ST+ = 2(a-b), *ST_ = 3ST+ = -2b, 
3ST_ = -2(<i + *), 

a = <AB|BA>, b = ( r -<AA|BB»/2, a, b > 0. 

Because the 3ST_ instability matrix has the lowest 
negative eigenvalue, we consider this instability. The 
3ST_ instability of the R H S indicates that there is an 
axial spin density wave (ASDW) U H F solution 
(ASDWl) lower in energy than the R H F . T h e orbitals 
of A S D W l , which is a real D O D S solution, are a spin 
polarized mixture of 0A and 0B 

ASDWl = \(p1+a, (pi_ß\, (pl± = cos 00A±:sin 00B, 

and the energy is given by 

^ASDWI = ^RHF - (a + b) sin2 20. 

£ASDWI has a minimum at 0 = 4 5 ° , so that we obtain 

<p1± = (0A=fc0n)/vr2", 

£ASDWI = 2K + (y + <AA|BB»/2 - <AB|BA>. 

T h e wave function of ASDWl is expanded as 

( ^ S I - ^ T ) / V T , 

showing that the singlet component of ASDWl is ¥Si. 
Next we examine the stability of A S D W l . T h e four 

instability matrices (A±M±)7) of ASDWl are 2 x 2 

A_M 

The lowest eigenvalue of the A+M+ instability matrix is 

2(a — b) with the eigenvector ( i ) . Therefore, if 

tf — b<C0 which is the same condition as ESs<^E8l, 
ASDWl is A+M+ unstable, that is, ASDWl is unstable 
for a spin unflip excitation and there is another ASDW 
solution (ASDW2) lower in energy than ASDWl . 
ASDW2's orbitals are determined by the eigenvector 

(__ l ) of the A+M+ instability in the following form 

ASDW2 = \(pU<x, (f)[_ßl (p'1± = cos001 ±±sin002 ± , 

^ 2 + = (fii- = (0A-0B)/A/~2~, 

</>2- = </>!+ = (0A + 0 B ) / A / T , 

and the energy is given by 

£ASDW2 = £ASDWI + (a — b) sin2 20. 

£ASDW2 has a minimum at 0 = 4 5 ° , so that we obtain 

</>U = ^A, fi- = - ^ B , ^ASDW2 = 2K + <AA|BB>. 

Cleraly the singlet component of ASDW2 is ¥S3. 
Last we examine the stability of ASDW2. The 

instability matrices of ASDW2 are 

,2b, 2a, ,2b, 0X 
A + M + = , A + M . = + + \2a, 2bl + \ 0 , 2b> 

, — a, —a\ 
A . M t = ( 

x — a, —al 
Therefore, if b—<2<0 which is the same condition as 
£ s i < £ s 3 , ASDW2 is A + M + unstable. We can show 
similarly that the U H F solution arising from this 
instability is A S D W l . 

The above results show that ASDWl and ASDW2 
well describe the two low-lying singlet states (SFS1 and 
SFS3) which involve strong electronic correlations. The 
stability relations among the three H F solutions, the 
R H F , A S D W l , and ASDW2, are summerized in Table 
1. We note that in the two-electron model, if £ S 1 > « ) 
£S 3 , ASDWl (ASDW2) is always unstable, but that 
this is not necessarily the case with all-valence-electron 
calculations. This situation is also shown by the second 
scheme in Table 1. 

TABLE 1. POSSIBLE INSTABILITY RELATIONS AMONG 

THE THREE H F SOLUTIONS OF DIRADICALS 

_ _ _ ___ 
£ R H F > £ S I > £ S 3 > RHF^ .ASDWl • ASDW2 

3ST-
( £ R H F > £ S I ^ £ S 3 > RHF • ASDW 1, ASDW2) 

aST- A+M+ 

£ R H F > £ S 3 > £ S I > RHF .ASDWl « ASDW2 
aST_ 

£ S 3 > E R H F > E S I , RHF > ASDWl 

U H F Calculat ion on Gyclobutadiene 

We performed an all-valence-electron U H F calcula­
tion on 1 by varying the C - C bond length (/?) from 
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1.61 Â to 1.31 Â. The other geometrical parameters 
are fixed as shown in Fig. 2a. In the geometries the 
R H F n orbitals are a bonding (B) n M O (ç^), two nearly 
degenerate NB n MOs (02, 03), and an antibonding 
(AB) n M O (04) : 

0i = (Xi+X2+X3+X4)/2, 02 = (Zi+X2-X3-X4)/2, 

03 = (Xl-X2 + X3-X4)/2, 04 = (Zl-X2-X3 + X4)/2, 

where Xi is the :rc atomic orbital (AO) of the t-th carbon 
atom in Fig. 2a. T h e M O s <f>x—04 are of b l u , b 2 g , b 3 g , 

\ 

CA-
, / 

-C2 y
 n 

/ H 

\ 

(a) 

N iC4 'X |2û-> xC3 / 

(b) 

n-y 

H 
H-C5 

— i2o-c2-^-a— 

V e \ 

b-H 

H-C6 
\ 
H 

C4-

(c) 
Fig. 2. Geometries used in the calculations for 1, 2, and 

3. All the G-H bond lengths are fixed to 1.1 A, 
the G-G bond lengths, whose values are not indicated, 
to 1.41 A, and all the H-G-H angles to 120°. 1 has 
the D2h and D4h symmetries at R^zR' and R=R'. respec­
tively. 2 has the D3h, G2v, and G2 symmetries at 0 = 0°, 
90°, and 0=£O° and 90°, respectively, and 3 has the D2h, 
D2d, and D2 symmetries at 0 = 0°, 90°, and 0^0° and 
90°, respectively. 

and au symmetries in the D 2 h point group, respectively. 
As R is varied, the MOs 02

 an<^ 03 c ross at square 
geometries, so that there are two R H F ground states 
with different occupancies of the n M O s : R H F 1 = 
(0i)2(02)2 and R H F 2 = (01)2(03)2. R H F 1 and R H F 2 
are the R H F ground states in the regions R^>R' and 
R<CR> respectively. Near the square geometry they 
become 3 S T - unstable. Because the differential overlap 
between the two NB MOs is complete, this case corre­
sponds to the last scheme of Table 1 and an ASDW 
solution, ASDW1, emerges from the instability. ASDW1 
connects smoothly R H F 1 and R H F 2 . T h e correlation 
diagram of the n MOs and the adiabatic potentials of 
the RHFs and the U H F solutions are shown in Fig. 3. 
This shows that ASDW1 is the H F ground state near 
the square geometry and that the triplet ASDW solution 
is higher in energy than ASDW1 in contrast to the two-
electron model. The equilibrium geometry of the singlet 
ground state obtained from ASDWl ' s potential becomes 
very close to the square one in contrast to the rectangular 
equilibrium geometries of the RHF ' s potentials. These 

-820 
1.3L 1.36 1.41 1.46 1.51 1.56 1.61 

Ä/A 

Fig. 3. The correlation diagram of the Hiickel type n 
MOs (a), and the adiabatic potentials of the RHFs, 
ASDW1 and the triplet ASDW (b) of cyclobutadiene. 

m?n 
* l + ^ 2 + * 1 - <fe-

(<0 

C 2S Û.0J 

2PX. 0.0 

2PY 0.0 

2PZ 0.25 

H JS 0.01 

Fig. 4. The n corresponding orbitals and the spin 
density structure of ASDW1 (a) and the spin density 
structure of the triplet ASDW (b) of cyclobutadiene. 
The carbon n AOs with positive MO coefficients are 
represented by white circles and those with negative 
MO coefficients by shaded ones. The radii of the 
circles are proportional to the magnitudes of the MO 
coefficients. The spin densities with positive and 
negative z components are represented by up- and 
downward arrows, respectively. The magnitudes of 
the spin densities on carbon and hydrogen AOs are 
the same for all the G-H units except their signs. 

features stem from the correlation effect which becomes 
important as the square geometry is neared. 

In order to analyze the electronic correlation in 
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ASDW1, we show in Fig. 4 the n corresponding orbitals 
and the spin density structure of ASDW1 at the equilib­
rium geometry. The spin density structure of the triplet 
ASDW is also shown for comparison. T h e excitations 
contributing to the 3ST_ instability which produces 
ASDW1 from the R H F have the B l g symmetry. There­
fore, the n excitations fa-* fa ( o r ^"^^2) a n d 0r-*04 
contribute to the instability. Consequently, not only the 
NB n orbitals but also the B n orbitals are spin polarized 
as follows: 

(p1± = cos Ôx^xitsin 0i04, (f)2± = cos 0202±sin 0203. 

T h e a orbitals are also spin polarized, but to a smaller 
extent than the n orbitals, due to the a excitation with 
the B l g symmetry. 

T h e triplet ASDW is obtained with the trial wave 
function 

W% = I core, faa, faß, faa, faa\, 

where core represents the doubly occupied R H F a MOs. 
After the SCF procedure, the n orbitals remain un­
changed but the core part is spin polarized with the 
corresponding orbitals retaining the same symmetries 
as the original R H F a orbitals. 

T h e spin polarization of the B n orbital <j>x appears 
only in the singlet state. Its physical significance is as 
follows.1) The splitting of the B n orbital occurs in such 
a way that c/>1± overlaps (f>2± more than (/>2T as shown in 
Fig. 4. Such coherent splittings of </>1± and </>2± reduce 
the Coulomb repulsion between the electrons of opposite 
spins because they are localized to different regions. 
T h e electrons of the same spin localize to the same region 
but this does not enhance the Coulomb repulsion 
between them because the Pauli principle prevents their 
close encounter. In contrast to the singlet state, the spin 
polarization of the B n electrons is not induced in the 
triplet state because the spin density of the NB n elec­
trons is uniform in the triplet state. The spin polariza­
tion of the B n electrons which operates only in the 
singlet state makes the singlet ASDW lower in energy 
than the triplet ASDW. 

Next we discuss on the spin polarization of the a 
electrons shown in Fig. 4. The spin polarization of the 
a electrons is induced in such a way that the a spin 
densities on a carbon atom and that on adjacent 
hydrogen atom are arranged in the same and opposite 
directions, respectively, compared to that of the n 
spin density on the carbon atom. This enhances the 
exchange interaction between the a electrons and the n 
electrons on each carbon atom and reduces the Coulomb 
repulsion between a electrons. The magnitude of the 
a spin polarization is relatively small. However, its 
effects are not so small as can be neglected in quantitative 
discussion. 

U H F Calculat ion on T r i m e t h y l e n e m e t h a n e 

We preformed a U H F calculation on 2 by rotating a 
methylene group out of the plane of the remaining allyl 
group. The other geometrical parameters are fixed as 
shown in Fig. 2b. At the planar geometry, the R H F n 
MOs are a B ^ M O (fa), two degenerate NB n MOs 
(02> W5 a n d an AB n M O (04) : 

> 
V 

È5* 

5 

0 

10 

(a) 

4>3 

4>2 

L1 
H 

n --

-855 

-856 h 

-857 

> 

5" -858 

-859 

-86Ü 

(b) 

RHF 

ASDW! s^ 
L ^ ^ A+M+ UNSTABLE 

^^^ I 

'" . ASDW2 

L ^ ^ ~ T R I P L E T ASDW 

I, 1 1 1 1 1 1 

A 
1 

1 . i 

30 45 60 75 90 

0/° 

Fig. 5. The correlation diagram of the Hückel type 
MOs (a) and the adiabatic potentials of the RHF, 
ASDWs, and the triplet ASDW (b) of trimethylene­
methane. The A+M+ instability domain of ASDW1 
is also indicated. The region out of the domain 
corresponds to the second scheme in Table 1. 

0i = axi + b f e + X a + x J / V T , fa = ( f c - z J / v ' T , 

03 = (2z«-Za-Z4)/v r6", 

04 = - t y i + aüh+Za+zJAs /T , a ^ b ^ 0 . 7 . 

The MOs fa and 04 belong to the a£ (b) symmetry and 
fa and fa to the e" (a and b) symmetry at the planar 
D 3 h geometry (nonplanar C2 geometry). In the process 
of the internal rotation, the two NB MOs remain nearly 
degenerate (fa lies a little below fa) as shown in Fig. 5a. 
The LGAO expression of 02 *s unchanged while the 
main A O component of 0 3 turns out to be the p robe 
perpendicular to the twisted methylene group. There­
fore, in the rotation the differential overlap between 
the two NB MOs varies from medium to nearly zero. 
This situation corresponds to the left half side of Fig. 1 
and the first and second schemes of Table 1. Therefore, 
two singlet U H F states exist below the R H F . The U H F 
adiabatic potentials are shown in Fig. 5b. This calcula­
tion shows that the ground state is triplet and that its 
equilibrium geometry is planar. O n the other hand, 
the lowest singlet U H F state (ASDW2) has the orthogo­
nal equilibrium geometry. These results are in agree­
ment with other calculations3) and experiments.8) It 
should be noted that at the planar geometry the two 
singlet states which are approximated by ASDW1 and 
ASDW2 are degenerate and belong to the E ' representa­
tion of the D 3 h point group. The calculated energies 
of ASDW 1 and ASDW2 at the planar geometry are not 
exactly the same. However, the gap is very small and 
much reduced compared to the value in the R H F 
calculation of the two state.3c) 

In order to analyze the electronic correlation among 
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(A) 

(B) ? 
DOWN 

•AD 

( Q ) ( b ) 

UP T A 

UP T 

0,38 1 

0.38 0.38 

(C ) 

Fig. 6. The corresponding orbitals for the B n electrons 
(A) and for the NB n electrons (B), and the spin density 
structure on the n AOs (G) and on the a AOs (D) of 
ASDWl (a), ASDW2 (b), and the triplet ASDW (c) of 
planar trimethylenemethane. The numerals in (G) 
are the magnitudes of the spin densities. Those on 
the a AOs are either ±0.01 or ±0.02. 

the three U H F states, we show in Fig. 6 the n corre­
sponding orbitals and the spin density structures of the 
U H F states at the planar geometry. T h e 3 S T - instability 
which connects the R H F with ASDWl has the B 
symmetry in the C2 group. We adopted the C2 symmetry 
because the R H F with the occupancy {fa)2{<f>2)

2 of the 
n MOs is of symmetry adapted only to the C2 group. 
The excitations 02-»03 and 02^-»04 with the B symmetry 
contribute to the instability. Consequently, the NB 
orbitals in ASDWl are spin polarized in the following 
manner : 

fa± = COS 0 1 0 2 =Ë s m Qx(cOS 0203 — S m ^2^J-

After the SCF procedure, fa also is mixed into (f>2± 
because it has the same symmetry as 0 3 and 04 in the C2 

group. 
ASDW2's orbitals are adapted to the G2 symmetry 

and not to the D 3 h one because its trial wave function 
|core, faa, faß, faa, faß\ 

has the C2 symmetry and not the D 3 h one. Therefore, 
fa, 03, and 04 with the same b symmetry are mixed 
in ASDW2 after the SCF procedure, but fa is 
unchanged : 

<p'z_ = cos 0303 + sin 03(cos 0404+sin 040i), 

(/)[_ = cos 05_0i — sin 05_(cos 06_04 —sin d6_fa), 

(/>[+ = cos 6s+fa — sin 05+ (cos 06+03 —sin 06+04). 

The ASDW2's orbitals # _ and 03- have large M O 
weights on Xi and x2 AOs and <ß'+ does on x3 and x4 

AOs so that electrons with different spins are caused to 
localize in different regions. 

The triplet ASDW's orbitals are adapted to the D 3 h 

symmetry because of the D 3 h adaptat ion for the trial 
wave function 

|core, fact, faß, faa, faa\. 

Therefore, only 0X and 04 with the same a? symmetry are 
mixed in the triplet ASDW 

(p\± = cosd1±<j>1±und1±<j)A. 

By the spin polarization of <f>\± a negative spin density 
appears on the central carbon atom. 

We note that the spin structures of ASDW2 and the 
triplet ASDW are similar to those of the singlet and 
triplet GVB wave functions obtained by Davis and 
Goddard III.3d> The forms of the orbitals of ASDWl 
and ASDW2 are retained in the process of the rotation 
because the system has the C2 symmetry throughout the 
process. The change in the spin polarization effect in the 
triplet ASDW also is small. 

Next, we clarify the difference between ASDWl and 
ASDW2. As mentioned above, ASDW2 is adapted 
to the C2 symmetry, so that its spin structure is also 
invariant to the C2 spatial rotation. T h e spin structure 
of ASDWl is invariant not to the C2 rotation but to 
the joint C2 rotation of space and spin. This difference 
between the symmetries of the spin structures means 
that the singlet components of ASDWl and ASDW2 
belong to different C2 symmetries as shown by Ozaki.9) 
In fact, the singlet component of ASDWl has the A 
symmetry but that of ASDW2 the B symmetry. 

U H F Calculat ion on Tetramethy lenee thane 

We performed a U H F calculation on 3 by rotating 
the two allyl groups around the central C - C bond. T h e 
other geometrical parameters are fixed as shown in 
Fig. 2c. At the planar geometry the R H F n MOs are 
two B n M O s (fa, fa), two nearly degenerate NB n MOs 
(03> W > and two AB n M O s (fa, fa) : 

fa = a f e + r i / V T + b(x3+X4+X5+X6)/2, 

fa = a ' ( X ! - X 2 ) V T + b ' ( x 3 + * 4 - x 5 - x 6 ) / 2 , 

fa = (X3-X4 + X5-X6)/2, 04 = (X3-X4-X5 + X6)/2, 

fa = - b ( Z i + Z 2 ) / v / T + a(x3+X4+X5 + X6)/2, 

fa = -V(Xi-X2)IVT + a'(x3+X4-X5-X6)/2, 

a ^ b ^ 0 . 8 , b ^ a ^ 0 . 6 . 

T h e MOs fa—06 are of b 3 u , b 2 g , b l g , au, b 3 u , and b 2 g 

symmetry in the D 2 h group, respectively. In the process 
of the rotation, the two NB M O s remain nearly degener­
ate and cross at about 0 = 4 0 ° as shown in Fig. 7a. T h e 
crossing occurs due to the spiroconjugation effect.10) 
Therefore, there are two R H F ground states with the 
occupancies R H F 1 = (^) 2 (^ 2 ) 2 (0 3 ) 2 and R H F 2 = 
(fa)2(fa)2(fa)2. R H F 1 and R H F 2 are the R H F ground 
states in the regions 0<4O° and 0>4O°, respectively. 
T h e differential overlap between the two NB MOs is 
nearly complete throughout the rotation process, so 
that this case belongs to the last scheme of Table 1 and 
there is only a singlet ASDW state (ASDWl) below 
the R H F . T h e adiabatic potentials of the R H F and 
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Fig. 7. The correlation diagram of the Hückel type MOs 
(a) and the adiabatic potentials of the RHFs, ASDW1 
and the triplet ASDW (b) of tetramethyleneethane. 

U H F states are shown in Fig. 7b. O u r calculation, like 
a previous one,10) shows a rather small energy change in 
the rotation. T h e singlet ASDW1 is found to lie a little 
below the triplet ASDW everywhere and has a very 
shallow potential minimum at about 0 = 50°. 

Next we examine the electronic correlation between 
the singlet and triplet ASDW states at the planar 
geometry. T h e 3ST_ instability which connects the 
R H F and ASDW1 has the B l u symmetry. Therefore, 
the excitations 03-»04, &2~*&!>> a n d 0r-»06

 w i t n t n e Biu 
symmetry contribute to the instability. Consequently, 
all the orbital pairs are spin polarized as 

<p\± = cos ôjçijrtsin 0x06, (p%± = cos 62fa±sin 0205> 

<f>\± = cos 0 3 0 3 ± s i n 0 3 0 4 . 

The triplet ASDW's orbitals are adapted to the D 2 h 

symmetry because its trial wave function 

|core, faa, faß, faa, faß, faa, faa\ 

has the B l u symmetry in the D 2 h group. After the SCF 
procedure, fa and 06 with the b 2 g symmetry and <f>t 

and 0 5 with the b 3 u one are mixed in the triplet ASDW 
to yield 

fa± = cos0 4 ± ^ 1 ±s in0 4 ± ^ 6 , <p\± = cos 65±fa±ism d&±fa. 

The difference in the spin polarization of the B n MOs 
between the singlet and triplet ASDW states is that in the 
singlet ASDW it is produced by the mixing of the 
second n L U M O to the second n H O M O and of the 
third n L U M O to the third TT H O M O , while in the 
triplet ASDW by the mixing of the third n L U M O 
to the second n H O M O and of the second n L U M O to 
the third n H O M O as shown in Fig. 8. As a result, 
the spin polarization of the second n H O M O is larger 
in the singlet ASDW, while that of the third n H O M O 
is larger in the triplet ASDW. Because the second n 
H O M O is spin polarized more easily than the third 
one, the spin polarization effect in the singlet ASDW 

^ H 

TH ! RD T t HOMO THIRD Tt LUMO 

-0.31 I, 10.34 
.0,14 

1 1 

™y{± 
SECOND TC HOMO T H I R D f l LÜMÖ 

(W-

(C) + 
DOWN 

TH I RD ft HOMO SECOND TC LUMO M 

(D) (E) 

Fig. 8. The corresponding orbitals of the NB n MO (A), 
second n HOMO (B) and third n HOMO (C) of 
ASDW1 (a) and the triplet ASDW (b) of tetramethyl­
eneethane. The spin density structures on the n AOs 
and o AOs are also shown in (D) and (E), respectively. 
The numerals in (D) are the magnitudes of the spin 
densities. Those on the a AOs are either ±0.01 or 
±0.02. 

is a little larger than that in the triplet ASDW. This 
explains why the singlet ASDW lies a little below the 
triplet ASDW. 

The above U H F analysis indicates that the ground 
state of 3 is singlet and that a triplet state lies close to 
it. T h e result is in accord with the ab initio CI calcula-
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tion by Borden and Davidson.11) This suggests that 
the ESR signal of 3 which was observed at the boiling 
point of nitrogen12) may be attr ibuted to a thermally 
accessible triplet state. This prediction can be checked 
by measurement of the temperature dependence of the 
ESR signal. However, no such experiments have been 
carried out and the correctness of our prediction is left 
to be tested. 

Simple Rules to Predic t the Spin Mult ip l i ­
c i ty o f the Ground State and the Spin 

Structure o f Low-ly ing UHF States 
o f Hydrocarbon Dirad ica l s 

The above results for 1, 2, and 3 show that the U H F 
theory gives the ground state of correct spin multiplicity. 
It should be stressed that all the ground states of 1, 2, 
and 3 have alternating spin structures. T h e results 
also show that the spin structure of the all-valence-
electron U H F calculation is different from that of the 
two-electron model in such a manner that the weak 
spin density on an atom adjacent to the atom with 
large spin density is always antiparallel to the adjacent 
largest spin density. T h e preference of the antiparallel 
spin coupling manifested in the U H F results is consistent 
with the valence bond picture and seems to have a 
general validity. By generalizing these results, we can 
predict the spin multiplicity of the ground state and the 
spin structure of low-lying U H F states of hydrocarbon 
diradicals as follows. 

Put spins on carbon atoms in alternating directions 
and if the number of the up and down spins in the 
alternating spin structure are the same with each other, 
the ground state is predicted to be singlet, whereas if 
their difference is two, the ground state is predicted to 

be triplet. This rule is much simpler than, but as 
effective as, the one proposed by Borden and Davidson.11) 
The main aspect of the spin structure of low-lying U H F 
states is determined by the two-electron model. The 
all-valence-electron spin structures are obtained by 
modifying the directions of the weak atomic spin 
densities so as to make them antiparallel to the adjacent 
large spin densities. 

To demonstrate the general validity of these rules, 
we apply them to 1,1,2,3,3-pentamethylenepropane (4) 
and 1,3-dimethylenecyclobutadiene (5). First we 
consider 4. The two NB M O s (<f>k and 0B) obtained 
with the Hückel Hamil tonian are shown in Fig. 9a. 
The figure shows that the differential overlap between 
them is nearly complete, so that there are a singlet 
ASDW (ASDW1) and a triplet ASDW below the R H F . 
The spin structures of the NB electrons of the two states 
are shown in Figs. 9b and 9c. Modifying the weak spin 
densities so that they are made antiparallel to the 
adjacent large ones, we obtain Figs. 9b and 9c' . There 
appear no spin densities on the two central carbons 
(4 and 5) in Fig. 9b because of the symmetry of the spin 
structure. The weak spin density on carbon 4 in Fig. 9c ' 
is made negative so as to be antiparallel to the adjacent 
one. The alternating spin structure corresponds to the 
triplet state of Fig. 9c ' , so that the ground state is 
predicted to be triplet. We show in Fig. 9d the U H F 
results, which confirm our rules. 

Next we consider 5. T h e overlap between the two NB 
MOs (0A and 0B) shown in Fig. 10a is medium, so that 
there are two singlet ASDWs (ASDW1 and ASDW2) 
and one triplet ASDW below the R H F . T h e spin 
structures of the two NB electrons in the three states 
are shown in Figs. 10b, 10c, and lOd. Modifying the 
weak spin densities so that they are made antiparallel 

0.08 
0.49 

(b) 

(C ) (C') 

( d ) 
il °'' H 0.33 H H 0.33 

TRIPLET ASDW ( 0 . 0 ev) SINGLET ASDW ( 0 . 2 ev) 

Fig. 9. Two NB MOs (a), the predicted spin structures 
of ASDW1 (b) and the triplet ASDW (c')5 and the 
result of the all-valence-electron UHF calculation (d) 
of 1,1,2,3,3-pentamethylenepropane. 

0.32 

-0.71 -0.63 O-0.0I 
^A (a) <PB 

1 1 1. 

I 1 1 
( b ) (d) cd') 

X 1 

( C ) 

0.35 
1 0.29 
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0.22 
10,35 

1 "0.14 A n XI I 
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(0.0 ev) 
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ASDW I 
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Fig. 10. Two NB MOs (a), the predicted spin structures 
of ASDW1 (b), ASDW2 (c') and the triplet ASDW (d'), 
and the result of the all-valence-electron UHF calcu­
lation (e) of 1,3-dimethylenecyclobutadiene. 
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to the adjacent large ones, we obtain the spin structures 
shown in the right side of Figs. 10b, 10c, and lOd. The 
spin structure of Fig. 10b is unchanged because of its 
symmetry. The spin structure of Fig. 10c is possible 
to be modified in two different ways, but Fig. 10c' 
shows the feasible one because the terminal carbon atoms 
have the largest spin densities. The alternating spin 
structure corresponds to the triplet state in Fig. 10d', 
so that the ground state is predicted to be triplet. We 
show in Fig. 10e the U H F results, which also confirm 
our rules. 
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Kinetics and Mechanism of Acylhydrazine Hydrolysis in 
Sulfuric Acid-Water Mixtures 
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Department of Chemistry, Faculty of Science and Engineering, Saga University, Saga 840 
(Received March 23, 1981) 

The rates of acid-catalyzed hydrolysis of formylhydrazine, acetylhydrazine, chloroacetylhydrazine, propionyl-
hydrazine, butyrylhydrazine, and octanoylhydrazine in sulfuric acid-water mixtures have been investigated over a 
wide range of acidities (about 1—18 M H2S04) by means of spectrophotometric methods. First-order kinetics 
were obtained in all cases, and the pseudo-first-order rate constants showed one of two types of acidity dependences: 
(i) a rate maximum at intermediate acidities, followed by slow hydrolysis in highly concentrated acids; (ii) a rate 
maximum at intermediate acidities, followed by a sharp increase in rate at high acidities. This result was treated 
as a function of the Hammett acidity function, the water activity, and the total concentration of hydrogen ion 
to yield reaction parameters which are explicable in terms of a change in mechanism at a high acidity from A-2 to 
A-l. The mechanism change also was deduced from a criterion based on the values of activation entropies. 

The rates of acid-catalyzed hydrolysis of amides have 
been studied systematically, but only a few results1»2) 
have been obtained for those of acylhydrazines. 
Hydrazidinum ion R C O N H N H 3 + , which is expected 
to exist in acid solutions,1»3»4) would have a planar 
skeleton of O - C - N - N having two ^-electrons and two 
lone-pair electrons. It is of interest to test how this 
electron system affects the kinetics. 

Mechanisms of reaction in strong acid solutions have 
been recently reviewed in detail by Rochester5) and 
Liler.6) Empirical criteria of acid-catalyzed hydrolysis 
have been developed in terms of the acidity function, 
the water activity, the total concentration of hydrogen 
ions of acid media, and further in terms of the change 
of hydration number between reactants and transition 
states. For the hydrolysis containing pre-equilibrium, 
the value of the dissociation constant of the conjugate 
acid may also control the rate-determining step. Sulfuric 
acid-water mixtures are an exceptionally suitable 
medium to examine the factors affecting the kinetics 
of acid-catalyzed hydrolysis over a wide range of acid 
concentrations. 

Exper imenta l 

Materials and Apparatus. The acylhydrazines were 
synthesized with methyl or ethyl esters of the corresponding 
acids and hydrazine hydrates, and purified by recrystallization 
from ether-ethanol mixtures. Purity was assured by melting 
point. Sulfuric acid-water mixtures were made by dilution 
of reagent grade acid with distilled water. The acid solutions 
were standardized by titration against a standard sodium 
hydroxide solution, except for highly concentrated acids of 
which concentrations were determined by measurements of 
density. Molarities were calculated by calibration on the 
basis of the literature data of densities.7) 

The ultraviolet solution spectra were measured with a 
Hitachi EPS-3T Recording Spectrophotometer equipped with 
a thermostated cell compartment. The temperature in this 
compartment was controlled within ±0.1 °C. 

Rate Measurements. Reactions were followed by record­
ing the change in absorbance A with time at the absorption 
maximum. Pseudo-first-order rate constants k were calculated 
graphically from plots of log {A—Aœ) vs. time (min) or by 
means of a computer program which gives, by adjustment of 
Aœ1 the first-order rate constant which best fits the observed 

data. In view of the highly diluted reaction solutions, about 
10_ 3M (1 M = 1 mol dm~3), used for spectrophotometric 
examination, no attempt was made to isolate reaction products 
from the reaction solutions. In order to check the Aœ, the 
absorption spectra of the prepared mock solutions were 
examined and compared with those of reaction solutions. 

R e s u l t s 

Rate Profiles. The rate-acidity dependences of 
hydrolysis of the acylhydrazines were found to fit into 
one of two categories. The dependence of formyl­
hydrazine and chloroacetylhydrazine is characterized 
by an initial rate increase with the acid concentration, 
passing through a maximum, followed by a rate decrease 
with further increasing acid concentration. Other 
acylhydrazines resemble this, except that the final 
increase occurs steeply at higher acid concentrations. 
It has been confirmed that the acylhydrazine hydrolysis 
also shows a rate maximum as amide8) and ester9) 
hydrolysis do, but at relatively high acidities: about 
12 M H 2 S 0 4 for formylhydrazine, in contrast to about 
5 M H 2 S 0 4 for formamide.83) The values of rate 
constants and acid concentrations at the maximum rate 
have been estimated graphically and collected in Table 
2. 

An important difference in reaction activities is found 
between the first two members of the aliphatic series 
R C O N H N H 2 , and an anomaly is found among the first 
three members, as pointed out for aliphatic acid amide 
homologues;10) acetylhydrazine is less active than 
propionylhydrazine, but the difference is not very large. 
It also should be noted that the chlorine-substitution in 
the acyl group changes the reactivity in the low acidity 
region very little but does affect the reactivity at the 
very high acidity region. 

Treatment of Rate Data. The pseudo-first-order 
rate constants, k, of hydrolysis of formylhydrazine and 
acetylhydrazine at 25 °C have been used in order to test 
several treatments which are useful for obtaining 
mechanistic conclusions in terms of the values of acidity 
function i/o,11) activity of water tfw,12) total concentration 
of hydrogen ion [H+],13) and pXSH

+ of conjugate acid.1»3) 
One criterion of the reaction mechanism has been 

presented by Bunnett and Olsen,14) who have found a 
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TABLE 1. PSEUDO-FIRST-ORDER RATE CONSTANTS OF HYDROLYSIS OF ACETYLHYDRAZINES 

RCONHNH2 IN SULFURIC ACID-WATER MIXTURES 

T [H2S04] 
°C M 

R = H 
25.0 1.04 

1.66 
2.67 
3.67 
3.99 
4.18 
4.79 
5.70 
6.32 
7.74 
8.15 
8.40 
9.25 

10.2 
10.9 
11.2 
11.7 
12.4 

13.4 
13.7 
14.9 
15.5 
16.3 
16.5 
17.1 

55.0 0.368 
0.510 
0.770 

1.04 
1.38 
1.54 
1.94 
2.85 
3.16 
3.67 
4.79 
5.70 
7.34 
8.92 
9.77 

11.2 
12.4 
13.2 
14.0 
14.8 
15.6 
16.5 
17.5 

102* 
min - 1 

T [H2S04] 
°C M 

R = C H 3 

1.73 25.0 1.66 
2.64 
4.53 
6.23 
6.69 
7.24 
8.51 

10.9 
12.4 
16.0 
16.8 
17.4 
19.8 
22.1 
24.1 
24.7 
26.0 
24.5 

17.8 
16.4 
9.94 
6.35 

2.67 
3.67 
4.18 
4.79 
5.70 
7.33 
8.15 
8.83 
9.40 
9.90 

11.1 
12.3 
13.7 
14.7 
15.6 
16.2 
16.5 

16.7 
17.5 
17.7 
17.9 

2.90 55.0 0.780 
2.03 
1.36 
5.54 
7.64 

11.3 

15.3 
21.0 
23.7 
29.8 
43.9 
49.5 
55.9 
75.6 
92.1 

119 
142 
156 
181 
186 
162 
137 
105 
74.4 
46.1 
24.7 

1.38 
1.94 
2.72 
3.67 
4.22 

5.10 
6.32 
7.80 
8.83 
9.63 

10.6 
11.1 
11.9 
12.6 
13.3 
14.0 
14.8 
15.9 

16.1 
16.7 
17.6 
17.9 

102* 
min - 1 

0.122 
0.180 
0.239 
0.269 
0.306 
0.352 
0.465 
0.517 
0.527 
0.499 
0.483 
0.356 
0.251 
0.144 
0.189 
0.572 
0.950 
1.41 

1.78 
6.10 
7.03 
8.70 
0.554 
0.992 
1.46 
1.87 
2.73 
3.20 

4.03 
4.96 
6.42 
6.75 
6.80 
6.24 
5.98 
5.49 
4.78 
4.06 
4.14 
9.79 
20.7 

23.9 
39.6 
74.1 
98.2 

T [H2S04] 
°C M 

R=CH2C1 
55.0 0.947 

1.40 
1.99 
2.72 
3.70 
4.64 
6.19 
7.80 
8.92 

10.3 
11.9 
13.3 
14.8 
15.8 
16.2 
17.0 
17.6 

i o 2 * 
min"1 

0.865 
1.32 
1.88 
2.72 
3.41 
4.23 
5.53 
6.09 
6.41 
6.57 
6.36 
5.64 
4.14 
3.11 
2.48 
1.60 
1.03 

R=CH 3 (CH 2 ) 2 

55.0 0.974 0.967 
1.40 
1.99 
2.90 
3.70 
5.10 
6.19 
7.46 
8.92 
9.77 

10.8 
11.7 
12.3 
13.1 
14.0 
15.0 
15.5 
16.2 
16.5 
16.7 
17.1 
17.6 

1.03 
1.44 
2.23 
2.84 
3.84 
4.45 
5.09 
4.86 
4.34 
3.85 
3.18 
2.90 
2.70 
5.33 

14.6 
21.1 
32.4 
42.2 
59.3 
84.5 

121 

T [H2S04] 
°C M 

R=CH3CH« 
55.0 1.66 

2.72 
3.28 
4.39 
5.01 
6.19 
7.33 
8.58 
9.77 

10.6 
11.4 
12.3 
13.1 
14.0 
14.9 
15.9 
16.5 
17.3 

102* 
min"1 

i 

1.23 
2.14 
2.74 
3.40 
4.47 
5.66 
6.53 
7.25 
7.18 
6.85 
6.33 
5.51 
5.34 
6.95 

14.9 
30.3 
47.7 
94.8 

R=CH3(CH2)6 

55.0 1.99 0.661 
2.90 
4.45 
5.10 
6.19 
7.46 
7.95 
8.92 
9.77 

10.8 
11.7 
12.3 
13.1 
14.0 
14.8 
15.5 
15.9 
16.5 
17.3 

0.994 
1.73 
1.93 
2.43 
3.28 
3.44 
3.59 
3.56 
3.22 
3.01 
3.21 
4.21 
9.23 

17.7 
34.2 
46.8 
81.9 
143 

linear correlation of \ogk+Hc vs. i / 0 + l o g [H+] and 
proposed the values of the proportionality slope param­
eter 0 as useful to characterize the medium dependence 
of rate constants. Typical 0 plots are illustrated in Fig. 1, 
which shows the following: for formylhydrazine the 
points below 12 M H 2 S 0 4 give a good straight line 
(0=O.95±O.O1), and above 13 M H 2 S 0 4 another 

straight line ( 0 = 1 . 3 7 ± 0 . 0 1 ) can be drawn through the 
remaining points; for acetylhydrazine the similar 
linearities are obtained below about 10 M H 2 S 0 4 

( 0 = 1 . 0 0 ^ 0 . 0 1 ) and in the middle region of about 
11—14 M H 2 S 0 4 (0=1.29±O.OO), and one more 
linearity ( 0 = 0 . 0 9 ± 0 . 0 0 ) is found above about 14 M 
H 2 S 0 4 . It has been deduced14»15) that for substrates 



December, 1981] Acylhydrazine Hydrolysis 

T A B L E 2 . V A L U E S O F R A T E C O N S T A N T A N D A C I D C O N C E N ­

T R A T I O N AT MAXIMUM RATE OF HYDROLYSIS OF ACETYL-

HYDRAZINES IN SULFURIC ACID-WATER MIXTURES 

[H2SO4]/ M 
6 10 14 

R 

H 

CH3 

CH2C1 

CH3CH2 

CH3(CH2)2 

CH3(CH2)6 

W2k 
min - 1 

26 
187 

0.53 
6.9 
6.5 

7.3 

5.2 
3.6 

[H2S04] 
M 

12 
12 
9.1 
9.4 

10 
9.0 
8.0 
9.2 

T 

25 
55 
25 
55 
55 
55 
55 
55 

X 

O 
-f. 

0 

X 
1 

protonated on N or O atom the ranges of <ß values for 
different modes of water involvement in the rate-
determining step a re : — O.34<C0<O for water not 
involved, 0 . 18<^<0 .47 for water acting as a nucleo-
phile, and 0>O.47 for water acting as a proton transfer 
agent. Applying this criterion, the <j> values obtained 
imply that the hydrolysis of formylhydrazine proceeds 
by the mechanism (A-2) involving water as a proton 
transfer agent over all the range of acid concentration 
studied; acetylhydrazine is hydrolyzed by the same 
mechanism up to about 14 M H 2 S 0 4 , and above the 
acid concentration the hydrolysis mechanism changes 
into the one involving no water (A-l) . A mechanistic 
conclusion similar to that for formylhydrazine is ob-

-(Ho+log[H+]) 

Fig. 1. Plots of / / 0+log kohsd vs. HQ + log [//+] for hydro­
lysis in sulfuric acid at 25 °C; vertical displacement 
values x=0 for formylhydrazine (1) and x= — 3 for 
acetylhydrazine (2). 

tained for chloroacetylhydrazine, and a conclusion 
similar to that for acetylhydrazine is obtained for 
propionylhydrazine butyrylhydrazine and caprylyl-
hydrazine (refer to the <j> values in Table 3). 

Bunnett16) noted that logk+H0 was correlated 

TABLE 3. VALUES OF 0, w, AND W* PARAMETERS'0 FOR THE HYDROLYSIS OF 

ACETYLHYDRAZINES R C O N H N H 2 IN SULFURIC ACID-WATER MIXTURES 

R 

H t 

CH« / 
\^i X3 ' 

GH2G1 

CH3CH2 < 

CH3(CH2)2 -

CH3(CH2)6 « 

T 

' 25 

55 

' 25 

55 

f 55 

' 55 

r 55 

r 55 

d) 

0.95±0.01(1.04—11.7) 
1.37±0.01(13.4—17.1) 

0.98±0.00(0.510—9.77) 
1.15±0.01(11.2—17.5) 

1.00±0.01 (1.66—9.90) 
1.29±0.00(11.1—13.7) 
0.09±0.00(14.7—17.9) 

0.97±0.01 (0.780—7.80) 
1.13±0.01(8.83—13.3) 
0.35±0.01 (14.0—17.9) 

1.02±0.01 (0.97—8.92) 
1.11±0.00(11.9—17.6) 

0.95±0.01 (1.66—7.33) 
1.10±0.00(8.58—13.1) 
0.37±0.00(14.0—17.3) 

1.00±0.01 (0.974—7.46) 
1.15±0.00(8.92—13.1) 
0.33±0.00(14.0—17.6) 

0 .94±0.01 (1.99—6.19) 
1.07±0.00(7.46—12.3) 
0.33±0.00(13.1—17.3) 

w 

8.85±0.03(1.04—2.67) 
3.37±0.03(3.99—8.15) 
1.81±0.03(10.23—17.1) 
8.75±0.02 (0.150—3.16) 
3 .58±0.03 (3.67—8.92) 
1.50±0.03(12.4—17.5) 
8.35±0.01 (1.66—3.67) 
3.61±0.02 (4.18—8.83) 
2.33±0.04(9.90—13.7) 
0 .10±0.01 (14.7—17.9) 
9.24±0.01 (0.780—1.94) 
3 .56±0.03 (4.22—8.83) 
2 .21±0.01 (10.6—13.3) 
0 .44±0.01 (14.0—17.9) 
8.74±0.01 (0.974—2.72) 
3.62±0.01 (4.64—8.92) 
1.47±0.05(11.9—17.6) 
8.48±0.01 (0.974—2.72) 
3.53±0.00(4.39—7.33) 
2.41±0.08(8.58—13.1) 
0 .64±0.01 (14.0—17.3) 
9.67±0.00(0.974—2.78) 
3.65±0.01 (5.10—8.92) 
2.35±0.05(9.77—13.1) 
0 .40±0.01 (14.0—17.6) 
6.02±0.03(1.99—4.45) 
3.04±0.01 (6.19—7.95) 
2.41±0.04(8.92—12.3) 
0.41±0.01(13.1—17.3) 

w* 

Not linear 

Not linear 

Not linear 

-1 .96±0.02(13 .7—17 

Not linear 

-1 .78±0.04(13 .3—17 

Not linear 

Not linear 

-1 .87±0.03(14.0—17 

Not linear 

- 1 . 7 7 ± 0 . 0 1 (15.0—17 

Not linear 

-1 .90±0.03(14 .0—17 

.9) 

.9) 

.3) 

.6) 

.3) 

a) The values of Z/0, [H+] and aw at 25 °C are used for the kinetic data at 55 °C. 
which the parameters are calculated is inserted in the parentheses. 

b) The acid concentration range in 
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[HaSO^M-

X -5 

log aw 

Fig. 2. Plots of/ /0+log kobsd
 vs- l oS aw f° r t h e hydrolysis 

in sulfuric acid at 25 °C; vertical displacement values 
x=0 for formylhydrazine (1) and x=— 2 for acetyl-
hydrazine (2). 

linearly with log aw and that the values of the correlation 
slope parameter w were useful as the criterion of the 
reaction mechanism. Typical w plots are shown in Fig. 
2. The plots should be divided into three (for formyl­
hydrazine) or four (for acetylhydrazine) linear portions. 
T h e w values estimated for each portion are collected 
in Table 3, along with the acid concentration ranges in 
which the w values are calculated. A complementary 
parameter w* was defined by Bunnett16) as a useful 
index of the response of the reaction to the catalysis 
by concentrated acid, e.g. sulfuric acids above 4 M. T h e 
w* plots, log k—i/0—log [H+] vs. log aw, are shown in 
Fig. 3. This clearly indicates that for acetylhydrazine 
the mechanism change expected from the magnitude 
of (f> values takes place, i.e. for this compound a curved 

[HaSCUj/M 

log aw 

Fig. 3. Plots of log *ob8d - l o g [H+]-H0 vs. log aw for 
the hydrolysis of formylhydrazine (1) and acetylhydra­
zine (2) at 25 °C. 

line similar to that for formylhydrazine can be drawn 
through the points up to about 14 M H 2 S 0 4 , while a 
good linearity is found beyond 14 M H 2 S 0 4 . 

The applicability of the Zucker-Hammett hypo­
thesis17) was also examined. However, the plot of log k 
vs. H0 showed no linearity over the range of acid concen­
tration, except for a narrow range of very high acidity, 
and the plot of log k vs. log [H+] also gave a linear 
portion in a narrow range at low acidities only. 

-i.o 

-2.0h 

Fig. 4. Arrhenius plots for the hydrolysis of acetyl-
hydrazine; vertical displacement value x=0 at 16.7 M 
H 2S0 4 ( l ) , x = 0 . 6 a t 11.1 M (2), x=0.2 at 8.83 M (3), 
* = 0 . 4 a t 2 . 7 2 M (4). 

Activation Parameters. The rate-temperature de­
pendence was examined at several acid concentrations 
representative of linear portions in the plots mentioned 
in the foregoing section. Typical Arrhenius plots, log 
k vs. 1/7", are shown in Fig. 4 for the hydrolysis of 
acetylhydrazine at 2.72, 8.83, 11.1, and 16.7 M H 2 S 0 4 . 
T h e plots at high acid concentration for each substrate, 
except chloroacetylhydrazine, were divided into two 
linear portions. In these cases the rate constant-tempera­
ture dependence can be reasonably treated under the 
assumption that the activation heat capacities AC* vary 
with temperature.18^ However, our present data do not 
seem to cover a sufficiently wide temperature range to 
do the treatment. Therefore, the values of activation 
parameters were calculated for each linear portion and 
are collected in Table 4. 

After studying the acid-catalyzed hydrolysis of esters, 
Schaleger and Long19) have suggested that the typical 
values of activation entropies are 0 to 42 J K _ 1 m o l - 1 

for the A-l mechanism and —63 to —126 J K" 1 mol"1 

for A-2. In fact, for the ethyl acetate hydrolysis9) the 
AS* value changed from a negative value (—64.0 
J K" 1 mol"1 at 40.2% H 2 S0 4 ) typical of A-2 reactions 
to a small positive value ( + 9 . 6 J K" 1 mol"1 at 98.4% 
H 2 S 0 4 ) typical of A-1 reactions; for the amide hydro­
lysis, which proceeds probably through the A-2 mecha­
nism, the AS* value20) is —69.5 J K" 1 mol"1 for form-
amide, —86.6 J K" 1 mol"1 for acetamide, and 88.3 
J K _ 1 m o l - 1 for propionamide in 1.00 M HCl. 

T h e mechanistic change of acylhydrazine hydrolysis 
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TABLE 4. ACTIVATION PARAMETERS FOR HYDROLYSIS 

OF ACETYLHYDRAZINES R C O N H N H 2 

~Z [H2S04] ÂÏF> AS* 7 ^ 
M kjmol- 1 J K ^ m o l - 1 °C 

H 

CH3 

CH2C1 

GH3CH2 

CH3(CH2)2 

CH3(CH2)6 

1.04 
5.07 
11.2 
16.5 

2.72 
8.83 
11.1 
16.7 

1.99 
7.80 
15.8 

3.28 
11.4 
17.3 

5.10 
11.7 
15.5 

4.45 
12.3 
15.5 

59.0(25—65) 
60.0(10—40) 
63.6 
84.1(25—45) 
59.0(55—75) 

65.7(45—85) 
70.3(25—70) 
77.8 
107 (25—35) 
64.4(57—70) 

72.0(25—70) 
73.2(25—70) 
74.5(25—70) 

63.2(45—85) 
72.0(45—85) 
89.1(25—45) 
35.1(55—75) 

64.4(35—75) 
74.9 
108 (25—65) 
26.4(75—85) 

68.2(45—85) 
77.4(45—85) 
105 (25—45) 
54.8(55—85) 

-121 
-92 
-88 
-38 
-113 

-121 
-96 
-71 
+ 38 
-100 

-100 
-88 
-88 
-126 
-92 
-17 
-180 

-138 
-109 
+ 21 
-209 

-113 
-79 
+ 29 
-130 

25 
25 
25 
25 
55 
55 
25 
25 
25 
55 
25 
25 
25 
55 
55 
25 
55 
55 
55 
25 
75 
55 
55 
25 
55 

a) The linear Arrhenius plots were obtained in the 
temperature range which is indicated in the parentheses. 
b) The temperature at which AS* was calculated. 

from A-2 to A-1, at a very high acid concentration, was 
deduced again from the above-mentioned criterion in 
terms of the AS* values. For each acylhydrazine the 
larger negative entropies were obtained in the acidity 
region in which the hydrolysis was expected to go 
through the A-2 mechanism, and in highly concen­
trated acids the AS* values were positive or slightly 
negative, except for chloroacetylhydrazine. Although 
the AS* values are based on pseudo-first-order rate 
constants which are dependent on acidity, the observed 
medium dependence of AS* (see Table 4) would not be 
expected to lead to such a drastic change, unless a 
mechanism change was involved. However, for formyl-
hydrazine no indication of the mechanism change from 
A-2 to A-l was obtained from the criterion based on 
the reaction parameters 0, w, and w*, while a relatively 
small negative value of AS*, probably suitable to the 
A-l mechanism, was obtained at a low temperature in 
16.5 M H 2 S 0 4 . This inconsistency may be due to the 
fact that the hydrolysis of formylhydrazine at high 
acidity is unimolecular (A-l) , but is retarded by high 
activation energies. Even if this is the case, the Arrhenius 
plots involving two linear portions still need to be 
interpreted. For all the acylhydrazines with the excep­
tion of chloroacetylhydrazine, the values of activation 
energies and entropies, estimated from the linear portion 
of Arrhenius plot in higher temperature region and at 

high acidity, are identical with those obtained at lower 
acidities. This seems to indicate that change of hydro­
lysis mechanism occurs; in other words, there are two 
competing reactions, probably A-l and A-2, which are 
predominant at low and high temperature, respectively. 

D i s c u s s i o n 

In the acidity region in which the hydrolysis proceeds 
through the A-2 mechanism, formylhydrazine has been 
observed to undergo hydrolysis about thirty times faster 
than acetylhydrazine (see Table 1). Acetylhydrazine 
is hydrolyzed as slow as chloroacetylhydrazine, with a 
k value of 4.12 X 10"1 min" 1 at 25 °C in 7.8 M H 2 S 0 4 

(not shown in the table). In spite of such a large rate 
difference, these three acylhydrazines give nearly equal 
values of activation energies and of entropies. Therefore, 
it may be said that the hydrolysis in the low acidity 
region is not entropy-controlled, nor is it an energy-
controlled reaction. The greater stability of acetyl-
hydrazine can not be ascribed to the electron-donating 
property of methyl group compared with the formyl 
hydrogen atom, because chloroacetylhydrazine, whose 
chloromethyl group has no electron-donation power, 
is as stable as acetylhydrazine. Thus the stability 
would come from the steric hindrance of the bulky acyl 
group which prevents it from attacking the water 
molecule. At high acidity, chloroacetylhydrazine shows 
no mechanism change from A-2 to A - l ; this has been 
deduced from the criterion based on the reaction 
parameters and also from that based on activation 
entropies. The effect of substitution on acylhydrazine 
hydrolysis ought to be studied more widely. The regions 
of hydrolysis by the A-l and A-2 mechanisms are 
usually separated by a minimum in the rate constant-
acid concentration profile curves;21) this is the case for 
the hydrolysis of acetylhydrazine, propionylhydrazine, 
butyrylhydrazine, and caprylylhydrazine. 

The magnitude of the parameter used as the criterion 
of reaction mechanism depends upon how broad a 
range of acid concentration is covered by the kinetic 
experiments;14) our present data , covering a sufficiently 
wide acidity range for the acylhydrazine hydrolysis, 
clearly reflect a medium change. The plots based on 
the linear free relationship14) give a good linearity which 
covers all the examined range of acid concentration. 
However, the plots are divided into two or three linear 
portions (see Fig. 1 and Table 3). For the first one or 
two portions, the <j> values are suitable to the A-2 
mechanism, but the value for the higher acidity region 
is slightly larger than that for the lower acidity region. 
No acceptable interpretation of the small difference 
in <f> values may be deduced from the <j> plots only. 

A striking behavior of the w* plots, log k—i/0—log 
[H + ] vs. log aw, is worth noting (see Fig. 3) : the plot 
of acetylhydrazine gives a curved line up to an acid 
concentration which begins to give a linear portion, and 
so the mechanism change from A-2 to A-l is expected 
to be involved; otherwise such a sudden change in 
curvature is not expected. Moreover, we should pay 
attention to the curved line portion, because the 
apparently continuous change of log k—H0—log [H+] 
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-log aw 

Fig. 5. The plots of - ( / / 0 + l o g [//+]) vs. - l o g a w for 
sulfuric acid-water mixtures. 

which changing log #w is considered to come from some 
affecting factors, which are continuously changed with 
acid concentration, on the hydrolysis rate. The relation 
between Hammet t ' s acidity function and water activity 
has been discussed by several authors.14»16'22»23) For 
sulfuric acid-water mixtures in the concentration range 
examined, the "excess acidity,"23) — ( i / 0 + l o g [H+]), is 
plotted against —log #w by the use of data1 1 - 1 3) available 
in Fig. 5. T h e plot is divided into four linear portions: 
the initial three portions in slope value and also in the 
acidity region correspond to the initial three linear 
portions of the w plots, i.e. the local linearlities of the 
plot of the excess acidity against the water activity are 
directly reflected on the w plot (compare the slope values 
and the range of acid concentration inserted in Fig. 5 
with those presented in Table 3). Since the corre­
spondence was found for all the acylhydrazines 
examined, it is not considered to be accidental. This 
means that the plot of log k-\-H0 vs. i / 0 + l o g [H+] (the 
Bunnett-Olsen <f> plot14)) gives a straight line with the 
(f> value of unity; this is equivalent to the fact that the 
acidity dependence of rate constants comes from the 
change of total concentration of hydrogen ions, that is, 
the linear plot of log k vs. log [H+] with the slope value 
of unity (the Zucker-Hammett hypothesis17)) is obtain­
able. In fact, the <j> values nearly equal to unity were 
obtained over the acid concentration range in which 
the acylhydrazines were hydrolyzed through the A-2 
mechanism. However, the <t> values at lower acidity 
regions are slightly smaller than those at higher acidity 
regions; this was found for all the acylhydrazines which 
gave <ß values which differed slightly from each other. 
This seems to imply that the hydration change which 
occurs with protonation and/or transition of substrate 

molecules also affects the rate constant-acidity depend­
ence. Finally, we can say that the w* parameter is 
greatly sensitive to small deviations from the Zucker-
Hammet t criteria and that the 0 parameter will provide 
a more reliable criterion for the interpretation of the 
dependences of rate constants and also of reaction 
mechanisms on changes in acid concentration. 
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An NMR Study on the Association Stabilities of Thiaheterohelicenes 
against 7,7,8>8-Tetracyanoquinodimethan. Effect of the 

Staggered Configuration of Helicene 
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In order to evaluate the influence of the staggered configuration of helicene on complex formation, a *H NMR 
technique was applied to the complexing equilibria of thiaheterohelicene homologs with 7,7,8,8-tetracyanoquino-
dimethan (TCNQJ. Formation constants of the complexes showed irregular changes in the case of [5] and [7]-
thiaheterohelicenes in which the staggerings occur. This irregularity could be interpreted on the basis of the 
observed abnormal decrease of the bonding entropy. The reduced bonding entropy was understood in terms of the 
incomplete quenching of internal freedom, which was expected from the peculiar orientation of the staggered 
thiaheterohelicene towards planar TCNQ, in the charge-transfer complex. 

To understand the molecular staggering due to the 
helical shape of helicenes, it will be useful to examine 
the thermodynamic stability of their charge-transfer 
(CT) complexes with an appropriate ^-acceptor. In a 
series of studies1-3) on thiaheterohelicenes with alternat­
ing thiophene and benzene rings, we have reported1) 
that the thiaheterohelicene molecules act as rc-donors to 
give the 1 : 1 C T complexes with a strong ^-acceptor, 
7,7,8,8-tetracyanoquinodimethan ( T C N Q ) . Formation 
constants of the complexes, determined preliminarily 
by a Benesi-Hildebrand (B-H) treatment4) on the CT-
band intensities, were in the order of benzo[l,2-£ : 
4,3-£']dithiophene (3)<[7]thiaheterohelicene (5 )< [5 ] -
thiaheterohelicene (4). This order was different from 
the ordinary trend in which formation constants in the 
complexes of cata-condensed aromatic donors increase 
with the number of aromatic rings. The reduced 
stability in the complex of [7]thiaheterohelicene has 
been considered to reflect its helical configuration, where 
two terminal thiophene rings are annularly overlapped.5) 
However, it was difficult to inquire further into the 
thermal stabilities of the complexes, because of a lower 
degree of the accuracy of the formation constants which 
were determined by the B-H method on the weak C T 
absorptions. 

A Hanna-Ashbaugh (H-A) treatment6) on the XH 
N M R chemical shifts of interacting molecules was 
appropriate for the more exact determination of the 
formation constants and allowed us to estimate the 
enthalpy and entropy changes on complexation. This 
paper aims to clarify the steric effect caused by the 
staggering of helicene. The examination of thermo­
dynamic parameters in the T C N Q complexes of 
thiaheterohelicene homologs: benzene (1), benzo[b]-
thiophene (2), 3, 4, and 5 has led us to appreciate the 
importance of the entropy factor. 

E x p e r i m e n t a l 

Materials. Benzo[l,2-6: 4,3-6']dithiophene(3), [5]-
thiaheterohelicene(4), and [7] thiaheterohelicene (5) were syn­
thesized3»7) by photocyclization of the corresponding precursor 
olefins. Benzene-</6 (1) and benzo[b]thiophene (2) were 
purchased from Merck Co. These compounds were purified 
as follows. 2 and 3 were column-chromatographed over 
alumina with hexane as an eluent, then sublimated under 
vacuum. 4 and 5 were also column-chromatographed over 
alumina with benzene, followed by recrystallization from 
benzene. 

7,7,8,8-tetracyanoquinodimethan was purchased from 
Merck Co. and was purified by recrystallization three times 
from pure acetonitrile. l,l,2,2-Tetrachloroethane-l,2-^2 

(C2D2C14) used as an NMR solvent was of the spectroscopic 
grade (Merck; Uvasol). 

Preparation and Measurement of NMR Samples. \.ll mg 
of TCNQ, crystals was dissolved in 3500 mm3 of C2D2C14 

including a trace of tetramethylsilane (TMS). A 500 mm3 

portion of the solution was taken out with a micropipette 
(Gilson, Pipetman model P, ±0 .5% in error), and was put 
into each of the six 2000 mm3-sample tubes containing various 
amounts (3—40 mg) of thiaheterohelicene which were weighed 
to a precision of 10-3 mg by a microbalance. After complete 
dissolution, a 400 mm3 portion from each solution was trans-
fered into a 5 mm-diameter NMR tube. 

The XH NMR spectra of six samples thus prepared and of 
one sample containing only the TCNQ. solution originally 
prepared were successively measured at a fixed temperature, 
then similarly measured at other temperatures. The measure­
ments were done in the Fourier transform mode on a JEOL 
PFT-100 spectrometer operating at 100 MHz with an internal 
deuterium lock. 4096 or 8192 data points were taken over 
a 1 kHz spectral width at a tilt an^le of 45°, repeated at 2.2 or 
4.5 s intervals. The accumulation and data reduction of the 
NMR spectrum were performed on an EC-100 computer 
attached to the spectrometer. The error in reading the peak 
position of TCNQ, protons was judged to be ±0 .3 Hz. The 
temperature of a given sample was regulated by a VT-3C 
variable temperature unit and was read from an Ohkura 
AM-1001 microvoltmeter connected to a copper-constantan 
thermocouple whose terminal was set in an NMR tube inside 
the probe. The temperature was constant within ca. 1 °C 
during each series of measurements. 
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Results 

In the samples prepared, T C N Q was held at the low 
concentration of 2.5 x 10~3 mol/dm 3 to make sure that 
the amount of the thiaheterohelicene was in a large 
excess (10 to 100-fold excess to the amount of TCNQ) , 8 ) 
which was requisite for an application of the H-A 
method. T h e *H N M R signal of T C N Q protons which 
was not hidden by the intense signals of thiahetero­
helicene protons could be detected by 100—200 times of 
pat tern accumulation. The observed signal moved 

Fig. 1. LH NMR spectra of the complexing media of 
benzodithiophene(3)-TCNQ at 237 K and the defini­
tion of shifts, ô, ô0i ôc, A, and Ac. For [A] = 2.5 X 10"3 

mol/dm3, a) : [D] = 0, b) : [Z>] = 3.92 X 10"2, c) : [D] = 
2.63 X 10-1 mol/dm3, d) : extrapolated to [D] = oo. 

Fig. 2-A. A'1 vs. [D]-1 plots for benzodithiophene(3)-
TCNQ. system; [A] =2.5 X 10"3 mol/dm3 and [D] = 
3.919 xlO"2 , 5.252X10-2, 7.228 xlO"2 , 1.055 xlO"1 , 
1.576 x 10-1, and 2.627 x 10"1 mol/dm3. 

Fig. 2-B. A-1 vs. [D]-1 plots for [5] thiaheterohelicene-
(4)-TCNQsystem; [^] = 2.5x 10"3 mol/dm3 and [D] = 
3.872X10-2, 5.046X10-2, 6.742xlO"2, 9.309xlO"2, 
1.384X10-1, and 1.945X 10"1 mol/dm3. 

Fig. 2-C. A'1 vs. [D]-1 plots for [7]thiaheterohelicene-
(5)-TCNQsystem; [A] = 2.5 X 10"3 mol/dm3 and [D] = 
3.056x10-2, 3.720x10-2, 4.644x 10"2, 5.909xlO"2, 
8.076x10-2, and 1.085 X 10"1 mol/dm3. The 
i H N M R signals of TCNQ. for [D] = 8.076 X 10"2 

mol/dm3 at 298.2 and 314.9 K were not observed 
because of overlapping with the donor signals. 

noticeably to the up-field with an increase of the 
thiaheterohelicene concentration, as exemplified in the 
spectra of benzodithiophene (3) -TCNQsystems (Fig. 1). 
The net up-field shift A(=ô0—ô), where ô and ô0 are 
the chemical shifts of T C N Q protons in the complexing 
medium and in the uncomplexed state, respectively, 
was in close relation to the thiaheterohelicene concentra­
tion [D], as shown by the fairly linear plots of A'1 vs. 
[D]-1. This is seen in Figs. 2-A, B, and C for benzodithio­
phene ( 3 ) - T C N Q , [5]thiaheterohelicene ( 4 ) - T C N Q , 
and [7] thiaheterohelicene ( 5 ) - T C N Q systems, respec­
tively. I t is also seen from the figures that the intercepts 
of the plots at different temperatures show an excellent 
focussing. 

Thus , the plots in Fig. 2 were analyzed by a least-
squares method, using the H-A relation:6) 
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TABLE 1. SHIFTS (AC) AND ASSOCIATION CONSTANTS (K) 

FOR THE COMPLEXES AT VARIOUS TEMPERATURES(T) 

Complex 

1-TCNQ. 

2-TCNQ. 

3-TCNQ. 

4-TCNQ. 

5-TCNQ. 

r/K 
224.5 
244.9 
264.8 

227.7 
239.3 
249.7 
264.2 

237.3 
251.6 
269.3 
285.0 
298.2 
314.9 

266.9 
284.7 
298.2 
314.9 
329.8 
347.0 

298.2 
314.9 
329.8 
346.1 
360.2 
380.1 

J c ° /ppm 

1.71 
1.78 
1.62 

1.77 
1.84 
1.79 
1.75 

1.84 
1.88 
1.86 
1.86 
1.93 
1.97 

2.21 
2.16 
2.07 
1.98 
2.07 
2.13 

2.21 
2.19 
2.34 
2.31 
2.17 
2.27 

A:b)/dm3mol-1 

0.177 
0.157 
0.150 

0.831 
0.725 
0.637 
0.548 

5.63 
3.96 
2.90 
2.23 
1.73 
1.36 

8.48 
6.37 
5.28 
4.34 
3.18 
2.48 

4.85 
3.72 
2.75 
2.29 
2.01 
1.55 

SD(x 102) 

3 l 
7.4 

10.3 

3.0 
3.8 
2.9 
4.1 

3.2 
3.1 
2.4 
4.2 
3.1 
6.5 

0.6 
1.7 
3.1 
1.9 
1.7 
1.2 

2.3 
2.0 
2.0 
4.4 
4.5 
4.0 

a) The averaged probable error; 3.8% of Ac. b) 4 . 5% 
of*. 

A-i=(K.Ac)-i.[D]-i + Ac-i {l) 

K= [AD]/[A].[D] (A+D = AD). 

Here K is the formation constant for the molecular 
complex and Ac(=ô0—ôc) the A in the pure complex 
(Fig. 1). Table 1 lists the K and Ac values, together 
with the standard deviations (SB) of the least-squares 

calculations, for the T C N Q complexes of 1—5 at 
various temperatures. Those values for benzene-</6 

( l ) - T C N Q . and benzothiophene (2 ) -TCNQ. systems 
were determined only at lower temperatures owing to 
the smaller up-field shifts of T C N Q protons. 

TABLE 2. THE ENTHALPY (AH) AND ENTROPY 

CHANGE (AS) IN THE COMPLEX FORMATION 

Complex A///kJmol- AS/JK- imol -

1-TCNQ. 
2-TCNQ. 
3-TCNQ. 
4-TCNQ. 
5-TCNQ. 

- 2 . 0 ± 0 . 8 
- 5 . 7 ± 0 . 5 

- 1 1 . 2 ± 0 . 2 
- 1 1 . 7 ± 0 . 5 
- 1 3 . 0 ± 0 . 4 

- 2 3 . 5 ± 3 . 2 
- 2 6 . 7 ± 2 . 0 
- 3 3 . 1 ± 0 . 6 
- 2 5 . 7 ± 1 . 6 
- 3 0 . 5 ± 1 . 0 

Fig. 3. Plots of In K vs. T~K ©) : 1-TCNQ., ©) : 2 -
TCNQ., 3 ) : 3-TCNQ., Q) : 4-TCNQ., # ) : 5-TCNQ.. 

Figure 3 shows the plots of In K to ÜT-1. The enthalpy 
(AH) and entropy changes (AS) collected in Table 2 
were determined from the least-squares fitting of the 
plots to the van ' t HofF equat ion: 

In K = - (AH/R). T-1 + AS/R. (2) 

D i s c u s s i o n 

Ac and Kfor the 1 : 1 Complex. The nice fit of the 
plots of J - 1 vs. [B]-1 to the H-A Eq. 1, which is judged 
from the small SB's in Table 1, allows us to assume6»9) 
that only the 1 : 1 molecular complex is formed in the 
donor-acceptor equilibrium in the concentration range 
used for the present study. Table 1 also indicates that 
the intrinsic shifts Ac's for the 1 : 1 complex scatter 
independently of temperature and fall into a small 
range and that the averages are ordered as follows: 
1.70 ( 1 - T C N Q X 1.79 (2-TCNQ.) < 1.89 (3-TCNQ.) < 
2 .12 (4 -TCNQJ<2 .25 ppm(S-TCNQ,) . This ordering 
may be understood on the basis of the idea10) that the 
shift Ac of T C N Q . molecule facing the donor molecule 
is induced by the long range shielding due to the ring 
current which is accumulated with an increase of the 
number of rings of the donor. Thus, the parameter 
Ac exhibits a natural profile of the cata-condensed 
aromatic donors; however, it does not give a direct 
indication of the staggered configuration characteristic 
of helicenes. 

O n the other hand, an anomaly is observed for the 
association constants in the complex series: ICs in 
C2D2C14 at 25 °C are in the order of 0 .13(1-TCNQ.)< 
0.41 (2-TCNQ.) < 1.73 (3-TCNQ.) < 4 . 8 5 (5-TCNQ.) < 
5.28 dm 3 /mol(4-TCNQ.) , where the values for 1 -
TCNQ 1 1 ) and 2 - T C N Q . are obtained by extrapolating 
the van ' t Hoff plots in Fig. 3 to 298.2 K. We can note 
again a reduction of the K in 5 - T C N Q . like that prelimi­
narily found1) from the B-H treatment of the CH2C12 

solution. Interestingly, a similar result was also 
obtained12) from a high performance liquid chromatog­
raphy (HPLC) with a column of silica gel bonded with 
a strong rc-acceptor, 2-(2,4,5,7-tetranitro-9-fluorenyl-
ideneaminooxy)propionic acid (TAPA). T h e elution 
order of the donors was 1, 2, 3, 5, and 4 giving the 
inversion of 4 to 5, contrary to the absence of inversion 
in the case which used a column of silica gel only. 
Evidently, the C T interaction between donor molecule 
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TCNQ, 3) : 3-TCNQ, 4) : 4-TCNQ., 5) : 5-TCNQ.. 

and fluorenylidene moiety of TAPA may produce this 
inversion. T h e inverse order is independent of solvent, 
detection method, or aromatic acceptor used, and so 
must be related to the inherently helical configuration 
of the donor. 

AH and AS in the Complexation. Figure 4 shows 
the plots of —AH and — AS in the complex series. The 
enthalpy changes — AH's, i.e. bonding energies, tend 
to increase in the order of 1, 2, 3, 4, and 5, although the 
increments among 3, 4, and 5 are smaller than those 
among 1, 2, and 3. T h e above order may be interpreted 
in terms of the electron-donative abilities of the donors, 
which increase with ring accumulation. In fact, their 
ionization potentials1) decrease in the same order as the 
above. As a result, the enthalpy changes suggest the 
effect of the staggering of 4 and 5, but fail to explain 
the inversion in the K values. 

The behavior of the entropy changes —AS's, i.e. 
degrees of bonding restriction, as seen in Fig. 4, is 
extraordinary: the — AS value reduces abruptly in the 
complex of 4 and still does not recover, in the complex 
of 5, to the value in the complex of 3. T h e inversion 
in the K values corresponds to the abnormal decrease 
of the - A S . 

It is known13) that an increase of bonding energy 
causes an increase of bonding entropy in consequence 
of the stronger restriction between complexing species. 
This correlation may be valid in the case of absence of 
sterical hindrance, as demonstrated13) in the iodine-
alkylbenzene series. Indeed, the relation of the —AH 
and —AS among the complexes of planar molecules 
1, 2, and 3 seems to follow the above general criterion. 
The abnormal decrease of the bonding entropy —AS 
in the complex of 4 should be a most direct proof for the 
existence of the sterical hindrance within the complex 
and certainly corresponds to the appearance of the 
staggered configuration in 4, as revealed2) by our X-ray 
structural analysis on the 4 - T C N Q complex. The 
change from 4 to 5 in Fig. 4 can be explained by the 
same criterion as in the case of 1—3. This line of 

reasoning leads us to infer that a contribution of the 
staggering effect to the —AS approaches a limit against 
the ring accumulation, in so far as helicene and TCNQ, 
molecules face each other. 

Finally, we wish to comment on the decrease of 
bonding entropy, i.e. the gain of additional freedom, 
brought about by the staggering: the present complexes 
may be divided into two types with respect to the 
orientation manner of the donors towards planar T C N Q . 
In the complexes of planar 1—3, the aromatic planes 
of donor and T C N Q , molecules orient nearly parallel. 
But in the complexes of staggered 4 and 5, both planes 
are much inclined2) to each other. Hence the intensity 
distribution in the bonding interaction between aroma­
tic planes is far from uniform. Thus, in the latter case, 
a possible displacement at the weakly interacting locus 
where both planes are widely separated may not 
change so steeply the total stabilization energy. This 
is a possible explanation for the existence of the addi­
tional freedom in the complexes of 4 and 5, though the 
details must await an energy calculation of the complex 
system. 

Here it should be noted that the staggering effect was 
visualized by looking not at the helicenes themselves, 
but at their molecular complexes. The influence of 
the staggering on the intramolecular properties ; ioniza­
tion potentials, transition energies,14) and even spin 
densities of the radical anions15) is not so easy to detect. 
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The crystal structure of Rb-TCNQ-II was redetermined. The interplanar distance between the neighbouring 
TCNQ's is 3.25 Â, which is almost equal to those of highly conducting T C N Q salts. The electrical resistivity and 
the structure of the T C N Q columns suggest that the complete charge transfer in Rb-TCNQ-II makes this crystal 
low-conducting. The activation energy of the electrical conduction indicates that the dimerization gap appears 
below the monomer-dimer transition temperature. The temperature dependence of the electrical resistivities of 
Rb2TCNQ3 is also described. 

Among the quasi-one-dimensional molecular crystals 
known at present, alkali metal salts of 7,7,8,8-tetra-
cyanoquinodimethane (TCNQJ are of particular interest 
because of the simplicity of their crystal and electronic 
structures.1) The crystal of R b - T C N Q shows polymor­
phism. The crystal structure of R b - T C N Q - I I was 
reported eight years ago.2) However, the recent studies 
of the crystal structures and the physical properties of 
a l k a l i - T C N Q suggest that the reported interplanar 
distance of the T C N Q ' s of 3.43 Â in R b - T C N Q - I I is 
too long. Since the intensity data used in the previous 
work was not considered to be accurate enough,3) the 
structure was redetermined on the basis of the newly 
collected intensity data . 

Exper imenta l 

The crystals were prepared by a diffusion process of Rbl 
and TCNQ in acetonitrile. All the crystals examined were 
twinned. The lattice constants were determined by means 
of a Rigaku automated four-circle diffractometer. The 
crystal data are:4) Rb+(C19H4N4)-, F.W. = 289.6, triclinic, a = 
9.907(2), £=7.180(2), ^=3.886(1) A, a=88.55(2). £=86.86 
(2), y = 94.41(2)°, *7=273.6(1) A3, dc= 1.757 gem-3 , Z = 
1, space group PI, F(000) = 141, //(Mo KOL) = 45.5 cm"1. The 
intensity data were collected with monochromated Mo KOL 
radiation up to 20=60°. The crystal used had approximate 
dimensions of 0.3 X 0.23 x 0.07 mm3. Of the 1718 accessible 
reflections, 1240 significant reflections were obtained (\F0\ 

>M\F0\)). 
Starting with the positional parameters previously 

obtained,2* the structure was refined by the block-diagonal 
least-squares method. Since the twin ratio was not known, 
the scale factors of \F{hkl)| were determined as: S (l)^}\F0(hkl) | 

kh 
= =Sl^ rc(^) |> where S(l) is the scale factor of the /-th layer 

kh 

(1=0, 1, 2, 3, 4, 5) and where |F0 | and |FC| are the observed 
and calculated structure amplitudes respectively. The full-
matrix least-squares refinement gave the following scale 
factors: S(0) = 0.846/^/2", S (I) = 0.998—1.002 ( /=1 , 2 , 3 , 4 , 
5). The final R value was 0.059. The weighting scheme 
was: w=\/[a+b\F0\+c\Fe\*] for \F0\^5.6 (absolute scale), 
0=11.20, £=1.00, c=0.033; w = 0A otherwise. The atomic 
coordinates are listed in Table l.t 

TABLE 1. THE FINAL ATOMIC 

The values for fractional coordinates 
COORDINATES 

are multipied by 104. 

t List of the observed and calculated structure factors and 
tables of anisotropic thermal parameters for non-hydrogen 
atoms and atomic parameters for hydrogen atoms are kept 
at the Chemical Society of Japan as Document No. 8152. 

Atom 

Rb 
N(l) 
N(2) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 

X 

0000 
9073(8) 
7633(7) 
6137(6) 
5967(6) 
5106(6) 
7248(6) 
8265(6) 
7442(6) 

y 

0000 
6878(8) 
885(8) 

4621(7) 
6484(7) 
3153(7) 
4226(7) 
5693(8) 
2390(8) 

z 

0000 
5413(16) 
5622(17) 
1871(14) 
838(15) 
977(15) 
3808(15) 
4675(15) 
4817(17) 

* e q/A
2 a ) 

2.08 
3.43 
3.80 
2.13 
2.26 
2.26 
2.34 
2.34 
2.48 

a) Equivalent isotropic temperature 
H. C. Hamilton (Acta Crystallogr., 12 

factor as defined by 
,609(1959)). 

R e s u l t s and D i s c u s s i o n 

Figure 1 shows the crystal structure. The T C N Q ' s 
stack along the c axis to form monadic columns. There 

' -Y^. 

(b) 

Fig. 1. (a) The crystal structure of Rb-TCNQ-II. 
(b) The molecular arrangement. 
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Fig. 2. The bond lengths and the bond angles of T C N Q 
with the standard deviations in parentheses. 

are eight short contacts between R b and the surrounding 
nitrogen atoms (^3 .27 Â). The shortest R b - N 
distance is 3.052 A. The bond lengths and the bond 
angles are shown in Fig. 2. T h e bond lengths agree 
well with those of the T C N Q anion5) but significantly 
differ from those of neutral TCNQ: 6 ) the length of the 
C( l ) -C(4 ) bond is 0.047 Â longer than the correspond­
ing bond length of the neutral T C N Q molecule. The 
least-squares plane through T C N Q is: — 0.4973(^f— 
0.5a) + 0 . 1 8 2 8 ( 7 - 0 . 5 ^ ) + 0 . 8 3 4 0 Z = 0 . 0 , where X, F, 
and Z(Â) are the coordinates referred to the crystal 
axes a, b, and c respectively. T h e interplanar distance 
between adjacent T C N Q s of 3.248 Â is the shortest in 
a l k a l i - T C N Q salts and almost equal to those of highly 
conducting salts: N a - T C N Q , 3.39 (80 °C) ;7> K - T C N Q , 
3.48 (120 °C);8> N H 4 - T C N Q , 3.31 ;9> #-methylphenazi-
n i u m - T C N Q ( N M P - T C N Q ) , 3.25 ;10> hexamethyl-
enetetrathiafulvalene ( 2- (5 ,6-d ihydro- \H-cyclopenta-
1,3-dithiole-2-ylidene) -5 ,6 -dihydro-4//-cyclopenta-1,3-
d i t h io l e ) -TCNQ ( H M T T F - T C N Q ) , 3.25 ;n> quinoli-
n i u m - T C N Q , 3.22 ;12> a c r i d i n i u m - T C N Q , 3.26 Â.13> 
As described in Ref. 2, the mode of overlap of T C N Q 
is of the "ring-external bond type" (see Fig. 3), which 
is found in every highly conductive T C N Q salts.14) 

Fig. 3. The ring-external bond type overlapping 
Rb-TCNQ-II. 

in 

Electrical Resistivities. The d.c. electrical resis­
tivities of R b - T C N Q - I I were measured along the c-axis 
by the four-probe method (see Fig. 4). The room-
temperature resistivity of 50 Qcm is much smaller than 
those of the other a lkal i -TCNQs, 1 4 ) which is consistent 
with the small intermolecular distance of R b - T C N Q - I I . 

Although the structure of the T C N Q columns of 
R b - T C N Q - I I closely resembles those of N M P - T C N Q 
and H M T T F - T C N Q , the conductivities of N M P -
T C N Q and H M T T F - T C N Q are four orderes of 
magnitude larger than that of R b - T C N Q - I I . This 
clearly shows the importance of the intramolecular 
Coulomb repulsion. Since the p of R b - T C N Q - I I is 
considered to be 1, R b - T C N Q - I I has a Coulomb gap 
at the Fermi wave number , kF, where the p values of 
of N M P - T C N Q and H M T T F - T C N Q are 2/315> and 

103/T 
Fig. 4. The temperature dependence of the d.c. elec­

trical resistivity of Rb-TCNQ-II. 
The room-temperature resistivity R0 is 50 Q cm. 

0.7216) respectively. The importance of the Coulomb 
gap has been elucidated in a recent paper by Torrance 
et al.;17) they thoroughly examined the physical prop­
erties of two isostructural H M T T F compounds, one 
metallic and the other insulating. 

A change in the slope of the log RjRo vs. \jT curve 
suggests a phase transition, which has been established 
by magnetic measurements ( 7 ^ = 2 2 0 K).18) X-Ray 
oscillation photographs taken around the needle axis 
showed the doubling of the lattice along the c axis 
below TG. Therefore, the transition is a monomer-dimer 
(M-D) transition. It is well-known that the T C N Q 
columns in T T F - T C N Q and H M T T F - T C N Q exhibit 
2kF instability.19»20) Although no long-range 3-D 
ordering is observed down to 20 K, a similar lattice 
modulation has been observed in N M P - T C N Q . 1 5 ) The 
2£F-distortion in the crystals of organic metals arises 
from Peierls instability. O n the other hand, the dimeri-
zation in a l k a l i - T C N Q has been considered to be 
associated with the instability of the spin-Peierls type.21) 
T h e transition temperatures ( Tc) of some simple salts 
of T C N Q are plotted against the interplanar distances (d) 
in Fig. 5. Since the dimer structure of a l k a l i - T C N Q 

4001 

3001 

tf 
2001 

100 

UNIFORM STRUCTURE 

TTFo~^ T F 

2KF-STRUCTURE 

3J0 3.1 3.2 3.3 U 3.5 

d/k 

Fig. 5. The relationship between the interplanar dis­
tance of TCNQ's (d) and the phase transition temper­
ature (Tc). 
The thermal expansion of d was estimated by reference 
to the temperature dependence of the crystal structure 
of TTF-TCNQ (A. J. Schultz, C. D. Stuky, R. H. 
Blessing, and P. Coppens, J. Am. Chem. Soc, 98, 3197 
(1976). 
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can be regarded as the 2£F-structure, the transitions 
presented in Fig. 5 are "uniform-2A;F transitions." The 
M-D transition temperatures are almost linearly related 
to d. The nature of column instability appears to change 
around </=3.20 Â. Despite the close resemblance of the 
room-temperature structures of the T C N Q columns, 
the transition temperatures of R b - T C N Q - I I and 
H M T T F - T C N Q are quite different from each other. 

The activation energies of the conductivities are 0.26 
eV below Tc and 0.12 eV above Tc. The increase 
in the activation energy below Tc indicates the appear­
ance of the dimerization gap. If the energy gap, Eg, 
is twice as large as the activation energy (Eg=2Ea), Eg 

is 0.24 eV. Since the Coulomb gap U ( ^ 1 eV22>) is 
considered to be much larger than 0.24 eV, the conduc­
tion cannot be intrinsic. 

0.88ev 
t 

-1.0 

i 
< ^ 

(a) 

"JO. 24 

T>Tr 

*-t 

( b ) 

to.52 

0 * *c 

T<TC 

Fig. 7. Schematic representation of the energy-level 
diagram of Rb-TCNQ. 
The intrinsic levels are presented as one-dimensional 
bands so as to indicate the doubling of the lattice 
constant at Tc. The band width and the dimerization 
gaps are assumed to be much smaller than 1 eV. 
(a) The energy-level diagram of Rb2TCNQ3 based on 
the two carrier model by Lakhani and Hota (Ref. 23). 
(b) The energy-level diagram of Rb-TCNQ-II. 
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Fig. 6. The electrical resistivity of Rb2 TCNQ3 . 
The diagram inserted is the resistivity by Lakhani and 
Hota (Ref. 23). 

Recently, Lakhani and Hota have measured the 
electrical resistivity of R b - T C N Q - I I (see Fig. 6).23> 
Their results a re : (1) The room-temperature resistivity 
is 2 X104 Q cm. (2) Below room temperature, the 
conductivity is extrinsic and is due to the donor levels 
located 0.18 eV below the conduction band.24) (3) 
Above 360 K, the intrinsic hole conduction becomes 
dominant where the activation energy is 0.44 eV. (4) 
The conductivity increases with the concentration of the 
impurity. 

Since the room-temperature resistivity and the 
activation energies are quite different from those 
obtained by this work, and since their crystals have the 
form of a truncated pyramid while those used in this 
work were needle-shaped, the crystals used by Lakhani 
and Hota appear to be different from R b - T C N Q - I I . 
Figure 6 shows the resistivities of R b 2 T C N Q 3 measured 
along the most developed axis of the prismatic crystal 
(//a), which is perpendicular to the T C N Q columns. 
The room-temperature resistivity is 105 I Î cm. Ea is 0.17 
eV below 215 K and 0.43 eV above 310 K. Because 

these values agree well with those of Lakhani and Hota, 
their crystals are considered to be R b 2 T C N Q 3 . 

Based on the electrical resistivities and thermoelectric 
powers, Lakhani and Hota have proposed the two-
carrier conduction model of R b - T C N Q which is 
presented diagramatically in Fig. 7: donor levels are 
located 0.36 eV below the conduction band, and the 
band gap is 0.88 eV. Unlike as in the cases of 
Cs2TCNQ3

27> and R b 2 T C N Q 3 , the thermoelectric 
powers of simple salts of a l k a l i - T C N Q are positive 
( J T < 4 5 0 K ) , which indicates the hole conduction.28) 
The activation energy of 0.12 eV (7 r >7 1

c ) suggests 
that the impurity acceptor levels are located 0.24 eV 
above the filled band. Below Tc, the dimerization gap 
appears, which leads a slightly modified model of the 
energy diagram (see Fig. 7b). The magnitudes of the 
Coulomb gap and the band-width have been considered 
to be of the orders of 1 eV and 0.1 eV respectively. 
However, their precise evaluation will be required for 
the better understanding of the electrical properties 
of a l k a l i - T C N Q . 
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A Study of the Electronic States of Iridium (III) Complexes Containing 
1,10-Phenanthroline Ligands. The Contribution of a dd 

Excited State to the Lowest Triplet State 
Yukako OHASHI* 

The Institute of Physical and Chemical Research, Hirosawa, Wako 351 
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To investigate the solvent dependence of the dd contribution to the lowest excited state of a.y-[IrCl2L2]Cl 
(L= 1,10-phenanthroline (phen) and 5,6-dimethyl-l,10-phenanthroline (5,6-Mephen)), the triplet-triplet absorption 
spectra (15000—25000 cm-1) were measured in N,iV-dimethylformamide (DMF)-water mixed solvents. From a 
smaller solvent-dependence of the absorption intensity for [IrCl2(5,6-Mephen)2]Cl than for [IrCl2(phen)2]Cl, the 
lowest triplet state of the former is considered to have a THI* character in 95% v/v DMF-water and 45% v/v DMF-
water. However, in pure water a considerable decrease in the triplet-triplet absorbance was observed. Because 
the molar extinction coefficient of the triplet-triplet absorption of the dd-dd type is 10~2 times smaller than that of the 
7iji*-jiJi* type, the observed decrease in the absorbance is elucidated by the increase in the contribution of the dd 
state to the lowest triplet state. Using ethanol-methanol (4 : 1, v/v) as a solvent, it was confirmed that the triplet-
triplet absorption spectrum shows no change when the solutions are degassed and the temperature is lowered 
(77 K). 

Recently, several studies have been reported on the 
electronic character of the emitting state of cis-[IrC\2-
(phen)2]Cl, which is sensitive to the solvents, the 
temperature, and the methyl substitution of a ligand 
molecule.1_5) This characteristic has been interpreted 
in terms of a change in the character of the lowest triplet 
state. In this complex, the lowest triplet state of the 
dn* (metal-to-ligand charge transfer) character and the 
lowest triplet state of the nn* (locally excitation of a 
ligand) character lie very close to each other. From the 
studies of the solvent effects on the energies and the 
lifetimes of the emission in alcoholic solvents at 77 K, 
Crosby et al. concluded that the emittive state is a state 
of a mixed character of dn* and TZTZ*, and that the 
contribution to the lowest triplet state of the two 
characters is affected by the environment.1 - 3) O n the 
other hand, Ballardini et al. studied the quan tum yield 
of the photosubstitution reaction of a chloride ion for 
[IrCl2(phen)2]Cl and [IrCl2(5,6-Mephen)2]Cl by using 
mixed solvents of D M F and water at room temperature.6) 
They reported that the photochemical quan tum yields 
depend on the solvents and the temperature in a very 
similar way for both complexes. Generally, the ligand 
substitution takes place through a dd excited state. 
Therefore, the observed change in the quan tum yield 
reveals the close-lying dd excited state near the lowest 
triplet state. Recently, Watts et al. measured the weak 
emission of [IrCl2(phen)2]Cl and [IrCl2(5,6-Mephen)2]-
Cl at room temperature and reported the emission from 
a dd excited state, besides the emission from the dn*-7i7i* 
mixed state previously reported.5) 

We previously measured the triplet-triplet absorption 
spectra of [IrCl2(phen)2]Cl and the related complexes 
in DMF-wate r mixed solvents.7) For these complexes, 
the relevant solvent effect on the triplet-triplet absorp­
tion spectrum was observed, and the changes were 
interpreted in terms of the decrease in the dn* com­
ponent in the lowest triplet state with the increase in the 

* Present address: Bunkyo University, Minamiogishima, 
Koshigaya 343. 

t IM—1 mol dm"3. 

solvent polarity. The excited-state absorption spectrum 
sharply reflects the character of the lowest excited state. 
Therefore, in the present work we investigated the dd 
contribution to the lowest triplet state of [IrCl2(phen)2]-
Cl and [IrCl2(5,6-Mephen)2]Cl using excited-state 
spectroscopy. 

E x p e r i m e n t a l 

Materials. m-Dichlorobis( 1,10-phenanthroline)iridium-
(III) chloride trihydrate, [IrCl2(phen)2]C1.3H20, and cis-
dichlorobis( 5,6-dimethyl- 1, 10-phenanthroline) iridium(III) 
chloride trihydrate, [IrCl2(5,6-Mephen)2]Cl-3H20, were 
prepared by following the procedure of Broomhead and 
Grumley.8) After the yellow band has been eluted with 0.1 M 
HGlt from a cellulose cation-exchange column, the emission 
spectra of the eluted fractions were measured in ethanol-
methanol ( 4 : 1 , v/v) at 77 K. The fraction is considered to 
be pure when the emission decay is exponential and when the 
lifetimes monitored at 480 nm and 500 nm have the same 
value, because the by-product has its strong emission at a 
longer wavelength than that of pure [IrCl2(phen)2]Cl. More­
over, the emission in 95% v/v DMF-water was measured 
at 77 K and at room temperature and confirmed to give the 
same spectrum as a sample B, reported by Ballardini et al.9) 

The iV,iV-dimethylformamide was of a spectroscopic grade, 
while the water was distilled four times. 

Apparatus. The triplet-triplet absorption spectra were 
measured at room temperature and at 77 K using a nitrogen 
laser (Molectron UV24) as an exciting-light source and a 
pulsed xenon flash as a monitoring-light source. 

R e s u l t s and D i s c u s s i o n 

Environmental Effect on the Triplet-Triplet Absorption 
Spectra. Figures 1 and 2 show the triplet-triplet 
absorption spectra of [IrCl2(phen)2]Cl and [IrCl2(5,6-
Mephen) 2]Cl at room temperature in the solvents of 
9 5 % v/v D M F - w a t e r (1), 4 5 % v/v D M F - w a t e r (2), 
and water (3). The concentrations of the six complex 
solutions were adjusted to take the same optical density 
for the ground-state absorption at the wavelength of 
the exciting-light source (337 nm) . The concentrations 
of the complex solutions used are ^ 1 0 ~ 3 M . Since 
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Fig. 1. Triplet-triplet absorption spectra at room tem­
perature of [IrCl2(phen)2]Cl in 95% v/v DMF-water 
(curve 1), in 45% v/v DMF-water (curve 2), in water 
(curve 3), and of phenathroline molecule in ethanol-
methanol ( 4 : 1 , v/v) (curve 4). 
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Fig. 2. Triplet-triplet absorption spectra at room tem­
perature of [IrCl2(5,6-Mephen)2]Cl in 95% v/v DMF-
water (curve 1), in 45% v/v DMF-water (curve 2), in 
water (curve 3), and of 5,6-dimethyl-l,10-phenanthro-
line molecule in ethanol-methanol(4 : l,v/v) (curve4). 

the two complexes show no fluorescence and contain a 
heavy atom (Ir3+), the quan tum yields of the intersystem 
crossing may safely be assumed to be very close to unity. 
Therefore, the concentrations of the singlet excited 
molecules populated by the laser radiation are assumed 
to be equal to that of the lowest triplet state. The 
absorbances of the six spectra (Curves 1—3 in Figs. 1 
and 2) were measured under the same laser condition, 
so the changes in the absorbances correspond to the 
changes in the molar extinction coefficient of the triplet 
state. The absorbances of the free ligands in e thanol -
methanol ( 4 : 1 , v/v) are also shown in Figs. 1 and 2. 
T h e integrated absorbance of 5,6-Mephen is obtained 
to be larger by 1.5 times than that of phen. 

At room temperature, the decay of the triplet-triplet 
absorption both of [IrCl2(phen)2]Cl and [IrCl2(5,6-
Mephen) 2]Cl is exponential in 9 5 % v/v D M F - w a t e r 
and in e thanol-methanol (4 : 1, v/v). In 4 5 % v/v 

DMF-wa te r , it deviates slightly from exponential 
behavior, but no time-dependence of the triplet-triplet 
absorption spectrum was observed. In water, the 
decay is very rapid ( r = 2 5 ns for the non-degassed 
solutions of both complexes), so that the deviation 
from the exponential decay is not clear. Since the 
dearation is not carried out for the DMF-wa te r mixed 
solvents, the observed lifetimes at room temperature 
are shorter by 0.6—0.7 times than those of the degassed 
solutions obtained from the emission measurements.6) 
T h e lifetime of a degassed ethanol-methanol ( 4 : 1 , 
v/v) of [IrCl2(phen)2]Cl is determined from the absorp­
tion decay to be 59 ns. After a long radiation of 337 nm 
light, a dark violet material was produced, even at 77 
K, in all the solvents examined. However, the emission 
and the triplet-triplet absorption spectra of the photo-
products were not found. 
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Fig. 3. Triplet-triplet absorption spectra of [IrCl2-
(phen)2]Gl in ethanol-methanol (4 : 1, v/v) at room 
temperature (curve 1) and at 77 K (curve 2) in a degas­
sed condition. Curve 3 is in a non-degassed ethanol-
methanol (4 : 1, v/v) at room temperature. The sam­
ple concentrations of curves 1 and 2 are same but the 
correction of the volume contraction (x0.80) was 
made for curve 2. The curve 3 is observed in a different 
concentration. 

In order to examine the temperature effect on the 
triplet-triplet absorption spectrum, the measurements 
were carried out by using a degassed ethanol-methanol 
(4 : l ,v /v) solution of [IrCl2(phen)2]Cl at 77 K and 
at room temperature (Fig. 3). T h e change in the 
absorption intensity and the spectrum is concluded 
to be insignificant between 77 K and room temperature 
after the correction for the volume contraction of the 
solvent. Over the range of 19500—21500 cm"1 , the 
emission is strong at 77 K, so that the correction was 
made for the emission contamination; the emission 
intensity is 1/4 of the decrease in the monitoring light 
by the absorption at the emission peak. From the 
comparison of the spectra of the non-degassed solution 
with that of the degassed solution (Fig. 3), no effect 
of the dearation on the spectra is observed at room 
temperature, but the triplet lifetime becomes longer 
upon dearation : 59 ns and 35 ns for the degassed and 
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the non-degassed solutions respectively. Therefore, the 
absorption spectra observed without dearation at room 
temperature can be assigned to the triplet-triplet 
transitions. 

The Character of the Lowest Triplet State. Wi th 
respect to [IrCl2(phen)2]Cl and [IrCl2(5,6-Mephen)2]-
Cl, recently two models were proposed for the electronic 
structure of the low-lying states. Model A assumes the 
close-lying dd state and the dn* (or nn*) state to be 
thermally equilibrated at room temperature, while at 
a low temperature a barrier is assumed to exist between 
the two potential minima by virtue of a rigid matrix 
perturbation; the dd state lies 500 c m - 1 below the lowest 
dn* state for [IrCl2(phen)2]Cl and 100 c m - 1 above the 
lowest TITI* state for [IrCl2(5,6-Mephen)2]Cl in DMF.5) 
The dd contribution to the emission is also determined 
by the use of the excitation and emission polarization 
spectra.10) O n the other hand, Model B gives a common 
interpretation for both [IrCl2(phen)2]Cl and [IrCl2(5,6-
MePhen)2]Cl. It is proposed that a dd state lies close 
above the emitting state and that the energy separation 
between the two states decreases with the increase in the 
solvent polarity.6»9) 

In order to discuss the relation between the above 
two models and the present environmental effects of the 
triplet-triplet absorption spectra shown in Figs. 1—3, 
knowledge of the values of the molar-extinction coeffi­
cients of the triplet-triplet transitions (£T-T) is necessary. 
With respect to the 7i7i*-7i7i* transitions in the region of 
our experiments, the values of £T_T are evaluated to be 
in the order of 10 5 l / (molcm) from the oscillator 
strengths calculated for free-lignad molecules: 0.2 for 
1,10-phenanthroline and 0.4 for 2,2'-bipyridine.7) The 
observed £T-T values for the ligands have not been 
reported, but the values for molecules with similar 
electronic structures have been reported:11) for phenan-
threne, £ T - T = 2 1 0 0 0 l/(mol cm) at 20730 c m - 1 and 
415001/(mol cm) at 20410 cm- 1 , and for biphenyl, 
£T-T=35400 1/(mol cm) at 27700 cm"1 . From these 
values, £T-T of the TITI*-TITI* transitions are estimated 
to be of the order of 104—105 l/(mol cm), assuming the 
perturbation by the complex formation to be not very 
large. O n the other hand, because the dd-dd transitions 
are generally weak due to a symmetry-forbidden 
property, £T_T is estimated to be of the order of 10—102 

l/(mol cm), like the eQ of the ground-to-dd transition, 
which is 10 2 l / (molcm) for [RhCl2(phen)2]Cl12) and 50 
1/(mol cm) for [IrCl2(en)2]Cl (en=ethylenediamine).1 2) 
The intensity for the dn*-dn* transitions becomes large 

TABLE 1. TRANSITION ENERGY AND OSCILLATOR STRENGTH 

OF THE d7r*-d7r* TRANSITION OF [IrCl2(phen)2]Cl 

Excited state , x ^ Oscillator strength 
(7j/cm A ° 

_ _ _ 
(d-9) 81 
(d-10) 10500 0.05 
(d-11) 13600 0.1 
(d-12) 20200 0.1 
(d-13) 30200 0.02 
(d-14) 40300 0.007 

only when the d orbital for the initial and the final 
states is common. Since the dn*-dn* transition energy 
can be estimated roughly from the difference in the n* 
orbital energies (e$; j = 8 — 1 4 ) , the transition energies 
and the oscillator strengths shown in Table 1 are 
obtained from the SCF calculation of a free 1,10-
phenanthroline. The dn* transition from a d orbital 
to the antibonding n* orbital j is described as (d-j). 
T h e lowest dn* state, (d-8), degenerates almost to the 
(d-9) state. Therefore, we assigned the lowest dn* state 
to l /v / T{(d-8) + (d-9)}. Then , the oscillator strengths 
of the dn*-dn* transitions are calculated by means of the 
following equations : 

/ j = 1.085 X 1011 (7j £ / ((7j in cm"1 and Q} in cm) 

û j = f l /V7{(d-8) + (d-9)} r(d-j) dv 

ai = ei- l/2(^8 4- e9). 

From the calculated results, the transitions to be 
observed in the present measurement are the transitions 
to (d-11) or (d-12). Therefore, their oscillator strengths 
are of the same order as those of the nn*-nn* transitions. 
Judging from the above-mentioned estimation, the £T-T 
of the dd-dd transition seems to be smaller by 102—104 

than those of the dn*-dn* and the nn*-nn* transitions, 
so that the increase in the dd component in the lowest 
tripiet state causes a distinct intensity decrease in the 
triplet-triplet absorbances. 

By the use of Model A, for [IrCl2(phen)2]Cl the 
population ratio of dn* to dd states is estimated as 1 /9 
at 300 K, based on the reported dd-dn* separation 
(500 c m - 1 ) . However, at 77 K a selective internal 
conversion is assumed to occur to the lowest dn* state 
after the excitation to the higher nn* state, so that a 
large increase in the population ratio results.5) According 
to this scheme, the triplet-triplet absorbance should 
show a distinct increase with the temperature decrease. 
However, as may be seen in Fig. 3, the triplet-triplet 
absorption spectra at 77 K and at room temperature 
show no significant change in either the intensity or 
the peak position in e thanol-methanol (4 : 1, v/v). As 
far as the triplet-triplet absorption is concerned, the 
effect of the dd population was not observed at room 
temperature in this solvent, so that the lowest triplet 
state can be assigned to a dn* state, as was previously 
assigned.2) Since the 1 solvent has a dielectric constant 
(39) similar to that (26) of the above solvent, and since 
we observed that the absorption spectra and intensities 
of the triplet-triplet transitions of the two solvents 
resembles each other, it is reasonable to make the same 
assignment for the complex in the 1 solvent. 

Mechanism of Solvent Effect for [IrCl2(5,6-Mephen)2]CL 
In a previous work, the present author suggested that 
the nn* character in the lowest triplet state increases 
considerably in water for [IrCl2(phen)2]Cl.7) As may be 
seen in Fig. 1, this assignment is confirmed by the 
resemblance of the triplet-triplet absorption spectra 
of the complex in water and those of a free 1,10-phenan­
throline. 

The 5,6-dimethyl substitution of a 1,10-phenan­
throline lowers the energy of the lowest nn* transition 
by 1500 c m - 1 in e thanol-methanol ( 4 : 1 , v/v) at 77 K. 
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Moreover, the emission energy does not show a solvent 
dependence, so that the lowest triplet state of [IrCl2-
(5,6-Mephen)2]Cl was assigned to a TZTZ* state in 
alcoholic solvents at 77 K, independent of the solvent 
polarity.2) Figure 2 shows that the intensity change of 
the triplet-triplet transition is small with respect to the 
spectra for 1 and 2 solvents, in contrast to the spectra of 
[IrCl2(phen)2]Cl. Consistent with the expectation from 
the assignment, the spectra for the two solvents resemble 
that of a free ligand (Fig. 2). The small intensity 
difference between the two solvents may be attributed 
to the change in the dn* component in the lowest 
triplet state. For this complex also, it has been reported 
that the lifetime changes from 66.3 {JLS to 236.1 [is at 
77 K, but the emission energy does not change with the 
increase in the solvent dielectric constant (25—61).2) 
Since the extent of the change in the lifetimes is com­
parable with that of [IrCl2(phen)2]Cl (6.95—20.1 JJLS 
under the same conditions), the contribution of the 
djr* state to the emitting state can not be overlooked. 
Therefore, it is proposed that the lowest triplet state 
can be assigned to a TZTZ* state with a small cbr* com­
ponent. 

Considering the solvent dependence of the triplet-
triplet absorption spectra,7) the ground-state absorption 
spectra,6) and the low-temperature emission energies2) 
of [IrCl2(phen)2]Cl and [IrCl2(5,6-Mephen)2]Cl, the 
energy of the dn* transition is confirmed to shift to the 
higher energy side with the increase in the solvent 
polarity. Therefore, the character of the lowest triplet 
state should be mainly of the TZTZ* character in water, 
so far as the contribution of the dn* and TZTZ* states is 
concerned. However, as may be seen in Fig. 2, the 
absorbance in water shows a considerable decrease. 
This contradiction can be interpreted by means of 
Model B, which assumes the dd state to lie close above 
the emitting state and the energy separation to change 
with the solvent polarity. In the 1 and 2 solvents, the 
dd-nn* energy separation is large, but in water it 
becomes so small that the thermal distribution to the dd 
state causes a decrease in the triplet-triplet absorbance. 
With respect to [IrCl2(phen)2]Cl, it may be considered 
that the intensity decrease in water is attributed partially 
to the increase in the dd component in the lowest 
triplet state, besides to the increase in the TZTZ* com­
ponent. Since the emission energy of [IrCl2(5,6-
Mephen)2]Cl is almost independent of the solvent 
polarity,2) it may be suggested that the solvent shift of 
the dd state plays an important role and may be almost 
comparable to the small energy separation. This 
conclusion is reasonable because the dd transitions are 
generally sensitive to the environment, and the energy 
separation is suggested to be smaller for [IrCl2(5,6-
Mephen)2]Cl than for [IrCl2(phen)2]Cl, judging from 

the work on photosubstitution.6) For [IrCl2(5,6-
Mephen)2]Cl, Model A does not involve a knowledge 
of the solvent dependence of the dd-nn* energy separa­
tion, so the relation to the observed solvent dependence 
can not be discussed. From the above-mentioned 
discussion, it may be concluded that, in the polar 
solvents, the contribution of the dd state to the lowest 
triplet state can not be disregarded. The relevant 
evidence showing that the dd state is the lowest at room 
temperature for [IrCl2(phen)2]Cl was not obtained 
using the technique of the triplet-triplet absorption 
measurements. However, the fact that the emissions 
in several solvents deviate from the exponential behavior 
shows some complicated interaction with the environ­
ment. 

T h e formation of a photoproduct is inevitable in the 
photophysical experiment of the metal complexes. 
When the lowest excited state is of the dn* or TZTZ* 
character in the complex molecule and of the dd 
character in the photoproduct, the triplet-triplet 
absorption measurement is a very adequate method to 
study the excited states of the complex, for it is not 
disturbed by the photoproduct. 

The author is grateful to Professor Saburo Nagakura 
of The Institute for Solid State Physics and the Institute 
of Physical and Chemical Research for his support and 
valuable suggestions. 
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Rate constants for the quenching of the cadmium resonance line at 326.1 nm by triethylamine (TEA), N-
ethylpiperidine (NEP), and l-azabicyclo[2.2.2]octane (ABCO) were obtained. Relative rate constants for the 
formation of an exciplex between an excited cadmium atom and these amines and quantum yields for the emission 
from the exciplex were also obtained. Contrary to the case of primary amines, in which the electron-donating 
ability of the nitrogen atom is operative, the exciplex formation in the present case is mainly governed by the magni­
tude of the steric effect of ethyl groups on the interaction between the nitrogen atom and an excited cadmium 
atom. Gaseous products were hydrogen, methane, ethane (and/or ethylene), and butane. The quantum yields 
of these products indicate that the primary photochemical products are methyl and ethyl radicals for TEA and 
NEP. The amount of products for ABCO was considerably smaller than those for other amines. 

In the cadmium-photosensitized reaction of saturated 
amines, the quenching of the resonance line at 326. l n m 
and the exciplex emission have been discussed in 
previous papers in terms of the following reactions:1) 

Cd + Av(326.1) • Cd(3P0, 

CdCPO • Cd + Av(326.1), 

Cd(3P1) + M ^ = ^ Cd(3P0) + M, 

Cd* + A • quenching, 

Cd* + A • CdA*, 

CdA* • Cd + A+hve, 

CdA* + M • Cd + A + M. 

Here, Cd* represents Cd^Pj ) and Cd(3P0) 

(3): 

(n 
(2) 

( - 3 ) 

(4) 

(5) 

(6) 

(7) 

and CdA* 
is an exciplex between Cd* and amines. A represents 
the amine and M stands for a third body. In general, 
the rate constant for Reaction 5 increases with a decrease 
in the ionization potential of amines, and for pr imary 
amines there is a good correlation between the rate 
constant and the ionization potential.2) The rate con­
stants for secondary and tertiary amines are, however, 
somewhat smaller than the values predicted from the 
correlation mentioned above. It has been pointed out 
that the reactivity of amines is mainly governed by the 
electron-donating ability of the nitrogen atom, but 
partly by some other factor which supresses the forma­
tion of the exciplex in the cases of secondary and 
tertiary amines. This additional factor was attributed 
to the steric effect of the alkyl groups.3) It seems to be 
necessary to examine decomposition processes which 
compete with the exciplex formation. In the cadmium-
photosensitized reaction of amines, however, products 
have not been yet reported. 

In this study, in order to examine the influence of 
structural properties on the cadmium-photosensitized 
reaction of amine, we measured the quenching effi­
ciency and the quantum yields for the exciplex emission 
and for the products of three saturated tertiary amines 
(TEA, NEP, and ABCO) which are considered to have 
different steric hindrances around the nitrogen atom. 

Exper imenta l 

The apparatus and the procedure for measuring the emis­
sions (resonance line at 326.1 nm and exciplex emission) were 
the same as those described previously.4* The measurements 
were done at 220± 1 °C. 

A Pyrex reaction cell used for measuring the product yields 
was 20.0 cm long and 2.2 cm in diameter, with a total volume, 
including access tubing, of about 86 cm3. It was inserted 
in an electric furnace kept at 250 ± 1 °C. A hand-made 
cadmium discharge lamp (filled with ca. 2 Torr argon, 1 Torr 
= 133.32 Pa) made of Pyrex was also placed in the same 
furnace. 

Reaction products were analyzed by means of a gas Chroma­
tograph using a column of 5 m VZ-7 (Gasukuro Kogyo Co., 
Ltd.) at 0 °G. In this column, we could not separate ethane 
from ethylene. The amounts of gases which are noncondens-
able at 77 K were determined volumetrically by a Toepler 
pump. The light intensity absorbed by cadmium atoms 
was estimated by using the cis-trans isomerization of cis-2-
butene as an actinometer. 

Cadmium metal used was high-purity grade (99.9999%) 
manufactured by the Osaka Asahi Metal Co. Ethylamine 
(EA), Diethylamine (DEA), TEA, piperidine (P), and NEP 
(G.R. grade) were used after drying over calcium hydride 
and repeated trap-to-trap distillation. ABCO • HCl was 
purchased from Pfaltz and Bauer, Inc. The free base was 
liberated by combining very concentrated ABCO-HCl and 
NaOH aqueous solutions. This solid amine was filtered and 
sublimed in vacuo through a layer of anhydrous BaO. 

R e s u l t s 

In Fig. 1, the emission bands obtained for the 
cadmium-photosensitized reaction of TEA, NEP, and 
ABCO are shown. T h e band for ammonia is also shown 
for comparison. The quan tum yields of the emission 
for TEA, NEP, and ABCO were determined by com­
paring the integrated intensities of the emission band 
with that for ammonia (whose emission quantum yield 
is known) under the same conditions. T h e values of 
quantum yields were found to be almost independent 
of amine pressure (0.1—1.2 Torr for TEA and NEP, 
and 0.1—2.0 Torr for ABCO) and argon pressure 
(50—200 Torr) . T h e average values are listed in Table 
1, together with the wavelengths at the peak of the 
emission bands. 
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500 

Fig. 1. Emission band contours for NEP (1), TEA (2), 
and ABCO (3). The curve for NH3 (4) is derived from 
Ref. 5. 

T A B L E 1. W A V E L E N G T H A T T H E P E A K O F T H E EMISSION 

BAND AND QUANTUM YIELD OF THE EMISSION 

Compound "max 

nm 
<f>e 

TEA 
NEP 
ABCO 

444 

448 

442 

0.12±0.01 
0.17±0.01 
0.87±0.02 

^amine/ T <> r r 

Fig. 2. Stern-Volmer plots for the quenching of the 
resonance line at 326.1 nm by TEA ( • ) , NEP (A), 
and ABCO (O). 

In order to estimate the efficiency of the quenching 
of the 326.1 n m resonance line, its emission intensity 
was measured as a function of the pressure of substrates. 
The Stern-Volmer plots are shown in Fig. 2, where I0 

and / are the intensities of the resonance line in the 
absence and in the presence of the substrates, respective­
ly. Half-quenching pressures obtained from the slopes 
of the straight lines in Fig. 2 are listed in Table 2. 

TABLE 2. HALF-QUENCHING PRESSURE FOR THE 

QUENCHING OF 326.1 nm RESONANCE LINE 

Compound Torr 

TEA 
NEP 
ABCO 

0.61±0.02 
0.52±0.02 
1.33±0.03 

T A B L E 3 . Q U A N T U M Y I E L D S O F P R O D U C T S I N C A D M I U M - P H O T O ­

S E N S I T I Z E D REACTION OF SATURATED AMINESa»b) 

Com­
pound 

EA 
DEA 
P 
TEA 
NEP 
ABCO 

H 2 + C H 4 

0.071 
0.162 
0.027 
0.147 
0.049 
0.013 

H2 

0.001 
0.001 
0.001 
0.002 
0.002 
0.004 

CH4 

0.070 
0.161 
0.026 
0.145 
0.047 
0.009 

G2H6 

(C2H4) 

0.073 
0.143 
0.023 
0.289 
0.050 
0.021 

QH 1 0 

0.013 
0.022 
0.033 
0.044 
0.022 
0 

^ 

0.169 
0.348 
0.115 
0.522 
0.141 
0.030 

a) Uncertainties in quantum yields, except for hydrogen, 
are within 5%. b) Pressure of amines was 30 Torr. 
C ) ^d = ^CH t + ^C,H. + 2^ C 4 H„. 

The pressure dependence of the intensity at the peak 
of the emission band (which was expressed on the basis 
of that at 430 nm for C d * - N H 3 system) is shown in 
Fig. 3. The emission intensities were independent of 
argon pressure. 

3 

10 
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0 
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""** 1 

I 1 
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•h 

0.5 1.0 1.5 

^ a m i n e / T o r r 

Fig. 3. The intensity at the peak of the emission band 
from the exciplex as a function of the pressures of TEA 
( • ) , NEP (A), and ABCO (O). 

Q u a n t u m yields of products in the cadmium-photo­
sensitized reaction of saturated amines are summarized 
in Table 3. In order to check the thermal reaction and 
the direct photolysis, 30 Torr of the amine was kept 
in the cell at 250 °C for a few hours in the absence of 
cadmium under irradiation of the 326.1 nm cadmium 
resonance line. No decomposition was detected for 
any amine. The light intensity absorbed by cadmium 
atoms was estimated to be 0.26 X 10 - 6 Einstein min^1. 

D i s c u s s i o n 

In previous papers,1) the quenching of the resonance 
line and the exciplex emission were explained according 
to Reactions 1—7. Because the equilibrium between 
Cd(3P0) and Cd(3P1) is easily established under the 
present experimental conditions,6) we cannot discrim­
inate the reactions of these two states. 

A steady-state t reatment leads to the following 
equation : 

/ « / /= l+kq[A]/k2. (8) 
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Here, IQ and / represent the intensities of the resonance 
line (defined as A;2[Cd(3P1)]) in the absence and in the 
presence of amines respectively; kq is the composite 
quenching rate constant: A:q=/:4-h (Ar3/A:_3)A:4'-r-A:5H-
(k3/k-z)k5' (k4 and k& are rate constants for Reaction 4 
and 5 in the case of Cd* = Cd(3P1) and kA' and k5' are 
those in the case of Cd* = Cd(3P0)) ; (*3/*_3=1.68 at 
220 °C). T h e Stern-Volmer plots in Fig. 1 are expressed 
by this equation. As was mentioned in previous 
papers,1 '6) the effective lifetime is almost independent 
of the pressure of foreign gases in the range we were 
studying. Therefore, k2 may be set equal to 1/T0 (T0 is 
the natural lifetime of Cd^Pj ) and has been reported to 
be 2.39 X 10 - 6 s7>). From the half-quenching pressure, 
the values of A;q can be estimated; they are listed in 
Table 4, together with those for some primary and 
secondary amines. As is shown in Table 4, the values 
of kq for tertiary amines are smaller than those for 
primary and secondary amines. This tendency has been 
explained in terms of the steric hindrance of the alkyl 
groups.4) 

TABLE 4. THE RATE CONSTANTS FOR THE QUENCHING OF THE 

RESONANCE LINE AND FOR THE EXCIPLEX FORMATION 

Compound 
AqXlO11 v> 

cm3 molecule-1 s - 1 *5
NH' kj mol" 

EAa) 

DEAa> 
pa) 
TEA 
NEP 
ABCO 

6 .1±0 .1 
17.0 
7 .0±0.18 
3 .6±0 .1 
4 . 2 ± 0 . 2 
1.6±0.1 

15.3 
43.1 
14.0 
4.40 
6.89 

13.8 

913.8 
832.6 
835.5 
779.4 
812.5C) 

776.6 

a) Ref. 4. b) Ref. 8. c) Value for JV-methylpiperidine. 

The steady-state treatment leads to the following 
equation for the intensity of the exciplex emission : 

7[A]//e = a(*2/£5) (1 + *7[M]/*6), (9) 

where Ie is the emission intensity at the peak of the band 
and I is the intensity of the resonance line at the same 
pressure of amines; a is the proportional factor between 
Je and the total emission intensity. From the pressure 
dependence of the intensity at the peak of the emission 
band, relative values of k5 have been estimated by the 
method described previously,3-4) and are listed in Table 
4. 

In general, the rate constant for the exciplex forma­
tion increases with a decrease in Ip values of amines.2) 
In the present case, the values of k5 increase in the 
order: T E A < N E P < A B C O . This order is not in 
agreement with the order of the decrease in 7p. T E A is 
"flexible" in the sense that its ethyl groups hinder the 
access of the excited cadmium atom to the nitrogen 
atom. Meanwhile, ABCO is a rigid, bicyclic amine 
having bridgehead nitrogen atom and is little sterically 
hindered. Among these amines, if the steric effects 
overwhelm other factors affecting k5, the smallest 
value of k5 for TEA and the largest value for ABCO 
could be ascribed to the steric effects. 

As mentioned above, the quan tum yields of the 
emission for three tertiary amines are almost independent 

of amine and argon pressures, indicating that the 
exciplexes are little quenched by amine and argon. As 
ABCO has the largest quan tum yield of the emission, 
we assumed that 0e=A;5/A;q for ABCO. This indicates 
that the quan tum yield of the emission is determined 
by the ratio of the rate constant (k5) for the exciplex 
formation to the overall quenching rate constant (£q). 
We obtained the value of k5 (1.40 X 10 - 1 1 cm3 molecule - 1 

s_1) for ABCO by the observed values of 0 e and kq. 
Further, we obtained the values of k5 for other amines 
by using the relative values of k5 shown in Table 4; 
these values are shown in Table 5. In Table 5, the 
values of A;6/£q are also shown. These values are in fair 
agreement with the experimental values of <j>e. This 
indicates that the above assumption is valid for all 
these amines. Practically all of the exciplexes formed 
decay out through the emission process, that is, neither 
unimolecular decomposition nor a bimolecular quench­
ing of the exciplex occurs. 

TABLE 5. THE VALUES OF k6, kjk , AND <j>T 

Compound 
^ x I O 1 1 

cm3 molecule-1 s - 1 k„ 

EA 
DEA 
P 
TEA 
NEP 
ABCO 

1.55 
4.37 
1.42 
0.45 
0.70 
1.40 

0.25 
0.26 
0.20 
0.13 
0.17 
0.87 

0.26a) 

0.20"° 
0.12 
0.17 
0.87 

0.57 
0.39 
0.68 
0.36 
0.69 
0.10 

a) Ref. 4. 

As is shown in Table 3, gaseous products in the 
cadmium-photosensitized reaction of the saturated 
amines studied are hydrogen, methane, ethane (and/or 
ethylene), and butane. It has been reported that in 
the direct photolysis of TEA,9) the pr imary products 
were hydrogen molecule and methyl and ethyl radicals 
produced from an excited T E A molecule and that from 
these radicals methane, ethane, ethylene, propane, and 
butane were formed. It is reasonable that, in the 
cadmium-photosensitized reaction of TEA, methyl and 
ethyl radicals are also precursors of products : methane, 
ethane, ethylene, and butane are produced via processes 
of hydrogen atom abstraction from amines, dispropor-
tionation, and recombination. 

In the case of quenching of Cd( 3 P 0 1 ) by alkane 
hydrocarbons, it has been pointed out that direct 
abstraction of a hydrogen atom to form C d H is a major 
quenching pathway. The quenching cross sections have 
been explained by assuming an additive cross section 
for each C - H bond of 1 x 10 - 5 nm2 , irrespective of type 
of C - H bond.10) From the quenching cross section 
(4 X 10 - 3 nm2) and the quan tum yield of hydrogen 
(0.014) in the cadmium-photosensitized reaction of 
ammonia, the cross section corresponding to an abstrac­
tion of hydrogen atom for each N - H bond is similarly 
calculated to be about l x l 0 _ 5 n m 2 . The quenching 
cross sections for the abstraction of hydrogen atom 
from saturated amines can be calculated by using these 
values. For example, the values for TEA, NEP, and 
ABCO are about 1 .5x l0 - 4 , 1.5 x l O - 4 , and 1 . 3 x l 0 - 4 



3680 Shunzo YAMAMOTO, Masae YASUNOBU, and Norio NISHIMURA [Vol. 54, No. 12 

nm2 , since TEA, NEP, and ABCO have 15, 15, and 13 
C - H bonds respectively. From these values and the 
overall quenching rate constants, the quan tum yields 
of hydrogen (0H2) for TEA, NEP, and ABCO are 
estimated to be 0.002, 0.002, and 0.004 respectively. 
These values are listed in Table 3, together with the 
values for other amines. The values of 0H2 estimated 
for all amines investigated here are very small. T h e 
quan tum yield of methane (0CH4) are calculated by 
subtracting 0H2 from 0H2+CH4- For P and ABCO, 
0CH4 is very small, as expected from molecular structure. 

In the cadmium-photosensitized reaction of amines, 
the primary processes are expressed by the following 
reactions ; 

Cd* + A • CdA*, (5) 

• C d H + R, (10) 

• C d + C H 3 + A', (11) 

• Cd + C2H5 + A", (12) 

• Cd + biradical, (13) 

• Cd + A . (14) 

Reaction 10 indicates a hydrogen atom abstraction by 
excited cadmium atom from C - H or N - H bond of 
amines and Reaction 14 indicates a physical quenching 
process. A' and A" in Reactions 11 and 12 indicate 
the moieties of methyl and ethyl radicals respectively. 
In the cases of cyclic amines, the formation of biradical 
must be taken into account (Reaction 13). Reactions 
10—14 are included in Reaction 4. In the cases of P 
and ABCO, Reactions 11 and 12 rarely occur. 

The relative values of 0<j (denned as 0d = 0CH 4 + 
0C2H4 ,C2H6+20C4H1 O ; it can be regarded as equal to 
the sum of initial quan tum yields of methyl and ethyl 
radicals) are 1.00, 2.06, 3.09, and 0.83 for EA, DEA, 
TEA, and NEP. This ratio is almost the same that of 
the number of ethyl groups. This suggests that the 
reasoning that methane, ethane (and/or ethylene) and 
butane are primarily produced from methyl and ethyl 
radicals is valid. T h e values of 0 d for tertiary amines 
decrease in the order; T E A > N E P > A B C O . This de­
creasing order is in agreement with the increasing order 
of the emission quan tum yield. It is difficult to explain 
the way by which methyl and ethyl radicals are produced 
for P and ABCO. In these cases the origin of products 
remains an open question. 

T h e ratio of recombination to disproportionation of 
ethyl radicals has been reported to be about 7.4.11) As 
is shown in Table 3, however, the ratios of the yields 
of butane to those of e thane (ethylene) are about 
0.15—0.18 for EA, DEA, and TEA. This indicates 

that ethane is formed exclusively by the abstraction 
of a hydrogen atom from amines. 

T h e contribution (<j>T) of Reactions 14 and/or 13 to 
the overall quenching processes is estimated by 0 r = 
1 — (0 e +0d+0H 2 ) - The values of <j>T are listed in 
Table 5. For TEA, as Reaction 13 does not occur, the 
value of <f>r indicates the contribution of the physical 
quenching process; it is about one-third of the total 
quenching. O n the other hand, in the case of NEP, 
both Reactions 13 and 14 contribute to the overall 
quenching processes. If the physical quenching process 
is almost the same for N E P and TEA, the difference 
in <j>r between NEP and T E A indicates the quantum 
yield for Reaction 13; it is 0.33. This value is about 
twice as much as <j>d for N E P ; the difference is attributed 
to the number of bonds to be broken. Reaction 13 seems 
to be responsible for the large difference in <j>A between 
T E A and NEP. The same thing seems to hold between 
DEA and P. For ABCO, however, the quan tum yields 
for processes other than the exciplex formation are very 
small. O n the other hand, it has a large quantum 
yield for the emission (the largest value of those reported 
to date) . Tha t is, the quenching by ABCO can be 
concluded to occur overwhelmingly through the 
exciplex formation. 
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The 1,4-cycloaddition of TCNE to /»-methyl-, /»-chloro-, and /»-bromostyrenes by way of the EDA complex 
has been studied in chloroform at 25 °C by the spectrophotometric method. The Hammett correlation obtained 
from the kinetic data provides —5.5±0.2 as the reaction constant p. The negative value is large in magnitude 
relative to other common 1,4-cycloadditions, suggesting some large partial charges in the rate-determining transition 
state. A linear correlation between the logarithmic forms of the reaction rate and the EDA-complex formation 
constant is in favor of the reaction scheme where the complex is on the pathway of the cycloaddition. 

The 1,4-cycloadduct of tetracyanoethylene (TCNE) 
with styrene and its derivatives has been discovered in 
solution by the low-temperature 13C N M R technique 
combined with a high-pressure quenching method.2) T h e 
effect of a-substituents on the 1,4-cycloaddition has been 
discussed in detail in a previous paper ; a polar transition 
state is suggested based on the a-substituent effect.1) 
The electronic effect of a-substituents is coupled to some 
extent with the steric hindrance because of the small 
distance from the reaction sites. For this reason, para 
substitution is more desirable to see exclusively the 
electronic effect of substituents on the 1,4-cycloaddition. 
For this purpose j&-methyl-, /»-chloro-, and /»-bromo-
styrenes are employed in the present work. 

The 1,4-cycloaddition (so-called Diels-Alder reaction) 
is a typical cycloaddition reaction and of great interest 
from theoretical and synthetic points of view. A large 
number of kinetic studies have been done to get insight 
into the mechanism of this simple and useful reaction, 

Fig. 1. Conceivable reaction mechanisms for 1,4-cyclo­
addition of TCNE to para-substituted styrènes ( X = 
CH3, H, Cl, and Br). 

as recently well reviewed.3) Most of the kinetic da ta 
are in favor of the concerted mechanism ((a) in 
Fig. 1). In the 1,4-cycloaddition studied here, styrènes 
serve as a diene instead of a dienophile; one unsaturated 
bond comes from the vinyl group and the other from 
the phenyl group, and as a result, the aromaticity is 
lost in the product. The aim of the present investigation 
is to elucidate the reaction mechanism of this unique 
1,4-cycloaddition from the point of view of kinetics. 

E x p e r i m e n t a l 

/»-Methyl-, /»-chloro-, and /»-bromostryenes were prepared 
by dehydrating the corresponding secondary alcohols with 
KHS0 4 . The alcohols were synthesized by reducing the para-
substituted acetophenones in ethanol with NaBH4. AH 
styrènes were repeatedly distilled at reduced pressure, stored 
in a refrigerator, and distilled again over CaH2 before use. 
TCNE and chloroform were purified by repeated sublimation 
and distillation, respectively. 

The apparatus and experimental procedures in the present 
work are the same as those described in detail in the previous 
paper.1) Temperature was kept constant to ±0.1° C. The 
concentration of the donor was always much higher than 
that of the acceptor so as to simplify several equations utilized 
in the present analysis. 

R e s u l t s 

Formation Constant of EDA Complex. When T C N E 
is mixed with each of the donors in chloroform, the 
electron-donor-acceptor (EDA) complex is formed 
instantaneously as a result of the diffusion-controlled 
reaction and exhibits two absorption maxima due to 
the first and second charge-transfer transitions in the 
visible region. All styrènes treated in this work and 

TABLE 1. SPECTROSCOPIC PARAMETERS OF EDA COMPLEXES IN 

C H C I 3 AT 2 5 ° C AND SOME RELEVANT PROPERTIES OF DONORS 

y » ) **max £max ^ e -*P +e) 

nm mol - 1 dm3 cm - 1 mol - 1 dm3 eV p 

CH^ 531 1330±20 1.46 ± 0 . 0 3 8.38d) - 0 . 3 1 1 
H 486b) 1960±30b> 0.467 + 0.010b) 8.50c) 0 
CI 493 1970±60 0.201+0.007 8.48d> +0.114 
Br 497 2390+80 0.172+0.006 8.47d) +0.150 

a) X denotes the substituent at the para site of styrene 
(see Fig. 1). b) From Ref. 1. c) From Ref. 5. d) From 
Eq. 2. e) From Ref. 6. 
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TCNE have no absorption in this region. Spectroscopic 
parameters of the complexes are summarized in Table 1 
together with some relevant properties of the donors. 

The complex formation constant (Kc) and molar 
absorption coefficient (fimax) of the first charge-transfer 
band, listed in Table 1, are determined from the Scott 
equation 1,4> 

[D] 0[A] 0 /_ 1 t [D]0 

K + 

A c e m a x err 

where [D] 0 and [A]0 are the initial concentrations of the 
donor and the acceptor, respectively, / the path length 
(1 cm) and A0 the absorbance of the complex before 
the 1,4-cycloadduct is formed. Figure 2 shows plots 
of the left-hand side of Eq. 1 against [D] 0 , the slopes 
and intercepts of which provide Kc and £m a x simul­
taneously. 

0 0.2 0.4 
Ko/mol dm"3 

Fig. 2. Plots of [B]0[A]0l/A0 vs. [D]0. 
1 : /»-Methylstyrene, 2 : />-bromostyrene, 3 : />-chloro-
styrene. 

Since there is no photoelectron spectroscopic inves­
tigation on the para-substituted styrènes treated here, 
the ionization potentials (7p) of these molecules in 
Table 1 are estimated by using the relation. 

ÄvCT/eV=0.873(/P/eV)-4.89, (2) 

which is obtained on the basis of reported ionization 
potentials of some other styrene derivatives5) and first 
charge-transfer transition energies (hvcr) of their EDA 
complexes with TCNE.1) 

Reaction Rate of 1,4-Cycloaddition. Since the 
EDA-complex formation and 1,4-cycloaddition are 
reversible reactions, the following reaction scheme is 
assumed : 

Kc 
D + A ;—* EDA Complex TT 

P, (3) 

where kx and k„x are the rate constants of the forward 
and backward reactions, respectively and P denotes 
the cycloaddition product. The rate equation for the 
reaction 3 is easily solved and affords the expression 

0.2 0.4 

Fig. 3. Plots of *obsd vs. [D]0/(l + tfe[D]). 
1 : />-Methylstyrene, 2 : />-chlorostyrene, 3 : />-bromo-
styrene. 

for [P] as a function of time (t) i1) 

^[EDA] 0 { l - exp( - / : o b 8 d 0} 
[P] = 

^obsd 

where 

*obsd — 
* I * . [ D ] Q 

l+*c [D] 0 
- + k.v 

(4) 

(5) 

The pseudo-first-order rate constant, kohsd was deter­
mined by the Guggenheim plot. As shown in Fig. 3, 
plots of ôbsd vs- [D]o /0+^c[D]o) a r e linear, and from 
these slopes and intercepts we can get the values of 
Â^Ac and k„v The overall formation constant for the 
1,4-cycloadduct Kp expressed as 

[ P ] (6) KP = 
[D][A] 

[EDA][P] 
[D][A][EDA] (7) 

- « (8) 

= KJhlk-i (9) 

= *,/*-i (10) 

is given in Table 2 together with kf(=Kck1) and k.v 

TABLE 2. KINETIC AND THERMODYNAMIC PARAMETERS 

OF 1,4-CYCLOADDUCTS IN C H C 1 3 AT 2 5 ° C 

10* k, 104A_t Kv 

CH3 

H 
Cl 
Br 

mol -1 dm3 s-1 

115±4 
1.77 ±0 .05 b ) 

0.400±0.040 
0.454± 0.049 

s-1 

14.5 ±0 .09 

mol -1 dm3 

7.93 ±0 .33 
2 .50±0.01b )0.708±0.023b ) 

3.72±0.01 
2.59±0.01 

0.108±0.011 
0.175±0.020 

a) X denotes the substituent at the para site of styrene. 
b) From Ref. 1. 

D i s c u s s i o n 

The Hammett Correlation. The electronic effect 
of the para substitution (X in Table 1) on the formation 
of the 1,4-cycloadduct is expressed in terms of the 
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-0.4 -0.2 

Fig. 4. A Hammett plot of log k{ vs. ap
+. 

reaction constant p, which is determined as —5.5+0.2 
from the Hammet t plot of log kf (in Table 2) vs. <rp+

6> 
(in Table 1) in Fig. 4. The p value obtained here is 
negative and considerably large in magnitude. Actually, 
p values are in the range of —1.8 to + 2 . 6 for many 
other 1,4-cycloaddition reactions where CC-, NN-, and 
NO-double and CC-triplet bonds act as dienophiles.3) 
The small p values found so far are considered to support 
the concerted mechanism (a) in Fig. 1. A large negative 
p value of —7.1+0.5 has been reported for the 1,2-
cycloaddition of T C N E to styrene derivatives having 
a strong electron-releasing substituent at the para site 
according to the Yukawa-Tsuno equation.7) T h e large 
negative value for this 1,2-cycloaddition is regarded as 
an indication of a zwitterionic intermediate which is 
recognized in a similar 1,2-cycloaddition by various 
methods.8) The large negative value found for the 
present reaction suggests some large partial charges in 
the rate-determining transition state. The following 
paper clarifies that the transition state has a dipole 
moment which is considerable but not so large as in a 
zwitterion existing in the 1,2-cycloaddition reaction.9) 
Thus, the zwitterionic structure (c) in Fig. 1 contributes 
to the transition state of the 1,4-cycloaddition studied 
here to some extent. At the present time, however, we 
can not argue whether this 1,4-cycloaddition proceeds 
by one step or by two steps, because our a t tempt to 
t rap any probable polar intermediate by using ice-cold 
methanol was unsuccessful.10) 

There is a frontier molecular orbital approach to the 
interpretation of the Hammet t correlation.11) It is not 
useful, however, in the present reaction because the 
ionization potential of the donor used as a measure of 
the H O M O energy (£HOMO) does not correlate with 
the obtained kf (see Table 1). In other words, the 
substituent constants <Jp

+ are not linearly correlated 
with (£HOMO—£LUMO) in the present series of the donors. 

A Correlation of the Rate Constant kf with the Complex 
Formation Constant Kc. In Fig. 5, the values of 
log kf in Table 2 are plotted against log Kc. There 
exists a linear correlation, the correlation coefficient 
of which is 0.976. The linear correlation between 
log kf and log Kc somehow supports the assumed 
reaction scheme shown by Eq. 3 because the free energy 

-0.9 0.3 -0.3 

iog(KclmoC}ärr?) 

Fig. 5. A Plot of log kt vs. log Kc. 

of the transition state of the 1,4-cycloaddition and the 
free energy of the complex are not necessarily expected 
to be linearly correlated in a reaction system where 
the complex formation is merely a side reaction. Similar 
correlations are reported in the 1,4-cycloaddition of 
T C N E to anthracenes12) and some other kind of reac­
tions.13) In the former case, a negative activation 
enthalpy has been found, which is considered to support 
the scheme shown by Eq. 3 where the complex is on the 
pathway of the 1,4-cycloaddition reaction.14) These 
linear correlations are often taken as evidence for the 
intermediacy of the EDA complex. The linear correla­
tion found here between log kf and log Kc suggests that 
the charge-transfer interaction between the donor and 
the acceptor is somehow important among interactions 
in the transition state. 
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The concentration dependence of the principal relaxation times, TP, of primary alcohol/inert solvent solutions 
are analyzed based on the equation, 

Tp = 2(l+#*A)TH , 
where xA is the alcohol mole fraction, K the equilibrium constant corresponding to the formation of hydrogen 
bonded multimers, and TH the time constant characterizing the rotational activation process of the terminal OH 
groups of the multimers. By applying Eyring's absolute rate theory to the activation process, we calculated TP as a 
function of temperature and alcohol concentration. The results reproduce quite well the TP values observed 
for the ethanol/cyclohexane, 1-hexanol/cyclohexane, and 1-propanol/benzene solutions. 

In the preceding papers1 '2) we studied the dielectric 
relaxation processes of pure alcohols and alcohol 
solutions by assuming the association equilibrium 
between hydrogen bonded chain multimers. The dipole 
inversion arising from the cooperative rotation of the 
O H groups of the multimers was considered to be the 
main mechanism of the dipole relaxation. To the dipole 
inversion process we applied the stochastic model of 
one-dimensional random walk with two absorption 
walls3) and found that the relaxation time of an n-mer 
is given by 

T Ä = ( 1 + »)TH . (J) 

Here TH is the reciprocal of the rate constant in which the 
terminal hydroxyl groups of the n-mer are activated 
rotationally. The dielectric relaxation observed for 
liquid alcohols and alcohol solutions was considered 
to be the sum of the contributions from the dipole 
relaxation of each n-mer. Using Eq. 1 together with the 
stoichiometric relationships for the association equilib­
rium,4 '5) we obtained analytical equations for the 
dielectric dispersions of pure alcohols and alcohol 
solutions. It is well known that in a low-frequency 
region most of alcohols and alcohol solutions show a 
dielectric dispersion which conforms very well to the 
simple relaxation pattern of Debye.6 '7) Assuming that 
the above-mentioned analytical formula under the low 
frequency limit (co—>0) can express the relaxation time 
corresponding to this dispersion (This has often been 
called as the principal relaxation time. In this paper 
we abbreviate it as Tp.), we obtained TP as a function 
of K, Kh, and xA, where K is the equilibrium constant 
of the formation of chain multimers, Kh the constant 
of the association between the chain-multimers and a 
solvent with a hydrogen-bonding capacity, and xA 

is the mole fraction of alcohols.1) From the result we 
successfully estimated the change in the principal 
relaxation times of pr imary alcohols due to dilution with 
solvents having a hydrogen-bond acceptor as well as 
with inert solvents.8»9) In the case of alcohol/inert 
solvent systems we can put Ä"b=0, which leads to the 
following equation : 

T^TTTfeF + 2 { 1 + ̂ -7Trk^K (2) 

where rx is the dipole relaxation time of alcohol mono­
mers. Under the condition of Ä # A > 1 , the equation 
can be approximated by 

TP = 2 (1 +KXA)TR. (3) 

In the previous paper1) we reported that the formula 
well represents the T P VS. XA curves observed for 1-
propanol/benzene and 1-butanol/benzene solutions.8'10) 
For the cyclohexane solutions of primary alcohols, 
however, Sagal11) and Komooka12) observed a maximum 
in the T P VS. XA curves. As stated previously, in order 
to explain these results it is necessary to consider the 
dependence of TH in Eq. 3 upon the atmosphere sur­
rounding alcohol molecules or, rather, surrounding the 
end O H groups of the molecule. In this paper, we 
studied thermodynamics of the dilution effect of TH 

and discussed the variation of T P with xA in further 
detail. 

T h e r m o d y n a m i c T r e a t m e n t on rP 

The mechanism in which the hydroxyl group of one 
of the two terminal segments of multimers is brought 
into a rotational transition state can be regarded as a 
single relaxation process. Therefore, we can apply 
Eyring's absolute rate theory13) to this process and get 
the equation, 

h I AS* A/ /* \ 

where h and kB are the Planck and Boltzmann constants, 
respectively. A 5 # the activation entropy, and A i / * 
the activation enthalpy. 

As we are interested in the systems where the mole 
fraction of alcohols, xA, is larger than 0.5, we can make a 
further approximation to Eq. 3 as follows: 

TP = 2KxArli 

= 2 * ( 1 - * B ) . T H ( * B ) , (5) 

where xB ( —1—*A) is the mole fraction of an inert 
solvent B. In the last equation, TH is represented as a 
function of XB to take the dilution effect on TH into 
consideration. This means that A i / * and AS* in Eq. 4 
are also a function of xB. Substitution of Eq. 4 into 
Eq. 5 yields the following formula for T P : 
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_ 2A(1-*B) ^ 
Tp ; — X 

kBT 

exp \ -
-AS° + AS"(xB) -AH°+AH*(xB) 

R RT }. (6) 

In this expression we used the fact that the equilibrium 
constant K can be expressed as 

(AS° A//° \ n. 
RT 

where AS° and AH° are the entropy and enthalpy 
changes, respectively, due to the hydrogen-bond 
formation between multimers and a monomer. Equation 
6 can be simplified to the equation, 

^(*B) e x p f*a(*B) 
p T i- ^ R T 

by defining Ea(xB) and A(xB) as follows, 

E.(xB) = - AW° + A#*(*B), 

AM* 2 A ( l r , B ) e x p f A 5 ° - A 5 ^ B 

Ä 

(8) 

(9) 

(10) 

According to Eq. 8, the plot of l n ^ ' T p ) against 1/7" is 
represented as a straight line with the slope of Ea(xB)IR 
and the point of intersection with the vertical axis at 
ln{^(#B)}.14 '15 ) On the basis ofthese results we obtained 
the values of E^XB) and A(xB) as functions of xB for 
ethanol/cyclohexane,11) 1-hexanol/cyclohexane,12) 1-
octanol/cyclohexane,12) and l-propanol/benzene16) 

solutions. Figures 1 and 2 were obtained by plotting 
E^XB) and ln{^4(#B)/(l — *B)} against xB, respectively. 
Each set of the plots conforms very well to a straight 
line especially in the region where #B<C0.5, indicating 
that £"a(^B) and ln{^4(#B)/(l — *B)} can be approximated 
by the linear equations, 

#B/Mole fraction 

Fig. 1. Variation of isa with the concentration of inert 
solvent, xB, for the ethanol/cyclohexane (0)> 1-hexanol/ 
cyclohexane (A)? 1-octanol/cyclohexane ( 0 ) , and 
1-propanol/benzene ( ^ ) solutions. The straight lines 
are drawn to obtain the best fit with the data in the 
region of #B<^0.5 (see text.). 

0-5 1-0 
#B/Mole fraction 

Fig. 2. \n{A/(\—xB)} vs. xB. The symbols have the 
same meaning as those in Fig. 1. 

£a(*B) =£a (0 ) + <**„, (11) 

ln{i4(*B)/(l-*B)} = ln{^(0)} - ßxJR, (12) 

where a and ß are the constants characteristic of the 
solution in question. Equations 9 and 10 give the 
followings for pure alcohols ( # B = 0 ) , 

£a(0) = - A//° + A#*(0), (13) 

.._. 2Ä {AS°-AS*(0) 
(14) 

Using the above together with Eqs. 11 and 12, we can 
rewrite Eq. 6 to the following equation, which expresses 
Tp explicitly as a function of xB and T. 

(\-xB)A(0) 
exp 

£a(0) 
RT ~RT)XB (15) 

R e s u l t s and D i s c u s s i o n 

Using the least-squares method we determined 
£ a ( 0 ) , a, A(0), and ß from Figs. 1 and 2. The results 
are given in Table 1. Inserting the £ a ( 0 ) , a, A(0) and 
ß values into Eq. 15, we calculated r P as a function of 
XB and T for each set of the alcohol solutions listed in 
Table 1. The results are depicted by solid curves in 
Figs. 3, 4, and 5, where the observed values of r P are 
also included. 

Figures 3, 4, and 5 show that the result of calculation 
for the region of #B<C0.5 well reproduces each set of 
the Tp vs. xB plots observed at various temperatures. 
In the region where xB is larger than 0.5, however, the 

TABLE 1. ESTIMATED VALUES FOR THE PARAMETERS 

£"a(0), a, -4(0), AND ß IN Eqs. 11 AND 12 

Alcohol/Solvent 
£a(0) A(0) ß 

kj mol-1 kj mol-1 ps K J K ^ m o l - 1 

Ethanol/Cyclohexanen) 18.0 
1 -Hexanol/Cyclohexane12) 33.1 
1 -Octanol/Cyclohexane12) 36.8 
l-Propanol/Benzene16) 23.0 

15.1 36.4 33.1 
5.9 0.41 10.5 
5.0 0.13 11.7 
5.9 9.0 15.5 
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1000 

a 500 

xB/Mole fraction 

Variation of rp with Fig. 3. 
hexane solutions The 

xB for the ethanol/cyclo-
solid lines show TD VS. XB 

calculated by the use of Eq. 15 with the parameter 
values given in Table 1. Each set of points show the 
Tp values observed at the following temperature.n> 
(A, O ) : 268 K, (B, A ) : 278 K, (G, 0 ) : 288 K, (D, 
* ) : 298 K, (E, A) : 308 K, (F, 3 ) : 323 K. 

1500 

1000 

500 h 

#B/Mole fraction 

Fig. 4. TP vs. xB for the 1 -hexanol/cyclohexane solutions. 
The solid lines show rp vs. xB calculated by the use of 
Eq. 15 with the parameter values given in Table 1. 
Each set of points show the rp values observed at the 
following temperature.12) 
(A, O ) : 288 K, (B, A ) : 293 K, (G, 0 ) : 298 K, (D, 
# ) : 303 K, (E, A ) : 308 K. 

500 h 

#B/Mole fraction 

Fig. 5. Tp vs. xB for the 1-propanol/benzene solutions. 
The solid lines show Tp vs. xB calculated by the use of 
Eq. 15 with the parameter values given in Table 1. 
Each set of points show the Tp values observed at the 
following temperature.16) 

(A, O ) : 283 K, (B, A ) : 293 K, (C, ©) : 303 K, (D, 
m): 313 K. 

results of calculation especially for the ethanol/cyclo-
hexane (Fig. 3), 1-hexanol/cyclohexane (Fig. 4), and 
1-octanol/cyclohexane solutions are not in good agree­
ments with the data already reported.11 '12) In this 
region the approximate equations, (5), (11), and (12), 
cannot be applied to the systems in question. This 
is one of the main reasons for the deviation of the 
theoretical curves from the experimental data . In 
spite of such a deviation, the theoretical curves in Figs. 3 
and 4 clearly predict the observations that the principal 
dielectric relaxation times of ethanol and 1-hexanol 
increase on the initial addition of cyclohexane, reach a 
maximum and then decrease. This result demonstrates 
the validity of our model proposed to the dielectric 
relaxation process of alcohol solutions. 

From Eq. 3 it can be concluded that the principal 
relaxation times of alcohol solutions are determined by 
two factors. The first one is (\+KxA)9 which depends 
on the distribution of chain lengths of hydrogen-bonded 
multimers,17) and the other is rH . In the previous paper1) 
we assumed that rH is constant. Using the thermo­
dynamics of rH, which was explained in the preceding 
section, we can now discuss the dilution and temperature 
effects of TP in further detail. 

Equation 9 indicates that the activation energy 
Ea(xB) is the sum of A i / * (the rotational activation 
energy of the terminal O H groups of hydrogen-bonded 
chain multimers) and —Ai/° (the enthalpy change in 
the hydrogen-bond formation between chain-multimers 
and monomers). As the —Ai/° values are in the region 
from 16 to 25 kj/mol,18) it is clear, from the Ea(0) values 
listed in Table 1, that Ai/*(0) of 1-hexanol and 1-
octanol are larger than those of ethanol and 1-propanol; 
i.e., the larger the hydrocarbon skelton of a primary 
alcohol is, the larger A i / # (0 ) becomes. The explanation 
for this can be given by a mechanism in which a third 
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alcohol molecule approaches with its oxygen atom 
oriented favorably to activate the O H group of the 
terminal molecule hydrogen-bonded to the neighboring 
one. With the increase in the size of the alcohol mole­
cules the proximate presence of the hydrogen-acceptor 
atom to the terminal O H group becomes more and 
more scarce, causing the increase in the value of A// s ¥(0). 
In a similar manner we can explain the positive a 
values for the primary alcohols listed in Table 1. T h e 
addition of solvents such as cyclohexane and benzene 
to primary alcohols is considered to decrease the 
probability of the approach of an alcohol molecule 
near the terminal O H group, making it rotational 
activation more difficult. This will cause the increase 
in A / / * for the pr imary alcohol solutions. 

Based on the activation energies observed for the 
ethanol/cyclohexane solutions and various pure alcohols, 
Sagal11) proposed a mechanism to the dielectric relaxa­
tion process of alcohols. In his model the main mecha­
nism of the relaxation is a switching process of hydrogen 
bonds. The reasoning for the explanation of the depend­
ence of activation energy on the molecular size and 
shape of alcohols is similar to that given in this paper. 
Sagal, however, neither gave any explicit model to the 
structure of liquid alcohols and alcohol solutions, nor 
specify the O H group to any particular part of the 
structure. Therefore, although Sagal also noted that 
the energy necessary to reorient an O H group (£a(#B)) 
should be greater than that required to break a hydrogen 
bond (—A//°), he discussed the relationship between 
these two energies rather ambiguously. 
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Reactions of Aromatic Radical Anions with Benzhydryl Chloride 
Studied by Pulse Radiolysis 

Setsuo TAKAMUKU,* Hitoshi KIGAWA, Susumu TOKI, Kunihiko TSUMORI, and Hiroshi SAKURAI 

The Institute of Scientific and Industrial Research, Osaka University, Suita, Osaka 565 
(Received May 8, 1981) 

Reactions of the aromatic radical anions with benzhydryl chloride have been investigated by pulse radiolysis. 
The second-order rate constants were determined for the reactions of benzhydryl chloride with various aromatic 
radical anions. On the basis of the linear relationship between the free energy and the activation energy, an 
irreversible electron transfer with an early transition state was elucidated. 

Electron transfer reactions (ET) to generate radical-
ion intermediates have been of wide-spread interest, 
especially in the photochemistry connected with solar 
energy storage. Of part icular importance is a system 
where an endergonic and irreversible E T step is followed 
by a rapid chemical reaction. In such a system, chemical 
reactions via the radical ions of a substrate can be 
initiated by a mediator (radical ion) which possesses 
a lower redox potential than that of the substrate. The 
system is, thus, of great value for organic synthesis.1) 
The interpretation of the kinetics for the system has 
been carried out by Schuster,2) based upon the model 
proposed by R e h m and Weiler.3) 

We report herein the measurement of the absolute 
rate constants for the reactions of aromatic radical 
anions with benzhydryl chloride and the mechanism 
of the irreversible E T by a pulse radiolysis technique. 
T h e reactions of aromatic radical anions with alkyl and 
aromatic halides have been investigated by using 
electrochemical reactions,4) organometallic compounds,5) 
and also pulse radiolysis technique.6) The currently 
accepted reaction mechanism includes an initial ET , 
producing an alkyl radical, and immediately following 
competitive reactions of the alkyl radical, such as 
reduction to carbanions, addition to aromatic radical 
anions, and radical-radical reacaions.7) 

However, we have observed that in the case of 
intramolecular reactions of biphenyl radical anions 
with a terminal alkyl chloride which is linked to biphenyl 
moiety by a methylene chain, an intramolecular SN2 
reaction occurs.8) Therefore, it seems essential to 
investigate the initial step of each respective reaction 
system, to determine whether it is an E T or SN2 reaction. 

Exper imenta l 

Materials. Benzhydryl chloride (Tokyo Kasei) was 
recrystallized twice from the ethanol solution and dried under 
high vacuum. The white crystal was stored in a refrigerator 
with silica gel as a drying agent (mp 16 °G). Biphenyl, 
phenanthrene, /rarw-stilbene, pyrene, and anthracene were 
purified by recrystallization or sublimation in the usual 
method. 2-Methyltetrahydrofuran (Wako Pure Chemicals) 
was distilled over LiAlH4 three times. 

Pulse Radiolysis. The L-band linear accelerator at 
Osaka University was used as the source of electron pulses.9) 
The energy was 28 MeV and a 10 ns pulse width was selected 
for the present experiments. A detector (1P28 photomulti-
plier) and analyzing light produced by a 450W-Xenon pulse 
lamp (OPG-450, Osram) were used, and signals were moni­

tored by a storage oscilloscope (Tektronix 7843) and a pro­
grammable digitizer (Tektronix 7912AD). 

Fresh MTHF solutions were prepared just before irradia­
tion and degassed under high vacuum. The following 
absorption bands were used in order to monitor the decay 
rate of the various aromatic radical anions: biphenyl (410 nm), 
phenanthrene (450 nm), /rarw-stilbene (500 nm), pyrene 
(495 nm), and anthracene (670 nm). 

R e s u l t s a n d D i s c u s s i o n 

2-Methyltetrahydrofuran (MTHF) solutions of bi­
phenyl containing benzhydryl chloride (BG) were 
irradiated with a 10 ns electron pulse of a 35 MeV L-
band linear accelerator at room temperature. The 
transient absorption spectra were recorded at various 
times after the pulse; these are presented in Fig. 1. 

300 450 350 400 
Wavelength/nm 

Fig. 1. Transient absorption spectra obtained at various 
times after a 10 ns pulse irradiation of a MTHF solution 
of biphenyl (50 raM) and BC (11 raM) mixture. 
Absorbed dose : 8.8 krad per pulse. 

T h e spectrum observed immediately after the pulse 
has an absorption maximum at 410 nm, which is 
assigned to the biphenyl radical anions.10) The 410-nm 
band decays according to the pseudo-first-order kinetics 
with the simultaneous formation of a 330-nm band. 
This latter band is assigned to a benzhydryl radical, by 
comparison with the spectrum obtained by the pulse 
radiolysis of a M T H F solution of BG.11) The rate of 
formation of the 330-nm band is fully consistent with 
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Fig. 2. Kinetic behavior of each band in Fig. 1 (a) The 
time dependency of transient absorption at 410- and 
330-nm bands in Fig. 1. (b) The plot of the pseudo-
first-order rate constant obtained from the 330-nm band 
formation and from the 410-nm band decay vs. BC 
concentration. 

the decay rate of the 410-nm band, as shown in Fig. 2a. 
The plot of the pseudo-first-order rate constant vs. 
the BG concentration is l inear; its slope results in the 
second-order rate constant: A: s=7.0x 109 M - 1 s - 1 

(1 M = l mol dm~3). The two slopes obtained from the 
330-nm band formation and the 410-nm band decay 
are in fair agreement within experimental error (Fig. 2b). 
Thus, the following equation is supported [M : biphenyl, 
BG : benzhydryl chloride] : 

MT -f BC M - f Ph2CH. Cl­

i n order to clarify the reaction mechanism, the 
second-order rate constants for the reaction of BG with 
aromatic radical anions of varying reduction potentials 
have been determined by a similar method to that 
described above. The plot of In ks as a function of the 
electrochemical half-wave potentials of the aromatic 
hydrocarbon (M)12> yields a linear correlation, except 
for biphenyl, where the rate constant reaches the 

- 2 5 -2X) 

(ElftÇM) vs. SCE)/V 

Fig. 3. Dependence of ks on the reduction potential of 
various aromatic hydrocarbons. 

diffusion-controlled region, as shown in Fig. 3. The 
slope of the straight line is —9.45 in the units used here, r 

which corresponds to — 0.25/RT. 
According to R e h m and Weiler,3) the electron 

transfer mechanism can be described by the following 
reaction scheme. 

JVT + BC 
&21 

(M*-BC) 

+ C1-

#32 

(M...BCT) 

• M + Ph2CH. 

In the present system, it is presumed that the E T 
step (ÄJ23) is endergonic and that, even so, the BGT 

radical anion formed undergoes an irreversible bond 
cleavage at a rate faster than the back E T : thus, £23<A;21 

and A;32<C 3̂o- Under such a circumstance, the following 
equation for the rate constant is obtained, applying 
a steady-state approximation:2) 

a£#(BC) a £ # ( M ) 
In ks = In K12k{ + 

RT RT (1) 

where K[2=kl2jk21 and k{ is the rate constant for the 
reaction where A<723=0 and the activation barrier is 
AG0

#. ElJi is the electrochemical half-wave reduction 
potential of BG and M. The transfer coefficient a is 
defined as AG*=AG0

#+<xAG23 (see Ref. 2). The present 
observation appears to be in accord with the relationship 
expressed in Eq. 1, provided a = 0 . 2 5 . If we presume 
the reversible E T step, the slope of the straight line 
should be —\/RT; this is incompatible with the present 
results. 

Although a simple linear correlation between reac­
tivities and the ionization potentials or the redox 
potentials of the substrates has been observed in many 
chemical reactions,13) there is surprisingly little quanti­
tative information and few discussions on the transfer 
coefficient. It is, however, worthwhile to mention that a 
reversible E T system affords a straight line with a slope 
of — l/RT, but a net a value is not obtained in such a 
system. The idea of the parameter a has been originally 
proposed by Horiuchi-Polanyi.14) It is reasonable to 
accept that a reflects the position of the transition state, 
along with the reaction coordinate.15) 

Bank and Juckett reported a similar low a value (0.22) 
for the reaction of aromatic radical anions with alkyl 
bromides,5) while a = 0 . 7 2 is calculated from the data 
presented for the reaction with chlorobenzene by Lund 
and coworkers.4) O n the basis of these observations, 
it seems that , when the G-X bond cleavage proceeds 
very rapidly, a becomes low. Such a low a value 
indicates an early transition state in which electrons 
localize mainly upon the aromatic hydrocarbon (M). 
Thus, it becomes questionable whether a full electron 
transfer from M T to BG goes to completion prior to 
the successive C-Cl bond cleavage in such a labile 
halide. 

A simple estimation suggests that if a is less than one-
half, AG should be negative.15) Therefore, our inter­
pretation is that in such a system where a is very low, an 
irreversible E T proceeds with an early transition state 
and this, therefore, closely correlates with a rapid C-Cl 

t The slope is — 9.45 when Eff$ is expressed in V. 
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bond cleavage; a distinct discrimination between 
E T (k23) and the successive bond cleavage (k30) steps 
is difficult. The value of a would be considered as a 
parameter reflecting the extent of the E T in such a 
system. 

The present work was supported in part by a Grant-
in-Aid for Scientific Research No. 55334 from the 
Ministry of Education, Science and Culture. 
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The polarization CARS spectra were observed for a few typical Raman lines at various experimental settings. 
Based upon the observed and calculated spectra, the usefulness and the validity of the polarization CARS method 
for the study of the overlapped Raman lines observed for a condensed system have been emphasized. 

The coherent anti-Stokes R a m a n scattering (CARS) 
experiment is a new method of R a m a n spectroscopy 
which utilizes the nonlinear optical phenomena induced 
by the macroscopic third-order nonlinear polarization, 

JPC3). This type of spectroscopy has been extensively 
applied in a wide range of laboratories utilizing the 
feature of the nonlinear phenomena. 1 - 5) The polariza­
tion CARS is one application of the CARS method, one 
in which the direction of the polarization of the incident 
and the scattered light are properly chosen.6-8) 

One of the most important and difficult problems in 
the field of application spectroscopy lies in the analyses 
of the spectral lines which are composed of two or more 
different lines whose resonance frequencies are very 
close to each other in comparison with their linewidths. 
For the analyses of the condensed-phase spectra, it is 
often necessary to resolve an observed line into a number 
of lines by assuming symmetric lineshape functions, like 
a Lorentzian or a Gaussian. This method is indeed 
useful for practical purposes. In many cases, however, 
the assumption of the lineshape functions is arbitrary 
in nature and falls short of experimental proof. We 
started the present work with the belief that we could 
perform this line-separation into multi-components on 
a purely experimental basis if we used the polarization 
CARS method. 

In this study, we observe a few typical overlapped 
R a m a n lines by the polarization CARS method and 
ascertain the usefulness and validity of the application 
of the polarization CARS method for the study of the 
overlapped R a m a n lines observed for condensed 
systems. 

Theoret ica l 

Third-order Susceptibility in Liquid. CARS arises 
from a third-order nonlinear polarization which is 
induced in the medium at the frequency when co3= 
2œ1—co2 by the incident lights, a>x and co2. This third-
order nonlinear polarization at the co3 frequency can be 
expressed as : 

pC3>K) = ZC3>3)J?.(CO^COOJ?*(«>2), (1) 

where E(œ^) and E(a>2) are the amplitudes of the 

incident lights and where P(3)(co3) is the third-order 
susceptibility. As the CARS intensity is proportional 

to |P (3 )(co3)|2 , the CARS spectra are characterized by 

ZC3)(co3), which is a fourth-rank tensor. In general, 
£C3)(eo3) can be expressed as the sum of two terms: 

* C 3 >K) = zNR + zR> (2) 

where %NR is an electronic or background susceptibility, 
and %R, a R a m a n susceptibility. 

It has been established, for a spontaneous R a m a n 
scattering, that a totally symmetric R a m a n line is 
composed of two parts : an isotropic component and an 
anisotropic component. T h e linewidth of an anisotropic 
component is much broader than that of an isotropic 
one, because the isotropic linewidth is governed mainly 
by the reorientational relaxation process.9) Therefore, 
it is preferable to write the xR of Eq. 2 in this form: 

+ hi-irTl ôTA-irTA -y (3) 

where rrî and J \ A are the linewidths of the isotropic 
and anisotropic components respectively; <5r=cor — 
(cox—œ2); coT is the R a m a n frequency of the r-th 
vibrational mode. In the derivation of Eq. 3, we 
assumed that cori=corA.10) 

In an isotropic medium, there are only two independ­
ent tensor components, ziin(—co3 : CO^CD^— œ2) and 
Zi22i(—co3 : coucou—co2), where 1 and 2 denote two 
distinguishable Cartesian axes. These tensor com­
ponents are given by an orientational average of the 
susceptibilities of individual molecules. According to 
to Yuratich and Hanna,1 1) xTl and xrA of Eq. 3 for an 
electronic non-resonant condition are given by these 
relations : 

Zim ~ 
NLOL2 

12ft 
v r l __ H 
A1221 — u» 

«rA — -,rA — 
A1221 — A X l l l l — 

NL 
12ft 15 

(5) 

(6) 

where a2 is the mean value and ys
2 is the symmetric 

part of the anisotropy of an usual R a m a n tensor. In 
this discussion we assumed that the antisymmetric part 
of the anisotropy is negligible. iV is the number density 
of the Raman-act ive molecules, and L is the local-field 
correction factor.1) It is important to add that the 
following relation holds approximately between the 
tensor components of 2N R : it is known by the name of 
the Kleiman relation: 

Zffu = SXÏ&L (7) 

Polarization CARS. From the above discussion 
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Fig. 1. Polarization directions for polarization CARS 
experiment. 

it can be understood that the polarization, PC3)(co3), can 
be expressed as ; 

JP<*>3) = PNR + 2 ( P r I + P r A), (8) 

where the superscripts correspond to those of Eqs. 2 
and 3. 

We set the experimental conditions as is shown in 

Fig. 1. One incident light, E(œ1), is linearly polarized to 
the X-direction, while the other incident light, E(œ2), 
is polarized on the XY-plane at an angle; 0, with the 
X-direction. At this experimental setting, the terms of 
Eq. 8 are expressed by these relations: 

pNR = 3 ^ 1 £ ? K ) {Ex(œ2)ex + jEY(œt)eY], (9) 

/»ri 
4*(arI-irrI) 

cx> (10) 

P^= ^ ^ I K ) (±Ex(œ2)ex + Ex(œSeY), (11) 

where ex and eY are unit vectors in the directions of X 
and Y respectively. If we designate the angles between 

the X-axis and the vectors, P N R , PT\ and P r A , as 0NR, 
fli, and 0A respectively (see also Fig. 1), Eqs, 9, 10, and 
11 lead to these relations : 

£ Y W 1 
tan 0NR = Q * , , \ = — tan 0, 

and 

3£XK) 
tan 0j = 0, 

3EY(co2) 3 
tan 0A = ._ Y ; \ = —tan 0. 

4 £ x o>2 4 

(12) 

(13) 

(14) 

Fig. 2. Polarization direction of the CARS light which 
passed through the polarization analyzer. 

The amplitude of the CARS light, E(œ3), is proportional 

to the polarization, P ( 3 )(a)3) , so the observed amplitude, 

É(œ3), can have only one polarization state, which is 

defined by the vector-sum of P N R , P r I , and P r A . In 
this respect, the CARS light is obviously different from 
that of the spontaneous R a m a n scattering. As can be 
seen from Fig. 2, we can obtain various spectra by 
setting the polarization direction of the CARS light 
by putt ing a polarization analyzer in the path of the 
CARS light. If we cut off that light whose polarization 
direction makes an angle; ß, with the X-axis, the 
amplitude, E(a>3), which penetrates through the analyzer 
may be given by this relation : 

E{œz) oc {|PNR|sin(0NR - ß) 

+ S [|P"|sin (-ß) + |P'A| sin(0A - ß)]}. (15) 

Especially, we can obtain "background-free" spectra if 
we set the experimental condition at ß = 0 N R . 

Exper imenta l 

Apparatus for Polarization CARS Measurement. A schematic 
diagram of the polarization CARS spectrometer is shown in 
Fig. 3. A N2 laser is oscillated at 337.1 nm with a peak 
output of 300 kW. The time-width of the N2 laser is 7 ns, 
and the repetition rate is 4 Hz. This N2 laser output is used 
to pump two dye lasers, 1 and 2, simultaneously. The 
frequency, a^, of the dye laser 1 is fixed at 19200 cm - 1 

(HWHM==0.4cm -1), while the frequency, co2, of the dye 
laser 2 (HWHM = 0.6 cm -1) is tunable. The directions of 
the polarization of œ1 and œ2 are adjusted by the use of two 
Glan-Laser prism polarizers, GPX and GP2. The two light-
beams, œ1 and œ2i are adjusted to be parallel with each other 
before a lens, Lx ( / = 10 cm), and then focused into a sample 
cell. The phasematching angle is adjusted by sliding a 
mirror, Mx. The scattered light is selected out by the use of 
an appropriate aperture. The polarization direction of the 
CARS light is selected out by means of a Glan-Laser prism 
polarizer, GP3. After being passed through a depolarizer, 
DP, the CARS light is focused into a monochromator (JEOL, 
Model Ul double-monochromator). Finally, the monochro-
mated CARS light is detected by means of a photomultiplier 
(RCA-1P21) and averaged by the use of a laser photometer 
(Molectron, LP-20). 

Dye Laser 1 

7 ^ = e ^ 
Sample V | 

Reference 

•fcd-

/vlDetector 

I Photo-
I meter 

1 

Recorder 

• fcH 
D.P.C 

< 

P 
& 

Mono­
chromator 

|P.M.| 

Fig. 3. Schematic representation of the experimental 
set-up. 
BS: Beam splitter, M: mirror, GP: Glan prism, DP: 
depolarizer, PM: photomultiplier. 
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A part of the œ2 is taken out by the use of a beamsplitter, 
BS, and used for the purpose of the normalization of the CARS 
light and for the triggering of the photometer. The depo­
larizer, DP, is used for the cancellation of the polarization 
characteristics of the monochromator. 

Measurement of Ordinary Raman Spectra. The ordinary 
Raman spectra were recorded by a JEOL, JRS-400T Raman 
spectrophotometer equipped with an Ar+-ion laser source 
(Spectra Physics, Model 164, 488.0 nm). A PL filter (Kenko) 
was used as a polarizer after being corrected for the polariza­
tion characteristics. 

Sample. All the chemicals used in the present work 
were commercially available in a guaranteed grade and were 
used without further purification. The Raman spectra were 
observed for pure liquid toluene and chlorobenzene for a 
binary mixture ( 1 : 1 in volume) of them. The Raman 
spectra were also observed for pure liquid styrene. 

R e s u l t s a n d D i s c u s s i o n 

For the purpose of dealing with the CARS lineshapes 
of R a m a n modes in liquid, we write the electric field 
of a CARS light being observed in this form: 

fRTlsin(-ß) RrAsm(dA-ß)^ 
+ ?L <sr-irrI

 + ôr-irTA y 
(16) 

where : 

Boz |P*»| = v
/ 9+tan 2 ö z f f i ^ x ' K ^ x K ) , (17) 

Ä . T O C 
NLv? 

rI a r - i r r I 4Ä 
i^K^K), (18) 

and 

* rA< 
<5 r-ir rA 

V 16+9 tan2 0 

NLv2 

x l 8ôT^ x 2 K ) j B x K ) * (19^ 

Depolarized Raman Lines. A depolarized Raman 
line has only ys

2 in the R a m a n tensor. Therefore, the 
polarization CARS spectra expected for this case are 
represented by this relation : 

(a) 
fl<0Npor * 

Fig. 4. Typical polarization CARS spectra for an iso­
lated single Raman line. 
Remark that (d) corresponds to a "background-free" 
spectrum. 

| £ (" 3 ) | 2 = £sin(0NR -ß) + 
RAsin(dA-ß) 

ô-irA 

(20) 

The typical spectra expected for this case are illustrated 
in Fig. 4. It can be seen from the figure that the spectral 
features change dramatically with the change in ß. 
It must be emphasized that this is the only case in 
which the R a m a n line is composed of only one com­
ponent. 

Totally Symmetric Raman Lines. A totally sym­
metric R a m a n line is characterized by ys

2 and a2. 
Therefore, the polarization CARS spectra can be 
represented by this relation: 

| £ K ) | 2 

£ s i n ( 0 N R - £ ) 
Äjsin (-

<5-iA 
/ ? ) + RAsin(eA-ß) 

ô-irA 

(21) 

It must be emphasized that a totally symmetric R a m a n 
line is composed of two components, isotropic and 
anisotropic, although it seems to be a single line. Thus, 
Eq. 21 has two Raman-resonant terms, in good contrast 
to Eq. 20. 

<Q) A (b) /| 
ß=30° A ß=30° 

25° A* 2 5° 
i • • • >•< -V y n n » » . -

A - J T ^ V V W U yv /^ r r - 5 

25° yWv^iW^ , ^ - ^ . ^ y v -

* uj rui2 ujr-(uurw2) 
10 U , I L I u J l 

1020 1000 20 980 -20 

v/cm-1 

Fig. 5. Polarization CARS spectra for the 1000 cm"1 line 
of pure liquid styrene. 
(a) : Observed ß-dependence, (b) : Calculated ^-depend­
ence. The dotted lines indicate the background 
height; £2 sin2 (0N R -£) . 

As an example, we observed the polarization CARS 
spectra of the 1000 c m - 1 R a m a n line of pure liquid 
styrene for various ß-values. Figure 5(a) shows the 
results for the experimental settings of 0 = 85° and ß= 
10, 15, 20, 25, and 30°. The spontaneous R a m a n 
spectra of this line, on the other hand, are characterized 
by these spectral parameters : the polarization degree 
is 0.05, and the lineshapes are Lorentzian, with Ti = 
1.4 c m - 1 for the isotropic line and with 7 ^ = 2.5 c m - 1 

for the anisotropic line. Using these spectral parameters, 
the polarization CARS spectra were calculated for 
this R a m a n line: the results are illustrated in Fig. 
5(b).12) The good agreement between the observed 
and the calculated spectra indicates that the physical 
meaning of the damping factors, A and rA, which 
appear in the CARS formulation is essentially the same 
as that of the half-widths in the spontaneous R a m a n 



3694 Ryosaku IGARASHI, Fumisato IIDA, Chiaki HIROSE, and Tsunetake FUJIYAMA [Vol. 54, No. 12 

scattering formulation. 
It can be seen from Fig. 4 that we can clearly identify 

the existence of the two Raman components, the 
polarized and depolarized ones, by observing the 
polarized CARS spectra for various /?-values. It is 
essential that, in the case of a totally symmetric Raman 
line, a Raman line should be considered to be overlapped 
lines whose frequencies are equal, but whose linewidths 
are different from each other. 

Two Closely Located Totally Symmetric Raman Lines. 
In a case where two Raman lines are located very close 
to each other, we must consider the overlapping of 
four Raman lines: two isotropic components and two 
anisotropic components. As a model system, the binary 
mixture of toluene and chlorobenzene was chosen, 
because liquid toluene shows a Raman line at cor=1004 
cm - 1 , with a depolarization degree of |0=0.018 and 
with half-widths of 2 A = 2 . 1 cm"1 and 2 r A = 4 . 2 cm"1, 
while liquid chlorobenzene shows a Raman line at 
coT = 1002.8 cm - 1 , with a depolarization degree of p= 
0.025 and with half-widths of 2 A = 1 . 5 cm"1 and 2TA = 
3.8 cm - 1 . These two Raman lines are assigned to the 
G-G stretching vibrations of the benzene rings and have 
almost equal intensities. 

C6H5CH3 + C6H5Cl A 

parallel component / 1 

perpendicular component / 

yWV J--k 
1 1 1 1— 

1030 1020 1010 1000 

v/cm-1 

Fig. 6. Observed spontaneous Raman spectra for the 
binary mixture of toluene and chlorobenzene, ( 1 : 1 
mixture in volume). 

Wem-1 

Fig. 7. Polarization CARS spectra for the binary 
mixture of toluene and chlorobenzene, ( 1 :1 mixture in 
volume). 
(a) : Observed ß-dependence, (b) : Calculated ß-
dependence. The dotted lines indicate the background 
height, B* sin«(ÖMB-«. 

Figure 6 shows the Raman spectra observed for the 
binary solution of toluene and chlorobenzene. In this 
figure, two Raman lines are overlapped with each other 
at about 1000 cm- 1 . It can be seen from the figure 
that it is almost impossible to separate this line into two 
Raman lines without knowing accurate spectral infor­
mation about these individual lines. Figure 7(a) shows 
the observed polarization GARS spectra for 0=85° 
and for 0 = 4 , 6, 8, 10, and 12°. Figure 7(b) shows the 
results of the simulative calculation of the corresponding 
spectra on the basis of the above spontaneous Raman 
data. It can be seen from this figure that the overlapping 
of two Raman lines can easily be surmised by means of 
the asymmetric feature of the polarization CARS 
spectra. That is, the positive and negative peaks are 
quite different from each other both in shape and area, 
in good contrast with the spectra given in Fig. 5.13> 

Concluding Discussion. In the preceding para­
graphs, the polarization CARS spectra have been 
discussed for three different cases: (1) a spectrum is 
composed of only one Raman line and only one com­
ponent; that is to say, the line corresponds to one 
vibrational mode and one component : (2) a spectrum is 
composed of one Raman line which can be assigned 
to one vibrational mode, but is made from two com­
ponents, namely, isotropic and anisotropic components, 
and (3) a spectrum corresponds to two overlapped 
Raman lines, each of which is made from isotropic and 
anisotropic components. From the results obtained, we 
can draw a few important conclusions with respect to 
the application of the polarization CARS method to the 
analysis of the overlapped Raman lines. 

First, it has been shown that polarization CARS 
spectra should be analyzed by considering both isotropic 
and anisotropic scattering processes. It is essential to 
consider the difference between the isotropic and 
anisotropic linewidths. Therefore, the separation of 
the overlapped Raman lines into the individual vibra­
tional lines is not so simple as has been described by 
Koroteev et 0/.8) The apparent splittings in the CARS 
spectra cannot directly be related to the band-overlap­
ping in ordinary Raman spectra. 

Secondly, a polarization CARS method can be a 
useful technique to compare the isotropic and anisotrop­
ic components which are related to the same vibrational 
mode, because we can observe isotropic and anisotropic 
components separately by using a proper experimental 
setting. If we set ß=6A or ß=di, we can obtain a purely 
isotropic spectrum or a purely anisotropic spectrum 
respectively. For other angles, the spectra exhibit 
rather complicated features, namely, mixtures of 
isotropic and anisotropic spectra. As we can change 
the ratio of Ri and RA properly by changing the 0, 
this method is extremely useful for the analysis of a 
Raman line whose depolarization degree is very small. 

Thirdly, it has been shown that the polarization CARS 
spectra are quite sensitive to the change in the spectral 
parameters of component lines. Although the analyses 
of polarization GARS spectra themselves are rather 
complicated and difficult when several Raman modes 
are overlapped, the simultaneous use of spontaneous 
Raman and polarization CARS spectra is a very 
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promising method for the separation of the overlapped 
R a m a n lines into their component lines. We can 
ascertain the validity of the line-separation of overlapped 
ordinary R a m a n lines by simulating polarization GARS 
spectra using the spectral parameters obtained from the 
line-separation of ordinary R a m a n spectra. It must 
be emphasized, however, that this process is purely 
experimental. 
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The partition of carboxylic acids between benzene and 0.1 mol dm-3(H,Na)G104 aqueous solution has been 
studied at 25 °G. Carboxylic acids used include acetic, propanoic, butanoic, pentanoic, hexanoic, and decanoic 
acids. The hydration of monomeric acids in benzene being taken into account, the hydration-corrected partition 
constant has been calculated. The effect of the chain length on the partition is accounted for with the aid of the 
newly estimated solubility parameters and empirical binary coefficients. Applicability of the empirical solubility 
parameter of water (35.89 J1/2 cm-3/2) has also been discussed. 

The distribution behaviors of various organic com­
pounds between two immiscible solvents have been 
extensively reviewed.1-3^ Milicevic4) and Koshimura5) 
have tried a systematic consideration on the solubility 
leading to a quantitative prediction of the partit ion of 
some organic compounds and metal chelates, respec­
tively. 

Of many attempts to introduce basic concepts into a 
general treatment of partit ion equilibria, the most 
successful one is the approach based on the theory of 
regular solution,6) al though its application to liquid-
liquid partition is limited in some cases.7) 

T h e regular solution theory has been used to interpret 
the solvent effects on the extraction of organic com­
pounds,8»9) metal chelates,10-12) halide complexes,13»14) 
and ion pairs.12»15) T h e same theory has been found 
useful in discussing the substituent effects on the parti­
tion of pyridine bases.16) 

In the previous papers,17»18) we have presented the 
results of the partit ion of carboxylic acids between 
benzene and the aqueous solution. In this paper we 
at tempt to interpret the effect of the chain length on the 
partition of carboxylic acids. 

Theoret ica l 

According to Hildebrand and Scatchard's theory of 
regular solution,6) the activity of a solute HA, <ZHA, is 
given by: 

RTln %A = RThx *HA + VHA<f>s*(ô8 - <5HA)2, (1) 

where XHA, VHA, and (5HA denote the mole fraction, molar 
volume and solibility parameter , respectively, of the 
solute HA, and 0S and ôs the volume fraction and 
solubility parameter of the solvent S, respectively. T h e 
pure liquid was chosen as a s tandard state. T h e entropy 
of mixing molecules of the different size being taken 
into account, the following equation is relevant: 

RTln aHA = RT[ln 0HA + 0.(1 - ^ H A ^ " 1 ) ] 

+ * W . f ( * . " <W)2, (2) 

where the volume fraction of HA, 0HA, is related with 
the molar concentration of HA, [HA]S , as : 

[HA] S = 1OOO0HA/FHA. (3) 

Instead of using the rigid geometric mean assumption involved 
in the usual regular solution theory, we include an 
empirical binary coefficient,19) /HA,S5 in Eq. 2. Then , we 

obtain : 

RTln <7HA = RT(\n [HA]S - In lOOOF^-1 

+ A( l " ^ H A J V 1 ) ) 

+ *Ws2[(<58 " <W)2 + 2/HA>8<WU (4) 

When the solute is partitioned between the aqueous 
and organic phases, i.e., <ZHA,W=<ZHA,O, a n d that the 
concentration of HA is sufficiently low in both phases, 
i.e., 0W = 1 and 0 O = 1, we obtain from Eq. 4 the following 
expression for the partit ion constant of HA, Ä" D H A: 

log *D .HA = VHA[(ÔW-ÔHA)*-(Ô0 - ôHAy + 2/HA>w<W5w 

- 2 / H A , O < W O + Ä3T(K0-i- Kw"i)]/2.303Ä7; (5) 

where subscripts w and o denote the aqueous and organic 
phases, respectively. In Eq. 5 the aqueous solution is 
considered as a hypothetical regular solution. 

R e s u l t s a n d D i s c u s s i o n 

Hydration and Partition Constants. At low pH, 
where anionic species may be neglected in the aqueous 
phase, the conditional partition constant of a monomeric 
carboxylic acid between the aqueous and organic phases, 

HAJ is written as : 

HAW ^ ± HA0> iCD.HA = [HA']0/[HA]W. (6) 

Measurement of water solubility17»18) revealed that the 
monomeric acids are more or less hydrated in benzene 
contacted with water : 

flu 
HA0 + H2O0 ^=± HA.H2O0 

ßn = [HA.H2O]0/[HA]0[H2O]0, (7) 

where ßn denotes the hydration constant. The condi­
tional partition constant, Ki>,HA, determined from 
partition data is related with Ä"£.HA, which is corrected 
for the hydration, as follows : 

*D,HA = *D.HA(1 + fti[H2O]0)-S (8) 

where the monomer concentration of water in benzene 
at 25 °C is taken to be 0.0345 mol dm~3.18) The values 
for some aliphatic carboxylic acids are summarized in 
Table 1. 

Evaluation of Solubility Parameters. If the heat of 
vaporization, A / / v / J mol - 1 , is determined at a certain 
temperature, say 25 °C, the solubility parameter is 
given by: 

<5HA = (A//2
V

98 - RTy/WHA-W (9) 
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TABLE 1. PARTITION CONSTANT AND HYDRATION 

CONSTANT OF CARBOXYLIC ACIDS AT 2 5 ° C 

Acid l og ^ D . HA log A l 
ÏOg^D.HA 

(obsd) 
l o g ^D. HA 
(calcd)g) 

Acetic acid 
Propanoic acid 
Butanoic acid 
Pentanoic acid 
Hexanoic acid 
Heptanoic acid 
Octanoic acid 
Nonanoic acid 
Decanoic acid 

- 2 . 0 8 
- 1 . 3 4 
- 0 . 9 7 
- 0 . 2 7 

0.28 
— 
1.67d) 

— 
2.70e) 

1.13 
0.99 
0.98 
0.95 
0.90 
— 
— 
— 
— 

- 2 . 2 5 a ) 

- 1 . 4 3 b ) 

- 1 . 0 4 c ) 

- 0 . 3 9 c ) 

0.17c) 

— 
— 
— 

2.62a) 

( - 2 . 2 5 ) ° 
- 1 . 5 0 
- 1 . 0 8 
- 0 . 4 3 

0.16 
0.78 
1.35 
1.99 
2.60 

a) Y. Fujii, Y. Kawachi, and M. Tanaka, J. Chem. Soc, 
Faraday Trans. 1,77, 63 (1981). b) This work, c) Y. Fujii 
and M. Tanaka, J. Chem. Soc, Faraday Trans. 1, 73, 788 
(1977). d) G. K. Schweitzer and D. K. Morris, Anal. 
Chim. Acta, 45, 65 (1969). e) M. Tanaka, N. Nakasuka, 
and S. Sasane, J. Inorg. Nucl. Chem., 31, 2591 (1969). 
f) Observed value used for calculation, g) Eq. 5. 

where FHA/CIII3 m o l - 1 is the molar volume of the pure 
liquid acid. 

The lower monocarboxylic acids are known to 
dimerize in gas phase20* even at pressure as low as 1 
mmHg, and hence the heat of vaporization calculated 
from vapor pressure data only leads to erroneous results. 
T h e heat of vaporization from the vapor pressure data 
should be corrected for the heat of dimerization in the 
gas phase.21) The heat of fusion should also be taken 
into account for the solid acids.22) The corrected values 
of vaporization enthalpy in k j m o l - 1 unit for fatty acids 
are given in Table 2. It has been shown by a number of 
workers22-24) that there is a linear relationship between 
A//2

V98 of the pure acids of a homologous series and its 
chain length. For a fatty acids, CH 3 (CH 2 ) M COOH, we 
obtain the following best-fitting relation for the heat 
of vaporization A/Z^s/kJ m o l - 1 in Table 2 : 

TABLE 2. HEAT OF VAPORIZATION, MOLAR VOLUME, AND 

SOLUBILITY PARAMETER OF CARBOXYLIC ACIDS AT 2 5 ° G 

Acid 
AHl 298 

KHA ft e) 
°HA 

kj mol-1 cm3 mol"1 J1/« cm-3/2 

Acetic acid 
Propanoic acid 
Butanoic acid 
Pentanoic acid 
Hexanoic acid 
Heptanoic acid 
Octanoic acid 
Nonanoic acid 
Decanoic acid 

51 .5±1 .7 a : 

5 5 . 2 ± 2 . 1 a : 

58 .6±4 .2 a : 

62 .3±2 .9 b : 

7 3 . 2 ± 2 . 1 b : 

72 .0±1 .7 b 

8 2 . 8 ± 0 . 8 b 

82.4±0.4 c : 

8 9 . 5 ± 2 . 1 c : 

> 61.0 
77.5 
92.5 

> 110.5 
127.0 

> 143.5 
> 160.0 

176.5 
193.0 

28.0 
26.1 
24.7 
23.8 
23.0 
22.4 
21.9 
21.5 
21.2 

a) T. Konicek and I. Wadsö, Acta Chem. Scand., 24, 2612 
(1970). b) G. G. Kruif and H: A. J. Oonk, J. Chem. 
Thermodyn., 11, 287 (1979). c) D. P. Baccanari, J. A. 
Novinski, Y. Pan, M. M. Yevitz, and H. A. Swain, 
Trans. Faraday Soc, 64, 1201 (1968). d) Calculated 
according to Eq. 11. e) Calculated according to Eq. 9 
by employing calcul ated values of &H%98 (Eq. 10) and 
FHA(Eq. 11). 

A#2
v

98 = 50.3 + 4.9n, (10) 

where n denotes the number of CH 2 group. The incre­
ment in the heat of vaporization per CH 2 , 4.9 k j mol - 1 , 
is in good agreement with that of (4 .9±0.1) k j mol" 1 

for normal alkanes, 1-alkenes, 1-alkanols, 1-alkanethiols, 
1-chloro-, and 1-bromoalkanes and alkanoates.23) 

For the fatty acids, the molar volumes are proportional 
to chain length.24"26) According to Rheineck and Lin,26) 
the group contribution to the molar volume in cm3 

mol" 1 unit is 34.0, 16.5 and 27.0 for methyl, methylene 
and carboxyl groups, respectively. Then the molar 
volume FHA/cm3mol-1 for the fatty acids at 25°C is 
given by: 

FH = 6 1 . 0 + 16.5n, (11) 

where 61.0 cm3 m o l - 1 for acetic acid was used as a 
s tandard for convenience. 

With values of AH%9B and VHA in hand we calculate 
(W of fatty acid by Eq. 9. Calculated ÔKA values are 
tabulated in Table 2. 

As solubility parameter of the aqueous solution we 
used 47.9 J1/2 cm- 3 / 2 calculated from the heat of 
vaporization of pure water.27) 

Determination of Binary Coefficients. We assume 
the additive property of excess enthalpy of mixing, 
AHE, for functional groups in an organic compound 
X-(CH 2 ) M -Y (abbreviated as X - n - Y ) , X, Y, and 
C H 9 : 

AHln.Y = AHl + nAH*CHt + AHl (12) 

T h e excess enthalpies of mixing of this compound and 
X, Y, and CH 2 are given by: 

AHln.Y = Vx.n.Y [(ôs - äx_n_Y)i + 2/x_n_Y. A-n-v<U 

A//£ = vx[(ô8 - ÔX? + 2 / x > A<u 

AH? = vY[(ôs - ôYy + 2/Y>s<vU 

A//C
EH, = *W(<58 - <5CH,)2 + 2/CHt>s ÖCHÖS], 

(13) 

(14) 

(15) 

(16) 

where the subscript s denotes a solvent with which 
X - n - Y is mixed. 

Substituting Eqs. 13—16 into Eq. 12 and assuming 
the additivity for the molar volume and the cohesive 
energy,26) we obtain 

(^X-n-Y,s — i )"x-n-Y^X-n-Y 

= ( ' x , s - 1)<5X^X + *('CH„S 

+ ( 'Y . . - 1 ) W . 

= Cx-Y.B - l^X-Y^X-Y + *CcHtiB 

For an aliphatic carboxylic acid HA, X = C H 3 and 
Y = C O O H . Then we may rewrite Eq. 18 as follows: 

('HA,s — 1)^HA^HA = ( W , s 

U^CH.^CH, 

O^OH.^OH.-

(17) 

(18) 

ly^HAo^HAo 

m CH2
KCH2> (19) + * ( W B 

where HA° denotes acetic acid. Then the plot of 
the left hand side of Eq. 19 against n should give rise 
to a straight line with the intercept of (/HAO>S— 1)5HAOFHAO 
and the slope of (/CH,,S— 1)<5CH,^CH,. 

T h e binary coefficient /HA,W of hexanoic to nonanoic 
acids was determined according to the following 
equation derived from Eq. 4 : 

log[HA]w = 3 - log FHA - O.4340w( l - VHAVw->) 

-O.434FHA0W*[(<5W - <W)2 + 2lHAtWôHAôw]/RTf (20) 
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Fig. 1. Correlation between (^HA,W— 1)^HA^HA a n c l 
chain length. The line was drawn using the values 
/, CH2, , = -0.350 and /H A O > w=-0.136. 

where [HA]W is the solubility of monomeric acid in 
water, corrected for the ionic dissociation. We utilized 
the solubility of carboxylic acids given by Ralston and 
Hoerr28) interpolated to 25 °C. 

As predicted from Eq. 19, (/HA,W — 1)<WFHA is 
linearly related with the number of methylene groups 
in carboxylic acids, n (see Fig. 1). By means of the 
method of least squares according to Eq. 19, we obtain 

CHA,W " ^ H A ^ H A = - 1940 - 386 n. (21) 

Tha t is ( /HAOW-1) < 5 H A O F H A O = - 1 9 4 0 and ( / C H „ w - l ) x 
5 C H 2 ^ C H 2 = — 3 8 6 in J 1 ' 2 cm3/2 unit. From these equa­
tions together with values of (WOFHAO (Table 2) and 
<5CH2J /CH2=286 given by Rheineck and Lin,26> the 
following binary coefficients are determined: /HAO,W= 
- 0 . 1 3 6 and /CH2 ,W= - 0 . 3 5 0 . 

For hydrocarbons (abbreviated as H C ) , X = Y = C H 3 

in Eq. 17. Then we obtain Eq. 22 for the subscript s = o 

CHC.O - I^HC^HC = 2 ( ^ , 0 - 1)<W,^CH, 

+ « ( W o - 1 ) * O H . * W (22) 

TABLE 3. EXCESS ENTHALPY OF EQUIMOLAR MIXTURE 

AT 298.15 K AND DERIVED BINARY COEFFICIENT 

System 

Pentane+Benzene 
Hexane+Benzene 
Heptane -f- Benzene 
Octane+Benzene 
Undecane-f Benzene 
Dodecane+Benzene 
Tetradecane-f Benzene 
Pentadecane+Benzene 
Hexadecane -f- Benzene 
Heptadecane-fBenzene 

a) G.Menduina and M.Diaz-Pena, Int. DATA Ser., Selec. 
Data Mixture, Ser. A, p. 53, 55, 57—62 (1976). b) M. I. 
Paz-Andrade, ibid., p. 100 (1973). c) J. P. E. Grolier, 
ibid., p. 223 (1974). 

Ai/Sc/J mol"1 

857a) 

898b) 

933c) 

969a) 

1060a) 

1101a) 

1183a) 

1207a) 

1256a) 

1289a) 

' H C . O 

0.028 
0.034 
0.037 
0.039 
0.045 
0.046 
0.048 
0.049 
0.050 
0.052 

Fig. 2. Correlation between HC,o" 1)<5HC^HA and 
chain length. The line was drawn using the values 
W o = 0 . 0 5 5 and (/CHg,0- 1 ) < W 3 ^ C H 8 = - 4 0 9 . 

Values of/HC.O for benzene was evaluated from the excess 
enthalpy of the system C 6 H 6 + C H 3 ( C H 2 ) M C H 3 by 
means of Eq. 13. T h e results are tabulated in Table 3. 
Then the plot of the left hand side of Eq. 22 against n 
(Fig. 2) gives us the value (/CH,,O—1) <5CH,FCH, from the 
slope. By means of the method of least squares we 
obtain ( -270 .3±1 .0 ) J 1 / 2 C m 3 / 2 as ( / C H „o- l ) <5CH,FCH, 
for benzene. ( 5 C H , F C H , = 2 8 6 (J1 / 2 cm3/2),26) then we 
obtain / C H , , O = 0 . 0 5 5 . 

Now according to Eq. 5 together with the known 
value of the partition constant of acetic acid (Table 1), 
we can determine the value of /HAO,O=0.034 for benzene. 

With these values of binary coefficients for benzene, 
we can rewrite Eq. 19 as follows: 

c, HA.o l ^ H A ^ H A = 1650 - 270 n. (23) 

Values of /HA,W and /HA,O calculated by Eqs. 21 and 23, 
respectively, are summarized in Table 4. 

Partition Constant of Aliphatic Carboxylic Acids. 
With thus determined values of /HA,W and /HA,O in hand, 
Eq. 5 enable us to predict the partition constant of 
aliphatic carboxylic acids. We utilized (5W=47.9J1/2 

TABLE 4. BINARY COEFFICIENTS OF CARBOXYLIC ACIDS 

Acid 

Acetic acid 
Propanoic acid 
Butanoic acid 
Pentanoic acid 
Hexanoic acid 
Heptanoic acid 
Octanoic acid 
Nonanoic acid 
Decanoic acid 

^HA 

Eq. 21 

- 1 . 3 6 
- 1 . 5 0 
- 1 . 6 8 
- 1 . 7 8 
- 1 . 9 3 
- 2 . 0 4 
- 2 . 1 5 
- 2 . 2 3 
- 2 . 2 9 

wXlO 

Solubility10 

— 
— 
— 
— 

- 1 . 9 0 
- 2 . 0 5 
- 2 . 1 4 
- 2 . 2 4 

— 

/HA.OX 10^ 
Eq. 23 

3.4 
4.7 
5.4 
6.2 
6.3 
6.5 
6.5 
6.6 
6.7 

a) Calculated from the data in Ref. 28. 
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c m -3 /2 a n c j <50 = 13#7 j i /2 cm - 3 / 2 . Calculated values of 
the partition constant are listed in Table 1. It is evident 
that the values calculated by Eq. 5 compare very 
favorably with the experimental. 

It is known that, in a homologous series, the partition 
constant log KD is a linear function of the number of 
carbon atoms involved. According to Eq. 5, the incre­
ment of log KD for an added methylene group may be 
written as : 

AlogiCD/CH2 = K0Hi[(dw - <W,)2 - (*o ~ <W,)2 

+ 2/CHttW<5CHt(5w - 2/CHt,o^cH,^o 

+ RT(V^ - V~l)]ß.?>0?>RT. (24) 

Here we assume the additivity of molar volume and 
cohesive energy of functional groups. Now with F C H , = 
16.5, (5cH, = 17.44(Ref. 26), /0H..w= - 0 . 3 5 0 and /CH„o= 
0.055 for benzene, we obtain A log # 0 / 0 ^ = 0 . 5 9 for 
this solvent from Eq. 24. This value is consistent with 
the previous findings, i.e., A log Ä"D/CH2=0.56—0.64 for 
partition of alkanoic acids3»29) and 1-alkanols3) between 
benzene and water. It is worth noting from Eq. 24 
that A log KD/CH2 depends on the organic solvent used, 
while it is independent of a polar group of alkyl com­
pounds at tached to the terminal. In Table 5 are listed 
values of A log KD/CH2 for several water-organic solvent 
systems together with /CH,,05 <50> a n d F 0 . Interestingly 
values of /CH,,O are very near to zero for all solvents as 
compared to /CH, ,W=—0.350. 

TABLE 5. A log iCD/GH2 VALUES FOR SEVERAL 

ORGANIC SOLVENT-WATER SYSTEMS 

Organic solvent 

Hexane 
Gyclohexane 
Carbon tetrachloride 
Benzene 
Nitrobenzene 
1,2-Dichloroethane 
Diisopropyl ether 
1-Octanol 

<v> 
14.91 
16.73 
17.48 
18.73 
20.45 
20.16 
14.48 
21.06 

V^ /« , 

131.6 
108.7 
97.1 
89.4 

102.7 
79.6 

142.3 
158.5 

..oXW 

2.1 
4.5 
3.9 
5.5 
4.0 
2.2 
2.3 
1.5 

j f) A log KD/ 
GH2 

0.59 
0.60 
0.59, 0.60a) 

0.57, 0.60b) 

0.56, 0.60b) 

0.60, 0.58b) 

0.57, 0.56b) 

0.56, 0.54c> 
0.50d) 

partition constant AB>o of p-diketones and 
jS-diketonates 

log * D , B = VB[W, - ÔB)*-(ÔQ - <5B)2 

+RT{Vzl- V-*)]/2.303RT, (25) 

where the subscript B denotes a solute partitioned 
between the aqueous and organic phases. Eq. 25 was 
successfully used for these systems with the empirical 
solubility parameter of water 5W ' = 35.89 J1 /2 cm~3/2. 

TABLE 6. EMPIRICAL SOLUBILITY PARAMETER OF 

WATER FOR DIFFERENT SOLUTE AND SOLVENT 

System (solute-solvent) ^w/J1/2 «n-3 /2 

ôw' is considerably lower than the value obtained from 
the heat of vaporization 5 W =47 .9 J 1 / 2 cm"3/2 . Compar­
ison of Eq. 5 with Eq. 25 leads to the following : 

( a ; - <5B)2 = (ÔW - ô B r 

+ 2/B > wVw - 2/B,oVo> (26) 

in which ô'v, is correlated with the binary coefficients 
lBw and lBo. From Eq. 26 it is obvious that ô'w differs 
from solvent to solvent and from solute to solute. In 
Table 6 are listed values of ô'w calculated for different 
solvents and solutes. If the values of ô'w are compared 
for the same solute, they are close to each other for 
organic solvents of low polarity and limited tendency 
of hydrogen bonding. From this table may be seen 
the limit of the use of the empirical ô^ values in the 
study of solvent effect on the extraction. 
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The crystal structure of the title compound has been determined by means of X-ray diffraction. The space 
group is PÏ with 0=11.665(4), £=8.775(4), c=7.092(2) A, a=95.73(3), £=84.36(3), y=104.90(2)°, and Z = 2 . 
The structure was refined to R=0.048 for 1770 reflections collected on a four-circle diffractometer. The thietane 
ring is puckered with dihedral angles, C(2)SC(4)/C(2)C(3)C(4) and SC(2)C(3)/SC(4)C(3), of 150.1° and 149.9° 
respectively. The conformation of the C-Cl bonds with respect to the thietane skeleton is (3e4e), consistent with 
that in solution derived from the dipole moments. The average distance of the two C-Cl bonds is 1.781 Â. The 
C(2)-S, G(4)-S, and G(2)-C(3) bond distances are 1.872(4), 1.811(5), and 1.545(6) Â respectively; agreeing well 
with the corresponding bond distances observed in the eis isomer of the compound; however, the C(3)-C(4) of 
1.506(6) Â is much shorter. The bisector of the bond angle formed by the ring substituents at each of the ring 
atoms is tilted out of the corresponding CCC or CCS planes within the thietane ring so as to increase the staggering 
of the neighboring substituents. The angle of tilt at C^ is larger than those at the Ca's. The intermolecular 
S---S contact of 4.080(5) Â is normal in view of the usual van der Waals radii. 

Thietane is an example of four-membered ring 
molecules including a hetero-atom and differs from 
cyclobutane in the factors governing the geometry of 
four-membered ring systems. Recently theoretical and 
experimental investigations1) on cyclobutane have 
indicated that the bisector of the methylene group is 
tilted out of the CCC plane of which the CH 2 group 
forms an apex and that the tilt of the CH 2 group appears 
to be an essential feature of bonding in the four-
membered ring. Hence, detailed molecular geometries 
of thietane and its derivatives are required for compara­
tive studies of the four-membered ring systems. T h e 
geometry of thietane itself was reported by Karakida 
and Kuchitsu ;2) however, the angles of tilts exhibited 
by the methylene groups are still unknown. Thus far, 
the only paper describing the tilting angle of the 
methylene group in thietane derivatives explicitly has 
been a microwave study of thietane 1-oxide by Bevan, 
Legon, and Milien;3) the complete data of the molecu­
lar structure have not yet been presented. The present 
paper will describe a crystal-structure analysis of trans-
2,2-diphenyl-3,4-dichlorothietane (abbreviated hereafter 
as trans-DCTE). The influence of the orientation of the 
ring substituents on the ring geometry is examined by 
comparing the molecular structure with that of cis-
D C T E previously reported,4) while the tilts of the ring 
substituents and the deformation of the thietane skeletons 
will be discussed in terms of the CNDO/2 method. 

Exper imenta l 

The title compound was synthesised by a cycloaddition of 
thiobenzophenone to /ra«j-dichloroethylene.5> The crystals 
grown from a hexane solution are colorless plates. The 
lattice constants and intensity data were measured on a 
Philips PW 1100 automatic diffractometer, using Cu Kx 
radiation monochromated by a graphite plate. The co-26 
scan technique was employed with a scan speed of 4° min - 1 

in CD. The scan-width used was (1.0+0.35 tan 0)°. A total 
of 1806 non-zero reflections were measured up to 0= 78°. 1770 
reflections with \F0[>Za{\F0\) were used for the analysis. 
Three standard reflections, monitored every two hours, showed 
a steady decline in intensity; at the end of data collection, 

the maximum reduction reached to 29%. The intensity 
data were put on a common scale by reference to the standard 
reflections. Lorentz and polarization corrections were ap­
plied, but no absorption correction was made (fxr<^0.5). 
The crystal data are listed in Table 1. 

TABLE 1. CRYSTAL DATA 

C15H12C12S, F.W. = 295.13 
Triclinic, Space group: PÏ 
0=11.665(4) Â 
6= 8.775(4) Â 
c= 7.092(2) Â 
a=95.73(3)° 
£=84.36(2)° 
y= 104.90(2)° 
F=696.02Â 
Z)x=1.408Mg/m3 

Z = 2 
^ ( C u ^ a ) = 5 . 3 4 5 m m - 1 

Structure Ana lys i s 

The CI and S positions were obtained from a 
sharpened Patterson map (Z?=3.0 Â2). T h e positions 
of the remaining non-hydrogen atoms were determined 
by the heavy-atom method. A difference electron-
density map computed at the stage of the R value of 0.07 
revealed all the H atoms in plausible positions. 
Subsequent block-diagonal least-squares refinements 
including isotropic hydrogen atoms gave the final R 
value of 0.048. The weighting scheme of w=\ if |F0|^> 
10.0 and w=0.3 otherwise was employed. The atomic 
scattering factors were taken from International Tables 
for X-Ray Crystallography.^ T h e final atomic parameters 
are listed in Table 2. T h e atomic parameters for H 
atoms, the temperature factors for non-hydrogen atoms, 
and the list of observed and calculated structure factors 
are kept as Document No. 8149 at the Chemical Society 
of J a p a n . 

The calculations were carried out on a H I T A C 
8700/8800 computer at the Computer Center of the 
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TABLE 2. FRACTIONAL ATOMIC COORDINATES ( X ÎO4) AND 

EQUIVALENT THERMAL PARAMETERS (Beq) FOR THE 

NON-HYDROGEN ATOMS, WITH CS.d.'s IN PARENTHESES 

S 

cid) 
Cl(2) 
C(2) 
C(3) 
G(4) 
G(l l) 
G(12) 
C(13) 
C(14) 
C(15) 
C(16) 
G(21) 
G(22) 
G(23) 
G(24) 
G(25) 
G(26) 

X 

3295(1) 
3428(1) 
4945(1) 
2368(3) 
3146(4) 
4213(4) 
2458(3) 
3314(4) 
3352(4) 
2546(4) 
1701(4) 
1648(4) 
1067(4) 
495(4) 

-714(4) 
-1317(4) 

-756(5) 
459(4) 

y 
3658(1) 
2040(1) 
1504(2) 
3256(4) 
2148(5) 
2880(5) 
4729(5) 
6135(5) 
7432(5) 
7354(6) 
5949(6) 
4641(5) 
2454(5) 
1040(5) 
361(6) 

1087(6) 
2507(6) 
3178(5) 

z 
4876(2) 

-617(2) 
3726(2) 
2787(5) 
1896(6) 
3011(6) 
1721(6) 
2033(7) 
1011(8) 

-286(7) 
-629(7) 

376(6) 
3335(5) 
2415(6) 
2925(7) 
4319(7) 
5278(7) 
4768(7) 

BejA* 

4.85 
4.68 
5.91 
3.70 
3.92 
4.44 
3.83 
4.89 
5.77 
5.66 
5.66 
4.92 
3.88 
4.53 
5.18 
5.74 
6.26 
5.17 

Fig. 1. A projection of the crystal structure along the a 
axis. 

University of Tokyo and on a H I T A C 8250 computer at 
Sai tama University. 

D e s c r i p t i o n a n d D i s c u s s i o n 
o f the Structure 

The molecule is disymmetric, and both enantiomorphs 
exist in the crystal. A projection of the crystal structure 
viewed along the a axis is shown in Fig. 1. All the 
intermolecular contacts observed are normal in view 
of the usual van der Waals radii. The observed dipole 
moment of trans-T>CTE (2.02 D) is close to that of cis-
D C T E (2.16 D),7) although their directions in the 
molecules are different from each other. T h e closest 
intermolecular contact of S---S=4.080(5) Â seems to be 
normal in contrast to the case of cis-DCTE (3.32 Â). 

The molecular conformation and the atomic-number­
ing scheme employed are shown in Fig. 2. The confor­
mation observed can be described as (3e4e), based upon 
the orientations of the CI substituents with respect to 
the thietane skeleton; this agrees with that deduced 

Fig. 2. The molecular conformation and the atomic 
numbering scheme. 

Fig. 3. Orientations of the equatorial and axial phenyl 
groups. 

from the dipole-moment study.7) The two phenyl 
groups are p lanar ; their orientations are illustrated in 
Fig. 3. • 

The bond lengths and angles are listed in Table 3, 
while the relevant non-bonded distances within the 
molecule are given in Table 4. 

Ring Geometry. The thietane ring is puckered 
with the (C(2)SC(4)/C(2)C(3)C(4)) puckering angle of 
29.9°(01) and the (SC(2)C(3)/SC(4)C(3)) puckering 
angle of 30.1° (02). All the inner angles within the 
thietane ring are much smaller than the values normally 
exhibited by the sp3 carbon and the divalent sulfur 
respectively. The non-bonded S—C(3) and C(2)—C(4) 
distances are much smaller than the usual van der 
Waals contacts. T h e C(2)-S bond length of 1.872(4) Â 
is significantly longer than the C(4)-S bond length of 
1.811(5) Â. The G(3)-G(4) of 1.506(6) Â is much 
shorter than the C(2)-C(3) (1.545(6) Â) . The geometry 
of the thietane skeleton of trans-DCTE is compared with 
those of cis-DCTE, 3-cyano-3,5,7-trimethyl-6-oxo-l-thia-

csin/3 

bsinr 

S O CI 
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TABLE 3. BOND LENGTHS (/) AND BOND ANGLES (0)a) 

Bond 

S-C(2) 
S-C(4) 
G(2)-G(3) 
G(3)-G(4) 
G(2)-G(ll) 
G(2)-G(21) 
G(3)-C1(1) 
G(4)-G1(2) 
G(ll)-G(12) 
G(12)-G(13) 

Angle 

G(2)SG(4) 
SG(2)G(3) 
G(2)G(3)G(4) 
C(3)C(4)S 
G(11)G(2)G(21) 
G(11)G(2)S 
G(11)G(2)G(3) 
G(21)G(2)S 
G(21)G(2)G(3) 
G1(1)G(3)G(2) 
G1(1)G(3)G(4) 
G1(2)G(4)S 
G1(2)G(4)G(3) 

//A 
1.872(4) 
1.811(5) 
1.545(6) 
1.506(6) 
1.536(6) 
1.529(6) 
1.778(4) 
1.784(5) 
1.387(6) 
1.398(7) 

*r 
76.6(2) 
87.6(2) 
96.9(3) 
91.0(3) 

110.6(3) 
113.6(3) 
115.6(3) 
111.9(3) 
115.9(3) 
117.4(3) 
115.5(3) 
115.1(2) 
114.7(3) 

Bond 

G(13)-G(14) 
G(14)-G(15) 
G(15)-G(16) 
G(16)-G(ll) 
G(21)-G(22) 
G(22)-G(23) 
G(23)-G(24) 
C(24)-C(25ï 
C(25)-C(26) 
G(26)-G(21) 

Angle 

G(11)G(12)G(13) 
G(12)G(13)G(14) 
G(13)G(14)G(15) 
C(14)C(15)C(16) 
G(15)G(16)G(11) 
G(16)G(11)G(12) 
G(21)G(22)G(23) 
G(22)C(23)G(24) 
G(23)G(24)G(25) 
G(24)C(25)G(26) 
G(25)C(26)G(21) 
G(26)C(21)G(22) 

//A 
1.364(7) 
1.383(7) 
1.395(7) 
1.391(6) 
1.381(6) 
1.410(7) 
1.358(7) 
1.394(7) 
1.413(7) 
1.379(6) 

*r 
120.2(4) 
121.1(5) 
119.1(5) 
120.7(5) 
120.2(4) 
118.6(4) 
119.7(4) 
120.3(5) 
121.0(5) 
118.4(5) 
120.6(5) 
119.9(4) 

a) The C-H bond lengths are in the range of 0.98—1.14 A. 

TABLE 4. RELEVANT INTRAMOLECULAR 

NON-BONDED CONTACTS (/) 

//A //A 
S..-G(3) 
C(2)...C(4) 
S - G ( l l ) 
S...G(12) 
S...G(21) 
S...C(26) 
G1(1)...G(11) 

2.376(4) 
2.283(6) 
2.857(4) 
3.104(5) 
2.825(4) 
3.233(5) 
3.134(4) 

G1(1)...G(16) 
C1(1)...C(2) 
C1(1)...C(4) 
G1(1)...G1(2) 
G1(2)...G(3) 
G1(2)...S 

3.442(5) 
2.841(4) 
2.782(5) 
3.824(2) 
2.775(4) 
3.033(2) 

5,7-diazaspiro[3.5]nonane (CTMTN),8> 2-(2,6-dimeth-
ylphenylimino)-3,3-dimethyl-4,4-diphenylthietane 
(DDDTE),9) and thietane itself2) in Table 5. The 
puckering angles of trans-DCTE are slightly larger than 
those of cis-T>CTE. The values of both compounds are 
larger than the others listed in the table. Significant 
deviations between the ring geometries of trans- and 
cis-DCTE's are found only for the C(3)-C(4) bond 
distances, the C(2)-S-G(4) angles, and the non-bonded 
C ( 2 ) - C ( 4 ) distances. The shortening of the C(3)-C (4) 
bond (0.074 A in trans-T>CTE) brings about a decrease 
in the C(2)-S-C(4) angle by 2.7° and a contraction of 
the C(2)—C(4) distance (0.077 A) ; it also increases 

trans 

eis 

H(2) Cll 
24.0" L a x 

Cid 

33.4 

22-3° 22- 4° 

CCI), 
HO) C(21) 

C(11) 

Fig. 4. Newman projections of trans- and m-DCTE's 
along their ring bonds. Leq and Lax represent the 
directions of lone pairs on sulfur assumed to be in the 
tetrahedral disposition. H' and Gl' mean the atoms 
in the eis isomer. 

TABLE 5. A COMPARISON OF RING-GEOMETRIES IN eis- AND fra/u-DCTE's, GTMTN, DDDTE, AND THIETANE 

m-DCTE trans-BCTE GTMTNa) DDDTEb) Thietane 

Bond length //A 
S-C(2) 
S-C(4) 
C(2)-C(3) 
C(3)-C(4) 

1.89(1) 
1.81(1) 
1.55(2) 
1.58(2) 

Non-bonded distance //Â 
S...G(3) 
C(2)...C(4) 
Bond angle 0/° 
G(2)SG(4) 
SC(2)G(3) 
G(2)G(3)G(4) 
SG(4)G(3) 
Puckering angle <j>jc 

01 
02 

2.38(1) 
2.36(2) 

79.3(5) 
86.7(7) 
98.1(9) 
88.8(7) 

28.9 
28.1 

1.872(4) 
1.811(5) 
1.545(6) 
1.506(6) 

2.376(4) 
2.283(6) 

76.6(2) 
87.6(2) 
96.9(3) 
91.0(3) 

29.9 
30.1 

1.844(3) 
1.817(3) 
1.597(4) 
1.541(4) 

2.432 
2.331 

79.0(1) 
89.6(2) 
95.8(2) 
92.6(2) 

18.3 
18.7 

1.868(5) 
1.777(5) 
1.591(7) 
1.524(7) 

2.455 
2.270 

77.0(2) 
90.1(3) 
93.5(4) 
95.8(3) 

20.0 
21.2 

1.846(2) 
1.846(2) 
1.548(3) 
1.548(3) 

2.421(3) 
2.294(6) 

76.8(3) 
90.6(3) 
95.6(4) 
90.6(3) 

26 

a) The G (2) is defined as the Ga linked to the spiro substituent, b) The G(2) is defined as the Ca linked to two phenyl 
groups. 
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TABLE 6. TILTING (y), BENDING (ß), AND TWISTING (%) ANGLES OF 

RING-SUBSTITUENTS IN ds- AND frflrtJ-DCTE's AND G T M T N 

m-DCTE trans-DCTE GTMTN 
/ v , , , , 

G(2) C(3) G (4) C(2) G(3) G(4) G(2) G(3) G(4) 

^J~° T2 ÎTO (L5 0T5 4^4 L 4 ÖT5 4^8 Ï7Ï 
<5/° 4.7 0.5 2.0 3.5 4.1 0.9 2.9 0.7 3.1 
Xl° 0.7 1.4 0.6 0.8 2.1 1.7 2.6 0.0 1.1 

the puckering angle, 02. Newman projections of the 
ring substituents in trans-DCTE are shown in Fig. 4, 
where those of cis-DCTE are superimposed. There are 
no significant deviations between them, although the 
trans arrangement of the substituted CI atoms with the 
Cl(l)—Cl(2) contact of 3.824 Â seems to be stereo-
chemically more favorable than that of the eis (3.25 Â). 
These observations indicate that the shortening of the 
C(3)-C(4) bond in trans-DCTE is a consequence of 
releasing a steric interaction between the CI substituents 
on going from eis to trans. Furthermore, this C(3)-C(4) 
bond length is significantly shorter than the usual value 
for C(sp3)-C(sp3) . This provides an interesting contrast 
to the longer bond observed for most cases of the 
four-membered ring systems, for example, thietane 
( C - C = 1.548(3) Â)2> and cyclobutane (C-C = 1.548(3) 
Â).10> A CNDO/2 calculation of the model molecules 
for eis- and trans-DCTE's11) shows that the observed 
contraction of the C(3)-C(4) bond in the trans isomer 
may be attributed not only to the alleviation of steric 
hindrance between the CI substituents, but also to 
an increased contribution of the 2s A O on C(4) to the 
C(3)-C(4) bonding. T h e C(2)-C(3) bond length in 
trans-DCTE is in good agreement with those in cis-
D C T E , thietane, and C T M T N . T h e S-C(2) bond 
lengths in eis- and trans-DCTE's may be compared 
with the value in D D D T E , but they are longer than 
that in thietane. The carbon atoms at the ends of the 
longer C-S bonds are linked to two phenyl groups. 
These longer bonds may be a consequence of the 
lengthening effect due to the two phenyl groups at C a . 
T h e C(4)-S bond length in trans-DCTE is in good 

Fig. 5. A definition of the tilting, bending, and twisting 
angles (y,<5,x) exhibited by the ring substitutens. Rax 

and Req represent the axial and equatorial substituents, 
respectively. The vectors, rs and rr, are the bisectors 
ofR a x -C-R e q and S-C^-C^ angles, respectively. The 
angle, %, stands for the angle of anticlockwise rotation 
of the Rax GReq plane around the vector rs. 

agreement with those in m - D C T E and C T M T N , but 
significantly shorter than that in thietane. 

Orientation of the Ring Substituents. The tilting, 
bending, and twisting angles (y,ô,x) exhibited by the 
ring substituents are defined as in Fig. 5. Table 6 
lists these angles in eis- and trans-DCTE's and in 
C T M T N . Their e.s.d.'s are in the range of 0.3°—2°. 
It is commonly observed for all the compounds that the 
y values are positive and that the y at the Cß is larger 
than those at the C«'s. Although the puckering angles of 
eis- and trans-DCTE's are much larger than those of 
C T M T N , the y values at the Cß's in the compounds 
are approximately equal to each other and agree well 
with the value of 4° predicted by Pasternak et fl/.lc> 
based upon a geometrical model of cyclobutane com­
posed of sp3 carbons at the puckering angle of 30°. 
The y's at the C a ' s with the substituents are, however, 
much smaller than the predicted value. The CNDO/2 
energies (Et) for thietane and the model molecules 
assumed for eis- and trans-DCTE's12) were calculated 
by varying the tilting angles, y1 and y2, at Ca and C ß 

in the range of 0°—6°. T h e values of yx and y2 giving 
a minimum Et value for thietane were found to be 1.5° 
and 3° respectively, while those for the model molecule 
of m - D C T E were 1° and 5° respectively. The calculated 
values of these angles approximately agree with those 
observed for cis-DCTE and C T M T N . The tilting of the 
ring substituents is mainly caused by the resonance 
energy13) in the electronic energy calculated; hence, 
it may be due to the nature of bonding in the thietane 
ring. O n the other hand, the calculated values of yx 

and y2 for the trans isomer were about 2°. Both these 
angles are positive, in accordance with those observed 
for trans-DCTE; however, this relative magnitude does 
not agree with that observed. 

The author is grateful to Professor Yoshihiko Saito, 
Keiohgijuku University, and Professor Takashi 
Shimozawa for thier keen interest and valuable discus­
sions. Thanks are also due to Professor Yoichi Iitaka, 
the University of Tokyo, for the use of the Philips P W 
1100 diffractometer. 
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Spectrophotometry Determination of Formation Constants and Estimation 
of Molar Absorption Spectra of Individual Components in Chemical 

Equilibria. Infrared Study of Intermolecular Hydrogen 
Bonding of 2-Aminopyridine 

Hiromu SUGETA 

Institute for Protein Research, Osaka University, Suita, Osaka 565 
(Received March 27, 1981) 

A general method is developed for evaluating formation constants and molar absorption coefficients of con­
stituent species from spectrophotometric data for a multicomponent equilibrium system. The method is applied 
to analyzing infrared spectra for the intermolecular hydrogen bond system of 2-aminopyridine in carbon tetra­
chloride solution. 2-Aminopyridine assumes a cyclic dimer structure by dint of an intermolecular hydrogen 
bonding and the formation constant for the dimerization is 1.4^0.1 mol - 1 dm3 at 30 °C. 

Spectroscopic methods have widely been used for 
studying equilibria in solutions. In very complex 
systems in which numerous equilibria exist, absorption 
curves of constituent species will overlap each other to 
give rise to complex envelopes of bands. For such 
complex systems methods for evaluating equilibrium 
constants from spectrophotometric da ta with the 
nonlinear least-squares method have been discussed by 
many investigators.1-5) In their t reatments the solution 
of mass balance equations and Jacobian matr ix in the 
least-squares method were evaluated by numerical 
computations without resorting to analytical equations. 

In this paper a general method for least-squares 
determination of formation constants and molar absorp­
tion coefficients of constituent species from spectro­
photometric data is worked out in terms of matr ix 
formulation and programed for electronic computers; 
a general method for solving mass balance equations 
for a multicomponent equilibrium system is derived; 
derivatives of equilibrium concentrations of constituent 
species with respect to formation constant are given in 
an analytical form; and a method for recasting the 
problem of least-squares determination in a simplified 
form is treated by using methods6»7) for eliminating 
linear parameters in nonlinear least-squares adjustment. 
The method derived is applied to analyzing the inter­
molecular hydrogen bond system of 2-aminopyridine 
in carbon tetrachloride solution. Infrared spectra of 2-
aminopyridine have been measured by R a m i a h and 
Puranik8) and Spinner,9) and a normal coordinate 
treatment has been carried out by Berezin and Elkin,10) 
but no quantitative analyses on intermolecular hydrogen 
bonding have yet been worked out. Therefore, the 
present infrared study on the intermolecular hydrogen 
bond of 2-aminopyridine was undertaken to investigate 
the molecular structure and formation constant of the 
hydrogen bond. 

M e t h o d 

Chemical Equilibrium of Multicomponent System. Let 
us consider the chemical equilibrium of a multicom­
ponent system which consist of reactants X,- (f=l,---,m) 
and products Y^ Qfr=l, • • • , / ) . Let reaction equation for 
the system be given by 

where npi is the stoichiometric coefficient. Denoting the 
equilibrium concentrations of reactants X, and products 
Y^ as x=[x1'"Xm] and Ü=\ji~-yf], respectively, the 
total concentration of reactant X; as x ' = [*i*--*mL a n d 
the formation constant of products Y^ as Ä'=[iC1---Ä /] 
where ~ represents the transpose of matrix, we have 
following equations for ideal solutions: 

\ny = InK + Nlnx, 

P=I 

(2a) 

(2b) 

(3a) 

(3b) 

(4) 

x\ = x + NY, 

where In x represents the vector given by 

Inx = [Inxx ••• Inxm], 

and N is the stoichiometric coefficient matrix whose 
elements are npi. For a given set of stoichiometry N, 
we can derive the following relations among infini­
tesimal changes in variables Xi,yp, Kp, and x\ by differen­
tiation of Eqs. 2a—3b : 

[ I T 1 Ay = [K^AK + NIX]-1 Ax, (5a) 

Ain y = A In K + N A In x, (5b) 

Ax1 = Ax + NAy 

= NlYftK]-1 AK + {[X] + #[r ] - t f}[2r] - 1 Ax 

= NIY^K]-1 AK + HlX^Ax (6a) 

= N[Y]A In K + HA In x, (6b) 
where 

H=[X] + N[Y]N, (7) 

and [X], [Y], and [K] are the diagonal matrices whose 
elements are #,-, yp, and Kp, respectively, and Aln x 
represents the vector given by 

Aln x = 

f A In % 

A In *2 

A*i/*x 

A*2/*2 
-[x^Ax. (8) 

^npiXt ^=±Yp ( />=!, . . . , / ) , (1) 

L A In xm J I Axjxm 

For a given set of formation constants (Ä") and 
experimental formal concentrations of reactants (x*), 
equilibrium concentrations of reactants (JC) can be 
calculated according to the method of Newton-Raphson 
iteration by making use of the following partial deriva­
tives of total concentration x* with respect to equilibrium 
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concentration x which can be derived from Eqs. 6a 
and 6b under the condition of A A " = 0 : 

W * 7 3 * ) A * - O = H[XY\ (9) 

(dxtld\nx)iiK=o = H, (10) 

where (dx^dx) represents the matrix whose i,j elements 
are (dxijoxj). Partial derivatives of equilibrium 
concentrations with respect to formation constant for 
a given set of experimental formal concentrations of the 
reactants are required for the least-squares determination 
of formation constants from spectrophotometric data . 
These derivatives can be derived from Eqs. 5a—6b 
under the condition of A J C / = 0 as 

(dx/dK)Axt=0 = - [X]H-iN[Y][K]-\ (11) 

(8 In x/d In K)Axt=0 = - H^NlY], (12) 

(dyldK)Axt=0 = [Y]{E - NH^NIYMK]-1, (13) 

(d In y Id \nK)Axt=0 = E- NH^NlY], (14) 

where E represents unit matrix. 
Least-squares Treatment of Spectrophotometric Data. 

Suppose a set of absorbance da ta at A points in a given 
wavenumber region for s solutions of different concentra­
tions containing n absorbing components in a chemical 
equilibrium system. T h e absorbance per unit pa th 
length, Z)„r, at wavenumber v in the r th solution, is 
expressed by the sum of absorptions of the n components 
in the system on the assumption of Beer's law : 

Dvr = ±AviCtr(K) (v=l , . . . ,A;r=l , . . . , , ) , (15) 
< = i 

where Avi is the molar absorption coefficient of the it h 
species at wavenumber v, and Q r is the concentration 
of the ith species in the r th solution which is a function 
of formation constants K and can be calculated by the 
method as described above. Equation 15 may be 
written in the matix notation as 

D = AC(K), (16) 

where D is a Xxs absorbance matrix, A is a Xxn 
matrix of molar absorption coefficients, and C is an 
nxs concentration matrix. Introducing absorbance 
vector d and vector a of molar absorption coefficients 
as defined by 

î=[Dxù%..-ùà> (17) 

a= [ M - l i ] , (18) 

where Dv and Äv are row vectors of absorbance and 
molar absorption coefficients which are the r th rows of 
matrices D and A, respectively, 

(19) 

(20) 

Eq. 16 may be written as 

ßv = ÄvC(K) &* = 1,...,A). (21) 

Now let us consider the problem of determining f 
formation constants K and Xxn molar absorption 
coefficients A from Xxs observed absorbances Dohsd 

by the least-squares method. In Eqs. 16 or 21 absorbances 
DVr axz of linear function of molar absorption coefficients 

Avi but of nonlinear function of formation constants Kp. 
In such cases we can simplify the least-squares treatment 
into a reduced model by elimination of linear parameters 
as described in Appendix. For a given set of formation 
constants K, the best least-squares estimate of molar 
absorption coefficients, A'(K), can be given in an 
explicit form as described in Appendix [Eq. A.6] : 

A'v = D<**dC(CC)-\ (22) 

A' =DobsdC(CC)-1. (23) 

Substitution of Eqs. 22 and 23 for Eqs. 21 and 16 gives 
the observation equations for the reduced model: 

Di=AvC = D^CiCC)-1^ (24) 

D = AC = JDP^CiCC)-1^ (25) 

where the prime represents quantities for the reduced 
model which are functions of K only. 

Small changes in absorbance, AD, caused by small 
increments in formation constants, AK, are expressed 
in terms of Jacobian matr ix J' for reduced model: 

ADV=JVAK, (26) 

Ad' - JAK, (27) 

:• , (28) 

n J 
Jy = WLUdKJ ... (dD'JdK,)]. (29) 

Elements dD'vr\dKp of Jacobian matrix J' are given 
according to Eqs. A. 10—A. 12 derived in Appendix: 

dD'v/dKp = (dcidKp)A'v + c(dA'jdKp) 
= [E- CiCC^CWC/KjAl 

+ C&cyHdCldKJlDff** - D'v), (30) 
dA'JdKp= - (Cc^CÇdC/dKjAl 

+ (CC)-1(dC/dKp)(D?*d - D'v). (31) 

Derivatives (dCirldKp) can be calculated by the method 
established in the preceding section (Eqs. 11 and 13). 
Equations 30 and 31 may be written with reference 
to Eqs. 19 and 20 as follows: 

dD/dKp = A'(dc/dKp) + (dA'/dKp)c 

= A'(dC/Kp)[E. - C(CC)~lC] 

+ (XT** - D^idC/dKJiCC)-1^ (32) 

dA'l3Kp = - A'idC/dKJCiCC)-1 

+ (zrbsd - D')(dcidKp)(cc)- (33) 

Thus , formation constants K can be determined accord­
ing to the usual procedure based on nonlinear least-
squares with reference to observed da ta Dohsd. T h e 
normal equations for the reduced model which give 
correction AÄ" in iteration cycles are given by 

{J'J')AK = J,(rfobsd - c*') (34) 

J J 
V = l 

J'(* obsd . 
V = l 

E x p e r i m e n t a l 

(35) 

(36) 

2-Aminopyridine was recrystallized from carbon tetra­
chloride and dried. Spectroscopic grade carbon tetrachloride 
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dried over molecular sieves 3A was used as the solvent. Solu­
tions were prepared in the concentration range of 0.5—0.005 
M (1 M = 1 mol dm -3). Infrared spectra were measured with a 
JASCO A-3 infrared spectrophotometer at 30°C. Absorbances 
were digitized with an AD converter over the range from 
3600 to 3000 cm"1. Absorbance data at 10 cm"1 intervals 
from 3550 to 3360 cm"1 and at 20 cm"1 intervals from 3360 
to 3120 cm - 1 were used for data analysis. 

R e s u l t s a n d D i s c u s s i o n 

T h e observed spectra in the N H 2 stretching region of 
three solutions of 2-aminopyridine in CC14 are shown in 
Fig. 1. In the dilute solution the symmetric (r sNH2) 

o o o o o o o o o o ° o o o 

g 3600 3500 3400 3300 3200 3100 
| Wave number/cm-' 

Fig. 3. Observed and calculated spectra for 0.25 M 
solution. 

l i o o 
— .005 M 

.IM 
— .5 M 

1^ 

3600 3500 3400 3300 3200 3100 
Wave "number /cm-' 

Fig. 1. Infrared spectra of 2-aminopyridine in CC14 

solution. 

and antisymmetric (r aNH2) stretching vibrations of N H 2 

group in free species are observed at 3415 and 3520 
c m - 1 , respectively. As the concentration increases both 
the peaks at 3520 and 3415 c m - 1 decrease while the 
broad bands at 3315 and 3170 c m - 1 grow up and the 
absorbances at about 3500 and 3390 c m - 1 increase. 
These observations suggest that bands due to inter-
molecular association exist at those wavenumbers. 

T h e concentration dependence of the observed 
absorbances was analyzed on the basis of the monomer-
dimer equilibrium model by the least-squares method 
as described above. T h e formation constant for dimeri-
zation (K = [dimer]/[monomer]2) was calculated to 
be 1.4±0.1 M " 1 at 30 °C. T h e calculated molar 
absorption coefficients for monomer and dimer species 
are shown in Fig. 2, in which those for dimer species are 

:I50 

^100 

I 
'S 
| 50 

o Monomer 
A Dimer 

3600 3500 3400 3300 
Wave number/cm-' 

3200 3100 

Fig. 2. Molar absorption coefficients for monomer and 
dimer of 2-aminopyridine. 

0 .1 .2 .3 .4 
Concentration /M 

Fig. 4. Concentration dependence of the degree of 
dimer formation. 

given in values per monomer unit. The observed spectra 
could be reproduced with a root-mean-squares deviation 
of 0.57 (in the unit of molar absorption). An example 
of comparison between observed and calculated spectra 
is shown in Fig. 3, together with contribution from 
monomer and dimer species for the 0.5 M solution. 
T h e concentration dependence of the degree of dimer 
formation is shown in Fig. 4. It turns out that the 
fraction of dimer changes from 1.4% at the lowest 
concentration of 0.005 M to 4 4 % at the highest concen­
tration of 0.5 M. The monomer-trimer model also 
was applied but the agreement between observed and 
calculated spectra was poor as compared with the 
monomer-dimer model. The least-squares treatment 
on the monomer-dimer-tr imer model could give no 
convergence. Therefore, it can be concluded that 
dimerization is the predominant association in the 
concentration range employed. 

The calculated molar absorption coefficients in Fig. 2 
show that the monomer species has bands at 3520 and 
3415 c m - 1 which are assigned to vibrations v aNH2 and 
v sNH2 , respectively, in the non-hydrogen-bonded species. 
T h e calculated dimer spectrum has peaks at 3495, 3320, 
and 3180 c m - 1 and a shoulder at about 3390 cm- 1 . 
T h e band at 3495 c m - 1 can be assigned to the free 

H 

N - H stretching vibration in the N-H---N hydrogen 
bond system. T h e two broad bands at 3320 and 3180 
c m - 1 can be assigned to the Fermi doublet caused by 
the resonance between the hydrogen-bonded N - H 
stretching vibration and the overtone of the N H 2 
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H 

bending vibration at 1630 c m - 1 in the N-H---N 
hydrogen bond system, similar resonance beeing 
observed in the hydrogen bond system of aniline by 
Wolf and Mathias.11) The unperturbed hydrogen-
bonded N - H stretching fundamental of dimer is 
estimated to be about 3240 c m - 1 . T h e shoulder at 
3390 c m - 1 may be ascribed to the band caused by a 
Fermi resonance between the hydrogen-bonded N - H 
stretching fundamental and the overtone of the pyridine 
ring vibration at 1610 c m - 1 or the combination tone 
of the N H 2 bending and ring vibrations. 

From the fact that the calculated dimer spectrum has 
only one non-hydrogen-bonded N - H stretching band it 
turns out that one proton of N H 2 group is involved in 
the hydrogen bond while the other proton is free of the 
hydrogen bonding. It is consequently concluded that 
2-aminopyridine in CC14 assumes a cyclic dimer struc­
ture by dint of an intermolecular hydrogen bond as 
shown in Fig. 5; it has been observed that 2-amino­
pyridine assumes the same cyclic dimer structure in the 
crystalline state.12) 

Fig. 5. Intermolecular hydrogen bonding of 2-amino­
pyridine. 

Appendix: E l i m i n a t i o n o f Linear 
P a r a m e t e r s i n Nonl inear 

L e a s t - s q u a r e s 
T r e a t m e n t 

Consider the problem of a least-squares estimation of the 
m-\-n parameters of m nonlinear parameters e=[a1---am] and 
n linear parameters ß=[ßi~'ßn] with reference to the t 
observed values Zobsd associated with the observation equa­
tions Z(a,ß) = [Z1.~Zt]. Functions Zq linear in ßk but 
nonlinear in oit are generally written as 

ZMß) = â ^ , * ( a ) A (î = 1, - , 0 , (A. 1) 
* = 1 

where Fqk is the nonlinear function of 0Lt. Eq. A. 1 may be 
written in the matrix notation as 

Z(a,ß) = F(a)ß. (A. 2) 

Residual vector * and the sum of squared residuals S are given 
by 

€ = ^obsd _ Z = 2<>bad _ F ^ ^ ^ 

S = êe = ßFFß - 2ßFZobsd + zob8dJZcb8d, (A. 4) 

where ~ represents the transpose of matrix. 
JLawton and Sylvester6) have pointed out that the m-\-n 

dimensional problem with m nonlinear and n linear param­
eters in a least-squares adjustment could be reduced to an m 
dimensional problem by elimination of linear parameters. 
Golub and Pereyra7) have treated the mathematics and 
algorism associated with that problem in detail but their 
derivation requires a familiarity with a somewhat advanced 
mathematics and is not familiar to chemists. Thus, a rather 
simple derivation using the elementary algebra will be given 
in a form appropriate to the present study. 

The best least-squares estimate ß'{a) of linear parameters 
ß associated with a given set of nonlinear parameters a can 
be derived from the minimum condition for the sum of squared 
residuals S: 

(lß)dS/dß = (l/2)d(ee)dlß =-Fe 
= FFß - FZob£d = 0, (A. 5) 

ß = ß'(a) = (FF^FZ0™. (A. 6) 

Substitution of Eq. A.6 for Eq. A.2 gives reduced observation 
equations for the reduced model as 

Z'(a) = Fß'(a) = F(FF)-1 FZob£d, (A. 7) 

where Z' is a function of only nonlinear parameters a and the 
prime is used for representing quantities for the reduced 
model. Jacobian matrix J' for the reduced model is defined as 

J'qi = dZ'JdVi = S [(div/da t.)ft + Fqk(dß'kld*t)]9 (A. 8) 

r = dZ'Ida = [3273a! ... 3Z73aJ , (A. 9) 

3Jr/3a< = (3F/3ai)iÔ
/ + Fidß'ldti), (A. 10) 

where dß'/da can be derived through differentiation of Eq. 
A.6: 

3j873«i = - {FF)-^{dFjd^)F 

-f- F(dFld<xt)] (FF)-iFZ°hsd 

+ (FF)-1(dFldoii)Z
obsd 

= - ( F F ) - 1 / ^ / ^ ) ^ 

+ (FF)"1(3F/3a i)e. (A. 11) 

Substitution of Eq. A. 11 for Eq. A. 10 gives 

3273a* = \_E-F{FF)-lF]{dFld^)ßf 

+ F(FF)"1(3F/3a i)e. (A. 12) 

In terms of Jacobian matrix J' given by Eqs. A.9 and A. 12 
the normal equations for the reduced model are given by 

(J'J')àa = J'e, (A. 13) 
and 

Aa = (J'JT'J'e. (A. 14) 

The improved nonlinear parameters a + Aa for the next 
iteration are calculated from Eq. A. 14 and the best companion 
linear parameters ß are given by Eq. A.6. The method of 
least-squares with the reudced observation equations given 
by Eq. A.7 is evidently superior to the one with the original 
model given by Eq. A.2: The dimension of problem could 
be reduced to as low as m in the reduced model from m-\-n 
in the original model by the elimination of n linear parameters. 
This reduced dimension could result in a faster convergence, 
a stabilization of convergence, and a reduction of memories. 
The initial guess requires only m nonlinear parameters rather 
than m-\-n parameters in the original model. 
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Catalytic Activity of Highly Dispersed Palladium. II. X-Ray Photoelectron 
Spectroscopic and Thermal Desorption Studies of the Effects 

of Zr02 Added to a-Alumina-supported Palladium 
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Department of Chemistry, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152 
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The effects of ZrOa upon the catalytic properties of a-alumina-supported palladium for the hydrogénation of 
gaseous cyclohexene were studied by means of detailed kinetic analysis, thermal desorption (TD), and X-ray 
photoelectron spectroscopy (XPS). The catalysts, with ZrOa added in amounts ranging from 0.1 to 45 in Zr/Pd 
ratio, were characterized by GO chemisorption and X-ray diffraction. The addition of ZrOa at the Zr/Pd ratio of 
0.5 enhanced the turn-over frequency of the hydrogénation by a factor of 7 and changed the hydrogen order of 
the reaction from 1.0 to 0.75 and the cyclohexene order from 0 to 0.6. The reaction with D2 exhibited deuterium-
distribution patterns similar to those for the reaction on the Zr02-supported Pd catalysts. The hydrogénation 
pathway on the Zr02-added catalyst was described by an associative mechanism in which the slow step was a surface 
reaction between a cyclohexyl radical and a hydrogen atom. In the thermal desorption spectra, the addition of 
Z r0 2 caused a broadening of the adsorbed hydrogen peak as well as a shift of the dissolved hydrogen peak toward 
a lower temperature. The desorption of cyclohexene from Pd/a-Al203 catalysts underwent a disproportionation 
to produce benzene around 318 K and cyclohexane at 368 K, whereas the latter peak shifted by 70 K to the lower-
temperature side upon the addition of Zr0 2 . The XPS study showed that the presence of Z r 0 2 provided Pd 
metal atoms in a negatively-charged state. The support effect was discussed on the basis of the interaction between 
Pd metal atoms and Zr0 2 oxide. 

In recent research in heterogeneous catalysis by 
supported-metal catalysts, it has been recognized that 
the catalytic and adsorptive properties of metals loaded 
depend not only on the characteristics of their geo­
metrical structures, but also on the nature of the under­
lying supports.1-5) In the first paper of this series,6) 
we have reported that the turn-over frequency of the 
cyclohexene hydrogénation is larger by one order of 
magnitude for the Zr0 2 -supported Pd catalysts than 
for the a-alumina-supported Pd and Pd black catalysts. 
The kinetic behavior of the hydrogénation is also 
different, and it was proposed that there existed a 
considerable interaction between the dispersed Pd and 
Z r 0 2 surfaces. For a better understanding of this 
phenomenon, quantitative information on the interac­
tion between the metal and oxide is needed, and thus 
it is of interest to employ catalysts in which Pd and 
Z r 0 2 were loaded in different ratios on an inert carrier 
of a-alumina. 

The present study aims at comparing the effect of the 
Z r 0 2 codispersed with Pd to the effects of the Z r 0 2 

support and at revealing how the catalytic properties 
vary as a function of the atomic ratio of Zr/Pd. 
Mechanistic analysis based on the detailed kinetics 
using D 2 as a tracer was applied to the hydrogénation 
of gaseous cyclohexene over catalysts with different 
Zr/Pd ratios. Further, the thermal desorption study 
was undertaken in order to examine the influence of 
Z r 0 2 upon the adsorbed states of hydrogen and cyclo­
hexene. 

In an effort to reveal the change in electronic struc­
tures which might be induced through the metal-oxide 
interaction, X-ray photoelectron spectroscopy (XPS) 
was employed. The controllable atomic ratio of Zr/Pd 
in the present system makes this XPS analysis more 
effective than the previous system of Pd supported on 
Z r 0 2 , in which the tail of a large Zr 3d peak interfered 
with an accurate determination of the Pd 3d levels. 

The geometric structure of Pd metal in the presence of 
Z r 0 2 was characterized by X-ray diffraction and C O 
chemisorption methods. 

Exper imenta l 

The procedure of preparing the catalysts, a-alumina-
supported Pd and Zr0 2 , and the chemical reagents used were 
the same as those employed previously6) except for the use 
of mixed solutions of palladium and zirconyl nitrates. The 
concentration of palladium was adjusted to maintain a 2.1 
wt% of a-alumina for each of the catalysts, while the atomic 
ratio of Zr/Pd was increased from 0.1 to 45. Prior to the 
kinetic run, the catalysts were treated with 20 Torr of oxygen 
(1 Torr = 133.3 Pa) at 523 K, reduced with 20 Torr of hydro­
gen, and then evacuated at the same temperature. The 
kinetic behavior of the reaction was examined in the temper­
ature range of 283—323 K, using reactants in the pressure 
range of 10—40 Torr. The apparatus, procedure, and 
reactant used have been described elsewhere.6) The crystal­
lite size and the percentage exposed of the dispersed catalysts 
were determined by means of the GO chemisorption and 
X-ray diffraction in manners similar to those employed in 
the previous study.6> 

The X-ray photoelectron spectra were recorded at room 
temperature on a Hewlett-Packard 5950A ESGA spectrom­
eter with monochromatized Al KOL excitation. Each catalyst 
sample was pressed in the form of pellets, mounted on a reces­
sed quartz plate, and transferred into the XPS preparation 
chamber, where it was subjected to "in situ" treatment similar 
to the activation used in the kinetic study except for relatively 
lower pressures of oxygen and hydrogen ( ^ 5 Torr). The 
background pressure during photoemission measurement was 
below 3 x l 0 - 9 Torr. The charging shift was compensated 
for, or at least minimized, by showering low-energy electron 
by the use of a flood gun. The binding energies of Al 2s1/2= 
119.1 eV and C ls = 284.8 eV were taken as reference. 

The thermal desorption spectra were recorded by using 
a high-vacuum apparatus pumped at such a high speed that 
the rate of desorption was proportional to the partial pressure 
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of the desorbing species.7) This apparatus was equipped 
with an ionization gauge to monitor the change in the total 
pressure, and with a quadrupole mass spectrometer, Mitsubishi 
MF-T2M, for the analysis of the desorbed molecules. After 
being subjected to the pretreatments, the catalyst samples were 
exposed to different pressures of hydrogen or cyclohexene at 
various temperatures. The temperature of the catalysts was 
raised at a rate of 13 K min - 1 by the use of an outside electric 
furnace, and was monitored with a Pt-Pt/13%Rh ther­
mocouple which was directly brought into contact with the 
samples. 

R e s u l t s 

Figure 1 shows the variation in the catalytic activity, 
Vg, as a function of the Zr/Pd ratio. T h e initial 
activity, 0.88 X 1021 molecule min^g-Pd" 1 , for the 2.1 
w t % Pd/a -Al 2 0 3 catalyst increased markedly with the 

20 30 40 

Zr/Pd 

Fig. 1. Variation in catalytic activity, Vg, with Zr/Pd 
ratio. 
P h = 4 0 Torr, P e = 4 0 Torr, reaction temperature: 
301 K. 
0 : 2.1 wt% Pd/a-Al203, O-' Zr02-added 2.1 wt% Pd/ 
a-Al203, 3 : 2.1 wt% Pd/ZrOa. 

addition of Z r O a up to a Zr/Pd ratio of 0.5, slowed to a 
gradual increase, and then reached a stationary value, 
4.3 X 1022, at a ratio of Z r / P d = 4 5 . This activity is in 
substantial agreement with that for the 2.1 w t% 
Pd /ZrO a catalyst. No catalytic hydrogénation proceeded 
on the alumina and Z r O a under the same conditions. 
The variations in the pressure and temperature depend­
ence of the hydrogénation rate were systematically 
examined for the catalysts with different Zr/Pd ratios; 
the kinetic parameters thus obtained are summarized 
in Table 1. By the addition of Z r O a at a Zr/Pd ratio 
of 0.5, the reaction order with respect to the hydrogen 
pressure, P h , decreased from 1.0 to 0.75, whereas the 
order with respect to the cyclohexene pressure, Pe, 
increased from 0 to 0.60. Above this ratio, no significant 
change was observed, and it should be noted that the 
values obtained were almost the same as those for the 
ZrO a-supported Pd catalysts.6) There was a similar 
t rend in the variation in the activation energy, Ea, with 
the addition of the Z r O a component. 

Table 1 also shows the results of the characterization 
of ZrO a -added Pd catalysts by the C O chemisorption 
and X-ray line broadening methods, together with the 
turn-over frequency of the reaction rate, Nt. The 
percentage exposed, Dœ, gradually rose with the 
increase in the amount of ZrO a , e.g., by a factor of 1.4 
at Z r / P d = 0 . 5 and of 2.3 at Z r / P d = 2 . 5 , whereas a 
marked rise in Nt\ occurred around the ratio of Z r / P d = 
0.3—0.5. Both values converged with those for the 
2.1 w t % P d / Z r 0 2 catalyst at Zr/Pd ratios larger than 
45. 

Table 2 shows the deuterium distributions in the 
reaction of cyclohexene with D 2 or with an equimolar 
mixture of H 2 + D 2 at 301 K over a catalyst with a 
Zr/Pd ratio of 0.5. In the case of the former reaction, 
the cyclohexane product exhibited wide deuterium 
distributions, ranging from D 0 to D5 , whereas there 

T A B L E 1. CHARACTERIZATION OF Zr02-ADDED P d / a - A l 2 0 3 CATALYSTS 

AND KINETIC PARAMETERS OF CYCLOHEXENE HYDROGENATION 

Pd 
wt% 

2.1 

2.1 

Ratio of 
Zr/Pd 

0.0 
0.1 
0.3 
0.5 
1.0 
2.5 
3.3 
4.3 
6.5 

20.0 
34.0 
40.0 
45.0 

wt%Pd/ZrO/> 

V 
molecule 
min g-Pd 

0.88X1021 

2.23 
2.79 
7.02 
8.61 

12.0 
12.3 
15.1 
16.3 
34.2 
40.0 
41.2 
43.3 

44.5 

COb ) 

molecule 

g-Pd 

1.30x10*° 
1.37 
1.49 
1.69 
2.09 
2.83 
— 

3.49 
— 
— 

5.25 
— 

5.37 

5.71 

£>co/%c) 

2.2 
2.4 
2.6 
3.0 
3.7 
5.0 
— 

6.2 
— 
— 

9.3 
— 

9.6 

10.1 

£x/%d> 

2.5 
1.5 
2.1 
— 

2.8 
— 
— 
— 
— 
— 
— 
— 

10.1 

9.7 

s-1 

0.10 
0.27 
0.32 
0.69 
0.70 
0.71 
— 

0.72 
— 
— 

1.06 
— 

1.33 

1.35 

Reaction ordere) 

^ 
m 

1.00 
0.90 
0.78 
0.75 
0.75 
0.78 
0.76 
0.72 
0.70 
0.77 
0.70 
0.76 
0.72 

0.70 

n 

0.10 
0.20 
0.33 
0.60 
0.63 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 
0.66 
0.67 

0.60 

Activation 
energy0 E& 

kjmol- 1 

38.5 
36.7 
42.3 
46.3 
46.1 
48.1 
47.6 
51.5 
46.1 
51.5 
50.3 
53.3 
49.4 

46.1 

a) Ph: 40 Torr, P e : 40 Torr; Reaction temperature: 301 K. b) Saturated adsorption at 301 K. c) Percentage exposed(%) 
evaluated on the assumption of one CO admolecule on each Pd atom, d) Percentage exposed from X-ray line broadening. 
e) V=k P£'P%- f) Temperature range: 283—323 K, ± 1.4 kj mol-1, g) Ref. 6. 
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also existed exchanged cyclohexene ranging up to D4 . 
Considerable amounts of H D and H 2 were produced 
in the gas phase, but the value of K, defined as PHD/ 
P h P D , remained at 1.3—1.4. The latter reaction with a 
mixture of H 2 and D 2 gave rise to K=IA—2.5. These 
values apparently deviated from that for equilibrium 
at this reaction temperature, indicating that no 
equilibrium among H2 , H D , and D 2 in the gas phase 
was established. I t should be noted that the deuterium 
distributions noted here resembled those obtained for 
the Zr0 2 -supported Pd catalyst ra ther than those of 
the a-alumina-supported one.6) From the above-
mentioned variations in JVt, kinetic parameters, and 
deuterium distribution patterns, one can see that the 
addition of Zr atoms (as Z r 0 2 ) , when its concentration 
attained about a half of that of Pd atoms, caused an 
almost complete change in the catalytic properties of 
the Pd metal. 

TABLE 2. DEUTERIUM DISTRIBUTION IN THE REACTION 

OF CYCLOHEXENE WITH DEUTERIUM 

Catalyst 

Conversion 

Cyclohexane ( 

Cyclohexene ( 

H2 

HD 
D2 

(%) 
fD0 

D, 
D2 

D3 

D4 

D5 

I De-
Do 

fDi 
D2 

D3 

D4 

D5 

D« 
D 7 -

2 

D2+ 

7 

13 
27 
25 
15 
12 
8 

-D 1 20 
87 

6 
2 
2 
2 
1 
0 

-D 1 00 
2 

15 
83 

.1 wt%Pd+Zr0 2 / a 
(Zr/Pd=0.5) 

C6H10
a) D 2 + H 2 

10 17 7 

21 
29 
19 
13 
11 
7 
0 

82 
8 
5 
5 
0 
0 
0 
0 
3 

18 
79 

17 
32 
25 
13 
9 
4 
0 

83 
3 
3 
3 
3 
3 
2 
0 
4 

20 
76 

39 
42 
14 
3 
2 
0 
0 

93 
3 
2 
2 
0 
0 
0 
0 

31 
37 
32 

-A1203 

+ C6H10
b) 

17 

35 
45 
17 
3 
0 
0 
0 

81 
11 
4 
3 
1 
0 
0 
0 

29 
44 
27 

Reaction temperature: 301 K; a) P D = P e = 40 Torr, 
b) P h = P D = 2 0 Torr, P e =40 Torr. 

Figure 2 shows the X-ray photoelectron spectra in 
the Pd 3d region. Palladium supported on a-alumina 
gave the peaks due to Pd 3d5/2 and 3d3/2 levels at 
335.2 and 340.6 eV respectively. As for the Z r 0 2 -
added catalysts, these peaks shifted to 335.0 and 340.5 
eV at Z r / P d = 0 . 5 , and to 334.8 and 340.2 eV at Zr/Pd = 
2.5, whereas little change was observed with the Zr 
3d level. Table 3 lists the binding-energy values. 

Figure 3 illustrates the thermal desorption spectra 
of hydrogen. The desorption from a-alumina-supported 
Pd catalysts provided three peaks, at <x(273 K ) , ^ ( 3 6 3 — 
383 K ) , and ß 2 (460K) . The initial adsorption gave 
rise to the /?2-peak, and further adsorption developed 
the /?x-peak. With an increase in the amount of hydrogen 

343 341 339 337 335 

Binding energy/eV 

Fig. 2. X-Ray photoelectron spectra in Pd 3d region. 
1: 2.1 wt% Pd/a-Al203, 2: Zr02-added 2.1 wt% Pd/ 
a-Al2O3(Zr/Pd=0.5), 3: Zr02-added 2.1 wt% Pd/a-
Al203(Zr/Pd = 2.5). 

Xl0" 6 

12 

O 

H 
jy 3 

a 

1 5 

b) 

100 200 300 400 500 

Temperature/K 

Fig. 3. Thermal desorption spectra of hydrogen. 
a) 2.1 wt% Pd/a-Al203 catalyst exposed to hydrogen 
at 298 K and cooled to 78 K. 
Pressure of hydrogen; 
1), 2) : below 1 X 10"2, 3) : 3.5 x 10"2, 4) : 7 x 10"2, and 
5): l .Sx lO^Tor r . 
b) Zr02-added 2.1 wt% Pd/a-Al203 catalyst (Zr/Pd= 
0.5) under the same conditions as a). 
1), 3) : below 1 X 10~2, 4) : ^ 1 x 10"2, and 5) : 7 X 10"2 

Torr. 

adsorbed, the /^-peak shifted to the lower-temperature 
side by 20 K. After the saturation of the ß peaks, the 
very sharp a-peak began to appear and thereafter grew. 
In the case of the Z r0 2 - added Pd catalyst (Z r /Pd=0 .5 ) , 
the desorption spectra of hydrogen resulted in a broad 
ß peak at 363—413 K, the peak maximum of which 
shifted to the lower-temperature side with the amount 
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TABLE 3. BINDING ENERGIES OF Pd 3d AND Zr 3d PEAKSJ 

[Vol. 54, No. 12 

Catalysts 
Pd Zr 

3d, 5/2 3d3/2 3d, 5/2 3d3/2 

Pd/a-Al203 

Pd+Zr0 2 /a -Al 2 0 3 

(1 :0.5) 
Pd+Zr0 2 /a -Al 2 0 3 
(1 :2.5) 

335.2 eV 

335.0 

334.8 

340.6 eV — 

340.5 182.0 

340.2 181.9 

— 

184.3 

184.3 

Accuracy of the values : ±0 .15 eV. 

Xl0 

300 400 500 

Temperature/K 

Fig. 4. Thermal desorption spectra of hydrogen con­
tacted with cyclohexene at 195 K. a): 2.1 wt% Pd/a-
A1203, b) : Zr02-added 2.1 wt% Pd/a-Al203 (Zr/Pd= 
0.*S). Dashed line (—•—») : before the contact with 
cyclohexene, Solid line ( ) : after the contact, 
dotted line (••••)•' removed hydrogen by reaction. 
In these experiment, desorbing hydrocarbon species 
were trapped off before entering the mass spectrometer. 

of hydrogen adsorbed, whereas the narrower a-peak 
appeared at 223 K. The T D spectra of hydrogen from 
the Zr0 2 -supported Pd surface were analogous to those 
for the Z r0 2 - added Pd catalyst, except for the appear­
ance of the a-peak at 190 K. Only a small peak of 
hydrogen was observed around 220 K from a-alumina-
supported Z r 0 2 without Pd metals. 

In order to examine the reactivity of the adsorbed 
hydrogen, the surface with ^-hydrogen was exposed to 
cyclohexene ; as is shown in Fig. 4, the desorption spectra 
of hydrogen from the Pd /a -Al 2 0 3 catalyst resulted in 
the near disappearance of the ßj-peak, without any 
significant change in the /?2-peak, whereas those from 
the Z r0 2 - added catalysts lacked the portion on the 
lower-temperature side of the peak. 

The desorption spectra of cyclohexene from the 
Pd /a -Al 2 0 3 surface provided a peak of benzene around 
318 K, together with a peak of cyclohexane at 368 K 
(Fig. 5). In the case of the Z r0 2 - added catalyst (Zr/Pd = 
0.5), the benzene peak appeared at almost the same 
temperature, 313 K, while the cyclohexane peak shifted 
to a temperature lower by 70 K. No peak due to 

u a u 
-M 

u 

c 
V u u 
o 
Ö 

o 

C6Hç 

1 C 6H 6 

/ C6Hi2 \ 

- ^ T 1 _ i a 

y C 6 H 12 

•J , 1 

a) 

b) 

250 300 350 

Temperature/K 

Fig. 5. Thermal desorption spectra 
cyclohexene. 
a) : 2.1 wt% Pd/a-Al203, b) : Z r0 2 

Pd/a-Al203 catalyst (Zr/Pd=0.5). 
temperature: 195 K. 

of preadsorbed 

-added 2.1 wt% 
Adsorption 

cyclohexene was observed in either catalyst. When 
hydrogen was preadsorbed, followed by the adsorption 
of cyclohexene, the resulting desorption spectra exhibited 
only a cyclohexane peak at 320 K for Pd /a -Al 2 0 3 and 
one at 308 K for the Zr0 2 - added catalysts. 

D i s c u s s i o n 

The present study showed remarkable effects of Z r 0 2 

upon the catalytic activity of Pd dispersed on a-alumina, 
and also revealed that the characteristic modification 
is achieved by a concentration of Zr at 0.5 as the Zr/Pd 
ratio, since the Nt value was increased significantly; 
also, the kinetic parameters became almost the same 
as those for the hydrogénation over P d / Z r 0 2 catalysts. 
The deuterium distributions also exhibited a charac­
teristic pattern similar to those for Zr0 2 -supported Pd 
catalysts, i.e., a wide deuterium exchange in cyclo­
hexane, but less exchange in cyclohexene, as well as a 
composition of gaseous hydrogen isotopes far from 
equilibrium. Therefore, we are able to describe the 
Zr02-afTected catalytic hydrogénation by the associative 
mechanism which was employed in the same reaction 
on the Zr0 2 -suppor ted catalysts:6) 

(1) H2(g) - ^ 

C,H10(g) - 4 ± 

H(a) + C6H10(a) 

H(a) + C6Hu(a) 

2H(a), 

C8H10(a), 

-4iC8H 101(a) 

—• C6H1 2(g), 

(2) 

(3) 

(4) 

where A;,- and k-i denote, respectively, the rate constants 
of the forward and reverse reactions at the ith step. The 
formation of highly-exchanged cyclohexanes allows us 



December, 1981] XPS and TD Studies of Pd-Zr0 2 on a-Al203 3715 

to assume that Step 3 is in pseudo-equilibrium. In 
addition to this assumption, the employment of the 
steady-state approximation on the concentrations of 
hydrogen atom, cyclohexene, and the cyclohexyl 
intermediate leads to the following rate equation:6) 

v,= 
2k1kàK2KzPhPe 

[(1+Kf.W 2k_1+kàK2K3Pe+(l+K2K.3PeW 2M>J2' 

where Ä",=£;/£-/. 
Equation 5 is transformed into-' 

(5) 

+ (1+JC.P.) x V S F T + V W g , (6) 

or : 

J-^=Jl^Pb
ll+^K^ 

kJL, 
+ (i + J W * A + z r - W U 4*_ 

(7) 

in an approximate form. Figure 6 shows the plots of the 
V PeIVg term vs. P e , and of the VPh/Vg term us, 
for the catalysts with Z r / P d = 0 . 5 and 1.0 respectively. 
The good linear relationships verify the validity of the 
equation, and hence the mechanism proposed. 

By analogy with the previous results on the thermal 
desorption of hydrogen from Pd powder,7) Pd wire,8) 
and Pd/activated carbon,9) the ßx and ß2 peaks from the 
oc-alumina-supported Pd catalysts were associated with 
the adsorbed hydrogen, whereas the a-peak was assigned 
to the dissolved hydrogen. Judging from the reactivity 

04 

dp 

Ph / Torr l y / 2 

Fig. 6. Rate-partial pressure relationships for cyclo­
hexene hydrogénation on Zr02-added 2.1 wt% Pd/a-
Al2Os catalysts. 

O : VPJV~g w. VPl, •• VPjVg
 vs- Pe-

1) : Zr/Pd=0.5, 2) : Zr/Pd=2.5. 

with cyclohexene, one can reasonably consider that 
the /^-hydrogen species is responsible for the hydrogéna­
tion. The shift of this peak toward the lower-tempera­
ture side with the amount of hydrogen is indicative of a 
second-order desorption, and hence of the dissociated 
state of the hydrogen. This supports the aforementioned 
reaction mechanism.6) As to the reactivity and dis­
sociated state, similar situations hold for the ^-hydrogen 
on the Zr0 2 - added catalyst. Although the separation 
between ßx and ß2 peaks is difficult in this case, it is not 
unreasonable to assume, by taking the reactivity with 
cyclohexene into account, that the hydrogen located 
on the lower-temperature side of the ß peak is associated 
with the /^-state, as is shown by the dotted line in Fig. 4, 
and that the remaining peak corresponds to the ß2-
state. In this classification, there is a tendency for the 
ßx and ß2 hydrogens on the Z r0 2 - added catalysts to 
be desorbed at slightly lower temperatures than those on 
a-alumina-supported Pd catalysts. An other feature 
of the Z r 0 2 effect was the shift of the a peak due to the 
dissolved hydrogen to a lower temperature. As is 
shown in Table 4, the temperature of each peak 
maximum was lowered with an increase in the Zr/Pd 
ratio. These results suggest that the dissolved hydrogen 
became unstable with the addition of Z r 0 2 , in accord­
ance with a weakening of the adsorption bond of 
hydrogen. Such unstability is partly ascribable to the 
increase in DCo> *•£•> the crystallite-size effect, but the 
main reason appears to be the changes in the electronic 
states of dispersed Pd metals. 

TABLE 4. VARIATION IN THE PEAK TEMPERATURE OF 

a-HYDROGEN WITH THE Z r / P d RATIO 

2.1 wt% Pd+Zr0 2 /a -Al 2 0 3 pd /zJof 

Zr/Pd ratio 0 0.1 0.3 0.5 2.5 
Peak temperature/K 273 253 238 223 190 190 

The present X P S study has revealed that the Pd 3d 
line shifts to a lower binding energy upon the addition 
of Z r 0 2 . Provided the contribution of a relaxation 
effect to the photoemission process is not significantly 
changed by the presence of the Z r 0 2 component, it 
follows that this shift reflects an increased electron density 
around surface Pd metal atoms as a consequence of 
electron transfer from the oxide to Pd metal atoms. 
According to the D V Xa-calculation of the electronic 
state for H - P d 6 and H - N i 6 clusters,10) a hydrogen atom 
on the Pd cluster is slightly negative, in contrast to 
largely-negative hydrogen on the Ni cluster, and the 
formation of a stable hydride phase in the P d - H system 
is attributable to covalency in bonding between 
hydrogen and Pd metal atoms. Therefore, it can 
reasonably be concluded that the transfer of an electron 
to the Pd metal observed in the present system makes 
the adsorbed and dissolved hydrogen unstable. 

A possible mechanism of benzene and cyclohexane 
formation during the thermal desorption of cyclohexene 
is: 

C6H10(a) C6H6 + 4H(a), 

C6H10(a) + 2H(a) 

(8) 

(9) 



3716 Bu Yong LEE, Yasunobu INOUE, and Iwao YASUMORI [Vol. 54, No. 12 

where Step 9 is regarded as being a combination of 
Steps 3 and 4. The low-temperature shift of cyclohexane, 
together with the T D result that the cyclohexene 
adsorbed on the hydrogen-covered surface was desorbed 
as cyclohexane at a lower temperature in the presence 
of Z r 0 2 , suggests that the total energy level of the 
adsorbed hydrocarbon species including the cyclohexene 
and/or the cyclohexyl radical becomes higher in the 
case of the Z r0 2 - added Pd catalyst surface. This view 
is in line with the fact that the apparent activation 
energy with reference to the energy level of gaseous 
reactants became higher for the reaction on the Z r 0 2 -
added Pd catalyst than on the Pd /a -Al 2 0 3 catalyst. 
Thus, it may be concluded that the variations in the 
reaction orders with Z r 0 2 addition are mainly to be 
contributed to the much weakened adsorption of 
hydrocarbon species compared to that of hydrogen. 

The support effects were also observed for T i 0 2 , the 
oxide of Group I V a metals ; nickel deposited on this 
oxide exhibited a stable and high catalytic activity for 
the methanat ion reaction of CO.11) A recent systematic 
study using XPS, UPS , L E E D , and AES12> revealed 
that the nickel atoms at the Ni/TiO2(110) interface 
are negatively charged as a result of electron transfer 
through N i - O 2 - interaction, which is responsible for the 
enhanced backdonation of electrons to the 2TZ* orbital 
of the adsorbed C O molecule, thereby facilitating the 
dissociation of C O . The negatively-charged state of 
plat inum was also observed to exist on the SrTiO3(100) 
surface.13) The SCF Xa-scattered wave calculation 
for a Pt atom on the (T i0 6 ) 8 ~ cluster14) showed that the 
ability of the Pt a tom to chemisorb hydrogen was lost 
when there was a strong interaction between Pt and T i 
atoms, whereas the importance of metal-oxygen interac­
tion and the role of the resulting electronic structure 
in breaking the hydrogen bond were suggested in the 
R u / S i 0 2 system.15) 

The present T D spectra of hydrogen showed that the 
chemisorption of hydrogen was not severely suppressed 
in the presence of Z r 0 2 . In our I R study of C O 
adsorbed on silica-supported Pd surfaces, the absorption 
bands characteristic of the C - O stretching vibration 
shifted to a frequency lower by 65 c m - 1 when Z r 0 2 

was added at the Zr/Pd ratio of 0.5 ;16) this shift is 
evidently ascribable to the enhanced backdonation to 
the 2TZ* orbital of C O , which was similar to that ob­
served in the above-mentioned N i - T i 0 2 system. From 
these findings, therefore, it seems reasonable at present 
to assume that the interfacial interaction between Pd 
and Z r 0 2 occurs through the P d - O bond, although 
we need more essential understanding from the theore­
tical point of view. 

The present Z r0 2 - added Pd catalysts allow us to 
consider two structural models. One is that Pd metal 
and Z r 0 2 oxide particles grow almost independently 

on the alumina surface and can interact each other 
through the particle-to-particle interface; this requires 
a long-range interaction for Z r 0 2 to exert its effect. 
Another model is that the Pd metal is mainly deposited 
on Z r 0 2 oxide over <x-Al203. The latter model is 
more plausible, since the preferential interaction 
between Pd and Z r 0 2 components can be expected, 
as is revealed by XPS , and since the catalytic properties 
of the Zr0 2 - added Pd catalysts were substantially the 
same as those of the Zr0 2 -supported Pd catalysts. 
Furthermore, it seems more reasonable to consider 
that Pd-metal clusters grow on Z r 0 2 with a specific 
structure so as to increase the interfacial boundary-area 
with the Z r 0 2 component than to assume the long-
range interaction of the former model. 

In order to verify the validity of these models, we 
have to await precise analysis, e.g., using the EXAFS 
technique,17) which will be able to provide information 
on the composition and microscopic local structure 
around each of the atoms in these solid mixtures. 
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Solid-liquid and liquid-liquid phase diagrams of the binary R4NX-water ( R = K - C 3 H 7 — W - C 6 H 1 3 and i-C^i^', 
X = F , CI, Br, and I) systems were determined in the temperature range between —20 °C and + 8 0 °C. These 
diagrams showed (1) the formation of a clathrate-like hydrate for four salts (n-GBHu)4NF, (n-G5H11)4NGl, (fr-CBHu)4-
NBr, and (i-CBHu)4NI; (2) a phase separation into two liquid phases in the systems of (n-C6Hu)4NBr, (t-C5Hn)4-
NBr, (H-C 6 H 1 3 ) 4 NC1, and (w-C6H13)4NBr; (3) that the solubility (in water at a definite temperature) of aperies of 
the salts did not show a systematic change with respect to either the alkyl-chain length or the kind of anion; and 
(4) that the salt which gave the maximum solubility in water at 25 °C was (w-C5Hu)4NCl for chloride, (n-C4H9)4NBr 
for bromide, and (C2H5)4NI for iodide, respectively. The effect of anions on the solubilities of a series of salts having 
the same cation was examined. It was found that the ratio mjmj at 25 °C became as high as 22800 for the tetra-
pentylammonium salts. Phase diagrams for the bolaform salt [(n-C4H9)3N(CH2)6N(tt-C4H9)3]X2-water systems 
are also presented. 

Though it is well known that the solubilities of 
symmetrical tetraalkylammonium halides in water are 
generally high except for iodides, accurate numerical 
values have been reported only for a limited number of 
salts1) and even among the existing data some discrep­
ancies are seen. Our studies on the formation of 
clathrate hydrates of quaternary ammonium halides2"4) 
have found that the solubilities of these salts in water 
depend sensitively on the temperature, since the phe­
nomena such as the formation of clathrate hydrate 
and/or the phase separation into two liquids are often 
observed. 

Thus, it would be important to know an accurate 
phase diagram for the binary mixture of these salts 
with water before various properties of its aqueous 
solution are examined. So far as the author knows, no 
complete phase diagrams for the symmetrical tetraalkyl­
ammonium halide-water systems have so far been 
examined, except for te trabutylammonium bromide,5) 
tetrabutylammonium iodide,6) and tetrapentylammo-
nium iodide.6) For the latter two iodides the solubilities 
in water have been measured at various temperatures 
(2—43 °C). In this paper we are reporting the complete 
phase diagrams of the R 4 N X ( R = n - C 3 H 7 , n-C4H9 , 
n -C 5 H n , i -C.Hu, and n-C6H1 3 ; X = F , Gl, Br, and I ) -
water systems, together with those of the [(n-C4H9)3N-
(CH2)6N(«-C4H9)3]X2-water systems. 

Exper imenta l 

Materials. All the iodides R4NI (R=w-C3H7, w-C4H9, 
n-C5Hll3 i-CBHu, and n-C6H13) were synthesized by reacting 
trialkylamines with the corresponding alkyl iodide in ethyl 
acetate and were purified by recrystallization either from 
ethyl acetate or ethyl acetate-acetone mixture.2) These 
iodides were confirmed by their NMR spectra. Other 
halides were obtained by neutralizing each hydroxide solution 
with its corresponding acid HX ( X = F , CI, or Br). The 
hydroxide solution was prepared by reacting iodide with 
freshly prepared silver hydroxide in water with vigorous 
shaking, followed by filtration in a CCyfree atomsphere.3) 
A series of salts (n-C4H9)4NX and (i-C6Hn)4NX ( X = F , CI, 
and Br) was purified by separating out the solids in the form 

of clathrate hydrates from the above neutralized solutions by 
cooling. Anhydrous (n-C5Hu)4NBr was purified by recrystal­
lization from water. Other salts could not be purified either 
because of high solubility in water or because of two-liquid 
phase separation. It was observed that three fluorides (n-
C4H9)4NF, (n-C5Hn)4NF, and (n-C6H13)4NF gradually decom­
posed when their aqueous solutions were concentrated by 
evaporation of water. Melting points are summarized in 
Table 1. Figures in parentheses represent the water content 
(wt%) of the sample. These salts are somewhat hygroscopic. 

TABLE 1. MELTING POINTS (°C) OF SYMMETRICAL 

TETRAALKYLAMMONIUM HALIDES R 4 N X 

R , ~ , 
CI Br I 

H-C 3 H 7 143—145 (1.6)a ) 293—295(0.1) >290(0.1) 
n-C4H9 70—74(3.5) 99—100(0.9) 145—147(0.1) 
rc-C6Hu — 99—100(1.1) 134—135(0.2) 
i-GBHu 67—68(1.5) 131—132(0.7) 146—147(0.1) 
n-C6H13 — 81—83(5.3) 103—104(0.8) 

a) Figures in parentheses represent the water content 
(wt%). 

Measurements and Analyses. Phase diagrams for the 
systems containing all the fluorides and the salts R4NX having 
R=w-C3H7, n-C4H9, *'-C5Hn and X=C1 and Br were deter­
mined in the following manner. A sample solution (about 
1.0—1.5 g) was prepared by weighing out water and a con­
centrated mother solution ; it then was sealed in a small glass 
ampoule. The concentrations of the mother solutions were 
determined either by measuring the water content using the 
Karl Fischer titration method on a MK-AII apparatus (Kyoto 
Electronics Manufacturing Co.) or by a standard KNCS 
titration method (the Volhard method).7) 

Each ampoule was gradually cooled until the solid phase 
appeared and was annealed for at least 24 h at a temperature 
several degrees lower than the temperature at which the solid 
phase completely dissolved. After that, the ampoule was 
slowly warmed (at the rate of about 0.5 °C per hour) with 
vigorous shaking in a constant temperature bath and the 
temperature at which the solid phase completely disappeared 
was accurately determined. 

i-C.Hu
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All the phase diagrams of the iodide-water systems were 
determined by measuring their solubilities in water at various 
temperatures. In a measuring cell (3 cm diameter and 10 cm 
high) immersed in a constant temperature bath, the iodide 
solid was saturated in 10—20 cm3 of water by vigorous mixing 
with a magnetic stirrer for 2—10 h. Then a given amount 
of each saturated solution was withdrawn and was analyzed 
by the KNCS titration method. 

The phase diagrams of (n-C5Hn)4NBr, (n-G6H13)4NGl, and 
(rt-C6H13)4NBr systems, in which a liquid-liquid phase separa­
tion occurred, were determined either by an ampoule method 
or by a solubility measurement. In the former method, the 
temperature at which the phase separation occurred was 
measured when an aqueous solution, sealed in an ampoule, 
was gradually heated. In the latter method, the respective 
concentrations of the two liquid phases which were in equilibri­
um with each other at a given temperature were determined 
by the KNCS titration method. 

R e s u l t s 

Tetrapropylammonium Halide-Water Systems. 
Figure 1 shows the phase diagrams of the tetrapropyl­
ammonium halide-water systems. The logarithm of the 
concentration expressed in mole fraction (X) is plotted 
against the reciprocal of the absolute temperature. For 
comparison, the temperature expressed in ordinary 
Celsius scale is shown on the upper side of the figure. 
This figure indicates a typical behavior of symmetrical 
lower quaternary ammonium salts; high solubilities 
for fluoride, chloride, and bromide and relatively low 
solubility for iodide. At 25 °C, for example, X's of the 
chloride and the bromide were 0.255 and 0.162, which 
correspond to 80.8 and 74.1 w t % , respectively. O n the 
other hand, X was only 0.011 (16.2 wt%) for iodide, 
though this iodide was the most soluble among the 
iodides investigated in this study. 

In the concentration range between Z = 0 . 0 5 and 
0.15, no solid phase appeared, except for the iodide, 
from the solutions which were kept at —30 °C for two 
months. Thus , the phase diagrams in this region 
remain uncertain. 

Tetrabutylammonium Halide-Water Systems. The 
solid-liquid phase diagrams for (n-C4H9)4NX-water 
systems are shown in Fig. 2 in the same manner as in 
Fig. 1. T h e phase diagram for the bromide is in fairly 
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Fig. 1. Solid-liquid phase diagrams for the tetrapropyl­
ammonium halide-water systems. 

Fig. 2. Solid-liquid phase diagrams for the tetrabutyl­
ammonium halide-water systems. 

good agreement with the one reported by Diadin et al.*) 
At temperatures higher than about 30 °C, these phase 
diagrams also exhibit a similar trend to that in Fig. 1 ; 
low solubility for the iodide and high solubilities for the 
other salts. However, at lower temperatures, the phase 
diagrams, except for that of iodide, become fairly 
complicated because of the formation of clathrate-like 
hydrates2»5»8'9) and other lower hydrates. The congruent 
melting point and its composition is 28.3 °C, X= 0.032 
for the fluoride, 15.0 °C, Z = 0 . 0 3 2 for the chloride, 
and 12.9 °C, Z = 0 . 0 4 0 for the bromide, respectively. 
These X values correspond to the hydrates (n-C4H9)4NF-
30H 2 O, (n-C4H9)4NCl-30H2O, and (n-C4H9)4NBr. 
2 4 H 2 0 . For the bromide hydrate two more incongruent 
melting points were recognized at 9.8 °C (Z=0.0168) 
and at 12.4 °C (Z=0 .033 ) , although the composition 
of each hydrate is not known. Diadin et al.5) have 
reported three incongruent melting points at 9.5, 11.6— 
11.7, and 12.2 °C and a congruent melting point at 
12.36 °C which is slightly different from our result 
(12.9 °C). A slight discrepancy in a melting point of a 
clathrate hydrate is often observed.10 '11) 

I t is interesting to note that the composition of the 
eutectic points of the clathrate hydrate-ice system are 
very low (Z=0 .00075 for the fluoride, 0.0019 for the 
chloride, and 0.0014 for the bromide). This means that 
the solubilities of these salts are quite low at temperatures 
slightly higher than the eutectic point and steeply 
increase with increasing temperature. 

The composition of the other solid phases formed in 
the concentration ranges of Z=0.118—0.168 for the 
fluoride, Z=0.134—0.282 for the chloride, and X= 
0.106—0.275 for the bromide were not known because 
the solutions in this concentration ranges, which were 
highly viscous, were supercooled so easily that ordinary 
thermal analysis could not be applied. Diadin et al.5) 
have reported two solid phases (n-C4H9)4NBr•SHjO 
and (n-C 4 H 9 ) 4 NBr-2H 2 0. 
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The solubility of the iodide is about 10 per cent higher 
than that reported by Franks and Clarke6* over the 
temperature range examined and the minimum in the 
log X vs. T~x curve exists near at 5 °G instead of 
12.6 °C.6> 

Fig. 3. Solid-liquid and liquid-liquid phase diagrams for 
the tetrapentylammonium halide-water systems. 
Dotted line indicates the solubility data for the iodide 
taken from the Ref. 6. 

Tetrapentylammonium Halide-Water Systems. The 
solid-liquid and liquid-liquid phase diagrams for the 
(n -C 6 H n ) 4 NX-water systems are shown in Fig. 3. For 
the fluoride and chloride systems, there exist fairly 
unstable congruent melting points (3.6 °C and —2.3 °G) 
indicating the formation of clathrate-like hydrates. 
The peak composition of both hydrates lies around X= 
0.025, which corresponds to a hydrate of hydration 
number 39. T h e formation of clathrate hydrates of 
tetrapentylammonium salts has not been reported so 
far. It is interesting to note that three fairly unstable 
hydrates can only be formed in the narrowly-limited 
concentration range of ^"crO.01—0.1, in striking 
contrast to the case of te trabutylammonium (Fig. 2) and 
tetraisopentylammonium (given later, Fig. 4) salt 
hydrates. 

In the bromide system, phase separation into two 
liquids occurs above 30.4 °G. The concentration of 
both phases were, at 50 °C for example, 6.78 w t % in the 
water-rich phase and 80.92 w t % in the salt-rich phase. 
Below 30.4 °C the solid phase, which seems to be 
anhydrous, is in equilibrium with a relatively dilute 
solution of about 8 w t % or less. This indicates that 
the solubility of the bromide below 30.4 °C is about a 
hundredth o f tha t of the chloride. 

The solid-liquid equilibrium curve for the iodide is 
not in agreement with that reported by Franks and 
Clarke;6) their curve is shown in Fig. 3 by a dotted line. 
The observed solubilities were about 1.4 times lower at 
25 °C and about 2 times lower at 5 °C than the reported 

Fig. 4. Solid-liquid and liquid-liquid phase diagrams for 
the tetraisopentylammonium halide-water systems. 

values. Furthermore, our da ta did not show the existence 
of a min imum around 16 °C.6) 

Tetraisopentylammonium Halide-Water Systems. 
The phase diagrams for the tetraisopentylammonium 
hal ide-water systems are given in Fig. 4. T h e striking 
feature in this figure is tha t the formation of clathrate 
hydrates occurs over a very wide concentration range . 
In the fluoride system, clathrate hydrate occurs from 
solutions greater than Z = l x l 0 " 4 (0.176 w t % ) , and 
the solubility of the hydrate steeply increases with 
increasing temperature. T h e congruent melting point of 
the hydrate is 31.5 °C and its X is 0.025, which 
corresponds to the hydration number of 39. These 
values are in fairly good agreement with those reported 
earlier (31.2 °C and about 40).9) The phase diagrams 
in the concentrated regions are somewhat uncertain 
because a solution more concentrated than about 
. ^=0 .1 (66 wt%) gradually decomposes even at room 
temperature. 

The phase diagram of the chloride system exhibits 
almost the same behavior as that of the fluoride. The 
formation of clathrate hydrate begins from a solution 
as low as X=3 x 10~5 (0.0556 w t % ) . T h e melting point 
and the composition of the hydrate is 29.6 °C and X= 
0.025, which corresponds to the same hydration number 
39 as that of the fluoride. These values are also in good 
agreement with those already reported (29.8 °C and 
hydration number 38.3) .9) The chloride solution was 
stable even at very high concentrations. The solid 
phase which appears from the solution greater than 
^ = 0 . 0 8 8 (eutectic composition at 26.9 °C) seems to be 
anhydrous. 

The phase diagram of the bromide system also 
indicates the formation of a clathrate hydrate. T h e 
clathrate hydrate formation of (z-C5Hn)4NBr has not 
been reported so far. However, the congruent melting 
point and the composition of it could not be determined 
because of the occurrence of liquid-liquid phase sépara-
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tion at 30.1 °C. The amount of water in the solid 
separated from a solution {X= 0.005) which had been 
kept at 10 CC was determined by the Kar l Fischer 
titration method. T h e mean hydration number was 
54.1 for the initial wet sample, and was 36.4 and 0.4 
for the solid which had been kept at about 10 °C and 
allowed to stand in contact with air for 3 h and 48 h, 
respectively. These results indicate that the solid which 
is in equilibrium with an aqueous solution at low 
temperatures has a large amount of water, characteristic 
of a clathrate hydrate, and the solid kept standing in 
air gradually loses its water with time owing to an 
efflorescence. This is a characteristic often found for 
the clathrate hydrates of quaternary ammonium salts.2) 

The solid phase which appears in the concentration 
region of X=0A7—0.34 seems to be either a mono 
hydrate or an anhydrous salt which has a different 
crystal structure from that of the solid which is stable 
at temperatures higher than 44.5 °C. 

T h e similarity of the log X vs. T~l curve at low 
temperatures for the iodide system to those of the other 
systems indicates that iodide also can form a clathrate-
like hydrate in the temperature range between an 
eutectic point (near 0 °G) and an incongruent melting 
point (13.3 °C). Analogous water analyses for the solid 
phase separated from its solution phase at 10 °C showed 
that the mean hydration number was 75.6 for the wet 
solid sample just after filtration, and 38.9 and 0.18 for 
the sample which had been kept standing in contact 
with air for 2 d and 5 d, respectively. These results, 
just as in the case of the above bromide systems, also 
suggest that the solid phase which separates out from 
its solution phase at temperatures lower than 13.3 °C 
is a clathrate-like hydrate. 

The solubility of anhydrous iodide in water is about 
4—5 times larger than that of te trapentylammonium 
iodide (Fig. 3) at an identical temperature. 

Tetrahexylammonium Halide-Water Systems. Phase 

- 6 I 1 1 1 1 I I l . l I I i I 
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Fig. 5. Solid-liquid and liquid-liquid phase diagrams 
for the tetrahexylammonium halide-water systems. 

diagrams for the tetrahexylammonium halide-water 
systems are shown in Fig. 5. No line indicating the 
formation of clathrate hydrate is present in this figure. 
It should be noted that not only in the bromide system 
but also in the chloride system liquid-liquid phase 
separation occurs over a wide temperature range. The 
two liquid phases existed up to at least 100 °C. 

In the fluoride system only the ice appeared from the 
solution of Z < 0 . 0 3 . From the solutions greater than 
^ L " = 0 . 0 3 no solid phase could be formed when cooled 
at - 3 0 °C for 10 d. 

T h e chloride system shows an eutectic point (at 
— 10.5 °C) between ice and a hydrate, with a hydration 
number less than 3 and an incongruent melting point 
at 29.6 °C. T h e bromide system also has similar points 
at —1.6 °C and 15.7 °C. T h e solubility of the iodide 
was so low that the values obtained would have errors 
of the order of 10—15 per cent. 

D i s c u s s i o n 

The Formation of Clathrate Hydrates. Although the 
formation of clathrate hydrates of (n-C4H9)4NX ( X = F , 
CI, and Br)2 '4 '8 '9 '13) and of ( ; -C 5 H n ) 4 NX ( X = F and 
CI)9»12) has already been known, it was newly found 
in this experiment tha t other four salts, («-C 5 H n ) 4 NF, 
(n-C 6 H u ) 4 NCl, (z-C5Hn)4NBr, and ( ï -C 6 H n ) 4 NI, could 
also form a similar type of hydrates. 

T h e two tetrapentylammonium salt hydrates have 
relatively low melting points (3.6 °C and —2.3 °C), 
as mentioned earlier. The unstableness of these hydrates 
may be due to the fact that a pentyl group is somewhat 
too long2) to be accomodated stably within a hydrogen-
bonded water cage such as a tetrakai- or pentakai-
decahedron. Judging from the hydration number of 
39, the crystal structure of these hydrates is presumed 
to resemble that of a tetraisopentylammonium fluoride 
hydrate12) (hydration number 39) rather than that of 
te t rabutylammonium fluoride hydrate13) (hydration 
number 30). 

Although an accurate hydration number of the 
(z-C5Hn)4NBr and of the ( i -C 6 H u ) 4 NI hydrates cannot 
be determined owing to the absence of congruent 
melting points, it may be assumed to be around 39 
taking into consideration: (1) the similarity of log X vs. 
T~x curves at temperatures lower than each incongruent 
melting point to those of the other fluoride and bromide 
systems and (2) the above mentioned results of water 
analyses for the solid separated from its aqueous solution. 
However, for the bromide hydrate, there is a possibility 
that some hydrates which have a slightly different 
hydration number are formed, as in the case of 
(rc-C4H9)4NBr hydrate, since its \ogX vs. T~x curve 
becomes almost vertical to the T~x axis at temperatures 
29.7—29.9 °C. 

The formation of a clathrate hydrate of any other 
quaternary ammonium iodides has not been reported so 
far. T h e fact that ( i -C 5 H u ) 4 NI can actually form such 
a hydrate manifests that the lattice distortion arising 
from the presence of a large iodide anion can be over­
come by the ability of the isopentyl group to stabilize 
the surrounding hydrogen-bonded water frameworks.2) 
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Furthermore, it should be noted that, at temperatures 
higher than the incongruent point (13.3 °C), the iodide 
hydrate decomposes into an anhydrous solid and a 
dilute aqueous solution (around 0.3 w t % ) . This 
property would be appropriate to an application of the 
salt such as the purification of saline water through a 
cyclic process of the formation and the decomposition 
of the hydrate. 

Solubilities of Tetraalkylammonium Halides in Water. 
These results clearly show the solubilities of symmetrical 
tetraalkylammonium halides in water at a definite 
temperature are affected not only by the type of alkyl 
chain of the cation and the type of the gegen ion but 
also by such phenomena as the formation of a clathrate-
like hydrate and the separation into two liquid phases. 
The solubilities of R 4 N X in water at 25 °C, which are 
obtained from the diagrams, are summarized in Table 2, 
together with the values taken from some recent 
references. 

TABLE 2. SOLUBILITIES OF SYMMETRICAL TETRAALKYLAMMO­

NIUM HALIDES (R 4 NX) IN WATER AT 25 °G(lN MOLALITY) 

TABLE 3. T H E SOLUBILITY RATIOS (IN WATER AT 25 °G) 

FOR SYMMETRICAL TETRAALKYLAMMONIUM HALIDES 

( R 4 N X ) HAVING DIFFERENT ANIONS 

R 

CH3 

C2H6 

t 

F 

Z 

Gl 

ca. 19.115 

ca. 9.5X) 

X 

Br 

6 .3±0.2 1 4 ) 

15.0±0.21 4 ) 

I 

0.271515) 

1.7516) 

H-C3H7 Extremely 19.00 10.73 0.6255 
high (10.4±0.21 4 )) 

H-C4H9 12.52 20.53 21.48 0.0679 
(0.93)a> (0.06226>)b) 

rt-C6Hn — 40.20 0.2318 0.0018 
(0.00256>)b) 

H-C6H13 — 0.088c) 0.019c) 0.0004 

a) Solid phase is a clathrate hydrate. b) At 26 °G. 
c) Values for water-rich phase in two-liquid phase 

For a series of salts having the same alkyl chain, the 
solubilities decrease with changing Z i n the order CI, Br, 
and I, with the exception of (C2H5)4NBr and (n-C4H9)4-
NBr. However, the solubilities of a group of salts having 
the same anion do not show a monotonous change with 
increasing its alkyl-chain length. Eventually, the alkyl 
chain which gives the maximum solubility is reduced 
to n - C 5 H n for the chloride, n-C4H9 for the bromide, 
and C 2H 5 for the iodide. 

The approximate values of the solubility ratios for 
salts with different anions are shown in Table 3. It is 
interesting to note that , among these figures, relatively 
high values are seen for te trabutylammonium salts 
(except for mCi/mBr) and tetrapentylammonium salts. 
The ratio mCi/mi for the (n -C 5 H n ) 4 NX salts is excep­
tionally high, as a result of very high solubility of the 
chloride and very low solubility of the iodide (Table 2). 
These high values will give a suitable condition for the 
separation of one halide anion from another through, 
for example, the distribution equilibrium between an 
aqueous phase and an organic phase. I t was observed 
that, when a 0.08 m N a l aqueous solution was equili­
brated at 25 °C with an equal volume of chloroform 
after addition of (n-G4H9)4NCl in amounts equimolar 

R 

GH3 

C2H5 
W-G3H7 

H-C 4 H 9 

*-C5Hn 

mcl/mBr 

3.0 
0.6 
1.8 
1.0 

173 

mcilml 

70 
5 

30 
302 

22800 

mBTlml 

23 
8 

17 
316 
132 

with N a l , 90.4 percent of the I~ ion which had been 
originally present in the aqueous phase was transferred 
into the chloroform phase in the form of (n-C4H9)4NI 
which is sparingly soluble in water (Table 2) and very 
soluble in chloroform (67.8 w t % at 25 °C). A more 
extensive study of the distribution equilibrium is under 
way and will appear in near future. 

Appendix 

Phase Diagrams of Bolaform Salt [(n-CéH9)3N(CH2)6N(n' 
CAH9)z\X2-Water Systems. The formation of clathrate 
hydrates of this series of salts (except for iodide) has already 
been reported.4* The entire phase diagrams of the binary 
mixture of this type of salts with water have also been deter­
mined in this study and are shown in Fig. 6. These diagrams 
are similar to those of the (n-C4H9)4NX-water systems (Fig. 2). 

T/*C 

Fig. 6. Solid-liquid phase diagrams for the [(rc-C4H9)3-
N(CH2)6N(tt-C4H9)3X2-water systems. 
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Electrode reactions of mono-, di- and tri-bridged ferrocenophanes ([3]Fcp, [4]Fcp, [3][3]Fcp, [4][3]Fcp, 
[4][4]Fcp, [3][3][3]Fcp, [4][4][3]Fcp and [4][4][4]Fcp) in acetonitrile were investigated by direct current polaro­
graphy, pulse polarography, and cyclic voltammetry. The oxidation of these compounds proceeds reversibly 
as a one-electron process. The linear relationship between the half-wave potential and the number of methylene 
groups was obtained for ferrocene and ferrocenophanes other than [3][3]Fcp and [3][3][3]Fcp. The Taft sub­
stituent constants of trimethylene and tetramethylene groups were estimated. 

Electrochemical properties of ferrocene and substi­
tuted ferrocenes have been studied by many authors.1»2) 
These studies have revealed that the oxidation of 
ferrocene and its derivatives proceeds reversibly as a 
one-electron process in nonaqueous solutions. Their 
reversible oxidation potentials change in ways dependent 
on the substituent: the oxidation potential of the 
derivatives with the electron donating substituents, such 
as alkyl groups, is lower than that of ferrocene. Such 
substituent effects have been discussed through the 
examination of the relation between the oxidation 
potential and some substituent constant, for example, 
the Taft substituent constant (a*). Thus, Höh, McEwen, 
and Kleinberg3* have reported the following experi­
mental equation: 

(£1/4 vs. aq SGE)/V= 0.0978 2>* - 0.1374, (1) 

where E1/4 is the chronopotentiometric quarter-wave 
potential in acetonitrile and X!*7* is the summation 
of Taft substituent constants. This equation is applicable 
to ferrocene and nineteen mono- and disubstituted 

[3](1,1'Jferrocenophane 

(C3]Fcp) 

[4](1,1'Jferrocenophane 

(C4]Fcp) 

[3](l,l')[3](3,3')ferrocenophane 

(E3][3]Fcp) 

[4](l,l')[3](3,3')ferrocenophane 

(C4][3]Fcp) 

[4](l,l')[4](3,3')ferrocenophane 

(C4][4]Fcp) 

[3](l,l')[3](2,2')[3](4,4')ferrocenophane 

(C3][3][3]Fcp) 

[4](l,l')[4](4,4')[3](2,2')ferrocenophane 

(C4][4][3]Fcp) 

[4](l,i')[4](2,2,)[4](4,4")ferrocenophane 

(l4][4][4]Fcp) 

Fig. 1. Structures and names of ferrocenophanes used in 
this study. Abbreviation is given in parenthesis. 

ferrocenes. 
Recently, many ferrocenophanes have become increas­

ingly important in the organometallic chemistry. 
However, the electrode reactions and the substituent 
effects, as mentioned above, still remain open to inves­
tigation. Therefore, the electrode reactions of the eight 
ferrocenophanes shown in Fig. 1 have been investigated 
by direct current polarography, pulse polarography, 
and cyclic voltammetry in acetonitrile. The results 
are reported here. Furthermore, the substituent effects 
on the oxidation potentials of ferrocenophanes are 
discussed. 

E x p e r i m e n t a l 

Acetonitrile (Wako Chemical Go.) was purified by the 
method proposed by Goetzee.4> Ferrocenophanes used in 
this study were prepared according to the methods given in 
the literature,5-9* and identified by the elemental analysis and 
the measurements of NMR and IR spectra. Tetraethyl-
ammonium Perchlorate (TEAP) was prepared and dried by 
the usual method.10* Ferrocene (Eastman Kodak Go.) and 
other chemicals were of guaranteed reagent grade and used 
without further purification. 

Direct current (d.c.) polarograms, pulse polarograms, and 
cyclic voltammograms were recorded with a PAR Model 174A 
Polarographie analyzer equipped with a Rikadenki Model 
RW-11 x-y recorder and a potential scanner made in this 
laboratory at Yamagata University. All the measurements 
were carried out at 25 ° G under a dry nitrogen atmosphere 
by use of a three electrode system consisting of a working 
electrode (dropping mercury electrode for d.c. and pulse 
polargraphy, and spherical platinum electrode for cyclic 
voltammetry), a coiled platinum wire counter electrode, 
and an aqueous saturated calomel electrode (aq SGE) as 
a reference electrode. The dropping mercury electrode used 
had a flow rate of 1.02 mg s_1 in acetonitrile at open circuit. 
Drop time for pulse polarography was controlled to 5 s with 
the drop timer attached to the Model 174A. The pretreat-
ment of the platinum working electrode (approximately 1 
mm in diameter) prior to measurements was to apply a cycling 
potential (between —0.3 V and 1.1 V vs. aq SGE) to the 
electrode in an aqueous solution of 0.1 mol dm - 3 sulfuric 
acid. This electrode was washed with distilled water, dried, 
and then used in the measurements. For electrolytic contact 
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of aq SGE, an agar salt bridge with 1 mol dm - 3 aqueous 
sodium chloride solution was inserted into one compartment 
of the electrolytic cell. The half cells in the electrolytic cell 
were interconnected through a sintered glass disk. All the 
test solutions contained 0.2 mol dm - 3 TEAP as a supporting 
electrolyte. 

R e s u l t s a n d D i s c u s s i o n 

Electrode Reactions of Ferrocenophanes. Ferroceno­
phanes used here gave one d.c. Polarographie oxidation 
wave in acetonitrile containing 0.2 mol d m - 3 T E A P 
as a supporting electrolyte. The limiting current of the 
wave was found to be diffusion-controlled. The diffusion 
coefficients at 25 °G calculated from the Ilkovic equation 
by assuming n—l are given in Table 1. The diffusion 

TABLE 1. D. c. AND PULSE POLAORGRAPHIC DATA IN ACETO­

NITRILE CONTAINING 0.2 mol dm - 3 TEAP AT 25 °G 

(E vs. aq SCE)yv 

0 0.2 0.4 

Compound0 

Ferrocene 
[3]Fcp 
[4]Fcp 
[3][3]Fcp 
[4][3]Fcp 
[4][4]Fcp 
[3][3][3]Fcp 
[4][4][3]Fcp 
[4][4][4]Fcp 

EY/2 vs. aq SGE 
V 

0.365 
0.300 
0.279 
0.291 
0.202 
0.196 
0.292 
0.119 
0.103 

AE 
mV 

56 
57 
56 
56 
58 
56 
57 
57 
55 

lO-ßcm^-1 

3.8 
3.3 
3.3 
2.9 
2.6 
2.8 
2.6 
2.5 
2.5 

Klc/'lal 

0.89 
0.99 
0.98 
1.03 
1.03 
1.02 
1.03 
1.03 
1.01 

a) Concentration of each compound is 1 mmol dm - 3 . 
b) Diffusion coefficient. 

coefficient of ferrocene obtained in this study is also 
given in Table 1. From the result that the values of 
diffusion coefficients of ferrocenophanes were nearly 
equal to that of ferrocene, the electrode reaction of each 
ferrocenophane at the mercury electrode was concluded 
to be a one-electron process. Table 1 also gives the 
experimental results for the d.c. Polarographie half-wave 
potential, E1/2, and the d.c. Polarographie slope, 
AE^E^—E^), as conventional criteria of reversibility. 
The values of AE indicate that the oxidation step of 
ferrocenophanes is a reversible one-electron process. 

In order to investigate the reversibility of the electrode 
reactions of the above compounds more exactly, pulse 
polarograms were obtained by use of the dropping 
mercury electrode with a drop time of 5 s. Typical pulse 
polarograms obtained for [4]Fcp, [4][4]Fcp, and 
[4][4][4]Fcp are shown in Fig. 2. In the case of 
a reversible oxidation process, the current-potential 
curve for anodic potential scan coincides with tha t for 
cathodic one, and the magnitude of the limiting current 
ratio for cathodic to anodic scan, | / i c / / l a | , closely 
approximates unity.11) The values of | / l c / / l a | in last 
column of Table 1 indicate that the electrode reactions 
of ferrocenophanes are reversible. 

Cyclic voltammograms of these compounds were 
measured by using a spherical plat inum electrode at 
scan rates of 10 to 500 m V s_1. In the region, —0.2 to 
1.0 V vs. aq SGE, only one anodic and one cathodic 

0.2 0.4 

(Evs. aq SCE)/V 

Fig. 2. Pulse polarograms of [4]Fcp (a, a'), [4][4]Fcp 
(b, b'), and [4][4][4]Fcp (c, c') in acetonitrile contain­
ing 0.2 mol dm-3 TEAP at 25 °G. Concentration of 
each compound is 1 mmol dm~3. Curves a, b, and c 
are by anodic scan, and a', b ' , and c', cathodic scan. 

-0.2 0.2 0.4 
( £ vs. aq SCE) /V 

0.6 

Fig. 3. Cyclic voltammograms of [4]Fcp (a), [4][4]Fcp 
(b), and [4][4][4]Fcp (c) in acetonitrile containing 0.2 
mol dm-3 TEAP at 25 °C. Concentration of each 
compound is 1 mmol dm - 3 . 

current peak were observed. Typical cyclic voltammo­
grams of [4]Fcp, [4][4]Fcp, and [4][4][4]Fcp are shown 
in Fig. 3. T h e cyclic voltammetric data at a scan rate 
of 100 m V s - 1 for the formal potential, Ef( = (Eï)aL-{-Eï)C)l 
2, calculated from anodic peak potential, Ep2i, and 
cathodic one, Epc), the anodic-cathodic peak separation, 
AEp(=Eï)3L—Epc), the anodic peak current, 7p a , the 
cathodic peak current, 7pc, and the cathodic to anodic 
peak current ratio, |/pc/^PaU a r e given in Table 2. 
The values of 7pa of ferrocenophanes almost agree with 
the value of ferrocene, indicating that the electrode 
reaction of ferrocenophanes at the platinum electrode 
is a one-electron oxidation process. In addition, the 
values of AEp and | / p c / / p a | indicate that the electrode 
reactions of these compounds are reversible. 

From all the results described above, it is concluded 



December, 1981] Voltammetric Studies of Ferrocenophanes 3725 

TABLE 2. CYCLIC VOLTAMMETRIC DATA IN ACETONITRILE 

CONTAINING 0.2 mol dm-3 TEAP AT 25 °C 

Compound10 

Ferrocene 
[3]Fcp 
[4]Fcp 
[3][3]Fcp 
[4][3]Fcp 
[4][4]Fcp 
[3][3][3]Fcp 
[4][4][3]Fcp 
[4][4][4]Fcp 

Et vs. aq SCE 
V 

0.363 
0.297 
0.276 
0.286 
0.206 
0.196 
0.293 
0.114 
0.100 

A£P 

mV 

65 
61 
65 
63 
63 
61 
60 
62 
64 

'pa 

VA 

17.1 
16.3 
16.4 
15.0 
14.8 
15.1 
14.7 
14.6 
13.9 

^A 

17.6 
16.4 
16.8 
15.6 
15.4 
15.7 
15.3 
14.8 
14.2 

I'pc/'pal 

1.03 
1.01 
1.02 
1.04 
1.04 
1.04 
1.04 
1.01 
1.02 

a) Concentration of each compound is 1 mmol dm - 3 . 

that the electrode reactions of ferrocenophanes used 
here correspond to a simple reversible one-electron 
oxidation from the neutral compound to its mono cation 
in acetonitrile at both mercury and platinum electrodes. 
As seen in Tables 1 and 2, the values of E1/2 and Ef are 
almost the same. For this reason, the E1/2 values are 
used when the substituent effects on the oxidation 
potential are discussed below. 

.ferrocene 

[3][3]Fcp C3][3][3]Fcp 
o ° 

Fig. 4. Half-wave potential, E^, vs. the number of 
methylene groups, N. Solid line represents Eq. 2. 

Substituent Effects on the Oxidation Potential. As 
seen in Table 1, the E1/2 values of ferrocenophanes are 
lower than the value of ferrocene and generally become 
more negative with an increase in the number of 
methylene groups. In Fig. 4, there is shown a plot of the 
E1/2 value vs. the number of methylene groups. A linear 
relationship was observed for ferrocene and ferroceno­
phanes, except for [3][3]Fcp and [3][3][3]Fcp. T h e 
equation of the regression line for this relationship is 

(Elfi vs. aq SCE)/V = - 0.0221N + 0.3654 (2) 

with a correlation coefficient of —0.9986, where N is 
the number of methylene groups. This result indicates 
that the additivjity is established between the E1/2 value 
and the number of methylene groups. For example, 
the E1/2 of [4]Fcp is 0.086 V lower than that of ferrocene, 
and addition of a second tetramethylene group, as in 
[4][4]Fcp, lowers Ei/2 by 0.169 V, nearly twice the value 
found between [4]Fcp and ferrocene. A similar additive 
effect has been observed in the case of mono- and 

disubstituted ferrocenes, such as ethylferrocene and 1,1'-
diethylferrocene.12) Therefore, the linear relationship 
given by Eq. 2 supports the suggestion that the bridge 
of trimethylene and tetramethylene groups gives rise 
to few metal-ring distortions in ferrocenophanes, except 
for [3][3]Fcp and [3][3][3]Fcp. T h e E1/2 values of 
[3][3]Fcp and [3][3][3]Fcp are more positive than the 
values expected from Eq. 2. The deviation from this 
linearity is presumed to be due to steric effects, that is, 
to metal-ring bond distortions. T h e distortions in these 
two compounds can be confirmed by making a molecular 
model. O n the basis of molecular models of [3][3]Fcp 
and [3][3][3]Fcp, the compression of the metal-ring 
bond needed to accommodate the bridge was found to 
be remarkable. Ferrocenophanes except for these two 
compounds, however, can keep enough distance between 
ferrocene rings at the normal distance of 332 pm. 

T h e linear relationship between the E1/2 and the 
number of methylene groups suggests that trimethylene 
and tetramethylene groups have a certain substituent 
constant. As described above, Eq. 1 is established for 
many substituted ferrocenes. This equation enables us 
to estimate the Taft substituent constant, a*, of tri­
methylene and tetramethylene groups. In the case of a 
reversible electrode reaction, the chronopotentiometric 
quarter-wave potential, is1 / 4 , is equal to the d.c. Polaro­
graphie half-wave potential, E1/2. Furthermore, from 
the E1/2 value of ferrocene obtained in this study, Eq. 1 
can be rewritten as follows: 

(E1/2 vs. aq SCE)/V = 0.0978Za* - 0.1142, (3) 

where 2 > * is the total of Taft substituent constants. 
When the E1/2 values of 0.300 V for [3]Fcp and 0.279 V 
for [4]Fcp are substituted for E1/2 in Eq. 3, the 1 > * 
values of [3]Fcp and [4]Fcp are calculated to be 4.24 
and 4.02, respectively. Then , the a* values of tri­
methylene and tetramethylene groups (o*B and ff*4) 
are obtained to be 0.32 and 0.10, respectively (a*3 or 
a * 4 = ] [ > * — 8Ö'*H). T h e ] [>* values of di- and tri-
bridged ferrocenophanes are calculated by using these 
values of o*z and Ö'*4: for example, S 0 - * value of 
[4][3]Fcp is 3.36 by the sum of 6<7*H, ^*3, and <;*4. T h e 
results of the calculation are given in Table 3. The 
plot of E1/2 vs. Xjff* is shown in Fig. 5. T h e solid line 
in Fig. 5 represents Eq. 3. In the case of [4][3]Fcp, 
[4][4]Fcp, [4][4][3]Fcp, and [4][4][4]Fcp, which have 
the linear relationship between the Ei/2 and the number 
of methylene groups and have little metal-ring bond 

TABLE 3. TOTAL Taft SUBSTITUENT CONSTANT (Za*) 

OF FERROCENE AND FERROCENOPHANES 

Compound 

Ferrocene 
[3]Fcp 
[4]Fcp 
[3][3]Fcp 
[4][3]Fcp 
[4][4]Fcp 
[3][3][3]Fcp 
[4][4][3]Fcp 
[4][4][4]Fcp 

Za* 

4.90 (10a*„) 
4.24(8<7*H + <7*3) 
4.02 (8a*H + a\) 
3.58(6o*H + 2o*3) 
3.36 (6ff*H + a*4+ff*3) 
3A4(6a*H + 2a*i) 
2.92(4<7*H + 3<7*3) 
2.48(4a*H + 2a*4+a*3) 
2.26 (4a*H + 3<7*4) 
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0.3 

,0.2 
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[3][3][3]Fcp [3][3]Fcp 
© Q 

ferrocene 

'#[4]Fcp 

[4][4]Fcp o'b [4][3]Fcp 

/<H4][4][3]Fcp 
/°[4][4][4]Fcp 

[3]Fcp 

la* 

Fig. 5. Half-wave potential, El/2, vs. total Taft substi­
tuent constant, ][](7*. Solid line represents Eq. 3. 

distortions, the points (open circles) are on the solid 
line. Therefore, the values of ff*3 and <r*4 obtained by 
assuming that Eq. 1 or Eq. 3 are valid for [3]Fcp and 
[4]Fcp seem to be reasonable. If so, the electronic effects 
of substituents for ferrocenophanes other than [3][3]Fcp 
and [3][3][3]Fcp are transmitted to the reaction center, 
i.e., iron atom, through an inductive mechanism. 

Since the ferrocenophanes studied here undergo a 
simple electrode reaction, it is expected that these 
compounds can be used as a " s t andard" for electro­
chemical studies. Application of ferrocenophanes to a 

reference redox system is now being investigated in 
many solvents. 
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Yasuyuki TAKEDA,* Yoshimasa WADA, and Shizuo FUJIWARA 

Department of Chemistry, Faculty of Science, Chiba University, Yayoi-chö, Chiba 260 
(Received August 14, 1981) 

Benzo-15-crown-5 (B15C5) extracted alkali metal picrates (MA) into benzene by forming M(B15C5)A or 
M(B15C5)2A complexes and moreover, in the presence of tributyl phosphate (B), B15C5 extracted rubidium and 
caesium picrates by forming M(B15C5)BA complexes. The extractability sequences of the M(B15C5)A, M-
(B15C5)2A, and M(B15C5)BA complexes are Na+>K+>Rb+>Li+>Cs+, K+>Rb+>Cs+, and Rb+>Cs+ respec­
tively. The extraction equilibrium constants for these complexes have been determined at 25 °C, and the synergistic 
formation constants of the M(B15C5)2A and M(B15C5)BA complexes in the benzene solution have been calculated. 
The synergistic effects for the alkali metal ions for the B15C5 system were compared with those for the 15C5 system. 

The solvent extractions of alkali metal ions with 
various crown ethers have been widely studied.1) In 
the previous papers,2»3) it was reported that 15-crown-5 
(15C5) extracted alkali metal picrates (MA) into 
benzene by forming M(15C5)A or M(15C5)2A com­
plexes and moreover, in the presence of tributyl phos­
phate (B), 15C5 extracted rubidium and caesium 
picrates by forming M(15C5)BA complexes. 

In this paper, the solvent extraction of alkali metal 
picrates has been investigated between benzene and 
water at 25 °C in the presence of benzo-15-crown-5 
(B15C5) or both B15C5 and B in order to compare 
with the case of 15C5. The synergistic formation 
constants of the M(B15C5)2A and M(B15C5)BA 
complexes in the benzene solution have been calculated. 

E x p e r i m e n t a l 

Materials. B15C5 and analytical-grade B were ob­
tained from Merck Japan Ltd. and Wako-Pure Chemicals, 
Ltd. respectively. B15C5 was dissolved in heptane, and 
filtered while hot. Then it was recrystallized from heptane 
three times and, before use, dried at 40 °C in a vacuum oven. 
B was used without further purification. The concentrations 
of the alkali metal hydroxides and picric acid solutions were 
determined by means of acid and basic titrations respectively. 
Analytical-grade benzene was washed twice with distilled 
water. 

Procedure. All the experiments were carried out at 
25±0.2 °C. The experimental procedures were the same 
as those described in the previous papers.3»4) 

The Distribution Coefficient of B15C5. Most of the 
procedures were similar to those in the previous paper.5) The 
average value of the distribution coefficient is 20. 

R e s u l t s 

When an aqueous phase of an alkali metal ion (M+) 
and a picrate ion (A~), and a benzene phase of a crown 
ether (L) or both B and L are equilibrated, the equilib­
rium constants may be defined by the following 
equations : 

Xex(MLmA) = [MLmA]0[H+]/[M+][L]-[HA]0 (1) 

Xex(MLBA) = [MLBA]0[H+]/[M+][L]0[B]0[HA]0 (2) 

#D,L = [L]0/[L] 

XML=[ML+]/[M+][L] 

K'9X = [MLA]0/[ML+][A-] 

Xex(HA) = [HA]0/[H+][A-], 

(3) 

(5) 

(6) 

where the subscript " o " means organic and the lack 
of a subscript refers to the aqueous phase. Thus? 
A"ex(MLA) can be written as follows: 

#ex(MLA) = K„hK'JKDthKex(HA). (7) 

The A"ex(HA) value was spectrophotometrically deter­
mined to be 247. 

When the benzene phase contains only B15C5, the 
distribution ratio of the alkali metal may be represented 
by 

D = [MLmA]0/[M+]. (8) 

In the case of m=\, Eq. 8 becomes 

D = tfex(MLA)#ex(HA)[L]0[A-]. (9) 

logCLDo 
Fig. 1. Plots of log(Z)/[A-]) vs. log[L]0 

system. 
for the MLA 

The log (B/[A-]) vs. log [L ] 0 plot in Fig. 1 shows a 
linear relationship with a slope of 1 in every case, 
indicating that B15C5 forms the 1 : 1 complex with the 
alkali metal ion. The values of [L] 0 and [A - ] in Eq. 9 
were calculated by means of Eqs. 10 and 11 respectively: 

[L]0 = ([Lit - [MLA]0)/(1 + tfD.L-i), (10) 

[A-] = ([HA]t - [MLA]0)/ 

{l + (*HA+*ex(HA))[H+]}, (H) 
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where the subscript " t " denotes the total concentration 
and ÄHA is the association constant of picric acid 
( A " H A = 1 . 9 5

6 ) ) . In the case of m = 2 , Eq. 8 becomes 

D = tfex(ML2A)#ex(HA)[L]*[A-]. (12) 

T h e log (Z>/[A-]) vs. log [L ] 0 plot in Fig. 2 shows a 
straight line with a slope of 2 in each case, indicating 
that B15C5 forms the 2 : 1 complex with the alkali 
metal ion. The values of [L ] 0 and [A - ] in Eq. 12 were 
calculated from Eqs. 13 and 14 respectively: 

[L]0 = ([L] t - 2[ML2A]0)/(1 + ^ D . I T 1 ) , (13) 

[A-] = [HA] t - [ML2A]0. (14) 

n k u 
\ 
o 
o> 
o 

logCLDo 

Fig. 2. Plots of log(£>/[A-]) vs. log[L]0 for the ML2A 
system. 

When the benzene phase contains both B15C5 and B, 
D may be represented by 

D = [MLBA]0/[M+]. (15) 

The substitution of Eqs. 2 and 6 into Eq. 15 gives 

log CLDo 
Fig. 3. Plots of log(Z)/[A-]) vs. log[L]0 for the MLBA 

log CBDo 
Fig. 4. Plots of log(Z)/[A-]) vs. log[B]0 for the MLBA 

system. 

D = #ex(MLBA)#ex(HA)[L]0[B]0[A"]. (16) 

The log CD/[A-]) vs. log [L] 0 and log [B]0 plots are 
given in Figs. 3 and 4 respectively. I t may be seen from 
Figs. 3 and 4 that , in each case, the plots of both R b 
and Cs have a slope of 1. Thus, the iCex(MLBA) in this 
work can be described by Eq. 2. The value of [B]0 in 
Eq. 16 was supposed to be approximately equal to that 
of [B] t under the present experimental conditions, and 
those of [L] 0 and [A~] were calculated from Eqs. 17 
and 18 respectively: 

[L]0 = ([L] t - [MLBA]0)/(1 + tfDiL-i), (17) 

[A-] = [HA] t - [MLBA]0. (18) 

The extraction equilibrium constants obtained from 
these experiments are listed in Table 1, together with 
those from the literature. 

TABLE 1. EXTRACTION EQUILIBRIUM CONSTANTS AT 25 °C 

^ D , L 

logtfex(MLA) 

log Kex (MLBA) 

log Kex (ML2A) 

log (KuhKix) 

Li+ 
Na+ 
K+ 
Rb+ 
Cs+ 
Rb+ 
Cs+ 
K+ 
Rb+ 

Cs+ 
Li+ 
Na+ 
K+ 
Rb+ 
Cs+ 

15C52) 

0.15. 
- 1 . 1 0 

1.51 
0.19 

- 0 . 2 5 
- 0 . 4 9 

0.56 
0.19 
— 
2.15 
1.48 
0.49 
3.10 
1.78 
1.34 
1.10 

Discussion 

B15C5 

20 
- 1 . 1 3 

0.90 
- 0 . 4 6 
- 0 . 9 5 
- 1 . 3 1 

0.37 
- 0 . 1 5 

1.91 
1.22 
0.41 
2.56 
4.59 
3.23 
2.74 
2.38 

system. 

The KDfh value of B15C5, which is more bulky than 
15C5, is much larger than that of 15C5. 

The logiCex(MLA) series for B15C5 and 15C5 are 
given by N a + > K + > R b + > L i + > C s + and N a + > K + > 
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0.6 
• 
Li 

1.0 1.4 1 
* * * * Na K Rb Cs 
rc/A 

Fig. 5. Plots of log Kex (MLA) vs. crystal ionic radii, rc, 
of alkali metals for the B15C5 and 15C5 systems. 
A.B15C5, O : 1 5 G 5 -

Rb+>Cs+>Li+ respectively (Table 1). The selectivity 
tendency of B15C5 (cavity radius: 0.85—1.1 À7)) for 
the alkali metal ions is not much different from that 
of 15C5 and agrees with the size-fit concept (Fig. 5). 
A possible explanation for the difference in the sequences 
of Li+ and Cs+ is as follows. The extractability of the 
crown ether complex with the univalent metal picrate 
depends on the interaction of the univalent metal ion 
trapped in the crown ether cavity with water mole­
cules.8) Since, for the alkali metal ion in the cavity, 
the interaction of the lithium ion with water molecules 
seems to be the strongest of all the alkali metal ions, 
the hindrance for the hydration of the B15C5 complex 
by the benzo group at tached to 15C5 may be much more 
effective for the case of Li+ compared to Cs+. Thus, 
in the case of B15C5, Li+ is more extractable than Cs+. 
The following data may support the above discussion, 
though they have been obtained in the ni t robenzene-
water system. The numbers of water molecules coex-
tracted with the Li+-15C5, Li+-B15C5, Cs+-15C5, and 
Cs+-B15C5 complexes into the nitrobenzene phase are 
2.0, 1.4, 0.2, and 0.4 respectively.9) For the lithium 
complex, the number of water molecules decreases 
remarkably on moving from 15C5 to B15C5, while, 
for the caesium complex, it increases only slightly. 

Equation 7 shows that A"D>L, -^ML, and K'ex are 
important factors which determine the magnitude of 
Kex(ML,A) for the same alkali metal ion and different 
crown ethers. Although the log {K^Kf

QX) sequence 
of B15C5 and 15C5 for the same alkali metal ion is 
B15C5>15C5, the logKex(MLA) value of B15C5 for 
Li+ is nearly equal to that of 15C5 and that of B15C5 
for the other alkali metal ion is smaller than that of 
15C5. This is entirely attributed to the much greater 
A'D.L value of B15C5 compared to 15C5 (Table 1). 
The basicity of the aromatic ether oxygen atom is lower 

than that of the aliphatic one. Since B15C5 has two 
aromatic ether oxygen atoms, the B15C5 complex 
with the same alkali metal ion may be more unstable 
than the 15C5 complex. T h e B15C5 complex with the 
same alkali metal ion may be more extractable than 
the 15C5 complex because of its larger size compared 
to 15C5. The log (KMhKix) value of B15C5 for the same 
alkali metal ion is larger than that of 15C5 (Table 1). 
It thus appears that the log (A"ML^ex) sequence of 
B15C5 and 15C5 depends completely on the K'ex 

sequence. By way of example, in the case of K+ , the 
log^ML values of B15C5 and 15C5 are 0.3810) and 
0.74,11) and the log K'ex values are 2.85 and 1.04,2) 
respectively. 

For the MLA, MLBA, and ML 2 A systems, Rb+ is 
more extractable than Cs+, and, for the B15C5-ML 2 A 
system, K+ is the most extractable (Table 1). In the 
cases of the MLA, MLBA, and ML 2 A systems, the 
difference in the extractabilities of Rb+ and Cs+ increases 
in going from 15C5 to B15C5. 

When M L A undergoes further complex formation 
with B and L in the organic phase, the equilibria can be 
described as Eqs. 19 and 20 respectively: 

MLA0 + B0 ^ = ± MLBA0, 

*MLBA,O = #ex(MLBA)/#ex(MLA) 

= [MLBA]0/[MLA]0[B]0, (19) 

MLA0 + L0 ^ ^ ML2A0, 

*ML,A,O = *ex(ML2A)/tfex(MLA) 

= [ML2Aj0/[MLA]0[L]0, (20) 

where Ä"MLBA,0 and A"ML,A,O are the formation constants 
for the MLBA and the ML 2 A complexes in a benzene 
solution respectively; they are summarized in Table 2. 

TABLE 2. COMPLEX-FORMATION CONSTANTS FOR SYNERGISTIC 

REACTIONS IN A BENZENE SOLUTION AT 2 5 ° C 

K+ Rb+ Cs+ 

log 

log 

-^MLBA.O 

-^ML«A,0 

15C53) 

B15C5 
15C53) 

B15C5 

— 

2.37 

0.81 
1.32 
2.40 
2.17 

0.68 
1.16 
1.97 
1.72 

The log#ML,A,o values of B15C5 for K+ and Rb+ 
are approximately identical with those in the literature10) 
(K+: 2.65 and Rb+: 1.97 in 70 w t % C H 3 O H in H 2 0 , 
K+: 2.6 in 80 w t % C H 3 O H in H 2 0 ) . 

It is interesting that , in the benzene solution, both 
the B15C5 and 15C5 complexes with CsA accept a B 
molecule, while the 2-thenoyltrifluoroacetone complex 
with Cs+ (Cs(TTA)) accepts two B molecules.12) This 
may be largely due to that H T T A is a chelating acid, 
while B15C5 and 15C5 are neutral ligands. 

As can be seen from Table 2, for every crown ether 
system, the smaller the size of the alkali metal ion is, 
the larger is the complex-formation constant. For the 
MLBA system, this may reflect the higher charge 
density of Rb+ compared to Cs+. For the ML 2 A system, 
this is presumably attr ibutable to both the charge 
density of the cation and the accommodation of the 
cation into the crown ether cavity. 
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Since B15C5 has two aromatic ether oxygen atoms, 
the electron density in the B15C5 cavity may be lower 
than that in the 15C5 cavity. Thus , the apparent charge 
density of the exposed part of the alkali metal ion 
trapped in the crown ether cavity seems higher for the 
case of B15C5 compared to 15C5. Consequently, this 
may be the reason why, in each case of Rb+ and Cs+, 
the logA"MLBA,o value of B15C5 is larger than that of 
15C5 (Tab le '2 ) . In each case of Rb+ and Cs+, the 
logA"MLtA,o value of B15C5 is smaller than that of 
15C5. This is probably due to two aromatic ether 
oxygen atoms of B15C5. 

The fact that the crown ether has much more donor 
oxygen atoms than B may be the reason why, for both 
B15C5 and 15C5, the log A"MLIA,O value of the same 
alkali metal ion is larger than the log T̂ MLBA O value 
(Table 2). 
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The Crystal Structure of ci8-Diammine(orotinato)platinum(II) 
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From the reaction of a.r-[Pt(NH3)2(H20)2] with orotic acid, yellow needle crystals, green needle crystals, and 
dark-blue microcrystalline crystals were obtained. The results of elemental analyses, the IR absorption spectra, 
and X-ray Weissenberg photographs showed that the yellow and green needles are identical, whereas the dark-blue 
microcrystalline compound exhibits slight difference in the elemental analyses and IR spectra. Green needle 
crystals of w-diammine(orotinato) platinum (I I), m-[Pt(NH3)2(C5H2N204)], were subjected to X-ray single crystal 
analysis. The crystals belong to the monoclinic system, with the space group P2x/c, and the cell dimensions are 
0=7.468(5), £ = 7.537(3), c= 15.618(9) A, and ß= 107.90(7)°, with Z = 4 . The structure was solved by the heavy-
atom method and refined to the final R value of 0.0567 for 1918 non-zero reflections. The complex is almost 
planar, and the platinum atom is coordinated by the orotic acid at Nl and carboxylic oxygen, forming a five-
membered chelate ring. The structure of the pyrimidine ring of the orotic acid is compared with free and coor­
dinated uracil and thymine. No definite explanation for the color difference was obtained. 

Since the discovery of the ant i tumor activity of eis-
diamminedichloroplatinum(II) by Rosenberg et A/.,1»2) 

considerable interest has been focused on this class of 
square-planar a j -diammineplat inum(II) complexes. 
The mechanism of the anti tumor action has been 
supposed to be the complex formation between eis-
diammineplat inum (II) compounds and purine or 
pyrimidine bases of DNA.3) These bases have several 
possible coordinating sites, and many investigations 
have been carried out into the structures of the plat inum 
complexes with purine or pyrimidine bases.4-16) Among 
these complexes, the so-called "platinum-pyrimidine 
blues" are of special interest from the viewpoint of not 
only the mechanism of the complex formation between 
£Ù-diammineplatinum and pyrimidines, but also the 
anomalously deep blue color and the high ant i tumor 
activity of the complexes.17) As for their structures in 
the solid and solution states, as well as their chemical 
properties, however, only a little knowledge has thus 
far been obtained. Although Lippard et al. reported 
the structure of platinum oc-pyridon blue,18,19) there are 
still a large number of other plat inum pyrimidine blues 
whose formulas and structures are unknown. In the 
present paper, we wish to report on the crystal structure 
of the reaction product between m-diammineplat inum 
and one of the uracil derivatives, orotic acid. We 
obtained three compounds, yellow needles, green 
needles and blue microcrystals, from the reaction 
solution. The green needle crystals were subjected to 
X-ray diffraction analysis in order to elucidate the 
structural relations among the three and to discuss 
whether there are structural changes in the pyrimidine 
ring of orotic acid due to coordination to a platinum 
atom. 

Exper imenta l 

Preparation. The «j-diammineplatinum(II) hydrolysis 
product was prepared from 1 mmol of m-[Pt(NH3)2Cl2] and 
2 mmol of AgN03 in 10 ml of water in the dark. After 
removing the AgCl by centrifugation and filtration, an equiva­
lent amount of orotic acid in a minimum amount hot water was 
added; this resulted in the decrease of the pH of the solution 
to 1—2. On standing at room temperature for 1 d, the 
solution yielded green needle crystals. If the solution was 

adjusted to pH 6—7 with NaOH and left to stand for 1 d, it 
yielded yellow needles. After the filtration of these green 
or yellow compounds, a small quantity of dark-blue micro-
crystals precipitated from the filtrate after 2—3 d. Found: 
Yellow needles; G, 15.35; H, 2.16; N, 14.48; Pt, 50.7%. Green 
needles; G, 15.38, H, 2.18; N, 14.70; Pt, 49.5%. Dark-blue 
microcrystals; G, 14.93; H, 2.21; N, 14.27; Pt, 53.0%. Galcd 
for [Pt(NH3)2(G5H2N204)]: G, 15.67; H, 2.10; N, 14.62; Pt, 
50.91%. Although the results of elemental analyses for 
yellow and green needles are identical within the limits of 
experimental error, the platinum content of the dark-blue 
compound significantly differs from that of the yellow and 
green needles. Moreover, the IR spectra of the three com­
pounds are very similar to one another; the yellow and green 
needles give the same spectra, whereas that of the dark-blue 
compounds shows only a slight difference. The latter has 
three more absorption peaks, at 545 (w), 660 (w), and 1100 
(w) cm -1, than those of yellow and green compounds. These 
findings suggest that the three compounds have very similar 
structures. In the present study, the crystal structure of the 
green compound was investigated by means of X-ray dif­
fraction. 

Data Collection. A crystal of 0.15 mm X 0.05 mm x 0.25 
mm was used for intensity measurements; the cell dimensions 
were obtained from twelve 20 values measured on a diffracto-
meter. The crystal data for m-[Pt(NH3)2(C5H2N204)] are: 
monoclinic P21/c, a=7A6S (5), £ = 7.537 (3), c= 15.618 (9) A, 
0=107.90 (7)°, M.W. = 3S3.2, Z = 4 , D x=3.04 gem"3 , li = 
176.4 cm - 1 for Mo KOL. The intensity measurements were 
performed on a Philips four-circle diffractometer with graphite-
monochromated Mo KOL radiation. The co-20 scan mode 
was employed at the scan rate of 1° min - 1 in 20, and the reflec­
tions were measured up to 60° in 26. Three reference reflec­
tions monitored periodically showed no significant intensity 
loss during the course of the data collection. The data were 
corrected for Lorentz and polarization effects, and a total of 
1918 reflections with |-F0|=l3<7(|F0|) were used for structural 
analysis. 

Solution and Refinement of the Structure. The structure was 
solved by the heavy-atom method. The platinum atom was 
located from a three-dimensional Patterson map, while all 
the remaining non-hydrogen atoms were located from the 
successive Fourier systheses. Although a difference synthesis 
was calculated at the final stage of the analysis, the hydrogen 
atoms were not located. The positional and anisotropic 
temperature factors were refined by the blockdiagonal least-
squares method to the final R factor of 0.0567. All the atomic 
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TABLE 1. FINAL POSITIONAL PARAMETERS ( X 104) AND 

ISOTROPIC TEMPERATURE FACTORS ( X 10 2 ) , WITH THEIR 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

Pt 
G2 
C4 
C5 
G6 
G7 
Nl 
N3 
N4 
N5 
0 2 
0 4 
0 5 
0 6 

X 

2987( 1) 
1544(24) 
1503(23) 
2394(24) 
2783(23) 
3704(24) 
2310(18) 
1085(21) 
2102(22) 
3693(20) 
1161(20) 
1059(20) 
3924(18) 
4308(20) 

y 
1995( 1) 

-1693(22) 
-2926(25) 
-1310(24) 

-57(22) 
1661(22) 

-184(19) 
-3012(22) 

1064(22) 
4320(18) 

-2030(20) 
-4178(18) 

2857(18) 
1934(20) 

z 

4065( 1) 
4266(10) 
5731(10) 
6120(11) 
5586(10) 
5964(10) 
4647 ( 8) 
4791( 9) 
2774( 8) 
3588( 9) 
3442( 8) 
6123( 8) 
5380 ( 7) 
6777( 7) 

BeA2 

168( 2) 
191(25) 
197(23) 
214(27) 
172(23) 
181(25) 
167(20) 
206(21) 
200(22) 
197(22) 
247(20) 
237(20) 
206(18) 
234(19) 

scattering factors used were taken from Ref. 20, while the 
correction ofthe effect ofthe anomalous dispersion for platinum 
was based on Ref. 21. The final atomic coordinates and 
thermal parameters are given in Table 1. 

R e s u l t s a n d D i s c u s s i o n 

T h e bond lengths and angles within the molecule are 
listed in Table 2, while the molecular structure and the 
numbering scheme are depicted in Fig. 1. Orotic acid 
coordinates to the plat inum atom by chelating with 
deprotonated Nl and carboxylic 0 5 atoms to form a 
five-membered ring. It is of interest where, in uracil or 
its derivatives, is the coordinating site to plat inum atoms 
and how much the bond lengths and angles within the 
pyrimidine ring are changed by coordination. Although 

TABLE 2. BOND LENGTHS AND ANGLES WITHIN THE 

MOLECULE, WITH THEIR ESTIMATED STANDARD 

DEVIATIONS IN PARENTHESES 

//A 
Pt-Nl 2 

N4 2 
N5 2 
0 5 2 

N1-G2 1 
G2-N3 1 
N3-G4 1 
G4-G5 1 

.012(28) 

.039(31) 

.049(16) 

.055(14) 
.329(27) 
.397(27) 
.405(21) 
.430(31) 

*l° 
N4-Pt-N5 
N5-Pt-Nl 
N l - P t - 0 5 
05-Pt -N4 
Pt-Nl-C2 
Pt-Nl-C6 
N1-G2-N3 
G2-N3-G4 
N3-C4-C5 
C4-C5-C6 
C5-C6-N1 

88.4(5) 
96.5(5) 
82.3(5) 
92.8(5) 

129.1(11) 
113.3(10) 
119.7(14) 
124.4(14) 
114.1(15) 
119.6(16) 
124.4(15) 

//A 
G5-G6 1.349(28) 
G6-N1 1.402(21) 
G2-02 1.255(20) 
C4-04 1.226(27) 
G6-G7 1.499(30) 
G7-05 1.328(24) 
C7-06 1.228(19) 

*l° 
G6-N1-G2 117.5(14) 
N1-C2-02 124.3(16) 
02-C2-N3 116.0(15) 
N3-C4-04 118.6(15) 
04-C4-C5 127.2(15) 
G5-G6-G7 121.4(15) 
N1-G6-G7 114.1(14) 
G6-G7-06 122.1(15) 
G6-G7-05 117.0(13) 
C7-05-Pt 113.2(10) 
0 5 - C 7 - 0 6 120.9(15) 

Fig. 1. The molecular structure and the numbering 
scheme for m-[Pt(NH3)2(C5H2N204)]. 

uracil or thymine deprotonates first at the N3 site, and 
although the pÄ"a value is 9.5 for both uracil and 
thymine,22) most of the platinum complexes so far 
investigated by X-ray diffraction or N M R show that 
coordination takes place at Nl.4> One exception is the 
t r iammineplat inum uracil complex, [Pt(NH3)3-
( C 4 H 3 N 2 0 2 ) ] N 0 3 , where the platinum atom is con­
sidered, on the basis of the N M R spectra, to be coor­
dinated by uracil at N3.5> In the present complex, the 
coordination at N l is much more favored due to the 
chelate formation. 

o [Pt(NH3 )2 (orotinato-N(1))] 

a [PtCl(en)(thyminato-l¥(l))J 

• [PtCl(en)(uraci lato-N( l ) )J 

1.450|— *_ thymine 

uracil 

1.400 

1.350 

1.3001 

J_ JL J_ JL -L _L 
N1-C2 C2-N3 N3-C4 C4~C5 C5-C6 C6-N1 

0 

v A /' 
N3 C5 

I I 
- C 2 C6 

0 ^ \ / \ 
NI R2 
I 
H 

uracil r R1 = H. R2=H 

thymine : R1 = CH3 . R2=H 

orotic acid: R1 = H . R2=C00H 

Fig. 2. Comparison of G-G and G-N bond lengths in 
pyrimidine rings of [Pt(NH3)2(orotinato-N(l))], [PtCl-
(en)(thyminato-N(l))], [PtCl(en)(uracilato-N(l))], thy­
mine and uracil. Standard deviations in [Pt(NH3)2-
(orotinato-N(l))] are shown with error bars and those 
of other complexes are in the range one tenth to half of 
those in [Pt(NH3)2(orotinato-N(l))]. 
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A comparison of the structures of free and coordinating 
orotic acid would give valuable information on the 
change in the electronic structure due to the coordina­
tion. However, as no X-ray investigation of free orotic 
acid has thus far been reported, a comparison with 
thymine and uracil was carried out. T h e C - C and 
C-N bond lengths in thymine,23) uracil,24) the plat inum 
thymine complex,4) the plat inum uracil complex,4) and 
orotic acid in the present compound are compared in 
Fig. 2. The corresponding C - C and C - N bond lengths 
are significantly different from uracil to thymine; these 
differences were satisfactorily explained by Gerdil23) 
in terms of the canonical structures. T h e C - C and C-N 
bond lengths of free and coordinating thymine are 
considered to be identical with each other, whereas 
the C2-N3 , N3-C4, and C4-C5 bond lengths of uracil 
are slightly different from those of the coordinating 
uracil. The bond lengths of coordinating orotic acid are 
different from both uracil and thymine; the N1-C2 
distance of orotic acid is significantly shorter than that 
of uracil or thymine, whereas the C6-N1 distance of 
orotic acid is longer than that of uracil or thymine. This 
is explained by the electron flow from the C 2 - 0 2 to 
the N1-C2 bond and from the C6-N1 to the C6-C7 
bond, a flow which is aroused by the electrophilic 
carboxyl group substituted at C6. T h e comparison of 
the C = 0 distances shows that most differences are 
within the standard deviations and that , therefore, no 
significant differences are observed. As for the bond 
angles of the ring nitrogens, C6-N1-C2 (117.5(14)°) is 
significantly smaller than C 2 - N 3 - C 4 (124.4(14)°). This 
fact is consistent with Singh's report25) that the nitrogen 
valence angle with an extraannular hydrogen atom is 
125^3° , whereas that without any at tachment is 
116^3° . The coordination of the N l to the plat inum 
atom does not seem to affect the nitrogen valence angle, 
since C6-N1-C2 is essentially the same as the valence 
angle for the nitrogen without any hydrogen at tachment . 
Similarly the two kinds of nitrogen valence angles are 

TABLE 3. THE BEST LEAST-SQUARES PLANES AND 

THE DEVIATIONS OF EACH ATOM (Â) 

Best plane calcd from all the atoms 
-0 .91149Xf0 .39487y-0 .11516Z+0.40060=0.0 
Pt, 0.045(18); Nl , 0.011(22); N3, 0.042(24); 
N4, 0.128(23); N5, 0.026(24); 0 2 , -0 .076(23) ; 
0 4 , 0.068(23); 0 5 , 0.013(22); 0 6 , -0 .151(23) ; 
C2, -0 .018(25); C4, 0.033(25); C5, 0.011(25); 

C6, -0 .023(25); G7, -0.038(25). 

Best plane calcd from pyrimidine ring 
-0.90314AT+0.41168y-0.12188Z+0.47151 = 0.0 
Nl , 0.029(15); N3, 0.015(17); C2, -0 .019(19) ; 

C4, -0 .004(19); C5, -0 .005(19) ; C6, -0.013(18). 

Best plane calcd from Pt, Nl , N4, N5, 0 5 
-0 .92308Xf0.36910y-0 .10814Z+0.35706=0.0 
Pt, 0.002 (12); Nl , 0.025(18); N4, 0.026(19); 
N5, - 0 . 0 1 2 (20); 0 5 , -0.034(18). 

The coordinate system is : 
X (Â) = ax -j- cz (cos ß ) 
Y=by 
Z=cz(sinß) 

also observed in the plat inum-uraci l complex, ( H 5 0 2 ) -
[PtCl(en)(C 4 H 3 N 2 0 2 ) ]Cl , and the pla t inum-thymine 
complex, [PtCl(en)(C5H5N202)].4> 

All the atoms in the molecule are almost coplanar, 
and the dihedral angle between the best least-squares 
plane of Pt, N l , N4, N5, and 0 5 , and that of the 

TABLE 4. POSSIBLE HYDROGEN BOND DISTANCES AND ANGLES 

IN [Pt(NH3)2(C5H2N204)], WITH THEIR ESTIMATED 

STANDARD DEVIATIONS IN PARENTHESES 

w C4-N3-041 

C2-N3-041 

Pt-N4-05 H 

Pt-N4-06H I 

0 5 ü - N 4 - 0 6 l H 

Pt-N5-02 
Pt-N5-02 I V 

P t - N 5 - 0 6 m 

0 2 - N 5 - 0 2 i v 

02-N5-061 1 1 

0 2 i v - N 5 - 0 6 m 

Symmetry code 
i 

ii 
iii 
iv 
V 

vi 

N 3 - 0 4 1 

N 4 . 0 5 ü 

06111 

N 5 . . 0 2 
0 2 l v 

0 6 ü i 

118.8(11) 
116.7(10) 
127.2( 6) 
101.5( 6) 
118.9( 6) 
87.6( 6) 

114.8( 7) 
106.1( 7) 
113.7( 7) 
151.0( 8) 
84.1( 5) 

-x, - 1 . 
1.0-*, 1. 

Ilk 
2.771(37) 
2.921(36) 
3.145(24) 
2.733(42) 
2.960(38) 
2.999(35) 

4>F 
N5-02-C2 
N5-02-N5 v 

C2-02-N5 v 

C4-04-N31 

Pt -05-N4 ü 

Pt-05-C7 
C7-05-N4 ü 

C7-06-N5v I 

C7-06-N4v i 

N4v I-06-N5v 

0-y, 1.0-z 
0-y, 1.0-z 

x, 0.5-j>, -0.5+z 
-x, 0. 
-x, - 0 . 

x, 0. 

5+y, 0.5-z 
5+y, 0.5-z 
5-y, 0.5 + z 

102.4(11) 
115.3( 6) 
129.8(11) 
122.2(12) 
138.0( 7) 
113.2(10) 
107.4(10) 
122.4(12) 
140.4(12) 

1 55.2( 5)* 

Fig. 3. Projection of the structure of m-[Pt(NH3)2(C5H2-
N204)] down the a axis showing part of the hydrogen 
bonding scheme and their lengths. 
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pyrimidine ring is 2.81°. The best least-squares planes 
calculated from all the atoms, the pyrimidine ring and 
Pt, N l , N4, N5, and 0 5 , are shown in Table 3. 

The molecules are hydrogen-bonded to each other; 
the possible hydrogen bond distances and angles are 
listed in Table 4 and are shown in Fig. 3. Using the 
expected coordinates for hydrogen atoms, the donor-
hydrogen atom-acceptor angles were calculated. They 
are between 145.6° and 172.7°, satisfactory for hydrogen-
bondings. T h e only angle which is marked with an 
asterisk is small; in this case, the hydrogen atom may 
shift greatly from the donor-acceptor line. 

Although the present work has been undertaken in 
order to elucidate the structural relations among the 
three complexes, yellow needles, green needles, and 
dark-blue microcrystals, preliminary Weissenberg photo­
graphs show that the yellow and green needles are 
structurally identical. Since the dark-blue microcrystals 
are too small for X-ray single-crystal analysis, only the 
green needle crystals were subjected to X-ray intensity 
measurement. There is no definite explanation for the 
color difference at present, but after the X-ray diffraction 
analysis had been completed, a close microscopic 
examination of the crystals showed that the yellow and 
green needles seem to differ only in their habit of crystal 
growth; that is, they are identical complexes actually, 
but seem slightly different in color because of the 
difference in crystal growth. Otherwise, although the 
results of ESCA showed no difference, a slight difference 
in the oxidation states of the plat inum atoms, which 
cannot be detected with ESCA, might exist between 
the yellow and green needles. I t has been reported 
that plat inum oc-pyridon blue contains plat inum atoms 
of the formal oxidation state, 2.25.19> The shortest 
plat inum-plat inum distance in the present complex is 
4.601(1) Â. A comparison of the plat inum-plat inum 
distances with those of other complexes, cù-diammine-
plat inum a-pyridon blue: 2.7745(4) and 2.8770(5) À,19> 
and Magnus ' green salts: 3.25—3.46 Â,26> shows that the 
plat inum-plat inum distance of the present complex is 
much longer, and there seems to be no interaction 
between adjacent plat inum atoms. 

This work has been suported by a grant for the 
development of anti-cancer medicines (No. 23665) from 
the Japanese Ministry of Heal th and Welfare. 
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Mössbauer Spectroscopic Study of Potassium Borosilicate 
Glasses at Low Temperatures 
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The Mössbauer technique at the liquid nitrogen temperature (78 K) was applied to the estimation of non-
bridging oxygens in Fe04 , B04 , and Si0 4 units in potassium borosilicate glasses. Mössbauer spectra consist of a 
quadrupole doublet and a hyperfine structure due to Fe3+ ions with tetrahedral symmetry. The hyperfine structure 
is attributed to a relaxation effect because magnetic susceptibility measurements revealed the glasses to be para­
magnetic in the temperature range 78—295 K. A linear decrease in the absorption area and a similar decrease in 
the internal magnetic field for the hyperfine structure were observed with an increase in the alkali content of glasses. 
The decrease is ascribed to a formation of non-bridging oxygen at the site adjacent to iron, because the mean 
life-time of the internal magnetic field produced by 3d-electrons of iron is considered to decrease with increasing 
thermal vibration of the iron and neighboring oxygens. Fractions of non-bridging oxygens obtained from the 
reduction rate of the absorption area of hyperfine structure are in good agreement with earlier results for borate 
glasses with the same K 2 0/B 2 0 3 ratios, in the alkali region of 8—20 mol% where the borosilicate glasses are essen­
tially considered to be borate glasses diluted with Si02 . 

N M R studies by Yun and Bray1) reported on each 
fraction of B 0 3 and B 0 4 units in various borate or 
borosilicate glasses, where the fraction of B 0 4 unit 
proved to increase linearly with the alkali content of 
glasses in the low alkali region. Mössbauer technique 
was also applied to studying the structure of borate 
glasses,2-7) and a formation of non-bridging oxygen 
(NBO) was suggested to start at an alkali content of 
2 0 m o l % . The fraction of NBO in the oxygens con­
stituting B 0 4 or F e 0 4 units was also estimated from a 
Mössbauer study of y-ray irradiated borate glasses,6) 
and from a study at low temperatures.7) A Mössbauer 
study of potassium borosilicate glasses8) suggested the 
formation of NBO to start at an alkali content of 8 mo l% 
in the case of borosilicate glasses with an S i 0 2 / B 2 0 3 

ratio of 2.0. It was also considered that the fraction of 
NBO in borosilicate glasses is increased as a result 
of the substitution of B 2 0 3 for S i 0 2 . 

The present study was performed to estimate the 
fraction of NBO in potassium borosilicate glasses by 
using the Mössbauer technique at low temperatures. 

Exper imenta l 

Potassium borosilicate glasses denoted by the formula x 
K2O.(100-*)(B2O3 , SiO2).0.33Fe2O3 were prepared by 
melting mixtures of weighed quantities of K2C03 , H3B03, 
Si02 , and Fe2Oa of guaranteed reagent grade. As for the 
iron(III) oxide, an enriched isotopic species 57Fe2Oa (57Fe = 
90.24%) was used for the preparation. The value of x was 
changed from 12 to 40, and the molar ratio of Si02 to B2Oa 

was so chosen as to be 2.0. Each mixture in a platinum 
crucible was melted at 1300 °G for 3 h in an electric muffle 
furnace. The melt was sometimes stirred to be made homo­
geneous, and was quenched by steeping the platinum crucible 
into cold water in a beaker. Amorphous structure of almost 
colorless and transparent glasses was confirmed by X-ray 
diffractometry. All the glass samples were preserved in a 
desiccator to protect them from the atmospheric moisture. 

Mössbauer measurements were performed by the constant 
acceleration method at room (295 K), Dry Ice (196 K), and 
liquid nitrogen (78 K) temperatures. Cobalt-57 (5 mCi) 
difiused into a palladium foil was used as the source, and the 
velocity oi the spectrometer was calibrated using a pure iron 

foil enriched with iron-57. The iron foil was used as a 
reference for isomer shift values. All the spectra were fitted 
to Lorenzian line shape by computer calculations. 

R e s u l t s a n d D i s c u s s i o n 

Mössbauer spectra for the potassium borosilicate glass 
with an alkali content of 12 mol% are shown in Fig. 1. 
All the Mössbauer spectra at room and Dry Ice tempera­
tures consist of a quadrupole doublet (qd) due to the 
Fe3+ ions with tetrahedral symmetry,2"12) together with 
a marked wing shape of base line. Isomer shift values of 
the quadrupole doublet are consistent with the corre­
sponding values of the borosilicate glasses containing 
7 mol% Fe203 .8) Mössbauer spectra for the borosilicate 
glasses containing 0.33 mol% F e 2 0 3 can, therefore, be 
analyzed in the same way as for the borosilicate glasses 
containing 7 mol% F e 2 0 3 , although each of the spectra 
has a wing shape of base line. This is also the case for the 
Mössbauer spectra at the liquid nitrogen temperature, 
i.e., the isomer shift values of the quadrupole doublet 
are well consistent with the corresponding values of 
the borosilicate glasses containing 7 mo l% F e 2 0 3 . 

100 

ss 98 

J 100 

HI 98 

£ioo: 

£ 98 
96h 

i i i i i i i i i i i i i i i—r 
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i i i i i i i 
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W - 3+/ FeJ+(hfs) ^ 

i i i i i i t i i 

-12 -10 -8 -6 -A -2 0 2 4 6 8 10 12 
Relative Veloci ty /mm s"1 

Fig. 1. Mössbauer spectra for the potassium borosilicate 
glass with an alkali content of 12 mol%. 
(a) : 295 K, (b) : 196 K, (c) : 78 K. 
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Mössbauer spectra at the liquid nitrogen temperature 
are, therefore, analyzed into a quadrupole doublet and 
six absorptions of hyperfine structure (hfs). The hfs 
suggests that the 57Fe nuclei are in the magnetic field 
and that the mean lifetime of the internal magnetic 
field is at least of the order of nuclear Larmor precession 
time. Magnetic susceptibility measurements were then 
performed to confirm the hfs to be due to a paramagnet ic 
relaxation effect and not due to a magnetic transition 
or magnetic impurities in the glasses. The data is shown 
in Fig. 2, which proves the borosilicate glasses to be 
paramagnet ic in the temperature range 78—295 K 
where the hfs and/or the marked wing shape of base 
line were observed. 
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Fig. 2. Magnetic susceptibility measurements of the 
potassium borosilicate glass with an alkali content of 
12mol%. 

TABLE 1. MÖSSBAUER PARAMETERS FOR THE 

POTASSIUM BOROSILICATE GLASSES AT 78 K 

x^ 
mol% 

12 
12 
15 
15 
20 
20 
25 
25 
30 
30 
40 
40 

Species 

Fe3+(qd) 
Fe3+(hfs) 
Fe3+(qd) 
Fe3+(hfs) 
Fe3+(qd) 
Fe3+(hfs) 
Fe3+(qd) 
Fe3+(hfs) 
Fe3+(qd) 
Fe3+(hfs) 
Fe3+(qd) 
Fe3+(hfs) 

<5b ) 

mm s_1 

0.41 
0.39 
0.38 
0.37 
0.36 
0.33 
0.30 
0.35 
0.30 
0.32 
0.32 
0.34 

J c ) 

mm s_1 

0.89 
- 0 . 1 4 

0.61 
- 0 . 0 7 

0.75 
- 0 . 1 2 

0.68 
- 0 . 0 7 

0.65 
- 0 . 0 3 

0.80 
- 0 . 0 6 

jnd) 

mm s_1 

0.73 
0.77 
0.70 
0.67 
1.03 
0.96 
0.85 
0.57 
0.78 
0.69 
0.86 
0.64 

A* 

% 

32.1 
67.9 
37.4 
62.6 
37.9 
62.1 
39.4 
60.6 
42.0 
58.0 
43.3 
56.7 

a) Alkali content. b) 
splitting, d) Line width 

Isomer shift. c) Quadrupole 
(FWHM). e) Absorption area. 

The Mössbauer parameters obtained at the liquid 
nitrogen temperature are summarized in Table 1. The 
experimental error including the one from computer 
calculation is estimated to be ± 0 . 0 2 m m s - 1 or more 
for the isomer shift, since the spectrum is less sharp 
than the one for the corresponding borosilicate glass 
containing 7 mo l% Fe203.8> In the latter case, the error 
was estimated to be ± 0 . 0 1 m m s - 1 , and the spectrum 
consists only of a quadrupole doublet free from the 
relaxation effect. Errors are also estimated to be 
±0 .02 m m s - 1 for the quadrupole splitting and the 

line width and ± 0 . 1 % for the absorption area. All the 
isomer shift values for the Fe3+ ions with tetrahedral 
symmetry are increased because of the decreased 
second-order Doppler effect at lower temperatures. 
Table 1 also demonstrates that isomer shift values 
decrease with increasing alkali content of the glasses, 
as in the case of borosilicate glasses containing 7 mol% 
Fe203

8) measured at room temperature. A continuous 
decrease in isomer shift with increasing alkali content 
has already been attr ibuted to a formation of NBO in 
borate2-5»7) or borosilicate8) glasses. The decrease in 
isomer shift indicates an increased s-electron density 
at iron nucleus as a result of the formation of NBO at 
the site adjacent to the iron. The increase in s-electron 
density can be explained by the increased overlap of 
the 4s-orbital of iron with the 2jfr-orbital of NBO, 
followed by the transfer of electron from the NBO to 
the iron. The electron transfer has also been confirmed 
by the reduction of Fe3+ to Fe2 + in borate glasses ir­
radiated with y-rays.4»6) The increased s-electron 
density is also explained by the decreased screening 
effect of s-electrons by p-electrons, because more 
electrons (3/4 of which are considered to be p-electron) 
in the sp3 hybrid orbital will be attracted to the NBO 
than to the bridging oxygens. The decrease in isomer 
shift in borosilicate glasses is thus attributed to a forma­
tion of NBO at sites adjacent to iron, boron, and silicon 
in F e 0 4 , B 0 4 , and S i 0 4 units, respectively. 

The quadrupole splitting values for the quadrupole 
doublet are also consistent with results for Fe3 + ions with 
tetrahedral symmetry in glasses.2-12) The negative sign 
of the quadrupole splitting values for the hfs demon­
strates that the direction of the electric field gradient 
tensor is parallel to the xy plane of the network structure. 
The very small quadrupole splitting values for the hfs 
suggest that the direction of the electric field gradient 
tensor is also the same as that of the internal magnetic 
field. T h e small quadrupole splitting may be observed 
probably because the direction of the internal magnetic 
field depends upon the relaxation time of 3d-electrons, 
and therefore upon the measuring temperature. It is, 
therefore, assumed that the magnitude of the quadrupole 
splitting for the hfs would become as large as the 
corresponding value for the quadrupole doublet, at 
much lower temperatures. All the line width (FWHM) 
values are also characteristic of the absorptions for irons 
in glasses,2-12) and are a little increased because of a 
relaxation effect. 

Figures 3 and 4 show changes of the absorption area 
and the internal magnetic field for the hfs, respectively. 
The internal magnetic field was obtained by comparing 
the distance between the outermost absorptions of the 
hfs with the corresponding distance of a pure iron foil 
with an internal magnetic field of 330 kOe at room 
temperature. It is obvious from Figs. 3 and 4 that there 
occurs a distinct change of glass structure at the alkali 
region of 16—18 mol%, because all the glasses were 
prepared so that the iron content should be equal to 
each other (0.33 mol%) , and because all the spectra 
were measured at the same temperature (78 K) . These 
results are consistent with the N M R results by Yun and 
Bray1) that the borosilicate glasses are essentially 
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Fig. 3. Mössbauer absorption area of hyperfine structure 
(hfs) at 78 K plotted against the alkali content of potas­
sium borosilicate glasses. 

TABLE 2. ESTIMATION OF NON-BRIDGING OXYGENS 

IN POTASSIUM BOROSILICATE GLASSES 

Z a ) 

mol % 

8 
10 
15 
20 
25 
30 
35 
40 

Absorption area 
ofhfs/% 

73.0 
70.2 
63.0 
61.2 
59.8 
58.6 
57.3 
56.0 

Fraction10 

ofNBO/% 

0 
3 . 8 ± 1 . 9 

13 .7±1.9 
16 .1±1 .9 
18 .1±2.0 
19 .7±2.0 
21 .5±2 .0 
2 3 . 3 ± 2 . 0 

a) Alkali content, b) Estimated from the decrease in 
the absorption area of hfs. 

20 30 
c/mot% 

Fig. 4. Internal magnetic field for hyperfine structure 
(hfs) at 78 K plotted against the alkali content of 
potassium borosilicate glasses. 

considered to be borate glasses diluted with S i 0 2 in the 
alkali region lower than 18 mol%. The additional alkali 
oxide molecules will therefore be at tracted to B 0 3 units 
to form B 0 4 units with and without NBO in the alkali 
region of 8—18 mol%. Formation of B 0 4 unit with 
only bridging oxygens is assumed to occur in the alkali 
region lower than 8 mol%. In the alkali region higher 
than 18mol%, the additional alkali oxide will also be 
attracted to S i 0 4 units to form NBO. The decreasing 
absorption area of hfs (Fig. 3) can therefore be correlated 
with the fraction of NBO in F e 0 4 units, and also with 
the fraction in B 0 4 and S i 0 4 units because all the irons 
are considered to be present at the substitutional site 
of boron or silicon. The decrease in the absorption area 
of hfs is well explained by taking account of the thermal 
vibration at a certain temperature, e.g., 78 K. T h e 
thermal vibration of oxygen is considered to be more 
frequent in the case of NBO as compared with bridging 
oxygen, because the former is bonded with only one 
network former such as iron, boron, or silicon and the 
latter is bonded with two atoms of network formers.7) 
I t is, therefore, considered that the thermal vibration of 
iron is also more frequent in the case of the iron bonded 
with NBO. Therefore, the internal magnetic field 
produced by 3d-electrons of iron7) is considered to be 
closely correlated with the fraction of NBO in F e 0 4 

units, because the mean lifetime of the internal magnetic 
field will be reduced with increasing thermal vibration, 
i.e., with increasing NBO fraction. The reduction rate 
of the absorption area for the hfs, therefore, seems to be 

useful for the estimation of NBO fraction at the site 
adjacent to iron, because the paramagnet ic hfs (relaxa­
tion spectrum) is observed as a result of the interaction 
of the Mössbauer nuclei (57Fe) with the internal magnetic 
field produced by 3d-electrons of the irons.7) Fractions 
of NBO at individual alkali concentrations are sum­
marized in Table 2, where the absorption areas of the 
hfs at 8 and 10 mol% were obtained by extrapolation 
of the straight line shown in Fig. 3. T h e absorption 
area at the alkali content of 35 mo l% was obtained by 
interpolation of the straight line of Fig. 3. Each of the 
NBO fractions was obtained by dividing the decreased 
absorption area by the absorption area at the alkali 
content of 8 mo l% (i.e., 73.0%) where the formation of 
NBO is considered to start.8) All the fractions of NBO 
seem to be reasonable, because the values in the alkali 
region lower than 20 mol% are consistent, within the 
experimental error, with earlier results for potassium 
borate glasses6»7) having the same K20jB203 ratios as 
in the borosilicate glasses. The borosilicate glasses are, 
therefore, considered to be borate glasses diluted with 
S i 0 2 in the alkali region lower than 1 8 m o l % , as 
described above. The present method seems to be very 
useful for the estimation of NBO in borate or borosilicate 
glasses. It is expected that the absorption area for the 
hfs increases with decreasing iron content of the glasses, 
and also with a decrease in the measuring temperature. 
The experimental error for the calculation of absorption 
area will be reduced with increasing hfs, because the 
spectral analysis of the innermost peaks is somewhat 
uncertain in the case of partially relaxed spectra. The 
fractions of NBO obtained in the present study, however, 
are considered to be reasonable because each of them 
was obtained from the relative absorption area of hfs 
and not from the absolute absorption area of hfs. 
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Kinetic Studies of the Electron Transfer Reactions in Iron(II) and 
Iron(III) Systems. XI. Electron Transfer Reaction between 

Aquairon(II) and Tris(l,10-phenanthroline)iron(III) 
in Water Mixed with Methanol, Ethanol, 

1-Propanol, and Ethylene Glycol 
Goro WADA,* Kumiko TAKAHASHI, and Masako ISOBE 

Department of Chemistry, Faculty of Science, Nara Women's University, Nara 630 
(Received January 29, 1981) 

The electron transfer reaction Fe2+
aq-j-Fe(phen)3

3+—»Fe3+
aq+Fe(phen)3

2+ has been investigated in order to 
find out the influence of the dielectric nature of media on the reaction rates, by the method of stopped-flow spectro­
photometry. As the reaction media, were used aqueous mixtures with various alcohols, such as methanol, ethanol, 
1-propanol, and ethylene glycol at their various mole fractions x. The second-order rate constant k grows larger 
approximately linearly with the increase in x, in a sequence: methanol<^ethylene giycol<^ethanol<^ 1-propanol. 
When In k is plotted against D~x (the reciprocal dielectric constant), all points come together on a single straight 
line with a positive slope, indifferent to the kinds of the alcohols used. This fact suggests that the reaction proceeds 

i i i 

through three successive elementary processes, Fe2+
aq+Fe(phen)3

3+—•[Fe(H20)6
2+«Fe(phen)33+]->[Fe(H20)6

3+« 
ill 

Fe(phen)3
2+]—»Fe3+

aq-j-Fe(phen)3
2+, in which Process i is the formation of an outer-sphere ion-pair between two 

reacting ions, Process ii the intramolecular electron transfer in the intermediate complex, and Process iii the separa­
tion of the ion-pair into the product ions, the last being the rate-determining step. The reaction scheme is com­
pared with that of the reaction Fe2+aq + Fe(OH)2+->Fe(OH)2++Fe2+aq, where the first step of the ion-pair forma­
tion is rate-determining. 

The electron transfer reactions between iron(II) and 
iron(III) species in various media have been investigated 
extensively since the study of Silverman and Dodson.1) 
The kinetics of the electron transfer reactions are now 
roughly divided into two main categories; the inner-
sphere and outer-sphere mechanisms, the latter including 
the hydrogen-atom transfer mechanism. T h e oxidation 
reaction of aquairon(II) by tris(1,10-phenanthroline)-
iron (III) was first studied by Sutin and Gordon2»3) 
by applying a flow method, and was found to proceed 
via the outer-sphere mechanism, with a rate constant 
£ = 3 . 7 X 104 M _ 1 s_ 1 in a 0.5 M perchloric acid media 
at 25 °C ( M = m o l d m - 3 ) . 

In the present study, this reaction was again adopted 
in order to see which of the two processes, the ionic 
association process between the two reacting ions or the 
ionic dissociation process of the associated ion-pair into 
the two leaving ions, is the rate-determining step in the 
overall outer-sphere electron transfer. For this purpose, 
aqueous media mixed with a number of alcohols such as 
methanol, ethanol, 1-propanol, and ethylene glycol 
were used with diversely different dielectric constants 
according to the kinds and the mixing ratios of alcohols. 
A part of the results have been preliminarily reported 
elsewhere.4) 

The reaction under consideration is as follows: 
FeîJ + Fe(phen)3+ = FeiJ + Fe(phen)2+. (1) 

Since the standard redox potentials of Fe 3 +
a q /Fe 2 +

a q 

and Fe(phen)3
3+/Fe(phen)3

2+ are 0.76 V and 1.14 V 
respectively, the equilibrium constant of React ion 1 is 
calculated to be # a = 2 . 6 9 x l 0 6 at 25 °C. Therefore, 
the rate of the backward reaction can be ignored in the 
course of the kinetic measurements. T h e reaction rate 
is consequently expressed by an equation 

» = *[Fe£][Fe(phen)M (2) 

with a second-order rate constant k. Under a condition 

of excess [Fe2 +
a q] over [Fe(phen)3

3 +] , the rate can be 
measured as an apparent pseudo-first-order reaction. 

v = *'[Fe(phen)3+] (3) 

k' = *[Feaq+] 

E x p e r i m e n t a l 

Materials. Fe(CIOJ 2: Iron wire of 99.99% purity 
was dissolved in 3 M perchloric acid and the solution was 
concentrated under a reduced pressure at 60 °C. The 
precipitated crystals were washed by ether to remove the 
occluded acid and dried completely in vaccum. 

[Fe(phen)z](ClOJz: Crystals of [Fe(phen)3]Cl2 were pre­
cipitated by adding an appropriate amount of NaCl crystals 
to a solution containing iron(II) Perchlorate and 1,10-phe-
nanthroline with the concentration of the latter slightly excess 
over the molar ratio 1 :3 . A solution of [Fe(phen)3]Gl2 in 
1 M sulfuric acid was gradually added with Pb0 2 powder to 
oxidize Fe(phen)3

2+ ion to Fe(phen)3
3+ ion, and after filtering 

the solution to remove the deposited PbS04 and the excess 
Pb0 2 , crystals of NaC104 were added to the solution to 
precipitate the crystals of [Fe(phen)3](C104)3, which were 
then filtered out, washed by ether, and dried in a vacuum. 
The crystals of 1,10-phenanthroline were a commercial reagent 
and were used without further purification. 

Water: Water was purified by double distillation after 
being deionized through ion-exchange resin. 

Alcohols: The alcohols used in the present study were 
methanol, ethanol, 1-propanol, and ethylene glycol. The 
first three of the above alcohols were distilled under ordinary 
atmospheric pressure and the last one under reduced one. 

Procedure. Kinetic measurements were carried out by use 
of a Yanagimoto stopped-flow spectrophotometer Model 
SPS-1 with a thermostated equipment. The reaction was 
initiated by mixing two solutions containing Fe2+

aq and 
Fe(phen)3

3+ ions respectively. The reaction rate was traced 
by observing the diminution of transmittance due to the 
production of Fe(phen)3

2+ ion at 510 nm, which was recorded 
on a memoriscope. The temperature was always kept at 
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25 °C unless otherwise noted and the ionic strength of the 
reaction solution was adjusted at 1.0 M with NaC104. 

The apparent pseudo-first-order rate constant k' was 
evaluated from the slope of a straight line obtained by plotting 
the values of the left-hand side in the following equation vs. 
reaction time t, 

ln([Fe(phen)?+]0 - [Fe(phen)§+]) = 

- k't + ln[Fe(phen)3+]0 (4) 

where [Fe(phen)3
3+]0 is the initial concentration of Fe(phen)3

3+ 

ion at t = 0. An example of the linearity for a reaction run 
is shown in Fig. 1. For each mole fraction of alcohols x in 
water, rate measurements were generally performed about ten 
times, changing the initial concentrations in ranges of [Fe2+]0 

(0.6—5.0) X 10-3 M and [Fe(phen)3
3+]0 (0.5—10.0) X 10"5 M, 

the values of k being averaged. 

r § 

felÄ 
— u 

t/ms 

Fig. 1. Plots of ln([Fe(phen)3
3+]0- [Fe(phen)3

2+]) us. 
t at [Fe2+]0=8.47xlO"4M, [Fe(phen)3

3+]0=9.28x 
10-6 M, [HClOJ = 0.05 M, (i. = 0.1 M, and 25 °C, in a 
mixed solvent of water and methanol at *Me0H = 0.225. 

R e s u l t s a n d D i s c u s s i o n 

Figure 2 shows the variation of k according to the 
increase in the mole fractions of alcohols. Within the 
lower mole fractions * < 0 . 1 , k grows up approximately 
linearly with the increase in x with steeper slopes in an 
order, methanol<ethylene g lyco l<e thano l< 1-propanol ; 
namely, it seems that the more the number of the carbon 
atoms in the monohydric alcohols and the less the 
number of O H groups in the alcohols with two carbon 
atoms, the more accelerated is k with the increase in x. 
In other words, the hydrophobicity of alkyl groups 
looks like to make the electron transfer reaction occur 
faster, while the hydrophilicity of O H group shows a 
trend to behave unfavorably to the reaction. 

When the logarithms of k are plotted against the 
reciprocals of the dielectric constants of the mixed 
solvents5) as are depicted in Fig. 3, they come altogether 
on an approximately single straight line with a positive 
slope indifferent to the kinds of the alcohols adopted. 

- Ü ^ > 0 (5) 
d D-1 ' V ; 

This fact indicates that the reaction is largely con­
trolled by the dielectric constants of the media, although 
the molecular and structural features of alcohols have 
been seen to partly affect the reaction rates to some 

o 

X/1Ö-2 

Fig. 2. Variation of k vs. mole fraction of alcohol x. 
a ( Q ) : Methanol, b ( 0 ) : ethanol, c(®): 1-propanol, 
d ( 0 ) : ethylene glycol. 

11.5 

14 

z>-vio-8 

Fig. 3. Plots of In k vs. D~x in mixed solvents of water and 
alcohols. 
O : Pure water, © : water -j- methanol, 0 : water -j-
ethanol, 0 : water + 1-propanol, 0 : water -j- ethylene 
glycol. 

extent as mentioned above. Thus , the linearity in Fig. 3 
can be interpreted by a hypothesis that an electrostatic 
interaction between the two reacting species plays an 
important role in the rate-determining step as shown 
below. 

Now, let us consider the mechanism of Reaction 1 
as taking place via three successive elementary processes. 

FeJq
+ + Fe(phen)3+ ; = ± [Fe(H20)|+ . Fe(phen)3+] ( i ) 

[Fe(H20)?+. Fe(phen)3+] ^ = ± 

[Fe(H20)3+.Fe(phen)!+] (ii) 

[Fe(HtO)»+. Fe(phen)|+] • Fe£ + Fe(phen)2
3+ (iii) 

Process i is a step in which an outer-sphere ion-pair 
formation occurs with a pre-equilibrium constant Kv 

Process ii is an intramolecular electron transfer process 
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with an equilibrium constant Kü, and Process iii is a 
separation process of the ion-pair into two leaving ions. 

When the rate constants of the forward reactions of 
Processes i, ii, and iii are denoted by kh k-lh and A;m and 
those of the reverse reactions of Processes i and ii by 
k[ and k'u respectively, the apparent second-order rate 
constant k is expressed by the following relation, derived 
by virtue of the steady-state method considering both 
[Fe ( H 2 0 ) 6

2+ • Fe (phen) 3
3+] and [Fe ( H 2 0 ) 6

3+ • Fe-
(phen)3

2+] as reaction intermediates. 

* i *ü* i i i 
k = 

*i*i i+*i*i i i + ^il^iii 
(6) 

For the three limiting cases, the relation can be 
simplified as follows : 

If %%] ^> (ku + km)kl 

k = kb 

if ktklu ^> klkil + knkm, 

k = Ä",*,,, 

and if k[k'u > ( * ; + ku)km, 

k = J W i i i . 

(7) 

(8) 

(9) 

Each of these three cases corresponds to that in which 
Process i, ii, or iii is rate-determining, respectively. 

If the overall rate of React ion 1 were actually con­
trolled by Process i, the dielectric dependence of kx 

would be shown by the Scatchard relation,6«7) 

**-*«-{$? (10) 

where D is the dielectric constant of the mixed solvents, 
k the Boltzmann constant, d-x the internuclear distance 
between Fe(II) and Fe(I I I ) in the outer-sphere ion-pair 
formed in Process i, k\ the imaginary hx at £)=oo 5 and 
ZA and ZB the numbers of electric charges on the 
respective reacting ions, viz. Zk—2 and Z B = 3 in the 
present case. According to Eq. 10, the linearity of the 
plot of In k vs. D-1 should have a negative slope, this 
expectation being against the observed fact shown in 
Fig. 3. Therefore, the assumption that Process i is the 
rate-determining step is not probable. 

Next, if Process ii were rate-determining, In k would 
vary dependently upon D as follows. 

d i n * 
dD-1 

d In Kt d In ku 

dD'1 d ö - 1 (H) 

Since Process ii is an intramolecular electron transfer, 
the rate would not be seriously affected by D, and 
consequently, d In kvJd D_1 would be approximately 
equal to zero. But d In K-Jd D~x would have a negative 
value with a similar reason to the case in Eq. 10. There­
fore, dlnA;/dZ)_ 1 should be negative, this being also 
contrary to the experimental result. 

Finally, the case that Process iii is rate-determining 
must be considered. By differentiating Eq. 9 with 
respect to D~x, the following relation is given. 

d i n * „ _ _ „ _ . , . . 
d D-1 d D-1 

d In K{ d In Ku d In kM 

dD-1 d ö -

Since Processes i and iii are the process of ionic 
association and ionic separation respectively, the 
following three relations will be established. 

d In K, _ 
dD-1 ~ ~ 

d i n * , , 
dD~l ' 

kTd, < 0 

d i n * , 
dD~l kTd„. 

> 0 

(13) 

(14) 

(15) 

T h e symbols appearing in Eq. 15 are similar to those 
described above, with Z c = 3 and Z D = 2 in this case. 
Since Z A Z B = Z C Z D = : 6 , Eq. 12 becomes 

d i n * 6e2 d.—d... „ 1 ->0. 
dD-1 kT dJu 

(16) 

T h e bond lengths rf(Fen-0) and </(FeUI-0) in 
aquairon complexes to be taken are 2.21 Â a n d 2.05 À 
respectively,8) and rf(Fe"-N) in Fe(phen) 3

2 + ion would 
be shorter than rf(FeXII-N) in Fe(phen) 3

3 + ion due to the 
stronger bonding by back donation in the former 
complex. Accordingly, ^ ( F e ^ O , FeIXI-N) will be 
larger than * / ü i ( F e i n - 0 , Fe IX-N), resulting in a positive 
value in Eq. 16, being consistent with the experimental 
fact in Fig. 3 and Eq. 5.t This indicates that the absolute 
value of the electrostatic repulsive energy required to 
form an ion-pair between ions with the same sign in 
Process i is smaller than that liberated to dissociate the 
ion-pair in Process iii. Therefore, it may be reasonably 
recognized that the rate-determining step of Reaction 1 
must be Process iii. Evidence for an initial association, 
as an example, has been known also in reactions of 
plastocyanin with some inorganic complexes.10) 

As far as the mole fractions of alcohols are lower 
than 0.1, the obvious preferential solvation of alcohol 
molecules would not occur around i ron(III) ion11) and, 
therefore, the structure of the intermediate ion-pair 
may be commonly available throughout this range of 
mole fractions. Since the second-order rate constant 
for the water exchange in Fe(H 2 0) 6

3 + ion is k=2.8 x 102 

M _ 1 s _ 1 12'13) and Fe(phen) 3
2 + ion is substitution-inert, 

the intermediate outer-sphere ion-pair is considered to 
be probable. 

A contrasting instance to Reaction 1 has been found 
in the electron transfer reaction in mixed solvents of 
water and alcohols at various mole fractions,14) 

Fe«+ + Fe(OH)*+ • Fe(OH)2+ + Fe2
q
+ (17) 

in which case the plot of logarithms of the rate constants 
shows a good linear relationship with D~x with a 
negative slope, instead of having a positive slope as in 
the case of Reaction 1. This fact suggests that the first 
step must be rate-determining, where the two reacting 
ions encounter to each other in Reaction 17 with the 
rate constant * = £ ; as a typical instance as is shown 
in Eq. 7. O n this viewpoint, the trend how the dielectric 

t According to the numerical calculation from the slope of 
the straight line in Eq. 16, the values of d{ and dm can not 
be strictly decided, but only roughly estimated. Although 
sets of dt= 14.0 Â and </lu = 6.2 A, rf1= 12.0 A and dm = 5.7 A, 
rfj=10.0Â and dm—5.2 A, etc. are numerically derived, any 
of them may not be probable, as compared with the dimension 
of the complexes.9) This discrepancy may mostly be caused 
by the dielectric saturation phenomenon in the direct vicinity 
aroud ions. 
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constants of the reaction media exhibit an influence 
on the reaction rate looks like to offer a nice tool as a 
method for distinguishing the rate-determining step 
among some successive elementary processes in the 
electron transfer reactions. 

T h e activation enthalpy and the activation entropy 
of React ion 1 in a mixed solvent #MeOH=0.16 were 
found to be A i / * = _ 0 . 4 ± 0 . 8 k j mol" 1 and AS* = -160 
J K _ 1 m o l - 1 by measuring the reaction rates at 14, 25, 
33, and 40 °C. These values are in good accordance 
with those A t f ^ S ^ i O . S k J m o l - 1 and A S # = - 1 5 5 
J K _ 1 m o l - 1 measured in pure water by Sutin and 
Gordon.2) Cramer and Meyer15) pointed out that the 
very small or even slightly negative values of AH* in 
the oxidation reactions of Fe2+aq by polypyridine 
complexes of i ron(III) and ru thenium(I I I ) suggest the 
possibility of occurrence of multiple paths in the 
electron transfer reactions. This idea may also prevail 
for the reactions in the mixed solvents of alcohols, and 
may support the reaction mechanism proposed above. 
They also indicate15) that the reaction is "non-Marcus" 
because calculated values for the Fe ( I I ) -Fe ( I I I ) 
polypyridine self-exchange rates are too low approxi­
mately by 105 16'17) as expected from the observed rate 
constant ku for Fe 2 + a q -Fe 3 +

a q reaction1»14) and the one 
k12 for the reaction under consideration, according 
to the Marcus relations which are shown in the follow-
ings, the symbols being the same as usual.18) 

*i. = (*n* 2 2 * i 2 / ) 1 / 2 (18) 

T h e reason for the dissatisfaction to the Marcus theory 
is not only due to the existence of the multiple paths 
throughout the electron transfer reaction as Cramer and 
Meyer noticed, but also because of the fact that the 
reaction Fe 2 +

a q-Fe 3+ a q does not go through an outer-
sphere mechanism in a strictly narrow sense of the word, 
but through a hydrogen-atom-transfer mechanism.14) 

Therefore, ku should not actually satisfy the value 
expected from the Marcus theory, as a matter of course. 
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The reactions of the chloromanganese(III) complexes of the Schiff bases derived from salicylaldehydes or 
/9-diketones and diamines or monoamines with superoxide ion, 02~, in dimethyl sulfoxide were investigated. The 
complexes were found to react to give either the oxygenated Mn Schiff base complexes or the reduced Mn(II) 
Schiff base complexes. The difference in the reactivity toward 02~ was correlated to the Polarographie half-wave 
potentials corresponding to the reduction of Mn(III) to Mn(II) of the complexes. Some oxygenated complexes 
were isolated and characterized. 

Manganese complexes have been of interest in 
connection with the biological redox processes including 
catalytic disproportionation of superoxide ion, 0 2 ~ . 
Examples are the manganese-containing superoxide 
dismutases (Mn-SOD) and the oxygen evolving 
photosystem I I in green plants.1) In the M n - S O D 
process, a manganese ion may exist in the oxidation 
state of +III .2 '3> Recently, McAdam et al. have 
reported that the reaction of the M n - S O D with 0 2 ~ 
depends on a ratio of 0 2 ~ concentration to the enzyme 
and that at high ratios (>15) it can not be explained 
by the simple two-step mechanism proposed for the 
C u - S O D . Thus, they have postulated a kinetic model 
including a form of the enzyme, E c , as follows : 

EA + 02- • EB + 0 2 

EB + 0 2 

EB + 02-
E„ • 

2H+ 

EA + H202 

E As 

where EA represents a native oxidized enzyme, EB a 
reduced enzyme, and Ec an enzyme unreactive toward 

o2-.4> 
Howie et al. have reported that the reaction of the 

manganese(II) and - (HI) 8-quinolinol complexes with 
0 2 ~ in dimethyl sulfoxide (DMSO) can be considered 

as a redox model for the Mn-SOD. 5 ) Valentine et al. 
have found that M n m ( t p p ) C l reacts with 0 2 ~ in D M S O 
to give Mn n ( t pp ) ; here tpp denotes tetraphenylpor-
phyrin dianion.6) Recently, Stein et al. have reported 
that M n m ( c y d t a ) ~ and M n m ( e d t a ) ~ react with 0 2 ~ 
in D M S O to give Mn n (cyd ta ) 2 ~ and Mn11 (edta)2~, 
respectively, where H 4cydta and H 4edta denote 1,2-
cyclohexanediamine- N, N, N', N'- te tra acetic acid and 
ethylenediaminetetraacetic acid, respectively.7) 

In this paper we report on the reactions of a series 
of the chloromanganese(III) Schiff base complexes 
(Fig. 1) with 0 2 - in D M S O . 

E x p e r i m e n t a l 

Preparation of Chloromanganese(III) Schiff Base Complexes. 
All the chloromanganese(III) Schiff base complexes were 
prepared by the following method, adapted from the liter­
ature.8'9) 

Chloro [NjN'-fo'.y ( 2-benzqyl -1- methylethylidene) ethylenediaminato] -
manganese (III), Mn(bzacen)Cl. To a dichloromethane 
(50 cm3)-methanol (50 cm3) solution of iV,iV/-bis(2-benzoyl-
1 -methylethylidene)ethylenediamine (3.47 g), manganese(III) 
acetate dihydrate, Mn(GH3GOO)3 .2H20 (2.68 g), was added. 
The mixture was allowed to stand at 40 °G for 30 min, and 
then lithium chloride (0.6 g) was added. After having been 

fc 
H S'*f\ H 
C=NX /N=C 

CI 

1 

H R 

<ACP 
•CI £ H 

R i 

H 
5-CH3 

5-Br 
5-N02 

5,6-Benzo 
3-OCH3 
H 
H 
H 

CH3 

C6H5 

CH3 

C6H5 

R 

C3H7 

G4H9 

G6Hn 

R2 

C)H2C«H2 

CH2CH2 

GH2GH2 

C)H2C«H2 

C)H2C)H2 

C)H2C)H2 

G6H4 

QHio 
CH(CH3)CH2 

C)H2C)H2 

C)H2C)H2 

CH(CH3)CH2 
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L? 
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iV-Busai 
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L 

salen 
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bzacpln 

Fig. 1. Manganese (III) Schiff base complexes studied. 
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T A B L E 1. ELEMENTAL ANALYSES AND MAGNETIC MOMENTS OF MANGANESE (II I ) COMPLEXES 

Complex 

Mn(acacen)Cl- (H 2O) 0 # 5 

Mn(acacp ln )Gl . (H 2 O) 0 # 3 

Mn(bzacen)Cl 
Mn(bzacpln)Cl 
M n (5,6-Benzosalen) Gl 

Found (%) Galcd (%) 

H N M n H N M n 

44 .81 5 .95 8.71 16.92 
46 .98 6 .22 8.51 16.40 
60 .20 4 .91 6 .23 12.35 

61 .75 5 .60 6 .08 12.02 
62 .84 3 .96 5 .93 11.89 

BM 

45.02 5.72 8.97 17.08 4 .96 
46 .93 6 .21 8.42 16.51 4 .77 
60 .49 5 .08 6.41 12.58 4 .91 

61.27 5 .37 6.21 12.19 4 .81 
63.10 3.97 6 .13 12.03 4 .97 

a) Measured at room temperature . 

stirred for 1 h, the solution was concentrated to ca. 20 cm 3 

under reduced pressure. Ether (200 cm3) was then added to 
precipitate brown solids. They were collected on a glass 
filter, washed with small volumes of water , 2-propanol, and 
then ether, and then dried in vacuo. They were recrystallized 
from dichloromethane. The yield was ca. 6 0 % . The 
analytical da ta and the magnetic moments of some manganese-
(I I I ) complexes are given in Tab le 1. 

Isolation of Oxygenated Complexes. [Mn (salen) ] 2 0 2 , Complex 
1 and [Mn(salen)0]n, Complex 2. To a D M S O solution 
of M n (salen) CI . H 2 0 (0.7 g) and 18-crown-6 ether (0.5 g), 
potassium superoxide, K 0 2 (0.15 g) was added in a nitrogen 
atmosphere at room tempera ture . After having been stirred 
for 2 h, the solution was evaporated to remove D M S O under 
reduced pressure. T h e reddish brown solids which separated 
were collected on a glass filter, washed with water, methanol, 
and then ether, and then dried in vacuo. T h e solids were 
extracted with dichloromethane (500 cm3) . The dichloro­
methane solution was evaporated under reduced pressure to 
give reddish brown needles, complex 1, which was identified to 
be [Mn (sa len)] 2 0 2 by the infrared spectrum and the magnetic 
susceptibilities. O n the other hand, the insoluble product 
in dichloromethane was identified to be [Mn (salen) 0 ] n , 
complex 2. T h e yields of complexes 1 and 2 were 0.21 and 
0.43 g, respectively. When the reaction of Mn(sa l en )C l«H 2 0 
with K 0 2 in D M S O was carried out in the absence of 18-
crown-6 ether, the yields of complexes 1 and 2 were 0.03 and 
0.50 g, respectively. 

T h e oxygenated manganese complexes, Mn(sa lchxn)0« 
H 2 0 and Mn(5 ,6 -benzosa l en )0»H 2 0 were obtained by the 
reactions of the corresponding chloromaganese(III) complexes 
with K 0 2 in D M S O and benzene, respectively. These 
complexes were reddish brown powders and were insoluble 
in common organic solvents. Therefore, further purification 
could not be performed. M n ( s a l c h x n ) 0 » H 2 0 : Found : C, 
58.70; H , 4.98; N , 6.98; M n , 13.23%. Galcd for Mn(C 2 0 H 2 2 -
N 2 0 4 ) : G, 58.69; H , 5.42; N , 6.84; Mn , 13.42%. I R : 650 
and 618 c m - 1 ( vMn-O) . Magnet ic moment at room tem­
pera ture : 1.89 BM. M n ( 5 , 6 - B e n z o s a l e n ) 0 - H 2 0 : Found : G, 
63.93; H , 3.99; N , 6.23; M n , 12.25%. Galcd for Mn(C 2 4 H 2 0 -
N 2 0 4 ) : G, 63.31; H , 4 .43; N , 6.15; M n , 12.06%. I R : 653 
and 603 c m - 1 (vMn-O) . Magnet ic moment at room tem­
pera tu re : 2.90 BM. 

[Mn(bzacen)O~\'(CH2Cl2)0y. To a benzene solution (200 
cm3) containing Mn(bzacen)Cl (0.7 g) and 18-crown-6 ether 
(0.5 g), K 0 2 (0.15 g) was added in a nitrogen atmosphere. 
T h e solution turned the color from brown to reddish brown 
gradually on stirring for 2 h. T h e mixture was filtered and 
the filtrate was evaporated under reduced pressure. The 
precipitated solids were collected on a filter, washed with 
small volumes of water and methanol and then thoroughly 
with ether, and then dried in vacuo. O n recrystallization from 
dichloromethane, reddish brown needles were obtained. The 
yield was ca. 0.2 g. T h e complex is soluble in dichloro­

methane and slightly soluble in D M S O . Found : G, 60.07; 
H , 5.16; N , 6.10; Mn , 12.39%. Galcd for Mn(C 2 2 H 2 2 N 2 0 3 ) -
(CH2C12)0>3: G, 60.48; H , 5.14; N , 6.33; Mn , 12.40%. I R : 
650 c m - 1 ( vMn-O) . Magnet ic moment at room temperature : 
2.55 B M . 

T h e oxygenated complex, M n ( b z a c p l n ) 0 « ( C H 2 C l 2 ) M was 
obtained in a similar manner . Found : G, 60.45; H , 5.25; 
N, 6.02; Mn, 11.84%. Galcd for Mn(C 2 3 H 2 4 N 2 0 3 ) (CH 2 -
Cl2)o.4: c> 6 0 - 4 ° ; H> 5.37; N , 6.02; M n , 11 .81%. I R : 644 
c m - 1 ( vMn-O) . Magnetic moment at room tempera ture : 
1.87 BM. 

Reagents. All reagents were of reagent grade. Potas­
sium superoxide, K 0 2 , was purchased from Alfa products 
Inc. (Above 96.5%). Dimethyl sulfoxide was distilled twice 
under reduced pressure prior to use. Benzene was distilled 
over sodium. Acetonitrile was refluxed over diphosphorus 
pentaoxide and distilled twice prior to use. Dichloromethane 
was distilled over calcium chloride. 

Preparation of DMSO Solution of K02. A D M S O solu­
tion of K 0 2 (ca. 10 - 2 M, 1 M = 1 mol d m - 3 ) was prepared 
by dissolving K 0 2 (18.7 mg) into D M S O (25 cm3) in the 
presence of 18-crown-6 ether (0.1 g). The 0 2

- concentration 
of the solution was determined by spectrophotometry.10) 

Measurements. The U V , V, and N I R spectra were 
recorded on Hitachi EPS-3 and Hitachi 340 recording spec­
trophotometers . T h e I R spectra in the 4000—650 and 700— 
250 c m - 1 regions were recorded on a Hitachi 215 and on a 
Hitachi EPI-L grating spectrophotometer, respectively. 
Polarograms were obtained by using a Yanagimoto p-8 
polarograph. A dropping mercury electrode and a mercury 
pool were used as the working and the reference electrode, 
respectively ; this avoided any effect of water on the reaction 
systems that would occur if a saturated calomel electrode was 
used. Te t rabuty lammonium Perchlorate, (Bu)4NC104 , was 
used as the supporting electrolyte and Tr i ton-X 100 as the 
maximum suppressor. Magnetic susceptibilities were mea­
sured by a Gouy method at room temperature . The reactions 
of the manganese ( I I I ) complexes with 0 2

- were carried out 
under nitrogen atmosphere. 

R e s u l t s a n d D i s c u s s i o n 

I t is s u p p o s e d t h a t i n t h e n a t i v e M n - S O D t h e 
n i t r o g e n a n d / o r o x y g e n a t o m s of t h e a m i n o a c i d res idues 
of t h e p r o t e i n s a r e c o o r d i n a t e d w i t h m a n g a n e s e ions , 
a l t h o u g h t h e de ta i l s of c o o r d i n a t i o n s t r u c t u r e h a v e n o t 
ye t b e e n c lar i f ied. R e c e n t l y , t h e m a n g a n e s e i on in t h e 
n a t i v e M n - S O D h a s b e e n f o u n d to b e in t h e o x i d a t i o n 
s t a t e - f i l l . 2 ' 3 ) T h e r e a c t i o n s of t h e m a n g a n e s e ( I I I ) 
Schifif b a s e c o m p l e x e s w i t h 0 2 ~ inves t i ga t ed h e r e afford 
i n f o r m a t i o n in c o n n e c t i o n w i t h t h e c a t a l y t i c d i sp ropo r ­
t i o n a t e of 0 2 ~ b y t h e M n - S O D . 

Visible Absorption Spectra. Figure 2 shows the 
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^5 

< 

Wavelength/nm 

Fig. 2. Spectral changes of a DMSO solution of Mn-
(salen)Gl.HaO, 2 x l O " 4 M , caused by the addition 
o fK0 2 . 
1) : No addition, 2) : [K02]/[complex] = 2, 3) : 4, 4) : 6, 
5) : after passing 0 2 through the solution shown by curve 
4. Cell length: 1 cm. 

o 
ö 

Wavelength/nm 

Fig. 3. Spectral changes of a DMSO solution of [Mn-
(salen)]202, 8 X 10~6 M, caused by the addition of K 0 2 . 
1) : No addition, 2) : [K02]/[complex]==3, 3) : 6, 4) : 10. 
Cell length : 1 cm. 

spectral changes of Mn(sa l en )Cl -H 2 0 in the D M S O 
solution caused by the addition of K 0 2 in different 
molar ratios. The spectra changed remarkably, showing 
an isosbestic point at 390 nm. And a broad absorption 
band which appeared for the first time around 480 nm 
increased in intensity on the addition of K 0 2 up to 
[K0 2] / [complex] = 4 ; further amounts of K 0 2 caused 
an decrease in the intensity and the appearance of an 
absorption band at 364 nm. These spectral changes can 
be interpreted as follows. The absorption band around 
480 nm may be due to the formation of the oxygenated 

complex. This is supported by the fact that the oxygen­
ated complex, [Mn (salen) ] 2 0 2 , obtained by the reaction 
of Mn11 (salen) with molecular oxygen in D M S O is 
characterized by an intense absorption band in the 
same region.11) The spectral changes observed on the 
further addition of K 0 2 are considered to be due to a 
reaction of the oxygenated complex formed in solution 
with an excess amount of 0 2 ~ to yield the manganese (II) 
complex, Mn11 (salen). This is confirmed by the facts 
that the absorption spectrum shown by curve 4 is in 
agreement with that of Mn11 (salen) in D M S O , and that 
by introducing molecular oxygen (0 2 ) into this solution 
it comes to show an absorption curve similar to that 
of the oxygenated complex, [Mn (salen) ] 2 0 2 ; this 
complex again reacts with 0 2 ~ , showing similar spectral 
changes, as seen in Fig. 3. 

o 
Ö 

o 
^ 5 

Wavelength/nm 

Fig. 4. Spectral changes of a DMSO solution of Mn-
(acacpln)Gl.(H2O)0.3, 2 x l 0 ~ 4 M , caused by the 
addition of K 0 2 . 
1): No addition, 2): [K02]/[complex] = 1.5, 3): 2, 
4): 2.5. Cell length: 1cm. 

Figure 4 shows the spectral changes for the complex 
Mn(acacpln)Cl by the addition of K 0 2 . These are 
similar to those observed for the complex M n (salen) CI« 
H 2 0 . This indicates that the oxygenation of Mn-
(acacpln)Cl occurs because of the reaction with 0 2 ~ . 

Figure 5 shows the spectral changes for the complex 
Mn(5-N0 2 sa len)Cl . Unlike the above two complexes, 
the intensity of the weak absorption band around 500 
nm decreases with increasing intensity of a new absorp­
tion band at 402 nm. The final absorption curve shown 
by curve 4 in Fig. 5 is coincident with that of Mn11-
(5-N02salen) in D M S O . This indicates that Mn(5-
N0 2salen) Cl is reduced with 02~~ to form the manganese-
(II) complex. The spectral changes for the complex 
M n m ( 3 - M e O s a l e n ) C l - H 2 0 are shown in Fig. 6. We 
previously reported that Mn n (3 -MeOsa len )«H 2 0 was 
readily oxidized by 0 2 in common organic solvents to 
give the oxidized complex.11) I t is clearly evidenced in 
Fig. 6 that M n m ( 3 - M e O s a l e n ) C l - H 2 0 is reduced with 
0 2 ~ to the manganese (II) complex. Bubbling 0 2 into 
the solution including [ K 0 2 ] / [complex] = 3 and showing 
absorption curve 4 results in the change of the absorption 
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Fig. 5. Spectral changes of a DMSO solution of Mn(5-
N02salen)Cl, 4 x l O - 5 M , caused by the addition of 
K 0 2 . 
1) : No addition, 2) : [KOJ / [complex] = 1, 3) : 2, 4) : 3. 
Cell length : 1 cm. 
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Fig. 7. Changes in polarograms during the reaction o* 
Mn(5-N02salen)Cl, 2x 10"4 M, with K 0 2 in DMSO. 
1): No addition of K 0 2 , 2): [KOJ/[complex]-2, 
3) : 4, 4) : after passing N2 through the solution shown 
by curve 3. 
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Fig. 6. Spectral changes of a DMSO solution of Mn(3-
MeOsalen)Cl.H20, 1.0X 10"4 M, caused by the addi­
tion of K 0 2 . 
1) : No addition, 2) : [KOJ/[complex] = 1, 3) : 2, 4) : 3, 
5): after passing 0 2 through the solution shown by 
curve 4. Cell length : 1 cm. 

to curve 5, which is quite like that observed in the 
reaction of Mn n (3-MeOsalen) . H 2 0 with 0 2 in D M S O . 

Polarograms. T h e polarograms of the manganese-
(III) complexes show one cathodic wave around —0.2 V 
and one- or two-step cathodic waves in the —1.5 2.0 
V range. T h e polarogram of Mn(5-N0 2 sa len)Cl in 
D M S O is shown by curve 1 in Fig. 7. The first cathodic 
wave can be assigned to the reduction of M n ( I I I ) to 
Mn( I I ) and the second and third waves may involve 
the reductions of the coordinated Schiff base ligand.12 '13) 
An addition of K 0 2 to the solution of the complex 
( [K0 2 ] / [complex] =2) caused a decrease in the height 
of the first cathodic wave and the appearance of a new 
cathodic wave at a half-wave potential of —0.6 V. With 
increasing amounts of K 0 2 , the wave height of the 
former decreased and that of the latter increased. The 
above new cathodic wave can be easily assigned to tho 

reduction of free 0 2 in the solution, because the half-
wave potential is nearly equal to that observed for 
dissolved 0 2 and the wave would disappear readily if 
nitrogen gas was passed through the solution. The 
solution obtained after passing nitrogen gas has a 
polarogram which resembles that of Mn n (5 -N0 2 sa len) . 
These results indicate that Mn(5-N0 2 salen)Cl is reduced 
with 0 2 ~ to yield the manganese (II) complex and 0 2 , 
M n i n L + + 0 2 - - » M n n L + 0 2 , where L denotes 5-N0 2 -
salen. This is consistent with the results observed in the 
absorption spectral changes. 
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Fig. 8. Changes in polarograms during the reaction of 
Mn(bzacen)Gl, 2 X 10"4 M, with K 0 2 in DMSO. 
1) : No addition of K 0 2 , 2) : [KOJ/[complex] = 1, 3) : 2, 
4) : 4, 5) : after passing N2 through the solution shown by 
curve 4. 
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The polarogram of Mn(bzacen)Cl shown in Fig. 8 
exhibits three cathodic waves at the half-wave potentials 
of —0.3, —1.6, and —1.8 V. T h e first cathodic wave 
is due to the reduction of M n ( I I I ) to M n ( I I ) . By the 
addition of K 0 2 , the cathodic wave due to free 0 2 

barely appeared in the solution composed with [ K 0 2 ] / 
[complex] = 2 , though the wave height around —0.3 V 
was observed to increase. Fur ther addition of K 0 2 

( [K0 2 ] / [complex] = 4 ) caused a decrease in this wave 
height and an increase in the wave height due to free 0 2 . 
The polarogram obtained after passing nitrogen gas 
through the solution (shown by curve 4 in Fig. 8) 
exhibits only a small wave height at —0.3 V ; this may 
be due to the residue of the manganese (III) complex. 
From these Polarographie observation, the reaction of 
Mn(bzacen)Cl with 0 2 ~ can be explained as follows. 
The increase in the wave height at —0.3 V observed at 
the molar ratio change from 1 to 2 may be caused by the 
formation of the oxygenated complex, hence the 
cathodic wave due to O a is slightly observed. At the 
molar ratio of 4 the oxygenated complex reacts with 0 2 ~ 
to give the manganese(II) complex and 0 2 . 

Reactivity toward 02~. In view of the reactivity 
toward 0 2 ~ observed in the spectral and Polarographie 
behavior, the chloromanganese(III) Schiff base com­
plexes investigated here can be classified into two types : 
one involving the complexes which form the oxygenated 
complex in the solution containing K 0 2 in the molar 
ratio of [K0 2 ] / [complex] < 2 — 3 , and the other involving 
the complexes which are only reduced to the correspond­
ing manganese (I I) complexes with the evolution of 
molecular oxygen. These results are summarized in 
Table 2, along with the half-wave potentials for the 
reduction of Mn( I I I ) to M n ( I I ) . T h e reactivity toward 
0 2 ~ is clearly correlated with the reduction potentials 
of the complexes. Tha t is, the complexes having more 

TABLE 2. REDUCTION POTENTIALS OF MANGANESE (III) 

COMPLEXES AND REACTIVITY TOWARD 0 2 ~ 

Complex 

Mn(acacen)Cl • (H2O)0>5 

Mn(acacpln)Cl- (H2O)0>3 

Mn(bzacen)Cl 
Mn(bzacpln)Cl 
Mn(salchxn)Cl 
Mn(5-Mesalen)Cl 
Mn (5,6-Benzosalen) CI 
Mn(salen)Cl.HaO 
Mn(salpln)Cl 
Mn(3-MeOsalen) CI • H 2 0 
Mn(5-Brsalen)Cl 
Mn(salphen)Cl 
Mn(5-NOasalen)Cl 
Mn(iV-Busai)2Cl 
Mn(#-Prsai)2Cl 
Mn(AT-c-Hxsai)2Cl 

-ZVa10 vs. Hg pool 
v 

Mn(III)-> 
Mn(II) 

5739 
0.33 
0.32 
0.30 
0.21 
0.20 
0.19 
0.19 
0.18 
0.15 
0.15 
0.08 
0.03 
0.02 
0.02 
0.00 

Reactivity 
toward 0 2

_ 

Oxygenation 
Oxygenation 
Oxygenation 
Oxygenation 
Oxygenation 
Oxygenation 
Oxygenation 
Oxygenation 
Reduction 
Reduction 
Reduction 
Reduction 
Reduction 
Reduction 
Reduction 
Reduction 

negative potentials than that of M n ( s a l e n ) C l ' H 2 0 form 
the oxygenated complexes, whereas the complexes 
having more positive potentials than that of Mn(salpln)-
Cl are reduced to the manganese(II) complexes. 

Isolation and Characterization of the Oxygenated Complexes. 
Several oxygenated manganese complexes were isolated 
by the reactions of chloromanganese(III) Schiff base 
complexes with K O a in D M S O or benzene. In the 
case of Mn(sa l en )C l -H 2 0 , two types of the oxygenated 
complexes, [Mn(sa len) ] 2 0 2 and [Mn(sa l en )0 ] n , were 
isolated. The former complex shows an intense broad 
absorption band around 480 nm. In the I R spectrum 
the former complex shows a strong band assignable to 
the M n - O stretching vibration at 645 c m - 1 , while the 
latter, which is insoluble in common organic solvents, 
shows two strong bands due to the M n - O stretching 
vibrations at 665 and 605 c m - 1 . T h e effective magnetic 
moments of [Mn(salen)]2O a and [ M n ( s a l e n ) 0 ] n were 
2.16 and 2.04 BM, respectively. These values are lower 
than the spin-only one which is expected for a complex 
with the d4 or d3 high-spin configuration; they may be 
caused by the antiferromagnetic interactions observed 
for the complexes where the manganese atoms are 
probably linked by the oxygen atoms : M n i n - 0 2 - M n m 

and - E M n I V - 0 3 - n . u ) 

Wave number/103 cm - 1 

Fig. 9. Electronic spectra. 
: Mn(bzacen)O«(CH2Cl2)0 3 in dichloromethane, 
: Mn(bzacen)ClinDMSO.' 

a) Measured in acetonitrile 
(Bu)4NC104 at 25 °C. 

containing 0.1 mol dm-3 

T h e other oxygenated manganese complexes obtained 
in this work also show lower magnetic moments. T h e 
I R spectra of the oxygenated complexes, Mn(sa l chxn)0 
and Mn(5,6-Benzosalen) O, which are insoluble in 
common organic solvents, show two strong bands in 
the 700—600 c m - 1 region. Therefore, these complexes 
may have a structure similar to that of [Mn(sa l en )0 ] n . 
O n the other hand, the I R spectra of the oxygenated 
complexes, M n ( b z a c e n ) 0 and M n ( b z a c p l n ) 0 , which 
are soluble in dichloromethane show one strong band in 
the 700—600 c m - 1 region. Moreover, the electronic 
spectrum of M n ( b z a c e n ) 0 in dichloromethane shows 
an intense absorption band around 500 nm, as shown 
in Fig. 9. These results suggest tha t the oxygenated 
complexes may have a structure similar to that of 
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[Mn(salen)] 2 0 2 . Since the manganese (II) complexes 
with the Schiff bases derived from /?-diketones and 
diamines have not been isolated due to the instabilities, 
there has been no at tempt to prepare their oxygenated 
complexes by reacting them with 0 2 . 

Among the oxygenated manganese-Schiff base com­
plexes, the compounds with such unitary groups as oxo 
( M n = 0 ) , //-oxo ( M n - O - M n ) , catena-//-oxo « M n - 0 > J , 

/ O x 
//-peroxo ( M n - O - O - M n ) , and di-/*-oxo (Mn Mn) 

have so far been reported.10) However, these structures 
have been determined only by the elemental analyses 
and the conventional physicochemical measurements, 
with the exception of the oxygenated product of Mn11-
(sa lpn)«H 2 0. This has been revealed by X-ray struc­
tural analysis to be a di-//-hydroxo structure 

/ O H x 
(Mn Mn) , where salpnH2 denotes JV,iV'-disali-

x O H / 
cylidene-1 ;3-propanediamine.14) 

The reactivity of K 0 2 with the present manganese-
(III) complexes will open a new route for synthesis and 
will provide a method of characterization for the 
oxygenated complexes. 
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Potentiometrie titration was carried out at 25.0±0.1 °G and at an ionic strength of 1.00 mol dmr3 in sodium 
Perchlorate for a system of copper(II)-dipeptide(A)-a second ligand(B) in an aqueous solution to obtain the 
formation constants of mixed ligand complexes Cu "HgArBs. A was glycylglycine or glycinamide, and B was 
ethylamine or 2-aminoethanol. The structure of CuFLjA;, in solution is discussed. It was found that the ligand 
A acts as a unidentate ligand and the other deprotonated H_XA as a terdentate one for the most part; only about 
2% of this complex are in a bidentate-bidentate form. 

Glycylglycine, one of the simplest peptides, gives rise 
to several metal complexes in an aqueous solution, and 
serves as a model compound for the complexation 
reactions of polypeptides and even of proteins. Thermo­
dynamic equilibria of copper(II)-glycylglycine com­
plexes have been studied ra ther extensively,1-4) and the 
existence of species such as CuA, CuHA, CuH_iA, 
CuH_2A, and CuH_iA2 has been reported (HA repre­
sents a glycylglycine molecule). Strandberg et al. have 
elucidated by crystallographic studies the structure of 
the diaquaglycylglycinatocopper(II) hydrate (CuH_iA), 
in which the peptide N H proton is released; they found 
that the ligand acts as a terdentate one.5) For CuH_xA2 , 
however, two possible structures are expected, so it is of 
interest to discuss the equilibrium data . 

E x p e r i m e n t a l 

Reagents. Glycylglycine and glycinamide hydrochloride 
were used as received (Tokyo Kasei Kogyo Co., G. R.). 

Ethylamine hydrochloride and 2-aminoethanol were ob­
tained from Wako Pure Chemical Ind. Ltd. The former was 
recrystallized from water and dried in vacuo at 60 °C, while 
the latter was vacuum distilled over sodium hydroxide. 

Copper(II) Perchlorate: Copper(II) carbonate was prepared 
by mixing copper(II) chloride (Wako Pure Chemical Ind. 
Ltd., G. R.) with a solution of sodium carbonate. Perchloric 
acid was added in small excess to the washed copper carbonate 
and copper Perchlorate was then crystallized from the solution. 

Sodium Perchlorate: Commercial sodium Perchlorate 
(Merck, pro analysi) was recrystallized from water. A con­
centrated solution was analyzed gravimetrically after heating 
the solution gently in a platinum crucible on a hot plate to 
dryness. This simple method gives very reproducible and 
accurate results. 

Potentiometry. Measurement of potential was made 
with a digital pH/mV meter (Orion, model 801) using a glass 
electrode (Metrohm EA 109) and a reference calomel electrode 
(Metrohm EA 404), which contained an internal solution of 
sodium chloride. Each measurement was accurate to 0.2 
mV. Titrations were carried out in double-walled glass cell 
thermostated at 25^0.1 °C under nitrogen presaturated with 
water vapor. A Metrohm piston burette was used for addi­
tion of 1.140 Mît sodium hydroxide solution. The ionic 

strength of each solution was adjusted to 1.00 M in sodium 
Perchlorate. 

R e s u l t s 

Determination of Stability Constants. Complex for­
mation of copper(II) ion (M) with a complexing agent 
(A) and a second ligand (B) is represented in general 
by the following expression: 

pM+qU + rA + sZ ^=± M^H.A.B,, (1) 

where charges are omitted for simplicity. T h e formation 
constant ßPqrs is defined as follows : 

ßpqrg = [ M ^ A A ] / ^ « ' , (2) 

where m, h, a, and b refer to the concentrations of the 
free metal ion, proton, and free A and B ligands, 
respectively. When B is absent from the system, only 
ßpar is defined. 

TABLE 1. EXPERIMENTAL CONDITIONS FOR THE 

MEASUREMENT OF FORMATION CONSTANTS 

1) Protonation constants 
No. 10^ Cligand/M Ligand 

t Present address: National Institute for Basic Biology, 
National Center for Biological Sciences, Myodaiji, Okazaki 
444. 

tt Throughout this paper: 1 M = 1 mol dmr3. 

I 
II 
I I I - l , III-2 
IV 

1.088 
1.694 

Glycylglycinf 
Glycinamide 

1.113,2.197 Ethylamine 
1.170 

2) Glycinamide complexes 
No. 

vTi 
V-2 

10a CJM 

1.778 
1.449 

3) Glycylglycine complexes 
No. 

VLÏ 
VI-2 
VI-3 
VI-4 
VI-5 
VI-6 
VI-7 
VII-1° 
VII-2b) 

VII-3W 

VIII e 5 

103 CA/Ma> 

3.727 
8.565 
8.698 

12.69 
5.159 
8.707 
8.704 
4.127 
4.977 
4.348 
4.284 

2-Aminoethanol 

10 CM/M 

0.7054 
1.033 

103 CM/M 

3.299 
4.124 
4.124 
4.124 
4.124 
8.248 
2.062 
3.299 
4.124 
4.124 
4.124 

102 cB/M 

1.024 
2.100 
4.184 
1.247 

a) A: Glycylglycine. b) B: Ethylamine. c) B: 2-Amino­
ethanol. 
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TABLE 2. FORMATION CONSTANTS /?pqrs ( c e =l mol dm-3, 

25 .0±0 .1 °C, ß=l (NaC104)). 

1) Protonation constants 
Ligand pgr log ß B 

Glycylglycine 

Glycinamide 
Ethylamine 
2-Aminoethanol 

2) Glycinamide complexes 
PV log ßmrs 

Oil 
021 
Oil 
Oil 
Oil 

8.21±0.05 

I1 .46±0.08 
8.208±0.003 

l l . 0 4 i 0 . 1 0 
9.77±0.05 

101 
102 
112 
122 

5 .53±0.03 
10.00±0.05 
2 .72±0.05 

- 5 . 7 5 ± 0 . 0 8 

3) Glycylglycine complexes 
pgrs 

101 
111 
121 
112 

1111 
1111 

log ßKIB 

5.54±0.05 
1.31±0.05 

- 7 . 9 9 ± 0 . 1 0 
4 .50±0.05 
4 .71±0 .08 
4 . 9 ± 0 . 2 

B 

2-Aminoethanol 
Ethylamine 

Lefebvre's method (Methode de l a surface potentio-
métrique)6) provided compositions of species present 
as well as approximate values of the corresponding 
formation constants. These values were further refined 
by using a least-squares technique with the data ~q 
(average number of protons bound per mole of con­
stituent A and B)4> on an electronic computer F A C O M 
230-75 at the Computat ion Center of Nagoya University. 
A Fortran program QjPOL (R.-P. Mart in , Université 
Claude Bernard, Lyon I) was used for this calculation 
after certain modifications by the present authors. 
Experimental conditions and the results of calculation 
are summarized in Tables 1 and 2. 

Table 2 shows a remarkable similarity between the 
protonation constants as well as between the complex 
formations of CuA for glycylglycine and glycinamide. 
These similarities indicate that the terminal nitrogen 
atoms in these ligands have the same basicity. 

The values in this work for glycinamide are somewhat 
larger than those obtained by Dorigatti and Billo;7) 
this may be accounted for in terms of different ionic 
media (0.10 M in N a C l O J . The results obtained for 
glycylglycine are essentially the same as those obtained 
by Mar t in et al.*) 

D i s c u s s i o n 

There are two possible structures for the complex 
CuH_iA2 , as shown in Fig. 1. In the first case, one 
peptide coordinates to the central ion as a terdentate 
ligand, while the other works as a unidentate : this is 
termed type (3,1). This type of crystal structure has 
already been found for a copper(II)-glycylglycine-
imidazole complex.8) 

In the second complex, each ligand coordinates as a 
bidentate one, although the donor atoms are different. 

H2IT Nr-^ **o 

H fee- ,o 
/ 

H2N' N-CH2-C00" 

H,N 

CH, 
\ 

*0 

o=c 
H2C — C 

./ 

\ 
HN-CH2-C00~ 

type(3,1) 

HN-CH2-C00" 

type(2,2) 
Fig. 1. Possible structures for bis(glycylglycinato) copper 

(II) CuH_xA2. 

Therefore this is referred to as type (2,2). The principal 
point of interest is which predominates in an aqueous 
solution. 

For the first type of complex, a unidentate glycyl­
glycine A may be designated as N, because the donor 
atom must be the amino nitrogen. Then formation of a 
complex of type (3,1), Cu_xAN, is formulated as 
follows : 

^CuH_,AN 

CuH_xA + N ==± CuH^AN. (3) 

The formation constant of mixed ligand complexes 
has been discussed by many authors. Here the formula­
tion of Tanaka9) is applied, since the interactions 
between donor atoms are very important in this case. 

log tfcV.AN = log * C
N

U N + A lug * o s 

+ EVi(H_iA)^(N), (4) 

A log Kos = log ^ ( C u H . x A , N) - l o g Koa(Cu, N), (5) 

where Kcm is the formation constant of CuN, (5jj the 
effect of the donor atom i in the ligand H_XA on the 
donor atom j in the ligand N (mainly a repulsion term, 
<5N0=— 0.26 and (5NN= — 0.35, and X\ or x-} is the 
number of the donor atoms i or j in each ligand. Kos 
denotes the formation constant of an outer sphere 
complex, but with amino acids and their related ligands 
log Kos may be assumed to be negligible.9) 

The da ta for Kcnu is not available and therefore the 
formation constant of copper ( I I ) -ammine complex is 
substituted for it.10) 

log A&H-.AN = 4.197 + 0 - 0.97 = 3.24, 

[GuH_!A2] [GuH.jA] A 
(6) 

Pfii(3, 1) = [GuH_!A][N] 
__ JTN 
— • • « • P i . L CuH-iAN * P l l l J (7) 

log /W3, 6 l ) = 3 . 2 4 + 1.31 = 4 . 5 5 . (7') 

T h e observed value 4.50 for log /?Ü2 is in good accord 
with the above value calculated. 2-Aminoethanol and 
ethylamine act only as a unidentate ligand; the forma­
tion constants of their mixed ligand complexes (^og ßjin) 
correspond unambiguously to that of type (3,1). The 
experimental values of 4.71 (2-aminoethanol) and 4.9 
(ethylamine) compare with the theoretical ones. Koltun 
et al. have reported the formation constant of the 
imidazole complex, from which l o g ß ü u is calculated 
to be 4.91 (ionic s t rength=0.075 M, 25 °C).2> The 
terdentate nature in this complex is well established 

ll.04i0.10
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in a solid state.8) These findings suggest predominance 
of the complex of type (3,1) in solution. A similar 
calculation for type (2,2) is also interesting. 

The structure of CuH- x A has been determined by the 
X-ray method.5) The majority of the deprotonated 
ligands may play the role of terdentate ligands also in 
solution (s form). 

X *H2° 

(E-form) 

: Cu 

H j O ^ X 0 H 2 

(T-form) 

(8) 

Nevertheless, there may exist a complex in which the 
peptide acts as bidentate ligand, though in a very small 
amount ; this type of complex is named y form. In 
fact Nakahara et al. have prepared dipotassium bis-
(glycylglycinato)cuprate(II),11) whose structure has been 
determined.12) The pr imary coordination around the 
central ion is approximately square, and two ligands 
bond to the copper ion through the amino and peptide 
nitrogen atoms alone, that is, in a y form. 

The thermodynamic constant for the equilibrium 
between y and e is not available, so we consider the 
complexation reactions of ethylenediamine monoacetic 
acid (EDMA, potentially terdentate) with copper(II).13) 
T h e equilibrium between y and e forms in the E D M A 
complex is written as follows: 

[e] _ [Cu(edma)] 
R = 

[Cu(edma)'] 

[Cu(edma)] m[edma] 

?w[edma] [Cu(edma)'] (9) 

Cu(edma) ' represents a complex in which E D M A is 
attached to copper(II) ion as a bidentate ligand, with 
the ethylenediamine nitrogen atoms being donor ones. 
Thus the formation constant of this complex may be 
approximated by the Cu-ethylenediamine complex 

0Scu(en)).14) 

R = / V e d m a ) / / W e n ) = IO 2 ' 8 2 (10) 

This ratio R may be substituted for the equilibrium 
constant for Reaction 8 of the dipeptide complexes. 
The validity of this assumption is also confirmed by the 
following argument on the deprotonation of copper 
chelates : 

CuA ^ = ± GuH_xA' + H, (11) 

where CuH- jA ' denotes the deprotonated copper 
complex of glycylglycine in y form. 

_ [GuH,1A'] h _ [a] h [y] 
1 [CuA] [CuA] [e] 

= / W 0 W * ) = io-7-05- (12) 

For glycinamide, corresponding da ta are not available, 
but this equilibrium constant Kx, may be approximated 
by that of the deprotonation of CuA2 giving rise to 
CuH-jAg, neglecting some effects resulting from the 
other ligand A. 

[CuH_1A8]A 
K* = 

[CuA2] 
- = / W ; s 1 0 2 = io2-72 io- 1 0- 0 0 

= I O - 7 - 2 8 ^ ^ . 

The equality of Kx to K2 justifies experimentally the 
validity of the R value, because this ratio is used in 
calculating Kx, while K2 is derived from the experimental 
data . Thus the formation constant of the glycylglycine 
complex of type (2,2) is rewritten as : 

[CuH_1A2]A 
Aïi(2, 2) = 

[CuH^A'] [GuH_xA]A [CuH_1A2] 

[CuH.xA] m a [CuH_xA'] a 

= F f c / c V n . (14) 

Application of the formulation from Tanaka9) gives : 

log * &,H-,A'A = log K£UA + log Kos 

+ Z<Vi(H-iA)*j(A) 
= 5 . 5 4 + 0 - 1 . 2 2 = 4.32. (15) 

Then we have 

log ßlx2(2, 2) = - 2 . 8 2 + 1.31 + 4 . 3 2 = 2.81. (16) 

This calculated value is about two orders of magnitude 
less than the observed one, while it is in good agreement 
with the experimental one for glycinamide (log/911-2= 
2.72). Since this amide complex can take only the 
geometry of type (2,2), as evident from Fig. 2, the 
agreement is a fair indication of the validity of such an 
approach. 

H2C — C x 

/ ^ 
H2N. 0 

\ // 
H,C—C 

NH, 
H , C - C * ° 
/ \ _ 

H2N ^ ^ NH 

Cu 

0 H,N ;o 
\ NH, 

H 2 C - C 

NH, 

(13) 

CuA2 CuH-TAa 

Fig. 2. Structures of bis (glycinamide) copper(II) com­
plexes. 

For the mixed ligand complex C u H ^ A B which 
includes glycine as B, a similar calculation shows that 
log/ffnn(3,l) = 4 . 5 5 and that logß lxxx(2,2) = 5 . 3 5 , while 
the observed value is 5.255.4) Thus, glycine and the 
deprotonated dipeptide both chelate on the basal plane 
as bidentate ligands, in contrast to the situation in the 
CuH-jAg complex. This may result from the much 
greater ability of glycine to chelate a metal ion compared 
with the dipeptide interacting with the non-deprotonated 
C O N H group. 

O n the other hand, glycine is supposed to coordinate 
with an apical position in its mixed ligand copper(II) 
complexes with substituted iminodiacetic acids or 
diethylenetriamine, because its formation constants are 
considerably greater than those for its esters.15'16) 

For a dipeptide, however, coordination via carbonyl 
oxygen is generally very weak (type (3,1)), and its 
terminal carboxylate cannot interact with the apical 
position without considerable strain, according to the 
Dreiding Stereomodel (type (2,2)). Therefore the 
apical coordination will be unimportant in the case of 
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glycylglycinato copper(II) complexes, which probably 
account for the good agreement between the observed 
and calculated formation constants as shown above. 

In brief, the glycylglycine complex CuH- iA 2 of type 
(3,1) predominates in an aqueous solution, while about 
2 % of them are still present in the form of type (2,2), 
since /?(2,2)//?(3,l) = 1.8 X 10~2. This conclusion supports 
the proposal by Gergely and Nagypâl,17* apart from the 
question of the apical interaction. 
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Nagoya University, for helpful discussions as well as for 
continuing encouragement in performing this investiga­
tion, and also to Mr . T . Noda, Nagoya University, for 
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The complex formation of the Cu(II) ion with ethylenediaminetetraacetic acid (EDTA) and iV-(2-hydroxy-
ethyl)ethylenediamine-iV,Ar/,iVr/-triacetic acid (HEDTA) has been studied potentiometrically and polarographically 
over the wide pH range from 1 to 11 in aqueous solutions containing 1.0 mol dm - 1 NaC104 at 25.0 °G. Both the emf 
data obtained by Potentiometrie titrations and the pH-dependence of reversible half-wave potentials were ex­
plained in terms of the formation of the following complex species: for the Cu-EDTA complexes, CuL2~ (log ß1(n= 
17.28±0.04), CuHL- ( log£ m = 20.15±0.04), CuH2L(log,8121 = 22.73±0.04), CuH3L+(log£131 = 24.12±0.04), and 
CuH^L 3 - (log &_!! = 6.83±0.05); for the Cu-HEDTA complexes, CuL~ (log /3101=16.30±0.05), CuHL (log 
ß m = 18.76 ±0.04), CuH2L+ (log ß121= 19.85±0.04) and C u H ^ L 2 - (log/31_11 = 6.35±0.05), where ßpqr= 
[CuJ,HgLr]/[Cu2+]p[H+]ff[L]r, and where L denotes the unprotonated molecule of EDTA or HEDTA. 

The complex-formation reaction of the Cu(II) ion 
with ethylenediaminetetraacetic acid (EDTA) and JV-
(2-hydroxyethyl)ethylenediamine-iV,iV',iV'-triacetic acid 
(HEDTA) has been studied by a number of workers, 
and the formation constants of unprotonated and mono-
protonated species have been reported.1-2) The forma­
tion constants of the diprotonated C u ( I I ) - E D T A 
complex have been reported only by Gorelova et a/.3) 
Interest has also been shown in the problem of deter­
mining the protonation schemes of the coordinated 
ligands and structures of metal complexes by using 
infrared spectrometry,4-6) N M R spectrometry4-7_1°) and 
other methods.11"14) Nuttall and Stalker15) have 
recently proposed, from measurements of the R a m a n 
spectra, that protons in protonated G u ( I I ) - E D T A 
complexes are located at the oxygen atoms of the ligand 
carboxyl groups. 

In our previous papers16-17) we have found that a 
number of protonated complex species of the M H ? L 
type (q= 1,2,3 for the E D T A complex and q = 1,2 for the 
H E D T A complex) are formed in an acidic solution 
containing Cd(II) and Pb(II) ions. Therefore, it seemed 
it would be interesting to see if Cu(II)-complexes with 
EDTA and H E D T A form a series of protonated species 
in an acidic solution. The examination of complex-
formation equilibria was performed by Potentiometrie 
titration measurements, Polarographie method, and 
visible-spectrum measurements over the wide p H range 
from 1.0 to 11.0. 

S y m b o l s 

h Concentration of hydrogen ions at equilibrium, 
m Concentration of metal ions at equilibrium. 
H Analytical excess of hydrogen ions in a test 

solution. 
cCa Total concentration of Cu(II ) ions. 
L Ethylenediaminetetraacetate anion (edta4~) or 

N-(2-Hydroxyethyl) ethylenediamine-i\f, JV', iV7-

t Present address: Department of Applied Chemistry for 
Resources, Tokyo University of Agriculture and Technology, 
Koganei, Tokyo 184. 

tt Present address: Technical Education Center of Tokyo 
Metropolis, 2-1-45, Horinouchi, Suginami-ku, Tokyo 166. 

triacetate anion (hed ta 3 - ) . 
cL Total concentration of L. 
/ Concentration of free L. 
X Degree of neutralization of H 4 L for E D T A or 

H 3 L for H E D T A : ( - / / + [ H ] - [ O H ] ) / t L . 
p Number of metal atoms bound to the complex. 
q Number of protons bound to the complex; 

q<CQ corresponds to the formation of a 
deprotonated complex. 

r Number of ligands bound to the complex. 
ßpqr Equilibrium constant for the reaction: 

pM+qH+rL^MpHçLr. 
[ ] Concentration. 
Z>cu Diffusion coefficient of the aqua Cu(II) ion. 
D Average diffusion coefficient of all complex 

species present.18) 

(Ei/2)cu Reversible half-wave potential of the aqua 
Cu(II ) ion. 

(Z?i/2)rev Reversible half-wave potential of the C u ( I I ) -
EDTA or - H E D T A system. 

R Gas constant. 
T Thermodynamic temperature . 
F Faraday constant. 
All ionic charges are omitted for the sake of convenience. 

E x p e r i m e n t a l 

Reagents. Disodium ethylenediaminetetraacetate f reagent 
grade, Dojindo Lab.) was recrystallized twice, dried, and then 
stored in a desiccator over silica gel. N-(2-Hydroxyethyl)ethyl-
enediamine-N,N ,N-triacetic acid (Dojindo Lab.) was recrystal­
lized from distilled water and dried under a reduced pressure. 
Copper(II) Perchlorate was prepared by dissolving CuC0 3 in 
an HC104 solution and purified by recrystallizing it three 
times from distilled water. The CuCOs used was precipitated 
from a Cu(N03)2 solution with Na 2C0 3 and then thoroughly 
decanted. The stock solution contained a small amount of 
HC104 to prevent the hydrolysis of the Cu(II) ion. The 
concentration of excess HCIO4 in the solution was determined 
from the location of the end point of neutralization by means of 
a Gran-plot. The concentration of Cu(II) ions in the stock 
solution was determined by electrogravimetry. Sodium Perchlo­
rate, sodium hydroxide, a n d perchloric acid stock solutions were 
prepared by the methods described previously.16) A copper-
amalgam was prepared by the electrolysis of a copper sulfate 
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solution with a Metrohm model E 211 A coulometer. The 
metal content of the amalgam was about 1 wt%. The 
oxidation of the amalgam was prevented by preparing and 
storing it in a nitrogen atmosphere. All the other chemicals 
were prepared and purified by the methods described pre­
viously.16) 

Potentiometrie Measurements. The measurements were 
carried out in a paraffin oil thermostat at (25.00±0.02) °C 
by using glass and copper-amalgam electrodes. Emf measure­
ments of electrodes were carried out with essentially the same 
method as has been described previously.16) The potential 
of the amalgam electrode became constant after 5—15 min 
within an accuracy of ±0.02 mV in the pH range of 1.0—2.5 
and within an accuracy of ±0.05 mV in that of 2.5—4.0. 
At pH values above 4.0 die potential was slightly unstable, and 
it required 1 h to attain a constant value within an accuracy 
of ±0.1 mV at pH values up to 10.0. The emf of the glass 
electrode cell became constant after about 5 min and was 
determined within an accuracy of 0.1 mV over the pH range of 
1.0—11.0. The perchlorate concentration was kept constant 
at 1.0 mol dm-3 in all runs. The apparatus and the experi­
mental procedures used for Potentiometrie titrations have been 
described previously.16) 

Polarographic Measurements. The Polarographie apparatus 
used was described previously.18) No buffer was added to the 
test solution, because the ligands present in a large excess 
relative to Cu(II) ions have a large buffer capacity in the 
pH ranges below 3.5 and from 5.5 to 10.5 for both HEDTA 
and EDTA, and because the Polarographie wave-form may 
be affected by the presence of an acetate buffer in the pH 
range from 3.5 to 5.5. The hydrogen-ion concentration of 
the test solution was varied and measured before and after 
the recording of each polarogram.16) The difference between 
the pH values (—log A) obtained before and after recording 
was less than 0.01 pH unit. No maximum suppressor was 
added, since no Polarographie maximum appeared at pH 
values above 1. The test solution was deaerated for at 
least 30 min with argon gas before each measurement. 

Spectrophotometry Measurements. The ultraviolet and visible 
absorption spectra were measured by using a Hitachi Model 
200-10 Spectrophotometer at room temperature (25 ± 1 °G). 

R e s u l t s 

Determination of the Composition and the Formation 
Constants of Cu(II)-EDTA and -HEDTA Complexes by 
Potentiometrie Titrations. T h e titration curves shown 
in Figs. 1 and 2 result when the experiments were carried 
out under the conditions where the ^CU/^L ratio was 1/2, 
1/4, 1/6, or 1/8 and where cCa was changed from 1 to 10 
mmol d m - 3 . Both cCa and cL were kept practically 
constant for each run. T h e difference in neutralization 
degree between E D T A or H E D T A solutions with and 
without Cu(I I ) ions reveals that protons were released 
from the ligand by the complex formation, even at 
p H 1.3. 

As has been described previously,16 '17) since any 
possibility of the formation of polynuclear or polyligand 
complexes may be disregarded when the solution 
contains an excess of E D T A and H E D T A ligands 
relative to the Cu(II ) ion, we can use the same procedure 
for data analysis as that employed for Gd( I I ) - and 
Pb(II)-complexes with E D T A and HEDTA.1 6 '1 7 3 We 
assume that the complex formation proceeds: 

4-0 6.0 8.0 10.0 12.0 

— log(A/mol dm -3) 

Fig. 1. Degrees of neutralization, X, of EDTA solutions 
for the Gu(II)-EDTA system. 
0 : £Cu=0.0 mol dm-3, cL=0.02500 mol dm-3, O 
cCn=0.006221 mol dm~3, £L=0.011985 mol dm"3, • 
£Cu=0.001107moldm-3, cL=0.003987 mol dm~3, A 
cCn=0.001075 mol dm~VL=0.005998 mol dm~3. Solid 
lines are the values of X calculated by the use of the 
formation constants given in Table 1. 

fci 

-1.0 h 

— log(A/mol dm -3) 

Fig. 2. Degrees of neutralization, X, of HEDTA solutions 
for the Cu(II)-HEDTA system. 
0 : £Cu=0.0mol dm-3, cL=0.02500mol dm-3, Ç) 
£Cu=0.01010mol dm-3, c^=0.02020 mol dm-3, Q 
£Cu = 0.004970 mol dm~3, cL=0.02000 mol dm"3, A 
cCu = 0.002500 mol dm"VL=0.02000 mol dm"4. Solid 
lines are the values of X calculated by the use of the 
formation constants given in Table 1. 

Cu2+ + gH+ + L*- = CuH9L<2+<-*>+ (1 

from which the following relationships are obtained: 

'eu = m + 2 [CuH,L] 
q=-l 

ch = / + 2 [HnL] + S [CuHgL]. 
q=-l 

(2) 

(3) 

(4) 

The combination of Eqs. 2 and 3 leads to : 

1= (<L-<0u + *")/(!+ S A»nlÄB)> 
n = l 

where / can be calculated by using the protonation 
constants of the ligands obtained previously.16 '17) A 
function, F0(h), is defined as : 

F0(h) = (cCa-m)lml = S [CuHgL]/m/ = J ] ßlqlh" (5) 
g = - l 9 = - l 
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19.0 

2.0 4.0 6.0 

— log(A/mol dm -3) 

Fig. 3. Plots of log F0(h) and log F0'(h) against - l o g h 
for Gu(II)-EDTA system. Solid line is the best fit 
curve calculated by Eqs. 5 and 9. 
• :logF0(A), 0 : logF o ' (A) . 

The plots of log F0(h) against —log h for the E D T A 
system fall into a single curve regardless of the variations 
in ecu and ch (Fig. 3), and the assumption that no 
polynuclear and polyligand complexes are formed in an 
acidic solution is confirmed to be reasonable. The 
formation constant, ßlQl, was calculated from the F0(h) 
vs. h curve by means of a generalized least-squares 
method.16) The method was applied to make the error-
squares sum, *ïj{log F0—log F0tCalcd}

2, a minimum for 
the set of the formation constants over the p H range 
of 1.0—7.0, where F0,caicd denotes the value of F0 

calculated for a particular set of formation constants. 
The values of the formation constants of all the complex 
species present are given in Table 1. In addition to 
the normal complex, C u L 2 - , a series of protonated 
complexes, such as CuHL~, CuH2L°, and CuH 3 L + , were 
detected. No information has yet been published on the 
formation of the triprotonated species. 

TABLE 1. FORMATION CONSTANTS OF Cu(II)-EDTA 

A N D - H E D T A COMPLEXES IN 1.0 mol dm~3 

NaC104 SOLUTION AT 25 °C 

Cu(II)-] 
logA-n 
log ßl0i 
log A n 
log ß121 

log Ä31 
Cu(II)-] 
log A-i i 
log Aoi 
log A n 
log ß12i 

Potentio-
metry 

EDTA system 
— 

17.22±0.10 
20.15±0.04 
22.73±0.04 
24.12±0.04 

HEDTA system 
— 

16.12±0.10 
18.85±0.05 
19.86±0.04 

Polarography 

6.83±0.05 
17.28±0.04 
20.13±0.06 
22.88±0.04 
24.15±0.04 

6.35±0.05 
16.30±0.05 
18.76±0.04 
19.85±0.04 

Spectro­
photometry 

5 .5±0 .1 
— 
— 
— 
— 

5 . 2 ± 0 . 1 
— 
— 
— 

The same analytical method as was used for the 
EDTA system was used to determine the formation 
constants for the H E D T A system. Figure 4 demon­
strates that the plots of log F0(h) against —log h in the 
H E D T A system give a single curve. From the analysis 
of the curve, we found that the normal complex, C u L - , 

18.0 h 

o 

bO 
O 

17.0 h 

16.0 

— log(A/mol dm -3) 

Fig. 4. Plots of log F0(h) and log FQ'{h) against —log h 
for Cu(II)-HEDTA system. Solid line is the best fit 
curve calculated by Eqs. 5 and 9. 
n : l o g F 0 ( / 0 , # : logF 0 ' (A) . 

as well as two protonated complexes, C u H L and 
CuH 2 L + , are formed. The formation constant of the 
diprotonated species was obtained for the first time in 
the C u - H E D T A system. T h e solid curve in Fig. 4 
represents the curve calculated from the final values 
of the formation constants which are summarized in 
Table 1. 

Above p H 4.0, the emf's of the amalgam electrodes 
became unstable for both systems, and the values of 
log F0(h) in Figs. 3 and 4 were somewhat scattered 
around the best-fit curve. This may be due to the 
contamination of amalgam surfaces by a small amount 
of oxygen dissolved in solution. Thus, we may expect to 
obtain correct information on complex-formation reac­
tions above p H 4 by means of Polarographie measure­
ments. 

Determination of the Formation Constants by Polarography. 
Single well-defined waves with diffusion-controlled 
limiting currents were observed for the C u ( I I ) - E D T A 
and - H E D T A systems in the p H range from 1.0 to 

> 

u 

CO 

4-

-100 

-200 

-300 

-400 \-
* \ = 

_L 
-400 -500 0 -100 -200 -300 

{E vs. SCE)/mV 

Fig. 5. Typical examples of the plots of £ + 2 . 3 (RT/2F). 
log[i/(id—i)] vs. Efor determination of reversible half-
wave potentials. ^Cu=0.00040 mol dm - 3 . 
0 : Cu(II)-EDTA system. 
Values of — log(A/mol dm - 3) : 
6.11. 
• : Cu(II)-HEDTA system. 
Values of — log(A/mol dm~3) : 
10.19. 

cL=0.0080 mol dm"3. 
(1) 2.12, (3) 3.73, (5) 

£L=0.0200moldm-3 . 
(2) 2.70, (4) 6.05, (6) 
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11.0. T h e log-plot analysis of the current-potential 
curves demonstrates that the waves correspond to the 
quasi-reversible, two-electron reduction. For the quasi-
reversible wave we can determine the reversible half-
wave potential by using the extrapolation methods.19 ,20 ) 

Figure 5 shows typical examples of the [ £ + 2 . 3 (RT/2F)x 
log 07(2d—z)}] vs' ^ p l ° t s > where E denotes the potential 
of the dropping mercury electrode, i the current 
corresponding to E, and id the limiting diffusion current. 
The reversible half-wave potentials were determined 
as the limiting constant values of [E+2.3(RT/2F)\og 
{ij(id—i)}] at sufficiently positive potentials.19) 

Consider the electrode reaction, symbolically desig­
nated by: 

CUHQL<2+G-2>+ \, 

It 
CUH?L<2+tf-2>+ 

CÙL<2-2>+ 
it 

CuH.iL/ 1 - 2 ^ ) 

+ 2e(Hg) 

Cu(Hg) + HnL/*-*>+ . 

I t 

(6) 

T h e reversible half-wave potential can then be expressed 
b y . 1 8 > 

D 7 1 / r\ 

(^1/2)rev = (£1/2)0,1 - ~2pr In J-^— 

Ä r - l n [ l + (|]AffiÄ«)0. (7) 
IF q=-l 

Equation 7 can be rewritten as : 

2F D{ Cu 

D exp RT 
[(E\ l/2JCa (£1 / 2) r eJ - 1 // 

g = - l 
Ä*. (8) 

The left-hand side of Eq. 8 is the experimentally acces­
sible quanti ty and is here written as F0'(h). Thus, 

Fo(h) 
ç = - l 

(9) 

which is identical to the F0(h) function defined by Eq. 5. 
T h e plots of \ogF0'(h) against —log A are shown in 

Figs. 3 and 4 for the systems of E D T A and H E D T A 
respectively. In each system, a single curve was obtained 
for both functions, F0(h) and F0'(h), and only small 
differences between the formation constants determined 
from these two functions were observed. 

In the E D T A system, the triprotonated complex, 
CuH3L+, was also detected by polarography. In the 
p H range of 4.0—9.5, the values of the logF0 '(A) func­
tion were constant, and we can consider that the Cu(II) 
ion is present predominantly as the normal complex, 
C u L 2 - , in a solution containing an excess EDTA. T h e 

values of the log FQ(K) function begin to increase above 
p H 10.0 (Fig. 3), indicating the formation of hydroxo 
complexes. The F0'(h) function is proportional to A -1 

in the range above p H 10.0, and the product [F0'(A) — 
ß101]xh yields a constant value. This behavior of 
F0'(h) can be understood in terms of the formation of 
only one deprotonated complex, C u H - i L 3 - , which is 
probably the same as the hydroxo complex C u ( O H ) L 3 - , 
reported previously.3^ T h e formation constant of the 
hydroxo complex was determined by the curve-fitting 
method; it is given in Table 1. 

In the H E D T A system, all of the complex species, 
CuL" , CuHL 0 , and CuH2L+, being found potentio-
metrically, were also detected by the Polarographie 
method. Above p H 9.0, the values of the \ogF0'(h) 
function began to increase, indicating the formation 
of deprotonated species, CuH_iL 2 - . The formation 
constants of these four species were determined by the 
analysis of the F0'(h) vs. h curve; they are given in 
Table 1. 

8.0 10.0 12.0 

— log(A/mol dm -3) 

Fig. 6. Variations of the molar absorbances with —log h 
at the absorption maxima of Cu(II)-EDTA ( £ ) and 
Cu(II)-HEDTA ( • ) solutions. 

Spectrophotometric Measurements. In order to obtain 
further information on the formation of deprotonated 
species, measurements of the absorption spectra were 
carried out in the alkaline region. For the EDTA 
system, the hydroxo complex formation was also 
observed by spectrophotometry. Figure 6 demonstrates 
the intensity change in the absorption maximum 
(at 740 nm) with —log A, from which the formation 
of the Cu(OH)L 3 ~ species was confirmed to be as 
previously reported by Bhat and Krishnamurthy.1 3 ) O n 
the other hand, the intensity change in the absorption 
maximum (at 710 nm) with —log A for the H E D T A 
system in the p H range of 9.5—12 is not so large (Fig. 6), 
though two isosbestic points were observed at 600 and 
835 nm. This fact proves that two species, the normal 
complex, CuL~ and only one deprotonated complex, 
CuH-iL,-2 , are formed in the p H range from 9.5 to 12. 

As can be seen from Table 1, the values of the forma­
tion constants obtained by spectrophotometry are 
different from those obtained by polarography. The 
reason for this discrepancy is not clear at present. 
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D i s c u s s i o n 

The step-by-step protonation constants for protonated 
complexes of the C u H ^ L type may be defined as 
XSttHiL = [CuH,L] / [ C u H ^ L ] [H] = ßlqllßUq-in. The 
values of log ÄSüH3L for the E D T A complexes are 2.87, 
2.58, and 1.39 for # = 1 , 2 , and 3 respectively, while 
those of the H E D T A complexes are 2.46 and 1.09 
for*/—1 and 2 respectively. These values are close to 
the values of log K%nh=log { [ H ^ L M H ^ L ^ H ] } with 
w=3,4, and 5 of the corresponding ligands,17) which are 
the step-by-step protonation constants for the carboxyl 
groups of the E D T A and H E D T A ligands. Thus , as 
has been reported previously16»17) for the systems of the 
C d ( I I ) - and P d ( I I ) - H E D T A and - E D T A complexes, 
we may conclude that the protonation of the complexes 
occurs on the carboxyl groups with the cleavage of 
Cu(II)-oxygen bonds within the complexes, while the 
strong Cu(II)-ni t rogen bonds remain unaltered. 

/ u 
"H. M CH2

 n \ 0 / ' 

CHo 

OH 
ÇH2 PH-

CH2 cm cm 
1 2 3 

Fig. 7. Possible structures for the deprotonated species 
of Cu(II)-HEDTA complex. 

We define the deprotonation constant of the CuH-^L 
species as JCg?| I- | L={[GuH-1L][H]/[CuL]}. Then , we 
obtain log KS^-lL= —10.45 and - 9 . 9 5 for the EDTA 
and H E D T A systems respectively. Thus , the values 
of the deprotonation constant are shown to be almost 
the same for the EDTA and H E D T A systems. However, 
Fig. 6 indicates that the intensity changes in the absorp­
tion maxima with —log A in the p H range from 10 to 
11.5 are large for the E D T A system, but not for the 
H E D T A system. The observed result may be attr ibuta­
ble to the difference between the deprotonation reaction 
schemes of the EDTA and H E D T A complexes. The 
large intensity change in the absorption maximum for 
the EDTA complex is possibly caused by the deprotona­
tion of the water molecule coordinated to the Cu(II ) 
ion, and the resulting species is a hydroxo complex. 
O n the other hand, three possible reaction schemes for 
the H E D T A complex may be considered on the basis 
of the pentadentate coordination of the H E D T A ligand 
to the Cu(II) ion at the state of the normal complex, 
as is shown in Fig. 7: (1) the hydroxyethyl group in the 
ligand releases a proton, and the resulting ethyl 
alcoholate coordinates to the Cu(II ) ion directly; (2) 
the hydroxyethyl group releases a proton to form a 
hydrogen bond with the water molecule coordinated 
to the Cu(II) ion, or (3) the deprotonation occurs from 
the water molecule coordinated to Cu( I I ) , and the 
hydroxyethyl group gives no interaction for the hydro­

lysis reaction. The observed absorption spectra seem 
to support the reaction scheme (2), since the Cu(II) ion 
was not subjected to any strong interaction with the 
deprotonation of the complex. 

The degree of neutralization, X, of H 3 hedta exceeds 
3.0 at p H values above 11.0, but that of H 4 edta remains 
constant (4.0), although the emf of the glass electrode 
cell becomes uncertain in such a high p H region. 
Therefore, it may be considered that the reaction of the 
hydroxyethyl group of H E D T A to ethylalcolate starts 
at this p H in the H E D T A solution containing no Gu(II) 
ion. The adoption of the reaction scheme (2) depicted 
in Fig. 7 means that the coordination of H E D T A to the 
Cu(I I ) ion accelerates the deprotonation of the hydroxy­
ethyl group, since the deprotonation reaction of the 
C u ( I I ) - H E D T A complex starts at p H 9.5. The 
acceleration of the deprotonation process of 2-amino-
ethanol by its coordination to the metal ion has been 
reported for the [Co(NH 2 CH 2 CH 2 NH 2 ) 2 (NH 2 CH 2 -
CH 2 OH)] 3 + complex.21* 
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The reaction products obtained by heating a mixture of MoOa and carbon in a S 0 2 stream at various tempera­
tures were examined. The possible reactions during the above process were also studied. Further, thermo-
dynamical consideration was made of the formation of MoS2. When a mixture of MoOa and carbon was heated 
in a S0 2 stream, Mo0 2 was formed above 400 °G. At 500—550 °G, the formation of a small amount of Mo 4 O n 

was also observed. Above 700 °G, the formation of MoS2 in addition to Mo0 2 was observed, and MoS2 alone was 
obtained at 1000 °C. Sulfur was obtained outside the heating zone throughout the temperature range in this 
experiment. The process of the formation of MoS2 by the reaction between MoOa and S 0 2 in the presence of carbon 
can be represented as follows: The reaction between carbon and S0 2 occurs at first to form sulfur. Above ca. 400 
°G, the reductions of M o 0 3 with carbon and with sulfur occur to form Mo0 2 . Above ca. 700 °G, MoS2 is formed 
by the reaction between Mo0 2 and sulfur, which are formed by the above reactions. 

As sulfidizing agents for synthesizing molybdenum 
disulfide (MoS2), hydrogen sulfide and sulfur have been 
well known. But there has been no report on the 
chemical process for synthesizing MoS 2 from molyb­
denum trioxide (Mo0 3 ) using sulfur dioxide (S0 2 ) as a 
sulfidizing agent. I t is not only interesting from the 
viewpoint of the synthesis of the sulfide itself, but also 
important for the development of SO a utilization, to 
obtain knowledge of the above chemical process. 

In this work, the reaction products between M o 0 3 

and S 0 2 in the presence of carbon at various tempera­
tures were examined. In order to elucidate the reaction 
process between M o 0 3 and S 0 2 in the presence of 
carbon, the reactions of M o 0 3 with carbon and of M o 0 3 

with gaseous sulfur in a S 0 2 stream were examined. 
Also, the reactions of M o 0 2 , formed during the reaction 
process between M o 0 3 and S 0 2 in the presence of 
carbon, with carbon and of M o 0 2 with gaseous sulfur 
in a S 0 2 stream were examined. Further, thermo-
dynamical consideration was made of the formation 
of MoS2 . 

Exper imenta l 

The Mo0 3 used was prepared by the thermal decomposi­
tion of the guaranteed reagent ammonium paramolybdate 
at 600 °G. The carbon was prepared by the thermal de­
composition of the guaranteed reagent D-glucose. The above 
materials were used as powders under 150 mesh. Gaseous 
S0 2 was dried by passing it through coned H 2S0 4 and over 
P 2 O 5 . 

A mixture of Mo0 3 and carbon at a specified ratio in a 
quartz boat (length: 72 mm, width: 16 mm, depth: 9 mm) 
was placed in a transparent quartz reaction tube (inner 
diameter: 28 mm, length: 1000 mm). Gaseous S0 2 was then 
introduced into the reaction tube. The sample part was 
positioned in the middle of the tubular electric furnace (heat­
ing length: 300 mm) maintained at a specified temperature 
for 1 h. The temperature of the sample part was controlled 
within ±2 °C. After heating, the sample was held at 100 °G 
for 1 h in an argon stream in order to release the adsorbed 
S0 2 on unreacted carbon.1) The reactions of MoOa with 
carbon in an argon stream, of MoOa with gaseous sulfur in a 
S0 2 stream, of Mo0 2 with carbon in an argon stream, and 

of Mo0 2 with gaseous sulfur in a S0 2 stream were examined 
in a similar manner. 

The X-ray analysis of the sample was performed with an 
X-ray powder diffractometer equipped with a proportional 
counter using Ni filtered Gu radiation. The thermogravi-
metry (TG) was performed by using a thermal balance with 
a quartz helix. The sensitivity of the quartz helix used was 
approximately 72 mm/g, and the heating rate of 2.5 °G/min 
was employed. 

The molybdenum content in the sample was determined 
gravimetrically as PbMo0 4 after the fusion of the sample 
with a mixture of Na2G03 and K2G03 . The sulfur content 
in the sample was determined gravimetrically as BaS04 

after decomposing the sample with HNO a and KG103. 

R e s u l t s a n d D i s c u s s i o n 

Reaction Products between Molybdenum Trioxide and Sulfur 
Dioxide in the Presence of Carbon. T h e T G of M o 0 3 

(0.3 g) in a SO a stream at a flow-rate of 50 cm3 /min was 
carried out. The heating temperature of the sample 
was limited to below 700 °C, since M o 0 3 vaporized 
above this temperature. No weight change was observed, 
and the sample after the heating was found to be 
unreacted M o 0 3 by X-ray analysis.2) These results 
indicate that M o 0 3 does not react with S 0 2 . 

The reaction between M o 0 3 and SO a in the presence 
of carbon was then examined. First, the products 
obtained by heating a mixture of 2.00 g of M o 0 3 and 
1.20 g of carbon at various temperatures for 1 h in a 
S 0 2 stream at a flow-rate of 100 cm3 /min were examined. 
The results are shown in Table 1, together with the 
weight changes in the samples. The sample in the boat 
was identified by X-ray analysis.2~5) 

The formation of M o 0 2 was observed above 400 °C, 
and a small amount of M o 4 O n in addition to M o 0 2 

was also observed at 500—550 °G. The formation of 
MoS 2 was observed at 700 °C. A small amount of sulfur 
was obtained outside the heating zone throughout the 
temperature range in this experiment. The slight 
increase in the sample weight at 350—400 °G was due 
to the adsorption of the sulfur formed by the reaction 
on the unreacted ca rbon . 0 

In addition to the above observations, it was observed 
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TABLE 1. PRODUCTS OBTAINED BY HEATING A 

MIXTURE OF M o O g AND CARBON IN A S 0 2 

STREAM AT VARIOUS TEMPERATURES 

Temp 
°G 

350 
400 
450 
500 
550 
600 
650 
700 

Weight 
change/% 

+ 0.1 
+ 0.1 
- 0 . 1 
- 4 . 7 
- 7 . 2 
- 8 . 8 
- 8 . 9 
- 7 . 8 

Sample in 
the boat 

M o 0 3 

M o 0 3 » M o 0 2 

M o 0 3 » M o 0 2 

M o 0 2 > M o 0 3 > M o 4 0 1 1 
M o 0 2 > > M o 0 3 > M o 4 0 1 1 

Mo0 2 

Mo0 2 

M o 0 2 » M o S 2 

Amount of 
sulfur 

obtained 
outside the 

heating 
zone/g 

Trace 
Trace 
Trace 
Trace 
Trace 
0.005 

0.03 
0.09 

that a small amount of unreacted M o 0 3 vaporized and 
deposited outside the heating zone at 700 °C. As seen 
from Table 1, all the M o 0 3 used was converted to non­
volatile M o 0 2 above 600 °C. T h e reactions at tempera­
tures above 800 °G were examined by using a mixture 
of M o 0 2 and carbon. W h e n a mixture of 2.00 g of 
M o 0 2 and 1.20 g of carbon was heated in a S 0 2 stream 
(100cm3 /min) at 800 °C for 1 h, unreacted carbon 
was not observed in the sample obtained after the 
heating. This result is considered to be due to the fact 
that the reaction between carbon and S 0 2 proceeds 
markedly.15 Based on the results of preliminary experi­
ments on the suitable amount of carbon to be mixed, 
the products obtained by heating a mixture of 2.00 g 
of M o 0 2 and 5.00 g of carbon in a S 0 2 stream (100 
cm3/min) at various temperatures above 800 °C for 
1 h were examined. T h e mixture of M o 0 2 and carbon 
was prepared by adding fresh carbon to a mixture of 
M o 0 2 and carbon, obtained by the reduction of M o 0 3 

with carbon at 700 °C. T h e results are shown in Table 2. 

TABLE 2. PRODUCTS OBTAINED BY HEATING A 

MIXTURE OF M O 0 2 AND CARBON IN A S O A 

STREAM AT VARIOUS TEMPERATURES 

Temp Weight 
loss/% 

Sample in 
the boat 

Amount of 
sulfur 

obtained 
outside the 

heating 
zone/g 

800 
900 
950 

1000 

34.3 
54.0 
57.6 
64.2 

MoS 2 >Mo0 2 

MoS 2 >Mo0 2 

M0S0 

3.90 
4.86 
5.04 
5.66 

Chemical analysis of the sample obtained at 1000 °C 
showed it to contain 59 .8% Mo and 39.9% S. Chemical 
analysis also proved that sulfur was not adsorbed on the 
unreacted carbon at 1000 °C. From these results, the 
sulfur was found to be due to the sulfide formed. The 
atomic ratio of Mo : S in the sample was calculated to 
be 1 : 2.00. The results indicated that all the M o 0 2 

used was sulfidized to MoS 2 at 1000 °C. 
Reaction Process between Molybdenum Trioxide and Sulfur 

Dioxide in the Presence of Carbon. To elucidate the 
reaction process between M o 0 3 and S 0 2 in the presence 
of carbon, the following experiments were carried out 
under conditions similar to those described above. 

Reaction between MoOs and Carbon: T h e products 
formed by heating a mixture of M o 0 3 (2.00 g) and 
carbon (1.20 g) at various temperatures in an argon 
stream (100cm3 /min) for l h were examined. The 
results are shown in Table 3. 

TABLE 3. EXPERIMENTAL RESULTS FOR THE REACTION 

BETWEEN M O O Q AND CARBON IN AN ARGON STREAM 

Temp 
°G 

Weight 
loss/% 

Sample in 
the boat 

350 — M0O3 
400 0.2 M o 0 3 » M o 0 2 

450 0.9 M o 0 3 » M o 0 2 

500 5.2 M o 0 2 > M o 0 3 

600 9.7 M o 0 2 » M o 0 3 

700 9.7 Mo0 2 

These results indicate that the reduction of M o 0 3 

with carbon to form M o 0 2 proceeds above about 
400 °C. 

Reaction between MoOs and Sulfur in a S02 Stream: As 
seen from Table 1, when the mixture of M o 0 3 and 
carbon was heated in a S 0 2 stream, sulfur was formed. 
The reaction between carbon and S 0 2 occurs even at 
350 °C to form sulfur and this reaction proceeds marked­
ly above about 700 °C, as reported by the present 
authors.1) Therefore, the reaction between M o 0 3 and 
gaseous sulfur was examined in a S 0 2 stream. 

M o 0 3 (2.00 g) was heated in a stream of S 0 2 (100 
cm3/min) containing a specified amount of gaseous 
sulfur at various temperatures for 1 h. The amounts 
of sulfur introduced at various temperatures were 
controlled so as to be the same as those obtained by 
heating 1.20 g of carbon in a stream of S 0 2 at a flow-rate 
of 100 cm3 /min for 1 h : the amounts were 0.01 g for the 
experiments below 550 °C, 0.03 g at 600 °C, 0.09 g at 
650 °C, and 0.25 g at 700 °C.1) The results are shown 
in Table 4. 

These results and the fact that M o 0 3 does not react 
with S 0 2 as described before show that the reaction 
between M o 0 3 and gaseous sulfur proceeds above about 
400 °C and that M o 0 3 was reduced to M o 0 2 . 

TABLE 4. PRODUCTS OBTAINED BY HEATING M O 0 3 IN 

Temp 
°G 

Weight 
loss/% 

Sample in 
the boat 

350 — Mo0 3 

400 0.2 M o 0 3 » M o 0 2 

450 0.3 M o 0 3 » M o 0 2 

500 0.5 M o 0 3 » M o 0 2 > M o 9 0 2 6 , Mo 4O n 

550 0.7 M o 0 3 » M o 0 2 > M o 9 0 2 6 , Mo 4 O n 

600 1.0 M o 0 3 > M o 0 2 > M o 9 0 2 6 > M o 4 O n 

650 4.2 M o 0 3 > M o 0 2 > M o 9 0 2 6 » M o 4 O n 

700 8.2 M o 0 2 » M o 0 3 > M o 9 0 2 6 , Mo 4 O n 
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These experimental results showed that the M o 0 2 

formed by heating a mixture of M o 0 3 and carbon in a 
S 0 2 stream (Table 1) was formed by the reductions 
of M o 0 3 with carbon and with sulfur. As seen from 
Table 1, the formation of a small amount of M o 4 O n 

in addition to M o 0 2 was observed at 500—550 °C. 
As seen from Table 3, no formation of any intermediate 
oxide was observed in the reaction between M o 0 3 

and carbon. As seen from Table 4, however, the forma­
tion of intermediate oxides ( M o 4 O u , 4 ) Mo 9 0 2 6

6 ) ) in 
addition to M o O a was observed during the reaction 
between M o 0 3 and sulfur. I t has been reported that 
on heating a mixture of M o 0 3 and a sufficient amount 
of carbon in an argon stream, no intermediate oxide is 
formed.7) These facts suggested that the M o 4 O n formed 
by heating a mixture of M o 0 3 and carbon in a S 0 2 

stream was due to the reduction of M o 0 3 with sulfur. 
Formation Reaction of MoS2from Mo02: As mentioned 

before, when a mixture of M o O s and carbon was heated 
in a S 0 2 stream, MoS 2 was formed above about 700 °C. 
Above this temperature, M o 0 3 was reduced to M o O a . 
Therefore, the reactions of M o 0 2 with carbon in an 
argon stream and of M o 0 2 with gaseous sulfur in a SO a 

stream were examined. 
The products formed by heating a mixture of M o 0 2 

(2.00 g) and carbon (5.00 g) at various temperatures 
for 1 h in an argon stream (100 cm3/min) were examined. 
The results are shown in Table 5. 

TABLE 5. EXPERIMENTAL RESULTS FOR THE REACTION 

BETWEEN M O 0 2 AND CARBON IN AN ARGON STREAM 

Temp 
°G 

700 
750 
800 
900 

1000 

Weight 
loss/% 

— 
0.7 
2.0 
7.6 

11.3 

Sample in 
the boat 

MoOa 

M o 0 2 » M o 2 C > M o 
M o 0 2 > M o 2 G > M o 
M o 2 C > M o 0 2 > M o 

Mo 2G>Mo 

The results indicate that the reaction between M o 0 2 

and carbon proceeds above about 750 °C to form 
molybdenum85 and dimolybdenum carbide (Mo2C).9 ) 

The Mo 2C was considered to be due to the reaction 
between the molybdenum formed and the carbon.7 ) 

The products formed by heating M o 0 2 (2.00 g) in a 
stream of S 0 2 (100 cm3/min) containing a specified 
amount of gaseous sulfur at various temperatures for 
1 h were examined. T h e M o O a used was prepared by 
the hydrogen reduction of M0O3 at 600 °C,lo:> because 
the reduction of M o O s with carbon gave a mixture of 
M o 0 2 and unreacted carbon, as described in the 
previous paragraph. 

Prior to this experiment, the amounts of sulfur formed 
by heating 5.00 g of carbon at various temperatures for 
1 h in a S 0 2 stream at a flow-rate of 100 cm3 /min were 
examined.1> Based on the experimental results, the 
amounts of sulfur introduced at various temperatures 
were controlled to be 0.43 g for the experiment at 
650 °C, 0.81 g at 700 °G, 4.79 g at 800 °C, 5.46 g at 
900 °C, and 6.59 g at 1000 °C. T h e experimental results 
are shown in Table 6. These results indicate that the 

TABLE 6. PRODUCTS OBTAINED BY HEATING M O 0 2 IN A 

STREAM OF S 0 2 CONTAINING GASEOUS SULFUR 

Temp 
°G 

650 
700 
800 
900 

1000 

Weight 
gain/% 

— 
4.2 

10.8 
17.6 
22.9 

Sample in 
the boat 

Mo0 2 

M o 0 2 > M o S 2 

M o 0 2 ^ M o S 2 

MoS 2 >Mo0 2 

M o S 2 » M o 0 2 

reaction between M o 0 2 and gaseous sulfur proceeds 
above about 700 °C to form MoS 2 . 

As shown in Table 5, on heating a mixture of M o 0 2 

and carbon in an argon stream, M o O a was reduced to 
molybdenum, and Mo 2 C was also formed. Thermo-
dynamical consideration was made on the M o - S - C - O 
system, in order to discuss whether M o 0 2 was converted 
to MoS 2 via molybdenum or without molybdenum 
formation. T h e chemical potential diagrams for the 
M o - S - C - O system were constructed in a manner 
similar to that described by Yazawa115 on the basis of 
the available thermodynamic data12> and phase rela­
tions.133 As an example, the digram at 1000 °G is shown 
in Fig. 1. T h e broken line shows the oxygen and sulfur 
potentials in the gas phase formed by the reaction 
between carbon and S 0 2 , depending on the carbon 
content in the gas phase. T h e activity of carbon is 
unity at the dot mark. In these calculations, CO, C 0 2 , 
0 2 , COS, CS2 , S 0 2 , S 0 3 , S2, S4, S6, and S8 were assumed 
to be gaseous products between carbon and SO a . 

Fig. 1. Chemical potential diagram for the Mo-S-C-O 
system at 1000 °C. 

The results shown in Fig. 1 indicate that M o 0 2 is 
converted to MoS 2 via molybdenum under a low 
pressure of S 0 2 below ca. 10~7 a tm, and that M o 0 2 

is converted to MoS 2 without molybdenum formation 
under a higher partial pressure of S 0 2 . Considering 
the experimental conditions in this work, the results 
in Fig. 1 show that MoS 2 is formed from M o 0 2 without 
any formation of molybdenum. 

T h e process of formation of MoS 2 by the reaction 
between M o 0 3 and S 0 2 in the presence of carbon can 
be represented as follows: O n heating a mixture of 
M o 0 3 and carbon in a S 0 2 stream, the reaction between 
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carbon and SO a occurs at first to form sulfur. Above 
about 400 °C, the reductions of M o 0 3 with carbon and 
with sulfur occur to form M o 0 2 . Above about 700 °C, 
MoS 2 is formed by the reaction between M o O a and 
sulfur, which are formed by the above reactions. 

The present work was partially supported by a 
Grant-in-Aid for Scientific Research No. 555306 from 
the Ministry of Education, Science and Culture. 
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Thiazolylazo compounds react with iron(II) to form brownish complexes, which show a characteristic absorp­
tion in near-infrared region. These compounds possess the hydroxyl group in the o-position next to the azo group. 
Among them, iron(II)-2-(2-thiazolylazo)-5-dimethylaminophenol complex has the absorption maximum at 760 nm 
in chloroform; the optimum pH for iron extraction lies between 8.2—10.0. Beer's law holds up to 2.0 (xg cm~3 

of iron and the molar absorption coefficient is 2.70 X 104 dm3 mol - 1 cm -1 . The composition and the extraction 
constant of the complex are estimated to be Fe: T A M = 1 : 2 and log 7Cex=— 4.20±0.04, respectively. Since 
the present method utilizes the specific absorption of the iron(II)-TAM complex, the presence of many ions is 
tolerable, especially of 3d type metals. The method was applied to the determination of traces of iron dissolved in 
river and sea waters with satisfactory results. 

Many azo compounds containing a hetero ring are 
useful as analytical reagents.1»2) Above all, thiazolylazo 
derivatives are especially attractive, because their 
complexing properties are often specific.3»4) In previous 
papers, the authors reported highly selective spectro­
photometric methods for the determination of iron with 
4-(2-thiazolylazo) resorcinol5) and 2-(2-thiazolylazo)-4-
methylphenol6) by utilizing the specific absorption of 
iron(II) complexes in the near-infrared region. The 
homolog 2- (2-thiazolylazo) -5-dimethylaminophenol 

(TAM) has been applied for the determination of 
specific metals, such as uranium,7) vanadium,8) 
niobium,9) bismuth,10) yttrium,11) nickel,12) titanium,13) 
zirconium,14) and thorium.15) We investigated the color 
reaction of T A M with iron(II) and recognized that 
iron (I I ) - T A M complex also showed a characteristic 
absorption at 760 nm. It is rarely the case that a metal 
complex possesses the absorption maximum in this infra­
red region. In this research, the fundamental conditions 
for the selective extraction spectrophotometric deter­
mination of traces of iron were investigated. We also 
prepared eleven (thiazolylazo) phenol and naphthol 
derivatives in order to elucidate these absorption 
features and obtained some information about the 
substituent effect of the chelate ligand and the nature of 
iron(II) complex. 

E x p e r i m e n t a l 

Reagents. Thiazolylazo compounds were synthesized 
by the diazotization of 2-aminothiazole (or 2-amino-4-methyl-
thiazole and 2-aminobenzothiazole) with nitrous acid and 
the subsequent coupling with phenols (or naphthols) at 
0 °C.4»16»17:) Phenols used were resorcinol, 4-chlororesorcinol, 
orcinol, m-methoxyphenol, m-dimethylaminophenol, p-meth-
oxyphenol, /?-chlorophenol, 2,4-dimethylphenol, and pyro-
catechol; naphthols were 2-naphthol and 2-naphthol-3,6-
disulfonic acid. The products were purified by repeated 
crystallization with ethanol or re-precipitation with dilute 
hydrochloric acid and were identified by elementary analyses. 
TAR, TAM, TAC, and TAN were commercially available 
and were used without further purification. The standard 
iron(II) solution was prepared by dissolving ammonium 
iron(II) sulfate hexahydrate in deionized distilled water. 
The solution was acidified to pH 1 by sulfuric acid and was 

standardized by permanganometry. A 0.05% TAM solution 
was prepared by dissolving the Dotite TAM in ethanol. A 
fresh 0.1% ascorbic acid solution was prepared every three 
days. All the other chemicals used were of guaranteed 
reagent quality. 

Apparatus. A sample solution was prepared in a 
50 cm3 graduated centrifuge tube with a glass-stopper; the 
solution was shaken in an Iwaki-KM type reciprocating 
shaker. A Kubota K-80 type centrifuge with 5000 min -1, 
was used for phase separation. A Hitachi-Horiba model 
M-5 pH meter equipped with a combined glass electrode 
was used for pH measurements. Absorption spectra and 
absorbance were measured with a Hitachi 124 recording 
spectrophotometer and a Hitachi-Perkin Elmer 139 spectro­
photometer using 10-mm quartz cells. 

Standard Procedure. Transfer the sample solution con­
taining up to 20 (j,g of iron into a centrifuge tube. Add 1 cm3 

of 0.1% ascorbic acid and 2 cm3 of 0.05% TAM solutions, 
and adjust the pH to 9.0 with 5 cm3 of 1 mol dm - 3 ammonia 
buffer solution. Dilute the solution to 20 cm3 and shake it 
with 10 cm3 of chloroform for 5 min. After centrifugal 
separation, transfer the extract into an absorption cell, and 
measure the absorbance at 760 nm against the reagent blank. 

R e s u l t s and D i s c u s s i o n 

Complexing Properties of Thiazolylazo Compounds with 
Iron(II). Table 1 shows the complexing proper­
ties of (thiazolylazo)phenols and naphthols with iron(II). 
Thiazolylazo compounds react with i ron(II) to form 
brownish complexes from the weakly acidic to the 
alkaline region, which have the characteristic absorption 
maxima beyond 700 nm. T h e compounds have the 
phenolic hydroxyl group in the o-position next to the 
azo group; TAPC, possessing this group in the m- and 
j&-position, shows different absorption features. The 
bathochromic shift of these absorption maxima is 
promoted by the resonance effect of the substituent 
group in the j&-position to the o-hydroxyl group for 
phenols and of the naphthalene ring for naphthols. 
T A R , TARC1, and T A M show higher molar absorptivi-
ties than TAC, T A M P , and TAC1. T h e difference 
would come from the inductive and the resonance 
effects of the substituent in the m- and /»-position to the 
o-hydroxyl group. The derivatives possessing resorcinol 
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T A B L E 1. GOMPLEXING PROPERTIES OF THIAZOLYLAZO COMPOUNDS W I T H I R O N ( I I ) 

i i • • \ ^max £ TT 

systematic name (abbreviation) , i ., P-*-*-
n m d m 3 m o l - 1 c m - 1 

Solvent 

4-(2-Thiazolylazo)resorcinol (TAR)5) 730 
4-(2-Thiazolylazo)-6-chlororesorcinol (TARG1) 740 
4-(4-Methyl-2-thiazolylazo)resorcinol (MeTAR) 737 
4-(2-Thiazolylazo)orcinol (TAO) 742 
2-(2-Thiazolylazo)-5-methoxyphenol (TAMR) 720 
2-(2-Thiazolylazo)-5-dimethylaminophenol (TAM) 760 
2-(4-Methyl-2-thiazolylazo)-5-dimethylaminophenol (MeTAM) 765 
2-(2-Thiazolylazo)-4-methylphenol (TAG)6) 762 
2-(2-Thiazolylazo)-4-methoxyphenol (TAMP) 784 
2-(2-Thiazolylazo)-4-chlorophenol (TAG1) 757 
2-(2-Thiazorylazo)-4,6-dimethylphenol (TAGMe) 762 
4-(2-Thiazolylazo)pyrocatechol (TAPG) 590 
l-(2-Thiazolylazo)-2-naphthol (TAN) 786 
l-(4-Methyl-2-thiazolylazo)-2-naphthol (MeTAN) 790 
l-(2-Thiazolylazo)-2-naphthol-6-sulfonic acid (TAN6S) 761 

90X104 

9 0 x l 0 4 

4 5 x l 0 4 

02X104 

59X104 

7 0 x l 0 4 

7 1 x l 0 4 

3 7 x l 0 4 

5 7 x l 0 4 

3 6 x l 0 4 

3 8 x l 0 3 

4 3 x l 0 4 

1.89X104 

4.03X103 

4 . 1 9 x l 0 3 
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Fig. 1. Absorption spectra of TAM complexes. 
pH: 9.0, 0.05% TAM: 2 cm3, 0.1% ascorbic acid: 
1 cm3. 1: Fe (15 pig), 2: Ni (10 pig), 3: Cu (10 (xg), 
4: Co (10 [Lg), 5: reagent blank. 

ring show higher molar absorptivities, but naphthols 
give lower ones. T h e effect of the substituent group 
in the thiazole ring is not so noticeable. 

Absorption Spectra. The iron(II) complexes of 
thiazolylazo compounds usually have two or three 
absorption maxima. Fig. 1 shows the absorption 
spectra of 3d type m e t a l - T A M complexes extracted 
into chloroform. T h e iron(II) complex has two maxima 
at 550 nm and 760 nm, while the other 3d type metal 
complexes have only one maximum near 550 nm. We 
could not observe any other m e t a l - T A M complex which 
showed an absorption maximum over 700 nm, hence 
this maximum at 760 nm is thought to be the characteris­
tic absorption for i ron(I I ) . I t is not an easy mat ter 
to assign these characteristic absorption bands clearly. 
The configuration of iron(II) complex may differ from 
those of the other 3d type metal complexes, or thiazole 
sulfur atom might follow the peculiar behavior on the 
complexation. But there is some evidence that T A N 
forms an octahedrally configurated inner complex with 
iron(II) ,1 8 ) which is just the same as those of [Ni11-
(TAN)2] ,1 9 ) [Zn n (TAN) 2 ] , and [Co i n(TAN)2]+,2 0 ) and 
thiazole sulfur atoms never participate in the coordina­
tion. T h e i r o n ( I I ) - T A N complex also shows the specific 
absorption at 786 nm in chloroform. Even if i r o n ( I I ) -
TAM complex would take the same configuration as 

PH 

Fig. 2. Effect of pH. 
Fe: 15pLg, 0.05% TAM: 2 cm3, 0.1% ascorbic acid: 
1 cm3. 1: 760 nm, 2: 550 nm. 

those of the other 3d type metal complexes, its charac­
teristic absorption is thought to be caused by the 
t2g—>7r* transition of the iron's 3d electrons.21) As the 
T A M blank shows no absorption above 650 nm, one 
might expect the enhancement of the accuracy for the 
determination of iron. 

Effect ofpH. T h e effect of p H on the extraction 
of i r o n ( I I ) - T A M complex was examined, as shown in 
Fig. 2. T h e extract shows a constant absorbance over 
the p H range from 8.2 to 10.0. A decrease of the absorb­
ance in the acidic region is attributable to the incomplete 
formation of the i r o n ( I I ) - T A M complex, owing to the 
protonation of the thiazole nitrogen atom.4) 

Choice of Buffering Agent. T h e iron complex is 
stable even in relatively higher concentration of am­
monia solution, and a constant absorbance is obtained 
by adding from 2 to 10 cm3 of 1 mol d m - 3 ammonia 
buffer solution. T h e use of diethylbarbiturate and 
borax buffer reduces the absorbance, moreover, repro­
ducible absorbances were not obtained. Taking into 
account the masking effect, 5 cm 3 of 1 mol dm~3 

ammonia buffer solution was used» 
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Effect of TAM Concentration. A constant absorb-
ance was obtained by adding from 0.4 to 5.0 cm3 of 
0.05% T A M solution for 15 [xg of iron. Though 2 cm3 

of 0.05% T A M solution was used in practice, the 
amount corresponds 14.5 times excess to that of iron, 
calculating in molar ratio. If the consumption of T A M 
is noticeable owing to the coexistence of other metal 
ions in some sample, further addition of T A M may be 
allowed, because the absorbance of the reagent blank 
is negligible. 

Effect of Reducing Agent. T h e i r o n ( I I I ) - T A M 
complex shows a weak color ( e = 1 . 3 0 x 103 at 760 nm) ; 
the rate of complexation reaction is slow. But the 
reaction of iron(II) with T A M is completed almost in a 
moment, so it is necessary to fix the oxidation number 
of iron to i ron(II ) . The effect of addition of ascorbic 
acid and hydroxylamine hydrochloride was examined, 
but no significant differences were found. In this work, 
ascorbic acid was used and a constant absorbance was 
obtained by adding from 1 to 10 cm3 of 0 . 1 % ascorbic 
acid. As ascorbic acid forms a 2 : 1 complex with 
iron(II),22) it may act as an assistant chelating agent as 
well as a reducing agent. 

Organic Solvent. T h e chelate was effectively 
extracted into such hydrocarbons as carbon disulfide 
( e = 2 . 7 5 x l 0 4 , 779 nm) , dichloromethane, 1,2-dichloro-
ethane, trichloroethylene, and aromatic hydrocarbons 
such as benzene (2.72 X 104, 769 nm) , toluene, xylene 
(2.37 x lO 4 , 769 nm), and chlorobenzene. T h e other 
ketones and esters show low absorbance, as compared 
with chloroform, and M I B K destroys the chelate during 
the extraction. Chloroform was used in practice, 
because of its fine phase separation and ease of use. 

Composition of Iron (II)-TAM Complex. T h e result 
obtained by the continuous variation method is shown 
in Fig. 3 ; from this it can be confirmed that i ron(II) 
forms a 1 : 2 complex with T A M . As thiazolylazo 
derivatives generally act as tridentate ligands,23) this 
complex will be an inner complex of the six-coordinate 
octahedral type,18> and supplementary ligands such as 
hydroxyl group, ascorbic acid and ammonia would not 

fc o . 3 h 

[Fe]/(CFe3+tTAM]) 

Fig. 3. Continuous variation method. 
[Fe] + [TAM] = 7.892xl0-5moldm-3 , pH: 9.O. 1: 
760 nm, 2: 740 nm, 3: 720 nm. 

pa r t i c ipa te in the complex system. 
Extraction Equilibrium of Iron(II)-TAM Complex. 

When p^ 2 (8 .65)>pH>pX 1 (3 .13) , 2 4 ) most of the T A M 
is present in chloroform, and the iron(II) complex 
formed is also readily extracted into the organic phase. 
If auxiliary ligands would not participate in the chelate, 
the following extraction equilibrium can be considered : 

[MR2]Q[H+]2 

[M][HR]§ 

where M, R, and Kex denote the iron ion, T A M , and the 
extraction constant, respectively, and the subscript o 
refers to the organic phase. From Eqs. 1 and 2 can 
be derived: 

M + 2HR (0 ) MR2f0 ,2H+, Ke (1) 

log KL = !og 
[MR2]0 

[M][HR]S 
= l o g t f e x + 2 P H . (2) 

The value of log K'eii can be calculated by the measure­
ment of the absorbance. T h e results are shown in Fig. 4. 
T h e plots of log K'e* against p H show a good linearity, 
and the slope is 2.0, which indicates that Eqs. 1 and 2 
are reasonable. The calculated value of log Kex is 
—4.20±0.04. T h e extractabilities of 3d type metal 
complexes of T A M were also examined, and the order 
of the half extraction p H was Cu(4 .8)<Ni(5 .3)<Fe(5 .5) 
< C o ( 6 . 4 ) < Z n ( 7 . 5 ) . Nickel, cobalt, and zinc complexes 
showed smaller slopes than iron's. These facts indicate 
that auxiliary ligands may participate in the chelate 
systems or the rates of the complexation with T A M are 
slow except iron. 

Calibration Curve. A calibration curve was made 
under the opt imum conditions. T h e curve obeys Beer's 
law up to 20 [xg of iron per 10 cm3 of chloroform. T h e 
opt imum concentration range for the accurate deter­
mination of iron evaluated by Ringbom's method25) 
is 0.3 to 1.2 ppm of iron, corresponding to absorbance 
values of 0.2 to 0.8 unit. The molar absorption 
coefficient and SandelPs sensitivity index for log IJI= 
0.001 are 2.70 X 104 dm 3 mol" 1 cm" 1 and 2.07 X 10~3 

PH 

Fig. 4. The plots of log K'ex and absorbance vs. pH at 
760 nm. 
[Fe] = 2.686 X 10"5 mol dm"3, [TAM] = 4.124 x 10"4 

mol dm-3, / i=0.1 (KCl). 1 : log K'ex vs. pH, 2 : absorb­
ance vs. pH. 
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TABLE 2. EFFECT OF CATIONS 

Cations added Tolerance 
limit (ppm) 

Li(I), Na(I), K(I) 30000 
As(V), Mo(VI), W(VI), Ca(II) 1000 
Mg(II), Sr(II), Ba(II), Cu(II),a) V(V), 500 
Gr(III), Bi(III), Se(IV), Th(IV), Ga(III), 
Ge(IV), Ag(I) 
Zn(II), Hg(II), Al(III), Sn(II), Sb(III), 
Rh(IV), Tl(III) 
Mn(II), Pd(II), Pb (II), U(VI), Au(III), 
Ti(IV), Zr(IV), Hf(VI), Ce(III) 
Ni(II)w 

Cd(II), Co(II),b> Pt(IV), Ru(III), In(III) 
Gu(II), Ni(II), Go(II) 8 

Iron taken: 1.5 ppm. a) and b) : Ten cm3 of 2% thio-
semicarbazide and three cm3 of 1 % dimethylglyoxime 
solutions were added, respectively. 

TABLE 3. EFFECT OF ANIONS 

100 

50 

30 
20 

Anions added Tolerance 
limit (ppm) 

CI-, Br-, I- , N 0 3 - , S0 4
2 - , SCN-, Acetate 50000 

F-, C0 3
2 - , Thiosemicarbazide, Thiourea 20000 

Tartrate 10000 
Oxalate 3000 
Dimethylglyoxime 3000 
Citrate 1000 

Iron taken : 1.5 ppm. 

TABLE 4. DETERMINATION OF IRON IN SYNTHETIC SEA WATER 

Iron added 
(re) 

5.00 
10.00 
15.00 
20.00 

Iron found 
(re) 

5.ir> 
10.05 
15.29 
20.16 

Error 
(%) 

2.2 
0.5 
1.9 
0.8 

a) The values obtained were averages of 5 determinations. 

TABLE 5. DETERMINATION OF IRON IN NATURAL WATER 

Sample 

Sair iver 
Uchikawa 
Okuwa 
Kamikiku 
Mikage 
Outfall 

Kanazawa port 
Kanaiwa breakwater 

Sample volume 
cm3 

100 
100 
100 
100 
100 
500 
500 

Iron content 
ppm 

0.026(0.023)a) 

0.034(0.035) 
0.027(0.024) 
0.025(0.025) 
0.143(0.140) 
0.012(0.015) 
0.026(0.028) 

a) The values obtained by A.A.S. are shown in parentheses. 

{ig c m - 2 , respectively, which is more sensitive than the 
most common reagents,26) such as 1,10-phenanthroline, 
4,7-dihydroxy-l,10-phenanthroline, 2,2'-bipyridine, 
2,4,6-tri(2-pyridyl)-l,3,5-triazine, and l-(2-pyridylazo)-
2-naphthol. The variation coefficient of the absorbance 
for 1.50 ppm of iron is 0 .67%; this was determined by 
ten measurements. 

Effect of Diverse Ions. Thiazolylazo dyes generally 
give similar colored complexes, especially with some of 

transition metals. Tha t is a disadvantage from the 
practical viewpoint. As the present method utilizes 
the specific absorption of i r o n ( I I ) - T A M complex, 
the selectivity is significantly elevated. The effect of 
diverse ions are summarized in Table 2 for cations and 
in Table 3 for anions, where the tolerance limit is set 
t o ± 5 % for iron recovery. I ron can be determined in 
the presence above 20 ppm each of 41 metal ions, where 
vanadium, bismuth, thorium, uranium, ti tanium, and 
zirconium, whose spectrophotometric determinations 
have already been developed, are tolerable even in 
large amounts. 3d type metals form colored complexes, 
but copper can be effectively masked by thiosemi­
carbazide and nickel, and cobalt by dimethylglyoxime. 
Since concentrations of these ions in most natural 
waters are usually low, their interferences are almost 
negligible. Among the anions tested, acetate, tartrate, 
thiourea, and citrate can also serve as masking agents. 

Determination of Iron in River and Sea Waters. In 
order to apply the present method to natural waters, 
we determined iron first in synthetic sea waters.27) Sea 
water usually contains 10 ppb order of iron.28) So 
known amounts of iron were added to synthetic sea 
waters as shown in Table 4. The results show that the 
present method is applicable to sea waters within 3 % 
errors. Table 5 shows the results of determinations in 
the Sai river from the upper stream to the down stream 
and in sea waters near river ports. These values agreed 
well with those obtained by atomic absorption spectro­
metry. For sea waters, the following procedure is 
recommended. Take an aliquot of sample solution which 
is filtered off immediately after sampling. Add 2 cm3 

of coned hydrochloric acid and concentrate the solution 
to 100 cm3 on the water bath . Add 1 cm3 of 0 . 1 % 
ascorbic acid and 5 cm3 of 10% sodium acetate solutions, 
and neutralize by ammonia solution. Transfer the 
solution into a 200 cm3 separatory funnel, and deter­
mine iron according to the standard procedure. For 
river waters, filtrates were directly used without precon-
centration. 
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The kinetics of ligand substitution reactions in trimalonatovanadium(III), V(mal)3
3-, with various multidentate 

ligands, malonate (MAL), ethylenediaminetetraacetate (EDTA), and nitrilotriacetate (NTA) have been studied. 
The rate constant of the malonate exchange in V(mal)3

3- was obtained from the NMR line-broadening method to be 
jt =50 s"1 at 70 °G. The rate of EDTA substitution depends on the entering EDTA species. The values of second 
order rate constants are £21=0.04 M"1 s"1 (1 M = l mol dm"3) for H2edta as an entering ligand and £22=0.25 
M- 1 s"1 for H3edta at 25 °C. The NTA substitution is reversible under the experimental conditions studied. 
The apparent rate constants of the forward and backward reactions are k3= 1.3 X 10"2 M"1 s"1 and £_3=2.0 X 10~3 

M- 1 s"1 at pH 3.5 and 25 °G, respectively. The univalent H2nta is found to be the only entering ligand. 

In spite of numerous investigations on the kinetics of 
ligand substitutions of various transition metal com­
plexes, sufficient data are not available on vanadium-
(III) complexes.1-7) Among vanadium species, ligand 
substitution reactions have been most extensively 
studied for oxovanadium(IV)8-16> and it has been 
found that the rates depend largely on the properties 
of entering ligands. Similar substitution processes can 
be expected for V ( I I I ) complexes by considering the 
electronic configurations of these complexes. 

In the present paper, a detailed analysis of the kinetics 
of ligand substitution reactions for V ( I I I ) complexes 
will be presented for the following reactions.17) 

V(mal)3
3- + MAL *=± V(mal)3

3" + MAL (1) 

V(mal)3
3" + EDTA • V(edta)" + 3MAL (2) 

V(mal)3
3- + NTA <==± V(nta)(mal)2- + 2MAL (3) 

6.0 

4.0 

2.0 

1 ' 1 • 

\ / V4) 

X~\3) \ 
/ / \ ( 2 ) V ^ \ 

^^\—^u ) \ J^ 
i . ^ "^T 

! 

>C<C~^~~ 
i ^Tr^r-

-

-

A/nm 

Fig. 1. Absorption spectra of various vanadium(III) 
complexes: (1): V(H20)6

3+, (2): V(mal)3
3-, (3): V-

(edta)-, (4): V(nta)(mal)2-. 

E x p e r i m e n t a l 

Vanadium(III) Perchlorate solutions were prepared by 
electrolytic reduction of V 0 2 + in 1.0 M HG104 at a mercury 
cathode under an atmosphere of nitrogen. The preparation 
of V 0 2 + Perchlorate was described elsewhere,11) The con­
centration of V(III) solutions was determined by titration 
with standard permanganate. Since V(III) Perchlorate is 
very easily oxidized to V02+, the preparation of V(III) was 
carried out just before kinetic experiments. Reagent grade 
malonic acid (Wako Pure Chemical Ind. Ltd.) was recrystal-
lized twice from distilled water and dried under reduced 
pressure. Sodium perchlerate was prepared as described 
earlier.11) Analytical grade EDTA and NTA were used 
without further purification. The NMR measurements were 
carried out on a JEOL JNM-4H-100 spectrometer. The 
spectrophotometric and kinetic measurements for the EDTA 
and NTA substitution reactions were made by using a 
Shimadzu MPS-50 spectrophotometer. The pH was obtained 
by measurement with a Hitachi-Horiba Model F-7SS pH 
meter. The ionic strength was kept at 2.5 by the addition 
of NaC104 throughout the kinetic experiments. 

R e s u l t s a n d D i s c u s s i o n 

Absorption Spectra of V(III) Complexes. The 
absorption spectra of various V ( I I I ) complexes, 
V(H 2 0) 6

3 +, V(mal) 3
3 - , V(n ta ) (mal ) 2 - , and V(ed ta ) - , 

are shown in Fig. 1. T h e main absorption bands, which 
appear at about 420 and 590 nm for V ( H 2 0 ) 6

3 + , are 
slightly shifted in V(mal ) 3

3 - . However, V(mal ) 3
3 - has 

4****%*^ 

B A 

Fig. 2. NMR spectra of the malonate methylene protons 
in the presence of V(III) ions at 20 and 80 °G: A and B 
correspond to the methylene protons of bulk malonate 
and coordinated malonate, respectively. 

much larger extinction coefficients than V(H 2 0) 6
3 + in 

both bands, so that the assignment of the bands to 
the aqua or malonato complexes can be made from the 
spectra. The spectra of V ( e d t a ) - and V(nta)(mal)2~ 
are much different from those of V ( H 2 0 ) 6

3 + and 
V(mal ) 3

3 - . Therefore, the rates of ligand substitution 
between these complex species can be determined from 
the changes in absorbance. 

NMR Measurements in V(mal)f~ Solutions. The 
N M R measurements of the methylene protons of 
malonic acid were made in the presence of V( I I I ) 
ions and two peaks of the malonate methylene protons 
were observed as shown in Fig. 2. T h e downfield and 
upfield signals are assigned to the coordinated malonate 
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I 

O 

Fig. 3. A plot o f l o g ( ( l / r 2 - l / r ! a ) / P J vs. 1/Tformeth-
ylene protons of malonic acid in V(III) solution. 
[V(III)] =0.075 M, [MAL]T=1.0M, and pH = 3.75. 

and bulk malonate, respectively. The earlier work on 
1 7 0 N M R measurements of H 2 0 in the presence of 
V ( H 2 0 ) 6

3 + observed a similar splitting of the H 2 0 
signal.1) 

The signal of the coordinated malonate protons is 
broad at room temperature because of the direct 
interaction with the paramagnet ic V( I I I ) ion, while 
that of bulk malonate is very sharp. Figure 2 shows that 
these malonate signals become broad as the temperature 
increases above 80 °C. This suggests that the line widths 
are affected by a chemical exchange between bulk 
malonate and the coordinated malonate. In order to 
examine the line broadening in detail, the expression 
log (\jT2— l/T^a), where T2 is the transverse relaxation 
time of the bulk malonate protons in the presence of 
V( I I I ) ion and T23L is the transverse relaxation time in 
the absence of V( I I I ) ion, was plotted against the 
reciprocal temperature as shown in Fig. 3. The plot 
gives a straight line with a negative slope. T h e deviation 
from the straight line in the region below 50 °C corre­
sponds to the so-called region I.18»19) Therefore, it may 
be concluded that the relaxation process is controlled 
by a chemical exchange18) and the mean life-time of a 
ligand in the first coordination sphere of V( I I I ) ion, r m , 
is expressed by the equation 

llT2-l/T2& = PjTm, (4) 

where Pm is approximated by the Eq. 5 in a dilute 
solution. 

Pm = n[complex]/[total ligand], (5) 
where n is the number of coordinated ligands and 
assumed to be 3 in the present case. The first order rate 
constants of the malonate exchange in V(mal)3

3~, £ e x = 
l / rm , are listed in Table 1 for a variety of p H values. 
Since the N M R measurements were carried out at high 
temperatures above 70 °C, it was very hard to maintain 
the V( I I I ) solution and the instrument at constant 
condition. Consequently, the errors in kex values are 
estimated at approximately 2 0 % and it is concluded 
that kex does not depend on p H within experimental 
errors. In the EDTA and N T A substitution reactions, 
which will be mentioned later, the rates were found to 
be first order with respect to entering ligands. Although 
the dependence of the exchange rate on malonate 
concentrations was not tested, it may be also expected 

for the malonate exchange that the rate is first order to 
entering malonate ion, which exists principally in the 
Hmal or mal form in solution. However, the concentra­
tion of H m a l is much larger than that of mal over the 
p H range studied so that Hma l should play an important 
role as an entering ligand. In addition, Hmal appears 
to be more reactive as an entering ligand compared with 
mal because it is favorable for coming close to the 
negatively charged complex ion, V(mal)3

3~. T h e values 
of second order rate constant calculated from the 
expression, A^A^/CHina l ] , are listed in Table 1, which 
shows that kx changes only slightly with p H values. 
The activation parameters for the malonate exchange 
obtained from Fig. 3, are summarized in Table 6. 

Substitution by EDTA. The substitution of the 
coordinated malonate by E D T A can be written by 
Eq. 2. The rate law which consists with the experimental 
results is expressed by the equation: 

-d[V(mal)33-]/d* = /r2[y(mal)33-][EDTA]T, (6) 

where [EDTA] T indicates the total concentartion of 
E D T A at / = 0 . T h e rate constant, k2i was calculated 
by a least squares method. The values of k2 obtained 
at various E D T A concentrations were constant within 
the experimental errors (Table 2). The p H dependence 
of k2 is shown in Table 3 together with the apparent 
first order rate constant, k2i defined by k2f=£2[EDTA]T. 
Since H 3edta and H 2edta are major species in the p H 
region studied, two substitution processes by H2edta 
(k2l path) and H 3edta (k22 path) are considered leading 
to the following rate equation : 

* 2 = *21[V(mal)33-][H2edta] + *22[V(mal)33-][H3edta]. (7) 

Hence k2i can be given by Eq. 8. 

TABLE 1. RATE CONSTANTS OF THE MALONATE 

EXCHANGE IN V(mal)3
3~ AT 70 °G 

pH 

2.89 
2.95 
2.99 
3.40 
3.75 
3.99 

* e x 

s-1 

44 
44 
40 
57 
50 
50 

h 
M- 1 s-1 

81 
77 
67 
72 
56 
54 

The concentrations of the MAL species were calculated 
by using the following pK values; pKx=5.78 and pK2= 
2.82.22) 

TABLE 2. VALUES OF SECOND ORDER RATE CONSTANTS 

OF THE E D T A SUBSTITUTION REACTION AT 

VARIOUS E D T A CONCENTRATIONS 

pH 

3.66 
3.65 
3.67 
3.67 
3.68 

[EDTA]T 

M 

0.049 
0.075 
0.100 
0.125 
0.150 

k2 

M ^ s - 1 

0.083 
0.082 
0.073 
0.078 
0.079 

Average 0.079±0.003 

[V(III)]=0.0127 M, [MAL]T=1.0 M and 26 °G. 
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TABLE 3. pH DEPENDENCE ON THE RATE OF 

THE EDTA SUBSTITUTION REACTION 

pH 

2.62 
2.86 
3.25 
3.59 
4.00 
4.80 

/c2 

M- 1 s-1 

0.142 
0.109 
0.078 
0.066 
0.053 
0.042 

k2t 
10-3 s-1 

3.98 
3.05 
2.18 
1.85 
1.48 
1.18 

O 
Ö 

O 

< 

[V(III ) ]=0.0127M, [EDTA] T =2 .8x lO- 2 M, [MAL]T 

= 1.0 M at 25 °G. The concentrations of EDTA species 
were calculated by using the following pK values, pKt= 
10.26, pK2=6A6, p# 3 =2 .67 , p # 4 = l .99.23) 

S 

V 

[H3edta]/[H2edta] 

Fig. 4. A plot of £2f/[H2edta] vs. [H3edta]/[H2edta] in 
the substitution reaction of the coordinated malonate by 
EDTA. 

*2f = £2i[H2edta] + £22[H3edta] (8) 

As shown in Fig. 4, the plot of £2f/[H2edta] vs. [H3-
edta]/[H2edta] is linear and it proves Eq. 8 to be valid. 
The intercept and the slope of the straight line yield 
£ 2 1 =0.04 M - 1 s-1 and £ 2 2 =0.25 M " 1 s - 1 , respectively. 
T h e activation parameters obtained from the measure­
ments at temperatures ranging from 20 to 40 °C were 
summarized in Table 6. 

Substitution by NT A. The substitution of the 
coordinated malonate by N T A can be described by 
Eq. 3. T h e V(nta)(mal) 2~ complex, though its structure 
is not known, seems to have an octahedral structure. 
The following explanation will give the stoichiometric 
evidence for Reaction 3. 

Under the experimental conditions studied, Reaction 
3 was reversible and the rate equation is 

-d[V(mal)33-]/d* = *3[V(mal)33-][NTA]T 

-*-3[V(nta) (mal)2-] [MAL]T. (9) 

The values of the forward and backward rate constants, 
k3 and £-3, were calculated by the least squares method. 
A typical least squares fit to experimental data is shown 
in Fig. 5. T h e results are listed in Table 4 for a variety 
of [NTA]T and [MAL]T values. The p H dependence 
of the substitution rates is shown in Table 5. 

At infinite time, — d [V(ma l ) 3
3 _ ] / d /=0 , which leads to 

[V(nta)(mal)2-][MAL]T/([V(mal)33-][NTA]T) = *3/*_3. (10) 

O n the other hand, the equilibrium constant, K, of the 

0 . 4 

0 . 3 

0 . 2 

• • 
• 

8 - • 
• 

• 
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• 
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• 
• 

8 

• 
• i 
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• 

L_ 

8 
• 8 

//s 

Fig. 5. The variation of absorbance with time in the 
substitution reaction of the coordinated malonate by 
NTA. 
• : Experimental, 0 : calculated. Closed circles 
indicate the points where the values of Q in accord 
with those of Q-

([nta]/[mal]2)/10 

Fig. 6. A plot of k3/k_3 vs. [nta]/[mal]2 in the substitu­
tion reaction of the coordinated malonate by NTA. 

TABLE 4. RATE CONSTANTS OF THE NTA SUBSTITUTION 

REACTION FOR VARIOUS [ M A L ] T AND [ N T A ] T AT 2 5 °G 

pH 

3.53 
3.50 
3.59 
3.47 
3.47 
3.40 
3.40 
3.44 

[MAL]T 

M 

1.061 
1.033 
0.884 
0.778 
0.707 
1.167 
1.167 
1.167 

[NAT]T 

M 

0.146 
0.146 
0.146 
0.146 
0.146 
0.0732 
0.110 
0.146 

k3 

l O ^ M ^ s - 1 

1.26 
1.30 
1.06 
1.36 
1.72 
1.31 
1.36 
1.43 

A:_3 

10-3 M ^ s - 1 

2.3 
2.0 
2.4 
2.2 
2.5 
2.8 
2.5 
2.5 

Eq. 3 is 

[V(nta) (mal)2"] [mal]2/([V(mal)3
3-] [nta]) = K. (11) 

From Eqs. 10 and 11 
kjk_3 = ^[MAL]T[nta]/([NTA]T[mal]2). (12) 

If the stoichiometry in Eq. 3 is correct, a plot of kJk-3 vs. 
[nta]/[mal]2 should be linear. The equilibrium constant 
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TABLE 5. pH DEPENDENCE ON THE RATE OF THE] 

N T A SUBSTITUTION REACTION 

pH 

2.95 
3.15 
3.18 
3.31 
3.47 
3.57 
3.77 
4.18 

k3 

l O ^ M ^ s - 1 

7.08 
4.19 
4.38 
2.62 
1.72 
1.01 
0.64 
0.32 

A:_3 

10-3 M ^ s - 1 

2.0 
2.0 
2.7 
2.8 
2.5 
1.7 
1.7 
1.9 

* 3 f 

1 0 - 3 S - 1 

10.3 
6.12 
6.39 
3.83 
2.51 
1.47 
0.93 
0.47 

[V(III)]=0.00429 M, [MAL]T=0.707M, [NTA]T= 
0.146M, at 25 °G. The concentrations of the NTA 
species were calculated by using the following pK values ; 
pK1=9.73, p# 2 =2 .49 , p # 3 = l .89.23) 

is obtained from the slope in Fig. 6 to be 1.5 x 102 M . 
Hence it is confirmed that V(n ta ) (mal ) 2 _ is the most 
reasonable species for the product of the substitution 
of the coordinated malonate by NTA. 

In comparison with the E D T A substitution reaction, 
the mechanism seems to be more complicated for the 
NTA substitution. A plot of £3 f /[Hnta] vs. [H 2nta] / 
[Hnta] , where A:3f is the first order rate constant for 
Reaction 3, does not give a straight line, while the 
corresponding plot for the E D T A substitution was linear 
as shown in Fig. 4. Considering these results, we 
estimate the following substitution scheme for the N T A 
substitution. The initial step is a reversible substitution 
process between V(mal)3

3~ (I) and the intermediate 
complex V(mal) 2 (NTA) ( I I ) , whose charge can not 
be determined, followed by the chelation of NTA. 

4> 
( I ) V(mal)^ 

(13) 

(ID (III) V(nta)(mal)2' 

(14) 

where NTA is supposed to be Hnta or H 2nta . In the 
intermediate complex (I I ) , NTA, which is primarily 
a quadridentate ligand, coordinates to V( I I I ) as a 
bidentate. Such a complex is presumed to be 
unstable compared with the complexes (I) and ( I I I ) . 
O n the basis of the above assumption, a steady state 
approximation for the complex (II) leads to the following 
rate law: 

Ä» = ^13[V(mal)33-][NTA]/(Â:_12[Hmal] + Â:13). (15) 

The backward rate of Reaction 13 (k-12 path) is supposed 
to be as fast as that of Reaction 1, because both processes 
are the substitution of bidentate ligands by Hmal . Since 
the rate constant of the malonate exchange (1) is 

i o 
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([H2nta]/[Hmal])/10-2 

Fig. 7. A plot of k3{ vs. [H2nta]/[Hmal] in the substitu­
tion reaction of the coordinated malonate by NTA. 

TABLE 6. ACTIVATION PARAMETERS FOR THE 

SUBSTITUTION REACTIONS IN V ( m a l ) 3
3 ~ 

Reaction 

Malonate exchange 
(Reaction 1) 

EDTA substitution 
(Reaction 2) 

NTA substitution 
(kz path in Reaction 3) 

A//# 

kjmol- 1 

54.8a> 

42 .3±1 .7 

67 .4±3 .8 

AS* 
J m o l ^ K - 1 

- 5 0 . 2 a ) 

- 1 1 9 ± 5 

- 4 4 ± 1 3 

a) The errors in these values are estimated at approxi­
mately 20%. 

3.5 s - 1 at 25 °C, which is about hundred times greater 
than that of the N T A substitution (3), it may be assumed 
that £_12[Hmal] is relatively larger t han 
A:_12[Hmal]^>A;13 is assumed, Eq. 15 becomes 

* 3 = *11*1.[V(mal),»-][NTA]/^11[Hmal], 

1 3 ' If 

(16) 

or 
ht = ^i2^i3[NTA]/Â:_12[Hmal]. (17) 

T h e plot of £3f as a function of [H 2nta] /[Hmal] is linear 
(Fig. 7) and this fact supports that the reaction mecha­
nism described above is reasonable. It is also found that 
only H 2 nta of N T A species acts as an entering ligand 
because the intercept in Fig. 7 is approximately zero. 
Recently, Tanaka et al. reported the existence and 
reactivity of the protonated species, H4nta.20) However, 
H 4 nta will not play the important role, since the concen­
tration of H 4nta (10~5—10~7 M) is much lower than 
those of H 2nta and Hn ta in the p H region studied. 

T h e activation parameters were obtained from the 
measurements at temperatures ranging from 20 to 
40 °C. The results were summarized in Table 6. 

Conclus ion 

We conclude that the ligand substitution reactions in 
V(mal ) 3

3 _ proceed via an A mechanism.21) These results 
are consistent with those of earlier studies.2»3) Larger 
negative values of activation entropies as shown in 
Table 6 may support the A mechanism. 

It is of particular interest that univalent anions are 
markedly reactive as the entering ligand in substitution 
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reactions compared with other multivalent ions. This 
is quite reasonable because a mutual repulsion between 
the univalent anion and trivalent complex anion, 
V(mal) 3

3 _ , is supposed to be much smaller than that 
between V(mal ) 3

3 _ and multivalent anions. 
In the earlier study dealing with the malonate 

exchange in VO(mal ) 2
2 _ , it was suggested that the 

reaction would proceed via acid catalysis,12) where the 
second order ra te constants for V O ( m a l ) 2

2 _ and H m a l -

increased more than fivefold when p H changed from 
2.30 to 4.05. From the present study, however, we 
conclude tha t the acid effect is very small or nearly 
negligible. In the case of the E D T A substitution 
reaction, it can not be determined whether the p H 
dependence of the rate constant is due to the acid 
catalysis or the concentration dependence of the entering 
ligand, if only H 2 edta is assumed to be active as an 
entering ligand. However, such an assumption seems 
unlikely, because H 2edta should be more inactive than 
H3edta to V(mal ) 3

3 _ owing to the electric repulsion. 
In fact, the linear relationship between the substitution 
rate and the hydrogen ion concentration was not 
obtained in the N T A substitution reaction. As shown 
in Table 1, the second order rate constant of the 
malonate exchange in V(mal ) 3

3 _ increases slightly with 
increasing hydrogen ion concentrations. However, it 
may be hard to conclude whether the exchange rate is 
slightly accelerated by acid or not, because unlike the 
malonate exchange reaction in VO(ma l ) 2

2 _ the p H 
dependence of the rate constant is too small by consider­
ing large experimental errors in N M R measurements. 

The authors wish to thank Professor Gilbert Gordon 
of Miami University for his helpful discussions. 
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Ternary «-Amino Acid-Palladium(II) Complexes with 
Ligand-Ligand Hydrogen Bonding 
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Histidinate (His)-containing ternary a-amino acid-palladium (I I) complexes have been studied by synthetic 
and spectroscopic methods. The following complexes with imidazolate (im), L- and D-His, L-asparaginate (L-Asn), 
and L-glutaminate (L-Gln) have been isolated as crystals: [Pd(im)2] '0.5H2O; [Pd(L-His) (D-His)] «H20; [Pd(L-Asn)-
(L-His)]-2H20; [Pd (L-Gln) (L-His)]-2H20. The ternary systems involving palladium (II), L-His, and an amino 
acid L-AA with an OH or a CONH2 group (AA=Asn, Gin, serinate, threoninate, or homoserinate) exhibit absorp­
tion maxima at 300—311 nm with e 310—440 and negative and positive circular dichroism (CD) peaks at 307—328 
nm and ^300 nm, respectively. 13G and *H NMR spectra gave the amounts of the eis and trans isomers of Pd(His)-
(AA) in solution and confirmed that Pd(His)(AA) has an N 3 0 donor set in the coordination plane. Whereas the 
GD magnitude additivity holds for the ternary systems Pd (L-His) (B) with B=glycinate, L-alaninate, or L-valinate 
and the systems with L-histidine methyl ester (L-HisOMe) and L-AA, Pd(L-HisOMe)(L-AA), the magnitudes for 
Pd (L-His) (L-AA) deviate significantly from those estimated on the basis of the additivity. The GD magnitude 
anomaly as well as the geometrical and rotational isomer populations calculated from the XH NMR spectra estab­
lishes the existence of the ligand-ligand interaction between the carboxylato group of His and the hydroxyl or 
amido group of AA in solution. 

With the recognition of the importance of non-
covalent interactions in biological processes,1) weak 
intramolecular interactions between coordinated ligands 
have recently attracted considerable attention. Intra­
molecular aromatic ring stacking between 2,2'-bipyri-
dine, 1,10-phenanthroline, or t ryptophan and the base 
moiety of nucleosides or nucleotides in the ternary 
complexes of copper(II) , zinc (II) , etc. has been detected 
in solution2-9) and revealed by X-ray analysis of a 
crystalline copper(II) complex.10) Electrostatic ligand-
ligand interactions in the ternary a-amino acid-copper-
(II) complexes have received substantial experimental 
support,11-14) and the recent N M R spectroscopic study 
provides conclusive evidence for their existence in the 
corresponding pal ladium(II) complexes.15) O n the 
other hand, histidinate (His)-containing ternary amino 
acid-copper(II) complexes With asparaginate (Asn), 
glutaminate (Gin), citrullinate, serinate (Ser), homo­
serinate (Hmser), or threoninate (Thr) (abbreviated as 
AA hereafter) have been inferred to involve hydrogen 
bonding between the carboxylato group of His and the 
polar side group of AA.16) Preferential crystallization 
of Cu(L-Asn) (L-His) from the solution containing 
Cu( I I ) , L-Asn, and DL-His in the ratio of 1 : 1 : 1.5 
has led to nearly complete optical resolution of histi-
dine,16»17) which is in support of the stereoselectivity 
due to the interaction. The molecular structures of 
[Cu(L-Asn) (L-His) ( H 2 0 ) ] • 3 H 2 0 and [Cu(L-Asn) (L-
His)] disclosed by X-ray analysis18) exhibit difference 
in the side chain conformation of L-Asn, indicating the 
side chain flexibility and its accessibility to the histidine 
carboxylato group axially coordinated to copper(I I ) . 
Probably because hydrogen bonds are too weak in 
aqueous solution to affect the stability constants, 
however, analysis of the solution equilibria in water16) 
and in 20% dioxane-water19) failed to show any effects 
of the bonding. 

As an extention of the studies on copper(II) complexes, 
we now carried out synthetic and spectroscopic inves­
tigations of the corresponding histidinate- and cysteate-

(CyS0 3H)-containing ternary pal ladium(II) systems 
in order to obtain convincing information on the ligand-
ligand interaction in the ternary systems Pd(His)(AA) 
in solution. 

E x p e r i m e n t a l 

Materials. DL-Histidine methyl ester dihydrochloride 
was prepared according to the literature.20) L-1-Methyl-
histidine, L-histidine methyl ester dihydrochloride, and D-
and DL-histidine hydrochloride were purchased from Sigma. 
All the other amino acids were obtained from Nakarai. 
Disodium hexachloropalladate(II) and palladium(II) chloride 
were from Mitsuwa and Kishida, respectively. The deuterated 
solvents, D 2 0, GD3OD, and DG1 in D 2 0 were obtained from 
Merck. The chemicals used were of highest grade available. 

Syntheses. [Pd(L-His)(T>-His)1*H20: To a solution of 
palladium(II) chloride (0.36 g, 2.0 mmol) in 2 M HCl (2 ml; 
1 M = 1 mol dm -3) was added an aqueous solution of DL-
histidine hydrochloride (0.84 g, 4.0 mmol), and the pH of the 
mixture was adjusted at 6—7 with aqueous NaOH. Color­
less crystals were collected and recrystallized from water. 
Found: C, 33.16; H, 4.23; N, 19.97%. Galcd for C12H16-
N 6 0 4 P d . H 2 0 : G, 33.31; H, 4.19; N, 19.42%. 

[Pd(im)^\'0.5H2(): An aqueous solution of imidazole 
(0.27 g, 4.0 mmol) was added to a solution of palladium(II) 
chloride (0.36 g, 2.0 mmol) in 2 M HCl (2 ml). The pH of 
the resulting mixture was adjusted at z&l with aqueous 
NaOH, when almost colorless crystals separated. Found: 
G, 28.64; H, 2.77; N, 22.15%. Galcd for G6H6N4Pd.0.5H2O: 
G, 28.88; H, 2.83; N, 22.45%. 

[Pd(irGln) (h-His)] • 2H20 : Palladium(II) chloride (0.36 g 
2.0 mmol) in 2 M HCl (2 ml) was mixed with aqueous 
solutions of L-histidine hydrochloride (0.42 g, 2.0 mmol) and 
L-glutamine (0.59 g, 4.0 mmol), and the pH of the resulting 
solution was adjusted at 5—6 with aqueous NaOH. The 
solution was then concentrated in vacuo to a small volume at 
room temperature and kept in a refrigerator for a few days 
to give yellowish crystals after removal of slightly soluble 
Pd(L-Gln)2. Found: C, 29.46; H, 4.65; N, 15.85%. Calcd 
for C n H 1 7 N 5 0 5 Pd.2H 2 0: G, 29.91; H, 4.79; N, 15.85%. 

[Pd(L-Asn) (L-His)~\*2H20: The complex was prepared in 
the manner described for Pd (L-Gln) (L-His). Found: C, 
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28.62; H, 4.09; N, 16.65%. Calcd for C10H15N5O5Pd. 
2 H 2 0 : C, 28.08; H, 4.48; N, 16.37%. 

Instruments. Absorption spectra were recorded in the 
range 230—430 nm on a Union Giken SM-401 high sensitivity 
recording spectrophotometer. CD spectra were measured 
in the range 260—420 nm with a JASGO MOE-1 spectro-
polarimeter. *H NMR spectra at 90 MHz were obtained at 
34 °C with a Hitachi R-22 NMR spectrometer equipped with 
a Hitachi A 1600A signal averaging analyzer internally locked 
and a Hitachi R-900 Fourier transform NMR spectrometer 
(90 MHz). 13G NMR spectra at 22.63 MHz were recorded 
at 34 °C on a Hitachi R-900 Fourier transform spectrometer 
with D-lock and digital resolution of 0.02 ppm. The probe 
temperature was measured with a thermocouple. 

Spectral Measurements. Absorption and CD Spectra: 
Absorption and CD spectra were measured at room tempera­
ture for the systems involving Pd(II), His, and AA in the 
ratio of 1: 1: 1 at pH 6.5—7.0 at a Pd(II) concentration of 
1X 10 - 3—2xl0~3 M. The samples were prepared from 
disodium tetrachloropalladate(II) freshly dissolved in water 
and 0.02 M aqueous solutions of amino acids, the pH values 
being adjusted with aqueous NaOH (0.05 M) and hydro­
chloric acid (0.01 M). 

NMR Spectra. The samples were prepared in deute-
rated solvents (pD 5—7) in the manner described above. 
The palladium(II) concentrations were ca. 0.04—0.2 M for 
1H and 0.1—1.0 M for 13C NMR spectral measurements. 
All carbon chemical shifts were measured relative to dioxane 
as an internal reference. 

R e s u l t s 

Syntheses. Isolation of the crystalline binary 
copper(II) complex of L-histidine has been a challenge 
to a number of investigators, and only the meso complex, 
Cu(L-His)(ü-His), has been successfully crystallized and 
analyzed crystallographically.21) With pal ladium(II) , 
the corresponding meso complex was obtained as 
crystals, whereas the active complex was obtained as a 
gelatinous precipitate just as the plat inum(II) com­
plex.22) As regards the ternary complexes, only Pd(L-
Asn)(L-His) and Pd(L-Gln)(L-His) were isolated as 
crystals by using Pd( I I ) , His, and AA in the ratio of 
1 : 1 : 2. The ternary complexes with Ser, Thr , and 
Hmser could not be obtained as analytically pure 
crystals probably owing to contamination with the 
binary complexes Pd(AA)2 , and are in contrast with 

the corresponding copper (I I) complexes which have 
been isolated as crystals in previous studies.16'17) 

Spectral Properties. Absorption and CD Spectra : At 
neutral p H the ternary systems Pd(L-His) ( L - A A ) 
exhibit an absorption band centered at 300—311 nm 
with e 310—440, whose pattern appears to involve a 
shoulder and a peak ascribable to Pd(L-His)2 and Pd-
( L - A A ) 2 , respectively (Table 1). The CD spectra of the 
Pd(L-His)(L-AA) systems have a negative maximum at 
307—328 nm with a positive shoulder at «^300 nm and 
sometimes a weak positive peak at «==380 nm. In the 
absence of ligand-ligand interactions within complex 
molecules, the CD magnitude additivity has been shown 
to hold for the copper(II) and palladium(II) complexes 
with two amino acids11 »12»15) or a peptide with two or 
three amino acid residues,23»24) where the magnitudes, 
Ae c a l c d , can be estimated by summing up the experi­
mental magnitude assigned to each molecule or residue 
of the amino acids constituting the systems. Thus, for 
ternary palladium (I I) systems with amino acids L - A 
and L-B devoid of interacting side groups, Pd(L-A)(L-B), 
Aecaicd given by Eq. 1 corresponds well with the observed 
value:15) 

Aecaicd = y(AeP d a-A),+AeF d ( L .B ) ,) , (1) 

where AePd(L_A), and AeP d a -B ) , refer to the magnitudes 
exhibited by the binary complexes Pd(L-A)2 and 
Pd(L-B)2, respectively. Because the ligand fields are 
supposedly different in the histidinate-containing systems 
from those of the systems with the other amino acids 
owing to the imidazole ring, we used Eq. 2 for Pd(L-
His) ( L - A A ) : 

AeAfl,,H = Ae Pd(DL-HisXL-AA) + Ae-Pd(L-HIs)CDL-AA)- (2) 

T h e estimated values given by Eq. 2 are in good agree­
ment with the experimental ones for the systems with 
glycinate (Gly), L-alaninate (L-Ala), or L-valinate 
(L-Val) in place of L - A A (Table 1). O n the other hand, 
polar side chains of Ser, Thr , Hmser, Asn, and Gin 
affect the magnitudes, decreasing the relative magnitudes 
Ae/Aeca Icd . This is reminiscent of the magnitude 
anomaly due to the electrostatic ligand-ligand interac­
tion in the ternary copper(II) and palladium(II) 
systems with an acidic and a protonated basic amino acid 
and related systems,11-13»15) and serves as an indication 

TABLE 1. ABSORPTION AND CD SPECTRAL DATA FOR L-HÎS-CONTAINING TERNARY SYSTEMS 

System 

Pd(L-His)(Gly) 

Pd(L-His)(L-Ala) 

Pd(L-His)(L-Val) 
Pd(L-His)(L-Ser) 

Pd(L-His)(L-Thr) 

Pd(L-His)(L-Hmser) 

Pd(L-His)(L-Asn) 

Pd(L-His)(L-Gln) 

pH 

7.1 
7.1 
7.0 
6.9 
7.1 
7.1 
6.8 
7.0 

Absorption 
spectrum 

' 
' ' m a x 

n m 

305 
311 
305 
305 
306 
305 
300 
305 

\ 
£ 

310 
380 
420 
410 
400 
430 
400 
430 

CD 
spectrum 

' 
* m a x 

n m 

328 
324 
319 
321 
315 
323 
307 
325 

L 

v 

Ae 

- 0 . 1 5 
- 0 . 1 0 
- 0 . 4 7 
- 0 . 1 1 
- 0 . 2 9 
- 0 . 1 0 
- 0 . 1 2 
- 0 . 1 5 

Relative 
magnitude1 0 

Ae/Asc(llcd 

1.00 
0.93 
0.96 
0.58 
0.90 
0.64 
0.64 
0.74 

a) Calculated according to Eq. 2. The Ae values were measured at Àmsî of Pd(L-His)(L-AA). 
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H2 H5 

lVW*"*y""H ^v**'**'www~ 

8 7 
6/ppm 

Fig. 1. 1H NMR spectra of the imidazole moiety at pD 
5.0 in the systems Pd(L-His)2 (a), Pd (Dmgly) (L-His) 
(b), and Pd(Gly)(L-His) (c). The numbered signals 
in (b) correspond to m-Pd(Gly) (L-His) (1), cis-Vd(L-
His)2 (2), toz^-Pd(Gly) (L-His) (3), and trans-Vd{\,-
His)2 (4), the geometry referring to the amino groups. 

0 

H2Q 

I H3C /CH3 

H C ~ H 2 N > d > - C H 2 

V 

H 

*0 

Fig. 2. Preferred coordination structure of Pd (Dmgly) -
(L-His). 

. 1 1 1 
8 7 6 

6/ppm 
Fig. 3. 1H NMR spectra of the imidazole moiety at pD 

> 7 in the systems 1 : 1.33 Pd(II)-L-His (a), Pd(L-
Ala)(L-His) (b), and Pd (L-Ala) (L-1-methylhistidinate) 
(c). 

of side chain interactions between the carboxylato 
group of L-His and the hydroxyl or amido group of L - A A 
in the present cases. 

NMR Spectra : The signal assignments were made on 

the basis of the substituent effects, the peak areas, and 
the chemical shifts observed for the amino acids in the 
absence of palladium(II).2 5) The *H N M R spectra of 
Pd (L-His) 2 and Pd(His tam) 2 (His tam=his tamine) show 
two separate peaks of the C2 proton of the imidazole 
nucleus (Fig. 1). T h e signals exhibit splittings due to 
coupling with the C5 proton. Since the imidazolyl 
groups contained in cis-Pt (L-His) 2

22) and a>-Pd(imH)2-
Cl2

26) ( imH=imidazole) have been reported to give the 
corresponding peaks at lower fields than those observed 
for the trans forms, the signals at lower fields for Pd-
(L-His)2 and Pd(His tam) 2 are also assigned to the eis 
isomers. In this connection, the spectrum of the ternary 
system containing 7V,iV-dimethylglycinate (Dmgly), 
Pd(Dmgly) (L-His), shows only the lower field peak of the 
imidazole moiety in contrast to the two peaks in Pd-
(Gly) (L-His) (Fig. 1). T h e difference is probably 
attributed to the steric repulsion between the C2 proton 
and the methyl groups in Pd (Dmgly) (L-His) and may 
thus point to the structure involving a cis arrangement 
with respect to the amine nitrogens (Fig. 2). Binary 
complexes of amino acids with the glycinate-like 
coordination exhibit spectra apparently due to single 
1 : 2 species, indicating that the interconversion between 
geometrical isomers is fast as compared with the N M R 
time scale. The ternary systems with L-Ala, on the 
other hand, have four peaks of the C2 proton, and those 
which are unaffected by the presence of L - A A can be 
assigned to eis- and trans-Pd (L-His) 2 involved in the 
system Pd (L-His) ( L - A A ) in solution. 

At the Pd(II)/L-His ratios of > 0 . 5 at pD 7.0, the 
binary system gives additional broad peaks at ô 6—8, 
which are also detected in the spectra of the ternary 
systems at p D > 7 (Fig. 3). Since the ternary system 
involving L-1-methylhistidinate and L-Ala does not 
show such broad peaks, they may be associated with the 
coordination to pal ladium(II) of the deprotonated 
pyrrole nitrogen of His, such as is observed with Pd(im)2 

where both imidazole nitrogens are coordinated. 
The 13C chemical shift differences between free and 

coordinated amino acids at constant pD, shown in 
Table 2, reveal that coordination to Pd(I I ) causes 
downfield shifts of 11 ppm at the carbonyl carbon of 
L-Ala and L-Thr and 3 ppm at that of L-His. The 
imidazole moiety suffers larger irregular shifts indicative 
of its coordination. T h e *H N M R spectral pat tern 
exhibited by the methyl group of L-Ala in Pd(L- or D-
His) (L-Ala) corresponds well with that in Pd(Histam)-
(L-Ala), while the patterns of all the protons of L-Hmser 
undergo changes on going from Pd(Histam) (L-Hmser) 
to Pd (L-His) (L-Hmser) and Pd(D-His) (L-Hmser), sug­
gesting the side chain conformational changes of L-
Hmser (Fig. 4). Glutamate involved in place of His in 
the ternary systems show different patterns of the ß-
and y-CH 2 groups; Glu in the system Pd(D-Glu) (L-Thr) 
suffers considerable spectral changes while that in 
Pd(L-Glu) (L-Thr) shows patterns which are slightly 
different from those of Pd(L-Glu)2 and Pd(L-Glu)-
(L-Ala). 

D i s c u s s i o n 

Palladium (II)-Amino Acid Bonding Modes. The 
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System 

Pd(L-His)3 

Pd(L-His)(L 

Pd(L-His)(L 
-Ala) 
-Thr) 

T A B L E 2. 

Assignment10 

f eis 
I trans 

13C 

Akira O D A N I and Osamu YAMAUCHI 

COMPLEX SHIFTS OF BINARY AND TERNARY SYSTEMS"0 

G=0 a-C 

3.3 - 1 . 1 
3.3 - 1 . 1 
3.0 - 0 . 4 
3.0 - 0 . 4 

L-Hisc) 

ß-C 

4.1 
4.7 
3.0 
3.0 

C2 

2.4 
2.7 
1.4 
1.5 

Complex shifts/ppm 

Ci 

5.2 
5.5 
4.6 
4.4 

C5 

- 3 . 5 
- 3 . 5 
- 3 . 5 
- 3 . 5 

OC-

l l . 0 
11.3 

L-Ala or 

a-C 

4.3 
3.5 

[Vol. 

L-Thr 

ß-C 

1.6 

54, No. 12 

GH3 

2.9 
- 0 . 9 

a) In ppm downfield at pD 5.0. Complex shifts are defined as the chemical shift differences between the complexed and 
free amino acids, b) Complex shifts of the peaks assigned to eis and trans isomers in the system Pd(L-His)2. c) The carbons 
C2, C4, and C5 refer to those of the imidazole nucleus. 

TABLE 3. ABSORPTION AND CD SPECTRAL DATA FOR L-HisOMe-coNTAiNiNG TERNARY SYSTEMS 

System 

Pd(L-HisOMe)(L-Ala) 
Pd(L-HisOMe)(L-Val) 
Pd(L-HisOMe)(L-Ser) 
Pd(L-HisOMe) (L-Thr) 
Pd(L-HisOMe) (L-Hmser) 
Pd(L-HisOMe)(L-Gln) 

pH 

6.7 
5.0 
6.9 
6.7 
7.0 
7.0 

Absorption 
spectrum 

/ • " * 

*max 

nm 

304 
306 
305 
305 
304 
304 

£ 

340 
320 
360 
360 
370 
370 

CD 
spectrum 

' 
•"max 

nm 

345 
324 
343 
371 
339 
336 

As 

- 0 . 0 4 2 
- 0 . 3 1 
- 0 . 0 0 3 

0.030 
- 0 . 0 4 2 
- 0 . 0 8 4 

Relative 
magnitude0 

Ae/AScalcd 

1.00 

0 .98 

1.0 

1.00 

1.00 
1.04 

a) AsCaicd=Aspda-HisOMexDL-AA) + AeFd(DL-HiSoMe)a-AAy The values were measured at ^max of Pd(L-HisOMe)(L-AA). 

Fig. 4. *H NMR signal patterns of homoserinate at pD 
7.0 in the systems Pd(Histam) (L-Hmser) (a), Pd(L-His)-
(L-Hmser) (b), and Pd (D-His) (L-Hmser) (c). 

1 3 C N M R complex shifts found in the Pd(L-His)2 

system indicate that His coordinates to pal ladium(II) 
through the amine and imidazole nitrogens, while the 
glycinate-like coordination in Pd(L-AA)2 is confirmed 
by the absorption and CD spectra23) as well as the 13G 
complex shifts (Table 2) .15) T h e spectral data also show 
that the ternary complexes, Pd(His)(AA), have an N 3 0 
donor set tha t corresponds with the set in Cu(L-His)-
(L-Thr)27) and Cu(L-Asn)(L-His)18> disclosed by X-ray 
analysis. In solution the geometrical isomers of Pd(His)2 

and Pd(Histam) 2 exist in approximately the same 

amounts, and this suggests that the two imidazole rings 
in the eis isomers are slightly distorted from the coordi­
nation plane in analogy with the arrangements in trans-
Pd(Histam)2Cl2

28> and fra/w-Cu(L-His) (D-His),21) since 
the steric repulsion between the C2 protons of the two 
imidazoles in the eis position should otherwise be 
considerable and tend to favor the trans isomers greatly. 

Intramolecular Hydrogen Bonding in Ternary Complexes. 
His-containing Systems: Ligand-ligand interactions be­
tween the side chains in ternary copper(II) and 
pal ladium(II) complexes have been found to give rise 
to CD magnitude anomaly in the d-d region due to 
increased asymmetry.11-13 '15) T h e L-His-containing 
ternary pal ladium(II) complexes with L - A A (AA=Ser , 
Thr , Hmser, Asn, or Gin) exhibit this anomaly in the 
dxy-+dx»_y. transition,15) which is considered to indicate 
the structural changes in the xy-plane. Direct evidence 
establishing tha t the carboxylato group of His is essential 
for the CD magnitude anomaly is provided by the CD 
spectra of the systems containing L-histidine methyl 
ester (L-HisOMe) instead of L-His, Pd(L-HisOMe)-
( L - A A ) , where participation of the carboxylato group 
in the ligand-ligand interaction is blocked by esterifica-
tion and as a consequence the relative magnitudes are 
expectedly close to unity (Table 3). Whereas the 
signals due to the methyl group of L-Ala in Pd (L-Ala) -
(L- or D-His) remain the same as in Pd (L-Ala) (Histam), 
the presence of the carboxylato group of His in the 
ternary systems Pd(L-Gln)(L- or D-His) and Pd(L- or 
D-His) (L-Hmser) affects the XH N M R spectral patterns 
of L-Gln and L-Hmser, respectively. This implies the 
conformational changes of the amino acid side chains 
and possibly the effects of the ligand-ligand interaction 
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TABLE 4. FRACTIONS OF «^-ISOMERS IN TERNARY SYSTEMS^ 

System 
Temp 

°G 
r L-His r L-His 

'n-D-His 

1 Pd(II)-His-L-Ala 34 0.33 0.35 0.9 
2 Pd(II)-His-L-Ala 34 0.35 0.34 1.0 
1 Pd(II)-His-L-Thr 34 0.18 0.13 1.4 
2 Pd(II)-His-L-Thr 34 0.24 0.16 1.5 
2 Pd(II)-His-L-Ala 8 0.33 0.32 1.0 
2 Pd(II)-His-L-Thr 8 0.20 0.16 1.3 
1 Pd(II)-His-L-Gln 8 0.40 0.24 1.7 

a) The fraction is defined as the ratio of the eis isomer to 
the total isomers in the system, b) The fractions for the 
L-Hi-scontaining systems. c) The fractions for the 
D-His-containing systems. 

H2<rH^VNH4« 

H 

M(L-His)(L-AA) 

H 2 C' H C \ H 5V°V 

H * 

M(D-His)fl--AA) 

M=Pd(II);X = -0H,-C0NH2 

Fig. 5. Geometrical isomers expected from steric require­
ments for ligand-ligand interactions. 

on the species distribution in the ternary systems. Tha t 
such an interaction is intramolecular ra ther than 
intermolecular is reasonably deduced from the fact 
that the N M R spectral patterns and relative CD 
magnitudes are indifferent to concentrations of the 
samples. 

The side chain interaction should also affect the 
distribution of geometrical isomers in the ternary 
systems as estimated from the peak areas of the C2 

proton signals of the imidazole moiety assigned to each 
isomer. Table 4 shows that , although the fractions of 
the eis isomers rL.His and rD-His in Pd(L-Ala) (L-His) and 
Pd(L-Ala)(D-His), respectively, are almost identical, 
those in Pd (L-His) ( L - A A ) and Pd(D-His)(L-AA) ( A A = 
T h r or Gin) slightly differ from each other, the difference 

Fig. 6. 

NH2 Pay 

^C—0 
II 

H 0 
Conformations of a-amino 

acids in Pd(L-
CyS03H) (L-Thr) with a ligand-ligand interaction. 

being more clearly seen from the ratios of eis isomer 
contents in both systems. As shown previously for 
copper(II) complexes, the intramolecular ligand-ligand 
interaction requires eis arrangements of the N H 2 

groups in Pd (L-His) ( L - A A ) and trans arrangements in 
Pd-(D-His)(L-AA) (Fig. 5). In the pal ladium(II) 
systems investigated, the eis isomer contents in Pd(L-
His)(L-AA) are greater than those in Pd(ü-His)(L-AA), 
but the isomers that do not allow the ligand-ligand 
interaction still predominate, indicating that the 
stabilization due to the interaction is minimal in aqueous 
media. 

Cysteate-containing Systems: The conformation of a 
coordinated a-amino acid is represented by the weighted 
average of three staggered rotational isomers, whose 
populations can be estimated by using the coupling 
constants between the protons on the a- and ^-carbons 
and the constants for trans and vicinal couplings 
evaluated for a-amino acids by Pachler30) and Martin.31) 
The ligand-ligand interaction expected between the side 
chains of L-cysteate, which offers an S 0 3 ~ group 
instead of the C O O ~ group of His, and L-Thr in Pd-
(L-CyS03H) (L-Thr) requires that each amino acid 
assumes the conformation depicted in Fig. 6. In this 
connection, we reported in a previous communication32) 
that the fractional population of L-CyS0 3 H assuming 
the conformation shown in Fig. 6 increases with tempera­
ture decrease in 5 0 % CD 3 OD, which was taken as 
evidence for the presence of the hydrogen bond-type 
ligand-ligand interaction in solution. The abnormal CD 
magnitude of Pd(L-CyS0 3 H) (L-Thr) in 7 5 % aqueous 
dioxane as compared with the magnitude of Pd(L-
C y S 0 3 H ) (L-Ala) is also in line with the above conclu-

TABLE 5. ABSORPTION AND CD SPECTRAL DATA FOR L-CyS03H-coNTAiNiNG TERNARY SYSTEMS 

System 

Pd(L-CyS03H)(L-Ala) 

Pd(L-CyS03H) (L-Thr) 

Pd(L-Ala) (L-Thr) 

Solvent 

H 2 0 

75% aq 
dioxane 

H 2 0 

75% aq 
dioxane 
75% aq 
dioxane 

pH 

6.6 

8.2 

6.4 

7.9 

7.7 

Absorption 
spectrum 

* m a x 

nm 

304 

319 

e 

330 

320 

CD 
spectrum 

* m a x 

nm 

344 
303 
347 
307 
353 
311 
353 
309 
353 
310 

As 

0.32 
- 0 . 7 6 

0.33 
- 0 . 6 5 

0.37 
- 1 . 4 5 

0.40 
- 1 . 3 2 

0.34 
- 0 . 8 8 

Relative 
magnitude ° 

As/Ascalcd 

0.99 
0.99 
0.96 
0.99 
0.94 
1.00 
0.87 
0.96 
1.06 
1.03 

a ) Asca l cd= l/2(Aspd(L-Cyso.H;>, + AsPd(L.AA)l). The As values were measured at ^max of Pd(L-CyS03H)(L-AA). 
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sion (Table 5). T h e system involving L-lysinate (L-Lys) 
in place of L-Thr exhibits greater deviation from the CD 
magnitude additivity and greater increase with tempera­
ture decrease of the population of the rotamer of 
L-CyS0 3 H shown in Fig. 6,15) demonstrating that the 
electrostatic interaction between the e-NH3

+ group of 
L-Lys and the S 0 3 ~ group of L-CySO sH is more effective 
than the hydrogen bonding. Involvement of the 
negatively charged group in the interaction is further 
supported by the 1 H N M R signal pat tern of Glu in 
Pd(L- or D-G1U)(L-Thr) . 

Comparison with the Copper(II) Systems. O n the 
basis of synthetic and spectroscopic studies, histidinate-
containing ternary copper(II) systems with AA have 
been inferred to involve an intramolecular hydrogen 
bond around the central copper(II) ion.16) Since both 
copper(II) and pal ladium(II) form essentially planar 
complexes with a-amino acids except ornithinate in the 
same mode of coordination, the present conclusion on the 
ligand-ligand interaction in the pal ladium(II) com­
plexes, reached from the CD and N M R studies, most 
probably holds for the corresponding copper (I I) 
systems and substantiates our previous interpretation16) 
of the preferential formation of Cu (L-His) ( L - A A ) ( A A = 
Asn, Gin, and Thr ) in human blood plasma.33-34) T h e 
complex species Cu(L-His)(L-AA) should meet the 
requirement for copper(II) transport across biological 
membranes, because hydrogen bonding is more effective 
in such hydrophobic regions and may have a ligand-
discriminating ability. T h e hydrogen bonded cyclic 
structure has been elucidated by X-ray analysis for 
the silver(I) and other metal complexes of an antibiotic 
monensin,35) whose ring structures are best suited for the 
transport. 

Interestingly, very recent X-ray structural analysis of 
[Cu(L-Ala) (L-His) (H 2 0)] -3H 2 0 shows tha t L-His coor­
dinates to copper(II) through the amino and imidazole 
nitrogens with the carboxylato group axially bound 
to a neighboring copper(II).36) This is in contrast with 
the modes of coordination found in Cu(L-His) (L-Thr)27) 
and Cu(L-Asn)(L-His),18) where the carboxylato group 
of His occupies an apical position within the same 
molecule. T h e difference in coordination has been 
attr ibuted to slightly higher basicity of the carboxylato 
group of L-Ala as compared with that of L-Thr and of 
L-Asn and resulting lower electronegativity of copper-
(II).36) Considering tha t the difference in the acid 
dissociation constants « 0 . 3 log unit) does not seem 
to be large enough to warrant such a structural differ­
ence, however, we are inclined to ascribe it to the 
absence of the intramolecular ligand-ligand interaction 
in CU(L-Ala)(L-His) . 
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Solubility Diagrams of Cobalt(III) Complexes Containing Amino 
Acid. I. Spontaneous Resolution of Tetraammine-

(valinato or leucinato)cobalt(III) Salts 
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The binary and ternary solubility phase diagrams of the racemic and optically active complexes, [Co (val)-
(NH3)4]X2 and [Co(leu)(NH3)4]X2 (X=(1/2)S04

2", CI", Br~, and I~), were determined in water. Spontaneous 
resolution was found for [Co(DL-val)(NH3)4]X2 (X=C1~ and Br~) at 5—55 °C and for [Co(DL-leu)(NH3)4]S04 at 
30—55 °C, the latter of which has been shown to crystallize as both a racemic compound (below 30 °C) and a 
conglomerate (above 30 °C). 

A variety of metal complexes containing racemic 
amino acid have been prepared, but in most of the cases 
it remains unknown whether the complex is a racemic 
mixture (conglomerate) or a racemic compound 
(double salt between enantiomers), because no solubility 
isotherm has been reported for the system of such amino 
acid complexes. 

T h e present paper deals with the binary and ternary 
solubility diagrams of cobalt ( III) complexes, [ C O ( L - or 
DL-val)(NH3)4]X2 and [ C O ( L - or DL-leu)(NH3)4]X2 , 

where val and leu denote a valinate and a leucinate 
ligand, respectively, and X stands for a univalent anion 
of Cl~, B r - , I~, or (1/2)S04

2~. T h e te t raammine type 
complexes have the only chirality based on that of amino 
acid.15 In the case of spontaneous resolution of such a 
complex, optical resolution of amino acid is realized in 
each of crystals. Therefore, if an effective recovery 
route from the metal complex is established, this 
procedure will be applicable to optical resolution of 
amino acid. Few reports have been published for the 
utilization of metal chelate compounds for the optical 
resolution of racemic amino acids.2) 

E x p e r i m e n t a l 

Materials. [Coeval) (NHZ) 4]S04 • H20 : The complex 
was prepared from [Co(H20)(NH3)5](C104)3 and L-valine 
according to the method of Yasui et Ö/.3> and separated on a 
column of SP-Sephadex C-25 (Na+ form) by elution of 0.15 
mol dm - 3 Na2S04 . The orange red eluate was evaporated 
to give the desired crystals, which were recrystallized from 
water at 50 °C. Found: C, 16.82; H, 6.76; N, 19.75%. 
Calcd for [Co(L-val)(NH3)4]S04 .H20=C5H24N507SCo: C, 
16.81; H, 6.77; N, 19.60%. 

[Co(i)L-val) (NHz)^SO^ • 2H20 : This cymplex was prepared 
by the same procedure as described above except for the use 
of DL-valine instead of L-valine. Found: C, 16.17; H, 6.83; 
N, 18.76%. Calcd for [Co(DL-val)(NH3)4]S04.2H20 = 
C5H26N508SCo: C, 16.00; H, 6.98; N, 18.66%. 

[Co(L-val) (NHz)i\X2(X=Cl, Br, and I) : The above sulfate 
salt of L-valinato complex was converted into the desired 
salts by ion exchangers (Dowex 50W-X2 for Cl~ or Br - form ; 
QAE-Sephadex A-25 for I - form). Found for chloride 
salt: C, 19.18; H, 7.05; N, 22.27%. Calcd for [Co(L-val)-
(NH3)4]Cl2=C5H22N502Cl2Co: C, 19.12; H, 7.06; N, 22.29%. 
Found for bromide salt: C, 15.02; H, 5.52; N, 17.35%. Calcd 
for [Co(L-val)(NH3)4]Br2=C5H22N5OaBr2Co: C, 14.90; H, 
5.50; N, 17.37%0. Found for iodide salt: C, 12.18; H, 4.48; 
N, 13.94%. Calcd for [Co(L-val)(NH3)4]I3=C5H82N502I3-

Co: C, 12.08; H, 4.46; N, 14.09%. 
[Co(Di,-val)(NH3)t]X2.TiH20 (X=Cl, Br, and I): These 

complexes were prepared by the same method as that for the 
corresponding L-valinato complexes. Found for chloride 
salt: C, 19.13; H, 7.01; N, 22.18%. Calcd for [Co(DL-val)-
(NH3)4]Cl2=C5H22N502Cl2Co: C, 19.12; H, 7.06; N, 22.29%. 
Found for bromide salt: C, 14.82; H, 5.50; N, 17.27%. Calcd 
for [Co(DL-val)(NH3)4]Br2=C5H22N502Br2Co: C, 14.90; H, 
5.50; N, 17.37%. Found for iodide salt: C, 11.89; H, 4.65; 
N, 13.52%. Calcd for [Co(DL-val)(NH3)4]I2.0.5H2O= 
C5H23N502.5I2Co: C, 11.87; H, 4.58; N, 13.84%. 

[Co^-leuJfNHJASOt and [Co(Di,-leu)(NHz)A]S0^2H20: 
These complexes were prepared by the same method as that 
for [Co(L-val)(NH3)4]S04 with the use of L-leucine or DL-
leucine instead of L-valine. Found for L-leucinato complex: 
C, 20.16; H, 6.82; N, 19.61%. Calcd for [Co(L-leu)(NH3)4]-
S0 4=C 6H 2 4N 50 6SCo: C, 20.40; H, 6.85; N, 19.82%. Found 
for DL-leucinato complex: C, 17.96; H, 7.20; N, 17.41%. 
Calcd for [Co(DL-leu)(NH3)4]S04.2H20=C6H28N508SCo: 
C, 18.06; H, 7.34; N, 17.58%. 

\Co(TL-leu)(NHz)t\X2.H20 and [Co(m.-leu)(NHJt]X2.H20 
(X= CI, Br, and I) : These complexes were prepared from the 
corresponding sulfate salt by the ion exchangers described 
above. Found for chloride of L-leucinato complex : C, 20.65 ; 
H, 7.44; N, 20.01%. Calcd for [Co(L-leu)(NH3)4]Cl2.H20 
= C6H26N503Cl2Co: C, 20.82; H, 7.57; N, 20.23%. Found 
for bromide of L-leucinato one: C, 16.55; H, 5.98; N, 16.02%. 
Calcd for [Co(L-leu)(NH3)4]Br2.H20=C6H26N503Br2Co: C, 
16.56; H, 6.02; N, 16.10%. Found for iodide of L-leucinato 
one: C, 13.63; H, 4.96; N, 13.35%. Calcd for [Co(L-leu)-
(NH3)4]I2 .H20=C6H2 6N503I2Co: C, 13.62; H, 4.95; N, 
13.24%. Found for chloride of DL-leucinato one: C, 20.89; 
H, 7.43; N, 19.90%. Calcd for [Co(DL-leu)(NH3)4]Cl2.H20 
= C6H26N503Cl2Co: C, 20.82; H, 7.57; N, 20.23%. Found 
for bromide of DL-leucinato one: C, 16.47; H, 5.95; N, 15.97%. 
Calcd for [Co(DL-leu)(NH3)4]Br2.H20=C6H26N503Br2Co: 
C, 16.56; H, 6.02; N, 16.10%. Found for iodide of DL-
leucinato one: C, 13.66; H, 4.96; N, 13.37%. Calcd for 
[Co(DL-leu)(NH3)4]I2.H20=C6H26N503I2Co: C, 13.62; H, 
4.95; N, 13.24%. 

Measurements. Solubility in water was determined 
according to the previously reported method.4* The absorp­
tion and CD maximum values which were used for the calcu­
lations of concentrations of complexes in solutions are sum­
marized in Table 1. The solid phases were identified from 
elemental analyses, absorption, CD, and infrared spectra. 
Optical densities were measured with a JASCO UVIDEC-1 
spectrophotometer, CD with a JASCO MOE-1 spectro-
polarimeter, and infrared spectra with a JASCO DS-402G 
spectrophotometer. 
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TABLE 1. ABSORPTION AND CD MAXIMUM VALUES 

USED FOR CALCULATION OF SOLUBILITY 0 

Complex salt ^ m a J Aetfmax) 
[Co(L-val)(NH3)4]S04 

[Co(DL-val)(NH3)4]S04 

[Co(L-val)(NH3)4]Cl2 

[Co(DL-val)(NH3)4]Cl2 

[Co(L-val)(NH3)4]Br2 

[Co(DL-val)(NH3)4]Br2 

[Go(L-val)(NH3)4]I2 

[Go(DL-val)(NH3)4]I2 

[Co(L-leu)(NH3)4]S04 

[Co(DL-leu)(NH3)4]S04 

[Co(L-leu)(NH3)4]Cl2 

[Go(DL-leu)(NH3)4]Gl2 

[Go(L-leu)(NH3)4]Br2 

[Go(DL-leu)(NH3)4]Br2 

[Go(L-leu)(NH3)4]I2 

[Co(DL-leu)(NH3)4]I2 

83.48(495) 
83.48(495) 
81.98(495) 
81.98(495) 
82.88(495) 
82.88(495) 
72.91(495) 
72.90(495) 
82.30(492) 
82.28(492) 
81.33(492) 
81.33(492) 
81.95(492) 
81.95(492) 
82.36(492) 
82.37(492) 

-0.426(462) 

-0.418(462) 

-0.405(462) 

-0.366(462) 

-0.326(459) 

-0.329(459) 

-0.319(459) 

-0.327(459) 

a) The e and X (in parentheses) values are given in the 
unit of mol-1 dm3 cm - 1 and nm, respectively. 

R e s u l t s and D i s c u s s i o n 

The binary solubility data are given in Table 2 and 
Figs. 1, 3, and 5, and the ternary data in Tables 3 and 4 
as well as in Figs. 2, 4, and 6—8. In the triangular 
isotherms the top part ( H 2 0 corner) is enlarged for the 
sake of convenience and the tie lines are omitted. 

The Valinato Complexes. The solubility curves of 
sulfate salt are shown in Fig. 1. T h e L-complex shows an 
inflection at 30 °G, at which the solid phase changes 
from dihydrate to anhydrate . A similar inflection 
appears at 45 °G for the DL-complex, corresponding to 
the transition from monohydrate to anhydrate . Since 
the solubility of L-complex is larger than tha t of DL-
complex at 5—55 °G, the sulfate salt is not spontaneously 
resolvable.5* The ternary isotherm at 25 °G shows the 
formation of racemic compound [Go(L-val)(NH3)4]-

O 
<M 

sa 
o o 

-55 

IB 

T/°C 

Fig. 1. Solubility curves of [Co(L-val)(NH3)4]S04.wH20 
(1) and [Co(DL-val)(NH3)4]S04.wH20 (2). 

[Go(D-va l ) (NH 3 ) 4 ] (S0 4 ) 2 -4H 2 0=[Go(DL-va l ) (NH 3 ) 4 ] -
S 0 4 - 2 H 2 0 (Fig. 2).4> 

T h e solubility curves of bromide salt are shown in 
Fig. 3. T h e solubility ratio of DL-complex/L-complex is 
1.46 at 5 °G and 1.40 at 55 °G. For a spontaneously 
resolvable 1 : 2 electrolyte, the ratio must be larger 
t han 2 1 / 3 = 1.26.5> Therefore, the bromide salt is 
spontaneously resolvable. The ternary solubility 
isotherm at 25 °G (Fig. 4) shows the only one invariant 
point. This fact confirms tha t the two enantiomers form 
a racemic mixture in the solid state. T h e racemate of 
free valine does not form a racemic mixture. This is the 
first example, in which the complexation of amino acid 
enabled the spontaneous resolution. T h e chloride salt 
shows a similar solubility relationship to the bromide 
salt, the ratio of DL-complex/L-complex being 1.30 at 
5 °G and 1.28 at 55 °G. A crystal, which precipitated 
out of the racemic solution, showed the same CD 

TABLE 2. SOLUBILITY OF THE COMPLEX SALTS 

(Grams of anhydrous salt in 100 g of water.) 

77°C 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 

1 
1 
1 
1 
1 

1 

.42 

.50 

.58 

.68 

.77 
1 
1 
1 
2 
2 
2 

2 

.88 

.93 

.99 

.05 

.14 

.26 

3 

1.07 
1.08 
1.10 
1.12 
1.15 
1.20 
1.27 
1.37 

1 
1 
1 

4 5 6 

12.6 16.4 
13.8 18.0 
15.0 19.5 
16.4 21.3 
17.7 23.0 
19.2 25.0 
20.5 26.7 
22.7 29.2 

.47 24.0 31.2 

.53 25.6 33.4 

7 

7.00 
7.75 
8.60 
9.71 
11.2 
12.5 
14.0 
15,7 
17.5 
19.6 

.63 27.6 35.4 21.9 

8 

10.2 
11.2 
12.5 
14.1 
16.3 
18.2 
20.4 
22.8 
25.5 
28.0 

No 

9 

3.62 
4.59 
5.71 
6.83 
8.17 
9.79 
11.6 
13.4 
15.4 
17.7 

30.6 20.3 

. of complex salta) 

10 

1.19 
2.12 
3.05 
4.28 
5.56 
6.99 
8.38 
9.98 
11.6 
13.6 
16.0 

11 

1.47 
1.49 
1.53 
1.59 
1.63 
1.68 
1.74 
1.78 
1.85 
1.92 
2.00 

12 

4.37 
4.59 
4.87 
5.19 
5.56 
5.93 

13 

6.27 
6.75 
7.10 
7.68 
8.29 

14 

147 
153 
162 
172 
184 
195 

15 

66.1 
73.5 
81.2 
90.5 
99.8 
112 

16 

6.90 
7.90 
9.07 
10.4 
11.9 
13.5 
15.4 
17.6 
20.0 
22.7 
25.7 

17 

6.32 
7.21 
8.34 
9.64 
11.0 
12.4 
14.1 
16.0 
18.3 
20.7 
23.3 

18 

1.76 
2.07 
2.46 
2.86 
3.40 
3.95 
4.61 
5.37 
6.25 
7.21 
8.25 

19 

1.68 
1.95 
2.36 
2.77 
3.26 
3.82 
4.46 
5.20 
6.07 
7.01 
8.02 

a) l:[Co(L-val)(NH3)4]S04 .H20, 2: [Co(L-val)(NH3)4]S04, 3 : [Co(DL-val)(NH3)4]S04-2H20, 4: [Co(DL-val)(NH3)4]S04, 
5: [Go(L-val)(NH3)4]Gl2, 6: [Go(DL-val)(NH3)4]Gl2, 7: [Co(L-val)(NH3)4]Br2, 8: [Co(DL-val)(NH3)4]Br2, 9: [Go(L-val)-
(NH3)4]I2, 10: [Go(DL-val)(NH3)JI2.0.5H2O, 11: [Co(L-leu)(NH3)4]S04, 12: [Co(DL-leu)(NH3)4]S04.2.5H20, 13: [Go-
(DL-leu)(NH3)4]S045 14: [Go(L-leu)(NH3)4]Gl2.H20, 15: [Co(DL-leu)(NH3)4]Cl2.H20, 16: [Co(L-leu)(NH3)4]Br2.H20, 17: 
[Co(DL-leu)(NH3)4]Br2.H20, 18: [Co(L-leu)(NH3)4]I2.H20, and 19: [Co(DL-leu)(NH3)4]I2.H20. 
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TABLE 3. SOLUBILITY IN THE TERNARY SYSTEMS, 

H 20-[Co(L-val) (NH3)4]X2-[Go(D-val) (NH 3 ) 4 ]X 2 

Solubility is given in weight % of anhydrous salt. 
Abbreviations: [Co(L-val ) (NH 3 ) 4 ]X 2 .wH 2 0= [ L ] X 2 -
H H 2 0 , [Co(D-val) ( N H 3 ) 4 ] X 2 . W H 2 0 = [ D ] X 2 . W H 2 0 , 

and [Go(DL-val) (NH 3 ) 4 ]X 2 .wH 2 0 = [ D L ] X 2 . w H 2 0 . 

X 

(1 /2 )S0 4 

(25 °G) 

Br 

(25 °G) 

I 

(25 °G) 

Liquid phase 
composition 

(wt%) Solid phase 

[L]X2 [D]X2 

.70 

.69 

.68 

.68 

.69 

.65 
1.55 
1.37 
1.20 
1.10 
0 .96 
0 .89 
0 .74 
0 .66 
0 .60 
0 .57 

10.1 
10.0 
9 .87 
9 .66 
9 .32 
9.01 
8 .55 
8 .32 
7.71 
7.46 
7.17 
7 .09 
7.11 
7.55 
7 .64 
7.36 
6 .86 
6 .15 
5 .53 
4 .76 
4 .25 
3 .56 
3 .43 
2 .78 
2 .64 

0 
0 .05 
0 .16 

0 .22 
0 .23 
0 .24 
0 .24 
0 .26 
0 .28 

0.31 
0 .35 
0 .38 
0 .45 
0 .50 
0 .55 

0 .57 

0 

0 .15 

0 .35 

0 .72 

• 2 H 2 0 
• 2 H 2 0 
• 2 H 2 0 

1 
2 
2 
3 
5 
5 
6 
6 
7 

0 
0.41 
0.52 
0.53 
0.62 
0.89 

38 
01 
98 
72 
08 
85 
69 
95 
11 

15 

42 

80 

09 

52 

2.64 

[ L ] S 0 4 . H 2 0 

[ L ] S 0 4 - H 2 0 

[ L ] S 0 4 H 2 0 

[ L ] S 0 4 - H 2 0 

[ L ] S 0 4 H 2 0 + [ D L ] S 0 4 . 2 H 2 0 

[ D L ] S 0 4 . 2 H 2 0 

[ D L ] S 0 4 . 2 H 2 0 

[ D L ] S 0 4 . 2 H 2 0 

[ D L ] S 0 4 . 2 H 2 0 

[ D L ] S 0 4 . 2 H 2 0 

[ D L ] S 0 4 - 2 H 2 0 

[ D L ] S 0 4 . 

[ D L ] S 0 4 -

[ D L ] S 0 4 

[ D L ] S 0 4 - 2 H 2 0 

[ D L ] S 0 4 . 2 H 2 0 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2 

[L]Br2+[D]Br2 

W i t 
[ L ] I 2 + [ D L ] I 2 . 0 . 5 H 2 O 

[ D L ] I 2 . 0 . 5 H 2 O 

[ D L ] I 2 . 0 . 5 H 2 O 

• 0 . 5 H 2 O 
•0 .5H 2 O 
• 0 .5H 2 O 
•0 .5H 2 O 
• 0 . 5 H 2 O 

[ D L ] I 2 . 0 . 5 H 2 O 

[ D L ] I 2 . 0 . 5 H 2 O 

[ D L ] I 2 . 0 . 5 H 2 O 

[ D L ] I 2 . 

[ D L ] I 2 

[ D L ] I 2 . 

[ D L ] I 2 . 

[ D L ] I 2 

spectra as that of the act ive c o m p l e x . 
W i t h the iodide salt, the act ive c o m p l e x (0 .5-hydrate) 

is more soluble t h a n the anhydrous r a c e m a t e . N o 
opt ica l rotat ion w a s observed for the crystals out o f the 
racemic solution. T h e result w a s conf irmed b y the 
ternary i sotherm at 25 °G w h i c h indicates the existence 
o f a racemic c o m p o u n d [ G o ( L - v a l ) ( N H 3 ) 4 ] [ G o ( D - v a l ) -
( N H 3 ) 4 ] I 4 = [ G o ( D L - v a l ) ( N H 3 ) 4 ] I 2 (Tables 2 a n d 3 ) . 

The Leucinato Complexes. T h e solubil i ty curves of 

TABLE 4. SOLUBILITY IN THE TERNARY SYSTEMS, 

H20-[Co(L-leu) (NH3)4]X2-[Go(D-leu) (NH 3) 4]X 2 

Solubility is given in weight % of anhydrous salt. 
Abbreviations: [Go(L-leu)(NH3)4]X2 .wH20= [ L ] X 2 . 
wH 2 0, [Co(D-leu) (NH3)4] X 2 - n H 2 0 = [ D ] X 2 . W H 2 0 , 
and [Go(DL-leu)(NH 3 ) 4 ]X 2 .wH 20=[DL]X 2 .wH 20. 

X 

(1 /2 )S0 4 

(25 °G) 

(1 /2 )S0 4 

(35 °G) 

Br 

(25 °C) 

Liquid phase 
composition 

(wt%) Solid phase 

[L]X2 [D]X2 

1.57 
1.58 
1.58 
1.60 
1.62 
1.67 
1.69 
1.73 
1.75 
1.83 
1.87 
1.94 

06 
14 
25 
33 
42 
51 
47 

1.74 
1.72 
1.71 

2. 
2. 
2 . 
2. 
2. 
2 . 
2. 

1.74 
1.72 
1.74 
1.75 
1.78 
1.82 
1.87 
1.92 
1 

2 
2 
2, 
2, 
2, 
2, 
2, 

10. 

10. 
10. 
9. 

99 
06 

10 
11 
19 
29 
38 

52 

6 

6 

3 
91 

9.51 
8 .62 
7.75 
7.91 
6 .54 
6 .04 
5.47 
4 . 9 4 

0 

0.07 
0.21 
0 .46 
0 .60 
0 .93 
1.15 
1.24 
1.37 
1.54 
1.64 
1.80 
1.95 

.06 

.18 

.29 

.38 

.43 

2. 
2 . 
2. 
2. 
2 . 
2.47 

0 
0 .08 

0.21 
0 .27 

0 .42 
0.51 
0 .70 
0 .86 
0 .98 
1.14 
1.33 
1.55 

78 
89 
96 
06 
20 
32 
52 

1 
1 
1 
2 

2 

2 
2 

0 
0 .1 

0 .3 
0 .60 
0.91 
1.65 

38 
14 
47 
94 
45 

2 
3 
3 
3 
4 
4 . 9 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[ L ] S 0 4 + [ D L ] S 0 4 . 2 . 5 H 2 0 

[ D L ] S 0 4 . 2 . 5 H 2 0 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[ L ] S 0 4 

[L]S0 4 

[ L ] S 0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[L]S0 4 

[ L ] S 0 4 + [ D ] S 0 4 

[ L ]Br 2 .H 2 0 

[L]Br2 .H20+[DL]Br2 

[DL]Br2 .H20 
[DL]Br2 .H20 
[DL]Br2 .H20 
[DL]Br2 .H20 
[DL]Br2 .H20 
[DL]Br2 .H20 

[DL]Br2 .H20 

[DL]Br2 .H20 
[DL]Br2 .H20 

[DL]Br2 .H20 

H 2 0 
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Fig. 2. Solubility isotherm of the system H 2 0 ( A ) - [ C O ( L -
val)(NH3)4]S04(B)-[Co(D.val)(NH3)4]S04(G) at 25 
°G. The solid phase B' or C is monohydrate of B or 
G, respectively, and D [Go(DL-val)(NH3)4]S04.2H20. 
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Fig. 3. Solubility curves of [Co(L-val)(NH3)4]Br2(l), 
[Go(DL-val)(NH3)4]Br2(2), and calculated curve (3) : 
(l)x IT2. 

90/ V90 

Fig. 4. Solubility isotherm of the system H20(A)-[Co-
(L-val)(NH3)4]Br2(B)-[Go(D-val)(NH3)4]Br2(G) at 25 
°G. 

[Go(L-leu)(NH3)4]S04 and [Co(DL-leu)(NH3)4]S04 are 
shown in Fig. 5. T h e solubility ratio of DL-complex/L-
complex is 2.97 at 5 °G and 4.15 at 55 °G which goes 
well beyond 2 1 / 2 =1.41 expected for 1 : 1 electrolyte.5) 

The racemate shows an inflection at ca. 30 °G where 
the solid phase changes from 2.5-hydrate (below 30 °G) 

0 10 20 30 40 50 60 

77°G 

Fig. 5. Solubility curves of [Co(L-leu)(NH3)4]S04(l), 
[Go(DL-leu)(NH3)4]S04.wH20(2), and calculated 
curve(3) : ( l ) X v T . 

Fig. 6. Solubility isotherm of the system H 2 0 ( A ) - [ C O ( L -
leu)(NH3)4]S04(B)-[Go(D-leu)(NH3)4]S04(G) at 20 
°G. 
The solid phase D is [Co(DL-leu)(NH3)4]S04.2.5H20. 

to anhydrate . O n the other hand, the anhydrous active 
complex shows no solid phase change at 5—55 °G. If 
the racemate forms a racemic mixture, the racemate and 
the pure enantiomer must have the same composition 
and crystal structure. Therefore, spontaneous resolution 
seems to be possible at temperatures higher than 30 °G 
in this case. The ternary isotherm at 20 °G reveals the 
formation of racemic compound [Co(L-leu)(NH3)4]-
[Co(D-leu) ( N H 3 ) 4 ] ( S 0 4 ) 2 - 5 H 2 0 = [Co(DL-leu) (NH 3 ) 4 ] -
S 0 4 « 2 . 5 H 2 0 , though the region for this compound is 
significantly narrow as compared with those of the pure 
enantiomers (Fig. 6). T h e infrared spectra also indicate 
tha t the solid crystallized out of racemic solution at 
20 °G is different from the optically active complex. 
As is shown in Fig. 7, the region of the racemic compound 
disappears at 35 °G and the only invariant point exists 
in the ternary isotherm. Thus, the racemic sulfate 
[Co(DL-leu)(NH3)4]S04 crystallizes as both the racemic 
compound (below 30 °C) and the conglomerate (above 
30 °G). 
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Fig. 7. Solubility isotherm of the system H 2 0 ( A ) - [ G O ( L -
leu)(NH3)4]S04(B)-[Go(D-leu)(NH3)4]S04(G) at 35 
°G. 

T h e solubility ratio DL-complex/L-complex at tem­
peratures of 5—30 °G goes well beyond 2 1 / 2 = 1.41 
(Fig. 5), but spontaneous resolution did not occur in 
this sulfate salt. This fact may be explained in relation 
to the characteristics of S 0 4

2 _ ion, which has been 
reported to have a strong tendency to associate with 
various ammine or amine cobalt (III) complexes.6) The 
ion-pair formation affects the activity coefficients of the 
complexes to a great extent and causes the apparent 
large solubility ratio. 

All the halide salts of leucinato complexes are mono-
hydrate regardless of whether it is racemate or active 
form. The solubility of racemate is lower than that of 
the corresponding active form, no spontaneous resolu­
tion being observed. Figure 8 shows the ternary isotherm 
of [Co(leu)(NH3)4]Br2 at 25 °G. T h e extremely flat 
curve of the racemic compound is spread over a wide 
region and the region of pure enantiomers are much 
suppressed. 

NAITO, and Yoichi SHIMURA [Vol. 54, No. 12 

Fig. 8. Solubility isotherm of the system H 2 0 ( A ) - [ G O ( L -
leu)(NH3)4]Br2(B)-[Go(D-leu)(NH3)4]Br2(G) at 20 °G. 
The solid phase B' or C is monohydrate of B or G, 
respectively, and D [Go(DL-leu)(NH3)4]Br2.H20. 
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Multiple Paths for Photo-methylation and -methoxylation of 
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UV-irradiation of methyl 2-pyridinecarboxylate in methanol in the absence of added acid brings about meth-
ylation at the 5-position via the excitation of C=0 of the ester group, while in the presence of added acid the 4-
position of the pyridine ring is methylated. In the presence of sulfuric acid methoxylation via an excimer is dominant 
over methylation. In the presence of hydrochloric acid methylation via chlorine atoms becomes dominant. 

Pyridinecarboxylic acids and their derivatives show 
a variety of photoreactions. In alcoholic solutions they 
undergo photochemical decarboxylation, alkylation, 
hydroxyalkylation, and alkoxylation.1_4) T h e features 
of the photoreactions of the derivatives of pyridine­
carboxylic acids a re : 1) the photoreactivities are 
sensitive to the reaction conditions (the nature of the 
solvents, the concentration of the substrate, the added 
acids, the concentration of the added acid, and the 
additives), 2) the same products can be derived from 
the different excited states, and 3) the simultaneous 
contribution of several types of excited states. 

Previously we reported the detailed analyses of the 
photoreactions of 3-pyridinecarboxylic ester in alcoholic 
solutions.25 We report here the analysis of the photoreac­
tions of 2-pyridinecarboxylic ester in alcohol.5) 

R e s u l t s a n d D i s c u s s i o n 

Similar to 3-pyridinecarboxylic ester, methyl 2-
pyridinecarboxylate (1) undergoes the substitution of 
the ring hydrogen by alkyl or alkoxyl group derived 
from the solvent alcohol upon the UV-irradiat ion of 1 
in the presence of sulfuric or hydrochloric acid. 

^N/ \COOGH 3 CH3OH-H* 

(I) 
GH3 

A 
^N^COOCHg 

(2) 

+ 
CH3CK^N / vCOOCH3 

(3) 

The photo-methylation and -methoxylation of 1 are 
dependent on the reaction conditions: 1) concentration 
of the substrate, 2) added acid, and 3) additives. 

In Figs. 1 and 2 are shown the dependencies of the 
photoreactions and the molar absorption coefficient of 1 
on the concentration of the added acid at 10~3 mol d m - 3 

of 1. The change in the molar absorption coefficient 
corresponds to the protonation and the deprotonation of 
the pyridine derivatives. The dependence of the 
efficiency of the photoreactions on the acid concentration 
correlates well with the dependence of the molar 
absorption coefficient on the acid concentration. This 
suggests that the photo-methylation and -methoxylation 
occur effectively, when the substrate is protonated. 

In the photoreaction of 1 in methanol in the presence 

10 10"' 1(T 10"' 
[ l /2H 2 SOj /moldrn 3 

Fig. 1. Dependences of the photoreaction and the molar 
absorption coefficient of 1 upon the concentration of 
added H2S04 . 
[1] = 1 X 10~3 mol dm - 3 , irradiation time, 10 min. 
—A— : Yield of 2, - • - ( > • - : yield of 3, — • — : molar 
absorption coefficient. 

of H 2 S 0 4 , the methoxylation at the 6-position is domi­
nant and the methylation occurs in a low yield (Fig. 1 ) . 
However, the methylation is promoted by hydrochloric 
acid, especially at its higher concentrations (Fig. 2). 
The addition of lithium chloride increases the yield for 
the methylation as is shown in Table 1. Analogous 
promotion of the methylation and depression of the 
methoxylation have been observed in the photoreaction 
of methyl 3-pyridinecarboxylate, for which a mechanism 
involving the electron transfer from chloride ion to the 
substrate has been proposed.2) In the photoreaction of 
1 in the presence of chloride ion, a similar mechanism 
should operate. 

T h e most characteristic nature of the photo-
methoxylation of 1 is its concentration dependence 
(Fig. 3). T h e concentration dependence suggests the 
participation of a dimer species of the substrate in the 
photo-methoxylation. 

A mechanism involving an excimer can be postulated 
(Scheme 1). I n this Scheme, A and B represent the 
products of other processes than the alkoxylation. 
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Fig. 2. Dependences of the photoreaction and the molar 
absorption coefficient of 1 upon the concentration of 
added HCl. 
[1] = 1 X IO"3 mol dm - 3 ; irradiation time, 10 min. 
—A— • Yield of 2, - • - ( > • - : yield of 3, — • — : molar 
absorption coefficient. 

hv 

1 <=± 1* 

1* + 1 ( > (1 — 1)* (an excimer) 

( 1 - 1 ) * + CH3OH • 3 

2 1 ( 1 - 1 ) * — 

( 1 - 1 ) * — 

1* • B 

Scheme 1. 

TABLE 1. EFFECT OF LITHIUM CHLORIDE ON 

THE PHOTOREACTION OF 1 

[1] = 1 X 10~3 mol dm - 3 ; irradiation time, 10 min. 

[HCl] [LiCl] Alkoxylation Alkylation 

mol dm - 3 

io-3 

io-3 

3X10-3 

3xl0- 3 

mol dm - 3 

— 
1 

— 
1 

10-5 mol dm - 3 

3.6 
0.5 

23 
2 

io-6 mol dm - 3 

1.9 
5.5 
5 

14 

0.2 

0.1 

L ^..-^Ç^hr^^l 

II 
i I 
i i 

I / • 

fa 
1 l- i 

/ $1 ¥ 

« / / d çf^ 
]/ 1 / f 

W ^ ^ f ^ 5 ^ 

.A-

10 10"J 10 
[1 1/moldm"3 

Fig. 3. Dependence of the quantum yield of photometho-
xylation on the concentration of 1 at various temper­
atures. 
[H2S04] = 5 X IO"2 mol dm"3. 
— O — : at 11 °C, — A-— : at 17.5 °C, — • — : at 27 °C, 
—Ä— : at 32 °C, - . . - A - • • - : at 40 °C. 

The mechanism gives the following kinetic relation­
ship: 

_ A:3[CH3OH] + A:4+A:5 
il<P* A,[CH,OH] 

"*" A^8[CH8OH] [1] 
where 0 3 is the quan tum yield of the methoxylation 
product via an excimer. The concentration of methanol 

2 3 4 5 
10"3[1 l/mof'dm3 

Fig. 4. Relation between the reciprocal of the quantum 
yields for the photomethoxylation at 40 °C and the 
reciprocal of the concentration of 1. 

is constant in the experimental conditions. 
The plot of 1/^3 against 1/L1] for the photo-methoxyla-

tion at 11 °C resulted in a straight line (Fig. 4) as 
predicted by the above equation and the mechanism via 
an excimer is thus kinetically supported.6) 

Since 1 is not fluorescent at any concentration even 
at the liquid nitrogen temperature, no direct evidence 
for the excimer has been obtained. However, the 
excimers of quinoline and isoquinoline have been 
established on the basis of the emission spectra.7) These 
facts support the mechanism via an excimer. 

The effects of additives for the photo-methylation 
are different from those for the photo-methoxylation. 
Because the additives absorb the 254 nm light com­
petitively with the substrate, the effects of additives 
were analyzed by means of an index A, the relative 
quan tum yield calculated on the basis of the light 
absorbed by the substrate, 

A= Y\L 

Y = 
Yield in the presence of additive 
Yield in the absence of additive 
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2 3 4 5 
102 [Benzene]/mol dm"3 

Fig. 5. Effect of benzene on the photoreaction of 1 in 
methanol acidified with H2S04 . 
[1] = 1 x 10-3 mol dm-3, [H2SOJ = 5 X 10"2 mol dm' 3 . 
- A — - 2 , — O — = 3 . 
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Fig. 6. Effect of anthracene on the photoreaction of 1 in 
methanol acidified with H2S04 . 
[1] = 1 X 10-3 mol dm-3, [H2S04] = 5 X 10~2 mol dm"3. 
- A - : 2 , — O — = 3 . 

L = £ i c i 
£ 1 C 1 + £ Q C Q 

= {Light absorbed by substrate (1)}/ 

{Light absorbed by substrate (1) 

+ Light absorbed by additive(Q)}, 

where ex and eq are the molar absorption coefficients of 
the substrate and the additive at 254 nm, respectively. 
Symbols cx and cq are the concentrations of the substrate 
and the additive. 

^4>1 means that the additive promotes the reaction 
and A<\ means that the additive inhibits it. A'1 

corresponds to ^ 0 /^ in the Stern-Volmer equation for the 
quenching experiment. 

As is shown in Figs. 5 and 6, the methoxylation is 
inhibited to a smaller extent by benzene and to a larger 
extent by anthracene. Benzene, which has a high triplet 
energy value (ET, 352 k j mol"1) , is an inhibitor, 
although the effect is small. As reported earlier,8) 

acetophenone has no effect on the photo-methoxylation. 
These facts suggest that the photo-methoxylation does 
not originate from a triplet state. 

The additives may quench either an excited monomer 
or an excited dimer. The fact that the inhibition by 
anthracene was observed only for methoxylation and 
not for methylation suggests that the inhibition occurs 

not in the process of an excited monomer but in the 
process of an excited dimer. 

The inhibition by benzene and anthracene can be 
explained by the electron transfer quenching by aroma­
tic hydrocarbons:9) anthracene with the lower ionization 
potential (7p = 7.43 eV10>) causes greater inhibition 
(A;qT=300dm3mol-1) than benzene (Ip=9.245 eV,10> 
£ q T=10 dm 3 mol"1) with the higher ionization potential. 
(Here kq is the rate constant for bimolecular quenching 
and r is the lifetime of an excited species.) T h e results 
are similar to those reported by Caldwell et aL,9> who 
investigated extensively the electron transfer quenching 
for excimers and exciplexes. Concerning the photo-
methoxylation peculiar effects of additives were 
observed:8) the photo-methoxylation is promoted speci­
fically by 4-substituted pyridines. T h e promotion is 
explained by the exciplex formation between 1 and the 
4-substituted pyridine. 

T h e photo-methylation at the 4-position in the 
presence of added acid is promoted by benzene. 
Anthracene has no effect on the reaction. However, a 
detailed study on the excited state responsible for the 
formation of 2 could not be done, because methylation 
is only a very minor reaction. 

The UV-irradiat ion of 1 in methanol in the absence 
of added acid gives a methylation product. In this case 
methylation occurs at the 5-position and the efficiency 
for the methylation at the 5-position is much lower than 
that at the 4-position in the presence of acid. 

y \ hv C H 3 X / / \ 

^N^COOCHo CH,OH ^ N ^ C O O C H g 

With pyridine derivatives photoreactions occur 
normally at a- and y-positions.11) For the unusual 
alkylation at the ^-position, the participation of the 
ester group should be taken into consideration. The 
hydrogen abstraction by the excited C = 0 of the ester 
group (or the electron transfer followed by proton 
transfer) has been reported for some aromatic esters.12) 

Thus , the following mechanism is conceivable for the 
photo-methylation at the 5-position. 

C-OMe CH30H M—C-OMe 
1 
OH 

•CH20H 

H 
H0CH2 -HoO 

C-OMe 
ÔH 

% > Ç - 0 M e 

The effects of additives on the photo-methylation in 
the absence of added acids (Table 2) suggest that a 
triplet state is responsible for the methylation at the 5-
position: the additives with higher triplet energies, 
benzene ( £ " T = 3 5 2 k j mol"1) and naphthalene (ET= 
255 k j mol"1) , promote the photo-methylation, an­
thracene ( ^ T ^ ^ B k J m o l - 1 ) has no effect, and oxygen 
inhibits the reaction. 
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T A B L E 2. EFFECTS OF ADDITIVES ON T H E FORMATION 

OF 4 IN T H E ABSENCE OF ADDED ACID 

[1] = 1 X 1 0 - 3 mol dm~ 3 ; i rradiation time, 20 min. 

Additive 

Benzene 

Naphthalene 

Anthracene 

Oxygen 

[Additive] 
mol dm - 3 

5.0X10-3 

5.0X10-2 

2.2X10- 3 

1.1 XlO-2 

3.9X10-5 

1.6X10-4 

saturated 

La) 

0.87 
0.40 
0.84 
0.50 
0.41 
0.15 
1.00 

ya) 

1.05 
0.87 
1.10 
2.41 
0.39 
0.15 
0.0 

A^ 

1.21 
2.18 
1.31 
4.82 
0.96 
1.00 
0.0 

a) See text for the definition of L ,Y and A. 

> 

i_ 
<L> 
C 

LÜ 

-10 

-15 

-20 

n of C = 0 

TC 

n of C=0 

**N^C00Me fvĵ COOMe 
H 

Fig. 7. Electronic state of 1. 

T h e p a r t i c i p a t i o n of t h e n-jz* s t a t e of t h e C = 0 in t h e 
es te r g r o u p is s u p p o r t e d b y t h e c o n s i d e r a t i o n of t h e 
e l e c t r o n i c s ta tes c a l c u l a t e d b y m e a n s of C N D O / 2 . 1 3 ) 

T h e resu l t s a r e s h o w n i n F ig . 7. F o r t h e free b a s e fo rm 
of 1, t h e h i g h e s t o c c u p i e d o r b i t a l is a s s igned to t h e 
n o n - b o n d i n g o r b i t a l a t C = 0 . O n t h e o t h e r h a n d , for 
t h e p y r i d i n i u m fo rm j r -o rb i t a l is t h e h i g h e s t o c c u p i e d 
o r b i t a l . T h i s resu l t c a n e x p l a i n t h a t t h e n-n* e x c i t e d 

s t a t e is p r e f e r a b l y f o r m e d in t h e i r r a d i a t i o n of t h e free 
b a s e fo rm of 1, w h e r e a s t h e TZ-TZ* exc i t ed s ta te is 
p o p u l a t e d i n t h e p h o t o r e a c t i o n of t h e p y r i d i n i u m form 
of 1. 

T h e p h o t o r e a c t i o n s of m e t h y l 2 - p y r i d i n e c a r b o x y l a t e , 
t h u s , c a n b e s u m m a r i z e d in S c h e m e 2. 

E x p e r i m e n t a l 

Materials. Commercial methyl 2-pyridinecarboxylate 
(1) (GR grade reagent of Tokyo Kasei Go.) was purified by 
vacuum distillation; bp 105—108 °C/7 m m H g . (1 m m H g % 
133.322 Pa.) Anthracene (standard reagent for elementa 
analysis made by E. Merck Co.) was used for the quenching 
experiment. 

UV-irradiation. T h e solutions of 1 containing mineral 
acid, and the additive if necessary, were deaerated by bubbling 
nitrogen or argon for 40 min before irradiation. The solutions 
were irradiated with a low pressure mercury lamp in a merry-
go-round type irradiation appara tus which was set in a ther­
mostat. I r radiat ion was carried out at 20 °C except in the 
experiment for tempera ture dependence. 

Isolation and Identification of Products. After the irradiation 
the solution was concentrated under reduced pressure and 
neutralized with sodium hydrogencarbonate when the mineral 
acid was present. T h e products were extracted repeatedly 
with dichloromethane and were separated by means of T L C 
(plate, GF 2 5 4 (Type 60) of E. Merck Co. ; developing solvent, 
ethyl aceta te-dichloromethane 1 : 1 v/v) 

Methyl 4-methyl-2-pyridinecarboxylate (2), methyl 5-
methyl-2-pyridinecarboxylate (4), and methyl 6-methoxy-2-
pyridinecarboxylate (3) were identified by the accordance 
of their N M R spectra with those reported by Deady et a/.14) 

Determination of the Yields of Products. The yields of the 
photoproducts were determined by the UV-spectrophoto-
metric method or by the gas-chromatographic method. For 
the determination of the quan tum yields for the photo-meth-
oxylated product (data for Figs. 3 and 4) the spectrophotometric 
method was applied using the characteristic absorption of 3 at 
287 nm. Actinometry was carried out by using potassium 
tr ioxalatoferrate(III) . I n other cases, the yields of the 
products were determined by means of G L C (column, 2 m 
column of P E G 20M (10%) on Celite 545 or 2 m column of 
Tr i ton OS-15 (15%) on Un ipo r t B ; column temperature, 
160—170 °C). 
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The Interaction between a-Helical Poly- L -lysine and Thyroxine 
as Measured by Circular Dichroism 

NobuoOKABE,* Mariko OKAMURA, Ryoji TOKUOKA, and Ken-ichi TOMITA 

Faculty of Pharmaceutical Sciences, Osaka University, Suita, Osaka 565 
(Received October 24, 1980) 

The interaction between a-helical poly-L-lysine (poly(L-Lys)) and the thyroid hormone, L-thyroxine (L-T 4 ) , 
was investigated at pH 11 by means of circular dichroism (CD) measurements in the wavelength region of 200—380 
nm. At least four CD bands were induced near 235, 250, 290, and 343 nm. This indicates that these induced 
Cotton effects occurred as the result of the binding of L-T 4 to poly(L-Lys), probably due to the electrostatic interac­
tion. The wavelengths of the induced GD bands corresponded to those of the UV absorption bands of L-T 4 in the 
poly(L-Lys) : L-T 4 mixture, although small red-shifts of the GD bands were observed at the shortest and the longest 
wavelengths (235 nm and 343 nm). These GD bands might be interpreted by the fixed intramolecular orientation 
around an asymmetric oc-carbon atom of the bound L-T 4 or by the intermolecular interaction between the peptide 
backbone of poly(L-Lys) and the bound L-T 4 . 

In previous papers,2 - 4) the interaction between bovine 
serum albumin (BSA) or human serum albumin (HSA) 
and a thyroid hormone, L-thyroxine ( L - T 4 , Fig. 1), was 
investigated by means of CD measurements. The 
negative CD band was induced at the longest U V 
absorption maximum of L - T 4 , suggesting a specific 
interaction between proteins and L - T 4 . However, the 
binding mechanism has remained obscure. For this 
reason, as a model study to obtain much information 
about the binding mechanism of L - T 4 to a protein, 
the interaction between a-helical poly-L-lysine and L - T 4 

was investigated by means of the CD method at p H 11. 
This synthetic polypeptide was chosen as a suitable 
model compound for this study because the lysine 
residue plays an important role in the binding of L - T 4 

to human serum albumin ;5) the residue also sometimes 
appears either at the surface or at the helical region of 
globular proteins. 

Fig. 1. Perspective drawing of L-T 4 molecule determined 
by X-ray analysis (Ref. 1). The dihedral angle 
between the planes of the oc-ring and ß-ring and the 
interring G-O-G angle are 79° and 120°±3°, respec­
tively. 

E x p e r i m e n t a l 

Materials. Poly-L-lysine HBr (poly(L-Lys)) with a 
molecular weight of 46500 and a degree of polymerization 
(DP) of 222 (Lot No. LY-185) was purchased from Miles-Yeda, 
Ltd., U.S.A., and L-thyroxine sodium salt (L-T 4 ) , from Nakarai 
Chemicals Co., Kyoto, Japan. 

Procedure. Poly(L-Lys) was dissolved in distilled and 
deionized water, and the pH was adjusted to 11 by adding 
1 mol dm-3 of NaOH. About 3 X 10~3 mol dm"3 of L-T 4 was 
dissolved in 0.01 mol dm - 3 of the NaOH solution to serve as 
a stock solution. To prepared the mixture of poly(L-Lys) and 

L-T4, a small amount of L-T 4 was gradually added to 2 cm3 

of the poly(L-Lys) solution under continuous stirring until 
the appropriate molar ratio was reached. The pH change 
in the poly(L-Lys) solution upon the addition of L-T 4 was 
negligible under those experimental conditions. The GD 
measurements were carried out on a JAS GO J-40A spectro-
polarimeter equipped with a data-processor system, J-DPZ, 
at the wavelength region of 200—380 nm. GD cells with 
light-path lengths of 1 and 10 mm were used for the measure­
ment in the wavelength regions of 200—260 nm and 260—380 
nm respectively. The optical rotatory dispersion (ORD) 
measurements were performed with a JASGO J-20 spectro-
polarimeter. A cell with a light-path length of 2 mm was 
used in the wavelentgth region of 210—300 nm. The ultra­
violet (UV) absorption spectra were obtained with a Hitachi 
323 recording spectrophotometer. The pH adjustment was 
done by means of a Hitachi Horiba D-5 pH meter. The GD 
ellipticity and the ORD rotation were represented as a unit 
of degree cm2 decimol-1 on the basis of the concentration of 
the lysine residues of poly(L-Lys) or L-T4 . All the measure­
ments except one noted in the text were carried out at 22 °G. 

R e s u l t s a n d D i s c u s s i o n 

Figure 2 shows the absorption spectra of L - T 4 in a 30% 
ethanol aqueous solution at various p H values. The 
peak around 300 n m (pH 3.2) was shifted to 330 nm 
with an increase in its height in the alkaline solution 
(pH 11.7), although a small shoulder remained at 290 
nm. The isosbestic points appeared at 285 nm and 
308 nm. This peak-height increment at 330 nm is due 
to the dissociation of the phenolic hydroxyl group of 
the ß-ring of L - T 4 (Fig. 1 ). The pK value of this group 
was calculated as 6.32, coincident well with the values 
of 6.2 and/or 6.7 reported by Steiner6) and Gemmill7) 
respectively. This indicates that the hydroxyl group 
completely dissociates at p H 11. I t is well known that 
poly(L-Lys) takes a a-helical conformation in the aqueous 
solution at p H 11. T h e e-amino groups of poly(L-Lys) 
may be not completely uncharged at p H 11, since the 
pK of these groups is 10.8.9) This suggests that the 
negatively charged hydroxyl and carboxyl groups of 
L - T 4 at p H 11 cause electrostatic interaction with some 
positively charged e-amino groups of poly(L-Lys). The 
binding of L - T 4 to the helical poly(L-Lys) may induce 
some optical activities to arise from L - T 4 , although a 
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210 350 370 270 290 310 330 

Wavelength /nm 
Fig. 2. The ultraviolet absorption spectra of L-T 4 as a 

function of pH in 30% ethanol aqueous solution. 
Curves are at pH 11.7 ( ) ; at pH 6.6 ( ) ; at pH 
3.2 ( — - ) . L-T 4 concentration was 4 .28xl0- 5 mol 
dm - 3 . Temperature was 24 °C. 
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Fig. 3. CD spectra of poly(L-Lys) : L-T 4 at pH 1.1. The 
ratios of the L-T 4 molecules to lysine residues of poly (L-
Lys), n, are cited in the figure. Poly(L-Lys) concentra­
tion was kept at 5.31 X 10~6 mol dm~3. The residue 
ellipticity was calculated on the basis of poly(L-Lys) 
concentration (DP=222). 

free L - T 4 has no detectable optical activity in the 
wavelength region of 200—400 nm, even at a high 
concentration of 1 0 - 4 m o l d m - 3 (these data are not 
shown here). Therefore, the CD spectra of the poly-
(L-Lys) : L - T 4 system was measured in the wavelength 
region of 200—400 nm at p H 11 with a variation in the 
n ratio, which is defined as the ratio of L - T 4 molecules 
to the lysine residues of poly(L-Lys). 

280 360 300 320 340 

Wavelength/nm 

Fig. 4. The ultraviolet absorption spectra of poly(L-
Lys) : L-T 4 at pH 11.0. The spectra were the same for 
the ratios of L-T 4 molecules to lysine residues of poly (L-
Lys) between 2.58 X 10"2 and 7.75 xlO"2 . Poly(L-
Lys) concentration was kept at 5.31 X 10~6 mol dm - 3 . 
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Fig. 5. Plot of the ellipticities of poly(L-Lys) : L-T 4 at 
343 nm against the ratio of the L-T 4 molecules to lysine 
residues of poly(L-Lys), n, and pH 11.0. Poly(L-Lys) 
concentration was kept at 5.31 X 10~6 mol dm - 3 . The 
residue ellipticity was calculated on the basis of poly-
(L-LVS) concentration (DP=222). 

The CD spectra and the absorption spectra of the 
poly(L-Lys) : L - T 4 mixture at various n values in the 
wavelength region of 260—380 nm are shown in Figs. 3 
and 4 respectively. The positive CD bands with a peak 
near 343 n m and a shoulder around 270—300 n m were 
induced. T h e peak near 343 n m showed a red-shift by 
about 13 n m from the longest absorption maximum 
at 330 nm. T h e residue ellipticities at 343 n m are 
plotted against n in Fig. 5. They increased linearly 
with the increase in n up to about n = 9 x l 0 - 2 , but 
thereafter they decreased. At n values of over 9 x 10~2 

it was impossible to obtain reliable CD data because of 
the appreciable turbidity in the sample solution due to 
the aggregation of the poly(L-Lys) : L - T 4 complex. 
These results suggest the binding of L - T 4 to poly(L-Lys). 
The aggregation of poly(L-Lys) : L - T 4 might be a result 
of the neutralization of positively charged e-amino 
groups of poly(L-Lys) by the binding of negatively 
charged hydroxyl and carboxyl groups of L - T 4 , followed 
by an increase in the hydrophobic interaction between 
poly(L-Lys) : L - T 4 complexes. 

The effect of L - T 4 binding on the helical poly(L-Lys) 
was also investigated by measuring CD and O R D in the 
far-ultraviolet region, 200—260 n m for C D and 210— 
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230 
Wavelength/nm 

Fig. 6. The far ultraviolet CD spectra of poly(L-Lys) : L-
T4 at pH 11.0. The ratios of the L-T 4 molecule to 
lysine residues of poly (L-Lys) mol are, poly(L-Lys) 
alone, ( ) ; 2.25 X 10~2, ( ) ; 4.50 X 10~2, ( ) ; 
6.75X10-2, ( ) ; 9.00X10-2, ( ). Poly(L-Lys) 
concentration was kept at 6.13 X 10~6 mol dm - 3 . The 
residue ellipticity was calculated on the basis of poly-
(L-Lys) concentration (DP=222). 
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Fig. 7. ORD spectra of poly (L-Lys): L -T 4 at pH 11.0. 
The ratios of the L-T 4 molecules to lysine residues of 
poly(L-Lys) are, poly(L-Lys) alone, (——); 2.25 X 10~2, 
(—-); 4.50 x 10-2, ( — ) ; 6.75 x 10~2, ( ). Poly(L-
Lys) concentration was kept at 6.50 X 10~6 mol dm - 3 . 
The residue rotation was calculated on the basis of 
poly (L-Lys) concentration (DP=222). The difference 
rotation is also shown in the same figure. 

300 n m for O R D . Figure 6 shows the CD spectra of 
poly (L-Lys) in the presence of various amounts of L - T 4 . 
T h e C D spectrum of a free poly(L-Lys) at p H 11 is 
characteristic of the a-helical conformation, having the 
CD maxima both at 208 nm and 222 n m ; these maxima 
are assigned to the TI-TI* and n-n* transitions of the 
peptide groups respectively, as has been reported by 
Greenfield and Fasman.8) The percent helix of poly-
(L-Lys) was calculated by means of the equation:8) 

% helix = ([0]2O8-4OOO)/(33OOO-4OOO), (1) 

where [0]2O8 is the residue ellipticities at 208 nm. The 
helix content of poly (L-Lys) in the absence of L - T 4 was 
7 8 % . In the presence of L - T 4 , a new CD band appeared 
at aroimd 240 nm, although the characteristic CD bands 
at 208 n m and 222 n m still remained. Figure 7 shows 
the O R D spectra of poly(L-Lys) in the presence of 
various amounts of L - T 4 . The O R D spectrum of a free 
poly(L-Lys) is characteristic of the a-helical conforma­
tion, as has been reported by Davidson et Ö/.10) T h e 
negative O R D band of poly (L-Lys) increased at 233 nm, 
and decreased around 250 nm, in the presence of L - T 4 . 
T h e difference rotation, A[m'], was obtained by 
subtracting the residue rotation of a free poly (L-Lys) 
from that of a poly(L-Lys) : L - T 4 mixture according 
to the following equation and inserted into Fig. 7: 

A M = K](poly(L-Lys) : L-T4) - [m'](poly(L-Lys)). (2) 

T h e difference O R D curves show a positive Cotton effect 
around 240 nm. These results of both C D and O R D 
measurements suggest tha t the Cotton effect observed 
in the 230—250 n m region was induced by L - T 4 bound 
to poly (L-Lys). From the da ta in Fig. 6, the difference 
ellipticity, A[0], was calculated in the same manner 
as in Eq. 2 by means of the following equation, and 
A[0] at 235 nm was plotted against n in Fig. 8: 

A[0] = [0] (poly(L-Lys) : L-T4) - [ô](poly(L-Lys)). (3) 

I t increased linearly with the increase of n up to about 
w = 9 x 10~2, as was observed at 343 nm (Fig. 5) . This 
indicates that the induced optical activity at around 
235 n m as well as tha t at 343 nm is attr ibutable to the 
binding of L - T 4 to poly (L-Lys). In this study, therefore, 
assuming that no conformational changes in the a-
helical poly(L-Lys) were induced by the binding of 
L - T 4 at low n values, the difference CD spectrum was 
obtained by using Eq. 3 from the CD spectra measured 
at ' the same concentration of poly(L-Lys) at the wave­
length region of 200—380 nm, while the difference 
molar ellipticity for L - T 4 was calculated on the basis 
of the L - T 4 concentration. The difference CD spectrum 
at w = 2 . 2 5 x l 0 ~ 2 (Fig. 9(a)) had a large positive peak 
near 235 nm, a small one at 343 nm, and two shoulders 
around 250 nm and 290 nm. The U V absorption 
spectra of the L - T 4 and poly(L-Lys) : L - T 4 mixture were 
also measured at the same n value (w=2.25x 10~2) 
(Fig. 9(b)) . In the case of the poly(L-Lys) : L - T 4 

mixture, the U V maximum at 228 n m decreased and 
a new shoulder appeared near 250 nm, and the small 
peaks at both 290 n m and 330 nm increased as compared 
with a free L - T 4 . T h e molar extinction coefficient of 
7.25 X 103 at 330 n m for L - T 4 in the poly(L-Lys) : L - T 4 

system is slightly larger than the values of 6.27 X 103 
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Fig. 9. (a) : Difference CD spectrum of poly (L-Lys) : L-T 4 

obtained by subtracting the CD spectrum of poly (L-Lys) 
alone from that of poly (L-Lys): L-T 4 . The concentra­
tion of poly (L-Lys) and L-T 4 were 1.13 X 10~5 mol dm~3 

and 5.67 X 10-5 mol dm - 3 , respectively. pH was 11.0. 
The difference ellipticity was calculated on the basis 
of L-T 4 concentration. 
(b) : The ultraviolet absorption spectra of poly (L-Lys) : 
L-T4 , •(. -) and L-T 4 , ( ) at pH 11.0. The con­
centration of poly (L-Lys) and L-T 4 were 1.03 X 10~5 

mol dm~3 and 5.10X 10~5 mol dm-3, respectively. 

for the free L - T 4 at 325 nm, which is in good agreement 
with the 6.21 X 103 at 325 n m reported by Gemmill.7) 

The induced CD bands appearing in the poly (L-Lys) : 
L - T 4 complex (Fig. 9(a)) coincided with the corre­
sponding absorption maxima (Fig. 9(b)) except for the 
small red-shifts at 235 nm and 343 nm. 

The induced CD bands observed in this study may be 
interpreted by the following mechanisms: (1) a certain 
fixed intramolecular orientation between the carboxyl 
group and the aromatic ring of L - T 4 occurs upon 
binding to poly (L-Lys), and (2) intermolecular interac­
tion occurs between the peptide backbone of poly-

O 

(L-Lys) (-C-N-) and the bound L - T 4 . At present, 

H 
however, it is unclear why the CD maxima at the 
shortest and the longest wavelengths (235 n m and 343 
nm) shifted to wavelengths a little longer from their 
U V absorption maxima at 230 n m and 330 nm. 

H X l O 2 

Fig. 8. Plot of the difference ellipticities of poly (L-Lys) : 
L-T 4 at 235 nm against n and pH 11. Poly (L-Lys) 
concentration was kept at 6.13 X 10~6 mol dm - 3 . The 
difference ellipticity was calculated on the basis of 
poly (L-Lys) concentration (DP=222). 

Conc lus ion 

T h e possibility of the binding of the thyroid hormone, 
L - T 4 , to the oc-helical poly(L-Lys) was strongly suggested 
by the facts that optical activity arising from L - T 4 was 
newly induced by mixing L - T 4 with oc-helical poly-
(L-Lys) at p H 11 and that the induced ellipticity 
increased linearly with an increase in the ratio of L - T 4 

molecules to lysine residues of poly (L-Lys). T h e results 
of this study suggest tha t L - T 4 may bind to the helical 
region of non-specific proteins as well as of specific 
ones for L - T 4 containing lysine residues in their oc-
helical regions. T h e CD peaks observed in this study 
seem to be usable in investigating the interaction 
between L - T 4 and specific or non-specific proteins for 
L - T 4 or other synthetic polypeptides by means of CD 
measurements. 
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The bovine serum albumin coordinated Fe4S4-cluster, which had hydrogenase activity, was synthesized. 
Its physical and chemical characteristics were then compared with those of natural hydrogenase. Though the 
affinities of hydrogenase and the albumin-coordinated Fe4S4-cluster for the substrate, methyl viologen, were similar, 
the hydrogenase activity for hydrogen evolution was 105 times greater than the cluster. Two types of Fe4S4-
clusters, coordinated by the fragments of the cleaved albumin obtained by treatment with cyanogen bromide, 
were synthesized, and their hydrogenase activities were compared. The activity with the iron-sulfur cluster 
incorporated in the fragment with MW 40000 was much higher than that of the one incorporated in the fragment 
with MW 20000. The amino acid arrangement to form the active site was discussed on the analogy of the other 
iron-sulfur proteins. 

T h e core structures of iron-sulfur proteins have been 
studied extensively, and the physicochemical investiga­
tions have conclusively established that iron-sulfur 
proteins have at least three fundamental types of central 
cores: Fe(S-Cys)4 , Fe2S2(S-Cys)4, and Fe4S4(S-Cys)4.2) 

Holm et al.3-11) have reported the synthesis of the 
tetranuclear cluster complexes [Fe4S4(SR)4]2 _ and bi-
nuclear cluster complexes [Fe 2S 2 (SR) 4 ] 2 - ( R = a l k y l or 
aryl), whose structure and properties demonstrate them 
to be a close representation of the central cores of i ron-
sulfur proteins, and have developed the core-extrusion 
method for the identification of active sites in native 
iron-sulfur proteins. Rabinowitz et al.12-1*) have also 
applied the method to the preparation and isolation 
of apoprotein of ferredoxin from Clostridium pasteurianum, 
and have reconstituted ferredoxin by the addition of 
iron(II) ions, sodium sulfide, and 2-mercaptoethanol. 
This procedure, which has considerable utility, is now 
being applied to other iron-sulfur proteins.15-17) 

Recently we found,18-21) by the extrusion and recon­
stitution techniques mentioned above, that the hydrog­
enase from Desulfovibrio vulgaris contained two Fe4S4-
type clusters per enzyme molecule; we also found18»20) 
two active sites per enzyme molecule by kinetics and an 
inhibition method with mercury (I I) chloride. The 
presence of three Fe4S4-type clusters has been established 
in thé case of the hydrogenases from Desulfovibrio gigas22) 
and Clostridium pasteurianum,11) which contain 12 iron 
atoms and 12 labile sulfur atoms per molecule. General­
ly, hydrogenase is regarded as an iron-sulfur protein 
with Fe4S4-type clusters. Although the Fe4S4-cluster 
alone does not have the hydrogenase activity,23) the 
Fe4S4-clusters synthesized in the presence of apo-
hydrogenase has the catalytic activity.21) Therefore, the 
Fe4S4-cluster and also the environment of the Fe4S4-
cluster within the protein, such as apo-hydrogenae, 
play important roles in the hydrogenae activity. 

In this paper we wish to describe the development 
of a hydrogen-evolution system which combines the 
Fe4S4-cluster and some protein, and to compare the 
characteristics of the artificial and natural hydrogenase. 

t Part of this paper has been published as a preliminary 
communication in J. Mol. Catal.V 

Experimental 

Materials. The methyl viologen ( 1, r-dimethyl-4,4'-
bipyridinium dichloride) and trypsin were purchased from 
the Tokyo Kasei Kogyo Go. and IGN Pharmaceuticals Inc. 
respectively. The bovine serum albumin, a-chymotrypsino-
gen-A, and lysozyme were products of the Sigma Chemicals 
Go. The other chemicals, obtained from the Wako Pure 
Chemicals Co., were the best commercial grades available. 
All solutions were degassed and stored under nitrogen. The 
nitrogen gas was purified by passage through a copper column 
at 200 °G. 

The copolymer of styrene and />-vinylphenylmethanethiol 
was synthesized according to the procedure of Okawara et a/.24> 

Hydrogenase from the Desulfovibrio vulgaris (Miyazaki type, 
which has kindly been provided by Professor T. Yagi of 
Shizuoka Univ.) was purified according to the procedure 
of Yagi etal.25>*V 

Measurement of Hydrogenase Activity. The hydrogenase 
activity was measured under anaerobic conditions. The 
hydrogenase activities of the iron-sulfur proteins were deter­
mined by the rate of hydrogen evolution from reduced methyl 
viologen at 30 °G and pH 7.0. The evolved hydrogen was 
analyzed by gas chromatography on a 2 m X 0.5 mm active 
carbon column (Gasukuro Kogyo Go.) with a nitrogen carrier. 
The reaction mixture (8.5 ml) consisted of 4.0 ml of the iron-
sulfur protein solution with the 7.73xl0~7M Fe4S4-cluster 
described in "Synthesis of Iron-Sulfur Clusters," 1.96 {imol 
of methyl viologen, and 5 mg of Na2S204 in 4.5 ml of a 0.02 M 
phosphate buffer (pH 7.0). 

Synthesis of Iron-Sulfur Clusters. The [Fe4S4(SR)4]
2" 

complexes (R=phenyl or /-butyl) were prepared by the 
procedure of Holm et a/.4> The synthesis of other iron-sulfur 
clusters was carried out under a nitrogen atmosphere as follows. 
To a stirred solution of thiol or protein with mercapto ligands 
(4xl0~5mol) in 4 ml of H aO containing 0.01 M iron(II) 
chloride, 2 ml of aq Na2S (0.02 M) were added; the mixture 
thereupon turned dark brown in each case and was incubated 
at 30 °G for 30 min. The solution was then centrifuged 
(20000 g X 30 min) to remove fine black precipitate, which 
may be iron(II) sulfate. 

Cleavage of Bovine Serum Albumin. Albumin was cleaved 
according to the method of King and Spencer.27) To 12.2 ml 
of a formic acid (75%) solution containing 26.4 (xmol of 
albumin, we added a solution of cyanogen bromide (2.31 
mmol) in 36 ml of formic acid, after which the solution was 
stirred for 20 h at room temperature. Then the solution was 
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placed in a Sephadex G-75 column (2.2 cm X 140 cm) and 
eluted with the 0.02 M Tris-HGl buffer (pH 7.0; to compare 
the hydrogenase activity, this pH value was employed, for 
this value was suitable for the hydrogenase). The eluted 
solution was then concentrated by ultrafiltration with an UM-2 
Diaflo membrane. 

R e s u l t s a n d D i s c u s s i o n 

Preparation and Properties of Bovine Serum Albumin 
Coordinated Iron-Sulfur Cluster. The method used 
for the preparation of the albumin cluster was a modifica­
tion of those of Suzuki and Kimura2 8) and Lovenberg 
and McCarthy.29) The preparation was carried out 
under a nitrogen atmosphere as follows: eighty 
milligrams of albumin was dissolved in 6 ml of water 
containing 6.7 m M iron(II) chloride or ammonium 
iron(II) sulfate. 2-Mercaptoethanol (0.4 ml) was then 
added, followed by 2 ml of aq Na2S (0.02 M ) . 

In order to separate the albumin-cluster from the 
excess reagents, the solution containing the albumin-
cluster was placed in a Sephadex G-50 column (5 cm X 
23 cm) with 0.02 M Tr i s -HCl (pH 7.0) containing 0.08 
M NaCl as an eluting buffer. T h e eluting solution was 
monitored by means of the absorption bands for proteins 
and iron-sulfur clusters; the results are shown in Fig. 1. 
Albumin came out at the elution position peak A. As 
the eluting solution has the absorption band at 420 nm 
which is attributable to the iron-sulfur clusters, and also 
a molecular weight corresponding to albumin, the 
product is not a crude mixture of albumin and the i ron-
sulfur cluster, but the iron-sulfur clusters incorporated 
in albumin. The solution was dark brown, and iron(II) 
sulfide as a by-product may also be incorporated in the 
protein. Although the eluting solution corresponding 
to Peak A was centrifuged at 20000 g for 60 min to 
remove the black precipitate, it was not separated from 
the protein completely. T h e iron-sulfur clusters 
incorporated in albumin were not synthesized by the 
reaction of the preformed iron-sulfur cluster and 
albumin. Therefore, the iron(II) sulfide concomitant 
in the iron-sulfur incorporated in albumin was not 
avoided by this method. The specific absorption 
coefficients, 35600 M " 1 cm" 1 at 280 nm and 14000 
M - 1 c m - 1 at 420 nm,28) were used to estimate the 
concentrations of protein and iron-sulfur clusters 
respectively. The B peak also has ultraviolet and visible 
absorption bands which seem to be due to an excess 
of the 2-mercaptoethanol reagent and the synthesized 
Fe 4 S 4 (S-CH 2 CH 2 OH) 4 dianion respectively. 

When the solution of the iron-sulfur cluster incorpo­
rated in albumin (albumin-cluster; the spectrum is 
shown in Fig. 2, Curve a) was incubated under a 
hydrogen atmosphere at 30 °C, the spectrum of the 
solution changed as is shown in Fig. 2, Curve b . When 
exposed in air, the spectrum returned to its original 
shape. A similar spectrum change has been observed26) 
in the reduction of hydrogenase from Desulfovibrio 
vulgaris by hydrogen. In this case, however, cytochrome 
C3 is needed as an electron-acceptor. When excess 2-
mercaptoethanol is added to the albumin-cluster 
solution for the identification of the core types, the 
obtained absorption spectrum (Am a x=410 nm) of the 
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Fig. 1. Elution patterns of the albumin-cluster from a 
Sephadex G-50 column. 
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Fig. 2. Absorption spectra of the albumin-cluster. 

a: Albumin-cluster, b : Albumin-cluster is incubated 
under hydrogen for 24 h, c: Mixture of albumin-cluster 
and 2-mercaptoethanol. 

resulting solution resembled that of the synthesized 
Fe 4 S 4 (S -CH 2 CH 2 OH) 4 dianion, as is shown in Fig. 2, 
Curve c. From the above results, t he iron-sulfur 
clusters incorporated in albumin seem to be Fe4S4-type 
clusters, but another possibility still remains that the 
corresponding Fe2S2-clusters were rapidly converted to 
the Fe4S4-clusters. 

We lack the extinction coefficient data for the 
spectrum required for a quantitative analysis of the 
Fe 4 S 4 (S -CH 2 CH 2 OH) 4 dianion. However, it is clear 
that the Fe4S4-cluster is the dominant product. 

Synthesis of Various Iron-Sulfur Clusters. The 
method used for the preparat ion of the iron-sulfur 
clusters with various mercapto ligands was the same as 
that used for the albumin-clusters. Though a number of 
Fe4S4 cores are synthesized in the presence of some thiols, 
SH-containing polymer, and natural proteins containing 
cysteinyl residues instead of apo-hydrogenase, an 
estimation has not been made whether each product is a 
crude mixture of protein and the iron-sulfur cluster or 
the iron-sulfur cluster incorporated in a compound as a 
ligand. As is evident from Table 1, no cluster complex 
but the albumin-coordinated Fe4S4-cluster can catalyze 
the hydrogen-evolution reaction from reduced methyl 
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TABLE 1. CATALYTIC ACTIVITIES OF SYNTHESIZED 

IRON-SULFUR CLUSTERS 

Ligand 

2-Methyl-2-propanethiol 
Thiophcnol 
2-Mercaptoethanol 
Dithiothreitol 
Glutathione 
L-Cysteine 
Copolymer of styrene and 

/>-vinylphenylmethanethiol 
Bovine serum albumin 
Lysozyme 
a-Chymotrypsinogen 
Papain 

Solvent15 

DMF/H 20 
HMPA/H 20 

H 2 0 
H 2 0 
H 2 0 
H 2 0 

DMSO/H 20 

H 2 0 
H aO 
H 2 0 
H aO 

Activity 
(mol-H2/min/ 
mol-Catal.) 

0 
0 
0 
0 
0 
0 
0 

9.62X10-3 

Trace 
0 
0 

a) DMF: #5iV-Dimethylformamide; HMPA: hexa-
methylphosphoric triamide; DMSO: dimethyl sulfoxide. 

viologen, although its activity is lower than that of the 
actual enzyme, hydrogenase. 

Specificity for Electron Carriers and Kinetics, When 
the albumin-cluster was added to a solution of dithionite-
reduced methyl viologen, hydrogen evolved under the 
same conditions of hydrogenase-activity measurement. 
Various redox carriers were tested to see if they would 
replace methyl viologen and mediate the electron 
transfer to the albumin-cluster from dithionite. The 
electron-carrier specificities for albumin-cluster and 
hydrogenases are compared in Table 2. T h e albumin-
cluster was specific for methyl viologen and nicotin­
amide-adenine dinucleotide. 

T h e time course showed that the amount of hydrogen 
evolved from reduced methyl viologen increased linearly 
with the time. It is reasonable to assume that the i ron-
sulfur cluster in the albumin-cluster (which has not 
been separated from iron(II) sulfide) has a central role 
in hydrogen evolution, because it has been confirmed 
experimentally that i ron(II) sulfide has no activity for 
hydrogen evolution. With a 44-h reaction time, the 
molar ratio (the turnover number) of the evolved 
hydrogen for the iron-sulfur cluster was 18.1) This 
means that the albumin-cluster behaves as a catalyst. 
Though the stability of the albumin cluster was not 

o 5 io 

[ S ] / 10"4M 

Fig. 3. Relation between [SJ/^/Tand [S]. 

examined, it seems fairly stable in the long term because 
it was still intact after a 44-h reaction. 

T h e initial rate of hydrogen evolution increased with 
the methyl viologen concentration until it finally 
reached a constant value. In the case of the hydrogenase, 
the rate of hydrogen evolution from reduced methyl 
viologen was expressed as follows:20»30) 

or 

[S] 

VT 
. [S] , } _ f 

\ /X */ kK 
where k and K are constants and where [S] is the 
concentration of methyl viologen. In the case of the 
albumin-cluster, a good linear relation was also obtained 
between [SJ/v^T^ and [S], as is shown in Fig. 3. Although 
the [S]/V vs. [S] plot on the basis of the first-order 
kinetic equat ion: 

v _ kK[S] 
1+*[S] 

was also tried, there were some deviations. The albumin-
cluster may also catalyze hydrogen evolution by the 
same mechanism as that of the hydrogenase. From the 
slope and the intercept, the equilibrium constant, K, 
and the rate constant, k, for hydrogen evolution from 

TABLE 2. ELECTRON-CARRIER SPECIFICITY IN H2 EVOLUTION BY THE HYDROGENASE 

FROM Desulfovibrio vulgaris AND THE ALBUMIN-CLUSTER 

Electron carrier 

Cytochrome C3 

Flavin monoculeotide 
Nicotinamide-adenine dinucleotide 
Coenzyme II 
Methyl viologen 
Methylene Blue 
Neutral Red 
Safranine T 
Phenosafranine 
Potassium hexacyanoferrate(III) 

Concentration 

M 

5.94X10-7 

2.45x10-* 
1.61 x lO- 4 

1.72x10-* 
2.48X10-4 

1.96x10-* 
2.03X10-4 

2.07x10-* 
1.91x10-* 
2.01x10-* 

Activity (mol-H2/min/mol-Catal.) 
r /*v" 

Hydrogenase 

245 
Trace 

13 
0 

1770 
0 

47 
40 
34 
0 

: x Albumin-cluster 

0 
0 

4.54X10-3 

0 
9.62X10-3 

0 
0 
0 

Trace 
0 
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reduced methyl viologen at 30 °C were calculated as 
follows : 

Catalyst 

Hydrogenase 
Albumin-cluster 

K 
M"1 

8 . 8 x l 0 3 

1.9xl0 4 

k 
min - 1 

2.3X103 

1.5X10"2 

Judging from the K values, the affinity of the albumin-
cluster for methyl viologen seems to be similar to that 
of the hydrogenase. The k value of hydrogenase, 
however, was 105 times greater than that of the albumin-
cluster. 

Effect of Mercury(II) Chloride. As has been 
reported earlier15»205 some heavy metals, mercury, 
copper, and silver, strongly inhibit the activity of the 
hydrogenase, even though their concentrations are low 
in comparison with that of the hydrogenase. Although 
the albumin-cluster was inhibited in the presence of 
mercury(II) chloride, as is shown in Table 3, it was less 
inhibited than the hydrogenase at the same concentra­
tion. Mercury atoms are exchangeable with the iron 
atoms in the hydrogenase,20) and the inhibition of the 
hydrogenase by mercury (I I) chloride is a result of the 
exchange between mercury and iron. Although the 
inhibition by metal ions is explained by the binding of 
these ions to the thiolate sulfurs, the inhibition of the 
albumin-cluster by mercury (I I) chloride may be 
caused by the exchange between mercury and iron, just 
as in the case of the hydrogenase. 

Cleaved Bovine Serum Albumin Coordinated Iron-Sulfur 
Clusters. Though the Fe4S4-cluster of the albumin-
cluster combines cysteine residues of albumin, none of 
the cysteine residues (there are 35 cysteine residues per 
albumin molecule31)) participate in the cluster formation, 
for the concentration of the synthesized clusters is low 
compared to that of the cysteine residues. To determine 
the situation needed for the hydrogenase model, the 
hydrogenase activities were measured with Fe4S4-
clusters with cleaved albumin as ligands. 

The cyanogen bromide cleavage of albumin between 
two amino acid residues, 183 (Met) and 184 (Arg), 
gives two peptides with molecular weights of 40000 and 
20000.27) A chromatogram of the formic acid solution 
containing albumin and cyanogen bromide obtained by 
means of a Sephadex G-75 column is shown in Fig. 4. 
Fragment 1 is the original albumin, while Fragments 2 
and 3 are examples of cleaved albumin with molecular 
weights of 40000 and 20000 respectively. T h e reagents 
to produce the Fe4S4-cluster, iron(II) chloride, 2-
mercaptoethanol, and Na2S, were added to a solution 
containing the protein corresponding to Fragment 2 or 
3, and then the mixture was placed in a Sephadex G-50 
column to remove the excess reagents as well as to 

TABLE 3. INHIBITION BY MERCURY(II) CHLORIDE 

% Activity1* 

(M/M) 

0 
5 

20 
50 

100 

r 

Hydrogenase 
100 
82 
42 

0 
— 

X 

Albumin-cluster 

100 
100 
100 
53 
0 

a) Samples were preincubated with HgCl2 for 24 h at 4 
°C. Methyl viologen : 2.31 X 10 -4 M. 
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Fig. 4. Separation of cyanogen bromide fragments of 
albumin on a Sephadex G-75 column. 

produce albumin-cluster synthesis. As is shown in 
Table 4, the activity of the iron-sulfur cluster incor­
porated in Fragment 2 was much higher than that of 
the one incorporated in Fragment 3. 

In albumin, two cysteine residues are adjacent to 
each other except for the two cysteine residues 276 and 
280, where three other amino-acid residues are incor­
porated between them. This part belongs to Fragment 
2 in the cleaved albumin, and there is no other remark­
able difference in geometrical arrangement between 
Fragments 2 and 3. Judging from the chelate structures 
of other iron-sulfur proteins determined by X-ray 
diffraction studies,2) the following two situations in 
amino acid sequence seem to be required for Fe4S4-
cluster formation : the existence of four cysteine residues 
as ligands close to each other, and the presence of two, 
three, or four other amino acids between the cysteine 
residues. As Fragment 2 contains the portion of the 
263—287 residues which satisfies the situation, the 
iron-sulfur cluster will be incorporated at this portion 
of Fragment 2. T h e concentration of the iron-sulfur 
cluster is comparable with that of Fragment 2 protein. 

Protein source 

Albumin whole chain 
Fragment 2 
Fragment 3 

TABLE 4. HYDROGENASE 

Protein concentration 
M 

3.74X10-6 

1.86X10-6 

3.42X10-6 

ACTIVITIES WITH SOME CLUSTERS0 

Cluster concentration 
M 

7.73X10-7 

1.34X10-6 

2.46X10-6 

Activity 
(mol-H2/min/mol-cluster) 

7.75X10-3 

4.84X10-3 

5.70X10-4 

a) See text for reaction conditions. 
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This means that only one cluster is formed per protein 
molecule. 

After all, not only the proper distance between two 
cysteine residues which is suitable for the formation 
of the Fe4S4-core in the albumin molecule, but also the 
proper amino acid residues near the active-site core 
seem to be required for the hydrogenase activity. 

We wish to express our appreciation to Professor 
Tominaga Keii for his stimulating and helpful discus­
sions. 
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Application of the Water-gas Shift Reaction. I. Hydrogénation and 
Hydroformylation Reactions of Olefins with Carbon Monoxide 

and Water Catalyzed by Rhodium Phosphine Complexes 
Tamon OKANO,* Teruyuki KOBAYASHI, Hisatoshi KONISHI, and Jitsuo Kui* 

Department of Environmental Chemistry and Technology, Faculty of Engineering, Tottori University, 
Tottori 680 

(Received February 12, 1981) 

The hydrogénation of methyl crotonate with CO and H 2 0 is efficiently catalyzed by RhH2(02COH)[P(i-Pr)3]2 

or [RhCl(C7H8)]2/P(/-Pr)3/n-BuLi (C7H8=norbornadiene). Both catalyst precursors are shown to form the same 
active species; /ra«j-Rh(OH)(CO)[P(/-Pr)3]2. The catalytic activity of the system ([RhGl(C7Hg)]2/phosphine/n-
BuLi) increases with increase of the basicity of the phosphine ligands (phosphine==P(*'-Pr)3^>P(fl-Bu)3>PPh-
(z'-Pr)2^>PPh2(z-Pr)^>PPh3). This reaction is also applicable to the hydrogénation of the C=C bond of electron-
withdrawing olefins and the C=0 bond of ketones and aldehydes. Interestingly, the catalysis for the C=C bond, 
to which less electron-withdrawing groups are attached, gives dominantly aldehydes due to hydroformylation. 
The mechanism is also discussed. 

The water-gas shift reaction (Eq. 1) attracts our 
attention from a viewpoint of the use of coal as a hy-

GO + H 2 0 • C 0 2 + H2 (1) 

drogen source. Recently, many studies have been 
reported on the shift reaction using homogeneous 
catalysts,1-4) which are active even at such a low 
temperature as the boiling point of water. The catalysis 
generates such a reactive reducing species that hydrogé­
nation5) and hydroformylation6 '7) of olefins, reduction 
of nitrobenzenes,8 '9) and a-methylation of ketones10) and 
iV-methylation of amines11) with formaldehyde have 
been carried out in homogeneous phase without using 
molecular hydrogen. 

To date, metal carbonyls combined with base1»5 '6 '8-11) 
or acid2) have habitually been used for the shift reaction 
as well as the organic reactions, while these catalyst 
systems are perturbed by side reactions such as aldol 
condensation, hydrolysis, isomerization of double bond, 
etc. One of our authors has reported that homogeneous 
rhodium phosphine complexes possess high catalytic 
activities for the shift reaction in an essentially neutral 
solution.4) Though few reports have appeared on the 
catalysis of phosphine complexes for Eq. 1, phosphine 
complexes are, in general, more active than metal 
carbonyls in the homogeneous catalytic hydrogénations 
and hydroformylation reactions. 

Aiming at application of the water-gas shift reaction 
to the organic reactions, we employed the homogeneous 
rhodium phosphine complexes as the catalyst. The 

TABLE 1. HYDROGÉNATION OF METHYLCROTONATE WITH 

GO AND H 2 0 CATALYZED BY TRIPHENYLPHOSPHINE 

COMPLEXES OF GROUP V I I I a ) 

Catalyst precursor Yield/% of methyl 
butyrate b) 

RhH(CO)(PPh3)3 

RhCl(PPh3)3 

RuH2(PPh3)4 

CoH(N2)(PPh3)3 

Pd(PPh3)4 

90 
66 
53 
28 
23 

a) Conditions ; catalyst precursor=0.2 mmol, methyl 
crotonate=20 mmol, H 2 0 = 100 mmol, P c o = 50 atm, 
150 °C, 20 h. b) Based on methyl crotonate added. 

present paper deals with the hydrogénation and the 
hydroformylation of olefins using carbon monoxide and 
water in place of molecular hydrogen. 

Results and Discussion 

Catalytic Activity of Group VIII Metal Complexes. 
Because it is easily hydrogenated and hydroformylated, 
methyl crotonate was used as a typical substrate to 
survey the catalytic activities of different Group V I I I 
metal complexes of triphenylphosphine. T h e results 
are shown in Table 1. T h e catalytic activity increased 
in the order; R h > R u > C o > P d . Among them the 
halide-free rhodium complex, R h H ( C O ) ( P P h 3 ) 3 (1), 
was found to be most active. Methyl butyrate was 

TABLE 2. EFFECT OF PHOSPHINE LIGANDS IN THE CATALYST SYSTEM OF [RhCl(G7H8)]2/Phosphine/n-BuLia5 

Phosphine 

PPh3 

PPh2(z-Pr) 
PPh(£-Pr)2 

P(«-Bu)3 

P(*-Pr)3 

CH3CH2CH2-
COOCH3

b> 
A 

15 
46 
55 
60 
72 

CH3CH=CHCOOCH3 

GH3CH(CHO)-
CHoCOOCH3

b> 
B 

«s0 
0.9 
2.6 
0 
4.8 

CH3CH2CH(CHO)-
COOCH3

b> 
C 

^ 0 
0.1 
0.5 
«*0 
4.3 

co2
b> 

8 
47 
59 
63 
82 

A 
A+B+C 

1 
0.98 
0.95 
1 
0.87 

B 
B + C 

— 
0.9 
0.8 

— 
0.5 

a) Conditions; catalyst ([RhCl(C7H8)]2=0.05 mmol, phosphine=0.2 mmol, n-BuLi=0.25 mmol), methyl crotonate=20 
mmol, H2O = 50 mmol, ^ 0 = 1 5 atm, T H F = 6 . 5 ml, 115 °C, 20 h. b) The yields/% are based on methyl crotonate used. 
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TABLE 3. ACTIVITIES OF VARIOUS CATALYST PRECURSORS AND EFFECT OF GO PRESSURE 

IN THE HYDROGENATION OF METHYL CROTONATE WITH C O AND H 2 O a ) 

Catalyst 
precursor10 

[RhCl(C7H8)]2/L/rt-BuLi 
RhH2(02COH)L2 

[Rh(CO)LJ2(C03) e ) 

RhH2(OaCOH)L2° 
RhH2(02COH)L2

f> 
RhH2(02COH)L2° 
RhH2(02COH)L2

f> 

CO 
(atm)c> 

15 
15 
15 
7.5 

15 
30 
60 

co2 

82 
102 

40 
65 
83 
30 

Products (%)d) 

C H 3 C H 2 C H 2 -
COOCH3 

A 

72 
91 
86 
49 
58 
53 
25 

CHgCH(CHO)-
CH2COOCH3 

B 

4.8 
4.2 
7.3 
4.5 
8.5 

29 
14 

CHßCJrljjCuri-
(CHO)COOCHg 

G 

4.3 
3.9 
6.6 
3.0 
3.0 
1.5 
0.5 

B 

A+B+C 

0.88 
0.91 
0.86 
0.87 
0.83 
0.63 
0.63 

B 
B+G 

0.53 
0.52 
0.53 
0.40 
0.74 
0.95 
0.97 

a) Conditions; catalyst precursor=0. l mmol, methyl crotonate=20 mmol, H 2 O=50 mmol, T H F = 6 . 5 ml, 115 °C, 20 h. 
b) L=P(i-Pr)8 , c) Initial pressure, d) Based on methyl crotonate used, e) Catalyst precursor=0.05 mmol, f) At 95 °C. 

formed in a 9 0 % yield. Thus , the halide-free rhodium 
complexes were used hereafter in the present study to 
widen the scope of the application of the water-gas 
shift reaction to the organic reactions. 

Little is known about the synthetic method for the 
hydrido rhodium (I) complexes of various phosphines, 
which are expected as the effective catalyst precursor. 
Therefore, the effects of the phosphine ligands were 
examined using a catalyst precursor prepared in situ 
by the reaction of [RhCl(C 7 H 8 ) ] 2 with w-BuLi in the 
presence of phosphine, which affords the hydrido 
complex (vide infra). T h e results are summarized in 
Table 2. By successive replacement of the phenyl 
groups on the phosphorus of triphenylphosphine by 
alkyl groups, the catalytic activity for the hydrogénation 
increased in the order; P( i -Pr) 8 >PPh(f-Pr) 2 >PPh 2 ( t -
P r ) > P P h 3 . T h e replacement by the isopropyl group 
makes the phosphine more electron-donating and 
bulky.12) T h e activity of the system using P(w-Bu)3, 
which is less bulky than any other ligands examined, 
was close to that using PPh(z-Pr)2 . In general, ligand 
effects may be separated into electronic and steric 
factors. According to Tolman,13) the infrared C O 
stretching frequencies of Ni (CO) 3L (L = P(w-Bu)3 and 
PPh(e-Pr)2), which reflect the electronic donor-acceptor 
property of L, are 2060.3 and 2062.4 c m - 1 , respectively. 
Both are estimated to be similar in electronic nature. 
Consequently, the above results suggest that the elec­
tronic factor of the auxiliary ligand is more dominant 
than the steric factor over the greater part of the catalytic 
activity for the hydrogénation. 

In some cases, small amounts of aldehydes were 
formed by hydroformylation. Their yields increased 
in the order similar to that of the hydrogénation product, 
but no appreciable amounts of aldehydes were formed 
in the case of P(w-Bu)3. A plausible interpretation of the 
fact is described later. From these results, P(i-Pr)8 was 
one of the most effective auxiliary ligands. 

Catalyst Precursor. When a T H F solution con­
taining [RhCl(C 7 H 8 ) ] 2 , P(i-Fr)8 , and w-BuLi was 
treated with H 2 0 and C 0 2 (1 a tm) , a dihydrido 
hydrogencarbonato complex, R h H 2 ( 0 2 C O H ) [ P ( / - P r ) 3 ] 2 

(2), was obtained. This complex is known to be formed 
also via the oxidative addition of H 2 0 and C 0 2 to 
RhH[P(f-Pr) 3 ] 3 or ^ ^ - R h H ( N 2 ) [ P ( f - P r ) 3 ] 2 . 1 4 ) I t has 

also been reported that Jra;w-RhH(N2)[PPh(J-Bu)2]2 is 
isolated from the reaction mixture of [RhCl(CH2= 
CH 2 ) 2 ] 2 with tt-BuLi in the presence of the phosphine 
under an atmosphere of nitrogen.15) These facts indicate 
tha t the reaction of [RhCl(C 7 H 8 ) ] 2 with w-BuLi in the 
presence of phosphine presents a general method to 
provide the halide-free hydrido phosphine complexes. 
The dihydrido hydrogencarbonato complex (2) is 
known to react readily with C O to give a carbonyl 
carbonato complex, {Rh(CO)[P(/-Pr) 3] 2} 2(C0 3) (3).14) 
Since large amounts of C O , H 2 0 , and C 0 2 are present 
in the catalytic system, the three catalyst precursors, 
[RhCl(C7H8)]2 /P(t-Pr)3 /n-BuLi, 2, and 3, shown in 
Table 3 must form the same active species. The reaction 
mixture catalyzed by 2 was treated with NaBPh4 in the 

[RhCl(C7H8)]2 + P(i-Pr)8 + H-BuLi • 

[rhodium(I) hydride] 
H,o, coa 

RhH2(02COH)[P(*-Pr)3]2 
2 

presence of pyridine to give a cationic complex, {trans-
Rh(CO)(pyridine)[P(f-Pr)3]2}BPh4 (5), which is known 
to be formed by a similar treatment of 3.4) This fact 
suggests that the hydroxo complex, trans-Rh(OH)(CO)-
[P(f-Pr)3]2 (4), plays an important role in the catalysis, 
because 4 in pyridine is known to be in equilibrium with 
a solvated ion pair complex which produces 5 by an 
anion exchange with BPh4".4) 

RhH2(02COH)L2 

2 

CO, HaO 

(catalytic reaction) 

HA 
CO 

ftww-Rh(OH)(CO)La 

4 

NaBPh4 
in pyridine * ^-^ (hydrolysis) 

[Rh(CO)L2]2(C03) 
3 [*ra«j-Rh(CO)(pyridine)L2]BPh4 

L=P(*-Pr)3 5 

Scheme 1. 

Hydrogénation and Hydroformylation of Various Olefins. 
T h e reactions of electron-withdrawing and -donating 
olefins are summarized in Table 4. The hydrogénation 
of the electron-withdrawing olefins occurred exclusively, 
except for methyl crotonate. O n the contrary, the 
hydroformylation of styrene occurred in preference to 
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TABLE 4. HYDROGÉNATION AND HYDROFORMYLATION WITH GO 

AND H 2 0 CATALYZED BY R h H 2 ( 0 2 C O H ) [P(f-Pr)J a° 

Substrate Product Yield/% b> 

CH2=CHCN 
CH2=CHCONH2 

CH3CH=CHCOOCH3 

PhCH=CHCOOCH3 

(CH3)2C=CHCOCH3 

PhCH=CHCHO 
Gyclohexanonec J 

PhCOCH3
c> 

PhCHOc ) 

PhN02
d> 

PhCNd) 

PhCH=CH2 

/>-CH3OC6H4CH=CH2 

Ph(CH3)C=CH2 

GH3(GH2)3GH=GH2 

cyclo-CgH^ 

GH3GH2GN 
GH3GH2GONH2 

CH3CH2CH2COOCH3 

CH3CH(CHO)CH2COOCH3 

CH3CH2CH(CHO)COOCH3 

PhGH2GH2GOOGH3 

(GH3)2GHGH2GOGH3 

(CH3) 2CHCH2CH (OH) GH3 

PhGH2GH2GHO 
Cyclohexanöl 
PhGH(OH)GH3 

PhGH2OH 
PhNH2 

PhCH2NH2 

PhCH2CH2CHO 
PhGH(GHO)GH3 

PhGH2GH3 

/>-CH3OC6H4CH2CH2CHO 
/>-CH3OC6H4CH (CHO) GH3 

/>-CH3OC6H4CH2CH3 

PhGH(CH3)CH2CHO 
PhG(GH3)2GHO 
CH3(CH2)3CH2CH2CHO 
GH3(GH2)3GH(GHO)GH3 

^ / Ö - C 8 H 1 5 C H O 

.100 
86 
91 
4 
4 

93 
92 
2 

99 
95 
68 
92 
95 
2 

57 
23 
16 
44 
30 
18 
80 

5 
42 
35 
54 

a) Conditions; RhH2(O2COH)[P(*-Pr)3]2=0. 
115 °C, 20 h. b) Based on the substrate used. 

1 mmol, substrate=20 mmol, H 2 0 = 
c) At 150 °G. d) At 165°C. 

:50 mmol,P c o=15 atm, T H F = 6 . 5 ml, 

hydrogénation. a-Methylstyrene and alkenes gave only 
the corresponding aldehydes. It is well known that 
hydrogénation incidental to the hydroformylation with 
C O and H 2 becomes dominant in the reaction of 
electron-withdrawing olefins such as <x,ß-unsaturated 
aldehydes and ketones,16) or under conditions of higher 
H 2 /CO ratio.17) T h e hydrogen pressure during the 
reaction of electron-withdrawing olefins is, however, 
estimated to be very low, because the amount of molecu­
lar hydrogen is, at the highest, equal to that of C 0 2 

produced by the water-gas shift reaction. For example, 
the yield of G 0 2 shown in Table 3 is almost equal to the 
total yield of organic products. Actually, in the course 
of the reaction of methyl crotonate (at a 7 1 % 
conversion), the partial pressure of hydrogen observed 
was ca. 0.09 atm, meaning the H 2 / C O ratio to be 0.01. 
These facts suggest that the hydrogénation of electron-
withdrawing olefins occurred at least to a great extent 
with C O and H 2 0 as the reducing agent, without 
intermediate generation of molecular hydrogen. T h e 
fitting mechanism is discussed below. 

Hydrogénation of carbonyl groups was somewhat 
difficult. Ketones and aldehydes were reduced only 
above 150 °C. Namely, oc,/?-unsaturated carbonyl 
compounds afforded selectively the corresponding 
saturated ketones and aldehydes at 115 °C, and at 
150 °C the corresponding alcohols were obtained. 
Nitrobenzene could also be reduced to aniline quanti ta­
tively at 165 °C, but the phenyl ring remained 
unchanged. 

Effects of CO and H2 Pressure. The rate and the 
product distribution of this reaction strongly depended 
upon the pressure of C O (Table 3). T h e maximum 
conversion of methyl crotonate was attained at 30 a tm 
of the initial C O pressure, and the selectivity to the 
hydrogénation was decreased with increasing the C O 
pressure up to 30 a tm because of the enhanced rate of 
the hydroformylation. The insertion of C O into the 
alkyl-rhodium bond, which is involved in an inter­
mediate, seems to be favored at a moderate pressure. 
Under higher pressure of C O , however, both the 
hydrogénation and the hydroformylation were inhibited. 
T h e reduced activities are probably ascribed to the 
decrease in coordinative unsaturated species by the 
coordination of CO.18) 

T o inquire how the addition of molecular hydrogen 
exerts action on this hydrogénation, methyl crotonate 
(40 mmol) was reduced in a T H F solution containing 
D 2 0 (100 mmol) under H 2 (40.6 mmol) and C O 
(40.6 mmol) . After the reaction, the gas phase in the 
autoclave was a mixture of C 0 2 (8.5 mmol) , H2 , H D , 
and D 2 (total 9.3 mmol) , and C O (30.2 mmol) . Methyl 
butyrate (38 mmol) was formed. T h e sum of the 
amounts of C 0 2 formed and H 2 consumed is in good 
agreement with the yield of methyl butyrate. T h e result 
is a consequence of the fact that side reactions are 
negligible. Therefore, at the highest 2 1 % ( C 0 2 formed 
(8.5 mmol) / [H 2 consumed (31.3 m m o l ) + C 0 2 formed]) 
of the hydrogénation would occur with C O and D 2 Ö 
rather than H 2 as the reducing agent. However, the 
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T A B L E 5. DEUTERIUM CONTENT OF THE PRODUCTS OF 

THE HYDROGENATION AND THE HYDROFORMYLATION 

WITH G O , D 2 0 , AND H 2
a ) 

Source of methyl butyrate6> 

Deuter ium content 
(atm-%)b> 

a - C H ß-CH 

Methyl crotonate 
G O (15 a t m ) / D 2 0 / H 2 (15 atm) 

Methyl crotonate 
C O ( l a t m ) / D 2 0 / H 2 (15 atm) 

Methyl butyrate 
CO(15 a t m ) / D 2 0 / H 2 (15 atm) 

78 

70 

< 5 

41 

15 

< 5 

Source of /?-phenylpropanald ) - G H O a - C H ß-CH 

a-Methylstyrene 
GO(15 a t m ) / D 2 0 / H 2 (15 a tm) 22 19 

a) Conditions ; R h H 2 ( 0 2 C O H ) [P(*-Pr)3]2 = 0 .2 mmol , 
D 2 O = 1 0 0 m m o l , T H F = 6 . 5 m l , 115 °C. b) T h e values 
show deuter ium contents out of the hydrogen and 
deuter ium incorporated, c) For 7 .5 h. d) For 1 h. 

1 H - N M R ana lys i s of t h e f o r m e d m e t h y l b u t y r a t e 

s h o w e d 5 9 % i n c o r p o r a t i o n of d e u t e r i u m . I t s c o n t e n t s 
a t t h e 2- a n d 3-pos i t ions w e r e 78 a n d 41 a t o m - % , 

co, D2O, H2 

C H 3 C H = C H C O O C H 3 • 

C H g - C H ! 5 9D0 4 1 - C H ! 22Do.78~GOOCH3 

respec t ive ly . I n a s e p a r a t e d e x p e r i m e n t , it w a s confir­
m e d t h a t t h e H - D e x c h a n g e r e a c t i o n of m e t h y l b u t y ­
r a t e w i t h D 2 0 does n o t o c c u r u n d e r t h e s e c o n d i t i o n s . 
A n o t h e r possibi l i ty o f H - D e x c h a n g e p r o c e e d i n g t h r o u g h 
a l k y l r h o d i u m i n t e r m e d i a t e s ( 8 a a n d 8 b ) , i.e., a h a l f 
h y d r o g e n a t e d s t a t e , via m e t a l h y d r i d e a d d i t i o n a n d 
e l i m i n a t i o n 1 9 ) (see S c h e m e 3 , 4 ^ 6 ^ 7 ^ 8 ) is e x c l u d e d 
for t h e fol lowing r e a s o n . I f th i s e x c h a n g e w e r e sufficient­
ly fast, t h e d e u t e r i u m c o n t e n t s a t t h e 2 - a n d 3-posi t ions 
w o u l d b e closely s imi l a r , a n d w o u l d n o t b e effected b y 
t h e a m o u n t of C O (vide infra). T h e r e f o r e , t h e facts t h a t 
t h e a m o u n t of d e u t e r i u m i n c o r p o r a t e d i n t o m e t h y l 
b u t y r a t e is l a r g e r t h a n t h a t of C 0 2 f o r m e d a n d t h a t 
t h e d e u t e r i u m c o n t e n t a t t h e 2-pos i t ion is h i g h e r t h a n 
t h a t a t t h e 3-pos i t ion r a t i o n a l i z e t h e fo l lowing a s s u m p ­
t i o n ; D 2 0 itself p a r t i c i p a t e s in t h e h y d r o g é n a t i o n t o a 
c o n s i d e r a b l e e x t e n t w i t h o u t g e n e r a t i n g D 2 a n d C 0 2 , 
a n d t h e h y d r o g e n ( d e u t e r i u m ) a d d e d t o t h e 2 - c a r b o n 
a t o m c o m e s d o m i n a n t l y f rom t h e w a t e r e v e n u n d e r a 
p r e s s u r e of H 2 (see C y c l e B i n S c h e m e 3 ) . T h e n a t u r e 
of th i s h y d r o g é n a t i o n p rocess is d iscussed b e l o w in m o r e 
d e t a i l . 

A s imi l a r r e a c t i o n of m e t h y l c r o t o n a t e w i t h D 2 0 a n d 
H 2 u n d e r a l ow p r e s s u r e of C O (1 a t m , 2 .7 m m o l ) a lso 
g a v e d e u t e r a t e d m e t h y l b u t y r a t e ( 8 0 % y i e l d ) , of w h i c h 
d e u t e r i u m c o n t e n t a t t h e 2- a n d 3-pos i t ions w a s 70 a n d 
15 a t o m - % , r e spec t ive ly . I n t e r e s t i n g l y , l o w e r i n g C O 
p r e s s u r e d e c r e a s e d t h e d e u t e r i u m c o n t e n t a t t h e 3 -
pos i t ion m o r e m a r k e d l y t h a n t h a t a t t h e 2 -pos i t ion . 
T h e resu l t i n d i c a t e s t h a t t h e r e a c t i o n of m e t h y l c r o t o n a t e 
w i t h C O - D 2 0 - H 2 i n c l u d e s t h e h y d r o g é n a t i o n s w i t h 
C O - D 2 0 (Cyc l e A) a n d w i t h D 2 0 - H 2 (Cyc l e B ) , w h i c h 
g ive m e t h y l butyrate-2,3-äf2 a n d -2-d, r e spec t ive ly . 

T h e a d d i t i o n of m o l e c u l a r h y d r o g e n e x t r e m e l y 
a c c e l e r a t e d t h e h y d r o f o r m y l a t i o n of a - m e t h y l s t y r e n e 

w i t h C O a n d D 2 0 , a n d a conve r s ion of 6 8 % w a s 
r e a c h e d w i t h i n 1 h a t 115 ° C . A t t h e t i m e , t h e yield of 
C 0 2 w a s 4 . 5 % b a s e d o n a - m e t h y l s t y r e n e c o n v e r t e d . 3 -
P h e n y l b u t a n o l , w h i c h w a s f o r m e d in a 6 7 % yield, 
c o n t a i n e d 22 , 6, a n d 19 a t o m - % of d e u t e r i u m a t t h e 
1, 2 , a n d 3-posi t ions , r e spec t ive ly . F r o m t h e fact t h a t 
t h e d e u t e r i u m c o n t e n t s a t t h e 1- a n d 3-posi t ions a r e 
e q u a l w i t h i n e x p e r i m e n t a l e r ro r s , t h e i n c o r p o r a t e d 
d e u t e r i u m seems t o c o m e f rom D 2 a n d H D g e n e r a t e d 
b y H - D e x c h a n g e reac t ions . 2 0 ) 

Reaction Mechanism. T h e h y d r o g é n a t i o n w i t h 
C O a n d H 2 0 o c c u r s i n t w o s tages ; (i) f o r m a t i o n of a 
r e d u c i n g species b y a r e a c t i o n of t h e ca ta lys t w i t h C O 
a n d H 2 0 , a n d (ii) h y d r o g é n a t i o n of olefin w i t h t h e 
r e d u c i n g species . T h e ca ta lys is in t h e f o r m e r s tage (i) 
is e x p l a i n e d b y t h e s a m e m e c h a n i s m as t h e w a t e r - g a s 
shift r e a c t i o n c a t a l y z e d b y 2,4) b e c a u s e b o t h t h e hy ­
d r o g é n a t i o n a n d t h e shift r e a c t i o n w e r e a s c e r t a i n e d t o 
c o n t a i n t h e h y d r o x o c o m p l e x (4) as o n e of t h e ac t i ve 
k e y i n t e r m e d i a t e s . T h e p rec i se r e a c t i o n p a t h w a y for 
t h e f o r m a t i o n of a h y d r i d o c o m p l e x , trans-RhH(CO)~ 
[P( t ' -Pr ) 3 ] 2 (6 ) , a n d m o l e c u l a r h y d r o g e n , in w h i c h 4 
p l a y s a n i m p o r t a n t ro le , h a s b e e n r e p o r t e d e lsewhere . 4 ) 

T h e h y d r i d o c o m p l e x (6) t h u s f o r m e d is a h o m o l o g u e 
of t h e a c t i v e species of R h H ( C O ) ( P P h 3 ) 3 (1) w h i c h is 
w i d e l y u s e d as ca t a ly s t , n o t o n l y for h y d r o g é n a t i o n b u t 
a lso for h y d r o f o r m y l a t i o n . T h e r e f o r e , c o m p l e x 6 is m o s t 

co 
foz/tf-Rh(OH)(CO)L2 • [ R h ( C O O H ) ( C O ) L 2 ] 

4 

I ~ H a H8Q 

L = P ( * - P r ) 3 

- C O , 

trans-KhH(CO)L2 

6 

Scheme 2. 

s u i t a b l e for t h e k e y i n t e r m e d i a t e i n t h e l a t t e r s t age 
(ii). T h e poss ib le r o u t e s for t h e h y d r o g é n a t i o n of m e t h y l 
c r o t o n a t e a r e s h o w n i n S c h e m e 3 . I n t h e h y d r o g é n a t i o n 
a n d t h e h y d r o f o r m y l a t i o n u s i n g C O a n d H 2 0 , a n a-
a l k y l r h o d i u m i n t e r m e d i a t e f o r m e d b y t h e inse r t ion of 
olefin i n t o t h e r h o d i u m h y d r i d o b o n d of t h e 16 v a l e n c e -
e l e c t r o n c o m p l e x (6) is m o s t p r o b a b l e . T h e h y d r o g é n a ­
t i o n fo l lowing Cyc le s A a n d B involves t h e ox ida t ive 
a d d i t i o n of H 2 0 fol lowed b y t h e r e d u c t i v e e l i m i n a t i o n 
of rr e t h y l b u t y r a t e t o g ive 4 . T h e r e s u l t a n t c o m p l e x 
is c o n v e r t e d i n t o 6 w i t h C O in a s i m i l a r m a n n e r to t h e 
w a t e r - g a s shift r e a c t i o n (Cyc le A , S teps 1 a n d 3 ) . 
C y c l e C r e p r e s e n t s t h e s a m e m e c h a n i s m as t h e u s u a l 
h y d r o g é n a t i o n w i t h m o l e c u l a r h y d r o g e n . T h e m e c h a ­
n i s m for th i s h y d r o g é n a t i o n w i t h C O a n d H 2 0 is wel l 
r e p r e s e n t e d b y C y c l e A f rom t h e fol lowing r ea sons . 
M e t h y l b u t y r a t e a n d C 0 2 a r e f o r m e d in s imi l a r yields 
i n t h e h y d r o g é n a t i o n of m e t h y l c r o t o n a t e (see T a b l e 3) ; 
t h e p a r t i a l p r e s s u r e of H 2 is v e r y low d u r i n g th i s r e a c t i o n , 
t he re fo re t h e r e is n o a p p r e c i a b l e a m o u n t of H 2 i nvo lved 
i n S teps 2 a n d 7. C y c l e B is n o t i m p o r t a n t unless a 
l a r g e a m o u n t of H 2 is p r e s e n t , b u t i t is a p p r o p r i a t e t o 
i l l u s t r a t e t h e fact t h a t t h e a m o u n t of d e u t e r i u m in 
m e t h y l b u t y r a t e f o r m e d b y t h e h y d r o g é n a t i o n w i t h C O , 
D 2 0 , a n d H 2 is l a r g e r t h a n t h a t of C 0 2 fo rmed . 
U n d o u t e d l y , al l t h e resul t s i n d i c a t e t h a t C y c l e C is no t 
i m p o r t a n t . 



December, 1981] Application of the Water-gas Shift Reaction 3803 

CH3CH2CH2C00CH3 (A) CO 

6/ / 
H2oy \ J ^ ^ 

CH3CH2CHC00CH3 CH3CHCH2C00CH3 

Rh(C0)L2 Rh(C0)L2 

8a V 8b 

5 S . 

(C) 

CH3/H 

c 
ll-RhH(C0)L2 * 

H / \00CH3 

>v 

<^ 

Rh(C00H)(C0)L2 

\ V* C°2 
L 

H-Rh-CO 

L 

/ 6 

- CH3CH=CHC00CH; 

7 L = P(i-Pr)3 

Scheme 3. Possible mechanisms for the hydrogénation 
of methyl crotonate with GO and H 2 0 . 

Between the two possible types of tf-alkylrhodium 
intermediate, the 2-metalated one is predominant in 
the reaction of electron-withdrawing olefins. This 
conclusion is based on the following evidence; (1) the 
reaction of methyl crotonate with C O , D 2 0 , and H 2 

gives mainly methyl butyrate-2-äf, and (ii) electron-
withdrawing olefins are hydrogenated, whereas electron-
donating olefins are hydroformylated. T h e above view 
is in accord with the previous reports based on the 
isomer distribution of the conventional hydroformylation 
products catalyzed by 1.21> T h e stability of the 2-
metalated species is ascribed to the electronic effect 
of the substituent on the rhodium-bearing carbon atom, 
because the substituent is able to accept the excess 
charge on the rhodium induced by the electron-donating 
trialkylphosphine ligands. Consequently, using more 
electron-donating phosphines as the ligand, the 2-
metalated species is expected to be more dominant . 
In fact, this expectation is consistent with the observa­
tion that the formylation at the 2-position prevails in 
the reaction of methyl crotonate, using P(e-Pr)3 as the 
auxiliary ligand (Table 2). 

The more strongly the phosphine is electron-donating, 
the more the catalytic activities are increased for 
hydrogénation as well as hydroformylation (Table 2). 
The enhancement of both rates is explicable in terms 
of the facilitated oxidative addition reactions of H 2 0 
and H 2 toward the tf-alkyl and acyl intermediates, 
respectively. Similar ligand effects have been known in 
various oxidative addition reactions, and are ascribed 
to the elevated electron density on the metal caused by 
the donating ligands. For example, the oxidative 
additions of H2

22) and H2023> toward rhodium (I) and 
platinum(0) complexes are accelerated by the coordina­
tion of donating phosphines. 

It is not clear why the electron-donating and -with­
drawing olefins give the respective products selectively, 
because a number of factors are involved. One plausible 
explanation is as follows. T h e modification of the 
catalyst with donating phosphines causes the activity 
for the hydroformylation to increase more markedly 
than that for the hydrogénation (Table 2). T h e coordi­
nation of the donating phosphines increases the electronic 
density on the rhodium. T h e equilibrium between 
alkyl and acyl complexes under the pressure of C O , 

which has well been established,18) is displaced to the 
acyl species by the coordination, because the acyl 
ligand is capable of accepting the excess charge from 
the rhodium. This displacement tends to facilitate the 
hydroformylation. This explanation is supported by 
the facts that an acyl complex from oxidative addition to 
RhCl (CO)(PPh 3 ) 2 have not yet been successful and that 
the addition of acyl bromide to more nucleophilic 
RhBr(CO)(PPhEt 2 ) 2 was reported to give stable 
RhBr2(CH3CO)(CO)(PPhEt2)2 .2 4> Similarly, it is 
explainable that the electronic property of the sub­
stituent of olefins has a large effect on the selectivity. 
When the substituent is electron-donating, the 
equilibrium is displaced more markedly to the acyl 
species than in the case of electron-withdrawing olefins. 
T h e a-metalated alkyl complexes formed from electron-
withdrawing olefins are considered to be stabilized by 
its electron-withdrawing group at the a-position, but 
those from electron-donating olefins are never. This 
view is also consistent with the observations that the 
reaction of 1 with CF2=CF2 gives a stable insertion 
product, CHF 2 CF 2 Rh(CO)(PPh 3 ) 2 , in which the inser­
tion of C O no longer takes place, and that CH 2=CH 2 

does not give the corresponding stable alkyl complex 
but the acyl one.25) 

Exceptional is the function of P(w-Bu)3, which is 
strongly electron-donating but less bulky than P(i"-Pr)3. 
T h e alkyl ligand of the key intermediate has a larger 
cone angle than the corresponding acyl ligand.12) 

Therefore, the steric repulsion between the alkyl moiety 
and the bulky triisopropylphosphine, which has displaces 
the equilibrium, is more evident. W h e n using less bulky 
P(tt-Bu)3 as the ligand, however, the steric repulsion 
appears not to be important . Thus , the alkyl inter­
mediate is relatively stable and subjected to hydrolysis 
to give the hydrogénation product. 

E x p e r i m e n t a l 

All reactions and manipulations were carried out under 
a nitrogen atmosphere. All organic compounds were purified 
by distillation or recrystallization under a nitrogen atmosphere 
before use. Literature methods were employed for prepara­
tions of RhH(GO) (PPh3)3,

26> RhGl(PPh3)3,27) RuH2(PPh3)4,28) 
CoH(N2)(PPh3)3,29) Pd(PPh3)4,

3°) PPh2(;-Pr),3i) PPh(/-Pr)2,32) 
P(*-Pr)3,

33) [RhCl(C7H8)]2,
34> RhH2(02COH) [P(*-Pr)3]2,"> 

and {Rh(CO)[P(/-Pr)3]2}2(C03).14> The ^ - N M R and IR 
spectra were recorded on a Varian T-60-A spectrometer and a 
JASGO IRA-1 spectrometer, respectively. 

Catalytic Hydrogénation and Hydroformylation. The follow­
ing procedure is illustrative. To a 65 ml stainless steel 
autoclave containing a THF solution (6.5 ml) of RhH2(Oa-
COH)[P(f-Pr)J2 (2) (48.7 mg, 0.1 mmol) were added H 2 0 
(0.9 g, 50 mmol), methyl crotonate (2.0 g, 20 mmol), and 
GO (15 atm, 40.6 mmol) in that order. After heating at 
115 °C for 20 h, the autoclave was cooled to room temperature. 

The GLG analysis of the gaseous products (on a column, active 
carbon, 3 m ; at 50 °G ; carrier gas, H2) using nitrogen 
as an internal calibrant showed the presence of C 0 2 (19.5 
mmol, 98% based on methyl crotonate) and GO (19 mmol). 
The GLG analysis of the solution (on a column, PEG 20M, 
2 m; at 110 °C; carrier gas, H2) employing naphthalene as an 
internal standard showed the formation of CH3CH2CH2-
COOCH3 (1.87 g, 91%), CH3CH(CHO)CH2COOCH3 (0.11 



3804 T a m o n O K A N O , Teruyuki KOBAYASHI, Hisatoshi KONISHI , and Ji tsuo K I J I [Vol. 54, No. 12 

g, 4 .2%) , and C H 3 C H 2 C H ( C H O ) C O O C H 3 (0.1 g, 3 .9%). 
T h e other catalytic reaction experiments were carried out 

according to similar procedures. T h e amount of H 2 formed 
was determined by G L C (on a column, molecular sieve 5A, 
3 m ; at 80 °G; carrier gas, Ar) . T h e catalyst solution from 
[RhCl (C 7 H 8 ) ] 2 was prepared in the following manner . A 
hexane solution of rc-BuLi (0.15 ml, 0.25 mmol) was slowly 
added to a mixture of [RhCl (C 7 H 8 ) ] a (23.1 mg, 0.05 mmol) 
and phosphine (0.2 mmol) in T H F (6.5 ml) , and the stirring 
was continued for 30 min. This freshly prepared pale brown 
solution was used immediately. 

Preparation of RhH2(02COH)[P(i-Pr)3]2 (2). To a 
catalyst solution, which was prepared from a mixture of [RhCl-
(C 7 H 8 ) ] 2 (46.1 mg, 0.1 mmol) , P(f-Pr)8 (96 mg, 0.6 mmol) , 
and w-BuLi (0.6 mmol in 0.36 ml of hexane) in T H F (2 ml) 
with stirring a t room temperature for 30 min, was added H 2 0 
(0.25 g, 14 mmol) . T h e resultant brown mixture was stirred 
under an atmosphere of C 0 2 a t room temperature for 1 h. 
T h e I R spectrum of the concentrated residue showed the 
formation of a mixture of 2 ( * W H 2140, 2120; vc=0 1590 
cm"1) and {Rh(CO)[P(*-Pr) 3] 2} 2(C0 3) (3) (vc^0 1930; vc=0 

1530 c m - 1 ) . T h e residue was recrystallized from toluene to 
give colorless crystals of 2 (20 mg, 21%) 

Isolation of {trans-Rh(CO)(pyridine)[P(i-Pr)3]2}BPh^ (5) 
from the Reaction Mixture. A solution from the hydrogén­
ation reaction of methyl crotonate catalyzed by 2 (48.7 mg, 
0.1 mmol) was concentrated under reduced pressure, and the 
oily residue was redissolved in pyridine (5 ml) . After addition 
of NaBPh 4 (34.7 mg, 0.1 mmol) , the brown solution was 
stirred a t room tempera ture for 10 min. T h e mixture was 
concentrated to dryness, and the solid residue was recrystallized 
from T H F - t o l u e n e to give {trans-Kh (GO) (pyridine) [P (i-
Pr)3]2}BPh4»2toluene as pale yellow crystals (45 mg, 4 5 % ) , 
m p 150 °G dec, vc=0 1985 c m - 1 . 

Hydrogénation of Methyl Crotonate with CO, D20, and H2. 
T o a 65 ml autoclave containing a mixture of 2 (97.3 mg, 0.2 
mmol, methyl crotonate (4.0 g, 40 mmol) , and D 2 0 (2.0 g,100 
mmol) in T H F (6.5 ml) were charged GO (15 a tm, 40.6 mmol) 
and H 2 (15 a tm, 40.6 mmol) , successively. After heating at 
115 °G for 7.5 h, the autoclave was cooled to room tem­
pera ture . T h e pressure inside the autoclave was 18 a tm. 
T h e GLG analysis of the gas phase showed the presence of 
C 0 2 (8.5 mmol , 3.1 a tm) , H 2 , H D , and D 2 (total 9.3 mmol , 
3.5 a tm) and G O (30.1 mmol ,11.3 a tm) . T h e GLG analysis 
of the solution showed the formation of methyl butyrate 
3.88 g, 9 5 % ) . T h e methyl butyrate was collected into a 
cold t r ap under reduced pressure, and purified by distillation. 
T h e ^ - N M R showed the 2-CH 2 {Ô 2.2, m ) , 3-CH2 (Ô 1.62, 
m) , C H 3 C (Ô 0.95, t ) , and C H 3 0 proton signals (Ô 3.63, s) in 
a corrected relative intensity of 1.22 : 1.59 : 3 : 3. The 
incorporated deuterium contents calculated from these values 
were 78 and 4 1 % at 2- and 3-positions, respectively. 

Hydroformylation of cc-Methylstyrene with CO, D20, and H2. 
In a 65 ml autoclave pressured with G O (15 a tm, 40.6 mmol) 
and H 2 (15 a tm, 40.6 mmol ) , a mixture of 2 (97.3 mg, 0.2 
mmol) , a-methylstyrene (4.72 g, 40 mmol) , and D 2 0 (2.0 g, 
100 mmol) in T H F (6.5 ml) was heated at 115 °G for 1 h. 
T h e gas phase (2.5 a tm) was analyzed by GLG, and shown 
to contain C 0 2 (1.4 mmol , 0.5 a tm) , H 2 , H D , and D 2 (total 
0.5 mmol , 0.2 a tm) , and G O (4.9 mmol, 1.8 a tm) . T h e 1 H -
N M R spectrum of 3-phenylbutanal purified by preparative 
GLG showed to contain 22, 6, and 19% of deuter ium at the 
1-, 2-, and 3-positions, respectively. 
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Sei O t s u k a a n d Assoc ia te Professor T o s h i k a t s u Y o s h i d a 

of O s a k a U n i v e r s i t y for t h e i r helpful discussions a n d 
sugges t ions . T h e p r e s e n t w o r k w a s p a r t i a l l y s u p p o r t e d 
b y a G r a n t - i n - A i d for Scient if ic R e s e a r c h N o . 575545 
f rom t h e M i n i s t r y of E d u c a t i o n , S c i e n c e a n d C u l t u r e . 

R e f e r e n c e s 

1) A. D . King, J r . , R. B. King, and D. B. Yang, J. Am. 
Chem. Soc, 102, 1028 (1980); A. D . King, R. B. King, and D. 
B. Yang, J. Chem. Soc, Chem. Commun., 1980, 529; G. 
Ungermann , V. Landis, S. A. Moya, H . Cohen, H . Walker, 
R . G Peason, R. G. Rinker, and P. G. Ford, J. Am. Chem. Soc, 
101, 5922, (1979) ; R . B. King, C. G. Frazier, R. M . Hanes, and 
A. D . King , J r . , ibid., 100, 2925 (1978); R. M . Raine, R. G. 
Rinker , and P. C. Ford, ibid., 99, 252 (1977). 

2) E. G. Baker, D . E. Hendriksen, and R. Eisenberg, J. 
Am. Chem. Soc, 102, 1020 (1980); P. C. Ford, R. G. Rinker, 
G. Ungermann , R. M . Laine, V. Landis, and S. A. Moya, 
ibid., 100, 4595 (1978); C.-H. Cheng and R. Eisenberg, ibid., 
100, 5968 (1978); C.-H. Cheng, D. E. Hendriksen, and R. 
Eisenberg, ibid., 99, 2791 (1977). 

3) T . Yoshida, Y. Ueda , and S. Otsuka, J. Am. Chem. Soc, 
1 0 0 ,4 9 4 1 (1 9 7 8 ) . 

4) T . Yoshida, T . Okano , and S. Otsuka, J. Am. Chem. 
Soc, 102, 5966 (1980); T . Yoshida, T . Okano, Y . Ueda , and 
S. Otsuka, J. Am. Chem. Soc, 103, 3411 (1981). 

5) T . Ki tamura , T . Joh , and N. Hagihara , Chem. Lett., 
1975, 203; T . Ki t amura , N . Sakamoto, and T . Joh , ibid., 1973, 
379. 

6) R . M . Laine, J. Am. Chem. Soc, 100, 6451 (1978); H , 
Kang , C. Mauldin , T . Gole, W. Slegeir, K. Cann, and R. 
Pettit , ibid., 99, 8323 (1977). 

7) K. M u r a t a , A. Matsuda , K. Bando, and Y. Sugi, J. 
Chem. Soc, Chem. Commun., 1979, 785. 

8) R . G. Ryan, G. M . Wilemon, M . P. Dalsanto, and C. U . 
Pi t tman, J r . , J. Mol. Cat., 5, 319 (1979); K. Cann, T . Cole, W. 
Slegeir, and R. Pettit, J. Am. Chem. Soc, 100, 3969 (1978); A. 
F . M . Iqbal , Tetrahedron Lett., 1971. 3385. 

9) Y. Watanabe , N . Suzuki, S. G. Shim, M . Yamamoto, 
T . Mitsuda, and Y. Takegami, Chem. Lett., 1980, 429. 

10) Y. Watanabe , K. Takatsuki, and Y. Takegami, Tetra­
hedron Lett., 1978, 3369; Y. Watanabe , Y. Shimizu, K. 
Takatsuki , and Y. Takegami, Chem. Lett., 1978, 215. 

11) Y. Sugi, A. Matsuda , K. Bando, and Mura ta , Chem. 
Lett., 1979, 363 ; Y. Watanabe , M . Yamamoto , T . Mitsudo, 
and Y. Takegami, Tetrahedron Lett., 1978, 1289. 

12) C. A. Tolman , Chem. Rev., 77, 313 (1977); C. A. 
Tolman , J. Am. Chem. Soc, 92, 2956 (1970). 

13) G. A. Tolman, J. Am. Chem. Soc, 92, 2953 (1970). 
14) T . Yoshida, D . L. Thorn , T . Okano , J . A. Ibers, and 

S. Otsuka, J. Am. Chem. Soc, 101,4212 (1979). 
15) T . Yoshida, T . Okano, D . L. Thorn , T . H . Tulip, S. 

Otsuka, a n d j . A. I b e r s , / . Organomet. Chem., 181, 183 (1979). 
16) For example, see B. Heil and L. Marko, Magy. Kern. 

Lapja, 23, 669 (1968); Chem. Abstr., 70, 56861 (1968)'; B. Fell 
and W . Rupilius, Tetrahedron Lett., 1969, 2721; J . Falbe and 
N . Huppes , Brennstoff-Chem., 48, 248 (1971). 

17) C. K . Brown and G. Wilkinson, J. Chem. Soc, A, 1970, 
2753. 

18) P. Pino, F . Piacenti, and M . Bianchi, "Reactions of 
Garbon Monoxide and Hydrogen with Olefinic Substrates," 
in "Organic Syntheses via Metal Carbonyls," ed by I. Wender 
and P. Pino, J . Wiley and Sons, New York, N . Y. (1977). 

19) J . F . H a r r o d and A. J . Chalk, J. Am. Chem. Soc, 88,3491 
(1966). 
20) A similar H - D exchange reaction catalyzed by rhodium 



December, 1981] Application of the Water-gas Shift Reaction 3805 

complexes is known. See T. Yoshida, T. Okano, K. Saito, 
and S. Otsuka, Inorg. Chim. Acta, 44, LI35 (1980). 
21) G. U. Pittman, Jr., W. D. Honnick, and J.J. Yang, J. 

Org. Chem., 45, 684 (1980), and references therein. 
22) J . Ghatt and S. A. Butter, J. Chem. Soc, Chem. Commun., 

1967, 501; G, A. Tolman, P. Z. Meakin, D. L. Lindner, and 
J. P. Jesson, J. Am. Chem. Soc, 96, 2762 (1974); T. Yohisda 
and S. Otsuka, ibid., 99, 2134 (1977). 
23) T. Yoshida, T. Matsuda, T. Okano, T. Kitani, and S. 

Otsuka, J. Am. Chem. Soc, 101, 2027 (1979); T. Yoshida, T. 
Okano, K. Saito, and S. Otsuka, Inorg. Chim. Acta, 44, LI35 
(1980). 
24) J. Ghatt and B. L. Shaw, J. Chem. Soc, A, 1966, 1437. 
25) G. Yagupsky, G. K. Brown, and G. Wilkinson, J. Chem. 

Soc, A, 1970, 1392. 
26) D. Evans, G. Yagupsky, and G. Wilkinson, J. Chem. 

Soc, A, 1968, 2660. 
27) J. A. Osborn and G. Wilkinson, Inorg. Synth., 10, 67 

(1967). 
28) R. O. Harris, N. K. Hota, L. Sandavoy, and J. M. G. 

Yuen, J. Organomet. Chem., 54, 259 (1973). 
29) A. Sacco and M. Rossi, Inorg. Synth., 12, 18 (1970). 
30) D. R. Coulson, Inorg. Synth., 13, 121 (1972). 
31) W. Kuchen and H. Buchwald, Chem. Ber., 92, 227 

(1959). 
32) E. Fluck and J. Lorenz, Z. Naturforsch., Teil B, 22, 1095 

(1967). 
33) A. H. Gowly and M. W. Taylor, J. Am. Chem. Soc, 91, 

2915 (1969). 
34) E. W. Abel, M. A. Bennett, and G. Wilkinson, J. 

Chem. Soc, 1959, 3178. 



3806 © 1981 The Chemical Society of Japan Bull. Chem. Soc. Jpn., 54, 3806—3810 (1981) [Vol. 54, No. 12 

Dimerization of Tryptophan Derivatives in Trifluoroacetic AcicF 
Kazunari HASHIZUME and Yasutsugu SHIMONISHI* 
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Side-products are formed when Ac-Trp-OMe, Ac-Gly-Trp-OMe, or Ac-Trp-Trp-OMe is stored in trifluoro­
acetic acid. Two products from each of Ac-Trp-OMe and Ac-Gly-Trp-OMe and one product from Ac-Trp-
Trp-OMe are isolated by the column chromatography on silica gel and confirmed for homogeneity by the high-
performance liquid chromatography. As confirmed by 1H-NMR and mass spectral analyses, they have dimerized 
structures through the a-carbon to oc'-carbon binding of two indole rings. One of the two products from each of 
Ac-Trp-OMe and Ac-Gly-Trp-OMe is the /röwj-isomer(s) and the other the cw-isomer(s). Only a trans-isomer(s) 
is obtained from Ac-Trp-Trp-OMe. 

The acid-labile indole moiety in the tryptophan 
residue is responsible for several side-reactions under 
acidic conditions used for peptide synthesis. One type 
of reactions is an oxidation of the indole r ing; 
Theodolopoulos and Fruton2 ) reported a possible 
formation of "/?-oxindolylalanine" in a treatment of 
iV-(benzyloxycarbonyl) t ryptophan peptide with hydro­
gen bromide in acetic acid, however this has not yet 
been proved. Another type of reactions is a substitution 
in the indole ring by a cation derived from a protecting 
group: Concerning this type, Alakhov et alP first 
pointed out that when iV-(£-butyloxycarbonyl) trypto­
phan peptide acids or £-butyl esters are treated with 
TFA, a £-butyl cation, released from the protecting 
peptides, is introduced onto the indole ring in the 
tryptophan residue. Subsequently, this was confirmed 
by Wünsch et al.,® who isolated a side product having 
been butylated at the N H group of the indole ring in 
the t ryptophan residue. This substitution is reported 
also to occur at positions 2, 5, and 7 of the indole 
rings.4»5) A third type of reactions is an intra- or inter-
molecular substitution of the indole r ing; Uphaus et tf/.6) 

isolated an a-carboline derivative formed through an 
intramolecular cyclization in a solution of acetyl-DL-
tryptophan in TFA, but in low yield. Recently,7* one 
of the authors and others isolated from a solution of 
A c - T r p - O M e in T F A or H F a product having a 
dimerized structure in which the a-position of one indole 
ring binds with the a'-position of the other indole ring 
which is reduced simultaneously to an indoline, as 
shown in Fig. 1. 

In this work, we isolated another product which is 
also formed when A c - T r p - O M e is kept in T F A and 
determined its structure on the basis of ^ - N M R and 
mass spectra. The spectral analysis suggests that the 
new product is a steric isomer of the compound previous-

(b) ( f ) (d) 

CH3CO-NH-CH-COOCH3 
I 3 

CH 2 (h) 

ÇH2 (9) 
CH3CO-NH-CH-COOCH3 
(a) (0 (c) 

Fig. 1. Dimerized structure of Ac-Trp-OMe, 

ly isolated. We found also that when tryptophan-
peptides ( A c - G l y - T r p - O M e and A c - T r p - T r p - O M e ) 
are stored in T F A under the same conditions as with 
A c - T r p - O M e , side-products similar to those from 
A c - T r p - O M e in structure are formed. 

R e s u l t s a n d D i s c u s s i o n 

Isolation of Reaction Products. After keeping A c -
T r p - O M e in TFA, we detected two compounds with 
lower mobility than the starting compound on a T L C 
plate with a concentration zone (Fig. 2). These com­
pounds gave yellow spots on being stained with the 
Ehrlich reagent. Previously,7) these two compounds 
could not be separated from each other on a T L C plate 
with no concentration zone, and only one of them could 
be isolated on crystallization. In the present work we 
found that the previously isolated compound corresponds 
to the compound with the lower Rf value on the T L C 
plate with a concentration zone, which finding encour­
aged us to isolate the other compound. For isolation 
of this compound, a solution of A c - T r p - O M e in TFA 
was subjected to a chromatography on a silica-gel 

m 

mm 
m m 

m 

8 - . 

m 

m m 

h— Front 

(A) (B) (C) 

Fig. 2. TLC of products in TFA and isolated materials 
on silica gel 60 with a concentration zone (Merck Art. 
11845). (A) Ac-Trp-OMe (from left, reaction mixture, 
compounds IB and 1A), (B) Ac-Gly-Trp-OMe (from 
left, reaction mixture, compounds 2B and 2A) and (C) 
Ac-Trp-Trp-OMe (from left, reaction mixture 
and compound 3). Solvent system: (A) and (C), 
CH3CN-CHCI3 ( 2 : 1 ) , (B) CH3CN-CHCl3-MeOH 
(60 : 30 : 5). Staining with Ehrlich reagent. 
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(A) 

(B) 

(C) 

(D) 

//min 

Fig. 3. Elution profiles at 280 nm of reaction mixture of 
Ac-Trp-OMe in TFA and isolated materials by HPLG 
on a (x-porasil column (0.39 cm x 30 cm). Solvent: 
CH3CN-CHCI3 ( 2 : 1 ) . Flow rate: 1 ml/min. (A) 
reaction mixture, (B) starting material (Ac-Trp-OMe), 
(G) compound IB, and (D) compound 1A. 

(A) (B) 

(C) (D) 

//min 

Fig. 4. Elution profiles at 280 nm of reaction mixture of 
Ac-Gly-Trp-OMe in TFA and isolated materials by 
HPLG on a [x-porasil column (0.39 cmX 30 cm). 
Solvent: CH3CN-CHCl3-MeOH (60 : 30 : 5). Flow 
rate: 1 ml/min. (A) reaction mixture ,(B) starting 
material (Ac-Gly-Trp-OMe), (G) compound 2B, and 
(D) compound 2A. 

JJ 

(A) 

(B) 
(C) 

t/mm 

Fig. 5. Elution profiles at 280 nm of a reaction mixture of 
Ac-Trp-Trp-OMe in TFA and the isolated product by 
HPLG on a [x-porasil column (0.39 cm x 30 cm) in a 
solvent mixture of CH3CN and CHC13 ( 2 : 1 ) . Flow 
rate: 1 ml/min. (A) reaction mixture, (B) starting 
material (Ac-Trp-Trp-OMe), and (G) compound 3. 

column with a mixture of CH 3 CN and CHC13 (v/v, 2/1). 
The first compound eluted was the starting compound, 
and the last compound eluted was identified as the 
compound previously isolated (denoted as compound 
1A). A compound (denoted as IB) eluted between the 
starting compound and compound 1A was isolated; the 
purity of I B had been examined by a high-performance 
liquid chromatography (HPLC) using the same solvent 

Wavelength/nm 

Fig. 6. UV absorption spectra of Ac-Trp-OMe ( ), 
compounds 1A and IB isolated from a solution of 
Ac-Trp-OMe in TFA ( ), and compound 3 isolated 
from a solution of Ac-Trp-Trp-OMe in TFA ( ) in 
EtOH. 

system as for the preparative chromatography on silica 
gel to be found homogeneous on H P L G (Fig. 3). 

After storage of solutions of tryptophan-peptides 
( A c - G l y - T r p - O M e and A c - T r p - T r p - O M e ) in TFA 
under the same conditions as for A c - T r p - O M e , T L C 
indicated presence of new compounds forming yellow 
spots when stained with the Ehrlich reagent, in addition 
to the starting compound, as illustrated in Fig. 2. The 
products from A c - G l y - T r p - O M e were isolated by 
chromatography on a silica-gel column using a mixture 
of CH 3 CN, CHCI3, and M e O H (60/30/5) as eluting 
solvent. Two compounds (denoted as 2A and 2B) were 
eluted separately after the starting compound, and 
their purities were examined by H P L G (Fig. 4). From 
a solution of A c - T r p - T r p - O M e in TFA, we could 
isolate only one product which was eluted more slowly 
than the starting peptide from a silica-gel column with 
a mixture of CH 3 CN and CHC13 (v/v, 2/1) as solvent. 
Profiles of the reaction mixture and the isolated com­
pound (denoted as compound 3) on H P L C are shown 
in Fig. 5. 

Structural Determination of Side-products. An ele­
mental analysis showed that compound I B has the same 
composition as the starting compound and also as 
compound 1A previously isolated. The mass spectrum 
of this compound showed a molecular ion at m/z=520, 
which is twice the mfz value of the starting compound 
but the same as that of compound 1A. The U V absorp­
tion spectrum also was the same as that of compound 
1A, as shown in Fig. 6. The 1 H - N M R spectra of 
compound I B in DMSO-d?6 with and without D 2 0 
suggest the presence of both one indole ring and one 
indoline ring in the molecule (Fig. 7), as in compound 
1A,7) although the chemical shifts are slightly different 
from those of compound 1 A. The chemical shifts were 
assigned by the decoupling technique described in Ref. 
7. These results suggest that compounds 1A and I B 
are steric isomers associated with the asymmetric a-
and ß-carbons on the newly formed indoline rings 



3808 Kazunari HASHIZUME and Yasutsugu SHIMONISHI [Vol. 54, No. 12 

Fig. 7. !H-NMR spectrum of compound IB in DMSO-</6 

at 100 MHz. 

Fig. 8. iH-NMR spectrum of compound 3 in DMSO-rf6 

at 100 MHz. 

TABLE 1. COUPLING CONSTANTS (HZ)BETWEEN a-CH 

AND / J - C H IN INDOLINE RINGS 

Starting 
compound 

Ac-Trp-OMe 

Ac-Gly-Trp-OMe 

Ac-Trp-Trp-OMe 
Indoline8) 

Product 

1A 
IB 
2A 
2B 
3 

In BMSO-d6 

( + D20) 

9.34 
8.14 
9.33 
8.79 
3.28 

J t r a n s = 8.43 
7cis=8.43 

In DMSCW6 

(+DC1) 

8.97 
8.42 
0.08 
8.80 
3.03 

7tranB = 6 - 6 3 

7c i8=8 .99 

because the coupling constant between a-CH (i) and 
/?-CH (j) of the indoline ring in compound I B is different 
from that of compound 1A, as will be described later. 

T h e two compounds 2A and 2B isolated from a 
solution of A c - G l y - T r p - O M e in T F A gave analytical 
values similar to those of the starting peptide, but the 
molecular ions in their field-desorption mass spectra 
were at m/z—634, which is twice the value of that of 
the starting peptide. Their ^ - N M R and U V absorp­
tion spectra are similar to those of compounds 1A and 

IB , respectively, isolated from A c - T r p - O M e . These 
results indicate that the compounds isolated from a 
solution of A c - G l y - T r p - O M e in T F A have dimerized 
structures similar to those of the dimerized compounds 
from A c - T r p - O M e , and further that they are steric 
isomers to each other because the coupling constants 
between a -CH and /5-CH on the newly formedinidoline 
ring are different from each other, similarly to the 
above-mentioned case with compounds 1A and I B . 

The compound isolated from the solution of A c - T r p -
T r p - O M e in T F A was subjected to a field-desorption 
mass spectrometric analysis and found to have a molecu­
lar weight corresponding to mjz=446, the same as that 
of the starting peptide; an elemental analysis on this 
compound gave analytical results similar to those on the 
starting peptide. However, its U V absorption spectrum 
is different from that of the starting peptide, but similar 
to those of compounds 1A and I B , as illustrated in 
Fig. 6. Furthermore, only one N H proton in the indole 
ring and one N H proton of the indoline ring are observed 
on the X H-NMR spectrum, as shown in Fig. 8. These 
results suggest that in this compound the two indole 
rings are joined together not intermolecularly but 
intramolecularly, as shown in Fig. 8. 

It is known that protonation of the indoline N H will 
cause the coupling constant between the a-CH and 
/?-CH of indoline ring increase in the case of ^-confor­
mation and to decrease in the case of trans-conforma­
tion. 8) T h e coupling constant between a-CH (i) and 
/?-CH (j) in compound 1A decreased by addition of 
DC1 in DMSO-tf?6, while that of compound I B increased, 
as shown in Table 1 ; such phenomena were observed 
also in compounds 2A and 2B. Also, an addition of DC1 
to a solution of compound 3 in DMSO-d 6 decreased the 
coupling constant between a-CH and /?-CH of the 
indoline ring. These facts suggest that compounds 1A, 
2A, and 3 obtained from A c - T r p - O M e , A c - G l y - T r p -
O M e , and A c - T r p - T r p - O M e , respectively, have the 
ira/z^-conformation, while compounds I B and 2B 
isolated from A c - T r p - O M e and A c - G l y - T r p - O M e , 
respectively, have the «^-conformation. These results 
are summarized in Table 1. 

Change in Quantity of Side-products with Time. An 
H P L C elution profile of a reaction product from A c -
T r p - O M e in T F A is shown in Fig. 3. I t is clear that 
compounds 1A and I B are completely separated not 
only from the starting compound but also from each 
other, so that they can be used as a standard for their 
quantitative determination for a mixture on H P L C . 
When A c - T r p - O M e was stored in TFA, besides 
compounds 1A and I B some fluorescence material, which 
would not move on a thin layer chromatogram, was 
formed in too small an amount . Therefore, the amount 
of the products was calculated by taking the sum of the 
amounts of the unreacted compound, compounds 
1A and I B as 100%. When A c - T r p - O M e was dissolved 
in TFA, immediately concentrated under reduced 
pressure, extracted with ethyl acetate, applied to a 
column of H P L C , the unreacted compound amounted 
to 91.4% of the starting reactant, and the percentages 
of compounds 1A and I B were 2 % and 6.6%, respec­
tively, as measured by the method described above. 
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Fig. 9. Relative rate of decrease of Ac-Trp-OMe 
(—O—) and yields of compounds 1A (—•—) and IB 
(—A—) m TFA. Values are averages for triplicate 
measurements. 

As illustrated in Fig. 9 , a 3-h storage in T F A at 20 °C 
caused the amount of the reactant to decrease rapidly 
to less than 2 5 % of the starting reactant . O n the 
other hand, the formation of compound 1A surprisingly 
proceeded to more than 60%, but this compound could 
not be recovered preparatively in a similar yield; the 
formation of compound I B amounted to about 15%. 
These results suggest either that 1A will be formed 
sterically with more advantage or that it is sterically 
more stable than I B . The isolated compounds 1A and 
I B were stable at room temperature when stored in 
TFA. Therefore, it seems likely that the dimerized 
compounds are formed by an irreversible reaction from 
the starting monomer. 

Exper imenta l 

All melting points were measured by the capillary method 
and are given as uncorrected values. TLG was performed on 
silica gel 60 (Merck Art. 11845) with a concentration zone 
using the following solvent systems (volume ratios) : CHC13-
acetone ( 2 : 1 ) , CHC13-CH3CN (4 : 1), and GHCl3-MeOH-
AcOH (95 : 5 : 5). HPLG was performed on a Toyosoda 
high speed liquid Chromatograph HLC-803 and/or a Shimadzu 
HPLG LC-3A equipped with a data processor, Chromatopac 
G-R1A. Optical rotations were determined with a Perkin-
Elmer Model 241 polarimeter. UV-absorption spectra were 
measured by using a Hitachi spectrometer type-124, equipped 
with a recording attachment. ^ - N M R spectra were recorded 
on a JEOL PFT-100 pulse Fourier transform NMR spectrom­
eter, locked on deuterium and equipped with an FT-1A 
pulse control system. Chemical shifts were measured relative 
to an internal reference, tetramethylsilane. Mass spectra 
were recorded with a second-order double focusing mass 
spectrometer9) with a mono field-desorption ion source, equip­
ped with a data processor (JEOL JMA-2000 mass data 
analysis system). 

Ac-Trp-OMe. Ac-Trp-OH (17.4g) was dissolved in 
MeOH (300 ml) and mixed with an ethereal solution of 
diazomethane in an ice-water bath under stirring. The 
solution was concentrated to dryness under reduced pressure. 
The residue was recrystallized from ethanol and hexane: wt 
14.6g (79.0%); mp 153—154 °G (lit,10) 151 °G); [aß5 

+ 13.2° (c 1.0, MeOH) (lit,10) +13.2°); MS, m/z, 260 (M+); 
iH-NMR [DMSO-4], GH3CO ô= 1.78 (3H, s), ß-CU2 ^3 .14 
(2H, m), OCH3 3.57 (3H, s), a-CH ^4.59 (1H, t-d), aromatic 

GH ^7.55 (5H, m), amide NH ^8.32 (1H, d), and indole 
NH 10.82 (1H, s). 

Found: G, 64.87; H, 6.16; N, 10.90%. Galcd for C14H16-
OaN2: G, 64.60; H, 6.20; N, 10.76%. 

Ac-Gly-Trp-OMe. Z-Gly-Trp-OMe (3.39 g) was dis­
solved in MeOH (100 ml) and hydrogenated over a palladium-
charcoal catalyst under atmospheric pressure. The catalyst 
was filtered off and the filtrate was concentrated under reduced 
pressure to a syrupy residue, which was dissolved in DMF 
(50 ml). The solution was stirred with Ac-ONp (2.8 g) at 
room temperature for 1 d, and then concentrated to an oil 
under reduced pressure. The oil was purified on a column 
(3 cm X 60 cm) of silica gel using a mixture of ethyl acetate and 
benzene (v/v, 1/1) as elution solvent. Fractions containing 
the compound were collected and concentrated to a syrup 
under reduced pressure. The syrupy material was solidified 
in ethyl acetate and hexane: wt 0.69 g (27%); mp 178 °G; 
[a]24.5 +14.0° (c 1.0, MeOH); MS, m/z, 317 (M+); ^ - N M R 
[DMSO-</6], CH3CO (5=1.82 (3H, s), £-CH2 (Trp) ^3.13 
(2H, m), OCH3 3.55 (3H, s), a-CH2(Gly) ^3.70 (2H, d), 
a-CH (Trp) ^4 .53 (1H, m), aromatic GH ^7.49 (5H, m), 
amide NH(Gly) ^7.99 (1H, t), amide NH(Trp) ^8.21 
(1H, d), and indole NH 10.82 (1H, s). 

Found: G, 60.67; H, 5.97; N, 13.37%. Galcd for C16H19-
0 4N 3 : G, 60.55; H, 6.04; N, 13.24%. 

Ac-Trp-Trp-OMe. Z-Trp-Trp-OMe11) (4.11 g) was 
dissolved in MeOH (80 ml) and hydrogenated over a pal­
ladium-charcoal catalyst under reduced pressure. The 
catalyst was filtered off and the filtrate was concentrated to a 
syrup under reduced pressure. The syrup was dissolved with 
Ac-ONp (2.8 g) in DMF (50 ml), stirred for a day at room 
temperature and concentrated to an oil under reduced pres­
sure. The oil was purified on a column (3 cm X 60 cm) of 
silica gel using a mixture of benzene and ethyl acetate (v/v, 
1/1) as eluting solvent. Fractions containing the compound 
were pooled and concentrated under reduced pressure to a 
syrupy material, which was triturated in ethyl acetate and 
hexane: wt 1.21 g (35.5%); mp 78 °G; MS, m/z, 466 (M+); 
iH-NMR [DMSO-4J, CH3CO 0= 1.74 (3H, s), £-CH2 ^3 .14 
(2Hx2, m), OGH3 3.54 (3H, s), a-CH ^4.55 ( 1 H X 2 , m), 
aromatic GH ^7.60 (5Hx2, m), amide NH ^7.98 (1H, d) 
and ^8.36 (1H, d), and indole NH 10.74 (1H, s) and 10.83 
( lH,s ) . 

Found: G. 68.01; H, 5.95; N, 12.31%. Calcd for C25H26-
0 4N 4 : G, 67.25; H, 5.87; N, 12.55%. 

Compounds 1A and IB from Ac-Trp-OMe. Ac-Trp-
OMe (1.00 g) was dissolved in TFA (10 ml). The solution 
was kept for 3 h at room temperature in a brown glass vessel 
to exclude light and then concentrated to dryness under 
reduced pressure. The residue was dissolved in ethyl acetate, 
washed with 5% aq NaHC0 3 and water and then dried 
over anhydrous Na2S04 . The dried solution was concentrated 
to a pale yellow solid under reduced pressure. 1A was 
crystallized from EtOH and ether and collected to wt ca. 
280 mg. The filtrate was concentrated to dryness under 
reduced pressure. The residue was subjected to chromatog­
raphy in a brown glass column (3 cm X 60 cm) of silica gel 
60 suspended in CHC13, in such a way that the sample was 
dissolved in CHC13, charged on the column, washed with a 
mixture of CH3CN and CHC13 (v/v, 1/4) and then eluted 
with CH3CN and CHC13 (v/v, 2/1). Fractions containing 
compound IB were pooled and concentrated to dryness under 
reduced pressure. The residue was recrystallized from ethyl 
acetate and hexane : wt ca. 50 mg. 

Compound 1A: Mp 218 °C; MS, m/z, 520 (M+); ^ - N M R 
[DMSO-</6], CH3GO 0= 1.55 (3H, s), and 1.79 (3H, s) ß-CH2 
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(g) «2.16 (2H, m), ß-CH2(h) «3.18 (2H, q), OCH3 3.49 
(3H, s) and 3.53 (3H, s), indoline 3-CH(i) concealed under 
OCH3, a-CH(e) «4.32 (1H, m), a-CH(f) «4.60 (1H, m), 
indoline 2-CH(j) «4.73 (1H, d-d), indoline NH 5.97 (1H, d), 
aromatic CH «7.50 (8H, m), amide NH «8.23 (1H, d) and 
«8.39 (1H, d), and indole NH 10.88 (1H, s). 

Found: G, 64.37; H, 6.15; N, 10.99%. Galcd for C28H32-
06N4 : C, 64.60; H, 6.20; N, 10.76%. 

Compound IB: Mp 215 °C; MS, m/z, 520 (M+) ; XH-NMR 
(Fig. 7). 

Found: C, 64.23; H, 6.23; N, 10.73%. Calcd for C28H32-
06N4 : C, 64.60; H, 6.20; N, 10.76%. 

Compounds 2A and 2Bfrom Ac-Gly-Trp-OMe. Ac-Gly-
Trp-OMe (1.22 g) was dissolved in TFA (10 ml) and kept 
under the conditions used for Ac-Trp-OMe. The solution 
was concentrated to dryness under reduced pressure. The 
residue was dissolved in CH2Cla, washed with 5% aq NaHG0 3 

and water and then dried over anhydrous Na2S04 . The 
dried solution was concentrated to a solid under reduced 
pressure. The solid was dissolved in GHC13, applied to silica 
gel 60 in GHC13 in a brown glass column (3 cm x 60 cm) and 
washed with a mixture (50 ml) of CHC13 and GH3GN (v/v, 
2/1). Materials were eluted with a mixture of CH3CN, 
CHC13, and MeOH (v/v/v, 60/30/5). The starting material 
was eluted first, followed by compounds 2B and 2A. Fractions 
containing compounds 2A and 2B were separately pooled and 
concentrated to dryness under reduced pressure. The 
residues were collected with ethyl acetate and hexane : wt 2A, 
ca. 20mg;2B, ca. 70 mg. 

Compound 2A: Mp 152 °C; MS, m/z, 634 (M+); *H-NMR 
[DMSCw/6], CH3CO 0=1.80 (3Hx2, s), ß-CHa(Ind) «2.07 
(2H, m), /ff-CHa(Trp) «3.10 (2H, d), OCH3 3.46 (3H, s) 
and 3.50 (3H, s), a-CH2(Gly) «3.61 (2H, d) and «3.67 (2H, 
d), indoline 3-CH concealed under OCH3, a-GH (Ind) «4.27 
(1H, m), a-CH(Trp) «4.60 (1H, m), indoline 2-CH «4.77 
(1H, d-d), indoline NH 5.91 (1H, s (broad)), aromatic CH 
«7.45 (8H, m), amide NH(Gly) «7.76 (1H, t) and ^7.92 
(1H, t), amide NH (Trp and Ind) 8.24 (1H, d) and 8.32 (1H, 
d), and indole NH 10.80 (1H, s). 

Found: C, 60.74; H, 6.27; N, 12.83%. Calcd for C3aH38-
0 8N 6 : C, 60.55; H, 6.04; N, 13.24%. 

Compound 2B: Mp 151 °C; MS, m/z, 634 (M+); ̂ - N M R 
[DMSO-d6], CH3CO 0=1.80 (3Hx2, s), |0-CHa(Ind) «2.18 
(2H, m), )S-CH2(Trp) concealed under OCH3, OCH3 3.27 
(3Hx 2, s), indoline 3-CH concealed under 3.40—3.50, a-CHa 

(Gly) «3.66 (2Hx2, d), a-CH(Trp and Ind) «4.53 ( 1 H X 2 , 
m), indoline 2-CH «4.86 (1H, d-d), indoline NH 5.92 (1H, 
s (broad)), aromatic CH «7.38 (8H, m), amide NH(Gly) 
«7.85 (1H, t) and «7.90 (1H, t), amide NH (Trp and Ind) 
«8.24 (1H, d) and «8.31 (1H, d), and indole NH 10.70 (1H, 
s). 

Found: C, 60.41; H, 6.21; N, 12.85%. Calcd for C32H38-
08N6 : C, 60.55; H, 6.04; N, 13.24%. 

Compound 3 from Ac- Trp- Trp-OMe. Ac-Trp-Trp-OMe(800 
mg) was dissolved in TFA (10 ml) and treated under conditions 
similar to those for Ac-Trp-OMe. The extracted reaction 
mixture was subjected to chromatography on silica gel in 
CHC13 in a brown glass column (3cmx60cm) . Materials 
were eluted successively with CH3CN and CHC13 (v/v, 1/2) 
and CH3CN and CHC13 (v/v, 2/1). Fractions containing 
compound 3 were collected and concentrated under reduced 
pressure to an oil, which was triturated in ethyl acetate and 
hexane: wt 46 mg; mp 118 °C; MS, m/z, 446 (M+) ; iH-NMR 
(Fig. 8). 

Found: C, 66.92; H, 6.01; N, 12.18%. Calcd for C22H26-
04N4 : C, 67.25; H, 5.87; N, 12.55%. 
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The reaction of ethyl 2-azido-2-alkenoate with organic tervalent phosphorus reagent gave the corresponding 
2-phosphoranylideneamino derivative as an stable intermediate. This transformed gradually at room temperature, 
or immediately on a silica-gel column to give the corresponding 2-phosphinylamino derivative in a good yield. 
The Arbusov reaction of the intermediate which occurred during the transformation was found to be applicable for 
the other azido olefins. The formation mechanism and the configurational determination of the new products are 
discussed. 

In connection with the synthesis of oc-dehydroamino 
acid (DHA), which is an important constituent or 
precursor in the versatile cyclic peptide antibiotics, the 
development of the synthetic methods for D H A has been 
of interest and several routes have been investigated by 
us.2~6) 

So far, no report has been appeared on the synthesis 
of D H A N-protected with phosphinyl group except for 
our earlier paper,7) whereas the diphenylphosphinyl 
(Dpp) group was utilized recently as an useful N-
protecting group for a-amino acid and peptide.8>9) 

In the present paper, we wish to report a preparative 
route for D H A N-protected with a few kinds of phos­
phinyl groups by the reaction of ethyl 2-azido-2-
alkenoate (1) with organic tervalent phosphorus 
reagents by two steps. Furthermore, the attempt to 
employ a similar reaction of £-butyl 3-azido-2-acetyl-
amino-2-alkenoate (8) with triethyl phosphite was 
successful in giving the corresponding /?-N-phosphinyl-
D H A derivative. 

R e s u l t s a n d D i s c u s s i o n 

Reaction of 1 with Tervalent Phosphorus Reagent. 
The reaction of (Z)-isomer of 1 (a ; R = C H 3 , b ; R = 
C2H5 , c ; R=/z-C 3H 7 , d ; R=*-C 3 H 7 , e ; R = C 6 H 5 ) with 
equimolar triphenylphosphine as a typical organic 
tervalent phosphorus reagent in dry benzene under 
nitrogen gas at room temperature was readily carried 
out to give colorless crystals or a syrup, which was 
identified as ethyl 2-triphenylphosphoranylideneamino-
2-alkenoate (2), obtained in ca. 8 0 % yield. The 
compound 2 thus obtained was found to be a very 
stable, even though it was heated for a long time or 
treated with an acid or a base. 

In a similar manner, the reaction of 1 with triethyl 
phosphite also proceeded smoothly to give a colorless 
viscous oil, which was identified as 2-triethoxyphos-
phoranylideneamino-2-alkenoate (3), in ca. 8 1 % yield. 
However, the syrupy product 3 isolated purely by the 
vacuum distillation was found to change gradually into 
a yellowish solid substance at room temperature during 
about a month. T h e colorless crystals obtained in ca. 
8 7 % yield from 3 were characterized to be ethyl 2-

diethoxyphosphinylamino-2-alkenoate (4). Interesting­
ly, when the chromatogram of 3 was developed through 
a silica-gel column using benzene initially and then a 
mixture of benzene-ethyl acetate (6 : 1 v/v) as the 
eluent, the compound 3 immediately transformed to 
give 4 in a fairly good yield. Since the transformation 
of 3 to 4 was further promoted in the presence of water, 
it was found that 3 reacted with water to give 4. As a 
result, the desired new D H A N-protected with phos­
phinyl group was first synthesized. 

Furthermore, in order to ascertain and generalize the 
preparative route for the D H A N-protected with 
phosphinyl group from 1, a similar reaction of 1 with 
ethyl diphenylphosphinite was also performed to 
obtain ethyl 2-ethoxydiphenylphosphoranylideneamino-
2-alkenoate (5) as a colorless syrup in an almost quan­
titative yield. Subsequently, the treatment of 5 on a 
silica-gel column was worked up similarly to give the 
expected ethyl 2-diphenylphosphinylamino-2-alkenoate 
(6) as colorless needles in ca. 74% yield. Furthermore, 
in order to remove the Dpp N-protecting group, when 
ethyl 2-diphenylphosphinylamino-2-butenoate (6a) was 
treated with trifluoroacetic acid at room temperature 
for 2 h, ethyl 2-trifluoroacetylamino-2-butenoate (7a) 
was readily obtained in 7 5 % yield. The structure of 
7a was determined by the independent preparation 
from ethyl (Z)-2-amino-2-butenoate and trifluoroacetic 
anhydride. Since Breit nolle and Stammer1 0 ) reported 
the removal of N-trifluoroacetyl group in D H A and 
dehydropeptide (DHP) with amine, the Dpp group was 
found to be a useful N-protecting group for D H A and 
D H P , although two-step treatments were required. 

In order to confirm the structure and the configuration 
of 2—5, and 6 thus obtained, the independent prepara­
tion of 4 was performed. The reaction of (Z)-isomer of 
ethyl 2-amino-2-alkenoate with diethyl phosphoro-
chloridate by the usual method proceeded to give 
colorless crystals, whose properties were in complete 
agreement with 4 prepared from (Z) - l and triethyl 
phosphite via 3. As a result, the geometric structure of 
4 and 6 could be easily determined to be (Z)-isomerism. 
Accordingly, the configurational structure of 2, 3, and 
5 was also assigned to be (Z)-geometry. O n the other 
hand, the attempt to obtain another independent 
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preparation of 4 by the direct condensation of a-oxo 
carboxylic acid ester with diethyl phosphoramidate by 
the method reported previously6) was unsuccessful, 
because of the lability and the decomposition of the 
phosphoramidate in acidic conditions. 

The structure and configuration confirmed above 
were further supported by the results of the following 
spectroscopic analyses and by the studies on the forma­
tion mechanism. 

In the I R spectrum of 2, 3, and 5, the characteristic 
absorption bands of ester carbonyl, carbon-carbon 
double bond, and = P - 0 - C H 2 - groups appear at 
1722—1700 (strong), 1630—1590 (medium), and 1050— 
1035 (in 3 and 5, strong) c m - 1 regions respectively. 
O n the other hand, in that of 4 and 6, the stretching 
absorption bands of N H and >P=0 groups newly 
appear at 3170—3070 (medium) and 1290—1240 
(strong) c m - 1 regions, along with the appearance of 
ethoxycarbonyl and C=G bands at 1730—1710 and 
1660—1625 c m - 1 regions, respectively. 

O n the other hand, the N M R spectra of 2—5, and 6, 
clearly showed the long range coupling between ß-
olefinic, y-methylene protons, and phosphorus atoms. 
As summarized in Tables 1 and 2, the olefinic proton 
signals of 2, 3 , and 5 shifted at ô 6.70—5.95 C/3 > 4= 
6.8—9.2 Hz) , whereas those of 4 and 6 resonated at 
lower magnetic field (at ô 7.23—6.02) with the compara­
tively larger coupling constant ( y 3 4 = 7 . 0 — 1 1 . 4 Hz) . 
O n the other hand, the coupling constants between ß-
olefinic proton and phosphorus in 4 and 6 were found 
to be smaller (y 3 , p =1.8—2.6 Hz) than the constants 
( 7 S . P = 2 . 9 — 4 . 5 Hz) in 2, 3, and 5. Similarly, the long 
range coupling between y-methylene protons and 
phosphorus C/4 ,p=2.5—3.0 Hz) was also observed, 
as listed in Tables 1 and 2. Moreover, in the N M R and 
I R spectra of 4 and 6, the appearance of N H groups at 
ô 5.50—4.70 and at ca. 3100 c m - 1 respectively indicates 
unambiguously the transformation of the phosphoran-
ylideneamino into the phosphinylamino group. 

The above results suggest the following formation 
mechanism of 4 and 6: the Arbusov reaction of the 
intermediates 3 and 5 with water occurred to give 4 
and 6 respectively, along with the yielding of ethanol, 
which could be detected by gas chromatography. This 
process is illustrated in Scheme 1. 

T h e yields, physical constants, and N M R spectral 
data of 2—5, and 6 are summarized in Tables 1 and 2. 

Reaction of 8 with Triethyl Phosphite. In order 
to apply extensively to the various azido olefins, /?-azido 
olefin was subjected to the reaction with triethyl phos­
phite. 

As in the case of 1, £-butyl 2-acetylamino-3-azido-2-
alkenoate (8: a ; R = C H 3 , b ; R = C 2 H 5 ) , derived by the 
reaction of ^-butyl 2-(iV-bromoacetylamino)-2-alkenoate 
with sodium azide, with the successive substitution and 
the subsequent 1,3-shift,11) was treated with triethyl 
phosphite to give a pale yellowish syrup in a fairly good 
yield. Interestingly, the syrupy products thus obtained 
were found to have a satisfactory elemental analysis for 
the corresponding /?-phosphinylamino derivative (10), 
not the expected /?-phosphoranylideneamino derivative 
(9). Furthermore, the above structural identification 

:P(0Et)3 

R-CH=C-C00Et > R-CH=C-C00Et - > 

N3 N=P(0Et)2 

(1) \ 0Et 

:P(CeH5)3 

R-CH=C-C00Et 

N=P(C6H5)3 

(2) 

(3) 

R-CH=C-C00Et - > 

N=P(C6H5)2 

OEt 

(5) 

R-CH=C-C00Et 

:N=P(0Et)2 

CH3CH2 

/ 
R-CH=C-C00Et 

H20 
• R-CH=C-C00Et 

HN-P(0Et)2 

0 

(4) 

•.N=P(CeH5)2| 

r> 
CH3CH2 

H20 

a:R = CH3 b:R = C2H5 c :R = n-C3H7 cl:R=i-C3H7 

Scheme 1. 

—> R-CH=C-C00Et 

°H HN-PttyHg)? 

Ö 
(G) 

e:R=C6H5 

CF3COOH 

CH3CH=C-C00Et 

NHP(C6H5)2 

(6a) ° 

R-CH2-C-C00Et 
*• 11 

0 

-> CH3CH=C-C00Et <-
NHCOCF3 

(7a) 

H2NP(OEt)2 

Ö 

(CF3CO)20 

R-CH=C-C00Et 
NH2 

( Z ) - Isomer 

I ClP(0Et)2 
0 

(Z ) -4 

a:R=CH 3 b :R=C 2 H 5 c : R = n -C 3 H 7 d : R = i - C 3 H 7 e :R=C6H 5 

Scheme 2. 

R-C=C-C00But -
N3 NHCOCH3 

(8) 

R-C=C-C00But • 
(EtO)2P-NH NHCOCH3 

:P(0Et)3 

-EtOH 

(10) 

R -C^-COOBu1 

(EtO)3P=N NHCOCH3 
(9 ) ' 

H20 

R-C=C-C00But 

(EtO)?P=N: NHCOCH3 

o5 
a : R = C H 3 b : R=C2H5 

Scheme 3. 

CH2CH3 

was exactly supported by the I R and N M R spectral 
da ta as follows. The appearance of the absorption band 
at 3260—3200 c m - 1 and that of the chemical shift 
resonating at ô 6.83—6.70 regions as a broad singlet 
due to N H and the presence of >P=0 at 1260 cm" 1 as a 
strong absorption indicates unambiguously the forma­
tion of an a,/?-unsaturated oc,/?-diamino derivative, 
which was identified as £-butyl 2-acetylamino-3-di-
ethoxyphosphinylamino-2-alkenoate, obtained in ca. 
78% yield. 

The above results show that the formation mechanism 
of 10 was the following : the one-pot reaction of 8 with 
triethyl phosphite took place to give the unstable 
intermediate 9, then the following Arbusov reaction 
with water during the treatment process gave 10, as 
is illustrated in Scheme 3. 

Exper imenta l 

All the melting and boiling points are uncorrected. The 
IR spectra were recorded with a Hitachi EPI-G3 Spectrom­
eter. The NMR spectra were measured with a JNM-PS-100 
Spectrometer (Japan Electron Laboratory Go. Ltd.), using 
tetramethylsilane as the internal standard. 

Preparation of 2. Into a solution of (Z)-l (50 mmol) 
in dry benzene (50 ml) under nitrogen gas we stirred triphenyl-
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TABLE 1. ETHYL (Z)-2-PHOSPHORANYLIDENEAMINO-2-ALKENOATE (2, 3, AND 5) 

Gompd Yield 
No. % 

Bp/°C[mmHg] _. , 
( M p f C ) * Formula 

Found 

G 

74.12 
(74.04 
74.56 

(74.44 
74.88 

(74.82 
74.92 

(74.82 
77.20 

(77.16 
49.81 

(49.14 
51.15 

(50.80 
52.45 

(52.32 
52.39 

(52.32 
57.95 

(57.95 
67.33 

(67.21 
67.85 

(67.91 
69.05 

(68.55 
68.79 

(68.55 
71.52 

(71.58 

(Galcc 

H 

6.21 
6.17 
6.58 
6.45 
6.98 
6.71 
6.81 
6.71 
7.49 
7.47 
8.71 
8.25 
8.84 
8.53 
8.85 
8.78 
8.82 
8.82 
7.03 
7.03 
6.76 
6.77 
7.00 
7.06 
7.09 
7.32 
7.38 
7.32 
6.29 
6.25 

1) (%) 

N 

3.56 
3.60) 
3.25 
3.47) 
3.28 
3.36) 
3.34 
3.36) 
3.05 
3.10) 
4.21 
4.78) 
4.71 
4.56 
4.41 
4.36) 
4.39 
4.39) 
3.58 
3.58) 
3.68 
3.92) 
3.91 
3.77) 
3.48 
3.64) 
3.49 
3.64) 
3.31 
3.34) 

NMR spectrum, 

Olefinic proton 
(7H.) 

6.04dt (3.0) 
(7.0) 

5.95dt (2.9) 
(6.9) 

5.98dt (3.0) 
(8.3) 

5.82dd(3.0) 
(8.3) 

6.78d (6.8) 

5.99dq(4.0) 
(6.9) 

5.92dt (4.1) 
(7.0) 

5.93dt (4.1) 
(7.0) 

5.77dt (4.5) 
(8.3) 

6.70d (8.0) 

6.18dq (4.0) 
(7.0) 

6.08dt (4.0) 
(7.2) 

6.10dt (4.0) 
(7.2) 

5.94dd(4.5) 
(9.2) 

6.80d (6.8) 

Ö in GDG13 

y-Proton 
(7H.) 

1.79dd (3.0) 
(6.9) 

2.29dq (2.7) 
(7.0) 

2.28dq (2.7) 
(7.0) 

2.97m 

7.12—7.36 m 
(G6H5+H) 

2.02dd (2.5) 
(7.0) 

2.56dq (2.5) 
(7.2) 

2.52dq (2.5) 
(7.2) 

3.24m 

7.16—8.20 
(G6H5+H) 

2a 

2b 

2c 

2d 

2e 

3a 

3b 

3c 

3d 

3e 

5a 

5b 

5c 

5d 

5e 

72 

87 

91 

68 

85 

83 

63 

92 

75 

89 

91 

90 

89 

90 

85 

(101—102) 

syrup 

syrup 

(71—72) 

(141—142) 

105—107/[0.5] 

111—115/[0.5] 

113—115/[0.5] 

115—119/[0.5] 

syrup 

syrup 

syrup 

syrup 

syrup 

syrup 

G24H24N02P 

G25H26N02P 

G26H28N02P 

C26H28N02P 

G29H26N02P 

G12H24N05P 

G13H26N05P 

G14H28N05P 

G14H28N05P 

G17H26N05P 

G20H24NO3P 

G21H26N03P 

G22H28NOsP 

G22H28N03P 

G25H26N03P 

a) Colorless needles from cyclohexane. 

TABLE 2. ETHYL (Z)-2-PHOSPHINYLAMINO-2-ALKENOATES (4 AND 6) 

Gompd 
No. 

4a 

4b 

4c 

4d 

4e 

6a 

6b 

6c 

6d 

6e 

Yield/% 

A a ) B b ) 

87 

86 

81 

88 

91 

70 

77 

68 

65 

89 

81 

81 

76 

71 

Mp/°CC> 

47—48 

30—31 

46—47 

40—42 

70—71 

121—122 

85—85.5 

97—98 

106—107 

168—169 

Formula 

G10H20NO5P 

GnH22NOBP 

G12H24N06P 

G12H24N05P 

G15H22N05P 

G18H20NO3P 

G19H22N03P 

G20H24NO3P 

G20H24NO3P 

G23H22N03P 

Found 

G 

45.22 
(45.22 
47.39 

(47.30 
49.20 

(49.14 
49.11 

(49.14 
55.01 

(55.04 
65.69 

(65.64 
66.41 

(66.46 
67.28 

(67.21 
67.23 

(67.21 
70.69 

(70.62 

(Galcd) (%) 

H N 

7.63 
7.63 
7.91 
7.94 
8.21 
8.25 
8.28 
8.25 
6.75 
6.78 
6.05 
6.12 
6.45 
6.46 
6.79 
6.77 
6.71 
6.77 
5.73 
5.67 

5.25 
5.24) 
5.11 
5.02) 
4.77 
4.78) 
4.71 
4.78) 
4.32 
4.28) 
4.22 
4.25) 
4.03 
4.08) 
3.85 
3.92) 
3.81 
3.92) 
3.66 
3.58) 

NMR 

Olefinic proton 
C/HZ) 

6.50dq (2.6) 
(7.0) 

6.37dt (2.6) 
(7.0) 

6.42dt (2.6) 
(7.0) 

6.19dd (2.5) 
(10.0) 

7.23s 

6.36dq (2.1) 
(8.0) 

6.24dt (2.0) 
(8.0) 

6.20dt (2.0) 
(8.0) 

6.02dd (1.8) 
(11.4) 

7.00s 

spectrum, d in GDG13 

y-Proton(7Hz) 

1.92dd (2.6) 
(7.0) 

2.42dq (2.6) 
(7.0) 

2.39dq (2.6) 
(7.0) 

3.06m 

7.36—7.77m 
(G6H5+H) 

1.84d (8.0) 

2.40qu (8.0) 

2.34q (8.0) 

3.32m 

7.18—7.78m 
(G6H5+H) 

NH(JHZ) 

4.78 

4.80 

4.78 

4.70 

4.80 

5.50d 
(8.0) 
5.50d 

(8.0) 
5.48d 

(8.0) 
5.41d 

(8.6) 
5.38d 

(6.0) 

a) From 3 and 5. b) From ethyl (Z)-2-amino-2-alkenoate and GIP(O) (OEt)2. c) Colorless needles from cyclohexane. 
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phosphine (50 mmol) , portion by portion, under cooling. 
After the resulting solution had been stirred at room temper­
ature for 1 h, the benzene was evaporated under reduced 
pressure to give a colorless syrup or a semi-solid residue, in 
which the latter was crystallized in petroleum ether (20 ml) . 
T h e collected crystals were recrystallized from cyclohexane 
to give colorless needles. 

Preparation of 3. A solution of equimolar (Z ) - l (50 
mmol) and triethyl phosphite in dry benzene was worked up 
similarly to give an oily residue, which was distilled under 
reduced pressure to give a colorless viscous oil. 

Preparation of 5. A solution of equimolar (Z ) - l (50 
mmol) and ethyl diphenylphosphinite in dry benzene was 
worked u p similarly for 3 h to give a colorless syrup. 

Preparation of 4. From 3. By Standing: When viscous 
oil (3) was allowed to stand a t room temperature for about a 
month, the oil gradually crystallized to give a yellowish solid 
substance. T h e collected solid was recrystallized from hexane 
or cyclohexane to give colorless needles. 

On a Silica-gel Column. T h e compound 3 (50 mmol) 
was chromatographed on a silica-gel column using benzene 
(150 ml) intially and then a mixture of benzene-ethyl acetate 
(6 : 1 v/v) as the eluent. T h e fraction solution obtained was 
evaporated under reduced pressure to give colorless crystals. 

From Ethyl (Z)-2-Amino-2-alkenoate and ClP(0)(EtO)2. 
In to a solution of the enamine (20 mmol) and pyridine (30 
mmol) in dry diethyl ether (30 ml) we stirred diethyl phos-
phorochloridate (25 mmol) , drop by drop, at room temper­
a ture . After the resulting solution had been stirred a t room 
temperature for 5 h, ether (50 ml) was further added to the 
reaction solution and then the resultant solution was washed 
with 1 M HGl t t and with water three times. T h e ether layer 
was dried over anhydrous N a 2 S 0 4 and then concentrated to 
give a residual product . T h e residue was purified on a 
silica-gel column using ehter as the eluent to give colorless 
needles, which was in agreement with 4 obtained above. Yield 
ca. 8 0 % . 

Preparation of 6. In a similar manner to that in the 
case of 4, compound 5 was chromatographed on a silica-
gel column using a mixture of benzene and ethyl acetate (4 : 1 
v/v) as the eluent. T h e fraction obtained was condensed 
under reduced pressure to give crude residual crystals, which 
were collected by filtration and then recrystallized from cyclo­
hexane to give 6 as colorless needles. 

Preparation of 7a. From 6a and CFzCOOH: A solution 
of 6a (10 mmol) in trifluoroacetic acid (5 ml) was stirred a t 
room temperature for 2 h and the reaction solution was con­
centrated under reduced pressure. The residual oil obtained 
was distilled to give a colorless oil, bp 67—68 °C/1.5 mmHg, t t t 
yield 75 .2%. I R (KBr) : 3280 ( N H ) , 1720 ( C O O E t ) , 1660 
(G=C) cm" 1 . N M R (CDC13): Ô 8.64bs (NH) , 7.07q (3-H, 
7 = 7 . 4 Hz) , 1.82 d (4-H, J =7.5 H z ) . F o u n d : C, 43.05; H , 
4.36; N , 6 . 1 1 % . Calcd for G 8 H 1 0 NO 3 F 3 : C, 42.67; H , 4.44; 
N , 6 .22%. 

Tt 1 M = 1 mol dm" 3 . Ttt 1 m m H g ^ 133.3322 Pa. 

From Ethyl (Z)-2-Amino-2-butenoate and (CFzCO)„0. In to 
a solution of the enamine (20 mmol) and pyridine (30 mmol) 
in dry diethyl ether (20 ml) was added trifluoroacetic anhydride 
(30 mmol) , with stirring, d rop by drop under cooling and 
then the stirring was continued at room temperature for 2 h. 
After a further addition of ether (20 ml) , the resulting solution 
was washed with water four times and dried ove anhydrous 
M g S 0 4 . After removal of ether, the residual oil obtained 
was distilled to give a colorless oil, yield 85 .0%. 

Preparation of 10a. In to a solution of 8a (4.2 mmol) 
in dry benzene (10 ml) we stirred triethyl phosphite (4.2 
mmol) , d rop by drop, at 0 °C. After the resulting solution 
had been stirred at 0 °G for 3 h, the reaction solution was 
concentrated under reduced pressure to give a residual syrup. 
T h e crude syrup obtained was purified on a silica-gel column 
using a mixture of benzene-acetone (5 : 1 v/v) as the eluent. 
T h e fraction was condensed under reduced pressure to give 10a 
as a pale yellow syrup, yield 8 1 % . I R (KBr) : 3260 (NH) , 
1700 (COOBu*), 1670 (NHGO, C=C), 1260 (>P=0) , 1040 
( = P - 0 - C H 2 - ) cm- 1 . N M R (CDC13): Ô 6.70 s (NH) , 2.14 s 
( C O C H 3 ) , 2.06 s (y-protons). Found : C, 50.58; H , 8.15; 
N , 8 .16%. Calcd for C 1 4 H 2 7 N 2 0 5 P : C, 50.30; H , 8.08; N, 
8.38%. 

Preparation of 10b. In a similar manner , the treatment 
of 8 b with triethyl phosphite was worked up to give 10b as a 
pale yellow syrup, yield 7 4 % . I R (KBr) : 3200 (NH) , 1705 
(COOBu*), 1675 ( N H C O , C=C), 1260 (>P=0) , 1040 ( = P - 0 -
CH 2 - ) cm- 1 . N M R (CDC13) : ô 6.83 s (NH) , 2.78 q (y-
protons, J = 8 . 0 Hz) , 2 .11s ( C O C H 3 ) . Found : C, 51.98; 
H , 8.56; N , 7 . 9 1 % . Calcd for C 1 5 H 2 9 N 2 O s P: C, 51.72; H , 
8.33; N , 8 .05%. 
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Appropriately protected or unprotected .S^S-diphenyl thymidine 3'- or 5'-phosphorodithioates and S,S-bis(4-
methoxyphenyl) thymidine 3'- or 5'-phosphorodithioates were successfully prepared by the reaction of the thymidine 
derivatives with cyclohexylammonium 5,5-diaryl phosphorodithioates in the presence of 2,4,6-triisopropylbenzene-
sulfonyl chloride (TPS). Stabilities of the thymidylic compounds under acidic or alkaline conditions were described 
in detail. Several methods for the deprotection of one or both arylthio groups under neutral conditions were also 
described in connection with the synthesis of oligothymidylates. By the use of the bis(4-methoxyphenylthio)-
phosphoryl group, di- and tri-thymidylates were synthesized in high yields. 

With the recent remarkable developments of the so-
called "phosphotriester method" in oligonucleotide 
synthesis, the conventional methods for phosphorylation 
have been reconsidered by introducing new synthetic 
procedures.2) Recently, more considerable attention has 
been turned to phosphorylating agents which made the 
phosphotriester products separable by column chro­
matography on silica gel.2) 

A few years ago, we described methods for the 
synthesis of nucleoside ^-phenyl phosphorothioates by 
the reaction of nucleotide with a combined reagent of 
diphenyl disulfide and tributylphosphine3) and alterna­
tively by the reaction of nucleoside phosphites with 
diphenyl disulfide in the presence of a silylating agent via 
highly reactive "nucleoside silyl phosphite" interme-
diates.4) The phenylthio group has been demonstrated 
as a useful phosphate protecting group in oligonucleotide 
synthesis.5) 

In this paper, we wish to report a general method for 
the synthesis of oligonucleotides by use of ^.S-diaryl 
phosphorodithioates as phosphorylating agents for 
introduction of a 5'-terminal phosphate and promising 
features of the arylthio groups as "act ivatable" protect­
ing groups.6) 

R e s u l t s and D i s c u s s i o n 

In an early work, we showed that ^-phenyl phos-
phorodithioate (1) could be obtained quantitatively by 
the reaction of phosphonic acid with diphenyl disulfide 
in the presence of a trimethylsilylating agent.4) However, 
1 was too unstable to use as a phosphorylating agent 
since 1 decomposed rapidly to release benzenethiol in 
dry pyridine even at room temperature. O n the other 
hand, phosphorothioates of diester-type (0,S-phosphoro-
thioates) are known to be rather stable compared with 
those of monoester-type.75 T h e fact led us to prepare, a 
new type of compound, ^^-diphenyl phosphorodithioate 
(2a) not only to enhance the stability as the phosphor­

ylating agent but also to facilitate the separation of the 
phosphorylated products by chromatography on silica 
gel. 

By extending the preparative method of 1, a con­
venient synthesis of 2a was performed: When phos-
phinic acid with further lower oxidation state than 
phosphonic acid was allowed to react with 2.1 equiv. of 
diphenyl disulfide in the presence of each 2.1 equiv. of 
triethylamine and trimethylsilyl chloride in dry tetra-
hydrofuran (THF) for 20 h at room temperature, 2a 
was obtained as the cyclohexylammonium salt in 8 3 % 
yield. Cyclohexylammonium ,S,5'-bis(4-methoxyphenyl) 
phosphorodithioate (2b) was similarly prepared in 8 5 % 
yield. Both 2a and 2 b were found to be quite stable 
compared with 1 under acidic or alkaline conditions 
such as 80% acetic acid or 0.1 M (1 M = l mol dm- 3 ) 
N a O H at room temperature for several weeks. 

An improved method for the preparat ion of 2a and 
2 b in relatively large scale was established in this 
laboratory.83 

T h e new phosphorylating agents, 2a and 2b , were 
successfully applied to the synthesis of »S^-diaryl nucleo­
side phosphorodithioates (3) by condensing 2a or 2 b 
with the corresponding nucleosides in the presence of 
2,4,6-triisopropylbenzenesulfonyl chloride (TPS). These 
results are summarized in Table 1. In these reactions, 
it is noted that all reactions proceeded cleanly without 
brownish coloration, which was observed often in the 
case of coupling reactions using T P S in dry pyridine, 
to give the phosphorylated products in high yields and 
that the crystalline cyclohexylammonium salt of 2a 
could be used without exchange to the pyridinium salt 
for the phosphorylation by employing two hold T P S . 
When 2a was pre-activated by T P S in order to avoid 
sulfonylation of 5'-hydroxyl groups of nucleosides by 
TPS , the 2 — 5 % formation of S^-diphenyl phosphoro-
dithiocychlohexylamidate was always accompanied. 
However, the by-product could be easily separated from 
S'j.S'-diphenyl nucleoside phosphorodithioates since it was 

H-jj-QH M e 3 S i C ' - E t 3 N 

H 

2 ArSSAr 
- > H-P(OSiMe3)2 — > 

0 
ArS-P-SAr 

l 
0-SiMe3 

H20 

H2MC6H11 
-> 

ArS-P-SAr 
I 

o: 
H 3 NC 6 Hn 

2 

a: Ar= C e H 5 

b: Ar=4-CH3OC6H4 

Scheme 1. 
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a : (ArS)2P(0) 
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c : MMTr 
d: (ArS)2P(0) 
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Tr=trityl 

OR4 

3:Ar=C6H5 

17:Ar = 4-CH30C6H4 
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Ac 

(ArS)2P(0) 
(ArS)2P(0) 
(ArS)2P(0) 

H 
(ArS)2P(0) 

MMTr=monomethoxy trityl 

Scheme 2. 

eluted with only dichloromethane by silica-gel column 
chromatography. 

T h e phenylthio group of 3 was found to be quite 
stable either in dry or aqueous pyridine and also in 8 0 % 
acetic acid at room temperature for several days. In 
addition, when 3a was refluxed in methanol , ethanol, 
or 2-propanol for 1 h, 3 a was recovered quantitatively 
and no transesterification between the dithioester and 
alcohols was observed. The conditions for the selective 
removal of one and two phenylthio groups and the 

relationship with other protecting groups are illustrated 
in Scheme 3. 

When 3c was treated with 80% acetic acid at room 
temperature for 6 h, 3f was isolated in 94% yield. 
Under these conditions the loss of the phenylthio group 
was essentially negligible. Whenever 3c was heated in 
8 0 % acetic acid at 100 °G for 1 h, 3f could be also 
obtained in 9 1 % yield. In this case, 3 % of ^-phenyl 
thymidine 3'-phosphorothioate (4) was formed by losing 
one of two phenylthio groups from 3f. Treatment of 
3c with 0.2 M N a O H - d i o x a n e (1 : 1, v/v) at room 
temperature for 15 min gave 5'-0-monomethoxytrityl-
thymidine ^-phenyl 3'-phosphorothioate (5) quantita­
tively. 

Van Boom9) and Pfleiderer10) have recently reported 
that , when dinucleotide derivatives bearing an aryloxy 
group in internucleotidic phosphate and an unprotected 
hydroxyl at the 3 ' - or opposition were treated with 
N a O H to remove one of two phenoxy groups, the 3 ' -5 ' 
isomerization of phosphoryl group was accompanied 
to some extent depending upon the conditions. There­
fore, in the case of alkaline treatment of 3e or 3f which 
has an unprotected hydroxyl at the 3'-or opposition, 
the above-mentioned problem should be taken into 
account. 

When 3e was treated with 0.2 M NaOH-dioxane 
( 1 : 1 , v/v) at room temperature for 15 min, two new 

TABLE 1. YIELDS AND ELEMENTAL ANALYSIS OF ̂ .S-DIARYL THYMIDINE 

PHOSPHORODITHIOATE DERIVATIVES (3 AND 17) 

Compound Yield/% Formula 
Galcd (%) Found (%) 

H N H N 

3a 
3b 
3c 
3d 
3e 
3f 

17a 
17c 
17e 
17f 

92 
96 
95 
88 
66 
— 
95 
93 
71 
— 

Th 

0 
Op-OH 

cr 
6 

> i 

G24H2507N2PS2 

G41H3706N2PS2 

G42H3907N2PS2 

G34H3207N2P2S4 

G22H2306N2PS2 

G22H2306N2PS2 

G26H2909N2PS2 

C44H430,N2PS2 

G24H2708N2PS2 

G24H2708N2PS2 

52.55 
65.76 
64.77 
52.98 
52.17 
52.17 
51.31 
62.99 
50.88 
50.88 

Th 
MMTrOVo 1 

AgOAc \-/ 

^pyrjdine-H20 ? 
( 2 : 1 , v/v) 0=P(SPh)2 

3c 

4.59 
4.98 
5.05 
4.18 
4.58 
4.58 
4.80 
5.17 
4.80 
4.80 

5.11 
3.74 
3.60 
3.63 
5.53 
5.53 
4.60 
3.34 
4.94 
4.94 

fl0c/oAcOH 

0.2 NNaOH/ 
o j ) ( l :1 ,v /v ) 

V 

Th 
MMTrO] A | 

12 or AgOAc p, 0 
0=P-SPh 

1 
0" 
5 

Schem e 3 . 

^ • ^ 

fiO°/oAcOH 
7* 

52.34 
66.08 
64.81 
53.34 
51.68 
52.41 
51.89 
63.26 
50.20 
50.77 

4.61 
5.45 
5.07 
4.32 
4.77 
4.50 
4.54 
5.49 
4.85 
4.97 

Th 
HO-, 1 

0 
0=P(SPh)2 

3f 

I0"" 
Th 

HVJ 
0 

0=P-SPh 
1 
0" 
4 

4.93 
3.42 
3.51 
3.56 
5.20 
5.43 
4.47 
3.15 
4.93 
4.78 



TABLE 2. ^ - N M R SPECTRA OF PHOSPHORYLATED PRODUCTS 3 AND 17 

Compound C r H Co/Ha Co/Hb C4,H C5,Ha C5,Hb CH3 C=CH Others 

3a 

3b 

3c 

3d 

3e 

3f 

7a 

L7c 

6.37(dd) 
7r-2 'a=9.0 
7 i ' - rb=6 .0 
6.40(t) 
7 = 5 . 5 
6.42(t) 
7 = 7 . 2 

6.32(dd) 
yr -2 'a=6.7 

6.53(t) 
7 = 6 . 0 
6.22(t) 
7 = 7 . 0 

6.41 (dd) 
7 r - 2 ' a=9 .0 
y r -2 ' b= 6 - ° 

6.38(t) 
7 = 7 . 0 

2.03—2.63 (m) 

2.35 (m) 

2.32(t) 
7 = 3 . 7 

2.03—2.63 (m) 

1.90—2.53 (m) 

2.31(m) 

2.03—2.50 (m) 

2.37(m) 

5.21(dd) 

j2'-3' = ® • " 

/S'-4' = 2 .1 
5.39(m) 

5.33(m) 

4.15(m) 

4.23— 
4.77(m) 
5.35(m) 

5.23(dd) 
73<-4<=2.0 
7 2 -3 ' = 6.0 

5.36(m) 

4.24(m) 

4.04(m) 

4.05(m) 

4.24 

4.17(m) 

4.04(m) 

4.24(dd) 
7 a - 4 ^ 2 . 0 
74<-5< = 2 . 8. 

4.10(m) 

4.51 (m) 

3.36(m) 

3.38(m) 

- 4.55(m) 

4.23—4.77(m) 

3.73(m) 

4.50(dd) 
74'-5' = 2 . 0 
7 P - H = 7 . 0 

3.38(m) 

1.90(s) 

1.40(s) 

1.39(s) 

1.87(s) 

1.83(s) 

1.88 

1.90(s) 

1.40(s) 

17e 6.38(t) 2.07—2.50(m) 4.31— 4.18(m) 4.31—4.63(m) 1.84 
7 = 6 . 5 4.63(m) 

17f 6.21(t) 2.35(m) 5.32(m) 4.08(m) 4.08(m) 1.90 
7 = 7 . 0 

7.28(s) 2.16 (3H, s, OC(0)CH3), 
7.14—7.74 (10H, m, ArH), 
9.41 (1H, br. s, NH) 

— 7.00—7.73 (26H, m, C=CH and 
ArH), 9.47 (1H, br. s, NH) 

— 6.85 (2H, d, 7 = 8 . 4 , ArH), 
7.09—7.79 (23H, m, C=CH and 
ArH), 9.49 (lH,br. s, NH) 

— 7.23—7.73 (11H, m, G=CH and 
ArH), 9.32 (1H, br. s, NH) 

7.26(s) 7.08—7.67 (10H, m, ArH), 
9.33 (1H, br. s, NH) 

7.31(s) 2.16 (1H, s, OH), 7.18—7.75 
(10H, m, ArH), 9.48 (1H, br. 
s, NH) 

7.37(s) 2.14 (3H, s, OC(0)CH3), 
6.87 (2H,d, 7 = 8 . 4 , ArH), 
7.55 (2H, dd, 7 = 8 . 4 , 7 = 2 . 0 , 
ArH), 9.46 (1H, br. s, NH) 

— 3.77 (6H, s, OCH3), 6.85 (4H, 
d, 7 = 8 - 8 , ArH), 6.93 (2H, d, 
7 = 8 . 8 , ArH),7.10—7.64 
(17H, m, C^CHandArH) 

7.30(s) 3.84 (6H, s, OCH3), 6.89 (2H, 
d, 7 = 8 . 4 , ArH), 7.45 (4H, dd, 
7 = 8 . 4 , 7 P - H = 2 . 1 , P S - C = C H ) , 
9.39 (1H, br. s, NH) 

7.35(s) 3.83 (6H, s, OCH3), 6.96 (4H, 
d, 7 = 9 - 0 , 0-C=CH), 7.56 (4H, 
dd, 7 = 9 . 0 , 7 P - H = 2 . 0 , S-C=CH), 
9.49 (1H, br. s, NH) 
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spots of R{ 0.53 and 0.20 (Solvent I) were observed 
other than the major spot which showed the R{ value 
corresponding to ^-phenyl thymidine 5'-phosphoro­
thioate (7) on T L C . The nucleotidic substance of R{ 

0.53 was determined as thymidine 3',5'-cyclic phosphate 
(8) by comparison with the authentic sample. The 
yield of 8 was estimated to be 12% spectroscopically. 
T h e other minor spot was identified with thymidine 
3'-or 5'-phosphate formed in 1% yield. 

Since it is known that the 3 ' -5 ' isomerization of 
phosphoryl group occurs through a cyclic triester 
intermediate,93 if the 3 ' -5 ' isomerization occurs during 
the alkaline treatment of 3e, thymidine 3',5'-cyclic 
phosphate derived from thymidine S-phenyl 3',5'-cyclic 
phosphorothioate (9) by further alkaline hydrolysis of 
9 should be expected as a by-product. O u r result 
indicated that during this alkaline treatment the 
cyclization reaction along with elimination of one of two 
phenylthio groups took place at least to the extent 
of 12%. It is possible that , ^-phenyl thymidine 3 '-
phosphorothioate (4) might be produced from 9, if 
the bond of P - O of 9 at the 5'-position was competitively 
hydrolyzed with cleavage of the ester bond of P - O at 
the 3'-position or with cleavage of P-S bond of 9. 
Therefore, the nucleotidic material corresponding to 7, 
which was estimated to be formed in 8 7 % yield, was 
further confirmed whether it contained TpSPh (4), 
although it was not separated from PhSpT (7) by paper 
chromatography and electrophoresis. 

In a previous paper,43 we reported that pure PhSpT 
(7) was obtained from thymidine 5'-phosphite by the 
silylation in the presence of 1.1 equiv. of diphenyl 
disulfide in quantitative yield. I t was found that this 
pure 7 was completely degraded by snake venom 
phosphodiesterase in Tris buffer (pH 8). O n the other 

Th 

H-P-On I 

OH 

0SiMe3 

CH3C-N-SiMe3 H20 

PhSSPh 

* Venom phosphodiesterase 

Scheme 5. 

- > PhSH • P T 

( PhS>2 P-O 
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Scheme 6. 

hand, 4 was found to be resistant to the same enzyme. 
The results are of interest in connection with the report 
by Nussbaum and Cook that £-ethyl thymidine 5'-
phosphorothiate (10) served as a substrate of snake 
venom phosphodiesterase.73 

O n the basis of this finding, the nucleotidic substance 
obtained by alkaline treatment from 3e was incubated 
at p H 8 with snake venom phosphodiesterase for 1 h. 
T h e nucleotidic substance was degraded in more than 
9 9 . 3 % to give thymidine 5'-phosphate as the sole 
degraded product. This result indicates that the P-S 
bond predominantly cleaved on hydrolysis of 9. There­
fore, it is concluded that the 3 ' -5 ' isomerization of 
hydroxy (phenylthio) phosphoryl group is essentially 
negligible in alkaline treatment of 3e. 

Similarly, t reatment of 3f with 0.2 M NaOH-dioxane 
( 1 : 1 , v/v) for 15 min gave a main product of i?f 0.71, 
8, and thymidine 3 '- or 5'-phosphate in 76, 21, and 
3 % yields, respectively. When the product of Rf 0.71 
was incubated with snake venom phosphodiesterase, 
the nucleotidic material remained unchanged and 
recovered in more than 9 7 % . 

This result shows that the 3 ' -5 ' isomerization was not 
observed in the case of 3f. 

Next, complete removal of both phenylthio groups by 
one-step from 3a was examined. In spite of facile 
transformation of S-phenyl nucleoside phosphorothio-
ates to nucleotides by the action of aqueous iodine,3»4) 3a 
was found to be extremely stable toward oxidizing 
agents such as iodine, sodium periodate, iodosobenzene, 
hydrogen peroxide, iV-chlorosuccinimide, and iV^-bromo-
succinimide. Removal of both phenylthio groups by 
use of transition metal salts was examined, since it 
was expected that sulfur atom has a strong affinity for 
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the transition metals such as copper, mercury, and 
silver. Copper (I) chloride, copper (II) chloride, copper-
(II) acetylacetonate, copper(II) acetate, mercury(II) 
acetate, mercury(II) chloride, silver acetate, and silver 
nitrate were examined. T h e former three copper salts 
were not effective. For example, the use of 16 molar 
equiv. of copper(II) acetylacetonate in pyridine-water 
(2 : 1, v/v) at room temperature for 24 h gave only 
3'-0-acetylthymidine ^-phenyl 5'-phosphorothioate (12) 
in a poor yield. Among the mercury salts, mercury(II) 
acetate was not effective, but t reatment of 3a with 16 
equiv. of mercury(II) chloride at room temperature 
for 16 h gave 11 quantitatively. O n the other hand, two 
silver salts showed almost the same results as mercury-
(II) chloride. From the three effective metal salts, 
silver acetate was finally chosen as an effective and mild 
agent for removal of both phenylthio groups. The 
details of one-step removal of both phenylthio groups 
from 3a are summarized in Table 3. This deblocking 
reaction was carried out at room temperature for 16 h 
using 16 molar equiv. of silver acetate in pyridine-water 
(2 : l , v /v ) . After the deblocking reaction was com­
pleted, the excess of silver acetate, disilver salt of 
nucleotide, and AgSPh could be converted to the 
mixture of acetic acid, pyridinium salt of nucleotide, 
and benzenethiol, respectively, by bubbling hydrogen 
sulfide with the formation of insoluble silver sulfide 
which could be easily separated off by centrifugation 
or filtration. Thus, from 3a, 3b , 3c, and 3d, the 
corresponding deblocked nucleotides (11a, l i b , l i e , 
and l i d ) were obtained by paper chromatography in 
99, 97, 96, and 95 yields, respectively. T h e use of 

TABLE 3. DEPROTECTION OF ARYLTHIO GROUPS FROM 

PHOSPHORYLATED COMPOUNDS (3 ) 

Phosphorylated 
compound 

Conditions 
x ~ v 

AgOAc Time 
(equiv.) h 

Product (%) 

pT ArSpT 

(PhS)2pT 

(PhS)2pTOAc 

(4-GH3OG6H4S)2pT 

MMTrTp(SPh)2 

4 
6 
8 
8 

16 
16 
16 

16 
20 
16 

co co 

3 
18 
3 

18 

00
 

00
 

00
 

18 

46 
55 
55 
97 
80 

100 

9 
20 
46 

0 
15 
0 

99 0 
(pTOAc) (PhSpTOAc) 

87 10 
98 0 
96 0 

(MMTrTp) (MMTr-
TpSPh) 

cation exchange resin ( D I A I O N SK IB, pyridinium 
form) was also useful for removal of silver ions. In this 
case, AgSPh was not converted sufficiently to benzene­
thiol. However, it could be filtered off with the resin. 

Furthermore, in these silver ion-catalyzed hydrolysis 
reactions, the 3 ' -5 ' isomerization of phosphoryl group 
was also examined by taking 3e and 3f. Each mono­
nucleot ide substance corresponding to p T or T p 
obtained by treatment of 3e or 3f with silver acetate in 
aqueous pyridine as described above was acetylated 
with acetic anhydride in pyridine followed by condensa­
tion with 5'-0-tritylthymidine in the presence of TPS . 
Consequently, trityl containing dinucleotide correspond­
ing to T r T p T O A c or T r T p 3 ' T 5 ' O A c was obtained. 
The dinucleotide derivatives were deprotected by 
successive treatment with concentrated ammonium 
hydroxide and with 8 0 % acetic acid to afford unpro­
tected dinucleotides corresponding to T p T and T p 3 ' T . 
The dinucleotidic substance (90.1 OD) originally 
derived from 3e was degraded by snake venom phos­
phodiesterase in more than 99 .3% to give T (45.4 OD) 
and p T (47.4 OD) in the ratio of 1.00 : 0.96 and by 
spleen phosphodiesterase in more than 98 .3% to give 
T p (42.8 OD) and T (46.2 OD) in the ratio of 1.00 : 
1.08. O n the other hand, the dinucleotidic substance 
derived from 3f was recovered in more than 99.6 
and 99.4% yields, respectively, when it was incubated 
with snake venom phosphodiesterase and with spleen 
phosphodiesterase under the same conditions. T h e 
results indicate clearly that the 3 ' -5 ' isomerization of 
phosphoryl group does not take place during the silver 
ion-catalyzed hydrolysis in the case of 3e and 3f. No 
isomerization was also suggested from the fact that 
thymidine 3',5'-cyclic phosphate (8) could not be 
detected. 

o 
RO-P-SR 

0" 

NuH 

Ag* or I2 

Scheme 8. 

RO-P-Nu 
0" 

It has been well known that a diester type of phos-
phorothioates represented as R S - P ( 0 ) ( O R ' ) 0 ~ can be 
activated oxidatively on sulfur a tom by oxidizing 
agents such as iodine and sodium metaperiodate to 
produce a metaphosphate derivative, R ' O P ( 0 ) = 0 , 
which in turn reacts with various nucleophiles to afford 
the corresponding phosphorylated products. This 
reaction has been utilized for the synthesis of nucleoside 
di- and tri-phosphates by Nussbaum.7) Furthermore, 
it has recently been reported that unsymmetrical oc,y-
dinucleosides triphosphates could be obtained in good 
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yields by activating the phenylthio group of P1-^-
phenyl P2-ribonucleoside 5'-pyrophosphorothioates in 
the presence of silver salts.6) 

Therefore, conversion of phosphorodithioates to 
phosphoromonothioates under milder conditions should 
be required. 

In connection with our previous results in oligonucleo­
tide synthesis via the phosphotriester method where the 
phenylthio group was used as an internucleotidic 
phosphate protecting group,5) we have found that one 
of two phenylthio groups can be removed selectively 
from bis (phenylthio) phosphoryl group under very mild 
conditions. 

In order to introduce a phosphite group (p3) into 
3'-hydroxyl of 3e for the preparation of (PhS) 2pTp 3 

(13), 3e was treated with 4 equiv. of phosphonic acid 
in the presence of T P S in dry pyridine for 24 h according 
to the procedure reported early. However, 13 could 
not be obtained but a product (14: PhSpTp 3) leaving 
one of two phenylthio groups was obtained as the main 
product. T h e formation of 14 might be explained as a 
result of elimination of one phenylthio group from the 
expected compound (13) by the catalytic action of 
phosphonic acid. Consequently, the independent 
reaction of 3a with 4 equiv. of phosphonic acid under 
the same conditions was tested. When 3a was treated 
with 4 equiv. of phosphonic acid in dry pyridine at room 
temperature for 24 h, ^-phenyl 3'-0-acetylthymidine 5'-
phosphorothioate (12) was obtained quantitatively. 
The reaction was keenly specific because acetyl group 
could not be removed at all under the same conditions. 
I t was also found that under the conditions mono-
methoxytrityl group and trityl group were stable as 
indicated in the following experiment. When 3c was 
treated with 6 equiv. of phosphonic acid in dry pyridine 
for 20 h, T L C showed a negligible loss of monometh-
oxytrityl group, and ^-phenyl 5'-0-monomethoxytrityl-
thymidine 3'-phosphorothioate (5) was obtained in 
8 6 % yield. In comparison with phosphonic acid, phos­
phates, such as 2,2,2-trichloroethyl phosphate, made 
only negligible effect on such deblocking reaction. 
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Scheme 9. 

In order to extend the catalyst we examined to use 
phosphinic acid ( p A " a = l . l ) U ) which has a little smaller 
pKa value than phosphonic acid (pKai = l.3).ll:> I t was 
found that phosphinic acid is much more soluble in 
pyridine than phosphonic acid and that the velocity 
of the deprotection was considerably accelerated for the 
dearylthioation compared with phosphonic acid : When 
3a was treated with 1.2 equiv. of phosphinic acid in 
dry pyridine, 3a disappeared completely after 10 h and 
12 was formed in 9 7 % yield along with 3'-0-acety1-
thymidine-5'-phosphate and the corresponding pyro­
phosphate derivative. Furthermore, an effect of addition 
of 1,2,4-triazole was tried for the deblocking reaction. 
The compound, 3a, was treated with 1.2 equiv. each of 
phosphinic acid and 1,2,4-triazole at room temperature. 
The deblocking reaction occured only in 6 1 % yield 
after 3 h. For the complete deprotection, it took about 
one day. Although the addition of 1,2,4-triazole 
reduced the reaction velocity, the deblocking reaction 
proceeded selectively and gave 12 in quantitative yield 
without any visible by-products. 

Next, the synthesis of protected dithymidine diphos­
phate derivatives was examined by using 3e as the 5'-
terminal nucleotide component. Compound 3e was 
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phosphorylated with 2,2,2-trichloroethyl phosphate1 2 ) in 
the presence of TPS and then condensed with thymidine 
by use of l-(/?-nitrobenzenesulfonyl)-l//-l,2,4-triazole 
(NBST).13) However, the desired dinucleotide (16a) 
was obtained unexpectedly in a lower yield of 4 4 % 
than expected. In this reaction, a partial dephenylthio-
ation was observed during the second coupling reaction. 
Such deprotection could be hardly observed during the 
phosphorylation step using 2,2,2-trichloroethylphosphate 
and T P S or the condensation step of introducing the 
bis (phenylthio) phosphoryl group into nucleoside hydrox-
yls using TPS . T h e above remarkable difference 
seemed to be attributed to the kind of condensing agent. 
The lower yield of 16a by use of NBST was considered 
as a result of nucleophilic attack of 1,2,4-triazole to 
phosphorus of the phosphorodithioate followed by 
elimination of benzenethiol to give a phosphotriazole 
intermediate. During the phosphorylation 1,2,4-
triazole accumulates up to at least equimolar amount . 
The phosphotriazole is easily hydrolyzed during work-up 
of the reaction mixture to form the deblocked product. 
This catalytic effect of triazole was also confirmed by the 
following experiment. By treatment of 3a in the presence 
of one equiv. of 1,2,4-triazole in dry pyridine at room 
temperature for 72 h, 12 was formed in 3 1 % yield. In 
the case of imidazole, 12 was found in 6 7 % yield under 
the same conditions. O n the other hand, tetrazole 
gave 12 only in 4 % yield. Thus , it was concluded that 

the catalytic effect of these azoles on the undesirable 
deprotection of the phenylthio group decreases in the 
following order: im idazo l e^ triazole <Oetr azole. The 
powerful catalytic effect of imidazole might be utilized 
for the selective removal of the phenylthio group from 
the bis (phenylthio) phosphoryl group as well as that 
of phosphonic acid or phosphinic acid described preced-
ingly. In fact, 12 was obtained in 9 6 % yield by treat­
ment with 10 equiv. of imidazole for 28 h. The details 
of the selective deprotection are summarized in Table 4. 

The above results indicate that arenesulfonyl 
imidazales should not be used condensing agents for 
phosphorylation of nucleotides having bis (phenylthio)-
phosphoryl group. Accordingly, T P S was used for the 
formation of internucleotidic bond and 16a was obtained 
in 9 2 % yield. In this case, the monomethoxytritylation 
after the condensation was performed so as to remove 
the by-product of the 3 ' - 3 ' isomer.14) 

Since neutral condensing agents such as NBST, 
l - (2 ,4 ,6 - t r i i sop ropy lbenzenesu l fony l ) -1 / / - te t razole 
(TPSTe) , and l-(8-quinolinesulfonyl)-l//-tetrazole 
(QSTe) have become apparently more desirable than 
T P S in several aspects as reported in a number of 
labolatories,15_21) our efforts were focused on the 
exploration of protecting groups more stable towards the 
above-mentioned azoles. In conclusion, it was found 
that 4-methoxyphenylthio group having an electron-
donating group on benzenethiol was sufficiently stable. 

TABLE 4. TREATMENT OF 3a AND 17a WITH IMIDAZOLE, 1,2,4-TRIAZOLE, AND TETRAZOLE 

Azole 

Imidazole 

1,2,4-Triazole 

Tetrazole 

Imidazole 

1,2,4-Triazole 

Tetrazole 

(ArS)2pTOAc 
Ar 

(PhS) îPTOAc 

(4-GH3OG6H4S) 2pTOA( 

Ratio of 
Azole/(ArS)2pTOAc 

FÔ 
10 
10 

1 

10 
10 

1 

10 
10 
1 

: 10 
10 

1 

1 

10 
1 

Pyridine-H20 

(ml) Cml) 
1.0 
1.0 
1.0 
0.2 

1.0 
1.0 
0.2 

1.0 
1.0 
0.2 

10 
1.0 
0.2 

0.2 

1.0 
0.2 

— 
— 

0.1 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

Time 
h 

(3 
28 

6 
72 

6 
72 
72 

6 
72 
72 

72 
72 
72 

72 

72 
72 

Product 

ArSpTOAc 

63 
96 
81 
67 

4 
21 
31 

< 1 
5 
4 

0 
4 

14 

2 

0 
0 

° (%) 
pTOAc 

Ô 
1 
5 
3 

0 
0 
1 

0 
0 
0 

0 
0 
0 

0 

0 
0 

a) The yields of PhSpTOAc and 4- GH3OG6H4SpToAc were calculated by using e values of P h S p T [ ^ 267 mm (e 8 .6x 
103)] and 4-GH3OG6H4SpT y m 267 mm (e 9.2X 103)]. 
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The introduction of bis(4-methoxyphenylthio)phosphor-
yl group into hydroxyls of nucleosides could be readily 
carried out as well as that of the bis (phenylthio) phos-
phoryl group as shown in Table 1. T h e promising 
feature of 4-methoxyphenylthio group is demonstrated 
in the following experiment: When 3'-0-acetylthymi-
dine .S^-di^-methoxyphenyl) 5'-phosphorodithioate 
(17a) was treated with one equiv. of 1,2,4-triazole in 
pyridine at room temperature for 72 h, only 2 % of the 
corresponding deprotected product (18) was formed. 
Therefore, the deprotection reaction can be suppressed 
within 1% under the usual conditions using NBST in 
coupling reactions. In fact, when .S^-di^-methoxy-
phenyl) thymidine 5'-phosphorodithioate (17a) was 
phosphorylated with 2,2,2-trichloroethyl phosphate by 
use of T P S and successively condensed with thymidine 
by employing NBST followed by the monomethoxy-
tritylation of the mixture, the corresponding dithymi-
dine diphosphate derivative (16b) was obtaind in 
9 0 % yield. In a similar manner , the corresponding 
trithymidylate, (4-CH 3 OC 6 H 4 S) 2 pTp(tc)Tp( tc)T, was 
obtained in 8 2 % yield from 16b. 

Removal of Protecting Groups from the Oligomers. 
Selective removal of one of two phenylthio or two 4-
methoxyphenylthio groups from 16a or 16b was also 
carried out by using 0.2 M N a O H - d i o x a n e ( 1 : 1 , v/v) 
at room temperature for 20 min or by phosphonic acid 
in pyridine containing a small amount of water at room 
temperature for 24 h. T h e product, PhSpTp( tc )T , or 
4-CH 3 OC 6 H 4 SpTp( tc )T was easily converted to pTp-
(tc)T by treatment with iodine in aqueous pyridine. 
This two-step procedure for removal of both arylthio 
groups is efficient for obtaining pTp( t c )T in high yields. 
When zinc/acetylacetone in DMF-pyridine2 2) was 
employed for removal of 2,2,2-trichloroethyl group of 
16a, the phenylthio groups were together removed and 
p T p T was obtained by one-step t reatment in 7 1 % 
yield. I t seems to be plausible that the active ZnCl+ 
formed along with 1,2-dichloroethylene serves as an 
activating reagent of the phenylthio group to liberate 
ZnCl(SPh) or Zn(SPh) 2 . In order to remove 2,2,2-
trichloroethyl group selectively, benzenethiol was added 
as a scavenger of ZnCl+. Contrary to our expectation, 
p T p T was obtained in 8 4 % yield from 16a. Under the 
same conditions, p T p T was obtained in 3 5 % yield 
from 16b and the desired product, (4-CH 3OC 6H 4S) 2 -
p T p T , was obtained in 34% yield. 

> 

OH" 

Zn 
1 _ ^ 

CH38CH2CCH3 

Scheme 13. 

Removal of both phenylthio or both 4-methoxyphenyl­
thio groups from the fully protected dinucleotide (16a) 
or (16b) was carried out as follows : Trea tment of 16a 
or 16b with 16 equiv. of silver acetate in pyridine-water 
( 2 : 1 , v/v) at room temperature for 16 h or 18 h gave 

the deprotected dinucleotide pTp( tc )T in 98 or 97% 
yield. The successive treatment of the deprotected 
dinucleotide with zinc powder in DMF-pyr id ine 
(2 : 1, v/v) in the presence of acetylacetone gave p T p T 
in quantitative yield. O n the other hand, treatment 
of (4-CH 3 OC 6 H 4 S) 2 pTp( tc)Tp( tc)T with 20 equiv. of 
silver acetate in aqueous pyridine followed by zinc/ 
acetylacetone in DMF-pyr id ine gave p T p T p T in 97% 
yield. 

E x p e r i m e n t a l 

Proton magnetic resonance spectra were recorded at 60 Hz 
on a Varian A-60 spectrometer. Infrared spectra were 
obtained on a Hitachi 124 spectrophotometer. Melting 
points were taken on a Fisher-Johns melting point block. 
Reagent grade pyridine was distilled by addition of />-toluene-
sulfonyl chloride and stored over calcium hydride for several 
weeks. Paper chromatography was performed using the 
descending technique on Toyo Roshi No. 51 or Whatman 
3 MM paper. The solvent systems used for paper chromatog­
raphy were: isopropyl alcohol-concentrated ammonium 
hydroxide-water (7: 1:2, v/v) (Solvent I ) ; ethyl alcohol-1 M 
ammonium acetate (pH 7.5) (7: 3, v/v) (Solvent II) ; butyl 
alcohol-water (84: 16, v/v) (Solvent III). Paper electro­
phoresis was carried out on Toyo Roshi No. 51A (15 cmx 
60 cm) impregnated with the solvents described byMarkham23) 

and 1200 V for 1.5 h (buffer I) or at 1500 V for 1.5 h (buffer II) 
using an apparatus similar to that described by Markham and 
Smith;23) buffer I, 0.05 M potassium phosphate (pH 8.0); 
buffer II, 0.05 M potassium phosphate (pH 6.0). For separa­
tion of appropriately protected nucleotide derivatives of tri-
ester-type, silica gel (C-200) purchased from Wako Chemical 
Go. was used. The eluent was monitored by thin layer 
chromatography using pre-coated plates of silica-gel 60 
F-254 purchased from Merck Chemical Go. The yields 
of water-soluble nucleotidic products were estimated spectro-
photometrically after elution of the bands from paper chromato-
grams. Absorbances were determined with a Hitachi 
spectrophotometer by the absorbancy for a blank cut from the 
paper adjacent to the product spot. Snake venom and calf 
spleen phosphodiesterases were purchased from Boehringer 
Mannheim Go. 

S,S-Dipheriyl Phosphorodithioate (2a). Sodium Phosphi-
nate (5.30 g, 50 mmol) was converted to pyridinium salt by 
passing the aqueous solution through DIAION SK IB 
(Mitsubishi Kasei Kogyo Go., pyridinium form). Elution 
was performed with 500 ml of water. The eluent was evap­
orated and the residue was dried by repeated coevaporations 
with pyridine. The resulting white solid was mixed with 
diphenyl disulfide (22.89 g, 105 mmol) and dissolved in 400 ml 
of dry tetrahydrofuran (THF). Trimethylsilyl chloride 
(13.1 ml, 105 mmol) and triethylamine (14.8 ml, 105 mmol, 
were added dropwise to the THF solution at 0 °G. After 
the addition the mixture was warmed to room temperature 
and stirred for 20 h. A precipitate of triethylamine hydro­
chloride was filtered off and the filtrate was evaporated to 
dryness. The residue was treated with 2 M hydrochloric 
acid (200 ml) and extracted with dichloromethane (GH2G12) 
(4x 100 ml). The extracts were combined and evaporated 
to dryness. The residue was dissolved in chloroform (200 ml) 
and treated with cyclohexylamine (5.73 ml, 50 mmol). The 
solvent was removed in vacuo to give an oily material which 
solidified after washing with three 50 ml portions of hexane. 
The solid was recrystallized from water containing a small 
ammount of THF to afford 15.8 g (83%) of 2a: mp 177— 
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179 °C; IR(KBr) 3040, 2950, 1629, 1580, 1523, 1476, 1388, 
1220, 1210, 1052 c m - 1 ; N M R (DMSO-</6-CD3OD, 1 : 1 , 
v/v) <5 1.00—1.57 (5H, m, protons of cyclohexane ring), 
1.57—2.11 (5H, m, protons of cyclohexane ring), 2.86 (1H) 
m, C H - N ) , 7.29 (3H, m, A r H ) , 7.56 (2H, m, A r H ) . 

Found: G, 56.71; H , 6.47; N , 3.75; S, 16.52%. Calcd for 
C 1 8 H 2 4 0 2 S 2 NP: C, 56.67; H , 6.34; N , 3.67; S, 16 .81%. 

S,S-Bis(4-methoxyphenyl) phosphorodithioate. T h e title 
compound (18.8 g, 85%) was prepared according to 
the same procedure as described above by using bis (4-
methoxyphenyl) disulfide (29.2 g, 105 m m o l ) ; m p 174— 
175 °C ; IR(KBr) 3050, 2920, 2830, 1588, 1535, 1488, 1450, 
1390, 1282, 1238, 1210, 1175, 1050, 1028 c m - 1 . N M R ( D M S O -
(DMSO-</6-CD3OD, 1 : 1 , v/v) 1.00—1.64 (m, 5H, protons 
of cyclohexane ring), 1.64—2.32 (m. 5H, protons of cyclo­
hexane ring), 2.90 (m, 1H, C H - N ) , 3.82 (s, 6H, O C H 3 ) , 
6.89 (d, 4H , 7 = 9 . 0 Hz , A r H ) , 7.58 (d, 4H , 7 = 9 . 0 Hz , A r H ) . 

Found : C, 54.42; H , 6.44; N , 3.12; S, 14.73%. Calcd for 
C 2 0 H 2 8 O 4 NS 2 P: C, 54.40; H , 6.39; N , 3.17; S, 14.52%. 

Introduction of S,S-Diaryl Phosphorodithioyl Group into Appro­
priately Protected Nucleosides. Typical Procedure A) 3'-0-
Acethylthymidine S,S-Diphenyl 5'-Phosphorodithioate (3a) : T P S 
727 mg (2.4 mmol) was added to 2a (458 mg, 1.2 mmol) in 
dry pyridine (2.0 ml) and it was kept at room temperature 
for 30 min. 3'-0-Acethylthymidine1 9) (284 mg, 1 mmol) , 
was added. T h e mixture was stirred at room temperature 
for 20 h. T h e solution was diluted with CH 2C1 2 (20 ml) and 
then water (20 ml) was added. T h e aqueous layer was 
further treated with CH 2C1 2 ( 3 x 2 0 ml) and the organic 
layers were combined and dried over N a 2 S 0 4 . The solution 
was concentrated in vacuo to dryness. T h e last traces of 
pyridine was removed by coevaporation with toluene ( 3 x 
10 ml) . The residue was treated with ethyl acetate (20 ml) 
whereupon pyridinium salt of 2,4,6,triisopropylbenzene-
sulfonic acid was separated. T h e white precipitate was 
filtered off and washed with cold ethyl acetate (10 ml) . T h e 
filtrate and washings were combined, dried over N a 2 S 0 4 , and 
evaporated to a gum. T h e residue was dissolved in a small 
amount of benzene and applied to a column on silica gel 
(20 g) . Elution with benzene-ethyl acetate ( 1 : 2 , v/v) gave 
505 mg (92%) of 3a as a white foam: 

B) S,S-Diaryl Thymidine 5'-Phosphorodithioates (3d and 
17d): Compound 2a (2.1 g, 5.5 mmol) was coevaporated 
with dry pyridine ( 3 x 5 ml) and dissolved in dry pyridine 
(10 ml) . T o the solution was added T P S (3.33 g, 11 mmol) . 
The mixture was stirred at room temperature for 1 h and 
then well pulverized thymidine (1.21 g, 5.0 mmol) was added. 
After stirring at room temperature for 22 h, the mixture was 
diluted with chloroform (40 ml) and then water (40 ml) was 
added. T h e organic layer was collected and the aqueous 
layer was further extracted with chloroform ( 3 x 1 0 ml) . T h e 
organic extracts were combined, dried over N a 2 S 0 4 , evap­
orated to dryness, and coevaporated with toluene (10 ml) . 
The residue was treated with ethyl acetate (100 ml) and a 
white precipitate was filtered off. T h e filtrate was evaporated 
in vacuo and dissolved in dry pyridine after repeated evapora­
tions with dry pyridine ( 3 x 5 ml) . T o the solution was 
added monomethoxytrityl chloride (577 mg, 2.0 mmol) . 
After stirring at room temperature for 15 h, the mixture was 
diluted with chloroform (50 ml) and then water (50 ml) was 
added. The aqueous layer was further extracted with chloro­
form ( 2 x 10 ml) and the organic extracts were combined and 
dried over N a 2 S 0 4 . T h e solution was evaporated to dryness 
in vacuo, coevaporated with CH 2Cl 2 - to luene ( 3 x 5 ml) , and 
the residue chromatographed on silica gel with T H F ( 5 : 1 , 
v/v) to afford 3d (3.34 g, 66%) as a white foam. 

Removal of Monomethoxytrityl Group from 3c. S,S-Di-

phenyl Thymidine 3'-Phosphorodithioate (3f) : Compound 3c 
(779 mg, 1 mmol) was dissolved in 8 0 % acetic acid (50 ml) 
and the solution was kept at room temperature for 6 h. The 
mixture was evaporated to dryness in vacuo, and coevap­
orated with pyridine (5 ml) and then with toluene ( 3 x 5 ml) . 
T h e residue was chromatographed on silica gel with CH 2 C1 2 -
methanol to give 3e (477 mg, 94%) : U V m a x ( M e O H ) 256 n m 
(e 1 4 x l 0 3 ) , U V m i n ( M e O H ) 245 n m (e 1 3 . 5 x l 0 3 ) . T h e 
da ta of its elemental analysis and *H-NMR spectrum are 
shown in Tables 1 and 2. 

Conversion of 3c to 5: To a solution of 3c (389.5 mg, 0.5 
mmol) in dioxane (12 ml) was added 0.2 M N a O H (11 ml) with 
stirring. T h e mixture was kept at room tempera ture for 
15 min and then neutralized through a column (1 cm X 27cm) 
of D I A I O N SK IB (NH4+ form). T h e column was washed 
with d ioxane-water ( 2 : 1 , v/v, 60 ml) , and the eluent and 
washings were combined and concentrated to ca. 20 ml. T h e 
aqueous solution was extracted with hexane ( 3 x 2 0 ml) for 
removal of benzenethiol and then passed through a column 
( 1 cm X 2 7 cm) of D I A I O N SK 1B (Na+ form). T h e column was 
eluted with d ioxane-water ( 2 : 1 , v/v, 200 ml) and the eluent 
was concentrated to ca. 20 ml. T h e solution was extracted 
with CH 2C1 2 (3 X 20 ml) by addit ion of a few milliliters of 
saturated sodium chloride. T h e organic layer was dried over 
N a 2 S 0 4 , concentrated to 5 ml, and poured into hexane 
(100 ml) . A white precipitate was collected and dried over 
P 4 O 1 0 in vacuo to give sodium salt (310 mg, 81%) of 5 : U V m a x 

( H 2 0 ) 266 n m (e 10.4x 103), U V m i n ( H 2 0 ) 255 n m (e 9.5 X 
103), U V s h ( H 2 0 ) , 232 n m (e 1.9 x 103). 

Found : C, 56.56; H , 5.10; N , 3.52%. Calcd for C3 6H3 4-
N 0 8 P S N a - 3 H 2 0 : C, 56.69; H , 5.29; N , 3.67%. 

Conversion of 5 to 4: The sodium salt of 6 (140.7 mg, 0.2 
mmol) obtained in the above experiment was t reated with 
8 0 % acetic acid (10 ml) a t room tempera ture for 6 h. T h e n 
water (20 ml) was added and the aqueous solution was ex­
tracted with CH 2C1 2 ( 3 x 2 0 ml) . T h e aqueous solution was 
evaporated and lyophilized to give a hygroscopic sodium salt 
(87 mg, 100%) of 4 : U V m a x ( H 2 0 ) 266 n m (s 9.2 XlO 3 ) , 
245 n m (e 7 .6x 103), U V m l n (H a O) 249 n m (7.6X 103), 230 
n m (e 6.2 XlO3) . 

Found : C, 40.50; H , 4 .41 ; N , 5 .6%. Calcd for C1 6H1 8-
0 7 N 2 P S N a - 2 H 2 0 : C, 40.68; H , 4.70; N , 5 .93%. 

Alkaline Treatment of 3e and 3f and Enzymatic Assay of the 
Resulting Diesters: T o a solution of 3e (93 mg, 0.184 mmol) in 
dioxane (4.4 ml) was added 0.2 M N a O H (4.4 ml) with 
stirring. After being stirred at room temperature for 15 min, 
the solution was passed through a column (1 cm X 2 cm) of 
D I A I O N S K IB (NH4+ form) and the elution was performed 
with dioxane-water ( 1 : 1 , v/v, 60 ml) . T h e eluent was con­
centrated to ca. 10 ml, and extracted with ether ( 3 x 10 ml) 
for removal of benzenethiol. T h e aqueous solution was 
concentrated and applied to W h a t m a n 3 M M paper developed 
with Solvent I to afford 7 (Rf 0.72, 8 7 % ) , 8 (Rt 0.53, 12%), 
a n d P T ( + T p ) (* f 0.20, 1%). 

A similar t rea tment of 3f gave 4 (Rf 0.71, 76%) , 8 (Rf OAT, 
2 1 % ) , and T p _ ( + p T ) (Rt 0.18, 3%) . 

T h e ammonium salt (138 O D ) of 7, obtained from 3e in the 
above experiment, was incubated with snake venom phospho­
diesterase (70 fxg) in Tris buffer (pH 8, 1.4 ml) at 37 °C for 
1 h. After incubation the mixture was t reated with pyr idine 
(1 ml) and chromatographed on W h a t m a n 3 M M paper 
developed with Solvent I to give p T (Rt 0.20, 130 O D ) as the 
sole nucleotidic material . 

I n a similar manner , the ammonium salt (143 OD) of 4, 
obtained by alkaline t rea tment of 3f, was incubated under the 
same conditions. T h e paper chromatography showed un­
changed 4 (138 O D ) a n d T p (Rt 0.20, 2 O D ) . 
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Enzymatic Assay of the Authentic Samples (7 and 4) : T h e 
ammonium salt (112 OD) of 7, obtained from thymidine 
5'-phosphite, was incubated with snake venom phospho­
diesterase (66 (xg) in Tris buffer (pH 8.0, 1.32 ml) at 37 °C 
for 1 h. One tenth of the incubation mixture was treated 
with pyridine (0.1 ml) and analyzed with paper electro­
phoresis (pH 8.0), which showed a single band of p T (12.5 
O D ) . 

T h e ammon ium salt (76.1 OD) of 4, obtained by treatment 
of 5 with 8 0 % acetic acid in the previous experiment, was 
incubated with snake venom phosphodiesterase (38 (xg) in 
Tris buffer (pH 8, 0.76 ml) at 37 °C. After 1, 6, and 20 h, 
0.1 ml aliquots of the incubation mixture were analyzed with 
paper electrophoresis (pH 8.0), and the bands corresponding 
to p T were eluted with water , and the yields of p T were 
spectroscopically calculated to be 1.5% (1 h) , 7 % (6 h ) , 
and 1 1 % (20 h ) , respectively. These results showed that this 
enzyme is essentially resistant to T p S P h within 1 h but de­
grades it gradually to T p and benzenethiol for prolonged 
incubation. 

One-step Removal of Both Phenylthio Groups from Bis(phenylthio)-
phosphoryl Group. Typical Procedure A) : To a solution of 
silver acetate (97 mg, 0.58 mmol) in pyridine-water ( 2 : 1 , 
v/v, 3 ml) was added 3a (20.0 mg, 36.5 [i.mol) and the homo­
geneous solution was vigorously stirred at room temperature . 
T h e solution turned gradually to a suspension. After being 
stirred for 18 h, the suspension was bubbled with hydrogen 
sulfide gas until a clear supernatant solution had been ob­
tained. T h e precipitate was removed by centrifugation (or 
sometime by filtration) and washed with water ( 2 x 5 ml) . 
T h e supernatant and washings were concentrated to ca. 2—3 
ml and chromatographed on W h a t m a n 3 M M paper developed 
with solvent I I to give a single band of Rt 0.20. Elution of 
the band with water afforded p T O A c (315 O D , 9 9 % ) . 

B) : To a solution of 3c (77.9 mg. 0.1 mmol) in pyridine 
(5 ml) was added water (2.5 ml) and then silver acetate (267 
mg, 1.6 mmol ) . T h e resulting solution was stirred vigorously 
at room tempera ture for 18 h and then bubbled with hydrogen 
sulfide gas at 0 °C until a clear supernatant solution had been 
obtained. T h e resulting suspension was evaporated in vacuo 
to remove excess hydrogen sulfide and then diluted with 
pyr id ine-water ( 2 : 1 , v/v, 10 ml) . T h e black precipitate 
was removed by centrifugation, and the supernatant and 
washings with pyr id ine-water ( 2 : 1 , v/v, 3 x 2 ml) were 
combined, evaporated, and chromatographed on W h a t m a n 
3 M M paper developed with Solvent I . A band of Rt 0.45 
was eluted with water to give M M T r T p (37.1 O D , 9 6 % ) . 

Treatment of 3e and 3f with Silver Acetate in Aqueous Pyridine. 
In the Case of3e: T o a solution of 3e (33.9 mg, 0.767 mmol) in 
pyridine (3.9 ml) was added water (1.9 ml) and then silver 
acetate (205 mg, 1.23 mmol ) . T h e mixture was stirred 
vigorously a t room tempera ture for 16 h. T h e resulting 
suspension was bubbled with hydrogen sulfide gas until a 
clear supernatant had been obtained. T h e precipitate of 
silver sulfide was centrifuged and the supernatant solution was 
decanted. T h e precipitate was washed with pyridine-water 
( 2 : 1 , v/v, 2 x 3 ml) , and the supernatant and washings were 
collected and then evaporated to dryness. T h e residue was 
dr ied by repeated evaporations with dry pyridine ( 4 x 3 ml) 
and t reated with acetic anhydride (0.22 ml) in dry pyridine 
(0.77 ml) at room tempera ture for 12 h. Then ice-water 
(20 ml) was added and the mixture was extracted with 
chloroform ( 3 x 2 0 ml) . T h e aqueous layer was evaporated 
to dryness and a benzene adduct of T r T (35.9 mg, 0.064 
mmol) was mixed. T h e mixture was dried by repeated 
evaporations with dry pyridine ( 4 x 3 ml) and treated with 
T P S (46.5 mg, 0.15 mmol) in dry pyridine (0.8 ml) at room 

temperature for 3 h. Then the mixture was quenched with 
water (20 ml) and extracted with chloroform ( 3 x 1 0 ml) . 
T h e organic extracts were collected, evaporated to dryness in 
vacuo, and treated with 8 0 % acetic acid (10 ml) at 100 °C 
for 20 min. After removal of the solvent in vacuo, the residue 
was t reated with coned N H 4 O H - M e O H ( 1 : 1 , v/v, 20 ml) at 
room tempera ture for 10 h. Then the mixture was evaporated 
to dryness and chromatographed on Wha tman 3 M M paper 
developed with Solvent I. A band of Rt 0.43 corresponding 
to T p T was eluted with water to give a nucleotidic material 
of 194 O D . 

In a similar manner , a nucleotidic material (203 OD) 
corresponding to T p 3 ' T was obtained from 3f (40.5 mg, 0.08 
mmol) via T r T p 3 ' T 5 ' OAc. 

Enzymatic Assay of the Dithymidine Monophosphate Derivatives 
Obtained in the Above Experiments. A) : T p T (90.1 O D , 
4.92 mol) obtained from 3e was incubated with snake venom 
phosphodiesterase (50 (i,g) in 0.1 M Tris buffer (pH 8, 1.0 ml) 
at 37°C for 12 h. After addition of pyridine ( 1 m l ) , the 
mixture was chromatographed on W h a t m a n 3 M M paper 
developed with Solvent I to give T (45.4 O D , 96.1%) and p T 
(47.4 O D , 100%). 

T h e same substrate (90.1 O D , 4.92 mol) was incubated with 
spleen phosphodiesterase (140 (xg) in 0.05 M N H 4 O A c (1.0 
ml) at 37 °C for 8 h. Paper chromatography of the mixture 
gave T (46.2 O D , 98%) and T p (42.8 O D , 9 0 % ) . In the 
above two enzymatic assays, the band corresponding to the 
original substrate was eluted with water and its recovery was 
spectroscopically calculated and estimated to be 0 .71% (0.64 
OD) and 1.7% (1.5 O D ) , respectively. B) T p 3 ' T (90.7 O D , 
4.96 (jtmol) obtained from 3f was incubated with snake venom 
phosphodiesterase and spleen phosphodiesterase under the 
same conditions as described in the above enzymatic assays. 
In both cases, the bands corresponding to the substrate 
unchanged and p T (or Tp) were cut and eluted with water. 
T h e recovery of T p 3 ' T was 100% (91 OD) and 98.6% (87 
O D ) , respectively, after t reatment with snake venom and 
spleen phosphodiesterases. p T and T p eluted were estimated 
to be less than 0 .3% (0.16 OD) and 0.6% (0.36 O D ) . 

Reaction of 3e with Phosphonic Acid in the Presence of p -
Toluenesulfonyltriazole. T o a solution of phosphonic acid 
(0.124 mmol) in pyridine-water ( 9 : 1 , v/v, 1 ml) added 3e 
(15.7 mg, 0.02 mmol) . T h e mixture was rendered anhydrous 
by repeated evaporations with pyridine ( 5 x 4 ml) and treated 
with l-(j&-toluenesulfonyl)-l//-triazole (27.4 mg, 0.124 mmol) 
in dry pyridine (0.5 ml) at room temperature for 24 h. Then 
the mixture was quenched with water (10 ml) and extracted 
with CH2C12 ( 3 x 1 0 ml) . T h e organic layer was analyzed 
by T L C ("Avicel" plate, Funakoshi Co.), which showed no 
significant spots containing phosphate group indicating that 
the Hanes-Isherwood test (spray) was negative. T L C of the 
aqueous layer showed a main product of Rt 0.49 (Solvent I) 
which was formed almost quantitatively. T h e spot did not 
change when coned N H 4 O H was added to an aliquot of the 
aqueous layer. When one third of the aqueous layer was 
dried by repeated evaporations with dry pyridine ( 4 x 1 ml) 
and treated with 2,2'-dipyridyl disulfide (4.4 mg, 0.02 mmol) 
in the presence of iV,0-bis(trimethylsilyl)acetamide (0.1 ml) 
in dry pyridine (0,2 ml) a t room temperature for 2 h, the 
spot changed to a new one of Rt 0.23 (Solvent I) or 0.39 
(Solvent I I I ) corresponding ot PhSpTp . T h e spot was also 
converted to a new spot of Rf 0.84 (Solvent I) when one third 
of the aqueous layer was treated with diphenyl disulfide in 
place of 2,2'-dipyridyl disulfide. T h e spot of Rt 0.84 was 
identical with PhSpTpSPh obtained by treatment of 3d (29 
mg, 0.038 mmol) with 0.2 M N a O H - d i o x a n e ( 1 : 1 , v/v, 8 ml) 
at room temperature for 15 min. Trea tment of PhSpTpSPh 
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with 20 equiv. of iodine in pyridine-water ( 2 : 1 , v/v) gave 
p T p of Rt 0.05 (Solvent I ) . T h e changes in the above trans­
formations of the product of Rt 0.23 were also followed by 
paper electrophoresis. The da ta are shown as follows: 
PhSpTp 3 : R m (pH 8.0, relative to pT) 0.94; P h S p T p : 1.10; 
PhSpTpSPh: 0.82; p T p : 1.18. These results suggested that 
the initial product from the reaction of 3e with phosphonic 
acid was PhSpTp 3 . 

Selective Removal of One Phenylthio Group from 3a by Using 
Phosphonic acid. By dissolving phosphonic acid (2.05 g, 
25 mmol) in T H F using 25 ml measuring flask, 1 M solution of 
phosphonic acid was prepared. T h e standard solution of 
2.4 ml was taken, evaporated, and dried by repeated evapora­
tions with dry pyridine ( 3 x 1 ml) . T o the pyridinium 
phosphonate was added 3a (27.4 mg, 0.05 mmol) in dry 
pyridine (ca. 0.5 ml) . The weight of the mixture was 537 mg. 
Aliquots from the reaction mixture after 0.5, 1, 7, 11, 
and 21 h were taken out, weighed, and applied to paper 
electrophoresis (pH 6.0) at 1500 V for 1 h. A band of R m 
0.8 (to pT) was eluted with 0.1 M phosphate buffer (pH 7.0) 
and the yield was estimated by U V spectrophotometer. 

Conversion of 3c to 5 by Use of Phosphonic Acid. T h e 
pyridinium salt (2.4 mmol) of phosphonic acid and 3c (312 
mg, 0.4 mmol) were mixed, dried by repeated evaporations 
using dry pyridine ( 4 x 1 ml) and finally dissolved in dry 
pyridine (4 ml) . After being stirred at 30 °C for 15 h, the 
solution was treated with CH 2G1 2 (20 ml) and water (20 ml) . 
The aqueous solution was further extracted with CH 2 C1 2 

( 3 x 10 ml) . The GH2C12 extracts were combined dried over 
N a 2 S 0 4 , concentrated to ca. 2 ml, and poured into hexane 
(50 ml) . A white precipitate was collected and dried over 
P 4 0 5 in vacuo for 12 h to give the free acid of 5 (236 mg , 8 6 % ) . 
T h e product was almost homogeneous on T L C [R{ 0.42 
(silica gel plate), Solvent I I I ] . 

Synthesis of (PhS)%pTp(tc)T. Pyridinium salt (0.6 
mmol) of 2,2,2-trichloroethyl phosphate and 3e (203.1 mg, 0.5 
mmol) were mixed, dried by repeated coevaporations with 
dry pyridine ( 4 x 3 ml) , and treated with T P S (379 mg, 1.25 
mmol) in dry pyridine (2.5 ml) at room temperature for 20 h . 
Then CH2C12 (20 ml) and water (20 ml) were added. T h e 
aqueous layer was extracted with CH 2C1 2 ( 3 x 10 ml) . T h e 
CH2C12 extracts were combined, dried over N a 2 S 0 4 , and 
evaporated to dryness, and then thymidine (183 mg, 0.75 
mmol) was added. T h e mixture was rendered anhydrous by 
repeated coevaporations with dry pyridine ( 4 x 4 ml) , dissolved 
in dry pyridine (1.0 ml) , and finally t reated with />-nitro-
benzenesulfonyl 1,2,4-triazole (153 mg, 0.6 mmol) at room 
temperature for 24 h. T h e n CH 2C1 2 (20 ml) and water (20 
ml) were added to the solution. T h e aqueous layer was 
further extracted with CH2G12 ( 3 x 1 0 ml) and the extracts 
were combined and evaporated to dryness after dryning over 
N a 2 S 0 4 . T h e residue was evaporated with toluene ( 3 x 4 
ml) to remove the last traces of pyridine and chromatographed 
on silica gel with CH 2 Gl 2 -methanol to give the title compound 
(209 mg, 4 4 % ) : N M R (CDC13) Ô 1.81 (3H, s, C=C-CH 3 ) , 
1.90 (3H, C=CH 3 ) , 2.13—2.67 (4H, 2 'H) , 4.44 (2H, m, 4 'H) , 
4 .24- -L70 (5H, m, O H and 5 'H) , 4.70 (2H, d, 7 P _ H = 7 H z , 
C l 3 C C H 2 - 0 - P ) , 5.00—5.47 (2H, m, 3 'H) , 6.33 (2H, m, l ' H ) , 
7.20—7.73 (12H, m, A r H and J H ) : U V m a x ( M e O H ) 261 n m 
(E 21 .4x 103), U V m i n ( M e O H ) 241 n m (e 16.6 X 103). 

Found: G, 43.32; H , 3.95; N , 5.87%. Calcd for C3 4H3 7-
0 1 3N 4S 2P 2C1 3 : G, 43.35; H , 3.96; N , 5 .95%. 

Similarly, the use of T P S (303 mg, 1 mmol) in the second 
coupling reaction gave (PhS) 2 pTp( tc)T (433 mg, 9 2 % ) . 
This compound was further t reated with monomethoxytrityl 
chloride (308 mg, 1 mmol) in dry pyridine (10 ml) for 6 h in 
order to remove the 3 ' - 3 ' isomer. After the usual workup, 

pure (PhS) 2 pTp( tc )T (400 mg) was obtained by chromatog­
raphy. For further transformation or deprotection, this 
purified material was used. 

Treatment of 3a or 17a with Imidazole, 1,2,4-Ttriazole, and 
Tetrazole. General Procedure : T o a solution of 3a or 17a in 
dry pyridine was added an appropria te azole. T h e reaction 
conditions and the results are summarized in Table 4. The 
total weight of the reaction mixture was measured and 10— 
20 mg aliquots of the mixture after the times described in 
Tab le 4 were taken to be analyzed by paper electrophoresis. 

Synthesis of (4-CH^OC^H^S) 2p T(tc) T (16b). Pyridinium 
salt (513 mg, 1.2 mmol) of 2,2,2-trichloroethyl phosphate was 
dried by repeated evaporations with dry pyridine ( 4 x 5 ml) 
and finally dissolved in dry pyridine (5 ml) . T P S (727 mg, 
2.4 mmol) was added to the mixture and the solution was 
stirred at room temperature for 21 h. Then GH2C12 (30 ml) 
and water (30 ml) were added. The organic layer and 
further extracts with CH 2C1 2 ( 3 x 1 0 ml) from the aqueous 
layer were combined, dried over N a 2 S 0 4 , and concentrated 
to dryness. T h e residue was rendered anhydrous by repeated 
evaporations with dry pyridine ( 5 x 4 ml) and t rea ted with 
NBST (509 mg, 2 mmol) in dry pyridine ( 1 ml) for 1 h. Then 
well pulverized thymidine (363 mg, 1.5 mmol) was added to 
the mixture . T h e mixture was stirred a t room temperature 
for 26 h. T h e n CH 2C1 2 (30 ml) and water (30 ml) were 
added and the organic layer was collected, and then the 
aqueous solution was further extracted CH 2C1 2 (3 X 10 ml) . 
T h e organic extracts were combined, dried over N a 2 S 0 4 , and 
concentrated to dryness. T h e residue was coevaporated with 
toluene ( 4 x 4 ml) , and chromatographed on silica gel with 
GH 2 Cl 2 -methanol to afford 16b (902 mg, 9 0 % ) . T h e crude 
product containing the 3 ' - 3 ' isomer was further t reated with 
monomethoxytri tyl chloride (308 mg, 1 mmol) in pyridine 
(10 ml) at room temperature for 6 h to remove the 3 ' - 3 ' 
isomer and the purified material (798 mg) was used for further 
transformation and deprotect ion: NMR(CDC1 3 ) ô 1.82 (6H, 
m, CH 3 ) , 2.00—2.50 (4H, m, 2 'H) , 3.75 (6H, O G H 3 ) , 4.00— 
4.27 (2H, m, 4 'H) , 4.27—4.57 (5H, m, C H O H and 5 'H) , 4.60 
(2H, d, y p _ H = 7 H z , C 1 3 C C H 2 0 - P ) , 4.90—5.32 (1H, m, 
C H - O - P S ) , 6.08—6.56 (2H, m, l ' H ) , 6.85 (4H, d, J - 8 . 4 
Hz , A r H ) , 7.24 (2H, s, C=CH) , 7.58 (4H, dd, J=2 Hz , J = 8 . 4 
Hz , A r H ) ; U V m a x ( M e O H ) 257 n m (e 3 5 . 7 x l O 3 ) , U V m l n 

( M e O H ) 225 n m (e 18.6 X 103). 

F o u n d : G, 43.52; H , 4.19; N , 5 . 6 1 % . Calcd for C3 6H4 1-
0 1 5 N 4 C1 3 P 2 S 2 : C, 43.15; H , 4.12; N , 5.59%. 

Deprotection of the Fully Protected Dithymidine Diphosphates 
(16a) and (16b). T h e protected dinuclotide, 16a, (7.9 
mg, 8.4 (zmol) was t reated with silver acetate (22,4 mg, 0.134 
mmol) in pyr idine-water ( 2 : 1 , v/v, 0.8 ml) at room temper­
ature for 16 h. Then the mixture was bubbled with hydrogen 
sulfide gas at 0 °C until a clear supernatant had been obtained, 
and the suspension was sucked by aspirator for a few minutes 
for removal of excess hydrogen sulfide. T h e black precipitate 
was removed off centrifugation by and washed with py r id ine -
water ( 2 x 2 ml) . T h e supernatant and washings were 
combined and evaporated to dryness in vacuo. The residue 
was dissolved in DMF-pyr id ine ( 2 : 1 , v/v, 0.8 ml) . T h e 
analysis of the solution with paper electrophoresis (pH 6.0) 
showed a single spot of R m 0.50 (relative to pT) corresponding 
to p T p ( t c ) T (151 O D , 98%,). T o the DMF-pyr id ine solution 
was added zinc powder (50 mg) and acetylacetone (0.08 ml) 
and the mixture was stirred vigorously at room temperature 
for 8 h . Then water (5 ml) and D I A I O N SK IB (NH4+ 
form, 5 ml) were added with stirring. The supernatant was 
passed through a column (1 cm X 5 cm) of D I A I O N SK IB 
(NH4+ form) and the resin was washed with coned N H 4 O H -
water ( 1 : 1 , v/v, 30 ml) . T h e eleuent was evaporated and 
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chromatographed on W h a t m a n 3 M M developed with Solvent 
I I . A band of Rt 0.18 was eluted with water to give p T p T 
(150 O D , 9 8 % ) . b) In a similar manner , p T p T (250 O D , 
99.5%) was obtained from 16b (11.27 (xmol). In this case, 
20 equiv. of silver acetate was used and the t ime for complete 
removal of 4-methoxyphenylthio group was 18 h. 

Conversion of (PhS)zpTp(tc)T to PhSpTp(tc)T. A): 
(PhS) 2 pTp( tc)T (7.3 mg, 7.74 [Amol) was t reated with 0.2 M 
N a O H - d i o x a n e ( 1 : 1 (v/v), 0.2 ml) at room temperature for 
20 min. Then D I A I O N SK IB (NH4+ form, 1 ml) was added 
to the mixture and the supernatant was analyzed by paper 
electrophoresis and paper chromatography. T h e electro­
phoresis showed a single spot of R m 0.51 (relative to p T , p H 
6.0) corresponding to PhSpTp( t c )T [ U V m a x ( H 2 0 ) 266 nm, 
U V m l n ( H 2 0 ) 236 nm, U V s h ( H 2 0 ) 250 nm] which appreared 
a t Rf 0.77 (Solvent I) in paper chromatography. 

B) : (PhS) 2 pTp( tc)T (7.3 mg, 7.74 fzmol) was mixed with 
pyr idinium salt of phosphonic acid (0.046 mmol) and dis­
solved in pyridine-water (19 : 1, v/v, 0.2 ml) . T h e solution 
was kept with stirring at 30 °C for 2 d. Paper chromatography 
a n d paper electrophoresis of the solution showed the same 
product as described in the above experiment the yield was 
nearly quanti tat ive. 

Conversion of PhSpTp(tc) T to pTp(te) T. PhSpTp( t c )T 
obta ined by alkaline t reatment of (PhS)2pTp(tc) was dissolved 
in pyr idine-water (2 : 1, v/v, 1 ml) and iodine (392 mg, 1.55 
mmol) was added with continuous stirring. T h e mixture 
was stirred at room tempera ture for 30 min and then 1 M 
sodium sulfite was added until the color of iodine had disap­
peared. The clear solution was diluted with pyridine (5 ml) 
and the resulting salt (mainly N a 2 S 0 4 ) was filtered off and 
washed with pyr idine-water ( 5 : 1 , v/v, 5 ml) . T h e filtrate 
and washings were combined, concentrated, and analyzed 
with paper chromatography. A single spot of p T p ( t c ) T 
(R{ 0.18 (Solvent I I ) , 121 O D , 90%) was obtained. 

Conversion of (4-CHzOC6HiS)ipTp(tc)T (16b) to 4-C7/3OC6-
HiSpTp(tc)T. T o a solution of 16b (5.8 mg, 5.8 (xmol) 
in dioxane (0.2 ml) was added 0.2 M N a O H (0.2 ml) . After 
being stirred at room tempera ture for 20 min, the solution was 
passed through a column ( l c m x l cm) of D I A I O N SK IB 
(pyridinium form) and the resin was washed with pyr id ine-
water ( 1 : 1 , v/v, 10 ml) . T h e eluent was concentrated to 
ca. 4 ml. T h e weight of the condensed solution was 3.94 g. 
O n e g ram of the solution was analyzed with paper electro­
phoresis to afford three spots of R m 0.57, 0.85, and 1,22 
(relative to p T , p H 6.0). T h e fast running spot was estimated 
to be p T p T or T p T p (2.2 O D , 8 .4%). T h e middle spot may 
be cyclic di thymidine diphosphate derivative, , - p T p T - , (2.2 

O D , 8.2%). T h e slowest moving spot was 4 -MeOC 6 H 4 SpTp-
( tc)T (22.0 O D , 8 3 % , U V m a x ( H 2 0 ) 264 nm, 241 n m ; U V m l n 

( H 2 0 ) 252 nm, 231 n m ) . 

One-step Conversion of 16a topTpT. To a solution of 16a 
(9.4 mg, 0.01 mmol) in DMF-pyr id ine ( 2 : 1 , v/v, 0.7 ml) 
were added acetylacetone (0.07 ml) and zinc powder (0.5 
mmol) . T h e mixture was vigorously stirred at room tem­
perature for 8 h . After being passed through a column 
(1 cm X 3 cm) of D I A I O N SK IB (NH4+ form), the mixture 
was analyzed by paper electrophoresis. Compounds p T p T 
and (PhS) 2 pTpT were formed in 61 and 2 2 % yields, respec­
tively. Some alternative conditions for the deprotection with 
zinc-acetylacetone are summarized in Tab le 4. 

Synthesis of(4-CH3OC6HiS)2pTp(tc) Tp(tc) T. A mixture 
of 16b (501.6 mg, 0.5 mmol) and 2,2,2-trichloroethyl phos­
phate (126.3 mg, 0.55 mmol) was rendered anhydrous by 
repeated evaporations with dry pyridine ( 4 x 3 ml) and 
finally dissolved in dry pyridine (5 ml) . T o the solution was 

added T P S (333.6 mg, 1.1 mmol) and the mixture was 
stirred at room temperature for 2 d. Then GH2C12 (20 ml) 
and water (20 ml) were added. T h e aqueous solution was 
extracted with CH2C12 ( 3 x 1 0 ml) . T h e organic extracts 
were combined and concentrated to dryness. T h e residue 
was mixed with well pulverized thymidine (145.3 mg, 0.6 
mmol) . T h e mixture was rendered anhydrous by repeated 
evaporations with dry pyridine ( 4 x 4 ml) and dissolved in 
dry pyridine (3.0 ml) . I t was treated with NBST (280 mg, 
1.1 mmol) at room temperature for 2 d. Then CH2C12 (20 ml) 
and water (20 ml) were added. The aqueous layer was 
extracted with CH2C12 ( 3 x 1 0 ml) , and the organic extracts 
were combined and concentrated and dried by repeated 
coevaporation with dry pyridine ( 3 x 4 ml) . T h e residue was 
finally dissolved in dry pyridine (3 ml) and allowed to react 
with monomethoxytrityl chloride (154mg, 0.5 mmol) at 
room temperature for 6 h. T h e n the mixture was extracted 
by addition of CH2C12 (20 ml) and water (20 ml) . T h e 
aqueous layer was extracted with CH 2C1 2 ( 2 x 1 0 ml) and the 
organic extracts were combined, dried over N a 2 S 0 4 , and 
concentrated to dryness. T h e residue was coevaporated with 
toluene ( 3 x 5 ml) and chromatographed on silica gel with 
CH 2 Cl 2 -methanol to afford the title compound (593 mg, 8 2 % ) . 

Deprotection of (4-CH3OC6HàS)2pTp(tc) Tp(tc) T. T o a 
solution of (4-GH 3 OC 6 H 4 S) 2 pTp( tc)Tp( tc)T (28.8 mg, 0.02 
mmol) in pyridine-water ( 2 : 1 , (v/v), 2.5 ml) was added 
silver acetate (66.8 mg, 0.4 mmol) . T h e mixture was stirred 
vigorously at room temperature for 24 h. The resulting 
suspension was bublled with hydrogen sulfide gas until a 
clear supernatant had been obtained at 0 °C (ca. 5 min) . T h e 
black precipitate was removed off by centrifugation and 
washed with pyridine-water ( 2 : 1 , v/v, 2 x 2 ml) . T h e 
supernatant and washing were combined and evaporated to 
dryness. T h e residue was dissolved in DMF-pyr id ine ( 1 : 1 , 
v/v, 1 ml) . T o the solution was added acetylacetone (0.4 ml) 
and then zinc powder (80 mg) . T h e mixture was stirred at 
room tempera ture for 3 h. Then water (4 ml) was added 
and the solution was passed through a column ( 1 cm X 5 cm) of 
D I A I O N SK IB (NH4+ form). T h e resin was washed with 
water (30 ml) . T h e eluent and washings were combined, 
concentrated to ca. 2 ml, and chromatographed on W h a t m a n 
3 M M paper to afford p T p T p T (470 O D , 97%) which appear­
ed at the position of 9.6 cm from the starting point after 
development by z-PrOH-concd N H 4 O H - H 2 0 (6 : 1 : 3, v/ 
v/v) for 3 d. 

Enzymatic Assay of pTpTpT. Compound p T p T p T (85 
OD) obtained in the above experiment was incubated with 
snake venom phosphodiesterase (40 [ig) in 0.1 M Tris buffer 
(pH 8, 1 ml) at 37 °C for 18 h . After addition of pyridine 
(1 ml) the mixture was analyzed by paper chromatography 
using W h a t m a n 3 M M paper to give p T (91 OD) as a single 
degradation product . 
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A series of new macrocyclic cyclophane polylactones has been synthesized by one-step condensation of the 
appropriate tri (acid chloride) s and triols using the silver cyanide-promoted esterification procedure. 

A remarkable development of the chemistry of crown 
ethers and cryptands has promoted the synthesis of 
various types of macrocyclic diolides or tetraolides.D 

However, they have so far been essentially confined to 
monocyclic compounds in respect to the macrocyclic 
polyolide rings and no bicyclic analogues25 have been 
reported, probably because of the lack of powerful 
lactonization methods suitable for this purpose.3) Most 
of the hitherto reported polyolides have been prepared 
by the reaction between di(acid chloride) s and diols4) 

in varied yields depending on the ease of cyclization of 
substrates. However, a simple extension of the method 
to the synthesis of macrobicyclic analogues from tri (acid 
chloride) s and triols does not seem to be very promising 
because of the highly unfavorable entropy factors in the 
dual cyclizations. 

Recently, silver cyanide has been found to promote 
the esterification reaction between acid chlorides and 
alcohols to a high extent and several strongly hindered 
esters have been synthesized by this method.5 ) In this 
report is demonstrated the applicability of the method 
to the synthesis of macrocyclic cyclophane polylactones 
(3a—f and 5) which seem to be otherwise difficultly 
accessible by one-step procedure. 

Starting Materials. 1,3,5-Benzenetrimethanol (2a) 
was prepared by lithium aluminum hydride reduction of 
triethyl 1,3,5-benzenetricarboxylate according to the 
literature.6 ) Conversion of 2a into a,a',a' '-trichloro-
mesitylene by the reported procedure65 followed by 
the t reatment of the latter with potassium cyanide under 

the presence of phase-transfer catalyst75 gave 1,3,5-
benzenetriacetonitrile which was then hydrolyzed to 
give known 1,3,5-benzenetriacetic acid8) in good overall 
yield. Conversion of the triacetic acid to the corre­
sponding tri (acid chloride) ( l a ) 6 ) or to 1,3,5-benzene-
triethanol (2b)6 ) and transformation of a,a',a"-trichloro-
mesitylene to 1,3,5-benzenetripropionic acid6) or to 
1,3,5-benzenetripropanol (2c)9) were carried out by the 
reported procedures. 1,3,5-Benzenetripropionyl tri­
chloride ( lb ) was prepared from the corresponding 
triacid in a similar way to l a . Treatment of 1,3,5-
benzenetricarbonyl trichloride with mono(tetrahydro-
pyranyl) ether10) of 2,2'-oxydiethanol gave 4a which on 
hydrolysis with 1 mol d m - 3 hydrochloric acid gave 4 b 
in 4 8 % yield from the tri (acid chloride). Treatment of 
l a with a large excess of 2,2 /-oxydiethanol in dichloro-
methane gave 4c in 6 1 % yield. 

Synthesis of Cyclophanes. Condensations of the 
tri(acid chlorides)s ( l a or l b ) and the triols (2a, 2b, 2c, 
or 4c) were carried out under high-dilution conditions 
in the presence of silver cyanide in refluxing benzene, 
xylene, or acetonitrile, giving the cyclophanes (3a—f 
and 5) in 3.6—20.4% yields. They are summarized in 
Table 1. In an experiment carried out for comparison, 
reaction of l b with 2a in refluxing pyridine under the 
similar high-dilution conditions in the absence of silver 
cyanide gave 3d in only 3 % yield. I n experiments with 
the combination of 1,3,5-benzenetricarbonyl trichloride 
and 2a or 4b , no monomeric products were isolated. 
Properties of the cyclophanes obtained are listed in 

(CH2)mC0Cl 

O] 
CI0C(CH2)m 

+ 

l a m = 1 
î b m = 2 

V 0 R 

«Ott» 
CO 

<ÇH2)m
0v) 

Rcr 

4a R = THP, m = 0 
4b R = H, m = 0 
Ac R = H, m = 1 

(CH2)n0H 

h 
(CH2)mC0Cl H0(CH2)n 

AgCN 

(CH2)n0H 

2a n = 1 
2b n = 2 
2c n » 3 

(CH2)n 

3a m = n = 1 
3b m = 1, n = 2 
3c m = 1, n = 3 
3d m = 2, n = 1 
3e m = n = 2 
3f m = 2, n =3 
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TABLE 1. ISOLATED YIELD OF CYCLOPHANES 

Acid 
chloride 

l a 
l a 
l a 
l b 
l b 
l b 
l b 
l a 

Alcohol 

2a 
2b 
2c 
2a 
2a 
2b 
2c 
4c 

Solvent0 

Benzene 
Benzene 
Xylene 
Benzene 
Pyridine 
Benzene 
Acetonitrile 
Xylene 

Time of 
addition/h 

25 
21 
26 
20 
20 
26 

9.5 
34 

Product10 

3a 
3b 
3c 
3d 
3d 
3e 
3f 
5 

Mp/°C 

>305 
244 
177.5 
267 

220 
190 
132 

Isolated 
yield/% 

6.8 
3.9 
3.6 

20.4 
3.0C) 

6.0 
6.1 

13.6 

a) Triols were dissolved in a small amount of acetonitrile and then diluted with the solvent given in the Table, b) Each 
product gave a distinctive molecular ion peak as a monomer in MS spectrum, c) The experiment was carried out in 
1 mmol scale without the addition of silver cyanide. 

Compound 

3a 
3b 
3c 

3d 
3e 
3f 
5 

UV/nm 

268(405) 
266(767) 
266 (533) 

266(455) 
263 (459) 
266(578) 
265(376) 

IRa)/cm 

1732 
1730 
1720 

1732 
1724 
1718 
1720 

TABLE 2. SPECTRAL PROPERTIES OF CYCLOPHANES 

i-t 

Aromatic b) 

7.04,6.83 
6.79,6.66 
7.12,6.50 

7.24,6.67 
6.77,6.71 
6.73,6.70 
7.14 

-CH 2 -COO-

3.32(s) 
3.40(s) 
3.42(s) 

2.73(br. s)c) 

2.25—2.55 (m) 
2.10—2.93 (m)d) 

3.54(s) 

*HNMR 

- C H 2 - O C O -

4.97(s) 
4.42 (t, 7 = 6 . 0 Hz) 
4.16 (t, 7 = 5 . 9 Hz) 

4.94(s) 
4.03—4.29(m) 
4.10(t, 7 = 6 . 0 Hz) 
4.08—4.32 (m)e) 

Other protons 

2.82 (t, 7 = 6 . 0 Hz) 
1.65—2.20 (m), 
2.47(t, 7 = 7 . 0 Hz) 

2.60—2.93 (m) 
1.60—2.07 (m) 

a) vco. b) All singlet. c) The signal was overlapped with the neighboring methylene protons a to the benzene 
ring, d) The signal indistinguishably overlapped with the methylene protons a to the two benzene rings, e) The signal 
indistinguishably overlapped with other protons of ethylene bridges. 

Table 2. 
Aromatic protons of these cyclophanes resonated in 

N M R spectra at the upper field by ca. 0.1—0.3 ppm 
than those of open chain models (the trimethyl esters or 
triacetates of the corresponding triacids or triols, 
respectively), as a trend usually observed in cyclophanes. 
The C = 0 stretching vibrations of the cyclophanes with 
shorter bridges (3a, 3b , and 3d) appeared at the higher 
wavenumber positions by ca. 10 c m - 1 than those with 
longer bridges (3c, 3e, 3f, and 5) implying the presence 
of some strain in the former compounds. However, 
U V absorptions which appeared at almost the same 
positions as those of open chain models (266 nm) 
indicated that the strain, if any, is not appreciable. 
The U V spectra did not change after the addition of 
tetracyanoet hylene. 

Recrystallization of the cyclophanes (3a—f ) from 
benzene, ethyl acetate, or acetonitrile did not give any 
adducts with the solvent molecule. 

Though the open chain triol (4b) gave a crystalline 
1 : 1 adduct with KSCN, the cyclized 5 did not form 
the isolable adduct. Further examination of 5 on 
complexation with metal salts such as KSCN, LiSCN, 
NaSCN, Cs 2 C0 3 , M g S 0 4 , A g N 0 3 , C u S 0 4 , and NH^CI 
by 2,4,6-trinitrophenol method115 also gave negative 
results. 

E x p e r i m e n t a l 

Melting points or boiling points were uncorrected. UV 
spectra (Hitachi 200-10) were recorded in dichloromethane 
solutions. IR spectra (Hitachi R-215) were obtained in 
potassium bromide pellets. 1H NMR spectra (Hitachi R-20B) 
were taken in deuteriochloroform solutions. Mass spectra 
(Hitachi RMU-6MG) were recorded with a direct-inlet system 
operating at 70 eV. Solvents were purified and dried by the 
standard methods. 

1,3,5-Benzenetrimethanol (2a). Mp 77 °C (lit,6) 77 °C), 
95%.12> 

1,3,5-Benzenetriacetonitrile. a,a',a"-Trichloromesitylene6> 
(4 g, 18 mmol) was added dropwise to a mixture of potassium 
cyanide (6 g, 122 mmol) and 18-crown-6 (690 mg, 2.7 mmol)7* 
in acetonitrile at room temperature and the mixture was 
stirred for 6 days. The reaction was followed by TLC. The 
mixture was filtered and the precipitate was extracted with 
dichloromethane. The combined filtrate and extract were 
concentrated and the residue was chromatographed on a 
silica-gel column from benzene-ethyl acetate (9 : 1). The 
early fractions contained the practically pure trinitrile (2.8 g, 
80%) which was recrystallized from a mixture of benzene and 
petroleum ether. Mp 123—125 °C. NMR; ô 3.80 (s, 6H), 
7.33 (s, 3H): IR; 2220, 1870, 1600, 1420, 1390 cm-1. Found: 
C, 73.74; H, 4.74; N, 21.46%. Calcd for C12H9N3: C, 73.83; 
H, 4.65; N, 21.53%. 

1,3,5-Benzenetriacetic Acid. 1,3,5-Benzenetriacetonitrile 
(1.45 g, 7.46 mmol) was dissolved in a mixture of concentrated 
sulfuric acid (2.2 ml) and water (2.5 ml) and the solution was 
refluxed for 5 h. The cooled mixture was diluted with water 
(5 ml) and extracted with ether. Evaporation of ether gave 
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a colorless solid which was recrystallized from acetic acid to 
give 1,3,5-benzenetriacetic acid [1.85 g (98%), m p 208—209 
°C (lit,8) 215—216 °G)]. 

1,3,5-Benzenetripropionyl Trichloride (lb). I t was pre­
pared from 1,3,5-benzenetripropionic acid (294 mg, 1 mmol) 
by refluxing with excess thionyl chloride (1 ml) in benzene 
( l m l ) for 4 h . Colorless needles, m p 59—60 °C (from 
pentane) . N M R ; Ô 6.94 (s, 3H) . 

Tr is (tetrahydropyranyloxyethoxy ethyl) 1,3,5-Benzenetricarboxylate 
(4a). Pyridine (16 ml) was added to an ice-cooled solu­
tion of 1,3,5-benzenetricarbonyl trichloride (5.2 g) and tetra-
hydropyranyloxyethoxyethanol (11.7g)10> in d ry benzene 
under stirring. After stirring overnight at room temperature , 
the mixture was filtered and concentrated. Hydrochloric acid 
(0.1 mol d m - 3 , 140 ml) was added to the residue and the 
mixture was extracted with ether. T h e extract was washed 
with water , aqueous sodium hydrogencarbonate, and water, 
and dried over sodium sulfate. Evaporation residue was 
separated by T L G on silica-gel (acetone-benzene, 1 : 4) giving 
4a as a viscous oil, 11.8 g (83%) . I R ; 2900, 1720, 1240, 
740 c m - 1 : N M R ; Ô 8.86 (s, 3H) , 4.6 (m, 9H) , 3.75 (m, 24H) , 
1.65 (m, 18H). F o u n d : C, 59.18; H , 7.40%. Calcd for 
G 3 6 H 5 4 0 1 5 : C , 59.48; H , 7.49%. 

Tris (hydroxyethoxyethyl) 1,3,5-Benzenetricarboxylate (4b). 
4a (4 g, 5.5 mmol) was stirred in a mixture of hydrochloric 
acid ( 1 mol d m - 3 , 36 ml) and T H F (25 ml) at room temper­
a ture for 12 h. Sodium hydrogencarbonate (3.4 g) was 
added and the mixture was extracted with petroleum ether. 
The aqueous layer was evaporated and the residue was ex­
tracted with dioxane. T L G (silica-gel, d ioxane-petroleum 
ether 5 : 2) of the evaporation residue of the extract gave 4 b 
as a viscous oil13) (1.51 g, 58%).9> N M R ; à 8.88 (s, 3H) , 
4.85 (m, 6H) , 3.75 (m, 18H), 3.14 (s, 3H) . 

Evaporat ion of a solution of 4 b (32.4 mg, 0.068 mmol) and 
K S C N ( 9 m g , 0.093 mmol) in acetone ( l m l ) followed by 
t rea tment of the residue with ethyl acetate gave an adduct 
which melted at 85—86 °C (recrystallized from acetone-ethyl 
aceta te) . I R ; 3500—3200, 2050, 1720, 1240, 740 cm- 1 . 
F o u n d : C, 45.96; H , 5.22; N , 2 .49%. Calcd for C 2 1 H 3 0 O 1 2 . 
K S C N : C, 46.23; H , 5.29; N , 2 .45%. 

Tris (hydroxy ethoxy ethyl) 1,3,5-Benzenetriacetate (4c). A 
solution of l b (140 mg) in dichloromethane (8 ml) was added 
dropwise to a stirred solution of 2,2'-oxydiethanol (13.3 ml) , 
pyridine (0.17 ml) and dichloromethane (10 ml) under ice-
cooling. After stirring overnight, the mixture was refluxed 
for 5 h. Solvent and excess 2,2'-oxydiethanol were then 
removed under vacuum as thoroughly as possible. T h e residue 
was separated by T L C (Merck, kieselgel 60HF2 5 4 , silanisiert; 
water-acetonitr i le 2 : 1 ) giving 4c as a viscous oil13> (148 mg, 
61 .3%) . N M R ; Ô 7.15 (s, 3H) , 4.3 (m, 6H) , 3.65 (m, 24H) , 
2.5 (s, 3H) . T h e triol did not give an isolable K S C N adduct . 

Cyclophanes (3a—f, 5). Cyclophanes were prepared by 
essentially the same procedure as exemplified below for 3a . 

A solution of 2a (168 mg, 1 mmol) in a mixture of acetoni-
trile (50 ml) and dry benzene (400 ml) , and a solution of l b 
(308 mg, 1 mmol) in dry benzene (450 ml) were added drop-
wise at the same rate to a stirred suspension of silver cyanide 
(10 g, 75 mmol) in refluxing benzene (100 ml) over a period 
of 25 h. T h e mixture was cooled, filtered, and concentrated. 
T h e residue was separated by T L C (silica-gel, benzene-ethyl 
acetate 4 : 1 ) . T h e residue of the corresponding zone was 
recrystallized from ethyl acetate to give 3a (25 mg, 6.8%) as 
colorless prisms, m p > 3 0 5 °C. Mass ; 366 (M+), 294, 278, 
234, 219. 

CH-Analyses of these cyclophanes are given in Tab le 3. 

TABLE 3. 

Compound 
(Formula) 

CH-ANALYSIS OF CYCLOPHANES 

Found (%) Calcd (%) 

C H C H 

3a (C21H1806) 
3b (C24H2406) 
3c (C27H30O6) 
3d (C24H2406) 
3e (C27H30O6) 
3f (C30H36O6) 
5 (C36H42015) 

68.62 
70.33 
71.73 
70.32 
71.90 
72.95 
60.41 

4.99 
6.06 
6.79 
5.91 
6.75 
7.30 
5.97 

68.84 
70.57 
71.98 
70.57 
71.98 
73.14 
60.49 

4.98 
5.92 
6.71 
5.92 
6.71 
7.37 
5.92 

T h i s w o r k w a s p a r t i a l l y s u p p o r t e d b y a G r a n t - i n - A i d 

for E n c o u r a g e m e n t of Y o u n g Scient is t ( N o . 174174) . 
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was modified as described below. The ethereal reduction 
mixture was cooled and after the addition of a calculated 
amount of water, excess Dry Ice was added to the mixture. 
The mixture was then filtered and the precipitate was washed 
well with ethanol. The filtrate and the wash were combined 

and concentrated to a white solid. Sublimation [140 °G 
(bath temp), 133 Pa] gave 2a in 95% yield. 

13) The removal of a small amount of contaminating water 
was difficult and the sample gave a low carbon value by ca. 1 % 
in CH-analysis. 
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9-(l-Methyl-2-propenyl)triptycenes were prepared by addition of substituted benzynes to 9-(1-me thy 1-2-
propenyl) anthracene or Dields-Alder addition of j&-benzoquinone to the anthracene followed by enolization and 
methylation. The crystals of these compounds were pure or enriched isomers of the possible rotamers but the 
rotational barriers were too low to obtain every possible isomer in a pure state at room temperature. The barriers 
to rotation were obtained by both classical and dynamic NMR methods. These values were almost the same 
when the peri-substituent was either a chloro or a bromo but were definitely lower when the peri-substituent was a 
methyl or a methoxyl. 

Although stable rotamers of 9-i-alkyltriptycenes were 
isolated at room temperature,2 ) the same has not been 
possible for any organic compound which carries a 
j-alkyl group. We have reported in a previous p a p e r 0 

that triptycenes which carry a j-alkyl group give one 
of the possible rotamers as crystalline materials but due 
to their low barriers to rotation it is not possible to 
isolate another. Thus it has become necessary to carry 
out a series of experiments which reveal the effect of 
substituents on the rotational barriers in order to search 
a model which gives a high enough barrier to rotation 
for isolation of rotamers at room temperature. 

Introduction of a jr-system to a tertiary carbon in the 
9-position of triptycene definitely lowers the barrier to 
rotation about the C 9 -C s u b s t bond.3 ) However, it is 
also pointed out that , since the barrier to rotation is 
the difference in free energies between the ground state 
and the transition state of rotation, a large substituent 
is not necessarily raising the barrier to rotation and 
sometimes it even lowers the barrier.4 '55 Since it is 
not known what will be the effect of a jr-system on the 
barrier to rotation in the j-alkyl series, we have wished 
to start the investigation of this series by putt ing a vinyl 
group instead of a methyl of an isopropyl group. 

T h e compounds in question were prepared in the 
following ways. A Grignard reaction of anthrone with 
/ran.r-2-butenylmagnesium chloride afforded 9-(l-meth-

yl-2-propenyl)-9,10-dihydro-9-anthrol which was de­
hydrated to give 9-(l-methyl-2-propenyl) anthracene 
(1). T h e anthracene was treated with benzynes to 
give triptycenes (2, 3 , and 4). Treatment of the anthra­
cene with /»-benzoquinone followed by enolization and 
subsequent methylation gave l,4-dimethoxy-9-(l-meth-
yl-2-propenyl) triptycene (5). 

This paper presents the results of the investigation and 
discusses the effects of substituents on the barrier to 
rotation. 

Exper imenta l 

9-(l-Methyl-2-propenyl) anthracene (1). A Grignard 
reagent was prepared by adding 22 g (0.24 mol) of trans-l-
chloro-2-butene in ether to a mixture of 7 g (0.29 mol) of 
magnesium and 50 mL of ether during a period of 2 h. Anth­
rone (38 g or 0.29 mol) was added in small portions to the 
Grignard solution and the reaction mixture was decomposed 
with aqueous ammonium chloride. The organic layer was 
treated in the usual manner to afford 9-(l-methyl-2-propenyl)-
9,10-dihydro-9-anthrol. This crude product in chloroform 
was treated with concentrated hydrochloric acid at room 
temperature for 1 h. The mixture was washed, dried, and 
evaporated. The desired product, mp 44—46 °C, was 
obtained in 27% yield after chromatography on silica gel with 
the use of hexane as an eluent. Found: C, 93.31; H, 6.73%. 
Calcd for C18H16: C, 93.06; H, 6.94%. ' H N M R (CDCI3, 

CH3CHCH = CH2 

1) CH,CH = CHCH2MgCl 

2) HCl 
CH2 = CH 

(1) 

i) o = / ~ W ) 

2) NaOH, (CH3)2S04 

(2) X=Y = C1 
(3) X=Y = Br 
(4) X = CH3> Y = H 

CH3 
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Ô): 1.75 (3H, d, 7 = 7 Hz) , 5.00 (1H, m) , 5.11 (1H, m ) , 5.28 
(1H, m) , 6.41 (1H, m ) , 8.34 (1H, s), 7.2—8.6 (8H, m ) . 

l,2,3y4-Tetrachloro-9-(l-methyl-2-propenyl)triptycene (2). T o 
a boiling solution o f l . 9 g (8 mmol) of 9-(l-methyl-2-propenyl)-
anthracene and 1 m L of isopentyl nitrite in 30 m L of dichloro-
methane, was added 4.1 g (14 mmol) of tetrachloroanthranilic 
acid6) in 10 m L of acetone in 30 min. T h e solution was 
evoporated and the residue was purified by chromatography 
on silica gel (hexane). Recrystallization of the product from 
hexane-acetone afforded 0.9 g (25%) of the desired material , 
m p 191—196 °C. Found : C, 64.88; H, 3 .48%. Calcd for 
C2 4H1 6C14 : C, 64.60; H , 3.62%. High resolution M S gave 
M+ peaks at mje 444.0021, 445.9965, 447.9941, and 449.9940, 
whereas calculation requires mje 444.0002, 445.9973, 447.9943, 
and 449.9914. The relative intensities of these peaks were in 
good agreement with those calculated from the natural 
abundance of 35C1 and 37G1. *H N M R (CDC13 , Ô) of the 
crystals, immediately after dissolution in chloroform-rf at room 
temperature indicated that the crystals contained 3 : 1 ap 
and ±_sc conformations. T h e intensities of the signals changed 
as t ime elapsed and the following signals were observed for 
the rotamers. ap: 1.98 (3H, d, 7 = 6 . 7 Hz) , 4.7—5.7 (3H, m) , 
5.94 (1H, s), 6.2—6.7 (1H, m) , 6.9—7.9 (8H, m ) . ±sc: 1.85 
(3H, d, J - 6 . 7 Hz) , 4.7—5.7 (3H, m) , 5.94 (1H, s), 6.2—6.7 
(1H, m) , 6.9—7.9 (8H, m ) . 

],2,3,4-Tetrabromo-9-(l-methyl-2-propenyl)triptycene (3), m p 
235—240 °C, was similarly prepared from 1 and te trabromo-
anthranilic acid7) in 2 3 % yield. Found : C, 46.19; H , 
2.59%. Calcd for C2 4H l eBr4 : C, 46.20; H , 2 .58%. High 
resolution M S showed M+ peaks at mje 619.8008, 621.7984, 
623.7924, 625.7906, and 627.7876, whereas calculation 
requires mje 619.7987, 621.7967. 623.7947, 625.7927, and 
627.7908. T h e intensities of the observed peaks agreed well 
with those calculated from the natural abundance of 79Br and 
81Br. *H N M R (CDC13, ô) of the crystals, immediately after 
dissolution in chloroform-^ at room temperature , indicated 
that the crystals contained 3 : 1 ap and ±5C conformations. 
T h e intensities of the signals changed as t ime elapsed and the 
following signals were observed for the rotamers. ap: 1.97 
(3H, d, 7 = 6 . 6 Hz) , 4.9—5.7 (3H, m) , 6.01 (1H, s), 6.1—6.7 
(1H, m ) , 6.8—7.9 (8H, m) . ±sc: 1.83 (3H, d, 7 = 6 . 6 Hz) , 
4.9—5.7 (3H, m ) , 6.01 (1H, s), 6.1—6.7 (1H, m ) , 6.8—7.9 
(8H, m) . 

l,4-Dimethyl-9-(l-methyl-2-propenyl)triptycene (4), m p 
140—141 °C, was prepared from 1 and 3,6-dimethylanthranilic 
acid8) as above. T h e yield was 9 % . Found : C, 93 .11; H , 
7.39%. Calcd for C2 6H2 4 : C, 92.81 ; H , 7.19%. A *H N M R 
spectrum obtained at —25 °C immediately after dissolving 
the sample of crystalline 4 in chloroform-^/ at —25 °C indicated 
that the compound was consisted of pure sc forms. However, 
another XH N M R spectrum recorded at room temperature 
immediately after dissolving the crystals of 4 in chloroform-^ 
showed that the equilibrium between the conformers had 
been already reached. T h e following da ta were obtained. 
±sc: 1.98 (3H, d, 7 = 6 . 7 Hz) , 2.44 (3H, s), 2.58 (3H, s), 
4.26—4.70 (1H, m ) , 5.07—5.67 (2H, m) , 5.53 (1H, s), 6.32— 
7.84 (11H, m) . 

l,4-Dimethoxy-9-(l-methyl-2-propenyl)triptycene (5). A mix­
ture of l g (4 mmol) of 9-(l-methyl-2-propenyl)anthracene 
and 0.47 g (4 mmol) of /»-benzoquinone in 30 m L of toluene 
was heated under reflux for 4 h. After cooling, crystals were 
collected and washed with ethanol to give 0.91 g (63%) of the 
adduct . J H N M R (CDC13, Ô): 1.93 (2/3 3H, d, 7 = 7 Hz) , 
1.70 (1/3 3H, d, 7 = 7 Hz) , 2.9—3.4 (2H, m ) , 3.4—3.8 (1H, 
m) , 4.58 (1H, d, 7 = 2 Hz) , 5.1—5.7 (2H, m) , 5.98 (2H, s), 
6.07—6.57 (1H, m) , 6.96—7.85 (8H, m ) . 

T o the crude adduct (2.7 mmol) in 50 m L of dioxane was 
added 0.43 g (10.8 mmol) of sodium hydroxide in 5 m L of 
water and the mixture was stirred with 0.68 g (5.4 mmol) of 
dimethyl sulfate for 2 d. T h e mixture was diluted with water 
and extracted with benzene. T h e benzene layer was washed 
with aqueous ammonium chloride and then with water, and 
dried over magnesium sulfate. After evaporation, the residue 
was recrystallized from hexane-e thanol to give a pure product, 
m p 203—204 °C, in 2 6 % yield. Found : C, 84.99; H , 6.50%. 
Calcd for C 2 6 H 2 4 0 2 : C, 84.75 ; H , 6.56%. *H N M R spectrum 
(CDC13 , ô) of the crystals, immediately after dissolution in 
chlorofonW at — 25 °C, indicated that the compound was a 
mixture of 8 : 1 ap and ±sc isomers. T h e intensities of the 
signals changed ra ther rapidly and the equilibrium was 
attained within 30 min at room temperature . W e conclude 
that the crystals obtained here were consisted of almost pure 
ap forms. T h e following assignments were made, ap: 1.90 
(3H, d, 7 = 6 . 7 Hz) , 3.70 (3H, s), 3.76 (3H, s), 4.42—4.83 
(1H, m) , 4.97—5.65 (2H, m ) , 5.81 (1H, s), 6.35—7.86 (9H, 
m) , 6.50 (2H, s). ±sc: 1.88 (3H, d, 7 = 6 . 7 H z ) , 3.60 (3H, 
s), 3.74 (3H, s), 4.42—4.83 (1H, m ) , 4.97—5.65 (2H, m ) , 5.81 
(1H, s), 6.35—7.86 (9H, m) , 6.46 (2H, s). 

Measurements of Spectra. T h e XH N M R spectra were 
obtained on a Hitachi R-20B spectrometer operating at 60 
M H z or a Var ian E M 390 spectrometer operating at 90 M H z . 
Both were equipped with a temperature variation accessory. 
T h e temperature was read by a thermocouple. High resolu­
tion mass spectra were obtained on a J E O L JMS-D300 instru­
ment . 

Kinetic Measurements. Samples were dissolved in chloro-
form-äf placed in N M R sample tubes at low temperature to 
make up ca. 25 mg per 0.5 m L solutions. The sample tube 
was placed in an N M R probe of which temperature was set 
at a given one and the methyl signals were scanned every 
30 s. In practice, the inner signal of the methyl doublet due 
to the ±sc form overlapped with the outer signal o f t h a t due 
to the ap form. Therefore it was necessary to calibrate the 
intensities of the signals due to ^sc and ap forms to obtain 
the populations. This was performed by simulating the 
spectra by computat ion. Namely, the intensity ratios of 
inner and outer signals due to ap and ±sc forms were calculated 
by the dynamic N M R program by put t ing the chemical shift 
difference and the coupling constant. This gave the intensity 
ratio of the inner signal due to the ap form and the outer signal 
due to the ±sc, 0.92, if the populations were the same. This 
ratio was used throughout the calculation for calibration. 

Dynamic NMR Method. T h e N M R measurements were 
carried out with o-dichlorobenzene solutions. T h e spectra of 
the methyl par t were simulated by computat ion with the use 
of modified Binsch program.9) T h e chemical shift difference 
drifted according to temperatures. Thus the tendency at 
lower temperatures was extrapolated to afford the chemical 
shift difference at a given tempera ture where the line shape 
could not afford the exact difference directly. T h e coupling 
constant was assumed to be constant throughout the tem­
perature range examined. T h e chemical shift of the methine 
proton was determined by searching that which gave the 
sharpest signal due to the methyl protons on irradiation of the 
former. T2 was determined by a tr ial-and-error method to 
give the best fit of the calculated spectra with the observed a t 
low temperatures. Populations of the rotamers were taken 
as constant and those in chloroform-^ were diverted. This 
is because both are relatively nonpolar solvents and the 
population ratios in chloroform-^ was constant throughout 
the temperature range. T h e best rates of exchange were 
obtained by visual fitting of the calculated spectra with the 
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observed. 
Representative rates (s-1) of isomerization (ap—>sc) and 

temperature (°C) in parentheses are given below. 
2: 10.1 (161.9), 11.7 (167.0), 16.8 (172.4), 20.5 (176.4), 

23.0 (178.0). 
3 : 3.1 (150.9), 7.1 (166.3), 8.8 (169.2), 13.7 (176.0), 15.9 

(180.0). 
4: 2.7 (125.3), 4.0 (129.5), 5.3 (134.1), 8.1 (140.8), 11.3 

(146.2), 13.7 (148.9). 
5: 3.2 (127.4), 4.6 (132.9), 9.1 (143.7), 9.4 (146.9). 
Coalescence temperatures were obtained with the sample 

solutions used for the dynamic NMR study. Since the 
populations of the rotamers were not equal, the determination 
of the coalescence may involve some errors.10) 

Acquisition of Kinetic Parameters. The rate constants of 
the isomerization in the classical method were obtained by 
assuming the first order reversible reactions. They were 
obtained as follows : 

2: 3.72X 10-6 (20.5), 1.34x 10~4 (31.1), 2.54x 10~4 (36.0), 
4.38x 10-* (42.8), 8.57 x 10-4 (46.8). 

3 : 6.31 x 10-5 (26.7), 2.73 x 10~4 (35.1), 3.24x 10~4 (39.1), 
6.68 x lO- 4 (44.0). 
where the unit is s - 1 and the numericals in parentheses are 
temperatures in °C. Equilibrium constant (±sc/ap) of 2 
was 0.81 throughout the temperature range examined. 
Equilibrium constant (±sc/ap) of 3 was also constant at 0.88 
over the temperature range. 4 and 5 gave the equilibrium 
constants at ambient temperature as 1.52 and 0.72, respec­
tively. 

The rate constants, which were obtained by the classical 
or the dynamic NMR method were put into the Eyring equa­
tion to obtain the enthalpy and the entropy of activation. 

The rates of isomerization (ap—*sc) and the free energies 
of activation at the coalescence temperature were obtained by 
the following equations.11) The chemical shift difference 
(A<5) was obtained as described above. 

Ô L = 

n 

R e s u l t s a n d D i s c u s s i o n 

Assignment of Conformations. T h e naming of the 
conformations of these compounds poses problems 
again,12> because it contains a chiral center. Due to the 
presence of a chiral center, enantiomers of the —sc and 
ap forms shown in the scheme are possible and -\-sc 
form may be confused with 6 because it is another -\-sc 
conformation. However, in practice, we observe the 
existence of only two rotational isomers by XH N M R . 

Thus we may assume that a conformation (6 or its 
enantiomer) in which a methyl and a vinyl group flank 
the peri-substituent does not exist because of the steric 
repulsions as were in other cases :13) we may forget 
the conformation 6 in the following discussion. From 
the above grounds, we wish to name the conformation 
on the left side of the equilibrium equation and its 
enantiomer as ±sc for the simplicity of discussion in 
this paper. Accordingly, the conformation on the right 
of the equation and its enantiomer are called ap. 

Assignment of conformations is not an easy task. A 
distinct difference in XH N M R spectra is seen with the 
chemical shifts of methyl signals but the data themselves 
give no definite information. We wish to assign a 
conformation which gives rise to a higher field methyl 
signal to ±sc and that which gives a lower field methyl 
signal to ap tentatively. I t is reasonable if we consider 
the van der Waals shifts because the methyl flanking the 
peri-substituent should suffer the steric compression 
which tends to give the chemical shifts at lower fields. 
A small difference in chemical shifts of the methyls in 
compound 5 relative to others lends support to this 
assignment because a smaller compression should cause 
a smaller down field shift. 

Kinetics by the Classical Method. T h e rates of 
rotation in 1,2,3,4-tetrahalo compounds (2 and 3) were 
conveniently measured at about room temperature but 
those of 1,4-dimethyl (4) and 1,4-dimethoxy (5) com­
pound were too large to obtain reliable data at ambient 
temperatures. Thus the classical method for deter­
mining the rates of rotation was abandoned for the 
latter two compounds. 

T h e rate constants of rotation of 2 and 3 given in the 
Experimental part afforded the following data . 2 gave 

CH = CH* 

CH2 = CH 

CH = CH2 

TABLE 1. ACTIVATION PARAMETERS FOR ROTATION (ap sc) OF 9-(1-METHYL-

2-PROPENYL)TRIPTYCENES OBTAINED BY DYNAMIC NMR METHOD 

Substituent 

1,2,3,4-C14 

1,2,3,4-Br4 

1,4-(CH30)2 

1,4-(CH3)2 

AH* 
kcal mol - 1 

19.0±2.0 
21 .0±1 .2 
18 .5±2.5 
2 1 . 5 ± 0 . 8 

AS* 
e. u. 

- 1 1 . 2 ± 4 . 6 
- 7 . 4 ± 2 . 7 

- 1 0 . 7 ± 6 . 1 
- 3 . 2 ± 1 . 9 

AGZ* 
kcal mol - 1 

24.0 
24.3 
22.9 
22.8 

AGt» 
kcal mol - 1 

24.3 
24.2 
22.7 
22.3 

Tc 

°G 

176.2 
176.0 
140.7 
137.2 

Xc> 
(sejap) 

0.81 
0.88 
0.72 
1.52 

a) Free energies of activation at the coalescence temperature calculated by using AH* and AS*, b) Free energies of 
activation at the coalescence temperature calculated by using the temperature and the chemical shift difference, c) The 
equilibrium constants were independent of temperature in the range of 20—50 °G. 
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A J / * 2 1 . 0 ± 1.4 kcal/mol (1 c a l = 4 . 1 8 J ) and AS* — 7 . 2 ± 
4.5 e. u. (1 e. u . = 4 . 1 8 J K" 1 mo l - 1 ) . Using these values, 
AG?,8 and AG tit.t were calculated as 23.1 and 24.3 
kcal/mol. 3 gave AH* 24 .5±4 .6 kcal/mol and AS* 
4 . 3 ^ 1 5 . 0 6. u. Using these values, AG?88 and A G ^ . a 
were obtained as 23.2 and 22.6 kcal/mol respectively. 

The results suggest that the barriers to rotation in 
compounds 2 and 3 are about the same but are definitely 
larger than those of 4 and 5. At any rate, the barriers 
in these compounds are not high enough for the isolation 
of rotamers at room temperature. Thus at tempt at 
isolating rotamers of these compounds was abandoned, 
although the crystalline forms of 4 and 5 were almost 
pure rotamers and those of 2 and 3 showed some 
enrichment. 

Dynamic NMR Studies. Results obtained by the 
total line shape analyses of *H N M R spectra together 
with those of coalescence temperature method are 
listed in Table 1. T h e free energies of activation for 
rotation, calculated by using A/ /* ' s and AS*'s which 
were obtained by total line shape analyses, agreed 
reasonably well with those which were calculated by the 
Tc's and A<5's. As was pointed out in the Experimental 
section, the reading of the coalescence temperatures 
might involve some errors because of the different 
populations of the two rotamers. Considering these 
limitations, we conclude the agreement is satisfactory. 
I t is also worthy to note tha t the free energies of activa­
tion for rotation at 298 K (22.3 and 23.2 kcal/mol for 
2 and 3 respectively) calculated with the use of A / / # ' s 
and A£ # , s from the total line shape analyses agree quite 
closely with those (23.1 and 23.2 kcal/mol for 2 and 3 
respectively) obtained from Ai /* ' s and AS^'s from the 
classical method, although the enthalpies and entropies 
of activation themselves seemed to differ to some extent. 

Among compounds examined here, the tetrahalo 
derivatives (2 and 3) gave the maximum barriers to 
rotation and 1,4-dimethoxy and 1,4-dimethyl derivatives 
gave lower barriers. For the 1,4-dimethoxy compound 
(5), it is a reasonable outcome since the effective size 
of the methoxyl group is much smaller than those of 
chloro and bromo groups. However, since the van der 
Waals radius of the methyl group (2.0 Â) is known to be 
larger than those of the chloro (1.80 Â) and the bromo 
(1.95 Â) group, the results deserve mention here. T h e 
facts that compounds carrying a methyl group in a 
peri-position of the triptycene skeleton show lower 
barriers to rotation than those carrying a halogen at the 
same place have been noted from time to time.13»145 We 
have ascribed this phenomenon to the possible gear 
effect: since a methyl group is a three-toothed gear, its 
effective size could be smaller than a chloro or a bromo 
group in a congested state. This postulate was ques­
tioned by Mislow et a/.155 because, in 1,2,3,4-tetrahalo-
triptycenes, the buttressing effect is present, whereas it is 
absent in 1,4-dimethyltriptycenes. However, since we 
have been able to show that the buttressing effect of the 
2-substituent in this system acts to lower the barrier to 
rotation of a 9-substituent when the latter is tertiary,55 

the buttressing effect does not seem to be a cause for the 
lower barriers of the 1-methyl compounds, at least, 
in the 9-j-alkyl series. 

This is clearly shown when we carefully examine the 

barriers to rotation of the compounds reported here 
and 9-(2-methoxy-l-methylethyl)triptycenes reported 
in a previous paper.15 In both cases, 1-methoxy com­
pounds show lower barriers to rotation than 1-chloro 
compounds but the barriers of the latter compounds are 
almost the same with 1 -bromo compounds : this indicates 
that the barriers to rotation of triptycenes carrying a 
j-alkyl group at the bridgehead become maximum 
when the peri-substituent is a chloro or a bromo group. 
A series of 9-isopropyltriptycenes showed the same 
tendency.1»135 Being a larger group than a bromo, the 
methyl group in 1-position may cause a lower barrier 
as was the case of /-alkyltriptycenes. T h e maximum 
barrier is achieved in J-alkyltriptycenes when the peri-
substituent is a fluoro or a methoxyl45 and we realize 
that the substituent which gives the maximum barrier 
to rotation in j-alkyl series shifted to a larger size. This 
must be a reflection of a fact that , being a smaller group 
than a £-alkyl, the 5-alkyl group in 9-position of trip­
tycene gives less crowdedness in the ground state and 
the highest barrier is manifested when the peri-substitu­
ent is bulkier. Thus the exact cause for the low barrier 
of the methyl compounds is not yet known. I t is obvious 
that we must take the crowdedness in the ground state 
into account. 

Comparison of the barriers to rotation of the com­
pounds examined here with those of 9-(2-methoxy-l-
methylethyl) triptycenes reveals that both exhibit almost 
the same height if the peri-substituent is the same. 
Since the van der Waals half-thickness of the 7r-system 
(1.70 Â) is known to be smaller than the van der Waals 
radius (2.0 À) of the methyl, of the methoxymethyl and 
the vinyl groups which we compare here, the latter 
must be smaller in an effective size. We take the results 
again that they reflect the stabilities of the ground states 
of the 9-(1-methyl-1-propenyl) series because in the 
transition state for rotation of this series the free energy 
is thought to be less increased relative to those of 9-
(2-methoxy-1 -methylethyl) series. 

Conformational Equilibriums. Comparing the con­
formational equilibrium constants of the compounds 
examined here, we immediately notice that the stable 
conformation switches from ap to ±sc when we go from 
compounds 2, 3 , and 5 to compound 4 if our assignment 
of the conformation is correct. Since we have assigned 
the conformations by considering the van der Waals 
shifts of the methyl signals in 1H N M R spectra and 
have not been able to provide further evidence, we may 
have to discuss the cause of the switch in conformational 
equilibriums with great care. However, it is tempting 
to consider tha t in these congested systems a weak 
interaction which is otherwise not detected can be 
found:165 there could be a weak attractive interaction, 
which stabilizes the ap conformation in spite of the fact 
that a methyl group is larger than a rc-system, between 
a methyl group and a group bearing a lone-pair of 
electrons. Such possibilities are suggested by Zushi 
et a/.175 
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Mycaminosyltylonolide diethyl acetal was, after reduction of the 9-keto group, hydrolyzed, and the seco-acids 
obtained were recyclized to give new 16-membered (9R)- and (9S)-hydroxy macrolide derivatives, in which the 
23-hydroxyl group of the starting substance was incorporated into the macrolactone ring. Selective oxidation of 
the (9^)-hydroxy derivative (15) with D D Q gave the keto compound (18). Removal of the acetal-protecting 
groups gave a new macrolide (19), which is antibacterial. Several other O-acetyl derivatives were also prepared 
and their antibacterial activities were measured. By the 1H- and 13C-NMR spectroscopies of 3,23-di-O-acetyl-
mycaminosy]tylonolide diethyl acetal by varying the temperature, the presence of two rotamers was clarified. 

Mycaminosyltylonolide^ (1) easily obtained by acidic 
hydrolysis of tylosin,2) a typical 16-membered macrolide 
antibiotic, has fairly strong antibacterial activity, 
inspite of the relatively simple structure. Since structural­
ly related demycarosyljosamycin3) obtained by acidic 
hydrolysis of josamycin,4) and demycarosylcarbomycin 
B,5) both having mycaminosylmacrolactone structure, 
have much weaker antibacterial activity, the activity of 
1 will partially be ascribable to the structure of the 
macrolactone portion, tylonolide. In this paper, we 
describe a new mycaminosylmacrolactone (19) obtained 
by recyclizing the 23-hydroxyl group of the seco-acid 
of 1 to the carboxylic acid to form a 16-membered 
lactone. 

Synthesis of the new mycaminosylmacrolactone was 
started from mycaminosyltylonolide diethyl acetal (2) 
prepared from 1. To protect the C-8 position from 
epimerization during the synthesis, the carbonyl at C-9 
of 2 was reduced with sodium borohydride following 
the procedure by Masamune et Û/.,6 ) to give two 9-
hydroxy derivatives. The configurations at C-9 of the 
faster- (6) and the slower-moving derivatives (7) were 
decided from the studies of their 1 H - N M R spectra. 
Since structurally related macrolide, josamycin 

(leucomycin A3) (9R epimer) and 9-epi-josamycin (9S 
epimer) show, in their 1 H - N M R spectra,7) the coupling 
constants of J910 9.0 and 4.0 Hz, respectively, 6 C/9,i0 

8.0 Hz) and 7 (J9tl0 4.5 Hz) could reasonably be 
assigned as 9R- and 9S-isomers. Removal of the acetal 
protecting groups of 6 and 7 by t reatment in acidic 
aqueous acetonitrile gave the corresponding aldehyde 
derivatives (8 and 9) in high yields. Again the J910 of 
8 and 9 were shown to be 8 and 4 Hz, respectively. The 
deblocking of the acetal-protecting groups is necessary 
in order to have antibacterial derivatives. 

Ring-opening of the macrolactone portion of the 
mixture of 6 and 7 to 15-hydroxy carboxylic acids 
(10, 11) (seco-acids) was performed by treating the 
mixture with sodium hydroxide in aqueous methanol . 
The completion of the opening was verified by the lack, 
in the ^ - N M R spectrum, of the H-15 proton signals 
near ô 4—5. The structures were also confirmed by the 
formation of the corresponding esters (12, 13). 

Recyclization of 10 and 11 was carried out by applying 
the double activation method developed by Corey 
et alP Treatment of the mixture (10, 11) with 2,2'-di-
pyridyl disulfide and triphenylphosphine according to 
Mukaiyama et al.9:> gave intermediary active esters, 
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which were then diluted (0.003—0.006 M) with toluene 
and heated (80 °G, 24 h) to give a mixture of recyclized 
products (14 and 15) in 17% yield (after purification). 
Similar treatment of the acids (10, 11) with bis(4-J-
butyl-l-isopropyl-2-imidazolyl)disulfide10) and triphen-
ylphosphine followed by dilution with toluene and 
heating as described above gave the better yields of 14 
(^-isomer, 11.7%) and 15 (^-isomer, 11.7%), the total 
yield being 2 6 % . Recyclization by the method of 
Masamune et al.lly was unsuccessful in this case. The 
structures of 14 and 15 were proved by the 1 H - N M R 
(250 MHz) studies. The H-14 proton resonance 
(multiplet, Ô 3.19 for 12 and Ô 3.29 for 13), which was 
clearly discernable from other signals by the presence 
of coupling with the olefin proton at C-13, could be 
correlated, by the decoupling method, to the resonance 
of the C H 2 protons (H-15a,b) at ô 4—4.4 (ô 4.20 and 
4.29 for 14; ô 4.07 and 4.38 for 15). T h e low-field 
resonances of the C-15 methylene protons as compared 

with those of C-23 methylene protons (ô ^ 3 . 7 ) of 1 and 
5 indicated that the methylenes of 14 and 15 should be 
bonded to a carboxyl group. The methylenes in ques­
tion should originate from the 23-methylenes of 10 and 
11, because all the free hydroxyl groups (at C-3, 15,2', 
and 4') other than that at C-23 are bonded to a methine 
group, respectively. In the above reaction, formation 
of condensation products formed by linking the carbox-
ylic acid groups with the secondary hydroxyl groups 
above-mentioned, or formed by intermolecular conden­
sation should be considered, however, none of them 
were isolated. The fact that 14 and 15 were not the 
intermolecular-condensation products was verified from 
the physicochemical properties of 14, 15 and other 
derivatives as described later. I t is, therefore, concluded 
that ring closure occurred principally at the primary 
hydroxyl groups to form 16-membered lactones. I t 
should be noted that this is the first successful macrolide 
recyclization of seco-acids bearing a sugar portion. 

23-OAc 

„wOv___^l f\J\ / 

20 °C 

3-OAc 

H-3' 

H-2a 

50°C 

-10°C 

5°C 

-20°C 

-40 °C 

• • • • i i i . 

40 °C 

Fig. 1. Partial ^ - N M R spectra of 3 in CDC13 at several temperatures. Letters of A and B 
indicate the signals caused by the rotamors. Impurity signals are denoted by x. 
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Fig. 2. 13C-NMR spectra of 3 in CDC13 at several temperatures (at 50, 20, and —40 °C from the upper) 

TABLE 1. MINIMAL INHIBITORY CONCENTRATION (mcg/ml) OF THE PRODUCTS 

Staph, aureus 209P 
Sarcina lutea PCI 1001 
B. subtilis B-558 
E. coli NIHJ 
Kl. pneumoniae PCI 602 
Sh. dysenteriae TS 11910 
Sal. enteritidis 1891 

1 

1.56 
0.2 

12.5 
12.5 
6.25 
0.78 
3.12 

4 

0.39 
< 0 . 2 

0.78 
25 
12.5 
0.78 
6.25 

5 

3.12 
0.39 

50 
25 

100 
3.12 
6.25 

8 

25 
3.12 

50 
100 
100 

3.12 
6.25 

9 

50 
3.12 

100 
100 
25 
12.5 
25 

16 

>100 
50 

>100 

19 

12.5 
0.78 

50 
>100 >100 
>100 

50 
>100 

100 
3.12 
6.25 

22 

6.25 
6.25 

12.5 
>100 
>100 

6.25 
12.5 

Demycarosyl 
josamycin 

100 
12.5 
50 

>100 
>100 

25 
50 

Deacetalation of 14 gave (9#)-9-hydroxy compound 
(16) which is a recyclized congener of bioactive 8. 
Deacetalation of 15, however, failed to give the corre­
sponding (9.S,)-9-hydroxy compound (17) owing to the 
difficulty of isolation of 17 from the reaction mixture. 

Selective oxidation at C-9 of 14 and 15 was next 
performed. Oxidizing agents usually used for macrolides 
were, for example, active manganese dioxide6»12) in di-
chloromethane, aluminium isopropoxide-cyclohexanone 
in toluene13) (Oppenauer method) , pyridinium chloro-
chromate in dichloromethane,1 4 ) chromium trioxide in 
hexamethylphosphoric triamide1 5 ) and acetic anhydr ide-
dimethyl sulfoxide. These reagents, however, when 
applied to 14 and 15, gave poor yields of the desired 
9-keto derivatives possibly owing to the simultaneously 
occurring nonselective oxidation of the hydroxyl, 

dimethylamino, and olefinic groups. One successful 
case was met, however, when 2,3-dichloro-5,6-dicyano-
/>-benzoquinone16) (DDQJ was used. This reagent had 
been repor ted 1 " to convert allylic alcohols to the 
corresponding unsaturated aldehydes or ketones. Treat­
ment of 15 (9S isomer) with D D Q in tetrahydrofuran 
gave 9-keto compound (18) in 4 7 % yield. Use of 
benzene as solvent, which is usually used in this kind 
of reaction, was found to be unsuccessful. The structure 
of 18 was confirmed by the IR, mass, and 1 H - N M R 
spectroscopy. In the 1 H - N M R spectrum, no signal 
assignable to H-9 was observed, and H-10 olefin proton 
appeared as a doublet indicating again that H-9 was 
lacked. Similar oxidation of the 9R isomer (14), 
however, gave 18 in only 2 .5% yield with an unresolved 
product mainly produced, indicating that the oxidation 
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(hydrogen abstraction) pathway is highly dependent 
on the stereo-specificity. Deacetalation of 18 gave 19 
which is the recyclized congener of 1. 

Several acetyl derivatives were further prepared in 
order to confirm the structure of 18 and to test their 
antibacterial activities. Acetylation of 18 gave 3,21,2',4'-
tetra-O-acetyl derivative (20), which on treatment with 
methanol (vide supra) gave 3,21-di-O-acetyl derivative 
(21). Deacetalation of 21 gave 3,21-di-O-acetyl deriva­
tive (22) of 19. 

Antibacterial spectra of the compounds having the 
aldehyde free were shown in Table 1. Comparison of 
the data of 19 and 1, and 22 and 4 (vide infra) shows 
that the recyclized products have antibacterial activity 
lower than the mother compounds. It should be noted, 
however, that the recyclized compounds, except 16, 
show stronger activities than that of demycarosyl-
josamycin which is closely related to 19. 

Several acetyl derivatives of 1 were also prepared as 
reference compounds for biological test. Mycaminosyl-
tylonolide diethyl acetal (2) was treated with acetic 
anhydride in pyridine to give 3,23,2',4'-tetra-0-acetyl 
derivative, which, on treatment with methanol,1 8 ) gave 
3,23-di-O-acetyl derivative (3), showing that the 2'- and 
4'-0-acetyl groups were selectively removed. Acidic 
hydrolysis of 3 in aqueous acetonitrile gave deacetalated 
3,23-di-O-acetyl derivative (4). Acidic hydrolysis of 3 
in slightly stronger conditions gave 3-O-acetyl derivative 
(5). 

Here we describe the conformational feature of 3 
detected by 1 H - N M R spectroscopy by varying the 
temperature (see Fig. 1). At 50 °C in chloroform-ûf, all 
proton signals appeared as sharp lines, and at lower 
temperatures, they gradually broadened. Among them, 
the singlet of 3-O-acetyl (ô 2.12) showed rapid broaden­
ing ; the ratio of the height of the acetyl signal for that 
of 23-O-acetyl (Ô 2.03) changed as follows: 0.66 (at 
5 0 ° C ) , 0 . 4 2 ( 4 4 o C ) , 0 . 3 4 ( 3 4 o C ) , 0 . 1 4 ( 2 0 o C ) . A t 0 ° C t h e 
3-O-acetyl signal melted away not to be detectable. At 
— 10 °C, the acetyl peak at ô 2.08 (ca. 4.5H in strength) 
still kept sharp line, but a broadened peak (ca. 1.5H) 
newly appeared at ô 2.26. At —20 °C the latter peak 
sharpened a little, and at —40 °C all peaks assignable to 
acetyls appeared as four sharp singlets at ô 2.09 (major), 
2.10 (major), 2.12 (minor), and 2.29 (minor, ca. 1.2H). 
The H-3 signals (ô 5.23) also behaved similarly. The 
sharp multiplet (apparently double triplets of J2b,z 
8.5 Hz, y 2 a , 3 - / 3 , 4 - 4 H z ) a t 5 0 ° G gradually broadened 
at lower temperatures, and at 20 °G it became a broad­
ened singlet. At 0 °C it melted away (ô 5.0—5.4). At 
that temperature, the following signals still kept sharp 
lines or slightly broadened: methyls of 17, 21, 22, 6 ' ; 
23-O-acetyl, dimethylamino, - O C H 2 C H 3 ; methylenes 
of 16, 23 ; methines of 15 and 3 ' . At —10 °C, line-
resharpening of all signals began, and H-3 signals were 
separated into two broadened singlets at ô 5.13 and 
5.33 (ca. 1 : 1 in strength), which, at lower temperatures, 
gradually sharpened to become two doublets (J 7.5 and 
9 Hz) in the strength of ca. 1.2 : 1 ( - 2 0 °C), 1.5 : 1 
( _ 4 0 ° C ) , a n d 2 : 1 ( — 55 °C) without substantial change 
in the shift-values. Other signals separated into two parts 
were those of H-10 (eminent below —10 °C), -11 
(below - 2 0 °C), -13 (below - 2 0 °C), 18-methyl (below 

- 2 0 °C), a n d H - r ( - 2 0 °C). Other signals which showed 
great broadening at low temperatures were the peaks of 
H-4 (broadening began at 34 °C, and at 0 °C, melted 
away), H-10 (broadening began at 20 °C), H-2a and -2b 
(broadening began both at 10 °C and melted away at 
0 °C), 18-methyl (broadening began at 10 °C), and 
possibly H-7. 

Above data can be summarized as follows: 1) line-
broadening occurred not at a time, the signals of H-3, 
3-O-acetyl, H-4, and H-10 being first broadened, then 
those of 18-methyl, H-2a, and -2b followed, 2) the 
signals at C-15, 16, 17, 21, 23, 3 ' , 6', of (OCH 2 CH 3 ) 2 , 
23-O-acetyl, and N(CH 3 ) 2 resisted to the broadening, 
and 3) at low temperatures, the signals of H-3, 10, 11, 
13, and 3-O-acetyl separated into two parts with varying 
the strength-ratio with the temperatures. 

These data disclosed the conformational feature of 
3 dissolved in chloroform-*/. First, it is concluded, from 
3), that 3 will have two rotational isomers on the N M R 
time scale, and at 55 °C, for example, they show faster 
interconversion to give a clear spectrum. The situation 
is typically shown by the fact that the J values relating 

TABLE 2. THE 13C-NMR CHEMICAL SHIFTS OF 1, 3, AND 

4 IN CDClg (in ppm downfield from TMS) 

C-1 
C-2 
C-3 
C-4 
C-5 
C-6 
C-7 
C-8 
C-9 
C-10 
C-ll 
C-12 
C-13 
C-14 
C-15 
C-16 
C-17 
C-18 
C-19 
C-20 
C-21 
C-22 
C-23 
OCOCHg 
OÇOCH3 
OCH2CH3 

OCH2CH3 

c-r 
C-2' 
C-3' 
C-4' 
C-5' 
C-6' 
NMe2 

(at 20 °C) 

173.85 
39.54 
67.8(v. br) 
47.14 
81.15(br) 
31.96(br) 
32.75(br) 
40.42(br) 

203.61 
118.72(br) 
148.14 
135.65 
142.10 
44.61 
75.10 
25.52 
8.98 
9.68 

43.75 
203.02 

17.35 
13.06 
62.73 

104.03 
70.90 
70.16 
70.90 
73.32 
17.81 

41.68 

(at 50 °C) 

170.08 
38.09 
72.79 (small) 
39.94(v. br) 
81.47 
38.61 
33.77a> 
41.14(v. br) 

204.40 
123.91(br) 
146.36 
135.41 
138.31 
43.05 
75.20 
26.24 

9.24 
9.80 

34.82a> 
104.62 

16.03(br) 
12.86 
64.20 
20.67,21. .31 

(at 20 °C) 

170.20 
37.78 
68.60 (small) 
43.33 (small) 
80.66 
33.01 
33.01 
40.17 

203.56 
120.35 (small) 
147.77 
135.63 
139.64 
42.99 
74.64 
25.80 

9.22 
10.25 
44.21 

202.36 
17.19 
13.05 
63.98 
20.80,21.27 

170.53, 170.78 170.80,170.94 
15.43 
60.64,61, 

101.90 
70.70 
70.87 
71.16 
73.67 
18.01 
41.77 

.39 
104.20 
71.15 
70.22 
70.88 
73.58 
17.84 
41.75 

a) May be interconvertible. 
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to H-2a, 2b, 3, and 4 is changed at the temperatures 
above and below 5 °C. The coalescence point is 
estimated to be near 5 °C, the (high) value being 
unexpected for the macrolide derivative. From 2) and 
3) it is suggested that the origin of the energy barrier 
for the interconversion between the rotamers might be 
principally created by the steric crowd of the sub-
stituents between C-3—C-8 including 3-0-acetyl. The 
diene portion will come near to the above portion 
(C-3—C-8) and be influenced by the above rotational 
changes. The positions remote from the above portion 
(C-3—C-8) will not much be influenced, keeping always 
similar spectral environments. 

Above conclusions were basically confirmed by the 
1 3C-NMR spectroscopy. The spectra of 3 measured 
at various temperatures are shown in Fig. 2. Signal 
assignments (see Table 2) were made on the basis of 
the comparison of the spectrum with that of tylosin19) 

and also by off-resonance method as well as by selective 
proton decouplings (see Experimental) . In the spectrum, 
the signals of 1 3C-3, 4, 8, and 10 appeared, even at 
50 °C, as low and broadened peaks. At 20 °C, the 
signals of 13C-18 (slight), 16 (slight), 19, O C H 2 C H 3 , 20, 
13, and 9 were additionally broadened. At —40 °C, 
most of the carbon signals split into doublets of unequal 
intensities. These results indicate again that 3 has two 
major rotational isomers. 

Exper imenta l 

General. Melting points were determined on a Kofler 
block and are uncorrected. Optical rotations were measured 
with a Perkin-Elmer 241 Polarimeter. Thin-layer chromatog­
raphy (TLC) was carried out on Wakogel B5 silica gel with 
detection by spraying with sulfuric acid, followed by slight 
heating. Column chromatography was performed on Kiesel 
gel 60, 230—400 mesh (E. Merck). UV spectra were recorded 
with a Hitachi 200-10 spectrometer, and IR spectra, with a 
Hitachi 255 grating spectrometer. ^ - N M R spectra were 
recorded at 90 MHz with a Varian EM-390 spectrometer, 
or at 250 MHz in the FT mode using a Bruker WM 250 
spectrometer at 20 °G unless otherwise stated. 13G-NMR 
spectra were recorded in the FT mode with a Bruker WM 250 
spectrometer operating at 62.9 MHz. 

W-NMRfin CDCl3 at 250 MHz) of l: Ô 0.95 [3H t, Me-
(17)], 1.02 [3H d, Me(18)], 1.22 [3H d, Me(21)], 1.27 [3H d, 
Me(6')], 1.83 [3H very narrow m; apparently s, Me(22)], 
1.96 (1H d, J2 a 2b 15 Hz, H-2a), 2.36 (1H t, J 10 Hz, H-3'), 
2.50 (6H s, NMe2), 2.53 (1H dd, y2b>3 10 Hz, H-2b), 
2.6 (1H m, H-8), 2.9 (H-14), 3.06 (1H t, y ~ 9 . 3 H z , H-4'), 
3.26 (1H m, H-5'), 3.47 (1H dd, Jv# 7.5 Hz, / 2 , 3 , 10.5 Hz, 
H-2'), 3.73 (1H, H-5), 3.75 (2H d,' J 5 Hz, H-23a,b), 3.85 
(1H br d, J - l O H z , H-3), 4.25 (1H d, H-l ' ) , 4.95 (1H dt, 
yi4.i5=Ji5,i6a - 9 Hz, y15>16b 2.5 Hz, H-15), 5.92 (1H slightly 
br, d, J1314 10 Hz, H-13), 6.30 (1H d, J 15 Hz, H-10), 7.34 
(1H d, H- l l ) , 9.70 (1H s, CHO). 

Irradiation at à 1.65 (H-4, 16a, and possibly one of H-7a, 7b) 
caused the triplet of H-l 7 and the doublet of H-l 8 to collapse 
to a doublet and a singlet, respectively; at the same time, 
signals both at ô 1.88 (H-16b) and of H-5 to change. Irradi­
ation at ô 2.6 (H-2b, -8) collapsed the doublets of H-2a, -3, and 
-21 to singlets respectively; the signals near <5 1.5 (H-7a,7b) 
also changed. Irradiation at <5 2.9 (H-14 and -19?) caused 
the doublet of H-23, the doublet of H-13, and the double 
triplets of H-15 to collapse to a singlet, a singlet, and a doublet, 

respectively. 
™C-NMR (in CDCl3 at 20 °C). (s, d, and t cited in the 

parenthesis are the splitting pattern in the off-resonance). 
Carbon- 17, 18, 22, 21, 6', 16(t), 6(d), 7(t), 2(t), 8(d), NMe2, 
19(t), 5(d), l'(d), 10(d), 12(s), 13(d), 11(d), l(s), 20(d), 9(g) 
(see Table 2.) were assigned on the bassi of the comparison of 
the shift-values with those of tylosin19) as well as by off-
resonance method. Carbon-23 can be assigned by the off-
resonance method (appeared as a triplet) as well as by the 
appearance at an up-field shift (62.73 ppm) in comparison 
to the shift (68.2 ppm) of C-23 of tylosin, the shift being in 
accord with the removal of the glycoside linkage from tylosin. 
On H-3' proton irradiation, C-3' appeared as a singlet; the 
splitting spaces of the signals (each doublet) of C-4', 2' and 
5', 3 and 15 became wider in this order, which were propor­
tional to the order of the Aà value of the protons (H-4', 2', 
5', 3, and 15) from the ô value of H-3'. This observation as­
sisted the carbon assignments in question. Distinction between 
C-4 and -14 was performed by the H-14 proton irradiation. 

Mycaminosyltylonolide Diethyl Acetal (2). A solution of 
1 (825 mg) in dry ethanol (8.3 ml) containing anhydrous p-
toluenesulfonic acid (360 mg) was kept at room temperature 
for 20 min. After addition of triethylamine (0.3 ml), the 
solution was concentrated and the residue was dissolved in 
chloroform. The solution was washed with saturated aqueous 
sodium hydrogencarbonate and water, dried over sodium 
sulfate and concentrated to give a solid. Recrystallization 
from acetone solution by adding hexane gave needles, 852 mg 
(92%), mp 193—195 °C, [a]»6 +14° (c 1, chloroform); UV 
Amax (MeOH) 283 nm (log e 4.40). 

Found: C, 62.29; H, 8.95; N, 2.13%. Calcd for C35H61-
N O n : C, 62.57; H, 9.15; N, 2.08%. 

3,23-Di-O-acetylmycaminosyltylonolide Diethyl Acetal (3). 
Treatment of 2 (992 mg) in pyridine (10 ml) with acetic 
anhydride (2.5 ml) at 50 °C for 2d gave 3,23,2',4'-tetra-
O-acetyl derivative, which gave, on TLC with benzene-
acetone (5 : 1), a spot of R{ 0.35. The crude derivative was 
dissolved in methanol and the solution was kept at 50 °C 
overnight to give an amorphous solid of 3, 1.05 g (94%); Rt 

0.5 on TLC with chloroform-methanol (7 :1 ) (the tetraacetyl 
intermediate: Rt 0.95), [<x]JB +3° (c 1, chloroform). 

Found: C, 62.15; H, 8.59; N, 1.88%. Calcd for C39H65-
N 0 1 3 : C, 61.97; H, 8.64; N, 1.85%. 

!H-NMR (in CDC13 at 250 MHz) (at 50 °G) : ô 0.93 [3H t, 
Me(17)], 1.03 [3H d, Me(18)], 1.15 [3H d, Me(21)], 1.15— 
1.24 [6H, (OCH2CH3)2], 1.31 [3H d, Me(6')], =1.35—1.5 
(H-l9a), =1.37—1.52 (H-7), 1.61 (1H m, H-l6a), =1.75 
(H-4), «a 1.8 (H-16b), 1.81 [3H s, Me(22)], ^ 2 . 0 (H-6, 19b), 
2.03 (3H, s, 23-O-Ac), 2.12 (3H s, 3-O-Ac), 2.22 (1H dd, 
y2a 3 3.3 Hz, y2a 2b 15 Hz, H-2a), 2.32 (1H t, H-3'), 2.51 (6H 
s, NMe2), 2.57 (1H dd, Jn, 8.5 Hz, H-2b), 2.95—3.07 (3H, 
H-8, 14, 4'), 3.29 (1H m, H-5'), 3.44—3.55 [(OCH2CH3)2], 
3.59 (1H dd, H-2') %3.67 (H-5) ; 4.08 (1H dd with the lower-
field half being intense, Jlit23& 6.5 Hz, y23a23b 11-5 Hz, H-23a), 
4.14 (1H dd with the higher-field half being intense, Ju 23b 

5 Hz, H-23b), 4.23 (1H d, Jlf,t, 7.5 Hz, H-l ' ) , 4.54 (1H 
apparent t, H-20), 4.84 (1H ddd, H-15), 5.25 (1H m, H-3), 
5.86 (1H d, J13 u 10 Hz, H-13), 6.17 (1H d, J 15.5 Hz, H-10), 
7.25 ( l H d , H- l l ) . 

Irradiation of 17-methyl collapsed the multiplet of H-16a to 
double doublets (J15|16a 9.5, yi6a#16b 15 Hz), and the signals 
between ô 1.77—1.86 (H-16b) changed. Irradiation at à 
1.82 (H-16b and 4) caused the triplet of H-l7, the multiplet 
of H-15, the multiplet of H-3 and the doublet of CH3 (18) to 
collapse to a doublet, double doublets (Jli>15 and 9.5 Hz), 
double doublets, and a singlet, respectively; the signals of 
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H-16a also changed although they were biased by the near-by 
irradiation. Irradiation at ô 3.0 (H-8, 14, and 4') collapsed 
the doublet of Me (21) to a singlet, the multiplet of H-23a, -23b 
to an AB quartet, the doublet of H-13 to a singlet, and the 
multiplet of H-15 to double doublets; the signals of H-5' and 
-3 ' also changed to the form as expected. Irradiation of H-3 
caused the signals of H-2a, -2b to collapse to an AB quartet 
and the signals near ô 1.75 (H-4) to change. Irradiation at 
ô 3.67 (H-5) caused the signals of H-4 to change. Irradiation 
at ô 1.95 (H-6, 19b) caused the signals between ô 1.35—1.53 
(H-7, 19b) to simplify, and the triplet of H-20 to a doublet. To 
confirm the signal assignments, the positions of H-15, 20, and 
r were also irradiated. 

At — 20 °C: 18-Methyl separated into two incomplete 
doublets at ô 1.01 and 1.10. H - l ' separated into two, the bigger 
half being appeared at ô 4.33 ( y 7.5 Hz). H-13 gave two 
doublets (each J~ 10 Hz) at ô 5.88 and 5.97. H-10 gave two 
doublets (each / ~ 15 Hz) at ô 6.03 and 6.34. H- l 1 gave ap­
parent triplet at ô 7.34. 

At - 4 0 °G: 18-Methyl gave two doublets at ô 1.01 (J 6.3 
Hz) and 1.12 (J 5 Hz) . The bigger signals of H- Y appeared 
at ô 4.35 ( - 0 . 6 H d, J 7.5 Hz) . H-3 gave two slightly broa-
ened doublets at ô 5.09 ( - 0 . 6 H , J-7.5 Hz) and 5.33 ( - 0 . 4 H , 
/ ~ 1 0 H z ) . H-13 gave two sharp doublets (J 10 Hz) at 
ô 5.90 ( - 0 . 6 H ) and 5.98 ( - 0 . 4 H ) . H-10 gave two sharp 
doublets ( / 15.5 Hz) at ô 6.03 ( - 0 . 4 H ) and 6.37 ( - 0 . 6 H ) . 

1 3C-NMR (in CDC13 at 50 °C). Carbon-17, 18, 22, (CH3-
CH 2 0- ) 2 (q , each), 21, 6', ( C H 3 C 0 2 - ) 2 , 16(t), NMe 2 (q) , 14(d), 
( C H 3 C H 2 0 - ) 2 (t, each), 23, 5, 1', 20(d), 10, 12, 13, 11, 1, 
( C H 3 C 0 2 - ) 2 , 9(s) (see Table 2) were assigned on the basis 
of the comparison of the shift-values with those of 4 as well 
as by the off-resonance. The carbons ranging between 30— 
45 ppm (C-2, 4, 6, 7, 8, 14, and 19) could be classified into two 
groups of methylene (C-2, 7, 19) and methine (C-4, 6, 8, 14) 
by the method of off-resonance. By the proton irradiation at 
ô 1.3, C-2(d) could be distinguished from C-7(s) and 19(s). 
By the H-14(16 and 22) proton irradiation, C-4(s) and C-6 
(narrow d) could be distinguished from C-8 and 14. The 
above assignments were also confirmed by the proton irradi­
ations of H-6 and of 14(8 and 4'). By the latter irradiation, 
also, assignments of carbons (between 70—76 ppm) of 4 /(s), 
5'(very narrow d), 2'(narrow d), 3'(d), 15 and 3 (wide d, each) 
were made. The above assignments were substantiated by 
the observation that the V C - H values in question came 
roughly in the range of similar magnitudes (by gated decoupl­
ing method). Carbon-3 was decided by the H-3 proton 
irradiation. 

3,23-Di-O-acetylmycaminosyltylonolide (4). A solution of 3 
(100 mg) in a mixture of acetonitrile (2 ml) and 0.1 M aqueous 
hydrochloric acid (2 ml) was kept at room temperature for 
1 h. After addition of sodium hydrogencarbonate (34 mg) 
and water (4 ml), the reaction mixture was extracted with 
chloroform. The crude product obtained was purified by 
chromatography on a short column of silica gel with chloro-
form-methanol (7 : 1) to give an amorphous solid of 4, 86 mg 
(96%), [a]*5 + 1 9 ° (c 0.7, chloroform). 

Found: C, 61.83; H, 8.35; N, 2.32%. Calcd for C35H56-
N 0 1 2 : C, 61.66; H, 8.13; N, 2.05%. 

i R - N M R (in CDC13 at 250 M H z ) : ô 0.94 [3H t, Me(17)] , 
1.09 [3H d, Me(18)] , 1.23 [3H d, Me(21)] , 1.27 [3H d, 
Me(6')] , 1-83 [3H s, Me(22)] , 1.78—1.92 (H-4, 16b), 2.05 
(3H s, 23-O-Ac), 2.15 (3H s, 3-O-Ac), 2.35 (IH t, H-3'), 2.50 
(6H s, NMe 2 ) , 2.64 (IH dd, H-2), 2.98—3.1 (H-14), 3.07 
(IH t, H-4'), 3.27 (IH dd, H-5'), 3.48 (IH dd, H-2'), 3.57 
(IH d, H-5), 4.09 (IH dd, H-23a), 4.16 ( I H dd, H-23b), 4.21 
( IH d, H- l ' ) , 4.82 (IH ddd, H-15), 5.18 (IH unresolved d, 

/ ~ 1 0 H z , H-3), 5.90 (IH d, H-13), 6.30 (IH d, H-10), 7.43 
(IH d, H - l l ) , 9.65 (IH s, CHO). Above assignments were 
confirmed by the decoupling method. 

1 3C-NMR (in CDC13 at 20 °C). Carbon-17, 18, 22, 21, 6', 
( C H 3 C 0 2 - ) 2 (q, each), 16(t), 6, 7, 2(t), 8(d), NMe 2 , 19(t), 
23(t), 3(d), 5', 15, 5, 1', 10, 12, 13, 11, 1, ( C H 3 Ç 0 2 - ) 2 (s, each), 
20(d), 9(s) (see Table 2.) were assigned on the basis of the 
comparison of the shift-values with those of 1 as well as by the 
off-resonance method. Carbon-15 was confirmed by the H-15 
proton irradiation. Distinction between C-4 and -14 was 
performed by the H-14 proton irradiation. Distinction 
between C-2', 3', and 4' was performed by the H-4' proton 
irradiation, whereupon C-4' appeared as a singlet, and C-2' 
and 3' as a doublet, respectively, but the peak space of the 
latter doublet was wider than that of the former one (see the 
similar statement of 1 3C-NMR of 3) . Since Vc2'-H2' a n d 
Vc3'-H3' were observed to be almost equal (by the gated 
decoupling technique), assignments of C-2' and 3' by the above 
space-method will be resonable. 

3-O-Acetylmycaminosyltylonolide (5). An aqueous solution 
(3.5 ml) of 3 (69 mg) and />-toluenesulfonic acid monohydrate 
(26 mg) was kept at 65 °C for 20 h. After addition of sodium 
hydrogencarbonate (20 mg), the reaction mixture was ex­
tracted with chloroform. The crude product obtained showed, 
on TLC with chloroform-methanol-28% aqueous ammonia 
(10 : 1 : 0.1), three spots of Rf 0.4 (slight 3), 0.3 (major, 5), 
and 0.22 (slight, 23-O-acetyl derivative?). Silica-gel column 
chromatography with chloroform-methanol-28% aqueous 
ammonia (20 : 1 : 0.1 ) gave an amorphous solid of 5, 30 mg 
(51%), W i 8 + 1 5 ° (c 1, chloroform). 

Found: C, 62.17; H, 8.46; N, 2.18%. Calcd for C33H53-
N O n : C, 61.95; H, 8.35; N, 2.19%. 

! H - N M R (in CDC13 at 250 MHz) : ô 1.85 [3H s, Me(22)] , 
2.15 (3H s, 3-O-Ac), 2.50 (6H s, NMe 2 ) , 3.66 (IH dd, Ju 23a 

7 Hz, y2 3 a ,2 3 b 11.5 Hz, H-23a), 3.73 (IH dd, / 1 4 , 2 3 b 5 Hz, 
H-23b), 4.21 (IH d, H- l ' ) , 4.80 (IH m, H-15), 5.20 (IH 
unresolved d, J~\l Hz, H-3), 5.93 (IH d, H-13), 6.29 (IH 
d, H-10), 7.41 (IH d, H - l l ) , 9.65 (IH s, CHO). 

Irradiation at ô 2.93 (H-14) collapsed the signals of H-23a, 
23b to an AB quartet, and the doublet of H-13 to a singlet. 

(9R)-9-Deoxo-9-hydroxy- (6) and (9S)-9-Deoxo-9-hydroxymyc-
aminosyltylonolide Diethyl Acetal (7). To an ice-cold solu­
tion of 2 (567 mg) in methanol (5.7 ml) was added sodium 
borohydride (96 mg) and the solution was kept in the cold 
for 3 h. On TLC with chloroform-methanol-28% aqueous 
ammonia (12 : 1 : 0.1), the reaction mixture showed spots 
of R{ 0.37 (6), 0.33 (7) (the color-intense was equal), and 0.3 
(very slight), the spot of 2 (R{ 0.4) being disappeared. After 
concentration, the residue was extracted with chloroform 
and the solution was washed with water, dried, and concen­
trated. Column chromatography of the residue with chloro­
form-methanol-28% aqueous ammonia ( 1 5 : 1 : 0 . 1 ) gave 
amorphous solids of 6 (73 mg, 13%), 7 (86 mg, 15%) and 
the mixture of the two (383 mg, 67%). 

6: [a ] D + 3 8 ° (c 1, chloroform); U V Amax (MeOH) 237 nm 
( loge 4.57). 

Found: C, 62.11; H, 9.20; N, 2.08%. Calcd for C35H63-
N O n : C, 62.38; H, 9.42; N, 2.08%. 

*H-NMR (in CDC13 at 250 MHz) : ô 1.78 [3H s, Me(22)] , 
2.51 (6H s, NMe 2 ) , 4.28 (IH broadened d; at 50 °C: sharp 
dd, / M 2.5 Hz, J910 8.0 Hz, H-9), 4.34 (IH d, H- l ' ) , 4.65 
(IH unresolved m; at 50°C, sharp dd, J 4 and 6.5 Hz, H-20), 
4.89 (IH dt, H-15), 5.24 (IH d, J 10 Hz, H-13), 5.76 (IH 
dd, y i 0 i i 15.5 Hz, H-10), 6.15 [IH br ( -6 .0—6.3 ) s; at 
50 °C, sharp d, J 15.5 Hz, H-l 1]. 

Irradiation (at 50 °C) of H-10 collapsed the signals of H-9 
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and H-l 1 to a small doublet, and a singlet, respectively. 
Irradiation (at 50 °C) at ô 1.9 (H-8) collapsed the double 
doublets of H-9 to a doublet (J 8 Hz) . 

7: [cx]£5 + 3 7 ° (c 1, chloroform); U V Amax (MeOH) 237 
nm (log e 4.41). 

Found: C, 62.56; H, 9.27; N, 2.16%. 
^ • N M R (in CDC13 at 250 M H z ) : ô 1.78 (3H s, Me(22)) , 

2.51 (6H s, NMe 2 ) , 4.32 (1H d, H- l ' ) , 4.61 (H-20), 4.90 
(H-15), 5.29 (1H d, J 10 Hz, H-13), 5.95 (1H br ( -5 .85—6.1) 
s; at 50 °C: sharp dd, J9 10 4.5 Hz, J10 n 15.5 Hz, H-10), 6.47 
(1H d, H-11). Signals of H-l ' , -20, -15, -13, and-11 slightly 
sharpened at 50 °G. 

Irradiation (at 50 °G) of H-10 collapsed the doublet of H-l 1 
to a singlet. Irradiation (at 50 °C) at ô 3.92 (H-9) collapsed 
the double doublets of H-10 to a doublet. 

9-Deoxo-9(K)-hydroxy- (8) and 9-Deoxo-9 (S)-hydroxy-mycami-
nosyltylonolide (9). To a solution of 6 or 8 (40 mg, 0.06 
mmol) in acetonitrile ( 1.2 ml) was added 0.1 M aqueous 
hydrochloric acid ( 1.2 ml) and the solution was kept at room 
temperature for 1 h. After addition of aqueous saturated 
sodium hydrogencarbonate (1.2 ml), the mixture was extracted 
with chloroform. The organic solution was washed thoroughly 
with water, dried over sodium sulfate, and concentrated. The 
residue was chromatographed on a short column of silica gel 
with chloroform-methanol-28% aqueous ammonia ( 1 0 : 1 : 
0.1) to remove the slightly remained starting material to give 
an amorphous solid of 8 (30.5 mg, 86%) or 9 (31.5 mg, 88%)-

8: [a]*5 + 4 4 ° (c 0.5, chloroform). ^ - N M R (CDC13) : 
ô 4.23 (1H dd, / 8 9 - 2 Hz, J910 8 Hz, H-9), 4.94 (1H dt, 
H-15), 5.33 (1H d,' Jlz 14 10 Hz,' H-13), 5.78 (1H dd, H-10), 
6.25 (1H d, J10 u 16 Hz, H-l 1), 9.86 (1H s, H-20). 

Found: C, 62.28; H, 9.01; N, 2.26%. Calcd for C31H53-
NO 1 0 : C, 62.08; H, 8.91; N, 2.34%. 

9: [a]I5 + 3 4 ° (c 0.5, chloroform). ^ - N M R (CDCJ3): 
ô 4.95 (1H dt, H-15), 5.37 (1H d, H-13), 5.96 (1H dd, J910 

4 H z , y l 0 > 1 1 16 Hz, H-10), 6.57 (1H d, H-11), 9.80 ( I H ' S , 
H-20). 

Found: C, 61.99; H, 8.86; N, 2.24%. Calcd for C31H53-
NO 1 0 : C, 62.08; H, 8.91; N, 2.34%. 

Basic Hydrolysis of the Mixture of 6 and 7 (to Give 10 and 11). 
To a solution of a mixture of 6 and 7 (4.95 g) in methanol 
(92 ml) was added 0.4 M aqueous sodium hydroxide (92 ml) 
and the mixture was heated at 50 °C for 5 h. Addition of 1 M 
aqueous hydrochloric acid (37 ml) followed by concentration 
to ^*80 ml gave precipitates of sodium chloride, which was 
filtered and washed with methanol. The filtrate and the 
washings combined were concentrated, filtered from sodium 
chloride further precipitated, and the concentrate was chro­
matographed on a column of Sephadex LH-20 (pretreated 
with methanol) with methanol to give a mixture of sodium 
chloride-free products (10, 11), 4.56 g (91%). 

Esterification of10 and 11 (to Give 12 and 13). To a solu­
tion of a mixture of 10 and 11 (142 mg) in dry tetrahydrofuran 
(1.4 ml) was added bis(4-£-butyl-l-isopropyl-2-imidazolyl) 
disulfide (124 mg) and triphenylphosphine (82 mg) under 
argon atmosphere and the mixture was kept at room tem­
perature for 5 min. Methanol (14 ml) was added and the 
solution was kept overnight at room temperature. The 
products obtained were chromatographed with chloroform-
methanol-28% aqueous ammonia ( 9 : 1 :0.1) to give a 
mixture of 12 and 13, 78.5 mg (53%). The mixture was 
further chromatographed (8 g of silica gel) in a similar manner 
to give 11 {Rt 0.32 on TLG with chloroform-methanol-28% 
aqueous ammonia=10 : 1 : 0.1), 10.9 mg, and 12 (R{ 0.28), 
15.4 mg, and the mixture of the two. 

11: M D 1 ~ 4 ° (c 0.5, chloroform); m/e 705 (M+), 659. 

Found: C, 61.08; H, 9.41 ; N, 2.00%. Calcd for C 3 6 H 6 7 N0 1 2 : 
C, 61.25; H, 9.57; N, 1.98%. 

^ - N M R (CDC13): ô 3.72 (3H s, C 0 2 M e ) . 
12: [a]2i - 1 0 ° (c 0.5, chloroform): m/e 659. Found: C, 

61.16; H, 9.34; N, 2.13%. 

!H-NMR (CDC13): ô 3.72 (3H s, C 0 2 M e ) . 
Cyclization of 10 and 11 (to Give 14 and 15). Method A: 

To a solution of a mixture of 10 and 11 (30.6 mg, 0.044 mmol) 
in dry tetrahydrofuran (0.6 ml) was added, under argon 
atmosphere, 2,2/-dipyridyl disulfide (14.6 mg, 0.066 mmol) 
and triphenylphosphine (17.4 mg, 0.063 mmol) and the 
mixture was kept at room temperature for 30 min. Con­
centration gave a residue, which was dissolved in dry toluene 
(16 ml) and the solution was heated at 80 °C for 24 h. The 
reaction mixture showed, on TLC, two spots of Rf 0.25 (14) 
and 0.28 (15) (with 10 : 1 :0.1 chloroform-methanol-28% 
aqueous ammonia) accompanied by tailing zones of Rt 0—0.18 
and 0.34—0.45. The solution was concentrated and the 
residue was dissolved in chloroform. The solution was 
washed with water, dried over sodium sulfate, and concen­
trated. The residue was chromatographed on a silica-gel 
column (6 g) with chloroform-methanol-28% aqueous am­
monia (12 : 1 : 0.1) to give a mixture of 14 and 15, 5.1 mg 
(17%). 

Method B: To a solution of a mixture of 10 and 11 (4.56 g, 
6.59 mmol) in dry tetrahydrofuran (90 ml) was added bis-
(4-*-butyl-l-isopropyl-2-imidazolyl) disulfide (3.91 g, 9.88 
mmol) and triphenylphosphine (2.60 g, 9.88 mmol) under 
arogon atmosphere and the mixture was kept at room tem­
perature for 5 min. The reaction mixture showed, on TLC 
with 6 : 1 chloroform-methanol, spots of Rf 0.3 (active ester) 
and 0 (hydrolyzed products of the active esters ?). Concentra­
tion gave a residue, which was dissolved in toluene (1140 ml) 

and the solution was heated at 80 °C for 24 h. The TLC 
pattern of the reaction mixture was substantially the same 
with that obtained by "Method A". Similar work-up as 
described in "Method A" gave an amorphous powder, which 
was chromatographed on a silica-gel column (Wakogel C-200, 
450 g) with chloroform-methanol-28% ammonia (10 : 1 : 0.1) 
to give 14 (0.52 g, 11.7%), 15 (0.52 g, 11.7%), and a mixture 
o f l 4 a n d l 5 ( 0 . 1 0 g , 2.3%). 

14: [aß* - 6 ° (c 0.5, chloroform): U V Amax (MeOH) 236 
nm (log e 4.26); IR(KBr): 1640, 1730 cm"1. 

Found: C, 62.44; H, 9.19; N, 2.18%. Calcd for C35H63 

N O n : C, 62.38; H, 9.42; N, 2.08%. 
^ • N M R (in CDC13 at 250 M H z ) : 0.96 [3H d, Me(19 or 

16)], 0.98 [3H t, Me(23) ] , 1.13 [3H d, Me(16 or 19)], 1.19 
and 1.21 [each 3H t, OCH 2 CH 3 ) 2 ] , 1.32 [3H d, Me(6' ) ] , 1-78 
[3H d, / ~ 1 Hz, Me(20)] , 2.26 (1H dd, J2&>2h 14 Hz, / u , 
4 Hz, H-2a), 2.37 (1H dd, J2h 3 7.5 Hz, H-2b), 2.38 (1H t, 
H-3'), 2.50 (6H s, NMe 2 ) , 3.02 (1H t, H-4'), 3.19 (1H m, 
H-14), 3.35 (1H dd, H-5'), 4.2 (1H t, Ju,15&=J15&tl5h 10.5 Hz, 
H-15a), 4.29 (1H dd, / 1 4 , 1 5 b 6 Hz, H-15b), 4.32 (1H d, J 
7.5 Hz, H- l ' ) , 4.62 (1H unresolved t, H-18), 5.38 (1H slight­
ly b r d , y i 3 > 1 4 10 Hz, H-13), 5.55 (1H dd, y9>10 9 Hz, J10 u 

15 Hz, H-10), 6.18 (1H sharp d, H-11). 

Irradiation of H-14 caused the signals of H-l5a, -15b to 
collapse to an AB quartet, the doublet of H-13 to a singlet. 
Irradiation at ô 3.58 (includes H-9) collapsed the signals of 
H-10 to a doublet. Irradiation at ô 1.45 [includes H-22 and 
-4(or 8)] collapsed the triplet of Me(23) and the doublet at 
ô 1.13 to singlets. Irradiation at ô 1.67 (H-8 or 4) collapsed 
the doublet at ô 0.96 to a singlet. Irradiation of H-5' col­
lapsed the doublet of Me (6') and the triplet of H-4' to a 
singlet and a doublet, respectively. 

15: [a]*5 - 4 ° (c 0.5, chloroform); U V Amftx (MeOH) 
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236 nm (log e 4.23) ; IR(KBr) : 1640, 1730 cm" 1 . 
Found : C, 62.07; H , 9.20; N , 2 .07%. Calcd for C35H63-

N O n : C, 62.38; H , 9.42; H , 2 .08%. 
^ • N M R (in CDC13 at 250 M H z ) : Ô 0.94 [3H d, Me(19 or 

16)], 0.98 [3H t, Me(23) ] , 1.18 [3H d, Me(16 or 19)], 1.18 
and 1.19 [each 3H t, ( O C H 2 C H 3 ) 2 ] , 1.31 [3H d, Me(6 ' ) ] , 
1.76 [3H d, / ~ 1 Hz , Me(20) ] , 2.21 (1H dd, / 2 a j 2 b 14 Hz, 
7 2 a 3 4 Hz , H-2a) , 2.34 (1H dd, J2h 3 9.5 Hz , H-2b), ' 2.38 (1H 
t, H-3 ' ) , 2.50 (6H s, N M e 2 ) , 3.01 (1H t, H-4 ' ) , 3.29 (1H m, 
H-14), 3.34 (1H dd, H-5 ' ) , 4.07 (1H t, JliA5&=J15&tl5h 10.5 
Hz , H-15), 4.29 (1H d, H - l ' ) , 4.37 (1H ,H-9) , 4.38 (1H dd, 
7 i4 i5 b 6 Hz , H-15b) , 4.61 (1H dd, J 4 and 7.5 Hz , H-18), 
5.35 (1H slightly br d, J13 14 10 Hz , H-13), 5.67 (1H dd, 
J910 3.5 Hz , J1Q u 15.5 Hz , H-10), 6.34 (1H dd, J9 u ~ 1.5 Hz, 
H - l l ) . 

I r radiat ion of H-14 caused the signals of H - l 5 a and -15b 
to collapse to two doublets, and the doublet of H-13 to a 
singlet. Irradiat ion of H-9 collapsed the double doublets of 
H-10 and those of H - l l to a doublet , respectively, to form an 
AB quar te t . 

Deacetalation of 14 (to Give 16). To a solution of 14 
(46.6 mg) in acetonitrile (1.4 ml) was added gradually 0.1 M 
aqueous hydrochloric acid ( 1.4 ml) and the mixture was kept 
at room temperature for 1 h. After addition of aqueous 
saturated sodium hydrogencarbonate (1.5 ml) , the mixture 
was extracted with chloroform. The chloroform-soluble 
products were chromatographed with silica gel with chloro-
fo rm-methano l -28% aqueous ammonia ( 9 : 1 :0.1) to give 
an amorphous solid of 16, 32.3 mg (78%), [a]*5 - 1 2 ° (c 0.5, 
chloroform), U V A m „ ( M e O H ) 236 nm (log e 4.34). 

Found : C, 61.83; H , 8.81; N , 2 .07%. Calcd for C3 1H5 3 

N O 1 0 : C, 62.08; H , 8 .91; N , 2.34%0. 
*H-NMR (GDGI3) : ô 5.43 (1H d, H-13), 5.50 (1H dd, H-10), 

6.21 ( l H d , H - l l ) , 9.81 ( l H s , - C H O ) ; y M 0 9 , y 1 ( U 1 1 6 , y 1 3 f l 4 

10 Hz . 

Oxidation of 15 (to Give 18). To an ice-cold solution of 
15 (73.1 mg) in tetrahydrofuran (1.5 ml) was added DDQ, 
(49.3 mg) and the solution was kept at room temperature for 
1 h. The solution showed, on T L C with chloroform-metha-
n o l - 2 8 % aqueous ammonia (10 : 1 :0 .1) , spots of Rf 0.4 
(18), 0.33 (15), 0.1 and 0. Concentration gave a residue 
which was charged on a silica-gel column (7 g) and the column 
was washed with ethyl acetate (350 ml) . D D Q and the 
reduced compound of D D Q were eluted. T h e developing 
solvent was then changed to chloroform-methanol-28% 
aqueous ammonia (12 : 1 :0.1) to elute 18 to give a pale-
brown solid (59.5 mg) . T h e methanol solution of the solid 
was decolorized with charcoal and, after evaporation, the 
residue was chromatographed with chloroform-methanol-28% 
aqueous ammonia (15 : 1 : 0.1) to give a colorless solid of 18, 
34.4 mg ( 4 7 % ) ; recrystallization from acetone-hexane gave 
plates, m p 165—168 °C, [a]*8 + 1 6 ° (c 0.5, chloroform); U V 
Amax ( M e O H ) 284 n m (log e 4.32) ; IR(KBr) : 1590, 1680, 1730 
c m - 1 ; m\e 671 (M+). 

Found : C, 61.56; H , 9.06; N , 2 . 0 1 % . Calcd for C35H61-
N O u . l / 2 H 2 0 : C, 61.74; H , 9.18; N , 2 .06%. 

! R - N M R (in CDC13 at 250 M H z ) : ô 1.83 (3H d, J~ 1 Hz , 
Me(20) ] , 2.50 (6H s, NMe 2 ) , 4.18 (1H t, H-15a) , 4.30 (1H d, 
H - l ' ) , 4.46 (1H dd, H-15b) , 4.66 (1H m, H-18), 5.85 (1H d, 
H-13) , 6.35 (1H d, H-10), 7.17 (1H d, H - l l ) ; / 1 0 i l l 15, J13 14 

11, 7i4,i5a 10, 7i4,i5b 6.5, y i 5 a > 1 5 b 10 Hz . 
Deacetalation oj 18 (to Give 19). Compound 18 was treated 

similarly as described for 16 to give crude 19 in ca. 8 0 % yield 
(the purity was estimated to be ca. 9 0 % ) . Repeated column-
chromatography gave no pure product. O n T L C with 
chloroform-methanol -28% aqueous ammonia ( 1 0 : 1 :0 .1) , 

it gave the spots of R{ 0.3 (19) and 0.24 (slight). 
*H-NMR (in CDC13 at 250 M H z ; peaks for 19 were only 

cited) : ô 4.24 (1H d, H - l ' ) , 4.27 (1H dd, H-15b), 4.48 (1H t, 
H-15a) , 5.88 (1H d, H-13) , 6.21 (1H d, H-10), 7.18 (1H d, 
H - l l ) , 9.80 (1H s, - G H O ) ; y 1 0 i n 15.5, J1ZM 10.5, / 1 4 , 1 5 a 10, 

yi4,i5b 6, yi5a,i5b 10 Hz . 
3,21,2\4'-Tetra-O-acetyl Derivative (20) of 18. A solution 

of 18 (82.9 mg) in pyridine (0.8 ml) containing acetic anhy­
dride (0.21 ml) was kept at 50 °C for 2 d . Usual work-up gave 
amorphous solid of 20, 92 mg (89%), [a]£2 + 6 5 ° (c 1, chloro­
form) . 

F o u n d : C, 61.72; H , 8.12; N , 1.75%. Calcd for C43H69 

N 0 1 5 : C, 61.48; H , 8.28; N , 1.67%. 
^ • N M R (GDGI3): ô 1.90, 2.05, 2.10 and 2.15 (each 3H s, 

Ac). 
3,21-Di-O-acetyl Derivative (21) of 18. A methanol solu­

tion (2.0 ml) of 20 (41.6 mg) was kept at 50 °C overnight. 
Evaporat ion gave a residue, which was chromatographed on 
a silica-gel column with chloroform-methanol-28% aqueous 
ammonia (25 : 1 : 0.1) to give an amorphous solid, 37.2 mg 
(99%), M £ 3 + 6 1 ° (c 1, chloroform): T L C : Rt 0.32 (cf. 17: 
Rt 1) (20 : 1 :0 .1 chloroform-methanol -28% aqueous am­
monia) . 

Found : C, 61.68; H , 8.50; N , 1.76%. Calcd for C39H65-
N 0 1 3 : C, 61.97; H , 8.64; N , 1.85%. 

X H-NMR (in CDC13 at 250 MHz) : ô 0.89 (3H t, H-23), 
1.10 [3H d, 7 7 Hz , Me(16)] , 1.11—1.24 [9H, Me(19) and 
( O C H 2 C H 3 ) 2 ] , 1.31 [3H d, Me(6 ' ) ] , 1.57 (2H m, H-22), 1.92 
[3H very narrow m, Me(20) ] , 2.04 and 2.11 (each 3H s, 3-
and 21-O-Ac), 2.37 (1H t, J 10 Hz , H-3 ' ) , 2.51 (6H s, NMe 2 ) , 
3.04 (1H t, J~ 10 Hz , H-4 ' ) , 3.12 (1H m, H-14), 3.30 (1H m, 
H-5 ' ) , 3.55 (1H dd, H-2 ' ) , 3.94 (1H dd, / 1 4 , 1 5 a 5 Hz, / 1 5 a 15b 

10.5 Hz , H-15a) , 4.29 (1H d, Jv 2, 7.5 Hz , H - l ' ) , 4.48 (1H t, 
J 10 Hz , H-15b) , 4.59 (1H dd, y 3.7 and 7.5 Hz , H-18), 4.86 
(1H br m, H-3) , 4.96 (1H m, H-21), 5.77 (1H slightly br d, 
7 1 3 j l 4 10 Hz , H-13), 6.40 (1H sharp d, J10 u 15.5 Hz , H-10), 
7.16 (1H slightly b r d , H - l l ) . 

I r radiat ion of H-14 collapsed the doublet of H-13 to a singlet, 
the quar te t of H- l 5a and the triplet of H - l 5b to an AB quartet 
in total, and the multiplet of H-21 to a quartet . Irradiation 
at ô 1.57 (H-22a,b) collapsed the triplet of H-23 to a singlet. 

Deacetalation of 21 (to Give 22). Treatment of 21 simil­
arly as described for 16 gave an amorphous solid of 22 in 79% 
yield, [a]£2 + 6 1 ° (c 1, chloroform). 

Found : C, 61.67; H , 8.12; N , 1.98%. Calcd for C35H55-
N 0 1 2 : C, 61.66; H , 8.13; N , 2 .05%. 
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Studies on the Behavior of Natural Surfactant at the Oil-Water 
Interface. II. Behavior of Natural Surfactant 

at the Oil-Water Interface 
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The behavior of natural surfactants was studied at an oil-water interface by measurement of the interfacial 
tension and the observation of the oil-water interface. Lecithin was used as an oil-soluble substance and sodium 
cholate was used as a water-soluble substance; n-paraffin, corn oil, unsaturated fatty acid and fatty alcohol were 
used as an oil phase. The reduction of interfacial tension was greatest in a dodecane-sodium cholate solution 
system, but the minimum interfacial tension was observed in an oleic acid-sodium cholate solution system. Sponta­
neous emulsification occurred in the oil phase when oleic acid was left in contact with sodium cholate solution. The 
most remarkable change was found in the system of oleic acid in contact with sodium cholate solution, in which 
crystal of cholic acid were formed at the interface. 

At the oil-water inferface, various interfacial phenom­
ena occur when the oil containing oil-soluble substance 
is allowed to contact the water containing water-soluble 
substance. Manabe and Okuyama1: ) have reported that 
there are many natural surfactants, especially in living 
body. 

We have studied the molecular interactions at the 
interface of oil/water systems with various kinds of 
additives with respect to the tendency of spontaneous 
emulsification,2-4) and the behavior of natural surfac­
tants, lecithin and cholesterol, at the oil-water interface.^ 

In this work, lecithin and sodium cholate were used 
as oil-soluble and water-soluble natural surfactants, 
respectively. Lecithin is an important constituent of 
biological membranes and has been used widely in 
field such as the food industry as an excellent emul-
sifier.6_8) Sodium cholate to be used is one of the bile 
salts. Bile salts are necessary for absorption of oil-
soluble vitamins such as Vi tamin A, D, E, and K. 9 ~ n ) 

Further, it is known that cholesterol is solubilized by a 
lecithin-bile salt micelle.12) 

In the present investigation, the behavior of natural 
surfactants at the oil-water interface was studied by the 
measurements of interfacial tension; the interfacial 
products were observed by a polarizing microscope. 

Exper imenta l 

Materials. Natural Surfactants'. Lecithin from soybean, 
the so-called asolecithin (Associated Concentrates Inc.) of 
commercial grade containing 95—98% lipid, was used. 
Sodium cholate (Tokyo Kasei Ind. Ltd.) of reagent grade was 
used without further purification. 

Oil Phase: Dodecane (Nikko petrochemical Co.), Corn 
oil (Ajinomoto Co.), m-9-octadecenoic acid (oleic acid) and 
m-9-octadecen-l-ol (oleyl alcohol) (Tokyo Kasei Go.) of a 
commercial grade were used without purification. 

Water Phase: Double distilled and deionized water with 
an indicated resistivity of 18.0 megohm/cm was used. 

Apparatus. The interfacial tension was measured by 
a Wilhelmy-type surface-tensiometer (Shimadzu Surface 
Tensiometer ST-1) and interfacial products were observed by 
a polarizing microscope with crossed niçois (Nippon Kogaku 
S-PO). 

Procedure. Lecithin and sodium cholate were dissolved 
in oil and water, respectively, and the interfacial tension was 

measured at various concentrations of the solutes at 30 °G. 
These measurements were made 30, 50, and 15 min after the 
contact of oil and water phases in the case of dodecane and eis-
9-octadecenoic acid, corn oil and £W-9-octadecen-l-ol, respec­
tively. It was confirmed that the equilibria at these interfaces 
were reached after the times mentioned above. 

R e s u l t s and D i s c u s s i o n 

The Lowering of Interfacial Tension. Figure 1 shows 
the effect of concentration of sodium cholate on the 
interfacial tension at the oil-water interface. As is 
shown, the interfacial tension decreased with increasing 
concentration of sodium cholate. In particular, the 
reduction of interfacial tension was the greatest in 
dodecane-sodium cholate solution system, but the 
minimum interfacial tension was observed in cis-9-
octadecenoic acid-sodium cholate solution system, being 
about 1.7dynt/cm at higher concentration of sodium 
cholate. The interfacial tension of «j^-octadecenoic 
acid-sodium cholate solution system was lower than 
aV-9-octadecen-l-ol. This may be due to a stronger 

1 0 ~ 6 1 0 ~ 5 10~ 4 1 0 " 3 1 0 ~ 2 10" 

Concentration of sodium cholate/mol dm - 3 

Fig. 1. The effect of sodium cholate on the interfacial 
tention of oil-water interface. 
O : Dodecane, 0 : corn oil, A : oî-9-octadecen-l-ol, 
J^ : m-9-octadecenoic acid. 

t Throughout this paper 1 dyn= 10~5 N. 
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Fig. 2. The effect of sodium cholate on the interfacial 
tendon of oil Containing lecithin (2 X 10-3 wt%)-water 
interface. 
O : Dodecane, %\ corn oil, /\\ m-9-octadecen-l-ol, 
A : m-9-octadecenoic acid. 

5 10 

Area per molecule i4/10~4Xnm2 

Fig. 3. n-A curves for various oils. 
: Dodecane, : corn o i l , — : w-9-octadecen-

l-ol, — — : m-9-octadecenoic acid. 

5 10 

Area per molecule i4/10~4Xnm2 

Fig. 4. Ji-A curves for various oils containing lecithin 
( 2 x l 0 - 3 w t % ) . 

: Dodecane, : corn oil, — : m-9-octadecen-
l-ol, — — : m-9-octadecenoic acid. 

interaction between the carboxyl group of a'j,-9-octa-
decenoic acid and cholate ions than between cis-9-
octadecen-1-ol and cholate ions. 

Figure 2 shows the effect of the concentration of 
sodium cholate on the interfacial tension at the oil 
(containing 2 X 10~3 w t % lecithin)-water interface. As 
can be seen, the interfacial tension showed similar 
results to that of Fig. 1 except for dodecane, the inter-

(A) 

(B) 

(G) 

1 day 3 day 

Fig. 5. The progress of spontaneous emulsification with 
time. 
Water phase: sodium cholate 1 X 10_1 mol dm"3. 
Oil phase: (A) corn oil+lecithin 5 x 10~2 wt%. (B) eis-
9-octadecenoic acid. (G) m-9-octadecenoic acid-h 
lecithin 1 X 10~2 wt%. 

facial tension of which was considerably lowered by the 
addition of a low concentration of lecithin. From the 
results, it was confirmed that lecithin affected most 
strongly the interfacial tension of dodecane-water . 

Figures 3 and 4 show the surface pressure (Tr)-area (A) 
curves calculated from Figs. 1 and 2 using the Gibbs 
equation. I t is evident that the area is greatly decreased 
with increasing cholate ions at low surface pressure. 
This means that the molecules are tightly packed at 
higher surface pressure, the compressibility of the film 
being small. 

Spontaneous Emulsification and Interfacial Product. 
Figure 5 shows the state when oils were left to stand in 
contact with sodium cholate solution. When corn oil 
containing lecithin was left in contact with aqueous 
solution, spontaneous emulsification occurred in the 
water phase.5) However, no distinct change was 
recognized by the use of corn oil without lecithin. 
Further, the spontaneous emulsification was also 
observed when corn oil containing lecithin was left in 
contact with distilled water. From these results, it is 
found that lecithin affects the spontaneous emulsifica­
tion when corn oil is used as the oil phase. 

O n the contrary, spontaneous emulsification occurred 
in the oil phase and the crystals were deposited at the 
oil-water interface when «V-9-octadecenoic acid was left 
in contact with sodium cholate solution. A similar 
change was also observed when a'j ,-9-octadecenoic acid 
containing lecithin was used as the oil phase. However 
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10 60 180 30 

Time/min 

Fig. 6. The time dependence of pH of water phase in 
contact with oil phase. 

Oil phase: m-9-octadecenoic acid. 
Water phase: sodium cholate 1 x 10"1 mol dm~3. 

200JU.VH 

Fig. 7. The products formed at the oil-water interface. 
(a) Thin milky film. Oil phase: dodecane+lecithin 
1 X 10~2 wt%. Water phase: sodium cholate 1 x 10"1 

mol dm - 3 . 
(b) Plate crystals. Oil phase: m-9-octadecenoic acid 
+ lecithin 2 x l 0 - 2 wt%. Water phase : sodium cholate 
1 x 10-1 mol dm-3. 

both spontaneous emulsification and crystal deposit 
were not observed when m-9-octadecenoic acid contain­
ing lecithin was left in contact with water.5 ) From these 
results, it is found that sodium cholate affects spon­
taneous emulsification when m-9-octadecenoic acid is 
used as the oil phase. 

Figure 6 shows the change of p H of the aqueous 
phase with time when a>-9-octadecenoic acid was left 
in contact with sodium cholate solution. I t is clear 
from this figure that the initial p H of the water phase 
decreased rapidly with t ime. I t seems that sodium ions 
of the water phase reacted with m-9-octadecenoic acid, 

hydrogen ions of the water phase increased and some 
of the cholate ions transferred to the oil phase with the 
hydrogen ions. The results indicate that spontaneous 
emulsification or crystal deposit occur in the oil phase. 
Davies et al. showed that the spontaneous emulsification 
was caused by one or more of the following pos­
sibilities:1*^) i) The instability of the interface due to a 
non-uniform diffusion of the components of the phases 
across the interface, which disturbs the interface violent­
ly enough to form droplets of the adjacent bulk phase, 
u) An accompanying diffusion of oil and an additive 
into water, which results in a dilution of the additive 
by the water, leaving oil droplets to form an emulsion, 
in) The temporary appearance of a negative interfacial 
tension which causes an enlargement of the interface 
area. 

Schulman et al.15>™ have shown that spontaneous 
emulsification occurs when a complex is formed between 
an oil-soluble substance and a water-soluble surfactant 
at the oil-water interface. The spontaneous emulsifica­
tion of oil containing lecithin in contact with sodium 
cholate solution is attr ibuted to the formation on liquid 
crystal of lecithin or to the formation of mixed micelle 
consisting of lecithin and sodium cholate. 

Figure 7 shows photographs of the interfacial 
products. The thin milky film formed at the dodecane-
sodium cholate solution interface is shown in Fig. 7-a . 
The plate crystals deposited at the m-9-octadecenoic 
acid-sodium cholate solution interface are shown in 
Fig. 7-b. Crystals were obtained a few days after the 
oil and water phase came into contact at sodium 
cholate concentrations above 5 x 1 0 - 2 m o l d m - 3 . This 
crystal was identified to be a single crystal of cholic 
acid by the measurement of the melting point, I R 
spectroscopy and X-ray diffraction. 

Similar results were obtained when (9Z,12Z)-9 12-
octadecadienoic acid (linoleic acid) was used as the 
oil phase and were not obtained when aV-9-octadecen-l-
ol was used. As mentioned above, it seems that the 
hydrogen ions of m-9-octadecenoic acid, (9Z,12Z)-9 
12-octadecadienoic acid and cholate ion in water affect 
the formation of this single crystal. 
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Solvents and the Stability of the Free Radicals Produced^ 

Hiroshi MIYAZAKI, Yoshio MATSUHISA,* and Tanekazu KUBOTA*^ 

Shionogi Research Laboratories, Shionogi and Co., Ltd., 5-12-4, Fukushima-ku, Osaka 553 
ïGifu College of Pharmacy, 6-1, Mitahora-higashi 5-chome, Gifu 502 

(Received January 27, 1981) 

Cyclic voltammograms of aromatic amine TV-oxides were recorded in nonaqueous solvents at various sweep 
rates less than 10 V/s. The measurement was carried out for both cathodic and anodic sweeps, and the sweep 
rate for obtaining a good cyclic voltammogram was correlated with the wave height of the a.c. polarogram in 
the reduction and oxidation processes, respectively. A good correlation was found between the sweep rate and 
the wave height in both the reduction and oxidation processes. This confirmed that the two values serve as good 
measures of the stability of the anion or cation free radical produced by the electrode reaction of the aromatic 
amine TV-oxides. The data were also examined by comparison with results from an electron spin resonance study. 
Finally, the temperature effect on the cyclic voltammogram of pyridine TV-oxide was investigated in detail. 

The study of cyclic voltammetry (GV) of aromatic 
amine TV-oxides was carried out in nonaqueous solvents 
to compare the results with those of our previous 
Polarographie and electron spin resonance (ESR) 
investigations on the same compounds.2~7) The results 
of these GV studies are considered to be good measures 
of the reversibility of the electrode reaction85 and were 
expected to display good correlation with the previous 
results mentioned above. 

Experimental 

The GV measurement was made using a combination of a 
Yanagimoto Applied Potential Sweep Unit Model PE-21-
TB2SS, a Yanagimoto polarograph P8-AP, a Hitachi Synchro­

scope Model V-104, and a Riken Denshi XY-Recorder Model 
D-51P to obtain a cyclic voltammogram at a sweep rate of 
0.0017—10 V/s. As working electrodes, a PAR Model 9323 
hanging mercury drop electrode (HMDE), a hanging mercury 
electrode (HME), and a platinum disk electrode (PDE: 2 mm 
in diameter) were used. All the measurements of samples? 
except for pyridine TV-oxide (PNO: vide infra) were done at 
25 ±0.1 °G by using the so called three-electrode-technique, 
a saturated calomel electrode (SGE) being employed as a 
reference electrode except for the low temperature measure­
ment. The solvents used were 7V,7V-dimethylformamide 
(DMF) and CH3CN containing 0.1 mol dm - 3 tetrapropyl-
ammonium Perchlorate (TPAP) as the supporting electrolyte. 

The cathodic sweep cyclic voltammogram of PNO was 
measured in the temperature range between 23.5 °G and —40 

TABLE 1. POLAROGRAPHIC, CYCLIC VOLTAMMETRIC, AND ELECTRON SPIN RESONANCE (ESR) 

DATA OF AROMATIC AMINE iV-OXIDES IN REDUCTION AND OXIDATION PROCESSES 

Reduction** Oxidation" 

Compound 
PolarographyC) Cyclic voltammetryd< ESRe> Polarography° Cyclic voltammetry* >h) ESRe> 

Sweep 
(-E#*s. / a . c > 0 ( -*p . f w. K » « . (-Efgus. ^ 
SCE)/V molm- 8 SCE)/V SCE)/V SCE)/V ^ r 

(Etfvs. /a.c./K3 (-Ep.tvs. (-Ehvs. (Eft* us. S™'g 
SCE)/V m o l m - 3 SCE)/V SCE)/V SCE)/V ^j^ 

Phenazine 
5,10-dioxide 

Phenazine 
5-oxide 

Acridine 
10-oxide 

Quinoxaline 
1,4-dioxide 

Quinoxaline 
1-oxide 

Quinoline 
1-oxide 

Isoquinoline 
2-oxide 

Pyrazine 
1,4-dioxide 

Pyrazine 
1-oxide 

Pyridine 
1-oxide 

4- (dimethylamino). 
pyridine 1-oxide 

0.833 

0.972 

1.300 

1.241 

1.419 

1.809 

1.946 

1.616 

1.837 

2.297 

306 

348 

180 

293 

315 

317 

231 

306 

325 

106 

0.849 

0.983 

1.361 

1.236 

1.427 

1.859 

1.918 

1.659 

1.859 

0.785 

0.922 

1.262 

1.171 

1.344 

1.736 

1.839 

1.566 

1.773 

0.817 

0.953 

1.312 

s l x l O - 3 Yes 

* l x l 0 - 3 Yes 

— Yes 

1.204 < l x l 0 - 3 Yes 

1.386 < l x l 0 - 3 Yes 

1.798 Ä S I X I O - 3 Yes 

1.879 0.4 Yes* 

1.613 0.025 Yes 

1.816 < l x l 0 - 3 Yes 

1.344 

1.745 

1.280 

1.598 

1.971 

1.537 

1.600 

1.741 

2.312 

- > 1 0 Yes* 1.802 

— 0.759 

400 

78 

137 

335 

59 

51 

331 

55 

90 

145 

1.374 

1.30 

1.619 

1.30 

1.238 

1.492 

1.337 1.12x10-

- > 1 0 

1.269 

1.556 

1.788 

0.820 

1.685 

0.744 

1.737 

0.782 

«sO.l 

0.18 

> 1 0 

> 1 0 

> 1 0 

«s0.3 

> 1 0 

> 1 0 

4 

Yes 

No 

Yes 

Yes* 

No 

No 

No 

Yes* 

No 

No 

Yes 

a) Data in DMF. b) Data in CH3CN. c) Obtained with DME, and taken from Refs. 2, 3, 4, and 5. d) Obtained with HMDE. e) Taken 
from Refs. 2, 3, and 6. Here "Yes" means that the ESR spectra due to the anion or cation free radicals were recorded at room temperature. 
However, the free radicals of several iV-oxides were obtained only at below 0 °C; in such a case the asterisk is put on "Yes" as superscript. 
f) Obtained with PDE at 600 r.p.m., and taken from Ref. 5. g) Obtained with PDE. h) The equation, El/2=(Ept-j-Epb)l2, was used to 
determine the half-wave potential. Each value of Ep f and Epb is for the CV curves at the sweep rate where the backward sweep wave becomes 
evident. See text for details, i) This is the value corresponding to the (ip.JiPmt)=0.5. See text for details. 
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°C.10> A platinum wire was employed instead of the SCE, 
since the SCE can not be used at the lower temperatures.9) 
HME was employed as a working electrode, the solvent being 
DMF containing TPAP. Note here that, since the PNO 
anion radical is unstable at room temperature (vide infra), 
checking the reversibility of the electrode process at the lower 
temperature was the most important problem for PNO. 

The aromatic amine TV-oxides used here, listed in Table 1, 
are the same ones previously studied with Polarographie and 
ESR techniques.2"7) 

R e s u l t s and D i s c u s s i o n 

For the analyses of GV curves, the following methods 
were applied. The peak current of the backward sweep 
was measured by the switching potential current (SPC) 
method reported by Nicholson.11"110 The value of the 
half-wave potential E1/2 was cyclovoltammetrically 
determined by the equation E1i2=(EpJ+Ep,h)l2, which 
is in principle applicable to the reversible redox system.13) 

Here, 2?p.f and isp .b are the forward and the backward 
peak potentials, respectively. This equation gave El{2 

values almost independent of the sweep rate and 
compatible with those determined polarographically. 
In the case of the cathodic sweep, generally speaking, 
the GV curves recorded in D M F with H M D E were 
almost the same as those obtained with PDE, and the 
difference is not remarkable. The CV data recorded 
with H M D E are given in Table 1, which also lists the 
other experimental results and, as references, our 
previously reported data. In the cathodic sweep cyclic 
voltammograms of the N-oxides in D M F the backward 
sweep waves were always observed for all the samples, 
except for P N O , at room temperature and at a sweep 
rate less than 10 V/s. Comparison with previous ESR 
and Polarographie studies of the JV-oxides2~7), clearly 
shows that this backward sweep wave is due to the 
oxidation process of the anion radical produced by the 
cathodic sweep. The sweep rate to obtain the backward 
sweep wave would be related to the stability of the anion 
radical. In the case of P N O , we could not observe the 
backward sweep wave at room temperature even when 
the sweep rate is increased to 10 V/s, as shown in Fig. la . 
However, when the voltammogram was recorded at 
—30 °G and at a moderate sweep rate, the backward 
sweep wave was clearly observed, as is seen in Fig. lb . 1 4 ) 

Since our previous study indicated that the ESR 
spectrum of the P N O anion radical was clearly obtained 
at about —50 °C by employing the electrochemical 
technique,25 the above backward sweep wave must be 
due to the oxidation process of the P N O anion radical, 
in agreement with the ESR study. 

Next we would consider the anodic sweep cyclic 
voltammogram in CH 3 CN. Only four of the aromatic 
amine iV-oxides studied here showed the backward 
sweep wave under the present experimental conditions 
(see Table 1). A typical compound, phenazine 5,10-
dioxide, shows a clear backward sweep wave even at 
0.1 V/s. This agrees with observations by other 
workers.15) The cyclic vol tammogram of quinoxaline 
1,4-dioxide (Fig. 2) showed no clear backward sweep 
wave at the rate 0.1 V/s, but the curve is obviously 
observed at 2 V/s. The cation radical of this N-oxide 

i i i i i i i i i 
-1.4 -22 

E/V 

Fig. 1. Cyclic voltammograms of pyridine TV-oxide (2.51 
Xl0 - 3 mol dm - 3) in DMF containing 0.1 mol dm - 3 

TPAP. Sweep rate and temperature were, respective­
ly, 10 V/s and 23.5 °C for (a), and 8 V/s and - 3 0 °C 
for (b). The electrode system was HME and platinum 
wire, the latter being used instead of SCE (see text). 

E/V 

Fig. 2. Cyclic voltammograms of quinoxaline 1,4-dioxide 
(8.02 X 10"4 mol dm-3) in CH3CN containing 0.1 mol 
dm-3 TPAP at 25 °C. Sweep rate was 0.1 V/s and 
2 V/s for (a) and (b), respectively. Reference electrode 
was SCE. 

is unstable compared with that of phenazine 5,10-
dioxide. In the case of pyrazine 1,4-dioxide, the cation 
radical was more unstable and therefore the backward 
sweep wave required a higher sweep rate. These 
observations agreed well with the results derived from 
our ESR study of cation radicals.6) 

Based on the discussion mentioned hitherto the sweep 
rate of the cyclic vol tammogram should be closely 
correlated with the life time of the anion or cation free 
radical produced by the electrode reaction. Alternative-
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400H 

300 
O 

a 
200 h 

100 

0 5 10 

Sweep rate of (ipJip. J =0.5/V s"1 

Fig. 3. Relationship between the wave height of the a.c. 
polarograms and the sweep rate at (îp.cA'p.a)==0.5 of 
the cyclic voltammograms in the oxidation process of 
aromatic amine TV-oxides in CH3CN. The backward 
sweep wave was not observed for the compounds design­
ated by arrows. 

Sweep rate of (ip.a/ip.c)=0.5/V s"1 

Fig. 4. Relationship between the wave height of the a.c. 
polarograms and the sweep rate at (ip.Jip.c) = 0.5 of the 
cyclic voltammograms on the reduction process of 
aromatic amine TV-oxides in DMF. See text on the 
pyridine TV-oxide, the backward sweep wave of which 
was not observed at room temperature. 

ly many reports support the fact that the wave height 
of an a.c. polarogram is a good measure of the rever­
sibility of the electrode reaction.165 Accordingly, the 
correlation between the sweep rate of the cyclic voltam­
mograms and the wave height of a.c. polarograms was 
examined for the TV-oxides studied. As a sweep rate of 
the former, the value of (ip.b/*p.f) = 0 - 5 was conveniently 
chosen (see Table 1), since the half wave height of a 
backward sweep against the forward sweep wave height 
would be considered to be related to the life time of the 
free rad ica l . 8 0 This value was obtained by plotting the 
e'p.bA'p.f value to the sweep rate, where i'p.b and ip. f are 
the peak height of the backward and the forward sweep 
waves, respectively. The wave heights of a.c. polaro-

wave height /Jx
c
d of the a.c. polarograms for oxidation 

and the sweep rate value at ( v c / v a ) = 0 . 5 have a good 
correlation with each other and that the larger the 
/ £ ? value and the smaller the sweep rate value, the 
more stable is the cation radical. The ESR spectra of 
the cation radicals of the three TV,iV'-dioxides and the 
4-(dimethylamino) pyridine 1-oxide shown in Fig. 3 
were successfully measured (vide supra).6* As seen in 
Fig. 4, a correlation of the Ile£ (wave height of a.c. 
polarogram for reduction) to the sweep rate value at 
the (*p.aAp.c)=0.5 was also obtained, although the 
relation was somewhat ambiguous compared with the 
case of Fig. 3. This is due to the high stability of the 
anion radicals of the TV-oxides2-5) as discussed hitherto, 
so that the Ilei values are rather large and the sweep 
rate values defined above are also small. From the 
results shown in Figs. 3 and 4, we may say that the 
potential sweep rate for yielding a cyclic voltammogram 
with a good backward sweep wave is a good measure 
for checking the reversibility of the electrode reaction 
of the aromatic amine JV-oxides in nonaqueous solvents, 
and that a good correlation exists between the potential 
sweep rate and the wave height of a.c. polarograms or 
the stability of the free radicals of the TV-oxides as 
studied by the ESR technique. 
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An Optical Absorption Study of Trapped Electrons in ^-Irradiated 
3-Methylhexane-2,2,4-Trimethylpentane-2,2-Dimethylbutane 

Mixture Glasses at 77 K 
Toyoaki KIMURA,* Naoyuki OGAWA, and Kenji FUEKI 

Department of Synthetic Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464 
(Received June 8, 1981) 

An optical absorption study was made on trapped electrons in y-irradiated 3-methylhexane-2,2,4-trimethyl-
pentane-2,2-dimethylbutane glasses at 77 K. The absorption maximum of trapped electron spectra shifts to longer 
wavelengths and the trapped electron yield decreases with decreasing 3-methylhexane concentration. The observed 
spectral shifts were interpreted through a semicontinuum model calculation. 

Excess electrons generated by ionizing radiation in 
polar and nonpolar matrices have been extensively 
studied by various experimental methods. Studies on 
electron mobilities in nonpolar hydrocarbon liquids 
have revealed that electron mobilities range over three 
orders of magnitude depending on the hydrocarbon 
liquids,15 which reflects the strength of interaction 
between an excess electron and the medium. Measure­
ments of the quasi-free electron state energy V0 have 
also shown that the V0 value differs considerably among 
hydrocarbons in the liquid state2»35 as well as in the 
glassy state.45 O n the basis of the results from these two 
types of experiment, hydrocarbons can roughly be 
classified into two types: type I in which electron 
mobilities are high ( > 1 0 cm2 V - 1 s_1) and the V0 values 
are low, and type I I in which electron mobilities 
are low ( < 1 cm2 V - 1 s_1) and the V0 values are high. 
I t is well known that excess electrons in the type I 
hydrocarbons are not localized, whereas those in the 
type I I hydrocarbons are localized. O n the other hand, 
it is known that optical absorption spectra of t rapped 
electrons (ef ) in hydrocarbon glasses at 77 K are 
similar to each other.55 This may be due to the fact 
that hydrocarbon matrices studied so far belong to 
type I I . Thus , it is of interest to investigate how the 
optical absorption spectrum of ef would change if we 
could choose as matrices the hydrocarbons which do 
not belong to type I I . Values of V0 of the type I hydro­
carbons, 2,2,4-trimethylpentane (224TMP) and 2,2-
dimethylbutane (22DMB), and the type I I hydro­
carbons at 77 and 295 K are listed in the upper, middle 
and bottom portions in Table 1, respectively. The 
electron mobilities (10^>pie>;l cm2 V - 1 s"1) and V0 

values in 224TMP and 22DMB lie between those in 
the type I hydrocarbons and those in the type I I 
hydrocarbons. We have found that a mixture of 

TABLE 1. QUASI-FREE ELECTRON STATE ENERGIES 

IN SOME HYDROCARBONS 

VQ at 77 K/eV V0 at 295 K/eV 

224TMP and 22DMB makes a clear glass at 77 K. We 
report here absorption spectra and yields of ef in the 
mixed systems of 3-methylhexane(3MHx)-224TMP-
22DMB. We used a mixture of 224TMP and 22DMB 
in 1 : 1 volume ratio (at room temperature), which will 
be designated as (224TMP-22DMB) in what follows. 

Exper imenta l 

3-Methylhexane (Tokyo Kasei, extra pure) and 2,2,4-
trimethylpentane and 2,2-dimethylbutane (Tokyo Kagaku 
Seiki, standard pure) were degassed and then purified in vacuo 
three times using molecular sieves 13X which were heated at 
550 K in vacuo for 12 h before use. The hydrocarbons were 
taken into a volumetric flask in vacuo, and vacuum distilled into 
optical cells. Samples were sealed off a vacuum line. The 
optical cells were made of Suprasil quartz and the optical 
path length was s^2 mm. y-Irradiation was made with 60Co 
y-rays to a dose of 1.0 X 105 rad. Optical absorption spectra 
were taken on a Hitachi 323 spectrophotometer. y-Irradi­
ation and optical absorption measurements were carried out 
at 77 K. 

R e s u l t s a n d D i s c u s s i o n 

Optical Absorption Spectra. No optical absorption 
was observable for the y-irradiated (224TMP-22DMB) 
samples in the wavelength range from 340 to 2000 nm 
over the dose range from 0.1 to 1.8 M rad. Thus, it is 
concluded that electrons cannot be stably trapped in the 
(224TMP-22DMB) glass at 77 K. The optical absorp­
tion spectrum of ef in a 3MHx-(224TMP-22DMB) 
mixture glass has an absorption maximum at a wave­
length longer than that in neat 3MHx glass. The ef 
spectrum in a 0.5 electron fraction (e.f.) 3 M H x -

1.2 

Neopentane 

224TMP 
22DMB 

Hexane 
MCH 
3MP 

0.33a5 

0.57a5 

0.59a5 

0.98a ) 

1.00a5 

0.86b5 

- 0 . 3 8 e 5 

- 0 . 1 7 e 5 

- 0 . 2 6 e 5 

0.1 e 5 

0.08d5 

0.01e5 

!B 
«S 

Q 
0 

a) Ref. 4. b) Ref. 4. Value estimated relative to V0 of 
MCH. c) Ref. 2 a), d) Ref. 2 b). 

Fig. 1. Optical absorption spectrum of ef in (a) 0.5 e.f. 
3MHx-(224TMP-22DMB) and (b) 3MHx. 
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TABLE 2. COMPARISON OF THE OBSERVED WAVELENGTHS 

AT THE ABSORPTION MAXIMA AND THE CALCULATED 

WAVELENGTHS OF THE IS—>2P TRANSITION 

IN 3MHx-(224TMP-22DMB) SYSTEMS 

[3MHx], e.f. ^max(obsd)/nm ^ls_»2p(calcd)/nm 

(224TMP-22DMB) glass is shown in Fig. 1 together 
with that in neat 3MHx. Both spectra in Fig. 1 are 
normalized to the same peak height. I t is seen in Fig. 1 
that the spectrum in 0.5 e.f. 3MHx- (224TMP-22DMB) 
system has Amax at 1900 nm (curve a) , whereas that in 
neat 3MHx has Amax at 1780nm (curve b) , and that 
the half-width of spectrum a is somewhat wider than 
that of spectrum b. The values of Amax for et" in 3 M H x -
(224TMP-22DMB) systems are listed in Table 2 as a 
function of e.f. of 3MHx. 

Semicontinuum Model Calculation of the Optical Transition. 
In the present calculation we assumed four 3MHx 
molecules in a first solvation layer, which were arranged 
in such a way that the center of et" and the midpoints 
of each C - C bond in the main chain of 3 M H x lie on a 
straight line. The medium beyond the first solvation 
layer was treated as a continuous dielectric medium. 
T h e total energy for the ith state is given by Eq. 1, 

Et(i) = Ek(i) + El(i) + ££(î) + E\(i) + E£(i) 

+ Eq(i) + Ey + £HH> (1) 

where EK is the kinetic energy of the excess electron; 
El and E%, are short-range electronic and medium 
rearrangement energies, respectively; E\ and El

m are 
long-range electronic and medium rearrangement 
energies, respectively; Eq is the short-range repulsive 
interaction energy between the excess electron and the 
medium electrons; EY is the energy required to form a 
cavity in the medium; and Ena is the repulsive interac­
tion energy between the hydrogen atoms in the different 
methyl groups nearest to the center of the cavity in 
which the electron is localized. Detailed expressions 
for each term in Eq. 1 are given in Ref. 6. T h e Is—»2p 
transition energy is then calculated using hydrogenic 
Is and 2p wave-functions as Eq. 2. The phys-

hvu^p = Et(2p)-Et(ls) (2) 

ical parameters for the mixtures, Am-lx, were 
estimated assuming a simple relation, Am{x=^}XiAi, 

where fy and A{ are the mole fraction and the physical 
parameter value for hydrocarbon component i, respec­
tively. The V0 values for 224TMP and 22DMB were 
taken from Table 1. T h e V0 value for 3 M H x at 77 K 
is not available. Since V0 values for the type I I hydro­
carbons at 77 K in Table 1 are close to 1.0 eV although 
it is somewhat lower for 3MP, we have assumed that 
V0 for 3MHx is 1.0 eV at 77 K. Using these V0 values 
the short-range repulsive interaction between the excess 
electron and the medium electrons was incorporated 
in. the calculation. The values of Is—>2p transition 
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0.3i 1 1 1 , r , , , , . 

0 ^ 1 ( y ^ i 1 i. i i i i I 
0 0.2 0.4 0.6 0.8 1.0 

Electron fraction of 3MHx 

Fig. 2. Optical densities of e" in 3MHx-(224TMP-
22DMB) systems vs. electron fraction of 3MHx. 

energy in wavelength units are listed in Table 2. The 
calculated Ais-,2p is in semiquantitative agreement with 
the observed Amax. The calculation accounts for a red 
shift in Amax of et" in 3MHx- (224TMP-22DMB) 
systems with decreasing concentration of 3MHx. This 
trend is unchanged even if different molecular arrange­
ments in the first solvation layer are assumed. Su'ch a 
shift is ascribed to the lower V0 values for (224TMP-
22DMB) compared with that for 3MHx. 

The Yield of Trapped Electrons. Trapped electrons 
in 3 M H x decay quite slowly at 77 K. In 3 M H x -
(224TMP-22DMB)systems the decay rate of et~ increases 
with decreasing 3 M H x concentration. Taking the 
decay into consideration, the optical density of et~ 
immediately after the 10 min y-irradiation, normalized 
to the 1 m m optical pa th length, is shown in Fig. 2 as a 
function of e.f. of 3MHx. It can be seen from Fig. 2 
that the optical densities of et~ in 3 M H x - ( 2 2 4 T M P -
22DMB) systems are lower than those expected from a 
linear relationship (dashed line) between O D of et~ 
and e.f. of 3MHx, especially at lower concentrations, 
and that et" is not observable for <i0.2 e.f. 3MHx. T h e 
V0 value for 0.2 e.f. 3MHx- (224TMP-22DMB) system 
in which no et" is observable is calculated to be 0.67 eV. 
Then , we are tempted to say that electrons cannot 
be t rapped in the glassy hydrocarbon matrices whose 
V0 is lower than ^ 0 . 6 7 eV. 

T h e viscosity of 3MHx- (224TMP-22DMB) systems 
probably decreases with decreasing 3 M H x concentra­
tion, which reflects on the decay rate of et". Thus, we 
cannot exclude the possibility that et~ has decayed out 
completely for low 3 M H x concentrations before the 
optical measurements are made. Taking the case of 
0.5 e.f. 3MHx- (224TMP-22DMB) system as an 
example, only 14% correction for the et~ decay is 
required for the observed O D at the shortest time to 
obtain O D at time zero*, whereas the observed et~ 
yield is about a half of that expected from a simple 
mixture law. Further, we note that the decay of et~ does 
not occur over an hour in 0.2 e.f. l -p ropanol - (224TMP-

** Since the correction for et~ decay was made by 
extrapolation of data points from steady-state experiments, 
the resulting initial OD or ê " yield should not be taken as 
identical to that obtained by pulse radiolysis measurements. 
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22DMB) system.75 These observations indicate that the 
matrix viscosity alone is insufficient for the interpretation 
of decrease in the et" yield. The decrease in the er yield 
at lower 3 M H x concentrations mentioned above may 
probably be explained in terms of lower V0 and viscosity 
of (224TMP-22DMB). I t should be pointed out that 
both lower values of V0 and viscosity arise from a larger 
free volume in the medium.8 ) 

The present work was partially supported by the 
Nagoya University Computat ion Center. 
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Activated Carbons. II.1} Relative Adsorbabilities of Elements 
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Osaka Municipal Technical Research Institute, Ogimachi, Kita-ku, Osaka 530 
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Synopsis. In order to predict the adsorbability of 
organic compounds out of water onto activated carbon, the 
contribution of individual atoms to the adsorbability is 
calculated. The contribution of the carbon atom is positive, 
that of nitrogen and oxygen atoms is negative, and that of the 
hydrogen atom is very small. 

Adsorption onto activated carbon provides a technique 
for purification of municipal and industrial wastewaters. 
In the design of such water purification facilities, 
equilibrium adsorption information is required. To 
reduce experimental work, it is desirable to predict the 
adsorbability of organic compounds. 

In a previous paper,2) the partition coefficients (a) of 
93 organic compounds between the solution and the 
adsorbed phases at an infinite dilution have been 
calculated and correlated with the molecular weight 
{MW). Further details of the relationship between 
log a and MW are illustrated in Fig. 1. For 52 aliphatic 
monofunctional compounds, a good linear relationship 
has been obtained, with a high correlation coefficient 
(r). Furthermore, the standard deviation (s), the l va lue 
in the Student test, and the over-all goodness of fit 
expressed by means of the F-value indicate that the 
relationship is statistically significant. The adsorbability 
of the multifunctional compounds is lower than that of 
the monofunctional compounds. This result suggests 
that the adsorbability of oxygen and nitrogen atoms 

Fig. 1. Relationship between log a and molecular weight 
(MW). 
(1) : Aliphatic monofunctional compounds, 
„=52, r=0.9512, *=0.2635,.F=475.0***, f=21.79***. 
(2) : Aliphatic multifunctional compounds, 
n=27,r=0.6459,*=0.5614,F=17.89***,/=4.230***. 
(3) : Aromatic compounds, 
n= 14, r=0.6024, j=0.4263, F=6.834*, f=2.614*. 
(4) : All compounds, 
»=93, r=0.6051, j=0.6867,F=52.58**V= 7.251***. 
Significance level: *<0.05, **<0.01, ***<0.001. 

constituting the functional group is lower than that 
of the carbon atom. The over-all correlation coefficient 
is low for this reason. 

The relationship between adsorbability and molecular 
weight can be expressed by the following equation: 

log a = aMW + b 

= a(12JVc+liVH+14ArN+16Ar0+ ...) + b, (I) 

where Nc, NH, 7VN, and N0 are the number of carbon, 
hydrogen, nitrogen, and oxygen atoms, respectively, 
in a molecule, and a and b are constants. Equation 1 
assumes that the individual atoms contribute to the 
adsorbability of the molecule by the relative magnitude 
of atomic weight. 

In order to estimate the exact contribution of the 
individual atoms to the adsorbability, the a coefficients 
in Eq. 2 have been calculated by multiple regression 
analysis. T h e relative magnitude of these coefficients 
is a measure of the contribution to the adsorbability. 

log a = acNc + aHNH + aNiVN + a0N0 + ... + b. (2) 

T h e data of 91 compounds, excluding two halogenated 
compounds, have been processed by a S H A R P PC-7300 
computer, and Eq. 3 has been derived. Table 1 shows 

TABLE 1. SQUARED CORRELATION MATRIX FOR 

INDEPENDENT VARIABLES IN EQ. 3 

Nr Nv NK N„ 

^C 

^ H 

JVN 
No 

1.000 
0.458 
0.005 
0.013 

1.000 
0.011 
0.084 

1.000 
0.122 1.000 

109 acalcd 
Fig. 2. Relationship between log a observed and log a 

calculated using Eq. 3. 
log aobsd=0.9998 log aca lcd-0.0002, 
„=91 , r=0.8803, *=0.4090, ^=306.3***, / = 17.50***. 
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log a = 0.4370JVc - 0.04465A^H - 0.2050iVN 

- 0 . 1 3 0 2 i V o - 1.501 (3) 

(«=91, r=0.8803, J = 0 . 4 1 6 1 , F=74.01***, t(Nc) = 
13.60***, t(NK) = -2 .659** , t(N„) = -2.104*, t(N0) = 
-2 .490*) 

the squared correlation matrix for degree of collinearity 
between the variables used in Eq. 3. 

A comparison of the coefficients in Eq. 3 yields the 
following conclusions. T h e presence of carbon atom in 
a molecule increases the adsorbability of the molecule. 
Nitrogen and oxygen atoms decrease the adsorbability. 
T h e contribution of hydrogen atom is much smaller 
than those of the other atoms. 

Figure 2 shows the relationship between log a observed 
and log a calculated using Eq. 3. For the same 91 
compounds, the relation between log a and the molecular 

weight is expressed by Eq. 4 : 

loga = 0 . 0 1 6 3 9 A W - 1.558. (4) 

(»=91, r=0.6050, j=0.6864, F=51.39***, 
*=7.169***) 

These results indicate that Eq. 3 provide a better 
approximation than Eq. 4. The adsorbability of many 
compounds can be predicted from the molecular 
formula alone. 

References 

1) Part I : I. Abe, K. Hayashi, and M. Kitagawa, Bull. 
Chem. Soc. Jjm., 54, 2819 (1981). 

2) I. Abe, K. Hayashi, M. Kitagawa, and T. Urahata, 
Bull. Chem. Soc. Jpn., 53, 1199 (1980). 



December, 1981] © 1981 The Chemical Society of Japan N O T E S Bull. Chem. Soc. Jpn., 54, 3859—3860 (1981) 3859 

Metachromatic Absorption Spectra of Spin-labeled Mono- and Diamino-
acridine Dyes Bound to Synthetic Polyelectrolytes1} 

Kiwamu YAMAOKA,* Takumi MATSUDA, and Tsuyoshi MURAKAMI 

Faculty of Science, Hiroshima University, Higashisenda-machi, Naka-ku, Hiroshima 730 
(Received April 16, 1981) 

Synopsis. Interactions between nitroxide spin-labeled 
dyes (Acridine Orange, Proflavine, and 9-aminoacridinium 
chloride) and poly(/>-styrenesulfonate), polyphosphate, and 
polyacrylate were studied by measuring visible absorption 
spectra in aqueous solutions. The bound-dye spectra and 
equilibrium constants were determined by the principal-
component-analysis method. The metachromatic behavior 
of dye-polymer complexes was clarified. 

Previous reports have shown that acridine dyes labeled 
with stable nitroxides can be utilized in the study of 
dye-polymer interactions by two independent methods 
of ESR and optical absorption.2) Molecular dynamics 
of spin-labeled dyes bound to various polyelectrolytes 
were clarified by analyzing ESR signals of spin 
moieties.2»3) The characteristics of absorption spectra 
of newly synthesized spin-labeled and other related 
dyes were compared to determine the effect of at taching 
the labels.4) For full utilization of these dyes as ESR-
optical double probes, their spectral behavior should be 
assessed quantitatively in the presence of various 
polymers under diverse conditions. 

In this Note, the metachromatic behavior of three 
spin-labeled acridine dyes toward three polyelectrolytes 
with different charged-groups will be reported. By 
applying the principal-component-analysis (PCA) meth­
od to the measured absorption spectra of each d y e -
polymer combination, the spectrum and the fraction 
of the bound-dye species were evaluated, together with 
the apparent equilibrium constant. For each polyelec-
trolyte, the bound-dye spectra are similar to those of 
the corresponding unlabeled or mother dyes, indicating 
that the metachromatic tendency is well preserved. 

E x p e r i m e n t a l 

Materials. Spin-labeled dyes were all described in 
detail previously: monopyrrolidinylated Proflavine (slPF),2~4> 
monopiperidylated Acridine Orange (slAO),2'3) and a spin-
labeled 9-aminoacridinium chloride (slAA).2»3»5) Their struc­
tural formulas are shown in Fig. 1. A 3-acetamido derivative of 
Proflavine (AcPF), for which R1=-NHCOCH3 ,4) was used 
as the reference for slPF. Sodium salts of polyQö-styrenesulfo-
nate) (NaPSS), polyphosphate (NaPP), and polyacrylate 
(NaPA) were also described elsewhere.6»7) 

Measurements and the Procedure for Data Analysis. Absorption 
spectra were measured at 25 °C as before.4'6) A salt-free dye 
solution was titrated by the dropwise addition of a salt-free 
polymer solution in an absorption cell with a Gilson micro­
pipet.1) The molar absorption coefficients, e, are defined 
both for dye-polymer solution and for the bound-dye species 
in the same manner as before.6»7) A series of titration spectra 
for a given dye-polymer system were analyzed by the extended 
PGA procedure.6"8) 

R e s u l t s a n d D i s c u s s i o n 

Pure Spectra of Bound-dye Species and Equilibrium Constants. 

slPFCR^-Ä-C-L^"0; R2=-NH2 ; R3,FV-H) 

440 460 480 500 520 540 370 390 410 430 450 
Wavelength / nm 

Fig. 1. Structural formulas of dyes and the bound-dye 
spectra extracted from the series of titration spectra of 
dye-polymer systems, (a) slPF, (b) AcPF, (c) slAO, 
and (d) slAA. Polymers bound by each dye are (O) 
NaPSS, (A) NaPP, and ( # ) NaPA. Broken lines are 
the spectra of dyes in the absence of polymers. Solid 
lines are typical spectra of the respective dye-NaPSS 
solutions, for which P/D values are indicated. 

Figure 1 shows typical absorption spectra of each of 
four dyes in the presence and the absence of polyanions. 
For each dye-polymer system, five to nine titration 
spectra were measured at a neutral p H over a low 
P/D range (0 to 1—2), where P and D are the concen­
trations of a polymer in monomer unit and of a dye, 
respectively.6) Only a few observed spectra were drawn 
here, since the details are the same as those reported 
previously.6»7) T h e number of light-absorbing, independ­
ent species, i.e., components, in each dye-polymer solution 
was concluded to be two, a free and a bound dye 
species, by comparing the eigenvalues of the correlation 
matrix.6 _ 8 ) In order to apply the extended PCA 
procedure to each dye-polymer combination, therefore, 
use was made of the binding scheme with the apparent 
equil ibrium constant K and the adjustable parameter 
a : K=[DP*]/[D][P]a. The notations are all the same 
as before.6_8) Estimated values of K and a are given in 
Table 1. 

T h e visible spectra of slPF and AcPF show two 
absorption bands (Figs, l a and b) as a result of acyl-
amination, differing from those of PF and Trypaflavine 
(TF).2»4) T h e monosubstituted slPF and AcPF bind 
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TABLE 1. T H E APPARENT EQUILIBRIUM CONSTANTS, K AND K', AND THE 

PARAMETER X FOR DYE-POLYMER COMBINATIONS AT 2 5 ° G 

sTPF A C P F slAO slAA 
(23.3)a> (20.6) (5.42) (37.6) 

NaPSS ä K3 n ÏTi L2 
/C 1.6X106 2.1X106 5.0X107 3 . 6 x l 0 6 

K'*» 5.6X104 6.8x10* 9 . 6 x l 0 5 4 .2x10* 
NaPP a 1.7 1.3 1.5 1.3 

/C 2 . 4 x l 0 8 9 . 8 x l 0 6 1.2x10 s 3 . 9 x l 0 5 

K' 8.6x10* 2 . 8 x l 0 6 2 .1x10 s 1.6x10* 
NaPA a 1.1 0.9 1.4 0.9 

K 4 . 1 x l 0 4 9.2x10« 1.2x10» 9 . 0 x l 0 2 

K' 1.4x10* 2.8x10* 8.3x10* 2 . 5 x l 0 3 

a) Values in parentheses are the initial concentrations of the respective dyes in [/mol/dm3. b) K,=K[P]a~1 calculated at PjD=\. 

0 (U 0.8 1.2 0 0.4 0.8 1.2 
P/D 

Fig. 2. The PjD dependence of the fraction of free-dye 
species remaining in the dye-polymer solution, 1 — fh. 
(a) slPF, (b) AcPF, (c) slAO, and (d) slAA. The 
values obtained directly from the t matrix«_8) are shown 
by the respective symbols which are the same as in Fig. 
1. Solid lines are the binding curves which were calcu­
lated with values of K and a in Table 1.6«7> Dashed 
lines indicate the relationship : ( 1 - / „ ) = 1 - (Db/P) (P/ 
D), for which DbjP=l, where Db is the concentration 
of a dye species actually bound to the polymer site in 
solution. 

to each of three polyanions, whose functional groups are 
phosphate, sulfonate, and carboxylate, giving rise to the 
bound-dye spectra, which resemble each other but differ 
from those obtained for symmetric TF.6) Except for 
the case of AcPF-NaPP , each of the two bands of the 
bound-slPF or -AcPF spectrum is bathochromic and 
hypochromic relative to the corresponding band of the 
spectrum of free slPF or AcPF, showing a possible 
vibrational structure with energy separations of 1400— 
1650 cm - 1 ; 9 ) the bound-dye spectra generally show 
neither hypsochromism nor a new metachromasy band, 
both of which are characteristic of a symmetric 3,6-
diaminoacridine dye.6) The bound-dye spectra of slAO 
(Fig. lc) are typically metachromatic, showing the 
hypochromic effect with new broad bands—one on the 
longer and the other on the shorter wavelength side of 
the spectrum of free slAO.6»10»11) T h e bound-dye 
spectra of slAA (Fig. Id) are associated with a marked 
hypochromism and a modest bathochromic shift but 
without any metachromasy band ; they are very similar 
to those of the unlabeled 9-aminoacridinium-polyanion 
systems reported previously.75 

Fractions of Bound-dye Species. The fraction of 
bound-dye species in each solution, fh, was calculated 
with values of K and a in Table 1.6_8) T h e results are 
shown in Fig. 2, where the fraction of free-dye species 
remaining in solution, 1 —fh, is plotted against P/D. 
Curvatures of the (1—fb) vs. P/D curves are mostly 
convex in the initial P/D range, corresponding to values 
of a larger than unity.6-7) I t is convenient to compare 
the values of (1—fh) at P/D=\, where equimolar 
amounts of a dye and a poly anion are present in solution. 
Spin-labeling lowers the fraction of bound-dye species 
slightly for slPF but considerably for slAA ; the substitu­
tion of a label to the amino group may be responsible.12) 
Polyacrylate shows a weak affinity toward each spin-
labeled dye ( / b < 3 0 % a t *7-D=l) in a way similar to 
that noted for other dyes;6>7) this is probably due to the 
weak acid nature of the side chain. 

I n conclusion, the spectra of spin-labeled acridine dyes 
bound to three representative polyanions are very 
similar to the bound-dye spectra of the corresponding 
nonlabeled dyes in the low PjD range and, therefore, 
these labeled dyes can be used for elucidation of meta­
chromasy by the ESR and other magnetic methods. 
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The Crystal Structure of Dibromobis(iminodiacetamide)palladium(II) 
Masao SEKIZAKI 

College of Liberal Arts, Kanazawa University, Marunouchi, Kanazawa 920 
(Received April 22, 1981) 

Synopsis. The crystals are triclinic, Pï . R is 0.047 
for 1617 independent non-zero reflections. The complex has 
a centrosymmetric square-planar coordination, with two imino 
nitrogen and two bromine atoms in trans positions. 

Iminodiacetamide, H N ( C H 2 C O N H 2 ) 2 (abbreviation, 
idaaH 2 ) , acts as a terdentate ligand to the copper(II)1* 
and nickel(II)2) atoms through one imino nitrogen and 
two amide oxygen atoms. However, the molecular 
structures of these two complexes are different, as is 
shown in Fig. 1. If some other transition metals are 
used, complexes with different structures can be ex­
pected. With this expectation, the pal ladium(II) 
complex has been prepared and its crystal structure has 
been analysed. 

Fig. 1. The structures of [Gu(idaaH2)2]
2+ and [Ni-

(idaaH2)2]
2+. 

E x p e r i m e n t a l 

Preparation of the Complex. Palladium metal powder 
(0.5 g) was dissolved in an excess amount of a hot cone HBr-
H N 0 3 mixture ( 3 : 1 in volume). To this solution, an 
aqueous solution of 0.2 g of the ligand prepared by a method 
previously reported*> was added. The mixture was then 
kept at pH 2—3 by the use of an HBr or KOH solution, after 
which it was slowly cooled to room temperature until yellowish-
brown plate crystals precipitated. 

Measurement of Intensity Data. A crystal with dimensions 
of 0.1 mm X 0.1 mm X 0.1 mm was selected. The intensities 
were measured up to 20=60° on a Philips PW1100 four-circle 
diffractometer with Mo KQL radiation monochromated by a 
graphite plate (0-20 scan). The 1617 independent reflections 
with |F|̂ >3<7 were used with no corrections for absorption and 
extinction effects (^r=0.3). 

Analytical and Crystal Data. Found: C, 17.92; H, 3.15; 
N, 15.49%. Galcd for G8H18N604PdBr2 : G, 18.18; H, 3.43; 
N, 15.90 %. F. W. = 528.50. Triclinic, 0=9.694(2), b = 
7.434(2), c=6.505(2) A, oc=88.51(4), 0=101.34(4), y=71.50 
(2)°. £7=434(1) A3. Dx=2.02 g/cm3. Z = l . Space group 
PÏ. #=59.3 cm"1 (Mo KOL radiation, A=0.7107 A). 

Determination and Refinement of the Structure. The structure 
was determined by means of a heavy-atom method. The 
block-diagonal least-squares refinement was carried out with 
the weights of 1.0 for |F0 |>1.3 and 0.5 for the others. The 
positional parameters of all the hydrogen atoms obtained 
by means of a D-Fourier synthesis were refined with the 
isotropic temperature factors of 4.0 A2. The final R was 
0.047. The atomic scattering factors were taken from Ref. 3, 
together with the anomalous scattering factors, f, of the 

TABLE 1. T H E FINAL ATOMIC PARAMETERS WITH 

ESTIMATED STANDARD DEVIATIONS IN PARENTHESES 

( X 103 FOR H's; x 104 FOR OTHERS) 

Atom x y z £eq/A26) 

Fig. 2. Structure of the asymmetric unit with the bond 
lengths (//A) and the e.s.d.'s. 
Thermal ellipsoids are drawn at 50% probability level.4> 
Hydrogen atoms are drawn as spheres with a diameter 
of 0.2 A. 

palladium and bromide ions. A FAGOM M-160 computer 
at the Data Processing Center of Kanazawa University and a 
FAGOM M-200 computer at the Computation Center of 
Nagoya University were used. The final atomic parameters 
are listed in Table l.t 

t A table of the anisotropic temperature factors and a list 
of the observed and calculated structure amplitudes have been 
deposited with the Chemical Society of Japan (Document 
No. 8154). 

Pd 
Br 
N(l) 
O(l) 
G(l) 
C(2) 
N(3) 
G(4) 
G(5) 
N(5) 
0(5) 
Ha(Nl) 
Hb(Nl) 
Ha(C2) 
Hb(C2) 
H(N3) 
Ha(C4) 
Hb(C4) 
Ha(N5) 
Hb(N5) 

0 
221(02) 

4069(12) 
4059(07) 
3773(09) 
3145(09) 
1912(07) 
1640(10) 
2930(09) 
3369(10) 
3524(08) 
441(10) 
420(10) 
396(10) 
252(10) 
223(10) 
132(10) 
63(10) 

414(10) 
222(10) 

0 
-2463(02) 
-2626(10) 
-3415(08) 
-2207(10) 
-104(11) 

266(09) 
2140(12) 
2030(11) 
3564(11) 
590(09) 

-391(10) 
-214(10) 

24(10) 
68(10) 

-51(10) 
317(10) 
234(10) 
355(10) 
529(10) 

0 
2653(02) 

-1440(13) 
1876(09) 
395(13) 
685(13) 

1772(10) 
2693(13) 
4506(12) 
4672(14) 
5717(10) 

-183(10) 
-224(10) 

158(10) 
-79(10) 
270(10) 
162(10) 
312(10) 
576(10) 
344(10) 

1.58(01) 
2.83(02) 
3.29(13) 
2.28(08) 
1.96(10) 
2.08(10) 
1.83(08) 
2.40(10) 
2.05(10) 
3.45(12) 
2.69(09) 
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TABLE 2. BOND ANGLES (<p/°) TABLE 3. HYDROGEN BONDS (//Â) 

Br-Pd-N(3) 
Pd-N(3)-C(2) 
Pd-N(3)-C(4) 
C(2)-N(3)-C(4) 
C(l)-C(2)-N(3) 
C(2)-C(l)-N(l) 

87.3(3) 
114.3(7) 
112.3(7) 
110.8(9) 
111.2(7) 
120.3(7) 

C(2)-C(l)-0(1) 
N( l ) -C( l ) -0(1) 
N(3)-C(4)-C(5) 
C(4)-C(5)-N(5) 
C(4)-C(5)-0(5) 
N(5)-C(5)-0(5) 

120.3(7) 
123.0(8) 
110.0(8) 
116.8(8) 
120.3(8) 
122.9(9) 

D H..-Aa> D-H H-A D-A 

O Pd; o B r ; © 0 ; o N; • C. 

Fig. 3. Crystal structure. Dashed lines exhibit hydrogen 
bonds. 

Descr ip t ion o f the Structure 

The molecular structure is shown in Fig. 2, along with 
the bond lengths. The bond angles are listed in Table 2. 

The complex is square-planar, with the central atom 
lying on a center of symmetry of the triclinic unit cell. 
The bromide ions coordinate in trans positions of the 
square-plane so as to form a non-ionic complex. Each 
of the iminodiacetamide molecules acts as a unidentate 
ligand through the imino nitrogen a tom; the two amide 
groups are uncoordinated. This coordination mode of 
the ligand molecule is different from that for the copper-
(II)1 5 or nickel(II)2> complex (Fig. 1). Details of the 
differences will be discussed elsewhere in comparison 

N(3) (* ,^ )H 0(1)( x, y, z) 0.77 2.47 2.86 
N(3)(*,j^)H 0(5)( x, y, z) 0.77 2.42 2.79 
N ( l ) ( * , j ^ ) H a O ( l ) ( l - * , - l - j > > , -z) 0.96 2.08 2.98 
N ( l ) ( ^ 2 ) H b O ( 5 ) ( x, y>-\ + z) 0.68 2.24 2.83 
N ( 5 ) ( ^ H a O ( l ) ( l - x , -y, l-z) 0.92 2.06 2.98 
N ( 5 ) ( ^ 2 ) H b O ( l ) ( x, \+y, z) 1.49 2.62 3.17 
N(5)(*,j^)HbBr ( x, \+y, z) 1.49 2.08 3.50 

a) D, hydrogen donor; A, hydrogen acceptor. 

with other metal-iminodiacetamide complexes. 
The crystal structure is shown in Fig. 3. The hydrogen 

bonds are shown in this figure and also in Table 3. 
The amide groups turn their oxygen atoms to the 

palladium atom, and a bifurcated intramolecular 
hydrogen bond is formed with the imino nitrogen atom, 
as is shown in Fig. 2 by dashed lines. The two amide 
nitrogen atoms approach the oxygen atoms of the 
neighboring molecules to form intermolecular hydrogen 
bonds in the directions of [HO], [100], [010], and [001]. 
The three-dimensional network is, thus, completed by 
these N-O- type hydrogen bonds. No contacts shorter 
than 3.5 Â are, however, observed around the bromine 
atom. 

The author is grateful to Professor Seiji Sugiura of 
Kanazawa University for the use of the diffractometer. 
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The Action of Boron Trifraoride on Aromatic Nitrile Oxides 
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Synopsis. The action of boron trifluoride etherate on 
stable aromatic nitrile oxides effected the isomerization of 
nitrile oxides into isocyanates competitively with their 
dimerization to 1,4,2,5-dioxadiazines and/or (1,2,4-oxadiazol-
4-io)oxytrifluoroborates. Quenching the reaction with 
methanol at an earlier stage of the reaction gave methyl 
benzohydroximate. The reacion was interpreted in terms 
of the initial coordination of BF3 with the nitrile-oxide-oxygen 
atom. 

We found the catalytic isomerization of stable aromatic 
nitrile oxides (NO, 1) into isocyanates with some Lewis 
acids. Morrocchi and his co-workers reported the 
reaction of 2,4,6-trimethylbenzonitrile oxide ( lb ) with 
BF3 forming 3,5-bis-(2,4,6-trimethylphenyl)-l,2,4-oxa-
diazol-4-io]oxytrifluoroborate (5b) and 3,6-bis(2,4,6-
trimethylphenyl)-l,4,2,5-dioxadiazine (4b),1) but they 
did not mention the formation of isocyanate. No catalytic 
isomerization of nitrile oxides has been reported ex­
cept that with sulfur dioxide, which has been established 
to proceed via a 1,3-dipolar cycloadduct.2) Here we 
report the multiplicity of the action of boron trifluo­
ride on stable nitrile oxides. 

R e s u l t s and D i s c u s s i o n 

An equimolar reaction of 2,3,5,6-tetramethylbenzo-
nitrile oxides ( la) with BF3»OEt2 in refluxing dichloro-
methane gave 2,3,5,6-tetramethylphenylisocyanate (2a) 
in 5 5 % yield. The treatment of the reaction mixture 
with methanol improved the recovery of 2a up to 78% 
as methyl 2,3,5,6-tetramethylphenylcarbamate (3a). 
Various Lewis acids were also found to effect the 
isomerization of N O (Table 1), though in unsatisfactory 
yields because of the formation of a sticky mass. The 
reaction with BF3*OEt2 was rather clean, though, and 
so a detailed investigation was conducted on it (Table 
2). The products varied with the reaction conditions 
employed. In the reaction in dichloromethane, 3a was 
obtained as the sole isolable product, but in benzene, 
2,4-bis- (2,3,5,6-tetramethylphenyl)-1,4,2,5-dioxadiazine 
(4a) was obtained along with 3a. In toluene or 
xylene, a small amount of [3,5-bis(2,3,5,6-tetramethyl-
phenyl)-l,2,4-oxadiazol-4-io]oxytrifluoroborate (5a) was 
obtained in aditdion to 3a and 4a. O n the contrary, 
5a was the main product in ether, accompanied by a 
small amount of 3a. In diisopropyl ether, the three 
products were obtained in comparable yields. I t is 
noteworthy that the formation of 5a was favorable 
compared with that of 4a in a more polar solvent and 
that of 4a in a less polar one. Table 2 also shows that 
the molar ratio of BF 3 /NO influences on the products 
composition in the reactions in benzene or ether. 
Morrocchi et al reported the reaction of l b with 
gaseous BF3 or BF3*OEt2 forming 4 b and 5b.1) 
They suggested that 4 b was formed by the bimole-
cular cyclization of BF3 coordinated N O . This spe­
culation seems inconsistent with our experimental 

TABLE 1. YIELD OF THE URETHANE IN THE REACTION OF 

THE NITRILE OXIDE WITH VARIOUS LEWIS ACIDS 

Nitrile oxide 

l a 
l a 
l a 
l a 
l b 
l b 

Lewis acid 

BF3 .OEt2 

TiCl4 

SnCl4 

BBr3 

BF3 .OEt2 

SnCl4 

Product 

3a 
3a 
3a 
3a 
3b 
3b 

Yield/% 

78 
55 
43 
25 
72 
22 

In refluxing dichloromethane. for 2 h Lewis acid/1 = 1. 

TABLE 2. YIELDS OF THE URETHANE (3a), THE DIOXADIAZINE 

( 4 a ) A N D THE OXADIAZOLIOOXYTRIFLUOROBORATE(5a) 

IN THE REACTION OF THE NITRILE OXIDE ( l a ) WITH 

B F 3 O E t 2 IN VARIOUS SOLVENTS AT 2 5 ° C 

Dichloromethane 

Benzene 

Toluene 

Xylene 

Diisopropyl ether 

Ether 

Molar ratio 
BF3 / la 

1.0 
0 .50 
2 .0 
1.0 
0.55 
0.40 
0.20 
1.0 
0.50 
1.0 
0.50 
1.0 
0.50 
1.0 
0.75 
0.50 
0.38 
0.20 

3a 

80 
81 
38 
37 
33 
29 
28 
38 
33 
39 
39 
31 
33 
10 
9 
7 
7 
0 

Yield/% 

4a 

0 
0 

29 
43 
47 
44 
49 
26 
33 
40 
38 

0 
10 
0 
0 
0 
0 
0 

5a 

0 
0 
0 
0 
0 
0 
0 
5 
3 
3 
1 

25 
25 
59 
65 
5 7 ° 
39b) 

2 7 o 

a) A small amount of 9a was also obtained, b) Unreacted l a and 9a were 
recovered in 19 and 15% yields respec tively. c) 9a and l a were also 
recovered in 36 and 16% yields respectively. 

results. If it were the case, 4a should be formed 
favorablly at a higher BF 3 /NO ratio, but our result 
was the opposite as seen in the reactions in benzene. 
Furthermore, when the reaction was quenched with 
methanol soon after the addition of BF3*OEt2 in the 
solution of l b , methyl 2,4,6-trimethylbenzohydroximate 
(9b) was obtained in a moderate yield in the reaction 
in either benzene or ether. 9 b was obtained by Grund-
mann and Frommeld3 ) by the methanolysis of l b with 
sulfuric acid. The result implies that the reaction 
proceeds through the initial coordination of BF3 with 
the N O oxygen atom. A subsequent reaction of the free 
N O with the BF3-coordinated one (6) is considered to 
afford 4 and 5. At this stage, two conformera, 7 and 8, 
are conceivable for the intermediate; 8 is more stable 
in polar solvents, and 7 in less polar ones. 7 and 8 
may lead to 4 and 5 respectively. 

The treatment of 4a with BF3*OEt2 in benzene and 
subsequently with methanol gave 3a in 7 5 % yield, but 
in ether no change was observed. Nor was change 
observed in diisopropyl ether, where the treatment of 
l a with BF3 gave 3a as well 4a and 5a. Furthermore, 
5a was confirmed not to be affected by BF3»OEt2 in 
either benzene or ether. This indicates that no inter-
conversion between 2a, 4a, and 5a in the ethereal 
solvents takes place and that the unimolecular rearrange­
ment fo 6 may be a route to 2 except in benzene, where 
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Ar-ON-0 + BF, 
1 

1 
-BF, + - +MeOH 

Ar-N=C=0 - * — i — Ar-ON-O-BFj *- Ar-C=N-0H 

2 6 oMe 9 
I +MeOH i I 

Ar-NHCOOMe - 1 +1 

3 If 

u \ + u—or3 - , u + 

I 7 Ar 8 Ar > 

*\\** If 
Ar Ar + 0-BF, 

\=N. \ = N / 

< ) < I 
N=C( N=C 

A Ar 5 V 

1-9 : Ar = a) 2,3,5,6-(CH3)4C5H, b) 2,4,6-(CH3)3C6H2 

Scheme 1. 

a route via 4 cannot be definitely ruled out. 
The reaction of l a with BF3»OEt2 in anisole gave 

jö-methoxybenz-2,3,5,6-tetramethylanilide (10a) in 6 8 % 
yield. This may be formed by a Friedel-Crafts reaction 
of the isocyanate formed with anisole.4) 

Exper imenta l 

The melting points are uncorrected. The column chro­
matography was conducted on silica gel (Waco-gel G-200) with 
chloroform as the eluent. The IR and XH NMR were 
measured in a KBr disk and in GDG13 respectively. 

Materials. The nitrile oxides (la) and (lb) were pre­
pared according to Grundmann and Richter's procedure.5> 
The Lewis acids were distilled under nitrogen before use. 
The solvents were purified and dried by usual methods. 

Reactions of la with BF3 • OEt2. In Dichloromethane : Into 
a solution of la (351 mg, 2.0 mmol) in dichloromethane (50 
ml) BF3.OEt2 (250^1, 2.0 mmol) was added. The solution 
was then heated to reflux for 2 h. The subsequent evapo­
ration of the solvent gave an oil, which was treated with column 
chromatography to give 192 mg (55%) of 2a, mp 24—25 °G. 
IR(neat): 2200 cm"1 (N=G=0). Treating it with methanol 
at room temperature (r.t.) overnight gave 224 mg (99%) of 
3a: mp 156—157 °G. IR: 3920 (NH), 1720 cm"1 (G=0). 
iH-NMR: Ô 2.15 (6H, s, Me), 2.26 (6H, s, Me), 3.75 (3H, s, 
OMe), 6.96 (1H, s, ArH). Found: G, 69.40; H, 8.38, N, 
6.89%; M+, 207.1294. Galcd for G12H17N02: G, 69.54; H, 
8.27; N, 6.76%, M+, 207.1258. 

The addition of methanol (10 ml) to the reaction mixture 
after the reaction and subsequently letting it stand at r.t. 
overnight gave 3a in 78% yield on column chromatography. 
This methanol treatment was applied to all the working-up 
steps hereafter for the full recovery of the 2 in the form of 3. 

Reactions with the other Lewis acids and working-up were 
conducted similarly. The results are summarized in Table 1. 

In Benzene : A solution of la (1.0 mmol) and BF3 • OEt2 

( 1.0 mmol) in benzene (20 ml) was allowed to stand at 25 
°G for 3 d under nitrogen. After methanol treatment of the 
reaction mixture without separating a solid precipitate a 
precipitate was taken by filtration (67 mg). The filtrate 
was evaporated to give an oil, column chlomatography of 
which gave 9 mg of the same solid as was separated above 
from an ear lie elute, 4a; mp 195—198 ° G (from methanol). 

The total yield was 43%. From the later elute, 76 mg (37%) of 
3a were obtained. 4a: IR: 2860—3000, 1635, 1615, 1590, 
1460, 1330, 1025, 820 cm"1. ^ N M R : Ô 2.26 (12H, s, Me), 
2.33 (12H, s, Me), 7.06 (2H, s, ArH). Found: G, 75.41; H, 
7.74; N, 7.89%; M+, 350.1954. Galcd for G22H26N202: G, 
75.40; H, 7.48; N, 7.99%; M+, 350.1993. 

In Ether: A solution of la (2.0 mmol) and BF3.OEt2 (0.40 
mmol) in ether (20 ml) was kept at 25 °G for 3 d. The white 
needles of 5a which precipitated were collected by filtration, 
113mg (27%); mp 203—205 °G (from benzene-pet. ether). 
Methanol treatment of the filtrate and working-up with 
column chromatography gave 55 mg (16%) of la and 150 
mg (36%) of 9a mp 198—200°G. Neither 3a nor 4a was 
obtained. 5a: IR: 2840—3000, 1580, 1050, 860 cm"1. *H 
NMR: ô 2.18 (6H, s, Me), 2.20 (6H, s, Me), 2.32 (12H, s, 
Me), 7.19 (1H, s, ArH), 7.26 ( lH,s , ArH). Found: G, 62.95; 
H, 6.23; N, 6.56%. Galcd for G22H26BF3N202: G, 63.17; H, 
6.27; N, 6.70%. 9a: IR: 3200—4000 (OH), 1650 cm"1(G=N). 
^ N M R : (5 2.18 (6H, s, Me), 2.23 (6H, s, Me), 3.74 (3H, s, 
OMe), 7.00 (1H, s, ArH), 7.90 (1H, broad,OH). Found: G, 
69.54; H, 8.34; N, 6.83%; M+, 207.1257. Galcd for C12H17-
N 0 2 : G, 69.54; H, 8.27; N, 6.76%; M+, 207.1258. 

The reaction in toluene, xylene, or diisopropyl ether was 
conducted and worked-up in almost the same manner. 

In Anisole : The reaction was conducted using 1 mmol each 
of la and BF3.OEt2 in 10 ml of anisole at r.t. for 3 d. Methanol 
treatment and solvent evaporation gave an oil, the trituration 
of which with ether and subsequent filtration gave 123 mg 
of j&-methoxybenz-2,3,5,6-tetramethylanilide (10a). From 
the filtrate, 16 mg (9%) of 4a and 71 mg of 10a were obtained 
on column chromatography. The total yield of 10a was 68%. 
10a, mp 225—227 °G (from benzene-pet. ether): IR: 3285 
(NH), 2840—3020, 1630 cm"1 (G^O). XH NMR: Ö2.11 (6H 
s, Me), 2.21 (6H, s,Me), 3.28 (3H,s, OMe), 6.84(1H, s,ArH), 
6.92 (2H, d, ArH), 7.35 (1H, broad, NH), 7.83 (2H, d, ArH). 
Found: G, 75.84, H, 7.40; N, 4.55%; M+, 283.1581. Galcd 
for G18H21N02: G, 76.30, H, 7.47; N, 4.94; M+, 283.1571. 

Quenching with Methanol. Ten minutes after the addi­
tion of BF3.OEt2 (0.5 mmol) to a solution of l b (161 mg, 
1.0 mmol) in ether (50 ml), methanol (5 ml) was added to 
the solution. The mixture was kept standing at r.t. for 3 d. 
The subsequent solvent evaporation and column chromatog­
raphy gave 13 mg (8%) of l b and 116 mg (60%) of 9b; mp 
140—141 °G (lit,3) 140—141 °G). A similar reaction in 
benzene gave 4% of lb , 14% of 4b (mp 171—174 °G (lit,1) 
172—173 °G)), and 54% of 9b. 

A similar reaction of la in ether afforded 74% of 9a as the 
sole isolable product. 

Reaction of 4a with BFz*OEt2. A solution of 4a (88 mg, 
0.25 mmol) and BF3.OEt2 (65 y}, 0.50 mmol) in benzene (20 
ml) was let stand at 25 °G for 3 d. The subsequent methanol 
treatment of the solution and evaporation of the solvent gave 
a solid, which afforded 12 mg (14%) of 4a and 78 mg (75%) 
of 3a on column chromatography. A similar treatment of 
4a in ether or diisopropyl ether only resulted in no change. 
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Synopsis. Solid phase syntheses of protected trypto­
phan homo-oligomers were accomplished by utilizing di-
methylphosphinothioyl(Mpt) group as an A^-amino protecting 
group which was removed by treatment with triphenyl-
phosphine dihydrochloride. By measurements of the ultra­
violet and fluorescence spectra it was ascertained that no 
modification on the tryptophan indole ring had occurred 
during these syntheses. 

TABLE 1. DEPROTECTION RATE OF R-L-Trp-L-Trp-OCH3 

R = M p t 
R e a g C n t -jtjh=ï-

0.1 MHC1/CH2C12 1.90 
0.1 M HCl (0.1 M TPP)/CH2C12 1.65 

R=Boc 
kjh-1 

2.40 
0.027 

Studies on conformation of t ryptophan containing 
peptides have restriction because of difficulty in synthe­
sizing pure model peptides. The usual synthesis by the 
use of J-butoxycarbonyl (Boc) group as an iVa-amino 
protecting group is not applicable to the synthesis of 
tryptophan containing peptides without special care 
because ^-butylation of the t ryptophan indole ring easily 
occurs during deprotection by trifluoroacetic acid.1) 
Occurrence of modification of the indole nucleus can 
be most conveniently detected by fluorescence spectrum 
measurement.2) 

Recently we reported that the diphenylphosphinothio-
yl (Ppt) group was useful for the synthesis of t ryptophan 
containing peptides because Ppt -Cl , a by-product 
formed in the deprotection step, did not modify the 
indole ring.3»4) Lately dimethylphosphinothioyl (Mpt) 
group was found to be much more easily removable than 
the Ppt group and especially suitable for solid phase 
synthesis as shown in the synthesis of Leu5-enkephalin 
and its D-Ala2 analog.5) In this work solid phase syn­
thesis of tryptophan oligomers by use of Mpt- t ryptophan 
was tried. 

The iV-Mpt group can be removed by the hydrogen 
chloride reagents used generally in peptide synthesis. 
As an especially effective reagent for the removal of the 
Mpt group, hydrogen chloride absorbed in a solution 

of triphenyl phosphine (TPP) in dichloromethane is 
recommended. T P P is added; firstly because it can 
suppress the acidity of HCl through the salt formation 
with T P P (pKa 2.3 in 8 0 % ethanol)6 ) and secondly 
because it makes it possible to prepare a storable 
dichloromethane solution of HCl of practically useful 
concentration. The effectiveness of the acidity control 
of HCl by T P P was made clear by comparison of 
deprotection rates of Boc- and Mpt-di-L-tryptophan 
methyl esters in the presence or absence of T P P . The 
results are summerized in Table 1. T h e rate of removal 
of the Boc group which needs sufficient proton concen­
tration was markedly lowered by the addition of T P P . 
O n the other hand the removal rate of the Mpt group 
was affected only slightly. 

The stability of t ryptophan during the course of 
deprotection of the Mpt group was ascertained by 
measuring the per cent recovery of t ryptophan with an 
amino acid analyzer. When Mpt-L-tryptophan was 
deprotected by treating with 0.2 M* HCl (0.2 M T P P ) / 
CH2C12 a clear colorless solution resulted to give 9 8 % 
recovery of tryptophan. No ninhydrin-positive spot 
other than tryptophan was detected by silica gel thin 
layer chromatography. 

Solid phase syntheses of protected penta-L-tryptophan 
methyl esters were performed on the automatically 
programmed Beckman model 990 peptide synthesizer. 

TABLE 2. PROPERTIES OF PROTECTED TRYPTOPHANHOMO-OLIGOMERS 

Compound Mp/°C ME5(deg) 
Found (Galcd)(%) 

H N 

Mpt-L-Trp-OCH3 

Mpt-(L-Trp)2-OCH3 

Mpt-(L-Trp)3-OCH3 

Mpt-(L-Trp)4-OCH3 

Mpt-(L-Trp)5-OCH3 

Ac-(L-Trp)5-OCH3 

Boc-(L-Trp)5-OCH3 

108—109 

153—154 

amorphous 

amorphous 

151—154 

233—236 (dec) 

211—213 (dec) 

— 2.4 (c 1, methanol) 

-47.6 (c 0.5, methanol) 

-66.8 (c 0.5, methanol) 

-65.6 (c 0.5, methanol) 

-65.0 (c 0.5, methanol) 

-33.1 (c0.6, DMF) 

-51.0 (c 0.5, methanol) 

54.31 
(54.20) 
60.84 

(60.47) 
63.21 

(63.33) 
63.52 

(63.67)a) 

65.11 
(64.91)b) 

67.70 
(68.08)c) 

68.71 
(68.91) 

6.50 
(6.12) 
6.03 

(5.89) 
5.96 

(5.76) 
5.87 

(5.75)a ) 

5.56 
(5.73)b) 

5.58 
(5.71)c) 

5.93 
(5.88) 

9.05 
(9.02) 
11.35 

(11.28) 
12.23 

(12.31) 
12.27 

(12.63)° 
13.13 

(13.05)b) 

13.81 
(13.69)c) 

13.04 
(13.17) 

a) Calcd for C47H49N805PS-H20. b) Calcd for C58H59N10O6PS.H20. c) Calcd for C58H56N10O7.H2O. 

t 1 M = 1 mol dm-3. 
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260 280 300 
Wavelength / nm 

Fig. 1. a) UV spectrum of 1( ) in methanol, b) Fluo­
rescences excitation spectrum of 1 (emmission at 340 
nm) ( ) in methanol. 

7Va-Mpt-penta-L-tryptophan methyl ester (1) was 
separated from the resin support by transesterification.7) 

T h e crude product was purified by gel chromatography 
on Sephadex LH-20 and recrystallization from ethanol. 
Pure 1 was obtained in 6 0 % yield as colorless crystals. 

In order to know the effect of iV-terminal group Na-
Boc-penta-L-tryptophan methyl ester (2) was also 
synthesized by coupling tetra-L-tryptophan resin with 
Boc-L-tryptophan. Compound 2 was obtained in 6 6 % 
yield after the same processes of isolation and purifica­
tion used in the synthesis of the Mpt derivative. The 
Na-3Lcety\ (Ac) derivative was obtained in 6 6 % yield 
by treating unprotected penta-L-tryptophan resin with 
acetic anhydride and triethylamine. 

Among the three types of protected-penta-L-trypto-
phan methyl esters the Mpt derivative showed the 
highest solubility in organic solvents such as methanol. 

JVa-Mpt-tri- and tetra-L-tryptophan methyl esters 
were synthesized according to the same solid phase 
procedures. iVa-Mpt-mono- and di-L-tryptophan methyl 
esters were obtained by a liquid phase method. The 
physical properties and elemental analysis da ta of all the 
synthetic peptides are summarized in Table 2. 

Chemical purity was checked by high performance 
liquid chromatography by adopting an O D S support 
and a linear (0 to 3%) methanol-chloroform gradient 
for elution. Each peptide appeared as a single peak. 

Purity of the peptide 1 was further ascertained by 
measurements of the ultraviolet and fluorescence 
spectra. The U V spectrum (Fig. la) showed the 
typical curve of t ryptophan with Amax at 283 n m ; also 
the fluorescence excitation spectrum (Fig. lb) gave 
the same pat tern as the U V spectrum. From these 
results it was ascertained that no modification on the 
t ryptophan indole ring had occurred during the syn­
thesis. Boc- and Ac-derivatives also showed high 
purity. 

The relationships between the spectroscopic pro­
perties and the conformation of these synthetic peptides 
are now being studied and the results will be published 
in due course. 

Exper imenta l 

Na-Dimethylphosphinothioyl-penta-L- Tryptophan Methyl Ester 
(Mpt--L- Trp-L- Trp-L- Trp-L- Trp-L- Trp-L- Trp-OCHJ (X). 
Chloromethylated copoly(styrene-l% divinylbenzene) resin 
(0.96 mmol Gl/g, Wako Pure Chemicals Ind., Ltd.) was 
esterified with A^-Mpt-L-tryptophan by the caesium salt 
method.8> The amino acid content of the resin was obtained 
as 0.56 mmol/g by Dorman method.9* One gram of the ester 
resin was placed in the reaction vessel of the Beckman model 
990 peptide synthesizer. Mpt group was removed by treating 
twice for each 30 min with 0.2 M HCl (0.2 M TPP)/CH2C12. 
After neutralization with 10% triethylamine in dichloro-
methane, couplings were mediated with the oxidation-reduc­
tion condensation10* using tris(/>-methoxyphenyl)phosphine 
and 2,2/-dithiodipyridine. After four cycles of these proce­
dures A^-Mpt-penta-L-tryptophan was cleaved from the 
resin support as its methyl ester by treating it five times with 
1 M triethylamine in methanol for each 12 h. All the filtrates 
and methanol washings were combined and evaporated in 
vacuo. The residue was washed with water and dried to 
give a slightly yellow solid containing minor impurity when 
analyzed on silica gel by thin layer chromatography; 0.611 g. 
The solid was dissolved in a small volume of methanol and 
applied to a Sephadex LH-20 (1.9 cm x 100 cm) column. 
Methanol eluate (flow rate-1 ml/min) was monitored by UV 
spectrophotometry at 254 nm and collected as 5 ml fractions. 
The fractions containing a single component, when detected 
on silica gel thin layer chromatography, were combined and 
evaporated to give colorless crystals of 1 ; 0.414 g. An analyti­
cally pure sample was obtained by recrystallization from 
ethanol; 0.354 g (60% calculated from iVa-Mpt-L-tryptophan 
resin). 
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Synopsis. The reduction of 4,4-diphenyl-3-cyano-
2-methyl-2-pyrrolin-5-one with lithium aluminum hydride 
yields three unexpected reduction products, together with 
the usual product. 

We have recently reported1) that benzoins can be 
converted into 4,4-diaryl-3-cyano-2-methyl-2-pyrrolin-
5-ones in good yields by a reaction with sodio-3-imino-
butanenitrile in T H F . 

We now wish to report our results on the reduction of 
4,4-diphenyl-3-cyano-2-methyl-2-pyrrolin-5-one (1) with 
LiAlH4 . Thus, 1 was treated with an excess of LiAlH4 

under anhydrous conditions, in T H F . The expected 
compound (2) was formed in a minute amount ; 3,3-
diphenyl-4-cyano-5-methyl-2-pyrrolidinone (3) was a 
major product, along with 4 and 5 in about 5 and 3 % 
yields respectively. 

The molecular formula of 2 was deduced to be 
C18H16N2 by means of the mass spectrum (M+, m\e 
260) and the elemental analysis. The I R spectrum of 
2 displayed a strong N H absorption at 3300 cm" 1 and 
C^N at 2190 cm - 1 . However, the I R spectrum lacked 
bands arising from the carbonyl group. Furthermore, 
in the 2 H N M R spectrum of 2, the resonance for the 
methylene group appeared at ô 4.02 (s, 2H) as a sharp 
singlet, in addition to a singlet (3H, CH3) at ô 2.00, a 
broad singlet (1H, NH) at ô 4.45, and a multiplet (10H, 
aromatic protons) at ô 7.27. All these results can be 
accommodated in the 2 structure. The molecular 
formula of 3 was deduced to be C 1 8 H 1 6 N 2 0 by means 
of the mass spectrum (M+, m/e 276) and by elemental 
analysis. The 1 H N M R spectrum of 3 showed the signal 
of methyl (ô 1.35, d, J=5 Hz) and two methine (<5 3.75, 
m, and 4.20, d, J=S Hz) groups, in addition to a broad 
singlet (1H, NH) at ô 8.74 and a multiplet (10H, 
aromatic protons) at ô 7.30, which could be assigned to 
two phenyl groups. Decoupling experiments revealed 
that the multiplet observed at ô 3.57 is coupled to a 
proton at ô 4.20 with J =8 Hz and also to a methyl 
proton at S 1.35 with J=5 Hz, showing the presence 

i i 

of the C H 3 - C H - C H - moiety. The presence of the 
carbonyl group was supported by the appearance of the 
characteristic carbonyl absorption at 1720 c m - 1 in the 
I R spectrum. From these facts, the structure of 3 was 
assigned. The molecular formula of 4 was deduced to be 
C 1 8 H 1 8 N 2 0 by means of the mass spectrum (M+, m/e 
278) and by the elemental analysis. The 2 H N M R 
spectrum of 4 showed the signals of methyl (ô 0.69), 
methylene (ô 1.52), and methine (ô 4.42) groups, in 
addition to two N H protons as a broad singlet at ô 6.95 
and ô 8.05 and phenyl protons as a multiplet at ô 7.38. 
Decoupling experiments revealed that the multiplet 
protons observed at ô 1.52 are coupled to the methyl 
protons at ô 0.69 with y = 7 Hz, and also to a methylene 
proton at ô 4.42 with J—7 Hz, showing the presence 

of a - C H C H 2 C H 3 moiety. Irradiation at ô 1.52 changed 
the triplet at ô 0.69 into a singlet and the triplet at 
ô 4.42 into a singlet. Its I R spectrum exhibited absorp­
tion bands at 3300 (NH), 1770, and 1700 cm- 1 . These 

1 
absorptions suggested the presence of a - C O - N H - C = N H 
moiety. All these results can be accommodated in the 
4 structure. T h e molecular formula of 5 was also 
deduced to be C 1 8 H 1 7 N 0 2 by means of the mass spectrum 
(M + , m/e 279) and the elemental analysis. Compound 
5 showed I R absorption bands at 3200, 1780, 1715, and 
1500 cm- 1 . These absorptions suggested the presence 
of a - C O - N H - C O - moiety. From these facts, the 
structure of 5 was assigned. 

It is known2 ) that an amide, on reduction with 
LiAlH4 , is converted in a good yield into a corresponding 
amine. For example, in T H F at 65 °C, 5,5-dimethyl-2-
pyrrolidinone is reduced to 2,2-dimethylpyrrolidine 
in a 67—79% yield. However, the similar reaction of 1 
failed to give 3,3-diphenyl-4-cyano-5-methyl-2,3-dihydro-
pyrrole (2) as a main product. The considerable 
difficulty in the reduction of the carbonyl group may be 
explained by the steric hindrance given by the adjacent 
two phenyl groups. It is interesting to note that LiAlH4 

reduces the double bond of 1,4) in spite of the fact that 
it does not reduce ethylenic or acetylenic hydrocarbons.3 ) 

The formation of 4 can be explained by the process 
initiated by the cleavage of the N - C 5 bond of 3 and the 
attack of the nitrogen anion5 ) on the carbon atom of 
the cyano group, followed by the addition of a proton 
at the C=N~ group. Additionally, the hydrolysis of 4 
affords 5. With the proper control of the amount of 
LiAlH4 , JV,iV-disubstituted amide is known5 ) to be 
susceptible to the cleavage of the - C O - N H - bond. 
However, the formation of an amine and an aldehyde on 
the reduction of an amide is induced by the addition 
of the hydride anion to the carbonyl. The present 
reduction differs from this type of cleavage in that the 
C - N bond is directly attacked by the hydride. In 
support of this explanation, two compound, 4 and 5,7 ) 

were obtained, in 13 and 8% yields respectively, by the 
reduction of 3 with LiAlH4 in T H F . 
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All the melting points are uncorrected. The infrared 
spectra were measured on a JASGO IRA-2 Diffraction Grating 
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Infrared Spectrometer. The N M R spectra were determined 
on a JNM-4H-100 spectrometer instrument, using T M S as 
the internal reference. T h e M S spectra were taken by using 
a JEOL-JMS-OlSG-2 mass spectrometer. 

Materials. 4,4-Diphenyl-3-cyano-2-methyl-2-pyrrolin-
5-one was prepared according to the procedure described in 
a previous paper.1) Li thium a luminum hydride was used 
without further purification. The solvents were purified by 
distillation. 

Reduction of 1 with Lithium Aluminum Hydride in THF. 
A solution of 2.74 g (10 mmol) of 1 in 150 ml of T H F was 
added, over a period of 2 h, to a stirred suspension of an excess 
of l i thium a luminum hydride (1.52 g, 40 mmol) in 150 ml of 
T H F at reflux under an atmosphere of nitrogen. After careful 
decomposition with cold water , the solution was concentrated 
to ca. 80 ml. To a solution this obtained we added 10% 
hydrochloric acid (30 ml) . T h e mixture was allowed to stand 
overnight to give yellowish solids. The precipitated solids 
were filtered off and recrystallized from ethyl acetate-hexane 
to give 3 ( 7 8 % ) ; m p 224—226 °G. Found : G, 78.11; H , 
5.99; N , 10.20%,. Calcd for C 1 8 H 1 6 N 2 0 : G, 78.23; H , 5.86; 
N, 10.14%. M S 276 (M+). I R (KBr) 3290 (NH) , 2200 
(G=N), 1720 (G=0) cm- 1 . *H N M R (DMSO-</6) ô 1.35 (d, 
J = 5 Hz , 3H, CH 3 ) , 3.75 (m, 1H, GH) , 4.20 (d, 7 = 8 Hz , 1H, 
GH) , 7.30 (m, 10H, aromatic H ) , 8.74 (bs, 1H, N H ) . The 
evaporation of the mother-l iquor at room temperature , after 
the separation of the 3, gave a solid residue which was fraction­
ally recrystallized from hexane containing a small amount 
of ethyl acetate to give 2 ( 3 % ) ; m p 115—116 ° G Found : 
C, 82.69; H , 6 .31; N, 10.56%, Galcd for C 1 8 H 1 6 N 2 : G, 83.04; 
H , 6.20; N, 10.74%. M S 260 (M+). IR(KBr) 3300 (NH) , 
2190 (C=N), 1600 cm- 1 . XH NMR(CDC13) Ô 2.00 (s, 3H,CH 3 ) , 
4.02 (s, 2H, CH 2 ) , 4.45 (s, 1H, N H ) , 7.27 (s, 10H, aromatic 
H ) . T h e mother-liquors, after isolation of 2, were evaporated 
at room temperature to give the crude 5. The recrystal-
lization of the crude material from ethanol give pure 5 (3%) ; 
m p 134—136 °G. Found : G, 77.48; H , 6.13; N, 4 . 9 8 % , 
Calcd for G 1 8 H 1 7 N 0 2 : G, 77.48; H , 6.13; N, 5 . 0 1 % . M S 
279 (M+). I R (KBr) 3200 (NH) , 1780, 1715 cm"1 . *H 
N M R ( D M S O - 4 ) à 0.92 (t, 7 = 5 Hz, 3H, CH 3 ) , 1.15 (m, 
2H, CH 2 ) , 3.65 (t, 7 = 6 Hz, 1H, GH) , 7.25 (m, 10H, aromatic 
H ) , 9.13 (bs, 1H, N H ) . 

Isolation of 4 from the Reduction Mixture of 1 with LiAlH± in 
THF. T h e reduction was carried out in the same 
manner used the above reaction. After careful decomposi­
tion with water, the solution was concentrated to ca. 80 ml. 
T h e aqueous solution was extracted with e ther ; the ether 
extract was washed with water , dried over anhydrous M g S 0 4 , 
and filtered. After the removal of the solvent and several 
recrystallizations from ethyl acetate-hexane, we obtained 
0.692 g of 3 . T h e aqueous solution was allowed to stand at 
room temperature until crystallization occurred. The recry-
stallization of the filtered solid product from ethanol gave 4 

as colorless crystals in 5 % yields; m p 289—291 °G. Found: 
G, 77.52; H , 6.58; N, 10.05%. Galcd for C 1 8 H 1 8 N 2 0 : G, 
77.67; H , 6.58; N , 10.05%. M S 278 (M+). I R (KBr) 
3300 (NH) , 1770, 1700 cm" 1 . ^ N M R (DMSO-</6) ô 0.69 
(t, 7 = 7 Hz , 3H, CH 3 ) , 1.52 (m, 2H, CH 2 ) , 4.42 (t, 7 = 7 Hz, 
1H, GH) , 7.38 (bs, 10H, aromatic H ) , 6.95 (bs, 1H, N H ) , 
8.05 (bs, 1H, N H ) . 

Reduction of 3 with Lithium Aluminum Hydride in THF. 
A solution of 1.38 g (5 mmol) of 3 in 70 ml of T H F was 
stirres, over a period of 2 h, into a suspension of an excess of 
LiAlH 4 (0.76 g, 20 mmol) in 70 ml of T H F at reflux under 
an atmosphere of nitrogen. After careful decomposition with 
cold water , the volume of the solution was concentrated to 
ca. 35 ml. To the solution thus obtained we added 10% 
hydrochloric acid ( 13 ml) . T h e mixture was allowed to 
stand overnight to give a yellowish, unreacted material as a 
solid. T h e solids were filtered off and recrystallized from 
ethyl aceta te-hexane to give pure 3 (0.75 g) . The evaporation 
of the mother-l iquor at room temperature , after the separation 
of the 3, gave a solid residue which was fractionally recrystal­
lized from ethyl aceta te-hexane to give 4 ( 1 3 % ) ; m p 289— 
291 °G. T h e mother-liquors, after the isolation of 4 were 
evaporated at room tempera ture to give the crude 5. The 
recrystallization of the crude material from ethanol give pure 
5 ( 8 % ) ; m p 134—136 °G. 

T h e a u t h o r s wi sh to t h a n k M r M i t s u o T a k a y a m a , 

D e p a r t m e n t of P h a r m a c o l o g y , T o h o U n i v e r s i t y , for t h e 

m e a s u r e m e n t s of t h e m a s s s p e c t r a . 
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Synopsis. The title compounds (1) reacted under 
acidic conditions to give cyclopropane ring-opened products. 
In these reactions of 1 bearing methyl-, phenyl-, chloro-, 
bromo-, and acetoxy-substituents, the cyclopropane ring 
opened from the more substituted side. 

We have previously investigated the reactions of 
spiro keto compounds.1»2) In these investigations, it has 
been found that phenyl-substituted spiro [anthracene-
9(10//), l ' -cyclopropan]-10-ones undergo thermal rear­
rangement with ring expansion to aceanthrylen-6(2//)-
ones, whereas a simple cyclopropane-opening, involving 
the formation of the hydroxy-carbonium ion {e.g. 2) 
as an intermediate, is observed in the acid-induced 
reaction. We have further examined the cyclopropane-
opening reactions of 2'-substituted spiro [anthracene-
9(10//), l ' -cyclopropan]-10-ones 1 under acidic condi­
tions and their utilization in the preparations of sub­
stituted anthracenes. 

R e s u l t s a n d D i s c u s s i o n 

The spiro anthrones l a — c and g were prepared by 
previously known procedures.3) The spiro anthrones 
I d — f were obtained in 66, 45, and 5 3 % yields, respec­
tively, by irradiation of 10-diazoanthrone (3) in the 
presence of an appropriate olefin. 

As was observed in the previous work, the expected 
products 4 and 5 in the reaction with acidic reagent 
(HZ) were too unstable to be isolated.1} Therefore, the 
acid-induced reactions were carried out in acetic 
anhydride in the presence of a small amount of mineral 
acid to convert 4 and 5 to isolable 6 and 7. Trea tment of 
l a , b , and f with acetic anhydride-sulfuric acid gave 
8a (86%), b (81%), and f (33%), respectively.4* The 
structures of products were assigned as 8 rather than 
AcOC 1 4 H 8 CHRCH 2 OAc, cyclopropane ring-opening 
from the less substituted side, by their XH N M R spectral 
da ta : e.g. the assignment of 8 b is based on its absorption 
for methylene and methine hydrogens at ô 3.74 (center, 
m) and 5.27 (m), respectively; these values are normal 
compared with those estimated from the absorption 
which was found in 8a. The structure AcOC 1 4H 8 -
C H M e C H 2 O A c should exhibit methylene absorption 
near Ô 4.12—4.56 (for CH 2 CH 2 OAc of 8a) , and the 
observed methine absorption at ô 5.27 is too far down-
field to support this claim. The similar acid-induced 
reactions of 2 /-halogenosubstituted spiro anthrones I d 
and e afforded 10-acetoxy-9-(formylmethyl) anthracene 
(9) ( i 4 _ i 7 o / o ) a n d 8f (34—35%). The anthracene 9 
was identified on the basis of its spectral data and 
chemical behavior, i.e. the reaction of 9 with acetic 
anhydride in the presence of sulfuric acid led to 8f. 
The formation of 9 may be accounted for by the forma­
tion of the anthracenes 7d and e followed by elimination 
of acyl halide.5) O n the other hand, the reaction of l g 

bearing such strongly electron-withdrawing groups as 
CN gave a complex mixture. 

The reactions of l a , b , d, and e with acetic anhydride-
hydrochloric acid yielded 10a (78%), b (75%), d (71%), 
and e (69%), respectively, as the major products, 
together with 8a ( 4 % ) , b (5%) , 9 (10%), and 9 (9%) , 
respectively, as the minor products. The structural 
assignments of 10 are based on their 1 H N M R spectral 
data . T h e predominant formation of 10 is compatible 
with the common observation that a chloride ion is 
more nucleophilic than an acetate ion.6) Under similar 
conditions, the spiro anthrones l c and f afforded a 
complex product mixture, and l g gave no products. 

T h e ring-opening of 1 with hydrochloric acid in 
methanol were further examined. As mentioned above, 
the products of the type 5 (Z = C1 or OMe) were too 
unstable to be isolated, so that they were isolated after 
acetylation. The reactions of l a and b gave 10a (70%) 
and b (65%), respectively. In the similar treatment of 
l c , the anthracene l i e , which resulted from the solvolysis 
of 5c (Z = C1) in methanol , was obtained in a 6 9 % 
yield. The similar t reatment of I d , e, and g with 
methanolic hydrochloric acid gave no product. 

The spiro anthrone system is intriguing in that the 
protonation of the carbonyl oxygen may lead to a 
hydroxy-carbonium ion 2 which is conceivably bridged.7) 

The direction of the cyclopropane-opening is consistent 
with the expectation that the relative stability of the 
incipient cationic centers will be a controlling factor. 
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Exper imenta l 

Preparations of 2'-Substituted Spiro[anthracene-9(10H),T~cyclopro-
pan]-10-ones 1. Id: A solution of 10-diazoanthrone (3)8) 

(3.30 g, 15 mmol) in benzene (300 ml) was saturated with 
vinyl chloride, and the resulting mixture was then irradiated 
at 5 °C with a 100 W high pressure mercury lamp through a 
Pyrex filter until TLC showed the absence of 3 (ca. 12 h). The 
solvent and unchanged vinyl chloride were removed under 
reduced pressure; then the residue was chromatographed on 
silica gel (benzene as eluant). The first eluate gave Id as 
colorless needles (2.52 g, 66%), mp 122—123 °C. 

le : The product from photoreaction of 3 (3.30 g, 15 mmol) 
with vinyl bromide (32.1 g, 0.3 mol) in benzene (300 ml) under 
nitrogen was chromatographed to give l e as colorless needles 
(2.02 g, 45%), mp 134—135 °C. 

If: A similar photoreaction of 3 (3.30 g, 15 mmol) and 
vinyl acetate (28.8 g, 0.3 mol) in benzene (300 ml) gave If 
as colorless microcrystals (2.21 g, 53%), mp 94—95 °C. 

The spectral and analytical data of Id—f are consistent with 
the proposed structures. 

Reaction of 1 with Acetic Anhydride-Sulfuric Acid. A 
solution of a spiro anthrone 1 (2—3 mmol) in acetic anhydride 
(30 ml) containing sulfuric acid (0.5 ml) was allowed to stand 
at room temperature (10 h). After TLC showed the absence 
of the starting material, the mixture was poured into water. 
The precipitate was worked up by recrystallization or chro­
matography. Spectral and analytical data of the products 
are given below. 

8a: Yellow needles (from benzene); mp 157 °C; IR (KBr 
disc) 1768 and 1750 cm"1 (CO); XH NMR (CDC18) ô 2.20 
(3H, s), 2.51 (3H, s), 3.58—4.02 (2H, a part of A2B2), 4.12— 
4.56 (2H, a part of A2B2), and 7.15—8.95 (8H, m); MS m/e 
332 (M+). Found: C, 74.60; H, 5.68%. Calcd for C20H18-
0 4 : C, 74.52; H, 5.63%. 

8b: Yellow microcrystals (from benzene-hexane) ; mp 
130—131 °C; IR 1778 and 1746 cm"1 (CO); XH NMR Ô 1.13 
(3H, d, J = 6 . 5 Hz), 1.93 (3H, s), 2.50 (3H, s), 3.63 and 3.84 
(1H each, AB part of ABX, / A B =13.5 , / A x = 8 , 2 , JBX= 
5.7 Hz), 5.27 (1H, m), and 7.25—8.58 (8H, m); MS m/e 336 
(M+). Found: C, 74.94; H, 6.00%. Calcd for C21H20O4: C, 
74.98; H, 5.99%. 

8f: Yellow microcrystals (from benzene-hexane); mp 
185—186 °C; IR 1760 cm"1 (CO); ^ N M R ô 1.90 (6H, s), 
2.62 (3H, s), 4.10 (2H, d, 7 = 6 . 0 Hz), 7.12 (IH, t, 7 = 6 . 0 Hz), 
and 7.40—8.65 (8H, m); MS m/e 380 (M+). Found: C, 
69.33; H, 5.38%. Calcd for C22H20O6: C, 69.46; H, 5.30%. 

•9: Yellow microcrystals (from benzene) ; mp 198—200 °C; 
IR 1755 and 1726 cm"1 (CO); m NMR ô 2.66 (3H, s), 4.65 
2H, d, 7 = 2 . 1 Hz), 7.35—8.35 (8H, m), and 9.83 (IH, t, 
7=2 .1 Hz); MS m/e 278 (M+). Found: C, 77.51; H, 5.12% 
Calcd for C18H1403: C, 77.68; H, 5.07%. 

Reactions of 1 with Acetic Anhydride-Hydrochloric Acid. 
The procedure was identical with that described above, except 
that hydrochloric acid (1 ml) was used instead of sulfuric acid. 
The products were isolated by chromatography, followed by 
recrystallization from benzene-hexane. The characteriza­
tion data of products are given below. 

10a: Pale yellow needles; mp 206—207 °C; IR 1765 cm"1 

(CO); i H N M R ô 2.58 (3H, s), 3.52—4.22 (4H, m), and 
7.25—8.40 (8H, m); MS m/e 300/298 (M+). Found: C, 
72.46; H, 5.10; CI, 11.76%. Calcd for C18H1502C1: C, 
72.35; H, 5.06; CI, 11.87%. 

10b : Pale yellow needles ; mp 173 °C ; IR 1768 cm"1 (CO) ; 
lH NMR ô I A4 (3H, d, 7 = 6 . 5 Hz), 2.55 (3H, s), 3.64—4.78 
(3H, m), and 7.25—8.42 (8H, m); MS m/e 314/312 (M+). 
Found: C, 72.85; H, 5.61; CI, 11.22%. Calcd for C19H17-
02C1: C, 72.96; H, 5.48; CI, 11.33%. 

lOd: Pale yellow needles; mp 192—193 °C. 
10e : Yellow needles; mp 195—196 °C. 
Reactions of 1 with Methanol-Hydrochloric Acid. A solution 

of 1 (2—3 mmol) in methanol containing hydrochloric acid 
( 1 ml) was refluxed under nitrogen for 1 h. The solvent was 
removed under reduced pressure. After the usual acetylation 
using acetic anhydride, the products were purified by 
recrystallization or chromatography. 

lie: Yellow needles (from benzene-hexane); mp 160 °C; 
IR 1755 cm-1 (CO); XH NMR ô 2.56 (3H, s), 3.06 (3H, s), 
3.55—4.65 (3H, m), and 7.15—8.35 (8H, m); MS m/e 370 
(M+). Found: C, 81.05; H, 5.95%. Calcd for 
C25H2203: C, 81.05; H, 5.99%. 
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Synopsis. The reaction of JV-benzyl-, #-diphenyl-
methyl-, or iV-(l-phenylpropyl)-a-rnethoxycarbonylmeth-
animine iV-oxide newly prepared with acrylaldehyde in 
benzene, followed by hydrogenolysis over palladium hydroxide 
and by acid hydrolysis, gave 4-hydroxyprolines. 

After Leuchs synthesis1) of 4-hydroxyprolines via a 
a-bromo-r5-chloro-y-valerolactone, many procedures 
have been reported : one was a variant of the Leuchs 
method involving a a,<5-disubstituted y-valerolactone 
intermediate,2^ others was a methods using a 2-amino-4-
pentenoic acid deriva<ive,3) and the rest were along 
different routes.4,53 All of these were based on the 
stepwise introduction of two asymmetric centers; the 
ratios of allohydroxyproline (6) to hydroxyproline (5) 
were near one. The predominant production of 6 
was recognized in some cases,2c ,2e '4) but the overall 
yields were not high due to the rather long reaction 
sequences. 

We wish to report here a new short-step synthesis of 
4-hydroxyprolines (5 and 6). The method is comprised 
of 1,3-dipolar cycloaddition of iV-alkyl-a-methoxy-
carbonylmethanimine iV-oxide ( l ) 6 3 with acrylaldehyde, 
followed by the cleavage of the N - O bond and recycliza-
tion between the nitrogen and the aldehyde group to 
give a pyrrolidine ring. Two asymmetric centers can 
be introduced simultaneously at the stage of the cycload­
dition. 

The nitrones [1 : a ; JV-benzyl-, b ; JV-diphenylmethyl-, 
and c ; iV-(l-phenylpropyl)-a-methoxycarbonylmeth-
animine JV-oxides] were prepared according to the 
previous procedure.6 ) N M R spectra of 1 showed the 
presence of both E- and Z-isomers. 

The reaction of l a (EjZ= 1.6) with acrylaldehyde in 
benzene for 24 h gave a mixture of two isomeric isoxa-
zolidines (2a and 3a ; 2 a / 3 a = 1 . 6 ) ; the structures were 
assigned by the comparison of their N M R spectra and 
pseudocontact shifts (0.057 equiv. of Eu-FOD) with 
those of the related compound.6* T h e mixture thus 
obtained was subjected to the catalytic hydrogenolysis 
and the resulted crude ester 4 was hydrolyzed to give a 
mixture of 6 and 5 (6/5=1.61) in a 4 6 % yield based on 
l a . 

$7 _ ^ e _[HVn 1 V n 
R A 0 CHO R-^OAXO I ^N^COOMP ^N-^COOH 

2 eis 
3 trans 

5 trans 
6 eis 

a: R = CgHgCHj b: R = (CgHg^CH c:R = C6H5(C2H5)CH 

CpOMV4 C d°0 , ) 

PhCH^o 
3.96G0.45) 

2a 

2.6UtH) 

CHO 
•^ 9S6(d0.20) 

O9GJ0.25) 

COOMe 
2.6(a0.2) 

P h C H ^ O 
«.(KfeO.K) 

3a 

•H4.19(d0.44) 

*CH0 
9.53(/s0.11) 

TABLE 1. T H E RATIO OF allo-Hyp(6)/Hyp(5) AND YIELD 

IN VARIATION OF NITRONE AND REACTION TYPE 

Nitrone 

l a l b l c 

Type I 6/5 
Yield/% 

Type II 6/5 
Yield/% 

1.61 3.66 1.43 
46 56 55 

1.87 5.90 1.23 
32 71 65 

When l b (EjZ= 1.1) was used, a mixture of 6 and 5 
(6/5=3.66) was obtained in a 5 6 % yield. 

T h e above results show that the E\Z ratio in CDC13 

had not necessarily reflected on the ratio of 6/5. This 
led to the finding7) that nitrones (1), though they 
exist in a Z-form in a crystalline state, exhibit a novel 
E-Z equilibrium in a solution. Therefore, two types 
of reactions were performed in order to clarify the 
synthetic utility of the present method. In type I, 
the crystalline Z-nitrone was added to a solution of 
acrylaldehyde in benzene, while in type I I , acrylal­
dehyde was added to a equilibrium mixture of E- and 
Z-nitrones in benzene. 

The results are summarized in Table 1. The 6/5 
ratio was the highest when l b was subjected to the 
type I I condition. Stereoselectivity (6/5=5.90) and 
overall yield (71%) for the production of 5 and 6 are 
superior to hitherto reported procedures.2 - 5 ) O n the 
other hand, the stereoselective production of 5 was not 
specified in the present method. 

Exper imenta l 

All the melting points are uncorrected. The IR spectra 
were recorded with a Hitachi 215 grating spectrophotometer 
and the NMR spectra were measured with a JEOL MH-100 
spectrophotometer, using TMS as the internal standard. 
The amino acid chromatograms were taken on a Dionex 
D-500 Mark II analyzer using a column of DC-6A (1.750 x 
480 mm) at 41 °C with an elution buffer Li-A (pH 2.75). 

Preparation of Nitrones. Nitrones (la, l b , and lc) were 
prepared by condensation of methyl glyoxylate with a cor­
responding iV-alkylhydroxylamine. 

7a: Mp 90—92 °C (colorless prisms from benzene) ; v(KBr) : 
1727, 1570, 1220, and 1205 sh cm"1; Ô (CDC13, E/Z=\.Q): 

7.6—7.1 (m, C6H5 and =CH), 5.70 (s, N-CH 2 - of £-form), 
4.98 (s, N-GH2- of Z-form), 3.77 (s, COOCH3, Z), and 3.78 
(s, GOOCH3, E); E/Z=3.3 (C6D6). Found: C, 61.87; H, 
5.65; N, 7.18%. Galcd for C1 0HnNO3 : G, 62.16; H, 5.65; 
N, 7.24%. 

lb: Mp 131.5—132.5 °C (colorless needles from benzene); 
v (KBr) : 1725, 1700, 1550 br, 1215, and 1205 cm-1; Ô (CDC13, 
£ / Z = l . l ) : 8.2 (s, =CH, E), 7.5—7.2 (m), 6.28 (s, N-CH, Z), 
and 3.71 (s, GOOCH3, E+Z); E/Z= 1.7 (C6D6). Found: C, 
71.50; H, 5.52; N, 5.13%. Calcd for C16H16N03: G, 71.36; 
H, 5.61 ;N , 5.20%. 

lc: Mp 72.5—74.5 °G (colorless prisms which formed 
slowly from benzene); v (KBr): 1730, 1550 br, 1220 sh, 1210, 
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and 1170 cm-1; Ô (CDC13, £/Z=0.95): 7.7—7.2 (m, C6H5 

and =CH), 6.86 (dd, 7 = 1 0 and 6 Hz, N-CH, Z), 4.83 (dd, 
7 = 1 0 and 6 Hz, N-CH, E), 3.84 (s, COOCH3, E), 3.80 (s, 
COOCH3, Z), 2.7—1.9 (m, CH2CH3, E+Z), 0.97 (t, 7 = 7 
Hz, CH2CH3, Z), and 0.94 (t, 7 = 7 Hz, CH2CH3, E); E/Z= 
1.9 (C6D6). Found: C, 65.13; H, 6.78; N, 6.31%. Calcd 
for C12H15N03: C, 65.14; H, 6.83; N, 6.33%. 

Preparation of 6 and 5. Typical procedures of both types 
were as follows : 

Type I: To a solution of acryladehyde ( 1.5 mmol) in 
benzene (4 ml), was added l a (0.5 mmol), in one portion. 
The mixture was stirred at room temperature for 24 h. The 
removal of benzene and the excess of acryladehyde in vacuo 
at 25 °C gave an oily mixture of 2a and 3a (100%, 2a/3a= 
1.6). Without further purification, the mixture thus obtained 
was dissolved in methanol (20 ml) and then hydrogenated 
over palladium hydroxide (85 mg) under a hydrogen atmos 
phere (3 atm) for 24 h, After removal of the catalyst, the 
filtrate was concentrated to give 4 (127 mg), which was sub­
sequently refluxed with 1 mol dm~3 HCl (5 ml) for 4.5 h. After 
decolorizing with activated carbon, the solution was concen­
trated to give pale yellow crystals (103 mg). The ratio of 
stereoisomers and the yield from l a were determined by amino 
acid analysis (6/5=1.61, yield 46%). 

Type II: A solution of l b (0.26 mmol) in benzene (5 ml) 
was left at room temperature for 3 h. To the solution was added 
acrylaldehyde (0.8 mmol) in one portion and the mixture was 
stirred at room temperature for 24 h. The removal of benzene 
and excess of acryladehyde in vacuo at 25 °C gave a colorless 
oily mixture of 2b and 3b (100%, 2b/3b=4.4). The mixture 
of 2b and 3b (87 mg) was subjected to catalytic hydrogenolysis 
and acid hydrolysis under similar conditions as in Type I, 
giving a crystalline mixture of 6 and 5 (6/5=5.90, yield 71% 
from lb) . 

In the case of l a or lc , the solution in benzene was left for 

3 h or 2 d, respectively, before the addition of acryladehyde. 

We are deeply indebted to Dr. Chikahiko Eguchi, 
Central Research Laboratories, Ajinomoto Co., Inc., 
for a gift of allohydroxyproline. 
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Synopsis. The Hunsdiecker reaction of Ag (E)- and 
(Z)-2,2-dichloro-l-methoxy-3-methylcyclopropanecarboxylates 
with bromine in GG14 at 0 and 77 °G occurs with substantial 
inversion of configuration, suggesting that the 1-methoxy -
cyclopropyl radical is configurationally less stable than the 
1-fluorocyclopropyl or the 1-methoxy vinyl radical. 

Recent studies2) have established that the configura-
tional stability, or the energy barrier for inversion, of 1-
substituted cyclopropyl radicals is strongly affected by 
the nature of the 1-substituent; best known is the 
effect of 1-fluorine stabilizing the pyramidal configura­
tion of the cyclopropyl radical, which is much more 
powerful than that of 1-chlorine. 

As compared with the configurational stability of 
1-halo radicals, that of the 1-methoxy radical has only 
scarcely been investigated, probably because of the 
difficulty of its generation. In fact, no reports on this 
subject have appeared so far in the literature except 
the one by Walborsky et û/.2b ,c ) 

The stereochemistry of the Hunsdiecker reaction of 
Ag salts of some 1-methoxy- and 1-fluorocyclopropane-
carboxylic acids has now been examined to learn the 
effect of the 1-methoxyl substituent on the stereo­
chemical stability of cyclopropyl radicals. 

R e s u l t s and D i s c u s s i o n 

The Hunsdiecker reaction of Ag salts of (Z)-2,2-
dichloro-1-methoxy- ( l a ) , (£)-2,2-dichloro-l-methoxy-
(2a), and (Z)-2,2-dichloro-l-fluoro-3-methylcyclopro-
panecarboxylic acids ( lb ) was effected in the presence 
of bromine in CC14, to give the corresponding bromo-
cyclopropane as an isomeric mixture (Scheme and 
Table 1 ). The structures of these bromocyclopropanes 
were determined from their 1 H 3 ) and/or 13C N M R 
spectra.4) 

The reaction of methoxy acids l a and 2a occurred 
with substantial inversion of configuration even at 0 °C. 
The stereospecificity was completely lost at 77 °C; the 
isomer ratios of the product are equal irrespective of the 
stereochemistry of the starting acid. This indicates 
that isomeric 1-methoxycyclopropyl radicals are con­
figurationally rather unstable, inverting their configura-

Me R Me COOH 

H^COOH op H^A _ ^ Ag u U _ 

2 

Me R Me Br 

TABLE 1. HUNSDIECKER REACTION OF ACIDS 1 AND 2 

a : R » OMe 

b : R « F 

c i 2 

4 

Acid 
Temp Time Yield Isomer ratio 

°G h % retn : invn 

la 

2a 

lb 

0 
0 
77 
77 
0 
0 
77 
77 
20 
20 
77 
77 

1.5 
2.0 
1.5 
2.0 
2.0 
3.0 
0.5 
1.0 
1.5 
2.5 
2.0 
3.0 

54 
76 
53 
59 
— 
71 
— 
62 
— 
59 
69 
— 

58 : 42 
56 :44 
41 :59 
39 :61 
68 :32 
69 :31 
61 :39 
62 :38 
90 : 10 
91 : 9 
81 : 19 
82 : 18 

a : R » OMe 

b : R = F 

tion at a rate comparable to their bromine abstraction 
at 0 °C and at a rate faster than the latter at 77 °C-

In discussing the effect of the 1-methoxyl substituent 
from the above facts, the presence of two 2-chlorine 
atoms in this system must be taken into account, 
because they can more or less destabilize the pyramidal 
configuration of cyclopropyl radicals. Such an effect of 
electronegative 2-substituents was suggested theoretical­
ly by Dewar et Ö/.6) and demonstrated experimentally 
in our previous work.7) 

The Hunsdiecker reaction of Ag salt of l b was 
conducted in this connection; the reaction took place 
with high (but not complete) stereospecificity at room 
temperature, and the degree of inversion increased at 
77 °C (Table 1). Evidently, the configurational stability 
of the 1-fluorocyclopropyl radical is lowered to such an 
extent that its inversion of configuration competes with 
its bromine abstraction, in spite of the presence of 1-
fluorine. 

These findings, as combined with the extremely high 
configurational stability of 2-hetero-unsubstituted 1-
fluorocyclopropyl radicals observed in the previous 
work,2) strongly suggest the existence of the 2-chlorine 
effect in the 1-methoxy radicals as well as in the 1-fluoro 
radical.8 ) The data in Table 1 also show that the 
1-methoxy radical is configurationally less stable than 
the 1-fluoro radical, i.e., that the 1-methoxyl substituent 
is less powerful than the 1-fluoro in stabilizing the 
pyramidal configuration of cyclopropyl radicals. 

The behavior of 1-methoxycyclopropyl radicals de­
scribed herein is in sharp contrast with that of (E)- and 
(Z)-l-methoxy-1-propenyl radicals.9) This difference 
can be explained in terms of the difference in ^-character 
of the odd-electron orbital between the cyclopropyl and 
the vinyl systems, though the above-cited 2-chlorine 
effect may play a minor role. It is to be noted that 
similar differences have been observed between the 
l-chlorocyclopropyl2) and the 1-chlorovinyl radicals.10) 
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E x p e r i m e n t a l 1 1 * 

Methyl (E)-2-Methoxy-2-butenoate. Methyl trans-2-
methylglycidate was t reated with />-toluenesulfonic acid to 
form 2-hydroxy-3- (/>-tolylsulfonyloxy) butanoate ( 100 % ), 
which was then methylated with methyl iodide/Ag aO (97%). 
Trea tment of the resulting 2-methoxy-3-(/>-tolylsulfonyloxy)-
butanoate with K O H in methanol , followed by acidification, 
gave an isomeric mixture of (E)- and (Z)-2-methoxy-2-
butenoic acid (Z?/Z= 85/15). Recrystallization from hexane 
gave pure (£)-acid, m p 44.5—45.5 °G (65%), which was 
converted to the methyl ester by the usual method (82%), bp 
62—63 °C/16 m m H g . I R (film) 1724, 1644, 1207, 1164, 
1105, 1026 c m - 1 ; ^ N M R Ô 1.93 (d, 7 = 7 . 4 Hz , 3H) , 3.50 
(s, 3H) , 3.70 (s, 3H) , 5.14 (q, 7 = 7.4 Hz , 1H) ; M S m/e (%) 
130 (M+, 68), 55 (100). 

Methyl (Z)-2-Methoxy- and (Z)-2-Fluoro-2-butenoates were 
prepared according to the method of Owen1 2 ) and of Bergmann 
et a/.,13) respectively. Attempts to prepare the (Zi)-fluoro acid 
or its ester in our hands were unsuccessful. 

1-Substituted 2,2-Dichloro-3-methylcyclopropanecarboxylic Acids 
(la, 2a, and lb) were prepared by addition of dichlorocarbene 
to the corresponding methyl 2-substituted-2-butenoate 
followed by hydrolysis. T h e reaction conditions were similar 
to those described in our previous paper.14) 

la: 3 7 % yield; m p 75—76 °G; I R (KBr) 3000, 1708, 
1292, 1258, 1040 c m - 1 ; XH N M R Ô 1.29 (d, 7 = 6 . 6 Hz , 3H) , 
2.43 (q, 7 = 6 . 6 Hz , 1H) , 3.76 (s, 3H) , 12.24 (s, 1H) ; 13G N M R 
ô 7.9 (Me on ring). 

Found: G, 36.30; H , 4 .11 ; Gl, 35.47%. 
2a: 3 7 % yield; m p 52.5—53.5 °G; I R (KBr) 3030, 1706, 

1301, 1158, 1075 c m - 1 ; *H N M R ô 1.43 (d, 7 = 6 . 6 Hz , 3H) , 
2.03 (q, 7 = 6 . 6 Hz, 1H), 3.61 (s, 3H) , 12.14 (s, 1H) ; 13C N M R 
ô 9.7 (Me on ring). 

Found: G, 36.29; H , 4 .22%. Galcd for C 6 H 8 0 3 C 1 2 : G, 
36.21; H , 4.05; Cl, 3 5 . 6 3 % . 

lb: 3 3 % yield; m p 42—43 °G; I R (KBr) 3000, 1720, 
1250, 1180, 1000 c m - 1 ; ^ N M R ô 1.37 (d, 7 = 6 . 6 Hz , 3H) , 
2.53 (dq, 7 = 6 . 6 and 7.8 Hz , 1H), 11.16 (s, 1H) ; 13G N M R ô 
7.4 (7 O F = 6.0 Hz , M e on ring). 

Found : G, 31.82; H , 2.57; Gl, 38.04; F, 10.16%. Galcd 
for G 6 H 5 0 2 G1 2 F: G, 32 .11; H , 2.70; Gl, 37.92; F. 10.16%. 

Hunsdiecker Reaction of la, 2a, and lb. T o a suspension, 
which had been maintained at a specified temperature , of Ag 
salt (5 mmol) in dry GG14 (10 ml) was rapidly added 1.2 equiv. 
of bromine in dry GG14 (10 ml) . After a specified period, 
inorganic silver salt was removed by filtration and was washed 
with a small amount of GG14. T h e filtrate was concentrated 
below 30 °G. T h e isomer ratios in the products were measured 
by GLG before distillation. 

3a and 4a: Bp 78—79 °G/15 m m H g ; I R (film) 2960, 1043, 
780, 765 cm" 1 ; X H N M R 3 a : <$'l.30 (d, 7 = 6 . 6 Hz , 3H) , 2.12 

(q, 7 = 6 . 6 Hz , 1H), 3.54 (s, 3H) , 4a: ô 1.25 (d, 7 = 6 . 6 Hz , 
3H) , 1.84 (q, 7 = 6 . 6 Hz, 1H), 3.54 (s, 3 H ) ; 13G N M R 3 a : 
ô 8.1 (Me on ring), 4a: ô 13.3 (Me on ring) ; M S m/e (%) 232 
(M+, 1), 199 (100). 

3b and 4b: Bp 52—53 °G/23 m m H g ; I R (film) 2940, 
1096, 996, 898, 862 c m - 1 ; *H N M R 3 b : ô 1.35 (d, 7 = 6 . 6 Hz , 
3H) , 2.03 (dq, 7 = 6 . 6 and 7.2 Hz, 1H), 4 b : ô 1.33 (dd, 
7 = 6 . 6 and 1.6 Hz , 3H) , 2.06 (dq, 7 = 6 . 6 and 19.8 Hz, 1H) ; 
13G N M R 3 b : ô 7.9 ( 7 C F = 5.2 Hz, M e on ring), 4 b : ô 12.7 
(7C F ==0 Hz , M e on r ing) ; M S m/e (%) no parent to 220, 141 
(100). 
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Synopsis. Aliphatic aldehydes react with formalde­
hyde in the presence of dimethylamine hydrochloride at 200 °G 
to form 2,5-dialkylcyclopentanones in moderate yields. 
Propanal, butanal, and pentanal give 2,5-dimethyl-, 2,5-
diethyl-, and 2,5-dipropylcyclopentanone respectively, but 
ethanal gives only a tarry material. 

A large variety of methods are available for building 
up the cyclopentanone and cyclopentenone r i n g . 1 - ^ In 
the course of our study of the a-methylation of ketones,10:) 

we have found a novel method for the preparat ion of 
cyclopentanone derivatives by treating aliphatic alde­
hydes with formaldehyde in the presence of a secondary 
amine hydrochloride. The combination of straight chain 
aliphatic aldehydes with formaldehyde in the present 
method represents a unique pathway to the formation 
of the cyclopentanone ring. 

E x p e r i m e n t a l 

Reagent. The propanal and butanal were distilled and 
dried over Na2S04 . The other reagents were commercial 
products. Formaldehyde (guaranteed reagent 35% Wako 
Chemicals Go.,) was used. 

Reaction Procedure. An autoclave with a 100-ml capacity, 
made of stainless steel and equipped with a magnetic stirrer, 
was used in each run. Forty mmol of aliphatic aldehyde, 35% 
aqueous formaldehyde (40—80 mmol as formaldehyde), 20 ml 
of a solvent, and 20—40 mmol of dimethylamine hydrochloride 
were put into it. After the replacement ol the argon in the 
autoclave, it was kept at 200 °G by electrical heating for 4 h. 
The products, such as 2,5-dimethyl-, 2,5-diethyl-, 2,5-
dipropyl-, and 2,5-dipentylcyclopentanone, were isolated by 
distillation or column chromatography. They were char­
acterized by their IR, XH, 13G-NMR, and mass spectra, and 
by elemental analysis. The 2,5-dimethylcyclopentanone 
formed was identified by a comparison of its mp, IR, and 
1H and the 13G-NMR spectra of its 2,4-dinitrophenylhydrazone 
derivative with those of an authentic sample. GLG analysis 
was made using internal standards: a column (0.3 cm^x 3 m) 
packed with PEG 20M 10%. 

2,5-Diethylcyclopentanone ( lb) ; bp 71—76 °G/17 Torr (1 
Torr =133.3 Pa). Found as 2,4-dinitrophenylhydrazone, mp 
113—115 °G: G, 56.01; H, 6.24; N, 17.48; O, 20.25%. Galcd 
for G16H20N4O4: G, 56.24; H, 6.29; N, 17.48; O, 19.98%. 
2,5-Dipropylcyclopentanone ( lc); bp, 89—92 °G/8 Torr. 
Found as semicarbazone, mp, 168—170°G: G, 63.69; H, 
10.36; N, 18.56%. Galcd for G12H23N30: G, 63.96; H, 10.29; 
N, 18.65%. 2,5-Dibutylcyclopentanone (Id) ; bp 86—92 °G/4 
Torr. Found as semicarbazone, mp 118—120 °G: G, 65.80; 
H, 10.72; N, 16.12%. Galcd for G14H27N30: G, 66.34; H, 
10.74; N, 16.31%. 2,4-Dipentylcyclopentanone (le) was 
chromatographed on silica gel (3 cmx 30 cm), using benzene 
as an eluent. A light yellow liquid was obtained.12) 

Analytical Procedure. The infrared spectra were measured 
on a Hitachi model 215 grating spectrophotometer. The 
XH-NMR spectra were obtained at 60 MHz with a JEOL 
JNM-60, at 100 MHz with a JEOL JNM-100, and at 220 MHz 
with a Varian model HR-220 NMR spectrometer. The 

13G-NMR spectra were obtained at 25.05 MHz with a JEOL 
pulsed Fourier transform spectrometer model FX-100. 
Samples were dissolved in GDG13 and the chemical shift 
values were expressed in (5-values (ppm) relative to Me4Si 
as an internal standard. The mass spectra were recorded 
on a JMS-01SG mass spectrometer. 

R e s u l t s a n d D i s c u s s i o n 

Two molecules of aldehydes reacted with one molecule 
of formaldehyde in the presence of dimethylamine 
hydrochloride to form 2,5-dialkylcyclopentanones in 
moderate yields. The results are summarized in the 
Tables. Each of the G3—C7 aldehydes with a straight 
chain structure, such as propanal , butanal , pentanal, 
hexanal, and heptanal , gives the corresponding 2,5-

TABLE 1. SYNTHESIS OF 2,5-DIALKYLCYCLOPENTANONES 

FROM ALIPHATIC ALDEHYDES AND FORMALDEHYDEA) 

Run Aldehyde Substituted 
cyclopentanone Yield/% 

1 
2 
3 
4 
5 
6 
7<i) 

Ethanal 
Propanal 
Butanal 
Pentanal 
Hexanal 
Heptanal 
Butanal 

Tarry material 
2,5-Dimethyl-(la) 
2,5-Diethyl-(lb) 
2,5-Dipropyl-(lc) 
2,5-Dibutyl-(ld) 
2,5-Dipentyl-(le) 
None 

16b> 
2 2 b ) 

26c> 
19c> 
21c> 

^ 0 

a) Aldehyde 40 mmol , N H ( C H 3 ) 2 . H C 1 40 mmol , 
H G H O , 80 mmol , 200 °G, 4 h, dioxane 20 ml, 
H G O O H 20 mmol, b) Determined by GLG. Based 
on the amount of aldehyde used, c) Isolated 
yield, d) Without N H ( C H 3 ) 2 . H C 1 . 

2RCH2CHO • HC HO 

( C H 3 ) 2 N H - HCl <^v» 
D i o x a n e , 200°C 

U\i\3 and j is 

1a~1e 

HCHO 

RCH2CH0 
r 

CHO 

RC=CH2 

l a - l e (2) 

v ( C H , ) , N H 

- RCH=CH-N(CH3)2 

Et 
(CH2)A N-CH=CH-Et + CH2=C-CH0-

2 0 0 ° C , 4 h 
1b 

13°. 

(3) 
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TABLE 2. SPECTROSCOPIC DATA OF 2,5-DIALKYLCYCLOPENTANONES 
13G-NMR (ppm from TMS) 

IR i^o/cm" 1 M+ C=0 CH GH2 (in ring) GH2 (side chain) GH, 

l b 

lc 

Id 

l e 

trans 
eis 
trans 
eis 
trans 
eis 
trans 
eis 

1740 

1740 

1740 

1740 

140 

168 

196 

224 

222.2 
222.8 
222.2 
222.6 
223.0 
223.6 
222.5 

51.0 27.0 
49.9 26.2 
49.3 27.7 
48.2 26.8 
49.4 27.7 
48.3 26.7 
49.5 27.7 

(48.4)(26.8) 

23.0 
23.1 
32.3 
32.4 

29.8 

31.8 

20.7 
20.8 

29.6 

30.0 

22.7 

27.1 22.5 

11.7 
12.0 

14.0 

13.9 

14.0 

dialkylcyclopentanone. Ethanal failed to give cyclo-
pentanone, but provided only a tarry material . The 
amine salt is necessary for this ring formation (see Run 

7). 
The 1 3 C-NMR spectra of the products from butanal, 

pentanal , hexanal, and heptanal exhibited two sets of 
peaks with different intensities, assignable to trans- and 
m-2,5-dialkylcyclopentanone.11:> The trans isomers 
predominate in l b , l c , and I d , and the trans to eis 
mole ratios are estimated to be about 2 : 1 from the 
height of peaks of 1 3 C-NMR spectra. With l e , the 
trans isomer highly predominates, and only a trace of 
the eis isomer is formed. 

Though the mechanism of this reaction is not yet clear, 
the following two condensates are considered to be the 
reaction intermediates: the 2-alkylpropenal derived by 
the reaction of the aldehyde with formaldehyde, and an 
enamine (Eq. 2). 2,5-Dialkylcyclopentanones may be 
derived from these condensates via several steps. This 
consideration may be supported by the fact that the 
reaction between 2-ethylpropenal and 1 - ( 1-pyrrolidinyl) -
1-butène at 200 °C for 4 h gave 2,5-diethylcydo­
pent anone in a 13% yield, while 2-alkylpropenals were 
readily formed under the conditions used. 
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Synopsis. The reaction of biphenylene with man­
ganese (III) acetate gave 2-acetoxybiphenylene, 2-formyl-
biphenylene, 2-(acetoxymethyl)biphenylene, and 7-oxa-10,ll-
benzotricyclo[4.3.2.0]undeca-2,4,10-trien-8-one. The reaction 
pathways are discussed. 

Although a number of investigation of the reactions 
of biphenylene have been reported, the reaction 
of manganese (III) acetate with this compound 
was not known. In connection with our previous 
investigations of the radical reactions of manganese (III) 
acetate with various aromatic compounds,1 '2) the 
reaction of biphenylene with manganese (III) acetate 
was examined. The reaction of biphenylene with 
manganese (I II) acetate in a molar ratio of 1 : 4 in 
boiling acetic acid containing 8 equivalents of acetic 
anhydride gave three products, 2, 3, and 4 (Table 1, 
Entry 2). Compounds 2 and 3 were found to be 2-
acetoxybiphenylene and 2-formylbiphenylene respective­
ly by studying their 1 H - N M R and I R spectra. The 
X H-NMR spectrum of Compound 4 in CC14 indicated 
the presence of an acetoxymethyl group [6=2 .00 (3H, s) 
and (9=4.80 (2H, s)] and seven aromatic protons 
centered at (3=6.65. The I R spectrum exhibited a 
carbonyl absorption at 1738 c m - 1 . When 4 was oxidized 
with manganese (111) acetate, 2-formylbiphenylene (3) 
was obtained. Therefore, the structure of 4 was proved 
to be 2-(acetoxymethyl) biphenylene (Scheme 1). When 
the reaction was conducted in acetic acid containing 
a large amount of acetic anhydride, it gave 4 and 5 
(Entry 3). The yield of 4 was much improved at the 
expense of the yields of 2 and 3, and the maximum 
yield was obtained when the molar ratio was 1 : 4 
(Entry 3). The structure of 5 was also elucidated by 
means of the study of its X H-NMR spectrum, which 
showed the presence of an AB system (6=2 .74 and 
2.97 with a J value of 18.0 Hz) , vinylic protons [<5 = 
5.8—6.5 (4H, m) ] , and aromatic protons centered at 
6=7 .35 (4H, m) . Its I R spectrum showed a carbonyl 
absorption at 1775 c m - 1 characteristic of five-
membered lactone. These spectral properties suggested 
that the structure is 7-oxa-10,ll-benzotricyclo[4.3.2.0]-
undeca-2,4,10-trien-8-one. The 1 3 C-NMR of 5 further 

TABLE 1. OXIDATION OF BIPHENYLENE WITH MANGANESE 

(III) ACETATE IN ACETIC ACID CONTAINING ACETIC 

ANHYDRIDE AT THE REFLUX TEMPERATURE 

Molar ratio Time Recovered Product(yield/%)a) 

Entry of substrate : : — substrate / ~ ^ 
oxidant : Ac20 m i n (%) 2 3 4 5 

100 
8 

100 
100 

6 
60 

9 
9 

35 
34 
26 
12 

18 7 
7 

23 10 
12 5 

a) Yields are based on the substrate used. 

Scheme. 1. 

confirmed the structure. The data are shown in the 
experimental part . 

It is well known that there are two reaction mecha­
nisms operative in the manganese(III) acetate oxidation. 
One is the electron-transfer mechanism, which operates 
in the oxidation of aromatic compounds having ioniza­
tion potentials below 8 eV.3,4> T h e other is the free-
radical mechanism, which operates in the reaction of 
compounds having higher ionization potentials.4) Both 
mechanisms can compete in the reaction of some 
aromatic compounds under certain reaction conditions.4) 
The free-radical mechanism predominates under an­
hydrous conditions and at high temperatures. It seems 
reasonable to assume that 2 was derived via the electron-
transfer mechanism, by analogy to the oxidation of 2-
methylnaphthalene, which gave 1 -acetoxy-2-methyl-
naphthalene,4) whereas the other products were formed 
via the free-radical mechanism. The fact that the 
acetoxymethyl group in 4 is located at the (2) position 
is in harmony with the results of the phenylation reac­
tion of biphenylene, where 2-phenylbiphenylene is the 
major product, together with a minor quantity of 1-
phenylbiphenylene.5) It should be pointed out that 
there was no precedent for the formation of a lactone 
from an aromatic substrate in the oxidation by 
manganese (III) acetate. Interestingly, the lactone is a 
propellane and a derivative of the ring system (A), but 
it cannot isomerize to benzocyclooctene (B) (Fig. 1). 
Several reactions are known in which X-Y reagents 
add to biphenylene, and the product is nearly always a 
derivative of (B), as is shown in the reactions of bi­
phenylene with nitric acid and acetic anhydride,6) and 
with bromine,7) and in the reaction of methoxybi-
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®=0 @Ö 
Y 

A B 

Fig. 1. 

phenylene with bromine.8) The formation of the 
acetoxymethyl group via the carboxymethyl group (I) 
in the oxidation by manganese (III) acetate has been 
well established,4) and the further oxidation of 4 gave 
2-(diacetoxymethyl)biphenylene (II) , which yielded 3 
on hydrolysis during the work-up procedure (Scheme 1 ). 

E x p e r i m e n t a l 

The 1H-NMR spectra were recorded with a Hitachi R-24 
NMR spectrometer, with TMS as the internal standard, 
while the proton-decoupled 13C-FT NMR spectrum was 
measured at 22.5 MHz on a JEOL FX 90Q, spectrometer 
(pulse width, 24 (xs ; spectral width 5000 Hz ; data points, 8000 ; 
acquisition time 920 ms) in a 5-mm tube at 28 °G, using TMS 
as the internal reference. The IR spectra were taken for the 
chloroform solution on a JASGO IRA-1 grating spectrom­
eter. The UV spectra were recorded for the methanol 
solution with a Hitachi EPS-3T spectrophotometer. The 
melting points were determined on a Yanagimoto micro-
melting-point apparatus and were not corrected. 

Oxidiation of Biphenylene with Manganese (HI) Acetate. A 
typical procedure for the oxidation of biphenylene with 
manganese (III) acetate was as follows. A mixture of biphen­
ylene9) (2 mmol), manganese (III) acetate dihydrate,3) acetic 
acid (20 ml), and acetic anhydride was heated under reflux 
for the time shown in the table until the color of the Mn(III) 
ion disappeared. Water (150 ml) was then added to the 
reaction mixture, and the solution was kept at room temper­
ature overnight. The reaction mixture was extracted with 
benzene twice (30 ml of each portion), and then the benzene 
was removed in vacuo. The resulting semi-solid was separated 
on TLG, using chloroform as the developing solvent. 

2-Acetoxybiphenylene (2): Mp 91—92 °G (light petroleum) 
(lit,10) mp 91—92 °G); UV Amax (e) 245 (27900), 252 (46900), 
330 (2980), 335sh (3350), 344 (6270), 347sh (5960), and 
365 nm (8500); XH-NMR (GDG13) 6=2.23 (3H, s, OAc) and 
6.2—6.9 (7H, m, aromatic). 

2-Formylbiphenylene (3): Mp 80—81 °G (light petroleum) 
(lit,11) mp 78—79 °G); IR 1700, 2720, and 2810 cm"1; ^H-
NMR (GDG13) 6 = 6.5—7.5 (7H, m, aromatic) and 9.61 (1H, 
s, GHO). 

2-( Acetoxymethyl) biphenylene (4): Mp 63—64 °C (EtOH); 
IR 1738 cm-1 (OAc); UV Amax (e) 245.5 (28300), 254 (55000), 
329.58h (2750), 335sh (2910), 345.5 (5900), 347.5 (5660), 
352.58h (4050), and 365 nm (8900). Found: G, 80.30; H, 
5.32%. Calcd for G15H1202: C, 80.33; H, 5.39%. 

7-Oxa-10,ll-benzotricyclo[4.3.2.0]undeca-2,4,10-trien-8-one (5) : 
Mp 125 °G (CG14); IR 1775 cm"1 (y-lactone) ; UV Amax (e) 
2218h (3960), 2288h (3120), 2588h (1410), 2648h (1860), 
269.5 (2130), 276 (2050), and 2858h (723); 13C-NMR <5= 
39.709 (-CH2-), 51.736 (-C-CH2-), 84.837 ( -C-0- ) , 121.080, 
121.242, 121.513, 122.380, 124.059, 128.989, 129.260, 131.373 

(four vinylic =GH- and four aromatic =CH-), 146.650 (=G-), 

146.975 (=G-), and 175.308 (>G=0). Found: C, 79.86; H, 
4.81%. Calcd for C14H10O2: G, 79.98; 4.79%. 

Oxidation of 2'-(Acetoxymethyl) biphenylene (4) with Manganese-
(III) Acetate. A mixture of 2 (45 mg), manganese (III) 
acetate dihydrate (107 mg), acetic acid (2 ml), and acetic 
anhydride (0.1 ml) was heated under reflux for 20 min. The 
reaction mixture was diluted with water (20 ml) and then 
extracted with benzene. After the removal of the benzene in 
vacuo, the resulting mixture was separated on TLG, using 
benzene as the developing solvent, to give 3 (10 mg, 28%) and 
also unchanged 4 (15.6 mg, 35%) identical with authentic 
samples. 

Oxidation of 2-(Acetoxymethyl) biphenylene (4) with Manganese-
(IV) Oxide. A mixture of 2 (45 mg), manganese (IV) 
oxide (1 g), and anhydrous diethyl ether (50 ml) was stirred 
at room temperature for 48 h. After the manganese (IV) 
oxide has been removed by filtration, the ethereal solution was 
concentrated and the resulting product was purified on TLC, 
using benzene as the developing solvent, to give 3 (20 mg, 
56%). 
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Synopsis. A water soluble surfactant porphyrin 5,10,-
15-tris ( 1 -methy lpyridinium-4-yl) -20- [4-(octadecyloxy ) phenyl] -
21H, 23i/-porphine triiodide and its metal complexes have 
been synthesized and characterized. 

Recently, several surfactant porphyrins have been 
reported in relation to the simulation of the intricate 
functions of chlorophylls in photosynthetic mem­
branes.1 - 3) 

We report here the synthesis of 5,10,15-tris (1-methyl-
pyridinium-4-yl) -20- [4- (octadecyloxy) phenyl] -21 H, -
23//-porphine triiodide and its metal complexes which 
are amphiphilic. 

E x p e r i m e n t a l 

Preparation of 5,10,15-Tris(4-pyridyl)-20-[4-(octadecyloxy) -
phenyl]-21H, 23H-porphine (Abbreviated as H2TPyStPP). 
A starting compound, p- (octadecyloxy) benzaldehyde, was 
prepared in the following manner according to the literature 
method.4> /»-Hydroxybenzaldehyde (48.8 g, 0.4 mol) and 
octadecyl iodide (243.2 g, 1.7 mol) in cyclohexane (320 cm3) 
were heated under reflux for 3 h. The reaction mixture was 
cooled to room temperature and extracted with diethyl ether 
(300 cm3). The ether was evaporated and the residue was 
distilled under high vacuum (250 °C, 0.03 Pa) to give the 
product (25.6 g, 17.1%). 

p- (Octadecyloxy) benzaldehyde (21.2 g, 0.057 mol), 
4-pyridinecarbaldehyde (18.2 g, 0.17 mol), and pyrrole (15.2 
g, 0.23 mol) in propionic acid (1000 cm3) were heated under 
reflux for 2 h. Propionic acid was removed by distillation to 
give a mixture of porphyrins having one to three octadecyl-
oxyphenyl and three to one pyridyl groups. Tetrakis(octadec-
yloxyphenyl)- and tetrapyridylporphine were not produced. 
The crude mixture was dissolved in chloroform and chromato-
graphed on alumina columns (Merck 70—230 mesh, grade 
2—3, 5 cm X 50 cm) with chloroform as an eluent. Mono-, 
bis-, and tris(octadecyloxyphenyl) porphyrins eluted first and 
the other by-products tended to be adsorbed on alumina. 
Similar procedures were repeated three times and the mixture 
of the three porphyrins was obtained. When the mixture was 
again chromatographed using half the flow rate of chloroform, 
three bands were separated and the slowest elute was the 
solution of the target compound. Chloroform was evaporated 
to give the mono(octadecyloxyphenyl) porphyrin. Yield 6.5 g 
(12.8% based on /»-(octadecyloxyphenyl) benzaldehyde). 
Found C, 79.21; H, 7.45; N, 10.67%. Calcd for C59H63N7. 
1/2H20: C, 79.16; H, 7.21; N, 10.95%. Vis (GHC1,) 418 
(e 369000), 483 (sh), 514 (17500), 550 (6910), 580 (5490), and 
646 nm (3100). 

Preparation of [Zn( TPyStPP)]. H2TPyStPP (0.5 g, 0.56 
mmol) and Zn(CH3GOO)2 .2H20 (0.25 g, 1.1 mmol) in 
acetic acid (50 cm3) were heated under reflux for 1 h. Acetic 
acid was removed by distillation to give a solid product. The 
zinc porphyrin was isolated by using alumina column (Merck, 
70—2 30 mesh, grade 2—3, 2 cm X 30 cm) chromatography 
with a mixture of chloroform and methanol (8 : 2) as an 

eluent. Yield 0.48 g (90%). Found: C, 74.77; H, 6.63; N, 
10.25%. Calcd for C59H61N7OZn: C, 74.63; H, 6.48; N, 
10.33%. Vis (DMSO) 317 (e 19200), 406 (sh), 428 (512000), 
516 (sh), 560 (20600), and 599 nm (7380). 

Preparation of [Co ( TPyStPP) ] and [Mn ( OH) ( TPyStPP) ] . 
The cobalt and manganese complexes were prepared from 
H2TPyStPP and Co(CH3COO)2 .4H20 or Mn(CH3COO)2-
4H 2 0 by similar procedures to those for the preparation of the 
zinc porphyrin. In the case of the cobalt complex, tetra-
hydrofuran was used as an eluent of the chromatography. 
[Co(TPyStPP)]: Yield 85%. Found: C, 73.11; H, 6.59; N, 
9.51 %. Calcd for C59H61CoN70 • 3/2H20 : C, 73.05 ;H, 6.65 ; 
N, 10.11%. Vis (CHCl3-CH3OH (1 : 1)) 328 (el4800),432 
(141000), 546 (8970), and 592 nm (sh). 

[Mn(OH) ( TPyStPP)] : Yield 85%. Found : C, 74.08 ; H, 
6.56; N, 10.00%. Calcd for C59H62MnN702 : C, 74.12; H, 
6.54; N, 10.25%. Vis (DMSO) 372 (e 41900), 394 (44000), 
463 (143000), 512 (7140), 565 (12200), 600 (8170), and 762 
nm (1140). 

Preparation of [Mg( TPyStPP)]. The magnesium com­
plex was prepared according to the method of Eschenmoser.5) 
The preparation was carried out in nitrogen atmosphere. 
Magnesium turnings ( 1.5 g, 62 mmol) and ethyl iodide (5 cm3, 
62 mmol) were treated in diethyl ether (80 cm3) to give ethyl 
Grignard (C2H5MgI) reagent. 3,5-Di-f-butyl-4-hydroxytolu-
ene ( 1.5 g, 11 mmol) was treated with the Grignard 
solution (8 cm3, 5.8 mmol), and H2TPyStPP (0.5 g, 0.56 
mmol) in dichloromethane (40 cm3) was added dropwise to 
the reaction mixture in 30 min. The solution was kept for 
16 h at room temperature and water (500 cm3) was added. 
After the mixture was well shaken in a separatory funnel, the 
dichloromethane layer was separated. Dichloromethane was 
removed and the residue was dried in vacuo. The magnesium 
porphyrin was isolated by alumina column chromatography 
using CHCl3-CH2OH (8 : 2) as an eluent. Yield 0.36 g 
(70% based on H2TPyStPP). Found: C, 77.54; H, 6.80; 
N, 10.48%. Calcd for C59H61N7MgO. 1/2H20: C, 77.24; H, 
6.81; N, 10.69%. Vis (DMF) 314 (e 21200), 404 (sh), 425 
(570000), 520 (sh), and 563 nm (20100). 

N-Methylation of [Mg(TPyStPP)]. [Mg(TPyStPP)J 
(0.5 g, 0.54 mmol) and methyl iodide (7.8 g, 55 mmol) in 
mixed solvents of chloroform, methanol, and tetrahydrofuran 
(1 : 1 : 1) (300 cm3) were heated under reflux in nitrogen 
atmosphere for 5 h. The solvents were removed by distilla­
tion and the solid product was dried in vacuo. The iV-methyl-
ated porphyrin was purified by column chromatography using 
alumina (Merck, 70—230 mesh, grade 4) columns and 
CHCl3-CH3OH (8 :2) as an eluent. Yield 0.73 g (90%). 
Found: C, 49.72; H, 5.22; N, 6.37%. Calcd for C62H70I3-
MgN 7 0-9H 2 0 : C, 49.76; H, 5.93; N, 6.55%. Vis (CHC13-
CH3OH (1 : 1)) 328 (e 14800), 432 (141000), 546 (8970), and 
592 nm (sh). 

N-Methylation of H2TPyStPP and [M(TPyStPP)] (M=Zn, 
Co, and Mn). The porphyrins were treated with methyl 
iodide in mixed solvents of chloroform, methanol, and tetra­
hydrofuran (1 : 1 : 1) in a similar manner to the JV-methyl-
ation of magnesium porphyrin. In the case of the cobalt 
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Fig. 1. ^ - N M R Spectrum of 5,10,15-tris(l-methyl-
pyridinium-4-yl)-20- [4-(octadecyloxy) phenyl] porphin-
atomagnesium(II) triiodide (dimethyl sulfoxide-^ solu­
tion, TMS internal reference, 100 MHz). 

complex, a mixture of chloroform, methanol, and pyridine 
was used as an eluent. 

5,10,15- Tris(l-methylpyridinium-4-yl)-20-[4-(octadecy) loxyphenyl]-
21H,23U-porphine Triiodide (Abbreviated as H2TMePyStPPI3) : 
Yield 50%. Found :G, 56.67; H, 5.66; N, 7.47%. Galcd for 
C62H72I3N70: G, 56.76; H, 5.53; N, 7.18%. Vis (DMSO) 
422 (e 230000), 515 (15000), 552 (6800), 584 (5200), and 645 
nm (3100). 

[Zn(TMePyStPP)]I3: Yield 80%. Found: G, 50.60; H, 
5.06 ; N, 6.21 %. Galcd for G62H70I3N7OZn • 6H 2 0 : G, 50.20 ; 
H, 5.57; N, 6.61%. Vis (H20) 437 (e 127000), 568 (16200), 
and 614 nm (9160). 

[Co(TMePyStPP)]I3: Yield 85%. Found: G, 54.67; H, 
5.15; N, 7.19%. Galcd for C62H70CoI3N7O: G, 54.40; H, 
5.15; N, 7.16%. Vis (H20) 332 (e 12700), 439 (58700), 554 
(8920), and 610 nm (sh). 

[Mn(OH)(TMePyStPP)]I3: Yield 50%. Found: G, 52.77; 
H, 5.20; N, 6.73%. Galcd for G62H71I3MnN702 • 2H 2 0 : C, 
52.52; H, 5.33; N, 6.91%. Vis (H20) 400 (e 44700), 464 
(111000), 563 (12900), 680 (1920), and 774 nm (1970). 

R e s u l t s a n d D i s c u s s i o n 

All the JV-methylated porphyrins are soluble in polar 
organic solvents such as jy,JV-dimethylformamide, 
dimethyl sulfoxide, tetrahydrofuran, methanol, chloro­
form, etc. They are soluble also in water due to the 
hydrophilic 1-methylpyridinium-4-yl groups forming 
presumably normal micelle colloid solutions. In a 
preliminary experiment to check the colloid formation 
in water, loss of porphyrins was not observed after 
passing the solution through a Sephadex G-50 column, 
indicating that they dissolve in water as high molecular 
weight aggregates. Because of the water solubility, they 
can be readily incorporated into pre-formed vesicles 
of phospholipids by immersing them in aqueous solu­
tions of the porphyrins to give interesting asymmetrical 
vesicles6) which are convenient systems for the study 
of the role of electron mediators in the photo-induced 
electron transport via the lipid membranes.7 - 1 0) 
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Synopsis. ^o-2-Norbornyl tosylate initiates ring-
opening polymerization of THF in the presence of lithium 
Perchlorate. The deuterium scrambling of £*o-2-norbornyl-
exo-3-d tosylate indicates the SN1 nature of the initiation 
mechanism. 

The 6^2 type initiation of the ring-opening polymeri­
zation of T H F has been extensively studied by Saegusa 
and his coworkers by use of superacid esters as initiator.1) 
O n the other hand, the mechanism of initiation by 
carbocation is not straightforward. Some stable carboca-
tions such as triphenylmethyl2) and tropylium3) ions 
initiate the polymerization, but the actual initiator is 
believed to be a proton which is expelled from the 2-
oxacyclopentyl cation, generated by the hydride-
abstraction of T H F by the stable carbocations.2) In 
contrast, acyl4) and polystyryl5) cations react with T H F 
to form oxonium ions at the initiation step (Eq. 1). 

a - «-*<] <i) 

Recently we reported that the ionization of exo-2-
norbornyl tosylate (1) in T H F is dramatically promoted 
by added lithium perchlorate (LiC104).6> Although it 
has been well known tha t LiC10 4 promotes ionization 
of organic substrates in ethereal solvents,7-9) the fate 
of the carbocations produced in such reactions has not 
necessarily been clarified. Here we report that the 2-
norbornyl cation thus generated initiates the poly­
merization of T H F following Eq. 1, providing a clear 
example of £N1 type initiation. 

R e s u l t s and D i s c u s s i o n 

Time-course and Products in the Reactions of 1 in THF in 
the Presence of Lithium Perchlorate. In the absence 
of LiC10 4 the tosylate 1 is stable in T H F even heated 
to 50 °C for 24 h. However, the addition of LiC10 4 

causes the formation of the species which is easily 
saponified on titration with aqueous sodium hydroxide. 

When the reaction of 1 (0.0981 M, 1 M = l mol dm~3) 
in the presence of LiC10 4 (0.2984 M) in T H F at 
50.0 °C is followed titrimetrically, it obeys first-order 
kinetics (£1 = 2 .24x 10~5 s"1) until 2 0 % reaction and 
then slows down, eventually leveling offat 10 h reaction 
with liberation of acid in 4 3 % on titration. From the 
reaction mixture was isolated viscous liquid (46% on 
THF) which solidified on standing. T h e *H and 13C 
N M R spectra of the polymers indicated that they were 
produced from T H F via ring-opening polymerization 
and that they contained the &KO-2-norbornyl and tosyl 
moieties (see Experimental). Integration of 13C N M R 
signals for the norbornyl and tetramethylene groups 
indicated that the average degree of polymerization was 

ca. 60, which approximately agreed with the value 
calculated from the weight of polymers and the amount 
of the initiator 1. A G L P C analysis of the reaction 
mixture prior to isolation of polymers revealed that 
none of nortricyclene, norbornene, or norbornane were 
formed, suggesting that the acid titrated was not a free 
acid arising from possible elimination reactions. Further­
more, saponification of the polymers in 9 0 % ethanol 
with added sodium hydroxide indicated that 5 6 % of the 
initial TsO- group was incorporated in the polymers. 

These findings strongly indicate that the initiation 
occurs following an SN1 mechanism, i.e., ionization of 1 
followed by the attack of T H F to the produced 
2-norbornyl cation. T h e £.w-configuration of the terminal 
2-norbornyl group indicates that the attack of T H F to the 
norbornyl cation occurs from exo side, which is generally 
the case in SN1 solvolyses of l.10»11) Presumably, the 

first formed oxonium ion 2 and the propagating oxonium 
ion are in equilibrium with their corresponding ester 
forms (e.g. 3), l b) and these four species are easily 
hydrolyzed during titration. The results of the N M R 
analysis and the saponification experiment indicate the 
formation of terminated species 4. 

ä^ CKOUfcoTs 
£ 

Deuterium Scrambling in the Reclaimed Tosylate 1. 
Further evidence for ionization of 1 in T H F containing 
LiC10 4 was obtained by examining ^-scrambling of 
exo-2-noYbomy\-exo-'$-d tosylate (1-3-rf). When 1-3-d 
(0.100 M) was heated in T H F with added LiC104 

(0.307 M) for 38 min at 50.0 °C, the reclaimed tosylate 
was found to be a mixture of 1-3-d (87%) and 1-1-d 
(13%) by examining the ^-contents at the 3- and 
7-positions with 13C N M R . This indicates that the 
Wagner-Meerwein rearrangement occurs through ioni­
zation under the reaction conditions, which is also 
generally observed in 6"N1 solvolyses of 1.10> 

ï£&= £££ = £$*=£&» 
1-3-d L-7-d 
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E x p e r i m e n t a l 

Materials. THF was distilled from LiAlH4 just before 
use. Lithium Perchlorate (LiC104 • 3HaO) was dehydrated 
at 160 °C and 4Torr.t The tosylates 1 and 1-3-d were 
prepared as described previously. 12> 

Polymerization of THF and Analysis of Polymers. A solution 
of 1 (0.0981 M) and LiC104 (0.2984 M) in THF (1.000 cm3) 
was heated in a sealed tube under nitrogen at 50 °C for 87 h. 
The viscous solution was worked up in the usual manner to 
give a pale brown viscous liquid (0.409 g) which solidified on 
standing: « N M R (CDC13, 60 MHz) (5=1.57 (br. t, J = 4 
Hz) and 3.40 (br, t, y = 4 H z ) ; 13C NMR (CDC13, 25 MHz) 
(5=24.3 (C-6), 28.3 (C-5), 34.5 (C-7), 34.8 (C-4), 39.3 (C-3), 
40.0 (C-l), and 82.0 (C-2) for the norbornyl group, 26.2 and 
70.0 for the tetramethylene groups, and 21.3 (CH3), 127.5, 
and 129.5 for the tosyl group. The 13C NMR data for the 
norbornyl group agree well with those for 6*o-2-(4-phenoxy-
butoxy)norbornane.6) Saponification of the polymers (0.4086 
g) in 10.00 cm3 90% ethanol containing NaOH (0.00965 M) 
at 100 °C in sealed tubes for 1 h showed liberation of acid 
corresponding to 56% of the original tosylate, which was 
invariant on prolonged saponification time. 

Deuterium Scrambling. A solution containing 1-3-d (1.071 
g, 0.1002 M) and LiC104 (1.633 g, 0.3069 M) in THF (40.0 
cm3) was heated to 50.0 °C for 38 min under nitrogen in a 
sealed tube, and the unchanged tosylate was recovered in the 
usual manner (0.160 g). The deuterium distribution was 
determined by the integration of 13C NMR (CDC13, 25 MHz) 
signals as previously reported.12) 

Rate Measurements. The reaction was conducted under 
nitrogen in sealed tubes. Aliquots were titrated in acetone 
with 0.01 M NaOH by using Lacmoid as indicator. 

t 1 Tor r= 133.322 Pa. 
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Synopsis. The nature of the sand separated from 
Athabasca tar sand (Canada) by solvent extraction was 
examined. The existence of oc-Si02 was confirmed by X-ray 
analysis. By DTA-TG determination, the occurrence of 
displacive transformation from low quartz to high quartz 
at 5 7 3 i l °C was proved, this coincides with the results 
obtained by means of X-ray analysis. 

sands after extraction 

The amount of synthetic crude oil extractible from 
Athabasca tar sand is estimated to be roughly com­
parable with the total recoverable oil reserves in the 
Middle East.2) However, an inorganic matter , sand, 
constitutes 87—89 wt % of the tar sand.3) Consequently, 
if the tar sand is used as a source of petroleum in the 
near future, the treatment and/or utilization of the sand 
will be of great importance. 

Hereby reported are the results of an examination of 
the nature of the sa;nd separated from Athabasca tar 
sand by solvent extraction. 

E x p e r i m e n t a l 

Preparation. The procedure and apparatus employed 
for the extraction were the same as those used previously.3) 

Measurements. The benzene-insoluble residue (sand) 
was observed under an optical microscope. X-ray fluores­
cence analysis and X-ray powder diffraction were carried out 
on the sand. Simultaneous DTA-TG determination was 
carried out with a sample weight of 61.7 mg at a heating rate 
of 10 °C min"1. 

R e s u l t s a n d D i s c u s s i o n 

Athabasca tar sand was extracted with hexane and 
benzene in steps.3) The yield of the sand (benzene-
insoluble matter) was 87.6—88.5 wt .%, which is almost 
equal to the ash content of tar sand, 87.2 wt .%, as 
determined by a high-temperature ashing technique 
(815 °C). 

The color of the sand after solvent extraction was 
brownish white, but it proved to be transparent upon 

i i 
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Fig. 2. X-Ray powder diffraction profiles of the sand 
and the high-temperature ash. 
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Fig. 1. The sands after washing with water. 
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Fig. 3. DTA-TG profile up to 800 °C of the sand. 

washing with water. The optical micrograph of the 
sands is shown in Fig. 1. T h e max imum diameter of 
sands is 400 (im, while a typical diameter is 100—150 
(xm. 

T h e X-ray powder diffraction profiles of the sand 
and the high-temperature ash are shown in Fig. 2. All 
the peaks in both profiles were identified as those of 
a-SiÔ2 . 
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A D T A - T G profile of the sand up to 800 °C is shown 
in Fig. 3. T h e weight decrease up to 800 °C is 0.2 wt .%. 
An endothermic peak at 573 ± 1 °C was observed, which 
corresponds to the displacive transformation from low 
quartz to high quartz. This result coincides with that 
obtained by X-ray analysis. 

X-Ray fluorescence analysis of the sand shows that 
the principal constituting elements are Si and Al. Zn, 
Cu, K, Fe, Ni, Ti , Ca, and Cl are present as minor or 
trace elements. Therefore, the existence of other 
unknown components such as aluminates can be 
estimated. 

T h e authors are grateful to Professor D. M. Bodily 
of the University of U t a h for his helpful discussion. 
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